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A Method for Graphene and Carbon Nanotube Growth

The present invention relates to graphene and carbon nanotube growth, and
particularly to a novel protected catalyst method for graphene and carbon nanotube
growth. The invention relates to layer stacks that enable the method to be performed,
and to uses of the stacks. In particular the method allows for the growth of
nanocarbon materials on substrate materials such as metal sheets, steels, to
plastics, to glass, semiconductors such as silicon, GaAs and other 2D layered

materials.

A single layer graphene is a two dimensional (2D) material which is one-atom thick
(~0.34 nm), composed of carbon atoms where the atoms are arranged in a hexagonal
structure. Graphene also exists as few layer graphene sheets and multilayer graphene
sheets. Rolled-up sheets of graphene form a cylindrical structure form 1D carbon
nanotubes (CNT’s), which can be single wall carbon nanotubes (SWCNT’s) or multiwall
carbon nanotubes (MWCNT's).

The electronic configuration of a carbon atom is 1s2 252 2p2, where four valence
electrons occupy the 2s2 and 2p2 orbitals. Due to the small energy difference between
2s2and 2p2 orbitals, their electronic wave functions overlap to result in sp2
hybridization in carbon. Graphene is the strongest known single layer material, being
stronger than diamond and about 300 times harder than steel because of the strong in-
plane spz bonding. Graphene is also an ideal two dimensional ballistic conductor of
very high electrical conductivity. Highest thermal conductivity of 5000 Wm~K has
also been reported for graphene. All these attributes make graphene suitable for a

number of applications [1].

In addition to the above factors, graphene can also be functionalised by adding
chemical moieties which allow for the material to be produced in a suspended solvable
form. These materials can then be used in composites and can form gas, electrical,

chemical and optical sensors.

Graphene is also a corrosion resistant nano-sheet. Owing to its superior electrical and
mechanical properties, graphene is highly attractive for metal overcoats in order to
increase their life. Furthermore, it can be used in a variety of other applications such as
electronics, aerospace, automobiles, paints and coatings, fuel cells, thermal sinks, solar

cells, transparent corrosion free electrodes, etc. [2]. Carbon nanotubes (CNTs) exhibit
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most of the properties inherited from graphene, share many of the applications for
which graphene could be employed as well as applications unique to them. For
instance, graphene being in the form of sheets and ribbons may act as a corrosion-
resistant barrier layer for metals and lateral interconnects for electrical conduction,
whereas CNTs being cylindrical are suitable for complementary metal-oxide-
semiconductor (CMOS) integrated circuit applications such as vertical interconnect

access (via) and TSVs (through silicon vias).

A key difficulty of using graphene/CNTs in many applications is their poor adhesion to
the substrate which can give rise to reliability issues and also compromise good
electrical contacts. In chemical vapour deposition (CVD) of both graphene and CNTs, a
metal catalyst is used which is susceptible to environmental poisoning, such as
oxidation, prior to the growth process and hence degrades the material properties. The
poisoned catalyst may further poison underneath materials. Furthermore, many in-situ
graphene/CNT based device fabrication processes involve patterning where etching is
performed. In a buried catalyst arrangement (where the catalyst is underneath the
dielectric layer), the catalyst is also attacked by etchants during the etching process.
Protection of the catalyst film from etchants attack, environmental /process poisoning
and growth of reliably attached material with the substrate is highly favourable for the

applications of graphene/CNTs in various areas.

The present invention arises from applicant’s work in addressing these recognised

problems.

According to a first aspect of the invention, there is provided a layer stack for growing
graphene or carbon nanotubes (CNTs), wherein the layer stack comprises a substrate, a
protective layer, and an attachment surface disposed therebetween, wherein the
protective layer is configured to allow carbon diffusion therethrough to the attachment

surface, such that graphene or CNTs grow therefrom.

Preferably, the attachment surface for the graphene or CNTs is disposed adjacent the
protective layer. The substrate may itself be capable of catalysing the growth of the
graphene and/or CNTs from the attachment surface. Preferably, where the substrate is
capable of catalysing the growth of graphene and/or CNTs the substrate comprises
nickel (Ni), copper (Cu), iron (Fe) or steel. However, preferably the layer stack

comprises a catalyst layer disposed between the substrate and the protective layer,
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wherein the catalyst layer is capable of catalysing the growth of the graphene and/or

the CNTs from the attachment surface.

Hence, in a preferred embodiment, the layer stack comprises a substrate, a catalyst
layer disposed adjacent the substrate, and a protective layer disposed adjacent the
catalyst layer. In this embodiment, the attachment surface for the graphene or CNT

growth is preferably disposed between the protective layer and the catalyst layer.

Preferably, the catalyst layer comprises a material selected from a group consisting of:
Copper (Cu), Nickel (Ni), Ruthenium (Ru), Cobalt (Co), Iron (Fe), Rubidium (Rd),
Platinum (Pt), Iridium (Ir), Palladium (Pd), Rhodium (Rh), carbides, Silver (Ag), Gold
(Au), steel or a composite of any two or more of the aforementioned materials. A
preferred catalyst layer comprises Fe. The catalyst layer may be between 1 nm and 500
nm in cross-section. Preferably, where the layer stack is intended for growing graphene,
the catalyst layer is between 200 nm and 500 nm in cross-section. Alternatively, where
the layer stack is intended for growing CNTs, the catalyst layer is preferably between 3

nm and 9 nm in cross-section.

Preferably, the layer stack comprises a support layer disposed between the catalyst
layer and the substrate. Advantageously, the support layer is provided to prevent
catalyst diffusion and increase catalytic activity. It can also act to increase energy
reflection to the catalyst. Preferably, the support layer comprises a material selected
from a group consisting of: Silicon Dioxide (SiO.), Aluminium Oxide (Al.O3), Copper
(Cu), Aluminium (Al), Tungsten (W), Palladium (Pd), Gold (Au), Silver (Ag), Titanium
(Ti), Tantalum (Ta), Tantalum Nitride (TaN) and Titanium Nitride (TiN). The support
layer may comprise at least two layers wherein each layer comprises a different
composition. For example, the support layer may comprise combinations selected from
a group consisting of: TiN/Al, Ti/TiN, Ta/TaN, Ta/TiN, TiN/Ta or Ti/Cu/TiN/Al etc.

The support layer may be between 2 nm and 400 nm in cross-section.

Hence, in a preferred embodiment, the layer stack comprises a substrate, a support
layer disposed adjacent the substrate, a catalyst layer disposed adjacent the support
layer, and a protective layer disposed adjacent the catalyst layer. In this embodiment,
the attachment surface for the graphene or CNT growth is preferably disposed between

the protective layer and the catalyst layer.
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Advantageously, the protective layer protects the substrate and/or catalyst layer from
poisoning. Examples of poisoning which the protective layer protects the substrate
and/or catalyst layer from include environmental and/or process poisoning such as
oxidation and incorporation of unwanted gaseous/solid impurities. The protective layer
can also be configured to protect catalyst from etchants attack during patterning of a
sample. Etchants may for example include gases such as Tetrafluoromethane (CF,),
Sulfur hexafluoride (SFs), Oxygen (O.), Ammonia (NH;), Fluoroform (CHF;), Chlorine
(Cl.), Chloroform (CHCIs;), Hydrogen Fluoride (HF) etc. or wet chemicals such as
Hydrochloric Acid (HCl), Nitric Acid (HNO;), Hydrogen Peroxide (H-0.), Ammonium
Hydroxide (NH4,OH), Hydrofluoric acid (HFq), Buffered Hydrofluoric Acid (BHF),
Potassium Hydroxide (KOH), Sodium Hydroxide (NaOH), Acetic Acid (CH;COOH),
Phosphoric Acid (H;PO,), etc.

In addition, advantageously the provision of the protective layer helps to limit or
control the number of graphene layers that grow from the attachment surface.
Preferably, the graphene, which grows, is either single-layer-graphene (SLG) or few-
layer graphene (FLG). Also, the inventors were surprised to observe that the protective
layer provides significantly improved adhesion of the graphene or CNTs to the

attachment surface compared to embodiments where the protective layer is absent.

Preferably, the protective layer comprises a material selected from a group consisting
of: Titanium Nitride (TiN), Titanium (Ti), polyimide, plastics, polytetrafluoroethylene
(PTFE), PDMS (Polydimethylsiloxane), Tantalum (Ta), Tantalum Nitride (TaN), Gold
(Au), Silver (Ag), Palladium (Pd), Chromium (Cr) and polymers, such as parylene
(poly(p-xylylene)) polystyrene, polyacrylate, polyethylene, Polyethylene terephthalate
(PET) etc. The protective layer may also be selected from 2D layered materials such as
Boron Nitride (BN), Molybdenum disulfide (MoS.), Molybdenum selenide (MoSe),
Tungsten sulphide (WS.), etc. Preferably, however, the protective layer comprises
Titanium Nitride (TiN).

The protective layer may be between 1 nm and 500 nm in cross-section. Preferably, the
protective layer is between 1 nm and 100 nm in cross-section. More preferably, the

protective layer is between 3.5 nm and 17 nm in cross-section.

The substrate may comprise a material selected from a group consisting of: Silicon (Si),

Aluminium Oxide (Al.O3), Silicon Carbide (SiC), steel, Cu, Ni, plastics, polymers, glass,
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Gallium Arsenide (GaAs), Al and zeolite. Alternatively, the substrate may comprise a
material coated with a 2D layered materials such as Boron Nitride (BN), Molybdenum
Disulfide (MoS.), Molybdenum Selenide (MoSe), Tungsten sulphide (WS.), etc.
Preferably, the substrate is at least 10 micrometers thick in cross-section, and more
preferably is between 10 micrometers and 100 mm in cross-section, or more. For
example, for semiconductor applications, the substrate may be about 10 um to 2mm,

and for larger applications, the substrate may be greater than 50 mm in cross-section.

The layer stack may comprise the structure Sub:[Cat:Pro],, wherein Sub corresponds to
a substrate, Cat corresponds to the catalyst layer and Pro corresponds to the protective
layer, and n is greater than 1. In some embodiments, n may be 2, 3, 4 or 5, or more. In
other embodiments, n may be at least 10, 50, 100, 150, 200 or more. Preferably, the
catalyst and protective layers are alternately disposed onto the substrate. For example,
the layer stack may comprise: (i) a substrate, (ii) a catalyst layer, (iii) a protective layer,
(iv) a catalyst layer, and (v) a protective layer, which would be represented by
Sub:[Cat:Pro]., or (i) a substrate, (ii) a catalyst layer, (iii) a protective layer, (iv) a
catalyst layer, (v) a protective layer, (vi) a catalyst layer, and (vii) a protective layer,
which would be represented by Sub:[Cat:Pro]s, and so on, depending on the required

number of layers.

Alternatively, the layer stack may comprise the structure Sub:[Sup:Cat:Pro],, wherein
Sub corresponds to a substrate, Sup corresponds to a support layer, Cat corresponds to
the catalyst layer and Pro corresponds to the protective layer, and n is greater than 1. In
some embodiments, n may be 2, 3, 4 or 5, or more. In other embodiments, n may be at
least 10, 50, 100, 150, 200 or more. For example, the layer stack may comprise: (i) a
substrate, (ii) a support layer, (iii) a catalyst layer, (iv) a protective layer, (v) a support
layer, (vi) a catalyst layer, and (vii) a protective layer, which would be represented by
Sub:[Sup:Cat:Pro]., or (i) a substrate, (ii) a support layer, (iii) a catalyst layer, (iv) a
protective layer, (v) a support layer, (vi) a catalyst layer, (vii) a protective layer, (viii) a
support layer, (ix) a catalyst layer, and (x) a protective layer, which would be
represented by Sub:[Sup:Cat:Pro]s, and so on, depending on the required number of
layers. In this way, it is possible to grow multiple layers of graphene or CNTs in a single

layer stack.

In a second aspect, there is provided a method for manufacturing a layer stack for use

in growing graphene or carbon nanotubes (CNTs), the method comprising:-
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6
a) providing a substrate, and
b) depositing a protective layer on the substrate, such that an attachment

surface is disposed between the substrate and the protective layer,
thereby creating a layer stack, wherein the protective layer is configured
to allow carbon diffusion therethrough to the attachment surface, such

that graphene or CNTs grow therefrom.

Preferably, the layer stack that is manufactured is as defined with respect to the first

aspect.

The substrate provided in step (a) may comprise a material selected from a group
consisting of: Silicon (Si), Al, Aluminium Oxide (Al.Os), Silicon Carbide (SiC), steel, Ni,
Cu, Fe plastics, polymers, glass, Gallium Arsenide (GaAs) and zeolite. Or the substrate
may comprise a material coated with a 2D layered materials such as Boron Nitride
(BN), Molybdenum Disulfide (MoS.), Molybdenum Selenide (MoSe), Tungsten
sulphide (WS,), etc. Preferably, the substrate is at least 10 micrometers thick in cross-
section, and more preferably is between 10 micrometers and 100 mm in cross-section,
or more. For example, for semiconductor applications, the substrate may be about 10
um to 2mm, and for larger applications, the substrate may be greater than 50 mm in

cross-section.

Preferably, the protective layer comprises a material selected from a group consisting
of: Titanium Nitride (TiN), Titanium (Ti), polyimide, plastics, polytetrafluoroethylene
(PTFE), PDMS (Polydimethylsiloxane), Tantalum (Ta), Tantalum Nitride (TaN), Gold
(Au), Silver (Ag), Palladium (Pd), Chromium (Cr) and polymers, such as parylene
(poly(p-xylylene)) polystyrene, polyacrylate, polyethylene, Polyethylene terephthalate
(PET) etc. The protective layer may also be selected from 2D layered materials such as
BN, MoS., MoSe, WS., etc. Preferably, however, the protective layer comprises
Titanium Nitride (TiN).

