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VERTICAL TRANSISTOR AND LOCAL INTERCONNECT STRUCTURE
CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of priority to U.S. Non-Provisional Application
Serial No. 14/614,757, filed February 5, 2015, the entire content of the foregoing application
is incorporated herein by reference.

FIELD

[0002] The present disclosure relates generally to the field of semiconductor devices and
specifically to semiconductor devices including a vertical transistor and a local interconnect

structure and methods of making thereof.

BACKGROUND

[0003] Vertical field effect transistors can be employed for various purposes including
accessing three-dimensional memory array devices such as resistive random access memory
(ReRAM) devices and vertical NAND memory devices.

SUMMARY
[0004] According to an aspect of the present disclosure, a semiconductor structure is
provided, which comprises a vertical switching device and a horizontal interconnect structure
that are located on a substrate. The vertical switching device comprises: a gate electrode
laterally contacted by a pair of gate dielectrics; a pair of semiconductor channels contacting a
respective gate dielectric among the pair of gate dielectrics; a pair of top doped
semiconductor regions adjoined to a respective top portion of the pair of semiconductor
channels; and a bottom doped semiconductor region contacting lower portions of outer

sidewalls of the pair of gate dielectrics, and adjoined to bottom portions of the pair of
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semiconductor channels. The horizontal interconnect structure comprises: a conductive
material portion having a top surface that is coplanar with a top surface of the gate electrode,
having a bottom surface that is coplanar with a bottom surface of the gate electrode, and
comprising a same material as the gate electrode; a pair of dielectric material portions
contacting sidewalls of the conductive material portion and having a same composition as the
pair of gate dielectrics; and a dielectric material layer contacting outer sidewalls of the pair of
dielectric material portions.

[0005] According to another aspect of the present disclosure, a semiconductor structure is
provided, which comprises a gate electrode laterally contacted by a pair of gate dielectrics; a
pair of semiconductor channels contacting a respective gate dielectric among the pair of gate
dielectrics; a pair of top doped semiconductor regions adjoined to a respective top portion of
the pair of semiconductor channels, a bottom doped semiconductor region contacting lower
portions of outer sidewalls of the pair of gate dielectrics, and adjoined to bottom portions of
the pair of semiconductor channels; and a metallic material layer contacting a bottom surface
of the bottom doped semiconductor region and located on, or within, a substrate. Quter
sidewalls of the pair of semiconductor channels, outer sidewalls of the pair of top doped
semiconductor regions, and outer sidewalls of the bottom doped semiconductor region are
located within a pair of vertical planes. The outer sidewalls of the bottom doped
semiconductor region are adjoined to a top surface of the metallic material layer.

[0006] According to yet another aspect of the present disclosure, a semiconductor
structure is provided, which comprises: a gate electrode laterally contacted by a pair of gate
dielectrics; a pair of semiconductor channels contacting a respective gate dielectric among the
pair of gate dielectrics; a bottom doped semiconductor region having a doping of a first

conductivity type, contacting lower portions of outer sidewalls of the pair of gate dielectrics,
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and adjoined to bottom portions of the pair of semiconductor channels; and a pair of top
doped semiconductor regions adjoined to a respective top portion of the pair of
semiconductor channels and having a doping of a second conductivity type that is the
opposite of the first conductivity type.

[0007] According to still another aspect of the present disclosure, a method of forming a
semiconductor device is provided. A layer stack is formed over a substrate. The layer stack
comprises, from bottom to top, a bottom semiconductor layer, a bottom dielectric spacer
layer, a conductive material layer, and a top dielectric spacer layer. A first patterned stack
and a second patterned stack are formed by patterning the layer stack. First gate dielectrics
are formed on sidewalls of the first patterned stack, and second gate dielectrics are formed on
sidewalls of the second patterned stack. First vertical semiconductor portions are formed on
the first gate dielectrics, and second vertical semiconductor portions are formed on the second
gate dielectrics. The second vertical semiconductor portions are formed while masking the
first vertical semiconductor portions. A vertical switching device is formed by introducing
electrical dopants to top regions of the first vertical semiconductor portions and to bottom
regions of the first vertical semiconductor portions. A portion of the conductive material
layer within the first patterned stack is a gate electrode that controls a state of the vertical
switching device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1A is a top-down view of an exemplary structure after formation of a
metallic material layer and a bottom semiconductor layer over a substrate according to an
embodiment of the present disclosure.

[0009] FIG. 1B is a vertical cross-sectional view of the exemplary structure of FIG. 1A

along the vertical plane B — B’.
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[0010] FIG. 1C is a vertical cross-sectional view of the exemplary structure of FIG. 1A
along the vertical plane C — C’.

[0011] FIG. 2A is a top-down view of an exemplary structure after formation of bottom
dielectric spacers, conductive material portions, top dielectric spacers, and dielectric cap
portions according to an embodiment of the present disclosure.

[0012] FIG. 2B is a vertical cross-sectional view of the exemplary structure of FIG. 2A
along the vertical plane B — B’.

[0013] FIG. 2C is a vertical cross-sectional view of the exemplary structure of FIG. 2A
along the vertical plane C — C’.

[0014] FIG. 3A is a top-down view of the exemplary structure after formation of a gate
dielectric layer according to an embodiment of the present disclosure.

[0015] FIG. 3B is a vertical cross-sectional view of the exemplary structure of FIG. 3A
along the vertical plane B — B’.

[0016] FIG. 3C is a vertical cross-sectional view of the exemplary structure of FIG. 3A
along the vertical plane C — C’.

[0017] FIG. 4A is a top-down view of the exemplary structure after formation of gate
dielectrics according to an embodiment of the present disclosure.

[0018] FIG. 4B is a vertical cross-sectional view of the exemplary structure of FIG. 4A
along the vertical plane B — B’.

[0019] FIG. 4C is a vertical cross-sectional view of the exemplary structure of FIG. 4A
along the vertical plane C — C’.

[0020] FIG. 5A is a top-down view of the exemplary structure after formation of a
semiconductor material layer according to an embodiment of the present disclosure.

[0021] FIG. 5B is a vertical cross-sectional view of the exemplary structure of FIG. 5A
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along the vertical plane B — B’.

[0022] FIG. 5C is a vertical cross-sectional view of the exemplary structure of FIG. 5A
along the vertical plane C — C’.

[0023] FIG. 6A is a top-down view of the exemplary structure after formation of vertical
semiconductor portions according to an embodiment of the present disclosure.

[0024] FIG. 6B is a vertical cross-sectional view of the exemplary structure of FIG. 6A
along the vertical plane B — B’.

[0025] FIG. 6C is a vertical cross-sectional view of the exemplary structure of FIG. 6A
along the vertical plane C — C’.

[0026] FIG. 7A is a top-down view of the exemplary structure after formation of a first
dielectric material layer and a patterned hard mask layer according to an embodiment of the
present disclosure.

[0027] FIG. 7B is a vertical cross-sectional view of the exemplary structure of FIG. 7A
along the vertical plane B — B’.

[0028] FIG. 7C is a vertical cross-sectional view of the exemplary structure of FIG. 7A
along the vertical plane C — C’.

[0029] FIG. 8A is a top-down view of the exemplary structure after removal of a portion
of the first dielectric material layer and a patterned hard mask layer according to an
embodiment of the present disclosure.

[0030] FIG. 8B is a vertical cross-sectional view of the exemplary structure of FIG. 8A
along the vertical plane B — B’.

[0031] FIG. 8C is a vertical cross-sectional view of the exemplary structure of FIG. 8A
along the vertical plane C — C’.

[0032] FIG. 9A is a top-down view of the exemplary structure after removal of second
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vertical semiconductor portions and peripheral regions of a second doped semiconductor
portion, while first vertical semiconductor portions and a first doped semiconductor portion
are masked by the patterned hard mask layer according to an embodiment of the present
disclosure.

