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Abstract: A model of subthreshold characteristics for both undoped and doped double-gate (DG) MOSFETs has
been proposed. The models were developed based on solution of 2-D Poisson’s equation using variable separa-
tion technique. Without any fitting parameters, our proposed models can exactly reflect the degraded subthreshold
characteristics due to nanoscale channel length. Also, design parameters such as body thickness, gate oxide thick-
ness and body doping concentrations can be directly reflected from our models. The models have been verified by

comparing with device simulations’ results and found very good agreement.
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1. Introduction

Double-gate (DG) MOSFETSs, a promising device struc-
ture which belongs to the multigate family has been consid-
ered as a candidate for next generation integrated circuit cells.
Low power consumption can be realized due to near-ideal sub-
threshold characteristics (typically 60 mV/decade). It can be
fabricated based on SOI technology which shows better per-
formance compared to bulk CMOS technology due to the per-
fect isolation between individual devices. Latchup can be elim-
inated in SOI circuit. Also, it can be operated at lower volt-
ages than conventional bulk CMOS devices. Therefore, DG
MOSFETs have become a hot topicl'>2l. However, as the de-
vice channel length was reduced to sub-50 nm, even multigate
devices show device characteristics’ degradation due to short
channel effect. In order to quantitively describe characteristics’
degradation of nanoscale short channel DG MOSFETs, an ac-
curate model should be developed. Analytical models of DG
for 1-D model long channel DG have been derived®~8]. How-
ever a 1-D model theoretically can not correctly reflect the 2-D
potential distribution in the body region. Therefore, the short
channel effect can not be reflected from the 1-D model either.
In order to describe the influence of the short channel effect,
a 2-D model should be given. 2-D models of threshold volt-
age and subthreshold swing for the undoped case have been
given®~12], However, because the doped channel is an impor-
tant design parameter which can adjust the threshold voltage, it
should also be reflected directly from the model. A short chan-
nel doped model has been given, however, it’s based on the
solution of a 1-D Poisson’s equation, and needs fitting para-
meters to adjust the modell'3]. In this work, we proposed a
subthreshold characteristics model which is based on the solu-
tion of a 2-D Poisson’s equation. It can reflect the subthreshold
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characteristics’ degradation due to channel length reduced to
deep nanoscale. Our model also can give an exact subthresh-
old body potential distribution. Nanoscale design parameters
such as channel length, body thickness, gate oxide thickness
can be directly reflected from our proposed model. As a unified
model, our models satisfy both undoped and doped cases. The
models have been verified by comparing with device simula-
tions’ results using SILVACO!4! and found very good agree-
ment.

2. Model derivations

Figure 1 shows a 2-D schematic view of DG MOSFET and
the coordinate system. Take N-MOS as an example, the body is
set to be doped with p-type impurity, and the source and drain
were heavily doped with n-type. 7, is the thickness of the oxide
layer and L, represents the gate length. The channel width and
body thickness are marked as W and #, respectively.

Since the thin p-type body is fully depleted and the mobile
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Fig. 1. Schematic view of a DG MOSFET.
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charge concentration is negligible in the subthreshold region!®],
set Ny the body doping concentration, the 2-D Poisson’s equa-
tion can be written as

Py PPy g
0x2 3y2 Esi ,

where —1,/2 < x < #/2and 0 < y < L, . According to
Gauss’s Law, on the interface between gate oxide and silicon
body, the boundary condition can be written as

i 9P (/2.9)

Eox dx
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And due to symmetry, potential distribution should be an even
function, that means

Y (x)
ox

= 0. 3)
x=0

The boundary condition near the drain / source contact can
be written as

Y(x, Lg) = Vas + dui, “4)
¥ (x,0) = ¢ui, (%)

where ¢y; is the built-in voltage. A simple way to solve this
2-D Poisson’s equation is using variable separation technique,
based on which the 2-D potential can be divided into 2 func-
tions as

Y(x,y) = ¢r(x) + dulx, y), (6)

where ¢;(x) is a 1-D function about x, and ¢y (x, y) is a 2-D
function about x and y, These two functions should satisfy the
following equations and corresponding boundary conditions,
respectively.
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ou(x, Lg) = Vs + dvi — P1(x), (13)
¢u(x,0) = dvi — d1(x). (14)

After solving Eq. (7), the 1-D function about x can be an-
alytically expressed as
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and the solution of Eq. (10) is a 2-D function about x and y
and can be analytically expressed as

pu(x.y) = i |:An eXp( /2" ) + By exp (—ﬁy)}

n=1
(16)

where A, and B, are the coefficients coming from the deriva-
tion of Eq. (10), they can be expressed as
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We can see that A, and B, are decided by material para-
meters such as e, and &, and design parameters such as Ly,
Ny, tox, tp. Also, and the influence of biases such as Vys and Vi
can also be reflected from them. There is another key coeffi-
cient y, which is obtained from the following equation,

Eoxlb
. 19
2¢&sitoxy (19
It’s the periodic nth root of this equation. From Eq. (19)
we can see that y, is decided by the permittivity and thick-
ness of both silicon and oxide. Besides, it’s also a key factor to

tan(y + nmw) =
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determine A, and B,. Once A,, B, and y, are decided, the
2-D function ¢y (x, y) can be decided by substituting them
back into Eq. (16), too. It should be declared that Equation (16)
is a convergence series function, that means only the upper sev-
eral items of A,, B, and y, remain and the result is accurate
enough for scientific calculations.

