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A theory is developed for the I-V characteristics of metal oxide semicon-
ductor field-effect transistors (MOSFETSs) when the channel fields are suffi-
ciently high to cause appreciable saturation of the carrier drift velocity. The
full velocity-field curve for bulk silicon is used with the base value adjusted to
account for surface scattering effects. Use of this form gave the best fit to
experimental data. Using some simple expansions to reduce the rather complex
integral produces a useful analytic result, which gives a continuous description
from the square law results for long-channel devices throughout the whole
range of velocity-saturated operation in short-channel devices. For the first
time the electron temperature has been introduced as the parameter, which
increases the channel charge at pinch-off, decreases the saturation voltage,
and increases the channel field at the pinch-off point as the current (and
hence bias voltages) is increased. The effects of series resistance and surface
roughness scattering are incorporated into the analytic formulation. We com-
pare the results with experimental submicron devices and find excellent
agreement.

I. INTRODUCTION

As the metal oxide semiconductor field-effect transistor (MOSFET)
evolves towards submicron channel dimensions it is found that, below
gate lengths of 5 um, its performance is modified by the effects of hot-
electron scattering on carrier transport. When a device reaches a gate
dimension of 0.5 pm, its complete “on” region is dominated by velocity
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saturation. Almost all descriptions of these phenomena in the litera-
ture are based on two-dimensional numerical solutions of total device
operation.’™ Such an approach provides insight into device operation
and the nature of its physics, but it is of little practical use from a
designer’s point of view, since it can realistically consider only a single
device at a time. Generally, circuit simulation programs must use
empirical fitting routines to generate device characteristics in the
velocity-saturated mode because there is no analytical solution of this
behavior. Some estimates of velocity-saturated conduction have been
based on the simplified model of a constant mobility up until the
saturation velocity is achieved;>¢ although some of these results have
been useful over certain particular voltage ranges with parameter
fitting, the interpretation of the physics has been lacking. In fact,
academically, a more rigorous treatment of the problem greatly helps
us visualize the ultimate limits of device miniaturization. A proper
description of device performance in velocity saturation must be
established as a natural extension of the device characteristics before
velocity saturation becomes significant. However, since an analytical
solution can be found only for certain special cases, one is usually
forced to assume a two-section model as just described. Such an
approach unavoidably leads to discontinuities in the incremental
parameters and, particularly, in regions of crossover. In addition, it
precludes prediction of the pinch-off field, which is fixed at & = &
in this model. The other missing feature in previous work has been
the electron temperature. Since the carrier transport is due to electrons
moving with their saturated drift velocity and hence at elevated
temperatures, the electron temperature must be an integral part of the
representation.

In this paper we use the velocity-field relationship that most nearly
fits the experimental data as a starting point to develop a model. The
charge transport description is derived from basic principles and
incorporates the electron temperature as a natural part of the solution.
It is shown in detail how the velocity-saturated characteristics are a
natural extension of the constant mobility case. We will consider the
case of both the triode and the saturation regions; for the saturation
case the details of channel length modulation under velocity-saturated
conditions are derived in Appendix A. The effects of series contact
resistance are incorporated into the theory, and the results are com-
pared with data over a wide range of parameters.

Il. THEORY
2.1 The velocity-field relationship

When the drift velocity can no longer be considered a linear function
of the electric field, modifications to the metal oxide semiconductor
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(MOS) theory must be introduced. Many functional forms have been
used to characterize the decrease in mobility at higher electric-field
strengths.”® For the case of bulk Si, Conwell has shown that the
assumption of a Maxwellian distribution with electron temperature,
T., for the symmetrical part of the electron distribution function yields
predictions that agree with the experiment.* The result for the energy-
loss rate, B(T.), for phonon scattering is

1/2 2 _
B = g (R) (%) L2122, )

where u is the zero field mobility, T, is the lattice temperature, v, is
the saturation velocity of electrons, and g is the electronic charge.
Now it has been shown that the general momentum and energy
relations are

= aulT)E + g - [nD(T)] (2a)
j¥ = nB(T.) + i o(T.)k dT. s (2b)
q dx

respectively, where & is the electric-field strength; u(T%) is the tem-
perature, or field-dependent mobility; j is the electronic current den-
sity; k is Boltzmann’s constant; n is the electron density; and 6(7T.)kT.
is the average kinetic energy transported per electron.’® Since we are
dealing with the MOS surface along which the scattering mechanisms
are not well known, (1) may not be appropriate; we will continue to
use it, however, to expedite the analysis. The second term on the right-
hand side of (2b) is equivalent to dS(T.)/dx. Here S(T.) is the flux of
energy in the positive x direction; we have taken S = —(j/q)6(T.)kT.
only and ignored the small contribution —K(T.)[(dT.)/(dx)] because
of the thermal conductivity of the electrons. Note that § typically is
approximately a constant for a particular relaxation time relation and
for acoustic phonon scattering = 2.® Equations (2a) and (2b) have
three unknowns— % n, and T.—so that the third relation of Poisson’s
equation for the MOS channel region is required to obtain a complete
solution. The most familiar form of this equation is the one-dimen-
sional charge equation (the gradual channel approximation) for the
MOS channel, which is

q J; ndy =Cy,(Vgs — Vr — V), (2¢)

where V is related to ¥ by

f Ede' =V
0
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and C, is the oxide capacitance. These equations are solved by simpli-
fication of (2a). The right-hand side of (2a) is the sum of the drift and
diffusion components of the device current, the drift component being
characterized by a drift velocity,

v=uw(T) & 3)

It is well known for conduction above the threshold voltage that over
most of the MOS channel, drift is the dominant component, and
hence, only the first term on the right-hand side of (2a) needs to be
retained. We can use this result in (2b); then by neglecting the second
term on the right-hand side of (2b) and substituting from (1) for B(T.),
we obtain the result

T, 1/2 T, v, 2 _ .
qHo (T) T, 1 Y B q & .

Solving for T, we find
2 4 2 /272
T =7, A | (k) 4)
2 Ko 4 Ho ‘
where & 1is the critical field parameter,
£ = vs/po. (5)

We can then use this result to evaluate the relative importance of the
neglected term in (2b). Using (2c) in (2a) we can write the current-
field relation for the MOS channel, which is

I=uw(£)Co(Vgs — Vr— V) & (6a)
If we then use a typical mobility
p = po(To/Te)? (6b)

such as one might find in a bulk crystal, we can use (4) and (6a) to
evaluate the relative importance of the terms in (2b), and we find

- ET, #\°

Lsror S 3 [1 +(%) ] :

e " dr gy i (§> (6¢c)
¥ B “ (Ves— Vr—V)\&)"~

This ratio is small until we are close to pinch-off in the channel or
unless & = . The restriction on this term comes from neglecting
the diffusion term in (2a). We will assume that (4) is valid throughout
the MOS channel.

Equation (4) has been derived without reference to a specific func-
tion, u(¥). We therefore can use (4) to determine T,, and we must
still determine u(%). To determine u( %), we could just assume the
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bulk relation (6b), which would then yield the results

Ho

p=— (7a)
1+ (ff)
14
and
T. = To[1 + (£/£)*]. (7b)

However, there has been much speculation that this form is inadequate
for the Si surface mobility,”** and a variation of this form that has
been used fairly widely is

Ho

w( &) =F—*<T]l/g, (7c)
"z

where B was determined by Caughey and Thomas® to be B =~ 1.1. To
illustrate the variation of u(%), plots were generated and are shown
in Fig. 1 for values of B ranging from 1 to . The important parame-
ters—uo, ¥, and v,—are identified in the figure.

Because the determination of B at this stage in our understanding
of MOS surface physics is unavoidably experimental, we must, at the
outset, choose a value for B that will allow a physical solution to be
found. This is necessary because the use of an undetermined B leads
to a mathematically hopeless situation. The vindication of this ap-
proach ultimately will come from an unambiguous determination of

124 /,_3=5 A
V4
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Fig. 1—Variation of v( ) for the formula (7c) with values of B ranging from 1 to .
A value of po = 650 cm?/V-s was used here simply to clarify the variation of v with
electric field.
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the parameters uo, ¥, vs, and B from the experimental data. Since it
is suspected that B = 2 for N channel devices (which is of main interest
here), we will give the greatest attention to the treatment of this form.
In our final comparison with experiment we will demonstrate that the
value of B =~ 2 is a good one.

In the remainder of the paper we will discuss the effects of a field-
dependent mobility, u(%¥), on the MOS I-V characteristic and the
resultant modifications to the conventional device laws (B = ) for
B = 2 generally and with some mention of the case B = 1. The theory
will show, as is well known in short-channel devices, that when the
drift velocity of carriers approaches the saturated value, the current
from the conventional case, is reduced substantially.

The theory will also show the well-known experimental result that
the drain saturation voltage for the velocity-saturated case is substan-
tially less than the conventional value. It is shown that the decrease
in voltage is caused by the increase in the charge in the channel at
pinch-off under hot-electron conditions resulting from the elevated
electron temperature.

2.2 Device characteristics

2.2.1 Triode region

Figure 2 gives a device cross section, which shows terminal voltages
and possible series resistances in the source and drain leads. When
the general mobility relationship (7) is used, only for the special case
of B =1 can a closed form solution for the current-voltage character-

istic be obtained. If we use (5) and (7b) for B = 1, the result shown by
Hoeneisen® is

Vas
R R

W AAA—0 Vos

- / \ Al

= 7
|

VBS

Fig. 2—Device cross section showing terminal voltages and possible parasitic series
resistors.
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_ mCW [(VGS — Vr) Vs — V%s] ®

L 1+ VDs/%L

For the case of B = 2, the MOS device current, when approximated
by the drift mechanism only, yields

[—"“’gm Co(Vos — Ve — V)& (9a)
1+(5)]
RoH

By rearranging terms and changing variables, we obtain

I=

IL — fVGS_VT 2 12\1/2
o WC. = N (2 — I'*)V4dz, (9b)
where
II:U—Ii’CD’ 2=Ves— Vpr~ V.

Performing the integration, we find

WC, Iy
=27 (Vas = Vi) \/(Vcs - Vr)? — (WUSCD)

I 2
~ (Vos = Vr — Vis) \/<sz = Vr — Vool <WUSCO>
I 2
- <stC‘,>
\/ )
_ — 2 _
Vos = Vr + (Ves — Vr) <st Co)

.In 2 . (10a)
I
— — — — 2 —
Vos — Vr — Vps + \/( Ves — Vr — Vps) (st Ca>

Previously, it has been shown that (for the constant mobility case) it
is possible to incorporate the effects of the bulk charge variation into
Vr.'® As the gate voltage increases into the range where velocity
saturation becomes significant, the threshold voltage modulation by
the drain voltage becomes relatively unimportant. We will therefore
assume that we can continue to use the drain-voltage dependence of
Vr that was developed for the constant mobility case. Equation (10a)
describes the device characteristic exactly up until pinch-off has been
achieved but, because of its implicit nature, it is of relatively little use.
However, we produce useful results with some simple approximations.
Consider the terms under the second square root sign. This quantity
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must be positive to have a physically meaningful result, so that

I 2
< (Vgs — Vr — Vpg)2
(WUs Ca> ( GS T DS)
Now the current on the left-hand side is a maximum and the right-
hand side is a minimum at the pinch-off condition, and if the equality
sign were obeyed at this point we would have

I=C,WusQ. (10b)

In writing (10b) we have used the definition of @ as the channel charge
at the pinch-off point, as we develop in Appendix A [see (83)]. From
this result we see that the inequality rather than the equality is always
obeyed, since (10b) requires that all of the charge be moving with the
saturated velocity at the pinch-off point. This condition can never be
reached because of the contribution of diffusion to the current flow.
We therefore note that under all square root signs in (10) we will have
positive quantities and also that the voltage term is generally much
larger than the term I’. We may therefore make expansions of all
square root quantities, and by retaining terms to the first order, we
obtain _

I e { (Vas = Vi)? = (Vas = Vip = Vpo)?

Ir2
2(Vgs — Vr) — Ve = Vo
- I%n a8 I,Z (10c)
2(Vgs — Vp — Vpg) —
( GS T DS) VGS _ VT _ V[)s

For the moment we will neglect terms in I’ in the argument of the
logarithm without incurring significant error, and we may then solve
the resulting quadratic equation for I to obtain

I = Wy,C,
_%L 2 _ 2 _ _ _ 2 1/2
. {R ) o (Vos = Vo) = (Vos = Vi VDS)} _ 2
a a a
where
Vos — Vr )
=] . 11b
a “(VGS—VT—VDS (11b)

This expression for the current is very useful because it allows us
to predict the two limiting forms of conduction that are always
observed in a short-channel device. For small gate (drain voltages) the
term in square brackets is small, and we may expand under the square
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root sign to obtain

~ toCo W
-

Vv
(Ves — Vi) Vps — %] ) (12)
which is precisely the form of the constant mobility case that we
expect to obtain when the effects of velocity saturation can be ignored.
On the other hand, when this term becomes large, only this term needs
to be retained, and we find

sc 4 Z
~ = \/(VGS Vn)Vos = == (13)

This equation applies to only a limited range, since typically there is
only a small range of drain voltage in which velocity saturation is
dominant before pinch-off occurs. This will become evident in our
comparison of the exact and approximate solutions.

