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(57) ABSTRACT

Various embodiments relate a method for depositing a layer
onto a workpiece using plasma. The method comprises
arranging the workpiece and a source material inside a
vacuum chamber. The method also comprises applying
energy to the source material to cause atoms of the source
material to be ejected from a surface of the source material
into a plasma. The method further comprises orientating the
workpiece with respect to the source material to prevent
direct propagation of the ejected atoms from the source mate-
rial to a work surface of the workpiece and to permit deposi-
tion of the layer onto the workpiece by ejected atoms which
impact the work surface after colliding with particles of the
plasma. Various embodiments also provide a corresponding
apparatus.
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METHOD AND AN APPARATUS FOR
DEPOSITING A LAYER ONTO A
WORKPIECE USING PLASMA

TECHNICAL FIELD

[0001] Various embodiments relate a method and an appa-
ratus for depositing a layer onto a workpiece using plasma. A
specific embodiment relates to depositing a layer onto
graphene by sputtering.

BACKGROUND

[0002] Itis known to deposit a layer of material onto a base
material (also known as an intermediate material). Such tech-
niques are frequently used in the semiconductor industry to
apply coatings or films. Problems can arise when the inter-
mediate material is thin. Traditional deposition techniques
can cause damage to the intermediate material because the
energy of particles hitting the material’s surface during depo-
sition of the layer may cause damage to the intermediate
material. Whilst thicker materials may only suffer surface
damage, thin materials may suffer damage throughout most
or all of its thickness.

[0003] Graphene is a flat monolayer of carbon atoms
packed into a honeycomb lattice. Graphene has attracted con-
siderable attention due to its peculiar and superior electronic,
optical, thermal, mechanical properties characteristics. The
important properties of graphene include high intrinsic
charge carrier mobility and tunability of its properties by
applying a gate voltage. The properties of graphene are at its
best when graphene is pristine, i.e. absent of any damage.
However, as graphene is only one monolayer of carbon
atoms, the C-C bonds thereof are easily broken during depo-
sition of layers thereon. Therefore, only thermal evaporation
is known to be suitable for deposition of a layer onto
graphene. This greatly limits the choice of materials or layers
in graphene devices.

[0004] Sputter deposition is a method of depositing films
by sputtering. Sputtering is a process whereby atoms are
ejected from a solid source material (also known as a target
material) due to bombardment of the source material by ener-
getic plasma particles. The ejected atoms can be deposited on
a surface of a workpiece to form a film thereon. Sputtering is
a widely used technique in the hard-disk drive industry and in
the spintronics and optoelectronics sector, for example, to
form indium-tin-oxide coatings. However, sputtering is
known to be unsuitable for depositing films onto graphene
because the ejected atoms from the source material bombard
the graphene with enough energy to cause disorder into
graphene. This degrades the graphene and leads to it being
non-pristine.

SUMMARY

[0005] A first aspect provides a method for depositing a
layer onto a workpiece using plasma, the method comprising:
arranging the workpiece and a source material inside a
vacuum chamber; applying energy to the source material to
cause atoms of the source material to be ejected from a sur-
face of the source material into a plasma; orientating the
workpiece with respect to the source material to prevent
direct propagation of the ejected atoms from the source mate-
rial to a work surface of the workpiece and to permit deposi-
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tion of the layer onto the workpiece by ejected atoms which
impact the work surface after colliding with particles of the
plasma.

[0006] In an embodiment, the step of applying comprises:
introducing the plasma into the vacuum chamber; and elec-
trically charging the source material to cause ions of the
plasma to bombard the surface of the source material to cause
atoms of the source material to be ejected from the surface of
the source material.

[0007] In an embodiment, the step of introducing com-
prises: injecting a gas into the vacuum chamber; and electri-
cally charging the gas to generate the plasma.

[0008] Inan embodiment, a pressure in the vacuum cham-
ber is selected from group consisting of: 5 to 50 mTorr, 10 to
40 mTorr, 15 to 35 mTorr, 20 to 30 mTorr, 15 to 25 mTorr, 25
to 50 mTorr, 30 to 40 mTorr.

[0009] In an embodiment, the step of applying comprises
causing energized particles from an energy source to bom-
bard the surface of the source material to form the plasma and
cause atoms of the source material to be ejected from the
surface.

[0010] In an embodiment, the step of applying comprises
shining a laser onto the surface of the source material to cause
atoms of the source material to be vaporized into a plume of
plasma.

[0011] In an embodiment, the step of applying comprises
applying an electric arc to the surface of the source material to
cause atoms of the source material to be ejected from the
surface into plasma discharged by the arc.

[0012] Inan embodiment, the workpiece comprises a sub-
strate having an intermediate material on a surface thereof, an
outer surface of the intermediate material being the work
surface, the intermediate material having a thickness selected
from the group consisting of: 0.1 to 50 nm, 0.1 to 10nm, 0.1
to Snm, 0.1 to 1 nm, 0.5 to 20 nm, 1 to 2 nm, 0.1 to 2 nm, 0.5
to 5 nm, 10 to 50 nm, 20 to 50 nm.

[0013] In an embodiment, the intermediate material is
graphene.
[0014] In an embodiment, the workpiece is orientated to

prevent straight-line propagation of the ejected atoms from
the source material to the work surface.

[0015] In an embodiment, the workpiece is orientated so
that a plane of the workpiece is angled with respect to a plane
of the source material and the work surface faces away from
the source material, the angle being any one of the following:
less that 80°, less that 70°, less that 60°, less that 50°, less that
40°, less that 30°, less that 20°, less that 15°, less that 10°, less
that 5°.

[0016] In an embodiment, the plane of the workpiece is
parallel with the plane of the source material.

[0017] In an embodiment, the method further comprises:
orientating the workpiece with respect to the source material
to permit direct propagation of the ejected atoms from the
source material to the work surface of the workpiece to
deposit a further layer onto the workpiece.

