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1.Introduction 
Due to the intensification of the short channel effect 

(SCE) by the decrease in the size of the transistor, the 

research on the structure of the 3D transistor to 

reduce it has been very advanced [1−6]. The most 

commonly used FinFET has a tri-gate structure, and 

the channel is surrounded by three sides, and the flow 

of carriers in the channel can be controlled by using 

three gate terminals [7−12]. The more complete 

structure is the cylindrical structure [13−17]. The 

advantage is that the SCE can be very effectively 

reduced by surrounding the entire channel with a gate 

to control the flow of carriers in the channel. The 

cylindrical structure metal oxide semiconductor field 

effect transistor (MOSFET) can eliminate corner 

effects and realize high packing density due to the 

improved amount of current [18−19]. In particular, it 

is structurally operated in a volume conduction mode 

when a cylindrical MOSFET is fabricated in a 

junctionless structure. Thus, reducing surface 

roughness scattering that occurs in junction-based 

MOSFETs, enabling faster switching operation 

[20−24].  
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In addition, in the case of junctionless MOSFETs, the 

process is easy because the abrupt junction that 

occurs during the process can be avoided [25−30]. 

Based on these advantages, this study will analyze 

the subthreshold swing (SS) among SCEs for 

junctionless cylindrical surrounding gate (JLCSG) 

MOSFETs. 

 

Even for a JLCSG MOSFET, SCEs such as an 

increase in tunneling current, a decrease in SS, a 

threshold voltage roll-off, and an increase in drain 

induced barrier lowering (DIBL) is inevitable 

physical phenomena when the transistor size 

decreases. In the case of a junctionless or junction-

based cylindrical MOSFET, many researchers have 

analyzed the characteristics below the threshold 

voltage when the channel has a constant doping 

distribution [31−36]. In particular, Li et al.[37] 

divided channels or gates into 2-3 sections to observe 

changes such as SS and threshold voltage roll-off, 

and Lagraf et al. [38] divided the channels into 3 

sections and compared the changes in threshold 

voltage and SS according to the ratio of each section 

using only constant doping distribution. However, in 

practice, the doping process is performed as a 

diffusion or ion implantation process, and it is very 

difficult to make the doping distribution constant 
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within the channel due to the nature of the process. 

At this time, it is known that the doping distribution 

shows a Gaussian distribution. Therefore, using the 

doping distribution formed by the actual doping 

process, the potential distribution should be obtained 

and the SCEs should be analyzed. In order to obtain 

the potential in the channel using the Gaussian 

distribution function, the doping distribution function 

of the right hand in the Poisson equation must be 

described as the Gaussian function. It is difficult to 

obtain the analytical integral value of the Gaussian 

distribution function, so instead many researchers use 

the Gaussian-like doping profile [39−41]. 

 

This paper intends to present the analytical SS model 

of the JLCSG MOSFET with the doping distribution 

of the Gaussian function. Firstly, the Poisson 

equation is solved using the original Gaussian 

distribution function rather than the Gaussian-like 

doping profile to obtain the potential distribution for 

the JLCSG MOSFET. To this end, an approximating 

approach will be discussed since the Gaussian 

distribution function cannot be integrated directly. An 

analytical SS model will be presented using the 

potential distribution obtained in this way. The 

Gaussian distribution function has variables of the 

projected range and straggle, so the change of the SS 

will be analyzed for the change of these two 

variables. The results of this model will be compared 

with the case of uniform doing obtained by 3-D 

numerical device simulator DESSIS and other paper 

[42] to show the validity. 

 

This paper is organized as follows: In sections 1 and 

2, the necessity of Gaussian doping profile in the 

Poisson equation to accurately interpret the SS will 

be introduced, and the direction of this paper will be 

described while referring to related literatures. 

Section 3 will explain the overall flow of this paper 

and the structure of the JLCSG MOSFET. And the 

potential distribution will be derived in an analytical 

form when the Gaussian doping profile is used in the 

Poisson equation, and the analytical form of SS will 

be presented using this potential distribution model. 

