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Abstract 

An approach for a physically based analytical DC- and AC-model for vertical DMOS (double­
diffused MOS) transistors is presented. It accounts for non-uniform channel doping concentration in 
lateral direction, for space-charge limited current in the drift region and is able to describe the behavior 
of the device without kinks and glitches in the device characteristics. Our model is supported by two­
dimensional numerical device simulations. 

1 Introduction 

Smart Power MOS transistors serve primarily as an interface between digital control logic and the power 
load. Since they are also used in analog applications there are high demands on the accuracy of analytical 
models for circuit simulation. 
Numerical device simulations are an important prerequisite for the development of a physically based an­
alytical device model. Extensive simulations with MINIMOS [5] and BAMBI [2] provided insight in the 
physically important effects for the DMOS transistor. 
Vertical DMOS transistors can consist of a large number of DMOS cells (e.g. up to 10.000) which have 
a common drain, a burried layer which is contacted to the surface by one or more very deep implants. 
Figure 1 shows the structure of a vertical DMOS transistor. The current flows through the channel in 
lateral direction into the drift region and then in vertical direction to the drain burried layer. The drift 
region is lowly n-doped so that there is the major voltage drop between source and drain. Therefore the 
drift region represents a considerable resistance (which is voltage dependent as will be shown later). 

2 The model 

The results by the numerical simulations have led us to a first subcircuit approach which is shown in Figure 2. 
The channel is represented by an enhanced analog MOSFET model. The drift region is approximated by a 
modified JFET model, the gate-drain capacitance is modeled by a nonlinear capacitance which also accounts 
for the part of the drift region which has a common interface with the gate oxide. The parasitic behavior 
under reverse bias is described by standard bipolar transistor models. 
Starting from this subcircuit models for the devices have been developed that account for the specific 
situation in the vertical DMOS. In the following the most important two devices, the modified JFET and 
the enhanced MOSFET model are discussed. 

2.1 The modified JFET model 

It can easily be seen that in dependence from the voltage between source and drain of the DMOS there is 
a space charge region between the p-body and the n-drift region. Therefore the area where the current 
can flow from the interface between drift region and gate oxide to the drain burried layer is voltage depen­
dent. Numerical device simulations with BAMBI have shown that the space charge region which grows in 
lateral and vertical direction with increasing source-drain voltage limits the current flow in the drift region. 
Basic considerations show that this behavior can be modeled analogously to the standard analytical JFET 
description with the exception of the special geometry of the DMOS cell. A simple model is given in [7]. 
Figure 3 shows the relevant geometry. The pinch-off voltage can be calculated as follows (Ubi is the built-in 
potential): 

(1) 

The DMOS JFET current can be given (under consideration of the drift velocity saturation) by: 

(2) 



For µ, the perpendicular field reduction of the mobility in the epi-layer is already taken into account, xd is 
the vertical extent of the space charge region which can also easily be calculated. Ad is the maximal area 
for the vertical current flow. The UdD denotes the voltage between nodes 22 and 11 in Figure 2. 

2.2 The enhanced MOSFET model 

Both measurements and numerical device simulation indicate that especially in the AC-case the strongly 
non-uniform channel doping in the lateral direction has important influence on the device behavior . There­
fore a "classical" analog MOS model [1] has been enhanced to account for those effects. Numerical device 
simulations show that for a non-uniform channel doping in lateral direction the drain current becomes 
greater than for a "classical" uniform doping in the direction of current flow in the channel (Figure 4). 
Figure 5 shows results of numerical device simulations for varying channel length. The doping concentra­
tions on both ends of the channel were fixed at values which differed at about one order of magnitude. For 
shorter channel lengths the channel doping profile becomes "steeper" and vice versa. The results of these 
simulations for e.g . Cgsb indicate that there is a dependence on the "steepness" of the channel doping profile. 
The channel doping profile of the n-channel vertical DMOS transistor is defined by the different lateral 
diffusions of p-base and n+-source . We approximate this by an exponential shape: 

(3) 

Most of the literature concerned with modeling of Smart Power devices deals with the drift region . In most 
cases the non-uniform channel doping is neglected . The first approach in our model was according to one 
of the few that have been published ([3]). 

