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(57) Abstract: Low leakage non-planar access transistors for embedded dynamic random access memory (eDRAM) and methods of
fabricating low leakage non-planar access transistors for eDRAM are described. For example, a semiconductor device includes a
semiconductor tin disposed above a substrate and including a narrow fin region disposed between two wide fin regions. A gate elec-
trode stack is disposed conformal with the narrow fin region of the semiconductor fin, the gate electrode stack including a gate elec-
trode disposed on a gate dielectric layer. The gate dielectric layer includes a lower layer and an upper layer, the lower layer com-
posed ot an oxide of the semiconductor fin. A pair of source/drain regions is included, each of the source/drain regions disposed in a
corresponding one of the wide fin regions.
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Low Leakage Non-Planar Access Transistor for Embedded Dynamic Random
Access Memory (eDRAM)

TECHNICAL FIELD

[0001] Embodiments of the invention are in the field of semiconductor
devices and processing and, in particular, low leakage non-planar access transistors
for embedded dynamic random access memory (eDRAM) and methods of

fabricating low leakage non-planar access transistors for eDRAM.

BACKGROUND

[0002] For the past several decades, the scaling of features in integrated
circuits has been a driving force behind an ever-growing semiconductor industry.
Scaling to smaller and smaller features enables increased densities of functional
units on the limited real estate of semiconductor chips. For example, shrinking
transistor size allows for the incorporation of an increased number of memory or
logic devices on a chip, lending to the fabrication of products with increased
capacity. The drive for ever-more capacity, however, is not without issue. The
necessity to optimize the performance of each device becomes increasingly
significant.

[0003] In the manufacture of integrated circuit devices, multi-gate
transistors, such as fin field effect transistors (fin-FETSs), have become more
prevalent as device dimensions continue to scale down. In conventional processes,
fin-FETSs are generally fabricated on either bulk silicon substrates or silicon-on-
insulator substrates. In some instances, bulk silicon substrates are preferred due to
their lower cost and compatibility with the existing high-yielding bulk silicon
substrate infrastructure.

[0004] Scaling multi-gate transistors has not been without consequence,
however. As the dimensions of these fundamental building blocks of
microelectronic circuitry are reduced and as the sheer number of fundamental
building blocks fabricated in a given region is increased, the constraints on the
semiconductor processes used to fabricate these building blocks have become

overwhelming.
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[0005] BRIEF DESCRIPTION OF THE DRAWINGS

[0006] Iigure 1A illustrates a plan view and corresponding cross-sectional
views of a state-of-the-art non-planar access transistor.

[0007] Figure 1B illustrates a plan view and corresponding cross-sectional
views of another state-of-the-art non-planar access transistor.

[0008] Iigure 2A illustrates a plan view and corresponding cross-sectional
views of a low leakage non-planar access transistor, in accordance with an
embodiment of the present invention.

[0009] Figure 2B illustrates an angled view of a portion of the low leakage
non-planar access transistor of Iligure 2A, in accordance with an embodiment of the
present invention.

[0010] Figures 3A-3D illustrate cross-sectional views of various operations
in a method of fabricating a low leakage non-planar access transistor, in accordance

with an embodiment of the present invention, where:

[0011] Figure 3A illustrates a starting structure for semiconductor device
fabrication;
[0012] Figure 3B illustrates the structure of Figure 3A following removal of

the dummy gate electrode to form a trench;

[0013] Figure 3C illustrates the structure of Figure 3B following an
oxidation process; and

[0014] Figure 3D illustrates the structure of Figure 3C following metal gate
electrode formation on the on the thick gate dielectric layer of IMigure 3C.

[0015] Iigure 4A illustrates a cross-sectional view of a non-planar
semiconductor device, in accordance with an embodiment of the present invention.
[0016] IFigure 4B illustrates a plan view taken along the a-a’ axis of the
semiconductor device of Figure 4A, in accordance with an embodiment of the
present invention.

[0017] Figure 5 illustrates a cross-sectional view of a low leakage non-
planar access transistor and corresponding capacitor formed in a single dielectric
layer housing fourth-level metal wiring, in accordance with an embodiment of the

present invention.
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[0018] Figure 6 illustrates a cross-sectional view of a low leakage non-
planar access transistor and corresponding capacitor formed in the two dielectric
layers housing third-level and fourth-level metal wiring, in accordance with an
embodiment of the present invention.

[0019] Figure 7 illustrates a computing device in accordance with one

implementation of the invention.

DESCRIPTION OF THE EMBODIMENTS

[0020] Low leakage non-planar access transistors for embedded dynamic
random access memory (eDRAM) and methods of fabricating low leakage non-
planar access transistors for eDRAM are described. In the following description,
numerous specific details are set forth, such as specific integration and material
regimes, in order to provide a thorough understanding of embodiments of the
present invention. It will be apparent to one skilled in the art that embodiments of
the present invention may be practiced without these specific details. In other
instances, well-known features, such as integrated circuit design layouts, are not
described in detail in order to not unnecessarily obscure embodiments of the present
invention. Furthermore, it is to be understood that the various embodiments shown
in the Figures are illustrative representations and are not necessarily drawn to scale.
[0021] One or more embodiments described herein are directed to
approaches to fabricating extremely low leakage tri-gate eDRAM access transistors
with differential fin widths. Embodiments may include one or more of a fin-FET
device, gate induced drain leakage reduction, junction leakage reduction, low-
leakage, low-power, metal oxide semiconductor field effect transistors (MOSFETS),
selective oxidation approaches, system-on-chip products, and tri-gate technologies.
The transistors described herein may be useful for eDRAM technology, but need not
be so limited in application.

[0022] To provide context, one or more embodiments described herein
address problem of gate-induced drain leakage (GIDL) current which is one of the
major leakage paths in state-of-the-art memory cells. One or more embodiments are
directed to the use of fin-FET devices as suitable for addressing GIDL issues due to

superior channel controllability. GIDL is induced by a high electric field between
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gate and drain and it is seriously deteriorated in a fin-FET structure due to due to a
lateral bipolar junction effect. Previous solutions that have addressed mitigation of
GIDL current have included junction grading, co-implant optimization, and oxide
thickness control. For fin-FET devices with scaled gate dimensions, however,
GIDL leakage may not effectively be mitigated by such approaches since
performance and sub-threshold (off-state) leakage significantly degrades.
Accordingly, in an embodiment, a transistor with differential fin width is described
herein. In one such embodiment, the device enables precise control of GIDL
leakage and is fully compatible with a standard fin-FET complimentary metal oxide
semiconductor (CMOS) process flow.

[0023] More specifically, one or more embodiments are directed to
fabrication of an eDRAM access transistor. For such a transistor, a thicker gate
dielectric may be favored to minimize GIDL current. However, a thicker gate
dielectric also produces narrower fin dimensions at source/drain regions (e.g.,
outside of the channel regions) and can degrade performance due to higher series
resistance (Rext). Instead, in accordance with an embodiment of the present
invention, fin width is differentiated under the channel without impacting fin width
at source/drain regions. In one such embodiment, fin width differentiation is
achieved with a selective oxidation process. To reduce a gate-drain field,
conventional approaches introduce a thicker gate dielectric prior to a gate electrode
formation. Such conventional approaches may be used to reduce GIDL current;
however, simultaneously, drive current (Ion) is degraded since fin width at
source/drain is also reduced as a result of the thicker gate dielectric. The result can
be an unwanted increase in parasitic series resistance (Rext). In accordance with an
embodiment of the present invention, then, a selective oxidation process is used to
effectively differentiate fin width under the channel without impacting fin width at
source/drain regions.

