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Abstract—Source/drain (S/D) series resistance components and
device/process parameters contributing to series resistance are ex-
tensively analyzed using advanced model for future CMOS design
and technology scaling into the nanometer regime. The total se-
ries resistance of a device is found to be very sensitive to the varia-
tions of the sidewall thickness, the doping concentration in the deep
junction region, and the Schottky barrier height of silicide contact.
A prediction of series resistance trends with technology genera-
tion indicates that silicide-diffusion contact resistance and overlap
resistance will be major components in total series resistance of
nanometer-scale CMOS transistors scaled according to the ITRS
roadmap. The key factors for challenging scaling barriers related
to parasitic resistance are quantitatively examined as a function of
technology scaling and it is shown that the series resistance can be
substantially reduced through controlling both abruptness of S/D
junction profile and silicide Schottky barrier engineering.

Index Terms—CMOS, high- dielectric, modeling, polysilicon
gate depletion effect, scaling, series resistance, ultra shallow junc-
tion.

I. INTRODUCTION

T HE ultra-shallow source/drain (S/D) junction is an in-
dispensable requirement to suppress short channel effect

(SCE) in CMOS technology in the nanometer channel length
regime and the design of S/D structure with ultra-shallow
junction is susceptible to a high series resistance problem
which degrades the ultimate intrinsic device performance [1],
[2]. To overcome this scaling difficulty and identify the source
of the high resistance problem, the extensive analyses for series
resistance components and the device/process parameters of
scaled CMOS contributing on series resistance are highly
required. As reported in the previous paper [3], our advanced
modeling takes important features of S/D structure of extremely
short channel devices into account such as nonnegligible po-
tential relationship in MOS accumulation region, lateral and
vertical doping gradient effect of source/drain extension (SDE)
junction and critical parameters of silicide diffusion contact
system in addition to current behavior in ultrashallower SDE
junction. The parasitic series resistance has been modeled by
dividing into four components: SDE-to gate overlap resistance

; S/D extension resistance ; deep S/D resistance ;
and silicide-diffusion contact resistance . Each resistance
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Fig. 1. Schematic representation of source/drain structure and parasitic series
resistance components developed in advanced model.

component consists of the parallel or series combinations of
subresistance components according to the carrier conduction
path and junction structure profiles as illustrated in Fig. 1.
This modeling approach provides very useful tool for physical
examination of S/D series resistance components in detail as
well as accurate estimation of them.

In this paper, the advanced model is applied to investigate
major resistance component and essential parameters impact on
device optimization and scaling. We establish three CMOS tran-
sistors with different gate length in the nanometer scale based on
projection of ITRS roadmap [4] to assess behavior of resistance
components and parameters quantitatively as technology pro-
gresses and discuss about the key factors for challenging scaling
barriers related to parasitic resistance.

II. I MPACT OF SOURCE/DRAIN PARAMETERS

The series resistances of CMOSFETs of which gate lengths
are 100, 70, and 50 nm are calculated by use of the advanced
model where the device structure and total resistance values
were calibrated with the device simulations [3]. The device
structure parameters of each technology are chosen according
to the projections of ITRS road map [4] and listed in Table I.
ITRS road map assumed the successful challenge of the
scaling issues associated with the doping technology and the
device dimension for the next generation devices, so that the
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TABLE I
INPUT DEVICE STRUCTUREPARAMETERS CHOSENACCORDING TO THE

PROJECTIONS OFITRS ROAD MAP FORTHREE CMOS TECHNOLOGIES IN

WHICH THE GATE LENGTHS ARE100, 70,AND 50 nm

TABLE II
SELECTED OUTPUT PARAMETERS CALCULATED BY ADVANCED MODEL AT

EACH OPERATING GATE VOLTAGE FORTHREE NMOS DEVICES WITH

DIFFERENTTECHNOLOGIES

parameters used in this work are based on the extremely heavily
doped, ultrashallow SDE junction and properly scaled lateral
and vertical S/D dimensions. The selected output parameters
calculated by model at each operating voltage for three NMOS
technologies are also listed in Table II.

Fig. 2(a) shows source series resistances and their compo-
nents of 100 nm-gate-length NMOSFET as a function of supply
gate voltage estimated by advanced model. All the resistance
components except show almost the same contribution to
total series resistance in 100 nm gate length technology. As seen
in experimentally and simulation study [5], [6], the model pre-
dicts that the decrease of series resistance withincurred by
overlap resistance reduction due to enhanced carrier accumu-
lation. The behavior of overlap resistance components are de-
picted in Fig. 2(b). As increases, accumulation carrier den-
sity increases in nearly exponential manner, so that and

sharply decrease. On the contrary, the parallel combination
of and is not changed much with , because the
current spreading into the bulk exert much influence on sub-re-
sistance component over whole ranges. This results indicate

Fig. 2. (a) Series resistances and their components of 100 nm-gate-length
NMOSFET as a function of gate voltage estimated by advanced model. (b)
Calculated resistance components of the overlap region.

that plays an important role in determining the voltage-
dependent overlap resistance characteristics.

