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A Method of Fabricating Tunnel Transistors with Abrupt

Junctions

CROSS-REFERENCE TO RELATED APPLICATIONS

0001 The present application claims the benefits of United States patent application S/N: 13/459278
entitled “A Method of Fabricating Tunnel Transistors with Abrupt Junctions”, filed April 30,
2012, the content of which is incorporated herein by reference in its entirety.

FIELD OF THE INVENTION

0002  The present invention relates to semiconductors devices, and more particularly, to junction

tunnel transistors (TFETs) with controllable gate overlap and abrupt junctions as part of a

replacement gate process flow and a method of manufacturing the same.

BACKGROUND OF THE INVENTION

0003

Tunnel FETSs have shown to be an alternative transistor design applicable to very low voltage
operations. TFETSs are a different type of transistor than conventional, thermal MOSFETs,
because in TFETSs a tunnel energy barrier is modulated at the source region, as opposed to a
thermal barrier at the source region. It is the modulation of this tunnel barrier (in particular, a
band-to-band tunnel (BTBT) barrier) which results in a drain-current-to-gate-voltage
sensitivity (i.¢, sub-threshold swing or SS) which can be superior to that in thermal MOSFETs.
In thermal MOSFETs, the thermal limit for SS is defined as n*k*T*In(10), where k is
Boltzman’s constant, T is the temperature (in Kelvin scale), and n 1s the ideality factor (greater
than or equal to 1, but ideally 1). Under ideal conditions at room temperature, the SS limit for
thermal MOSFETs is 60 mV/decade, i.¢., the minimum change in gate bias needed to increase
the drain current by a factor of 10 1s 60 mV. Any device that can offer a room temperature SS
limit below 60 mV/decade will permit scaling down the transistor threshold voltage (Vt), and
therefore the power supply voltage (VDD) without increasing the off-state leakage current.

This is desirable from a circuit design standpoint, since VDD scaling reduces dynamic power
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consumption while keeping the off-state leakage constant results in no increase in standby

power consumption.

TFETs of various designs have achieved both in theory and in practice SS values below 60
mV/dec. This is accomplished by leveraging the energetic distribution of tunnel carriers
between the conduction and valence band edges. In order to obtain BTBT, the conduction
band of one portion of the device must exist at a lower energy than the valence band of another
portion. This is referred to as band edge overlap. The extent of this band edge overlap defines
the energy range over which carriers can tunnel between the conduction and valence bands in
these regions. The energetic distribution of the tunnel carriers plays a major role in
determining SS, since the low SS achieved in TFETs is defined by the transition between zero
or negative band edge overlap (i.¢, zero BTBT) and some finite band edge overlap (i.e, finite
BTBT). This can be engineered through the use of different materials (e.g., Si, Ge, 111-V)
and/or geometries (e.g., 1-D, 2-D, or 3-D density of states).

A conventional Ge source region achieving sub-60 mV/dec SS in a TFET structure has been
empirically demonstrated and shown to significantly improve the performance over prior work
due to a reduced bandgap of Ge relative to Si or SiGe. The placement of the Ge source under
the gate electrode has been shown by performing an isotropic etch to undercut the gate
followed by a Ge deposition to fill the etched region. The limitation of the improvement is
mainly related to the use of an isotropic etch to undercut the gate electrode. Since it is
desirable to place the Ge directly under the gate dielectric, the gate dielectric ends up being
exposed to the isotropic etch, exposing to damage the gate dielectric and lead to high gate
leakage. Additionally, there is also a challenge of accurately controlling the undercut etch,
since the extent of gate overlap of the Ge source region will determine how much BTBT can
be modulated. This tends to occur when the design is a “vertical” TFET (also referenced to a
transverse TFET) due to most of the BTBT current flowing in a direction that is transverse to
the gate electrode over the source region. In such a design, the total BTBT current is linearly

