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Description
Title of Invention: WIRING STRUCTURE AND ELECTRONIC

DEVICE EMPLOYING THE SAME
Technical Field

[1] Example embodiments relate to a wiring structure and/or an electronic device
employing the same, more particularly, example embodiments relate to a wiring
structure capable of reducing a line width and decreasing a wiring resistance, and/or an

electronic device employing the same.

Background Art

[2] Regarding high-density and high-performance semiconductor devices, efforts to
reduce a line width and a thickness of a metal wiring have been made. When the line
width and the thickness of the metal wiring are reduced, the number of semiconductor
chips to be accumulated for each wafer may be increased. In addition, when the
thickness of the metal wiring is reduced, capacitance of a line may be decreased, and
thus a sensing margin may be increased in a dynamic random access memory (DRAM)
and the like.

[3] However, when the line width and the thickness of the metal wiring are reduced, re-
sistance typically increases. Accordingly, the importance of decreasing the resistance
of a wiring structure is increased. A current interconnect technology has approached a
physical limit in that a specific resistance greatly increases with a considerable
decrease in the line width.

(4] Accordingly, new materials and new processes for reducing a resistance when a

wiring structure is formed may be advantageous.
Disclosure of Invention

Technical Problem

[5] Example embodiments relate to a wiring structure capable of reducing a line width
and a wiring resistance by including graphene, and/or an electronic device employing
the wiring structure.
Solution to Problem

[6] Additional example embodiments will be set forth in part in the description which
follows and, in part, will be apparent from the description, or may be learned by
practice of the example embodiments.

[7] According to at least one example embodiment, a wiring structure includes a first
conductive material layer and a nanocrystalline graphene formed on the first
conductive material layer.

[8] The nanocrystalline graphene may satisfy at least one of the following conditions: the
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nanocrystalline graphene has a thickness of less than 20% of a thickness of the first
conductive material layer, the nanocrystalline graphene has a ratio of 2D/G of a Raman
spectrum and which is equal to or greater than 0.05, the nanocrystalline graphene has a
ratio of D/G that is equal to or less than 2, and the nanocrystalline graphene has a
crystal size equal to or greater than 1 nm.

The nanocrystalline graphene layer may be formed on the first conductive material
layer by deposition.

The nanocrystalline graphene layer may be doped with a doping element.

The doping element may include at least one of NO,BF,, NOBFE,, NO,SbF¢, HCI, H,
PO,, CH;COOH, H,SO,, HNO:;, dichlorodicyanoquinone, oxon, dimyristoylphos-
phatidylinositol, and trifluoromethanesulfonic imide; an inorganic p-dopant group con-
stituted by HPtCl,, AuCl;, HAuCl,, AgOTfs, AgNO;, H,PdCls PA(OAc),, and Cu(CN),
, an organic n-dopant group constituted by a reduced substance of substituted or unsub-
stituted nicotinamide, a reduced substance of a compound chemically bonded to sub-
stituted or unsubstituted nicotinamide, a compound containing two or more pyridinum
derivatives in a molecular structure and containing a reduced nitrogen within a ring of
at least one pyridinum derivative, (2.3-dichloro-5.6-dicyano-1.4-benzoquinone) DDQ
and (benzyl viologen) BV.

The first conductive material layer may be formed as a single layer or a multi-layer
by using a material including a transition metal containing Ni, Cu, Co, Fe, or Ru, at
least one of TiN, W, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi, TiSi, and
WSi, or an alloy thereof, or Poly-Si.

The nanocrystalline graphene may be formed on the first conductive material layer to
be in direct contact with the first conductive material layer.

The first conductive material layer may be or include a metal layer.

The wiring structure may further include a seed layer formed on the first conductive
material layer. The nanocrystalline graphene may be directly grown on the seed layer.

The seed layer may be or include a metal-carbon bonding layer.

The seed layer may have a thickness equal to or less than 1 nm.

The wiring structure may further include a second conductive material layer formed
on the nanocrystalline graphene.

The wiring structure may further include a graphene layer transferred onto the
nanocrystalline graphene.

The first conductive material layer may include a Poly-Si layer and a metal layer, and
the second conductive material layer may be formed of or include a metal material.

The metal layer may include TiN or TiSiN, the second conductive material layer may
include W, and the seed layer may be formed of Ti-C.

The first conductive material layer may include a Poly-Si layer, and the second
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conductive material layer may be formed of or include a metal material.

The second conductive material layer may include W, and the seed layer may be
formed of or include Si-C.

The first conductive material layer may be formed of or include a single layer or a
multi-layer using a material including a transition metal containing Ni, Cu, Co, Fe, or
Ru, at least one of TiN, W, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi, TiSi,
TiSiN, and WSi, or an alloy thereof, or Poly-Si.

According to another example embodiment, a wiring structure includes a conductive
material layer, a nanocrystalline graphene formed on the conductive material layer to
be in direct contact with the conductive material layer, and a graphene layer formed on
the nanocrystalline graphene.

The nanocrystalline graphene layer may satisfy at least one of the following
conditions: the nanocrystalline graphene has a thickness of less than 20% of a
thickness of the conductive material layer, the nanocrystalline graphene has a ratio of
2D/G of a Raman spectrum and which is equal to or greater than 0.05, the
nanocrystalline graphene has a ratio of D/G that is equal to or less than 2, and the
nanocrystalline graphene has a crystal size equal to or greater than 1 nm.

The nanocrystalline graphene may be on the conductive material layer by deposition.

The nanocrystalline graphene may be formed after removing a natural oxide film on
the conductive material layer.

The natural oxide film may be removed by reduction.

The graphene layer may be formed by transferring graphene which is separately
grown.

The graphene layer may be configured as single-layered to thirty-layered graphene.

The graphene layer may have a thickness of equal to or less than 10 nm.

At least one of the graphene layer and the nanocrystalline graphene may be doped
with a doping element.

The doping element may include at least one organic p-dopant group constituted by
NO,BF,, NOBF,, NO,SbF,, HC1, H,PO,, CH;COOH, H,SO,, HNO;, dichlorodi-
cyanoquinone, oxon, dimyristoylphosphatidylinositol, and trifluoromethanesulfonic
imide, an inorganic p-dopant group constituted by HPtCl,, AuCl;, HAuCl,, AgOTfs,
AgNO;, H,PdCls Pd(OACc),, and Cu(CN),, an organic n-dopant group constituted by a
reduced substance of substituted or unsubstituted nicotinamide, a reduced substance of
a compound chemically bonded to substituted or unsubstituted nicotinamide, and a
compound containing two or more pyridinum derivatives in a molecular structure and
containing a reduced nitrogen within a ring of at least one pyridinum derivative, DDQ
and BV.

The conductive material layer may be formed as a single layer or a multi-layer by
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using a material including a transition metal containing Ni, Cu, Co, Fe, or Ru, at least
one of TiN, W, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi, TiSi, TiSiN, and
WSi, or an alloy thereof, or Poly-Si.

According to another example embodiment, an electronic device includes the above-
described wiring structure.

The electronic device may further include a plurality of elements. Each of the
plurality of elements may include at least one of a transistor, a capacitor, and a resistor.
The wiring structure may be used for connection between the plurality of elements or
connection within each of the elements.

The wiring structure may be used for connection between unit cells each constituted
by a combination of the plurality of elements.

