wo 2017/151148 A1 |JIN I 0000 OO A0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

8 September 2017 (08.09.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/151148 A1l

(51

eay)

(22)

(25)
(26)
1

(72

74

31

International Patent Classification:
HO1L 29/78 (2006.01) HO1L 21/8238 (2006.01)
HOI1L 21/336 (2006.01)

International Application Number:
PCT/US2016/021039

International Filing Date:

4 March 2016 (04.03.2016)
Filing Language: English
Publication Language: English

Applicant: INTELL. CORPORATION [US/US]; 2200
Mission College Blvd., Santa Clara, California 95054

(US).

Inventors: DEWEY, Gilbert W.; 15530 NW Norwich
Street, Beaverton, Oregon 97006 (US). RIOS, Rafael;
7713 Lenape Trail, Austin, Texas 78736 (US). LE, Van
H.; 5625 NW Peregrine P1., Portland, Oregon 97229 (US).
KAVALIEROS, Jack T.; 3734 NW Bronson Crest Loop,
Portland, Oregon 97229 (US).

Agent: HOWARD, James M.; Green, Howard & Mughal,
LLP, 5 Centerpointe Drive, Suite 400, Lake Oswego, OR
97035 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

of inventorship (Rule 4.17(iv))

Published:

with international search report (Art. 21(3))

(54) Title: FIELD EFFECT TRANSISTORS WITH A GATED OXIDE SEMICONDUCTOR SOURCE/DRAIN SPACER

201

~\

330

351

FIG. 3A

» A

(57) Abstract: FETs including a gated oxide semiconductor spacer interfacing with a channel semiconductor. Transistors may incor -
porate a non-oxide channel semiconductor, and one or more oxide semiconductors disposed proximal to the transistor gate electrode
and the source/drain semiconductor, or source/drain contact metal. In advantageous embodiments, the oxide semiconductor is to be
gated by a voltage applied to the gate electrode (i.e., gate voltage) so as to switch the oxide semiconductor between insulating and
semiconducting states in conjunction with gating the transistor's non-oxide channel semiconductor between on and off states.



10

15

20

25

WO 2017/151148 PCT/US2016/021039

Field Effect Transistors With a
Gated Oxide Semiconductor Source/Drain Spacer

BACKGROUND

Field effect transistor (FET) channel length is a function of a (lateral) dimension of a
gate electrode. As dimensions of the gate electrode continue to shrink, external on-state
resistance associated with the dimension of semiconductor between the channel and the
source/drain that is typically underlying a dielectric spacer disposed between a gate electrode
and a semiconductor source/drain becomes more significant. Attempts to scale the lateral
dimension of the dielectric material (e.g., below 3-5 nm) to reduce on-state resistance often
detrimentally increase the transistor off-state leakage current (Iosf) and/or increase parasitic
capacitances, such as between the gate electrode and the source/drain. Parasitic capacitances
limit transistor-switching frequency for a given drive current. Increases in lotr leakage
between source and drain that are also associated with reductions in source/drain spacing may
also pose a significant power consumption problem for an IC that includes many millions, or

billions, of transistors.

Transistor architectures and associated manufacturing techniques that reduce on-state

resistance, and/or loff leakage, and or parasitic capacitances may therefor be advantageous.
BRIEF DESCRIPTION OF THE DRAWINGS

The material described herein is illustrated by way of example, and not by way of
limitation, in the accompanying figures. For simplicity and clarity of illustration, elements
illustrated in the figures are not necessarily drawn to scale. For example, the dimensions of
some elements may be exaggerated relative to other elements for clarity. Further, where
considered appropriate, reference labels have been repeated among the figures to indicate

corresponding or analogous elements. In the figures:

FIG. 1 is a graph illustrating a transition between insulator and conductor states for an
oxide semiconductor as a function of an applied gate electrode bias voltage, in accordance

with some embodiments;

FIG. 2 is a plan view of a pair of FETs disposed over a substrate, in accordance with

some embodiments;
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FIG. 3A illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 2, in accordance with some

embodiments;

FIG. 3B illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 2, in accordance with some

embodiments;

FIG. 3C illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 3A while in an off-state, in

accordance with some embodiments;

FIG. 3D illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 3A while in an on-state, in

accordance with some embodiments;

FIG. 4A illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 2, in accordance with some

alternative embodiments;

FIG. 4B illustrates a cross-sectional view through a fin width within an oxide
semiconductor spacer of the FET depicted in FIG. 4A, in accordance with some

embodiments;

FIG. 5A illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 2, in accordance with some

alternative embodiments;

FIG. 5B illustrates a cross-sectional view through a fin width and an oxide
semiconductor spacer of the FET depicted in FIG. 5A, in accordance with some

embodiments;

FIG. 6 illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of a FET, in accordance with some alternative nanowire

embodiments;
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FIG. 7 is a flow diagram illustrating a method of fabricating a finFET with a gated

oxide semiconductor spacer, in accordance with some embodiments;

FIG. 8A, 9A, 10A, 11A, and 12A illustrate cross-sectional views through a length of
the channel semiconductor and source/drain semiconductor of a finFET evolving as the

method illustrated in FIG. 7 is performed, in accordance with some embodiments;

FIG. 8B, 9B, 10B, 11B, and 12B illustrate cross-sectional views through a width of a
fin structure within an oxide semiconductor portion of a finFET evolving as the method

illustrated in FIG. 7 is performed, in accordance with some embodiments;

FIG. 13 illustrates a mobile computing platform and a data server machine employing
an SoC having a plurality of FETs including a gated oxide semiconductor source/drain

spacer, in accordance with embodiments; and

FIG. 14 is a functional block diagram of an electronic computing device, in

accordance with some embodiments.
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DETAILED DESCRIPTION

One or more embodiments are described with reference to the enclosed figures. While
specific configurations and arrangements are depicted and discussed in detail, it should be
understood that this is done for illustrative purposes only. Persons skilled in the relevant art
will recognize that other configurations and arrangements are possible without departing
from the spirit and scope of the description. It will be apparent to those skilled in the relevant
art that techniques and/or arrangements described herein may be employed in a variety of

other systems and applications other than what is described in detail herein.

Reference is made in the following detailed description to the accompanying
drawings, which form a part hereof and illustrate exemplary embodiments. Further, it is to be
understood that other embodiments may be utilized and structural and/or logical changes may
be made without departing from the scope of claimed subject matter. It should also be noted
that directions and references, for example, up, down, top, bottom, and so on, may be used
merely to facilitate the description of features in the drawings. Therefore, the following
detailed description is not to be taken in a limiting sense and the scope of claimed subject

matter is defined solely by the appended claims and their equivalents.

In the following description, numerous details are set forth. However, it will be
apparent to one skilled in the art, that embodiments may be practiced without these specific
details. In some instances, well-known methods and devices are shown in block diagram
form, rather than in detail, to avoid obscuring the embodiments. Reference throughout this
specification to “an embodiment™ or “one embodiment™ or “some embodiments” means that
a particular feature, structure, function, or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus, the appearances of the phrase “in
an embodiment™ or “in one embodiment” or “‘some embodiments™ in various places
throughout this specification are not necessarily referring to the same embodiment.
Furthermore, the particular features, structures, functions, or characteristics may be combined
in any suitable manner in one or more embodiments. For example, a first embodiment may be
combined with a second embodiment anywhere the particular features, structures, functions,

or characteristics associated with the two embodiments are not mutually exclusive.

