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he present invention relates to a method of manufacturing a mono-crystalline metal foll including a step of thermally treating a poly-

crystalline metal foll positioned to be spaced from a base to afford a mono-crystalline metal foil, and a mono-crystalline metal foll
manufactured thereby, and can provide a mono-crystalline metal foll having a large area by thermally treating the poly-crystalline
metal foll under a condition of a minimum stress applied to the poly-crystalline metal foll.
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[ABSTRACT]

The present 1nvention relates to a method of
manufacturing a mono-crystalline metal foill 1ncluding a
step of thermally treating a poly-crystalline metal foil
positioned to be spaced from a base to afford a mono-
crystalline metal foil, and a mono-crystalline metal foil
manufactured thereby, and can provide a mono-crystalline
metal fcil having a large area by thermally treating the
poly—-crystalline metal foil under a condition of a minimum

stress applied to the poly-crystalline metal foil.
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[DESCRIPTION]

[Invention Titlel

ETAL FOIL AND MANUFACTURING METHOD

]
=<

MONO-CRYSTALLIN.

THEREEFOR

[Technical Field]

[0001] The present invention relates to single crystalline

metal foil and a manufacturing method therefor, and more
particularly, to a manufacturing method for single
crystalline metal foil having a large area by thermally
treating poly-crystalline metal foil under a condition at
which stress applied to the poly-crystalline metal foll 1s
minimized, and single crystalline metal foll manufactured

thereby.

[Background Art])
[0002] A single crystalline metal means a material in which
an entire sample thereof 1s formed of a single crystal
without a grain boundary, and 1s known to exhibit specific
properties as compared to a poly-crystalline metal. It was
reported that since there 1s no electron scattering at a
grain boundary of single crystalline copper, the single
crystalline copper has higher electric conductivity than

that of poly-crystalline copper, and also silver. It was

reported that since there is no grain boundary slip in a
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single crystalllne superalloy, the single c¢rystalline
superalloy has excellent creep resistance. Furthermore,
due to a uniform surtface crystal orientation, the single
crystalline metal may be used as a catalyst 1n wvarious
chemical reactions such as a CO oxidation reaction and an
O, reduction reaction. Recently, a number of researchers
have an 1nterest particularly 1n utilization of a single
crystalline metal particularly as a catalyst for growth of
a two-dimensional nanomaterial i1ncluding graphene.

[0003] Meanwhile, graphene, which i1s a two-dimensional nano-
material having properties such as excellent charge
mobility, optical tranSparency, mechanical strength,
flexibility, and environmental resistance, 1s a material
capable of Dbeing applied to wvariocus fields such as a
multifunctional nanocomposite material, a Lransparent
electrode material, and a next-generation semiconductor
device.

[0004] As a preparation method for graphene having a large
area, a chemical wvapor deposition (CVD) method has been
widely used. The preparation method for graphene using the
CVD method 1s a method for synthesizing graphene from a

carbon-containing precursor at a hiligh temperature using a

transition metal catalyst layer.

[0005] During the graphene growth by the CVD method, it 1is

known that graphene grows epitaxially on the transition
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metal layer. A commercially avallable poly-crystalline
transition metal layer 1is malnly used, but mostly, poly-
crystalline graphene 1s obtained. In the poly-crystalline
graphene, scattering of carriers and phonons, and stress
concentration occur at a graln Dpboundary as compared to
single crystalline graphene, such that the poly-crystalline
graphene exhibits relatively inferior physical properties.
[0006] Therefore, in order to synthesize single crystalline
graphene having a large area, the development of a method
capable of forming a single crystalline metal layer having
a large area 1s a prereqgqulsite.

[0007] In order to manufacture a single crystalline metal, a
technology of epitaxially growlng a metal on a single
crystalline sapphire  substrate through a thermal
evaporation method, an electron beam evaporatlion method, a
sputtering method, or the like, and synthesizing graphene
based thereon has been reported. However, since an
expensive single crystalline substrate should be used 1in
these methods, there are disadvantages 1in that an area 1s
restrictive, and economical efficiency 1s low (Korean
Patent Laid-Open Publication No. 10-2013-0020351).

[0008] Instead of a method for forming a metal layer on an
expensive single crystalline substrate, a method for

controlling an injection amount and an 1injection rate of

hydrogen or hydrogen—-argon milixed gas, a temperature, a
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pressure, and a thermal treatment time, and the like, to
convert a commerclally availilable poly-crystalline metal
thin film into a single crystallline metal thin film has

been reported (Korean Patent Laid-Open Publication No. 10-
2014-0137301) .

[0009] However, in the method disclosed in Korean Patent
Lai1d-Open Publication No. 10-2014-0137301, there are
problems 1n that when a thickness of a poly-crystalline
copper thin film 1s more than 18 um, since a gralin and a
graln boundary remailin 1in the copper thin film as they are
in splte of thermal treatment under optimal conditions, it
1s 1impossible to manufacture a proper single crystalline
copper thin film, such that a thickness of a usable poly-
crystalline copper thin film i1s limlted 1n a significantly
narrow range of 5 to 18 um.

[0010] Further, in the case of performing thermal treatment
wlthout a substrate, thexre 1s a problem 1n that as the

thermal treatment 1s performed 1n a state 1in which the
poly—crystalline copper thin film 1s put into a chamber as
1t 1s to come 1n direct contact with a bottom surface of
the chamber, a grain growth pilinning may occur from a

contact region of the copper thin film, or stress may occur
due to thermal deformation c¢f a metal thin film caused by
high-temperature thermal treatment, such that conversion to

a single crystalline film does not effectively occur, and
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thus a poly-crystalline copper thin film is formed.

[0011] Therefore, the present inventors continuously
conducted studies in order to manufacture single
crystalline metal foil having a large area by minimizlng a
contact between a chamber and poly-crystalline metal foil
to prevent the grain growth pinning phenomenon and
suppressing stress from belng generated Dby thermal

deformation, thereby completing the present 1nvention.

[Disclosure]
[Technical Problem]

[0012] An object of the present invention 1is to provide a

manufacturing method for single c¢rystalline metal foil
having a large area by thermally treating poly-crystalline
metal foil1l under conditions at which stress applied thereto

1S minimized, and single crystalline metal foil

manufactured thereby.