In section 4, we will prove the validity of this 

analytical SS derived from section 3 by comparing it 

with the results of DESSSIS, and use this model to 

analyze the SS according to the change of the 

projected range and straggle, parameters of the 

Gaussian doping profile. Section 5 and 6 will discuss 

the results of section 4, and conclude by explaining 

the usefulness and limitations of this model. 

 

 

2.Literature review 
When ion implantation, an essential process in 

MOSFET fabrication, is used, the doping distribution 

is distributed like a Gaussian function. However, 

many studies have solved the Poisson equation by 

simply assuming a constant doping distribution due 

to the complexity of the calculation. Nevertheless, 

some studies have tried to solve the Poisson equation 

using the Gaussian doping profile. However, when 

solving a differential equation such as the Poisson 

equation, the integration of the Gaussian function 

becomes impossible. Therefore, a Gaussian-like 

doping profile is used. 

 

Singh et al. [43] analyzed the threshold voltage using 

a Gaussian-like doping profile in junctionless double 

gate MOSFET. At this time, the change in the 

threshold voltage and DIBL for the projected range 

and straggle, which are variables of the Gaussian-like 

doping profile function, was analyzed. The advantage 

of using a Gaussian-like doping profile is that the 

solution can be analytically and easily obtained by 

solving the Poisson equation. Singh et al. using this 

model, suggested that the threshold voltage decreases 

as the straggle increases. 

 

Sood et al. [44] solved the Poisson equation using the 

Gaussian distribution function in the case of the 

cylindrical MOSFETs, but only analyzed the 

potential distribution qualitatively. In particular, they 

used the approximation of the Taylor series 

expansion for Gaussian doping profile, but focused 

on the one-dimensional potential distribution in the 

radial direction by solving the Poisson equation in the 

radial direction of the cylindrical channel. However, 

not only the one dimensional solution to Poisson 

equation but also the two dimensional solution to the 

homogenous Laplace equation are to be obtained 

using the superposition method in this paper. In this 

way, the potential distribution in the channel length 

direction as well as in the radial direction can be 

obtained. 

 

Mehta and Kaur [45] analyzed subthreshold 

behaviors for only double gate MOSFETs using 

Gaussian doping profile. However, in the case of a 

double-gate MOSFET, there are only two gate 

terminals that can control the carriers in the channel. 

As described above, the JLCGS MOSFET with the 

gate terminal covering the entire channel is a 

transistor that can reduce SCE than the double gate 

MOSFET, and TSMC and Samsung Electronics are 

doing their best to develop the JLCSG MOSFET 
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[46−47]. Therefore, future research on JLCSG 

MOSFETs will be very important. 

 

Banerjee et al. [48] analyzed the SCEs such as 

threshold voltage, subthreshold swing and DIBL of a 

dual gate material JLCSG MOSFET using a Gaussian 

function. However, they also used the parabolic 

potential approximation to obtain the potential 

distribution in the channel direction. In particular, 

only junction-based MOSFETs with problems such 

as abrupt doping profile changes occurring at the 

channel and source/drain junctions in the 

miniaturization process were analyzed. 

 

As can be seen from the above literature reviews, 

many researchers are trying to present a model for 

accurate SCEs analysis of JLCSG MOSFETs. It is 

clear that JLCSG MOSFET will play a very 

important role as a next-generation semiconductor 

device, so accurate analysis of it is essential. 

However, the analysis using the Gaussian doping 

profile, which is indispensable in the doping process, 

is insufficient. This is also due to the difficulty in 

integrating the Gaussian doping profile. To solve this 

problem, the goal of this paper is to solve the Poisson 

equation by approximating the function generated 

from the integration of the Gaussian doping profile 

with a Taylor series, and to obtain an analytical SS 

model using this potential distribution. 

