wo 2010/087884 A1 | I 0K 0 OO OO

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

s TN
1 1d Intellectual P t t k) sy
(19) World Intellectual Property Organization /g5 I MIEVAN A1 0000100 YO0 O O 0
International Bureau S,/ )
3 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
5 August 2010 (05.08.2010) PCT WO 2010/087884 Al

(51) International Patent Classification: Pleasanton, CA 94588 (US). LIN, Xi-Wei [US/US];

HO1L 27/02 (2006.01) HO11 21/266 (2006.01) 39874 San Moreno Court, Fremont, CA 94539 (US).
HOIL 29710 (2006.01) GO6E 17/50 (2006.01) (74) Agents: WOLFELD, Warren, S. ct al.; Haynes Beffel &
(21) International Application Number: Wolfeld LLP, P.O. Box 366, Half Moon Bay, CA 94019

PCT/US2009/062635 (US).
(22) International Filing Date: (81) Designated States (unless otherwise indicated, for every
29 October 2009 (29.10.2009) kind of national protection available): AE, AG, AL, AM,
25) Filing L . Euelish AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(25) Filing Language: nglis CA. CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(26) Publication Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
o HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(30) Priority Data: KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
61/206,083 27 January 2009 (27.01.2009) Us ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI
12/390,338 20 February 2009 (20.02.2009) us NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(71) Applicant (for all designated States except US): SYNOP- SE, 8G, SK, SL, SM, ST, SV, 8Y, TJ, TM, N, TR, TT,
SYS, INC. [US/US]; 700 E. Middlefield Road, Mountain TZ,UA, UG, US, UZ, VC, VN, ZA, ZM, ZW .

View, CA 94043 (US). (84) Designated States (unless otherwise indicated, for every
(72) Inventors; and kind of regional protection available): ARIPO (BW, GH,
(75) Inventors/Applicants (for US only): MOROZ, Victor GM, KE, LS, MW, MZ, NA, 8D, SL, 82, TZ, UG, ZM,

[US/US]; 17035 Bohlman Road, Saratoga, CA 95070
(US). CHOIL, Munkang [CN/US]; 4209 Sheldon Circle,

ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

[Continued on next page]

(54) Title: BOOSTING TRANSISTOR PERFORMANCE WITH NON-RECTANGULAR CHANNELS

(57) Abstract: Roughly described, the invention in-
cludes layouts and masks for an integrated circuit, in
which the diffusion shape for a transistor includes a

810 824A b 814 _—828A transversely extending jog on one or both transversely
BOA~ Bl [ A N . opposite sides, the jog having inner and outer corners,
d 848A 5 | T —852A  at least one of which is located relative to the gate con-
2 b 848 850A D = ductor longitudinally such that during lithographic
B 4508 / | g508 pri.nting of the difﬁlsion shape onto the integrated cir-
] % s cuit, the corner will round and extend at least partly
------------- S.ELER. RS into the channel region. The invention also includes as-
8248 — 8268 pects for a system and method for introducing such
N jogs, and for an integrated circuit device having a non-
858A gsga  rectangular channel region, the channel region being
wider where it meets the source region than at some
8124 - AN B = s o lomotedina] sosition wdor the
O G58h 8 other longitu position under the gate.
83
83 == D
b S o | 28 | |58
8548 8568 éi 836
846,_,\ .......................................... .,.//BSBB
L834B

BB




WO 2010/087884 A1 I W00 0 )00 N0 0N A

MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM, Published:
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

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

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(i1))



WO 2010/087884 1 PCT/US2009/062635

BOOSTING TRANSISTOR PERFORMANCE
WITH NON-RECTANGULAR CHANNELS

BACKGROUND

[0001] As semiconductor fabrication processes continue to shrink, the evolving
lithography equipment, the optical proximity correction methods, and the increasingly restrictive
design rules are usually doing a good job at maintaining the desired transistor shapes and
especially sizes. However,)the ongoing layout scaling combined with undesirable effects such as
line edge roughness is bringing several increasingly disturbing issues related to variability of
transistor performance for technology nodes below 45nm.

[0002] In particular, edges in the active layer are becoming increasingly curvilinear
whenever several transistors with different channel widths are placed next to each othet, and
with gate lengths pushing under 30nm and channel widths pushing under 100nm, line edge
roughness no longer averages out across the channel. Instead, it contributes to the active layer
cutrvatures on top of optical proximity and etch bias effects.

[0003] Fig. 1A illustrates a typical integrated circuit layout portion in which three
transistors having different channel widths share a common diffusion layout shape 110. The
three transistors are identifiable by the polysilicon gate shapes 112, 114 and 116 representing
transistors T112, T114 and T116, respectively. From left-to-right in the drawing, transistor T112
has the largest width, T114 is narrower, and T116 is narrowest. In order to define the channel
widths, one longitudinal side of the diffusion layout shape 110 (the upper side 118 in the
drawing) jogs inward (downward in the drawing) at longitudinal position 120 just to the left of
gate shape 112, and again at longitudinal position 122 just to the left of gate shape 116. The
other longitudinal side of the diffusion layout shape 110 (the lower side 124 in the drawing) jogs
inward (upward in the drawing) at longitudinal position 126 just to the left of gate shape 114.
Jogs are often made at longitudinal positions close to the narrower transistor channel so as to
maximize the current flow through the wider transistor channel. In the diffusion layout shape
110, the jogs 120, 122 and 126 result in inner corners 128, 130 and 132, respectively, located at
longitudinal positions which are close to gate shapes.

[0004] Fig. 2 illustrates features on an integrated circuit as might be printed using state-
of-the-art 193nm steppers, and a mask set generated using the shapes in Fig. 1A. It can be seen
that all the rectangular corners in the layout shapes have been rounded due to diffraction effects.

The three circles that have been drawn on the diagram of Fig. 2 illustrate that the rounding radius
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for the active/diffusion layer is of the order of 60nm. This radius cannot be reduced significantly
by optical proximity correction (OPC) techniques. In addition, it can be seen that due to the tight
poly pitch, rounded corners 128, 130 and 132 extend into the transistor channels and distort the
intended rectangular channel shape.

[0005] The fundamental reasons behind the rounded corners are the need to have
transistors with different channel widths that can be achieved by jogs in active/diffusion layer
and the inability of 193nm lithography to squeeze such jogs in between the two poly gates. This
problem is expected to get worse as poly-to-poly distance shrinks by 0.7x with each technology
node. Typical poly-to-poly distances are expected to be 95nm for 32nm node and 65nm at 22nm
node. Both distances are smaller than two corner rounding radii, which guarantees that channel
shapes will be non-rectangular as transistor fabrication processes shrink to these nodes. Prior to
now it was not clear how such channel shapes will affect transistor performance parameters, and

hence circuit performance and reliability.

SUMMARY

[0006] Roughly described, the invention includes layouts and masks for an integrated
circuit, in which the diffusion shape for a transistor includes a transversely extending jog on one
or both transversely opposite sides, the jog having inner and outer corners, at least one of which
is located relative to the gate conductor longitudinally such that during lithographic printing of
the diffusion shape onto the integrated circuit, the corner will round and extend at least partly
into the channel region. The invention also includes aspects for a system and method for
introducing such jogs, and for an integrated circuit device having a non-rectangular channel
region, the channel region being wider where it meets the source region than at some other
longitudinal position under the gate.

[0007] The above summary 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Fig. 1A illustrates a plan view of a layout region of a circuit design.

[0009] Fig. 1B illustrates a cross-sectional view of a portion of an integrated circuit
resulting from the layout region of Fig. 1A, taken at sight-line A-A' as shown in Fig. 1A.

[0010] Fig. 2 illustrates a plan view of a portion of an integrated circuit resulting from
the layout region of Fig. 1A.

[0011] Fig. 3 shows a simplified representation of an illustrative digital integrated circuit

design flow incorporating aspects of the invention.

[0012] Fig. 4 is a flow chart illustrating aspects of the design flow pertinent to some of
the embodiments discussed herein.

[0013] Fig. 5 is a flow chart detail of the step in Fig. 4 for laying out the circuit.

[0014] Fig. 5A is a flow chart of a design process for laying out a library cell.

[0015] Figs. 6A, 7A, 8A and 9A illustrate portions of respective integrated circuit

layouts, as represented in a layout file.
[0016] Figs. 6B, 7B, 8B and 9B illustrate portions of integrated circuit layouts
corresponding to Figs. 6A, 7A, 8A and 9A, respectively, after modification according to aspects

of the invention, as represented in a layout file or in a lithographic mask set.

[0017] Figs. 6C, 7C, 8C and 9C illustrate portions of integrated circuit devices fabricated
using the layout portions of Figs. 6B, 7B, 8B and 9B, respectively.

