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(57) Abstract: Transistor structures having channel regions comprising aternating layers of compressively and tensilely strained
epitaxial materials are provided. The aternating epitaxial layers can form channel regions in single and multigate transistor struc -
tures. In alternate embodiments, one of the two alternating layers is selectively etched away to form nanoribbons or nanowires of the
remaining material. The resulting strained nanoribbons or nanowires form the channel regions of transistor structures. Also provided
are computing devices comprising transistors comprising channel regions comprised of aternating compressively and tensilely
strained epitaxial layers and computing devices comprising transistors comprising channel regions comprised of strained nanorib -
bons or nanowires.
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STRAIN COMPENSATION IN TRANSISTORS

FIELD OF THE INVENTION
Embodiments of the invention relate generally to integrated circuit devices, and more
specifically to transistors, multigate transistors, PMOS and NMOS transistors, and nanoribbon

and nanowire transistors.

BACKGROUND INFORMATION

The push toward ever-smaller more highly integrated circuit (IC) and other semiconductor
devices places enormous demands on the techniques and materials used to construct the devices.
In general, an integrated circuit chip isaso known as amicrochip, asilicon chip, or achip. 1C
chips are found in avariety of common devices, such asin computers, cars, televisions, game
systems, CD players, and cellular phones. A plurality of IC chips are typically built on a silicon
wafer (athin silicon disk, having adiameter, for example, of 300 mm) and after processing the
wafer isdiced apart to create individual chips. A 1cm?® IC chip having feature sizes around of
about 90 nm can comprise hundreds of millions of components. Current technologies are
pushing feature sizes even smaller than 32 nm. Components of IC chips include, for example,
transistors such as CMOS (complementary metal-oxide-semiconductor) devices, capacitive
structures, resistive structures, and metal lines that provide electronic connections between
components and external devices. Other semiconductor devices include, for example, various

diodes, lasers, photodetectors, and magnetic field sensors.

BRIEF DESCRIPTION OF THE FIGURES

FIGURES 1A-B are schematic diagrams illustrating cross-sectional views of atri-gate
transistor structure.

FIGURES 2A-B are schematic diagrams illustrating cross-sectional views of abi-gate
transistor structure.

FIGURES 3A-B are schematic diagrams illustrating cross-sectional views of atransistor
structure comprising nanowires or nanoribbons in the channel region.

FIGURE 4 illustrates a cross-sectional view of a single gate transistor structure.

FIGURE 5isaflow chart describing methods for making the channel region of a
transistor.

FIGURE 6isaflow chart describing additional methods for making the channel region of

atransistor.
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FIGURE 7 isacomputing device built in accordance with an implementation of the

invention.

DETAILED DESCRIPTION OF THE INVENTION

Asthe pitch of the elements of atransistor are made increasingly smaller, the source and
drain region volume shrinks and providing uniaxial transistor channel stress through the source
and drain regions becomes increasingly difficult. Stress in the channel region of atransistor can
improve transistor performance. Therefore, devices that incorporate stress into the channel
region without relying on the source and drain regions to supply stress are useful. Embodiments
of the invention provide transistors having channel structures having stress imparted from the
substrate. Also provided are channel structures comprised of interlayered compressive and
tensile layers and methods of making such channel structures. Additional embodiments of the
invention provide transistors having aplurality of strained nanoribbons or nanowires in the
channel region. Advantageously, embodiments of the invention provide transistors having
strained channel structures having significant heights while maintaining strain in the channel
structure.

Figures 1A-B show afrigate transistor structure having a strained channel region. Figure
I B represents aview along 1-1 (aperpendicular cut into the page) of the structure of Figure 1A.
The resulting cross sectional view isrotated by 45 °. In Figures 1A-B, a substrate 105 houses a
channel region comprised of oppositely strained epitaxial interlayers 110 and 115. The
oppositely strained epitaxial interlayers 110 and 115 are either compressively or tensilely
strained with respect to the material on the substrate 105 surface. For example, layer 110is
tensilely strained and layer 115 iscompressively strained or conversely layer 110is
compressively strained and layer 115 istensilely strained. The oppositely strained epitaxial
interlayers 110 and 115 are created through crystal lattice mismatches relative to the crystal
lattice of the substrate 105 material or alayer of material on the substrate 105 surface ("the
substrate"). The material selected for the substrate 105 can be, for example, any material
comprising elements from group Ill, 1V, and/or V of the periodic table, and combination thereof.
Then, afirst layer 110 with alarger (smaller) lattice constant is grown in an epitaxial deposition
process on the substrate 105. The first layer 110 isgrown below its critical layer thickness to
ensure that full compressive (tensile) strain ispreserved in the first layer 110. Subsequently, the
second layer 115 with asmaller (larger) lattice constant with respect to substrate 105 isgrown in
an epitaxial deposition process on top of the first layer 100. The second layer 115 isgrown
below its critical layer thickness to ensure full tensile (compressive) strain. In embodiments of

the invention, additional successive layers 110 and 115 having apattern of alternating
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compressive and tensile strain can be grown to extremely tall heights with minimal to no strain