[3PEE I

As used in the description and the appended claims, the singular forms “a”, “an” and

“the” are intended to include the plural forms as well, unless the context clearly indicates
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otherwise. It will also be understood that the term “and/or” as used herein refers to and

encompasses any and all possible combinations of one or more of the associated listed items.

The terms “‘coupled” and “connected,” along with their derivatives, may be used
herein to describe functional or structural relationships between components. It should be
understood that these terms are not intended as synonyms for each other. Rather, in particular
embodiments, “connected” may be used to indicate that two or more elements are in direct
physical, optical, or electrical contact with each other. “Coupled” may be used to indicated
that two or more elements are in either direct or indirect (with other intervening elements
between them) physical or electrical contact with each other, and/or that the two or more

elements co-operate or interact with each other (e.g., as in a cause an effect relationship).

2 <

The terms “over,” “under,” “between,” and “on” as used herein refer to a relative
position of one component or material with respect to other components or materials where
such physical relationships are noteworthy. For example in the context of materials, one
material or material disposed over or under another may be directly in contact or may have
one or more intervening materials. Moreover, one material disposed between two materials or
materials may be directly in contact with the two layers or may have one or more intervening
layers. In contrast, a first material or material “on” a second material or material is in direct

contact with that second material/material. Similar distinctions are to be made in the context

of component assemblies.

As used throughout this description, and in the claims, a list of items joined by the
term “at least one of” or “one or more of” can mean any combination of the listed terms. For
example, the phrase “at least one of A, B or C” can mean A; B; C; A and B; A and C; B and
C;or A, Band C.

Described herein are transistors incorporating a monocrystalline, non-oxide channel
semiconductor, and one or more oxide semiconductors disposed proximal to the transistor
gate electrode and the source/drain semiconductor, or source/drain contact metal. In
advantageous embodiments, the oxide semiconductor is to be gated by a voltage applied to
the gate electrode (i.e., gate voltage) so as to switch the oxide semiconductor between
insulating and semiconducting states in conjunction with gating the transistor’s non-oxide
channel semiconductor between on and off states. When in the insulating state, the oxide

semiconductor is to have a low intrinsic charge carrier density such that it functions
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substantially as a conventional dielectric spacer separating the gate electrode from the source
and/or drain. When in the semiconducting state, the oxide semiconductor is to have a high
charge carrier density, and may conduct charge carriers, for example between the channel
semiconductor and the source/drain. In some embodiments where the gated oxide
semiconductor is disposed in a region between the channel semiconductor and source/drain
semiconductor, modulation of the charge carrier density within the oxide semiconductor may
modulate the effective transistor gate length (Lg) between a larger gate length for a transistor
off-state (Lg, orr) and a shorter gate length for a transistor on-state (Lg, on). In some
embodiments, gating of the oxide semiconductor may function to actively modulate the
transistor gate length in a manner that provides the transistor with a combination of low on-
state resistance and low off-state leakage and capacitance otherwise unachievable with a
conventional passive dielectric spacer (e.g., silicon dioxide and/or silicon nitride, etc.). As
such, a transistor with a gated oxide semiconductor spacer in accordance with some
embodiments may have lower off-state leakage and/or parasitic capacitance than a reference
silicon FET that has an Lg equal to Lg on. Alternatively, a transistor with a gated oxide
semiconductor spacer in accordance with some embodiments may have lower on-state

resistance than a reference silicon FET that has an Lg equal to Lg, oft.

Many oxide semiconductors have been studied, initially in the context of discrete
rectifiers, and more recently in the context of transparent thin film transistors (TFTs) for
display applications. In some embodiments, the semiconductor oxide employed in devices
described herein has some level of microstructural ordering (e.g., nanocrystallinity in one or
more dimensions). In other embodiments the oxide semiconductor employed in devices
described herein are amorphous. In some exemplary embodiments, the oxide semiconductor
is a metal oxide including a transition metal (e.g., [UPAC group 4-10) or post-transition
metal (e.g., IUPAC groups 11-14). In advantageous embodiments, the metal oxide includes at
least one of Cu, Zn, Sn, Ti, Ni, Ga, In, Sr, Cr, Co, V, or Mo. The metal oxide may be a
suboxide (A20) monoxide (AQO), binary oxide (AO2), ternary oxide (ABQOs3), and mixture
thereof.

Oxide semiconductors may be n-type or p-type. A number of oxide semiconductors
have been found to be capable of significant electron densities. Some oxide semiconductors
have also been found to be capable of significant electron hole densities. FIG. 1 is a graph

illustrating a transition between insulator and conductor states for an exemplary n-type oxide
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semiconductor as a function of an applied gate electrode bias voltage, in accordance with
some embodiments. As shown in FIG. 1, electron current for a film of InGaO3(ZnO)s, often
referred to a simply IGZO, increases from below 1e'* amps/pum (which was the detection
limit for this measurement) at OV gate bias to over 1e® amps/um at 1V. A device of larger
dimensions, and/or more a sensitive measurement would likely reveal the current in the
insulator state to be below 1e?° amps/um at OV gate bias. Within the region between OV and
1V in FIG. 1, the IGZO film carrier density increases dramatically and the material
transitions from insulator to semiconductor. A similar trend can be found for p-type oxide
semiconductors, where electron hole current increases as gate voltage becomes more
negative. Along with conductivity type, the transition voltage (e.g., threshold voltage) of the
oxide semiconductor may be tuned as a function of the oxide semiconductor composition.
For example, although not bound by theory, the basis for n-type conductivity in many oxide
semiconductors may be the presence of oxygen vacancies. The presence of other electrically
active dopants, such as hydrogen, or one or more metal species, may also serve as a means of

tuning the semiconducting properties of the oxide semiconductor.

Rather than employing an oxide semiconductor as the exclusive channel
semiconductor, for example as in a TFT, embodiments described herein leverage the
insulator-semiconductor state transition depicted in FIG. 1 as a means of actively modulating
the gate length of a FET that further includes a gated non-oxide semiconductor channel, such
as a group IV (e.g., Si, Ge, SiGe), or group I1I-V (e.g., GaAs, InGaAs, InAs, InP)
semiconductor. In accordance with some exemplary embodiments, an oxide semiconductor is
physically located relative to the FET gate electrode, the non-oxide channel semiconductor,
and the source/drain semiconductor such that modulation of the carrier conduction between
the source/drain semiconductor and the channel semiconductor also modulates conductivity
of the oxide semiconductor. As a positive bias voltage increases the conductivity of an n-type
oxide semiconductor, charge carrier density in the oxide semiconductor varies in direct
correspondence with the positive bias voltage required to turn on an enhancement mode
NMOS FET. Hence, in the presence of a positive gate voltage during a FET on-state, the
oxide semiconductor may promote carrier conduction between the source/drain
semiconductor and the channel semiconductor, reducing the effective gate length of the FET
and reducing on-state resistance. In the absence of a positive gate voltage during the NMOS
enhancement mode FET off-state, the oxide semiconductor does not support carrier

conduction, for example between the source/drain semiconductor and the channel
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semiconductor, increasing the effective gate length of the FET, reducing off-state leakage,

and reducing parasitic off-state capacitance.

In some embodiments described further below, monolithic FETSs include a channel of
a first semiconductor material. A gate electrode is disposed over the channel semiconductor.
An oxide semiconductor spacer is disposed along a side of the gate electrode, or gate stack
including a gate electrode layer. In some further embodiments, source/drain semiconductors
are adjacent to the channel semiconductor and spaced apart from the gate electrode by a gate
electrode sidewall spacer that includes an oxide semiconductor. Charge carriers traversing a
shortest path between the source and drain may traverse the oxide semiconductor spacer
when the carrier density within the oxide semiconductor is made sufficiently high by the gate
electrode bias present during the transistor on-state. In some embodiments described further
below, the oxide semiconductor gate sidewall spacer may be formed prior to growth of a
raised source/drain so that the oxide semiconductor forms an interface with both the raised

source/drain and the channel semiconductor.

