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FERROELECTRIC MEMORY DEVICE WITH
SELECT GATE TRANSISTOR AND METHOD
OF FORMING THE SAME

FIELD

[0001] The present disclosure relates generally to the field
of semiconductor memory devices, and in particular to
ferroelectric memory devices and a method of forming the
same.

BACKGROUND

[0002] A ferroelectric material refers to a material that
displays spontaneous polarization of electrical charges in the
absence of an applied electric field. The net polarization P of
electrical charges within the ferroelectric material is non-
zero in the minimum energy state. Thus, spontaneous fer-
roelectric polarization of the material occurs, and the ferro-
electric material accumulates surfaces charges of opposite
polarity types on two opposing surfaces. Polarization P of a
ferroelectric material as a function of an applied voltage V
thereacross displays hysteresis. The product of the remanent
polarization and the coercive field of a ferroelectric material
is a metric for characterizing effectiveness of the ferroelec-
tric material.

[0003] A ferroelectric memory device is a memory device
containing the ferroelectric material which is used to store
information. The ferroelectric material acts as the memory
material of the memory device. The dipole moment of the
ferroelectric material is programmed in two different orien-
tations (e.g., “up” or “down” polarization positions based on
atom positions, such as oxygen and/or metal atom positions,
in the crystal lattice) depending on the polarity of the applied
electric field to the ferroelectric material to store information
in the ferroelectric material. The different orientations of the
dipole moment of the ferroelectric material can be detected
by the electric field generated by the dipole moment of the
ferroelectric material. For example, the orientation of the
dipole moment can be detected by measuring electrical
current passing through a semiconductor channel provided
adjacent to the ferroelectric material in a field effect tran-
sistor ferroelectric memory device.

SUMMARY

[0004] According to an embodiment of the present disclo-
sure, a memory cell includes a ferroelectric memory tran-
sistor, and a select gate transistor which shares a common
semiconductor channel, a common source region and a
common drain region with the ferroelectric memory tran-
sistor. The select gate transistor controls access between the
common source region and the common semiconductor
channel.

[0005] According to another embodiment of the present
disclosure, a method of forming at least one ferroelectric
memory element comprising forming a source region in a
substrate; forming a stepped semiconductor material struc-
ture comprising a fin portion having a first height and a base
portion having a second height over a first region of a top
surface of the source region; forming a vertical semicon-
ductor channel comprising a vertical stack of a first semi-
conductor channel portion and a second semiconductor
channel portion that overlies the first semiconductor channel
portion in the fin portion of the stepped semiconductor
material structure; forming a select gate dielectric on one

Dec. 31, 2020

side of the vertical semiconductor channel and on a second
region of the top surface of the source region; forming a
control gate dielectric comprising a ferroelectric material
layer on another side of the vertical semiconductor channel
on a top surface of the base portion of the stepped semi-
conductor material structure; and forming a drain region on
a top end of the vertical semiconductor channel.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a vertical cross-sectional view of a first
exemplary structure after formation of a source region, a first
semiconductor channel material layer, a second semicon-
ductor channel material layer, and a drain material layer
according to an embodiment of the present disclosure.
[0007] FIG. 2A is a first vertical cross-sectional view of
the first exemplary structure after formation of dielectric
isolation rails according to an embodiment of the present
disclosure.

[0008] FIG. 2B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
2A.

[0009] FIG. 2C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 2A and 2B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 2A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 2B.

[0010] FIG. 2D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 2A and 2B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 2A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 2B.

[0011] FIG. 3A is a first vertical cross-sectional view of
the first exemplary structure after formation of first line
trenches and patterning the dielectric isolation rails into
discrete dielectric isolation structures according to an
embodiment of the present disclosure.

[0012] FIG. 3B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
3A.

[0013] FIG. 3C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 3A and 3B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 3A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 3B.

[0014] FIG. 3D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 3A and 3B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 3A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 3B.

[0015] FIG. 4A is a first vertical cross-sectional view of
the first exemplary structure after formation of select gate
dielectrics and select gate electrodes according to an
embodiment of the present disclosure.

[0016] FIG. 4B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
4A.

[0017] FIG. 4C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 4A and 4B. The plane A-A' corresponds to the plane
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of the vertical cross-section for FIG. 4A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 4B.

[0018] FIG. 4D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 4A and 4B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 4A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 4B.

[0019] FIG. 5A is a first vertical cross-sectional view of
the first exemplary structure after formation of select gate
cap dielectric rails according to an embodiment of the
present disclosure.

[0020] FIG. 5B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
5A.

[0021] FIG. 5C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 5A and 5B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 5A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 5B.

[0022] FIG. 5D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 5A and 5B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 5A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. SB.

[0023] FIG. 6A is a first vertical cross-sectional view of
the first exemplary structure after formation of second line
trenches that pattern semiconductor pillars into U-shaped
stepped semiconductor material structures and pattern the
dielectric isolation structures according to an embodiment of
the present disclosure.

[0024] FIG. 6B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
6A.

[0025] FIG. 6C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 6A and 6B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 6A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 6B.

[0026] FIG. 6D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 6A and 6B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 6A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 6B.

[0027] FIG. 7A is a first vertical cross-sectional view of
the first exemplary structure after conversion of horizontal
portions of the U-shaped stepped semiconductor material
structures into spacer material portions by implantation of
first conductivity type dopants, oxygen atoms, or nitrogen
atoms according to an embodiment of the present disclosure.
[0028] FIG. 7B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
7A.

[0029] FIG. 7C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 7A and 7B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 7A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 7B.
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[0030] FIG. 7D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 7A and 7B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 7A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 7B.

[0031] FIG. 8A is a first vertical cross-sectional view of
the first exemplary structure after formation of control gate
dielectrics according to an embodiment of the present dis-
closure.

[0032] FIG. 8B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
8A.

[0033] FIG. 8C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 8A and 8B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 8A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 8B.

[0034] FIG. 8D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 8A and 8B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 8A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 8B.

[0035] FIG. 9A is a first vertical cross-sectional view of
the first exemplary structure after formation of control gate
electrodes according to an embodiment of the present dis-
closure.

[0036] FIG. 9B is a second vertical cross-sectional view of
the first exemplary structure at the processing steps of FIG.
9A.

[0037] FIG. 9C is a top-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 9A and 9B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 9A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 9B.

[0038] FIG. 9D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 9A and 9B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 9A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 9B.

[0039] FIG. 10A is a first vertical cross-sectional view of
the first exemplary structure after formation of first contact
via structures and first bit lines according to an embodiment
of the present disclosure.

[0040] FIG. 10B is a second vertical cross-sectional view
of the first exemplary structure at the processing steps of
FIG. 10A.

[0041] FIG. 10C is a top-down view of a first configura-
tion of the first exemplary structure at the processing steps
of FIGS. 10A and 10B. The plane A-A' corresponds to the
plane of the vertical cross-section for FIG. 10A. The plane
B-B' corresponds to the plane of the vertical cross-section
for FIG. 10B.

[0042] FIG. 10D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 10A and 10B.

[0043] FIG. 11A is a first vertical cross-sectional view of
the first exemplary structure after formation of second
contact via structures and second bit lines according to a first
embodiment of the present disclosure.
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[0044] FIG. 11B is a second vertical cross-sectional view
of the first exemplary structure at the processing steps of
FIG. 11A.

[0045] FIG.11Cis atop-down view of a first configuration
of the first exemplary structure at the processing steps of
FIGS. 11A and 11B. The plane A-A' corresponds to the plane
of the vertical cross-section for FIG. 11A. The plane B-B'
corresponds to the plane of the vertical cross-section for
FIG. 11B.

[0046] FIG. 11D is a top-down view of a second configu-
ration of the first exemplary structure at the processing steps
of FIGS. 11A and 11B.

[0047] FIG. 12A is a first vertical cross-sectional view of
a second exemplary structure after formation of second
contact via structures and second bit lines according to a
second embodiment of the present disclosure.

[0048] FIG. 12B is a second vertical cross-sectional view
of the second exemplary structure at the processing steps of
FIG. 12A.

[0049] FIG. 12C is a top-down view of a first configura-
tion of the second exemplary structure at the processing
steps of FIGS. 12A and 12B. The plane A-A' corresponds to
the plane of the vertical cross-section for FIG. 12A. The
plane B-B' corresponds to the plane of the vertical cross-
section for FIG. 12B.

[0050] FIG. 12D is a top-down view of a second configu-
ration of the second exemplary structure at the processing
steps of FIGS. 12A and 12B.

