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MULTILAYER GRAPHENE USING
CHEMICAL VAPOR DEPOSITION AND
METHOD OF MANUFACTURING SAME

CROSS REFERENCE TO RELATED
APPLICATION

[0001] The present application claims priority based on
Korean Patent Application No. 10-2018-0108396, filed on
Sep. 11, 2018, the entire content of which is incorporated
herein for all purposes by this reference.

BACKGROUND OF THE INVENTION

1. Technical Field

[0002] The present invention relates to a method of manu-
facturing multilayer graphene, and more particularly to a
method of manufacturing multilayer graphene in which
multilayer graphene having an internal potential is synthe-
sized through chemical vapor deposition using copper con-
taining a nonmetal element dissolved therein as a catalyst,
thus simultaneously controlling graphene growth and dop-
ing to thereby control the optoelectronic properties of mul-
tilayer graphene.

2. Description of the Related Art

[0003] Graphene is a two-dimensional carbon isotope hav-
ing superior properties such as high charge mobility, high
thermal conductivity and high flexibility. Multilayer gra-
phene is able to maintain the superior properties of mono-
layer graphene and simultaneously has various energy band
structures (electronic structures) depending on the stacking
order of graphene and the number of layers thereof. Par-
ticularly, monolayer graphene has no bandgap, but multi-
layer graphene has a bandgap when an electric field is
applied perpendicular thereto. Specifically, the energy band
structure of graphene may be controlled based on a differ-
ence in electrostatic energy between layers of multilayer
graphene. Thorough research is ongoing into application, to
various optoelectronic devices, of multilayer graphene hav-
ing the above advantages using the controllable band struc-
ture.

[0004] Due to the difficulty of performing methods of
manufacturing multilayer graphene having a desired energy
band structure despite the advantages of multilayer gra-
phene, limitations are imposed on practical application
thereof to optoelectronic devices. The most useful approach
attempted to date to control the band structure of multilayer
graphene is to use dual-gate field-effect transistors, but this
approach is not suitable for application to complicated
graphene-based device structures. As an alternative thereto,
many attempts have been made to control the band structure
through chemical doping after graphene synthesis. However,
there is a problem in which the stacking structure of gra-
phene cannot be maintained in the process of controlling the
extent of doping of each layer. Moreover, in order to adjust
the bandgap, Bernal-stacked graphene is being studied. The
Bernal-stacked graphene has a bandgap that varies depend-
ing on an external electric field, but is problematic because
multilayer graphene having a controlled graphene structure
cannot be manufactured through chemical vapor deposition.
[0005] Therefore, there is the necessity for a method of
manufacturing multilayer graphene, which is capable of
controlling the optoelectronic properties of graphene while
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making it possible to synthesize multilayer graphene in
which doping and thickness are controlled simultaneously
during the synthesis procedure without additional process-
ing.

SUMMARY OF THE INVENTION

[0006] Accordingly, the present invention has been made
keeping in mind the problems encountered in the related art,
and an objective of the present invention is to provide
Bernal-stacked multilayer graphene having an internal
potential, which is manufactured using copper containing a
nonmetal element dissolved therein as a catalyst through
chemical vapor deposition.

[0007] Another objective of the present invention is to
provide multilayer graphene, in which the number of gra-
phene layers and the work function are simultaneously
adjusted by controlling the concentration of a nonmetal
element, with which graphene is doped, in the thickness
direction of graphene through interactions related to the
reduction of the nonmetal element dissolved in a copper
catalyst and the growth of graphene.

[0008] Still another objective of the present invention is to
provide a method of manufacturing multilayer graphene, in
which the stacking structure of graphene is maintained and
the optoelectronic properties of multilayer graphene may be
controlled by simultaneously regulating graphene growth
and doping during the synthesis procedure without addi-
tional processing.

[0009] An aspect of the present invention provides a
method of manufacturing multilayer graphene, including:
(a) bringing a metal substrate into contact with a nonmetal
element, thus forming the nonmetal element adsorbed to the
surface of the metal substrate, the nonmetal element dis-
solved in the surface of the metal substrate and/or a metal
compound reacted with the nonmetal element on the surface
of the metal substrate; (b) heat-treating the nonmetal ele-
ment adsorbed to the surface of the metal substrate, the
nonmetal element dissolved in the surface of the metal
substrate and/or the metal compound reacted with the non-
metal element, whereby the nonmetal element adsorbed to
the surface of the metal substrate, the nonmetal element
dissolved in the surface of the metal substrate and/or the
nonmetal element formed by reduction of the metal com-
pound are dissolved into the interior of the metal substrate;
and (c) subjecting a graphene precursor to chemical vapor
deposition on the metal substrate containing the nonmetal
element dissolved therein, thereby manufacturing multilayer
graphene that is doped with the nonmetal element on the
metal substrate.

[0010] The multilayer graphene may be Bernal-stacked.
[0011] The number of layers of the multilayer graphene
may be any one of 1 to 20.

[0012] The nonmetal element may be physically adsorbed
or chemically bonded to the multilayer graphene.

[0013] The multilayer graphene may be configured such
that a concentration gradient of the nonmetal element is
formed in a thickness direction thereof.

[0014] The concentration gradient of the nonmetal ele-
ment may be formed in a manner in which the concentration
of the nonmetal element decreases the closer the multilayer
graphene is to the metal substrate.

[0015] The work function and/or bandgap of the multi-
layer graphene may be adjusted by controlling the concen-
tration gradient of the nonmetal element.
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[0016] The nonmetal element may include at least one
selected from among sulfur (S), selenium (Se), tellurium
(Te), oxygen (O), boron (B), phosphorous (P), and nitrogen
N).

[0017] In step (a), the temperature and/or time required to
bring the metal substrate into contact with the nonmetal
element may be adjusted, thereby controlling the amount of
the nonmetal element adsorbed to the surface of the metal
substrate, and/or the amount of the nonmetal element dis-
solved in the metal substrate, of the metal compound formed
on the surface of the metal substrate.

[0018] Step (a) may be performed at a temperature of 20
to 500° C. for 1 sec to 3600 sec.

[0019] The metal of the metal substrate may include at
least one selected from among copper, nickel, zinc, tin,
silver, gold, platinum, palladium, iron, cobalt, and alloys
thereof.

[0020] The metal compound may include at least one
selected from among copper sulfide, silver sulfide, gold
sulfide, platinum sulfide, nickel sulfide, zinc sulfide, palla-
dium sulfide, iron sulfide, cobalt sulfide, tin sulfide, copper
selenide, silver selenide, gold selenide, platinum selenide,
nickel selenide, zinc selenide, palladium selenide, iron sele-
nide, cobalt selenide, tin selenide, copper nitride, silver
nitride, zinc nitride, nickel nitride, gold nitride, platinum
nitride, palladium nitride, iron nitride, cobalt nitride, tin
nitride, copper phosphide, nickel phosphide, zinc phosphide,
palladium phosphide, silver phosphide, gold phosphide,
platinum phosphide, iron phosphide, cobalt phosphide, tin
phosphide, copper telluride, silver telluride, gold telluride,
platinum telluride, nickel telluride, zinc telluride, palladium
telluride, iron telluride, cobalt telluride, tin telluride, copper
boride, silver boride, gold boride, platinum boride, nickel
boride, zinc boride, palladium boride, iron boride, cobalt
boride, tin boride, and nitrides, phosphides, sulfides, sele-
nides, tellurides and borides of metal alloys.