The polysilicon gate depletion effect (PDE) is another
limitation for nanoscale short channel devices since it increases
equivalent thicknesses of aggressively scaled oxide layers
below 2 nm and degrades device current performance. The
series resistance is also affected by PDE as calculated by
advanced model in Fig. 3. The overlap resistance increases with
decreasing poly-doping concentration and is more degraded in
lower SDE doping concentration due to the pronounced PDE
[7].

Because of large direct-tunneling current of extremely thin
gate oxide, a high dielectric constant material is being attempted
to be employed in gate stack system or sidewall spacer [8], [9].
The effect of high- sidewall material on series resistance is
also demonstrated in Fig. 4. In Fig. 4, it can be found that the
use of very high- dielectric sidewall significantly induces the
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Fig. 3. Poly-depletion effect on series resistance for different poly-doping and
SDE doping concentration obtained by advanced model.

Fig. 4. Effect of high-� sidewall material on the series resistance. The use
of high-� dielectric sidewall reduces the extension resistance by inducing the
carrier accumulation in surface extension region due to the increased fringing
field.

carrier accumulation in surface extension region due to the in-
creased fringing field, resulting in reduction in and hence

as reported in [9], while this may invoke the increase of
gate-to-S/D capacitance problem.

Fig. 5 shows the sensitivity of total series resistance to
process/device parameters calculated by the model when the
process/device parameters are varied up to15 . The total
series resistance is very sensitive to even small variations of the
Schottky barrier height, the sidewall length, and doping
concentration in the deep junction region .

III. A NALYSIS ON CMOS SCALING

In order to find and overcome the series resistance obstacle
in future CMOS scaling, it is necessary to understand the rela-
tive contributions of each resistance component to the total se-
ries resistance. Fig. 6(a) and (b) show the relative contributions
of each resistance component to the total series resistance as a
function of technology scaling calculated by the model for con-
ventional planar type NMOS and PMOS, respectively. The de-

Fig. 5. Sensitivity analysis of series resistance to the process/device
parameters. The sidewall thickness(L ), the doping concentration in the
deep junction region(N ), and Schottky barrier height(� ) of silicide
material are the most sensitive process/device parameters to series resistance.

vice dimensions and doping concentrations of each technology
are assumed to be scaled down according to ITRS roadmap as
listed in Table I, and the same scaled device parameters are
employed for both NMOS and PMOS except physical param-
eters related to silicide Schottky contact and carrier mobility.
The Schottky barrier height of midgap-level silicide contact ma-
terial is assumed for all technologies and are fixed at 0.6 eV
and 0.51 eV for NMOS and PMOS, respectively. It should be
noted from Fig. 6 that the silicide-diffusion contact resistance

and the overlap resistance are expected to be domi-
nant resistance components for future technology scaling. The
sum of their contributions on total series resistance is about 70%
at 50 nm gate length. The important trends are that the contribu-
tion of the silicide-diffusion contact resistance increases as the
technology shrinks, while the overlap resistance is almost at the
same level for all technologies. In particular, the overlap resis-
tance component is more severe in the case of PMOS due to the
relatively poor accumulation layer mobility. Fig. 6 suggests that
much significant effort for S/D engineering should be concen-
trated on the SDE-to-gate overlap and the contact region.

In order to optimize S/D structure to obtain the best possible
electrical performance as device is scale down, the extensive and
quantitative analysis on the key optimization parameters of each
series resistance component is essential. The device parameters
seriously contribute to series resistance are examined by ana-
lyzing three important resistance components,, , and

as a function of technology as follows.
The first component is the SDE-to-gate overlap resistance.

Fig. 7 shows component analysis of scaling as a func-
tion of technology gate length. Among the resistance compo-
nents, is the most troublesome component in scaling of

. To find out serious device parameters impact on, the
overlap resistance and its component variations are calculated
and plotted as a function of lateral abruptness of SDE profile
for different SDE doping in Fig. 8. The inset of Fig. 8 illus-
trates the lateral doping profile variation as a function of the
overlap distance when the lateral abruptness is kept constant of
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Fig. 6. Relative contributions of resistance components to the total series
resistance as a function of technology scaling calculated by advanced model.
The device parameters of each technology are scaled down according to ITRS
roadmap. (a) NMOS and (b) PMOS.

Fig. 7. Overlap resistance(R ) and its component variation as a function of
gate length. Accumulation resistance(R ) is most troublesome component
to reduce.

10 nm/dec. As the lateral abruptness decreases, the resistance
components of the overlap region decrease depending on lateral
abruptness of SDE profile, but show a little differences with the
maximum doping concentration of SDE. This result suggests
that scaling can be mainly determined by the lateral junc-
tion profile slope rather than its maximum doping concentration
which is primarily limited by dopant solid-solubility and the de-
vice SCE due to difficulty of junction depth control.

