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Abstract

This paper presents a physically based model for the
MOS transistor suitable for anaiysis and design of
analpg  imtegroted circuits. Siatic and  dymomic
characieristics of the MOSFET are accurately described
by single-piece functions of two saturation curremts in
all regions of operation. Simple expressions for the
saturation voitage and the cutoff frequency in terms of

1. Introductios
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simple, continuous and

operation [1]. These models shounld verify fomdamental
properties, such as charge conservabon [2] and the
correctly represent not only the swong and mwversion
MOSFET ofien operaies [4]. Ideslly, only 2 few
parameters should be required 1o describe the mode! and
a simmple and consistent characterization procedure
should be devised Fimally, analog IC designers need
simple expressions to compute transistor dimensions for
any current level.

In this work the model of [5], wiuch satisfies all the
above mentioned reguirements, is entirely rewritizn in
terms of two components of the transistor current, one
In this reformulation, all the swmrc and dynamic
characteristics are expressed a5 funcnons of these two
components of the drain current Therefore, hand
calculations for circuit design can be substantially
simplified.

Our mode] wses the same basic physical variables as the
EKV model [3], but avoids the use of non-physical
micrpolating curves to bridge the gap between weak and
strong mversion. As a conseguence, our mode] allows the
calculation of the non-reciprocal capacitances and is
charge-conserving.

The mode! presented here does not inciude shori-channe!
effecs or the dependence of the mobility on the
transversal field The mcivsion of such effects leads

discussion in this paper. A compmer-implemented
version of oor MOSFET model that mcludes shon-
chennel and field-dependent mobility already exisic and
can be found clsewhere [9].

The basic prnciples used 10 derive our MOSFET mode]
are presented m [3, 13]. The expression for the drain
current, hased on the model of [3], 1s presemsd in order
10 emphasize its decomposition into Two components.
The remaiming expressions of the MOSFET static and
dynamic characteristics in terms of the two components
of the dram coment are also given. Simulated and
measured characteristics are compared. The expressions
presented here are a powerful ol for designing anaiog
circuits ‘where the MOSFETSs can operate under amy
imversion level.

2. Fundamentals

The MOSFET model hereinafter is strongly based on
two physical feammwes of the MOSFET structure: the
charge-sheet model [2, 10] and the incrementally linear
relauonship berween the inversion charge densiny and the
surface potental [5, 6], Combmed, these two
approximations allow deriving a MOSFET model
entirely formulated in t=oms of two components of the
dramn curremt [3, 11].

Two basic parameters of our model are n, the slope
factor:

T

n=]?‘n+v} (la)

where ¥ is the body effect factor, ¢y is 2 potential whose
value is a few ¢, (thermal voltage) above twice the Ferm
potcntial for holes [3] and Vp, the “pinch-off™ voltage [3.
5]. given by:
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In (1.b) Vyp is the threshold wvoltase in eguilibrium.
corresponding 10 the value of Vg for which Vp is equal o
zero. In oor model, all voltages are referred 1o the local
substrate, as m [3].




The drain current in 2 long-channe] transistor is given

[3.1L.12] by
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where Ing, is the forward (reverse) saturation current and
Qisgp) is the inversion charge density evaluated at the
source {drain) end. Therefore, the forward (reverss)
samranon component of the current is associated with the
source (drain) inversion charpe density by 2 one-to-ons
relanonship. In (2.b), u is the camer mobility, W is the
channe] width, L is the channe] length and C_ is the gate
Equations {2) emphasize the source-drain symmetry of
the MOSFET. In order 1o exploit the inirinsic symmerry
of the device, voltages are refermred 1o the substrate [3]
{fag.1). Let us now expiam how to determine the forward
and reverse components of the dram curent from the
Transistor output characteristic. as the one shown in Fig 1
for 2 long-channel MOSFET. Note that there 15 a region,
1s almost independent of Vp. This means that i this
region IV, Vp) << IV, Vs). Thersfore, Vg, V) can
be interpreted as the dramn current In forward saturation.
Similarly, in reverse samration, I, is independent of the
source voltage. Smee the long-chamnmel MOSFET is a
current IV, V) for any Vi, Vs allows computing the
drain current for anv combimation of somrce, dram and
gate voltages.
3.Model Formulation

In this Section we show how to derive continoous,
single-piece expressions for the large and small sienal
characteristics of the MOSFET i teoins of the forward
and TevETSE SANTANON CWITENS. These expressions are
veTy accurate in weak, mogderate and sirong Imversion.

A. Current Normaiizotion
Bmﬂ.b)mhemmdr.fum.
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Ig Ig
1s the forward (reverse) normalized corrent [3] and
: W
Ig=paC, 22 @)
is the normalization current, which is four times smaller
than the homonym presemizd m [3]. The factor
unC_ ¢;j2 which is herein denominated the sheet

normahzanon curent I, is a wechnological parameter
slightly dependent on Vi, through g and n.

