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Advanced Model and Analysis of Series Resistance
for CMOS Scaling Into Nanometer Regime—~Part |l
Quantitative Analysis
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Abstract—Source/drain (S/D) series resistance components and L
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.
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Index Terms—CMOS, high-« dielectric, modeling, polysilicon
gate depletion effect, scaling, series resistance, ultra shallow junc-
tion.

Fig. 1. Schematic representation of source/drain structure and parasitic series
|l. INTRODUCTION resistance components developed in advanced model.

HE ultra-shallow source/drain (S/D) junction is an in-
T dispensable requirement to suppress short channel effe@ponent consists of the parallel or series combinations of
(SCE) in CMOS technology in the nanometer channel |eng§|§|bresistance components according to the carrier conduction
regime and the design of S/D structure with ultra-shalloR@th and junction structure profiles as illustrated in Fig. 1.
junction is susceptible to a high series resistance probleiiis modeling approach provides very useful tool for physical
which degrades the ultimate intrinsic device performance [gxamination of S/D series resistance components in detail as
[2]. To overcome this scaling difficulty and identify the sourcévell as accurate estimation of them.
of the high resistance problem, the extensive analyses for seriek this paper, the advanced model is applied to investigate
resistance components and the device/process parameter@@pr resistance component and essential parameters impact on
scaled CMOS contributing on series resistance are higfﬂ?Vice optimization and scaling. We establish three CMOS tran-
required. As reported in the previous paper [3], our advanc&t$tors with different gate length in the nanometer scale based on
modeling takes important features of S/D structure of extremdNojection of ITRS roadmap [4] to assess behavior of resistance
short channel devices into account such as nonnegligible §@mponents and parameters quantitatively as technology pro-
tential relationship in MOS accumulation region, lateral angresses and discuss about the key factors for challenging scaling
vertical doping gradient effect of source/drain extension (SDERITiers related to parasitic resistance.
junction and critical parameters of silicide diffusion contact
system in addition to current behavior in ultrashallower SDE [l. IMPACT OF SOURCHDRAIN PARAMETERS

junction. The parasitic series resistance has been modeled byne series resistances of CMOSFETSs of which gate lengths
dividing into four components: SDE-to gate overlap resistangge 100, 70, and 50 nm are calculated by use of the advanced
R.y; SID extension resistandg...; deep S/D resistancBap;  model where the device structure and total resistance values
and silicide-diffusion contact resistané&. . Each resistance \ere calibrated with the device simulations [3]. The device
structure parameters of each technology are chosen according
Manuscript received October 10, 2001; revised November 19, 2001. The te-the projections of ITRS road map [4] and listed in Table I.
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TABLE | 180
INPUT DEVICE STRUCTURE PARAMETERS CHOSEN ACCORDING TO THE | 0\ L =100
PROJECTIONS OHTRS RoAD MAP FOR THREE CMOS TECHNOLOGIES IN 160 | L G nm
WHICH THE GATE LENGTHS ARE100, 70,AND 50 nm i O\N R
140 \. series
p—
Gate length, Lo (am) 100 70 50 1 M
¢ i 120}
Operating voltage, Vpp (V) 1.2 0.8 0.6 q F Rov
— 100}
Gate dielectric thickness, Ty (nm) 20 15 1.0 (] L
g 8} O
Sidewall length, Ly, (nm) 100 60 40 b=} \3
Overlap length, Lo, (nm) 205 12.5 95 & e Ry ol
veriap length, Loy (nm, g - g 8 L D\D\
Deep junction length, Ly, (nm) 55 36 25 Y 40 i 8_/__182 ¥ :@:@:93959:9:&
SDE junction depth, Xz, (nm) 345 265 16.5 20k RS o R,
| Ao B e o N e fN e e N N
Deep junction depth, Xjsp, (nm) 111 65 49 ol
Silicide thickness, Tyage (M) 30 25 15 0.2 04 0.6 0.8 1.0 1.2 14 1.6
. -3 19 20 20 V [V]
Peak SDE doping, Ny ex (™) 7.0x10 1.2x10 1.5x10° gs
Peak Deep doping, Nacap (cm™) 3.0x10% 4.0x10% 6.0x10%
a
Substrate doping, Ngg (cm™) 1.5x10" 2.0x10"® 3.0x10" @
Poly doping, N, (cm™) 3.0x10%® 1.2x10% 6.0x10™
120
L_.=100nm
éEL: B ; ° ~ 58.7°
a, =553 ~58.
TABLE I = 100 - Tl—63 3.4nm
SELECTED OUTPUT PARAMETERS CALCULATED BY ADVANCED MODEL AT mc | e 'u 5 2
EACH OPERATING GATE VOLTAGE FOR THREE NMOS DEVICES WITH N . N _=2.6x10" ~ 1.6x10" cm
DIFFERENT TECHNOLOGIES 8 80
Gate length, L (nm) 100 70 50 .§
N
- =60
Channel thickness, T, (nm) 377 395 3.83 g’)
Accumulation carrier concentration, N, (cm’) 1.16x10" 1.02x10% 1.11x10" Cé-‘
Spreading angle, o, (degree) 58.4 63.5 54.2 T«j 40
Spreading angle, o, (degree) 6.9 115 14.9 g
SDE sheet resistance, Roex (€2/5q) 664 561 713 20 spov
A 1 Pl N L . 1 N 1 1 N
Depletion width, W, (nm) 6.37 4,29 3.46 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
Depletion width, W, (nm) 7.83 6.13 4.30 V [V]
Depletion width, W, (nm) 2.38 1.24 031 gs
Specific contact resistivity, p, (Qem?) 4.4x10° 3.0:10°% 1.8x10°® ®)
Lateral SDE abruptness (nm/dec) 12.28 7.03 5.59

