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Abstract—Short-channel effects in fully-depleted double-gate
(DG) and cylindrical, surrounding-gate (Cyl) MOSFETs are
governed by the electrostatic potential as confined by the gates,
and thus by the device dimensions. The simple but powerful
evanescent-mode analysis shows that the length, over which the
source and drain perturb the channel potential, is1 of the ef-
fective device thickness in the double-gate case, and 1/4.810 of the
effective diameter in the cylindrical case, in excellent agreement
with PADRE device simulations. Thus for equivalent silicon and
gate oxide thicknesses, evanescent-mode analysis indicates that
Cyl-MOSFETs can be scaled to 35% shorter channel lengths than
DG-MOSFETs.

Index Terms—Double-gate MOSFET, MOSFET scaling, short-
channel effect, surrounding-gate MOSFET.

I. INTRODUCTION

I N CONVENTIONAL bulk MOSFETs, immunity from
short-channel effects such as-rolloff and DIBL requires

increasing doping to reduce the depletion depth in the substrate.
Even when retrograde channel profiles are used to reduce
mobility degradation and threshold mismatch, this approach
intrinsically trades the improved short-channel immunity for
increased substrate-bias sensitivity and degraded long-channel
subthreshold swing. However, by replacing the substrate
with another gate to form a fully-depleted, double-gate (DG)
MOSFET [Fig. 1(a)], short-channel immunity can be achieved
with ideal subthreshold swing. When the gate completely
surrounds a channel as in the cylindrical, surrounding-gate
(Cyl) MOSFET [Fig. 1(b)], the electrostatic control is even
better. If the channel doping is uniform, it can be neglected in
the short-channel analysis. If we ignore quantum effects that
become important for extremely thin (10 nm) channels, then
fully-depleted DG and Cyl devices represent an ideal situation
for simple electrostatic analysis. In previous analyses [1], [2],
the electrostatic potential in the channel is unjustifiably
assumed to be a parabolic function of the transverse position
(defined as for DG and as for Cyl). Then, although the
free carriers are irrelevant to the electrostatics, the Laplace
equation ( for DG) is solved along
the path of the dominant subthreshold current (i.e., at the
Si/SiO interface in [1] and at the center of the channel in
[2]). The resulting potential decays exponentially along the
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channel, , where the characteristic
length depends on the transverse curvature of the potential
at the chosen position. Shorter transverse dimensions (i.e.,
smaller and ) lead to shorter values of, resulting in
better short-channel characteristics. The minimum acceptable
channel length is between and , depending on the
magnitude of short-channel effects that can be tolerated and on
details of the device doping geometry.

Unfortunately, when the solution is determined at the Si/SiO
interface as in [1], the transverse curvature [ ] in the
parabolicapproximationdifferssignificantly fromthatof thecor-
rectsinusoidalsolution, resulting inasevereunderestimationof
for thin gate oxides. In the DG-MOSFET, Yanet al.[1] give

,where .Suzukietal.[2]whouse
the same technique but solve Laplace’s equation along the center
of the DG channel, give .

and differ significantly when . obtained by
Suzukietal.agreesreasonablywellwithdevicesimulations;how-
ever, this agreement is fortuitous because it is only at the channel
center that the transverse curvature obtained from the parabolic
approximation provides a reasonable estimate of the actual cur-
vature.

II. EVANESCENT-MODE ANALYSIS AND THE DOUBLE-GATE

MOSFET

Evanescent-mode analysis [3]–[6] is a powerful, new method
forunderstandingshort-channeleffects. Itproperlydealswith the
two-dimensional (2-D) nature of the electrostatics and provides
qualitatively different scaling predictions than analyses based
on the parabolic approximation. Here, we apply it first to the
DG-MOSFET.Thechannelpotential isdivided into twodifferent
pieces, .Thelong-channelsolution

satisfies the Poisson equation as well as the appropriate
gate-bias boundary conditions. Since the doping term in the
Poisson equation is taken care of in, the short-channel poten-
tial satisfies the Laplace equation. is zero at the Si/SiO
interfaces and it must also accommodate the source and drain
bias conditions and workfunction differences. In the symmetric
DG-MOSFET, can be represented as a Fourier expansion of
modes,eachwith its own characteristicdecay length,as follows:

(1)
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Fig. 1. Cross sections of device structures and coordinates. Double-gate (DG)
and cylindrical, surrounding-gate (Cyl) structures are shown. Uniform channel
doping and metal-like source/drain regions are used in all simulations.

Woo et al. [5] applied this series expansion to fully-depleted
SOI devices. Rather than using this long series expansion from
which it is difficult to gain critical physical insight, we approx-
imate by retaining only the lowest-order mode [3], [4]

(2)
Since the higher order modes decay very quickly, this
lowest-mode approximation is very accurate, especially near
the channel center. is determined by satisfying the boundary
conditions that at the Si/SiO interfaces, i.e., by
fitting a half period of between the gate electrodes. If

, we obtain , where the oxide
is scaled to its effective electrical thickness . Therefore,
the transverse confinement of the device determines. In
the general case of a thicker oxide, we use the electrostatic
boundary condition that at each Si/SiOinterface, the potential
and the component of perpendicular to the interface should
be continuous. This provides an implicit equation for[3]

(3)

If , satisfies (3) as expected.
Equation (3) was originally derived by Franket al.[3] and its re-
lated form applicable in SOI structures was derived by Monroe
et al.[4].

