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(57) ABSTRACT

A semiconductor device including a field effect transistor
(FET) device includes a substrate and a channel structure
formed of a two-dimensional (2D) material over the sub-
strate. Source and drain contacts are formed partially over
the 2D material. A first dielectric layer is formed at least
partially over the channel structure and at least partially over
the source and drain contacts. The first dielectric layer is
configured to trap charge carriers. A second dielectric layer
is formed over the first dielectric layer, and a gate electrode
is formed over the second dielectric layer.
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IMPACT IONIZATION SEMICONDUCTOR
DEVICE AND MANUFACTURING METHOD
THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of priority under
35 U.S.C. § 119 from U.S. Provisional Patent Application
62/427,706 filed Nov. 29, 2016, which is incorporated herein
by reference in its entirety.

TECHNICAL FIELD

[0002] The disclosure relates to semiconductor integrated
circuits, and more particularly to impact ionization transis-
tors with a two-dimensional (2D) channel.

BACKGROUND

[0003] Semiconductor devices, built with advanced tech-
nology nodes (e.g., below 7 nm), regardless of the structure
such as ultra-thin body silicon-on-insulator (SOI) or fin
field-effect transistor (FinFET) structures, may have quite
thin channel thickness (e.g., within a range of about 0.5-5
nm). For these devices, two-dimensional (2D) layered mate-
rials are regarded as strong candidates to replace silicon (Si).
The 2D material of interest have desired properties, for
example, including self-assembled molecular monolayers
(e.g., with a thickness of <1 nm), high and symmetric
electron and hole mobility (e.g., >200 cm*/Vsec), and ideal
surface properties without dangling bonds. The performance
of 2D FETs, however, may be considerably limited by the
contact resistance induced by non-ideal metal and/or 2D
material contacts (e.g., with Schottky barrier). For 2D FETs,
the method of reducing the contact resistance (e.g., source
and drain (SD) contact resistance) may be an important role
in providing a sufficient drain current (e.g., >1 pA/um of
channel width).

[0004] 2D semiconductors are expected to be the channel
material in the ultra-thin body transistors and are usually
few-layer thick and exist as stacks of strongly bonded layers
with weak interlayer van der Waals attraction. The weak
interlayer attraction allows the layers to be mechanically or
chemically exfoliated into individual, atomically thin layers.
Examples of 2D materials include graphene, graphyne,
borophene, silicene, germinate, transition metal dichalco-
genide (TMDC) (e.g., molybdenum disulfide (MoS,) or
tungsten selenide (WSe,)), black phosphorus, and the like.
[0005] Solutions are required that can simultaneously
achieve a desired sub-threshold slope and on-current in 2D
material (e.g., TMDC) channel FETs.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The present disclosure is best understood from the
following detailed description when read with the accom-
panying figures. It is emphasized that, in accordance with
the standard practice in the industry, various features are not
drawn to scale and are used for illustration purposes only. In
fact, the dimensions of the various features may be arbi-
trarily increased or reduced for clarity of discussion.

[0007] The subject technology is directed to reducing
source-drain contact resistance in semiconductor devices,
such as filed-effect transistor (FET) devices, using two-
dimensional (2D) layered material to form the device chan-
nel region. For example, in a FET device with transition
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metal dichalcogenide (TMD) channel that forms a Schottky
metal-TMD contact, impact ionization at the source side
causes generation of minority carriers. The subject technol-
ogy introduces a charge-trapping layer that facilitates trap-
ping minority carriers at the gate dielectric near the source
region. The positive feedback between impact ionization
and charge trapping induces desirable features such as rapid
current increase (e.g., a subthreshold slope improvement to
50 mV/decade) and low contact resistance.

[0008] FIG. 1 is a process flow chart depicting a method
of manufacturing a semiconductor device according to one
or more embodiments of the present disclosure.

[0009] FIG. 2 depicts a 2D material formation stage of the
method of FIG. 1 device according to one or more embodi-
ments of the present disclosure.

[0010] FIG. 3 depicts source and drain formation stage of
the method of FIG. 1 according to one or more embodiments
of the present disclosure.

[0011] FIG. 4 depicts a charge-trapping layer formation
stage of the method of FIG. 1 according to one or more
embodiments of the present disclosure.

[0012] FIG. 5 depicts patterning and removing a portion of
the charge-trapping layer formed in FIG. 4 according to one
or more embodiments of the present disclosure.

[0013] FIG. 6 depicts a gate dielectric layer formation
stage of the method of FIG. 1 according to one or more
embodiments of the present disclosure.

[0014] FIG. 7 depicts a gate electrode formation stage of
the method of FIG. 1 according to one or more embodiments
of the present disclosure.

[0015] FIG. 8 is a process flow chart depicting a method
of manufacturing a semiconductor device according to one
or more embodiments of the present disclosure.

[0016] FIG. 9 depicts a gate electrode formation stage of
the method of FIG. 8 according to one or more embodiments
of the present disclosure.

[0017] FIG. 10 depicts a gate dielectric layer formation
stage of the method of FIG. 8 according to one or more
embodiments of the present disclosure.

[0018] FIG. 11 depicts a photo-resist layer formation and
patterning stage of the method of FIG. 8 according to one or
more embodiments of the present disclosure.

[0019] FIG. 12 depicts a charge-trapping layer formation
stage of the method of FIG. 8 according to one or more
embodiments of the present disclosure.

