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Abstract
Gate voltage-dependent parasitic source and drain resistances in MOSFETs have been modeled and extracted with a
symmetric additional resistance method (sARM) for better description of asymmetric parasitic resistances which are
induced by intentional and/or accidental variations in the layout and fabrication process. A good agreement of nonlinear models with the sARM has been veriﬁed with experimental data obtained from n-channel LDD MOSFETs.
Ó 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
Accurate modeling and extraction of characteristic
model parameters in MOSFETs, especially bias-dependent parasitic source and drain resistances, is crucial to
the simulation and implementation of high performance
CMOS devices and integrated circuits [1]. In the modeling and extraction of parasitic source and drain resistances (RS and RD , respectively) in MOSFETs, there are
diﬃculties in obtaining separated values of RS and RD
due to the isolated gate. It is also well known that the
electrical performance and reliability, including transconductance, saturated drain current, cut-oﬀ frequency,
noise ﬁgure, and degradation due to hot carriers, depend
more on RS than RD [2,3]. However, RS and RD have
been usually assumed to be the same (RS ¼ RD ) [4–7]
even though asymmetric lightly doped drain (LDD)
structures are essential, in order to guarantee the robustness of MOSFETs against the hot-carriers, and result in nonequal RS and RD (RS 6¼ RD ) [8–11]. Otherwise,

*

Corresponding author. Tel.: +82-2-910-4719; fax: +82-2910-4449.
E-mail address: dmkim@kookmin.ac.kr (D.M. Kim).

complicated characterization process and/or high frequency scattering parameters are required with extra test
structures for the extraction of separated RS and RD [8–
13] Recently, we have reported an additional resistance
method for extraction of separated nonlinear resistances
under the assumption that RS and RD follow the same
dependence on the gate bias (VGS ) [14].
In this paper, considering asymmetries caused by intentional and/or accidental layout and process variations, improved nonlinear models are reported for better
description of VGS -dependent RS and RD in MOSFETs.
An improved symmetric additional resistance method
(sARM) is also described for extraction of parasitic
source and drain resistances in MOSFETs with a ﬁxed
external resistance (Rext ).

2. Nonlinear resistance models and sARM
There has been enormous eﬀort on the nonlinear
modeling and extraction of separated source and drain
resistances in MOSFETs [5–14]. As one of useful works,
Lou et al. [8] recently reported the drain-current-conductance method (DCCM) with nonlinear RS and RD
modeled by

0038-1101/$ - see front matter Ó 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/S0038-1101(03)00134-5

1708

RS;D ðVeff Þ ¼ RSO;DO þ
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1
m ;
1 þ jS;D Veffs;d

ð1Þ

where Veff ¼ VGS  VTN , RSO ðRDO Þ is the VGS -independent
source (drain) resistance; jS ðjD Þ and ms ðmd Þ, the nonlinearity constants for source (drain) resistance; and VTN ,
the threshold voltage of n-channel MOSFETs. However,
the variation of VGS -dependent component is extremely
limited to only 1 X (i.e., RSO;DO < RS;D < RSO;DO þ 1)
and, therefore, it is in lack of implementing experimental
observations in parasitic resistances with the gate voltage over a wide range of variations in the fabrication
process and layout of scaled MOSFETs. Recently we
had also reported a nonlinear resistance model, with a
unique ARM method, described by [14]
RS;D ðVeff Þ ¼ RSO;DO þ RSi;Di ðVeff Þ ¼ RSO;DO þ

1
:
jS;D Veff
ð2Þ

In the previous work, however, it was focused on the
extraction method rather than the resistance models and
is still in need of improved models for the VGS -dependent
RS and RD in MOSFETs with asymmetric layout and/or
fabrication process.
In this work, improved VGS -dependent nonlinear
models for RS and RD are proposed and described as
RS ðVeff Þ ¼ RSO þ RSi ðVeff Þ ¼ RSO þ

