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Abstract: This paper describes an explicit,
continuous and threshold voltage (Vy) based
compact model of Independent Double Gate
(IDG) MOSFET with undoped channel. This
model is derived thanks to Poisson equation
resolution. Without any fitting parameter or
charge sheet approximation, it provides explicit
analytical  expressions of drain  current
considering long and short undoped transistor.
Consequently, this is a fully analytical and
predictive model allowing the description of
planar DG MOSFET (symmetrical, asymmetrical
and independent) as well as FinFET structures.
The validity of this model is demonstrated by
comparison with Atlas simulations. The model
was implemented in VerilogA in order to test it
and to design circuits. Simulation circuit results of
a signal mixer and of an inverter are presented.
Introduction: DG MOSFETs are promising
devices because they can be scaled to the shortest
channel length, particularly IDG MOSFETs
because the front and the back gate can be
independently driven. They enlarge the circuit
design space. That is why a compact model is
crucial to take advantage of this new technology.
However, explicit IDG MOSFET compact model
does not really exist. Indeed, existing models
require numerical resolutions or are not valid in
all operating modes: [1]-[4].

This article presents a Vi-based model of IDG
MOSFET, which could be integrated in standard
BSIM model. Then, the model was validated by
confrontation with numerical simulations [5] and
implemented in VerilogA to design circuits.
Circuit simulation results are presented to
illustrate its robustness.

Vin_model: We propose to modd an IDG
MOSFET, with undoped silicon film. IDG

MOSFET is shown on Figure 1. L is the gate
length, Ty; is the silicon film (or body) thickness,
T,.; and T,,, are the front and the back gate oxide
thicknesses, respectively. V,; and Vg, are the front
and the back gate voltages. Without generality
loss, AD,,; (respectively Ad,,5), the work function
difference between the front (respectively back)
gate and the intrinsic silicon is supposed zero. To
model this device, some assumptions were taken
into account: Boltzmann statistics was chosen, the
current is the sum of the diffuson and drift
currents as in the Pao and Sah model, no quantum
effect and no ballistic transport are considered.

1D Poisson equation is solved to derive the drain
current I;. Boundary conditions, electrica
neutrality and physical assumptions alow getting
explicit ;. Poisson's equation within the gradual
channel approximationis:

dy? & u (1)
Y(x,y) is the potential in the silicon film, ¢ is the
electron charge, n; the intrinsic doping, &; the
silicon permittivity. u; is the therma voltage and
Dimrer 1S the quasi Fermi level of electrons in the

channel. Boundary conditions are:

t

_ TuQa _ oy,
Vgl - A¢ml =y, t Tﬂg le =& ayl
T,.0,, oy

V, =A@, =@, + —5 =g, 2
g2 (7% Y, £, ng Si dy

Y, and ¥, are the front and the back surface
potentials. Q,; and Q.. are the front and the back
gate charge. ¢&,; is the front gate oxide
permittivity and &,., is the back one. Electrica
neutrality is expressed as:

le + g2 + Qinv =0
QOinv istheinversion charge.

(4)
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After integration of Poisson's equation between
both interfaces with Gauss's law, we get'

Ysi = G of Y52 = b
lez - ngz = 2q.n;Equ,| exp B iy - s2 f (5)
u, u,

The goa of this approach is to describe the
inversion charge Q,,, as the sum of Q;,,; and Q;..»
related to front and back interface, depending
r&pectively on ng—Vthj(ng) and Vgg-Vthz(ng).
The obtained charge expressions will be smoothed
between weak and strong inversion regimes. This
approach leads to current expressions similar to
that of bulk MOSFETSs.

When both interfaces are in weak inversion, the
silicon film is in volume inversion. We assume
that the inversion charge contribution on the
device electrostatic behavior is negligible. The
transverse electric field is uniform since the
channel is assumed undoped. When both
interfaces are in strong inversion, both inversion
charges are independent since front and back
interfaces are not coupled. If one interface is in
strong inversion and the other one in weak
inversion, Oy, is supposed to be equa to the
strong inversion charge.

