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(54) INTERCONNECTION STRUCTURES AND FABRICATION METHODS THEREOF

(57) A method for fabricating an interconnection
structure includes providing a substrate, forming a die-
lectric layer on the substrate, forming a conductive struc-
ture in the dielectric layer, forming a cap layer doped with
silicon on the conductive structure and the dielectric lay-
er, and performing an annealing process on the conduc-
tive structure and the cap layer. During the annealing

process, the silicon ions in the cap layer react with the
material of the conductive structure and form chemical
bonds. As such, the connection strength between the
cap layer and the conductive structure is improved, which
is conducive to suppressing electro migration in the
formed interconnection structure. Therefore, the reliabil-
ity of the formed interconnection structure is improved.
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Description

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims the priority of Chinese
Patent Application No. CN201611076275.9, filed on No-
vember 29, 2016.

TECHNICAL FIELD

[0002] The present invention generally relates to the
field of semiconductor fabrication technology and, more
particularly, relates to interconnection structures and fab-
rication methods thereof.

BACKGROUND

[0003] With the continuous development of integrated
circuits (ICs) manufacturing technology, the require-
ments on the integration level and the performance of
the ICs have become increasingly high. In order to im-
prove the degree of integration and reduce production
cost, the critical dimension of electronic components is
steadily reduced and the circuit density in the ICs con-
tinuously increases. Such development makes the wafer
surface unable to provide enough area for the fabrication
of interconnections.
[0004] Currently, to accommodate the requirements
for fabricating interconnections as the critical dimensions
become smaller, interconnection structures are usually
used to connect different metal layers or connect a metal
layer with a substrate. As the technology node advances,
the dimension of interconnection structures also be-
comes smaller and smaller.
[0005] As the dimension of interconnection structures
becomes smaller, the reliability of conventional intercon-
nection structures needs to be improved.

BRIEF SUMMARY

[0006] It is an object of the present invention to provide
an interconnection structure and a fabrication method
thereof which may solve one or more problems set forth
above and other problems in the art, in particular an in-
terconnection structure with improved reliability may be
provided.
[0007] The object is achieved by the features of the
respective independent claims. Further embodiments
and developments are defined in the dependent claims.
[0008] A first aspect of the present invention provides
a method for fabricating an interconnection structure. The
method includes providing a substrate, forming a dielec-
tric layer on the substrate, forming a conductive structure
in the dielectric layer, forming a cap layer doped with
silicon on the conductive structure and the dielectric lay-
er, and performing an annealing process on the conduc-
tive structure and the cap layer.
[0009] Preferably, the cap layer is made of a material

including silicon-doped AlN.
[0010] Preferably, the cap layer is formed by an atomic
layer deposition.
[0011] Preferably, an atomic percentage of the silicon
doped in the cap layer is in a range of approximately 10%
to approximately 20%.
[0012] Preferably, the method further includes: control-
ling a doping concentration of the silicon in the cap layer
to gradually decrease along a direction away from the
conductive structure.
[0013] Preferably, forming the cap layer further in-
cludes at least one time of deposition of a silicon-doped
material. Preferably, each time of the deposition of the
silicon-doped material includes absorbing an Al-contain-
ing atomic layer, absorbing a Si-containing atomic layer
on the Al-containing atomic layer, and performing a ni-
trogen treatment process on the Al-containing atomic lay-
er and the Si-containing atomic layer. Preferably, absorb-
ing the Si-containing atomic layer on the Al-containing
atomic layer includes introducing a Si-containing reaction
gas including SiH4, and removing remaining Si-contain-
ing reaction gas by purging.
[0014] Preferably, deposition of the silicon-doped ma-
terial is performed multiple times. Preferably, a flow rate
of SiH4 gradually decreases during the multiple times of
deposition of the silicon-doped material.
[0015] Preferably, deposition of the silicon-doped ma-
terial is performed for multiple times. Preferably, a proc-
ess time to introduce SiH4 gradually decreases during
the multiple times of the deposition of the silicon-doped
material.
[0016] Preferably, the cap layer has a bi-layer struc-
ture, and wherein forming the cap layer further includes:
forming an AlSiN layer on the conductive structure and
the dielectric layer; and forming an AlN layer on the AlSiN
layer.
[0017] Preferably, the ratio between a thickness of the
AlSiN layer and a thickness of the AlN layer is in a range
of 3:1 to 2:1.
[0018] Preferably, after forming the conductive struc-
ture and prior to forming the cap layer, further including:
performing a plasma pre-treatment process on a surface
of the dielectric layer.
[0019] Preferably, performing the plasma pre-treat-
ment process includes: using plasma of trisilylamine to
treat the surface of the dielectric layer.
[0020] Preferably, the dielectric layer is made of an ul-
tra-low-k dielectric material with a dielectric constant low-
er than 2.5. Preferably, the conductive structure is made
of Cu.
[0021] A second aspect of the present invention pro-
vides an interconnection structure. The interconnection
structure includes a substrate, a dielectric layer formed
on the substrate, a conductive structure formed in the
dielectric layer, and a cap layer doped with silicon and
formed on the conductive structure and the dielectric lay-
er.
[0022] Preferably, the cap layer is made of a material
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including silicon-doped AlN.
[0023] Preferably, an atomic percentage of the silicon
doped in the cap layer is in a range of approximately 10%
to approximately 20%.
[0024] Preferably, along a direction away from the con-
ductive structure, a doping concentration of silicon in the
cap layer gradually decreases.
[0025] Preferably, wherein the cap layer has a bi-layer
structure including: an AlSiN layer; and an AlN layer
formed on the AlSiN layer.
[0026] Preferably, the ratio between a thickness of the
AlSiN layer and a thickness of the AlN layer is in a range
of 3:1 to 2:1.
[0027] Preferably, the dielectric layer is made of an ul-
tra-low-k dielectric material with a dielectric constant low-
er than 2.5. Preferably, the conductive structure is made
of Cu.
[0028] A interconnections structure according to the
second aspect of the present invention may be obtained
by a method according to the first aspect of the present
invention.
[0029] Other aspects of the present invention can be
understood by those skilled in the art in light of the de-
scription, the claims, and the drawings of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] The following drawings are merely examples for
illustrative purposes according to various disclosed em-
bodiments and are not intended to limit the present in-
vention.