327

In [3] the forward normalized current iy 1s also properly
referred o as the mversion coefficient since it indicates
the inversion level of the device, which depends on both
the gate and source voltages. As a rule of thumb, values
of i; greater than 1wm-—;mm
transistor opcrates in weak inversion wp 0 iy = 1
Intermediate values of i, from 1 =0 100, indicare
moderate inversion.
The sowce (dram) tremsconductsmce, defined a5 the
derivative of the drain corrent with respect 1o the source
(drain) voltage, can be obtained either by differentaning
2x
dlp Qo) [ Usm
=—(+)—— =4 -1
Emmia) F A _‘twsma[ -y ]
“a)

or from the peneral expression [3, 5]:
w_.
!—u}=—ﬂ‘stm3 t4b)
The combination of (3.2), (4.2) and (4.b) allows one ©©
express the derivative of the sowce (dramn) imversion

charge density with respect to the source (drain) voltage
as a function of the forward {reverse) normabized current-
n'ﬂln__f \i;"""l'lr)_l
v, = *J]"'iﬂﬂ
In the mode! of [5] all the static (drain current and total
charges) and dynamic (three transconductances and nine
independent (trans)capacitances) characteristics of the
long-channe] MOS transistor are expressed as fimctions
their derivatives with respect o the soorce and drain
woltages. Expressions (3.a) and {4.c) allow rewriting the
charge mode] of [5] In t=rms of the normalized samration
currents igand i,, 85 shown m Tabie L
Table 1 synthesizes the overall behavior of 2 large and
long-chanme] device from weak 1 srong inversion. It is
remarkable that only three parameters (I, C,, and n) are
cnough to characterize the small-signal parameters of the
MOSFET. Short and mamrow chammel effects can be
modeled as n [3]. The currenthased expressions in
Tabie 1 arc uscful for analysis and design of current-
bissed circuirs, as is the case of ahmost all the analog
g

B. Curreni-to-Transconductance Rotio
circuits is the curreni-to-transconductance ratic [4]. In
parameier can be expressed in terms of 2 normalized
Saturanion cuETent.
The substitution of (3.2) into (4.b) allows one to derive
the equation for the source (drain) transconductance in
Table 1 Thersfore, the ato of the dram current
forward (reverse) sawration w the sowmrce{drain}-
transconductance 1s given by

Izp, =.|ﬁ+1,m+l &)
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Expression (5) is independent of gate voltage, transisior
dimensions, technology and t=mperature. Therefore, (5)
is 2 umiversal expression for MOS transistors as well as
the tramsconductance-to-curremt rtatio is for bipolar
transistors. Expression (3) is 2 very powerful tool for
circnit design since it allows designers to compume the
available transcomductance-to-cumrent Tatio In terms of
the inversion level iz Morsover, (5) provides a
straightforward procedure for extracting the value of the
mormalization current, as shown m [11, 12].
The umiversality of the law in (5) is confirmed in Fig. 2
where measured and simulated CLTTEN-Io-
mransconductznce ratos are ploged for different gaie
voltages, technologies and channel lengths. The accuracy
of (3) is excelient for any of these cases.
C. Outpur Characteristics
Since the source (dram) transconductance g, is the
derivative of {+)lgg, With respect 10 Vgp, the
relanonship berwesn source (drain) voltage and forward
(reverse) normalized current (lasi expression i Table T)
is determined by imtegrating (5). In the last expression of
Tabie I, Vg, = V; mmplies that ig, = & thus, the
assigned value of parameter ip defines Vp and should be
chosen in the transinon from weak 1 srong inversion. In
this work we have adopted ip = 3, which corresponds 10
the condition Qg.p, =-0C_, 0, at Vg, = Ve [11, 12].
Fag. 3 shows the measured and simulated “common-gate
characteristics for 2 satumated (Vg WVg) NMOS
transistor of a2 0.75 pm technology (oxide thickness of
280 1) with L ="W = 25 pm The simulated curves have
been determined from the first and lest expressions in
Table 1 (assuming that, in sawration, i, is equal o zero)
and the defmitions of i; and Is In (3.bc). An excelien:
proposed mode] 1s observed in all regions of operation.
The MOSFET output characieristics described by the
umiversal relationship:

=) o

1+i -1

L, T 1+i; —ofI+i +In

.. Is L
are readily derived from the last expression in Tabie 1.
Expression (6) demonstrates that the normalized outpu
characteristics of a long-chamnel MOSFET are
mdependent of technology 2nd transistor dimensions,
corroborating again the universality and consistency of
our model. In Fig4 we compare the measured ompm
charactenistics, for scveral garr voltages, and the ones
simulaied by (6).
Vpssar, 1s defined here as the value of Vg for which the
matio Qp, /Qis =€ . where £ is an arbitrary number much
smalier than one. Therefore, from (3.2) and (6),

- =¢=[tn{%]~‘ﬂ_+?—1} M

The definition in (8) s exremely useful for circait design
it gives the boundary between the triode and
samranon regions in t=rms of the inversion level Note

-

that in weak inversion Vpgser is independemt of the
inversion level while iIn srong Vissar is
proportional to the squars root of the mversion level. The
saturation voltage is around 120 mV (e=0.01) m weak
inversion [B] and zrommd 350 mV if i=100. Our
defimition of saturation is arbitrary bmt provides designers
with 2 very good first onder approximation 1o the
mimmum Vps required to keep the MOSFET in the
“Cconstant current region”.