2.2.2 Saturation region

Traditionally, in MOSFET physics the terms operation in pinch-
off and operation in saturation were interchangeable because it was
generally thought that pinch-off was necessary for saturation to occur.
For some time now it has been recognized that diffusion becomes
important near the pinch-off point.!” It is shown in Appendix A [see
(79) through (83)] that the saturation voltage is reached when a
particular ratio, R, of drift to diffusion conduction is reached in the
channel. R is derived in Appendix B [see (200) and (201)] in terms of
the basic device parameters. The transfer of the conduction mecha-
nism from drift to diffusion is the extent of any pinching effect, since
beyond this point in the channel the drift component increases once
again, the oxide field reverses in direction, and the current moves
away from the surface into the bulk. Saturation of current occurs
basically because of the occurrence of field reversal at some drain
voltage. The saturation point and the field-reversal point are separated
in potential in the channel by a potential, §/C,, where @ is the channel
charge (mobile charge) at the saturation point. For the constant
mobility case the charge, @, is small, so that the potential difference
between the two points is small in that case. Hence, there really was
no need to discriminate between them. As velocity saturation becomes
pronounced, the charge, @ (and thus voltage, &/C,), grows consider-
ably, leading to a substantial change in Vgar (the drain saturation
voltage) from its conventional value. Thus, the potential difference
between the saturation point and the field-reversal point continues to
grow, as does the physical separation between the two points, although
the potential will increase more since the field is also increasing. From
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this point on we will refer to the point in the channel where the
diffusion current is RI as the saturation point or the pinch-off point,
interchangeably. We will distinguish between it and the field-reversal
point.

Under conditions of hot-electron flow (as in Appendix A) we will
continue to use the Einstein relation

kT,

(14)

to relate the mobility and diffusion coefficients through the effective
electron temperature, T,. This has recently been shown to be a
reasonable assumption if it is recognized that, for mobilities signifi-
cantly below o, the low field value, the electron temperature will be
higher than the lattice temperature.’® Also, according to (2a) we will
consider the term

D(£)dQ/dx > Q —— dD(}f) )

i.e., the diffusion constant is not a strong function of the electric field.
The result for the saturation voltage obtained in Appendix A [cf.
(82)] is

- R) ET. (C, + C,F) (15)

VEVSAT=VGS"VT_<1R p C. )
where F is the short-channel factor'® at the threshold condition and
C, is the semiconductor depletion capacitance at the pinch-off point.
Each quantity denoted by a bar will signify its value at the pinch-off
point. From this result we can see that the charge at the pinch-off
point now continues to grow as we move into the hot-electron regime,
linearly with the electron temperature. Since we are using B = 2 and
have shown for this case that T, is given by (7b), then we have

_ R) kTo 2\
Q= (C, + C.F) — [1+(%>]. (16)

The value of &, the electric field at the pinch-off position, is
determined from the drift relation

-_I(1-R) R)
= . 1
F= Wa Q (17a)
Using (17a) and (7a) in (16) we obtain
#\ 2\ (1—1"?)1]2
& @ ]-leaml o
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which has the solution
~ l Ia - R) 2] 1/2 l 1/2
- ({4 ¥ [ Worls ] 2) (17e)

g =2-5 kT" (C, + C,F)
R

is the value of charge at the pinch-off point in the absence of hot-
electron effects.’® This is an interesting result because it encompasses
all modes of operation from the region of low currents without velocity
saturation through the regime of high fields dominated by velocity
saturation. For low currents we can expand the square root and
(keeping only the first term) find that, without velocity saturation, we
have

INEN

where

»_I(1-R)
g= WﬂoQo )

If the current (and therefore the channel field) is high (velocity
saturation becomes dominant), then we have

.\ /I0-R
g= WhoQo ’ (17e)

so that the field changes from a linear to a square root dependence
upon the device current. We note that from (17d) and (17e) the
transition from one to the other takes place at ¥ = £, as we would
expect. We can also determine from (17c) that the device current that
flows when & = % is

(17d)

WUSQO
I = \/§ T e .
(1 -2r)
The interesting feature of this result is the independence of channel
length. We should, thus, expect devices of all gate lengths to change
to velocity-saturated behavior at the same value of channel current. If
we now use (17¢) in (16) we obtain

_a-h kT, \ /1, PAL-Ry
Q R C,+ C.F)— [2 + 1 + WG ] (18a)

and again we can obtain the limiting cases

Q=Qo

and
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_I(I—R)
Q= Wu,

for low and high currents, respectively. A useful approximation to
(18a) is found to be

=12
A= \/1 + [I(Vlil'v—Q}j)] , (18¢)

I(1 — R)
Wo,

expressions, which are mathematically more convenient. The approx-
imation will introduce some error when the two terms under the root
sign are equal, but it yields the correct value in the extremes. Using
the saturation voltage (15), we may now determine the saturation
current; using (8) and (11a) we obtain for the cases of B=1and B =
2, respectively,

(18b)

or

Q=8 + (18d)

CoW [ (Vos — Vr)? — (Q/C,)*
Isar =22 , B=1 (19
SAT 2y ! {4 Yos = Vr— Q/C, (192)
Ly
and
ISAT = stCo

-\ 2 y
h/@) L Was = Vo) = (Q/C)* _ @}, B=2 (19b)
a a a

where ¥ is the position of the pinch-off point in the channel. Since we
do not have the equivalent to (6b) for the case of B = 1, we cannot
determine T, or, therefore, @/C,; thus, we can proceed no further with
that case.

Consider the case of B = 2. By substituting (18¢) into (19b) and
rearranging, we find

(ZLyv.C,W) . (v,C,W)® Q\| _
I+ 2 1+ 0 I- 1 +a) [(Vcs - Vr)? - (Q)] =0, (20a)

which has the solution
ISAT = stco

{[(ﬂ) o (Vas = Vi)' - <Qo/c.,)2]’“ _ ﬁy} (20b)
a a a
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where
=a+ 1. (20¢)

By comparison with (11a) it can be seen that the expressions for the
current in the triode region and saturation region are very similar.
The currents are identical at the pinch-off position because the change
from the parameter a to a* exactly compensates for the change from
Q/C, to §/C,. In using (18¢) in (19b) we have omitted the factor
(1 — R). We must do this to obtain consistent results because (19b)
was derived on the basis of drift alone.

As in the case of the triode region, (10b) can predict two limiting
cases. For small gate voltages, the appropriate expansion of the square

root yields
C,w
I = ,U.02—5, [( VGS VT) <§:) ] ’ (21&)

as we would expect in the absence of hot-electron effects. On the other
hand, in the extreme of large gate voltages we obtain the result

(Ves — Vo). (21b)

An interesting feature of this equation is the absence of y and therefore
the absence of channel-length modulation effects. The interpretation
is that for high enough gate voltages and/or short enough gate lengths,
the velocity of carriers at the source approaches the saturation velocity.
In this situation the current is determined only by mobile charge at
the source, which is independent of gate length and depends only on
the gate voltage. Although we can approach this situation, we could
not achieve it in practice because of the onset of breakdown and
punchthrough effects.

Returning to (15) and using our approximate value of @ from (18c),
we find the saturation voltage to be

V= Vear = V. 1% Q% 1+ I_Y (22)
= SAT — GS — T — Co st Qo .

Using (20b) in.(22), we then find

2 -\ 2
T
G a a a
_ 271/2
(Vas = Vi = 222 \/(?) + 2 vos - v ()]
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This result is almost the same as one obtained in the literature using
a piecewise continuous constant mobility and velocity-saturated
model; i.e., from the continuity of current at a field % in the channel
one has

%% V3
Ko rl C [(Vcs — V) Vsar — SAT]

2
= 0,CoW(Vgos — Vr — Vaar), (24)

5

a- A

/
—
vs=8x 108 cm/s -~
L=15um //
tox = BOOA 7
Hg = 600 cm2/V-s 7
7
7
3l- //
//
>
< /4
K 7 B
—
7 ————
//
2 // /
74
EXACT
U = ———In APPROXIMATE
=—<——PIECEWISE LINEAR APPROACH
0 | ] 1 1 1 ]
0 2 4 6 8 10 12 14

Vg=Vr(V)

Fig. 3—Variation of Vgt with gate voltage showing the complete solution using B =
2, the approximate solution using B = 2, and the piecewise linear constant mobility
result.
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which may be solved to yield
Vsar = Vas = Vo + £y — V(Vas — Vr)* + (£5)% (25)

These two results are compared in Fig. 3 and it is seen that over much
of the range of velocity saturation, (25) is rather inaccurate. The use
of (25) to predict the current can then lead to errors of about 20
percent, as we show later in Fig. 9. By using (23) we obtain a good
approximation to the exact result [the form used for a is described
later by (33a)]. The differences between these two curves arise simply
from the errors introduced in making the expansions to solve the
original current equation (10a). The only drawback to (23) is that
some iteration is required at the transition from the triode to the
saturation region since a* is a weak function of Vgar through the
logarithmic term. As we can see from (10b), this voltage enters only
weakly into the current itself through a*, but is necessary to determine
where the saturation and triode regions meet and to provide an
accurate merging of the two. In the calculation of Igar it should be
noted that it is not necessary to calculate (23). Since the current is
given explicitly by (20b), then (22) can be used to find Vgar. It would
also be possible to treat a as a constant parameter to be determined
so that no iteration is required; however, it is shown later that the
variation in a is important in achieving continuity of g,,.

In line with the reasoning that led to (24) it is of some interest to
consider the field & as a kind of dividing line in the channel between
the non-velocity-saturated and the velocity-saturated portions. Using
(9a)

Var

Ves = Vr— Ve = 0 C. W

(26)

is the condition in the channel when a field of ¥ = ¥ is reached at a
channel potential of V = V. We can then use (10b) to give V¢ in the
triode region, which is

V2 £LL
Ve= Vgs — Vr +

EAAN
- \/% (Vs = Va)? = 2 (Vos = Vi = Vio)? +< ) (@)

a

where a is given by (11b) and is a known function of Vgg and Vpg. We
can then use this result in our expression (11a) for the current to find
the position in the channel at which this field is achieved; i.e., using
(26) in (11a) yields
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yc=\/§

Vas — Vp — Vi)?
(Vas — VT)Z— (Ves — Vp — VC)2—( GS 2T c) .

FH(Ves — Ve — V¢) ’

where V¢ is given by (27). If we follow the same procedure for operation
in saturation then we obtain from (20b) and (26)

(28)

Ves — Vr— Ve
-\ 2 2 1/2 o~
) o @

which is similar in form to (27) but now depends on 3. The solution
(28) applies to saturation or triode operation. Consider the situation
y. = 0, which implies either that the carriers are subjected to a field
> % at all points in the channel or that they are moving with a velocity
of v,/ V2 at the source end of the channel. Using (28) to find Vgg —
Vr — Ve and (11a) for I we find
Wu,C,
I= W) (Ves — Vi),

i.e., we are very close to the velocity-saturated limit of (21b). It is then
of some interest to determine the applied voltage for which this
condition is achieved as a function gate length. Using (20b) we find

(Voes — Vr) = 24 LVva* + 1. (30)

This voltage value is plotted as a function of gate length in Fig. 4

using the values of a* as determined by (33a) and (33b) (and shown

plotted in Fig. 9). For L = 0.5 um this condition is not achieved until

3V are applied to the device. These results simply point to the fact
that the use of L/v, to determine transit times usually gives values

that are too small by a factor of about 2.

2.3 Discussion of results
2.3.1 I-V curves and current saturation

The interpretation of the phenomenon of the saturation of the drain
current presented here is the following. Classical saturation of the
current occurs when the charge in the channel has been reduced to
the minimum value given by (16). This condition always occurs in the
channel just before inversion in sign of the transverse oxide field
occurs; i.e., pinch-off occurs at a channel potential given by (15), and
when this potential has increased by another §/C, volts, we have zero
voltage across the oxide, resulting in field inversion. Therefore, pinch-

1340 TECHNICAL JOURNAL, SEPTEMBER 1984



(Vg — V) (V)

L{pum)

Fig. 4—Variation of (Vgs — V7)’, the gate voltage for which the source velocity is
v,/ V2, with gate length.

off in the channel will always be associated with a field inversion in
the oxide. Now in the case without velocity saturation the voltage
Q/C, is typically 0.05V, which is dropped over a fairly short distance
(of the order of 0.1 um) in the channel, so that it is clear that pinch-
off and field inversion occur at almost the same point in the channel.
When velocity saturation becomes dominant, @/C, becomes a sizeable
term compared to Vgs — Vr because of the dependence of @ upon the
electron temperature. This is the reason for the apparently lower drain
saturation voltage in the velocity-saturated regime, as we can see from
(15) and the plots in Fig. 3. Under these conditions the voltage drop
in the channel between the pinch-off point and the field inversion
point, and the distance between these two points may grow consider-
ably from the constant mobility case.