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.
parameters used in this work are based on the extremely heavily P preg

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 NMdiat Rac1 plays an important role in determining the voltage-
technologies are also listed in Table I1. dependent overlap resistance characteristics.

Fig. 2(a) shows source series resistances and their compoFhe polysilicon gate depletion effect (PDE) is another
nents of 100 nm-gate-length NMOSFET as a function of suppliynitation for nanoscale short channel devices since it increases
gate voltage estimated by advanced model. All the resistargglivalent thicknesses of aggressively scaled oxide layers
components excepty, show almost the same contribution td>elow 2 nm and degrades device current performance. The
total series resistance in 100 nm gate length technology. As séeries resistance is also affected by PDE as calculated by
in experimentally and simulation study [5], [6], the model preadvanced model in Fig. 3. The overlap resistance increases with
dicts that the decrease of series resistance Witincurred by ~decreasing poly-doping concentration and is more degraded in
overlap resistance reduction due to enhanced carrier accutwer SDE doping concentration due to the pronounced PDE
lation. The behavior of overlap resistance components are &
picted in Fig. 2(b). Ad/,, increases, accumulation carrier den- Because of large direct-tunneling current of extremely thin
sity increases in nearly exponential manner, so fiat and gate oxide, a high dielectric constant material is being attempted
R..2 sharply decrease. On the contrary, the parallel combinatitmbe employed in gate stack system or sidewall spacer [8], [9].
of R,.o and K, o is not changed much with,,, because the The effect of highx sidewall material on series resistance is
current spreading into the bulk exert much influence on sub-r@so demonstrated in Fig. 4. In Fig. 4, it can be found that the
sistance component over whdlg, ranges. This results indicateuse of very highx dielectric sidewall significantly induces the
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Fig. 5. Sensitivity analysis of series resistance to the process/device
Fig. 3. Poly-depletion effect on series resistance for different poly-doping apdrameters. The sidewall thickne§s...), the doping concentration in the

SDE doping concentration obtained by advanced model. deep junction regioiNmax ap), and Schottky barrier heiglityz) of silicide
material are the most sensitive process/device parameters to series resistance.