The wiring structure may be used for connection between chips each constituted by
the unit cells.

The electronic device may further include a plurality of elements. Each of the
plurality of elements may include at least one of a transistor, a capacitor, and a resistor.
The wiring structure may be used for connection between unit cells each constituted by
a combination of the plurality of elements.

The electronic device may further include a plurality of elements. Each of the
plurality of elements may include at least one selected from the group consisting of a
transistor, a capacitor, and a resistor. The wiring structure may be used for connection
between unit cells each constituted by a combination of the plurality of elements.

According to at least one example embodiment, a wiring structure includes a metal
layer, a native metal oxide thereof being substantially removed from a surface thereof;
and a nanocrystalline graphene on the metal layer in direct contact with a metallic

surface of the metal layer.

Advantageous Effects of Invention

According to the wiring structure and the method of forming the same according to
example embodiments, nanocrystalline graphene is directly grown on a conductive
material layer or a seed layer which are used for a wiring structure. Thus, the wiring
structure having a high adhesive strength to a surface of a metal and having a reduced
resistance of a wiring may be realized.
Brief Description of Drawings

These and/or other example embodiment will become apparent and more readily ap-
preciated from the following description of the example embodiments, taken in con-
junction with the accompanying drawings in which:

FIG. 1 a schematic cross-sectional view illustrating a wiring structure according to at

least one example embodiment;
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FIG. 2 is a schematic cross-sectional view illustrating a wiring structure according to

another example embodiment;
FIGS. 3A to 3D are schematic cross-sectional views illustrating a method of forming

a wiring structure, according to an example embodiment;

FIG. 4A is a transmission electron microscope image showing a cutting plane of a
sample in which nanocrystalline graphene is deposited on TiN, and FIG. 4B is a graph
showing measurement results of a Raman spectrum of the sample of FIG. 4A ;

FIG. 5 illustrates an example of an electronic device having the wiring structure of
FIG. 1;

FIG. 6 illustrates an example of an electronic device having the wiring structure of
FIG. 2;

FIG. 7 is a schematic diagram illustrating a wiring structure having a multi-stack
structure according to another example embodiment;

FIG. 8 is a graph illustrating changes in a resistance of a wiring structure into which
graphene is inserted to present a resistance reduction effect in a structure into which
nanocrystalline graphene (nc-G) is inserted, as compared with a W/TiN structure;

FIG. 9 is a schematic diagram illustrating a wiring structure having a multi-stack
structure according to another example embodiment;

FIG. 10 is a schematic diagram illustrating a memory device which is an example of
an electronic device; and

FIG. 11 is a schematic diagram illustrating dynamic random access memory

(DRAM) which is another example of the electronic device.

Mode for the Invention

It will be understood that when an element is referred to as being "on", "connected”
or "coupled" to another element, it can be directly on, connected or coupled to the
other element or intervening elements may be present. In contrast, when an element is
referred to as being "directly on", "directly connected" or "directly coupled" to another
element, there are no intervening elements present. As used herein the term "and/or"
includes any and all combinations of one or more of the associated listed items.
Further, it will be understood that when a layer is referred to as being "under" another
layer, it can be directly under or one or more intervening layers may also be present. In
addition, it will also be understood that when a layer is referred to as being "between”
two layers, it can be the only layer between the two layers, or one or more intervening
layers may also be present.

It will be understood that, although the terms "first", "second", etc. may be used
herein to describe various elements, components, regions, layers and/or sections, these

elements, components, regions, layers and/or sections should not be limited by these
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terms. These terms are only used to distinguish one element, component, region, layer
or section from another element, component, region, layer or section. Thus, a first
element, component, region, layer or section discussed below could be termed a
second element, component, region, layer or section without departing from the
teachings of example embodiments.

In the drawing figures, the dimensions of layers and regions may be exaggerated for
clarity of illustration. Like reference numerals refer to like elements throughout. The

same reference numbers indicate the same components throughout the specification.

"o "o

Spatially relative terms, such as "beneath," "below," "lower," "above," "upper"” and
the like, may be used herein for ease of description to describe one element or feature's
relationship to another element(s) or feature(s) as illustrated in the figures. It will be
understood that the spatially relative terms are intended to encompass different ori-
entations of the device in use or operation in addition to the orientation depicted in the
figures. For example, if the device in the figures is turned over, elements described as
"below" or "beneath"” other elements or features would then be oriented "above" the
other elements or features. Thus, the example term "below" can encompass both an ori-
entation of above and below. The device may be otherwise oriented (rotated 90 degrees
or at other orientations) and the spatially relative descriptors used herein interpreted ac-
cordingly.

The terminology used herein is for the purpose of describing particular embodiments
only and is not intended to be limiting of example embodiments. As used herein, the

"o

singular forms "a," "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the
terms "comprises” and/or "comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, elements, and/or components,
but do not preclude the presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups thereof.

Example embodiments are described herein with reference to cross-sectional illus-
trations that are schematic illustrations of idealized embodiments (and intermediate
structures) of example embodiments. As such, variations from the shapes of the illus-
trations as a result, for example, of manufacturing techniques and/or tolerances, are to
be expected. Thus, example embodiments should not be construed as limited to the
particular shapes of regions illustrated herein but are to include deviations in shapes
that result, for example, from manufacturing. For example, an implanted region il-
lustrated as a rectangle will, typically, have rounded or curved features and/or a
gradient of implant concentration at its edges rather than a binary change from
implanted to non-implanted region. Likewise, a buried region formed by implantation

may result in some implantation in the region between the buried region and the
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surface through which the implantation takes place. Thus, the regions illustrated in the
figures are schematic in nature and their shapes are not intended to illustrate the actual
shape of a region of a device and are not intended to limit the scope of example em-
bodiments.

Unless otherwise defined, all terms (including technical and scientific terms) used
herein have the same meaning as commonly understood by one of ordinary skill in the
art to which example embodiments belong. It will be further understood that terms,
such as those defined in commonly-used dictionaries, should be interpreted as having a
meaning that is consistent with their meaning in the context of the relevant art and will
not be interpreted in an idealized or overly formal sense unless expressly so defined
herein. As used herein, expressions such as "at least one of," when preceding a list of
elements, modify the entire list of elements and do not modify the individual elements
of the list.

Although corresponding plan views and/or perspective views of some cross-sectional
view(s) may not be shown, the cross-sectional view(s) of device structures illustrated
herein provide support for a plurality of device structures that extend along two
different directions as would be illustrated in a plan view, and/or in three different di-
rections as would be illustrated in a perspective view. The two different directions
may or may not be orthogonal to each other. The three different directions may
include a third direction that may be orthogonal to the two different directions. The
plurality of device structures may be integrated in a same electronic device. For
example, when a device structure (e.g., a memory cell structure or a transistor
structure) is illustrated in a cross-sectional view, an electronic device may include a
plurality of the device structures (e.g., memory cell structures or transistor structures),
as would be illustrated by a plan view of the electronic device. The plurality of device
structures may be arranged in an array and/or in a two-dimensional pattern.

Reference will now be made in detail to embodiments, examples of which are il-
lustrated in the accompanying drawings, wherein like reference numerals refer to the
like elements throughout. In this regard, the present embodiments may have different
forms and should not be construed as being limited to the descriptions set forth herein.
Accordingly, the embodiments are merely described below, by referring to the figures,
to explain example embodiments of the present description.

