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Abstract—As CMOS scaling extends into the nanoscale regime, 
designers need to be aware that device behavior depends not only 
on traditional geometric parameters such as channel length and 
width, but also on layout implementation details of the device and 
its surrounding neighborhood. The advent of stress engineering, 
in which intentional mechanical stress is applied to improve de-
vice performance, also adds new geometric dependencies. This 
paper reviews the major process technology features that cause 
layout-dependent proximity effects and how to account for these 
effects in circuit and layout design. 

I.  INTRODUCTION 
In the submicron regime, dimensions were large enough that 

device behavior was largely independent of the neighborhood 
of the device. As device scaling continued into the nanoscale 
regime, the importance of modeling the device as well as its 
surroundings became apparent. This paper consists of three 
parts. First, it reviews the major features of modern CMOS 
process technology that give rise to layout dependencies on 
device behavior. Lithographic proximity effects have been 
purposely omitted. Second, it discusses some practical issues 
around implementation of layout-dependent models, and in-
troduces the concept of a macro-model approach decoupled 
from the underlying compact model. Finally, it provides miti-
gation strategies for minimizing layout-dependent effects. 

II. WELL-IMPLANT PROXIMITY EFFECT 

In modern CMOS processes, wells are formed using high-
energy ion implantation that require a thick photoresist layer 
to mask the well implants. Ions implanted into the edge of the 
photoresist can scatter laterally into an adjacent device region 
[1]−[3] as shown schematically in Fig. 1.  
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Fig. 1. Ions implanted into the edge of the photoresist can scatter out of 

the resist, increasing the implant dose of devices near the photores-
ist edge. 

Since the well implant dopant (acceptor or donor) is the same 
type as the channel implant dopant, the additional doping in-
creases the absolute value of the threshold voltage (VT) of both 
NMOS and PMOS devices. The amount of additional dopant 
depends on the channel distance from the photoresist edge and 
is termed the well-implant proximity effect (WPE). The inte-
raction distance can be on the order of 1 μm or more, with ob-
served VT variation of 50−100 mV [1]−[3]. Fig. 2 is an exam-
ple of VT variation vs. channel-to-well distance. 

 
Fig. 2. Change in threshold voltage as a function of MOS channel-to-well 

distance, SCeff [2]. 
 

If the process includes a deep triple well for noise isolation, 
the implanted well dopants will be opposite to channel dopant 
type and can cause VT to become lower in magnitude or even 
invert the net doping type at the surface [1]. It should be noted 
that silicon-on-insulator (SOI) processes do not require deep 
well implants since the MOS device is formed on a thin silicon 
film that is naturally isolated by the underlying buried oxide. 
As such, they are largely immune to WPE. 

The Compact Modeling Council (CMC) has standardized a 
WPE model applicable to MOS compact models for circuit 
simulation. Fig. 3 shows the layout measurements required for 
the WPE model. The model accounts for an irregular well 
shape by using a weighted average of the individual measure-
ments in each direction. This WPE model has three MOSFET 
instance parameters (SCA, SCB, and SCC) which represent 
integrals of the first/second/third distribution functions for 
scattered dopants. Closed-form expressions for computing 
these parameters from the measurements in Fig. 3 are given in 
[6], with the primary WPE spatial dependence assumed to be 
1/d 

2, where d is the distance from the channel to the well 
edge. Depending on process details, the SCA term may be suf-
ficient since SCB and SCC represent the exponential tails of 
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the dopant distribution. The SCA/B/C parameters are then 
used to adjust the device threshold, body coefficient, and low-
field mobility in the MOS compact model [6]. 

 
Fig. 3. WPE model layout measurements for the CMC WPE V2.2 model 

[2], [6]. OD is the oxide definition (active area). PO is the gate. 

