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SUBSTRATES AND TRANSISTORS WITH 2D MATERIAL CHANNELS ON 3D
GEOMETRIES

Inventors:
Victor Moroz
Joanne Huang

Jamil Kawa

CROSS-REFERENCE TO OTHER APPLICATIONS

[0001] Applicants hereby claim the benefit under 35 U.S.C. 119(e) of U.S. Provisional
Application No. 62/172,700, filed 08-Jun-2015, entitled "Substrates And Transistors With 2D
Material Channels On 3D Geometries" (Docket No. SYNP 2611-1); and U.S. Provisional
Application No. 62/242,236, filed 15-Oct-2015, entitled "Substrates And Transistors With 2D
Material Channels On 3D Geometries" (Docket No. SYNP 2611-2). Both provisional

applications are hereby incorporated by reference herein for their teachings.

BACKGROUND

[0002] FinFETs can be scaled down to 7nm design rules and perhaps stretched to 5Snm
design rules. Bevond 5nm design rules, short channel effects degrade FinFET performance such
that further scaling does not bring benefits. Some developers are considering Gate-All-Around
nanowires, which could enable scaling down to ~2nm design rules.

[0003] Fig. 1 is a simplified perspective view of a conventional FinFET transistor 100. It
comprises a semiconductor "fin" 110 extending in a longitudinal direction L. The fin also has a
transverse direction T. The fin has drain and source regions 112 and 114 respectively, separated
longitudinally by a channel region (hidden in the drawing). Drain and source contacts 116 and
118, respectively, are connected to the drain and source regions 112 and 114, respectively, and
are separated longitudinally by a gate stack 118. The gate stack 118 may be a high-K metal gate
(HKMG) layer (metal gate sub-layer separated in a vertical direction V from the channel region
of the fin by a thin high-K gate dielectric layer 120. The gate stack 118 is separated
longitudinally from each of the drain and source terminals 114 and 116 by dielectric spacer
material 122,

[0004] One limitation on scaling of FinFETs and nanowires is that Middle-Of-Line (MOL)
parasitic capacitance is increasing as 1/x with each technology generation, where x is the spacer
width (in the transistor longitudinal direction), scaling as 0.7x per generation. MOL capacitance

comes mainly from the gate 118 facing the drain contact 114 across the shrinking spacer 122.
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See the arrows 124 in Fig. 1. MOL capacitance is expected to overtake interconnect capacitance
as the dominant load of the transistor at Snm design rules, and will continue increasing with
further scaling.

[0005] Another limitation on scaling of FinFETs is that fin pitch scaling is limited by the
multi-layer High-K dielectric + Metal Gate (HKMG) stack which requires consistent HKMG
vertical thickness in order to maintain a consistent threshold voltage. Currently, the minimum
HKMG stack thickness between the fins is approximately 14nm and would require a new
technology to shrink beyond that.

[0006] Yet another limitation on scaling of FinFETs is cross-sectional fin shape variability. It
is difficult to enforce consistent fin shape, and fin shape variations introduce FinFET
performance variations. For example, off-state current increases exponentially with increases in
fin width. Performance variations lead to lower circuit performance and higher chip area and
cost. It seems that new ideas will be needed in order to continue scaling transistors down to

smaller and smaller sizes.

SUMMARY

[0007] Roughly described, the invention involves wrapping a semiconductor 2D material
layer conformally on a 3D structure. The 3D structure can be for example a ridge made of a
dielectric material, or made of dielectric material alternating longitudinally with a
semiconductive or conductive material. Alternatively the 3D structure can be tree-shaped. Other
shapes are possible as well. Aspects of the invention also include methods for making such
structures, as well as integrated circuit layouts defining such structures and methods for
developing such layouts, a machine readable data storage medium storing design entries which
include some which define such structures and layouts, methods for developing such design
entries. Aspects of the invention further include corrugated wafers which are prepared as an
intermediate product for use in fabricating integrated circuits having a semiconductor 2D
material layer disposed conformally on a 3D structure.

[0008] Some developers are considering making transistors using a 2D material like
graphene or MoS2 as a channel. Fig. 2A is a top view of such a transistor, and Fig. 2B is a cross-
sectional view taken along arrows B-B' in Fig. 2A. The transistor has a 2D material layer 213
overlying an oxide layer 232 which itself overlies a silicon substrate 230. An HKMG stack 218
overlies the 2D material layer 213 at the longitudinal position of the channel. It can be seen that

the transistor of Figs. 2A and 2B is planar. Transistors made this way could enable scaling
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beyond 2nm design rules, but unfortunately they lack the drive strength required to send signals
through interconnects.

[0009] 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

[0010] The invention will be described with respect to specific embodiments thereof, and
reference will be made to the drawings, in which:

[0011] Fig. 1 is a simplified perspective view of a conventional FinFET transistor 100.
[0012] Fig. 2A is a top view of a proposed transistor, and Fig. 2B is a cross-sectional view of
the proposed transistor taken along arrows B-B' in Fig. 2A.

[0013] Figs. 3, 4, 6 and 7 are cross-sectional views of transistors incorporating aspects of the
invention.

[0014] Figs. 5A, 5B, 5C and 5D, (collectively Fig. 5) are multiple views of the transistor of
Fig. 4.

[0015] Fig. 8, consisting of Figs. 8A, 8B and 8C, are multiple views of the transistor of Fig.
7.

[0016] Figs. 9A, 9B and 9C are perspective views of a transistor made according to the Fig.
7/8 embodiment, at various stages of fabrication, according to an aspect of the invention.

[0017] Fig. 10 illustrates a variety of tree-shaped transistors in cross-sectional view,
according to an aspect of the invention.

[0018]  Fig 11A, Fig. 11B, Fig. 11C, Fig. 11D, Fig. 11E, Fig. 11F, Fig. 11G, Fig. 11H, Fig.
111, Fig. 11J, Fig. 11K, Fig. 11L, and Fig. 11M, (collectively Fig. 11) illustrates a method for
fabricating tree-shaped transistors according to an aspect of the invention. Figs. 11A through
11H show the structure in cross-sectional view, and Figs. 111 through 11L show the structure in
side elevational view. Fig. 11M shows the structure in top view.

[0019] Fig. 12 is a simplified block diagram of a computer system that can be used to

implement software incorporating aspects of the present invention.
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[0020] Figs. 13, 14 and 15 show layouts for library cells using conventional FinFET
transistors.

[0021] Figs. 16 and 17 show layouts for library cells using certain FinFET transistors
according to an aspect of the invention.

[0022] Figs. 18, 19A, 19B, 19C, 19D and 20 illustrate various aspects of corrugated
substrates incorporating aspects of the invention.

[0023] Fig. 21 shows a simplified representation of an illustrative integrated circuit design

flow incorporating features of the technology.

DETAILED DESCRIPTION

[0024] 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.

[0025] As mentioned, an embodiment of the invention involves disposing at least one 2D
material layer conformally on the surface of a 3D structure. As used herein, a 3D structure is one
that has at least two non-coplanar surfaces. The 3D structure can be for example a ridge, which is
considered herein to have at least three non-coplanar surfaces disposed transversely from one
another on the body: the top and the two sidewalls. While any shape 3D structure can be used,
ridges such as those used to make FinFETs are advantageous because it is already known how to
make ridges with large aspect ratios. Fig. 3 illustrates a cross-sectional view of a transistor 300
having two ridges 332 and incorporating this concept. The ridges are made of a dielectric
material such as an oxide, and are supported by a substrate 330 which may be silicon, but could
be any rigid material. The ridges have a longitudinal dimension into and out of the page, and a
transverse direction T. The structure has multiple non-coplanar surfaces disposed transversely
from one another, including the two sidewalls of each of the ridges 332, the tops or peaks of each
of the ridges, and the troughs or valleys between them. A 2D material layer 313 is disposed
"conformally" on the ridges 332, so as to overlie all of the transversely disposed non-coplanar

surfaces. The more of these surfaces covered, the greater the effective width of the transistor
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channel, and the greater the resulting transistor drive strength. In addition, an HKMG stack 318
overlies the semiconductor 2D material layer 313 at the longitudinal position of the channel.
Though Fig. 3 shows a single element labeled "HKMG", it will be appreciated that HKMG
represents a stack of materials, typically a thin layer of high-K dielectric vertically adjacent to
the semiconductor 2D material layer, and a much thicker metal layer superposing the high-K
dielectric layer.

[0026] As used herein, a particular layer disposed "conformally" on a body does not
necessarily require that the particular layer touch the body: it is sufficient that it is disposed
conformally on another layer which is itself disposed conformally on the body and whose outer
surface, adjacent to the particular layer, itself has a contour that generally follows the contour of
the body. Also, as used herein, the term "conformal" refers to the interface between the particular
layer and the underlying body. The outer surface of the particular layer can have a different
contour than that of the body, and the particular layer can still be considered herein to be
disposed "conformally" on the body. Additionally, a conformal layer disposed so as to "overlie"
or "underlie" a subject surface does not necessarily mean that the conformal layer must be
located vertically above or below the subject surface. As used herein, a particular surface
"overlies" a subject surface if it is perpendicularly farther away from the underlying body than is
the subject surface, and the particular surface "underlies" the subject surface if it is
perpendicularly nearer to the underlying body than is the subject surface. For a tree branch
structure, for example, a conformal layer disposed so as to "overlie" an undersurface of one of
the branches is actually located below the undersurface of the branch, as the terms are used
herein.

[0027] Roughly speaking, if the aspect ratio of the ridges 332 is AR, then a semiconductor
2D material layer deposited conformally on the peaks, valleys and sidewalls of the ridges 332
would have a channel width on the order of AR+1 times the width of a planar channel covering
the same transverse footprint. Drive strength is roughly proportional to channel width, so drive
strength, too, increases roughly by a factor of AR+1. As aspect ratios for FinFETs today are as
high as approximately 10:1, this technique can result in an increase in transistor drive strength
roughly by a factor of 10.

[0028] A "2D material layer", as used herein, is layer that includes or consists essentially of
one or more sub-layers of doped or undoped "2D material". A "2D material", as used herein, is a
material that, within each sub-layer, tends to form strong bonds such as covalent bonds, whereas
between sub-layers, tends to form relatively weaker bonds such as Van der Waals bonds.

Electrons in each sub-layer of these materials are free to move in the two-dimensional plane, but
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their motion in the third dimension is restricted and governed by quantum mechanics. Graphene
is an example of a "2D material" in which each sub-layer has a thickness of only a single atom.
Molybdenum disulfide (M0S2) is an example of a "2D material" in which each sub-layer has
three internal monolayers: a middle monolayer of Mo, sandwiched between upper and lower
monolayers of S. The bonds between the Mo atoms and the S atoms are covalent, whereas bonds
between the lower S monolayers of one layer and the upper S monolayers of the layer below it
are Van der Walls bonds. Other examples of "2D materials" include tungsten diselenide (WSe2),
niobium diselenide (NbSe2), boron nitride (BN), tungsten sulfide (WS2), phosphorene (PR3),
stanananene (Sn), and the transition metal di-chalcogenides.