FIG. 1 illustrates a schematic cross-section view of
an interconnection structure;

FIGS. 2-6 illustrate schematic views of semiconduc-
tor structures at certain stages for fabricating an ex-
emplary interconnection structure consistent with
various disclosed embodiments in the present inven-
tion; and

FIG. 7 illustrates a flowchart of an exemplary method
for fabricating an interconnection structure consist-
ent with various disclosed embodiments in the
present invention.

DETAILED DESCRIPTION

[0031] Reference will now be made in detail to exem-
plary embodiments of the invention, which are illustrated
in the accompanying drawings. Wherever possible, the
same reference numbers will be used throughout the
drawings to refer to the same or like parts.
[0032] FIG. 1 illustrates a schematic cross-section
view of an interconnection structure. Referring to FIG. 1,
the interconnection structure includes a substrate 10, a
dielectric layer 11 formed on the substrate 10, a conduc-

tive structure 12 formed in the dielectric layer 11, and a
cap layer 13 formed on the dielectric layer 11 and the
conductive structure 12. The conductive structure further
includes a plug (not shown) and an interconnection (not
shown) formed on the plug.
[0033] Driven by a static electric field, electrons in the
semiconductor structure move very quickly from the cath-
ode to the anode, and in the meantime, metal ions in the
conductive structure 12 are driven by the electrons and
thus diffuse in a direction from the cathode to the anode.
This phenomenon is known as electro migration (EM).
With the improvement of the integration level of the chips,
the dimension of the components becomes smaller, and
the size of the conductive structure 12 is also reduced.
Generally, the reduction of the size of the conductive
structure 12 may lead to an increase in the current density
in the conductive structure 12, and as a result, the prob-
ability for the EM phenomenon to emerge in the conduc-
tive structure 12 may also be increased.
[0034] Referring to FIG. 1, the cap layer 13 is used to
suppress the emergence of the EM phenomenon in the
conductive structure 12. The cap layer 13 is made of AlN.
Moreover, the AlN-made cap layer 13 may also serve as
an etch stop layer during the fabrication process of the
interconnection structure.
[0035] However, the fabrication process for the AlN-
made cap layer 13 often faces two problems. First, the
strength of the connection between the AlN-made cap
layer 13 and the conductive structure 12 may be relatively
weak, and thus the ability of the AlN-made cap layer 13
to suppress the EM phenomenon may be weak. Com-
pared to that of a cap layer containing Co, the ability of
the AlN-made cap layer 13 in suppressing the EM phe-
nomenon may often be one to two orders of magnitude
weaker. Moreover, the dielectric layer 11 may have a
relatively low density and may contain a plurality of pores.
Therefore, during the process to form the AlN-made cap
layer 13, the Al atoms may easily penetrate through and
enter the pores of the dielectric layer 11. Therefore, the
electrical isolation properties of the dielectric layer 11
may be reduced, and the possibility for current leaking
or time dependent dielectric breakdown (TDDB) to take
place may be increased.
[0036] The present invention provides a method for
fabricating an interconnection structure. FIG. 7 illustrates
a flowchart of an exemplary method for fabricating an
interconnection structure consistent with various dis-
closed embodiments in the present invention.
[0037] Referring to FIG. 7, a substrate may be provided
(S301). FIG. 2 shows a schematic cross-section view of
a semiconductor structure consistent with various em-
bodiments of the present invention.
[0038] Referring to FIG. 2, a substrate 100 maybe pro-
vided. The substrate 100 may be used to provide a basis
for process operation.
[0039] In one embodiment, the substrate 100 is made
of single-crystalline silicon. In other embodiments, the
substrate may be made of polycrystalline silicon, amor-
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phous silicon, germanium, SiGe, GaAs, or any other ap-
propriate semiconductor material. Moreover, the sub-
strate may also be a structure with an epitaxial layer or
a structure with silicon formed on an epitaxial layer.
[0040] In one embodiment, the substrate 100 is a pla-
nar substrate. In other embodiments, the substrate may
include a plurality of semiconductor structures, such as
fin structures, etc. formed on the substrate.
[0041] Further, returning to FIG. 7, a dielectric layer
may be formed on the substrate (S302). As shown in
FIG. 2, a dielectric layer 110 maybe formed on the sub-
strate 100. The dielectric layer 110 may be used to elec-
trically isolate neighboring semiconductor structures. In
one embodiment, the dielectric layer 110 is an interlayer
dielectric layer used to electrically isolate neighboring de-
vice layers.
[0042] In one embodiment, the dielectric layer 110 may
be made of an ultra-low-k dielectric material (i.e., a ma-
terial with a dielectric constant less than 2.5), such as
doped SiO2, organic polymers, porous materials, etc.
Therefore, the dielectric layer 110 may contain a plurality
of pores, and thus may have a relatively low density.
[0043] In other embodiments, the dielectric layer may
be made of one or more from SiOx, SiNx, SiON, low-k
dielectric materials (i.e., materials with a dielectric con-
stant greater than or equal to 2.5, but less than 3.9), and
ultra-low-k dielectric materials.
[0044] Further, the dielectric layer 110 may be formed
by various methods including chemical vapor deposition
(CVD), physical vapor deposition (PVD), atomic layer
deposition (ALD), furnace tube deposition, etc.
[0045] Returning to FIG. 7, further, a conductive struc-
ture may be formed in the dielectric layer (S303). Refer-
ring to FIG. 2, a conductive structure 120 may be formed
in the dielectric layer 110.
[0046] The conductive structure 120 may be used to
make a connection from a semiconductor structure
formed in the substrate 100 to an external circuit. In one
embodiment, the conductive structure 120 may pene-
trate through the dielectric layer 110 and directly connect
to the substrate 100. Therefore, the conductive structure
120 may be used to make the connection between the
substrate 100 and the external circuit. In other embodi-
ments, the conductive structure 120 may be formed in
the dielectric layer 110 and may not be connected to the
substrate 100.
[0047] In one embodiment, the interconnection struc-
ture may be a dual Damascene structure. Therefore, the
conductive structure 120 may include a plug (not shown)
formed on the substrate 100 and an interconnection (not
shown) formed on the plug. In other embodiments, the
interconnection structure may be a single Damascene
structure or any other form of interconnection structure.
Moreover, the conductive structure 120 may be made of
copper.
[0048] Specifically, the process to form the conductive
structure 120 may include the following steps. First, an
opening may be formed in the dielectric layer 110. The