III. MECHANICAL STRESS VARIATION 

A. Physics of Mechanical Stress on Silicon MOSFETs  
CMOS processing uses a variety of materials processed at a 

wide range of temperatures. Differences in thermal expansion 
coefficient, lattice mismatch, etc., impose mechanical stress 
(pressure per unit area), which induces strain (change in length 
per unit length) on the silicon lattice. Since silicon is 
piezoelectric, perturbing the equilibrium lattice positions of 
silicon atoms changes the silicon band structure, causing band 
splitting, changes in band shape (and effective mass), and 
redistribution of carriers into different sub-bands [7]. These 
effects are illustrated in Fig. 4. At the device level, these 
changes in the band structure modify carrier transport 
quantities like mobility, which in turn affect device current. 
Stress can also alter the device threshold by either modulating 
dopant diffusivity [8] or altering the band structure [9]. 

 
Fig. 4. Effect of strain on silicon band structure [7].  
 
 Recent generations of CMOS device architectures have 

incorporated intentional, or engineered, uniaxial stress along 
the channel length to enhance device performance [10]−[14]. 
Depending on the carrier type, one may want to introduce 
tensile or compressive stress to improve carrier mobility and 

thus drain current. The desired stress orientations for improved 
device performance are illustrated in Fig. 5. Note that NMOS 
and PMOS transistors are not symmetric in their response to 
applied stress. In the channel-length direction, NMOS 
transistors favor tensile stress while PMOS transistors favor 
compressive stress. However, both types favor tensile stress in 
the channel-width direction. 

desired nFET stress desired pFET stress

 
Fig. 5. Desired stress orientations for improving device performance. 

B. Shallow Trench Isolation Stress  
One of the first stress-related effects to be investigated and 

modeled was the effect of shallow trench isolation (STI) 
proximity on device performance [15]−[17]. STI formation 
induces compressive stress on the active device region (oxide 
definition or OD as noted in Fig. 3). Fig. 6 shows an idealized 
stress profile compared against channel position for two 
different lengths of OD (LOD). The stress seen by the device 
depends on the distance from the device channel to both STI 
edges. When both edges are close, the stress is additive. 
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Fig. 6. Stress vs. position for two different lengths of OD (after [9]). 

 
The stress profiles are typically approximated by a 1/LOD 

dependence [17]. Typically, this is implemented in the 
compact model using the SA and SB parameters which 
measure the distance from the gate to the left and right STI 
edges respectively. 

Since STI introduces compressive stress, proximity to the 
STI edge degrades NMOS performance while enhancing 
PMOS performance. To minimize variation among “identical” 
gate fingers, the middle fingers of a long OD stripe should be 
used, or the OD stripe should be extended and dummy devices 
introduced on the left and right. 



 

C. Stress Liners  
Stress liners (also known as contact etch stop layers) are a 

common method for introducing intentional uniaxial stress to 
enhance device performance [10]−[14]. These layers are 
typically silicon nitride films deposited by plasma-enhanced 
chemical vapor deposition over the fabricated transistor gates. 
Depending on the deposition conditions, either tensile or 
compressive layers may be formed [18]. Since NMOS devices 
prefer tensile stress in the channel direction while PMOS 
devices prefer compressive stress, a dual-stress liner (DSL) 
approach is used. TEM cross-sections of such a process are 
shown in Fig. 7. 
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Fig 7. DSLs with tensile layer over NMOS and compressive layer over 

PMOS [12]. 
 
The DSL method enhances drive current significantly for 

both NMOS and PMOS devices but has a drawback in that it 
introduces an additional source of variation at the boundary 
between the two liner types of opposite stress, as shown in 
Fig. 8. At the boundary between the two stress liners, the 
opposite stresses naturally relax. NMOS devices near this 
boundary are degraded compared to an NMOS far from the 
boundary because they experience less tensile stress. PMOS 
transistors, on the other hand, may see either degradation or 
enhancement, depending on whether the DSL boundary is 
parallel to the channel-width or -length direction. See Fig. 5. 
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Fig. 8. Stress relaxation at the boundary between tensile and compressive 
stress liners (plan view). 

