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Abstract-The urgent tasks of MOSFET modeling for cir- 
cuit simulation are easy adaptation to new physical phe- 
nomena arising for advancing technologies, and, of course, 
sufficient simulation accuracy. Approaches currently being 
pursued for developing such MOSFET models are summa- 
rized. Their capabilities for accomplishing these tasks as 
well as the important remaining problems are discussed. 

I .  INTRODUCTION 

IRCUIT simulation predicts performance of a given C design on the transistor or layout level with transis- 
tor response such as currents. These responses such as 
drain current dependence on drain and gate voltages are 
modeled analytically as simple functions of these voltages 
including model parameters. With increasing circuit size 
two different types of simulators become necessary to han- 
dle the complexity, while maintaining sufficient accuracy: 
One is the physical level simulator including the analytical 
models, commonly called SPICE simulator. The other is a 
high level simulator dealing primarily with the circuit log- 
ics in stead of the I-V characteristics (see for example [l]). 
Even the high level simulator usually relies on analytical 
transistor models for the preparation of the performance 
data (e. g. delay times, driving currents) of its library el- 
ements. Thus the transistor model is a key for both types 
of simulation. 

Requirements for circuit simulation are increasing ac- 
cording to the development of system integration with 
many different functions. This development trend forces 
standarization of fabrication processes to merge different 
functions among different fabrication facilities including 
utilization of existing IPS. To assist the development, the 
most important modeling issue is t o  guarantee sufficient 
simulation accuracy and applicability for any advanced 
technology. For achieving this task it is inevitable to main- 
tain a physically correct modeling of the real technology 
processes which govern the function of these MOSFETs, 
even in the circuit simulation model. Here the approaches 
to realize the outlined requirements are summarized. It 
will be also demonstrated that the models can be skillful 
not only for circuit simulation with advanced MOSFETs 
but also for rapid device optimization through concurrent 
development with 2D process/device simulations. 

11. DIFFERENT APPROACHES FOR MODELING 

Fig. 1 shows a commonly used equivalent circuit of a 
MOSFET [2]. Analytical circuit models describe all com- 
ponents in the equivalent circuit as a function of applied 
voltages on the four terminals (gate, source, drain and 

bulk). These four terminals induces three charges inside 
the transistor as shown in Fig. 2. The mobile charge den- 
sity Qi underneath the gate is partitioned into two compo- 
nents Qs (source charge) and Qd (drain charge) according 
to dynamic operations. Here analytical MOSFET models 
suffer two contradictory requirements: They should be as 
simple as possible, and should be highly accurate at  the 
same time. There are different approaches intending to 
find an optimum compromise between these requirements. 
An important quality measure of the resulting model is 
the number of model parameters, and whether the model 
parameters reflect applied technology. 

A .  Conventional Drift Approximation 

Most models such as the BSIM series [3], developed by 
the UC Berkeley, and the Philips MOS Model 9 [4] are 
descendants of the Meyer model, the first MOSFET model 
ever developed [5]. The Meyer model describes the device 
characteristics in a simple way as a function of applied 
voltages. The explicit descriptions were derived by the drift 
approximation ignoring the diffusion component. Since the 
original Meyer model fails t o  fulfill the charge conservation, 
the capacitance model was improved by Ward et al. [6] to 
simulate accurate charge storage behavior. 

At an early stage of the IC-technology development the 
accuracy of this model was satisfactory. However, two ma- 
jor problems became remarkable with advancing technol- 
ogy: One is existence of discontinuities [7] in the model de- 
scription and the other is the appearance of short-channel 
effects. The discontinuities occur due to application of the 
drift approximation. The drain current Ids is written by 
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Fig. 1. Equivalent Circuit of a MOSFET for circuit simulation. 
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Fig. 2. Schematics of a MOSFET cross-section with induced charge 
densities. 

fixing the potential at the threshold value [8] 

Here CO,, V,,, Vds, and &h are oxide capacitance, gate 
voltage, drain voltage, and threshold voltage, respectively. 
Equation (1) is valid in principle only in the linear region. 
I d ,  is extended to the subthreshold region by 

where ut is the themal voltage and other parameters have 
the same meaning as in [3]. At the transition between 
these two regions occurs a discontinuity (see Fig. 3), which 
is smoothed numerically by transforming the physical V,, 
int,o an effective V,,,,, [3] 

