
modest, and might be expected as a result,
rather than a cause, of heart dysfunction.

The authors also engineered ‘double-
knockout’ mice that lack both ACE and
ACE2. These animals are identical to the
ACE-knockout mice: they have low blood
pressure and no heart failure. They presum-
ably make little angiotensin II (because they
lack ACE). So Crackower et al. again suggest
that angiotensin II contributes to the heart-
muscle dysfunction seen in the animals 
lacking just ACE2. The difficulty is that the
double-knockout mice also have a much
lower blood pressure than the ACE2-defi-
cient animals. Low blood pressure is good for
the heart and is often associated with a 
slower development of heart failure. So it
remains to be seen whether the normal heart
function in the double-knockout mice
results directly from the lack of cardiac
angiotensin II or indirectly from the protec-
tive effects of low blood pressure. 

Finally, Crackower et al. studied heart
development in fruitflies (Drosophila
melanogaster). Fruitflies have two ACE2-like
enzymes, and the authors looked at mutants
that lack one of these, ACER. The mutants
die at an early embryonic stage, so the
authors analysed the genes expressed by the
very earliest heart progenitor cells. They
found that two of the genes, named Eve and
Tinman, show an abnormal cellular pattern
of expression. This implies that ACER is
needed for normal heart development in
D. melanogaster. Exactly how this relates to
mammalian biology is unclear. ACE2-
deficient mice are born alive; embryonic
heart development seems normal and the
animals do not develop heart disease until
several months after birth. So there seem to
be differences between the roles of ACER in
flies and ACE2 in mammals — another
intriguing issue for further study.

So where are we now in understanding
the role of ACE2? Perhaps the most impor-
tant finding in the paper by Crackower et al.
is that the mammalian protein affects heart
function. Hence, the absence (and perhaps,
by extension, the dysfunction) of ACE2 may
contribute to heart disease — a killer that
claims the lives of nearly one in two people in
the developed world. But we still need to
know exactly how ACE2 works, and whether
and how it helps to control blood pressure in
humans. Another question is whether the
abnormal heart function seen in the ACE2-
knockout mice results from abnormalities in
angiotensin peptide levels or whether anoth-
er, unknown, substrate of ACE2 is affected.

The paper by Crackower et al. embodies
an important theme in modern angiotensin-
related research: an increasing awareness of
the many different aspects of physiology that
are regulated by the renin–angiotensin sys-
tem. That ACE2 somehow affects heart-
muscle function is now a fact. Investigation
of whether this is mediated through

angiotensin II, arguably the central regulator
of the human cardiovascular system, or
some other mechanism will be the next
chapter in the story. ■
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chips, introduced by Chou et al.3 on page 835
of this issue, could keep us on track. 

The dominant contributor to the cost of
manufacturing chips is the patterning tech-
nology, often known as photolithography, in
which the image of a chip pattern is optically
focused onto a thin film of light-sensitive
polymer, or ‘resist’, on a silicon wafer 
(Fig. 1a). Selectively dissolving away either
the exposed or the unexposed regions of 
the resist leaves a relief image on the silicon,
which can then be transferred, by etching, 
to the underlying material to make the 
components that comprise the chip. A
sequence of between 4 and 30 overlaid 
photolithographic levels is needed to make 
a complete chip.

The key piece of equipment is the optical
system, similar in principle to that of a micro-
scope, by which the image is focused onto the
resist. Known as a ‘stepper’, it is complicated
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Progress in microelectronics is celebra-
ted in Moore’s law, which states that
the number of transistors that can be

integrated on a single silicon chip doubles
every 18 months1. Moore has also put for-
ward two corollaries to the basic law: that
everything gets better as it gets smaller, and
that the cost of the manufacturing technol-
ogy increases geometrically with time2.

The semiconductor industry has main-
tained the validity of Moore’s law and of the
first corollary by keeping the total chip size
about constant and cramming in more,
smaller components (transistors and the
wires connecting them). The implication of
the second corollary is that the increased cost
of the manufacturing technology is a threat
to the law’s continued validity; indeed, if the
cost per transistor starts to increase, it could
well be the end of the law. But a new imprint-
ing technology for the production of silicon

Semiconductor technology

Imprints offer Moore
R. Fabian Pease

The cost of making chip components smaller using photolithographic
printing might soon invalidate Moore’s law. A new imprinting technique
that can reproduce features as small as 10 nm could save it.

Figure 1 A new recipe for silicon chips? a, Currently, electronic components are integrated on a silicon
chip using photolithography. The chip pattern is captured on a ‘resist’ (similar to photographic film)
as ultraviolet light is shone through a mask bearing the pattern. After the resist is developed, the
silicon layer beneath is etched using the resist pattern as a guide. The resist is removed and the chip
pattern in the silicon remains. The future of photolithography, however, may be limited. The
projection optics that focus the light onto the resist are costly, and the demand for ever smaller
components is unlikely to be met — the smallest features possible at the moment are around 100 nm
in size. b, Chou et al.3 have developed an imprinting technique that they call ‘LADI’ (laser-assisted
direct imprint). Laser light shone through a quartz mask above the silicon surface melts the top layer
of silicon. The mask is pressed into the molten layer. When the mask is removed, an accurate imprint
of the component design remains in the silicon, with detail rendered at the 10-nm level.
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and expensive, currently costing more than
US$10 million. In one minute, a stepper may
be required to expose 60 images, each 222 cm
and containing more than 10 billion features.
The smallest possible feature is a square with
sides 130 nm long, and the accuracies (or tol-
erances) of the size and position of features are
around 25 nm and 65 nm, respectively; more-
over, there must be no detectable defects 
within the image. To follow Moore’s law, the
minimum feature size and the respective tol-
erances will need to be halved over the next
three years, while still maintaining the same
image size and speed of the process. Over the
same period, the stepper cost is projected to
rise to more than $20 million. But with four
times as many features created in a single
image, the required reduction in cost per
exposed feature could still be met.