[0024] For the sake of comparison, conventional approaches to addressing
GIDL can be understood from a structural vantage point. In a first example, Figure
1A illustrates a plan view and corresponding cross-sectional views of a state-of-the-
art non-planar access transistor 100A. Referring to Figure 1A, a plan view 102A of

a device highlights source 104 A, gate 106A and drain 108A regions of a fin 110A.
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As taken along the gate region cross-section (a), the fin 110A protrudes above an
isolation region 112A. A gate electrode stack 114A is disposed over the protruding
portion of the fin 110A. As taken along the drain region cross-section (b), the fin
110A having an epitaxial region 116A protrudes above the isolation region 112A,
and may include spacer portions 118A. A contact 120A is disposed over the
protruding portion of the fin 110A. In this first example, relatively full (wide) fin
widths are maintained. However, a corresponding gate dielectric of the gate stack
114A is relatively since little to no fin consumption is performed to form the gate
dielectric layer. Thus, the device 100A may not be suitably low leakage for
effective access transistor performance, e.g., for an eDRAM cell.

[0025] In a second example, Figure 1B illustrates a plan view and
corresponding cross-sectional views of another state-of-the-art non-planar access
transistor. Referring to Figure 1B, a plan view 102B of a device highlights source
104B, gate 106B and drain 108B regions of a fin 110B. As taken along the gate
region cross-section (a), the fin 110B protrudes above an isolation region 112B. A
gate electrode stack 114B is disposed over the protruding portion of the fin 110B.
The gate electrode stack 114B includes a gate dielectric that at least includes a
consumed (oxidized) region 115B of the fin 110B. As taken along the drain region
cross-section (b), the fin 110B having an epitaxial region 116B protrudes above the
isolation region 112B, and may include spacer portions 118B. A contact 120B is
disposed over the protruding portion of the fin 110B. In this second example,
relatively narrow (thin) fin widths result in both the gate and source/drain regions of
the fin 110B due to consumption of a portion of the fin 110B. It is to be understood
that the consumed portion of the fin 110B in the source/drain regions is removed
prior to epitaxial growth on the fin in those regions. Thus, the device 100B may
have Rext issues and may not be suitably high performance for effective access
transistor performance, e.g., for an eDRAM cell.

[0026] In accordance with an embodiment of the present invention, a
selective oxidation is performed following poly or other dummy removal during a
replacement gate process, €.g., during which time the portion of the fin under the
gate is exposed. As such, thick gate dielectric may be fabricated without impact

regions of the fin outside the gate structures. As an example, in contrast to the
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arrangements described in association with Figures 1A and 1B, Figure 2A illustrates
a plan view and corresponding cross-sectional views of a low leakage non-planar
access transistor 200; and Figure 2B illustrates an angled view of a portion of the
low leakage non-planar access transistor 200 of Figure 2A, in accordance with an
embodiment of the present invention.

[0027] Referring to Figures 2A and 2B, a plan view 202 and angled view
203 of a device 200 highlights source 204, gate 206 and drain 208 regions of a fin
210. As taken along the gate region cross-section (a), the fin 210 protrudes above
an isolation region 212. A gate electrode stack 214 is disposed over the protruding
portion of the fin 210. The gate electrode stack 214 includes a gate dielectric that at
least includes a consumed (oxidized) region 215 of the fin 210. As taken along the
drain region cross-section (b), the fin 210 having an epitaxial region 216 protrudes
above the isolation region 212, and may include spacer portions 218. A contact 220
is disposed over the protruding portion of the fin 210. As seen in cross-section (a)
of Iigure 2A, relatively narrow (thin) fin widths result in the gate region of the fin
210 due to consumption of a portion of the fin 210. However, relatively full (wide)
fin widths are maintained in the source/drain regions of the fin 210 since the fin
consumption is confined to the gate regions of the fin 210. As can be seen in Figure
2B, in an embodiment, a narrower portion of a fin not only refers to a narrower from
a plan view perspective (as seen in Figure 2A), but also refers to a recess in height
relative to the relatively wider portions of the fin. Overall, in an embodiment, a
thick dielectric layer is achieved in the gate region for leakage reduction while
wider fin portions are maintained in the source/drain regions for Rext reduction.
Thus, the device 200 may have reduced Rext issues and may be suitably high
performance for effective access transistor performance, e.g., for an eDRAM cell. It
is to be understood that additional processing can subsequently be performed to
complete the device of Figures 2A and 2B, such as contact formation and back-end
of line (BEOL) interconnect fabrication. It is also to be understood that, although
not depicted.

[0028] In another aspect, as mentioned briefly above, a semiconductor
fabrication scheme involves introduction of a selective dry oxidation process

following placeholder polysilicon gate removal (PYREM) where the gate dielectric



WO 2015/047315 PCT/US2013/062312

is exposed. Since the selective dry oxidation is controlled by process variables such
as temperature, pressure, gas flow rate, etc., thickness of transition layer (e.g., fin
width under the channel) can be defined with high control. As an example, FFigures
3A-3D illustrate cross-sectional views of various operations in a method of
fabricating a low leakage non-planar access transistor, in accordance with an
embodiment of the present invention.

[0029] Referring to Figure 3A, a starting structure 302 for semiconductor
device fabrication includes a semiconductor fin 304 disposed above a substrate,
such as a bulk semiconductor substrate (not shown). A dummy gate stack 306 is
disposed above the fin 304 and includes a dummy gate electrode 308 and partial or
dummy gate dielectric layer 310. Spacers 312 are disposed adjacent to the sidewalls
of the dummy gate stack 306. Epitaxial source/drain regions 314 are disposed in,
and partially protrude from, the semiconductor fin 304. An isolation layer 316, such
as an inter-layer dielectric layer, is also shown. It is to be appreciated that, in a
three-dimensional consideration, the dummy gate stack 306 is formed on both the
top (as shown) and sidewall portions of the fin 304.

[0030] Referring to Figure 3B, the dummy gate electrode 308 is removed
from the structure of Figure 3A to form a trench 318, in order to initiate a
replacement gate process. As shown in Figure 3B, the removal of the dummy gate
electrode 308 is performed with selectivity to the partial or dummy gate dielectric
layer 310, which is retained at this stage.

[0031] Referring to Figure 3C, an oxidation process 320 is performed on the
structure of Figure 3C. The oxidation process 320 penetrates the partial or dummy
gate dielectric layer 310 and consumed a portion of the semiconductor fin 304 to
form an oxide layer 322, which may referred to as a transition layer. The
consumption of fin 304 is restricted to regions exposed by the trench 318 of the
removed dummy gate electrode 308. As such, the resulting oxide layer 322 is
substantially confined to the gate region (i.e., channel region) of the fin 304. The
resulting fin 304, then, has wider regions 304B outside of the gate region, and has a
narrower region 304A in the gate region. Referring again to Iigure 3C, the oxide
layer 322 can be formed to extend under the spacers 312. Thus, the consumption

may not be precisely confines to the gate region, but is at least substantially
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confined to the gate region. In an embodiment, the fin is composed of silicon, and
the consumption process involves the formation of a silicon oxide.