proportional to the extent of gate overlap of the source region.
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The concept of a broken-gap TFET has been introduced to effectively engineer the materials
on both sides of the BTBT barrier such that a band edge offset exists in equilibrium (i.e,
without any gate bias-induced band edge offset), known as a type-III junction. In this
particular design, the broken gap region exists at a distance sufficiently away from the gate
electrode such that it is not under the influence of the gate electrode. The purpose thereof is to
create a TFET structure wherein SS is independent of gate bias, unlike the aforementioned
illustration wherein SS changes with the gate bias. Engineering the BTBT barrier effectively is
not casily achieved in order to obtain that the tunnel probability in the band edge overlap
region be effectively 100%. The remainder of the device is preferably a conventional thermal
MOSFET, and such that the structure as a whole 1s basically a source-limited thermal
MOSFET, wherein the thermal barrier modulated by the gate electrode controls the portion of
the energetic distribution of carriers injected at the source BTBT barrier. This achieves a very
steep SS over several decades of current when compared to the performance of similarly-
scaled thermal MOSFETs. The limitation of this embodiment is that no integration scheme is

forthcoming for actually building the device.

Conventional TFETs with doped regions have been shown to be formed vertically rather than
laterally, (horizontally) as known, for instance in typical MOSFETS, with the gate electrode
wrapping around the sidewall regions. A delta-doped p+ SiGe layer exists between the p+ Si
source and undoped body regions to facilitate a BTBT injection, and therefore improving the
performance. An advantage is that the doped regions can be arbitrarily thick or thin and
defined precisely by epitaxial growth. The limitation with this device structure s the same as
with all other “vertical” transistor designs, wherein the gate-to-source parasitic capacitance is

very high, due to the gate electrode and source regions both covering the same, large, area.

The use of a raised Ge source in a TFET structure is known. The operational concept is the
same as previously described except that here, employing a raised source offers a few
advantages. Firstly, the presence of the bottom gate corner adjacent to the raised source
improves the device electrostatics by suppressing drain field penetration into the gate-induced
depletion region in the source (wherein BTBT occurs). Secondly, by using a raised source,

precludes the need to use of a required isotropic etch, and so the gate-to-source overlap can be
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more accurately controlled with epitaxy. However, this structure is limited by the described
integration scheme, wherein the Ge epitaxy is formed against the dielectric sidewall region. It
1s well-known that semiconductor epitaxy against a dielectric sidewall (e.g., raised
source/drain epitaxy in conventional MOSFETSs) results in faceting and reduced epitaxial film
quality along the diclectric sidewall. In the context of a TFET, this will lead to a significant

degradation in performance due to the presence of crystalline defects in the epitaxial region.

Referring to FIG. 1a, a planar TFET structure is illustrated operating in a “vertical” (also
referred to as transverse) mode. The source and drain regions can be oppositely doped, and the
body region doped to the same polarity as the source region. For example, for an n-type
TFET, the source and body can be p-type and the drain, n-type. If the source is doped “low”
(c.g., 1IE19 cm™), and the body is doped “high” (e.g., 1E18 cm™), then the dominant BTBT

direction will be vertical, or transverse to the gate dielectric boundary to the source.

Referring to FIG. 1b, if the source is doped heavily (e.g., 1IE20 cm™) and the body is doped
lightly, (e.g., 1E16 cm™), then the dominant BTBT direction will be “lateral” (also referenced
as longitudinal), or in the direction of the current flow in the channel under the gate dielectric.
This is caused by the relative doping levels in the source and body regions that determine
which BTBT mode turns on first. With high source doping and low body doping, the lateral
BTBT threshold voltage (Vt) will be lower, while the vertical BTBT Vt will be higher, leading

to a lateral-BTBT dominated mode of operation, and vice versa.

