IOP PUBLISHING

SEMICONDUCTOR SCIENCE AND TECHNOLOGY

Semicond. Sci. Technol. 26 (2011) 095015 (7pp)

doi:10.1088/0268-1242/26/9/095015

Compact drain-current model for
reproducing advanced transport models
in nanoscale double-gate MOSFET's

M Cheralathan!, C Sampedro?, J B Roldan?, F Gamiz?, G Iannaccone’,

E Sangiorgi* and B Iiiguez'

! DEEEA, Universitat Rovira i Virgili (URV), Tarragona 43007, Spain

2 Nanoelectronics Research Group, Department of Electronics, University of Granada,

18071 Granada, Spain

3 Department of Information Engineering, University of Pisa-IU.NET, Pisa, Italy

* ARCES, University of Bologna-IU.NET, Cesena, Italy

E-mail: muthupandian.cheralathan@urv.cat

Received 12 April 2011, in final form 15 June 2011
Published 28 July 2011
Online at stacks.iop.org/SST/26/095015

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 MOSFETsS 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

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

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
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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.

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 HfO,
on top of 0.7 nm of SiO; (EOT = 1.1 nm) and a silicon film
thickness (T;) 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 HfO, (EOT = 0.8 nm) and a silicon
film thickness (T;) of 8 nm. The channels are lowly doped
(10" 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

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].

2.1. DD family

2.1.1. BO-DD. 1D DD solver for SOI-MOSFETs is
combined with the solution of the coupled Schrodinger—
Poisson equations on the device cross-section normal to the
transport direction [10]. The mobility model [11] is also used
in the DD solver.
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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].

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.

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.

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.

3. DC model

3.1. Classical charge control model

The mobile charge densities at the source Q, and at the drain
Q, are calculated in [2] and the charge expression also includes
the DIBL effect:
2
Q = 2C (_ 72Cgﬁv
" (%)

2
+\/<Q0;C:<ﬁ‘z§e)> +482 log2 [1 + exp [WH) (D)

where Q, = 4BC, and B = kq—T; Cg = ;—5 is the silicon-
film capacitance, with &g the permittivity of silicon and 7; the
silicon film thickness. Vi, is defined as

Q/

where Q’, given in (3), is calculated by solving (1) for Q but
using V, instead of Vi, (2) and without considering the AVy,
correction:

Vin = V0+2,810g(1+

2C, B2

/=C b
Q g ( 0, exp( ngce)

+\/<Q2?(f‘j”>2 +482 1o [ 1+ exp [VK‘ZZ‘V]]) )

where
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Here Ag is the work-function difference between the gate
electrode and the intrinsic silicon and n; is the intrinsic
concentration. In (1), the term AVy ensures the correct
behavior of Q above threshold [17],

C.B? /
_(&)e
AVy = — 5 (5)
o™
where C, = (1 i"* _1) is the effective oxide capacitance,
+7"X_i"
Cox = 2= is the gate-oxide capacitance and e.x is the

pennittivitf)x/ 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
simulation results is given by y% = ﬁ + #(NN—I’O)” with
a=0.35nm,b =0.26, y;0 = 6 nm, Njp =7 x 10> cm™>
and n = 0.8 [5].

3.2. Velocity overshoot

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 7, is governed by the following equation [5]:

e TemTo __4p v, ©)
dx Aw 2k
where the energy-relaxation length is defined as A, & 2vgy Ty,
with t,, being the energy relaxation time constant and vy, the
saturation velocity, and E, (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 < L, =
L — L, and the saturation region x > L,. In contrast with
classical DD models, the saturated velocity in the saturation
region due to non-stationary effects can achieve higher values
than vg. This phenomenon is known as velocity overshoot
[5]. In the linear region, the carrier velocity can be obtained
from the mobility as

Mett
1+a[T,(x) — To]

v(x) = Uy (X) Ex(x) = Ec(x), (71
where the value of « is determined from (6) under static
conditions, where

dT7, 2k 1L
-0 Meff

: o = .
dx G Ay 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 A,, inherits the velocity overshoot within its expression.
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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 Vg5 < Vigsat, the device works in the linear region.
For V45 > Viyssar, the channel is partially saturated, and the
saturated channel length is given by

Vds - Vdssal>

AL = L.arcsinh <
Esath

3
where Eg, is the saturation field when velocity reaches
saturation.

