
Invited paper On the extraction of threshold
voltage, effective channel length

and series resistance of MOSFETs
Adelmo Ortiz-Conde, Francisco J. Garcı́a Sánchez, and Juin J. Liou
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1. Introduction

Since the early 1980s, the MOSFET has become the most
widely used semiconductor device in very large scale in-
tegrated circuits. This is due mainly to the fact that the
MOSFET has a simpler structure, costs less to fabricate,
and consumes less power than its bipolar transistor coun-
terpart.

In this article, we will first present, in Section 2, an
overview of the modeling of long-channel bulk MOSFET
[1–11] as a particular case of the long-channel SOI MOS-
FET [12–16]. Then, we will focus on issues related to
extraction of MOSFET device parameters [17–20] and it
will be organized into three sections. Section 3, covers the
topic of extracting the threshold voltage. An overview is
first provided to discuss and compare the advantages and
disadvantages of various existing extraction methods for the
threshold voltage.

Section 4 is concerned with the various methods for ex-
tracting the effective channel length, probably the most
important device parameter of the MOSFET. They in-
clude a method based on metallurgical junctions, current-
voltage method, capacitance-voltage method, shift and ratio
method, and a method based on device simulation. The pro-
cedures and developments of these methods are discussed
and their accuracy, advantages, and disadvantages are com-
pared.

Section 5 deals with the extraction of the drain and source
resistances of MOSFETs, which are important device pa-
rameters in characterizing the voltage drops in the drain
and source regions of these devices.

2. MOSFET modeling

The fundamental benefits of the silicon-on-insulator (SOI)
structure over the traditional bulk MOSFET have motivated
considerable recent research work [12–16]. The main ben-
efits include suppression of latch-up, higher circuit speed,
lower power consumption, greater immunity to radiation,
increase of the density, 3D integration, and reduction of
short-channel effects. Good review articles were presented
recently by Jurczak [14] describing and comparing the var-
ious SOI’s models, and by Alles [13] scrutinizing the mo-
tivations of using SOI in integrated circuits.
Probably the most important motivation today for using the
SOI device is the lower power consumption, especially in
the portable electronics arena where the supply voltage is
reduced in order to decrease the power consumption. If the
supply voltage is reduced, the threshold voltage must also
be reduced. However, the degree of the reduction of the
supply and threshold voltages is limited by the subthresh-
old slope, which is defined as the gate voltage required to
increase the drain current by one order of magnitude in
weak inversion. The SOI device has a larger subthresh-
old slope and thus a lower leakage current than its bulk
counterpart. This allows the use of a SOI MOSFET with
a small threshold voltage, thus the use of a smaller supply
voltage, without having to be concerned with a significant
leakage current. On the other hand, for the bulk MOSFET,
a large threshold voltage, and thus a large supply voltage,
is needed to ensure a small leakage current in the device.

2.1. Modeling of the (SOI) MOSFET

Figure 1 gives the schematic of silicon-on-insulator
MOSFET. It can be seen that the main feature
differentiating the SOI MOSFET from its bulk counterpart
is the fact that the SOI MOSFET has both front and back
oxide interfaces and therefore is subjected to charge cou-
pling effects between the two gates. The bulk MOSFET
can therefore be considered as a special case of an SOI
MOSFET with a very large semiconductor film thickness.
The mixed boundary condition at the front oxide-silicon
interface yields

V f
GS−V f

FB = ΨS f +
εsξS f

Co f
, (1)

where V f
GS

is the front-gate voltage, V f
FB

is the front-flatband
voltage, Co f is the front-oxide capacitance, ΨS f is the front-
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Fig. 1. A two-dimensional SOI MOSFET structure showing the
top and bottom Si-SiO2 interfaces.

surface band bending and ξS f is the front-surface electric
field.
On the other hand, at the back oxide-silicon interface, the
boundary condition is

Vb
GS−Vb

FB = ΨSb−
εsξSb

Cob
, (2)

where Vb
GS is the back-gate voltage, Vb

FB is the back-flatband
voltage, Cob is the back-oxide capacitance, ΨSb is the back-
surface band bending and ξSb is the back-surface electric
field. The front-interface (x = 0,Ψ = ΨS f and ξ = ξS f)
and at the back-interface (x= tb,Ψ = ΨSb and ξ = ξSb), are
related by [14–16,18]:

ξ 2
S f−F2(ΨS f ,V) = ξ 2

Sb−F2 (ΨSb,V)≡ α , (3)

where F2(Ψ,V) is the Kingston function defined by [4]:

F2(Ψ ,V)≡
∫ −2ρ

εs
dΨ =

=
2

β 2L2
D

((
e−βΨ+βΨ−1

)
+

+
no

po

(
e−βV(eβΨ−1

)
−βΨ

))
(4)

and α , unlike the bulk MOSFET, is not equal to zero but is
a parameter that quantifies the charge coupling between the
front- and back-gates. Here, po and no are the equilibrium
hole and electron densities, β = q/kT is the inverse of the
thermal voltage, and LD is the extrinsic Debye length given
by

LD =

(
εs

qβ po

)1/2

. (5)

Finally, the semiconductor film thickness tb can be ex-
pressed by

tb =
∫ ΨS f

ΨSb

dΨ
ξ

. (6)

The values of ΨS f,ΨSb,ξS f and ξSb can be calculated nu-
merically from Eqs. (3)–(6).
The drain current for the SOI MOSFET can be expressed
by the following single-integral equation [16]:

ID =µn
W

Le f f

[
Co f

((
V f

GS−V f
FB

)(
ΨS f L−ΨS f o

)
+

−
(
Ψ2

S f L−Ψ2
S f o

)
2

)
+

Qbn2
o

β

(
βVDS+e−βVDS−1

)
+

+εs

∫ ΨS f o

ΨSbo

ξ
(
Ψ,V =0

)
dΨ−εs

∫ ΨS f L

ΨSbL

ξ
(
Ψ,V =VDS

)
dΨ+

+
εstb
(
αL−αo

)
2

+ (7)

+Cob

((
Vb

GS−V f
FB

)(
ΨSbL−ΨSbo

)
−
(
Ψ2

SbL−Ψ2
Sbo

)
2

)]
,

where Qb is the body depletion charge (Qb = −qNAtb),
ΨS f(y = ys) = ΨS f o, ΨS f(y = yd) = ΨS f L, Ψsb(y = ys) =
= ΨSb, ΨSb(y = yd) = ΨSbL, α(y = ys) = αo, α(y = yd) =
= αL, and Le f f = (yd−ys) is the effective channel length.

2.2. Pierret-Shield’s model

For a very large tb, as would be the case for a bulk MOS-
FET, the charge coupling between the front- and back gate
diminishes, and αo and αL approach zero. Also, for this
case, there will be a point xo inside the semiconductor at
which Ψ(x = xo) = ξ (x = xo) = 0. Taking the point xo to
be the back interface, we get ΨSbo= ΨSbL= 0, and Eq. (7)
reduces to Pierret-Shield’s model [8] for the bulk MOSFET:

ID = µn
W

Le f f

[
Co

((
VGS−VFB

)(
ΨSL−ΨSo

)
+

−
(
Ψ2

SL−Ψ2
So

)
2

)
+ εs

∫ ΨSo

0
F
(
Ψ, V = 0

)
dΨ+

− εs

∫ ΨSL

0
F
(
Ψ, V = VDS

)
dΨ

]
, (8)

where ΨS(y = ys) ≡ ΨSo and ΨS(y = yd) ≡ ΨSL. This
model is also valid for long-channel MOSFETs under all
inversion conditions.

2.3. Charge-sheet model

It should be pointed out that using the following empirical
approximation, (

F2(Ψ, V
))1/2

≈

≈ 21/2

β LD

((
β Ψ−1

)1/2
−
(
β Ψ−1

)−1/2

2

)
, (9)
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Pierret’s model yields to the charge-sheet model [1, 9, 10]
defined by

ID =µn
W

Le f f

[
Co

((
VGS−VFB

)(
ΨSL−ΨSo

)
−

(Ψ2
SL−Ψ2

So)
2

)
+

−
qNALD23/2

3

((
βΨSL−1

)3/2−
(
βΨSo−1

)3/2
)
+

+qNALD21/2
((

βΨSL−1
)1/2−

(
βΨSo−1

)1/2
)]

. (10)

This model, which is also valid for long-channel MOSFETs
under all inversion conditions, has an error of 5% or less
compared the Pao-Sah counterpart. This model has been
classically derived from the assumption that the inversion
charge is an infinitesimally thick layer near the interface.

2.4. Strong inversion model

The drain current models discussed above can be simplified
under the strong inversion condition. For this case, the
surface band bending increases very little with increasing
gate bias and this allows one to assume that band bending is
nearly independent of the gate bias under strong inversion.
Thus,

ΨSo≈ 2φB , (11)

at the source, and

ΨSL≈ 2φB +VDS , (12)

at the drain where φB is the bulk potential. Also, un-
der strong inversion, the inequality βΨ >> 1 is valid, and
Eq. (4) can be approximated by

F2(Ψ, V)≈ 2Ψ
βL2

D

. (13)

Putting Eqs. (11)–(13) into Eq. (8), and integrating the
resulting equation yields the following analytic expression
for the drain current:

ID = µn
W

Le f f
Co

[(
VGS−VFB−2φB−

VDS

2

)
VDS+

−
2
(
2εsqNA

)1/2

3Co

((
VDS+2φB

)3/2−
(
2φB

)3/2
)]

. (14)

It is important to mention that the model in Eq. (14) is
valid only when the inversion layer is present in the entire
channel, a case which holds for a relatively small drain
voltage.

2.5. SPICE model

The simplest MOSFET SPICE model (i.e., level-1 model)
[3–6] can be obtained as follows. Consider the case of
strong inversion and assume

VDS� 2φB . (15)

Next, using the Taylor’s series to approximate the terms
having the power of 3/2 in Eq. (14), one obtain:

ID = µn
W

Le f f
Co

[
VGS−VT −

VDS

2

]
VDS , (16)

where

VT ≡VFB +2φB +
2
(
εsqNA φB

)1/2

Co
(17)

is the threshold voltage. Equation (17) can be rewritten by
noting that its last term is related to the maximum depletion
charge Qdmax (i.e., Qd becomes Qdmax) which occurs at the
onset of inversion,

VT ≡VFB +2φB−
Qdmax

Co
. (18)

It is important to point out that Eq. (17) is valid only when
the substrate voltage VBS is zero (i.e., no body effect). On
the other hand, Eq. (18) is more general and is valid with
the presence of body effect, provided the depletion charge
accounts for the effect of VBS.
Clearly, the threshold voltage is an important parameter for
modeling the MOSFET. Beside modeling VT , as was done
in Eqs. (17) and (18), such a parameter can be determined
by extraction methods, which will be discussed in detail in
next section.

