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Abstract—This work presents an analytical quasi-ballistic 

model for Surrounding Gate (SRG) MOSFETs. It is 

assumed that the charges have ballistic (which is constant 

along the channel) and diffusive (which depends on the 

location along the channel) components. Using the 

Mckelvey’s flux theory, the ballistic component of the 

current is calculated. Also, using the concept of mean free 

path, total channel current is calculated from the ballistic 

component. Then, the extracted current model is used to 

model the DIBL and Subthreshold Slope (SS) of the device 

analytically. It is shown that if the device is ballistic, 

changing the channel length and biases will not alter the 

DIBL and SS considerably and they remain nearly constant. 

The SS will be around its ideal value, 60mV/dec. This 

behavior of the ballistic devices is useful in designing the 

fabrication process.  

 

Index Terms—ballistic, drift-diffusive, DIBL, subthreshold, 

surrounding gate MOSFET 

 

I. INTRODUCTION 

As the MOSFET dimensions scale down, the carrier 

transport becomes more ballistic rather than drift-

diffusive [1]. For short channel devices, the channel 

length becomes comparable to the mean free path of the 

carriers especially under low doping conditions, and the 

charges encounter less scattering and many of them move 

from source to drain ballistic [2]. The Surrounding Gate 

(SRG) MOSFETs shows more ballistic carrier transport 

comparing to the bulk MOSFETs as they have lower 

doping concentration which causes smaller scattering [3] 

Some models for modeling the charge, potential and 

current of quasi-ballistic double gate or surrounding gate 

MOSFETs have been introduced [2], [4]-[9]. While some 

of them have complicated models in which the model 

treats the ballistic effect with quantum mechanics of the 

carriers, some classic models have been proposed for 

describing the ballistic transport in which the model 

presents closed form expressions. For the device length 

longer than 10 nm and the channel thickness thicker than 

5 nm (which are called classic dimensions here), quantum 

mechanical effects can be neglected and the classic 

models can be used [10], [11]. 

In this paper, for a quasi-ballistic SRG MOSFET with 

classic dimensions, similar to [4], a total charge model is 

introduced as the sum of ballistic and diffusive charge 
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components. The ballistic component concentration is 

constant along the channel and the diffusive one is the 

carriers which are ballistic first at the source, and they 

become diffusive later as they move to the drain and 

scatter with the structure. So, their concentration depends 

on the location of the channel. Then, using the Poisson’s 

equation, the potential in the channel in presence of the 

ballistic charges is calculated. Also, using the flux model 

of Mckelvey [12], the ballistic component of the current 

due to the ballistic carriers is evaluated. 

Using the Mathiessen rule for the total mobility and 

considering the scattering phenomenon in MOSFETs, the 

total mobility will be composed of the mobility of the 

ballistic and diffusive carriers [8]. Considering the 

effective mobility and the mean free path of the carriers, 

the total current has been expressed as a function of 

ballistic component. 

The drain bias affects the barrier height at the source 

side and the subthreshold current is changed by the 

barrier lowering. This phenomenon is called Drain 

Induced Barrier Lowering (DIBL). Since the device is 

ballistic, we expect that the subthreshold current is 

affected by the ballistic transport of the carriers. This 

phenomenon has not been studied well in quasi-ballistic 

devices. Therefore, the two important short channel 

effects, the DIBL and the Subthreshold Slope (SS) for the 

quasi-ballistic SRG MOSFET are calculated and closed 

form expressions for them are extracted. Simulation 

results show that if the device works ballistic, the SS and 

DIBL remain nearly constant even, if the device length or 

biases are changed. Also, the SS will be around its ideal 

value of 60mV/dec. This results of the ballistic transport 

of carriers show that they will be good candidate in 

digital circuit design as they subthreshold current does 

not change considerably as the device parameters are 

changed. Finally, the results of the proposed method are 

verified by simulating the device by Atlas TCAD [13]. 

II. CHARGE AND POTENTIAL MODEL 

A. The Ballistic Charge Model 

For the quasi-ballistic SRG MOSFET of Fig. 1, it is 

considered that the total carrier concentration in the 

channel, ( )n z , includes: 1) a constant intrinsic ballistic 

part along the channel (with the concentration 
bn ) and 2) 

the carriers which are ballistic at the source and when 
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they defuse in the channel, they will scatter (with the 

concentration 
dn ). 

