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Abstract: This paper presents an analytical surface 
potential model for pocket implanted sub-100 nm n-
MOSFET. The model is derived by solving the Poisson's 
equation in the depletion region at the surface with the 
appropriate boundary conditions at source and drain. 
The model includes the effective doping concentration of 
the two linear pocket profiles at the source and drain 
sides of the device. The model also incorporates the drain 
and substrate bias effect below and above threshold 
conditions. The simulation results show that the derived 
surface potential model has a simple compact form that 
can be utilized to study and characterize the pocket 
implanted advanced ULSI devices. 
 
Keywords: Linear pocket profile, pocket implantation, n-
MOSFET, threshold voltage, surface potential, short 
channel effect (SCE), reverse short channel effect 
(RSCE).  
 

1. INTRODUCTION 
As the channel length of MOSFETs is scaled down to 
deep-submicrometer or sub-100 nm regime, we observe 
the reduction of threshold voltage with the reduction of 
channel length due to the charge sharing between the 
drain/source region and the channel [1]. Also, the off-state 
leakage current increases due to sensitivity of the 
source/channel barrier to the drain potential or drain 
induced barrier lowering (DIBL). This effect is known as 
short-channel effect (SCE). This effect arises as a result of 
two dimensional potential distribution and high electric 
fields in the channel region [2]. It can be reduced or can be 
even reversed (then it is called reverse short channel effect 
or RSCE) by locally raising the channel doping near 
source and drain junctions.  RSCE was originally observed 
in MOSFETs due to oxidation-enhanced-diffusion [3] or 
implant-damage-enhanced diffusion [4] which are very 
difficult to control. Lateral channel engineering utilizing 
halo or pocket implant [5-9] surrounding drain and source 
regions is effective in suppressing short channel effects. 
The halo or pocket implant can be either symmetrical [10] 
or asymmetrical [11] with respect to source or drain. 
Reported circuit applications include a 256 M-bit DRAM 
[12] and mixed-signal processor [13]. In fact, this pocket 

implant technology is found to be very promising in the 
effort to tailor the short-channel performances of deep-
submicron as well as sub-100 nm MOSFETs although 
careful tradeoffs need to be made between minimum 
channel length and other device electrical parameters [6].  
Solution of the Poisson’s equation in the depletion region 
of the MOSFETs is an important step in order to determine 
the surface potential. Numerical device simulators like 
MEDICI [14] can produce most accurate solutions of the 
Poisson’s equation. But analytical models that have been 
used for MOSFET device design, take less time for device 
simulation. It also provides device physics insight [15]. 
Analytical model shown in [6] does not satisfy the 
boundary conditions and device simulation results of 
MEDICI. Analytical model in [15] assume a step profile of 
pocket doping. Besides, Gaussian profile [16] and 
hyperbolic cosine function [17] were assumed for the 
pocket profile to derive the threshold voltage equations. 
But it has been observed that linear profile of pocket 
doping produce better results for threshold voltage [18].  
The previous works [15-18] are on the threshold voltage 
modelling of pocket implanted MOS devices.  
In this paper, an analytical model that can predict the 
surface potential of the sub-100 nm pocket implanted n-
MOSFET is derived assuming the linear profile of pocket 
doping. Here the 1-D pocket profile across the channel has 
been transformed to an effective doping concentration 
expression, which is used in the Gauss’s law to derive the 
model applying the appropriate boundary conditions at the 
source and drain. Simulation results show that the model 
predicts surface potential very well for various device and 
pocket profile parameters as well as various bias 
conditions, and also satisfies the boundary conditions. 
Comparison with other pocket profiles also shows the 
improvement of minimum surface potential. It proves the 
validity and usefulness of our proposed model for circuit 
simulation of next generation ULSI devices. 
 

2. POCKET DOPING PROFILE 
The pocket implanted n-MOSFET structure shown in 
Fig. 1 is considered in this work and assumed co-ordinate 
system is shown at the right side of the structure.
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All the device dimensions are measured from the oxide-
silicon interface. In the structure, the junction depth (rj) is 
25 nm. The oxide thickness (tox) is 2.5 nm, and it is SiO2 
with fixed oxide charge density of 1011 cm-2. Uniformly 
doped p-type Si substrate is used with doping 
concentration (Nsub) of 4.2×1017 cm-3 with pocket 
implantation both at the source and drain side with peak 
pocket doping concentration of 1.5×1018 cm-3 and pocket 
lengths from 20 to 30 nm, and source or drain doping 
concentration of 9.0×1020 cm-3. 