[0029] A 2D material layer typically has a thickness of under one nanometer. In some
embodiments the 2D material layer includes more than one sub-layer of 2D material, which can
also increase drive current. However, the thicker total material layer can degrade the ability of
the gate voltage to control the current flow through the channel, especially at lower sub-layers of
2D material. Also, the use of more than one sub-layer can in some embodiments change the band
structure. Where more than one sub-layer is used, not all the sub-layers need necessarily be of
the same 2D material in all embodiments.

[0030] For some 2D materials, such as graphene, semiconductor properties arise only if the
width of the current-carrying path (i.e. the width of the channel) is sufficiently small. If forming
such a 2D material conformally on a 3D support structure widens the channel too much, then in
an embodiment, the 2D material can be cut longitudinally into more than one segment
transversely across the channel. For example, in the Fig. 3 example above, the semiconductor 2D
material layer can be removed from the tops of the ridges for example by CMP. The
semiconductor 2D material layer is still considered to overlie at least two non-coplanar surfaces
of each ridge 332, since it still overlies both sidewalls. The device also still acts as a single
transistor if the multiple transversely separated segments are connected together by a single
source region (e.g. in front of the page) and a single drain region (e.g. behind the page).

[0031] The ridge material in Fig. 3 may be oxide, or any other dielectric material. The
substrate 330 is present only for physical support, so it can be silicon or any other appropriate
material. Also, the channel width is defined by cutting the semiconductor 2D material layer at
the desired transverse edges of the channel. In one embodiment the cut extends only down
through the semiconductor 2D material layer, and the oxide remains intact. In another
embodiment the oxide is cut as well, for example down to the support wafer 330.

[0032] The above Fig. 3 solution improves scaling because it improves transistor drive

strength sufficiently to enable practical use of semiconductor 2D materials as channel materials.
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Since the semiconductor 2D material layer is so thin, the gate voltage is able to control current
flow through the channel extremely well. As a result, the gate length (in the dimension into and
out of the page) can be made shorter.

[0033] The above Fig. 3 solution also obviates the fin width variability problem described
above, because current flows through the 2D channel material layer rather than through the body
of the fin. Since the HKMG layer 318 is deposited conformally over the semiconductor 2D
material layer 313, any variations in the thickness of the ridges 332 are repeated at the interface
to the HKMG, resulting in a channel thickness that remains constant. Thus variations in the
shape of the ridges 332 make virtually no difference in transistor performance.

[0034] The above Fig. 3 solution, as drawn, does not necessarily solve the MOL capacitance
problem described above, because the HKMG is still separated from the drain contact by only a
small spacer (similar to 122 in Fig. 1) which as mentioned, is shrinking with each technology
node. It also does not necessarily solve the fin pitch problem described above, because as drawn,
the HKMG stack thickness has not changed. However, these problems can be solved as well by
also replacing the metal gate sub-layer of the HKMG stack with a 2D material layer, as shown in
Fig. 4. Fig. 4 illustrates a cross-sectional view of a transistor 400 having two ridges 432 and
incorporating this concept. As with the Fig. 3 embodiment, the ridges 432 in Fig. 4 are made of a
dielectric material such as an oxide, and are supported by a substrate 430 which may be silicon,
but could be any rigid material. Again, the structure has multiple non-coplanar surfaces disposed
transversely from one another. A semiconductor 2D material layer 413 is disposed conformally
on the ridges 432, so as to overlie all of the transversely disposed non-coplanar surfaces. In
addition, a gate stack 418 is disposed conformally on the ridges 432 so as to overlie the ridges
432. Though not shown separately in Fig. 4, the gate stack 418 is a dielectric layer disposed
conformally on the ridges 432 so as to overlie at least part of the semiconductor 2D material
layer 413, and a gate conductor, which is preferably a conductive 2D material layer such as
graphene, disposed conformally on the protrusions so as to overlie at least part of the dielectric
layer.

[0035] This Fig. 4 embodiment overcomes the fin shape variability problem and the drive
strength problem discussed above, and additionally it overcomes the MOL capacitance problem
because the cross-sectional area of the gate conductor, facing the drain contact across the
shrinking spacer, is now miniscule. The gate contact itself can be disposed out-of-line with the
source and drain contacts (e.g. at the right hand edge of the Fig. 4 drawing), so as to also

minimize capacitance between the gate contact and the drain contact.
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[0036] This Fig. 4 embodiment also overcomes the fin pitch problem described above,
because a thick HKMG stack is no longer necessary. The fin-to-fin spacing of a MOSFET-type
transistor as shown in Fig. 4, with current flowing longitudinally along the semiconductor 2D
material layer 413 into or out of the page, need only be large enough to accommodate the
thicknesses of two semiconductor 2D material layer channels, two high-K dielectric layers, two
conductive 2D gate material layers, plus one air gap (the minimum spacing needed between the
rising and falling semiconductor 2D material layers in order to ensure consistent thickness and
structure). Assuming each 2D material layer has a thickness of approximately 0.6nm, and each
high-K dielectric layer has a thickness of approximately 2nm, and the air gap is approximately
2nm wide, this results in a fin-to-fin spacing of no more than 8. 4nm. Adding the thickness of one
uncoated ridge 432, which today can be made reliably at 10nm, this means that transistors made
according to the Fig. 4 embodiment can be made on fins having a pitch no greater than 18.4nm.
[0037] The conductive 2D material layer that forms the gate conductor can be of the same or
different material(s) than the channel material(s). For example, whereas the 2D material layer
chosen for the channel material may be a native semiconductor, the 2D material chosen for the
gate conductor may be a native conductor such as graphene. Also, like the semiconductor 2D
material layer, the conductive 2D gate conductor material layer may comprise more than one 2D
material sub-layer, and such sub-layers might include more than one material type.

[0038] The dielectric layer of the gate stack can be made from a 2D material that is an
insulator, rather than a high-K dielectric, but doing so would not necessarily provide any further
reduction in the thickness of the gate stack, since a dielectric thickness of at least around 2nm is
still needed in order to prevent charge leakage across the dielectric.

[0039] Fig. 5, consisting of Figs. SA, 5B, 5C and 5D, are multiple views of the transistor of
Fig. 4. Fig. 5A is atop view, Fig. 5B is a side elevation view taken along sight lines B-B' (ridges
are oriented left-right), Fig. 5C is a side elevation view taken along sight lines C-C' (ridges are
oriented into the page), and Fig. 5D is a 3D perspective view. Fig. 5B shows the drain, source
and gate terminals and Fig. 5C shows the drain and gate terminals. Figs. 5A and 5D omit the
drain, source and gate terminals for clarity of illustration. In either the Fig. 3 embodiment or the
Fig. 4/5 embodiment, the appropriate charge carriers can be installed in the source and drain
regions of the 2D material on longitudinally opposite sides of the channel either by doping with
an appropriate dopant, or by adding an appropriate further 2D material layer adjacent to (above
or below) the 2D channel material layer in those regions.

[0040] Fig. 5 illustrates the two ridges 432 of the transistor 400, supported by the substrate

430. The semiconductor 2D material layer is designated 413 in Fig. 4, since only the channel
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region of the semiconductor 2D material layer is depicted in Fig. 4. In Fig. 5 the drain, source
and channel regions 514, 512 and 513 of the semiconductor 2D material layer are shown in
various views. Also the gate stack 418 is shown, as are the drain, source and gate terminals 516,
515 and 518, respectively. It can be seen from the figures that the gate terminal 518 is offset
transversely from a line joining the drain and source terminals 516 and 515.

[0041] Another solution for the problems of scaling and fin pitch is to form a Tunneling FET
(TFET) instead of a MOSFET-type transistor. In a MOSFET-type transistor the current flows
longitudinally along the semiconductor 2D material layer sheet. In a TFET-type transistor
current flows across the 2D materials, as shown in Fig. 6. TFETs switch by modulating quantum
tunneling through a barrier instead of modulating thermionic emission over a barrier as in
traditional MOSFETs. Thus in Fig. 6, the source and drain portions of the 2D material layer are
located in front of and behind the page, respectively, but one is made p-type and the other is
made n-type. The channel portion of the 2D material, which is the portion controlled by the gate
layer, can be neutral or intrinsic.

[0042] In Fig. 6, the stack of two 2D material layers includes is covered by HKMG. The
minimum fin-to-fin spacing is the thickness of four layers of 2D material, plus the air gap, which
can be as small as 4.4nm. Adding the thickness of one uncoated fin, this means that TFET
transistors made according to the Fig. 6 embodiment can be made on fins having a pitch no
greater than 14.4nm.

[0043] Another solution to all the problems described above is similar to that of Figs. 4 and
5, except that the gate conductor underlies the semiconductor 2D material layer rather than
overlying it. That is, the ridges can be formed such that they are dielectric material below the
drain and source regions of the semiconductor 2D material layer, and a conductive material such
as a metal below the channel region of the semiconductor 2D material layer. A ridge formed for
supporting multiple transistors longitudinally along the ridge therefore can have longitudinally
alternating dielectric and metal volumes. Formed conformally on the ridges (at least above the
metal gate volumes) is the high-K dielectric, and the semiconductor 2D material layer is formed
conformally on the dielectric. Thus Fig. 7 illustrates a cross-sectional view of a transistor 700
having two ridges 732 which, below the semiconductor 2D material layer, are made of metal.
The ridges 732 are supported by an oxide layer 731 which overlies a substrate 730 which may be
silicon, but could be any rigid material. Again, the structure has multiple non-coplanar surfaces
disposed transversely from one another. A semiconductor 2D material layer 713 is disposed

conformally on the ridges 732, so as to overlie all of the transversely disposed non-coplanar
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surfaces. In addition, at least over the metal gate volume of ridges 732, the semiconductor 2D
material layer 713 is separated from the ridges 732 by a high-K gate dielectric 745.

[0044] The fin-to-fin spacing of a MOSFET-type transistor as shown in Fig. 7 can be as
narrow as the thicknesses of two 2D-material layer channels, two high-K dielectric layers, plus
one air gap, resulting in a fin-to-fin spacing which can be as narrow as only 7.2 nm. Adding the
thickness of one uncoated fin, this means that transistors made according to the Fig. 7
embodiment can be made on fins having a pitch no greater than 17.2nm.

[0045] The metal gate volume of ridges 732 in the embodiment of Fig. 7 are metal, but in
another embodiment they could be polysilicon or doped semiconductor, such as doped silicon.
The doping in the semiconductor gate can be used to alter the silicon workfunction throughout a
wide range, and it can be enough to establish whether the transistor channel is to be N-type or P-
type. CMOS circuits therefore can be achieved by pre-doping the semiconductor ridges so as to
define some regions for N-type transistors and other regions for P-type transistors. Also, though
the dielectric layer is indicated in Fig. 7 as being of a high-K material, in another embodiment it
is a low-k dielectric material in order to help reduce the fringing gate-to-drain coupling.

[0046] As with the Fig. 4/5 embodiment, in the Fig. 7 embodiment the appropriate charge
carriers can be installed in the source and drain regions of the 2D material on longitudinally
opposite sides of the channel either by doping with an appropriate dopant, or by adding an
appropriate further 2D material layer adjacent to (above or below) the semiconductor 2D
material layer in those regions.

