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Abstract- A model of the undoped-body symmetric dual-gate
MOSFET is presented based on the explicit analytic solution of
its surface potential using the Lambert W Function. The total
channel carrier charge and drain current may be readily
obtained from this solution. Results from the proposed solution
are compared to exact results numerically calculated by
iteration.

I. INTRODUCTION

The use of symmetric dual-gate (SDG) silicon-on-insulator
(SOI) MOSFETs with undoped channel regions is one the
most promising emerging technologies for scaling CMOS
devices down to nanometer sizes [1]. The absence of dopant
atoms in the channel eliminates impurity scattering mobility
degradation and completely does away with unwanted
dispersion in the characteristics, otherwise resulting from the
random microscopic dopant fluctuations inherent to ultra-
small dimensions devices. In fact, the threshold voltage is
determined by the work function difference between the gate
material and the intrinsic silicon body. Such advanced
MOSFETs are already being fabricated in several
configurations including planar, vertical, FinFET, and various
other 3-D geometries [2].

Highly accurate and physics based compact models which
are at the same time computationally efficient are required for
proper modeling of MOSFETs [3]. These requirements are
easier to meet in the case of undoped-body MOSFETs
because of the absence of fixed charge in the channel, and
even more so in the case of ultra thin-body symmetric DG
MOSFETSs. Proposed models in general lack computational
efficiency since they rely on numerical iteration to solve the
fundamental equations [4-7]. An explicit analytic solution is
therefore highly desirable because it offers the possibility of
greater physical insight and computational efficiency than its
numerical alternatives.

To that end we recently proposed [8] an explicit analytic
solution for the surface potential of undoped-body single-gate
bulk devices making use of the Lambert W function [9], a
special function not expressable in terms of elementary
functions, which is defined as the solution to the equation
W(x) exp[W(x)] = x. The Lambert W function has already
proved its usefulness in numerous physics applications and
has also been recently utilized for finding the solutions to
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several previously unsolved but basic diode [10] and bipolar
transistor circuit analysis problems [11]. The use of Lambert
function-based device models for circuit simulation
applications is facilitated by the fact that this function has
already been incorporated into some circuit simulation tools.
More recently the Lambert Function solution approach was
also introduced to describe the inversion charge of undoped-
body symmetric DG MOSFETs [12]. In what follows we
present an explicit analytic Lambert Function-based solution
of the surface potential of undoped-body symmetric DG
devices which is an extension of our previously proposed
analytic solution for the surface potential of undoped-body
single-gate bulk devices [8]. The total channel carrier charge
and drain current will then be formulated from that surface
potential solution.

II. POTENTIAL MODELING

Figure 1 presents a schematic structure of a symmetric DG
n-MOSFET, where x is the direction across the channel
thickness and y is the direction along the channel. Here
symmetric means that the two gates have the same work
function, the top and bottom gate oxide thicknesses are equal,
and the same voltage bias is applied to both gates. It is
assumed that the Quasi-Fermi level is constant along the x
direction, current flows in the y direction and assumed
negligible in the x direction. Because there is no contact to the
silicon body, the energy levels are referenced to the electron
quasi-Fermi level of the n" source, as indicated in Fig. 2.
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Fig. 1. Schematic structure of a symmetric DG n-MOSFET.
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Fig. 2 Undoped-body symmetric DG n-MOSFET channel potential within the
channel thickness, at two gate voltage biases, (top) below threshold, and
(bottom) above threshold.

For simplicity’s sake, the formulation is based on Maxwell-
Boltzmann, not on Fermi-Dirac, charge distribution statistics.
Quantum confinement effects will not be taken into account
here either, although they may be incorporated later to
accommodate devices of silicon film thicknesses smaller than
5 nm where these effects start to become relatively significant.
A one dimensional Poisson equation across the body thickness
of this device can be written as [13, 14]
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where #; is the intrinsic carrier density, ¢ is the electronic
charge, f = q/kT is the inverse of the thermal voltage, g, is

the silicon permittivity, and V is the difference between
electron and hole quasi-Fermi levels along the channel
(channel voltage), equal to O at the source and to Vpg at the
drain. The mixed boundary conditions at the center of the
channel and at its surface are, respectively:

dy
dx |
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where#;is the silicon thickness, Vs is the gate-to-source

voltage, Cy is the oxide capacitance per unit area, and Vg is
the flatband voltage.