As such, the protective layer may be between 1 nm and 500 nm in cross-section.
Preferably, the protective layer is between 1 nm and 100 nm in cross-section. More

preferably, the protective layer is between 3.5 nm and 17 nm in cross-section.

The method preferably comprises depositing a catalyst layer on the substrate,

preferably before the protective layer has been deposited. Preferably, the catalyst layer
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comprises a material selected from a group consisting of: Copper (Cu), Nickel (Ni),
Ruthenium (Ru), Cobalt (Co), Iron (Fe), Rubidium (Rd), Platinum (Pt), Iridium (Ir),
Palladium (Pd), Rhodium (Rh), carbides, Silver (Ag), Gold (Au), steel or a composite of
any two or more of the aforementioned materials. A preferred catalyst layer comprises
Fe. The catalyst layer may be between 1 nm and 500 nm in cross-section. Preferably,
where the layer stack is intended for growing graphene, the catalyst layer is between
200 nm and 500 nm in cross-section. Alternatively, where the layer stack is intended
for growing CNTs the catalyst layer is preferably between 3 nm and 9 nm in cross-

section.

Preferably, the method comprises depositing a support layer on the substrate,
preferably before the catalyst layer has been deposited. Preferably, the support layer
comprises a material selected from a group consisting of: Silicon Dioxide (SiO.),
Aluminium Oxide (Al.O;), Copper (Cu), Aluminium (Al), Tungsten (W), Palladium
(Pd), Gold (Au), Silver (Ag), Titanium (Ti), Tantalum (Ta), Tantalum Nitride (TaN) and
Titanium Nitride (TiN) The support layer may comprise at least two layers wherein
each layer comprises a different composition. For example, the support layer may
comprise combinations selected from a group consisting of: TiN/Al, Ti/TiN, Ta/TaN,
Ta/TiN, TiN/Ta, Ti/Cu/TiN/Al or Ti/Cu/TiN/Al etc. The support layer may be

between 2 nm and 400 nm in cross-section.

In an alternative embodiment, in which a catalyst layer is not provided, the substrate
may be capable of catalysing the growth of graphene and/or CNTs and the substrate

preferably comprises nickel (Ni), copper (Cu), iron (Fe), steel.

Preferably, the support layer, catalyst layer and/or protective layer are sputter
deposited. The layers could be cluster source deposited, electron beam evaporated,
thermally evaporated, solution deposited, solution evaporated, ion implanted, spin
coated, chemical vapour deposited, plasma chemical vapour deposited, plasma
immersion deposited or electrodeposited. Sputter depositing will be well-known to the
skilled person, and is described in the Examples. The different layers are preferably
deposited sequentially onto the substrate in an inert environment without breaking
vacuum. Thus, advantageously exposure of the catalyst layer to the atmosphere is

avoided.
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In embodiments where the method comprises depositing a catalyst layer on the
substrate the steps of depositing the catalyst layer and the protective layer may be
repeated sequentially such that the method results in the manufacture of a layer stack
comprising the structure Sub:[Cat:Pro],, wherein Sub corresponds to a substrate, Cat
corresponds to the catalyst layer and Pro corresponds to the protective layer, and n is
greater than 1. In some embodiments, n may be 2, 3, 4 or 5, or more. In other
embodiments, n may be at least 10, 50, 100, 150, 200 or more. Preferably, the catalyst
and protective layers are alternately disposed onto the substrate. For example, the layer
stack may comprise: (i) a substrate, (ii) a catalyst layer, (iii) a protective layer, (iv) a
catalyst layer, and (v) a protective layer, which would be represented by Sub:[Cat:Pro].,
or (i) a substrate, (ii) a catalyst layer, (iii) a protective layer, (iv) a catalyst layer, (v) a
protective layer, (vi) a catalyst layer, and (vii) a protective layer, which would be

represented by Sub:[Cat:Pro]s, and so on, depending on the required number of layers.

Alternatively, in embodiments where the method comprises depositing a support layer
on the substrate the steps of depositing the support layer, catalyst layer and protective
layer may be repeated sequentially such that the method results in the manufacture of a
layer stack comprising the structure Sub:[Sup:Cat:Pro],, wherein Sub corresponds to a
substrate, Sup corresponds to a support layer, Cat corresponds to the catalyst layer and
Pro corresponds to the protective layer, and n is greater than 1. In some embodiments,
n may be 2, 3, 4 or 5, or more. In other embodiments, n may be at least 10, 50, 100, 150,
200 or more. For example, the layer stack may comprise: (i) a substrate, (ii) a support
layer, (iii) a catalyst layer, (iv) a protective layer, (v) a support layer, (vi) a catalyst layer,
and (vii) a protective layer, which would be represented by Sub:[Sup:Cat:Pro]., or (i) a
substrate, (ii) a support layer, (iii) a catalyst layer, (iv) a protective layer, (v) a support
layer, (vi) a catalyst layer, (vii) a protective layer, (viii) a support layer, (ix) a catalyst
layer, and (x) a protective layer, which would be represented by Sub:[Sup:Cat:Pro]s,

and so on, depending on the required number of layers.

The inventors have demonstrated in the Examples that different embodiments of the

layer stacks of the invention are highly effective for growing graphene or CNTs thereon.

Hence, according to a third aspect of the invention, there is provided use of the layer

stack according to the first aspect, for growing graphene or carbon nanotubes (CNTSs).
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In addition, according to a fourth aspect, there is provided a method for growing
graphene or carbon nanotubes (CNTs), the method comprising;:

a) providing a layer stack comprising a substrate, a protective layer, and an
attachment surface disposed therebetween, wherein the protective layer is
configured to allow carbon diffusion therethrough to the attachment
surface; and

b) allowing graphene or CNTs to grow from the attachment surface.

Preferably, the layer stack that is used is as defined with respect to the first aspect.

The substrate may itself be capable of catalysing the growth of graphene and/or CNTs.
Preferably, where the substrate is capable of catalysing the growth of graphene and/or
CNTs the substrate comprises nickel (Ni), copper (Cu), iron (Fe) or steel. However,
preferably the layer stack comprises a catalyst layer disposed between the substrate and
the protective layer, and capable of catalysing the growth of graphene and/or CNTs.
Preferably, the catalyst layer comprises a material selected from a group consisting of:
Copper (Cu), Nickel (Ni), Ruthenium (Ru), Cobalt (Co), Iron (Fe), Rubidium (Rd),
Platinum (Pt), Iridium (Ir), Palladium (Pd), Rhodium (Rh), carbides, Silver (Ag), Gold
(Au), steel or a composite of any two or more of the aforementioned materials. A
preferred catalyst layer comprises Fe. The catalyst layer may be between 1 nm and 500
nm in cross-section. Preferably, where the layer stack is intended for growing graphene,
the catalyst layer is between 200 nm and 500 nm in cross-section. Alternatively, where
the layer stack is intended for growing CNTs the catalyst layer is between 3 nm and 9

nm in cross-section.

The substrate may comprise a material selected from a group consisting of: Silicon (Si),
Aluminium Oxide (Al.O3), Silicon Carbide (SiC), steel, Cu, Ni, plastics, polymers, glass,
Gallium Arsenide (GaAs), Al and zeolite. Alternatively, the substrate may comprise a
material coated with a 2D layered materials such as Boron Nitride (BN), Molybdenum
Disulfide (MoS.), Molybdenum Selenide (MoSe), Tungsten sulphide (WS.), etc.
Preferably, the substrate is at least 10 micrometers thick in cross-section, and more
preferably is between 10 micrometers and 100 mm in cross-section, or more. For
example, for semiconductor applications, the substrate may be about 10 um to 2mm,

and for larger applications, the substrate may be greater than 50 mm in cross-section.
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Preferably, a support layer is disposed between the catalyst layer and the substrate. The
support layer may comprise a material selected from a group consisting of: Silicon
Dioxide (SiO.), Aluminium Oxide (Al.O3), Copper (Cu), Aluminium (Al), Tungsten (W),
Palladium (Pd), Gold (Au), Silver (Ag), Titanium (Ti), Tantalum (Ta), Tantalum Nitride
(TaN) and Titanium Nitride (TiN). The support layer may comprise at least two layers
wherein each layer comprises a different composition. For example, the support layer
may comprise combinations selected from a group consisting of: TiN/Al, Ti/TiN,
Ta/TaN, Ta/TiN, TiN/Ta, Ti/Cu/TiN/Al or Ti/Cu/TiN/Al etc. The support layer may

be between 2 nm and 400 nm in cross-section.

Preferably, the protective layer comprises a material selected from a group consisting
of: Titanium Nitride (TiN), Titanium (Ti), polyimide, plastics, polytetrafluoroethylene
(PTFE), PDMS (Polydimethylsiloxane), Tantalum (Ta), Tantalum Nitride (TaN), Gold
(Au), Silver (Ag), Palladium (Pd), Chromium (Cr) and polymers, such as parylene
(poly(p-xylylene)) polystyrene, polyacrylate, polyethylene, Polyethylene terephthalate
(PET) etc. The protective layer may also be selected from 2D layered materials such as
BN, MoS., MoSe, WS., etc. Preferably, however, the protective layer comprises
Titanium Nitride (TiN). As such, the protective layer may be between 1 nm and 500 nm
in cross-section. Preferably, the protective layer is between 1 nm and 100 nm in cross-
section. More preferably, the protective layer is between 3.5 nm and 17 nm in cross-

section.

The layer stack may comprise the structure Sub:[Cat:Pro],, wherein Sub corresponds to
a substrate, Cat corresponds to the catalyst layer and Pro corresponds to the protective
layer, and n is greater than 1. In some embodiments, n may be 2, 3, 4 or 5, or more. In
other embodiments, n may be at least 10, 50, 100, 150, 200 or more. Preferably, the
catalyst and protective layers are alternately disposed onto the substrate. For example,
the layer stack may comprise: (i) a substrate, (ii) a catalyst layer, (iii) a protective layer,
(iv) a catalyst layer, and (v) a protective layer, which would be represented by
Sub:[Cat:Pro]., or (i) a substrate, (ii) a catalyst layer, (iii) a protective layer, (iv) a
catalyst layer, (v) a protective layer, (vi) a catalyst layer, and (vii) a protective layer,
which would be represented by Sub:[Cat:Pro]s, and so on, depending on the required

number of layers.

Alternatively, the layer stack may comprise the structure Sub:[Sup:Cat:Pro],, wherein

Sub corresponds to a substrate, Sup corresponds to a support layer, Cat corresponds to



10

15

20

25

30

35

WO 2015/189575 PCT/GB2015/051634

11

the catalyst layer and Pro corresponds to the protective layer, and n is greater than 1. In
some embodiments, n may be 2, 3, 4 or 5, or more. In other embodiments, n may be at
least 10, 50, 100, 150, 200 or more. For example, the layer stack may comprise: (i) a
substrate, (ii) a support layer, (iii) a catalyst layer, (iv) a protective layer, (v) a support
layer, (vi) a catalyst layer, and (vii) a protective layer, which would be represented by
Sub:[Sup:Cat:Pro]., or (i) a substrate, (ii) a support layer, (iii) a catalyst layer, (iv) a
protective layer, (v) a support layer, (vi) a catalyst layer, (vii) a protective layer, (viii) a
support layer, (ix) a catalyst layer, and (x) a protective layer, which would be
represented by Sub:[Sup:Cat:Pro]s, and so on, depending on the required number of

layers.

Preferably, step (b) of the method of the fourth aspect comprises growing the graphene
or CNTs in a chemical vapour deposition (CVD) system. The process can be performed
in any form of CVD including thermal CVD (TCVD), plasma enhanced CVD (PECVD) or
photothermal CVD (PTCVD). Preferably, PTCVD can be used where optical energy is
delivered to the layer stack as infrared radiation, preferably from above the substrate.
For example, IR lamps may be used while the layer stack sample is placed on a water-
cooled chuck. Preferably, an upper surface of the substrate provided with the layer
stack is heated to a temperature of at least 500 °C, 600°C, 700°C or at least 800 °C. An
upper surface of the substrate provided with the layer stack may be heated up to 1100
°C. Preferably, the bulk of the substrate provided with the layer stack remains at a
temperature below 600 °C, 470 °C or below 250 °C. The bulk temperature of the sample
may be recorded by a pyrometer disposed towards a lower surface of the substrate. The
temperature of the substrate provided with the layer stack may be mainly controlled by
the electrical power supplied to the optical lamps, the gases used and pressure of the
gases in the chamber. If the power supplied to the chamber is by another means, this
will need to be optimised to couple the correct energy to the system. It will be
appreciated that the thermal conductivity of the gases in the chamber will also play an

important role in the thermal energy kinetics.

Preferably, the growth of graphene or CNTs comprises pre-treating the substrate
provided with the layer stack to a substrate bulk temperature below 470°C, preferably
in flowing Hydrogen (H.). Other gases such as Argon (Ar), Nitrogen (N.), Helium (He),
NHs, etc., can also be used. Plasma assisted or chemical based catalyst pre-treatment
may also be used. Preferably, the flowing H. is delivered at between 25 — 500 sccm

(standard cubic centimetres per minute), most preferably about 100 scecm. Preferably,
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this step is carried out at a pressure between 0.1 Torr and 7600 Torr, preferably about 2
Torr. Preferably, the preheating step is maintained for about 1-60 minutes, more

preferably about 5-15 minutes, most preferably about 10 minutes.

