INTERCONNECT CAPPING LAYER AND METHOD OF FABRICATION
FIELD OF THE INVENTION
{0001} The present invention relates to a capping [ayer and a method of fabricating a capping
layer for an interconnect. In particular, but not exclusively, the invention relates to a capping
layer for a copper interconnect used to interconnect elements in an integrated circuit.
DESCRIPTION OF THE RELATED ART
[0002] Integrated circuits (ICs) comprising many tens of thousands of devices including field
effect transistors (FETs) and other devices are a cornerstone of modemn microelectronic systems.
These integrated circuits have structural elements associated with them. As the packing density
of the devices increases, the number and complexity of wiring structures forming
interconnections between the various elements increases. Connections between the elements of
the IC are known as interconnects and are typically arranged in Jaterally extensive sheets or
layers, known as fraces. Interconnects within a given trace are separated by an intralevel
dielectric, whilst individual traces are separated by layers of an interlevel diclcetric.
Connections between traces may be made by forming transverse interconnects which are often
referred to as ‘vias’.
[0003] Modern integrated circuits typically employ copper as the material of choice for
forming interconnects in preference to aluminium since copper has a lower electrical resistance
than aluminium. In addition, copper exhibits a higher resistance to electromigration. Both of
these propertics are desirable in producing improved integrated circuits.
[0004] Copper suffers the disadvantage however that it diffuses readily into a variety of
materials including stlicon and a number of dielectric materials associated with integrated
circuits, In order to electrically isolate interconnects in integrated circuits, it is common
practice to provide diclectric materials between interconnects. However, copper diffusion into
these materials can result in a deterioration in the integrity of the interconnects, and the

formation of undesirable conductive paths between elements of the integrated circuit.
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[0005] In order to address the issue of copper diffusion from interconnects, barricr layers
between a copper interconnect and adjacent dielectric materials may be provided. Capping
layers are barmier layers formed generally on the upper surfaces of interconnects. SiN, SiC,
SiCN and Si1CO are currently used as capping layers for interconnects. These materials serve as
a barrier against copper diffusion, and as an etch stop for any subsequent dual damascene etch
Processes.

[0006] However, these and a number of other materials have a relatively high dielectric
constant k. For example, SiN has a dielectric constant of 7, and SICN has a diclectric constant of
4.8 - 5.6. Thus, when the materials are used as blanket capping layers, an undesirable increase
in the effective dielectric constant of the overall dielectric stack structure occurs. Blanket
capping layers are capping layers that cover not only the interconnect but also substantially ali
exposed areas of the surface of the substrate.

[6007] One way of reducing the effective dielectric constant is to form selftaligned barmier
layers, rather than blanket barnier layers. As will be described hereinbelow, self-aligned barrier
layers are layers whose coverage of the substrate is, substantially, lunited to portions of
interconnects of the integrated circuit that are cxposed at the surface of the substrate.

[0008] One material suitable for use as a self-aligned barrier over copper interconnects is
copper silicon nitride {CuSi;Ny). Copper silicon nitride has been used as a capping layer for
copper interconnects since it has good barrier properties against copper diffusion and
electromigration, and is suitable for use as an etch stop in dual damascene etch processes.
[¢009] Copper silicon nitride is normally formed by exposing a copper interconnect to silane
gas (SiHy) at a suitable temperature, leading to the formation of a copper silicide layer. The
copper silicide layer thereby formed is then converted to a copper silicon nitride ayer by
cxposure to reactive nitrogen, for example by exposure to an ammonia (NHs) plasma treatment.
[6010] However, this process has a number of problems associated with it. Due to the high

solubility of silicon in copper, silicon readily diffuses deep into the interconnect and away from
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the region of the interconnect in which it is desired to form the copper siticide layer. This results
in an increase in the electrical resistance of the interconnect.
[o011] In order to reduce the arnount of silicon diffusion into the interconnect, the silane
flow, the period for which the interconnect is exposed to silane (silane “soak time”} and the
copper surface temperature during silane exposure must be strictly controlled. Consequently, the
copper silicon nitride layer formed by this technique is relatively thin (of the order of 40 A).
Furthermore, the uniformity of the copper silicon nitride is poor, which reduces the effectiveness
of the capping layer in reducing electromigration of copper.
[6012] A copper silicon nitride layer formed by the technique described above is too thin to
serve as an etch stop layer in dual damascene via etch processes. Consequently, a further
dielectric barrier layer (such as SiN, SiCN, SiC or SiCO} must be formed over the copper silicon
nitride layer before such processes can be performed. The presence of this further barrier [ayer
results in an undesirable increase in the effective dielectric constant of intermetal dielectric
{IMD) stacks.