[0033] FIG. 9B is a vertical cross-sectional view of the exemplary structure of FIG. 9A
along the vertical plane B — B’.

[0034] FIG. 9C is a vertical cross-sectional view of the exemplary structure of FIG. 9A
along the vertical plane C — C’.

[0035] FIG. 10A is a top-down view of the exemplary structure after removal of the
patterned hard mask layer according to an embodiment of the present disclosure.

[0036] FIG. 10B is a vertical cross-sectional view of the exemplary structure of FIG. 10A
along the vertical plane B — B’.

[0037] FIG. 10C is a vertical cross-sectional view of the exemplary structure of FIG. 10A
along the vertical plane C — C’.

[0038] FIG. 11A is a top-down view of the exemplary structure after formation of a
second dielectric material layer according to an embodiment of the present disclosure.

[0039] FIG. 11B is a vertical cross-sectional view of the exemplary structure of FIG. 11A
along the vertical plane B — B’.

[0040] FIG. 11C is a vertical cross-sectional view of the exemplary structure of FIG. 11A
along the vertical plane C — C’.

[0041] FIG. 12A is a top-down view of the exemplary structure after planarization of the
first and second dielectric material layers according to an embodiment of the present
disclosure.

[0042] FIG. 12B is a vertical cross-sectional view of the exemplary structure of FIG. 12A
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along the vertical plane B — B’.

[0043] FIG. 12C is a vertical cross-sectional view of the exemplary structure of FIG. 12A

along the vertical plane C — C’.

[0044] FIG. 13A is a top-down view of the exemplary structure after formation of top

doped semiconductor regions according to an embodiment of the present disclosure.

[0045] FIG. 13B is a vertical cross-sectional view of the exemplary structure of FIG. 13A

along the vertical plane B — B’.

[0046] FIG. 13C is a vertical cross-sectional view of the exemplary structure of FIG. 13A

along the vertical plane C — C’.

[0047] FIG. 14A is a top-down view of the exemplary structure after an anneal process

that diffuses electrical dopants from the first bottom semiconductor portion and the top doped

semiconductor regions according to an embodiment of the present disclosure.

[0048] FIG. 14B is a vertical cross-sectional view of the exemplary structure of FIG. 14A

along the vertical plane B — B’.

[0049] FIG. 14C is a vertical cross-sectional view of the exemplary structure of FIG. 14A

along the vertical plane C — C’.

[0050] FIG. 15 is a top-down view of the exemplary structure after formation of a three-

dimensional array of memory cells according to an embodiment of the present disclosure.
DETAILED DESCRIPTION

[0051] Embodiments of the present disclosure will be described below with reference to

the accompanying drawings. It should be understood that the following description is

intended to describe exemplary embodiments of the disclosure, and not to limit the

disclosure.

[0052] A monolithic three dimensional memory array is one in which multiple memory
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levels are formed above a single substrate, such as a semiconductor wafer, with no
intervening substrates. The term “monolithic” means that layers of each level of the array are
directly deposited on the layers of each underlying level of the array. In contrast, two
dimensional arrays may be formed separately and then packaged together to form a non-
monolithic memory device. For example, non-monolithic stacked memories have been
constructed by forming memory levels on separate substrates and adhering the memory levels
atop each other, as in Leedy, U.S. Pat. No. 5,915,167, titled “Three Dimensional Structure
Memory.” The substrates may be thinned or removed from the memory levels before
bonding, but as the memory levels are initially formed over separate substrates, such
memories are not true monolithic three dimensional memory arrays.

[0053] Embodiments of the disclosure provide a monolithic, three dimensional array of
memory devices, such as an array of ReRAM devices or vertical NAND strings. The
memory cells of such devices may be vertically oriented, such that at least one memory cell is
located over another memory cell. The array allows vertical scaling of the devices to provide
a higher density of memory cells per unit area of silicon or other semiconductor material.
[0054] Referring to FIGS. 1A — 1C, an exemplary structure according to an embodiment
of the present disclosure includes a substrate 10, a metallic material layer 20 formed within,
or on top of, the substrate 10, and a bottom semiconductor layer 30L. formed on top of the
metallic material layer 20. The substrate 10 can include an insulator material, a
semiconductor material, and/or a conductive material. In one embodiment, a top portion of
the substrate 10 in contact with a bottom surface of the metallic material layer 20 can
comprise a dielectric material. In one embodiment, the substrate 10 can be a semiconductor
substrate with an insulator layer (such as a silicon oxide layer) at a top portion thereof.

[0055] As used herein, a “semiconductor substrate” refers to a substrate that includes at
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least one semiconductor material portion, i.e., at least one portion of a semiconductor
material. As used herein, a “semiconductor material” refers to a material having electrical
conductivity in the range from 1.0 x 10 S/em to 1.0 x 10° S/cm, and is capable of producing
a doped material having electrical resistivity in a range from 1.0 S/cm to 1.0 x 10° S/em upon
suitable doping with an electrical dopant. As used herein, an “electrical dopant” refers to a p-
type dopant that adds a hole to a valence band within a band structure, or an n-type dopant
that adds an electron to a conduction band within a band structure. As used herein, a
“conductive material” refers to a material having electrical conductivity greater than 1.0 x 10°
S/cm. As used herein, an “insulator material” or a “dielectric material” refers to a material
having electrical conductivity less than 1.0 x 10 S/em. All measurements for electrical
conductivities are made at the standard condition.

[0056] The metallic material layer 20 comprises at least one metallic material. In one
embodiment, the metallic material layer 20 can include a vertical stack of a metal layer 22
and a conductive barrier layer 24. The metal layer 22 includes an elemental metal or an
intermetallic alloy of at least two elemental metals. In one embodiment, the metal layer 22
can comprise W, Cu, Al, Au, Ag, Pt, Ni, or a combination thereof. The metal layer 22 can
have a thickness in a range from 10 nm to 100 nm, although lesser and greater thicknesses
can also be employed. The metal layer 22 can be formed by chemical vapor deposition of
physical vapor deposition.

[0057] The conductive barrier layer 24 comprises a material that prevents diffusion of the
material of the metal layer 22 to the bottom semiconductor layer 30L. In one embodiment,
the conductive barrier layer 24 can be an alloy of at least one metallic element and a non-
metallic element such as nitrogen and/or carbon. For example, the conductive barrier layer

24 can comprise TiN, TaN, WN, TiC, TaC, WC, or a combination thereof. The thickness of
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the conductive barrier layer 24 can be in a range from 2 nm to 12 nm, although lesser and
greater thicknesses can also be employed. The conductive barrier layer 24 can be formed, for
example, by chemical vapor deposition or physical vapor deposition.

[0058] The bottom semiconductor layer 30L is a conductive material that comprises a
heavily doped semiconductor material, e.g., a semiconductor material having electrical
dopants at an atomic concentration greater than 1.0 x 10'°/cm®. The conductivity type of the
doped semiconductor material of the bottom semiconductor layer 30L is herein referred to as
a first conductivity type, which can be p-type or n-type. The semiconductor material of the
bottom semiconductor layer 30L can be an elemental semiconductor material (such as
silicon) or an alloy of at least two elemental semiconductor materials (such as a silicon-
germanium alloy), or can be a compound semiconductor material (such as a III-V compound
semiconductor material or a II-VI compound semiconductor material), or can be an organic
semiconductor material. The thickness of the bottom semiconductor layer 30L can be in a
range from 10 nm to 100 nm, although lesser and greater thicknesses can also be employed.
[0059] Referring to FIGS. 2A - 2C, a layer stack of a bottom dielectric spacer layer, a
conductive material layer, a top dielectric spacer layer, and a dielectric cap layer are
sequentially deposited over the bottom semiconductor layer 30L, and is subsequently
patterned to form a first patterned stack (40A, 42A, 44A, 46A) in a first region (for example,
in the region including the vertical cross-sectional plane B — B”) and to form a second
patterned stack (40B, 42B, 44B, 46B) in a second region (for example, in the region
including the vertical cross-sectional plane C — C”).

