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SILICIDED TRENCH CONTACT TO BURIED CONDUCTIVE LAYER

This invention was made with Government support under Contract No.: BAA
N66001-03-X-6010, N66001-05-C-8013 awarded by Defense Advanced Research
Projects Agency (DARPA). The government has certain rights in this invention.

Field of the Invention

[0001] The present invention relates to semiconductor structures, and particularly
to semiconductor structures with a buried conductive layer and a silicided trench

contact thereto and methods of manufacturing the same.
Background of the Invention

[0002] A variety of semiconductor devices, for example, bipolar transistors,
positive-intrinsic-negative (PIN) diodes, and varactor diodes are formed in a vertical
configuration that requires a buried terminal located within a semiconductor substrate
and at a depth from the surface of the semiconductor substrate. Contacts to such
buried terminals are formed via a buried conductive layer, such as a heavily doped
buried semiconductor layer, located within the semiconductor substrate and a
reachthrough that vertically extends from the surface of the semiconductor substrate

to the buried conductive layer.

[0003] Typically, the reachthrough, or the “sinker implant region” as it is
alternatively called, is formed by ion implantation into a semiconductor region located
above a portion of the buried conductive layer such that the semiconductor region is
heavily doped with dopants. Relatively low conductivity, typically on the order of
about 1.0x10” Q—cm or less, may be achieved by heavy ion implantation with a
dopant concentration in the range from about 3.0x10"/cm’ to about 5.0x10*'/cm?, and
preferably on the order of 2.0x10*°/cm’ or higher. The function of the reachthrough is
to provide a low resistance current path to the buried conductive layer, and therefore,
any resistance of the reachthrough region is parasitic, i.c., unintended adverse circuit

parameter.
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[0004] Referring to FIG. 1, an exemplary prior art structure comprising a bipolar

complementary metal-oxide-semiconductor (BiCMOS) structure is shown. The
exemplary prior art structure comprises a ssmiconductor substrate 8, within which a
semiconductor layer 10, shallow trench isolation 20, a buried conductive layer 28,
which is a subcollector in this example, a reachthrough 31, a collector 41 of a bipolar
transistor, and source and drain regions 35 of a metal-oxide-semiconductor field effect
transistor (MOSFET) are formed. Components of the MOSFET such as a gate
dielectric 32, a gate conductor 33, a gate spacer 34, and source and drain silicide 39
are located on top of the semiconductor substrate 8. Components of a bipolar
transistor such as an intrinsic base 42, and extrinsic base 43, an emitter pedestal 44, an
emitter 45, a reachthrough silicide 47, a base silicide 48, and an emitter silicide 49 are

also located on top of the semiconductor substrate 8.

[0005] The reachthrough 31 in the exemplary prior art structure comprises a heavily
doped semiconductor material. The reachthrough silicide 47 is formed on a top
surface of the reachthrough 31, and consequently, does not directly contact the buried
conductor layer 28. In this exemplary prior art structure, the reachthrough silicide 47,
the reachthrough 31, and the buried conductive layer 28 form a current path for the
bipolar transistor. Any resistance of the reachthrough 31 thus contributes to the
parasitic resistance of the bipolar transistor structure. While providing a relative low
resistivity, the resistivity of the doped semiconductor material in the reachthrough is
still higher than that of a silicide material. The same problem applies to any
semiconductor structure with a buried conductive layer and a reachthrough structure

formed with a doped semiconductor material.

[0006] Thus, the parasitic resistance of the reachthrough oftentimes degrades or
limits the performance of a semiconductor device with a buried terminal. For
example, the unit current gain frequency (fr), which is the frequency at which the
current gain becomes 1, and the maximum oscillation frequency (fwax), which is the
maximum frequency at which there is still power gain in a bipolar transistor, may be
limited by the resistance of the reachthrough region that contacts a subcollector,
which is a buried conductive layer formed by heavy doping of a buried semiconductor
region. For another example, the quality factor Q of a varactor, which defines the

sharpness of a resonance in a tuning circuit, may be degraded by a parasitic resistance
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of a reachthrough to a buried conductive layer which may be in contact with or

integrated with a buried capacitor electrode.

[0007] Further, the depth of a buried conductive layer 28 is typically limited by the
ability to form the reachthrough 31 that contacts the buried conductive layer 28. To
provide a low resistance current path to the buried conductive layer 28, the
reachthrough 31 must contact the buried conductive layer. While a deep buried
conductive layer may be formed by implanting a semiconductor region followed by
an epitaxy of a semiconductor material of significant thickness, for example, greater
than 2 microns, the depth of the reachthrough that can be formed by ion implantation
is limited by the projected range of the implanted ions. Thus, the reachthrough 31
does not contact the deep buried conductive layer if the depth of the deep buried
conductive layer exceeds the projected ranges of the implanted ions. For example, the
projected range of boron ions accelerated at 1.0 MeV and accelerated into silicon is
only about 1.8 microns. The projected ranges for phosphorus ions and arsenic ions
accelerated at 1.0 MeV and accelerated into silicon are even less, and are only about
1.2 microns and 0.6 microns, respectively. In addition, the buried conductive layers
often require a heavy doping concentration on the order of 2.0x10%’/cm’ or higher to
achieve low resistivity. Implantation of dopants at such high energy and at such a
high dose requires a long implantation time on a high performance ion implanter, and
consequently, high processing costs. Further, even if such processing steps are
employed, the depth of a buried conductive layer does not exceed 2.0 microns unless
the ion implantation energy is increased even higher, which is difficult to achieve with
commercially available ion implanters. In a structure containing a reachthrough 31
that contacts the buried conductive layer 28 as in FIG. 1, the increased depth of the
buried conductive layer 28 also increases the vertical dimension of the reachthrough

31, and correspondingly increases the resistance of the reachthrough 31.