[0032] With reference again to Figure 3C, the oxidation process 320 is, in
one embodiment, performed in the presence of the partial or dummy gate dielectric
layer 310. In such a case, the layer 310 is a partial dielectric layer in that it is
retained in the final, thick, gate dielectric layer 324 along with the oxide layer 322.
In one such embodiment, the retained partial dielectric layer is composed of an
oxide of silicon and is formed in an initial fin oxidation process performed much
earlier in the fabrication process flow. In another embodiment, however, the layer
310 is a dummy gate dielectric layer and is removed following removal of the
dummy gate electrode 308. In that embodiment, a replacement gate dielectric layer,
e.g., a high-k gate dielectric layer, is then formed. Subsequently, the oxidation
process 320 is performed in the presence of such a replacement gate dielectric layer
to provide a final, thick dielectric layer that includes the replacement gate dielectric
layer along in addition to the formed oxide layer 322.

[0033] Referring again to Figure 3C, in an embodiment, the oxidation
process 320 is a dry oxidation process. In one embodiment, the dry oxidation
process involves use of ambient hydrogen and oxygen at a temperature
approximately in the range of 500-700 degrees Celsius and a pressure
approximately in the range of 3-10 Torr. Oxidation thickness may be controlled
within tens to hundreds of Angstroms.

[0034] Referring to Figure 3D, a metal gate electrode 350 is formed in the
trench 318 and on the thick gate dielectric layer 324 of Figure 3C, providing a
permanent gate stack for a fabricated semiconductor device 300. Thus, for the
resulting semiconductor device 300, gate regions of a fin portion are fabricated to
include a thicker gate dielectric (and resulting in thinner fin width due to silicon
consumption) for lower leakage. On the other hand, source and drain regions of a
fin portion are not subjected to the same fin consumption, resulting in relatively
wider fin portions in those regions and leading to a reduction in Rext relative to
source and drain regions otherwise subjected to fin consumption. It is to be

appreciated that additional processing can subsequently be performed to complete
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the device 300 of Figure 3D, such as contact formation and back-end of line
(BEOL) interconnect fabrication.

[0035] In general, referring again to Figures 3A-3D, in an embodiment, the
approach described can be used for N-type (e.g., NMOS) or P-type (e.g., PMOS), or
both, device fabrication. It is to be understood that the structures resulting from the
above exemplary processing scheme, e.g., the structures from Figure 3D, may be
used in a same or similar form for subsequent processing operations to complete
device fabrication, such as PMOS and NMOS device fabrication. As an example of
a completed device, Figures 4A and 4B illustrate a cross-sectional view and a plan
view (taken along the a-a’ axis of the cross-sectional view), respectively, of a non-
planar semiconductor device such as completed versions of the low leakage non-
planar access transistor 200 or 300, in accordance with an embodiment of the
present invention. Itis to be noted that the cross-sectional view of Figure 4A is
taken orthogonal to the cross-sectional view of Figure 3D, as taken along the gate
line 350. Furthermore, in the example, illustrated in Figures 4A and 4B, the gate
line covers three distinct semiconductor fins.

[0036] Referring to Figure 4A, a semiconductor structure or device 400,
such as completed versions of a low leakage non-planar access transistor, includes a
non-planar active region (e.g., a fin structure including a protruding fin portion 404
and a sub-fin region 405) formed from a substrate 402, and within an isolation
region 406.

[0037] Referring again to Figure 4A, a gate line 408 is disposed over the
protruding portions 404 of the non-planar active region as well as over a portion of
the isolation region 406. As shown, gate line 408 includes a gate electrode 450 and
a gate dielectric layer 452. A consumed (oxidized) portion 499 of the protruding
portions 404 of the non-planar active region is substantially confined to the gate
region, e.g., the region below gate line 408. The total, thick, gate dielectric layer
includes both the dielectric layer 452 and the consumed (oxidized) portion 499. In
one embodiment, gate line 408 may also include a dielectric cap layer 454. A gate
contact 414, and overlying gate contact via 416 are also seen from this perspective,
along with an overlying metal interconnect 460, all of which are disposed in inter-

layer dielectric stacks or layers 470. Also seen from the perspective of Figure 4A,
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the gate contact 414 is, in one embodiment, disposed over isolation region 406, but
not over the non-planar active regions. As shown, the fins 404 are considered to be
bulk fins since they extend from the underlying substrate 402. In other
embodiments, the fins are formed from a silicon-on insulator (SOI) type substrate
and are thus disposed on a global insulator layer.

[0038] Referring to Figure 4B, the gate line 408 is shown as disposed over
the protruding fin portions 404. Source and drain regions 404A and 404B of the
protruding fin portions 404 can be seen from this perspective. In one embodiment,
the source and drain regions 404A and 404B are doped portions of original material
of the protruding fin portions 404. In another embodiment, as described above, the
material of the protruding fin portions 404 is removed and replaced with another
semiconductor material, e.g., by epitaxial deposition. In either case, the source and
drain regions 404A and 404B may extend below the height of dielectric layer 406,
i.e., into the sub-fin region 405, in the case of bulk type devices. Alternatively, the
source and drain regions 404A and 404B do not extend below the height of
dielectric layer 406, and are either above or co-planar with the height of dielectric
layer 406.

[0039] In an embodiment, the semiconductor structure or device 400 is a
non-planar device such as, but not limited to, a fin-FET or a tri-gate or similar
device. In such an embodiment, a corresponding semiconducting channel region is
composed of or is formed in a three-dimensional body. In one such embodiment,
the gate electrode stacks of gate lines 408 surround at least a top surface and a pair
of sidewalls of the three-dimensional body, as depicted in Figure 4A.

[0040] Substrate 402 may be composed of a semiconductor material that can
withstand a manufacturing process and in which charge can migrate. In an
embodiment, substrate 402 is a bulk substrate composed of a crystalline silicon,
silicon/germanium or germanium layer doped with a charge carrier, such as but not
limited to phosphorus, arsenic, boron or a combination thereof. In one embodiment,
the concentration of silicon atoms in bulk substrate 402 is greater than 97%. In
another embodiment, bulk substrate 402 is composed of an epitaxial layer grown
atop a distinct crystalline substrate, e.g. a silicon epitaxial layer grown atop a boron-

doped bulk silicon mono-crystalline substrate. Bulk substrate 402 may alternatively
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be composed of a group III-V material. In an embodiment, bulk substrate 402 is
composed of a III-V material such as, but not limited to, gallium nitride, gallium
phosphide, gallium arsenide, indium phosphide, indium antimonide, indium gallium
arsenide, aluminum gallium arsenide, indium gallium phosphide, or a combination
thereof. In one embodiment, bulk substrate 402 is composed of a III-V material and
the charge-carrier dopant impurity atoms are ones such as, but not limited to,
carbon, silicon, germanium, oxygen, sulfur, selenium or tellurium. Alternatively, in
place of a bulk substrate, a silicon-on-insulator (SOI) substrate may be used.

