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Abstract: A quasi-Fermi potential based analytical subthreshold drain current model for linear profile based 
DHDMG MOS transistor, incorporating the fringing fields at the two ends of the device, without the use of any 
fitting parameter as is the case with drift-diffusion approach is proposed. The model uses an average doping 
concentration expression. A pseudo-2D analysis applying Gauss' law along the surface is used to model the 
subthreshold surface potential. The same model is used to find the threshold voltage and drain current for 
Gaussian profile based DHDMG. A detailed comparison of the proposed Gaussian model with the previously 
proposed linear model is also presented. The proposed model is also compared with Double gate MOSFET and 
better performance in terms of DIBL effect reduction is observed. The results obtained are compared with a 2D 
device simulator DESSIS. Very good agreement of the results from DESSIS with those from the proposed 
model validates the model for suppressing the short channel effects. 
 
Key-Words: Drain Current; Threshold Voltage; Surface Potential; Pseudo Analysis; Halo; Dhdmg. 
 
1 Introduction 
Bulk MOSFETs show the severe short channel 
effects like drain induced barrier lowering (DIBL) 
and threshold voltage roll-off as the channel length 
of device goes down in sub-50 nm regime. The 
controllability of the gate voltage on the channel 
charge degrades severely as a result. DHDMG 
MOSFETs are the good candidate to replace the 
conventional MOSFETs in this particular region 
because of their excellent immunity to the short 
channel effects. 
        When the gate electrode is biased below the 
threshold voltage, and also the conducting channel is 
weakly inverted we say that a MOSFET structure is 
in subthreshold region. Here the off state leakage 
current increases due to source and the barrier of the 
channel to the drain voltage i.e., drain induced 
barrier lowering takes place. This effect is known as 
short channel effect which arises due to high electric  

 
field in the channel region. In analog applications, 
the devices have higher gain because of the higher 
transconductance-to-current ratio in the subthreshold 
region. The subthreshold regime is also very 
important in digital applications. When the gate bias 
is above threshold, a significant drain current pass 
through the MOSFET device and it is called on-
state. The off-state, which corresponds to a 
subthreshold gate bias, should ideally block all drain 
current. But there will always be some leakage 
current in the off-state or in subthreshold regime. So 
we need an accurate model in this region to 
characterize the circuit behavior based on 
subthreshold operation of the devices. 
        In this paper a quasi-Fermi potential based 
analytical subthreshold current model for sub 50 nm 
DHDMG MOSFET has been derived taking into 
consideration linear and Gaussian variation of the 
doping profile of the two pockets. Here an average 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS Swapnadip De, Angsuman Sarkar, Chandan Kumar Sarkar

E-ISSN: 2224-266X 371 Issue 11, Volume 11, November 2012



doping profile concentration expression is 
considered for deriving the drain current and 
threshold voltage expression. Simulation results 
show that the model predicts the value of the drain 
current fairly accurately for different device and 
halo profile parameters along with various bias 
voltages. It proves the validity and usefulness of the 
proposed model for circuit simulation of ULSI 
devices. The model is also compared with 
conventional multigate devices like Double gate. 
Better performance of the proposed model in terms 
of short channel effect reduction is observed. The 
results prove the validity of our model for analog 
circuits in 40 nm subthreshold regime. 
 
 
2 Model descriptions 
 

   
Figure1: Plot of pocket doping concentration v/s 
channel length for DHDMG MOSFET structure 
 
 The maximum doping concentration for the halos at 
the two ends is mN , as is evident from the points A 
and D in Figure 1.The doping concentration 
decreases from the maximum value at the source 
and the drain ends to the substrate doping 
concentration subN  , linearly along the channel. The 
linear equation in the source side can be found from 
the equation of straight line AB, the end co-
ordinates for which are given by ( )mN,0  and 

( )subp NL , .Let ( )yx, be the x-coordinate and y-

coordinate respectively.So 
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The y-coordinate need to be replaced by the 
substrate doping concentration at the source end: 

