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Alstract

A model which takes into account the effects
of substrate bias is obtained to describe the static
voltage - current characteristics of the MOS tran-
sistor operating at various substrate blas poten=~
tials, The model uzes simple functions which are
suitable for evaluation by a pocket calculator, The
turn - on voltage model constants are determined
by simple experimental measurements, Theoretical
results obtained {rom the model are in close agree-
ment with experimental data,

1, Introduction

Metal Oxide Semiconductor Field Effect Tran-
sitors (MOSFETs) form a btesis for a large number of
circuits including those goming inte play for digi-
tal and analog filtering El]. For pocket caleculator
alded cdesign it is convenient to have sinple MOSFET
models which are suitable for calsulator program-
ming. Such a preliminary model of the MOSFLT was re-
cently propesed [2] where the nonlinear DC charac-
teristics of the HWOS'T over a uscful range of op-
eration were modeled by a single exponential func-
tion of two variables, which can be evaluated read-
ily with a pocket calculator, When the transisior
is operated with a grounded sutsirate, the proposed
rodel EE] was foumd to mateh the experimental curves
reasonably well, However, in cireuit deslign, there
is often a needl to operate the MCOGFUT with the sour-
ce and sukstrate at different potentials, as for
example in CMOS-R {ilters [1] f}] and modulators
[h. Pe 5Q]-

In this paper we extend the MOS:ET model pro-
posed in [2] 5o that it describes the voltage -
carrent behaviour of the MOSFET under different sub-
strate bias conditions, Since the ei(fect of the sube
strate bias _is to vary the turn - on voltage of the
transistor |5, p, 56}, we derive a single analytic
function which is incorporated into the model to
account for the effect of the substrate bias, Simple
peasurements to determine the model parameters, which
are constants of the deseribing equations, are out-
lined, Finally, using a pocket calculator progranm,
the MOSFET turn - on voliages which are determined
by the model equations are compared to the actual
experimental characteristies, as measured under var-
jous substrate and gate bias situations, to show the
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2, Form of the Model

In this section we present simple functions
which deseribe the voltage - current characteristics
of the MOSIT operating as a four terminal device
with a substrate potential defined independently
from the cource potential, The presented expressions
are for an n ~ channel MOSKT, The p - channel MOS
8T equations are obtained by substituting the neg-
atives ol the variable quantities in the equations
for the n -~ channel devices as outlined in section

The symbol for the four - terminal n - channel
MOSFET is shown in Fig, 1, where the variables are
also defined, The voltage - current relationship
for the MOSKYT can be characterized a function
£(ey.) of two variabies (4, pp. #9-59] such that

Ip = Vg = Vq» Vpg) (1)
where Iy = 0 is the drain current, V¢ (z 0 for

enhancement devices) is the gate to source voltage,
and VDS < [ is the drain to source voltage, while

'.'T is the turn - on, or threshold, voltage (VT >0

for enhancement devices), Recently ]:2] the function
T was proposed to be of the following form:
(x, y} = ﬁxzfl - exp{-Ky/x)J1(x) (2)

where 1(.} is the unit step function and B and K
are constants for a given device,

When the zubstrate is shorted to the source the
value of VT is a determined value VTo' typical val-

ues of which are listed in data sheets, But when the
substrate terminal is not shorted to the source a
voltage, Vo, applied on the substrate modulates the

turn - on voltage, VT' s0 that we can express VT
as a function, g(+}), of \fE through

VT - VTO = E(Vm) (3)
We obtain the function g for an n - channel MOSFET

as follow:, From the device physics it is known that
the voltage VT necessary to induce a conducting

channel on the surface of a_semiconductor is glven
by an equation of the form 6, p. 323]

)
Vp = Vyp + 2[o] + 2[2]o} - V5 J¢ (%)

degree of agreement, whare VFB is the flat-band voltage, o is a potential
of the semiconductor, VH} is the substrate - to =
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source volitage, and a is a constant which depends on
the semiconductor material, the device geometry, and
doping. For cur purposes we express Eg, {#) in the
form