2nut l n [ l +  exp(-)] 
(3) v s-vth-zvoff Vgseff = 

1+2nCozd&exp(- anvt 1 
Another discontinuity occurs at the transition between the 
linear and the saturation region. It is caused by the as- 
sumption that Vds is small in order to derive (1). This is 
again smoothed numerically by introducing an effective vd, 

where definition of all parameters is found in [3]. 
The slight Ids increase in the saturation region as a func- 

tion of Vd, for reduced short-channel lengths is modeled by 
the channel length modulation in such piecewise models 
[3].  As the short-channel effects, three phenomema are ob- 
served in the subthreshold region [9]; the &h reduction as 
a function of gate length Lgate and as a function of v d s  as 
well as a slight increase of the subthreshold swing. The 
modeling is based on the charge sharing concept developed 

by Yau [lo]. The sharing of the depletion charge among 
the channel and the S/D contacts is described geometri- 
cally in a simple way, and thus requires many fitting pa- 
rameters to reproduce measured &h characteristics. A big 
advantage of the drift approximation is that model equa- 
tions are explicit functions of applied voltages. However, 
the drift-based models suffer from non-physical parame- 
ters introduced only for smoothing. Another problem of 
these models is that the technology is hardly reflected in 
the model parameters, since the technologically most sen- 
stive subthreshold region is described by a mathematical 
equation with a fitting parameter n as shown in (2). 

B. Drift-Diffusion Approximation 
The drift-diffusion approximation was originally devel- 

oped by Pao and Sah [ll]. The physical reliability of the 
approximation has been proved by 2D device simulators for 
MOSFETs with channel lengths even down to O.lbm [12]. 
Instead of solving the basic equations (the Poisson equa- 
tion, the current density equation) in 2D, the charge-sheet 
approximation was developed, which ignores the inversion 
channel width to simplify the calculation procedure [13]- 
[15]. Resulting key equations are the 1D Poisson equation 
and the following equation 

derived from the drift-diffusion approximation, where Qz is 
the inversion charge density. Here the two surface poten- 
tials $SO and 4 s ~  are those at the source and the drain side, 
respectively. All transistor characteristics are described as 
functions of these potential values. The main drawback of 
models based on the drift-diffusion approximation is that 
the surface potentials are implicit functions of applied volt- 
ages. Thus two iteration procedures for obtaining 4 ~ 0  and 
4 s ~  are necessary. However, it has been demonstrated that 
in spite of the iteration procedures the total calculation 
time required for circuit simulation can be even less than a 
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Fig. 3. Comparison of simulated transconductance gm at V,, = 0.1 V 
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conventional piece-wise model [16]. In fact a drift-diffusion 
model has more advantages than drawbacks. The most im- 
portant one is that the model is valid for all applied voltage 
regions without discontinuities (cf. Fig. 3). This simplifies 
the model description, keeps the number of model param- 
eters in principle at minimum, and results in simple pa- 
rameter extraction. A couple of models based on the drift- 
diffusion approximation have been already developed [ 161- 
[19]. Two models among them [17],[18] treat the saturation 
condition explicitly by considering the region where carri- 
ers flow in 2D [20]. The gradual-channel approximation, 
employed to obtain decriptions for device characteristics in 
closed form, aviods the saturation condition in the channel 
[13],[16]. A model based on the drift-diffusion approxi- 
mation named HiSIM (Hiroshima-university Starc IGFET 
Model) is currently developed by Hiroshima University and 
STARC (Semiconductor Technology Academic Research 
Center), and is proved to be valid for Lgate down to 0.10 
p m .  It was shown that HiSIM reproduces observed device 
performances including the quantum and poly-depletion ef- 
fects for any Lgate only with 19 model parameters. The 
reason for the drastical parameter reduction in comparison 
with BSIM3v3, as well as MOS Model 9 requiring nearly 
100 model parameters, is exactly due to the drift-diffusion 
based description of HiSIM. All short-channel effects are 
described by the lateral electric-field gradient as their phys- 
ical origin [16]. The field gradient is included explicitly 
in the model equations for solving the surface potentials, 
and is derived from measured I& shifts in comparison to a 
long-channel transistor. Fig. 4 shows simulated potential 
values as a function of V,, and Vd, for Lgate = 0.12pm. 
Fig. 5 compares simulated I- V characteristics with mea- 
surement,. HiSIM simulation results reproduce measure- 
ment excellently, without the channel-length modulation as 
a function of vds and the charge-sharing parameters needed 
in the conventional models. 

