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review:  SOI MOSFET general solution
Gf

Gb

Source DraintSi

tOB

tOF

back gate - substrate

  
VGF = φmsf +ψ SF −

QIF + QB 2
COF

+
CSi

COF

× ψ SF −ψ SB( )

  
VGB = φmsb +ψ SB −

QIB + QB 2
COB

+
CSi

COB

× ψ SB −ψ SF( )

(7)

(8)

CSi ≡
εSi

tSi

QB ≡ −qN AtSi
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review: SOI MOSFETs key results 
Gf

Gb

Source DraintSi

tOB

tOF

back gate - substrate

back depleted

back 
accumulated

VTF

VGB

ΔVTF =
εSi

εox

tOF

tSi

2ψ B( )

dVTF

dVGB

= −
tOF tOB

1+COB CSi

back inverted

CD eff( )= CSiCOB

CSi + COB( )

m = 1+
CD eff( )

COFS = 2.3m kBT q( )
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symmetrical double gate (SDG)

Source DraintSi

tOB = tOX

tOF = tOX

VGF = VG

VGB = VG

EF

tOX tSi

ρ(x) = −qNA

VG VG

x
0 tSi

tOX

ψ S ψ S
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symmetrical double gate:  key results

Source DraintSi

tOB = tOX

tOF = tOX

VGF = VG

VGB = VG

VG = φms +ψ S −
QI + QB

2COX

QI = −2COX VG −VT( )

VT = φms + 2ψ B −
QB

2COX

S = 2.3 kBT q( ) (ideal)
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SDG and delta-depletion approximation

EF

tOX tSi

ρ(x) = −qNA

VG VG

tOX

ψ S

x

tOX

E(x)

tSi0

E

ψ S

VG VG

n(x)

x

QI / 2 QI / 2

x
0 tSi
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“volume inversion” in UTB SDG SOI

EF

tOX tSi

VG VG

tOX

ψ S

x

tOX

E(x)

? ?

tSi0

E

ψ S

x

VG VG

0 tSi

ψ S

n(x)

x
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criterion for volume inversion

tOX tSi

VG VG

tOX

ψ S ψ S

x
0 tSi

Δψ

Δψ << kBT q

n(x) ≈ constant

Δψ = E(x)dx
0

tSi /2

∫

if

then
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definition of UTB

tOX tSi

VG VG

tOX

ψ S ψ S

x
0 tSi

Δψ

dE
dx

=
−qNA

εSi

E(0+ ) = qNAtSi 2εSi

Δψ =
1
2

E 0+( ) tSi

2
⎛
⎝⎜

⎞
⎠⎟
=

qNAtSi
2

4εSi

Δψ << kBT q

tSi <<
8εSikBT
q2NA

tSi << 2 2LD

(subthreshold)
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definition of UTB (ii)

tOX tSi

VG VG

tOX

ψ S ψ S

x
0 tSi

Δψ

tSi << 2 2LD

Note:  above threshold, free 
carriers can screen electric 
fields, and inversion layers at the 
surfaces can appear

ψ (x) ≈ constant

NA cm3( ) LD nm( )
1015

1016

1017

1018

130

40

13

4
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numerical (Schred) simulation

Sayed Hasan, Schred 2.1 Tutorial, April 28, 2003
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doping in UTB MOSFETs

Source DraintSi

tOB = tOX

tOF = tOX

VGF = VG

VGB = VG

NA = 1015 cm3

L = 100 nm

W = 1000 nm

N = WLNA = 1

tSi = 10 nm

assume intrinsic body! 
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why UTB DG MOSFETs?

Source DraintSi

tOB = tOX

tOF = tOX

VGF = VG

VGB = VG

• good 2D electrostatics

ΛDG SOI ≈ εSitSitOX 2εOX = ΛBULK 2

• undoped body
(no random dopant fluctuations of VT)

issues:
VT must be tuned with workfunctions
2ψB loses relevance
mobility degradation for very thin bodies

• ideal subthreshold swing
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definition of UTB

1) fully depleted

2) little band bending across the body

dE
dx

=
−qNA

εSi

Δψ < kBT q

tSi <WDM

(requires a numerical solution for strong inversion)
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reference for DG SOI Electrostatics