SUMMARY OF THE INVENTION
[0013] It is an aim of the present invention to at least partly mitigate at least one of the
above-mentioned problems.
[0014] [t is a further aim of embodiments of the invention to provide an improved
interconnect structure. Another aim of embodiments of the present inventioa is to provide a
fabrication method for an improved interconnect structure.
[0015]  Itis an aim of embodiments of the present invention to provide capping layers for
interconnects so as to reduce diffusion of copper from interconnects comprising copper.
{0016] It is an aim of embodiments of the invention to reduce an amount of silicon diftusion
into the interconnect, away from the region in which it is desired to form the capping layer,

during formation of the capping layer.




[0017] it is an aim of embodiments of the invention to increase the thickness of capping
layers in order to provide an improved barrier to copper diffuston and an improved etch stop
layer for dual damascene via etch processes.

[0018] According to a first aspect of the invention there is provided a method of fabricating a
capping layer for an interconnect in an integrated circuit, comprising the steps of: forming an
interconnect comprising upper and lower lateral surfaces; forming a lateral diffusion stop layer
between said lateral surfaces; and forming a capping layer.

[0019] According to a second aspect of the present invention there is provided apparatus for
connecting elements in an integrated circuit device, comprising: at least one interconnect; and a
capping layer on an upper lateral surface of the interconnect, wherein the capping layer
compriscs a layer of CuSi,N, having a thickness sufficient to provide an etch stop.

{0020} According to a third aspect of the present invention there is provided apparatus for
connecting clements in an integrated circuit device, comprising: at least one interconnect; and a
capping layer on an upper surface of the interconnect, the capping layer comprising a first
material, the first material comprising CuSicNy, the capping layer having a maximum thickness
defined by an interlayer.

[0021]  Embodiments of the invention provide an infegrated circuit having a reduced
electrical resistance associated with interconnects of the integrated circuit. The reduction in
electrical resistance is provided at least in part by a reduction in the amount of silicon
incorporated into copper interconnects duning fabrication of the integrated circuit. Silicon may
become incorporated into an interconnect during formation of capping layers over the
interconnect; capping layers are formed in order to provide a barrier to copper diffusion and
electromigration.

{0022] In embodiments of the invention reduced electrical resistance of interconnects of an
integrated circuit is achieved by forming a lateral diffusion stop layer between upper and lower

lateral surfaces of the mterconnect, before forming the capping layer. The diffusion stop layer
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defines a lower boundary of a subsequently formed capping layer. Embodiments of the
invention provide a capping layer formed of copper silicon nitride.
{6023} Embodiments of the invention provide apparatus for connecting elements in an
integrated circuit device having capping layers of increased structural stability. Increased
structural stability is provided at least in part by increasing the thickness of the capping layer.
The increase in thickness of the capping layer is made possible by the presence of a lateral
diffusion stop layer between upper and lower lateral surfaces of the interconnect. The lateral
diffusion stop layer reduces an amount of silicon diffusing to regions of the interconnect in
which formation of a capping [ayer is undesirable.
BRIEF DECRIPTION OF THE DRAWINGS

[0024] Embodiments of the present invention will now be described hereinafter, by way of
example only, with refcrence to the accompanying drawings, in which:
[¢025] FIGS. | to 3 show structures formed during a process of fabricating an interconnect
structure.

