a9y United States
12y Patent Application Publication o) Pub. No.: US 2009/0297854 A1

US 20090297854A1

LEE et al. 43) Pub. Date: Dec. 3, 2009
(54) AA STACKED GRAPHENE-DIAMOND (30) Foreign Application Priority Data
HYBRID MATERIAL BY HIGH
TEMPERATURE TREATMENT OF DIAMOND May 29, 2008 (KR) .o 10-2008-0050480
AND THE FABRICATION METHOD Publication Classification
THEREOF
(51) Int.CL
B32B 9/00 (2006.01)
(76) Inventors: Jae-Kap LEE, Seoul (KR); BO1J 19/12 (2006.01)
So-Hyung LEE, Gyeonggi-Do B82B 1/00 (2006.01)
(KR); Seung-Cheol LEE, Seoul B82B 3/00 (2006.01)
(KR); Jae-Pyoung AHN, Seoul (52) US.CL oo, 428/408; 204/157.41; 977/734
(KR); Jeon-Kook LEE,
(57) ABSTRACT

Correspondence Address:

Gyeonggi-Do (KR); Wook-Seong
LEE, Seoul (KR)

OSTROLENK FABER GERB & SOFFEN
1180 AVENUE OF THE AMERICAS
NEW YORK, NY 100368403

(21) Appl. No.:

(22) Filed:

@ HYDROGEN ATOM

O CARBON ATOM

12/437,838

May 8, 2009

There 1s provided a fabrication method for an AA stacked
graphene-diamond hybrid material by converting, through a
high temperature treatment on diamond, a diamond surface
into graphene. According to the present invention, 1f various
types of diamond are maintained at a certain temperature
having a stable graphene phase (approximately greater than
1200° C.) in a hydrogen gas atmosphere, two diamond {111}
lattice planes are converted 1into one graphene plate (2:1 con-
version), whereby the diamond surface 1s converted into
graphene in a certain thickness, thus to fabricate the AA
stacked graphene-diamond hybrid matenal.
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AA STACKED GRAPHENE-DIAMOND
HYBRID MATERIAL BY HIGH
TEMPERATURE TREATMENT OF DIAMOND
AND THE FABRICATION METHOD
THEREOFK

RELATED APPLICATION

[0001] The present disclosure relates to subject matter con-
tained 1n priority Korean Application No. 10-2008-0050480,
filed on 29 May, 2008, which 1s herein expressly incorporated
by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a high functional
carbon material, and more particularly, to an AA stacked
graphene-diamond hybrid material by high temperature treat-
ment of diamond and a fabrication method thereof.

[0004] 2. Background of the Invention

[0005] Graphene refers to one sheet of graphite, 1.¢., the
(0001) surface of graphite. If graphene 1s stacked upon one
another 1n a pattern of AB (or ABC), 1t becomes generally
known graphite (space group #194, p6/mmc; this 1s referred
to as “AB stacked graphite’) (refer to FIG. 1). An interplanar
j&pacing between graphene of the AB stacked graphite 1s 3.35
[0006] Ifanelement, such as L1, and the like, 1s intercalated
into the AB stacked graphite, a stacked structure of the
graphene becomes the AA pattern, thus to be AA stacked
graphene (space group #191, p6/mmm; this 1s referred to as
‘AA stacked graphite.’) If L1 1s intercalated, the interplanar
spacing thereof becomes 3.706 A, which increases approxi-
mately 10.6% as compared to the AB stacked graphite.
[0007] If pure AA stacked graphene without any L1 inter-
calation 1s to be {fabricated, the interplanar spacing of
graphene becomes 3.55 A, which has more independent
structural characteristic than the case of the AB stacked
graphene. Accordingly, the AA stacked graphene may easily
be separated as well as have an excellent electrical character-
istic. In addition, since the interplanar spacing of the AA
stacked graphene 1s greater than that of the AB stacked
graphene by approximately 5%, 1t may be used for a material
exchange medium (an electrode material for a L1 battery) and
a Graphite Intercalation Compound (GIC) new substance
development by a hetero element intercalation.

