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INCREASING ION/IOFF RATIO IN FINFETS AND NANO-WIRES

Inventors :

Munkang Choi; Victor Moroz; Xi-Wei Lin

CROSS REFERENCES

[0001] This application is a continuation-in-part of, and claims priority to, U.S. Application No.

13/717,532, filed 17 December 2012, Docket No. SYNP 2076-1, incorporated by reference

herein in its entirety.

BACKGROUND

[0002] The invention relates to semiconductor fabrication, and more particularly to a technique

for increasing Ion/Ioff ratios in FinFETs, nano-wires, and other similar structures.

[0003] As integrated circuit technologies continue to push into higher densities, a number of

transistor types have become popular which involve one or more narrow channel structures

wrapped with a gate electrode. The channel structures are often called fins, and transistors that

include them are sometimes called FinFETs, described for example in D. Hisamoto et al, IEDM,

1998; and N. Lindert et al, IEEE Electron Device Letters, p. 487, 2001, both incorporated by

reference herein for their teachings. The fins comprise semiconductor bodies usually arranged in

parallel on the substrate, so that they project vertically upwards from the substrate. A gate

dielectric layer overlies the sides and top of the fins, and a gate conductor, which can be

implemented using metal or polysilicon for example, extends across the fins and over the gate

dielectric layer. On either side of the gate conductor, source and drain regions are implemented

in the fins. The FET transistors that result have source, channel and drain regions in the fins, and

a gate overlying the fins. Such transistors are often called multi-gate transistors, because the gate

conductor wraps around three sides of the fins, and as a result increases the effective width of the

channel. In a future proposed structure the gate wraps entirely around the channel structure, in

which case the multi-gate transistor is sometimes called a nano-wire. As used herein, however,

nano-wires are considered a special case of FinFETs and the channel structures are still

sometimes referred to herein as fins.

[0004] The fins used to implement the FinFET transistors can be quite narrow. As a result of the

multi-gate gate structure and the narrow widths of the fins, FinFET transistors have excellent

performance characteristics and small layout areas. But even with such narrow fins, the electric

field generated by the gate control voltage when the device is in its off state can be limited in

depth and may not extend sufficiently into the cross-sectional middle of the fin. This causes



leakage through the middle of the fin. The wider the fin, the higher the leakage because the

middle is too far from the gate to be under gate voltage control. Thus the Ion/Ioff ratio suffers.

Manufacturers can reduce this problem by narrowing the fin further, but this solution is difficult

to implement because the mechanical instability and line edge roughness of such a narrow fin

can cause yield loss.

[0005] Accordingly, there is a need for better ways to improve the Ion/Ioff ratio in multi-gate

transistors.

SUMMARY

[0006] An opportunity therefore arises to create robust solutions to the problem of reduced

Ion/Ioff ration in multi-gate transistors. Better chip yields, and denser, and more powerful

circuits, components and systems may result.

[0007] Roughly described, the invention involves an integrated circuit transistor structure having

a body of semiconductor material, the body having two longitudinally spaced doped source/drain

volumes with a channel between, a gate stack disposed outside the body and facing at least one

of the surfaces of the body along the channel. The body contains an "adjustment volume", which

is a volume disposed longitudinally within the channel volume, spaced behind the first surface

by a first distance, and spaced longitudinally from both the source/drain volumes. In a FinFET

embodiment, the adjustment volume may be disposed entirely within the fin. The adjustment

volume comprises an adjustment volume material having, at each longitudinal position, an

electrical conductivity which differs from that of the adjacent body material at the same

longitudinal position, at least while the transistor is in an off-state. In one embodiment the

adjustment volume material is a dielectric. In another embodiment the adjustment volume

material is an electrical conductor.

[0008] The above summary of the invention is provided in order to provide a basic

understanding of some aspects of the invention. This summary is not intended to identify key or

critical elements of the invention or to delineate the scope of the invention. Its sole purpose is to

present some concepts of the invention in a simplified form as a prelude to the more detailed

description that is presented later. Particular aspects of the invention are described in the claims,

specification and drawings.

BRIEF DESCRIPTION OF THE DRAWINGS:



[0009] The patent or application file of the U.S. priority application contains at least one

drawing executed in color. Copies of this patent or patent application publication with color

drawing(s) will be provided by the U.S. Patent and Trademark Office upon request and payment

of the necessary fee. The color drawings are incorporated by reference herein.

[0010] The invention will be described with respect to specific embodiments thereof, and

reference will be made to the drawings, in which:

[0011] Figs ID, 1C, 1A and IB (collectively Fig. 1) illustrate a simplified prior art FinFET

transistor.

[0012] Figs. 2A, 2B and 2C are sometimes referred to collectively as Fig. 2.

[0013] Fig. 2A is a cross-sectional view of the channel volume of the transistor of Fig. 1.

[0014] Fig. 2B is a top view of the transistor of Fig. 1, taken from a horizontal 2D slice through

the middle of the fin height, and colored to show off-state leakage current densities.

[0015] Fig. 2C is a top view of the transistor of Fig. 1, taken from a horizontal 2D slice through

the middle of the fin height, and colored to show off-state electrostatic potentials.

[0016] Figs. 3C, 3A and 3B (collectively Fig. 3) illustrate a simplified FinFET transistor 300,

incorporating aspects of the invention.

[0017] Fig. 4 is a plot illustrating by simulation how Ion and loff change with the introduction of

the adjustment volume of Fig. 3, for a number of different example configurations.

[0018] Figs. 5A and 5B, sometimes referred to collectively herein as Fig. 5, are top views of the

transistor 300, taken from a horizontal 2D slice through the middle of the fin height, and in

which the adjustment volume of Fig. 3 is an air gap.

[0019] Figs. 6A and 6B, sometimes referred to collectively herein as Fig. 6, are top views of the

transistor 300, taken from a horizontal 2D slice through the middle of the fin height, and in

which the adjustment volume of Fig. 3 is a conductive screen material.

[0020] Figs. 7 and 8 illustrate alternative fin shapes.

[0021] Figs. 9A-9I (collectively Fig. 9) illustrate a sequence of steps by which an adjustment

volume material can be formed inside a fin as illustrated in Fig. 3.

[0022] Figs. 10A-10F (collectively Fig. 10) illustrate an alternative sequence of steps by which

an adjustment volume material can be formed inside a fin as illustrated in Fig. 10F.

[0023] Fig. 1 1 shows an exemplary corrugated substrate incorporating features of the invention.

[0024] Figs. 12A, 12B, 12C, and 12D are top views of different corrugated substrates that

incorporate features of the invention

[0025] Fig. 13 shows a corrugated substrate incorporating features of the invention, and further

showing locations where functional elements of a circuit are to be formed.



DETAILED DESCRIPTION

[0026] The following description is presented to enable any person skilled in the art to make and

use the invention, and is provided in the context of a particular application and its requirements.

Various modifications to the disclosed embodiments will be readily apparent to those skilled in

the art, and the general principles defined herein may be applied to other embodiments and

applications without departing from the spirit and scope of the present invention. Thus, the

present invention is not intended to be limited to the embodiments shown, but is to be accorded

the widest scope consistent with the principles and features disclosed herein.

[0027] Fig. ID is a perspective view of a simplified FinFET transistor 100 on an SOI wafer 102.

As with all mechanical drawings herein, Fig. ID is not drawn to scale. A bulk silicon substrate

114 underlies a buried oxide layer 116, and an undoped silicon layer above them has been

patterned with a fin (body 110) having longitudinally separated source and drain volumes for the

transistor 100. In other embodiments, the buried oxide layer 116 can be omitted, or the silicon

body 110 can extend down through the oxide layer 116 (which may in such an embodiment be

STI) into the bulk silicon substrate 114. In any of these cases the fin 110 can be said to extend

vertically from the wafer surface.