[0008] Therefore, there exists a need to provide semiconductor structures with a less
resistive path from the surface of a semiconductor substrate to a buried conductive

layer compared with the prior art reachthrough structures.

[0009] Further, there exists a need to provide a semiconductor structure that has a

buried conducive layer located at a depth that exceeds the projected ranges of
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conventional ion implantation process and a low resistance contact to the buried

conductive layer.

[0010] In addition, there exists a need to provide methods of manufacturing
semiconductor structures with such a less resistive path from the surface of the
semiconductor substrate to the buried conductive layer and/or with such a buried
conducive layer located at a depth that exceeds the projected ranges of conventional
ion implantation process with minimum additional processing steps and processing

Costs.

Summary of the Invention

[0011] The present invention addresses the needs described above by providing
a semiconductor structure with a silicided trench contact that contacts a buried

conductive layer and methods of manufacturing the same.

[0012] Specifically, the present invention forms the silicided trench contact by
first forming a contact trench that reaches a buried conductive layer within a
semiconductor substrate prior to a silicidation process. A trench contact silicide is
formed at the bottom, on the sidewalls of the trench, and on a portion of the top
surface of the semiconductor substrate. The trench is subsequently filled with a
middle-of-line (MOL) dielectric. A contact via is formed on the trench contact
silicide. The trench contact silicide may be formed through a single silicidation
reaction with a metal layer or through multiple silicidation reactions with multiple

metal layers.

[0013] According to a first embodiment of the present invention, a
semiconductor structure comprises:

a buried conductive layer in a semiconductor substrate;

a trench contact silicide contacting the buried conductive layer and contacting
a top surface of the semiconductor layer; and

a middle-of-line (MOL) dielectric located on and within the trench contact

silicide.
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[0014] The semiconductor structure may further comprise a contact via

contacting the trench contact silicide and surrounded by the MOL dielectric. The
trench contact silicide may have tapered sidewalls. Preferably, the buried conductor
layer is located below shallow trench isolation and is disjoined from the shallow
trench isolation. The semiconductor structure may, or may not, further comprise a
doped semiconductor region directly underneath the trench contact silicide. Further,
the doped semiconductor region may, or may not, contact the buried conductive layer.
Optionally, but preferably, the doped semiconductor region is topologically
homeomorphic to a torus, i.e., the doped semiconductor region may be transformed

into a torus by continuous stretching and bending.

[0015] According to the present invention, the trench contact silicide preferably
contains:

a bottom trench contact silicide contacting the buried conductive layer;

a sidewall trench contact silicide adjoining the bottom trench contact
silicide; and

a top trench contact silicide located on a top surface of the

semiconductor substrate and adjoining the sidewall trench contact silicide.

[0016] According to the first embodiment of the present invention, the bottom
trench contact silicide, the sidewall trench contact silicide, and the top trench contact
silicide have substantially the same composition and are formed during the same
processing steps. The bottom trench contact silicide, the sidewall trench contact
silicide, and the top trench contact silicide may have substantially the same thickness
as well by depositing sufficient amount of metal in a contact trench on which trench
contact silicide is subsequently formed so that the silicide formation is not limited by
the supply of the metal. Alternatively, the thickness of the bottom trench contact
silicide and the thickness of the sidewall trench contact silicide may be less than the
thickness of the top trench contact silicide by limiting the amount of metal in the

contact trench.

[0017] According to a second embodiment of the present invention, the bottom
trench contact silicide and the sidewall trench contact silicide may have a first

composition and the top trench contact silicide may have a second composition. The
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first composition and the second composition may be the same or they may be

different.

[0018] Further, the bottom trench contact silicide and the sidewall trench
contact silicide may have a first thickness and the top trench contact silicide may have
a second thickness. The first thickness and the second thickness may be different.

Preferably, the first thickness is greater than the second thickness.

[0019] According to both embodiments of the present invention, the
semiconductor structure may further comprise at least one metal silicide region,
wherein the at least one metal silicide region is disjoined from the trench contact
silicide and has substantially the same composition and the same thickness as the top

trench contact silicide.

[0020] According to the first embodiment of the present invention, a method of
manufacturing a semiconductor structure comprises:

forming a buried conductive layer in a semiconductor substrate;

forming a contact trench that extends from a top surface of the semiconductor
substrate onto the buried conductive layer; and

forming a trench contact silicide and at least one metal silicide region during
the same processing steps, wherein the trench contact silicide contacts the buried
conductive layer, extends to the top surface of the semiconductor substrate, and has

substantially the same composition as the at least one metal silicide region.

[0021] The method according to the first embodiment of the present invention
may further comprise:

forming a dielectric layer on the top surface of the semiconductor
substrate; and

lithographically patterning and etching a portion of the dielectric layer

over the buried conductive layer prior to forming a contact trench.

[0022] Preferably, the dielectric layer is removed prior to the forming of the

trench contact silicide and the at least one metal silicide region.
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[0023] Optionally, the method according to the first embodiment of the present

invention further comprises forming a doped semiconductor region, wherein the
doped semiconductor region is located directly beneath the trench contact silicide and

contacts the buried conductive layer.

[0024] Preferably, the contact trench is filled with a middle-of-line (MOL)

dielectric, wherein the MOL dielectric directly contacts the trench contact silicide.