Even though the superiority of a drift-diffusion model 
is obvious, the most commonly used model is based on 
the drift approximation. This has 3 important reasons: 
One reason is the history of the model development aim- 
ing to simplify the description. The most severe reason is 
the complexity to derive descriptions for all device charac- 
teristics appearing in the equivalent circuit shown in Fig. 
1 .  Another important problem for a circuit model based 
on the drift-diffusion approximation is to ensure numerical 
precision. It has to be emphasized that surface potential 
values require an accuracy of 10-l2V to get stable conver- 
gence in circuit simulation. 

C. Other Modeling Approaches 

The EKV model developed by Enz et al. is based on 
an approach similar to the drift approximation [21]. In 
stead of focusing on the inversion condition, as the mod- 
els based on the drift approximation, EKV concentrates on 
the low gate-voltage region up to  moderate inversion which 

-1  0 1 2  3 4 5 
vgs (VI 

6 

5 

4 
cl 

4 2 3  

2 

1 

Fig. 4. Calculated surface potential (a)@so as a function of gate 
Voltage v,,, (b)&sr. as a function of drain voltage vd, for Lgote = 
0.12pm. 
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Fig. 5. Comparison of I-V characteristics between measurements 
(symbols) and calculated results (lines) at Vb,=O. 

is important for analog applications. Distinguishable im- 
provement in comparison with BSIM3v3 is not observable 
[221. 

111. FUTURE REQUIREMENTS FOR CIRCUIT SIMULATION 

A .  Technology Fluctuations 

The minimum Lgate employed for advanced technologies 
is reduced down to O.1Opm and the gate oxide thickness 
is as thin as 3nm. Under such conditions the influence 
of technological fluctuations on device characteristics can- 
not be ignored. Usually the circuit simulation includes the 
fluctuation by considering the boundaries as worst case pa- 
rameters [23],[24]. There are many, mostly mathematical 
methodologies to  determine technology fluctuations, which 
sensitively affect device performance fluctuations. These 
methodologies mainly focus on finding the condition giving 
the minimum parameter fluctuation [25]. However, more 

108 



desired is to provide a methodology to minimize the device 
performance fluctuation caused by the technology fluctua- 
tions with less statistical data. For this purpose the transis- 
tor model is an important candidate. However, transistor 
characteristics are already very complicated, and analytical 
models require many model parameters. To secure the ro- 
bustness of the simulation result, reliability test of model 
parameters may be done such as shown in Fig. 6.  The 
test proves whether the model parameters coincide exactly 
with device parameters determined by technology. If this is 
realized, the device perfromance as well as the circuit per- 
formance distribution is well predicted as shown in Figs. 7 
and 8, respectively [26]. Such reliability tests can be done 
only with the help of 2D simulations. 

B. Robustness for Advanced Technologies 
Technology development pursues the device development 

scenario. As a result new phenomena are continuously dis- 
covered in each development era. The reverse short-channel 
effect, observed since more than ten years, is one of such 
phenomena, and is more and more enhanced. The origin 
of the effect is the substrate impurity pileup at the sur- 
face near the source/drain contact [27],[28]. This impurity 
concentration determines the subthreshold as well as the 
moderate inversion characteristics. The impurity profile 
was modeled by a linear function of the depth to allow its 
easy extraction. It was demonstrated that the extraction 
can be done with measured Gh-Vbs characteristics as shown 
in Fig. 9 [29]. Fig. 10 compares the extracted impurity 
profile with the 2D process simulation result [30]. In spite 
of this simplification the profile is extracted with sufficient 
accuracy in the channel region. However, the inavoidable 
inaccuracy of this analytical description can be recognized 
at the same time especially at positious deeper in the sub- 
strate. 