The lateral and vertical terminologies are only accurate for simple, planar structures. However,
when the source region becomes elevated, the orientation of BTBT is altered, since now it is
the gate sidewall that controls the BTBT current. This is illustrated with reference to FIG. 1c,
wherein the tunnel mode is transverse (as in FIG. 1a), but the tunnel direction is lateral (as in
FIG. 1b). The tunnel mode being an essential feature of the type of the TFET, the mode of
operation is therefore defined as either transverse (i.¢., “vertical” in a planar structure) or

longitudinal (i.e., “lateral” in a planar structure).
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0012 Although TFETSs are known in the art, there is a need for a structure provided with an intrinsic
epitaxial layer bridging the source, body and drain regions (p-i-n junctions) of the device

structure.

BRIEF DESCRIPTION OF THE DRAWINGS

0013 The accompanying drawings, which are incorporated in and which constitute part of the
specification, illustrate the presently preferred embodiments of the invention which, together
with the general description given above and the detailed description of the preferred
embodiments given below serve to explain the principles of the, wherein like reference

numerals denote like elements and parts, in which:
0014  FIG. lais cross-sectional view illustrating a prior art BTBT occurring “vertically” i.e.,
transverse to the gate dielectric boundary to the source of the TFET;

0015  FIG. 1b shows a cross-sectional side view illustrating a prior art BTBT occurring “laterally”

1.€., in the longitudinal current flow direction;

0016  FIG. 1c shows a cross-sectional side view depicting a prior art BTBT occurring “laterally” but

transverse to the gate dielectric;

0017  FIG 2 is a side cross-sectional view depicting a p-type substrate superimposed by an epitaxial

growth of p+ source material;

0018  FIG. 3 is a side cross-sectional view showing a dummy gate stack surrounded by a spacer on

top of the epitaxial layer;

0019  FIGs. 4a — 4c show side cross-sectional views illustrating the drain region etched away and

filled with in-situ doped n+ epitaxial material,

0020  FIG. 5 shows a cross-sectional view depicting an interlayer dielectric (ILD) deposited and

planarized;

0021  FIGs. 6a-6d depict side cross-sectional views illustrating the removal of the dummy gate stack
followed by etching a cavity, and more particularly, showing four examples respectively

depicting anisotropic, isotropic, and two sigma-shaped cavities;

0022  FIGs. 7a-7d are side cross-sectional views of the channel epitaxially grown within the etch

cavity.
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0023  FIGs. 8a-8d show side cross-sectional diagrams of an embodiment showing a final view of the
device, wherein in the last step, a high-k/metal gate stack is first deposited and subsequently
planarized, wherein the direction of the BTBT current is shown transverse to the gate electrode

over the source region.,

0024  FIGs. 9a-9d illustrate side cross-sectional diagrams of the final views of the device shown in
FIGs. 8a-8d that include each current flow vector -- shown by arrows from the source to the

channel region in a direction transverse to the gate electrode.

SUMMARY

0025  Inone aspect, an embodiment of the invention provides a method of forming a TFET device
having a thin epitaxial layer bridging the source, body and drain regions (p-i-n junctions) that
provides a thin barrier between the N+ and P+ regions, with the thin epitaxial layer being

modulated by the gate.

0026  In another aspect, an embodiment of the invention provides two types of TFET designs, i.¢c.,
“vertical” TFETs and “lateral” TFETs, respectively referenced to the more accurate

terminology of “transverse” TFETSs and “longitudinal” TFETs.

0027  In a further aspect, an embodiment of the invention provides leveraging the replacement gate,
or "gate last" process flow forming a self-aligned etch cavity directly under the gate electrode,

wherein an epitaxial layer is formed along the source/drain sidewall.

0028  In still another aspect, an embodiment describes tuning the crystal direction in which BTBT
takes place by varying the shapes of the self-aligned etch cavity, and wherein in view of
different crystal directions having a different effective tunnel mass, the crystal direction can be

tuned depending on the materials used in the BTBT region.

0029  Inyet a further aspect, in an embodiment, P+ and N+ regions and intrinsic/lightly-doped
regions are formed defining the TFET source, body, and drain regions using epitaxy, implant,
or any combination thereof, abutting to a structure having the intrinsic/lightly-doped region

separating the P+ from the N+ regions.
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0030  In still a further aspect, in an embodiment, a MESA etch defines the shape of the TFET
channel region, preferably during a replacement gate process, ¢.g., metal replacement, wherein

the dummy gate region determines the length and width of the MESA etch cavity.

