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PERSPECTIVES

ed immune cells in which the Syk/SLP-76 sig-
naling pathway is activated be responsible for
the separation of the blood and lymphatic net-
works? If so, then the absence of these signal-
ing molecules in SLP-76— or Syk-deficient
animals might result in fusion of the peripher-
al lymphatic vessels with blood vessels result-
ing in the vascular malformations observed in
the knockout mice.

Although Abtahian ef al. argue to the con-
trary, another possibility is that the bone mar-
row—derived cells they used to rescue the
lethally irradiated wild-type mice included
lymphatic endothelial progenitor cells (6).
These circulating cells differentiate into
endothelial cells expressing lymphatic markers
in vitro (see the figure, step 5). They may be
important for lymphatic development as well as
for postnatal lymphangiogenesis under physio-
logical or pathological conditions. Could sig-
naling through the SLP-76/Syk pathway trig-
ger the early differentiation of a multipotent
bone marrow stem cell into a more differentiat-
ed lymphatic endothelial progenitor cell?
Because SLP-76 or Syk could not be detected
in the endothelial cells of the lethally irradiated
wild-type mice, the expression of these mole-
cules may be down-regulated before lymphatic
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endothelial progenitor cells become incorpo-
rated into the developing lymphatic vessels.
The careful functional studies of Abtahian
et al. have broad implications. First, the iden-
tification of SLP-76 and Syk during the sep-
aration of the blood and lymphatic systems
implicates these molecules in AVMs. The
new findings may help to elucidate other pro-
teins involved in various congenital AVM
syndromes, thus speeding development of
improved treatment strategies. Second, the
Abtahian et al. work focuses attention on
early events in the development of lymphatic
vessels and the part played by cells derived
from bone marrow. It is becoming clear that
multiple molecules are necessary to ensure
proper differentiation and patterning of lym-
phatic endothelial cells into a functional lym-
phatic system. By expanding the roster of
molecules, many more targets for therapeutic
intervention will emerge beyond VEGFR-3
and its ligands, yielding more possibilities for
new treatments for lymphedema. Third, the
new work may offer fresh insights into the
dysregulation of both the vascular and lym-
phatic systems during tumor formation,
specifically through the SLP-76/Syk path-
way. Syk expression is lower in breast tumors

than in normal mammary tissue and corre-
lates with an increase in metastases and a
poor prognosis (7, §). Could reduced Syk
expression lead to abnormalities in the devel-
oping tumor vasculature, hence boosting
metastasis? Could mutations in SLP-76, Syk,
or other pathway components also explain the
finding that blood-filled vessels associated
with some tumors bear lymphatic markers
(9)? Blood vessels and lymphatic vessels
present metastatic tumor cells with two major
routes for dispersal. Thus, strategies to selec-
tively eradicate these vessels may provide a
potent weapon against cancer. Increased
understanding of the signaling pathways driv-
ing lymphatic vessel development should
boost the impact of therapeutics on diseases
associated with the lymphatic system.

References
. F.Abtahian et al, Science 299, 247 (2003).
. M.Turner et al, Nature 378, 298 (1995).
. K. Alitalo, P. Carmeliet, Cancer Cell 1,219 (2002).
. G. Oliver, M. Detmar, Genes Dev. 16, 773 (2002).
N.W. Gale et al,, Dev. Cell 3, 411 (2002).
. P.Salven et al,, Blood 101, 168 (2003).
P. J. Coopman et al., Nature 406, 742 (2000).
. T.Toyama et al., Cancer Lett. 189, 97 (2003).
. T.P.Padera et al,, Science 296, 1883 (2002).
. V. Pivniouk et al., Cell 94, 229 (1998).

SCLPWNOUIAWNS

iy

Moore’s Law Forever?

Mark Lundstrom

hen Gordon Moore predicted in
W 1965 that the number of transis-

tors per integrated circuit chip
would continue to double in each technol-
ogy generation, there were just 30 transis-
tors on a chip.
Today, transistor
counts—a meas-
ure of the capa-
bility of an electronic system—exceed a
few hundred million for logic chips and
even more for memory chips. How long
can Moore’s law continue?

The semiconductor industry follows
Moore’s law by shrinking transistor dimen-
sions. But transistors cannot be scaled
down infinitely. A few years ago, as critical
dimensions approached 100 nm, a number
of formidable challenges arose (/). It
seemed that progress would slow, but dur-
ing the past few years, device scaling has
accelerated, as evidenced by several talks at
the recent International Electron Devices
Meeting (IEDM) (2).
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Today’s electronic devices are based on
the metal oxide semiconductor field-effect
transistor (MOSFET), which consists of
source and drain electrodes, through which
current can flow, and a gate electrode,
which controls the current through the other
two (see the figure). MOSFETSs operate on
a simple principle: When the gate voltage is
low, an energy barrier prevents electrons
from flowing from source to drain, whereas
a high gate voltage lowers the energy barri-
er, allowing current to flow (see the figure).
The gate electrode is separated from the sil-
icon channel by a thin insulating layer to
prevent the flow of gate current.

