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A compact model for the threshold voltage in Double-Gate (DG) MOSFET is developed. The model takes into account short-
channel effects, carrier quantization and temperature dependence of the threshold voltage. We assume a parabolic variation of
the potential with the vertical position in the silicon film at threshold. An analytical expression for the surface potential
dependence as a function of bias and position in the silicon film is also developed and used for the inversion charge
calculation. The model has been fully validated by 2D quantum numerical simulation and is used to predict the threshold
voltage roll-off in DG MOSFET with very short channel lengths and thin films. The comparison with measured threshold
voltages shows that the model reproduces with an excellent accuracy the experimental data.
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1. Introduction

Compact modeling of Double-Gate (DG) MOSFET

incites very much interest presently, since DG structure

is considered to be one of the best device architectures, not

only for MOSFET integration in the Silicon technology

end-of-roadmap perspective but also for future possible

post-CMOS molecular-based devices [1,2]. The main

advantage of this architecture is to offer a reinforced

electrostatic coupling between the conduction channel and

the gate electrode. In other terms, a DG structure can

efficiently sandwich (and thus very well control,

electrostatically speaking) the semiconductor element

playing the role of the transistor channel, which can be a

Silicon thin layer or nano-wire, a Carbon nano-tube, a

molecule or an atomic linear chain. The MOSFET

operation of such ultimate DG devices with a single

quantum conduction channel has been theoretically

demonstrated in recent works [3,4].

For conventional Silicon CMOS-based devices, model-

ing of the threshold voltage (VT) in the DG MOSFET is a

difficult task because the usual definition of the threshold

voltage (i.e. for bulk devices) does not more apply [5,6].

Several analytical models have been derived previously

for the threshold voltage [4,6–9], but most of them apply

only in particular cases or neglect essential physical

phenomena as discussed in the following:

(1) Existing VT models have been developed only for

devices with undoped channels because DG devices

are expected to be designed with intrinsic channels in

order to enhance the carrier mobility and solve the

problem of doping induced parameter fluctuation.

However, the use of undoped channel in symmetric

DG will need the use of midgap gates (because

devices with nþ poly gates have negative threshold

voltage) which is an important technological

challenge. Presently, most of DG MOSFETs are

fabricated with doped channel and nþ poly gates

and, therefore, a VT model applying for both doped

and undoped channel is needed.

(2) Most of the existing VT models are based on a one-

dimensional analysis which is only suitable for long

channel devices. Since DG structure will be mainly

used to design very scaled devices, 2D electrostatics is

key-phenomenon which has to be taken into account.

(3) Quantum effects are often neglected (or only roughly

estimated) in the development of VT models and,

therefore, these models could be applied only for

silicon channels thicker than 10 nm.
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The aim of this work is to develop a short-channel

quantum mechanical compact model for threshold

voltage based on the decoupled Poisson and Schrödinger

equations in the silicon film. Recently, we have proposed

an analytical VT model for long channel devices

including quantum effects and applying to both

symmetric and asymmetric device [10]. This model is

enhanced in this work for taking into account short

channel effects and temperature dependence of VT. The

model is completely validated using a full 2D quantum

mechanical numerical simulation code [11] and is

compared with experimental data extracted from DG

devices fabricated using the SON/DG process [12]. We

present here the model development in the case of a

symmetric DG device, but it can be very easily adapted

to any asymmetric DG device (different oxides

thicknesses or gate work-functions).

2. Threshold voltage definition

Figure 1a shows the schematic of a symmetric DG

structure and the variation of the surface potential Cs in

a horizontal cross-section in the channel (figure 1b).

A parabolic dependence for the potential, at threshold, in

the vertical direction is assumed [5] (figure 1c):

Cðx; yÞ ¼ CsðxÞ2 aðxÞtSiyþ aðxÞy2 ð1Þ

where the calculation of a(x) is indicated in paragraph 4.

