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SYNTHESIS OF ZEOLITE CRYSTALS AND FORMATION OF
CARBON NANOSTRUCTURES IN PATTERNED STRUCTURES

FIELD OF THE INVENTION

5 The present invention relates to patterned structures comprising zeolite
crystals and a method for the synthesis of these zeolite crystals in the
patterned structures. The invention further relates {o a method to form carbon
nanostructures such as carbon nanotubes (CNT) in high yields inside the
zeolite crystals.

10 The present invention is also related to a novel method to synthesize
carbon nanostructures within the parallel pores of a zeolite crystal thereby
making use of an organo-metal complex introduced via impregnation or in sifu
synthesis so ensuring 100% pore filling and high efficiency for synthesis of
resulting carbon nanostructures; the metal being useful to initiate the growth of

15 the carbon nanostructures.

The present invention is further related to the field of semiconductor
processing and the use of carbon nanostructures in zeolite crystals within
patterned structures such as trenches and/or vias as interconnect structures in
a semiconductor device. The invention is further related to hybrid systems of

20 interconnect structures wherein both copper and carbon nanostructures are
used as conductive material within vias and trenches.

The present invention is further related to the field of wafer stacking (3D
applications), sensor applications (CNT acting as micro-electrode array), heat
dissipation and fuel cells. ,

25 More specifically the invention relates to a method for integrating zeolite
crystals in patterned structures (e.g. within frenches and vias on a
semiconductor substrate), and using the zeolite crystals for the synthesis of
carbon nanostructures such that the carbon nanostructures can be used as
interconnects in a semiconductor device. More particularly, the invention

30 relates to a method for integrating zeolite crystals in patterned structures in a

semiconductor device.
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BACKGROUND OF THE INVENTION

Carbon Nanotubes {CNT) are good candidates to replace copper for
use as interconnect lines (trenches) and vias in future semiconductor devices.
It is shown that for relevant interconnect lengths the resistance of the optimal
CNT interconnect is about an order of magnitude smaller than the resistance of
a copper interconnect. In case fully ballistic transport can be achieved in the
carbon nanotubes, the improvement in resistance is larger, up to several
orders of magnitude.

To achieve the electrical requirements set out by the International
Technology Roadmap for Semiconductors (ITRS), for Back End Of Line
(BEOL) interconnect trenches (lines) and vias, high quality straight horizontal
and vertical metallic single-walled carbon nanotubes (SW-CNT) of very smali
diameter are required in extremely high density bundles (when arranged in a
hexagonal packing configuration, the highest theoretically feasible CNT density
is 2 CNT/nm2 assuming a tube diameter of 0.4 nm and an interspacing of 0.34
nm). The synthesis of ultra-small diameter carbon nanotubes (CNTs)
necessary for achieving these very high densities of isolated SW-CNT, is up till
now reported in confined circumstances e.g. by Wang et al. (Nature, 408, 50-
51, 2000), by Qin et al. (Nature, 408, 50, 2000), by Hayashi et al. (Nano
Letters, 3, 887-889, 2003), by Balkus Jr. et al. (Studies in Surface Science and
Catalysis, 154, 903-910, 2004), and by Corma et al. (Microelectronic
Engineering (2008), doi: 10.1016/.mee.2008.01.061). The confinement effect
of a mono dimensional pore seems to be crucial {o synthesize the desired
diameter nanotube.

Carbon nanostructures have been made in prior art by the template
technigue, using porous Alumina Oxide (AAQ) as reported by Kyotani et al.
(Chemistry of Materials, 8, 2109-2113, 1996), using mesoporous materials
such as MCM-41 as reported by Urban et al. (Chemical Physics Letters, 359,
95-100, 2002) or using an AFIl type zeolite as reported by Tang et al. (Applied
Physics Letters, 73, 2287-2289, 1998).

Since zeolites have high pore densities in agreement with the strict
requirements for CNT, they are very good candidates to produce highly dense

aligned and isolated CNT within these pores. However to really exploit the
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interesting properties of zeclites for carbon nanostructure growth in patterned
structures such as trenches and vias, zeolite growth must be integrated in the
CMOS technology platform.

Furthermore, high yields of carbon nanostructure growth must be
achieved. In prior art the highest pore filling degree reported is 28% by addition
of hydrocarbon gas during pyrolysis. The addition of complexes to the zeolite
synthesis solution or gel has been reported. However to allow zeolite
crystallization, the concentration of these complexes in the zeolite synthesis
gel or solution shouild be low, resulting in inefficient growth of carbon
nanostructures (Studies in Surface Science and Catalysis, Vol 154, pp 903).

In conclusion, there is a need for a method to incorporate zeolite
crystals within patterned structures such as trenches and vias and an adapted
synthesis method to grow carbon nanostructures with significantly higher yields
within the pores of the zeolite crystals and integrate the resuiting material in Si

technology.

SUMMARY OF THE INVENTION

it is an object of the present invention to provide a method to
incorporate zeolite crystals in patterned structures. In accordance with an
aspect of the present invention the zeolite crystals having pores (channels)
with an orientation which is defined by the topology of the zeolite crystal type
and the geometry of the patterned structure, resulting in pores parallel with the
length axis of the patterned structures. Said patterned structures may be vias
(vertical contacts) and trenches (horizontal lines) in a semiconductor substrate.
Furthermore it is an advantage of the present invention to use these zeclite
crystals for dense and aligned nanocarbon growth or in other words growth of
carbon nanostructures such as carbon nanotubes (CNT) within the pores of
the zeolite structure. The growth of CNT is achieved within the porous
structure of the zeolite crystals whereby the pores can be defined as confined
spaces (channels) in nanometer dimensions acting as a micro-reactor for CNT
growth.

The invention further provides an improved method for growing carbon

nanostructures within zeolite crystals by adding, after creation of the zeolite
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crystals, a novel compound within the porous structure of the zeolite crystals
whereby said novel compound is acting as a carbon source to create the
carbon nanostructures. The improved growth method gives a significantly
higher carbon density (yield) compared to state of the art techniques.

The invention provides new zeolite topologies and nanocarbon
synthesis techniques resulting in significantly improved yields of intraporous
carbon nanostructure growth.

Embodiments of the invention solve the problem of state of the art
techniques to position zeolite crystals in patterned structures. Embodiments of
the present invention solve the problem by first substantially filling the
patterned structures with the zeolite synthesis solution or gel using mechanical
forces before the crystallization of the synthesis gel to form zeolite crystals.

Embodiments of methods of the invention are further advantageous
over prior art methods (e.g. Vapor Liquid Solid (VLS) enhanced growth) to
grow carbon nanostructures because lower growth temperatures may be used
and no catalyst nanoparticles need to be deposited to initiate the growth of
carbon nanostructures.

Furthermore embodiments of the present invention have the advantage
that the predetermined size and geometry of the pores within the pores of the
zeolite can be used to determine the diameter and hence properties of the
synthesized carbon nanostructures (e.g. SW-CNT versus MW-CNT).

Embodiments of the method of the invention to provide carbon
nanostructures within patterned structures further have the advantage over
state of the art technigues to grow easily carbon nanostructures in horizontal
direction e.g. along the length of a trench. Using methods of the invention it is
possible to direct the zeolite crystal growth (and hence orient the pores within
the structure of the zeolite) in a direction defined by the confinement of the
structures. In other words it may be defined by the geometric parameters
(depth versus length) of the patterned structure. In this way it is possible to
achieve direct vertical growth of the zeolite crystal in a via (vertical hole), direct
horizontal growth of the zeolite crystal in a trench (horizontal line). Hence it is
possible to induce vertical or horizontal growth of carbon nanostructures inside

zeolite pores.
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The invention also provides a method to integrate zeolite crystals
comprising carbon nanostructures in a semiconductor device and the use of
the carbon nanostructures as conductive material in interconnect structures
such as trenches and vias.

