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Abstract—The impact of gate-pitch scaling on device internal 
and external resistance is examined by advanced process and 
device modeling including distributed contact resistance 
model, mechanical stress and Monte Carlo (MC)-based stress-
dependent mobility model. The contact resistance components 
and their major parameters in sub-50nm contact regime are 
analyzed by TCAD and transmission line modeling (TLM). 
The calibration method for the stress-induced channel 
mobility and the external resistance is proposed using Ron-
Lgate measurements of 32nm-node devices with different gate-
pitches. The significant performance degradation due to 
simple gate-pitch scaling is predicted for 20nm-node 
technology with sub-100nm gate-pitch.   

I. INTRDUCTION  
Stress engineering using etch stop liner (ESL) or dual 

stress liner (DSL) has become one of the main performance 
element to enhance channel mobility in recent nano-meter 
scale CMOS technologies [1].  However, as the gate pitch 
aggressively scales down into sub-100nm regime with 
continuous technology scaling beyond 32nm-node [2], the 
two primary concerns and critical challenges for the device 
performance are being addressed as illustrated in Fig. 1: 
First, the stress effect associated with liner can be weakened 
by the narrower distance between neighboring gates which 
can be the effective space for transferring liner stress into 
channel. Second, this narrowed gate-space would lead to 
significant increase in the external resistance, Rext, since the 
silicide contact length, Lcon becomes shorter than the contact 
transfer length and hence will directly increase the contact 
resistance, Rco [3].     

In this paper, the impact of gate-pitch scaling on device 
performance element is examined by advanced process and 
device modeling including the distributed contact resistance 
model, mechanical stress and Monte Carlo (MC)-based 
stress-dependent mobility model. The gate length 
dependence and the pitch dependence and tensile liner stress 
effect on the internal and external resistances are correlated 
to measured Ron-Lgate response of 32nm-node NFETs and 
applied for 20nm-node technology performance prediction. 
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Figure 1.  Schematic illustration of device structure with gate pitch.   The 
effective space transferring liner stress into channel and the silicide contact 
resistance are scaled with the aggressive shrink of gate-pitch.  

II. TCAD MODELING AND ANALYSIS 
TCAD process and device modeling using Sentaurus 

process and device simulator are developed to reflect IBM 
32nm high-k/metal gate bulk CMOS technology. Starting 
from the advanced calibration models, the basic 1-
dimentional (1D) and 2-dimentional (2D) parameters are 
calibrated using experimental data such as device 
geometries, doping profiles and long and short channel 
electrical data.     

A. Impact on Contact  Resistance 
In order to understand the gate-pitch dependence on 

contact resistance, the detailed silicide contact parameter 
study is performed by 1D TLM and 2D device simulation. 
Fig. 2(a) and (b) show the modeling results of the contact 
resistance behavior as a function of contact length with 
different sheet resistances of deep source/drain (S/D) 
junction in 90nm technology [4] and with different specific 
silicide contact resistivities in scaled contact length of 20nm 
technology, respectively.  It can be seen from Fig 2(a) and 
(b) that sheet resistance of deep S/D has been an important 
parameter for determining the contact resistance level in 
previous technologies whose contact length is longer than 
contact transfer length. However, as the Lcon diminishes 
below the transfer length, there is a sharp increase in Rco, 
and hence the silicide contact length and location are 
becoming dominant in recent technologies.   In Fig. 2(a) and  This work is performed at IBM Microelectronics, Semiconductor 
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Figure 2.  Modeled contact resistance behavior as a function of contact 
length for (a) different sheet resistance of deep S/D junction in 90nm 
technology [4] and for (b) specific contact resistivity of silicide contact in 
20nm technology with short contact. 

(b), it is found that major Rco contributors in sub-50nm 
contact length regime are the contact length and specific 
contact resistivity, �c, while the sensitivity to sheet resistance 
of deep S/D junction is almost negligible. Therefore, 
continuous innovation focusing on silicide material property 
and activate doping level in silicide/silicon interface is 
required for the contact resistance improvement for future 
technologies. 

