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(57) ABSTRACT 

Roughly described, a method for approximating stress-in 
duced mobility enhancement in a channel region in an inte 
grated circuit layout, including approximating the stress at 
each of a plurality of sample points in the channel, converting 
the stress approximation at each of the sample points to a 
respective mobility enhancement value, and averaging the 
mobility enhancement values at all the sample points. The 
method enables integrated circuit stress analysis that takes 
into account stresses contributed by multiple stress genera 
tion mechanisms, stresses having vector components other 
than along the length of the channel, and stress contributions 
(including mitigations) due to the presence of other structures 
in the neighborhood of the channel region under study, other 
than the nearest STI interfaces. The method also enables 
stress analysis of large layout regions and even full-chip 
layouts, Without incurring the computation costs of a full 
TCAD simulation. 
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ANALYSIS OF STRESS IMPACT ON 
TRANSISTOR PERFORMANCE 

FIELD OF THE INVENTION 

[0001] The invention relates to the modeling of integrated 
circuit devices, and more particularly to the modeling of 
stress impact on transistor performance. 

BACKGROUND AND SUMMARY OF THE 
INVENTION 

[0002] It has long been knoWn that semiconductor materi 
als such as silicon and germanium exhibit the piezoelectric 
effect (mechanical stress-induced changes in electrical resis 
tance). See for example C. S. Smith, “PieZoresistance effect 
in germanium and silicon”, Phys. Rev., vol. 94, pp. 42-49 
(1954), incorporated by reference herein. The pieZoelectric 
effect has formed the basis for certain kinds of pressure sen 
sors and strain gauges, but only recently has it received atten 
tion in the manufacture of integrated circuits. In integrated 
circuit fabrication, one of the major sources of mechanical 
stress is the differential expansion and contraction of the 
different materials used. For example, typical fabrication 
technologies involve electrically isolating the active regions 
of groups of one or more transistor by surrounding them With 
shalloW trench isolation (STI) regions Which are etched into 
the silicon and then ?lled With an insulator, such as an oxide. 
During cooling, oxides tend to shrink less than the surround 
ing silicon, and therefore develop a state of compressive 
stress laterally on the silicon regions of the device. Of signi? 
cance is the stress exerted by the STI regions on the silicon 
forming a Metal-Oxide-Semiconductor Field-Effect Transis 
tor (MOSFET) channel, because the pieZoelectric impact of 
such stress can affect carrier mobility, and therefore current 
?oW through the channel (Ion). In general, the higher the 
electron mobility in the channel, the faster the transistor 
sWitching speed. 
[0003] The stress exerted on a region of silicon decays 
rapidly as a function of distance from the stress-causing inter 
faces. In the past, therefore, While process technologies could 
not produce today’s extremely narroW channel Widths, the 
stress-induced impact on performance could be ignored 
because only the edges of the diffusion region (adjacent to the 
STI regions) Were affected. The channel regions Were too far 
aWay from the STI regions to exhibit any signi?cant effect. As 
process technologies have continued to shrink, hoWever, the 
pieZoelectric effect on transistor performance is no longer 
negligible. 
[0004] Technology Computer Aided Design (TCAD) mod 
els are frequently used to model the behavior of integrated 
circuit devices at the level of individual transistors. Behaviors 
characterized at this level can be fed back to improve the 
circuit layout or the fabrication process, or they can be used to 
derive circuit level parameters (eg SPICE parameters) of the 
device for subsequent analysis of the circuit at macroscopic 
levels. TCAD analysis has long been able to take stress effects 
into account, but only by performing 3-dimensional ?nite 
element analysis of a single transistor or a small fragment of 