In embodiments of the invention, a substrate comprising patterned
structures (openings) is disclosed characterized in that these patterned
structures are filled with zeolite crystals wherein the zeolite crystals and hence
pores within the zeolite have an orientation in the direction defined by the
confinement of the patterned structures.

According to a first aspect of the invention, a method is disclosed for
providing zeolite crystals within patterned structures. The method for providing
zeolite crystals within patterned structures comprises at least the steps of:

- Providing a substrate comprising in its top surface patterned
structures (openings),

- Impregnating a zeolite synthesis solution or gel onto the
substrate followed by,

- Applying mechanical forces to incorporate the synthesis
solution into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Rinsing and drying the substrate, and

- Optionally applying additional mechanical forces o remove
non-incorporated or non-attached zeolite crystals.

According to embodiments of the invention the method to incorporate
zeolite crystals within patterned structures is used for dense and aligned
growth of carbon nanostructures (e.g. CNT) within the pores of the zeolite
structure. The method to grow carbon nanostructures within patterned
structures using zeolite crystals comprises after the steps of providing the
zeolite crystals within the patterned structures as described above at least the
step of heating the zeolite crystals in the presence of an inert gas or a mixture
of an inert gas and a carbon containing gas at a temperature between 350°C -
1000°C.
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The method for providing zeolite crystals in patterned structures and
subsequently grow carbon nanostructures within the pores of the zeolite
comprises at least the steps of:

- Providing a substrate comprising on its top surface patterned
structures (openings),

- Impregnating a zeolite synthesis solution or gel onto the
substrate followed by,

- Applying mechanical forces to incorporate the synthesis
solution into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite from
the synthesis solution or gel,

- Rinsing and drying the substrate, and

- Optionally applying mechanical forces to remove non-
incorporated or non-attached zeolite crystals

- Heating the zeolite crystals in the presence of an inert gas or a
mixture of an inert gas and a carbon containing gas at a temperature between
350°C -1000°C to grow the carbon nanostructures.

According to a second aspect of the invention, an improved method is
provided to grow carbon nanostructures (e.g. CNT) within the pores of a zeolite
crystal. The improved method gives rise to significantly higher yields of
intraporous nanocarbon growth compared to the prior art techniques. The
highest achieved (reported) pore filling degree in prior art is 28% by addition of
hydrocarbon gas during pyrolysis. Using the method of the invention pore filling
degrees of 60% and more are achieved without addition of hydrocarbon gas
during pyrolysis. The improved method makes use of organo-metal complexes
which are incorporated into the pores of the zeolite crystals after the step of
forming the zeolite crystal and which are used as initiator and carbon source
for the subsequent step of carbon nanostructure growth.

The organo-metal complex according to the invention may be
introduced in the zeolite crystal pores by impregnation or in-situ synthesis.
Addition of organc-metal complexes to the zeolite synthesis solution or gel has
been described in prior art by Balkus Jr. et al.. However the organo-metal

complex was always added before zeolite crystallization. Using the method
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according to the prior art, the concentration of the complexes in the zeolite
synthesis gel or solution should be low to allow zeolite crystallization, resulting
in inefficient loading with carbon nanostructures.

The organo-metal complex of the present invention is preferably a
(metallo)-phthalocyanine complex. Phthaiocyanines may be incorporated in
extra large pore zeolites such as VFI type zeolites and can be converted into
carbon nanostructures under pyrolysis conditions.

Preferred examples of suitable phthalocyanine complexes are Ni-, Fe-,
Co-, or even H2-phthalocyanine complexes, for example Fe-phthalocyanine.

According to embodiments of the invention, the improved method to
grow the carbon nanostructures (e.g. CNT) within the pores of a zeclite crystal
comprises at least the steps of:

- Providing a zeolite synthesis solution or gel followed by,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Heating the zeolite crystals and evaporating or impregnating a
solid source or precursor of phthalocyanine and a metal at a temperature
between 0°C -400°C such that the phthalocyanine and the metal form a metal-
phthalocyanine complex within the pores of the zeolite crystals

- Growing carbon  nanostructures using the metal-
phthalocyanine complex as an initiator by heating at a temperature between
350-1000°C.

The improved method to grow the carbon nanostructures (e.g. CNT)
within the pores of a zeolite crystal is compatible with the method to grow
zeolite crystals within patterned structures as described above. According to
embodiments of the invention, the improved method to grow the carbon
nanostructures (e.g. CNT) within the pores of a zeolite crystal and wherein the
zeolite crystals are present in patterned structures comprises at least the steps
of:

- Providing a substrate comprising on its top surface patterned
structures (openings),

- Impregnating a zeolite synthesis solution or gel onto the
substrate followed by,
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- Applying mechanical forces to incorporate the synthesis
solution into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Rinsing and drying the substrate, and

- Optionally applying mechanical forces to remove non-
incorporated or non-attached zeolite crystals

- Heating the zeolite crystals and evaporating or impregnating a
solid source or precursor of phthalocyanine and a metal at a temperature
between 0°C -400°C such that the phthalocyanine and the metal are forming a
metal-phthalocyanine complex within the pores of the zeolite crystals.

- Growing carbon nanostructures using the metallo-
phthalocyanine complex as an initiator by heating at a temperature between
350-1000°C.

According to embodiments of the invention, the substrate may be any
suitable substrate which is chosen in function of further applications. For
semiconductor applications (use within a semiconductor device) the substrate
may be a semiconductor substrate such as a Si or Ge wafer.

According to embodiments of the invention, the patterned structures
may be trenches or via holes which may be patterned in a dielectric layer
having a k value lower than 5. Examples of suitable dielectric layers are silicon
dioxide and other state of the art low-k materials such as Black Diamond
(Applied Materials). The patterning of the structures may be achieved using a
combination of photolithographic imaging and (anisotropic) dry etching. To be
used in BEQOL as interconnect structures, the trenches and vias have
preferably a diameter in the range of 50nm up to 300 nm. Trenches have an
aspect ratio (length/depth) greater than 1 whereas vias have an aspect ratio
(length/depth) smaller than 1.

According to preferred embodiments, the patterned structure may be a
single level mask structure with vias ranging from 50nm up to 300 nm in
diameter. In order to allow electrical characterization or electrical contact of the
carbon nanostructures in an individual via and/or an array of vias, the vias may

land on a single common bottom electrode that can be made from a suite of
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different materials. An example of a suitable bottom contact electrode material
is TiN. Using a simple patterned structure design facilitates the vertical CNT
growth in zeolites confirned within the vias, their integration with the bottom
contact and top-metallization to enable consequent electrical contact of the
CNT.

According to embodiments of the invention the zeolite synthesis solution
or gel may comprise a silicon source and an alkali source of inorganic or
organic nature, and optionally a template molecule and hetero-elements such
as Al, Ga, Ti, Fe, Co, Ge, P, or a mixture thereof.

According to embodiments of the invention the zeolite synthesis solution
or gel may comprise an aluminium and phosphorus source, as well as a
source of acidity, and a template molecule and optionally hetero-elements
such as Si, Ga, Ti, Fe, Co, Ge, or a mixture thereof. As an example for the
SAPO-5 zeolite type material (also referred to as AFi type) aluminium-
isopropoxide is used as an aluminium source, phosphoric acid as a
phosphorus source, ftripropylamine (TPA) as template, and Aerosil200
(Degussa) as a silica source. The synthesis gel is preferably a water-based
solution; alcohols such as ethanol may be added to improve the wetability of
the gel. An optimized synthesis gel for a silico-aluminophosphate may have the
following composition: 1 Al203: 0.99 P205 : 1.2 TPA : 400 H20 : 20 Ethanol
0.01 Si02.