.1'_
Vi = Vo + (L - 8Y5)7 - 1] (5)
where we have set

Voo = Vpp + 2lo| + a(aicp[fl (6a)
6 = 1/(2}0|) (61)
v = (2)o])ia (fic)

Equation (5) iz in a form where the constants Vaor

¥y and & can be determined hby simple measurements
ou:lined below, Thus Hq. (5) gives the required func-
tion g(Vm). showing the effect of the sulstrate

blas on the turn - on voltage VT' and on the MOSFET
characteristics when incorporated in EBq, (1),

3. f Modal Constants
Equation shows the effect of a substrate
bias, VE < 0, on the turm - on voltage, VT >0 of
an n - channel MOSFET, This is reflected in the ex~

perimental curves of Fig, 2, these being curves of

ID versus VGS for various VHS when VDS - VGS is

set, where we note that VT is the intersection on

the horizontal axis, and that this intersection
increases as VB is made more negative, The three

constants Vo , v, and & in Eq. (5) are to be obtain-

ed from this type of curve in 2 manner outlined in
this section,
Otserve from EqQ, {5) that vTo is the turn - on

voltage when the sulstrate blas is zero, as seen by
setting Vpg = 0 in the equation, Thus, to determine

VTo we short the substrate terminal to the source,

short the drain terminal to the gate, and then dis-
play the curve of the drain current, ID' versus the
gate - to - source voltage, VGS' VTo is the value
of VGS at the point where the curve intersects the
VGS axis, which is read off the curve,

To obtain the constants vy and 6 we disconnect
the substrate terminai from the source in the above
experiment, apply a negative voltage, le, on the

substrate terminal while leaving the drain terminal
shorted to the gate, display the ID versus VGS

curve again, and read off a new turn - on voltage
value, v'l‘l’ on the VGS axis intercept, We repeat the

experiment with another substrate bias voltage,
\l‘BZ < VEl' and obtain a corresponding turn - on

voltage VTZ' From these measurements the constants

vy and & are determined as follows, By transposing
terms and squaring, Fg. (5) can be rewritten in the
form

2 2
(Vg = Vi )%+ 2v(V = V) + W =0 (7)

Substituting the two pairs of measured values of VT

end Voo in Eq. (7) we get two equations in the two
unknowns v and 6 as follows,

2 2
(Upy = Vp)™ + 2v(¥py = Vg ) + ¥ov e = 0 (a)

2
(Vpy = Upg)® + 2v(Vyy = Vg ) + VPeup,, = 0 (80)

Yquations (&) are linear in o, We eliminate 6 from
the equations to get a single equation linear in

2y which we solve togst v; then by mck subtstitution
in one of the equations in (B) we obtain o, The
solutions obtained are:

. 2 2
oo Wy =V )WV = W = Vo Vi) (e
2y ™ (V = }2% : (v s )Zif /,-
T2 To” "E31 T1 To’ "K32
2
LV, = Vo )+ 2V, - Vo )]
T2 To T2 To
6 3 (9v)

YV,

Example

As an example for determining the VT model con-
stants we took measurements for the RCA CA3600E
n - channel enhancement transistor. Figure ﬁ shows
the curves of the drain current I, versus the gate

to source voltage, VGS' taken at various substrate
bias voltages, VB:‘. < 0, with the drain shorted to

the gate, brom these curves we read the data showm
in Table 1, At VB‘:‘ = 0 we obtain VTo = 1,75 volts,

Using the values of Vp at Vg = 2.5, and Ve ™

-3 respectively in Eqs, (9) we obtain y = 1,625 and
6 = 1,325 for the "best case" column, Thus, froa
Eq. (1?. (2), and (5) the characteristies of the
n - channel CA3600E MOSFET are given by the equa-
tions
I = 8V = V)1 - exp(~KVpy /(¥ V) (Vg =)
1 ElO.'L:I
Vo = 175+ 16250 (1 - 13250 )% - 1] 10%)

Using BEq, (10b) the remaining values of Vo for the

"best case™ column of Table 1 were calculated in
which it can be seen that a maximum deviation from
measured data at other points is about 2,15, Also
in Table 1 we give several other results for a
perfect match of experimental and caleculated valuss
at other values of VBI and VEZ from which it is

seen that the overall matches are not as good as
with the "best case."

