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ELECTROMIGRATION RESISTANT
INTERCONNECT STRUCTURE

FIELD OF THE INVENTION

[0001] The present invention relates to semiconductor
structures, and particularly to electromigration resistant
metal interconnect structures and methods of manufacturing
thereof.

BACKGROUND OF THE INVENTION

[0002] A metal line comprises a lattice of metal ions and
non-localized free electrons. The metal ions are formed from
metal atoms that donate some of their electrons to a common
conduction band of the lattice, and the non-localized free
electrons move with relatively small resistance within the
lattice under an electric field. Normal metal lines, excluding
superconducting materials at or below a superconducting
temperature, have finite conductivity, which is caused by
interaction of electrons with crystalline imperfections and
phonons which are thermally induced lattice vibrations.
[0003] When electrical current flows in the metal line, the
metal ions are subjected to an electrostatic force due to the
charge of the metal ion and the electric field to which the
metal ion is exposed to. Further, as electrons scatter off the
lattice during conduction of electrical current, the electrons
transfer momentum to the metal ions in the lattice of the
conductor material. The direction of the electrostatic force is
in the direction of the electric field, i.e., in the direction of the
current, and the direction of the force due to the momentum
transfer of the electrons is in the direction of the flow of the
electrons, i.e., in the opposite direction of the current. How-
ever, the force due to the momentum transfer of the electrons
is in general greater than the electrostatic force. Thus, metal
ions are subjected to anet force in the opposite direction of the
current, or in the direction of the flow of the electrons.
[0004] High defect density, i.e., smaller grain size of the
metal, or high temperature typically increases electron scat-
tering, and consequently, the amount of momentum transfer
from the electrons to the conductor material. Such momen-
tum transfer, if performed sufficiently cumulatively, may
cause the metal ions to dislodge from the lattice and move
physically. The mass transport caused by the electrical cur-
rent, or the movement of the conductive material due to elec-
trical current, is termed electromigration in the art.

[0005] In applications where high direct current densities
are used, such as in metal interconnects of semiconductor
devices, electromigration causes a void in a metal line or in a
metal via. Such a void results in a locally increased resistance
in the metal interconnect, or even an outright circuit “open.”
In this case, the metal line or the metal via no longer provides
a conductive path in the metal interconnect. Formation of
voids in the metal line or the metal via can thus result in a
product failure in semiconductor devices.

[0006] FIG.1 shows a prior art metal interconnect structure
comprising a dielectric layer 10, a metal liner 19, a metal line
29, and a dielectric cap layer 39. A top surface of the metal
line 29 is substantially coplanar with a top surface of the
dielectric layer 10. The dielectric cap layer 39 is located
above the coplanar top surfaces of the dielectric layer 10, the
metal liner 19, and the metal line 29. Irrespective of the
properties of the dielectric cap layer 39, the dielectric cap
layer 39 does not apply any appreciable level of stress to any
underlying structure since a planar interface between the
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dielectric cap layer 39 and the underlying structures pre-
cludes any substantial transfer of stress from the dielectric cap
layer 39 onto the underlying structures. The function of the
dielectric cap layer 19 is primarily to provide mechanical
support and protection from mobile ions and contaminants to
the underlying metal line 29 in the prior art. The prior art
metal interconnect structure displays a level of electromigra-
tion resistance known in the art.

[0007] Inaddition, the priorart metal interconnect structure
comprise the dielectric cap layer 39 that extends laterally
outside the region directly above the metal line 29. Since the
dielectric cap layer 39 typically comprises silicon nitride or
silicon carbide, which typically has a higher dielectric con-
stant than the dielectric layer 10, the laterally extending por-
tion of the dielectric cap layer 39 contributes to an increase of
parasitic capacitance of the prior art metal interconnect struc-
ture.

[0008] FIG. 2 shows a vertical cross-sectional scanning
electron micrograph (SEM) of an exemplary prior art metal
interconnect structure comprising a first level metal line (M1
line), a first level via (V1), and a second level metal line (M2
line). The exemplary prior art metal interconnect structure
contains a void in the second level metal line above the first
level via. This void is caused by electromigration once the
interconnect structure is subjected to a stress condition that
mimics prolonged usage of the interconnect structure above a
sustainable level of current density. Due to the formation of
the void, the first metal line and the second metal line are
electrically disconnected. Such void, if formed in a semicon-
ductor device, may cause a circuit failure, and possibly, a
device failure.