According to embodiments of the invention, the organo-metal complex,
used for impregnation or in-situ synthesis in the zeolite pores, may consist of a
transition metal in comprising Fe, Ni or Co and any organic ligand that
sterically can be accommodated in the zeolite pores.

According to embodiments of the invention the zeolite can be a
crystalline porous material with parallel pores, preferably with one of the
following structure types, as defined by the International Zeolite Association:
AF1, VF1 type material. Alternatively an AEL type, AET type, AFO type, AFR
type, AFS type, AFY type, ASV type, ATO type, ATS type, "BEA type, BEC
type, BOG type, BPH type, CAN type CFi type, -CLO type, CON type, DON
type, DFO type, EMT type, EON type, ETR type, EUO type, EZT type, FAU
type, FER type, GME type, GON type, IFR type, IMF type, ISV type, IWR type,
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IWV type, IWW type, LTA type, LTL type, MAZ type, ME! type, MEL type, MFi
type, MFS type, MOR type, MOZ type, MSE type, MTT type, MTW type, MWW
type, OFF type, OS1 type, OSO type, PON type, RRO type, RWY type, SAO
type, SBE type, SBS type, SBT type, SFE type, SFF type, SFG type, SFH type,
SFN type, SFO type, SOS type, SSY type, STF type, SZR type, TER type,
TON type, TUN type, USI type, UTL type, or VET type material can be used.

According to embodiments of the invention the mechanical forces used
to incorporate the synthesis gel are selected from sonication, vibration andfor
spin-coating. Sonication may be used to incorporate the synthesis gel into the
patterned structures, suitable sonication condition are e.g. 15 minutes at 47
kHz. Spin-coating may be used to remove excess of synthesis gel from the
substrate, suitable spin-coating condition are e.g. 15000 rpm for 10 seconds.

According to embodiments of the invention the hydrothermal treatment
is used to crystallize the synthesis gel and thereby forming (ordered} zeolite
crystals. Suitable hydrothermal conditions comprise the heating of the
substrate under autogeneous pressure for 2-48h at 100-200°C, more
preferably for 14-15h at 150-180°C.

According to embodiments of the invention the rinsing and drying is
performed using doubly-distilled water.

According to embodiments of the invention the additional mechanical
forces needed to remove non-incorporated or non-attached zeolite crystals is
performed using sonication. After the sonication, the substrate is preferably
again thoroughly rinsed with doubly-distilled water.

According to embodiments of the invention the step of growing the
carbon nanostructures is such that vertical growth of carbon nanostructures is
achieved in a via (vertical hole) and horizontal growth of carbon nanostructures
is achieved in a trench (horizontal line).

According to embodiments of the invention the step of growing the
carbon nanostructures is achieved using high temperature pyrolysis conditions.
The carbon source needed for the nanostructure synthesis may originate from
the organic template molecule used for zeolite synthesis. Alternatively (or
additionally) a carbon containing gas may be added {o the atmosphere under

pyrolysis conditions (possibly in high pressure conditions). Yet another
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alternative is the formation of organo-metal complexes within the porous
structure of the zeolite crystal (such as metal phthalocyanine complexes)
leading to a stacking of these organo-metal complexes inside the zeolite pores.

According to embodiments of the invention the pyrolysis step used to
grow carbon nanostructures is performed within a thermal reactor e.g. a
furnace. The reactor must be capable of heating the zeolite crystals to a
temperature up to 1000°C. The thermal reactor preferably includes a chamber
that can be maintained at vacuum or at a desired pressure, and further
includes means for enabling a gas flow into the chamber. Preferred pyrolysis
may be the heating of the zeolite crystals under a flow of inert gas. Then keep
the zeolite crystals isothermal at 400-800°C for 10-3600 min, more preferably
at 550°C for 50-150 min.

The above and other characteristics, features and advantages of the
present invention will become apparent from the following detailed description,
taken in conjunction with the accompanying drawings, which illustrate, by way
of example, the principles of the invention. This description is given as an
example only, without limiting the scope of the invention. The reference figures

guoted below refer to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments are illustrated in referenced figures of the
drawings. It is intended that the embodiments and figures disclosed herein are
to be considered illustrative rather than restrictive.

Figure 1A is a flow diagram illustrating the different processing steps to
synthesize zeolite crystals within patterned structures according to preferred
embodiments of the invention.

Figure 1B is a flow diagram illustrating the different processing steps to
synthesize zeolite crystals within patterned structures and subsequent growth
of carbon nanostructures within the pores of the zeolite crystals by heating the
zeolite crystals in the presence of a carbon comprising gas according to

preferred embodiments of the invention.
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Figure 1C is a flow diagram illustrating the different steps to synthesize
carbon nanostructures within the pores of zeolite crystals using organo-metal
complexes according to preferred embodiments of the invention.

Figure 1D is a flow diagram illustrating the different processing steps to
synthesize zeolite crystals within patterned structures and subsequent growth
of carbon nanostructures within the pores of the zeolite crystals using organo-
metal complexes according to preferred embodiments of the invention.

Figure 2A and 2B illustrate a cross section of a substrate having
patterned structures (openings) e.g. a BEST02 pattern with impregnated
synthesis gel on top of the substrate.

Figure 2C illustrates a cross section of the substrate having patterned
structures after sonication (vibration) and hydrothermal treatment to obtain
zeolite crystals inside the patterned structures.

Figure 2D illustrates a cross section of the substrate having patterned
structures filled with zeolite crystals after performing pyrolysis to obtain carbon
nanostructures inside the pores of the zeolite crystals.

Figure 3 illustrates a setup to perform the hydrothermal synthesis step
according to preferred embodiments of the invention.

Figure 4 is a Scanning Electron Microscopy (SEM) image of AIPO-5
crystals which were grown in via holes on a BESTO2 patterned wafer.

Figure 5A is a SEM image of the bottom side of a piece of zeolite crust
grown on BESTO2 patterned wafer, Figure 5B illustrates a schematic view of
the zeolite crust and related BESTO02 patterned wafer.

Figure B8A is a transmission electron microscope (TEM) image and
Figure 6B is a TEM diffraction pattern of a zeolite piece on BEST02 patterned
substrate.

Figure 7 is a comparative example showing a SEM image of zeolite
crystals grown on BESTO02 patterned wafer without performing the sonication
and/or spin coating step.

Figure 8 is SEM image of zeoclite crystals grown in BESTO02 patterned
structures using sonication and spin coating step (on part of the wafer
substrate to visualize the filling effect).
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Figure 9 is a SEM image of horizontally aligned zeolite crystal grown in
trench structure in BESTOZ2 patterned structures.

Figure 10 shows a phthalocyanine complex incorporated inside a VPI-5
zeolite crystal pore via in-situ synthesis. The Figure is taken from prior art
reference Parton et al., (1994), Journal of Molecular Catalysis A: Chemical, 97:
183-186.

Figure 11 shows a Raman spectrum of the phthalocyanine incorporated
VPI-5 after pyrolysis.

Figure 12A to Figure 12C shows the test structure design according fo
the BESTO2 as described above and used in the examples 1 to 5. Figure 12A
is a SEM photo illustrating a top view of the Si wafer substrate comprising the
test structures, Figure 12B illustrates a more detailed top view of the wafer
substrate illustrating the via holes. Figure 12C illustrates a cross section of the
via holes in the Si substrate with a Ti/TiN contact electrode at the bottom of the

vias.

DETAILLED DESCRIPTION

The present invention will be described with respect to particular
embodiments and with reference to certain drawings but the invention is not
limited thereto but only by the claims. The drawings described are only
schematic and are non-limiting. In the drawings, the size of some of the
elements may be exaggerated and not drawn on scale for illustrative purposes.
The dimensions and the relative dimensions do not correspond to actual
reductions to practice of the invention.

Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic
described in connection with the embodiment is included in at least one
embodiment of the present invention. Thus, appearances of the phrases “in
one embodiment” or “in an embodiment” in various places throughout this
specification are not necessarily all referring to the same embodiment, but may.
Furthermore, the particular features, structures or characteristics may be
combined in any suitable manner, as would be apparent to one of ordinary skill
in the art from this disclosure, in one or more embodiments.
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The terms top, bottom, over, under and the like in the description and
the claims are used for descriptive purposes and not necessarily for describing
relative positions. It is to be understood that the terms so used are
interchangeable under appropriate circumstances and that the embodiments of
the invention described herein are capable of operation in other orientations
than described or illustrated herein.

It is to be noticed that the term “comprising”, used in the claims, should
not be interpreted as being restricted to the means listed thereafter; it does not
exclude other elements or steps. It is thus to be interpreted as specifying the
presence of the stated features, integers, steps or components as referred to,
but does not preclude the presence or addition of one or more other features,
integers, steps or components, or groups thereof. Thus, the scope of the
expression “a solution comprising components A and B” should not be limited
to solution consisting only of components A and B. It means that with respect
to the present invention, the only relevant components of the solution are A
and B.

It is further to be noticed that the term “template” refers to an organic
zeolite-forming structure directing agent. This structure directing agent is
typically an organic amine, such as tripropylamine (TPA), triethylamine,
tetrapropylammonium hydroxide, tertraethylammonium hydroxide, triethyl-n-
propylammanium hydroxide, 2-picoline, 3-picoline, 4- picoline, piperidine, N-
methyldiethanolamine, and the like.

it is further to be noticed that the term “synthesis gel” or “synthesis
solution” refers to a zeolite synthesis composition gel or solution which may
comprise a silicon source and an alkali source of inorganic or organic nature,
and optionally a template molecule and hetero-elements such as Al, Ga, Tj, Fe,
Co, Ge, P, or a mixture thereof. It is further to be noticed that the term
“synthesis gel” or “synthesis solution” refers to a zeolite synthesis composition
gel or solution which may comprise an aluminium and phosphorus source, as
well as a source of acidity, and optionally a template molecule and hetero-

elements such as Si, Ga, Ti, Fe, Co, Ge, or a mixture thereof.
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it is further to be noticed that the term “carbon nanostructures” may
refer to both carbon nanoparticles as well as to carbon nanofibres and carbon
nanotubes (CNTs) having a single-, double- or multi-wall structure referred to
as SW-, DW- and MW-CNTs, respectively.

It is further to be noticed that the term porous structure may refer to a
microporous structure having pores in the range up to 2nm, a mesoporous
structure having pores in the range of 2nm up to 50nm or a macroporous
structure having pores in the range of 50nm and larger.

Similarly it should be appreciated that in the description of exemplary
embodiments of the invention, various features of the invention are sometimes
grouped together in a single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the understanding of one
or more of the various inventive aspects. This method of disclosure, however,
is not to be interpreted as reflecting an intention that the claimed invention
requires more features than are expressty recited in each claim. Rather, as the
following claims reflect, inventive aspects lie in less than all features of a single
foregoing disclosed embodiment. Thus, the claims following the detailed
description are hereby expressly incorporated into this detailed description,
with each claim standing on its own as a separate embodiment of this
invention.

Furthermore, while some embodiments described herein include some
but not other features included in other embodiments, combinations of features
of different embodiments are meant {o be within the scope of the invention,
and form different embodiments, as would be understood by those in the art.
For example, in the following claims, any of the claimed embodiments can be
used in any combination.

The invention will now be described by a detailed description of several
embodiments of the invention. It is clear that other embodiments of the
invention can be configured according to the knowledge of persons skilled in
the art without departing from the true spirit or technical teaching of the

invention, the invention being limited only by the terms of the appended claims.
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According to a first aspect of the invention, methods are provided to
form zeolite crystals within a patterned structure (within the openings of the
pattern).

According to a preferred embodiment of the first aspect of the present
invention a method is provided for providing zeolite crystals within patterned
structures. The method comprises at least the steps of:

- Providing a subsirate comprising in its top surface patterned
structures (openings),

- Impregnating a zeolite synthesis solution or gel onto the
substrate followed by,

- Applying mechanical forces to incorporate the synthesis
solution into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Rinsing and drying the substrate, and

- Optionally applying additional mechanical forces to remove
non-incorporated or non-attached zeolite crystals.

Figure 1 A is a flowchart 10 illustrating the different processing steps to
synthesize zeolite crystals within patterned structures according to a preferred
embodiment of the first aspect of the invention. In a first step 11 the synthesis
gel suitable for forming zeoclite crystals and a substrate (e.g. wafer) comprising
patterned structures (openings) in its top surface are provided according to
state of the art methods. In a next step 12 the synthesis gel is contacted with
the substrate by known methods such as immersion (dipping) of the substrate
in the synthesis gel or coating of the synthesis gel onto the top surface of the
substrate, Next, in step 13, mechanical forces such as sonication andfor
vibration are used to incorporate the synthesis solution into the patterned
structures. In a yet another next step 14 hydrothermal conditions are applied
(heating) to crystallize the zeolite synthesis solution to form zeolite crystals
within the patterned structures. Next, in step 15, the substrate comprising the
zeolite crystals is rinsed and dried. In an additional (optional) step 16 additional
mechanical forces can be applied to remove non-incorporated or non-attached

zeolite crystals from the substrate,
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The step of performing hydrothermal conditions (heating) to crystallize
the zeolite synthesis solution to form zeolite crystals may be performed in a
stainless steel autoclave 60 as illustrated in Figure 3. The experimental set-up
of Figure 3 comprises a Teflon substrate holder 62 on which a wafer piece
(substrate comprising the patterned structure) is placed. The bottom of the
reactor is filled with the synthesis gel 53 in which the wafer piece or substrate
is immersed.,

Using the method according to preferred embodiments of the first
aspect of the invention it is possible to direct the zeolite crystal growth (and
hence orient the pores within the structure of the zeolite) in a direction defined
by the confinement of the pattemed structures. In other words it may be
defined by the geometric parameters (depth versus length) of the patterned
structure. In this way it is possible to achieve direct vertical growth of the
zeolite crystal in a via (vertical hole), direct horizontal growth of the zeolite
crystal in a trench (horizontatl line). Figure 9 is a SEM image of an horizontally
aligned zeolite crystal grown in an (horizontal) trench structure in BEST02
pattern. With growing horizontally onto the substrate is meant that, when the
substrate is lying in a plane, the zeolite crystals grow in a direction
substantially parallel to the plane of the substrate. With growing vertically onto
the substrate is meant that, when the substrate is lying in a plane, the zeolite
crystals grow in a direction substantially perpendicular to the plane of the
substrate.

According to preferred embodiments of the first aspect of the invention a
substrate comprising patterned structures (openings) wherein said patterned
structures comprise zeolite crystals and the zeolite crystals have an orientation
in the direction defined by the confinement of the patterned structures is
disclosed. The patterned structures may be trenches or via holes in a
semiconductor device.

The first aspect of the invention as described in a first preferred
embodiment can be accomplished to form elongated carbon nanostructures
(e.g. carbon nanotubes) within the pores of the zeolite crystals as described
below in further preferred embodiments of the invention. The growth of these
carbon nanostructures is performed by heating the zeolite crystals formed
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according to the first embodiment in the presence of a carbon comprising gas
in a temperature range 350-1000°C.

According to further preferred embodiments of the first aspect of the
invention, a method is provided for growing (aligned) carbon nanostructures
within the pores of zeolite crystals within patterned structures. The method
comprises at least the steps of:

- Providing a substrate comprising in its top surface patterned
structures (openings),

- impregnating a zeolite synthesis solution or gel onto the
substrate followed by,

- Applying mechanical forces to incorporate the synthesis
solution into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Rinsing and drying the substrate, and

- Optionally applying additional mechanical forces to remove
non-incorporated or non-attached zeolite crystals.

