Can Anything Stop the Transistor?

The semiconductor industry continues
to advance at a run, even accelerating
in the last few years beyond the exponen-
tial curve it has followed since the 1960s.
To keep on track, the industry periodically
lays out a technology roadmap to serve as
a guide for government, university, and cor-
porate research efforts. The latest such
roadmap foresees, for the first time, tough
technical challenges as soon as five years
ahead—challenges for which there are no
sure solutions. Although no one expects
the semiconductor industry to grind to a
halt around 2005, it is clear that large and
unprecedented changes in materials and
design will be needed to continue the pre-
sent pace of progress, and that a slow-
down in semiconductor development is
likely later in this decade.

Moore’s law

In 1964, barely five years after the devel-
opment of the integrated circuit, Gordon
Moore, later a co-founder of Intel Corp.,
noted that the number of transistors on a
chip had doubled every year and predicted,
accurately, that
this trend would
continue for the
next decade.
Beginning in
1975, the
slope changed
to a doubling
every 18
months, or a
fourfold
increase every
three years.
This trend has become known as Moore’s
law, and it still is a central guide for the
semiconductor industry.

Several trends in computers parallel
Moore’s law and are sometimes consid-
ered part of it. The driving force is the
shrinkage of transistor dimensions. The
width of the smallest feature, or linewidth,
has shrunk by a factor of 2 every six years.
The speed, or clock rate,of processors has
doubled every two years, and the capaci-
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New semiconductor
roadmap plots a torrid
pace but with major

changes after 2005

ties of random access memory (RAM)
chips have doubled every 18 months, in
step with the increase in the number of
transistors on a processing chip.

During the 1990s, Moore’s law held up
well. In fact, the industry moved a year or two
ahead of the Moore’s law slope, with the
pace particularly quickening in the last five

group, set up a National Technology
Roadmap for Semiconductors in the early
1990s. Its purpose is to alert government
funding agencies, university researchers,
and industrial research laboratories to the
industry’s main research and development
goals and what deadlines must be met to
avoid bottlenecks. In the last few years, the
process has been widened to include repre-
sentatives from the semiconductor indus-
tries in Western Europe, Japan, Korea, and
Taiwan, which led to the formulation late last
year of the International Technology

Roadmap for Semiconductors (ITRS).
Although the ITRS forecasts impressive
advances for the semiconductor industry out
to 2014, there are also warning signs that the
road might get bumpy soon. ITRS technology
tables color-code in white the goals that have
already been reached. Goals with known, cost-
effective solutions that are being worked on
are coded in yellow, and problems with no
known cost-effective solutions are shown in
red. On ITRS maps assessing various seg-
ments of the industry, the red areas start pop-
ping up as soon as 2005 and they are all over
the charts in
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Following the yellow brick road of shrinking semiconductor feature sizes may lead to a red

brick wall in the near future, as decreasing sizes approach physical limits.

years. Linewidth, a basic measure of the lin-
ear dimensions of transistor features,
dropped from 350 mm in 1995 to 180 mm
in 1999—cut in half in four years rather than
the six years predicted by Moore’s law.

To keep the industry advancing at a
steady pace, the Semiconductor Industry
Association, the industry’s major trade
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approaching a
red brick wall”
(see table).
Technology
roadmaps have always had red areas
far in the future, but in the past, the
red regions have retreated like a hori-
zon with the passing years. Now however,
the brick wall, which appears to be located
in the 2005-2008 time period, has not
moved much since the last roadmap was
created in 1997. It has just gotten closer
to the present. Clearly, if researchers do
not soon demonstrate solutions to the
many technical challenges in the brick wall,



the torrid pace of \
semiconductor devel-
opment will slow radi-
cally, beginning as
soon as 2005.
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certain extent, we are
just outrunning our headlights because of
the speed of development of the industry,”
says Peercy. But major changes in the
industry and the progressive march toward
the basic physical limits to shrinking silicon
transistors also play a major role.