the chip. The computation time required to obtain accurate 
results, hoWever, limited the utility of this kind of analysis to 
only small regions of a chip layout that include only several 
transistors. For example, it has not been practical to perform 
a TCAD analysis to obtain reasonably accurate circuit level 
parameters for layout regions larger than about a doZen tran 
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sistors, or about 2-3 diffusion regions. Even then, huge 
amounts of CPU time, up to several hours per transistor, Were 
required to obtain reasonably accurate results. The required 
computation time makes this approach prohibitively expen 
sive for any large fragments of the chip layout. 
[0005] Recently, a simpli?ed model Was developed for 
approximating stress effects on electron and hole mobilities. 
See R. A. Bianchi et al., “Accurate Modeling of Trench Iso 
lation Induced Mechanical Stress Effects on MOSFET Elec 
trical Performance,” IEEE IEDM Tech. Digest, pp. 117-120 
(December 2002), and US. Patent Publication No. 2002/ 
0173588 (2003), both incorporated herein by reference. A 
variation of this model, With some additional ?tting terms and 
parameters, Was incorporated into Revision 4.3.0 of the Ber 
keley BSIM standard model. See Xuemei (Jane) Xi, et al., 
“BSIM4.3.0 Model, Enhancements and Improvements Rela 
tive to BSIM4.2.1”, University of California at Berkeley 
(2003), available at http://WWW-deviceeecs.berkeley.edu/ 
~bsim3/BSIM4/BSIM430/doc/BSIM430_Enhancement. 
pdf, incorporated by reference herein. The model is knoWn as 
the Length of Diffusion (LOD) model, since its primary 
parameter is the length of the diffusion region on each side of 
the channel of a transistor under study. Roughly, the model 
analyZes the layout to ?nd the LOD at different segments 
along the Width of the channel, calculates a Weighted average 
LOD for the entire channel Width, calculates a stress based on 
the Weighted average LOD, and then converts that stress value 
to a change in mobility. 
[0006] There are a number of problems With the LOD 
model. First, the model is limited to STI-induced stress. It 
therefore ignores many other potential sources of stress. For 
example, some integrated circuit manufacturers form SiGe in 
the source and drain areas of a p-channel transistor intention 
ally to induce certain stresses on the channel; this source of 
stress is not taken into account in the LOD model, nor are 
stresses induced by differential coef?cients of expansion of 
superposing layers. Additionally, several semiconductor 
manufacturers use strained cap layers covering the transistors 
on top of the gate stacks. It is typical to use tensile nitride cap 
layers for n-channel transistors and compressive nitride cap 
layers for p-channel transistors. Some other potential stress 
sources include tensile STI that is bene?cial for both n-chan 
nel and p-channel transistors and tensile Si:C (carbon-doped 
silicon) in the source/ drain of the n-channel transistors. None 
of these stress sources are taken into account by the LOD 
methodology. 
[0007] Second, the LOD model fails to take into account 
stresses that might be present transversely to the length of 
diffusion, across the channel Width-Wise. It has been discov 
ered that compressive stress in this direction can affect carrier 
mobility in the channel in signi?cant and surprising Ways. 
[0008] Third, more generally than the second de?ciency, 
since the LOD model considers only hydrostatic pressure, 
Which is a sum of all normal (i.e. volume changing rather than 
rotational) stress components, it fails to take into account 
differing vector stress components. Different stress compo 
nents relative to the channel direction are knoWn to affect 
carrier mobility differently. 
[0009] Fourth, the LOD model fails to take into account the 
presence of other structures in the neighborhood of a region 
under study, apart from the nearest STI interface. Other struc 
tures beyond this interface might reduce the amount of oxide 
presumed to be exerting a force, and therefore might reduce 
the actual stress in the channel. 



