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Abstract

HiSIM realizes both accurate and fast circuit simula-
tion. The HiSIM2 version includes required features
in modeling for the 45nm technology node and beyond
such as the STT effect. A major development is an im-
proved model consistency, which enables even modeling
of the technology variation accurately. HiSIM2.4.0 in-
cludes also the binning option to take into account newly
appearing device features which are not modeled yet.
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1 Introduction

The compact MOSFET-model development trend leads
to models based on the channel surface potential, allow-
ing higher accuracy and a reduced number of model pa-
rameters in comparison to the threshold-voltage-based
models [1]-[3]. This is reflected in the fact that most
of multi-gate MOSFET models, being intensively devel-

oped nowadays, are based on the surface potentials [4]—[6].

It has been demonstrated that excellent model accuracy
for higher-order phenomena as well as noise features,
which is a prerequisite for accurate RF circuit simula-
tion, has been achieved by the surface-potential-based
modeling without any new model parameters in addi-
tion to those for describing the I-V characteristics [1],
[7]. The main reason for such successful achievement
is the consistency in describing measured phenomena.
Only one measure, namely the surface-potential distri-
bution along the channel, is treated to be the origin of
all device features. This is also the basis of the real
device physics [8], [9].

There are different approaches within the surface-potential-

based modeling in how to calculate the surface poten-
tials from the Poisson equation: One is to solve iter-
atively [1] and the other is to calculate with simpli-
fied analytical equations [2], [3]. Among existing models
available for actual applications only HiSIM (Hiroshima-
university STARC IGFET Model) solves the surface po-
tentials with the iteration procedure, avoiding additional

approximations without any computer run-time penalty [11],

[12].
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MOSFET technology is leading semiconductor indus-
tries through aggressive size reduction on a short time
scale. In addition to the performance improvement of
MOSFETSs by scaling, many descendants such as LD-
MOS have been developed to realize required circuit per-
formances and applications [10]. Another aspect to be
considered in modeling is thus extendability to all pos-
sible structures. A big advantage of the modeling ap-
proach based on the principle of device physics is that
it allows to apply the model to all kinds of MOSFET
structures with a single set of basic equations. Capabil-
ities of HiSIM2.4.0 will be overviewed here.

2 Accuracy of Calculation Results

The main objectives of our efforts are to obtain:

e a limitation to the parameter inflation by provid-
ing only one parameter set for all channel lengths
of the MOSFET

e highly accurate reproduction of the I — V' charac-
teristics of the MOSFET including all secondary
effects of advanced technologies, which are becom-
ing dominating, and source-drain symmetry

e high accuracy of the derivatives of the I — V' char-
acteristics up to 3rd order

e RF simulation capability by accurate intrinsic ca-
pacitance, noise and non-quasi-static (NQS) mod-
els

e a binning option for considering not yet modeled
effects and keeping the model flexible

e short simulation times as good or better than the
conventional V;,-based models

The surface potential is calculated with the Poisson equa-
tion [8], [9], which is an implicit function of the surface
potential. Therefore, HiSIM solves the equation itera-
tively in the same way as numerical device simulators
but with a quasi 2D algorithm. To achieve fast calcula-
tion speed, good initial guesses for the iteration as well
as an appropriate algorithm for the Newton iteration
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are keys. As a result the simulation time with the it-
erative approach turns out to be faster than with the
non-iterative approach [11], [12], because the iteration
number can be kept small and because the calculated
quantities in the iteration loop remain simpler. Calcu-
lated surface potentials and their derivatives are shown
in Fig. 1.
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Fig. 1: Comparison of calculated surface potentials at
source side ¢go and their derivatives by HiSIM2 and a
2D-device simulator for various substrate voltages Vi
at a drain voltage of Vgs=0.1V. Gate length is fixed to
2um.

Fig. 2 shows calculated I—V characteristics with HiSIM2
in comparison with measurements for a 65nm technol-
ogy. The shortest gate length L, of 40nm. A single
model-parameter set is valid for all gate length. Fig.
3 compares higher-order derivatives of the transconduc-
tance gn, for two drain voltage (Vjs) values. Good re-
production of all higher-order derivatives for any bias
condition is due to the unified modeling approach based
only on the surface potentials.