One of the most used expressions for the saturation
potential [18] has been corrected as

O sefi ) Usat
Vassar = <— —— ) )]
sat 2Cg ( —g;fg/:en ) + Vgt

with

kT
Qseff = Qs +47cg ( (10)

Usat )
kT ( Mett :
Usat — 7(7)
Thus, Qg tends to Qy in strong inversion and to a value that
gives the correct Vg, in weak inversion.
A smoothing function is used to interpolate Vy:

kT In {1 + exXp [A (Vds - Vdssat) / (kT/q)]}
Vass = Vas — 7 A ’

an

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

. T2 . ..
Es‘ztg—*Ts‘ + 3 It can be seen that the saturation characteristic

length depends only on the device structure and a is a fitting
parameter (0 < a < 1).

a

3.4. DIBL effect

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 ¢ at the ends of the channel (source and
drain) is

¢ (x =0) = ¢ (pc = Vuss + Vii) = ¢y at the drain

¢ (x=—-L)=¢ (p. =0+ W,;) = ¢, at the source,

where V4, 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:

¢=¢C_Vgs+vﬂ)

(e (D) (5%) Gg)- oo

where Vi, is the flatband voltage, and Q; and Q, are the
mobile charges at the source and drain, respectively. If n = 1,

we have a flat profile, whereas if n = 2, we have a parabolic
profile. Hence,

—L
Vice = 2\/ OsPa exXp ( ) .

oL, (13)

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).

3.5. Drain current

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 Qg and at the drain Q, [2]:

_ W et kT 02— 0?
T Lo (L4 7 Vaw) [27 (Qs — Qo)+

4C,
2
q 05 +20,

We define the effective mobility as [6]
Metf

- 1+81ﬂlog(l+exp(1+(V35—V0)/ﬁ¢-:62/32 log(1+exp(1+(Ves—V, ) /B2’

15)
where u, is the low-field mobility, and 6; and 6, are the
mobility attenuation coefficients of the first and second orders,
respectively, which can be considered as fitting parameters,
Vo = v’: ;‘fL (m), Vs 18 equal to Vyg for the nonsaturated
channel and Vg = Vyea for the saturated channel, and
L, = L — AL 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.

Ips

(14)

3.6. Quantum mechanical effects

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

2 T [ ( S1y )]’
ﬁ 1 g 7‘1 [gs

AE,, = (16)

with
g(Tsia Vg‘v) = Qgm1 +aqm2%[(vg‘v - Vfb - Vo)

+\/(Vgx - th - Vo)z] + gm3 - %[(Vgs - th - Vo)2

+ (Vg.v - Vfb - Vo) ' \/(Vgs - Vfb - v0)2] (17)
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Figure 2. Transfer characteristics of 22 nm DG MOSFETs for low
(top) and high (bottom) Vps. 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

Qgm1 = —0.83 +0.033 x Ty;
Qgmz = —0.011 +0.0029 x Ty +0.000 215 x T2

agm3 = 0.000 35 —0.000 17 x T +0.000 046 x T2

si?

where 7 is the reduced Planck constant, m.g is the electron
effective mass and T; is given in nanometers.

Finally, the quantum effects are included in the model as
a change in the threshold voltage:

AE
VOJ/m = Vo + o~ ’
e

(18)

where e is the electronic charge.

The correction term is added to the V, term as shown
in (18). Thus, the correction makes a positive shift in
the threshold voltage of the device (we consider n-channel
devices).
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Figure 3. Transfer characteristics of 16 nm DG MOSFETs for low
(top) and high (bottom) Vps. 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].

4. Results and discussion

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 Vps. 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 Vpg. 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 drain-
current 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
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Table 1. Parameters used in the proposed analytical model in order to fit the simulations obtained using different transport models.

DG MOSFET 22 nm Ti; = 10 nm
EOT = 1.1 nm device parameters

DG MOSFET 16 nm Ti; = 8 nm
EOT = 0.8 nm device parameters

Models vy (ems™) 6, (VTH

6 (V7?) v (ems™) 6, (V) 6, (V)

BO-DD 1.1
UD 1.02
UPS 0.9
SNPS 0.9
BO-MC 1.01
MSB-EMC (UGR) 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

0.3
0.3
0.19
0.01
0.35
0.35

1.16
1.31
0.19
0.39
0.19
0.9

X 10_3

—l—l_---_--.
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0.2

Figure 4. Output characteristics of 22 nm (top) and 16 nm (bottom)
DG-MOSFET for Vgs = 1 V. Dashed line: without quantum effects,
solid line: compact model, dotted line: without velocity overshoot
and quantum effects, dash-dotted line: without hydrodynamic
transport, symbol: simulation (UGR-MSB-EMC) [9].

quantum effects, good agreement is obtained at low drain
bias and becomes worse at high drain bias. If the quantum
effects are not included in the model, the current becomes
significantly higher than the simulations. If the hydrodynamic
transport is not considered, the model gives a much lower
current than the simulations. Hence, it can be inferred that
all these effects should be considered to accurately reproduce
results from advanced transport models.

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 i,, 61, 62, Vs, a (Which controls the
characteristic length), Vyp, Vj; and A (which controls the
transition from Vg to Vigar)-

5. Conclusion

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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