[0009] As feature sizes of semiconductor devices continue
to shrink, current density through metal interconnect struc-
tures increase, causing the metal interconnect structures to be
more prone to electromigration failure. Such electromigra-
tion failure increases the frequency of product failure over a
lifetime of semiconductor devices, and consequently,
degrades reliability of the semiconductor devices. Thus, pre-
vention of electromigration failure becomes more important
in each new generation of semiconductor technology to pro-
vide reliable semiconductor devices.

[0010] In research leading to the present invention, it has
been observed that metal ions may be transported along the
interface between the metal line and a dielectric line cap, and
that such metal ion transport plays an important role on elec-
tromigration failure.

[0011] In view of the above, there exists a need to provide
an electromigration resistant metal interconnect structure for
semiconductor applications, and methods of providing the
same.

[0012] Further, lateral extension of a dielectric cap layer
outside the region immediately above a metal line contributes
to an increased parasitic capacitance of the prior art metal
interconnect structure.

[0013] Therefore, there exists a need to provide an elec-
tromigration resistant metal interconnect structure having a
reduced parasitic resistance, and methods of manufacturing
the same.

SUMMARY OF THE INVENTION

[0014] The present invention addresses the needs described
above by providing a metal interconnect structure having a
higher resistance to electromigration compared to prior art
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structures, and methods of manufacturing the electromigra-
tion resistant metal interconnect structure.

[0015] A line trench is formed in a dielectric layer that may
contain an interlayer dielectric material. A metal liner is
formed on the sidewalls and the bottom surface of the line
trench. A conductive metal is deposited within a remaining
portion of the line trench at least up to a top surface of the
dielectric layer and planarized to form a metal line in the line
trench. The metal line is recessed by a recess etch below the
top surface of the dielectric layer. A dielectric line cap or a
metallic line cap is formed by deposition of a dielectric cap
layer or a metallic cap layer, followed by planarization of the
dielectric or metallic cap layer. The dielectric line cap or the
metallic line cap applies a highly compressive stress on the
underlying metal line, which increases electromigration
resistance of the metal line. The dielectric line cap or the
metal line cap does not extend laterally outside the region
immediately above the metal line, resulting in a reduced
parasitic resistance compared with prior art metal intercon-
nect structures.

[0016] According to an aspect of the present invention, a
metal interconnect structure is provided, which comprises:
[0017] a dielectric layer containing a line trench;

[0018] ametalliner abutting sidewalls and a bottom surface
of the line trench;

[0019] a metal line located in the line trench, wherein side-
walls and a bottom surface of the metal line abut the metal
liner; and

[0020] a dielectric line cap abutting a top surface of the
metal line and an upper portion of inner sidewalls of the metal
liner.

[0021] Inone embodiment, the dielectric line cap has a top
surface that is substantially coplanar with a top surface of the
dielectric layer, and laterally confined by the inner sidewalls
of the metal liner.

[0022] In another embodiment, the dielectric line cap
applies a compressive stress to a top portion of the metal line.
[0023] Ineven another embodiment, the laterally compres-
sive stress is a laterally compressive stress having a magni-
tude from about 0.5 GPa to about 4 GPa.

[0024] In yet another embodiment, the dielectric line cap
comprises an ultraviolet radiation cured silicon nitride, which
has altered chemical bondings due to an ultraviolet radiation
treatment.

[0025] In still another embodiment, the metal line has a
current density under use condition (J, ) greater than about
60 mA/um>.

[0026] Inastill yet another embodiment, the dielectric line
cap applies a laterally tensile stress to a top portion of the
dielectric layer.

[0027] In a further embodiment, the dielectric layer com-
prises at least one of an oxide based dielectric material, a
spin-on low-k dielectric material, a chemical vapor deposi-
tion (CVD) low-k dielectric material, and a stack thereof, and
the metal liner comprises one of Ti, TiN, Ta, TaN, WN, and
CoWP, and the metal line comprises one of Cuand Al, and the
metal line is encapsulated by the metal liner and the dielectric
line cap.

[0028] According to another aspect of the present inven-
tion, another metal interconnect structure is provided, which
comprises:

[0029] a dielectric layer containing a line trench;

[0030] ametalliner abutting sidewalls and a bottom surface
of the line trench;

use)
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[0031] a metal line located in the line trench, wherein side-
walls and a bottom surface of the metal line abut the metal
liner; and

[0032] ametallic line cap abutting a top surface of the metal
line and an upper portion of inner sidewalls of the metal liner.
[0033] In one embodiment, the metallic line cap has a top
surface that is substantially coplanar with a top surface of the
dielectric layer, and laterally confined by the inner sidewalls
of the metal liner.