relaxation. In general, the interlayers can be comprised of pure elements and/or mixtures of
elements, such as, for example, Si and Ge, and 111-V semiconductor materials (materials
comprising elements found in columns 111 and V of the periodic table). In embodiments of the
invention, the channel structures can comprise quantum wells in which athin device layer is
adjacent to or sandwiched between layers having alarger band gap compared to the channel
material. In embodiments of the invention, the substrate 105 iscomprised of SixGei-x, layer 110
(or layer 115) iscomprised of SivGe;.y where Y > X, and layer 115 (or layer 110) iscomprised
of SizGe, ,whereZ <X, 1>X >0,and 1> Y >0,and 1>Z >0. In additional embodiments,
the substrate 105 iscomprised of InP, layer 110 (or layer 115) iscomprised of InxGai-xAs where
1> X > 0.53, and layer 115 (or layer 110) iscomprised of InyGai-yAs where 0.53 >Y >0. In
further embodiments, the substrate 105 iscomprised of GaSh, layer 110 (or layer 115) is
comprised of AlSbh, and layer 115 (or layer 110) iscomprised of InAs. In further additional
embodiments, the substrate 105 iscomprised of Ge, layer 110 (or layer 115) iscomprised of
SixGei-x, and layer 115 (or layer 110) iscomprised of InyGai-yAs where 1> X > 0 and
1>Y > 0. Infurther additional embodiments, the substrate 105 is GaAs, layer 110 (or
layer 115) is GaA sxPix where X isanumber between 1and 0, and layer 115 (or layer 110) is
InyGai-yP where 1>Y > 0.51. It was found that by using epitaxial interlayered structures
comprising aternating layers of compressively and tensilely strained epitaxial materials, itis
possible to build channel structures that preserve strain in the layers while having larger heights
than conventional methods of producing strain in channel regions of transistors. In embodiments
of the invention, channel regions of transistors have heights, h,, that range between 10 nm and
100 nm or between 25 nm and 85 nm, although other heights are also possible. Although twelve
layers of oppositely strained epitaxial interlayers 110 and 115 are shown in Figure 1, itisaso
possible to have other numbers of layers 115 and 110, such as, for example, between and
including 3 and 25 layers or between 5 and 25 layers, athough other numbers are also possible.
In Figure 1A, source and drain regions 120 and 125 abut ends of the channel region 110
and 115. In embodiments of the invention, the channel strain with respect to the substrate is
maintained in the channel region and does not require the use of source/drain materials that
create strain in the channel. The transistor structure additionally comprises a gate dielectric 135
and a gate electrode 140. Ascan be seen from Figure 1B, gate dielectric 135 isdisposed on three
sides of the channel region: two sides being transverse to athird side. The gate electrode 140is
disposed on the gate dielectric 135. Optionally, insulating spacers 145 and 146 (Figure 1A) abut
the gate dielectric 135 and the gate electrode 140. The transistor structure istypicaly covered in
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an insulating dielectric layer, which ispartialy shown asinsulating regions 150 and 151

(Figure 1A).

Figures 2A-B show abigate (dual gate) transistor structure having a strained channel
region. Figure 2B represents aview along 2-2 (aperpendicular cut into the page) of the structure
of Figure 2A. The resulting cross sectional view isrotated by 45 °. In Figures 2A-B, a
substrate 205 houses a channel region comprised of oppositely strained epitaxia interlayers 210
and 215. The oppositely strained epitaxial interlayers 210 and 215 are either compressively or
tensilely strained with respect to the material on the substrate 205 surface. For example,
layer 210 istensilely strained and layer 215 iscompressively strained or conversely layer 210 is
compressively strained and layer 215 istensilely strained. The oppositely strained epitaxial
interlayers 210 and 215 are created through crystal lattice mismatches relative to the crystal
lattice of the substrate 205 material or alayer of material on the substrate 105 surface ("the
substrate”). The material selected for the substrate 205 can be, for example, any material
comprising elements from group 11, 1V, and/or V of the periodic table, and combination thereof.
Then, afirst layer 210 with alarger (smaller) lattice constant is grown in an epitaxial deposition
process on the substrate 205. The first layer 210 is grown below its critical layer thickness to
ensure that full compressive (tensile) strain ispreserved in the first layer 210. Subsequently, the
second layer 215 with asmaller (larger) lattice constant with respect to substrate 205 is grown in
an epitaxial deposition process on top of the first layer 200. The second layer 215 is grown
below its critical layer thickness to ensure full tensile (compressive) strain. In embodiments of
the invention, additional successive layers 210 and 215 having apattern of aternating
compressive and tensile strain can be grown to extremely tall heights with minimal to no strain
relaxation. In genera, the interlayers can be comprised of pure elements and/or mixtures of
elements, such as, for example, Si and Ge, and 111-V semiconductor materials (materials
comprising elements found in columns 111 and V of the periodic table). In embodiments of the
invention, the channel structures can comprise quantum wells in which athin device layer is
adjacent to or sandwiched between layers having alarger band gap compared to the channel
material. In embodiments of the invention, the substrate 205 iscomprised of SixGe, ,, layer 210
(or layer 215) iscomprised of SivGe,.y where Y > X, and layer 215 (or layer 210) is comprised
of SizGei-zwhere Z <X, 1>X >0,1>Y >0and 1>Z > 0. In additional embodiments, the
substrate 205 iscomprised of InP, layer 210 (or layer 215) iscomprised of InxGai_xAs where
1> X > 0.53, and layer 215 (or layer 210) iscomprised of InyGa;.yAs where 0.53 >Y >0. In
further embodiments, the substrate 205 iscomprised of GaSh, layer 210 (or layer 215) is
comprised of AlSh, and layer 215 (or layer 210) iscomprised of InAs. In further additiona
embodiments, the substrate 205 iscomprised of Ge, layer 210 (or layer 215) iscomprised of
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SixGe;.x, and layer 215 (or layer 210) is comprised of InyGa; yAs where 1> X >0 and