Preferably, in embodiments where graphene is grown, the substrate bulk temperate is
between 350 — 650 °C (preferably with an upper surface temperature of between 550 —
1100 °C), preferably about 460 °C. Alternatively, in embodiments where CNTs are
grown, the bulk temperature is preferably in the range of 250 — 500 °C (preferably with

an upper surface temperature between 350 — 850 °C).

Growth of graphene or CNTs may comprise using a carbon feedstock such as Acetylene
(C:H.), Ethylene (C.H,), Methane (CH,), Carbon Monoxide (CO), camphor,
naphthalene, ferrocene, benzene, ethanol, or any other carbon feedstock. Preferably,
the growth of the graphene or CNTs comprises using C.H. as the carbon feedstock.
Preferably, this is maintained for about 0.1-60 minutes, more preferably about 2-8
minutes, most preferably about 5 min. The carbon feedstock may be delivered between

5 — 500 sccm. Preferably, the carbon feedstock is delivered at around 10 scem.

According to a fifth aspect, there is provided a method for patterned graphene and/or
CNT growth in a buried catalyst arrangement, the method comprising:
a) depositing a protective layer on a substrate defining an attachment
surface therebetween;
b) depositing a further layer on the protective layer;
c) lithographically patterning the further layer;
d) carrying out etching of the further layer; and

e) allowing graphene/CNTs to grow on the attachment surface.

The attachment surface for the graphene or CNTs may be disposed adjacent the
protective layer. The substrate may itself be capable of catalysing the growth of the

graphene and/or CNTs from the attachment surface.

In this embodiment, the phrase “buried catalyst” can refer to an arrangement where the
substrate, which is capable of catalysing the growth of the graphene and/or CNTs, is
provided underneath a further layer, where the further layer is configured to be

lithographically patterned.
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However, in a preferred embodiment, a catalyst layer may be deposited on the
substrate, prior to the deposition of the protective layer, wherein the catalyst layer is
capable of catalysing the growth of the graphene and/or the CNTs from the attachment

surface.

In this embodiment, the phrase “buried catalyst” can refer to an arrangement where the
catalyst is provided underneath a further layer, where the further layer is configured to

be lithographically patterned.

In one embodiment the method according to the fifth aspect is used for patterned
graphene growth only. In an alternative embodiment the method according to the fifth
aspect is used for patterned CNT growth only. In a further alternative embodiment the
method according to the fifth aspect is used for combined patterned CNT and graphene
growth together. The combined patterned CNT and graphene growth may comprise
multi-level combined patterned CNT and graphene growth. The layer stack may be
configured such that the resulting CNTs and graphene are configured to act as

horizontal and vertical interconnects.

The further layer may be a dielectric such as Silicon Dioxide (SiO.), F-doped oxides
(SiO:F), C-doped oxides (SiO:C), SOG (spin on glass), polymers (polyimides, aromatic
polymers, parylene, PTFE, etc or a metal such as Cu, Al, W, Au, Ag, etc. The further
layer may be between 1 nm to 500 nm in cross-section. Alternatively, the further layer
may be more than 500 nm in cross-section. The further layer is preferably silicon

dioxide.

The substrate may comprise a material selected from a group consisting of: Silicon (Si),
Aluminium Oxide (Al.O3), Silicon Carbide (SiC), steel, Al, Ni, Cu, plastics, polymers,
glass, Gallim Arsenide (GaAs) and zeolite. Alternatively, the substrate may comprise a
material coated with a 2D layered materials such as Boron Nitride (BN), Molybdenum
Disulfide (MoS.), Molybdenum Selenide (MoSe), Tungsten sulphide (WS.), etc.
Preferably, the substrate comprises silicon. Alternatively, where the substrate is
capable of catalysing the growth of graphene and/or CNTs the substrate comprises
nickel (Ni), copper (Cu), iron (Fe) or steel.

Preferably, the method comprises depositing a support layer on the substrate,

preferably before the catalyst layer has been deposited. Preferably, the support layer
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comprises a material selected from a group consisting of: Silicon Dioxide (SiO.),
Aluminium Oxide (Al.O;), Copper (Cu), Aluminium (Al), Tungsten (W), Palladium
(Pd), Gold (Au), Silver (Ag), Titanium (Ti), Tantalum (Ta), Tantalum Nitride (TaN) and
Titanium Nitride (TiN). The support layer may comprise at least two layers wherein
each layer comprises a different composition. For example, the support layer may
comprise combinations selected from a group consisting of: TiN/Al, Ti/TiN, Ta/TaN,
Ta/TiN, TiN/Ta or Ti/Cu/TiN/Al etc. The support layer may be between 2 nm and 400

nm in cross-section.

Preferably, the catalyst layer comprises Copper (Cu), Nickel (Ni), Ruthenium (Ru),
Cobalt (Co), Iron (Fe), Rubidium (Rd), Platinum (Pt), Iridium (Ir), Palladium (Pd),
Rhodium (Rh), carbides, Silver (Ag), Gold (Au), steel or a composite of any two or more
of the aforementioned materials. A preferred catalyst layer comprises Fe. Preferably,
the catalyst layer comprises a film of 1 nm to 500 nm in cross section. Preferably, where
the layer stack is intended for growing graphene, the catalyst layer is between 200 nm
and 500 nm in cross-section. Alternatively, where the layer stack is intended for
growing CNTs the catalyst layer is between 3 nm and 9 nm in cross-section. In a
preferred embodiment the catalyst later comprises a film of around 3 nm in cross-

section.

Preferably, the protective layer comprises a material selected from a group consisting
of: Titanium Nitride (TiN), Titanium (Ti), polyimide, plastics, polytetrafluoroethylene
(PTFE), PDMS (Polydimethylsiloxane), Tantalum (Ta), Tantalum Nitride (TaN), Gold
(Au), Silver (Ag), Palladium (Pd), Chromium (Cr) and polymers, such as parylene
(poly(p-xylylene)) polystyrene, polyacrylate, polyethylene, Polyethylene terephthalate
(PET) etc. The protective layer may also be selected from 2D layered materials such as
BN, MoS., MoSe, WS., etc. Preferably, the protective layer comprises Titanium Nitride
(TiN). Preferably, the protective layer comprises a film of 1 nm — 500 nm in cross-
section. More preferably, the protective layer is between 3.5 nm and 17 nm in cross-
section. In a preferred embodiment, the protective layer comprises a film of around 77

nm in cross-section.

The layers could be cluster source deposited, electron beam evaporated, thermally
evaporated, solution deposited, solution evaporated, ion implanted, spin coated,
chemical vapour deposited, plasma chemical vapour deposited, plasma immersion

deposited or electrodeposited. Preferably, the or each further layer, support layer,
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catalyst layer and/or protective layer is sputter deposited. The different layers are
preferably deposited sequentially onto the substrate in an inert environment without
breaking vacuum. Thus, advantageously exposure of the catalyst layer to the

atmosphere is avoided.

Preferably, the etching comprises reactive ion etching or wet chemicals etching using
gaseous etchants such as CF,, SFe, O., NH3, CHF;, Cl,, Hydrogen Bromide (HBr), Boron
trichloride (BCl;), CHCI; etc., or wet chemicals such as HCIl, HNO,, H.O., NH,OH, HF,
BHF, KOH, NaOH, CH;COOH, H;PO,, etc. Preferably, the etching comprises reactive
ion etching and the etchant comprises CF, delivered at between 5- 200 sccm, most
preferably about 30 scem, together with Ar delivered at between 5-500 scem, most
preferably about 10 sccm. Preferably step (d) of the method of the fifth aspect is
maintained for about 1-60 minutes, more preferably about 5-15 minutes, most
preferably about 10 minutes. Preferably step (d) of the method of the fifth aspect is
performed at between 30-150 mTorr pressure, most preferably about 60 mTorr
pressure, and at between 50-200 watt RF Power, most preferably about 100 watt RF

power.

Preferably, step (e) of the method of the fifth aspect can be performed in any form of
CVD including thermal CVD (TCVD), plasma enhanced CVD (PECVD) or photothermal
CVD (PTCVD). Preferably, step (e) is performed in a photo-thermal chemical vapour
deposition (PTCVD) system. Preferably, optical energy is delivered to the layer stack as
infrared radiation, preferably from above the substrate. For example, IR lamps may be
used while the layer stack sample is placed on a water-cooled chuck. Preferably, an
upper surface of the substrate provided with the layer stack is heated to a temperature
of at least 500°C, 600°C, 700°C or at least 800 °C. An upper surface of the substrate
provided with the layer stack may be heated up to 1100 °C. Preferably, the bulk of the
substrate provided with the layer stack remains at a temperature below 650 °C, 470 °C,
or below 250 °C. The bulk temperature of the sample may be recorded by a pyrometer
disposed towards a lower surface of the substrate. The temperature of the substrate
provided with the layer stack may be mainly controlled by the electrical power supplied
to the optical lamps, the gases used and pressure of the gases in the chamber. It will be
appreciated that the thermal conductivity of the gases in the chamber will also play an
important role in the thermal energy kinetics. If the power supplied to the chamber is
by another means, this will need to be optimised to couple the correct energy to the

system.
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Preferably, the growth of graphene and/or CNTs comprises pre-treating the substrate
provided with the layer stack to a substrate bulk temperature below 470°C, preferably
in flowing H.. Other gases such as Ar, N, He, NH;, etc., can also be used. Plasma
assisted or chemical based catalyst pre-treatment may also be used. Preferably, the bulk
temperature is between 250 °C — 650 °C. Preferably, the flowing H. is delivered at
between 25-500 scem (standard cubic centimetres per minute), most preferably about
100 sccm. Preferably, this step is carried out at a pressure of about 0.1-7600 Torr,
preferably about 2 Torr. Preferably, the preheating step is maintained for about 1-60

minutes, more preferably about 5-15 minutes, most preferably about 10 minutes.

Preferably, the growth of the graphene and/or CNTs is carried out using a carbon
feedstock, such as C.H., C.H,, CH,, CO, CO., camphor, naphthalene, Ferrocene,
benzene, ethanol, or any other carbon feedstock can also be used. Preferably, the
growth of the graphene and/or CNTs according to the method of the fifth aspect
comprises using C.H. as the carbon feedstock. Preferably, this is maintained for about
1-60 minutes, more preferably about 2-8 minutes, most preferably about 5 min.
Preferably, the carbon feedstock may be delivered between 5 — 500 sccm. Preferably,

the carbon feedstock is delivered at around 10 scem.

Preferably, the fabrication of graphene and/or CNT comprises a final step:

f) depositing and patterning of a top layer.

The top layer may comprise a dielectric such as SiO., F-doped oxides (SiO:F), C-doped
oxides (SiO:C), SOG (spin on glass), polymers, such as polyimides, aromatic polymers,
parylene, PTFE, etc., or a metal such as Cu, Al, W, Au, Ag, etc. Preferably the top layer
comprises an Al film. The Al film may be configured to act as a top metal contact. The
top layer can be 10 — 1000 nm in cross-section. The top layer preferably is about 300

nm in cross-section.

According to a sixth aspect, there is provided a method for growing carbon nanotubes
(CNTs), the method comprising;:
a) providing a layer stack comprising a substrate, a protective layer, and an
attachment surface disposed therebetween, wherein the protective layer is
configured to allow carbon diffusion therethrough to the attachment

surface; and
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b) allowing CNTs to grow from the attachment surface, and separate at least a

portion of the protective layer from the layer stack.

Using this method, 3D structures are created.

In a preferred embodiment, the CNT growth causes the portion of the protective layer
to separate from the attachment surface. Hence, in a preferred embodiment, the
resulting structure comprises CNTs sandwiched between the attachment surface and

the protective layer.

Alternatively, the protective layer comprises at least two sublayers, and the CNT growth
may cause a first protective sublayer to separate from a second protective sublayer.
Hence, in this embodiment, the resulting structure comprises CNTs sandwiched
between the attachment surface and the first protective sublayer, and the second

protective sublayer remains adjacent to the attachment surface.

Preferably, the layer stack that is used in the method of the sixth aspect is as defined

with respect to the first aspect.

Preferably, the protective layer comprises at least one material selected from a group
consisting of: Titanium Nitride (TiN), Titanium (Ti), polyimide, plastics,
polytetrafluoroethylene (PTFE), PDMS (Polydimethylsiloxane), Tantalum (Ta),
Tantalum Nitride (TaN), Gold (Au), Silver (Ag), Palladium (Pd), Chromium (Cr) and
polymers, such as parylene (poly(p-xylylene)) polystyrene, polyacrylate, polyethylene,
Polyethylene terephthalate (PET) etc. The protective layer may also be selected from
2D layered materials such as BN, MoS., MoSe, WS, etc. Preferably, however, at least
the portion of the protective layer which becomes separated from the layer stack
comprises a polymeric material. As such, the protective layer may be between 1 nm and
500 nm in cross-section. Preferably, the protective layer is between 1 nm and 100 nm
in cross-section. More preferably, the protective layer is between 3.5 nm and 17 nm in

cross-section.

Preferably, the method of growing the CNTs comprises using the method of the fourth

aspect.
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The inventors have demonstrated in the Examples that the layer stack could be used for
the combined growth of graphene and CNTS, which may act as horizontal and vertical

interconnects.

Hence, according to a seventh aspect there is provided a method for the manufacture of
a graphene and/or CNT based integrated circuit or printed circuit board interconnnect,
wherein the method comprises:
a) providing a plurality of layer stacks as defined with respect to the first
aspect; and
b) growing the graphene and/or CNTs from the attachment surfaces such that
the graphene and/or CNTs are configured to act as a horizontal and vertical

interconnect.

