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Abstract: A novel extraction method of high
frequency small-signal model parameters for MOSFETs
is proposed. From S-parameter measurement, this
technique accurately extracts the model parameters
including the charge conservation capacitance
parameters. To consider charge conservation,
nonreciprocal capacitance is considered. The modeled
parameters fit the measurements very well without any
optimization.

1. Introduction

As the gate-length of MOSFET reduces, its high
frequency characteristics improve [1][2]. MOSFETs are
good candidate for RF IC application because of low
cost, high integration, and one-chip solution possibility
for analog and digital circuit. The extraction-of small-
signal equivalent circuit parameters is important for the
development of accurate large signal model. Recently,
many suggestions have been made to improve the
prediction of high frequency properties by simple
modification to the conventional low-to-medium
frequency MOSFET equivalent circuit. A few methods
of extracting small-signal equivalent circuit parameters
have been reported [3]-[5]. But they are based on the
MESFET model and complex curve fitting and
optimization methods are required. Also, they didn’t
consider charge conservation capacitance parameters
which are very important in intrinsic capacitance
modeling.

In this paper, we have developed a new systematic
parameter extraction method of MOSFET including
charge conservation capacitance parameters from
measured S-parameters and verified that it’s results
match well with measured data. This work is based on
physical small signal equivalent circuit of the RF
MOSFET and accurate parameter extraction approach by
Y-parameter analysis from measured S-parameters. The
gate resistance which significantly affects the input
admittance and substrate coupling effects through the
drain, source junctions and the substrate resistance which
affect the output admittance are also included in the
proposed model. It can be used together with
conventional MOSFET compact models for RF
application [6]-[8].

2.Parameter Extraction Method

The common-source equivalent circuit of the
MOSFET after de-embedding parasitics of on-wafer
pads and interconnection lines is shown in figure 1. The
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Figure 1. The proposed common-source equivalent circuit after
parasitics of on-wafer pads and interconnection lines are de-
embeded.

circuit elements associated with the substrate and source
are excluded because the substrate is short-circuited to
the source as in most high-frequency application. The
resistance R, represents the effective channel resistance
which consists of the distributed channel resistance seen
from the gate and the distributed gate electrode resistance.
The drain junction capacitance and the bulk spreading
resistance is represented by C; and R, For simple
circuit representation, the intrinsic capacitances C,g, Cpy
and the extrinsic capacitances C,,, C,4, are merged into
C,» Cg. Because the source and the substrate are
connected to the common, C,; includes the gate-to-source
capacitance and the gate-to-substrate capacitance. Also,
C,, includes the drain-to-source capacitance and drain-to-
substrate capacitance.

C,; and C,, are the two non-reciprocal capacitance
components {9][10]. The capacitive effect of drain on
gate is represented by C,; and the capacitive effect of
gate on drain is represented by C,,, in terms of charging
currents. C,, = C,, — C,y is a transcapacitance taking care
of the different effect of the gate and drain on each other.
There is no reason to expect that the two effects are the
same in general, just as there is no reason to expect that,
at dc, the effect of the drain on the gate current is the
same as the effect of the gate on the drain current. If C,,
and C,, are set to be equal as in the most conventional
models, large error can be introduced since charge
conservation does not hold.

The new extraction procedure uses a linear regression
approach for the Y-parameters which are converted from
measured S-parameters. The small-signal equivalent
circuit shown in figure 1 can be analyzed in terms of Y-
parameters as follows,
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For operation frequency up to 10 GHz, by using the

assumption that 0*(C,, +Cp)’ R: <<1, it can be

approximated as following.
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Parameter extraction is performed from real and

imaginary parts of Y-parameters. C,; R,, C,y 8m Cyp 845

can be obtained by (9)-(14). g,, and g, are obtained from

y-intercept of Re[Y,;] versus & and from intercept of
Re[Y,,] versus &7, respectively.
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R4 and C,; are obtained from linear regression of the
following relations from Re[Y,,].
(1)2
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R, is determined from slope of Y as a function of &
and C;, is extracted as
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3. Experiments and Results

The test devices are multi-fingered n-MOSFET's
fabricated by 0.35 um technology. The parameter
extraction has been performed for an n-MOSFET with
100 pm width. To remove on-wafer pad parasitics, de-
embedding technique was carried out by subtracting S-
parameters of open pad structure from measured device
S-parameters. The small signal parameters including
charge conservation capacitance parameters are extracted
using (9)-(17). R, = 8.8 Q, g,, = 21.3 mS and g, = 0.94
mS were extracted and R, of 203.4 Q was determined
by (15) as shown in figure 2.

The frequency dependence of extracted small-signal
parameters at V,,=2 V and V, =2 V are shown in figure
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Figure 2. R4 was determined from the slope of Y as a
function of @’ by (15).
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Figure 3. The frequency dependence of extracted parameters
for an n-MOSFET having 100 um width and biased at V, = 2
V,Vi=2V.
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Figure 4. The measured and modeled S-parameters for the n-
MOSFET biased at V,, = 2 V, V4 = 2 V. The symbols
represent the measured data and the solid lines represent the
modeled ones.