[0025] At least one metal-oxide-semiconductor filed effect transistor
(MOSFET) with source and drain regions may be formed prior to forming the trench

contact silicide.

[0026] The depth of the buried conductive layer may be in the range of the
depth of conventional buried conductive layers, i.e., in the range of less than 1.8
microns. Alternatively, the depth of the buried conductive layer may exceed 1.8
microns and may be in the range from about 2.0 microns to about 8.0 microns, which

exceeds the depth of conventional buried conductive layers.

[0027] According to the second embodiment of the present invention, a method
of manufacturing a semiconductor structure comprises:

forming a buried conductive layer in a semiconductor substrate;

forming a contact trench that extends from a top surface of the semiconductor
substrate onto the buried conductive layer; and

performing a first silicidation process to form a bottom trench contact silicide
and sidewall trench contact silicide, wherein the bottom trench contact silicide
contacts the buried conductive layer and the sidewall trench contact silicide adjoins
the bottom trench contact silicide; and

performing a second silicidation process to form a top trench contact silicide,
wherein the top trench contact silicide is formed on a top surface of the semiconductor

substrate.

[0028] The method according to the second embodiment of the present

invention may further comprise:
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forming a dielectric layer on the top surface of the semiconductor

substrate; and
lithographically patterning and etching a portion of the dielectric layer

over the buried conductive layer prior to forming a contact trench.

[0029] Preferably, the dielectric layer is removed after the performing of the

first silicidation process and prior to the performing of the second silicidation process.

[0030] Optionally, the method according to the second embodiment of the
present invention further comprises forming a doped semiconductor region, wherein
the doped semiconductor region is located directly beneath the trench contact silicide

and contacts the buried conductive layer.

[0031] Preferably, the contact trench is filled with a middle-of-line (MOL)

dielectric, wherein the MOL dielectric directly contacts the trench contact silicide.

[0032] At least one metal-oxide-semiconductor filed effect transistor
(MOSFET) with source and drain regions may be formed prior to forming the trench

contact silicide.

[0033] The depth of the buried conductive layer may be in the range of the
depth of conventional buried conductive layers, i.e., in the range of less than 1.8
microns. Alternatively, the depth of the buried conductive layer may exceed 1.8
microns and may be in the range from about 2.0 microns to about 8.0 microns, which

exceeds the depth of conventional buried conductive layers.

Brief Description of the Drawings

[0034] FIG. 1 is a vertical cross-sectional view of a prior art exemplary

semiconductor structure.

[0035] FIGS. 2 — 7 are sequential vertical cross-sectional views of an exemplary
semiconductor structure according to the first and second embodiments of the present

invention.
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[0036] FIGS. 8 — 11 are sequential vertical cross-sectional views of the
exemplary semiconductor structure according to the first embodiment of the present

invention.

[0037] FIGS. 12 — 17 are sequential vertical cross-sectional views of the
exemplary semiconductor structure according to the second embodiment of the

present invention.

[0038] FIGS. 18 — 19 are vertical cross-sectional views of alternate exemplary
semiconductor structures according to the second embodiment of the present

invention

Detailed Description of the Invention

[0039] As stated above, the present invention relates to semiconductor structures
with a buried conductive layer and a silicided trench contact thereto and methods of
manufacturing the same, which are now described in detail with accompanying
figures. It is noted that like and corresponding elements are referred to by like

reference numerals.

[0040] Referring to FIG. 2, an exemplary semiconductor structure according to
the present invention comprises two metal-oxide-semiconductor field effect
transistors (MOSFETs), shallow trench isolation 20, and a buried conductive layer 30
formed within a semiconductor layer 10. Each of the two MOSFETs comprises a gate
dielectric 32, a gate conductor 33, a gate spacer 34, and source and drain regions 35.
The semiconductor layer 20, the shallow trench isolation 20, the buried conductive

layer 30, and the source and drain regions 35 comprise a semiconductor substrate 8.

[0041] The use of the two MOSFET in the description of the present invention
does not limit the application of the present invention to the exemplary structures in
any way, but serves as a demonstration of the practicability of the present invention.

Electrically connecting any other semiconductor devices and/or contact vias formed
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on a semiconductor substrate to the inventive structure is within the knowledge of one

of ordinary skill in the art, and is herein explicitly contemplated.

[0042] Non-limiting examples of semiconductor materials comprising the
semiconductor layer 10 include silicon, germanium, silicon-germanium alloy, silicon
carbon alloy, silicon-germanium-carbon alloy, gallium arsenide, indium arsenide,
indium phosphide, I1I-V compound semiconductor materials, II-VI compound
semiconductor materials, organic semiconductor materials, and other compound
semiconductor materials. The semiconductor layer 10 may be intrinsic, i.e., doped
with an insignificant level of dopants at a doping concentration of less than
1.0x10'°/cm’, or may be lightly or medium doped at a doping concentration typically
in the range from about 1.0x10'*/cm’ to about 1.0x10"*/cm’. Depending on the type
of semiconductor devices, potions of the semiconductor layer 8 may be doped at a
doping concentration that exceeds the original doping concentration of the
semiconductor layer 10 to form a component of a semiconductor device such as the

source and drain regions 35 and the buried conductive layer 30 in FIG. 2.

[0043] The buried conductive layer 30 is typically a heavily doped
semiconductor region formed by ion implantation into the semiconductor substrate 8.
The buried conductor layer may be a subcollector of a bipolar transistor, a bottom
electrode of a varactor or a PIN diode, or any buried doped component of a
semiconductor device. The buried conductive layer 30 may be p-doped or n-doped.
The doping concentration in the buried conductive layer 30 is in the range from about
3.0x10"/cm’ to about 5.0x10*'/cm®, and preferably in the range from about
1.0x10%°/cm’ to about 5.0x10%’/cm’. The resistivity of the buried conductive layer 30

is preferably on the order of about 1.0x10™ Q—cm or less.