Preferably, patterning of the CNTs and graphene is performed as defined with respect
to the fifth aspect. Preferably, 3D structuring of CNTs is performed as defined with
respect to the sixth aspect. Preferably, the CNTs and/or graphene are grown using the
method of the fourth aspect.

Preferably, the plurality of layer stacks is configured to allow the combined growth of
graphene and CNTs.

Example 8 describes use of the methodology to grow CNTs or graphene into cavities

within a layer stack system.

Thus, according to an eighth aspect of the invention, there is provided a layer stack for
growing graphene or carbon nanotubes (CNTs), wherein the layer stack comprises a
substrate, a protective layer, a cavity provided within the layer stack, and an attachment
surface, wherein the protective layer is configured to allow carbon diffusion
therethrough to both the cavity and the attachment surface, such that graphene or

CNTs grow from the attachment surface.

In one embodiment, the attachment surface for the CNTs or graphene is disposed
within the cavity, opposite the protective layer. The substrate may itself be capable of

catalysing the growth of the CNTs or graphene from the attachment surface.
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Hence, in one embodiment, the layer stack comprises a substrate, wherein the
substrate defines an indentation in a surface thereof, a protective layer disposed
adjacent the substrate and over the indentation to form a cavity. In this embodiment,
the attachment surface for the graphene or CNT growth is preferably disposed within

the cavity opposite the protective layer.

In a preferred embodiment the layer stack comprises an additional layer disposed
between the substrate and the protective layer, wherein the additional layer defines an

indentation and the protective layer is disposed over the indentation to form the cavity.

Hence, in a preferred embodiment, the layer stack comprises a substrate, an additional
layer disposed adjacent the substrate, wherein the additional layer and the substrate
define an indentation, a protective layer disposed adjacent the additional layer and over
the indentation to form a cavity. In this embodiment, the attachment surface for the
graphene or CNT growth is preferably disposed within the cavity opposite the

protective layer.

Preferably the layer stack comprises a catalyst layer disposed on the opposite side of the
cavity to the protective layer, wherein the catalyst layer is capable of catalysing the

growth of the CNTs or graphene from the attachment surface.

Hence, in a preferred embodiment, the layer stack comprises a substrate, a catalyst
layer disposed adjacent the substrate, an additional layer disposed adjacent the catalyst
layer, wherein the additional layer and catalyst layer define an indentation, and a
protective layer disposed adjacent the additional layer and over the indentation to form
a cavity. In this embodiment, the attachment surface for the CNT growth is preferably
disposed within the cavity, adjacent the catalyst layer.

Preferably, the layer stack comprises a support layer disposed between the catalyst

layer and the substrate.

Hence, in a preferred embodiment, the layer stack comprises a substrate, a support
layer disposed adjacent the substrate, a catalyst layer disposed adjacent the support
layer, an additional layer disposed adjacent the catalyst layer, wherein the additional
layer and catalyst layer define an indentation, and a protective layer disposed adjacent

the additional layer and over the indentation to form a cavity. In this embodiment, the
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attachment surface for the CNT or graphene growth is preferably disposed within the

cavity, adjacent the catalyst layer.

Preferably, the layer stack comprises two protective layers, wherein the first protective
layer is disposed between the catalyst layer and the additional layer, and the second
protective layer is disposed over the indentation, defined by the additional layer, to

form the cavity.

Hence, in a preferred embodiment, the layer stack comprises a substrate, an optional
support layer disposed adjacent the substrate, a catalyst layer disposed adjacent the
support layer where provided, or in embodiments where the support layer is not
provided the catalyst layer will be disposed adjacent the substrate, a first protective
layer disposed adjacent the catalyst layer, an additional layer disposed adjacent the first
protective layer, wherein the additional layer and first protective layer define an
indentation, and a second protective layer disposed adjacent the additional layer and
over the indentation to form a cavity. In this embodiment, the attachment surface for

the CNT or graphene growth is preferably disposed adjacent the catalyst layer.

In an alternative embodiment, the layer stack comprises a catalyst layer disposed
between the protective layer and the cavity wherein the catalyst layer is capable of

catalysing the growth of the CNTs or graphene from the attachment surface.

Hence, in an alternative embodiment, the layer stack comprises a substrate, wherein
the substrate defines an indentation in a surface thereof, a catalyst layer disposed
adjacent the substrate and over the indentation to form a cavity, and a protective layer
disposed adjacent the catalyst layer. In this embodiment, the attachment surface for
the CNT or graphene growth is preferably disposed within the cavity, adjacent the
catalyst layer.

In a preferred embodiment the layer stack comprises an additional layer disposed
between the substrate and the protective layer, wherein the additional layer defines an

indentation, and the catalyst layer is disposed over the indentation to form the cavity.

Hence, in a preferred embodiment, the layer stack comprises a substrate, an additional
layer disposed adjacent the substrate, wherein the additional layer and the substrate

define an indentation, a catalyst layer disposed adjacent the additional layer and over



10

15

20

25

30

35

WO 2015/189575 PCT/GB2015/051634

21

the indentation to form a cavity, and a protective layer disposed adjacent the catalyst
layer. Inthis embodiment, the attachment surface for the CNT or graphene growth is
preferably disposed within the cavity, adjacent the catalyst layer.

In a further alternative embodiment the layer stack comprises two attachment surfaces.
Preferably the two attachment surfaces are provided on opposite sides of the cavity.
Preferably, where two attachment surfaces are provided within the layer stack the first
attachment surface is adjacent to a first catalyst layer and the second attachment

surface is adjacent to a second catalyst layer.

Hence, in a further alternative embodiment, the layer stack comprises a substrate, a
first catalyst layer disposed adjacent the substrate, an additional layer disposed
adjacent the first catalyst layer, wherein the additional layer and first catalyst layer
define an indentation, a second catalyst layer disposed adjacent the additional layer
and over the indentation to form a cavity, and a protective layer disposed adjacent the
second catalyst layer. In this embodiment, the first attachment surface for the CNT or
graphene growth is preferably disposed within the cavity, adjacent the first catalyst
layer, and the second attachment surface for the CNT or graphene growth is preferably

disposed with the cavity, adjacent the second catalyst layer.

Preferably, the layer stack comprises a support layer disposed between the first catalyst

layer and the substrate.

Preferably, the layer stack comprises three protective layers, wherein the first protective
layer is disposed between the first catalyst layer and the additional layer and the second
protective layer is disposed between the additional layer and second catalyst layer and

the third protective layer is disposed adjacent the second catalyst layer.

Hence, in a preferred embodiment, the layer stack comprises a substrate, a support
layer disposed adjacent the substrate, a first catalyst layer disposed adjacent the
support layer, a first protective layer disposed adjacent the first catalyst layer, an
additional layer disposed adjacent the first protective layer, wherein the additional
layer and first protective layer define an indentation, a second protective layer disposed
adjacent the additional layer and over the indentation to form a cavity, a second
catalyst layer disposed adjacent the second protective layer and a third protective layer

disposed adjacent the second catalyst layer. In this embodiment, the first attachment
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surface for the CNT or graphene growth is preferably disposed, between the first
catalyst layer and first protective layer, and the second attachment surface for the CNT
or graphene growth is preferably disposed between the second catalyst layer and

second protective layer.

The additional layer may comprise a material selected from a group consisting of:
Silicon (Si), Aluminium Oxide (Al.O3), Silicon Carbide (SiC), steel, Copper (Cu), Nickel
(N1), plastics, polymers, glass, Gallium Arsenide (GaAs), Aluminium (Al), zeolite and
Silicon Dioxide (SiO.). Preferably the additional layer comprises Silicon Dioxide. The
additional layer may be at least 1 nm in cross-section. Preferably, the additional layer is
between 1 nm and 1000 nm in cross-section, and more preferably is about 500 nm in

cross-section.

Preferably, the layer stack of the eighth aspect is as defined with respect to the first

aspect.

According to a ninth aspect of the invention, there is provided use of the layer stack

according to the eighth aspect, for growing graphene or carbon nanotubes (CNTs).

All features described herein (including any accompanying claims, abstract and
drawings), and/or all of the steps of any method or process so disclosed, may be
combined with any of the above aspects in any combination, except combinations

where at least some of such features and/or steps are mutually exclusive.

For a better understanding of the invention, and to show how embodiments of the same
may be carried into effect, reference will now be made, by way of examples, to the

accompanying Figures, in which:-

Figure 1a shows the general scheme adopted in the prior art for the growth of
graphene or carbon nanotubes (CNT’s) where the catalyst remains susceptible to
atmospheric poisoning;

Figure 1b shows a protected catalyst scheme according to one embodiment of the
invention for the growth of graphene or CNTs where the catalyst is protected by an

outer capping or protective layer;
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Figure 2a-d are graphs (on the left) showing the Raman spectra (514 nm laser
wavelength) of as-grown graphene on steel substrates and corresponding schematic
layer structures (on the right);

Figure 3a-b are graphs showing the magnified 2D-peaks of Figures 2a and 2c;

Figure ga-c are graphs showing the Raman spectra (514 nm laser wavelength) of as-

grown graphene on Si substrates and corresponding schematic layer structures;

Figure 5 shows a layer structure of another embodiment of the protected-catalyst
scheme of the invention;

Figure 6 shows scanning electron microscope (SEM) images of CNTs grown at 400 °C,
using the protected-catalyst scheme, where the samples shown consist of 3 nm or 6 nm
of Iron (Fe) film protected by 3.5 nm or 7 nm of Titanium Nitride (TiN) film, as
indicated on the images, the scale bar in a row is the same for both images;

Figure 7 shows SEM images of CNTs grown using the protected-catalyst scheme,
where the samples shown consist of 3 nm Fe film, protected by a TiN film of
thicknesses: 3.5 nm, 7 nm or 17 nm and the growth of CNTs is carried out in the
substrate bulk temperature range of 375 — 440°C, as indicated on the images, the scale
bar in a row is the same for all images;

Figure 8 shows SEM images of CNTs grown using protected-catalyst scheme, where
the samples consist of 6 nm of Fe film, protected by TiN film of thicknesses: 3.5 nm, 7
nm and 17 nm and the growth of CNTs is carried out in the substrate bulk temperature
range of 375 — 440°C, as indicated on the images, the scale bar in a row is the same for
all images;

Figure 9 shows SEM images of CNTs grown using the protected-catalyst scheme,
where the samples shown consist of 9 nm of Fe film, protected by TiN film of
thicknesses: 3.5 nm, 7 nm and 17 nm and the growth of CNTs is carried out in the
substrate bulk temperature range of 375 — 440°C, as indicated on the images, the scale

bar in a row is the same for all images;

Figure 10 shows a number of graphs which show the Raman spectra of the CNTs
grown on 3 nm Fe protected by TiN film of 3.5 nm, 7 nm and 17 nm at various

temperatures;

Figure 11a shows an SEM micrograph of CNTs were grown using the general approach
taught in the prior art by depositing 3 nm Fe on TiN/Al structure before sonication;
Figure 11b shows an SEM micrograph of a sample of figure 10a subsequent to the
sample being placed in a sonication bath for 1 minute using 100 % power of the

sonicator;
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Figure 11c¢ shows an SEM micrograph of a sample where CNTs were grown on 3 nm
Fe catalyst protected with 3.5 nm TiN layer and the sample was subsequently placed in
a sonication bath for 1 minute using 100 % power of the sonicator;

Figure 11d shows a magnified image of the sample of figure 10c¢;

Figure 11e shows an SEM micrograph of a sample where CNTs were grown on 3 nm
Fe protected with 7 nm TiN and the sample was subsequently placed in a sonication
bath for 1 minute using 100 % power of the sonicator;

Figure 11f shows a magnified image of the sample of figure 10e;

Figure 12a is a schematic of proposed adhesion improvement mechanism in the
protected catalyst scheme for CNTs;

Figure 12b is a schematic of the proposed adhesion improvement mechanism in the
protected catalyst scheme for graphene;

Figure 13a is a schematic layer structure where 6 nm Fe is capped with a 100 nm TiN
layer, both of which are deposited over TiN/Al (50/10 nm) layers and the structure is
patterned using a lift-off process;

Figure 13b is a cross-sectional SEM image (tilted 45°) where CNTs are grown using
the protected catalyst scheme on patterned squares;

Figure 13c is a magnified image of the cross-sectional SEM image of Figure 13b;
Figure 13d is a further magnified image of the cross-sectional SEM image of Figures
13b and 13c;

Figure 14a is an illustration of CNT growth as a result of side-wall deposition of
catalyst;

Figure 14b is an illustration of the desired CNT growth where all tubes originate from
the bottom surface of a via at a the highest possible density;

Figure 15 is a schematic of the process flow for the fabrication of CNT based vias using

the protected catalyst scheme and general scheme adopted in the prior art;
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Figure 16a is an SEM micrograph of CNTs grown in vias using protected catalyst
scheme;

Figure 16b is a graph showing the current-voltage characteristics of 100 CNT based
vias in a chain structure fabricated through protected catalyst scheme and the vias
fabricated through general scheme adopted in the prior art;

Figure 16c¢ is a schematic showing how a protected catalyst scheme can be used to
grow a combination of graphene and CNTs to act as horizontal and vertical
interconnects respectively;

Figure 17 shows a protected catalyst scheme according to one embodiment of the
invention for the growth of CNTs where the catalyst is protected by a capping or
protective layer which comprises a film of Ti, TaN, Cr, Au, Ag or Pd;

Figure 18 shows SEM images of CNTs grown using the protected catalyst scheme of
Figure 17 in a photothermal CVD (chemical vapour deposition) system;

Figure 19 shows Raman spectra of CNTs grown using the protected catalyst scheme of
Figure 17 in a photothermal CVD system;

Figure 20a is a schematic showing a layer stack used for growing CNTs;

Figure 20b is a schematic showing the layer stack of Figure 20b where the polyimide
protective layer has been lifted due to the growth of CNTs;

Figure 20c is an SEM image showing the polyimide protective layer lifted-up with the
growth of the CNTs;

Figure 21 shows SEM images of CNTs grown using the protected catalyst scheme of
Figure 17 in a thermal CVD system;

Figure 22 shows Raman spectra of CNTs grown using the protected catalyst scheme of
Figure 17 in a thermal CVD system;

Figure 23a is a schematic showing a layer stack intended for use in growing CNTs or
graphene, with a cavity provided within the layer stack;

Figure 23b is a schematic showing the layer stack of Figure 23a wherein CNTs have
been grown to fill the cavity;

Figure 24a is a schematic showing an alternative embodiment of a layer stack
intended for use in growing CNTs or graphene, with a cavity provided within the layer
stack; and

Figure 24b is a schematic showing the layer stack of Figure 24a wherein CNTs have
been grown to fill the cavity.

