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ABSTRACT

Effective, manufacture-oriented design and simulation of high-per-
formance analog and mixed-mode integrated circuits and systems
is known to critically depend on the quality of extracted device
parameters as well as the simulation model being used. This has
gained increased relevance for low-voltage low-current designs,
either in bulk CMOS or emerging SOI technologies. The EKV
model is introduced within a complete, statistically efficient and
simple characterisation methodology. Valuable insight into the
behavior of transistors in strong, moderate and weak inversion is
gained, which also allows for increased design creativity. Mea-
sured results from a submicron bulk CMOS and a fully depleted
SOI process illustrate the accuracy of the EKV model and the asso-
ciated parameter extraction under several geometries and regions
of device operation.

1. INTRODUCTION

The requirements for good MOS analog simulation models such as
accuracy and continuity of the large- and small-signal characteris-
tics are well established [1][2]. The EKV MOST model [3][4] has
been developed keeping in mind computational efficiency, ease of
parameter extraction and the designer’s needs for insight into the
device behavior.” Effects relevant for precise analog low-current
(LC) and low-voltage (LV) circuit design have been included in the
model.

An efficient and simple characterisation method is formulated to
obtain complete geometry independent parameter sets. Threshold
voltage and channel doping characterisation is achieved through a
single measurement of the pinch-off voltage characteristic at a con-
stant current bias in moderate inversion [5].

Table II: Summary of basic DC simulation model equations.
Description Equation
2 ’
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Table I: Main EKYV intrinsic model parameters for first and
second order effects and default values and units where applicable.
Name Description Default Values, Units
COxX Gate oxide capacitance - F/um?- F/m®
VTO Nominal threshold voltage 05 |V 05 v
GAMMA |Body effect factor 1 vz 1 yle
PHI Bulk Fermi potential (2x) 0.7 |V 0.7 |V
KP Transconductance parameter | 50e-6| A/v2 |50e-6| A/V2
THETA |Mobility reduction coefficient |0 w |0 v
UCRIT |Longitudinal critical field 2 V/ipym|{2e6 |V/m
XJ Source & drain junction depth [0.1 {um |le-7 |m
DL Channel length correction 0 pm [0 m
DW Channel width correction 0 um O m
LAMBDA|Depletion length coefficient |05 |- 05 |-
LETA |Short channel effect coefficient|0.1 |- 0.1 |-
WETA {Narrow width effect coefficient0.25 |- 0.25 |-

0-7803-3073-0/96/$5.00 ©1996 IEEE
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2. SIMULATION MODEL

Continuity of the large- and small-signal characteristics from weak
(WI) through moderate (MI) to strong inversion (SI) and from con-
duction to saturation is one of the main features of the EKV MOST
model. A set of 13 intrinsic parameters, shown in Table I, is used
for first- and second-order effects. A summary of the relevant sim-
ulation model equations is presented in Table II.

In the EKV model, the gate, source and drain voltages, V¢, Vg and
Vp, are all referred to the substrate to preserve the intrinsic sym-
metry of the MOS transistor. The threshold voltage VTO is defined
as the gate voltage for which the inversion charge forming the
channel is zero at equilibrium V, = V¢ = 0. The pinch-off volt-
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age Vp, depending mainly on the gate voltage V; and the parame-
ters VTO, GAMMA and PHI, corresponds to the value of the
’channel potential’ for which the inversion charge becomes zero in
a non-equilibrium state. The weak inversion slope factor n is a
function of Vp and depends on the same parameters.

