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ABSTRACT 

 
In this paper, a compact analytical threshold voltage 

model for multi-layered-gate electrode workfunction 
engineered recessed channel (MLGEWE-RC) MOSFET is 
presented and investigated using ATLAS device simulator.  
The novel device integrates the merits of recessed channel, 
gate electrode workfunction engineered (GEWE) 
architecture and multi-layered gate dielectric design. Our 
model includes the evaluation of surface potential, electric 
field distribution along the channel and threshold voltage. 
We demonstrate that MLGEWE-RC MOSFET design 
exhibits significant enhancement in terms of improved hot 
carrier effect immunity, carrier transport efficiency and 
reduced short channel effects (SCEs) proving its efficacy 
for high-speed integration circuits and analog design. The 
accuracy of the results obtained using our analytical model 
is verified using 2-D device simulations. 

  
Keywords: ATLAS, high-K, MLGEWE-RC, surface 
potential and threshold voltage. 
 

1 INTRODUCTION 
 
For the last few decades, Si CMOS technology has been 

driven by device scaling to increase performance, as well as 
reduce cost and maintain low power consumption. With 
scaling of the device dimensions into the sub-100-nm 
regime, the gate oxide thickness of CMOS transistors has 
also been scaled down constantly. As continual CMOS 
scaling requirements and many digital and mixed-signal 
applications are driven by standby power consumption, the 
gate leakage current is becoming one of the critical 
elements of sub-65 nm CMOS technology development. A 
paradigm shift has been occurring in the industry, where 
materials innovation, rather than scaling, is becoming the 
primary enabler for performance enhancement in CMOS 
technology. For gate materials, traditional SiO2 is being 
replaced by high-K dielectrics to reduce the gate leakage 
current.  

A high-K gate dielectric becomes a key in providing the 
increased physical gate dielectric thickness, tox(=tox1+tox2), 
keeping effective oxide thickness (toxeff) same; without 

compromising the direct tunneling gate leakage current. 
Increasing physical gate dielectric thickness, however, 
results in a higher gate-fringing field, thereby reducing the 
gate control and hence, aggravating short channel effects 
(SCEs) [1-2]. An ultra thin SiO2 interlayer between the 
high-K layer and silicon substrate is, thus, introduced, in 
order to improve the interface quality and stability. The 
CMOS transistors designed with the multi-layered high-k 
gate dielectrics achieve the expected high drive current 
performance and lower leakage current, thereby proving its 
efficacy for high performance CMOS logic applications. 

Recessed Channel (RC) MOSFETs [3-4] are known to 
alleviate the short channel effects and the hot carrier effects 
appreciably due to the presence of a groove separating the 
source and the drain regions; and consequentially their 
respective depletion regions. Further integration of RC 
MOSFETs with dual material gate architecture [5-6] and 
multi-layered gate dielectric architecture enhances the 
driving current capability, gate control over the channel and 
suppresses the short channel effects. The resultant 
integrated device structure is, thus, referred to as 
MLGEWE-RC MOSFET.  

The primary objective here is to apply the dual gate 
material architecture and multi-layered gate dielectric 
concept to RC MOSFET and explain the unique features 
offered by this structure. An analytical model using 
Poisson’s equation has also been presented for the surface 
potential, electric field and threshold model for the 
MLGEWE-RC MOSFET and its validation is done with 
ATLAS device simulation results [7]. A very close match 
has been found between the model and simulation results. 
The results are then compared with the conventional RC 
and GEWE-RC MOSFET designs; reflecting enhancement 
in device characteristics of the proposed MLGEWE-RC 
MOSFET design.  
 