[0041] Isolation region 406 may be composed of a material suitable to
ultimately electrically isolate, or contribute to the isolation of, portions of a
permanent gate structure from an underlying bulk substrate or isolate active regions
formed within an underlying bulk substrate, such as isolating fin active regions. Ior
example, in one embodiment, the isolation region 406 is composed of a dielectric
material such as, but not limited to, silicon dioxide, silicon oxy-nitride, silicon
nitride, or carbon-doped silicon nitride.

[0042] Gate line 408 may be composed of a gate electrode stack which
includes a gate dielectric layer 452 and a gate electrode layer 450. As mentioned
above, a consumed (oxidized) portion 499 of the protruding portions 404 of the non-
planar active region is substantially confined to the gate region, e.g., the region
below gate line 408. A total, thick, gate dielectric layer includes both the dielectric
layer 452 and the consumed (oxidized) portion 499. In an embodiment, the
oxidized portion is composed of a silicon dioxide resulting from oxidation of a
silicon non-planar active region. In an embodiment, the gate dielectric layer 452 is
a conformal layer, e.g., as formed in a replacement gate dielectric process, as
shown. In one such embodiment, the gate dielectric layer 452 is composed of a
high-K material. For example, in one embodiment, the gate dielectric layer 452 is
composed of a material such as, but not limited to, hafnium oxide, hafnium oxy-
nitride, hafnium silicate, lanthanum oxide, zirconium oxide, zirconium silicate,
tantalum oxide, barium strontium titanate, barium titanate, strontium titanate,
yttrium oxide, aluminum oxide, lead scandium tantalum oxide, lead zinc niobate, or
a combination thereof. In another embodiment, however, as was illustrated in

Figure 3C, an initial gate dielectric layer formed from oxidation is not replaced and
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a total, thick, gate dielectric layer includes both the retained initial gate dielectric
layer and the consumed (oxidized) portion 499.

[0043] In one embodiment, the gate electrode layer 450 is composed of a
metal layer such as, but not limited to, metal nitrides, metal carbides, metal silicides,
metal aluminides, hafnium, zirconium, titanium, tantalum, aluminum, ruthenium,
palladium, platinum, cobalt, nickel or conductive metal oxides. In a specific
embodiment, the gate electrode is composed of a non-workfunction-setting fill
material formed above a metal workfunction-setting layer.

[0044] Spacers associated with the gate electrode stacks (as shown in
Iigures 3A-3D) may be composed of a material suitable to ultimately electrically
isolate, or contribute to the isolation of, a permanent gate structure from adjacent
conductive contacts, such as self-aligned contacts. For example, in one
embodiment, the spacers are composed of a dielectric material such as, but not
limited to, silicon dioxide, silicon oxy-nitride, silicon nitride, or carbon-doped
silicon nitride.

[0045] Gate contact 414 and overlying gate contact via 416 may be
composed of a conductive material. In an embodiment, one or more of the contacts
or vias are composed of a metal species. The metal species may be a pure metal,
such as tungsten, nickel, or cobalt, or may be an alloy such as a metal-metal alloy or
a metal-semiconductor alloy (e.g., such as a silicide material).

[0046] In an embodiment, the gate line 408 is first formed by poly gate
patterning involving poly lithography to define the poly gate by etch of an SiN
hardmask and poly subsequently. In one embodiment, a mask is formed on the
hardmask layer, the mask composed of a topographic masking portion and an anti-
reflective coating (ARC) layer. In a particular such embodiment, the topographic
masking portion is a carbon hardmask (CHM) layer and the anti-reflective coating
layer is a silicon ARC layer. The topographic masking portion and the ARC layer
may be patterned with conventional lithography and etching process techniques. In
one embodiment, the mask also includes and uppermost photo-resist layer, as is
known in the art, and may be patterned by conventional lithography and
development processes. In a particular embodiment, the portions of the photo-resist

layer exposed to the light source are removed upon developing the photo-resist
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layer. Thus, patterned photo-resist layer is composed of a positive photo-resist
material. In a specific embodiment, the photo-resist layer is composed of a positive
photo-resist material such as, but not limited to, a 248nm resist, a 193nm resist, a
157nm resist, an extreme ultra violet (EUV) resist, an e-beam imprint layer, or a
phenolic resin matrix with a diazonaphthoquinone sensitizer. In another particular
embodiment, the portions of the photo-resist layer exposed to the light source are
retained upon developing the photo-resist layer. Thus, the photo-resist layer is
composed of a negative photo-resist material. In a specific embodiment, the photo-
resist layer is composed of a negative photo-resist material such as, but not limited
to, consisting of poly-cis-isoprene or poly-vinyl-cinnamate.

[0047] Furthermore, as mentioned briefly in association with Figures 3B and
3D, the gate stack structure 408 may be fabricated by a replacement gate process.
In such a scheme, dummy gate material such as polysilicon or silicon nitride pillar
material, may be removed and replaced with permanent gate electrode material. In
one such embodiment, a permanent gate dielectric layer is also formed in this
process, as opposed to being carried through from earlier processing. In an
embodiment, dummy gates are removed by a dry etch or wet etch process. In one
embodiment, dummy gates are composed of polycrystalline silicon or amorphous
silicon and are removed with a dry etch process including use of SFg. In another
embodiment, dummy gates are composed of polycrystalline silicon or amorphous
silicon and are removed with a wet etch process including use of aqueous NH,OH
or tetramethylammonium hydroxide. In one embodiment, dummy gates are
composed of silicon nitride and are removed with a wet etch including aqueous
phosphoric acid.

[0048] In an embodiment, one or more approaches described herein
contemplate essentially a dummy and replacement gate process in combination with
a dummy and replacement contact process. In one such embodiment, the
replacement contact process is performed after the replacement gate process to
allow high temperature anneal of at least a portion of the permanent gate stack. For
example, in a specific such embodiment, an anneal of at least a portion of the
permanent gate structures, e.g., after a gate dielectric layer is formed, is performed

at a temperature greater than approximately 600 degrees Celsius.
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[0049] Referring again to Figure 4A, the arrangement of semiconductor
structure or device 400 places the gate contact over isolation regions. Such an
arrangement may be viewed as inefficient use of layout space. In another
embodiment, however, a semiconductor device has contact structures that contact
portions of a gate electrode formed over an active region. In general, prior to (e.g.,
in addition to) forming a gate contact structure (such as a via) over an active portion
of a gate and in a same layer as a trench contact via, one or more embodiments of
the present invention include first using a gate aligned trench contact process. Such
a process may be implemented to form trench contact structures for semiconductor
structure fabrication, e.g., for integrated circuit fabrication. In an embodiment, a
trench contact pattern is formed as aligned to an existing gate pattern. By contrast,
conventional approaches typically involve an additional lithography process with
tight registration of a lithographic contact pattern to an existing gate pattern in
combination with selective contact etches. Ior example, a conventional process
may include patterning of a poly (gate) grid with separate patterning of contact
features.