[0021] In step (b), the reduction of the metal compound
reacted with the nonmetal element may be carried out
through the heat treatment.

[0022] As such, the heat treatment may be performed at a
temperature of 500 to 2,000° C.

[0023] Instep (c), the nonmetal element dissolved into the
interior of the metal substrate may be physically adsorbed or
chemically bonded to the multilayer graphene and thus
multilayer graphene, which is doped with the nonmetal
element and is Bernal-stacked, may be formed.

[0024] The graphene precursor may be a hydrocarbon
compound.
[0025] The hydrocarbon compound may include at least

one selected from the group consisting of methane, ethane,
propane, butane, ethylene, propylene, butylene, benzene,
ethanol, methanol, isopropyl alcohol, 1,2,3.4-tetraphenyl-
naphthalene (TPN), anthracene, pyrene, naphthalene, fluo-
ranthene, hexaphenylbenzene, tetraphenylcyclopentadi-
enone, diphenylacetylene, phenylacetylene, triptycene,
tetracene, chrysene, triphenylene, coronene, pentacene,
corannulene, and ovalene.

[0026] The chemical vapor deposition may be performed
at a temperature of 600 to 1,200° C.

[0027] The chemical vapor deposition may be performed
through any one process selected from the group consisting
of low-pressure chemical vapor deposition, atmospheric-
pressure chemical vapor deposition, plasma-enhanced
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chemical vapor deposition, Joule-heating chemical vapor
deposition, and microwave chemical vapor deposition.
[0028] Another aspect of the present invention provides
multilayer graphene manufactured by the above method.
[0029] According to the present invention, Bernal-stacked
multilayer graphene having an internal potential can be
manufactured using copper containing sulfur dissolved
therein as a catalyst through chemical vapor deposition.
[0030] Also, the present invention enables the manufac-
ture of multilayer graphene, in which the number of gra-
phene layers and the work function are simultaneously
adjusted by controlling the concentration of sulfur, with
which graphene is doped, in the thickness direction of
graphene through interactions related to the reduction of
sulfur dissolved in a copper catalyst and the growth of
graphene.

[0031] Also, the present invention is effective in manu-
facturing multilayer graphene, in which the stacking struc-
ture of graphene is maintained and the optoelectronic prop-
erties of multilayer graphene can be controlled by
simultaneously regulating graphene growth and doping dur-
ing the synthesis procedure without additional processing.

BRIEF DESCRIPTION OF DRAWINGS

[0032] FIG. 1A schematically shows a process of manu-
facturing multilayer graphene of Example 1;

[0033] FIG. 1B is a cross-sectional transmission electron
microscope (TEM) image of the multilayer graphene manu-
factured in Example 1;

[0034] FIG. 10 shows a selective area electron diffraction
(SAED) pattern image of the multilayer graphene manufac-
tured in Example 1;

[0035] FIG. 2A shows a cross-sectional TEM image of the
sulfur-doped graphene of the multilayer graphene manufac-
tured in Example 1 and an electron energy loss spectroscope
(EELS) image for a sulfur element thereof;

[0036] FIG. 2B shows the results of time-of-flight second-
ary ion mass spectroscopy (TOF-SIMS) and an ultraviolet
photoelectron spectroscopy (UPS) depth profile of the sul-
fur-doped graphene of the multilayer graphene manufac-
tured in Example 1;

[0037] FIG. 2C shows the electron density difference
isosurface of a sulfur-doped graphene system having an
isolevel of 0.01 electron.bohr-3;

[0038] FIG. 2D is a graph showing the density of states of
initial graphene and sulfur-doped graphene (S-graphene);
[0039] FIG. 3A shows the '>C and '*C mass spectra of
TOF-SIMS of the multilayer graphene manufactured in
Experimental Example 1 and the depth profile thereof;
[0040] FIG. 3B shows the results of Raman spectroscopy
of the multilayer graphene manufactured in Experimental
Example 1;

[0041] FIG. 3C schematically shows the mechanism of
graphene growth and doping of graphene with sulfur in the
multilayer graphene manufactured in Examples 1 and 2;
[0042] FIG. 3D shows the results of analysis of vacancy
density (N,/N.) depending on the graphene synthesis time
of multilayer graphene;

[0043] FIG. 3E shows the results of measurement of the
number of graphene layers depending on the graphene
synthesis time of the multilayer graphene;

[0044] FIG. 4A shows the IR measurement device at a
given gate voltage and the bandgap of Bernal-stacked gra-
phene;
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[0045] FIG. 4B shows two phonon modes of Bernal-
stacked graphene (Eu, antisymmetric mode phonon and Eg,
symmetric mode phonon);

[0046] FIG.5A shows a difference in IR absorbance of the
multilayer graphene manufactured in Comparative Example
1 depending on the gate voltage;

[0047] FIG. 5B shows a difference in IR absorbance of the
multilayer graphene manufactured in Example 2 depending
on the gate voltage;

[0048] FIG. 5C is a graph showing the results of IR
absorbance of the stacks manufactured in Example 2 and
Comparative Example 1 depending on the gate voltage, as
calculated using Equation 1;

[0049] FIG. 6A is a graph showing the IR absorption
spectrum of the multilayer graphene manufactured in Com-
parative Example 1;

[0050] FIG. 6B shows the results of analysis of IR absor-
bance of the multilayer graphene manufactured in Example
2 depending on the gate voltage;

[0051] FIG. 6C shows the results of analysis of absorption
peak position depending on the gate voltage;

[0052] FIG. 7A shows the IR absorption spectra of the
multilayer graphene (Sym-graphene) manufactured in Com-
parative Example 1 and the multilayer graphene (Asy-
graphene) manufactured in Example 1 at a charge neutrality
point (CNP);

[0053] FIG. 7B shows the IR absorption spectrum depend-
ing on the bandgap of graphene through density functional
theory (DFT) in the multilayer graphene (Sym-graphene)
manufactured in Comparative Example 1 and the multilayer
graphene (Asy-graphene) manufactured in Example 1;
[0054] FIG. 8A shows the cross-sectional structure of a
dual-gate graphene transistor device including the multi-
layer graphene manufactured in Example 1;

[0055] FIG. 8B shows the results of analysis of resistance
depending on changes in bottom gate voltage of the dual-
gate graphene transistor device including the multilayer
graphene manufactured in Example 1;

[0056] FIG. 8C is a graph showing the top and bottom gate
voltages, which represent the maximum resistance of the
dual-gate graphene transistor device including the multi-
layer graphene manufactured in Example 1;

[0057] FIG. 8D is a graph showing changes in maximum
resistance depending on D, of the dual-gate graphene
transistor device including the multilayer graphene manu-
factured in Example 1;

[0058] FIG. 9 schematically shows a Bernal stacking
structure;
[0059] FIG. 10 shows the cross-sectional TEM image,

P-EELS map image and Cu-EELS map image of the copper
containing phosphorus dissolved therein manufactured in
Example 3;

[0060] FIG. 11 shows the results of Raman spectroscopy
of the multilayer graphene manufactured in Example 3;
[0061] FIG. 12 shows the TEM image, P-EELS map
image and Cu-EELS map image of the phosphorus-doped
multilayer graphene manufactured in Example 3; and
[0062] FIG. 13 shows the results of analysis of concen-
tration distribution of phosphorus contained in the multi-
layer graphene manufactured in Example 3.