SsubN , .So we can write 
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For the drain end let the two end point co-ordinates 
of the straight line CD be ( )mNL,  and 

( )subp NLL ,− .So the straight lineequation can be 

written as 
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For the drain end instead of y we can write DsubN , . 
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The doping concentration of region BC is the 
substrate doping concentration subN . 
So the average doping is given by  

dxNNN
L
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An n-channel DHDMG structure used to implement 
the model is shown in Figure 2: 
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Figure2: An n-channel linear profile based DHDMG 
MOSFET structure. 
 
An elementary Gaussian box is considered at a 
position x along the channel of length x∆  as in [1] 
and [2].The height of the box is so chosen that it 
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covers the entire depletion depth.The width of the 
box is taken equal to the gate width.So if dY =the 

depletion depth and W=width of the rectangular box 
then the volume of the elementary box is WxYd∆ . 
If ε=the permittivity of the dielectric medium trhen 
applying Gauss law to the box gives 

xWYqNdsE dav ∆−=∫ .ε  

Where E  stands for the electric field striking the 
faces of the box perpendicularly. ds stands for the 
area of the faces of the box. If Siε  and oxε  be the 
permittivity of Silicon and silicon dioxide 
respectively we get  
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Where ox
ox

ox C
t
=

ε
 stands for the oxide capacitance per 

unit gate area. The typical variation of the depletion 
layer depth is shown below as in[4]: 
 

 
Figure3:Variation of depletion layer depth along the 
channel. 
 
The above equation needs to be solved for perfect 
estimation of the surface potential as in 
[3],[4].However since dY  is a function of x so )(xYd  
need to be modelled for obtaining a perfect solution  
of the surface potential. 
A model of ( ) ( )2baxxYd +=  is proposed where  the 
source and the drain end values are given by 

(0)dY = ( ) ( ) rsjavsij XXqNVX +=+ /2 1ε  

and 
(0)dY = ( ) ( ) rdjavsij XXqNVX +=+ /2 7ε  

respectively where, V1= SBV + fsbi VV + , V7= DBV + 

fdbi VV + ,  

biV  is the built-in potential of the substrate. SBV  

and DBV  are the source and the drain bias 

respectively, avN is the average concentration, 

( ) ( )avsirs qNVX /2 1ε= and 

( ) ( )avsird qNVX /2 7ε=  

 are the depth of penetrations of the depletion layers 
into the channel / substrate due to the built-in 
potential Vbi (between the n+ -source/drain and the 
p-type channel/substrate) and the reverse bias SBV  

and DBV  at the source and  the drain ends . 
The channel is divided into six regions with known 
values 1V  and 7V  at the two ends. The unknown 
voltages are obtained by applying the continuity of 

the electric field along the lateral direction 
dx

d sψ
 at 

the junction of the different regions. The following 
simultaneous equations are obtained which are 
solved for obtaining the unknown voltages. 

1615514413312211 AVaVaVaVaVa =++++  

2625524423322221 AVaVaVaVaVa =++++  

3635534433332231 AVaVaVaVaVa =++++  

4645544443342241 AVaVaVaVaVa =++++  

5655554453352251 AVaVaVaVaVa =++++  
The co-efficients are obtained by solving the above 
equations. 
Two bias depenedent fitting parameters ζs = V1 / 

biV for the source end and ζd  = V7/ biV  for the drain 
end are considered for obtaining a best fit model of 
surface potentail profile with ISE TCAD. The depth 
of the six depletion regions are obtained as in [4] 
replacing pN  and aN  by avN .The surface potentials 

for all the regions can be determined similarly from 
(2).The same model can be applied for estimation of 
surface potential for SHDMG device[5]. 
The five regions in which the channel is divided for 
SHDMG are as follows: 
Region-I : x1 = 0 < x ≤ x2 = Lp  The corresponding y 

values are y1 = }{ savsij qNVX ςε /)/(2 1+ and  

y2 = Ysp1= ( )avspsi qN/2 1ψε  with the end 

potentials V1 = Vbi + VSB + Vfs and V2 to be 

evaluated
2

1
2

1 4/2/ 




 −++−= FBPGBppsp VVγγψ ,

oxavsip CNq /2 εγ = ,VFBP1=VFBP-VFB1         and 

 VFBP= -0.56 - ϕt ln ( avN / in ) 