[0034] Inanotherembodiment, the metallic line cap applies
a compressive stress to a top portion of the metal line.
[0035] Ineven another embodiment, the laterally compres-
sive stress is a laterally compressive stress having a magni-
tude from about 1 GPa to about 5 GPa.

[0036] In yet another embodiment, the metallic line cap
comprises one of Ti, TiN, Ta, TaN, WN, and CoWP.

[0037] In still another embodiment, the metal line has a
current density under use condition (J,_ ) greater than about
60 mA/um>.

[0038] In a further embodiment, the dielectric layer com-
prises at least one of a conventional oxide based dielectric
material, a spin-on low-k dielectric material, a chemical
vapor deposition (CVD) low-k dielectric material, and a stack
thereof, and the metal liner comprises one of T1, TiN, Ta, TaN,
WN, and CoWP, and the metal line comprises one of Cu and
Al, and the metal line is encapsulated by the metal liner and
the metallic line cap.

[0039] According to yet another aspect of the present
invention, a method of manufacturing a metal interconnect
structure is provided, which comprises:

[0040] forming a line trench in a dielectric layer;

[0041] forming a metal liner and a metal line in the trench,
wherein top surfaces of the dielectric layer, the metal liner,
and the metal line are substantially coplanar;

[0042] recessing the metal line selective to the metal liner
and the dielectric layer to a depth; and

[0043] forming a line cap having a top surface that is copla-
nar with the top surfaces of the dielectric layer and the metal
liner and vertically abutting the recessed metal line.

[0044] Inoneembodiment, the line cap is laterally confined
by inner sidewalls of the metal liner and vertically confined
between the top surfaces of the dielectric layer and the metal
liner and a top surface of the recessed metal line.

[0045] In another embodiment, the line cap comprises a
stress generating material that applies a compressive stress to
a top portion of the metal line.

[0046] Inevenanother embodiment, the compressive stress
is a laterally compressive stress having a magnitude from
about 0.5 GPa to about 5 GPa.

[0047] In yet another embodiment, the line cap is one of a
dielectric line cap and a metallic line cap.

[0048] In still another embodiment, the line cap comprises
one of ultraviolet radiation cured silicon nitride, Ti, TiN, Ta,
TaN, WN, and CoWP.

[0049] Instill yet another embodiment, the metal line has a
current density under use condition (J, ) greater than about
60 mA/um>.

[0050] In a further embodiment, the dielectric layer com-
prises at least one of a conventional oxide based dielectric
material, a spin-on low-k dielectric material, a chemical
vapor deposition (CVD) low-k dielectric material, and a stack
thereof, and the metal liner comprises one of T1, TiN, Ta, TaN,

use.
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WN, and CoWP, and the metal line comprises one of Cu and
Al, and the metal line is encapsulated by the metal liner and
the line cap.

BRIEF DESCRIPTION OF THE DRAWINGS

[0051] FIG. 1 is a prior art metal interconnect structure.
[0052] FIG.2is avertical cross-sectional scanning electron
micrograph (SEM) of an exemplary prior art metal intercon-
nect structure containing an electromigration induced void in
a metal line.

[0053] FIGS. 3-7, 9 and 10 are sequential vertical cross-
sectional views of a first exemplary metal interconnect struc-
ture according to a first embodiment of the present invention.
[0054] FIG. 8 is a scanning electron micrograph (SEM) of
a vertical cross-section of a physical implementation of the
first exemplary metal interconnect structure at a manufactur-
ing stage corresponding to FIG. 7.

[0055] FIG.11is a simulated two-dimensional contour plot
of lateral stress of the first exemplary metal interconnect
structure, in which a lateral stress to the left is considered
compressive and a lateral stress to the right is considered
tensile.

[0056] FIGS. 12 and 13 are sequential vertical cross-sec-
tional views of a second exemplary metal interconnect struc-
ture according to a second embodiment of the present inven-
tion.

[0057] FIG. 14 is a Weibull plot of cumulative failure rate as
a function of a logarithm of stress time, which shows perfor-
mance of the exemplary metal interconnect structures accord-
ing to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0058] As stated above, the present invention relates to
electromigration resistant metal interconnect structures and
methods of manufacturing thereof, which is now described in
detail with accompanying figures. It is noted that like and
corresponding elements are referred to by like reference
numerals.

