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Abstract — A non-quasistatic MOSFET model for
the small-signal response is developed by including
the continuity equation in an analytical way. This
- model developed basing on the drift-diffusior approx-
imation enables to predict the high-frequency response
QOur result shows that the
quasistatic approximation calculates the response ap-
proximately correct up to fr/2, which is much higher
than fr/10 previcusly estimated.

for any bias conditions.

I. INTRODUCTION

Technology development for scaling the gate length
(Lg) down to 100nm regime promises to accomplish RF-
applications of MOSFETs. Correct modeling of small-
signal high frequency characteristics is an urgent task for
utilizing the accomplishment. This requires the exten-
sion of the quasistatic (QS) approximation assumed for
circuit simulation to the non-quasistatic {NQS) level con-
sidering the carrier transit time in the channel. There
are two approaches developed for the extension. One
is based on the equivalent circuit ineluding components
describing the carrier response phenomenologically [1].
The other is to consider the continuity equation explic-
itly [2]. However, both approaches have still shortcom-
ings. The equivalent circuit model cannot know exactly,
whether the NQS effect is correctly included. Whereas
inclusion of the continuity equation is developed based
on the drift approximation, which is not sufficient for
advanced MOSFET applications with reduced bias con-
dition as demonstrated in Fig. 1. For lower power con-
sumption, the reduced L devices are required, which can
keep the higher cut-off frequency (fr) under the moder-
ate inversion regime, where both drift and diffusion con-
tributions are important. Thus, the purpose of this work
is to develop a model including the continuity equation
under the drift-diffusion approximation [3]. This allows
to estimate the NQS effect correctly, and we can exploit
the result to develop correct equivalent circuit modet for
RF-circuit simulation.

II. MoDEL FORMULATION

We solve the current density equation and the continu-
ity equation analytically. The drift-diffusion approxima-
tion describes the drain current (I4s) as a function of the
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Fig. 1. Partitioning of I into the drift and diffusion
components. The shadow region represents the moderate
inversion region in which the diffusion component cannot
be neglected. The white arrow indicates the reduction of
applied bias according to the technology generations.

surface potential at source and drain side {¢go and ¢s1.)
obtained by solving the Poisson equation iteratively [4]:
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where C,, is the oxide capacitance, Ny, the substrate
doping concentration, Lp the Debye length, Vi, the Bat-
band voltage, AVi, the threshold voltage deviation from
the long-channel device, respectively. With the current
equation, the continuity equation derives small-signal cur-
rent responses. Y -parameter components are derivatives
of the small-signal currents.

Derived final equations for the Y-parameter compo-



nents are written by series of polynomial functions of
frequency (f):
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where (o is the inversion charge density at source side.
Thus each term of the series consists of coefficients deter-
mined hy the surface potentials in stead of applied biases
as with the conventional drift approximatien [2]. Our
model is linked with the circuit simulation model HiSTM
(Hiroshima-university STARC IGFET Model) [5], pro-
viding the surface potential values as well as device pa-
rameter values required for the Y-parameter calculation.

ITI. RESuLTs

Fig. 2 shows comparison of measured Y-parameter char-
acteristics (Vg and Yg,) with calculated results based
on an equivalent-circuit-model approach with HiSIM [6].
The NQS effect is included with the Elmore resistances {7].
The agreement is quite well up to fr. Fig. 3 shows the
same calculation as shown in Fig. 2 but without the ex-
trinsic capacitances and resistances from the equivalent
circuit by symbols. To focus only on the carrier response
in the channel, we perform further simulations under this
condition. Fig. 3 depicts also calculated Yy, and Yy, with
the developed NQS model. The result demonstrates that

the developed NQS model describes the response charac- -

teristics of a real intrinsic device correctly. However, de-
viations between the twe models {equivalent circuit and
NQS with inclusion of the continuity equation) become
serious for large f. The reason may be attributed to
the limitation of the Elmore resistances introduced to
describe the NQS effect phenomenologically.
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Fig. 2: Comparison of calculated Y-parameters {{a) Yy
and (b) Yag) by the QS (dashed curves) and NQS (solid
curves) equivalent circuit models with measured data
(symbols) for Ly = 0.5um and W = 160um at Vg, giving
maximum gm (Ve — Vin = 1.0V and Vi = 1.2V). The
vertical dashed line indicates the cut-off frequency fr.