Figure 25a is a schematic showing an alternative embodiment of a layer stack
intended for use in growing CNTs or graphene, with a cavity provided within the layer

stack;
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Figure 25b is a schematic showing the layer stack of Figure 25a wherein CNTs have
been grown to fill the cavity;

Figure 26a is a schematic showing an alternative embodiment of a layer stack
intended for use in growing CNTs or graphene, with a cavity provided within the layer
stack; and

Figure 26b is a schematic showing the layer stack of Figure 26a wherein CNTs have

been grown to fill the cavity.

Examples
The inventors have developed a process called the “protected catalyst scheme” where a

catalyst is capped with an outer protective layer. The protective layer may consist of,
but is not limited to, materials such as Titanium Nitride (TiN), Titanium (T1),
polyimide, Tantalum (Ta), Tantalum Nitride (TaN), Gold (Au), Silver (Ag), Palladium
(Pd) or Chromium (Cr). The protective layer allows carbon diffusion therethrough for
the growth of graphene/CNTs while still protecting the catalyst from poisoning, and
also offers improved adhesion of the grown material (graphene/CNTs) to the substrate.
The protective layer can also be engineered to be lifted-up with growing CNTs,
revealing 3D structures. The protected catalyst scheme can additionally be used in
etching processes where the catalyst is required to be protected from etchant attacks

through the use of protective layers.

Examples of where the protected catalyst scheme is particularly useful include:

1. situations where a graphene sheet is desired to act as a barrier layer to
protect the host materials from acid attack or oxidation. For instance, a
reliably attached graphene sheet on metal surfaces is highly desirable in
metal overcoats to act as corrosion barrier resistant structures. This can be
for thin metal sheets used in applications, such as in vehicles/roofing as well
as for bulk structures such as reinforced steels, girders or machinery, etc.,

2. where high quality material is required for structures and/or applications
that rely on the high conductivity and mobility of graphene/CNTs such as in
high speed transistors, graphene/CNT based interconnects, transparent
conducting electrodes, fuel cells, membranes and electrodes, spin devices,
MEMs, field emission displays, corrosion free electrodes, programmable in-
situ device fabrication, etc. The protected catalyst scheme protects the whole
structure from environmental as well as process impurities and allows the

growth of the necessary high quality material.
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3. Where etching of a film such as a dielectric or metal layer coated over a
catalyst is required, while keeping the catalyst protected by etchant attack.
The protected catalyst scheme of the invention allows this and is the only
route to get high density growth of CNTs or seeding of graphene to challenge
the current conduction requirements for future interconnects to replace
copper. The previously used approach poses reliability issues due to their
poor adhesion to the substrate, low density and parasitic growth of the
material from sidewalls.

4. The protected catalyst scheme can be used to fabricate graphene/CNT based
3D structures. This may allow the production of high quality graphene/CNT
shells or overcoats on predefined shapes, where the catalyst has a protective
layer on which the graphene/CNTs are grown to the required dimensions

and shapes.

The prior art teaches that CVD growth of graphene or CNTs involves decomposition of
hydrocarbon feedstock at high temperatures (700-1100°C) on a metal catalyst. [3]
Graphene is generally grown directly on Copper (Cu) or Nickel (Ni) or a mixture of the
two metals foils which serve both as the catalyst and substrate without any support
layer. [2] Other commonly used catalyst materials for graphene growth are Ruthenium
(Ru), Cobalt (Co), Iron (Fe), Rubidium (Rd), Platinum (Pt), Iridium (Ir), Palladium
(Pd), Rhodium (Rh) and carbides. [4, 5] In case of carbon nanotubes, commonly used
catalyst materials are Fe, Ni, and Co. [6] Other materials such as Copper (Cu), Silver
(Ag), Gold (Au), Pt and Pd have also been used as catalyst for CNT growth. Commonly
used substrates for CNT growth are Silicon (Si), Aluminium Oxide (Al.Os), Silicon
Carbide (SiC), steel, zeolite etc., and commonly used support materials are Silicon
Dioxide (SiO.), Al.Os, Cu, Aluminium (Al), Ta, TaN, TiN etc. [6, 7]

Figure 1(a) illustrates the general composition of layers used in the prior art where
catalyst is always at the top (i.e. outside) and therefore directly exposed to the
hydrocarbon feedstock during the CVD process of graphene or CNTs. As previously
discussed, prior to the growth process, the catalyst layer remains susceptible to

environmental poisoning.

Alternatively, figure 1(b) shows the general composition of the ‘protected catalyst
scheme’ on the invention, although it will be readily understood that the catalyst and

support layer could be combined into one layer. Here a catalyst is capped by a
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protective layer which protects the catalyst from environmental impurities prior to the
growth process as well as process impurities. In the protected catalyst scheme carbon
radicals diffuse through the capping layer for the growth of graphene or CNTs. Growth
of graphene initiates under the capping/protective layer, whereas CNTs protrude
through or lift-up the capping layer. The grown material using the protected catalyst
scheme has shown better adhesion to the substrate, suitable for many applications
including corrosion resistant metal overcoats and electrically/thermally connected

carbon nano-layers to the substrate.

Example 1 - Growth of graphene using the protected catalyst scheme

Growth of graphene using the protected catalyst scheme was demonstrated on two
different substrates; namely, ordinary steel sheets of 1 mm thickness and Si. For the Si
substrates, two catalyst materials, Fe (200 nm) and Ni (100 nm), were chosen, whereas
only Fe (200 nm) was used for steel substrates. A 7 nm TiN film was used as the
catalyst capping/protective layer for both substrates. For the sake of comparison,
growth of graphene was also performed without a catalyst capping/protective layer.
Schematics of the respective layer structures are shown in Figure 2 and Figure 4. All the
materials were sputter deposited onto the substrates using the conditions summarised
in Table 1.

Table 1 - Deposition conditions used for different material in a JLS-Design MPS 500
sputtering kit. Any such sputter, evaporation, electro-deposition or solution processing

unit can be used to produce the layer structure for the growth of graphene or CNTs.

. Voltage | Current | Power | Ar N Pressure | Rate
Material .
V) (A) W) (scem) (scem) (mTorr) | (nm/min)
TiN 390 0.69 270 25 20 4 3.33
Fe 300 0.20 60 25 - 4 3
Ni 294 0.20 60 25 - 4 3
Al 380 0.31 120 25 - 4 4

Graphene growth was carried out in a photo-thermal chemical vapour deposition
(PTCVD) system [8-11]. In PTCVD, optical energy is delivered from the top by IR lamps
situated in the head of the chamber, while the sample is placed on a water-cooled

chuck. In this arrangement, the top surface of a sample reaches temperature around
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800°C, whereas the bulk of the sample remains below 470°C. [11] The bulk temperature
of a sample is recorded by a pyrometer present at the bottom side of the substrate. The
temperature of a sample is mainly controlled by the electrical power supplied to the
optical lamps, the gases used and pressure of the gases in the chamber. [8] The thermal
conductivity of the gases in the chamber also plays an important role in the thermal
energy Kkinetics. Samples are pre-heated at 460°C (substrate bulk temperature) in
flowing H. (100 sccm) for 10 min at 2 Torr pressure and growth of graphene is carried
out for 5 min using C.H. (10 sccm) as the carbon feedstock. Samples are characterized
using a Renishaw Systems 2000 Raman Spectroscope using a 514 nm laser excitation

source.

The Raman spectra of as-grown graphene on steel substrates and corresponding layer
structures is illustrated graphically in figure 2, where figure 2(a, c) are the spectra of
graphene grown using the protected catalyst scheme, and figure 2(b, d) are the spectra

of graphene grown using generally adopted layout in the prior art.

Well-defined first order and second order Raman features are observed: the D-peaks
around 1350 cm, the G-peak around 1580 cm and the 2D-peaks around 2700 cm-.
The D-peak is defect induced and its intensity increases with increasing the structural
defects in the material or due to the presence of amorphous carbon. [12] The strongest
feature in the Raman spectra is the G-peak, which is associated with the Raman-active
E.; vibrations of sp2 bonded carbon atoms and hence, its presence is the signature of
graphitization in the material. Its intensity increases as the degree of graphitization in
the material increases, therefore, the intensity ratio of the G-peak and the D-peak
(In/Ig) is often used as a measure of the quality of a graphite-like material. [13] Thus,
the low Ip/Ig values (below 0.26) calculated from the Raman spectra are indicative of
high structural quality of as-grown graphene. The quality of graphene is further
improved when TiN/Al (15/10 nm) bilayers are used under Fe catalyst, as indicated by
the lower Ip/I¢ values of 0.11 and 0.05 in figure 2(c) and figure 2(d), respectively.

The 2D-peak is the overtone of D-peak but its intensity is independent of defects, since
in this second order Raman process, both scattering events are associated with
phonons, in contrary to the D-peak where one out of two scattering events is defect
related. [12] The shape and respective height of the 2D-peak with respect to the G-peak
(Is/1.p) is associated to the interlayer coupling of electronic band structures and
number of layers of graphene sheets, respectively. [14-16] The I¢/I.p values in Figure

2(a-c) are 0.24 — 1.2 which corresponds to 1 — 3 layers of graphene, whereas I¢/I.p
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value in Figure 2(d) is 1.6 which correspond to multilayer graphene. [14, 15] The Ig/I.p
(0.24) of the sample with the catalyst-capping-layer of TiN (figure 2(a)) shows the
characteristics of single-layer-graphene (SLG), whereas the I¢/I.p (1.23) of the sample
without the catalyst-capping layer (figure 2(b)) corresponds to few-layer graphene
(FLG). Similarly, the Raman spectrum of the sample given in figure 2(c) (with capping-
layer) corresponds to few-layer graphene, whereas the spectrum given in figure 2(d)
(without capping-layer) corresponds to multilayer graphene. This implies that the
capping-layer (TiN) can also be utilized to limit or control the number of graphene

layers.

The 2D-peak in a Raman spectrum of graphite is broader and has two components,
which is explained with the help of interlayer coupling of electronic band structure in
graphite. [14] SLG always shows a narrow single Lorentzian 2D-peak because of the
absence of other graphene layers. Figure 3(a) and (b) show the magnified 2D-peaks of
the Raman spectra of figure 2 (a) and (c), respectively. The sharp FWHM (full width
half maximum) of 26 cm and single Lorentzian shape of the peak in figure 3(a) further
confirms the growth of single-layer graphene on the steel substrate using the
methodology proposed. A narrow FWHM of 48 cm* and single Lorentzian shape of the
2D-peak in figure 3(b) indicates the absence of interlayer coupling of electronic band
structures in FLG graphene, which is in agreement with Reina et al. [17] who stated it

as a positive effect for maintaining intrinsic SLG properties in each layer of FLG.

The Raman spectra of graphene grown on a Si substrate and the corresponding
schematics of layer structures are illustrated in figure 4. All spectra show well-defined
Raman peaks including the D-peaks around 1345 cm, the G-peaks around 1580 cm
and the 2D-peaks around 2700 cm. Figure 4(a) and (c) are the Raman spectra of as-
grown graphene using the protected catalyst scheme, where two catalyst materials, Fe
(figure 4(a)) and Ni (figure 4(c)), are used to show the versatility of the ‘protected
catalyst scheme’. Figure 4(b) shows the Raman spectrum of the as-grown graphene
using the general scheme with an Fe catalyst. Relatively high quality of as-grown
material using Fe catalyst is achieved when compared with that of using Ni catalyst, as
indicated by the lower Ip/Ig values in Figure 4(a, b). The values of Is/I.p and shape of
the 2D-peaks reveal that growth of FLG occurred in Figure 4(a, b), whereas growth of

multi-layered-graphene is expected in Figure 4(c).
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Example 2 - Growth of CNTs using the protected catalvst scheme

The layer structure used for CNT growth using the protected catalyst scheme is shown
in figure 5. A 50 nm layer of TiN film is sputter deposited on n-Si substrate, followed by
the deposition of a 10 nm Al film. Over the TiN/Al bilayer, a layer of Fe (as a catalyst) is
deposited and capped by a TiN film.

Three thicknesses of Fe films: 3 nm, 6 nm and 9 nm are deposited on various samples
and for each of the Fe thickness, three thicknesses of TiN films: 3.5 nm, 7 nm and 17 nm
are deposited in order to demonstrate the versatility of the protected catalyst scheme.
All the films on a sample are deposited sequentially in an inert gas environment
without breaking vacuum. This was performed using the JLS-Design MPS 500 sputter
kit, which allowed the sequential deposition of up to four metal targets in a single run
without breaking vacuum. Hence, the catalyst exposure to the atmosphere is avoided in

this way.