DESCRIPTION OF SPECIFIC EMBODIMENTS

[0063] The present invention may be embodied in many
different forms, and should not be construed as being limited
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only to the embodiments set forth herein, but should be
understood to cover all modifications, equivalents or alter-
natives falling within the spirit and technical scope of the
present invention. In the description of the present invention,
detailed descriptions of related known techniques incorpo-
rated herein will be omitted when the same may make the
gist of the present invention unclear.

[0064] As used herein, the terms “first”, “second”, etc.
may be used to describe various elements, but these ele-
ments are not to be limited by these terms. These terms are
only used to distinguish one element from another. For
example, a first element may be termed a second element,
and similarly, a second element may be termed a first
element, without departing from the scope of the present
invention.

[0065] Further, it will be understood that when an element
is referred to as being “formed” or “stacked” on another
element, it can be formed or stacked so as to be directly
attached to all surfaces or one surface of the other element,
or intervening elements may be present therebetween.
[0066] Unless otherwise stated, the singular expression
includes a plural expression. In this application, the terms
“include” or “have” are used to designate the presence of
features, numbers, steps, operations, elements, parts, or
combinations thereof described in the specification, and
should be understood as not excluding the presence or
additional possible presence of one or more different fea-
tures, numbers, steps, operations, elements, parts, or com-
binations thereof.

[0067] The present invention pertains to a method of
manufacturing multilayer graphene using chemical vapor
deposition.

[0068] FIG. 1A schematically shows the process of manu-
facturing multilayer graphene according to the present
invention.

[0069] With reference to FIG. 1A, the method of manu-
facturing multilayer graphene according to the present
invention is described below.

[0070] Specifically, a metal substrate is brought into con-
tact with a nonmetal element, thus forming the nonmetal
element adsorbed to the surface of the metal substrate, the
nonmetal element dissolved in the surface of the metal
substrate and/or a metal compound reacted with the non-
metal element on the surface of the metal substrate (step a).
[0071] In step (a), the temperature and/or time required to
bring the metal substrate into contact with the nonmetal
element may be adjusted, thereby controlling the amount of
the nonmetal element that is adsorbed to the surface of the
metal substrate, and/or the amount of the nonmetal element
that is dissolved in the metal substrate, of the metal com-
pound formed on the surface of the metal substrate.

[0072] The metal substrate may be copper foil.

[0073] The nonmetal element may be provided in the form
of a gas, vapor, liquid, or solid, including a nonmetal
element, and is preferably a sulfur vapor.

[0074] The nonmetal element may be sulfur (S), selenium
(Se), tellurium (Te), oxygen (O), boron (B), phosphorous
(P), nitrogen (N), or the like, preferably sulfur (S), selenium
(Se), tellurium (Te), oxygen (O) and is more preferably
sulfur (S).

[0075] The metal of the metal substrate may include
copper, nickel, zinc, tin, silver, gold, platinum, palladium,
iron, cobalt and alloys thereof, and is preferably copper,
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nickel, zinc, tin, silver, gold, platinum, palladium, iron or
cobalt. More preferably, copper foil including copper is
used.

[0076] The metal compound is formed through reaction of
the nonmetal element and the metal, and the surface of the
metal substrate reacts with the gas including the nonmetal
element to thus form the metal compound, whereby the
metal compound is provided on the surface of the metal
substrate.

[0077] The metal compound may be copper sulfide, silver
sulfide, gold sulfide, platinum sulfide, nickel sulfide, zinc
sulfide, palladium sulfide, iron sulfide, cobalt sulfide, tin
sulfide, copper selenide, silver selenide, gold selenide, plati-
num selenide, nickel selenide, zinc selenide, palladium
selenide, iron selenide, cobalt selenide, tin selenide, copper
nitride, silver nitride, zinc nitride, nickel nitride, gold
nitride, platinum nitride, palladium nitride, iron nitride,
cobalt nitride, tin nitride, copper phosphide, nickel phos-
phide, zinc phosphide, palladium phosphide, silver phos-
phide, gold phosphide, platinum phosphide, iron phosphide,
cobalt phosphide, tin phosphide, copper telluride, silver
telluride, gold telluride, platinum telluride, nickel telluride,
zinc telluride, palladium telluride, iron telluride, cobalt
telluride, tin telluride, copper boride, silver boride, gold
boride, platinum boride, nickel boride, zinc boride, palla-
dium boride, iron boride, cobalt boride, tin boride, and
nitrides, phosphides, sulfides, selenides, tellurides and
borides of metal alloys. The type of metal compound is
determined depending on the kinds of nonmetal element and
metal.

[0078] The metal compound is preferably copper sulfide,
copper selenide, copper telluride, copper nitride, or copper
phosphide, and is more preferably copper sulfide.

[0079] Step (a) may be performed at a temperature of 20
to 500° C., preferably 20 to 150° C., and more preferably 20
to 130° C., for 1 sec to 3600 sec.

[0080] Next, the nonmetal element adsorbed to the surface
of the metal substrate, the nonmetal element dissolved in the
surface of the metal substrate and/or the metal compound
reacted with the nonmetal element are heat-treated, whereby
the nonmetal element adsorbed to the surface of the metal
substrate, the nonmetal element dissolved in the surface of
the metal substrate and/or the nonmetal element formed by
reduction of the metal compound are dissolved into the
interior of the metal substrate (step b).

[0081] In step (b), the reduction may be carried out
through heat treatment. Here, heat treatment is performed at
a temperature of 500 to 2,000° C., preferably 700 to 1,500°
C., and more preferably 800 to 1,200° C.

[0082] The metal of the metal compound may be reduced
by injecting hydrogen gas to the metal substrate having the
metal compound formed thereon. Through reduction, all of
the metal is reduced and simultaneously the nonmetal ele-
ment dissolves into the interior of the metal substrate, thus
affording the metal substrate containing the nonmetal ele-
ment dissolved therein.

[0083] Finally, a graphene precursor is subjected to chemi-
cal vapor deposition on the metal substrate containing the
nonmetal element dissolved therein, thereby manufacturing
multilayer graphene that is doped with the nonmetal element
on the metal substrate (step c).

[0084] The nonmetal element may be physically adsorbed
or chemically bonded to the multilayer graphene.
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[0085] The nonmetal element dissolved in the metal sub-
strate is physically adsorbed or chemically bonded to the
multilayer graphene, thereby forming multilayer graphene,
which is doped with the nonmetal element and is Bernal-
stacked.

[0086] The metal substrate may include the metal sub-
strate containing the nonmetal element dissolved therein.
Some of the nonmetal element dissolved in the metal
substrate is adsorbed to graphene formed through chemical
vapor deposition, but the remainder thereof may be left
behind on the metal substrate.

[0087] The number of layers of the multilayer graphene
may fall in the range of 1 to 20, preferably 1 to 15 and more
preferably 2 to 15.

[0088] The multilayer graphene may be Bernal-stacked.
With reference to FIG. 9, Bernal stacking is a stacking
arrangement in which every other carbon in the hexagonal
carbon ring of the upper graphene layer sits over the center
of the hexagonal carbon ring of the lower graphene layer.

[0089] The multilayer graphene may be configured such
that the concentration gradient of the nonmetal element may
be formed in the thickness direction thereof.

[0090] Here, the thickness direction means a direction
perpendicular to the metal substrate.

[0091] The concentration gradient of the nonmetal ele-
ment may be formed in a manner in which the concentration
of the nonmetal element decreases the closer the multilayer
graphene is to the metal substrate.

[0092] The work function and/or the bandgap of the
multilayer graphene may be controlled by adjusting the
concentration gradient of the nonmetal element.