The most precise method for predicting circuit perfor- 
mances is with 2D device/circuit mixed mode simulators 
solving all basic transistor equations numerically. Even 
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Fig. 6. Robustness test of the gate-oxide thickness To, appearing 
in circuit models. If To= has the same meaning as it  should be, 
simulation results with its deviated values from +lo% t o  -10% 
should be correct. 
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Fig. 7. Measured distribution of saturated drain current Idsat  as 
a function of threshold voltage fluctuation (solid circles) for n- 
channel MOSFETs. Numbers from n l  to  n8 with solid diamonds 
are calculated boundaries with a model [24]. 
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Fig. 8. Meaured histogram for the 23-stage ringoscillator delay. 
Three dashed lines represent the calculated nominal (ringO) and 
boundary values with a model [26]. 

though simulation time is drastically reduced by improved 
CPU time, no 2D simulator can treat a circuit with more 
than 10 transistors up to now. A clear advantage of the 
analytical model is the rapid extraction of the essence of 
the phenomena from measured data and the capability to 
describe it in a simple way. On the contrary 2D simulators 
results enable to determine process conditions and their 
influence on device characteristics exactly. Thus concur- 
rent development of 2D process/device and circuit simu- 
lation with analytical models enables device optimization 
to achieve required circuit performance with reduced per- 
formance distribution [31]. A possible scheme for such a 
concurrent development is shown in Fig. 11. The key 
issue to realize such concurrent developments is that the 
model parameters have to coincide with device parameters 
determined by the process technologies. Once the model 
describes a phenomenon according to its physical origin, 
it is also easier to  extend the model to new phenomena 
appearing in the following technology generations. As an 
example Fig. 12 demonstrates an extension of the drift- 
diffsion model HiSIM for an advanced technology with the 
poly-gate depletion effect. This extension is achieved with- 
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Fig. 9. Measured Vth as a function of Jb, - vbs, where 9s is 
fixed to the potential value at threshold condition. The shadowed 
spoitting at d G  = 0 is attributed to  the reverse short- 
channel effect [19]. 
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Fig. 10. Comparison of model impurity profiles extracted from sim- 
ulated Vth (lines) and those of 2D process simulation results 
(symbols) used for the Vth simulation. 

out any difficulty only by including the potential drop in 
the gate-poly Si region [19]. 

C. Beyond the quasistatic approximation 

The CMOS technology development starts to enable ap- 
plication for high frequency operation. Cutoff-frequencies 
of 50Ghz have already been observed for a single transistor 
[32]. Under such high frequency operation the conventional 
quasistatic approximation, describing the transient behav- 
ior by assuming that charges are only functions of instan- 
taneous terminal voltages [5],[33], has to be improved. The 
developed non-quasistatic approximation treats the chan- 
nel as a nonlinear transmission line with time dependent 
external voltages. Here all possible incremental variables 
have to be included in analyzing the high frequency oper- 
at,ioii [34]. A simplified equivalent circuit for such a case 
is shown in Fig. 13. All components are extracted by 
Y-parameter analysis derived from S-parameter measure- 
ments [35]. It can be seen from the equivalent circuit that 
derivatives of all device characteristics as a function of all 
possible applied voltages are required for the simulation. 
Successful simulation results have been reported [36], [21]. 
However, to secure the simulation accuracy for any opera- 

<measurement> 

Circuit Simulation 

Fig. 11. Schematics of concurrent process, device, and circuit engi- 
neering. Open arrows are not yet accomplished, but are desired 
to  realize future development. 
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Fig. 12. Surface potential in substrate (solid curve) a t  the source 
side and poly-Si (dashed curves) as a function of gate voltage 
V,, . 

tion condition robustness of all model parameter values is 
definitely required. 
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Fig. 13. Equivalent circuit of a MOSFET for small-signal ac analysis. 
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IV. CONCLUSION 
Importance of analytical MOSFET model is increasing 

with the complexity of IC design and by pushing the tech- 
nology to its limit. Here we have demonstrated that the 
model cannot only predict circuit performance for given 
transistor characteristics but also can expand its role to the 
optimization to achieve high performance yield as well as 
to predict future development. Success of these expansions 
depends on the robustness of circuit-simulation model and 
its parameters. For this purpose concurrent development 
with 2D Drocess /device simulation is an imDortant issue. 
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