[0020] FIG. 13 depicts a 2D material layer formation stage
of the method of FIG. 8 according to one or more embodi-
ments of the present disclosure.

[0021] FIG. 14 depicts a source and drain formation stage
of the method of FIG. 8 according to one or more embodi-
ments of the present disclosure.

[0022] FIG. 15 depicts an example structure of a bottom-
gate semiconductor device according to one or more
embodiments of the present disclosure.

[0023] FIG. 16 depicts an example structure of a bottom-
gate semiconductor device according to one or more
embodiments of the present disclosure.

[0024] FIG. 17 depicts an example structure of a bottom-
gate semiconductor device according to one or more
embodiments of the present disclosure.

[0025] FIG. 18 depicts an example structure of a top-gate
semiconductor device according to one or more embodi-
ments of the present disclosure.
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[0026] FIG. 19 depicts an example structure of a top-gate
semiconductor device according to one or more embodi-
ments of the present disclosure.

[0027] FIG. 20 depicts an example structure of a top-gate
semiconductor device according to one or more embodi-
ments of the present disclosure.

[0028] FIG. 21 depicts an example structure of a 2D
MOSFET device according to one or more embodiments of
the present disclosure.

[0029] FIG. 22 is a conceptual energy band diagram
depicting an impact ionization mechanism in a 2D MOSFET
device according to one or more embodiments of the present
disclosure.

[0030] FIG. 23 is a conceptual energy band diagram
depicting a hole trapping process in a 2D MOSFET device
according to one or more embodiments of the present
disclosure.

DETAILED DESCRIPTION

[0031] It is to be understood that the following disclosure
provides many different embodiments, or examples, for
implementing different features of the invention. Specific
embodiments or examples of components and arrangements
are described below to simplify the present disclosure. These
are, of course, merely examples and are not intended to be
limiting. For example, dimensions of elements are not
limited to the disclosed range or values, but may depend
upon process conditions and/or desired properties of the
device. Moreover, 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 additional features may be formed, interposing the
first and second features, such that the first and second
features may not be in direct contact. Various features may
be arbitrarily drawn in different scales for simplicity and
clarity.

[0032] 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 device may be otherwise oriented (rotated 90
degrees or at other orientations), and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly. In addition, the term “made of” may mean either
“comprising” or “consisting of.”

[0033] FIG. 11is a process flow chart 10 for manufacturing
a semiconductor device having a top gate, according to one
or more embodiments of the present disclosure. The flow
chart 10 illustrates only a relevant part of the entire manu-
facturing process. It is understood that additional operations
may be provided before, during, and after the operations
shown by FIG. 1, and some of the operations described
below can be replaced or eliminated for additional embodi-
ments of the method. The order of the operations/processes
may be interchangeable.

[0034] In S11 of FIG. 1, a two-dimensional (2D) material
layer 24 is formed over a substrate 22 to form a channel
structure, as shown in an X-cut view 20 of FIG. 2. The
substrate 22 can be, for example, a p-type silicon substrate
with an impurity concentration in a range of about 1x10*°
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cm™ to about 3x10"° cm™ in some embodiments. In other
embodiments, the substrate is an n-type silicon substrate
with an impurity concentration in a range of about 1x10*?
cm™ to about 3x10'® cm™>. The crystal orientation of Si
substrate is (100) in some embodiments.

[0035] Alternatively, the substrate may comprise another
elementary semiconductor, such as germanium, a compound
semiconductor including Group IV-IV compound semicon-
ductors such as silicon carbide (SiC) and silicon germanium
(SiGe), and Group III-V compound semiconductors such as
GaAs, GaP, GaN, InP, InAs, InSb, GaAsP, AlGaN, AllnAs,
AlGaAs, GalnAs, GalnP, and/or GalnAsP; or combinations
thereof. In one or more embodiments, the substrate is a
silicon layer of an SOI (silicon-on-insulator) substrate.
Amorphous substrates, such as amorphous Si or amorphous
SiC, or insulating material, such as silicon oxide, may also
be used as the substrate. The substrate may include various
regions that have been suitably doped with impurities (e.g.,
p-type or n-type conductivity).

[0036] In some embodiments, the 2D material layer 24,
shown in the X-cut view 20, is formed from a 2D material
and is subsequently formed into a channel, an extension and
S/D areas of an FET. The 2-D materials are usually few-
layer thick and exist as stacks of strongly bonded layers with
weak interlayer van der Waals attraction, allowing the layers
to be mechanically or chemically exfoliated into individual,
atomically thin layers. In some aspects, the disclosed 2D
channel can be a 2D semiconductor including a transition
metal dichalcogenide (TMDC), such as molybdenum disul-
fide (MoS,), black phosphorous, or graphene. The 2D semi-
conductor may include one or more layers and can have a
thickness within the range of about 0.5-100 nm in some
embodiments. One advantageous feature of the few-layered
2D semiconductor is the high electron mobility (u,) value,
which is within a range of about 50-1000 cm?/V-sec or even
higher. It is understood that the bulk silicon, when cut to a
low thickness (e.g., about 2 nm) comparable with a typical
thickness of a 2D material film, can have its mobility
degraded drastically.