[Technical Solution]
[0013] In one general aspect, a manufacturing method for

single crystalline metal foil 1ncludes: thermally treating
poly—-crystalline metal foil positioned to be spaced apart
from a base to manufacture single crystalline metal foil.

[0014] The poly-crystalline metal foil may be positioned to

be spaced apart from the base by fixing a fixation part of
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the poly-crystalline metal foil with a fixation member, a

non—-fixation part of the poly-crystalline metal foll except
for the fixation part may be freely suspended, and the
number of fixation parts of the poly-crystalline metal foil
may be one or two Or more.

[0015] The non-fixation part may be thermally treated in a

state in which the non-fixation part 1s kept straight.
[0016] The poly-crystalline metal foil may have a thickness
of 5 to 200 um and be copper (Cu), nickel (N1i), cobalt (Co),
iron (Fe), ruthenium (Ru), rhodium (Rh), palladium (Pd),
platinum (Pt), si1lver (Ag), rhenium (Re), iridium (Ir),
gold (Au), titanium (Ti), =zirconium (Zr), hafnium (Hf),
vanadium (V), niobium (Nb), tantalum (Ta), chromium (Cr),
molybdenum (Mo), tungsten (W), aluminum (Al), =zinc (Zn),
manganese (Mn), or tin (Sn) foil.

[0017] The single crystalline metal foil may have the same
crystal plane as each other on both surfaces thereof, and

have a (111), ((001), (112), (123), or (0001) crystal plane

pased on a direction perpendicular to the plane.

[0018] The thermal treatment may be performed at a

temperature satisfyving the following Egquation 2 and a

pressure of 0.0001 to 10 atm for 0.5 to 90 hours.

[0019] [Equation 2]

[0020] 0 .3xTu<T<Tn

[0021] (In Eqguation 2, T is a thermal treatment temperature
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(T), and Tn is a melting point temperature (C) of a metal
of the poly-crystalline metal foil.)

[0022] The thermal treatment may be performed under a
hydrogen gas atmosphere, an argon gas atmosphere, or a
hyvdrogen—-argon mixed gas atmosphere, wherelin the hydrogen
gas, the argon gas, or the hydrogen-argon mixed gas 1s
injected at a rate of 1 to 500 sccm.

[0023] In another general aspect, there is provided a single
crystalline metal foil manufactured by the manufacturing
method for single crystalline metal foi1l described above.
[0024] In another general aspect, there is provided a single
crystalline metal foil having the same C‘rystal plane on

both surfaces thereof.

[0025] The single crystalline metal foil may satisfy the

following Equation 1.

[0026] [Equation 1]

[0027] 95 < (Anormal/Atotal)xlOO

[0028] (In Equation 1, Aiotar 1S & total area of a test sanmple,

and Anormal 18 an area of grains having the same crystal
plane 1n a plane normal direction 1in the test sample.
Anormal/Atotal 18 measured based on a test sample having a
size of 2 cm x 8 cm, and the same crystal plane 1s a (111),

(001), (112), (123), or (0001) crystal plane.)

[0029] In another general aspect, a manufacturing apparatus

for single crystalline metal foil includes: a chamber; a
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heater provided 1n one side of the chamber to apply heat; a
gas 1nlet through which a gas i1is 1njected to the chamber; a
gas outlet through which the gas 1s discharged from the
chamber; a pressure controller connected to the chamber;
and a metal foil holder provided 1n the chamber. Here, a
shape of each of the devices 1s not particularly limited
but each of the devices may have various shapes and silizes.
[0030] A shape of the metal foil holder i1s not particularly
limited as long as 1t may minimlze deformation of the poly-
crystalline metal foll generated by a contact with the
chamber, the holder, and the 1like, during thermal treatment
and malntain a state 1n which the poly-crystalline metal
foi1l 1s kept stralght, but as a preferable example, the
metal foll holder may include a metal foil fixation member
provided with a rod, a clamp, or a hook ring.

[0031] The heater may apply heat using a furnace, a
resistive heating method, a ramp heating method, or an
induction heating methed, and a heating method of the
heater 1s not particularly limited as long as it 1s

possible to 1ncrease a temperature to a desired temperature.

[Advantageous Effects]
[0032] In a manufacturing method for single crystalline

metal foil, a contact between a poly-crystalline metal foil

and other materlals may be minimized by positioning the
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poly—-crystalline metal foil to be spaced apart from a base,
such that a grain growth pinning phenomenon may Dbe
prevented, and stress generation caused Dby thermal
deformation may be suppressed, thereby making 1t possible
to effectively manufacture single crystalline metal foil
having a large area.

[0033] Further, as both surfaces of the poly-crystalline
metal foll may be thermally treated under the same
conditions as each other by positioning the poly-
crystalline metal fol1l to be spaced apart from the base,
conversion to single crystalline metal foil may be more
effectively performed. Theretore, both surfaces of the
manufactured single crystalline metal foll may have the

same crystal plane as each other.

[Description of Drawings])

[0034] FIG. 1 is a schematic diagram showing ©poly-—
crystalline metal foilil hanging on a holder according to an
exemplary empbodliment of the present 1nvention. In order to
hang the poly-crystallline metal foi1il on the holder, one end

of the metal foil was folded two Times at an interval of 5

mm and an angle of 90°to thereby have a hook shape, such

that the metal foil could hang on the holder.

[0035] FIG. 2(a) 1s a photograph of poly-crystalline copper

fo1l before thermal treatment, FIG. 2(b) 1s a photograph of
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single crystalline copper foil manufactured according to an
exemplary embodiment of the present 1invention, FIG. 2(c)
shows X-ray diffraction (XRD) analysis results of positions
Pl to P3 of FIG. 2(b), and FIG. 2(d) shows analysis results

of plane—-normal and in-plane electron backscatter

diffraction (EBSD) 1inverse pole figure (IPF) maps of the
single crystalline copper foilil manufactured in FIG. 2(b).