To caculate the threshold voltage at the front
interface (for instance), we assume the silicon film
to be in weak inversion and the inversion charge
of back interface to be negligible compared to that
of front interface. In this case:

Ys = Vg >>u, (6)
We obtain the front inversion charge at threshold
condition:

Qitjvl = —nC,qu, (7
With,

CSACm(Z
Coxl(Ct + Con) (8)
Co1, are the front and the back gate oxide

capacitances. Cy;isthe silicon film capacitance.

n =1+

Moreover, the inverson charge of the front
interface can be written as:
vV, -V.(V..) - n@
val(x) = -nC qu, GX{ E rhl( gZ) nlqo]mrd(x)j (9)
nu,
With,
Ve, =
2n,C u tanh[c” - }
Vi = mu, In[iql.n,(}: ':| - ( - lV = nu, In - (10)
Cy 2u,
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And with,

1

Cu =7 1 1
S+ =+
C 1 CS[

The threshold voltage expression (10) is valid as
long as the opposite interface isin weak inversion.
The threshold voltage dependence with the
opposite gate voltage disappears when the
opposite interface is in strong inversion, more
precisely when the inversion charge of the
opposite interface becomes significant compared
to its threshold value. From the analogue
expression to (9) for Q;..., we obtain the following
coupling condition on V.:

Veo < Vi + 1.0, (12)
In (12), the threshold voltage V. is given by the
analogue of (10) only when the coupling exists.
The value of Vy,, which must be taken into
account in (12) is the maximum value between
those given by expression (10) and the limit value
Vinztim.

(11)

ox2

+ nyu,

A
2n,C 1 tanh{c 2%}
n u n, — ; u
V. = | 2= | 4 T2 AV, — In Si !
th2lim u, { q-n,-Ts, } n2 th M, &AVM (13)
Cy 2u,
With,
C
AV,h = n1n2 “1 In y ox1 (14)
ny t oy T mn, 1,C,2

In other words, the gate voltage, which should be
considered in equation (10) is the maximum
between Vg2 and Viaiim +12.u1;.

Thedrain current I is given as.

W
Ids = /’[ T .[/v Qinvd¢

Ly =14+ 1,

W isthe gate width and 1 is the mobility.
After some calculations, we get the following
expressions of the front and back gate current:

(15
(16)

imref

- W Vdvle//

Lo = T /f-colegzLe//‘[l Mo Ay + 2, Visser (17)
_w Visa.op

Lo = f ﬂ-Coszgzz,e/r [1 N o 2Vgt2 ot 2u, VdsZ,e/] (18)

Vaier (Which have the same form as in [6])
represent the effective gate voltages and n; .y are
the effective coupling factors. They adlow
continuity between weak and strong inversion.
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Veier are defined thanks to a threshold voltage,
which takes into account interface coupling
between front and back interfaces.
Vasier e the effective drain voltages, which allow
continuity between linear and saturation regime.
Figures 2, 3, 4 and 5 present comparisons between
Atlas simulations and the compact model.
Empirical Short Channel Effects (SCE): SCE
are modelled only on the threshold voltage 7, and
on the subthreshold slope. This kind of modelling
isthe one used in BSIM model [6].
The threshold voltage expressions are:

Ve = Vistong = Vintsce (199)
Viz = Viziong = Vinzsee = Vinzyaint (19b)
Where the Viinne are the threshold voltage for
long and large devices. Viyisce iS the threshold
voltage degradation due to the short channel
effect. Viiaini 1S the threshold voltage degradation
due to the DIBL effect. Using numerical
simulations, the 7, was extracted with the
transconductance derivative method. Figure 6
shows the numerica 7V, compared to the
analytical model. Thanks to these extractions, the
Vi parameters were obtained. To verify the model
behaviour, a set of numerical simulations using
Atlas (Silvaco) was performed. These simulations
were redized for L=130, 70, 40 and 20nm.
For short-devices, the substhreshold slopes are
modified by the electric fields at the silicon-oxide
interfaces, which are modified near to the drain
and source regions. As a consequence, the
interface coupling is reduced. To model this
effect, new coupling parameters were defined:

n = n{l . ws{m{- Drsc . E} . Zex{_ pymisce \Em (20a)