1>Y > 0. Infurther additional embodiments, the substrate 205 is GaAs, layer 210 (or

layer 215) is GaAsxPi-x where 1> X > 0isanumber between 1and 0, and layer 215 (or

layer 210) isInyGa;.yP where 1>Y > 0.51. It was found that by using epitaxial interlayered
structures comprising aternating layers of compressively and tensilely strained epitaxial
materials, it ispossible to build channel structures that preserve strain in the layers while having
larger heights than conventional methods of producing strain in channel regions of transistors. In
embodiments of the invention, channel regions of transistors have heights, h,, that range between
10 nm and 100 nm or between 25 nm and 85 nm, although other heights are possible. Although
twelve layers of oppositely strained epitaxial interlayers 210 and 215 are shown in Figure 2, it is
also possible to have other numbers of layers 210 and 215, such as, for example, between and
including 3 and 25 layers between 5 and 25 layers .

In Figure 2A, source and drain regions 220 and 225 abut ends of the channel region 210
and 215. In embodiments of the invention, the channel strain with respect to the substrateis
maintained in the channel region and does not require the use of source/drain stressors. A further
insulating region 252 isdisposed on a side of channel region 210 and 215. In Figure 2B, the
transistor structure additionally comprises a gate dielectric 235 and a gate electrode 240. The
gate dielectric 235 isdisposed on two opposing sides of the channel region. The gate
electrode 240 is disposed on the gate dielectric 235. Optionally, insulating spacers 245 and 246
(Figure 2A) abut the gate dielectric 235 and the gate electrode 240. The transistor structureis
typically covered in an insulating dielectric layer, which ispartialy shown asinsulating
regions 250 and 251 (Figure 2A).

Figures 3A-B show transistor structures having strained nanoribbon or nanowire channel
regions. In general, ananowire can be considered to have widths and heights that are
approximately equal, and nanoribbons can be considered to have awidth that islarger than the
height (the length dimension being the dimension along the length of the wire or ribbon). The
structures of Figure 3A-B are similar to the structures of Figures 1-2(A-B), however in
embodiments the tensile layers are etched away to create PMOS nanowire or nanoribbon channel
regions or conversely, the compressive layers are etched away to create NMOS nanowire or
nanoribbon channel regions. Figure 3B represents aview along 3-3 (aperpendicular cut into the
page) of the structure of Figure 3A. The resulting cross sectional view isrotated by 45 °. In
Figures 3A-B, a substrate 305 houses achannel region comprised nanoribbons or nanowires 310.
The nanoribbons or nanowires 310 are strained relative to the substrate. 1n embodiments of the
invention, the nanowires or nanoribbons 310 are compressively strained in PMOS channels and

tensilely strained in NMOS channels. Optionally, epitaxial interlayered regions 315 and 316 are
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located in the transistor structure between the source and drain 320 and 325 and the nanoribbon

or nanowire 310 region. The optional epitaxia interlayered regions 315 and 316 are comprised
of layers exhibiting alternating compressive and tensile (or vice versa) strained layers. In
general, the interlayers can be comprised of pure elements and/or mixtures of elements, such as,
for example, Si and Ge, and I11-V semiconductor materials (materials comprised of elements
found in columns I and V of the periodic table). In embodiments of the inventions, atransistor
having compressively strained nanowires or nanoribbons has a substrate 305 surface material
comprising SixGe;.x, a second epitaxial material comprising SiyGe;_y, and athird epitaxial
material comprising SizGe* whereY >X,Z<X,1>X>0,and 1>Y >0,and 1>Z >0. In
alternate embodiments having compressively strained nanowires or nanoribbons, the

substrate 305 comprises InP, the second epitaxial material comprises InxGai-xAs where

1> X > 0.53, and the third epitaxial material comprises InyGa;.yAs where 0.53 > Y >0 or the
substrate 305 comprises GaSb, the second epitaxial material comprises AlSb, and the third
epitaxia material comprises InAs. In further embodiments having compressively strained
nanowires or nanoribbons, substrate 305 comprises Ge, the second epitaxial material comprises
SixGe;.x, where 1 > X > 0, and the third epitaxial material comprises InyGa; yAs where

1>Y >0, or the substrate 305 is comprised of GaAs, the second epitaxial material is comprised
of GaAsxPi-x where 1> X > 0, and the third epitaxial material iscomprised of InyGai-yP where
1>Y > 0.51. In embodiments having tensilely strained nanowires or nanoribbons, the
substrate 305 comprises SixGe; x, the second epitaxial material comprises SiyGe;_y, and the third
epitaxial material comprises SizGe, ,where Y <X,Z>X,1>X >0,and 1> Y >0, and

1>Z > 0. In further embodiments having tensilely strained nanowires or nanoribbons, the
substrate 305 comprises Ge, the second epitaxial material comprises InyGa;_yAs where

1>Y >0, and the third epitaxial material comprises SixGe™x, where 1> X >0, or the

substrate 305 is comprised of GaAs, the second epitaxial material iscomprised of InyGa,.vP
where 1>Y > 0.51, and the third epitaxial material iscomprised GaAsxPi_x where X where