 

p-type Si 

n+ n+ 

 
Fig. 1 Pocket implanted n-MOSFET Structure 
 
The model of the conventional bulk n-MOSFET exhibits 
drastic reduction of the threshold voltage (ΔVth) from the 
long channel value beyond 100 nm. This is known as 
short channel effect. A group of analytical models, 
known as “charge-sharing” models, are found in the 
literature. But their accuracy is limited [12]. In [12], a 
model is presented that solves the two-dimensional 
Poisson equation analytically, and predicts threshold 
voltage change (ΔVth) accurately as a function of drain 
bias (VD), substrate bias (VBS), channel length (L), oxide 
thickness (tox) and substrate concentration (Nsub). This 
model is then transformed to short channel n-MOSFET 
assuming the step doping profile along the vertical 
direction of the channel. 
To preserve the long channel threshold voltage behavior 
for the short channel device, pocket implantation, which 
causes reverse short channel effect (RSCE), is done by 
adding acceptor atoms both from the source and drain 
edges. The peak pocket doping concentration (Npm) 
gradually decreases towards the substrate level 
concentration (Nsub) with pocket length (Lp) from both the 
source and drain edges. The basis of the model of the 
pocket is to assume two laterally linear doping profiles 
from both the source and drain edges across the channel 
as shown in Figs. 2-3 for substrate concentration of 
4.2×1017 cm-3 and channel length of 100 nm. The pocket 
parameters, Npm and Lp, play important role in 
determining the RSCE. 
At the source side, the pocket profile is given as: 
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At the drain side, the pocket profile is given as: 
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where x represents the distance across the channel. Since 
these pile-up profiles are due to the direct pocket 
implantation at the source and drain sides, the pocket 
profiles are assumed symmetric at both sides. 
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Fig. 2 Simulated pocket profiles at the surface for different 
pocket lengths, Lp = 20, 25 and 30 nm; peak pocket 
concentration, Npm = 1.75×1018 cm-3 
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Fig. 3 Simulated pocket profiles at the surface for various peak 
pocket concentrations, Npm = 1.25×1018, 1.5×1018 and 1.75×1018 
cm-3; pocket length, Lp = 25 nm 
 
With these two conceptual pocket profiles, the profiles 
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are integrated mathematically along the channel length 
and then divided by it to derive an average effective 
doping concentration (Neff) as in equation (3). 

( ) ( ) ( )
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Putting the expressions of Ns(x) and Nd(x) from equations 
(1) and (2) in equation (3) the effective doping 
concentration is obtained in equation (4). 
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This effective doping concentration expression will be 
used in deriving the surface potential model by applying 
Gauss’s law. When Lp << L for long channel device then 
the pocket profile has very little effect on uniform 
substrate concentration, but when Lp is comparable with 
L then the pocket profile parameters affects the substrate 
doping concentration at the surface of the n-MOSFET. 
This causes the surface potential to change and hence the 
threshold voltage (Vth). 
 

3. SURFACE POTENTIAL MODEL 
In the region under the gate oxide and at the surface of 
the MOS device, a negatively charged depletion layer is 
created when gate bias is applied. In this region, by 
applying Gauss’s law and incorporating the effect of 
substrate bias and effective doping concentration along 
the channel as obtained in equation (4), we can write 
equation (5). 
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where E, εs, εox, VGS, VBS, VFB, ψs(x), tox and q is are the 
electric field, dielectric permittivity of Si and oxide, gate 
and substrate bias, flat band voltage, surface potential, 
oxide thickness and electronic charge. η is a fitting 
parameter, and it is assumed 1 everywhere. The depletion 
layer thickness, XD is given by the expression as given in 
equation (6). 
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where ϕF is the Fermi potential due to pocket 
implantation  as well as substrate doping concentration 
and is given as follows 
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The lateral electric field is defined as 
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Therefore, from equation (5) we can write 
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Now we assume the following boundary conditions: 
1. At 0x= , i.e. at the source side, the surface potential is 

( )0s bi BSVψ ϕ −= . 
2. At x L= , i.e. at the drain end, the surface potential is 

( )s bi BS DSL V Vψ ϕ − += . 
 
After solving the 2nd order differential equation of (9) 
using the above two boundary conditions we get the 
desired complete analytical expression for the surface 
potential as follows 
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where the parameters a0, a2, b1 and c1 are given by the 
following expressions (11)-(13). 
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The complete solution is obtained by finding the transient 
solution and the particular integral using the conventional 
differential equation solution techniques and then adding 
the two solutions together. 
 