[0059] Referring to FIG. 3, a first exemplary metal inter-
connect structure according to a first embodiment of the
present invention comprises a dielectric layer 10 containing a
line trench LT, or a trench formed along a line. The sidewalls
of the line trench LT may be substantially vertical, or may
have an inward taper so that the bottom surface of the line
trench LT is narrower than the opening at the top portion of
the line trench LT. The taper angle may be from 0 degree to
about 30 degrees, and typically from about 5 degrees to about
20 degrees, depending on the material of the dielectric layer
10, the width of the opening at the top portion of the line
trench LT, the etch chemistry employed in etching the line
trench LT, and the depth of the line trench LT.

[0060] Thedielectric layer 10 may comprise an oxide based
conventional dielectric material, which has a dielectric con-
stant k from about 3.6 to about 3.9, or a low-k dielectric
material, which has a dielectric constant k ofabout 3.0 or less,
preferably less than about 2.8, and more preferably less than
about 2.5. Non-limiting examples of the oxide based conven-
tional dielectric material included undoped silicate glass
(USG), fluorosilicate glass (FSG), borophosphosilicate glass
(BPSG@G), and phosphosilicate glass (PSG). The low-k dielec-
tric material may be a spin-on low-k dielectric material or a
CVD low-k dielectric material, i.e., a low-k dielectric mate-
rial deposited by chemical vapor deposition (CVD). An
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example of the spin-on low-k dielectric material is a thermo-
setting polyarylene ether, which is also commonly referred to
as “Silicon Low-K”, or “SiLK™.” The term “polyarylene” is
used herein to denote aryl moieties or inertly substituted aryl
moieties which are linked together by bonds, fused rings, or
inert linking groups such as oxygen, sulfur, sulfone, sulfox-
ide, carbonyl, etc. Composition and deposition methods of
the CVD low-k dielectric material are well known in the art.
For example, the CVD low-k dielectric material may be a
SiCOH dielectric containing a matrix of a hydrogenated oxi-
dized silicon carbon material (SiICOH) comprising atoms of
Si, C, O and H in a covalently bonded tri-dimensional net-
work. Both the spin-on low-k dielectric material and the CVD
low-k dielectric material may be porous, which decreases the
dielectric constant of the dielectric layer 10. The dielectric
layer 10 may comprise a stack of at least two of the oxide
based conventional dielectric material, the spin-on low-k
dielectric material, and the CVD low-k dielectric material.
[0061] The thickness of the dielectric layer 10 may be 50
nm to about 1 um, with a thickness from 100 to about 500 nm
being more typical, although lesser and greater thicknesses
are explicitly contemplated herein. The depth of the line
trench LT may be from about 20% to 80%, and typically from
about 35% to about 65%, of the thickness of the dielectric
layer 10, although lesser and greater percentages are explic-
itly contemplated herein.

[0062] Referringto FIG. 4, a metal liner 20 is deposited on
the sidewalls and the bottom surface of the line trench LT by
physical vapor deposition (PVD), i.e., sputtering, chemical
vapor deposition (CVD), electroplating, electroless plating,
or a combination thereof. Thus, the metal liner 20 abuts the
sidewalls and the bottom surface of the line trench LT. The
metal liner 20 comprises an elemental metal or a metallic
compound that provides good adhesion to the dielectric layer
10 and serves as a barrier for mobile ions and contaminants to
protect the metal line 30, and prevents diffusion of the mate-
rial of the metal line 30 into the dielectric layer 10. For
example, the metal liner 20 may comprise one of Ti, TiN, Ta,
TaN, WN, and CoWP.

[0063] The metal liner 20 may have the same, or different,
thickness between a bottom portion that vertically abut the
dielectric layer 10, and sidewall portions that substantially
laterally abut the dielectric layer 10. The thickness of the
bottom portion of the metal liner 20 is herein referred to as the
thickness of the metal liner 20. The thickness of the metal
liner 20 may be from about 3 nm to about 60 nm, and typically
from about 10 nm to about 30 nm, although lesser and greater
thicknesses are explicitly contemplated herein. The ratio
between the thickness of the sidewall portions of the metal
liner 20 to the thickness of the bottom portion of the metal
liner 20, i.e., the “thickness of the metal liner” 20, is referred
to as step coverage. The step coverage is dependent on the
method of deposition of the metal liner 20, the taper angle of
the sidewalls of the line trench, and the aspect ratio of the line
trench LT, i.e., the ratio of the height to the width of the line
trench LT. Typical values of the step coverage range from
about 0.5 to 1, although lesser step coverage is also known. In
general, chemical vapor deposition processes tend to provide
higher step coverage than physical vapor deposition.