 
Although detailed simulation studies of the stress profiles 

on individual transistors have been reported, e.g., [19], there is 
no commonly accepted compact device modeling strategy to 

capture the effect of proximity to the DSL boundary. An 
example of a DSL boundary proximity model is described in 
[20]. This model decomposes the two-dimensional stress field 
into one-dimensional components parallel and perpendicular 
to the direction of current flow. Using test structures with 
varying channel-to-DSL boundary distances, a 
phenomenological model of stress vs. distance is built. 
Applied stress is then related to device mobility by an 
additional relationship. 

In addition to proximity to the DSL boundary, the effect of 
stress liners can be modulated by the distance to the 
neighboring poly as well as contacts that cut through the liner 
[21]. As the poly-to-poly spacing decreases, the stress liner 
loses its effectiveness in transferring stress to the channel of 
the device [14]−[22]. This has implications for the continued 
used of DSL stressors at nanoscale dimensions. The width of 
the poly spacer also plays a role – larger spacers provide less 
area for the stress liner to “grab” and transfer stress to the 
channel. 

D. Contact-Induced Stress 
In some processes, the source/drain contact itself can be 

used to introduce intentional stress into the device [14]. Fig. 9 
shows the benefit of introducing a tensile trench contact to 
NMOS transistors in a 45-nm technology. The common tensile 
stress in the contacts should degrade PMOS performance, but 
the authors claim this is mitigated by the raised compressive 
source/drain regions used in their embedded SiGe process. If 
the trench contact extends over the entire width of the device, 
there should be minimal layout sensitivity to this scheme. 

 
Fig. 9. Idsat-Ioff benefit of tensile contact fill on NMOS performance [14]. 

E. Stress Memorization and Gate-Induced Stressors  
Another source of engineered stress is the stress 

memorization technique (SMT) [23], [24]. A temporary tensile 
stress layer is placed over the NMOS transistors. The stress is 
transferred into the underlying source/drain regions during 
thermal anneal after which the disposable nitride layer is 
removed. Drain current enhancement of more than 27% was 
reported at the 65-nm node [24]. One might expect SMT to 



 

impose similar layout-dependent proximity effect as DSL 
since the disposable tensile liner is placed only over the 
NMOS transistor and stress should be relaxed near PMOS 
transistors. But this effect is yet to be discussed in the 
literature.  

In processes employing a replacement gate or “gate last” 
integration flow to circumvent high-K/metal-gate thermal 
stability issues, channel stress can be induced by appropriate 
choice of gate material. The use of compressive gate material 
on NMOS transistors increased Idsat by 6% at the 45-nm node 
[14]. Since the stressor is applied directly to the channel, there 
is likely no proximity effect from neighboring devices, but 
there may be some length dependence. Any such effect would 
likely be captured by the base compact model during fitting 
for different channel lengths or by binning. 

F. Source/Drain Stressors  
Many CMOS processes induce channel stress by growing 

regions of different materials in the source/drain through 
selective epitaxy [13], [14]. Embedded SiGe (eSiGe) is most 
commonly used to introduce compressive stress on the PMOS 
channel. In this process, the source/drain regions are etched 
and SiGe (with a larger lattice constant than Si) is selectively 
grown. Depending on the process details, the source/drain 
regions may become raised. Fig. 10 shows a TEM cross-
section of a 45-nm PMOS device with eSiGe. The angular 
shape of the eSiGe is related to the etch process used to 
remove part of the Si source/drain prior to epitaxy [14]. 

 

 
Fig. 10. TEM cross-section of PMOS transistor with eSiGe source/drain 

[14]. 
 

For NMOS transistors, the use of embedded SiC to 
introduce tensile stress has been reported [25], [26]. Since SiC 
has a smaller lattice than the underlying silicon, it pulls on the 
silicon under the source/drain, which in turn induces a tensile 
stress in the channel region. A 9% improvement in Ion due to 
SiC source/drain was reported in [26] at the 45-nm node, 
compared to a “best practices” device employing SMT and 
tensile liners. 

In either case, the stress profile on the device may depend 
on both the channel length and the cumulative amount of 
source/drain region (volume effect) in the OD stripe 
containing the device [27]. The trend is for the induced stress 
to drop off sharply at narrow OD lengths and saturate at wide 
OD lengths. This implies that PMOS devices with eSiGe will 
exhibit Idsat degradation at narrow OD lengths, unlike the non-
eSiGe case, in which the STI effect would dominate and cause 
enhancement. 