[0018] Inanembodiment, the workpiece is arranged above
the source material.

[0019] A second aspect provides an apparatus for deposit-
ing a layer onto a workpiece using plasma, the apparatus
comprising: a vacuum chamber configured in use to house a
source material and the workpiece; an energy source config-
ured in use to apply energy to the source material to cause
atoms of the source material to be ejected from a surface of the
source material into a plasma; a workpiece holder configured
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in use to hold the workpiece and orientate the workpiece with
respect to the source material to prevent direct propagation of
the ejected atoms from the source material to a work surface
of'the workpiece and to permit deposition of the layer onto the
workpiece by ejected atoms which impact the work surface
after colliding with particles of the plasma.

[0020] Inan embodiment, the vacuum chamber comprises
an inlet, the inlet comprising a one-way value to permit fluid
entering the vacuum chamber but prevent fluid leaving the
vacuum chamber.

[0021] In an embodiment, the energy source comprises a
gas charger configured in use to electrically charge a gas
injected into the vacuum chamber via the inlet to generate
plasma.

[0022] In an embodiment, the energy source further com-
prises a source charger configured in use to electrically charge
the source material to cause ions of the plasma to bombard the
surface of the source material to cause atoms of the source
material to be ejected from the surface of the source material.

[0023] In an embodiment, the energy source is configured
in use to bombard the surface of the source material with
energized particles to form the plasma and cause atoms of the
source material to be ejected from the surface.

[0024] In an embodiment, the energy source comprises a
laser configured in use to irradiate the surface of the source
material to cause atoms of the source material to be vaporized
into a plume of plasma.

[0025] In an embodiment, the energy source comprises an
electric arc generator configured in use to discharge an elec-
tric arc onto the surface of the source material to cause atoms
of the source material to be ejected from the surface into
plasma discharged by the arc.

[0026] In an embodiment, the workpiece comprises a sub-
strate having an intermediate material on a surface thereof, an
outer surface of the intermediate material being the work
surface, the intermediate material having a thickness selected
from the group consisting of: 0.1 to 10 nm, 1 to 2 nm, 0.1 to
2 nm, 2 to 5 nm.

[0027] In an embodiment, the intermediate material is
graphene.
[0028] In an embodiment, the workpiece holder is config-

ured in use to orientate the workpiece with respect to the
source material to prevent straight line propagation of the
ejected atoms from the source material to the work surface.

[0029] In an embodiment, the workpiece holder is config-
ured in use to orientate the workpiece so that a plane of the
workpiece is angled with respect to a plane of the source
material and the work surface faces away from the source
material, the angle being any one of the following: less that
80°, less that 70°, less that 60°, less that 50°, less that 40°, Tess
that 30°, less that 20°, less that 15°, less that 10°, less that 5°.

[0030] In an embodiment, the workpiece holder is config-
ured in use to orientate the workpiece so that the plane of the
workpiece is parallel with the plane of the source material.

[0031] In an embodiment, the workpiece holder is move-
able in use to orientate the workpiece with respect to the
source material to permit direct propagation of the ejected
atoms from the source material to the work surface of the
workpiece to deposit a further layer onto the workpiece.

[0032] In an embodiment, the workpiece holder is config-
ured in use to hold the workpiece above the source material.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0033] Embodiments of the invention will be better under-
stood and readily apparent to one of ordinary skill in the art
from the following written description, by way of example
only, and in conjunction with the drawings, wherein like
reference signs relate to like components, in which:

[0034] FIG. 1 is a cross-section schematic diagram of an
apparatus in accordance with an embodiment;

[0035] FIG. 2 is a top view schematic diagram of a work-
piece holder in accordance with an embodiment;

[0036] FIG. 3 is a cross-section schematic diagram of an
apparatus in accordance with an embodiment;

[0037] FIG. 4 is a flow diagram of a method in accordance
with an embodiment;

[0038] FIG. 5 is a cross-section schematic diagram of an
apparatus in accordance with an embodiment;

[0039] FIG. 6 illustrates Raman spectra of (a) CoFe depos-
ited via a known method and via an embodiment and (b) Al
deposited via a known method and via an embodiment;
[0040] FIG. 7 illustrates AFM images of CoFe ((a) and (c))
and Al ((b) and (d)) on graphene. FIGS. 7 (a) and () illustrate
surface morphology over 1.5x1.5 um? and FIGS. 7 (¢) and (d)
illustrate a line profile;

[0041] FIG. 8 illustrates Raman spectrum of MgO deposi-
tion on graphene using reactive sputtering in accordance with
an embodiment; and

[0042] FIG. 9 illustrates Raman spectra of deposition on
single layer graphene by different known methods.

DETAILED DESCRIPTION

[0043] Throughout this disclosure, certain embodiments
may be disclosed in a range format. It should be understood
that the description in range format is merely for convenience
and brevity and should not be construed as an inflexible
limitation on the scope of the disclosed ranges. Accordingly,
the description of a range should be considered to have spe-
cifically disclosed all the possible sub-ranges as well as indi-
vidual numerical values within that range. For example,
description of a range such as from 1 to 6 should be consid-
ered to have specifically disclosed sub-ranges such as from 1
to 3, from 1 to 4, from 1 to 5, from 2 to 4, from 2 to 6, from 3
to 6 etc., as well as individual numbers within that range, for
example, 1, 2, 3, 4, 5, and 6. This applies regardless of the
breadth of the range.

[0044] Various embodiments relate a method and an appa-
ratus for depositing a layer onto a workpiece using plasma.
[0045] FIG. 1 illustrates an apparatus 1 for depositing a
layer onto the workpiece using plasma, in accordance with an
embodiment. The apparatus 1 comprises a vacuum chamber
2, an energy source 4, and a workpiece holder 6.