[0093] Since the work function of the graphene also varies
in the thickness direction along the concentration gradient,
an internal potential may be generated in the graphene.

[0094] The graphene layers of the multilayer graphene
may be sequentially stacked in the direction toward the
metal substrate. This means that, when graphene is formed
through chemical vapor deposition, the graphene formed
later is positioned closer to the metal substrate, and thus the
last stacked or formed graphene is positioned closest to the
metal substrate.

[0095] Thus, the concentration of the doped nonmetal
element is decreased in the graphene that is grown later.

[0096] With regard thereto, FIG. 3C schematically shows
the mechanism for graphene growth and doping of graphene
with sulfur in the multilayer graphene manufactured in
Examples 1 and 2.

[0097] In the mechanism of FIG. 3C showing the gra-
phene growth on copper containing sulfur dissolved therein
and the doping with sulfur so as to form a concentration
gradient in the thickness direction of graphene, the surface
CuS layer becomes thinned through the reduction reaction
during hydrogen annealing at high temperatures before
graphene synthesis. After 15 min, CuS completely disap-
pears from the surface. Accordingly, the S—Cu phase is
copper in which a small amount of sulfur is dissolved, and
is present in the early stage of synthesis. After completion of
graphene synthesis, there is almost no sulfur left in the
copper. This is because sulfur dissolved in copper is slowly
reduced by hydrogen, as represented in Scheme 1 below.
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Scheme 1

S(nCu) + Hy(g — HS(»

[0098] H.,S generated through Scheme 1 reacts with gra-
phene, together with a small amount of oxygen present in the
chemical vapor deposition chamber, as represented in
Scheme 2 below.

Scheme 2

Cl) + Ox(m + HS( — COS(y + HO(g

[0099] As shown in Scheme 2, a vacancy is formed in the
graphene, methane and hydrogen permeate through the
vacancy, and new graphene grows between the first grown
graphene and the copper. As graphene synthesis progresses,
the graphene vacancy formation rate decreases with time
because the amount of sulfur dissolved in copper is
decreased through the continuous reduction reaction.
[0100] Consequently, the permeation of methane and
hydrogen gradually decreases and the growth rate of gra-
phene decreases. The concentration gradient of the nonmetal
element (sulfur) in the thickness direction of graphene may
also be understood based on the same viewpoint. The sulfur
dissolved in copper may be physically adsorbed to graphene
(Graphene-S), as represented in Scheme 3 below.

Scheme 3

S(in Cu) + Graphene — Graphene-S

[0101] Scheme 3 also decreases because the concentration
of sulfur dissolved in copper decreases with time.

[0102] This means that the extent of doping of the first
grown (upper layer) graphene with sulfur is strong and the
extent of doping of the graphene grown later (lower layer)
becomes weak, resulting in multilayer graphene having a
sulfur concentration gradient in the thickness direction.
[0103] The graphene precursor may be a hydrocarbon
compound, and preferable examples thereof include meth-
ane, ethane, propane, butane, ethylene, propylene, butylene,
benzene, ethanol, methanol, isopropyl alcohol, 1,2,3.4-tet-
raphenylnaphthalene (TPN), anthracene, pyrene, naphtha-
lene, fluoranthene, hexaphenylbenzene, tetraphenylcyclo-
pentadienone, diphenylacetylene, phenylacetylene,
triptycene, tetracene, chrysene, triphenylene, coronene, pen-
tacene, corannulene, and ovalene. More preferably, methane
or ethane is used.

[0104] The graphene precursor may be supplied in the
form of a gas.
[0105] The chemical vapor deposition may be performed

at a temperature of 600 to 1,200° C., and preferably 800 to
1,050° C.

[0106] During the chemical vapor deposition, the gra-
phene precursor may be supplied at a flow rate of 0.1 to 500
sccm, preferably 0.5 to 400 sccm, and more preferably 10 to
100 scem.

[0107] The chemical vapor deposition may be performed
for 10 to 500 min, preferably 10 to 400 min, and more
preferably 10 to 300 min.
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[0108] The chemical vapor deposition may be performed
through any one process selected from the group consisting
of low-pressure chemical vapor deposition, atmospheric-
pressure chemical vapor deposition, plasma-enhanced
chemical vapor deposition, Joule-heating chemical vapor
deposition, and microwave chemical vapor deposition.
[0109] In addition, the present invention pertains to mul-
tilayer graphene manufactured by the above method.
[0110] The multilayer graphene, manufactured by the
method of the present invention, includes a metal substrate;
and multilayer graphene, which is positioned on the metal
substrate, is doped with a nonmetal element, and is Bernal-
stacked.

[0111] A better understanding of the present invention will
be given through the following examples, which are merely
set to illustrate the present invention but are not to be
construed as limiting the scope of the present invention.

EXAMPLES

Example 1: Manufacture of Sulfur-Doped
Multilayer Graphene

[0112] (Step 1: Formation of Copper Sulfide/Copper Sub-
strate Stack)

[0113] A metal substrate, particularly copper foil, was
placed in a vacuum chamber and exposed to a sulfur vapor
at a temperature of 110 to 120° C. for 15 min, thereby
manufacturing a copper sulfide/copper stack in which cop-
per sulfide (CuS) was formed on the surface of the copper
foil.

[0114] (Step 2: Manufacture of Copper Substrate Contain-
ing Sulfur Dissolved Therein)

[0115] The copper sulfide/copper stack was placed in a
chemical vapor deposition chamber and heated to 1000° C.
in a hydrogen atmosphere of sccm, whereby copper sulfide
was reduced and simultaneously sulfur was dissolved into
the interior of copper, thus manufacturing copper containing
sulfur dissolved therein (S—Cu).

[0116] (Step 3: Growth of Graphene and Manufacture of
Multilayer Graphene)

[0117] To the copper containing sulfur dissolved therein,
45 sccm of methane gas was supplied at a temperature of
1000° C. for 1 hr to thus grow graphene. After termination
of graphene synthesis, the chamber was rapidly cooled,
thereby manufacturing multilayer graphene (MLG/Cu),
including sulfur-doped multilayer graphene on the copper
foil.

[0118] The sulfur-doped multilayer graphene of the mul-
tilayer graphene was composed of 6 layers.

Example 2: Manufacture of Multilayer Graphene
Including Sulfur-Doped Two-Layer Graphene

[0119] Copper sulfide was synthesized at 120° C. for 5 min
on the surface of copper foil, after which the copper sulfide/
copper stack was then placed in a chemical vapor deposition
chamber and then heated to 1000° C. in a hydrogen atmo-
sphere of 10 sccm, thus manufacturing copper containing
sulfur dissolved therein (S—Cu). Thereafter, 45 sccm of
methane gas was supplied for about 20 min to thus grow
graphene, and after termination of graphene synthesis, the
chamber was rapidly cooled, thereby manufacturing multi-
layer graphene including sulfur-doped two-layer graphene.
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Example 3: Manufacture of Phosphorus-Doped
Multilayer Graphene

[0120] (Step 1: Formation of Copper Phosphide/Copper
Substrate Stack)

[0121] A metal substrate, particularly copper foil, coated
with a phosphorus powder, was placed in a vacuum chamber
and heated to a temperature of 300 to 500° C. for 1 hr to 12
hr, thus manufacturing a copper phosphide/copper stack in
which copper phosphide was formed on the surface of the
copper foil.