Considering an n-MOSFET, neglecting the contribution of
holes and assuming Sy >>1, the electric field can be
obtained from (1) following the conventional procedure of
changing variables and integration [15,16]:
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where =y (x=0)is the potential extremum at the center

of the channel.
Substituting (4) evaluated

ye=w(x= tSl_/2) , into (3) yields:

at the surface, with

Ves—Vm=Wgt
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The electron quasi-Fermi level gradient is in the y
direction since the current flows only along the y direction,.
This justifies the approximation that assumes V to vary only
along y and be constant in the x direction. Following the
procedure proposed by Taur, (3) can be integrated again
[4,5,7] to express the potential across the channel region as a
function of x:
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Evaluating at the surface x = - / 2 and rearranging (6) yields
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The simultaneous solution of (5) and (7) allows to find the
surface potential in terms of the terminal voltages Vs and V.
However, direct calculation requires numerical iteration and
renders this approach computationally inefficient for circuit
simulation compact model purposes.



III. ANALYTIC SOLUTION

Analyzing (5) we observe that, except for the exponential
term with y, this equation is similar to the case of the

single-gate bulk device, whose surface potential can be solved
explicitly using the Lambert Function, as previously presented
by us [8].

Following the same solution approach for the symmetric
DG device, factoring the surface potential out of the radical in
(5) yields

VZanth ﬂ(l//,, vs) .(9)

Ves-VB=Wgt

Substitution of (7) into the second radical of (9), and using the
identity sin’ &)+ cos’ ¢)=1, the

equation for the gate voltage that is to be solved in terms of
the surface potential:

trigonometric yields
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The above equation clearly has the form of Lambert’s
equation. Therefore solving for y ¢ finally yields the desired

closed-form analytic solution for the surface potential of the
undoped-body symmetric DG device as a function of the
terminal voltages:
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where W is the usual short-hand notation for the principal
branch of the Lambert Function. Except for the term
sin(¢) this expression is the same as that previously
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proposed for the undoped-body single-gate bulk device [8].
However, in this symmetric DG case we now require the
additional knowledge of ¢, which depends on y_, as

indicated by (8).
IV. POTENTIAL EXTREMUM

In a symmetric DG MOSFET under equal bias on both
gates the electric field vanishes at the center of the channel (x
= 0), as indicated by (2). Therefore the channel potential
reaches an extremum, 1//(x = O) =y, at that point.

Analyzing the phenomenological behavior of y , presented

in Fig. 2, we observe that below threshold, while the
semiconductor charge remains small, there is volume
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inversion and the potential stays essentially flat (y ¢~y )

throughout the entire silicon film thickness, closely following
the gate voltage everywhere (see also Fig. 3). As the gate
voltage increases towards threshold the electron density
becomes more and more significant. After threshold
¥ g continues to increase while  quickly departs from

v ¢ until it saturates to a maximum value y . for higher

gate voltages (see Fig. 3).

Furthermore, given that the argument & is restricted to
between 0 and 7/2, the maximum value that the potential
extremum can reach at the center of the channel is given by
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Therefore, it may be concluded that as gate voltage increases,
v, changes from linear behavior (y,=Vgs-Vp) below

threshold, (y,= ) above

threshold, as clearly illustrated in Fig. 3.
This behavior of y, may be portrayed as a function of

to saturated behavior

l//() max

gate voltage by the use the following well known smoothing
function, previously used to model drain voltage saturation
behavior [17]:

o =U= U~V as Vi)W ome »  (13)

where

U :%[(VGS'VFB)+(1+F)‘//0max] H (14)

and r is the shoulder smoothing parameter which may be
considered to be a fitting parameter or determined from its
physical dependencies.
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Fig. 3 Surface potential, w5, (continuous lines) and potential extremum (at
the center of the channel), y;, , (broken lines) versus gate voltage.
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Fig. 4 Surface potential versus gate voltage for different gate oxide
thicknesses.