The drain current is expressed as the difference of the forward and
reverse currents I and I , depending respectively on Vp -Vg and
Vp -Vp . Both components are interpolated in a continuous manner
from weak to strong inversion with exponential and quadratic
asymptotic behavior respectively, using the specific current as a
normalization factor /o= 2n|3Ut2. For design purposes, the func-
tion IF(R) =lg- [In(l+expl (VP—VS(D))/ZU,])] is used
to obtain simple expressions for drain current, transconductances
and intrinsic capacitances in different operating regions [3][4]. For
circuit simulation, the interpolation function takes a precise form
resulting from the numerical resolution of the surface potential for
long channel and uniformly doped substrate approximations.
Mobility reduction due to the vertical field, channel length modula-
tion and velocity saturation are included in the transconductance
factor B. Careful modelling ensures the first-order derivatives to be
continuous at the transitions between operation regions over the
entire geometrical range. Short- and narrow-channel effects are
accounted for in the modified body effect factor ¥", derived from
the charge sharing approach, the effect of which is equivalent to
drain induced barrier lowering.

The simulation model is completed with continuous expressions
for the quasi-static capacitances, the first-order non-quasi-static
transadmittances, temperature behavior and thermal noise, valid
for all regions of device operation. Substrate current effects,
requiring three additional parameters, are also included in the
model.

3. DC PARAMETER EXTRACTION

The extraction of the threshold voltage and channel doping related
parameters is of particular importance. The simple scheme of
Fig. 1 is used to measure the pinch-off vs. gate voltage characteris-
tic Vp vs. Vg, performed at a constant current bias in MI [5]. For Vg
to be equal to Vp, the bias current /g has to be set to half the spe-
cific current I, making the transistor operate in MI, where veloc-
ity saturation effects are negligible. I depends on the device size
and is determined from the strong inversion slope of A/I; vs. Vg.
VTO is determined as the particular value of V; corresponding to
Vp = 0, and GAMMA and PHI are extracted by fitting the mea-
sured Vp vs. V; characteristic of a long and large device. Leaving
the latter as two independent parameters allows to account for non-
uniform doping to a certain degree [6], resulting in parameter val-
ues slightly smaller than those obtained for uniform doping. The
robustness of the method is illustrated by the small sensitivity of
the extracted parameters with respect to the bias current I , which
is less than 5% for a one octave change of the bias current.

The pinch-off voltage extraction method has several advantages
compared with other constant current V,;, methods: the bias current
is given a precise meaning and VTO is extracted with a unique
value without extrapolation. The method is furthermore simple,
fast and efficient. GAMMA and PHI are obtained from the same sin-
gle measurement, in a much simpler way than with classical tech-
niques [7].

Maintaining VTO from the wide and large device, the Vp vs. V5
characteristics for short and narrow devices (Fig. ) are used to

Table IIl:  Summarized extraction procedure for the EKV
model, featuring device sizes, measured characteristics, conditions
(SL: strong, MI: moderate, WI. weak inversion, co.: conduction,
sat.: saturation) and extracted parameters.

Device sizes | Characteristics | Conditions Parameters
. Rvs. Loy DL,RS+RD
matrix W/L I/R vs. Weﬁ SI co. DW
Ipvs.Vg SI sat. Ig
wide/long Vpvs. Vg Mlsat. | yT0,GAMMA, PHT
Ipvs. Vg Slsat.@Vg|  KPTHETA
Ipvs.Vg SI sat. Ig
wide/short Vpvs. Vg MI sat. LETA
Ipvs. Vp SIco.-sat. | UCRIT,LAMBDA
narrow/lon; Ip vs.Vs S1 sat. s
1 Vs Vg MI sat. WETA
4.0
W=20pm
3.5 L=0.7pm
3.0 W=20um \\/‘/{//i
) L=20pm y ad /a/
25 /f, e
20 - o2l
2 /’j " W=0.8um
— 15 ! L=20pm -]
24 ok — simuiated //
o SUres -
05 - el g;g:ggzg%gm
= sy
O T A S WETA=0.256
. i
) 1 2 3 4 5
Ve VI
Fig. 1: Circuit for Vp vs. Vi characteristic measurement and

parameter extraction for three n-channel devices of a 0.7um CMOS
technology.

obtain the respective parameters LETA and WETA. This supposes
the channel length and width corrections DL and DW to be previ-
ously determined, using methods that simultaneously yield the
series resistances RS+RD [7].