0031 In yet a further aspect, a channel region is grown epitaxially over the TFET structure, covering
at least the source region (i.e, the P+ region for an N-type TFET, or the N+ region for a P-type
TFET). The epitaxial channel region can be doped or undoped.

0032 In another aspect, an embodiment provides a method of manufacturing a TFET that includes
forming on a substrate covered by an epitaxial growth of source material a dummy gate stack
surrounded by sidewall spacers; forming doped source and drain regions followed by an inter-
layer dielectric surrounding the sidewall spacers; removing the dummy gate stack, etching a
self-aligned cavity; epitaxially growing a thin channel region within the self-aligned etch
cavity; and conformally depositing gate dielectric and metal gate materials within the self-

aligned etch cavity.

0033  Instill another aspect, an embodiment of the invention provides a tunnel field effect transistor
(TFET) that includes a p+ source region for n-type TFET or n+ source region for p-type
TFET; an n+ drain region for n-type TFET or p+ drain region for p-type TFET; a body region
that is either intrinsic or doped, with a doping concentration less than that of the source region,
separating the p+ and n+ source/drain regions; a self-aligned etch cavity separating the p+ and
n+ source/drain regions; a thin epitaxial channel region that is grown within the self-aligned
etch cavity, covering at least the source region; a replacement gate stack comprising a high-k
gate dielectric and one or a combination of metals; and sidewall spacer regions adjacent to the

replacement gate stack.

DETAILED DESCRIPTION

0034  Detailed embodiments of the methods and structures of the present disclosure are described
herein; however, it is to be understood that the disclosed embodiments are merely illustrative

of the described methods and structures that can be embodied in various forms. In addition,
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each of the examples given in connection with the various embodiments of the disclosure is
intended to be illustrative, and not restrictive. Further, the FIGs. are not necessarily to scale,
some features can be exaggerated to show details of particular components. Therefore,
specific structural and functional details disclosed herein are not to be interpreted as limiting,
but merely as a representative basis for teaching one skilled in the art to variously employ the
methods and structures of the present disclosure. For purposes of the description hereinafter,
the terms "upper”, "lower", "top", "bottom", and derivatives thereof shall relate to the

disclosed structures, as they are oriented in the drawing FIGs.

The process described herein illustrates an n-type TFET process flow (i.e, NMOS-like).
However, p-type TFETS (i.e, PMOS like) can be formed in the same manner, with the
exception of using different bandgap engineered materials for the source, channel, and drain

regions.

Referring to FIG. 2, a substrate (200) is shown upon which an epitaxial layer (220) is grown
that ultimately defines the source material. For an n-type TFET, the preferable source material
has a valence band edge offset to the channel material such that the valence band edge encrgy
in the source material is higher than that in the channel, wherein a conduction band edge
offsets such that the conduction band edge energy in the channel material is lower than that in
the source material. An illustrative material of choice includes silicon germanium (SiGe) or
pure germanium. Pure germanium has an electron affinity of 4 eV and a bandgap of 0.66 eV.
SiGe has an electron affinity between 4 ¢V and 4.05 ¢V and a bandgap between 0.66 ¢V and
1.12 eV (depending on the Ge content). The thickness of the epitaxial layer ranges from 5 to

20nm.

Referring to FIG. 3, a dummy gate stack (310) and sidewall spacers (320) are obtained by first
growing or depositing a dummy gate dielectric (e.g., silicon dioxide with a preferred thickness
of 3nm, sufficient to act as an etch stop layer or endpoint detection layer when the dummy gate
stack is patterned). This is followed by a deposition of the dummy gate material (typically

polysilicon, with a thickness of the order of 50nm). Next, the aforementioned step is followed

by the deposition of a capping layer over the dummy gate material (typically silicon nitride,
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with a thickness on the order of 30nm). All three layers described thus far are shown for
illustrative purposes only as one layer. The dummy gate stack is then patterned by lithography,
and subsequently etched in conformity with the lithographically defined pattern. Then,
sidewall spacer material (typically silicon nitride, with a thickness on the order of 10nm) is

deposited and anisotropically etched.