[0047] As with the Fig. 4/5 embodiment above, this Fig. 7 solution overcomes the fin shape
variability problem, the drive strength problem, the MOL capacitance problem, and the fin pitch
problem, all for the same reasons as discussed above.

[0048] Fig. 8, consisting of Figs. 8A, 8B and 8C, are multiple views of the transistor of Fig.
7. Fig. 8Ais a top view, Fig. 8B is a side elevation view taken along sight lines B-B' (ridges are
oriented left-right), Fig. 8C is a side elevation view taken along sight lines C-C' (ridges are
oriented into the page). Fig. 9B is a perspective view. Fig. 8B shows the drain, source and gate
terminals and Fig. 8C shows the drain and gate terminals. Figs. 8 A and 9B omit the drain, source
and gate terminals for clarity of illustration. Again, the appropriate charge carriers can be
installed in the source and drain regions of the semiconductor 2D material layer on longitudinally
opposite sides of the channel either by doping with an appropriate dopant, or by adding an
appropriate further 2D material layer adjacent to (above or below) the semiconductor 2D

material layer in those regions.
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[0049] Fig. 8 illustrates the two ridges 732 of the transistor 700, with the volume segments
833, 835 and 832 underlying the drain, source and channel regions 814, 812 and 813,
respectively, of the semiconductor 2D material layer. The volume segment 832 under the
channel region is metal, whereas the volume segments 833 and 835 under the drain and source
regions are oxide. The ridges are supported by the substrate 730. In Fig. 8B the drain, source and
gate terminals 816, 815 and 818 are shown, and in Fig. 8C the drain and gate terminals 816 and
818 are shown. It can be seen from the figures that the gate terminal 818 is offset transversely

from a line joining the drain and source terminals 816 and 815.

Corrugated substrate

[0050] Each of the embodiments above can be fabricated by first fabricating a corrugated
substrate, and then modifying it as needed to form the individual transistors. Corrugated
substrates are described in King U.S. Patent No. 7,190,050, incorporated herein by reference.
The drawings in the King patent show how the structure would appear, in various embodiments.
The corrugated substrate, at any of the stages of completion, can itself be packaged and sold as
an intermediate product.

[0051] Fig. 18 shows an example corrugated substrate 1890 that includes a set of ridges
1891. Note that as used herein, no distinction is intended between the terms "in" and "on" a
substrate or wafer, so that the ridges 1891 are referred to equally herein as being "in" or "on" the
substrate 1890. In a FinFET embodiment, the ridges 1891 may have a cross-section similar to the
cross-section of the body material of Fig. 4, for example. The ridges 1891 can have other cross-
sectional shapes, however, as discussed elsewhere herein. The rectangular cross-sectional ridge
shape in Fig. 18 therefore should be seen as only symbolic. Each of ridges 1891 has a height HR,
a width W, and a spacing between ridges SP. Because ridges 1891 are made prior to any specific
device patterning, various processing techniques can be used to generate ridges 1891 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. Due to the complexity of most IC
layouts, imprint lithography is generally not practical for use on production wafers. However, the
technique is ideal for creating regular, repeating patterns on a wafer, such as ridges 1891. The
use of imprint lithography can allow ridges 1891 to be created with extremely precise and
regular dimensions, thereby avoiding the inherent inaccuracies associated with optical

lithography. Other techniques for forming ridges 1891 (such as spacer lithography described in
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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, incorporated by reference herein, in which
vertical thin films are created along the sidewalls of sacrificial features, which are subsequently
etched away) will be readily apparent.

[0052] While ridges 1891 are described herein as being formed from the same material as the
underlying bulk substrate for example purposes, according to various other embodiments of the
invention, ridges 1891 can comprise a different material. For example, if the ridges are formed of
one dielectric material, the underlying bulk material can be a different dielectric material. If the
ridges have longitudinal segments formed of one metal or semiconductor material, the
underlying bulk material can be a different metal or semiconductor material. Also, the wafer
material (silicon in Figs. 3, 4, 5 and 6; and oxide over silicon in Figs. 7, 8 and 9) is not shown in
Fig. 18.

[0053] Ridges 1891 can be formed as standalone structures prior to discrete device
definition. In one embodiment, a semiconductor wafer can be fully patterned with such ridges,
thereby allowing subsequent formation of transistor(s) according to aspects of the invention, at
any desired location on the wafer. For example, Fig. 19A shows a top view of a wafer 1990-A
that includes an array of ridges 1991-A running across almost the entire wafer surface. Ridges
1991-A have a predetermined height HR, width W, spacing SP, and composition (e.g., dielectric,
metal, semiconductor, 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.

[0054] In various other embodiments, a corrugated substrate can include localized groupings
of parallel ridges, rather than the continuous ridges 1991-A that span the entire wafer surface as
shown in Fig. 19A. For example, Fig. 19B shows another embodiment of a corrugated substrate
1990-B that includes localized ridge sets 1995. Each localized ridge set includes ridges 1991-B
that exhibit the same dimensional and physical consistency as described with respect to ridges
1991-A shown in Fig. 19A, but are discontinuous across scribe lines 1999, which can simplify
subsequent IC formation and wafer dicing operations. Therefore, each die location on corrugated
substrate 1990-B (i.e., each location where an IC is to be formed) includes a separate ridge set
1995. In some embodiments, within each ridge set 1995, localized groupings of ridges 1991-B
may exhibit different material compositions (as described in greater detail below with respect to

Fig. 20).
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[0055] While ridges 1991-B are all shown in Figs. 19A and 19B as running in the same
direction, 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. 19C shows a top view of an alternative localized ridge set 1995-C that could be
implemented in place of localized ridge sets 1995 in Fig. 19B. Localized ridge set 1995-C
includes a ridge set including parallel ridges 1991-C1, a ridge set including parallel ridges 1991-
C2, aridge set including parallel ridges 1991-C3, and a ridge set including parallel ridges 1991-
C4. Parallel ridges 1991-C1 and 1991-C4 run perpendicular to parallel ridges 1991-C2 and 1991-
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). While the areas occupied by parallel ridges 1991-C1, 1991-C2, 1991-C3, and
1991-C4 are depicted as being roughly equal for explanatory purposes, the different ridge
groupings within a die location (i.e., between scribe lines) can exhibit any desired sizing
relationship with one another.

[0056] A corrugated substrate can include large planar semiconductor surface regions. For
example, Fig. 19D shows a top view of an alternative localized ridge set 1995-D that could be
implemented in place of localized ridge sets 1995 in Fig. 19B. Localized ridge set 1995-D
includes a ridge set including parallel ridges 1991-D1, a ridge set including parallel ridges 1991-
D2, and planar (unridged) semiconductor surface regions 1991-F1 and 1991-F2. Conventional
planar semiconductor devices (i.e., transistors, resistors, and/or capacitors) can be formed in
these planar semiconductor surface regions 1991-F1 and 1991-F2 simultaneously with
corrugated-semiconductor devices, e.g. by using the fabrication process flow described
elsewhere herein. Note that while planar semiconductor surface regions 1991-F1 and 1991-F2
are depicted as covering roughly the same area as parallel ridges 1991-D1 and 1991-D2 for
explanatory purposes, groupings of parallel ridges and planar regions can exhibit any relative
sizing. 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.

[0057] Ideally, a corrugated substrate includes 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
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minimize the need for additional interconnect wiring between devices within functional blocks.
Larger ridge sets can likewise minimize interconnect wiring requirements between functional
blocks.

[0058] For example, Fig. 20 shows a corrugated substrate 2090 that includes a set of parallel
ridges 2091. Ridges 2091 are substantially similar to the ridges described previously, and have a
predetermined height HR, width WR, spacing SP, and composition. Active regions 2001
(indicated by the dotted lines) represent locations where functional elements of a circuit are to be
formed. While ridges 2091 are dimensionally very similar, the composition of ridges 2091 can
vary. To begin the manufacturing process, the portions of ridges 2091 that lie outside of the
active regions 2001 are removed by masking the active regions and etching away the unmasked

regions.

Forming Transistor Structures

[0059] For the embodiment of Fig. 3, an example fabrication process can start with a silicon
wafer with an oxide layer on top. The ridge lines are then patterned, and the valleys between the
ridges are etched by conventional means, resulting in a corrugated wafer such as that shown in
any of Figs. 19A, 19B, 19C or 19D. The ridges can be made with a ridge-to-ridge spacing as
narrow as that described above for the fin-to-fin spacing. Said alternatively, the ridges can be
made on a pitch as narrow as that described above for the fin pitch. The wafer can then be stored
or sold in this form. Alternatively, the semiconductor 2D material layer can be deposited
conformally on top, for example using CVD or ALD, and the wafer can be stored or sold in that
form. Alternatively, an HKMG stack such as 318 can be applied over the wafer, and the wafer
can be stored or sold in that form. Subsequent patterning of gates and transistors can be
performed later. Several techniques and tools that can be used for depositing 2D materials are
described in Oxford Instruments, Inc., "Graphene and other 2-dimensional materials" (2014), a
brochure from equipment supplier Oxford Instruments, Inc. that is incorporated by reference
herein.

[0060] For the embodiment of Fig. 4/5, after the corrugated oxide wafer is formed and coated
with the semiconductor 2D material layer, the wafer can be coated with the gate stack material
(only the high-K dielectric layer, or both the high-K dielectric layer plus the 2D gate conductor
material on top). The wafer can then be stored or sold in that form. Again, subsequent patterning
of gates and transistors can be performed later.

[0061] Similar intermediate corrugated wafer products can be fabricated for the Fig. 6

embodiment.
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[0062] For the Fig. 7/8 embodiment, a corrugated wafer can be fabricated by starting with a
silicon substrate with a layer of oxide on top, and a planar metal layer (or polysilicon or silicon)
on top of the oxide. The metal layer is then patterned into stripes oriented transversely to the
future ridge direction. Metal remains where future gate conductors will be, and removed between
the future gate conductors. The gaps between the metal stripes are then filled with oxide, leaving
metal-oxide-metal-oxide stripes parallel to the gates and alternating in the future longitudinal
direction. Next, trenches are patterned and etched across (perpendicularly to) the metal-oxide-
metal stripes to form corrugation in the direction perpendicular to the gate conductors. The
corrugated wafer can be stored or sold in this form as an intermediate product.

[0063] Figs. 9A, 9B and 9C are perspective views of a transistor made according to the Fig.
7/8 embodiment, at various stages of fabrication. Fig. 9A shows two fins of the corrugated
substrate made as just described. The silicon substrate 730 is shown at the bottom, and the oxide
fill 731 is shown above it. The left-right stripe 832 is the metal gate material. Because of the
fabrication process just described, the metal gate material 832 extends down into the oxide fill
731 as can be seen on the edge of the structure. That is, within the ridges, the metal volume 832
extends into the oxide fill 731 so that the undersurface of all of the metal substantially forms a
plane parallel to the silicon support wafer 730. Thus each ridge has oxide/metal volumes
alternating in the longitudinal direction.

