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Abstract: - The paper presents a two-dimensional 

(2D) model for the potential distribution and 

threshold voltage of symmetric double- gate 

MOSFETs (DG MOSFETs) with a Gaussian doping 

profile in the vertical direction of the channel. The 

2D Poisson’s equation is solved with suitable 

boundary conditions in the channel region to obtain 

the channel potential of the device.  The expression 

for the threshold voltage is obtained by calculating 

the total charge crossing the virtual cathode and 

setting its value equal to the peak channel doping. 

The threshold voltage dependence on the channel 

length, channel doping, silicon channel thickness and 

gate oxide thickness are also discussed. The results 

are well matched with the simulation results obtained 

by using the commercially available 2D ATLAS
TM

 

device simulator. 
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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 range. The 

controllability of the gate voltage on the channel 

charge degrades severely as a result. Double- Gate 

(DG) MOSFETs are the good candidate to replace 

the conventional MOSFETs in this particular region 

because of their excellent immunity to the short 

channel effects [1-8]. The roles of threshold voltage 

become increasing important with IC applications 

targeting low-voltage, low-power and high speed 

applications. Various attempts have been made to   

 

model the threshold voltage of DG MOSFETs [9-13]. 

Bhattacherjee et al. [9] presented a threshold voltage  

model by considering the minimum channel potential 

equal to the twice of Fermi voltage.  The short 

channel threshold voltage models of DG MOSFETs 

presented by Tsormpatzoglou et al. [10]  and  Hamid 

et al. [11] considered the threshold voltage as a gate 

voltage at which the minimum carrier charge sheet 

density invQ  reaches a value THQ  adequate to 

achieve the device  turn-on condition. The threshold 

voltage model reported by Kang et al. [12] included 

the effect of localized charges in the device.  Kranti 

et al. [13] included the effect of lateral source drain 

doping gradient and the spacer width on the threshold 

voltage.  However, all the models discussed above 

for DG MOSFETs are based on the assumptions of a 

uniformly doped channel of the device. Recently, 

Zhang et al. [14] has reported a 2D model for the 

potential distribution and threshold voltage of fully 

depleted SOI MOSFETs with a vertical Gaussian 

profile in the channel.  It may be mentioned that the 

practical MOSFETs have a 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. Thus, modeling of 2D potential 

distribution and threshold voltage with a Gaussian 

doping profile may provide some better physical 

characteristics of real DG MOSFETs.  

This paper presents a 2D model for potential 

distribution and threshold voltage with a Gaussian 

distributed channel doping profile along the vertical 

direction of the channel with profile parameters pR  

and pσ as projected range and straggle respectively. 

For the symmetricity of the device structure, the peak 

of the profile is assumed to be located at the middle 

of the channel thickness. The model solves the 2D 
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Poisson’s equation with suitable boundary conditions 

to obtain the potential distribution function in the 

channel. The threshold voltage expression is obtained 

as the gate voltage at which the sum of electron 

density at the back and front surface equals the peak 

doping density of the silicon channel as considered in 

[15]. The effects of channel length, silicon film 

thickness and the gate oxide thickness on the 

threshold voltage are also discussed. Our model 

results are found to be well matched with the 

simulation results obtained by the commercially 

available ATLAS
TM

 [16] 2D device simulator. 

 

 

2 Theoretical model 
The schematic structure of a DG MOSFET used for 

our analysis and simulation is shown in Fig.1 

where L , sit  and oxt are the gate-length, channel 

thickness and gate-oxide thickness of the device 

respectively. The x- and y- axes of the 2D structure 

are considered to be along the source-channel 

interface and channel-upper oxide interface as shown 

in the figure. 

 
Fig.1: Schematic structure of symmetric DG MOSFET. 

 

Let )(xNb be the vertical doping profile in the p-type 

SOI film. We can express  )(xNb  as [14] 
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where, pN  is the doping concentration at the 

projected range pR  with a straggle pσ .   

Let ),( yxψ  be the 2D potential distribution function 

in the channel. Now, ),( yxψ  can be obtained by 

solving 2D Poisson’s equation   
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where sψ  is the channel surface potential , siε  is the 

permittivity of silicon, oxε is the permittivity of the 

gate-oxide SiO2, biV is the built-in potential, fbV  is 

the flat-band voltage, GV  is the gate-source voltage 

and DSV is the drain-source voltage. 