Fig. 4 shows Gummel symmetry tests up to 3rd deriva-
tives. The source-drain symmetry of MOSFETS is im-
portant in circuits, where the operating point of MOS-
FETs swings through Vs = 0 [13], [14]. The surface-
potential-based modeling preserves the source-drain sym-
metry at Vgs=0 in principle automatically. However, the
fundamental nature of this symmetry can be affected by
the modeling of advanced MOSFET phenomena such
as short-channel effects. In HiSIM2 efficient numerical
damping is used to suppress such negative effects from
advanced MOSFET-phenomena modeling.

3 STI Effect

The shallow-trench-isolation (STI) technology is com-
monly used in advanced device fabrication. However,
it induces a stress to the device substrate [15], which
causes modification of the MOSFET characteristics from
the original ones. This is modeled by considering the
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Fig. 2: Comparison of calculated I — V' characteristics
with HiSIM2 (red lines) and measurements (blue lines)
for Lgate=200nm (a) Igs vs. Vgs (b) Igs vs. Vgs and for
Lgate=40nm (c)lgs vs. Vs (d) Ias vs. Vas.

distance from the gate edge to the STT edge [16]. How-
ever, accurate modeling of the leakage current causing
additional current flow at corners of the device is a pre-
requisite. This leakage current even dominates over the
original current for very narrow devices as shown in Fig.
5. In future modeling of such kind of currents is ex-
pected to become the main task.

4 Simulation Speed Issues

An important objective for the development of com-
pact models is a short computer runtime of the model,
because circuit designers need to carry out even ana-
log simulations of circuits with large transistor numbers
nowadays. Even for DRAM circuits, using very aggres-
sive technologies, require high accuracy of device models
to fulfill aggressive design tasks. The transistor-number
requirements for circuit simulation have been increasing
with technology generations, due to the possibility of
placing more and more transistors on a single chip, and
have recently crossed the barrier of 1 million transistors.
The simulation-speed objective was one major reason for
the choice of the conventional threshold-voltage-based
modeling approach, implemented in the Meyer model
and also in the widely used BSIM model series, because
it was assumed that approaches with fewer approxima-
tions and therefore higher accuracy, like the surface-
potential approach, would inevitably lead to an intol-
erably large computer-runtime penalty. However, with
advancing scaled-down fabrication technologies the ne-
cessity of including explicitly induced phenomena like
short-channel effects, noise effects, NQS effects or non-
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Fig. 3: Comparison of HiSIM2 results (red lines) and
measurements (blue lines) for Iys derivatives at small
and large V5. The MOSFET dimensions are Ly=40nm
and Wy = 2um.

homogeneous channel doping into the compact mod-
els, became a high burden for the threshold-voltage-
based models, leading to large number of fitting pa-
rameters and a strongly increasing computer runtime.
On the other hand, non-negligible induced effects in
advanced technologies could be included into the more
physical surface-potential-based models like HiSIM in a
much more natural and less calculation-time-expensive
way [17]. Consequently, already HiSIM231 featured even
shorter circuit-simulation times than BSIMA4.

HiSIM requires two iteration steps for calculating two
surface potentials. One is the surface potential at the
source side ¢gg and the other is the surface potential at
the drain side ¢gr,. The calculation speed of HiSIM is
verified by measuring the simulation time for each cal-
culation step. Fig. 6 shows the CPU time variation as a
function of the gate voltage Vg for a fixed drain voltage
of V4s=0.1V. The CPU time was measured by repeating
the DC simulation for 200 times at each bias condition,
and the simulation times at four different steps in the
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Fig. 4: Gummel symmetry test for I4s up to the 3rd
derivative.

HiSIM code were measured. The result is shown cumu-
latively. The fluctuation of the measured CPU time is
due to the computational condition fluctuation during
the measurement. The line 4 shows the total simulation
time including all leakage contributions, and the line 3
is the end of the simulation time for the intrinsic part.
The line 1 and 2 are the end of the iteration steps for ¢gg
and ¢gr,, respectively. the sum of the internal iteration
steps is less than 20% of the total simulation time. In the
threshold voltage based model there is no burden of such
an iterative simulation time. However, the simulation
time for the intrinsic part, the difference between the
line 2 and the line 3, is kept low in HiSIM due to simple
description of the device characteristics. As a result to-
tal simulation time compensates the burden of the simu-
lation time caused by the iteration procedures. Thus an
important feature of the surface-potential-based model
is that it requires not much simulation time, once the
surface potentials are calculated.

