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Impact of Well Edge Proximity Effect on Timing
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SUMMARY This paper studies impact of well edge proximity effect
on circuit delay, based on model parameters extracted from test structures
in an industrial 65 nm wafer process. Experimental results show that up
to 10% of delay increase arises by the well edge proximity effect in the
65 nm technology, and it depends on interconnect length. Furthermore, due
to asymmetric increase in pMOS and nMOS threshold voltages, delay may
decrease in spite of the threshold voltage increase. From these results, we
conclude that considering WPE is indispensable to cell characterization in
the 65 nm technology.
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1. Introduction

At front-end stages of CMOS wafer process, P and N types
of ions are implanted to form wells. During the implanta-
tions, lateral scattering of the ions nearby edges of a photo-
resist causes well doping concentration, as shown in Fig. 1
[1]–[3]. The well doping concentration mainly drifts the
threshold voltage of MOS transistors. We call it “well edge
proximity effect” (WPE). As advanced deep well implants
with high-energy implanters are introduced to suppress par-
asitic bipolar gain for latch-up protection, WPE becomes
severer. In circuit design, WPE can be suppressed by mak-
ing a large separation between gate poly and enclosing well
edge.

On the other hand, as shown in Fig. 2, common cell
based designs intrinsically involve WPE, whereas analog
circuit design can make use of the large separation. The fig-
ure depicts a part of standard cells placement. Since wells
are continuous along the cell rows and then dummy cells are
placed at the both ends of the cell rows for lithographical
reasons, horizontal proximity between gate and well edges
can be negligible. As for the vertical direction, the inner
and the outer spacing shown in the figure are uniquely de-
termined for cell by cell. Therefore, we should take care of
WPE only for the vertical direction in the cell based design.

During circuit design, a lot of effort is put into timing
convergence [4]. From a standpoint of circuit design, de-
lay variation due to WPE is a matter of utmost concern. We
evaluate the impact of WPE on circuit timing as a case study
in an industrial 65 nm technology, and demonstrate the de-
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Fig. 1 Schematic representation of the well edge proximity effect.

Fig. 2 Well edge proximity of the standard cell region.

lay increase quantitatively. We also point out that WPE de-
creases cell delay in some conditions of input waveform and
output load.
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2. Well Edge Proximity Effect Modeling

Threshold voltage Vth of MOSFETs with sufficiently long
and wide channels are expressed by the following equation
[5].

Vth = VFB + Φs + γ
√
Φs − Vbs

= VT H0 + γ(
√
Φs − Vbs −

√
Φs), (1)

where VFB is the flat band voltage, Φs is the surface poten-
tial, VT H0 is the threshold voltage of the device at zero sub-
strate bias, and γ is the body bias coefficient which is propor-
tional to square root of the substrate doping concentration.
BSIM4.5 specifies the factor of increase in the substrate
doping concentration due to WPE in terms of instance pa-
rameters S CA, S CB, S CC and model parameters KVT H0WE ,
WEB, WEC [5]–[7]. Amount of the Vth shift is expressed
by

dVth = KVT H0WE ·(S CA+WEB·S CB+WEC ·S CC).

(2)

Here, the instance parameters S CA, S CB, S CC correspond
to profiles of the overly doped well ions due to WPE, and
then they are determined by layout patterns of the MOS tran-
sistors. Closed form solutions for S CA, S CB, and S CC of
straight poly gates without bends can be expressed as fol-
lows [6].
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where W and L are drawn width and length of a MOS

Fig. 3 dVth estimation using BSIM4.5 parameters.

gate, respectively. S CW and S CL are the distances between
the gate and the well edge in width and length directions,
respectively. We derive the model parameters KVT H0WE ,
WEB, WEC, and S Cre f by fitting them to the measured dVth

for a set of layout patterns of the test element groups. Fig-
ure 3 shows effectiveness of the dVth fitting. X-axis is the
measured Vth shift and Y-axis is the Vth shift in BSIM4.5
model with the derived parameters. We can see WPE mod-
eling is well performed.

3. Impact of Well Edge Proximity Effect on Timing

We derive the model parameters explained in the previous
section for a 65 nm SoC process. As shown in [3], the
threshold voltage shifts of p type MOS transistors are larger
than n type MOS transistors due to difference in the sub-
strate doping concentration. Actually, the maximum dif-
ference in the threshold voltage shift reaches three times.
Using the model parameters and the instance parameters ex-
tracted from layout patterns of standard cells for the SoC
process, we achieve the following experiments.

3.1 Wire Length and Fan-Out Dependency of the Delay
Increase

First, we evaluate delay of two kinds of inverter chains by
circuit simulation. The examined inverter cell is applied to
within 100 μm range of wire interconnections. One inverter
chain consists of the inverters with single fan-out (FO1),
i.e. each inverter drives single inverter with the same size.
The other inverter chain has the inverters with 20 fan-out
(FO20), where each inverter drives 20 inverters of the same
size. Wires connecting the inverters, which are assumed to
be in a semi-global layer [8], vary from 1 μm to 100 μm.

Figure 4 shows the simulation result of the increase in
cell delay due to WPE, regarding the FO1 inverter chain. We
here assume that one inverter chain is placed in the middle
of the block both vertically and horizontally, and the other
is placed at the bottom edge of the block (Fig. 2). In the fig-
ure, “rise” and “fall” denote rising and falling transitions of
output signal of the inverter. As seen in the figure, the delay
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Fig. 4 Delay increment due to WPE (FO1 small inverters chain).

