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SCALING OF MOS TECHNOLOGY TO 
SUBMICROMETER FEATURE SIZES 

Carver A. Mead x 

Abstract 

Industries based on MOS technology now play a prominent role in t he developed and 
the developing world. j\fore importantly, MOS technology drives a large proportion 
of innovation in many technologies . It is likely that the course of technological 
development depends more on the capability of MOS technology than on any other 
technical factor . T herefore, it is worthwhile investigating the na.ture and limits of 
future improvements to MOS fabrication. The key to improved MOS technology 
is r eduction in feature size. Reduction in feature size, and the attendant changes 
in device behaviour, will shape the nature of effective uses of the technology at the 
system level. This paper reviews recent, and historical, data on feature scaling and 
device behavior, and attempts to predict the limits to this scaling. We conclude 
wi th some remarks on the system-level implications of fea.ture size as the minimum 
size approaches physical limits. 

9.1 Introduction 

It is always difficult . to nredict the future; few attempts to do so have met with 
resounding success. One remarkable example of successful prediction is the ex
ponential increase in complexity of integrated circuits, first noted by Gordon E . 
!vioore. As we contemplate the ongoing evolution of this great technology, many 
questions arise: Can the trend continue? Will single-chip systems attain levels of 
complexity that render present system architectures unworkable [lj? vVill digital 
t.echniques completely replace analog methods [2]"7 The answers to these questions 
depend critically on the properties of the individual transistors that provide the 
essential active functions, without which no interesting system behavior is possible. 
Integrated-circuit density is increased by a reduction in the size of elementary fea
t.ures of the underlying structures; therefore, any discussion of the capabilities of 
future technologies must rely on an understanding of how the properties of transis
tors evolve as the transistors' dimensions are made smaller. 

Elsewhere [3], we described the factors that limit how small an MOS transistor 

*Reproduced from Journal of VLSI Signal P rocessing, 8 , 9-25 (1994) Kluwer Academic Pub
lishers, Boston. ~fanufactured in The Netherlands. 
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can be and still operate properly. That discussion will not be repeated here, but I 
will outline the major issues: 

l. For the device current to be primarily controlled by the gate, the device should 
not be punched through; that is, the sum of the source and drain depletion 
layers should be less than the geometric channel length. As a direct conse
quence of this requirement, the bulk doping must increase as dimensions are 
decreased. 

2. Increasing the bulk doping has two important consequences: 

a. Junction breakdown voltage is lowered. 

b. A larger electric field is required in the gate oxide to obtain a given change 
in surface potential. 

Because of 2a, the operating voltage must be reduced. So that sufficient electric 
field can be obtained with a. lower operating voltage, the gate oxide must be made 
thinner. Thus, it is inevitable that, as the minification process is continued, both 
drain depletion layer and gate oxide will become thin enough that electron tunneling 
through them will become comparable with other device currents . In 1971, \vhen 
our original study [3] was written, we described a device of 0.15 micrometer (µ.) 

0 

channel length, having a 50 Angstrom (A) gate oxide. Although we were confident 
that a device of this size could be made to work, we were not at all sure that smaller 
devices could be made viable. 

Over the ensuing 22 years, feature sizes have evolved from 6 to 0.6 µ and the 
trend shows no sign of abating [ 4-10] . In this paper, I shall examine what we have 
learned from the past 22 years of technology evolution, and shall discuss to what 
extent these same trends may cont inue into the future. I shall conclude that we can 
safely count on at least one more order of magnitude of scaling, with a concomitant 
increase in both density and performance. Several of the conclusions of this study 
were reached independently by Hu [11]. 