opening may include a trench and a through hole. The
trench may be formed through a top portion of the die-
lectric layer 110. That is, the trench may be formed by
removing a top portion of the dielectric layer 110. The
through hole may be formed on the bottom of the trench
and may penetrate through the remaining portion of the
dielectric layer 110. Further, the conductive structure 120
may be formed in the opening.
[0049] The process to form the conductive structure
120 in the opening may further include forming a con-
ductive layer to cover the dielectric layer 110 by filling
the opening with a conductive material, and performing
a planarization process on the conductive layer to re-
move the portion of the conductive layer formed above
the dielectric layer 110, and thus form the conductive
structure 120.
[0050] In one embodiment, after forming the conduc-
tive structure 120, the fabrication method may also in-
clude removing the oxide formed on the surface of the
conductive structure 120 by using a nitrogen-containing
gas to treat the conductive structure 120. Specifically,
the nitrogen-containing gas may include at least one of
NH3 and N2. By using the nitrogen-containing gas to treat
the conductive structure 120, CuOx formed on the sur-
face of the conductive structure 120 may be removed.
[0051] Further, returning to FIG. 7, a plasma pre-treat-
ment process may be performed on the surface of the
dielectric layer (S304). FIG. 3 shows a schematic dia-
gram of performing a plasma pre-treatment process ac-
cording to various embodiments of the present invention.
[0052] Referring to FIG. 3, after forming the conducive
structure 120 and prior to forming a cap layer, the fabri-
cation method may further include performing a plasma
pre-treatment process 200 on the surface of the dielectric
layer 110.
[0053] In one embodiment, the dielectric layer 110 may
be made of an ultra-low-k dielectric material with a rela-
tively low density. The plasma pre-treatment process 200
may be used to repair the defects on the surface of the
dielectric layer 110 and improve the density of the die-
lectric layer 110. Therefore, during a subsequent process
to form a cap layer, diffusion of the material of the cap
layer into the dielectric layer 110 may be suppressed,
and thus the emergence of current leaking and the TDDB
phenomenon may be reduced.
[0054] In one embodiment, trisilylamine (Si3H9N, TSA)
may be used in the plasma pre-treatment process 200
to treat the surface of the dielectric layer 110. Under the
action of the plasma, TSA may be dissociated into Si
atoms and N atoms. Specifically, the Si atoms and the
N atoms in TSA may locally react with the dielectric layer
110 and form chemical bonds, i.e. Si-O-SiN bonds, to
repair the defects at the surface of the dielectric layer
110 and improve the density of the dielectric layer 110.
As such, diffusion of the material of the subsequently-
formed cap layer may be suppressed, the electrical iso-
lation performance of the dielectric layer 110 in the
formed interconnection structure may be improved, and
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the emergence of current leaking and the TDDB phe-
nomenon may be reduced. Therefore, the reliability of
the formed interconnection structure may be improved.
[0055] In one embodiment, TSA may be used to treat
the surface of the dielectric layer 110 during the plasma
pre-treatment process 200. The process parameters
used in the plasma pre-treatment process 200 may in-
clude a flow rate of the TSA-containing process gas in a
range of approximately 150 sccm to 300 sccm, an RF
power in a range of approximately 250 W and 750 W, a
process temperature in a range of approximately 250 °C
to 350 °C, a process gas pressure in a range of approx-
imately 3 Torr to 10 Torr, and a pre-treatment time in a
range of approximately 15 s to 45 s.
[0056] In a subsequent process, a cap layer may be
formed on the conductive structure and the dielectric lay-
er. The cap layer may be used to improve the connection
strength between the conductive structure 120 and the
dielectric layer 110, and thus suppress the EM in the
formed interconnection structure. As such, the reliability
of the formed interconnection structure may be improved.
[0057] In one embodiment, the cap layer may have a
multi-layer structure. For example, the cap layer may in-
clude an AlSiN layer and an AlN layer formed on the
AlSiN layer. In other embodiments, the cap layer may
have a single layer structure. For example, the cap layer
may have a signal layer structure made of AlSiN. In the
following, fabricating a cap layer including an AlSiN layer
and an AlN layer will be described as an example to il-
lustrate the various fabrication methods according to the
present invention.
[0058] Referring to FIG. 7, an AlSiN layer may be
formed on the conductive structure and the dielectric lay-
er (S305). FIG. 4 shows a schematic view of a corre-
sponding semiconductor structure.
[0059] Referring to FIG. 4, an AlSiN layer 131 may be
formed on the conductive structure 120 and the dielectric
layer 110. In one embodiment, the AlSiN layer 131 may
be formed by an ALD process. Specifically, films formed
by an ALD process may demonstrate desired step cov-
erage. Therefore, forming the AlSiN layer 131 through
an ALD process may be able to efficiently improve the
morphology of the formed cap layer and thus conducive
to increasing the process window and improve the prod-
uct yield.
[0060] In one embodiment, the process to form the Al-
SiN layer 131 may include performing at least one dep-
osition of a Si-doped material. The process to deposit
the Si-doped material may include absorbing an alumi-
num-containing atomic layer, absorbing a silicon-con-
taining atomic layer on the aluminum-containing atomic
layer, and then performing a nitrogen treatment process
on the aluminum-containing atomic layer and the silicon-
containing atomic layer.
[0061] The process to absorb the aluminum-containing
atomic layer may include introducing an aluminum-con-
taining reaction gas pulse for deposition, and then re-
moving the residual of the aluminum-containing reaction