 

Figure 1.  The structure of the quasi-ballistic surrounding gate 
MOSFET. 

Therefore, 
bn remains constant along the channel 

while 
dn depends on the position. Similar to [4], we write 

   b dn z n n z                          (1) 

where 
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where 
0dn is the density of carriers at the source which 

are not ballistic and L is the channel length. However, 

the carrier concentration changes rapidly near the source 

and the drain ends in the channel. So, (2) may not be 

valid in these parts of the channel. In this paper, we focus 

on the ballistic transport in the channel far from the 

source/drain ends. So, the carrier concentration is 

considered as (2). The ballistic parameter 0 1  is 

defined as [4] 
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So, (1) is rearranged as 

   
2

2
1

2
1bn z

n z
L





 

  
 

                   (4) 

For a fully ballistic device, 1  and   bn z n while, 

for a diffusive device 0  , 0bn   and  ( ) dn z n z . 

To determine 
bn ,  from (2) and (4) we have 

0
(0) b

b d

n
n n n


                          (5) 

Equation (5) expresses that the carrier at the source is 

the sum of the carriers in equilibrium with the source and 

the carriers in equilibrium with the drain and their density 

per unit area at the source (i.e.    0 0 sin n t  ) is 

expressed as [4] 
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and (...)wLambert is the Lambert-W function. 
e ffC is the 

effective gate capacitance. 
TV  is the threshold voltage 

and 
t  is the thermal equivalent voltage. 

GSV and 
DSV are 

the gate and drain biases respectively. The effective gate 

capacitance, 
effC , is expressed as 

1
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oxC  is the gate oxide capacitance per unit area and 
dC is 

the channel body capacitance which is caused by 

inversion centroid charges in the center of the silicon 

pillar. 
IZ  is the location of the centroid which is 

measured from the center of the pillar. 
IZ is extracted by 

the method expressed in [14] for different 
sit .  

B. The Potential Model 

For the SRG MOSFET of Fig. 1, the channel potential 

 ,r z satisfies the following Poisson’s equation  
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where  n z is the carrier concentration and 
si is the 

dielectric constants of silicon. Since the transistor is 

symmetric around the Z axis,  ,r z can be expressed as 

        2

0 1 2,r z c z c z r c z r             (11) 

with the following boundary conditions 
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where ox is the dielectric constants of the SiO2. FBV  is 

the flat-band voltage of the gate/oxide interface and 

 C z and  S z  are the center and surface potentials 

respectively. By applying the above boundary conditions 
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to (11) and arranging the result for  C z  and 

substituting the resultant equation in (10), the following 

differential equation for  C z  is achieved 
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Also the relationship between the surface and center 

potentials are achieved as 
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The boundary conditions for (15) are 

   0 ,C bi C bi DSV L V V              (18) 

Solving (15) with the boundary conditions of (18) 

gives the central potential as 
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where 
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Combining (11), (17) and (19), the final potential of 

the quasi-ballistic SRG MOSFET is achieved. 

III. SUBTHRESHOLD SLOPE AND DIBL 

In the short channel MOSFETs, the large drain bias 

(larger than 4 t ) affects the barrier height at the source 

side and the subthreshold current is changed by the 

barrier lowering. This phenomenon is called drain 

induced barrier lowering or DIBL. Also, in determining 

the subthreshold slope, the slope of the subthreshold 

current against the gate bias is evaluated. So, in modeling 

both parameters, first, we need to determine the channel 

current. 

A. The Current Model 

The total channel current is composed of the ballistic 

and drift-diffusive (nonballistic) components. Using the 

Mckelvey’s flux theory, the ballistic current is expressed 

as [12]  

, ,
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where ( )z is the carrier velocity along the channel 

which is [12] 
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and W is the channel width, k is the Boltzmann constant, 

T is the temperature, 
iF  is the Fermi integral of order i, 

,f sE denotes the source side Fermi level and ( 0)z   is 

the average carrier velocity at the top of the source side 

barrier. Since 
1/ 2F  does not have a closed-form 

expression, using the approximated Boltzmann 

distribution function, the ballistic current can be 

approximated as [12] 
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The parameter A  is a fitting factor for compensating 

the approximation and it affects the sharpness of the I–V 

curves between the linear to saturation regions. Using the 

Mathiessen rule for the total mobility and considering the 

scattering phenomenon in MOSFETs, the total drain 

current can calculated as [8], [9] 

DS BallisticI I
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where  is the mean free path. For nondegenerate 

channel 1  and for degenerate channel 0.66   [12]. 