9.2 Scaling Approach 

In Figure 9.1, I have plotted the historic trend of gate-oxide thickness t 0 x as a 
function of l , the minimum feature size of the process. The trend can be expressed 
accurately as 

0 

where the feature size is in µ, and t he gate-oxide thickness is in A. This observation 
suggests that it may be fruitful to express all important process parameters as 
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Fig. 9.1. Gate-oxide thickness as a function of feature size. The solid circles are production 
processes in silicon-gate technolegy, starting in 1970. Triangles are processes reported in 
the literature. Solid squ ares are the two most advanced devices described in our previous 
study [3) . T he solid line is the analytic expression used in this study (Equation 9.1 ). 

powers of the feature size, and to determine whether there is a scaling of this form 
that allows sensible process evolution to dimensions well below 0.1 µ. To prevent 
the gate oxide thickness from becoming thinner than a single atomic layer, I have 
chosen a scaling of the form 

(9.1) 

This expression is plot ted as the solid line in Figure 9.1. In reviewing the historic 
trend, it is clear that we expressed previously (3] more concern with gate-oxide 
tunneling than has been justified by the experience accumulated through the inter
vening years. It is conceivable that I am repeating the same bit of paranoia here. In 
any case, if oxide thickness continues to decrease at the present rate, the resulting 
devices will be somewhat more capable than those I present . 

The oxide thickness and feature size together determine the gate-oxide capaci
tance C9 of a minimum-sized device: 
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Fig. 9.2. Power-supply voltage as a function of feature size. T he solid line is the analytic 
expression used in this study (Equation 9.2). 

The historic trend in supply voltage V is shown in Figure 9.2. This trend is not as 
smooth as the trend in mdde thickness, due to the long period of st.andardization at 
5 volts (V) . It is clear, hmvever , that modern submicrometer devices operate better 
on lower voltages (7, 12] , and that this trend to lower voltages must continue. The 
scaling I use in this study is 

v = 5l0.75 (9.2) 

This expression is plotted as the solid line in Figure 9.2. 

Once \Ve have the gate-oxide capacitance and supply voltage, we can estimate 
the energy 11V9 stored on the gate of a minimum-sized transistor at any given feature 
size. I have slightly overestimated the stored energy as 

1 2 ( W9 = 2C9 V 9.3) 

For the scaling laws given here, the stored energy (in Joules) works out to be 

W9 = 2.2 x 10-14 t2·75 (9.4) 

This expression is plotted as the long solid line in Figure 9.3. Even with the 
slight "kink" introduced by Equation 9.1, this expression is a good abstraction of 
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Fig. 9.3. Energy stored on the gate of a minimum-sized transistor as a function of feature 
size. \Ve compute the points from Equation 9.3 using oxide-thickness values from figure 1 
and the supply-voltage values from figure 2. The solid line is the analytic expression used 
in this study (Equation 9.4). Also shown for reference are t he thermal energy kT at room 
temperature, and the quantum-level spacing for electrons in the channel with momenta in 
the direction of current flow. 

the actual energy over the entire range of the plot. In the central section of historic 
data, however, the constant 5-V power-supply voltage has established a trend \•,;ith 
much less dependence on feature size. 

This shorter trend is well represented by the expression 

(9.5) 

Also shown for reference on Figure 9.3 is the thermal energy kT, and the spacing 
of levels in the channel with momenta in the direction of current flow. It is clear 
that the stored energy is more than 10 kT even at feature sizes of O.Olµ. 

The minimum stored energy is an interesting quantity because it sets the scale 
for the switching energy dissipated in a digital system. The energy per operation of 
computation-intensive digital chips is compared with the minimum stored energy 
in Figure 9.4. The system energy per operation is four to six orders of magnitude 
higher than the minimum stored energy, and can be bounded by the two solid trend 
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Fig. 9.4. Energy dissipated per operation at the chip level. Filled circles are data taken 
from the literature and from manufacturers' data sheets. Examples are all computation
intensive single chips, such as multipliers, digital signal processors, and similar devices. 
So that the data could be plotted on a single scale, all values were normalized to 8 x 
8 multiply-add operations, assuming that the energy is proportional to the product of 
the word lengths of the multiplicand and multiplier. Minimum and maximum trend lines 
shovm are Equations 9.5 and 9.6. Also shown for reference are the data of Figure 9.3. 

lines: 

M'.nax = 1.15 x 10-sz3.4 (9.6) 

Wmin = 2.5 X 10-!0l3·
25 (9.7) 

The overall system trend is steeper than that for minimum stored energy, presum
ably because designers have become more skilled over the years, and processes have 
an ever increasing set of features on which designers can draw (multiple levels of 
metal, for example). A 5-V subtrend is clearly discernible in the system data as 
well. 