1> X > 0. In subsequent processing events, the second epitaxial material isetched away (either
partially, leaving epitaxial interlayered regions 315 and 316, or completely leaving no epitaxial
interlayered regions 315 and 316) to create nanowires or nanoribbons 310 comprised of the third
epitaxial material. In embodiments of the invention, the nanowires 310 are comprised of, for
example, Ge, SixGei-x, or amaterial comprising one or more elements from group I11, 1V, and V
of the periodic table. Although four nanoribbons or nanowires 310 are shown in Figures 3A-B,
other numbers of nanoribbons or nanowires 310 are possible, such as, between and including 1
and 10, between 2 and 10, and between 3 and 10 nanoribbons or nanowires in atransistor,

although other numbers are also possible.
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In Figure 3A, source and drain regions 320 and 325 abut the optional epitaxial interlayered

regions 315 and 316 or abut ends of the nanoribbons or nanowires 310 (not shown). In
embodiments of the invention, strain with respect to the substrate is maintained in the channel
region and does not require the use of source/drain stressors. In embodiments, the epitaxial
interlayered regions 315 and 316 are not present and nanowires or nanoribbons 310 contact the
source and drain regions 320 and 325. Aninsulating layer 330 is disposed between a nanoribbon
or nanowire 310 and the substrate 305 and i s capable of serving as the bottom gate isolation
between the gate and the substrate 305. In Figures 3A-B, the transistor structure additionally
comprises a gate dielectric 335 and a gate electrode 340. The gate dielectric 335 isdisposed on
the nanoribbons or nanowires 310. The gate electrode 340 is disposed on the gate dielectric 335.
Optionally, insulating spacers 345 and 346 abut the gate dielectric 335 and the gate

electrode 340. The transistor structureistypically covered in an insulating dielectric layer,
which ispartially shown asinsulating regions 350 and 351.

Figure 4 illustrates a single gate transistor structure having a strained channel region.
Other structures are also possible for single gate transistors, such as, ones having features that are
differently oriented relative to one another and structures having features with different shapes
and/or sizes. For example, single gate transistor structures having source and drain regions that
are not recessed relative to the channel region are also possible. In Figure 4, a substrate
layer 405 isboardered by optional isolation trenches 407 and houses a channel region comprised
of oppositely strained epitaxia interlayers 410 and 415. The oppositely strained epitaxial
interlayers 410 and 415 are either compressively or tensilely strained with respect to the
substrate. For example, layer 410 istensilely strained and layer 415 iscompressively strained or
conversely layer 410 iscompressively strained and layer 415 istensilely strained. The
oppositely strained epitaxia interlayers 410 and 415 are created through crystal lattice
mismatches relative to the substrate lattice. The material selected for the substrate 405 can be,
for example, any material comprising elements from group |11, 1V, and/or V of the periodic table,
and combination thereof. In general, the epitaxial interlayers 410 and 415 can be comprised of
pure elements and/or mixtures of elements, such as, for example, Si and Ge, and I11-V
semiconductor materials (materials comprising elements found in columns |11 and V of the
periodic table). The substrate 405 and the epitaxial interlayers 410 and 415 can be comprised of
the materials described for substrates and epitaxial interlayers with respect to Figures 1-2(A-B).
Optional isolation trenches 407 are comprised of an insulating material and can electrically
isolate the transistor structure from other devices that make up the semiconductor chip. Source
and drain regions 420 and 425 are shown recessed relative to the channel region. Gate electrode
region 430 is on one side of the channel region and is separated from the channel region by a
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gate dielectric region 435. Optiona insulating spacers 440 are formed during device

manufacture to facilitate manufacture and serve to electrically isolate the transistor gate region.
Although six layers of oppositely strained epitaxial interlayers 410 and 415 are shown in
Figure 4, it isaso possible to have other numbers of layers 415 and 410, such as, for example,
between and including 3 and 25 layers or between and including 5 and 25 layers, although other
numbers are also possible.

Figure 5 describes methods for making a strained epitaxial layered channel region for a
tri-gate or bi-gate transistor structure. In Figure 5, a substrate i s provided that has afirst epitaxial
material on its surface having afirst lattice constant. The first epitaxial material can be alayer of
epitaxial material. A second epitaxial material having a second lattice constant that is either
larger (acompressive film) or smaller (atensile film) than that of the first epitaxial material is
deposited onto the substrate surface. A third epitaxial material isthen deposited onto the second
epitaxial material and the third epitaxial material has either alarger lattice constant
(compressive) or smaller lattice constant (tensile) relative to that of the substrate. If the second
layer isdeposited as acompressive layer, then the third layer will be deposited as atensile layer
and the second and third films form a strain compensated stack. Conversely, if the second layer
isdeposited as atensile layer, then the third layer is deposited as acompressive layer. The
epitaxial materials can be deposited, for example, by ultra high vacuum chemical vapor
deposition (UHV-CVD), rapid-thermal chemical vapor deposition (RTCVD), or molecular beam
epitaxy (MBE). Alternating layers of epitaxial tensilely and compressively strained materials
(materials having smaller and larger lattice constants relative to the substrate, respectively) are
deposited onto the substrate to create a stack of layers exhibiting biaxial strain. Itisbelieved that
during the manufacture of the channel region of atransistor, the tensile and compressive
interlayers (layers that are strained in the opposite direction and adjacent to each other) are more
stable against relaxation because dislocations that would form to relax one layer would increase
strain in the other. Because the relaxation requirements of the balanced stack system are
opposing, alarger total critical thickness for the channel region can be created. Generally, a
single film stack that does not use strain compensation cannot grow without relaxation or defect
formation beyond 50 nm tall for lattice mismatches greater than 1.3 %. In embodiments of the
invention, a stack of layers can have from 3 to 25 layers or from 5to 25 layers and/or aheight of
10 nm and 100 nm or between 25 nm and 85 nm. Exemplary materials for epitaxial layers are
described with respect to Figures 1A-B and 2A-B. The structure comprising oppositely strained
interlayers is patterned into transistor channel dimensions (for example into fins for afinfet
structure) converting the substrate biaxia strain into substrate uniaxial strain. Gate dielectric

material isthen deposited on one, two, or three sides of the layered transistor channel region (as
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shown, for example, with respect to Figures 1A-B, 2A-B, and 4). Gate electrode material isthen

deposited onto the gate dielectric material.

