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1.16 Scaling Down the Dimensions of MOS Circuits and Systems 33

of MOS transistors. Figure 1.38(a) shows again a physical cross section through an
MOS transistor, as a reference for the following figures. Part (b) reviews the case
of equal source and drain potentials with the channel turned on fairly strongly,
thus readily allowing charge to move between source and drain. Part (¢) shows the
situation when a small voltage difference, AV, has been applied between source
and drain. Since the potential difference is maintained by external voltage
sources, electrons will be forced to move from source to drain under the influence
of the potential gradient, just as a liquid would flow from the higher to the lower
level.

As the potential difference between source and drain is made larger, the varia-
tion in the ‘‘depth’’ of the fluid along the channel becomes significant (Fig. 1.38d).
Continuity in the fluid requires that the charge move faster in the areas where the
layer is thinner. This implies that the potential increases more rapidly closer to the
drain region. With increasing drain potential the amount of charge flowing from
source to drain per unit time increases, since the product of charge-layer depth
and local gradient increases. However, there is a limit; once the drain potential
exceeds the empty channel potential, the rate-of-charge flow will be limited by the
drain-side edge of the barrier under the gate electrode. The MOS transistor has
now reached saturation (Fig. 1.38e). The drain current density now is determined
by the potential difference between the source and the empty channel and by the
length of the channel (or the width of the barrier over which the charge has to
flow); it is to first order independeiit of the drain voltage Vg,.

Even in simple transistor circuits, the above fluid model helps one quickly
develop a feeling for device and circuit operation. However, the real power of this
intuitive model emerges when it is applied to complex structures where closed-
form solutions describing charge motion can no longer be found. The empty po-
tential under the various electrodes can first be plotted as in the above examples
and the flow of charge then visualized using the analogy to the behavior of a fluid.

1.16 EFFECTS OF SCALING DOWN THE DIMENSIONS OF MOS CIRCUITS
AND SYSTEMS

This section examines the effects on major system parameters resulting from scal-
ing down all dimensions of an integrated system, including those vertical to the
surface, by dividing them by a constant factor a. The voltage is likewise scaled
down by dividing by the same constant factor «. Using this convention, all electric
fields in the circuit will remain constant. Thus many nonlinear factors affecting
performance will not change as they would if a more complex scaling were used.
Figure 1.39(a) shows a MOSFET of dimensions L, W, D, with (V~ V) = V.
Figure 1.39(b) shows a MOSFET similar to that in part (a), but of dimensions L’ =
Lia, W = W/a, D' = D/a, and V' = V/a. Refer now to Egs. (1-1), (1-2), and
(1-3). From these equations we will find that as the scale down factor « is in-
creased, the transit time, the gate capacitance, and drain-to-source current of
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34 MOS Devices and Circuits

every individual transistor in the system scale down proportionally, as follows:

T LYV, 'lr=[(L/a)?/(V/a)]/[L?/V], therefore, 7' = 7/a; !
C« LW/D, C'/C = [(L/a)(W/a)/(D/®))/[LW/D], and C' = Cla;
1< WV¥LD, I'll=[(WV¥a®/(LD/&))WV?*LD], and I' = Il/a.

Switching power, Pg,, is the energy stored on the capacitance of a given device
divided by the clock period (time between successive charging and discharging of
the capacitance). A system’s clock period is proportional to the 7 of its smallest
devices. As devices are made smaller and faster, the clock period is proportionally
shortened. Also, the d.c. power, P, dissipated by any static circuit equals / times
V. Therefore, P, and P4, scale as follows:

Py, = CV¥7r < WV3/DL and P, = Pg,la?

Pdc =]V and Pldc = Pdc/az.

Both the switching power and static power per device scale down as 1/o¢?. The
average d.c. power for most systems can be approximated by adding the total P,
to one half of the d.c. power that would result if all level-restoring logic pull-downs
were turned on. The contribution of pass-transistor logic to the average d.c. power
drawn by the system is due to the switching power consumed by the driving cir-
cuits that charge and discharge the pass-transistor control gates.

"I"— o __'i W = W/«

¥ Gate (poly) L's [/«
- Pasianne ) D'=aDla
i w s S F F -
w4 /A A1
& - W _ Fig. 1.39 (a) MOSFET,
s . e ' 1978. (b) MOSFET scaled
Source s "+~ Drain . down by Alpha, 19XX.
O 7
(Diffusion) ¢ Channel | (Diffusion)

() (b)

The switching energy per device, E,, is an important metric of device per-
formance. It is equal to the power consumed by the device at maximum clock
frequency multiplied by the device delay, and it scales down as follows:

E,xCV®: and E\, = E.,/d
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1.16 Scaling Down the Dimensions of MOS Circuits and Systems 35

Table 1.1 summarizes values of the important system parameters for current
technology and for a future technology near the limits imposed by physical law:

Table 1.1
1978 19XX

Minimum feature size 6 um 0.3 um

T 0.3to1ns ~0.02 ns

Eew ~10-12 joule =2 x 10-16 joule
System clock period =301t0 50 ns =2 to 4 ns

A more detailed plot of the channel conductance of an MOS transistor near
the threshold voltage is shown in Fig. 1.40. Below the nominal threshold, the
conductance (1/R) is not in reality zero but depends on gate voltage and tempera-
ture as follows:

l/R o« e(VgS—V[h)/(kT/q)’

where 7T is the absolute temperature, g is the charge on the electron, and £ is
Boltzmann’s constant. At room temperature, kT/qg =~ 0.025 volts. At présent
threshold voltages, as in the rightmost curve in Fig. 1.40, an off device is below
threshold by perhaps 20 £7/g, that is, by about 0.5 volts, and its conductance is
decreased by a factor of the order of ten million. Said another way, if the device is
used as a pass transistor, a quantity of charge that takes a time 7 to pass through
the on device, will take a time on the order of 1077 to ‘‘leak’ through the off
device.

The use of pass-transistor switches to isolate and ‘‘dynamically store’ charge
on circuit nodes is common in many memory applications using 1978 transistor
dimensions. However, if the threshold voltage is scaled down by a factor of
perhaps 5, as shown in the leftmost curve in Fig. 1.40, then an off transistor is only
4kT/q below threshold. Therefore, its conductance when off is only a factor of 100

Conductance

(1/R)

Fig. 1.40 Conductance as a
function of threshold voltage.
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36 MOS Devices and Circuits

or so less than when it is on. For such relatively large values of subthreshold
conductance, charge stored dynamically on a circuit node by the transistor when
on will safely remain on that node for only a few system clock periods. The charge
will not remain on the node for a very large number of periods as it does in present
memory devices using this technique. One way of possibly coping with this prob-
lem, as device dimensions and threshold voltages are scaled down, is to reduce the
temperature of device operation.®

Suppose we scale down an entire integrated system by a scale-down factor of
a = 10. The resulting system will have one hundred times the number of circuits
per unit area. The total power per unit area remains constant. All voltages in the
system are reduced by the factor of 10. The current supplied per unit surface area
is increased by a factor of 10. The time delay per stage is decreased by a factor of
10. Therefore, the power-delay product decreases by a factor of 1000.

This is a rather attractive scaling in all ways except for the current density.
The delivery of the required average d.c. current presents an important obstacle to
scaling. This current must be carried to the various circuits in the system on metal
conductors, in order that the voltage drop from the off-chip source to the on-chip |
subsystems will not be excessive. Metal paths have an upper current density limit |
imposed by a phenomenon called metal migration (discussed further in Chapter 2).
Many metal paths in today’s integrated circuits are already operated near their
current density limit. As the above type of scaling is applied to a system, the
conductors get narrower but still deliver the same current on the average to the
circuits supplied by them.

Therefore, it will be necessary to find ways of decreasing system current re-
quirements to approximately a constant current per unit area relative to present
current densities. In n-channel silicon gate technology, this objective can be par-
tially achieved by using pass-transistor logic in as many places as possible and
avoiding restoring logic except where it is absolutely necessary. Numerous exam-
ples of this sort of design are given later in this text. This design approach also has
the advantages of tending to minimize delay per unit function and to maximize
logic functions per unit area. However, when scaled down to submicron size, the
pass transistors will suffer from the subthreshold current problem. It is possible
that when the fabrication technologies have been developed to enable scaling
down to submicron devices, a technology such as complementary MOS, which
does not draw any d.c. current, may be preferable to the nMOS technology used
to illustrate this text. However, even if this occurs, the methodology developed in
the text can still be applied in the design of integrated systems in that technology.

The limit to the kind of scaling described above occurs when the devices
created are no longer able to perform the switching function. To perform the
switching function, the ratio of transistor on-to-off conductance must be >> 1,
and therefore the voltage operating the circuit must be many times k7/q. For this
reason, even those circuits optimized for operation at the lowest possible supply
voltages still require a VDD of = 0.5 volts. Devices in 1978 operate with a VDD of

IPR2025-00238 - BOE
Exhibit 1013 - Page 6



References 37

approximately five volts and minimum channel lengths of approximately six mic-
rons. Therefore, the kind of scaling we have envisioned here will take us to de-
vices with approximately one-half micron channel lengths and current densities
approximately ten times what they are today. Power per unit area will remain
constant over that range. Smaller devices might be built but must be used without
lowering the voltage any further. Consequently the power per unit area will in-
crease. Finally, there appears to be a fundamental limit'® of approximately one-
quarter micron channel length, where certain physical effects such as the tunnel-
ing through the gate oxide and fluctuations in the positions of impurities in the
depletion layers begin to make the devices of smaller dimension unworkable.
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