[0051] FIGS. 13A and 13B are circuit diagrams of the
respective second and first exemplary structures of the
second and first embodiments of the present disclosure.
[0052] FIGS. 14A and 14B are tables illustrating exem-
plary voltages that may be used to operate the circuit of FIG.
13A.

DETAILED DESCRIPTION

[0053] As discussed above, the present disclosure is
directed to ferroelectric memory devices containing a fer-
roelectric memory transistor and a select gate transistor in
each memory cell, and a method of forming the same, the
various aspect of which are described herein in detail. The
select gate transistor contains a select gate electrode which
is longer than the control gate electrode of the ferroelectric
memory transistor. The transistors share a common channel,
and the longer select gate electrode controls a portion of the
channel adjacent to the common source region to reduce the
disturb of the ferroelectric memory transistor during opera-
tion of the device.

[0054] The drawings are not drawn to scale. Multiple
instances of an element may be duplicated where a single
instance of the element is illustrated, unless absence of
duplication of elements is expressly described or clearly
indicated otherwise. Ordinals such as “first,” “second,” and
“third” are used merely to identify similar elements, and
different ordinals may be used across the specification and
the claims of the instant disclosure. The same reference
numerals refer to the same element or similar element.
Unless otherwise indicated, elements having the same ref-
erence numerals are presumed to have the same composition
and the same function. Unless otherwise indicated, a “con-
tact” between elements refers to a direct contact between
elements that provides an edge or a surface shared by the
elements. As used herein, a first element located “on” a
second element may be located on the exterior side of a
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surface of the second element or on the interior side of the
second element. As used herein, a first element is located
“directly on” a second element if there exist a physical
contact between a surface of the first element and a surface
of the second element. As used herein, a first element is
“electrically connected to” a second element if there exists
a conductive path consisting of at least one conductive
material between the first element and the second element.
As used herein, a “prototype” structure or an “in-process”
structure refers to a transient structure that is subsequently
modified in the shape or composition of at least one com-
ponent therein.

[0055] As used herein, a “layer” refers to a material
portion including a region having a thickness. A layer may
extend over the entirety of an underlying or overlying
structure, or may have an extent less than the extent of an
underlying or overlying structure. Further, a layer may be a
region of a homogeneous or inhomogeneous continuous
structure that has a thickness less than the thickness of the
continuous structure. For example, a layer may be located
between any pair of horizontal planes between, or at, a top
surface and a bottom surface of the continuous structure. A
layer may extend horizontally, vertically, and/or along a
tapered surface. A substrate may be a layer, may include one
or more layers therein, or may have one or more layer
thereupon, thereabove, and/or therebelow.

[0056] As used herein, a first surface and a second surface
are “vertically coincident” with each other if the second
surface overlies or underlies the first surface and there exists
a vertical plane or a substantially vertical plane that includes
the first surface and the second surface. A substantially
vertical plane is a plane that extends straight along a
direction that deviates from a vertical direction by an angle
less than 5 degrees. A vertical plane or a substantially
vertical plane is straight along a vertical direction or a
substantially vertical direction, and may, or may not, include
a curvature along a direction that is perpendicular to the
vertical direction or the substantially vertical direction.

[0057] As used herein, a “semiconducting material” refers
to a material having electrical conductivity in the range from
1.0x107° S/m to 1.0x10° S/m. As used herein, a “semicon-
ductor material” refers to a material having electrical con-
ductivity in the range from 1.0x10™ S$/m to 1.0 S/m in the
absence of electrical dopants therein, and is capable of
producing a doped material having electrical conductivity in
a range from 1.0 S/m to 1.0x10° S/m 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 1.0x
10° S/m. As used herein, an “insulator material” or a
“dielectric material” refers to a material having electrical
conductivity less than 1.0x10™> S/m. As used herein, a
“heavily doped semiconductor material” refers to a semi-
conductor material that is doped with electrical dopant at a
sufficiently high atomic concentration to become a conduc-
tive material either as formed as a crystalline material or if
converted into a crystalline material through an anneal
process (for example, from an initial amorphous state), i.e.,
to have electrical conductivity greater than 1.0x10° S/m. A
“doped semiconductor material” may be a heavily doped
semiconductor material, or may be a semiconductor material
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that includes electrical dopants (i.e., p-type dopants and/or
n-type dopants) at a concentration that provides electrical
conductivity in the range from 1.0x107> S/m to 1.0x10° S/m.
An “intrinsic semiconductor material” refers to a semicon-
ductor material that is not doped with electrical dopants.
Thus, a semiconductor material may be semiconducting or
conductive, and may be an intrinsic semiconductor material
or a doped semiconductor material. A doped semiconductor
material can be semiconducting or conductive depending on
the atomic concentration of electrical dopants therein. As
used herein, a “metallic material” refers to a conductive
material including at least one metallic element therein. All
measurements for electrical conductivities are made at the
standard condition.

[0058] Referring to FIG. 1, a first exemplary structure
according to an embodiment of the present disclosure is
illustrated. The first exemplary structure includes a substrate
8, which can be a semiconductor substrate that includes a
semiconductor material at least at an upper portion thereof.
The semiconductor material of the substrate 8 may include
a single crystalline semiconductor material or a polycrys-
talline semiconductor material. In one embodiment, the
substrate 8 may include a commercially available single
crystalline semiconductor substrate such as a silicon wafer.
[0059] The semiconductor material of the substrate 9 is
referred to herein as a substrate semiconductor layer 9,
which may comprise a semiconductor (e.g., silicon) wafer, a
doped well in the wafer, or a silicon layer over another
substrate material (e.g., silicon on insulator type structure).
The substrate semiconductor layer 9 may have a doping of
a first conductivity type, and may include dopants of the first
conductivity type at an atomic concentration in a range from
1.0x10"3/cm? to 3.0x10"7/cm>. Dopants of a second con-
ductivity type can be provided (e.g., diffused or implanted)
into an upper portion of the substrate semiconductor layer 9
or a doped semiconductor layer may be grown epitaxially on
the substrate semiconductor layer 9. The doped upper por-
tion of the substrate semiconductor layer 9 is converted into
a source region 6. The source region 6 can have a net doping
of the second conductivity type such that the atomic con-
centration of dopants of the second conductivity type is in a
range from 1x10*%/cm® to 2x10*'/cm>. The source region 6
functions as a common source region (e.g., source line or
plate) for vertical field effect transistors to be subsequently
formed. The thickness of the source region 6 can be in a
range from 30 nm to 300 nm, although lesser and greater
thicknesses can also be employed. Alternatively, a metal or
metal alloy source line or plate may be formed under the
source region 6.

[0060] In one embodiment, the substrate semiconductor
layer 9 comprises a single crystalline semiconductor mate-
rial, and the source region 6 can be formed by introducing
dopants of a second conductivity type that is the opposite of
the first conductivity type into a portion of the substrate
semiconductor layer 9. In this case, the source region 6
comprises a first single crystalline semiconductor material
portion. The source region 6 can be located in a substrate 8,
and can comprise a single crystalline doped semiconductor
layer that continuously extends in a memory array region in
which a two-dimensional array of ferroelectric memory
elements is subsequently formed.

[0061] A first epitaxial semiconductor material (e.g.,
single crystalline silicon) including dopants of a first con-
ductivity type at a first dopant concentration can be grown
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on the top surface of the source region 6 to form a first
semiconductor channel material layer 33L. The first dopant
concentration may be in a range from 1x10'%cm? to 1x10'%/
cm?, although lesser and greater dopant concentrations can
also be employed. The thickness of the first semiconductor
channel material layer 33L can be in a range from 10 nm to
100 nm, although lesser and greater thicknesses can also be
employed.

[0062] A second epitaxial semiconductor material (e.g.,
single crystalline silicon) including dopants of the first
conductivity type at a second dopant concentration can be
grown on the top surface of the first semiconductor channel
material layer 33L to form a second semiconductor channel
material layer 34L.. The second dopant concentration can be
less than the first dopant concentration, and may be in a
range from 1.0x10"%/cm? to 1.0x10'7/cm?, such as from
1.0x10"*/cm> to 1.0x10'%/cm?, although lesser and greater
dopant concentrations can also be employed.

[0063] Dopants of the second conductivity type can be
provided (e.g., diffused or implanted) into an upper region of
the second semiconductor channel material layer 34L to
provide a doped semiconductor material layer having a
doping of the second conductivity type. The doped semi-
conductor material layer is herein referred to as a drain
material layer 36L.. Alternatively, the doped drain material
layer 36L. may be formed by epitaxial growth on the second
semiconductor channel material layer 34l . The atomic
concentration of dopants of the second conductivity in the
drain material layer 36L. can be in a range from in a range
from 1x10'%/cm> to 2x10*'/cm>. The thickness of the sec-
ond semiconductor channel material layer 34L. can be in a
range from 30 nm to 600 nm, such as from 60 nm to 300 nm,
although lesser and greater thicknesses can also be
employed. The thickness of the drain material layer 361 can
be in a range from 30 nm to 300 nm, although lesser and
greater thicknesses can also be employed.

