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The Effect of High Fields on MOS Device and
Circuit Performance

CHARLES G. SODINI, MEMBER, IEEE, PING-KEUMG KO, MEMBER, IEEE, AND JOHN L. MOLL, FELLOW, IEEE

Abstract—A simple analytical model for the MOS device charactexis-
tics including the effect of high vertical and horizontal fields on char nel
carrier velocity is presented. Analytical expressions for the drain cur-
rent, saturation drain voltage, and transconductance are developed.
These expressions are used to examine the effect of scaling the channel
length, the gate dielectric thickness, and the bias voltage on device char-
acteristics. Experimental results from various geometry MOS devices
are used to verify the trends predicted by the model. Using the phi/si-
cal understanding provided by the model, we examine the effect of
device geometry scaling on circuit performance. . We suggest that for
gate capacitance-limited circuits one should reduce the channel length,
and for parasitic capacitance-limited circuits one should reduce the
gate dielectric thickness to improve circuit performance,
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I. INTRODUCTION

CALING of MOS device geometries has been proposed for

improved circuit performance and density; however, since
the operating voltages have not been scaled proportionately,
the device performance improvement is limited by high field
effects [1]. This subject has been discussed by several authors
[2]-[4]. Experimental results have been presented which ver-
ify that the improvement in device performance is less than
expected when the lateral and vertical fields in the conducting
channel become large [5]. In this paper we develop a simple
model for the drain current to explain those experimental
results. Some simplifying assumptions were made to obtain
analytical expressions for the saturation voltage, drain cur-
rent, and transconductance. We use these expressions to ex-
plain the observed deviation of the saturation voltage and
transconductance from first-order theory under the high field
condition. In addition, the physical mechanisms which cause
these deviations are discussed. Based on this physical under-

0018-9383/84/1000-1386301.00 © 1984 IEEE
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Fig. 1. Qualitative picture describing the regions of operation in a MOS
transistor.

standing we propose some guidelines for the optimal use of
short-channel devices in various circuit applications.

Fig. 1 shows a qualitative diagram of the various regions of
operation for a MOS transistor. The first region called the
subthreshold region is independent of drain “voltage and is
defined as the region with a gate voltage less than that which
corresponds to a surface potential of twice the Fermi poten-
tial, assuming uniform doping. We call this gate voltage the
classical threshold voltage. Several authors have shown that in
this region the drain current is dominated by diffusion current
and is exponentially dependent on gate voltage [6], [7]. A
second region of operation also independent of drain voltage
is the threshold region. This region is due to the nonlinear de-
pendence of channel charge on gate voltage above the classical
threshold voltage. It was first pointed out by [8] and later
experimentally verified by [9]. Several authors have since
studied the region [10], {11]. They showed that the drain
current is composed of both drift and diffusion components
and is subexponentially dependent on gate voltage. As the
gate voltage is increased above Vi we enter the wellknown
linear and saturation regions. V7 is a qualitative threshold
voltage above which we assume that the channel charge be-
comes linearly proportional to gate voltage. The border be-
tween the linear and saturation region occurs at Vpg = VpgaT.
First-order MOS theory says that Vpgat = Vgg - V. Vo in
this equation is the extrapolated threshold voltage and not
Vr(2¢5) asin Fig. 1 [12], [13].

In the following section, we present the derivation and as-
sumptions for our model. We will show, as illustrated in Fig. 1,
that the value for the saturation voltage deviates from the first-
order theory value as we reduce the channel length and that it
approaches the first-order theory value as we reduce the dielec-
tric thickness. In Section III we use the simple model to ex-
plain the deviation of the dependence of transconductance on
gate drive from first-order theory as we reduce the channel
length or dielectric thickness. We also show that as the gate
drive is made large, the transconductance approaches a con-
stant. Our model is used to predict the dependence of the
value of this constant on the device parameters of low field
mobility, channel length, normal field dependence on mobil-
ity, and the saturation velocity of channel carriers. In Section
IV we use the results from our model to explain the effect of
reducing channel lengths and gate dielectric thicknesses on
circuit performance.