Region-II : x2 < x ≤ x3 = xrs : The corresponding y 
values are y2 = Ysp1 and y3 = Ysp= ( )avspsi qN/2 ψε   
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where 
2

2 4/2/ 




 −++−= FBPGBppsp VVγγψ  

Region-III : x3 < x ≤ x4 = L1 : The corresponding y 
values are y3 = Ysp and  y4 =Ys1= ( )avsi qN/2 1ψε  

where  
2

1
2

1 4/2/ 




 −++−= FBGB VVγγψ  

oxavsi CNq /2 εγ =  

 
Region-IV : x4 < x ≤ x5 = (L1+L2)0.75 : The 
corresponding y values are y4 = Ys1 and  

 y5 = Ys2= ( )avsi qN/2 2ψε  

where 
2

2
2

2 4/2/ 




 −++−= FBGB VVγγψ  

Region-V : x5< x ≤ x6= L : The corresponding y 
values are y5= Ys2 and  
 y6 = }{ davsij qNVX ςε /)/(2 6+   

The surface potential Ψs(x) for all the five regions 
are determined. Applying the continuity of  the 
Electric Field along the lateral direction (dΨs/dx) at 
the interfaces of the various regions we get : 
a11 V2 + a12 V3 + a13 V4+ a14 V5 = A1 

a21 V2 + a22 V3 + a23 V4+ a24 V5 = A2 

a31 V2 + a32 V3 + a33 V4+ a34 V5 = A3  
a41 V2 + a42 V3 + a43 V4+ a44 V5 = A4 
 
 
2.1 Drain current model 
The drift-diffusion model for drain current as [4] 

requires a fitting parameter 
'η .The quasi-Fermi 

potential based model eliminates the need of any 
such fitting parameter and hence gives a more 
accurate estimation of the drain current. 
The total current density for the current flowing 
from the drain to the source end is given by 

dx

dE
nJ nF

nn µ−= .                                                    (3) 

nFE stands for the Quasi-Fermi potential for 

electrons. 
If the inversion layer hole density is taken as p  
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Also considering avN  as the average channel doping 
concentration, 
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Also from [4], 
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The splitting of the electron quasi-Fermi levels on 

the source side by ( fsSB VV + ) gives the applied bias 

in the source end as  
)( fsSBFF VVqEE

pn
+−=−  

For the drain end 
)()( fdDBfdDSSBFF VVqVVVqEE
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+−=++−=−  

Where DSV  is the drain bias.So  
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The total subthreshold drain current is obtained by 
integrating x from 0 to L,the channel length. 
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Numerical techniques can compute the denominator. 

From [3],the transconductance mg  and DSI  are 
related by  

mI
g t

DS

m Φ
= where m>1. 

Since DSI  is more for DHDMG and SHDMG 

compared to DMG,so the value of mg  is more in 
DHDMG than DMG.The increase in the drain 
current for DHDMG is attributed to the fact that the 
velocity of electrons increases in the source and the 
drain ends and hence the carrier transport efficiency 

is improved. 
DS

m

I
g  is more in subthreshold regime 

than superthreshold.So the gain of a circuit in the 
subthreshold regime is more. 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS Swapnadip De, Angsuman Sarkar, Chandan Kumar Sarkar

E-ISSN: 2224-266X 374 Issue 11, Volume 11, November 2012



 
 
2.2 Model of DHDMG based on Gaussian 
pocket doping profile 
For practical MOSFETs the linear and constant 
doping profile are replaced by Gaussian distributed 
doping profile in the channel due to the requirement 
of many implantation and diffusion steps during 
fabrication process, such as threshold adjust 
implantation. So modeling of surface potential, 
threshold voltage and drain current with a Gaussian 
doping profile may provide some better physical 
characteristics of real DHDMG MOSFETs. 