The growth of carbon nanotubes was carried out in the PTCVD system at 2 Torr H. (100
sccm)/C.H. (10 scecm) pressure, in the substrate bulk temperature range of 375°C —
440°C. Heat treatment of the samples was performed first in the H. environment and

then growth of CN'Ts was carried out for 5 minutes using 10 sccm of C,Ho.

SEM images of the CNTs grown at a substrate bulk temperature of 400°C, using the
protected catalyst scheme for the samples containing 3 nm and 6 nm Fe protected by
3.5 nm and 7 nm TiN films, are shown in Figure 6. Vertically aligned CNTs with areal
density of ~109 cm2 can be observed in all the images. The growth rate of CNTs grown
on 3 nm Fe protected by 3.5 nm TiN film is 2 um/min, whereas for the remaining three
samples in the images the growth rate is around 1 um/min. The achieved growth rate is
higher when compared with other reports on CNT growth at low temperatures on
metallic layers. [18-20] The demonstration of CNT growth in the protected-catalyst
scheme is of paramount importance because of the potential benefits associated with

this including the prevention of the catalyst from oxidation.

Figure 7 shows the SEM micrographs of the CNTs grown as a function of temperature
on 3 nm Fe protected by 3.5 — 17 nm thick TiN films. Figures 6 and 7 show vertically
aligned and dense CNT growth for all the samples in the temperature range of 375 —
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400°C. However, the vertical alignment and density of CNTs was observed to have
degraded for higher temperatures (420 — 440°C), which may be because of the partial
poisoning of the catalyst nanoparticles. The effect is particularly prominent on the
samples containing thicker films of TiN; sparse CNTs can be observed corresponding to

17 nm TiN.

The experiment was repeated, increasing the thickness of the Fe catalyst to 6 nm and 9

nm while keeping the remaining parameters identical.

The SEM images for the samples containing 6 nm Fe are shown in figure 8 and the
images of 9 nm Fe are shown in Figure 9. The growth of CNTs for the thicker Fe films
(6 nm and 9 nm) shows a nearly inverted effect with respect to temperature as
compared with Figure 7, that is, poor or no growth at lower temperature (375°C) and
improved growth for higher temperatures (420 — 440°C). Nearly vertically aligned and
relatively dense CNTs can be observed for thicker TiN capping layer (7 nm and 17 nm)
at higher temperatures, in contrast with Figure 7. This implies that the degradation of
the CNT growth profile because of the partial poisoning of the catalyst can be improved
by increasing the thickness of the Fe catalyst film.

CNTs grown using 3 nm Fe are relatively clean but as the thickness of the Fe is
increased, the contaminations of CNTs with catalyst particles is also increased.
Interestingly, contamination of the CNTs is only because of the thicker Fe films and not
because of the TiN film, since the contamination level can be observed similar
corresponding to the various thicknesses of TiN in Figure 7, where 3 nm of Fe catalyst
is used. This implies that TiN film remains at the bottom of the sample which may

result in improved attachment of the CNTs with the substrate.

Figure 10 contains the Raman spectra of the CNTs grown on 3 nm Fe protected by the
TiN film of 3.5 nm, 7 nm and 17 nm in the temperature range of 375 — 420°C. The SEM
analysis and the presence of well-defined G-peaks along with the 2D-peaks in the
Raman spectra confirm the synthesis of CNTs. The Ip/Ig ratio of 0.73 achieved in the
protected catalyst scheme at substrate bulk temperature of 400°C for 3.5 nm TiN
capping layer is comparable to the CNTs grown at 700°C under standard hotwall or
thermal CVD growth conditions. [21, 22]
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Example 3 — Measuring adhesion improvement of the CNTs using the protected

catalyst scheme

In order to estimate the adhesion improvement of the CNTs grown using the protected
catalyst scheme, a comparative test based on the sonication of the samples was
performed. CNTs grown on a substrate using the general approach (without protecting
catalyst) can be removed easily upon subjecting the sample to an ultrasonic bath, due to
their poor attachment with substrate. For comparison, a sample where CNTs are grown
using the general approach (without topmost capping layer of TiN in Figure 5) was

prepared and the resulting CNTs are shown in Figure 11(a).

For the sonication bath test, two CNT grown samples at 400°C (shown in Figure 6) on 3
nm Fe were selected: Fe protected by 3.5 nm TiN and by 7 nm TiN. All three samples
(two of protected catalyst scheme and one of general approach) were dipped into
separate vials of methanol and sonication was performed for one minute using 100%
power of the sonicator (Ultrawave's Qi-100 ultrasonic cleaner). The SEM images of the
samples after the sonication bath are presented in Figure 11(b — f). All CNTs are
removed from the sample where CNTs were grown using the general approach (Figure
11(b)), partial removal of the CNTs are observed for the sample containing 3.5 nm TiN
capping layer (Figure 11(c, d)) and no removal of CNTs is observed for the sample
containing 7 nm TiN capping layer (Figure 11(e, f)). Thus, enhanced CNT-substrate
attachment is achieved using the protected catalyst scheme. This is also applicable in
the case of graphene growth, as explained below. The adhesion of CNTs on substrate is
increased by increasing the thickness of the capping layer of TiN, which provides an
open field to tune the CNT-substrate attachment according to the requirements. A
general phenomenon of CNT densification in a solvent can also be observed which

destroys the vertical alignment of the CNTs. [23]

As stated earlier that the whole material of the protective coating film consisting of TiN
(capping layer) remains at the bottom of the sample (i.e. is not lifted up with the
growing CNTs) and growth of CNTs starts below the layer of TiN, since the catalyst is
underneath of the TiN capping layer. In this scenario, each CNT would have been
enveloped by the capping layer of TiN at its root, as illustrated in Figure 12(a), which
may be the mechanism of strong attachment of CNTs with substrate. This also explains
why enhanced attachment of CNTs with substrate is observed for the sample containing
thicker (7 nm) capping layer of TiN; thicker films envelops larger surface area of CNTs.

The same concept of adhesion improvement can be extended to the growth of graphene
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using the protected catalyst scheme, that is, the graphene growth should occur on the
catalyst underneath the capping layer (TiN) which would improve its adhesion. This is

illustrated in Figure 12(b).

It is noted that the CNTs can be grown with further increase in the thickness of TiN
capping layer which may further enhance the attachment of CNTs. As an example of
this the growth of CNTs on 6 nm Fe capped with 100 nm TiN layer at 440°C is
presented. The schematic of the layer structure is shown in Figure 13(a), where 6 nm Fe
capped with 100 nm TiN is sputter deposited over TiN/Al (50/10 nm) layers and the
whole structure is patterned to 100 x 100 um2 squares, using a lift-off process. The CNT
growth on this sample is carried out at 440°C (substrate bulk temperature) at 2 Torr
pressure of H./C.H. (100/10 scem) using the PTCVD system. The as-grown CNTs are
shown in Figure 13(b — c). It can be observed in the cross-sectional SEM image of the
sample given in Figure 13(b, c) that the CNT grown square-pads remained un-cut
during the cleavage of the sample with a diamond scribe which indicates their high
strength. The strength of the pads may be because of the formation of CNT-TiN
composite while CN'Ts were growing through the TiN capping layer. Demonstration of
such robust CNT based structures is highly important and can be employed in various
applications such as CNT based electronic devices, integrated circuit interconnects,
corrosion-free electrodes, high strength composites, super capacitor electrodes,

electrodes for solar cells, fuel cell electrodes, etc.

Example 4 — Fabrication of CNT based vias

One of the key benefits of using CNTs in vias (vertical interconnects) and other
electronic devices is their high aspect ratio and the ability to grow from the bottom. The
filling of high aspect ratio vias using a conventional top-down metal filling scheme has
been stated amongst the foremost challenges of interconnect technology. [24] The high
aspect ratio of CNTs and bottom-up growth approach can be exploited to engineer high
aspect ratio vias with high connection (between top and bottom metal layers) certainty.
However, the deposition of the catalyst for the CNT growth at the bottom of a high

aspect ratio via is challenging.

Generally, the catalyst deposition in high aspect ratio vias is carried out using the
conventional top-down deposition scheme which not only results in the side-wall
deposition but also some quantity of catalyst reaching the bottom being reduced. [18]

The sidewall deposition of the catalyst results in the parasitic growth of CNTs
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originating from the dielectric material, such as SiO., which cannot take part in
electrical conduction, and also hinders the growth of CNTs growing from the bottom,
[18] as depicted in Figure 14(a). Therefore, a suitable technique is required which
enable the CNT growth originating only from the bottom surface of a via, as illustrated
in Figure 14(b). One approach (known as the buried catalyst approach) is to deposit the
catalyst film before the deposition of SiO. and patterning. However, protecting the thin
catalyst layer by precisely stopping the etching at the catalyst film in the subsequent
patterning of SiO. is challenging. The protected-catalyst scheme not only provides a
CMOS compatible solution to all of the above mentioned problems, but also can be a

breakthrough for many potential application areas of carbon nanotubes and graphene.

A schematic of the process flow for the fabrication of CNT-based via structures using
the protected catalyst scheme and general scheme is shown in Figure 15. A layer stack
(M1) of Ti (30 nm), Cu (150 nm), TiN (50 nm) and Al (10 nm) is deposited as bottom
metal lines on n-Si substrate. In the case of protected catalyst scheme, a 3 nm Fe
catalyst is deposited over M1 followed by the deposition of a 7 nm TiN film as the
protective layer of the catalyst (step 2). All these layers are deposited sequentially in a
single run without breaking the vacuum. A 300 nm of SiO. film is sputter deposited and
patterned lithographically to define vias on M1 (step 3). Due to the protective layer of
TiN the catalyst remained protected during the reactive ion etching of the SiO. layer
which is performed for 10 minutes using CF, (30 sccm) and Ar (10 sccm) at 60 mTorr
pressure and 100 watt RF power. In the general scheme, a 300 nm SiO. film is
deposited over M1, patterned lithographically and etched down to M1 (step 2). After

this a 3 nm Fe catalyst is sputter deposited and photoresist then removed (step 3).

The CNT growth is carried out in a PTCVD system using a mixture of H./C.H. (100/10
scem) at 2 Torr pressure, while the substrate bulk temperature is kept at 400°C.
Catalyst heat-treatment is performed for 10 minutes at 2 Torr pressure in a H.
environment prior to the growth of CNTs. By introducing 10 sccm C.H,, the growth of
CNTs is carried out for 5 minutes (step 4). A 300 nm Al film is sputter deposited,
patterned and etched as a top metal contact (not shown). Finally, electrical

measurements of the CNT-based vias are performed.

The SEM image of CNTs grown in the vias using protected catalyst scheme are shown
in Figure 16(a). Since, CNT growth occurs only from the catalyst site, all CNTs are

originating from the bottom metal strips (M1), ensuring a reliable electrical contact.
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The CNTs are vertically aligned and dense (~109 cm=), suitable for interconnect via
application. The applications of patterned growth using protected catalyst scheme is
not limited to the CNT-based interconnects; instead it can be used in programmable in-
situ patterned growth of graphene and CNTs for various 3D structures as well as for
combined graphene and CNT based horizontal and vertical interconnects. Figure 16(b)
shows the current-voltage characteristics of 100 CNT-based vias of 10 x 10 um?2
dimensions fabricated through protected catalyst scheme and through general scheme.
Linear ohmic behaviour can be observed in both cases with a significant improvement
in the conductivity of CNT-based vias fabricated through protected catalyst scheme.
The improvement in the conductivity is attributed to the protection of the catalyst from
environmental poisoning such as oxidation and increased number of CNTs available for

conduction because of the inhibition of parasitic CNT growth from the sidewalls.
Additionally, the protected catalyst scheme can be used for the combined growth of
graphene and CNTs to act as horizontal and vertical interconnects respectively, as

depicted in Figure 16(c).

Example 5 — Using different materials for the capping layer

The previous examples were conducted using TiN film as a catalyst capping layer.
However, as previously discussed TiN is not the only material that can act as a catalyst
capping layer. Any material which allows the diffusion of carbon down to the catalyst
can be used in the protected catalyst scheme to act as a catalyst capping layer. Here we
demonstrate the thin films of Ti, TaN, Cr, Au, Ag and Pd as a catalyst capping layer.
Only growth of CNTs is demonstrated, however, it will be readily understood that this is
also applicable for the graphene growth.

Figure 17 shows a schematic of the layer structure used in this example where different
materials are used as the catalyst capping layer. A 50 nm of TiN film is sputter
deposited on n-Si substrate followed by the deposition of 10 nm Al and 3 nm Fe
(catalyst), respectively. A film of 5 + 1 nm of Ti, TaN, Cr, Au, Ag and Pd are sputter
deposited separately on different samples to act as the catalyst protective layer. CNT
growth is carried out at 420°C (substrate bulk temperature) in a PTCVD system, using a
mixture of H./C.H. (100/10 scem) at 2 Torr pressure. Catalyst heat-treatment is
performed for 10 minutes in H. environment prior to the growth of CNTs. C.H- (10
scem) is used as carbon source gas for the growth of CNTs and growth is carried out for

5 minutes.
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SEM images of the CNTs grown on n-Si substrate using protected catalyst scheme
where thin films (5 * 1) of various materials are used to act as a catalyst capping layer
are shown in Figure 18. Vertically aligned growth of CNTs is achieved on the samples
where a capping layer of Ti and Cr is used, whereas tangled CNT growth is observed for
rest of the capping layer materials. Sparse growth of CNTs and formation of Au
particles is observed for Au-based catalyst capping layer, whereas CNT bumps can be
observed for Pd-based capping layer which may have resulted from the wrapping up of
Pd around growing CNTs. Different CNT growth profiles corresponding to the various
catalyst-capping layer materials provide further versatility of the protected catalyst

scheme which can be tailored according to various application requirements.