[0050] It is to be understood that not all aspects of the processes described
above need be practiced to fall within the spirit and scope of embodiments of the
present invention. For example, in one embodiment, dummy gates need not ever be
formed prior to fabricating gate contacts over active portions of the gate stacks. The
gate stacks described above may actually be permanent gate stacks as initially
formed. Also, the processes described herein may be used to fabricate one or a
plurality of semiconductor devices. The semiconductor devices may be transistors
or like devices. For example, in an embodiment, the semiconductor devices are a
metal-oxide semiconductor field effect transistors (MOS) transistors for logic or
memory, or are bipolar transistors. Also, in an embodiment, the semiconductor
devices have a three-dimensional architecture, such as a fin-FET device, a trigate
device, or an independently accessed double gate device. One or more
embodiments may be particularly useful for devices included in a system-on-chip
(SoC) product. Additionally, it is to be understood that the processing scheme
described in association with Figures 3A-3D could also be applicable to planar

device fabrication.
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[0051] One or more embodiments described herein may have applications
for low power SoC/memory designers attempting to minimize junction leakage,
particularly in cellphone, tablet, netbook, and embedded memory segments. In one
or more embodiments, cross-sectional TEM imaging will clearly reveal the unique
transistor architecture of differential fin width. Such devices may be used to
provide a higher resistance path, thereby mitigating GIDL leakage. One or more
embodiments are directed to three-dimensional tri-gate technology and is
implemented for further lowering leakage while maintaining outstanding
performance on embedded DRAM products, e.g., suitable for the SoC market.
[0052] More generally, with reference to DRAM applications, in
semiconductor devices such as DRAMSs, each cell is composed of one transistor and
one capacitor. In DRAMSs, cells require periodic reading and refreshing. Owing to
the advantages of low price-per-unit-bit, high integration, and ability to
simultaneously perform read and write operations, DRAMSs have enjoyed
widespread use in commercial applications. In the meantime, a phenomenon
referred to as "soft error” can be caused in DRAM devices by a loss of charge that
was stored in a capacitor due to external factors, thereby causing malfunction of
DRAMs. In order to prevent the occurrence of soft error, a method of enhancing the
capacitance of a capacitor has been suggested. However, challenges are presented
in formulating practical manufacturing processes due to the ever increasing high
level of integration of semiconductor devices. Furthermore, challenges are
presented in fabricating a suitable low leakage access transistor associated with such
capacitors.

[0053] In another aspect, a low leakage non-planar access transistor, such as
a non-planar device described above, is associated with an embedded metal-
insulator-metal (MIM) capacitor included in a dielectric layer of a metal wiring. For
example, Figure 5 illustrates a cross-sectional view of a low leakage non-planar
access transistor and corresponding capacitor formed in a single dielectric layer
housing fourth-level metal wiring, in accordance with an embodiment of the present
invention.

[0054] Referring to Figure 5, a semiconductor structure 500 includes a

plurality of semiconductor devices 504 disposed in or above a substrate 502. In one
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embodiment, one such device 504A is a low leakage non-planar access transistor for
an eDRAM cell, such as the access transistors described above. A first dielectric
layer 506 is disposed above the plurality of semiconductor devices 504 and has
disposed therein contacts 508 electrically coupled to the plurality of semiconductor
devices 504.

[0055] A second dielectric layer 510 is disposed above the first dielectric
layer 506 and has disposed therein a first metal wiring 514 and one or more vias 512
coupling the first metal wiring 514 to the contacts 508. A third dielectric layer 516
is disposed above the second dielectric layer 510 and has disposed therein a second
metal wiring 520 and one or more vias 518 coupling the second metal wiring 520 to
the first metal wiring 514. A fourth dielectric layer 522 is disposed above the third
dielectric layer 516 and has disposed therein a third metal wiring 526 and one or
more vias 524 coupling the third metal wiring 526 to the second metal wiring 520.
A fifth dielectric layer 528 is disposed above the fourth dielectric layer 522 and has
disposed therein a fourth metal wiring 532 and one or more vias 530 coupling the
fourth metal wiring 532 to the third metal wiring 526.

[0056] Fifth dielectric layer 528 also has disposed therein at least a portion
of a metal-insulator-metal (MIM) capacitor 534. The MIM capacitor 534 is
adjacent to the fourth metal wiring 532. The MIM capacitor is electrically coupled
to one or more of the semiconductor devices 504, e.g., by a stack 542 of metal
wirings and vias and through to a contact 508. A sixth dielectric layer 536 is
disposed above the fifth dielectric layer 528 and has disposed therein a fifth metal
wiring 540 and one or more vias 538 coupling the fifth metal wiring 540 to the
fourth metal wiring 532. In an embodiment, the MIM capacitor 534 is disposed in
the fifth dielectric layer 528, but not the fourth or sixth dielectric layers 522 or 336,
respectively, as is depicted in Figure 5. As is also depicted in Figure 5, a metal
wiring 544 may be disposed above the MIM capacitor 534, but need not be coupled
with the MIM capacitor 534.

[0057] In another example, Figure 6 illustrates a cross-sectional view of a
low leakage non-planar access transistor and corresponding capacitor formed in the
two dielectric layers housing third-level and fourth-level metal wiring, in

accordance with an embodiment of the present invention.
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[0058] Referring to Figure 6, a semiconductor structure 600 includes a
plurality of semiconductor devices 604 disposed in or above a substrate 602. In one
embodiment, one such device 604A is a low leakage non-planar access transistor for
an eDRAM cell, such as the access transistors described above. A first dielectric
layer 606 is disposed above the plurality of semiconductor devices 604 and has
disposed therein contacts 608 electrically coupled to the plurality of semiconductor
devices 604.

[0059] A second dielectric layer 610 is disposed above the first dielectric
layer 606 and has disposed therein a first metal wiring 614 and one or more vias 612
coupling the first metal wiring 614 to the contacts 608. A third dielectric layer 616
is disposed above the second dielectric layer 610 and has disposed therein a second
metal wiring 620 and one or more vias 618 coupling the second metal wiring 620 to
the first metal wiring 614. A fourth dielectric layer 622 is disposed above the third
dielectric layer 616 and has disposed therein a third metal wiring 626 and one or
more vias 624 coupling the third metal wiring 626 to the second metal wiring 620.
A fifth dielectric layer 628 is disposed above the fourth dielectric layer 622 and has
disposed therein a fourth metal wiring 632 and one or more vias 630 coupling the
fourth metal wiring 632 to the third metal wiring 626.

[0060] Fifth dielectric layer 628 also has disposed therein at least a portion
of a metal-insulator-metal (MIM) capacitor 634. The MIM capacitor 634 is
adjacent to the fourth metal wiring 632. The MIM capacitor is electrically coupled
to one or more of the semiconductor devices 604, e.g., by a stack 642 of metal
wirings and vias and through to a contact 608. A sixth dielectric layer 636 is
disposed above the fifth dielectric layer 628 and has disposed therein a fifth metal
wiring 640 and one or more vias 638 coupling the fifth metal wiring 640 to the
fourth metal wiring 632. In an embodiment, another portion of the MIM capacitor
634 is disposed in the fourth dielectric layer 622, adjacent to the third metal wiring
626, but no portion of the MIM capacitor 634 is disposed in the third or the sixth
dielectric layers 616 or 636, respectively, as is depicted in Figure 6. As is also
depicted in Iligure 6, a metal wiring 644 may be disposed above the MIM capacitor
634, but need not be coupled with the MIM capacitor 634.
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[0061] Referring to both Figures 5 and 6, in an embodiment, at least a
portion of the fourth metal wiring 532 or 632 is electrically coupled to one or more
semiconductor devices, e.g., 504A or 604 A, included in a logic circuit, and the MIM
capacitor 534 or 634 is an embedded dynamic random access memory (eDRAM)
capacitor. In an embodiment, semiconductor structure 500 or 600 further includes a
plurality of etch-stop layers 550 or 650, respectively. As shown, an etch-stop layer
may be disposed between each of the first (506 or 606), second (510 or 610), third
(516 or 616), fourth (522 or 622), fifth (528 or 628) and sixth (536 or 636) dielectric
layers.