3. Extraction of the threshold voltage

3.1. Previous methods

One of the most important parameters to model the oper-
ation of a MOSFET is the threshold voltage, VT . There
are several definitions of threshold voltage [2, 4, 21] and
many methods have been developed to extract this param-
eter. The majority of procedures used to determine VT
are based in the strong inversion operation characteristics.
The most common methods are [18]: a) defining VT as the
gate voltage corresponding to a certain predefined practical
constant drain current [17]; b) finding the gate voltage axis
intercept of the linear extrapolation of the ID−VGS charac-
teristics at its maximum first derivative (slope) point [4];
c) determining VT at the maximum of the second derivative
of ID with respect to VGS [22]; d) finding the gate voltage
axis intercept of the ratio of the conductance to the square
root of the transconductance, which requires two deriva-
tives of the data [23].
The procedures for extracting VT by the linear and second-
derivative extrapolation methods are illustrated in Figs. 2a
and 2b, respectively.
In this figure, the measured data are from an n-MOSFET
with mask channel length of 0.6 µm, oxide thickness of
14 nm and channel doping of 1017 cm−3. For the linear
extrapolation method VT is determined by extrapolating at
the point of maximum slope on the ID −VGS characteris-
tics. On the other hand, the second-derivative extrapola-
tion method determines VT at the point where the second
derivative of ID−VGS is maximum.
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Fig. 2. Illustration of the linear extrapolation (a) and second
derivative (b) methods to extract VT .

Other methods have been proposed. One uses the sub-
threshold operation characteristics to determine VT from
the gate voltage necessary to make the surface potential
equal to twice the bulk potential [24]. Recently a new
procedure was presented to extract the threshold voltage
independently of the presence of source and drain parasitic
resistances [25].

Contrasting with previous methods where the extraction al-
gorithm is generally restricted to the strong inversion char-
acteristics, or perhaps to the subthreshold characteristics,
a recent method [26, 27] that uses the transition from sub-
threshold to strong inversion operation to determine the
threshold voltage was presented. This transition method
does not utilize any differentiation of the data, rather it
makes use of integration which greatly reduces the effect
of possible random noise or measurement error in the ex-
perimental data.

3.2. Transition’s method

The drain current in the subthreshold region, can be mod-
eled by an exponential expression of the form [1–11]

ID = IS0 exp
[
β
(
VGS−VT

)
/n
]

, (19)

where VGS is the intrinsic gate-to-source voltage, and n is
a quality factor known as the subthreshold slope. IS0 is
a coefficient that depends on the gate capacitance per unit
area, the effective size, the effective mobility of the chan-
nel, the thermal voltage, and the intrinsic drain-to-source
voltage [6, 18].
In contrast, in strong inversion, the drain current can be
modeled for small VDS by a linear expression of the form
[1–11]

ID ≈ K
(
VGS−VT

)
VDS , (20)

where K depends on the gate capacitance per unit area, the
effective size and the effective mobility of the channel. In
the transition region neither Eqs. (19) nor (20) are valid
and the ID −VGS characteristics change from exponential
to linear behavior, or correspondingly, the ln ID−VGS char-
acteristics change from linear to logarithmic behavior, as
depicted in Fig. 3 for a 10 µm long n-channel MOSFET

Fig. 3. Drain current as a function of gate voltage for
BSIM3v3.2 modeled variable mobility long n-channel MOSFET,
at VBS = 0, VDS = 50 mV.

simulated using the AIM-SPICE [6] Level 17 BSIM3v3.2
model [5]. This transition from linear to logarithmic be-
havior is analogous to the I-V characteristic of a diode with
a parasitic series resistance. To eliminate the effects of the
series resistance in a diode, an integral function was pro-
posed [28, 29].
As previously stated, the threshold voltage is the value of
gate voltage at which the ID −VGS characteristics change
from exponential to linear behavior. In order to find this
transition point and thus extract the threshold voltage we
will use an auxiliary function that has already proved its
usefulness in getting rid of parasitic resistances when ex-
tracting the model parameters of diodes [28, 29].
First, the drain current of the MOSFET is measured versus
gate voltage from below to well above threshold with zero
body bias and a small constant value of drain voltage. Sec-
ond, the following function is numerically calculated from
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the measured data:

G
(
VGS, ID

)
= VGS−2

∫ VGSa

VGSb

ID
(
VGS

)
dVGS

ID
, (21)

where VGSb and VGSa are the lower and upper limits of
integration corresponding to gate-to-source voltages below
and above threshold, respectively.
Third, when G(VGS, ID) is plotted as a function of ln ID it
becomes a linear function wherever ID(VGS) is exponential,
and additionally it has the property of vanishing wherever
ID(VGS) is linear [28, 29]. Therefore, a plot of G versus
ln ID should be a straight line below threshold, where the
current is dominated by diffusion and consequently it is
predominantly exponential. Furthermore, G should drop
abruptly to zero as soon as the threshold voltage is sur-
passed, since above this point the current is dominated by
drift and hence it is predominantly lineal.
Figure 4 presents a plot of such a behavior of G, which
was numerically calculated using Eq. (21) and the data in

Fig. 4. Function G calculated by applying Eq. (21) to the mod-
eled ID−VGS characteristics of the previous figure. The maximum
G represents the value of VT = 0.850 V.

Fig. 3. As expected, the curve is seen to behave approxi-
mately as a straight line until it reaches a maximum value
of about 0.850 V, at which point it falls rapidly towards
zero indicating that the current has become predominantly
lineal. This maximum value of G corresponds to the thresh-
old voltage of the device and compares well to the value
of VT = 0.855 V which was separately extracted for this
device using the conventional second-derivative method.