In this case the smoothing parameter » is weakly dependent on
I ts; and V, and it may be represented by an empiric equation
of the form

r:(AtUx+B)[tC+DJ o (15)

Si

with the values of 4=0.0267 nm™', B=0.0270, C=0.4526 nm,
D=0.0650, and £=3.2823 V"' being appropriate for the typical
device dimensions and operating ranges of interest.

Substituting (13) into (11), through (8), a closed form
expression results for the undoped-body symmetric DG device
surface potential as a function of the terminal voltages and the
silicon film and gate oxide thicknesses.

Figure 3 presents the calculated potential at the center of
the channel, i, , and the corresponding surface potential, g ,

versus gate voltage for three values of voltage along the
channel. Figure 4 shows that the surface potential is affected
by gate oxide thicknesses in the above threshold region, but it
is independent of it below threshold.

IV. EXACT NUMERICAL SOLUTION

The following numerical computation procedure will be
used to obtain an exact numerical solution for comparison
purposes. This procedure could also be useful for modeling
purposes, whenever an exact numerical solution of the
problem is considered necessary.

For convenience sake, let us rename the cosine term in (7)
as

a = cos(4) (16)
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Recalling (7) and (8) and rearranging we may write:
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where y ¢ is to be expressed in terms of a, through (16) and

(10). The solution for ¢, is bounded by 0 <g, < 1 and it can
be obtained iteratively starting from an initial value of a,; ,
using a Newton-Raphson type procedure with
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The convergence of the procedure is very fast and turns out to
be computationally efficient.

Figure 5 presents the comparison of the surface and center-
of-channel potentials versus gate voltage, as obtained
analytically from (11) and by exact numerical calculation.

(18)

0.6 |
Z 05
o
2 047
i)
S 03}
(%] -
E 02} t,= 2nm
R V=0
w 0.1 O Exact calculation {
Analytic solution
0.0 & s -
—~ 8 : ' .
>
E 41 ]
I
£ ]
S
m -4 .
E 1.0 | .
Sq., 0-5 B 7
£ 0.0
o
5 05} . . .
0.0 0.5 1.0 1.5
VGs - VFB (V)

Fig. 5 Surface potential, w5, and potential at the center of the channel, v,
versus gate voltage, as obtained analytically from (11) (continuous lines) and



by exact numerical calculation (symbols), together with the corresponding
erTors.

Notice that although ) is used, through ¢ to calculate g in
(11), the error in s turns out to be considerably smaller than
that iny, clearly suggesting that ¥, modeling needs not be too
strict.

V. CHARGE MODELING

Since for an undoped body DG MOSFET the carrier
charge per unit area Q; induced in the channel represents the
total charge in the semiconductor, we can calculate Q; directly
from (11) as

0, =2C,Vos—vrs)-vs] (19)
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Fig. 6 Carrier charge per unit area induced in the channel as a function of gate
voltage for three silicon film thicknesses, assuming zero drain-to-source
voltage.
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Fig. 7 Carrier charge per unit area induced in the channel as a function of gate
voltage for three oxide thicknesses, assuming zero drain-to-source voltage.
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Fig. 8 Carrier charge per unit area induced in the channel as a function of
gate voltage for three values of channel voltage.