Raman spectra (514 nm laser wavelength) of CNTs grown on Si substrate using
protected catalyst scheme where a film of 5 £ 1 nm of Ti, Cr, Au, Ag, Pd and TaN is used
as a catalyst capping layer are shown in Figure 19. Well-defined Raman peaks can be
seen in the spectra including the D-peaks around 1345 cm, the G-peak around 1580
cm and the 2D-peaks around 2700 cm-. Presence of well-developed G-peaks around
1580 cm indicate that the as-deposited material (CNTs) is graphitized for all capping
layer materials. However, Ip/I¢ values indicate that the quality of the CNTs depend on
the material of the capping layer. The samples with Pd and Au based-capping layers
result in relatively poor quality (In/I¢ = 1.1 — 1.5) of the CNTs whereas the samples with
Ti, Ag and Cr based capping layers produced average quality (Ip/I¢ = 0.68 — 0.75) of
the CNTs. The sample containing TaN-based capping layer resulted in the high quality
(In/Ig = 0.49) growth of CNTs.

Example 6 — 3D structures

It has been demonstrated that the material and thickness of the protective layer can be
selected and optimised to give various configurations to the graphene and/or CNTs to
be grown. For instance, when a TiN based protective layer is used, the as-grown CNTs
protrude through the TiN layer and increased adhesion of the CNTs with the substrate
is observed. This is discussed in Example 3, above, and shown in Figures 11 and 13.
However, when Pd is used as the protective layer, CNT bumps wrapped with Pd are
achieved as can be observed in Figure 18. The material and thickness of the protective
layer can therefore be selected to create materials with functionalities suitable for a

variety of applications.
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Here, we demonstrate the use of the protected catalyst scheme in revealing 3D

structures which can be used for in-situ 3D programmable patterning.

A layer stack of TiN/Al/Fe (50/10/3 (nm)) were sputter deposited on n-Si substrate
followed by the spin coating of around 3 um thick polyimide (PI-5878) film as
schematically shown in Figure 20(a). The thickness of the polyimide film was reduced
to 500 nm using oxygen plasma etching. CNT growth was carried out in a PTCVD
system using C.H./H. (10/100 sccm) at 2 Torr pressure and 400°C substrate bulk
temperature. Heat treatment of the sample was performed in a H. environment for 10

minutes followed by the CNT growth for 5 minutes.

The polyimide film was lifted-up with the growth of CNTs as schematically shown in
Figure 20(b) and can be observed in the SEM image shown in Figure 20(c), showing
the cross-section of the sample (45° tilted) where the polyimide film can be seen at the
top of the as-grown CNTs. Other polymers and plastic materials can also be used as a

protective layer.

A 3D structure is formed when the polyimide film lifts-up due to the growth of the
CNTs. Accordingly, the protective layer has separated from the attachment surface due
to the growth of the CNTs.

In use at least two different materials could form the protective layer of a layer stack.
In one embodiment the protective layer could comprise TiN/polyimide sublayers,
where prior to CNT growth the TiN sublayer is situated adjacent to the attachment
surface and the polyimide sublayer is situated adjacent to the TiN sublayer. When
CNTs were grown this would cause the polyimide sublayer to lift-up and separate from
the TiN sublayer, which would remain adjacent to the attachment surface.
Advantageously, the TiN sublayer would improve adhesion of the CNTs, and the

polyimide sublayer would form a 3D structure.

In an alternative embodiment, TiN could provide the protective layer on a predefined
part of the surface of the layer stack for the growth of graphene or CNTs and polyimide
film could provide the protective layer over the remainder of the surface of the layer
stack for the growth of CNTs. This would result in the pre-defined portions of the
protective layer, which comprised polyimide, being lifted-up when CNTs were grown,

while the remaining portion of the protective layer would remain adjacent to the
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attachment surface. This would result in a 3D structure being formed when CNTs were

grown.

Alternatively, this approach could be combined with the catalyst protective-etching, as
demonstrated in example 4. This could also allow sites to be selectively defined such
that only graphene will grow and alternative sites can be defined such that only CNTs
will grow. As the protective layer is lifted-up at the sites where the CNTs grow, but not

at the sites where graphene grows, a 3D structure will be formed.

This approach can be used in CMOS (complementary metal oxide semiconductors)
technology or other electronic device processing. Additionally, it will make the

processes more efficient.

By carefully designing structures where portions of the structure may include 3D
patterning, as described above, and specific portions may be designed to grow CNTs
while other portions are designed to grow graphene this technology could be used in

integrated circuits and/or printed circuit boards devices and interconnects.

Example 7 — Graphene/CNT growth using thermal CVD

The growth of graphene/CNTs using the protected catalyst scheme is not limited to a
PTCVD system, instead any type of CVD can be used. As an example, here we
demonstrate growth of CNTs using the protected catalyst scheme in a thermal CVD
system. In this system, the stage (where the sample is mounted) is heated using a
resistive heating system which transfers the necessary thermal energy to the catalyst for
the growth of carbon nano-materials. CNT growth is carried out on various samples at
700°C for 10 minutes using a mixture of C.H./H. (25/200 scem) at 10 Torr chamber
pressure. Samples were pre-heated for 10 minutes in H, environment prior to the CNT
growth. In this case the whole structure, including the substrate is heated to the

temperature necessary to nucleate the carbon nano-structure.

The layer structure is same as shown in schematic of Figure 17 where different
materials are used as the catalyst protective layer. A 50 nm of TiN film is sputter
deposited on n-Si substrate followed by the deposition of 10 nm Al and 3 nm Fe
(catalyst), respectively. A film of 5 + 1 nm of Ti, Ta, Cr, Au, Ag and Pd are sputter

deposited separately on different samples to act as the catalyst protective layer.
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SEM images of the CNTs grown using protected catalyst scheme in the thermal CVD
system are shown in Figure 21. It can be observed that different protective layers
resulted in different profile of the as-grown CNTs. Ti based protective layer resulted in
CNT bumps, Ta resulted in sparse CNTs, Cr resulted in dense and tangled CNTs, Au
resulted in CNT ropes, Ag resulted in short CNT bumps and Pd resulted in tangled
CNTs. This implies that different materials and process conditions can be selected and
optimised to choose between different CNT growth profiles according to the application

requirements.

Raman spectra (514 nm laser wavelength) of the CNTs grown using the protected
catalyst scheme in a thermal CVD system are shown in Figure 22. Well-defined Raman
peaks can be seen in the spectra including the D-peaks around 1345 cm™ and the G-
peak around 1580 cm. Where the protective layers are Ti, Ta and Cr based, the 2D-
peaks can also be observed around 2700 cm™. Presence of well-developed G-peaks
around 1580 cm™ indicate that the as-deposited material (CNTSs) is graphitized for all
protective layer materials. However, the varying Ip/I¢ values indicate that the quality of

the CNTs depend on the material of the protective layer.

Example 8 — Growth of CNTs or graphene in cavities provided in the laver stack

Figure 23a is a schematic of a layer stack provided with a cavity. The layer stack of
Figure 23a comprises a substrate, a support layer disposed adjacent the substrate, a
catalyst layer disposed adjacent the support layer, an additional layer disposed adjacent
the support layer, wherein the additional layer and catalyst layer define an indentation,
and a protective layer disposed adjacent the additional layer and over the indentation
to form a cavity. In this embodiment, the attachment surface for the CNT or graphene

growth is disposed within the cavity, adjacent the catalyst layer.

If the layer stack of Figure 23a is used to grow CNTs from the attachment surface the
length of the CNTs can be controlled such that CNTs extend from the attachment
surface to the protective layer, but do not extend any further, as depicted in Figure 23b.
The cavity may be under vacuum or filled with a gas. Preferably the cavity will be filled

with an inert gas.

Figure 24a is a schematic of an alternative embodiment of the layer stack, comprising
two protective layers. The layer stack of Figure 24a comprises a substrate, a support

layer disposed adjacent the substrate, a catalyst layer disposed adjacent the support
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layer, a first protective layer disposed adjacent the catalyst layer, an additional layer
disposed adjacent the first protective layer, wherein the additional layer and first
protective layer define an indentation, and a second protective layer disposed adjacent
the additional layer and over the indentation to form a cavity. In this embodiment, the
attachment surface for the CNT or graphene growth is preferably disposed adjacent the
catalyst layer.

As with the previous embodiment, if the layer stack of Figure 24a is used to grow CNTs
from the attachment surface the length of the CNTs can be controlled such that CNTs
extend from the attachment surface to the protective layer, but do not extend any
further, as depicted in Figure 24b. The cavity may be under vacuum or filled with a gas.

Preferably the cavity will be filled with an inert gas.

Figure 25a is a schematic of a further alternative embodiment of the layer stack where
the catalyst layer is provided on the opposite side of the cavity to the substrate. The
layer stack of Figure 25a comprises a substrate, an additional layer disposed adjacent
the substrate, wherein the additional layer and the substrate define an indentation, a
catalyst layer disposed adjacent the additional layer and over the indentation to form a
cavity, and a protective layer disposed adjacent the catalyst layer. In this embodiment,
the attachment surface for the CNT or graphene growth is preferably disposed within
the cavity, adjacent the catalyst layer.

If the layer stack of Figure 25a is used to grow CNTs from the attachment surface the
length of the CNTs can be controlled such that CNTs extend from the attachment
surface to the substrate layer, but do not extend any further, as depicted in Figure 25b.
The cavity may be under vacuum or filled with a gas. Preferably the cavity will be filled

with an inert gas.

Figure 26a is a schematic of a final further alternative embodiment of the layer stack
where the layer stack comprises two attachment surfaces provided on opposite sides of
the cavity. The layer stack of Figure 26a comprises a substrate, a support layer disposed
adjacent to the substrate, a first catalyst layer disposed adjacent the support layer, an
additional layer disposed adjacent the first catalyst layer, wherein the additional layer
and first catalyst layer define an indentation, a second catalyst layer disposed adjacent
the additional layer and over the indentation to form a cavity, and a protective layer

disposed adjacent the second catalyst layer. In this embodiment, the first attachment
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surface for the CNT or graphene growth is preferably disposed within the cavity,
adjacent the first catalyst layer, and the second attachment surface for the CNT or
graphene growth is preferably disposed with the cavity, adjacent the second catalyst

layer.

If the layer stack of Figure 26a is used to grow CNTs from the attachment surfaces the
length of the CNTs can be controlled such that CNTs extend from one attachment
surface to the opposite attachment surface, but do not extend any further. Figure 26b
shows a schematic where CNTs have started to grow from the two attachment surfaces
but have not yet grown to reach the opposite attachment surface. This approach could
result in higher density of CNTs in the cavity. The cavity may be under vacuum or filled

with a gas. Preferably the cavity will be filled with an inert gas.

While not shown in the Figures, it will be readily understood that additional protective

layers can be provided adjacent to each of the attachment surfaces.

While shown in Figure 23, 24 and 26, it will be readily understood by the skilled
person, in light of the previous description, that the support layer is optional. A similar
layer stack could be provided without a support layer. Additionally, it will be readily
understood that the catalyst layer shown in Figures 23 and 24 and the first catalyst
layer shown in Figure 26 are not necessary in embodiments where the substrate is itself
capable of catalysing the growth of the CNTs.

For the above embodiments the protective layer may comprise TiN, preferably with a
cross-section of around 7 nm, and/or polyimide, preferably with a cross-section of
around 500 nm. The catalyst layer may comprise Fe, preferably with a cross-section of
around 3 nm. The support layer may comprise two sublayers comprising TiN and Al,
preferably with a cross-section of around 50 nm and10 nm respectively. The additional

layer may comprise SiO., prederably with a cross-section of around 500 nm.

CNTs or graphene can be grown, using the methods previously discussed, such that the
or each protective layer allows carbon diffusion therethrough to the or each attachment

surface. Accordingly, CNTs or graphene will grow from the or each attachment surface.



10

15

20

25

30

35

WO 2015/189575 PCT/GB2015/051634

43

Summary
The ‘protected catalyst’ scheme for the growth of graphene and CNTs is demonstrated

where a catalyst capping layer such as Ti, TiN, Ta, TaN, Cr, Au, Ag and Pd is used to
protect the catalyst. The capping layer not only protects the catalyst from the
environmental poisoning but also allows the diffusion of carbonaceous feedstock
through it for the growth of graphene or carbon nanotubes. Raman spectra analysis
indicates the growth of single, few and multiple layers of high quality graphene on steel
and Si substrates, using the protected catalyst scheme. Vertically aligned and dense
(~109 cm2) growth of CNTs is also achieved using protected catalyst scheme. The
scheme proposed can be implemented in traditional thermal CVD growth of carbon
materials or other systems that allow for the coupling of energy to the catalyst along
with a suitable carbon feedstock. The carbon feedstock could be in gas, liquid or solid
form within the substrate structure proposed. Substrates could be pre-treated to
incorporate the carbon source. A comparative adhesion test shows that the CNTs grown
by the protected catalyst scheme are more strongly attached with the substrate surface
and the strength of the attachment increases with increasing the thickness of the
capping layer of TiN. The protected catalyst scheme is successfully used in revealing the
fabrication of CNT based vias where the catalyst remained protected from etchant
attack during the reactive ion etching of SiO.. The protected catalyst scheme can also be
used for revealing 3D structures, patterns and simultaneous graphene-CNT growth.
The protected catalyst scheme that has been developed is a breakthrough in many
potential application areas of graphene and carbon nanotubes as it protects the catalyst
from oxidation prior to the growth, maintains the high quality and high conductivity of
the grown material, allows the etching of SiO. (or other dielectric materials) in a buried
catalyst scheme while keeping the catalyst protected from etchants and improve the

adhesion of graphene/CNTSs on the host material.
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A layer stack for growing graphene or carbon nanotubes (CNTs), wherein
the layer stack comprises a substrate, a protective layer, and an attachment
surface disposed therebetween, wherein the protective layer is configured to
allow carbon diffusion therethrough to the attachment surface, such that

graphene or CNTs grow therefrom.