1
ms ;
jS Veff

RD ðVeff Þ ¼ RDO þ RDi ðVeff Þ ¼ RDO þ

1
md ;
jD Veff

ð3Þ

ð4Þ

respectively. We note that RSO ðRDO Þ and RSi ðRDi Þ are
bias-independent part and VGS -dependent of part in the
source (drain) resistance, respectively. They are believed
to be more eﬀective and appropriate to MOSFETs with
nonuniform and retrograde doping proﬁles over a wide

range of variations in the modeling of VGS -dependent
resistances. These nonlinear models are ﬂexible enough
to accommodate variations of resistance values during
the fabrication process and/or layout design of each
device. VGS -independent parasitic elements RSO and RDO
model the contact resistances, the metallic interconnection resistances, and the external source/drain resistances in the heavily doped external source/drain
regions. js ðjd Þ and ms ðmd Þ, on the other hand, describe
nonlinear variations of RS ðRD Þ which are caused by the
modulation of conductivity under the gate with VGS .
These elements are also very sensitive to the asymmetries
in layout and process and detrimental to the performance and reliability of their integrated circuits whatever they are caused by intentional and/or accidental
implementation [2,3]. Even though parasitic resistances
are modulated by the drain voltage, VDS -dependent
variation of RS ands RD is not considered in this work
because VDS -dependent modulation of the current–voltage (I–V ) characteristics are typically modeled by the
channel length modulation parameter kðID ¼ IDO ð1 þ
kVDS Þ under a high drain voltage.
In the extraction of characteristic model parameters in
MOSFETs, including separated VGS -dependent RS and
RD in the proposed nonlinear resistance models, we used
a sARM. The sARM method, applied to MOSFETs
under linear mode of operation with a small drain
voltage ðVDS Þ as schematically described in Fig. 1, uses a
ﬁxed and identical value of the external resistance Rext
while arbitrary values have been used in the previous
ARM method with nonlinear resistance models [14]. By
using the sARM method with a large identical value of
Rext , device equations and parameter extraction process
can be signiﬁcantly simpliﬁed with more accurate values
during a nonlinear ﬁtting process.
In the linear mode of operation under a small drain
voltage to the MOSFETs, the I–V characteristics of
MOSFETs, including voltage drops across the parasitic
source and drain resistances, can be described by

Fig. 1. Schematic diagram of the sARM method for nonlinear modeling and extraction of parasitic source and drain resistances in
MOSFETs.
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K

ID ¼

1 þ hðVeff



1
Veff  ðVDS  ID ðRD þ RS ÞÞ
 ID RS Þ
2

 fVDS  ID ðRD þ RS Þg:

K½Veff

1 þ hðVeff  ID RS Þ
;
 0:5VDS þ ID ðRD þ RS Þ

ð6Þ

where K ¼ l0 Cox W =Leff , Leff ¼ L  DL with ID , the drain
current; Cox , the oxide capacitance per unit area; l0 , the
low-ﬁeld mobility; W , the gate width; L, the gate length;
and DL, the channel length reduction. This result is used
for the extraction of model parameters in RS , RD , and
eﬀective mobility ðleff Þ of channel carriers. For accurate
extraction of the eﬀective mobility in the channel, we
also included a voltage drop across the parasitic source
resistance RS in the model as
l0
;
ð7Þ
leff ¼
1 þ hðVGS  ID RS  VTN Þ
with h as a mobility degradation factor due to the
transversal electrical ﬁeld.
We ﬁnally obtain analytical results, which will be used
in the sARM extraction method, for ID , RD , RS , and leff
as described by
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð8Þ
ID ¼ fB  B2  4AC g=2A;
RD ¼ fE þ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
E2  4DF g=2D;

ð9Þ

RS ¼ fH 

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
H 2  4GI g=2G;

ð10Þ

leff ¼

F ¼ ID ½1 þ hðVeff  ID RS Þ  K½Veff  ðVDS þ ID RS Þ=2
 ðVDS  ID RS Þ;
ð16Þ

ð5Þ

Combining the proposed RS and RD models with the
sARM method as an extraction method schematically
described in Fig. 1, we obtain an analytical result for the
total resistance RT for each case of measurement with
external resistance Rext ,
RT ¼ RD þ RS þ