Fig. 4 compares calculated Y-parameters with our NQS
model and the conventional model based on the drift
approximation under the moderate inversion condition.
As the I description based on the drift approximation,
we use the well-known description [1] by approximating
dsg = 2Pp and ¢g1, = 2Pg + Vg, in Eg. (1).
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" A clear difference is that the f dependence of the imag-
inary parts in Y, and Ya; are steeper for the drift ap-
proximation. The main cause of the different response
characteristics is due to different features of two extracted
device parameters {mobility p and gate intrinsic capaci-
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Fig. 3: Symbols are calculated results with the NQS
equivalent circuit model shown in Fig. 2 but excluding
extrinsic capacitances and resistances. Solid curves are
calculated results with the developed NQS model.

tance Cjp,) as demonstrated in Fig. 5. With the drift ap-
proximation, device parameters do not reflect the physi-
cally correct device characteristics below strong inversion
and there is a non-consistency between the current and
capacitance characteristics. On the other hand, with the
drift-diffusion approximation, the consistency between
the current and capacitance characteristics are preserved
under the moderate inversion condition because of the
surface potential based calculation. Fig. 6a shows the
comparison of the low-frequency Cg; estimated from the
imaginary part of Ygg with the drift and the drift-diffu-
sion approximation. The Cye characteristics calculated
by HiSIM independently are also depicted. Fig. 6b shows
the comparison of I3s with the drift and drift-diffusion ap-
proximation. Although the I4s characteristics roughly co-
incide each other, Cy, characteristics estimated from the
calculated Y, characteristics are different. Though the
results with the drift approximation derivate, those with
the drift-diffusion approximation agree well with those
calculated by HiSIM directly. Even though the deviation
" of the drift model becomes smaller in the strong inversion
regime, an obvious deviation still exists.

Fig. 7 shows a comparison of caleculated Yz and Yy,
based on the drift-diffusion-approximation with the NQS
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Fig. 4: Comparisen of ¥-parameters calculated by the
NQS model based on the drift-diffusion approximation
{solid curves) with that based on the drift approximation
(dashed curves) at Vg — Vi, = 0.1V,
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Fig. 5: Comparison of extracted device parameters (a)
mobility px and (b) intrinsic capacitance Cip; with the
drift-diffusion approximation {solid curves) and with the
drift approximation (dotted curves). The shadowed areas
indicate the moderate inversion region.

and QS models. The QS approximation describes sim-
ply [8]

Yeg = J 27 fCyq

)/dg =gm — erf(cm + ng)

(5)
(6)

where Cp, is the transcapacitance [1]. Of course devi-
ations between the models are obvious, however, inter-
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Fig. 6: (a) Estimated low-frequency Cgz from the imag-
inary part of Yy with drift (open squares) and drift-dif-
fusion approximation (open circles). Cpp characteristics
calculated by HiSIM are shown by solid curve. (b) Cal-
culated Iy, with drift (dashed curve) and drift-diffusion
approximation {solid curve).

esting features are recognized. The calculated imagi-
nary parts, determining the capacitive component of the
response, are accurate enough up to fr with the QS
model. Whereas the real parts, determining the con-
ductive response, provide sufficient accuracy only up to
fr/2. These findings are true, if all device parameters re-
quired for the calculation are correctly determined. The
result reminds us of the fact that the NQS effect is due
to the delay of the carrier response for high-frequency
operation.

IV. CONCLUSION

We have developed a NQS model for Y-parameters
based on the drift-diffusion approximation by solving the
current density equation and the continuity equation an-
alytically. Our result shows that the larger contribution
of the NQS effect is observed rather in the real part of the
Y-parameter values, describing the conductive carrier re-
sponse. Nevertheless, the QS model is accurate enough
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Fig. 7. Calculated Y -parameter values with the NQS
model {solid curves) and the QS model (dashed curves).

up to fr/2, which is substantially more than fy /10 pre-
dicted previously [1].
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