[0064] In Fig. 9B, the gate dielectric layer 745 has been applied, and the semiconductor 2D
material layer 713 has been applied above the gate dielectric layer 745. The gate dielectric layer
745 extends longitudinally along the entire fin in the embodiment of Fig. 9B, but in another
embodiment it need extend only over the longitudinal segments overlying the metal gate
volumes 832. In Fig. 9C, drain, source and gate contacts 816, 8§15 and 818 have been formed for
the transistor. The drain and source contacts 816 and 815 are connected to the drain and source
regions 814 and 812 respectively of the semiconductor 2D material layer 713, and the gate
contact 818 is connected to the metal gate volume 832. It can be seen that the gate contact 818 is
offset from a line joining the drain and source contacts 816 and 815, and therefore more distant
from the drain region 814 and the drain contact 816, thereby reducing MOL capacitance.

[0065] In yet another embodiment, the corrugated wafer is made using oxide as the ridge
material. A thin conductive layer is then deposited on top; a conductive 2D material can be used
for this purpose. The corrugated substrate can be stored or sold in this form as an intermediate
product. Then later, the conductive layer is patterned and etched so as to retain it only where gate
conductors are desired (e.g. under the transistor channels), then high-K dielectric and channel

material (for example a semiconductor 2D material layer) are deposited on top. Because the gate
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material is so thin (just one monolayer of atoms, for example), the channel material surface will
be at virtually the same level as source and drain. The corrugated substrate can be stored and sold
as an intermediate product after any of the steps mentioned in this paragraph.

[0066] In all examples, the corrugated substrate can be formed using known process
techniques or any of the process techniques set forth in the King patent. Also, all of the
variations shown in Figs. 3A, 3B, 3C, 3D, 4A, 4B, 4C, 4D, 4E and 5 of the King patent and the
accompanying text can be used as appropriate. FIGS. 3A, 3B, 3C, and 3D are top views of
different corrugated substrates that can be used in the manufacture of ICs that incorporate
transistors having segmented channel regions, and Figs. 4A, 4B, 4C, 4D, and 4E are steps in a
manufacturing process for an IC that incorporates transistors having segmented channel regions.
By creating ridges as standalone structures prior to discrete device definition, the ridges can be
formed with a high degree of precision using techniques that would not necessarily be suitable
for general IC production (e.g., imprint lithography and spacer lithography). Also, any

corrugated substrate can also include passivation added temporarily or permanently on top.

Tree-Shaped Transistors

[0067] As noted above, drive strength of a transistor is roughly proportional to channel
width. For a transistor formed by depositing a semiconductor 2D channel material layer
conformally on the peaks, valleys and sidewall surfaces of a ridge such as those used to make
FinFETs, the effective channel width (and therefore drive strength) becomes roughly AR+1
times the width of a planar channel covering the same footprint, where AR is the aspect ratio of
the ridge. But as mentioned, a ridge is not the only shape on which a semiconductor 2D channel
material layer can be deposited conformally. And even ridges are not required to have smooth
walls. In particular, ALD (Atomic Layer Deposition) and CVD (Chemical Vapor Deposition)
both can be used to deposit material even on the underside of an overhang.

[0068] Fig. 10 illustrates a variety of tree-shaped transistors (transistors having a tree-shaped
cross-sectional shape) which contain branches 1012 extending transversely from the trunk
vertical section 1010, leaving recesses 1014 separating the branches vertically. In these images,
transistor cross-sections are shown. Current flows into the page. The body material (trunk
sections 1010 and branches 1012) are made of oxide, and the semiconductor 2D material layer
1016 is formed conformally on all surfaces of the body material within at least some particular
longitudinal section of the ridge. An HKMG gate stack is formed conformally on the

semiconductor 2D material layer 1016.
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[0069] For these transistors, in transverse dimension the surface length of the structure per
unit length across the wafer is greatly increased compared to a simple ridge structure. Thus the
channel width formed conformally on this structure, and hence the drive strength of the
transistor, can be multiplied accordingly. Most layout designs require a variety of different
transistor layouts so that the designer can trade off low leakage in the off-state, with high drive
current in the on-state, as needed for a particular region of the circuit. As can be seen, the above
tree-shaped structures fully accommodate such varieties. In particular, a tree-shaped transistor
which is taller, and contains more branches, has a greater surface on which the semiconductor
2D material layer 1016 is formed, whereas one which is shorter, and contains fewer branches,
has a shorter surface on which the 2D channel material is formed. Thus the taller transistor has
greater drive current, while the shorter transistor has lower off-state leakage current.

[0070] For example, on a given single wafer, different transistors can be made with different
heights. In particular, one transistor may have a vertical trunk section 1010 and exactly N>0
branches 1012 extending in one transverse direction from the trunk, the branches superposing
one another and each vertically adjacent pair of the branches separated vertically from each other
by arespective recess 1014, whereas a second transistor may have a vertical trunk section 1010
and exactly M>0 branches 1012 extending in one transverse direction from the trunk, the
branches superposing one another and each vertically adjacent pair of the branches separated

vertically from each other by a respective recess 1014, and M N. Note that such transistors

typically will also have branches, at the same level as each of the branches but not included in
the M and N count of branches above, which extend in the opposite transverse direction. Also, in
another embodiment some transistors may have a simple ridge shape whereas others can have a
tree-shape.

[0071] Each branch of the tree shapes in Fig. 10 can be thought of as having an upper surface
1020, a lower surface 1022, and an end surface 2024. The recesses also have inner surfaces 1026
on the vertical trunk sections 1010. In the embodiments of Fig. 10, all of such surfaces, as well as
the top surfaces 1028, have the semiconductor 2D material layer 1016 formed conformally
thereon. In another embodiment, not all of such surfaces need to be coated. In one embodiment,
for example, only the top surfaces 2028, the upper tree branch surfaces 1020, and the branch end
surfaces 1024 may be coated. The device will also still act as a single transistor if the multiple
transversely separated segments are connected together by a single source region and a single
drain region.

[0072] Fig. 11 (consisting of Figs. 11A through 11M) illustrates a method for fabricating

tree-shaped transistors. Figs. 11A through 11H show the structure in cross-sectional view, and
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Figs. 111 through 11L show the structure in side elevational view. Fig. 11M shows the structure
in top view. At any stage from Fig. 11A through Fig. 11E, different parts of the wafer can be
masked while other parts of the device are etched, so that transistors made from the etched tree
structures are shorter and have fewer branches. Also, as described above with respect to fin-
shaped ridges, the structures of Fig. 11 can be formed as long tree-shaped ridges (oriented into
the page in Fig. 11), and at any of the stages of completion of Fig. 11, can be packaged and sold
as a corrugated substrate.

[0073] In Fig. 11A, alternating layers of dielectric material 1110 and filler material 1112 are
deposited on a substrate (not shown). In Fig. 11B, atrench 1114 is opened for a trunk section of
the tree. In Fig. 11C, the trench 1114 is filled with the dielectric material 1110. In Fig. 11D,
longitudinally oriented trenches are etched into the structure to thereby leave longitudinally
oriented ridges such as ridge 1116. In Fig. 11E, the filler material 1112 is removed. In Fig. 11F
the semiconductor 2D material layer 1118 is deposited conformally on the surfaces of the tree
structure. In Fig. 11G the semiconductor 2D material layer 1118 is patterned, for example by
removing such layer from the valleys between some of the ridges. In Fig. 11H the HKMG stack
1120 is deposited conformally on the semiconductor 2D material layer 1118, along the entire
length of the ridge longitudinally. In Fig. 111 it is patterned to expose drain and source regions of
the semiconductor 2D material layer 1118. In Fig. 11J spacers 1122 are formed between the
HKMG stack and each of the drain and source regions of the semiconductor 2D material layer
1118, and in Fig. 11K an interlayer dielectric 1124 is deposited on top. Vias are opened in the
interlayer dielectric layer 1124 in Fig. 11L and the drain, source and drain terminals are

deposited in the vias. Fig. 11M is a top view of the resulting transistor.

Library Cell Layouts

[0074] Figs. 13, 14 and 15 show layouts for library cells for conventional FinFET transistors.
The horizontal lines in these drawings represent ridges, and the vertical lines represent gate
stacks. For simplicity of illustration, each transistor in these drawings uses two adjacent fins, and
the upper pair of fins are doped for one conductivity type whereas the lower pair of fins are
doped for the opposite conductivity type. The layout of Fig. 13 forms two CMOS inverters 1310
and 1312, separated from one another longitudinally. FinFET transistors can be separated
longitudinally by cutting the fins, but dummy gates are required in order to terminate a fin. So
the conventional layout of Fig. 13 includes four dummy gate conductors 1314, 1316, 1318 and

1320 at the two ends of each fin longitudinally in each of the inverters.
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[0075] When possible, a cell shares diffusion regions among transistors in order to reduce the
required area. Fig. 14 shows a conventional cell that has two inverters sharing a source region
along each of their fins. The two inverters are laid out next to each other longitudinally, with a
shared source in between. Again, however, dummy gate conductors are still required at the two
ends of each fin longitudinally.

[0076] The longitudinal space required for two longitudinally spaced inverters as in Fig. 13,
which do not share a diffusion region, can be reduced somewhat by placing an isolation dummy
gate conductor between the inverters as illustrated in Fig. 15. However, there is some leakage
through the isolating transistor.

[0077] For transistors made from 2D channel materials as described herein, however, no
dummy gate conductors are needed to terminate a ridge. Thus for a cell having two
longitudinally spaced inverters such as in Fig. 13, the layout tool using aspects of the present
invention can place the two inverters much closer to each other longitudinally as illustrated in
Fig. 16. No longitudinal space is needed for the placement of dummy gate conductors, and no
leakage among the fins of the two inverters will occur as with an isolating dummy gate
conductor. Similarly, when the two inverters can share a diffusion region as in Fig. 14, again
longitudinal space requirements can be reduced by omitting any dummy fin termination gate
conductors as shown in Fig. 17. Thus in an aspect of the invention, the area penalty imposed due
to the requirement for dummy gates as in Figs. 13, 14 and 15 can be eliminated.

[0078] In the embodiments of Figs. 16 and 17, the wide horizontal lines represent two or
more parallel horizontal ridges; but since the semiconductor 2D material layer that covers them
also covers the valley between them, the spacing between the ridges is not visible in these
drawings. Also, the ridges in Figs. 16 and 17 can be tree-shaped as described above.

[0079] The layout tool can be designed to lay out transistors without dummy gates to
terminate ridges longitudinally. Also, in some embodiments a gate conductor is not allowed to
extend continuously across both an NMOS ridge and a PMOS ridge. In such embodiments the
layout tool breaks such a gate conductor into an NMOS piece and a PMOS piece. If necessary,

the layout tool connects the two segments together in higher metal layers (not shown).