[0044] According to the present invention, the depth of the buried conductive
layer 30, which is the vertical distance between the top surface of the buried
conductive layer 30 and the top surface of the semiconductor substrate §, ¢.g., the
interface between the semiconductor layer 10 and the gate dielectric 32, is not limited
by the maximum projected range of implanted dopants that are implanted into a
reachthrough as in the prior art, but is limited only by the depth of a contact trench
that is formed in the semiconductor substrate 8. According to the prior art, the depth

10
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of a conventional reachthrough is limited to a range not exceeding 1.2 microns for an

n-type doped reachthrough and to a range not exceeding 1.8 microns for a p-type
doped reachthrough for ion implantation energies not exceeding 1 MeV, which is a
limit for commercially available ion implanters. However, the depth of the contact
trench in the present invention is not limited by such constraints, but may exceed 2.0
microns and may reach up to 8.0 microns, thereby enabling placement of the buried
conductive layer 30 at a depth greater than 2.0 microns. Alternatively, the depth of
the buried conductive layer 30 may be at a depth less than 2.0 microns, or at a depth
less than 1.8 microns, which is the depth of the conventional buried conductive layers

known in the prior art.

[0045] The shallow trench isolation 20 is formed in the semiconductor substrate
8 by methods well known in the art. For example, after forming pad dielectric layers
on the semiconductor substrate 8, shallow trenches are lithographically patterned on a
photoresist and the pattern is transferred into the semiconductor substrate 8 by a
reactive ion etch (RIE). The shallow trenches are filled with dielectric material, and
optionally, with suitable liners. The fill material is subsequently planarized utilizing
the pad dielectric layers as a stopping layer. Some of the pad diclectric layers are

subsequently removed.

[0046] At least one semiconductor device is formed on the semiconductor
substrate. In the exemplary structure in FIG. 2, two MOSFETSs are shown. The two
MOSFETs in FIG. 2 are shown only for illustrative purposes and do not limit the
scope of the present invention. Any bipolar devices and/or complementary metal-
oxide-semiconductor (CMOS) devices, such as bipolar transistors, MOSFETs, diodes,
electrical fuses, and passive components (resistors, capacitors, inductors, varactors,
etc.) may be formed in, or on, the semiconductor substrate 8 according the methods

known 1n the art.

[0047] Referring to FIG.3, an implanted columnar semiconductor region 51 may
be formed preferably by ion implantation into an area of the semiconductor substrate
8 that overlies the buried conductive layer 30. Typically, the area of the implanted
columnar semiconductor region 51 is smaller than the area of the buried conductive

layer 30. Preferably, the implanted columnar semiconductor region 51 is doped with
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dopants of the same conductivity type as the buried conductive layer 30 at a dopant

concentration in the range from about 3.0x10'*/cm’ to about 5.0x10*'/cm’, and
preferably in the range from about 1.0x10*°/cm’ to about 5.0x10°%/cm’. The
resistivity of implanted columnar semiconductor region 51 is typically on the order of

about 1.0x10™ Q—cm or less.

[0048] The implanted columnar semiconductor region 51 may contact the
buried conductive layer 30 as shown in FIG. 3, or it may not contact the buried
conductive layer 30. Alternately, the implanted columnar semiconductor region 51
may not be employed in practicing the present invention, i.e., the implanted columnar
semiconductor region 51 is optional. The implanted columnar semiconductor region
51 may, or may not, contact the buried conductive layer 30. If the depth of the buried
conductive layer 30 is within the projected range for implanted ions in conventional
ion implantation, it is preferred that the implanted columnar semiconductor region 51
contacts the buried conductive layer 30. The function of the implanted columnar
semiconductor region 51 is to subsequently provide a doped semiconductor region
that provides a parallel conduction path to a trench contact silicide, which is also to be
subsequently formed. The additional current path enabled by the use of the doped
semiconductor region is beneficial, but not necessary in the practice of the present

invention.

[0049] A salicide masking dielectric layer 60 is formed over the semiconductor
substrate 8 and other semiconductor devices that may be present on the semiconductor
substrate 8 at this point. Salicide refers to self-aligned silicide as it is well known in
the art. The salicide masking dielectric layer 60 comprises a diclectric material which
prevents formation of silicide between a semiconductor material disposed on one side
of the dielectric material and a metal layer disposed on the other side of the dielectric
material during a silicidation process. Specifically, the salicide masking dielectric
layer 60 may comprise silicon nitride, silicon oxide, silicon oxynitride, high-K
dielectric material, or a stack thereof, and preferably comprises silicon nitride. The
thickness of the salicide masking dielectric material 60 may be in the range from
about 5 nm to about 100 nm, and preferably in the range from about 30 nm to about

70 nm. The salicide masking dielectric lay 60 may, or may not, apply stress to the

12
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underlying structures. Multiple salicide masking dielectric layers 60 which may be

fully overlaid or partially overlaid amongst one another may also be employed.

[0050] Referring to FIG. 5, a photoresist 61 is applied onto the top surface of
the salicide masking dielectric layer 60 and lithographically patterned to define an
arca for a contact trench. If the implanted columnar semiconductor region 51 is
formed in the semiconductor substrate 8, an opening O in the photoresist 61
preferably overlaps at least a portion of the area of the implanted columnar
semiconductor region 51. Preferably, the opening O that defines the area of the
contact trench in the photoresist 61 is located within the area of the implanted

columnar semiconductor region 51 in this case.