[0008] However, the AB stacked graphene 1s more stable
than the AA stacked graphene 1n terms of energy, whereby
pure AA stacked graphene does not exist and even 1ts com-
position 1s not possible.

SUMMARY OF THE INVENTION

[0009] The present invention 1s to epitaxially form pure AA
stacked graphene on diamond.

[0010] In addition, the present invention is to provide a
method for compounding AA stacked graphene capable of

growing 1n units of the second and having an atomically
tflatness equivalent to a diamond surface when the AA stacked
graphene 1s to be formed on diamond.

[0011] To achieve these and other advantages and 1n accor-
dance with an aspect of the present invention, there 1s pro-
vided an AA stacked graphene-diamond hybrid material,
including: a diamond matrix; and AA stacked graphene con-
figured to be converted in a certain thickness from {111}
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lattice planes cut by a surface of the diamond matrix due to an
alternative loss of the {111} lattice planes.

[0012] In addition, there 1s provided a fabrication method
for an AA stacked graphene-diamond hybrid matenal,
wherein a diamond matrix 1s maintained within a temperature
range having a stable graphene phase 1n a hydrogen gas
atmosphere such that a surface of the diamond matrix 1n a
certain thickness 1s converted into AA stacked graphene due
to an alternative loss of {111} lattice planes cut by the surface
of the diamond matrix.

[0013] The foregoing and other objects, features, aspects
and advantages of the present invention will become more
apparent ifrom the following detailed description of the
present invention when taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The accompanying drawings, which are included to
provide a further understanding of the mmvention and are
incorporated in and constitute a part of this specification,
illustrate embodiments of the invention and together with the
description serve to explain the principles of the invention.
[0015] In the drawings:

[0016] FIG. 1 1s a schematic view illustrating a structure of
AB stacked graphene (generally known as graphite);

[0017] FIG. 2 1s a schematic view 1illustrating a process of
forming AA stacked graphene from a diamond surface
according to an exemplary embodiment of the present mven-
tion (The inset shows a structure of AA stacked graphene);
[0018] FIG. 3 1s a schematic view illustrating a structure of
AA' stacked graphene;

[0019] FIG. 4 1s an overview schematically 1llustrating a
process of fabricating an AA stacked graphene-diamond
hybrid material by using a single crystal diamond (111) sub-
strate according to an exemplary embodiment of the present
invention;

[0020] FIG. 3 1s an overview schematically 1llustrating a
process of fabricating an AA stacked graphene-diamond
hybrid material by using a single crystal diamond (110) sub-
strate according to an exemplary embodiment of the present
invention;

[0021] FIGS. 6a through 6c¢ 1llustrate respective processes
of fabricating an A A stacked graphene-diamond hybrid mate-
rial by respectively using, as a matrix, diamond powder in 64,
a polycrystalline diamond film 1 65, and a single crystal
diamond plate 1n 6¢; and

[0022] FIG. 71illustrates an XRD analysis result of a sample
treated with plasma according to a first exemplary embodi-
ment of the present mnvention, showing an epitaxial coupling
between AA stacked graphene having an interplanar spacing
of approximately 3.90 A and a diamond substrate.

EFFECT OF THE INVENTION

[0023] According to the present invention, AA stacked
graphene, having the interplanar spacing of 3.5~4.4 A which
is greater than an existing AB stacked graphite (3.35 A) by
5~30% and having excellent physical properties, may be
formed on a diamond matrix with a simple process.

[0024] According to the present invention, since there 1s no
need to have a time to generate a nucleus on the diamond
matrix (i1.e., incubation time), a second umit process 1s
enabled, and the graphene surface may maintain flatness in an
atomic level.
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[0025] The diamond serves as a nonconductor (insulator),
and graphene has a characteristic of a semi-conductor or
conductor. The AA stacked graphene-diamond hybrid mate-
rial may be utilized mm a next generation semi-conductor
device (e.g., graphene-diamond single crystal substrate), an
clectrode matenal of a L1 battery with enhanced power den-
sity (e.g., graphene-diamond powder), and various types of a
new material development.