It is important to note that equation (1) is valid at

threshold, but could lose its validity in other operation

regimes (such as the strong inversion regime). The

boundary conditions at the Si/SiO2 interface are:

VG 2 VFB ¼
1Si

1ox

toxjs þCs þ fF ð2Þ

where CS and jS are the potential and, respectively, the

electric field at the interface and fF ¼ ðkT=qÞ ln ðNA=niÞ is

the Fermi potential (NA is the doping level in the Si film).

Potential C and the semiconductor charge (including both

the depletion and mobile charges) in the Si film are linked

via the Poisson equation:

d2C

dy2
¼

qNA

1Si

þ
q

1Si

ni exp
qC

kT

� �
ð3Þ

In the right side of equation (3), the first term

represents the depletion charge and the second term is the

mobile charge in the silicon film. We consider here that

the silicon film is always depleted. For defining VT, it is

important to remind that in DG MOSFET the usual

definition of the VT as the gate voltage where Cs is 2fF

does no more apply [5,6]. Our extensive numerical

simulation fully confirms this remark and shows that

surface potential at threshold, Cs, is different from fF

(table 1). Other definitions for the threshold voltage exist,

as derived from the constant-current method or the

maximum of d2ID=dV2
G: In a recent work [13], we used

this latter criterion, but the resulting analytical expression

of the threshold voltage is quite complicated and its

demonstration demands heavy mathematical manipula-

tions. For obtaining a more simple expression of VT, we

define here VT as the gate voltage for which the inversion

 

Figure 1. (a) Schematic symmetric DG MOSFET structure and its electrical and geometrical parameters considered in this work; the dashed area shows
the closed surface for the application of the Gauss’s law; (b) Surface potential variation in the x direction from the source-to-drain; (c) Band diagram in a
vertical cross-section in the channel and definition of the different parameters used in the model development.
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charge, Qi, reaches a constant value:

QT ¼
kT

q
Cox ð4Þ

3. Long channel threshold voltage

In a long channel device, it can be assumed that the surface

potential is constant along the channel (far from the source

and drain contacts). Therefore, equation (1) becomes:

CðyÞ ¼ Cs 2 atSiyþ ay2 ð5Þ

where the parameter a will be calculated in the following.

From equation (5) the electric field at the Si/SiO2

interfaces is:

j ¼ 2
dC

dy

���y ¼ 0; tSi ¼ atSi ð6Þ

Integrating equation (3) from y ¼ 0 to y ¼ tSi gives:

j ¼
qNAtSi

21Si

þ
Qi

21Si

ð7Þ

where Qi is the density of inversion charge in the silicon

film:

Qi ¼

ðtSi

0

q ni e
qCðyÞ
kT dy ð8Þ

From equations (6) to (8), the expression of parameter a

is obtained as a function of Qi:

a ¼
qNA

21Si

þ
Qi

21SitSi

ð9Þ

The surface potential Cs can be expressed as a function

of Qi from equations (8) and (3) as:

Cs ¼ uth ln
Qi

q ni
Ð tSi

0
e

1
uth
ð2atSiyþ ay2Þ

dy

0
@

1
A ð10Þ

where a is function of Qi (relation (9)) and uth ¼ kT/q. The

expression

ðtSi

0

e
1
uth
ð2atSiyþ ay2Þ

dy

can be expressed analytically using the imaginary error

function ErfiðxÞ ¼ ð2=
ffiffiffiffi
p

p
Þ
Ð x

0
et

2

dt [14]:

ðtSi

0

e
1
uth
ð2atSiyþ ay2Þ

dy ¼ e
2

tSia

4uth

ffiffiffiffiffiffiffiffiffi
puth

a

r
Erfi

tSi

2

ffiffiffiffiffiffi
a

uth

r� �

ð11Þ

Therefore, surface potential can be rewritten as:

Cs ¼ uth ln
Qi

qni

� �
þ

at2Si

4
2C1 ð12Þ

where

C1 ¼ uth ln

ffiffiffiffiffiffiffiffiffi
puth

a

r
Erfi

tSi

2

ffiffiffiffiffiffi
a

uth

r� �� �
ð13Þ

With the condition Qi ¼ QT, a and Cs can be now

expressed as:

a ¼
qNA

21Si

þ
kT

2q

1

gtoxtSi

ð14Þ

Cs ¼ fF þ
kT

q
ln

kTCox

q2NA

� �
þ

atSi2

4
2C1 ð15Þ

where g ¼ 1Si/1ox. Combining equations (1)–(3) and

equation (15) the expression of the threshold voltage in a

long channel device is obtained:

VT ¼ VFB þ
qNAtSi

2Cox

þ
kT

q
ln

kTCox

q2NA

� �

þ
atSi2

4
2C1 þ 2fF

ð16Þ

This equation is completely analytical and applies for

all symmetric DG devices, with both doped and undoped

channels.

Table 1. Surface potential extracted from numerical simulation for symmetric DG with midgap gates, with different film thicknesses and doping levels.
The surface potential is different from fF in all cases.

NA (cm23) tSi (nm)
Cs (V)

(numerical simulation) fF (V)

Symmetric DG midgap gates 1 £ 1016 5 0.487
10 0.468 0.368
15 0.458

1 £ 1018 5 0.49
10 0.484 0.487
15 0.483

Compact model of the quantum short-channel threshold voltage 833

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
9
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



4. Quantum effects

The introduction of quantum effects requires a new

calculation of the inversion charge Qi using the following

quantum-mechanically evaluation:

Qi ¼
qkT

p "2

X
l;t

X
i

m
t;l
2Dgt;l

� ln 1 þ exp 2
1

uth

~E
i

l;t þ
Eg

2
2Cs

� �� �� �
ð17Þ

where the following parameter values apply for Silicon:

m1
2D ¼ m*

t ; mt
2D ¼

ffiffiffiffiffiffiffiffiffiffiffi
m*

1m
*
t

p
; m*

t ¼ 0:19 £ m0; m*
1 ¼

0:98 £ m0; gl ¼ 2, gt ¼ 4. In equation (17) Cs is the

surface potential and ~E
i

l;t are the energy levels resulting

from the quantum confinement of carriers in the film

perpendicular to the channel. For calculating ~E
i

l;t we

consider in a first approximation that the band diagram in

symmetric DG structure is close to an infinite rectangular

well. The energy levels are then given by:

Ei
l;t ¼

"2p2i2

2qm
*

l;tt
2
Si

ð18Þ

In a second step, a more carefully evaluation of these

energy levels can be performed using a standard method

for first-order perturbation [10]. Considering the parabolic

nature of the potential profile in the Si film, as described

by equation (5), the first-order correction to apply to the

energy levels in the well is given by:

DE i ¼ w i
� ��H w i

�� �
ð19Þ

where H ¼ 2qð2atSiyþ ay2Þ is the Hamiltonian of the

perturbation and f i are the electron wave functions

associated to energy levels Ei
l;t: Finally, the first-order

corrected energy levels are given by:

~E
i

l:t ¼ Ei
l;t þ DEi ð20Þ

Due to the analytical character of both f i and H, the

analytical calculation of equation (19) gives DE i in

the case of an infinite rectangular well subjected to the

considered perturbation:

DEi ¼
at2Si

6
1 þ

3

p2i2

� �
ð21Þ

Finally, the corrected energy levels are given by the

following equation:

~E
i

l;t ¼
"2p2i2

2qm
*

l;tt
2
Si

þ
at2Si

6
1 þ

3

p2i2

� �
ð22Þ

5. Short-channel effects

In a short channel device, the surface potential is no longer

constant and depends on the position in the channel, x.