[0037] It is understood that in many integrated circuits
(ICs), the gate lengths of the widely used MOSFET devices
are reduced or scaled down to increase the packing density
of transistors in the IC and to increase the speed performance
thereof. However, transistors with aggressively reduced gate
lengths suffer from undesirable short-channel effects, such
as increased off-state leakage current. One way to address
suppressing of short-channel effects is to employ a semi-
conducting channel with a reduced thickness, referred to as
an ultra-thin body transistor. For example, to effectively
suppress short-channel effects in transistors having gate
lengths smaller than about 20 nm, one way is to employ a
semiconducting channel with reduced thickness, e.g., less
than 5 nm. A transistor having a semiconductor channel with
a thickness less than one-third or sometimes one-quarter of
its gate length is commonly referred to as an ultra-thin body
transistor. Ultra-thin body transistors may employ ultra-thin
channel materials.

[0038] 2D materials, also referred to as single-layer or
few-layer materials, are crystalline materials of a few layers
of atoms that are promising candidates for use for thin
channel materials. One type of 2D material with high
mobility is black phosphorus (BP). BP is a layered material
and a monolayer of BP is termed phosphorene. BP is a
semiconductor with a direct band gap ranging from about
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1.5 eV for a monolayer to about 0.59 eV for a five-layer
stack at the F point of the first Brillouin zone.

[0039] Insome embodiments, the 2D material layer can be
formed with a 2D material such as black phosphorus, using
atomic layer deposition (ALD). The description of the
deposition method is an example only and is not intended to
be limiting beyond what is specifically discussed. As one
example, orthorhombic black phosphorus can be grown by
a short-way transport reaction from red phosphorus and tin
and/or tin-iodide as a mineralization additive. In another
example, black phosphorus can be synthesized from white
phosphorus under high pressure (e.g., about 13,000 kg/cm?)
at a temperature within a range of about 200-250 degrees
Celsius. The thickness of the 2D material can be controlled
by the deposition time. In an embodiment, the period of
multiple layers (e.g., thickness of a monolayer) of phospho-
rene is about 0.53 nm. In some embodiments, the thickness
may range from one (1) monolayer to 20 monolayers (e.g.,
about 10.6 nm in thickness).

[0040] In S12 of FIG. 1, source and drain contacts 32 and
34 are formed over the channel structure 24, as shown in an
X-cut view 30 of FIG. 3. In some embodiments, the source
and drain contact materials include at least one element from
a list of elements including molybdenum (Mo), tungsten
(W), titanium (Ti), aluminum (Al), tantalum (Ta), strontium
(Sr), palladium (Pd), gold (Au), silver (Ag), copper (Cu),
hafnium (Hf), zirconium (Zr), and niobium (Nb). In some
embodiments, the source and drain contacts form Schottky
contacts having Schottky barriers. In some embodiments,
example metals that can be used for the source and drain
contacts include alloys such as TiN, TiAl, TiAIN, TaN, NiSi,
CoSi, and other conductive materials with suitable work
functions, or combinations thereof. In some implementa-
tions, the source and drain material can be deposited using
chemical vapor deposition (CVD), physical vapor deposi-
tion (PVD), ALD, or other suitable deposition techniques
and then patterned to form source and drain contacts 32 and
34. In some embodiments, an optional annealing process, for
example, at a temperature within the range of about 250-350
degrees C. can be performed to improve the metal-to-source/
drain contact resistance.

[0041] The Schottky barrier formed at the source and drain
contacts 32 and 34 offers several features that are different
from a diffused p-n junction. For example, in a Schottky
barrier, pure electron injection and pure hole injection can be
separately achieved. Further, the abrupt potential variation
in the Schottky barrier provides a sufficiently high electric
field for enhancing generation of impact ionization charge
carriers (e.g., electrons or holes).

[0042] In S13 of FIG. 1, a charge-trapping layer 42 with
a first thickness is formed over the channel structure, as
shown in an X-cut view 40 of FIG. 4. In some embodiments,
the charge-trapping dielectric layer 42 extends over portions
of the source and drain contacts 32 and 34. In some
embodiments, the charge-trapping dielectric layer 42
includes an oxide or nitride dielectric. In embodiments, the
oxide or the nitride dielectric includes one or more elements
from a list of elements including tantalum (Ta), titanium
(Ti), hafnium (Hf), zirconium (Zr), aluminum (Al), lantha-
num (La), yttrium (Y), niobium (Nb), silicon (Si), germa-
nium (Ge), and gallium (Ga). In one or more embodiments,
the thickness of the charge-trapping layer is within a range
of about 1-10 nm. The charge-trapping layer can trap one
type of charge carriers (e.g., holes) generated as a result of
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the impact ionization induced in the junctions (e.g., Schottky
junctions) of the source and drain contacts 32 and 34.
[0043] In some embodiments, the dielectric charge-trap-
ping layer 42 is deposited using PVD or CVD deposition
techniques. In one or more embodiments, the PVD dielectric
layer is deposited by reactive sputtering in O, or N, plasma
at temperatures ranging from room temperature to about
400° C. In some embodiments, the CVD dielectric layer is
deposited by plasma enhanced atomic layer deposition in O,
or N, plasma at temperatures ranging from about 100° C. to
about 400° C. In some embodiments, as shown in an X-cut
view 50 of FIG. 5, portions of the charge-trapping layer 42
are removed to leave a portion 52 attached to the source
contact 32. In some embodiments, the extension (e.g., W1)
of the portion 52 attached to the source contact 32 into
channel region is more than about 0.5 nm and less that about
20 nm. In some embodiments, similar to the portion 52, a
portion 54 attached to the drain contact is also left after the
removal of the portions of the charge-trapping layer 42.
[0044] Insome embodiments, the 2D material layer forms
a horizontal channel (e.g., in the X-Y plane, such as 24) or
a vertical channel in the Z direction (e.g., in a FinFET
device). Accordingly, the charge-trapping layer 42 may be
deposited over the horizontal channel or the vertical channel,
depending on the FET device structure.