With the information on hand, we can determine the tunneling current density 
J0 x through the gate oxide [13- 15], making the worst-case assumption that the 
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Fig. 9.5. Oxide tunneling current as a function of electric field . The open circles are from 
the original work of Lenzlinger and Snow [13] . Filled circles are from the recent work of 
Suiie et al. (1 5]. Filled triangles are from Hori et al. (14]. The solid line is the analytical 
expression used in this study (Equation 9. 7). The filled square is inferred from I wase et 
al. [10], but is not directly comparable with the other data because it was taken from 
a transistor drain characteristic, and may be corrupted with other effects such as gate
enhanced drain tunneling. The gate current was not reported separately, so this value 
shown represents a worst-case estimate. 

entire supply voltage appears across the entire gate area: 

J - T E2 -ktox 
ox - JO oxe (9.8) 

where J0 = 6.5 x 1010 A/ V /cm2 was adjusted to match experimental data, as shown 
in Figure 9.5. The imaginary part of the wave vector k is given by 

2k d> [ ( ( v)) 3/

2

] k = T V 1 - 1 - min 1, </> (9.9) 

These expressions are valid for voltages both above and below the barrier potential 
o - I 

¢ which was taken to be 3.2 V. The preexponential constant ko = 1.2 A was 
used. It is comforting to note that oxide tunneling data are available over the entire 
range of electric fields that will be encountered down to the smallest dimensions 
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Fig. 9.6. Substrate doping as a function of feature size. The solid line is the analytical 
expression used in this study (Equation 9.8). Filled triangles represent processes reported 
in the literature. The two solid squares are the two smallest transistor designs shown in 
our earlier work (3]. 

studied here. It ·will be helpful , hO\.vever to have actual experimental data in the 10 
0 

A range. For these extremely thin oxides, it will be essential to take into account 
the quantum corrections discussed in Sufie et al. [15] . 

The other major source of parasitic current is tunneling through the drain junc
tion. The junction-tunneling current density Ji is critically dependent on the sub
strate acceptor concentration n, which must be increased to avoid punch-through 
as device dimensions are decreased [16- 22]. The scaling law used in this study is 
plotted in Figure 9.6: 

(9.10) 

Given the doping density n, we can compute the depletion-layer thickness x for any 
potential 'l/J relative to substrate using the usual step-junction approximation: 

x= ~ y---g;;- (9.11) 
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Fig. 9.7. Junction-tunneling current density as a function of peak electric field in the 
junction. The filled triangles are from alloy tunnel diodes, which were reported as step 
junctions by Chynoweth et al. (16]. The filled circles are from diffused emitt er-base junc
tions reported as graded junctions by Fair and \·\Tivell [19). These were the only references 
that I was able to locate for electric fields in the range encountered in t he finest feature 
sizes considered in this study. Some data are shown by Reisch [22) , but not enough infor
mation is given to allow direct comparison with the other data. For reference, the solid 
square represents the parameters encountered in t he 0.03-p device described in this study. 
The solid line is the analytical expression used in this study (Equation 9.10). 