4. The effective channel length

The so-called channel length is a broad description of
three different channel lengths. One is the mask channel
length Lm, which denotes the physical length of the gate
mask. Another is the electrical effective channel length
Le f f , which defines the length of a region near the Si-SiO2

interface in which the inversion free-carrier density is con-
trolled by the gate voltage. This channel length is given
by

Le f f = Lm−∆Le f f , (22)

where ∆Le f f is the effective channel length reduction illus-
trated in Fig. 5. The third channel length used frequently is

Fig. 5. Device structure of a p-channel MOSFET showing the
definitions of Le f f,Lmet and Lm.

the metallurgical channel length Lmet, which is the distance
between the source and drain metallurgical junctions at the
Si-SiO2 interface:

Lmet = Lm−∆Lmet , (23)

where ∆Lmet = 2LD, and LD is the length of the lateral
diffusion of the source or drain region (see Fig. 5).
The precise determination of the effective channel length
is not straightforward due mainly to the uncertainty as to
whether the portion of the drain and source regions under-
neath the gate should be considered as part of Le f f (i.e.,
Le f f > Lmet) or as part of the drain and source series re-
sistance and thus not part of Le f f (i.e., Le f f = Lmet). Re-
cent studies have concluded [30, 31] that the theory of
Le f f > Lmet is more appropriate because the free-carrier
density in the drain and source regions underneath the gate
is influenced by the gate voltage.
Since ∆Le f f , and thus Le f f , cannot be measured directly,
various methods have been developed in the literature to ex-
tract them from the current-voltage characteristics [32–37],
capacitance-voltage characteristics [38–44], or physical in-
sight provided by numerical simulation [30, 45]. The main
disadvantage of the methods based on current-voltage char-
acteristics, called the I-V methods, is that they are often
obscured by the presence of the parasitic drain and source
series resistance. On the other hand, the main disadvantage
of the capacitance-voltage (C-V) methods, is that equipment
with high resolution is required to measure the small ca-
pacitances in the MOSFET (in the order of fento farads).
Methods based on device physical insight require results
simulated from device simulators, the accuracy of which
depends on the proper selection of model parameters.
In the following sections, the development of the different
extraction methods will be discussed.
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4.1. Current-voltage methods

4.1.1. Terada-Muta or Chern et al. method

The method by Terada-Muta [33] or Chern et al. [34]
was derived based on the following simple current-voltage
relationship for the drain current in the linear region:

ID =
W

Le f f
µCo

(
VGS−VT

)
VDS , (24)

where W is the channel width, Co is the oxide capacitance
per unit area, µ is the effective free-carrier mobility, VT
is the threshold voltage, and VGS and VDS are the intrinsic
gate-source and drain-source voltages, respectively. The
intrinsic voltages can be related to the external gate-source
and drain-source voltages (Vg and Vd):

VGS= Vg− IDRS (25)

and
VDS = Vd− ID

(
RS+RD

)
. (26)

Here RD and RS are the drain and source parasitic series
resistances illustrated in Fig. 6.

Fig. 6. MOSFET equivalent circuit including the source and
drain series resistances (RS and RD) and having the body and
source terminals grounded.

Combining Eqs. (24) and (26), the total channel resistance,
Rm, can be expressed by

Rm≡
Vd

ID
= RDS+

(
Lm−∆Le f f

)
µCoW

(
VGS−VT

) , (27)

where RDS≡ (RD +RS) is the total drain and source resis-
tance. For the linear region under study, (Vg−VT) is much
larger than IDRDS, and Vg ≈VGS. This results in

Rm = RDS+

(
Lm−∆Le f f

)
µCoW

(
Vg−VT

) . (28)

Then, according to Eq. (28), the plot of Rm versus Lm

is a straight line for a given (Vg−VT), and the unique
intersection of all the straight lines for different (Vg−VT)
yields ∆Le f f on the Lm axis (i.e., x axis) and RDS on the
Rm axis (i.e., y axis). It is important to point out that the
threshold voltage is a function of Lm.
Although widely used, the Terada-Muta method has been
found to fail at nitrogen liquid temperature [36, 46] because
it yields no unique intersection of the straight lines as il-
lustrated in Fig. 7. In this figure we present Rm versus Lm

Fig. 7. The total channel resistance versus mask channel length
for various gate voltages at (a) 300 K and (b) 77 K. The symbols
are the measured data and the lines are the fittings to data using
straight lines.

plots of p-channel devices at temperatures of 300 K and
77 K, respectively. At 300 K, the unique intersection of
the straight lines yields ∆Le f f ≈ 0.3 µm on the x axis and
RDS≈ 60 Ω on the y axis. On the other hand, the analo-
gous procedure at 77 K yields no unique intersection of the
straight lines, and even if the intersection of three of lines
is used, a negative ∆Le f f is obtained, which is physically
unsound for the conventional MOSFET under considera-
tion.
The Terada method may also fail [47] at room temperature
for MOSFETs having a relatively high doping concentration
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in the substrate. The failure of the Terada method can be
attributed to the following assumptions used in developing
the method: 1) the drain and source series resistances are
independent of the gate bias; 2) VT used in the method,
and thus Le f f extracted, does not account for the effects of
the series resistances; 3) Vg ≈VGS; and 4) the free-carrier
velocity saturation effect in the channel is negligible.
Recently, Terada and co-workers presented an improved ex-
traction method [48], which proposed that ∆Le f f and RDS
extracted using their original method can be a function of
the gate voltage due to the fact that the Rm versus Lm plot
possesses several intersections of the straight lines. From
these different intersections, a statistical approach is then
used in their new method to determine the correct and
unique ∆Le f f and RDS based on the concept that the most
accurate ∆Le f f and RDS give rise to the least dependence
of these two parameters on the gate bias.