Figure 6 describes methods for making the channel region for atransistor comprising
strained nanoribbons or nanowires. In Figure 6, a substrate i s provided that has afirst epitaxial
material on its surface having afirst lattice constant. The first epitaxial material can be alayer of
material. A second epitaxial material having a second lattice constant that is either larger (a
compressive film) or smaller (atensile film) than that of the first epitaxial materia is deposited
onto the substrate surface. A third epitaxial material isthen deposited onto the second epitaxial
material and the third epitaxial material has either alarger lattice constant (compressive) or
smaller lattice constant (tensile) relative to that of the substrate. If the second layer is deposited
as acompressive layer, then the third layer will be deposited as atensile layer and the second and
third films form a strain compensated stack. Conversely, if the second layer isdeposited as a
tensile layer, then the third layer isdeposited as acompressive layer. The epitaxia materials can
be deposited, for example, by UHV-CVD, RTCVD, or MBE. Alternating layers of epitaxial
tensilely and compressively strained materials (materials having smaller and larger lattice
constants relative to the substrate, respectively) are deposited onto the substrate creating a stack
of layers exhibiting biaxial strain. Itisbelieved that during the manufacture of the channel
region of atransistor, the tensile and compressive interlayers (layers that are strained in the
opposite direction and adjacent to each other) are more stable against relaxation because
dislocations that would form to relax one layer would increase strain in the other. Because the
relaxation requirements of the system are balanced during fabrication, alarger total critical
thickness for the strained channel region can be created. Generally, asingle film stack that does
not use strain compensation cannot grow without relaxation or defect formation beyond 50 nm
for lattice mismatches greater than 1.3%. Exemplary materials for epitaxial layers are described
with respect to Figures 3A-B.

The structure comprising oppositely strained layers is patterned into transistor nanowire or
nanoribbon channel dimensions (for example, into fins) converting the substrate biaxia strain
into substrate uniaxial strain. A dummy gate can be formed around the patterned channel region
and source/drain regions formed at the ends of the channel region. Optionally, the dummy gate
region isbounded by spacers on two sides. The dummy gate material isremoved and a selective
etch is performed to remove either the compressively strained epitaxial layers or the tensilely
strained epitaxial layers creating nanowires or nanoribbons of the remaining material. The
nanowires or nanoribbons are suspended between the source and the drain regions. In
embodiments of the invention, regions of tensile and compressive interlayers remain at the ends

of the nanowires or nanoribbons after the selective etch. These interlayer regions are between
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the ends of the nanowires or nanoribbons and the source/drain regions. In other embodiments,

no regions of tensile and compressive interlayers remain after the selective etch. Gate dielectric
material isdeposited on four sides of (around) the exposed nanoribbons or nanowires. Gate
electrode material isthen deposited onto the gate dielectric material on four sides of the gate
dielectric covered nanoribbons or nanowires creating a channel regions structure, for example,
according to Figures 3A-B.

Gate dielectric materials include, for example, insulating materials, such as, silicon dioxide
(Si0,), silicon oxynitride, silicon nitride, and/or high-k dielectric materias. In genera, ahigh-k
dielectric isadielectric material having adielectric constant greater than that of Si0 ,,.
Exemplary high-k dielectric materials include hafnium dioxide (HfO ), hafnium silicon oxide,
lanthanum oxide, lanthanum aluminum oxide, zirconium dioxide (Zr0 ), zirconium silicon
oxide, titanium dioxide (Ti0 ,), tantalum pentaoxide (Ta,0 ), barium strontium titanium oxide,
barium titanium oxide, strontium titanium oxide, yttrium oxide, aluminum oxide, lead scandium
tantalum oxide, lead zinc niobate, and other materials known in the semiconductor art. Gate
electrode materials include, for example, materials such as Ti, W, Ta, Al, and alloys thereof, and
alloys with rare earth elements, such as Er, Dy or noble metals such as Pt, and nitrides such as
TaN, and TiN. Materials for sources and/or drains include, for example, Si, carbon doped S,
and phosphorus doped Si, for NMOS, and boron doped SixGei-x, boron doped Ge, boron doped
GexSni-x, and p-doped 111-V compounds for PMOS applications.

Typical dielectric materials used for dielectric layers, features, and/or interlayer dielectrics
(ILD) include silicon dioxide and low-k dielectric materials. Additional dielectric materials that
may be used include, carbon doped oxide (CDO), silicon nitride, silicon oxyntiride, silicon
carbide, organic polymers such as perfluorocyclobutane or polytetrafluoroethylene, fluorosilicate
glass (FSG), and/organosilicates such as silsesquioxane, siloxane, or organosilicate glass. The
dielectric layer may include pores to further reduce the dielectric constant.

Devices shown herein can comprise additional structures, such asinsulating layers
enclosing devices, additional substrate layers, metal trenches and vias connecting sources and
drains to other components of an IC device, and other additional layers and/or devices.
Components illustrated as one layer for simplicity, can comprise aplurality of layers of the same
or adifferent material depending, for example, on the manufacturing processes employed in
constructing the device and the desired properties of the device.

