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As a connection between the process and the circuit design, the device model is greatly desired for emerging devices,

such as the double-gate MOSFET. Time efficiency is one of the most important requirements for device modeling. In

this paper, an improvement to the computational efficiency of the drain current model for double-gate MOSFETS is

extended, and different calculation methods are compared and discussed. The results show that the calculation speed of

the improved model is substantially enhanced. A two-dimensional device simulation is performed to verify the improved

model. Furthermore, the model is implemented into the HSPICE circuit simulator in Verilog-A for practical application.
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1. Introduction

With the conventional bulk MOSFET technology
scaling down towards the practical limit,[! double-
gate (DG) MOSFETs as one of the most promising
devices have attracted substantial research interests
due to the superior short channel effect immunity,
the volume inversion, and the near ideal sub-threshold
slope.!?3! To predict or to simulate the DG MOSFET-
based circuit performance in the future, accurate and
time computationally efficient compact models for the
DG MOSFETS are desirable. Much work has been de-
voted to the modeling and the simulation of the DG
MOSFETs.[*~13] The compact core models for the un-
doped DG MOSFETSs are well reviewed in Ref. [14].

A unified compact model for the double-gate
MOSFETS, which is valid for symmetric, asymmet-
ric, and independent-gate operation modes as well as

computationally efficient, is absolutely required. We
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have proposed a calculation method to improve the
efficiency of the potential computation in a previous
unified model.*?! In this paper, a drain current model
based on the improved potential model in Ref. [16]
is extended and discussed, and different calculation
methods are compared in detail. The model is val-
idated by the extended two-dimensional (2D) device
simulation (TCAD).'™] The proposed model is imple-
mented into the HSPICE in Verilog-A. The advan-
tages and the limits of the model are discussed.

2. Model improvement

Figure 1 shows the schematic structure of an un-
doped double-gate MOSFET, where x is the direction
across the silicon film thickness, y is the horizontal di-
rection along the channel, tg and toxs (toxh) denote the
thicknesses of the silicon film and the front (back) gate
oxide, respectively, Vgt applys; Veb,applys and Vi apply
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are the terminal voltages.

front gate (Vg apply)

Vas,apply

back gate (Vgb,apply)

Fig. 1. Schematic structure of a double-gate MOSFET.

As the previous research results have shown!8:%:11
there are two solutions of the Poisson’s equation for
the DG MOSFET, the trigonometric and the hyper-
bolic solutions. Therefore, the key step is to decide
which solution should be selected for different bias
conditions. A critical voltage Vi itical, Which is a very
important intermediate parameter during the calcu-
lation process, is defined to determine the solution
adopted.[®11] In this paper, the critical voltage is de-

noted as Vomeritical, which has the form[*!]

4¢t7“f
s—1’

(1)

eb — Vets Vot = Vet apply — Agr, and
V:gb = ng,apply - A¢b The A¢f and A¢b are re-
spectively the front and the back gate work function

Vam 4L
Vemeritical = % +2¢¢In |:t - (S i 1):| +

where Vi =

differences, both of which are set to zero in this work.
The ¢ is the thermal voltage, Lq denotes the intrinsic
Debye length, 7 = egitoxt/tsi/Eox, and egi(€ox) is the
permittivity of silicon (silicon oxide). Variable s can
be obtained numerically from the equation

s+1 Tt b Vdm
1 2 RS
n(s—1>+ (s—1+s—|—1>+2¢t
where 1 = egitoxb/tsi/Eox-
Figure 2(a) demonstrates the establishment of

0, (2)

an operation region or mode with different back-gate
biases. The relationship between the critical volt-
age (Vemeritical) and the common mode voltage (Ven,)
varies with the bias condition. The common mode

voltage is defined as

Vo = 5 [(Vao = 800) + (Ve — A60)] ~ Vo, (3)

where V., is the channel voltage. The whole plane is
divided into two regions corresponding to the trigono-
metric (Vem > Vemeritical, mode 2) and the hyperbolic

(Vem < Vemeritical, mode 1) solutions, respectively.
During the calculation of Vipneritical, the gate voltages
and the structural parameters corresponding to the
two gates are exchanged for each other under the con-
dition that the back-gate voltage is higher than the
front-gate voltage.