" = nz[l « oscf - PIECAL [Co | s - prrascricy HJ (20b)

Currently, parameters CDSC, DVTISCEI and
DVT2SCE] are obtained by fitting but they will be
replaced by analytical expressions. Figures 7a and
7b compare the simulations with the compact
model for devices with channel length of 70nm
and 20nm. These figures show the good
agreement between the simulations and the
compact model.

Model validation _on basic _designs. This
compact model was implemented in VerilogA to

- Vthl, dibl

allow simulations under Eldo (Anacad) or ADS
(Agilent) software. Simulation results of a mixer
and an inverter are presented on Figures 6 and 7 to
illustrate robustness of this model in simulators.
Conclusion: In this work, an explicit compact
model was developed for undoped IDG MOSFET
which is valid for al operating modes.
Comparisons with Atlas simulations prove the
validity and accuracy of this model. Moreover, the
model was implemented in VerilogA and circuits
were simulated. The robustness of the mode is
excellent. This is demonstrated thanks to the
simulation of a mixer and an inverter. Findly,
equations of this model could easily be integrated
in BSIM3v3 and BSIM4 models. For instance, the
Vino, n and V,; parameters of BSIM models were
adapted for long DG MOSFET [6].
Acknowledgement: This work was carried out in
the framework of a CEA-Leti / ALLIANCE
collaboration.

References

[1] Y. Taur, IEEE Trans. Electro Devices, n°12, 2001.

[2] AV. Kammula, IEEE Southwest Symposium Mixed-
Signal Design, 2003.

[3] T. Nakagawa, NSTI Nanotech, 2004.

[4] M. Chan, NSTI Nanotech, 2004.

[5] ATLAS User's Manua — Device Simulation Software,
SILVACO International Inc.

[6] BSIM4.5.0 MOSFET Model User's Manud —University
of California, Berkeley.

Vfl
Front
—ae————T }V
L )
Source Drai
T T Back T
« ate ?
Vg

Figure 1. IDG MOSFET.
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Figure 2: Drain current versus front gate voltage for severa
back gate voltage values at low drain voltage (V=5mV) in
logarithmic representation. L=0.5um and W=1um.
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Figure 3: Drain current versus front gate voltage for severa
back gate voltage values a Vy=5mV in linear
representation. L=0.5um and W=1um.

0.25
To=1.2nm
- n n n ] [ ] [ ]
020 [ Tg=15nm o
V,=0.1V — IDG Model
—~ 92 = Atlas simulation
< 0.15
£
=
—0.10

0.00 ¥

0.60 0.80 1.00

Vas (V)
Figure 4: Drain current versus drain voltage for several
front gate voltage values at low back gate voltage
(Vg2=0.1V). L=0.5um and W=1um.
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Figure 5: Drain current versus drain voltage for several
front gate voltage values a high back gate voltage
(Vg2=1.2V). L=0.5um and W=1um.
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Figure 6: Threshold voltage versus channel length at
V=0V for anMOSFET with T,,=10nm and T,,,=1nm.
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Figure 7a: Drain current versus front gate voltage for
several back gate voltage values at V,;,=50mV in logarithmic
representation, for a NMOSFET with T,;=10nm, T,.=Inm,
L=70nm and W=1um.
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Figure 7b: Drain current versus front gate voltage for
several back gate voltage values at V;,=50mV in logarithmic
representation, for a nMOSFET with T,;,=10nm, T,.=Inm,
L=20nm and W=1um.
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Figure 6a and 6b: Schematic of a basic mixer and

simulation results. L=0.5um and W=1um.
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Figure 7a and 7b: Schematic of an inverter and
simulations with back gate voltage control using IDG
compact model. Ln=Lp=1um, Wn=5um and Wp=10um.
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