[0060] The bottom dielectric spacer layer includes a dielectric material such as silicon
oxide, silicon nitride, a dielectric metal oxide. For example, the bottom dielectric spacer

layer can comprise silicon oxide. The thickness of the bottom dielectric spacer layer can be
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in a range from 5 nm to 100 nm, although lesser and greater thicknesses can also be
employed.

[0061] The conductive material layer comprises a conductive material, which can be a
doped semiconductor material or a metallic material. For example, the conductive material
layer can comprise heavily doped polysilicon. The thickness of the conductive material layer
can be equal to, or greater than, the length of vertical semiconductor channels to be formed.
The thickness of the conductive material layer can be, for example, in a range from 30 nm to
200 nm, although lesser and greater thicknesses can also be employed.

[0062] The top dielectric spacer layer includes a dielectric material such as silicon oxide,
silicon nitride, a dielectric metal oxide. For example, the top dielectric spacer layer can
comprise silicon oxide. The thickness of the top dielectric spacer layer can be in a range
from 5 nm to 100 nm, although lesser and greater thicknesses can also be employed.

[0063] The dielectric cap layer includes a dielectric material that is different from the
material of the top dielectric spacer layer. For example, if the top dielectric spacer layer
comprises silicon oxide, the dielectric cap layer can comprise silicon nitride or a dielectric
metal oxide, i.e., a dielectric oxide of at least one metallic element. The thickness of the
dielectric cap layer can be in a range from 3 nm to 50 nm, although lesser and greater
thicknesses can also be employed.

[0064] A photoresist layer can be applied over the layer stack of the bottom dielectric
spacer layer, the conductive material layer, the top dielectric spacer layer, and the dielectric
cap layer, and can be patterned into at least two portions each having a line shape. In one
embodiment, the patterned portions of the photoresist layer can include a first line portion
located in the region of the vertical plane B — B’ and a second line portion located in the

region of the vertical plane C — C’. The first line portion may, or may not, be contiguous

11-



WO 2016/133569 PCT/US2015/062548

with the second line portion.

[0065] The pattern in the photoresist layer is transferred through the layer stack of the
bottom dielectric spacer layer, the conductive material layer, the top dielectric spacer layer,
and the dielectric cap layer by an anisotropic etch, which can be at least one reactive ion etch.
The first patterned stack (40A, 42A, 44A, 46A) is formed in a first region 100 underneath the
first portion of the photoresist layer, and the second patterned stack (40B, 42B, 44B, 46B) is
formed in a second region 200 underneath the second portion of the photoresist layer. The
photoresist layer can be subsequently removed, for example, by ashing.

[0066] The first patterned stack (40A, 42A, 44A, 46A) includes, from bottom to top, a
first bottom dielectric spacer 40A, a first conductive material portion 424, a first top
dielectric spacer 44A, and a first dielectric cap portion 46A. The second patterned stack
(40B, 42B, 44B, 46B) includes, from bottom to top, a second bottom dielectric spacer 40B, a
second conductive material portion 42B, a second top dielectric spacer 44B, and a second
dielectric cap portion 46A. The first and second bottom dielectric spacers (40A, 40B) are
remaining portions of the bottom dielectric spacer layer. The first and second conductive
material portions (42A, 42B) are portions of the conductive material layer. The first and
second top dielectric spacers (44A, 44B) are remaining portions of the top dielectric spacer
layer. The first and second dielectric cap portions (46A, 46B) are remaining portions of the
dielectric cap layer. The first patterned stack (40A, 42A, 44A, 46A) and the second patterned
stack (40B, 42B, 44B, 46B) may, or may not, be contiguous with each other. In one
embodiment, the first patterned stack (40A, 42A, 44A, 46A) and the second patterned stack
(40B, 42B, 44B, 46B) can be different regions of a single contiguous stack that extends along
a horizontal direction (which is herein referred to as the lengthwise direction). In another

embodiment, the first patterned stack (40A, 42A, 44A, 46A) and the second patterned stack
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(40B, 42B, 44B, 46B) are two disjoined portions each horizontally extending along a
respective lengthwise direction. The two lengthwise directions of the first patterned stack
(40A, 42A, 44A, 46A) and the second patterned stack (40B, 42B, 44B, 46B) may be the
same, or may be different.

[0067] Referring to FIGS. 3A — 3C, a gate dielectric layer SOL can be formed on the
sidewalls of the first patterned stack (40A, 42A, 44A, 46A) and the second patterned stack
(40B, 42B, 44B, 46B) and over the bottom semiconductor layer 30L. The gate dielectric
layer S0L can be a conformal dielectric material layer, i.e., a dielectric material layer having a
same thickness throughout. The gate dielectric layer SOL can be formed by conformal
deposition of a dielectric material and/or by conversion of surface portions of the first and
second conductive material portions (42A, 42B) and the bottom semiconductor layer 30L.
For example, the gate dielectric layer SOL can be formed by chemical vapor deposition of a
dielectric material, atomic layer deposition of a dielectric material, thermal oxidation, thermal
nitridation, plasma oxidation, and/or plasma nitridation. For example, the gate dielectric
layer S0L can comprise silicon oxide, silicon nitride, silicon oxynitride, a dielectric metal
oxide, or a combination thereof. The thickness of the gate dielectric layer SOL can be in a
range from 1.2 nm to 6 nm, although lesser and greater thicknesses can also be employed.
[0068] Referring to FIGS. 4A — 4C, an anisotropic etch can be performed to remove
horizontal portions of the gate dielectric layer SOL. The anisotropic etch can be, for example,
a reactive ion etch that is selective to the materials of the bottom semiconductor layer 30L
and the first and second dielectric cap portions (46A, 46B). Remaining vertical portions of
the gate dielectric layer SOL on the sidewalls of the first patterned stack (40A, 42A, 44A,
46A) in the first region 100 constitute first gate dielectrics S0A. Remaining vertical portions

of the gate dielectric layer S50L on the sidewalls of the second patterned stack (40B, 42B,
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44B, 46B) in the second region 200 constitute second gate dielectrics 50B. A pair of first
gate dielectrics S50A can be formed on a parallel pair of sidewalls of the first patterned stack
(40A, 42A, 44A, 46A), and a pair of second gate dielectrics 50B can be formed on a parallel
pair of sidewalls of the second patterned stack (40B, 42B, 44B, 46B).

[0069] Referring to FIGS. 5A — 5C, a semiconductor material layer S5L can be formed by
deposition of a semiconductor material. The semiconductor material layer S5L can comprise
at least one elemental semiconductor material, at least one compound semiconductor
material, and/or at least one organic semiconductor material. In one embodiment, the
semiconductor material layer S5L can include polysilicon, amorphous silicon, or a
polycrystalline or amorphous semiconductor alloy including silicon and at least one of
germanium and carbon. The semiconductor material layer S5L can be intrinsic, or can be
doped with dopants of the first conductivity type, or can be doped with dopants of the second
conductivity type that is the opposite of the first conductivity type. In case the semiconductor
material layer S5L is not intrinsic, the dopant concentration of the semiconductor material
layer 55L can be at a level that does not cause the semiconductor material layer 55L to
become a conductive material. In one embodiment, the dopant concentration of the
semiconductor material layer 55L can be in a range from 1.0 x 10'*cm’ to 1.0 x 10" /em’,
although lesser and greater dopant concentrations can also be employed.