4. RESULTS AND DISCUSSION 
In order to verify the derived analytical surface potential 
model for the pocket implanted n-MOSFET, different 
types of simulations were performed.  At first, the bias 
conditions are changed and then the device parameters 
and pocket profile parameters are changed to verify our 
proposed model. Then a comparison is made with the 
other pocket profile models.  
Figure 4 shows the variation of surface potential along 
the channel for different drain biases. It has been 
observed that as the drain bias increases surface potential 
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increases at the drain side whereas it remains constant at 
the source side. It proves the validity of our assumed 
boundary conditions while deriving the model. 
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Fig. 4 Surface potential vs. channel length curves for various 
drain biases with channel length, L = 100 nm and substrate bias, 
VBS = 0.0 V 
 
From Fig. 5, it is observed that as the substrate bias 
increases in the negative direction keeping drain bias 
constant at 0 V, both sides of the curve shifts upward. 
Since when the substrate bias increases depletion charge 
increases thereby increasing the surface potential.  
Figure 6 shows the variation of surface potential along 
the channel for different gate voltages below the 
threshold voltage with channel length of 0.1 μm. It is 
observed from this figure that as the gate voltage is 
increased the peak of potential minimum shifts upward 
without changing the boundary values. The reason for 
increase of the surface potential can be attributed to the 
increase of the depletion layer charge with the gate bias. 
From Fig. 7, it is found that as the channel lengths are 
decreased from 100 nm to 50 nm the surface potential is 
same as in Fig. 4 for VDS = 1.0 V at both sides of the 
device. But the potential minimum shifts upward 
direction as the channel lengths are decreased. This 
occurs due to the widening of the depletion region under 
the gate at the surface. 
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Fig. 5 Surface potential vs. channel length curves for various 
substrate biases with channel length, L = 100 nm and drain bias, 
VDS = 0.0 V 
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Fig. 6 Surface potential curves along the channel for various 
gate biases below the threshold voltage with channel length, L = 
100 nm, substrate bias, VBS = 0.0 V and drain bias, VDS = 1.0 V 
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Fig. 7 Surface potential curves along the channel for various 
channel lengths with substrate bias, VBS = 0.0 V and drain bias, 
VDS = 1.0 V 
 
Figure 8 shows the variation of surface potential along 
the channel for different oxide thicknesses with zero 
substrate bias and drain bias, VDS = 1.0 V. It is observed 
that as the oxide thickness decreases the potential 
minimum increases near the source side. But near the 
drain, opposite phenomenon is observed. When oxide 
thickness decreases oxide capacitance increases. This 
increases the surface charge and hence surface potential 
for a fixed bias condition. Since at the drain side with the 
reduction of the oxide thickness, the oxide capacitance 
increases as well as the off-state current increases thus 
the potential at the drain side decreases. Hence DIBL 
effect will be more pronounced as the oxide thickness is 
decreased at the drain side. 
Figure 9 shows that the surface potential increases with 
the decreasing pocket lengths. Since when the pocket 
length decreases the effective doping concentration also 
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decreases and thus depletion charge decreases.  But the 
boundary value remains the same as expected. 
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Fig. 8 Surface potential curves along the channel for various 
oxide thicknesses with channel length, L = 100 nm, substrate 
bias, VBS = 0.0 V and drain bias, VDS = 1.0 V 
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Fig. 9 Surface potential curves along the channel for various 
pocket lengths with channel length, L = 100 nm, substrate bias, 
VBS = 0.0 V and drain bias, VDS = 1.0 V 
 
Figure 10 shows the surface potential variation with the 
position of the channel for different peak pocket doping 
concentration. It is observed that the surface potential 
increases as the peak pocket doping concentration 
increases. This is due to the increase of effective carrier 
concentration along the channel. The results are shown 
for zero substrate bias and drain bias of 1 V. 
Figure 11 shows the surface potential curves along the 
channel for our linear profiles with two other pocket 
doping profile models found in the literature, such as, 
Gaussian function [16] and hyperbolic cosine function 
[17] models. These two pocket doping models are used in 
our analytical surface potential model and then simulated 
for various bias conditions and pocket profiles and device 
parameters. It is found that the proposed model works 
well and satisfies all the conditions of the surface 
potential model found in various literatures. 
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Fig. 10 Surface potential curves along the channel for various 
peak pocket doping concentration with channel length, L = 100 
nm, substrate bias, VBS = 0.0 V and drain bias, VDS = 1.0 V 
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Fig. 11 Surface potential curves along the channel for various 
pocket profiles found in the literature with channel length, L = 
100 nm, substrate bias, VBS = 0.0 V, drain bias, VDS = 1.0 V and 
pocket length, Lp = 25 nm 
 

5. CONCLUSION 
An analytical surface model for ultra thin oxide and sub-
100 nm pocket implanted n-MOSFET has been 
developed incorporating the substrate and drain bias 
dependence. The model is developed assuming two linear 
pocket profiles along the channel at the surface of the 
MOS device from the source and drain edges. The effect 
of changing the device and pocket profiles parameters on 
the surface potential have been studied using the 
proposed model. The simulated results show that the 
proposed model satisfies the boundary conditions as well 
as predicts the surface potential down to 50 nm channel 
length. Besides, comparison of two other pocket profiles 
with our proposed model shows the satisfactory behavior 
of our model. It shows the expected results when the 
various parameters are changed. Hence this model 
efficiently determines the surface potential of scaled 
pocket n-MOSFETs having channel lengths in sub-100 
nm regime. 
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