FIG. 2 is a plan view of complementary metal-oxide-semiconductor (CMOS) circuitry
200 including an NMOS FET 201 and a PMOS FET 202 disposed over a substrate 205 and
surrounded by an isolation material 280. In some embodiments, PMOS FET 202 may have
any architecture while NMOS FET 201 has one or more of the oxide semiconductor
structures described further below. In alternate embodiments, each of NMOS FET 201 and
PMOS FET 202 include one or more of the oxide semiconductor structures described further
below with the conductivity type of the oxide semiconductor for PMOS FET 202 being
complementary (e.g., p-type) to that of NMOS FET 201. Substrate 205 may be any suitable
carrier, which may include one or more materials upon which the non-oxide semiconductor
of the FETs was formed (e.g., monocrystalline silicon, silicon-germanium, etc.), or one or
more other materials upon which the FETs were transferred (e.g., one or more additional
strata of FETs, a polymer sheet, etc.). Isolation material 280 may be any material suitable for
providing electrical isolation between FETs 201, 202. In some exemplary embodiments,
isolation material 280 is silicon dioxide. Other materials known to be suitable for the purpose
may also be utilized, including low-k materials (e.g., having a relative dielectric constant

below 4.0).

FETs 201, 202 are each associated with a gate length Lg and a lateral spacing Ls

between source/drain contact metallization 260 and an edge of gate electrode 235. For at least

8
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NMOS FET 201, an oxide semiconductor is disposed at least within lateral spacing Ls,
offsetting the source/drain contact metallization 260 and/or underlying source/drain
semiconductor from channel semiconductor underlying gate electrode 235. One or more of
the thickness, composition, and microstructure of this oxide semiconductor may be tuned to
have a desired conductivity/voltage response. In some further embodiments, NMOS FET 201
includes a first oxide semiconductor (e.g., n-type) disposed at least within lateral spacing Ls
while PMOS FET 202 includes a second oxide semiconductor (e.g., p-type) disposed at least

within lateral spacing Ls.

Although specific dimensions vary with fabrication technology generations, in one
example where Lg is 2-5 nm, an oxide semiconductor may occupy a majority of a 2-10 nm
lateral spacing Ls. Also present within lateral spacing Ls is one or more dielectric materials
disposed between the oxide semiconductor and the gate electrode. The gate electrode is
capacitively coupled to the oxide semiconductor through this intervening dielectric material.
Hence, the oxide semiconductor may be present as a layer of a multi-layered gate electrode
sidewall spacer to stand-off by 2-10 nm heavily-doped source/drain semiconductor from the
channel semiconductor disposed below the gate electrode. In some embodiments, the oxide
semiconductor is disposed only between the channel and drain, for an asymmetrical gate
sidewall spacer. However, in advantageous embodiments where symmetry of FET 201 (202)
is maintained, the oxide semiconductor is disposed between the channel semiconductor and
source semiconductor, as well as between the channel semiconductor and drain
semiconductor. Such symmetrical architectures allow a drain of one transistor to be employed

as a source of another transistor.

Transistors 201, 202 may employ a wide variety of transistor channel architectures
including planar and non-planar implementations. FIG. 3 A illustrates a cross-sectional view
through a length of channel semiconductor and source/drain semiconductor of FET 201 along
the A-A’ plane denoted in FIG. 2, in accordance with some planar channel semiconductor

embodiments.

As shown in FIG. 3A, channel semiconductor 320 is disposed between source/drain
semiconductor 350. Source/drain semiconductor 350 is heavily-doped with an n-type
impurity. Channel semiconductor 320 may be lightly doped with a p-type impurity, or
substantially undoped (e.g., intrinsic). In some exemplary embodiments, both source/drain

semiconductor 350 and channel semiconductor 320 are non-oxide semiconductors, such as,

9
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but not limited to, monocrystalline group IV semiconductors, monocrystalline group I11-V
semiconductors, or monocrystalline group I1I-N semiconductors. Group IV semiconductor
embodiments may include silicon, germanium, or an alloy thereof. I1I-V semiconductor
embodiments include a first sub-lattice of at least one element from group III of the periodic
table (e.g., Al, Ga, In) and a second sub-lattice of at least one element of group V of the
periodic table (e.g., P, As, Sb). The III-V compound may be a binary, ternary, or quaternary
material. Source/drain semiconductor 350 and channel semiconductor 320 form an interface
351, which may be a homojunction (i.e., of the same majority lattice constituents) or
heterojunction (i.e., having different majority lattice constituents). Source/drain
semiconductor 350 also forms an interface with substrate 205, which may also be a
homojunction or heterojunction. Channel semiconductor 320 may also form an interface with
substrate 205, which may be a homojunction (e.g., a p-type epitaxial silicon layer interface
with an undoped silicon substrate), or heterojunction (e.g., a Ge layer interface with undoped

silicon substrate).

A gate stack including gate electrode 235 and gate dielectric 330 is disposed over
channel semiconductor 320. While any known electrode and insulator materials may be
utilized in the gate stack, in one exemplary embodiment a high-k material having a bulk
relative permittivity of 9, or more, is employed as gate dielectric 330. Exemplary high-k
materials include metal oxides, such as, but not limited to Al20s3, HfO2, HfAlOx, HfSiOx, or
TaSiOx may also be suitable. Gate electrode 235 may be any material that has a work
function suitable for a desired channel threshold voltage (V¢) as a function of the composition
of channel semiconductor 320. Gate electrode 235 may advantageously have a work function
below 5 eV. Gate electrode 235 may be a doped semiconductor and/or may include an
elemental metal layer, a metal alloy layer, or laminate structure of either or both. In some
embodiments the gate electrode is a metal nitride, such as TiN (e.g., 4.0-4.7 eV). The gate
electrode may also comprise Al (e.g., TiAIN). Other alloy constituents may also be employed
in the gate electrode, such as, but not limited to, C, Ta, W, Pt, and Sn.

In some embodiments illustrated by FIG. 3A, a portion of channel semiconductor 320
is further disposed below (or covered by) a gate electrode sidewall insulator 336 and an oxide
semiconductor 338. Sidewall insulator 336 and oxide semiconductor 338 are adjacent to
opposite edges or sidewalls of gate electrode 235. When viewed in cross-section oxide

semiconductor 338 may be considered to be a “pair of spacers” on opposing sides of the gate
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stack, however oxide semiconductor 338 may be continuous about the gate stack such that
semiconductor 338 illustrated may also be considered a single spacer extending around a
continuous sidewall of the gate stack. In the exemplary embodiment illustrated, sidewall
insulator 336 and oxide semiconductor 338 form layers of a multi-layer sidewall spacer
separating gate electrode 235 from source/drain semiconductor 350 and/or source/drain
contact metallization 260 by lateral spacing Ls. In the exemplary embodiment illustrated in
FIG. 3A, oxide semiconductor 338 forms an interface 345 with source/drain semiconductor
350. Oxide semiconductor 338 also forms an interface 346 with source/drain contact
metallization 260. Oxide semiconductor 338 further forms an interface 342 with channel

semiconductor 320.