To comply with Moore’s law, the transis-
tor designer must shrink the distance
between source and drain by a factor of v 2
in each technology generation. This reduces
the area by a factor of 2, thereby doubling
the number of transistors per chip.
Remarkable advances in subwavelength
lithography allow current-generation tech-
nologies with gate lengths of 65 nm to be
manufactured. Economic considerations
have not yet slowed progress, and state-of-
the-art technology still operates far below
fundamental limits imposed by thermody-
namics and quantum mechanics (3). The

serious transistor design issues arise from
materials limitations and transistor physics.
For digital applications, a transistor switch
must, first, deliver a large on-current that rap-
idly charges and discharges the capacitance of
the wires connecting it to other transistors in
the circuit. The switching power is propor-
tional to the operating frequency and to the
square of the power supply voltage. Transistor
scaling increases the number of gates on a
chip and their operating frequency. To limit
power dissipation and prevent the chip from
overheating, the power supply voltage must
therefore decrease in each technology genera-
tion, while maintaining the on-current.
Second, a transistor switch should conduct
very little current when off. However, as the
distance between the source and drain shrinks,
it becomes increasingly difficult to turn a
MOSFET off. Because off-currents increase
exponentially with device scaling, the off-
state power consumption is now substantial.
Third, transistors should switch on
abruptly as the gate voltage increases.
However, because the current is controlled
by thermal emission over an energy barrier,
it takes a change in gate voltage of at least 60
mV to change the current by a factor of 10 at
room temperature. As power supply voltages
decrease, the voltage range between on and
off states also decreases, and the 60-mV
limit makes it difficult to obtain both high
on-currents and low off-currents.
The challenge, then, is to engineer an
appropriate energy barrier between source
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and drain so that the
device can be turned off,
while at the same time
designing a gate struc-
ture that can effectively
modulate the barrier and
turn the transistor on. As
channel lengths decrease,
drain-induced electro-
static effects lower the
barrier, thereby increas-
ing the off-current and
reducing gate control.
Drain-induced barrier
lowering can be controlled
by increasing the density
of dopants in the silicon
channel between source
and drain. However, the
thickness of the SiO, gate
insulator must be reduced
to maintain gate control
of the barrier. High chan-
nel doping and thin gate
oxides lead to quantum
mechanical tunneling,
which increases leakage
currents. Furthermore, the
number of dopant atoms
in the channel decreases
with each technology
generation, so that sta-
tistical fluctuations in
their precise number
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The MOSFET principle. (Top) Minimum
electron energy (£, versus position
from source to drain (x) under high drain
voltage. An increasing gate voltage low-
ers the energy barrier between source
and drain. (Middle) Planar MOSFET
with source (S), drain (D), gate, and
doped silicon substrate. (Bottom)
Double-gate MOSFET, with a gate
above and below the undoped silicon

w)

which would decrease
leakage currents (/0). The
use of channel materials
with higher mobility could
provide high on-currents at
the low voltages needed to
manage power.

Strained materials have
been shown to improve car-
rier transport substantially
(11, 12), and manufacturing
processes to introduce
stress are being readied
for production (13, 14).
Germanium, the semicon-
ductor originally used for
transistors, is being reexam-
ined because of the high
mobilities that it provides
(15, 16). For ultrahigh-
speed applications (albeit
with lower transistor counts
than for silicon logic chips),
high electron mobility tran-
sistors (HEMTs) that use
compound semiconductors
rather than silicon have
achieved speeds of 100
gigabits per second (/7).

Recent developments in
molecular electronics are
also promising. Carbon
nanotube FETs (I8, 19)
are particularly interest-
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acceleration of Moore’s law, transistors will
reach their limiting size within a decade or
so0. A recent study concludes, however, that
another 30 years of progress in silicon
nanoelectronics is still possible (3). One
approach, exploiting the third dimension by
producing layers of devices on a chip, has
recently been demonstrated (24). But as the
number of devices per chip increases, the
power dissipation per chip becomes a criti-
cal issue (3, 6). In the absence of expensive
cooling systems, the power per chip is lim-
ited to about 200 W. Without innovative
solutions, power dissipation constraints, not
device physics or economics, will limit the
number of transistors per chip.

Moore’s law is about lowering cost per
function, and molecular electronics might
continue the trend without transistors by self-
assembling new types of electronics on a
Complementary MOS (CMOS) platform.
The future of electronics may lie in such
heterogeneous systems that complement
digital CMOS with new devices and infor-
mation-processing schemes. For the past 30
years, we have known what to do: make tran-
sistors smaller. Progress continues at a
breathtaking pace, but transistor scaling is
approaching its limit. When that limit is
reached, things must change, but that does
not mean that Moore’s law has to end.
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