[0122] (Step 2: Manufacture of Copper Substrate Contain-
ing Phosphorus Dissolved Therein)

[0123] The copper phosphide/copper stack was placed in
a chemical vapor deposition chamber and heated to 1000° C.
in a hydrogen atmosphere of 10 sccm, whereby copper
phosphide was reduced and simultaneously phosphorus was
dissolved into the interior of copper, thus manufacturing
copper containing phosphorus dissolved therein (P—Cu).
[0124] (Step 3: Growth of Graphene and Manufacture of
Multilayer Graphene)

[0125] To the copper containing phosphorus dissolved
therein, 45 sccm of methane gas was supplied at a tempera-
ture of 1000° C. for 1 hr to thus grow graphene. After
termination of graphene synthesis, the chamber was rapidly
cooled, thereby manufacturing multilayer graphene (MLG/
Cu), including phosphorus-doped multilayer graphene on
the copper foil.

[0126] The phosphorus-doped multilayer graphene of the
multilayer graphene was composed of 7 layers.

Comparative Example 1: Manufacture of Multilayer
Graphene Including Two-Layer Graphene not
Doped with Sulfur

[0127] Copper foil was exposed to sulfur at 40° C. for 5
min, placed in a chemical vapor deposition chamber and
then heated to 1000° C. in an atmosphere of 10 sccm.
Thereafter, 100 sccm of hydrogen and 45 sccm of methane
were supplied for 20 min to thus grow graphene. After
termination of graphene synthesis, the chamber was rapidly
cooled, thereby manufacturing multilayer graphene includ-
ing two-layer graphene not doped with sulfur.

TEST EXAMPLES

Test Example 1: Analysis of Structure of
Bernal-Stacked Multilayer Graphene Formed on
Copper Substrate Containing Sulfur Dissolved
Therein

Test Example 1-1: Analysis of TEM Image

[0128] FIG. 1B shows a cross-sectional TEM image of the
multilayer graphene formed on the copper foil containing
sulfur dissolved therein.

[0129] As shown in FIG. 1B, the multilayer graphene
manufactured in Example 1 was configured such that 6-layer
sulfur-doped graphene (S-graphene) was grown on copper
containing sulfur dissolved therein (S—Cu), which was
consistent with the UV absorption results showing a trans-
mittance of 89% at 550 nm. Furthermore, the d-spacing
between the graphene layers was 0.34 nm, which was the
same as the value reported for conventional graphite. All of
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the copper sulfide was reduced during the synthesis of
graphene, indicating that copper sulfide did not appear in the
copper crystals.

[0130] Based on the above results contrasted with the
phenomenon of monolayer graphene growing on typical
copper, it was confirmed that the growth of graphene on
copper containing sulfur dissolved therein resulted in mul-
tilayer graphene.

Test Example 1-2: SAED Pattern Analysis

[0131] FIG. 1C shows an SAED (selective area electron
diffraction) pattern image.

[0132] Asshown in FIG. 1C, a hexagonal pattern appeared
and there was a small misorientation of about 3° in the
pattern. The point (1-210) of the pattern was stronger than
(1-100), indicating that the graphene was Bernal-stacked.

Test Example 2: Analysis of Structure of
Sulfur-Doped Multilayer Graphene

Test Example 2-1: Analysis of TEM and EELS
Images

[0133] FIG. 2A shows a cross-sectional TEM image of the
sulfur-doped graphene manufactured in Example 1 and an
EELS (electron energy loss spectroscopy) image for a sulfur
element thereof.

[0134] As shown in FIG. 2A, the sulfur element was
detected in all graphene layers, and the upper graphene layer
appeared brighter than the lower graphene layer, from which
the distribution of sulfur was evaluated to be high.

[0135] Therefore, it was confirmed that sulfur was uni-
formly distributed over the entire area of the Bernal-stacked
graphene layer and also that the closer the position of the
formed graphene to the copper substrate, the lower the
concentration of doped sulfur.

Test Example 2-2: Analysis of TOF-SIMS, UPS
Depth Profile and Electron Density Difference
Isosurface

[0136] FIG. 2B shows the results of time-of-flight second-
ary ion mass spectroscopy (TOF-SIMS) and an ultraviolet
photoelectron spectroscopy (UPS) depth profile.

[0137] As shown in FIG. 2B, sulfur, with which graphene
was doped, had a concentration distribution in the thickness
direction of graphene, and the work function gradient in the
thickness direction of graphene was generated by sulfur.
Based on the results of TOF-SIMS, the 1 /1. ratio of sulfur-
doped graphene (S-graphene) decreased with sputtering of
Cs* ions. This means that the concentration of sulfur is high
in the upper graphene layer and is lowered downwards.
[0138] Since the work function of graphene varies in the
thickness direction along the concentration gradient of sul-
fur, an internal potential may be generated in the graphene.
[0139] FIG. 2C shows the electron density difference
isosurface of a sulfur-doped graphene system having a 0.01
electron.bohr-3 isolevel, and FIG. 2D is a graph showing the
density of states of initial graphene (dashed line) and sulfur-
doped graphene (S-graphene) (solid line).

[0140] Inorder to understand changes in the work function
of graphene due to sulfur, DFT calculation was performed
after a sulfur atom (3 at %) was brought into contact with the
carbon-carbon bridge position of graphene (32 carbon
atoms) of 4x4 unit cell. The isosurface of the sulfur-doped
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graphene (S-graphene) obtained through calculation shows
the electron density difference in the structure (diagonal line
pattern: electron deficiency, square grid pattern: electron
accumulation).

[0141] As shown in FIGS. 2C and 2D, based on the results
of calculation, delocalized electrons present in graphene
migrated toward sulfur by sulfur adsorbed to graphene,
resulting in an electron deficiency in the graphene. The
calculated Fermi level was 0.2 eV lower than that of pure
graphene, which was consistent with the p-doping results
confirmed by UPS. A strong peak (core-like) generated by
the sulfur in the density of states indicated that sulfur orbitals
are locally present.

[0142] Therefore, it was confirmed that the sulfur with
which multilayer graphene was doped is present through
physical adsorption without covalent bonding with carbon of
graphene.

Test Example 3: Growth of Sulfur-Doped
Multilayer Graphene on Copper Foil Containing
Sulfur Dissolved Therein and Analysis of Sulfur

Doping Mechanism

Experimental Example 1: Manufacture of
Multilayer Graphene Using Carbon Isotope

[0143] In order to investigate the mechanism of growth of
multilayer graphene, methane isotopes (methane gas com-
posed of *2C and **C) were sequentially supplied, and thus
multilayer graphene was grown.

[0144] (Step 1: Formation of Copper Sulfide/Copper Sub-
strate Stack)
[0145] A metal substrate, particularly copper foil, was

placed in a vacuum chamber and exposed to a sulfur vapor
at 120° C. for 15 min, thereby manufacturing a copper
sulfide/copper stack in which copper sulfide (CuS) was
formed on the surface of the copper foil.

[0146] (Step 2: Manufacture of Copper Substrate Contain-
ing Sulfur Dissolved Therein)

[0147] The copper sulfide/copper stack was placed in a
chemical vapor deposition chamber and heated to 1000° C.
in a hydrogen atmosphere of sccm, whereby copper sulfide
was reduced and simultaneously sulfur was dissolved into
the interior of copper, thus manufacturing copper containing
sulfur dissolved therein (S—Cu).

[0148] (Step 3: Growth of Graphene and Manufacture of
Multilayer Graphene)

[0149] To the copper containing sulfur dissolved therein,
50 scem of methane was supplied at a temperature of 1000°
C. for 15 min to thus grow monolayer graphene over the
entire area of copper, and isotope-labeled graphene was
supplied with 50 sccm of '2CH, for 15 min and '*CH, for
5 min, thus growing graphene.