Therefore, parameter a becomes dependent on x, as well

as the energy levels and the inversion charge. In the

following, we develop the expression of Cs(x) which will

be used further for calculating a(x), ~E
i

l;t(x) and Qi(x).

For this purpose, the Gauss’s law is applied to the

particular closed surface shown in figure 1a:

2jðxÞ
tSi

2
þ jðxþ dxÞ

tSi

2
2 jsðxÞdx ¼ 2

qNAtSi

21Si

ð23Þ

The electric field j(x) can be approximated by:

jðxÞ < 2
1

h

dCsðxÞ

dx
ð24Þ

where h is a fitting parameter which incorporates the effects

of the variation of the lateral field in the depleted film under

the channel [15,16]. As demonstrated in [15],h is lower than

1 for VG ¼ VT and depends on the channel doping and

thickness. Therefore, this parameter has to be calibrated for

each particular technology. After some algebraic manipula-

tions and using equation (2) the following differential

equation is obtained for the surface potential:

d2Cs

dx2
2

2hCox

1SitSi

Cs ¼
h

1SitSi

� qNAtSi 22CoxðVGS 2VFB 2fFÞ
	 
ð25Þ

The analytical solution of equation (25) is given by:

CsðxÞ ¼ C1 exp ðm1xÞ þ C2 exp ð2m1xÞ2
R

m2
1

ð26Þ

with coefficients C1, C2, m1 and R given by:

C1 ¼
fS½1 2 exp ð2m1LÞ� þ VD þ R 12 exp ð2m1LÞ

m 2
1

2 sin hðm1LÞ
ð27Þ

C2 ¼ 2
fS½1 2 exp ðm1LÞ� þ VD þ R 12 exp ðm1LÞ

m2
1

2 sin hðm1LÞ
ð28Þ

R ¼ h
qNAtSi 2 2CoxðVG 2 VFB 2 fFÞ

1SitSi

ð29Þ

m1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2hCox

1SitSi

r
ð30Þ

fS ¼
kT

q
ln

NANSD

n2
i

� �
ð31Þ

The variation of the surface potential as described by

relation (26) is schematically shown in figure 1b.

Combining equations (2) and (6), the expression of the

parameter a(x) is easily obtained:

aðxÞ ¼
1

gtSitox

ðVG 2 VFB 2 fF 2CsðxÞÞ ð32Þ

The energy levels ~E
i

l;t(x) are then calculated using

relations (22) and (32). The quantum short-channel

D. Munteanu et al.834
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inversion charge Qi(x) will be given by:

QiðxÞ ¼
qkT

p"2

X
l;t

X
i

m
t;l
2Dgt;l

£ ln 1þ exp 2
1

uth

~E
i

l;tðxÞþ
Eg

2
2CsðxÞ

� �� �� �
ð33Þ

Finally, for calculating the threshold voltage we

consider that the transistor is composed from a finite

number of elementary transistors corresponding to each x

point. The threshold voltage VT of the whole transistor is

given by the VT of the transistor which lastly turns-on. This

particular transistor is evidently the one located at the

point x ¼ xm where the surface potential is minimum. The

point xm is the solution of the equation dCs/dx ¼ 0, which

gives:

xm ¼
1

2m1

ln
C2

C1

� �
ð34Þ

The threshold voltage is then calculated by numerically

solving the equation:

QiðxmÞ ¼ QT ð35Þ

.

6. Model validation

The model was validated by an extensive comparison

with quantum numerical simulation using a 2D Poisson-

Schrödinger code [11] (we used here a quantum drift-

diffusion transport model). In a first step, the 2D potential

distribution in the film at threshold has been verified.

Figure 2. Variation of the potential in a vertical cross-section in the
channel as predicted by the compact model and comparison with
numerical simulation.

Figure 3. Surface potential Cs variation calculated with the analytical
model (relation 26) and comparison with the 2D numerical code.

Figure 4. Comparison between threshold voltages obtained with
analytical model and numerical simulation in long channel DG devices
(with midgap and nþ poly gates, tox ¼ 1 nm, VD ¼ 0.1 V).