The corresponding depletion-layer capacitance C is given by 

C = €si 

x 

We can determine the maximum electric field in the drain junction, from the junc
tion voltage, which in the worst case will be the supply voltage plus the built-in 
voltage: 

2qn(V +Vi ) 
€s i 

We could alternatively use a graded-junction approximation, such as that used by 
Fair and Wivell [19). For our purposes, the two approaches are nearly equivalent, so 
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I have used the simpler step-junction expression with the junction built-in voltage Vi 
= 1.1 V. In either case, the tunneling current density is a. function of the maximum 
electric field : 

J1 = Go V E1 e-Eo/ E; 
Ea 

(9.12) 

The constant E0 = 2.9 x 107 V /cm was taken from Fair and Wivell [19], and the 
preexponential factor GO= 3 x 109 A/ V cm2 was chosen to fit the e>..-perimental data 
plotted in Figure 9.7. It is significant that experimental data exist that allow us to 
predict the tunneling currents in junctions of devices down to 0.03-µ, feature sizes. 
Previously (3], we pointed out that the "drain corner" tunneling occurs at lower 
voltage than that a.cross the junction area., a. fact that has received considerable 
attention [23]. For the present study, I will use Equation 9 .10 for area tunneling, 
both for simplicity and because I expect considerable cleverness on the part of 
process designers as this phenomenon becomes limiting. Caution, however, that 
corner effects may significantly increase the drain tunneling over the values shown 
in the following Figures. 

9.3 Threshold Scaling 

To determine the detailed properties of small devices, we must take into account the 
short-channel properties, most notable of which are carrier-velocity saturation and 
drain-induced barrier lowering (the precursor to punch-through). Previously (2], 
we developed a model that gives closed-form expressions for the current in short
channel devices, including the effects of velocity saturat ion. To apply the model, 
we need some abstraction of the vertical doping profile under the gate. The most 
widely used such abstraction is the threshold voltage Vi . We therefore proceed by 
choosing a nominal threshold voltage of the form 

(9.13) 

The actual threshold voltage will be lower than the nominal one by the amount of 
drain-induced barrier lowering (DIEL) (24- 27]. In this study, I use the expression 
given by Fjeldly and Shur (28]: 

DIBL = Vxe sinh(xs/>. 
>. cosh((l - xd)/>.) - cosh(xs/>.) 

(9. 14) 

where Xs and xd are the classical depletion-layer thicknesses of the source and drain 
junctions. I have used a surface potential of 0.5 Vin Equation 9.9 to compute Xe , 

the thickness of the depletion layer under the channel. The distance scale >. is given 
by 

ox 
( 

c. 
)

-1 / 2 

A= Xe 1 + C _ C 
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where the depletion-layer capacitance per unit area Cc from channel to substrate is 

C 
_ Esi 

c-
Xc 

and the oxide capacitance per unit area Cox from gate to channel is 

Eox 
Cox = 

lox 

The nominal threshold voltage; the actual threshold voltage, including DIBL; and 
the supply voltage are plotted as a function of feature size in Figure 9.8. For the 
scaling parameters used in this study, DIBL does not become a serious problem 
until feature sizes are less than 0.03 µ. 

9.4 Device Characteristics 

Threshold is defined as the gate voltage at which mobile charge Q s at the source 
end of the channel changes the surface potential by kT / q [2]. The channel charge 
at threshold is 

kt 
Qt= - (Cox+ Cc) 

q 
(9.15) 

For higher gate voltages, essentially all charge on the gate attracts equal and oppo
site countercharge of mobile carriers in the channel. Thus, we can form an excellent 
estimate of the channel charge Q s at the source end of the channel: 

Qs = Cox(V - Vi) (9.16) 

For gate voltages below Vt, channel current decreases exponentially with decreasing 
gate voltage. At zero gate voltage, the channel charge is: 

where 

Cox 
/'i,= ----

Cc +Cox 

(9.17) 

Given Qt and Q 5 , we can compute the saturated channel current for a minimum
sized transistor of any given channel length using Equation (B.28) from (2) : 

1 + 2Qsl (i. + 1)-2 
Qtlo lo 

(9.18) 
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Fig. 9.8. Threshold voltage used in this study. The middle curve is the nominal threshold 
voltage, given by Equation 9.11. The bottom curve is the actual threshold voltage, which 
is lowered from the nominal value by drain-induced barrier lowering (DIBL), given by 
Equation 9.12. The top curve is the nominal supply voltage from Equation 9.2. 

where v0 , the saturated velocity of electrons in silicon, is taken to be 107 cm/s [29], 
and lo = D / v0 can be thought of as the mean free path of the carrier, which is 
taken to be 0.007 µ [2]. 

