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Table I. Both have metal 3 connected in series with metal 2 and metal
2 connected in parallel with metal 1, to reduce the resistance of the de-
vice.

On-wafer testing was performed with theHP-8719ESNetwork An-
alyzer andCascade Microtech ACP 40ground–signal–ground (GSG)
probes. The measurement system was calibrated using the SOLT tech-
nique between 500 MHz–8 GHz with an ISS substrate standard from
Cascade. The four step de-embedding process [7] was used to de-em-
bedded the influence of the test fixture in the measurement. The results
from the measurements are shown in Table II. The obtainedQ are quite
good for such values of inductance, using series connected multilevel
inductors in a CMOS process.

IV. CONCLUSIONS

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 in-
ductance, becoming a more effective inductor in terms of inductance.
This assumption has been proven using a 3-D electromagnetic solver.
In conclusion, two inductors were laid out using this geometry in a 0.6
�m 3 metal CMOS process.
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A Comprehensive Analytical Subthreshold Swing ( )
Model for Double-Gate MOSFETs

Qiang Chen, Bhavna Agrawal, and James D. Meindl

Abstract—A general analytical subthreshold swing ( ) model for sym-
metric DG MOSFETs is derived using evanescent-mode analysis. Through
a concept of effective conducting path, it explains a unique doping con-
centration ( ) dependence of , providing a unified understanding of
previous models and leading to a new improved model for undoped
DG MOSFETs. Compact, explicit expressions of a scale length are derived,
which expedite projections of scalability of DG MOSFETs and its require-
ment.

Index Terms—Double-gate MOSFET, MOSFETs, scale length, scaling,
subthreshold swing, undoped.

I. INTRODUCTION

T THE DOUBLE-GATE (DG) MOSFET shown in Fig. 1 has been
proposed as a viable option for extending CMOS scalability be-

yond 50 nm partly due to its ideal subthreshold swing (S) [1]–[4].
While the majority of research has focused on numerical simulations,
an analyticalS model is desired to gain physical insights. A previous
S model by Agrawalet al. was developed assuming the subthreshold
current flows at the Si/SiO2 surfaces as in bulk devices [5]. However,
Tosakaet al. proposed anS model [6] based on an observation from
simulations that “the punchthrough current dominantly flows at the SOI
center,” but no explanations were provided. On the other hand, the par-
abolic potential approximation used in [6] has been shown inaccurate
and inferior to evanescent-mode analysis [7]. Moreover, it is found that
agreement between both previousS models and numerical simulations
remains to be improved. This paper solves the two-dimensional (2-D)
Poisson equation in the channel region using evanescent-mode analysis
to derive a generalS model that agrees well with Medici simulations.
Through a concept of effective conducting path, the model explains a
uniqueNA-dependence ofS in DG MOSFETs, providing a unified
understanding of previousS models and leading to a new improved
S model for undoped DG MOSFETs. As typical of evanescent-mode
analysis, a scale length is derived and its explicit expressions are pro-
vided that expedite projections of scalability of DG MOSFETs.

II. M ODELS AND DISCUSSIONS

Under the full depletion condition, the subthreshold channel
potential (	) is approximately described by the 2-D Poisson equation
r

2	 = qNA="Si, whereq is the electronic charge and"Si is the sil-
icon permittivity. Using the superposition method [5],	 is calculated
as	(x; y) = VGS ��MS +U1D(y)+�2D(x; y), whereVGS is the
gate voltage and�MS is the gate-channel work function difference,
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Fig. 1. Symmetric DG MOSFET with a coordinate system.= ( 2)
and = 0 correspond to Si/SiO interfaces and the channel center,
respectively.

tSi is the channel thickness,VA = qNAt
2
Si="Si and measures sig-

nificance of the dopant-induced field,r = "oxtSi="Sitox, tox is the
gate-oxide thickness, and"ox is the oxide permittivity. The terms of
VGS � �MS + U1D(y) represent the solution to the one-dimensional
(1-D) Poisson equation in the vertical direction, describing how ion-
ized dopant atoms define the channel potential in a long channel de-
vice.�2D(x; y) is a solution to the 2-D Laplace equation, describing
the impact of the source/drain. Satisfying boundary conditions at all
four sides and, in particular

"ox
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�2D x; �
tSi
2

= �"Si
@�2D(x; y)