US 2010/0042958 A1 

[0010] Accordingly, it Wouldbe extremely desirable to pro 
vide a stress analysis methodthat approximates the stresses in 
a region of an integrated circuit chip, more accurately than 
does the LOD model, and Without incurring the computation 
costs of a 3-dimensional ?nite element analysis. Such a 
method can enable stress analysis of much larger regions of 
the circuit, including of an entire integrated circuit chip. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The invention Will be described With respect to spe 
ci?c embodiments thereof, and reference Will be made to the 
draWings, in Which: 
[0012] FIG. 1 shoWs an illustrative layout region With three 
transistors. The top portion of the diagram illustrates a plan 
vieW of the layout region, and the bottom portion of the 
diagram illustrates a cross-section taken at sight-line A-A'. 
[0013] FIGS. 2, 4 and 5 are ?oWcharts for an embodiment 
of methods of the invention. 
[0014] FIG. 3 shoWs the plan vieW ofthe layout of FIG. 1, 
With four sample points identi?ed. 
[0015] FIG. 6 illustrates diffusion regions in a portion of the 
plan vieW of the layout of FIG. 1. 

DETAILED DESCRIPTION 

[0016] In order to best describe an embodiment of the 
invention, reference Will be made to an illustrative layout 
portion as shoWn in FIG. 1. In FIG. 1, the top portion of the 
diagram illustrates a plan vieW of the layout region, and the 
bottom portion of the diagram illustrates a cross-section taken 
at sight-line A-A' as shoWn in the top portion. The layout 
region of FIG. 1 includes three transistors 110, 112 and 114, 
plus some other structures 116, 118, 120 and 122. Referring 
to transistor 114 as an example, it comprises a diffusion 
region 124 Which is crossed by a gate conductor 126. The 
portion of the diffusion region 124 to the left of the gate 126 
is the source diffusion region of the transistor, and the portion 
to the right of the gate 126 is the drain diffusion region. The 
portion of the diffusion region 124 overlapping With beloW 
the gate 126 is the channel 128 of the transistor. As used 
herein, the term “region” represents a tWo-dimensional area 
in a plan vieW of the layout. Stress “in” a region is considered 
to be the stress close to the surface of the region, Where 
current ?oWs. In the embodiments described herein, an 
approximation is made that the stress “in” a region is equal to 
the stress “at” the surface of the region. In another embodi 
ment, stresses Within a volume of the chip can be taken into 
account as Well, including at depths beloW the surface. 
[0017] The description herein Will also be assisted if the 
folloWing de?nitions are established. As shoWn in FIG. 1, as 
used herein, the “longitudinal” direction of a transistor is the 
direction of current ?oW from source to drain When the tran 
sistor is turned on. The “transverse” direction is perpendicu 
lar to the longitudinal direction, and perpendicular to the 
direction of current ?oW. 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 perpen 
dicular to all possible lateral directions. The “length” of a 
structure in the layout is its length in the longitudinal direc 
tion, and its “Width” is its Width in the transverse direction. It 
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can be seen from the layout of transistor 114 that the length of 
its channel 128 is a signi?cantly shorter than its Width, 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 longitu 
dinal direction, theY 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. 
[0018] In the layout of FIG. 1, transistors 110 and 112 share 
a common diffusion region 130. In addition, all regions in the 
plan vieW of FIG. 1 outside the diffusion regions 116, 130, 
124, 118, 120 or 122, are STI regions containing oxide. Three 
of the STI regions can be seen in the cross-sectional vieW, 
speci?cally region 132, disposed betWeen diffusion regions 
116 and 130; region 134, disposed betWeen diffusion regions 
130 and 124; and region 136, disposed betWeen diffusion 
regions 124 and 118. All these STI regions exert compressive 
stress on the diffusion regions, including Within the transistor 
channels. In the prior art LOD model, only the stresses 
exerted in the longitudinal direction are taken into account. 
The methods described herein, on the other hand, can take 
into account stresses in the transverse and vertical directions 
as Well. 

[0019] The methods described herein can also take into 
account stress mitigating features, Whereas the LOD method 
cannot. For example, the STI region 134 exerts a particular 
stress longitudinally toWard the channels of transistors 112 
and 110, and that stress is maximum at the interface betWeen 
the STI region 134 and the diffusion region 130 and decays by 
a predetermined function of distance toWard the channels. 
The LOD method assumes that the STI region to the right of 
the interface has a particular typical length in that direction, 
and therefore assumes a particular maximum stress value at 
the interface. But another diffusion region 124 is present in 
the layout of FIG. 1, only a short distance to the right of that 
interface. Thus the length of the STI region may actually be 
very short, Which Would reduce the actual stress on the tWo 
channel regions. Some of the methods described herein avoid 
this inaccuracy by taking into account stress mitigating fea 
tures, such as the presence of diffusion region 124. 
[0020] The methods described herein can also take into 
account the stresses caused by other stress generation mecha 
nisms aside from STI/ silicon interfaces. For example, in an 
embodiment in Which the source and drain regions of the 
p-channel transistors are formed of silicon-germanium alloy, 
but the channel regions are not, stresses are exerted on the 
channel regions due to the crystal lattice mismatch at their 
interface With the silicon-germanium alloy regions. These 
stresses, too, can be taken into account by methods described 
herein. As used herein, a “stress generation mechanism” is 
one that arises at an interface betWeen a pair of different 
materials. Typically the stress arises due to either thermal 
mismatch or crystal lattice mismatch or built-in stress 
obtained as a consequence of speci?c deposition chemistry. 
TWo stress generation mechanisms are themselves consid 
ered herein to be “different” if they differ in at least one 
material of the pair. TWo stress generation mechanisms are 
themselves considered herein to be different also if they arise 
from different physical principles, even Where the material 
pairs are the same. 

[0021] FIG. 2 is an overall ?owchart of an embodiment of 
the invention. As With all ?oWcharts herein, it Will be appre 
ciated that many of the steps can be combined, performed in 



US 2010/0042958 A1 

parallel or performed in a different sequence Without affect 
ing 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 condi 
tions are satis?ed. 