[0045] In some embodiments, prior to forming the charge-
trapping layer 42, an optional interfacial layer (not shown
for simplicity) is formed over the channel structure 24. In
some embodiments, the interfacial layer includes a 2D
insulator material including alumina (Al,O;) or hexagonal
boron nitride, or any suitable dielectric material.

[0046] The removal of portions of the charge-trapping
layer 42 (and the optional interfacial layer) may be carried
out by patterning. In some embodiments, the patterning can
be performed by a known anisotropic etching or by a known
mask patterning method.

[0047] In S14 of FIG. 1, a gate dielectric layer 62 is
formed over the charge-trapping layers 52 and 54 and an
exposed portion of the 2D material layer 24, as shown in an
X-cut view 60 of FIG. 6. In some embodiments, the gate
dielectric layer 62 includes a high-k dielectric material and
one or more passivation structures (e.g., interfacial layers).
The high-k dielectric material can comprise metal oxides.
Examples of metal oxides used for high-k dielectric mate-
rials include oxides of Li, Be, Mg, Ca, Sr, Sc, Y, Zr, Hf, Al,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu,
and/or mixtures thereof. In some embodiments, the thick-
ness of the gate dielectric layer 62 is in the range of about
0.5 nm to about 10 nm.

[0048] In S15 of FIG. 1, a gate electrode layer 72 is
formed over the gate dielectric layer 62 and suitably pat-
terned, as shown in an X-cut view 70 of FIG. 7. In some
embodiments, the gate electrode layer 72 is a poly-silicon
layer. The patterning of the poly-silicon layer is performed
by using a hard mask including a silicon nitride layer and an
oxide layer in some embodiments. In other embodiments,
the gate electrode layer includes a single layer or a multi-
layer structure. Further, the gate electrode layer may be
doped poly-silicon with uniform or non-uniform doping. In
some alternative embodiments, the gate electrode layer
includes a metal such as Al, Cu, W, Ti, Ta, TiN, TiAl, TiAIN,
TaN, NiSi, CoSi, and other conductive materials with a work
function compatible with the substrate material, or combi-
nations thereof. The gate electrode layer 72 may be formed
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using a suitable process such as ALD, CVD, PVD, plating,
or combinations thereof. The width of the gate electrode
layer (in the Y direction) is in the range of about 30 nm to
about 60 nm in some embodiments.

[0049] In some embodiment, before formation of the gate
electrode layer 72, one or more passivation structures and/or
one or more spacer layers are formed on the gate dielectric
layer 62. The passivation structures may serve as the gate
dielectrics in some embodiment, under which the high-k
dielectric is formed.

[0050] FIG. 8is a process flow chart 80 for manufacturing
a semiconductor device having a bottom (back) gate struc-
ture, according to one or more embodiments of the present
disclosure. The flow chart 80 illustrates only a relevant part
of the entire manufacturing process. It is understood that
additional operations may be provided before, during, and
after the operations shown by FIG. 8, and some of the
operations described below can be replaced or eliminated for
additional embodiments of the method. The order of the
operations/processes may be interchangeable.

[0051] In S81 of FIG. 8, a gate electrode layer 94 is
formed over a substrate 92, as shown in an X-cut view 90 of
FIG. 9. The substrate 92 can be, for example, a p-type silicon
substrate with an impurity concentration in a range of about
1x10"* cm™ to about 3x10"* cm™> in some embodiments. In
other embodiments, the substrate is an n-type silicon sub-
strate with an impurity concentration in a range of about
1x10* c¢m™ to about 3x10*> cm™. The crystal orientation
of Si substrate is (100) in some embodiments.

[0052] Alternatively, the substrate may comprise another
elementary semiconductor, such as germanium, a compound
semiconductor including Group IV-IV compound semicon-
ductors such as silicon carbide (SiC) and silicon germanium
(SiGe), and Group I1I-V compound semiconductors such as
GaAs, GaP, GaN, InP, InAs, InSb, GaAsP, AlGaN, AllnAs,
AlGaAs, GalnAs, GalnP, and/or GalnAsP; or combinations
thereof. In one or more embodiments, the substrate is a
silicon layer of an SOI (silicon-on-insulator) substrate.
Amorphous substrates, such as amorphous Si or amorphous
SiC, or insulating material, such as silicon oxide, may also
be used as the substrate. The substrate may include various
regions that have been suitably doped with impurities (e.g.,
p-type or n-type conductivity).