3.Methods 
3.1Overview for presentation of the analytical SS 

model of JLCSG MOSFET with gaussian 

doping profile 

The purpose of this paper is to present an analytical 

SS model for analyzing SS among SCEs of JLCSG 

MOSFETs with Gaussian doping profile as shown in 

Figure 1. For this, we must first find the analytical 

form of potential distribution. The potential 

distribution is composed of the sum of ф1(r), which is 

a one-dimensional solution, and ф2(r,z), which is a 

two-dimensional solution. At this time, the Poisson 

equation was solved analytically using the Gaussian 

doping profile. However, since the integral of the 

Gaussian function is analytically difficult when 

solving the Poisson equation, it was solved using an 

approximate equation by Taylor's series to derive 

ф1(r). Using the analytical potential model obtained in 

this way, the analytical SS model was presented 

according to the definition of SS. At this time, reff, the 

conduction path and zmin, the z-value of the minimum 

potential were used. The validity of the presented 

analytical SS model will be verified by comparing it 

with the results of DESSIS and other paper. Using 

this model, changes in SS with respect to the 

projected range Rp and straggle σp will be considered. 

More details are provided in the next section. 

 

 
Figure 1 Block diagram of approach to present the analytical SS model for JLCSG MOSFET with Gaussian doping 

profile 
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3.2Extraction of potential distribution using 

Gaussian distribution function 

Figure 2 shows the schematic diagram of the JLCSG 
MOSFET. The source and drain is doped with n

+
 

type, and the channel is doped with a high 

concentration of n-type with Gaussian doping profile, 

and a metal with ϕm =4.7 eV is used as the gate metal. 

The Lg is the length of the channel, R is the radius of 

the silicon, and tox is the gate oxide thickness, and 

SiO2 is used as gate oxide. The Vgs, Vds, and Vs 

represent a gate voltage, a drain voltage, and a source 

voltage, respectively. At this time, the potential 

distribution of the JLCSG MOSFET is obtained using 

the following Poisson Equation 1.  

 

 
Figure 2 Schematic diagram of the JLCSG MOSFET 
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Here,     is the dielectric constant of silicon, Np is the 

peak doping concentration and 10
18

/cm
3
 is used, Rp is 

the projected range, and σp is the straggle to 

determine the shape of the Gaussian distribution 

function. Using the superposition technique, the 

electrostatic potential in channel region can be 

expressed as follows (Equation 2). 

1 2( , ) ( ) ( , )r z r r z   
   (2)

 

 

Here ϕ1(r) is the one dimensional solution to 

Poisson's equation and ϕ2(r,z) is the two dimensional 

solution to the homogenous Laplace equation, which 

can be expressed as follows (Equation 3 and 4). 
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First, the following boundary condition is used to 

obtain ϕ1(r) (Equation 5). 
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where ϕms is the difference in work function between 

metal and semiconductor. The Cox can be expressed 

as follows (Equation 6). 
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And the integral constant C is as follows using the 

boundary condition of Equation 5. 
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Dividing Equation 7 by r and then integrating once, 

the following equation can be obtained. 
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(9) 

where the D is constant. Since this integration cannot 

be expressed in an explicit form, it is approximated 

using the Taylor's series of exp and erf functions and 

then integrated. That is, if we rewrite Equation 9 
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using the approximation equation, it can be written as 

(Refer to Appendix I for function An) 
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Using Equations 5 and 10, the integral constant D can 

be calculated as follows. 
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Substituting Equations 8 and 11 into Equation 10, 

ϕ1(r) can be obtained. Since the method of obtaining 

ϕ2(r,z) using Equation 4 is independent of the doping 

distribution, it can be obtained by using the variable 

separation method and ϕ2(r,z) can be derived from 

Gupta [49], method using the Fourier-Bessel series as 

follows. 
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where n  is eigenvalues that satisfy the following 

equation. 

0 1( ) ( ) 0si
n n n

ox

RJ J
C


   

  (13)

 

The Cn and Dn are obtained using the following 

boundary conditions in Equation 12. 
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Here, Vds is the drain voltage and the source is 

assumed to be grounded. At this time, because the 

first term dominates the whole series due to rapid 

decay of the Fourier-Bessel series, ϕ2(r, z) is 

described with the C1 and D1  as follows.  
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Substituting Equations 10 and 15 into Equation 2, we 

can obtain the potential distribution of the JLCSG 

MOSFET with Gaussian distribution in the channel. 

Figure 3 shows the potential distribution obtained 

using Equations 2, 9, and 15. As can be seen in 

Figure 3, the potential distribution within the channel 

changes according to the projected range Rp and 

straggle σp, so the SS will also change according to 

the two variables.