[0022] Referring to FIG. 2, in a step 210, the system ?rst 
starts a loop through selected transistors in a layout. Because 
of the speed and accuracy With Which mobility enhancement 
values can be determined using features of the present inven 
tion, it is feasible to determine modi?ed carrier mobilities for 
all transistors on the integrated circuit chip. Alternatively, a 
user may select only certain important transistors, such as 
those along one of the critical paths. Embodiments of the 
invention enable reasonably accurate analysis of layout 
regions collectively containing more than 12 or so transistors, 
or more than 3 diffusion regions, both of Which Were imprac 
tical or impossible With conventional methods. For purposes 
of illustration, it Will be assumed that the ?rst transistor 
selected in step 210 is transistor 112 (FIG. 1). 
[0023] In step 212, the system identi?es the channel region 
of the selected transistor. The channel region can be identi?ed 
by the intersection of the gate and diffusion layout layers. 
[0024] In step 214, several sample points are selected in the 
channel. FIG. 3 shoWs the plan vieW of the layout of FIG. 1, 
With four sample points 310 identi?ed in the channel region 
300 of the transistor 112. In FIG. 1 the sample points lie on a 
line oriented transversely across the channel, and in the 
middle of the channel longitudinally, and the sample points 
are spaced uniformly along that line Within the channel. In 
general, the effort is to estimate the stress distribution 
throughout the channel. Since the channel is typically very 
short in the longitudinal direction, it is usually su?icient to 
choose sample points all in a single laterally-oriented line 
disposed in the center of the channel longitudinally. But since 
the channel is typically very Wide laterally, relatively speak 
ing, several sample points across the channel laterally are 
usually required to develop an accurate estimate of the stress 
distribution throughout the channel. The designer Will choose 
a number of sample points across the channel that represents 
an acceptable compromise betWeen accuracy, Which 
improves With more sample points, and speed of analysis, 
Which improves With feWer sample points. 
[0025] In step 216 the stress at each of the sample points 
310 is approximated. (As used herein, the term “approxima 
tion” includes exactness as a special case. Therefore it is 
possible that in some instances the approximations developed 
in step 216 Will be exact.) FIG. 4 is a ?owchart detail of step 
216. In step 408, the routine begins by looping through all the 
sample points. In step 410, if there is more than one stress 
generation mechanism to be taken into account, the system 
begins a loop through all of the stress generation mechanisms 
to be taken into account. For example, STI-induced stresses 
can be taken into account, as Well as silicon-germanium 
induced stresses. Other stresses can also be taken into 
account, such as those induced by a silicide layer that is groWn 
on top of the source and drain areas and those induced by the 
strained cap layers that cover the gate stacks. 
[0026] In step 412, a search region is determined for the 
current sample point and stress generation mechanism. The 
search region should be large enough to include layout fea 
tures outside the diffusion region containing the sample point, 
but since stress decays With distance, it should not extend to 
such a great distance that the stress contribution at the sample 
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point is negligible. In one embodiment, a rectangular region 
can be chosen. In another embodiment, a circular region With 
a prede?ned radius can be chosen. Typically, the greater the 
depth into the Wafer at Which the current stress generation 
mechanism contributes to the stress at the surface of the 
Wafer, the larger the search region should be. As an example, 
for STI-induced stress, the search radius might be approxi 
mately 2 microns and encompass (With current technology) 
16-20 transistors. The search radius for silicon-germanium 
induced stress Would typically be smaller, since the silicon 
germanium source/drain regions are typically much shal 
loWer than STI. 
[0027] In step 414, the system combines the approximate 
stress contributions to the stress at the current sample point, 
due to the current stress generation mechanism, of each stress 
source in the current search region. As used herein, the “com 
bining” of values means evaluating the values together in a 
predetermined mathematical function. In the present embodi 
ment, an assumption is made that the stress contributions 
from all sources and all stress generation mechanisms are 
additive, and so in step 414, the system simply sums the 
approximate stress contributions. 
[0028] In one embodiment, the combining of approximate 
stress contributions can involve dividing the search region 
into a rectangular grid and calculating the stress caused by 
each grid rectangle in Which there is a source of stress. In a 
preferred embodiment, hoWever, these stress contributions 
are approximated using an edge Walking technique such as 
that illustrated in the How chart of FIG. 5. 
[0029] In the method of FIG. 5, the contribution of each 
edge in the current search region to the stress at the current 
sample point due to the current stress generation mechanism, 
is approximated. In a preferred embodiment, this approxima 
tion takes into account stress components in the X and Y 
directions independently. The edges that are Walked are those 
shoWn in the plan vieW of FIG. 1, Which all lie in either the X 
direction or theY direction. The edges that are parallel to the 
X axis Will introduce stress along both lateral directions X and 
Y. Similarly, the edges that are parallel to the Y axis Will 
introduce stress along both lateral directions X and Y. The 
stress introduced in X direction by an edge that is parallel to 
theY axis is identical to the stress introduced inY direction by 
an edge that is parallel to the X axis for the same stress 
generation mechanism. This stress component is sometimes 
referred to herein as a normal stress component. The stress 
introduced in X direction by an edge that is parallel to the X 
axis is, in turn, identical to the stress introduced inY direction 
by an edge that is parallel to the Y axis for the same stress 
generation mechanism. This stress component is sometimes 
referred to herein as a tangential stress component. 