[0064] Referring to FIG. 5, a metal layer 28 is electroplated
on the metal liner 20. The process of electroplating may
include initial seeding of a thin layer of metal (not shown) by
physical vapor deposition or by other means. The thickness of
the metal layer 28 is at least equal to half of the width of the
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opening at the top of the metal liner to insure filling of the line
trench LT. The metal layer 28 may be annealed at a relatively
low temperature from about 100° C. to about 200° C. for a
duration from about 30 minutes to about 2 hours. The process
condition of the anneal may be optimized to promote growth
of the grains in the metal layer. Typically, grain sizes having
a characteristic dimension of about the width of the line
trench LT is desired to lower resistivity of the metal layer 28.

[0065] Referring to FIG. 6, the metal layer 28 is planarized
to a dielectric layer top surface 11, i.e., a top surface of the
dielectric layer 10, for example, by chemical mechanical
polishing (CMP). A metal liner top surface 21, i.e., a top
surface of the metal liner 20, is substantially coplanar with the
dielectric layer top surface 11. The process of the chemical
mechanical polishing (CMP) may employ a portion (See FIG.
5) of the metal liner 20 above the dielectric layer top surface
11 as a stopping layer. In this case, the CMP process may be
a two step process in which a first step is a self-stopping
process that removes the portion of the metal layer 28 above
the metal liner 20, and a second step polishes the portion of
the metal layer 21 above the dielectric layer top surface 11.
After the CMP process, the remaining portion of the metal
layer 28, which is laterally confined within inner sidewalls of
the metal liner 20 and vertically confined within the dielectric
layer top surface 11 and the bottom portion of the metal liner
20, constitutes a metal line 30. The metal line 30 comprises
the same material as the metal layer 28.

[0066] Referring to FIG. 7, the metal line 30 is recessed
below the level of the dielectric layer top surface 11 by an etch
selective to the metal liner 20 and the dielectric layer 10. In
other words, the amount of removal of the metal liner 20 and
the dielectric layer 10 is insignificant during the etch. The etch
may be a wet etch or a reactive ion etch. The recess depth d
may be from about 5 nm to about 60 nm, and preferably from
about 10 nm to about 30 nm, although lesser and greater
recess depths d are herein contemplated also. Preferably, the
recess depth d is from about 1% to about 30%, and more
preferably from about 5% to about 20%, of the height of the
line trench LT (See FIG. 3), although the ratio of the recess
depth d to the height of the line trench LT tends to decrease as
the height of the line trench LT increases. The recessed sur-
face of the metal line 30 may be level, convex, or concave. In
other words, the recessed surface of the metal line 30 may be
flat, bending downward toward the edge near the metal liner
20, or bending upward toward the edge near the metal liner
20. Preferably, the recessed surface of the metal line 30 is
substantially flat.

[0067] The metal line 30 is an elongated line having a
substantially rectangular or a trapezoidal cross-section hav-
ing a greater width at a top than at a bottom. The elongated
line runs perpendicular to the place of the vertical cross-
sectional view of FIG. 3. The metal line 30 may comprise Cu,
Al, or other conductive metal that may sputter deposited
and/or electroplated on the metal liner 20. Preferably, the
metal line 30 has a high electrical conductivity.

[0068] Referring to FIG. 8, a scanning electron micrograph
(SEM) of a vertical cross-section of a physical implementa-
tion of the first exemplary metal interconnect structure at a
manufacturing stage corresponding to FIG. 7. The physical
implementation has a line trench sidewall taper angle of
approximately 15 degrees and a substantially conformal
metal liner 20 having a thickness of about 12 nm. The height
of the line trench is about 220 nm and the recess depth d is
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about 45 nm. The metal liner top surface 21 is substantially
level with the dielectric layer top surface 11.

[0069] Referring to FIG. 9, a dielectric line cap layer 39 is
deposited on the recessed surface of the metal line 30, a top
portion of inner sidewalls of the metal liner 20, and the dielec-
tric layer top surface 11. The recessed surface of the metal line
30 is herein referred to a metal line top surface 31. Preferably,
the thickness of the dielectric line cap layer 39 is at least equal
to the recess depth d, and may be from about 5 nm to about
100 nm, and preferably from about 12 nm to about 50 nm,
although lesser and greater thicknesses are herein contem-
plated also.