Figure 5. Comparison between VT given by the quantum compact
model and quantum numerical simulation in long channel DG devices
with low and high channel doping (VD ¼ 0.1 V).

Compact model of the quantum short-channel threshold voltage 835
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Figure 2 shows that the assumption of a vertical parabolic

dependence is validated by numerical simulation. The

surface potential variation along the x position, given by

relation (26), was also confronted to numerical results

(for different VG) in figure 3: the model fits very well the

numerical data. In a second step, the threshold voltage

model has been completely validated by numerical

simulation. Figure 4 shows the comparison between

simulation and the model (without quantum effects) in

the case of long channel DG devices with both midgap or

n þ poly gates. An excellent agreement is found for all

channel doping levels and film thicknesses. The quantum

long channel model is validated by quantum numerical

simulation in figure 5 where a very good match is

obtained. Figure 6 shows the validation of the model

including the short channel effects (induced by both the

reduction of the channel lengths and by the increase of

the drain voltage); the comparison with threshold voltage

extracted from simulated curves at low and high drain

voltage indicates that the model reproduces well short-

channel and DIBL (Drain Induced Barrier Lowering)

effects on the threshold voltage.

7. Comparison with experimental data

Finally, the model was used to fit threshold voltage

extracted on DG devices fabricated by SON process, as

described in [12]. Devices with different film thicknesses

(table 2) have been measured and the threshold voltage

has been extracted from the ID(VG) characteristics. As

shown in figure 7, the match between experiment and

model is very satisfactory, showing that the model

reproduces well the threshold voltage roll-off of the

measured devices. Parameter h, which has been calibrated

for each film thickness (table 2), is less than 1 but

increases when the film thickness decreases (because the

variation of the lateral field in the film becomes less

accentuated) and is even equal to 1 for the thinnest film

(10 nm).

Moreover, the compact model has been successfully

extended in low temperature simply using an appropriate

model for the temperature dependence of intrinsic

concentration ni, the effective density-of-states in both

conduction and valence bands and the energy bandgap

[17]. Figure 8 shows the remarkable fit between the

quantum model predicted VT and the measured VT in a

long channel DG device down to 50 K. This figure

illustrates also the necessity to take into account quantum

effects in VT modeling for these very thin devices

(tSi ¼ 10 nm), since the classical model underestimates

the measured data by about 40 mV.

Figure 6. Short-channel VT given by the compact model and 2D
numerical simulation as a function of the channel length and at low and
high drain voltage (intrinsic channel, tox ¼ 1 nm, tSi ¼ 10 nm, midgap
and nþ poly gates).

Table 2. Geometrical parameters of the measured DG MOSFET.

Device tSi (nm) tox (Å) NA (cm23) h

A 30 20 ,4 £ 1018 0.17
B 20 20 ,4 £ 1018 0.5
C 15 15 ,3.7 £ 1018 0.6
D 10 15 ,2.5 £ 1018 1

Figure 7. Comparison between measured VT (on devices described in
[12] and table 2) and 2D quantum VT calculated using the compact
model.

Figure 8. Fit of compact model on measured VT on a long channel DG
device at low temperature (tSi ¼ 10 nm, VD ¼ 0.1 V).
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8. Conclusion

A new compact model for the threshold voltage in

symmetric DG devices has been developed. The model

takes into account short-channel effects and quantum

confinement of carriers in the direction perpendicular to

the channel. The expression of the surface potential as a

function of gate and drain biases and of the position in the

channel has been developed and integrated in the

calculation of the quantum inversion charge. A very

satisfactory concordance has been found between the

threshold voltage calculated by the compact model and

numerical data obtained with a 2D quantum numerical

simulation code. Finally, we show that the model provides

a very good prediction of the threshold voltage in real

devices with different channel thicknesses and gate

lengths.
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