Graphene, which is a two-dimensional material, forms a hybrid structure in con-
junction with a conductive material, for example, a metal or Poly-Si which may be
used for a wiring structure, and thus, a line width and a resistance of a wiring may be
reduced. As the thickness of a metal decreases, a specific resistance thereof typically
greatly increases. On the other hand, graphene has a fixed specific resistance regardless

of the thickness thereof. Accordingly, it is possible to reduce a specific resistance of a
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wiring structure by inserting graphene between actual wiring structures of the multi-
stack structure.

Examples of the metal used for a wiring structure include TiN, W, W-Pd, WSiX,
TiSiN, Co, Ru, Cu, Ni, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi, TiSi,
WSi, and the like. When graphene having an excellent electrical property is transferred
on a wiring, a scattering phenomenon of charges, which occurs on the surface of the
metal, may be decreased. However, in a general graphene transferring process, it is
typically difficult to prevent an oxide film from being formed on a surface of a metal.
Unlike a silicon substrate, graphene has a weak interaction with the surface of the
metal, and thus the graphene is not likely to be attached to the surface of the metal.

According to a wiring structure and a method of forming the same according to an
example embodiment, the above-described problems may be solved by removing an
oxide film formed on a surface of a metal and forming nanocrystalline graphene
thereon.

In addition, according to the wiring structure and the method of forming the same
according to an example embodiment, a graphene layer may be formed by directly
growing nanocrystalline graphene on a layer formed of or including a conductive
material such as, for example, a metal or Poly-Si, and transferring high-quality
graphene, which is separately grown, on the nanocrystalline graphene when necessary.
Thus, a process condition limit may be overcome at the time of forming the wiring
structure. For example, when an electronic device having the wiring structure
according to the example embodiment applied thereto is a memory device, a process
temperature for forming the wiring structure is limited to approximately 700°C. As is
well known, in order to grow high-quality graphene, a growth temperature of ap-
proximately 900°C to 1000°C is required, and a catalyst metal is also limited. Since
nanocrystalline graphene may be grown without catalyst metal limitations under a
process temperature limited to approximately 700°C, the wiring structure according to
the example embodiment may be applied to a memory device and the like without
process temperature limitations.

Reference will now be made in detail to example embodiments illustrated in the ac-
companying drawings, wherein like reference numerals refer to like elements
throughout. In this regard, the example embodiments may have different forms and
should not be construed as being limited to the descriptions set forth herein. Ac-
cordingly, the example embodiments are merely described below, by referring to the
figures, to explain example embodiments.

FIG. 1 a schematic cross-sectional view illustrating a wiring structure 10 according to
an example embodiment.

Referring to FIG. 1, the wiring structure 10 according to the example embodiment



WO 2015/126139 PCT/KR2015/001595

[72]

[73]

[74]

[75]

[76]

[77]

includes a conductive material layer 30 and a nanocrystalline graphene 50, which is
formed so as to come into direct contact with the conductive material layer 30.

The conductive material layer 30 may be a metal layer formed of various metals that
may be used for a wiring structure in an electronic device. For example, the conductive
material layer 30 may include a single-layered structure or a multi-layered structure
using a material including a transition metal containing Ni, Cu, Co, Fe, or Ru, at least
one of TiN, W, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi, TiSi, and WSi, or
an alloy thereof, for example, W-Pd, WSiX, and TiSiN. The conductive material layer
30 may be formed of or include not only of a metal but also other conductive materials,
for example, Poly-Si.

The nanocrystalline graphene 50 may be formed on the conductive material layer 30
by deposition, for example. The nanocrystalline graphene 50 may be formed so as to
satisfy at least one of the following conditions: the nanocrystalline graphene 50 has a
thickness of less than 20% of the thickness of the conductive material layer 30, the
nanocrystalline graphene 50 has a ratio of 2D/G of a Raman spectrum and which is
equal to or greater than 0.05, the nanocrystalline graphene 50 has a ratio of D/G that is
equal to or less than 2, and the nanocrystalline graphene 50 has a crystal size equal to
or greater than 1 nm. For example, the nanocrystalline graphene may have a crystal
size of approximately 1 nm to 100 nm.

The nanocrystalline graphene 50 may be doped with a doping element so as to reduce
resistance of the wiring structure 10 according to an example embodiment. For
example, the doping may be formed by spin coating using a doping element.

In the wiring structure 10 according to the example embodiment, the doping element
may include, for example, AuCl;, DDQ, BV, and the like. Here, AuCl; is a p-type
doping element (dopant) and BV is an n-type doping element (dopant).

Furthermore, various types of p-type or n-type doping elements may be used to dope
the nanocrystalline graphene 50 of the wiring structure 10 according to the example
embodiment.

According to at least one example embodiment, various types of organic and/or
inorganic dopants may be used as the doping element. For example, the doping
element may include at least one organic p-dopant group constituted by NO,BF,,
NOBF,, NO,SbF,, HCI, H,PO,, CH;COOH, H,SO,, HNO;, dichlorodicyanoquinone,
oxon, dimyristoylphosphatidylinositol, and trifluoromethanesulfonic imide; an
inorganic p-dopant group constituted by HP(Cl,, AuCl;, HAuCl,, AgOTfs, AgNO;, H,
PdCls Pd(OAc),, and Cu(CN),; and an organic n-dopant group constituted by a reduced
substance of substituted or unsubstituted nicotinamide, a reduced substance of a
compound chemically bonded to substituted or unsubstituted nicotinamide, and a

compound containing two or more pyridinium derivatives in a molecular structure and



10

WO 2015/126139 PCT/KR2015/001595

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

containing a reduced nitrogen within a ring of at least one pyridinum derivative.

Here, the compound chemically bonded to a reduced substance of nicotinamide may
be NMNH, NADH, or NADPH.

In addition, the compound containing two or more pyridinum derivatives in a
molecular structure and containing a reduced nitrogen within a ring of at least one
pyridinum derivative may be viologen. Here, the viologen may be one of
1,1'-dibenzyl-4,4'-bipyridinium chloride, methyl viologen dichloride hydrate, ethyl
viologen diperchlorate, 1,1'dioctadecyl-4,4'-bipyridinium dibromide, and dioctylbis
4-pyridyl)biphenyl viologen. Furthermore, the viologen may have a conjugable
molecular structure in the middle of a bipyridyl structure. For example, the conjugable
molecular structure may include aryl, akenyl, or akynyl.

FIG. 2 is a schematic cross-sectional view illustrating a wiring structure 20 according
to another example embodiment. Compared with the wiring structure 10 of FIG. 1, the
wiring structure 20 further includes a graphene layer 70 formed on a nanocrystalline
graphene50. Here, the substantially same components as those in FIG. 1 are denoted by
the same reference numerals, and a repeated description thereof will be omitted.

Referring to FIG. 2, in the wiring structure 20 according to the example embodiment,
the graphene layer 70 may be formed by transferring high-quality graphene which is
separately grown. At this time, for example, the graphene layer 70 may be configured
as single-layered to thirty-layered graphene. For example, the graphene layer 70 may
be configured as multilayer graphene (MLG). The graphene layer 70 may have a
thickness equal to or less than approximately 10 nm.

In the wiring structure 20 according to the example embodiment as illustrated in FIG.
2, at least one of the graphene layer 70 and the nanocrystalline graphene 50 may be
doped with a doping element so as to further reduce resistance of the wiring structure
20.