Physicists will notice that a projected 
feature size of 65 nm is beyond Rayleigh’s res-
olution limit for a microscope — the mini-
mum distance that can be resolved owing to
the effects of diffraction. (This limit is about
110 nm for ultraviolet light with a wave-
length of 193 nm.) To achieve this resolution
is difficult and expensive, though not impos-
sible, and it is not clear that we can keep
reducing feature size and the cost per
exposed feature by continuing to push the
technique of optical projection. If progress
falters, Moore’s law will fail and this could be
disastrous for the semiconductor industry.

Thus industry is investing in ‘next gener-
ation lithography’, in particular in two
favoured technologies, electron-projection
and extreme-ultraviolet lithography. Both rely
on high-resolution focusing of a projected
image. However, progress has been slow and
expensive, and there are doubts that either
technique can maintain Moore’s law.

But a new technology based on conven-
tional, mechanical printing could eliminate
the focusing problem altogether. Derived
from the imprinting process used to manu-
facture compact disks, this process can 
generate sub-micrometre features over an
area of 100 cm2 in less than a second at a cost
of about 50 cents — that’s between two and
three orders of magnitude less than the cost
of optical projection. In 1996, Chou and 
colleagues demonstrated4 that a modifica-
tion of this technique could generate 10-nm
features over an image field of about 3 cm2,
an extraordinary combination of minimum
feature size and image size. 

There have been other significant
advances, such as the development by
Whitesides and colleagues5 of another
mechanical printing process, ‘soft litho-
graphy’, with which features smaller than
100 nm can be printed on non-flat surfaces.
In 1998, the US Defense Advanced Research
Projects Agency launched a research pro-
gramme on ‘molecular-level, large-area
printing’ (MLP). And the semiconductor
industry is beginning to take notice; results

are emerging from a joint development pro-
gramme in this area launched by Motorola
and the University of Texas6.

The latest development reported here by
Chou et al.3 is one of the most exciting. They
have demonstrated that, instead of imprinting
in a thin plastic resist film, they can pattern 
silicon directly by a combination of imprinting
and flood illumination (Fig. 1b). They call
the process ‘LADI’, for laser-assisted direct
imprint. The printing mask is made of quartz,
with a relief image on the surface that presses
against the silicon. Flashing laser light through
the mask causes the top, sub-micrometre layer
of silicon to melt momentarily and take on 
the shape of the relief image of the mask.
The mask is then separated from the silicon, 
apparently without any unwanted adhesion
between the silicon and the quartz. 

Chou et al. created features of 140-nm
dimension (the limit of their mask). But
detail at the level of 10 nm on these features
was also replicated, indicating the extraordi-
nary resolution of the process. This technique
can also be used for patterning poly-
crystalline films of silicon, one of the most
critical steps in patterning silicon chips.
Because there is no need for expensive focus-
ing optics, the printing equipment is much
simpler than a stepper. And the absence of a
resist eliminates that cost too. 

But there are technical challenges to be

met. Defects caused and propagated by con-
tact led to the abandoning of contact photo-
printing in the early history (pre-1970) of sil-
icon chips, so we might expect similar prob-
lems here. But in the decades since, there
have been tremendous advances in manag-
ing defects. Making a suitable mask with fea-
tures as small as those required on the wafer
is a challenge, but there is at least one tool,
Nippon Telephone and Telegraph’s experi-
mental electron-beam system ‘EBX-3’, that
seems to be up to the task.

Thus, on grounds of cost, speed and 
resolution, LADI, or some other form of
mechanical printing, may displace optical
projection as the preferred manufacturing
technology for fashioning silicon chips. So
we might expect Moore’s law to hold for,
maybe, another two decades. ■
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The ability to assess the consequences of
one’s actions is fundamental to survival:
an animal must learn an effective hunting

strategy if it is to eat, and to elude predators if it
is to live to see another day. Writing in Science,
Brembs, Lorenzetti and colleagues1 describe
their studies of the neural basis of this type of
learning in the marine mollusc Aplysia, which
could serve as a useful model for understand-
ing more complicated organisms.

This general class of learning is known 
in the trade as ‘operant’ or ‘instrumental’ 
conditioning2. It was first brought into the
laboratory over a century ago by Thorndike3,
who studied the ability of cats to learn to
escape from a ‘puzzle box’. At about the same
time, another form of learning was discov-
ered by Pavlov4, who described how animals
form an association between a neutral (also
termed a ‘conditioned’) stimulus, such as 
a ringing tone, and an ‘unconditioned’ stim-
ulus that has inherent meaning, such as 
food. This is known as classical or pavlovian

conditioning. Together these two types of
learning provide most of the tools that all
animals need to negotiate their environment
successfully, enabling them to associate their
behaviour with its consequences and to learn
predictive relationships about the world.

Neurobiology

Understanding the consequences
Thomas J. Carew

We learn in several ways, one of which involves forming an association
between an action and its consequence. Studies of a marine mollusc shed
light on how this creature forms a connection between biting and food.

Figure 1 Learning model — the marine mollusc
Aplysia. The new paper by Brembs et al.1 gets 
to grips with how Aplysia learns to associate
biting with a food reward, a type of ‘operant’
conditioning.
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