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

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2013/085534 Al
13 June 2013 ( 13.06.20 13) W P O P C T

(51) International Patent Classification: (74) Agents: MALLIE, Michael J. et al; Blakely, Sokoloff,
H01L 29/78 (2006.01) H01L 21/336 (2006.01) Taylor & Zafman LLP, 1279 Oakmead Parkway,

Sunnyvale, California 94085-4040 (US).
(21) International Application Number:

PCT/US201 1/064096 (81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,

(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
' December 201 1 (09.12.201 1) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,

(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,

(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

(71) Applicant (for all designated States except US): INTEL MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

CORPORATION [US/US]; 2200 Mission College OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,

Boulevard, M/S: RNB-4-150, Santa Clara, California SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,

95052 (US). TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(72) Inventors; and (84) Designated States (unless otherwise indicated, for every

(75) Inventors/Applicants (for US only): LE, Van H. kind of regional protection available): ARIPO (BW, GH,

[US/US]; 5625 NW Peregrine Place, Portland, Oregon GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,

97225 (US). CHU-KUNG, Benjamin [US/US]; 2755 NW UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU,

John Olsen Avenue, Apt #F69, Hillsboro, Oregon 97124 TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,

(US). KENNEL, Harold Hal W. [US/US]; 7320 SW Hunt DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,

Club Drive, Portland, Oregon 97223 (US). RACHMADY, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,

Willy [ID/US]; 10945 SW Nutcracker Court, Beaverton, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).Oregon 97007 (US). PILLARISETTY, Ravi [US/US];

925 NW Hoyt Street, Apt 226, Portland, Oregon 97209 Published:
(US). KAVALIEROS, Jack T. [US/US]; 3734 NW Bra n

— with international search report (Art. 21(3))son Crest Loop, Portland, Oregon 97229 (US).

(54) Title: STRAIN COMPENSATION IN TRANSISTORS

4035 145 151

120 125

105

115 110

FIGURE 1A
©

(57) Abstract: Transistor structures having channel regions comprising alternating layers of compressively and tensilely strained
epitaxial materials are provided. The alternating epitaxial layers can form channel regions in single and multigate transistor struc -

o 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

o are computing devices comprising transistors comprising channel regions comprised of alternating compressively and tensilely
strained epitaxial layers and computing devices comprising transistors comprising channel regions comprised of strained nanorib -
bons or nanowires.



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 is also known as a microchip, a silicon chip, or a chip. IC

chips are found in a variety of common devices, such as in computers, cars, televisions, game

systems, CD players, and cellular phones. A plurality of IC chips are typically built on a silicon

wafer (a thin silicon disk, having a diameter, for example, of 300 mm) and after processing the

wafer is diced apart to create individual chips. A 1 cm 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 a tri-gate

transistor structure.

FIGURES 2A-B are schematic diagrams illustrating cross-sectional views of a bi-gate

transistor structure.

FIGURES 3A-B are schematic diagrams illustrating cross-sectional views of a transistor

structure comprising nanowires or nanoribbons in the channel region.

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

FIGURE 5 is a flow chart describing methods for making the channel region of a

transistor.

FIGURE 6 is a flow chart describing additional methods for making the channel region of

a transistor.



FIGURE 7 is a computing device built in accordance with an implementation of the

invention.

DETAILED DESCRIPTION OF THE INVENTION

As the pitch of the elements of a transistor 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 a transistor 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 a plurality 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 a frigate transistor structure having a strained channel region. Figure

IB represents a view along 1-1 (a perpendicular cut into the page) of the structure of Figure 1A.

The resulting cross sectional view is rotated 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 110 is

tensilely strained and layer 115 is compressively strained or conversely layer 110 is

compressively strained and layer 115 is tensilely 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 a layer 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 III, IV, and/or V of the periodic table, and combination thereof.

