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Table I. Both have metal 3 connected in series with metal 2 and metalA Comprehensive Analytical Subthreshold Swing §)

2 connected in parallel with metal 1, to reduce the resistance of the de- Model for Double-Gate MOSFETs
vice.
On-wafer testing was performed with th#-8719E Network An- Qiang Chen, Bhavna Agrawal, and James D. Meindl

alyzer andCascade Microtech ACP 4ground-signal—ground (GSG)
probes. The measurement system was calibrated using the SOLT tech-

: . ; Abstract—A general analytical subthreshold swing §) model for sym-
nique between 500 MHz—-8 GHz with an ISS subsrate standard fr(?nnétric DG MOSFETs is derived using evanescent-mode analysis. Through

CascadeTh_e four step de-embe_dding process [7] was used to de'e@éoncept of effective conducting path, it explains a unique doping con-
bedded the influence of the test fixture in the measurement. The resg#stration (IN.4) dependence ofS, providing a unified understanding of
from the measurements are shown in Table Il. The obtaihack quite previous S models and leading to a new improvedS model for undoped

good for such values of inductance, using series connected multile?§ MOSFETs. Compact, explicit expressions of a scale length are derived,
inductors in a CMOS process which expedite projections of scalability of DG MOSFETs and its require-

ment.

Index Terms—bouble-gate MOSFET, MOSFETS, scale length, scaling,
subthreshold swing, undoped.

In this brief, a new geometry for circular series connected multi-
level integrated spirals is presented. The better performance of this ge-
ometry is based on the higher overlapping between layers than in the
conventional geometry. This maximizes the shared flux and so the r:l- THE DOUBLE-GATE (DG) MOSFET shown in Fig. 1 has been

c

IV. CONCLUSIONS

|. INTRODUCTION

ductance, becoming a more effective inductor in terms of inductan proposed as a viable option for extending CMOS scalability be-
This assumption has been proven using a 3-D electromagnetic solyend 50 nm partly due to its ideal subthreshold swisg [1]-[4].
In conclusion, two inductors were laid out using this geometry in a O\@hile the majority of research has focused on numerical simulations,

um 3 metal CMOS process. an analyticalS model is desired to gain physical insights. A previous
S model by Agrawakt al. was developed assuming the subthreshold
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Under the full depletion condition, the subthreshold channel
potential ) is approximately described by the 2-D Poisson equation
V2¥ = qNa/esi, whereg is the electronic charge ang; is the sil-
icon permittivity. Using the superposition method [#],is calculated
aS‘I/(.L’, y) =Vgs —Pus+Uip (y) + ¢ap (¢, y), whereVg s is the
gate voltage an@ /s is the gate-channel work function difference,

Va (y> 1 1
U =25 --—-).
(y) = <f§i 1,
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L Assuming that the drain currerfirf) is proportional to the total amount
of free electrons at the virtual cathode and their densityy) follows
the classic Boltzmann distribution as, (y) = (n?/N4) e?Vmin/kT
wherern; is the intrinsic electron density, is Boltzmann constant and
T is temperature, generalS model is obtained as
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Fig. 1. Symmetric DG MOSFET with a coordinate system= ==(ts;/2) where the parametel. s is defined such that

andy = 0 correspond to Si/Si© interfaces and the channel center,
respectively. fts;/z cos 2 (y) d

cos —dcff = Jv=0 Ay i) 4y (4)
ts; is the channel thicknes$[s = ¢Nat%;/=s; and measures sig- At f;‘j(fg nw(y) dy

nificance of the dopant-induced field, = c.»tsi/zsitor, tos IS the

gate-oxide thickness, and, is the oxide permittivity. The terms Othus,deff represents the location of dhwise weighted “center of

Vas — ®urs + Uin(y) represent the solution to the one-dimension e . “ . - y
(1-D) Poisson equation in the vertical direction, describing how iorg_r_aw_ty of subthreshgld conduction (or "effective condu_ctlng path )
with its value determined by the shaperof,(y) or potential profile

ized dopant atoms define the channel potential in a long channel de- ()
vice. ¢an(z, y) is a solution to the 2-D Laplace equation, describing " v