[0046] The vacuum chamber 2 comprises a sealed enclosed
space capable of maintaining a vacuum. In an embodiment,
the enclosed space of the vacuum chamber 2 may be in fluid
communication with a vacuum pump 8. The vacuum pump 8
may be used to extract matter from the enclosed space to form
a partial or complete vacuum. The fluid connection between
the enclosed space of the vacuum chamber 2 and the vacuum
pump 8 may comprise a one-way value (not shown) to prevent
extracted matter re-entering the vacuum chamber 2. The pre-
cise position of the vacuum pump 8 and its connection to the
vacuum chamber 2 may vary between different embodiments.
[0047] The vacuum chamber 2 may be configured in use to
house a source material 10 (sometimes called a target mate-
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rial) and a workpiece 12. The term ‘workpiece’ may be under-
stood to mean an object or article onto which a layer (i.e. a
coating or film) of material is to be deposited in accordance
with an embodiment. The term ‘work surface’ may be under-
stood to mean a specific surface of the workpiece onto which
the layer is to be deposited.

[0048] The source material 10 may be held in position
inside the vacuum chamber 2 by an arm 11. The source
material 10 may be positioned in a lower portion of the
vacuum chamber 2. In an alternative embodiment, the source
material may rest on a surface of the vacuum chamber 2, for
example, a bottom internal surface. In yet another embodi-
ment, the source material may be held in position by a source
holder (not shown). The source holder may be removeably
attached to an inner surface of the vacuum chamber 2. For
example, the source holder may be attached to the vacuum
chamber 2 by a mechanism, such as, a snap-on, screw-in or
slot-in mechanism. The source material 10 may comprise one
or more different materials depending on the composition of
the layer to be deposited onto the work surface of the work-
piece 12. For example, the source material 10 may comprise
cobalt (Co) if the layer to be deposited is a Co layer, or Co and
iron (Fe) if the layer to be deposited is a CoFe layer. In the
above-described embodiment, only source material 10 is
present. However, in some other embodiments there can be
multiple source materials 10 in the vacuum chamber 2.

[0049] In use, the source material 10 may be subjected to
energy from the energy source 4 so that atoms of the source
material 10 are ejected from the source material 10 into a
plasma. As seen more particularly on FIG. 1, the energy
source 4 may take the form of an electric power supply for
delivering electric energy to the source material 10 to charge
the source material 10. In this sense, the power supply may be
understood to be a source charger since it charges the source
material. The electric charge on the source material 10 may be
a negative electric charge. The power supply may be con-
nected to the source material 10 via a connection cable (not
shown). For example, the connecting cable may run through
the arm 11 or the arm 11 may be the connection cable. The
vacuum chamber 2 may be grounded to generate a potential
difference between the source material 10 and the vacuum
chamber 2. Additionally, the vacuum chamber 2 may include
an inlet 24 in a wall thereof. The precise location of the inlet
24 may vary between different emboidments. The inlet 24
may be used to inject a gas into the sealed enclosed space of
the vacuum chamber 2. The gas may be an inert gas, such as,
argon (Ar) gas. The gas may include other elements, such as,
oxygen (O,) and/or nitrogen (N,). The material composition
of the gas may be chosen in dependence on the material
composition of the layer to be deposited. The presence of the
gas with the potential difference causes the gas to form a
plasma. Plasma contains different plasma particles (e.g. neu-
tral gas atoms, ions, electrons, and photons) which simulta-
neously exist in a near balanced state. In this sense, the power
supply may be understood to be a gas charger since it charges
the gas to form plasma. Since the source material 10 is
charged, the plasma ions are attracted to the source material
10 and bombard its surface. The impact of these plasma ions
causes atoms of the source material 10 to be ejected from the
surface into the plasma. In an alternative embodiment, plasma
may be injected into the vacuum chamber 2 via the inlet 24,
rather than formed in the vacuum chamber 2 by charging a
gas. The deposition method may be sputtering.
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[0050] Inanother embodiment, the energy source 4 may be
a laser so that energy is provided to the source material 10 in
the form of incident laser light. Shining a laser onto the
surface of the source material 10 causes atoms of the source
material 10 to be vaporized into a plume of plasma. The
deposition method may be pulsed laser deposition. In a fur-
ther embodiment, the energy source 4 may be an electric arc
generator so that energy is provided to the source material 10
in the form of an incident electric arc. Applying an electric arc
to the surface of the source material 10 causes atoms of the
source material 10 to be ejected from the surface into plasma
discharged by the arc. The deposition method may be
cathodic arc deposition.

[0051] The workpiece 12 may comprise a substrate. The
substrate may have an intermediate material on a surface
thereof. For example, the intermediate material may be a
coating or a film on the substrate. An outer surface of the
intermediate material may provide a work surface 14 of the
workpiece 12. In an embodiment, the substrate may be a layer
of silicon. In an embodiment, the intermediate material may
have a thickness selected from the group consisting of: 0.1 to
50 nm, 0.1 to 10 nm, 0.1 to 5 nm, 0.1 to 1 nm, 0.5 to 20 nm,
1to2nm, 0.1 to 2 nm, 0.5 to 5 nm, 10 to 50 nm, 20 to 50 nm.
Accordingly, the work surface 14 of the workpiece 12 may be
very fragile due to its thinness. In an embodiment, the inter-
mediate material may be a coating of graphene applied to a
top surface of the substrate.

