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Abstract—Free-carrier mobility degradation in the channel and
drain/source series resistance are two important parameters lim-
iting the performance of MOS devices. In this paper, we present a
method to extract these parameters from the drain current versus
gate voltage characteristics of fully-depleted (FD) SOI MOSFETs
operating in the saturation region. This method is developed based
on an integration function which reduces errors associated with
the extraction procedure and on the d.c. characteristics of MOS
devices having several different channel lengths. Simulation results
and measured data of FD SOI MOSFETs are used to test and verify
the method developed.

Index Terms—Mobility degradation, parameter extraction, se-
ries resistance, SOI MOSFETs, threshold voltage, velocity satura-
tion.

I. INTRODUCTION

A CCURATE parameter extraction becomes increasingly
important and critical for device modeling, particularly

for modern MOS devices with feature size approaching 0.1m.
Considerable research work [1]–[15] has been dedicated to this
subject in the past ten years. Two of the most important param-
eters for MOS device characterization and circuit simulation
are the free-carrier mobility degradation in the channel and
drain/source series resistance [4]–[8]. Mobility degradation
will give rise to an effect similar to that of the drain/source
series resistance on the current–voltage (– ) characteristics
[2], and Katto has suggested [3] that such an effect can be
modeled as a series resistance. McAndrew and Layman [4]
used nonlinear optimization to extract these two parameters,
but their approach is not physics based and the extracted
values may not have any physical meaning. Methods based
on evaluating derivatives of the drain current have also been
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proposed [5]–[7], but using the derivatives has the disadvantage
of enhancing the effect of noise on parameter extraction. Lim
and coworkers [8] have proposed to measure the devices by
adding an external resistance, which requires additional circuit
components and complicates the extraction procedure.

In this paper, we will first show that, from the saturation drain
current ( ) versus gate voltage ( ) characteristics, the mo-
bility degradation effect can be modeled as an effective resis-
tance in series with the drain/source resistance. Second, we will
develop a method to extract the total effective resistance and the
transconductance parameter from the – characteristics.
This method is based on a mathematical concept developed pre-
viously [13]–[18], which uses integrations, instead of differen-
tiation, to minimize the effect of experimental noise and error
associated with the parameter extraction procedure. Finally, we
will apply the method to fully-depleted (FD) SOI MOSFETs
having several different channel lengths to extract the total series
resistance and the mobility degradation. SOISPICE [19] simu-
lation, ATLAS [20] device simulation, and measured data will
be presented to support and validate the extraction method.

II. DEVELOPMENT OFPARAMETER EXTRACTION METHOD

Consider an n-channel FD SOI MOSFET operating in the sat-
uration region and under strong inversion. The gate and drain
terminals are connected together to ensure saturation operation.
The saturation drain current may be expressed as [12], [13],
[21], [22]

(1)

where is the threshold voltage

(2)

is the intrinsic gate-source voltage, is the extrinsic gate-
source voltage, is the source series resistance

(3)

is the transconductance parameter with a unit of AV . In (2),
is the mobility degradation parameter

(4)

is the low-field transconductance parameter,is the parameter
that accounts for the charge coupling effects between front and
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back interfaces [21], [22], is the low-field mobility, is the
oxide capacitance, is the effective channel length, and
is the channel width.

It is important to point out that a very large drain/source se-
ries resistance could take the device out of the saturation re-
gion even if the drain and gate terminals are connected together
(i.e., ). In general, the saturation condition requires

. For the case of and accounting for
the voltage drops in the drain/source resistance, the saturation
condition becomes .

Substituting (2) and (3) into (1) and solving for , we obtain

(5)

where

(6)

is an effective resistance due to the free-carrier mobility degra-
dation in the channel, and

(7)

is the total effective resistance.
To simplify the analysis, we employ the following condition:

(8)

This can be rewritten by substituting (1), (3), and (6) into (8)
and performing some algebraic manipulations, which leads to

(9)

For typical SOI MOSFETs, is much smaller than unity, and
the inequality in (9) is usually valid. Putting (8) into (5) yields

(10)

Based on an approach developed previously [13]–[18], we
propose to use the following function to suppress the linear term
of in (10):

(11)

The function defined in (11), with a unit of V, can be numerically
computed from the simulated or measured character-
istics. Using integration by parts, (11) becomes

(12)

Then, by substituting (10) into (12) and performing the integra-
tion, can be evaluated analytically to yield

(13)

Therefore, the value of can be obtained from the slope of
versus plot, and can be determined from the inter-

cept of the linear extrapolation of the curve to the -axis.
Knowing and , can be obtained using the following
equation derived from (10):

(14)