1709

ID
;
Cox W
½Veff  fVDS  ID ðRD þ RS Þg=2½VDS  ID ðRD þ RS Þ
Leff

ð11Þ

H ¼ hID2  KID ½fVeff  ðVDS  ID RS Þ=2g
þ ðVDS  ID RS Þ=2;
and
I ¼ K½Veff  ðVDS  ID RS Þ=2ðVDS  ID RS Þ
 ID ð1 þ hVeff Þ:

A ¼ hRS  KðRD þ RS ÞðRD  RS Þ=2;
B ¼ ½1 þ hVeff þ KðRD þ RS ÞðVeff  VDS =2Þ
 KðRD þ RS Þ=2;

ð12Þ

C ¼ KðVeff  VDS =2ÞVDS ;

ð13Þ

D ¼ G ¼ KID2 =2;

ð14Þ

E ¼ KID ½ðVeff  ðVDS þ ID RS Þ=2Þ  ðVDS  ID RS Þ=2;
ð15Þ

ð18Þ

3. Experimental results
With a procedure schematically described in Fig. 1(a)
with above analytical relations, the I–V characteristics
of MOSFETs are obtained with four diﬀerent probing
conﬁgurations of Rext (ﬁxed to Rext ¼ 993 X in this
work); (A) Rext to both the source and drain, (B) Rext
only to the source, (C) Rext only to the drain, and (D) no
Rext to the source or drain. Coarse values of model parameters are primarily obtained from the experimental
data with Rext to both source and drain terminals. These
are used as initial values for the extraction of ﬁnal values
with a nonlinear ﬁtting process combining measured I–V
data from four diﬀerent probing conditions.
We applied the nonlinear RS and RD models with
the sARM method to n-channel LDD MOSFETs
(W =L ¼ 30 lm/0.6 lm; VTN ¼ 0:41 V, 30 lm/1.0 lm;
VTN ¼ 0:69 V) which have lightly doped source and
drain regions. The linear extraction method by Lee et al.
[15] and the channel resistance method [4] have been
used for the extraction of VTN and Leff , respectively. With
the measured data from MOSFETs on wafer with
identical large external resistances (Rext  RS , RD ) to
both source and drain as described in Fig. 1(a), a total
resistance RT for the sARM can be simpliﬁed into
RT ¼ ðRext þ RD Þ þ ðRext þ RS Þ
þ

where

ð17Þ

ms
1 þ h½Veff  ID ðRext þ RSO þ jS Veff
Þ
;
KðVeff  VDS =2Þ

ð19Þ

and we obtain initial values (R0SO =R0DO , j0S =j0D , m0s =m0d , h0 ,
l00 ) for nonlinear least square ﬁt process.
Combining initial values obtained from the measurement conﬁguration A with data from the conﬁguration
B, we obtain RS while RD is obtained from the combination of A and D. We also obtain leff , as a function of
VGS , from the combination of B, C, and D with a nonlinear ﬁtting process. Through a nonlinear least square
ﬁt combining initial values and experimental data for
three-other conﬁgurations with ﬁxed Rext ( ¼ 993 X), we
obtained VGS -dependent RS and RD for MOSFETs with
L ¼ 0:6 and 1.0 lm as shown in Fig. 2. A good

Drain and Source Resistances, RD and RS (Ω)
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asymmetries in layout and process variations as well as
short channel eﬀects. Compared with model parameters
in the drain resistance (RDO , md , jd ), as shown in Table 1
0
with VGS
 VGS  ID RS , there is a strong dependence of
model parameters of the source resistance (RSO , ms , js )
on the gate length. We also note that RSO in the source
resistance model is very close to RDO in the drain resistance model for each case of gate length (RSO =RDO ¼
17:85 X=18:48 Xj0:6 lm
and 24:09 X=26:57 Xj1:0 lm )
contrary to signiﬁcant diﬀerences in the nonlinear part
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Fig. 2. VGS -dependent RD and RS in n-channel LDD MOSFETs
(L ¼ 0:6 and 1.0 lm) extracted by the sARM method with new
nonlinear models for RD and RS .