Other Aspects
[0080] In order to develop fabrication processes to produce the above structures, it is

extremely desirable to simulate the fabrication process flow. This can be done using a process
simulator program such as Sentaurus Process, available from Synopsys, Inc. Some example

methods and systems that can be used to do so in such a program are described in U.S. Patent
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Application No. 14/699,162, filed 29 April 2015, entitled 3D TCAD SIMULATION, by
inventors Arsen Terterian and Tommaso Cilento (Attorney Docket No. SYNP 2456-4),
incorporated by reference herein.

[0081] In addition, once a device structure is designed using the above techniques, it is often
important to extract the various parameters of the device for use in circuit simulators such as
SPICE. Extraction of such parameters can be performed by Sentaurus Device, software available
from Synopsys, Inc.

[0082] A circuit or layout that includes transistors or other devices according to the
embodiments above also can be designed in advance and provided to designers as a macrocell
(which as used herein can be a standard cell). It is common for integrated circuit designers to
take advantage of macrocells that have been pre-designed for particular kinds of circuits, such as
logic gates, larger logic functions, memory and even entire processors or systems. These
macrocells are provided in a library available from various sources, such as foundries, ASIC
companies, semiconductor companies, third party IP providers, and even EDA companies, and
used by designers when designing larger circuits. Each macrocell typically includes such
information as a graphical symbol for schematic drawings; text for a hardware description
language such as Verilog; a netlist describing the devices in the included circuit, the
interconnections among them, and the input and output nodes; a layout (physical representation)
of the circuit in one or more geometry description languages such as GDSII; an abstract of the
included geometries for use by place-and-route systems; a design rule check deck; simulation
models for use by logic simulators and circuit simulators; and so on. Some libraries may include
less information for each macrocell, and others may include more. In some libraries the entries
are provided in separate files, whereas in others they are combined into a single file, or one file
containing the entries for multiple different macrocells. In all cases the files are either stored and
distributed on a computer readable medium, or delivered electronically and stored by the user on
a computer readable medium. Macrocell libraries often contain multiple versions of the same
logic function differing in area, speed and/or power consumption, in order to allow designers or
automated tools the option to trade off among these characteristics. In an aspect of the invention,
a macrocell library includes tree-shaped transistors of different heights for this purpose.

[0083] For macrocells that include device structures as described above, the simulation
models have parameters extracted from the devices, and the layout includes shapes appropriate to

make masks for fabricating the device structures.
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Integrated Circuit Manufacturing Flow

[0084] Fig. 21 shows a simplified representation of an illustrative integrated circuit design
flow incorporating features of the technology. At a high level, the process starts with the product
idea (step 2100) and is realized in an EDA (Electronic Design Automation) software design
process (step 2110). When the design is finalized, it can be taped-out (step 2140). After tape out,
the fabrication process (step 2150) and packaging and assembly processes (step 2160) occur
resulting, ultimately, in finished integrated circuit chips (result 2170).

[0085] The EDA software design process (step 2110) is actually composed of a number of
steps 2112-2130, shown in linear fashion for simplicity. In an actual integrated circuit design
process, the particular design might have to go back through steps until certain tests are passed.
Similarly, in any actual design process, these steps may occur in different orders and
combinations. This description is therefore provided by way of context and general explanation
rather than as a specific, or recommended, design flow for a particular integrated circuit.

[0086] A brief description of the components steps of the ED A software design process (step
2110) will now be provided.

[0087] System design (step 2112): The designers describe the functionality that they want to
implement, they can perform what-if planning to refine functionality, check costs, etc. Hardware-
software architecture partitioning can occur at this stage. Example EDA software products from
Synopsys, Inc. that can be used at this step include Model Architect, Saber, System Studio, and
DesignWare® products.

[0088] Logic design and functional verification (step 2114): At this stage, the VHDL or
Verilog code for modules in the system is written and the design is checked for functional
accuracy. More specifically, the design is checked to ensure that produces the correct outputs in
response to particular input stimuli. Example ED A software products from Synopsys, Inc. that
can be used at this step include VCS, VERA, DesignWare®, Magellan, Formality, ESP and
LEDA products.

[0089] Synthesis and design for test (step 2116): Here, the VHDL/Verilog is translated to a
netlist. The netlist can be optimized for the target technology. Additionally, the design and
implementation of tests to permit checking of the finished chip occurs. Example EDA software
products from Synopsys, Inc. that can be used at this step include Design Compiler®, Physical
Compiler, Test Compiler, Power Compiler, FPGA Compiler, Tetramax, and DesignWare®
products.

[0090] Netlist verification (step 2118): At this step, the netlist is checked for compliance

with timing constraints and for correspondence with the VHDL/Verilog source code. Example
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EDA software products from Synopsys, Inc. that can be used at this step include Formality,
PrimeTime, and VCS products.
[0091] Design planning (step 2120): Here, an overall floor plan for the chip is constructed
and analyzed for timing and top-level routing. Example EDA software products from Synopsys,
Inc. that can be used at this step include Astro and IC Compiler products.
[0092] Physical implementation (step 2122): The placement (positioning of circuit elements)
and routing (connection of the same) occurs at this step. Example EDA software products from
Synopsys, Inc. that can be used at this step include the Astro and IC Compiler products. Aspects
of the invention can be used in this step of the manufacturing flow.
[0093] Analysis and extraction (step 2124): At this step, the circuit function is verified at a
transistor level, this in turn permits what-if refinement. Example EDA software products from
Synopsys, Inc. that can be used at this step include AstroRail, PrimeRail, Primetime, and Star
RC/XT products. Aspects of the invention can be used in this step of the manufacturing flow.
[0094] Physical verification (step 2126): At this step various checking functions are
performed to ensure correctness for: manufacturing, electrical issues, lithographic issues, and
circuitry. Example ED A software products from Synopsys, Inc. that can be used at this step
include the Hercules product. Aspects of the invention can be used in this step of the
manufacturing flow.
[0095] Tape-out (step 2127): This step provides the “tape out” data for production of masks
for lithographic use to produce finished chips. Example EDA software products from Synopsys,
Inc. that can be used at this step include the CATS(R) family of products.
[0096] Resolution enhancement (step 2128): This step involves geometric manipulations of
the layout to improve manufacturability of the design. Example EDA software products from
Synopsys, Inc. that can be used at this step include Proteus, ProteusAF, and PSMGen products.
[0097] Mask data preparation (step 2130): This step provides the “tape-out” data for
production of masks for lithographic use to produce finished chips. Example EDA software
products from Synopsys, Inc. that can be used at this step include the CATS(R) family of
products.
[0098] A typical integrated circuit manufacturing flow also includes a parallel flow, as
follows:

) Develop individual process steps for manufacturing the integrated circuit. This
can be modeled with the Synopsys tools “Sentaurus Process”, “Sentaurus Topography”, and
“Sentaurus Lithography™. The input information here include masks or layout information, and

process conditions like temperature, reactor ambient, implant energy, etc. The output information
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is the final geometry or doping profiles or stress distribution. Aspects of the invention can be
used in this step of the manufacturing flow.

2 Integrate the individual process steps into the complete process flow. This can be
modeled with the Synopsys tool “Sentaurus Process”. The input information here includes the
layout information and the collection of the process steps in the appropriate sequence. The output
includes the geometry, the doping profiles, and the stress distribution for the transistors and the
space in between the transistors. Aspects of the invention can be used in this step of the
manufacturing flow.

3) Analyze performance of the transistor manufactured with this process flow. This
can be done with the Synopsys tool “Sentaurus Device”. The input information here includes the
output of step (2) and the biases applied to transistor terminals. The output information includes
the currents and capacitances for each bias combination. Aspects of the invention can be used in
this step of the manufacturing flow.

@ If necessary, modify the process steps and the process flow to achieve the desired
transistor performance. This can be done iteratively by using the Synopsys tools mentioned
above.

[0099] Once the process flow is ready, it can be used for manufacturing multiple circuit
designs coming from various designers in various companies. The EDA flow 2112-2130 will be
used by such designers. The parallel flow described here is used at a foundry to develop a
process flow that can be used to manufacture designs coming from the designers. A combination
of the process flow and the masks made from step 2130 are used to manufacture any particular
circuit. If the designers are at a different company, e.g. a fabless company, then usually it is the
foundry that performs this parallel process flow whereas the process steps of Fig. 9 are
performed typically by the fabless company. If the integrated circuit is manufactured at an IDM
(integrated device manufacturer) company instead of the combination of a fabless company and
a foundry, then both parallel flows described above are done at the same IDM company.

[00100] There is also a bridge between these tools and the 2112-2130 EDA tools. The bridge
is a Synopsys tool “Seismos”™ that applies compact proximity models for particular circuit design
and layout to obtain netlist with instance parameters for each individual transistor in the circuit
as a function of its neighborhood and stress, including material conversion stress. This netlist is

used in the analysis step 2124.
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Computer Hardware

[00101] Fig. 12 is a simplified block diagram of a computer system 1210 that can be used to
implement software incorporating aspects of the present invention. Computer system 1210
typically includes a processor subsystem 1214 which communicates with a number of peripheral
devices via bus subsystem 1212. These peripheral devices may include a storage subsystem
1224, comprising a memory subsystem 1226 and a file storage subsystem 1228, user interface
input devices 1222, user interface output devices 1220, and a network interface subsystem 1216.
The input and output devices allow user interaction with computer system 1210. Network
interface subsystem 1216 provides an interface to outside networks, including an interface to
communication network 1218, and is coupled via communication network 1218 to
corresponding interface devices in other computer systems. Communication network 1218 may
comprise many interconnected computer systems and communication links. These
communication links may be wireline links, optical links, wireless links, or any other
mechanisms for communication of information, but typically it is an IP-based communication
network. While in one embodiment, communication network 1218 is the Internet, in other
embodiments, communication network 1218 may be any suitable computer network.

[00102] The physical hardware component of network interfaces are sometimes referred to as
network interface cards (NICs), although they need not be in the form of cards: for instance they
could be in the form of integrated circuits (ICs) and connectors fitted directly onto a
motherboard, or in the form of macrocells fabricated on a single integrated circuit chip with other
components of the computer system.

[00103] User interface input devices 1222 may include a keyboard, pointing devices such as a
mouse, trackball, touchpad, or graphics tablet, a scanner, a touch screen incorporated into the
display, audio input devices such as voice recognition systems, microphones, and other types of
input devices. In general, use of the term "input device" is intended to include all possible types
of devices and ways to input information into computer system 1210 or onto computer network
1218.