V.P. Trivedi, J.G. Fossum, and W. Zhang, “Threshold Voltage in 
Nonclassical CMOS Devices with Undoped Ultra-Thin Bodies,” to 
appear in IEEE Trans. Electron Devices, 2006.
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the meaning of surface potential

tOX tSi

tOX

VG VG

x
0 tSi

ψ S > 0

EF

QN <~ q1011cm2

VGS = φms +ψ S −
QB +QN

2COX

QB = 0

QN = qnie
qψ S /kBT tSi

QN

2COX

<<ψ S
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subthreshold conduction

VGS = φms +ψ S

S = 2.3 kBT / q( ) ∂ψ S

∂VGS

⎛
⎝⎜

⎞
⎠⎟
= 60 mV/dec

ID = qW
ni

2

NA

eqψ S /kBT kBT / q
ES

⎡

⎣
⎢

⎤

⎦
⎥

kBT / qμeff

L
⎛
⎝⎜

⎞
⎠⎟

1− e−qVDS /kBT( )A

ID = qW nie
qψ S /kBT tSi⎡⎣ ⎤⎦

kBT / qμeff

L
⎛
⎝⎜

⎞
⎠⎟

1− e−qVDS /kBT( )AID = qW nie
q VGS −φms( )/kBT tSi

⎡⎣ ⎤⎦
kBT / qμeff

L
⎛
⎝⎜

⎞
⎠⎟

1− e−qVDS /kBT( )A

recall:
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threshold voltage

  
VGF = φmsf +ψ SF −

QIF + QB 2
COF

+
CSi

COF

× ψ SF −ψ SB( )

  
VGB = φmsb +ψ SB −

QIB + QB 2
COB

+
CSi

COB

× ψ SB −ψ SF( )

(7)

(8)

recall:

assume:

1) symmetrical, double gate: VG = VGF = VGB

2) intrinsic body:

QIF = QIB = QI 2

QB = 0 ψ S =ψ SF = ψ SB
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threshold voltage (ii)

 VG = φms +ψ S how to specify ψS? ψ S ≠ 2ψ B

′VGS

 ψ S

 ψ C

ψ S <ψ C

  

dψ S

dVGS

≈ 1

 ψ S >ψ C

  

dψ S

dVGS

→ 0

 ′VT
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threshold voltage (iii)

how to specify ψC? 

nie
qψC / kBT tSi ≈ 1011  cm2

1) according to Trivedi, Fossum, and Zhang:

 ψ C

′VGS ′VT

 ψ S

  dψ S dVGS = 1

  dψ S dVGS → 0

dψ S dVGS ψ =ψC

= 1 2

ψ C = kBT q( )ln 2COX kBT nitSiq
2( )

3) another possibility:

2) also could say:

ψ C = EG 2q
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above threshold

  
VG = φms +ψ S −

QI

2COX

 VT = φms +ψ C

  
QI = −2COX VG −VT( )
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UTB electrostatics above threshold

tOX tSi

tOX

VG VG

x

ψ S

EF

ψ 0

1) below threshold:

-bands are flat

2) weak / moderate inversion:

-bands are nearly flat 
-volume inversion 

3) strong inversion:

-strong band bending may develop
-volume inversion may be lost
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‘exact’ UTB electrostatics

tOX tSi

tOX

VG VG

x

ψ S

EF

ψ 0

d 2ψ (x)
dx2 = −

ρ(x)
εSi

=
qni

εSi

eqψ ( x ) / kBT

can solve exactly, see:

Y. Taur, “Analytic Solutions of Charge and 
Capacitance in Symmetric and Asymmetric 
Double-Gate MOSFETs, IEEE Trans. 
Electron Dev., 48, 2861-2869, 2001
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numerical (Schred) simulation

Sayed Hasan, Schred 2.1 Tutorial, April 28, 2003
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quantum confinement

EF

tOX tSi

VG VG

x
0

tOX

ψ S ψ S

FD (thick) FD (UTB)

tOX tSi

VG VG

x
0

tOX

ψ S

Δψ QM

n(x)
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numerical (Schred) simulation

Sayed Hasan, Schred 2.1 Tutorial, April 28, 2003
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numerical (Schred) simulation

Sayed Hasan, Schred 2.1 Tutorial, April 28, 2003
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discussion

1) important when only a few subbands are occupied
ultra-ultra-thin body (5 nm or less)

2) increases VT

3) lowers CS

4) increases ΔVT because of body thickness variations

5) lowers mobility because of increased surface 
roughness scattering
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