[0028] In the drawing, only the source volume 124 is visible, the drain region being hidden

behind the gate structures. Also, while Fig. ID shows only one fin 110, typically a number of

fins are formed in parallel and connected together at their respective ends to common source and

drain landing pads, respectively. For clarity of illustration, though only one fin is shown in Fig.

ID. In addition, while the body 110 in Fig. ID is entirely undoped silicon, as used herein, the

term "body" does not necessarily require that the structure be all of a single material. Nor does it

need to be physically separate from an adjacent body of a different material.

[0029] A gate dielectric layer 118 overlies and wraps around the silicon body 110. The gate

dielectric 118 may be a single material or a composite of more than one material, all of which are

collectively referred to herein as the gate dielectric. A gate conductor 120, which can be

implemented using metal or polysilicon for example, overlies and wraps around the gate

dielectric 118. As with the gate dielectric 118, the gate conductor 120 can be implemented using

a single material or a composite of more than one material, all of which are collectively referred

to herein as the gate conductor 120. The combination of gate dielectric 118 and gate conductor

120 is sometimes referred to herein as a gate stack, there being no implication herein that a stack

must necessarily be vertical. Fig. ID also indicates directions of the device referred to herein as



longitudinal, transverse and vertical. (The transverse direction also is sometimes referred to

herein as the lateral direction.) In a FinFET on which the gate conductor wraps two or more sides

of the fin, as in Fig. ID, the portions of the gate conductor which face different sides of the fin

are sometimes referred to herein as different "gates". However, they are also sometimes referred

to herein as a single gate or gate conductor.

[0030] Fig. 1C is a cross-sectional view of the transistor 100, taken along site lines C-C of Fig.

ID. The wafer 102 is omitted from Fig. 1C for clarity of illustration. Fig. 1C also indicates the

transverse and vertical directions of the device.

[0031] Fig. 1A is a top view of the transistor 100, taken along sight lines A-A' of both Figs. ID

and 1C. The view of Fig. 1C is taken along sight lines C-C of Fig. 1A. Fig. 1A also indicates the

transverse direction of the device, as well as the longitudinal direction. It can be seen that the fin

110 comprises doped volumes 124 and 126 on longitudinally opposite ends of a channel volume

128. The volumes 124 and 126 act as source and drain volumes of the transistor, though typically

the choice of which is the source and which is the drain depends on how they are connected in a

circuit. These volumes are therefore sometimes referred to herein generically as source/drain

volumes. The source/drain volumes 124 and 126 are doped for the same conductivity type (N or

P). The channel volume may be undoped silicon, for example, or may be doped to exhibit the

conductivity type opposite that of the source/drain volumes. The two sides (but not the top) of

the gate conductor 120 also can be seen in Fig. 1A, separated from the channel volume 128 by

gate dielectric 118.

[0032] Fig. IB is a side view of the transistor 100, taken along sight lines B-B' of both Figs. ID

and 1A. The view of Fig. 1A is taken along sight lines A-A' of Fig. IB. Fig. IB also indicates the

longitudinal and vertical directions of the device. The channel volume 128 of fin 110, as well as

the two source/drain regions 124 and 126 can be seen in Fig. IB. The top part of gate conductor

120 also can be seen in Fig. IB, separated from the channel volume 128 by gate dielectric 118.

Figs. ID, 1C, 1A and IB are sometimes referred to collectively herein as Fig. 1.

[0033] Fig. 2A is a cross-sectional view of the channel volume 128, illustrating by simulation

the cross-sectional distribution of current densities in the fin at a particular longitudinal position

while the transistor is in the off-state. As used herein, the "off-state" of a transistor is a state of

the transistor in which the gate-source voltage is zero and the drain-source voltage is at the

power supply voltage Vdd. In these drawings, current density is indicated by color, with colors

toward the blue end of the spectrum indicating lower current densities and colors toward the red

end of the spectrum indicating higher current densities. It can be seen that leakage currents flow



through the channel, and current flow is strongest in the cross-sectional center of the fin where

the influence of gate voltage is weakest.

[0034] Fig. 2B is a top view of the transistor of Fig. 1A, taken from a horizontal 2D slice

through the middle of the fin height, and illustrating by simulation the longitudinal and

transverse distribution of current densities in the fin while the transistor is in the off-state. As in

Fig. 2A, current density is indicated by color, with colors toward the blue end of the spectrum

indicating lower current densities and colors toward the red end of the spectrum indicating

higher current densities. It can be seen that leakage currents flow with greatest density in roughly

the center of the fin transversely. Again it is noted that this is where the influence of gate voltage

is weakest. Fig. 2B also shows the application of voltage biases VDS and VQS to the transistor.

[0035] Figs. 3C, 3A and 3B (collectively Fig. 3) illustrate a simplified FinFET transistor 300,

incorporating aspects of the invention, on an SOI wafer (not shown). Fig. 3C is a cross-sectional

view of transistor 300 corresponding to the view of transistor 100 in Fig. 1C; Fig. 3A is a top

view of transistor 300 corresponding to the view of transistor 100 in Fig. 1A; and Fig. 3B is a

side view of transistor 300 corresponding to the view of transistor 100 in Fig. IB. In Fig. 3, an

undoped silicon fin (body 310) has longitudinally separated source and drain volumes 324 and

326 for the transistor 300. A channel region 328 separates the source and drain volumes 324 and

326 longitudinally. A gate dielectric 318 overlies and wraps around the silicon body 310, and a

gate conductor 320 overlies and wraps around the gate dielectric 318. Thus the gate dielectric

3 18 is disposed between the gate conductor 320 and the channel volume 328 . Other aspects and

variations for the elements of transistor 300 are the same as those set forth above for transistor

100.

[0036] Transistor 300 differs from transistor 100, however, in that the fin 310 includes within its

channel volume an adjustment volume 330. The adjustment volume 330 has a different electrical

conductivity from the surrounding material in the fin 310, at least while the transistor 300 is in

the off-state. Preferably, at least while the transistor 300 is in the off-state, the material in the

adjustment volume at each longitudinal position has an electrical conductivity which differs from

that of the adjacent body material at the same longitudinal position. As seen best in Fig. 3C, the

cross-section of adjustment volume 330 is spaced behind the surfaces on each side of the fin 310

over which the gate conductor 320 is formed. Thus the adjustment volume 330 is spaced below a

top surface 332 by a distance dl, spaced to the right of left surface 334 by a distance d2, and

spaced to the left of right surface 336 by a distance d3. The adjustment volume 330 in Fig. 3 is

also shown spaced from the bottom surface 338 of the structure, where no gate conductor is

present, but this is not necessary in all embodiments. As used herein, "surfaces" need not be



planar, though typically they are continuous. Also as used herein, a position "behind" a surface

of a body is a position inside the body. The term does not depend on device orientation, so if

viewed from above for example, "behind" a surface means "below" the surface. Still further,

whereas the left and right surfaces 334 and 336 are sometimes referred to herein as "laterally

opposite" or "laterally opposing" each other, it will be appreciated that surfaces with that

description are not required to be vertical. They may be diagonal, for example, such as in Fig. 7.

[0037] In one embodiment, the adjustment volume has less conductivity than the surrounding fin

volume in the off-state. Preferably the adjustment volume is a dielectric, or an air gap. The

distances dl, d2 and d3 are chosen to be small enough that the adjustment volume blocks most

leakage current flow through the weakly controlled cross-sectional center of the fin 310 when the

transistor 300 is in the off-state, while still allowing plenty of current flow around the adjustment

volume when the transistor 300 is in the on-state. The exact sizes of distances dl, d2 and d3 will

depend on the particular application.