B. The Subthreshold Slope Model 

The Subthreshold Slope (SS) for the SRG MOSFET is 

defined as log( )GS DSV I  . Considering (24) we have 
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C. The DIBL Model 

The DIBL is defined as [15] 
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Applying (27) to (24), gives the DIBL as 
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IV. RESULTS AND DISCUSSIONS 

The SRG MOSFET of Fig. 1 with 5nmsit  , 

1nmoxt  , 15 -31 10 cmAN   , 20 -31 10 cmDN   and 

4.6eVm  was simulated. Fig. 2 and Fig. 3 show the 

central potential for 100nmL  and 50nmL   

respectively,. Considering the figures, it is inferred that 

for the same biases,   has larger value for the shorter 

channel device which resembles that in these devices, the 

carriers have more ballistic transport than the drift-

diffusive one. Also, the ballistic transport occurs more for 

larger 
GSV since  has larger value.  

 

Figure 2.  Central potential, L=100nm, VDS=0.5V.  

 

Figure 3.  Central potential, L=50nm, VDS=0.5V.  

In Fig. 4, the ballistic and the diffusive components of 

the current for different channel lengths have been shown. 

It is inferred from the figure that as the channel length 

decreases, the ballistic transport of the carriers dominates 

the diffusive one and the ballistic component of the 

current will have larger value. 

 

Figure 4.  Ballistic and diffusive components of the current, VDS=0.5V  

The reason is that for shorter channel lengths, the drain 

bias lowers the potential barrier at the source/channel 

more which speeds up the carrier transport and results in 

higher ballistic current.  

Fig. 5 shows the SS for the SRG MOSFET.  

 

Figure 5.  Subthreshold slope for different channel lengths, VGS=0.2V. 

It is inferred from the figure that the drain bias and 

device length does not change the SS notably and it is 

nearly constant around its expected value of 60 mV/dec. 

This is because that the SRG MOSFET behaves ballistic. 

In other words, if the carriers move ballistic along the 

channel as it is assumed in this manuscript, then the SS is 

nearly constant around the ideal value of 60mV/dec. 

Fig. 6 shows the DIBL for different channel lengths. If 

the device behaves ballistic, the drain bias will not alter 

the carrier transport from the source to drain notably and 

the DIBL remains nearly constant for different channel 

lengths. 

Totally, from Fig. 5 and Fig. 6, it is inferred that if the 

device is fabricated in a way that a large part of carriers 
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move ballistic, then the DIBL and SS are kept constant 

even if the biases and the channel length are changed 

which may be useful in VLSI technology. 

 

Figure 6.  DIBL for different channel lengths. 

V. CONCLUSIONS 

In this paper, an analytical model for quasi-ballistic 

transport of carriers in the channel of a surrounding gate 

MOSFET was extracted. Unlike the complicated models 

which consider quantum effects, the proposed method has 

classic form and works well for the devices with channel 

lengths longer than 10 nm above which the quantum 

effects can be neglected. The concentrations of ballistic 

and diffusive carriers were calculated and the central 

potential was achieved. Also the ballistic and drift-

diffusive components of the channel current, the SS and 

the DIBL were calculated. It was shown that when the 

channel shrinks, the ballistic transport occurs more than 

the diffusive one and the ballistic component of the 

current will have larger value than the diffusive one. Also, 

it was shown that if the device works ballistic, the DIBL 

and SS are not altered notably by shrinking the device 

length and changing its biases. The extracted SS for 

different channel lengths was near its ideal value, i.e. 

60mV/dec. It means that by proper selection of the 

fabrication parameters, we can fabricate quasi-ballistic 

devices with different channel lengths which exhibit 

nearly constant DIBL and ideal SS.  
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