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Abstract— We present here the MOSFET-model HiSIM.
Since HiSIM employs the drift-diffusion approximation and
preserves a correct modeling of the surface potential in
the channel, it is not only accurate. Additionally model-
parameter number is small, parameter interdependence is
removed, and parameter extraction becomes easy. Mea-
sured current-voltage characteristics of advanced MOSFETs
is thus reproduced with only 19 model parameters.

I. INTRODUCTION

DVANCED MOSFET performance is determined by

new phenomena e.g. quantum effects, poly-depletion
effects or gate leakage currents. Of course, these phenom-
ena must be correctly implemented in MOSFET models for
circuit simulation. However, extraction of model parame-
ters for conventional MOSFET models is already extremely
complicated. Moreover, extracted parameter values have
often lost their original physical meaning, especially due to
the conventional modeling-approach of short-channel (SC)
effects. Therefore, a revision of the model basics is an ur-
gent necessity, to keep future circuit simulation practical.

We describe here the MOSFET-model HiSIM (Hiroshima-

university Starc IGFET Model) with a focus on its param-
eter extraction. HiSIM employs the drift-diffusion approx-
imation and preserves a correct modeling of the surface
potential (¢s) in the channel. It is therefore not only ac-
curate, but additionally model-parameter number is small,
parameter interdependence is largely removed, and param-
eter extraction becomes easy. In comparison to conven-
tional MOSFET models parameters number is reduced to
about 1/5 at a comparable level of accuracy.

II. MODELING OF PHYSICAL PHENOMENA

HiSIM determines ¢g iteratively and models the SC ef-
fects by the derivative of the lateral electric field in the ¢g
equations. In spite of the iteration the total simulation time
is less than for conventional models [1]. The reverse-short-
channel (RSC) effects are modeled with channel-length-
dependent doping profiles, which are extracted from the
measured threshold-bulk voltage (Vir — Vis) characteris-
tics [2]. Besides these technology-related quantities, further
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physical phenomena, already known to be unavoidable for
advanced technologies, are modeled as follows.

A. Quantum Effects (QE)

The necessity for including quantum effects (QE) has
been obvious since the reduction of the gate-oxide thick-
ness T,, approaches its limit. The main effect is that the
peak of the carrier density distribution is pushed away from
the surface into the channel. This can be described phe-
nomenologically by a T,, increase. Two major approxima-
tions are introduced for a simple description: First, a tri-
angular potential perpendicular to the channel is assumed.
Second, carriers are restricted to occupy only the lowest
energy level. Resulting effective oxide thickness T,zcff be-
comes [3,4]
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where @, and Q;,, are bulk- and inversion charge den-
sity, respectively. Other parameters have the same mean-
ing as in [3]. The coefficient a, originally derived quan-
tum mechanically under above mentioned approximations,
is treated as a fitting parameter.

B. Gate-Poly Depletion Effects (PDE)

The gate-poly depletion effects (PDE) are modeled with
a low-impurity-concentration region (Npg) in the gate-poly
Si. For this purpose the Poisson equation and (2) are solved
simultaneously in the substrate and the gate-poly Si (poly-
Si) with an iteration procedure.
CsEs

Vga_Vfb_¢S_¢pg= C
ox

(2)
Here Vg5, Vis, b5, ¢pg, Es, are gate voltage, flat-band volt-
age, surface potential in the Si substrate, surface potential
in the poly-Si, and vertical electlic field in the substrate, re-
spectively. Fig. 1 shows calculation result of ¢5 and ¢,, as
a function of poly-Si impurity concentration. The depletion
in the poly-Si occures after the starting of the strong in-
version in the bulk Si, where the impurity concentration is
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Fig. 1. Surface potential in substrate (solid curve) and in poly-Si

(dashed curves) as a function of gate voltage Vg5 at source side.

much lower than in the poly-Si. Fig. 2 compares measured
transconductance g, as a function of Vg, with 2D simula-
tion results, excluding and including the depletion in the
poly-Si, respectively. This comparison demonstrates the
influence of poly-Si depletion effects on MOSFET perfor-
mance, which becomes substancial after the onset of strong
inversion, and therefore confirms the result given in Fig. 1.
For optimized calculation time the Poisson equation in the
poly-Si region can be simplified by ignoring inversion car-
Thus the iteration, otherwise necessary to obtain
consistent ¢pg values, can be eliminated.

C. Carrier Mobility

The carrier mobility is described by the following expres-
sion with 3 independent contributions [5]:
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Fig. 2. Measured and simulated transconductance gm vs. gate-source

(V4gs) voltage.
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Here N;,, is the carrier concentration at threshold (1 x
10t em™2). T is the lattice temparature, and E. is the
effective field normal to the surface. X1, X2, Y1, Z1 are
fitting parameters. Due to the universality of g at low
fields along the channel direction, Y2=0.3 and Z2 ~1 are
known to be practically independent of technology varia-
tions. The high-field mobility is modeled as

Mo

(1 + (22B)")?

sat

p= (8)

where 8 = 2 for electrons. Vo; ~ 1 x 107c¢m/s is the elec-
tron saturation velocity, and E is the electric field along
the channel. E, is determined by the ¢s gradient. It has
been recognized that 8 should be an even integer value to
secure the continuity at Vs = 0 [6].