[00104] User interface output devices 1220 may include a display subsystem, a printer, a fax
machine, or non visual displays such as audio output devices. The display subsystem may
include a cathode ray tube (CRT), a flat panel device such as aliquid crystal display (LCD), a
projection device, or some other mechanism for creating a visible image. The display subsystem
may also provide non visual display such as via audio output devices. In general, use of the term
"output device" is intended to include all possible types of devices and ways to output

information from computer system 1210 to the user or to another machine or computer system.
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[00105]  Storage subsystem 1224 stores the basic programming and data constructs that
provide the functionality of certain embodiments of the present invention. For example, the
various modules implementing the functionality of certain embodiments of the invention may be
stored in storage subsystem 1224. These software modules are generally executed by processor
subsystem 1214,

[00106] Memory subsystem 1226 typically includes a number of memories including a main
random access memory (RAM) 1230 for storage of instructions and data during program
execution and a read only memory (ROM) 1232 in which fixed instructions are stored. File
storage subsystem 1228 provides persistent storage for program and data files, and may include a
hard disk drive, a floppy disk drive along with associated removable media, a CD ROM drive, an
optical drive, or removable media cartridges. The databases and modules implementing the
functionality of certain embodiments of the invention may have been provided on a computer
readable medium such as one or more CD-ROMs, and may be stored by file storage subsystem
1228. The host memory 1226 contains, among other things, computer instructions which, when
executed by the processor subsystem 1214, cause the computer system to operate or perform
functions as described herein. As used herein, processes and software that are said to run in or on
"the host" or "the computer", execute on the processor subsystem 1214 in response to computer
instructions and data in the host memory subsystem 1226 including any other local or remote
storage for such instructions and data.

[00107] Bus subsystem 1212 provides a mechanism for letting the various components and
subsystems of computer system 1210 communicate with each other as intended. Although bus
subsystem 1212 is shown schematically as a single bus, alternative embodiments of the bus
subsystem may use multiple busses.

[00108] Computer system 1210 itself can be of varying types including a personal computer, a
portable computer, a workstation, a computer terminal, a network computer, a television, a
mainframe, a server farm, or any other data processing system or user device. Due to the ever
changing nature of computers and networks, the description of computer system 1210 depicted in
Fig. 12 is intended only as a specific example for purposes of illustrating the preferred
embodiments of the present invention. Many other configurations of computer system 1210 are

possible having more or less components than the computer system depicted in Fig. 12.

Clauses

[00109] The following clauses point out various features of the invention.
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[00110] Clause Al. An integrated circuit structure having a transistor device which
comprises:

a three-dimensional body having longitudinal and transverse dimensions and further
having at least first and second non-coplanar surfaces disposed transversely from one another on
the body;

a semiconductor 2D material layer disposed conformally on the body so as to overlie at
least the first and second surfaces along a particular longitudinal segment of the body; and

source, gate and drain terminals connected to the device, at least one of the source and
drain terminals connected to the semiconductor 2D material layer.

[00111] Clause A2. The structure of clause A1, further comprising a gate conductor
connected to the gate terminal and overlying a channel portion of the semiconductor 2D material
layer.
[00112] Clause A3. The structure of clause A1, comprising a gate conductor connected
to the gate terminal and underlying a channel portion of the semiconductor 2D material layer.
[00113] Clause A4. The structure of clause Al, wherein the body is a dielectric,
wherein the semiconductor 2D material layer includes a channel region disposed
longitudinally between source and drain regions of the semiconductor 2D material layer,

further comprising a gate conductor disposed conformally on the semiconductor 2D
material layer longitudinally so to overlie the channel region and transversely so as to overlie
both the first and second surfaces, the gate conductor separated from the semiconductor 2D
material layer by a gate dielectric layer,

and wherein the source, gate and drain terminals are connected to the source region, the
drain region, and the gate conductor, respectively.

[00114] Clause AS. The structure of clause A4, wherein the gate conductor comprises a
2D material layer.

[00115] Clause A6. The structure of clause A4, wherein the gate dielectric layer
comprises a 2D material layer.

[00116] Clause A7. The structure of clause A4, wherein the gate terminal is offset
transversely from a line joining the source and drain terminals.

[00117] Clause A12. The structure of clause A1, wherein the body comprises a three-
dimensional conductive volume disposed longitudinally between first and second three-
dimensional dielectric volumes of the body,

wherein the 2D semiconductor material layer has a channel region overlying at least part

of the conductive volume and further having source and drain regions overlying respectively the
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first and second dielectric volumes, the channel region being separated from at least the
conductive volume by a gate dielectric layer,
wherein the source and drain terminals are connected to the source and drain regions of
the semiconductor 2D material layer, and the gate terminal is connected to the gate conductor.
[00118] Clause A13. The structure of clause A12, wherein the three-dimensional
conductive volume comprises a metal.
[00119] Clause Al4. The structure of clause A12, wherein the three-dimensional
conductive volume comprises a heavily doped semiconductor.
[00120] Clause A15. The structure of clause A12, wherein the gate dielectric layer
comprises a 2D material layer.
[00121] Clause Al6. The structure of clause A12, wherein the gate terminal is offset
transversely from a line joining the source and drain terminals.
[00122] Clause A22. The structure of clause Al, wherein the body is a dielectric,
wherein the semiconductor 2D material layer includes a channel region disposed
longitudinally between source and drain regions of the semiconductor 2D material layer,
further comprising a gate conductor disposed conformally on the body so to underlie the
channel region and transversely so as to overlie both the first and second surfaces, the gate
conductor separated from the semiconductor 2D material layer by a gate dielectric layer,
and wherein the source, gate and drain terminals are connected to the source region, the
drain region, and the gate conductor, respectively.
[00123] Clause A23. The structure of clause A22, wherein the gate conductor comprises
a 2D material layer.
[00124] Clause A24. The structure of clause A22, wherein the gate dielectric layer
comprises a 2D material layer.
[00125] Clause A25. The structure of clause A22, wherein the gate terminal is offset
transversely from a line joining the source and drain terminals.
[00126] Clause A31. The structure of clause A1, wherein the first and second non-
coplanar surfaces are separated from each other transversely.
[00127] Clause A32. The structure of clause A1, wherein the three-dimensional body
comprises a ridge extending vertically from a substrate, the ridge having first and second
opposite walls and a top,
wherein the first and second non-coplanar surface are disposed on the first and second

walls, respectively.
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[00128] Clause A33. The structure of clause A1, wherein the three-dimensional body
comprises a ridge extending vertically from a substrate, the ridge having first and second
opposite walls and a top,

wherein the first and second non-coplanar surface are disposed on the first wall and the
top, respectively.
[00129] Clause A34. The structure of clause A1, wherein the three-dimensional body
comprises a plurality of transversely adjacent parallel ridges each extending vertically from a
substrate, each of the ridges having two opposite walls and a respective peak between them, and
each transversely adjacent pair of the parallel ridges joined transversely by a respective valley.
[00130] Clause A35. The structure of clause A34, wherein the semiconductor 2D
material overlies all of the walls, peaks and valleys of the plurality of ridges within the particular
longitudinal segment of the body.
[00131] Clause A36. The structure of clause A34, wherein the semiconductor 2D
material overlies all of the walls and valleys of the plurality of ridges, but not any of the peaks of
the plurality of ridges, within the particular longitudinal segment of the body.
[00132] Clause A37. The structure of clause A34, wherein the first and second non-
coplanar surface are disposed on the extreme transversely opposite walls of the plurality of
ridges.
[00133] Clause A40. The structure of clause A1, wherein the three-dimensional body
comprises a ridge extending vertically from a substrate, the ridge having tree-shaped cross-
section.
[00134] Clause A41. The structure of clause A40, wherein the semiconductor 2D
material layer is disposed conformally on all surfaces of the ridge along the particular
longitudinal segment of the body.
[00135] Clause A42. The structure of clause A40, wherein the cross-sectional shape
includes a vertical trunk section and at least one branch extending transversely from the trunk
section.
[00136] Clause A43. The structure of clause A40, wherein the cross-sectional shape
includes a vertical trunk section having a plurality of branches extending transversely from the
trunk section, an upper one of the branches overlying a lower one of the branches and separated
vertically from the lower branch by a recess.
[00137] Clause A44. The structure of clause A43, wherein the upper and lower branches

each have upper, lower and end surfaces,
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and wherein the semiconductor 2D material layer is disposed conformally on the upper
and end surfaces of both the upper and lower branches along the particular longitudinal segment
of the body.
[00138] Clause A45. The structure of clause A43, wherein the upper and lower branches
each have upper, lower and end surfaces, and wherein the trunk section has a top surface,

and wherein the semiconductor 2D material layer is disposed conformally on the top
surface and the upper and end surfaces of both the upper and lower branches along the particular
longitudinal segment of the body.
[00139] Clause ASO0. The structure of clause A40, further having a second transistor
device having a second three-dimensional body which comprises a second ridge extending
vertically from the substrate, the second ridge having a smooth walled cross-section.
[00140] Clause AS1. The structure of clause A50, wherein each of the branches has a
respective upper, lower and end surface,

wherein the semiconductor 2D material layer is disposed conformally on at least the
upper and end surfaces of each of the branches along the particular longitudinal segment of the
body

and wherein the semiconductor 2D material layer is disposed conformally on at least the
walls of the second ridge.
[00141] Clause ASS. The structure of clause A40, wherein the cross-sectional shape of
the three-dimensional body includes a vertical trunk and exactly N>0 branches extending in one
transverse direction from the trunk, the branches superposing one another and each vertically
adjacent pair of the branches separated vertically from each other by a respective recess,

the structure further having a second transistor device having a second three-dimensional
body which comprises a second ridge extending vertically from the substrate, the second ridge
having second tree-shaped cross-section,

the second cross-sectional shape including a second vertical trunk having exactly M>0
second branches extending in one transverse direction from the second trunk, the second
branches superposing one another and each vertically adjacent pair of the second branches
separated vertically from each other by a respective recess,

where M#N.
[00142] Clause A56. The structure of clause A55, wherein the cross-sectional shape of
the second three-dimensional body further has a branch extending from the second trunk in a

direction transversely opposite that of the second branches.
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[00143] Clause A57. The structure of clause A55, wherein each of the branches has a
respective upper, lower and end surface,

and wherein the semiconductor 2D material layer is disposed conformally on at least the
upper and end surfaces of each of the branches along a longitudinal segment of the body.
[00144] Clause AMI. A method of making an integrated circuit structure having a
transistor devic, comprising:

providing a three-dimensional body having longitudinal and transverse dimensions and
further having at least first and second non-coplanar surfaces disposed transversely from one
another on the body;

forming a semiconductor 2D material layer conformally on the body so as to overlie at
least the first and second surfaces along a particular longitudinal segment of the body; and

forming source, gate and drain terminals connected to the device, at least one of the
source, gate and drain terminals being connected to the semiconductor 2D material layer.

This aspect of the invention further includes dependent aspects corresponding to the
dependent aspects mentioned above under Clause Al.

[00145] Clause B1. An integrated circuit transistor device comprising:

a first ridge having longitudinal and transverse dimensions, the first ridge having first and
second opposite sidewalls and a peak;

a semiconductor 2D material layer disposed conformally on the ridge so as to overlie at
least the first and second sidewalls of the first ridge along a particular longitudinal segment of
the ridge; and

source, gate and drain terminals connected to the device, at least one of the source and
drain terminals connected to the semiconductor 2D material layer.

[00146] Clause B2. The structure of clause B1, further comprising a gate conductor
connected to the gate terminal and overlying a channel portion of the semiconductor 2D material
layer.