[0030] In one embodiment, the layout is restricted to edges 
that are aligned With the X andY Cartesian axes in the layout 
plane. In another embodiment, the edges of the layout fea 
tures can have arbitrary shapes, usually described as polygons 
With edges that are oriented arbitrarily in the X-Y layout 
plane. This can be important Whenever there are signi?cant 
optical proximity effects that distort the original rectangular 
layout. 
[0031] The depth of the edges into the Wafer is taken into 
account in the present embodiment not by calculating a stress 
component in the Z direction, but by appropriate calibration 
of the stress peak at the edges and the function by Which the 
stress decays With distance. This calibration is discussed 
beloW. Stress components in the Z direction due to edges 
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buried below the surface and not visible in the plan vieW of 
FIG. 1, can also be taken into account independently, but 
these are given only cursory treatment in the present discus 
sion. The reader Will understand hoW to extend the methods to 
include stress contributions in the Z direction more fully. 
Several stress sources are knoWn to generate a signi?cant 
vertical stress component, notably a strained cap layer depos 
ited over the gate stack. It is knoWn that p-channel transistors 
are insensitive to the vertical stress component, Whereas 
n-channel transistors are very sensitive to the vertical stress 
component. Calculation of the vertical stress component can 
be performed in a similar Way to the lateral stress compo 
nents, With the vertical stress decaying as a function of dis 
tance from transistor to the edges of the strained cap layers 
that are located in the XY layout plane. 

[0032] Referring to FIG. 5, the method begins an outer loop 
to consider all the feature edges that appear Within the current 
search region (step 510). The particular edges considered 
Within the loop 510 Will depend on the current stress genera 
tion mechanism being considered. For example, if the current 
stress generation mechanism is STI-induced stress, then only 
the interfaces betWeen STI regions and diffusion regions are 
considered in the loop 414. If the current stress generation 
mechanism is silicon-germanium-induced stress, then the 
folloWing tWo types of interfaces are taken into account in the 
loop 414: the interfaces betWeen the silicon-germanium dif 
fusion regions and the silicon channel regions, and the inter 
faces betWeen the silicon-germanium diffusion regions and 
the STI. If the current stress generation mechanism under 
consideration is the strained cap layer, then the edges of the 
polysilicon gates and the edges of the strained cap layers are 
taken into account. In many cases the edges are shifted from 
their original location in the layout by applying an offset that 
either expands or shrinks the entire polygon. For example, the 
edges of the polysilicon gates need to be offset by expanding 
each polygon in that layout layer to account for the sideWall 
spacers that surround each polysilicon gate. The stress con 
tribution (positive or negative) caused by each edge consid 
ered Within the loop of step 512 Will be taken into account in 
the determination of the total stress at the current sample 
point. 
[0033] In step 512, another loop is begun, nested Within the 
loop of step 510, through the three dimensions of the layout. 
The third dimension (Z) may be omitted in some embodi 
ments. All the edges shoWn in FIG. 1 Will introduce stress in 
all three directions. 

[0034] In step 514, the system approximates the contribu 
tion of the current edge to the stress in the current direction at 
the current sample point. Reference is made to FIG. 6 in order 
to better explain this step. FIG. 6 illustrates diffusion regions 
in a portion of the plan vieW of the layout of FIG. 1. For 
STI-induced stress, the signi?cant edges are those bounding 
the diffusion regions. Edge 610 of diffusion region 130 in 
FIG. 6 is the STI-boundary nearest sample point 310 toWard 
the right, and continuing toWard the right, edge 612 represents 
the end of the STI region 134 in the rightWard direction. 
Similarly, edge 630 of diffusion region 130 in FIG. 6 is the 
STI-boundary nearest sample point 310 toWard the top of the 
draWing. Edge 610 is oriented in the Y direction and has 
endpoints at (x1, yl) and (x1, y2). Edge 612 is also oriented in 
theY direction and has endpoints at (x2, yl) and (x2, y2). Edge 
630 is oriented in the X direction and has endpoints at (x3, yl) 
and (x1, yl). The position of sample point 310 is referred to as 
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[0035] Consider ?rst the normal stress introduced in the X 
direction by the STI edges oriented in the Y direction. Ini 
tially, the stress at sample point 310 due to a nearby edge 610 
is considered. The stress contribution in the X direction can be 
approximated by a materials-dependent factor 00, times the 
decay function of the distance in the X direction betWeen the 
current edge and the current sample point, times a decay 
function of the length in the Y direction of the edge. More 
speci?cally, the stress contribution on can be approximated 
by: 

and 7»,€(r) and ky(r) are decay functions describing the reduc 
tion of the stress contribution as a function of distance in the 
X andY directions of the layout, respectively. 
[0036] In eq.(l), the value of“sign” is +1 or —I, Whichever 
is required such that near edges of an STI region (such as edge 
610 in FIG. 6) produce a positive stress contribution on and 
far edges of an STI region (such as edge 612 in FIG. 6 produce 
a negative stress contribution on; because near edges of an 
STI region contribute additional stress Whereas far edges 
mitigate the stress contribution. It Will be appreciated that 
neither edge 612 nor the edge to the left of STI region 132 
Would have been taken into account in the prior art LOD 
method. Neither Would the additional Y-oriented edges dis 
posed further to the right or left of these, or X-oriented edges 
such as edge 630 in FIG. 6. 