[0038] Fig. 4 is a plot illustrating by simulation how Ion and loff change with the introduction of

adjustment volume 330, for a number of different example configurations. Line 410 plots values

for Ion and loff for an example conventional FinFET having no adjustment volume, for four

different gate work functions A, B, C and D. A transistor with gate work function A or B would

likely be targeted for high performance applications, since they achieve higher Ion at the expense

of higher loff. A transistor with gate work function C or D would likely be targeted for low

power applications, since they achieve lower loff at the expense of lower Ion. It can be seen that

for gate work function A, Ion is about 3xlO A and loff is about 2.5xlO A, for an Ion/Ioff ratio

of about 1200. For gate work function B, Ion is about 2.4xlO A and loff is about 2.5xlO A, for

an Ion/Ioff ratio of about 9,600. For gate work function C, Ion is about 1.8xl0 A and loff is

about 2xlO 10A, for an Ion/Ioff ratio of about 90,000. It is desirable to shift this curve to the right

and/or downward, which would indicate either a gain in Ion at a fixed loff or a drop in loff at a

fixed Ion or a combination of both.

[0039] Line 412 plots values for Ion and loff for the same example FinFET, but with an air gap

adjustment volume inserted, for the gate work functions A, B and C. Arrows 414A, 414B and

414C (collectively 414) indicate how the Ion and loff values have changed for the three gate

work functions A, B and C. It can be seen that while in all three cases both Ion and loff have

been reduced, the curve 412 remains roughly consistent with curve 410. Nevertheless, a small

improvement is shown for chips targeted for low-power applications.

[0040] While an air gap adjustment volume provides some benefit for low power chips, it would

be desirable to provide additional benefit for a wide range of applications.



[0041] Fig. 5A is a top view of the transistor 300, taken from a horizontal 2D slice through the

middle of the fin height, and in which the adjustment volume 330 is an air gap. The drawing

illustrates by simulation the longitudinal and transverse distribution of current densities in the fin

while the transistor is in the off-state. As in Fig. 2A, current density is indicated by color, with

colors toward the blue end of the spectrum indicating lower current densities and colors toward

the red end of the spectrum indicating higher current densities. It can be seen that while leakage

currents have been blocked through the air gap in the cross-sectional center of the fin 310, they

continue to flow round the outer regions of the fin. The density of the leakage current is smaller

than in the transistor 100 (compare to Fig. 2B), but the current density in the on-state can be

expected to be smaller as well due to the reduced cross-sectional area through which current can

flow.

[0042] Returning to Fig. 4, line 416 plots values for Ion and Ioff for the same example FinFET

300, for the gate work functions A, B and C, but this time with an electrically conductive screen

material in the adjustment volume. The screen material can be for example a metal, or a heavily

doped semiconductor. Arrows 418A, 418B and 418C (collectively 418) indicate how the Ion and

Ioff values have changed for the three gate work functions A, B and C. It can be seen that in all

three cases, while Ion reduces, Ioff reduces substantially. The curve 416 is therefore shifted

markedly downward. In the examples illustrated, the conductive screen can increase Ion by 50%

at a fixed Ioff of 10 10 A. Alternatively, it can increase switching speed by an amount on the

order of 25%, or reduce leakage current by a factor on the order of 40, or a combination of both.

[0043] Fig. 6A is a top view of the transistor 300, taken from a horizontal 2D slice through the

middle of the fin height, and in which the adjustment volume 330 is an electrically conductive

material. As with Fig. 5A, Fig. 6A illustrates by simulation the longitudinal and transverse

distribution of current densities in the fin while the transistor is in the off-state. Current density is

indicated by color, with colors toward the blue end of the spectrum indicating lower current

densities and colors toward the red end of the spectrum indicating higher current densities. It can

be seen that while small leakage currents continue to flow round the outer regions of the fin, they

have been effectively blocked through the conductive screen in the cross-sectional center of the

fin 310.

[0044] It is believed that whereas the air gap of the Fig. 5A embodiment operates by physically

blocking current flow through the center of the fin, the conductive screen of Fig. 6A operates

instead by terminating the off-state electrostatic drain potential field. Fig. 2C is a top view of the

transistor 300, taken from a horizontal 2D slice through the middle of the fin height, and with no

material difference in the adjustment volume 330. Thus the structure is the same as that of Fig.



2B. Whereas Fig. 2B illustrates current density, Fig. 2C illustrates by simulation the longitudinal

and transverse distribution of electrostatic potential in the fin while the transistor is in the off-

state. Potential is indicated by color, with colors toward the blue end of the spectrum indicating

lower values (lower magnitude potentials) and colors toward the red end of the spectrum

indicating higher values (higher magnitude potentials). It can be seen that in the conventional

FinFET, the drain field penetrates through the channel and lowers the source junction barrier.

This effect is known as drain-induced barrier lowering (DIBL), and contributes to the leakage

current seen in Fig. 2B.

[0045] Fig. 5B is a top view of the transistor 300, taken from a horizontal 2D slice through the

middle of the fin height, and in which the adjustment volume 330 is an air gap. The structure

corresponds to that of Fig. 5A. Using the same color scale as in Fig. 2C, Fig. 5B illustrates by

simulation the longitudinal and transverse distribution of electrostatic potential in the fin while

the transistor is in the off-state. It can be seen that in a FinFET with a dielectric material in the

adjustment volume, the drain field penetrates into the adjustment volume and fails to

significantly affect DIBL. This would explain why significant leakage current continues to flow

as illustrated in Fig. 5A.

[0046] Fig. 6B is a top view of the transistor 300, taken from a horizontal 2D slice through the

middle of the fin height, and in which the adjustment volume 330 is an electrical conductor. The

structure corresponds to that of Fig. 6A. Using the same color scale as in Fig. 2C, Fig. 6B

illustrates by simulation the longitudinal and transverse distribution of electrostatic potential in

the fin while the transistor is in the off-state. It can be seen that in a FinFET with a conductive

material in the adjustment volume, the drain potential sharply reduces in magnitude at the drain-

side vertical surface of the adjustment volume. DIBL is thus greatly reduced, explaining why

leakage current is so greatly reduced as illustrated in Fig. 6A. In addition, it can be appreciated

that in the on-state, current flow is not significantly reduced because current flows through

electrical conductors.

Design Considerations

[0047] Aspects of the invention involve a different or modified material in an adjustment volume

within the channel volume of a transistor. In an embodiment like that of Fig. 5A, the adjustment

volume material can be air or a dielectric, in which case it can provide the benefits described

above and illustrated in Fig. 4, line 412, primarily but not exclusively for low power devices.

While these benefits appear to be maximized for adjustment volume materials which have very



low conductivity (at least in the off-state), it is believed that some benefits can be achieved for

adjustment volume materials whose conductivity in the off-state is to any degree smaller than

that of the surrounding fin material. Other example materials with lower conductivity that can be

used include typical dielectrics like silicon dioxide, or low-k dielectrics, or high-k dielectrics, or

a semiconductor with wider bandgap that has an appropriate conduction band offset for the

NMOSFETs or appropriate valence band offset for the PMOSFETs such that the carriers are

pushed away from the adjustment volume towards the gate.

[0048] Alternatively, in an embodiment like that of Fig. 6A, the adjustment volume material can

be an electrical conductor, in which case it can provide the benefits described above and

illustrated in Fig. 4, line 416. While these benefits appear to be maximized for adjustment

volume materials which have very high conductivity (at least in the off-state), it is believed that

some benefits can be achieved for adjustment volume materials whose conductivity in the off-

state is to any degree higher than that of the surrounding fin material. Example materials with

higher conductivity that can be used include metals such as cobalt, silver or aluminum, although

these may be limited to use in low temperature processes in order to avoid reacting or

intermixing with the surrounding silicon. Other materials include nitrides such as titanium nitride

or tantalum nitride. Another material that can be used is simply a heavily doped portion of the fin.