Then, a first layer 110 with a larger (smaller) lattice constant is grown in an epitaxial deposition

process on the substrate 105. The first layer 110 is grown below its critical layer thickness to

ensure that full compressive (tensile) strain is preserved in the first layer 110. Subsequently, the

second layer 115 with a smaller (larger) lattice constant with respect to substrate 105 is grown in

an epitaxial deposition process on top of the first layer 100. The second layer 115 is grown

below its critical layer thickness to ensure full tensile (compressive) strain. In embodiments of

the invention, additional successive layers 110 and 115 having a pattern of alternating



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 III-V semiconductor materials (materials

comprising elements found in columns III and V of the periodic table). In embodiments of the

invention, the channel structures can comprise quantum wells in which a thin device layer is

adjacent to or sandwiched between layers having a larger band gap compared to the channel

material. In embodiments of the invention, the substrate 105 is comprised of SixGei-χ, layer 110

(or layer 115) is comprised of where Y > X, and layer 115 (or layer 110) is comprised

of SizGe 1-z where Z < X, 1 > X > 0, and 1> Y > 0, and 1 > Z > 0 . In additional embodiments,

the substrate 105 is comprised of InP, layer 110 (or layer 115) is comprised of InxGai-xAs where

1 > X > 0.53, and layer 115 (or layer 110) is comprised of InyGai-yAs where 0.53 > Y >0. In

further embodiments, the substrate 105 is comprised of GaSb, layer 110 (or layer 115) is

comprised of AlSb, and layer 115 (or layer 110) is comprised of InAs. In further additional

embodiments, the substrate 105 is comprised of Ge, layer 110 (or layer 115) is comprised of

SixGei-χ, and layer 115 (or layer 110) is comprised of InyGai-yAs where 1 > X > 0 and

1 > Y > 0 . In further additional embodiments, the substrate 105 is GaAs, layer 110 (or

layer 115) is GaAsxPi x where X is a number between 1 and 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 alternating layers of compressively and tensilely strained epitaxial materials, it is

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 1 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, it is also

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, although 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. As can be seen from Figure IB, gate dielectric 135 is disposed on three

sides of the channel region: two sides being transverse to a third side. The gate electrode 140 is

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 is typically covered in



an insulating dielectric layer, which is partially shown as insulating regions 150 and 151

(Figure 1A).

Figures 2A-B show a bigate (dual gate) transistor structure having a strained channel

region. Figure 2B represents a view along 2-2 (a perpendicular cut into the page) of the structure

of Figure 2A. The resulting cross sectional view is rotated by 45 ° . In Figures 2A-B, a

substrate 205 houses a channel region comprised of oppositely strained epitaxial 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 is tensilely strained and layer 215 is compressively strained or conversely layer 210 is

compressively strained and layer 215 is tensilely 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 a layer 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 III, IV, and/or V of the periodic table, and combination thereof.

Then, a first layer 210 with a larger (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 is preserved in the first layer 210. Subsequently, the

second layer 215 with a smaller (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 a pattern of alternating

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 III-V semiconductor materials (materials

comprising elements found in columns III and V of the periodic table). In embodiments of the

invention, the channel structures can comprise quantum wells in which a thin device layer is

adjacent to or sandwiched between layers having a larger band gap compared to the channel

material. In embodiments of the invention, the substrate 205 is comprised of SixGe 1-x, layer 210

(or layer 215) is comprised of where Y > X, and layer 215 (or layer 210) is comprised

of SizGei-z where Z < X, 1 > X > 0, 1> Y > Oand 1 > Z > 0 . In additional embodiments, the

substrate 205 is comprised of InP, layer 210 (or layer 215) is comprised of InxGai_xAs where

1 > X > 0.53, and layer 215 (or layer 210) is comprised of where 0.53 > Y >0. In

further embodiments, the substrate 205 is comprised of GaSb, layer 210 (or layer 215) is

comprised of AlSb, and layer 215 (or layer 210) is comprised of InAs. In further additional

embodiments, the substrate 205 is comprised of Ge, layer 210 (or layer 215) is comprised of



where 1 > X > 0 and

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

layer 215) is GaAsxPi-χ where 1 > X > 0 is a number between 1 and 0, and layer 215 (or

layer 210) is where 1 > Y > 0.51. It was found that by using epitaxial interlayered

structures comprising alternating layers of compressively and tensilely strained epitaxial

materials, it is 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 1 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 substrate is

maintained in the channel region and does not require the use of source/drain stressors. A further

insulating region 252 is disposed 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 is disposed 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 structure is

typically covered in an insulating dielectric layer, which is partially shown as insulating

regions 250 and 251 (Figure 2A).