By introducing a variable τ   as

p
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Using the method proposed by Zhang et al [14], the 

modified 2D Poisson’s equation described by Eq. (8) 

can be solved to express the 2D channel potential 

function ),( yτψ  as  
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where   )(0 yC , )(1 yC and )(2 yC are arbitrary 

functions of y to be determined by using the 

modified boundary conditions described by Eqs.(9)-

(11) and  
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is called the error function. 

Applying the boundary conditions described by Eqs. 

(9) to (11) in Eq. (15) we obtain 
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To find the surface potential sψ , solving the Poisson 

equation described by Eq. (8) at the  upper Si-SiO2
 

interface gives 
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With the help of Eqs.(15) (17) and(18), Eq.(22 )can 

be modified as 
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is called the characteristic length associated with the 

surface potential sψ .  

Equation (23) can be solved to obtain the surface 

potential as 
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where 1k  and 2k  are arbitrary constants.   Using the 

boundary conditions described by Eqs. (12) and (13) 

in Eq.(25), 1k  and 2k  can be expressed as 
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From Eqs.(15), (17), (18),(19)  the 2D channel 

potential ),( yτψ can be expressed as 
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From  Eqs. (25) and (34), we can thus obtain 
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Following the method described in Ref. [15], the 

threshold voltage of short channel DG MOSFETs can 

be defined as the gate voltage where sum of the 

electron densities at the back and front surfaces after 

inversion reaches the peak acceptor doping density. 

Applying the above definition, the minimum surface 

potential can be found as  
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where TV  and in  are the thermal potential and the 

intrinsic concentration of the silicon  channel    film. 

Substituting minsψ  by ths −minψ , thG VV =  and using 

Eqs. (26)-(27) in Eq.(35), we can write   
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where thV  is assumed to be the threshold voltage of 

the short-channel DG MOSFET device. 
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It may be noted that under the limiting condition of 

∞→L (i.e. long channel device), Eq.(35) results in  
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since 01 →k  and 02 →k as ∞→L . 

Substituting Ls minψ  by  ths −minψ  from Eq.(37) in 

Eq.(39) and solving for thLG VV = , we may obtain  
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where thLV  represents the threshold voltage of the 

long-channel DG MOSFET device.  

Using Eq.(40) in (37), we can express the threshold 

voltage thV  in terms of the thLV  as 
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which can be solved to express  the threshold voltage 

of short-channel device as 
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It may be noted from (38) and (40) that thV  can also 

expressed as 
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where, 
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is the change in the threshold voltage due to short-

channel effects, which is called the threshold voltage 

roll-off of the device. 

Now, substituting ththLth VVV ∆−=  from Eq.(43) in 

the right hand side of Eq.(44), we can obtain 
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Clearly, the threshold roll-off thV∆  can be obtained 

by solving Eq.(45). However, it may be mentioned 

that for practical devices, 1>>=
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 which implies 
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be valid for the present model), we can 

approximately express the threshold roll-off thV∆  as 
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Note that 0→∆ thV  as ∞→L  (i.e. ∞→α ) 

which implies that thLth VV =  for long-channel 

device. Thus, the threshold voltage of short-channel 

DG-MOSFETs can be obtained either from Eq.(41) 

or  by using the values of thLV  and thV∆  in Eq.(42) 

from Eqs.(39) and (44) respectively. 

 

 

3 Results and discussion 
This section presents some theoretical and ATLASTM

 

simulation results of the minimum surface potential 
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( minsψ ) and threshold voltage ( thV ) of Gaussian 

doped DG MOSFETs. In Fig.2 the variation of the 

surface potential sψ  along the channel length is 

plotted for the parameter values of nm65=L ,  

nm20=sit , nm5.1=oxt , V,868.0=biV  

nm10=pR , nm5=pσ  and tungsten as a gate metal 

having work function V63.4=Φ m  and various 

combination of gate-source GV , and drain-source 

voltage DSV  .  