gas through purging. In one embodiment, the aluminum-
containing gas may be trimethylaluminum (TMA), i.e.
AlCH3.
[0062] During the process to introduce the aluminum-
containing reaction gas pulse, the flow rate of the alumi-
num-containing reaction gas may be in a range of ap-
proximately 50 sccm to 150 sccm, the gas pressure may
be in a range of approximately 5 Torr to 15 Torr, the
process temperature may be in a range of approximately
250 °C to 350 °C, and the process time may be in a range
of approximately 10 ms to 50 ms.
[0063] Further, the process to remove the residual of
the aluminum-containing reaction gas may include intro-
ducing an inert gas to purge the residual of the aluminum-
containing reaction gas. In one embodiment, the inert
gas may be Ar, and during the process to purge the re-
sidual of the aluminum-containing reaction gas, the flow
rate of the inert gas may be in a range of approximately
50 sccm to 150 sccm, the gas pressure may be in a range
of approximately 3 Torr to 5 Torr, and the process time
may be in a range of approximately 50 ms to 150 ms.
[0064] The process to absorb the silicon-containing
atomic layer on the aluminum-containing atomic layer
may include introducing a silicon-containing reaction gas
pulse for deposition, and then removing the residual of
the silicon-containing gas through purging. In one em-
bodiment, the silicon-containing gas may include SiH4.
[0065] During the process to introduce the silicon-con-
taining reaction gas pulse, the flow rate of the silicon-
containing reaction gas may be in a range of approxi-
mately 50 sccm to 150 sccm, the gas pressure may be
in a range of approximately 5 Torr to 15 Torr, the process
temperature may be in a range of approximately 250 °C
to 350 °C, and the process time may be in a range of
approximately 10 ms to 50ms.
[0066] Further, the process to remove the residual of
the silicon-containing reaction gas may include introduc-
ing an inert gas to purge the residual of the silicon-con-
taining reaction gas. In one embodiment, the inert gas
may be Ar, and during the process to purge the residual
of the silicon-containing reaction gas, the flow rate of the
inert gas may be in a range of approximately 50 sccm to
150 sccm, the gas pressure may be in a range of approx-
imately 3 Torr to 5 Torr, and the process time may be in
a range of approximately 50 ms to 150 ms.
[0067] Further, the nitrogen treatment performed on
the aluminum-containing atomic layer and the silicon-
containing atomic layer may include using a nitrogen-
containing reaction gas to treat the aluminum-containing
atomic layer and the silicon-containing atomic layer. In
one embodiment, the nitrogen-containing reaction gas
may include at least one of NH3 and N2.
[0068] For example, during the process to perform
plasma nitrogen treatment on the aluminum-containing
atomic layer and the silicon-containing atomic layer using
the nitrogen-containing reaction gas, the flow rate of the
nitrogen may be in a range of approximately 100 sccm
to 200 sccm, the gas pressure may be in a range of ap-
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proximately 5 Torr to 15 Torr, a process temperature may
be in a range of approximately 250 °C to 350 °C, and a
process time may be in a range of approximately 50 ms
to 150 ms.
[0069] During the process to form the AlSiN layer 131,
the doping concentration of silicon in the AlSiN layer 131
may not be too high or too low. When the doping con-
centration of silicon in the AlSiN layer 131 is too low, the
Si atoms that can react with the material of the dielectric
layer 110 and form chemical bonds may not be sufficient
so that the connection strength between the dielectric
layer 110 and the conductive structure 120 may not be
effectively improved. Therefore, such a low doping con-
centration of silicon in the AlSiN layer 131 may not be
conducive to improving the reliability of the formed inter-
connection structure. However, when the doping concen-
tration of silicon in the AlSiN layer 131 is too high, the
resistance of the formed interconnection structure may
be too large, and thus the electrical performance of the
formed interconnection structure may be affected. In one
embodiment, during the process to form the AlSiN layer
131, by atomic percentage, the doping concentration of
silicon in the AlSiN layer 131 may be in a range of ap-
proximately 10% to 20%.
[0070] In one embodiment, the AlSiN layer 131 may
be formed by a process including multiple times of dep-
osition of a silicon-doped material. That is, the absorption
of an aluminum-containing atomic layer, the absorption
of a silicon-containing atomic layer, and the nitrogen
treatment process may be repeatedly executed until the
thickness of the formed AlSiN layer 131 reaches a preset
value.
[0071] The doping concentration of silicon in the AlSiN
layer 131 may affect the resistance of the subsequently-
formed cap layer. In addition, Si atoms maybe able to
combine with Cu atoms and form chemical bonds only
when the Si atoms are on the surface of the conductive
structure 120. Therefore, in one embodiment, during the
process to form the AlSiN layer 131, in order to reduce
the resistance of the subsequently-formed cap layer, the
doping concentration of silicon in the AlSiN layer 131 may
gradually decrease along the direction away from the
conductive structure 120. As such, the influence on the
electrical performance of the interconnection structure
due to the formation of the silicon-doped cap layer may
be reduced, and thus the performance and the reliability
of the formed interconnection structure may be improved.
[0072] Accordingly, the multiple times of deposition of
the silicon-doped material may include a gradually re-
duced flow rate of SiH4, or a gradually reduced process
time for introducing SiH4.
[0073] Moreover, during the process to deposit the sil-
icon-doped material for multiple times, the reduction of
the flow rate of SiH4 in each step may not be too large
or too small. For example, when the reduction of the flow
rate of SiH4 in each step is too large, the doping concen-
tration of silicon in the formed AlSiN layer 131 may be-
come too small such that the connection strength be-