'vVe obtain the threshold current It by substituting Q5 = Qt from Equation 9.13 
into Equation 9.16. We obtain the on current ! 011 by substituting Q5 from Equa
tion 9.14 into Equation 9.16, using the threshold voltage lowered only by the built-in 
junction voltage, rather than by the total junction voltage. 'We obtain the off cur
rent (15) f off by substituting Q5 from Equation 9.15 into Equation 9.16, using the 
threshold voltage as lowered by DIBL. These expressions thus represent a conser
vative characterization of the transistor performance, since the on current will be 
somewhat underestimated. 

The several currents associated with a minimum-sized transistor are shown as a 
function of feature size in Figure 9.9. The trade-offs mentioned in the introduct ion 
are immediately apparent in this plot. As features become smaller, substrate doping 
must increase to prevent punch-through. The increase in substrate doping increases 
the junction electric field, thereby increasing drain-junction tunneling current into 
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the substrate. To limit the tunneling current to a reasonable value, we reduce 
the supply voltage, thereby reducing the ratio of channel on current to channel off 
current. The most remarkable conclusion from Figure 9.9 is that transistors of 0.03-
µ channel length still function essentially as do present-day devices. With proper 
scaling of all parameters of the process, device miniaturization is alive and well. 
J'vlany issues will arise in the development of ever-finer-scale fabrication, but, in the 
end, the endeavor will prevail. 

Given that devices at least one order of magnitude smaller than today's are 
feasible, we may enquire what their characteristics may be. Figure 9.10 shows 
several quantities of interest. It is clear that discreteness of all quantities will become 
increasingly important at smaller feature sizes - particularly that of doping ions in 
the substrate. We have given elsewhere a simple discussion of the effects of discrete 
substrate charge [3] ; a recent analysis is presented by Nishinohara et al. [30]. 

Perhaps the single most important aspect of device performance is the speed 
of logic fabricated from any particular technology. ·we can estimate the time 7 

required for an elementary logic element to drive another like it: 

VCtot 
7= --

Ion 
(9.19) 

where the total capacitance Ctot is taken to be three times the sum of the oxide 
and drain junction capacitances. This delay should correspond rather directly to 
the delay per stage measured for ring oscillators in any given process, and is plotted 
along with several experimental points in Figure 9.11. It is remarkable that, despite 
the reduction in supply voltage at small feature sizes, logic performance continues 
to improve. Several authors have emphasized the improvement in speed that we 
can make available by reducing threshold and power-supply voltages [12, 31- 33]. 

The primary effect behind this somewhat counterintuitive trend is velocity satu
ration, an excellent recent account of which can be found in Noor Mohammad [29]. 
Vv'e gave an early treatment of the effect of velocity saturation on device character
istics [34]; an extended analysis appears in Appendix B of a previous work [2]. 

The supply voltage V affects the performance of standard Cl\IIOS digital logic 
in three 'vays: 

l. The channel charge is proportional to V - Vt. 

2. The electric field in the channel is proportional to V. 

3. The logic swing is proportional to V . 

For long-channel devices, the carrier velocity is proportional to the electric field 
in the channel. The channel current is the product of the channel charge and the 
carrier velocity. Therefore, the device current has a quadratic dependence on the 
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Fig. 9.9. Currents characteristic of minimum-sized devices as a function of feature size. 
We obtain the threshold current It by substituting Qs = Q t from Equation 9.13 into 
Equation 9.16. \Ve obtain the on current I on by substituting Q s from Equation 9.14 into 
Equation 9. 16, using the threshold voltage lowered only by the built-in junction voltage, 
rather t han by the total junction voltage. We obtain the off current Ioff by substituting 
Q s from Equation 9.15 into Equation 9.16, using the threshold voltage as lowered by the 
full supply voltage. The junction tunneling current was computed from Equation 9.10, 
assuming the drain area is the square of the feature size. The gate-oxide t unneling current 
was computed from Equation 9.7, assuming that the full supply voltage is present across 
the full gate area (the square of the feature size). 

supply voltage. This current must charge the load capacitance to approximately 
one-half of the supply voltage to achieve a logic transition. This factor cancels one 
of the V terms in the current , leaving the circuit speed linear in the supply voltage. 