Referring to FIGs. 4a-4c, the drain region is formed in one embodiment, using conventional
ion implant/anneal processing, or alternatively, the drain region selectively etched away and
filled in with in-situ doped n+ epitaxial material. The latter approach is preferred and is shown
to avoid excessive thermal processing which can otherwise relax any strain between the
epitaxial layers and the underlying substrate (which could lead to crystalline defects). The
recess ctch shape of the drain region can take any shape by undercutting the drain-side
sidewall spacer that protrudes under the dummy gate stack. In view of the self-aligned cavity
etching (hereinafter in the process flow), the drain region is exposed, extending from under the

dummy gate stack and ending into the source region.

Referring to FIG. 4a, an etch mask (410) (e.g., silicon dioxide) is deposited and patterned such
that the source side of the TFET is covered, leaving the drain side (430) of the TFET exposed.
Subsequently, a recess etch is performed into the drain side of the TFET. The recess etch is
shown in FIG. 4b as having preferably the same depth (440) as the epitaxial source material,
but can be any depth greater or equal thereto. To achieve an undercut (450) in the recess etch
profile such that the bottom of the dummy gate partially overlaps the recess etch profile, an
isotropic reactive ion etch (RIE) or a wet etch or a combined thereof can be performed, using

a chlorine-based or fluorine based plasma as reactive species.

Still referring to FIG. 4b, the drain region is preferably epitaxially grown. The thickness of the
layer (460) can be greater than or equal to the thickness of the recess etch depth. In an
embodiment of an n-type TFET, in-situ doped SiP or SiCP can be used to form the nt+ drain

region.
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Referring to FIG. 4c, the etch mask is removed from the structure. If the etch mask (410) is

made of silicon dioxide, the etch mask can be removed selectively using a wet HF etch.

Referring now to FIG. 5, an interlayer dielectric (ILD) layer (510) is deposited and planarized.
The ILD material preferably used includes silicon dioxide and/or silicon nitride. A chemical
mechanical planarization (CMP) is preferably employed to planarize both the ILD and the gate
stack, exposing the dummy gate material (polysilicon in this example) within the gate stack.

Also shown, are the source region (530) and the drain region (520).

Referring to FIGs. 6a-6d, the dummy gate (310, FIG. 3) is preferably removed by a
combination of wet and/or dry etching (e.g., anisotropic RIE selective to polysilicon, followed
by an ammonium hydroxide wet etch to remove residual polysilicon), and forming a cavity.
Four non-limiting examples are depicted in FIG. 6a, for an anisotropic recess etch, an isotropic
recess etch (FIG. 6b), and sigma-shaped (i.¢, sigma etch 1 and sigma etch 2) cavities (FIGs. 6¢
and 6d). Each etch shape results in an etch surface with different exposed crystal planes.
Depending on the materials used and the direction of effective mass anisotropy, a different set
of crystal planes will be optimal for maximizing BTBT current and therefore TFET drive
current. Moreover, corner regions in the anisotropic and sigma recess etches confine the drain
voltage drop to take place between the corner regions and the drain terminal. This results in a
uniform surface potential along the BTBT perimeter at the source/channel junction caused at
the corner regions, the inversion charge is at a lower concentration than in the “planar” regions
due to electric field dilution from the inside of the corner region and extending outward toward
the channel. This creates regions of higher resistance wherein some or a majority of the drain
voltage is dropped, reducing the drain voltage drop across the source region. If this effect does
not take place (e.g., for a planar TFET, FIGs. la-1c), then there will be a drain-bias-induced
potential distribution throughout the source, which leads to a non-uniform transverse electric
field distribution within the source. This, in turn, leads to an operational mode wherein some
fraction of the BTBT is transverse while the other fraction is longitudinal. Since the transverse
and longitudinal modes have a different Vt, the net result is a degradation in SS and therefore
drive current at the same off-state leakage. Thus, the anisotropic and sigma etches are

preferred for maximizing the TFET performance.