Note that as previously mentioned, part of the advantage obtained from the use of a conductive

material in the adjustment volume, is that as a conductor, on-state conduction is maximized or

unaffected because current can flow through it. This implies that if the adjustment volume

material is a heavily doped portion of the fin, the doping should be of the same doping type as

the longitudinally-adjacent material (or the longitudinally-adjacent material should be undoped).

[0049] Fig. 3C, described above, illustrates a cross-sectional position within a fin at which the

adjustment volume may be located. The illustration is for a fin with a rectangular cross-section,

an adjustment volume which is an idealized rectangular parallelepiped, and a gate conductor 320

which wraps around three sides of the fin. In this case the three distances dl, d2 and d3 are easily

defined as illustrated in the drawing. At least in an embodiment in which the adjustment volume

material is more conductive in the off-state than the surrounding fin material, these distances

preferably should be small enough to terminate or block most of the drain field when the

transistor is in the off-state, but large enough to permit good conductivity in the channel when

the transistor is in the on-state. Good on-state conductivity limits the minimum distances because

of effects such as quantum separation and carrier scattering in very thin channels. As an example,

the distances dl, d2 and d3 may each be on the order of 3nm.



[0050] Figs. 3A and 3B also show a distance d4, which is the longitudinal distance by which the

drain-side surface of the adjustment volume is set back from the drain volume 326. Distance d4

should be large enough to electrically separate the adjustment volume from the source and from

the drain, so that the adjustment volume has the ability to carry a potential that differs from that

of the source and/or drain. If distance d4 is too large, however, then the adjustment volume

would be so small that it is difficult to manufacture. So, for practical considerations, distance d4

should be several nanometers, in the range from 1 nm to 5 nm.

[0051] Figs. 3A and 3B also show a length L, which is the length in the longitudinal direction of

the adjustment volume 326. Length L should be long enough to terminate the drain field

effectively. As an example, length L should be at least about 2nm. It can also be much longer,

which may simplify fabrication.

[0052] Note that the three distances dl, d2 and d3 need not be equal to each other in all

embodiments. Note also that in a particular embodiment, the gate may not wrap around all three

sides of the fin as shown in Fig. 3C. As used herein, the gate is said to "face" a given side of the

fin if it generally parallels the given side, is separated from the given side with a dielectric

material in between, and influences the conductivity of the fin material depending on whether an

on-state or off-state voltage is applied to the gate conductor. In some embodiments the gate may

face only two sides of the fin, or in some embodiments, such as an ETSOI, the gate faces only on

side of the "fin" (i.e. the top surface of the channel region). In these cases the same

considerations as set forth above with respect to distances dl, d2 and d3 would continue to apply,

but only for the sides of the fin which face a portion of the gate conductor. In some embodiments

one or more of the distances, to a side of the fin which lacks a facing gate conductor, may even

be zero.

[0053] The various distances dl, d2, d3 and also d4 can be chosen in dependence upon the goals

of the particular design. Referring to the plot of Fig. 4, it will be appreciated that line 412 or 416

(as the case may be) will move to different positions in dependence on such distances, as well as

in dependence upon transistor size, cross-sectional fin shape, and all the materials involved. In

all situations an optimum set of distances can be found which best achieve the particular design

goals, optionally with consideration of manufacturing expedience.

[0054] Also, note that whereas the illustration of Fig. 3C is for a fin with a rectangular cross-

section, an adjustment volume which is an idealized rectangular parallelepiped, and a gate

conductor 320 which wraps around three sides of the fin, none of those features need necessarily

obtain in different embodiments. Fig. 7, for example, illustrates a fin 710 having a triangular

cross-section. An adjustment volume 712 is shown with dotted outlines. Fig. 8 illustrates a nano-



wire 810 in which the fin 812 is cylindrical and is wrapped on all sides cross-sectionally by a

gate stack 814. An adjustment volume 816 is shown with dotted outlines. These structures, as

well as many others, can also benefit from the use of an adjustment volume of different off-state

conductivity than the surrounding fin material as described herein. In all cases the distance by

which the adjustment volume is set back behind a surface of the fin will depend on the particular

structure, and both those distances and the adjustment material conductivity can be optimized for

desired improvement in switching speed, leakage current, and/or Ion/Ioff. In general, the use of

such an adjustment volume enables significant improvement in these quantities, while retaining

larger fin widths as needed for manufacturability

[0055] In addition, the adjustment volume material can be chosen also to introduce desired

stresses for stress engineering purposes. In general, for semiconductors, electrons benefit from

longitudinal tensile stress whereas holes benefit from longitudinal compressive stress. Typically

the adjustment volume mainly induces longitudinal stress. Therefore for an N-channel transistor,

where the adjustment volume material is crystalline, its crystal type should be the same as the

channel crystal type but it should have a lattice size which is somewhat larger than the channel

material. For example, the fin material in the channel may be silicon and the adjustment volume

material may be SiGe. This will introduce longitudinal tensile stress into the surrounding body

material in the channel. Conversely, for a P-channel transistor, where the adjustment volume

material is crystalline, its crystal type should be the same as the channel crystal type but it should

have a lattice size which is somewhat smaller than the channel material. For example, the fin

material in the channel may be SiGe and the adjustment volume material may be silicon. This

will introduce longitudinal compressive stress into the surrounding body material in the channel.

Other materials and variations will be apparent to the reader.

Fabrication Method

[0056] Figs. 9A-9I (collectively Fig. 9) illustrate a sequence of steps by which a desired

adjustment volume material can be formed inside a fin as illustrated in Fig. 3. It is to be

understood and appreciated that the process steps and structures described herein do not describe

a complete process flow for the manufacture of an integrated circuit. The invention may be

practiced in conjunction with various integrated circuit fabrication techniques that are

conventionally used in the art, or that are hereafter developed, and only so much of the

commonly practiced process steps are included herein as are necessary to provide an

understanding of the invention.



[0057] Each Fig. 9A-9I shows three views: end, top and side, corresponding to the same three

views shown in Figs. 3C, 3A and 3B, respectively. The fin material in the embodiment of Fig. 9

is silicon, though in other embodiments it can be other types of semiconductor such as but not

limited to germanium (Ge), a silicon germanium alloy (SixGe ), gallium arsenide (GaAs), InSb,

GaP, GaSb, as well as carbon nanotubes. Also in the embodiment of Fig. 9 the fin is an intrinsic

(i.e., undoped) silicon film. In other embodiments, the fin is doped to a p type or n type

conductivity with a concentration level between 10 16 - 10 19 atoms/cm3. Also in the embodiment

of Fig. 9, the adjustment volume material is heavily doped silicon.

[0058] In Fig. 9A, a silicon fin 910 is formed on an SOI wafer (not shown). The top view of Fig.

9A shows sight lines E-E' showing where the end view is taken, and sight lines S-S' showing

where the side view is taken. The side view shows sight lines T-T' showing where the top view is

taken. The sight lines are omitted from many of the subsequent drawings for clarity of

illustrations. The silicon fin 910 can be formed by any method, such as by deposition of silicon

followed by lithographic etching. The fin 910 extends vertically from the wafer to a height above

the wafer surface roughly equal to the desired height of the fin. For example, the height of fin

910 may be 30 nm.

[0059] In Fig. 9B, a sacrificial gate stack 912 is formed on all three exposed sides if the silicon

fin 910. Typically sacrificial gate stack 912 includes a thin gate dielectric such as an oxide

wrapping the fin, and a gate conductor such as polysilicon formed thereon, again on all three

sides. Layer 912 is referred to as being sacrificial because, consistently with some conventional

processes, downstream it will be removed and replaced with other materials. In this sense layer

912 acts merely as a placeholder.

