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(57) ABSTRACT

Structures and formation methods of a semiconductor device
structure are provided. The semiconductor device structure
includes a source structure at least partially in a semicon-
ductor substrate. The semiconductor device structure also
includes a channel structure over the semiconductor sub-
strate. The source structure is partially covered by the
channel structure. The semiconductor device structure fur-
ther includes a drain structure covering the channel struc-
ture. The drain structure and the source structure have
different conductivity types. A portion of the channel struc-
ture is sandwiched between the source structure and the
drain structure. In addition, the semiconductor device struc-
ture includes a gate stack partially covering the channel
structure.
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STRUCTURE AND FORMATION METHOD
OF SEMICONDUCTOR DEVICE
STRUCTURE

BACKGROUND

[0001] The semiconductor integrated circuit (IC) industry
has experienced rapid growth. Technological advances in IC
materials and design have produced generations of ICs.
Each generation has smaller and more complex circuits than
the previous generation.

[0002] In the course of IC evolution, functional density
(i.e., the number of interconnected devices per chip area) has
generally increased while geometric size (i.e., the smallest
component (or line) that can be created using a fabrication
process) has decreased. This scaling-down process generally
provides benefits by increasing production efficiency and
lowering associated costs.

[0003] However, these advances have increased the com-
plexity of processing and manufacturing ICs. Since feature
sizes continue to decrease, fabrication processes continue to
become more difficult to perform. Therefore, it is a challenge
to form reliable semiconductor devices at smaller and
smaller sizes.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Aspects of the present disclosure are best under-
stood from the following detailed description when read
with the accompanying figures. It should be noted that, in
accordance with the standard practice in the industry, vari-
ous features are not drawn to scale. In fact, the dimensions
of the various features may be arbitrarily increased or
reduced for clarity of discussion.

[0005] FIGS. 1A-1F are cross-sectional views of various
stages of a process for forming a semiconductor device
structure, in accordance with some embodiments.

[0006] FIGS. 2A-2B are cross-sectional views of various
stages of a process for forming a semiconductor device
structure, in accordance with some embodiments.

[0007] FIGS. 3A-3G are cross-sectional views of various
stages of a process for forming a semiconductor device
structure, in accordance with some embodiments.

[0008] FIG. 4A is a perspective view of a semiconductor
device structure, in accordance with some embodiments.
[0009] FIGS. 4B-4C are cross-sectional views of a semi-
conductor device structure, in accordance with some
embodiments.

[0010] FIG. 5 is a perspective view of a semiconductor
device structure, in accordance with some embodiments.

DETAILED DESCRIPTION

[0011] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the subject matter provided. Specific examples of
components and arrangements are described below to sim-
plify the present disclosure. These are, of course, merely
examples and are not intended to be limiting. For example,
the formation of a first feature over or on a second feature
in the description that follows may include embodiments in
which the first and second features are formed in direct
contact, and may also include embodiments in which addi-
tional features may be formed between the first and second
features, such that the first and second features may not be
in direct contact. In addition, the present disclosure may
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repeat reference numerals and/or letters in the various
examples. This repetition is for the purpose of simplicity and
clarity and does not in itself dictate a relationship between
the various embodiments and/or configurations discussed.

[0012] Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as illustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device in
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

[0013] Some embodiments of the disclosure are described.
FIGS. 1A-1G are cross-sectional views of various stages of
a process for forming a semiconductor device structure, in
accordance with some embodiments. Additional operations
can be provided before, during, and/or after the stages
described in FIGS. 1A-1G. Some of the stages that are
described can be replaced or eliminated for different
embodiments. Additional features can be added to the semi-
conductor device structure. Some of the features described
below can be replaced or eliminated for different embodi-
ments.

[0014] As shown in FIG. 1A, a semiconductor substrate
100 is provided. In some embodiments, the semiconductor
substrate 100 is a bulk semiconductor substrate, such as a
semiconductor wafer. For example, the semiconductor sub-
strate 100 is a silicon wafer. The semiconductor substrate
100 may include silicon or another elementary semiconduc-
tor material such as germanium. In some other embodi-
ments, the semiconductor substrate 100 includes a com-
pound semiconductor. The compound semiconductor may
include silicon germanium, gallium arsenide, silicon car-
bide, indium arsenide, indium phosphide, another suitable
compound semiconductor, or a combination thereof.

[0015] Insome embodiments, the semiconductor substrate
100 includes a semiconductor-on-insulator (SOI) substrate.
The SOI substrate may be fabricated by using a wafer
bonding process, a silicon film transfer process, a separation
by implantation of oxygen (SIMOX) process, another appli-
cable method, or a combination thereof.

[0016] As shown in FIG. 1A, isolation features 110 are
formed in the semiconductor substrate 100, in accordance
with some embodiments. The isolation features 110 are used
to define active regions and electrically isolate various
device elements formed in and/or over the semiconductor
substrate 100 in the active regions. In some embodiments,
the isolation features 110 include shallow trench isolation
(STI) features, local oxidation of silicon (LOCOS) features,
other suitable isolation features, or a combination thereof.

[0017] In some embodiments, each of the isolation fea-
tures 110 has a multi-layer structure. In some embodiments,
the isolation features 110 are made of a dielectric material.
The dielectric material may include silicon oxide, silicon
nitride, silicon oxynitride, fluoride-doped silicate glass
(FSG), low-K dielectric material, another suitable material,
or a combination thereof. In some embodiments, an STI
liner (not shown) is formed to reduce crystalline defects at
the interface between the semiconductor substrate 100 and
the isolation features 110.

2 <
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[0018] In some embodiments, multiple recesses (or
trenches) are formed in the semiconductor substrate 100. In
some embodiments, one or more photolithography and
etching processes are used to form the recesses. Afterwards,
a dielectric material layer is deposited over the semiconduc-
tor substrate 100. The dielectric material layer fills the
recesses. In some embodiments, the dielectric material layer
is deposited using a chemical vapor deposition (CVD)
process, a spin-on process, another applicable process, or a
combination thereof. In some embodiments, a planarization
process is performed to thin down the dielectric material
layer until the top surface of the semiconductor substrate
100 is exposed. The planarization process may include a
chemical mechanical polishing (CMP) process, a grinding
process, an etching process, another applicable process, or a
combination thereof.

[0019] As shown in FIG. 1A, a source structure 120 is
formed in the semiconductor substrate 100, in accordance
with some embodiments. In some embodiments, the source
structure 120 adjoins one or some of the isolation features
110. In some other embodiments, the source structure 120 is
not in direct contact with the isolation features 110.

[0020] In some embodiments, the source structure 120 is
doped with one or more N-type or P-type dopants. For
example, the semiconductor substrate 100 includes silicon
and the source structure 120 is doped with phosphorus (P),
arsenic (As), or another suitable dopant. Alternatively, the
semiconductor substrate 100 includes silicon germanium
and the source structure 120 is doped with boron (B) or
another suitable dopant. In some embodiments, the concen-
tration of the dopant in the source structure 120 is in a range
from about 10'° atoms/cm® to about 10?' atoms/cm”.

[0021] In some embodiments, one or multiple implanta-
tion processes are performed over the semiconductor sub-
strate 100 so as to form the source structure 120. In some
embodiments, an implantation mask (not shown) is used to
ensure that dopants are implanted into a region where the
source structure 120 is designed to form. In some embodi-
ments, after the implantation process(es), a thermal opera-
tion is performed to activate the dopants so as to form the
source structure 120. For example, a rapid thermal annealing
process is performed.

[0022] Embodiments of the disclosure are not limited
thereto. In some other embodiments, the source structure
120 includes epitaxial structures. In some embodiments, the
source structure 120 includes a P-type or N-type semicon-
ductor material. For example, the source structure 120 may
include epitaxially grown silicon, silicon-germanium
(SiGe), epitaxially grown phosphorous-doped silicon (SiP),
boron-doped silicon germanium (SiGeB) or another suitable
epitaxially grown semiconductor material.