 
Fig.2: Variation of Si-SiO2 interface potential (surface 

potential, sψ ) along the channel length for different value 

of gate 

 

 

It is found that as the drain to source voltage DSV  is 

increased for a fixed value of GV , the minimum 

surface potential is elevated, resulting in the 

significant decrease in the channel barrier. The 

minimum surface potential minsψ  shifts towards the 

source with the increase in the drain-source 

voltage DSV . The magnitude of surface potential can 

also be elevated by applying higher gate-source 

voltage GV .  The results in Fig.2 show that the 

reduction in source-channel barrier, commonly 

known as drain induced barrier lowering (DIBL) in 

DG MOSFETs can occur due to the increase in the 

drain-source voltage as well as gate-source voltage. 

Figure 3 shows the long channel threshold voltage 

 

 

 

Fig.3. Long channel threshold voltage thLV  variation with 

the peak channel doping pN .the long channel 

threshold voltage increases rapidly after channel 

doping value of 10
17

cm
-3

. 

 

 thLV  for different doping variation pN  for the 

device parameter values shown in the figure. It is 

observed that threshold voltage is increasing with a 

slow rate up to the peak channel doping of 
317 cm10 −
 

and rises suddenly above the said doping level. It is 

because of the cancellation of the doping sensitivities 

on fbV  and minsψ from the sum of the first two 

components of Eq.(40) (see the inset in Fig.3) and 

relatively extremely low contribution by the third 

term of the said equation. While for the doping 

values higher than 
317 cm10 −
, the third term 

dominates and the thLV  rises sharply. Figure 4 shows 

the variation of threshold voltage with the channel 

length L  for three different values of peak channel 

doping and nm10=sit , nm5.1=oxt and 

nm10=pσ . The position of peak doping is fixed at 

the centre of the silicon channel to maintain the 

symmetry of device. It is clear from the Fig.4 that 

threshold voltage is going down for the shorter 

channel length devices for the constant value of the 

doping which can be explained by the charge sharing 

concept in the channel region [17]. Threshold voltage 

is also increased for the higher value of peak channel 
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Fig.4: Demonstration of threshold voltage, thV  variation 

with the device channel lengths ( L ) the three 

different values of the peak channel doping ( pN ). 

The threshold voltage thV  degrades for the lower 

device channel length and elevate for higher doping. 

The symbols are the ATLAS device simulator results 

 

 

doping pN . Figure 5 shows the threshold voltage 

roll-off, thV∆ with the channel length for the three 

different values of the silicon channel thickness 

of nm5 , nm8  and nm10 .It is observed that the roll-

off increases for the sub 60nm[11] channel length 

regime because of the dominant roles of short 

channel effects. It is also further noted that for lower 

values of silicon channel thicknesses sit , the roll-off 

in threshold voltage is relatively low compared to the 

higher channel thicknesses. The shift in the threshold 

voltage thV∆  with lower channel length L  for 

different oxide thickness is shown in the Fig.6. For 

higher gate oxide thickness, threshold voltage roll-off 

increases severely. All the presented results are well 

matched with the 2D ATLASTM simulation results 

except for 20 nm channel length. It may be 

mentioned here that the quantum mechanical effects 

(QME) could play a significant role in determining 

the subthreshold characteristics of the DG MOS 

devices with dimensions comparable with the de-

Broglie 

 

 

Fig.5: Variation of threshold voltage shift thV∆ with 

channel lengths for three different values of silicon 

channel thickness sit  of 5nm, 8nm and 10nm. Figure 

demonstrates that threshold voltage shift in DG MOSFET 

goes down for the thinner channel thickness  

 

 

 

 
Fig.6: Depiction of threshold voltage roll-off thV∆  

variation with the channel length for three different 
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values of oxide thickness. It is noted that threshold 

voltage roll off decreases severely for the higher oxide 

channel thickness. Symbols are ATLASTM simulation 

results. 

 

wavelength. The above discrepancy may be 

attributed to the QME which has been neglected for 

the simplicity of our presented model. 

 

4 Conclusion 
A two dimensional analytical model for the potential 

distribution and threshold voltage of symmetric DG 

MOSFETs with vertical Gaussian doping profile in 

the channel is proposed in this paper. The effects of 

doping profile parameters and device parameters on 

the threshold voltage of the short-channel and long-

channel devices are discussed. The model results are 

found to be well matched with the commercially 

available 2D ATLAS
TM

 device simulation results for 

channel lengths above 30nm. The present model 

could be useful for determining the subthreshold 

characteristics of a real DG 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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