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Abstract
In this paper, we present a double-gate (DG) MOSFET compact model including
hydrodynamic transport and quantum mechanical effects in order to extend its application to
nanometer technology nodes. The final compact model can accurately reproduce simulation
results of some of the most advanced transport simulators. Template devices representative of
22 and 16 nm DG MOSFETs are used. The model is based on a compact model for charge
quantization within the channel and it includes mobility degradation, channel length
modulation, drain-induced barrier lowering, overshoot velocity effects and quantum
mechanical effects. Comparison between the advanced transport modeling approaches and the
compact model shows a good degree of agreement within the practical range of voltages.
(Some figures in this article are in colour only in the electronic version)

1. Introduction

In this work, we present the extension of a DG MOSFET
model to nanoscale technology nodes by incorporating
hydrodynamic transport and quantum mechanical effects,
validating it by comparison with numerical 2D transport
models ranging from drift-diffusion (DD) to direct solutions of
the Boltzmann transport equation (BTE) with the Monte Carlo
(MC) method. Our starting point in this work is our previous
analytical classical model for the undoped DG MOSFET
[2]. We extend this compact model for the drain current
to include mobility degradation, short-channel effects (SCE),
channel length modulation (CLM), hydrodynamic transport
(and therefore velocity overshoot) and quantum effects [3, 4].
The backbone of our model is based on the charge control
model [4]. The classical unified charge control model is
extended to include quantization effects within the channel
using the concept of inversion layer centroid. A correction
in the oxide capacitance is included in order to improve the
accuracy on the strong inversion region [5]. Finally, we obtain
a compact charge control model including quantum effects

Many modeling approaches for the determination of the drain
current in MOSFETs are currently used and developed. One of
the main reasons behind driving these modeling efforts is the
industry need to understand performance improvements due
to quasi-ballistic transport and other technology boosters
such as strain, high-k dielectrics and extremely thin body
silicon-on-insulator (ETSOI) architectures [1]. ETSOI MOS
transistors and, in particular, double-gate (DG) MOSFETs
are considered to be a very attractive option to improve the
performance of CMOS devices. Nanoscale DG-MOSFETs
introduce challenges to compact modeling associated with
the enhanced coupling between the electrodes (source drain
and gates), quantum confinement, ballistic or quasi-ballistic
transport, gate tunneling current, etc. For thinner layers,
quantum effects start to play a role, but might eventually be
considered as a correction to the classical derivation.
0268-1242/11/095015+07$33.00
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Figure 1. The half structures of the 22 nm (top) and 16 nm (bottom) LSTP DG-MOSFET template used in this work. All the dimensions
are in nm.

whose explicit formulation is similar to the classical charge
control model. Also, we have included the CLM effect, as
well as the role played by quantum effects on the mobility
degradation of these devices [6]. The model is validated by
comparison with 2D numerical simulations based on different
transport models including some of the quantum confinement
effects.

range from modifications of the conventional DD model used
in commercial TCAD tools to advanced MC models. In the
DD family, the model gathers DD-like models where only
the first momentum of the BTE is calculated. The MC
family collects models based on the direct solution of the
BTE using the MC method [7]. The MC model incorporates
all relevant scattering mechanisms such as ionized impurities
(II), surface roughness (SR), phonon scattering, etc. Also,
different simulation approaches have been implemented such
as full-band, semi-classical and multi-sub-band ensemble MC
simulators. The numerical models used by the different
groups [8–16] differ in terms of scattering models, simulation
approaches, etc. For comparison, all simulators have been first
calibrated to reproduce the universal mobility curves as in bulk
silicon devices [8].

2. Simulated devices and approaches
Two different DGSOI transistors have been considered for
this study. The first one is an idealized 22 nm channel length
device, figure 1 (top), having a gate stack of 2.4 nm of HfO2
on top of 0.7 nm of SiO2 (EOT = 1.1 nm) and a silicon film
thickness (Tsi ) of 10 nm. The second one is an idealized
16 nm channel length device, figure 1 (bottom), having a
gate stack of 4.7 nm of HfO2 (EOT = 0.8 nm) and a silicon
film thickness (Tsi ) of 8 nm. The channels are lowly doped
(1015 cm−3 ) in both the devices.
The key features of each model (identified with the
acronym of the main developer) are presented. The possible
modeling approaches can be grouped in a few families which