[0060] In Fig. 9C, the wafer is coated with an oxide 914, and then etched back to expose the top

surface of the sacrificial layer 912. Since the top surface of the layer 912 is higher than the height

of the silicon fin 910, the longitudinal portions of the fin which will become the source/drain

regions 918 remain covered by a layer of oxide 914. In Fig. 9D the sacrificial layer 912 is

removed, for example by selective etching. This step exposes the silicon fin 910 top surface, and

also opens holes 916 on the two laterally facing sides of the fin. The fin 910 is now exposed on

all three sides (top and the two laterally facing sides), but only within the longitudinal extent of

the channel region.

[0061] In Fig. 9E, silicon nitride is deposited over the entire wafer and then anisotropically

etched back to again expose the top surface of the fin 910. SiN sidewall spacers 920 remain on

all the vertical surfaces in the structure, including all the inside sidewalls of the oxide 914 and

the two laterally facing sides of the fin 910. Importantly, this includes the sidewalls 920A and



920B of the oxide 914 which are disposed at the two longitudinally opposite ends of the channel

volume of the fin 910. The spacers may have a thickness on the order of nm.

[0062] Next, also as shown in Fig. 9E, a dopant such as B or As is implanted or diffused into the

exposed portion of the silicon to a sufficiently heavy concentration to render the silicon

electrically conductive within the doped volume. The dopant type should be the opposite to the

dopants in the source and drain. For example, the dopant may be arsenic for the PMOSFET, and

the concentration within the doped volume may be in the range l O cm° to 10 cm . The

heavily doped volume does not extend into the portions of the fin below the SiN spacers 920A

and 920B. Also, though in one embodiment the implantation energy is such that the dopant

atoms are injected into the fin 910 all the way down to the wafer surface level, that is not always

necessary and in the embodiment of Fig. 9 the dopant atoms do not reach so deeply. The heavily

doped volume therefore is spaced from the level of the wafer surface by some small distance.

[0063] In Fig. 9F, the SiN layer is removed, leaving a heavily doped volume shown in the

drawing as dotted region 922. It can be seen that doped volume 922 is spaced from the wafer

surface level by an undoped silicon volume 924, and also spaced longitudinally from the

source/drain volumes 918 roughly by the thickness of the SiN sidewall spacers. Atop the

undoped volume 924, though, the doped volume 922 extends all the way to the top surface and

the two laterally facing surfaces of the fin 910.

[0064] In Fig. 9G, a new layer 926 of undoped silicon is grown epitaxially on all exposed

surfaces of the fin 910. It can be seen that the heavily doped volume 922 is not only spaced from

the source/drain volumes 918 as previously mentioned, but is also spaced behind all three

surfaces (top and two laterally opposing side surfaces) of the fin. In Fig. 9H the gate stack 928 is

formed by conventional means over all exposed surfaces of the fin, including the top and the two

laterally opposing side surfaces. In Fig. 91 the oxide 914 is removed by conventional means and

processing continues with the remainder of the steps involved in fabricating the integrated circuit

chips. This includes doping the source/drain volumes with donor or acceptor dopant atoms in

order to make the transistor an N-type or P-type transistor, respectively.

Alternative Fabrication Method

[0065] Figs. 10A-10F (collectively Fig. 10) illustrate an alternative sequence of steps by which a

desired adjustment volume material can be formed inside a fin. A structure resulting from this

alternative process is shown and described with respect to Fig. 10F. Again, only so much of the

commonly practiced process steps from a typical fabrication process are included herein as are

necessary to provide an understanding of the invention. All of the alternatives and caveats



mentioned above with respect to Fig. 9 are incorporated by reference with respect to the Fig. 10

process.

[0066] Each Fig. 10A-10F shows three views: end, top and side. The fin material in the

embodiment of Fig. 10 is intrinsic silicon, and the adjustment volume material is heavily doped

silicon, with the same doping type as the source and drain. Alternatively, the adjustment volume

material can be a material with a wider bandgap than that of the channel material. In yet another

alternative, the adjustment volume can be made of multiple sub-layers, some of which may be

conductive, some dielectric, some semiconductor, some with a bandgap wider than that of the

channel material, and so on. Other variations will be apparent to the reader.

[0067] Initially, an SOI wafer (not shown) is provided with a silicon surface layer 1002. The

layer 1002 covers laterally at least the region in which the transistor is being formed, and may in

some embodiments cover the entire wafer. A heavily doped silicon layer 1004 is grown

epitaxially above the silicon layer 1002, and another undoped silicon layer 1006 is grown above

layer 1004. The resulting structure is shown in Fig. 10A.

[0068] In Fig. 10B, the fin 1010 is formed by etching ridges, such as by methods used in King

U.S. Patent No. 7,190,050, to form a so-called "corrugated" substrate. The drawings in the King

patent show how the structure would appear, in various embodiments. The fins may then be cut

lengthwise at this point as well, or that step may be postponed until later. Cutting methods, too,

are discussed in the King patent. At this point each fin has its final fin width, and comprises a

vertical Si / doped-Si / Si stack of materials. The doped Si layer 1004 extends all the way across

the fin transversely. Thus some or all of the ridges illustrated in the drawings in the King patent

would comprise a vertical Si / doped-Si / Si stack of materials. King U.S. Patent No. 7,190,050 is

incorporated herein by reference, including all of the variations described therein. Some

pertinent parts of the King patent are reproduced in the Appendix and the drawings.

[0069] In Fig. IOC, a sacrificial gate stack 1012 is formed on all three exposed sides if the fin

1010. Typically sacrificial gate stack 1012 includes a thin gate dielectric such as an oxide

wrapping the fin, and a gate conductor such as polysilicon formed thereon, again on all three

sides. Layer 1012 is referred to as being sacrificial because, consistently with some conventional

processes, downstream it will be removed and replaced with other materials. In this sense layer

1012 acts merely as a placeholder.

[0070] In Fig. 10D, the fins are etched back longitudinally. Etching continues even beyond the

longitudinal ends of the gate stack 1012, so the resulting fin material is recessed below the gate

stack on both longitudinal ends. This type of under-etching step occurs in some conventional

processes as well, but the extent of under-etching is greater in Fig. 10D.



[0071] In Fig. 10E, undoped silicon is grown epitaxially on the exposed Si sidewalls of the fin,

which in the case of Fig. 10E, are only the longitudinal end surfaces of the fin materials. This

forms fin segments 1014 on both sides of the doped silicon layer 1004 longitudinally, separating

the doped silicon layer 1004 longitudinally from the source and drain materials and thereby

electrically separating the adjustment "volume" of the doped silicon material 1004 from the

source/drain regions, at least when the transistor is in the off-state.

[0072] In Fig. 10F, the deposition of silicon continues, but source/drain dopant is now mixed

into the growth atmosphere. The source/drain regions 1016 are thus formed. Note that in Fig.

10F the doped source and drain regions are shown as extending partially under the gate stack. In

another embodiment, doping might not begin until after the undoped silicon fin material is grown

to positions equal to or beyond the longitudinal edges of the gate stack 1012. Additionally, other

impurities may be mixed into the growth atmosphere during source/drain formation, such as

germanium or other materials for stress engineering.

[0073] Note that in the embodiment of Fig. 10, the adjustment volume 1004 is separated from

the top and bottom of the fin and also separated from the source and drain regions longitudinally.

But it extends across the entire transverse width of the fin. This can be true in nanowire

embodiments of the invention as well. In another embodiment the adjustment volume 1004 is

also spaced from the gate stack on the transversely opposite sides of the fin. This can be

accomplished by, between steps 10B and IOC (i.e. after forming the ridges and before forming

the gate stack), growing additional silicon on the transversely opposite sidewalls of the ridges.