  

 

Figure 3 Potential distributions in the channel of 

JLCSG MOSFET with the projected range and 

straggle as parameters in the case of Vds=0.5 V, 

Vgs=0.1 V and tox=2 nm 
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3.3 SS model extraction

 The SS is defined as the change of the gate voltage 

when the drain current changes one order. Since the 

drain current is proportional to e 
qϕmin/kT

, it can be 

written as follows (Equation 17).    

1

min( , )
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T
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Here, the reff  is the conduction path, and it is known 

that most of the current flows to the center when the 

JLCSG MOSFET has a uniform doping distribution. 

However, the conduction path is a variable obtained 

by Equation 18 when the doping distribution in the 

channel has a Gaussian distribution function. 
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Here, the zmin is the z value where the minimum 

potential exists in the conduction path, so it can be 

calculated as follows if Equation 19 is solved. 
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In Equation 17, the derivative term can be found as 

follows.  
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     (21) 
Substituting Equation 21 into Equation 17, the SS of 

the JLCSG MOSFET with Gaussian doping profile 

can be analytically obtained according to the 

projected range and straggle. The derivative value for 

Vgs on the right side of Equation (21) is shown in 

Appendix II. Table 1 summarizes the device 

parameters used in this paper. 

 

Table 1 Device parameters for this analytical SS model 

Device parameter Symbol Value 

Channel length Lg 20-60 nm 

Channel Radius R 6-10  m 

SiO2 thickness tox 2 nm 

Doping concentration Nd 1018 /cm3 

Straggle σp 2-10 nm 

Projected range Rp 2-6 nm 

 

4.Results  

First, in order to verify the validity of the model 

presented in this study, Figure 4 shows the results of 

the Li's SS model [42] and DESSIS in the case of 

uniform doping. In the case of uniform doping in 

Figure 4, the doping concentration is 10
18

/cm
3
. As 

can be seen from Figure 4, the results of this SS 

model were in good agreement with the results of Li's 

model and DESSIS. When using the Gaussian doping 

profile, it can be observed that the SS changes 

according to the change of the straggle and the 

projected range that determines the shape of the 

distribution function.  

In order to observe the change of the SS according to 

the change of the projected range and straggle in more 

detail, Figure 5 shows a contour graph of the SS 

according to the change of the projected range and 

straggle in the case of channel lengths of 20 nm and 30 

nm, a silicon radius of 10 nm, and a gate oxide 

thickness of 2 nm. As can be seen in Figure 5, the SS 

increases as the projected range increases. However, 

the change of SS with respect to the change of straggle 

is observed differently according to the range of the 

projected range. In other words, the SS increases as the 

straggle increases in the range where the projected 

range is less than 1/2 of the silicon radius that is Rp 
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<R/2, but the SS decreases as the straggle increases in 

the range of Rp> R/2. In addition, the change in SS 

appears more severe as the projected range increases, 

and the change in SS appears smaller as the straggle 

increases. In particular, the SS is shown regardless of 

straggle at Rp=R/2. In other words, we can find that the 

straggle is no longer an important variable for SS when 

the peak of the doping profile is in the middle of the 

silicon radius. As can be compared with Figure 5(a) 

and (b), it can be seen that the SS changes rapidly 

according to the projected range when the channel 

length decreases, and the change of SS with respect 

to the projected range becomes gentle when the 

channel length increases. If the straggle is more than 

5 nm at Lg=30 nm, it can be observed that the change 

in SS is about 10% depending on the projected range. 

Therefore, as the channel length decreases, the SS 

changes greatly according to the projected range and 

straggle, so attention should be paid to the design of 

the JLCSG MOSFET. Note a sharp change in SS can 

be observed in the region of Rp>R/2 when the channel 

length is reduced. 