The schematic descriptions of contact resistance 
components having sidewall contact resistance, Rsw,co and 
planar contact, Ru,co and  their relative contributions in total 
contact resistance with contact length calculated by TLM 
are shown in Fig. 3(a) and (b), respectively. The uniform 
doping and uniform specific contact resistivity are assumed 
in TLM. Rco is determined mainly by Ru,co in old 
technologies with relatively long contact length, but as gate-
pitch scales further, the contribution of Rsw,co becomes 
comparable to Ru,co or can be even larger than Ru,co for non-
uniform S/D junction cases, so that the accurate modeling 
on Rsw,co component would be desirable for accurate device 
design and performance prediction. The significance of 
Rsw,co component is confirmed by comparing resistance 
variation with contact length scaling between TLM and  
TCAD simulation in Fig. 4.  It is observed TLM without 
Rsw,co   component  underestimates  the  contact    resistance, 
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Figure 3.  (a) Contact resistance components having front sidewall 
contact resistance (Rsw,co) and planar contact (Ru,co) and (b) the contribution 
of each contact resistance component calculated by TLM with gate-pitch 
or contact length, indicating significant contribution of Rsw,co. 
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Figure 4.  Comparison of contact resistance increase with contact length 
scaling between TLM and TCAD. (a) TLM neglecting sidewall contact 
resistance. (b) TLM including sidewall contact resistance. Accurate 
modeling on Rsw,co  component is emphasized by TCAD and TLM.   

while TLM considering Rsw,co component is in reasonable 
agreement with TCAD estimation with uniform contact 
resistivity. The discrepancy is getting larger for shorter Lcon 
due to additional non-negligible device parameters like 
silicide geometry and the active doping levels. 

B. External Resistance Calibraton  
The external resistance can be separately calibrated from 

the channel mobility using 32nm Ron-Lgate measurements for 
the devices with 1x and 2x contacted pitch cases.  Total  on-  
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Figure 5.  Stress-induced mobility and Rext calibration to measured Ron vs. 
Lgate for 1x and 2x pitch of 32nm NFETs and prediction for 0.63x pitch of 
20-nm technology. (a) TCAD employed distributed contact resistance 
model (b) TCAD employed lumped contact resistance model.  
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(d) 

Figure 6.  Calibrated lateral stress (Sxx) distribution for different gate 
pitches. (a) 0.63xPitch, (b) 1xPitch, (3) 2xPitch. (d) Average stress 
components along the channel for different gate-pitches. Reduction in both 
tensile Sxx and compressive Syy channel stress levels with pitch scaling 
leads to NFET electron mobility degradation.   

 

resistance, Ron is defined at linear drain current measured at 
a fixed overdrive gate voltage (Vgs–Vtlin) [5][6]. By 
neglecting channel mobility dependence on gate length, the 
channel mobility can be assumed to be inversely 
proportional to slope of Ron-Lgate and the external resistance 
can be determined by the intercept of Ron-axis where the 
effective gate length diminishes. 

First, the pitch impact on Rext is calibrated by modifying 
specific contact resistivity employing distributed contact 
resistance model after 1D and 2D doping profile calibration 
as shown in Fig. 5. The external resistance calibration 
employing simple lumped resistive contact model may be 
acceptable for long contact or same gate- pitch devices, but 
cannot predict contact sizing effect driven by gate-pitch 
scaling, shown in Fig. 5(b). In this work, uniform distributed 
contact resistance model are fitted to match device on-
resistance at the same overdrive gate voltage for 
characterizing contact sizing effect of 1x and 2x pitches. 
The calibrated specific contact resistivity of 3.6x10-8 �cm2 
is resulted from the distributed contact resistance model 
which is found to be close to the recent measurement range 
from IBM alliance research group [7]. The corresponding 
attached lumped resistance is extracted at 70 ��m from 
lumped resistive contact modeling for 1xpitch device case, 
which shows the limitation of the model for pitch 
dependence prediction in Fig 5(b). The more detailed 
contact model considering active doping-dependence and 
silicide Schottky barrier height would be required for 
accurately characterizing sophisticated silicide contact 
resistance behavior for next generation technologies in the 
short contact regime.     

