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ABSTRACT 
 
A unified charge-based model for SOI MOSFETs is 

presented. The proposed model is valid and accurate from 
intrinsic to heavily doped channel with various structure 
parameter variations. The framework starts from one-
dimension Poisson-Boltzmann’s equation. Based on the full 
depletion approximation, an accurate inversion charge 
density equation is obtained. With the inversion charge 
density solution, the unified drain current expression is 
derived. And the unified terminal charge and intrinsic 
capacitance model is also derived under quasi-static case. 
The validity and accuracy of presented analytic model is 
proved by extensive verification with numerical simulation. 

 
Keywords: charge-based, SOI MOSFET, compact model, 
double gate. 
 

1 INTRODUCTION 
 
With the continuous scaling down, SOI MOSFET has 

become a mainstream technology for high-performance and 
low-power application due to the advantages of the unique 
SOI structure, such as great isolation and latch-up free. In 
addition, the fully depleted device has high drive current, 
suppression of floating body effect and low junction 
tunneling current [1-2]. Especially for the nanoscale device 
and IC design, the ultra-thin-body (UTB) SOI MOSFETs 
with the fully depleted body show the potential superior 
scalability relative to the partially depleted and the bulk 
CMOS counterparts [2]. 

In order to realize these advantages for integrated circuit 
design, there has been much research work on compact 
modeling for fully depleted SOI MOSFETs [3-7]. The 
charge-based models that formulate the terminal charges 
and drain current with the inversion charge density have 
potentials in analog and RF CMOS simulation application 
[5-7]. A charge-based model for fully depleted SOI 
MOSFETs has been early presented and describes the 
different operating regimes respectively [5]. In recent 
works, a unified charge control model is derived for fully 
depleted structure for the first time [6,7]. This model deal 
with highly doped and undoped devices with different 

expressions and the variation of the buried oxide thickness 
is also neglected by assuming it equal to the front-gate 
oxide thickness. Thus a unified model considering various 
structure parameter variations is still lacking for the circuit 
design applications with fully depleted devices. 

In this paper, a unified charge-based model for fully 
depleted SOI MOSFETs is presented, which is valid and 
accurate for both intrinsic and heavily doped devices with 
various structure parameter variations. An accurate 
inversion charge density equation is obtained. A unified 
drain current expression is derived which is physically 
continuous between subthreshold and strong inversion 
regions. The unified terminal charge and intrinsic 
capacitance model is also derived under quasi-static case as 
an explicit function of the inversion charge solution at 
terminals. The validity and accuracy of presented analytic 
model is proved by extensive verification with numerical 
simulation. The large application scope of various structure 
parameters not only proves the practicability of the long-
channel model as the basis for development of improved 
models for actual devices, but also gives an instructive 
reference to the compact modeling of symmetric and 
independent double gate MOSFET which based on the 
same oxide-silicon-oxide structure. 

 
2 UNIFIED DRAIN CURRENT MODEL 
 
The analyzed device is a typical four-terminal n-channel 

SOI MOSFET illustrated in Fig.1. The doping 
concentration of the substrate is assumed high enough and 
the voltage drop on the substrate is neglected. 

 

 
Fig.1. Schematic diagram of the fully depleted MOSFET. 
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Under the gradual-channel approximation, 1-D Poisson-
Boltzmann’s equation is written as 
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Integral the Poisson-Boltzmann’s equation, thus 
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To obtain the relationship between the potentials at the 

interfaces between silicon and oxides, depletion 
approximation is used [3], 
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Substituting (3) into (2), and combining it with Gauss’s 

law, yields the logarithm of the normalized expression, 
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The charge and voltage terms in (4) are normalized by 

( )0 1ox tq C C V= +  and tV , respectively. 
In Eq.(4), 
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( )1 exp 2 bvβ = − −  for the accurate modeling from intrinsic 
to heavy channel doping concentration [6-9]. 

The normalized drain current is derived as 
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where qd, qs are the normalized inversion charge density 

at the source (Vch=Vs) and drain (Vch=Vd) ends, 
respectively, which is calculated from the inversion charge 
density equation (4). 