[0064] Referring to FIGS. 2A-2D, dielectric isolation rails
22R can be formed thorough the layer stack of the drain
material layer 361, the second semiconductor channel mate-
rial layer 341, and the first semiconductor channel material
layer 33L. FIGS. 2A, 2B, and 2C illustrate a first configu-
ration of the first exemplary structure, and FIGS. 2A, 2B,
and 2D illustrate a second configuration of the first exem-
plary structure.

[0065] For example, a photoresist layer (not shown) can
be applied over the drain material layer 361, and can be
lithographically patterned to form a line and space pattern
that laterally extend along a horizontal direction. In one
embodiment, each patterned portion of the photoresist layer
can have a same width, which is herein referred to as a line
width, and each neighboring pair of patterned portions of the
photoresist layer can be laterally spaced apart by a same
spacing. In other words, the patterned portions of the pho-
toresist layer can constitute a periodic one-dimensional
array.

[0066] In the first configuration shown in FIG. 2C, the
horizontal direction along which patterned portions of the
photoresist layer laterally extend is parallel to the horizontal
direction along which bit lines are to be subsequently
formed, and perpendicular to the horizontal direction along
which word lines are to be subsequently formed. In the
second configuration shown in FIG. 2D, the horizontal
direction along which patterned portions of the photoresist
layer laterally extend is not perpendicular to the horizontal
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direction along which the bit lines and word lines are to be
subsequently formed. The direction along which the bit lines
extend is herein referred to as a first horizontal direction
(e.g., bit line direction) hd1, and the horizontal direction that
is perpendicular to the first horizontal direction hdl is herein
referred to as a second horizontal direction (e.g., word line
direction) hd2. Thus, linear openings in the photoresist layer
laterally extend along the second horizontal direction hd2 in
the first configuration of the first exemplary structure, and
linear openings in the photoresist layer laterally extends at
an angle in a range between 0 degree and 90 degrees, such
as from 30 degrees to 60 degrees, with respect to the first
horizontal direction hd2 in the second configuration of the
first exemplary structure.

[0067] Initial line trenches can be formed through the
layer stack of the drain material layer 361, the second
semiconductor channel material layer 341, and the first
semiconductor channel material layer 33L by performing an
anisotropic etch process employing the patterned photoresist
layer as an etch mask. Each drain material layer 36L is
divided into drain material rails 36R, each second semicon-
ductor channel material layer 34L is divided into second
semiconductor channel material rails 34R, and each first
semiconductor channel material layer 33L is divided into
first semiconductor channel material rails 33R. Each vertical
stack of a first semiconductor channel material rail 33R, a
second semiconductor channel material rail 34R, and a drain
material rail 36R is formed between a respective pair of line
trenches. A top surface of the source region 6 may be
exposed in the initial line trenches, in which case the source
region 6 functions as an etch stop region.

[0068] A diffusion barrier dielectric liner (such as silicon
nitride) can be optionally deposited in the line trenches. A
dielectric fill material such as undoped silicate glass (e.g.,
silicon oxide), a doped silicate glass, or organosilicate glass
can be deposited in remaining volumes of the line trenches.
Excess portions of the dielectric fill material and the optional
dielectric diffusion barrier material can be removed from
above the horizontal plane including the top surfaces of the
drain material rails 36R by a planarization process, which
can employ chemical mechanical polishing and/or a recess
etch process. Each remaining portion of the dielectric fill
material and the optional dielectric diffusion barrier material
constitutes a dielectric isolation rail 22R.

[0069] Referring to FIGS. 3A-3D, first line trenches 41
laterally extending along the second horizontal direction hd2
are formed through the vertical stacks of a first semicon-
ductor channel material rail 33R, a second semiconductor
channel material rail 34R, and a drain material rail 36R and
through the dielectric isolation rails 22R. FIG. 3C illustrates
the first configuration of the first exemplary structure, and
FIG. 3D illustrates the second configuration of the first
exemplary structure.

[0070] For example, a photoresist layer can be applied
over the vertical stacks of a first semiconductor channel
material rail 33R, a second semiconductor channel material
rail 34R, and a drain material rail 36R and over the dielectric
isolation rails 22R, and can be lithographically patterned
into a line and space pattern. The line and space pattern may
be a periodic pattern with a same line width for each
patterned portion of the photoresist layer and a same spacing
for each laterally neighboring pair of patterned photoresist
portions. In one embodiment, the spacing between laterally
neighboring pair of patterned photoresist strips may be a
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lithographic critical dimension, i.e., a minimum dimension
that can be printed employing a single lithographic exposure
process and a single lithographic development process. The
width of each patterned photoresist strip may be in a range
from twice the lithographic critical dimension to six times
the lithographic critical dimension. In one embodiment, the
width of each patterned photoresist strip may be about four
times the lithographic critical dimension.

[0071] An anisotropic etch process is performed to etch
through the drain material rails 36R, the second semicon-
ductor material rails 34R, the first semiconductor channel
material rails 33R, and the dielectric isolation rails 22R. The
anisotropic etch process can stop on the top surface of the
source region 6. The anisotropic etch process can have a
chemistry that etches the materials of the drain material rails
36R, the second semiconductor material rails 34R, the first
semiconductor channel material rails 33R, and the dielectric
isolation rails 22R, or can include multiple etch steps such
that the semiconductor materials of the drain material rails
36R, the second semiconductor material rails 34R, and the
first semiconductor channel material rails 33R are etched in
one of the etch steps of the anisotropic etch process, and the
dielectric isolation rails 22R are etched in another of the etch
steps of the anisotropic etch process. The patterned photo-
resist layer protects underlying portions of the drain material
rails 36R, the second semiconductor material rails 34R, the
first semiconductor channel material rails 33R, and the
dielectric isolation rails 22R during the anisotropic etch
process. The first line trenches 41 are formed within areas
that are not covered by the patterned photoresist strips. The
depth of the first line trenches 41 is herein referred to as a
first depth.

[0072] Each of the drain material rails 36R are divided
into drain material portions 36'. The second semiconductor
material rails 34R are divided into second semiconductor
channel material portions 34'. The first semiconductor chan-
nel material rails 33R are divided into first semiconductor
channel material portions 33'. The dielectric isolation rails
22R are divided into discrete dielectric isolation structures
22'. The first line trenches 41 divide each of the dielectric
isolation rails 22R into a two-dimensional array of discrete
dielectric isolation structures (e.g., dielectric pillars) 22'.
Each vertical stack of a first semiconductor channel material
portion 33', a second semiconductor channel material por-
tion 34', and a drain material portion 36' constitutes a
semiconductor pillar (33", 34', 36"). Each semiconductor
pillar (33', 34', 36') can have a rectangular horizontal cross-
sectional shape that is invariant with translation along the
vertical direction. A two-dimensional array of semiconduc-
tor pillars (33", 34', 36") can be interlaced (i.e., alternated)
with the two-dimensional array of discrete dielectric isola-
tion structures 22' along the second horizontal direction hd2.
The patterned photoresist strips can be subsequently
removed, for example, by ashing.

[0073] Referring to FIGS. 4A-4D, a first gate dielectric
and a first gate electrode line is formed within each first line
trench 41. Each first gate dielectric is herein referred to as a
select gate dielectric 40, and each first gate electrode line is
herein referred to as a select gate electrode line 46. The
select gate electrode line 46 may also be referred to as a pass
gate electrode line, access gate electrode line, a back gate
electrode line or a read line (since this line is activated
during the read operation, as will be discussed with respect
to FIGS. 14A and 14B below). FIG. 4C illustrates the first
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configuration of the first exemplary structure, and FIG. 4D
illustrates the second configuration of the first exemplary
structure.

[0074] Inone embodiment, a select gate dielectric material
layer can be deposited in the first line trenches 41 by a
conformal deposition process. The select gate dielectric
material layer can include a gate dielectric material such as
silicon oxide and/or a dielectric metal oxide. The select gate
dielectric material layer can be formed by a chemical vapor
deposition process and/or a dielectric conversion process
(such as a thermal oxidation process and/or a thermal
nitridation process) of the underlying semiconductor (e.g.,
silicon) material. The thickness of the select gate dielectric
material layer can be in a range from 1 nm to 12 nm, such
as from 2 nm to 6 nm, although lesser and greater thick-
nesses can also be employed.