2.1. DD family
2.1.1. BO-DD. 1D DD solver for SOI-MOSFETs is
combined with the solution of the coupled Schrödinger–
Poisson equations on the device cross-section normal to the
transport direction [10]. The mobility model [11] is also used
in the DD solver.
2
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Here "ϕ is the work-function difference between the gate
electrode and the intrinsic silicon and ni is the intrinsic
concentration. In (1), the term "Vth ensures the correct
behavior of Q above threshold [17],
) Cg β 2 * "
Q
Qo
"Vth =
,
(5)
Q"
Qo + 2

2.2. MC family
2.2.1. BO-MC. The full-band MC simulator treats electrons
as a free carrier gas and introduces quantum corrections
through the effective potential [12]. Scattering mechanisms
include phonons, SR, II in the source/drain.
2.2.2. UD. The multi-sub-band ensemble Monte Carlo
(MSMC) simulator is described in [13]. A first-order approach
to include quantum effects in the transport direction has been
implemented. Scattering mechanisms such as SR and phonons
are also included [8].

where Cg = )

2.2.4. SNPS. The self-consistent semi-classical full-band
MC device simulator is described in [15]. Self-consistency is
obtained by iterating single-particle simulations with solutions
of the nonlinear Poisson equation until convergence. The
scattering mechanisms comprise phonon, impurity and SR
scattering.

In an extremely short-channel DG MOSFET, the transport
regime is quasi-ballistic; thus, an important overshoot velocity
is expected. Using a simplified energy-balance model, the
electron mobility is a function of the electron temperature
related to the average energy of the carriers. The electron
temperature Te is governed by the following equation [5]:
dTe Te − TO
q
+
= − Ex (x),
dx
λw
2k

3. DC model

The mobile charge densities at the source Qs and at the drain
Qd are calculated in [2] and the charge expression also includes
the DIBL effect:

+

2Cg β 2
#
"
Qo exp Vsce
β

%2

+

4β 2
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log

&

1 + exp

&

Vgs −Vth +"Vth −V
2β
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, (1)

where Qo = 4βCsi and β = kTq ; Csi = Tεsisi is the siliconfilm capacitance, with εsi the permittivity of silicon and Tsi the
silicon film thickness. Vth is defined as
%
!
Q"
,
(2)
Vth = Vo + 2β log 1 +
2Qo

v(x) = µn (x)Ex (x) =
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(7)

where the value of α is determined from (6) under static
conditions, where

where Q" , given in (3), is calculated by solving (1) for Q but
using Vo instead of Vth (2) and without considering the "Vth
correction:
!
"
Q = Cg −

(6)

where the energy-relaxation length is defined as λw ≈ 2vsat τw ,
with τw being the energy relaxation time constant and vsat the
saturation velocity, and Ex (x) is the lateral electric field.
The electron velocity in the channel increases as they
travel from the source to the drain. However, for a given bias,
the velocity can saturate. Assuming this, we can divide the
channel into two sections: the first section 0 < x < Le =
L − Lsat and the saturation region x > Le . In contrast with
classical DD models, the saturated velocity in the saturation
region due to non-stationary effects can achieve higher values
than vsat . This phenomenon is known as velocity overshoot
[5]. In the linear region, the carrier velocity can be obtained
from the mobility as

3.1. Classical charge control model

$!

* is the effective oxide capacitance,

3.2. Velocity overshoot

2.2.5. UGR. The MSMC simulator is described in [9]. This
method is based on the mode-space approach for quantum
transport. All relevant scattering mechanisms are included.

2Cg β 2
#
"
Qo exp Vsce
β

Cox yI
εsi

Cox = εtoxox is the gate-oxide capacitance and εox is the
permittivity of oxide.
The inversion centroid is a function of the inversion
charge. A simple relationship between the inversion centroid
and the inversion charge obtained by fitting) numerical
*
NI n
1
1
simulation results is given by y1I = a+bT
+
with
y
N
si
IO
IO
12
a = 0.35 nm, b = 0.26, yI O = 6 nm, NI O = 7 × 10 cm−2
and n = 0.8 [5].

2.2.3. UPS. The ensemble MC simulator is described in
[14]. Quantum corrections are not taken into account here
and carriers are treated as a three-dimensional (free) gas in the
simulator. All relevant scattering mechanisms are included.

!
Q = 2Cg −

Cox

1+

dTe
=0:
dx

α=

2kµeff
.
qλw vsat

The energy balance model gives higher currents when
compared with the DD model, due to the electron velocity
overshoot within the channel.
The modified mobility
expression given in (7) allows the carrier velocity to exceed the
saturation velocity if the channel length becomes comparable
with the energy-relaxation length. Thus, the energy relaxation
length λw inherits the velocity overshoot within its expression.