DETAILED DESCRIPTION OF THE INVENTION

[0026] Graphene and a diamond {111} lattice plane have a
very similar structure. Both has a hexagonal ring structure of
carbon atoms [Here, the former has a flat hexagonal ring
shape while the latter has a buckled hexagonal ring shape],
and lattice constant error 1s only 2% (For spacing between
geighboring atoms, diamond is 1.45 A and graphene is 1.42
).
[0027] Accordingly, as an exemplary method for fabricat-
ing graphene, a method for “growing™ graphene on the dia-
mond {111} lattice plane has been considered. Detailed
descriptions regarding such method have already been given

by this research team 1n Korean Patent Application No. 2007 -
0081989.

[0028] The present invention has proposed another method
for fabricating graphene, 1n which diamond 1s treated under a
condition that the graphene phase 1s stable so as to “convert”
{111} lattice plane cut by the diamond surface into graphene.
Here, the “cut {111} lattice plane” signifies that the {111}
lattice plane existing nside a diamond crystal 1s cut by the
diamond surface, and thusly 1s different from the diamond
surface.

[0029] For the conversion, an interplanar spacing of the
diamond {111} lattice is 2.06 A, and an interplanar spacing of
the stacked AA graphene (hereinatter, also referred to as ‘AA
stacked graphene’) is approximately 3.55 A which is the
double. Thus, two diamond {111} lattice planes become (are
converted 1nto) one graphene. That 1s, the diamond lattice
plane and graphene perform a 2:1 conversion (refer to F1G. 2).
Here, atomic hydrogen is coupled onto the diamond {111}
lattice cut by the graphene/diamond interface. Due to the
structural characteristic of the diamond {111} lattice plane, if
a graphene plate is formed on the diamond {111} lattice plane
through 2:1 conversion, the AA stacked graphene 1s formed.
It should be noted that 1f a graphene plate 1s formed through
1:1 conversion, AA'stacked graphene may be formed (refer to
FIG. 3). However, AB stacked graphite 1s not presented.

[0030] The diamond {111} lattice plane within a single
diamond crystal consists of 4 planes: (111), (-111), (1-11)
and (11-1). (Here, the symbol “-"" indicates a minus symbol
in the Miller index.) On all diamond surfaces, one or more
{111} lattice planes being cut are exposed. Graphene is
formed through 2:1 conversion on an extension of the {111}
lattice plane cut by the diamond surface, and 1s formed per-
pendicularly to any one of the lattice plane of the 4 {111}
lattice planes (refer to FIGS. 2, 4, and 5). Since the diamond
tformed by covalent bond 1s a directional crystal, a formation
angle of graphene varies according to the surface constituting
the diamond surface. That 1s, 1f the diamond surface 1s the
(111)plane, an angle (formation angle) between the diamond
surface and the graphene plate 1s 90° (refer to FIGS. 1 and 4),
and for the (110) plane, a formation angle 1s 60° (refer to FIG.
5), and for the (100) plane, a formation angle 1s 30° (not
shown).
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[0031] Theconceptol2:1 conversion by ahigh temperature
treatment in the present invention is that the diamond {111}
lattice plane cut by the surface 1s etched to be disappeared.
Theretore, the “conversion” of the diamond, differently from
the “growth” of the graphene, does not need to have a latent
pertod (~several tens of minutes) of a nucleus formation
required for “growth,” thus to enable a short time process in
units of the second, similar to a general etching process. In
addition, since the diamond surface 1s converted, the surface
of the formed AA stacked graphene may maintain a flatness
which 1s equivalent to an 1nitial diamond surface (flat atomi-
cally).