 
Figure 4: An n-channel Gaussian profile based 
DHDMG MOSFET structure 
 
The basis of the model is to assume two Gaussian 
profiles as in [7] at the source and drain edges given 
in Figure4. The Gaussian profile at the source side is 
given by: 

2)}/{(
, )( pLx

mSsub eNxN −=  

x represents the distance across the channel. 

mN  and pL  stands for the maximum doping 

concentration of the Gaussian profile and the 
horizontal length of the Gaussian halo doped 
regions.The Gaussian profile is assumed 
symmetrical for the source and the drain edges for 
the DHDMG device. 
The drain end profile is given by 

2}/){(
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Considering subN  as the uniform substrate doping the 
average concentration is given by  
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From (6) the final average concentration term is an 
error function of its effective channel length as well 
as the maximum doping concentration of the sour 
and drain end Gaussian profiles and the pocket 
length at the two ends. 
 
The surface potential for this Gaussian doping 
distribution profile can be computed from the 
following equation: 

'
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Where the symbols have their usual significances. 
Since( L/Lp) is positive and greater than 1 so for any 
value of mN  and subN  we get a definite value of 

GaussavN , . 

So the above equation can be solved as in [4] to get 
a definite value of the surface potential for DHDMG 
devices. 

Using the above surface potential model,the 
threshold voltage VT  which is the gate voltage VGS 

at which the minimum value of the subthreshold 
surface potential 

fsSBFS VV ++= φψ *2min, is found out. 

Now xmin  corresponding to min,Sψ   is approximated 

at the junction of regions 2 and 3 or regions 3 and 4. 
Hence, an iterative numerical method is applied to 
find the value of threshold voltage. 
The subthreshold drain current for this Gaussian 
doping profile DHDMG can be estimated from 
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3 Results 
Numerical simulations of the DHDMG structure are 
carried out using a numerical device simulator 
DESSIS of Synopsys TCAD. This 2-D numerical 
device simulator can provide most accurate 
solutions of the 2-D Poisson’s equation. Metallic 
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gates are used for the DHDMG structure shown in 
Figure2 and Figure4.  The n-type poly-silicon is 
used for the source and drain contacts and the body 
contact is made of p-type poly-silicon. A wide 
variation of the device dimensions, with different 
technology parameters and biasing conditions are 
used to verify the drain current model against the 2-
D numerical device simulator, DESSIS. Unless 
otherwise mentioned equal values of length of gate 
metal M1(L1) and M2(L2) are taken. Similarly unless 
mentioned otherwise default values of work 
functions for the two metals taken are W1=4.2 eV 
and W2=4.1 eV respectively. 
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Figure5: Drain current v/s gate voltage plots for 
linear profile based DHDMG taking L=40 nm, 
Lp=10 nm, SBV =0.1V, DSV =0.5V with 

avN =9*1017 ,1.2*1018 , 1.8*1018 and 9*1018cm-3    

and subN =1*1017 cm-3  
 
It is seen from Figure5 that increase in the average 
doping concentration means increase in the source 
and drain pocket doping if the substrate is assumed 
at a fixed doping value. The heavy doping in the 
drain side limits the drain field from penetrating into 
the source region. So the source and drain coupling, 
which is the main cause of DIBL effect is reduced 
greatly. Also the gate control of the channel is 
substantially improved with increase in doping, that 
is, the short channel effects are reduced. Hence the 
drain current reduces with increase in the doping 
concentration. 
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Figure6: Drain current v/s gate voltage for linearly 
doped DHDMG for L=80 nm, SBV =0V,and drain 