3. The results shows that extracted parameters remains
almost constant with frequency and verifies that this
extraction method is accurate and reliable. Due to the
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non-reciprocity, C, is larger than C,,. The total gate
capacitance C,, = C,, + C,q in saturation region at Vy =2
V and V4, =2 V is about 187.5 fF including the overlap
capacitance. This value is very close to the calculated
result of total gate oxide capacitance.

Figure 4 compares the measured and modeled S-
parameters. The symbols represent the measured data
and the solid lines represent modeled ones. It shows that
the modeled S-parameters fit the measured ones very
well without any optimization. For the extracted
parameter values, (,)2(c‘s +C, r1’)2R: is calculated to be

0.01 at 10 GHz, which is much smaller than one. This
verifies the validity of using the assumption in
simplifying (1)-(4) to (5)-(8). The total error [12]
between the measured and the extracted S-parameters of
the proposed model is only 0.6 %.

Figure 5 and figure 6 show the gate-bias dependence
of the extracted small-signal parameters for the n-
MOSEFET biased to V,, = 2 V. As gate bias increases for
constant V,, saturation-to-linear region transition is
occurred. C,, is dominated by extrinsic capacitance C,4,
in the saturation region and almost constant. In the linear
region, C,; increases due to increase of gate-to-drain
intrinsic capacitance. The smooth behaviors for C,, Cyy
and C, are observed because the region-to-region
transition is very gradual due to short-channel effects.
Extracted R, has weak gate bias dependency and
decreases as gate bias increase as shown in figure 6. Ry,
is almost constant with gate bias.

In figure 7, gate-bias dependence of the g, and g, for
the n-MOSFET biased to V,, = 2 V are shown. We have
compared extracted g,, and g, to extracted values from
DC current-voltage (I-V) measurements and simulated
vatues with BSIM3v3 model [11]. Drain conductance gy
increases almost proportional to gate bias in the
saturation region due to short channel effects and g,
rapidly increases with V,, in the linear region because for
higher gate bias drain current increases more rapidly
with drain bias in the linear region. As shown in figure 7,
extracted g,, and g, matched well with measured values
from DC I-V measurements and, also, simulated values
from BSIM3v3 model.

Figure 8 and figure 9 show the drain-bias dependence
of the extracted small-signal parameters for the n-
MOSFET biased to V,, = 2 V. C,y and C,,; are almost
same when V= 0 V because in linear region gate-to-
drain capacitance and gate-to-source capacitance are
almost same. In figure 8, the difference between C,y and
C, at V,= 0 V is due to gate-to-substrate capacitance
C,» including the extrinsic capacitance. As drain bias
increases for constant V,, linear-to-saturation region
transition is occurred. So, C,, increases and C,, decreases
with drain bias. In the saturation region for higher V,,
intrinsic gate-to-drain capacitance C,; approached to
zero and C,, is almost same as Cyg. Cy 1S negative in
linear region because raising the drain voltage will
increase the effective reverse bias at the drain end and
will cause the magnitude of the inversion layer charges
to decreases.

Extracted R, and R, is almost independent with
drain bias as shown in figure 9. In figure 10, drain-bias
dependence of the g,, and g, for the n-MOSFET biased
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Figure 5. The gate-bias dependence of the capacitance
parameters for the n-MOSFET biased at V4 =2 V.
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Figure 6. The gate-bias dependence of the R, and R,,,, for the
n-MOSFET biased at Vg, =2 V.
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Figure 7. Conductance g,, and g, as a function of V,, for the n-
MOSFET biased at Vi, =2 V.

to V,, =2 V are shown. g, increases and g, decrease as
drain bias increases. Also, extracted g,, and g, matched
well with the values from DC I-V measurements.
Because the determination of capacitance parameters
based on large C-V test structure measurement is
inaccurate in the high frequency range, the proposed
parameter extraction method can be applied to accurate
intrinsic capacitance modeling at the gigahertz operation.

— 959 —



T ~——
{ 2 @ ®
€, -
E -
>~ T—0——o0— 4 cW
8 S g i
c [
8 —0 D a C,
'2 0
a 0] s
;]
4] ]
504 WIL = 100/0.35
Vw =2V
00 05 10 15 20 25 30 35
Vi V]

Figure 8. The drain-bias dependence of the capacitance
parameters for the n-MOSFET biased at V,, =2 V.
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Figure 9. The drain-bias dependence of the R, and R,,,, for the
n-MOSFET biased at V,; =2 V.
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Figure 10. Conductance g,, and g, as a function of V,, for the
n-MOSFET biased at V,, =2 V.

4. Conclusions

A novel extraction method of obtaining an accurate high
frequency small-signal parameters for MOSFETs has
been demonstrated. This technique accurately extracted
the model parameters including the charge conservation
capacitance parameters. The proposed model from

parameter extraction has been evaluated with measured
data and good agreement has been observed. The
modeled parameters fit the measurements very well
without any optimization.
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