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MOSFET Models at the Edge of 100-nm Sizes 
George Angelov, Tihomir Takov, and Stojan Ristic 

Abstract - The paper reviews the mainstream MOSFET 
advanced models with their physical relevance and mathematical 
techniques. The basics of the respective modeling approaches are 
discussed showing the principle advantages of the surface 
potential based approach for describing sub-100-nm devices. 
Major short-channel and quantum effects in the models are 
outlined. Emphasis is set upon the latest compact models: 
BSIM314, MOS Models 9/11, EKV, SPZOOI. Selected 
characteristics (such as inversion model basis, core reference, 
drain current and threshold voltage equations, short-channel and 
quantum effects, number of model parameters) of the models 
examined are compared as well as comments on model vimes 
and shortcomings are given. 

I. INTRODUCTION 

A model is a mental image of reality ~ many different 
images of the same reality may exist. The fundamental goal 
in device modeling is to describe the intrinsic physical and 
electrical properties of the device modeled (for the 
MOSFET such are charge conservation, source-to-drain 
symmetry, etc.). The growing demand for accurate 
modeling is determined by the requirement for a sufficient 
simulation accuracy and applicability for any technology. 
The technology trend towards downscaling of MOSFETs 
inlo the sub-100-nm sizes, low voltages, high frequencies, 
and system integration on chip brings device physics and 
modeling before new challenges. Silicon MOSFETs will 
continue to scale down for some time, hut the physical 
limits of scaling are coming closer. The sub-100-nm 
regime of operation is increasingly affected by various 
quantum and short-channel effects. They restrict and even 
comproinise the operation of conventional MOSFETs, 
based on the drift and diffusion motions of electrons. 
Adequate modeling of geometry-reduced devices is 
becoming more complex as technology scales into sub- 
100-nm dimensions. 

11. MODELING AT THE 100-NM SIZES 

MOSFET compact models must account for the 
changes observed in the device characteristics. They need 
to be physical, simple (compact), accurate, and technology 
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independent. Fitting of device data from different 
technologies across the industry with high accuracy is the 
most challenging task. Models like BSIM314 achieve it by 
introducing lots of fitting parameters to adjust the 
simulated characteristics. This has led to a trend, similar to 
Moore's law, of increasing the number of model 
parameters along with model complexity (Figure I).  
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Fig 1. Number of DC model parameters vs. the year of the model 
introduction. 

State-of-the-art MOS technology is in deep submicron 
sizes (0.13 pm, 100 nm). These sizes affect the device 
operation and directly reflect device models complexity, 
causing numbers of physical, mathematical and 
computational problems. All deep submicron MOSFETs 
suffer the conventional short-channel effects: channel- 
length modulation (CLM), carrier velocity saturation, 
drain-induced-barrier lowering (DIBL), reverse short- 
channel (RSC) effect, substrate current induced body effect 
(SCBE), etc. When MOSFET dimensions are scaled down, 
both the voltage level and the gate oxide thickness must 
also be reduced. Since the electron thermal voltage (kT/q) 
is constant for room-temperature electronics, the ratio 
between the operating voltage and the thermal voltage 
shrinks. This leads to higher source-to-drain leakage 
currents stemming from the thermal diffusion of electrons. 
Simultaneously, the gate oxide thickness has been scaled 
down to a few atomic layers, where quantum tunneling 
gives rise to a sharp increase in gate leakage current. 
Moreover, the use of highly doped channel and polysilicon 
gate, leads to depletion in the poly-Si gate (polydepletion) 
and quantization effects in the channel. Polydepletion 
occurs after entering strong inversion in the hulk silicon. 
Quantum effects (QM) relate to the emergence of quantized 
carrier states in the inversion layer. The principal outcome 
of their presence is that the peak of the carrier density 
distribution is shifted away from the surface, which is not 
the case for its classical counterpart. 
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111. MODELING APPROACHES 

The basic equations for describing the MOS device 
characteristics are the Poisson's equation, the continuity 
equations, and the current-density equations [I]. The three 
well-known approaches to modeling MOS devices [Z] are 
examined below. 

1I l . I .  Regional Approach 

Regional models describe MOSFET operation in the 
linear and saturation regions with separate equations under 
the drift approximation. They use bulk and inversion 
charge linearization, whereat symmetry between source 
and drain is lost. The transistor channel current takes the 
following simplified form 

KP - transconductance parameter, Vrh - threshold voltage 
and 8- bulk-charge factor accounting for the amount of the 
bulk charge variation with the channel-to-bulk bias. 