10
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Referring to FIG. 6a, anisotropic etching can be realized by using a HBr (hydrogen bromide)
based RIE. The depth of the recess cavity is preferably greater than the thickness of the

epitaxial source material, and can be on the order of 50nm.

Referring to FIG. 6b, a chlorine-based plasma etch can be utilized to form the isotropic etch
cavity. Again, the depth of the etch cavity is preferably greater than the thickness of the

epitaxial source material.

Referring to FIG. 6c, the sigma shape can be formed by a combination of RIE and wet etching.
For example, HBr-based RIE can be performed to create an initial etch cavity, similar to the
anisotropic ctch cavity in FIG. 6a but with a smaller etch depth. Alternately, a Chlorine or
Fluorine based isotropic RIE can be performed to create an initial etch cavity, similar to the
isotropic etch cavity (FIG. 6b), but with a smaller etch depth. Either one of these can have an
etch depth on the order of 5-10nm, and followed by a wet etch in ammonium hydroxide to
form the final sigma shape shown. The depth of the initial RIE etch profile determines the
placement of the sigma corner regions extending under/past the sidewall spacers and into the
doped source/drain regions. The sigma corner regions do not need to terminate within the
doped source/drain regions, however. The initial RIE can be sufficiently deep that the final

sigma profile results in thee corner regions extending below the source/drain regions.

Referring to FIG. 6d, the process of forming the sigma shape is such that the sigma corner
regions extending into the source/drain regions do not extend to a depth below the surface.
This can be achieved by performing an ammonium hydroxide wet etch, wherein the wet etch

undercuts the sidewall spacers to result in some lateral protrusion of the sigma corner regions.

Referring to FIG. 7, channel material is epitaxially grown within the etch cavity, This is an
optional, albeit preferred, step and can be used to create a BTBT junction with larger band
edge offset within the junction (¢.g., a broken gap tunnel junction). It is noteworthy that one

could forego the epitaxial growth and proceed straight to the next step (i.¢, gate stack

11
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formation), such that BTBT takes place purely within the source material and not across a

junction between the source and the channel.

Referring now to FIGs. 7a and 7b, an epitaxial channel material is grown over all the exposed
semiconducting regions within the self-aligned etch cavity. The optimal thickness of the
material depends on the material used, and the implications for quantum confinement within
this material, as well as stress relaxation over the underlying material/s. The epitaxial channels
(710,720) thickness can be on the order of 5-10nm. For illustrative purposes, example of
materials include but are not limited to InP, InSb, InAs, and other I11-V semiconductors, as

well as Ge or graphene.

Referring to FIGs. 7¢ and 7d, the epitaxial channels (730, 740) material is grown over all the
exposed semiconductor regions in the self-aligned etch cavity. In the example illustrated
herein, the interface between the channel material and the source material exists on a (111)

crystal plane.

Still referring to FIG. 7d, since the ctch cavity cuts through the source/drain regions and the
epitaxial channel is grown ‘over’ the source/drain regions, the effective channel width 1s
independent of the epitaxial channel thickness (as opposed to a longitudinal mode TFET,
wherein the channel thickness plays a role in determining the BTBT cross-sectional arca).
This implies that relatively thin epitaxial regions can be employed, permitting the usage of
materials with a larger lattice mismatch over the source/drain and substrate regions without
relaxing the interface strain (that can otherwise occur if the epitaxial layer is too thick). Also,
as the thickness of the epitaxial channel layer is reduced, the transverse electric field increases,
which leads to higher BTBT current in the on-state (assuming that the material is not so thin
that quantum confinement increases the effective tunnel bandgap and reduces the availability

of tunnel carriers over the energy range within which BTBT occurs).