[0023] In some embodiments, the semiconductor substrate
100 is partially removed to form a recess positioned at a
location where the source structure 120 will be formed. In
some embodiments, one or more photolithography and
etching processes are used to form the recess. Afterwards, a
semiconductor material (or two or more semiconductor
materials) is epitaxially grown in the recess so as to form the
source structure 120. In some embodiments, the lower
portion of the source structure 120 is in the semiconductor
substrate 100, and the upper portion of the source structure
120 protrudes from the top surface of the semiconductor
substrate 100.
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[0024] In some embodiments, the source structure 120 is
formed using a selective epitaxy growth (SEG) process, a
CVD process (e.g., a vapor-phase epitaxy (VPE) process, a
low pressure CVD (LPCVD) process, and/or an ultra-high
vacuum CVD (UHV-CVD) process), a molecular beam
epitaxy process, deposition of doped amorphous semicon-
ductor (e.g. Si, Ge or SiGe) followed by a solid-phase
epitaxial recrystallization (SPER) step, another applicable
process, or a combination thereof. The formation process of
the source structure 120 may use gaseous and/or liquid
precursors.

[0025] In some embodiments, the source structure 120 is
doped in-situ during the growth of the source structure 120.
In some other embodiments, the source structure 120 is not
doped during the growth of the source structure 120. After
the epitaxial growth, the source structure 120 is doped in a
subsequent process. In some embodiments, the doping is
achieved using an ion implantation process, a plasma
immersion ion implantation process, a gas and/or solid
source diffusion process, another applicable process, or a
combination thereof. In some embodiments, the source
structure 120 is further exposed to annealing processes to
activate the dopants. For example, a rapid thermal annealing
process is performed.

[0026] As shown in FIG. 1B, a channel structure 130 is
formed over the semiconductor substrate 100, in accordance
with some embodiments. In some embodiments, the channel
structure 130 partially covers the source structure 120. In
some embodiments, the channel structure 130 has a portion
vertically overlapping the source structure 120. In some
embodiments, the portion of the channel structure 130 is in
direct contact with the source structure 120. In some
embodiments, the portion of the channel structure 130
overlapping the source structure 120 has a width W in a
range from about 5 nm to about 30 nm.

[0027] As shown in FIG. 1B, a corner 125 is created
between the channel structure 130 and the source structure
120, in accordance with some embodiments. In some
embodiments, a sidewall 130S of the channel structure 130
is substantially perpendicular to a top surface 120S of the
source structure 120. In some other embodiments, the side-
wall 130S is inclined to the top surface 120S.

[0028] Insome embodiments, an angle 6 of the corner 125
between the sidewall 130S and the top surface 120S is in a
range from about 90 degrees to about 145 degrees. In some
other embodiments, the angle 6 is in a range from about 30
degrees to about 90 degrees. In some embodiments of
forming N-type tunneling field-effect transistors (TFETs),
the angle 0 is in a range from about 30 degrees to about 145
degrees. On the other hand, in some embodiments of form-
ing P-type TFETs, the angle 6 is in a range from about 30
degrees to about 125 degrees.

[0029] In some embodiments, a patterned mask layer (not
shown) is formed over the semiconductor substrate 100. The
patterned mask layer is used to assist in the formation of the
channel structure 130. The patterned mask layer has an
opening exposing a portion of the semiconductor substrate
100 and the source structure 120 at a location where the
channel structure 130 will be formed. The profile of the
opening in the patterned mask layer can be fine-tuned to
adjust the profile of the subsequently formed channel struc-
ture 130 and the angle 6 of the resulted corner 125. In some
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embodiments, the patterned mask layer is made of silicon
oxide, silicon nitride, another suitable material, or a com-
bination thereof.

[0030] For example, a material layer (mask layer) is
deposited over the semiconductor substrate 100. Afterwards,
a photoresist layer is deposited over the material layer and
is patterned by one or more photolithography processes. The
patterned photoresist is used as an etching mask to pattern
the material layer. Afterwards, one or more etching pro-
cesses are used to transfer the pattern of the patterned
photoresist to the material layer. As a result, the patterned
mask layer is formed. The patterned photoresist is subse-
quently removed. In some other embodiments, a patterned
photoresist layer is used directly as the patterned mask layer.

[0031] Afterwards, a semiconductor material (or two or
more semiconductor materials) is deposited over the semi-
conductor substrate 100. The deposition of the semiconduc-
tor material is selective due to the patterned mask layer. The
semiconductor material is deposited over the semiconductor
substrate 100 and the source structure 120 exposed by the
opening of the patterned mask layer. As a result, the channel
structure 130 is formed. In some embodiments, the depos-
ited semiconductor material is lower than the top surface of
the patterned mask layer. In some other embodiments, the
deposition of the semiconductor material is performed until
the semiconductor material is substantially level with, or
higher than, the top surface of the patterned mask layer.

[0032] For example, the semiconductor material may
include epitaxially grown silicon, epitaxially grown silicon-
germanium, or another suitable epitaxially grown semicon-
ductor material. In some embodiments, the channel structure
130 and the source structure 120 include or are made of
different materials. For example, the channel structure 130
includes germanium and the source structure 120 includes
silicon. In some other embodiments, the channel structure
130 and the source structure 120 include or are made of the
same material. For example, the channel structure 130 and
the source structure 120 include silicon germanium. In some
embodiments, the semiconductor material is deposited using
a SEG process, a CVD process (e.g., a vapor-phase epitaxy
(VPE) process, a low pressure CVD (LPCVD) process,
and/or an ultra-high vacuum CVD (UHV-CVD) process), a
molecular beam epitaxy process, another applicable process,
or a combination thereof.

[0033] As shown in FIG. 1B, a drain structure 140 is
formed over the semiconductor substrate 100, in accordance
with some embodiments. In some embodiments, the drain
structure 140 is vertically stacked over the channel structure
130 and the source structure 120. In some embodiments, a
bottom surface of the drain structure 140 is over the top
surface 120S of the source structure 120. In some embodi-
ments, the drain structure 140 covers the channel structure
130. In some embodiments, the drain structure 140 is in
direct contact with the channel structure 130. In some
embodiments, the channel structure 130 has a portion sand-
wiched between the drain structure 140 and the source
structure 120. The portion of the channel structure 130
serves as a channel region of transistors. In some embodi-
ments, the channel region of transistors is vertical with
respect to the top surface 120S of the source structure 120.
In some other embodiments, the channel region of transis-
tors is inclined to the top surface 120S of the source structure
120.
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[0034] In some embodiments, the drain structure 140 and
the channel structure 130 have the same size. In some other
embodiments, the drain structure 140 and the channel struc-
ture 130 have different sizes. For example, the drain struc-
ture 140 may be narrower than the channel structure 130 and
a portion of the underlying channel structure 130 may not be
covered by the drain structure 140.

[0035] Insome embodiments, the patterned mask layer for
forming the channel structure 130 is also used to assist in the
formation of the drain structure 140. In some embodiments,
a semiconductor material (or two or more semiconductor
materials) is selectively deposited over the channel structure
130 due to the patterned mask layer. The semiconductor
material is deposited over the channel structure 130 exposed
by the opening of the patterned mask layer. As a result, the
drain structure 140 is formed. The deposition of the semi-
conductor material may be performed until the semiconduc-
tor material is substantially level with, or higher than, the top
surface of the patterned mask layer. The patterned mask
layer is subsequently removed. Embodiments of the disclo-
sure are not limited thereto. In some other embodiments,
different patterned mask layers are used to sequentially
assist in the formations of the channel structure 130 and the
drain structure 140.

[0036] The profile of the opening in the patterned mask
layer can be fine-tuned to adjust the profile of the subse-
quently formed drain structure 140. In some embodiments,
a sidewall of the drain structure 140 is substantially perpen-
dicular to the top surface 120S of the source structure 120.
In some other embodiments, a sidewall of the drain structure
140 is inclined to the top surface 120S.

