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Abstract—This letter investigates the impacts of random
dopant fluctuation (RDF) and line edge roughness (LER) on the
switching-time (ST) variation for nanoscale MOSFETs using the
effective-drive-current (Ieff ) approach that decouples the ST
variation into transition-charge (ΔQ) and Ieff variations. Al-
though the RDF has been recognized as the main variation source
to the threshold-voltage variation, this letter indicates that the
relative importance of LER increases as the ST variation is
considered.

Index Terms—Line edge roughness (LER), MOSFET, random
dopant fluctuation (RDF), switching time (ST).

I. INTRODUCTION

W ITH MOSFET scaling, the impact of random dopant
fluctuation (RDF) and line edge roughness (LER) on

the threshold-voltage (Vth) variation of nanoscale transistors is
growing and being extensively examined [1]–[3]. For example,
Asenov et al. [2] has shown that, for a given LER variation,
as gate dimensions are reduced, the Vth fluctuations increase
and are comparable in magnitude to those caused by RDF.
Roy et al. [3] has concluded that the Vth variation due to RDF
would dominate the behavior of the bulk MOSFETs if the
LER can meet the prescription of the International Technology
Roadmap for Semiconductors.

For logic circuits, however, the variation of signal switching
time (ST) due to RDF and LER is particularly important.
Whether there is any gap between Vth and ST variations merits
investigation. In this letter, we investigate the ST variation due
to RDF and LER for bulk MOSFETs using the approach of
effective drive current in CMOS inverters [4].

II. METHODOLOGY

We decouple the ST variation into transition-charge (ΔQ)
and effective-drive-current (Ieff) variations. The ST can
be defined as ΔQ/Ieff [5], where ΔQ is the transition
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charge between logic “ON” and “OFF” states. The ΔQ
for an NFET can be calculated by Qn(VGS = VDD, VDS =
0 V) − Qn(VGS = 0 V, VDS = VDD). The Ieff for an NFET
can be approximated as [IDS(VGS = VDD, VDS = 0.5VDD) +
IDS(VGS = 0.5VDD, VDS = VDD)]/2 [4]. Therefore, in con-
trast to the time-consuming mixed-mode transient simulation,
only dc simulation for a single device is needed to derive
ΔQ and Ieff . More importantly, the effective-drive-current
approach may provide physical insights in the assessment of
ST variations.

The device parameters of bulk MOSFETs used in this letter
are gate length (Lgate) = 25 nm, channel width (W) = 25 nm,
oxide thickness (tox) = 0.8 nm, source/drain junction depth
(xj) = 12.5 nm, channel doping (Nch) = 4.8 × 1018 cm−3,
and supply voltage (VDD) = 0.8 V. To assess the RDF in bulk
MOSFETs, we have carried out the atomistic device simulation
using the Monte Carlo approach to generate the dopants in
the channel [1]. To avoid the charge trapping in the sharp
Coulomb potential well and, hence, the mesh size dependences
of the simulation results, we have employed the density gradient
method in our atomistic simulation [3]. The boundary condition
at the Si/SiO2 interface for the density gradient method is that
the carrier density changes continuously across the interface,
i.e., the continuity of the wavefunctions across the interface
[6]. Fig. 1(a) shows one of the 150 samples in our atomistic
simulation. To assess the LER, the line edge patterns were de-
rived using the Fourier synthesis approach similar to the one in
[2], and then, the Monte Carlo simulation was performed. The
parameters used in the LER simulation are the rms amplitude
Δ = 1 nm [7] and the correlation length Λ = 30 nm. Fig. 1(b)
shows one of the 150 samples in our simulation. In this letter,
we use the drift-diffusion equation as the transport model. The
velocity saturation model is used to assess the on-current under
the high drain field.

III. RESULTS AND DISCUSSION

Fig. 2(a) compares the saturation threshold-voltage (Vth,sat)
distributions due to RDF and LER for bulk MOSFETs. Fig. 2(b)
compares the ST distributions due to the RDF and LER. It can
be seen that the standard deviation of Vth,sat (σVth,sat) due to
RDF is larger than that due to LER. Nevertheless, Fig. 2(b)
shows that the standard deviation of ST (σST) due to LER is
comparable with that due to RDF. In other words, the relative
importance of LER for ST variation increases as compared with
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Fig. 1. Simulated bulk MOSFETs in this letter. (a) One of the samples with
RDF and (b) one of the samples with LER.

Fig. 2. (a) Vth,sat distribution of 150 samples due to RDF and LER. (b) ST
distribution of 150 samples due to RDF and LER.