[0051] Referring to FIG. 6, a contact trench 63 is formed in the semiconductor
substrate § directly underneath the opening O in the photoresist 61 by etching the
exposed area of the semiconductor substrate 8, for example, by reactive ion etch
(RIE). The depth of the contact trench 63 may be the same as, or it may exceed the
depth of the buried conductive layer 30. As discussed in one of the paragraphs
accompanying FIG. 2, the depth of the contact trench 63 may exceed 2.0 microns and
may reach up to 8.0 microns, or alternatively, may be at a depth less than 2.0 microns,
or at a depth less than 1.8 microns, which is the depth of conventional buried
conductive layers known in the prior art. Correspondingly, the depth of the contact
trench 63 may be in the range from about 2.0 microns to about 8.0 microns, or

alternatively, may be in the range equal to or less than about2.0 microns.

[0052] The contact trench 63 may have tapered sidewalls that have an angle less
than 90° as measured from a horizontal surface. The taper angle may be in the range
from about 60° to about 90°, and preferably is in the range from about 73° to about

85°.

[0053] If the opening O in the photoresist 61 overlaps at least a portion of the
area of the implanted columnar semiconductor region 51, a volume of the implanted
columnar semiconductor region 51 directly underneath the opening O is removed. A
doped semiconductor region 52 is formed at least on a portion of the sidewalls of the

contact trench 63. If the opening O that defines the area of the contact trench 63 in
13
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the photoresist 61 is located within the area of the implanted columnar semiconductor

region 51, a center portion of the implanted columnar semiconductor region 51 is
removed so that the remaining portion of the implanted columnar semiconductor
region 51, which forms the doped semiconductor region 52, has a hole in the middle
that corresponds to the shape of the contact trench 63. In this case, the doped
semiconductor region 52 is topologically homeomorphic to a torus, that is, the doped
semiconductor region 52 may be transformed into a torus by continuous stretching

and bending.

[0054] Referring to FIG. 7, the photoresist 61 is removed by conventional

methods such as ashing. Suitable surface clean may be performed as necessary.

[0055] According to the first embodiment of the present invention, the salicide
masking dielectric layer 60 is removed from above the semiconductor surfaces on
which formation of a silicide is desired as shown in FIG. 8. Unless an unsilicided
portion, i.¢., a portion to be left as an unsilicided semiconductor surface, is desired on
a semiconductor surface, the salicide masking dielectric layer 60 is removed
altogether. If some unsilicided semiconductor surfaces are desired, the portions of the
salicide masking dielectric layer 60 located directly above the semiconductor surfaces
to be kept unsilicided are preserved on the semiconductor structure, while the
remaining portions of the salicide masking dielectric layer 60 are removed. This is
typically achieved by applying another photoresist (not shown) on the salicide
masking dielectric layer 60 and patterning the photoresist to remove the portions of
the salicide masking dielectric layer 60 only above the semiconductor surface on
which a silicide formation is desired. Silicide is not formed on insulator surfaces such
as on shallow trench isolation 20 or on gate spacers 34 irrespective of the presence or
absence of the salicide masking dielectric layer 60 thereupon. In the exemplary
structure according to the present invention shown in FIG. 8, the salicide masking
dielectric layer 60 is removed from above the two MOSFETS so that a salicide may be

formed on the source and drain regions 35 and on the gate conductor 33.

[0056] Referring to FIG. 9, a metal layer 70 is deposited on the semiconductor
substrate 8 by methods well known in the prior art such as sputtering. The metal layer

70 comprises a metal that may form a silicide, such as Ta, Ti, W, Co, Ni, Pt, other
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refractory metals, and an alloy thereof. The deposition of the metal layer 70 may

have less than 100% step coverage on the sidewalls of the trench 63 or on other
vertical surfaces. The thickness of the metal layer 70 is generally be thick enough to
provide more metal than is consumed during a subsequent silicidation process on all
exposed semiconductor surfaces including the sidewalls of the contact trench 63.
Alternatively, some portions of the metal layer 70, such as the sidewalls of the contact
trench 63, may have less material than could be consumed during the silicidation

process if the supply of metal was unlimited.

[0057] Referring to FIG. 10, at least one silicidation anneal is performed to react
the metal layer 70 with the semiconductor material directly therebeneath, including
the material in the buried conductive layer 30 and the sidewalls of the contact trench
63, to form a trench contact silicide 78 and optionally at least one metal silicide region
76. The unreacted material in the metal layer 70 is thereafter removed, for example,
by a wet etch. The trench contact silicide 78 comprises a bottom trench contact
silicide 78B contacting the buried conductive layer 30, a sidewall trench contact
silicide 78S formed on the sidewalls of the contact trench 63 and adjoins the bottom
trench contact silicide 78B, a top trench contact silicide 78T located on a top surface
of the semiconductor substrate 8 and adjoins the sidewall trench contact silicide 78S.
Silicide material located on the top surface of the semiconductor substrate 8 and
adjoins, i.¢., is contiguous with, the sidewall trench contact silicide 78S comprises the
top trench contact silicide 78T. The top trench contact silicide 78T may function as a
component of another semiconductor device. The at least one metal silicide region 76
is disjoined from, i.e., is not contiguous with, the trench contact silicide 78T.
However, the at least one metal silicide region 76 has substantially the same
composition and the same thickness as the top trench contact silicide 78T. The
sidewall trench contact silicide 78S may be formed on the doped semiconductor
region 52 as shown in FIG. 10 or, if a doped semiconductor region 52 is not formed,
on the portion of the semiconductor layer 8 that comprises the sidewalls of the contact

trench 63.