[0070] The thickness of the semiconductor material layer S5L can be in a range from 3
nm to 100 nm, although lesser and greater thicknesses can also be employed. In one
embodiment, the thickness of the semiconductor material layer S5L can be in a range from 6
nm to 30 nm. The semiconductor material layer S5L can be deposited by a conformal
deposition method such as chemical vapor deposition or atomic layer deposition.

[0071] Referring to FIGS. 6A — 6C, an anisotropic etch can be performed to remove

-14-



WO 2016/133569 PCT/US2015/062548

horizontal portions of the semiconductor material layer S5L and portions of the bottom
semiconductor layer 30L that are not covered by the first patterned stack (40A, 42A, 44A,
46A), the second patterned stack (40B, 42B, 44B, 46B), and vertical portions of the
semiconductor material layer S5L. Each remaining vertical portion of the semiconductor
material layer S5L constitutes vertical semiconductor portions (55A, 55B), which include
first vertical semiconductor portions 55A located on the first gate dielectrics 50A and second
vertical semiconductor portions 55B located on the second gate dielectrics S0B.

[0072] The first and second vertical semiconductor portions (55A, 55B) can be employed
as an etch mask structure for etching the physically exposed portions of the bottom
semiconductor layer 30L. The metal layer 22 can be employed as an etch stop layer for the
etch process that removes the horizontal portions of the bottom semiconductor layer 30L.
Topmost sub-portions of first and second dielectric cap portions (46A, 46B) and the first and
second vertical semiconductor portions (55A, 55B) can be collaterally etched by the etch
process during the etching of the horizontal portions of the bottom semiconductor layer 30L.
The remaining portion of the bottom semiconductor layer 30L underlying the first patterned
stack (40A, 42A, 44A, 46A), the first gate dielectrics 50A, and the first vertical
semiconductor portions 55A is herein referred to as a first bottom semiconductor portion
30A. The remaining portion of the bottom semiconductor layer 30L underlying the second
patterned stack (40B, 42B, 44B, 46B), the second gate dielectrics S0B, and the second
vertical semiconductor portions 55B is herein referred to as a second bottom semiconductor
portion 30B.

[0073] The first bottom semiconductor portion 30A is added to the pre-existing first
patterned stack (40A, 42A, 44A, 46A) to form a modified first patterned stack (30A, 40A,

42A, 44A, 46A). The second bottom semiconductor portion 30B is added to the pre-existing
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second patterned stack (40B, 42B, 44B, 46B) to form a modified second patterned stack
(30B, 40B, 42B, 44B, 46B). Thus, the first patterned stack (30A, 40A, 42A, 44A, 46A), as
modified, comprises a first bottom semiconductor portion 30A, which is a patterned portion
of the bottom semiconductor layer 30L.. The second patterned stack (30B, 40B, 42B, 44B,
46B), as modified, comprises a second bottom semiconductor portion 30B, which is a
patterned portion of the bottom semiconductor layer 30L.

[0074] The outer periphery of the first bottom semiconductor portion 30A can be
vertically coincident with outer sidewalls of the first vertical semiconductor portions 55A.
The outer periphery of the second bottom semiconductor portions 30B can be vertically
coincident with outer sidewalls of the second vertical semiconductor portions 55B. As used
herein, two surfaces are “vertically coincident” if there exists a vertical plane that contains
both of the two surfaces.

[0075] Referring to FIG. 7A — 7C, a first dielectric material layer 60 is formed over the
first patterned stack (30A, 40A, 42A, 44A, 46A) and the second patterned stack (30B, 40B,
42B, 44B, 46B). The first dielectric material layer 60 comprises a dielectric material such as
silicon oxide, silicon nitride, organosilicate glass (OSG), and/or a spin-on glass. In one
embodiment, the first dielectric material layer 60 can comprise a porous dielectric material
layer such as porous organosilicate glass or a doped silicate glass (such as borosilicate glass
or borophosphosilicate glass) that has a greater etch rate than undoped silicate glass. The
thickness of the first dielectric material layer 60 is selected such that the bottommost portion
of the first dielectric material layer 60 as deposited is located above the a horizontal plane
including the top surfaces of the first and second dielectric cap portions (46A, 46B). In one
embodiment, the first dielectric material layer 60 can be self-planarizing. In another

embodiment, the first dielectric material layer 60 can be planarized, for example, by chemical
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mechanical planarization.

[0076] A hard mask layer 62 is formed over the first dielectric material layer 60, and is
lithographically patterned so that a remaining portion of the hard mask layer 62 covers the
first region 100, and the hard mask layer 62 is removed from the second region 200. The
hard mask layer 62 comprises a material that is different from the material of the first
dielectric material layer 60. The hard mask layer 62 can comprise a dielectric material, a
metallic material, or a semiconductor material. In one embodiment, the hard mask layer 62
can comprise a dielectric material such as silicon nitride or a semiconductor material such as
polysilicon.

[0077] Referring to FIGS. 8A — 8C, the dielectric material of the first dielectric material
layer 60 can be removed selective to the materials of the second dielectric cap portion 46B
and the metallic material layer 20. The hard mask layer 62 in the first region 100 can be
employed as an etch mask layer during an etch process that removes the unmasked portions
of the first dielectric material layer 60 in the second region 200. An isotropic etch process or
an anisotropic etch process can be employed to remove the unmasked portion of the first
dielectric material layer 60. In one embodiment, removal of the first dielectric material layer
60 can be performed while minimizing collateral etching of the second gate dielectrics S0B.
For example, if a porous or non-porous organosilicate glass or a doped silicate glass is
employed for the dielectric material of the first dielectric material layer 60, the first dielectric
material layer 60 can be removed while minimizing collateral etching of the second gate
dielectrics. The etch process that removes the dielectric material of the first dielectric
material layer 60 may, or may not, be selective to the semiconductor material of the second
vertical semiconductor portions 55B.

[0078] Referring to FIGS. 9A — 9C, the semiconductor material of the second vertical
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semiconductor portions 55B and an underlying peripheral portion of the second bottom
semiconductor portion 30B are removed in the second region 200 by an anisotropic etch that
employs that combination of the second dielectric cap portion 46B and the hard mask layer
62 as an etch mask. Thus, the second vertical semiconductor portions 55B are removed
while the first vertical semiconductor portions 55A in the first region 100 are masked by the
hard mask layer 62.

[0079] In one embodiment, the anisotropic etch can be selective to the dielectric material
of the second gate dielectrics 50B. The peripheral portions of the second bottom
semiconductor portion 30B located outside the areas of the second gate dielectrics 50 are
removed by the anisotropic etch. The remaining portion of the second bottom semiconductor
portion 30B is herein referred to as a doped semiconductor portion 130. In one embodiment,
outer sidewalls of the doped semiconductor portion 130 can be vertically coincident with
outer sidewalls of the second gate dielectrics S0B. Alternatively, the dielectric material of the
second gate dielectrics S0OB can be removed during the anisotropic etch, or prior to the
anisotropic etch. The peripheral portions of the second bottom semiconductor portion 30B
located outside the area of the second dielectric cap portion 46B are removed by the
anisotropic etch. The remaining portion of the second bottom semiconductor portion 30B
constitutes the doped semiconductor portion 130. In this case, outer sidewalls of the doped
semiconductor portion 130 can be vertically coincident with outer sidewalls of the stack of
the second bottom dielectric spacer 40B, the second conductive material portion 42B, the
second top dielectric spacer 44B, and the second dielectric cap portion 46A.

[0080] Referring to FIG. 10, the hard mask layer 62 can be removed after patterning of
the second bottom semiconductor portion 30B to form the doped semiconductor portion 130.