We summarize the extraction procedure developed so far. It
basically consists of the following three steps: a) calculating

using the simulated or measured charac-
teristics; b) extracting the values of and from the plot of

using (13); and c) evaluating using (14).
The procedure described above to extract, , and can

be repeated for different mask channel lengths. As will be shown
below, this step can be used to determine the individual values
of and . From (4), the linear dependence of on is
given by

(15)

Combining (4), (6), and (7), we obtain as a function of :

(16)

This indicates that is linearly dependent of when the
second term in the right hand side of (16) is dominant, and that

approaches if the second term is negligible. Note that
the effective channel length is related to the mask channel
length by

(17)

where is effective channel-length reduction, which can be
estimated from the versus curve [13]. Finally, we can
substitute (4) into (16) to obtain

(18)

Equation (18) therefore provides a simple way to extractfrom
the slope, and from the vertical axis intercept, of the
versus plot. For most MOSFETs, the drain and source are
symmetrical, and the total drain/source series resistance is

.
Now, let us include the velocity saturation effect in the above

analysis, and for simplicity let us assume that there is no mo-
bility degradation. Therefore, (1) and (2) are still valid, and (3)
should be replaced by

(19)
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where

(20)

is the saturation (or critical) electric field and is the satura-
tion velocity. Comparing (3) to (19), together with
(i.e., drain and gate are connected together), we obtain a param-
eter resulting from the velocity saturation effect:

(21)

Since is a function of , it is better to model it as an
effective series resistance due to the velocity saturation
effect:

(22)

Combining (4) and (20)–(22), we obtain

(23)

Including this resistance, the total effective resistance becomes

(24)

The slope of the versus plot yields , and the intercept
of versus plot to the vertical axis gives the value of
( ).

III. V ALIDATION USING SOISPICE SIMULATIONS

The new extraction procedure was first applied to the sim-
ulation results of SOISPICE [19] for fully-depleted, grounded
back-gate SOI MOSFETs. The parameters used are a channel
width of 10 m, mask channel length of 10m, front gate oxide
thickness of 5.6 nm ( F cm ), back gate
oxide thickness of 395 nm, film (body) thickness of 40 nm, film
(body) doping density of 3.8 cm , source/drain doping
density of 5 cm , LDD region length of 0.1 m with
a doping density of 5 cm , effective channel-length re-
duction of 0.8 m, low-field mobility of 600 cm V S, mobility
degradation coefficient of cm V , saturation velocity of
6 cm/s, and the rest of the parameters as given in the ex-
ample “fd.idvg.nmod.in” in [19]. It is important to point out that
the mobility degradation coefficient used in SOISPICE is re-
lated to but is not the same as the parameterused in this work.
The drain/source series resistance was defined externally to the
device, and the model’s internal parasitic resistance was set to
zero. The drain and gate terminals were connected together to
ensure saturation operation, and it is assumed .

Fig. 1 shows the simulated versus characteristics of
FD SOI MOSFETs with a channel length of 10m and three
values of . As expected, the current decreases with
increasing drain/source resistance. Fig. 2 presents theversus

plot obtained from the– characteristics given in Fig. 1.
It is important to point out that is exactly the same for the
three values of , suggesting that it is independent of

Fig. 1. SOISPICE simulated drain saturation current versus gate bias for a FD
SOI MOSFET with a channel length of 10�m and three different drain/source
series resistances.

Fig. 2. Function G (V ) calculated (solid line) based on theI–V
characteristics illustrated in Fig. 1. The closed circles are the linear fit to the
G curve. Notice thatG is independent of the drain/source series resistance
and that it is linearly dependent ofI in the strong inversion region.

Fig. 3. Extracted values for the total effective resistance bias for the three
drain/source resistance cases.

the series resistance. Notice also that for the strong inversion
region, is linearly dependent of , as indicated in (13).
From the slope we obtain A V , and from the
intercept of the linear part of the plot (i.e., strong inversion)
to the vertical axis we obtain V .

Fig. 3 shows versus extracted using (14) for the three
cases of . The region where is relatively flat is
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Fig. 4. Total effective resistance (open circles) versus the inverse of the
transconductance parameter obtained from SOISPICE simulations for several
FD SOI MOSFETs with different channel lengths. The linear fit (dotted lines)
allows for the extraction ofR +R = 1:32 k
 and� = 0:15 V .

Fig. 5. Comparison of drain saturation current obtained from SOISPICE (solid
line) and from the model playback (symbols) using the parameters extracted
from the present method.

the strong inversion region; outside this region, wherede-
creases sharply with decreasing , the model and the extrac-
tion method developed are not applicable. Sincehas three
components [ , and , as indicated in (24)], and con-
sidering that ( ) is the same for the three cases, the
difference in shown in this figure must be the difference in
the values of . Clearly that is the case, since the difference of

agrees very well with that used in the SOISPICE simulation.
Also, the extracted value of k for
the case of arises from the effects of mobility
degradation and velocity saturation. Knowing the saturation ve-
locity ( cm/s) and using the estimated value of

, we found k and
k . This implies V .