(3)

(4)
3
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we have a flat profile, whereas if n = 2, we have a parabolic
profile. Hence,
%
!
−L
.
(13)
Vsce = 2 φs φd exp
2Lc
This quantity, which is equal to zero for long-channel devices
[19], can be considered as the barrier potential drop due to the
DIBL effect. It is then introduced into the calculation of the
charge Q in (1)–(5).

3.3. Channel length modulation
In order to model the CLM, we need to solve the 2D Poisson‘s
equation in the saturation region [2].
For Vds < Vdssat , the device works in the linear region.
For Vds > Vdssat , the channel is partially saturated, and the
saturated channel length is given by
%
!
Vds − Vdssat
,
(8)
"L = Lc arcsin h
Esat Lc

3.5. Drain current

where Esat is the saturation field when velocity reaches
saturation.
One of the most used expressions for the saturation
potential [18] has been corrected as
(
%+
!
vsat
Qseff
Vdssat = −
,
(9)
) −Qseff µeff *
2Cg
+ vsat
4LCg
with

Qseff

kT
= Qs + 4 Cg
q

+

(
vsat
) * .
vsat − kTq µLeff

Using the charge control models in (1) and the velocity
expression in (7), the expression of the drain current in a
DG MOSFET is calculated as a function of the mobile-charge
densities at the source Qs and at the drain Qd [2]:
.
Q2 − Q2d
kT
W µeff
IDS =
2
(Qs − Qd ) + s
Le (1 + γn Vdss )
q
4Cg
/0
! %2
.
kT
Qd + 2Qo
+8
Csi log
.
(14)
q
Qs + 2Qo

(10)

We define the effective mobility as [6]

Thus, Qseff tends to Qs in strong inversion and to a value that
gives the correct Vdssat in weak inversion.
A smoothing function is used to interpolate Vdss :

µeff
=

µo
,
1+θ1 β log(1+exp(1+(Vgs −Vo )/β)+θ2 β 2 log(1+exp(1+(Vgs −Vo )/β)2

a εsi2εtoxoxTsi + 8si . It can be seen that the saturation characteristic
length depends only on the device structure and a is a fitting
parameter (0 < a ! 1).

(15)
where µo is the low-field mobility, and θ1 and θ2 are the
mobility attenuation coefficients of the first and second orders,
respectively,
) which* can be considered as fitting parameters,
γn = vµsateffL 1+2λ1w /L , Vdss is equal to Vds for the nonsaturated
channel and Vdss = Vdssat for the saturated channel, and
Le = L − "L and W are the device effective length and
width, respectively.
The final compact model for the drain current includes
mobility degradation, SCE and CLM. Velocity overshoot is
also taken into account through a hydrodynamic transport
approach.

3.4. DIBL effect

3.6. Quantum mechanical effects

The DIBL effect can be modeled by solving the 2D Poisson’s
equation in a similar way as for the channel-length modulation
[2].
The potential φ at the ends of the channel (source and
drain) is

Quantum mechanical effects (QME) play a significant role in
devices in ultrathin body [20] modifying the electrical behavior
in both weak and strong inversion regions. We consider
that the first quantum sub-band is mainly responsible for the
threshold voltage shift, and the other sub-bands are considered
as a geometry dependent correction. The threshold voltage
shift is also due to the reduction of oxide capacitance due to
the inversion-layer centroid change. In order to accurately
model QMEs in all operating regions, we propose an efficient
semiempirical approach valid for all ultrathin body given
by [21]
! %2
π
h̄2
"Eqm =
· [1 + g(Tsi , Vgs )],
(16)
2meff β Tsi
with
1
g(Tsi , Vgs ) = αqm1 + αqm2 12 (Vgs − Vf b − Vo )
,
2
1
+ (Vgs − Vf b − Vo )2 + αqm3 · 12 (Vgs − Vf b − Vo )2
,
2
(17)
+ (Vgs − Vf b − Vo ) · (Vgs − Vf b − Vo )2

Vdss

kT ln {1 + exp [A (Vds − Vdssat ) / (kT /q)]}
,
= Vds −
q
A
(11)

where A is the parameter that controls the transition between
saturated and nonsaturated channels.
, The saturation characteristic length is given as Lc =
T2

φ (x = 0) = φ (φc = Vdss + Vbi ) = φd at the drain
φ (x = −L) = φ (φc = 0 + Vbi ) = φs at the source,

where Vbi is the source and drain junction built-in voltage. The
value of the built-in voltage is difficult to calculate in the DG
MOSFET because the silicon film is floating. Hence, it can be
considered as a fitting parameter:
φ = φc − Vgs + Vfb
!
!
%
%% !!
%% !
Cg
Qs + Q d
1
1
− 1+
1−
, (12)
2Csi
n
2
2Cg

where Vfb is the flatband voltage, and Qs and Qd are the
mobile charges at the source and drain, respectively. If n = 1,
4
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Figure 2. Transfer characteristics of 22 nm DG MOSFETs for low
(top) and high (bottom) VDS . 2D numerical simulation data by the
University of Bologna (BO-DD) [8], University of Udine (UD) [8],
University of Paris-Sud (UPS) [8], Synopsys (SNPS) [8], University
of Bologna (BO-MC) [8], University of Granada (UGR) [9].