Experimental results are presented to verify the trends pre-
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dicted by our model. The devices used in the measurements
were n-channel silicon gate transistors fabricated using a four-
mask process. The transconductance was measured by observ-
ing the change in drain current with a small (<100 mV') change
in the gate voltage bias point. The drain bias was fixed at a
voltage large enough to ensure that the device was operating
in the saturation region, The source-bulk voltage was set equal
to zero for all cases. The gate dielectric thickness was deter-
mined by a C-V measurement of a large-area (300 um X 300
um) capacitor. A value of 3.9 was assumed for the relative di-
electric constant of silicon dioxide. The channel lengths quoted
are effective electrical channel lengths, which along:with the
series resistance, were measured as outlined in [14]. The de-
vice transconductance data have been adjusted to remove the
effect of the series'resistance.

II. THE MoDEL

The objective in the development of this model is to demon-
strate the effect of high vertical and horizontal fields on the
characteristics of the MOS device. We have made some simpli-
fying assumptions which reduce the accuracy but help reveal
the physics of the device operation through a simple analytical
expression for the drain current. ‘

A. Assumptions

We have assumed that drift current dominates the total cur-
rent and that the mobile charge in the channel is equal to
Cox(Vg - Vr). The threshold voltage ¥ in this equation is
equal to the extrapolated threshold voltage. Both of these
assumptions become valid as the gate drive is increased. We
have assumed that the bulk charge has a negligible effect on
the threshold voltage along the channel. This assumption is
reasonable for short-channel devices which are our primary in-
terest. It is also assumed that there is no drain-induced barrier
lowering. This assumption implied that the threshold voltage
is independent of the drain-source voltage and is reasonable
for “well-designed” devices operating with Vpg < Vpgar.
Finally, we have assumed that the series resistance external
to the device is equal to zero.

B. Velocity Versus Electric Field Model

We assume the following two-region piecewise empirical
model for the velocity versus electric field for electrons in
the inversion layer [4].

E
= ]{ibf*f/—ﬂ E<Ec
= USAT, E>Eq 1)
where
E  isthe lateral electric field and

E¢ is the critical field at which the carriers are velocity
saturated and is equal to 2vga1/Mers-

Mo

1+0Vg )

Heft =
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Fig. 2. Channel carrier velocity versus lateral electric field derived from
(1). For E > E, the velocity is assumed {0 be vgaT.

where

Mo  is the low field inversion layer mobility,

V¢ s the gate-source voltage minus the extrapolated thresh-
old voltage, and

@  is a fitting parameter which governs the normal field
dependence (=2F - 7/To V1) [15].

We assume the saturation velocity of the carriers in the inver-
sion layer to be a constant, equal to 1E7 cm/s. Recent mea-
surements using a novel time-of-flight technique have demon-
strated this assumption to be reasonable [16]. Pig.2 showsa
plot of the velocity of electrons in the inversion layer versus
lateral electric field for various oxide thicknesses as gene-ated
by (1). The low field mobilities were typical values derived
from experimental devices fabricated with appropriate sub-
strate doping [9], [17], [18].

We compare the model in (1) with two commonly usec em-
pirical velocity field models [19], [20]. Including the effect
of the normal field the models are

MessE

)T

Model A  v= (3a)

Model B v= (3b)

c

The difference between the model in (1) and model B ca:: be
seen as follows. In model B the electric field £ must be much
larger than the critical field E¢ for the velocity to apprcach
vgaT. The piecewise linear model in (1) yields the velocity of
carriers equal to vgap at the critical electric field. The result
is that the pilecewise linear model has a steeper slope at high
fields and more precisely models the experimental data than
model B.