[0032] Hereinatter, description of the preferred embodi-
ment of the present invention will be given 1 more detail.
[0033] The {fabrication method for an AA stacked
graphene-diamond hybrid material according to the present
invention consists of (1) preparing diamond serving as a
matrix, and (2) performing a high temperature treatment on
the diamond so as to convert a layer having a thickness of
several A~several um on a diamond surface into AA stacked
graphene.

Preparation of Diamond Matrix

[0034] Both a single crystal diamond and a polycrystalline
diamond may be used as a matrix, and formed in the shape of
powder, a film, a plate or the like. For instance, diamond
powder having a size of several nm~1 mm, a single crystal
diamond plate having a size of several mm, or a polycrystal-
line CVD diamond film having a size of approximately sev-
cral tens cm may be used. Preferably, the diamond powder
may be used to obtain a powdered graphene/diamond hybrid
matenal, the single crystal diamond plate for an electron
device application, and a polycrystalline CVD diamond film
for other substrate material application. If the CVD diamond
f1lm 1s to be used, 1t 1s more preferable to use a diamond that
1s deposited on a silicon wafer 1n the form of a thin film
(thickness ~um) 1n terms of an economy.

High Temperature Treatment

[0035] The high temperature treatment on the diamond
serving as the matrix 1s performed 1n the range of a tempera-
ture (in general, approximately 1,200~1,800° C.) having a
stable graphene phase within a vacuum container capable of
maintaining a hydrogen gas atmosphere. The high tempera-
ture treatment may be performed using heat, plasma or alaser.
IT a laser 1s used to perform the high temperature treatment,
there 1s an advantage that graphene may be locally (e.g., a dot,
a line shape) formed on the diamond matrix.

[0036] A minimum value of the temperature range having
the stable graphene phase may slightly vary according to
chemical vapor conditions (e.g., a presence or absence of
plasma formation, gas pressure, or the like). The high tem-
perature treatment using heat 1s performed at an area where a
surface temperature of the matrix 1s in the range of approxi-
mately 1,300~1,800° C., and the high temperature treatment
using a plasma device may be performed at an areca where a
surface temperature of the matrix 1s lowered to approximately
1,200~1,600° C. If a temperature 1s lower than the minimum
value of the temperature range, a conversion from diamond
into graphene may be difficult. If a temperature 1s greater than
the maximum value thereof, the entire sample may be con-
verted into the AB stacked graphite. In addition, 11 the high
temperature treatment using a laser 1s to be performed, a
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surface temperature of the matrix 1s room temperature (below
several hundreds © C.), and temperature of an area contacting
a laser beam may be greater than 2,000° C. depending on laser
power.

[0037] Adter performing such high temperature treatment,
as shown in FIG. 2, the diamond {111} lattice planes cut by
the surface before performing the high temperature treatment
are alternatively lost due to high temperature treatment,
thereby being converted into AA stacked graphene (refer to
the nset 1 FIG. 2). Such conversion 1s progressed from the
surface of the diamond matrix toward the inside thereof. Due
to a crystal structure of the diamond, an interplanar spacing of
the graphene on the graphene/diamond interface is 4.38 A. As
a length of the graphene layer becomes longer, this interpla-
nar spacing is gradually contracted to 3.55 A considered as an
ideal interplanar spacing of the AA stack.

[0038] Heremafter, description of the exemplary embodi-
ment of the present invention will be given. However, this
description 1s intended to be 1llustrative, and not to limit the
scope of the claims. It should also be understood that the
above-described embodiments but rather should be construed
broadly within 1ts scope as defined 1n the appended claims.

Example 1

[0039] AA stacked graphene-diamond hybrid powder was
prepared by using diamond powder (s1ze: 1~2 um) as a matrix
(refer to FIG. 6a).