Once the carrier velocity is saturated, however , increasing the electric field in 
the channel no longer increases the channel current. Both the charge in transit a.nd 
the voltage to be traversed by the output are increased by the same factor. In this 
regime, the only effect of increased supply voltage is an increase in the switching 
energy, with virtually no increase in performance. Just how close devices of the 
present day come to this limit can be seen in the delay-versus-voltage plots in the 
recent literature; see, for example, (6, 10, 14]. 
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Fig. 9.10. Number of signal levels resolvable by a minimum-sized device according to 
the scaling laws used in this study. Thermal noise limits the analog depth representable 
by a single voltage. The number of voltage levels above t hermal noise was taken to be 
the squ are root of the minimum stored energy shown in figure 3, ex-pressed in units of 
kT. Th e quantum-level separation was taken to be the energy spacing of states in a one
dimensional box of length l - Xs - Xd· The number of electrons under the gate was taken 
to be the on-value of Qs multiplied by the gate area (a slight overestim ate). The number 
of depletion ions was taken to be the doping density n given by Equation 9.8, multiplied 
by the gate area and the depletion depth x from Equation 9.9, using 1 V for 1f;. As the 
number of depletion ions becomes smaller, the range of threshold voltages encountered 
across a single chip increases. In analog systems, adaptation techniques can mitigate or 
eliminate the variation among transistors. 
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Fig. 9.1 1. Delay of minimally loaded inverter as a function of feature size. Filled triangles 
are experimental results from ring oscillators rep orted in the literature. Solid line is the 
expression given in Equation 9. 17. 

Because we have at our disposal the currents associated with all terminals of the 
transistor , we can evaluate the conductances associated with these currents. For 
logic devices to function properly, it is necessary that an elementary logic circuit 
have a gain greater than unity, which in turn requires that the transconductance Gm 
of the transistor be larger than the sum of all contributions to the drain conductance. 
As feature size decreases below 0.1 µ., both DIBL and drain-junction tunneling 
make rapidly increasing contributions to the drain conductance, as can be seen in 
Figure 9.12. In spite of these parasitic effects, the device is still capable of providing 
gi:eater than unity gain down to the smallest feature sizes investigated. 

9.5 System Properties 

The enormous effect of device sea.ling on computational capability becomes apparent 
only when viewed from the system level. We can estimate the system-level capa
bilities of digital chips fabricated with advanced processes by extrapolation from 
present-day systems. The first such extrapolation is the number of devices per unit 
area. If every transistor in a modern digital chip were to be shrunk to minimum 
size, the entire active area would cover approximately 23 of the chip area. If we 
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assume that this coverage factor can be maintained in future designs, the density of 
acr.ive elements scales with feature size, as shown in Figure 9. 13. The system clock 
period in today's processors is approximately lOOr. Even today, it is becoming more 
economical to break each chip into several processors that can operate in parallel, 
than it is to merely build larger "dinosaur" processors. For purposes of extrapola
tion, we can assume that each processor contains 106 transistors. The computation 
available under these clearly oversimplified assumptions is plotted versus feature 
size in Figure 9.14. If we further assume that all devices are in fact of minimum 
size. and that they are clocked at the system-clock frequency, we can estimate the 
power that will be dissipated by chips built in these advanced technologies. The 
power attributable to useful S"l'\rit ching, and the dissipations of various parasitic cur
rents that do not depend on clock speed, are shown in Figure 9.15. Down to about 
0.03 µ feature size, most of the energy supplied to the chip is dissipated in real, 
useful computation. Only below this scale do the parasitic currents overwhelm the 
energy consumed in performing real computation. 