Figures 3A-B show transistor structures having strained nanoribbon or nanowire channel

regions. In general, a nanowire can be considered to have widths and heights that are

approximately equal, and nanoribbons can be considered to have a width that is larger 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 a view along 3-3 (a perpendicular cut into the

page) of the structure of Figure 3A. The resulting cross sectional view is rotated by 45 ° . In

Figures 3A-B, a substrate 305 houses a channel region comprised nanoribbons or nanowires 310.

The nanoribbons or nanowires 310 are strained relative to the substrate. In 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



located in the transistor structure between the source and drain 320 and 325 and the nanoribbon

or nanowire 310 region. The optional epitaxial 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 III-V semiconductor materials (materials comprised of elements

found in columns III and V of the periodic table). In embodiments of the inventions, a transistor

having compressively strained nanowires or nanoribbons has a substrate 305 surface material

comprising and a third epitaxial

material comprising SizGe^ where Y > 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 where 0.53 > Y >0 or the

substrate 305 comprises GaSb, the second epitaxial material comprises AlSb, and the third

epitaxial material comprises InAs. In further embodiments having compressively strained

nanowires or nanoribbons, substrate 305 comprises Ge, the second epitaxial material comprises

where

1 > Y > 0, or the substrate 305 is comprised of GaAs, the second epitaxial material is comprised

of GaAsxPi-χ where 1 > X > 0, and the third epitaxial material is comprised of InyGai-yP where

1 > Y > 0.51. In embodiments having tensilely strained nanowires or nanoribbons, the

substrate 305 comprises and the third

epitaxial material comprises SizGe1-z 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 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 is comprised of

where 1 > Y > 0.51, and the third epitaxial material is comprised GaAsxPi_x where X where

1 > X > 0 . In subsequent processing events, the second epitaxial material is etched 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 a material comprising one or more elements from group III, IV, 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 a transistor,

although other numbers are also possible.



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. An insulating layer 330 is disposed between a nanoribbon

or nanowire 310 and the substrate 305 and is 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 is disposed 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 structure is typically covered in an insulating dielectric layer,

which is partially shown as insulating 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 is boardered by optional isolation trenches 407 and houses a channel region comprised

of oppositely strained epitaxial 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 is tensilely strained and layer 415 is compressively strained or

conversely layer 410 is compressively strained and layer 415 is tensilely strained. The

oppositely strained epitaxial 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 III, IV, 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 III-V

semiconductor materials (materials comprising elements found in columns III 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



gate dielectric region 435. Optional 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 is also 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 is provided that has a first epitaxial

material on its surface having a first lattice constant. The first epitaxial material can be a layer of

epitaxial material. A second epitaxial material having a second lattice constant that is either

larger (a compressive film) or smaller (a tensile film) than that of the first epitaxial material is

deposited onto the substrate surface. A third epitaxial material is then deposited onto the second

epitaxial material and the third epitaxial material has either a larger lattice constant

(compressive) or smaller lattice constant (tensile) relative to that of the substrate. If the second

layer is deposited as a compressive layer, then the third layer will be deposited as a tensile layer

and the second and third films form a strain compensated stack. Conversely, if the second layer

is deposited as a tensile layer, then the third layer is deposited as a compressive 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. It is believed that

during the manufacture of the channel region of a transistor, 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, a larger 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 5 to 25 layers and/or a height 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 a finfet

structure) converting the substrate biaxial strain into substrate uniaxial strain. Gate dielectric

material is then deposited on one, two, or three sides of the layered transistor channel region (as



shown, for example, with respect to Figures 1A-B, 2A-B, and 4). Gate electrode material is then

deposited onto the gate dielectric material.

Figure 6 describes methods for making the channel region for a transistor comprising

strained nanoribbons or nanowires. In Figure 6, a substrate is provided that has a first epitaxial

material on its surface having a first lattice constant. The first epitaxial material can be a layer of

material. A second epitaxial material having a second lattice constant that is either larger (a

compressive film) or smaller (a tensile film) than that of the first epitaxial material is deposited

onto the substrate surface. A third epitaxial material is then deposited onto the second epitaxial

material and the third epitaxial material has either a larger lattice constant (compressive) or

smaller lattice constant (tensile) relative to that of the substrate. If the second layer is deposited

as a compressive layer, then the third layer will be deposited as a tensile layer and the second and

third films form a strain compensated stack. Conversely, if the second layer is deposited as a

tensile layer, then the third layer is deposited as a compressive layer. The epitaxial 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. It is believed that during the manufacture of the channel

region of a transistor, 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, a larger total critical

thickness for the strained 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

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 biaxial 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 is bounded by spacers on two sides. The dummy gate material is removed 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



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 is deposited on four sides of (around) the exposed nanoribbons or nanowires. Gate

electrode material is then 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 2), silicon oxynitride, silicon nitride, and/or high-k dielectric materials. In general, a high-k

dielectric is a dielectric material having a dielectric constant greater than that of Si0 2.