Figure 3. Transfer characteristics of 16 nm DG MOSFETs for low
(top) and high (bottom) VDS . 2D numerical simulation data by the
University of Bologna (BO-DD) [8], University of Udine (UD) [8],
University of Paris-Sud (UPS) [8], Synopsys (SNPS) [8], University
of Bologna (BO-MC) [8], University of Granada (UGR) [9].

and

4. Results and discussion
α qm1 = −0.83 + 0.033 × Tsi

The results of the compact model have been compared with the
numerical simulation data obtained by several research groups
using advanced transport models [7–16]. Figure 2 shows the
transfer characteristics of the 22 nm DG MOSFETs at low and
high VDS . Good agreement between the compact model and
the numerical simulations [8, 9] is obtained by considering the
low field mobility and for a fitted saturation velocity. Figure 3
shows the transfer characteristics of the 16 nm DG MOSFETs
at low and high VDS . Good agreement is obtained between
the compact model and the numerical simulations [8, 9]. In
the transfer characteristics, it can be clearly noted that the
mobility degradation at low drain voltages is significantly
reproduced by the compact model. As expected, the draincurrent values provided by the DD model (BO-DD) are lower
than those of the other numerical models for both 22 and 16 nm
devices.
Figure 4 shows the output characteristics of the 22 and
16 nm DG MOSFETs. Good agreement between the compact
model and the numerical simulations [9] is seen. It can be
observed that for the model without velocity overshoot and

αqm2 = −0.011 + 0.0029 × Tsi + 0.000 215 × Tsi2
αqm3 = 0.000 35 − 0.000 17 × Tsi + 0.000 046 × Tsi2 ,
where h̄ is the reduced Planck constant, meff is the electron
effective mass and Tsi is given in nanometers.
Finally, the quantum effects are included in the model as
a change in the threshold voltage:
VO

qm

= Vo +

"Eqm
,
e

(18)

where e is the electronic charge.
The correction term is added to the Vo term as shown
in (18). Thus, the correction makes a positive shift in
the threshold voltage of the device (we consider n-channel
devices).
5
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Table 1. Parameters used in the proposed analytical model in order to fit the simulations obtained using different transport models.

3

x 10

DG MOSFET 22 nm Tsi = 10 nm
EOT = 1.1 nm device parameters

Models

v sat (cm s−1 )

θ 1 (V−1 )

θ 2 (V−2 )

v sat (cm s−1 )

θ 1 (V−1 )

θ 2 (V−2 )

BO-DD
UD
UPS
SNPS
BO-MC
MSB-EMC (UGR)

1.1
1.02
0.9
0.9
1.01
0.8

0.8
0.1
0.14
0.14
0.1
0.01

1.93
0.58
0.039
0.039
0.039
0.05

0.9
0.92
0.9
0.8
0.8
0.7

0.3
0.3
0.19
0.01
0.35
0.35

1.16
1.31
0.19
0.39
0.19
0.9

Table 1 indicates the mobility degradation and velocity
saturation parameters considered in the model. From the table
parameters, it can be seen that strong mobility degradation
is observed with the DD model for both devices. It can
be seen that low mobility degradation is observed with the
UPS simulations for both the devices. The number of fitting
parameters used in the compact model is not large (8). The
fitting parameters are µo , θ 1 , θ 2 , v sat , a (which controls the
characteristic length), Vf b , Vbi and A (which controls the
transition from Vds to Vdssat ).
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2.5

DS

I (A)
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5. Conclusion
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In this paper, we have extended a compact model for the drain
current in DG-MOS transistors. Hydrodynamic transport has
been included in a way that can reproduce simulation results
of the advanced transport modeling methods. The model
is valid and continuous in all operating regimes. Mobility
degradation, velocity saturation, short-channel effects and
quantum mechanical effects are included. The model shows
very good agreement with the 2D simulation results obtained
using different transport models for the practical range of
voltages considered.
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EOT = 0.8 nm device parameters
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