In Fig. 3 we compare the model in (1) with models A and B
and experimental data from [21]. The normal field depen-
dence parameter § was set equal to zero for all cases. 'The
more complicated model A fits the experimental data quite
well while the simpler model B underestimates the velocity.
The model in (1) has a reasonable fit to the experimental
data up to the point at which the velocity is approaching s«tu-
ration and yet maintains a simple form. The most important
point to understand is: as the normal field is increased it takes
a higher laterdl field for the carriers to reach the same velocity.
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and B) with the model in (1). Measured data points are taken from
Coen and Muller [21].

This central theme will be used to explain many of the experi-
mentally observed phenomena.

C. Derivation of Drain Current Model

To derive the current equation we first write the current at
any point x along the channel as

Ip =1(x) = WCox (Vg - V(x) v(x)
where

1% is the device width,

“

Cox s the gate capacitance per unit area,

V(x) is the potential difference between minority-carrier
quasi-Fermi potential and equilibrium Fermi poten-
tial in the bulk at point x, and

v(x) isthe velocity of carriers at point x.

From the velocity field model in (1) we can express the lateral
electric field E(x) as

Ip
Wﬂeffcox(Vé - V(x)-Ip/Ec

By integrating from x =0 to x =L and V(x)= Vg to V(x) =
Vp we arrive at

_ WeetsCox (VG - Vbs/2)Vps
L(l + VDS/ECL)

We define the saturation voltage to be the drain voltage at
which the carriers at the drain become velocity saturated. By
our model, this condition corresponds to the point at which
the lateral electric field at the drain end of the channel be-
comes equal to the critical field F¢. Substituting the above
condition into (5) we get

_ WuessCox (Vg - VpsaT) Ec
5 :

_dvx)

E()= =

(5)

Ip (6)

Vps < Vpsart-

Ip @)

By equating (6) and (7) we can solve for VpgaT.

N ) 1
DSAT EcL + V(l;

®
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Fig. 4. Comparison of the drain current characteristics generated from
the model with experimental data.

Now we have analytically defined the “linear” region for our
model.

D. Deviation of Vpsar from Simple Theory

We can explain qualitatively the change in Vpgar as one
scales the channel length and dielectric thickness that was
shown in Fig. 1. As one scales the channel length it takes a
lower voltage at the drain to reach the critical field E¢. There-
fore, Vpgar is reduced from its first-order theory value of
Vas - Vr. Asone scales the gate dielectric thickness, however,
the critical field £ increases because of the reduction in car-
rier mobility with increasing normal field. Therefore, the
drain voltage to achieve the critical field at the drain increases
and the saturation voltage Vpgat increases toward the first-
order theory value.

E. Device Characteristics Generated by Model |

Fig. 4 shows the drain current characteristics for Vpg <

. Vpgat for a 100 um/1.0 um device with a gate dielectric
thickness of 250 A. Also shown are experimental data which
correspond closely to our model. The model shows that for
low gate drives the value of Vpgat is approximately equal
to the gate drive. As one increases the gate drive we see that
the saturation voltage is considerably less than the gate drive.
Fig. 5 shows a plot of the normalized transconductance
versus gate drive for a 1.1- and a 4.1-um derive with a gate di-
electric thickness of 230 A. The transconductance is derived
from our model at Vg = Vpgat. The agreement between ex-
periment and the model is excellent for the 4.1-um device.
The deviation between the model and the 1.1-um experi-
mental device is explained as follows. At a small gate drive,
the effect of channel length modulation and drain-induced
barrier lowering both cause the drain current to increase signif-
icantly with the drain voltage. Because these effects are not
included in the model, the calculated transconductance is
smaller than its experimental counterpart. At high gate bias
our simple model overestimates the transconductance be-
cause the effect of the bulk charge is not included in our model.
The ultimate goal of the model is to qualitatively predict the
deviation in transconductance from first-order theory as we
scale the channel length and gate dielectric thickness of the
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Fig. 5. Comparison of transconductance versus gate drive between the
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MOS device. Although the model is not quantitatively accu-
rate, it does correctly predict the trends in transconductance
as one scales device dimensions. Because of the simple analy-
tical nature of the model, we can begin to explain how the
various physical parameters will affect transconductance and
ultimately device performance.