[0070] The dielectric line cap layer 39 comprises a stress-
generating material that may apply a compressive stress on a
structure directly underneath. For example, the dielectric line
cap liner 39 may comprise an ultraviolet radiation cured
silicon nitride. An ultraviolet radiation cured silicon nitride
may be formed by depositing a silicon nitride film by a chemi-
cal vapor deposition, e.g., plasma enhanced chemical vapor
deposition (PECVD) or high density plasma chemical vapor
deposition (HDPCVD), followed by irradiation of the depos-
ited silicon nitride film with a mercury broad band spectrum
light source for a duration from about 10 to about 20 minutes
at a temperature from about 350° C. to about 480° C. at a
pressure from about 100 mTorr to about 600 mTorr in a He or
Ar ambient. The ultraviolet radiation causes re-arrangement
of'the chemical bonding of the silicon nitride material, result-
ing in a significant increase in the stress. Alternate methods of
irradiating the silicon nitride by alternate light sources, and
modifications in the processing conditions in terms of the
duration of the treatment, temperature, pressure, and ambient
gases are explicitly contemplated herein. Such ultraviolet
radiation cured silicon nitride may have a stress level from
about 0.5 GPato about 4 GPa, and typically from about 2 GPa
to about 3 GPa.

[0071] Referring to FIG. 10, the dielectric line cap layer 39
is planarized, for example, by chemical mechanical polishing
(CMP) to form a dielectric line cap 40. A dielectric line cap
top surface 41, i.e., a top surface of the dielectric line cap 40,
is substantially flush with the dielectric layer top surface 11
and the metal liner top surface 21. Thus, the dielectric line cap
40 is laterally bounded by the upper portions of the inner
sidewalls of the metal liner 20, and vertically bounded by the
dielectric layer top surface 11 and the metal line top surface
31. The thickness of the dielectric line cap 40 is substantially
the same as the recess depth d, and may be from about 5 nm
to about 60 nm, and preferably from about 10 nm to about 30
nm, although lesser and greater recess depths d are herein
contemplated also.

[0072] Referring to FIG. 11, result of a two-dimensional
simulation is shown, in which the geometry of the first exem-
plary metal interconnect structure is approximated by a two
dimensional model of a stress-generating dielectric line cap
40 having an intrinsic stress level of an ultraviolet radiation
cured silicon nitride material disposed on a metal line 30 and
laterally abutting an upper portion of inner sidewalls of a
metal liner 20 embedded in a dielectric layer 10. Variations in
lateral stress are displayed by contours representing the same
level of lateral stress. A lateral stress toward the left side of the
plot, i.e., alateral stress toward the center of the metal line 30,
is considered compressive since such a lateral stress physi-
cally compresses, i.e., results in a strain reducing lateral
physical dimensions, a physical structure. A lateral stress
toward the right side of the plot, i.e., a lateral stress in the
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direction from the center of the metal line 30 to the dielectric
layer 10, is considered tensile since such a lateral stress
stretched a physical structure.

[0073] The line of zero lateral stress is represented by a
thick dotted line. The various dotted lines represent contours
of equal lateral stress, of which dotted lines to the left of the
thick dotted line represents contours of equal lateral compres-
sive stress and the dotted lines to the right of the thick dotted
line represents contours of equal lateral tensile stress. The
spacing of the successive dotted lines correspond to approxi-
mately equal increments or decrease in the lateral stress. The
lateral stress becomes more compressive in the direction of
the clockwise arrow. The degree of rounding of the edge of the
dielectric line cap 40 adjoining the line of zero lateral stress
determines the detailed features of the various dotted lines
near the edge including the magnitude of the gradient of the
lateral stress. In general, the dielectric line cap 40 applies a
lateral compressive stress to a top portion of the metal line.
While the magnitude of the lateral compressive may be
dependent on the geometry and the material of the dielectric
line cap, the magnitude of the lateral compressive stress may
be from about 0.5 GPa to about 4 GPa, and typically from
about 2 GPa to about 3 GPa for an ultraviolet radiation cured
silicon nitride.

[0074] Referring to FIG. 12, a second exemplary metal
interconnect structure according to a second embodiment of
the present invention is derived from the first exemplary metal
interconnect structure of FIG. 7 by depositing a metallic line
cap layer 49 on the metal line top surface 31, a top portion of
inner sidewalls of the metal liner 20, and the dielectric layer
top surface 11. Preferably, the thickness of the metallic line
cap layer 49 is at least equal to the recess depth d, and may be
from about 5 nm to about 100 nm, and preferably from about
12 nm to about 50 nm, although lesser and greater thicknesses
are herein contemplated also.