[0053] In some embodiments, the gate electrode layer 94
is a poly-silicon layer. The patterning of the poly-silicon
layer is performed by using a hard mask including a silicon
nitride layer and an oxide layer in some embodiments. In
other embodiments, the gate electrode layer includes a
single layer or a multilayer structure. Further, the gate
electrode layer may be doped poly-silicon with uniform or
non-uniform doping. In some alternative embodiments, the
gate electrode layer includes a metal such as Al, Cu, W, Ti,
Ta, TiN, TiAl, TiAIN, TaN, NiSi, CoSi, and other conductive
materials with a work function compatible with the substrate
material, or combinations thereof. The gate electrode layer
94 may be formed using a suitable process such as ALD,
CVD, PVD, plating, or combinations thereof. The width of
the gate electrode layer (in the Y direction) is in the range of
about 30 nm to about 60 nm in some embodiments.
[0054] In S82 of FIG. 8, a dielectric layer 102 is formed
over the gate electrode layer 94, as shown in an X-cut view
100 of FIG. 10. In some embodiments, the dielectric layer
102 includes a high-k dielectric material and one or more
passivation structures (e.g., interfacial layers). The high-k
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dielectric material can comprise metal oxides. Examples of
metal oxides used for high-k dielectric materials include
oxides of Li, Be, Mg, Ca, Sr, Sc, Y, Zr, Hf, Al, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and/or
mixtures thereof. In some embodiments, the thickness of the
gate dielectric layer 102 is in the range of about 0.5 nm to
about 10 nm.

[0055] In S83 of FIG. 8, a photo-resist (PR) layer is
formed and patterned over the dielectric layer to cover at
least a middle portion of the dielectric layer electrode layer
102, as shown in an X-cut view 110 of FIG. 11. The middle
portion 115 of the PR layer is to mask the middle portion of
the dielectric layer 102 from the next operation.

[0056] In S84 of FIG. 8, a charge-trapping layer with a
first thickness is formed inside a portion of the dielectric
layer not covered by the photo-resist layer, as shown in an
X-cut view 120 of FIG. 12. The charge-trapping layers 122
and 124 are formed inside the portion of the dielectric layer
102 not covered by the photo-resist, by using a plasma
treatment method. In other words, part of the dielectric layer
is converted to the charge-trapping layers. In some embodi-
ments, only the charge-trapping layer 122 may be formed. In
some embodiments, the plasma treatment method includes
using nitrogen (N,) or ammonia (NH;) plasma. The PR 115
is removed after the formation of the charge-trapping layer
(s) (e.g., 122 and 124). The formation of the charge trapping
layers 122 and 124 in portions of the dielectric layer 102
makes the thickness of dielectric layer 102 inhomogeneous,
as shown in FIG. 13.

[0057] In S85 of FIG. 8, a 2D material layer 135 is formed
over the charge-trapping layer (s) (e.g., 122 and 124) and a
remaining portion of the dielectric layer 102 after removal of
the patterned photo-resist layer 115, as shown in an X-cut
view 130 of FIG. 13. In some aspects, the 2D material layer
135 can be a 2D semiconductor including a transition metal
dichalcogenide (TMD), such as molybdenum disulfide
(MoS,), black phosphorous, or graphene. The 2D semicon-
ductor may include one or more layers and can have a
thickness within the range of about 0.5-100 nm in some
embodiments.

[0058] In S86 of FIG. 8, source and drain contacts 132 and
134 are formed over the 2D material layer 135, as shown in
an X-cut view 140 of FIG. 14. In some embodiments, the
source and drain contact materials include at least one
element from a list of elements including Mo, W, Ti, Al, Ta,
Sr, Pd, gold (Au), silver (Ag), copper (Cu), Hf, Zr, and Nb.
In some embodiments, the source and drain contacts 132 and
134 form Schottky contacts having Schottky barriers. In
some embodiments, example metals that can be used for the
source and drain contacts include alloys such as TiN, TiAl,
TiAIN, TaN, NiSi, CoSi, and other conductive materials
with suitable work functions, or combinations thereof. In
some implementations, the source and drain contacts 132
and 134 can be deposited using chemical vapor deposition
(CVD), physical vapor deposition (PVD), ALD, or other
suitable deposition techniques and then patterned to form
source and drain contacts 132 and 134. In some embodi-
ments, an optional annealing process, for example, at a
temperature within the range of about 250-350 degrees C.
can be performed to improve the metal-to-source/drain
contact resistance.

[0059] The Schottky barrier formed at the source and drain
contacts 132 and 134 offers several features that are different
from a diffused p-n junction. For example, in a Schottky
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barrier, pure electron injection and pure hole injection can be
separately achieved. Further, the abrupt potential variation
in the Schottky barrier provides a sufficiently high electric
field for enhancing generation of impact ionization charge
carriers (e.g., electrons or holes).

[0060] FIG. 15 depicts a structure 150 of a bottom-gate
semiconductor device according to one or more embodi-
ments of the present disclosure. The structure 150 shows a
bottom gate configuration of a FET device, in which the
charge-trapping layer 157, the gate dielectric layer 156 and
the gate electrode 155 are not on the same side of the 2D
material layer 153 as the source and drain contacts 152 and
154 are. The method of formation of the structure 150 and
the material used are as discussed above with respect to
FIGS. 8-14. In some embodiments, the formation of charge-
trapping layer 157 is not compatible with requirements of
the dielectric material of the gate dielectric layer 156 (e.g.,
when there is a potential of plasma damage on the gate
dielectric layer). In such situations, the charge-trapping layer
can be inhomogeneous and be selectively formed only near
the source region, by using additional photolithography
processes, as shown and described with regard to FIG. 16.
[0061] FIG. 16 depicts a structure 160 of a bottom-gate
semiconductor device according to one or more embodi-
ments of the present disclosure. In the structure 160, the
charge-trapping layer 162 is formed in an area near the
source contact 152, around which the impact ionization is
taking place and the charge-trapping layer has the most
benefit in reducing the contact resistance. The structure 160
shows a bottom gate configuration of an FET device, in
which the charge-trapping layer 162, the gate dielectric layer
156 and the gate electrode 155 are not on the same side of
the 2D material layer 153 as the source and drain contacts
152 and 154 are. The method of formation of the structure
160 and the material used are as discussed above with
respect to FIGS. 8-14. In some embodiments, because the
symmetry of source and drain is desirable for circuit design
reasons, the charge-trapping layer can be formed in both
source and drain regions as shown in FIG. 17 described
below.

