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Abstract 
In compact transistor modeling for circuit simulation, the ca- 
pacitances of conventional MOS devices are commonly deter- 
mined as the derivatives of terminal charges, which on their 
tmn are obtained from the so-called Ward-Dutton charge par- 
titioning scheme [I] .  For devices with a laterally non-uniform 
channel doping profile, however, it is shown in this paper that 
1) no terminal charges exist for the description of capacitances. 
Instead, 2) a model is presented for the capacitances of such 
devices, including numerical results for a MOS transistor with 
a laterally diffused channel doping profile. Finally, 3) a method 
is given to incorporate such a capacitance model in circuit 
simulators which are traditionally based on terminal charge 
models. 

Introduction 
LDMOS devices are well-known examples of MOS devices 
with a laterally non-uniform channel doping profile. Accurate 
modeling of capacitances in high-voltage LDMOS devices is a 
prerequisite for integrated RF-design of, for instance, switch- 
mode power supplies and power amplifiers. For high-voltage 
devices often the sub-circuit model approach is followed, but 
the effect of the lateral non-uniformity in the channel is usually 
neglected [2-6]. Efforts have been taken to incorporate the lat- 
eral channel non-uniformity in a terminal charge model 17-91, 
However, we will show that incorporation of a lateral channel 
non-uniformity via a terminal charge model is incorrect. 

Laterally. uniform MOSFETs 
Before turning to laterally non-uniform MOSFETs, we recall 
the charge and capacitance modeling of uniform MOSFETs. 
As shown by [I], charges can be assigned to each terminal, 
where the source- and drain charge are obtained from the inver- 
sion charge using the well-known Ward-Dutton charge partion- 
ing scheme. From these terminal charges Qi the capacitances 
Cij = ( 2 .  bij - 1) . aQi/a% follow (i and j = S ,  G, D or B; 
see also [12]). The existence of a terminal charge Qi im- 
plies 1) (Z .'&; - 1 ) .  ac,&w, = ( 2 .  6ik - 1) . ac,k/a%, 

and 2) the integral yc, i of the charging current through ter- 
minal i for a closed voltage cycle in time equals zero, i.e. 
ye,i 4 [Ii(t)  - I ~ ( t ) l  d t  = 0, where 1, is the total current 
through terminal i and IT is the transport current. The fact that 
qc,i = 0 can beunderstoodfrom Ii(t) - h ( t )  = dQi/dt;with 
Qi varying with the terminal voltages V;. 

Laterally non-uniform MOSFETs 
We have tested both implications -noted 1) and 2) above- 
of the existence of terminal charges for a laterally non-uniform 
MOSFET using device simulations as well as circuit simula- 
tions with the segmentation approach mentioned above (see 
Fig. 3). From these tests we have found that for laterally non- 
uniform MOSFETs, charges can be attributed to the gate and 
bulk terminal (see Fig. 3h and Fig. 3c), but not to the source and 
drain terminal (see Fig. 3a and Fig. 3c). This is in line with the 
general observations on non-linear dissipative systems 11 31 and 
with the terminal charge conservation constraints in [14]. Con- 
sequently, for the compact modeling of laterally non-uniform 

tanceS have he derived directly. 

LDMOS devices 
The channel doping N A  of an LDMOS device decreases from MOSET~ expressions for the and drain related capaci. 
source to drain; see Fig. 2a. The %--drift region is needed 
to withstand high voltages. In Fig. 2b a typical capacitance .. 
measurement on an LDMOS device is shown. toe&er with New capacitance model for laterally non-uniform devices 

L 

the simulation result of a sub-circuit model comprising MOS 
Model 11 (MMll; [IO]) for the channel region and MOS 
Model 31 (MM31; [IO]) for the drift region. The discrepancy 
between measurements and modeling results triggered device 
simulations of a MOSFET with the same non-uniform chan- 
nel doping profile, but without a drift region: see Fig. 2c. This 
last figure shows that the non-uniform channel doping profile 
causes a peak in the capacitance behavior, which is accurately 
described by a segmentation approach [I 11 using 20 segments 
each modeled by MM1 1 with parameters varying according to 
the doping profile. 

We consider the current I through the device, given by (1): see 
Fig. 1. For simplicity we assume a constant electron mobility, 
but this is not a fundamental limitation and the approach can be 
extended to include mobility degradation and velocity satura- 
tion. By a perturbation of the voltages according to (2) around 
its dc-solution (3), the imaginary parts of the small-signal drain 
and source currents, under quasi-static operation, are given 
by (4). Since the variation AQinV of inversion charge with time 
is due to a perturbation of, e.g., the gate voltage, these small- 
signal currents can be written according to (5). Notice that for a 
uniform MOSFET, the second term at the right-hand side of (5) 
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equals zero since aQinv fax = 0, and consequently the Ward- 
Dutton charge partioning scheme is obtained. With the small- 
signal solution given by (6), we determine the capacitances 
C D ~  = ( 2 6 ~ ~  - 1) . iz (L)  and Csj = - (26sj - 1) . i z (0) .  
In Fig. 4 and Fig. 5 the capacitances, calculated from these 
equations elaborated in the surface-potential formalism, com- 
pare very well to the ones obtained from 2D-device simulation 
(MEDICI) as well as from the segmentation model mentioned 
above. 