ITII. PARAMETER EXTRACTION PROCEDURE
Parameter extraction for HiSIM needs the following steps
(see Fig. 3):
A. Extraction of Channel Impurity Profile

The channel impurity profile (Ng,(z)) is extracted from
measured V3, —V,s characteristics for each gate length Lgg..
[2]. For simplicity Nyu,(z) is modeled as a linear function

of depth z

Nsub(Lgate; 1‘) = NsubO(Lgate) + Nsubg(Lgate) XZ (9)

| Extraction of Nsub |€——

[ Extraction of QE and PDE |

long-channel
transistor

| Extraction of mobility parameters I
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Toxeff(new)=Toxeff(old

[ Extraction of the SC effects |
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Fig. 3. Parameter extraction procedure.



where Ngupo(Lgate) and Ngupg(Lgate) are the parameters
to be extracted. First, physical T,, is used and PDE are
ignored. With this data Q, and Q;n, can be calculated by
solving ¢g iteratively with Tozess = Top.

B. Eaxtraction of QF

Parameter extraction of QE means to determine just the
single parameter «. For this purpose the measured C-V
characteristics at relative small Vi, values are fitted as
shown in Fig. 4. Since the PDE are superposed above
threshold condition, this region of the C-V characteristics
is not used for the determination of .

C. Extraction of PDE

Extraction of PDE is also done with just 1 parameter,
namely the poly-Si doping N,g,. Again the measured C-V
characteristics is fitted, however, in this case above Vy; as
shown in Fig. 4.

QE and PDE parameters are extracted iteratively by re-
peating the steps from (1) to (4) until the newly calculated
Toxess becomes equal to the previous one. This iteration is
required to obtain self-consistent model parameter values.
Fortunately, just 1 iteration is needed under normal cir-
cumstances. Up to step (4) only a long-channel transistor
is employed.

D. Extraction of Parameters for Short-Channel (SC) and
Reverse-Short-Channel (RSC) Effects

Extraction of the 3 parameters invested for modeling the
SC effects and the 9 parameters for modeling the RSC ef-
fects is performed with measured V;, — Vis characteristics
for short-channel transistors [2]. The 9 RSC parameters
are needed to describe the Lgq:e dependence of the vertical
impurity profile by a simple equation. For normal applica-
tion 3 of them can be ignored.

Though Ny, is modified by inclusion of the RSC effects,
influence on Tozeff turns out to be almost negligible. Fig.
5 shows a comparison of the real oxide thickness T, and
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Fig. 4. Comparison of measured C-V characteristics with simulation
results for different models.
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Fig. 5. Calculated T,zess including quantum effects (QE) and gate-
poly depletion effects (PDE).

Tozef s for the case of a long (1.5um) channel. The Toyefys
dependence on Vg, as calculated with HiSIM, and the ex-
act calculation, solving the Schréedinger equation and the
Poisson iteratively [7], are found to be in very good agree-
ment. Fig. 6 shows calculated Vi, as a function of Lgge
for different V;s values together with measurements [8].

E. Extraction of Parameters for the Mobility

Mobility parameters are extracted from measured I-V
characteristics. Due to the small number of fitting param-
eters, extraction turns out to be quite easy in practice.
Finally the high-field-mobility coeflicient 8 = 2 is proved.

IV. CALCULATED RESULTS

Extracted parameters are shown in Table 1. Resulting
I-V characteristics for short and long-channel transistors
are compared with measured results [8] in Figs. 7 and 8.
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Fig. 6. Calculated threshold voltage including QE. Symbols are

measurements and lines are calculated. Both the reverse-short-
channel (RSC) effect and the short-channel (SC) effect are cor-
rectly expressed.



TABLE 1
THE PARAMETER LIST.

parameter value dimension
QDEPCC | —2.642 x 1078 RSC parameter
QDEPCL | 3.309 x 10~13 RSC parameter
QDEPCS 0.5 RSC parameter
QDEPBC | 3.648 x 1077 RSC parameter
QDEPBL | 7.705 x 1071 RSC parameter
QDEPBS 1 RSC parameter
VFBC —0.708 RSC parameter
VFBL 1.35 x 10~ RSC parameter
VFBS 0.5 RSC parameter
SC1 14 SC parameter
SC2 2.7 SC parameter
PARL?2 1x107° SC parameter
X1 300 em?/(V x s)
X2 30 cem?/(V x s)
Y1 6.5 x 10° em? T x KJ(V07 x )
Y2 0.3 no fitting
Z1 1012 cm/s
Z2 1.4 no dimension
o 5x 10710 (C x cm)?
Npoly 7.5 x 101 cm™3
I¢] 2 no fitting

This comparison verifies the unique capability of HiSIM to
correctly simulate advanced MOSFET characteristics from
long gate length (1.5um) to extremely short gate length
(0.12um) and from the subthreshold region up to the sat-
uration region with a single set of only 19 parameters.

V. CONCLUSIONS

In this paper we have presented the advanced MOSFET
model for circuit simulation HiSIM (Hiroshima~university
Starc IGFET Model) and focused on HiSIMs simple and
easy-to handle parameter extraction methodology. The
main reason for the simplicity is that HiSIM requires only
19 model parameters for a complete modeling of advanced
MOSFETSs, including short-channel (SC), reverse-short-
channel (RSC), quantum (QE) and gate-poly depletion
(PDE) effects. Parameter interdependence is largely re-
moved due to the physics-based modeling of above men-
tioned effects. This has to be compared to the nearly 100
largely interdependent parameters, needed by conventional
MOSFET models for reaching a comparable level of accu-
racy.
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