For one thing, semiconductor companies
have cut back in recent years on the funda-
mental research needed for solutions in
the coming years. “It used to be that cor-
porations were entirely integrated, from
sand to system,” Peercy explains. “Bell
Laboratories and giants like IBM could
afford to do research that would not pay off
for 15 years or
more. But now com
petition is fiercer,
more work is done
by suppliers with
smaller research
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Figure 1. Major challenges in semiconductor front-end processes, concerning the

The atomic level

Equally important, the industry roadmap
beyond 2005 leads toward the physical lim-
its of existing technology, a terrain where
certain critical scales approach the atomic
level. To understand these limits, it is nec-
essary to know a little about how transis-
tors function in complementary metal oxide
semiconductor (CMOS) circuits, the stan-
dard circuit technology. These transistors,
termed MOSFETs, or metal oxide semicon-
ductor field effect transistors, consist of
three main parts—a source, which supplies
the charges that carry the current; a drain,

Requires high-level
gate doping and high
gate-insulator integrity

Metal contact

budgets, and the
giants no longer
have the deep
pockets to afford
long-term
research.”

In addition, with
the collapse of the
Soviet Union and
the end of cold war

Oxide——

This extention
should be
shallow, abrupt,
heavily doped,
and have low
resistance

Figure 2. Doping the sources and drains creates an imbalance of electrons.

rivalries, federal Several doping challenges are indicated in the area of the gate.

funding for basic research, fundamental to
many semiconductor breakthroughs, has
been cut back. As a result, research that
might have laid the foundations a decade
ago for solutions needed in five years was
not done. Dimming the industry’s brightest
headlights—long-term research—has
made the technology road ahead less
clear.

Silicon wafer

to which the current flows; and a gate that
acts as a switch to turn the current on or
off. A thin layer of silicon dioxide insulator,
the gate oxide insulator, separates the gate
electrode from the underlying semiconduc-
tor channel. Dopants, small amounts of
impurities, are added to the silicon during
manufacture to create a surplus or a deficit
of electrons in the sources and drains.
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Source

source to drain. But
when a switching
voltage is applied to
the gate, the result-
ing electric field neutralizes this barrier and
allows current to flow (Figure 1).

The most basic limit to scaling down
transistor size is the thickness of the gate
oxide insulator. As it decreases to only a
few atomic layers, electrons begin to leak
through it because of the quantum-tunnel-
ing effect. Tunneling is a well-known quan-
tum phenomenon that occurs when elec-
trons can “tunnel” through a thin barrier
because the position of the electrons is
uncertain. Too much tunneling defeats the
purpose of the insulator, which is to pre-
vent any current flow from the gate elec-
trode (Figure 2).

Currently, gate
oxide thickness is 2
nm, or about eight
times the diameter of
a silicon atom, which
is near the theoretical
limits of insulation for
pure silicon dioxide.
Because linear fea-
tures scale with gate
oxide thickness, gate
lengths need to be as
long as 140 nm and
have linewidths of
180 nm. To reach the
100-nm linewidth pro-
jected for 2005, oxide thickness will have to
drop to around 1 nm. It must drop to around
0.6 nm, only two atoms across, to meet the
goal of a 50-nm linewidth by 2011.

This dimension cannot be achieved with
silicon dioxide, so researchers are looking at
alternatives that have higher dielectric con-
stants, such as silicon nitride. With a higher
dielectric constant, capacitance increases,
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fact, silicon nitride is
already being mixed into
gate oxides in the latest
chips. But this com-
pound lacks the great
advantages of silicon dioxide. “Silicon diox-
ide is highly compatible with silicon, has a
low number of defects that trap electrons,
has a perfect binding to silicon, and can be
heated to the very high temperatures needed
in processing,” Peercy points out. It will not
be easy to duplicate these advantages with
silicon nitride or any other insulator, and the
question of how to do this remains an
unsolved problem.