; . e " The generab model is compared to Medici simulations as well as
the impact of the source/drain. Satisfying boundary conditions at all - - :
. . ) 0 previousS models in Fig. 2(a), revealing an unusugl -depen-
four sides and, in particular

dence ofS, which is opposite to that in bulk devices. Increasi¥g

does not compromise, but improvésin DG MOSFETs within the

full depletion range. Such a dependence can be explained by the loca-
y=F(tsi/2) tion of effective conducting patt. s, as illustrated in Fig. 2(b). For

high V4 values, the dopant induced fieldi»(y) is significant (for

AT _ 18 —3 P J ~
at the top and bottom Si/SiOnterfaces as required by continuity ofthe’¥4 = 5 * 107" cm™ and#s; = 20 nm, V4 = 3 V) such that the
prface potentiall in (y = =+ts:/2) is much greater than the center

normal component of electric displacement and continuity of potentié ; : sost g
on is found as follows: potential¥.in(y = 0) and the overall conduction is highly confined
to surfaces. Consequently, the effective conducting path is found at sur-
faces (i.e.d.ss = tsi/2), subject to immediate gate control, resulting
don (. y) = ZFJ cos L [y} <sinh 2L 4 sinh L- T) in an improvedS. The S model in [5] can actually be obtained from
B Aj Aj Aj the generab model (3) by substituting. sy = tsi/2. With decreasing
N4 values, a weakened dopant-induced fild (v) leads to a flatter
Vo sinh -5 inh L 1 shape of potential profile such that the effective conducting path re-
+ Vpssin A\ - Aj @ treats from surfaces into depth (i.€.; < tsi/2), causing weakened
gate control and a largét. Finally, U1p (y) becomes negligible at low
N values (forV, = 10'® cm™® andts; = 20 nm, V4 =~ 6 mV) and
the potential profile is virtually determined by 2-D effeets, alone.
Consequently, the effective conducting path no longer drifts With

Cox tf‘i (,b T,
- ('bZD €T, :Fl = :l:SSi OL(TU)
‘ox 2 0y

where) ;s are eigenvalues satisfying

tan tsi _ rA; resulting in a constant value.
2M;  tsi In undoped (or lightly doped witiv, < 10'® cm™ [10]) DG
2\ 2 11 12 MOSFETSs, the channel potential, being determined by 2-D efegts
r; = _" ‘/1 + ,,;12 / <7 + -+ - ,,;]2) , alone, is greater at channel centeef 0) than at surfaceg(= +t<;/2)
tsi r2A; ro2 022 [see (2)], making channel center more leaky than anywhere else, as
Vi =Vii = Vas + ®ars + Vadi /15, first observed in [11]. However, the difference between surface and

center potentials is quite limited because of the 2-D nature of its for-
mation and significantly less (in absolute value) than that in heavily
doped cases. Due to this relatively even spreading of free electrons,
the overall conduction is not confined to the channel center and the ef-
fective conducting path should be somewhere in-between surfaces and
channel center as illustrated in Fig. 2(b). As a first-order approxima-
tion, d.;y = tsi/4. In Fig. 3, an undoped model, obtained by sub-
stitutingd. sy = tsi/4 into (3), is verified with Medici simulations and
Ynin(y) = Vas — us + Uin(y) + 21 compared to the model of Tosakaal.and a centef model obtained

by substitutingd. sy = 0 into (3). It is interesting to notice that the

Y FET > —(L./2X1) ’ .
TSN, Vi +V0s) ™" (D) jager two models, although derived from different approaches but both