[0075] A select gate electrode material can be deposited
over the select gate dielectric material layer. The select gate
electrode material can include a heavily doped semiconduc-
tor material, an elemental metal, an intermetallic alloy, a
metal silicide, and/or a conductive metallic compound
including at least one metal and at least one non-metallic
element (e.g., a metal nitride, such as TiN). Portions of the
select gate electrode material and the select gate dielectric
material layer that overlie the top surfaces of the drain
material portions 36' and the discrete dielectric isolation
structures 22' by a planarization process. The planarization
process can employ a recess etch process and/or a chemical
mechanical polishing process. Further, top surfaces of
remaining portions of the select gate electrode material can
be vertically recessed below the horizontal plane including
the top surfaces of the drain material portions 36' and the
discrete dielectric isolation structures 22' by a selective etch.
[0076] Each remaining portion of the select gate dielectric
material layer constitutes a select gate dielectric 40. Each
select gate dielectric 40 extends up to, or above, the hori-
zontal plane including the interfaces between the second
semiconductor channel material portions 34' and the drain
material portions 36'. Each remaining portion of the select
gate electrode material constitutes a select gate electrode
line 46. Each select gate electrode line 46 can have a top
surface located at, or above, the horizontal plane including
the interfaces between the second semiconductor channel
material portions 34' and the drain material portions 36'.
Generally, a select gate dielectric 40 can be formed on a
sidewall of a first semiconductor channel material portion
33", on a sidewall of a second semiconductor channel
material portion 34' that overlies the first semiconductor
channel material portion 33', and on a portion of the top
surface of the source region 6.

[0077] Each select gate diclectric 40 can have a first
U-shaped vertical cross-sectional profile, and can include a
horizontal select gate dielectric portion contacting a portion
of'the top surface of the source region 6, a first vertical select
gate dielectric portion adjoined to a first edge of the hori-
zontal select gate dielectric portion, and a second vertical
select gate dielectric portion adjoined to a second edge of the
horizontal select gate dielectric portion.

[0078] Referring to FIGS. 5A-5D, a dielectric material can
be deposited and planarized to fill cavities overlying the
select gate electrode lines 46. The remaining portions of the
dielectric material that overlie the select gate electrode lines
46 constitute select gate cap dielectric rails 60. The select
gate cap dielectric rails 60 includes a dielectric material such
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as undoped silicate glass, and laterally extends along a
horizontal direction, which may, or may not, be the second
horizontal direction hd2. FIG. 5C illustrates the first con-
figuration of the first exemplary structure, and FIG. 5D
illustrates the second configuration of the first exemplary
structure.

[0079] Referring to FIGS. 6A-6D, a photoresist layer 57
can be applied over the drain material portions 36' and the
select gate cap dielectric rails 60, and can be lithographically
patterned to form line-shaped strips that overlie a respective
one of the select gate cap dielectric rails 60. FIG. 6C
illustrates the first configuration of the first exemplary
structure, and FIG. 6D illustrates the second configuration of
the first exemplary structure.

[0080] In one embodiment, each opening in the photore-
sist layer 57 can have a uniform width, and can laterally
extend along the second horizontal direction hd2. Thus, each
opening in the photoresist layer 57 can have a pair of straight
edges that are parallel to the sidewalls of the first line
trenches 41 that include a respective combination of a select
gate dielectric 40, a select gate electrode line 46, and a select
gate cap dielectric rail 60. In one embodiment, the straight
edges of each opening in the photoresist layer 57 may be
approximately equidistant from proximal sidewalls of a pair
of first line trenches that are covered by a neighboring pair
of photoresist strips of the patterned photoresist layer 57. In
one embodiment, the width of each opening in the photo-
resist layer 57 may have a lithographic critical dimension.
[0081] An anisotropic etch process can be performed
employing the patterned photoresist layer 57 as an etch
mask. Unmasked portions of the drain material portions 36',
the second semiconductor channel material portions 34', and
the discrete dielectric isolation structures 22' can be etched
to form second line trenches 51. Each second line trench 51
can have a uniform width throughout. A top surface of a first
semiconductor channel material portion 33' can be physi-
cally exposed at the bottom of each second line trench 51
after the anisotropic etch process. The first semiconductor
channel material portions 33' can function as an etch stop
structure during the anisotropic etch process. In one embodi-
ment, the anisotropic etch process can etch the materials of
the drain material portions 36', the second semiconductor
channel material portions 34', and the discrete dielectric
isolation structures 22'. In another embodiment, the aniso-
tropic etch process can include multiple etch steps, which
include an anisotropic etch step that etches the materials of
the drain material portions 36' and the second semiconductor
channel material portions 34', and another anisotropic etch
step that etches the material of the discrete dielectric isola-
tion structures 22'.

[0082] The second line trenches 51 pattern the semicon-
ductor pillars (33", 34", 36') into stepped semiconductor
material structures (33', 34, 36) having a respective
U-shaped vertical cross-sectional profile, and pattern the
discrete dielectric isolation structures 22' into U-shaped
dielectric isolation structures 22. Alternatively, the discrete
dielectric isolation structures 22' may be etched all the way
through to the source region 6 to form two separate pillar
shaped dielectric isolation structures 22. Each second semi-
conductor channel material portion 34' is divided into two
semiconductor channel material portions, which are herein
referred to as second semiconductor channel portions 34.
Each drain material portion 36' is divided into two drain
regions 36. Each U-shaped stepped semiconductor material



US 2020/0411533 Al

structure (33', 34, 36) can include a first semiconductor
channel material portion 33', a pair of second semiconductor
channel portions 34, and a pair of drain regions 36. Each
stepped semiconductor material structure (33', 34, 36) can
comprise two fin portions 30F having a first height hl and a
base portion 30B having a second height hd2 and located
over a first region of a top surface of the source region 6.
Each fin portion 30F can include a drain region 36, a second
semiconductor channel portion 34, and a region of a first
semiconductor channel material portion 33' that underlies
second semiconductor channel portion 34. Each base portion
30B can include a region of a first semiconductor channel
material portion 33' that does not underlie any second
semiconductor channel portion 34.

[0083] Each stepped semiconductor material structure
(33", 34, 36) can comprise a pair of outer sidewalls having
the first height hdl and a pair of inner sidewalls having a
height that is less than the first height hd1 located between
the pair of outer sidewalls. A second line trench 51 is formed
between, and is laterally bounded by, the pair of inner
sidewalls. The second line trenches 51 form a groove within
each of the discrete dielectric isolation structures 22,
thereby converting the discrete dielectric isolation structures
22' into the U-shaped or pillar shaped dielectric isolation
structures 22. Generally, the stepped semiconductor material
structures (33', 34, 36) can be formed by patterning semi-
conductor material portions with line trenches (41, 51)
having substantially vertical sidewalls (e.g., within O to 10
degrees of vertical due to etching variations). The line
trenches can comprise first line trenches 41 having a first
depth that is the same as the first height hl and second line
trenches 51 having a second depth that is less than the first
height hl.

[0084] Referring to FIGS. 7A-7D, the base portions 30B
of the stepped semiconductor material structures (33', 34,
36) (i.e., the horizontal portions 30B of the U-shaped
stepped semiconductor material structures) are converted
into spacer material portions 23 which decrease electrical
conductivity between the source region 6 and the second
semiconductor channel portion 34. The spacer material
portions 23 may be formed by implantation of first conduc-
tivity type dopants, oxygen atoms, and/or nitrogen atoms
into the semiconductor base portions 30B (i.e., into seg-
ments of the first semiconductor channel material portions
33' that do not underlie any of the second semiconductor
channel portions 34). FIG. 7C illustrates the first configu-
ration of the first exemplary structure, and FIG. 7D illus-
trates the second configuration of the first exemplary struc-
ture.

[0085] Electrical conduction through the base portions
30B of the stepped semiconductor material structures (33,
34, 36) between the source region 6 and the second semi-
conductor channel portions 34 can be reduced by implanting
dopants of the first conductivity type into the base portions
30B, or by implanting electrically inactive atoms, such as
oxygen atoms and/or nitrogen atoms, that convert the semi-
conductor material of the base portions 30B into an insu-
lating material, such as silicon oxide, silicon nitride or
silicon oxynitride. The photoresist layer 57 is used as a mask
during the ion implantation and can be removed by ashing
after the implantation.