Theevanescentmode isapropertyof thewholestructure rather
than just the Si/SiOinterface or the channel center, and as such,

does not depend on transverse position within the channel. We
have used the PADRE device simulator [7] to calculate
and to obtain in the following manner. The potential along the
channelcenter for Vand0.1V isshown inFig.2(a).The
difference, V V , is
shownonasemi-logplot inFig.2(b).Since ,
canbeobtaineddirectly fromtheslopeof the linear regionofeach
curve in Fig. 2(b). As we can clearly see,is independent of the
transverseposition.Thisisindirectcontrasttopredictionsofother
analyses based on the parabolic approximation.

In Fig. 3, we vary and compare predicted by each an-
alytic model with the PADRE results. from evanescent-mode
analysis was calculated by solving (3), andfrom simulation
was extracted using the method of Fig. 2(b). The analytic results
from evanescent-mode analysis agree extremely well with the
PADRE results. Note that in the analysis of Yanet al., as

Fig. 2. (a) Potential along the channel of a DG-MOSFET with applied
source-drain biases of 0 V and 0.1 V. Parameters used areL = 100 nm,
uniform channel doping ofN = 4� 10 /cm , t = 40 nm, t = 16 Å,
and a 4.17 eV workfunction for the source and drain. The potential is extracted
along the Si/SiO interface aty = t =2. (b) The difference between the
channel potential with applied source-drain biases of 0 V and 0.1 V shown
on a semi-log plot along lines at three transverse positions in the channel.
The equivalent slopes of these lines indicate that the characteristic length� is
independent of transverse position.

. This isqualitativelydifferent from evanescent-mode
analysis, which indicates thatis nonzero even as due
to the nonzero thickness of the silicon channel.

III. A PPLICATION TO THECYLINDRICAL , SURROUNDING-GATE

MOSFET

Evanescent-mode analysis was previously applied to device
structures such as DG, fully-depleted SOI, and super-steep ret-
rograde bulk [4]. Here, we extend this analysis to the case of the
cylindrical, surrounding-gate (Cyl) MOSFET [8] of Fig. 1(b).
The channel potential is again divided into two pieces,
and , where is a solution of the Laplace equation.
The general solution of the Laplace equation in cylindrical co-
ordinates with a finite potential at is [9]

(4)

where is the Bessel function of order. Keeping only terms
with (since the potential cannot depend ondue to
cylindrical symmetry) and defining , the lowest-
order ( ) mode is given by

(5)
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Fig. 3. Comparison of� from three different analytic models and the
results of PADRE simulations using the sameL , N , and t of Fig. 2.
Evanescent-mode analysis predicts a characteristic length� that agrees
extremely well with PADRE simulations.

is fixed by fitting the first zero of at the gate electrode
located at .

For , as in the DG case, the different dielectric
constants are taken into account by using the effective elec-
trical oxide thickness . Since the first zero of occurs
at , we obtain . We
now compare this result with that for the DG-MOSFET for the
case of and equivalent . Since

, we find that . Thus, is about
35% smaller than , assuming the same silicon dimensions,

, and doping geometry. This can be understood to result from
the tighter confinement present in the Cyl-MOSFET—whereas
the DG structure has only one small transverse dimension, the
cylindrical structure offers confinement from all transverse di-
rections. This tighter confinement leads to a faster exponen-
tial decay of the potential along the channel length. The ratio

obtained with evanescent-mode analysis is in rea-
sonable agreement with previous work by Auth and Plummer
[10]. However, the Auth–Plummer result is based on the para-
bolic approximation and is only intended to provide an estimate
of in the special case in which the dominant subthreshold cur-
rent occurs at the center of the channel. In contrast, the charac-
teristic length determined from evanescent-mode analysis
is quite general and has a firm physical basis.

When is not very small, we solve the Laplace equation
separately in the silicon and oxide regions. In cylindrical coor-
dinates, the Bessel function and the Neumann function

are linearly independent solutions of the Laplace equa-
tion. The electrostatic boundary condition that the perpendicular
component of is conserved at the Si/SiOinterface gives
an implicit equation for , as follows:

(6)

In Fig. 4, we compare for a DG- and a Cyl-MOSFET as a
function of . We can clearly see the advantage of the cylin-
drical structure, which gives a 35% smallercompared to the
DG structure. We also plot PADRE results which match very
well with predictions from evanescent-mode analysis.

Fig. 4. Comparison of DG- and Cyl-MOSFET results.� as obtained from
evanescent-mode analysis is compared with PADRE simulation results for both
DG- and Cyl-MOSFETs and shows excellent agreement.

IV. CONCLUSION

Short-channel analyses based on the parabolic approximation
provide inaccurate results for the characteristic lengthas well
as the electrostatic potential in the channel. Evanescent-mode
analysis, which properly deals with the 2-D electrostatic effects,
provides solutions which accurately represent the potential in
the entire device channel. One of the main physical insights pro-
vided by evanescent-mode analysis is thatis directly related
to thetransverse confinement provided by the device. We have
extended this analysis to the cylindrical case, and conclude that
when compared to the DG-MOSFET, the tighter confinement
from all directions allows the Cyl-MOSFET to be scaled to 35%
shorter channel lengths.
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