Exemplary high-k dielectric materials include hafnium dioxide (Hf0 2), hafnium silicon oxide,

lanthanum oxide, lanthanum aluminum oxide, zirconium dioxide (Zr0 2), zirconium silicon

oxide, titanium dioxide (Ti0 2), tantalum pentaoxide (Ta20 5), 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 Si,

and phosphorus doped Si, for NMOS, and boron doped SixGei-x, boron doped Ge, boron doped

GexSni-χ, and p-doped III-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 as insulating 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 a plurality of layers of the same

or a different 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, a group III-V (or a group 13-14 in additional periodic table column



numbering schemes) compound semiconductor, a main-group oxide, a metal, and/or a binary 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 is typically a semiconductor wafer that is diced

apart to yield individual IC chips. The base substrate on which a chip is built is typically a

silicon wafer, although 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

III-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 a number of components, including but not limited to, a processor 1004 and at least one

communication chip 1006. The processor 1004 is physically 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), a graphics processor, a digital signal processor, a crypto processor, a chipset, an

antenna, a display, a touchscreen display, a touchscreen controller, a battery, an audio codec, a

video codec, a power amplifier, a global positioning system (GPS) device, a compass, an

accelerometer, a gyroscope, a speaker, a camera, and a mass storage device (such as hard disk

drive, compact disk (CD), digital versatile disk (DVD), and so forth).

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 a non-

solid medium. The term does not imply that the associated devices do not contain any wires,

although in some embodiments they might not. The communication chip 1006 may 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 3G, 4G, 5G,

and beyond. The computing device 1000 may include a plurality of communication chips 1006.



For instance, a first 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 as transistors, that are formed in

accordance with implementations of the invention. The term "processor" may refer to any

device or portion of a device that processes electronic data from registers and/or memory to

transform that electronic data into other electronic data that may be stored in registers and/or

memory.

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 as transistors, that

are formed in accordance with implementations of the invention.

In various implementations, the computing device 1000 may be a laptop, a netbook, a

notebook, a smartphone, a tablet, a personal digital assistant (PDA), an ultra mobile PC, a mobile

phone, a desktop computer, a server, a printer, a scanner, a monitor, a set-top box, an

entertainment control unit, a digital camera, a portable music player, or a digital video recorder.

In further implementations, the computing device 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 a thorough understanding of embodiments

of the present invention. It will be apparent to one skilled in the art that embodiments of the

present invention may be practiced without these specific details. In other instances, well-known

features, such as electrical 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 is to 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



particular feature, structure, material, or characteristic described in connection with the

embodiment is included 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.



CLAIMS

We claim:

1. A device comprising:

a substrate having a surface wherein the surface comprises a first epitaxial material having

a first lattice constant,

a channel region disposed on the substrate surface comprising a plurality of layers of a

second epitaxial material and a plurality of layers of a third 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, and wherein the second and third epitaxial layers are

disposed in an alternating pattern, and

a gate 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.

2 . The device of claim 1 wherein the channel region is comprised of at least three

layers of a third epitaxial material and at least three layers of a second epitaxial material disposed

in an alternating pattern.

3 . The device of claim 1 wherein the first epitaxial material comprises SixGe^x, the

second epitaxial material comprises and the third epitaxial material comprises SizGe1-z

where Y > X, Z < X, 1 > X > 0, and 1> Y > 0, and 1 > Z > 0.

4 . The device of claim 1 wherein 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

GaSb, the second epitaxial material comprises AlSb, and the third epitaxial material comprises

InAs.

5 . The device of claim 1 wherein the first epitaxial material comprises Ge, the

second epitaxial material comprises SixGei-x, where 1 > X > 0, and the third epitaxial material

comprises where 1 > Y > 0, or the first epitaxial material is comprised of GaAs, the

second epitaxial material is comprised of GaAsxPi x where 1 > X > 0, and the third epitaxial

material is comprised of InyGai-yP where 1 > Y > 0.51.