Test Example 3-1: Analysis of TOF-SIMS

[0150] FIG. 3A shows the TOF-SIMS mass spectra and
depth profile analysis results.

[0151] As shown in FIG. 3A, graphene grown over the
entire area from '>CH, supplied first constituted the upper
graphene layer, and graphene grown from **CH, supplied
later constituted the lower graphene layer. The first grown
graphene did not completely passivate the copper surface,
and thus the *CH, supplied later permeated into the upper
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graphene layer, thereby forming new graphene at the inter-
face between the first grown graphene and the copper.

Test Example 3-2: Raman Spectroscopy

[0152] FIG. 3B shows the results of Raman spectroscopy
of the multilayer graphene manufactured in Experimental
Example 1.

[0153] Specifically, FIG. 3B shows the *?G-peak intensity
of graphene composed of 2C and the '*G-peak intensity of
graphene composed of **C for the G-peak of Raman spec-
trum. The '°G-peak was observed over the entire area,
whereas the '*G-peak was observed only in some regions.
[0154] The cross pattern indicates that the sulfur-doped
graphene (S-graphene) grows in a surface diffusion and edge
attachment manner, in which carbon diffuses on the surface
of a catalyst and adheres to the nucleus of graphene, without
the influence of carbon deposited in the cooling process.

Test Example 3-3: Analysis of Growth Mechanism
of Multilayer Graphene Including Sulfur-Doped
Graphene

[0155] FIGS. 3D and 3E show the results of measurement
of vacancy density (N,/N.) and the number of graphene
layers depending on the synthesis time.

[0156] As shown in FIGS. 3D and 3E, the average
vacancy concentration gradually decreased with synthesis
time. This tendency means that the graphene formed later
(lower layer) has a lower vacancy density. Therefore, it was
confirmed that the growth rate of graphene decreased with a
decrease in vacancy density.

[0157] Consequently, the thickness and doping of sulfur-
doped graphene (S-graphene) can be controlled through the
reduction of copper containing sulfur dissolved therein
(S—Cu) and the growth of graphene. That is, it is judged
that the synthesis of multilayer graphene having a desired
thickness and doping distribution is possible by controlling
the synthesis process.

Test Example 4: Characteristics of Multilayer
Graphene with or without Sulfur Doping

Test Example 4-1: IR Absorption Diagram and
Band Structure

[0158] The left of FIG. 4A shows the IR measurement
device at a given gate voltage, and the right thereof shows
various excitation and bandgap schemes occurring in the
band structure of Bernal-stacked graphene. FIG. 4B shows
two phonon modes of Bernal-stacked graphene (Eu, anti-
symmetric mode phonon, and Eg, symmetric mode phonon).
[0159] As shown in FIG. 4A, after transfer to the 300 nm
Si0,/81/300 nm SiO, substrate, changes in electrical resis-
tance depending on the gate voltage (gate bias) and IR
spectra were measured. Here, V, (charge neutrality point or
Dirac voltage) appeared at 20 V in the multilayer graphene
(Sym-graphene) manufactured in Comparative Example 1
and at 70 V in the multilayer graphene (Asy-graphene)
manufactured in Example 1.

[0160] Specifically, the IR absorption in the 0.19 eV
region corresponding to the G-mode phonon of graphene
was analyzed. As shown in FIG. 4B, in the undoped Bernal-
stacked graphene, the antisymmetric mode phonon (Ex-
ample 2) is IR-active but the symmetric mode phonon
(Comparative Example 1) is IR-inactive due to the lack of
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change in dipole momentum. If A is present, the symmetric
phonon mode becomes IR-active because the inversion
symmetry of the two-layer graphene breaks. The shape of
the IR absorption at 0.19 eV, which is the phonon peak,
varies depending on the relative contribution of the anti-
symmetric mode and the symmetric mode phonon, based on
the Fermi level and the bandgap of graphene, to the phonon
peak.

[0161] Therefore, it was confirmed that the phonon mode,
which determines IR absorption, can be determined by
controlling the synthesis conditions of graphene according
to the present invention.

Test Example 4-2: Analysis of IR Absorption
Depending on Gate Voltage in 0.19 eV Region

[0162] FIGS. 5A and 5B shows the results of IR absorp-
tion depending on the gate voltage in Comparative Example
1 (Sym-graphene) and Example (Asy-graphene), respec-
tively, and FIG. 5C is a graph showing the IR absorbance of
the stacks manufactured in Example 2 and Comparative
Example 1 depending on the gate voltage, as calculated
using Equation 1.

[0163] As shown in FIGS. 5A and 5B, the IR absorption
of Example 2 (Asy-graphene) depending on the gate voltage
was different from changes in the absorption of Comparative
Example 1 (Sym-graphene). The phonon peak was clearly
observed in a wide range of |V,-V,l, and changes in
intensity of the absorption peak depending on the gate
voltage were small. These results indicate that the symmetric
phonon mode due to A contributes significantly to the IR
absorption for the phonon peak.

[0164] As shown in the right of FIG. 5C, Iql is the smallest
at V,—V,=-50 V and Iq| increases with an increase in V.
This is because A between the graphene layers becomes
larger than hw, with an increase in V,, resulting in a
decreased 2—3 transition having 0.19 eV. Here, the reason
why the negative phonon peak (dip shape) does not appear
is that the bandgap of Asy-graphene is greater than 0.2 eV
at IV,-Vpl over the whole measurement range. The IR
absorption tendency of Asy-graphene was confirmed to be
consistent with the doping state of Asy-graphene as above
(at V=0, the upper graphene layer was more p-doped than
the lower layer by 0.3 eV).

Test Example 4-3: Analysis of IR Absorption
Depending on Gate Voltage in 0.35 eV Region

[0165] FIG. 6A is a graph showing the IR absorption
spectrum of the multilayer graphene (Sym-graphene) manu-
factured in Comparative Example 1, FIG. 6B shows the
results of analysis of IR absorbance of the multilayer gra-
phene (Asy-graphene) manufactured in Example 2 depend-
ing on the gate voltage, and FIG. 6C shows the results of
analysis of absorption peak position depending on the gate
voltage.

[0166] IR absorption depending on the gate voltage was
analyzed in the 0.35 eV region corresponding to 1—2 and
3—4 electronic transitions of the multilayer graphene manu-
factured in Example 2 and Comparative Example 1. In the
undoped two-layer Bernal-stacked graphene, two conduc-
tion bands and two valence bands are parallel pairs at 0.35
eV intervals. Hence, a clear IR absorption peak appears at
0.35eV. As shown in FIG. 6A, in Sym-graphene, as |V,-V |
increased, the absorption peak was red-shifted (FIG. 6C),
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which means that the bandgap of Sym-graphene increased.
When a positive voltage is applied to the Sym-graphene,
more negative charges are gathered in the lower graphene
layer compared to the upper graphene layer due to the
screening effect of the lower graphene layer. Likewise, when
a negative voltage is applied, more positive charges are
gathered in the lower graphene layer compared to the upper
layer. Consequently, the asymmetry of the two layers
increases with an increase in |V ~V |, resulting in a band-
gap of graphene.

[0167] When asymmetry of the two layers occurs, bands 1
and 4 are almost unchanged but band 2 (high valence band)
is deformed downwards and band 3 (low conduction band)
is deformed upwards (the whole band is shaped like a
Mexican hat). Consequently, the intervals between 1—2 and
3—4 are reduced (red shift of energy), which was consistent
with actual test results.