- Heating the zeolite crystals in the presence of an inert gas or a
mixture of an inert gas and a carbon containing gas at a temperature between
350°C -1000°C to grow the carbon nanostructures

Figure 1 B is a flowchart 20 illustrating the preferred processing steps to
first synthesize zeolite crystals within patterned structures followed by carbon
nanostructure growth in the pores of the zeolite crystals according to preferred
embodiments of the first aspect of the invention. In a first step 21 the synthesis
gel suitable for forming zeolite crystals and a substrate (e.g. wafer) comprising
patterned structures (openings) in its top surface are provided according to
state of the art methods. In a next step 22 the synthesis gel is contacted with
the substrate by known methods such as immersion (dipping) of the substrate
in the synthesis gel or coating of the synthesis gel onto the top surface of the
substrate, in a next step 23 mechanical forces such as sonication andfor
vibration are used to incorporate the synthesis solution into the patterned
structures. In yet another next step 24 hydrothermal conditions are applied

{heating) to crystallize the zeolite synthesis solution to form zeclite crystals
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within the patterned structures. Next, in step 25 the substrate comprising the
zeolite crystals is rinsed and dried. Additionally (optional) to step 25
mechanical forces can be applied to remove non-incorporated or non-attached
zeolite crystals from the substrate. Finally, in step 26, the zeolite crystals are
heated in the presence of a carbon comprising gas at temperatures preferably
in the range of 350°C up to 1000°C.

According to preferred embodiments of the first aspect of the invention a
substrate comprising patterned structures (openings) wherein said patterned
structures comprise zeolite crystals and further comprise carbon
nanostructures within the pores of the zeolite crystals and wherein the carbon
nanostructures have an orientation in the direction defined by the confinement
of the patterned structures is disclosed. The patterned structures may be
trenches or via holes in a semiconductor device.

According to a second aspect of the invention, methods are provided to
form carbon nanostructures within the pores of zeolite crystals by first
incorporating an organo-metal complex in the pores of the zeolite crystals and
then performing a thermail treatment to grow carbon nanostructures. This leads
to an improved method to grow carbon nanostructures {e.g. CNT) within the
pores of a zeolite crystal. The improved method gives rise to significantly
higher yields of intraporous nanocarbon growth compared to the prior art
techniques.

According to preferred embodiments of the second aspect the organo-
metal complex may be introduced in the zeolite crystal pores by impregnation
or in-situ synthesis.

The organo—metal complex of the present invention is preferably a
(metallo)-phthalocyanine complex. Phthalocyanines may be incorporated in
extra large pore zeolites such as VFI type zeolites and can be converted into
carbon nanostructures under pyrolysis conditions. Preferred examples of
suitable phthalocyanine complexes are Ni-, Fe-, Co-, or even HZ2-
phthalocyanine complexes. For example Fe-phthalocyanine may be added to
the zeolite by evaporating a solid source or precursor of phthalocyanine and
Fe which will recombine within the porous structure of the zeolite crystal to

form a Fe-phthalocyanine within the pores of the zeolite crystal. The stacking
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of the phthalocyanine complexes within the pores of the zeolite crystal is
responsible for the necessary high carbon density for intraporous nanotube
growth, and also the optional presence of transition metal catalyst.

According to embodiments of the second aspect of the invention, the
improved method to grow the carbon nanostructures (e.g. CNT) within the
pores of a zeolite crystal comprises at least the steps of:

- Providing a zeolite synthesis solution or gel followed by,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Heating the zeolite crystals and evaporating or impregnating a
solid source or precursor of phthalocyanine and a metal at a temperature
between room temperature up to 400°C such that the phthalocyanine and the
metal form a metal-phthalocyanine complex within the pores of the zeolite
crystals

- Growing carbon  nanostructures using the metal-
phthalocyanine complex as an initiator by heating at a temperature between
350-1000°C.

Figure 1C is a flowchart 30 illustrating the processing steps to form
carbon nanostructures within the pores of zeolite crystals by first incorporating
an organo-metal complex in the pores of the zeolite crystals and then
performing a thermal treatment to grow carbon nanostructures according to
preferred embodiments of the second aspect of the invention. In a first step 31
a synthesis gel suitable for forming zeolite crystals is provided according to
state of the art methods. In a next step 32 hydrothermal conditions are applied
(heating) to crystallize the zeolite synthesis solution to form zeoclite crystals.
Next, in step 33 the zeolite crystals are heated and a solid source or precursor
of phthalocyanine and a metal are evafporated and impregnated in the pores
of the zeolite structure, preferably in the temperature range of room
temperature up to 400°C. In a next step 34 carbon nanostructures are grown
using the metal-phthalocyanine complex as an initiator by heating at a
temperature between 350-1000°C. Optionally hydrocarbon or CO gas can be

added to the reactor in step 34 to initiate the growth of carbon nanostructures.
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Figure 10 shows a phthalocyanine complex 81 incorporated inside a
VPI-5 zeolite crystal 70 pore via in-situ synthesis. The Figure is taken from
prior art reference Parton et al., (1994), Journal of Molecular Catalysis A:
Chemical, 97: 183-186.

Figure 11 shows a Raman spectrum of the phthalocyanine incorporated
VPI-5 after pyrolysis. The improved method to grow the carbon nanostructures
(e.g. CNT) within the pores of a zeolite crystal according to the second aspect
of the invention is compatible with the method to grow zeolite crystals within
patterned structures as described in embodiments of the first aspect of the
invention above.

The method according to the second aspect of the invention to grow
carbon nanostructures within the pores of a zeolite crystal using metal-organo
complexes can be combined with the method according to the first aspect of
the invention to provide zeolite crystals in a patterned structure. A preferred
embodiment of the invention describes preferred method steps used to form
elongated carbon nanostructures (e.g. carbon nanotubes) within the pores of
the zeolite crystals situated in a patterned structure.

According to preferred embodiments of the first and second aspect of
the invention, a method is provided for growing (aligned) carbon
nanostructures within the pores of zeolite crystals within patterned structures.
The method comprises at least the steps of:

- Providing a substrate comprising in its top surface patterned
structures (openings),

- Impregnating a zeolite synthesis solution or gel onto the
substrate followed by,

- Applying mechanical forces to incorporate the synthesis
solution into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Rinsing and drying the substrate, and

- Optionally applying additional mechanical forces to remove
non-incorporated or non-attached zeolite crystals.
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- Heating the zeolite crystals and evaporating or impregnating a
solid source or precursor of phthalocyanine and a metal at a temperature
between 0°C -400°C such that the phthalocyanine and the metal are forming a
metal-phthalocyanine complex within the pores of the zeolite crystals.

- Growing carbon nanostructures using the metallo-
phthalocyanine complex as an initiator by heating at a temperature between
350-1000°C.

Figure 1D is a flowchart 40 illustrating the preferred processing steps to
first synthesize zeolite crystals within patterned structures followed by growth
of carbon nanostructures in the pores of the zeolite crystals according to
preferred embodiments of the invention. In a first step 41 the synthesis gel
suitable for forming zeolite crystals and a substrate (e.g. wafer) comprising
patterned structures (openings) in its top surface are provided according to
state of the art methods. In a next step 42 the synthesis gel is contacted with
the substrate by known methods such as immersion (dipping) of the substrate
in the synthesis gel or coating of the synthesis gel onto the top surface of the
substrate, In a next step 43 mechanical forces such as sonication and/or
vibration are used to incorporate the synthesis solution into the patterned
structures. In yet another next step 44 hydrothermal conditions are applied
(heating) to crystallize the zeolite synthesis solution to form zeolite crystals
within the patterned structures. Next, in step 45 the substrate comprising the
zeolite crystals is rinsed and dried. Additionally (optional) to step 45 additional
mechanical forces can be applied to remove non-incorporated or non-attached
zeolite crystals from the substrate. In step 46, the zeolite crystals are heated
and a solid source or precursor of phthalocyanine and a metal are evaporated
or impregnated at a temperature between 0°C up to 400°C such that the
phthalocyanine and the metal are forming a metal-phthalocyanine complex
within the pores of the zeoclite crystals. In step 47 carbon nanostructures are
grown within the pores of the zeolite crystals using the metallo-phthalocyanine
complex as an initiator by heating at a temperature between 350°C -1000°C.