DETAILED DESCRIPTION OF THE INVENTION
[0026] The following embodiments are intended to illustrate the invention more fully
without limiting their scope, since numerous modifications and variations will be apparent to
those skilled in the art.
[0027] Hereinafter reference will be made fo the termn “interconnect’. It will be understood
that the term should be broadly construed to include not only connections between elements of
an [C arranged in the form of one or more traces, but also any suitable structure in which one or
more conductive lines between elements of a system on a substrate are provided.
[0028] FIGS. | to 3 tllustrate structures formed during fabrication of an interconnect
structure 100 (FIG. 3) in accordance with an embodiment of the present invention.
[0629] FIG. [ shows a pair of interconnects 20 formed over a semiconductor substrate. The

interconnects 20 are separated by a dielectric material. The dielectric material, for example, is a
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tow k dielectric material. By low dielectric constant is meant a dielectric constant in the range

from about 4.0 to about 3.0. In some embodiments of the invention the dielectric matenial has an
ultra-low dielectric constant. By ultra-low dielectric constant is meant a dielectric constant of
less than about 3. Providing other types of dielectric materials is also useful.

{0034] The interconnects 20, in one embodiment, are formed from copper. ln some

embodiments of the invention sidewalls of the interconnects 20 are lined with a barrier layer to
prevent diffusion of copper into the dielectric material 22. Other types of conductive materials
can also be used to form the interconnedts. In one embodiment, the interconnect is formed by
damascene techniques. Other techniques can also be used to form the interconnects.

{0031] Following formation of the copper interconnects 20, a self-aligned interlayer 24 is
formed below the upper surface 20A of cach interconnect 24. The interlayer serves as a barrier
layer, for example against diffusion of silicon atoms into the interconnect during‘subsequent
processing of the structure.

[0032] A capping layer is subsequently formed oa the surface of the interconnect. In one
embodiment, the interlayer defines a maximum depth or thickness of the subsequently formed
capping layer.

[0033] In one embodiment, the interlayer is formed aﬁ a depth of between about 50 A and
about 400 A below the surface 20A, Preferably, the interlayer 24 is formed at a depth of
between 100A and 350A below the surface 20A. A layer of copper 20B therefore separates the
interlayer 24 from the surface 20A of the interconnect 20.

[G034] In one embodiment, the interlayer comprises copper nitride (CuN,). The CulN,
interlayer 24 can be formed through nitrogen implantation. Other techniques for forming the
intetlayer are also useful. For example, the interlayer can be formed by nitrogen microwave
annealing, nitrogen laser annealing, or any other suitable technique. The distance of the
interlayer 24 below the surface 20A may be controlled by adjusting the implantation energy of

the nitrogen species, or microwave or laser annealing power and time.
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[0035] FIG. 2 shows the structure of FIG. 1 following cleaning of the upper surface 20A of
the interconnect 24 by a surface cleaning process, and reaction of copper layer 20B above the
copper nitride layer 24 to form a copper silicide (CuSi,) layer 26.

[036] Cleaning of the interconnect sutface 20A is performed by exposure to hydrogen
plasma at a temperature in the range from about 200 to about 400°C for a period of from about 5
to about 60 seconds. A preferred hydrogen plasma exposure is performed at a temperature in the
range from about 250 to about 350°C for a period from about 10 to about 30 seconds. It will be
readily understood by those skilled in the art that the temperature and exposure fime may be
adjusted in order to optimise the cleaning process.

[0037] In alternative embodiments of the invention, cleaning 1s performed by exposure of the
substrate to a plasma formed from a gas comprising ammonia or a mixture of ammonia and
nitrogen, at a substrate temperature of from about 200 to about 400°C for a period of from about -
5 to about 60 seconds. A preferred plasma exposure is performed at a temperature from about
250 to about 350°C for a period from about 10 to about 30 seconds. It will readily be
appreciated by persons skilled in the art that the temperature and period may be adjusted in ordcx.'
to optimise the cleaning condifions.

[0038] The surface cleaning process reduces the copper oxide on the copper surface to
copper metal. The treatment 1s also found to increase the reactivity of the copper interconnect
during subsequent processing.