III. SOURCE AND DRAIN POINT OF VIEW

Equation (4) of the previous section equates the drift cur-
rent at any point x along the channel to the total mobile charge
times the velocity of the carriers at that point. In this section,
we will examine the drift current as a function of gate voltage
at the source and drain end of the channel of the MOS device.
All modeling results shown were obtained at Vpg = Vpgar.
The saturation drain voltage was calculated using (8).

A. Source Point of View
At the source end of the device the drift current is

I=WCox Vi v(0) €))

where v(0) is the velocity of carriers at the source. We know
the channel charge at the source very accurately. In fact, it
has been shown in [9] that we can measure that channel charge
without assuming a threshold voltage. We do not know the
velocity of carriers at the source accurately; however, one can
quickly realize that the maximum current available for a given
gate dielectric capacitance and gate drive occurs when the
carriers are velocity saturated at the source.

By differentiating (9) we find that the small-signal transcon-
ductance is given'by

Em = WCox [v(O) + Ve a"(o)].

VL (10)

The maximum transconductance for a MOS device occurs
when the carriers are velocity saturated at the source end. This
value is

Em = wcovaAT- (11)

One should note that under this extremely high lateral field,
the gradual channel approximation breaks down. We use the
equation, however, only for the purpose of qualitative physi-
cal explanations.

1) Scaling Channel Length: As the lateral field increases
the velocity of carriers at the source increases to a limit of
vgaT. First-order theory predicts that the lateral field and
consequently the velocity of carriers increases linearly with
gate drive and the reciprocal of channel length. Because of
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the velocity saturation limit, the velocity of carriers begins
to deviate significantly from first-order theory. Fig. 6 de-
rived from our model shows the velocity of carriers at the
source versus gate drive with Vpg = Vpgat, for various chan-
nel lengths. Note that at high lateral field (which corresponds
to high gate drives or short channel lengths), the velocity of
carriers does not increase linearly with gate drive. Also note
that at high lateral field, the velocity of carriers does no: in-
crease linearly with the reciprocal of channel length for a
given gate drive.

By understanding the deviation of the velocity of carriers at
the source with increasing lateral field from first-order theory,
one begins to see why the transconductance does not follow
this theory. Fig. 7 shows a plot of transconductance versus
gate drive with channel length as a parameter calculated using
our model. One immediately notices that the transconcuc-
tance does not increase linearly, as we scale the channel length,
or with increasing gate drive. Second, for a fixed gate drive,
WCoxUsaT, Which in this case is 138 uS, is the maximur at-
tainable transconductance as the channel length is reduced.
Finally, for a finite channel length the transconductance ap-
proaches only a fraction of the maximum WCy, vgaT for lexge
gate drive. This point will be discussed in Section III-B.

2) Scaling Dielectric Thickness: It has been shown by sev-
eral authors that the mobility of carriers is reduced with in-
creasing normal field [15], [18]. Inourmodelthisis accounted
for by a reduction in u,, the low field mobility parameter, und
an increase in @, the normal field dependence fitting paramerer.
The reduction in mobility corresponds to a reduction in slope
of the velocity versus lateral field curve as well as an increase
in the critical field for velocity saturation (see Fig. 2). Be-
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cause the normal field increases with the reciprocal of dielec-
tric thickness and with gate drive, we expect deviation from
first-order theory for the velocity of carriers at the source and
hence the transconductance.