A fundamental problem is the discontinuity of 
d?IDddVD: at v,,'". TO ensure numerical robustness, the 
derivatives of second higbsr orders must be continuous at 
all voltages. A single, continuous equation of IDS is 
achieved by introducing a smoothing function to interpolate 
the I-V characteristic between linear and saturation regions. 
The smoothing function - effective drain-to-source voltage 
VD;" - i s  defined (in BSIM3) as [3]: 

The value of A (it is a BSIM3 model parameter) determines 
the smoothness of transition. Substituting VDs in (1) with 
VDs'" from (2), we obtain the single equation of IDS: 

(3) 

Regional models have moderately simple 
implementation into simulation tools and are widely 
present in public domain (BSIM3/4, MM9). A key 
advantage is that model equations are explicit functions of 
applied voltages. A disad9antage is the use approximate 
expressions of IDS in the weak- and strong-inversion 
regions, tied together by smoothing functions. A big 
number of parameters is introduced for smoothing and to 
add new effects. The result is an inaccurate description of 
the channel current in moderate inversion, which becomes 
increasingly important in modern analog and RF designs. 
Such artificial modeling is insufficient for sub-100-nm 
technologies, where process variations must be accounted 
for to ensure reliability of circuit simulations. Next 
generation modeling approaches should provide a simpler 
way of implementing new features. 

I ,  = KPL (VG$ - V r h ) - - ( l + S ) V , $ ] V ~ ~ .  1 7 2 

111.2. Surface Potential Based Approach 

To enlarge the physical content, model developments 
focus on charge sheet models based on surface potential 
(@J formulation. These models allow an inherently single 
equation and accurate calculation of IDS. At the core of the 
@,-based approach is the drift-diffusion approximation of 
IDS; under the Brews charge-sheet approximation [4]: 

Eq. (4) is continuous in all bias conditions. The 
surface potentials at the source (&) and drain side (AL) are 
the key quantities calculated by iteratively solving the 
Poisson equation. Under strong inversion condition @so = 
2& and @sL 2bF + VDs, which greatly simplifies (4) (&is  
the Fermi potential). All transistor characteristics are 
described as functions of @d and @sL. The discontinuities 
are eliminated without introducing smoothing parameters. 
Therefore, @,,-models are simple and comprehensible. They 
give most accurate results. The major disadvantage is the 
need for iterative procedures to compute @so and @sL as 
functions of applied voltages (no analytical solution). 
Another drawback is the relatively complex 
implementation and slow execution time. The recent 
progress of &-based models, however, overcomes these 
difficulties (e.g. MMI 1 [5], [6] and SP2001 [7]), indicating 
that @x-models could serve as basis for the sub-100 nm 
compact models. 

111.3. Hybrid Approach 

An alternative to purely @s,-models is the hybrid 
approach that combines the advantages of both presented 
approaches. The surface potential at the source side is 
usually described analytically, and the drain side potential 
is approximated by V D F ,  given by a definition analogous 
to (2). The EKV model adopts such method of introduction 
of empirical mathematical formulations [8], [9], [lo], [ I  I]. 

IV. ADVANCED MOSFET MODELS 

IV.1.  BSlM3. BSlM4. and MM9 

BSIM3 (Berkeley Short-Channel IGFET Model), 
developed at the University of California at Berkley, 
emphasizes physical formulation, computational efficiency 
and ability to accommodate a large variety of technologies. 
BSIM3 features include major high-field and short-channel 
effects: velocity saturation, CLM, DIBL, SCBE, RSC 
effect, subthreshold current, parasitic resistance effects. 
BSIM3v3 (1995-1998) is the most recent release [12]. 
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BSIM4 (2000) improves I-V modeling of the intrinsic symmetry by referring all voltages to the substrate. 
transistor, noise modeling; incorporates extrinsic parasitics, Provides accurate description of all transistor operation 
etc. I t  maintains compatibility with BSIM3v3 while regions with no 81Ds/dVD: singularity. The QM and 
introducing several advanced effects to cope with the polydepletion effects are embedded via A-based 
rapidly shrinking MOSFETs: QM charge thickness model, corrections [7], [Is] .  SP2001 does not contain iterative 
gate tunneling current model, holistic thermal noise model, loops or channel segmentation. Free from unphysical 
s lh t ra te  resistance model, etc. To fix the asymmetry behavior, the model contains a relatively small number of 
problem, a dynamic reference approach is introduced [121. parameters owing to. the increased physical content. 

SP2001 proceeds from Brews' charge-sheet model [4] 
and utilizes analytical computation of dS via symmetric 
linearization [16]. Following a small-geometry version of 
the symmetric linearization concept, the drain current is 

BSIM3 threshold voltage is approximated by 

'Th  = 'Tip0 + K 1 ( d m - & ) +  
( 5 )  

(8) (%, + 4 1 4  
rL + ~ " 4 1 V C  ' 

IDS = P  
VTh0 - long-channel threshold voltage at zero V,, K1, K2 - 
body effects coefficients, NLX - RSC coeff., AVrh - the 
threshold voltage reduction due to short-channel effects. 
For full exact listing of BSIM3 equations see [3], [13]. 

P = P ( w / L & ~ x  - gain factor, qzn  - inversion 
charge, rL, a, V,, &-parameters. 

MOS Model 11  ( M M l l )  (2000) is a symmetrical, 4s- 
model that employs smoothing function to interpolate the I- 
V characteristic. It includes effects, such as velocity 

. (6) saturation, bias-dependent series resistance, conductance 
effects (CLM, DIBL, SCBE, etc.), gate leakage current, 
gate depletion, QM effects, etc. [51, 161, [141. 