Sidewall insulator 336 is to be operative as a gate dielectric through which oxide
semiconductor 338 is to be gated into semiconducting and insulating states. While oxide
semiconductor 338 is in a semiconducting state, sidewall insulator 336 is to prevent an
electrical short between oxide semiconductor 338 and gate electrode 235. Sidewall insulator
336 may be any dielectric material known to be suitable for capacitively coupling oxide
semiconductor 338 to gate electrode 235, such as, but not limited to, one or more layer of
silicon oxide, silicon nitride, silicon oxynitride. In some embodiments, sidewall insulator 336
includes a high-k material (e.g., Al203, HfO2, or HfAIOx). In some embodiments, sidewall
insulator 336 has the same composition as gate dielectric 330. Sidewall insulator 336 may
have a film thickness (e.g., in the x-dimension of FIG. 3A) less than 10 nm, advantageously
less than 7 nm, and more advantageously less than 5 nm. Although illustrated in FIG. 3A as
having a thickness exceeding that of gate dielectric 330, in some alternative embodiments
sidewall insulator 336 has the same film thickness as gate dielectric 330, which may be 1-2
nm, for example. For some implementations therefore, gate dielectric 330 may be further

employed as sidewall insulator 336.

Oxide semiconductor 338 may be any composition known to achieve significant
carrier density modulation, for example between an intrinsic and a semiconducting (e.g., n-
type) state, responsive to a gate voltage signal of a magnitude suitable for MOSFET
operation. Oxide semiconductor 338 may be an oxide of any of the materials introduced
above (e.g., IUPAC group 4-10 or 11-14). In advantageous embodiments, oxide
semiconductor 338 is a metal oxide including at least one of Cu, Zn, Sn, Ti, Ni, Ga, In, Sr,

Cr, Co, V, or Mo. In some advantageous embodiments, oxide semiconductor 338 is a tin

11
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oxide, such as Tin (IV) oxide, or SnOz. In other embodiments, oxide semiconductor 338 is
Tin (IT) oxide (SnO) or a mixture of SnO and SnO:2, where x may range between 1 and 2.
While the range of x may be expanded, semiconducting properties may be lost (e.g., the
material becomes a pure conductor if x is to low, and a pure insulator if x is too high). Fermi
level of the oxide semiconductor should not be so heavily pinned p-type/n-type that it can’t
be modulated through the gate electrode field. Tin oxide can be modulated through the field
effect to if an interface of suitable quality is formed with sidewall insulator 336. Other oxide
semiconductors known to have suitable n-type conductivity, such as, but not limited to,
titanium oxide (TiOx) and ZnOx may substitute for tin oxide. In some embodiments, oxide
semiconductor 338 is not intentionally doped and has minimal impurity dopant concentration.
Alternatively, oxide semiconductor 338 may be impurity doped (e.g., with a donor impurity
for greater n-type conductivity). Exemplary dopants include one or more group III element
(e.g., Al, In, Ga to form IGZO), and/or elemental hydrogen (H). Dopant levels in oxide
semiconductor 338 may be selected to arrive at optimal threshold voltage associated with
gating the oxide semiconductor and/or for lowest bulk and/or junction resistance.

Notably, for a p-type FET (e.g., FET 202 in FIG. 2) an analogous oxide
semiconductor having p-type conductivity, such as CuOx, may be substituted for the n-type
oxide semiconductor compositions described above. In some CuOx embodiments, the p-type
material is Cu(I) oxide, or Cu20. In other embodiments, the p-type material is Cu(II) oxide
(CuO) or a mixture of CuO and Cu20, where x may range between 0.5 and 1. Other
exemplary p-type oxide semiconductors (e.g., including NiOx and SnO) may substitute for
CuOx.

In some embodiments, interface 346 becomes a metal-semiconductor junction when
oxide semiconductor 338 has a high charge carrier density in the semiconducting state.
Interface 346 may be a rectifying (i.e., Schottky) contact or resistive (ohmic) contact as a
function of the composition of oxide semiconductor 338 and the composition of source/drain
contact metallization 260. In some exemplary embodiments where source/drain
semiconductor 350 is n-type and source/drain contact metallization 260 forms an ohmic
contact to source/drain semiconductor 350, interface 346 is advantageously also an ohmic
metal-semiconductor junction. Contact resistance associated with interface 346 may be
characterized by a transfer length oriented approximately orthogonal to the gate length Lg
associated with gate electrode 235. As such, when in a semiconducting state, oxide
semiconductor 338 may increase the effective contact length or area associated with
source/drain contact metallization.
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For exemplary embodiments where source/drain semiconductor 350 and channel
semiconductor 320 are non-oxide semiconductors, interfaces 342 and 345 become n-type
semiconductor heterojunctions when oxide semiconductor 338 is in the semiconducting state.
Each of these heterojunctions may be associated with a band gap offset dependent on the
composition of oxide semiconductor 338, channel semiconductor 320, and source/drain
semiconductor 350. Interface 345 may be of low resistance due, at least in part, to heavy
dopant concentration in source/drain semiconductor 350. Band gap engineering of one or
more of oxide semiconductor 338, channel semiconductor 320, or one or more intervening
interfacial materials (not depicted), may be employed to minimize or mitigate any conduction
band offset that might otherwise impede carrier transit through interface 342. Interface 342
has a length A/ (e.g. in the x-dimension) over which charge carriers may advantageously pass
when oxide semiconductor 338 is gated into a semiconducting state. Length 4/, may vary as a
function of the lateral thickness (e.g., in x-dimension) of oxide semiconductor 338 and as a
function of lateral overlap (e.g., in x-dimension) between oxide semiconductor 338 and
source/drain semiconductor 350. In the embodiment illustrated in FIG. 3A, there is no
overlap between oxide semiconductor 338 and source/drain semiconductor 350, and AL is
equal to the oxide semiconductor film (or lateral spacer) thickness. For such embodiments,
AL may vary between 1 nm and 7 nm, for example. In some embodiments, Ls is 2-7 nm,

sidewall insulator is 1-2 nm and oxide semiconductor is 1-5 nm.

FIG. 3B illustrates a cross-sectional view through a length of the channel
semiconductor and the source/drain semiconductor of FET 201 in accordance with some
alternative embodiments where A7 is less than the oxide semiconductor film (or lateral
spacer) thickness because source/drain semiconductor laterally overlaps oxide semiconductor
338. The portion of source/drain semiconductor 350 overlapping oxide semiconductor 338
may be of a lighter impurity doping (e.g., LDD) than the remainder of source/drain
semiconductor 350, or may be heavily-doped in alternative embodiments. FIG. 3B also
illustrates an alternative planar source/drain semiconductor 350 in which interface 345 is
disposed below oxide semiconductor 338, rather than laterally adjacent to oxide
semiconductor 338. For such embodiments, oxide semiconductor 338 forms a first
heterojunction with channel semiconductor 320 along a first portion of 4L and oxide
semiconductor 338 forms a second heterojunction with source/drain semiconductor 350 along

a second portion of AL.
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As noted above, an oxide semiconductor is to be gated between insulating (intrinsic)
and semiconducting (e.g., n-type) states. In reference to FIG. 3A and 3B, with oxide
semiconductor 338 being coupled to both channel semiconductor 320 and source/drain
semiconductor 350 (and/or contact metallization 260), oxide semiconductor 338 may
function to effectively reduce carrier transit distances between the source and drain when

oxide semiconductor 338 is gated into the semiconducting state.