[0036] FIG. 3(a) is a schematic diagram showing a
manufacturing method for single crystalline metal foil by

thermally treating poly-crystalline metal foil 1n a state

in which the poly-crystalline copper foi1l 1s put on a
quartz tube according to an existing method, FIG. 3(b) 1is a
photograph of single crystalline copper foll manufactured
thereby, FIG. 3(c) shows optical microscopy 1lmages df a
single crystalline region (left) and a poly-crystalline

region (right), and FIG. 3(d) shows analysis results of

EBSD IPF maps of the single crystalline region (left) and
the poly—-crystalline region (right).

[0037] FIG. 4(a) 1s a photograph of poly-crystalline metal
foil hanging on a quartz holder according to an exemplary
embodiment of the present invention, FIG. 4(b) 1is a

photograph of single crystalline copper foil manufactured

by thermally treating the poly-crystalline metal foil, and

FIG. 4({(c) shows analysis results of EBSD IPF map of

positions Pl to P55 of FIG. 4(b). However, 1in order to
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confirm an 1influence of crystal growth on mechanical
deformation, after artificially folding a middle region of

a sample at an angle of 45°, thermal treatment was

performed unllke cases in FIGS. 1 and 2.

[0038] FIG. 5(a) is a temperature-time graph showing thermal

treatment condilitlons according to an exemplary embodiment

of the present 1invention, and FIGS. 5(b) and 5(c) show

analysils results of changes in EBSD IPF map and orientation
distribution function (ODF) of the copper foil depending on
the thermal treatment conditions, wherein FIG. 5(b) shows
copper foll oriented to a (111) crystal plane in the plane
normal direction, and FIG. 5(c) shows copper foil oriented
to a (001l) crystal plane 1n the plane normal direction.

[0039] FIG. 6(a) 1s a photograph of single <crystalline
copper foll having a crystal plane close to (001) crystal
plane 1in the plane normal direction, manufactured according

to an exemplary embodiment of the present 1nvention, and

FIG. 06 (b) shows analysls results of EBSD IPF map of

positions Pl to P3 of FIG. 6 (a).

[0040] FIG. 7(a) 1s a photograph of single «crystalline
nickel foil having a (111) crystal plane 1in the plane
normal direction, manufactured according to an exemplary

embodiment of the present i1nvention, FIG. 7 (b) 1S a

photograph of single crystalline cobalt foil having a

(0001) crystal plane 1in the plane normal direction,
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manutfactured accordling to an exemplary embodiment of the

present 1nvention, FIG. 7(c) shows analysis results of EBSD
IPF map of positions Pl to P3 of FIG. 7(a) 1in the plane

normal direction, and FIG. 7(d) shows analysis results of

EBSD IPF map of positions Pl to P3 of FIG. 7(b) in the
plane normal direction.

[0041] FIG. 8(a) is a polarization optical microscope (POM)
photograph of graphene coated with a ligquid crystal grown
on a poly-crystalline metal foil, and FIG. 8(b) 1s a POM
photograph of graphene coated with a liquid crystal grown
on a single crystalline metal foil manufactured according
to an exemplary embodiment of the present invention.

[0042] FIG. 9 1is an actual photograph of a manufacturing
apparatus for single crystalline metal foil according to an
exemplary embodiment of the present invention.

[0043] FIG. 10 1is a diagram schematically showing the
manufacturing apparatus for single crystalline metal foil

according to the exemplary embodiment of the present

invention.

[0044] [Detailed Description of Main Elements]
[0045] 100: chamber 200: heater
[0046] 300: gas inlet 400: gas outlet

[0047] 500: pressure controller

[Best Model
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[0048] Hereinafter, single crystalline metal foil and a

manufacturing methoed therefor according to the present
invention will be described in detail with reference to the
accompanying drawlngs.

[0049] The following accompanying drawings are provided by
way of example so that the idea of the present 1nvention
can be sufficiently transferred to those skilled in the art
to which the present invention pertailns. Therefore, the
present i1nvention 1is not limited to the drawlngs tTo be
provided below, but may be modified in different forms. In
addition, the drawings to be provided Dbelow may Dbe
exaggerated 1n order to clarify the scope of the present
invention. Here, technical terms and scilientific terms used
in the present specification have the general meaning
understood by those skilled in the art to which the present
invention pertains unless otherwlse defined, and a
description for the known function and configuration
unnecessarily obscuring the gist of the present invention
will be omitted 1in the following description and the
accompanying drawings.'

[0050] The present invention relates to a manufacturing
method for single crystalline metal foil having a large

area by thermally treating poly-crystalline metal foill

under conditions at which stress applied thereto 1s

minimized, and single crystalline metal foi1il manufactured
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thereby.

[0051] An existing  manufacturing  method for single
crystalline metal foi1il had problems 1n that when a
thickness of poly-crystalline copper foil 1s more than 18
um, since a graln and a grain boundary remaln in the copper
foil as they are 1in spite of thermal treatment under
optimal conditions, 1t 1s 1mpossilible to manufacture proper
single crystalline copper foil, such that a thickness of a
usable poly-crystalline copper foil 1s limited 1in a
signlificantly narrow range of 5 to 18 um.

[0052] Further, in the case of performing thermal treatment
wilthout a substrate, there 1s a problem 1in that as the
thermal treatment 1s performed 1in a state 1n which the
poly—-crystalline copper foil is put into a chamber as it is
to come 1n direct contact with a Dbottom surface of the
chamber, a graln growth pinning phenomenon may occur based
on a contact region of the copper foil, or stress may occur
due to thermal deformation of a metal foil caused by high-
temperature thermal treatment, such that c¢onversion to
single crystalline foil does not effectively occur, and
thus a pcely-crystalline copper foil is‘formed.

[0053] Therefore, the present inventors continuously
conducted studies 1n order to manufacture the single
crystalline metal foil having a large area by minimizing a

contact with a chamber and poly-crystalline metal foil to
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prevent the graln growth pinning phenomenon and suppressing
stress from being generated by thermal deformatilon, thereby
completing the present 1nvention.

[0054] More specifically, the present invention relates to a
manufacturing method for single crystalline metal foil
including: thermally treating poly-crystalline metal foil
positioned to be spaced apart from a base to manufacture
single crystalline metal foil.