[0168] As shown in FIG. 6B, the absorption peak of the
multilayer graphene (Asy-graphene) of Example 2 at 0.35
eV was wider than that of the multilayer graphene (Sym-
graphene) of Comparative Example 1. This difference is due
to the fact that the conduction band/valance band pairs,
which existed in parallel, were deformed by A, resulting in
1—2 and 3—4 transitions having various energies. The
position of the absorption peak was almost constant regard-
less of the gate voltage, which means that the multilayer
graphene (Asy-graphene) of Example 2 has a large bandgap
at V,=0.

Test Example 4-4: Analysis of IR Absorption of
Multilayer Graphene at Charge Neutrality Point
(CNP)

[0169] FIG. 4A shows the IR measurement device at a
given gate voltage and the band structure of Bernal-stacked
graphene, FIG. 7A shows the IR absorption spectra of the
multilayer graphene (Sym-graphene) of Comparative
Example 1 and the multilayer graphene (Asy-graphene) of
Example 1 at CNP (at which electrical resistance is the
highest), and FIG. 7B shows the results of calculation of IR
absorption spectrum depending on the bandgap of graphene
through density functional theory (DFT).

[0170] As shown in FIG. 4A, CNP, at which electrical
resistance is the highest, appeared at 20 V in the multilayer
graphene (Sym-graphene) of Comparative Example 1 and at
70V in the multilayer graphene (Asy-graphene) of Example
1. In the graphene at CNP, 1—=2 and 3—4 electronic
transitions are impossible due to Pauli blocking in the
measurement range (0.2 eV to 0.45 eV), and thus the
absorption spectrum is determined by the 2—3 electronic
transition.

[0171] As shown in FIG. 7A, as the energy increases, the
light absorption gradually decreases. This is due to the
decrease in the optical joint density depending on the energy,
which is consistent with the conventional results of gra-
phene, having no bandgap. Furthermore, the same results as
the DFT calculation results (the upper portion of FIG. 7B) of
graphene having no bandgap were obtained. On the other
hand, the wide absorption peak at 0.35 eV was observed in
the multilayer graphene (Asy-graphene) of Example 1,
which means that the bandgap is large at CNP. Based on the
results of calculation of the multilayer graphene (Asy-
graphene) graph of Example 1 of FIG. 7B, when the
graphene has large A (>0.4 V), it can be confirmed that the
IR absorption spectrum as in the test results was obtained.
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[0172] Therefore, it is concluded that the growth of gra-
phene on a catalyst containing sulfur dissolved therein
resulted in graphene having a bandgap greater than the
graphene bandgap obtained through conventional dual-gate
transistors or chemical doping.

Test Example 5: Characteristics of Transistor
Device Including Multilayer Graphene

Device Example 1: Manufacture of Dual-Gate
Transistor Including Sulfur-Doped Graphene

[0173] The graphene of Example 1 was transferred to a
300 nm SiO, (bottom dielectric layer)/Si substrate, an elec-
trode (Au) was deposited thereon, and a 70 nm Al,O; (top
dielectric layer) was formed thereon through ALD (atomic
layer deposition). Additionally, perylene was formed at a
thickness of 15 nm thereon in order to prevent pinholes that
deteriorate the function of Al,O;, and finally, a top gate
electrode (Au) was deposited, thereby manufacturing a
dual-gate transistor including sulfur-doped graphene.

[0174] The cross-sectional structure of the dual-gate tran-
sistor including sulfur-doped graphene is shown in FIG. 8A.

Test Example 5-1: Analysis of Doping State of
Sulfur-Doped Graphene (S-Graphene)

[0175] FIG. 8B shows the results of measurement of
changes in resistance depending on changes in bottom gate
voltage at different top gate voltages of the dual-gate tran-
sistor manufactured in Device Example 1.

[0176] In the dual-gate transistor manufactured in Device
Example 1, the top and bottom displacement fields (D,, D,)
are adjusted, thereby independently controlling the net car-
rier density of graphene and the bandgap of graphene.
[0177] When the difference between D, and D, (6D=D,-
D,) is not zero, the net charge density is not zero (deviating
from charge neutrality point, CNP), and when the average of
D, and D, (D,,,,=(D,+D,)/2) is not zero, the on-site energy
symmetry of graphene is broken and a graphene bandgap is
generated. D, and D, are defined as the following Equation
1 and Equation 2, respectively.

D=, (V= Vy0)/dy (Equation 1)

De{V=Vp)d;

[0178] For SiO,, £,=3.9, d,=300 nm, and for perylene/
AL, O, layer, d=90 nm. The &, obtained through measure-
ment was 1.4, as calculated through the slope of FIG. 8C,
and V, of the equation designates the effective offset volt-
age.

[0179] With reference to FIGS. 8B and 8C, FIG. 8B shows
the data obtained by measuring transistor resistance depend-
ing on changes in V, under the condition that V, was fixed,
and V, and V,, representing the maximum resistance values
in the data obtained through measurement, appeared linear,
as shown in FIG. 8C.

[0180] The offset voltage mentioned above can be deter-
mined under the operating conditions of the transistor hav-
ing the lowest resistance, and when the lowest resistance is
shown, the graphene has no bandgap and is in a CNP state
and is represented as D,=D,=0. In the system of the present
invention, V,, and V,, were measured to be —=21.6 V and 45
V, respectively.

[0181] With reference to FIG. 8D, the maximum resis-
tance of the transistor gradually increased with an increase

(Equation 2)
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in D,,,. This means that the bandgap of graphene is con-
trollable (the resistance increases with an increase in the
bandgap), and the synthesized graphene has a Bernal stack-
ing structure.

[0182] Finally, the doping structure of graphene may be
understood in more detail based on V,, and V,, obtained
through measurement. At V,=V =0, 8D and D, were -0.4
V/nm and 0.5 V/nm, respectively. In this case, based on the
relationship of D, and D, defined above, 8D<0 and thus the
overall graphene system was p-doped, and D, >0 showed
that the upper graphene layer had a higher doping level than
the lower layer. Due to this doping level difference in
graphene, an electric field is generated in the direction
perpendicular to the graphene plane.

[0183] In the transistor device structure of the present
invention, the lower layer is more p-doped by SiO,, whereas
the upper layer is weaker than the original p-doping state by
AL, O;. Therefore, since the doping difference of graphene
may be reduced by virtue of the upper and lower dielectric
layers, the D,,,,, value of S-graphene is analyzed to be larger
upon real-world application.

[0184] Consequently, based on the dual-gate transistor
measurement of the present invention, it was confirmed that
S-graphene was totally hole-doped and had a doping gradi-
ent, whereby a vertical electric field was generated in the
graphene.

Test Example 6: Analysis of Phosphorus-Doped
Multilayer Graphene Structure

Test Example 6-1: Growth of Multilayer Graphene
on Copper Catalyst Containing Phosphorus
Dissolved Therein

[0185] FIG. 10 shows the cross-sectional TEM image and
electron energy loss spectroscopy (EELS) images of the
copper containing phosphorus dissolved therein manufac-
tured in Example 3.

[0186] As shown in FIG. 10, the number of layers of
multilayer graphene grown on the surface of copper was
about 7. Based on the elemental analysis results of the
sample through EELS (electron energy loss spectroscopy),
phosphorus was uniformly observed in the copper catalyst
region, indicating that the multilayer graphene was grown
on the copper catalyst containing phosphorus dissolved
therein.