voltage DSV =01V with avN =2*1018 cm-

3, subN =4*1017 cm-3, W1=4.25 eV and W2=4.1 eV 
for three different oxide thicknesses 2,3.5 and 4 nm. 
It is seen from Figure 6 that as the oxide thickness 
decreases the electric field from the gate increases. 
The drain current as a result increases. 
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Figure7: Drain current v/s gate voltage plot for 
linearly doped DHDMG for L=50 nm, SBV =0V,and 

two drain voltages DSV =0.2,2V with avN =1.7*1018 

cm-3    subN =4*1017 cm-3. 

 
It is found from Figure 7 that as the drain to source 
voltage is increased for a fixed value of the gate 
voltage, the minimum surface potential is elevated, 
resulting in the significant decrease in the channel 
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barrier. The electric field from the drain to the 
source increases. The minimum surface potential 
shifts towards the source with the increase in the 
drain-source voltage. The magnitude of surface 
potential can also be elevated by applying higher 
gate-source voltage. The results show that the 
reduction in source-channel barrier, commonly 
known as drain induced barrier lowering (DIBL) in 
DHDMG can occur due to the increase in the drain-
source voltage. As a result the drain current is 
increased. 
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Figure8: Drain current versus VGS  for linear 

DHDMG with Lp = 16mm, avN = 1.2 x 1018 cm-3, 

subN = 6 x 1017 cm-3, W1=4.6 eV and W2=4.25 eV, 
under the applied bias VSB =0 V, VDS = 1 V for four 
different effective channel length L = 50,100,150 
and 300 nm. 
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Figure9:  Plot of 

DS

m

I
g  versus gate-to-source voltage 

for L=50 nm with SBV =0V,and drain 

voltage DSV =0.2V with avN =1.7*1018 cm-3    

subN =4*1017 cm-3 from DESSIS. 
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Figure10: Drain current v/s gate voltage for linear 
profile based DHDMG taking L=40 nm, 

SBV =0V,and drain voltage DSV =1V with 

avN =4*1018 cm-3  ,  subN =1*1017 cm-3,for three 
different source biases 0.12,0.18 and 0.24 V. 
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Figure11: Drain current v/s drain-to-source voltage 
plot for Gaussian profile based DHDMG for L=50 
nm, Lp=12nm, SBV =0V,and three gate 

voltages GSV =-0.1,0,0.1V with GaussavN , =1.2*1018 

cm-3  and  subN =4*1017 cm-3. 
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Figure12: Transconductance v/s gate voltage plot for 
linearly doped DHDMG for L=40 nm, Lp=10nm, 

SBV =0V, DSV =1V with i) avN =1.2*1018 cm-3    

subN =1*1017 cm-3 ii) avN =1.8*1018 cm-3    

subN =1*1017 cm-3   
   
It is seen from Figure 8 that as the channel length 
decreases the DIBL effect increases. The gate 
control of the channel is decreased and the drain 
current increases. Figure 9 shows that 

DS

m

I
g  is more in 

subthreshold regime than superthreshold.So the gain 
of a circuit in the subthreshold regime is more. 
It is seen from Figure 10 that as the source voltage is 
increased the inversion layer at the channel surface 
is reduced, and hence for a fixed drain voltage a 
reduced current level is found as shown in the plots. 
Since in the subthreshold regime the 
transconductance is proportional to the drain current 
so as the drain current decreases with increase in the 
doping concentration, the transconductance also 
reduces, as in Figure 11 and Figure 12. So the gain 
of a circuit in subthreshold region increases as 
average doping increases. 
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Figure 13: Transconductance v/s gate voltage plot 
for Gaussian profile based DHDMG for L=40 nm, 
Lp=10nm, SBV =0V, DSV =1V with 

GaussavN , =1.2*1018 cm-3    subN =1*1017 cm-3 for 

two sets of drain bias.  
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Figure14:  Plot of threshold voltage v/s channel 
length for Gaussian profile based DHDMG for VSB 
=0.2,0.5 and 1.2 V, VDS = 2 V taking subN =4*1017 

cm-3 , GaussavN , =4*1018 cm-3 ,Lp=14 nm , W1=4.6 

eV and W2=4.1 eV. 
 