[0062] FIG. 17 depicts a structure 170 of a bottom-gate
semiconductor device according to one or more embodi-
ments of the present disclosure. In the structure 170, the
charge-trapping layer 162 is formed in an area near the
source contact 152 and the charge-trapping layer 172 is
formed in an area near the drain contact 154. The structure
170 shows a bottom gate configuration of a FET device, in
which the charge-trapping layers 162 and 172, the gate
dielectric layer 156 and the gate electrode 155 are not on the
same side of the 2D material layer 153 as the source and
drain contacts 152 and 154 are. The method of formation of
the structure 170 and the material used are as discussed
above with respect to FIGS. 8-14.

[0063] FIG. 18 depicts a structure 180 of a top-gate
semiconductor device according to one or more embodi-
ments of the present disclosure. In the structure 180, the
charge-trapping layer 182 is formed over a 2D material 185
and portions of the source and drain contacts 152 and 154.
The gate dielectric layer 184 is formed over the charge-
trapping layer 182 and the gate electrode 186 is formed in a
gate region of the FET device over the gate dielectric layer
184. The structure 180 shows a top gate configuration of the
FET device, in which the source and drain contacts 152 and
154, the charge-trapping layer 182, the gate dielectric layer
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184, and the gate electrode 186 are on the same side of the
2D material layer 185. The method of formation of the
structure 180 and the material used are as discussed above
with respect to FIGS. 1-7. In some embodiments, the for-
mation of charge-trapping layer 182 may undesirably
increase the effective oxide thickness of the gate dielectric
184. In such situations, the charge-trapping layer can be
inhomogeneous and selectively formed only near the source
region by using additional photolithography processes, as
shown and described with regard to FIG. 19.

[0064] FIG. 19 depicts a structure 190 of a top-gate
semiconductor device according to one or more embodi-
ments of the present disclosure. In the structure 190, the
charge-trapping layer 192 is formed over the 2D material
185 and near the source contact 152. The charge-trapping
layer 192 is in contact with the source contact 152. The gate
dielectric layer 184 is formed over the charge-trapping layer
192, the 2D material layer 185, and portions of the source
and drain contacts 152 and 154. The gate electrode 186 is
formed in a gate region of the FET device over the gate
dielectric layer 184. The structure 190 shows a top gate
configuration of the FET device, in which the source and
drain contacts 152 and 154, the charge-trapping layer 192,
the gate dielectric layer 184, and the gate electrode 186 are
on the same side of the 2D material layer 185. The method
of formation of the structure 190 and the material used are
similar to the method and materials as discussed above with
respect to FIGS. 1-7. In some embodiments, because the
symmetry of source and drain is desirable for circuit design
reasons, the charge-trapping layer can be formed in both
source and drain regions as shown in FIG. 20, described
below.

[0065] FIG. 20 depicts a structure 200 of a top-gate
semiconductor device according to one or more embodi-
ments of the present disclosure. In the structure 200, the
charge-trapping layers 202 and 204 are formed over the 2D
material 185 and near the source contact 152 and the drain
contact 154. The charge-trapping layer 202 and 204 are,
respectively, in contact with the source contact 152 and the
drain contact 154. The gate dielectric layer 184 is formed
over the charge-trapping layers 202 and 204, the 2D material
layer 185, and portions of the source and drain contacts 152
and 154. The gate electrode 186 is formed in a gate region
of the FET device over the gate dielectric layer 184. The
structure 200 shows a top gate configuration of the FET
device, in which the source and drain contacts 152 and 154,
the charge-trapping layers 202 and 204, the gate dielectric
layer 184, and the gate electrode 186 are on the same side
of'the 2D material layer 185. The method of formation of the
structure 200 and the material used are similar to the method
and materials as discussed above with respect to FIGS. 1-7.
[0066] FIG. 21 depicts an example structure 210 of a 2D
MOSFET device according to one or more embodiments of
the present disclosure. The structure 210 is a bottom gate
structure, in which the source and drain electrodes 218 are
Mo, the 2D material channel 215 is MoS,, the charge-
trapping layer 216 is tantalum oxide or hathium oxide with
a thickness about 10 nm, the gate dielectric layer 214 is an
approximately 100 nm thick layer of SiO,, and the gate
electrode 212 is formed of silicon (Si). The charge-trapping
mechanism of the structure 210 is discussed below with
respect to FIGS. 22 and 23.