Referring to FIGs. 8a-8d, high-k/metal gate stacks are respectively deposited and planarized.
The respective high-k materials are mitially deposited conformally, covering the entire channel

region. Typical choices for high-k dielectrics include HfO,, Al;O,, and Ta,0s. The high-k

12
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dielectric thickness is preferably on the order of 1-2nm. To reduce the presence of interface
states at the channel-to-high-k interface, the high-k deposition can be preceded by some form
of interface passivation using any or a combination of fluorine, oxygen, selenium, sulfur,
carbon, hydrogen, and the like, and/or a thin oxide deposition or growth step. After depositing
the respective high-k materials, metal gate stacks are then respectively deposited into the self-
aligned etch cavity. Each metal gate stack can be formed using any metal needed to meet the
gate workfunction and gate leakage specifications required by the source and channel materials
to achieve optimal performance. This can include one or a combination of TiN, TaN, TiAl, Ti,
Ta, W, Al, Dy, Er, and the like. Following the deposition of the ecach metal gate stack, CMP is
then performed to remove the metal residuals from the top of each structure (i.e, on top of the

spacer and ILD regions), resulting in respective electrically isolated metal gate stacks.

Referring to FIG. 8a, the direction of BTBT current flow in the on-state from the source to the
channel can be in the lateral direction but transverse to the gate electrode. Referring to the thin
epitaxial channel layer over the source region described in embodiments of the invention, the
gate electrode forms an inversion layer over the source region inducing the BTBT current flow

from the source region to the channel region in a direction transverse to the gate electrode.

Referring to FIG. 8b, the shape of the interface between the source region and the gate region
1s curved, indicative that the direction of the BTBT current flow in the on-state 1s neither
lateral nor vertical. However, for each current flow vector (shown by arrows), the flow of the
current from the source to the channel region is transverse to the gate electrode. Thus, for both
FIGs. 8a and 8b, despite the different absolute directions of the BTBT current flow (i.¢., FIG.
8a has a 1-D interface and FIG. 8b has a 2-D curved interface between the source region and
gate region), the BTBT current flows nonetheless in a direction transverse to the gate electrode

in both cases.

Referring to FIGs. 8c and 8d, the interface between the source region and the gate region exists
along the (111) crystal plane, but the principle of operation is the same as shown in FIGs. 8a
and 8b, wherein throughout the interface between source region and the gate electrode, the

BTBT current flows in the on-state is in a direction that is transverse to the gate electrode, as

13
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depicted by the arrows in FIGs. 8¢ and 8d. Alternatively, in FIGs. 8¢ and 8d, the direction of
BTBT current flow is in the <111> direction. For materials which possess effective mass
anisotropy, the effective carrier tunneling mass may be lower in the <I111> direction than in
any other crystal plane direction, such as the <100> direction. Using the sigma shape as
described in FIGs. 8c and 8d should result in an increase in BTBT current compared to the

structures in FIGs. 8a and 8b.

While the present invention has been particularly shown and described with respect to
preferred embodiments thereof, it will be understood by those skilled in the art that the
foregoing and other changes in forms and details can be made without departing from the spirit
and scope of the present invention. It is therefore intended that the present invention not be
limited to the exact forms and details described and illustrated, but fall within the scope of the

appended claims.

INDUSTRIAL APPLICABILITY

0057

The present invention finds industrial applicability in the design and fabrication of high-
performance semiconductor Tunnel Field Effect Transistors (FET) incorporated in integrated

circuit chips that find application in a large variety of electronic and electrical apparatus.
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CLAIMS

A method of manufacturing a tunnel field effect transistor (TFET), comprising;

a) forming a dummy gate stack (310) surrounded by sidewall spacers (320) on a substrate (200)
covered by epitaxially grown source material (220),

b) forming doped source (510) and drain (520) regions followed by an inter-layer dielectric
(ILD) (510) surrounding the sidewall spacers (320);

¢) removing the dummy gate stack (310) followed by etching a self-aligned cavity (710);

d) epitaxially growing a thin channel within the self-aligned etch cavity; and

¢) depositing gate dielectric and gate materials within the self-aligned etch cavity.