Fig. 4 presents versus extracted from SOISPICE
simulation results for several FD SOI MOSFETs having

k and different mask channel lengths (2, 3, 5, 8,
10, 12, and 15 m). As suggested by (18), is linearly pro-
portional to for long-channel devices ( m) and
is about constant for short-channel devices ( m). In
this figure, the open circles are the extracted values and the
dotted lines are the linear fit. Then, based on (24), the inter-
cept of the linear fit to the y-axis is k
and the slope gives V . Since k , we
obtain k , which is very close to the 1 k value

Fig. 6. Measured drain saturation current characteristics of FD SOI MOSFETs
having various mask channel lengths.

Fig. 7. Integration functionG (V ) calculated (solid lines) from the
experimentalI–V characteristics shown in Fig. 6. The closed circles are the
straight line fits totheG curves.

used in the SOISPICE simulation. This agreement clearly sug-
gests that the method developed to extract the mobility degra-
dation parameter and drain/source series resistance is accurate
and effective. To further verify our method, additional simula-
tions were also carried out using a very high saturation velocity
( cm/s) so that the velocity saturation effect
can be assumed negligible. For this case, the intercept yields

k , as expected.
Fig. 5 compares the – characteristics obtained from

SOISPICE and from the FD SOI MOSFET model playback
((1)–(4)) using the parameters extracted from the present
method. The values of the parameters are V,

mA V and 0.78, 1.77, and 2.79 k. The
excellent agreement shown in Fig. 5 verifies again the validity
and accuracy of the present extraction method.

IV. PARAMETER EXTRACTION FROM MEASURED

AND SIMULATED DATA

Several fully-depleted, grounded back-gate SOI MOSFETs
fabricated from the same technology were measured as well.
The device make-ups are as follows: a channel width of 20m,
front gate oxide thickness of 30 nm, back gate oxide thickness
of 400 nm, film (body) thickness of 80 nm, and mask channel
lengths varying from 1 to 20 m. Measured versus
characteristics for the various channel lengths are presented in
Fig. 6. Fig. 7 shows versus curves based on the–
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Fig. 8. Total effective resistance (open circles) versus the inverse of the
transconductance parameter obtained from the experimental data. The linear
fit (dotted lines) allows for the extraction ofR + R = 0:47 k
 and
� = 0:017 V .

Fig. 9. Comparison of drain saturation current obtained from measurements
(solid line) and from the model playback (symbols) using the parameters
extracted from the present method.

characteristics in Fig. 6. For the strong inversion region,is
linearly dependent of , and we can extract from the
slope and from the intercept to the vertical axis.

Fig. 8 presents the versus plot obtained from the
curves given in Fig. 7 for several devices with different mask
channel lengths (1, 1.5, 3, 5, 10, and 20m). This, together
with (18), yields k and V .
Using the estimated value of k , we obtain

k .
Fig. 9 compares the– characteristics obtained from mea-

surements and from the model playback using the extracted pa-
rameters. Very good agreement is found in the strong inversion
region where the model and the extraction method are appli-
cable.

As shown in the previous figures, none of the SOI devices
available to us has a mask channel length below 1m. To
further verify the validity of the proposed method for devices
in the submicron range, we have also carried out simulations
using ATLAS device simulator [20] for SOI devices with mask
channel lengths of 0.3, 0.4, and 0.5m and having the same
device make-ups as the 1- to 20-m devices considered earlier.
To ensure simulation accuracy, the device simulator was cal-
ibrated against the measured characteristics of the previously
considered SOI devices. Fig. 10 presents the drain saturation
current characteristics of these short-channel devices obtained
from ATLAS simulations and from the model playback using

Fig. 10. Current-voltage characteristics as a function of gate bias of three
short-channel SOI devices obtained from ATLAS simulations (solid line) and
from model playback (symbols) using the extracted parameters.

the above extracted parameters. Again, good agreement is
observed for the submicron devices.

V. CONCLUSION

Free-carrier mobility degradation, velocity saturation, and
drain/source series resistance are important factors limiting SOI
MOSFET performance. It has been shown that both mobility
degradation and velocity saturation effects can be modeled as
effective resistances in series with the drain/source resistance.
A method has been developed to extract these parameters
based on an integration function applied to the drain saturation
current characteristics. The accuracy of the method has been
verified against results obtained from SOISPICE and ATLAS
simulations for fully-depleted SOI MOSFETs down to 0.3m
mask channel length. Several SOI devices with mask channel
lengths varying from 1 to 20m have also been considered and
measured, and their parameters successfully extracted using
the present extraction method.
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