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Motivation

You folks asked Sah last year
as his 1initiation test:

How accurate are the approximate
baseline long-and-wide-channel
MOS transistor models used by you
to derive the compact models?
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Historical Paths

General Static 2D Shockley Semiconductor Equations
Gradual Channel Approximation: 1D x—Voltage Equation, 1D y—Current Equation

Gradient of Quasi-Fermi-potential

1966 Pao-Sah Double Integral Current Formula
1965 Sah-Pao Analytical Implicit Voltage Formula

1965 Sah-Pao Bulk-Q Model *

1978 Brews Charge-sheet Model

Surface Potential « Channel Voltage ) o
Charge sheet delta-function approximation

3-layer approximation of bulk charge Q Depletion approximation of bulk charge

¢ ¥

Threshold Voltage Model Surface-Potential Model
1964-Sah threshold voltage model Q=k 1965 Sah-Pao voltage formula
1965-Sah-Pao threshold voltage model 1966 Pao-Sah current formula
First Standard MOST Model Second Standard MOST Model
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Theoretical Formulas

One-current-term Baseline Model
Gradient of Quasi-Fermi-Potential

1965 Sah-Pao Analytical Implicit Voltage Formula
1966 Pao-Sah Double Integral Current Formula

n-channel MOS Transistor

Constant Channel Impurity Concentration
Constant Channel Electron Mobility
Long-Wide Channel and Gate
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One-term Double Integral

« MOSC Equation (2004-Sah Voltage Equation)

— Self-Consistent Remote Charge-Neutrality Boundary

Condition (1957-SNS, 1962-Sah, 1964-Sah, 1965-Sah-Pao,
2004-Sah-turkey)

« MOSR Equation (1966-Pao-Sah Current Equation)

— Gradient of Quasi-Fermi-Potential
— Subtraction of Unbounded Flatband Current.

7 Unr Us . 1
I, =—agD,nLy; |exp(-Uy) dUy J ) [CXp(-I-U) ]dU
L O > SignUg x F, (U, Uy, U,)
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Two-term Drift+Diffusion Model

1996-Sah Space Charge Theory of MOST
(No Gradual Channel Approximation)

Four Components and Two 2D-terms
2D-terms cannot be reduced to two 1D terms

L po
+1 = (Z/L)J.O jo Jwy (X, y,z)dxdy = -1, — 1

=z/uf [ (qu—NB)EY +qD, 5<N5—yNB>jdxdy

Drift current term Diffusion current term
2D = NOT 1D numerically integrable 1D numerically integrable
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X-independent E, Approximation

1* Reject 1978-Brews charge sheet of E.(X,y)

inversion charge A
1D Approximation

1t Assume x-dependence of Ey(x,y) \\
D Exact
31X Give higher bulk-charge reduction of :
drift current. (the missing 2% I5-inversion 0
mystery solved here)

X

2D Dirift current term 1D Drift current term
L o Upp Ug . _
HnII(N_NB)EYdXdyOC My _[ s J- e.Xp( UN)[GXP(+U) 1] dUdUy,
00 Ugg OU p 5 SignUg xF (U, U, Up)
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4-Component Current Formula

Model 9604139 (1D integral model)
ID =I, X(139P1+139P2 + 139D1+139D2)

©Electron and hole carrier space-charge drift term
139P1=p, [ (Ugp=Ugp=Ugq) = (Ugg=Ugs—Ugy) 21/ (2U1;/?)

®lonized impurity space-charge or bulk-space-charge drift term

UDB US _ _
139P2= i, | U f xp(U,)[1 - exp(-U)] JUdU .
o, oU p 5 SignU ¢ xF (U,U,U,)

©Electron and hole carrier space-charge diffusion term
139D1=D_(Ug ~Ug,) /U /2

®lonized impurity space-charge or bulk-space-charge diffusion term
139D2 = D UJ§L exp(UPL)[l—exp(—U)]dU _USO exp(UPO)[l—exp(—U)]dU
"o SignUg xF (U, U, U, ) 9 SignUg, xF, (U, Uy, Up)

WCM 2006 Boston Bin B. Jie and Chih-Tang Sah Viewgraph 9 of 20
May 9-11 Florida Solid-State Electronics Laboratory Printed 13-May-06 at 14:52:56




Bulk Charge Approximations

Bulk Charge = Excess Hole Charge (over flatband Pg)

Ug

~Q,=—q j (P—P,)dx=qnL,, I exp@U,)|1—expU)]

SignlxFx (U, Uy, Up) Electron terms
dlexpeUp)[U

—1+expEU) B9
~I+expU)]

=qn.L,SignU x 2\/ exp@U, ) x|Ug —1+expEUy)] B=3
=qnL,SignU x 2\/ exp(U, ) x|Uq — 1‘
=qn,L,SignU x 2\/ expa-U, ) x US‘ B

dU=—Qpy

—Qpp =qn; L, Signly _([ \/GXp n Up)l

1

= see text (B=6 better than B=3 in accumulation) B=6

Baseline: B=9 (exact); Compact: B=1, 2, 3,6
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Induced Hole Charge Density

Py =1x10%%cm™; Xox =2.0nm; n, =1.33x10*%m™
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Induced Electron Charge Density

P =1x10%em™; Xgy =2.0nm; n; =1.33x10%cm™
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4-component Compact Models

Compact model 9604131 (B=1)
Compact model 9604132 (B=2)

=1978 Brews charge-sheet model

Ugo(Accu, FB, Subth, TH, Inv) = (<2, 0, U, 2Ug, >2U¢ +2)
With reference to the long-wide-channel 4-component formula:
%dev (Accu, FB, Subth, TH, Inv) = (300, 100, 4, 2, 1)%

Compact model 9604133 (B=3)

Good FB to Inv ranges, but 500% off in accumulation

Compact model 9604136 (B=06)

Good FB to Inv ranges, only 10% off in accumulation
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Transfer Characteristics |-V

Pn=1x10%cm™3; Xox=2.0nm; p,=400cm?/Vs
Ugo=0, Up, 2U:
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Transfer Characteristics g,,-V
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Transfer Characteristics g4-V

Pn=1x10%cm™3; Xy =2.0nm; p,=400cm?/Vs
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Output Characteristics 13-V,

Pn=1x10"%cm™; Xoyx=2.0nm; u,=400cm?/Vs
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Output Characteristics g,-Vp

Pn=1x10%cm™3; Xoy=2.0nm; p,=400cm?/Vs
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Output Characteristics g4-Vp
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Summary

One-term Double Integral Drift-Diffusion Formula

}

Long-wide-channel 4-Component Formula
x-independent E, approximation
Excellent in subthreshold and accumulation; < 2% in strong inversion.
Mysterious missing physics on the 2% deviation now solved!

v

Long-wide-channel Surface-Potential Compact Models
Bulk charge approximations B=1, 2, 3,6
Strong inversion: B=1: ~5%; B=2, 3, 6: ~2%
Subthreshold: B=1: >16%:; B=2, 3, 6: ~4%
Accumulation: B=1, 2, 3: >100%; B=6: ~10%
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