[00147] Clause B3. The structure of clause B1, comprising a gate conductor connected
to the gate terminal and underlying a channel portion of the semiconductor 2D material layer.
[00148] Clause B4. The structure of clause B1, wherein the ridge comprises a
dielectric material,

wherein the semiconductor 2D material layer includes a channel region disposed

longitudinally between source and drain regions of the semiconductor 2D material layer,
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further comprising a gate conductor disposed conformally on the semiconductor 2D
material layer longitudinally so to overlie the channel region, the gate conductor separated from
the semiconductor 2D material layer by a gate dielectric layer,

and wherein the source, gate and drain terminals are connected to the source region, the
drain region, and the gate conductor, respectively.
[00149] Clause BS. The structure of clause B1, wherein the ridge comprises a
conductive segment of the ridge disposed longitudinally between first and second dielectric
segments of the ridge,

wherein the semiconductor 2D material layer includes a channel region disposed
longitudinally between source and drain regions of the semiconductor 2D material layer, the
channel region overlying at least part of the conductive segment of the ridge and the source and
drain regions overlying respectively the first and second dielectric segments of the ridge, the
channel region being separated from at least the conductive segment of the ridge by a gate
dielectric layer,

wherein the source and drain terminals are connected to the source and drain regions of
the semiconductor 2D material layer, and the gate terminal is connected to the conductive
segment of the ridge.
[00150] Clause B6. The structure of clause B1, wherein the ridge comprises a
dielectric material,

wherein the semiconductor 2D material layer includes a channel region disposed
longitudinally between source and drain regions of the semiconductor 2D material layer,

further comprising a gate conductor disposed conformally on the ridge so to underlie the
channel region, the gate conductor separated from the semiconductor 2D material layer by a gate
dielectric layer,

and wherein the source, gate and drain terminals are connected to the source region, the
drain region, and the gate conductor, respectively.
[00151] Clause BMI. A method of making an integrated circuit transistor device
comprising:

providing a first ridge having longitudinal and transverse dimensions, the first ridge
having first and second opposite sidewalls and a peak;

forming a semiconductor 2D material layer conformally on the ridge so as to overlie at
least the first and second sidewalls of the first ridge along a particular longitudinal segment of

the ridge; and
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forming source, gate and drain terminals connected to the device, at least one of the
source and drain terminals connected to the semiconductor 2D material layer.

This aspect of the invention further includes dependent aspects corresponding to the
dependent aspects mentioned above under Clause B1.

[00152] Clause C1. A wafer comprising:

a first plurality of elongated parallel protrusions on a substrate, each of the protrusions
elongated in a respective longitudinal dimension and further having a respective transverse
dimension, each of the protrusions further having at least first and second non-coplanar surfaces
also elongated in the respective longitudinal dimension and disposed transversely from one
another on the respective protrusion; and

a semiconductor 2D material layer disposed conformally on the protrusions so as to
overlie at least the first and second surfaces of each of the protrusions, at least along respective
longitudinal segments of the respective protrusion.

[00153] Clause C2. The wafer of clause C1, further comprising a dielectric layer
disposed conformally on the protrusions so as to overlie at least part of the semiconductor 2D
material layer.

[00154] Clause C3. The wafer of clause C2, further comprising a gate conductor
disposed conformally on the protrusions so as to overlie at least part of the dielectric layer.
[00155] Clause C4. The wafer of clause C3, wherein the gate conductor comprises a
conductive 2D material.

[00156] Clause C5. The wafer of clause C1, further comprising:

a dielectric layer disposed conformally on the protrusions so as to underlie at least part of
the semiconductor 2D material layer; and

a 2D gate conductor layer disposed conformally on the protrusions so as to underlie at
least part of the dielectric layer.

[00157] Clause C6. The wafer of clause C1, wherein one of the protrusion comprises a
ridge extending vertically from a substrate, the ridge having tree-shaped cross-section.

[00158] Clause CMI. A method of forming a wafer for the fabrication of integrated
circuits, comprising:

providing on a substrate a first plurality of elongated parallel protrusions, each of the
protrusions elongated in a respective longitudinal dimension and further having a respective
transverse dimension, each of the protrusions further having at least first and second non-
coplanar surfaces also elongated in the respective longitudinal dimension and disposed

transversely from one another on the respective protrusion; and
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forming a semiconductor 2D material layer conformally on the protrusions so as to
overlie at least the first and second surfaces of each of the protrusions, at least along respective
longitudinal segments of the respective protrusion.

This aspect of the invention further includes dependent aspects corresponding to the
dependent aspects mentioned above under Clause Cl1.

[00159] Clause DI. A wafer comprising:

a first plurality of elongated parallel protrusions on a substrate, each of the protrusions
elongated in a respective longitudinal dimension and further having a respective transverse
dimension, each of the protrusions further having at least first and second non-coplanar surfaces
also elongated in the respective longitudinal dimension and disposed transversely from one
another on the respective protrusion,

wherein the first and second non-coplanar surfaces of each of the protrusions comprise
longitudinally alternating conductive and dielectric segments.

[00160] Clause D2. The wafer of clause D1, wherein all surfaces of each of the
protrusions comprise longitudinally alternating conductive and dielectric segments.

[00161] Clause D3. The wafer of clause D1, wherein each of the protrusions comprises
longitudinally alternating conductive and dielectric volumes.

[00162] Clause D4. The wafer of clause D1, further comprising a dielectric layer
disposed conformally on the protrusions so as to overlie at least the first and second surfaces of
each of the protrusions, at least along respective longitudinal segments overlying the conductive
segments of the protrusions.

[00163] Clause D5. The wafer of clause D4, further comprising a semiconductor 2D
material layer disposed conformally on the protrusions so as to overlie at least the first and
second surfaces of each of the protrusions, at least along respective longitudinal segments of the
respective protrusion, the dielectric layer separating the semiconductor 2D material layer from at
least the conductive segments of the protrusions.

[00164] Clause D6. The wafer of clause D3, further comprising:

a dielectric layer disposed conformally on the protrusions so as to overlie each of the
protrusions; and

a semiconductor 2D material layer disposed conformally on the protrusions so as to
overlie the dielectric layer.

[00165] Clause D7. The wafer of clause D1, wherein one of the protrusion comprises a

ridge extending vertically from a substrate, the ridge having tree-shaped cross-section.
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[00166] Clause DMI1. A method for making a wafer for the fabrication of integrated
circuits, comprising:

providing a substrate; and

forming on the substrate a first plurality of elongated parallel protrusions, each of the
protrusions elongated in a respective longitudinal dimension and further having a respective
transverse dimension, each of the protrusions further having at least first and second non-
coplanar surfaces also elongated in the respective longitudinal dimension and disposed
transversely from one another on the respective protrusion,

wherein the first and second non-coplanar surfaces of each of the protrusions comprise
longitudinally alternating conductive and dielectric segments.

This aspect of the invention further includes dependent aspects corresponding to the
dependent aspects mentioned above under Clause D1.

[00167] Clause E1. A plurality of FinFETs formed on parallel fins sharing a substrate,

the fins having a pitch that is no greater than 18.4nm.

[00168] Clause E2. The plurality of FInFETs of clause E1, wherein the fins have a

pitch that is no greater than 17.2nm.

[00169] Clause E3. The plurality of FInFETs of clause E1, wherein the fins have a

pitch that is no greater than 14.4nm.

[00170] Clause EM1. A method of making an integrated circuit device, comprising:
providing a plurality of parallel ridges on a substrate, the ridges having a pitch that is no

greater than 18.4nm; and

processing the substrate to form transistors in the ridges.

[00171] Clause EM2. The method of clause EM1, wherein the ridges have a pitch that is
no greater than 17.2nm.

[00172] Clause EM3. The method of clause EM1, wherein the ridges have a pitch that is
no greater than 17.2nm.

[00173] Clause F1. An article of manufacture comprising:

a machine readable data storage medium storing in a non-transitory manner a plurality of
software code portions defining logic for selecting a design entry for an integrated circuit from a
library including a plurality of design entries, entries in the library including specifications of
particular cells in a computer readable description language, at least one entry in the library
comprising:

a specification for use with a an intermediate product having a first plurality of elongated

parallel protrusions on a substrate, each of the protrusions elongated in a respective longitudinal
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dimension and further having a respective transverse dimension, each of the protrusions further
having at least first and second non-coplanar surfaces disposed transversely from one another on
the protrusion, the intermediate product further having a semiconductor 2D material layer
disposed conformally on the protrusions so as to overlie at least the first and second surfaces of
each of the protrusions, at least along respective longitudinal segments of the respective
protrusion,

wherein the specification defines longitudinal regions along at least one of the protrusions
at which at least the semiconductor 2D material layer is to be removed, and positions for
formation of source, gate and drain terminals.

[00174] Clause G1. An article of manufacture comprising:

a machine readable data storage medium storing in a non-transitory manner a plurality of
software code portions defining logic for selecting a design entry for an integrated circuit from a
library including a plurality of design entries, entries in the library including specifications of
particular cells in a computer readable description language, at least one entry in the library
comprising:

a specification for a macrocell which includes a longitudinal segment of semiconductor
material, and a gate conductor crossing the segment of semiconductor material transversely,

the specification terminating the segment of semiconductor material at a first longitudinal
end without a dummy gate conductor at the first longitudinal end.

[00175] Clause G2. The article of clause G1, wherein the specification further
terminates the segment of semiconductor material at a second end longitudinally opposite the
first longitudinal end without a dummy gate conductor at the second longitudinal end.

ks ok ook sk
[00176]  As used herein, the "identification" of an item of information does not necessarily
require the direct specification of that item of information. Information can be "identified" in a
field by simply referring to the actual information through one or more layers of indirection, or
by identifying one or more items of different information which are together sufficient to
determine the actual item of information. In addition, the term "indicate" is used herein to mean
the same as "identify".
[00177] 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
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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.

[00178] 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.
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CLAIMS

1. An integrated circuit structure having a transistor device which comprises:

a three-dimensional body having longitudinal and transverse dimensions and further
having at least first and second non-coplanar surfaces disposed transversely from one another on
the body;

a semiconductor 2D material layer disposed conformally on the body so as to overlie at
least the first and second surfaces along a particular longitudinal segment of the body; and

source, gate and drain terminals connected to the device, at least one of the source and
drain terminals connected to the semiconductor 2D material layer.

2. The structure of claim 1, further comprising a gate conductor connected to the
gate terminal and overlying a channel portion of the semiconductor 2D material layer.

3. The structure of claim 1, comprising a gate conductor connected to the gate
terminal and underlying a channel portion of the semiconductor 2D material layer.

4. The structure of claim 1, wherein the body is a dielectric,

wherein the semiconductor 2D material layer includes a channel region disposed
longitudinally between source and drain regions of the semiconductor 2D material layer,

further comprising a gate conductor disposed conformally on the semiconductor 2D
material layer longitudinally so to overlie the channel region and transversely so as to overlie
both the first and second surfaces, the gate conductor separated from the semiconductor 2D
material layer by a gate dielectric layer,

and wherein the source, gate and drain terminals are connected to the source region, the

drain region, and the gate conductor, respectively.

5. The structure of claim 4, wherein the gate conductor comprises a 2D material
layer.

6. The structure of claim 4, wherein the gate dielectric layer comprises a 2D material
layer.

7. The structure of claim 4, wherein the gate terminal is offset transversely from a

line joining the source and drain terminals.