[0058] The bottom trench contact silicide 78B, the sidewall trench contact
silicide 78S, and the top trench contact silicide 78T may have substantially the same

thickness by depositing sufficient thickness of the metal layer 70 in the contact trench
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63 on which trench contact silicide 78 is formed so that the silicide formation is not

limited by the supply of the metal. Alternatively, the thickness of the bottom trench
contact silicide 78B and the thickness of the sidewall trench contact silicide 78S may
be less than the thickness of the top trench contact silicide 78T by limiting the amount

of metal in the contact trench 63.

[0059] According to the first embodiment of the present invention, all silicides,
that is, the bottom trench contact silicide 78B, the sidewall trench contact silicide 78S,
the top trench contact silicide 78T, and the at least one metal silicide region 76 have
substantially the same composition (except for minor variations caused by changes in

the dopant type and concentration in the underlying semiconductor material).

[0060] Referring to FIG. 11, a middle-of-line (MOL) dielectric 92 is deposited
over the surface of the semiconductor substrate 8 and the semiconductor structures
thereupon and planarized. The MOL dielectric 92 fills the contact trench 63. A
contact via hole is formed in the MOL dielectric 92 and is filled with metal to form a

contact via 98, which contacts the top trench contact silicide 78T.

[0061] According to a second embodiment of the present invention, the silicide
masking dielectric layer 60 is not removed after the removal of the photoresist 61
described in FIG. 7 and the accompanying paragraph above. Instead, a first metal
layer 72 is deposited on the semiconductor substrate 8 by methods well known in the
art such as sputtering as shown in FIG. 12. The first metal layer 72 comprises a metal
that may form a silicide, such as Ta, Ti, W, Co, Ni, Pt, other refractory metals, and an
alloy thereof. The deposition of the first metal layer 72 may have less than 100% step
coverage on the sidewalls of the contact trench 63 or on other vertical surfaces. The
thickness of the first metal layer 72 is typically thick enough to provide more metal
than is consumed during a subsequent silicidation process on all exposed
semiconductor surfaces including the sidewalls of the contact trench 63.
Alternatively, if the step coverage on the sidewalls of the contact trench 63 is less than
100%, some portions of the first metal layer 72, such as the sidewalls of the contact
trench 63, may have less material than could be consumed during a first silicidation

process if the supply of the first metal was unlimited.
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[0062] Referring to FIG. 13, at least one first silicidation anneal is performed

during the first silicidation process to react the first metal layer 72 with the
semiconductor material directly beneath the contact trench 63. The material in the
buried conductive layer 30 reacts with the first metal layer 72 to form a bottom
portion of a first stage trench contact silicide 74. The semiconductor material on the
sidewalls of the contact trench 63 reacts with the first metal layer 72 to form a
sidewall portion of a first stage trench contact silicide 74. The unreacted material in
the first metal layer 72 is thereafter removed, for example, by a wet etch. The
thickness of the first stage trench contact silicide 74, or the first stage thickness, is
preferably substantially the same across the various portions of the first stage trench
contact silicide 74 by depositing sufficient thickness of the first metal layer 72 in the
contact trench 63 prior to the at least one silicidation anneal so that the silicide

formation is not limited by the supply of the metal.

[0063] Referring to FIG. 14, the salicide masking dielectric layer 60 is removed
from above the semiconductor surfaces on which formation of a silicide is desired.
Unless an unsilicided portion, i.e., a portion to be left as an unsilicided semiconductor
surface, is desired on the semiconductor surface, the salicide masking dielectric layer
60 is removed altogether. If some unsilicided semiconductor surfaces are desired, the
portions of the salicide masking diclectric layer 60 located directly above the
semiconductor surfaces to be kept unsilicided are preserved on the semiconductor
structure, while the remaining portions of the salicide masking dielectric layer 60 are
removed. The same methods described in the above paragraph accompanying FIG. 8

may be utilized to pattern the salicide masking dielectric layer 60.

[0064] Referring to FIG. 15, a second metal layer 80 is deposited on the
semiconductor substrate 8 and on the first stage trench contact silicide 74 by methods
well known in the prior art such as sputtering. The second metal layer 80 comprises a
metal that may form a silicide, such as Ta, Ti, W, Co, Ni, Pt, other refractory metals,
and an alloy thereof. The second metal layer 80 may comprise the same material as
the first metal layer 72, or alternatively, may comprise a different material. Also, the
thickness of the second metal layer 80 may be the same or different from the
thickness of the first metal layer 72. The deposition of the second metal layer 80 may

have less than 100% step coverage on the sidewall portions of the first stage trench
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contact silicide 74 or on other vertical surfaces. The thickness of the second metal

layer 80 is generally thick enough to provide more metal than is consumed during a
subsequent silicidation process on all exposed semiconductor surfaces including the
sidewalls of the contact trench 63. Alternatively, if the step coverage on the sidewalls
of the first stage trench contact silicide 74 is less than 100%, some portions of the
second metal layer 80, such as the portions on the sidewall portions of the first stage
trench contact silicide 74, may have less material than could be consumed during a

second silicidation process if the supply of the second metal was unlimited.