Figures 6 to 8 present the carrier charge per unit area
induced in the channel versus the applied gate voltage, for
various silicon film thicknesses, gate oxide thicknesses, and
channel voltages, as calculated using (19). The charge sub-
threshold slope, S, measured as the inverse of the semi-
logarithmic charge-gate voltage characteristics slope, as
expected has a value very close to the ideal value of 60 mV
per decade of charge change. This sub-threshold slope is not
affected by gate oxide thickness, as it is in the case of
conventional doped-body devices. We notice that the silicon
thickness affects the carrier charge below threshold but has
little effect above threshold. This is consistent with the fact
that below threshold there is volume inversion and the charge
is essentially proportional to silicon film thickness for a given
gate voltage bias. Figure 6 also indicates that the on-off ratio
increases as the silicon film thickness decreases. Conversely,
the carrier charge per unit area induced in the channel in the
above-threshold region is inversely proportional to the oxide
thickness, as clearly illustrated in Fig. 7.
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Fig. 9 Carrier charge per unit area induced in the channel as a function of
channel voltage for three silicon film thicknesses, at a given gate voltage.
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Fig. 10 Carrier charge per unit area induced in the channel as a function of
channel voltage for three gate oxide thicknesses, at a given gate voltage

Figures 9 and 10 show the variation of the carrier charge
per unit area induced in the channel as a function of the
channel voltage, for various silicon film thicknesses and gate
oxide thicknesses, at a given gate voltage, as calculated from
(19) with the surface potential given by (11).

VI. CONTINUOUS ANALYTIC CURRENT MODEL

Considering that the drain current may be represented by
the addition of its diffusion and drift components, a recently
proposed charge-based drain current formulation is [12]:

2 .2
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o

where Qs and Q) are the total carrier charges per unit area
evaluated at the source and drain, respectively. We assume a
long channel device neglecting small dimensional effects,
which may be included later into the current equation. The
modeled drain current turns out to be continuous from below
to above threshold, which results in continuity for higher
derivatives.

Figure 11 presents the drain current-gate voltage transfer
characteristics calculated using (20) with a constant effective
mobility of 300cm*V™'s" and other parameters as indicated in
the figure. Notice that the maximum error occurs around the
threshold transition point. Figure 12 presents the analytically
and numerically calculated drain current-drain voltage output
characteristics for various values of gate voltage. It is worth
observing that the relative error decreases as the gate voltage
increases.
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Fig. 11 Comparison of the drain current-gate voltage transfer characteristics
as calculated analytically from (11) (continous line) and from exact numerical
calculations (symbols).
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Fig. 12 Comparison of the drain current-drain voltage output characteristics
as calculated analytically from (11) (continous line) and from exact numerical
calculations (symbols), for three values of gate voltage.
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VII. CONCLUSIONS

A computationally efficient and physically meaningful
surface-potential compact model of the undoped-body



symmetric DG MOSFETs has been presented. The model is
an accurate analytic solution of the surface potential as an
explicit function of the gate voltage, which was developed
based on our previous solution for undoped bulk SG
MOSFET using Lambert W functions. The solution, given by
(11), is continuously valid for all regions of operation of this
particular kind of device from subthreshold to strong
inversion.

The error range generated by this solution seems to be
reasonably small for typical device dimensions and bias
conditions. This analytic solution may be used directly in
surface potential-based current models by evaluating at the
drain and source ends of the channel. Alternatively, the total
inversion charge at the drain and source ends is calculated
from the potential model and then introduced in a recently
proposed charge-based drain current model [12]. Additionally
we have presented a quickly converging iteration procedure,
used here to get the exact solution for comparison purposes,
but which may be used also to efficiently calculate an exact
numerical solution whenever greater precision is required.

REFERENCES
[11 Q. Chen, K.A. Bowman, E.M. Harrell, J.D. Meindl, “Double jeopardy
in the nanoscale court,” IEEE Circuits and Devices Magazine, vol. 19,
pp. 28-34, 2003.
J.P. Colinge, “Multiple-gate SOI MOSFETS,” Solid-State Electron.,
vol. 48, pp. 897-905, 2004.
R. van Langevelde, A.J. Scholten, D.B.M. Klaassen, “Recent
enhancements of MOS Model 11,” Workshop on Compact Modeling,
NSTI-Nanotech 2004, Boston, Massachusetts, U.S.A., vol. 2, pp. 60-65,
March 7-11, 2004.
Y. Taur, “An nnalytical solution to a double-gate MOSFET with
undoped body,” [EEE Electron Device Lett.,vol. 21, pp. 245-247,
2000.
Y. Taur, “Analytic solutions of charge and capacitance in symmetric
and asymmetric Double-Gate MOSFETSs,” [EEE Trans. Electron
Devices, vol. 48, pp. 2861-2869, 2001.