As can be seen in Fig. 6, the total simulation time is not
dominated by the surface-potential calculation but other
calculation steps take the main share of the overall cal-
culation time. Table 1 shows a comparison of iteration
numbers required in circuit simulation with SPICE3f5
for various simple test circuits [18] with HiSIM240 and
BSIM450. The comparison is done with default model
parameter values for both models. The number of itera-
tion steps denotes the smoothness of model equations. If
the model equations are smooth and no abrupt changes
exist in device characteristics as a function of applied
biases, the number of iterations is kept small. To accom-
plish complete smoothness for any bias conditions, even
for the conditions where no device physics is valid any
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Fig. 5: Comparison of the I-V characteristics for the
gate width W, of (a) 10pm and (b) 0.11um. The gate
length Ly=10pm.

more, compact models normally apply many smoothing
functions. This can be minimized by modeling with the
surface potentials.

Table 1: Comparison of Iteration Numbers in Circuit
Simulations with HiSIM and BSIM.

Circuit HiSIM240 BSIM450
cram 2204 2286
mux8 21176 23011

ring 4778 6056

5 Modeled Phenomena

Table 1 summarizes all phenomena modeled in HiSIM2.
Most of the phenomena are observed in any type of de-
vice geometries for advanced technologies.

Figs. 7-9 show simulation results with HiSIM for the
flicker noise, the thermal noise, and the induced-gate
noise, respectively [19]-[21]. It has to be noted that no
additional model parameter is required for the simula-
tions, but measured I-V characteristics simulate auto-

Relative CPU Time

Fig. 6: CPU times needed for HiSIM2.4.0 to calculate:
Ps0 calculation (short-dashed line), Psl calculation (dot-
ted line), basic characteristics (dashed line), and com-
plete program (solid line). One PC with Fedora Core
Linux 6 and Intel Pentium 4 CPU 3.40GHz is used.

Table 2: Modeled phenomena in HiSIM.

Phenomena
Short Channel
Reverse-Short Channel

Subjects

impurity pile-up
pocket implant

Poly-Depletion
Quantum-Mechanical
Channel-Length Modulation
Narrow-Channel
Non-Quasi-Static

Transient Time-Domain
AC Frequency-Domain
Thermal Voltage
Bandgap
Intrinsic-Carrier Concentration
Phonon Scattering
Maximum Velocity
Universal Mobility
High-Field Mobility
Threshold Voltage
Mobility

Leakage Current
Intrinsic

Overlap

Lateral-Field Induced
Fringing

Noise 1/f Noise

Thermal Noise

Induced Gate Noise
Cross-Correlation Noise
Substrate Current

Gate Current

GIDL Current

Temperature Dependency

Mobility Models

Shallow-Trench Isolation

Capacitances

Leakage Currents

Source/Drain Resistances
Junction Diode Currents

Capacitances

matically the results, if the technology is already ma-
ture.

HiSIM240 provides binning options, where possible model
parameters for the binning are limited for model param-
eters directly connected to device parameters in the first
option. However, a second option for extending the bin-
ning possibility is also provided to keep flexibility.
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Fig. 7: Calculated 1/f noise characteristics in compari-
son with measurements. Only the trap density NFTRP
is the model parameter, valid for all gate lengths. If the
technology is manure the value is universal.

6 CONCLUSION

The development trend in compact modeling goes to-
wards surface-potential-based approaches and leads to
models like HiSIM2, with higher accuracy, fewer model
parameters and shorter computer runtime than achiev-
able with the conventional threshold-voltage based ap-
proaches. The main motivation for continuing this de-
velopment effort is to realize a sufficient design capa-
bility of RF-circuits with advanced MOSFETSs, where
many higher-order phenomena affect the circuit perfor-
mance, as well as of large mixed-signal circuits, where
both accuracy and short simulation time are a must.
The trend toward the surface potential brings compact
modeling for circuit simulation also much closer to 2-
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Fig. 8: Calculated thermal noise coefficients v and mea-
surements as a function of the drain voltage Vg4 for var-
ious gate lengths L.
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Fig. 9: Comparison of calculated induced-gate noise Sig

with the short-channel effect and without. The thresh-

old voltages are depicted by arrows.

dimensional numerical device simulation. Therefore, both
approaches can now come together and work united to
achieve the common goal of realizing rapid technology
progress for the benefit of the society.
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