The parameter a requires more attention for the computation of
accurate results. From the results (12) and (21a) it is clear that a is
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an important parameter only in the limit of velocity saturation.
Consider the value of a at the saturation voltage for which case it has
its greatest effect. Taking a in its complete form from (10c) we have

1
Ves — Vr+ (Vags — Vr) \/ 1_1+a

a=lIn , 31
q/C. + GG, B
where we have used (18¢) in the denominator and also the fact that in
the limit of velocity saturation we have from (20b) or (11a)
I - Ves — VT. (32)
stCa 1+a
From this result we see that in the limit of a saturated drift velocity
if a < 1, then we should be able to express ¢ as a function of only
(Ves — Vr)/(Q/C,). The result we obtain should be useful over the
whole range of operation because, although determined from velocity-
saturated conditions, a disappears from the expressions for the current
when velocity saturation becomes unimportant. We have found by
iteration that the result

_ Ves — Vr
a=1241In <V(;s Voo VDS) (33a)
in the triode region, which goes to
Vgs — VT>
a=124 In|—FF— (33b)
( Q/C,

at the saturation voltage, gives excellent agreement over a wide range
of parameters. The factor 1.24 was chosen to match the approximate
and exact formulas for the current well into velocity-saturated opera-
tion both in the triode and saturation current regions. It was not
chosen to match the exact and approximate forms of (31) itself so that
it could be used in a more general way to compensate for all errors
involved in the expansions in (10b). The corresponding value of a* is
found by using (33b) in (20c).

These calculations are shown for some typical devices in Figs. 5, 6,
and 7 over a wide range of gate voltages, channel lengths, and gate
oxide thicknesses. The approximate and exact predictions of the
saturation voltage are also shown. It is noted that the logarithmic
dependence of a upon drain voltage in (33) must be included to obtain
an accurate result. The current therefore is a totally explicit function
of the device voltages; the only iteration required is in the calculation
of Vsar, as we mentioned earlier. As the figure indicates, the approx-
imations are very good.
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Fig. 5—Variation of the voltage parameter a at saturation with gate voltage for
various gate lengths.

Figure 8 shows the conventional square law result. For the 1.5-uym
device, for example, the effects of velocity saturation are relatively
unimportant for Vgg = 2 but become progressively more significant as
the gate voltage is increased, so that for Vgs = 6 there is a great
difference between both the current and the saturation voltage. It is
clear how the effects of a saturated drift velocity have reduced the
current available from the device for a given supply voltage. It is for
this reason that increasing the supply voltage has very little effect on
gate propagation delay beyond some particular value of voltage. From
(20b) we see that there is a significant departure from the square law
when

SL
Vop = Vp + —= = Vr+ ¥£L 34
DD T \/é; or T ( )
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———=APPROXIMATE USING & = 1.24 In(V -V /Vg—Vp—Vp)

418

——EXACT USING &, = 1.7 x 10% V/em
Hg = 600 cm2/V-s

Ipglamp x 10-3)
1
°
Ipg lax 1073)

Yos (Vi

Fig. 6—Comparison of the rigorous and approximate solutions for a wide range of
oxide thickness gate length and gate voltage. The voltage Vsar is shown by the arrows
that indicate the end of the line.

for typical values of a. We should, therefore, like to design for a supply
voltage of approximately (34) since we would then have the maximum
speed and the minimum power dissipation for a given channel length
of the driver in an inverter for example. However, in practical appli-
cations of short-channel devices the supply voltage will be higher than
this value to ensure adequate noise margins and a sufficient ratio of
Vbp: Vi due to processing tolerances on Vr. This will definitely be the
case if Vris increased intentionally in order to suppress subthreshold
leakage or if the supply voltage must be held arbitrarily at 5V to
provide transistor-transistor logic (T'TL) compatibility.
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Fig. 7—Comparison of device characteristics for L = 1.5 ym using rigorous and
approximate forms. Also, shown for V; = 6V is the result of treating the In term as
constant.

The other point of interest in Fig. 8 is the comparison of the results
obtained using the piecewise-linear model of the velocity-field char-
acteristic and the more physical model presented here. The discrep-
ancy (indicated by the arrows in the figure) grows at first quickly and
then less rapidly as the gate voltage is increased; i.e., for lower gate
voltages such that Vgs — Vr ~ Vgar the percent error in the current
will be greater than that for Vgg — Vr > Vgar. This is shown by the
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Fig. 8—Comparison of velocity-saturated model for B = 2 with constant mobility
model. Also shown is the piecewise constant mobility model denoted by circles at
saturation.

plot in Fig. 9 for the device in Fig. 8. The maximum in this curve is
expected since the errors should be worst when the field at the drain
is ¥ because then the differences in the models are at maximum.

2.3.2 Substrate bias dependence

In the triode region the substrate bias totally enters through the
threshold voltage as the body effect. It is also known that the threshold
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Fig. 9—Error incurred using the piecewise constant mobility model as a function of
gate voltage.

voltage is dependent on drain voltage in a short-channel device and
this dependence is increased by the application of substrate bias.
These effects will be considered in the discussion of experimental
results.

2.3.3 Effects of contact resistance and a gate-voltage-dependent mobility

In a real short-channel device, unavoidable series contact resistances
can introduce great differences between actual and expected device
currents. Also the mobility parameter, uo, exhibits a gate voltage
dependence due to the increase in surface scattering with gate bias.?
We will consider both of the effects here since, although unrelated,
they affect the device current in the same way. We will consider a
series resistance, R, in the drain and the source leads as shown in Fig.
2, and a mobility dependence of
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- Hoo
14 6(Vgs — Vp)©

The parameter § is an empirical constant that determines the depend-
ence of the mobility upon the normal channel field® and is thus
expected to have some substrate bias dependence. With these addi-
tions, one can show from (10c) that the triode region result is modified
to

Ho (35)

I TR

Wu,C,

=\/|:§££L + _2_? (Vcs — V- %):r + (Vas — Vr)? = (Vas — Vr — Vps)?

a a

¥.L R’ Vi
[ - 2]

a

and the saturation region result is modified to

Isar
Wu,C,
\/ [gc')_’ 2R’ (Qo Ves — VT)T (Vos — V)% — (Q/C,)?
= e b +
a’ a’ \C, 2 a’
- [}”pﬁy L (@ 4 Ves = Vr VT)], (37a)
a a \C, 2
where
R’ = RWv,C, (37b)
Fe= £ [1+6(Ves — Vr)] (37¢)
and
a’ =1+ a+ 2RWu,C,. (37d)

In writing (37a) we have used both (18¢) and (18d) to express the
linear and square root terms in @/C, that appear when (22) is substi-
tuted in (36). Therefore, we cannot expect a perfect match between
(36) and (37a) at the saturation point, although it will be close. To
achieve identical values we would have to use (18¢) only and then
iterate (37a) to determine Igar.

The effects of the series resistance and the mobility reduction are
similar since they both act to increase the first term under the square
root sign in (36) and (37a). From (36d) it is seen that the mobility
degradation can be interpreted simply as a movement of % to higher
values on the velocity field curve, as shown in Fig. 10. This has been
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Fig. 10—Variation of % as gate voltage is increased because of the reduction in u
shifting the point of velocity saturation to higher &

noted elsewhere for the constant mobility case® and can be generalized
to any velocity-field relation.

It is interesting to consider the limiting forms of these two results.
From (36) by expanding the square root term in the limit of small gate
and drain voltages, we obtain

1 2(Ves — Vr)Vps — Vis

: | - (38)
L + 2R’ (VGS - Vp— —DS)

I =

2

If we now consider the case of small drain voltages, which describes
the region in which we normally assess the dependence of u, upon
Vs — Vr, we obtain

_ #CoW (Ves — Vr)Vps

1+ <0 + 2R w> (Vas — Vr)

I

(39)

From this result it is clear that one must be careful when extracting a
physically meaningful value of 8 from experimental data since an
accurate value of R must first be known. This can be shown clearly by
the data in Fig. 11 of the linear region current of three devices that
. are identical except for the gate length. Each curve is characterized by
a section at lower gate voltages, which is linear, and a section at higher
gate voltages, which is nonlinear in gate voltage. The gate voltage at
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Fig. 11—Linear region current data showing the effect of R and 6. The experimental
device parameters are t,; = 500A, Ny = 1 X 10® cm~%, and pgo = 560 cm?/V-s.

which the sections join is marked in the figure by an arrow. The most
important feature of this voltage is that it moves to lower and lower
values for decreasing L. From (35) we see that this breakpoint should
be fixed in gate voltage—the reason for the movement to lower values
is the increasing importance of the term in R in (38) for decreasing L.
If we use § = 0.035 and a value of R = 90, then we can fit the curves
as indicated. To give some idea of the importance of R, for the long-
channel device the choice of R is immaterial within limits since 6 is
dominant. For the smallest length (L =~ 0.5 um) the choice of 8 is not
important because the R term is dominant. Thus, as channel lengths
are reduced it becomes increasingly important to reduce the series R.
Both the contact resistance and the mobility reduction will cause Vgat
to increase for a given V.

Figure 12 shows the effects of a contact resistance of 50Q on the
device current for a typical short-channel device. To write down a
closed form for I, we have ignored the dependence of a upon R in
arriving at (36) and (37a). The difference this makes is indicated in
Fig. 12.
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Fig. 12—Effect of series resistance on drain characteristics of a short-channel device.
The curves are calculated using (36) with R = 0 (solid line) and R = 505Q (dashed line).
The second dashed line shows the effects of neglecting any effect of a upon R.

2.3.4 Incremental parameters and the continuity of derivatives

2.3.4.1 Current-saturated operation. Since the current as derived in
(20b) is a continuous function of gate voltage in moving from non-
velocity-saturated to velocity-saturated operation, then the same is
true for transconductance, and we obtain
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-\ 2
g = dl =stco({ (%) 1 da* +(VGS—VT)

dVGs a* a* dVGs a*
_1[(Vas = Vr)* = (Q/Co)*] 1 da*  (£5\'1 dy
2 a* a* d VGS a* y' dVGs
(5  (Ves = Vo)? = (@/C)*]"
- a* + a*

Zy\ 1 da* Ey\1 dy
+ < a* ) a* dV(;s < ) y dVGs> ) (40)

Similarly, the drain conductance is

_dl #5\* 1 da*
8= dVDs— WUSCD <{ ( a* ) a* dVDs
1 [(Vcs— Vr)? — (Qo/co)z] 1 da*  (Ves — Vr) dVr

- 2 a* (1* dVDs - a* dVDs
+ (@)2 1 dy } . [(@)2 o Wes = Vi)? = (Qo/co)“’]“

o ) ydVps a* a*

%y\ 1 dao* ZLy\1 dy
+ ( a* > a* dVDs ( a* ) _’}-’ dVDs ’ (41)
We could also write these equations with a* everywhere replaced by

a and Q,/C, everywhere replaced by @/C,. In that case, in the numer-
ator of the square root terms we require the additional terms

__Q/ "dvGS (Cg) __Q/C dVps ((?)

in g,, and gg, respectively.

