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In this paper new SPICE power MOSFET model is presented. This model is based on physical structure of power MOSFET 
and describes more accurately the all operation regions of the device. The new semi-empirical model uses new expressions 
of the current-voltage relationship in the linear and subthreshold regions. The proposed model is validated by comparison 
between simulation and experimental data. 
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1. Introduction 
 
Power MOSFET is a widely used power device in low 

voltage power conversion energy thanks to its high 
switching speed, high input impedance and thermal 
stability. Power VDMOSFET structure (Fig. 1) contains a 
low-doped epitaxial drain layer N-, called “drift region”, to 
sustain the breakdown voltage in the off-state. The 
breakdown voltage depends on the thickness and the 
doping level of the drift region. In the case of unipolar 
devices like VDMOSFET, the drift resistance increases 
drastically with increase of the breakdown voltage [1]. 
Therefore, the classical power MOSFET was limited to 
moderate voltage applications. Recently, new power 
MOSFET configurations, like Superjunction MOSFET 
[2], and new high-voltage (SiC, GaN) power MOSFET 
devices [3] have been proposed to improve the on-
resistance of power MOSFET devices. 

Manufacturers give the SPICE parameters of their 
power MOSFETs for electrical simulations. The most 
manufacturers use the SPICE level 1 and SPICE level 3 
MOS models to represent the active channel region of 
their power MOSFET. SPICE level 1 is a simplest model 
which doesn’t take into account the drain induced barrier 
lowering (DIBL) and the weak inversion drain current. 
Therefore, the level 1 model is not appropriate for short 
channel power MOSFET. 

SPICE level 3 MOS model is a semi-empirical model 
based on experimental characterization which takes into 
account the DIBL and the weak inversion drain current. 
Nevertheless, in the SPICE level 3 MOS model the drain 
current is not well defined in transition and saturation 
regions [4]. Therefore, an important mishmash can be 
observed when compared the simulated and experimental 
results in the saturation region. This phenomenon occurs 
generally in the low voltage, high current power MOSFET 
devices. 

This paper focuses on new modeling of low-voltage 
power MOSFETs. This modeling is based on device 
physics and uses new expressions for the current-voltage 
characteristics in all operating regions of the low-voltage 
power MOSFET. Consequently, the new model defines 
more accurately all operating regions unlike the SPICE 
level 3 MOS model. In addition, the most model 
parameters are extracted using the experimental data. The 
new model is validated by comparing the simulated and 
measured static and dynamic characteristics. 

 
 

Fig. 1. Cross section of the conventional power VDMOSFET 
 
 

2. Model for low voltage power MOSFET 
 
2.1 Extraction and localization of the subcircuit  
       elements 
 
Fig. 2 shows a cross section of the power 

VDMOSFET with the different regions of the structure 
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and the localization of the simplified model elements. 
Each region of the power VDMOSFET — (1) channel, (2) 
access, (3) PN junctions, (4) drift and (5) substrate — is 
described taking into account peculiar characteristics of 
the power device: short channel length, channel carrier 
mobility roll-off, current spreading in the bulk… 
 

 
Fig. 2: Location of some items of the complete power 

VDMOSFET model. 
 
 

The equivalent subcircuit model of the power 
VDMOSFET is shown in Figure 3. The short channel 
NMOS M1 (Fig. 3) describes the current generator Ids in 
the channel region (Fig. 2). 
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Fig. 3. Power VDMOSFET subcircuit model. 
 

The access resistance Ra is due to the N- accumulation 
region under the gate and to the JFET region between the 
adjacent P source diffusions, Rbulk is the sum of the drift 
and the substrate resistances (Rd and Rsub respectively in 
Fig. 2), Rs is the resistance of the N+ source diffusion and 
Rg is the resistance of the polysilicon gate. 

Other authors have described the quasi-saturation 
effect by non-linear resistances Rbulk and Ra [5]: this 
phenomenon occurs in the high voltage MOS devices 
when the drain current is sufficiently high for the mobile 
carrier density in the lightly doped drain to approach the 
mobile carrier density of the background doping. In the 
case of the low-voltage power MOSFET, where the quasi 

saturation effects are not important, Ra and Rbulk can be 
modeled using ordinary constant resistances. 

The gate-to-source capacitance Cgs is the sum of three 
capacitances in parallel: Cgs1, due to the overlap of the gate 
electrode over the N+ source diffusion, Cgs2, between 
source and gate electrodes, and Cgsb, between the gate 
electrode and the P-body source. 