It is seen from Figure 13 that as the drain bias is 
increased the drain current increases. The gate 
control of the channel decreases and the DIBL effect 
is increased. Since the transconductance is 
proportional to the drain current so it increases. All 
the plots in Figure 14 show that the roll-off starts 
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around 40 nm and so the DHDMG device can be 
effectively used up to 40 nm. Below 40 nm the 
Quantum effects are predominant and so the circuit 
performance will degrade. 
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Figure15: Plot showing threshold voltage roll-off v/s 
channel length for GaussavN , =1.2*1018 cm-3 and 

9*1018 cm-3 taking all other parameters same as in 
Figure 14. 
Comparison of the results obtained from DESSIS 
using the subthreshold current criterion with the 
Gaussian profile based DHDMG model as in Figure 
15 and Figure 16 show that the proposed model is 
useful to compute the threshold voltage for 
DHDMG device. 
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Figure16:   Plot of threshold voltage v/s drain bias 
for a Gaussian profile based DHDMG n-mosfet for 

SBV =0V, DSV =1V for two different channel 

lengths,L=40 and 80 nm,taking subN =4*1017 cm-3 

, GaussavN , =4*1018 cm-3 ,Lp=12 nm. 
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Figure17:  Plot of drain current v/s gate voltage for 
Gaussian profile based DHDMG and model in [4] 
with fitting parameter taken 1 instead of 1.5 for two 
different drain biases=0.2 and 0.7V,L=40 nm, Lp=12 
nm, keeping the other parameters same as in Figure 
16 . 
The plots in Figure 17 show that if the fitting 
parameter in drift-diffusion based model is not 
considered the drain current results do not tally with 
the 2D device simulator DESSIS. However the 
results from the quasi-Fermi based approach is in 
good agreement with DESSIS. 
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Figure18: Plot of DIBL coefficient v/s channel 
length for Gaussian profile based DHDMG, linear 
profile based DHDMG, Gaussian profile based 
SHDMG and Double gate in [6] taking oxide 
thickness=2 nm, silicon thickness=20 nm, 

avN =1.2*1018 cm-3  and  subN =4*1017 cm-3 , 

GaussavN , =9*1018 cm-3 , for SBV =0V, DSV =1V and 

other parameters same as [6]. 
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It is seen from Figure 18 that the DIBL effect is 
reduced considerably in DHDMG device for the two 
doping profiles because of the presence of the two 
halos at the two ends.  
 
 
4 Conclusion 
An analytical quasi-Fermi potential based drain 
current model for pocket implanted DMG MOSFET 
is proposed taking into consideration linearly 
varying pocket doping profiles at the two ends. The 
model eliminates the need of any fitting parameter 
as was the case in drift-diffusion theory based drain 
current models. Further a two dimensional analytical 
model for the surface potential , threshold voltage 
and drain current of asymmetric DHDMG 
MOSFETs with vertical Gaussian doping profile in 
the channel is also proposed. The model is 
developed based on two gradual Gaussian doping 
profiles at the source and the drain ends and further 
reduced to a useful compact expression. The effects 
of doping profile parameters and device parameters 
on the threshold voltage and drain current of the 
DHDMG devices are discussed. The model results 
are found to be well matched with the device 
simulator DESSIS for channel lengths above 40nm. 
The present model could be useful for determining 
the subthreshold characteristics of a practical 
DHDMG n-MOSFET where a Gaussian like doping 
profile is expected to occur due to many 
implantation techniques being used during 
fabrication process. 
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