[0018] Fig. 8D is a circuit symbol for the circuit laid out in Figs. 8A and 8B.

[0019] Fig. 8E is a transistor level circuit diagram of the circuit laid out in Figs. 8A and
8B.

[0020] Figs. 10A, 11A and 12A illustrate portions of integrated circuit layout

corresponding to Fig. 6A, after modification according to aspects of the invention, as represented

in a layout file or in a lithographic mask set.

[0021] Figs. 10B, 11B and 12B illustrate portions of integrated circuit devices fabricated

using the layout portions of Figs. 10A, 11A and 12A, respectively.
[0022] Fig. 13 is a flow chart detail of the step in Fig. 4 for making layout revisions to

improve Ioff current.

[0023] Fig. 14 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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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.

Definitions

[0025] In order to best describe an embodiment of the invention, reference will be made
to the illustrative layout portion as shown in Fig. 1A. Fig. 1A illustrates a plan view of the layout
region, and Fig. 1B illustrates a cross-sectional schematic of the resulting integrated circuit
portion taken at sight-line A-A'as shown in Fig. 1A. Figs. 1A and 1B are sometimes referred to
herein collectively as Fig. 1. As previously pointed out, the layout region of Fig. 1 includes three
transistors T112, T114 and T116. Referring to transistor T112 as an example, it comprises a first
diffusion region 140 to the left of gate conductor 112 as shown in the drawing, and a second
diffusion region 142 to the right of the gate conductor 112 as shown in the drawing. One of the
diffusion regions 140 and 142 is the source of transistor T112 and the other is the drain, but the
source/drain choice is not made until the transistor T112 is connected in a circuit by
interconnects (not shown) on the integrated circuit. Below the gate conductor 112 is the channel
144 of transistor T112. Similarly, transistor T114 includes two diffusion regions 142 and 146
separated by channel 148 below the gate conductor 114, and transistor T116 includes diffusion
regions 146 and 150 separated by a channel 152 below the gate conductor 116. It can be seen
that transistors T112 and T114 share a common diffusion region 142. Similarly, transistors T114
and T116 share a common diffusion region 146.

[0026] On longitudinally opposite ends of the diffusion layout shape 120 there are
formed respective STI (shallow trench isolation) regions 154 and 156, containing oxide, in order
to isolate the transistors from other nearby circuit elements. The STI regions 154 and 156 are
representative of STI surrounding the entire diffusion 110 laterally. In other embodiments the

regions outside the diffusion 110 might be another dielectric material, other than oxides.
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[0027] As used herein, the term "region" represents a two-dimensional area in a plan
view of the layout. The term, as used herein, does not necessarily imply a physical boundary.
That is, one "region" can contain multiple "sub-regions", which themselves are considered herein
to be "regions" as well. Thus it is reasonable to refer to a fegion within a diffusion region, even
one that has not been defined physically in any way. The current path diffusion "regions" 140,
142, 146 and 150 in Fig. 1A, for example, are themselves "sub-regions" of diffusion region 110.
[0028] If the transistors T112, T114 and T116 are N-channel transistors, then all of the
diffusion regions 140, 142, 146 and 150 have n-type doping, typically n+. The volumes below
these diffusion regions (including the gate regions) have p-type doping. On the other hand, if the
transistors T112, T114 and T116 are P-channel transistors, then all of the diffusion regions 140,
142, 146 and 150 have p-type doping, typically p+. The volumes below these diffusion regions
(including the gate regions) have n-type doping. As used herein, 'p' and 'n' are doping "types". As
used herein, p+ doping and n+ doping are still referred to as having 'p' and 'n’ doping "types",
respectively, albeit with greater doping densities. The two doping types 'p' and 'n' are considered
herein to be "opposite" doping types.

[0029] In modern integrated circuit fabrication processes, the various components of a
transistor are formed using a self-aligned technique. In this technique, the volume underlying the
transistor (including the channel region) is doped first. This may be accomplished by doping the
entire wafer (such as by providing a p-type starting substrate), or by implanting a well of the
desired doping type (such as by implanting an n-well in portions of a p-type wafer that will
contain p-channel transistors). In a second step, the active regions are defined using a diffusion
mask having shapes such as 110. Areas outside these shapes are etched and filled with STI
oxide, and then the areas inside the shapes are doped as required for the transistor channels they
will contain. Next, the gate conductors (as well as other parts of the gate stack) are formed on the
surface of the wafer. One or more lithographic masks are used to expose the wafer with shapes to
define the gate conductors. Next, the diffusion regions are exposed to ion implantation to dope
the source and drain sub-regions of the diffusion shapes. Since ions do not implant through the
previously formed gate stacks, the areas below the gate stack do not receive the implanted ions.
These areas thereby become channel regions self-aligned with the gate conductors as shown in
Fig. 1B. Because of this sequence of process steps, no mask is ever created that has shapes
corresponding to the individual diffusion sub-regions 140, 142, 146 and 150. Instead, the mask
for forming these regions has a single shape 110, referred to herein as a "diffusion shape", which
includes the geometric union of diffusion regions 140, 142, 146 and 150, and channel regions

144, 148 and 152.
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[0030] The source and drain of a transistor are considered herein to be its "current path
terminals", and gate is considered its "control terminal”. As used herein, the source terminal of a
transistor is defined as the current path terminal from which charge carriers originate when the
transistor is conducting, and the drain is defined as the current path terminal into which charge
carriers flow. For a p-channel transistor, the charge carriers are holes (positively charged
carriers). Therefore the source of a p-channel transistor is the current path terminal that is at the
higher voltage when the transistor is conducting, and the drain is at the lower voltage. For an n-
channel transistor, the charge carriers are electrons (negatively charged particles). Therefore the
drain of an n-channel transistor is at the higher voltage when the transistor is conducting, and the
source is at the lower voltage. Since the source and drain of a transistor are both implemented as
diffusions of the same doping type, reference may be necessary to the interconnect layers and the
circuit that has been implemented, in order to determine which current path terminal is the
source and which is the drain. Contrarily, one may define which current path terminal is the
source and which is the drain, by applying the interconnects as appropriate for the desired
choice.

[0031] Referring again to Fig. 1, as used herein, the "longitudinal” direction of a
transistor is the direction of current flow from one current path terminal to the other when the
transistor is turned on. The "transverse" direction is perpendicular to the longitudinal direction,
and perpendicular to the direction of current flow. Both the longitudinal and transverse directions
of the transistor are considered to be "lateral" directions, meaning a direction that is parallel to
the surface. Other "lateral" directions include those (not shown) which are parallel to the surface
but intersect both the transverse and longitudinal directions at angles. The "vertical" direction is
normal to the surface of the channel and therefore perpendicular to all possible lateral directions.
The "length" of a structure in the layout is its length in the longitudinal direction, and its "width"
is its width in the transverse direction. Both "length" and "width" of a region are considered
herein to be measured on the top surface of the region. It can be seen from the layout of
transistors T112, T114 and T116 that the length of their channels are significantly shorter than
their widths, which is typical for the transistors that are used in logic circuits. Also shown in Fig.
1 are the X, Y, and Z coordinate axes. In the layout of Fig. 1, the X direction is the same as the
longitudinal direction, the Y direction is the same as the transverse direction, and the Z direction
is perpendicular to both the longitudinal and transverse directions, representing a depth into the

integrated circuit chip.
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Consequences of Non-Rectangular Active Layer Shapes

[0032] Computer simulations of transistors having channel shapes approximating those
with rounded inner corners can be used to study the consequences on transistor performance
parameters of non-rectangular channel regions. A diffusion shape is chosen which transitions
from a wider diffusion region to a narrower diffusion region, such as each of the transistors in
Fig. 2. It is found that Vtsat (the saturation threshold voltage, measured at high drain bias)
exhibits a significant difference depending on which diffusion region is connected as the source
and which the drain. Specifically, Vtsat is higher if the narrower region is the drain, and lower if
the wider region is the drain. This asymmetry is not found for Vtlin (the linear transistor
threshold voltage, measured at low drain bias), which appears to be independent of the
source/drain choice.

[0033] The asymmetry in Vtsat threshold behavior translates into a corresponding
asymmetry in current response. Ion current (the drain current at high drain and gate biases) for a
transistor with the narrower region assigned as the drain is only slightly higher than for a
transistor with the wider region assigned as the drain, but the difference in Ioff currents (the
drain current at high drain bias and zero gate bias) is much more striking. Ioff for a transistor
with the narrower region assigned as the drain and rounded corners extending into the channel
can be as low as 1/3 of the Ioff for a transistor with a rectangular channel shape, depending on
factors such as the fraction of the rounded corner that underlies the gate. It can be as low as 1/9
of the Toff for a transistor with rounded corners extending into the channel from a drain which is
assigned to the wider region. A lower Ioff current implies lower leakage current, and therefore
better power savings for low power circuits.