@y y=�(t =2)

at the top and bottom Si/SiO2 interfaces as required by continuity of the
normal component of electric displacement and continuity of potential,
�2D is found as follows:
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Vj =Vbi � VGS + �MS + VA�
2
j=t

2
Si:

Vbi is the junction built-in voltage andVDS is the drain voltage. Ex-
ploiting the prominence of the lowest-order mode (i.e.,j = 1) in series
summation (1) [5], [7], [8] and assumingexp(�L=�1) � 1 [5], [6],
the minimum channel potential	min(y) (i.e., “virtual cathode”) can
be found through@	(x; y)=@x = 0 as

	min(y) � VGS � �MS + U1D(y) + 2�1

� cos
y

�1
V1(V1 + VDS) e

�(L=2� ): (2)

Assuming that the drain current (ID) is proportional to the total amount
of free electrons at the virtual cathode and their densitynm(y) follows
the classic Boltzmann distribution asnm(y) = (n2i =NA) e

q	 =kT ,
whereni is the intrinsic electron density,k is Boltzmann constant and
T is temperature, ageneralS model is obtained as

S =
@VGS
@ log ID

= 1� 2�1
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where the parameterdeff is defined such that
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=
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: (4)

Thus,deff represents the location of anS-wise weighted “center of
gravity” of subthreshold conduction (or “effective conducting path”)
with its value determined by the shape ofnm(y) or potential profile
	min(y).

The generalS model is compared to Medici simulations as well as
to previousS models in Fig. 2(a), revealing an unusualNA-depen-
dence ofS, which is opposite to that in bulk devices. IncreasingNA

does not compromise, but improvesS in DG MOSFETs within the
full depletion range. Such a dependence can be explained by the loca-
tion of effective conducting pathdeff , as illustrated in Fig. 2(b). For
high NA values, the dopant induced fieldU1D(y) is significant (for
NA = 5 � 1018 cm�3 andtSi = 20 nm, VA � 3 V) such that the
surface potential	min(y = �tSi=2) is much greater than the center
potential	min(y = 0) and the overall conduction is highly confined
to surfaces. Consequently, the effective conducting path is found at sur-
faces (i.e.,deff = tSi/2), subject to immediate gate control, resulting
in an improvedS. TheS model in [5] can actually be obtained from
the generalS model (3) by substitutingdeff = tSi/2. With decreasing
NA values, a weakened dopant-induced fieldU1D(y) leads to a flatter
shape of potential profile such that the effective conducting path re-
treats from surfaces into depth (i.e.,deff < tSi/2), causing weakened
gate control and a largerS. Finally,U1D(y) becomes negligible at low
NA values (forNA = 1016 cm�3 andtSi = 20 nm,VA � 6 mV) and
the potential profile is virtually determined by 2-D effects�2D alone.
Consequently, the effective conducting path no longer drifts withNA,
resulting in a constantS value.

In undoped (or lightly doped withNA � 1016 cm�3 [10]) DG
MOSFETs, the channel potential, being determined by 2-D effects�2D
alone, is greater at channel center (y = 0) than at surfaces (y = �tSi/2)
[see (2)], making channel center more leaky than anywhere else, as
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, deff = tSi/4. In Fig. 3, an undopedS model, obtained by sub-
stitutingdeff = tSi/4 into (3), is verified with Medici simulations and
compared to the model of Tosakaet al.and a centerS model obtained
by substitutingdeff = 0 into (3). It is interesting to notice that the
latter two models, although derived from different approaches but both
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Fig. 2. Doping concentration ( ) dependence of and its explanation. (a) Comparison of generalmodel with previous models ( = 30 nm, = 1 5

nm, = 20 nm, and = 0 1 V). Symbols are Medici simulations. (b) -dependence of the location of effective conducting path ( , normalized to
channel thickness ) ( = 30 nm, = 1 5 nm).

assumingexclusivecenter conduction, are very close to one another,
while the newly proposed undopedS model demonstrates improved
agreement with simulations.

It is worthwhile to point out that theS value resulting from surface
conduction, although being improved compared to undoped cases as
shown in Fig. 2(a), may not be achievable in aggressively scaled de-
vices because, with ever decreasing silicon thickness, it requires higher
and higher doping level to obtain surface conduction mode as illus-
trated in Fig. 2(b), which may cause a band-to-band tunneling problem.