Implementations of the invention are housed on a substrate, such as a semiconductor
wafer. Substrate surfaces on which transistor structures according to embodiments of the
invention can be formed include, for example, H-terminated silicon, silicon dioxide, silicon,

silicon germanium, agroup I11-V (or agroup 13-14 in additional periodic table column
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numbering schemes) compound semiconductor, a main-group oxide, ametal, and/or abinary or

mixed metal oxide. Layers and layers comprising devices can also be described as the substrate
or part of the substrate on which embodiments of the invention are fabricated. The substrate
base on which semiconductor devices are built istypicaly a semiconductor wafer that isdiced
apart to yield individual 1C chips. The base substrate on which achip isbuilt istypically a
silicon wafer, athough embodiments of the invention are not dependent on the type of substrate
used. The substrate could also be comprised of germanium, indium antimonide, lead telluride,
indium arsenide, indium phosphide, gallium arsenide, gallium antimonide, and/or other group
[11-V materials either alone or in combination with silicon or silicon dioxide or other insulating
materials.

Figure 7 illustrates a computing device 1000 in accordance with an implementation of the
invention. The computing device 1000 houses a motherboard 1002. The motherboard 1002 may
include anumber of components, including but not limited to, aprocessor 1004 and at least one
communication chip 1006. The processor 1004 isphysically and electrically coupled to the
motherboard 1002. In some implementations the at least one communication chip 1006 is also
physically and electrically coupled to the motherboard 1002.

Depending on its applications, computing device 1000 may include other components that
may or may not be physically and electrically coupled to the motherboard 1002. These other
components include, but are not limited to, volatile memory (e.g., DRAM), non-volatile memory
(e.g., ROM), agraphics processor, adigital signal processor, acrypto processor, achipset, an
antenna, adisplay, atouchscreen display, atouchscreen controller, abattery, an audio codec, a
video codec, apower amplifier, aglobal positioning system (GPS) device, acompass, an
accelerometer, a gyroscope, a speaker, acamera, and amass storage device (such as hard disk
drive, compact disk (CD), digital versatile disk (DVD), and so forth).

The communication chip 1006 enables wireless communications for the transfer of data to
and from the computing device 1000. 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 anon-
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 1006 may implement
any of anumber 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, aswell as any other wireless protocols that are designated as 3G, 4G, 5G,

and beyond. The computing device 1000 may include aplurality of communication chips 1006.
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For instance, afirst communication chip 1006 may be dedicated to shorter range wireless

communications such as Wi-Fi and Bluetooth and a second communication chip 1006 may be
dedicated to longer range wireless communications such as GPS, EDGE, GPRS, CDMA,
WIMAX, LTE, Ev-DO, and others.

The processor 1004 of the computing device 1000 includes an integrated circuit die
packaged within the processor 1004. In some implementations of the invention, the integrated
circuit die of the processor includes one or more devices, such astransistors, that are formed in
accordance with implementations of the invention. The term "processor" may refer to any
device or portion of adevice 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.

The communication chip 1006 also includes an integrated circuit die packaged within the
communication chip 1006. In accordance with another implementation of the invention, the
integrated circuit die of the communication chip includes one or more devices, such as
transistors, that are formed in accordance with implementations of the invention.

In further implementations, another component housed within the computing device 1000
may contain an integrated circuit die that includes one or more devices, such astransistors, that
are formed in accordance with implementations of the invention.

In various implementations, the computing device 1000 may be alaptop, a netbook, a
notebook, a smartphone, atablet, apersonal digital assistant (PDA), an ultra mobile PC, amobile
phone, a desktop computer, a server, aprinter, a scanner, amonitor, a set-top box, an
entertainment control unit, adigital camera, aportable music player, or adigital video recorder.
In further implementations, the computing device 1000 may be any other electronic device that
processes data.

In the previous description, numerous specific details are set forth, such as layouts for
transistors and material regimes, in order to provide athorough 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 aselectrical connection schemes for transistors and integrated circuit design
layouts, are not described in detail in order to not unnecessarily obscure embodiments of the
present invention. Furthermore, it isto be understood that the various embodiments shown in the
Figures are illustrative representations and are not necessarily drawn to scale.

Persons skilled in the relevant art appreciate that modifications and variations are possible
throughout the disclosure as are substitutions for various components shown and described.

Reference throughout this specification to "one embodiment” or "an embodiment” means that a
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particular feature, structure, material, or characteristic described in connection with the

embodiment isincluded in at least one embodiment of the invention, but does not necessarily
denote that they are present in every embodiment. Furthermore, the particular features,
structures, materials, and characteristics disclosed in the embodiments may be combined in any
suitable manner in one or more embodiments. Various additional layers and/or structures may

be included and/or described features may be omitted in other embodiments.
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CLAIMS

Weclam:

1. A device comprising:

a substrate having a surface wherein the surface comprises afirst epitaxial material having
afirst lattice constant,

achannel region disposed on the substrate surface comprising aplurality of layers of a
second epitaxial material and aplurality of layers of athird epitaxial material, wherein the lattice
constant of the second epitaxial material islarger than the lattice constant of the first epitaxial
material, wherein the lattice constant of the third epitaxial material is smaller than the lattice
constant of the first epitaxial material, and wherein the second and third epitaxia layers are
disposed in an aternating pattern, and

agateregion disposed on two or three sides of the channel region wherein the gate region
comprises a gate dielectric material disposed between a gate electrode material and the channel

region.