[0055] A contact between the poly-crystalline metal foil and
other materlals may be minimized by positioning the poly-
crystalline metal foil to pe spaced apart from the base,
for example, a bottom surface or an 1nner surface of a
chamber as described above, such that a grain growth
pinning phenomenon may be prevented, and stress generation
caused by thermal deformation may be suppressed, thereby
making 1t possible to effectively manufacture single

crystallline metal foil having a large area.

[0056] Further, as both surfaces of the poly-crystalline

metal foil may Dbe thermally treated under tThe same
conditions as each other by positioning the poly-
crystalline metal foil to be spaced apart from the base,

conversion to single crystalline metal foll may be more
effectively performed. Therefore, both surfaces of the
manufactured single crystalline metal foil may have the

same crystal plane as each other. Particularly, as the
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silngle crystalline metal fcil may have the same crystal
plane 1n both in-plane and out-of-plane directions, single
crystalline metal foil having high qguality may Dbe
manufactured. More specifically, the single crystalline
metal foil may have a (111), (001), (112), (123), or (0001)
crystal plane 1in the plane normal direction.

[0057] A poly-crystalline metal foil according to an
exemplary embodiment o©of the present invention may Dbe
positioned to float on the base by fixing a region of the
poly—-crystalline metal foll using a specific fixation
member . A spaced distance between the base and the
polycrystalline metal fci1l 1s not particularly limited as
long as the poly-crystalline metal foil does not come in
contact with the base.

[0038] More specifically, the poly-crystalline metal foil is
positioned to be spaced apart from the base by fixing a
fixation part of the poly-crystalline metal foil with the
fixation member, and a non-fixation part of the poly-
crystalline metal foil except for the fixation part may be
freely suspended. That 1s, 1t 1s possible to prevent the
other regions of poly-crystalline metal foill except for a
region thereof fixed by the fixation member from coming in
contact with other materials, thereby making it possible to
prevent a graln growth pinning phenomenon occurring due to

a contact between the poly-~crystalline metal foil and other
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materials at the time of thermal treatment and stress due
to thermal deformation. Here, the number of fixation parts

of the poly-crystalline metal foil may be one or two or

more, but 1n view of minimizing a contact with other

materials, 1t 1s preferable that the number of fixation

parts 1s one.

[0059] Particularly, in view of obtaining a single
crystalline metal foil having a large area, 1t is

preferable that thermal treatment 1s performed 1n a state

in which the non-fixation part except for the fixation part,
that 1s, a regicn which will substantially Dbecome the
single crystalline metal foil, is kept straight. That is,

1t 1s preferable that the non-fixation part of the poly-
crystalline metal foil 1s thermally treated in a state 1in

which the non-fixation part thereof is kept straight, and
when there 1s a crease or wrinkle 1n the non-fixation part

of the poly-crystalline metal foil, a grain boundary may be

formed along the crease or wrinkle, whlich 1s not preferable.
Here, the term “straightly unfolded state” means a state in
which the poly-crystalline metal foil 1s completely and
flatly suspended without a crease, wrinkle, or bend.

[0060] Meanwhile, the poly-crystalline metal foil according
to the exemplary embodiment of the present invention may be

positioned to be spaced apart from the base in a form in

which 1t hangs on the fixation member in the gravity
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direction, and an angle between one surface of the poly-
crystalline metal foil hangiling on the fixation member and a
bottom surface may be 80 to 90°, and more preferably 90°.
Therefore, entirely uniform stress may be applied to the
polyv-cryvstalline metal foll. Here, the angle except for a

right angle (90°) 1is based on an acute angle between the

bottom surface and one surface of the poly-crystalline

metal foil.

[0061] As a specific example, as showed 1in a schematic
diagram of FIG. 1 or a photograph of FIG. 4(a), a distal
end region of the poly-crystalline metal foil may be folded
in a hook shape and hang on the holder so that the
remaining region of the poly-crystalline metal foil that
does not come 1in contact with the holder 1s perpendicular
to the Dbase. Alternatively, one distal end of the poly-
cryvstalline metal foil may be fixed by the fixation member,
such that the poly-crystalline metal foil may hang 1n a
direction perpendicular to the base. As described above,
the single crystalline metal foil having a large area may
be more effectively manufactured by hanging the poly-
crystalline metal £foil 1n the direction perpendicular to
the base to allow the entirely uniform stress to be applied
to the poly-crystalline metal foil while minimizing the

contact with other materials.

[0062] Here, as the fixation member, a high-temperature
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material that 1s not deformed under a high thermal
treatment temperature condition and does not react with the
poly—-crystalline metal foill may be preferably used. As a
specific example, a fixation member made of guartz, alumina,
zlrconia, or the like, may be preferably used.

[0063] A shape of the fixation member 1is not particularly
limited as long as the poly-crystalline metal foil may be
posltioned to be spaced apart from the base. As a specific
example, a bar type holder as showed 1n the schematic
diagram of FIG. 1, a holder having one or more clamps, a
holder having one or more hook rings, or the like, may be
used, but the example of the holder i1s not limited thereto.
[0064] According to the exemplary embodiment of the present
inventlion, it 1is preferable to suiltably adjust a thickness
of the poly-crystalline metal foil for more effective
conversion to slngle crystalline metal foil.

[0065] As a specific example, the thickness of the poly-
crystalline metal foil may be 5 to 200 um, more preferably
10 to 100 pum. Within the above-mentioned range, the single
crystalline metal foilil may be effectively manufactured.
The single crystalline metal foi1il having a large area may
e manufactured Dby minimizing the stress applied to the
poly—-crystalline metal foi1l within the above-mentioned
range, and 1t may be easy to handle a test sample. When

the thickness 1s excessively thin, a single crystalline
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metal foi1l having a (l111) c¢crystal surface 1n the plane
normal direction may be easily formed by surface energy,

but formation of the grain boundary may be 1ncreased due to
an increase 1n stress generation due to deformation at the
time of thermal treatment, which 1s not preferable. On the
contrary, when the thickness of the metal foil 1s
excesslvely thick, grain growth may be 1limited, such that
1t may be difficult to manufacture the single crystallilne
metal foil having a large area.