In this case, the removal of the hard mask layer 62 can be performed selective to the first
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dielectric material layer 60 and the second patterned stack (130, 40B, 42B, 44B, 46B) and
optionally selective to the second gate dielectrics 50B. Alternatively, the hard mask layer 62
can be removed concurrently with removal of the second vertical semiconductor portions 50B
or concurrently with patterning of the second bottom semiconductor portion 30B to form the
doped semiconductor portion 130.

[0081] Referring to FIGS. 11A — 11C, a second dielectric material layer 70 can be
deposited over the second patterned stack (130, 40B, 42B, 44B, 46B) and the first dielectric
material layer 60. The second dielectric material layer 70 may have the same composition as,
or may have a composition different from, the composition of the first dielectric material
layer 60. The dielectric material of the second dielectric material layer 70 can comprise, for
example, silicon oxide, silicon nitride, silicon oxynitride, porous or non-porous organosilicate
glass, or a spin-on glass. The dielectric material of the second dielectric material layer 70 can
be planarized, for example, by a chemical mechanical planarization process, so that the top
surface of the second dielectric material layer 70 is a planar surface. In one embodiment, the
first dielectric material layer 60 can be employed as a stopping layer during the planarization
process. In another embodiment, the first dielectric material layer 60 and the second
dielectric material layer 70 can be simultaneously planarized during a planarization process.
Alternatively, the second dielectric material layer 70 can be formed by a self-planarizing
deposition process, and the top surface of the second dielectric material layer 70 can be
formed above the top surface of the first dielectric material layer 60.

[0082] Referring to FIGS. 12A — 12C, the first dielectric material layer 60 and the second
dielectric material layer 70 are further planarized to remove portions located above a
horizontal plane including the top surfaces of the first and second dielectric cap portions

(46A, 46B). The first and second dielectric cap portions (46A, 46B) can be employed as
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stopping layers during the planarization of the first and second dielectric material layers (60,
70).

[0083] Referring to FIGS. 13A — 13C, electrical dopants (i.e., p-type dopants or n-type
dopants) are implanted into upper regions of the first vertical semiconductor portions to form
top doped semiconductor regions 80. Introduction of the electrical dopants into the top
regions of the first vertical semiconductor portions can be performed, for example, by ion
implantation and/or by plasma doping.

[0084] In one embodiment, the conductivity type of the top doped semiconductor regions
80 may be the first conductivity type, i.e., the same conductivity type as the conductivity type
of the first bottom semiconductor portion 30A. In this case, the first vertical semiconductor
portions 55A can be intrinsic, or can have a second conductivity type that is the opposite of
the first conductivity type.

[0085] In another embodiment, the conductivity type of the top doped semiconductor
regions 80 may be a second conductivity type that is the opposite of the first conductivity
type. Thus, a p-n junction diode or a p-i-n junction diode can be formed by the vertical stack
of the first bottom semiconductor portion 30B, the first vertical semiconductor portions 55A,
and the top doped semiconductor regions 80. In case a p-n junction diode is formed, the first
vertical semiconductor portions 55A are doped, and the p-n junction may be formed at the
interface between the first bottom semiconductor portion 30B and the first vertical
semiconductor portions 55A, or can be formed at the interface between the first vertical
semiconductor portions 55A and the top doped semiconductor regions 80. For each case, the
first bottom semiconductor portion 30B can have a p-type doping or an n-type doping. In
case a p-i-n diode is formed, the first vertical semiconductor portions 55A are intrinsic, and

the first bottom semiconductor portion 30B can have a p-type doping or an n-type doping.
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[0086] Topmost regions of the first dielectric layer 60 and the second dielectric layer 70
can be collaterally doped with electrical dopants during the implantation of the electrical
dopants to form the top doped semiconductor regions 80. For example, first doped dielectric
material portions 60D having a higher concentration of electrical dopants than unimplanted
portions of the first dielectric layer 60 can be formed in the implanted regions of the first
dielectric layer 60, and second doped dielectric material portions 70D having a higher
concentration of electrical dopants than unimplanted portions of the second dielectric layer 70
can be formed in the implanted regions of the second dielectric layer 70.

[0087] Referring to FIGS. 14A — 14C, an anneal can be performed at an elevated
temperature to diffuse the electrical dopants in the first bottom semiconductor portion 30A
and in the top doped semiconductor regions 80. The anneal process diffuses out the electrical
dopants from the first bottom semiconductor portion 30A and top doped semiconductor
regions 80. The region into which the electrical dopants of the first bottom semiconductor
portion 30A expand is herein referred to as a bottom doped semiconductor region 30. The
sub-portions of the first vertical semiconductor portions 55A that are not substantially
affected in dopant concentration are herein referred to as semiconductor channels 55, which
can be a semiconductor channel of a field effect transistor, an intrinsic semiconductor portion
of a p-i-n diode, or a p-doped region or an n-doped region of a p-n diode.

[0088] The temperature and duration of the anneal process can be selected such that the
interface between the bottom doped semiconductor region 30 and the semiconductor channels
55 is located at, or above, the horizontal plane including the interface between the first lower
dielectric spacer 40A and the first conductive material portion 42A. Further, the temperature
and duration of the anneal process can be selected such that the interface between the top

doped semiconductor regions 80 and the semiconductor channels 55 is located at, or below,
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the horizontal plane including the interface between the first upper dielectric spacer 44A and
the first conductive material portion 42A.

[0089] Thus, a vertical switching device can be formed by introducing electrical dopants
to top regions of the first vertical semiconductor portions 55A and to bottom regions of the
first vertical semiconductor portions 5S5A. A portion of the conductive material layer within
the first patterned stack, i.e., the first conductive material portion 42A, is a gate electrode that
controls the state of the vertical switching device, e.g., by selecting the state from among a
conducive state (i.e., an “on state”’) and a non-conductive state (i.e., an “off state””). The
bottom regions of first vertical semiconductor portions 55A are doped with dopants that
diffuse out from a portion of the bottom semiconductor layer, i.e., from the first bottom
semiconductor portion 30A, into the bottom regions of the first vertical semiconductor
portion 55A.

[0090] In one embodiment, the vertical switching device is a field effect transistor, and
the top regions of the first vertical semiconductor portions 55A and the bottom regions of the
first vertical semiconductor portions are source and drain regions, which are doped with
electrical dopants of a same conductivity type, which can be the first conductivity type of the
bottom doped semiconductor region 30 and the top doped semiconductor regions §0. The
channels 55 can be intrinsic, or can have a doping of the opposite conductivity type, i.e., the
second conductivity type. The first conductive material portion 42A can function as the gate
electrode of the field effect transistor.

[0091] In another embodiment, the vertical switching device is a gated diode, and the top
regions of the first vertical semiconductor portions 55A and the bottom regions of the first
vertical semiconductor portions 55A are doped with electrical dopants of opposite

conductivity types. Thus, the bottom doped semiconductor region 30 and the top doped

22



WO 2016/133569 PCT/US2015/062548

semiconductor regions 80 are doped with dopants of the opposite conductivity types. In this
case, the channels 55 can have the same conductivity type as the first bottom semiconductor
portion 30A, or can have the same conductivity type as the top doped semiconductor regions
80. The first conductive material portion 42A can function as the gate electrode of the gated
diode.

[0092] The second conductive material portion 42B located in the second region 200 can
be employed as a component of a local interconnect structure. The second conductive
material portion 42B may be electrically shorted to the first conductive material portion 42A
to function as a local interconnect structure for gate electrodes, or may be electrically isolated
from the first conductive material portion 42A.