[0052] The workpiece 12 is held in the vacuum chamber 2
by the workpiece holder 6. In an embodiment, the workpiece
holder 6 may be removeably positioned in the vacuum cham-
ber 2. For example, the workpiece holder 6 may be attachable
to the vacuum chamber 2 by a mechanism, such as, a snap-on,
screw-in or slot-in mechanism. As seen more particularly in
FIG. 2, in an embodiment, the workpiece holder 6 may com-
prise a frame having a circular outer ring 16 and a bar 18
running though the center of the ring and attached at each end
to the ring. The bar 18 may be configured to attach to the
workpiece 12, for example, via an adhesive (e.g. double-sided
tape) or a locking mechanism (not shown). Alternatively, the
workpiece 12 may just rest on the bar 18. Also, the vacuum
chamber 2 may comprise a shelf 20 having a cooperating slot
or groove 22 for receiving the workpiece holder 6 so that the
workpiece holder 6 can be repeatably and removably posi-
tioned in the vacuum chamber 2 at a fixed position from the
source material 10. It is to be understood that the shelf 20
would comprise a circular aperture having a slot around its
inside edge in order to cooperate with the circular workpiece
holder of F1G. 2. However, in other embodiments, the work-
piece holder and shelf aperture could have a different shape,
for example, oval, square, triangular or irregular. In an
embodiment, the workpiece holder 6 has a construction
which permits particles (e.g. ejected atoms) to move through
the workpiece holder 6. For example, the workpiece holder 6
of FIG. 2 has a framed construction such that two semi-
circular apertures are present either side of the bar 18. These
two apertures allow particles to move through the workpiece
holder 6. In this way, ejected atoms can reach the work surface
14 from the source material 10. However, in another embodi-
ment, the workpiece holder 6 may have a more solid construc-
tion, but have a plurality of holes for allowing the passage of
particles through the workpiece holder 6. In a further embodi-
ment, the shelf 20 may have one or more apertures to permit
the passage of particles from the source material 10 to the
work surface 14.
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[0053] Inany case, according to the above arrangement, the
workpiece holder 6 can be removed from the vacuum cham-
ber 2 so that the workpiece 12 can be disengaged therefrom,
for example, once deposition is complete. In order that the
workpiece holder 6 can be removed from the vacuum cham-
ber 2, the vacuum chamber 2 may comprise a sealable hatch
(not shown) which can be opened so that a human user or a
machine can lift the workpiece holder 6 off the shelf 20 and
out of the vacuum chamber 2 through the hatch. The hatch
may be in a wall (e.g. a top wall or side wall) of the vacuum
chamber 2 and be sealable to maintain the vacuum.

[0054] The apparatus 1 may be configured so that the work-
piece holder 6 and the source material 10 are arranged in a
fixed horizontal and/or vertical relationship. In an embodi-
ment, the source material 10 may be aligned with, but verti-
cally displaced from the workpiece holder 6. The distance
between the workpiece holder 6 and the source material 10
may be fixed or may be adjustable by moving the workpiece
holder 6 and/or the source material 10. For example, the shelf
20 may be vertically moveable within the vacuum chamber 2.
In an embodiment, the workpiece holder 6 may be arranged
directly above the source material 10.

[0055] Deposition ofa layer onto the work surface 14 of the
workpiece 12 occurs when atoms ejected from the source
material 10 impact the work surface 14. An ejected atom
which follows a straight line path from the source material 10
directly to the workpiece will have a lot of energy on impact.
Accordingly, this energy may cause the ejected atom to dam-
age the work surface 14 of the workpiece 12. However, since
plasma is present in the vacuum chamber 2, an atom ejected
from the source material 10 may collide with plasma particles
before arriving at the workpiece 12. In fact, the ejected atom
may undergo many collisions with plasma particles and/or
other ejected atoms before arriving at the workpiece 12. In
this way, the path of the ejected atom in question may be
prolonged such that its energy at the point of impact with the
workpiece 12 is reduced. The longer the path taken by the
ejected atom in question and the more it collides, the less
energy ithas at the point of impact with the workpiece 12. The
less energy the ejected atom has at impact with the workpiece
12, the less likely it is that the ejected atom will damage the
workpiece 12 on impact.

[0056] Regardless of what specific arrangement is used to
mount the workpiece holder 6 inside the vacuum chamber 2,
the workpiece holder 6 is configured to orientate the work-
piece 12 with respect to the source material 10 to prevent
direct propagation of the ejected atoms from the source mate-
rial 10 to a work surface 14 of the workpiece 12. Furthermore,
the workpiece holder 6 is configured to orientate the work-
piece 12 with respect to the source material 10 to permit
deposition of the layer onto the workpiece by ejected atoms
which impact the work surface after colliding with plasma
particles. Ejected atoms may also collide with other ejected
atoms. In the embodiment shown in FIG. 1, the workpiece
holder 6 is configured in use to orientate the workpiece 12 so
that a plane of the workpiece is parallel with a plane of the
source material 10 and the work surface 14 faces away from
the source material 10. Therefore, ejected atoms which travel
from the source material 10, through the workpiece holder 6
and onto the work surface 14 contribute to layer deposition.
Forcing ejected atoms to follow this indirect and prolonged
path means that the energy of the ejected atoms at the point of
impact with the work surface 14 is low enough to avoid
damage to the work surface 14. It is thought that this path
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requires the ejected atom to go through enough collisions and
travel enough distance to mean that the energy level of the
ejected atom at the point of impact is low enough to avoid
damage. Additionally, it is thought that the reversal, or sub-
stantial change, in direction necessary for the ejected atom to
follow a path from the source material 10 to the work surface
14 reduces the energy of the ejected atom at the point of
impact, thereby avoiding damage to the work surface 14. In an
embodiment, only atoms ejected from the source material
which collide (e.g. with plasma particles and/or other ejected
atoms) are able to hit the work surface.

[0057] Direct propagation of the ejected atoms from the
source material 10 to a work surface 14 of the workpiece 12
may be taken to mean movement of the ejected atoms in a
substantially straight line from the source material 10 to the
work surface 14 of the workpiece 12 without any collisions.
An ejected atom which impacts the work surface 14 via direct
propagation has enough energy to damage the work surface
14. Stated differently, the ejected atom has not had its energy
dissipated by collisions or a longer path length.

[0058] FIG. 3 shows an apparatus 1' for depositing a layer
onto a workpiece using plasma in accordance with an
embodiment. Many features of the apparatus 1' of FIG. 3 are
analogous to the above-described features of the apparatus 1
of FIG. 1.