[0037] The factor 00 is a function of the current stress 
generation mechanism. It can be calculated using a detailed 
TCAD ?nite element stress analysis for example, or it can be 
extracted from electrical measurements of a speci?cally 
designed test structure. Once determined, 00 remains con 
stant over the entire chip for a given manufacturing technol 
ogy. Whenever the manufacturing process How is modi?ed, 
the stress distribution might be affected and therefore 00 has 
to be re-calibrated. 

[0038] The decay function 7»,(r) can be different for differ 
ent embodiments, and for different dimensions of the layout. 
Because of the dif?culty of deriving the true decay function 
from physical principles, most embodiments Will only 
approximate it. Roughly, the function chosen should be 
strong but ?nite in the near ?eld, asymptotically reducing to 
Zero in the far ?eld, and in the mid?eld it should behave 
someWhere betWeen the appropriate behavior for tWo 
extreme cases of approximations of the actual geometry of the 
stress source: if the stress source represented by a layout edge 
Were a line source on the surface of the chip, then the proper 
decay Would have the form l/r2; Whereas if the stress source 
represented by a layout edge Were a plane source extending 
vertically into the chip, the plane containing the layout edge, 
then the proper decay Would have the form l/r. In fact the 
stress source represented by a layout edge is someWhere 
betWeen those tWo extremes, Which motivates a decay func 
tion of the form l/rB, l<[3<2. In a preferred embodiment the 
folloWing decay function is used for each i’th dimension: 
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[0039] In eq.(4), [3,- depends roughly on the depth into the 
chip of the stress source material, and can be on the order of 
1.2 for both the X and Y stress component directions. The 
factor 0t,- is determined by mechanical properties of silicon. 
The additive factor el- is small, much less than (xi*r'3i. It is 
included in part to avoidthe degenerate result of in?nite stress 
at r:0, and in part because it can improve the accuracy of the 
mid?eld behavior of the function. The values of (xi, [3,- and 61-, 
each of Which may be different for the different stress contri 
bution directions X and Y, may be estimated using a full 
TCAD simulation or calibrated using electrical measure 
ments of the test structures. 

[0040] Other types of decay function approximations can 
be used in other embodiments. Another function type that 
might be used is the error function, erfc(r). In some embodi 
ments, the decay function kl-(r) might not be strictly mono 
tonic, especially in the very near ?eld Where the stress might 
increase slightly before beginning a monotonic decay. 
[0041] For the normal stress component in the Y direction, 
similar equations can be used. In the present embodiment, the 
stress contribution in theY direction due to edge 630, having 
endpoints (x3, y1) and (x1, y1) is approximated by: 

0yy(x,y):sign*0o*0W(x)*0yy(y), (5) 

Where 

0yy(x):7~x(xo—x3)—7~x(xo—xl) (6) 

oyy(y):;\j)(yo_yl) (7) 

and kl-(r) is as given in eq. (4). 
[0042] Similarly, for the Z direction, again similar equa 
tions can be used. 

[0043] Note that Whereas the layout diagrams of FIGS. 1, 3 
and 6 all illustrate structures Whose edges are in either the X 
orY directions of the layout, it Will be appreciated that the 
above formulas and the routine of FIG. 5 can be easily 
adapted for structures having edges that are oriented arbi 
trarily in the X-Y layout plane. 
[0044] After the stress contribution due to the current edge 
in the current direction is approximated from eq.(1), it is 
added to a total stress value in the current direction at the 
current sample point (step 516). The routine then loops back 
to evaluating the stress contribution of the current edge in the 
next layout dimension (step 518). If there are no more dimen 
sions to consider, then in step 520, the routine loops back to 
begin considering the next diffusion-STI interface edge 
Within the search region. 
[0045] Returning to FIG. 4, in step 416, after the approxi 
mate contributions to the stress at the current sample point of 
all stress generation mechanisms in the current search region 
have been added up, the routine loops back to step 410 to 
consider the stress contributions due to the next stress gen 
eration mechanism. If there are no further stress generation 
mechanisms to consider, then in step 418, the routine loops 
back to step 408 to approximate the stress at the next sample 
point. If there are no more sample points to consider, then in 
step 420 the routine terminates With an approximation of the 
total stress at each sample point. 
[0046] Returning noW to FIG. 2, after the total stress has 
been approximated at each sample point, the routine approxi 
mates the stress-induced mobility enhancement due to such 
total stress at each sample point (step 218). This conversion 
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from stress to mobility enhancement is Well knoWn, and can 
be in the form: 

To a ?rst order approximation, Where the silicon Wafer on 
Which the layout Will be fabricated has (100) surface orien 
tation and the transistor channels are aligned With the <1 10> 
crystalline direction, the folloWing functions can be used: 

Where a:0.3, b:—0.5 and c:0.2 for electron mobility, and 
Where a:—0.7, bIO and c:0.7 for hole mobility. Different 
functions Would be used for different crystalline orientations 
of the Wafer and the channel. 
[0047] In step 220, the mobility enhancements approxi 
mated for the several sample points in the channel are aver 
aged, to approximate the average mobility enhancement for 
the entire channel in current transistor. The actual mobility in 
the channel of the current transistor can then be approximated 
as 

lFlim'All, (9) 

Where [1.0 is the mobility in the channel before stress effects 
are taken into account. 