2. The device of claim 1wherein the channel region iscomprised of at least three
layers of athird epitaxial material and at least three layers of a second epitaxial material disposed

in an alternating pattern.

3. The device of clam 1wherein the first epitaxial material comprises SixGe™x, the
second epitaxial material comprises SiyGe,_y, and the third epitaxial material comprises SizGe, ,
whereY >X,Z<X,1>X>0,and1>Y >0,and 1>Z >0.

4. The device of claim 1wherein the first epitaxial material comprises InP, the
second epitaxial material comprises InxGa*xAs where 1> X > 0.53, and the third epitaxial
material comprises InyGai-yAs where 0.53 >Y >0 or the first epitaxial material comprises
Gash, the second epitaxial material comprises AlSb, and the third epitaxial material comprises

InAs.

5. The device of clam 1wherein the first epitaxial material comprises Ge, the
second epitaxial material comprises SixGei-x, where 1> X > 0, and the third epitaxial material
comprises InyGa;_yAs where 1>Y >0, or thefirst epitaxial material iscomprised of GaAs, the
second epitaxial material iscomprised of GaA sxPi.x where 1> X > 0, and the third epitaxial
material iscomprised of InyGai-yPwhere 1>Y > 0.51.
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6. The device of claim 1wherein the channel region comprises ends and a source

region iselectrically coupled to afirst end and adrain region iselectricaly coupled to a second

end.

7. A device comprising:

a substrate having a surface wherein the surface comprises afirst epitaxial material having
afirst lattice constant,

achannel region disposed on the substrate surface wherein the channel region is comprised
of at least one nanowire or nanoribbon wherein the channel region has ends,

at least one interlayered region disposed on an end of the channel region wherein the
interlayered region comprises plurality of layers of the second epitaxial material and at least one
layer of athird epitaxial material, wherein the lattice constant of the second epitaxial materia is
smaller than the lattice constant of the first epitaxial material, wherein the lattice constant of the
third epitaxial material islarger than the lattice constant of the first epitaxial material, wherein
the second and third epitaxia layers are disposed in an alternating pattern, and wherein the at
least one nanowire or nanoribbon is comprised of the third epitaxial material, and

agate region disposed on four sides of the at least one nanowire or nanoribbon, wherein
the gate region comprises a gate dielectric material disposed between a gate electrode material

and the channel region.

8. The device of claim 7 wherein the first epitaxial material comprises SixGe™x, the
second epitaxial material comprises SiyGei-y, and the third epitaxial material comprises SizGei-z
whereY >X,Z<X,1>X>0,and1>Y >0,and 1>Z > 0.

9. The device of claim 7 wherein the first epitaxial material comprises InP, the
second epitaxial material comprises InxGai-xAs where 1> X > 0.53, and the third epitaxial
material comprises InyGai-yAs where 0.53 > Y >0 or the first epitaxial material comprises
Gash, the second epitaxial material comprises AlSh, and the third epitaxial material comprises

InAs.

10. The device of clam 7 wherein the first epitaxial material comprises Ge, the
second epitaxial material comprises SIxGe™x, where 1> X > 0, and the third epitaxial material
comprises InyGa;_.yAs where 1>Y >0, or thefirst epitaxial material iscomprised of GaAs, the
second epitaxial material iscomprised of GaAsxPi_x where 1> X > 0, and the third epitaxial
material iscomprised of InyGai-yPwhere 1>Y > 0.51.
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11. The device of claim 7 wherein the device comprises afirst and a second
interlayered region, wherein the channel region comprises afirst and a second end, and wherein
the first interlayered region isdisposed on the first end of the channel region and the second
interlayered region isdisposed on the second end of the channel region.

12. The device of clam 11wherein source region iselectricaly coupled to the first

interlayered region and adrain region iselectrically coupled to the second interlayered region.

13. The device of claim 7 wherein the device comprises aplurality of nanowires or
nanoribbons.
14. A device comprising:

a substrate having a surface wherein the surface comprises afirst epitaxial material having
afirst lattice constant,

achannel region disposed on the substrate surface wherein the channel region iscomprised
of at least one nanowire or nanoribbon wherein the channel region has ends,

at least one interlayered region disposed on an end of the channel region wherein the
interlayered region comprises plurality of layers of the second epitaxial material and at least one
layer of athird epitaxial material, wherein the lattice constant of the second epitaxial material is
larger than the lattice constant of the first epitaxial material, wherein the lattice constant of the
third epitaxial material is smaller than the lattice constant of the first epitaxial material, wherein
the second and third epitaxial layers are disposed in an alternating pattern, and wherein the at
least one nanowire or nanoribbon iscomprised of the third epitaxial material and

agate region disposed on each of the plurality of nanowires or nanoribbons, wherein the
gate region comprises a gate dielectric material disposed between a gate electrode material and

the channel region.

15. The device of claim 14 wherein the first epitaxial material comprises SixGe™x,
the second epitaxial material comprises SiyGei-y, and the third epitaxial material comprises
SizGei_zwhereY <X,Z>X,1>X >0,and I>Y >0,and 1>Z > 0.

16. The device of clam 14 wherein the first epitaxial material comprises Ge, the
second epitaxial material comprises InyGai-yAs where 1>Y > 0, and the third epitaxial material
comprises SixGeli-x, where 1> X >0, or the first epitaxial material iscomprised of GaAs, the
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second epitaxial material iscomprised of InyGa,.yP where 1>Y > 0.51, and the third epitaxial

material iscomprised GaAsxPi-x where X where 1> X > 0.