C. Stress-Induced Channel Mobility   
 Mechanical stress simulation is performed by Sprocess.   

The intrinsic stress is applied to dual stress liner depending 
on device type. The tensile intrinsic stress nitride film layers 
are deposited on the NFET devices after silicide formation. 
No stress relaxation processes are taken into account for 
DSL stress modeling except for the stress relaxation due to 
free surfaces that are generated in the structure during 
etching step and other structure formation.  30-multilayer 
tensile liner deposition technique [8] is employed in DSL 
process simulation for more accurate pitch dependence 
modeling. An MC-based model for stress-induced effective 
electron mobility enhancement is used similar to the model 
for holes [9]. The effective electron mobilities are obtained 
by self-consistent MC simulations of long-channel NFETs 
and the stress-dependence of the band structure is taken into 
account with an improved analytical two-band model [10].  
The stress-induced channel mobility behavior is accurately 
emulated by fitting the slope change of Ron-Lgate responses 
between neutral stress liner and 1.6GPa tensile liner 
(dRon/dLgate) for two different gate pitch devices via fine-
tuning of the employed mobility model. 

TCAD calibrations for gate-pitch dependent Rext and the 
relative channel mobility change with stress liner are in 
good agreement with the measurement data from 32nm 
NFET devices with different pitches as shown in Fig. 5(a). 
Then, simple 37% pitch scaling is applied to the device 
keeping the same gate length for predicting gate-pitch sizing 
effect on 20nm-node devices.  From  Ron-Lgate characteristics  
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of the measurement and TCAD prediction in Fig. 5(a), it can 
be seen the channel mobility enhancement due to tensile 
stress liner is significant for all gate-pitches but the slope 
change is much higher in 0.63xpitch devices in addition to 
Rext increase, which is indicating that the simple scaling of 
gate-pitch for 20nm technology may result in significant 
performance degradation. Fig. 6(a), (b) and (C) show the 
calibrated 2D Sxx distribution for different gate-pitches and 
Fig 6 (d) shows Sxx and Syy stress components averaged 
out along the channel at 5nm depth under gate oxide for 
different gate-pitches where Sxx is lateral stress in the 
direction of the channel length and Syy is vertical stress 
perpendicular to channel plane. As shown in Fig. 6, the 
stress liner-induced channel electron mobility degradation 
with pitch scaling is well explained by the reduction in both 
lateral tensile stress and vertical compressive stress 
component, leading to decrease in the inverse slope of Ron-
Lgate responses. 

The gate-pitch sensitivity to stress-induced mobility and 
Rext based on calibrated TCAD is shown in Fig. 7(a) and Idsat 
performance with gate-pitch scaling is also predicted in Fig. 
7(b). It should be noted that mobility degradation is more 
and more significant in 0.63xpitch of 20nm technology 
compared to 1x and 2x pitches of 32nm technology due to 
the pinching-off of stress-liner in the narrower gate space as 
is confirmed in 2D and 1D channel stress profiles in Fig 6.  
TCAD prediction indicates that 17% and 27% degradation 
in the external resistance and channel resistance with gate-
pitch scaling, respectively, which may lead to about 10% 
degradation in Idsat performance for 20nm-node technology.  
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Figure 7.  (a) Relative variation of  stress-induced mobility and Rext with 
gate-pitch based on 32nm tech showing 17% and 27% Rext and Rch 
degradation with smaller gate-pitch size below 100nm, respectively. (b) 
Relative Idsat performance degradation with gate-pitch scaling.   

III. CONCLUSION 
Advanced TCAD modeling and analysis for gate-pitch 

scaling impact on external resistance and stress liner-
induced mobility are presented. The importance of sidewall 
front silicide contact is emphasized by component analysis 
of contact resistance with 1D TLM and TCAD modeling.  
The gate length and pitch dependence and tensile liner stress 
effect on the channel mobility and the external resistances 
are well calibrated by using measured Ron-Lgate responses of 
32nm-node NFET devices. The calibrated TCAD modeling 
indicates the simple gate-pitch sizing may have a severe 
impact on both internal and external resistance resulting in 
performance penalty of 10% for next generation 
technologies with sub-100nm gate-pitch, which highly 
demands novel channel mobility booster and external 
resistance engineering.   
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