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Abstract—Short-channel effects in fully-depleted double-gate channel,#(x, y) o~ exp(+z/)A), where the characteristic
(DG) and cylindrical, surrounding-gate (Cyl) MOSFETs are |ength A depends on the transverse curvature of the potential
governed by the electrostatic potential as confined by the gates, 4t the chosen position. Shorter transverse dimensions (i.e.
and thus by the device dimensions. The simple but powerful oo '
evanescent-mode analysis shows that the leng¥ over which the smallerts; andt,;) lead to Sh‘?”‘?f values O* resulting in
source and drain perturb the channel potential, is1 /= of the ef- better short-channel characteristics. The minimum acceptable
fective device thickness in the double-gate case, and 1/4.810 of thechannel lengthL,,;;,, is betweer3A and 7, depending on the
effective diameter in the cylindrical case, in excellent agreement magnitude of short-channel effects that can be tolerated and on
with PADRE device simulations. Thus for equivalent silicon and details of the device doping geometry.

gt e icknesses, svanescentmode analyls dcates " Unfortunately, whenthe soluion s determined at he SSi0
DG-MOSFETS. interface asin[1], the transverse curvati&#f) /dy?) /)] in the
parabolic approximation differs significantly from that of the cor-
rectsinusoidal solution, resultingin a severe underestimatidn of
forthin gate oxides. Inthe DG-MOSFET, Yatal.[1] give \; =
V (1k/2)tsito., Wheres = eg;/2,, =~ 3. Suzukietal.[2]whouse
. INTRODUCTION the same technique but solve Laplace’s equation along the center
N CONVENTIONAL bulk MOSFETs, immunity from Of the DG channel, givy = \/(k/2)tsitos(1 + tsi/4riton).
short-channel effects such Hs-rolloff and DIBL requires A1 andA; differ significantly whert,, < ts;/4+. ), obtained by
increasing doping to reduce the depletion depth in the substratdZukietalagreesreasonably wellwithdevice simulations; how-
Even when retrograde channel profiles are used to red@¢r: this agreement is fortuitous because it is only at the channel
mobility degradation and threshold mismatch, this approaégnter that the transverse curvature obtained from the parabolic
intrinsically trades the improved short-channel immunity foRPProximation provides a reasonable estimate of the actual cur-
increased substrate-bias sensitivity and degraded long-chart@é¢re-
subthreshold swing. However, by replacing the substrate
with another gate to form a fully-depleted, double-gate (DG)II. EVANESCENT-MODE ANALYSIS AND THE DOUBLE-GATE
MOSFET [Fig. 1(a)], short-channel immunity can be achieved MOSFET

with ideal subthreshold swing. When the gate completely . .
surrounds a channel as in the cylindrical, surrounding-g teEvanescent-mode analysis [3]-[6] is a powerful, new method

(Cyl) MOSFET [Fig. 1(b)], the electrostatic control is eve orunplersta_ndingshort-channeleffects.Itprope_rlydealswiththe
better. If the channel doping is uniform, it can be neglected o-dimensional (2-D) nature of the electrostatics and provides

the short-channel analysis. If we ignore quantum effects thqal.!alltatlvely different scaling predictions than analyses based

become important for extremely thir:(0 nm) channels, then on the parabolic approximation. Here, we apply it first to the

fully-depleted DG and Cyl devices represent an ideal SituatiJ;)nG-MOSFET.Thechannel potentialis divided into two different

for simple electrostatic analysis. In previous analyses [1], [ !ecesw(a:, y) = 9ry) + " (z, y). Thelong-channelsolution

the electrostatic potentia) in the channel is unjustifiably 'L sat_isfies the Paisson _gquatior_w as well as _the appr(_)priate
assumed to be a parabolic function of the transverse posit ?Ee'b'as bouhdgry conditions. _Smce the doping term in the
(defined asy for DG and asp for Cyl). Then, although the . 2'SSO" equation is taken care ofip, the short-channel poten-
free carriers are irrelevant to the electrostatics, the Laplaté X sat|sf|es'the Laplace equatiapr: is zero at the Si/SI .
equation 2¢ /da? + d? /dy? = 0 for DG) is solved along inferfaces and it must also accommodate the source and drain
the path of the dominant subthreshold current (e att éas conditions and workfunction differences. In the symmetric
) G-MOSFETy* can be represented as a Fourier expansion of