[0059] Accordingly, the features of the apparatus 1' are
labeled in a corresponding manner to those of the apparatus 1.
The apparatus 1' is different from the apparatus 1 in that the
apparatus 1' has three source materials 10a', 10b' and 10c'.
Also, the source materials of the apparatus’ 1' are resting on
an inner surface of the base of the vacuum chamber 2'.
[0060] FIG. 4 shows a flow diagram of a method 100 for
depositing a layer onto a workpiece using plasma in accor-
dance with an embodiment. The following describes the
method of FIG. 4 in conjunction with the apparatus 1 of FIG.
1. However, itis to be understood that an alternative apparatus
may be used to perform the method. At 102, the workpiece 12
and the source material 10 are arranged inside the vacuum
chamber 2. As mentioned above, the workpiece 12 may be
held in position inside the vacuum chamber 2 by a workpiece
holder 6. Also, the position of the workpiece 12 may be
vertically aligned with, but vertically displaced from the posi-
tion of the source material 10. The workpiece 12 may be
above the source material 10.

[0061] At104,energy is applied to the source material 10 to
cause atoms of the source material 10 to be ejected from the
surface of the source material 10 into plasma. In one embodi-
ment, energy from a laser may be shone onto the surface of the
source material 10 to cause atoms of the source material 10 to
be vaporized into a plume of plasma. In another embodiment,
energy from an electric arc may be applied onto the surface of
the source material 10 to cause atoms of the source material
10 to be ejected from the surface into plasma discharged by
the arc. In yet another embodiment, energy from an electric
power supply may charge the source material 10 to cause ions
of'plasma in the vacuum chamber 2 to bombard the surface of
the source material 10 to cause atoms of the source material
10 to be ejected from the surface into the plasma. The plasma
in the vacuum chamber 2 may be injected into the vacuum
chamber 2, for example, via inlet 24. Alternatively, the plasma
in the vacuum chamber 2 may be generated by injecting a gas
into the vacuum chamber 2 then charging the gas using the
electric power supply to form plasma. In a further embodi-
ment, energized particles from an energy source may bom-
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bard the source material 10 to form plasma in the vacuum
chamber 2 to cause atoms of the source material 10 to be
ejected from the surface.

[0062] At 106, the workpiece is orientated with respect to
the source material 10 to prevent direct propagation of the
ejected atoms from the source material 10 to a work surface
14 of the workpiece 12 and to permit deposition of the layer
onto the workpiece 12 by ejected atoms which impact the
work surface 14 after colliding with particles of the plasma.
Ejected atoms may also collide with other ejected atoms. In
an embodiment, the workpiece 12 is substantially parallel
with the source material 10, but the work surface 14 faces
away from the source material 10. This arrangement forces
ejected atoms which reach the work surface 14 to follow a
path which requires them to travel a longer distance compared
to a straight-line path, thereby reducing the energy of the
ejected atom. This arrangement forces ejected atoms to
undergo collisions with plasma particles and/or other ejected
atoms, thereby reducing the energy ofthe ejected atom. In this
way, the energy of the ejected atom at the point of impact with
the work surface 14 is reduced enough to avoid damage to the
work surface 14.

[0063] Inan embodiment, the workpiece 12 may be orien-
tated so that a plane of the workpiece 12 is angled with respect
to a plane of the source material 10 and the work surface 14
faces away from the source material. The angle may be any
one of the following: less that 80°, less that 70°, less that 60°,
less that 50°, less that 40°, less that 30°, less that 20°, less that
15°, less that 10°, less that 5° . Accordingly, the workpiece 12
may not necessarily be parallel with the source material 10.
For example, the workpiece 12 may be parallel with a toler-
ance of £5°, +10°, £15°, £20°, £25°, +30°, +40°, +50°, +60°,
+70° or £80° . In fact, the angle may be any angle which
prevents direct propagation of ejected atoms from the source
material 10 to the work surface 14. Accordingly, the angle
may depend on a comparison between a shape or area of the
surface of the source material 10 facing the workpiece 12 and
ashape or area of the work surface 14 ofthe workpiece 12. For
example, if the area of the source material 10 is much larger
than the area of the work surface 14 the angle may need to be
smaller, i.e. the workpiece 12 and the source material 10
should be closer to being parallel. Alternatively, if the area of
the source material 10 is much smaller than the area of the
work surface 14 the angle may need to be larger, i.e. the
workpiece 12 should be closer to being perpendicular to the
source material 10. However, being perpendicular or too
close to perpendicular may allow direct propagation of
ejected atoms from the source material 10 to the work surface
14.

[0064] Inview ofthe above, ejected atoms with a direct line
trajectory from the source material 10 to the workpiece 12
may not impact the work surface 14. In other words, ejected
atoms with a direct line trajectory from the source material 10
to the workpiece 12 may impact a backside (i.e. opposite side
to the work surface 14) of the workpiece 12. Therefore, col-
lision of the ejected atoms with particles of the plasma and/or
other ejected atoms will redirect the ejected atoms to impact
the work surface 14 to deposit the layer onto the work surface
14. The ejected atoms may be redirected by collision one or
more times before they reach the work surface 14 of the
workpiece 12. Each collision will reduce the energy of the
ejected atom and probably increase its path length.