The drain-to-source current can be expressed as

/2
dxJ,
—t/2
where J is the current density that contains both drift and dif-
fusion components. It can be written as

dyre(y)

dy
where Y is the quasi-Fermi potential and it is only a function
along the channel direction from 0 around the source side to
Vgs around the drain side. n(x, y) represents the 2-D electron
concentration distribution. u, is the effective mobility of the
electron which is assumed to be a constant in this paper. The
total current along source/drain direction can be calculated by
integrating the current density in the body thickness (x) direc-
tion. Substituting Eq. (21) into Eq. (20) yields that

v/ dya(y)
qpan(x,y) q dx.

—l‘b/ 2 y
Here, the electron concentration can be expressed as a

function of the difference between potential and quasi-Fermi

potential at a certain place

n(x,y) = niexpiq[y (x,y) — vu(»))/kT}.

Due to current continuity in y direction, /4 should be in-
dependent of y. Substituting Eq. (23) into Eq. (22), the drain-
to-source current can be expressed as

Ii=W (20)

J = —qpan(x.y) e2))
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Substituting the function of potential distribution derived
above into Eq. (24), the current of DG MOSFETSs can be easily
calculated.

3. Model verification

It should be noted that the series in Eq. (16) is convergence,
and we found that it’s accurate enough to be left with only 4
items for calculations. Figure 2 shows the comparison of con-
stant potential contours between our model and 2-D simula-
tion results. It verifies that our model can exactly reflect the
body potential distribution in the subthreshold region. The fig-
ure also shows that the minimum value of potential is located
near the middle between source and drain.

We have verified the subthreshold I;—V;s characteristics
with simulation results at a fixed body thickness. From Fig.3
we can see that, for 40 nm channel length, the slope of 14—V,
curves in the subthreshold region is not seriously influenced
by the shortened channel length, however, when the channel
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Fig. 2. Comparison of constant potential contours between the pro-
posed model (solid curves) and simulation results (dashed curves) for
fin body of DG MOSFETs. Vygs = 0.5V, Vs = 02V, a = /2 =
5nm, fox = 1.5 nm, Ly = 40 nm, and Ny, = 1018 cm—3.

107
1072 F
1073 F
1074
107
]0—()
1077
1078
1070
10-10
10—]]
]0—12

]0_]3 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Vo (V)

Simulation Modecl A
AL=20nm — ) g
o L=40nm
o L=2380nm

1, (A)

V=05V
t,=1.5nm

£, =10 nm

W=1 pum
N,=1x10"% ¢cm™

Fig. 3. Comparison of I4—Vgs curves between the proposed model
(curves) and simulation results (symbols) with different channel
lengths.

length reduced to 20 nm, the subthreshold slope is seriously
decreased. This figure also proves that our model can exactly
reflect the characteristics’ degradation due to deep nanoscale
short channel.

Figure 4 shows the comparison of /4—V;, curves between
the proposed model and simulation results (lines) with different
body thicknesses. We can see that the body thickness affects the
properties of 14—V, curves in the subthreshold region. The cur-
rent increases almost 10 times as the body thickness increases
with the same biases conditions, and it’s proved that reducing
the body thickness to make the silicon body thinner is a good
method to improve the subthreshold slope characteristics for
deep nanoscale channel length DG MOSFETs. Also, for both
undoped and doped cases, our model matches well with the
simulation results.

Figure 5 is a comparison of 14—V, curves between the pro-
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Fig. 4. Comparison of I4—Vgs curves between the proposed model

(curves) and simulation results (symbols) with different body thick-
nesses.
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Fig. 5. Comparison of I3—Vgs curves between the proposed model
(curves) and simulation results (symbols) with different body doping
concentrations.

posed model and simulation results with different body doping
concentrations. From this figure, we can see that doping con-
centration can not obviously affect the subthreshold slope, but
the intensity of current which means it can be an effective de-
sign parameter to adjust the threshold voltage of DG MOS-
FETs. This figure also proved that our model is proper for both
undoped and doped cases. The model is effective and matches
well with simulations’ results for the doping concentration Ny
shifts from intrinsic to 5 x 10'® cm™3.

4. Conclusion

A model of subthreshold characteristics for both undoped
and doped deep nanoscale short channel double-gate (DG)

MOSFETs has been developed. The body potential distribu-
tion was directly derived by solving the 2-D Poisson’s equa-
tion using variable separation technique. The proposed mod-
els can exactly and directly reflect the degraded subthreshold
characteristics due to nanoscale channel length without any fit-
ting parameters. Design parameters such as body thickness,
gate oxide thickness, body doping concentrations and so on are
also considered, which also can be directly reflected from our
proposed model. The models have been verified by compar-
ing with device simulations’ results and can be used in circuit
simulation and characteristics evaluation of DG MOSFETs.
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