In these equations, 7 is a function of both the drain and gate voltages.
The parameter a* is related to a by (20c), and in the pinch-off condition
[using (22) and (11b) in 20(c)] a* is

a*=1+In QV }/T (42)
>+
C, ' Wu,C,

Now the value of a and its variations are unimportant for low values
of Vs because the conventional device equations (i.e., without velocity
saturation) apply and the forms for g,, and g; are well known. On the
other hand, for operation in velocity saturation we have shown that
[ef. (82)] I’ is a linear function of gate voltage and so (42) will be
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relatively independent of gate and drain voltage. We can, therefore,
neglect the a* terms in (40) and (41) and use the value of ¢* that we
obtain at the pinch-off point to obtain a fairly good approximation.
However, in comparing theory with experiment for accurate results,
as we shall see, we must keep the dependence of I in (42) and calculate
the current by one or two iterations. Some interesting features of (40)
and (41) are worth noting. In the limit of large gate voltages (i.e.,
velocity saturation) so that Vgg — Vr> £y, (40) predicts that

g = 2, (43)
and (41) predicts that
8a = C,Wu,
(%9 1 1 df 1(Ve—Vp) da* 1 dVp
'[(VGS — VD) a2 5dVps 2 a2 dVps a2 dvps]' (“44)

2.3.4.2 Triode region. In the triode region the corresponding expres-
sions for the gate transconductance and the drain conductance are

&n = Wu,C,

<ﬁ)2d_o + Vos = Vr) = (Vos — Vr — Vg)
a a

a
_ [(Vas — Vr)* — (Vgs — Vir — Vis)?] o

2

» - = L (45)
\/ LLY | (Vos = Va)* = (Vos = Vr = Voo)?
a a
KL .
t +—5 ag
a
and
gd = stCo
ﬁzg_{_Vcs—VT—VDs 1
a a a
_ (Vs = Vr)* = (Vas — Vo — Vos)’lap _ Vos dVr
a? a dV,
’ DS (46)
\/ HLY' , (Vs = Vn)* ~ (Vas = Vo = Vos)®
a a
KL .
+ — ap
a 7
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In this case the terms in g are necessary to obtain a reasonable solution
and so from (33a) we have

da i = 1.24
dVps b Ves — Vr — Vps’
da . 1.24Vpg

dVes %7 (Vas — Vr)(Vos — Vr — Vbs) )
Again, as in the case of the saturation region, the formulas revert to
their conventional forms for small values of gate and drain voltages.
The main interest in considering the incremental conductance param-
eters is to show that continuity exists in making the transition from
triode to saturation regions. We would like to show equivalence be-
tween (45) and (40) and between (46) and (41) at pinch-off conditions.
By comparing (46) and (41) (written in terms of a and §/C,) we find

(VGS_VT‘_VDS)= Q d <Q) dy 1( I )

a " aC, dVps \C,) ~ dVps a \Wv,C,

or

d - dy I
Q/C. [1 g (Q/Co)] £ <WUSCO> SN
Since the derivative on the left-hand side of (48) < 1, then (48) can
be written as (173). As we show in Appendix A from (174) through
(177) the derivative continuity equation (48) supplies the other con-
dition needed together with (177) that allows determination of the
parameters A, and h.

To illustrate these results, the drain conductance has been plotted
in Fig. 13 with drain voltage as a parameter. The accuracy is quite
good and continuity of the derivative is preserved in moving from the
triode to the saturation regions.

2.3.5 Inclusion of the Vps dependence of V;

2.3.5.1 Triode region. In the triode region the charge-sharing
formulation'® is used in which V7 is expressed

2V 26(]NA
3C, Vs
[(Vps + Vs + 2¢r)** — (Vas + 267)**1Fon,

Ve = Vg + 2¢r +

where Foy is the charge-sharing factor in the triode region. Although
this result may be written approximately by expanding (for small Vpg)
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Fig. 13—Comparison of approximate and rigorous forms of the drain conductance.

as

Vr = Vrs + 2¢rp + Cl \/2€qNA <VBS + % + 2¢F>F0N,

it is important to note that the complete form must always be used
for circuit simulation purposes where discontinuities may not be
allowed between the triode and saturation regions. The complete form
provides a smooth transition for all voltages, whereas the approximate
form introduces small glitches for some values.

2.3.5.2 Saturation region. In saturation operation the complete and
approximate equations for Vr become
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2 V2£qNA
Vr= Vs + 2¢r + 3 C, Venr

-[(Vsar + Vs + 2¢5)*% — (Vas + 265)**lsar  (49)

and

1
Vr = Vs + 2¢r + o vV2eqN4 (Vsar + Vis + 2¢r)Fsar.

As in the triode region the complete form (49) must be used to avoid
glitches at the transition regions. This result was developed previ-
ously.'® The difference in this case is that Vgsar also depends upon the
charge at pinch-off and thus the current through (22). Therefore (22),
(19b), and (49) must be solved together to determine the current. To
obtain results that are smooth through all transitions, iteration is
required.

2.3.6 Effective value of N,

Almost all practical devices have ion-implanted channels and hence
nonuniform doping profiles. Since the short-channel formulation de-
scribes the device in terms of averages over the source-drain distance,
a reasonable approach is to use an average value of Ny = N, over the
same distance. We can calculate this value by conserving charge in
the manner

NAJEd = J; NA (x)dx, (50)

where %y is the average depletion width between the drain and the
source and has been shown to be'®

2 Vi
Ey = \/&—% \/VBS + 265 + =2 (51)

We can see from this result that the effective value of N is in general
a function of both drain and substrate bias.

To determine N, we will assume that any ion-implanted profile may
be described by the parameters N,, o, and R,; i.e., even after thermal
processing it is assumed that N,, ¢, and an R, may be found to give a
best fit to the measured impurity profile so that

2
Na(x) = (Np — Nas)exp [_(xz_ng> ] + Nas, (52)

where Njp is the background impurity doping. Using (52) and (51) in
(50) we then have
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1/2
— N, q ™
VN, -2 \/— N,
’ Na 25( Vbs > 2 77

VBS + T + 2¢F

L PR 5\ N
( R,,) gN. \'®® FT 79 P (53)
£ + erf
T \Va) T 2o

for the triode region and

1/2

A 2e (VBS + SQAT + 2(]51:')

V26 V2o

for the saturation region. If we use a polynomial expansion for the erf
term to allow numerical computation, only a few iterations are required
to obtain N,. For the most accurate results, then, a value of
N4(Vps, Vas) is required at each bias point, although in practice only
the Vps dependence is very important, so an average value of Vpg
could be used for all computation.

li p l: 1 v <
q A

Il. COMPARISON WITH EXPERIMENT

To establish the validity of the parameter B = 2, the VI versus Vs
data were plotted in Fig. 14 with drain voltage Vps = Vg for the long-
and short-channel devices discussed in Fig. 11. Using all of the
parameters determined from the linear region data, theoretical curves
were generated and are also plotted. The drain-voltage dependence of
Vr was included using the charge-sharing technique,'® and the varia-
tion of ¥ was taken from the drain-voltage data in order to verify the
triode region model alone. It is evident that the agreement is very
good. To compare with the other models, the result of using B = 1,
and the piecewise continuous model (i.e., constant mobility) are also
shown. Both are in error, one underestimating and the other overes-
timating the actual current.

One can identify two sections in this curve. At low voltages the v
curve is linear in Vgg, indicating long-channel behavior; for higher
gate voltages the VI curve is sublinear in I, indicating the onset of the
effects of velocity saturation. The change from one behavior to the
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Fig. 14—Saturation region data for long- and short-channel devices plotted on a vI
scale for the condition Vpg — Vs.

other is gradual and takes place when the terms under the root sign
in (20b) are approximately equal; i.e., at a current level of about

(Ves — Vr)
&
This result should be independent of gate length, as we can see from

(17c), which predicts the transition from & < £to & > % to occur
for a unique value of I, which is

I=u,WC,
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T (1-R)
This behavior is observed in Fig. 14, although there is some decrease
for the very shortest gate length.

As a final demonstration of the model the drain current data for
two devices are shown in Figs. 15a and b. The channel length modu-
lation term can be calculated using (169). However, this description is
only valid for large gate voltages, i.e., when & is 210* V/cm. As we
approach the threshold condition, the derivation breaks down and
L — ¥ becomes anomalously large. However, near the threshold con-
dition and in the subthreshold region, we know from other work that
the simple form of

2
L—-y= \/qT—\;; (Vbs — Vsar)

works well. We will, therefore, combine these two results to obtain a
continuous solution

A1(Vps — Vear)¥*

L-5y .
aNa

£+ A (Vps — V)1/4
2¢

In Fig. 15a the fabrication parameters are L = 0.32 um (1-um coded
length and 0.68-um compensation as determined from 1/g,, measure-
ments), W = 30 pm, to = 230A, r; = 0.26 um, and Nap = 8 X 10%°
c¢cm™3, The implanted doping parameters were determined by simula-
tion to be N, = 5 X 10" ¢em™, R, = 0.5 um, and ¢ = 0.1 gym. Other
parameters determined from low voltage data are R = 15 through 209,
o = 650 cm?/V-s and 8 = 0.02V~1, The agreement between theory and
experiment is very good for Vgs > 1V. For smaller gate voltages the
characteristic is dominated by uncontrolled source-drain punch-
through, which is not described by these models.

In Fig. 15b the parameters are the same but L = 0.85 um, so in this
case the comparison is extended down to the threshold region (because
source-drain punchthrough is not a limiting factor).

1IV. SUMMARY

A model has been developed to describe the velocity-saturated
characteristics of short-channel MOSFETs. The model has been based
upon the velocity-field relation that most nearly fits the experimental
data, and it is found that the bulk relationship based upon optical
phonon emission is most appropriate if the zero field (parallel to the
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Fig. 15(a)—Drain-voltage versus drain-current data for a short-channel MOSFET
showing comparison with theory. L = 0.32 pm.

surface) mobility is simply modified to take into account the effects
of increased scattering in the potential well at the semiconductor-
insulator interface. By using this approach, the electron temperature
has been brought into the problem and becomes the necessary ingre-
dient that allows a smooth transition from the long-channel to the
short-channel behavior. The model is found to fit well with experi-
mental data.
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Fig. 15(b)—Drain-voltage versus drain-current data for a short-channel MOSFET
showing comparison with theory. L = 0.85 um.
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APPENDIX A
A.1 Introduction

In existing analytical approaches to pinch-off operation, the field at
the edge of the pinch-off region is held to the value %, the critical
field parameter in the velocity-field relationship.®'*>?! To avoid such
an arbitrary condition, a description is presented here of the pinch-
off region under conditions of hot-electron transport, which is based
upon the boundary condition of a value of the electric field at the
pinch-off point determined uniquely by the current and hence applied
voltages. The field patterns and charge density distribution throughout
the pinch-off zone are predicted.

The solution allows one to determine the effect of the gate voltage
on the channel field at pinch-off through the channel current itself.
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Hence, there is direct feedback between the channel current and the
extent of channel length modulation. It is demonstrated that for low
gate voltages the channel length modulation may be severe and the
current then shows a large variation with drain voltage. However, for
larger gate voltages, electrostatic feedback to the channel becomes a
dominant effect, and the current shows little variation with drain
voltage, i.e., the degree of channel length modulation becomes very

small.

A.2 General considerations and assumptions

It is helpful initially to review the important approximations and
salient results that are obtained from simplified long-channel theory.
For the purposes of the discussion, Fig. 16 shows a cross section of the
device, which indicates the major current flow patterns and electric-
field lines.

A.2.1 Existing theories

A basic assumption of MOS theory is that the gradual channel
approximation (GCA) is valid throughout the unsaturated region. In

Ve
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Fig. 16—MOS device cross section showing schematically the major lines of current
flow (dashed arrows) and electric-field patterns (solid arrows).

MOSFET 1363



a physical sense this approximation assumes that the transverse
electric-field strength, d¢/dx, is large compared to the longitudinal
electric-field strength, d¢/dy, in the channel region (¢ is the electro-
static potential, x is the direction perpendicular to the gate, and y is
the direction parallel to the channel). Hence, the charge Q(y) in the
channel may be determined by

Q(y) = C, [V — Vs — 2¢r — V(¥)] — Qs(y), (54)

where C, is the oxide capacitance, Vg is the flatband voltage, V(y) is
the channel potential, and Qg(y) is the substrate depletion charge.
The substrate charge is determined, using the depletion approxima-
tion, to be

Qe(y) = V2egNa[V(y) + 2¢r + Vs, (55)

where N, is the substrate doping, ¢ is the electronic charge, € is the
silicon dielectric permittivity, and

kT (Na
or = Il In <_n7) . (56)

The bulk Fermi potential is written in terms of n;, the intrinsic silicon
concentration. Another important assumption of the theory is that
drift is the dominant conduction mechanism so that the continuity
equation may be written

I = WeQ(y)£(y), (67

where I is the source-to-drain current, W is the device width, u is the
channel mobility, and ¥(y) is the channel field. The channel current
is obtained from (55), (566), and (57) to yield the familiar equation

CcC, W Vi
1=t I [(Vcs — Vs — 2¢r — TDS) Vbs

2+ 2€qN A
3C,
The phenomena of current saturation and pinch-off in the channel

are predicted to occur when the free charge in the channel goes to
zero. From a solution of (54) for

Q(y)=0 (59)

{( Vbs + Vas + 2¢5)*% + (Vas — 2¢5)% 2}] . (58)

one obtains

Vear = Vg — Vs — 2¢5

eqNa |, _ \/ 2C3(Vg — Vs + Vas)
+ cz [1 1+ 2N . (60a)
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The corresponding value of the saturated current is then found by
substitution of (60a) into (58), and in the simple case, this procedure
yields

C,w
“2L (Ve — Vr)?, (60b)

Isar =

where V7 is the simplified threshold value. In the general case, the
more complex drain-voltage-dependent form of V¢ must be included
in (60b), but the result is still evaluated in a straightforward manner.

A.2.2 Device characteristics in the saturation region

For voltages Vps > Vpsar, the drain depletion region extends
towards the source. The position of pinch-off in the channel, occurring
initially at the drain for V(y) = Vpgar, will also move towards the
source, since the condition (59) of zero charge may always be found
somewhere in the channel for a function like (54), which is decreasing
with voltage. Because of this feature, the potential at this position will
remain constant for increasing drain voltage.