140
hﬁ\ﬂi~a§

0L W—g_———a vice dimensions and doping concentrations of each technology

L T = .
e are assumed to be scaled down according to ITRS roadmap as

g0t ]\;G illogr\‘;“ listed in Table I, and the same scaled device parameters are
éi T employed for both NMOS and PMOS except physical param-
“, 80} +Rmm by Proposed Model e . . -
| R by Simulation eters related to silicide Schottky contact and carrier mobility.
é 60 - e R The Schottky barrier height of midgap-level silicide contact ma-
~

- o terial is assumed for all technologies and are fixed at 0.6 eV
40 WW@:?@%R and 0.51 eV for NMOS and PMOS, respectively. It should be
noted from Fig. 6 that the silicide-diffusion contact resistance
R..q and the overlap resistandg,, are expected to be domi-

0 — e nant resistance components for future technology scaling. The
0 50 100 150 200 : A . ) . 0
Sidewall Dielectric Permittivity, sum of their contributions on total series resistance is about 70%
" ew at 50 nm gate length. The important trends are that the contribu-
Fig. 4. Effect of highs sidewall material on the series resistance. The udéon of the silicide-diffusion contact resistance increases as the
of high+ dielectric sidewall reduces the extension resistance by inducing ttechnology shrinks, while the overlap resistance is almost at the
carrier accumulation in surface extension region due to the increased fring'glgme level for all technologies In particular the overlap resis-
field. . s ’
tance component is more severe in the case of PMOS due to the
relatively poor accumulation layer mobility. Fig. 6 suggests that

carrier accumulation in surface extension region due to the ing, 1, significant effort for S/D engineering should be concen-
creased fringing field, resulting in reduction fy,; and hence trated on the SDE-to-gate overlap and the contact region.

Riseries as reported in [9], while this may invoke the increase of In order to optimize S/D structure to obtain the best possible

galtf—to—SS/ Dh capa<t:r|]tance prtc?pltem. f total . ist electrical performance as device is scale down, the extensive and
'9. I ds ows the setn5| o 3|/ OI to dab se}:[;]les re;usl, anhce Echantitative analysis on the key optimization parameters of each
processjdevice parameters caiculated by Iheé modet when Qﬁes resistance component is essential. The device parameters

i i 0,
E;?i?ssrsé g;‘gﬁcg?srir;etz;;:s evglg\?ezpstr?]cgﬁ);/;?;ti;%t:lof eriously contribute to series resistance are examined by ana-
y %ng three important resistance componeiits,, R..t, and

Schottky barrier height, the sidewall length,,, and doping Ry as a function of technology as follows

concentration in the deep junction regihax,ap- The first component is the SDE-to-gate overlap resistance.
Fig. 7 shows component analysis &, scaling as a func-
tion of technology gate length. Among the resistance compo-
In order to find and overcome the series resistance obstactnts,R,.; is the most troublesome component in scaling of
in future CMOS scaling, it is necessary to understand the relds, . To find out serious device parameters impactiyy, the
tive contributions of each resistance component to the total sserlap resistance and its component variations are calculated
ries resistance. Fig. 6(a) and (b) show the relative contributioasd plotted as a function of lateral abruptness of SDE profile
of each resistance component to the total series resistance &s aifferent SDE doping in Fig. 8. The inset of Fig. 8 illus-
function of technology scaling calculated by the model for cottrates the lateral doping profile variation as a function of the
ventional planar type NMOS and PMOS, respectively. The deverlap distance when the lateral abruptness is kept constant of
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Fig. 9. Effect of vertical abruptness of SDE junction profile on series
50 resistance for the same junction defitl;...). The inset illustrates the
variation of doping profile depending on the surface dopinggr... location.

40
The importance of the abruptness of SDE junction profile is

also governed ik, reduction as can be seen in Fig. 9. The
inset of Fig. 9 illustrates variation of doping profiles depend on
the surface doping oK, .« location. The increase of vertical
abruptness with increasing, .x¢ has a significant effect on
R reduction as compared to that of surface extension doping.
The extension resistance can be reduced down to around 80%,
N . . , , . if the box-shaped vertical junction profile is achieved. But the
50 60 70 80 % 100 large increase of surface doping concentration of SDE region
Technology or Gate Length [nm] may be detrimental to short channel performance.
The silicide-diffusion contact resistance is the most serious
Fig. 7. Overlap resistande?, ) and its component variation as a function Ofcomponent to reduce as discussed in Fig. 6. The controlling of
gate length. Accumulation resistancB...:) is most troublesome component g L . . .
1o reduce. specific contact resistivity. will be essential fofi . reduction
as given by model formula [3] . In this model, the specific con-