[0086] Each unimplanted region of the first semiconductor
channel material portions 33' constitutes a first semiconduc-
tor channel portion 33. Each vertical stack of a first semi-
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conductor channel portion 33 and a second semiconductor
channel portion 34 constitutes a vertical semiconductor
channel (33, 34). Each vertical semiconductor channel (33,
34) (i.e., a vertical stack of a first semiconductor channel
portion 33 and a second semiconductor channel portion 34
that overlies the first semiconductor channel portion 33) is
located in a respective fin portion 30F of each stepped
semiconductor material structure (23, 33, 34, 36).

[0087] In one embodiment, the source region 6 comprises
a first single crystalline semiconductor material portion, and
each first semiconductor channel portion 33 comprises a
second single crystalline semiconductor material portion in
epitaxial alignment with the first single crystalline semicon-
ductor material portion. Each second semiconductor channel
portion 34 can comprise a third single crystalline semicon-
ductor material portion in epitaxial alignment with the
second single crystalline semiconductor material portion of
an underlying first semiconductor channel portion 33. Each
first semiconductor channel portion 33 can comprise elec-
trical dopants of a first conductivity type at a first atomic
concentration, and each second semiconductor channel por-
tion 34 comprises electrical dopants of the first conductivity
type at a second atomic concentration that is less than the
first atomic concentration.

[0088] A drain region 36 is provided on a top end of each
vertical semiconductor channel (33, 34). The drain regions
36 can form a two-dimensional array of discrete drain
regions. The drain region 36 comprises electrical dopants of
the second conductivity type at an atomic concentration
greater than the second atomic concentration (i.e., the atomic
concentration of dopants of the second conductivity type in
the first semiconductor channel portions 34).

[0089] Generally, leakage current through the base por-
tions 30B of the stepped semiconductor material structures
(23, 33, 34, 36) can be reduced by implanting dopants into
the base portions 30B. Generally, dopants of the first con-
ductivity type, oxygen atoms, or nitrogen atoms in the
spacer material portions 23 can have an atomic concentra-
tion in a range from 1.0x10%/cm> to 1.0x10'/cm?, although
lesser and greater atomic concentrations can also be
employed.

[0090] In case additional dopants of the first conductivity
type are implanted into the spacer material portions 23, the
spacer material portions 23 can include dopants of the first
conductivity type at a third atomic concentration that is
greater than the first atomic concentration. In this case, the
spacer material portion 23 of each stepped semiconductor
material structures (23, 33, 34, 36) can comprise an addi-
tional single crystalline semiconductor material portion in
epitaxial alignment with the first single crystalline semicon-
ductor material portion of the source region 6 and with the
second single crystalline semiconductor material portion of
the first semiconductor channel portion 33 of the stepped
semiconductor material structures (23, 33, 34, 36). Alterna-
tively, the spacer material portions 23 can comprise a
semiconductor oxide, nitride or oxynitride material portion
including oxygen atoms and/or nitrogen atoms at an atomic
concentration greater than the first atomic concentration.

[0091] Referring to FIGS. 8 A-8D, a second gate dielectric
is formed on each sidewall of the second line trenches 51.
The second gate dielectrics are employed to store memory
bits, and are herein referred to as control gate dielectrics (52,
50). FIG. 8C illustrates the first configuration of the first
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exemplary structure, and FIG. 8D illustrates the second
configuration of the first exemplary structure.

[0092] Inone embodiment, at least one second gate dielec-
tric material layer can be formed by a respective conformal
deposition process. The at least one second gate dielectric
material layer can include a non-ferroelectric gate dielectric
material layer and a continuous ferroelectric material layer.
The non-ferroelectric gate dielectric material layer, if pres-
ent, can include any non-ferroelectric gate dielectric mate-
rial such as silicon oxide and/or a dielectric metal oxide. The
thickness of the non-ferroelectric gate dielectric material
layer can be in a range from 3 nm to 60 nm, such as from
6 nm to 30 nm, although lesser and greater thicknesses can
also be employed.

[0093] The continuous ferroelectric material layer
includes a ferroelectric material. As used herein, a “ferro-
electric material” refers to a crystalline material that exhibits
spontaneous electrical polarization in the absence of an
external electric field. The ferroelectric material in the
continuous ferroelectric material layer may be an insulating
ferroelectric material. In one embodiment, the continuous
ferroelectric material layer comprises an orthorhombic
phase hafnium oxide layer including at least one dopant
selected from Al, Zr, and/or Si. Other suitable ferroelectric
materials may also be used, as such as titanate ferroelectric
materials (e.g., barium titanate, lead titanate, lead zirconate
titanate, lead lanthanum zirconate titanate (“PLZT”), etc.).
The continuous ferroelectric material layer can have a
thickness in a range from 3 nm to 60 nm, such as from 6 nm
to 30 nm, although lesser and greater thicknesses can also be
employed. In one embodiment, the continuous ferroelectric
material layer can be deposited by a conformal deposition
process such as chemical vapor deposition (CVD) or atomic
layer deposition (ALD).

[0094] An anisotropic etch process, such as a sidewall
spacer etch process, can be performed to remove horizontal
portions of the continuous ferroelectric material layer. Each
remaining portion of the gate dielectric layer 50 and the
continuous ferroelectric material layer 52 constitutes a con-
trol gate dielectric (52, 50). A pair of ferroelectric material
layers 52 can be formed within each second line trench 51.
Each control gate dielectric (52, 50) comprises the pair of
ferroelectric material layers 52 and a U-shaped gate dielec-
tric layer 50, which is a remaining portion of the non-
ferroelectric gate dielectric material layer.

[0095] The control gate dielectric (52, 50) can be formed
on sidewalls of a pair of vertical semiconductor channels
(33, 34) and on a top surface of a base portion 30B of a
respective stepped semiconductor material structure (23, 33,
34, 36). Sidewalls of the U-shaped gate dielectric layers 50
that contact the second semiconductor channel portions 34
are herein referred to as proximal sidewalls, and sidewalls of
the U-shaped gate dielectric layers 50 that do not contact the
second semiconductor channel portions 34 are herein
referred to as distal sidewalls. Each ferroelectric material
layer 52 contacts a distal sidewall of the vertical portion of
each U-shaped gate dielectric layer 50.

[0096] Inonembodiment, each control gate dielectric (52,
50) can have a second U-shaped vertical cross-sectional
profile, and can include a horizontal control gate dielectric
portion, which is a horizontal portion of a U-shaped gate
dielectric layer 50. The horizontal control gate dielectric
portion can contact a portion of the top surface of the spacer
material portion 23. A first vertical control gate dielectric
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portion of each control gate dielectric (52, 50) can contact
the second semiconductor channel portions 34, and can be
adjoined to a first edge of the horizontal control gate
dielectric portion. A second vertical control gate dielectric
portion of each control gate dielectric (52, 50) can be
adjoined to a second edge of the horizontal control gate
dielectric portion.

[0097] Referring to FIGS. 9A-9D, a conductive gate elec-
trode line can be formed within each second line trench 51
on a respective one of the control gate dielectrics (52, 50).
The conductive gate electrode lines are herein referred to as
word lines 56. In one embodiment, a portion of the word line
in each ferroelectric memory transistor (as will be described
below with respect to FIG. 11A) comprises a control gate
electrode of the ferroelectric memory transistor. Alterna-
tively separate control gate electrodes may be formed for the
ferroelectric memory transistors and electrically connected
to the respective word lines 56. FIG. 9C illustrates the first
configuration of the first exemplary structure, and FIG. 9D
illustrates the second configuration of the first exemplary
structure.

[0098] A control gate electrode material can be deposited
on the control gate dielectrics (52, 50). The control gate
electrode material can include a heavily doped semiconduc-
tor material, an elemental metal, an intermetallic alloy, a
metal silicide, and/or a conductive metallic compound
including at least one metal and at least one non-metallic
element (such as a metal nitride, e.g., TiN). Portions of the
control gate electrode material that overlie the top surfaces
of the drain regions 36 and the select gate cap dielectric rails
60 can be removed by a planarization process. The planar-
ization process can employ a recess etch process and/or a
chemical mechanical polishing process. Further, top sur-
faces of remaining portions of the control gate electrode
material can be vertically recessed below the horizontal
plane including the top surfaces of the drain regions 36 and
the select gate cap dielectric rails 60 by a recess etch.
[0099] Each remaining portion of the control gate elec-
trode material constitutes a word line 56. Each word line 56
can have a top surface located at, or above, the horizontal
plane including the interfaces between the vertical semicon-
ductor channels (33, 34) and the drain regions 36. Each word
line 56 can contact a respective subset of the control gate
dielectrics (52, 50) of a two-dimensional array of ferroelec-
tric memory elements that is located within a second line
trench 51.