FIG. 3C illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of the FET depicted in FIG. 3A while in an off-state, in
accordance with some embodiments. FIG. 3D illustrates a cross-sectional view through a
length of channel semiconductor and source/drain semiconductor of the FET depicted in FIG.
3A while in an on-state, in accordance with some embodiments. In FIG. 3C where gate
electrode bias voltage zero or negative, oxide semiconductor 338 is in an intrinsic, low
conductivity state. With a low carrier density, electrically insulative properties of oxide
semiconductor 338 supplement those of sidewall dielectric 336. Together, the two materials
function as an electrically insulating, dual-layer gate electrode sidewall spacer. As further
shown in FIG. 3D, in response to a positive gate electrode bias voltage, carrier density within
oxide semiconductor 338 increases and n-type conductive properties of oxide semiconductor
338 supplement those of source/drain semiconductor 350. Together, the two materials
function as a dual layer source and/or drain semiconductor structure (e.g., with two charge
carrier densities). Majority charge carriers may then transit from channel semiconductor 320

through oxide semiconductor 338.

As illustrated in FIG. 3C-3D, gating of oxide semiconductor 338 is advantageously
tuned to have a threshold voltage compatible with that of the non-oxide channel
semiconductor 320. For example, in FIG. 3C channel semiconductor has p- conductivity
while oxide semiconductor 338 is depleted of carriers in response to gate bias voltages no
greater than OV. In response, source/drain semiconductor 350 is separated by a gate length of
Lgoft. The effective channel length is then long, reducing off-state leakage and reducing
overlap capacitance between gate electrode 235 and source/drain semiconductor 350 and/or
source/drain contact metallization 260. In FIG. 3D, channel semiconductor 320 transitions
into inversion with n-type conductivity while oxide semiconductor 338 experiences a large
increase in charge carriers (electrons). A majority charge carrier may then traverse a gate

length of Lgon and enter oxide semiconductor 338. Hence, the charge carrier density is to be
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sufficient to convey a current between the channel semiconductor and at least one of the
source and drain semiconductor when the voltage on the gate electrode is sufficient to induce
inversion in at least a portion of the channel semiconductor spanning a distance between the
oxide semiconductor 338 disposed on either side of gate electrode 235. The effective channel
length is then short, reducing the on-state resistance associated with lateral spacing between
gate electrode 235 and source/drain metallization 260 and/or semiconductor 350, particularly
for embodiments lacking source/drain LDD tip extensions. The presence of oxide
semiconductor 338 may thereby be gated into providing a carrier conduction path that shunts
and/or supplements carrier conduction through channel semiconductor 320 and/or any lightly
doped source/drain semiconductor disposed below oxide semiconductor 338 for a AL

modulation in effective Lg.

In some exemplary embodiments, FETS 201, 202 include a semiconductor fin. Such
non-planar embodiments may employ a single fin material, as illustrated in FIG. 4A, 4B.
Alternative non-planar embodiments may employ a heterojunction fin (“hetero-fin™) structure
that further includes a first semiconductor material disposed on a “sub-fin” of a second

semiconductor material, as further illustrated in FIG. 5A, 5B.

FIG. 4A illustrates a cross-sectional view through a length of channel semiconductor
and source/drain semiconductor of FET 201 along the A-A’ plane denoted in FIG. 2, in
accordance with some finFET embodiments. FIG. 4B illustrates a cross-sectional view
through a fin width surrounded by a gated oxide semiconductor spacer along the B-B’ plane
denoted in FIG. 2, in accordance with some embodiments. All the structures introduced in
FIG. 3A in the context of a planer FET are present in the exemplary finFET embodiment
illustrated in FIG. 4A. As further shown in FIG. 4B, channel semiconductor 320 is non-
planar having opposite sidewalls defining a fin width #rand having a fin height Hrextending
above isolation dielectric 225. Oxide semiconductor 338 is in direct contact with the fin

sidewalls along the B-B’ plane laterally adjacent to the gate electrode.

In FIG. 5A and 5B, a hetero-fin 403 includes channel semiconductor 320 disposed on
a sub-fin 415. Sub-fin 415 is embedded in isolation dielectric 225 (FIG 5B). Channel
semiconductor 320 is of a first material while sub-fin 415 is of a second semiconductor
material. The two different materials form a channel/sub-fin heterojunction. In some
exemplary embodiments where sub-fin 415 does not to serve as part of the device channel,

sub-fin 415 need not be of a material having high electron mobility. In some advantageous
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embodiments, sub-fin 415 is a second material of suitable composition so that the fin
heterojunction is associated with an energy band offset between the channel semiconductor
320 and sub-fin 415 useful for reducing a substrate leakage current path through sub-fin 415.
In some N-type transistor embodiments where channel semiconductor 320 is to provide an
electron channel, sub-fin 415 may have a higher conduction band energy (i.e., a carrier-

blocking conduction band offset) than that of channel semiconductor 320.

In some embodiments, sub-fin 415 and channel semiconductor 320 are different
monocrystalline group IV semiconductors (e.g., a Ge channel semiconductor on a silicon or
GaAs sub-fin). In some alternative embodiments, sub-fin 415 and channel semiconductor 320
are each monocrystalline compound semiconductors with a first sub-lattice of at least one
element from group III of the periodic table (e.g., Al, Ga, In), and a second sub-lattice of at
least one element of group V of the periodic table (e.g., P, As, Sb). Sub-fin 415 and channel
semiconductor 320 may each be a binary, ternary, or quaternary I1I-V compound
semiconductor that is an alloy of two, three, or even four elements from groups III and V of
the periodic table. For exemplary N-type transistor embodiments, channel semiconductor 320
is advantageously a III-V material having a high electron mobility, such as, but not limited to
GaAs, InGaAs, InP, InSb, and InAs. For some InxGaixAs fin channel semiconductor
embodiments, In context, x, between 0.1 and 0.9, and advantageously at least 0.5 (e.g.,
Ino.s3Gao.47As). Sub-fin 415 is advantageously a I1I-V material having a significant carrier-
blocking band offset (e.g., conduction band offset) from that of the fin material, such as but
not limited to GaAs, GaSb, GaAsSb, GaP, InAlAs, GaAsSb, AlAs, AIP, AlSb, and AlGaAs.
In some N-type transistor embodiments, sub-fin 415 has a higher conduction band energy and
is also doped with p-type impurities (e.g., Mg, Be, etc.). FIG. SA further illustrates
embodiments where oxide semiconductor 338 is separated from gate electrode 235 by gate
dielectric 330 as the only intervening insulator through which oxide semiconductor 338 is

gated.

FIG. 6 depicts FET 201 in accordance with some exemplary nanowire embodiments.
The nanowire FET may have substantially the same layout/footprint as illustrated in FIG. 2.
The nanowire FET embodiments however have a gate stack and source/drain semiconductor
that wraps completely around channel semiconductor 320. Gate electrode sidewall insulator
336 and oxide semiconductor 338 also wrap completely around channel semiconductor 320.

As shown, oxide semiconductor 338 is substantially symmetrical about a longitudinal axis Cr
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of channel semiconductor 320. FIG. 6 further illustrates embodiments where oxide
semiconductor 338 is separated from gate electrode 235 by both gate dielectric 330
sidewall insulator 336.