Recently, some efforts have been devoted to
the convergence and the computation problems re-
sulted from the Poisson’s equation for the DG
MOSFET,"213] in which computing the critical volt-
age Vimeritical 1S switched to computing the critical
voltages Vgfor and Vgper of Vge and Vi, respectively.
In fact, the expressions for Vger and Vgher in Refs. [12]
and [13] are mathematically equivalent. As shown in
Fig. 2(b), lines It and I% correspond to Vgher and
Viter under the conditions of tg; = 10 nm, oy = 2 nm,
toxb = 40 nm, and Vg, = 0.5 V. When Vir > Vg,
Veb is compared with Vigpe, to establish the region of
operation. If Vg, > Viper, the trigonometric solution
(mode 2) is adopted. Otherwise, the hyperbolic so-
lution (mode 1) is selected. Similarly, the region of
operation is determined by comparing Vg with Viger
when Vs < V.
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Fig. 2. Establishment of the operation region or operation
mode based on (a) the numerical calculation of Vepyeritical
(solid lines for Vom, dashed lines for Veperitial) and (b)the
calculation of Vigte, and Vg with the Lambert W func-
tion.
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Although the Lambert W function is used to sim-
plify the computational procedure in Refs. [12] and
[13], it does not improve the computational efficiency
as expected. Therefore, the critical voltage Vemeritical
is still used to establish the operation region in this
paper.
merical method with an appropriate initial guess is
faster than that of Vg, in the form of the Lambert
W function, which will be shown in the next section.

The calculation of Vipmeritical based on a nu-

Based on the Jacobian-Newton method, an im-
proved calculation method for the Poisson’s equa-
tion for generic DG MOSFETSs has been proposed
in Ref. [15].
method is implemented into the final drain current

In this paper, the improved calculation

model given in Ref. [11] to enhance the computational
efficiency.

Finally, to implement the compact model in the
HSPICE, the model has been written in Verilog-A,
which has advantages over the C language. Moreover,

the model is tested on an inverter circuit.

3. Results and discussion

The improved drain current model is validated
and discussed in detail in this section by comparing
with the TCAD results. The corresponding param-
eters are given as (unless otherwise specified) ty =
20 nm, toxr = toxp = 2 nm. The width and the length
of the device are W = L = 1 pum, and the electron
mobility is p = 400 cm?-V~—1.s71,

Figure 3 shows the verification of the characteris-
tics predicted by the model by using the device simu-
lation. Figure 3(a) plots the drain current versus the
front-gate voltage under a variety of back-gate volt-
ages, which inflects the tuning ability of the back-gate
voltage on the threshold voltage. Figure 3(b) demon-
strates the output characteristics of the DG MOSFET
with the zero back-gate voltage. It is observed that the
results given by the model match the 2D simulation
results very well.

In addition, the calculation efficiency is greatly
improved, as shown in Table 1. Table 1 displays the
runtime comparison of the models based on a personal
computer with a four-core CPU. The runtime is taken
by reproducing the procedure 100 times, and the com-
putations are performed on matlab.'8! The average
runtime for one-time procedure is obtained by divid-
ing the total time by 100. In this paper, the one-time
procedure means that the drain current is calculated
for various front-gate voltages from 0 V to 2 V with

a step of 0.1 V at Vg, = 0. The results show that
the computation speed of the improved model is dra-
matically enhanced. The improved model with the
operation modes determined by Vimeritical runs faster
than that with modes determined by Ve, and Veper,
because it takes more time to calculate the Lambert
W function embedded in matlab.
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Fig. 3. Comparison of characteristics obtained from the
model and the simulation: (a) Iqs — Vg curves with differ-
ent back-gate biases, (b) output characteristics with vari-
ous front gate voltages. Lines denote model predications,
symbols denote TCAD results.

Table 1. Runtime comparison of drain current models.

Model Average runtime/s
Previous model in Ref. [11] 95.50
Improved model with Vg, and Vgper 13.75
Improved model with Vimeritical 2.16

With the improved computational efficiency, the
compact drain current model is easily implemented
into the circuit simulator HSPICE in Verilog-A. Fig-
ure 4 shows direct current (DC) characteristics of an
inverter with the improved DG MOSFET model im-
plemented. The back gates of the two devices in the
inverter circuit are set to different voltages, and the
applied power voltage is set to 2 V. It can be seen
that the back-gate voltage has the potential of tuning
the characteristics of the inverter, which may cause
new circuit topology. However, there are still some
converge problems in the transient simulation, which
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may result from many causes including the model it-
self. The problem still can not be well solved, and is

still under investigation by us.
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Fig. 4. The DC characteristics of an inverter with the im-
proved DG MOSFET model implemented in the HSPICE.
The parameters are shown in the plot.

4. Summary

Based on our previous potential model, an im-
proved computationally efficient drain current model
for DG MOSFETS is presented in this paper, and dif-
ferent models are compared and discussed. A 2D de-
vice simulation is performed to validate the proposed
model. The comparison results illustrate good agree-
ment between the model and the simulation results.
Based on the Jacobian-Newton method with a suit-
able initial guess, the calculation speed of the model
is greatly enhanced, which allows the model to be im-
plemented into the HSPICE for the practical appli-
cation. There is still much work left to improve the
model, such as the incorporation of the advanced ef-
fect, which will be our next work.
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