Si/SiO; interface in [1] and at the center of the channel i -y . i
[2]). The resulting potential decays exponentially along thrgodes,eachwnh its own characteristic decay length, as follows:

Index Terms—bDouble-gate MOSFET, MOSFET scaling, short-
channel effect, surrounding-gate MOSFET.
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Fig. 1. Cross sections of device structures and coordinates. Double-gate (DG) 0.1
and cylindrical, surrounding-gate (Cyl) structures are shown. Uniform channel
doping and metal-like source/drain regions are used in all simulations.

Double-Gate MOSFET with L =100 nm
t.=40 nm, t =16 A, N,=4x10" em®

Along center line
(y=0 nm)

s
Woo et al. [5] applied this series expansion to fully-depleted 5 2219 5 0m velow
SOl devices. Rather than using this long series expansion from < Si/Si0, interface
which it is difficult to gain critical physical insight, we approx- (y=15 nm)

imate)* by retaining only the lowest-order mode [3], [4] At Si/Si0, interface

1E-34 (=20 nm) 3
V¥ (z, y) = Ay cos(y/A)[Bry exp(z/A)+Bi- exp(—z/A)]. : - : -
@ 0 20 40 60 8 100
Since the higher order modes decay very quickly, this Distance from Source (nm)

lowest-mode appropma‘uon I,S very acc'ura.te, especially nelﬁ(s. 2. (a) Potential along the channel of a DG-MOSFET with applied
the channel centeh is determined by satisfying the boundaryource-drain biases of 0 V and 0.1 V. Parameters used are= 100 nm,
conditions thaty)* = 0 at the Si/SiQ interfaces, i.e., by ungorm channel d%ping olnf :;t X 10”/cmgd gs; = 4%nm,tow _:|16 A, ;
g ; nd a 4.17 eV workfunction for the source and drain. The potential is extracte
fitting & half period (_)fcos(y/)\) between the gate eleCtrOd_es' I1:Iong the Si/SiQ interface aty = ts;/2. (b) The difference between the
tor K tsi, We obtainh = (tsi + 2rt,.)/7, where the oxide channel potential with applied source-drain biases of 0 V and 0.1 V shown
is scaled to its effective electrical thickness,,,. Therefore, on a semi-log plot along lines at three transverse positions in the channel.
: : : The equivalent slopes of these lines indicate that the characteristic lerigth
the transverse conflnemgnt of the device determikesn independent of transverse position,
the general case of a thicker oxide, we use the electrostatic

boundary condition that at each Si/Si@terface, the potential ¢, — 0. This isqualitativelydifferent from evanescent-mode
and the component ef £ perpendicular to the interface shouldanalysis, which indicates thatis nonzero even as, — 0 due
be continuous. This provides an implicit equation 03] to the nonzero thickness of the silicon channel.

K- tan(tsi/2A) - tan(te, /) = 1. 3)
o I1l. A PPLICATION TO THE CYLINDRICAL , SURROUNDING-GATE
If ton < tsi, A = (tsi + 2rt,,)/7 satisfies (3) as expected. MOSFET

Equation (3) was originally derived by Fraekal.[3] and its re- ) ) _ )

lated form applicable in SOI structures was derived by Monroe Evanescent-mode analysis was previously applied to device

et al[4]. structures such as DG, fuIIy—depIetgd SO, and super-steep ret-
The evanescentmode is a property of the whole structure ratfRgrade bulk [4]. Here, we extend this analysis to the case of the

than just the Si/Si@interface or the channel center, and as sucfylindrical, surrounding-gate (Cyl) MOSFET [8] of Fig. 1(b).

