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ABSTRACT – In this paper an analytical model has 
been developed to study the Energy Quantization 
Effects occurring in the MOSFETs (Metal Oxide 
Semiconductor Field Effect Oxide) under various 
conditions. These effects have resulted in a  
reduction in drain current and degradation of 
gate capacitance.  
  
Index terms: QME, Energy Quantization, DIBL, BSIM. 
 

INTRODUCTION 

MOSFET modeling is facing difficulties to 
achieve accurate description of extremely scaled 
down devices. The reason is that many complicated 
new phenomena are arising which are not easy to 
describe. One such phenomenon arising out of down 
scaling the MOSFET is the failure of classical 
physics at nm (nanometer) scale. As CMOS 
(Complementary Metal Oxide Semiconductor) 
technology scales down aggressively, it approaches a 
point, where classical physics is not sufficient to 
explain the behavior of a MOSFET. At this classical 
physics limit, Quantum Mechanics has to be taken 
into account to accurately assess the overall 
performance of a MOSFET. Therefore, to predict 
the behavior of these devices and fabricate them 
at the nanometer scale, a thorough understanding 
of QME (Quantum Mechanical Effects) is a must. 
Simple analytical  models of the MOSFETs 
including QME are needed for computer-aided 
design of digital and analog integrated circuits at 
nanometer scale containing thousands to millions 
transistors on a silicon chip.  To model a MOSFET in 
the presence of QME, the Quantization of Energy 
levels in the direction perpendicular to the 
oxide/silicon substrate interface  need to be properly 
understood and studied.  

The paper is organized as follows: The paper 
starts with an overview of the basic MOSFET 

models.  

Secondly, modeling of Energy Quantization 
Effect has been done and its impact has been studied 
on various MOSFET parameters.  

Thirdly, C-V (Capacitance-Voltage) and I-
V (Drain Current-Voltage) model is presented by 
considering the Energy Quantization effect on 
inversion carrier distribution.  

 

MOSFET MODELS 

The Charge based models include the basic 
SPICE (Simulation Program with Integrated 
Circuit Emphasis)Level 1, Level 2, Level 3, 
BSIM(Berkeley Short Channel Insulated gate 
Field effect transistor model) models and the 
other advanced models such as BSIM 4 and 5 [1-
5]. Secondly, the potential based models include 
the SP (Surface Potential) model, MOS Model 11, 
HiSIM (Hiroshima Starc Insulated gate Field 
effect transistor model) model etc. [6-9] and 
thirdly, the conductance based models like the 
EKV(Enz , Krummenacher,Vittoz) model [10]. In 
the modeling research area, attempts are being 
made to include the QME in these standard 
models also. The other models which include the 
Energy Quantization effects though empirical in 
nature are Hansch model [11], Van Dort Model 
[11], Inversion charge model [12] etc. A 
conclusion can be inferred is, though attempts are 
being made to include QME in MOSFET models 
all over the world in IC (Integrated Circuits) 
industry, yet a MOSFET model largely analytical 
in nature including      QME is still to be 
developed.  

 
ENERGY QUANTIZATION 
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The research in the area of Energy 
Quantization started in the early 1950s. The 
research [13-17] mainly focused on only 
calculating the inversion charge density in the 
presence of Energy Quantization effects using 
Variation approach and Triangular well 
approach in the MOSFET. The use of such 
techniques required the calculation of surface 
potentials at the interface of silicon and its 
oxide. The lack of availability or slow 
development of surface potential models six 
decades ago, never allowed the growth of 
research in the area of modeling QME in 
MOSFETs. But as the MOSFETs are being 
scaled down to the nm scale, the need of 
research has risen, to analytically model the 
QME in MOSFETs.  

 

MODEL, SIMULATION AND ANALYSIS 

 
Solving the Poisson equation in the inverted channel, 
we get the total charge density “Qs”. 
Qs = -(2qNaεsiεo)1/2[φs+Vt e-2φf/Vt (eφs/Vt -1)]1/2        (3) 

 
Similarly, the depletion charge “Qb”is approximated 
as  
Qb = - (2εsiεo qNaφs)1/2         (4) 

 
Therefore the inversion charge density “Qinv” is given 
by (3) - (4): 
 
Qinv= -γCox[{φs+kT/q exp q(φs-2φf)/kT}1/2 –(φs)1/2] 
 
     (5) 
Where: 
γ =Body Effect Parameter, Cox = Oxide Capacitance, 
φs = Surface Potential, φf = Fermi potential, Na = 
Substrate concentration, Thermal voltage =Vt = kT/q 
 
The main problem with Eq. 5 is that the surface-
potential has to be evaluated explicitly in all the 
regions of inversion and then only, the Eq. 5 can be 
solved. An explicit solution has been evaluated in the 
[18].   