10 nm/dec. As the lateral abruptness decreases, the resistdfge'esistivity can be obtained from the input parameters based
components of the overlap region decrease depending on latéfathe assumptions of final Gaussian doping concentration of
abruptness of SDE profile, but show a little differences with tHE&€ deep junction region and the silicide materials with the bar-
maximum doping concentration of SDE. This result suggedigr height of the midgap such as Ti&ind CoSi. The effective

that R,,, scaling can be mainly determined by the lateral jungontact lengths determined by the edge of the sidewall and the
tion profile slope rather than its maximum doping concentratidgolation in the longitudinal direction are found to be smaller
which is primarily limited by dopant solid-solubility and the dethan calculated transfer lengths for all technologies. The nu-
vice SCE due to difficulty of junction depth control. merical simulation have shown that the one-dimensional (1-D)

30+
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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.ories 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.
80
L_= 50 nm ./l/. : . : :
G P solid solubility. Although technologically problematic yet, the
—_ 60 | _ /f./;' Schottky barrier height lowering technique by using alternative
series " H B} . A .
g e R metal having lower barrier height of 0.2-0.25 eV, e.g., ErSi
G e Midgap Silicide =~ *¢ for NMOS and PtSi for PMOS [11] or using lower bandgap
L 40+ (TiSi, or CoSi ) i i i i i
é Low-barrier Silicide i layer like Si_,Ge, ﬂlm_s [12] will be a possible strategy for
% [(BrSi) - successful CMOS scaling. . -
? - Lo R Fig. 11 shows the expected trend of the series resistance
R~ *'?:‘A*:ZR reduction by S/D engineering on the basis of 50 nm device
o ext with conventional planar type NMOS structure predicted by
o o e G tamtanat i d . . .
ol v v v TR advanced model, when the progressive engineering of both
02 03 04 05 06 07 08 09 the S/D junction abruptness and Schottky barrier height are
Schottky Barrier Height, ¢, [V] successfully achieved. More than 50% reduction in series
resistance will be expected and especially, the resistance com-
(b) ponents related to ultra-shallow S/D junction will be reduced

dramatically by box-shaped SDE and deep junction profile.

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 aR..q4 contribution can be reduced remarkably by Schottky IV. CONCLUSION
barrier hejght Iowering technique _using alternative low bgr_rier height metal
(e.g., ErSi for NMOS) instead of midgap (0.57-0.65 eV) silicide metal. 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

tion quite well when the contact size is smaller than the trans@ OS technology generation below 100 nm gate length.

| o s .The model well characterizes nanoscale CMOS structure and
ength [10]. The calculated specific contact resistivity of the SIIr'esistance characteristics including polysilicon depletion effect
icon/silicide interface is on the order of 192 - cn? and neg- g poly b

transmission line model (1-D-TLM) characteriz&s,, varia-

) i s ! A variation. The series resistance trend with respect to technology
ation technology, it is necessarily required that maximizing mfcaling predicts the sum of silicide-diffusion contact and

active dopant concentration at the silicide/Si interface or mindyerlap resistance contributions on total series resistance will
mizing Schottky barrier height to obtain an acceptable specifig about 70% at 50 nm gate length and the percentage of the
contact resistivity as evaluated in Fig. 10. In Fig. 10(b), it is olilicide-diffusion contact resistance contribution increases as
served that the percentage®®f., contribution can be reducedthe technology shrinks. The modeling analysis suggests that
remarkably to the value below that &f,, and R.,; even with advanced S/D engineering focusing on highly abrupt SDE
a small reduction of Schottky barrier height, while the maxjunction profile and lower Schottky barrier silicide contact
mizing doping concentration has a fundamental limitation @hould be challenged for successful CMOS technology scaling.
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