2 MODEL FORMULATION 
 
A schematic structure of MLGEWE-RC MOSFET is 

shown in Fig.1 with M1 and M2 of lengths Lg1 and Lg2 
respectively. In MLGEWE-RC MOSFET, the gate consists 
of multi-layered-gate dielectrics having a thickness tox1 and 
tox2 of the lower and the upper gate dielectrics with the 
corresponding permittivites, εox1 and εox2, respectively. The 
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source/drain (S/D) regions are rectangular and uniformly 
doped at 1020 cm-3. The channel doping concentration (or 
substrate doping density), NA, is also uniform. Assuming 
the impurity density in the channel region to be uniform, 
the potential distribution ( , )x y  in silicon film in the 
weak inversion region can be given as 
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for 0 < x < Leff and (d + toxeff ) < y < (d + toxeff + YD)   (1) 
                                                 

where si  is the dielectric constant of silicon, q is the 
electronic charge, YD is the depletion layer thickness, toxeff 
is the effective gate oxide thickness (=tox1+(εox1/ εox2)tox2), d 
is the groove depth and Leff is the effective channel length 
which is given by, 

 
              Leff=Lg+2(toxeff+NJD)        (2) 
where Lg is the gate length (Lg=Lg1+Lg2); NJD is the 

negative junction depth and YD is the depletion layer 
thickness.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the present analysis, the channel region has been 

divided into two parts, in which the potential under M1 and 
M2 can be represented as 
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for 0 < x < L1eff ; (d + toxeff ) < y < (d + toxeff + YD)      (3) 
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for L1eff < x < (L1eff + L2eff);(d + toxeff ) < y < (d + toxeff + YD)               
                                                                              (4) 
where 

 1 1eff g oxeffL L NJD t   ;      2 2eff g oxeffL L NJD t     

 
1 1( , ) ( , )S oxeffx y x d t    and 2 2( , ) ( , )S oxeffx y x d t    

are surface potentials under regions M1 and M2, and  1rP x  

and  2rP x  are the arbitrary coefficients. The Poisson 
equation is solved separately under the two regions (M1 and 
M2) using the boundary conditions shown in Fig.1. Further, 
substituting  1 min , 2S oxeff f gs thx d t and V V     in the 
expression for minimum surface potential, an expression 
for threshold voltage is obtained as 
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3 RESULTS AND DICUSSION 
 
Fig. 2 reflects a higher step near the drain end for the 

proposed MLGEWE-RC MOSFET design in comparison to 
the other two designs, thus resulting in better screening of 
the channel region from drain bias variations.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Schematic cross-section of MLGEWE-RC 
MOSFET design. 
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Figure 2: Surface potential variation with the normalized 

channel position comparing 3 different designs. 
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Further, the lateral field penetration from Source/Drain 

region is reduced significantly due to the recessed gate 
nature of the device, minimizing the DIBL and 
punchthrough effects. This lateral penetration of the field is 
further reduced with the use of gate stack, as is evident 
from Fig.3. Results reflect a higher electric field peak, for 
the proposed design, at the interface of two metal gates; 
thus causing more uniformity of electric field in the 
channel. This, hence, results in higher carrier transport 
efficiency. Further, Fig.4 reflects that VTH reduces as upper 
gate oxide permittivity increases, thereby, enhancing the 
drive current. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5 depicts that MLGEWE-RC exhibits the minimum 

DIBL due to the step potential profile, attributed to GEWE 
architecture and improved gate control over the channel, 
attributed to the multi-layered gate oxide architecture. 
Further, higher the negative junction depth (NJD), better is 
the screening of the channel region from the drain bias 
variations. It is seen that MLGEWE-RC MOSFET exhibits 
significant enhancement in terms improved gate control 
over the channel, carrier transport efficiency and hence, the 
driving current and hot carrier effect immunity. 

 
4 CONCLUSION 

 
The effectiveness of the GEWE and multi-layered gate 

dielectric concept to the RC structure has been examined 
for the first time by developing a 2-D analytical model. The 
results obtained have been compared with ATLAS 
simulations. The model results agree well with the 
simulated results. It also emphasizes that the proposed 
structure improves gate controllability over the channel and 
further leads to a reduced short channel effects as the 
surface potential profile shows a step at the interface of the 
two metals. Thus the short channel behavior of the RC 
MOSFETs is further enhanced with the introduction of the 
GEWE and gate stack structure over their single gate 
counterparts. 
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Figure 4: Threshold voltage variation as a function of 
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Figure 3: Electric Field variation with the normalized 

channel position comparing 3 different designs. 
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Figure 5: DIBL variation with negative junction depth, NJD, 

for RC, GEWE and MLGEWE-RC MOSFETs. 
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