[0062] In an embodiment, the MIM capacitor 534 or 634 is disposed in a
trench 560 or 660, respectively, disposed in at least the fifth dielectric layer 528 or
628. In one such embodiment, the MIM capacitor 534 or 634 includes a cup-shaped
metal plate 597/697 disposed along the bottom and sidewalls of the trench 560 or
660. A seventh dielectric layer 598/698 is disposed on and conformal with the cup-
shaped metal plate 597/697. A trench-fill metal plate 599/699 is disposed on the
seventh dielectric layer 598/698. The seventh dielectric layer 598/698 isolates the
trench-fill metal plate 599/699 from the cup-shaped metal plate 597/697. In a
specific embodiment, the sidewalls of the trench have a vertical or near-vertical
profile, as is depicted for trench 660 of IFigure 6. In another specific embodiment,
the sidewalls of the trench taper outward from the bottom to the top of the fifth
dielectric layer 528 or 628, as is depicted for trench 560 of Figure 5.

[0063] It is to be understood that, in other embodiments, additional single or
multiple layers of dielectric layers and/or metal lines may be formed below or above
MIM capacitors 534 or 634. Also, in other embodiments, single or multiple layers
of dielectric layers and/or metal lines may be removed from below or above MIM
capacitors 534 or 634. In other embodiments, MIM capacitors 534 or 634 are
formed in additional one or more layers of dielectric layers. In one exemplary
embodiment, in reference to Figure 6 (although not shown), another portion of the
MIM capacitor 634 is disposed in both the fourth 622 and sixth 636 dielectric
layers, adjacent to the third 626 and fifth 640 metal wirings. In one such
embodiment, however, no portion of the MIM capacitor is disposed in the third

dielectric layer 616.
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[0064] Figure 7 illustrates a computing device 700 in accordance with one
implementation of the invention. The computing device 700 houses a board 702.
The board 702 may include a number of components, including but not limited to a
processor 704 and at least one communication chip 706. The processor 704 is
physically and electrically coupled to the board 702. In some implementations the
at least one communication chip 706 is also physically and electrically coupled to
the board 702. In further implementations, the communication chip 706 is part of
the processor 704.

[0065] Depending on its applications, computing device 700 may include
other components that may or may not be physically and electrically coupled to the
board 702. These other components include, but are not limited to, volatile memory
(e.g., DRAM or eDRAM which may include a low leakage non-planar access
transistor such as described in accordance with embodiments herein), non-volatile
memory (e.g., ROM), flash memory, a graphics processor, a digital signal processor,
a crypto processor, a chipset, an antenna, a display, a touchscreen display, a
touchscreen controller, a battery, an audio codec, a video codec, a power amplifier,
a global positioning system (GPS) device, a compass, an accelerometer, a
gyroscope, a speaker, a camera, and a mass storage device (such as hard disk drive,
compact disk (CD), digital versatile disk (DVD), and so forth).

[0066] The communication chip 706 enables wireless communications for
the transfer of data to and from the computing device 700. The term “wireless” and
its derivatives may be used to describe circuits, devices, systems, methods,
techniques, communications channels, etc., that may communicate data through the
use of modulated electromagnetic radiation through a non-solid medium. The term
does not imply that the associated devices do not contain any wires, although in
some embodiments they might not. The communication chip 706 may implement
any of a number of wireless standards or protocols, including but not limited to Wi-
Ii (IEEE 802.11 family), WiMAX (IEEE 802.16 family), IEEE 802.20, long term
evolution (LTE), Ev-DO, HSPA+, HSDPA+, HSUPA+, EDGE, GSM, GPRS,
CDMA, TDMA, DECT, Bluetooth, derivatives thereof, as well as any other wireless
protocols that are designated as 3G, 4G, 5G, and beyond. The computing device

700 may include a plurality of communication chips 706. For instance, a first
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communication chip 706 may be dedicated to shorter range wireless
communications such as Wi-I'i and Bluetooth and a second communication chip
706 may be dedicated to longer range wireless communications such as GPS,
EDGE, GPRS, CDMA, WiMAX, LTE, Ev-DO, and others.

[0067] The processor 704 of the computing device 700 includes an
integrated circuit die packaged within the processor 704. In some implementations
of embodiments of the invention, the integrated circuit die of the processor includes
one or more devices, such as metal oxide semiconductor field effect transistors
(MOS-FETs) built in accordance with implementations of the invention. The term
“processor” may refer to any device or portion of a device that processes electronic
data from registers and/or memory to transform that electronic data into other
electronic data that may be stored in registers and/or memory.

[0068] The communication chip 706 also includes an integrated circuit die
packaged within the communication chip 706. In accordance with another
implementation of the invention, the integrated circuit die of the communication
chip includes one or more devices, such as MOS-FETs built in accordance with
implementations of the invention.

[0069] In further implementations, another component housed within the
computing device 700 may contain an integrated circuit die that includes one or
more devices, such as MOS-FETs built in accordance with implementations of
embodiments of the invention.

[0070] In various embodiments, the computing device 700 may be a laptop,
a netbook, a notebook, an ultrabook, a smartphone, a tablet, a personal digital
assistant (PDA), an ultra mobile PC, a mobile phone, a desktop computer, a server,
a printer, a scanner, a monitor, a set-top box, an entertainment control unit, a digital
camera, a portable music player, or a digital video recorder. In further
implementations, the computing device 700 may be any other electronic device that
processes data.

[0071] Thus, embodiments of the present invention include low leakage
non-planar access transistors for embedded dynamic random access memory
(eDRAM) and methods of fabricating low leakage non-planar access transistors for

eDRAM.
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[0072] In an embodiment, a semiconductor device includes a semiconductor
fin disposed above a substrate and including a narrow fin region disposed between
two wide fin regions. A gate electrode stack is disposed conformal with the narrow
fin region of the semiconductor fin, the gate electrode stack including a gate
electrode disposed on a gate dielectric layer. The gate dielectric layer includes a
lower layer and an upper layer, the lower layer composed of an oxide of the
semiconductor fin. A pair of source/drain regions is included, each of the
source/drain regions disposed in a corresponding one of the wide fin regions.
[0073] In one embodiment, the upper layer of the gate dielectric layer is an
oxide of the semiconductor fin.

[0074] In one embodiment, the upper layer of the gate dielectric layer is a
high-k dielectric layer.

[0075] In one embodiment, the gate electrode stack includes dielectric
spacers, and a portion of the lower layer of the gate dielectric layer is disposed
beneath the dielectric spacers.

[0076] In one embodiment, each of the source/drain regions includes an
epitaxial region disposed on the corresponding one of the wide fin regions.

[0077] In one embodiment, the semiconductor device is a low leakage
trigate transistor.

[0078] In one embodiment, the semiconductor device is an access transistor
for a dynamic random access memory (DRAM) cell.