The gate-to-drain Miller capacitance Cgd can be 
represented by the series association of a constant 
capacitance Cgdmax (oxide capacitance between the gate 
electrode and the N- intercellular region) and the non-
linear depletion capacitance Cgddep (corresponding to the 
depletion intercellular region under the gate when Vdg is 
positive). In this paper the model proposed to describe the 
proper behavior of the Miller capacitance Cgd is the 
“current source model” (Fig. 3). This current source is 
implanted in SPICE under an analytic form by using 
block-diagrams in ABM modules. 

The drain-to-source capacitance Cds is taken into 
account by the transition capacitance of the Dbody diode 
(Fig. 3). 

 
2.2 Power MOSFET static model 
 
The static characteristics of the power VDMOSFET 

model are determined by the MOSFET transistor M1 
(representing the current generator Ids in Fig. 2), the 
accumulation resistance (Ra), the bulk resistance (Rbulk) 
and the Dbody diode (breakdown voltage and source-drain 
diode forward characteristics). 

The power MOSFETs are used as switches to control 
the electric energy. Special attention should be given to the 
static characteristics, when the conducting MOSFET 
behaves like a resistance (for low Vds) in linear region. At 
low Vds, we can estimate the conduction losses. The 
threshold voltage, VT, is a key parameter: it separates the 
on-state (above-threshold) and the off-state (sub-threshold) 
of the transistor. 

In this paper, modeling of the subthreshold region in 
low-voltage power MOSFET is presented. This modeling 
is based on an empirical equation using extracted 
parameters to fit the measured data. Therefore, the 
proposed model will accurately estimate all operating 
regions of the low-voltage power MOSFET devices. 

Our static behavior description of the M1 MOSFET is 
done by using two models. The first is the SPICE level 3 
MOS model, widely used for power MOSFET models, but 
not very precise to describe the subthreshold and the 
saturation-transition regions of the MOSFET devices. The 
second model describes more precisely all operating 
regions of the MOSFET than the SPICE level 3 MOS 
model. 

 
2.2.1 SPICE level 3 model 
 
A. Linear and saturation currents 
 
In SPICE level 3 MOS model, the drain currents in 

the linear and saturation regions are expressed respectively 
by the following relationships: 
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where W and L are the channel width and length 
respectively, Cox is the gate oxide capacitance per unit 
area, Vds is the drain-source voltage applied to the channel, 
VT is the threshold voltage, Vgs is the gate-source voltage, 
Vdsat is the drain-source voltage at the beginning of the 
channel pinch-off and α is a coefficient related to short 
and narrow channel effects. The effective carrier mobility 
in the inversion layer (µeff) takes into account the carrier 
saturation velocity in the channel (Vmax) and the reduction 
of mobility due to the high electric field: 
 

µeff = µS

1+ µS .Vds

Vmax .L

with: µS = µ0

1+ Θ. Vgs − VT( )       
(3) 

 
where µS is the surface mobility in the channel inversion 
layer, that depends on the transverse electric field Θ — 
roll-off coefficient — and µ0 is the low electric field 
mobility. 

The SPICE parameters are extracted and specified 
from measurements. At low drain voltage, the 
transconductance parameter, KP, can be extracted from the 
slope factor, β, of the transfer characteristic Ids(Vgs): 
 

L
WK

L
WCµβ Poxeff ⋅=⋅⋅=

                
(4) 

 
β is the gradient of the transfer characteristic, Ids(Vgs), 
neighbouring the threshold voltage at low drain voltage 
(Vds=10 mV) in the linear region. It allows calculation of 
the transconductance SPICE parameter “KP”. In the 
saturation region, the drain saturation current is 
determined by the carrier saturation velocity in the channel 
(Vmax). Consequently, the SPICE parameter Vmax can be 
obtained by adjustment of the level of the drain current in 
the saturation region. The SPICE parameter Θ (peculiar to 
SPICE level 3 model) can be specified in the .model 
statement to show the dependence of the mobility on the 
gate electric field. The mobility modulation parameter Θ 
depends on the oxide thickness. 
For low-voltage power MOSFETs, the threshold voltage 
can be given by: 
 

dsTth VETAVV ⋅−= )(σ                (5) 
 
where σ(ETA) is a factor which expresses the dependence 
of the threshold voltage on Vds. ETA is a SPICE level 3 
MOS model parameter. 
 