[0065] As mentioned above, plasma may be introduced into
the vacuum chamber 2 and the source material 10 may be
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charged to cause plasma ionsto bombard the surface of the
source material 10. In this way, atoms may be ejected from the
source material which can be used to deposit a layer on the
work surface 14. In an embodiment, the pressure in the
vacuum chamber 2 may be selected from group consisting of:
5to 50 mTorr, 10to 40 mTorr, 15 to 35 mTorr, 20 to 30 mTorr,
15 to 25 mTorr, 25 to 50 mTorr, 30 to 40 mTorr. To generate
this pressure inside the vacuum chamber 2, plasma may be
introduced at a specific flow rate. Alternatively, a gas may be
injected into the vacuum chamber 2 at a specific flow rate to
form this pressure and then the gas may be charged to form
plasma. It is noted that this pressure is much higher than in
normal sputtering techniques which typically use a pressure
of'about 3 mTorr. Dueto this increased pressure, the energy of
plasma ions bombarding the source material 10 is reduced
because those plasma ions are more likely to have lost energy
by colliding with other plasma particles before impacting the
source material 10. Therefore, the starting energy of ejected
atoms as they leave the source material 10 may be reduced,
thereby reducing the ending energy of the ejected atoms at
impact with the work surface 14. Further, the probability that
the ejected atoms from the source material 10 collide with
particles of the plasma is increased because there are many
more plasma particles to collide with. Therefore, the ending
energy of the ejected atoms at impact with the work surface 14
may be reduced. Accordingly, the ejected atoms hitting the
work surface 14 have less energy and, therefore, cause less
damage to the work surface 14. Furthermore, since more
plasma ions are present and bombarding the source material a
larger number of ejected atoms is produced. In turn, this
factor may improve the deposition rate.

[0066] In an embodiment, the method 100 may include a
further step after the above-described steps 102 to 106 have
been completed. In this further step, the workpiece 12 is
orientated with respect to the source material 10 to permit
direct propagation of the ejected atoms from the source mate-
rial 10 to the work surface 14 of the workpiece 12 so as to
deposit a further layer onto the workpiece 12. Accordingly, a
first layer may be deposited on work surface 14 in accordance
with above-described steps 102 to 106 and then, afterwards, a
second layer may be deposited on the work surface 14 in
accordance with the further step. An advantage of this further
step is that once a protective layer has been gently applied to
the work surface 14 in accordance with steps 102 to 106, a
further layer can more quickly be applied on top of the first
layer. During first layer deposition, the work surface 14 is
protected from damage at the cost of a reduced deposition
rate. During second layer deposition, the deposition rate can
be increased without risking damage to the work surface 14.
In an embodiment, the workpiece holder 6 may be removed
from the shelf 20 and replaced so that the work surface 14
faces the source material 10. Alternatively, the workpiece
holder 6 may be fixed to an inner wall of the vacuum chamber
2 by an arm (not shown) and configured in use to rotate the
workpiece holder 6 until the work surface 14 faces the source
material 10.

[0067] FIG. 5 shows the apparatus 1' of FIG. 3 configured
for deposition of the second layer. As can be seen on FIG. 5,
the workpiece 12' is orientated with respect to the source
materials 10a', 105" and 10¢' to permit direct propagation of
the ejected atoms from the source materials 104", 105" and
10c¢' to the work surface 14' of the workpiece 12' so as to
deposit a further layer onto the workpiece 12'.
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EXAMPLES

[0068] A Cobalt iron (CoFe) layer, Aluminum (Al) layer
and Magnesium oxide (MgO) layer were deposited on
respective graphene workpieces by different types of sputter-
ing using the method as described above.

[0069] Single layer graphene (SLG) was prepared by
micromechanical exfoliation of Kish graphite. The SL.G was
subsequently transferred onto a highly p-doped Silicon (Si)
substrate having thereon a layer of 300 nm thick Silicon-
Dioxide (SiO2) to form a graphene workpiece. The SL.G was
identified by an optical microscope and was confirmed using
a 532 nm Raman spectrometer.

[0070] In the known prior art configuration of sputtering,
direct propagation of ejected atoms from the source material
onto the graphene work surface is permitted, i.e. the SLG
faces the source material. In the present embodiment, the
graphene workpiece is orientated so that a plane of the
graphene workpiece is parallel with a plane of the source
material and the graphene work surface faces away from the
source material.

[0071] The distance from the source material to the
graphene work surface is fixed at 30 cm. The source material
is vertically aligned with and below the graphene workpiece.
[0072] During all depositions described below, Ar gas pres-
sures are set to 20 mTorr, which is much higher than the
typical value of 3 mTorr used in conventional sputtering
deposition. A high Ar gas pressure of 20 mTorr is used to
increase the probability that (i) plasma atoms collide to
reduce their energy before hitting the source material, and (ii)
ejected atoms collide to reduce their energy before hitting the
work surface. However, more ejected atoms are present due to
the larger number of plasma ionshitting the source material.
Accordingly, the number of ejected atoms is increased but the
energy of the ejected atoms hitting the work surface is
reduced.

[0073] To evaluate the physical property of the graphene
workpiece, Raman spectroscopy was employed. The Raman
spectra of graphene mainly consist of three peaks: D peak
(~1350 cm™), G peak (~1580 cm™), and 2D peak (-2680
cm™). The G peak is due to the bond stretching of pairs of the
sp” carbon atoms. The D peak is due to ring-breathing modes
and is induced by disorder (i.e. damage) of graphene. The 2D
line corresponds to a high-energy second-order process and is
observed even in the absence of the D peak. The shape of the
2D peak and the ratio of intensity between the G peak (I ;) and
2D peak (I,,,) are used to discriminate SL.G from multilay-
ered graphene. Based on the shape and position of these three
peaks and the ratio 1,,/1;, Ferrari and Robertson (Phys. Rev. B
61, 14095 (2000)) introduced a three stage model of disorder
in carbon materials, which allows for a simple assessment of
the Raman spectra of graphene. The early stage leads to
nanocrystalline graphite (nc-G phase) from crystalline graph-
ite, the second stage is low tetragonal amorphous carbon (a-C
phase), and the third stage is high sp> tetrahedral amorphous
carbon (ta-C phase). These three stages were applied to quan-
tify the impact of deposition on the structural quality of
graphene sheets.