[0100] Referring to FIGS. 10A-10D, a first contact-level
dielectric layer 70 can be deposited over the drain regions
36, the select gate cap dielectric rails 60, and the dielectric
isolation structures 22. FIG. 10C illustrates the first con-
figuration of the first exemplary structure, and FIG. 10D
illustrates the second configuration of the first exemplary
structure. The first contact-level dielectric layer 70 is omit-
ted in FIGS. 10C and 10D to illustrate underlying elements.
[0101] The first contact-level dielectric layer 70 includes
an interlayer dielectric material such as undoped silicate
glass, a doped silicate glass, or organosilicate glass. The first
contact-level dielectric layer 70 may include a single dielec-
tric material layer, or may include a plurality of dielectric
material layers that are sequentially formed. The first con-
tact-level dielectric layer 70 may be planarized to provide a
planar top surface.

[0102] First contact via structures (e.g., first drain elec-
trodes) 76 can be formed on a first subset of the drain regions
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36, which is herein referred to as first drain regions 36A. In
one embodiment, each stepped semiconductor material
structures (23, 33, 34, 36) can include a first drain region
36A that is contacted by a first contact via structure 76 and
a second drain region 36B that is not contacted by any first
contact via structure 76.

[0103] First bit lines 78 laterally extending the along first
horizontal direction hdl can be formed by forming line
trenches in an upper portion of the first contact-level dielec-
tric layer 70, and by filling the line trenches with at least one
conductive material such as a metallic material. The first bit
lines 78 can be electrically connected to a respective subset
of the drain regions 36 (each of which is a first drain region
36A) of the two-dimensional array of ferroelectric memory
elements. The lengthwise directions of the select gate elec-
trode lines 46 and the word lines 56 can be parallel to each
other, and can be at a non-zero angle with respect to the first
horizontal direction hdl. The non-zero angle may be 90
degrees as illustrated in FIG. 10C, or may be in a range from
15 degree and 75 degrees as illustrated in FIG. 10D.
[0104] Referring to FIGS. 11A-11D, a second contact-
level dielectric layer 80 can be deposited over the first
contact-level dielectric layer 70 and the first bit lines 78.
FIG. 11C illustrates the first configuration of the first exem-
plary structure, and FIG. 11D illustrates the second configu-
ration of the first exemplary structure. The second contact-
level dielectric layer 80 is omitted in FIGS. 11C and 11D to
illustrate underlying elements.

[0105] The second -contact-level dielectric layer 80
includes an interlayer dielectric material such as undoped
silicate glass, a doped silicate glass, or organosilicate glass.
The second contact-level dielectric layer 80 may include a
single dielectric material layer, or may include a plurality of
dielectric material layers that are sequentially formed. The
second contact-level dielectric layer 80 may be planarized to
provide a planar top surface.

[0106] Second contact via structures (e.g., second drain
electrodes) 86 can be formed on a second subset of the drain
regions 36, which is herein referred to as second drain
regions 36B. In one embodiment, each stepped semiconduc-
tor material structures (23, 33, 34, 36) can include a first
drain region 36A that is contacted by a first contact via
structure 76 and a second drain region 36B that is contacted
by a second contact via structure 86.

[0107] Second bit lines 88 laterally extending the along
first horizontal direction hdl can be formed by forming line
trenches in an upper portion of the second contact-level
dielectric layer 80, and by filling the line trenches with at
least one conductive material such as a metallic material.
The second bit lines 88 can be electrically connected to a
respective subset of the drain regions 36 (each of which is
a second drain region 36B) of the two-dimensional array of
ferroelectric memory elements.

[0108] While the above described method illustrated for-
mation of the first line trenches 41 and the select gate
electrode line 46 before formation of the second line
trenches 51 and the word lines 56, the process steps may be
performed in a different order. For example, the second line
trenches 51 and the word lines 56 may be formed first,
followed by forming the first line trenches 41 and the select
gate electrode line 46.

[0109] As shownin FIGS. 11A and 11C, each memory cell
100 (e.g., 100A or 100B) includes a ferroelectric memory
transistor 102 (e.g., 102A or 102B) and a select gate tran-
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sistor 104 (e.g., 104A or 104B). The seclect gate transistor
104 may also be referred to as a pass gate transistor or access
transistor.

[0110] In one embodiment, a portion of the select gate
electrode line 46 located in the select gate transistor 104
functions as a select gate electrode 46S (i.e., a pass gate
electrode or an access gate electrode) of the select gate
transistor 104. A portion of the word line 56 located in the
ferroelectric memory transistor 102 functions as a control
gate electrode 56C of the ferroelectric memory transistor
102.

[0111] The ferroelectric memory transistor 102 and the
select gate transistor 104 in the same memory cell 100 share
the same vertical semiconductor channel (33, 34) and the
same source region 6 and the same drain region 36. The
ferroelectric memory transistor 102 includes the ferroelec-
tric material layer 52 in addition to the gate dielectric layer
50 made of a non-ferroelectric material between the shared
vertical semiconductor channel (33, 34) and the control gate
electrode 56C. The select gate transistor 104 contains the
gate dielectric layer 50 made of a non-ferroelectric material
and excludes the ferroelectric material layer 52 between the
shared vertical semiconductor channel (33, 34) and the
select gate electrode 46S.

[0112] The select gate electrode 46S has a longer gate
length (i.e., size in the vertical direction in FIG. 11A) than
the control gate electrode 56C in the same memory cell 100.
Thus, the select gate electrode 468 is located adjacent to the
first semiconductor channel portion 33, while the control
gate electrode 56C is not located adjacent to the first
semiconductor channel portion 33. Therefore, the select gate
electrode 468 controls access between the source region 6
and the common vertical semiconductor channel (33, 34) by
activating and deactivating the first semiconductor channel
portion 33, such as during a read operation. In contrast, the
control gate electrode 56C cannot independently activate or
deactivate the first semiconductor channel portion 33 to
permit current to flow between the source region 6 and the
vertical semiconductor channel (33, 34).

[0113] FEach memory cell 100 (e.g., 100A or 100B) of the
first exemplary structure illustrated in FIGS. 11A and 11C
has a size 4F>, where F is a lithographic critical dimension,
i.e., a minimum dimension that can be printed employing a
single lithographic exposure process and a single litho-
graphic development process.

[0114] Referring to FIGS. 12A-12D, a second exemplary
structure according to an embodiment of the present disclo-
sure can be derived from the first exemplary structure of
FIGS. 11A-11D by omitting formation of the first contact via
structures 76 and the first bit lines 78. In this case, the first
drain regions 36A (which are a first subset of the drain
regions 36) are not contacted by any contact via structure,
and the second drain regions 36B (which are a second subset
of the drain regions 36) are contacted by a respective one of
the second contact via structures 86, which are also referred
to as drain contact via structures 86 in this embodiment.
[0115] Each memory cell 100 (e.g., 100A or 100B) of the
second exemplary structure of FIG. 12A has a size 8F?,
where F is a lithographic critical dimension, i.e., a minimum
dimension that can be printed employing a single litho-
graphic exposure process and a single lithographic devel-
opment process.

[0116] FIG. 13A illustrates a circuit schematic for a two-
dimensional array of ferroelectric memory elements con-
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taining the second exemplary structure shown in FIGS.
12A-12D. FIG. 13B illustrates a circuit schematic for a
two-dimensional array of ferroelectric memory elements
containing the first exemplary structure shown in FIGS.
11A-11D. Each ferroelectric memory element (e.g., memory
cell 100) includes a parallel connection of two field effect
transistors. The source region 6 of the two-dimensional array
of ferroelectric memory elements may comprise a continu-
ous doped semiconductor material layer having a doping of
the second conductivity type, and functions as the source
lines SL in the circuit schematic. The bit lines 88 function as
the bit lines BL of the circuit schematic. Each vertical stack
of a first semiconductor channel portion 33 and a second
semiconductor channel portion 34 functions as a channel
(33, 34) of the select gate transistor 104 (e.g., 104A or
104B), which is labeled as “SG” in the circuit diagram. Each
select gate electrode line 46 of the two-dimensional array of
ferroelectric memory elements corresponds to the read line
RL of the circuit schematic. Each second semiconductor
channel portion 34 functions as a channel of a ferroelectric
memory transistor (i.e., ferroelectric memory field effect
transistor) 102 (e.g., 102A or 102B) which is labeled as
“FeFET” in the circuit diagram. Each word line 56 of the
two-dimensional array of ferroelectric memory elements
corresponds to the word line WL of the circuit schematic,
and its portions in each ferroelectric memory transistor 102
(e.g., 102A or 102B) correspond to the control gate electrode
56C of the ferroelectric memory transistor.