To understand the dependence of transconductance on the
dielectric thickness we first look at the case with a very low
lateral field. This case corresponds to a long-channel device
with the electric field at the source much less than the critical
field for velocity saturation. Under this condition for a given
gate dielectric thickness the transconductance increases less
than linearly with gate drive ¥V due to the mobility reduction
with increasing normal field. For a given gate drive the trans-
conductance increases less than linearly with dielectric capaci-
tance again due to the reduction of mobility which reduces the
velocity of carriers at the source. A second case occurs when
the lateral field at the source is equal to the critical field such
that the carriers at the source are velocity saturated. Under
this condition the transconductance is equal to WCy,vgat and,
therefore, linearly increases with gate capacitance and remains
constant with gate drive.

Device geometries of practical interest fall somewhere be-
tween these two extremes. Fig. 8 shows a plot of calculated
transconductance using our model, normalized by the dielec-
tric capacitance versus gate drive with the dielectric thickness
as a parameter for a 1.0-um channel-length device. Fig. 9
shows the experimental results displaying the same general
trends. At low gate drives the transconductance increases less
than linearly with gate drive and with gate capacitance. This
corresponds to the low lateral field case. At higher gate drives
we find that the transconductance versus gate drive becomes a
constant which is a fraction of the maximum transconduc-
tance available in a MOS device. In this medium field case, we
see that the transconductance is still increasing lessthan linearly
with gate capacitance. To better understand this phenomenon
we turn to the drain point of view.

B. Drain-Point of View

At the drain end of the MOS device the drift current can be .
approximated by

I1=WCox(VG - VDSAT) YsAT (12)

at Vpg = VpsaT assuming no bulk charge effect on the thresh-
old voltage. It is interesting to note that at the drain end we
know the velocity of carriers to be the saturated velocity; how-
ever, we do not know accurately the mobile charge content.
This is the inverse of the known quantities at the source end.
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By differentiating (12) with respect to gate voltage we obtain

_ aVDSAT] v

We can see that as the change in Vpga1 with respect to gate
voltage goes from the first-order theory value of 1 toward O,
we approach the maximum transconductance of the MOS de-
vice. It should be noted that the carriers are always velocity
saturated at the drain-end of the channel when Vpg 2 Vpgart
even for very long-channel devices. Therefore, unlike the
source end where we studied the velocity of carriers to under-
stand transconductance, at the drain end we must investigate
the change in VpgaT with respect to gate voltage.
Rewriting (13)

gm = WCOX E‘ (13)

0<K<1. (14)

In the previous section we saw that, for a given channel length -

&m =KWCoyUsaT,

and dielectric thickness, as the gate drive became large the ..

transconductance approached a fraction of the maximum
WCoxvsat. Because we have an analytical expression for
Vpsat, (8), we can differentiate it and take the limit as the
gate drive gets large. This yields a value for K as a function of
device length and the dielectric thickness dependent param-
eters ug and 4.
S S
|, 2vsarld
Mo
From the simple expression in (15) we can make several
qualitative observations. First, we note that as the channel
length is reduced to zero the devices will exhibit its maximum
transconductance. This is an expected result. Second, one can
see that as the low field mobility is reduced it takes a shorter
device to approach the maximum transconductance level. This
observation is explained by realizing that as the low field mo-
bility is reduced it takes a higher lateral field for the carriers
to reach velocity saturation at the source. Third, as 8 is in-
creased corresponding to a greater reduction of velocity with
normal field it takes a shorter device to have K approach 1.
Finally, if 6 is set equal to zero, corresponding to ignoring the
normal field effect on mobility, K would equal 1 for all device
lengths as the gate drive was made very large. Experiment has
shown this not to be the case. Therefore, we have demon-
strated the importance of including the dependence of velocity
on normal field to understand the ultimate limits of the MOS
device.

K= (15)

Device length { /.Lm‘)
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dielectric thickness as a parameter. This experimental data demon-
strates that it takes a shorter device to achieve the maximum trans-
conductance as one reduces the dielectric thickness.