17. The device of claim 14 wherein the device comprises afirst and a second
interlayered region, wherein the channel region comprises afirst and a second end, and wherein
the first interlayered region is disposed on the first end of the channel region and the second
interlayered region is disposed on the second end of the channel region.

18. The device of claim 18 wherein source region is electrically coupled to the first

interlayered region and adrain region is electrically coupled to the second interlayered region.

19. The device of claim 14 wherein the device comprises aplurality of nanowires or
nanoribbons.
20. A method for forming the channel region of atransistor comprising,

providing a substrate having a surface wherein the surface comprises afirst epitaxial
material having afirst lattice constant,

forming an interlayer region comprised of aplurality of alternating layers of a) and b) on
the substrate surface by depositing a) and b) in an aternating manner, wherein a) is a second
epitaxial material having alattice constant that islarger than that of the first epitaxial material
and b) isathird epitaxial material having alattice constant that is smaller than that of the first
epitaxial material,

patterning the interlayer region into channel region dimensions,

forming source and drain regions at ends of the channel region,

depositing a gate dielectric on at least two sides of the channel region, and

depositing a gate electrode onto the gate dielectric.

21. The device of claim 20 wherein the channel region iscomprised of at least three
layers of the third epitaxial material.

22. The device of claim 20 wherein the channel regions is comprised of at least three

layers of the second epitaxial material.
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23. A method for forming the channel region of atransistor comprising,

providing a substrate having a surface wherein the surface comprises afirst epitaxial
material having afirst lattice constant,

forming an interlayer region comprised of aplurality of alternating layers of a) and b) on
the substrate surface by depositing a) and b) in an aternating manner, wherein a) is a second
epitaxial material having alattice constant that i s larger than that of the first epitaxial material
and b) isathird epitaxial material having alattice constant that is smaller than that of the first
epitaxial material,

patterning the interlayer region into channel region dimensions,

forming source and drain regions at ends of the channel region,

selectively etching away the third epitaxial material forming nanowires or nanoribbons
comprised of the first epitaxial material,

depositing a gate dielectric on the nanowires or nanoribbons, and

depositing a gate electrode onto the gate dielectric.

24, The method of claim 23 wherein the channel region is comprised of aplurality of

nanoribbons or nanowires.

25. A computing device comprising:

amotherboard;

acommunication chip mounted on the motherboard; and

aprocessor mounted on the motherboard, the processor comprising atransistor, the
transistor comprising a channel region comprising:

a substrate having a surface wherein the surface comprises afirst epitaxial material having
afirst lattice constant,

achannel region disposed on the substrate surface comprising of aplurality of layers of a
second epitaxial material and aplurality of layers of athird epitaxial material, wherein the lattice
constant of the second epitaxial material islarger than the lattice constant of the first epitaxial
material, wherein the lattice constant of the third epitaxial material is smaller than the lattice
constant of the first epitaxial material, and wherein the second and third layers are disposed in an
alternating pattern, and

agate region disposed on two or three sides of the channel region wherein the gate region
comprises a gate dielectric material disposed between a gate electrode material and the channel

region.
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26. The device of claim 25 wherein the channel region is comprised of at least three

layers of athird epitaxial material.

27. A computing device comprising:

amotherboard;

acommunication chip mounted on the motherboard; and

aprocessor mounted on the motherboard, the processor comprising atransistor, the
transistor comprising a channel region comprising:

a substrate having a surface wherein the surface comprises afirst epitaxial material having
afirst lattice constant,

achannel region disposed on the substrate surface wherein the channel region is comprised
of at least one nanowire or nanoribbon comprised of a second epitaxial material and wherein the
channel region has ends,

at least one interlayered region disposed on an end of the channel region wherein the
interlayered region comprises plurality of layers of the second epitaxial material and aplurality
of layers of athird epitaxial material, wherein the lattice constant of the second epitaxial material
islarger than the lattice constant of the first epitaxial material, wherein the lattice constant of the
third epitaxial material is smaller than the lattice constant of the first epitaxial material, and
wherein the second and third layers are disposed in an aternating pattern, and

agate region disposed on each of the plurality of nanowires or nanoribbons, wherein the
gate region comprises a gate dielectric material disposed between a gate electrode material and

the channel region.

28. The computing device of claim 27 wherein the channel region is comprised of a
plurality of nanoribbons or nanowires.

29. A computing device comprising:

amotherboard;

acommunication chip mounted on the motherboard; and

aprocessor mounted on the motherboard, the processor comprising atransistor, the
transistor comprising a channel region comprising:

a substrate having a surface wherein the surface comprises afirst epitaxial material having
afirst lattice constant,
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achannel region disposed on the substrate surface wherein the channel region is comprised

of at least one nanowire or nanoribbon comprised of a second epitaxial material and wherein the
channel region has ends,

at least one interlayered region disposed on an end of the channel region wherein the
interlayered region comprises plurality of layers of the second epitaxial material and aplurality
of layers of athird epitaxial material, wherein the lattice constant of the second epitaxial material
is smaller than the lattice constant of the first epitaxial material, wherein the lattice constant of
the third epitaxial material is smaller than the lattice constant of the first epitaxial material, and
wherein the second and third layers are disposed in an alternating pattern, and

agate region disposed on each of the plurality of nanowires or nanoribbons, wherein the
gate region comprises a gate dielectric material disposed between a gate electrode material and
the channel region.

30. The computing device of claim 29 wherein the channel region is comprised of a

plurality of nanoribbons or nanowires.
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