tween the dielectric layer 110 and the conductive struc-
ture 120 may not be effectively improved. Therefore,
such a large reduction of the flow rate of SiH4 in each
step may not be conducive to improving the reliability of
the formed interconnection structure. However, when the
reduction of the flow rate of SiH4 in each step is too small,
the doping concentration of silicon in the formed AlSiN
layer 131 may be too large such that the resistance of
the formed interconnection structure may be too large,
and thus the electrical performance of the formed inter-
connection structure may be affected. In one embodi-
ment, from the first deposition of the silicon-doped ma-
terial to the last deposition of the silicon-doped material,
the flow rate of SiH4 may be gradually reduced from an
initial flow rate to approximately 25% of the initial flow
rate. That is, during the last deposition of the silicon-
doped material, the flow rate of SiH4 may be approxi-
mately 25% of the initial flow rate.
[0074] Further, during the process to deposit the sili-
con-doped material for multiple times, the reduction of
the process time to introduce SiH4 in each step may not
be too large or too small. For example, when the reduc-
tion of the process time to introduce SiH4 in each step is
too large, the doping concentration of silicon in the formed
AlSiN layer 131 may become too small such that the con-
nection strength between the dielectric layer 110 and the
conductive structure 120 may not be effectively im-
proved. Therefore, such a large reduction of the process
time to introduce SiH4 in each step may not be conducive
to improving the reliability of the formed interconnection
structure. However, when the reduction of the process
time to introduce SiH4 in each step is too small, the doping
concentration of silicon in the formed AlSiN layer 131
may be too large such that the resistance of the formed
interconnection structure may be too large, and thus the
electrical performance of the formed interconnection
structure may be affected. In one embodiment, from the
first deposition of the silicon-doped material to the last
deposition of the silicon-doped material, the process time
to introduce SiH4 may be gradually reduced from an initial
process time to approximately 25% of the initial process
time. That is, during the last deposition of the silicon-
doped material, the process time to introduce SiH4 may
be approximately 25% of the initial process time.
[0075] Moreover, the thickness of the formed AlSiN
layer 131 may not be too large or too small. When the
thickness of the AlSiN layer 131 is too small, the connec-
tion strength between the conductive structure 120 and
the dielectric layer 110 may not be effectively improved,
which may further affect the improvement of the reliability
of the interconnection structure. However, when the
thickness of the AlSiN layer 131 is too large, the overly
large thickness of the AlSiN layer 131 may lead to prob-
lems such as material waste and increased process chal-
lenges. In addition, an overly large total thickness of the
Si-doped cap layer 131 may also lead to an overly large
resistance for the subsequently-formed cap layer, and
further affect the electrical performance of the formed
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interconnection structure. In one embodiment, during the
process to form the AlSiN layer 131, the thickness of the
AlSiN layer 131 may be in a range of approximately 20
Å to 50 Å.
[0076] Further, returning to FIG. 7, after forming the
AlSiN layer, an AlN layer may be formed on the AlSiN
layer, and the AlN layer together with the AlSiN layer may
form a cap layer (S306). FIG. 5 shows a schematic cross-
section view of a corresponding semiconductor structure.
[0077] Referring to FIG. 5, an AlN layer 132 may be
formed on the top of the AlSiN layer 131. The AlN layer
132 and the AlSiN layer 131 may together form a cap
layer 130.
[0078] In one embodiment, the AlN layer 132 may be
formed by an ALD process. Specifically, films formed by
an ALD process may demonstrate desired step cover-
age. Therefore, forming the AlN layer 132 through an
ALD process may be able to efficiently improve the mor-
phology of the formed cap layer 130 and thus conducive
to increasing the process window and improve the prod-
uct yield.
[0079] In one embodiment, the process to form the AlN
layer 132 may include performing at least one deposition.
The deposition process may include absorbing an alu-
minum-containing atomic layer and then performing a
nitrogen treatment process on the aluminum-containing
atomic layer.
[0080] The process to absorb the aluminum-containing
atomic layer may include introducing an aluminum-con-
taining reaction gas pulse for deposition, and removing
the residual of the aluminum-containing reaction gas
through purging. In one embodiment, the aluminum-con-
taining gas may be AlCH3 (i.e. TMA).
[0081] During the process to introduce the aluminum-
containing reaction gas pulse, the flow rate of the alumi-
num-containing reaction gas may be in a range of ap-
proximately 50 sccm to 150 sccm, the gas pressure may
be in a range of approximately 5 Torr to 15 Torr, the
process temperature may be in a range of approximately
250 °C to 350 °C, and the process time may be in a range
of approximately 10 ms to 50ms.
[0082] Further, the process to remove the residual of
the aluminum-containing reaction gas may include intro-
ducing an inert gas to purge the residual of the aluminum-
containing reaction gas. In one embodiment, the inert
gas may be Ar, and during the process to purge the re-
sidual of the aluminum-containing reaction gas, the flow
rate of the inert gas may be in a range of approximately
50 sccm to 150 sccm, the gas pressure may be in a range
of approximately 3 Torr to 5 Torr, and the process time
may be in a range of approximately 50 ms to 150 ms.
[0083] In one embodiment, by forming a Si-doped cap
layer 130, the Si atoms in the cap layer 130 may react
with the material of the conductive structure 120 and form
chemical bonds. Therefore, the connection strength be-
tween the cap layer 130 and the conductive structure 120
may be improved, which may be conducive to suppress-
ing the EM in the formed interconnection structure, and