. The method of claim 1, wherein step b) is followed by exposing dummy gate materials by

planarizing said dummy gate stack.

. The method as recited in claim 2 wherein the planarizing extends over both the ILD and the

dummy gate stack, exposing the dummy gate material within the gate stack.

. The method of claim 1, further comprising forming the self-aligned etch cavity directly under the

gate electrode by leveraging replacement gate.

The method of claim 1, wherein step ¢) is followed by planarizing a top surface of the replacement

stack, removing residues of said gate diclectric and said metal gate materials.

. The method of claim 3, further comprising removing said dummy gate stack and forming a self

aligned etch cavity.

. The method of claim 6, wherein said etch is performed during a replacement gate process, and

wherein the dummy gate region defines the length and width of said etch cavity.

. The method of claim 1 further comprising forming P+ and, N+ regions and intrinsic and lightly-

doped regions separating the P+ and N+ regions, defining the source, body, and the drain regions.
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The method of claim &, wherein forming the P+ and N+ regions is performed by epitaxy, implant,
or any combination thereof with an intrinsic or a lightly-doped region separating said P+ and N+

regions.

The method of claim 1, wherein said epitaxially grown channel extends over at least the source

region, and wherein said epitaxially grown channel is doped or undoped.

The method of claim 1, wherein forming the replacement gate stack comprises the gate diclectric,

and metal gate electrode over the epitaxially grown channel.

The method of claim 1 further comprises forming a TFET with predominantly transverse or

longitudinal tunneling.

The method of claim 1 further comprising forming a thin epitaxial layer bridging the source, body

and drain regions.

The method of claim 13, wherein said thin epitaxial layer between the N+ and P+ regions is

modulated by said gate.

The method of claim 1, wherein removing the dummy gate to achieve the etch cavity is performed

by any combination of wet and dry etching.

The method of claim 1, wherein the etch cavity comprises one of anisotropic, isotropic, or a

sigma-shaped configuration.

The method of claim 16, wherein each etch results in an etch surface having different exposed

crystal planes.

The method of claim 17 wherein the different exposed crystal planes maximize the TFET drive

current, depending on materials and direction of an effective mass anisotropy.
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19. The method of claim 17 wherein corner regions in the anisotropic and sigma recess etches confine
the drain voltage drop to take place between corner regions and drain terminal, resulting in a

uniform surface potential along BTBT perimeter at the source to the channel junction.

20. A tunnel field effect transistor (TFET) device, comprising:

a first doped source region for a first type TFET or a second doped source region (530)
for a second type TFET;

a second doped drain region for the first type TFET or a first doped drain region (520) for
the second type TFET;

a body region that is either intrinsic or doped, with a doping concentration less than that
of the first or second source region, separating the first or second source from the first or
second drain regions;

a sclf-aligned etch cavity (710) separating the first or second doped source (530) and
drain (520) regions;,

a thin epitaxial channel region that is grown within the self-aligned etch cavity (710),
covering at least the first or the second source region;

a replacement gate stack (310) comprising a high-k gate dielectric and one or a
combination of metals and polysilicon; and

sidewall spacers (320) adjacent to the replacement gate stack.

21. The TFET device of claim 20 further comprising a p+ source region of an n-type TFET or an n+
source region of a p-type TFET; an n+ drain region for the n-type TFET or a p+ drain region for
the p-type TFET; a body region that is either intrinsic or doped, with a doping concentration less
than that of the source region, separating the p+ and n+ source and drain regions; a self-aligned
etch cavity separating the p+ and n+ source and drain regions; a thin epitaxial channel region
grown within the self-aligned etch cavity, covering at least the source region; a replacement gate
stack comprising a high-k gate dielectric and one or a combination of metals; and sidewall spacer

regions adjacent to the replacement gate stack.
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