A does not depend on transverse position within the channel. W€ channel potential is again divided into two pieags(p)

have used the PADRE device simulator [7] to calcutate, y) @nd¥"(p, #), wherey* is a solution of the Laplace equation.

and to obtain\ in the following manner. The potential along the' € general solution of the Laplace equation in cylindrical co-

channel centerfdrps = 0Vand0.1Vis shownin Fig. 2(a). The Ordinates with a finite potential gt = 0 is [9]

difference Ay (x, y) = ¥(Vps = 0.1V) —)(Vps = 0V),is  *(p, ¢, 2)

shownonasemi-logplotinFig. 2(b). Sinde) o« exp(+x/A), A oo oo

can be obtained directly fromthe slope of the linearregionofeach = »_ > Ju(kmnp) - (Amn o8 me + By sin me)

curve in Fig. 2(b). As we can clearly seeis independent of the m=0 n=1

transverse position. Thisisindirectcontrastto predictionsofother - (Cmn+e’“m"z + Cmn,e_’“m’*z) (4)

analyses based on the parabolic approximation.

i X where.J,, is the Bessel function of ordet. Keeping only terms
In Fig. 3, we varyt,,, and compare\ predicted by each an-

. . with m = 0 (since the potential cannot depend érdue to
alytic model with the PADRE resulta. from evanescent-mode cylindrical symmetry) and definingcy, = 1/koy, the lowest-

analysis was calculated by solving (3), akdrom simulation order . = 1) mode is given by

was extracted using the method of Fig. 2(b). The analytic results

from evanescent-mode analysis agree extremely well with thé(p, z)~ Ao1 - Jo(p/Acy) - (001+Cz/ A 4 Coy_e ™/ AC’Y? .
PADRE results. Note that in the analysis of ¥etral, A — 0 as 5)
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Fig. 4. Comparison of DG- and Cyl-MOSFET resultsas obtained from
evanescent-mode analysis is compared with PADRE simulation results for both
DG- and Cyl-MOSFETSs and shows excellent agreement.

Fig. 3. Comparison ofA from three different analytic models and the
results of PADRE simulations using the sarhe, N4, andts; of Fig. 2.
Evanescent-mode analysis predicts a characteristic leagthat agrees
extremely well with PADRE simulations.

IV. CONCLUSION
Acyl is fixed by fitting the first zero offy () at the gate electrode
located atp = (Dsg; + 2t,.)/2.

Fort,. <« Dsg;, as in the DG case, the different dielectri
constants are taken into account by using the effective el
trical oxide thicknesst,.. Since the first zero ofy(z) occurs
atz = 2.405, we obtainicyr = (Dsi + 2kt,,)/4.810. We
now compare this result with that for the DG-MOSFET for th
case ofts; = Ds; and equivalent,,. SinceApg = (ts;i +

Short-channel analyses based on the parabolic approximation
éarovide inaccurate results for the characteristic lerigds well
as the electrostatic potential in the channel. Evanescent-mode
%?falysis, 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 thas directly related
; . . to thetransverse confinement provided by the devitle have
2"5?)”)/7“ we find thatcyr = 0.653 Apg. Thus, Acyr IS about 4004 this analysis to the cylindrical case, and conclude that
35% smaller thark p, assuming the same silicon dlmenS|on§Nhen compared to the DG-MOSFET, the tighter confinement

bon, gnd dopmg_geometry. This can be understood to result f“?FBm all directions allows the Cyl-MOSFET to be scaled to 35%
the tighter confinement present in the CyI'MOSFET_Where%f]orter channel lengths

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 The authors would like to thank Dr. S. Hillenius for manage-
Acyl/Apg obtained with evanescent-mode analysis is in reaent support. S.-H. Oh acknowledges Prof. J. D. Plummer of
sonable agreement with previous work by Auth and Plumm8tanford University for guidance and support.
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