One possible set of solutions is to
redesign the transistor so that the gate
length can be reduced and the switching
speed increased without shrinking the oxide

Needs refined physical, electrical, and chemical measurement techniques

Figure 3. Beyond 2005, there are major challenges in gate technology,

memories, and metrology.

layer further. For example, many researchers
are looking at silicon-on-insulator transistors,
in which the layer of insulating silicon dioxide
is buried under the transistors rather than
the transistors being in the silicon substrate.
In this way, less charge is needed to switch
the transistor because the capacitance of
the underlying silicon is reduced. Thus, the
switching speed is 20 to 30% faster than in
the usual transistor.

A more radical approach is the double-
gate transistor, in which one gate is placed
under another. This design allows gate
lengths that are about half of those of regu-

may not be economi-
cal (Figure 3).

Alternatively, cooling
circuits can increase
performance. Cooling
helps by reducing the scattering of electrons,
which allows higher current, faster switching
speeds, and lower switching voltages. Unfor-
tunately, cooling systems add weight and
power requirements that run down batteries
and compromise portable systems such as
laptops. “It’s true that cooler circuits run
faster,” comments Peercy. “But do people
want to lug around the weight?”

Other problems emerge as circuits
shrink. The limits on clock speed—the over-
all speed of a chip—depend not only on the
switching speeds of transistors, but also on
how fast signals travel between transistors.




This speed, in turn, depends on the product
of the resistance and the capacitance of
the wires connecting transistors and the
insulators that separate them. To reduce
capacitance—the storage of charge—
researchers must find insulators with lower
dielectric constants than silicon dioxide,
which is the opposite problem faced by
those seeking better gate insulators.

“To replace silicon dioxide as an inter-
metal insulator, manufacturers are moving
to a variety of glassy materials with lower
dielectric constants, even materials with
some porosity,” says Robert Doering of
Texas Instruments,one of the two U.S. rep-
resentatives on the committee that over-
sees the ITRS. “The challenge in integrat-
ing these new materials is mainly in coping
with their generally poorer mechanical prop
erties, such as strength and thermal con-
ductivity.”

Manufacturers are also shifting from alu-
minum to copper wiring, which has consider-
ably lower resistance. Here again, there are
serious obstacles because copper poisons

silicon with impurities, and the necessary
barriers between copper and silicon take up
precious real estate on chips.

What if...?

Researchers in the major semiconductor
companies are working hard to push
through the red brick wall and find solu-
tions that will enable the industry to stay
on the Moore’s law track. That may not
prove possible, but it is not necessarily a
disaster if the pace of advance slows as
2005 approaches (Figure 3).

“A fairly modest stand-down—perhaps
back to the pace of Moore’s law—might
even be good for the industry,” says Doer-
ing. “For one thing, the pace of introducing
high-risk new technology into volume pro-
duction facilities might become more man-
ageable, which would waste less invest-
ment, shorten equipment lead times, and
improve profitability. For another, software
would have a better chance to keep pace
with the new integrated circuits, which
would result in better system reliability and

benefit the end user.”

Of course, if technical challenges for the
further improvement of silicon chips turn
out to be really difficult, it might open the
way for more radical changes in technology
and a move to nonsilicon-based circuits,
such as those using nanotubes or organic
molecules. Even if such radical changes do
not happen, the industry will certainly look
different in five years, when far more sweep-
ing technical changes will be needed each
year just to maintain a constant rate of per-
formance improvement. Like the White
Queen in Through the Looking-Glass, the
semiconductor industry may have to run
faster just to keep up with itself.

This article is based in part on a talk
given at the American Physical Society
March Meeting in Minneapolis by Paul
Peercy, dean of engineering at the Univer-
sity of Wisconsin, Madison. For further
information, check the ITRS Web site
(www.itrs.net/1999_SIA_Roadmap/
Home.htm).