[0034] Integrated circuits whose layouts fail to take into account corner rounding under
the gate, are likely to experience transistor performance fluctuations from enhancement to
degradation in a seemingly random pattern. The problem is expected to continue to worsen as
nominal transistor widths are scaled down for each subsequent technology node. On the other
hand, understanding and monitoring of this effect would eliminate this source of strong and
apparently random performance fluctuations. Just as significantly, the effect can be used to
advantage by including corner rounding effects in the choice of the source/drain assignments.
For example, by systematically choosing the wider diffusion region as the source, transistor
leakage currents can be improved dramatically. Still further, rounded corners extending under

the gate can be introduced intentionally to take advantage of these effects.
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Integrated Circuit Design Flow

[0035] Fig. 3 shows a simplified representation of an illustrative digital integrated circuit
design flow incorporating aspects of the invention. At a high level, the process starts with the
product idea (step 300) and is realized in an EDA (Electronic Design Automation) software
design process (step 310). When the design is finalized, it can be taped-out (step 340). After
tape out, the fabrication process (step 350) and packaging and assembly processes (step 360)
occur resulting, ultimately, in finished integrated circuit chips (result 370).

[0036] The EDA software design process (step 310) is actually composed of a number of
steps 312-330, 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. A brief
description of the components steps of the EDA software design process (step 310) will now be
provided.

[0037] System design (step 312): 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.

[0038] Logic design and functional verification (step 314): 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 EDA software products from Synopsys, Inc. that
can be used at this step include VCS, VERA, DesignWare®, Magellan, Formality, ESP and
LEDA products.

[0039] Synthesis and design for test (step 316): 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.
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[0040] Netlist verification (step 318): At this step, the netlist is checked for compliance
with timing constraints and for correspondence with the VHDL/Verilog source code. Example
EDA software products from Synopsys, Inc. that can be used at this step include Formality,
PrimeTime, and VCS products.

[0041] Design planning (step 320): 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.

[0042] Physical ‘implementation (step 322): The placement (positioning of circuit
elements) and routing (connection of the same), as well as other aspects of circuit layout, occur
at this step. Example EDA software products from Synopsys, Inc. that can be used at this step
include the Astro and IC Compiler products. This step usually places library cells which were
pre-designed for a particular fabrication process using a software product such as Liberty,
available from Synopsys, Inc. Certain aspects of the invention herein can take place during the
design of the library cells.

[0043] Analysis and extraction (step 324): 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.

[0044] Physical verification (step 326): At this step various checking functions are
performed to ensure correctness for: manufacturing, electrical issues, lithographic issues, and
circuitry. EXample EDA software products from Synopsys, Inc. that can be used at this step
include the Hercules product.

[0045] Tape-out (step 327): This step, which in some design flows may be delayed until
step 330, 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.

[0046] Resolution enhancement (step 328): 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.
Certain aspects of the invention herein can take place during this step as well, or just afterwards.
[0047] Mask data preparation (step 330): If not performed prior to resolution
enhancement (step 328), this step provides the “tape-out” data for production of masks for

lithographic use to produce finished chips.
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[0048] Fig. 4 is a flow chart illustrating aspects of the design flow pertinent to some of
the embodiments discussed herein. As with all flowcharts herein, it will be appreciated that many
of the steps can be combined, performed in parallel or pérformed in a different sequence without
affecting the functions achieved. In some cases a re-arrangement of steps will achieve the same
results only if certain other changes are made as well, and in other cases a re-arrangement of
steps will achieve the same results only if certain conditions are satisfied.

[0049] Referring to Fig. 4, in step 410 a circuit is designed. Step 410 corresponds
roughly to steps 300 and steps 312-318 of Fig. 3. As used herein, the term "circuit design" refers
to the gate or transistor level design, after compilation from a Verilog or VHDL design
representation or similar, and before layout. The circuit design is represented after step 410 in a
netlist file. In step 412, corresponding roughly to steps 320-326 of Fig. 3, the circuit design is
laid out. The layout is represented in a geometry file which defines, among other things, all the
shapes to be formed on each mask that will be used to expose the wafer during fabrication. The
geometry file can have any of several standard formats, such as GDSII, OASIS, CREF, and so
on, or it can have a non-standard format. The file describes the layout of the circuit design in the
form of a mask definition for each of the masks to be generated. Fach mask definition defines a
plurality of polygons. At the end of step 412 in the present embodiment, no resolution
enhancement (RET) has yet been performed. Thus the layout geometries resulting from step 412
are in a sense idealized, since they do not yet take into account the imperfections of lithographic
printing using optical wavelengths comparable or larger in size than the size of the geometries in
the layout. For example, rectangles are rectangular, and are not yet pre-corrected for diffractive
effects.

[0050] In step 414, corresponding roughly to step 328, the layout is revised through a
number of steps to better effect designer intent. The intent of the designer is discerned from the
idealized layout shapes (such as intended drive current discerned from channel widths), and
modifications are made to better achieve that intent in the ultimate integrated circuit. Optical
proximity correction occurs in this step, as does the addition of shape engineering bumps or
protrusions as described hereinafter. The revised layout is once again represented in a geometry
file, typically using one of the geometry file formats above.

[0051] In step 416, a lithographic mask set is created based on the modified layout from
step 414. The method for making the masks is not a significant aspect of the present invention,
so any mask making technique can be used, either known today or developed in the future. As an

example, masks can be printed using techniques set forth in U.S. Patent Nos. 6,096,458,;
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6,057,063; 5,246,800; 5,472,814; and 5,702,847, all incorporated by referenced herein for their
teachings of mask printing techniques.

[0052] After the mask set is made, in step 418, integrated circuits are fabricated using
them. Again, the particular method used for fabricating an integrated circuit from a mask set is
not a significant aspect of the present invention, so any fabrication process can be used, either
known today or developed in the future. Preferably a self-aligned technique as described above
for doping the source and drain diffusions is used.

[0053] Fig. 5 is a flow chart detail of step 412 for laying out the circuit. Fig. 5is a
simplification of a highly involved process, most details of which are not important to an
understanding of the invention and are not shown in the figure. Referring to Fig. 5, in step 510,
library cells are chosen for the individual circuit devices specified in the incoming netlist. The
library cells include (among other things) the layout geometries needed for the device, including
an arrangement of current path diffusion regions and gate stack(s). For example, one library cell
might include the layout shapes 110, 112, 114 and 116 in Fig. 1A, as well as layout shapes for
defining several transistors of the opposite channel type.

[0054] In step 512, the library cells are placed into the layout and wires are defined to
interconnect them in the interconnect layers, according to the circuit design. Numerous factors
are taken into account in this step, most of which are not important to an understanding of the
invention. In accordance with an aspect of the invention, however, one of the factors considered
is that if one of the current path diffusions of a transistor is wider than the other, then it is
preferred that the wider one be assigned as the source of the transistor and the narrower one be
assigned the drain. The other factors considered in the place-and-route algorithms may override
this preference, but at least this preference is considered and included in the place-and-route
optimization effort. Once it is decided which current path diffusion region is to be the source and
which the drain, interconnect layers are laid out that connect the chosen diffusions to the
remainder of the devices in the circuit in dependence upon that choice. Alternatively, if layout
shapes are such that two or more transistors of different sizes share current path diffusion
regions, and interchanging source and drain to improve one transistor has the opposite effect on
another transistor, then in an aspect of the invention the diffusion may be split into two. Each can
then be optimized individually, though at the cost of increased chip area.

[0055] The layout step 412 is highly iterative. Therefore, in step 514 the circuit as laid
out is analyzed for chip area used, timing, power dissipation, and many other factors, and in step
516 it is determined whether the circuit performance is acceptable as laid out. If not, then the

process returns to step 512 to try a different placement or routing of circuit devices (including



WO 2010/087884 12 PCT/US2009/062635

reconsidering the source/drain choices and split diffusions from the previous iteration), or to step
510 to choose different library cells for circuit devices if necessary, or if necessary the process
can even return to step 410 (Fig. 4) to modify the design of the circuit in some way. After step
516 determines that circuit performance is acceptable, the layout step 412 is done (step 518).
[0056] The general sequence of steps shown in Fig. 5 also applies to the layout of a pre-
defined cell for a technology library. The significant differences between laying out a full circuit
design and laying out a library cell include that the fundamental building blocks of a full circuit
design are library cells, whereas the fundamental building blocks of a library cell are mostly
individual transistors.