8. The structure of claim 1, wherein the body comprises a three-dimensional
conductive volume disposed longitudinally between first and second three-dimensional dielectric
volumes of the body,

wherein the 2D semiconductor material layer has a channel region overlying at least part

of the conductive volume and further having source and drain regions overlying respectively the
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first and second dielectric volumes, the channel region being separated from at least the
conductive volume by a gate dielectric layer,

wherein the source and drain terminals are connected to the source and drain regions of
the semiconductor 2D material layer, and the gate terminal is connected to the gate conductor.

9. The structure of claim 8, wherein the three-dimensional conductive volume
comprises a metal.

10. The structure of claim 8, wherein the three-dimensional conductive volume
comprises a heavily doped semiconductor.

11. The structure of claim 8, wherein the gate dielectric layer comprises a 2D material
layer.

12. The structure of claim 8, wherein the gate terminal is offset transversely from a
line joining the source and drain terminals.

13. The structure of claim 1, wherein the body is a dielectric,

wherein the semiconductor 2D material layer includes a channel region disposed
longitudinally between source and drain regions of the semiconductor 2D material layer,

further comprising a gate conductor disposed conformally on the body so to underlie the
channel region and transversely so as to overlie both the first and second surfaces, the gate
conductor separated from the semiconductor 2D material layer by a gate dielectric layer,

and wherein the source, gate and drain terminals are connected to the source region, the
drain region, and the gate conductor, respectively.

14. The structure of claim 13, wherein the gate conductor comprises a 2D material
layer.

15. The structure of claim 13, wherein the gate dielectric layer comprises a 2D
material layer.

16. The structure of claim 13, wherein the gate terminal is offset transversely from a
line joining the source and drain terminals.

17. The structure of claim 1, wherein the first and second non-coplanar surfaces are
separated from each other transversely.

18. The structure of claim 1, wherein the three-dimensional body comprises a ridge
extending vertically from a substrate, the ridge having first and second opposite walls and a top,

wherein the first and second non-coplanar surface are disposed on the first and second
walls, respectively.

19. The structure of claim 1, wherein the three-dimensional body comprises a ridge

extending vertically from a substrate, the ridge having first and second opposite walls and a top,
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wherein the first and second non-coplanar surface are disposed on the first wall and the
top, respectively.

20. The structure of claim 1, wherein the three-dimensional body comprises a
plurality of transversely adjacent parallel ridges each extending vertically from a substrate, each
of the ridges having two opposite walls and a respective peak between them, and each
transversely adjacent pair of the parallel ridges joined transversely by a respective valley.

21. The structure of claim 20, wherein the semiconductor 2D material overlies all of
the walls, peaks and valleys of the plurality of ridges within the particular longitudinal segment
of the body.

22. The structure of claim 20, wherein the semiconductor 2D material overlies all of
the walls and valleys of the plurality of ridges, but not any of the peaks of the plurality of ridges,
within the particular longitudinal segment of the body.

23. The structure of claim 20, wherein the first and second non-coplanar surface are
disposed on the extreme transversely opposite walls of the plurality of ridges.

24, The structure of claim 1, wherein the three-dimensional body comprises a ridge
extending vertically from a substrate, the ridge having tree-shaped cross-section.

25. The structure of claim 24, wherein the semiconductor 2D material layer is
disposed conformally on all surfaces of the ridge along the particular longitudinal segment of the
body.

26. The structure of claim 24, wherein the cross-sectional shape includes a vertical
trunk section and at least one branch extending transversely from the trunk section.

27. The structure of claim 24, wherein the cross-sectional shape includes a vertical
trunk section having a plurality of branches extending transversely from the trunk section, an
upper one of the branches overlying a lower one of the branches and separated vertically from
the lower branch by a recess.

28. The structure of claim 27, wherein the upper and lower branches each have upper,
lower and end surfaces,

and wherein the semiconductor 2D material layer is disposed conformally on the upper
and end surfaces of both the upper and lower branches along the particular longitudinal segment
of the body.

29. The structure of claim 27, wherein the upper and lower branches each have upper,

lower and end surfaces, and wherein the trunk section has a top surface,
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and wherein the semiconductor 2D material layer is disposed conformally on the top
surface and the upper and end surfaces of both the upper and lower branches along the particular
longitudinal segment of the body.

30. The structure of claim 24, further having a second transistor device having a
second three-dimensional body which comprises a second ridge extending vertically from the
substrate, the second ridge having a smooth walled cross-section.

31. The structure of claim 30, wherein each of the branches has a respective upper,
lower and end surface,

wherein the semiconductor 2D material layer is disposed conformally on at least the
upper and end surfaces of each of the branches along the particular longitudinal segment of the
body

and wherein the semiconductor 2D material layer is disposed conformally on at least the
walls of the second ridge.

32. The structure of claim 24, wherein the cross-sectional shape of the three-
dimensional body includes a vertical trunk and exactly N>0 branches extending in one transverse
direction from the trunk, the branches superposing one another and each vertically adjacent pair
of the branches separated vertically from each other by a respective recess,

the structure further having a second transistor device having a second three-dimensional
body which comprises a second ridge extending vertically from the substrate, the second ridge
having second tree-shaped cross-section,

the second cross-sectional shape including a second vertical trunk having exactly M>0
second branches extending in one transverse direction from the second trunk, the second
branches superposing one another and each vertically adjacent pair of the second branches
separated vertically from each other by a respective recess,

where M#N.,

33. The structure of claim 32, wherein the cross-sectional shape of the second three-
dimensional body further has a branch extending from the second trunk in a direction
transversely opposite that of the second branches.

34, The structure of claim 32, wherein each of the branches has a respective upper,
lower and end surface,

and wherein the semiconductor 2D material layer is disposed conformally on at least the
upper and end surfaces of each of the branches along a longitudinal segment of the body.

35. A method of making an integrated circuit structure having a transistor devic,

comprising:
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providing a three-dimensional body having longitudinal and transverse dimensions and
further having at least first and second non-coplanar surfaces disposed transversely from one
another on the body;

forming a semiconductor 2D material layer conformally on the body so as to overlie at
least the first and second surfaces along a particular longitudinal segment of the body; and

forming source, gate and drain terminals connected to the device, at least one of the
source, gate and drain terminals being connected to the semiconductor 2D material layer.

36. An integrated circuit transistor device comprising:

a first ridge having longitudinal and transverse dimensions, the first ridge having first and
second opposite sidewalls and a peak;

a semiconductor 2D material layer disposed conformally on the ridge so as to overlie at
least the first and second sidewalls of the first ridge along a particular longitudinal segment of
the ridge; and

source, gate and drain terminals connected to the device, at least one of the source and
drain terminals connected to the semiconductor 2D material layer.

37. A method of making an integrated circuit transistor device comprising:

providing a first ridge having longitudinal and transverse dimensions, the first ridge
having first and second opposite sidewalls and a peak;

forming a semiconductor 2D material layer conformally on the ridge so as to overlie at
least the first and second sidewalls of the first ridge along a particular longitudinal segment of
the ridge; and

forming source, gate and drain terminals connected to the device, at least one of the
source and drain terminals connected to the semiconductor 2D material layer.

38. A wafer comprising:

a first plurality of elongated parallel protrusions on a substrate, each of the protrusions
elongated in a respective longitudinal dimension and further having a respective transverse
dimension, each of the protrusions further having at least first and second non-coplanar surfaces
also elongated in the respective longitudinal dimension and disposed transversely from one
another on the respective protrusion; and

a semiconductor 2D material layer disposed conformally on the protrusions so as to
overlie at least the first and second surfaces of each of the protrusions, at least along respective
longitudinal segments of the respective protrusion.

39. A method of forming a wafer for the fabrication of integrated circuits,

comprising:

41



10

15

20

25

30

WO 2016/200971 PCT/US2016/036482

providing on a substrate a first plurality of elongated parallel protrusions, each of the
protrusions elongated in a respective longitudinal dimension and further having a respective
transverse dimension, each of the protrusions further having at least first and second non-
coplanar surfaces also elongated in the respective longitudinal dimension and disposed
transversely from one another on the respective protrusion; and

forming a semiconductor 2D material layer conformally on the protrusions so as to
overlie at least the first and second surfaces of each of the protrusions, at least along respective
longitudinal segments of the respective protrusion.

40. A wafer comprising:

a first plurality of elongated parallel protrusions on a substrate, each of the protrusions
elongated in a respective longitudinal dimension and further having a respective transverse
dimension, each of the protrusions further having at least first and second non-coplanar surfaces
also elongated in the respective longitudinal dimension and disposed transversely from one
another on the respective protrusion,

wherein the first and second non-coplanar surfaces of each of the protrusions comprise
longitudinally alternating conductive and dielectric segments.

41. A method for making a wafer for the fabrication of integrated circuits,
comprising:

providing a substrate; and

forming on the substrate a first plurality of elongated parallel protrusions, each of the
protrusions elongated in a respective longitudinal dimension and further having a respective
transverse dimension, each of the protrusions further having at least first and second non-
coplanar surfaces also elongated in the respective longitudinal dimension and disposed
transversely from one another on the respective protrusion,

wherein the first and second non-coplanar surfaces of each of the protrusions comprise
longitudinally alternating conductive and dielectric segments.

42, A plurality of FinFETs formed on parallel fins sharing a substrate, the fins having
a pitch that is no greater than 18.4nm.

43, A method of making an integrated circuit device, comprising:

providing a plurality of parallel ridges on a substrate, the ridges having a pitch that is no
greater than 18.4nm; and

processing the substrate to form transistors in the ridges.

44, An article of manufacture comprising:
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a machine readable data storage medium storing in a non-transitory manner a plurality of
software code portions defining logic for selecting a design entry for an integrated circuit from a
library including a plurality of design entries, entries in the library including specifications of
particular cells in a computer readable description language, at least one entry in the library
comprising:

a specification for use with a an intermediate product having a first plurality of elongated
parallel protrusions on a substrate, each of the protrusions elongated in a respective longitudinal
dimension and further having a respective transverse dimension, each of the protrusions further
having at least first and second non-coplanar surfaces disposed transversely from one another on
the protrusion, the intermediate product further having a semiconductor 2D material layer
disposed conformally on the protrusions so as to overlie at least the first and second surfaces of
each of the protrusions, at least along respective longitudinal segments of the respective
protrusion,

wherein the specification defines longitudinal regions along at least one of the
protrusions at which at least the semiconductor 2D material layer is to be removed, and positions
for formation of source, gate and drain terminals.

45, An article of manufacture comprising:

a machine readable data storage medium storing in a non-transitory manner a plurality of
software code portions defining logic for selecting a design entry for an integrated circuit from a
library including a plurality of design entries, entries in the library including specifications of
particular cells in a computer readable description language, at least one entry in the library
comprising:

a specification for a macrocell which includes a longitudinal segment of semiconductor
material, and a gate conductor crossing the segment of semiconductor material transversely,

the specification terminating the segment of semiconductor material at a first longitudinal

end without a dummy gate conductor at the first longitudinal end.
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