One key physical effect neglected in the analysis of this paper is
quantum effects of both field confinement and spatial confinement. In
heavily doped devices, field confinement in the inversion layer caused

by strong electric field shifts electron peaks away from surfaces [12],
which constitutes one more reason for inaccuracy of a surfaceS model.
On the other hand, undoped devices inherently have free electrons quite
evenly spreading the whole silicon layer resulting in a small vertical
electric field. Therefore, field confinement in undoped DG MOSFET is
negligible in the subthreshold region and does not have an effect onS.
Spatial confinement becomes significant whentSi drops much below
5 nm [2] where carrier distribution must be found from Schrodinger
and Poisson equations self-consistently. Thus, the undopedS model is
expected to hold fortSi not much less than 5 nm.

As in previous scaling studies, [8], [13], analytical expressions are
highly desired for the scale length: the lowest-order eigenvalue�1.
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Fig. 3. Verification of undoped model ( = 10 cm , = 1 5 nm, = 20 nm, and = 0 1 V). The inset compares undopedmodel
with Medici simulations for two different values of silicon thickness ( = 10 cm , = 1 5 nm, and = 0 1 V. Symbols are Medici simulations).

Fig. 4. Comparison of approximate expressions ofwith exact numerical solution. The inset shows the relative error of approximate expressions in percentage.

Being a solution to a transcendental equation,�1 in general cannot be
found explicitly. However, approximate expressions are possible

a) �1 =
1 + 1=r

1 + �=2
tSi =

tSi + "Sitox="ox
1 + �=2

b) �1 =
1 +

p
2=rp

2 + �=2
tSi =

tSi +
p
2 "Sitox="oxp
2 + �=2

(5)

for r � �=2 andr > �=2, respectively, and are compared to the exact
numerical solution of�1 in Fig. 4. For a practical range ofr values
from 0.8 to 20 (it corresponds, for example, totSi from 3.6 nm to 91

nm for tox = 1:5 nm), the relative error of (5) is less than 3%, which
seems reasonable for scaling study purposes. Using (5) and a simplified
version of the undopedS model

S = 1� 2�1 cos
tSi
4�1

e�(L=2� )
�1

kT

q
ln 10 (6)

design contours of a 15-nm undoped symmetric DG MOSFET are pre-
sented in Fig. 5(a) for differentS requirements. It seems extremely
challenging to meet the low power requirement forS = 70 mV/dec
already at the 15 nm generation. Scaling capability of the undoped DG
MOSFET is further illustrated in Fig. 5(b), where the minimum channel
length versustSi is projected forS = 100mV/dec andS = 70mV/dec
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Fig. 5. Scaling capability of DG MOSFETs. (a) Design contours of a 15-nm
undoped DG MOSFETs for different requirements. (b) Projections of
minimum channel length as a function of silicon thickness (is assumed to
be 0.8 nm).

(tox is assumed to be 0.8 nm). Clearly, 10 nm undoped DG MOS-
FETs are likely to find their first applications in places whereS = 100

mV/dec is tolerable.

III. CONCLUSIONS

A general analyticalS model for symmetric DG MOSFETs is de-
rived using evanescent-mode analysis. Through a concept of effective
conducting path, the model explains a uniqueNA dependence ofS,
providing a unified understanding of previousS models and leading
to a new improvedS model for undoped DG MOSFETs. Compact, ex-
plicit expressions of a scale length are derived that expedite projections
of scalability of DG MOSFETs and its requirement.
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Effect of Reverse Biased Voltage at Source and Drain
on Plasma Damage

Durga Misra

Abstract—We have examined the possible effects of reverse-biased
floating potential at the source and drain during plasma processing on
the performance of n-channel metal–oxide–semiconductor field-effect
transistors (MOSFETs). Threshold voltage degradation was evaluated
by subjecting the gate oxide to high-field injection. Device degradation
is found to be enhanced with the floating potential at source and drain
for the devices subjected to substrate injection. An increase in electron
trapping was observed with an increase in floating potential. Estimation
shows that the effective antenna ratio of MOSFET increases with the
reverse-biased floating voltage at source and drain. Our results indicate
that plasma-charging damage can be significant even under uniform
plasma if a potential is developed at the antenna-connected source and
drain terminals. Damage in devices subjected to gate injection on the other
hand, could have minimal dependence on source and drain potential.

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

I. INTRODUCTION

Plasma-induced wafer charging is a serious problem in plasma pro-
cessing. Thin gate oxide in metal–oxide–semiconductor (MOS) tran-
sistor is damaged during plasma processing due to high-field electron
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