In the wiring structure 20 according to the example embodiment, doping may be
performed, for example, by spin coating using a doping element.

In the wiring structure 20 according to the example embodiment, a doping element
may include, for example, AuCl;, DDQ, BV, and the like. Here, AuCl; is a p-type
doping element (dopant) and BV is an n-type doping element (dopant).

Furthermore, various types of p-type or n-type doping elements may be used to dope
at least one of the graphene layer 70 and the nanocrystalline graphene 50 of the wiring
structure 20, according to the example embodiment.

That is, various types of organic and/or inorganic dopants may be used as the doping
element. For example, the doping element may include at least one organic p-dopant
group constituted by NO,BF,, NOBF,, NO,SbFs, HCI, H,PO,, CH;COOH, H,SO.,

HNO:;, dichlorodicyanoquinone, oxon, dimyristoylphosphatidylinositol, and trifluo-
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romethanesulfonic imide; an inorganic p-dopant group constituted by HPtCl,, AuCls,
HAuCl,, AgOTfs, AgNO;, H,PdCls Pd(OAc),, and Cu(CN),; and an organic n-dopant
group constituted by a reduced substance of substituted or unsubstituted nicotinamide,
a reduced substance of a compound chemically bonded to substituted or unsubstituted
nicotinamide, and a compound containing two or more pyridinum derivatives in a
molecular structure and containing a reduced nitrogen within a ring of at least one
pyridinum derivative.

Here, the compound chemically bonded to a reduced substance of nicotinamide may
be NMNH, NADH, or NADPH.

In addition, the compound containing two or more pyridinum derivatives in a
molecular structure and containing reduced nitrogen within a ring of at least one
pyridinum derivative may be viologen. Here, the viologen may be selected from
1,1'-dibenzyl-4,4'-bipyridinium chloride, methyl viologen dichloridehydrate, ethyl
viologen diperchlorate, 1,1'dioctadecyl-4,4'-bipyridinium dibromide, and dioctylbis
4-pyridyl)biphenyl viologen. Furthermore, the viologen may have a conjugable
molecular structure in the middle of a bipyridyl structure. For example, the conjugable
molecular structure may include aryl, akenyl, or akynyl.

FIGS. 3A to 3D are schematic cross-sectional views illustrating a method of forming
a wiring structure, according to an example embodiment. The wiring structure 10
described above with reference to FIG. 1 may be manufactured through processes
shown in FIGS. 3A to 3D, and the wiring structure 20 described above with reference
to FIG. 2 may be manufactured through the processes shown in FIGS. 3A to 3D.

Referring to FIGS. 3A to 3D, according to the method of forming a wiring structure
of the example embodiment, first, the conductive material layer 30 is prepared, and the
nanocrystalline graphene 50 is formed so as to come into direct contact with the
prepared conductive material layer 30.

As illustrated in FIG. 3A, a natural oxide film 40 may be formed on the surface of
the conductive material layer 30. In this manner, when the natural oxide film 40 is
present on the surface of the conductive material layer 30 constituting the wiring
structure 10, the natural oxide film 40 may be removed so that the nanocrystalline
graphene 50 is formed so as to come into direct contact with the conductive material
layer 30, as illustrated in FIG. 3B.

The conductive material layer 30 may be formed of various metals that may be used
for a wiring structure in an electronic device. For example, the conductive material
layer 30 may have a single-layered structure or a multi-layered structure using a
material a transition metal containing Ni, Cu, Co, Fe, or Ru, at least one of TiN, W,
NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi, TiSi, and WSi, or an alloy
thereof, for example, W-Pd, WSiX, or TiSiN. The conductive material layer 30 may be
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formed of or include not only a metal but also of other types of conductive materials,
for example, Poly-Si.

In this manner, the conductive material layer 30 may be formed of various metals
such as Ti, W, W-Pd, WSiX, TiN, TiSiN, Co, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi,
RhSi, IrSi, PtSi, TiSi, or WS4, in addition to Cu, Ni, and Ru, which are catalyst metals
used to grow graphene. That is, the conductive material layer 30 may be formed of all
kinds of metals used for a wiring structure. In addition, the conductive material layer
30 may be formed of not only a metal but also of other types of conductive materials,
for example, Poly-Si.

The natural oxide film 40 may be formed in the surface of the conductive material
layer 30, for example, a metal layer, so as to have a thickness of approximately 1 nm to
2 nm, and the natural oxide film 40 may be removed by a reduction process. For
example, the natural oxide film 40 may be removed by a reduction process using a
hydrogen plasma (H, plasma) process.

In this manner, as illustrated in FIG. 3C, the nanocrystalline graphene 50 (n-C
graphene) may be formed on the conductive material layer 30, from which the natural
oxide film 40 is removed, by deposition. That is, the nanocrystalline graphene 50 may
be directly grown on the surface of the conductive material layer 30.

The nanocrystalline graphene 50 may be formed so as to satisfy at least one of the
following conditions: the nanocrystalline graphene 50 has a thickness of less than 20%
of the thickness of the conductive material layer 30, the nanocrystalline graphene 50
has a ratio of 2D/G of a Raman spectrum being equal to or greater than 0.05, the
nanocrystalline graphene 50 has a ratio of D/G being equal to or less than 2, and the
nanocrystalline graphene 50 has a crystal size being equal to or greater than 1 nm. For
example, the nanocrystalline graphene 50 may have a crystal size of approximately 1
nm to 100 nm.

The nanocrystalline graphene 50 may be formed by a low temperature process. For
example, the nanocrystalline graphene 50 may be deposited through a low-temperature
graphene growth process using plasma. As described above, in order to grow high-
quality graphene, a growth temperature of approximately 900°C to 1000°C is required,
while the nanocrystalline graphene 50 may be deposited on the conductive material
layer 30 through a low-temperature process of approximately 700°C or less.

In this manner, the natural oxide film 40 may be removed through a reduction
process in a temperature range lower than a general graphene growth temperature, and
then the nanocrystalline graphene 50 may be immediately deposited in a low tem-
perature range. At this time, the reduction process of removing the natural oxide film
40 and the deposition of the nanocrystalline graphene 50 may be performed within the

same chamber. Accordingly, the nanocrystalline graphene 50 may be deposited so as to
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come into direct contact with the surface of the conductive material layer 30 from
which the natural oxide film 40 is removed.

As described above, according to at least one example embodiment, when the
reduction process of removing the natural oxide film 40 and the deposition of the
nanocrystalline graphene 50 are performed within the same chamber, the surface of the
conductive material layer 30 may be maintained in a state where an oxide film is not
formed.

As described above, when the nanocrystalline graphene 50 is directly grown on the
surface of the conductive material layer 30 from which the natural oxide film 40 is
removed, the wiring structure 10 according to the example embodiment, which is
described above with reference to FIG. 1, may be obtained. In this manner, the
nanocrystalline graphene 50 is directly grown on the surface of the conductive material
layer 30, and then may be doped with a doping element as described above.

According to the method of forming a wiring structure of the example embodiment,
the nanocrystalline graphene 50 is directly grown on the surface of the conductive
material layer 30, and then high-quality graphene, which is separately grown, is
transferred thereon through, for example, a transferring process, thereby further
forming the graphene layer 70 as illustrated in FIG. 3D. In this manner, when the
graphene layer 70 is further formed on the nanocrystalline graphene 50 through a
transferring process, the wiring structure 20 according to another example embodiment
may be obtained as described above with reference to FIG. 2.