[0040] A device used for the high temperature treatment
was a multi-cathode direct current power plasma diamond
synthesizer. After diamond powder was placed on to a molyb-
denum substrate, the diamond/substrate set was placed on an
anode of the synthesizer for plasma treatment. The conditions
of the plasma treatment are as follows: 200 sccm of hydrogen
gas, a pressure ol 100 Torr, and a molybdenum substrate at a
temperature of approximately 1200° C. (Surface temperature
of the diamond matrix 1s expected to be higher than that of the
substrate by several tens © C.). A processing time was 1
minute.

[0041] According to the result of analyzing this sample by
X-Ray Diffraction (XRD), as shown 1n FIG. 7, a (001) peak
(20=22.9°) of the AA stacked graphene, together with a dia-
mond (111)peak (20=43.8°)and a (110) peak (20=75.4°) was
observed. This mdicated epitaxial coupling between the AA
stacked graphene having an interplanar spacing ol approxi-
mately 3.90 A and the diamond substrate. According to the
result of analyzing this sample by High-Resolution Transmis-
sion Electron Microscopy (HRTEM), the thickness of the AA
graphene layer was several tens nm, which verifies the 2:1
conversion relationship between the diamond {111} lattice
plane and the graphene. Therefore, the AA stacked graphene-
diamond hybrid powder could be obtained.

Example 2

[0042] A diamond/silicon plate in which diamond having a
thickness of 5 um was deposited on a silicon substrate having,
a diameter of 4" and a thickness of 0.5 mm was used as a
matrix (refer to FIG. 6b), and was undergone the plasma
treatment for 10 seconds under the same condition as
Example 1.

[0043] According to the result of analyzing the sample
treated with the plasma by HRTEM, it could be observed that
the thickness of the AA graphene layer was several nm, and
the 2:1 conversion relationship between the diamond {111}
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lattice plane and graphene. Accordingly, the AA stacked
graphene-diamond hybrid layer could be obtained on the
s1licon substrate.

Example 3

[0044] A polycrystalline CVD diamond film having a
ground (abraded, polished) <110> texture (10x10x0.5
mm>T) was used as a matrix, and was undergone the plasma
treatment for 10 minutes under the same condition as
Example 1 (here, the substrate temperature was 1250° C.).

[0045] According to the result of analyzing the treated
sample by HRTEM, it was observed that the thickness of the
AA graphene layer was several hundreds nm, and the 2:1
conversion relationship between the diamond {111} lattice
plane and graphene. According to the result of analyzing this
sample by rocking curve XRD, 1t was observed that graphene
was oriented having an angle of 60° with respect to the dia-
mond surface (i.e., (110) plane). This 1s 1dentical to the sche-
matic diagram as shown 1n FI1G. 5. Accordingly, 1t could also
be checked that the formation angle of AA stacked graphene
was changed on the diamond as the surface constituting the
diamond surface 1s changed.

[0046] Meanwhile, due to the structural characteristic of
the diamond crystal, 11 the diamond surface consists of the
(100) plane, the formation angle of graphene 1s 30°.

Example 4

[0047] A 5x5x1 mm’T single crystal (110) diamond plate
was used as amatrix (refer to FI1G. 6¢), and was undergone the
plasma treatment for 30 seconds under the same condition as
Example 1 (here, the substrate temperature was 1300° C.).
[0048] According to the result of analyzing the plasma-
treated sample by HRTEM, 1t was observed that the epitaxial
coupling between the AA stacked graphene of approximately
1 nm and the diamond surface. Although the temperature 1n
this Example was higher than that in Examples 1 and 2, the
length of the graphene layer was shown to be shorter than
those mn Examples 1 and 2. This may be analyzed that the
single crystal had a difficulty of being converted into
graphene since the single crystal has few crystal defect.

Example 5

[0049] A polycrystalline CVD diamond film having a
ground <110> texture (10x10x0.5 mm>T) was used as a
matrix, and was undergone the heat treatment for 10 minutes
in a hydrogen atmosphere in a vacuum furnace (vacuum
furnace without a plasma) at a temperature of approximately

1400° C.