The K factor calculated in (15) is subject to some question
since the gate drive must be much larger than £, L for the limit
taking step to be valid. In state-of-the-art devices, these quanti-
ties are on the same order. Therefore, we believe that addi-
tional effects, which were not included in our model may also
contribute to the fact that the transconductance is less than its
maximum for large gate drive. Fig. 10, however, which is a
plot of experimentally- measured values for K versus the re-
ciprocal of channel length with the dielectric thickness as a pa-
rameter, verifies the observations described in this subsection.

C. Summary
In the last section we looked at transconductance as a func-

" tion of three parameters, namely, gate dielectric thickness,

channel length, and gate drive. We saw that as the channel
length was reduced there was an increase in the lateral field
resulting in an increase in transconductance. We noted that
the increase in transconductance was less than linear with the
reciprocal of channel length and approached a maximum as
the carriers at the source approached velocity saturation. For
a constant gate drive, as the dielectric thickness was reduced
the normal field increased causing a reduction in mobility.
This in tumn resulted in a less than linear dependence of trans-
conductance on dielectric capacitance. Finally, as the gate
drive was increased both the lateral and normal field increased,
assuming the device is saturated. The increasing lateral field
tends to increase the transconductance while the increasing
normal field tends to decrease it. These compensating effects
cause the transconductance to approach a constant equalto a
fraction of the maximum of WC,y,vgat as the gate drive gets
large. The fraction of the maximum transconductance K quali-
tatively depends on the device parameters of low field mobil-
ity, channel length, normal field dependence of mobility, and
the saturation velocity of channel carriers as shown in (15).

IV. CirRcUIT PERFORMANCE

When using a MOS device in a circuit, one generally is con-
strained to a particular power supply voltage. Therefore, in
this section we have fixed the power supply voltage to study
the effects of scaling on circuit performance. We chose a
2-V power supply and assume a 0.5-V threshold voltage yield-
ing a 1.5-V gate drive. This relatively low voltage is chosen to
try to minimize high field effects and thus determine the limits
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Fig. 11. Measured transconductance versus the reciprocal of chennel
length with a power supply voltage of 2.0 V. Gate dielectric thick-
nesses are 100, 230, and 450 A.

of the benefits of scaling device geometries on circuit peifor-
mance. With a larger power supply voltage, the same trends of
deviation of transconductance from first-order theory will be
observed at larger device geometries.

We divide circuits into two general classes, namely gate capac-
itance and parasitic capacitance limited circuits. An example
of a circuit whose load capacitance is dominated by gate di-
electric capacitance is a densely packed logic gate. An exam-
ple of a circuit whose load capacitance is dominated by psira-
sitic (other than gate dielectric) capacitance is a large bus line
driver,

In keeping with the spirit of this paper, where we are trying
to identify trends rather than produce absolutely accurate
results, we propose that to speed up gate capacitance limited
circuits one should maximize the quantity

Em

Em ___ 8m
WL Cop

Ce

On the other hand, for parasitic capacitance circuits, since one
cannot in principle change the loading, one should maximize
the transconductance. Strictly speaking, a large-signal trens-
conductance, defined as an average small-signal transconduc-
tance over the voltage range of interest, should be used in (16).
For a qualitative picture, however, we used the small-signal
transconductance with the device biased in saturation,

In Fig. 11 we are plotting transconductance versus the recip-
rocal of channel length with the gate dielectric thickness as
a parameter. First we notice that the transconductance ap-
proaches a constant as we decrease the channel length. This
effect is caused by the channel carriers approaching velocity
saturation at the source. Second, we notice that the transcon-
ductance increases with a reduction in gate dielectric thickness
less than linearly. To explain this point we normalize the data
in Fig. 11 by the dielectric capatitance. The result is shown in
Fig. 12. Scaling the dielectric thickness from 450 to 23¢ A

(16)

IEEE TRANSACTIONS ON ELECTRON DEVICES,

VOL. ED-31, NO. 10, OCTOBER 1984

{ y
T T

2 1 75 5
DEVICE LENGTH (um)

(cm/sec.)