Table III summarizes the complete extraction method to obtain a
single geometry independent parameter set for a given technology,
for either n- or p-channel. This method has been automatized in
commercial characterisation tools. Nonlinear optimization in con-
junction with full model equations in adequate operation ranges
allows to achieve consistency with the model as well as to maintain
flexibility. To increase the efficiency of the optimisation. steps,
reduced data sets and simplified model expressions can be used,
especially for the Vp vs. V; characteristic. To refine the accuracy of
the extraction, fine tuning can be carried out, optionally using
intermediate or minimum device sizes.

4. RESULTS AND DISCUSSION
Results of the complete extraction methodology are presented for
submicron bulk and fully depleted silicon-on-insulator (FD SOI)
technologies. All characteristics shown for the respective technolo-
gies have been obtained using a single parameter set. The inset in
Fig. 1 specifies the parameter values obtained from n-channel bulk
devices. Measured and simulated I, vs. V; currents are shown in
Fig. 2 for a long and a short device. For the short device, the gate
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Fig. 3: Gate and source transconductances g vs. Vg and
&ms V8. Vs of a short n-channel device.

and source transconductances are presented in Fig. 3, and output
characteristics in Fig. 4. The transconductance to current ratio is
shown in Fig. 5 for a long and a short device. Note the continuity 20um 07 pm

of the first-order derivative of the model, particularly in the MI 1o e ‘measured (VS=0V)
region, and the accuracy in subthreshold operation. As expected 4 A measured (VS=2V)

W=20 pm
L=20 ym

Emg/ Ip TA/V]

TTTTT

for FD SOI devices, an almost ideal subthreshold slope n = 1.02 is i SIm?lated i
found (Fig. 6). The operating voltages, here referred to the back 10  10°*  10® 107  10° 10°  10* 10®
gate, need to be reduced to avoid Kink effects [8]. As for the bulk Ip [A)
devices, the model accurately predicts SOI behavior in all operat- Fig. 5: Transconductance to current ratio g, /Ip vs. Ip on a
ing regions (Fig. 7). logarithmic scale of a long and a short n-channel device.
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Fig. 6: Vp vs. Vg and derived slope factor n vs. Vg character-
istics for an n-channel FD SOI device.
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Fig. 7: a) log(Ip) and A/Tz; vs. Vi, b) Ip and gy vs. Vi char-
actevisties for a wide and short n-channel FD SOI device.
These results demonstrate the flexibility of the extraction method
based on the Vp vs. V characteristic. Excellent match between
measured and simulated characteristics .can be observed over a
wide bias range. Geometrical behavior is the result of a reasonable
compromise between accuracy and simplicity. In practice, model-
ling of deep-submicron devices is found to be promising, however
requiring more than a a single parameter set to cover the whole
geometric range. Further refinements are under investigation in this
respect as well as for non-uniform doping [6].

In circuit simulation practice, good convergence properties and
computational efficiency have been observed for numerous circuits
in analog and mixed-mode applications. CPU time comparisons
with Spice level 3 model in several commercial simulators on both
Sun and PC platforms give an advantage for EKV generally of
15% for DC analysis and better or comparable results for transient
analysis. Convergence has consistently been observed to be better
with the EKV model.

5. CONCLUSIONS

The EKV MOST model responds to the needs of low power low
voltage circuit designers, giving insight into device behavior
related with the model parameters, as well as allowing for a cre-
ative use of their simulation tool to investigate novel designs. Mea-
sured and simulated characteristics presented are in good
accordance over large bias ranges. A simple and efficient parame-
ter extraction method has been presented, based on the measure-
ment of the pinch-off voltage vs. gate voltage characteristic in
moderate inversion at constant current. An automated parameter
extraction has been implemented in commercial extraction tools.
High accuracy for low-current and low-voltage design and compu-
tational advantages are achieved through the use of the EKV
model, shown to suit both submicron bulk and fully depleted SOI
technologies.
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