Fig. 5 Delay increment due to WPE (FO20 small inverters chain).

increase due to WPE is up to 10% for this inverter chain,
where the rising delay increase is larger than the falling de-
lay increase. It is because the maximum rate of the threshold
voltage shift in pMOS is three times as large as the rate in
nMOS. We also see in the figure that the rate of delay in-
crease is reduced as the inverter drives longer wires. Buffers
inserted in a short distance are sensitive to WPE.

Figure 5 shows the simulated delay increase of the
FO20 inverter chain. This situation makes the input tran-
sient time of the inverter cell longer compared to the FO1
case. The dependency on wire length is much smaller than
that of the FO1 case since the output load capacitance of
the inverter is almost determined by the FO20 of the gate
capacitance.

3.2 Conditions of Decreasing Buffer Delay

Next, we examine inverter chains with 24 times larger in-
verters than the previous ones. MOS transistors in each
inverter cell form multiple fingers due to the limitation of
cell height. The p type MOS finger has the same size as
the p type MOS transistor in the previous inverter. On the
other hand, the n type MOS finger is twice wider than the
previous one. In general, wider MOS transistors are less af-
fected by WPE [6]. However, the large standard cell inverter
suffers the same amount of WPE as the previous small in-
verter due to the finger division. We examine the impact of
WPE along cell delay tables [9] in order to understand the

Fig. 6 Load capacitance and transient time dependency of delay
increment due to WPE (Large inverter, rising delay).

Fig. 7 Load capacitance and transient time dependency of delay
increment due to WPE (Large inverter, falling delay).

Fig. 8 Current decrease due to WPE (pMOS).

impact of WPE systematically. The cell delay tables show
that falling delay can decrease due to WPE when the input
transient time is large and the output load (fan-out) is small
(Fig. 7), unlike rising delay (Fig. 6). The reason is thought
to be that decrease in current of pMOS exceeds the decrease
in pull-down current of nMOS. Figures 8 and 9 show cur-
rent decreases due to WPE. Figure 8 shows that the current
of pMOS is highly suppressed by WPE, compared with cur-
rent reduction of nMOS in Fig. 9.
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Fig. 9 Current decrease due to WPE (nMOS).

Fig. 10 Delay increment due to WPE (FO1 large inverters chain).

Then, we examine whether the case of decreasing the
delay appears in the inverter chain. Since the delay decrease
can occur when the fan-out is small, we simulate the FO1
chain. Figure 10 shows the results. In the wire length range
up to 800 μm, the falling delay decrease appears. As the
wire becomes long, the wire capacitance increases the out-
put load, and then the falling delay decrease becomes small.
There are cases that delay decreases in spite of the threshold
voltage increase.

4. Conclusion

This paper has investigated the impact of WPE on circuit

delay, applying the WPE model and extraction methodology
to circuits supposing buffer insertion in a cell based design.
The experimental results show that up to 10% of delay incre-
ments are caused by WPE in a 65 nm SoC process. Further,
the asymmetric increase in the threshold voltages between
p and n type MOS devices causes the situation of decreas-
ing delay because the decrease in current of pMOS over-
whelms the decrease in pull-down current of nMOS. From
these results, we conclude that WPE in the 65 nm technol-
ogy should be taken into consideration. Especially, since
the case of decreasing delay can happen, WPE should be
cared for the hold time check in the timing verification, as
well as the setup time checking. In general, since the delay
change due to WPE varies instance by instance, it should be
treated as one of the systematic variability factors [10]. In
the cell based design, WPE consideration is indispensable
to cell characterization in the 65 nm technology.

References

[1] T.B. Hook, J. Brown, P. Cottrell, E. Adler, D. Hoyniak, J. Johnson,
and R. Mann, “Lateral ion implant straggle and mask proximity ef-
fect,” IEEE Trans. Electron Devices, vol.50, no.9, pp.1946–1951,
Sept. 2003.

[2] I. Polishchuk, N. Mathur, C. Sandstrom, P. Manos, and O. Pohland,
“CMOS Vt-control improvement through implant lateral scatter
elimination,” Proc. IEEE International Symposium on Semiconduc-
tor Manufacturing 2005, pp.193–196, Sept. 2005.

[3] Y.-M. Sheu, K.-W. Su, S.-J. Yang, H.-T. Chen, C.-C. Wang, M.-J.
Chen, and S. Liu, “Modeling well edge proximity effect on highly-
scaled MOSFETs,” Proc. IEEE Custom Integrated Circuits Confer-
ence 2005, pp.831–834, Sept. 2005.

[4] Y. Zhang, Q. Zhou, X. Hong, and Y. Cai, “Path-based timing opti-
mization by buffer insertion with accurate delay model,” Proc. 5th
International Conference on ASIC, vol.1, pp.89–92, Oct. 2003.

[5] BSIM4.5.0 Complete Manual, University of California, Berkeley,
July 2005.

[6] “Guidelines for extracting well proximity effect instance param-
eters,” Compact Modeling Council, http://www.eigroup.org/CMC/
proximity

[7] J. Watts, K. Su, and M. Basel, “Netlisting and modeling well-
proximity effects,” IEEE Trans. Electron Devices, vol.53, no.9,
pp.2179–2186, Sept. 2006.

[8] The International Technology Roadmap for Semiconductors, 2005,
ITRS, http://www.itrs.net/

[9] “Library compiler version 2000.05 user guide,” Synopsys Inc. 2000.
[10] H. Onodera, “Variability: Modeling and its impact on design,”

IEICE Trans. Electron., vol.E89-C, no.3, pp.342–348, March 2006.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