[0117] In each memory cell 100 (e.g., 100A or 100B), a
pair of the select gate transistor 104 and the ferroelectric
memory transistor 102 share a common vertical semicon-
ductor channel (e.g., at least the second semiconductor
channel portion 34). Deactivation of the select gate transis-
tor 104 by application of a turn-off gate bias voltage to the
select gate electrode line 46 deactivates the ferroelectric
memory transistor 102 in the same memory cell because
electrical current cannot pass through the first semiconduc-
tor channel portion 33 that underlies the second semicon-
ductor channel portion 34 of the common vertical semicon-
ductor channel (33, 34). The ferroelectric polarization of the
ferroelectric material layer 52 of the ferroelectric memory
transistor 102 can be read only when the turn-on gate bias
voltage applied to the select gate electrode line 46 of the
select gate transistor 104 electrically connects the common
vertical semiconductor channel to the source region 6, and
thus enables the read current to flow between the source
region and the shared the second semiconductor channel
portion 34 of the ferroelectric memory transistor 102. The
turn-on gate bias voltage for the select gate electrode line 46
is selected such that the polarization state of the ferroelectric
material layer 52 determines the amount of the electrical
current that flows through the vertical semiconductor chan-
nel (33, 34) in conjunction with a word line bias voltage
applied to the word line 56 of the ferroelectric memory
transistor 102. A low leakage current and a reduced write,
erase and/or read distrub may be obtained in a two-dimen-
sional array of ferroelectric memory elements by turning off
unselected ferroelectric memory transistors 102 by applying
a turn-off gate bias voltage to all select gate electrode lines
46 that are not selected.

[0118] FIGS. 14A and 14B are tables illustrating exem-
plary voltages that may be used to operate the circuit of FIG.
13A. FIG. 14A illustrates the exemplary voltages that may
be used to operate a single level cell 100 in a negative
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voltage channel potential control scheme (columns 2, 3 and
4) and in a positive voltage channel potential control scheme
(columns 5, 6 and 7). FIG. 14B illustrates the exemplary
voltages that are used to operate a multi-level cell 100 in a
negative voltage channel potential control scheme (columns
2, 3 and 4) and in a positive voltage channel potential control
scheme (columns 5, 6 and 7). The voltages shown are
exemplary and other suitable voltages may be used for
different device dimensions and materials.

[0119] As shown in columns 2, 3 and 4 these tables, for the
negative voltage channel potential control scheme, the
selected word line 56 (i.e., the word line of the selected
memory cell) is set to a high negative voltage for write/
inhibit, to a high positive voltage for erase/inhibit and to OV
or a low positive/negative voltage for read/inhibit. The
unselected word lines 56 are set to a lower negative voltage
for write/inhibit, a lower positive voltage for erase/inhibit,
and to OV for read/inhibit. The selected read lines RL (i.e.,
select gate electrode line 46 of the selected memory cell) is
set to OV for write and erase and to V_,, and OV for
read/inhibit, respectively. Thus, the select gate transistor 104
bottom portion (i.e., the first semiconductor channel portion
33) is off during write, erase and read inhibit, and on during
read. The bit lines BL. (88) are set to 0V/low negative voltage
for write/inhibit, to OV/low positive voltage for erase/inhibit,
and to V , for read/inhibit. The source line SL (6) is set to
0V for write, erase and read. The operating units are per page
of the device.

[0120] As shown in columns 5, 6 and 7 these tables, for the
positive voltage channel potential control scheme, the
selected word line 56 (i.e., the word line of the selected
memory cell) is set to a high positive voltage for write/
inhibit, to OV for erase/inhibit and to OV or a low positive/
negative voltage for read/inhibit. The unselected word lines
56 are set to a lower positive voltage for write/inhibit, a
lower positive voltage for erase/inhibit, and to OV for
read/inhibit. The selected read lines RL (i.e., select gate
electrode line 46 of the selected memory cell) is set to OV for
write and erase and to V ; and OV for read/inhibit, respec-
tively. Thus, the select gate transistor 104 bottom portion
(i.e., the first semiconductor channel portion 33) is off during
write, erase and read inhibit, and on during read. The bit
lines BL (88) are set to 0V/low positive voltage for write/
inhibit, to a high positive voltage/OV for erase/inhibit, and to
V ,; for read/inhibit. The source line SL (6) is set to 0V/low
positive voltage for write/inhibit, to high positive voltage/
0V for erase/inhibit and to OV read/inhibit. The operating
units are per page of the device.

[0121] Referring to all drawings and according to various
embodiments of the present disclosure, a memory cell 100
includes a ferroelectric memory transistor 102, and a select
gate transistor 104 which shares a common semiconductor
channel (33, 34), a common source region 6 and a common
drain region 36 with the ferroelectric memory transistor 102.
The select gate transistor 104 controls access between the
common source region 6 and the common semiconductor
channel (33, 34).

[0122] In one embodiment, the common semiconductor
channel (33, 34) comprises a vertical semiconductor channel
comprising a vertical stack of a first semiconductor channel
portion 33 that is located on the common source region 6 and
a second semiconductor channel portion 34 that overlies the
first semiconductor channel portion 33. The ferroelectric
memory transistor 102 comprises a control gate electrode
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56C and a control gate dielectric (50, 52) comprising a
ferroelectric material layer 52 located between the vertical
semiconductor channel (33, 34) and the control gate elec-
trode 56C. The select gate transistor 104 comprises a select
gate electrode 46S and a select gate dielectric 40 located
between the select gate electrode 46S and the vertical
semiconductor channel (33, 34).

[0123] In one embodiment, the control gate dielectric (50,
52) further comprises a gate dielectric layer 50 made of a
non-ferroelectric material. The select gate dielectric 40 is
made of a non-ferroelectric material and preferably excludes
a ferroelectric material. The select gate electrode 46S has a
longer gate length than the control gate electrode 56C in a
direction between the common source region 6 and the
common drain region 36. The select gate electrode 468 is
located adjacent to the first semiconductor channel portion
33, while the control gate electrode 56C is not located
adjacent to the first semiconductor channel portion 33. The
select gate electrode 46S controls access between the com-
mon source region 6 and the vertical semiconductor channel
(33, 34) by activating and deactivating the first semicon-
ductor channel portion 33.

[0124] In one embodiment, the select gate dielectric 40 is
located on a first side of the vertical semiconductor channel
(33, 34) and contacts a top surface of the common source
region 6. The control gate dielectric (50, 52) is located on a
second side of the vertical semiconductor channel (33, 34)
and is spaced from the top surface of the common source
region by a spacer material portion 23. The common drain
region 36 is located on a top end of the vertical semicon-
ductor channel (33, 34).

[0125] In one embodiment, the source region 6 comprises
a first single crystalline semiconductor material portion. The
first semiconductor channel portion 33 comprises a second
single crystalline semiconductor material portion in epi-
taxial alignment with the first single crystalline semicon-
ductor material portion. The second semiconductor channel
portion 34 comprises a third single crystalline semiconduc-
tor material portion in epitaxial alignment with the second
single crystalline semiconductor material portion.

[0126] In one embodiment, the first semiconductor chan-
nel portion 33 comprises electrical dopants of a first con-
ductivity type at a first atomic concentration; and the second
semiconductor channel portion 34 comprises electrical dop-
ants of the first conductivity type at a second atomic con-
centration that is less than the first atomic concentration.
[0127] In one embodiment, the spacer material portion 23
comprises an additional single crystalline semiconductor
material portion in epitaxial alignment with the first single
crystalline semiconductor material portion and the second
single crystalline semiconductor material portion and
includes dopants of the first conductivity type at a third
atomic concentration that is greater than the second d atomic
concentration.

[0128] In one embodiment, the spacer material portion 23
comprises a semiconductor material doped with oxygen
atoms and/or nitrogen atoms at an atomic concentration
greater than the first atomic concentration. For example,
spacer material portion 23 may comprise silicon oxide,
silicon nitride or silicon oxynitride.