[0057] Fig. 5A is a flow chart of a design process for laying out a library cell. Again, Fig.
5A is a simplification of a highly involved process, most details of which are not important to an
understanding of the invention and are not shown in the figure. Referring to Fig. 5A, in step 530,
fundamental features are chosen for the individual circuit devices specified in the incoming
netlist. For the most part the fundamental features are diffusion regions, gate conductors and
interconnects. In step 532, the fundamental features are laid out and combined as appropriate
according to the library cell circuit design. As with step 512, though numerous factors are taken
into account in this step, it is an aspect of the invention that one of the factors considered is that
if one current path diffusion of a transistor is wider than the other, then it is preferred that the
wider one be assigned as the source of the transistor and the narrower one be assigned the drain.
Once it is decided which current path diffusion region is to be the source and which the drain,
interconnect layers are laid out that connect the chosen diffusions to the remainder of the devices
in the library cell in dependence upon that choice. Alternatively, if layout shapes are such that
two or more transistors of different sizes share current path diffusion regions, and interchanging
source and drain to improve one transistor has the opposite effect on another transistor, then in
an aspect of the invention the diffusion may be split into two. Each can then be optimized
individually, though at the cost of increased chip area.

[0058] In step 534 the circuit as laid out is analyzed for chip area used, timing, power
dissipation, and many other factors, and in step 536 it is determined whether the circuit
performance is acceptable as laid out. If not, then the process returns to step 532 to try a different
placement or routing of features (including reconsidering the source/drain choices and split
diffusions from the previous iteration), or to step 530 to choose different fundamental features if
necessary, or if necessary the process can even return to modify the design of the library cell
circuit in some way. After step 536 determines that circuit performance is acceptable, the layout

of the library cell is done (step 538).
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Shape Engineering of Transistor Channels

[0059] As mentioned, diffusion regions having rounded corners extending into the
channel region of a transistor can improve Ioff performance of the transistor if the larger
diffusion of the transistor is assigned as the source diffusion. A circuit layout can take advantage
of this observation by intentionally widening the source region of a transistor in proximity to the
gate. It is not the rounded corners themselves that provide the improvement, but the non-
rectangular channel which is wider on the source side. Rounded corners are one way to achieve
such a channel shape, though the rounding is only a second order effect. The first order effect is
the slope, i.e., the source side wider than the drain side.

[0060] Fig. 6A is an illustration of a portion of a circuit layout in which one transistor
610 is shown. It comprises first and second current path diffusions 612 and 614 on longitudinally
opposite sides of a gate conductor 616. Diffusion region 612 is assigned as the drain, and
diffusion region 614 is assigned as the source, and it is assumed that for some reason that
assignment of current path terminals is not changeable. The drain diffusion 612 is wider than the
source diffusion 614, for reasons not shown in the drawing. For example, another transistor (not
shown) may be located within the diffusion region 612, which is required by the circuit design to
have a greater drive strength than the transistor that is shown. What is shown in Fig. 6A are
diffusion layout shape 618, which is the geometric union of the current path diffusions 612 and
614 and the channel region below the gate conductor 616; and a gate poly layout shape 620.
These layout shapes are represented in the layout file after step 412. These layout shapes are also
represented (if not altered in step 414) as shapes on the mask set that will be used to fabricate the
integrated circuit. For clarity of discussion, the corner 622 of diffusion shape 618 is referred to
herein as an "inside" corner because its angle is greater than 180 degrees when viewed from
inside the shape 618. An "outside" corner, as used herein, is one in which its angle as viewed
from inside the layout shape is less than 180 degrees.

[0061] As explained above, it is disadvantageous that the drain diffusion be wider than
the source diffusion, because any rounding of the inner corner 622 which extends under the gate
620 can degrade performance, particularly Ioff. Even if the rounding of corner 622 does not
extend under the gate 620, Ioff performance can still be improved by causing the channel
diffusion under the gate to widen toward the source diffusion 618. This can be accomplished in a
number of different ways, and Fig. 6B illustrates one way of accomplishing it.

[0062] As with Fig. 6A, Fig. 6B is also an illustration of diffusion layout shapes as

represented in a layout file and (if no other manipulations are performed in step 414) on the mask
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set that will be used to fabricate the integrated circuit. To the extent other manipulations are
performed in step 414, the shapes in Fig. 6B illustrate shapes on the mask set with such
manipulations excluded for clarity of illustration. It can be seen that a "bump" or "protrusion”
624 has been added to the diffusion layout shape 618, extending transversely outward on one of
the longitudinal sides 626 of the diffusion layout shape 618, longitudinally on the source side of
the gate 616. The protrusion 624 has two inner corners 628 and 630, the corner 628 being
referred to herein as the one "proximal" to the gate conductor 616, and the corner 630 being
referred to herein as the one "distal" to the gate conductor 616. The transversely oriented side of
the protrusion 624 which is proximal to the gate conductor is also sometimes referred to herein
as a "jog". The proximal corner 628 of the protrusion 624 is disposed on the layout sufficiently
near to the gate 616 such that during printing onto the integrated circuit, when corner 628 rounds
due to optical diffractive effects, the rounded corner will extend at least part way under the gate
616. Optical proximity correction and/or other resolution enhancement mechanisms can be
turned off for this corner in order to avoid interfering with the expected rounding, or can be
allowed to proceed for this corner if it enhances the extent of the corner rounding under the gate,
or otherwise modifies it in a characterizable manner.

[0063] Note that shapes in a layout are considered herein to be proximal or distal from
one another, or to cross one another (as gate 620 "crosses" diffusion layout shape 618), even
though they may be formed on different layers or different masks in the mask set. It is the
geometric relationships in the plan view, when the layers or masks are superimposed on one
another, that defines "proximal", "distal" and "crossings" as the terms are used herein.
Additionally, coincidence is considered herein to be merely a special case of "proximal", not
distinguished from it.

[0064] Fig. 6C illustrates the shape of the source, drain and channel regions on an
integrated circuit device formed using a mask set containing layout shapes as shown in Fig. 6B.
It can be seen that inner corner 628 has rounded, and the rounding extends partially under the
gate conductor 616. More particularly, where the source diffusion meets the channel diffusion at
a longitudinal position L0, the width of the channel at longitudinal position is W0. There is
another longitudinal position L1 within the channel region, at which the width of the channel is
W1. Because of the rounding of corner 628, W1<WO. In the embodiment of Figs. 6B and 6C, the
width of the channel W2 at the longitudinal position L2 where the channel region meets the drain
diffusion, is the same as W1 since the rounding of corner 622 does not extend under the gate

616. However, in another embodiment, W2 can be larger than W1.
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[0065] As used herein, no distinction is intended between substances of an integrated
circuit which are disposed in the substrate body itself, or disposed in an overlying layer. For
example, all of the features of an integrated circuit, including wells, diffusions, STI regions, gate
dielectric layers, gate conductors, metal layers and cap layer materials, are all described
equivalently herein as being either "on" the substrate or "in" the substrate, and no distinction is
intended between the two words. Additionally, as used herein, the terms "overlie" and "underlie"
do not preclude the presence of one or more materials or layers in between.

[0066] Fig. 7A is an illustration of another portion of a circuit layout in which one
transistor 710 is shown. It comprises first and second current path diffusions 712 and 714 on
longitudinally opposite sides of a gate conductor 716. As in Fig. 6A, diffusion region 712 is
assigned as the drain, and diffusion region 714 is assigned as the source, and it is assumed that
for some reason that assignment of current path terminals is not changeable. The drain diffusion
712 is wider than the source diffusion 714, for reasons not shown in the drawing. Fig. 7A shows
the diffusion layout shape 718, which is the geometric union of the current path diffusions 712
and 714 and the channel region below the gate conductor 716; and a gate poly layout shape 720.
These layout shapes are represented in the layout file after step 412. These layout shapes
(excluding other alterations in step 414) are also represented as shapes on the mask set that will
be used to fabricate the integrated circuit.

[0067] Fig. 7B is also an illustration of diffusion layout shapes as represented in a layout
file and (excluding any other manipulations performed in step 414) on the mask set that will be
used to fabricate the integrated circuit. Fig. 7B differs from Fig. 6B in that it illustrates that
protrusions can be added on both transversely opposite longitudinal sides of the diffusion layout
shape, not just one side as in Fig. 6B. Thus it can be seen that a protrusion 724A has been added
to the diffusion layout shape 718, extending transversely outward on one of the longitudinal
sides 726A of the diffusion layout shape 718, longitudinally on the source side of the gate 716. A
second protrusion 724B has been added to the diffusion layout shape 718, extending transversely
outward on the other longitudinal side 726B of the diffusion layout shape 718, also
longitudinally on the source side of the gate 716. The two protrusions 724A and 724B are said
herein to be disposed on "transversely opposite" longitudinal sides 726A and 726B of the
diffusion layout shape 718.