[0079] In an embodiment, a dynamic random access memory (DRAM) cell
includes an access transistor. The access transistor includes a semiconductor fin, the
semiconductor fin disposed above a substrate and including a narrow fin region
disposed between two wide fin regions. A gate electrode stack is disposed
conformal with the narrow fin region of the semiconductor fin. The access
transistor also includes a pair of source/drain regions, each of the source drain
regions disposed in a corresponding one of the wide fin regions. The DRAM cell
also includes a capacitor structure coupled to the access transistor.

[0080] In one embodiment, the capacitor structure is a cup-shaped metal-
insulator-metal (MIM) capacitor disposed in metal interconnect layers disposed

above the access transistor.
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[0081] In one embodiment, the access transistor is a low leakage trigate
transistor.
[0082] In one embodiment, the gate electrode stack of the access transistor

includes a gate electrode disposed on a gate dielectric layer. The gate dielectric
layer includes a lower layer and an upper layer, the lower layer composed of an
oxide of the semiconductor fin.

[0083] In one embodiment, the upper layer of the gate dielectric layer is an
oxide of the semiconductor fin.

[0084] In one embodiment, the upper layer of the gate dielectric layer is a
high-k dielectric layer.

[0085] In one embodiment, the gate electrode stack includes dielectric
spacers, and a portion of the lower layer of the gate dielectric layer is disposed
beneath the dielectric spacers.

[0086] In one embodiment, each of the source/drain regions of the access
transistor includes an epitaxial region disposed on the corresponding one of the wide
fin regions.

[0087] In an embodiment, a method of fabricating a semiconductor device
involves forming a semiconductor fin above a substrate. The method also involves
forming a gate electrode stack conformal with the semiconductor fin, the gate
electrode stack including a dummy gate electrode formed on a first gate dielectric
layer composed of an oxide of the semiconductor fin. The method also involves
removing the dummy gate electrode of the gate electrode stack. The method also
involves performing, in the presence of the first gate dielectric layer, a fin oxidation
process to form a second gate dielectric layer below the first gate dielectric layer,
the second gate dielectric layer composed of an oxide of the semiconductor fin. The
method also involves forming a permanent gate electrode on the first gate dielectric
layer.

[0088] In one embodiment, performing the fin oxidation process involves
using a dry oxidation process.

[0089] In one embodiment, performing the fin oxidation process involves

forming a narrow fin region beneath the gate electrode stack.
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[0090] In an embodiment, a method of fabricating a semiconductor device
involves forming a semiconductor fin above a substrate. The method also involves
forming a gate electrode stack conformal with the semiconductor fin, the gate
electrode stack including a dummy gate electrode formed on a dummy gate
dielectric layer. The method also involves removing the dummy gate electrode and
the dummy gate dielectric layer of the gate electrode stack. The method also
involves forming a high-k gate dielectric layer. The method also involves
performing, in the presence of the high-k gate dielectric layer, a fin oxidation
process to form a second gate dielectric layer below the high-k gate dielectric layer,
the second gate dielectric layer composed of an oxide of the semiconductor fin. The
method also involves forming a permanent gate electrode on the high-k gate
dielectric layer.

[0091] In one embodiment, performing the fin oxidation process involves
using a dry oxidation process.

[0092] In one embodiment, performing the fin oxidation process involves

forming a narrow fin region beneath the high-k gate dielectric layer.
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CLAIMS

‘What is claimed is:

1. A semiconductor device, comprising:

a semiconductor fin disposed above a substrate and comprising a narrow fin
region disposed between two wide fin regions;

a gate electrode stack disposed conformal with the narrow fin region of the
semiconductor fin, the gate electrode stack comprising a gate electrode
disposed on a gate dielectric layer comprising a lower layer and an upper
layer, the lower layer comprising an oxide of the semiconductor fin; and

a pair of source/drain regions, each of the source/drain regions disposed in a

corresponding one of the wide fin regions.

2. The semiconductor device of claim 1, wherein the upper layer of the gate

dielectric layer is an oxide of the semiconductor fin.

3. The semiconductor device of claim 1, wherein the upper layer of the gate

dielectric layer is a high-k dielectric layer.

4. The semiconductor device of claim 1, wherein the gate electrode stack comprises
dielectric spacers, and wherein a portion of the lower layer of the gate dielectric

layer is disposed beneath the dielectric spacers.
5. The semiconductor device of claim 1, wherein each of the source/drain regions
comprises an epitaxial region disposed on the corresponding one of the wide fin

regions.

6. The semiconductor device of claim 1, wherein the semiconductor device is a low

leakage trigate transistor.

7. The semiconductor device of claim 1, wherein the semiconductor device is an

access transistor for a dynamic random access memory (DRAM) cell.
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8. A dynamic random access memory (DRAM) cell, comprising:
an access transistor, comprising:

a semiconductor fin, the semiconductor fin disposed above a substrate
and comprising a narrow fin region disposed between two wide fin
regions;

a gate electrode stack disposed conformal with the narrow fin region of
the semiconductor fin; and

a pair of source/drain regions, each of the source drain regions disposed
in a corresponding one of the wide fin regions; and

a capacitor structure coupled to the access transistor.

9. The DRAM cell of claim 8, wherein the capacitor structure is a cup-shaped
metal-insulator-metal (MIM) capacitor disposed in metal interconnect layers

disposed above the access transistor.

10. The DRAM cell of claim 8, wherein the access transistor is a low leakage

trigate transistor.

11. The DRAM cell of claim 8, wherein the gate electrode stack of the access
transistor comprises a gate electrode disposed on a gate dielectric layer comprising a
lower layer and an upper layer, the lower layer comprising an oxide of the

semiconductor fin.

12. The DRAM cell of claim 11, wherein the upper layer of the gate dielectric layer

1s an oxide of the semiconductor fin.

13. The semiconductor device of claim 11, wherein the upper layer of the gate

dielectric layer is a high-k dielectric layer.
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14. The semiconductor device of claim 11, wherein the gate electrode stack
comprises dielectric spacers, and wherein a portion of the lower layer of the gate

dielectric layer is disposed beneath the dielectric spacers.

15. The semiconductor device of claim 8, wherein each of the source/drain regions
of the access transistor comprises an epitaxial region disposed on the corresponding

one of the wide fin regions.

16. A method of fabricating a semiconductor device, the method comprising:

forming a semiconductor fin above a substrate;

forming a gate electrode stack conformal with the semiconductor fin, the gate
electrode stack comprising a dummy gate electrode formed on a first gate
dielectric layer comprising an oxide of the semiconductor fin;

removing the dummy gate electrode of the gate electrode stack; and,
subsequently,

performing, in the presence of the first gate dielectric layer, a fin oxidation
process to form a second gate dielectric layer below the first gate dielectric
layer, the second gate dielectric layer comprising an oxide of the
semiconductor fin; and

forming a permanent gate electrode on the first gate dielectric layer.

17. The method of claim 16, wherein performing the fin oxidation process

comprises using a dry oxidation process.

18. The method of claim 16, wherein performing the fin oxidation process

comprises forming a narrow fin region beneath the gate electrode stack.