[0093] In one embodiment, the exemplary structure includes a semiconductor structure,
which comprises a vertical switching device and a horizontal interconnect structure that are
located on a substrate 10. The vertical switching device comprises: a gate electrode 42A
laterally contacted by a pair of gate dielectrics S0A; a pair of semiconductor channels 55
contacting a respective gate dielectric S0A among the pair of gate dielectrics; a pair of top
doped semiconductor regions 80 adjoined to a respective top portion of the pair of
semiconductor channels 55; and a bottom doped semiconductor region 30 contacting lower
portions of outer sidewalls of the pair of gate dielectrics 55A, and adjoined to bottom portions
of the pair of semiconductor channels 55. The horizontal interconnect structure can comprise
a conductive material portion, i.e., the second conductive material portion 42B, having a
horizontal top surface that is coplanar with (i.e., located within a two-dimensional Euclidean
plane as) a horizontal top surface of the gate electrode 42A, having a horizontal bottom
surface that is coplanar with a horizontal bottom surface of the gate electrode 42A, and

comprising a same material as the gate electrode 42A. The horizontal interconnect structure
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can further comprise a pair of dielectric material portions, i.e., the second gate dielectrics
50B, contacting sidewalls of the conductive material portion 42B and having a same
composition as the pair of gate dielectrics S0A; and a dielectric material layer, e.g., the
second dielectric material layer 70, contacting outer sidewalls of the pair of dielectric
material portions 50B.

[0094] In one embodiment, the exemplary structure includes a semiconductor structure,
which comprises a gate electrode 42A laterally contacted by a pair of gate dielectrics 50A; a
pair of semiconductor channels 55 contacting a respective gate dielectric 55A among the pair
of gate dielectrics; a pair of top doped semiconductor regions 80 adjoined to a respective top
portion of the pair of semiconductor channels 55; a bottom doped semiconductor region 30
contacting lower portions of outer sidewalls of the pair of gate dielectrics S0A, and adjoined
to bottom portions of the pair of semiconductor channels 55; and a metallic material layer 20
contacting a bottom surface of the bottom doped semiconductor region 30 and located on, or
within, a substrate 10. Outer sidewalls of the pair of semiconductor channels 55, outer
sidewalls of the pair of top doped semiconductor regions 80, and outer sidewalls of the
bottom doped semiconductor region 30 are located within a pair of vertical planes. The outer
sidewalls of the bottom doped semiconductor region 30 are adjoined to a top surface of the
metallic material layer.

[0095] In one embodiment, the exemplary structure includes a semiconductor structure,
which comprises a gate electrode 42A laterally contacted by a pair of gate dielectrics 50A; a
pair of semiconductor channels 55 contacting a respective gate dielectric S0A among the pair
of gate dielectrics; a bottom doped semiconductor region 30 having a doping of a first
conductivity type, contacting lower portions of outer sidewalls of the pair of gate dielectrics,

and adjoined to bottom portions of the pair of semiconductor channels; and a pair of top
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doped semiconductor regions 80 adjoined to a respective top portion of the pair of
semiconductor channels 55 and having a doping of a second conductivity type that is the
opposite of the first conductivity type.

[0096] In one embodiment, a doped semiconductor portion 130 can have a same width as
a lateral distance between outer sidewalls of the pair of dielectric material portions 50B and
comprising a same semiconductor material as the bottom doped semiconductor region 30.
The doped semiconductor portion 130 contacts the second dielectric material layer 70. The
semiconductor structure further comprises a bottom dielectric spacer 40A layer contacting a
bottom surface of the gate electrode 42A and lower portions of inner sidewalls of the pair of
gate dielectrics 50A; and a top dielectric spacer 44A contacting a top surface of the gate
electrode 42A and portions of the inner sidewalls of the pair of gate dielectrics 50A. A
bottom surface of the bottom dielectric spacer 40A can contact a top surface of the bottom
doped semiconductor region 30, sidewalls of the bottom dielectric spacer 40A can contact the
pair of gate dielectrics S0A, and sidewalls of the top dielectric spacer 44A can contact the
pair of gate dielectrics S0A.

[0097] A first dielectric cap portion 46A can be provided, which comprises a dielectric
material, contacts a top surface of the top dielectric spacer 44A, and contacts upper portions
of the pair of gate dielectrics S0A. A second dielectric cap portion 46B can be provided,
which comprises the dielectric material of the first dielectric cap portion 46A, overlies the
conductive material portion 42B, and has a top surface that is coplanar with the top surface of
the first dielectric cap portion 46A and a top surface of the second dielectric material layer
70. The first dielectric material layer 60 contacts outer sidewalls of the pair of semiconductor
channels 55, outer sidewalls of the pair of top doped semiconductor regions 80, and outer

sidewalls of the bottom doped semiconductor region 30. The first dielectric material layer 60
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can have a top surface that is coplanar with top surfaces of the pair of top doped
semiconductor regions 80.

[0098] In one embodiment, the pair of top doped semiconductor regions 80 and the
bottom doped semiconductor region 30 are doped with electrical dopants of a same
conductivity type. In another embodiment, the pair of top doped semiconductor regions 8§80
and the bottom doped semiconductor region 30 are doped with electrical dopants of opposite
conductivity types. In one embodiment, the pair of semiconductor channels 55 comprises an
intrinsic semiconductor material.

[0099] In one embodiment, the first dielectric material layer 60 contacts outer sidewalls
of the pair of semiconductor channels 55, and outer sidewalls of the bottom doped
semiconductor region 80. The metallic material layer 20 contacts a bottom surface of the first
dielectric material layer 60. The metallic material layer 20 contacts a bottom surface of the
bottom doped semiconductor region 30 and located on, or within, a substrate 10.

[00100] Referring to FIG.15, a three-dimensional array of memory devices can be
optionally formed over an array of vertical switching devices of the present disclosure. Each
vertical switching device can be an access transistor for an electrical node, such as a vertical
bit line, of a memory device within the array.

[0100] In one embodiment, the three-dimensional array of memory devices can comprise a
resistive random access memory including a stack of alternating layers including electrically
insulating layers 132 and electrically conductive layers 142 (which can be, for example, word
lines). Vertical line trenches can be formed in regions overlying the access transistors such
that top surfaces of respective top doped semiconductor regions 80 are physically exposed at
the bottom of each vertical line trench. After formation of memory material spacers 150 by a

conformal deposition of a memory material and anisotropic etch, a conductive line structure
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(190, 192) (which can be, for example, bit lines) can be formed within each vertical line
trench. Each conductive line structure (190, 192) can comprise a conductive liner 190 and a
conductive fill portion 192. The conductive liner 190 can comprise a conductive metallic
nitride such as TiN, TaN, and/or WN. The conductive fill portion 192 can comprise at least
one elemental metal such as W, Cu, Ti, and Ru. The memory material spacers 150 can
comprise any non-volatile memory material that changes resistance through a hysteresis
effect as known in the art, including, but not limited to, a metal oxide (such as nickel oxide)
and chalcogenide materials.

[0101] Alternatively, the three-dimensional memory devices can comprise a vertical NAND
device located in a device region. In this case, memory stack structures can be formed in lieu
of memory material spacers and conductive line structures (190, 192). The electrically
conductive layers 142 can comprise, or can be electrically connected to, a respective word
line of the vertical NAND device. In one embodiment, the device region containing the three-
dimensional memory devices can comprise: a plurality of semiconductor channels, wherein at
least one end portion of each of the plurality of semiconductor channels extends substantially
perpendicular to a top surface of the substrate 10; a plurality of charge storage regions, each
charge storage region located adjacent to a respective one of the plurality of semiconductor
channels; and a plurality of control gate electrodes (as embodied as the electrically
conductive layers 142) having a strip shape extending substantially parallel to the top surface
of the substrate 10. The plurality of control gate electrodes can comprise at least a first
control gate electrode located in a first device level and a second control gate electrode
located in a second device level. The electrically conductive layers 142 in the stack can be in
electrical contact with the plurality of control gate electrode and extend from the device

region to a contact region including the plurality of electrically conductive via connections.
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The substrate 10 can comprise a silicon substrate containing a driver circuit for the NAND
device.