To verify the proposed analytical model, a long-channel 
SOI MOSFET with constant mobility is designed for the 
two-dimension numerical simulation [10]. The doping 
concentration of the substrate silicon film is 1e18cm-3, 
constant electron mobility 350cm2/Vs and metal gate with 
mid-gap work-function are used, the width of the channel is 
1μm, and to avoid the short channel effects and prove the 
validity of the long channel theory, the channel length of 
5μm is used. 
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Fig.2. Inversion charge density as a function of gate 

voltage for different doping concentrations. 
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Fig.3. Drain current calculated from the unified current 

model and numerical simulation. 
(a) Transfer characteristic; (b) Output characteristic. 
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Fig.4. Transfer characteristics of devices with 

(a) different doping levels; (b) different back gate bias. 
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Fig.5. Transfer characteristics of devices with different 
silicon film thickness. (a) Device with intrinsic channel; 

(b) Device with heavily doped channel. 
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Fig.6. Transfer characteristics of devices with different 
(a) gate oxide thickness, (b) buried oxide thickness. 
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Fig.2 compares the inversion charge density in the 
silicon film as a function of gate voltage under Vds=0 for 
different channel doping concentrations. Fig.3 plots the 
drain current predicted by the unified current model and the 
numerical simulation results. In the absence of QME and 
PSE, the application scope of various structure parameters 
for the model is widely verified. 

Figs.4-6 illustrate the drain currents with different 
structure parameters as channel doping levels, back gate 
bias, silicon film thickness, gate oxide thickness, and buried 
oxide thickness. Fig.4(a) shows the drain current calculated 
from the model compared with the numerical results from 
intrinsic to heavily doped condition. The transfer 
characteristics of devices with different back gate bias is 
also obtained in Fig.4(b). Fig.5 shows the impact of 
different silicon thickness on the drain current for both 
intrinsic and heavily doped channels. The volume inversion 
is observed for lightly doped device, where the 
subthreshold leakage is linearly proportional to tsi [11]. This 
unique characteristic is accurately accounted for with the 
unified current model. Fig.6 illustrates accurate modeling of 
the devices with different oxide thickness. These results 
prove the predicting ability for the electric fields at the 
interfaces, which is important for the characteristic 
prediction of the oxide-silicon-oxide structure, such as the 
suppression of short-channel-effects and mobility 
degradation. The large application scope of various 
structure parameters not only proves the validity and 
practicability of the proposed model, but also gives a 
reference to the compact modeling of symmetric and 
independent double gate MOSFET. 
 

3 TERMINAL CHARGE AND 
CAPACITANCE MODEL 

 
In the fully depleted device, the four principal charges 

are described as 
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Combining (6c) with (4) and the current continuity, 
performing the above integral gives that [12] 
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From the Poisson-Boltzmann’s equation (1) and Gauss’s 

law, the integral in (6b) is performed using the same 
method in the derivation of (7) as 
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Thus, the other charge is also obtained from the 

neutrality condition yields that 
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The channel inversion charge QN is partitioned between 

drain and source according to Ward and Dutton’s charge 
partition model [13], and the drain terminal charge is 
expressed as 
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Combining the current continuity with the drain current 

expression (5) under quasi-static case, the relationship 
between y and qinv is derived as 
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After complicated calculation, the drain terminal charge 

is finally obtained as 
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And the source terminal charge is obtained similarly as 
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As a four terminal device, SOI MOSFET has 16 

capacitances. Among them, only 9 capacitances are 
independent. These capacitances are defined as 
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With the terminal charge expressions, the above partial 
derivatives and the capacitance matrix are easily obtained 
for fully depleted SOI MOSFETs. All the capacitances are 
explicit functions of the inversion charge density at source 
and drain ends. 

Fig.7 plots the normalized capacitances calculated from 
the unified capacitance model and compared with 
numerical simulation results. Fig.7(a) gives the 
capacitances versus gate voltage. The trans-capacitances 
(Cgd, Cdg), (Cgs, Csg) and (Csd, Cds) are all different, 
conforming the nonreciprocal characteristics [12]. Fig.7(b) 
plots the capacitances versus drain voltage. Good 
agreements between the proposed model and the TCAD 
results are observed. The symmetry of the trans-
capacitances, e.g. Cgs=Cgd when Vds=0 is also accurately 
predicted by the proposed capacitance model. 
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Fig.7 Normalized independent capacitances of fully 

depleted SOI MOSFET (a) Capacitances versus gate 
voltage (b) Capacitances versus drain voltage. 

 
4 CONCLUSIONS 

 
In this paper, a unified charge-based model for SOI 

MOSFETs is presented. An accurate inversion charge 
density equation is obtained based on the full depletion 
approximation. With this inversion charge density solution, 
the unified drain current expression is derived. The quasi-
static terminal charge and intrinsic capacitance is also 
derived. This work gives an accurately compact model for 
the device with both intrinsic and heavily doped channel. 
Extensive verification with numerical simulation for 
various structure parameter variations proves the accuracy 
and practicability of the proposed model. For the devices 
which based on the same oxide-silicon-oxide structure, 
such as symmetric and independent double gate MOSFET, 
this presented result also gives an instructive reference to 
those compact modeling. 
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