This widens the fin somewhat, which improves mechanical stability, but does not degrade Ioff

due to the presence of the adjustment volume. The growth of additional silicon on the

transversely opposite sides of the ridges can be accomplished in a conventional manner, such as

by growing additional silicon on all exposed silicon surfaces on the wafer, and then

anisotropically etching back the grown silicon to remove all but the portions grown on vertical

sidewalls. Alternatively, instead of growing the additional semiconductor material before

forming the gate stack, it can be grown later. In many modern fabrication processes the gate

stack formed initially is sacrificial, and later in the process the gate stack is removed and re

formed with different materials. Thus in this alternative method the additional semiconductor

material is formed on the transversely opposite sides of the fin after removal of the sacrificial

material, and before re-forming the gate stack with the different materials. Other variations will

be apparent to the reader.

[0074] Additionally, whereas in the embodiment described above with respect to Fig. 10 the

additional fin segments 1014 grown initially on both longitudinal end faces of the channel are



undoped, it will be appreciated that additional fin segments 1014 can be constructed from any

material or materials that are less conductive than the source and drain materials, respectively, at

least when the transistor is in the off state. For example the segments 1014 can be doped, more

lightly than the adjustment layer material, with a doping type opposite that of the source and

drain. The material of the segments 1014 should be chosen such that the segments 1014 isolate

the adjustment layer material sufficiently from the source and drain to permit the adjustment

layer material to have a potential different from the source and/or drain, when the transistor is in

the off state. As used herein, where a material A is said to be more lightly doped than a material

B, this includes structures in which material A is undoped. Similarly, as used herein, where a

material A is said to be more heavily doped than a material B, this includes structures in which

material B is undoped.

Corrugated Wafer

[0075] As mentioned above with respect to Figs. 10A and 10B, fabrication of transistors

incorporating adjustment volumes as described herein can be facilitated by providing a starting

"corrugated" wafer in which ridges are pre- formed. This section describes techniques that can be

used to prepare such corrugated wafers.

[0076] Initially a substrate is provided, which may be bulk silicon or silicon on insulator (SOI)

for example. The three layers 1002, 1004 and 1006 as shown in Fig. 10A then can be formed for

example by growing the doped Si layer 1004 epitaxially on the top surface of the provided

substrate, which itself becomes the lower silicon layer 1002 of the fins. The top silicon layer

1006 is then formed by epitaxial growth on the doped silicon layer 1004. The growth of all the

ridge layers can preferably be performed in a single epitaxial growth process in which the growth

atmosphere is controlled to include more dopant during the growth of layer 1004 than during the

growth of other layers 1006. Alternatively, the existing silicon of the provided substrate can be

retained to form both the lower and upper silicon layers 1002 and 1006, and the doped silicon

layer 1004 can be formed by a high-energy ion implant operation, in which the implanted dopant

ions all penetrate to the desired depth below the surface, followed by an anneal to repair the

silicon. However, the epitaxial growth method is preferred because sharper transitions can be

formed from one layer to the next.

[0077] Fig. 11 shows an exemplary corrugated substrate 1190 that includes a set of ridges 1191.

Each of ridges 1191 has a height HR, a width W, and a spacing between ridges SP. Doped

silicon layer 1004 can be seen in each of the ridges. Because ridges 1191 are made prior to any

specific device patterning, various processing techniques can be used to generate ridges 1191



with a high degree of accuracy and regularity. For example, imprint lithography is a technique in

which a master stencil is precisely patterned using electron-beam lithography. The master stencil

is then used to pattern wafers (e.g., by imprinting a resist pattern onto a wafer), thereby enabling

the formation of precise, sub-wavelength features on those wafers. Imprint lithography can allow

ridges 1191 to be created with extremely precise and regular dimensions, thereby avoiding the

inherent inaccuracies associated with optical lithography. Other techniques for forming ridges

1191 (such as spacer lithography described in Y.-K. Choi et al, "A spacer patterning technology

for nanoscale CMOS," IEEE Transactions on Electron Devices, Vol. 49, No. 3, pp. 436-441

(2002), in which vertical thin films are created along the sidewalls of sacrificial features, which

are subsequently etched away) will be readily apparent.

[0078] By creating ridges 1191 as standalone structures prior to discrete device definition, ridges

1191 can be formed with a high degree of precision (.+-.15% tolerances and better) using

techniques that would not necessarily be suitable for general IC production (e.g., imprint

lithography and spacer lithography). The pre-formed corrugated wafer is then provided for

subsequent IC manufacturing, for example as described above with respect to Figs. 10C-10F. In

one embodiment, the corrugated wafer can be provided with the adjustment layer material 1004

extending laterally all the way to the opposing side surfaces of the ridges, as shown in Fig. 11. In

another embodiment, additional undoped silicon is grown on the transversely opposite sides of

the ridges before the wafer is provided for subsequent IC manufacturing. As set forth above with

respect to Fig. 10, this can be accomplished by growing additional silicon on all exposed silicon

surfaces on the wafer, and then anisotropically etching back the grown silicon to remove all but

the portions grown on vertical sidewalls.

[0079] In yet another embodiment, with or without the additional undoped silicon on the

transversely opposite sides of the ridges, the corrugated wafer can also be pre-coated with gate

stack material 1012 (final or sacrificial), and provided in that form for subsequent IC

manufacturing. In this embodiment, the subsequent IC manufacturing may achieve the starting

point shown in Fig. IOC by etching the gate stack material to leave gates in only desired

positions.

[0080] In one embodiment, a semiconductor wafer can be fully patterned with ridges, thereby

allowing subsequent formation of transistor(s) at any desired location on the wafer. For example,

Fig. 12A shows a top view of a wafer 1290-A that includes an array of ridges 1291 -A running

across almost the entire wafer surface. Ridges 1291 -A are substantially similar to ridges 1191

described previously, and have a predetermined height (HR in Fig. 11), width (W in Fig. 11),

spacing (SP in Fig. 11), and composition (e.g., silicon, silicon-germanium, silicon on silicon-



germanium, or carbon nanotubes, among others). By forming ridges at the wafer level, IC

production costs are minimally impacted, since this type of simple bulk patterning is much less

complex (and therefore much less expensive) than the localized feature formation performed

during subsequent IC processing. Note that in one embodiment, wafer 129 1-A can include ridge

isolation material between ridges 129 1-A.

[0081] Note further that in various other embodiments, a corrugated substrate can include

localized groupings of parallel ridges, rather than the continuous ridges 129 1-A that span the

entire wafer surface as shown in Fig. 12A. For example, Fig. 12B shows another embodiment of

a corrugated substrate 1290-B that includes localized ridge sets 1295. Each localized ridge set

includes ridges 1291-B that exhibit the same dimensional and physical consistency as described

with respect to ridges 129 1-A shown in Fig. 12A, but are discontinuous across scribe lines 1299,

which can simplify subsequent IC formation and wafer dicing operations. Therefore, each die

location on corrugated substrate 1290-B (i.e., each location where an IC is to be formed)

includes a separate ridge set 1295. As described with respect to Fig. 12A, ridge sets 1295 can

also include ridge isolation material between ridges 1291-B. Note that in some embodiments,

within each ridge set 1295, localized groupings of ridges 1291-B may exhibit different material

compositions (as described in greater detail below with respect to Fig. 13).