V4. is the junction built-in voltage anli; s is the drain voltage. Ex-
ploiting the prominence of the lowest-order mode (jjes 1) in series
summation (1) [5], [7], [8] and assumingp(—L/A1) < 1 [5], [6],
the minimum channel potentid.in (v) (i.e., “virtual cathode”) can
be found throug®¥ (x, y)/0x = 0 as
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Fig. 2. Doping concentratiod¥ 4) dependence d§ and its explanation. (a) Comparison of gené&ahodel with previousS models & = 30 nm,¢,, = 1.5
nm,ts; = 20 nm, andVps = 0.1 V). Symbols are Medici simulations. (BY . -dependence of the location of effective conducting pélth ¢, normalized to
channel thicknessg;) (L = 30 nm,t,, = 1.5 nm).

assumingexclusivecenter conduction, are very close to one anotheby strong electric field shifts electron peaks away from surfaces [12],
while the newly proposed undope&timodel demonstrates improvedwhich constitutes one more reason for inaccuracy of a suSfanedel.
agreement with simulations. On the other hand, undoped devices inherently have free electrons quite
It is worthwhile to point out that thé value resulting from surface evenly spreading the whole silicon layer resulting in a small vertical
conduction, although being improved compared to undoped casesktric field. Therefore, field confinement in undoped DG MOSFET is
shown in Fig. 2(a), may not be achievable in aggressively scaled aegligible in the subthreshold region and does not have an effegt on
vices because, with ever decreasing silicon thickness, it requires higBpatial confinement becomes significant whendrops much below
and higher doping level to obtain surface conduction mode as illusnm [2] where carrier distribution must be found from Schrodinger
trated in Fig. 2(b), which may cause a band-to-band tunneling probleamd Poisson equations self-consistently. Thus, the und8peddel is
One key physical effect neglected in the analysis of this papereagpected to hold fots; not much less than 5 nm.
quantum effects of both field confinement and spatial confinement. InAs in previous scaling studies, [8], [13], analytical expressions are
heavily doped devices, field confinement in the inversion layer causkighly desired for the scale length: the lowest-order eigenvalue
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Fig. 3. \Verification of undoped model (V4 = 10 cm™*,¢,, = 1.5 nm,ty; = 20 nm, andVp5 = 0.1 V). The inset compares undop&imodel
with Medici simulations for two different values of silicon thickne®§§ = 10*° cm™*,t,, = 1.5 nm, andVps = 0.1 V. Symbols are Medici simulations).
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Fig. 4. Comparison of approximate expressiondpfwith exact numerical solution. The inset shows the relative error of approximate expressions in percentage.

Being a solution to a transcendental equationin general cannot be nm fort,, = 1.5 nm), the relative error of (5) is less than 3%, which
found explicitly. However, approximate expressions are possible seems reasonable for scaling study purposes. Using (5) and a simplified
version of the undoped model

a) A = 1 + 1/7 o tsi + SSifn:m:/;‘:oo: 1
1= S lsi = ; . o\ E
1+7/2 1+m/2 5 S=(1-2I" Costief(l“/z’\l) Eln 10 (6)
(5) 4 q
b A = 1+ \/5/71 I tS‘.i + ﬁasitri.r/goa:
) T /ey /2 5T V2 +1/2 design contours of a 15-nm undoped symmetric DG MOSFET are pre-

sented in Fig. 5(a) for differen requirements. It seems extremely
challenging to meet the low power requirement for= 70 mV/dec
forr < w/2 andr > w /2, respectively, and are compared to the exaetready at the 15 nm generation. Scaling capability of the undoped DG
numerical solution of\; in Fig. 4. For a practical range efvalues MOSFET is further illustrated in Fig. 5(b), where the minimum channel
from 0.8 to 20 (it corresponds, for example,tto from 3.6 nm to 91 length versuss; is projected forS = 100 mV/dec andS = 70 mV/dec



1090 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 6, JUNE 2002

[4] J. G. Fossum, “Physical insights on double-gate MOSFETsPror.

