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ABSTRACT

This paper presents a framework fo develop a generic and
physical Double-Gate MOSFET model.  Due fo limited
available physical data and existence of a large variety of
device structures, flexibility to assemble model modules to
accommodate different device structures takes a much high
precedence compared with conventional modeling approaches.
In addition, detail device physics based on 2-D and even 3-D
analysis at very small dimension have to be incorporate fo
describe the device operation accurately. A flexible quasi-
Fermi potential core model is described to achieve both
physical accuracy and extendibility.

Keywords: CMOS Device, Double-gate MOSFET, Circuit
Simulation, Device model, SPICE, BSIM

1 INTRODUCTION

As the microelectronic industry is fast approaching the
limit of bulk CMOS scaling, there are extensive research
activities on advanced CMOS structures that can potentially
further extend CMOS scaling to 10 nm gate dimension. A
general consensus has been achieved that Double gate (DG)
MOSFETs is the most scalable structure to suppress short
channei effects for a given equivalent gate oxide thickness [1].
While the operation of a DG MOSFET shares some similarity
with a conventional bulk MOSFET, the dimension of interest
demands the use of more complicated physics to describe their
operations. A detailed description of the device behaviors in
the form of compact model is extremely important to explore
the advantages of using DG MOSFETs for application
development.

In addition to the more complex physics associated with
DG MOSFETs, the immature manufacturing process poses
another challenge in the modeling of DG MOSFETs. As a
result of different fabrication processes, DG MOSFETSs can be
grouped into planer DG MOSFET, FinFET and vertical DG
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MOSFET as shown in Fig. 1. A well-developed DG MOSFET
model should be able to handle all the described structures.
Furthermore, the available data from actually fabricated DG
MOSFETs are relatively limited and 2-D and 3-D simulations
have to be extensively used to in the modeling work. Model
developers are often required to estimate the characteristics the
transistor with limited knowledge about the device structure.
Given these difficulties, a different tradeoff strategy between
flexibility, physical accuracy, and computational efficiency has
to be used. This paper describes the initial framework in the
development of a generic and physical core DG MOSFET
model with the given constraints.
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Fig. 1. Different structure of DG MOSFET to be considered
in the modeling work
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2 MODELING STRATEGY

A flexible DG MOSFET model should be able to handle
different mode of operations. The operation modes of DG
MOSFET can be classified into symmetric DG (SDG)
MOSFET and Asymmetric DG (ADG) MOSFET as shown in
Fig. 2. The ADG is a more generic mode and can be used to
account for variations in dielectric thickness and gate materials
of the front and back gate. In addition, special bias conditions
such as ground-plane MOSFET can also be handled by the
ADG model. With a correct physical formulation, the model
should be backward compatible to the single gate ultra-thin
body SOI MOSFETSs with one of the dielectric thickness much
thicker than the other. This can be used as a checkpoint for the
correctness of the formulation, which is important in the
modeling of devices with less understood device physics.
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Fig. 2. The two operation modes for DG MOSFETs

To account for process varieties, a DG MOSFET can be
decomposed into an intrinsic core part together with a number
of parasitic components as shown in Fig. 3. The core part of
the DG MOSFET remains more or less the same for different
processes and can be accurately described by the device
physics. The parasitic part, however, is strongly structural
dependent and more empirical approach has to be used to
include their effects. This allows the initial modeling work to
focus on the core structure. A modular approach allows the
empirical part to be replaced by a physical formulation once
the more definite device structure becomes available.

Ideal core

el With parasitics added

Fig. 3. Decomposition of a DG MOSFET into the ideal
core and the parasitic components
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3 THE CORE QUASI-FERMI POTENTIAL MODEL

The basic formulation of the core DG MOSFET model is
based on a quasi-Fermi potential approach that is described by
another paper in the same conference [2]. However, the
double-gate operation allows the second gate to affect the
charge density at the surface under consideration.
Modifications to the bulk formulation to include the second
gate effect have to be incorporated. In our present formulation,
the currents of at the 2 interfaces are calculated separately and
add together. The coupling effects will be introduced later
after the vertical charge distribution in the channel is
formulated. The vertical charge distribution provides a weigh
to form a weighed sum of the contribution from the 2 currents
at the 2 surfaces. Some core equations from [2] are repeated
here for completeness with the necessary modifications
included.

The drain current at one of the interfaces is given by:

av, )

dy

where ¢; is the normalized inversion charge given by
Qi (CorVy) with the Q;,, as the inversion charge and 1V, the
thermal voltage. All the voltages are also normalized by the
thermal voltage V;, for simplicity. V., is the quasi-Fermi
potential in the channel and current flows in the positive y
direction. The inversion charge in the channel can also be
expressed by

a,(v) =45 exp[w} 0))

I = ﬂeﬁW(II

Vi
Differentiating (2) and re-arrange gives
s _ap —av, 3)
q;

Considering the vertical direction, and assume linearization
between gate voltage and surface potential can be done in a
similar way as in bulk MOSFET, we have
dq, =V + poV,, —ndg, 4)
Notice that the inversion charge is modulated by both front and
back gate voltages. In the bulk case, the effect of Vg, is
mimicked by the body voltage, which is taken care by the
threshold voltage after taking the body voltage as a reference.
Due to the DG model of operation that also require symmetry
between the 2 gates, the dependent of inversion charge on both
gate voltages have to be expressed explicitly. #; is the ideality
factor of the first interface and is different from that of bulk
MOSFET. Its value is given by
— 1 - CSiCo.r'Z (5)
Coxl (CSi + Con )
By considering the boundary conditions when both gates are
moving together, the value of p is found to be (1;-1).
Putting (4) into (3), the expression can be rewritten as
%jL& _ Vs " (’71 ”l)aVsz —dF

ch
q; n n n

h
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Considering the current at a given gate voltages, (6) and (1)
can be combined to eliminate the quasi-Fermi potential (V).
An expression of current in term of charge is obtained.