Test Example 6-2: Analysis of Quality of
Synthesized Graphene

[0187] FIG. 11 shows the results of Raman spectroscopy
of phosphorus-doped multilayer graphene manufactured in
Example 3. The graphene synthesized on copper was trans-
ferred to a silicon substrate, after which Raman spectroscopy
was performed. The synthesis of graphene was confirmed
based on the characteristic D, G, and 2D peaks of graphene.
[0188] As shown in FIG. 11, the D-t0-G peak intensity
ratio (ID/IG ratio) of 0.2 resulted in low vacancy density,
and when the 2D-to-G peak intensity ratio (I2D/IG ratio)
was about 0.5, the characteristics of multilayer graphene
appeared, as confirmed by TEM.

[0189] Therefore, it was confirmed that high-quality mul-
tilayer graphene was grown on the copper catalyst contain-
ing phosphorus dissolved therein.
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Test Example 6-3: Distribution of Phosphorus in
Graphene and Analysis of Concentration Thereof

[0190] FIG. 12 shows the cross-sectional TEM image of
the phosphorus-doped multilayer graphene manufactured in
Example 3 and electron energy loss spectroscopy (EELS)
images thereof, and FIG. 13 shows the results of analysis of
concentration distribution of phosphorus.

[0191] As shown in FIGS. 12 and 13, phosphorus (P) was
uniformly detected in the synthesized graphene region (car-
bon detection region), indicating that the synthesized gra-
phene was doped with phosphorus. Under synthesis condi-
tions in which the test of analysis of elemental ratio thereof
based on the EELS results for carbon and phosphorus was
performed, it was confirmed that a maximum of 7 at % of
phosphorus was present in the graphene.

[0192] The scope of the invention is represented by the
claims below rather than the aforementioned detailed
description, and all of the changes or modified forms that are
capable of being derived from the meaning, range, and
equivalent concepts of the appended claims should be con-
strued as being included in the scope of the present inven-
tion.

What is claimed is:

1. A method of manufacturing multilayer graphene, com-
prising:

(a) bringing a metal substrate into contact with a nonmetal
element, thus forming the nonmetal element adsorbed
to a surface of the metal substrate, the nonmetal ele-
ment dissolved in the surface of the metal substrate
and/or a metal compound reacted with the nonmetal
element on the surface of the metal substrate;

(b) heat-treating the nonmetal element adsorbed to the
surface of the metal substrate, the nonmetal element
dissolved in the surface of the metal substrate and/or
the metal compound reacted with the nonmetal ele-
ment, whereby the nonmetal element adsorbed to the
surface of the metal substrate, the nonmetal element
dissolved in the surface of the metal substrate and/or
the nonmetal element formed by reduction of the metal
compound is dissolved into an interior of the metal
substrate; and

(c) subjecting a graphene precursor to chemical vapor
deposition on the metal substrate containing the non-
metal element dissolved therein, thereby manufactur-
ing multilayer graphene that is doped with the nonmetal
element on the metal substrate.

2. The method of claim 1, wherein the multilayer gra-

phene is Bernal-stacked.

3. The method of claim 1, wherein a number of layers of
the multilayer graphene is any one of 1 to 20.

4. The method of claim 1, wherein the nonmetal element
is physically adsorbed or chemically bonded to the multi-
layer graphene.

5. The method of claim 1, wherein the multilayer gra-
phene is configured such that a concentration gradient of the
nonmetal element is formed in a thickness direction thereof.

6. The method of claim 1, wherein a concentration gra-
dient of the nonmetal element is formed in a manner in
which a concentration of the nonmetal element decreases the
closer the multilayer graphene is to the metal substrate.

7. The method of claim 1, wherein a work function and/or
a bandgap of the multilayer graphene are adjusted by
controlling a concentration gradient of the nonmetal ele-
ment.
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8. The method of claim 1, wherein the nonmetal element
includes at least one selected from among sulfur (S), sele-
nium (Se), tellurium (Te), oxygen (O), boron (B), phospho-
rous (P), and nitrogen (N).

9. The method of claim 1, wherein in step (a), a tempera-
ture and/or a time required to bring the metal substrate into
contact with the nonmetal element are adjusted, thereby
controlling an amount of the nonmetal element adsorbed to
the surface of the metal substrate, and/or an amount of the
nonmetal element dissolved in the metal substrate, of the
metal compound formed on the surface of the metal sub-
strate.

10. The method of claim 1, wherein step (a) is performed
at a temperature of 20 to 500° C. for 1 sec to 3600 sec.

11. The method of claim 1, wherein a metal of the metal
substrate includes at least one selected from among copper,
nickel, zinc, tin, silver, gold, platinum, palladium, iron,
cobalt, and alloys thereof.

12. The method of claim 1, wherein the metal compound
includes at least one selected from among copper sulfide,
silver sulfide, gold sulfide, platinum sulfide, nickel sulfide,
zine sulfide, palladium sulfide, iron sulfide, cobalt sulfide,
tin sulfide, copper selenide, silver selenide, gold selenide,
platinum selenide, nickel selenide, zinc selenide, palladium
selenide, iron selenide, cobalt selenide, tin selenide, copper
nitride, silver nitride, zinc nitride, nickel nitride, gold
nitride, platinum nitride, palladium nitride, iron nitride,
cobalt nitride, tin nitride, copper phosphide, nickel phos-
phide, zinc phosphide, palladium phosphide, silver phos-
phide, gold phosphide, platinum phosphide, iron phosphide,
cobalt phosphide, tin phosphide, copper telluride, silver
telluride, gold telluride, platinum telluride, nickel telluride,
zinc telluride, palladium telluride, iron telluride, cobalt
telluride, tin telluride, copper boride, silver boride, gold
boride, platinum boride, nickel boride, zinc boride, palla-
dium boride, iron boride, cobalt boride, tin boride, and
nitrides, phosphides, sulfides, selenides, tellurides and
borides of metal alloys.

13. The method of claim 1, wherein in step (b), reduction
is carried out through heat treatment.

14. The method of claim 13, wherein the heat treatment is
performed at a temperature of 500 to 2,000° C.

15. The method of claim 1, wherein in step (c), the
nonmetal element dissolved into the interior of the metal
substrate is physically adsorbed or chemically bonded to the
multilayer graphene and thus multilayer graphene, which is
doped with the nonmetal element and is Bernal-stacked, is
formed.

16. The method of claim 1, wherein the graphene precur-
sor is a hydrocarbon compound.

17. The method of claim 16, wherein the hydrocarbon
compound includes at least one selected from the group
consisting of methane, ethane, propane, butane, ethylene,
propylene, butylene, benzene, ethanol, methanol, isopropyl
alcohol, 1,2,3 4-tetraphenylnaphthalene (TPN), anthracene,
pyrene, naphthalene, fluoranthene, hexaphenylbenzene, tet-
raphenylcyclopentadienone,  diphenylacetylene, pheny-
lacetylene, triptycene, tetracene, chrysene, triphenylene,
coronene, pentacene, corannulene, and ovalene.

18. The method of claim 1, wherein the chemical vapor
deposition is performed at a temperature of 600 to 1,200° C.

19. The method of claim 1, wherein the chemical vapor
deposition is performed through any one process selected
from the group consisting of low-pressure chemical vapor
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deposition, atmospheric-pressure chemical vapor deposi-
tion, plasma-enhanced chemical vapor deposition, Joule-
heating chemical vapor deposition, and microwave chemical
vapor deposition.

20. A multilayer graphene, manufactured by the method
of claim 1.