DC Sputtering (CoFe and Al)

[0074] In accordance with the above-mentioned two con-
figurations, Co,yFe,, layers of 4 nm and Al layers of 2 nm
were deposited onto the graphene workpiece by DC sputter-
ing at a power of 60 W. According to the prior art configura-
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tion, the deposition rate of CoFe and Al is 6.3 nm and 5.6 nm
per hour, respectively, whereas according to the embodiment,
it is 3.5 nm and 2.5 nm per hour, respectively. Therefore, the
embodiment yielded a reduced deposition rate compared to
the known method.

[0075] FIG. 6 (a) shows the Raman spectra of the deposi-
tion of 4 nm CoFe layer on the graphene workpiece in accor-
dance with the above-mentioned two configurations. The
Raman spectrum 320 of CoFe layer deposited in the known
deposition configuration comprises D peak, G peak and 2D
peak, whereas the Raman spectrum 310 of CoFe layer depos-
ited in accordance with the embodiment comprises a negli-
gible D peak, G peak and 2D peak. In the known prior art
configuration, the sputtered atoms with strong momentum are
deposited directly onto the graphene workpiece with high
energy and thus induce damage to the SL.G. The appearance
of the D peak in Raman spectrum 320 indicates that the
deposition of CoFe breaks the symmetry of graphene and
induces disorder. The in-plane correlation length (L) of
Raman spectrum 320 is calculated by L ,=C(15/1,) to be 6.07
and the disorder level is still good for certain graphene appli-
cations. This shows that high Ar gas pressure (20 mTorr) for
sputtering can greatly reduce the disorder level as compared
to the result of common low Ar gas pressure (3 mTorr) sput-
tering. The level of damage of graphene can be further
reduced once the orientation of the work surface in accor-
dance with an embodiment is utilized together with high Ar
gas pressure. In the embodiment, the energy of atoms is
greatly reduced when they reach the work surface and thus
damage to the graphene is reduced. The Raman spectrum 310
shows anegligible D peak, while the G and 2D peaks preserve
their shapes, indicating the graphene structure of the work
surface is well preserved. Accordingly, DC sputtering depo-
sition could be used onto graphene when performed in accor-
dance with an embodiment.

[0076] The Raman spectra of the deposition of 2 nm Al
layers on the graphene workpiece in accordance with the
above-mentioned two configurations are shown in FIG. 6 (b).
The results are similar to those of CoFe layers. The Raman
spectrum 340 of Al layer deposited via the known configura-
tion comprises D peak, G peak and 2D peak, whereas the
Raman spectrum 330 of Al layer deposited via the embodi-
ment comprises only G peak and 2D peak. Accordingly, no
disorder of graphene is seen from the spectra by using the
embodiment; however, disorder of graphene appears in the
known prior art configuration. A common adopted method to
form AlOx is to deposit Al and then subsequently oxidized it
in atmosphere, pure O,, or oxygen plasma. Since AlOX is
often used as a tunnel barrier for spintronic devices or a
dielectric layer to apply a gate bias, the embodiment thus
sheds light on future graphene applications via sputtering.
[0077] The uniformity of the above-deposited materials
onto graphene is examined by the atomic force microscopy
(AFM) images. FIG. 7 shows AFM of 4 nm CoFe and 2 nm Al
on graphene which were deposited via the emboidment with
20 mTorr Ar gas pressure. The mean roughness of CoFe on
graphene is 0.432 nm, while that of Al is 0.284 nm. The layers
show a good uniformity promising for practical applications.
[0078] Simply reducing the sputtering power is not helpful
to reduce the damage level of graphene. For example, the
CoFe deposition power was reduced from 60 to 23 W for the
known prior art sputtering configuration, so that the deposi-
tion rate is the same as achieved via the embodiment. The D
peak appears in the Raman spectra which is comparable with
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one seen at 60 W in the same configuration (not shown). The
improvement in disorder via the embodiment is attributed to
the reduced energy of atoms when they reach the work sur-
face.

Reactive DC Sputtering (MgO)

[0079] Reactive DC sputtering is an alternative method to
deposit high quality tunnel barriers in a reactive gas mixture
with Ar. An MgO layer of 1 nm was deposited onto graphene
by DC reactive sputtering at 60 W in a mixture of 30 sccm
(standard cubic centimeters per minute) Ar and 1 sccm O, gas
via the embodiment. The deposition rate of DC reactive sput-
tered MgO via the embodiment was 1 nm per hour.

[0080] The Raman spectrum of MgO using reactive DC
sputtering via the embodiment is shown in FIG. 8. A small D
peak is observed, which comes from the oxygen plasma due
to the oxygen gas mixture. The Raman spectrum of MgO
layer deposited in the known prior art deposition configura-
tion shows no peak atall and thus indicates a clear amorphiza-
tion of graphene (not shown). By utilizing the embodiment in
high Ar pressure, a better quality of graphene is obtained after
the oxide deposition, which will enable the use of various
oxide materials in graphene devices by sputtering. Especially,
high spin filtering MgO tunnel barriers are of great impor-
tance for spintronic applications. By replacing the O, gas with
the N, or other reactive gases, various nitrides and other
materials can be explored with graphene using reactive sput-
tering.

[0081] For comparison, various known methods were tried
to deposit a layer onto the SLG and the level of damage of
graphene was studied by Raman spectroscopy. 3 nm SiO,, 2
nm TiO,, 2 nm Cr, 2 nm Cr and 2 nm Cu have been deposited
onto SLG by plasma enhanced chemical vapor deposition
(PECVD), pulsed laser deposition (PL.D), thermal evapora-
tion, e-beam evaporation, and sputtering with their typical
deposition parameters, respectively. In sputtering, 3 mTorr Ar
gas pressure and 60 W were used. As can be seen in FIG. 9,
only known thermal evaporation gives rise to a negligible D
peak after the deposition. A significant D peak appears with
the other known methods, such as PLD, e-beam evaporation,
PECVD, and sputtering. Among these known methods, PLD
and sputtering induce the most significant disorder. Accord-
ing to this model, for e-beam evaporation and PECVD, the
disorder level is moderate and the amorphization is at the first
stage. A second stage amorphization occurs to graphene with
the PLD and sputtering processes.