[0129] In one embodiment, the source region 6 comprises
electrical dopants of a second conductivity type that is the
opposite of the first conductivity type at an atomic concen-
tration greater than the first atomic concentration. The drain
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region 36 comprises electrical dopants of the second con-
ductivity type at an atomic concentration greater than the
first atomic concentration.
[0130] In one embodiment, the control gate dielectric (52,
50) comprises a U-shaped gate dielectric layer 50 including
a non-ferroelectric material, a proximal sidewall of a vertical
portion of the U-shaped gate dielectric layer 50 contacts the
vertical semiconductor channel (33, 34), and the ferroelec-
tric material layer 52 contacts a distal sidewall of the vertical
portion of the U-shaped gate dielectric layer 50.
[0131] In one embodiment, the select gate electrode 46S
comprises a portion of a select gate electrode line 46, and the
control gate electrode 56C comprises a portion of word line
56. A bit line 88 is electrically connected to the common
drain region 36 by the source electrode 86.
[0132] In one embodiment, a method of reading the
memory cell 100 comprises applying a read voltage (e.g.,
V 2 to the bit line 88 and to the select gate electrode line
(i.e., read line) 46 while applying zero volts to the word line
56 and the common source region 6. Current flows between
the common source region 6 and the vertical semiconductor
channel (33, 34) while the read voltage is applied to the bit
line 88 and to the select gate electrode line 46 to read a
polarization state (e.g., orientation of the dipole moment) of
the ferroelectric material layer 52.
[0133] Although the foregoing refers to particular pre-
ferred 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. Compatibility is pre-
sumed among all embodiments that are not alternatives of
one another. The word “comprise” or “include” contem-
plates all embodiments in which the word “consist essen-
tially of” or the word “consists of” replaces the word
“comprise” or “include,” unless explicitly stated otherwise.
Where an embodiment using 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.
What is claimed is:
1. A memory cell, comprising:
a ferroelectric memory transistor; and
a select gate transistor which shares a common semicon-
ductor channel, a common source region and a com-
mon drain region with the ferroelectric memory tran-
sistor, wherein the select gate transistor controls access
between the common source region and the common
semiconductor channel.
2. The memory cell of claim 1, wherein:
the common semiconductor channel comprises a vertical
semiconductor channel comprising a vertical stack of a
first semiconductor channel portion that is located on
the common source region and a second semiconductor
channel portion that overlies the first semiconductor
channel portion;
the ferroelectric memory transistor comprises a control
gate electrode and a control gate dielectric comprising
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a ferroelectric material layer located between the ver-
tical semiconductor channel and the control gate elec-
trode; and

the select gate transistor comprises a select gate electrode

and a select gate dielectric located between the select
gate electrode and the vertical semiconductor channel.

3. The memory cell of claim 2, wherein:

the control gate dielectric further comprises a gate dielec-

tric layer made of a non-ferroelectric material;

the select gate dielectric is made of a non-ferroelectric

material and excludes a ferroelectric material;

the select gate electrode has a longer gate length than the

control gate electrode in a direction between the com-
mon source region and the common drain region;

the select gate electrode is located adjacent to the first

semiconductor channel portion, while the control gate
electrode is not located adjacent to the first semicon-
ductor channel portion; and

the select gate electrode controls access between the

common source region and the vertical semiconductor
channel by activating and deactivating the first semi-
conductor channel portion.

4. The memory cell of claim 2, wherein:

the select gate dielectric is located on a first side of the

vertical semiconductor channel and contacts a top
surface of the common source region;

the control gate dielectric is located on a second side of

the vertical semiconductor channel and is spaced from
the top surface of the common source region by a
spacer material portion;

the common drain region located on a top end of the

vertical semiconductor channel.

the common source region comprises a first single crys-

talline semiconductor material portion;

the first semiconductor channel portion comprises a sec-

ond single crystalline semiconductor material portion
in epitaxial alignment with the first single crystalline
semiconductor material portion; and

the second semiconductor channel portion comprises a

third single crystalline semiconductor material portion
in epitaxial alignment with the second single crystalline
semiconductor material portion.

5. The memory cell of claim 4, wherein:

the first semiconductor channel portion comprises elec-

trical dopants of a first conductivity type at a first
atomic concentration; and

the second semiconductor channel portion comprises

electrical dopants of the first conductivity type at a
second atomic concentration that is less than the first
atomic concentration.

6. The memory cell of claim 5, wherein the spacer
material portion comprises an additional single crystalline
semiconductor material portion in epitaxial alignment with
the first single crystalline semiconductor material portion
and the second single crystalline semiconductor material
portion and including dopants of the first conductivity type
at a third atomic concentration that is greater than the second
atomic concentration.

7. The memory cell of claim 5, wherein the spacer
material portion comprises silicon oxide, silicon nitride or
silicon oxynitride.

8. The memory cell of claim 5, wherein:

the source region comprises electrical dopants of a second

conductivity type that is the opposite of the first con-
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ductivity type at an atomic concentration greater than
the first atomic concentration; and

the drain region comprises electrical dopants of the sec-

ond conductivity type at an atomic concentration
greater than the first atomic concentration.

9. The memory cell of claim 2, wherein:

the control gate dielectric comprises a U-shaped gate

dielectric layer including a non-ferroelectric material;

a proximal sidewall of a vertical portion of the U-shaped

gate dielectric layer contacts the vertical semiconductor
channel; and

the ferroelectric material layer contacts a distal sidewall

of the vertical portion of the U-shaped gate dielectric
layer.

10. The memory cell of claim 2, wherein:

the select gate electrode comprises a portion of a select

gate electrode line; and

the control gate electrode comprises a portion of word

line.

11. The memory cell of claim 10, further comprising a bit
line electrically connected to the common drain region.

12. A method of reading the memory cell of claim 11,
comprising applying a read voltage to the bit line and to the
select gate electrode line while applying zero volts to the
word line and the common source region.

13. The method of claim 12, wherein current flows
between the common source region and the vertical semi-
conductor channel while the read voltage is applied to the bit
line and to the select gate electrode line to read a polarization
state of the ferroelectric material layer.

14. A method of forming at least one ferroelectric memory
element, comprising:

forming a source region in a substrate;

forming a stepped semiconductor material structure com-

prising a fin portion having a first height and a base
portion having a second height over a first region of a
top surface of the source region;

forming a vertical semiconductor channel comprising a

vertical stack of a first semiconductor channel portion
and a second semiconductor channel portion that over-
lies the first semiconductor channel portion in the fin
portion of the stepped semiconductor material struc-
ture;

forming a select gate dielectric on one side of the vertical

semiconductor channel and on a second region of the
top surface of the source region;

forming a control gate dielectric comprising a ferroelec-

tric material layer on another side of the vertical
semiconductor channel on a top surface of the base
portion of the stepped semiconductor material struc-
ture; and

forming a drain region on a top end of the vertical

semiconductor channel.

15. The method of claim 14, further comprising:

conformally depositing a select gate dielectric material

layer in the first line trenches;

depositing a select gate electrode material over the select

gate dielectric material layer; and

patterning the select gate electrode material and the select

gate dielectric material layer, wherein a remaining
portion of the select gate dielectric material layer in one
of the first line trenches constitutes the select gate
dielectric, and a remaining portion of the select gate
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electrode material that overlies the select gate dielectric
constitutes a select gate electrode.

16. The method of claim 15, further comprising:

depositing and anisotropically etching a ferroelectric
material, wherein a pair of ferroelectric material layers
is formed within each of the at least one second line;
and

depositing a control gate electrode material on the ferro-
electric material layers; the

patterning the control gate electrode material, wherein a
remaining portion of the control gate electrode material
constitutes a control gate electrode.

17. The method of claim 14, wherein:

the stepped semiconductor material structure is formed by
patterning semiconductor material portions with line
trenches having vertical sidewalls;

the line trenches comprise first line trenches having a first
depth that is the same as the first height and at least one
second line trench having a second depth that is less
than the first height; and

the stepped semiconductor material structure comprises a
pair of outer sidewalls having the first height and a pair
of inner sidewalls having a height that is less than the
first height and located between the pair of outer
sidewalls, wherein one of the at least one second line
trench is formed between the pair of inner sidewalls.
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18. The method of claim 17, wherein:

the substrate comprises a single crystalline semiconductor

material;

the first semiconductor channel portion has a doping of a

first conductivity type; and

the source region is formed by introducing dopants of a

second conductivity type that is the opposite of the first
conductivity type into a portion of the substrate.

19. The method of claim 17, wherein:

the at least one ferroelectric memory element comprises a

two-dimensional array of ferroelectric memory ele-
ments;

the method comprises forming dielectric isolation rails

that laterally extend along a horizontal direction and
laterally spaced apart along another horizontal direc-
tion;

the first line trenches divide each of the dielectric isolation

rails into a two-dimensional array of discrete dielectric
isolation structures; and

the second line trenches form a groove within each of the

discrete dielectric isolation structures.

20. The method of claim 14, further comprising implant-
ing dopants into the base portion, wherein the dopants are
selected from electrical dopants of a first conductivity type,
oxygen atoms, and nitrogen atoms.
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