A layer stack according to claim 1, wherein the attachment surface for the

graphene or CNTs is disposed adjacent the protective layer.

Alayer stack according to either of claims 1 or 2, wherein the substrate itself
is capable of catalysing the growth of the graphene and/or CNTs from the
attachment surface, and preferably comprises nickel (Ni), copper (Cu), iron
(Fe) or steel.

A layer stack according to any preceding claim, wherein the layer stack
comprises a catalyst layer disposed between the substrate and the protective
layer, wherein the catalyst layer is capable of catalysing the growth of the
graphene and/or the CNTs from the attachment surface, and preferably the
catalyst layer comprises a material selected from a group consisting of:
Copper (Cu), Nickel (Ni), Ruthenium (Ru), Cobalt (Co), Iron (Fe), Rubidium
(Rd), Platinum (Pt), Iridium (Ir), Palladium (Pd), Rhodium (Rh), carbides,
Silver (Ag), Gold (Au), steel or a composite of any two or more of the

aforementioned materials.

Alayer stack according to claim 4, wherein the catalyst layer is between 1

nm and 500 nm in cross-section.

A layer stack according to either of claims 4 or 5, wherein the layer stack
comprises a support layer disposed between the catalyst layer and the
substrate, and preferably the support layer comprises a material selected
from a group consisting of: Silicon Dioxide (SiO.), Aluminium Oxide
(ALLOs), Copper (Cu), Aluminium (Al), Tungsten (W), Palladium (Pd), Gold
(Au), Silver (Ag), Titanium (Ti), Tantalum (Ta), Tantalum Nitride (TaN) and
Titanium Nitride (TiN).



10

15

20

25

30

35

WO 2015/189575 PCT/GB2015/051634

10.

11.

12,

13.

47

A layer stack according to claim 6, wherein the support layer comprises at

least two layers wherein each layer comprises a different composition.

A layer stack according to either of claims 6 or 7, wherein the support layer

is between 2 nm and 400 nm in cross-section.

A layer stack according to any preceding claim, wherein the protective layer
comprises a material selected from a group consisting of: Titanium Nitride
(TiN), Titanium (Ti), polyimide, plastics, polytetrafluoroethylene (PTFE),
PDMS (Polydimethylsiloxane), Tantalum (Ta), Tantalum Nitride (TaN),
Gold (Au), Silver (Ag), Palladium (Pd), Chromium (Cr), polymers, such as
parylene (poly(p-xylylene)) polystyrene, polyacrylate, polyethylene,
Polyethylene terephthalate (PET), and 2D layered materials such as BN,
MoS., MoSe, WS..

A layer stack according to any preceding claim, wherein the protective layer
is between 1 nm and 500 nm in cross-section, or between 1 nm and 100 nm

in cross-section, or between 3.5 nm and 17 nm in cross-section.

A layer stack according to any preceding claim, wherein the substrate
comprises a material selected from a group consisting of: Silicon (Si),
Aluminium Oxide (Al.O3), Silicon Carbide (SiC), steel, Copper (Cu), Nickel
(N1), plastics, polymers, glass, Gallium Arsenide (GaAs), Aluminium (Al)
and zeolite or the substrate comprises a material coated with a 2D layered
materials such as Boron Nitride (BN), Molybdenum Disulphide (MoS.),
Molybdenum Selenide (MoSe) and Tungsten sulphide (WS.).

Use of a layer stack according to any one of claims 1 to 11, for growing

graphene or carbon nanotubes (CNTs).

A method for manufacturing a layer stack for use in growing graphene or
carbon nanotubes (CNTSs), the method comprising;:-

a) providing a substrate, and

b) depositing a protective layer on the substrate, such that an attachment

surface is disposed between the substrate and the protective layer,
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thereby creating a layer stack, wherein the protective layer is configured
to allow carbon diffusion therethrough to the attachment surface, such

that graphene or CNTs grow therefrom.

A method for growing graphene or carbon nanotubes (CNTs), the method

comprising:

a) providing a layer stack comprising a substrate, a protective layer, and an
attachment surface disposed therebetween, wherein the protective layer
is configured to allow carbon diffusion therethrough to the attachment
surface; and

b) allowing graphene or CNTs to grow from the attachment surface.

A method according to any either claim 13 or 14, wherein the layer stack is

as defined in any one of claims 1 to 11.

A method for patterned graphene and/or CNT growth in a buried catalyst

arrangement, the method comprising;:

a) depositing a protective layer on a substrate defining an attachment
surface therebetween;

b) depositing an additional layer on the protective layer;

c) lithographically patterning the additional layer;

d) carrying out etching of the additional layer; and

e) allowing graphene and/or CNTs to grow on the attachment surface.

A method according to claim 16, wherein a catalyst layer is deposited on the
substrate, prior to the deposition of the protective layer, wherein the catalyst
layer is capable of catalysing the growth of the graphene and/or the CNTs

from the attachment surface.

A method according to either claim 16 or 17, wherein the method is either
used for patterned graphene growth only, patterned CNT growth only or for
combined patterned CNT and graphene growth together.

A method according to any one of claims 16 to 18, wherein the additional
layer is a dielectric, preferably selected from a group consisting of: Silicon
Dioxide (SiO.), F-doped oxides (SiO:F), C-doped oxides (SiO:C), SOG (spin
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on glass), polymers such as, polyimides, aromatic polymers, parylene, and
PTFE.

A method according to any one of claims 16 to 19, wherein the additional
layer is a metal, preferably selected from a group consisting of: Copper (Cu),
Aluminium (Al), Tungsten (W), Gold (Au) and Silver (Ag) or a composite of

these materials.

A method according to any one of claims 16 to 20, wherein the additional
layer is between 1 nm to 500 nm in cross-section or more than 500 nmin

cross-section.

A method according to any one of claims 16 to 21, wherein the fabrication of
graphene and/or CNT comprises a final step:

f) depositing and patterning of a top layer.

A method according to claim 22, wherein the top layer comprises a
dielectric, and preferably the dielectric is selected from a group consisting
of: Si0., F-doped oxides (SiO:F), C-doped oxides (SiO:C), SOG (spin on
glass), polymers (polyimides, aromatic polymers, parylene, PTFE, etc., or a
metal such as Copper (Cu), Aluminium (Al), Tungsten (W), Gold (Au) and

Silver (Ag) or a composite of these materials.

A method according to either of claims 22 or 23, wherein the top layer

comprises an Aluminium (Al) film configured to act as a top metal contact.

A method according to any one of claims 22 to 24, wherein the top layer is

between 10 — 1000 nm in cross-section or about 300 nm in cross-section.

A method for growing carbon nanotubes (CNTs), the method comprising;:

a) providing a layer stack comprising a substrate, a protective layer, and an
attachment surface disposed therebetween, wherein the protective layer
is configured to allow carbon diffusion therethrough to the attachment
surface; and

b) allowing CNTs to grow from the attachment surface, and separate at

least a portion of the protective layer from the layer stack.
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A method according to claim 26, wherein the protective layer comprises at
least two sublayers, and the CNT growth causes a first protective sublayer to

separate from a second protective sublayer.

A method for the manufacture of a graphene and/or CNT based integrated

circuit or a printed circuit board interconnect wherein the method

comprises:

a) providing a plurality of layer stacks according to any one of claims 1to
11; and

b) growing the graphene and/or CNTs from the attachment surfaces such
that the graphene and/or CNTs are configured to act as a horizontal and

vertical interconnect.

A method according to any one of claims 14 to 28, wherein the step of
growing the graphene and/or CNTs comprises growing the graphene and/or
CNTs in a chemical vapour deposition (CVD) system, preferably wherein the
process is performed in a thermal CVD (TCVD) system, a plasma enhanced
CVD (PECVD) system or a photothermal CVD (PTCVD) system.

A method according to claim 29, wherein a PTCVD system is used and
optical energy is delivered to the layer stack, preferably from above the

substrate.

A method according to any one of claims 14 to 30, wherein an upper surface
of the substrate provided with the layer stack is heated to a temperature of
at least 500 °C, 600°C, 700°C or at least 800 °C, and preferably an upper

surface of the substrate provided with the layer stack is heated up to 1100 °C.

A method according to any one of claims 14 to 31, wherein the bulk of the
substrate provided with the layer stack remains at a temperature below 600

°C, 470 °C or below 250 °C.

A method according to any one of claims 14 to 32, wherein the growth of
graphene or CNTs comprises pre-treating the substrate provided with the

layer stack to a substrate bulk temperature below 470°C, preferably in
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flowing Hydrogen (H.) and more preferably, other gases such as Argon (Ar),
Nitrogen (N.), Helium (He), Ammonia (NHj;) are also used.

A method according to claim 33, wherein the flowing Hydrogen (H.) is
delivered at between 25 — 500 sccm (standard cubic centimetres per

minute), and preferably about 100 scem.

A method according to either of claims 33 or 34 wherein the pre-treating
step is carried out at a pressure between 0.1 Torr and 7600 Torr, preferably

about 2 Torr.

A method according to any one of claims 33 to 35, wherein the pre-treating
step is maintained for about 1-60 minutes, more preferably about 5-15

minutes, most preferably about 10 minutes.

A method according to any one of claims 14 to 36, wherein graphene is
grown and the bulk temperate of the layer stack is between 350 — 650 °C,
preferably about 460 °C.

A method according to any one of claims 14 to 36, wherein CNTs are grown

and the bulk temperature of the layer stack is in the range of 250 — 500 °C.

A method according to any one of claims 14 to 38, wherein the growth of
graphene and/or CNTs comprises using a carbon feedstock, preferably the
carbon feedstock is selected from a group consisting of: Acetylene (C.H.),
Ethylene (C.H,), Methane (CH,), Carbon Monoxide (CO), camphor,

naphthalene, ferrocene, benzene, and ethanol.

A method according to claim 39, wherein the carbon feedstock is delivered

between 5 — 500 scem, and preferably, is delivered at around 10 scem.

A method according to any one of claims 14 to 40, wherein the step of
growing the grapheme and/or CNTs is maintained for about 0.1-60 minutes,

more preferably about 2-8 minutes, most preferably about 5 min.
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42.

43.

44.

45.

46.

47.

48.

49.

52

A method according to any one of claims 13 to 41, wherein the support layer,
catalyst layer and/or protective layer are sputter deposited, cluster source
deposited, electron beam evaporated, thermally evaporated, solution
deposited, solution evaporated, ion implanted, spin coated, chemical vapour
deposited, plasma chemical vapour deposited, plasma immersion deposited

or electrodeposited.

A method according to claim 42, wherein the different layers are sputter
deposited sequentially onto the substrate in an inert gas environment

without breaking vacuum.

A method according to any one of claims 16 to 43, comprising use of the

layer stack as defined in any one claims 1 to 11.

Alayer stack for growing graphene or carbon nanotubes (CNTs), wherein
the layer stack comprises a substrate, a protective layer, a cavity provided
within the layer stack, and an attachment surface, wherein the protective
layer is configured to allow carbon diffusion therethrough to both the cavity
and the attachment surface, such that graphene or CNTs grow from the

attachment surface.

A layer stack according to claim 45, wherein the layer stack comprises an
additional layer disposed between the substrate and the protective layer,
wherein the additional layer defines an indentation and the protective layer

is disposed over the indentation to form the cavity.

Alayer stack according to claim 46, wherein the layer stack comprises a
catalyst layer disposed on the opposite side of the cavity to the protective
layer, wherein the catalyst layer is capable of catalysing the growth of the

CNTs or graphene from the attachment surface.

A layer stack according to claims 47, wherein the layer stack comprises a

support layer disposed between the catalyst layer and the substrate.

A layer stack according to either of claims 47 or 48, wherein the layer stack

comprises two protective layers, wherein the first protective layer is



10

15

20

25

WO 2015/189575 PCT/GB2015/051634

50.

51.

52.

53-

54.

53

disposed between the catalyst layer and the additional layer, and the second
protective layer is disposed over the indentation, defined by the additional

layer, to form the cavity.

A layer stack according to either of claims 45 or 46, wherein the layer stack
comprises a catalyst layer disposed between the protective layer and the
cavity wherein the catalyst layer is capable of catalysing the growth of the

CNTs or graphene from the attachment surface.

A layer stack according to any of claims 45 to 50, wherein the layer stack

comprises two attachment surfaces.

Alayer stack according to claim 51, wherein the two attachment surfaces are
provided on opposite sides of the cavity and the first attachment surface is
adjacent to a first catalyst layer and the second attachment surface is

adjacent to a second catalyst layer.

A layer stack according to claim 52, wherein the layer stack comprises three
protective layers, wherein the first protective layer is disposed between the
first catalyst layer and the additional layer and the second protective layer is
disposed between the additional layer and second catalyst layer and the

third protective layer is disposed adjacent the second catalyst layer.

Use of a layer stack according to any one of claims 45 to 53, for growing

graphene or carbon nanotubes (CNTs).
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