At this time, for example, the graphene layer 70 may be configured as single-layered
to thirty-layered graphene. For example, the graphene layer 70 may be configured as
an MLG. The graphene layer 70 may have a thickness equal to or less than ap-
proximately 10 nm.

As described above, the nanocrystalline graphene 50 is grown on the conductive
material layer 30 so as to come into contact with the conductive material layer 30, for
example, by deposition, and high-quality graphene, which is separately grown, is
transferred on the nanocrystalline graphene 50, for example, through a transferring
process, to thereby form the graphene layer 70 when necessary.

At this time, the graphene layer 70 is formed on the nanocrystalline graphene 50
through a transferring process, and then, for example, at least one of the
nanocrystalline graphene 50 and the graphene layer 70 may be doped with the above-
described doping element.

According to at least one example embodiment, graphene has a significantly low
adhesive strength during a transferring process. However, the nanocrystalline graphene
50 applied to the wiring structures according to the example embodiments improves an

adhesion strength to the high-quality graphene layer 70 placed thereon, in addition to
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preventing an oxide film from being generated on a conductive material, for example,
the metal.

According to the above-described method of forming the wiring structures 10 and 20
of the example embodiments, graphene with an excellent electrical characteristic is
applied to a wiring structure, and thus it is possible to reduce specific resistance and a
thickness of a wiring.

FIG. 4A is a transmission electron microscope image showing a cutting plane of a
sample in which nanocrystalline graphene is deposited on TiN, and FIG. 4B is a graph
showing measurement results of a Raman spectrum of the sample of FIG. 4A.

Referring to FIGS. 4A and 4B, in a sample in which nanocrystalline graphene is
deposited on a TiN thin film having a thickness of approximately 11 nm, the
nanocrystalline graphene has a thickness of approximately 2 nm, and a D peak, a G
peak, and a 2D peak are shown from the left in the measurement results of the Raman
spectrum. A crystal size may be calculated from the ratio of the D peak to the G peak,
and the calculated crystal size is an order of nm, and thus it is seen that the
nanocrystalline graphene is formed.

The nanocrystalline graphene may have a crystal size of, for example, approximately
a nanometer level. For example, the nanocrystalline graphene may have a crystal size
of approximately 1 nm to approximately 100 nm. On the other hand, general graphene
may have a crystal size of equal to or greater than approximately a micrometer level.

According to the method of forming the wiring structures of the example em-
bodiments, the natural oxide film 40 formed on a wiring metal used for a wiring
structure is removed, and the nanocrystalline graphene 50 is directly grown thereon,
and then high-quality graphene is transferred on the nanocrystalline graphene 50 when
necessary, thereby realizing a wiring structure having a high adhesive strength to a
surface of a metal and having a reduced resistance of a wiring.

According to the method of forming a wiring structure of the example embodiment,
the nanocrystalline graphene 50 may be p-type or n-type doped so as to further reduce
resistance. The nanocrystalline graphene 50 has a wider active site to which a dopant
may be bounded, that is, a grain boundary, and has a higher defect density than general
graphene, and thus an effective doping process may be performed.

General graphene is a polycrystalline material and has a crystal size that is equal to or
greater than approximately micrometer level. In order to dope graphene, other
elements, ions, molecules, or the like have to be bonded to a grain boundary and a
defect region. According to the example embodiment, the nanocrystalline graphene 50
has a size of approximately nanometer level. Accordingly, the nanocrystalline
graphene 50 has a lot of sites to which a dopant is bonded, and thus a doping effect

may be greatly increased.



15

WO 2015/126139 PCT/KR2015/001595

[113]

[114]

[115]

[116]

[117]

According to the method of forming a wiring structure of the example embodiment,
in a structure in which the graphene layer 70 is provided on the nanocrystalline
graphene 50, at least one of the nanocrystalline graphene 50 and the graphene layer 70
may be p-type or n-type doped so as to reduce resistance.

Accordingly, when the nanocrystalline graphene 50 or at least one selected from the
group consisting of the nanocrystalline graphene 50 and the graphene layer 70 is p-
type or n-type doped, resistance of the wiring structure according to the example em-
bodiment may be further reduced.

According to the example embodiment, doping may be performed, by spin coating.
For example, a case may be considered where the nanocrystalline graphene 50 or a
stacked structure of the nanocrystalline graphene 50 and the graphene layer 70 is
doped with AuCl; by spin coating. When being coated with AuCl; by spin coating,
gold ions are attached to the surface thereof, and all other components are eliminated.

Table 1 shows a structure (sample 2) in which nanocrystalline graphene is directly
grown on a TiN layer by using a TiN layer (sample 1) having a thickness of ap-
proximately 11 nm as the conductive material layer 30, and structures (sample 3,
sample 4, and sample 5) in which a graphene layer is formed by transferring graphene
separately on the nanocrystalline graphene/TiN structure, and shows change in sheet
resistance in a case where the sample 3, the sample 4, and the sample 5 are doped. In
this example, the doping is performed by spin coating using AuCl; of 10 mM. In
addition, nanocrystalline graphene is grown on TiN having a thickness of ap-
proximately 11 nm for approximately 20 minutes at a growth temperature of ap-
proximately 700 °C.

Table 1
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“Rate of Decrease a (% )=(Sheet Resistance b- Sheet Resistance a)/Sheet Resistance
bx100

“Rate of Decrease 3 (%)=(Sheet Resistance b- Sheet Resistance c)/Sheet Resistance
bx100

Referring to Table 1, it is seen that the nanocrystalline graphene/TiN structure
(sample 2) has a sheet resistance which is approximately 6.8% lower than the sheet re-
sistance of the structure including only a TiN layer (sample 1). When a graphene layer
is formed on the nanocrystalline graphene/TiN structure, it is seen that sheet resistance
is reduced by about 11.5% (sample 3), about 15.7% (sample 4), and about 15.3%
(sample 5). In addition, when sample 3, sample 4, and sample 5 are doped, it is seen
that sheet resistance is greatly reduced by approximately 31.0%, approximately 41.0%,
and approximately 45.4%, respectively. In this example, sample 3 shows a structure of
one sheet of graphene sheet/nanocrystalline graphene/TiN, sample 4 shows a structure
of two sheets of graphene/nanocrystalline graphene/TiN, and sample 5 shows a
structure of three sheets of graphene/nanocrystalline graphene/TiN.

As seen from Table 1, the resistance of the wiring structure may be reduced by
directly growing the nanocrystalline graphene 50 having a crystal size of ap-
proximately nanometer level on the conductive material layer 30. In addition, the re-
sistance of the wiring structure may be further reduced by further forming the graphene
layer 70 on the stacked structure of the nanocrystalline graphene 50 and the conductive
material layer 30, and the resistance may be greatly reduced by doping the
nanocrystalline graphene 50 or the stacked structure of the nanocrystalline graphene 50
and the graphene layer 70.

The wiring structures 10 and 20 according to example embodiments may be used to
connect wirings to each other in an electronic device.

At this time, the electronic device includes a plurality of elements, and each of the
plurality of elements includes at least one of a transistor, a capacitor, and a resistor.
The wiring structure may be used for connection between the plurality of elements and
connection within each of the elements.