4.1.2. Shift and ratio method

The shift and ratio (S & R) method, developed by Taur et
al. [32], is based on the total channel resistance, which was
given in Eq. (28) and can be rewritten as

Rm = RDS+
(
Lm−∆Le f f

)
f
(
Vg−VT

)
, (29)

where f (Vg−VT) is a general function describing the MOS-
FET behavior. The S & R method extracts ∆Le f f using at
least two devices (i.e., ith and jth devices) having different
mask channel lengths (i.e., Lmi and Lm j, one of which needs
to be long), and the following functions Si and Sj :

Si ≡
dRmi

dVg
≈
(

Lmi−∆Le f f

) d f
(
Vg−VTi

)
dVg

(30)

and

Sj ≡
dRm j

dVg
≈
(

Lm j−∆Le f f

) d f
(
Vg−VT j

)
dVg

, (31)

where the assumption that RDS and ∆Le f f are independent
of Vg has been used. According to these equations, curves
of Si and Sj versus Vg can be constructed. To extract ∆Le f f ,
the Si curve is first translated („shift”) horizontally in the
Vg axis with respect to the Sj curve by the amount

∆Vi j ≡
(
VTi−VT j

)
, (32)

because the threshold voltage is a function of the channel
length. Also, the Si curve is magnified („ratio”) in the S
axis, with respect to the curve Sj , by a factor

r i j ≡
Lmi−∆Le f f

Lm j−∆Le f f
=

Si

(
Vg−∆Vi j

)
Sj

(
Vg
) . (33)

The key here is to find the ∆Vi j value for which r i j is
a constant. Taur et al. [32] solved ∆Vi j and r i j using
a statistical approach. Once the values of Vi j and r i j are
found, Le f f can be calculated from Eq. (33).

We have applied this method to n-channel MOSFETs with
a channel width of 20 µm and mask channel lengths of
1.75, 2.00 and 20 µm. An increment of 100 mV for the
gate voltage and drain voltage of 100 mV were used in the
measurements. Figure 8 shows the S function versus Vg

characteristics.

Fig. 8. The function S versus the gate voltage for MOSFETs
with three different mask channel lengths.

The problem of a translation and a magnification in the
original S & R method can be changed [18] to a more
straightforward dual-translation problem by using two new
functions:

Ti ≡ ln
(
|Si |
)

, Tj ≡ ln
(
|Sj |
)

. (34)

Figure 9a shows the T function versus Vg characteristics
obtained from the experimental data.
Then, using the plots for Lm = 2 and 20 µm and different
values of �Vi j , we calculated the corresponding ∆Ti j by
shifting the plot and carrying out a numerical fit for the
range 2 V < Vg < 5 V. The range Vg < 2 V was not
included in order to avoid moderate and weak inversion.
Figure 9b presents ∆Ti j and the corresponding error versus
�Vi j using the 2- and 20- µm MOSFETs. Since the error is
minimal at about �Vi j = 0.07 V, the solution is ∆Ti j = 2.58,
and we obtained Le f f = 0.53 µm.
While it is possible to eliminate the translation in the T axis
by differentiating Ti with respect to Vg, it is better not to
do so because such a mathematical manipulation would
increase the effect of the noise on the experimental data.
We conclude that the S & R method is more complex in
extracting Le f f than the Terada method. In addition, such
a method may not be accurate in some cases due to the
use of following assumptions: 1) the series resistances are
assumed independent of the gate bias; 2) Vg ≈ VGS; and
3) the effect of drift velocity saturation along the channel
is assumed negligible.

4.1.3. Conductance method

This method [36] accounts for the carrier drift velocity sat-
uration effects [4–6] and has been used to extract the pa-
rameters at both room and liquid nitrogen temperatures.
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Fig. 9. (a) The function T versus the gate voltage for MOSFETs
with three different mask channel lengths. (b) Shift in T versus
the shift in gate bias and the corresponding error. (c) The plots
for Lm = 1.75 and 2 µm shifted to the plot for Lm = 20 µm.

Following the model proposed by Shur et al. [6, 49] and
using the strong inversion condition and the approximation
Vg ≈VGS, the drain current can be expressed as

ID =
Wµl f Co

(
Vg−VT

)
VDS

Le f f

(
1+

VDS

VSATE

) , (35)

where µl f is the effective free-carrier mobility for low field
and VSATE is an effective voltage which accounts for the
carrier velocity saturation effect. After some algebraic ma-
nipulations and approximations [36], the conductance is
obtained

G =
1

2RDS
+Cl L

1/3
e f f

+C2L−2/3
e f f

, (36)

where C1 and C2 are two constants governed by the follow-
ing relationship:

C2

C1
≈−GoRDSLmo , (37)

Fig. 10. Total channel conductance versus mask channel length
for various gate voltages at (a) 300 K and (b) 77 K. The symbols
are the measured data and the lines are the fittings to data using
the conductance method.

where Lmo is the mean mask channel length of all the MOS-
FETs considered, and Go is the mean conductance of these
devices. Equation (36) allows one to determine RDS and
Le f f from the data of G as a function of Vg and Lm.

Figures 10a and 10b show the conductance versus mask
channel length obtained from measurements (symbols) and
from fitted model calculations (lines) for various gate volt-
ages at 300 K and 77 K, respectively.

The extracted values of the total series resistance (i.e., drain
and source series resistances) at 300 and 77 K are illustrated
in Fig. 11. It is shown that RDS decreases with increasing
gate voltage (i.e., from 100 Ω to 80 Ω at 77 K, and from
270 Ω to 180 Ω at 300 K).

The extracted values of the effective channel length re-
duction, ∆�Le f f = Lm−Le f f , for the two temperatures are
shown in Fig. 12. The results suggest that ∆Le f f depends
weakly on Vg but strongly on temperature.
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Fig. 11. Extracted values of the total drain and source series
resistance versus gate voltages for two temperatures.