FETs with a gated oxide semiconductor in accordance with the architectures above
may be fabricated by a variety of methods applying a variety of techniques and processing
chamber configurations. FIG. 7 is a flow diagram illustrating an exemplary method 701 for
fabricating a finFET with an oxide semiconductor gate electrode spacer, in accordance with
some embodiments. FIG. 8A, 9A, 10A, 11A, and 12A illustrate cross-sectional views along
the A-A’ plane of finFET 201 evolving as the method 701 is performed, in accordance with
some hetero-fin embodiments. FIG. 8B, 9B, 10B, 11B, and 12B illustrate cross-sectional
views along the B-B’ plane of finFET 201 evolving as the method 701 is performed, in
accordance with some hetero-fin embodiments. Although hetero-fin fabrication is illustrated,
aspects pertaining to the oxide semiconductor gate electrode spacer are also applicable to less

complex planar and non-planar FETs.

Referring first to FIG. 7, method 701 begins at operation 710 where a fin of
semiconductor material is formed. In some embodiments, a I1I-V hetero-fin is fabricated, for
example by epitaxially growing numerous islands of III-V material over a silicon substrate
having a plurality of seeding surfaces. In some such embodiments, seeding surfaces are
surrounded by high aspect ratio sidewalls to practice aspect ratio trapping (ART) and achieve
acceptable crystal quality in the heteroepitaxial fin material. The ART technique is one
example of local additive heteroepitaxial fin fabrication, which may advantageously reduce
the effects of lattice mismatch across various heterojunctions. In alternative embodiments, a
conventional subtractive technique may be employed in which a blanket I1I-V film stack is
grown over, or transferred to, a working surface of a substrate. That blanket I1I-V film stack

is then etched into fin structures similarly amenable to subsequent operations of method 701.

In the exemplary embodiments illustrated by FIG. 8A and 8B, upon completion of
operation 710, hetero-fin 203 is disposed on substrate 205 with at least a portion of channel
semiconductor 320 extending a z-height Hr above a surrounding sub-fin isolation 225. In
some embodiments, z-height Hr is defined by recess etching a predetermined amount of sub-
fin isolation material 225 from around hetero-fin 203. Z-height Hr may vary with the extent
of recess etch, potentially exposing sidewalls of sub-fin 415. In alternate embodiments, a stop

layer may be utilized to ensure a top surface of sub-fin isolation 225 is flush with the
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heterojunction between sub-fin 415 and channel semiconductor 320. At this point, transverse

fin width Wris substantially constant along the entire longitudinal length of a fin.

Returning to FIG. 7, method 701 continues at operation 720 where a channel mask is
patterned to protect a portion of the semiconductor fin that is to be the channel
semiconductor. While any known masking technique and material(s) may be employed at
operation 720, in some embodiments, the channel mask is a gate mandrel retained through a

number of processes until being replaced in a “gate-last” finFET fabrication flow.

In the exemplary embodiment illustrated in FIG. 9A and 9B, a sacrificial gate 870 is
formed over a portion of the hetero-fin 403. Any known sacrificial gate structure and
fabrication techniques may be employed at operation 720 to form sacrificial gate 870 on at
least two opposing sidewalls of fin 320 (FIG. 9A). Sacrificial gate 870 is patterned into a
stripe of sacrificial material extending over channel semiconductor 320 and landing on sub-
fin isolation 225. Other portions of hetero-fin 203 are exposed. In further embodiments
represented by FIG. 9A, the channel mask formed at operation 720 further includes a self-
aligned lateral spacer process that forms oxide semiconductor 338 in direct contact with
either sacrificial gate 870 or a gate sidewall insulator 336. In FIG. 9A, gate sidewall insulator
336 is shown in dashed line as optional. Oxide semiconductor thin films may be deposited by
a variety of known techniques. Deposition temperatures are advantageously low for
amorphous oxide semiconductor embodiments. In some embodiments, the oxide
semiconductor is conformally deposited over fin 403 and sacrificial gate 870 with a chemical
vapor deposition or atomic layer deposition process. An anisotropic etch is then employed to

clear the oxide semiconductor film except along edges of the sacrificial gate topography.

In some embodiments, the channel mask further includes gate sidewall insulator 336
formed adjacent to sidewalls of sacrificial gate 870. If formed, gate sidewall insulator 336 is
to be deposited and etched back prior to formation of the oxide semiconductor spacer. Any
conventional self-aligned lateral spacer process may be employed to form gate sidewall
insulator 336. For example, a dielectric (e.g., silicon dioxide and/or silicon nitride, etc.) may
be conformally deposited over the fin and over the sacrificial gate 870. An anisotropic etch is
then employed to clear the dielectric film except along edges of the sacrificial gate

topography.
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Returning to FIG. 7, method 701 proceeds to operation 740 where source/drain
semiconductors are formed. Both composition and in-situ doping may be modulated to grow
a desired source/drain semiconductor. Any of metal-organic chemical vapor deposition
(MOCVD), molecular beam epitaxy (MBE), hydride vapor phase epitaxy (HVPE), or the
like, may be employed to grow source/drain semiconductor. In some embodiments, portions
of the fin not protected by the channel mask or sub-fin isolation may be recess etched prior to
epitaxial overgrowth of source/drain semiconductor. In the example illustrated by FIG. 9A,
portions fin 320 not protected by the channel mask or sub-fin isolation 225 have been
recessed etched. This recess etch may laterally undercut oxide semiconductor 338 by some
predetermined amount, or not. The recess etch may employ a crystallographic wet etchant or
a low damage, chemical dry etchant, for example. In some embodiments, unprotected

portions of semiconductor 320 are recess etched selectively to sub-fin 415.

FIG. 10A illustrates source/drain semiconductor 350 epitaxially grown on surfaces of
the fin not protected by the channel mask or oxide semiconductor. As further shown in FIG.
10B, oxide semiconductor 338 is present during source/drain growth, setting the lateral
spacing between a gate stack and source/drain semiconductor. Any known epitaxial
source/drain regrowth technique may be employed. In exemplary embodiments illustrated in
FIG. 10A, a single crystalline heteroepitaxial source/drain semiconductor 350 is grown. The

regrown source/drain material may be heavily in-situ doped (e.g., n-type).

Returning to FIG. 7, method 701 continues at operation 750 where the channel mask
is replaced with a permanent gate stack. Method 701 is then substantially completed with any
suitable source/drain (contact) metallization and backend processing performed at operation
760. For the exemplary embodiment further illustrated in FIG. 11A, 11B, finFET isolation
dielectric 280 is deposited and planarized to expose a top of sacrificial gate 870. Sacrificial
gate 870 is removed selectively relative to isolation dielectric 280 and oxide semiconductor
338, thereby exposing the channel semiconductor 320. A permanent gate stack including a
gate dielectric 330 and gate electrode 235 is deposited into the void formed by removal of the
sacrificial gate. While any known gate stack materials may be utilized, in one exemplary
embodiment a high-k dielectric material is deposited along with a metal gate electrode. As
further illustrated in FIG. 12A, source/drain contact metallization 250 is formed by any
known technique (e.g., Ti/TiN deposition). As shown in FIG. 12B, oxide semiconductor 338

is retained, defining the lateral spacing between the gate stack and source/drain contact
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metallization. The structure of FET 201 is then substantially as introduced in FIG. 2 and FIG.
3A-3D, and is ready for backend processing by known techniques.

FIG. 13 illustrates a mobile computing platform and a data server machine employing
an SoC including FETs with an oxide semiconductor spacer, for example as described
elsewhere herein. The server machine 1306 may be any commercial server, for example
including any number of high-performance computing platforms disposed within a rack and
networked together for electronic data processing, which in the exemplary embodiment
includes a packaged monolithic SoC 1350. The mobile computing platform 1305 may be any
portable device configured for each of electronic data display, electronic data processing,
wireless electronic data transmission, or the like. For example, the mobile computing
platform 1305 may be any of a tablet, a smart phone, laptop computer, etc., and may include
a display screen (e.g., a capacitive, inductive, resistive, or optical touchscreen), a chip-level

or package-level integrated system 1310, and a battery 1315.