[0037] In some embodiments, the drain structure 140
includes epitaxially grown silicon, epitaxially grown silicon-
germanium, epitaxially grown phosphorous-doped silicon,
boron-doped silicon germanium or another suitable epitaxi-
ally grown semiconductor material. In some embodiments,
the drain structure 140 and the source structure 120 include
or are made of different materials. In some other embodi-
ments, the drain structure 140 and the source structure 120
include or are made of the same material. In some embodi-
ments, the drain structure 140 and the channel structure 130
include or are made of the same material. In some other
embodiments, the drain structure 140 and the channel struc-
ture 130 include or are made of different materials.

[0038] In accordance with some embodiments, the drain
structure 140 and the source structure 120 include or are
made of the same material that is different from the material
of the channel structure 130. Hetero-P-I-N junction creates
a bandgap mismatch. As a result, band-to-band tunneling
probability is increased. Therefore, driving or tunneling
current (I,,)) of TFETs is significantly enhanced.

[0039] In some embodiments, the drain structure 140 is
formed using a SEG process, a CVD process (e.g., a VPE
process, a LPCVD process, and/or an UHV-CVD process),
a molecular beam epitaxy process, deposition of doped
amorphous semiconductor (e.g. Si, Ge or SiGe) followed by
a SPER step, another applicable process, or a combination
thereof. The formation process of the drain structure 140
may use gaseous and/or liquid precursors.

[0040] In some embodiments, the drain structure 140 is
doped with one or more N-type or P-type dopants. For
example, the drain structure 140 is doped with P, As, Sb, or
another suitable dopant. Alternatively, the drain structure
140 is doped with B or another suitable dopant. In some
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embodiments, the concentration of the dopant in the drain
structure 140 is in a range from about 10'° atoms/cm? to
about 10*' atoms/cm®. In some embodiments, multiple
implantation processes are performed to dope the drain
structure 140.

[0041] In some embodiments, the dopants in the drain
structure 140 and the source structure 120 are different
types. In some embodiments, the drain structure 140 is
doped with P-type dopants while the source structure 120 is
doped with N-type dopants. Therefore, one or more P-type
TFETs will be fabricated. In some other embodiments, the
drain structure 140 is doped with N-type dopants while the
source structure 120 is doped with P-type dopants. There-
fore, one or more N-type TFETs will be fabricated.

[0042] In some embodiments, the drain structure 140 is
doped in-situ during the growth of the drain structure 140.
In some other embodiments, the drain structure 140 is not
doped during the growth of the drain structure 140. After the
epitaxial growth, the drain structure 140 is doped in a
subsequent process. In some embodiments, the doping is
achieved using an ion implantation process, a plasma
immersion ion implantation process, a gas and/or solid
source diffusion process, another applicable process, or a
combination thereof. In some embodiments, the drain struc-
ture 140 is further exposed to annealing processes to activate
the dopants. For example, a rapid thermal annealing process
is performed.

[0043] Many variations and modifications can be made to
embodiments of the disclosure. In some other embodiments,
the epitaxial growth of the channel structure 130 and the
drain structure 140 is performed in the same stage. In some
embodiments, a semiconductor material (or two or more
semiconductor materials) is deposited over the semiconduc-
tor substrate 100. Afterwards, the upper portion of the
semiconductor material is doped with suitable dopants. As a
result, the upper portion of the semiconductor material
forms the drain structure 140, and the lower portion of the
semiconductor material forms the channel structure 130.

[0044] As shown in FIG. 1C, a gate stack 150 is formed
over the semiconductor substrate 100, in accordance with
some embodiments. The gate stack 150 partially covers the
channel structure 130 and the source structure 120. In some
embodiments, a bottom surface of the gate stack 150 is
below a top surface of the channel structure 130. In some
embodiments, a portion of the gate stack 150 fills the corner
125 between the channel structure 130 and the source
structure 120. In some embodiments, a sidewall 1508 of the
gate stack 150 is substantially perpendicular to the top
surface 120S of the source structure 120. In some other
embodiments, the sidewall 150S is inclined to the top
surface 120S.

[0045] In some embodiments, the gate stack 150 extends
further over the drain structure 140. In some embodiments,
the upper portion 150A of the gate stack 150 is wider than
the lower portion 150B of the gate stack 150. In some
embodiments, a sidewall of the upper portion 150A of the
gate stack 150 is not coplanar with the sidewall 150S of the
lower portion 150B of the gate stack 150.

[0046] In some embodiments, the gate stack 150 includes
a gate dielectric layer 160, a gate electrode 170 over the gate
dielectric layer 160, and a hard mask 180 over the gate
electrode 170. The gate dielectric layer 160 may serve as an
etch stop layer during subsequent etching processes.
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[0047] Insome embodiments, the gate dielectric layer 160
is made of silicon oxide, silicon nitride, silicon oxynitride,
dielectric material with high dielectric constant (high-K),
another suitable dielectric material, or a combination
thereof. In some embodiments, the gate dielectric layer 160
is a dummy gate dielectric layer which will be removed in
a subsequent gate replacement process. The dummy gate
dielectric layer 160 is, for example, a silicon oxide layer. In
some embodiments, the gate dielectric layer 160 is confor-
mally deposited over the source structure 120, the channel
structure 130 and the drain structure 140. The gate dielectric
layer 160 may be deposited using a CVD process, an atomic
layer deposition (ALD) process, a PVD process, a spin-on
process, another applicable process, or a combination
thereof.

[0048] In some embodiments, the gate electrode 170
includes polysilicon, a metal material, another suitable con-
ductive material, or a combination thereof. In some embodi-
ments, the gate electrode 170 is a dummy gate electrode and
will be replaced with another conductive material, such as
one or more metal materials. The dummy gate electrode 170
is made of, for example, polysilicon.

[0049] In some embodiments, the hard mask 180 may
serve as an etching mask during the formation of the gate
electrode 170. The hard mask 180 may also protect the gate
electrode 170 during subsequent processes. In some embodi-
ments, the hard mask 180 is made of silicon nitride, silicon
oxynitride, silicon carbide, silicon oxide, silicon carbon
nitride, another suitable material, or a combination thereof.
In some embodiments, the hard mask 180 has a multi-layer
structure. Many variations and modifications can be made to
embodiments of the disclosure. In some other embodiments,
the hard mask 180 is not formed.

[0050] In some embodiments, a gate electrode layer and
one or more hard mask layers are deposited over the gate
dielectric layer 160. In some embodiments, the gate elec-
trode layer and the hard mask layer are sequentially depos-
ited by using suitable deposition methods. The suitable
deposition methods may include a chemical vapor deposi-
tion process, an atomic layer deposition process, a thermal
oxidation process, a physical vapor deposition process,
another applicable process, or a combination thereof. After-
wards, a photolithography process and an etching process
are performed to pattern the hard mask layer so as to form
the hard mask 180.

[0051] With the assistance of the hard mask 180, the gate
electrode layer is patterned. As a result, the gate electrode
170 is formed. During the etching process for forming the
gate electrode 170, the gate dielectric layer 160 may serve
as an etch stop layer to protect the source structure 120, the
channel structure 130 and the drain structure 140. After-
wards, the portions of the gate dielectric layer 160 that are
not covered by the gate electrode 170 are removed using, for
example, another etching process. As a result, the gate
dielectric layer 160 is patterned, and the gate stack 150 is
formed, as shown in FIG. 1C.

[0052] Embodiments of the disclosure are not limited
thereto. In some other embodiments, the gate stack 150 is
not a dummy gate stack and will not be removed. In some
embodiments, the gate stack 150 further includes an inter-
facial layer (IL) below the gate dielectric layer 160. The
interfacial layer may be used to form a high-quality interface
with a low-density of defects and create a barrier against
interfacial reactions and/or diffusion between a dielectric
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material and a semiconductor material. In some embodi-
ments, the interfacial layer is made of silicon oxide. In some
embodiments, the interfacial layer is formed using an ALD
process, a thermal oxidation process, another applicable
process, or a combination thereof. In some other embodi-
ments, the gate stack 150 does not include the interfacial
layer. In some embodiments, the gate dielectric layer 160 is
in direct contact with the source structure 120, the channel
structure 130 and the drain structure 140.