MM1 1 channel current is split up in two: IDS = Id,z + 
Id@ The driA and diffusion components are functions of the 
gate bias ( VGB) and the surface potential at the source and 
drain sides. Thus, IDS can be accurately described using one 
equation for all operating regions. dX (in the model it is 
denoted with &) can he calculated from [14]: 

BSIM3 and BSIM4 use the Same general form OfIDS: 

I D S  = 'DS.0  [ 1 + b X i A v s ? ]  
R D S ~ D S , O  1+- 

Vg' 
In BSIM3 is [3]: 

. 

, (7) 

- 

I (9) 

IDS," = 

Vi - Early voltage, VD;" - smoothing function of VDs, 
<if  - V<;.v smoothing function of (VGS ~ VTh), - oxide 

capacitance per unit area, Aa.a - hulk-charge coefficient. 
The key difference between BSIM3 and BSIM4 is that 

in BSIM3 is proportional to Cg,, whereas in BSIM4 
IDS,,, is proportional to C'o.r,,ir. The difference arises out of 
the two types of gate oxide thickness that are introduced in 
BSIM4: 0 physical thickness (fox.pi,) - the actual grown 
thickness, and 0 electrical thickness (tor,<) - the thickness 
that fits hest to the measured data. In classical analysis 
charges are assumed to concentrate right on the oxide-buk 
interface, i.e. I ~ , ~ , ~ ~  = ro,y,p In reality, the maximal probability 
of carrier distribution occurs at some distance below the 
interface. Basically C', in BSIM3 is the BSIM4 electrical 
capacitance C O , ,  = and B S M 4  C'nx,eff is related to Of 

the physical thickness tOxph. 

+ "a )PT 

where 0, - quasi-Fermi potential, @ = kT/y - thermal 
voltage, d8 - surface potential in strong inversion, ko (= KP 
in other models), mo. 4p - Parameters. Eq. (9) provides an 
implicit relation of 4, to VGB and 0.. SO, 4, can only he 
calculated numerically using an iterative solution. That is 
why in MMll an 
potential is used. 

. 

Of the 

EKV model, developed at the Swiss Federal Institute 

that uses bulk as a reference. Though being charge based, 
the model employs an empirical approach to achieve 

currents. EKV v2.6 (1997) is continuous model valid for all 
bias conditions [I7]. In EKV v3.0 has been 
announced [18]. 

The current in moderate inversion region is modeled 
by interpolation function. 10s is normalized through a 
specific current Is: 

in Lausanne (EPFL), is Physics based 

MOS 9 (MM9), developed by philips 

also ilnplements smoothing functions to achieve continuity 
in device characteristics. The model exhibits good behavior 
in circuit simulations [14]. 

IV.2. SP2001, MMl1. andEKV 

Semiconductors in the early 1990s, is regional model that continuity, which relies on conductances rather than on 

1 

SP200l (surface potential) is developed at the I D S  = I F  = I s c i f  - i ~ ) G 2 n ~ ~ ~ ( i J  - i r )  (10) 
Pennsylvania State University (2001). The model is physics 
based, symmetric and uses the inherent MOS device' electron concentration [SI. 

i, , i, - normalized forward and reverse currents, n ~ 
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TABLE I 
COMPARISON OF TIHE MOST POPULAR ANALYTICAL COMPACT MODELS 

v. COMPARISON OF THE MODELS 

TABLE 1 presents selected features of the models 
examined. Comparison of the time needed for parameter 
extraction between BSIM3, SP2001 and EKV shows the 
EKV model is the quicker than BSIM3 and SP2001. 
Parameter extraction on a standard 0.13 mm technology, 
takes a few hours for EKV, two days for SP2001 and five 
days for BSIM3 [19]. Such a big difference is due to the 
fact that BSIM3 model has large number of parameters 
with strong correlation between many of them while EKV 
has far fewer parameters with low correlation between 
them. As far as DC fitting of device data is concerned, 
SP2001 fits best and BSIM3 fits better than EKV (EKV has 
fewer parameters than BSIM3). However, BSlM3 model is 
very sensitive to carefully choosing the model parameters, 
otherwise it gives erroneous characteristic curves; SP2001 
and EKV models are well behaved and have no such 
problems. BSIM3 suffers from bad intrinsic MOSFET 
capacitance modeling, which results in non-physical or 
spurious description in many areas of capacitance behavior; 
EKV and SP2001 show none of these problems. 

I t  could be judged that EKV is the easiest.mode1 to 
use, SP2001 and MMI 1 are most physical, and the most 
popular models - BSIM3v314 - are most comprehensive 
for the mainstream technologies. 

VI. CONCLUSION 

Scaling down to 100-nm channel lengths, the 
mainstream MOS technology faces physical limiting 
factors that worsen the device performance. It is expected 
that in nanometer designs the process effect on system 
performance will be larger as the nanotechnology 
variations will be more significant. Accordingly, much 
more modeling efforts are needed to comply with the 
increased design complexity. The goal is to develop 
physics-based, simple, and accurate MOSFET models and 
methodologies that make the best use of the available 
technology while downscaling design margins. A simpler 
analytical formulation of the surface potential utilizing the 
drift diffusion approximation proves to be both physical 
and practical for the near future technologies. 
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