Dig. Government Microcircuit Appl. CopfMar. 2001, pp. 322-325.
T [5] B. Agrawal, “Comparative scaling opportunities of MOSFET structures
1 for gigascale integration (GSI),” Ph.D. dissertation, Rensselaer Poly-
] tech. Inst., Troy, NY, 1994.
1 [6] Y. Tosaka, K. Suzuki, and T. Sugii, “Scaling-parameter-dependent
- model for subthreshold swin§ in double-gate SOl MOSFETSIEEE
1 Electron Device Lettvol. 15, pp. 466—468, Nov. 1994.
E [7] S.-H. Oh, D. Monroe, and J. M. Hergenrother, “Analytic description
E of short-channel effects in fully-depleted double-gate and cylindrical
4 surrounding-gate MOSFETSIEEE Electron Device Lettvol. 21, pp.
397-399, Sept. 2000.
4 [8] D.J. Frank, Y. Taur, and H.-S. P. Wong, “Generalized scale length for
two-dimensional effects in MOSFETYEEE Electron Device Lettvol.
19, pp. 385-387, Oct. 1998.
12 [9] Y. Taur, “An analytical solution to a double-gate MOSFET with undoped

body,” IEEE Electron Device Lettvol. 21, pp. 245-247, May 2000.

@ [10] —, “Analytic solutions of charge and capacitance in symmetric and

30 . . . - asymmetric double-gate MOSFETYIEEE Trans. Electron Devices
Lo ] vol. 48, pp. 2861-2869, Dec. 2001.

.,_-"" k [11] K. Suzuki, T. Tanaka, Y. Tosaka, H. Horie, and Y. Arimoto, “Scaling
- theory for double-gate SOl MOSFETSEEE Trans. Electron Devices
Lot ] vol. 40, pp. 2326-2329, Dec. 1993.

2 b -t ] [12] M. Shoji and S. Horiguchi, “Electronic structures and phono-limited

] electron mobility of double-gate silicon-on-insulator Si inversion
layers,”J. Appl. Phys.vol. 85, pp. 2722-2731, Mar. 1999.

[13] D.Monroe and J. M. Hergenrother, “Evanescent-mode analysis of short-
channel effects in fully depleted SOI and related MOSFETsPiioc.
IEEE SOI Conf.Oct. 1998, pp. 157-158.

Dxide Thicknees (t,} [nm]

18

la ==+ $=70mV/dec

— 5=100mV/dec

Channel Length (L) [nm]

0b— o 1 T PN
5 2.8 10 125 18

Silicon Channel Thickness {t,} [nm]

) Effect of Reverse Biased Voltage at Source and Drain
on Plasma Damage

Fig. 5. Scaling capability of DG MOSFETSs. (a) Design contours of a 15-nm

undoped DG MOSFETs for differen§ requirements. (b) Projections of

minimum channel length as a function of silicon thickness. (is assumed to

be 0.8 nm).

Durga Misra

(t.. is assumed to be 0.8 nm). Clearly, 10 nm undoped DG Moﬁé Abstract—We have examined the possible effects of reverse-biased

. . L L . ating potential at the source and drain during plasma processing on
FETSs are likely to find their first applications in places where= 100 the performance of n-channel metal-oxide—semiconductor field-effect

mV/dec is tolerable. transistors (MOSFETSs). Threshold voltage degradation was evaluated
by subjecting the gate oxide to high-field injection. Device degradation
ll. CONCLUSIONS is found to be enhanced with the floating potential at source and drain

. . . for the devices subjected to substrate injection. An increase in electron
A general analyticab model for symmetric DG MOSFETSs is de- trapping was observed with an increase in floating potential. Estimation

rived using evanescent-mode analysis. Through a concept of effeCiygws that the effective antenna ratio of MOSFET increases with the
conducting path, the model explains a uniqie dependence of, reverse-biased floating voltage at source and drain. Our results indicate
providing a unified understanding of previo§smodels and leading that plasma-charging damage can be significant even under uniform
to a new improved model for undoped DG MOSFETS. Compact, eXplasma if a potential is developed at the antenna-connected source and

. . . . .’ " drain terminals. Damage in devices subjected to gate injection on the other
plicit expressions of a scale length are derived that expedite projectigNSd could have minimal dependence on source and drain potential.
of scalability of DG MOSFETSs and its requirement.

Index Terms—Current stress, effective antenna ratio, plasma damage.
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