[0075] The metallic line cap layer 49 comprises a stress-
generating material that may apply a compressive stress on a
structure directly underneath. For example, the metallic line
cap liner 39 may comprise one of Ti, TiN, Ta, TaN, WN, and
CoWP. The metallic line cap liner 39 may, or may not, com-
prise the same material as the metal line 20. The metallic line
cap liner 39 may be formed by chemical vapor deposition,
physical vapor deposition, or a combination thereof. Electro-
plating or electroless plating followed by a seeding of seed
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layer may be employed as well. Other sputtered metal or
reactively sputtered metal nitride that generates a compres-
sive stress as deposited may be employed as well. Compres-
sive stress on the order of 1 GPa to 5 GPa have been reported,
depending strongly on deposition condition and tooling.
[0076] Referring to FIG. 13, the metallic line cap layer 49 is
planarized, for example, by chemical mechanical polishing
(CMP) to form a metallic line cap 50. A metallic line cap top
surface 51, i.e., a top surface of the metallic line cap 50, is
substantially flush with the dielectric layer top surface 11 and
the metal liner top surface 21. Thus, the metallic line cap 50 is
laterally bounded by the upper portions of the inner sidewalls
of'the metal liner 20, and vertically bounded by the dielectric
layer top surface 11 and the metal line top surface 31. The
thickness of the metallic line cap 50 is substantially the same
as the recess depth d, and may be from about 5 nm to about 60
nm, and preferably from about 10 nm to about 30 nm,
although lesser and greater recess depths d are herein con-
templated also.

[0077] Beneficial effect of the laterally compressive stress
on electromigration resistance has been empirically verified.
Referring to FIG. 14, a Weibull plot of cumulative failure rate
of a test structure containing multiple linked lines and vias as
a function of a logarithm of stress time is shown. The Weibull
plot shows a straight line that is fitted to a set of data points
representing cumulative failure count of a test structure
employing the inventive dielectric line cap 40 of the first
embodiment of the present invention. From the position and
slope of the fitted line, a current density under use condition
(J,,s.) 1s calculated for the test structure employing the inven-
tive dielectric line cap 40. The current density under use
condition (J,,,) is the maximum current density that would
give a cumulative failure rate of 1.0x107'* per interconnect at
100 C. after 100,000 hours. The current density under use
condition (J,,,,.) is calculated by measuring failure rate of test
structures under a test condition that accelerates electromi-
gration failure rates. Similar testing has been performed with
other test structures in which the prior art structure of FIG. 1
is employed and the dielectric line cap layer 39 employed a
low stress silicon nitride that is treated with ultraviolet light.
The low stress silicon nitride applies a low tensile stress, i.e.,
a tensile stress of less than 0.3 GPa in magnitude, on an
underlying structure. Test results are tabulated in Table 1
below.

TABLE 1

Comparison of current density under use condition (J,.) between electromigration
test structures employing a ultraviolet radiation cured silicon nitride line cap

and an ultraviolet radiation treated silicon nitride line cap layer.

Sample
Group Structure of silicon Stress on an underlying
Number nitride Thickness metal line Juse
1 Cap layer over metal 20nm  Tensile, <0.3 GPa 51 mA/um?
line and dielectric layer
2 Cap layer over metal 20nm  Tensile, <0.3 GPa 52 mA/um?
line and dielectric layer
3 Cap over metal line 20nm Compressive, >0.5 GPa 106 mA/um?
only
4 Cap over metal line 25nm  Compressive, >0.5 GPa 91 mA/um?
only
5 Cap over metal line 25nm  Compressive, >0.5 GPa 99 mA/um?
only
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[0078] Comparison of the data from the test groups 3-5
with the data from the test groups 1 and 2 show that current
density under use condition (J,,,,) is greater than 60 mA/pum?.
The inventive metal interconnect structure according to the
first embodiment of the present invention provides a superior
electromigration resistance to the prior art structure.

[0079] Further examination of FIG. 14 shows that no fail
was observed for test structures employing a metallic line cap
according to the second embodiment of the present invention.
The non-detectable electromigration failure rate of the test
structure with the metallic line cap results in an expected
product lifetime about 100 times longer than the expected
product lifetime at the same operating current level. While
calculation of the value of current density under use condition
(J,,s0) 1s difficult due to lack of any {fail, the current density
under use condition (J, . ) for the test structures employing the
metallic line cap is greater than the current density under use
condition (J, ) of the test structures with the dielectric line
cap. In practice, the current density under use condition (J,,,,.)
for the test structures employing the metallic line cap is far
above 100 mA/pm?>.