[0065] Referring to FIG. 16, at least one second silicidation anneal is performed
during the second silicidation process to react the second metal layer 80 with the
semiconductor material directly therebeneath, including the semiconductor material
on a top surface of the semiconductor substrate 8, in the buried conductive layer 30
and the sidewalls of the contact trench 63, to form a trench contact silicide 90 and
optionally at least one metal silicide region 86. The unreacted material in the second

metal layer 80 is thereafter removed, for example, by a wet etch.

[0066] The trench contact silicide 90 according to the second embodiment of the
present invention comprises a bottom trench contact silicide 90B contacting the
buried conductive layer 30, a sidewall trench contact silicide 90S formed on the
sidewalls of the contact trench 63 and adjoins the bottom trench contact silicide 90B,
a top trench contact silicide 90T located on a top surface of the semiconductor
substrate 8 and adjoins the sidewall trench contact silicide 90S. Silicide material
located on the top surface of the semiconductor substrate 8 and adjoins, i.¢., is
contiguous with, the sidewall trench contact silicide 90S comprises the top trench
contact silicide 90T. The top trench contact silicide 90T may function as a
component of another semiconductor device. The at least one metal silicide region 86
is disjoined from, i.¢., is not contiguous with, the trench contact silicide 90T.
However, the at least one metal silicide region 86 has substantially the same
composition and the same thickness as the top trench contact silicide 90T (except for
variations caused by differences in the dopant type and concentration). The sidewall
trench contact silicide 90S may be formed on the doped semiconductor region 52 as
shown in FIG. 16 or, if a doped semiconductor region 52 is not formed, on the portion

of the semiconductor layer 8 that comprises the sidewalls of the contact trench 63.
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[0067] The bottom trench contact silicide 90B and the sidewall trench contact
silicide 90S have substantially the same composition, or a “first composition” as it is
described herein, for the silicide material. The first composition is determined by the
composition of the first metal layer 72, the second metal layer 80, the process
parameters of the first silicidation anneal, and the process parameters of the second

silicidation anneal.

[0068] The bottom trench contact silicide 90B and the sidewall trench contact
silicide 90S may have substantially the same thickness, or a first silicide thickness, by
depositing a sufficient thickness of the first metal layer 72 and by depositing a
sufficient thickness of the second metal layer 80 during the processing steps so that
the first silicide thickness is determined only by the anneal process and not be the step
coverage of either metal deposition process. Due to additional silicidation of
semiconductor material on the sidewalls and on the bottom of the contact trench 63
during the second silicidation process, the first silicide thickness is normally greater
than the first stage thickness of the first stage trench contact silicide 74 prior to the

second silicidation process.

[0069] The top trench contact silicide 90T and the at least one metal silicide
region 86 comprises silicides that are formed during the second silicidation process
and have substantially the same composition, or a “second composition” as it is
described herein. The second composition is determined only by the composition of
the second metal layer 80 and the process parameters of the second silicidation
anneal. The first composition and the second composition may or may not be the
same. If the first metal layer 72 and the second metal layer 80 have different

compositions, the first composition and the second composition are different.

[0070] The top trench contact silicide 90T and the at least one metal silicide
region 86 have substantially the same thickness, or the second silicide thickness. In
general, the second silicide thickness and the first silicide thickness are different.
Typically, the first silicide thickness is greater than the second silicide thickness. If
different materials are employed for the first metal layer 72 and the second metal

layer 80 and under certain anneal conditions, it is possible for the second silicide
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thickness to be greater than the first silicide thickness. Both the first silicide thickness

and the second silicide thickness may be in the range from about 5 nm to about 60

nm, and more preferably in the range from about 15 nm to about 40 nm.

[0071] Referring to FIG. 17, a middle-of-line (MOL) dielectric 92 is deposited
over the surface of the semiconductor substrate 8 and the semiconductor structures
thereupon and planarized. The MOL dielectric 92 fills the contact trench 63. A
contact via hole is formed in the MOL dielectric 92 and is filled with metal to form a
contact via 98, which contacts the top trench contact silicide 78T. The structure in
FIG. 17 has a doped semiconductor region 52 that adjoins the sidewall trench contact
silicide 90S and the buried conductive layer 30. The doped semiconductor region 52
is topologically homeomorphic to a torus, i.¢., the doped semiconductor region 52

may be transformed into a torus by continuous stretching and bending.

[0072] Referring to FIG. 18, a first alternate exemplary structure according to
the second embodiment of the present invention is shown. In the structure in FIG. 18,
the doped semiconductor region 52 adjoins the sidewall trench contact silicide 90S.
Unlike the structure in FIG. 17, however, and the doped semiconductor region 52
does not adjoin the buried conductive layer 30. The depth of the buried conductive
layer in this case may exceed 1.8 microns or the maximum projected range of
implanted ions in conventional ion implantation into a silicon based semiconductor
substrate, and thus may be in the range from about 2.0 microns to about 8.0 microns.
The doped semiconductor region 52 is also topologically homeomorphic to a torus,
i.., the doped semiconductor region 52 may be transformed into a torus by

continuous stretching and bending.

[0073] Referring to FIG. 19, a second alternate exemplary structure according to
the second embodiment of the present invention is shown. In the structure in FIG. 19,
the doped semiconductor region 52 is not present and the sidewall trench contact

silicide is formed on the portion of the semiconductor layer 8 located on the sidewalls

of the contact trench 63.

[0074] Structures corresponding to FIGS. 18 and 19 according to the first

embodiment of the present invention and methods of manufacturing the same may be
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derived from FIGS. 11, 18, and 19 by a person of ordinary skill in the art and herein

explicitly contemplated.