[0066] A material of the poly-crystalline metal foil is not
particularly limited as long as 1t 1s a transition metal.

As a more speclfic example, the poly—-crystalline metal foill
may be copper (Cu), nickel (N1), cobalt (Co), i1ron (Fe),

ruthenium (Ru), rhodium (Rh), palladium (Pd), platinum  (Pt),
s1lver (Ag) , rhenium (Re) , 1ridium (Ir), gold (Au),

titanium (T1), zirconium (Zr), hafnium (Hf), wvanadium (V),

niobium (Nb), tantalum (Ta), chromium (Cr), molybdenum (Mo),
tungsten (W), aluminum (Al), zinc (42n), manganese (Mn), or
tin (Sn) foil, etc.

[0067] As an example, 1in the case of transition metal foil
having a closely packed structure such as a face centered
cubic (FCC) or hexagonal c¢lose packing (HCP) structure,

since a (111) crystal plane 1n the FCC structure and a
(0001) crystal plane 1in the HCP structure have the lowest

surface energy, when thermal treatment 1is performed near a
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melting point of a metal under the conditions at which
there 1s no additional external force by a contact with
other materials, which can cause gran growth pinning and
thermal stress generation by different coefficients of
thermal expansion, a FCC metal and a HCP metal are
spontaneously converted to have the (111) crystal plane and
the (0001) <c¢rystal plane, respectively, such that the
single crystalline metal foil having a large area may be
formed.

[0068] According to the exemplary embodiment of the present
invention, thermal treatment may be performed under general
thermal treatment conditions of metal foil. As a specific

example, the thermal treatment may be performed at a

temperature satisfying the following Eqgquation 2 and a

pressure of 0.0001 to 10 atm for 0.5 to 100 hours.

[0069] [Equation 2]

[0070] 0.3xTn, = T < Ta

[0071] (In Equation 2, T is a thermal treatment temperature

(C), and Tn is a melting point temperature (C) of a metal

of the poly-crystalline metal foil.)

[0072] The single crystalline metal foil may be effectively

manufactured Dby changling the thermal treatment condition
depending on the kind of metal foil as described above. As

a more specific example, in the case of tungsten having a

highest melting point temperature of 3422C, thermal
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treatment may be performed at a temperature of about 34007TC.

More preferably, the thermal treatment is performed at a
temperature satisfying 0.6XT, = T < Tp and a pressure of
0.01 to 3 atm for 10 to 60 hours, which 1is preferable in
that the single crystalline metal foil having a large area
may pe effectively manufactured.

[0073] Further, it is preferable that the thermal treatment
18 performed under a hydrogen gas atmosphere, argon gas
atmosphere, or a hydrogen-argon mixed gas atmosphere. The
hydrogen gas, the argon gas, or the hydrogen-argon mixed
gas may be 1njected at a rate of 1 to 500 sccm. In the
case of 1njecting the hydrogen-argon mixed gas, a mixing
rati1o (sccm ratio) of hydrogen gas and argon gas may be
1:0.1 to 10, but 1s not necessarily limited thereto.
Oxidation of the metal foil may be prevented by performing
the thermal treatment under the hydrogen gas atmosphere or

the hydrogen-argon mixed gas atmosphere, and migration of

metal atoms may be accelerated, thereby making it possible

to promote crystal growth.

[0074] Further, the present invention ©provides single

crystallline metal foil manufactured by the manufacturing

method for single crystalline metal foil described above.
[0075] Both surfaces of the single crystalline metal foil
manufactured Dby the above-mentioned method may have the

same crystal plane. More specifically, the single
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crystalline metal foil may satisfy the following Equation 1.

[0076] [Equation 1]

[0077] 95 = (Anormal/Atotal) X100

[0078] (In Equation 1, Atotar 1S a total area of a test sample,

and Apormal 1S an area of grains having the same crystal
plane 1n a plane normal direction 1n the test sample.
Anormal/Atotal 1S measured based on a test sample having a

size of 2 cm X 8 cm, and the same crystal plane is a (111),

(001), (112), (123), or (0001) crystal plane.)

[0079] As described above, according to the present
invention, the contact between the poly-crystalline metal
foi1l and other materials may be minimized by positioning
the poly-crystalline metal foill to be spaced apart from the
base, for example, the 1nner surface of the chamber, such
that the grain growth plnning phenomenon may be prevented,
and stress generation due to thermal deformation may be
suppressed, thereby making 1t possible to effectively
manufacture single crystalline metal foil having a large
area.

[0080] Further, as Dboth surfaces of the poly-crystalline

metal foi1l may Dbe thermally treated under the same
conditions as each other by ©positioning the poly-
crystalline metal foi1l to be spaced apart from the base,
formation of a single crystal may be more effectively

performed. Therefore, Dboth surfaces of the manufactured
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single crystalline metal foil may have the same crystal

plane as each other. Particularly, as the single
crystalline metal foil may have the same crystal plane 1n
pboth in-plane and out-of-plane (plane normal) directions,
single crystalline metal foil having high gquality may be
manufactured. More specifically, the single crystalline
metal foil may have a (111), (001), (112), (123), or {(0001)
crystal plane based on the plane normal.

[0081] As a thermal treatment method in the ©present
invention, varlous methods such as a heating method using a
general furnace, a resistilive heating method, a ramp heating
method, and an 1nduction heating method may be used.
However, the thermal treatment method 1s not particularly
limited as long as 1t 1s possible to increase a temperature
to a desired temperature.

[0082] As described above, the single crystalline metal foil
having high quality and a large area according to the
present 1nventlon may be used without limitation in any
field 1n which exlsting poly-crystalline or single
crystalline metal foil has been used. As a specilific
example, Dbased on excellent electrical conductivity and
thermal conductivity o©of a single crystalline metal as
compared to a poly—-crystalline metal, the single
crystalline metal foilil may be used as a high performance

metal component material throughout fields of electric and
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electronic products such as a printed circult board and a
heat sink. Particularly, a high-efficiency component
suitable for the trend toward miniaturization and high
integration of electric and electronic products may be
provided. Further, the single crystalline metal foil
manufactured according to the present 1invention may have
uniform surface crystallinity, such that the single
crystalline metal foil may be wildely utilized as a catalyst
for synthesis of graphene and Z2-dimensional nano-materials
and various chemical reactions.