[0082] Note further that while ridges 1291-B are all shown running in the same direction for

exemplary purposes, according to various other embodiments, a corrugated substrate can include

multiple localized ridge sets, wherein the ridges in different sets run in different directions. For

example, Fig. 12C shows a top view of an alternative localized ridge set 1295-C that could be

implemented in place of localized ridge sets 1295 in Fig. 12B. Localized ridge set 1295-C

includes a ridge set including parallel ridges 1291-Cl, a ridge set including parallel ridges 129 1-

C2, a ridge set including parallel ridges 1291-C3, and a ridge set including parallel ridges 1291-

C4. As described with respect to Fig. 12B, optional ridge isolation material can separate the

ridges in each of the ridge sets. Parallel ridges 1291-Cl and 1291-C4 run perpendicular to

parallel ridges 1291-C2 and 1291-C3. Any other arrangement of ridges can provide the benefits

described above, so long as the ridges in any particular set of parallel ridges are longer than the

critical dimension (i.e., the minimum geometry) of the devices being formed using the ridges.

Note, however, that the ridges themselves may actually be thinner than the critical dimension

(since the ridges can be manufactured using techniques other than those ordinarily used in actual

device production, as described above). Note further that while the areas occupied by parallel

ridges 1291-Cl, 1291-C2, 1291-C3, and 1291-C4 are depicted as being roughly equal for



exemplary purposes, the different ridge groupings within a die location (i.e., between scribe

lines) can exhibit any desired sizing relationship with one another.

[0083] Note further that a corrugated substrate can include large planar semiconductor surface

regions. For example, Fig. 12D shows atop view of an alternative localized ridge set 1295-D

that could be implemented in place of localized ridge sets 1295 in Fig. 12B. Localized ridge set

1295-D includes a ridge set including parallel ridges 1291-Dl (separated by optional ridge

isolation material), a ridge set including parallel ridges 1291-D2 (separated by optional ridge

isolation material), and planar (unridged) semiconductor surface regions 1291-Fl and 1291-F2.

Conventional planar semiconductor devices (i.e., transistors, resistors, and/or capacitors) can be

formed in these planar semiconductor surface regions 1291-Fl and 1291-F2 simultaneously with

corrugated-semiconductor devices, e.g. by using the fabrication process flow described above.

Note that while planar semiconductor surface regions 1291-Fl and 1291-F2 are depicted as

covering roughly the same area as parallel ridges 1291-Dl and 1291-D2 for exemplary purposes,

groupings of parallel ridges and planar regions can exhibit any relative sizing. Note further that a

portion of a corrugated substrate can be considered a planar region so long as that portion

provides an unridged area that is at least as wide as two ridges plus the spacing between those

two ridges.

[0084] Ideally, a corrugated substrate will include sets of parallel ridges that cover an area at

least as large as a basic functional block (e.g., a set of devices that performs a particular logic

function). A corrugated substrate providing ridge sets sized in this manner can beneficially

minimize the need for additional interconnect wiring between devices within functional blocks.

Larger ridge sets can likewise minimize interconnect wiring requirements between functional

blocks.

[0085] For example, Fig. 13 shows a corrugated substrate 1390 that includes a set of parallel

ridges 1391, optionally supplied with ridge isolation material 1392 present between ridges 1391

(alternatively, a dielectric formation operation can be performed to form ridge isolation material

1392. Ridges 1391 are substantially similar to ridges 1191 described previously, and have a

predetermined height (HR in Fig. 11), width (WR in Fig. 11), spacing (SP in Fig. 11), and

composition. Active regions 1301 (indicated by the dotted lines) represent locations where

functional elements of a circuit are to be formed.

[0086] Note that while ridges 1391 are dimensionally very similar, the composition of ridges

1391 can vary. For example, in ridge group 1391A the silicon forming the layers 1002, 1004 and

1006 can have (110) surface crystalline orientation, whereas in ridge group 139 IB the silicon

forming the layers 1002, 1004 and 1006 can have (001) surface crystalline orientation. Then, if



active regions 1301-1 and 1301-2 represent regions in which PMOS devices are to be formed,

the ridges 1391 in ridge group 1391A provide a surface crystalline orientation optimized for

PMOS performance. Similarly, if active regions 1301-3 and 1301-4 represent regions in which

NMOS devices are to be formed, the ridges 1391 in ridge group 139 IB provide a surface

crystalline orientation optimized for NMOS performance.

[0087] The applicant hereby discloses in isolation each individual feature described herein and

any combination of two or more such features, to the extent that such features or combinations

are capable of being carried out based on the present specification as a whole in light of the

common general knowledge of a person skilled in the art, irrespective of whether such features

or combinations of features solve any problems disclosed herein, and without limitation to the

scope of the claims. The applicant indicates that aspects of the present invention may consist of

any such feature or combination of features. In view of the foregoing description it will be

evident to a person skilled in the art that various modifications may be made within the scope of

the invention.

[0088] The foregoing description of preferred embodiments of the present invention has been

provided for the purposes of illustration and description. It is not intended to be exhaustive or to

limit the invention to the precise forms disclosed. Obviously, many modifications and variations

will be apparent to practitioners skilled in this art. In particular, and without limitation, any and

all variations described, suggested or incorporated by reference in the Background section of this

patent application are specifically incorporated by reference into the description herein of

embodiments of the invention. In addition, any and all variations described, suggested or

incorporated by reference herein with respect to any one embodiment are also to be considered

taught with respect to all other embodiments. The embodiments described herein were chosen

and described in order to best explain the principles of the invention and its practical application,

thereby enabling others skilled in the art to understand the invention for various embodiments

and with various modifications as are suited to the particular use contemplated. It is intended that

the scope of the invention be defined by the following claims and their equivalents.

[0089] What is claimed is:



CLAIMS

1. An integrated circuit transistor structure comprising:

a body of semiconductor material, the body having first and second longitudinally spaced

doped source/drain volumes and further having at least a first surface, the body further having a

channel volume located longitudinally between the first and second source/drain volumes;

a gate conductor disposed outside the body, the gate conductor having a first portion

facing the first surface and being located longitudinally at least partly along at least part of the

channel volume; and

a dielectric material between the gate conductor and the first surface of the body,

the body containing an adjustment volume, longitudinally within the channel volume and

spaced behind the first surface by a first distance and spaced longitudinally from both the first

and second source/drain volumes,

wherein the adjustment volume comprises an adjustment volume material having, at each

longitudinal position, an electrical conductivity which differs from that of the adjacent body

material at the same longitudinal position, at least while the transistor is in an off-state.

2. The structure of claim 1, wherein the first surface of the body is a top surface of

the body.

3. The structure of claim 2, wherein the body comprises a fin extending vertically

from a wafer surface.

4. The structure of claim 1, wherein the body comprises a fin extending vertically

from a wafer surface,

wherein the first surface is a first side surface of the fin.

5. The structure of claim 4, wherein the dielectric material is disposed further on a

second surface of the body being a second side surface of the fin laterally opposite the first side

surface,

wherein the gate conductor includes a second portion disposed facing the second surface

and separated from the second surface by the dielectric material,

and wherein the adjustment volume is further spaced behind the second surface by a

second distance.

6. The structure of claim 5, wherein the first and second surfaces are vertical.

7. The structure of any of claims 5-6, wherein the dielectric material is disposed

further on a third surface of the body being a top surface of the body,



wherein the gate conductor includes a third portion disposed facing the third surface and

separated from the third surface by the dielectric material,

and wherein the adjustment volume is further spaced behind the third surface by a third

distance.

8. The structure of claim 1, wherein the first surface of the body rings the body.

9. The structure of any of claims 1-8, wherein electrical conductivity of the

adjustment volume material is less than that of the adjacent body material at each of the

longitudinal positions while the transistor is in an off-state.

10. The structure of any of claims 1-9, wherein the adjustment volume material is a

dielectric.