Using the method according to preferred embodiments of the first and
second aspect of the invention it is possible to direct the zeolite crystal growth

(and hence orient the pores within the structure of the zeolite) in a direction
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defined by the confinement of the patterned structures such that carbon
nanosfructures grow in a direction defined by the confinement of the structures.
In other words the growth of the carbon nanostructures may be defined by the
geometric parameters (depth versus length) of the patterned structure. In this
way it is possible to achieve direct vertical growth of the carbon nanostructures
in a via (vertical hole}) and direct horizontal growth of the carbon
nanostructures in a trench (horizontal line). Figure 9 illustrates (SEM image) an
horizontally aligned zeolite crystal 53 having carbon nanostructures 54 within
the pore of the zeolite crystal grown in trench structure 51 in BESTO02
patterned structures.

According to preferred embodiments of the first and second aspect of
the invention, a substrate is disclosed comprising patterned structures
(openings) wherein said patterned structures comprise zeolite crystals and
further comprise carbon nanostructures within the pores of the zeolite crystals
and wherein the carbon nancstructures have an orientation in the direction
defined by the confinement of the patterned structures.

The substrate comprising patterned structures (openings) wherein said
patterned structures comprise zeolite crystals and further comprise carbon
nanostructures within the pores of the zeolite crystals and wherein the carbon
nanostructures have an orientation in the direction defined by the confinement
of the patterned structures according to preferred embodiments of the first and
second aspect of the invention may be used as interconnect structures in a
semiconductor device.

Figure 2A and 2B illustrate a cross section of a substrate 50 having
patterned structures 51 (openings) e.g. a BESTOZ pattern with impregnated
synthesis gel 52 on top of the substrate 51. Figure 2C illustrates a cross
section of the substrate 50 having patterned structures 51 after sonication
(vibration) and hydrothermal freatment to obtain zeolite crystals 53 inside the
patterned structures 51. Figure 2D illustrates a cross section of the substrate
having patterned structures 51 filled with zeolite crystals 53 after performing
pyrolysis to obtain carbon nanostructures 54 inside the pores of the zeolite
crystals 53.
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According to preferred embodiments of the first and second aspect of
the invention, the substrate may be any suitable substrate which is chosen in
function of further applications. For semiconductor applications (use within a
semiconductor device) the substrate may be a semiconductor substrate such
as a Si or Ge wafer.

According to preferred embodiments of the first and second aspect of
the invention, the patterned structures may be trenches or via holes which may
be patterned in a dielectric layer having a k value lower than 5. Figure 12A to
Figure 12C shows a patterned structure design (a Si wafer having vias etched
in a dielectric layer deposited on top of the wafer) according to the BEST02
test structure and used in the examples 1 to 5. Figure 12A is a SEM photo
illustrating a top view of the Si wafer substrate 80 comprising the test
structures, Figure 12B illustrates a more detailed top view of the wafer
substrate 80 illustrating the via holes 81 etched in a dielectric layer 82. Figure
12C illustrates a cross section of the via holes 81 in the Si substrate with a
TifTIN contact electrode at the bottom of the vias 81. Examples of suitable
dielectric layers 82 are silicon dioxide and other state of the art low-k materials
such as Black Diamond (Applied Materials). The patterning of the structures
may be achieved using a combination of photolithographic imaging and
(anisotropic) dry etching. To be used in BEOL as interconnect structures, the
trenches and vias have preferably a diameter in the range of 50nm up to 300
nm. Trenches have an aspect ratio (length/depth) greater than 1 whereas vias
have an aspect ratio (length/depth) smaller than 1. To be used as deep vias in
3 dimensional (3D) wafer stacking, the vias have preferably a width in the
range of 1um up to 10um and a depth into the substrate in the range of 10um
up to 100um. More preferred said deep vias are high aspect ratio vias having
width of 5pm and a depth of 50um.

According to preferred embodiments of the first and second aspect of
the invention, the patierned structure may be a single level mask structure with
vias ranging from 50nm up to 300 nm in diameter. In order to allow electrical
characterization or electrical contact of the carbon nanostructures in an
individual via andfor an array of vias, the vias may land on a single common
bottom electrode that can be made from a suite of different materials. An
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example of a suitable bottom contact electrode material is TiN. Using a simple
patterned structure design facilitates the vertical CNT growth in Zzeolites
confirned within the vias, their integration with the bottom contact and top-
metallization to enable consequent electrical contact of the CNT.

According to preferred embodiments of the first and second aspect of
the invention the zeolite synthesis solution or gel may comprise a silicon
source and an alkali source of inorganic or organic nature, and optionally a
template molecule and hetero-elements such as Al, Ga, Ti, Fe, Co, Ge, P, ora
mixture thereof.

According to preferred embodiments of the first and second aspect of
the invention the zeolite synthesis solution or gel may comprise an aluminium
and phosphorus source, as well as a source of acidity, and a template
molecule and optionally hetero-elements such as Si, Ga, Ti, Fe, Co, Ge, or a
mixture thereof. As an example for the SAPO-5 zeolite type material (also
referred to as AF! type) aluminium-isopropoxide is used as an aluminium
source, phosphoric acid as a phosphorus source, tripropylamine (TPA) as
template, and Aerosil200 (Degussa) as a silica source. The synthesis gel is
preferably a water-based solution; alcohols such as ethanol may be added to
improve the wetability of the gel. An optimized synthesis gel for a silico-
aluminophosphate may have the following composition: 1 Al203 : 0.99 P205
1.2 TPA : 400 H20 : 20 Ethanol : 0.01 SiO2.

According to preferred embodiments of the first and second aspect of
the invention, the organo-metal complex, used for impregnation or in-situ
synthesis in the zeolite pores, may consist of a transition metal in comprising
Fe, Ni or Co and any organic ligand that sterically can be accommodated in the
zeolite pores.

According to preferred embodiments of the first and second aspect of
the invention the zeclite can be a crystalline porous material with parallel pores,
preferably with one of the following structure types, as defined by the
International Zeolite Association: AFl, VFI type material. Alternatively an AEL
type, AET type, AFO type, AFR type, AFS type, AFY type, ASV type, ATO type,
ATS type, *BEA type, BEC type, BOG type, BPH type, CAN type CFl type, -
CLO type, CON type, DON type, DFO type, EMT type, EON type, ETR type,
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EUO type, EZT type, FAU type, FER type, GME type, GON type, IFR type,
IMF type, ISV type, IWR type, IWV type, IWW type, LTA type, LTL type, MAZ
type, MEI type, MEL type, MFI type, MFS type, MOR type, MOZ type, MSE
type, MTT type, MTW type, MWW type, OFF type, OSI type, OSO type, PON
type, RRO type, RWY type, SAO type, SBE type, SBS type, SBT type, SFE
type, SFF type, SFG type, SFH type, SFN type, SFO type, SOS type, S8Y
type, STF type, SZR type, TER type, TON type, TUN type, USI type, UTL type,
or VET type material can be used.

According to preferred embodiments of the first and second aspect of
the invention the mechanical forces used to incorporate the synthesis gel are
selected from sonication, vibration andfor spin-coating. Sonication may be
used to incorporate the synthesis gel into the patterned structures, suitable
sonication condition are e.g. 15 minutes at 47 kHz. Spin-coating may be used
to remove excess of synthesis gel from the subsirate, suitable spin-coating
condition are e.g. 15000 rpm for 10 seconds.