[0068] The proximal inner corner of protrusion 724A is corner 728A, and the proximal
inner corner of protrusion 724B is corner 728B. Both are disposed on the layout sufficiently near

to the gate 716 such that during printing onto the integrated circuit, when corners 728A and
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728B round due to optical diffractive effects, the rounded corners will extend at least part way
under the gate 716.

[0069] Fig. 7C illustrates the shape of the source, drain and channel regions on an
integrated circuit device formed using a mask set containing layout shapes as shown in Fig. 7B.
It can be seen that inner corners 728A and 728B have rounded, and the rounding extends
partially under the gate conductor 716. More particularly, where the source diffusion meets the
channel diffusion at a longitudinal position L0, the width of the channel at longitudinal position
is WO0. There is another longitudinal position L1 within the channel region, at which the width of
the channel is W1. Because of the rounding of corners 728A and 728B, W1<WO. Effectively the
channel has been widened on both transversely opposite sides of the channel where the channel
meets the source diffusion. As with the embodiment of Figs. 6B and 6C, in the embodiment of
Figs. 7B and 7C, the width of the channel W2 at the longitudinal position L2 where the channel
region meets the drain diffusion, is the same as W1 since the rounding of corners 722A and
722B, which are proximal to the gate conductor 716 longitudinally on the drain side of the
diffusion layout shape 718, do not extend under the gate 716.

[0070] Source-widening protrusions can be added also where the drain is not wider than
the source as originally laid out. Fig. 8A is an illustration of a portion of a circuit layout for a 2x
buffer, the circuit symbol for which is shown in Fig. 8D. It includes three gate conductor shapes
810, 812 and 814 crossing both a P-channel diffusion layout shape 816 and an N-channel
diffusion layout shape 818, to form respective transistors T810P, T812P and T814P in the P-
channel diffusion layout shape 816, and respective transistors T810N, T812N and T814N in the
N-channel diffusion layout shape 818. In P-channel diffusion layout shape 816, therefore, the
gate conductor shapes define current path diffusion regions 822, 824, 826 and 828. In N-channel
diffusion layout shape 818, the gate conductor shapes define current path diffusion regions 832,
834, 836 and 838. Layout shapes for a first layer of metal interconnects are shown for connecting
diffusion 822 and 832 together, connecting diffusions 826 and 836 together, connecting
diffusions 824 and 828 to a power bus, and connecting diffusions 834 and 838 to a ground bus.
Layout shapes for a second layer of metal interconnects are shown for connecting the signal
input terminal to gate conductor 810, connecting diffusions 822 and 832 to both gate conductors
812 and 814, and for connecting the signal output terminal to diffusions 826 and 836. Because of
these interconnections, diffusion region 822 is connected as the drain of transistor T810P, and
diffusion region 824 is connected as the source. These interconnections are shown in Fig. 8E,

which is a transistor level circuit diagram of the 2x buffer of Fig. 8D.
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[0071] As further shown in Fig. 8A, source region 824 is shared as the source region of
transistor T812P, and diffusion region 826 is its drain. Drain region 826 is shared as the drain
region of transistor T814P, and diffusion region 828 is its drain. Similarly, diffusion region 832
is connected as the drain of transistor T810N, and diffusion region 834 is connected as the
source. Source region 834 is shared as the source region of transistor T812N, and diffusion
region 836 is its drain. Drain region 836 is shared as the drain region of transistor T814N, and
diffusion region 838 is its drain. Unlike Figs. 6A and 7A, the two transversely opposite
longitudinal sides 840A and 840B of diffusion layout shape 816 do not jog, but rather are
straight along the entire length of the diffusion layout shape 816 longitudinally. Similarly, the
two transversely opposite longitudinal sides 842A and 842B of diffusion layout shape 818 do not
jog, but rather are straight along the entire length of the diffusion layout shape 818
longitudinally. As for Figs. 6A and 7A, the layout shapes shown in Fig. 8A are represented in a
layout file after step 412. These layout shapes are also represented (if not altered in step 414) as
shapes on the mask set that will be used to fabricate the integrated circuit.

[0072] Fig. 8B is an illustration of diffusion layout shapes as represented in a layout file
and (excluding any other manipulations performed in step 414) on the mask set that will be used
to fabricate the integrated circuit. As in Fig. 7B, protrusions have been added in Fig. 8B on both
transversely opposite longitudinal sides of the diffusion layout shape in each of the source
diffusion regions 824, 828, 834 and 838. Thus protrusions 824A and 824B have been added on
transversely opposite sides of source region 824; protrusions 828A and 828B have been added
on transversely opposite sides of source region 828; protrusions 834A and 834B have been
added on transversely opposite sides of source region 834; and protrusions 838A and 838B have
been added on transversely opposite sides of source region 838. The channel widths and drain
diffusions of all the transistors have also been narrowed compared to their original widths, which
are shown as dotted lines 844 (P-diffusions) and 846 (N-diffusions). Together with the widening
of the source regions due to the added protrusions, this has the effect of retaining the same
average channel widths as in the original layout of Fig. 8A. Retention of the average channel
width may be desirable for certain design goals, but not for others. The protrusions 824A and
824B have respective inner corners 848A and 848B which are proximal to the gate conductor
810, and also have respective inner corners 850A and 850B which are proximal to the gate
conductor 812. Protrusions 828A and 828B have respective inner corners 852A and 852B which
are proximal to the gate conductor 814. Similarly, the protrusions 834A and 834B have
respective inner corners 854A and 854B which are proximal to the gate conductor 810, and also

have respective inner corners 856A and 856B which are proximal to the gate conductor 812.
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Protrusions 838A and 838B have respective inner corners 858A and 858B which are proximal to
the gate conductor 814. All of the inner corners 848A, 848B, 850A, 850B, 852A, 852B, 854A,
854B, 856A, 856B, 858A and 858B are disposed on the layout sufficiently near to the respective
gate to which they are proximal, such that during printing onto the integrated circuit, when these
corners round due to optical diffractive effects, the rounded corners will extend at least part way
under the respective gate conductor 810, 812 or 814.

[0073] Fig. 8C illustrates the shape of the source, drain and channel diffusions, and the
polysilicon gates and metal interconnects, on an integrated circuit device formed using a mask
set containing layout shapes as shown in Fig. 8B. It can be seen that all the inner corners have
rounded, and the rounding extends partially under their respective proximal gate conductor 810,
812 or 814. More particularly, (and as illustrated with respect to transistor T812N as an
example), where the source diffusion 834 meets the channel diffusion at a longitudinal position
L0, the width of the channel at longitudinal position is WO0. There is another longitudinal position
L1 longitudinally within the channel region, at which the width of the channel is W1. Because of
the rounding of corners 856A and 856B, W1<WO0. Effectively the channel has been widened
where the channel meets the source diffusion, and narrowed where it meets the drain region.
[0074] In addition to protrusions extending source diffusion regions transversely, in some
cases there may also be a reason to extend drain diffusion regions transversely as well. For
example, for P-channel transistors with SiGe diffusion regions, wider current path diffusions can
increase beneficial stress in the neighborhood, thereby enhancing carrier mobility. The same is
true for N-channel transistors with Si:C diffusion regions. This improvement is observed
regardless of whether the protrusions are added to the source diffusion or the drain diffusion, and
in fact is most significant if added to both diffusions.

[0075] Figs. 9A, 9B and 9C illustrate a transistor layout that takes advantage of this
observation. Again, Fig. 9A illustrates the original layout shapes as represented in the layout file
after step 412. These layout shapes (excluding any other alterations in step 414) are also
represented as shapes on the mask set that will be used to fabricate the integrated circuit. Source
and drain regions are shown, as is the gate layout shape for defining the channel. Fig. 9B
illustrates the layout shapes after the addition of transversely extending protrusions on both
transverse sides of the diffusion layout shape, and in both the source and drain regions. Again,
the inner corners of the protrusions proximal to the gate layout shape are disposed sufficiently
near to (or under) the gate layout shape such that during printing onto the integrated circuit,

when proximal inner corners round due to optical diffractive effects, these rounded corners will
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be at least partially under the gate conductor. Note the same effect can be achieved with a
transversely intruding cut-out rather than two transversely extending profrusions.