 
Fig. 11. Cross-sectional TEM image of eSiC poly-gate NMOS device 

[26]. The eSiC region is denoted by the dotted line. 

Wang proposed the following model for the stress �p on 
each device finger due to eSiGe [28]: 
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where L is the channel length, Lsd is the length of the 
source/drain diffusion regions between gate stripes, and m and 
�m are model parameters. The second two terms in parentheses 
account for the effect of the two nearest neighbor devices. The 
model assumes each source/drain diffusion region has the 
same size although the model equation can be modified for 
differently sized diffusion regions. A comparison of the model 
vs. measured data is shown in Fig. 12. Measured data in [29] 
also confirms that the presence of adjacent poly gates on the 
same OD stripe will reduce the amount of PMOS 
enhancement due to reduced eSiGe volume. 

 
Fig. 12. Stress variation of eSiGe on both channel length and source/drain 

lengths [28]. 



 

G. Effect of Neighboring Active Regions on STI Stress  
The amount of STI stress seen by a MOSFET depends not 

only on the width of the stripe, but also on its proximity to 
other OD stripes [30]−[32], as shown in Fig. 13. This can be 
inferred from simple physical reasoning: as the width of the 
STI goes to zero (OD regions merge), STI stress is eliminated. 
At large STI widths, the effect of the neighboring OD region 
becomes negligible. The stress at the edge of the OD region 
can be modeled as 

 
STIm

STISTI

STI
STIP WA

W
LOD

m
__ )(

1 σσ
+

�
�
�

�
�
� +=  (2) 

where WSTI is the distance between OD regions, LOD is the 
length of the OD region, �m_STI is the STI saturation stress, and 
m and ASTI are modeling parameters [32]. Fig. 13 presents 
measured data on the OD-OD stress effect. The effect of 
neighboring OD regions is most pronounced when the gate to 
STI edge distance is small. 

 
Fig. 13. Change in drain current due to proximity of neighboring OD 

regions [30]. 

IV. MODEL IMPLEMENTATION 

A. Reference Device Concept and Model Parameter Extrac-
tion 

To extract layout-dependent parameters for a compact 
model efficiently, a common strategy is to partition the 
modeling into two parts: a base model and a set of layout-
dependent models that modulate the base model. The base 
model is typically fit to a set of measured devices that spans 
the L and W space for that model bin. Care must be taken in 
the design of these test device structures to minimize any 
layout variation that will subsequently be modeled separately, 
although some differences, such as channel length or width, 
are unavoidable. 

The layout specification, such as distance to well edge, OD 
length, number of adjacent device gates, etc., constitutes the 
reference device layout. It simplifies the base model parameter 

extraction if the reference layout minimizes the layout-
dependent effects. For example, one could measure the middle 
device fingers of a multi-stripe OD region, with neighboring 
well, OD, and stress liner edges “far” away. The designer 
should not assume, however, that the base device is always 
one in which layout-dependent effects are minimized. After 
performing parameter extraction, it is possible that the model 
is re-normalized so that the “nominal” device resembles more 
realistic layout, such as a ring oscillator used for model 
validation. 

Given the complex nature of layout-dependent modeling 
with so many effects and parameters, the wise circuit designer 
should experiment with the model by creating test layouts to 
understand how important each effect is and to look for 
anomalous behavior. 

B. Extraction of Modeling Dimensions from Layout 
The job of extracting the modeling dimensions from layout 

is usually done as part of a layout-versus-schematic (LVS) run 
performed before layout parasitic RC extraction. LVS tools 
provide a rich set of geometric manipulation functions that can 
measure the distances between the MOS device gate region 
and well(s), OD edges, stress liner edges, etc. Designers 
should be aware, however, that these measurements do not 
come without a penalty in LVS runtime. Depending on the 
size of the layout, extracting distances for layout-dependent 
models can increase LVS runtime from minutes to many 
hours. Often, runtime can be improved dramatically by 
carefully limiting the search distance the LVS tool will use to 
look for neighboring geometry. Checks on OD geometry are 
particularly sensitive because of the large number of OD 
shapes compared to well shapes. 