[0083] Further, the present invention provides a
manufacturing apparatus for single crystalline metal foil
capable of manufacturing the single crystalline metal foil
described above.

[0084] In detail, a manufacturing apparatus for single
crystalline metal foil according to an exemplary embodiment
of the present 1invention may 1nclude: a chamber 100; a

heater 200 provided in one side of the chamber to apply
heat; a gas 1nlet 300 through which a gas 1s 1njected to
the chamber; a gas outlet 400 through which the gas 1is
discharged from the chamber; a pressure controller 500
connected to the chamber; and a metal foil holder provided

in the chamber.

[0085] More specifically, as showed in FIGS. 9 and 10 by way

of example of the present invention, the gas inlet 300 and
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the gas outlet 400 are provided at both distal ends of the
chamber 100, respectively, the heater 200 capable of
substantially performing thermal treatment 1s positioned
outside the chamber 100, the pressure controller 500
capable of adjusting a pressure 1n the chamber 100 1s
connected to one end of the chamber 100, and the metal foil
holder 1s provided 1n the chamber.

[0086] More specifically, a shape of the metal foil holder
1s not wparticularly limited as long as 1t may minimize
deformation of the poly-crystalline metal foil caused by a
contact with the chamber 100, the metal foil holder, and
the like during the thermal treatment and maintain a state
in which the poly-crystalline metal foil 1s kept straight.
However, as a preferable example, the metal foil holder may
include a metal foil fixation member provided with a rod, a
clamp, or a hook ring as showed 1n FIG. 1. In more deta1il,
when the metal foilil fixation member 1s a rod, the metal
foll holder may include two pilillars positioned to be spaced
apart from each other, and the rod physically connecting
these two rods to each other. Alternatively, when the
metal fol1l fixation member 1s a clamp or hook ring, the
metal foil holder may be a clamp or hook ring physically
connected to an upper surface of an internal region of the

chamber 100. However, the present i1nvention i1s not

necessarlly limited thereto, but the poly-crystalline metal
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foil may be held in another form as long as a non-fixation
part of the poly-crystalline metal foilil except for a
fixation part of the poly-crystalline metal foil fixed by
the metal foll fixation member does not come 1n contact
with other materials such as the chamber and the metal foil
holder.

[0087] Here, as the metal foil holder, a high-temperature
material that 1s not deformed wunder a high thermal

treatment temperature condition and does not react wilith the

poly-crystalline metal foil may be preferably used. As a

specific example, a metal foil heolder made of quartz,

alumina, =zlirconia, or the 1like, may be pretfterably used.
Further, when the metal foil fixation member 1s the rod,
the rod 1s not particularly limited as long as 1t may
physically connect two pillars to each other, but 1t 1is
preferable that the rod is parallel with the base 1n a

length direction of the rod.

[0088] According to the exemplary embodiment of the present

invention, the heater 200 1s to 1ncrease the temperature 1n
the chamber for conversion of the poly-crystalline metal
foll to a single crystalline metal foi1l, and any heater may
be used without particular limitation as 1long as it may
increase the temperature 1n the chamber 100 and a
temperature of the poly-crystalline metal foil to the

desired temperature. As a specific example, the heater 200
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may apply heat using a furnace, a resistive heating method,
a ramp heating method, or an induction heating method.
[0089] According to the exemplary embodiment of the present
invention, the gas 1inlet 300 1s to 1nject gas capable of
adjusting a thermal treatment atmosphere in the chamber 100
at the time of thermal treatment. More specifically, the
gas 1inlet 300 1s to 1nject hydrogen, argon, or hydrogen-
argon mixed gas 1into the chamber. The gas ocutlet 400 is to
discharge these hydrogen, argon, or hydrogen—-argon mixed
gas, or alr filled 1n the chamber before injecting these
gases 1nto the chamber 100.

[0090] According to the exemplary embodiment of the present
invention, the pressure controller 500, which 1s to
sultably adjust the pressure in the chamber 100, may adjust
an amount and a rate of the gas 1ntroduced through the gas
inlet 300 or discharged through the gas outlet 400 to
adjust the pressure in the chamber 100. That is, when the
pressure 1in the chamber 100 1s Llow, the pressure in the

chamber 100 may be 1ncreased by 1introducing the gas 1into

the chamber 100 through the gas inlet 300, and when the
pressure 1n the chamber 100 is high, the pressure in the
chamber 100 may be decreased by discharging the gas from

the chamber 100 through the gas outlet 400.

[0091] Hereinafter, single crystalline metal foil and <the

manufacturing method therefor according to the present
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invention will be described 1n detail through Examples.

However, the followling Examples are only to specifically

explain the present i1nvention, but the present invention 1s
not limited thereto and may be 1mplemented in various forms.
[0092] In addition, unless defined otherwise 1in  the
specification, all the technical and scientific terms used
1in the specification have the same meanings as those that
are generally understood by those who skilled in the art.

The terms used in the specification are only to effectively

describe a specific Example, but are not to limit the
present inventlon. Further, unless particularly described
in the present specification, a unit of additives may be
WE%.

[0093] [Example 1]

[0094] Single crystalline copper foil having the same (111)
crystal plane throughout an entire region of a test sample
was manufactured by hanging commercilialized poly-crystalline

copper foll on a quartz holder as showed 1n FIG. 1 and

performing thermal treatment on the poly-crystalline copper

foil. Here, a poly-crystalline copper foil test sample had
a size of 2 cm x 8 cm and a thickness of 5 um.

[0095] At the time of thermal treatment, hydrogen and argon

were 1njected at a rate of 10 sccm, respectively, and after

a temperature was raised up to 1050C for 2 hours at a

pressure condition of 760 torr, the temperature was
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[0096] [Examples 2 to 10]

[0097] Single crystalline metal foil was manufactured by

changing variations as showed 1n the following Table 1, and

the other conditions were the same as those 1n Example 1.