[0067] FIG. 22 is a conceptual energy band diagram 220
depicting an impact ionization mechanism in a 2D MOSFET
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device according to one or more embodiments of the present
disclosure. The diagram 220 shows a band structure of the
MoS, material of the channel 215 of FIG. 21 across a cross
section AA' of FIG. 21. The band structure includes a
conduction band edge 222 and a valence band edge 224
showing a potential barrier with a steep slope near the source
region 226. The electrons 225 from the source region 226 of
the device are injected in the direction of the top horizontal
arrow towards the channel conduction band. These electrons
can be accelerated by moving down the potential barrier
(thus gaining kinetic energy) and generate impact ionization
electrons 227 and holes 229. The vertical arrow from
high-energy to low-energy conduction band represents an
electron scattering process on an electron of the valence
band 224, which results in loss of kinetic energy of the
scattered electrons. On the other hand, the electron at the
valance band 224, on which the electron from the conduc-
tion band 222 scattered can gain energy from the scattering
and be excited to the conduction band 222. As a result, a hole
229 is left behind at the valance band 224, as part of the
impact ionization. Most impact-ionized holes drift toward
the source region 226, while most electrons drift toward the
drain region 228. The electron drift is not included in the
diagram 220 for simplicity. Only some of impact-ionized
holes are trapped in charge-trapping layer 216 (e.g., TaO,) in
the vertical direction. The positive feedback process induces
a rapid drain current increase and low source and drain
contact resistances

[0068] The positive feedback is initiated by the trapped
holes modulating the local potential and resulting in a
potential barrier with an even steeper slope near the source
region 226. This further increases the electron injection from
the source region 226 and induces more impact ionization
electrons 227 and holes 229 in a positive feedback fashion.
[0069] FIG. 23 is a conceptual diagram 230 depicting a
hole trapping process in a 2D MOSFET device according to
one or more embodiments of the present disclosure. The
diagram 230 corresponds to a cross section across BB' of
FIG. 21 and shows the generation of charge carriers (e.g.,
electrons and holes) in the channel 215 of FIG. 21 near the
source region (e.g., 226 of FIG. 22) and the subsequent
capture of the generated holes by the electrons of the
charge-trapping layer (e.g., TaO of charge-trapping layer
216 of FIG. 21) near the source region (e.g., 226 of FIG. 22).
The generation and subsequent capture of the holes initiate
apositive feedback process that induces a rapid drain current
increase and low source and drain contact resistances. (e.g.,
218 of FIG. 21). Further, the 2D TMDC FET device of the
subject technology achieves a steep subthreshold slope and
a high on-current simultaneously.

[0070] It will be understood that not all advantages have
been necessarily discussed herein, no particular advantage is
required for all embodiments or examples, and other
embodiments or examples may offer different advantages.
[0071] In accordance with one aspect of the present dis-
closure, a semiconductor device including a field effect
transistor (FET) device includes a substrate and a channel
structure including a two-dimensional (2D) material. The
semiconductor device further includes a first dielectric layer
and a second dielectric layer formed between the channel
structure and the first dielectric layer and configured to trap
charge carriers generated near a source side of the channel
structure. The semiconductor device further includes source
and drain contacts that are configured to be at least partially
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in contact with the second dielectric layer, and a gate
electrode in contact with the first dielectric layer.

[0072] In accordance with another aspect of the present
disclosure, a method for manufacturing a semiconductor
device includes forming a two-dimensional (2D) material
layer over a substrate to form a channel structure. Source
and drain contacts are formed over the channel structure. A
charge-trapping layer with a first thickness is formed over
the channel structure to trap charge carriers. The charge-
trapping layer is in contact with a portion of the source and
drain contacts. A gate dielectric layer is formed over the
charge-trapping layer, and a gate electrode layer is formed
over the gate dielectric layer.

[0073] In accordance with yet another aspect of the pres-
ent disclosure, a method for manufacturing a semiconductor
device includes forming a gate electrode layer over a sub-
strate and depositing a dielectric layer over the gate elec-
trode layer. A photo-resist layer is deposited and patterned
over the dielectric layer to cover at least a middle portion of
the dielectric layer. A charge-trapping layer with a first
thickness is formed inside a portion of the dielectric layer
not covered by the photo-resist layer. A two-dimensional
(2D) material layer is deposited over the charge-trapping
layer and a remaining portion of the dielectric layer after
removing the patterned photo-resist layer. Source and drain
contacts are formed over the 2D material layer.

[0074] The foregoing outline features several embodi-
ments or examples 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 or examples introduced herein. Those skilled
in the art should also realize that such equivalent construc-
tions do not depart from the spirit and scope of the present
disclosure, and that they may make various changes, sub-
stitutions, and alterations herein without departing from the
spirit and scope of the present disclosure.

What is claimed is:

1. A method for manufacturing a semiconductor device,
comprising:

forming a two-dimensional (2D) material layer over a

substrate to form a channel structure;

forming source and drain contacts over the channel struc-

ture;

forming a charge-trapping layer with a first thickness over

the channel structure to trap charge carriers, the charge-
trapping layer being in contact with a portion of the
source and drain contacts;

forming a gate dielectric layer over the charge-trapping

layer; and

forming a gate electrode layer over the gate dielectric

layer.

2. The method of claim 1, further comprising, prior to
forming the gate dielectric layer, removing a portion of the
charge-trapping layer to leave a portion attached to the
source contact.

3. The method of claim 2, wherein an extension of the
portion attached to the source contact into channel region is
less that about 20 nm.

4. The method of claim 1, further comprising, prior to
forming the charge-trapping layer, forming an interfacial
layer over the channel structure, wherein the interfacial layer
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comprises a 2D insulator material including alumina
(AL,O;) or hexagonal boron nitride.