[0053] As shown in FIG. 1C, spacer elements 190A and
190B are formed over sidewalls of the gate stack 150, in
accordance with some embodiments. In some embodiments,
the spacer element 190A covers the sidewalls of the upper
portion 150A and the lower portion 150B of the gate stack
150. In some embodiments, the spacer element 190B covers
another sidewall of the upper portion 150A of the gate stack
150. In some embodiments, the sidewall 150S of the lower
portion 150B of the gate stack 150 is not covered by the
spacer elements 190A and 190B. In some embodiments, the
spacer elements 190A and 190B have different heights. For
example, the spacer elements 190A are taller than the spacer
elements 190B.

[0054] In some embodiments, the spacer element 190A
covers the source structure 120. In some embodiments, the
lower portion 150B of the gate stack 150 is sandwiched
between the spacer elements 190A and the channel structure
130. In some embodiments, the spacer element 190B covers
the drain structure 140. In some embodiments, the spacer
elements 190B vertically overlap the channel structure 130.
In some embodiments, a portion of the drain structure 140
is sandwiched between the spacer element 190B and the
channel structure 130.

[0055] In some embodiments, the spacer elements 190A
and 190B are made of silicon nitride, silicon oxynitride,
silicon carbide, another suitable material, or a combination
thereof. In some embodiments, a spacer layer is deposited
over the semiconductor substrate 100. The spacer layer may
be deposited using a CVD process, a PVD process, a spin-on
process, another applicable process, or a combination
thereof. Afterwards, an etching process, such as an aniso-
tropic etching process, is performed to partially remove the
spacer layer. As a result, the remaining portions of the spacer
layer over the sidewalls of the gate stack 150 form the spacer
elements 190A and 190B.

[0056] As shown in FIG. 1D, a dielectric layer 200 is
deposited over the semiconductor substrate 100, in accor-
dance with some embodiments. The dielectric layer 200
serves as an interlayer dielectric layer. In some embodi-
ments, the dielectric layer 200 is made of silicon oxide,
silicon oxynitride, borosilicate glass (BSG), phosphosilicate
glass (PSG), borophosphosilicate glass (BPSG), fluorinated
silicate glass (FSG), low-K material, porous dielectric mate-
rial, another suitable dielectric material, or a combination
thereof.

[0057] In some embodiments, the dielectric layer 200 is
deposited using a CVD process, a spin-on process, an ALD
process, a PVD process, another applicable process, or a
combination thereof. In some embodiments, the dielectric
layer 200 covers and surrounds the channel structure 130,
the drain structure 140, the gate stack 150, and the spacer
elements 190A and 190B. Afterwards, the dielectric layer
200 is thinned down until the gate electrode 170 is exposed.
In some embodiments, a planarization process is performed
to thin down the dielectric layer 200. The planarization
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process may include a CMP process, a grinding process, an
etching process, another applicable process, or a combina-
tion thereof. In some embodiments, the hard mask 180 and
the upper portions of the spacer elements 190A and 190B are
removed during the planarization process.

[0058] As shown in FIG. 1D, the dummy gate stack 150 is
removed, in accordance with some embodiments. As a
result, a trench 210 is formed over the semiconductor
substrate 100. In some embodiments, the trench 210 exposes
a portion of the source structure 120, the channel structure
130 and the drain structure 140 that was previously covered
by the gate dielectric layer 160 and gate electrode 170. In
some embodiments, the trench 210 exposes the corner 125
between the channel structure 130 and the source structure
120. In some embodiments, the dummy gate stack 150 is
removed using a wet etching process, a dry etching process,
another applicable process, or a combination thereof.
[0059] As shown in FIG. 1E, a gate stack 220 is formed in
the trench 210, in accordance with some embodiments. In
some embodiments, the upper portion 220' of the gate stack
220 is wider than the lower portion 220" of the gate stack
220. In some embodiments, a sidewall of the upper portion
220" is not coplanar with a sidewall of the lower portion
220". In some embodiments, the gate stack 220 includes an
interfacial layer 230, a gate dielectric layer 240, and a metal
gate stack structure.

[0060] As shown in FIG. 1E, the interfacial layer 230 is
deposited over the sidewalls and the bottoms of the trench
210, in accordance with some embodiments. In some
embodiments, the interfacial layer 230 is made of silicon
oxide. In some embodiments, the interfacial layer 230 is
made of germanium oxide. In some other embodiments, the
interfacial layer 230 is made of silicon germanium oxide or
another suitable material. In some embodiments, the inter-
facial layer 230 is formed using an ALD process, a thermal
oxidation process, another applicable process, or a combi-
nation thereof. In some other embodiments, the gate stack
220 does not include the interfacial layer 230. In some
embodiments, the gate dielectric layer 240 is in direct
contact with the source structure 120, the channel structure
130 and the drain structure 140.

[0061] As shown in FIG. 1E, the gate dielectric layer 240
is deposited over the interfacial layer 230, in accordance
with some embodiments. In some embodiments, the gate
dielectric layer 240 conformally extends over the sidewalls
and the bottoms of the trench 210. In some embodiments, the
gate dielectric layer 240 is a high-K dielectric layer. The
high-K dielectric layer may be made of hafhium oxide,
zirconium oxide, aluminum oxide, silicon oxynitride, hat-
nium dioxide-alumina alloy, hafnium silicon oxide, hatnium
silicon oxynitride, hafnium tantalum oxide, hafnium tita-
nium oxide, hafnium zirconium oxide, another suitable
high-K material, or a combination thereof.

[0062] Insome embodiments, the gate dielectric layer 240
is deposited using an ALD process, a CVD process, a
spin-on process, another applicable process, or a combina-
tion thereof. In some embodiments, a high-temperature
annealing operation is performed to reduce or eliminate
defects in the gate dielectric layer 240.

[0063] The metal gate stack structure is deposited over the
gate dielectric layer 240. In some embodiments, the metal
gate stack structure includes multiple metal gate stacking
layers. In some embodiments, the metal gate stacking layers
include a barrier layer 250, a work function layer 260, a
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blocking layer 270, and a metal filling layer 280. Some of
these metal gate stacking layers can be replaced or elimi-
nated for different embodiments. Additional layers can be
added into the metal gate stack structure.

[0064] As shown in FIG. 1E, the barrier layer 250 is
deposited over the gate dielectric layer 240, in accordance
with some embodiments. The barrier layer 250 may be used
to allow the gate dielectric layer 240 to interface with the
subsequently formed work function layer 260. The barrier
layer 250 may also be used to prevent diffusion between the
gate dielectric layer 240 and the subsequently formed work
function layer 260. In some embodiments, the barrier layer
250 conformally extends over the sidewalls and the bottoms
of the trench 210.

[0065] In some embodiments, the barrier layer 250 is
made of a metal-containing material. The metallic material
may include titanium nitride, tantalum nitride, another suit-
able material, or a combination thereof. In some embodi-
ments, the barrier layer 250 includes multiple layers. In
some embodiments, the barrier layer 250 is deposited using
an ALD process, a PVD process, an electroplating process,
an electroless plating process, a CVD process, another
applicable process, or a combination thereof. In some other
embodiments, the barrier layer 250 is not formed.

[0066] As shown in FIG. 1E, the work function layer 260
is formed over the barrier layer 250, in accordance with
some embodiments. The work function layer 260 is used to
provide the desired work function for transistors to enhance
device performance including improved threshold voltage.
In some embodiments, the work function layer 260 confor-
mally extends over the sidewalls and the bottoms of the
trench 210.

[0067] Insome embodiments of forming an N-type TFET,
the work function layer 260 can be an N-type metal layer.
The N-type metal layer may include metal, metal carbide,
metal nitride, or a combination thereof. For example, the
N-type metal layer includes titanium nitride, tantalum, tan-
talum nitride, another suitable material, or a combination
thereof.

[0068] On the other hand, in some embodiments of form-
ing a P-type TFET, the work function layer 260 can be a
P-type metal layer. The P-type metal layer may include
metal, metal carbide, metal nitride, other suitable materials,
or a combination thereof. For example, the P-type metal
includes tantalum nitride, tungsten nitride, titanium, tita-
nium nitride, other suitable materials, or a combination
thereof.