D. Small Signal Parameters

Tabie 1 shows the expressions for the source (g,,). drain
(8ma) and gate (g,,) transconductances, defmed m [3, 5]
as the partial derivanives of Ip(Vs, Vi, Vi) with respect
io the source, drain and gae voltages, respectively. Fig S
comparss the measured and simulated values of the gare
transconductance, for the same device of Fig 3, thus

The expressions for the ten intrnsic (trans)capacitances
lListed on Table ] ar= obtained from the differennanon of
the mnversion (Qy). depletion (Qg), somree () and drain
(Qp) total charges with respect to the terminal voltages.
One should recall that only nine of the sixteen possible
(wans)capacitances are independent [2]. In Figf we
comparc some of the imnmsic Uanscapacitances
calculated from the cxpressions presented in Table 1 and
from the charge-sheet $-formulated model of [7], which
is aiready known to fit experiments very well.

It can be noticed that all the small-sipnal parameters in
Tsble 1 spproximate to therr well-known asymptotic
values in weak and strong inversion [3]. For imstance,

Gecp m wreak mversion, that 15, for iy << 1, fl+i; can
be approximated by 1+i; /2 . Thersfore, g, (Table T)
tznds to its expecied valve, 16, On the other hand in
wmmhhpwmdn.ﬁ:ﬁuif
1s much greater than one.

The small-sienal parameters in Table I describe the
MOSFET bchavior in guasi-stafic operation, being
are discussed in [11, 12], where a nonguasi-stanc model
of the MOSFET is presented.

4. Transistor cutoff frequency

Analog circuit designers meed o determine bias current
and wansisior dimensions in onder o sausfy design
specifications such as gam and cutoff frequency.
Even though it is possible to choose the inversion level,
the designer should be aware of the frequency capability
of the transistor, which is most ofien specified in practice
by the intrincic cuwff freguency f;r. The intrincic catoff
freguency of an MOS transistor s defined as the
in the common-source configuration drops o 1 [2]. The
intrinsic cutoff frequency of a MOSFET m saturation is
[2] given by:



TR C) )
From the expressions of g, C; and Cy presented in
Table 1, f; can be readily written in tzrms of the mversion

cocificient as:
Ul-!—xf +l)

-
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dependence of f; on the channel length and on the slope
factor and mobility, both shghtly dependent om
wchnology and on gaie woltage. The second term
represents the dependence of the cutoff frequency on the
inversion level Usually, due to the lack of adeguae
models, desizners employ transistors whose ¥ is much
higher than that required for a specific application. thus
leadine ©© an unnecessary iIncrease in power
CconsumpHon.

Assuming the slope factor n in the denommator of (8.b)
o be egual 1o 473, a typical value, #r can be roughly
approximated to:

fr= :L’ 2Afi+i, 1) @)

for anv inversion level.

Fig7 shows the intnnsic cmoff frequency calculased
from (B_b), for n = 4/3 and n = 3/3. and from (Bc), fora
large ranee of the inversion coefficient.

5. Conclusions

An accurate MOSFET mode] valid in weak, moderate
Characterisncs are expressed as single-piece functions of
the samration components of the dram cumrenl A
physics-based law for the curreni-to-transconductance
mio m the MOSFET hes been derived and
experimentally verified The model presented here s 2
poweriul tool that can be nsed for both hand calculations
as well 2 computer-assisted analysis and design of
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Fig.1. Output charactenistic of 2 long-channe] NMOS transistor
for constant Vg and Vi All voltages are referred to the bulk
termunal.
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Fig2 Forward cument-to-transconductance miio (I<g,) vs.
inversion cosfficent of NMOS tansistors: (2) biased ar
different gate voltages: (b) with different channel lenpths; (c)
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Fig3. Common-gate characteristics of an NMOS transistor in
saturation, with L, =280 A and W=1 =25 pm (V;=08.12,
16,20, 24,30 36,42 and 48 V): (—) simulated curves
calculared from Tabie L. (0) measurad curves.
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FigA. Normalized output characeeristics (NMOS mransistor, L.,
=280 Aand W=L=25 pm)_ L=l @ Vp=Vgand Vg=0.
o measured data = rairnisted from (6)

@ i=45x 107 (Vg=07V) ®)i=565Vg=12V)
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FigS. Gare transconductance (Vg = 0, 05, 10, 15, 20. 25
and 3.0 V) of an NMOS transistor with 1, =280 Aand W=1
=25 pm: {—) simulated curves calculated from Tabie T (o)
measured curves.
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Fig6. Inminsic capacitances simulated from: () our guasi-
static mode] descrined 1 Tabie L (o) the §c-formulated model Fig 7. Normalized intnnsic cutoff frequency: (——) =gn.(Bb)
of [7).(NMOS transistor with 1, =250 A N, =2x 108 m" with n-=4/3; {-——) egn (B b) with a = 5/3; (o) egn.(Bc).
and Vo =0TV)

Tabie I - Expressions for the MOSFET Static and Dynamic Characteristics
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