2.2.1 The model according to Kim and Fossum 

Starting point is the drain current in the strong inversion regime: 

E., ( x) is the electric field in lateral direction, the channel and the bulk charge density are given by: 
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In this approach equation 4 is integrated neglecting the dependency of qc on NA(x). As result the "classical" 
solution is obtained: 

w 
ID= -2L µ,ff (2Co.,Uasejf - (Goa:+ cdB) UDSeff) UDSeff 

•ff 
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The quantity cdB can be regarded as derivative of the bulk depletion charge with respect to the channel 
potential and is given in the case of a uniform channel doping by: 

C cl4.,ic4l _ vj 
dB - "'B (11) 

Kim and Fossum now calculate CdB taking into account the non-uniform channel doping. To able to 
do this analytically the following assumptions are made: The channel potential varies linearly between 
source and drain (UcB(:z:) ~ UDSeff L."'Jf) and cdB i= J(x) . Furthermore the dependence of if!p from 
NA(rt) is neglected, which can safely be done, because il>p depends only logarithmically on NA(x) . Also 
the assumption of the linear variation of the channel potential is tolerable. Due to fact that the doping 
concentration on the source side of the channel is much higher than on the drain side the electric field on 



the source end of the channel is higher than on the drain side. Therefore the electrons reach the saturation 
velocity first on the source side with increasing source drain voltage and move with that velocity across the 
channel. Therefore this device shows no pinch-off behavior in the classical sense. 
Making no additional simplifications (in contrast to [3]) there are two additional terms in the resulting 
formula for the drain current . The factor Cs1 is proportional U'}; 5•11 in the drain current formula, Qs2 is 
proportional UDSeff and therefore has the dimension of a charge: 

= (12) 
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For TJ -+ 0 the classical solution is obtained. Both terms lead to an increase of the drain current. This is the 
expected result due to a higher channel conductivity because of a smaller depletion charge at the drain end 
of the channel. But the dependency of Cs1 and QB2 on TJ shows maxima which can hardly be physically 
explained (see Figure 6) . The second major drawback of this approach is that it is not obvious how it can 
be generalized for a charge based capacity model. 

2.2.2 The new DC-model 

Because of the shortcomings of the above approach a new model has been developed . The dependence of 
qc on NA ( :x) in the integration of equation 4 is no longer neglected. The equation to be integrated reads: 

(15) 

This can be done under the assumption of a linearly distributed channel potential. The dependence of ct>F 
on is again neglected. 
Both the calculation and the results are simpler than in the above case. In addition the result is more 
physically sound . It reads : 

ID= L:f µ.JJCo,,, ( Uas - UFB - 2ct>F + 2fao (2ct>F - UBs) ~(exp(-~) - 1) -

-UDs.11 (~-!Bo~ ( (~r (exp (-~)-1) +~exp(-~)))) UDse11 (16) 

For TJ = 0 the classical result is obtained. The additional terms are shown in Figure 7. The term that is 
linearly dependent on U DSef f modifies Uasef f in our implementation. This has the advantage that the 
exponential dependence of ID on Uas in the weak inversion regime which is modeled continously by Uaseff 
is not altered by the additional terms. Both terms show an expected dependence on TJ and also lead to a 
higher drain current . Figure 8 shows the effect of TJ in the new analytical model. 
Another important advantage of this approach is that it can be generalized to a charge based capacitance 
model which is shown in the next section. 

2.2.3 An enhanced charge based capacitance model 

A charge based capacity model guarantees conservation of charge, which can be important for circuit 
simulations. Therefore the starting point of our enhanced capacity model is the model by Oh, Ward, 
and Dutton (4). It calculates the charges which are assigned to the four MOS terminals from which the 
capacitances can be determined as derivatives with respect to the terminal voltages . The problem in the 



charge based method is the separation of the channel charge in the drain and the source charges. These 
charges read in above model : 

L 
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0 

In order to be able to perform the integration the following equations which can be derived from the basic 
relation ID= -Wqn(x)µ d~o are used: 
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The drain charge e. g. reads: 
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In the classical case the channel charge density is given by: 

qc (Uc)= Co"' (Uaseff - (1 +"-fa) Uc) (23) 

For the case of a non-uniform channel doping the following relationship can be used instead: 

qc(Uc) =Co"' (uas - UFB - 2<l>p - Uc(x)-fBoexp (-~i) (2(2<l>p- UBs) + KUc(x))) (24) 

The integrations in equation 22 can again be performed under the assumption of a linearly distributed 
channel potential. It can easily be seen that for TJ --+ 0 the classical result is obtained. Results and 
comparisons of numerical device simulations and the enhanced analytical capacity model will be presented 
at the conference . 
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Fig.I. Structure of the vertical DMOS transistor 
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Fig.2. Sub circuit model for the vertical DMOS tran­
sistor 
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Fig.3. Geometry of the DMOS cell for the modified 
JFET model 
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Fig.5. Numerical simulation of Cgsb 
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Fig.4. MINIMOS simulations of a MOSFET with 
uniform and non-uniform channel doping 

. . 
\ 

\ 
' •, 

0 ' 
''· ··. 

-~~-;/cWa~sicai----

·1 

0821cgasslcal 

-2 
0 2 4 6 8 10 12 

Tl 

Fig.6. CBl and QB2 over TJ 
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