As a specific example, the wiring structure may be used for connection between unit
cells each constituted by a combination of the plurality of elements. In addition, the
wiring structure may be used for connection between chips each constituted by the

plurality of unit cells. Furthermore, the electronic device includes a plurality of
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elements, and each of the plurality of elements includes at least one of a transistor, a
capacitor, and a resistor and the wiring structure may be used for connection between
unit cells each constituted by a combination of the plurality of elements. In addition,
the electronic device includes a plurality of elements, and each of the plurality of
elements may include at least one of a transistor, a capacitor, and a resistor and the
wiring structure may be used for connection between chips each constituted by the
plurality of unit cells of which each is constituted by a combination of the plurality of
elements.

FIGS. 5 and 6 schematically illustrate electronic devices 100 and 150 having the
wiring structures 10 and 20 according to example embodiments applied thereto, re-
spectively. FIG. 5 illustrates an example of the electronic device 100 having the wiring
structure 10 of FIG. 1 applied thereto, and FIG. 6 illustrates an example of the
electronic device 150 having the wiring structure 20 of FIG. 2.

Referring to FIGS. 5 and 6, the electronic devices 100 and 150 each include a base
structure 110 and the wiring structures 10 and 20 being formed on the base structure
110 interconnect.

The base structure 110 may be a substrate used to manufacture a semiconductor
device, for example, a semiconductor substrate, a glass substrate, or a plastic substrate.
In addition, the base structure 110 may be a semiconductor layer, an insulating layer,
or the like which is formed on a substrate. Alternatively, the base structure 110 may be
configured such that at least one of the plurality of elements constituting the electronic
device 100 or the plurality of elements are disposed on a substrate.

For example, the base structure 110 may include a plurality of elements. In addition,
the base structure 110 may include a unit cell constituted by a combination of the
plurality of elements or may include a plurality of cells.

Accordingly to at least one example embodiment, each of the plurality of elements
may include at least one of a transistor, a capacitor, and a resistor.

As described above with reference to FIG. 1, the wiring structure 10 may include the
conductive material layer 30 and the nanocrystalline graphene 50 which is formed on
the conductive material layer 30 so as to come into direct contact with the surface of
the conductive material layer 30. For example, the nanocrystalline graphene 50 may be
doped with the above-described doping element.

In addition, as described above with reference to FIG. 2, the wiring structure 20 may
include the conductive material layer 30, the nanocrystalline graphene 50 which is
formed on the conductive material layer 30 so as to come into direct contact with the
surface of the conductive material layer 30, and the graphene layer 70 transferred to
the nanocrystalline graphene 50. For example, at least one of the nanocrystalline

graphene 50 and the graphene layer 70 may be doped with the above-described doping
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elements and connection within each of the elements. In addition, the wiring structures
10 and 20 may be used for connection between unit cells each constituted by a com-
bination of the plurality of elements. The wiring structures 10 and 20 may be used for
connection between chips each constituted by the plurality of unit cells.

The electronic devices 100 and 150 having the wiring structures 10 and 20 according
to example embodiments applied thereto, respectively, may greatly reduce specific re-
sistance in the wiring structure, and thus it is possible to reduce a line width and wiring
resistance.

Up to now, an example where nanocrystalline graphene is directly grown on a
conductive material layer, for example, a metal layer, has been described. However,
the example embodiment is not limited thereto and nanocrystalline graphene may be
formed on a conductive material layer through a seed layer. FIGS. 7 and 8§ show
example embodiments in which specific a resistance may be reduced by inserting
graphene between wiring structures of a multi-stack structure. In order to provide the
wiring structure between conductive material layers, a seed layer may be formed on
one conductive material layer, nanocrystalline graphene may be directly grown on the
seed layer, and another conductive material layer may subsequently be formed on the
grown nanocrystalline graphene. According to such a structure, as the thickness of a
general metal decreases, the specific resistance thereof substantially increases. On the
other hand, graphene has a fixed specific resistance regardless of the thickness thereof.
Accordingly, it is possible to reduce a specific resistance of a wiring structure while
forming a thin wiring structure.

FIG. 7 is a schematic diagram showing a wiring structure 200 of a multi-stack
structure according to another example embodiment.

Referring to FIG. 7, the wiring structure 200 includes a first conductive material
layer 270, a seed layer 240 on the first conductive material layer 270, and a
nanocrystalline graphene layer 50 on the seed layer 240. A second conductive material
layer 260 may be further provided on the nanocrystalline graphene 50.

The first conductive material layer 270 may be a single layer or a multi-layer
including at least one of a metal and Poly-Si. For example, the first conductive material
layer 270 may be a single layer or a multi-layer of a material including a transition
metal containing Ni, Cu, Co, Fe, or Ru, at least one of TiN, W, NiSi, CoSi, CuSi, FeSi,
MnSi, RuSi, RhSi, IrSi, PtSi, TiSi, TiSiN, and WSi, or an alloy thereof, or Poly-Si.

For example, as shown in FIG. 7, the first conductive material layer 270 may have a
multi-stack structure including a semiconductor material layer 210 having conductivity

and a metal layer 230. An intermediate layer 220 may be at an interface between the
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semiconductor material layer 210 and the metal layer 230.

The semiconductor material layer 210 may be formed of or include, for example,
Poly-Si. The metal layer 230 may be formed of or include, for example, TiN or TSN
(TiSiN). The intermediate layer 220 may be formed of or include, for example, a WSix
layer. The second conductive material layer 260 may be formed of or include a metal,
for example, tungsten (W).

The semiconductor material layer 210 may be formed of or include not only Poly-Si
but also various semiconductor materials. The metal layer 230 and the second
conductive material layer 260 may be formed of or include various metal materials in
addition to the above-mentioned materials.

When a metal-carbon bonding layer formed by depositing carbide on an interface of
the metal layer 230, for example, when the metal layer 230 is formed of or includes a
material containing Ti such as TiN or TSN, the seed layer 240 may be a Ti-C layer. At
this time, the seed layer 240 may have a thickness, for example, of approximately
equal to or less than 1 nm. The nanocrystalline graphene 250 may be directly grown on
the seed layer 240. When the nanocrystalline graphene 250 is grown using the seed
layer 240 or the like, the nanocrystalline graphene 250 may have a higher quality.

Meanwhile, a metal material constituting the second conductive material layer 260,
for example, tungsten (W), may be deposited on the nanocrystalline graphene 250.
That is, the Ti-C layer, which is a thin metal-carbon bonding layer, is formed on the
interface of TiN or TSN, nanocrystalline graphene is directly grown thereon by using
the Ti-C layer as a seed layer, and then tungsten is deposited thereon, thereby forming
a low-resistance wiring having a conductive material-graphene-conductive material
wiring structure.

A wiring structure used for DRAM has a stacked structure of, for example, Poly-
Si/TiN (or TSN)/W, and a WSix layer may be formed at an interface between the Poly-
Si layer and the TiN (or TSN) layer and an interface between the TiN (or TSN) layer
and the W layer. The stacked structure shown in FIG. 7 may be used as the wiring
structure of the DRAM. That is, in the wiring structure of the DRAM, a seed layer, that
is, a Ti-C layer, and nanocrystalline graphene directly grown on the Ti-C layer may be
formed instead of forming the WSix layer at the interface between the TiN layer and
the W layer. In addition, a seed layer, that is, an Si-C layer, and nanocrystalline
graphene directly grown on the Si-C layer may be formed instead of forming the WSix
layer at the interface between the Poly-Si layer and the TiN layer.