[0069] The work function layer 260 may also be made of
hafnium, zirconium, titanium, tantalum, aluminum, metal
carbides (e.g., hafnium carbide, zirconium carbide, titanium
carbide, aluminum carbide), metal nitrides, ruthenium, pal-
ladium, platinum, cobalt, nickel, conductive metal oxides, or
a combinations thereof. The thickness and/or the composi-
tion of the work function layer 260 may be fine-tuned to
adjust the work function level. For example, a titanium
nitride layer may be used as a P-type metal layer or an
N-type metal layer, depending on the thickness and/or the
composition of the titanium nitride layer.

[0070] As shown in FIG. 1E, the blocking layer 270 is
deposited over the work function layer 260, in accordance
with some embodiments. The blocking layer 270 may be
used to prevent the subsequently formed metal filling layer
280 from diffusing or penetrating into the work function
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layer 260. In some embodiments, the blocking layer 270
conformally extends over the sidewalls and the bottom of
the trench 210.

[0071] In some embodiments, the blocking layer 270 is
made of tantalum nitride, titanium nitride, another suitable
material, or a combination thereof. In some embodiments,
the blocking layer 270 is deposited using an ALD process,
a PVD process, an electroplating process, an electroless
plating process, another applicable process, or a combina-
tion thereof. In some other embodiments, the blocking layer
270 is not formed.

[0072] As shown in FIG. 1E, the metal filling layer 280 is
deposited over the blocking layer 270 to fill the trench 210,
in accordance with some embodiments. In some embodi-
ments, the metal filling layer 280 is made of tungsten,
aluminum, copper, cobalt, another suitable material, or a
combination thereof. In some embodiments, the metal filling
layer 280 is deposited using a PVD process, a CVD process,
an electroplating process, an electroless plating process,
another applicable process, or a combination thereof. In
some other embodiments, the metal filling layer 280 is not
formed.

[0073] Insomeembodiments, the interfacial layer 230, the
gate dielectric layer 240 and the metal gate stacking layers
together fill the trench 210. In some embodiments, the
portions of the interfacial layer 230, the gate dielectric layer
240 and the metal gate stacking layers outside of the trench
210 cover the dielectric layer 200. Afterwards, the portions
of the interfacial layer 230, the gate dielectric layer 240 and
the metal gate stacking layers outside of the trench 210 are
removed. As a result, the metal gate stacking layers remain-
ing in the trench 210 together form the metal gate stack
structure. The interfacial layer 230, the gate dielectric layer
240 and the metal gate stack structure remaining in the
trench 210 together form the gate stack 220. For example, a
planarization process is used to partially remove the inter-
facial layer 230, the gate dielectric layer 240 and the metal
gate stacking layers outside of the trench 210. The planariza-
tion process may include a CMP process, a grinding process,
an etching process, another applicable process, or a combi-
nation thereof.

[0074] Inaccordance with some embodiments, conductive
contacts are formed to electrically connect to conductive
features in or over the semiconductor substrate 100. As
shown in FIG. 1F, conductive contacts 290A and 290B are
formed to be respectively electrically connected to the drain
structure 140 and the source structure 120, in accordance
with some embodiments. Since the source structure 120 is
formed in the semiconductor substrate 100 and the drain
structure 140 is formed over the semiconductor substrate
100, the conductive contacts 290A and 290B have different
heights, in accordance with some embodiments. In some
embodiments, the conductive contact 290A is shorter than
the conductive contact 290B. In some embodiments, a
portion of the drain structure 140 is sandwiched between the
conductive contact 290A and the channel structure 130.
[0075] In some embodiments, the dielectric layer 200 is
patterned to form contact openings that expose the conduc-
tive features such as the source structure 120 and the drain
structure 140. Afterwards, a conductive material layer is
deposited over the dielectric layer 200 to fill the contact
openings. A planarization process is subsequently used to
remove the portions of the conductive material layer outside
of the contact openings. As a result, the remaining portions
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of'the conductive material layer in the contact openings form
the conductive contacts 290A and 290B.

[0076] In some embodiments, the conductive material
layer is made of tungsten, aluminum, copper, gold, platinum,
titanium, another suitable material, or a combination thereof.
In some embodiments, the conductive material layer is
deposited using a CVD process, a PVD process, an electro-
plating process, an electroless plating process, another appli-
cable process, or a combination thereof.

[0077] As shown in FIG. 1F, a dielectric layer 300 and
conductive contacts 310 are formed over the dielectric layer
200, in accordance with some embodiments. The conductive
contacts 310 are in the dielectric layer 300. In some embodi-
ments, the conductive contacts 310 are electrically con-
nected to the gate stack 220 and the conductive contacts
290A and 290B.

[0078] In some embodiments, one of the conductive con-
tacts 310 connected to the gate stack 220 overlaps the source
structure 120. In some embodiments, one of the conductive
contacts 310 connected to the gate stack 220 overlap the
drain structure 140. The materials and/or formation methods
of the dielectric layer 300 and the conductive contacts 310
are respectively similar to those of the dielectric layer 200
and the conductive contacts 290A and 290B, and therefore
are not repeated.

[0079] According to some embodiments of the disclosure,
one or more corners are built between the channel structure
and the source structure and filled with the gate stack. As a
result, electric field of TFETs is enhanced, and the improved
electric field distribution is broader and extends into the
channel structure. A region of the channel structure where
tunneling probability is higher can overlap or align to a
region of the channel structure where electric field is greater.
When high tunneling probability and high electric field
occur at substantially the same location in the channel
structure, tunneling rate or efficiency is enhanced. Therefore,
1,,, of TFETs is significantly increased and sub-threshold
swing (S.S.) value of TFETs is lowered even further.

[0080] In accordance with some embodiments, as the
angle 0 of the corner becomes larger, the electric field
distribution extending into the channel structure is broad-
ened. As a result, it is much easier to achieve overlap
between a region of the channel structure with higher
tunneling probability and a region of the channel structure
with better electric field. Accordingly, I, becomes greater
and S. S. value becomes smaller as the angle 6 of the corner
enlarges. For example, I, of TFETs with an angle 6 of about
90 degrees may be greater than that of TFETs with an angle
0 of about 45 degrees, and may be less than that of TFETs
with an angle 6 of about 145 degrees.

[0081] In some embodiments of forming N-type TFETs,
the angle 0 is controlled to be in a range from about 30
degrees to about 145 degrees. On the other hand, in some
embodiments of forming P-type TFETs, the angle 0 is
controlled to be in a range from about 30 degrees to about
125 degrees. In some cases, the angle 6 should be substan-
tially equal to or greater than about 30 degrees, such as the
angle 0 is substantially equal to or greater than about 45
degrees. If the angle 0 is less than about 30 degrees, the
electric field distribution barely expands into the channel
structure. As a result, it may be difficult for a region with
higher tunneling probability to overlap or align to a region
with better electric field. However, embodiments of the
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disclosure are not limited thereto. In some other cases, the
angle 6 may be less than about 30 degrees.

[0082] In some cases of forming N-type TFETs, the angle
0 should be substantially equal to or less than about 145
degrees. On the other hand, in some cases of forming P-type
TFETs, the angle 6 should be substantially equal to or less
than about 125 degrees. Otherwise, the electric field distri-
bution spreading into the channel structure is diluted and
therefore the tunneling efficiency may be hardly enhanced.
However, embodiments of the disclosure are not limited
thereto. In some other cases of forming N-type TFETs, the
angle 6 may be greater than about 145 degrees. In some
other cases of forming P-type TFETs, the angle 6 may be
greater than about 125 degrees.

[0083] Many variations and/or modifications can be made
to embodiments of the disclosure. For example, additional
operations can be provided after the stage described in FIG.
1B and before the stage described in FIG. 1C. FIGS. 2A-2B
are cross-sectional views of various stages of a process for
forming a semiconductor device structure, in accordance
with some embodiments. In some embodiments, the process
for forming the semiconductor device structure shown in
FIGS. 1A-1F can also be applied in the embodiments
illustrated in FIGS. 2A-2B. The materials and/or formation
methods of the semiconductor device structure are illus-
trated in the embodiments mentioned above, and are not
repeated.