thus may help improve the reliability of the formed inter-
connection structure.
[0084] In one embodiment, the cap layer 130 may be
made of a material including Si-doped AlN, and the con-
ductive structure 120 may be made of copper. The Si
atoms doped in the cap layer 130 may be able to react
with the Al atoms and the N atoms in the cap layer 130
as well as the Cu atoms in the conductive structure 120,
and further form chemical bonds, i.e. CuSi-AlN bonds.
Therefore, the connection strength between the cap layer
130 and the conductive structure 120 may be improved.
As such, the EM in the formed interconnection structure
may be suppressed and the reliability of the formed in-
terconnection structure may be improved.
[0085] Moreover, the nitrogen treatment performed on
the aluminum-containing atomic layer may include using
a nitrogen-containing reaction gas to treat the aluminum-
containing atomic layer. In one embodiment, the nitro-
gen-containing reaction gas may include at least one of
NH3 and N2.
[0086] For example, during the process to perform
plasma nitrogen treatment on the aluminum-containing
atomic layer using the nitrogen-containing reaction gas,
the flow rate of the nitrogen may be in a range of approx-
imately 100 sccm to 200 sccm, the gas pressure may be
in a range of approximately 5 Torr to 15 Torr, a process
temperature may be in a range of approximately 250 °C
to 350 °C, and a process time may be in a range of ap-
proximately 50 ms to 150 ms.
[0087] In one embodiment, the AlN layer 132 may be
formed by a process including multiple times of material
deposition. That is, the absorption of an aluminum-con-
taining atomic layer and the nitrogen treatment process
may be repeatedly executed until the thickness of the
formed AlN layer 132 reaches a preset value.
[0088] Moreover, the thickness of the formed AlN layer
132 may not be too large or too small. When the thickness
of the AlN layer 132 is too small, the connection strength
between the conductive structure 120 and the dielectric
layer 110 may not be effectively improved, which may
further affect the improvement of the reliability of the in-
terconnection structure. However, when the thickness of
the AlN layer 132 is too large, the overly large thickness
of the AlN layer 132 may lead to problems such as ma-
terial waste and increased process challenges. In one
embodiment, during the process to form the AlN layer
132, the thickness of t AlN layer 132 may be in a range
of approximately 5 Å to 25 Å.
[0089] Further, during the process to form the cap layer
130, including the AlSiN layer 131 and the AlN layer 132,
the ratio between the thickness of the AlSiN layer 131
and the thickness of the AlN layer 132 may not be too
large or too small. When the ratio between the thickness
of the AlSiN layer 131 and the thickness of the AlN layer
132 is too small, the Si doping concentration in the cap
layer 130 may be too small to effectively improve the
connection strength between the conductive structure
120 and the dielectric layer 110, and thus may affect the
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reliability of the interconnection structure. When the ratio
between the thickness of the AlSiN layer 131 and the
thickness of the AlN layer 132 is too large, the large ratio
may lead to material waste and increased process chal-
lenges. In addition, the overly large doping concentration
of Si in the cap layer 130 may also cause the resistance
of the formed cap layer 130 to be too large, and thus the
electrical performance of the formed interconnection
structure may be affected. In one embodiment, during
the process to form the cap layer 130, the ratio between
the thickness of the AlSiN layer 131 and the thickness of
the AlN layer 132 may be in a range from approximately
3:1 to approximately 2:1.
[0090] Further, returning to FIG. 7, after forming the
cap layer including the AlSiN layer and the AlN, an an-
nealing process may be performed on the conductive
structure and the cap layer (S307). FIG. 6 shows a sche-
matic diagram of an annealing process according to var-
ious embodiments of the present invention.
[0091] Referring to FIG. 6, after forming the cap layer
130, an annealing process 210 may be performed on the
conductive structure 210 and the cap layer 130. The an-
nealing process 210 may be used to form an intercon-
nection structure. In addition, the annealing process 210
may also be used to enable the diffusion of the Si atoms
in the cap layer 130, and thus allow the Si atoms further
to react with the atoms in the material of the conductive
structure 120 and form chemical bonds. As such, the
emergence of the EM phenomenon in the formed inter-
connection structure may be suppressed, and the relia-
bility of the formed interconnection structure may be im-
proved.
[0092] In one embodiment, the conductive structure
120 is made of copper, the cap layer 130 is made of a
material including Si-doped AlN. The annealing process
210 may enable the diffusion of the Si atoms in the cap
layer 130 diffuse and further allow the Si atoms to react
with the Al atoms and the N atoms in the cap layer 130
as well as the Cu atoms in the conductive structure 120
and form chemical bonds, i.e. CuSi-AlN bonds. As such,
the connection strength between the cap layer 130 and
the conductive structure 120 may be improved. There-
fore, performing the annealing process may help improv-
ing the connection strength between the cap layer 130
and the conductive structure 120, suppressing the EM in
the formed interconnection structure, and also improving
the reliability of the formed interconnection structure.
[0093] In one embodiment, during the annealing proc-
ess 210, the anneal temperature may not be too high or
too low, and the anneal time may not be too long or too
short.
[0094] When the anneal temperature is too high, or the
anneal time is too long, the annealing process may cause
unnecessary process risk, and increase the possibility to
damage other semiconductor structures formed on the
substrate 100. However, when the anneal temperature
is too low or the anneal time is too short, forming chemical
bonds through the reaction of the Si atoms, the Cu atoms,