19. A method of fabricating a semiconductor device, the method comprising:
forming a semiconductor fin above a substrate;
forming a gate electrode stack conformal with the semiconductor fin, the gate
electrode stack comprising a dummy gate electrode formed on a dummy gate

dielectric layer;
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removing the dummy gate electrode and the dummy gate dielectric layer of the
gate electrode stack; and, subsequently,

forming a high-k gate dielectric layer; and, subsequently,

performing, in the presence of the high-k gate dielectric layer, a fin oxidation
process to form a second gate dielectric layer below the high-k gate
dielectric layer, the second gate dielectric layer comprising an oxide of the
semiconductor fin; and

forming a permanent gate electrode on the high-k gate dielectric layer.

20. The method of claim 19, wherein performing the fin oxidation process

comprises using a dry oxidation process.

21. The method of claim 19, wherein performing the fin oxidation process

comprises forming a narrow fin region beneath the high-k gate dielectric layer.

27



WO 2015/047315 PCT/US2013/062312

1/8

100A
\ 114A

FIN STRUCTURE FIN STRUCTURE
UNDER GATE QUTSIDE GATE

110A
102A T

(104A)  (106A) (108A)
SOURCE GATE DRAIN

a b

N N

-

FIG. 1A

(PRIOR ART)

100B
N

FIN STRUCTURE FIN STRUCTURE
UNDER GATE 1)145 OUTSIDE GATE

1028 /

(104B)  (106B) (108B)

/

NN

SOURCE GATE DRAIN 17,4
110B : 1128\
L Y N

1158
110B

FIG. 1B

(PRIOR ART)



210

200
N

202

(204)  (206)  (208)
SOURCE GATE DRAIN

a b

22222222222222222

2/8

”

-




\ <r
o
o

<+
-—
(a0



WO 2015/047315 PCT/US2013/062312

4/8

/318

320

304B
304

304 399 310 322A

FIG. 3C

304A

(%]
(-’
=

350
/

304B

304

324

FIG. 3D

304A



WO 2015/047315 PCT/US2013/062312
5/8
/-400
460
470
~1" 416
ol
\ 414
|~
454
S~
450
L !
a 3'
452 | ﬂ P[%\
# Y
N 1
\ 406
) ( \
/ \ 404
499 405
a < » a'
404

ool

\% 408
[~

4048{ |_|




WO 2015/047315

6/8

PCT/US2013/062312

| 536

| 528

550
1

| 522

20 wl/ﬁ 550 |_/_4 b 542 | 516

14— ~_ 518
. ' .

\I_/.é A |./_4 |./_¢ /_4 l/_z \/510

550 — ~_~ 906

| 504

\\508/ L 502

504A

FIG. 5



WO 2015/047315 PCT/US2013/062312

/8

e 600
T T~

| 80 eaa |
638 698 697 A 636
50| J )
632 )
™~
660 1628
L 630 ~
634
626
[ 699._ | 162
650 1 L 624
| J
620 )
i ag 00 1616
614 <’—\ " 442
\-l_/.é A |./ -, |./_‘ l/ -~ l/ ‘4 610
612 \/\7/\ ) ~—
650 1606
| 604
\\608 / S 602

604A

FIG. 6



WO 2015/047315 PCT/US2013/062312

8/8

CAMERA

COMMUNICATION
CHIP
106

PROCESSOR
704

COMMUNICATION
CHIP
706

CHIPSET
DRAM DRAM

GRAPHICS
AMP CPU

ROM

ANTENNA

TOUCHSCREEN
CONTROLLER

GPS COMPASS

MOTHERBOARD
702

TOUCHSCREEN

SPEAKER DISPLAY

BATTERY

COMPUTING DEVICE
700

FIG. 7



International application No.

PCT/US2013/062312

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
HO1L 27/108(2006.01)i, HO1L 21/8242(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
HOIL 27/108; HO1L 21/84; HO1L 21/336; HO1L 29/78; HO1L 21/338; G11C 11/401; HO1L 21/8242

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: fin, gate, drain, source, narrow, wide

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

Y US 2007-0026615 A1 (SINAN GOKTEPELI et al.) 01 February 2007 1-15
See abstract, paragraphs [0020]-[0029], claim 5 and figures 1-9.

A 16-21

Y US 2009-0200616 A1 (TATSUO SHIMIZU et al.) 13 August 2009 1-7,11-14
See abstract, paragraphs [0145]-[0160] and figures 13A-17.

Y US 2008-0084731 Al (CHUL LEE et al.) 10 April 2008 7-15
See abstract, paragraphs [0034]-[0053] and figures 1-2.

A US 6764884 B1 (BIN YU et al.) 20 July 2004 1-21
See abstract, column 3, line 33-column 6, line 56 and figures 1-10B.

A US 2005-0153492 A1 (SHIBLY S. AHMED et al.) 14 July 2005 1-21
See abstract, paragraphs [0031]-[0037] and figures 2A-9C.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:

"A" document defining the general state of the art which is not considered
to be of particular relevance

carlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later
than the priority date claimed

g

o

o

"pr

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art

document member of the same patent family

'

myn

ng"

Date of the actual completion of the international search

09 June 2014 (09.06.2014)

Date of mailing of the international search report

10 June 2014 (10.06.2014)

Name and mailing address of the [ISA/KR
International Application Division
¢ Korean Intellectual Property Office
189 Cheongsa-to, Seo-gu, Dagjeon Metropolitan City, 302-701,
Republic of Korea

Facsimile No. +82-42-472-7140

Authorized officer

N
S np NS
\\-,\“\‘\,A\\R Y
SON, June Young sy

J R
R R
\ﬁﬁsm&\\y

RN

Telephone No. +82-42-481-5720

Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2013/062312
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2007-0026615 Al 01/02/2007 US 7323389 B2 29/01/2008
US 2009-0200616 Al 13/08/2009 JP 2009-194068 A 27/08/2009
US 2011-0227164 Al 22/09/2011
US 7960793 B2 14/06/2011
US 8269285 B2 18/09/2012
US 2008-0084731 Al 10/04/2008 KR 10-0814391 Bl 18/03/2008
US 6764884 Bl 20/07/2004 CN 1771589 A 10/05/2006
CN 1771589 CO 20/08/2008
DE 112004000578 B4 28/01/2010
DE 112004000578 Tb 23/02/2006
GB 0518840 DO 26/10/2005
GB 2417134 A 15/02/2006
GB 2417134 B 12/07/2006
JP 2006-522486 A 28/09/2006
JP 5409997 B2 05/02/2014
KR 10-1079348 Bl 04/11/2011
KR 10-2005-0119679 A 21/12/2005
TW 1337392 A 11/02/2011
TW 1337392 B 11/02/2011
WO 2004-093181 Al 28/10/2004
US 2005-0153492 Al 14/07/2005 CN 100521116 C 29/07/2009
CN 1902742 A 24/01/2007
CN 1902742 CO 24/01/2007
DE 112004002640 B4 18/12/2008
DE 112004002640 Tb 22/03/2007
GB 0615272 DO 06/09/2006
GB 2425656 A 01/11/2006
GB 2425656 B 05/12/2007
JP 2007-518270 A 05/07/2007
JP 5270093 B2 21/08/2013
KR 10-1066270 Bl 21/09/2011
KR 10-2006-0123479 A 01/12/2006
US 7041542 B2 09/05/2006
WO 2005-071726 Al 04/08/2005

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - wo-search-report
	Page 39 - wo-search-report