Fig. 12. Extracted values of the difference between the mask
channel length and the effective channel length (i.e., ∆�Le f f =
= Lm−Le f f) for two different temperatures.

4.1.4. Fikry et al. method

The method by Fikry et al. [50] also accounts for the
carrier velocity saturation effect in the channel and uses
the assumption of Vg ≈VGS. The velocity saturation effect
is imbedded in the following free-carrier mobility model:

µ =
µo(

1+Θ
(
Vg−VT

)) (
1+

µoVd

Le f fνsat

) , (38)

where µo is the low-field mobility, Θ is the mobility degra-
dation factor due to the vertical field, and νsat is the satu-
ration velocity of the carriers.

The following function is then used:

ID
g1/2

m

= s−1/2(Vg−VT

)
, (39)

where gm is the transconductance and

s=
Lm−

(
∆Le f f −

µoVd

νsat

)
W µoCoVd

. (40)

The above two equations were derived by combining
Eqs. (24), (26) and Vg ≈ VGS. The values of VT and s
are extracted by plotting ID/g1/2

m versus Vg. Then, the
plot of s versus Lm allows one to obtain µo from its slope
and

(
∆Le f f−µoVd/νsat

)
from its intercept to the Lm axis.

Thus, ∆Le f f can be determined from
(
∆Le f f−µoVd/νsat

)
,

provided the value of νsat is calculated from the following
equation describing transconductance of the device biased
in the saturation region:

gm = W Co νsat . (41)

Alternatively, ∆Le f f can also be obtained from the extrap-
olation of

(
∆Le f f − µoVd / νsat

)
versus Vd plot, which is

a straight line, to the y axis where Vd is zero. Simulations
indicate [18] that this method is sensitive to the bias condi-
tion and that a small voltage should be used to make sure
the MOSFET operated in the linear region.
Figure 13a shows the MEDICI simulation results of
ID /g1/2

m versus Vg for several mask channel lengths and
Vd = −50 mV. The linear extrapolation of the curves to
the Vg axis gives VT . The corresponding plot of s ver-
sus Lm, illustrated in Fig. 13b, yields W µoCoVd = 0.99·
10−6 µm/Ω from its slope and

(
�Le f f − µoVd /νsat

)
=

= −0.0134 µm from its intercept to the Lm axis. Then,
using Co = 3.45· 10−7 F/cm2, |Vd| = 0.05 V, W = 1 µm
and νsatn = νsat p = 106 cm/s, we obtain µo = 57 cm2/V.s
and ∆�Le f f = 0.015µm from the Fikry method.
If a larger bias condition of Vd = −100 mV is used in
simulation, then W µoCoVd = 1.94·10−6µm/Ω,

(
�Le f f+

−µoVd /νsat

)
= −0.053 µm, µo = 56 cm2/V.s and

∆�Le f f = 0.042µm. The fact that different Vd gives rise
to different ∆�Le f f suggests that the method is sensitive to
the bias condition and that a small voltage should be used
to make sure the MOSFET operated in the linear region.
An alternative way to extract ∆�Le f f is extrapolating
the

(
�Le f f − µoVd /νsat

)
versus Vd plot to the point of

Vd = 0 (i.e., y axis), as illustrated in Fig. 14, which gives
∆�Le f f = 0.026µm.

4.1.5. Nonlinear optimization method

The nonlinear optimization method [51, 52] extracts ∆Le f f
based on optimization techniques applied to current-vol-
tage characteristics. This optimization technique, which
are frequently implemented using statistical program like
Splus [53], present two main advantages: (1) the consistent
determination of all the parameters of the model because
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Fig. 13. (a) Calculated values of ID /g1/2
m versus Vg for several

mask channel length and Vd =−50 mV. The slopes of these ap-
proximate straight lines give the values of s. (b) Calculated values
of s versus Lm. The slope of this approximate straight line yields
WµoCa

oVd = 0.99·10−6 µm/Ω and the intercept of the line at the
Lm axis gives

(
�Le f f −µoVd /νsat

)
=−0.0134µm.

Fig. 14. Extracted values of
(
�Le f f − µoVd /νsat

)
(open cir-

cles) for three different Vd. The intercept of the straight line
passing through these points at the vertical axis (i.e., Vd = 0)
yields �Le f f = 0.026µm.

of the simultaneous extraction; and (2) the reduction of
the effects of the noise on the experimental data due to
the optimization techniques. There are two main disadvan-
tages, however: (1) nonphysical parameters values can be
obtained because of the pure fitting scheme, and (2) the
requirement of a long computational process.

4.2. Capacitance-voltage method

To avoid the effect of the parasitic drain and source series
resistances, which is a main mechanism causing the diffi-
culty in the I-V methods, various methods have been devel-
oped to extract ∆Le f f from the capacitance-voltage charac-
teristics (i.e., C-V methods) [39–44]. The main drawback
of the C-V methods is the requirement of high resolution
equipment to measure the small capacitances in MOSFETs.
Moreover, it is somewhat difficult to correlate the C-V data
and Le f f .
Among the various C-V extraction methods we find:
1) Sheu’s method [40], which is based on the crude assump-
tion that the capacitance between the inverted channel and
the substrate is negligible [6]; 2) Vitanov’s method [41],
which is based on the wrong assumption that the capaci-
tances for the source-body and drain-body junction regions
can be neglected; 3) Lee’s method [42], which uses vari-
ous devices (i.e., various Lm) and the determination of the
capacitance at which the C-V curves for different Lm start
to deviate from each other; 4) Guo’s method [43], which is
similar to Leet’s method; and 5) Latif’s method [44] which
accounts for capacitances that the Sheu-Ko’s method ne-
glected.