C. Micro- vs. Macro-Modeling 
Many of the models used to capture layout-dependent 

effects modify the low-field mobility of the compact device 
model. Unfortunately, device current is not necessarily 
linearly dependent on low-field mobility, even at micron-scale 
dimensions. In addition, the choice of fitting parameters used 
in the compact model can exacerbate the non-linear response 
of modeled current compared to mobility. This can lead to a 
vicious cycle of adjusting other model parameters, such as 
saturation velocity, to compensate. 

One way out of this dilemma is to take a macro-modeling 
approach, as was done for a high-performance 32-nm SOI 
process [33]. Rather than indirectly through compact modeling 
parameters, a device current scaling factor and an offset in 
account for the layout-dependent effects. This simplifies the 
fitting procedure and model regression against data, and led to 
a more accurate reflection of the model against measurement. 
It is transparent, because the amount of deviation from the 
reference device is obvious and easily quantified. It decouples 
the layout-dependent modeling from the choice of compact 
model used for the base device, so supporting a different 
compact model does not require re-extraction and qualification 



 

of the layout-dependent modeling. Finally, the layout-
dependent model could be implemented as a separate software 
package and used in a variety of other tools, as will be 
described in Section V-D. 

The macro-modeling approach does have some limitations. 
By using a per-instance current scale factor, we assume the 
layout-proximity effects have the same quantitative effect in 
the linear and saturation regions of the device. The use of a 
threshold voltage shift implies that the change to the body 
effect coefficient due to WPE can be ignored. For digital 
circuits and many analog applications, however, this level of 
accuracy has proven sufficient. 

V. MITIGATION OF LAYOUT-DEPENDENT EFFECTS 

A. Layout Guidelines to Reduce Variability 
One strategy to reduce layout-induced device mismatch or 

minimize variation between pre- and post-layout simulations 
is to employ layout guidelines [34]. It should be noted that 
guidelines for device mismatch are not the same as those for 
minimizing differences between pre- and post-layout. In the 
first case, geometric consistency is sufficient but absolute 
matching with schematic-only simulation is not required. 
Minimizing differences between pre- and post-layout 
simulation is more difficult to achieve. One way to accomplish 
this is to specify all the layout-dependent parameters at the 
schematic level and have the layout generated from that 
specification list. This approach is achievable for a single 
device but becomes complex for realistic layout because of 
interactions between devices. 

While the specifics of layout guidelines are dependent on 
the details of the manufacturing process being used, general 
guidelines to reduce layout-induced device mismatch are: 

• Keep well edges at consistent distances in all four 
directions from MOS devices to minimize variation due to 
WPE effects. 

• Maintain consistent distances to any DSL boundaries in all 
four directions. Since this layer is usually derived from 
other drawn layers, this may be difficult to do unless the 
foundry provides a way to visualize the stress layers in the 
layout editing tool. 

• Use an active region (OD) and gate definition of the same 
size, shape, and orientation. 

• Add dummy devices and/or dummy poly over STI so 
device fingers at the edge of a shared OD behave similarly 
to inner fingers.  

• Add dummy OD shapes to minimize OD-OD effects. Wide 
OD stripes are less susceptible to neighboring OD effects. 

Fig. 14 gives an example of applying these guidelines to 
reduce layout-induced mismatch. It should be noted that these 
guidelines will force an increase in the size of layout, and 
schematics will need to be altered when dummy transistors are 
added to pass LVS. 

nwell nwell nwell

dummy poly gates.  
 

Fig. 14. Reducing layout-induced variability by following layout 
guidelines. 

A more formal approach to layout guidelines is to incorpo-
rate them into the design rule check (DRC) deck. Transistors 
are tagged with a special ID layer that triggers special rules to 
reduce layout variability. While this method is satisfying be-
cause it is “correct by construction,” it can induce even more 
layout “bloat” than guidelines. 