[0076] Fig. 9C illustrates the shape of the source, drain and channel diffusions on an
integrated circuit device formed using a mask set containing layout shapes as shown in Fig. 9B.
It can be seen that all four proximal inner corners have rounded, and the rounding extends
partially under the gate conductor. More particularly, where the source diffusion meets the
channel diffusion at a longitudinal position L0, the width of the channel at longitudinal position
is WO. There is another longitudinal position L1 longitudinally within the channel region, at
which the width of the channel is W1, and where the drain diffusion meets the channel diffusion
at longitudinal position L2, the width of the channel is W2. Because of the rounding of the four
proximal inner corners, W1<W0 and W1<W2. In the embodiment of Fig. 9C it is further true
that WO=W?2, but that is not essential in all embodiments of the invention.

[0077] In most of the embodiments described above, the transversely extending jog
which has been introduced is disposed longitudinally on the source side of the gate layout shape.
As a result of the jog, an inside corner proximal to the gate layout shape, rounds during
lithographic projection onto the device, and thereby extends partly into the channel region. Fig.
10A illustrates that another way that a non-rectangular channel can be achieved based on the
original layout of Fig. 6A. In Fig. 10A a protrusion 1010 is added similarly to protrusion 624
(Fig. 6), but the jog 1012 is disposed longitudinally on the drain side of the gate layout shape. As
a result of the jog, an outside corner 1014 of the jog rounds during lithographic projection onto
the device, and thereby extends partly into the channel region. This is shown in Fig. 10B. It is
noted that a jog like jog 1012 can be considered due to the added protrusion 1010 or due to a
transversely intruding cut-out 1016; either description is accurate.

[0078] Fig. 11A illustrates yet another way that a non-rectangular channel can be
achieved based on the original layout of Fig. 6A. In Fig. 11A a protrusion 1110 is added
similarly to protrusion 624 (Fig. 6), but the jog 1112 is disposed longitudinally between the
source and drain diffusion regions, within the channel as will be defined by the gate layout
shape. As a result of this jog, both the inside corner 1114 and the outside corner 1116 of the jog
will be located at least partly within the channel region, even after diffractive rounding of the
two corners. This is shown in Fig. 11B.

[0079] Fig. 12A illustrates two other variations that can be used to achieve a non-
rectangular channel: that a transversely intruding cut-out can be used on the drain side rather
than a protrusion on the source side, and that two or more jogs can be used in stair-step fashion.

Either variation can be used independently, or they can be used together as in Fig. 12A. In Fig.
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12A a protrusion 1210 is added similarly to protrusion 624 (Fig. 6), with the jog 1212 disposed
longitudinally in the source diffusion region. The jog 1212 has an inner corner 1214 proximal to
the gate layout shape, which is disposed sufficiently near the gate layout shape longitudinally
such that when the inner corner 1214 rounds due to diffractive effects during lithograph
exposure, the inner corner 1214 will extend partly into the channel region. This can be seen in
Fig. 12B. In addition, a cut-out 1216 has been made in the diffusion layout shape, with a
proximal jog 1218 disposed longitudinally in the drain diffusion region. The jog 1218 has an
outer corner 1220 which is proximal to the corner 1214 in the transverse direction, and is
disposed sufficiently near the gate layout shape longitudinally such that when the outer corner
1220 rounds due to diffractive effects during lithograph exposure, the outer corner 1220 will
extend partly into the channel region. This too can be seen in Fig. 12B.

[0080] It will be appreciated that all the variations illustrated in Figs. 10A, 11A and 12A
could be applied equally to Figs. 7B, 8B and 9B. Many other variations exist as well, including
variations such as that shown in Fig. 12A in which one or both of the jogs 1212 and 1218 occur
longitudinally under the gate layout shape, and variations that include three or more jogs. Other
variations include those in which jogs occur also on the opposite longitudinal side of the
diffusion layout shape. Also, if supported by the layout software and the mask-making process,

jogs can also be made diagonal rather than rectilinear.

Design Flow for Introducing Non-Rectangularity in Channels

[0081] Returning to Fig. 4, the step of introducing non-rectangularity into transistor
channels, such as is shown in Figs. 6C, 7C and 8C, can be performed during step 414, the
manipulation of the layout to better effect designer intent. Fig. 13 is a flow chart detail of step
414, specifically for making layout revisions to improve Ioff current. The steps of Fig. 13 can be
performed as part of step 512 (Fig. 5) or step 532 (Fig. 5A). It will be apparent to the reader how
to modify Fig. 13 to also improve catrier mobility due to stress effects as described above with
respect to Fig. 9B. Referring to Fig. 13, in a step 1310, the system begins a loop through all
diffusion layout shapes that are targeted for the introduction of rounded corners extending under
transistor gate conductors. This may be all the diffusion layout shapes in a particular portion of
the overall layout, or they may be selected by some other characteristic or characteristics. In step
1312, an inner loop is begun through all the diffusion sub-regions in the present diffusion layout
shape which have been designated as source diffusions. In step 1314, it is determined whether
the present source diffusion is already wider than the channel. If it is, then no additional

protrusions are necessary. Instead, in step 1316, the jog in the diffusion layout shape in the
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source region, and proximal to the gate conductor, is moved as close as possible to the
longitudinal position of the gate conductor (if not already there) without unduly risking that a
slightly misaligned stepper will print the jog itself superimposed with the gate conductor. The
intent is to cause the proximal inner corner of the jog, after rounding during printing onto the
integrated circuit, to extend at least partially under the gate conductor.

[0082] On the other hand, if the source is as wide or narrower than the channel, then in
step 1316, protrusions such as those shown in Figs. 6B, 7B, 8B are added to the diffusion layout
shape on the same side of the gate conductor as the source region longitudinally. Again, a
longitudinal position is chosen which is sufficiently close to the gate conductor so as to cause the
proximal inner corner of the protrusion, after rounding during printing onto the integrated circuit,
to extend at least partially under the gate conductor, but not so close as to unduly risk that a
slightly misaligned stepper will print the protrusion itself superimposed with the gate conductor.
It will be appreciated that in one embodiment the protrusions may be added on only one side of
the source region transversely, whereas in a different embodiment the protrusions may be added
on both opposite sides of the source region transversely.

[0083] After any movement of the source region jog in step 1316, or the addition of any
protrusions in step 1318, it is determined in step 1320 whether there are any more source regions
in the current diffusion layout shape. If so, then the system returns to step 1312 to consider the
next source region in the current layout shape. If not, then in step 1322 the system determines
whether there are any more diffusion layout shapes to consider. If so, then the system returns to
step 1310 to consider the next diffusion layout shape.

[0084] After all desired diffusion layout shapes have been considered, optical proximity
correction of various shapes in the layout can be added in step 1324. As mentioned, optical
proximity correction and/or other resolution enhancement mechanisms can be turned off for each
of the corners affected or considered in steps 1316 or 1318 in order to avoid interfering with the
expected rqunding, or can be allowed to proceed for these corners if it enhances the extent of the
corner rounding under the gate, or otherwise modifies it in a characterizable manner. Finally, in
step 1326, any other resolution enhancement or other manipulations to the layout can be
performed. Note that step 1326 can be performed partially or entirely prior to step 1324 or even
step 1310, or even within one or both of the loops 1310 and 1312, to the extent they do not alter
the expected rounding, or do alter it but in a characterizable manner. Preferably the optical
proximity correction step 1324 occurs only after step 1322, but with appropriate considerations it
can be performed earlier in a particular embodiment. The step of manipulating the layout

completes in step 1328.
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[0085] Fig. 14 is a simplified block diagram of a computer system 1410 that can be used
to implement software incorporating aspects of the present invention. Computer system 1410
includes a processor subsystem 1414 which communicates with a number of peripheral devices
via bus subsystem 1412. These peripheral devices may include a storage subsystem 1424,
comprising a memory subsystem 1426 and a file storage subsystem 1428, user interface input
devices 1422, user interface output devices 1420, and a network interface subsystem 1416. The
input and output devices allow user interaction with computer system 1410. Network interface
subsystem 1416 provides an interface to outside networks, including an interface to
communication network 1418, and is coupled via communication network 1418 to
corresponding interface devices in other computer systems. Communication network 1418 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. While in one embodiment, communication
network 1418 is the Internet, in other embodiments, communication network 1418 may be any
suitable computer network.

[0086] 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.

[0087] User interface input devices 1422 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 1410 or onto computer
network 1418.

[0088] User interface output devices 1420 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 a liquid 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 1410 to the user or to another machine or computer system.
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[0089] Storage subsystem 1424 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 1424. These software modules are generally executed by processor
subsystem 1414.