 

 
Figure 4 Comparison of SS versus channel length among this model (black lines), Li’s model [42] (red lines), and 

DESSIS (dots) with the silicon radius as a parameter under the given conditions 

 

 
                       (a)                                                                              (b) 

Figure 5 Contours of SSs for projected range and straggle under the given conditions at (a) Lg=20 nm and (b) Lg=30 

nm 

 

In Figure 4, it can be observed that the smaller the 

channel length and the larger the silicon radius, the 

more the SS changes according to the straggle. The 

change of the SS according to the straggle is shown in 

Figure 6 with the silicon radius and the projected 

range as parameters when the channel length is 20 nm. 

In Figure 6 (a) and 6 (b), the SS increases as the 

silicon radius increases, and the SS significantly 

changes according to the change of the projected 

range. However, not only the SS decreases, but also 

the change of the SS according to the projected range 

decreases when the silicon radius decreases. The 

change of the SS according to the projected range is 

very small when R=6 nm, compared to the case of 

R=10 nm. As described above, since R =10 nm and Rp 

=5 nm in Figure 6(a) is the condition of Rp=R/2, so the 
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SS according to the change of straggle is observed 

almost constant. Similarly, since R=6 nm and Rp=3 nm 

in Figure 6(b) satisfies the condition of Rp=R/2, the SS 

according to the change of straggle is observed almost 

constant. In addition, it can be observed that the 

change trend of the SS with respect to the straggle 

changes with Rp=R/2 as the turning point. As the 

straggle increases, the change in the SS for the 

projected range change is very small. Also, the SS 

decreases as the projected range and straggle decrease, 

which can be observed in Figure 6(a) and 6(b). In 

order to examine the change of the SS for the straggle 

in more detail, Figure 7(a) and 7(b) are shown with the 

projected range and silicon radius as parameters. 

 

 
Figure 6 The SSs for the straggle with the silicon radius and projected range as parameters in the case of (a) R=10 nm 

and (b) R=6 nm under the given conditions 

 

 
Figure 7 The SSs for the projected range with the silicon radius and straggle as parameters in the case of (a) R=10 and 

(b) R=6 nm under the given conditions 

 

Comparing Figure 6 and Figure 7, the SS increases as 

the projected range increases. However, in the case of 

R=10 nm in Figure 7(a), it can be observed that the 

magnitude of the SS changes according to the straggle 

with the turning point of Rp=R/2. This phenomenon is 

also observed in the case of R=6 nm in Figure 7(b). In 

addition, as explained in Figure 6(a) and 6(b), it can be 

observed in Figure 7(a) and 7(b) that the SS shows a 

constant value at points of Rp=R/2 regardless of the 

straggle value. 

The SS is ultimately a measure of how well the gate 

voltage can control the flow of carriers. Therefore, the 

closer the conduction path reff is to the gate terminal, 

the easier the control of conduction electrons by the 

gate voltage will be and the SS will decrease further. 

In order to examine this relationship, the change of 

conduction path for R=6 nm and 10 nm in the case of 

channel length of 20 nm is shown in Figure 8 as a 

contour graph for the projected range and straggle. 

Comparing Figure 5 and Figure 8(a), it can be 
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observed that the shape of the change is almost similar. 

That is, it can be seen that the conduction path is also 

fixed at almost 5 nm regardless of the straggle change 

at Rp=5 nm in the case of R=10 nm in Figure 8(a). In 

addition, as the projected range increases and the 

conduction path gets closer to the central axis, the SS 

increases as it moves away from the gate terminal as 

shown in Figure 5. Note that, unlike in the case of 

uniform doping, the doping distribution changes 

according to the projected range and straggle in the 

case of Gaussian doping profile. This phenomenon can 

be observed even in the case of R=6 nm as shown in 

Figure 8(b). That is, in the case of Rp=3 nm, the 

conduction path is also constant at 3 nm regardless of 

the straggle. Therefore, as can be seen from Figure 

7(b), it shows a constant SS value at Rp=3 nm 

regardless of the straggle. 