[0048] In step 222, if there are more transistors to be ana 
lyZed, the routine returns to step 210 to determine the average 
mobility enhancement for the next transistor. If not, then in 
step 224, modi?ed mobility values for the analyZed transis 
tors can noW be provided for circuit simulation or other pur 
poses. 
[0049] As used herein, a given value is “responsive” to a 
predecessor value if the predecessor value in?uenced the 
given value. If there is an intervening processing element or 
step, the given value can still be “responsive” to the prede 
cessor value. If the intervening processing element or step 
combines more than one value, the value output of the pro 
cessing element or step is considered “responsive” to each of 
the value inputs. If the given value is the same as the prede 
cessor value, this is merely a degenerate case in Which the 
given value is still considered to be “responsive” to the pre 
decessor value. “Dependency” of a given value upon another 
value is de?ned similarly. 
[0050] The foregoing description of preferred embodi 
ments 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 modi?cations and variations Will 
be apparent to practitioners skilled in this art. For example, 
Whereas the description above focuses on modeling stresses 
and converting stresses into stress-induced mobility enhance 
ments, stress also affects several other transistor properties. It 
is knoWn to affect the band gap structure and as a result of the 
modi?ed band gap structure it shifts the threshold voltage of 
the transistor under stress. Stress that is applied early in the 
process How can also affect the dopant diffusion, activation, 
and segregation in the transistor channel and source/ drain and 
result in modi?ed doping pro?les in the channel and source/ 
drain. These other stress-induced modi?cations of transistor 
properties are typically much Weaker than the stress-induced 
mobility enhancements, but nevertheless can be noticeable. 
The approaches described herein can be used for estimating 
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such second-order effects in a similar Way they are used to 
model stress-induced mobility enhancements. 
[0051] The embodiments 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 modi?cations as are suited to the particular use 
contemplated. It is intended that the scope of the invention be 
de?ned by the following claims and their equivalents. 

1. A system for approximating stress-induced effect on a 
transistor property in a region-of-interest in an integrated 
circuit layout, the system being con?gured to: 

approximate the stress independently in at least ?rst and 
second different dimensions, at each of a plurality of 
sample points in the region-of-interest; 

convert the stress approximations at each of the sample 
points to a respective transistor property adjustment 
value; and 

combine the transistor property adjustment values at all the 
sample points in the plurality of sample points. 

2. A system according to claim 1., Wherein the transistor 
property comprises transistor threshold voltage. 

3. A system according to claim 1., Wherein the transistor 
property comprises a doping pro?le in a transistor channel. 

4. A system according to claim 1, Wherein the transistor 
property comprises carrier mobility, and converting the stress 
approximations at each of the sample points to a respective 
transistor property adjustment value comprises converting 
the stress approximations at each of the sample points to a 
respective mobility enhancement value. 

5. A system according to claim 4, Wherein converting the 
stress approximations at each of the sample points to a respec 
tive mobility enhancement value comprises, for each subject 
one of the sample points: 

converting the approximated stress at the subject sample 
point in each of the dimensions to a respective mobility 
enhancement value for that dimension at the subject 
sample point; and 

combining the mobility enhancement values for all the 
dimensions at the subject sample point to develop the 
mobility enhancement value for the subject sample 
point. 

6. A system according to claim 5, Wherein converting the 
approximated stress at the subject sample point in each of the 
dimensions to a respective mobility enhancement value for 
that dimension at the subject sample point comprises: 

evaluating a ?rst conversion function of the approximated 
stress in a ?rst one of the dimensions at the subject 
sample point; and 

evaluating a second conversion function of the approxi 
mated stress in a second one of the dimensions at the 
subject sample point, 

Wherein the ?rst and second conversion functions are dif 
ferent. 

7. A system according to claim 4, Wherein the region-of 
interest is the channel region of a transistor. 

8. A system for approximating stress-induced mobility 
enhancement in a plurality of transistors in the integrated 
circuit layout, the system being con?gured to: 

perform the steps of claim 4 for each of more than 12 
transistors in the integrated circuit layout, the region-of 
interest for each of the transistors being a channel region 
of the transistor. 
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9. A system according to claim 4, Wherein approximating 
the stress at each of a plurality of sample points in the region 
of-interest comprises, for a particular one of the dimensions 
and for each subject one of the sample points, includes: 

approximating the stress contributions in the particular 
dimension at the subject sample point due to each of a 
plurality of stress generation mechanisms; and 

combining the contributions to the stress in the particular 
dimension at the subject sample point approximated due 
to all of the stress generation mechanisms, to develop a 
combined stress in the particular dimension at the sub 
ject sample point. 