Incorporation of capacitance model into circuit simulators 
Conventional circuit simulators are based an terminal charges. 
We have developed a method to implement capacitances di- 
rectly into these circuit simulators. This method is illustrated 
in Fig. 6a. In Fig. 6h the total charging currents though the 
terminals for a closed voltage cycle in time (see also Fig. 3c) 
are shown for the segmentation approach and for a capacitance 
model for a laterally non-uniform MOSFET developed along 
the formulas of Fig. 1. Clearly, both implementations yield the 
same results, demonstrating that such capacitance-based mod- 
els can be implemented in conventional circuit simulators. 

Conclusions 
In this paper, we have shown that (2) laterally non-uniform 
channel doping profiles in, for instance, LDMOS devices and 
conventional MOS devices with heavy pocket implantations, 
lead to a capacitance behavior that is fundamentally different 

from that of MOSFETs with uniform channels. Furthermore, 
we have demonstrated that (ii) for these devices as a conse- 
quence of these laterally non-uniform channel doping profiles, 
no source and drain charges exist. Finally, we have (iii) derived 
a capacitance model for MOS devices with a laterally non- 
uniform channel doping profile and (iu) presented a method 
to implement such a capacitance-based model into standard 
charge-based circuit simulators. 
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Figure 1: Derivation of the new capacitance model, for a laterally non-uniform MOS device with its inversion charge QgnV explicifly dependent 
on the lateral position x. Here, I denotes the current through the device, V denotes the quasi-Fermi potential, p the electron mobility, Cox the 
oxide capacitance per unit area, and W the width and L the length of the device. 

31.3.2 
752-IEDM 04 



n- drift region diffused p-well 

0.6 
0.5 
0.4 
0.3 
0.2 
0.1 
0.0 

'GS ['I 

0 device ~imulofions 
M M i  I-segmentation 
standard MMi  1 

0 2 4 6 8 10 

Figure 2: (a) Cross-section of an LDMOS device with a diffused 
p-well MOS channel region and an n--type drift region. (b) Drain- 
gate capacitance of an LDMOS device, with total oxide capacitance 
C,,t,t = 180 fF, at Vos = O V  symbols represent measurements; 
lines represent compact model simulations. Note that the threshold 
voltage observed in the capacitance resulting from MMI 1 is dictated 
by the I -V characteristic, which in its turn is determined by the thresh- 
old voltage of the channel region at the source side. (e) Drain-gate 
capacitance of a MOSFET (C,,,t,t = 0.86 fF) with a non-uniform 
channel doping profile at VDS = OV symbols represent device sim- 
ulations using MEDICI; the dashed line represents a compact model 
simulation using MM1 1; the solid line represents a simulation using 
20 segments each modeled by MM1 1 with parameters varying accod- 
ing to the doping profile (see also (111). 
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Figure 3: Partial derivatives of drain (a) and gate (b) related capaci- 
tances for a laterally non-uniform MOSFET with diffused doping pro- 
file N A ( z )  = NAO . exp(-D. (z/L)'), D = 2.78, at VDS = 0.5V. 
Symbols represent MEDICI simulations and lines the segmentation 
model. (e) Integral of the charging current through the terminals of 
the same device for closed voltage cycles in time (according to the 
inset, 0 . 4 ~ ~  cycle time), obtained using the segmentation model. 
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Figure 4: (a) Comparison of the drain-gate capacitance between MEDIC1 device simulations (symbols) and the new model (solid lines), for 
VDS = OV. Influence of the diffused doping profile NA (z) = NAO . exp(-D. (z /L) ' )  on the (b) drain-drain capacitance for VDS = OV, and 
the (e) source-gate capacitance for Vcs = 4V, calculated by the new model (solid lines) and compared to MOS Model 11 for D = 0 and to the 
segmentation model for D = 1, 2 and 3 (symbols). In this figure the total oxide capacitance equals = 0.86 fF. 
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Figure 5: Drain-gate capacitance of the new model (solid lines) compared to (a) device simulations (symbols) and (b,c) segmentation model 
(symbols), for C,,tOt = 0.86 tF, and a diffused doping profile NA(z )  = NAO . exp(-D . (z/L)'). D = 2.78. 
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Figure 6: (a) Equivalent circuit for a three-terminal device illustrating the method to implement capacitances into circuit simulators. (b) Integral 
of the charging current through the terminals for closed voltage cycles in time (see Fig. 3c), obtained by means of a capacitance-based model 
developed along the lines of Fig. 1 (solid lines). (c )  Detail of (b) of the integral of the charging currents, in comparison with those obtained by 
means of the segmentation model (symbols). 
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