[0039] Reaction of copper layer 20B to form copper silicide fayer 26 is accomplished by
exposing the substrate to silane gas (SiHy) at a temperature of from about 200°C to about 400°C.
A preferred temperature range is from about 250 to about 350°C. Silane gas decomposes on the
copper interconnect surface 20A to form silicon species and hydrogen species. The silicon
species diffuse into the copper interconnect 20 and react with the copper to form a self-aligned

copper silicide.




[0040] In accordance with one embodiment of the invention, the interlayer acts as a barrier
against diffusion of silicon species. This prevents diffusion of silicon beyond the interlayer 24.
The presence of the interlayer 24 thus prevents the line resistance of the copper interconnect
from increasing due to diffusion of silicon beyond the interfayer 24,

{0041] FIG. 3 shows the structure of FIG. 2 following exposure of the structure to an in-situ
plasma formed from a gas comprising ammonia gas. The plasma treatment is performed in order
to convert copper silicide to stable copper silicon nitride (CuSi,Ny). In embodiments of the
invention the structure is exposed to an in-situ plasma formed from a gas comprising a mixture
of ammonia and nitrogen gases. In embodiments of the invention the plasma treatment is
performed for an cxtended period and at increased power in order to ensure that the copper
nitride interlayer 24 is converted to a copper silicon nitride layer (CuSizN,) 30.

[6042] The structure is processed to improve the stability of the copper silicide. In one
embodiment, as shown in FIG. 3, the structure is processed to covert the copper silicide to
copper silicon nitride (CuS1,Ny). In one embodiment, the processing comprises plasma
treatment. In one embodiment, the structure is exposed to plasma formed from a gas comprising
ammonia gas. In one embodiment, the structure is exposed to plasma formed from ammonia and
nitrogen gases. Preferably, the plasma is an in-situ plasma. Other types of processing for
converting the copper silicide to copper silicide nifride are also useful.

[0043] In one embodiment, the process is sufficient to convert the interlayer comprising
copper nitride to copper silicon nitride. This results in a capping layer having a depth defined by
the depth of the interlayer. In one embodiment, the plasma treatment is performed for an
extended period and at increased power int order to ensure that the copper nitride interlayer 24 is
converted to a copper silicon nitride layer (CuSixN,) 30.

[0044] In alternative embodiments reaction of copper silicide to form stable copper silicon
nitride is performed by an ex-situ microwave annealing or laser annealing with a gas comprising

armmonia or a mixture of ammonia and nitrogen. In still further embodiments of the invention,
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reaction of copper silicide to form stable copper silicon nitride is performed by an ex-situ
nitrogen implantation, electron beam irradiation or any other suitable technique.

[0045] In embodimentis of the invention diffusion of silicon throughout the copper
interconnect is prevented by the presence of the copper nitride interlayer 24. Thus, an increase
in resistance of the interconnect 20 due to silicon diffusion throughout the interconnect is
prevernted.

[0046] In embodiments of the invention the thickness of the copper silicon nitride may be
controtled. The thickness of the copper silicon nitride layer may be controlled by controlling the
depth within the copper interconnect 20 at which the copper nitride interlayer 24 is formed. The
region 28 of the copper interconnect above the copper nitride layer is converted to a copper
silicide layer upon exposure to silicon. This copper silicide layer is subsequently converted to a
copper silicon nitride layer upon exposure to nitrogen species.

{0047] The ability to control the thickness of the copper silicon nitride fayer is helpful since
it'is desirable to have a copper silicon nitride layer sufficiently thick to act as an etch stop layer.
It is also desirable to have a copper silicon nitride layer that is sufficiently thick to act as an
effective barrier to out-diffusion of copper from the interconnect. A copper silicon nitride
capping layer according to some embodiments of the invention can therefore be made thick
enough that dielectric SiN, SiCN, SiC or SiCO barriers are unnecessary, without causing a
significant increase in the electrical resistance of interconnects of an integrated circuit due to
diffusion of Si into the interconnect away from the capping layer.

[0048]  Throughout the description and claims of this specification, the words “comprise”
and “contain” and variations of the words, for example “comprising” and “comprises”, means
“including but not fimited to”, and is not intended to (and does nof) exclude other moieties,
additives, components, integers or steps.