Here, in Examples 8 and 9, since a thermal treatment

temperature was higher, the temperature was railsed up tO

1350 C for 3 hours.

[0098] [Comparative Example 1]

[0099] Thermal treatment was performed under the same

conditions as those 1n Example 6 except that thermal

treatment was performed 1n a state 1n which the poly-

crystalline copper foil did not hang on the holder but was

placed on a bottom surface of a general quartz chamber.

[00100] [Table 1]

Metal Foil Thermal Treatment

Atorar) X100
(AGUt/ Lot l) Temp-erature(’C) Time HZ]'AI‘ (SCCIII)

e | Bhr_Geoom)
os0 | 12 | 10710
0| 0 [ % [ om0
W
S T I I I I

[00101] First, in Example 6 and Comparative Example 1,

only the positions of the poly-crystalline copper foil at
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the time of thermal treatment were different from each

other, and 1t may be confirmed that 1In Example 6 1n which
thermal treatment was performed 1n a state in whilich the
poly—-crystalline copper foilil was positioned to be spaced
apart from the base by hangling the poly-crystalline copper
foll on the holder, single crystalline copper foll having
an 1identical orilientation both plane normal and 1n-plane
direction throughout the entire region o©of the test sample
(2 ¢ x 8 ¢m) was manufactured as showed 1n FIG. 2. Further,
as showed 1n FIG. 4(b), a single crystalline region (a
region between second and thlrd arrows from the tTop)
orlented in the same crystal plane had a large area (about
1 cm x 7 cm). Here, a region between first and second
arrows from the top of FIG. 4(b) was a region of poly-
crystalline copper coil comling 1n contact with the holder
as showed in FIG. 4(a), and it may be confirmed that as the
poly—-crystalline copper colil came 1n contact with the

quartz holder <corresponding to a different material,
conversion to the single crystalline copper foll from the
poly—crystalline copper foil did not occur. Further, a
region 1ndicated by the third arrow was a region of the

poly—-crystalline copper coll at which the poly-crystalline

copper coil was folded at an angle of 45° as showed in FIG.

4(a) and thus stress was generated, and 1t may be confirmed

that the folded region and a grain boundary of the copper
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fo1l almost colncided with each other. The reason is that
crystal growth was suppressed by the stress existing 1in the

folded region.

[00102] Meanwhile, in Comparative Example 1 in which
thermal treatment was performed 1n a state 1n which the
poly—-crystalline copper foll was put 1nto a qgquartz tube
chamber according to an existing method and both surfaces

of the poly-crystalline copper foi1il came 1n contact with a

quartz tube as showed 1in FIG. 3. Even though all the
thermal treatment conditions were the same except for the
specific configuration of the foils, a larger number of
graln boundaries were formed as showed in FIG. 3, and a
single c¢rystalline region was significantly narrow. The
reason may be due to a graln growth pinning phenomenon due
to a contact Dbetween the guartz tube and the poly-
crystalline copper fo1il, and stress due to thermal

deformation occurred. In this case, (Anormal/Atotal) was about

46 3.
[00103] Next, 1in Examples 1 to 7, conversion of single

crystalline metal foils were 1nvestigated while changing

the thickness of the foil. In Examples 2 to 6, single
crystalline copper foil having a large area was effectively
manufactured throughout an entire region of the test sample

that does not come in contact with the gquartz holder shown

in FIGS. 2 and 4. On the contrary, 1n Example 1, since
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deformation easily occurred due to an excessively thin

Chickness of the copper foi1l, a large number of grain

boundariles were formed. Further, in Example 7, even though
a thermal treatment time was 1ncreased to a maximum of 96
hours, a large number of grain boundaries were present, and
(Anormal/Atotal) wWas also limited to about 10 %$. The reason 1is
that as the thickness of the foil was increased, crystal

growth was restricted.

[00104] Meanwhile, FIG. 5 shows analysis results of

changes 1n EBSD IPF map and orientation distribution
function (ODF') of the poly-crystalline copper foil
depending on heat treatment temperatures and times that
showed the changes of texture depending on heat treatment
Ctemperatures and times. In addition, by comparing FIGS.
o () and 5(c), a crystal plane of a final single
crystalline copper foll was affected by the initial texture
of the commercialized poly-crystalline copper foilil itself.
FIG. O5(b) shows copper foil oriented to a (111) crystal
plane 1n the plane normal direction, and FIG. 5(c¢) shows
copper foll oriented to a (001) crystal plane in the plane
normal direction. The copper foi1l oriented to the (111)
crystal plane 1n the plane normal direction mainly has
(112) and (110) textures before thermal treatment, and the
copper foil oriented to the (001) crystal plane in the

plane normal direction mainly has (112), (110) and (001)
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textures before thermal treatment. FIG. 6 shows single
crystalline copper foil oriented to a (001) crystal plane,
manufactured by thermally treating poly-crystalline copper
foi1l having (112), (110) and (001) textures, wherein FIG.
6(a) 1s a photograph of single c¢rystalline copper foil
having a crystal plane close to the (001) crystal plane in

the plane normal, and FIG. 6 (b) shows analysis results of

EBSD IPF map of positions pl to P23 of FIG. 6(a).

[00105] In Example 8, conversion of poly-crystalline

nickel foil to single crystalline nickel foil was performed,

and 1n Example 9, conversion of poly-crystalline cobalt
foil to single crystalline cobalt foilil was performed. The
results showed that single crystalline nickel foil having a
(111) crystal plane 1in the plane normal direction was
manufactured as showed 1in FIGS. 7(a) and 7(c), and single
crystalline cobalt foil having a (0001) crystal plane in
the plane normal direction was manufactured as showed 1in
FIGS. 7(b) and 7(d). However, since nickel or cobalt has a
high melting point as compared to copper, and crystal
growth 1s restrictive due to a significantly slow diffusion
veloclty of nickel or cobalt atom 1tself, foil was formed
in a form of an aggregate of single crystals having a (111)
or {(0001) crystal plane at a level of c<cm, respectively,
instead of forming single <crystals on the entire test

sample as in copper.