B. Subthreshold current 
 
In SPICE level 3 MOSFET model, the transition point 

from weak to strong inversion regions is defined with a 
modified voltage VON: 
 

)(NFSfastVV thON +=             (6) 
 
fast(NFS) is a voltage used to evaluate VON. This voltage 
depends on the SPICE MOS level 3 parameters NFS, 
GAMMA and PHI. GAMMA and PHI are extracted from 
Vth versus VSB measurements. 
The drain current in subthreshold region, Vth < VON, is 
given by: 
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Ids(VON,VDS,VSB) is the current given from the relation (1), 
with VGS replaced by VON. 
VSB is the source-bulk voltage. In this work, VSB = 0 V. 

The main problems of the SPICE level 3 MOSFET 
model can be summarized as: 

- In strong inversion, the description of the transition 
region – between the linear and saturation region – is not 
very precise when Vgs increases. This is due to the first 
derivative discontinuity in the drain current equation at 
Vds=Vdsat. Consequently, simulation error in transition and 
saturation regions can be noticed. 

- Level 3 MOS model not provide the subthreshold 
current if the NFS parameter is not specified. The 
transition gate-source voltage between the weak and 
strong inversion regions is calculated using NFS, 
GAMMA and PHI SPICE level 3 MOS parameters. This 
calculated gate-source transition voltage is not very well 
defined and need measurements of Vth versus VSB. 
Therefore, drain-source current anomalies will usually 
occur in the subthreshold region. 

For the first problem, we have introduced a new drain 
current equation in the linear region to eliminate the 
discontinuity problem [6]. 

For the second problem, an empirical equation 
describing the subthreshold current is added to complete 
the dc new low voltage power MOSFET model [6]. In 
power MOSFET device the source and bulk are usually 
connected together. Therefore we cannot extract GAMMA 
and PHI parameters (VSB=0). 

In this work, we have chosen to define the 
subthreshold current with a simple empirical equation 
using an extracted gate-source transition voltage. This 
transition gate-source voltage separates the subthreshold 
and the linear operation regions. The new model is close to 
SPICE level 3 model, except that the drain current 
equations in the subthreshold and the linear regions are 
modified. 
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2.2.2 The new SPICE model 
 
A. Linear and saturation currents 
 
The new drain current equation in the linear region 

can be written as [6]: 
 

( ) dsdsthgsds VVbVVI ⋅⋅−−⋅= )(β          (8) 
 

We choose that the maximum value of this equation 
will correspond to the saturation current defined in the 
SPICE level 3 MOS model. The first derivative of the 
proposed equation allows the determination of the pinch-
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b

VV
V thgs

p ⋅
−⋅

=
2

)(β
). At this voltage 

(Vds = Vp), equation (8) allows the calculation of the b 
parameter. In conclusion, the drain currents Ids, Idsat and the 
pinch-off voltage Vp can be written as [6]: 
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These expressions are implanted in SPICE under an 

analytical form. 
 
B. Subthreshold current 
 
The transition between the weak and strong inversion 

regions is defined by an empirical voltage Vgst. This 
voltage Vgst is extracted from the ln(Ids)=f(Vgs) 
experimental curve. The subthreshold current is given by 
the following equation when Vgs0 < Vgs < Vgst: 
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Where Vgs0 is the empirically-determined gate voltage at 
the beginning of the linear curve ln(Ids)=f(Vgs) in 
subthreshold region, Ids0 is the drain current at Vgs = Vgs0 

and 
TnU

1
 is the slope factor of the experimental curve 

ln(Ids)=f(Vgs). 
The n parameter can be extracted from the slope 

factor of the ln(Ids)=f(Vgs) experimental curve. 
 
 
 

2.3 VDMOSFET dynamic model 
 
The dynamic model is based on the static model 

which is completed by the interelectrode capacitances. 
 
2.3.1 Gate-to-source capacitance 
 
As a first approximation, we consider that the gate-to-

source capacitance Cgs is constant. Cgs is actually the sum 
of three capacitances (Cgs1, Cgs2 and Cgsb). The oxide 
capacitances Cgs1 and Cgs2 are constant capacitances while 
Cgsb is a capacitance depending on the channel state (OFF: 
Cgsb = 0, ON: Cgsb ≠ 0). 