According to preferred embodiments of the first and second aspect of
the invention the hydrothermal treatment is used to crystallize the synthesis gel
and thereby forming (ordered) =zeolite crystals. Suitable hydrothermal
conditions comprise the heating of the substrate under autogeneous pressure
for 2-48h at 100-200°C, more preferably for 14-15h at 150-180°C.

According to preferred embodiments of the first and second aspect of
the invention the rinsing and drying is performed using doubly-distilled water.

According to preferred embodiments of the first and second aspect of
the invention the additional mechanical forces needed to remove non-
incorporated or non-attached zeolite crystals is performed using sonication.
After the sonication, the substrate is preferably again thoroughly rinsed with
doubly-distilled water.

According to preferred embodiments of the first and second aspect of
the invention the step of growing the carbon nanostructures is such that
vertical growth of carbon nanostructures is achieved in a via (vertical hole) and
horizontal growth of carbon nanostructures is achieved in a trench (horizontal

line).
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According to preferred embodiments of the first and second aspect of
the invention the step of growing the carbon nanastructures is achieved using
high temperature pyrolysis conditions. The carbon source needed for the
nanostructure synthesis may originate from the organic template molecule
used for zeolite synthesis. Alternatively (or additionally) a carbon containing
gas may be added to the atmosphere under pyrolysis conditions (possibly in
high pressure conditions). Yet another alternative is the formation of organo-
metal complexes within the porous structure of the zeolite crystal (such as
metal phthalocyanine complexes) leading to a stacking of these organo-metal
complexes inside the zeolite pores.

According to preferred embodiments of the first and second aspect of
the invention the pyrolysis step used to grow carbon nanostructures is
performed within a thermal reactor e.g. a furnace. The reactor must be capable
of heating the zeolite crystals to a temperature up to 1000°C. The thermal
reactor preferably includes a chamber that can be maintained at vacuum or at
a desired pressure, and further includes means for enabling a gas flow into the
chamber. Preferred pyrolysis may be the heating of the zeolite crystals under a
flow of inert gas. Then keep the zeolite crystals isothermal at 400-900°C for
10-3600 min, more preferably at 550°C for 50-150 min.

Methods according to embodiments of the invention will hereinafter be
lustrated by some experiments. It has to be understood that these
experiments are only illustrative and are not intended to fimit the invention in

any way.

EXAMPLES

Example 1 incorporation/in situ growth of zeolite crystals in via holes

using sonication

In a typical synthesis procedure for the SAPO-5 aluminium isopropoxide was
used as an aluminium source, phosphoric acid as a phosphorus source,
tripropylamine (TPA) as template, and Aerosii200 (Degussa) as a silica source.
An optimized synthesis gel has the following composition: 1 Al2O3: 0.99 P20s -
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1.2 TPA : 400 H;O : 20 Ethanol : 0.01 SiO». A patterned wafer piece, with via
holes of 50nm — 200 nm diameter, is immersed in the synthesis gel, whereafter
beaker with both synthesis gel and wafer piece are put in a sonication bath for
15 at 47 kHz. Excess synthesis gel is removed via a spin coating procedure,
using 15000 rpm for 10s. The crystallization is carried out under autogeneous
pressure for 14h-15h at 180°C. Afterwards, the autoclaves are cooled in air,
and the wafer piece is thoroughly rinsed with doubly-distilled water. The wafer
piece is again sonicated to remove the non attached crystals, and again

thoroughly rinsed with doubly-distilled water.

Example 2 : Comparative example: incorporation/in situ growth of zeolite

crystals in via holes without using sonication

In a typical synthesis procedure for the SAPO-5 aluminiumisopropoxide was
used as an aluminium source, phosphoric acid as a phosphorus source,
tripropylamine (TPA) as template, and Aerosil200 (Degussa) as a silica source.
An optimized synthesis gel has the following composition: 1 Al;O3 : 0.99 P20s ¢
1.2 TPA : 400 H-0 : 20 Ethanol : 0.01 SiO,. A patterned wafer piece, with via

holes of 50nm — 200 nm diameter, is immersed in the synthesis gel. The

crystallization is carried out under autogeneous pressure for 14h-15h at 180°C.
Afterwards, the autoclaves are cooled in air, and the wafer piece is thoroughly
rinsed with doubly-distiled water. The wafer piece is again sonicated to
remove the non attached crystals, and again thoroughly rinsed with doubly-
distilled water. No or very few crystals grow inside via holes, indicating that the
sonication step is crucial for the synthesis of confined crystal growth in
BESTO2 via holes and trenches, Figure 7 is a comparative example showing a
SEM image of zeolite crystals grown on BESTOZ2 patterned wafer without
performing the sonication and/or spin coating step.

Example 3 : Comparative example

In a typical synthesis procedure for the SAPO-5 aluminiumisopropoxide was

used as an aluminium source, phosphoric acid as a phosphorus source,
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tripropylamine (TPA) as template, and Aerosil200 (Degussa) as a silica source.
An optimized synthesis gel has the following composition: 1 Alz03: 0.99 P05 :
1.2 TPA : 400 H;O : 20 Ethanol ; 0.01 SiO.. A patterned wafer piece, with via
holes of 50nm - 200 nm diameter, is immersed in the synthesis gel, whereafter
beaker with both synthesis gel and wafer piece are put in a sonication bath for
15" at 47 kHz. The crystallization is carried out under autogeneous pressure for
14h-15h at 180°C. Afterwards, the autoclaves are cooled in air, and the wafer
piece is thoroughly rinsed with doubly-distilled water. The wafer piece is again
sonicated to remove the non attached crystals, and again thoroughly rinsed
with doubly-distilled water.

Large zeolite crystals grow on top of the wafer, forming a crust. As there is no
depletion of nutrients during zeolite growth, and once confinement effect of via
hole or trench is gone, large crystal growth can be seen. The orientation of the
crystal seems to be directed by the pattern. The cohesion of the zeolite
crystals is larger than the adhesion zeolite-wafer, therefore zeolite "roots” are
for a large part removed from the via holes during post synthesis sonication. It
can be seen that filling degree is very good when looking at a bottom side of
zeolite crust, but as large crystals get detached during post synthesis
sonication, they take their “roots” with them.

Example 4 growth of CNT using organo-metal complex after
crystallization of the zeolite

The synthesis of Si-VPI-5 was successful using a slightly adapted procedure
from Martens et al. [Catalysis Letters, (12) 367-374, 1991]. From a gel with
composition 1 Al,O3 : 1.05 P;0s : 2 TBA : 0.2 DPTA : 40 H,0 : 0.2 SiOy, via
sol-gel chemistry, pure Si-VPI-5 phase is obtained. First the Al-source,
pseudoboehmite, and the P-source, phosphoric acid, are hydrated with 60%
and 40% of the water, respectively. The diluted phosphoric acid is added
dropwise to the Al-sol. The gel is put in a hot-water bath (95°C) for 25 minutes,
and is then further aged for 165 minutes at room temperature. After the two
ageing periods, the templates are added dropwise. Then the Si is added in the
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form of Ludox AS-40 in a single shot. The gel is gently stirred for another 5
minutes, and is the loaded in stainless steel autoclaves, together with a teflon
bead. The autoclaves are heated to 150°C for 18h while rotating. The obtained
solid is separated by centrifugation, and then thoroughly washed with water.
The powder is dried in an oven at 30°C. Phthalocyanines are incorporated via
in situ chemical synthesis. The VPI-5 powder is thoroughly mixed with 1,2-
dicyanobenzene and ferrocene. This mixture is heated under He for 4 hours at
250°C. The material obtained is Soxhlet extracted successively with acetone,
dimethylformamide and again acetone until solvent remained colorless. This
powder is then heated under He flow for 2 hours at 600°C to obtain carbon
nanostructures in the VPI-8 pores. Carbon nanostructures are achieved up to
10wt% without addition of carbon containing gas during pyrolysis, which
outperforms prior art {US2006/0051674]. Pore filling degrees of nanocarbon
have been reported up tot 18% nanocarbon without addition of carbon
containing gas during pyrolysis procedure, and up to 28% with addition of
carbon containing gas during pyrolysis. Already, without addition of
hydrocarbon gas, pyrolysis of incorporated Fe-phthalocyanine yields 60% pore
filling degree of nanocarbon. Raman spectroscopy gives low Ip/lg ratio of 0.25,
indicating high quality of formed nanocarbon. Also a RBM band, typical for the
presence of SWCNT, is detected. Diameters calculated from RBM agree very

well with pore sizes of VFI framework.