Either disposed within the integrated system 1310 illustrated in the expanded view
1320, or as a stand-alone packaged chip within the server machine 1306, monolithic SoC
1350 includes a memory block (e.g., RAM), a processor block (e.g., a microprocessor, a
multi-core microprocessor, graphics processor, or the like) including at least one n-type FET
with an oxide semiconductor spacer, for example as described elsewhere herein. The
monolithic SoC 1350 may be further coupled to a board, a substrate, or an interposer 1360
along with, one or more of a power management integrated circuit (PMIC) 1330, RF
(wireless) integrated circuit (RFIC) 1325 including a wideband RF (wireless) transmitter
and/or receiver (TX/RX) (e.g., including a digital baseband and an analog front end module
further comprises a power amplifier on a transmit path and a low noise amplifier on a receive

path), and a controller 1335.

Functionally, PMIC 1330 may perform battery power regulation, DC-to-DC
conversion, etc., and so has an input coupled to battery 1315 and with an output providing a
current supply to other functional modules. As further illustrated, in the exemplary
embodiment, RFIC 1325 has an output coupled to an antenna (not shown) to implement any
of a number of wireless standards or protocols, including but not limited to Wi-Fi (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
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3G, 4G, 4G, and beyond. In alternative implementations, each of these board-level modules

may be integrated onto separate ICs or integrated into monolithic SoC 1350.

FIG. 14 is a functional block diagram of an electronic computing device, in
accordance with some embodiments. Computing device 1400 may be found inside platform
1305 or server machine 1306, for example. Device 1400 further includes a motherboard 1402
hosting a number of components, such as, but not limited to, a processor 1404 (e.g., an
applications processor), which may further incorporate at least one FET with an oxide
semiconductor spacer, for example as described elsewhere herein. Processor 1404 may be
physically and/or electrically coupled to motherboard 1402. In some examples, processor
1404 includes an integrated circuit die packaged within the processor 1404. In general, the
term “processor” or “microprocessor” 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 further stored in registers and/or memory.

In various examples, one or more communication chips 1406 may also be physically
and/or electrically coupled to the motherboard 1402. In further implementations,
communication chips 1406 may be part of processor 1404. Depending on its applications,
computing device 1400 may include other components that may or may not be physically and
electrically coupled to motherboard 1402. These other components include, but are not
limited to, volatile memory (e.g., DRAM), non-volatile memory (e.g., ROM), flash memory,
a graphics processor, a digital signal processor, a crypto processor, a chipset, an antenna,
touchscreen display, touchscreen controller, battery, audio codec, video codec, power
amplifier, global positioning system (GPS) device, compass, accelerometer, gyroscope,
speaker, camera, and mass storage device (such as hard disk drive, solid-state drive (SSD),

compact disk (CD), digital versatile disk (DVD), and so forth), or the like.

Communication chips 1406 may enable wireless communications for the transfer of
data to and from the computing device 1400. 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. Communication chips
1406 may implement any of a number of wireless standards or protocols, including but not

limited to those described elsewhere herein. As discussed, computing device 1400 may
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include a plurality of communication chips 1406. For example, a first communication chip
may be dedicated to shorter-range wireless communications, such as Wi-Fi and Bluetooth,
and a second communication chip may be dedicated to longer-range wireless

communications such as GPS, EDGE, GPRS, CDMA, WiMAX, LTE, Ev-DO, and others.

While certain features set forth herein have been described with reference to various
implementations, this description is not intended to be construed in a limiting sense. Hence,
various modifications of the implementations described herein, as well as other
implementations, which are apparent to persons skilled in the art to which the present

disclosure pertains are deemed to lie within the spirit and scope of the present disclosure.

It will be recognized that principles of the disclosure are not limited to the
embodiments so described, but can be practiced with modification and alteration without
departing from the scope of the appended claims. For example the above embodiments may

include specific combinations of features as further provided below.

In one or more first embodiments, a transistor includes a source region and a drain
region in a semiconductor fin, the source and drain regions separated by a channel region.
The transistor includes a gate stack over the channel region, the gate stack comprising a gate
dielectric layer and at least one gate electrode layer. The transistor includes a spacer adjacent

to a side of the gate stack, the spacer comprising an oxide semiconductor.

In furtherance of the first embodiment, the transistor further comprises a contact
metallization disposed on the source and drain region, and the oxide semiconductor is
disposed between the gate electrode and at least one of the source region, drain region, or
contact metallization. In furtherance of the first embodiments, the oxide semiconductor has a

charge carrier density that varies as a function of a voltage on the gate electrode.

In furtherance of the first embodiments, the charge carrier density is sufficient to
convey a current between the channel semiconductor and at least one of the source and drain
region when the voltage on the gate electrode is sufficient to induce inversion within the first

portion of the channel region.

In furtherance of the first embodiments, the oxide semiconductor has a conductivity

type that is the same as that of the source and drain regions.
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In furtherance of the first embodiments immediately above, the source region and
drain region have n-type conductivity type, and the oxide semiconductor has n-type

conductivity in the presence of a positive voltage on the gate electrode.

In furtherance of the first embodiments, the oxide semiconductor forms an interface

with both the channel region and at least one of the source region and drain region.

In furtherance of the first embodiments immediately above, the oxide semiconductor

is separated from the gate electrode by an intervening dielectric material.

In furtherance of the first embodiments immediately above, the intervening dielectric

material further comprises the gate dielectric.

In furtherance of the first embodiments, the source and drain regions are both laterally
spaced apart from a sidewall of the gate electrode by a length of the oxide semiconductor.
The oxide semiconductor forms a first heterojunction with the channel region along at least a
portion of the oxide semiconductor length. The oxide semiconductor forms a second

heterojunction with the source and drain regions.

In furtherance of the first embodiments immediately above, the oxide semiconductor
forms a first heterojunction with the channel region along a first portion of the length and the
oxide semiconductor forms a second heterojunction with the source region and drain region

along a second portion of the length.

In furtherance of the first embodiments, the oxide semiconductor makes direct contact

with the contact metal.

In furtherance of the first embodiments, the oxide semiconductor is a metal oxide

including at least one of Cu, Zn, Sn, Ti, Ni, Ga, In, Sr, Cr, Co, V, or Mo.

In furtherance of the first embodiments immediately above, the oxide semiconductor

is selected from the group consisting of’ tin oxide, zinc oxide, and titanium oxide.

In furtherance of the first embodiments immediately above, the oxide semiconductor

comprises IGZO.

In furtherance of the first embodiments, the channel region is an elemental or alloyed

group IV semiconductor, or an alloyed group I11-V semiconductor.
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In furtherance of the first embodiments, the channel region, source region, and drain
region are monocrystalline. The oxide semiconductor is amorphous or polycrystalline. The
gate dielectric comprises a high-k dielectric material. The gate electrode comprises a metal

gate electrode.

In one or more second embodiments, a CMOS integrated circuit (IC) comprises an n-
type fin field effect transistor (finFET) disposed over a first region of a substrate. The CMOS
IC comprises a p-type finFET disposed over a second region of the substrate. The n-type
finFET further includes an n-type source semiconductor and an n-type drain semiconductor
coupled to a channel semiconductor fin disposed there between. The n-type finFET further
includes a gate stack including a gate electrode and a gate dielectric disposed over the
channel semiconductor fin. The n-type finFET further includes an n-type oxide
semiconductor disposed between the gate electrode and at least one of the source

semiconductor and drain semiconductor.