9.6 Conclusions 

The MOS transistor has become the workhorse of modern microelectronics; it has 
survived many generations of process scaling to finer feature sizes. In this study, 
J have explored the extent to which the MOS device, as \Ve know it today, can be 
scaled to still smaller dimensions. We have data available to provide experimental 
support for the tunneling currents that will be encountered in the heavily doped 
source and drain junctions of devices down to 0.03 µ. :'{either do we have com-

o 

parable data to support the theory for oxides in the 10 A range, nor do we have 
direct experimental verification of the effect of statistical fluctuations on very small 
structures built in hea,rily doped material. As such data become available, we will 
be better able to chart the course of future minification, of which the present study 
is only an outline. It is already clear that i\IIOS circuits will be integrated to upward 
of 109 devices per square centimeter merely by scaling, without any major change in 
the conceptual framework that we use today. There are many challenges involved in 
this technology evolution (4] , but I do not expect any show-stoppers. The prospect 
of very high levels of integration was daunting in 1971 when our earlier study was 
written , and is far more daunting today. Whereas massive parallelism is possible in 
present-day technology, it will clearly become mandatory if we are to realize even 
a fraction of the potential of more highly evolved technology. Even as this study 
is written , there is far more potential in a square centimeter of silicon than we 
have developed the paradigms to use, as has often been the case in periods of rapid 
technological evolution. 

I should clarify the "limits" considered in this study. It is clear that devices 
much smaller than those treated here can be made to show useful characteristics. 
Conventional MOS devices can be fabricated on insulating substrates (SOI-SOS), 
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Fig. 9.12. Several conductances associated with minimum-sized transistors, as a function 
of feature size. The top curve is the transconductance. The filled triangles are experimen
tal values given in the literature, normalized to a minimum-sized device at the reported 
djmension. The second curve is the drain conductance due to DIBL, computed by evalu
ating Equation 9.16 at a drain voltage equal to V and at 0.9 V, and dividing the difference 
by 0.1 V. The current through tills conductance flows from drain to source. The bottom 
curve is the drain conductance due to drain junction tunneling. Current through this 
conductance flows from drain to substrate. 

thereby removing the constraint imposed by substrate tunneling. Much smaller 
devices are possible at molecular scale. The most obvious example of an extremely 
small device is an electron-transfer reaction occurring along an amino acid path, 
the potential of which is determined by the charge on a nearby atomic site. Such 
arrangements are thought to occur in many biological systems. The physics of such 
a transfer corresponds directly to that of an MOS transistor operating in weak 
inversion (below threshold). Imagining a device that functions is easy; building a 
device that works is much harder; and having a process by which billions of devices 
can be constructed in a single physical structure is many orders of magnitude harder 
still. I have limited this study to the consideration of direct extensions to existing 
technology. 

Finally, I emphasize that I have considered only the properties of transistors 
themselves, and have not even touched many other important aspects of the tech-
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Fig. 9.13. Assumed number of active devices per square centimeter of chip area. If all 
devices are of minimum size, active (transistor channel) area is 23 of total area. 

nology. Of the latter, interconnect - both within a single chip and across chip 
boundaries - is obviously a key concern. We have given elsewhere preliminary 
discussion of the global scaling properties of a single-chip interconnect network for 
ultradense technology [l ]. The topic of interconnect, along with many other issues, 
such as the fabrication technology itself, deserve a great deal of consideration as 
the technology evolves. Whatever complications arise, however, it is clear that the 
technology will evolve. It will evolve because that evolution is possible, because 
there is so much to be gained at the system level by that evolution, and because 
the same energy and will on the part of bright, energetic, devoted people that has 
overcome enormous obstacles in the past will overcome those that lie ahead. 
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