CA 03029783 2018-12-31

35
[00106] [Manufacturing Example 1]
[00107] Graphene was grown by a general method using

the single crystalline copper foill manufactured in Example
o as a metal catalyst laver.

[00108] The graphene was grown by injecting methane gas

(o sccm) for 30 minutes after heatling the copper foill first

under a hydrogen atmosphere (20 sccm) at 1050C for 30

minutes.

[00109] FIG. 8 shows polarized optical microscope (POM)
1mages of liquid crystal (LC)-decorated graphenes, which
were grown on polycrystalline and single crystal copper

foils by wusing the method described 1in Manufacturing

Example 1. Since the liquid crystal molecules are aligned
in the crystal direction of the graphene and exhibit the
polarization property, when the crystal directions of the
graphene 1n some regions are egqual to each other, the same
color was exhibited. In the case in which the graphene was
grown on the single crystalllne metal foil (FIG. 8(b)), a
uniform color was exhibited as compared to the case 1in
which the graphene was grown on the poly-crystalline metal
fol1l (FIG. 8(a)). It means that the graphene manufactured
on single crystalline metal foil was close to single

crystalline graphene.

[00110] Hereinabove, although the present invention is

described by specific matters and exemplary embodiments,
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they are provided only for assisting 1n the entire
understanding of the present 1nvention. Therefore, the
present ilnvention 1s not limited to the exemplary
embodiments. Varilious modlfications and changes may be made
by those skilled i1n the art to which the present invention
pertains from this description.

(00111} Therefore, the spirit of the present invention
should not be limited to the above-described exemplary
embodiments, and the following c¢laims as well as all
modified equally or equivalently to the claims are intended

to fall within the scope and spilirit of the invention.
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[cLATIMS]
[Claim 1]
A manufacturing method for single crystalline metal

foll, the method comprising:

thermally treating poly—crystalline metal foil

poslitioned to be spaced apart from a base to manufacture

single crystalline metal foil.

[Claim 2]

The manufacturing method of c¢laim 1, wherein the
poly-crystalline metal foilil 1s positioned to Dbe spaced
apart from the base by fixing a fixation part of the poly-
crystalline metal foil with a fixation member, and a non-

fixation part of the poly-crystalline metal foil except for

this fixation part 1s suspended.

[Claim 3]

The manufacturing method of c¢laim 2, wherein the

number of fixation parts of the poly-crystalline metal foil

is one or two or more.

[Claim 4]
The manufacturing method of claim 2, wherein the non-

fixation part 1s thermally treated 1n a state in which the

non-fixation part 1s kept straight.
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[Claim 5]

The manufacturing method of c¢laim 1, wherein the

poly-crystalline metal foll has a thickness of 5 to 200 um.

[Claim 6]

The manufacturing method of c¢laim 1, wherein the
poly—-crystalline metal foi1l 1s copper (Cu), nickel (Ni),
cobalt (Co), i1ron (Fe), ruthenium (Ru), rhodium (Rh),
pralladium (Pd), platinum (Pt), silver (Ag), rhenium (Re),
iridium (Ir), gold (Au), titanium (Ti), zilrconium (24r),
hafnium (Hf), wvanadium (V), niobium (Nb), tantalum (Ta),
chromium (Cr), molybdenum {(Mo), tungsten (W), aluminum (Al),

zinc (Zn), manganese (Mn), or tin (Sn) foil.

[Claim 7]

The manufacturing method of <¢laim 1, wherein the

silngle crystalline metal foil has the same crystal plane as

ceach other on both surfaces thereof.

[Claim 8]

The manufacturing method of c¢laim 1, wherein the
single crystalline metal foil has a (111), (001), (112),
(123), or (0001) crystal plane based on a direction

perpendicular to the plane.
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[Claim 9]
The manufacturing method of c¢laim 1, wherein the

thermal treatment is performed at a temperature satisfying

the following Eguation 2 and a pressure of 0.0001 to 10 atm

for 0.5 to 90 hours.

'Equation 2]

0.3 x Tp £ T < Ty

(In Equation 2, T 1s a thermal treatment temperature

(T), and Tm is a melting point temperature (C) of a metal

the poly-crystalline metal foil.)

[c1aim 10]

The manufacturing method of c¢laim 1, wherein the
thermal treatment 1s performed under a hydrogen gas
atmosphere, an argon gas atmosphere, or a hydrogen—-argon
mixed gas atmosphere, the hydrogen gas, the argon gas, oOr

the hydrogen-argon mixed gas being 1njected at a rate of 1

to 500 sccm.

[Claim 11]

A single crystalline metal foil manufactured Dby the

manufacturing method of any one of claims 1 to 10.

[claim 12]
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A single c¢rystalline metal foil having the same

crystal plane on both surfaces thereof.

[Claim 13]

The single c¢rystalline metal foil of claim 12,

wherein the single crystalline metal foi1il satisfies the

following Eguation 1.

[Equation 1]

95S (Anormal /Atotal) x100

(In Equation 1, Atotar 18 a total area of a test sample,
and Anormal 1S an area of grailns having the same crystal
plane 1n a plane normal direction 1n the test sample.
However, Anormal/RAtotal1 18 measured based on a test sample
having a size of 2 cmx8 cm, and the same crystal plane 1s a

(111), (061), (112), (123), or (0001l) crystal plane.)

[Claim 14]
A manufacturing apparatus for single crystalline
metal foll, the manufacturing apparatus comprising:
a Chamber;
a heater provided in one side of the chamber to apply
heat;
a gas 1nlet through which a gas 1s 1njected to the

chamber;

a gas outlet through which the gas 1s discharged from
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the chamber;

a pressure controller connected to the chamber; and

a metal foll holder provided i1n the chamber.

[Claim 15]

The manufacturing apparatus of claim 14, wherein the
metal foill holder 1ncludes a metal foill fixation member

provided with a rod, a clamp, or a hook ring.

[Claim 16]
The manufacturing apparatus of claim 14, wherein the
heater applies heat using a furnace, a reslstive heating
method, a ramp heating method, or an 1induction heating

method.
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