6 . The device of claim 1 wherein the channel region comprises ends and a source

region is electrically coupled to a first end and a drain region is electrically coupled to a second

end.

7 . A device comprising:

a substrate having a surface wherein the surface comprises a first epitaxial material having

a first lattice constant,

a channel 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 a third 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 larger 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 is comprised of the third epitaxial material, and

a gate 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

where Y > X, Z < X, 1 > X > 0, and 1> 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

GaSb, the second epitaxial material comprises AlSb, and the third epitaxial material comprises

InAs.

10. The device of claim 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 where 1 > Y > 0, or the first epitaxial material is comprised of GaAs, the

second epitaxial material is comprised of GaAsxPi_x where 1 > X > 0, and the third epitaxial

material is comprised of InyGai-yP where 1 > Y > 0.51.



11. The device of claim 7 wherein the device comprises a first and a second

interlayered region, wherein the channel region comprises a first 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.

12. The device of claim 11 wherein source region is electrically coupled to the first

interlayered region and a drain region is electrically coupled to the second interlayered region.

13. The device of claim 7 wherein the device comprises a plurality of nanowires or

nanoribbons.

14. A device comprising:

a substrate having a surface wherein the surface comprises a first epitaxial material having

a first lattice constant,

a channel 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 a third 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 is comprised of the third epitaxial material and

a gate 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_z where Y < X, Z > X, 1 > X > 0, and 1> Y > 0, and 1 > Z > 0 .

16. The device of claim 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 SixGei-χ, where 1 > X >0, or the first epitaxial material is comprised of GaAs, the



second epitaxial material is comprised of where 1 > Y > 0.51, and the third epitaxial

material is comprised GaAsxPi-χ where X where 1 > X > 0 .

17. The device of claim 14 wherein the device comprises a first and a second

interlayered region, wherein the channel region comprises a first 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 a drain region is electrically coupled to the second interlayered region.

19. The device of claim 14 wherein the device comprises a plurality of nanowires or

nanoribbons.

20. A method for forming the channel region of a transistor comprising,

providing a substrate having a surface wherein the surface comprises a first epitaxial

material having a first lattice constant,

forming an interlayer region comprised of a plurality of alternating layers of a) and b) on

the substrate surface by depositing a) and b) in an alternating manner, wherein a) is a second

epitaxial material having a lattice constant that is larger than that of the first epitaxial material

and b) is a third epitaxial material having a lattice 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 is comprised 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.



23. A method for forming the channel region of a transistor comprising,

providing a substrate having a surface wherein the surface comprises a first epitaxial

material having a first lattice constant,

forming an interlayer region comprised of a plurality of alternating layers of a) and b) on

the substrate surface by depositing a) and b) in an alternating manner, wherein a) is a second

epitaxial material having a lattice constant that is larger than that of the first epitaxial material

and b) is a third epitaxial material having a lattice 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 a plurality of

nanoribbons or nanowires.

25. A computing device comprising:

a motherboard;

a communication chip mounted on the motherboard; and

a processor mounted on the motherboard, the processor comprising a transistor, the

transistor comprising a channel region comprising:

a substrate having a surface wherein the surface comprises a first epitaxial material having

a first lattice constant,

a channel region disposed on the substrate surface comprising of a plurality of layers of a

second epitaxial material and a plurality of layers of a third 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, and wherein the second and third layers are disposed in an

alternating pattern, and

a gate 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.



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

layers of a third epitaxial material.

27. A computing device comprising:

a motherboard;

a communication chip mounted on the motherboard; and

a processor mounted on the motherboard, the processor comprising a transistor, the

transistor comprising a channel region comprising:

a substrate having a surface wherein the surface comprises a first epitaxial material having

a first lattice constant,

a channel 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 a plurality

of layers of a third 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, and

wherein the second and third layers are disposed in an alternating pattern, and

a gate 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:

a motherboard;

a communication chip mounted on the motherboard; and

a processor mounted on the motherboard, the processor comprising a transistor, the

transistor comprising a channel region comprising:

a substrate having a surface wherein the surface comprises a first epitaxial material having

a first lattice constant,



a channel 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 a plurality

of layers of a third 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

a gate 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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