5. The method of claim 1, further comprising, prior to
forming the gate dielectric layer, removing a portion of the
charge-trapping layer to leave portions attached to the
source contact and the drain contact.

6. The method of claim 1, wherein the 2D material
comprises a semiconducting 2D material including a tran-
sition metal dichalcogenide (TMDC), wherein the TDMC
includes an element from a list of elements including
molybdenum (Mo), tungsten (W), titanium (T1), tantalum
(Ta), niobium (Nb), hathium (Hf), zirconium (Zr), and
palladium (Pd) or comprises molybdenum disulfide (MoS,)
or tungsten selenide (WSe,).

7. The method of claim 1, wherein forming the charge-
trapping layer comprises forming a charge-trapping dielec-
tric layer including an oxide or nitride dielectric.

8. The method of claim 7, wherein the oxide or the nitride
dielectric includes at least one element from a group con-
sisting of tantalum (Ta), titanium (T1), hafnium (Hf), zirco-
nium (Zr), aluminum (Al), lanthanum (La), yttrium (Y),
niobium (Nb), silicon (Si), germanium (Ge), and gallium
(Ga).

9. The method of claim 1, wherein the first thickness of
the charge-trapping layer is within a range of about 1-10 nm,
and wherein trapped charge carriers include holes.

10. The method of claim 1, wherein the source and drain
contacts comprise Schottky contacts.

11. The method of claim 1, wherein source and drain
contact materials include at least one element from a group
consisting of Mo, W, Ti, Al, Ta, Sr, Pd, gold (Au), silver
(Ag), copper (Cu), Hf, Zr, and Nb.

12. A semiconductor device, comprising:

a substrate;

a channel structure comprising a two-dimensional (2D)

material;

a first dielectric layer;

a second dielectric layer formed between the channel
structure and the first dielectric layer and configured to
trap charge carriers generated near a source side of the
channel structure;

source and drain contacts configured to be at least par-
tially in contact with the second dielectric layer; and

a gate electrode in contact with the first dielectric layer.

13. The semiconductor device of claim 12, wherein the
second dielectric layer is formed over an entire channel
structure and portions of first surfaces of the source and
drain contacts when the semiconductor device is a top gate
device, wherein the first surfaces are in a plane of the
substrate, wherein the channel structure extends in at least
one of a first plane or a second plane perpendicular to the
first plane, and wherein the first plane is the plane of the
substrate.

14. The semiconductor device of claim 13, wherein the
second dielectric layer is formed in regions of the channel
structure near a source contact or near the source and drain
contacts, wherein the second dielectric layer is in contact
with second surfaces of the source and drain contacts,
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wherein the second surfaces are perpendicular to a plane of
the substrate when the semiconductor device is a top gate
device.

15. The semiconductor device of claim 12, wherein the
semiconductor device is a top gate device, wherein the
second dielectric layer is formed over a portion of the
channel structure near the source contact and is in contact
with a second surface of the source contact, wherein the
second surface is perpendicular to a plane of the substrate,
and wherein the second dielectric layer covers less than
about 20 nm of a channel length of the channel structure.

16. The semiconductor device of claim 12, further com-
prising an interfacial layer formed over the channel struc-
ture, wherein the interfacial layer comprises a 2D insulator
material including alumina (Al,O;) or hexagonal boron
nitride.

17. The semiconductor device of claim 12, wherein the
second dielectric layer is about 1-10 nm thick, and wherein
the first dielectric layer comprises a gate dielectric layer, and
wherein the second dielectric layer comprises an oxide or
nitride dielectric including at least one element from a group
consisting of tantalum (Ta), titanium (Ti), hafhium (Hf),
zirconium (Zr), aluminum (Al), lanthanum (La), yttrium
(Y), niobium (Nb), silicon (Si), germanium (Ge), and gal-
lium (Ga).

18. The semiconductor device of claim 12, wherein the
semiconductor device is a bottom gate device, wherein the
second dielectric layer is formed over the first dielectric
layer, wherein the second dielectric layer is formed over the
first dielectric layer near a source contact or near the source
and drain contacts.

19. A method for manufacturing a semiconductor device,
comprising:

depositing a gate electrode layer over a substrate;

depositing a dialectic layer over the gate electrode layer;

depositing and patterning a photo-resist layer over the
dielectric layer to cover at least a middle portion of the
dielectric layer;

forming a charge-trapping layer with a first thickness

inside a portion of the dielectric layer not covered by
the photo-resist layer;

depositing a two-dimensional (2D) material layer over the

charge-trapping layer and a remaining portion of the
dielectric layer after removing the patterned photo-
resist layer; and

forming source and drain contacts over the 2D material

layer.

20. The method of claim 19, wherein the portion of the
dielectric layer not covered by the photo-resist layer
includes a portion near a source region and a portion near a
drain region of the channel structure, wherein the charge-
trapping layer comprises a charge-trapping dielectric mate-
rial and is about 1-10 nm thick, and wherein the charge-
trapping dielectric material comprises and oxide or nitride
dielectric including at least one element from a group
consisting of tantalum (Ta), titanium (Ti), hafhium (Hf),
zirconium (Zr), aluminum (Al), lanthanum (La), yttrium
(Y), niobium (Nb), silicon (Si), germanium (Ge), and gal-
lium (Ga).