[0090] Memory subsystem 1426 typically includes a number of memories including a
main random access memory (RAM) 1430 for storage of instructions and data during program
execution and a read only memory (ROM) 1432 in which fixed instructions are stored. File
storage subsystem 1428 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 be stored by file storage subsystem
1428. The host memory 1426 contains, among other things, computer instructions which, when
executed by the processor subsystem 1414, 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 1414 in response to computer
instructions and data in the host memory subsystem 1426 including any other local or remote
storage for such instructions and data.

[0091] Bus subsystem 1412 provides a mechanism for letting the various components
and subsystems of computer system 1410 communicate with each other as intended. Although
bus subsystem 1412 is shown schematically as a single bus, alternative embodiments of the bus
subsystem may use multiple busses.

[0092] Computer system 1410 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, or any other data processing system or user device. Due to the
ever-changing nature of computers and networks, the description of computer system 1410
depicted in Fig. 14 is intended only as a specific example for purposes of illustrating certain
embodiments of the present invention. Many other configurations of computer system 1410 are
possible having more or less components than the computer system depicted in Fig. 14.

[0093] The steps set forth in Figs. 5 and 13 are performed by a computer system having a
processor such as processor subsystem 1414 and a memory such as storage subsystem 1424,
under the control of software which includes instructions which are executable by the processor
subsystem 1414 to perform the steps shown. The software also includes data on which the

processor operates. The software is stored on a computer readable medium, which as used
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herein, is one on which information can be stored and read by a computer system. Examples
include a floppy disk, a hard disk drive, a RAM, a CD, a DVD, flash memory, a USB drive, and
so on. The computer readable medium may store information in coded formats that are decoded
for actual use in a particular data processing system. A single computer readable medium, as the
term is used herein, may also include more than one physical item, such as a plurality of CD-
ROM s or a plurality of segments of RAM, or a combination of several different kinds of media.
When the computer readable medium storing the software is combined with the computer system
of Fig. 14, the combination is a machine which performs the steps set forth herein. Means for
performing each step consists of the computer system (or only those parts of it that are needed
for the step) in combination with software modules for performing the step. The computer
readable medium storing the software is also capable of being distributed separately from the
computer system, and forms its own article of manufacture.

[0094] Additionally, the netlist file or files containing a representation of the circuit
design, and the geometry file or files storing the layouts, both after step 412 and after step 414,
are themselves stored on computer readable media. Such media are distributable separately from
the computer system, and form their own respective articles of manufacture. When combined
with a computer system programmed with software for reading, revising and writing the netlist
or geometry files they form yet another machine which performs the steps set forth herein.
[0095] 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. For example, whereas one method
of forming rounded corners extending under a gate involves adding protrusions to layout shapes
as shown in Figs. 6B, 7B, 8B and 9B, it will be appreciated that other methods can be used as
well. In particular, for example, inverse lithography techniques can be used instead. Inverse
lithography is described in the following articles, both incorporated herein by reference:
Milanfar, Borodovsky and Poonawala, "Double exposure inverse lithography" (11/2007),
available at http://www.solid-state.com/display_article/311162/28/ARTCL/none
/none/1/Double-exposure-inverse-lithography; and Aaron Hand, "Inverse Lithography Makes
New Inroads in RET" (5/1/2007), available at http://www.semiconductor.net/article/
CA6434690.html. Additionally, protrusions added to a layout shape need not necessarily be
rectangular as shown in Figs. 6B, 7B, 8B and 9B. Furthermore, 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 in order
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to help express the breadth of techniques by which embodiments of the invention can be
implemented. 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. A lithographic mask set including one or more masks for use in forming in an
integrated circuit, the mask set having shapes for defining a channel region for a transistor, a gate
conductor overlying the channel region, and first and second diffusion regions on longitudinally
opposite sides of the channel region, the first and second diffusion regions being of a first doping
type and the channel region being of a second doping type opposite the first doping type, the first
and second diffusion regions being connected in a circuit as respectively first and second current
path terminals of the transistor,

the mask set including a first shape for defining a geometric union of the channel region
and the first and second diffusion regions, and a second shape for defining the gate conductor,
the second shape crossing the first shape transversely, for use in a process in which the channel
region is doped before the gate conductor is applied to the integrated circuit using the second
shape, and the first and second diffusion regions are doped after the gate conductor is applied,

wherein the first shape has transversely opposite first and second longitudinal sides along
the length of the first diffusion region,

and wherein the first shape includes a first transversely extending jog on the first
longitudinal side of the first shape, the first jog having an inner corner and an outer corner, the
first jog being located relative to the second shape longitudinally such that during lithographic
printing of the first shape onto the integrated circuit, at least one of the inner and outer corners

will round and extend at least partly within the channel region.

2. A lithographic mask set according to claim 1, wherein the first shape further
includes a second transversely extending jog on the first side of the first shape on the same side
of the second shape longitudinally as the second diffusion region, the second jog having an inner
corner proximal to the second shape, the second jog being located sufficiently near the second
shape longitudinally such that during lithographic printing of the first shape onto the integrated
circuit, the inner corner of the second jog will round so as to at least partially underlie the gate

conductor.

3. A lithographic mask set according to claim 1, wherein the mask set further

connects the first diffusion region as the source of the transistor.



WO 2010/087884 27 PCT/US2009/062635

4, A lithographic mask set according to claim 3, wherein the first shape includes no
transversely extending second jog on the same side of the second shape longitudinally as the
second diffusion region, which second jog is located so near to the second shape longitudinally
that during lithographic printing, the inner corner of the second jog will round and at least

partially underlie the gate conductor.

5. A lithographic mask set according to any of claims 1-4, wherein the first shape
further includes a second transversely extending jog on the second longitudinal side of the first
shape, the second jog having an inner corner and an outer corner, the second jog being located
relative to the second shape longitudinally such that during lithographic printing of the first
shape onto the integrated circuit, at least one of the inner and outer corners of the second jog will

round and extend at least partly within the channel region.

6. A lithographic mask set according to any of claims 1-5, wherein the first jog is
located on the same side of the second shape longitudinally as the first diffusion region, and is
located relative to the second shape longitudinally such that during lithographic printing of the
first shape onto the integrated circuit, the inner corner of the first jog will round and extend at

least partly into the channel region.

7. A lithographic mask set according to any of claims 1-5, wherein the first jog is
located on the same side of the second shape longitudinally as the second diffusion region, and is
located relative to the second shape longitudinally such that during lithographic printing of the
first shape onto the integrated circuit, the outer corner of the first jog will round and extend at

least partly into the channel region.

8. A lithographic mask set according to any of claims 1-5, wherein the first jog is
located at a longitudinal position which overlaps with the second shape longitudinally, such that
during lithographic printing of the first shape onto the integrated circuit, both the inner and outer

corners of the first jog will round and be disposed at least partly within the channel region.

9. A lithographic mask set according to claim 1, wherein the first jog is located
relative to the second shape longitudinally such that during lithographic printing of the first
shape onto the integrated circuit, the outer corner of the first jog will round and extend at least

partly within the channel region,
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and wherein the first shape further includes a second transversely extending jog on the
first longitudinal side of the first shape, the second jog having an inner corner and an outer
corner, the second jog being located relative to the first jog such that the inner corner of the
second jog is transversely proximal to the outer corner of the first jog, the second jog being
located relative to the second shape longitudinally such that during lithographic printing of the
first shape onto the integrated circuit, the inner corner of the second jog will round and extend at

least partly within the channel region.

10. A lithographic mask set including one or more masks for use in forming in an
integrated circuit, the mask set having shapes for defining first and second channel regions for
respective first and second transistors, first and second gate conductors overlying respectively
the first and second channel regions, first and second diffusion sub-regions on longitudinally
opposite sides of the first channel region, and a third diffusion sub-region on the side of the
second channel region longitudinally opposite the second diffusion sub-region, the first, second
and third diffusion sub-regions being of a first doping type and the first and second channel
regions being of a second doping type opposite the first doping type, the first and second
diffusion regions being connected in a circuit as respectively first and second current path
terminals of the first transistor, and the second and third diffusion regions being connected in a
circuit as respectively first and second current path terminals of the second transistor,

the mask set including a first shape for defining a geometric union of the first and second
channel regions and the first, second and third diffusion sub-regions, a second shape for defining
the first gate conductor and a third shape for defining the second gate conductor, the second and
third shapes each crossing the first shape transversely, for use in a process in which the first and
second channel regions are doped before the first and second gate conductors are applied to the
integrated circuit using the second and third shapes, and the first, second and third diffusion sub-
regions are doped after the first and second gate conductors are applied,

wherein the first shape has transversely opposite first and second sides along the length
of the second diffusion region,

and wherein the first shape includes a transversely extending jog on the first side of the
first shape, the jog having a first inner corner proximal to the second shape and a second inner
corner proximal to the third shape,

the first inner corner of the jog being located relative to the second shape longitudinally
such that during lithographic printing of the first shape onto the integrated circuit, the first inner

corner will round and extend at least partly within the first channel region,
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and the second inner corner of the jog being located relative to the third shape
longitudinally such that during lithographic printing of the first shape onto the integrated circuit,

the second inner corner will round and extend at least partly within the second channel region.