[0080] While the invention has been described in terms of
specific embodiments, it is evident in view of the foregoing
description that numerous alternatives, modifications and
variations will be apparent to those skilled in the art. Accord-
ingly, the invention is intended to encompass all such alter-
natives, modifications and variations which fall within the
scope and spirit of the invention and the following claims.

What is claimed is:

1. A metal interconnect structure comprising:

a dielectric layer containing a line trench;

ametal liner abutting sidewalls and a bottom surface of'said
line trench;

a metal line located in said line trench, wherein sidewalls
and a bottom surface of said metal line abut said metal
liner; and

adielectric line cap abutting a top surface of said metal line
and an upper portion of inner sidewalls of said metal
liner.

2. The metal interconnect structure of claim 1, wherein said
dielectric line cap has a top surface that is substantially copla-
nar with a top surface of said dielectric layer, and laterally
confined by said inner sidewalls of said metal liner.

3. The metal interconnect structure of claim 1, wherein said
dielectric line cap applies a compressive stress to said metal
line.

4. The metal interconnect structure of claim 3, wherein said
compressive stress is a laterally compressive stress having a
magnitude from about 0.5 GPa to about 4 GPa.

5. The metal interconnect structure of claim 4, wherein said
dielectric line cap comprises an ultraviolet radiation cured
silicon nitride.

6. The metal interconnect structure of claim 1, wherein said
metal line has a current density under use condition (J
greater than about 60 mA/um?.

7. The metal interconnect structure of claim 1, wherein said
dielectric layer comprises at least one of an oxide based
dielectric material, a spin-on low-k dielectric material, a
chemical vapor deposition (CVD) low-k dielectric material,
and a stack thereof, and said metal liner comprises one of Ti,

use)
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TiN, Ta, TaN, WN, and CoWP, and said metal line comprises
one of Cu and Al, and said metal line is encapsulated by said
metal liner and said dielectric line cap.

8. A metal interconnect structure comprising:

a dielectric layer containing a line trench;

ametal liner abutting sidewalls and a bottom surface of said
line trench;

a metal line located in said line trench, wherein sidewalls
and a bottom surface of said metal line abut said metal
liner; and

a metallic line cap abutting a top surface of said metal line
and an upper portion of inner sidewalls of said metal
liner.

9. The metal interconnect structure of claim 8, wherein said
metallic line cap has a top surface that is substantially copla-
nar with a top surface of said dielectric layer, and laterally
confined by said inner sidewalls of said metal liner.

10. The metal interconnect structure of claim 8, wherein
said metallic line cap applies a compressive stress to said
metal line.

11. The metal interconnect structure of claim 10, wherein
said compressive stress is a laterally compressive stress hav-
ing a magnitude from about 1 GPa to about 5 GPa.

12. The metal interconnect structure of claim 10, wherein
said metallic line cap comprises one of Ti, TiN, Ta, TaN, WN,
and CoWP.

13. The metal interconnect structure of claim 8, wherein
said metal line has a current density under use condition (J
greater than about 60 mA/um?>.

14. A method of manufacturing a metal interconnect struc-
ture comprising:

forming a line trench in a dielectric layer;

forming a metal liner and a metal line in said trench,
wherein top surfaces of said dielectric layer, said metal
liner, and said metal line are substantially coplanar;

recessing said metal line selective to said metal liner and
said dielectric layer to a depth; and

forming a line cap having a top surface that is coplanar with
said top surfaces of said dielectric layer and said metal
liner and vertically abutting said recessed metal line.

15. The method of claim 14, wherein said line cap is later-
ally confined by inner sidewalls of said metal liner and verti-
cally confined between said top surfaces of said dielectric
layer and said metal liner and a top surface of said recessed
metal line.

16. The method of claim 14, wherein said line cap com-
prises a stress generating material that applies a compressive
stress to a top portion of said metal line.

17. The method of claim 16, wherein said compressive
stress is a laterally compressive stress having a magnitude
from about 0.5 GPa to about 5 GPa.

18. The method of claim 14, wherein said line cap is one of
a dielectric line cap and a metallic line cap.

19. The method of claim 14, wherein said line cap com-
prises one of ultraviolet radiation cured silicon nitride, Ti,
TiN, Ta, TaN, WN, and CoWP.

20. The method of claim 14, wherein said metal line has a
current density under use condition (J, ) greater than about
60 mA/um?>.
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