[0082] An advantage of some embodiments is to enable the
use of sputtering in depositing layers (e.g. thin films or coat-
ings) onto graphene. Graphene is considered as a very good
candidate for transparent films and interconnects. Although
graphene can be an ideal material for transparent contacts, it
still needs to be fabricated with Indium Tin Oxide (ITO) to
form display panels. Currently, display industries are using
sputtering to deposit ITO. By using the above-described
embodiments, graphene can be fully utilized in forming trans-
parent interconnects with conventional ITO fabrication
equipments.

[0083] It will be appreciated by a person skilled in the art
that numerous variations and/or modifications may be made
to one or more of the above-described embodiments without
departing from the spirit or scope of the invention as broadly
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described in the appended claims. The above-described
embodiments are, therefore, to be considered in all respects to
be illustrative and not restrictive.

1-28. (canceled)

29. A method for depositing a layer onto a workpiece using
plasma, the method comprising:

arranging the workpiece and a source material inside a

vacuum chamber;

applying energy to the source material to cause atoms of

the source material to be ejected from a surface of the
source material into a plasma;

orientating the workpiece with respect to the source mate-

rial to prevent direct propagation of the ejected atoms
from the source material to a work surface of the work-
piece and to permit deposition of the layer onto the
workpiece by ejected atoms which impact the work sur-
face after colliding with particles of the plasma.

30. The method of claim 29, wherein the step of applying
comprises:

introducing the plasma into the vacuum chamber; and

electrically charging the source material to cause ions of

the plasma to bombard the surface of the source material
to cause atoms of the source material to be ejected from
the surface of the source material.

31. The method of claim 30, wherein the step of introduc-
ing comprises:

injecting a gas into the vacuum chamber; and

electrically charging the gas to generate the plasma.

32. The method of claim 31, wherein a pressure in the
vacuum chamber is selected from group consisting of: 5 to 50
mTorr, 10 to 40 mTorr, 15 to 35 mTorr, 20 to 30 mTorr, 15 to
25 mTorr, 25 to 50 mTorr, 30 to 40 mTorr.

33. The method of claim 29, wherein the step of applying
comprises causing energized particles from an energy source
to bombard the surface of the source material to form the
plasma and cause atoms of the source material to be ejected
from the surface.

34. The method of claim 29, wherein the step of applying
comprises shining a laser onto the surface of the source mate-
rial to cause atoms of the source material to be vaporized into
a plume of plasma.

35. The method of claim 29, wherein the step of applying
comprises applying an electric arc to the surface of the source
material to cause atoms of the source material to be ejected
from the surface into plasma discharged by the arc.

36. The method of claim 29, further comprising:

orientating the workpiece with respect to the source mate-

rial to permit direct propagation of the ejected atoms
from the source material to the work surface of the
workpiece to deposit a further layer onto the workpiece.

37. An apparatus for depositing a layer onto a workpiece
using plasma, the apparatus comprising:

a vacuum chamber configured in use to house a source

material and the workpiece;

an energy source configured in use to apply energy to the

source material to cause atoms of the source material to
be ejected from a surface of the source material into a
plasma;

aworkpiece holder configured in use to hold the workpiece

and orientate the workpiece with respect to the source
material to prevent direct propagation of the ejected
atoms from the source material to a work surface of the
workpiece and to permit deposition of the layer onto the
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workpiece by ejected atoms which impact the work sur-
face after colliding with particles of the plasma.

38. The apparatus of claim 37, wherein the vacuum cham-
ber comprises an inlet, the inlet comprising a one-way value
to permit fluid entering the vacuum chamber but prevent fluid
leaving the vacuum chamber.

39. The apparatus of claim 37, wherein the energy source
comprises a gas charger configured in use to electrically
charge a gas injected into the vacuum chamber via the inlet to
generate plasma.

40. The apparatus of claim 37, wherein the energy source
further comprises a source charger configured in use to elec-
trically charge the source material to cause ions of the plasma
to bombard the surface of the source material to cause atoms
of the source material to be ejected from the surface of the
source material.

41. The apparatus of claim 37, wherein the energy source is
configured in use to bombard the surface of the source mate-
rial with energized particles to form the plasma and cause
atoms of the source material to be ejected from the surface.

42. The apparatus of claim 37, wherein the workpiece
comprises a substrate having an intermediate material on a
surface thereof, an outer surface of the intermediate material
being the work surface, the intermediate material having a
thickness selected from the group consisting of: 0.1 to 10 nm,
1to2nm,0.1to2nm,2to5nm.

43. The apparatus of claim 42, wherein the intermediate
material is graphene.
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44. The apparatus of claim 37, wherein the workpiece
holder is configured in use to orientate the workpiece with
respect to the source material to prevent straight line propa-
gation of the ejected atoms from the source material to the
work surface.

45. The apparatus of claim 44, wherein the workpiece
holder is configured in use to orientate the workpiece so that
a plane of the workpiece is angled with respect to a plane of
the source material and the work surface faces away from the
source material, the angle being any one of the following: less
that 80°, less that 70°, less that 60°, less that 50°, less that 40°,
less that 30°, less that 20°, less that 15°, less that 10°, less that
5°.

46. The apparatus of claim 45, wherein the workpiece
holder is configured in use to orientate the workpiece so that
the plane of the workpiece is parallel with the plane of the
source material.

47. The apparatus of claim 37, wherein the workpiece
holder is moveable in use to orientate the workpiece with
respect to the source material to permit direct propagation of
the ejected atoms from the source material to the work surface
of'the workpiece to deposit a further layer onto the workpiece.

48. The apparatus of claim 37, wherein the workpiece
holder is configured in use to hold the workpiece above the
source material.