Fig. 8. Overlap resistance(R ) and its component variation as a function of
lateral SDE abruptness. The inset illustrates the lateral doping profile variation
as a function of the overlap distance when the lateral abruptness is kept constant
of 10 nm/dec.

Fig. 9. Effect of vertical abruptness of SDE junction profile on series
resistance for the same junction depth(X ). The inset illustrates the
variation of doping profile depending on the surface doping orX location.

The importance of the abruptness of SDE junction profile is
also governed in reduction as can be seen in Fig. 9. The
inset of Fig. 9 illustrates variation of doping profiles depend on
the surface doping or location. The increase of vertical
abruptness with increasing has a significant effect on

reduction as compared to that of surface extension doping.
The extension resistance can be reduced down to around 80%,
if the box-shaped vertical junction profile is achieved. But the
large increase of surface doping concentration of SDE region
may be detrimental to short channel performance.

The silicide-diffusion contact resistance is the most serious
component to reduce as discussed in Fig. 6. The controlling of
specific contact resistivity will be essential for reduction
as given by model formula [3] . In this model, the specific con-
tact resistivity can be obtained from the input parameters based
on the assumptions of final Gaussian doping concentration of
the deep junction region and the silicide materials with the bar-
rier height of the midgap such as TiSiand CoSi. The effective
contact lengths determined by the edge of the sidewall and the
isolation in the longitudinal direction are found to be smaller
than calculated transfer lengths for all technologies. The nu-
merical simulation have shown that the one-dimensional (1-D)
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Fig. 10. (a) Resistance variation as a function of deep junction doping
concentration. (b) Resistance variation as a function of Schottky barrier height.
The percentage ofR contribution can be reduced remarkably by Schottky
barrier height lowering technique using alternative low barrier height metal
(e.g., ErSi for NMOS) instead of midgap (0.57–0.65 eV) silicide metal.

transmission line model (1-D-TLM) characterizes varia-
tion quite well when the contact size is smaller than the transfer
length [10]. The calculated specific contact resistivity of the sil-
icon/silicide interface is on the order of 10 cm and neg-
ligible for larger channel length devices, whereas, in the case
of nanoscale devices, it makes a relatively large contribution to
total series resistance even with heavily doped deep junction as
shown in Fig. 10(a). To reduce contribution in next gener-
ation technology, it is necessarily required that maximizing the
active dopant concentration at the silicide/Si interface or mini-
mizing Schottky barrier height to obtain an acceptable specific
contact resistivity as evaluated in Fig. 10. In Fig. 10(b), it is ob-
served that the percentage of contribution can be reduced
remarkably to the value below that of and even with
a small reduction of Schottky barrier height, while the maxi-
mizing doping concentration has a fundamental limitation of

Fig. 11. Resistance contributions of each resistance component to the total
series resistance in sub-50 nm NMOS according to S/D engineering variation.
R value can be reduced to 35% of that of roadmap structure if box-shaped
S/D junction and low Schottky barrier height material will be successfully
challenged.

solid solubility. Although technologically problematic yet, the
Schottky barrier height lowering technique by using alternative
metal having lower barrier height of 0.2–0.25 eV, e.g., ErSi
for NMOS and PtSi for PMOS [11] or using lower bandgap
layer like Si Ge films [12] will be a possible strategy for
successful CMOS scaling.

Fig. 11 shows the expected trend of the series resistance
reduction by S/D engineering on the basis of 50 nm device
with conventional planar type NMOS structure predicted by
advanced model, when the progressive engineering of both
the S/D junction abruptness and Schottky barrier height are
successfully achieved. More than 50% reduction in series
resistance will be expected and especially, the resistance com-
ponents related to ultra-shallow S/D junction will be reduced
dramatically by box-shaped SDE and deep junction profile.

IV. CONCLUSION

The advanced physical model is employed to analyze the
effect of S/D device parameters on series resistance contri-
bution and predicts series resistance reduction trend with
CMOS technology generation below 100 nm gate length.
The model well characterizes nanoscale CMOS structure and
resistance characteristics including polysilicon depletion effect
and high- sidewall spacer effect. It is shown that the sidewall
thickness, the doping concentration in the deep junction region,
and the Schottky barrier height of silicide material are the
most sensitive process/device parameters to series resistance
variation. The series resistance trend with respect to technology
scaling predicts the sum of silicide-diffusion contact and
overlap resistance contributions on total series resistance will
be about 70% at 50 nm gate length and the percentage of the
silicide-diffusion contact resistance contribution increases as
the technology shrinks. The modeling analysis suggests that
advanced S/D engineering focusing on highly abrupt SDE
junction profile and lower Schottky barrier silicide contact
should be challenged for successful CMOS technology scaling.
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