11. The structure of any of claims 1-9, wherein the adjustment volume material is air.

12. The structure of any of claims 1-8, wherein electrical conductivity of the

adjustment volume material is greater than that of the adjacent body material at each of the

longitudinal positions while the transistor is in an off-state.

13. The structure of any of claims 1-8 and 12, wherein the adjustment volume

material is a metal.

14. The structure of any of claims 1-8 and 12, wherein the adjustment volume

material is a heavily doped semiconductor.

15. The structure of any of claims 1-8 and 12, wherein the adjustment volume

material comprises a semiconductor material that has a doping type that is opposite that of the

source/drain volumes, and is more heavily doped than the material separating the semiconductor

material from the first surface.

16. The structure of any of claims 1-14, wherein the adjustment volume material

introduces mechanical stress into the adjacent body material.

17. The structure of any of claims 1-14, wherein the transistor structure forms an N-

channel transistor, and wherein the adjustment volume material introduces longitudinal tensile

stress into the adjacent body material.

18. The structure of any of claims 1-14, wherein the transistor structure forms a P-

channel transistor, and wherein the adjustment volume material introduces longitudinal

compressive stress into the adjacent body material.

19. An integrated circuit transistor structure comprising:

a body of semiconductor material, the body having first and second longitudinally spaced

doped source/drain volumes and further having at least a first surface, the body further having a

channel volume located longitudinally between the first and second source/drain volumes;



a gate conductor disposed outside the body, the gate conductor having a first portion

facing the first surface and being located longitudinally at least partly along at least part of the

channel volume; and

a dielectric material between the gate conductor and the first surface of the body,

the body containing a dielectric material, longitudinally within the channel volume and

spaced behind the first surface by a first distance and spaced longitudinally from both the first

and second source/drain volumes.

20. The structure of claim 19, wherein the dielectric material comprises air.

21. An integrated circuit transistor structure comprising:

a body of semiconductor material, the body having first and second longitudinally spaced

doped source/drain volumes and further having at least a first surface, the body further having a

channel volume located longitudinally between the first and second source/drain volumes;

a gate conductor disposed outside the body, the gate conductor having a first portion

facing the first surface and being located longitudinally at least partly along at least part of the

channel volume; and

a dielectric material between the gate conductor and the first surface of the body,

the body containing an electrically conductive material, longitudinally within the channel

volume and spaced behind the first surface by a first distance and spaced longitudinally from

both the first and second source/drain volumes.

22. The structure of claim 21, wherein the conductive material comprises a metal.

23. The structure of claim 21, wherein the conductive material comprises a heavily

doped semiconductor.

24. The structure of claim 23, wherein the conductive material comprises a

semiconductor material that has a doping type opposite that of the source/drain volumes, and is

more heavily doped than the material separating the semiconductor material from the first

surface.

25. A method for fabricating an integrated circuit transistor structure comprising steps

of:

providing a body of semiconductor material, the body having first and second

longitudinally spaced doped source/drain volumes and further having at least a first surface, the

body further having a channel volume located longitudinally between the first and second

source/drain volumes;



forming a gate conductor outside the body, the gate conductor having a first portion

facing the first surface and being located longitudinally at least partly along at least part of the

channel volume;

forming a dielectric material between the gate conductor and the first surface of the body;

and

forming an adjustment volume in the body, the adjustment volume being disposed

longitudinally within the channel volume and spaced behind the first surface by a first distance

and spaced longitudinally from both the first and second source/drain volumes,

wherein the adjustment volume comprises an adjustment volume material having, at each

longitudinal position, an electrical conductivity which differs from that of the adjacent body

material at the same longitudinal position, at least while the transistor is in an off-state.

26. The method of claim 25, wherein the adjustment volume material comprises a

dielectric.

27. The method of claim 25, wherein the adjustment volume material comprises an

electrical conductor.

28. A method for fabricating an integrated circuit transistor structure comprising steps

of:

providing an intermediate structure comprising:

a body of material, the body having an adjustment layer comprising adjustment

volume material, and an upper layer of semiconductor material, the upper layer

overlying the adjustment layer,

a gate conductor outside the body, the gate conductor having portions facing the body

on at least three sides of the body and defining a channel volume of the body,

the body having first and second longitudinally opposite end surfaces, the gate

conductor extending beyond the body in both longitudinal directions, and

a dielectric material between the gate conductor and the body;

forming first and second additional material on respectively the first and second end

surfaces of the body; and

forming source and drain volumes longitudinally adjacent to respectively the first and

second additional semiconductor material,

wherein the adjustment volume material has, at each longitudinal position, an electrical

conductivity which differs from that of the upper layer of semiconductor material at the same

longitudinal position, at least while the transistor is in an off-state,



wherein the first additional material is less conductive than the source material, at least

when the transistor is in the off state,

and wherein the second additional material is less conductive than the drain material, at

least when the transistor is in the off state.

29. The method of claim 28, wherein the adjustment volume material comprises a

dielectric.

30. The method of claim 28, wherein the adjustment volume material comprises an

electrical conductor.

31. The method of claim 28, wherein the adjustment volume material comprises a

material having a bandgap which is wider than that of the semiconductor material in the upper

layer.

32. The method of any of claims 28-3 1, wherein the adjustment volume material

comprises a plurality of sub-layers of material.

33 . The method of any of claims 28-32, wherein the body of material further has a

lower layer of semiconductor material underlying the adjustment layer.

34. The method of claim 33, wherein the upper and lower layers of semiconductor

material are the same.

35. The method of any of claims 28-34, wherein the adjustment volume material in

the body of material is spaced laterally from the dielectric material by a further material that

includes a semiconductor.

36. The method of any of claims 28-34, further comprising a step of forming further

semiconductor material laterally between the body and the dielectric material.

37. The method of any of claims 28-36, wherein the second additional material is a

semiconductor material with a doping type that is opposite that of the source and drain materials,

respectively.

38. A wafer comprising a first plurality of parallel ridges formed on a substrate,

wherein each of the ridges comprises:

an adjustment layer including adjustment volume material and an upper layer of

semiconductor material overlying the adjustment layer,

wherein the adjustment volume material comprises semiconductor material,

and wherein the ridges are epitaxially grown in such a way that the adjustment volume

material is doped more heavily than the upper layer of semiconductor material.

39. The wafer of claim 38, wherein each of the ridges has two laterally opposing

surfaces,



further comprising, on each of the laterally opposing surfaces, a semiconductor material

which is less heavily doped than the adjustment volume material.

40. The wafer of any of claims 38-3 9, wherein the adjustment volume material

comprises a plurality of sub-layers of material.

41. The wafer of any of claims 38-40, wherein each of the ridges further has a lower

layer of semiconductor material underlying the adjustment layer.

42. The wafer of claim 41, wherein the upper and lower layers of semiconductor

material are the same.

43. The wafer of any of claims 41-42, wherein the ridges are epitaxially grown in

such a way that the adjustment volume material is doped more heavily also than the lower layer

of semiconductor material.

44. The wafer of any of claims 38-43, wherein each of the ridges further has gate

stack material formed thereon.

45. The wafer of any of claims 38-44, wherein all the ridges in the first plurality of

parallel ridges extend substantially all the way across the substrate.

46. The wafer of any of claims 38-45, further comprising a second plurality of ridges

formed on the substrate.

47. The wafer of any of claims 38-44, wherein the substrate is scribed into dice,

and wherein all the ridges in the first plurality of parallel ridges extend only within a first

one of the dice and extend substantially all the way across the first die.

48. The wafer of any of claims 38-44, wherein the substrate is scribed into dice,

further comprising a second plurality of ridges formed on the substrate,

wherein all the ridges in the first plurality of parallel ridges extend only within a first one

of the dice and all the ridges in the second plurality of parallel ridges extend only within a

second one of the dice.
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