 
2.3.2 Drain-to-source capacitance 
 
The non-linear behavior of Cds as a direct function of 

Vds is described by equation (13): as it can be seen in 
Figure 3, Cds is modeled by the transition capacitance of 
the SPICE diode model (“Dbody” diode). This diode also 
takes into account the breakdown voltage of the power 
VDMOSFET (with the “BV” parameter, which is the 
reverse breakdown voltage in the SPICE model of the 
diode) and the drain-to-source capacitance variations 
versus drain-source voltage. 
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Va is equal to the applied drain-source voltage (Vds), Cj0 is 
the zero bias capacitance, m is the grading coefficient and 
Vj is the diffusion voltage. Cj0, m and Vj are parameters of 
the SPICE diode model. 
 

2.3.3 Gate-to-drain capacitance 
 
The gate-to-drain Miller capacitance is a key 

parameter of the SPICE models for power MOSFETs. 
This Miller capacitance provides a feedback loop between 
the output and the input of the circuit limiting the 
frequency response of the transistor. 

There is a large variety of SPICE MOSFET 
capacitance models to represent the non-linear capacitance 
Cgd. The gate-to-drain capacitance is modeled by a 
constant oxide capacitance Cgdmax when Vdg ≤ 0 V and by 
the series association of a constant oxide capacitance 
Cgdmax and a depletion capacitance Cgddep when Vdg > 0 V. 
Then the following expressions are used: 
 

Cgd = Cgd max  for   Vdg ≤ 0         

Cgd =
Cgd max .Cgddep

Cgd max + Cgddep

 for   Vdg > 0         (14) 

 
where Cgdmax, corresponding to the gate oxide capacitance, 
is kept constant. The non-linear behavior of the depletion 
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capacitance Cgddep can be described by the transition 
capacitance of the SPICE diode model. 

In this paper, the gate-to-drain capacitance is 
represented by a controlled current source formalism 
based on the “Analog Behavioural Model” module of 
SPICE (ICgd  — see Fig. 3 —). The delivered current is 
equal to: 
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3. Validation of the model 
 
The measured and simulated output characteristics 

Ids(Vds) of the low voltage power MOSFET, called 
“FLIMOSFET”, are shown in Figure 4 [6]. We can note 
that the SPICE level 3 and our model give identical results 
in the linear region. This is due to the fact that in the linear 
region (low Vds), the drain current equations (1) and (9) 
have the same slope β. On the other hand, our model gives 
more accurate results in saturation region than the SPICE 
level 3 MOS model. The transfer characteristics Ids(Vgs), 
given in Figure 5, confirm that our model fits correctly 
with experimental curves, validating the new formalism of 
the current in the saturation region of the device. 
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Fig. 4. VDMOSFET output characteristics. 
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Fig. 5. VDMOSFET transfer characteristics. 

 
Fig. 6 shows the simulated and measured subthreshold 

drain current characteristics ln(Ids)=f(Vgs) of the low-
voltage power FLIMOSFET. In the subthreshold region, 
the new model adequately fits the experimental data. On 
the other hand, the SPICE level 3 MOS model simulations 
and experimental measurements are not in good 
accordance. In SPICE simulation, the NFS SPICE level 3 
MOS parameter was taken equal to 7 × 1011 cm-2, which is 
a typical value of NFS. 

Figs. 7 and 8 show the simulated and measured 
parasitic Cds and Cgd capacitances. The agreement obtained 
is good. Finally, the good agreement between simulation 
and experimental results in the new model confirms the 
validity of the proposed model parameters. 
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Fig. 6. VDMOSFET Subthreshold drain current versus Vgs. 
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Fig. 7. Measured and SPICE simulated Cds variations 

versus Vds. 
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Fig. 8. Measured and SPICE simulated Cgd variations versus Vdg. 
 
 

4. Conclusion 
 
This study proposes a new SPICE model for the low-

voltage power MOSFET taking into account the 
subthreshold current. This model is based on a new 
equation of the drain current in the linear region and uses 
an empirical equation for the subthreshold current 
modeling. Consequently, the new model describes more 
accurately all operating regions of the power MOSFET. 
This new model uses identical SPICE parameters as those 
of the SPICE level 3 MOS model in the linear and 
saturation regions. However, the subthreshold model 
parameters are empirical. 

This proposed model gives better simulation in 
transition and saturation regions for high current low 
voltage power MOSFET devices. 
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