[0084] In accordance with some embodiments, a semicon-
ductor device structure that shown in FIG. 1B is provided.
Subsequently, the profile of the channel structure 130 is
tuned. As shown in FIG. 2A, the sidewall 130S of the
channel structure 130 becomes inclined to the top surface
1208 of the source structure 120. As a result, the angle 0
between the sidewall 130S and the top surface 120S is
varied. For example, the angle 6 can be increased to improve
1,,, of TFETs.

[0085] In some embodiments, a sidewall portion of the
channel structure 130 adjacent to the source structure 120 is
partially removed so as to change the profile of the channel
structure 130 and modity the angle 8. In some embodiments,
an etching process is performed to partially remove the
channel structure 130. In some embodiments, the etching
process includes a wet etching process, a dry etching pro-
cess, another applicable process, or a combination thereof.
The conditions of the etching process are fine-tuned to tilt
the sidewall of the channel structure 130. As a result, the
channel structure 130 has a tilted sidewall 130S adjacent to
the source structure 120. In some other embodiments, side-
wall portions of the channel structure 130 and the drain
structure 140 adjacent to the source structure 120 are par-
tially removed. As a result, each of the channel structure 130
and the drain structure 140 has a tilted sidewall adjacent to
the source structure 120.

[0086] In some embodiments, the channel structure 130
with the tilted sidewall 130S has a portion sandwiched
between the drain structure 140 and the source structure 120.
The portion of the channel structure 130 serves as a channel
region of transistors. In some embodiments, the channel
region of transistors is inclined to the top surface 120S of the
source structure 120.

[0087] Afterwards, the processes for forming the semi-
conductor device structure shown in FIGS. 1C-1F are per-
formed over the semiconductor device structure shown in
FIG. 2A. As a result, the semiconductor device structure
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with gate stack 220 having a tilted sidewall 220S shown in
FIG. 2B is fabricated. In some embodiments, the sidewall
220S is inclined to the top surface 120S of the source
structure 120, and adjoins the channel structure 130 and the
drain structure 140.

[0088] Embodiments of the disclosure can be applied to
not only a semiconductor device structure with P-type or
N-type TFETs but also a semiconductor device structure
with complementary TFETs (CTFETs). FIGS. 3A-3G are
cross-sectional views of various stages of a process for
forming a semiconductor device structure, in accordance
with some embodiments. Additional operations can be pro-
vided before, during, and/or after the stages described in
FIGS. 3A-3G. Some of the stages that are described can be
replaced or eliminated for different embodiments. In some
embodiments, the materials and/or formation methods of a
semiconductor device structure with CTFETs are similar to
those of the described semiconductor device structure with
P-type or N-type TFETs, and are not repeated.

[0089] As shown in FIG. 3A, a semiconductor device
structure similar to that shown in FIG. 1A is provided. The
semiconductor substrate 100 is divided into multiple regions
including regions 100A and 100B. In some embodiments,
P-type TFETs are configured to be formed in the region
100A, and N-type TFETs are configured to be formed in the
region 100B. In some other embodiments, N-type TFETs are
configured to be formed in the region 100A, and P-type
TFETs are configured to be formed in the region 100B.
[0090] Like the embodiments illustrated in FIG. 1A, a
source structure 120A is formed in the semiconductor sub-
strate 100 in the region 100A, as shown in FIG. 3A in
accordance with some embodiments. In some embodiments,
the source structure 120A is doped with one or more N-type
or P-type dopants. In some embodiments, an implantation
mask (not shown) is used to ensure that the semiconductor
substrate 100 in the region 100A is doped to form the source
structure 120 while the semiconductor substrate 100 in the
region 100B is not doped. For example, the implantation
mask has an opening exposing a portion of the region 100A
without exposing the region 100B.

[0091] As shown in FIG. 3B, as with the embodiments
illustrated in FIG. 1B, a channel structure 130A is formed
over the semiconductor substrate 100 in the region 100A, in
accordance with some embodiments. In some embodiments,
a corner 125 with an angle O, is created between the channel
structure 130A and the source structure 120A.

[0092] As shown in FIG. 3B, a semiconductor material
layer 320 is formed over the semiconductor substrate 100 in
the region 100B, in accordance with some embodiments. In
some embodiments, the semiconductor material layer 320
includes silicon or another elementary semiconductor mate-
rial such as germanium. In some other embodiments, the
semiconductor material layer 320 includes a compound
semiconductor. The compound semiconductor may include
silicon germanium, gallium arsenide, silicon carbide, indium
arsenide, indium phosphide, another suitable compound
semiconductor, or a combination thereof.

[0093] In some embodiments, the semiconductor material
layer 320 and the semiconductor substrate 100 include or are
made of different materials. For example, the semiconductor
material layer 320 includes silicon germanium and the
semiconductor substrate 100 includes silicon. In some
embodiments, the semiconductor material layer 320 and the
channel structure 130A include or are made of the same
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material. In some other embodiments, the semiconductor
material layer 320 and the channel structure 130A include or
are made of different materials.

[0094] In some embodiments, a patterned mask layer is
formed over the semiconductor substrate 100 to assist in the
formation of the semiconductor material layer 320. The
patterned mask layer has an opening exposing a portion of
the semiconductor substrate 100 in the region 100B. In some
embodiments, the patterned mask layer is made of silicon
oxide, silicon nitride, another suitable material, or a com-
bination thereof.

[0095] Afterwards, one or more semiconductor materials
are selectively deposited over the semiconductor substrate
100 in the region 100B. As a result, the semiconductor
material layer 320 is formed in the region 100B. The
patterned mask layer is subsequently removed. In some
embodiments, the semiconductor material is deposited using
a SEG process, a CVD process (e.g., a VPE process, a
LPCVD process, and/or an UHV-CVD process), a molecular
beam epitaxy process, another applicable process, or a
combination thereof. In some embodiments, the semicon-
ductor material layer 320 and the channel structure 130A are
formed in the same stage. For example, the same patterned
mask layer is used to assist in the formations of the semi-
conductor material layer 320 and the channel structure
130A. In some other embodiments, the semiconductor mate-
rial layer 320 and the channel structure 130A are formed in
different stages. For example, different patterned mask lay-
ers are used to separately assist in the formations of the
channel structure 130 and the drain structure 140.

[0096] As shown in FIG. 3B, as with the embodiments
illustrated in FIG. 1B, a drain structure 140A is formed over
the channel structure 130A in the region 100A, in accor-
dance with some embodiments. In some embodiments, the
drain structure 140A is doped with one or more N-type or
P-type dopants. In some embodiments, the dopants in the
drain structure 140A and the source structure 120A are
different types. In some embodiments, the drain structure
140A is formed after the formation of the semiconductor
material layer 320. In some other embodiments, the drain
structure 140A is formed before the formation of the semi-
conductor material layer 320.

[0097] As shown in FIG. 3C, a source structure 120B is
formed in the semiconductor material layer 320 in the region
100B, in accordance with some embodiments. In some
embodiments, the source structure 120B is doped with one
or more N-type or P-type dopants. In some embodiments,
the dopants in the source structure 120A and 120B are
different types.

[0098] In some embodiments, one or multiple implanta-
tion processes are performed over the semiconductor mate-
rial layer 320 so as to form the source structure 120B. In
some embodiments, an implantation mask is used to ensure
that the semiconductor material layer 320 in the region 100B
is doped to form the source structure 120B while the
structure in the region 100A is not doped. For example, the
implantation mask has an opening exposing a portion of the
region 100B without exposing the region 100A. In some
embodiments, the source structure 120B is formed after the
formation of the drain structure 140A. In some other
embodiments, the source structure 120B is formed before
the formation of the drain structure 140A. The materials
and/or formation methods of the source structure 120B are
the same as or similar to those of the source structure 120.
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[0099] As shown in FIG. 3D, a channel structure 130B is
formed over the semiconductor material layer 320 in the
region 100B, in accordance with some embodiments. In
some embodiments, a corner 125 with an angle 0 is created
between the channel structure 130B and the source structure
120B. In some embodiments, the angle 0 in the region
100B and the angle 0, in the region 100A are the same. In
some embodiments, the angle 85 in the region 100B and the
angle 0, in the region 100A are different.

