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Abstract— We present here a new unified analytic model for 
ballistic and quasi-ballistic transport. Starting from the classical 
approach of Natori, we enhanced it by taking into account 
degeneracy and adding consistently an original modelling of 
Short Channel Effect (SCE) and Drain Induced Barrier 
Lowering (DIBL) by including quantum confinement. Our model 
has been validated by comparisons with TCAD simulations and 
results from literature. Finally, we applied our model to simple 
circuit elements to evaluate potential performance of a Double-
Gate architecture in a Verilog-A environment. 

 Double-Gate MOSFET, ballistic transport, compact model, 
Ring Oscillator, quantum effect. 

I.  INTRODUCTION 
Emerging physical phenomena, such as quasi-ballistic and 

ballistic transport, become to play an essential role in the 
operation of Double-Gate MOSFET (DGMOS) designed with 
ultra-short channel lengths. Several pioneering work [1-2] 
explained the necessity to include quasi-ballistic/ballistic 
transport into compact model of ultra-scaled devices. This 
works demonstrated the usefulness of the flux theory for the 
development of compact models including quasi-ballistic 
transport. The flux theory is based on the concept of 
backscattering coefficient which is directly connected to the 
carrier mean free path. However, considering this advanced 
transport cannot be dissociated from including a complete 
description of quantum-mechanical (QM) or short channel 
effects (SCE/DIBL), which strongly impact the current. 

In this work we present an new unified compact model 
describing the device operation in the quasi-ballistic regime 
using the backscattering coefficient approach, enhanced by the 
introduction of the Dynamic Free Path (dfp) [3] concept and 
an analytical description of the Fermi integral [4]. In addition, 
we implement a new analytical model of the threshold voltage 
including SCE/DIBL and quantum effects; this threshold 
voltage model is an analytical description of the numerical 
development presented in [5]. The paper is organized as 
follows: section II explains the model equations and the 
corresponding assumptions; in part III we validate our 
approach by a detailed comparison with simulation results and 

experimental data and we highlight the qualitative connection 
between ballistic transport and the performances of a three-
stage ring oscillator based on DGMOS devices.  

 
Fig. 1. Schematics of the Double-Gate MOSFET (DGMOS) device used in 

this work and definition of the main geometrical and electrical. 

II. OUR ANALYTICAL MODEL 

A. Short channel effects  
     To find an analytical model for the description of short 
channel effects, we use the analytical description of the 
surface potential along the channel developed in [5]: 
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where C1, C2, m1 and R are parameters resulting from the 
Poisson equation solving in the channel [5]. As explained by 
Suzuki et al. [6], the expression threshold voltage shift (ΔVT) 
due to SCE/DIBL depends on the value of the minimum 
potential, defined as [5]: 
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ΔVT is then obtained from equation (2) [5]: 

TVCC Δ=21..2  (3) 
After some algebraic manipulation, we find the analytical 
expression of ΔVT which was compared with numerical 
simulations [7] (Fig. 2) with an excellent agreement. 
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     Fig. 2. ΔVT versus Lc for tsi=5 and 10 nm and for VDS=0.05 and 0.7 V. 
Comparison between our model (solid line) and TCAD simulation (symbols). 
 
     In the same way, it is possible to obtain an analytical 
expression for S-swing parameter using the basic definition: 
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B. Quantum-mechanical confinement effects 
The expression of the inversion charge Qi which takes into 

account quantum-mechanical effects is: 
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where k is the Boltzmann constant, q is the electron charge, T 
is the lattice temperature, ħ is Plank constant, t

l
D mm =2  

lt
t

D mmm .2 = , mt is the transverse mass, ml is the 

longitudinal mass, gl=2 and gt=4. i
tlE ,  are the energy levels 

resulting from the quantum confinement of carriers in the 
Silicon film. As described in [5] this parameter is the sum of 
two terms: the energy for an infinite rectangular potential and 
a first-order corrector energy level. We finally obtain: 
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where Na is the channel doping level and εsi is the Silicon 
permittivity. In the subthreshold conditions the expression of 
the inversion charge can be simplified as: 

Tk
q

i

S

eQQ .
.

.*
ψ−

=  (8.a) 

∑∑
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−

=
tl i

E
E

Tk
q

lt
lt
D

gi
tl

egmTkqQ
,

2
.

.
,

,
22

,

..
.
..*

π
 (8.b) 

     We define the threshold voltage, VT, as the gate voltage for 
which the inversion charge, Qi, reaches a constant value 
QiT=Cox.k.T/q [5] (Cox is the gate oxide capacitance). Then, the 
surface potential at threshold is obtained: 
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The threshold voltage is finally calculated as [5]: 
TthT VVV Δ−=  (10.a) 
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where Vth and ΔVT are respectively the long channel threshold 
voltage including quantum effects (through the quantum 
surface potential eq. (9)) and the correction term due to short 
channel effect (equation (3)). 
     Figure 3 illustrates the difference between Vth in quantum 
and classical (i.e. without QM) cases. Our model shows also 
an excellent agreement with the Trivedi and Fossum model [8] 
(inset of Fig. 3). 