Example 5 : Comparative example

After synthesis of Si-VPI-5 some organic template molecule is still present in
the framework pores. This however cannot be used, as opposed to AIPO-5
{AF1), as a carbon source for nanotube synthesis. Pyrolysis of organic template
molecule for VFI synthesis, does not result in nanocarbon formation. This
shows the necessity of the incorporation of (metallo-) phthalocyanine

complexes in the VFI| framework, proving the novelty of the invented method.

Example 6 : details on the test structure patterned design (BEST 02)




10

15

20

25

(63) JP 2009-196884 A 2009.9.3

31

The patterned structure used here, the so-called BEST 02 test structure, is a
single level mask structure with vias ranging from 50-300 nm in diameter and
with 3 different pitches. In order to allow simple electrical characterization of an
individual via and an array of vias, the vias land on a single common bottom
electrode that can be made from a suite of different materials. TiN is a suitable
material and is chosen as bottom contact material in the test structure. This
simple test structure design therefore facilitates the vertical CNT growth in
zeolites confined within the vias, their integration with the bottom contact and
top-metallization to enable consequent electrical testing of the CNT.

The particular details of the test structure include:

- Via (contact) holes 50-300 nm diameter

- Use of a standard process meaning that vias are etched only down to
150 nm diameter

Each reticle matrix contains three arrays of via holes of different pitch:
- Dense contact holes, with via pitch equal to 2 times the via
diameter
=> 8000 (300nm) to 17000 (150nm) rows, 81 column
- Semi-dense contact holes, with via pitch equal to 2.4 times the
via diameter
=> 7000 (300nm) to 14000 (150nm) rows, 96-88 columns
- Isolated contact holes, with via pitch equal to 6 times the via
diameter
=> 2400 (300nm) to 4800 (150nm) rows, 281 columns

Figure 12A to Figure 12C illustrates SEM pictures of the test structure design
according to the BESTO02 design as described above and used in the examples
1t0 5.
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CLAIMS

A substrate comprising patterned structures (openings) characterized
in that these patterned structures are filled with zeolite crystals and
wherein the zeolite crystals and hence pores within the zeolite crystals
have an orientation in the direction defined by the confinement of the

patterned structures.

The substrate according to claim 1 wherein the patterned structures
are trenches or via holes which are patterned in a dielectric layer having
a k value lower than 5 and/or are achieved using a combination of
photolithographic imaging and (anisofropic) dry etching andfor are
trenches and vias in a semiconductor device having a diameter in the

range of 50nm up to 300nm.

The substrate according to claim 1 or 2 wherein the dielectric layer is

silicon dioxide or a low-k material.

A method for providing zeolite crystals within patterned structures
according to claim 1, the method comprising at least the steps of:

- Providing a substrate comprising in its top surface patterned
structures (openings),

- Impregnating a zeolite synthesis solution (gel) onto the substrate
followed by,

- Applying mechanical forces to incorporate the synthesis solution
into the patterned structures,

- Applying hydrothermal conditions to crystallize the zeolite
synthesis solution to form zeolite crystals,

- Rinsing and drying the substrate, and

- Applying additional mechanical forces to remove non-

incorporated or non-attached zeolite crystals
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The method according to claim 4 wherein the mechanical forces used
to incorporate the synthesis gel are selected from sonication, vibration

and/or spin-coating.

The method according to any of claim 4 to 5 for growing carbon
nanostructures within the porous structure of the zeolite crystal, the
method further comprising after completing the crystallization at least
the step of heating the zeolite crystals in the presence of an inert gas or
a mixture of an inert gas and a carbon containing gas at a temperature

between 350°C and 1000°C to grow the carbon nanostructures.

The method according to any of claim 4 to 5 for growing carbon
nanostructures within the porous structure of the zeolite crystal, the
method further comprising after completing the crystallization at least
the steps of

- adding an organo-metal complex via impregnation or in-situ

synthesis, followed by

- heating the zeolite crystals in the presence of an inert gas at a

temperature between 350°C -1000°C to grow the carbon
nanostructures.

A method to grow carbon nanostructures within the pores of a zeolite
crystal, the method comprising at least the steps of:

- Providing a zeolite synthesis solution (gel) onto the substrate
followed by,

- Applying hydrothermal conditions to crystalize the zeolite
synthesis solution to form zeolite crystals,

- Addition of the organo-metal complex via impregation or in-situ
synthesis

- Heating the zeolite crystals in the presence of an inert gas at a
temperature between 350°C and 1000°C to grow the carbon

nanostructures.
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The method according to claims 7 or 8 for growing carbon
nanostructures within the pores of a zeolite crystal wherein the organo-

metal complex is a (metallo)-phthalocyanine complex.

The method according to claims 7 or 8 for growing carbon
nanostructures within the pores of a zeolite crystal wherein the organo-
metal complex is selected from Ni-, Fe-, Co-, or Hy-phthalocyanine

complexes.

A substrate comprising patterned structures (openings) wherein said
patterned structures comprise zeolite crystals and further comprise
carbon nanostructures within the pores of the zeolite crystals and
wherein the carbon nanostructures have an orientation in the direction

defined by the confinement of the patterned structures.

The substrate according 1o claim 11 wherein the patterned structures

are trenches or via holes in a semiconductor device.

The substrate according to claim 11 wherein the patterned structures
are trenches or via holes which are patterned in a dielectric layer having

a k value lower than 5.

The substrate according to any of claim 11 to 13 wherein the
patterned structures are trenches or via holes and wherein the carbon
nanostructures within the pores of the zeolite crystals are interconnect

structures in a semiconductor device.

Use of the subsfrate according to any of claims 11 to 14 as

interconnect structures in a semiconductor device.
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Abstract

SYNTHESIS OF ZEOLITE CRYSTALS AND FORMATION OF
CARBON NANOSTRUCTURES IN PATTERNED STRUCTURES

A method is described to incorporate zeolite crystals in patterned structures,
the zeolite crystals having pores {channels) with an orientation which is defined
by the topology of the zeolite crystal type and the geometry of the patterned
structure, resulting in pores parallel with the length axis of the patterned
structures. The patterned structures may be vias (vertical contacts) and
trenches (horizontal lines) in a semiconductor substrate. Furthermore it is an
advantage of the present invention to use these zeolite crystals for dense and
aligned nanocarbon growth or in other words growth of carbon nanostructures
such as carbon nanotubes (CNT) within the pores of the zeolite structure. The
growth of CNT is achieved within the porous structure of the zeolite crystals
whereby the pores can be defined as confined spaces (channels) in nanometer

dimensions acting as a micro-reactor for CNT growth.

An improved method for growing carbon nanostructures within zeoclite crystals
is described by adding, after creation of the zeolite crystals, a novel compound
within the porous structure of the zeolite crystals whereby said novel
compound is acting as a carbon source to create the carbon nanostructures.
The improved growth method gives a significantly higher carbon density (yield)
compared to state of the art techniques.

+ Fig. 1A
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Figure 6B

Figure 6A
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