agreement of extracted data with new nonlinear models
has been obtained for all of the DUTs. Extracted model
parameters in VGS -dependent RS and RD models are also
summarized in Table 1. We note that, even for MOSFET structures with LDD regions in both source and
drain, RDO is larger than RSO mainly due to asymmetry
caused by layout, process, and possibly expanded depletion of the LDD region in the drain. Signiﬁcant
asymmetries have been observed in the nonlinear model
parameters (jD  jS and md  ms ) for each device due to
similar reasons.
Large diﬀerences in the model parameters of MOSFETs with L ¼ 0:6 and 1.0 lm are also observed due to

Fig. 3. Eﬀective mobility (leff ) in n-channel LDD MOSFETs
(L ¼ 0:6 and 1.0 lm) extracted by the sARM method considering the voltage drop across RS .

Table 1
Extracted model parameters for nonlinear parasitic RS and RD in MOSFETs
Model parameters
Intrinsic parameters

leff ¼

l0
0
1 þ hðVGS
 VTN Þ

RD ðVGS Þ ¼ RDO þ

RS ðVGS Þ ¼ RSO þ

1
jD ðVGS  VTN Þmd

1
jS ðVGS  VTN Þms

Gate: W =L
VTN (V)
Cox (F/cm2 )
tox (nm)
DL (lm)
l0 (cm2 /[V  s])
h (1 V1 )

30 lm/0.6 lm

30 lm/1.0 lm

0.41
0.15  106
23
0.28

0.69
0.15  106
23
0.28

565
0.22

646
0.23

RDO ðXÞ
jD
md

18.48
0.43
2.75

26.57
0.42
2.61

RSO ðXÞ
jS
ms

17.85
0.94
2.84

24.09
0.49
1.82

D.M. Kim et al. / Solid-State Electronics 47 (2003) 1707–1712

(ms =md ¼ 2:84=2:75j0:6 lm and 1:82=2:61j1:0 lm , js =jd ¼
0:94=0:43j0:6 lm and 0:49=0:42j1:0 lm ) of the resistances.
This means that the extrinsic part of the RS and RD in a
speciﬁc gate length is symmetric because they come
mainly from the contact, interconnection, and external
resistances in the heavily doped nþ regions which are
predominantly governed by the fabrication process.
Nonlinear part of the model parameters, on the other
hand, depends on the gate length because the eﬀective
gate voltage (Veff ¼ VGS  VTN ) and resultant modulation
of the conductive layers in the source and drain regions
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are signiﬁcantly diﬀerent for MOSFETs with diﬀerent
gate length. This results in considerable discrepancies in
the nonlinear model parameters. This is also more signiﬁcant in the nonlinear part of the source resistances
because a modulation of the space charge region into
the channel region is modeled as a channel length reduction ðkÞ.
We also veriﬁed a good agreement (Fig. 3) of measured data with extracted model parameters considering
the voltage drop across the RS . As shown in Fig. 3 and
Table 1, there are diﬀerences in the low-ﬁeld mobility
ðl0 Þ and VGS -dependence in each MOSFET with a different gate length. A discrepancy (12%) in the low-ﬁeld
mobility (l0 ¼ 565j0:6 lm vs. 646j1:0 lm ) is probably induced by the nonuniform distribution of device characteristics by either fabrication process or physical
layout. A diﬀerence in the ﬁeld-dependent mobility vs.
VGS plots in Fig. 3 comes mainly due to a diﬀerent eﬀective electric ﬁeld established by the diﬀerent gate length
for the same gate voltage. Comparing experimental
ID –VGS characteristics with data generated by extracted
model parameters, we conﬁrmed the validity of the new
nonlinear resistance models with the sARM method.
As shown in Fig. 4(a) and (b), a good agreement has
been also obtained over a full range of the measured
drain current in MOSFETs with W =L ¼ 30 lm/0.6 lm
(Fig. 4(a)) and 30 lm/1.0 lm (Fig. 4(b)).

4. Conclusion
New nonlinear models with an improved extraction
method have been reported for accurate modeling and
extraction of VGS -dependent parasitic source and drain
resistances RS and RD . Nonlinear characteristics of RS
and RD were independently modeled for better description of asymmetries caused by the layout and fabrication
process. A good agreement has been veriﬁed with experimental data from n-channel LDD MOSFETs.
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