the Al atoms, and the N atoms may be affected, which
may be detrimental to suppressing EM in the formed in-
terconnection structure, and thus may not be conducive
to improving the reliability of the formed interconnection
structure. In one embodiment, during the annealing proc-
ess 210, the anneal temperature may be in a range of
approximately 250 °C to 350 °C, and the anneal time
may be in a range of approximately 2 minutes to 5 min-
utes.
[0095] In one embodiment, after performing the an-
nealing process 210, the fabricating method may also
include forming a dielectric cap layer on the cap layer
130. The dielectric cap layer may be formed by any ap-
propriate method according to current technology.
[0096] The present invention also provides an inter-
connection structure consistent with various embodi-
ments. FIG. 6 illustrates an exemplary interconnection
structure according to various embodiments of the
present invention.
[0097] Referring to FIG. 6, the interconnection struc-
ture may include a substrate 100, a dielectric layer 110
formed on the substrate 100, a conductive structure 120
formed in the dielectric layer 110, a cap layer 130 formed
on the conductive structure 120 and the dielectric layer
110. The cap layer 130 may be a Si-doped cap layer.
[0098] In one embodiment, the substrate 100 is made
of single-crystalline silicon. In other embodiments, the
substrate may also be made of polycrystalline silicon,
amorphous silicon, germanium, SiGe, GaAs, or any other
appropriate semiconductor material. The substrate may
also be a structure with an epitaxial layer or a structure
with silicon formed on an epitaxial layer.
[0099] In one embodiment, the substrate 100 is a pla-
nar substrate. In other embodiments, the substrate may
also include a plurality of semiconductor structures, such
as fin structures, etc. formed on the substrate.
[0100] In one embodiment, the dielectric layer 110 may
be made of an ultra-low-k dielectric material (i.e., a ma-
terial with a dielectric constant less than 2.5), such as
doped SiO2, organic polymers, porous materials, etc.
Therefore, the dielectric layer 110 may contain a plurality
of pores, and thus may have a relatively low density.
[0101] In other embodiments, the dielectric layer may
also be made of one or more from SiOx, SiNx, SiON, low-
k dielectric materials (i.e., materials with a dielectric con-
stant greater than or equal to 2.5, but less than 3.9), and
ultra-low-k dielectric materials.
[0102] The conductive structure 120 may be used to
make a connection from a semiconductor structure
formed in the substrate 100 to external circuit. In one
embodiment, the conductive structure 120 may pene-
trate through the dielectric layer 110 and directly connect
to the substrate 100. Therefore, the conductive structure
120 may be used to make the connection between the
substrate 100 and the external circuit. In other embodi-
ments, the conductive structure 120 may be formed in
the dielectric layer 110 and may not be connected to the
substrate 100.
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[0103] In one embodiment, the interconnection struc-
ture may be a dual Damascene structure. Therefore, the
conductive structure 120 may include a plug (not shown)
formed on the substrate 100 and an interconnection (not
shown) formed on the plug. In other embodiments, the
interconnection structure may also be a single Da-
mascene structure or any other form of interconnection
structure. Moreover, the conductive structure 120 may
be made of copper.
[0104] The cap layer 130 may be used to improve the
connection strength between the conductive structure
120 and the dielectric layer 110, and thus suppress the
EM in the interconnection structure and improve the re-
liability of the interconnection structure.
[0105] The cap layer 130 may be a Si-doped cap layer.
Si atoms in the cap layer 130 may react with the material
of the conductive structure 120 and form chemical bonds.
Therefore, the connection strength between the cap layer
130 and the conductive structure 120 may be improved,
which may be conducive to suppressing the EM in the
interconnection structure and improving the reliability of
the interconnection structure.
[0106] In one embodiment, the cap layer 130 may be
made of a material including Si-doped AlN, and the con-
ductive structure 120 may be made of copper. The Si
atoms doped in the cap layer 130 may be able to react
with the Al atoms and the N atoms in the cap layer 130
as well as the Cu atoms in the conductive structure 120,
and further form chemical bonds, i.e. CuSi-AlN bonds.
Therefore, the connection strength between the cap layer
130 and the conductive structure 120 may be improved.
As such, the EM in the formed interconnection structure
may be suppressed and the reliability of the formed in-
terconnection structure may be improved.
[0107] In one embodiment, the cap layer 130 may have
a bi-layer structure including an AlSiN layer 131 and an
AlN layer 132 formed on the AlSiN layer 131. In other
embodiments, the cap layer may also have a single layer
structure. For example, the cap layer 130 may have a
single layer structure made of AlSiN.
[0108] Further, the thickness of the formed AlSiN layer
131 may not be too large or too small. When the thickness
of the AlSiN layer 131 is too small, the connection
strength between the conductive structure 120 and the
dielectric layer 110 may not be effectively improved,
which may further affect the improvement of the reliability
of the interconnection structure. However, when the
thickness of the AlSiN layer 131 is too large, the overly
large thickness of the AlSiN layer 131 may lead to prob-
lems such as material waste and increased process chal-
lenges. In addition, an overly large total thickness of the
Si-doped cap layer 131 may also lead to an overly large
resistance for the subsequently-formed cap layer, and
further affect the electrical performance of the formed
interconnection structure. In one embodiment, during the
process to form the AlSiN layer 131, the thickness of the
AlSiN layer 131 may be in a range of approximately 20
Å to 50 Å.

[0109] Moreover, the doping concentration of silicon in
the AlSiN layer 131 may not be too high or too low. When
the doping concentration of silicon in the AlSiN layer 131
is too low, the Si atoms that can react with the material
of the dielectric layer 110 and form chemical bonds may
not be sufficient so that the connection strength between
the dielectric layer 110 and the conductive structure 120
may not be effectively improved. Therefore, such a low
doping concentration of silicon in the AlSiN layer 131 may
not be conducive to improving the reliability of the formed
interconnection structure. However, when the doping
concentration of silicon in the AlSiN layer 131 is too high,
the resistance of the formed interconnection structure
may be too large, and thus the electrical performance of
the formed interconnection structure may be affected. In
one embodiment, during the process to form the AlSiN
layer 131, by atomic percentage, the doping concentra-
tion of silicon in the AlSiN layer 131 may be in a range
of approximately 10% to 20%.
[0110] Moreover, the thickness of the formed AlN layer
132 may not be too large or too small. When the thickness
of the AlN layer 132 is too small, the connection strength
between the conductive structure 120 and the dielectric
layer 110 may not be effectively improved, which may
further affect the improvement of the reliability of the in-
terconnection structure. However, when the thickness of
the AlN layer 132 is too large, the overly large thickness
of the AlN layer 132 may lead to problems such as ma-
terial waste and increased process challenges. In one
embodiment, during the process to form the AlN layer
132, the thickness of t AlN layer 132 may be in a range
of approximately 5 Å to 25 Å.
[0111] Further, during the process to form the cap layer
130, including the AlSiN layer 131 and the AlN layer 132,
the ratio between the thickness of the AlSiN layer 131
and the thickness of the AlN layer 132 may not be too
large or too small. When the ratio between the thickness
of the AlSiN layer 131 and the thickness of the AlN layer
132 is too small, the Si doping concentration in the cap
layer 130 may be too small to effectively improve the
connection strength between the conductive structure
120 and the dielectric layer 110, and thus may affect the
reliability of the interconnection structure. When the ratio
between the thickness of the AlSiN layer 131 and the
thickness of the AlN layer 132 is too large, the large ratio
may lead to material waste and increased process chal-
lenges. In addition, the overly large doping concentration
of Si in the cap layer 130 may also cause the resistance
of the formed cap layer 130 to be too large, and thus the
electrical performance of the formed interconnection
structure may be affected. In one embodiment, during
the process to form the cap layer 130, the ratio between
the thickness of the AlSiN layer 131 and the thickness of
the AlN layer 132 may be in a range from approximately
3:1 to approximately 2:1.
[0112] In one embodiment, the interconnection struc-
ture may also include a dielectric cap layer formed on
the cap layer 130. The dielectric cap layer may be formed
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by any appropriate method according to current technol-
ogy.
[0113] Compared to existing fabrication methods and
interconnection structures, the disclosed fabrication
methods and interconnection structures may demon-
strate several advantages.
[0114] For example, according to the disclosed inter-
connection structures and fabrication methods, the cap
layer is a Si-doped cap layer. Si atoms in the cap layer
may react with the material of the conductive structure
and further form chemical bonds. Therefore, the connec-
tion strength between the cap layer and the conductive
structure may be improved, which may be conducive to
suppressing the EM in the interconnection structure and
improving the reliability of the interconnection structure.
[0115] Further, according to the disclosed interconnec-
tion structures and fabrication methods, the conductive
structure 120 is made of copper and the cap layer 130
is made of a material including Si-doped AlN. The Si at-
oms, the Al atoms, and the N atoms in the cap layer and
the Cu atoms in the conductive structure may react with
each other and form CuSi-AlN bonds. As such, the con-
nection strength between the cap layer and the conduc-
tive structure may be improved, which may be conducive
to improving the connection strength between the cap
layer 130 and the conductive structure 120, suppressing
the EM in the formed interconnection structure, and im-
proving the reliability of the formed interconnection struc-
ture.
[0116] Further, according to the disclosed interconnec-
tion structures and fabrication methods, the doping con-
centration of silicon in the AlSiN layer may gradually de-
crease along the direction away from the conductive
structure. As such, the influence on the electrical per-
formance of the interconnection structure due to the for-
mation of the silicon-doped cap layer may be reduced,
and thus the performance and the reliability of the formed
interconnection structure may be improved.
[0117] Moreover, according to the disclosed intercon-
nection structures and fabrication methods, the dielectric
layer may be made of an ultra-low-k material, and after
forming the conductive structure and prior to forming the
cap layer, a plasma pre-treatment process using TSA
(Si3H9N) may be performed on the surface of the dielec-
tric layer. Further, TSA may locally react with the dielec-
tric layer and form chemical bonds, i.e. Si-O-SiN bonds,
to repair the defects at the surface of the dielectric layer
and improve the density of the dielectric layer. As such,
diffusion of the material of the subsequently-formed cap
layer may be suppressed, the electrical isolation proper-
ties of the dielectric layer in the formed interconnection
structure may be improved, and the emergence of current
leaking and the TDDB phenomenon may be reduced.
Therefore, the reliability of the formed interconnection
structure may be improved.