That is, FIG. 7 illustrates a case where the seed layer 240 and the nanocrystalline
graphene 250 directly grown on the seed layer 240 are at an interface between the
metal layer 230 and the second conductive material layer 260. However, the seed layer

240 and the nanocrystalline graphene 250 directly grown on the seed layer 240 may be
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at an interface between the semiconductor material layer 210 and the metal layer 230.
In addition, the seed layer 240 and the nanocrystalline graphene 250 directly grown on
the seed layer 240 may be at both the interface between the semiconductor material
layer 210 and the metal layer 230 and at the interface between the metal layer 230 and
the second conductive material layer 260.

FIG. 8 is a graph illustrating changes in a resistance of a wiring structure into which
graphene is inserted to present a resistance reduction effect in a structure into which
nanocrystalline graphene (nc-G) is inserted in comparison with a W/TiN structure.
When the degree of reduction of the resistance is calculated in consideration of a
thickness which increases according to the insertion of a graphene layer, it may be seen
that the resistance is reduced by approximately 5.4% in a case where W is deposited to
a thickness of 15 nm on the surface of nc-G/TiC/TiN, the resistance is reduced by ap-
proximately 7.0% in a case where W is deposited to a thickness of 25 nm thereon, and
the resistance is reduced by approximately 8.4% in a case where W is deposited to a
thickness of 30 nm thereon.

FIG. 9 is a schematic diagram showing a wiring structure 300 of a multi-stack
structure according to another example embodiment. Compared with the wiring
structure 200 of FIG. 7, a first conductive material layer 270 includes a semiconductor
material layer 210, and a seed layer 240 and a nanocrystalline graphene 250 directly
grown on the seed layer 240 may be formed at an interface between the first
conductive material layer 270 and a second conductive material layer 260.

At this time, the first conductive material layer 270, that is, the semiconductor
material layer 210, may be formed of or include, for example, Poly-Si. In this case, the
seed layer 240 formed on the first conductive material layer 270 may be or include a
Si-C seed layer.

In the wiring structure as shown in FIG. 9, the seed layer 240 and the nanocrystalline
graphene 250 directly grown on the seed layer 240 are between the second conductive
material layer 260 and the first conductive material layer 270 which is constituted by
the semiconductor material layer 210. Thus, it is possible to reduce a resistance of the
wiring structure 300 and substantially the entire thickness thereof, as compared with
the structure of FIG. 7.

Also, in the cases of FIGS. 7 and 9, the nanocrystalline graphene 250 may be doped
with the above-mentioned doping material so as to further reduce the resistance of the
wiring structures 200 and 300.

In the above-mentioned wiring structure having the multi-stack structure, for
example, a carbide (C) seed layer is between interface layers and may thereby form a
Si-C or Ti-C bond, and nanocrystalline graphene is grown thereon by using the Si-C or

Ti-C bond as a nucleation layer, thereby reducing the resistance of the entire wiring
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seed layer 240 are in an actual wiring structure used for a DRAM, a resistance of the
actual wiring structure may be reduced up to a maximum of about 12.6%.

As described above, when graphene is directly grown by forming a Si-C or Ti-C
bond or the like, a smooth and clean interface is formed as compared with a case when
graphene is transferred. For this reason, it is possible to obtain a reduction of the re-
sistance and an increase in the structural stability of a wiring structure, and the degree
of reduction of the resistance is enough to satisfy the requirements for fabricating next
generation devices or further generation devices. In addition, nanocrystalline graphene
may reduce stress in comparison with general graphene, and thus, nanocrystalline
graphene may be useful for the following process.

FIG. 10 is a schematic diagram illustrating a memory device which is an example of
an electronic device.

Referring to FIG. 10, the memory device of an example embodiment may include a
memory cell MC1 which includes a magnetoresistive element MR1 and a switching
element TR1 connected to the magnetoresistive element MR 1. The memory cell MC1
may be connected between a bit line BL.1 and a word line WL1.

The above-described wiring structures 10, 20, 200, and 300 according to example
embodiments may be applied to at least one of the bit line BL1 and the word line WL1,
for example, the bit line BL1.

The bit line BL1 and the word line WL1 may be prepared so as to intersect each
other, and the memory cell MC1 may be positioned at an intersection. The bit line BL.1
may be connected to the magnetoresistive element MR1. A second magnetic material
layer M20 of the magnetoresistive element MR1 may be electrically connected to the
bit line BL.1. The word line WL1 may be connected to the switching element TR1.
When the switching element TR1 is a transistor, the word line WL1 may be connected
to a gate electrode of the switching element TR1. A write current, a read current, an
erase current, and the like may be applied to the memory cell MC1 through the word
line WL1 and the bit line BL1.

The magnetoresistive element MR1 may include the first and second magnetic
material layers M10 and M20 and a non-magnetic layer N10 provided between the first
and second magnetic material layers M10 and M20. One of the first and second
magnetic material layers M10 and M20, for example, the first magnetic material layer,
M10 may be a free layer, and the other, for example, the second magnetic material
layer M20, may be a fixed layer.

The switching element TR1 may be, for example, a transistor. The switching element

TR1 may be electrically connected to the first magnetic material layer M 10 of the mag-
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[159]

[160]

[161]

[162]

[163]

[164]

[165]

netoresistive element MR1.

Although FIG. 10 illustrates one memory cell MC1, a plurality of memory cells MCl1
may be arranged so as to form an array, according to various example embodiments.
That is, a plurality of bit lines BL.1 and a plurality of word lines WL1 may be arranged
so as to intersect each other, and a memory cell MC1 may be provided at each in-
tersection.

FIG. 11 is a schematic diagram illustrating dynamic random access memory
(DRAM) which is another example of the electronic device.

Referring to FIG. 11, a signal input through a gate bit line (GBL) from the DRAM is
applied to an active layer Act on the lower side through a duty cycle correction unit
DCC, and is then transmitted to an opposite active layer Act through a transistor
operation of a buried channel array transistor (BCAT). The transmitted signal is stored
as information in a capacitor SP through a gate body serial contact (GBC).

In such a DRAM, for example, the above-described wiring structures 10, 20, 200,
and 300 according to example embodiments may be applied to the GBL.

The electronic device to which the wiring structures 10, 20, 200, and 300 according
to example embodiments may be applied has been exemplified so far. However, the
example embodiments are not limited thereto, and the wiring structures according to
the example embodiments may be applied to various electronic devices requiring inter-
connection.

It should be understood that the example embodiments described therein should be
considered in a descriptive sense only and not for purposes of limitation. Descriptions
of features within each example embodiment should typically be considered as
available for other similar features in other example embodiments.

While one or more example embodiments have been described with reference to the
figures, it will be understood by those of ordinary skill in the art that various changes
in form and details may be made therein without departing from the spirit and scope

defined by the following claims.
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[Claim 4]
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[Claim 7]

[Claim 8]
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Claims

A wiring structure comprising:

a first conductive material layer; and

a nanocrystalline graphene layer on the first conductive material layer.
The wiring structure of claim 1, wherein the nanocrystalline graphene
layer has at least one of a thickness of less than 20% of a thickness of
the first conductive material layer, a ratio of 2D/G of a Raman
spectrum which is equal to or greater than 0.05, a ratio of D/G that is
equal to or less than 2, and a crystal size equal to or greater than 1 nm.
The wiring structure of claim 1, wherein the nanocrystalline graphene
layer has a crystal size of about 1 nm to about 100 nm.

