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1. Introduction

Nanoscale single-, double-, and surrounding-gate (SG,
DG, and AG) metal-oxide-semiconductor field effect
transistors (MOSFETSs) have recently been of great interests
from device structure point of view. Threshold voltage
fluctuation of these devices is crucial for the integrated
circuit design [1-6]. To explore the fluctuation-related
issues, Monte Carlo simulation and small signal analysis of
transport equations have been applied. Numerical solution
of the Schrodinger-Poisson equations and Monte Carlo
simulation are computationally expensive [2,3,6]. These
approaches are physically accurate, but they are not
convenient for TCAD application.

In this paper, we explore random dopant-induced
threshold voltage fluctuations by solving quantum
correction model. Fluctuation of threshold voltage of three
nanoscale transistors, the SG, DG, and AG (MOSFETsS) are
computationally compared [7]. To calculate the variance of
the threshold voltage of nanoscale MOSFETSs, quantum
correction model at equilibrium conditions is expanded and
solved with perturbation technique. Fluctuations of
threshold voltage resulting from the random dopant,
variations of silicon film thickness, and the device gate
length are obtained. It is found that the AG FET has
smallest fluctuation of threshold voltage among three
device structures. Compared with quantum Monte Carlo
approach and small signal analysis of the Schrodinger-
Poisson equations, this approach shows good accuracy and
computational efficiency, and is ready for TCAD
application.

2. Simulation Methodology

In this paper, we numerically calculate the threshold
voltage fluctuation of nanodevices by solving the quantum
correction model. Application of perturbation technique to
quantum transport model at equilibrium conditions, we first
approximate the model over a device structure, as shown in
shown in Fig. 1. The approximated system of nonlinear
algebraic equations is solved with the monotone iterative
method. Thus, the variance of the threshold voltage of
nanoscale FETs is calculated with respect to different
physical quantities, such as the random dopant, variations
of silicon film thickness, and the device gate length.
Different quantum correction models, the Hidnsch model
and the model proposed in our recent work [4-5] are
adopted to perform the quantum correction to classical
electron density. We solve the explicit quantum correction
models so that the fluctuation of threshold voltage can be
immediately calculated through the perturbation of classical
nonlinear Poisson equation. Thus, the variance of threshold
voltage o v, 1.€., the fluctuation of threshold voltage, is
computed by assuming that the doping concentration are
independent random variables at each mesh point (x;,y;) for
all i and j [1]. We note that the Schrodinger-Poisson- and
density-gradient-based quantum mechanical approaches
require the numerical solution of nonlinear partial
differential equations and the solution of eigenvalue

problem. In contrast to these approaches, our approach of
quantum correction models is of the first order accurate and
is explicit so that the fluctuation of physical quantity can be
immediately calculated through the perturbation and
solution of classical nonlinear Poisson equation.
Computation of this approach is cost-effective and has
successfully been implemented into our nanodevice
simulation prototype.

3. Results and Discussion

We first calculate the standard derivation versus the
level of dopant for the SG, DG, and AG FETs. The standard
deviation oy, of threshold voltage versus the doping level
is shown in Fig. 2. As shown in Fig. 2, both the classical
(CL) and quantum (QM) corrected models predict that the
standard derivation increases when the doping level
increases. For the SG FET, there is about 20% difference
between two CL and QM calculations under dopant level
1x10"%cm™. It is a direct result from the quantum
confinement effect in the nanoscale MOSFETs. The
calculated oy,, with quantum correction is higher than that
of classical result; it is because that the quantum
confinement of electron enlarges the oxide thickness and
shifts up the result of oyy. The difference increases when
the dopant level increases because the shift of peak electron
density is significant and fluctuated. Among three device
structures, the AG FET shows the most stable and smallest
fluctuation of threshold voltage. One of the important
reasons is that the AG FET has the best channel
controllability among the SG, DG, and AG FETs [7].

To reduce the fluctuation of threshold voltage one
should decrease the level of doping, which should
compromise with the variation of the thickness of silicon
film T, shown in Fig. 3. Fig. 3 suggests that the fluctuation
of threshold voltage is proportional to the variation of the
thickness of Tg. oyy, increases when Ty increases. The
fluctuation of threshold voltage of SG FET is significant,
compared with the DG and AG FETs. According to Figs. 2
and 3, there is a compromise between the doping level and
the thickness of silicon film when reducing the oy,. As
shown in Fig. 4, we verify the oy, with respect to the
device length L. The oy, decreases when the device length
L increases for three device structures. Figure 5 shows the
oy, With respect to the oxide thickness T,x. The AG FET
shows smallest fluctuation among structures.

4. Conclusions

Random dopant-induced threshold voltage fluctuations
are calculated by solving quantum correction model for
nanoscale SG, DG, and AG FETs. Fluctuations of threshold
voltage resulting from the random dopant, variations of
silicon film thickness, and the device gate length are
obtained. AG FET has shown good channel controllability
and smallest threshold voltage fluctuation among device
structures. Compared with quantum Monte Carlo approach
and small signal analysis of the Schrédinger-Poisson
equations, this approach shows good accuracy and
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computational efficiency, and is ready for TCAD device
simulation. This novel approach can apply to explore other
physical quantities.
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Figure 1. The three investigated nanoscale (a) SG, (b) DG, and (c)
AG MOSFETs. The SG and DG MOSFETs are solved in the
rectangular coordinates. The AG FET is solved in cylindrical
coordinates.
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Figure 2. Plot of the standard deviation of the threshold voltage
versus the doping level for the investigated SG, DG and AG
MOSFETs, where T, = 1.5 nm, T = 30 nm and L = 30 nm.
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Figure 3. Standard deviation of the threshold voltage versus Ty
where T,y = 1.5 nm, Ny = 5el7 cm™ and L = 30 nm. This
calculation is with the quantum mechanical correction model for
the SG, DG, and AG FETs.
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Figure 4. Standard deviation of the threshold voltage versus the
device channel length L, where T, = 1.5 nm, N, = 5el7 cm™ and
T = 30 nm. This calculation is with the quantum mechanical
correction model for the SG, DG, and AG FETs.
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Figure 5. Standard deviation of the threshold voltage versus T,
where L = 30 nm, Ny = 5el7 cm™ and Ty = 30 nm. This
calculation is with the quantum mechanical correction model for
the SG, DG, and AG FETs.

-595-




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


	typ_page1: -595-