[0075] According to both embodiments of the present invention, due to the low
resistivity of the silicide material in the trench contact silicide 78, the resistance of the
current path from the contact via 98 through the trench contact 78 to the buried
conductive layer is lower than the resistance of the current path from a contact via
through a conventional reachthrough to a buried conductive layer with comparable
dimensions according to the prior art. While the doped semiconductor region 52
further reduces the resistance of the conductive path by providing a parallel electrical
path to the sidewall trench contact silicide (78S or 90S), the reduction of the total
resistance is not substantial since the conductivity of a silicide is typically two orders
of magnitude higher than the conductivity of the even the most heavily dopes
semiconductor materials. Further, since the present invention allows the formation of
contact trenches 63 exceeding the projected ranges of implanted ions in an ion
implantation process, i.c., exceeding a depth of 2.0 microns, the buried conductive
layer 30 may correspondingly have a depth exceeding the projected ranges of

implanted ions in an ion implantation process according to the present invention.

[0076] 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.
Accordingly, the invention is intended to encompass all such alternatives,
modifications and variations which fall within the scope and spirit of the invention

and the following claims.
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Claims

What is claimed is:

1. A semiconductor structure comprising:

a buried conductive layer in a semiconductor substrate;

a trench contact silicide contacting said buried conductive layer and contacting a top
surface of said semiconductor layer; and

a middle-of-line (MOL) dielectric located on and within said trench contact silicide.

2. The semiconductor structure of Claim 1, further comprising a contact via

contacting said trench contact silicide and surrounded by said MOL dielectric.

3. The semiconductor structure of Claim 1, wherein said trench contact silicide

has tapered sidewalls.

4. The semiconductor structure of Claim 1, wherein said buried conductor layer

is located at a depth in the range from about 2.0 microns to about 8.0 microns.

5. The semiconductor structure of Claim 1, further comprising a doped

semiconductor region directly underneath said trench contact silicide.

6. The semiconductor structure of Claim 1, wherein said trench contact silicide
includes:

a bottom trench contact silicide contacting said buried conductive layer;

a sidewall trench contact silicide adjoining said bottom trench contact silicide;
and

a top trench contact silicide located on a top surface of said semiconductor

substrate and adjoining said sidewall trench contact silicide.
7. The semiconductor structure of Claim 6, wherein said bottom trench contact

silicide, said sidewall trench contact silicide, and said top trench contact silicide have

substantially the same composition.
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8. The semiconductor structure of Claim 6, wherein said bottom trench contact

silicide and said sidewall trench contact silicide have a first thickness, said top trench
contact silicide has a second thickness, wherein said first thickness and said second

thickness are different.

9. The semiconductor structure of Claim 6, wherein said bottom trench contact
silicide and said sidewall trench contact silicide have a first composition, said top
trench contact silicide has a second composition, and said first composition and said

second composition are different.

10.  The semiconductor structure of Claim 6, further comprising:

a contact via contacting said trench contact silicide and surrounded by said
MOL dielectric; and

a doped semiconductor region directly underneath said trench contact silicide,
wherein said doped semiconductor region contacts said buried conductive layer and is
topologically homeomorphic to a torus, said trench contact silicide has tapered
sidewalls, and said buried conductor layer is located below shallow trench isolation

and is disjoined from said shallow trench isolation.

11. A method of manufacturing a semiconductor structure, comprising:

forming a buried conductive layer in a semiconductor substrate;

forming a contact trench that extends from a top surface of said semiconductor
substrate onto said buried conductive layer; and

forming a trench contact silicide and at least one metal silicide region during the same
processing steps, wherein said trench contact silicide contacts said buried conductive
layer, extends to said top surface of said semiconductor substrate, and has

substantially the same composition as said at least one metal silicide region.

12. The method of Claim 11, further comprising:

forming a dielectric layer on said top surface of said semiconductor substrate;
and

lithographically patterning and etching a portion of said dielectric layer over

said buried conductive layer prior to forming a contact trench.
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13.  The method of Claim 12, further comprising removing said dielectric layer

prior to said forming of said trench contact silicide and said at least one metal silicide

region.

14.  The method of Claim 13, further comprising forming a doped semiconductor
region, wherein said doped semiconductor region is located directly beneath said

trench contact silicide and contacts said buried conductive layer.

15. The method of Claim 13, wherein the depth of said buried conductive layer is

in the range from about 2.0 microns to about 8.0 microns.

16. A method of manufacturing a semiconductor structure, comprising:

forming a buried conductive layer in a semiconductor substrate;

forming a contact trench that extends from a top surface of said semiconductor
substrate onto said buried conductive layer;

performing a first silicidation process to form a bottom trench contact silicide and
sidewall trench contact silicide, wherein said bottom trench contact silicide contacts
said buried conductive layer and said sidewall trench contact silicide adjoins said
bottom trench contact silicide; and

performing a second silicidation process to form a top trench contact silicide, wherein
said top trench contact silicide is formed on a top surface of said semiconductor

substrate.

17. The method of Claim 16, further comprising:

forming a dielectric layer over said top surface of said semiconductor
substrate; and

lithographically patterning and etching a portion of said dielectric layer over

said buried conductive layer prior to forming a contact trench.
18. The method of Claim 17, further comprising removing said dielectric layer

after said performing of said first silicidation process and prior to said performing of

said second silicidation process.
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19. The method of Claim 17, further comprising forming a doped semiconductor

region, wherein said doped semiconductor region is located directly beneath said

trench contact silicide and contacts said buried conductive layer.
20.  The method of Claim 17, further comprising filling said contact trench with a

middle-of-line (MOL) dielectric, wherein said MOL dielectric directly contacts said

trench contact silicide.
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