[0049]  Throughout the description and claims of this specification, the singular encompasses

the plural unless the context otherwise requires. In particular, where the indefinite article is
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used, the specification is to be understood as contemplating plurality as well as singularity,
unless the context requires otherwise.

[0056] features, integers, characteristics, compounds, chemical moteties or groups described
in conjunction with a particular aspect, embodiment or example of the invention are to be
understood to be applicable to any other aspect, embodiment or example described herein unless

incompatible therewith.
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What is claimed is:
CLAIMS

1. A method of fabricating an integrated circuit comprising:

providing an substrate prepared with an interconnect in a dielectric layer, the
interconnect having upper and lower lateral surfaces;

forming a diffusion stop layer between the lateral surfaces, wherein a top surface of the
diffusion stop layer is spaced apart from the upper lateral surface of the interconnect; and

forming a capping layer after forming the diffusion stop layer, wherein the diffusion stop

layer limits an extension of the capping layer beyond a lower surface of the diffusion stop layer.

2. A method as claimed in claim 1 wherein the step of forming the diffusion stop layer

comprises a step of forming a layer of a first material.

3. A method as claimed in claim 2 wherein the step of forming the layer of the first material

comprises a step of implanting ions into said interconnect.

4, A method as claimed in claim 2 wherein the step of forming the diffusion stop layer
comprises a step of introducing nitrogen into the interconnect thereby to form a copper nitride

layer.

5. A method as claimed in claim 1 wherein the step of forming a capping layer comprises a

step of forming a silicide layer.

6. A method as claimed in claim 5 wherein the step of forming the silicide layer comprises a

step of exposing the upper lateral surface of the interconnect to silicon.
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7. A method as claimed in claim 6 wherein the step of exposing the upper lateral surface of
the interconnect to silicon comprises a step of exposing the upper lateral surface to a gas

comprising silicon.

8. A method as claimed in claim 7 wherein the step of exposing the upper lateral surface of
the interconnect to the gas comprising silicon comprises a step of exposing the upper lateral

surface to a gas comprising silane.

9. A method as claimed in claim 5 further comprising a step of subsequently forming a layer

comprising silicon and nitrogen from at least a portion of the silicide layer.

10. A method as claimed in claim 9 wherein the step of forming the layer comprising silicon

and nitrogen comprises a step of exposing the interconnect to nitrogen species.

11. A method as claimed in claim 10 wherein the step of exposing the interconnect to
nitrogen species comprises a step of exposing the upper lateral surface of the interconnect to a

gas comprising ammonia.

12. A method as claimed in claim 11 wherein the step of exposing the interconnect to the gas
comprising ammonia further comprises a step of exposing the interconnect to a plasma formed

from said gas.

13. A method as claimed in claim 10 wherein the step of exposing the interconnect to

nitrogen species comprises a step of exposing a surface of the interconnect in the presence of
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nitrogen species to at least one selected from amongst microwave irradiation, laser beam

irradiation or electron beam irradiation.

14. A method as claimed in claim 10 wherein the step of forming the layer comprising silicon
and nitrogen further comprises a step of forming a layer comprising silicon and nitrogen from at

least a portion of the diffusion stop layer.

15. A method as claimed in claim 1 wherein the step of providing the substrate prepared with
the interconnect in a dielectric layer further comprises a step of forming the interconnect

comprising copper.

16. A method as claimed in claim 1 wherein the step of forming the diffusion stop layer
comprises a step of forming a buried diffusion stop layer having a portion of the interconnect

above and below the buried diffusion stop layer.

17. A method as claimed in claim 1 wherein the capping layer extends from the upper lateral

surface of the interconnect.

18. A method as claimed in claim 17 wherein the capping layer is in contact with the

diffusion stop layer.

19. A method of fabricating an integrated circuit comprising:
providing an substrate prepared with an interconnect in a dielectric layer, the
interconnect having upper and lower lateral surfaces;

forming a diffusion stop layer within the interconnect;
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forming a capping layer; and
wherein the capping layer is located over the diffusion stop layer and the diffusion stop
layer is capable of limiting an extension of the capping layer beyond a lower surface of the

diffusion stop layer.
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