4.3. Simulation-based method

4.3.1. Narayanan et al. method

Narayanan et al. [30] estimated the value of ∆Le f f through
the means of physical insight obtained from device simu-
lation. We show in Fig. 15 the hole concentration at the
interface for various Vg for a p-channel device. Based on
the concept that the effective channel is the region in which
the free-carrier concentration is controlled by the gate volt-
age. It was then suggested that the two points where the
hole concentrations for different Vg start to deviate from
each other (indicated by arrows in Fig. 15) are the edges
of the effective channel. Such a definition is more accurate
because it accounts for the transition regions between the
deep channel and source/drain regions and because it is not
affected by the gate voltage.

4.3.2. Niu et al. method

Niu et al. [45] also proposed a method to determine Le f f
through the means of physical insight obtained from simu-
lations. While Niu et al. agreed with the physical reasoning
of Narayanan’s method [30], they felt that it is somewhat
subjective and arbitrary to determine the effective channel
based on the two points where the free-carrier concentra-
tions for different Vg start to deviate from each other.
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Fig. 15. Hole concentration at the interface of the p-channel
MOSFET with Lm = 0.75 µm.

Niu’s method is based on the assumption that the diffu-
sion current is negligible for a MOSFET biased in strong-
inversion. Therefore, the following behavior should be
found along the effective channel: 1) the inversion carrier
concentration is nearly constant; 2) the lateral electric field

Fig. 16. (a) Impurity doping concentration at the Si-SiO2 in-
terface along the channel of the simulated LDD MOSFET with
Lm = 1.3 µm. (b) Hole concentration at the interface of the
MOSFET for various gate biases.

(i.e., −dΨ/dx) is also nearly constant to keep a constant
drift current; 3) the electrostatic potential Ψ varies linearly
with respect to the lateral distance x; and 4) the second
derivative of the electrostatic potential with respect to x
should be zero (i.e., d2Ψ/dx2 = 0). Then, Niu proposed
that the edges of the effective channel should be defined at
the points where d2 Ψ/dx2 are maximum.
Figure 16a shows the doping profile along the channel at
the interface, and the inversion free-carrier density simu-
lated for different gate voltages are illustrated in Fig. 16b.
Based on the Narayanan’s method, Le f f is found to be about
1.2 µm, and the determination of the boundaries of the ef-
fective channel is somewhat subjective because the precise
points where the curves start to deviate from each other are
not very clear.
Figures 17(a)–(c) show Ψ, dΨ/dx and d2 Ψ/dx2, respec-
tively, at the interface along the channel for Vg = −3 V
and Vd = −0.05 V. We see in Fig. 17a that Ψ varies ap-

Fig. 17. (a) Electrostatic potential Ψ, (b) first derivative of the
electrostatic potential with respect to x (i.e., dΨ/dx), and (c) sec-
ond derivative of the electrostatic potential with respect to x (i.e.,
d2Ψ/dx2) at the interface of the MOSFET with Lm = 1.3 µm.

proximately linearly with respect to x along the effective
channel, but there are two different slopes because of the
presence of the LDD regions. Four positive peaks and two
negative peaks for d2 Ψ/dx2 are shown in Fig. 17c.
Using the two closest positive peaks to define the effective
channel, one will obtain a value of 0.9 µm. This value is
incorrect because it is smaller than Lmet= 0.93µm. A more
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reasonable value of Le f f = 1.3 µm is obtained by using the
two farthest positive peaks.

4.4. Comparison of various extraction methods

The Terada-Muta I-V method yielded a value for the effec-
tive channel length consistent with that determined from
the simulation-based method [30] based on the physics that
Le f f is the length of a channel region in which the inversion
free-carrier density is controlled by the gate voltage. The
same effective channel length has also been extracted from
the S & R I-V method. In contrast, the C-V methods yield
an effective channel length close to Lmet.

5. Extraction of drain and source series
resistance

The extraction of the individual values of the source and
drain series resistances require either the knowledge of their
sum (RD +RS) and difference (RD−RS), or the ability to
extract the two parameters separately. In this section, we
will deal mainly with the extraction of (RD−RS).
The most widely method to extract the total drain and
source series resistance (RD +RS) was presented indepen-
dently by Terada and Muta [33] and by Chern et al. [34]
almost twenty years ago. Several other methods [52, 54–
59] have been developed recently.
It is a common practice to assume that the parasitic re-
sistances associated with the drain and source regions of
MOSFETs are approximately equal to each other, RD ≈RS.
Therefore, knowing (RD +RS), we obtain RS≈RD ≈ (RS+
+RD)/2. However, this assumption becomes invalid when
the drain and source regions of the device are not totally
symmetrical. Such an asymmetry results in a difference in
the drain and source resistances (RD−RS) and can affect
considerably the current-voltage characteristics of MOS-
FETs.
The difference in the drain and source resistances arises
mainly from processing, layout, and/or electrical stress-
ing, and it becomes more prominent in the case of deep-
submicron devices. This is because the relative importance
of the parasitic resistances over the intrinsic components is
increased as the geometry of the device shrinks. Previous
numerical simulations [57, 60] indicate that the drain and
source resistance asymmetry is originated mainly from the
difference in the drain and source contact resistances, and
not from the gate misalignment, nor from the difference in
source and drain doping densities.
An approach frequently used for extracting (RD−RS) con-
sist on performing measurements of an MOS device, first
connected in the „normal configuration” in which the
source and body are grounded, and then measuring it again
in the „inverted configuration” in which the source and
drain terminals are interchanged, as shown in Figs. 18a
and 18b, respectively. It is important to point out that the

intrinsic and extrinsic body voltage are related by

VBS= Vbs− Id RS . (42)

Fig. 18. (a) MOSFET in normal mode of operation with the
source and body grounded, and (b) MOSFET in inverse configu-
ration with the drain and body grounded.