The use of (59) in the channel in saturation is, of course, an
approximation that is used solely to determine the drain saturation
voltage. Actually, the electron density is decreasing rapidly with dis-
tance in this region, and if we allow it to become arbitrarily small,
then the electric field will have to become anomalously large if the
drift component is to continue to provide continuity of current. We
must therefore conclude that the drift component can no longer
account for the total current flow and hence that the diffusion of
carriers becomes an important conduction mechanism. This conclu-
sion is supported by the numerical computations of other authors.*""’
We show here that diffusion constitutes a specific fraction & of the
current flow at the pinch-off point, and in Appendix B values for &%
are derived in the range of one third to one half.

As a basis for this work, we assume that we may represent the MOS
device by four different regions of operation, as shown in Fig. 17. The
quadrants are divided on the vertical axis by the subthreshold and
above-threshold regions of operation and on the horizontal axis by the
position of pinch-off in the channel. The quadrants are distinguished
by the approximations designated in the figure, which denote for each
quadrant the dominant conduction mechanism and the principle di-
rection of the electric-field lines. In quadrants II and III the GCA
applies, which may be stated

d* _ d%

(7.;:2 > d_y2 . (61)
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Fig. 17—Regions of operation for a MOSFET characterized by the approximations
that may be used.

However, in quadrant I neither of these approximations is valid since
the two terms are of the same order, which we write

d’p/dx® ~ d’¢/dy*. (62)

_ The validity of (16) has been well established in MOS theory; the
validity of (62) will be justified here by the solutions obtained. The
other approximations indicated in Fig. 17 are that in quadrants II and
IV we have

Iprirr > Ipprr (63a)
and in quadrant III we have
Iprrr < Ipprr. ) (63b)

In quadrant I we also have Iprrr > Ipirr, but near the boundary we
have
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Iprirr ~ Ipiwr, (63c)

which means that the components are comparable in size. The as-
sumptions in quadrants II, ITI, and IV have been established by others;
the validity of the assumptions in quadrant I and on its boundary will
be considered here.

In the discussion of hot-electron transport we will use the mobility-
field relationship??

M%=——%ﬁmsm (64)
[“(E)]

where ¥ is the electric field and £ is a critical field parameter that
is related to the low-field mobility uo by the relation

Mo 22 = Us. (65)
Also, the Einstein relationship will be assumed to hold; it states
kT(¥) kT
D) /u) = L = B (66)

where D = D(%) is the field-dependent diffusion coefficient and T =
T(%) is the temperature of the electron in the hot-electron regime.

We will now discuss the conditions in regions I and II.

A.2.2.1 Region II. The current flow is approximately one-dimensional
(parallel to the surface) because the dominant transverse field confines
the carriers to a narrow potential well next to the surface. This region
is described by (54), (65), and (57). Although drift is dominant in this
region, it is also of interest to calculate the diffusion component. From
(54) the mobile charge gradient is

dQ v

dy = - (Co + Cs) d_y, (67)
where C,, the space-charge capacitance, is
_ _ gN 4¢

G = CS(y) - \/2(V + 2¢F + Vas) (68)

and V = V(y). The electric field is obtained from (57) as

Il —-R)
Ly) = ——7—, 69)
W) =Wk (

where R represents the fraction of the total current carried by diffu-
sion. By using (69), (67), and (54), the diffusion component is
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RI = Iprr

_ D(AVC, + C;)(1 — R)
T w(I)ColVe — Vem — 265 — V) — YaN2e(V + 2¢r + Vas)]’

A.2.2.2 Region I. As the diagram in Fig. 16 shows, the problem in
this region becomes two-dimensional. In region II, the electric field is
directed from the channel towards the gate but is steadily decreasing
as the channel potential increases. Somewhere beyond y, the pinch-
off position, the field in the oxide is equal to zero, and beyond this
position the electric field is directed from the gate into the silicon;
hence, many of the field lines terminate on the drain electrode, as
shown, since the drain potential exceeds the gate potential in this
region of operation. Because the transverse field in region I no longer
creates a potential well, the mobile carriers may flow away from the
surface as they approach the drain, resulting in a two-dimensional
current flow.

The main features of this representation are depicted in Fig. 18,
which shows an expanded view of region I. Consider the flow of carriers
at some position y in region I. Because of the strong electric field
indicated in Fig. 18, which is directed from the gate towards the
substrate in region I, the electrons are forced away from the surface.
Therefore, the density of electrons will be reduced at the surface. For
sufficiently large values of x (i.e., deeper in the Si) the electron density
must decrease again to its substrate value, and so we conclude that
the electron density must exhibit a maximum as a function of x for a
given value of y. We will, therefore, represent the electron density in
a general way by a function of the form

n(w, r) = N(r)exp{— A(r)[w — w3 (r)]?
- B(M[w — of ()= .-}, (71)

where the higher-order terms in the distribution would be required for
strong deviations from the normal case. The expansion for the electron
density has been written for the generalized coordinate axes w, r rather
than for x, y to allow for the fact that the x, y system may not be the
most convenient one in which to describe the distribution. The y or r
dependence has been incorporated into this form through the param-
eters N(r), A(r), B(r), w¢(r), and w} (r). In this way, the median value,
the mean position, and the width of the distribution may change with
y or r. The functions «*(r) describe the locus of the mean of the
electron distribution between the pinch-off point and the drain as
illustrated in Fig. 18. In the approach taken here, we have only three
physical relationships available to us for the determination of the
electron distribution, so we will restrict (71) to three unknown func-
tion: i.e.,

(70)
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Fig. 18—Expanded view of the pinch-off zone with important physical and electrical
parameters.

k(]2
n = n(w, r) = N(r)exp {— %}» (72)

where A(r) has been rewritten as 1/20%(r) and in which the functions

N(r), o(r), w*(r) remain to be determined from three physical rela-

tionships, which will now be described.
The first relationship is the description of the current flow mecha-

nism and quite generally it is

I _f‘” dn J"”
qW_ | Ddr de + A wEindw (73)
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for any y between y and L where w = 0 is the silicon surface. The
second relationship is the law of current continuity. Physically speak-
ing, the current flow in the x direction must provide the current
density gradient by means of which the current density in the y
direction is able to change. This condition is stated formally as

V.d=0 (74)
or, for the case being considered,
df. _ _ dJy
dx dy’

where oJ, and J, are the current density components in the x and y
directions, respectively. The third relationship is the two-dimensional
Poisson equation

v.g=1, (75)
which is written here as
9%
%95 _ 4N, 1), (76)
dx dy €
subject to the boundary condition
K= y=3, (77)

where 7 is the pinch-off point and % is the value of longitudinal
electric field in the channel at the pinch-off point. Both x and y
components need to be retained in (76) since the concentration of
field lines is comparable in both x and y directions. The value of %
along r* will be discussed later.

In the section of the channel between the source and the field-
inversion point, (64) is a one-dimensional relationship between the
channel field and the mobility. Between the field inversion point and
the drain, the mobility becomes a scalar field determined by the vector

F=rE+ 0.
Since
$r= Fr+ F2,
(64) becomes
Ho

o= . %2-}- %21/2. (783)
A°H AH
Also, the one-dimensional hot-electron temperature
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WL -

may be expressed

2 2
Be = Bo + Bo (%) + Bo <§2) ) (78c)

which is a scalar field, where 8, = kT,/q. Therefore, the mobility (78a)
may be expressed in terms of the temperature T, or, equivalently, the
voltage 8. using (78a) and (78¢) as

B Bo
-~ \/; . (78d)

A.3 Determination of physical parameters in pinch-off operation
A.3.1 Charge, voltage, and field at the pinch-off position

The boundary between regions II and I will be defined as the pinch-
off position, and all variables at this point will be designated with a
bar. As the position y is approached from the source, the drift current
will be a decreasing function of ¥ and the diffusion current will be an
increasing function of y. At y, the drift and diffusion components of
the current are

Iprier = (1 = R)I (79)
and
Inrr = RI (80)

The method for the determination of R is outlined in Appendix B [see
(200)]. It is determined only by doping and oxide thickness and has
typical values of one third to one half. From (70) and (66) we have

Co(Va — Vi — 2¢r — V) — VgNa2e(V + 2¢5 + Vps)
_1—-REkT

- T 7 [Co + Cs(y)] (81)
Equation (81) may also be written approximately as
— 1 - R kT Co + Cs
Vsar=V=Vs— Vr— =] — . (82)
R q C,

The relationship (81) is identical to that obtained in the original MOS
theory?® except for the extra term on the right-hand side. In other
words, rather than using (59) to determine the pinch-off voltage, we
are taking account of the charge in the channel at pinch-off, and from
(81) and (54) the charge is determined to be
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1 — R\ kT
Q= <—R——> ry (C, + C,). (83)

For T = T, (the lattice temperature, as is the case in long-channel
devices), @ is small (provided that R = 0.3) and (82) yields the
conventional result. The significance of (83)* is that we can now
determine the longitudinal field in the channel at pinch-off, and from
(83) and (69) it is
F=—t o
Wl‘ 7 (Co + Cs)

Equation (84) applies for any set of voltage variables in pinch-off
operation. The dependence of & on u from (64) could be substituted
here, and since the current at the onset of pinch-off operation (i.e.,
the boundary between triode and saturation regions) is known, then
£ at the onset of pinch-off may also be expressed uniquely in terms
of the applied voltages. It is therefore an ideal boundary condition for
the pinch-off zone.

It is also of some interest to determine the sign and magnitude of
%, at the pinch-off point. From the continuity of the divergence of %
we can relate the oxide and substrate fields as

€5, = €ox Zox, (85)

where %, may be determined, as shown by Pao,?® by a detailed solution
of Poisson’s equation in the x direction in which both mobile and fixed
charge components are retained. An equivalent representation of %,
is

Ve — ¢s — V(y) = Vis

Fox = ™

(86)
where ¢, is the surface potential at the source. As is well known, ¢,
takes the value of 2¢r at threshold and increases only slightly for

additional increases in gate voltage. Therefore, using (82) in (86) we
find that

P = Q + N/ZGQNA(2¢F + VBS) + VFB/CO

(87a)

€ox

and

Z - Q + V2eqNA(2¢F + Vis) + VFB/CO- (87b)

€

* To include short-channel effects it is necessary to replace C, with C,F.
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Hence, we conclude that both %, and £, start from large positive
values at the source and decrease to the much smaller values given by
(87a) and (87b) at the pinch-off position. These values are practically
constant with increasing gate voltage except for the small increases in
¢s above 2¢r. The fields are directed towards the gate electrode at 5.
These results are illustrated by the plots of Pao,?® which are reproduced
in Fig. 19. We have extended the field values past the pinch-off point

Gx x 10*v/cm

| 1 i -
0 0.25 0.5 0.75 1.0

1743

Fig. 19—Variation of transverse electric-field strength in the silicon at the surface as
a function of distance along the surface from the source and through the pinch-off point
parameters £ = 2000A, Np = 4.6 X 10" cm™, and L = 5 pm.
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to show that a reversal in sign of %, occurs as shown by MaGowan’s?
numerical solution.?

A.3.2 Formulation of the differential equations beyond the pinch-off
point

Using the relationships described earlier, we may now find the
variation of electron density and electric fields in region I. The two-
dimensional nature of the problem, which we will now discuss, applies
only after field inversion has occurred. The section between pinch-off
and field inversion will be considered later.