In furtherance of the second embodiments, the p-type finFET further comprises a p-
type source semiconductor and a p-type drain semiconductor coupled to a second channel
semiconductor fin, a second gate electrode stack including a gate electrode and a gate
dielectric disposed over the channel semiconductor fin, and a p-type oxide semiconductor
disposed between the second gate electrode and at least one of the p-type source

semiconductor and p-type drain semiconductor.

In furtherance of the second embodiments immediately above, the p-type oxide

semiconductor comprises a copper oxide.

In one or more third embodiments, a method of fabricating a field effect transistor
(FET) comprises forming a channel semiconductor over a substrate. The method comprises
forming a gate stack over the channel semiconductor, the gate stack including a gate
electrode and a gate dielectric. The method comprises depositing an oxide semiconductor
over the channel semiconductor. The method comprises etching the oxide semiconductor to
retain an oxide semiconductor spacer adjacent to a sidewall of the gate stack. The method
comprises forming a source semiconductor and a drain semiconductor over the substrate and

adjacent to the oxide semiconductor spacer.

In furtherance of the third embodiments, forming the gate stack further comprises

forming a mask over the channel semiconductor and replacing at least a portion of the mask
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with the gate electrode stack after forming the source and drain semiconductor. Depositing
the oxide semiconductor further comprises depositing the oxide semiconductor over the
mask. Etching the oxide semiconductor to form the oxide semiconductor spacer further
comprises anistropically etching the oxide semiconductor to form an oxide semiconductor

spacer adjacent to the mask.

In furtherance of the third embodiments immediately above, depositing the oxide
semiconductor further comprises depositing an n-type oxide semiconductor by chemical

vapor deposition.

In furtherance of the third embodiments, forming the gate stack over the channel
semiconductor further comprises depositing the gate dielectric over the channel

semiconductor and in direct contact with the oxide semiconductor.

However, the above embodiments are not limited in this regard and, in various
implementations, the above embodiments may include the undertaking only a subset of such
features, undertaking a different order of such features, undertaking a different combination
of such features, and/or undertaking additional features than those features explicitly listed.
The scope of the invention should, therefore, be determined with reference to the appended

claims, along with the full scope of equivalents to which such claims are entitled.
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CLAIMS

What 1s claimed is:

1. A transistor comprising:

a source region and a drain region in a semiconductor fin, the source and drain regions
separated by a channel region;

a gate stack over the channel region, the gate stack comprising a gate dielectric layer and at
least one gate electrode layer; and

a spacer adjacent to a side of the gate stack, the spacer comprising an oxide semiconductor.

2. The transistor of claim 1, further comprising
a contact metallization disposed on the source and drain region; and
wherein the oxide semiconductor is disposed between the gate electrode and at least one of

the source region, drain region, or contact metallization.

3. The transistor of claim 1, wherein:
the oxide semiconductor has a charge carrier density that varies as a function of a voltage on

the gate electrode.

4. The transistor of claim 3, wherein the charge carrier density is sufficient to convey a
current between the channel semiconductor and at least one of the source and drain
regions when the voltage on the gate electrode is sufficient to induce inversion in at

least a portion of the channel region.

5. The transistor of claim 1, wherein the oxide semiconductor has a conductivity type that is

the same as that of the source region and drain region.

6. The transistor of claim 5, wherein:
the source region and drain region have n-type conductivity type; and
the oxide semiconductor has n-type conductivity in the presence of a positive voltage on the

gate electrode.
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7. The transistor of claim 1, wherein the oxide semiconductor forms an interface with both

the channel region and at least one of the source region and drain region.

8. The transistor of claim 1, wherein the oxide semiconductor is separated from the gate

electrode by an intervening dielectric material.

9. The transistor of claim 8, wherein the intervening dielectric material further comprises the

gate dielectric.

10. The transistor of claim 7, wherein:

the source and drain regions are laterally spaced apart from the sidewall of the gate electrode
by a length of the oxide semiconductor;

the oxide semiconductor forms a first heterojunction with the channel region along at least a
portion of the oxide semiconductor length; and

the oxide semiconductor forms a second heterojunction with the source and drain regions.

11. The transistor of claim 10, wherein the oxide semiconductor forms a first heterojunction
with the channel region along a first portion of the length and the oxide
semiconductor forms a second heterojunction with the source region and drain region

along a second portion of the length.

12. The transistor of claim 2, wherein the oxide semiconductor makes direct contact with the

contact metal.

13. The transistor of claim 1, wherein the oxide semiconductor is a metal oxide including at

least one of Cu, Zn, Sn, Ti, N1, Ga, In, Sr, Cr, Co, V, or Mo.

14. The transistor of claim 13, wherein the oxide semiconductor is selected from the group

consisting of: tin oxide, zinc oxide, and titanium oxide.

15. The transistor of claim 13, wherein the oxide semiconductor comprises IGZO.

16. The transistor of claim 13, wherein the channel semiconductor is an elemental or alloyed

group I'V semiconductor, or an alloyed group III-V semiconductor.
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17. The transistor of claim 1, wherein:
the channel region, source region, and drain region are monocrystalline semiconductor;
the oxide semiconductor is amorphous or polycrystalline; and

the gate dielectric comprises a high-k dielectric material.

18. A CMOS integrated circuit (IC), comprising:
an n-type fin field effect transistor (finFET) disposed over a first region of a substrate, the
finFET further including:
an n-type source semiconductor and an n-type drain semiconductor coupled to a
channel semiconductor fin disposed there between;
a gate stack including a gate electrode and a gate dielectric disposed over the channel
semiconductor fin; and
a spacer adjacent to a side of the gate stack, the spacer comprising an oxide
semiconductor; and

a p-type finFET disposed over a second region of the substrate.

19. The CMOS IC of claim 18, wherein the p-type finFET further comprises:

a p-type source semiconductor and a p-type drain semiconductor coupled to a second channel
semiconductor fin;

a second gate stack including a gate electrode and a gate dielectric disposed over the second
channel semiconductor fin; and

a second spacer on a side of the second gate stack, the second spacer comprising a p-type

oxide semiconductor.

20. The CMOS IC of claim 19, wherein the p-type oxide semiconductor comprises a copper

oxide.

21. A method of fabricating a field effect transistor (FET), the method comprising:

forming a channel semiconductor over a substrate;

forming a gate stack over the channel semiconductor, the gate stack including a gate
electrode and a gate dielectric;

depositing an oxide semiconductor over the gate stack;
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etching the oxide semiconductor to retain an oxide semiconductor spacer adjacent to a
sidewall of the gate stack; and
forming a source semiconductor and a drain semiconductor over the substrate and adjacent to

the oxide semiconductor spacer.

22. The method of claim 21, wherein:

forming the gate stack further comprises forming a mask over the channel semiconductor and
replacing at least a portion of the mask with the gate electrode stack after forming the
source and drain semiconductor;

depositing the oxide semiconductor further comprises depositing the oxide semiconductor
over the mask; and

etching the oxide semiconductor to form the oxide semiconductor spacer further comprises
anistropically etching the oxide semiconductor to form an oxide semiconductor spacer

adjacent to the mask.

23. The method of claim 21, wherein depositing the oxide semiconductor further comprises

depositing an n-type oxide semiconductor by chemical vapor deposition.
24. The method of claim 21, wherein forming the gate stack over the channel semiconductor

further comprises depositing the gate dielectric over the channel semiconductor and in

direct contact with the oxide semiconductor.
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