[0102] The vertical switching device illustrated in FIGS. 14A — 14C may comprise a bottom
select transistor of a vertical NAND string or parts of the driver circuit thereof. The bottom
doped semiconductor region 30 of each vertical switching device are separated from one
another by the first dielectric material layer 60, while the metallic material layer 20 can
function as a global bit line which contiguously extends among different vertical switching
devices and electrically shorts multiple bottom doped semiconductor region 30 of the vertical
switching devices to one another.

[0103] Although the foregoing refers to particular preferred embodiments, it will be
understood that the disclosure is not so limited. It will occur to those of ordinary skill in the
art that various modifications may be made to the disclosed embodiments and that such
modifications are intended to be within the scope of the disclosure. Where an embodiment
employing a particular structure and/or configuration is illustrated in the present disclosure, it
is understood that the present disclosure may be practiced with any other compatible
structures and/or configurations that are functionally equivalent provided that such
substitutions are not explicitly forbidden or otherwise known to be impossible to one of
ordinary skill in the art. All of the publications, patent applications and patents cited herein

are incorporated herein by reference in their entirety.
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WHAT IS CLAIMED IS:

1. A semiconductor structure comprising a vertical switching device and a horizontal
interconnect structure that are located on a substrate, wherein:
the vertical switching device comprises:

a gate electrode laterally contacted by a pair of gate dielectrics;

a pair of semiconductor channels contacting a respective gate dielectric among the
pair of gate dielectrics;

a pair of top doped semiconductor regions adjoined to a respective top portion of the
pair of semiconductor channels; and

a bottom doped semiconductor region contacting lower portions of outer sidewalls of
the pair of gate dielectrics, and adjoined to bottom portions of the pair of semiconductor
channels,
and the horizontal interconnect structure comprises a conductive material portion having a
top surface that is coplanar with a top surface of the gate electrode, having a bottom surface
that is coplanar with a bottom surface of the gate electrode, and comprising a same material

as the gate electrode.

2. The semiconductor structure of Claim 1, wherein outer sidewalls of the pair of
semiconductor channels, outer sidewalls of the pair of top doped semiconductor regions, and
outer sidewalls of the bottom doped semiconductor region are located within a pair of vertical

planes.

3. The semiconductor structure of Claim 1, wherein outer sidewalls of the bottom doped
semiconductor region are adjoined to a top surface of a metallic material layer located on, or

within, a substrate.
4. The semiconductor structure of Claim 1, further comprising:

a bottom dielectric spacer contacting a bottom surface of the gate electrode and lower

portions of inner sidewalls of the pair of gate dielectrics; and
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a top dielectric spacer contacting a top surface of the gate electrode and portions of

the inner sidewalls of the pair of gate dielectrics.

5. The semiconductor structure of Claim 1, wherein the horizontal interconnect structure
further comprises:

a pair of dielectric material portions contacting sidewalls of the conductive material
portion and having a same composition as the pair of gate dielectrics; and

a dielectric material layer contacting outer sidewalls of the pair of dielectric material

portions.

6. The semiconductor structure of Claim 5, further comprising a doped semiconductor portion
underlying the conductive material portion, having a same width as a lateral distance between
outer sidewalls of the pair of dielectric material portions, and comprising a same
semiconductor material as the bottom doped semiconductor region, wherein the doped

semiconductor portion contacts the dielectric material layer.

7. The semiconductor structure of Claim 5, wherein:

a bottom surface of the bottom dielectric spacer contacts a top surface of the bottom
doped semiconductor region;

sidewalls of the bottom dielectric spacer contacts the pair of gate dielectrics; and

sidewalls of the top dielectric spacer contact the pair of gate dielectrics.

8. The semiconductor structure of Claim 7, further comprising:

a first dielectric cap portion comprising a dielectric material, contacting a top surface
of the top dielectric spacer, and contacting upper portions of the pair of gate dielectrics; and

a second dielectric cap portion comprising the dielectric material of the first dielectric
cap portion, overlying the conductive material portion, and having a top surface that is
coplanar with a top surface of the first dielectric cap portion and a top surface of the dielectric

material layer.
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9. The semiconductor structure of Claim 5, further comprising another dielectric material
layer that contacts outer sidewalls of the pair of semiconductor channels, outer sidewalls of
the pair of top doped semiconductor regions, and outer sidewalls of the bottom doped

semiconductor region.

10. The semiconductor structure of Claim 1, further comprising an array of memory devices
overlying the vertical switching device, wherein the vertical switching device is an access

transistor for an electrical node of a memory device within the array.

11. The semiconductor structure of Claim 1, wherein the pair of top doped semiconductor
regions and the bottom doped semiconductor region are doped with electrical dopants of a

same conductivity type.

12. The semiconductor structure of Claim 1, wherein the pair of top doped semiconductor
regions and the bottom doped semiconductor region are doped with electrical dopants of

opposite conductivity types.

13. A semiconductor structure comprising:

a gate electrode laterally contacted by a pair of gate dielectrics;

a pair of semiconductor channels contacting a respective gate dielectric among the
pair of gate dielectrics;

a pair of top doped semiconductor regions adjoined to a respective top portion of the
pair of semiconductor channels;

a bottom doped semiconductor region contacting lower portions of outer sidewalls of
the pair of gate dielectrics, and adjoined to bottom portions of the pair of semiconductor
channels; and

a metallic material layer contacting a bottom surface of the bottom doped
semiconductor region and located on, or within, a substrate,

wherein:
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outer sidewalls of the pair of semiconductor channels, outer sidewalls of the pair of
top doped semiconductor regions, and outer sidewalls of the bottom doped semiconductor
region are located within a pair of vertical planes; and

the outer sidewalls of the bottom doped semiconductor region are adjoined to a top

surface of the metallic material layer.

14. The semiconductor structure of Claim 13, further comprising:

a bottom dielectric spacer contacting a bottom surface of the gate electrode and lower
portions of inner sidewalls of the pair of gate dielectrics; and

a top dielectric spacer contacting a top surface of the gate electrode and portions of
the inner sidewalls of the pair of gate dielectrics.

wherein:

a bottom surface of the bottom dielectric spacer contacts a top surface of the bottom
doped semiconductor region;

sidewalls of the bottom dielectric spacer contacts the pair of gate dielectrics; and

sidewalls of the top dielectric spacer contact the pair of gate dielectrics.

15. The semiconductor structure of Claim 13, further comprising a first dielectric material
layer comprising a dielectric material, contacting outer sidewalls of the pair of top doped
semiconductor material portions, and having a top surface that is coplanar with top surfaces

of the pair of top doped semiconductor regions.

16. The semiconductor structure of Claim 15, further comprising a horizontal interconnect
structure that comprises:

a conductive material portion having a top surface that is coplanar with a top surface
of the gate electrode, having a bottom surface that is coplanar with a bottom surface of the
gate electrode, and comprising a same material as the gate electrode;

a pair of dielectric material portions contacting sidewalls of the conductive material
portion and having a same composition as the pair of gate dielectrics; and

a second dielectric material layer contacting outer sidewalls of the pair of dielectric

material portions.
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17. The semiconductor structure of Claim 16, further comprising a dielectric cap portion
overlying the conductive material portion and having a top surface that is coplanar with a top

surface of the second dielectric material layer.

18. The semiconductor structure of Claim 15, further comprising a doped semiconductor
portion having a same width as a lateral distance between outer sidewalls of the pair of
dielectric material portions and comprising a same semiconductor material as the bottom
doped semiconductor region, wherein the first dielectric material layer contacts outer
sidewalls of the pair of semiconductor channels, and outer sidewalls of the bottom doped

semiconductor region.