Consider the vector field for the current flow in region I,

J=J.x+dJy, (88)

where x and y are unit vectors in the x and y directions. The vector
components are the current densities in the x and y directions and
may be written generally as

Jy dn

==D—+un 89

7 dy - % (89)
for the y direction and

J, . dn

i D Ix + un%; (90)

for the x direction. At this point we would like to choose a set of
coordinate axes to most suitably represent the current flow. We know
that along the oxide-silicon interface the flow is parallel to the inter-
face and that along the streamline the flow is in the direction of the
streamline. This fact suggests that we should use polar coordinates r
and 0 to represent the problem, where r is the vector extending from
the field inversion point at the surface to some point in the pinch-off
zone and 6 is the angle between the vector r and the interface. The
field inversion point is considered the origin or source point because
it is the point in the channel where carriers first depart from the
surface (from a charge sheet point of view). In the representation of
the electron distribution by (72), then, we are taking « to be the arc
length measured from the interface for a fixed r and a variable 6. Since
w*, g, and N are functions of r only, the assumption becomes that we
can represent the electrons by a Gaussian distribution that extends in
a curvilinear fashion around a circular contour. In Fig. 20 the polar
coordinates are shown schematically in an expanded view with all of
the r axes emanating from the field-inversion point, ;.
In polar coordinates (89) and (90) become
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Fig. 20—Curvilinear coordinate axes in the pinch-off zone.

g _pon

; =D a + un% (91a)
Jo_plon

-&- =D Y + un$. (91b)

Then using n as represented by (72) in (91) and utilizing (66), we
obtain for the current components

J. = quN exp(-n) {% - B. (“’—;—‘i’—)} (92)

and

Jr = q#N eXp(_ﬂ)

.{% ‘4 [gN_ L@ ;2w*) P -zw*)z (;1_2) ]} ©3)
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where

_eme 1
=g o BT
oy do*  dw
=% =X % 94
% ar’ Se ar  or (94)

and the prime denotes differentiation with respect to r and y in the
two-dimensional scalar potential. From the divergence condition (74)

we find
l1on nldu\lag an  ndu\ ¢
ERLPMLES: Ry e R A& T

<r80+ur80)r60+(6r ,Lar>ar Ve, (95a)

where we can consider ¢ as some pseudo-potential field defined by the
relations

o
~L 96700 = %—m(“’ 2“’>,
r ag

’ Lk o EY2 ’
—a¢/ar=5g+ge[—ﬁ-+<“’sz)sw—u((—}g”. (95b)

2
Using (92) and (93) in (95a), we find the divergence relationship to be

(w — w*) (w—w*) 113

R e T
N’ - o* -2 (1Y
B e e ]|

N’ w — w* _(w—w*)2_1_, 10| _ o
[F S FREETE N R

At this point we need a representation for the electric fields & and
. Consider %, first. If drift and diffusion were equal and n were
described by (72), then one could show that & = B.[(w — w*)/s?)].
We will assume that even though drift and diffusion are not equal, the
functional form of %, remains the same under conditions of current
flow and is altered only in magnitude so that we may write

Be(w — w*)
0,2

% = Kl ’ (97)

where K; is some number that is constant throughout the pinch-off
zone. We will take the representation a step further by assuming that
all electric fields may be represented by these functions so that we can
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write

.Bew‘* ﬁew*

.J(‘ap,-=—K2 and %:‘=_K3—?‘T (98)

0,2

for the surface and along the streamline, respectively, where K, and
K, are constants in the pinch-off zone, which must be determined.
From (97) and (98) we obtain

106 _Kife , o (0= 13,
- s TR Ty (99)
and
0% _ _ KoBe o _ « 4 (1) _ g @3B
ar o? Su = Kabew dr \¢? K o2 or’ (100)
where
x _ 0"
¢ o’

Substituting (97) and (98) into (78c), we obtain for the surface (and
for the region very close to the surface)

A AV
Be = 2 + (5) — BoA, (101)
where
(6?2 £)?

A (102)

T BolK2(w — 0 + K™’

In the same way, in the vicinity of the streamline we have
. A* *\2
- il — %
Br="5+ \/(2) BoA*, (103)

(62 £)*

where

* =
4 Bo[K}(w — 0*)? + K3w*?]’ (104)
Differentiating (101), we have
198. _ 1104 BoA 1194
ro " Arag =3=226 (105
ragd Ar df Be + ne . Araﬂﬁ (105)
| 2 (5) — BoA
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9. _ 104 fod L 104
= | et N == B (106)
2 <§> — BoA

and the approximation is good throughout most of the hot-electron
regime because A > ;. In (105) and (106) the derivatives of A are
written

1104 2K} (w — w*)
Ardl Kiw-— o*)?+ Kio*? (1072)
and
10A _ —2[- K2(w — 0®)8S, + Kiw*S} , d (1
—2s2—|3), @
Ao - Kiw- o) + Kia® 207 g \o2) (100
where we have used
, ®d (1
g = — E E‘ (?) (1070)
to transform the term in o',
Using (78¢) for the mobility we now find
10s__ 1113
préd 2.1 80 (108)
1 11 46.
lop__ 1108 (109)

p or 28 or’

so that the derivatives of the mobility may be evaluated using (105)
and (106).

Poisson’s equation may now be reduced to a simpler form using
these results. Substituting (107¢) and (107b) into (105) and (106), we
find

1198 2K? 1148
= - - =0 .
Bor 30  o*(K?+ K3) B¥r 90 (110)
and
10g _ 108 _ 28t ,,d(1
B. or B or o 2 dr \¢?’ (111)
The Poisson equation (76) in cylindrical coordinates is
0% L o 10% _ _a N 4 p, (112)
ar r r a6 €

1378 TECHNICAL JOURNAL, SEPTEMBER 1984



Using (110) and (111) in (99) and (100} to find 9 £/dw and 9.4 /dr,
we can reduce (112) to an equation in (1/02) for the surface (w = 0),
which is

d 1 KzS: ng* K% - K% K1 1
* = _ oM =
Kew dr <02> + o2 ro? K? + K3/ o2 A2’ (113)
Using symmetrical arguments for the streamline locus we have
d (1 Sy Ksw* K; -1
Kg(d*a(;)'i’Ks?—T‘_z'l-?:}\:a. (114)
The parameters )., Ay are modified Debye lengths
€.
M=\ 9N, + Ne) (115)
and
}\* — 6—69
¢ qg(N4 + N)

due to the presence of mobile charge. The traditional Debye length is

given by
€Be
\ = \/:
0 qN4

A useful result that we shall need later is found by subtracting (113)
from (114) to give

2K% K2 [ ? K3 ag 2
Ks (1—K%+K%> KZ—K1 VAL (116)

We now employ the condition

§ $ds =0 (117)

over any path in the pinch-off zone since ¥ is a conservative field.
Using (97), (98), and (117) we have

o (w — 0¥) ’ w*
KB U do = | UG- Kp S . (118)
0 o 0 G

To simplify this result, we will assume that we may ignore the
dependence of 8. upon w on the left-hand side. Then by integrating
over w, differentiating with respect to r, and using (110) and (111), we
find
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*i<l>=_2<&:K_z)

@ dr \o? Ko
Substituting (118) into (112) we find
* * 2 2
do* _o* 2K —Ko) _Ki (1 .. 2Kt 2.) _1 (z) . (120)
dr r K1 Kz K1 + K2 KZ )\e

Substituting (118) into (113) we have
do* o _2Ks—Ky) K _ 1 <a>2

(119)

dr r K K; K;

Subtracting (119) from (120) would yield (116) as before. Returning
to (110) we use (118) to give

lam_l%:&[QM_sg]_ (122)

(121)

B or B or o K,

The results (109) and (121) are then used in (108) and (109) to obtain
functions of K;, K,, and K3, which are

12
1 i 3;01 e flK » l* (w = 0, silicon interface), (123a)
I 1 2) w
*
% % aaLa =0 (w— w* streamline), (123b)
and
Ltow _tow__ [, (KK _
e [2( e ) sx|. (123c¢)

We may now return to the evaluation of (96). The right-hand side of
(96) may be evaluated using (95b) to be

g = 1a%+5e+<w—w*)1aﬁe kA

2 - =

o r a6 or

N' _ fo—o*\ o _(=o9 (1) ]88 B3 (N’
-[B e (25) . - e (1) ] 2 - 22 (2

62 ° 82 — Belw — w*)S, ( ) = Belw — 0®)8, (;1—2)

— k)2 1” _*62* %
+3e(w_é_<e_)_(p) BPRCE iy

B[N e o (1Y

r[N+ e («r"’)]' (124)
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We need to consider (96) along the two separate loci. Along the main
streamline w*, we have w — «* = 0, and we will neglect the diffusion
component N’/N compared to the drift component. Using (124) and
(122) in (96) with & = ¥}, we then find

’ 1 aﬂ*
* el
ok [N u* 3r]

f:z B v sz - 12 H KIK“’) Sw], (125)

where we have considered the second derivatives of 8. and «* to be
unimportant. The second locus is along the interface (v = 0), and in
that case (96), (97), (98), (110), and (123) are used to give

e L) (e K1

1o2 ' o2 o2 K2+ K% w*
o o*S, o?f1Y
-2 (3]

_v _w_2 l,__l. M - — U2
{ e’ S, 2 (O_2> w[2< K, > S{|}—V¢, (126)

which may be rewritten, using (119), as

K% o ? _ K3 - K2

e (1 TE+ K (5)) - {K2 8- (T)}
K3 - Kz ag 2 KS - K2 *

e (555 - () [ (557 - =)

a2\
+ <Z;;) V2¢. (127)

We will now assume that the electron distribution is well localized in
the pinch-off zone, so that ¢ <« w*.
Then the term V3¢ may be dropped and (127) may be reduced to

2
[1 ; (’L_ — K, _ sw) _ K]
K, K,
K, .

K, = <K3 —

(128)

Another relationship between the electron distribution parameters
is found from the total current (73). Using (78a) and (72) in (73),
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|~
SN

q

)2 f e "dw
£\ (2N \d f“
+ D \/ r w -
o 1+ (g) + <—%) 7 ). Nevdo, (129)

where the notation ( ) represents an average over the w axis. The
assumption is that the respective arguments are weak functions of
compared to the exponential term. Then the equation may be written
in simplified form as

*®
Zr fNe"’dw + i f Nedw = ! , (130)
62 dr ‘S‘ap* 2
qWDo 1+ < r)

S
&
"
—
%%
~—
+
—_
)

A A

where the average value of % is taken to be zero. These two terms
are the contributions of drift and diffusion, respectively, to the total
current for a position r in the pinch-off zone. Equation (119) or (120)
and (130) must be solved in the pinch-off zone by using boundary
conditions that are appropriate to describe the electron distribution
(72). Because this distribution can only make sense after a reversal of
the x field in the silicon has taken place, then we cannot use the
boundary conditions (83) and (84), which were established for the
pinch-off point where the ¥ field is directed towards the gate. Instead,
we must establish new boundary conditions somewhere beyond the
field reversal point, which itself is beyond the pinch-off point. It is
also noted that (125) and (128) are equations in K, K3, and K; that
must be solved together with another relation provided by these revised
boundary conditions.

A.3.3 Revised boundary conditions

The pinch-off point to which the boundary conditions (82) through
(87) apply occurs in the channel at a location closer to the source than
to the field inversion point. In a long-channel device these points are
fairly close; in a short-channel device the separation grows since the
charge at the pinch-off point grows. The potential between the two
points is Vg — Vr — Vgar. The boundary conditions at a point y, in
the channel just after field inversion has occurred are estimated in the
folowing way.

From (69) we obtain

d¥¥ R #£? I1-R)du
— = — | (131)
ay |y 1-R) B Zy*Q@ dy|,.;
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In calculating (131) we are considering the derivatives of R to be
negligible. The second term may be evaluated using (109) with r =y
and the one-dimensional form (64) of u to obtain

du Bo & d¥

dy "B #dy |,y

Substituting (132) into (131), using (79) for B., and solving for
(d¥)/(dy), we find

(132)

4% __R _#
ay |3 (1-=R) B~
Using (133), (99), and (110) in (76), we obtain

__ R #* K <1 — (Ki/K>)?
(1-R) Bo of \1 + (Ki/K,)?

In (134) we have mixed terms for two different positions. The term in
& ? actually applies only at the pinch-off position, whereas the term
in ¢% applies to a point y; just beyond the field-reversal point. We will
assume that we can use the term in & % at y,, if we change & to
h$, where h is a parameter >1, which determines how much %, has
increased in the interval y to y;. For almost all levels of current above
threshold we can ignore the charge term on the right-hand side so that
we obtain the result

(133)

) = - % (Na+ n). (134)

_ ,1-B B 1 hZ\’
where
K{ = Kib
and
__ 2
b= 1 - (Ki/K,) (136)

T 14 (K /Ko

The result predicts that as & increases, o, at first decreases as
VK{/Z for small values of & and then decreases as VK, for larger
values of . Using (98) to express the continuity of the longitudinal
field, we can use (135) to find the boundary condition

w*zfﬁ&(l—ﬁ)
'""Keh® R

A further boundary condition is imposed by Gauss’ law at the oxide-
silicon interface between y and L as

(137)
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€5l u=0 = € Zxln, (138)

where %, |~ is the normal field in the oxide. The reader may show
fairly easily that this condition may be written

dsg, C,
5 =% (139)

Now the left-hand side using (97), (111), and (118) may be expressed
as K%/K; so that we find, after considerable algebra, the relationship

Kl _Q@ —1-R
(E)‘e hg( 3 )b

or
K; o,
f7é ab = o,
where
_ CoBo(1 — R)
o= PR (140)

If we knew @, we could obtain the boundary condition N, from the
normalization relation

qQs
\/2_7l'0'1 ’

We will determine @; later since it is not required at this point to
proceed with a solution of these equations. Also, the boundary condi-
tion on %, is, from (140),

N1=

(141)

Fa =7

Kl h_g = oﬂo (1 R ) (1423)

K, €

To establish the potential V; for the new boundary condition, we
need two contributions, A;V and A, V, determined as follows. From
the pinch-off point to the field-reversal point we have A, V = §@/C, +
Vr — Vg, and from the field reversal point to y; we have A, V. In this
section, as a general approximation we may say

g_:“ (f Fdy — Vg + V>

or, alternatively, if we integrate from y;, the field reversal point, then

fox f £dy. (142b)

_fox Yi
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For y = y,;, the new boundary condition, we have [} dy = A, V,
which we can then use in (142b), along with (142a), to find

AV = Bo <1 %R> b.