 

 
Figure 8 Contours of conduction paths for the projected range and straggle under the given conditions in the case of (a) 

Lg=20 nm, R=10 nm, and (b) Lg=20 nm, R=6 nm 

 

5. Discussions 
In this paper, an analytical SS model is presented to 

analyze the SS of JLCSG MOSFETs with Gaussian 

doping profile. Since it is difficult to obtain a uniform 

doping distribution in the actual doping process, the 

SCEs must be analyzed using the Gaussian doping 

profile. As the Gaussian function is affected by the 

projected range and the straggle, the resulting SS will 

also change according to these two variables. In this 

paper, the Poisson equation is solved using the 

Gaussian doping profile that changes according to the 

projected range and straggle, and the analytical 

potential distribution obtained at this time is used to 

derive the analytical SS model according to the 

definition of SS. As a result, within the useful range 

of the projected range and straggle of this model, the 

results of DESSIS and other papers were in good 

agreement with those of this model, so this model 

could be used to analyze the SS of JLCSG 

MOSFETs. As a result of the analysis, the SS was 

greatly affected by the projected range value if the 

straggle was small. That is, in the case of Lg = 20 nm 

and R = 6 nm, it can be seen that the SS increases 

from 89.5 mV/dec at the projected range of 2 nm to 

106.5 mV/dec at the projected range of 4 nm if the 

straggle is a relatively small value of 2 nm. However, 

it can be seen that the SS only increases from 94 

mV/dec at the projected range of 2nm to 99 mV/dec 

at the projected range of 4nm when the straggle 

increases to 4nm. In particular, it can be seen that the 

SS is constant regardless of the straggle value when 

the straggle value is 1/2 of the channel radius. The 

channel length has a great influence on the SS. It can 

be seen that not only SS increases when the channel 

length is decreased, but SS also changes significantly 

with changes in projected range and straggle. That is, 

if the straggle is 3 nm, the SS changes from about 

150 mV/dec to 500 mV/dec when the channel length 

is 20 nm, the channel radius 10 nm, and the projected 

range changes from 2 nm to 6 nm. However, it can be 

seen that the SS changes from 84 mV/dec to 105 

mV/dec under the same conditions when the channel 

length increases to 30 nm. In this paper, simulations 

were made for a channel length of 20-60 nm, a 

channel radius of 6-10 nm, and a gate oxide thickness 

of 2 nm. If the channel length is reduced to less than 

10 nm, the quantum mechanical tunneling effect 

should be included. 

 

A complete list of abbreviations is shown in 

Appendix III. 
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5.Conclusion  
In this study, the change of SS among the SCEs of 

the JLCSG MOSFET with Gaussian doping profile 

was analyzed according to the projected range and 

straggle that determine the shape of the Gaussian 

doping profile. To this end, an analytical SS model 

using a potential distribution model was presented, 

and the validity of this model was verified by 

comparing the results of other papers and 2D 

simulation results. As a result of the analysis, it was 

observed that the SS increased and the rate of 

increase changed with straggle as the projected range 

increased. In other words, it can be seen that the SS 

decreases when the projected range and straggle 

decrease at the same time. In particular, when the 

projected range was placed at 1/2 of the silicon 

radius, it showed a constant SS regardless of the 

straggle. It was found that the factor that has the 

greatest influence on the SS value is the conduction 

path. The SS decreases as the conduction path 

approaches the gate contact, and it is found that the 

SS increases significantly due to the decrease in the 

control ability of the conduction electrons for the gate 

voltage, the further away from the gate contact. 

Therefore, in order to reduce the SS, the projected 

range and straggle value should be reduced to keep 

the conduction path as close to the gate contact as 

possible. This paper investigated only the case where 

the channel length is more than 20 nm, and if it 

becomes smaller than this, a model including 

quantum tunnelling phenomenon will be needed. In 

addition, if the doping profile is changed by the 

development of the doping process, a model 

corresponding to it should be presented.  
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Appendix I Function A 

In (10), the An function can be expressed as follows. 
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Appendix II Differential term for Vgs in (21)  
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Appendix III 
S. No. Abbreviation Description 

1 3D Three Dimension 

2 DESSIS Device Simulation for Smart 

Integrated  Systems 

3 DIBL Drain Induced Barrier Lowering 

4 JLCSG Junction Less Cylindrical Surrounding 

Gate 

5 MOSFET Metal-Oxide-Semiconductor Field 
Effect Transistor 

6 SCE Short Channel Effect 

7 SS Subthre shold Swing  

 
 

 