19. The semiconductor structure of Claim 13, wherein the metallic material layer contacts a

bottom surface of a first dielectric material layer.

20. The semiconductor structure of Claim 13, further comprising an array of memory devices
overlying the pair of top doped semiconductor regions, wherein the pair of top doped
semiconductor regions is electrically shorted to an electrical node of a memory device within

the array.

21. The semiconductor structure of Claim 21, further comprising another bottom doped
semiconductor region located on the metallic material layer and disjoined from the bottom

doped semiconductor region.

22. The semiconductor structure of Claim 13, wherein the pair of top doped semiconductor
regions and the bottom doped semiconductor region are doped with electrical dopants of a

same conductivity type.
23. The semiconductor structure of Claim 13, wherein the pair of top doped semiconductor

regions and the bottom doped semiconductor region are doped with electrical dopants of

opposite conductivity types.
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24. A semiconductor structure comprising:

a gate electrode laterally contacted by a pair of gate dielectrics;

a pair of semiconductor channels contacting a respective gate dielectric among the
pair of gate dielectrics;

a bottom doped semiconductor region having a doping of a first conductivity type,
contacting lower portions of outer sidewalls of the pair of gate dielectrics, and adjoined to
bottom portions of the pair of semiconductor channels; and

a pair of top doped semiconductor regions adjoined to a respective top portion of the
pair of semiconductor channels and having a doping of a second conductivity type that is the

opposite of the first conductivity type.

25. The semiconductor structure of Claim 24, wherein the pair of semiconductor channels

comprises an intrinsic semiconductor material.

26. The semiconductor structure of Claim 24, further comprising:

a bottom dielectric spacer contacting a bottom surface of the gate electrode and lower
portions of inner sidewalls of the pair of gate dielectrics; and

a top dielectric spacer contacting a top surface of the gate electrode and portions of

the inner sidewalls of the pair of gate dielectrics.

27. The semiconductor structure of Claim 26, wherein:

a bottom surface of the bottom dielectric spacer contacts a top surface of the bottom
doped semiconductor region;

sidewalls of the bottom dielectric spacer contacts the pair of gate dielectrics; and

sidewalls of the top dielectric spacer contact the pair of gate dielectrics.
28. The semiconductor structure of Claim 24, further comprising a first dielectric material

layer comprising a dielectric material and have a top surface that is coplanar with top surfaces

of the pair of top doped semiconductor regions.
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29. The semiconductor structure of Claim 28, further comprising a horizontal interconnect
structure that comprises:

a conductive material portion having a top surface that is coplanar with a top surface
of the gate electrode, having a bottom surface that is coplanar with a bottom surface of the
gate electrode, and comprising a same material as the gate electrode;

a pair of dielectric material portions contacting sidewalls of the conductive material
portion and having a same composition as the pair of gate dielectrics; and

a second dielectric material layer contacting outer sidewalls of the pair of dielectric

material portions.

30. The semiconductor structure of Claim 29, further comprising a dielectric cap portion
overlying the conductive material portion and having a top surface that is coplanar with a top

surface of the first dielectric material layer.

31. The semiconductor structure of Claim 28, further comprising a doped semiconductor
portion having a same width as a lateral distance between outer sidewalls of the pair of
dielectric material portions and comprising a same semiconductor material as the bottom

doped semiconductor region.

32. The semiconductor structure of Claim 28, wherein the first dielectric material layer
contacts outer sidewalls of the pair of semiconductor channels, outer sidewalls of the pair of
top doped semiconductor regions, and outer sidewalls of the bottom doped semiconductor

region.

33. The semiconductor structure of Claim 24, further comprising an array of memory devices
overlying the pair of top doped semiconductor regions, wherein the pair of top doped
semiconductor regions is electrically shorted to an electrical node of a memory device within

the array.
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34. The semiconductor structure of Claim 24, further comprising a metallic material layer
contacting a bottom surface of the bottom doped semiconductor region and located on, or

within, a substrate.

35. The semiconductor structure of Claim 34, wherein:

outer sidewalls of the pair of semiconductor channels, outer sidewalls of the pair of
top doped semiconductor regions, and outer sidewalls of the bottom doped semiconductor
region are located within a pair of vertical planes; and

the outer sidewalls of the bottom doped semiconductor region are adjoined to a top

surface of the metallic material layer.

36. A method of forming a semiconductor device, comprising:

forming a layer stack comprising, from bottom to top, a bottom semiconductor layer,
a bottom dielectric spacer layer, a conductive material layer, and a top dielectric spacer layer
over a substrate;

forming a first patterned stack and a second patterned stack by patterning the layer
stack;

forming first gate dielectrics on sidewalls of the first patterned stack, and second gate
dielectrics on sidewalls of the second patterned stack;

forming first vertical semiconductor portions on the first gate dielectrics and second
vertical semiconductor portions on the second gate dielectrics;

removing the second vertical semiconductor portions while masking the first vertical
semiconductor portions; and

forming a vertical switching device by introducing electrical dopants to top regions of
the first vertical semiconductor portions and to bottom regions of the first vertical
semiconductor portions, wherein a portion of the conductive material layer within the first

patterned stack is a gate electrode that controls a state of the vertical switching device.
37. The method of Claim 36, wherein the bottom regions of first vertical semiconductor

portions are doped with dopants that diffuse out from a portion of the bottom semiconductor

layer into the bottom regions of the first vertical semiconductor portion.
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38. The method of Claim 37, wherein electrical dopants are introduced into the top regions of

the first vertical semiconductor portions by ion implantation or by plasma doping.

39. The method of Claim 36, wherein the vertical switching device is a field effect transistor,
and the top regions of the first vertical semiconductor portions and the bottom regions of the

first vertical semiconductor portions are doped with electrical dopants of a same conductivity

type.

40. The method of Claim 36, wherein the vertical switching device is a gated diode, and the
top regions of the first vertical semiconductor portions and the bottom regions of the first

vertical semiconductor portions are doped with electrical dopants of opposite conductivity

types.

41. The method of Claim 36, further comprising:

depositing a first dielectric material layer directly on surfaces of the first vertical
semiconductor portions and the second vertical semiconductor portions; and

removing a portion of the first dielectric material layer over the second vertical
semiconductor portions while masking a portion of the first dielectric material layer overlying
the first vertical semiconductor portions prior to removing the second vertical semiconductor

portions.

42. The method of Claim 41, wherein the second patterned stack comprises a bottom
semiconductor portion that is a portion of the bottom semiconductor layer, and the method
further comprises anisotropically etching peripheral regions of the bottom semiconductor

portion after removing the second vertical semiconductor portions.
43. The method of Claim 41, further comprising depositing a second dielectric material layer

directly on surfaces of the second gate dielectrics after removal of the second vertical

semiconductor portions.
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44. The method of Claim 36, wherein the first gate dielectrics and the second gate dielectrics
are formed by:

forming a conformal dielectric material layer on the first and second patterned stacks;
and

anisotropically etching horizontal portions of the conformal dielectric material layer,
wherein remaining vertical portions of the conformal dielectric material layer constitutes the

first and second gate dielectrics.

45. The method of Claim 36, further comprising:

forming a metallic material layer on, or within, the substrate prior to forming the layer
stack, wherein the first patterned stack and the second patterned stack are formed on the
metallic material layer; and

removing physically exposed portions the bottom semiconductor layer during
patterning of the first patterned stack and the second patterned stack, wherein each of the first

and second patterned stacks comprise a remaining portion of the bottom semiconductor layer.
46. The method of Claim 36, further comprising forming an array of memory devices over

the vertical switching device, wherein the vertical switching device is an access transistor for

an electrical node of a memory device within the array.
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