Using @/C, from (18c), the total voltage drop between y and y; is
therefore

AV =V, — Vaar = AV + AV

(1 B, % 1Y
b+ C. 1+ (st Qo) . (143)

=Vr— Ve + o

We then have for ry
2 AV
Y+l &

where an average value of % between y and y; has been used. Using
(143) with b = 1, we have

2 - R
r= m[VT Vs + Bo ( foi )
C,

C, + I Y
-<1 + C. 1+ (m) >] . (145)

A.3.4 Approximate solutions to the equations

Using the integrating factor —(1/r) and the boundary values w?, i,
we may solve (120) to obtain

(144)

*3
w* = Cr ln(rL> + wr_ r, (146a)
1 1
ow* r wf w* r wl
or r rn r n r

K- K.\ K 2K? N AY
=2 (=222 -2 1-— ) -
¢ ( 7é ) K. ( Bk K\ 1460
and is considered to be constant. Used in (119), this result can be
written, by using (140) and ignoring the term in o/, as

MOSFET 1385



where v = (1/¢?), which then yields

% a
¢? = g¢? (w_*> , (147a)
w1
where
C +
a= ?‘“ (147b)

We now use (115); assuming that K; <« K, and that K, = K; we can
write (115) as

K — Ky =2 Z gN. (148)

This condition on K, amounts to saying that the field that is pushing
carriers away from the surface is much smaller than the field that is
driving the current; this is always found to be the case in the on region.

To find N, we return to (130) and assume that at the'position y, the
dominant conduction component is drift. That is, at the saturation
point the diffusion current accounts for about one half to one third of
the current flow but at a distance, r;, further down the channel, drift
has again become dominant. If drift has become dominant, then we
can say from (130)

I
Q= Wad?’ (149a)
and as velocity saturation becomes predominant, this becomes
I
Q= Wor (149Db)

From (149b) we can see that the gradient of the charge along the
streamline actually goes to zero in the limit of velocity saturation.
Therefore, the assumption of total drift is reasonable. With this
assumption (149b) gives us a boundary condition ; at y;, and there-
fore, N1, which would be

I I
N =—W* :‘ =>——-,
LT o T T oo

from the normalization of the charge, which approaches the velocity-
saturated condition shown. From (149b) we can write the equation for
N for any position as

I

N=———F7e.
Wu Voo

(150)
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Using (150) and (103) in (148) and then the result in (146¢), we find

Kz q BoKs@o F* wi*/? 2‘%‘3
Kie @ifar o8 ©
Since C is independent of position, we have from (151)
a = 4/3. (152)
Substituting from (135), (137), and (140) we can reduce (151) to

N v 3 2 (1 =R\ By (C, + Cy)
C=C+a= i, 7—\/;<R) T 15y

In writing (148) we assumed that K; — K, <« K3, K;, and we have used
this fact again here. It is noted from (147) that (152) implies the result

C=2 (151)

S, = % (C+ o). (154)

We now use (150) in (125). From (150) or (149) we have

’ * *
N__[l df 1 dp* 1@], (155)

N ?fdr +;—Edr+adr

and using this result and (107¢) in (125), we obtain
% 2 2
o[ (][ ]

T @r dr | 2 dr\e? A2

where we have dropped all terms in (¢/w*)? (such as the term in 8/w*)
and o2/re* because we are assuming that the Gaussian is localized
well enough that (¢/w*)? < 1. Using (100) for the streamline and
(114), we obtain

K3%+—3—K3w*dir<%>=—<i§+ L “;zsi),
and then substituting from (119) and (146c)
_ 1+ 82

3(C 2+ a) s* ’

where the term (1/K,)(c/).)* has been considered small.
We are going to assume that in the range of high fields in which we
are interested,

K; (156)

C>1, K,
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and S, = 0, which means that (dw*/dr) = (dw/dr) [cf. (94)], so that the
streamline locus is effectively a straight line. Then (128) and (156)
may be subtracted, and (146¢) may be used to give

S:=2(C+a) 1C (157)

(1+K1)< +"‘)

2

_ 2 C + a)?
K, = C+ a[l + 1 ] (158)
and

2 (C + a)? C+a .
R VR ST P

Using (138) and (153) we then find

ya 2/5 " 2/5 1 3/56
K, = <W> , K; = ('ﬁ) (;) (160, 161)
2/5 3/5 4/5 1/6
() (L A () (L
Re(ge) () wmsla) ) oo

2/6 3/5
Ct+a= <12> 91/s (1) : (163)
h o

These are the constants that characterize the electric fields. They are
determined by the parameter «, or, equivalently, %, through (140).
These results are plotted in Fig. 21 over the total range of & for a
practical device. All of the assumptions we have made are validated
by the plots. We now use these results to determine the length of the
pinch-off zone L — y. From (117) we have

w*? _ 2(Ks — Ks) (Vos — 1)
o? KK, Be '

Using (103) for B, along the streamline and substituting (147) for o,
we obtain a result for w*, which is

[

(164)

[(VDS — V1)A3o]3/4
#?

Now w* = r*§ and L — y; = r*cos 0, so that we may write the length
of the pinch-off zone as

w* 3,2 L (€ + ) (165)

cos 0 w;

COS 9 “1 (04 o)
0 o¥? (C+a)

Ly = [(Vns - Vo[

Pz ] , (166)
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Fig. 21—Variation of the field constants with pinch-off field & or its normalized
form, «. The device parameters are t,, = 250A and Ny = 5 X 10" em™.

where 6 is the angle formed by the interface and the vector from the
point y; to the streamline axis. Using (135), (137), (140), and (163) for
o1, w1, and (C + «), respectively (under the condition b = 1), we have

L—y=2 6 o, & g (B . BY (Vs — V))¥4.  (167)
|4 0 C,, 1 — R 0 1 M

We now require an estimate of 6. In solving for the constants K,
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Ks, and K3, we have assumed that S, =~ 0 and that S} was constant,
which implies that 8 can be considered constant since w = 48, and so

8=C <ln l>, (168)
Yy

where the In term must be written as some average. We cannot actually
estimate 0 because the solution does not take into account the effect
of the finite depth of the drain junction. We will, therefore, use a value
of # = 45 degrees to expedite calculation of (167). This is a reasonable
assumption based on the examination of two-dimensional numerical
solutions of this region. (Note that the function cos 6/8 is not a strong
function anyway, varying between 0.5 and 0.85 for 8 between 30 and
45 degrees).

The result (167) applies for voltages Vps > V; but not to the situation
when V; > Vpg > Vgar. To extend the result over the interval AV =
V1 — Vgar and thus to extend L — y, to L — y, we will write (167)
approximately as

h1/5
Aa=L =3 ="z

Ai[(Vps — Vsar + A:AV)¥ — (4,AV)*4], (169)
where

4/5 1/2 B 3/4
A, =80 (1) e (Co) " (L= RY™ poy (170)
0 \v € R

and h is determined by the condition that L — y = r; for Vpg =
Vsar + AV and A, is an additional constant that we must find. Using
(145) in (169) and for the saturation condition, noting that the current
in velocity saturation may be written I = WuQ- £2%/(1 — R) %, we
have

9 <Q0>1/4 gl/Z 1 _A1h1/5
G,

2= s (1 + ARt — AYY. ()
(h+1) P &F

To determine A, and h, we require another relation, which is given
by the condition of the continuity of the derivative of the current at
the boundary between the triode and the saturation regions. This
condition is found to be [cf. (48)]

_ dy I
Q/C,=— &£ Vs <stC.,>' (172)

Since @ = I/ Wu, for higher channel fields, (172) becomes
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(173)

From (169) we have

dy _ h” 43 1 + dVzr/dVps
dVps P32 4 (Vps — Vear + A2AV)VA

3h1/5A1 3/4 3/4
ey [(Vbs — Vsar + A:AV)Y* — (A,AV)Y4]. (174)

For Vps = Vsar, (174) reduces to

dy 3 hV4 1
dVps 4 P32 (A,AV)V/*’

where we have considered (dVr/dVps) <« 1. Using (175) in (173) gives
the condition

(175)

3 WA,

AATAVA P "

In writing (174) we have assumed that the dependence of A5 on

¥ and hence Vps can be ignored. Noting that for y = y we have L —

y =L — 3 =r and Vps — Vsar = AV, then using (144) in (169) we
have

1. (176)

2AV hY5A,AV3/4

h+DE P (7
Using this result in (176) yields
3 &\
A, = <m —g> . (178)

Since h > 1 and & = % in the range of interest here, A, will be a
small number (i.e., <0.1, typically). We are, therefore, justified in
treating the square brackets as 1 in (171) and so we find for h

(@Y 1 1

1/6 _ v —
(h+ DA = &2 <Co) I (179)
If we considered a typical value of & = 10° V/cm (i.e., well into the
hot-electron regime) and use A; = 175 [cf. (170)], then we find h =
2.8. For higher values of ¥, h would increase, although we would not
expect values much higher than & = 10° V/cm in practice. Therefore,
we will treat h generally as a constant with a value 2.5 through 3.0,
especially since it appears in L — 3y, the result of major interest, only

as h'/5,
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A.4 Discussion of results

The result (169) is valid for high values of pinch-off field & so that
the hot-electron approximations [cf. (105) and (106)] are valid. For
low values of &, L — y becomes anomalously large according to (169)
and is obviously incorrect. However, it has been shown that for gate
voltages near and below V7, a good representation of AL is

AL, =L -3y= \/2 ;1;,’_,4 (Vbs — Vsar) . (180a)

For gate voltages in the ‘on’ region (180) becomes notoriously gross.
If we now combine the results (180) and (169) in the form

1 1 1

AL~ ALy T ALy
we obtain a representation of y = L — AL, which is good for all regions
of operation.

We demonstrate this agreement by the curve shown in Fig. 22. The
curves show data and theory for a 0.5-um device. The lower solid
theory line shows the agreement obtained using (179) to determine y,
which is then used in the velocity-saturated model of the companion
paper. The agreement is quite good. The upper solid line shows the
result that is obtained if the AL, [cf. (180a)] is used alone to predict
and there is considerable error. However, there is not as much error
as one might expect on the basis of (L/L — AL )Isar, which is normally
considered to be the case where Isar is the current at the onset of
saturation. This is clear from the comparison of AL, AL;, ALy, and
AL’ shown in Fig. 23. The variation of AL in Fig. 23 is much more
than is manifested in Fig. 22 because the velocity-saturated current
[cf. (20b)]

I= WG, [ \/(“‘””y> + Was = V) = @/Co)" _ %-]
a a a

loses its dependence upon y. In the limit of total velocity saturation
there is no dependence at all. Therefore, we are completely justified
in making the approximation such as (168). In fact, the coefficient A,
could be considerably in error without having much effect. The same
may be said about the radius of curvature of the junction. The fact
that we treated a vertical instead of a cylindrical junction and did not
consider explicitly the junction depth is really of very little conse-
quence. The most important feature of the result is the inverse
dependence of ALy upon & 2 It is this dependence that allows AL
to track the device geometries and applied voltages in a continuous
fashion.

(180b)
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Vg = 465V

Vgs = 3.65V

IpgimA)

Vs = 265V

rem—ra——
Vgs = 1.65V

1
0 1 2

Vos V)

[RY =8
E 3

Fig. 22—Comparison of drain voltage data (dashed curve) of a velocity saturated
device with theory using the composite result (128) (lower solid curve) and the simple
depletion result (127) (ugger solid curve). The effect of series resistance (=5092) has
been removed from the data and the device parameters are L = 0.5 um, t,, = 250 "
W/= 10 pm, N4 = 5 %X 10" cm™, r; = 0.25 um, po = 650 cm?/V-s, 8 = 0.03, and v, = 10
cm/s.

APPENDIX B
B.1 Introduction

In a previous work, we had examined the problem of ensuring the
continuity of current in moving from the subthreshold to the above-
threshold regions by introducing a voltage parameter Vg into the
expression for the saturated current so that it became

WuC,
2y

(Ve = Vr + 8Vg), (181)

Iir =
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aty,

Vgg = 165V

Vgs = 1.65V

N

AL {em) x 10~

Fig. 283—Variations of ALy, AL, (solid curve) and AL (dashed curve) for the device
in Fig. 11. Also indicated is the effective AL’ if the current in saturation is I = IsarL/
L — AL, where Isar is the pinch-off value. AL’ is less than AL because of the effects of
velocity saturation.

where Iy refers to the above-threshold current.'® The parameter 6V
was introduced to account for the absence of diffusion in the above-
threshold formulation. It was determined on the basis of a unique
value of current at the threshold condition from consideration of the
above-threshold and subthreshold currents. However, to be consistent
in this approach and to have a useful result, we must also require
continuity of the derivative of the current between the subthreshold
and above-threshold regions of operation.