Fig. 3. Normalized standard deviations of ST, Ieff , and ΔQ due to RDF
and LER.

that for Vth,sat variation. Since ST = ΔQ/Ieff , the normalized
standard deviation of ST (σST/μST) can be approximated as
|σST/μST| ≈ |σΔQ/μΔQ − σIeff/μIeff |, where μST, μΔQ,
and μIeff are the mean values of ST, ΔQ, and Ieff , respectively.
In this letter, we consider the standard deviations σST, σΔQ,
and σIeff as signed numbers. Fig. 3 shows the |σST/μST|,
|σΔQ/μΔQ|, and |σIeff/μIeff | (normalized standard deviation
of ST, ΔQ, and Ieff , respectively) caused by RDF and LER.
It can be seen that the |σST/μST| due to RDF is roughly
equal to the difference of |σIeff/μIeff | and |σΔQ/μΔQ| due
to RDF. However, the |σST/μST| due to LER is roughly
equal to the sum of |σIeff/μIeff | and |σΔQ/μΔQ| due to
LER. The results in Fig. 3 can be explained as follows. The
impact of RDF on MOSFETs stems from the variation of the
effective channel doping (Nch,eff). For devices with smaller
Nch,eff values, the Vth is smaller, and hence, Ieff and ΔQ are
larger because they are roughly proportional to (VGS − Vth).
Thus, Ieff and ΔQ are positively correlated [Fig. 4(a)]. There-
fore, |σST/μST| is roughly equal to the difference between
|σΔQ/μΔQ| and |σIeff/μIeff | because the quantities of σΔQ
and σIeff have the same sign. In other words, the impacts of
RDF on ΔQ and Ieff are mutually canceled, and |σST/μST| is
reduced.

The impact of LER on MOSFETs results from the variation
of the effective channel length (Leff). For devices with shorter
Leff ’s, the Vth is smaller because of the short-channel effect,
and hence, the Ieff is larger. As for ΔQ, devices with shorter
Leff ’s possess smaller ΔQ’s because ΔQ is proportional to
the gate area (W × Leff). Thus, Ieff and ΔQ are negatively
correlated [Fig. 4(b)]. Therefore, |σST/μST| is roughly equal
to the sum of |σΔQ/μΔQ| and |σIeff/μIeff | because the
quantities of σΔQ and σIeff have the opposite sign. In other
words, the |σST/μST| is larger than either |σΔQ/μΔQ| or
|σIeff/μIeff |.

It should be noted that, for ultrascaled devices in which
ballistic transport becomes significant, the Ieff will be under-
estimated if the drift-diffusion model is used. However, the
normalized standard deviation of Ieff (σIeff/μIeff) may not be
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Fig. 4. Correlations of Ieff and ΔQ distributions for MOSFETs with (a) RDF
and (b) LER.

as sensitive to the transport model as the Ieff . Aside from the
electrostatic potential fluctuation, the discrete dopants will also
cause the mobility fluctuation, which is not considered in this

letter. Therefore, the σIeff due to RDF may be larger than that
in Fig. 3 because of the mobility fluctuation caused by discrete
dopants.

IV. CONCLUSION

We have investigated the impacts of RDF and LER on the
ST variation for nanoscale MOSFETs using the effective-drive-
current approach that decouples the ST variation into ΔQ and
Ieff variations. Our results indicate that the ST variation caused
by LER may be larger than that caused by RDF. This is because
Ieff and ΔQ variations due to RDF are mutually canceled and
the ST variation caused by RDF is reduced, while Ieff and
ΔQ variations due to LER increase the ST variation caused
by LER. Although the RDF has been recognized as the main
variation source to Vth variation, the relative importance of
LER increases as the ST variation is considered. This letter may
provide insights for device and circuit designs using advanced
CMOS technology.

REFERENCES

[1] D. J. Frank, Y. Taur, M. Ieong, and H. P. Wong, “Monte Carlo modeling of
threshold variation due to dopant fluctuations,” in VLSI Symp. Tech. Dig.,
1999, p. 169.

[2] A. Asenov, S. Kaya, and A. R. Brown, “Intrinsic parameter fluctuation in
decananometer MOSFETs introduced by gate line edge roughness,” IEEE
Trans. Electron Devices, vol. 50, no. 5, pp. 1254–1260, May 2003.

[3] G. Roy, A. R. Brown, F. A. Lema, S. Roy, and A. Asenov, “Simulation study
of individual and combined sources of intrinsic parameter fluctuations in
conventional nano-MOSFETs,” IEEE Trans. Electron Devices, vol. 53,
no. 12, pp. 3063–3070, Dec. 2006.

[4] M. H. Na, E. J. Nowak, W. Haensch, and J. Cai, “The effective drive current
in CMOS inverters,” in IEDM Tech. Dig., 2002, pp. 121–124.

[5] S. E. Laux, “A simulation study of the switching times of 22- and 17-nm
gate-length SOI nFETs on high mobility substrates and Si,” IEEE Trans.
Electron Devices, vol. 54, no. 9, pp. 2304–2320, Sep. 2007.

[6] A. Wettstein, O. Penzin, and E. Lyumkis, “Integration of the density gradi-
ent model into a general purpose device simulator,” VLSI Design, vol. 15,
no. 4, pp. 751–759, Jan. 2002.

[7] International Technology Roadmap for Semiconductors. [Online].
Available: http://www.itrs.net/



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /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 false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /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 600
  /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 (None)
  /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 [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