(l +q,/m )dq I
I ps= py WT £7)
Integrating (7) from source to drain, the drain current is then

explicitly given by:
FaW | a5 —4qp
IDS: —L"{—S# + (qs - qp)

where g5 and gp are the normalized charge at the source and
drain respectively. To solve for gs and gp, (6) is integrated

giving:
ln[&] 4 |:(VGI + (nl _1)VG2 ~ Vn) _ V;”:i 9)

n ) n n,

®

where V7 is obtained from the integration constant. Equation
(9) is the W-Lambert equation and the exact analytical solution
is its principal branch value

q, = nlW{Hexp((VG‘ +(1’l1 —I)ch ’VTI) _VMJ:| (10)

g

The function /7, is implemented in most popular software
packages like Mathematica and Maple. The By replacing V',
by the S/D voltage, gs and gp can be evaluated. Using
expression (8) and (10), the characteristics of a double gate
MOSFET operating in a symmetric model, asymmetric model
and ground plane DG MOSFET is simulated and the results are
shown in Fig. 4. The prediction of the model agrees well with
the physical understanding of DG MOSFET operations.
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Fig. 4. Simulation results together with numerical
solution from a 2-D device simulator

2.0

It should be noted that J’7 is an integration constant to
describe the transition from the exponential increase of channel
charge to a polynomial increase. A number of I’z expressions
can be used such as those given in [3-5]. However, a clear and
valid expression that works with all operation modes is not yet
available. A simple expression from [5] that is backward
compatible to the known value for FD SOI is used to obtain
Fig. 4.
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FB2 C'
“oxl oxl Si oxl

where C’,,; and C’,., are C’,; in series with Cg; and C,,; in
series with Cg; respectively. The formulation used in the core
model isolates the dependence of V- on the gate voltage of the
other channel and allows 1’7 to be refined easily once a more
physical understanding becomes available. In practice, the
value of I’y should be extracted from real silicon data to
provide an accurate fitting.

4 2-D SCALE LENGTH EFFECTS

The functionality of a DG MOSFET is strongly dependent
on its ability to resist 2-D effects such as Iz roll-off and DIBL.
Even though the effects can be partially addressed by using
empirical fitting, a more physical approach to study the scaling
limit is more desirable. Frank et al. have studied the 2-D
effects in a DG MOSFET based on the ideal structure as shown

in Fig. 5 [6].
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Fig. 5. ldeal structure for 2-D scale length study.

An expression for the characteristic length (/) is derived for
the symmetric DG MOSFET case and is given by

tan tan| — |=—

A 24 ) &g

The short channel effects is found to be proportional to exp(-
7l/22). The solution of equation (12) is shown in Fig. 6 and a

minimum gate length of 1.5/ is required to provide reasonable
immunity to short channel effects.
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Fig. 6. Plot of solution to the 2D scaling length given by
equation (12)
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While the formulation above provides some insight to the
scaling of DG MOSFET, the result cannot be directly applied
to a compact model. An explicit expression to relate threshold
voltage to dimensions and biases is required. In addition, the
formulation has to be extended to the asymmetric DG case.

To derive an analytical solution to the 2-D potential, the
expression of channel potential from the Laplace’s equation
satisfying the boundary conditions with applied source and

in voltage given in [6] is revisited. The solution is of the

form:
_N sinh(k,(Z-y)) (13)
u, = ;:1 b, sinh(k L) sin(k, (x +1))
and
sinh(k,y) .
= 2 \ndJ -W (14)
U "Z:l:cn S (knL)sm(k"(x )+n7r)

which satisfy the source and drain boundary conditions. To

solve for an analytical solution, a conjugate function g;(x) can
-+ /2

be defined so that j szu(x’ y)g (x)dxzofor all x except
- 1

n=1. With g,(x) defined, the first coefficient »; and ¢, can be
evaluated and the minimum potential can be calculated. Based
on the reduction of this minimum potential from the long
channel value due to channel length reduction and increase in
drain bias, AVt can be formulated to account for the V7 roll-off
and DIBL.

S POTENTIAL AND CHARGE DISTRIBUTION

A complete model for circuit simulation includes the
charge and capacitance model. In DG MOSFET, the coupling
between the 2 gates and inversion channel is of particular
important. A simple formulation based on a generic small-
signal equivalent capacitance circuit has been derived by Taur
et al. [4] as shown in Fig. 7.
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Fig. 7. A small-signal capacitance when no current is
flowing from the drain to source

The charge can be calculated by the by the matrix:

@1 _ Cn + CSi _Cs.- 5¢sl
5Q2 - _CSi Ci2 +Cs; 5¢sz

The capacitance values when no current flowing from the
source to drain has been derived [4]. Similar approach can be
used to derived capacitance model with drain to source voltage
applied. A flexible topology of a generic DG MOSFET after
considering the need of DC, transient and AC simulation, is
given in Fig. 8.
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Fig. 8. The topology of the core DG MOSFET model
without parasitic components

6 CONCLUSION

An initial framework to formulate a generic and physical
DG MOSFET model is presented in this paper. The model is
intended to be developed in an environment of uncertain device
structures and maximum flexibility is targeted without
compromising the accurate device physics. With the give
framework, many new physics can be easily incorporated with
time when our understanding improved.
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