B. Post-Layout Optimization 
If we have a good set of layout guidelines coded as DRC 

rules, it becomes possible to identify a problematic layout and 
apply fixes. A simple example of this is shown in Fig. 15. Two 
PMOS transistors are adjacent to an empty region. Since each 
PMOS has an n-well boundary in close proximity, both 
devices will be subject to WPE. A simple “fix up” rule would 
close those gaps with n-well by merging the two n-wells. 

 

nwell nwell

nwell shape added to merge disjoint nwells  

Fig. 15. Merging n-well shapes alleviates WPE. 

C. Layout Analysis Tools 
An alternate methodology for mitigating layout-dependent 

proximity effects is to provide a tool to the layout engineer 
that analyzes the layout and provides guidance on how to mi-
nimize them. The SEISMOS-LX tool [35], for example, can 
perform detailed stress analysis of layouts and present the re-
sults to the layout designer as 2D stress maps that indicate 
where stress variation is greatest. 

The tool can also work in a more conventional macro-
modeling mode by extracting measurements and converting 
them via a compact model to a mobility scale factor and thre-
shold voltage offset for use in circuit simulation [36]. A simi-
lar macro-modeling approach using Mentor tools was de-
scribed in [37], in which measurements performed by an LVS 
tool were fed into a model for layout-dependent effects and 
then back-annotated onto the layout. Both of these analyses 
require co-development between the CAD tool vendor and the 
foundry, since the models to convert layout dimensions to de-
vice performance need to be tuned to each process. 



 

A layout analysis flow based on information available from 
the foundry design kit suitable for small to medium-sized 
layouts has been implemented at AMD. The flow performs an 
LVS run to extract each transistor finger in the layout, along 
with the layout-dependent parameters used by the compact 
model. The netlist is read into a script that connects each tran-
sistor terminal to a DC source, and a DC operating point is run 
to compute Ieff [38] for each device. Because correct net con-
nectivity from the LVS run is not required, the analysis can be 
performed right after transistor placement while the layout is 
still LVS “dirty.” 

The flow was later enhanced to give the layout designer a 
more detailed breakdown of the effects causing variability. A 
series of circuit simulations is run, with each run turning on 
the set of parameter responsible for a particular physical ef-
fect. The results of the analysis are displayed on an error-layer 
overlay in the layout design system, so the layout designer can 
simply select a transistor and get a summary of the layout-
dependent variation broken down by physical effect. A sample 
screenshot is shown in Fig. 16. 

 

 
Fig. 16. Screenshot of variation viewer. 

D. Standard Cell Characterization 
Including layout-dependent proximity effects in the analysis 

of standard cells presents an interesting challenge, since the 
neighborhood around the standard cell is not known until after 
placement. Fortunately, a fair approximation of the surround-
ing layout can be made by enclosing the cell with a “collar” 
that includes a typical well and OD placement [33]. An exam-
ple is shown in Fig. 17. This collar assumes the standard cells 
are placed in rows of N/P/P/N, with n-wells shared between 
rows of adjacent cells. Rows and columns of dummy cells can 
be added during placement to mimic the layout conditions 
used for cell characterization. 

std cell
boundary

Typical nwell
inside cell

nwell collar placed 
around cell *

* assumes cells are flipped every other row

Artificial OD
shapes

 
Fig. 17. Use of “collar” layout to mimic surroundings of a standard cell in a 

typical placement scenario. 

VI. CONCLUSION 
A review of the sources of layout-dependent device varia-

tion has been presented: well-edge proximity, STI (LOD) ef-
fect, stress liner boundary effect, contact-induced stress varia-
tion, source/drain stressor volume effect, and adjacent OD ef-
fect. Methodologies for accounting for these effects at the 
compact modeling level, given layout, have been described. 

Being able to account for layout-dependent variation is not 
enough, however, to ensure an efficient and timely design 
process. Circuit and layout designers must work together 
closely to account for these effects up front. This can be done 
through layout guidelines, correct-by-construction techniques, 
or by layout analysis tools that identify variation issues in the 
early stages of layout. Failure to do so may result in unplea-
sant surprises and many cycles of revision late in the design. 
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