In this appendix we will re-examine the conditions of the continuity
of current and its derivative at two important transitions in the device,
namely, (1) the transition between the subthreshold and the above-
threshold saturation regions, and (2) the transition between the triode
region and the saturation region, both of which are above threshold.
These conditions are needed to determine E, the fraction of the total
current carried by diffusion at the pinch-off point above threshold.

1394 TECHNICAL JOURNAL, SEPTEMBER 1984



It is noted that the former approach'® of substituting the parameter
6V into the above-threshold result for all gate voltages is not complete.
When determined self-consistently, the parameter 6 Vg gives only the
voltage for which the currents below and above threshold are equal
but says nothing about their derivatives.

The transition from the nonsaturated region below threshold to the
triode region above threshold will be considered only after the results
have been obtained since it only exists over a drain voltage of about 2
kT/q and hence is relatively unimportant. Also, the transition from
linear to triode regions below threshold does not need to be considered
since its continuity has already been established.?

B.2 Transition from subthreshold to above-threshold saturation conduction

Since we are concerned at this transition with currents flowing just
above the threshold voltage (i.e., almost at the threshold point), then
we are justified in using the above-threshold current expressions that
do not include velocity saturation because the channel fields for such
voltages are less than %,. From (83) we have

Q_(l—ﬁ)@(CO+CSF)
¢, \ R q C, ’

A eqN4
Cs = \/;/ + Vgs + 2¢r) (182b)

is the semiconductor depletion capacitance at the pinch-off point in
the channel. At the threshold condition we will have Cs = Cs, i.e., the
same value at the source and the pinch-off point. For a constant T,
is dependent on Vgs only through Cs, on Vpg only through F(Vps),
and on Vig through both of these. (It may also have some dependence
upon Vgs and Vpg through the parameter R.) We will assume at this
point that the dependence of @ upon bias parameters is sufficiently
weak that we may ignore its derivatives in the calculation of the
derivatives of the current above threshold. We shall re-examine the
validity of the assumption later. The result (82) suggests that we
should use it in the triode region equation

(182a)

where

C,W Vi
Ios == [(VGS — Vir(Vps)) Vos — %] (183)
to obtain a modified form of the saturation current, which is
C,W 2
Tonr = “C Y| (Vs = Vavos)? — (2) |. (184)
2y G,
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The threshold voltage has been written as a function of drain voltage
to show that the 3/2 power terms of the conventional triode expression
may be represented.’® We conclude from (184), therefore, that true
square law behavior of the device may only be observed for Vgs —
Vr(Vps) > Q/C,.

In considering the saturation current at the transition between the
two regions, we are going to assume that an offset gate voltage of 5
above the threshold voltage must be applied to the device in order for
the above-threshold theory to predict a finite current flowing at the
transition point. This situation is illustrated in Fig. 24, which shows
data for a reasonably short-channel device (L = 2.5 um, ¢ = 5004, and
N, = 10" cm™) in the region near the threshold voltage. The voltage
n is shown as the voltage increment from Vr to the onset of the
straight section. An equivalent way of stating this condition is that
the above-threshold current merges with the subthreshold current not

60
L=25um
t = 5004
Ny = 10'8/cm3
50—
40—
z
< 30K
0o
20
109
Ve
y
!
0 o3 1 ] I ] L
0~ 1 2
Vgs (V)

Fig. 24(a)—Variation of drain current with gate voltage showing the determination
of  and its relation to Vr for linear region characteristic.

1396 TECHNICAL JOURNAL, SEPTEMBER 1984



for Vgs = Vr but for a slightly larger value of Vgs = V7 + 9, so that

(184) becomes
_uWG | , _ _Q_ ’
Isar| v, = %5 [11 ( Co) . (185)

In writing the saturation current we have used y in place of L in (184)
and (185), where AL = L — ¥ is the channel-length modulation in
saturation operation. The relative size of AL to L can be significant
in a short-channel device.

At the gate voltage Vr, the subthreshold theory predicts the flow of
a finite diffusion current, which would correspond to an effective

225} //
// Vbs = Ves
/ /
1004
<
a
(2]
~.D
P
6.25}
Vr
)
I
|
o ¥y 1 1 1 | 1
0 af ) b 1 2 3
VastV)

Fig. 24(b)—Variation of drain current with gate voltage showing the determination
of 5 and its relation to Vr for saturation region characteristic.
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surface potential ¢s = 2¢r. Since the transition between the regions
takes place for Vg = Vi + 9, in a similar way we should introduce a
corresponding offset surface potential into the subthreshold formula-
tion. It may be defined as the additional surface potential above the
threshold value (¢s = 2¢5) that is achieved when the additional volt-
age 7 is applied. The subthreshold current may be written"

_qWD \/ : kT e
Tsr = y 2qN4(Vps + ¢s) (q me T e, (186)

where @5 is the effective surface potential in subthreshold operation.
Therefore, when a merging of the subthreshold and above-threshold
currents is considered, the transition will occur not for ¢s = 2¢r but
rather for a slightly larger surface potential of 2¢r + £ The voltage
variation of the current is predominantly in the exponential term
through the effective surface potential ¢s, which is obtained from the
equation

N 1 =
Vos = Vrs + ¢s + C V2eqN4(Vps + s)-F. (187)

Therefore, we will neglect the voltage dependence of ¢s in the pre-
exponential term. The factor F' has been defined previously for short-
channel devices.'® At the threshold condition it takes the specific form

F=

L+r— % VK Vps — % [KVos + 2r;VK (Vi + Vas + Vbs) + ri]2

— ‘;‘ [2r,-vK(Vbi + Vag) + rf]l/z

L — VKVpg , (188)
where
K = 2¢/qNy,
r; = the junction depth,
and

N, = the doping concentration

and it is assuming that Vi; = 2¢p.

The transition from subthreshold to above-threshold conduction as
a function of drain voltage is obvious in a short-channel device because
the variation with drain-source voltage of the effective ¢s (i.e., the
average ¢s in the channel determined from two-dimensional charge-
sharing techniques) below threshold and the Vi above threshold are
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quite pronounced. Actually, this transition always exists even in a
long-channel device since we may never have absolutely no channel
length modulation except in the limit of a device of infinite length.
Hence, there will always be some curve of I versus Vpg, which passes
from the subthreshold to the above-threshold region at some Vpsg, so
that we may consider this condition in a general way. By imposing the
condition of continuity of current, we obtain from (185) and (186) the

relation
1. (QY] . (FTY Cs gz
@)1= (7 2 aso

where Cs, as mentioned in the definition (182b), is the capacitance of
the semiconductor depletion region. This capacitance will be approx-
imately the same at any position between the source and the edge of
the drain-depletion region (i.e., the saturation point in the channel)
for gate voltages up to the threshold condition, since we are assuming
a negligible field in the channel for the subthreshold formulation. The
term £ represents the additional surface potential that is required
above threshold to achieve a matching of the solutions. We expect this
increase in surface potential introduced in (186) to correspond to the
concomitant increase in gate voltage n. The solutions are joined,
therefore, not at Vgs = Vr but at a slightly higher voltage, which is
determined from (187) to be

Vr+ 1= Vs + 2¢r + £

+ Cl V2eqN4(Vgs + 2¢r + £) F + %g, (190)

where the term [(2T)/q]/(C,/C,) is an attempt to represent the change
in mobile charge in the channel between the two conditions. We have
simply used @, = N4X,, the charge in the channel under diffusion-
limited conditions, where X, is the effective depth of channel charge.”
We must now impose the condition of continuity of the derivatives at
the transition. From (184) we have (neglecting the derivatives of @)

dl I dy W dVrp
= - = - uC, — s 191
dVos  3dVos 5 " dVos (191)
and from (186) we have
a _ 14 , q;des (192)

dVps  5dVps kT dVps’
We therefore have at the transition from (191) and (192) that
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dVr _ (kT\Cs & dés
n _dVDs = < p ) . e Vo (193)
From (187) we obtain for the derivative of the threshold voltage
dvr _ 1 dF
dVos = C. \/26qNA(VBs + 2¢5 + E) dVos (194)
or, for the surface potential at the transition
dés
AVDs | gm29p+t
1 dF
= - m‘ \/éeqNA(VBs + 2¢r + §) dVos' (195)
Using (194) and (195) in (193) we obtain
_kT_ G &
n= p Co+CsFe . (196)
Using (190) and (187) at Vg = V7, we find
n=£§+ Cl V2eqN4
(VVgs + 2¢r + £ — VVas + 2¢5)F + %%, (197)
and by expanding the square root term, since £ < Vgg + 2¢r, we have
_(Ca+ CsF) | FTC,
n = C. £+ g C.' (198)
Combining (196) and (198) we obtain
MG & KT__G,
~ q (C, + CsF)* q (C, + C.F)
or
CsCo__ o . (199)

¥ =02’ O FCF

where ¢’ = q£/kT. We may, therefore, determine £ once values of oxide
thickness, doping density, and substrate bias have been specified by
using this transcendental relationship. An interesting feature of this
parameter is its lack of dependence upon T.

By this method we have ensured continuity of the current and of its
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derivative in passing from the subthreshold to the above-threshold
region. It is realized that the absolute value of the predicted current
will be somewhat low around Vg = Vrbecause the subthreshold region
does not incorporate drift and because the above-threshold result does
not incorporate diffusion. However, this is not expected to be of any
serious consequence. To calculate the current for voltages between
Vr + 5 and Vr, the surface potential is found from (198) and then
(186) is used.

The results of calculating £ and 5 are shown in Figs. 25 and 26 as a
function of oxide thickness and substrate doping over a wide range of
these parameters. These parameters are independent of gate bias but
have a slight dependence on Vpg through the parameter F. In Figs. 25
and 26 a value of F = 0.8 was used, and to illustrate the influence of
the drain bias, the curves are also shown in dashed lines for F = 0.6.
Generally, the results show that in the range of useful device operation
(say Na ~ 1-2 X 10 cm™ for toy = 500A or N, = 3-5 X 10'® cm™ for
tx = 250A), the parameters 5 and £ are slowly decreasing functions of
both doping and oxide thickness and may be readily determined from
these simple calculations. For rather thick oxides and high doping
levels,  and £ tend to rise again, which shows that the subthreshold
region is penetrating farther into the above-threshold region. One can
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N, {em—3) x 1016

Fig. 26—Variation of £, the surface potential increment above threshold, as a function
of substrate dolll)ing for several oxide thicknesses. The dashed curves show the effect of
drain voltage through the short-channel factor F.
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Fig. 26—Variation of 7, the gate voltage above Vi for a merging of regions, as a
function of substrate doping and oxide thickness. The variation with the factor F is
shown by dashed lines.

think of 5 and £ as offset voltage parameters that describe the protru-
sion of the subthreshold region into the above-threshold region.
We may now solve for §/C, using (196) and (189) and obtain

Q _HT(C CoF) o r—g7p. (200)
C, g C,
We may then use this result, together with (182a), to determine
R= L (201)

14+ £Vl =2/

From (200) and (199) we conclude that @/C, is approximately inde-
pendent of bias parameters. The approximation is equivalent to ig-
noring the dependence of C, upn V. However, this is the same approx-
imation we made to arrive at (191), so it is a consistent one. Within
the same approximation, we see from (201) that R is also weakly
dependent upon bias parameters, another fact we have used to arrive
at (191). We show later in the discussion how good the approximation
is.
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Fig. 27—Variation of R, the fraction of diffusion at the pinch-off point as a function
of N, and ¢, for two values of F (and therefore Vpg).
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Fig. 28— Variation of @, the channel charge at the pinch-off point as a function of
N, and &, for two values of F.
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The values of R and & are plotted in Figs. 27 and 28 for substrate
biases of Veg = 0, —3V as a function of substrate doping and oxide
thickness. As for the other parameters, the effect of Vps through the
parameter F is not that great. Both B and @ are moderate functions
of doping for a given oxide thickness. The value of R ranges from 0.2
to 0.6, but typically for t,, = 5004, N = 10, or t,; = 250A, N4 = 5 X
106, we find R = 0.4, i.e., about one half of the current is drift and
one half of the current is diffusion at the pinch-off point. As in the
case of n and ¢ for higher dopings and thick oxides, @ increases
considerably and R drops off. Therefore, as the subthreshold transition
point pushes higher above the threshold voltage, the pinch-off charge
increases, and the fraction of the total current carried by drift tends
to increase.

It should be noted that the parameter R has been derived from
conditions near threshold in which region velocity saturation of car-
riers can be ignored. The form of @ [cf. (182b)] applies with or without
velocity saturation; our interpretation of @ is that the effects of velocity
saturation enter only through T, which becomes a hot-electron tem-
perature under velocity-saturated conditions. From (182b) this is
equivalent to R being independent of velocity saturation, and this is
supported by (201) since ¢’ is temperature-independent [cf. (199)]. It
is, therefore, reasonable for R to be used for all gate voltages even
though it was derived from conditions at the transition.
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