 
Fig. 3. Threshold voltage versus tsi. Quantum (solid line) and classical 

model (dashed line). [Inset: Difference between quantum and classical 
approach of threshold voltage (Vth_quant - Vth_class) vs. tsi, comparison between 
our model (solid line) and the Trivedi and Fossum model [8] (dashed line)]. 

C. Drain current modeling 
Our model of ballistic/quasi-ballistic transport is basically 

inspired from the Natori/Lundstrom [1-2] approach, extended 
here to the degenerate case (the analytical model for including 
the carrier degeneracy is described in [4]): 
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(11) 

where W is the gate width, VGS is the gate voltage, VDS is the 
drain voltage, F1/2 is ½ Fermi integral, ηF is the normalized 
Fermi level and BR is the ballistic rate [2]: 
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VT in equation (11) is given by (10.a) and (10.b), and includes 
QM and SCE/DIBL effects. The above-threshold regime is 
linked to the subthreshold regime using an interpolation 
function based on the subthreshold S-swing parameter 
(equation (4)). This assures the perfect continuity of our model 
between on-state current (Ion) and off-state current. 

Finally, we define a “dynamical mean free path” (dfp) [3] to 
include the scattering process with impurities (τimp), phonon 
interactions (τph) and surface roughness (τsr). τimp and τph are 
calculated as in [3] and τsr is a function used to match the 
mobility variation versus the inversion charge, following the 
data of reference [9]. The fitting procedure is illustrated in 
Figure 4. Then, dfp replaces λ to describe the quasi-ballistic 
transport: 

   totbalvdfp τ.= ;

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

+=

=

++= −−−−

DSbal

bal
bal

srphimptot

VqTk

m
v

...
2
3

*
.2

1111

ε

ε

ττττ

 (12) 

where m* is the mass in direction of transport, vbal the ballistic 
velocity, τtot the total scattering rate and εbal the carrier energy. 

 
Fig. 4. Mobility versus inversion charge and calculation of τsr. Comparison 

between our model (solid line) and data in reference [9] (symbols). 

III. SIMULATIONS RESULTS 

A. Validation 
     After implementation in Verilog-A environment, the model 
has been used to simulate the n-channel DGMOS structure 
schematically presented in figure 1. To validate our work, we 
have compared our model with the data of the reference [10]. 
Figures 5 and 6 represent respectively the drain current versus 
the gate voltage and the drain voltage for tsi=tox=1.5 nm in 

ballistic and quasi-ballistic (for the corresponding carrier mean 
free path of 4.7 nm [10]) case. As expected, our model match 
very well with data of reference [10] and we have a perfect 
continuity between the above and the subthreshold regime. 
Note that the model presented in [10] was also validated by 
NEGF simulation data in the ballistic case. 

 
Fig. 5. Drain current versus VGS for tsi=tox=1.5 nm in the ballistic case. 

Comparison between our model (solid line) and data in reference [10] 
(symbols).  [The inset presents the same simulation in linear scale]. 

 
     Fig. 6. Drain current versus VDS for tsi=tox=1.5nm in the ballistic and 
quasi-ballistic case. Comparison between our model (solid line) and data in 
reference [10] (symbols). 

B. Ring oscillator simulation 
     To clearly highlight the relation between the ballistic/quasi-
ballistic transport and the circuit performances, we simulated 
three-stage ring oscillators. Figure 7 shows the strong 
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influence of ballistic/quasi-ballistic transport on the oscillation 
frequency and shows the improvement in transient 
performances when considering a pure ballistic transport 
(whatever the charge capacitance). However, it is clear that the 
short channel effects reduce the difference between the 
ballistic and the quasi ballistic frequency due to the increase of 
the propagation time through the CMOS inverter.   

 
Fig. 7. Output voltage versus time (a) and oscillation frequency versus 

charge capacitance (b). Ballistic transport (solid line) and quasi-ballistic 
transport (dashed line). 

IV. CONCLUSION 
In this work, a unified compact model for DGMOS taking 

into account ballistic and quasi-ballistic transport has been 
proposed and implemented in Verilog-A environment. Short 

channel effects, quantum-mechanical effects, degenerate 
statistics and an interpolation function to link the above and the 
subthreshold voltage have been developed to obtain a unified 
description of current characteristic. The quasi-ballistic 
transport has been included by the introduction of new 
characteristic length: the dynamical mean free path definition 
was considered to describe scattering processes with 
impurities, phonons and surface roughness. Finally, the model 
has been used to simulate a three-stage ring oscillator and 
illustrate the significant impact of ballistic/quasi-ballistic 
transport on the switch of CMOS inverter and the oscillation 
frequency of ring oscillator. Our simulation results demonstrate 
the strong effect of ballistic/quasi-ballistic transport on 
oscillation frequency and illustrate the qualitative link between 
ballistic transport and its impact on circuit performances. 
However, considering the influence of series resistances will 
partly modify these conclusions, because the improvements 
introduced by the quasi-ballistic transport are screened as long 
as access resistances are important. 
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