Claims

1. A method for fabricating an interconnection struc-
ture, comprising:

providing a substrate;
forming a dielectric layer on the substrate;
forming a conductive structure in the dielectric
layer;
forming a cap layer doped with silicon on the
conductive structure and the dielectric layer; and
performing an annealing process on the conduc-
tive structure and the cap layer.

2. The method according to claim 1, wherein: the cap
layer is formed by an atomic layer deposition.

3. The method according to claim 2, wherein the cap
layer has a bi-layer structure, and wherein forming
the cap layer further includes:

forming an AlSiN layer on the conductive struc-
ture and the dielectric layer; and
forming an AlN layer on the AlSiN layer; and
wherein, preferably: a ratio between a thickness
of the AlSiN layer and a thickness of the AlN
layer is in a range of 3:1 to 2:1.

4. The method according to claim 1 or 2, wherein:

the cap layer is made of a material including sil-
icon-doped AlN; and/or

an atomic percentage of the silicon doped in the cap
layer is in a range of approximately 10% to approx-
imately 20%.

5. The method according to any one of the claims 1-4,
further including: controlling a doping concentration
of the silicon in the cap layer to gradually decrease
along a direction away from the conductive structure.

6. The method according to claim 5, wherein:

forming the cap layer further includes at least
one time of deposition of a silicon-doped mate-
rial;
each time of the deposition of the silicon-doped
material includes absorbing an Al-containing
atomic layer, absorbing a Si-containing atomic
layer on the Al-containing atomic layer, and per-
forming a nitrogen treatment process on the Al-
containing atomic layer and the Si-containing
atomic layer; and
absorbing the Si-containing atomic layer on the
Al-containing atomic layer includes introducing
a Si-containing reaction gas including SiH4, and
removing remaining Si-containing reaction gas

17 18 



EP 3 333 887 A1

11

5

10

15

20

25

30

35

40

45

50

55

by purging.

7. The method according to claim 6, wherein:

- deposition of the silicon-doped material is per-
formed multiple times, and a flow rate of SiH4
gradually decreases during the multiple times of
deposition of the silicon-doped material; and/or
- deposition of the silicon-doped material is per-
formed for multiple times, and a process time to
introduce SiH4 gradually decreases during the
multiple times of the deposition of the silicon-
doped material.

8. The method according to any one of the claims 1-7,
after forming the conductive structure and prior to
forming the cap layer, further including:

performing a plasma pre-treatment process on
a surface of the dielectric layer; and
wherein performing the plasma pre-treatment
process preferably includes: using plasma of
trisilylamine to treat the surface of the dielectric
layer.

9. The method structure according to claim 1-8, where-
in:

the dielectric layer is made of an ultra-low-k di-
electric material with a dielectric constant lower
than 2.5; and
the conductive structure is made of Cu.

10. An interconnection structure, comprising:

a substrate;
a dielectric layer formed on the substrate;
a conductive structure formed in the dielectric
layer; and
a cap layer doped with silicon and formed on the
conductive structure and the dielectric layer.

11. The interconnection structure according to claim 10,
wherein at least one of:

the cap layer is made of a material including sil-
icon-doped AlN;
an atomic percentage of the silicon doped in the
cap layer is in a range of approximately 10% to
approximately 20%.

12. The interconnection structure according to claim 10
or 11, wherein:

along a direction away from the conductive
structure, a doping concentration of silicon in the
cap layer gradually decreases.

13. The interconnection structure according to any one
of the claims 10-12, wherein the cap layer has a bi-
layer structure including:

an AlSiN layer; and
an AlN layer formed on the AlSiN layer.

14. The interconnection structure according to claim 13,
wherein:

a ratio between a thickness of the AlSiN layer
and a thickness of the AlN layer is in a range of
3:1 to 2:1.

15. The interconnection structure according to claim
10-14, wherein:

the dielectric layer is made of an ultra-low-k di-
electric material with a dielectric constant lower
than 2.5; and
the conductive structure is made of Cu.
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