The wiring structure of claim 1, wherein the nanocrystalline graphene
layer is formed on the first conductive material layer by deposition.
The wiring structure of claim 1, wherein the nanocrystalline graphene
layer is doped with a doping element.

The wiring structure of claim 5, wherein the doping element comprises
an organic p-dopant group including at least one of NO,BF,, NOBF,,
NO,SbF¢, HCI, H,PO,, CH;COOH, H,S50,, HNO;, dichlorodi-
cyanoquinone, oxon, dimyristoylphosphatidylinositol, and trifluo-
romethanesulfonic imide; an inorganic p-dopant group constituted by
HPtCl,, AuCl;, HAuCl,, AgOTfs, AgNO;, H,PdCl¢ PA(OAc),, and
Cu(CN),; an organic n-dopant group constituted by a reduced substance
of substituted or unsubstituted nicotinamide, a reduced substance of a
compound chemically bonded to substituted or unsubstituted
nicotinamide, and a compound containing two or more pyridinum
derivatives in a molecular structure and containing a reduced nitrogen
within a ring of at least one pyridinum derivative; DDQ; and BV.

The wiring structure of claim 1, wherein the first conductive material
layer has a single-layered structure or a multi-layered structure
including a material including at least a transition metal containing Ni,
Cu, Co, Fe, or Ru, at least one of TiN, W, NiSi, CoSi, CuSi, FeSi,
MnSi, RuSi, RhSi, IrSi, PtSi, TiSi, TiSiN, and WSi, or an alloy thereof,
or Poly-Si.

The wiring structure of claim 1, wherein the nanocrystalline graphene
layer is on the first conductive material layer in direct contact with the
first conductive material layer.

The wiring structure of claim 8, wherein the first conductive material
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[Claim 19]
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[Claim 21]
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layer is a metal layer.

The wiring structure of claim 1, further comprising a seed layer on the
first conductive material layer,

wherein the nanocrystalline graphene layer is directly grown on the
seed layer.

The wiring structure of claim 10, wherein the seed layer is a metal-
carbon bonding layer.

The wiring structure of claim 11, wherein the seed layer has a thickness
equal to or less than 1 nm.

The wiring structure of claim 10, further comprising a second
conductive material layer on the nanocrystalline graphene layer.

The wiring structure of claim 13, further comprising a graphene layer
onto the nanocrystalline graphene layer.

The wiring structure of claim 13, wherein the first conductive material
layer comprises a Poly-Si layer and a metal layer, and the second
conductive material layer includes a metallic material.

The wiring structure of claim 15, wherein the metal layer comprises
TiN or TiSiN, the second conductive material layer includes W, and the
seed layer includes Ti-C.

The wiring structure of claim 13, wherein the first conductive material
layer comprises a Poly-Si layer, and the second conductive material
layer includes a metallic material.

The wiring structure of claim 17, wherein the second conductive
material layer comprises W, and the seed layer includes Si-C.

The wiring structure of claim 10, wherein the first conductive material
layer comprises a single layer or a multi-layer including a material
including a transition metal containing Ni, Cu, Co, Fe, or Ru, at least
one of TiN, W, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi, PtSi,
TiSi, TiSiN, and WSi, an alloy thereof, or Poly-Si.

A wiring structure comprising:

a conductive material layer;

a nanocrystalline graphene layer on the conductive material layer in
direct contact with the conductive material; and

a graphene layer formed on the nanocrystalline graphene layer.

The wiring structure of claim 20, wherein the nanocrystalline graphene
layer satisfies at least one of a thickness of less than 20% of a thickness
of the conductive material layer, a ratio of 2D/G of a Raman spectrum

which is equal to or greater than 0.05, a ratio of D/G that is equal to or
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[Claim 31]
[Claim 32]
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less than 2, and a crystal size equal to or greater than 1 nm.

The wiring structure of claim 20, wherein the nanocrystalline graphene
layer is formed on the conductive material layer by deposition.

The wiring structure of claim 20, wherein the nanocrystalline graphene
layer is formed after removing a natural oxide film on the conductive
material layer.

The wiring structure of claim 23, wherein the natural oxide film is
removed by reduction.

The wiring structure of claim 20, wherein the graphene layer is formed
by transferring separately grown graphene.

The wiring structure of claim 20, wherein the graphene layer is
configured as single-layered to thirty-layered graphene.

The wiring structure of claim 20, wherein the graphene layer has a
thickness equal to or less than about 10 nm.

The wiring structure of claim 20, wherein at least one of the graphene
layer and the nanocrystalline graphene layer is doped with a doping
element.

The wiring structure of claim 28, wherein the doping element
comprises an organic p-dopant group including at least one of NO,BF.,
NOBF.,, NO,SbFs, HC1, H,PO., CH;COOH, H,SO., HNO;, dichlorodi-
cyanoquinone, oxon, dimyristoylphosphatidylinositol, and trifluo-
romethanesulfonic imide; an inorganic p-dopant group constituted by
HPtCl,, AuCl;, HAuCl,, AgOTfs, AgNO;, H,PdCl¢ PA(OAc),, and
Cu(CN),; an organic n-dopant group constituted by a reduced substance
of substituted or unsubstituted nicotinamide, a reduced substance of a
compound chemically bonded to substituted or unsubstituted
nicotinamide, and a compound containing two or more pyridinum
derivatives in a molecular structure and containing a reduced nitrogen
within a ring of at least one pyridinum derivative; DDQ; and BV.

The wiring structure of claim 20, wherein the conductive material layer
has a single-layered structure or a multi-layered structure including a
material including a transition metal containing Ni, Cu, Co, Fe, or Ru,
at least one of TiN, W, NiSi, CoSi, CuSi, FeSi, MnSi, RuSi, RhSi, IrSi,
PtSi, TiSi, TiSiN, and WSi, or an alloy thereof, or Poly-Si.

An electronic device comprising the wiring structure of claim 1.

The electronic device of claim 31, further comprising a plurality of
elements,

wherein each of the plurality of elements includes at least one of a
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transistor, a capacitor, and a resistor, and
wherein the wiring structure is configured to connect the plurality of
elements or to connect within at least one of the elements.

[Claim 33] The electronic device of claim 32, wherein the wiring structure is
configured to connect unit cells each constituted by a combination of
the plurality of elements.

[Claim 34] The electronic device of claim 33, wherein the wiring structure is
configured to connect chips each constituted by the unit cells.

[Claim 35] The electronic device of claim 31, further comprising a plurality of
elements,
wherein each of the plurality of elements includes at least one of a
transistor, a capacitor, and a resistor, and
wherein the wiring structure is configured to connect unit cells each
constituted by a combination of the plurality of elements.

[Claim 36] The electronic device of claim 31, further comprising a plurality of
elements,
wherein each of the plurality of elements includes at least one of a
transistor, a capacitor, and a resistor, and
wherein the wiring structure is configured to connect unit cells each

constituted by a combination of the plurality of elements.
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