V, =20 VOLTS
V, =5 VOLTS

5.0 E6 1 =

EXPERIMENTAL DATA
GATE OXIDE THICKNESS _|
o 100A
a 230A
© 4503

3.0E6 4

TRANSCONDUCTANCE

Cox"WIDTH

1.0E6+4- ﬁ

5 10 15 20 25
1um/DEVICE LENGTH

Fig. 12. Measured normalized transconductance by C,x versus the
reciprocal of channel length with a power supply voltage of 2.0 V.
Gate dielectric thicknesses are 100, 230, and 450 A.

caused no measurable change in the normalized transconduc-
tance. This result occurs since the power supply voltage was
chosen low enough that the mobility reduction with normal
field was not observable. In reducing the dielectric thickness
to 100 A, however, the increased normal field causes a degrada-
tion in the normalized transconductance. The magnitude of
the degradation decreases with decreasing channel length be-
cause the carriers are approaching velocity saturation at the
source. Under this condition the effect of the mobility reduc-
tion with normal field on transconductance is reduced.

With the understanding of the effect of scaling device geom-
etries on transconductances, we can make some suggestions
to improve circuit performance. For gate capacitance limited
circuits one does not want to reduce the gate dielectric thick-
ness, because the transconductance does not increase linearly
with dielectric capacitance for practical device geometries.
Instead, one should scale the channel length. One must realize,
however, that the-transconductance is nearly constant with de-
creasing channel length (for “short” devices) and the speed im-
provement will go as 1/L. For parasitic capacitance limited
circuits one should reduce the dielectric thickness. Although
the increase in transconductance may be less than linear with
dielectric capacitance, it remains significant for device geom-
etries of practical interest as demonstrated in Fig, 11.

V. CONCLUSIONS

In this paper we have developed a simple model which in-
cludes the effect of high vertical and lateral fields on the satura-
tion voltage, and the transconductance at that voltage, for a
MOS transistor. This model predicts that the saturation volt-
age decreases from that predicted by first-order theory as we
reduce the channel length. It also predicts that the saturation
voltage increases toward the first-order theory value as we de-
crease the dielectric thickness.

The model predicts the following observations concerning
transconductance.
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1) For low vertical and lateral fields, the transconductance
is proportional to gate drive 1/L and 1/T .

2) Given a channel length and gate drive such that the lateral
field is less than E¢ at the source, the transconductance in-
creases less than linearly with 1/7,, due to the reduction in
mobility with normal field.

3) Given a dielectric thickness and gate drive, the transcon-
ductance increases less than linearly with 1/L to a maximum
of WCyyvgaT. The maximum occurs when the channel carriers
are velocity saturated at the source end of the device.

4) Given a channel length and dielectric thickness, the trans-
conductance increases less than linearly with gate drive to a
maximum of KWC,,vgat. The increasing gate drive increases
both normal and lateral fields. The increasing normal field in-
creases the critical field for velocity saturation to occur at the
source. This ‘“‘negative feedback effect’ causes the transcon-
ductance to approach a fraction of the maximum achievable
in a MOS transistor.

A) Given a dielectric thickness, K approaches 1 as we re-
duce the channel length.

B) Given a channel length, K is reduced as we reduce the
dielectric thickness. Therefore, it takes a shorter device
for K to approach 1 as the dielectric thickness is reduced.

All of the trends predicted by our model have been experi-
mentally verified by results presented in this paper or in [5],
[17].

With this model we have tried to convey a physical under-
standing of the effect of scaling channel lengths and dielectric
thicknesses on transconductance, We suggested that for gate
capacitance limited circuits one should reduce the channel
length, and for parasitic capacitance limited circuits one
should reduce the dielectric thickness to improve circuit per-
formance.
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