[0100] In some embodiments, the channel structures 130A
and 130B include or are made of different materials suitable
for the P-type TFET and the N-type TFET. For example, the
channel structure 130A includes silicon germanium and the
channel structure 130B includes silicon. In some other
embodiments, the channel structures 130A and 130B include
or are made of the same material. The materials and/or
formation methods of the channel structure 130B are the
same as or similar to those of the channel structure 130.
[0101] As shown in FIG. 3D, a drain structure 140B is
formed over the channel structure 130B in the region 100B,
in accordance with some embodiments. In some embodi-
ments, the drain structure 140B is doped with one or more
N-type or P-type dopants. In some embodiments, the dop-
ants in the drain structure 140B and the source structure
120B are different types. In some embodiments, the dopants
in the drain structure 140B and the drain structure 140A are
different types.

[0102] In some embodiments, the drain structures 140A
and 140B include or are made of different materials suitable
for the P-type TFET and the N-type TFET. For example, the
drain structure 140A includes silicon germanium and the
drain structure 140B includes silicon. In some other embodi-
ments, the drain structures 140A and 140B include the same
material. The materials and/or formation methods of the
drain structure 140B are the same as or similar to those of
the drain structure 140.

[0103] As shown in FIG. 3E, as with the embodiments
illustrated in FIG. 1C, gate stacks 150 are formed and fill the
corner 125 with the angle 0, in the region 100A and the
corner 125 with the angle 6 in the region 100B, in accor-
dance with some embodiments. In some embodiments, the
gate stacks 150 in the regions 100A and 100B have different
heights. For example, the gate stack 150 in the region 100A
is taller than the gate stack 150 in the region 100B. In some
other embodiments, the gate stacks 150 in the regions 100A
and 100B have the same height. In some embodiments, the
gate stacks 150 in the regions 100A and 100B are formed in
the same stage. In some other embodiments, the gate stacks
150 in the regions 100A and 100B are formed in different
stages.

[0104] Afterwards, as with the embodiments illustrated in
FIG. 1C, spacer elements 190A and 190B are formed over
sidewalls of the gate stacks 150, as shown in FIG. 3E in
accordance with some embodiments. In some embodiments,
the spacer elements 190A in the regions 100A and 100B
have different heights. In some other embodiments, the
spacer elements 190A in the regions 100A and 100B have
the same height. In some embodiments, the spacer elements
190B in the regions 100A and 100B have different heights.
In some other embodiments, the spacer elements 190B in the
regions 100A and 100B have the same height.

[0105] Like the embodiments illustrated in FIG. 1D, a
dielectric layer 200 is deposited over the semiconductor
substrate 100 in the regions 100A and 100B, as shown in
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FIG. 3F in accordance with some embodiments. Afterwards,
as with the embodiments illustrated in FIG. 1E, the gate
stacks 150 in the regions 100A and 100B may be respec-
tively replaced with gate stacks 220A and 220B. In some
embodiments, the thickness and/or the composition of the
work function layers of the gate stacks 220A and 220B are
separately fine-tuned to adjust the work function level
suitable for the P-type TFET and the N-type TFET. For
example, the work function layers of the gate stacks 220A
and 220B may be metal layers with different types and may
be formed in different stages.

[0106] Like the embodiments illustrated in FIG. 1F, con-
ductive contacts 290A and 290B are formed in the dielectric
layer 200 in the regions 100A and 100B, as shown in FIG.
3G in accordance with some embodiments. In some embodi-
ments, the conductive contacts 290A and 290B are respec-
tively electrically connected to the drain structures 140A and
140B and the source structures 120A and 120B. In some
embodiments, the conductive contacts 290A in the regions
100A and 100B have different heights. In some other
embodiments, the conductive contacts 290A in the regions
100A and 100B have the same height. In some embodi-
ments, the conductive contacts 290B in the regions 100A
and 100B have different heights. In some other embodi-
ments, the conductive contacts 290B in the regions 100A
and 100B have the same height.

[0107] Afterwards, as with the embodiments illustrated in
FIG. 1F, a dielectric layer 300 and conductive contacts 310
are formed over the dielectric layer 200 in the regions 100A
and 100B, as shown in FIG. 3G in accordance with some
embodiments.

[0108] Many variations and/or modifications can be made
to embodiments of the disclosure. For example, the semi-
conductor device structure is not limited to include single
gate. In some other embodiments, the semiconductor device
structure includes multiple gates, such as tri-gates. In some
embodiments, the materials and/or formation methods of a
semiconductor device structure with multiple gate TFETs
are similar to those of the described semiconductor device
structure, and are not repeated.

[0109] FIG. 4A is a perspective view of a semiconductor
device structure, in accordance with some embodiments.
FIGS. 4B-4C are cross-sectional views of a semiconductor
device structure, in accordance with some embodiments.
FIGS. 4B and 4C show a portion of the semiconductor
device structure taken along lines I-I' and II-II' in FIG. 4A,
respectively. Only the semiconductor substrate 100, the
source structure 120, the channel structure 130, the drain
structure 140, and the gate stack 220 are shown in FIGS.
4A-4C for a better understanding of the structure.

[0110] As shown in FIG. 4A, the channel structure 130
and the gate stack 220 cover the source structure 120 in the
semiconductor substrate 100, in accordance with some
embodiments. In some embodiments, the gate stack 220
adjoins multiple sidewalls of the channel structure 130 over
the source structure 120. For example, the gate stack 220
adjoins three sidewalls of the channel structure 130. As a
result, a portion of the gate stack 220 fills three corners 125
between the three sidewalls of the channel structure 130 and
the top surface of the source structure 120. In some other
embodiments, the gate stack 220 adjoins two or more than
three sidewalls of the channel structure 130.

[0111] As shown in FIG. 4A, the drain structure 140
covers the channel structure 130, in accordance with some
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embodiments. In some embodiments, the gate stack 220
adjoins multiple sidewalls of the drain structure 140 over the
channel structure 130. For example, the gate stack 220
adjoins three sidewalls of the drain structure 140. In some
other embodiments, the gate stack 220 adjoins two or more
than three sidewalls of the drain structure 140.

[0112] As shown in FIGS. 4A and 4B, one corner 125 is
formed between a top surface 120S of the source structure
120 and a sidewall 1308, of the channel structure 130, in
accordance with some embodiments. A portion of the gate
stack 220 fills the corner 125 between the sidewall 130S,
and the top surface 120S. The corner 125 between the
sidewall 130S, and the top surface 120S has an angle 6,.
[0113] As shown in FIGS. 4A and 4C, two corners 125'
and 125" are formed between the top surface 120S and
sidewalls 130S, and 130S; connecting the sidewall 130S |, in
accordance with some embodiments. The gate stack 220
further fills the corners 125' and 125" between the top
surface 1208 and the sidewalls 130S, and 130S. The corner
125' between the sidewall 130S, and the top surface 120S
has an angle 0,. The corner 125" between the sidewall 130S,
and the top surface 1208 has an angle 6. In some embodi-
ments, the angles 0,, 6, and 0, are the same. In some
embodiments, one of the angles 0,, 0, and 05 is different
from the others. In some other embodiments, the angles 6,
0, and 0, are different from one another.

[0114] According to some embodiments of the disclosure,
the gate stack adjoins multiple sidewalls of the channel
structure. The channel region of the TFET is broadened. As
a result, I, is further enhanced. Therefore, the device
performance of the TFET is greatly improved.