[0050] According to the result of analyzing the heat-treated
sample by HRTEM, it was observed that the thickness of the
AA graphene layer was several nm, and the 2:1 conversion
relationship between the diamond {111} lattice plane and
graphene. Therefore, the AA stacked graphene-diamond
hybrid film was obtained.

Example 6

[0051] A polycrystalline CVD diamond film having a
ground <110> texture (10x10x0.5 mm>T) was used as a
matrix, and was undergone the laser treatment 1n a hydrogen
atmosphere 1n a vacuum furnace having a laser device therein.
The scan rate of a laser beam was maintained at 1 mm/min.
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[0052] According to the result of analyzing a track (trace)
of the laser beam by HRTEM, the AA graphene layer was
observed.

[0053] The foregoing embodiments and advantages are
merely exemplary and are not to be construed as limiting the
present disclosure. The present teachings can be readily
applied to other types of apparatuses. This description 1s
intended to be illustrative, and not to limit the scope of the
claims. Many alternatives, modifications, and variations will
be apparent to those skilled 1n the art. The features, structures,
methods, and other characteristics of the exemplary embodi-
ments described herein may be combined 1n various ways to
obtain additional and/or alternative exemplary embodiments.
[0054] Asthepresentinvention may be embodied in several
forms without departing from the characteristics thereof, 1t
should also be understood that the above-described embodi-
ments are not limited by any of the details of the foregoing,
description, unless otherwise specified, but rather should be
construed broadly within 1ts scope as defined in the appended
claims, and therefore all changes and modifications that fall
within the metes and bounds of the claims, or equivalents of
such metes and bounds are therefore intended to be embraced
by the appended claims.

What 1s claimed 1s:

1. An AA stacked graphene-diamond hybrid matenal,
comprising;

a diamond matrix; and

AA stacked graphene configured to be converted 1n a cer-

tain thickness from a {111} lattice plane cut by a surface
of the diamond matrix due to an alternative loss of the
1111} lattice planes.

2. The AA stacked graphene-diamond hybrid material of
claim 1, wherein a hydrogen atom 1s coupled onto the cut
diamond {111} lattice on which the graphene and diamond
are not coupled, on an interface (hereinatter, referred to as
‘oraphene/diamond interface’) between the AA stacked
graphene and the converted diamond matrix.
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3. The AA stacked graphene-diamond hybrid material of
claim 1, wherein an interplanar spacing on the AA stacked
graphene surface 1s smaller than that on the graphene/dia-
mond terface.

4. The AA stacked graphene-diamond hybrid material of
claim 1, wherein the diamond matrix 1s formed 1n the shape of
powder, a film or a plate.

5. The AA stacked graphene-diamond hybrid material of
claim 1, wherein the diamond matrix 1s a single crystal or
polycrystalline diamond.

6. A fabrication method for an AA stacked graphene-dia-
mond hybrid matenial, wherein a diamond matrix 1s main-
tamned within a temperature range having a stable graphene
phase in a hydrogen gas atmosphere such that a surface of the
diamond matrix in a certain thickness 1s converted into AA
stacked graphene due to an alternative loss of {111} lattice
planes cut by the surface of the diamond matrix.

7. The fabrication method of claim 6, wherein the conver-
s10n 1s progressed from the surface of the diamond matrix to
an 1nside thereof.

8. The fabrication method of claim 6, wherein heat, plasma
or a laser 1s used such that the diamond matrix 1s maintained
within a temperature range 1n which a graphene phase 1s
stable.

9. The fabrication method of claim 8, wherein for the heat
treatment, a surface temperature of the diamond matrix 1s
1,300~1,800° C.

10. The fabrication method of claim 8, wherein for the
plasma treatment, a surface temperature of the diamond
matrix 1s 1,200~1,600° C.

11. The fabrication method of claim 8, wherein for the laser
treatment, a surface temperature of the diamond matrix 1s
room temperature, and a temperature of an area contacting a
laser beam 1s greater than 2,000° C. depending on laser
pPOWEL.
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