10. A system according to claim 4, Wherein approximating 
the stress at each of a plurality of sample points in the region 
of-interest comprises, for each given one of the dimensions 
and for each subject one of the sample points, includes: 

for each particular one of a plurality of edges Within a 
search region for the given sample point, approximating 
a ?rst stress contribution due to the particular edge to the 
stress in the given dimension at the subject sample point; 
and 

combining the contributions to the stress in the given 
dimension at the subject sample point approximated due 
to all the edges in the plurality of edges, to develop a 
combined stress in the given dimension at the subject 
sample point. 

11. A system according to claim 10, Wherein approximat 
ing a ?rst stress contribution due to the particular edge to the 
stress in the given dimension at the subject sample point, 
comprises: 

approximating the stress contributions due to a particular 
edge to the stress in the given dimension at the subject 
sample point due to each of a plurality of stress genera 
tion mechanisms; and 

combining the stress contributions due to the particular 
edge to the stress in the given dimension at the subject 
sample point approximated due to all of the stress gen 
eration mechanisms, to develop a combined stress in the 
given dimension at the subject sample point due to the 
particular edge, 

and Wherein converting the stress approximation at each of 
the sample points to a respective mobility enhancement 
value comprises, for each subject one of the sample 
points: 

converting the approximated stress at the subject sample 
point in each of the dimensions to a respective mobility 
enhancement value for that dimension at the subject 
sample point; and 

combining the mobility enhancement values for all the 
dimensions at the subject sample point to develop the 
mobility enhancement value for the subject sample 
point. 

12. A system for approximating stress-induced variation of 
a transistor property due to stress in a transistor channel 
region in an integrated circuit layout, the system being con 
?gured to develop the approximation in dependence upon 
stresses oriented transversely along the Width of the channel. 

13. A system according to claim 12, Wherein the variation 
of a transistor property comprises mobility enhancement. 

14. A system according to claim 12, Wherein the variation 
of a transistor property comprises variation of a transistor 
threshold voltage. 
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15. A system according to claim 12, wherein the variation 
of a transistor property comprises variation of a doping pro?le 
in the channel. 

16. A system for approximating stress-induced variation of 
a transistor property due to stress in a transistor channel 
region in an integrated circuit layout, the system being con 
?gured to develop the approximation in dependence upon 
stresses oriented in at least tWo lateral dimensions across the 
channel. 

17. A system according to claim 16, Wherein the variation 
of a transistor property comprises mobility enhancement. 

18. A system according to claim 16, Wherein the variation 
of a transistor property comprises variation of a transistor 
threshold voltage. 

19. A system according to claim 16, Wherein the variation 
of a transistor property comprises variation of a doping pro?le 
in the channel. 

20. A system for approximating stress-induced variation of 
a transistor property in a transistor channel region in an inte 
grated circuit layout, the system being con?gured to develop 
the approximation in dependence upon stresses caused by 
layout feature edges that are oriented parallel to the longitu 
dinal dimension of the transistor. 

21. A system according to claim 20, Wherein the variation 
of a transistor property comprises mobility enhancement. 

22. A system according to claim 20, Wherein the variation 
of a transistor property comprises variation of a transistor 
threshold voltage. 

23. A system according to claim 20, Wherein the variation 
of a transistor property comprises variation of a doping pro?le 
in the channel. 
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24. A system for approximating stress-induced variation of 
a transistor property due to stress in a transistor channel 
region in a ?rst diffusion region in an integrated circuit layout, 
the system being con?gured to develop the approximation in 
dependence upon both a stress contribution arising due to a 
?rst materials interface at an edge of the ?rst diffusion region, 
and a stress contribution arising due to a second materials 
interface outside the ?rst diffusion region. 

25. A system according to claim 24, Wherein the variation 
of a transistor property comprises mobility enhancement. 

26. A system according to claim 24, Wherein the variation 
of a transistor property comprises variation of a transistor 
threshold voltage. 

27. A system according to claim 24, Wherein the variation 
of a transistor property comprises variation of a doping pro?le 
in the channel. 

28. A system for approximating stress-induced variation of 
a transistor property due to stress in a transistor channel 
region in an integrated circuit layout, the system being con 
?gured to develop the approximation in dependence upon 
stresses induced in the channel by each of a plurality of 
different stress generation mechanisms. 

29. A system according to claim 28, Wherein the variation 
of a transistor property comprises mobility enhancement. 

30. A system according to claim 28, Wherein the variation 
of a transistor property comprises variation of a transistor 
threshold voltage. 

31. A system according to claim 28, Wherein the variation 
of a transistor property comprises variation of a doping pro?le 
in the channel. 