25

(6]

[13]

[14]

[15]

[16]

[17]

X. Shi, M. Wong, “Analytical solutions to the one-dimensional Oxide-
Silicon-Oxide System,” [EEE Trans. Electron Devices, vol. 50, pp.
1793-1800, 2003.

Y. Taur Y, X. Liang, W. Wang, H. Lu, “A Continuous, analytic drain-
current model for DG MOSFETS,” IEEE Electron Device Lett., vol. 25,
pp. 107-109, 2004

A. Ortiz-Conde, F.J. Garcia Sanchez, M. Guzman, “Exact analytical
solution of channel surface potential as an explicit function of gate
voltage in undoped-body MOSFETs using the Lambert W function and
a threshold voltage definition therefrom,” Solid-State Electron., vol. 47,
pp. 2667-2674, 2003.

R.M. Corless, G.H. Gonnet, D.E.G. Hare, D.J. Jeffrey, D.E. Knuth, “On
Lambert’s W function.,” Advances Computational Math., vol. 5, pp.
329-359, 1996.

A. Ortiz-Conde, F.J. Garcia Sanchez, J. Muci, “Exact analytical
solutions of the forward non-ideal diode equation with series and shunt
parasitic resistances,” Solid-State Electron., vol. 44, pp. 1861-1864,
2000.

T.C. Banwell, “Bipolar transistor circuit analysis using the Lambert W-
function,” IEEE Trans. Circuits and Syst. I, vol. 47, pp. 1621-1633,
2000.

J. He J, X. Xi, C.H. Lin, M. Chan, A. Niknejad, C. Hu, “A non-Charge-
Sheet Analytic Theory for Undoped Symmetric Double-Gate MOSFET
from the Exact Solution of Poisson’s Equation using SSP Approach,”
NSTI-Nanotech 2004, Boston, Massachusetts, vol. 2, pp. 124-127,
March 7-11, 2004.

A. Ortiz-Conde, F.J. Garcia Sanchez, P.E. Schmidt, A. Sa-Neto, “The
non-equilibrium inversion layer charge of the thin-film SOl MOSFET,”
IEEFE Trans. Electron Devices, vol. 36, pp. 1651-1656, 1989.

J.J. Liou, A. Ortiz-Conde, F.J. Garcia Sanchez, Design and Analysis of
MOSFETs: Modeling, simulation and parameter extraction, Boston,
MA: Kluwer Academic Publishers, 1998.

A. Ortiz-Conde, F.J. Garcia Sanchez, P.E. Schmidt, A. Sa-Neto, “On
the charge-sheet model of the thin-film MOSFET,” IS4 Proc. Twentieth
Annual Modeling and Simulation Conference, Pittsburgh, PA, U.S.A.,
vol. 20, pp. 1341-1345, 1989.

A. Ortiz-Conde, R. Herrera, P.E. Schmidt, F.J. Garcia Sanchez, J.
Andrian, “Long-channel silicon-on-insulator MOSFET theory,” Solid-
State Electron., vol. 35, pp. 1291-1298, 1992.

A. Chatterjee, C.F. Machala, P. Yang, “A submicron DC MOSFET
model for simulation of analog circuits,” [EEE Trans. CAD of
Integrated Circuits and Syst., vol. 14, pp. 1193-1207, 1995.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (None)
  /CalCMYKProfile (None)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /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 (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF005500730065002000740068006500730065002000730065007400740069006e0067007300200074006f0020006300720065006100740065002000500044004600200064006f00630075006d0065006e007400730020007300750069007400610062006c006500200066006f007200200049004500450045002000580070006c006f00720065002e0020004300720065006100740065006400200031003500200044006500630065006d00620065007200200032003000300033002e>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