Two extraction methods, namely the reciprocal transcon-
ductance method and gate-voltage shift method, have been
developed based on this approach and are presented below.

5.1. Reciprocal transconductance method

The difference between the drain and source resistances,
(RD − RS), can be extracted from the extrinsic gate
transconductance of a single MOSFET measured under sat-
uration operation at the same drain to source voltage but two
different configurations. First, the extrinsic gate transcon-
ductance gmn for the normal mode of configuration is mea-
sured from the Idn versus Vgsn characteristics in the satu-
ration region (i.e., the subscript n represents the normal
mode of configuration in which the source and body are
grounded (Fig. 18a). This transconductance is given by

gmn =
∂ Idn

∂Vgsn
. (43)

Second, the gate transconductance gmi for the inverse mode
of configuration is measured from the Isi vs. Vgdi charac-
teristics in the saturation region, (i.e., where subscript i
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represents the inverse mode of configuration in which the
source and drain functions are interchanged (Fig. 18b).
Analogous to Eq. (43), such a transconductance is

gmi =
∂ Isi

∂Vgdi
. (44)

It should be noted that the intrinsic variables are the same
for both modes of configuration, and only RS and RD asym-
metry is present in the device. After some algebraic ma-
nipulations [18, 20, 60–65] we obtain:

(
RD−RS

)
=

1
gmi

− 1
gmn

1+
gb0

gm0

, (45)

where gb0 and gm0 are the intrinsic body and gate transcon-
ductance in the normal mode.
We stress that the body effect has been included in the
denominator of Eq. (45) by retaining the intrinsic body
transconductance.
We conclude from Eq. (45) that, in addition to measuring
the normal and inverse extrinsic gate transconductances in
saturation, it is necessary to know the ratio of the intrinsic
body transconductance to the intrinsic gate transconduc-
tance (i.e., gb0/gm0 term in the denominator of Eq. (45))
before (RD−RS) can be determined. Three different pro-
cedures [18, 20, 61–66] to calculate this term have been
developed based on adding external resistances and mea-
suring gate transconductances.

5.2. Gate-voltage shift method

This method is also based on measuring a single transistor
when it is connected alternatively in the normal and inverse
configurations [20, 64, 65]. The difference is that, instead
of measuring the difference between normal and inverse
reciprocal gate transconductances, it is based on measur-
ing the shift of the gate voltage needed to maintain the
same magnitude of drain current when the device is con-
nected in the inverse and normal configurations. Consider
a MOSFET in the normal configuration, with the source
and body grounded, and also in the inverse configuration,
with the drain and source interchanged. The drain current
in the normal configuration, can be expressed as a general
function of the intrinsic voltages as

Idn = f
[(

VGS−VTn

)
, VDS

]
, (46)

where f is a function defined by a particular MOSFET
model, VTn is the threshold voltage in the normal configu-
ration, and the body voltage dependence has been implic-
itly incorporated. The function f does not make any other
a priori assumptions as to the model describing the rela-
tionship between drain current and applied voltages. The
intrinsic gate-to-source and drain-to-source voltages can be
expressed in terms of their extrinsic counterparts as

VGS= Vgsn− IdnRS (47)

and
VDS = Vdsn− Idn

(
RS+RD

)
, (48)

where Vgsn and Vdsn represent the extrinsic gate-source and
drain-source voltages, respectively, in the normal configura-
tion. In a similar manner, the source current in the inverse
configuration is given by

Isi = f
[(

VGD−VTi

)
, VSD

]
, (49)

where VTi is the threshold voltage in the inverse config-
uration, and VGD and VSD are the intrinsic gate-drain and
source-drain voltages, respectively. These voltages can be
related to their extrinsic counterparts by

VGD = Vgdi− IsiRD (50)

and
VD = Vsdi− Isi

(
R+RD

)
, (51)

where Vgdi and Vsdi are the extrinsic gate-drain and source-
drain voltages, respectively, in the inverse configuration. If
the device in both configurations is biased with the same
source-drain voltage (i.e., Vsdi = Vdsn) and Vgdi is adjusted
until the source current in the inverse configuration is equal
to that in the normal configuration (i.e., Isi = Idn = Id), then
the normal and inverse intrinsic gate voltage overdrive must
be the same: (

VGS−VTn

)
=
(
VGD−VTi

)
. (52)

Substituting Eqs. (47) and (50) into Eq. (52) yields

Id
(
RD−RS

)
=
(
Vgdi−Vgsn

)
−
(
VTi−VTn

)
. (53)

The term (VTi−VTn) in the above equation is small, when
the device is biased in the linear region, because (VDB+
−VSB) is small. Therefore it can be approximated by the
first term of its Taylor series expansion as(

VTi−VTn

)
≈ Id

(
RD−RS

) dVT

dVSB
. (54)

Combining Eq. (53) into Eq. (54) gives

(
RD−RS

)
=

(VgdiVgsn

Id

)
1+

dVT

dVSB

, (55)

where the dependence of the threshold voltage on the
source-to-body voltage VSB is accounted for by the term
(1+dVT /dVSB) in Eq. (55).

6. Conclusion

We have presented an overview of the modeling of long-
channel bulk MOSFET as a particular case of the long-
channel SOI. We have reviewed, compared and scrutinized
various methods to extract the threshold voltage, the effec-
tive channel and the individual values of drain and source
resistances. We have stressed the implicit assumptions and
limitations of each method and we have proposed variations
in order to improve them.
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