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Abstract 

Important features of a deep-submicron MOSFET drain current model capable of supporting both 
digital and analog circuit simulations are described. Formulation of the commonly used mobility and 
velocity saturation models have to be revised to account for the influnce of the higher clecttic field in 
deep-submicron devices. For analog circuit simulations, output resistance modeling and smooth 
transition from weak to strong inversion are important considerations. Some solutions are discussed. 

Introduction 

MOS VLSI circuits have already entered the submicron era when the 90s' began. It appears certain that 
quarter-micron production MOS technology will be a reality within ten years. For device modeling 
engineers, the imperative job is to keep the device models in circuit simulators ahead of the advancing 
technology so that circuit designers can exploit the potential of a new technology as soon as it becomes 
available. Recently, we upgraded BSIMl(Berkeley Short-channel Igfct Model, a digital-mainly micron-
level model) to BSIM2 ( a digial-analog capable deep-submicron model)[l][2]. This paper will describe 
the various issues we encountered in this endeavor. Emphasis will be placed on the drain current model. 

Basic physics provides the guiding rules for device models. When developing device models for circuit 
simulation, however, issues such as computation efficiency and ease of convergence become very 
impotant. Some functional forms are preferred over others because they arc more computational cfficien. 
Continuity of the charge, current, and their first and second dcrrivativcs with the terminal voltages in all 
regions is preferred because it often helps convergence. 

Modeling submicron MOSFET's 

A one-micron CMOS technology typically has a gate oxide of about 20 nm, and junction depths of 0.3 
urn and 0.4 um for the n and p drain/source regions respectively. At the quarter-micron level, the gate 
oxide wiU be scaled down to about 75 A, and the junctions will be shallower than 0.15 um[3]. Taking 
process variations into account, a device in this technology may have dimensions as small as 0.15 um and 
gate oxide as thin as 50 A. Because of the extremely high oxide and channel electric fields that exist in 
this ultra-miniaturized device, many assumptions and approximations on which a micron-level model arc 
based may not be appropriate anymore for a quartcr-micron-levcl model especially if it has to be used 
for both digital and analog circuit simulations. In the following, we'll describe the some of the necessary 
changes we found necessary. 

MobiliUty 

It is weU known that the low-field surface mobihties of electron and holes follow universal expressions 

1̂ 0 
having the general form[4] ^eff = ~ . In most device models, a linear approximation is used 

^0 

in the denominator. For devices with oxide thinner than 100 A, however, higher-order corrections arc 
needed. Additon of a quadratic term was found to be adequate for oxide field up to 6 M V/cm as shown in 
figures 1 and 2. Since it was anticipated that the model will be used for both LDD and non-LDD devices. 
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no attempt has been made to include a separate expression involving the drain-source series resistance. It 
is lumped into the mobility parameters. 

Velocity saturation 

The shape of the I-V curve in both the triodc region and the saturation region is affected by how the 
velocity saturation effect is modeled. Using a two-section model ( model "2" in figure 3)[5] usually 
results in the second derivative of the drain current being discontinuous at the triodc-to-saturation 
transition. After evaluating the benefits and drawbacics of various approaches, we've settled on a simple 
extension of the two-section model ( model 3 in figure 3). 

Weak to strong-inversion transition 

Modeling the weak to strong-inversion transition is a difficult task. Piece-wise models are simple but are 
inaccurate around the transition region. They also produce discontinuities in the first derrivative of the 
drain current at the transition. Surface potential based model such as the charge-sheet model[6], on the 
other hand, are too complex. So far, piece-wise models have done reasonably well for digital 
applications. As the gate oxide is thinned down and the power supply voltage is not scaled proportinally, 
however, the transition region becomes a significant portion of the power supply voltage, and achieving 
adequate accuracy is difficult even for digital applications. To alleviate this problem, we employed a 
cubic spline functional fit around the transition point. To quaranttee that the transition is smooth for any 
oxide thickness, the transition points are determined in relation to the ratio of the gate capacitance and 
inversion-layer capacitance as shown in figure 4. 

Oupiit resistance 

Analog circuit simulations require accurate modeling of the current and output resistance in the transition 
regions between weak and strong-inversion, and between triode and saturation[7]. Pew existing models 
perform well in this regard. The physical phenomena responsible for the output resistance are well 
known. These include Drain Induced Barrier Lowering, Channel Length Modulation, and Hot Carrier 
Effect as shown in figure 5 [8]. Integrating them into one function which satisfies the continuity 
requirements turned out to be a demanding job. After weighing the available options, we decided to use 
a hyperbolic tangent based function for CML, and an exponential function for I ICE iis shown in figures 6 
and 7. Note that both functions are not computational efficient. We think a better solution may be using 
separate formulations for digital and analog applications. 

Results and Discussion 

Some nSIM2 modeling results arc shown in figures 8 to 10 for devices from our laboratories. In the past 
year, it has been also been tested on a wide range of CMOS technologies, including several sub-half-
micron non-LDD and LDD technologies from several industrial laboratories, and was found to perform 
well. All tests were done using a simple custom parameter extractor. Extraction of a complete set of 
model parameters for a single device typiatlly takes a few seconds excluding data taking lime on an IBM 
PS/2 50 computer. 

Conclusions 

If accuracy at high gate drvie is all that is required, a micron-level MOSFET drain current model can be 
converted into a submicron aipable model without much difficulty. Major changes are needed, however, 
if the model were to perform well at low current level and/or in analog circuit simulations. Inevitably, 
model complexity would increase with these changes and computational efficiency would suffer. It 
appears appropriate that an optimimal model should include three levels with varied sophiscation and 
capabilities. The most capable and thus the slowest level would be used for analog or analog/digital 
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circuit simulations, the middle level would be used for the simulation of criiiCiil digital signal paths, and 
the lowest level would be used for large digital system simulations. 
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Figure 1. Various models for the electron surface 
mobiljiy. The dashed Unc is the first-order model. 
The solid line is the second-order model. 
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Figure 3. Tlie electron velocity versus channel field. 
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Figure 2. Measured and simulated IDS-VGS in the 
triode region. Solid Uncs are the mode! and the 
asterisks are measured data. The dashed line is the 
best fit using the first-order model in figure 1. 

Figure 4. Modeling the weak to strong inversion 
transition. 
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Figure 5. Faciors affccling Ihc oulput resistance. 
-igure 6. IVIodcling ihc Channel-Lcnglh Modulation 
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Figure 7. Modeling the Hot-Carrier Effect. 
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Figure 9. Modelcd( solid line) and measural ID-VD 
characierislics of a 0.25 urn NMSOFET. 
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Figure 8. Modcled(solid line) and measured 
subthreshold characteristics of a 0.25 urn 
NMOSFET. 
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Figure 10. Modeled(so!id line) and measured output 
resistance for the same device in figure 9 
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