[0115] Many variations and/or modifications can be made
to embodiments of the disclosure. For example, the semi-
conductor device structure may include nanowires. FIG. 5 is
a perspective view of a semiconductor device structure, in
accordance with some embodiments. In some embodiments,
the materials and/or formation methods of a semiconductor
device structure with nanowires are similar to those of the
described semiconductor device structure, and are not
repeated. Only the semiconductor substrate 100, the source
structure 120, the channel structure 130, the drain structure
140, and the gate stack 220 are shown in FIG. 5 for a better
understanding of the structure.

[0116] As shown in FIG. 5, the source structure 120 in the
semiconductor substrate 100 surrounds a portion 100" of the
semiconductor substrate 100, in accordance with some
embodiments. The channel structure 130 covers the portion
100" and a portion of the source structure 120. The drain
structure 140 covers the channel structure 130, and a portion
of the channel structure 130 is sandwiched between the drain
structure 140 and the source structure 120. The portion of the
channel structure 130 serves as a channel region of a
transistor.

[0117] As shown in FIG. 5, a portion of the gate stack 220
fills a corner 125 between the channel structure 130 and the
source structure 120, in accordance with some embodi-
ments. In some embodiments, the gate stack 220 is confor-
mally deposited over the source structure 120, the channel
structure 130 and the drain structure 140. In some embodi-
ments, the gate stack 220 continuously surrounds the chan-
nel structure 130. In some embodiments, the gate stack 220
continuously surrounds the drain structure 140. In some
embodiments, the gate stack 220 extends further over the
drain structure 140.
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[0118] According to some embodiments of the disclosure,
the channel structure is enclosed by the gate stack. The area
of the channel region is increased. As a result of the
expanded tunneling region, I , is enhanced even further.

[0119] Embodiments of the disclosure form a semicon-
ductor device structure with a TFET. The TFET includes a
channel structure and a drain structure that are raised over a
source structure. A corner is built between the channel
structure and the source structure and is filled with a gate
stack. As a result, electric field of TFETs is enhanced, and
the improved electric field distribution is broader and
extends into the channel structure. When high tunneling
probability and high electric field occur at substantially the
same region in the channel structure, tunneling efficiency is
enhanced. Therefore, 1 ,, of TFETs is significantly increased
and the performance of the semiconductor device structure
is greatly improved.

[0120] In accordance with some embodiments, a semicon-
ductor device structure is provided. The semiconductor
device structure includes a source structure at least partially
in a semiconductor substrate. The semiconductor device
structure also includes a channel structure over the semi-
conductor substrate. The source structure is partially cov-
ered by the channel structure. The semiconductor device
structure further includes a drain structure covering the
channel structure. The drain structure and the source struc-
ture have different conductivity types. A portion of the
channel structure is sandwiched between the source struc-
ture and the drain structure. In addition, the semiconductor
device structure includes a gate stack partially covering the
channel structure.

[0121] In accordance with some embodiments, a semicon-
ductor device structure is provided. The semiconductor
device structure includes a gate stack over a semiconductor
substrate. The semiconductor device structure also includes
a channel structure over the semiconductor substrate and
adjoining a sidewall of the gate stack. The semiconductor
device structure further includes a source structure at least
partially in the semiconductor substrate and overlapping the
gate stack and the channel structure. In addition, the semi-
conductor device structure includes a drain structure cover-
ing the channel structure. The drain structure and the source
structure have different conductivity types.

[0122] In accordance with some embodiments, a method
for forming a semiconductor device structure is provided.
The method includes forming a source structure in or over
a semiconductor substrate. The method also includes form-
ing a channel structure over the semiconductor substrate so
that a corner is created between the channel structure and the
source structure. The method further includes forming a
drain structure covering the channel structure. In addition,
the method includes forming a gate stack on a portion of the
channel structure. A portion of the gate stack is in the corner.

[0123] The foregoing outlines features of several embodi-
ments so that those skilled in the art may better understand
the aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled in the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
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make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

1. A semiconductor device structure, comprising:

a source structure at least partially in a semiconductor
substrate;

a channel structure over the semiconductor substrate,
wherein the source structure is partially covered by the
channel structure so that there is a corner between the
channel structure and the source structure;

a drain structure covering the channel structure, wherein
the drain structure and the source structure have dif-
ferent conductivity types, and wherein a portion of the
channel structure is sandwiched between the source
structure and a bottom surface of the drain structure;
and

a gate stack partially covering the channel structure,
wherein the gate stack fills the corner and extends from
the corner further over a top surface of the drain
structure.

2. The semiconductor device structure as claimed in claim

1, wherein a sidewall of the portion of the channel structure
is substantially perpendicular to a top surface of the source
structure.

3. The semiconductor device structure as claimed in claim

1, wherein a sidewall of the portion of the channel structure
is inclined to a top surface of the source structure.

4. The semiconductor device structure as claimed in claim

1, wherein the gate stack adjoins a sidewall of the portion of
the channel structure.

5. The semiconductor device structure as claimed in claim

4, wherein the portion of the channel structure further
comprises a second sidewall connecting the sidewall, and
the gate stack further adjoins the second sidewall.

6. (canceled)

7. The semiconductor device structure as claimed in claim

1, wherein the gate stack continuously surrounds the channel
structure.

8. The semiconductor device structure as claimed in claim

1, further comprising spacer elements over sidewalls of the
gate stack, wherein one of the spacer elements overlaps the
channel structure.

9. A semiconductor device structure, comprising:

a gate stack over a semiconductor substrate;

a channel structure over the semiconductor substrate and
adjoining a sidewall of the gate stack;

a source structure at least partially in the semiconductor
substrate and overlapping the gate stack and the chan-
nel structure, wherein there is a corner between the
channel structure and the source structure and filled
with the gate stack; and

a drain structure covering the channel structure and hav-
ing a sidewall adjoining the gate stack, wherein the
drain structure and the source structure have different
conductivity types, and the gate stack extends from the
corner further over a top surface of the drain structure.

10. The semiconductor device structure as claimed in

claim 9, wherein the sidewall of the gate stack is substan-
tially perpendicular to a top surface of the source structure.
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11. The semiconductor device structure as claimed in
claim 9, wherein the sidewall of the gate stack is inclined to
a top surface of the source structure.

12. The semiconductor device structure as claimed in
claim 9, wherein a bottom surface of the gate stack is below
a top surface of the channel structure.

13. The semiconductor device structure as claimed in
claim 9, wherein a bottom surface of the drain structure is
over a top surface of the source structure.

14. The semiconductor device structure as claimed in
claim 9, wherein one or more sidewalls of the channel
structure adjoin the gate stack.

15. The semiconductor device structure as claimed in
claim 9, further comprising a conductive contact over the
drain structure, wherein a portion of the drain structure is
sandwiched between the conductive contact and the channel
structure.

16. A method for forming a semiconductor device struc-
ture, comprising:

forming a source structure in or over a semiconductor

substrate;

forming a channel structure over the semiconductor sub-

strate so that a corner is created between the channel

structure and a top surface of the source structure;
forming a drain structure covering the channel structure;
modifying an angle of the corner; and

forming a gate stack in the corner after the modification

of the angle, wherein the gate stack extends from the
corner further over a top surface of the drain structure
above the top surface of the source structure.

17. (canceled)

18. The method for forming a semiconductor device
structure as claimed in claim 16, wherein the modification of
the angle comprises partially removing the channel struc-
ture.

19. The method for forming a semiconductor device
structure as claimed in claim 16, wherein the formation of
the channel structure comprises epitaxially growing a semi-
conductor material on the semiconductor substrate and the
source structure.

20. The method for forming a semiconductor device
structure as claimed in claim 16, further comprising forming
spacer elements over sidewalls of the gate stack after the
formation of the drain structure.

21. The semiconductor device structure as claimed in
claim 1, wherein the channel structure partially overlaps the
source structure and has a sidewall that is inclined to the
bottom surface of the drain structure.

22. The method for forming a semiconductor device
structure as claimed in claim 16, wherein the step of forming
the channel structure further comprises forming the channel
structure such that the top surface of the source structure is
partially covered by the channel structure to create the
corner, and wherein the corner is filled with a gate electrode
of the gate stack.