11. A lithographic mask set according to claim 10, wherein the first shape further
includes a second transversely extending jog on the first side of the first shape and within the
first diffusion sub-region, the second jog having an inner corner proximal to the second shape,

wherein the first shape further includes a third transversely extending jog on the first side
of the first shape and within the third diffusion sub-region, the third jog having an inner corner
proximal to the third shape,

the inner corner of the second jog being located sufficiently near the second shape
longitudinally such that during lithographic printing of the first shape onto the integrated circuit,
the inner corner of the second jog will round so as to extend at least partly into the first channel
region,

and the inner corner of the third jog being located sufficiently near the third shape
longitudinally such that during lithographic printing of the first shape onto the integrated circuit,
the inner corner of the third jog will round so as to extend at least partly into the second channel

region.

12. A lithographic mask set according to claim 10, wherein the first shape includes no
transversely extending second jog within the first and third diffusion sub-regions, which second
jog is located so near to one of the second and third shapes longitudinally that during
lithographic printing, an inner corner of the second jog will round so as to extend at least partly

into one of the channel regions.

13. A lithographic mask set according to claim 12, wherein the mask set further
includes shapes for connecting the second diffusion sub-region as a shared source of both the

first and second transistors.

14. A lithographic mask set according to any of claims 10-13, wherein the first shape
further includes a further transversely extending jog on the second side of the first shape, the
further jog having a third inner corner proximal to the second shape and a fourth inner corner

proximal to the third shape,
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the third inner corner being located relative to the second shape longitudinally such that
during lithographic printing of the first shape onto the integrated circuit, the third inner corner
will round and extend at least partly into the first channel region,

and the fourth inner corner being located relative to the third shape longitudinally such
that during lithographic printing of the first shape onto the integrated circuit, the fourth inner

corner will round and extend at least partly into the second channel region.

15.  An article of manufacture, comprising a computer readable storage medium,
having stored thereon a computer readable definition of shapes for a photolithographic mask set
for defining features to be formed on an integrated circuit using the mask set, wherein the
features include a channel region for a transistor, a gate conductor overlying the channel region,
and first and second diffusion regions on longitudinally opposite sides of the channel region, the
first and second diffusion regions being of a first doping type and the channel region being of a
second doping type opposite the first doping type, the first and second diffusion regions being
connected in a circuit as respectively first and second current path terminals of the transistor,

the shapes including a first shape for defining a geometric union of the channel region
and the first and second diffusion regions, and a second shape for defining the gate conductor,
the second shape crossing the first shape transversely, for use in a process in which the channel
region is doped before the gate conductor is applied to the integrated circuit using the second
shape, and the first and second diffusion regions are doped after the gate conductor is applied,

wherein the first shape has transversely opposite first and second sides along the length
of the first diffusion region, '

and wherein the first shape includes a first transversely extending jog on the first
longitudinal side of the first shape, the first jog having an inner corner and an outer corner, the
first jog being located relative to the second shape longitudinally such that during lithographic
printing of the first shape onto the integrated circuit, at least one of the inner and outer corners

will round and extend at least partly within the channel region.

16.  An article of manufacture, comprising a computer readable storage medium,
having stored thereon a computer readable definition of shapes for a photolithographic mask set
for defining features to be formed on an integrated circuit using the mask set, wherein the
features include first and second channel regions for respective first and second transistors, first
and second gate conductors overlying respectively the first and second channel regions, first and

second diffusion sub-regions on longitudinally opposite sides of the first channel region, and a
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third diffusion sub-region on the side of the second channel region longitudinally opposite the
second diffusion sub-region, the first, second and third diffusion sub-regions being of a first
doping type and the first and second channel regions being of a second doping type opposite the
first doping type, the first and second diffusion sub-regions being connected in a circuit as
respectively first and second current path terminals of the first transistor, and the second and
third diffusion sub-regions being connected in a circuit as respectively first and second current
path terminals of the second transistor,

the shapes including a first shape for defining a geometric union of the first and second
channel regions and the first, second and third diffusion sub-regions, a second shape for defining
the first gate conductor and a third shape for defining the second gate conductor, the second and
third shapes each crossing the first shape transversely, for use in a process in which the first and
second channel regions are doped before the first and second gate conductors are applied to the
integrated circuit using the second and third shapes, and the first, second and third diffusion sub-
regions are doped after the first and second gate conductors are applied,

wherein the first shape has transversely opposite first and second sides along the length
of the second diffusion sub-region,

and wherein the first shape includes a transversely extending jog on the first side of the
first shape, the jog having a first inner corner proximal to the second shape and a second inner
corner proximal to the third shape,

the first inner corner of the jog being located relative to the second shape longitudinally
such that during lithographic printing of the first shape onto the integrated circuit, the first inner
corner will round and extend at least partly within the first channel region,

and the second inner corner of the jog being located relative to the third shape
longitudinally such that during lithographic printing of the first shape onto the integrated circuit,

the second inner corner will round and extend at least partly within the second channel region.

17. A method for revising a layout of a circuit design, for use in forming a
lithographic mask set for use in fabricating an integrated circuit, the method being for use by a
computer system having a processor and memory, the method comprising the steps of:

the computer system identifying in a layout a subject transistor having shapes for
defining on the integrated circuit source and drain diffusion regions and a gate conductor
overlying a channel region, for which the source diffusion region is no wider than the drain

diffusion region where they respectively meet the channel region, the layout including a first
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shape for defining at least the source diffusion region of the subject transistor, and a second
shape for defining at least the gate conductor of the transistor; and

the computer system adding a transversely extending protrusion to the first shape, the
protrusion having at least a portion which is on the same side of the gate conductor
longitudinally as is the source diffusion region, the protrusion having an inner corner located
relative to the gate conductor longitudinally such that during lithographic printing of the
protrusion onto the integrated circuit, the corner will round and extend at least partly within the

channel region.

18. A method for revising a layout of a circuit design, for use in forming a
lithographic mask set for use in fabricating an integrated circuit, the method being for use by a
computer system having a processor and memory, the method comprising the steps of:

the computer system identifying in a layout a subject transistor having shapes for
defining on the integrated circuit source and drain diffusion regions and a gate conductor
overlying a channel region, for which the source diffusion region is no wider than the drain
diffusion region where they respectively meet the channel region, the layout including a first
shape for defining at least the drain diffusion region of the subject transistor, and a second shape
for defining at least the gate conductor of the transistor; and

the computer system adding a transversely intruding cut-out to the first shape, the cut-out
having at least a portion which is on the same side of the gate conductor longitudinally as is the
drain diffusion region, the cut-out having an outer corner located relative to the gate conductor
longitudinally such that during lithographic printing of the cut-out onto the integrated circuit, the

corner will round and extend at least partly within the channel region.

19.  Anintegrated circuit which includes a channel region for a transistor, a gate
conductor overlying the channel region, and first and second diffusion regions on longitudinally
opposite sides of the channel region, the first and second diffusion regions being of a first doping
type and the channel region being of a second doping type opposite the first doping type, the first
and second diffusion regions being connected in a circuit as respectively first and second current
path terminals of the transistor,

wherein the channel region has a first transverse width at a longitudinal position LO
where the channel region meets the first diffusion region, a second transverse width at a

longitudinal position L2 where the channel region meets the second diffusion region, and a
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transverse width W1 at a longitudinal position L1 within the channel region, the width W1 being

less than both the first and second widths.

20.  Anintegrated circuit according to claim 19, wherein the channel region has
transversely opposite first and second sides along the length of the channel region,
and wherein both sides narrow toward each other from the longitudinal position L0 to the

longitudinal position L1.

21. A method for laying out a circuit design, the circuit design specifying a transistor
having source, drain and gate nodes, the method being for use on a computer system having a
processor and a memory, comprising the steps of:

the computer system laying out the circuit in a manner which defines first and second
diffusion regions on longitudinally opposite sides of a gate conductor, the first diffusion region
having a width larger than the second diffusion region; and

the computer system determining which of the diffusion regions has the larger width; and

the computer system, in dependence upon the determination made in the step of
determining, laying out circuit interconnects in a manner which connects the diffusion region

with the larger width as the source of the transistor.
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