The wave function solution of the 
Schrödinger’s equation is given using  variation 
approach is [13] 
Ψ(x) =  b3/2 x exp(-bx)   (6) 
            √2              2  
Where b is a constant and given by    
b = [48π2m*q2{(0.33ninv+ndep)}]1/3    
        εsiεo h2                                          

       

m* = Effective longitudinal mass of electron in 
<100> = 0.98mo 
ninv = Inversion electron concentration = Qinv/q 
ndep = Depletion charge concentration= Qb/q 
The corresponding shift in the energy [13] is given by  
Eo= 3h2b2        (7)                                  
       8m* 
The shift in the surface potential is = Eo /q       (8) 
The Eq. 8 is then included in the explicit surface 
potential expression given by [18] and the total 
surface potential is obtained. 
       
 

 
Fig 7: Simulated Results of Quantum 
Mechanical Inversion charge density using 
Variation Approach 
 

Energy Quantization effects on carrier 
distribution in p-type substrate are studied and 
analytically modeled. The results in figure 7 
match quite closely with the BSIM 5 results 
[19]. The results have been achieved by 
accurately modeling the shift in the surface 
potential Eq. 8 by evaluating ninv and ndep from 
Eq.3 and Eq.4. The results show that the 
Energy Quantization leads to reduced Inversion 
charge densities and increased surface 
potentials in the substrate. It has been 
analytically proved that the classical theory 
overestimates the value of inversion layer 
charge density as compared to the Quantum 
Mechanical Charge density.  

C-V AND I-V MODELING  
 

Approximating the inversion charge density for the 
weak inversion region and strong inversion regions 
separately, we get after differentiating the Eq. 5 with 
respect to surface potential, the weak inversion and 
strong inversion capacitances as: 
 
The inversion capacitance in the presence of Energy 
Quantization is    
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Cinvqm= Cwi Csi/(Csi+Cwi)  (9) 
Where 
Cwi=(q/kT)Qinvqm    is the weak inversion capacitance. 
Csi=(q/2kT)Qinvqm  is the strong inversion 
capacitance.  
Qinvqm= Quantum inversion charge density  
 
Total gate capacitance  

= Cox(Cd+Cinvqm)/(Cox+Cd+Cinvqm) (10) 
 
Where Cox= Oxide capacitance, Cd = Depletion 
capacitance obtained by differentiating (4) with 
respect to surface potential. 
 
The  drain current above threshold [20] is given by 
Eq.11  
 
Ids1 =   -µ Cox (W/L)[(Vgs-Vfb)( φsL -φso)-0.5(φsL

2
 -φso

2) – 
0.67γ(φsL

3/2
 -φso

3/2)]                     (11)                                                      
           
Where φsL is the surface potential at the drain and φso 
is the surface potential at the source, µ= Electron 
Mobility, W= Width, L= Length, Vfb = Flatband 
voltage. 
The drain current in sub threshold region [20] is 
given by Eq.2  
 
Ids2=-µ Cox (W/L)Vt[(φsL-φso)+γ(φsL

1/2
-φso

1/2)]      (12) 
            
The total drain current is the summation of (11) and 
(12). 
Ids=Ids1+Ids2            (13) 
 

This drain current expression (13) is 
upgraded to include the Energy Quantization Effects 
by replacing the classical surface potential by the 
Quantum surface potential from (8) and [18]. The 
degraded mobility and the DIBL parameters are 
given by [21] and [22] respectively and have been 
included empirically in (13). The results in figure 
8 show that the classical theory overestimates 
the value of Gate Capacitance. A drain 
current/drain voltage model including Energy 
Quantization has been developed. A large drive 
current loss has been observed as shown in 
figures 9 and 10.  
 

 
Fig 8:  Simulated results of the Total MOSFET 
Capacitance (F/cm2) including Energy Quantization 
in the Substrate [23] 

 
Fig 9: Simulated results of Drain Current without 
considering Energy Quantization at L=80nm (Lg 
(Gate length) =130nm (Empirical fit of 0.03 V has 
been given for PolySilicon depletion effect)      

 
Fig 10: Modeled drain voltage and drain current 
characteristics at L=80nm (Lg=130nm) with Energy 
Quantization including Poly Silicon Gate depletion at 
Np =1019/cm3 and Vbs (body bias) = -0.75 and are 
well in range as predicted by [19]. 
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CONCLUSION 

 
In this paper, full model has been developed for the 
QME in the nanometer scale MOSFET. The 
MOSFET I-V and C-V characteristics in presence of 
Energy Quantization Effect have been upgraded to 
include this effect. This model also includes all short 
channel related effects including mobility reduction 
and DIBL. The study shows that the drain current 
decreases due to the Energy Quantization Effect 
resulting in the significant loss in the drive current. 
The value calculated by the analytical model and 
BSIM5 matches closely.  
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