L, Discussion

We tested our model on the RCA 36008 n - channel
MOSFET whose experimental curves are shown in Fig,
2, these belng obtained as the substrate bias vol-
tage is varied, The experimental values of the turn
on voltage as read at the intersection of the curves
of Fig., 2 with the horizontal axis, and the theore:-
ical values of the turn - on voltage as calculated
by a pocket caleculator from our model (Eq. (10b)),
are tatulated in Table 1, The theoretical results
in the "best case" are in quite close agreement
with the experimental data, The maximum deviation
in fact of the "best case" theoretical value from
the experimental value was 2,1% for this transistor,

We found Egqs, {9) and (10) easy to evaluate by
a programmable pocket calculator [we used the TI-59



calculator]. In determining the model constants vy
and & of Eq, (5) using Eqa, (8) the best results
woere obtained by choosing VTl and VTZ as far away

as possible from V, . One might think that a further

improvement could ke made by evaluating several pairs
of vy and & using several combinations of the curves
and taking the averages, However, just the opposite
wvaa true, v and é have a form of an inverse rela-
tionship, that is, when vy is large ¢ is small and
vice versa,

v and & should be positive for an n -~ channel
enhancement mode device, From Eq, {(9b) & will be
pesitive if v is positive, since VT2 P VTo and

¥
B2
a negative value of vy in Eq, (9a), as for example
with the data of Table 1 using le = -0,5 and

< 0, However, deviations in data may resuvlt in

sz = 1,5, In such a case different combinations

of the curves should be chosen to give a positive

Y, as we have done in Table 1, while a check on the
accuracy of the data should be also made, A simple
check of "realizability” to yield positive y can be
get up in terms of ratics of terms in Eg. (9a) so
that guestionable pairs of data can be readily lden~
tified,

The MOSFET model of Eqs, (1)} _and (2) is most
accurate at low drain currents [2] For large drain
currenits 8 less accurate match is obtained 2] be-
cause the model does not account for ihe decrease
in mobility at large drain currents [6, p. 376]. The
decreasein mobility affects the B in the model, This
affect 1s handled in a separate paper [?] where B
is obtained as 2 function of the gate - source vol-
tage, VGS' to extend the range of validity of the

nodel, and where an algorithm is given for determine-
ing the constants in the model,

The functions given in this paper are for the
n = channel MOSFST, The exvressions for a p - chan-
nel device are obtained by substituting the negatives
of the variables in the n - channel device expression
Thus, for the p - channel device Egs, (1) and (5)
become

-1 = F(LVog = Vplo -V, (11a)

Vo r Vi, ™ -g(-vm) (11b)

vhere VT' VTo and -\lEs are negative quantities for
p - channel {enhancement)} devices,
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Flgure 2
ID versus VGS when VGS - VDS for an n - channel

MOGFET Type CAJ600L Showing the Lffects of a
Bias, IJKS' between the Source and the Substrate,
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Table 1

Calculated and Measured VT
Values for the Transistor

of Figure 2

VEB VT VT Theoretieal
ﬁﬁﬁﬁ' Best Case Case Two Case Three

0 1.75 1,75 1.75 1.75
-0.5 | 2,20 2,220 2,218 2,199
-1,0 | 2,60 2,603 Vp= 2,60 | Vo= 2,60
-1.5 | 2.95 2.934 2,931 2,964
-2,0 | 3,30 3.230 3.228 Vo= 3,30
-205 3050 le- 3-50 3-”’99 316138
-300 3-?5 VTZ- 3.?5 VTZ. 30?5 3'909

y= | 1,625 1,666 3.192

5= 11,325 1,218 0,604
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