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nism for this process — given the rather
unappealing name of ‘chemical annealing’
— has never been fully specified.
Sriraman et al.1 show how chemical
annealing occurs. By substituting deuterium
(heavy hydrogen, an isotope with a neutron
as well as a proton in the nucleus) for hydrogen atoms, they were able to use the distinctive signature of deuterium in infrared spectroscopy to track the movements of these
atoms as they enter the network of amorphous silicon from the plasma. They saw that
the hydrogen atoms take up positions at the
centres of Si–Si bonds. These Si–H–Si bonds
are a high-energy configuration and, according to molecular-dynamics simulations,
they decay into various lower-energy states,
the most favoured being the crystalline state.
Thus, an ordered network of Si–Si bonds
forms, and the released hydrogen atoms
diffuse away.
This work adds to our knowledge of the
role of hydrogen in materials like amorphous
silicon, or more strictly ‘hydrogenated
amorphous silicon’. The hydrogen atoms are
more mobile than the silicon atoms, and the
hydrogen content (5–10% in hydrogenated
amorphous silicon) is known to tie off or
passivate any broken silicon bonds (called
dangling bonds). This hugely beneficial
effect makes hydrogenated amorphous silicon a viable electronic material. But the
mobility of hydrogen atoms can also be a
problem. In hydrogenated amorphous silicon under illumination, or in a thin-film
transistor turned on for a long time, the
movement of hydrogen atoms causes Si–Si
bonds to break, creating dangling bonds.
This causes a reduction in solar-cell efficiency, or a shift of the electrical characteristics of
a transistor. In contrast, the ease of movement of hydrogen in a silicon film helps to
form nanocrystalline silicon; the trick is
exploiting the hydrogen to achieve the
nanocrystalline structure, and then getting
rid of as much hydrogen as possible from the
final film to improve its stability.
Plasma deposition is the only practical
method of making nanocrystalline silicon
over the large areas needed for solar cells,
although the process is currently limited
commercially by low growth rates. (Plasmadeposited nanocrystalline silicon nucleates
on the bottom layer and then the grains grow
upwards in a competing manner as the film
thickens.) A better understanding of the
growth process, coupled with the findings
of Sriraman et al., will help to optimize the
trade-off between higher growth rates and
maintaining crystalline quality.
But more important than the manufacture of solar cells is the rapidly growing use of
liquid-crystal displays in electronic communications — for laptop and desktop computer monitors, personal digital assistants
and cellphones. In most current display
technologies, amorphous-silicon transistors
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at each pixel store the picture information.
Although amorphous silicon is unstable, the
pixel transistors are only switched on for a
very short time, so their effective lifetime is
artificially long. Other components in the
liquid-crystal display known as driver transistors are usually mounted in integrated circuits at the edge of a display plate. But there is
a trend to mount driver transistors directly
on the display plate, as this reduces the cost
and complexity of the display. Driver transistors are generally switched on continuously,
so they must be stable4. Hence, nanocrystalline silicon is required for this purpose.
Nanocrystalline silicon for displays is
currently made by laser crystallization of
amorphous silicon. Lasers are expensive,
but, so far, this is the only feasible method.
Could plasma deposition be used instead?

Certainly the insight provided by Sriraman
et al.1 suggests this is a promising avenue to
explore. There are still issues to be addressed,
such as control of the size and orientation of
the nanocrystalline grains, but the easy
manufacture of stable transistors by plasma
deposition would have a major impact on the
display-technology industry.
■
John Robertson is in the Department of Engineering,
University of Cambridge, Trumpington Street,
Cambridge CB2 1PZ, UK.
e-mail: jr@eng.cam.ac.uk
1. Sriraman, S., Agarwal, S., Aydil, E. S. & Maroudas, D. Nature
418, 62–65 (2002).
2. Tsai, C. C., Anderson, G. B. & Wacker, B. J. Non-Cryst. Solids
114, 151–153 (1989).
3. Shirai, H., Hanna, J. & Shimizu, I. Jpn. J. Appl. Phys. 30,
L679–L682 (1991).
4. Wehrspohn, R. B., Powell, M. J., Deane, S. C., French, I. D. &
Roca i Cabarrocas, P. Appl. Phys. Lett. 77, 750–752 (2000).

Planet formation

Enigmatic emission
Takeshi Oka
The detection of infrared emission from the dusty disk around a distant
star signals the presence of the H3+ ion. The finding may provide a vital
clue to how hydrogen and helium condense into gas-giant planets.
lthough there is some consensus on
how stars form from interstellar matter, how planets form is less certain.
Observations of infrared and radio emissions from dust in protostars have established the presence of protoplanetary disks
— regions where dust particles accumulate
to form rocky planets like the Earth. But it’s a
different story for giant planets like Jupiter
and Saturn. How the primordial gas of
hydrogen and helium in the region condenses to form giant planets is still a mystery,
although it is generally believed that the condensation occurs within a short period.
On page 57 of this issue, Brittain and
Rettig1 report their observations of a protoplanetary disk around the star HD 141569,
320 light years from Earth, in which a giant
planet might be in the process of forming.
Particularly startling is the detection of
strong emission of the hydrogenic ion H+3 ,
which, according to one model, might originate from a gas-giant protoplanet. If the
findings are confirmed, Brittain and Rettig
have discovered a new astronomical object,
opening up a new avenue for the study of the
formation of giant planets.
A crucial question is whether protoplanetary disks contain sufficient raw material,
H2 and He, to form Jupiter-like planets.
Observations have been controversial, even
on this most fundamental issue. Zuckerman,
Forveille and Kastner2 observed radio
emission from CO molecules in the disks
surrounding many young stars that are considered to be going through the period of
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planet formation; assuming the standard
ratio of H2 to CO (about 104), they concluded that the amount of H2 available was far
short of that needed for the formation of a
giant planet. However, using data from the
Infrared Space Observatory, Thi et al.3,4
reported an abundance of H2 in some of the
same stars, as much as a mass equivalent to
that of Jupiter. But this finding was subsequently challenged for one of the stars,
b-Pictoris, by Lecavelier des Etangs et al.5
using data from the Far Ultraviolet Spectroscopic Explorer. More recent infrared observations by Richter et al.6 also seem to negate
the claim of Thi et al.
Does this mean that Jupiter-like planets
cannot form around those stars? Or have
giant planets or protoplanets already formed5
in those systems, so that there is little H2 left
over in the disk to observe? Giant planets are
clearly present in our Solar System and are
also observed as extra-solar planets orbiting
other stars. Are these giants exceptional?
Questions abound.
Brittain and Rettig1 introduce a new
observational tool in this field — the
infrared vibration–rotation spectrum of H+3
at a wavelength of 4 mm. The H+3 ion is an H2
molecule with an extra proton attached. The
third hydrogenic species (after H and H2),
it has only recently been introduced into
astronomical observations, but its excellence as an astrophysical probe is rapidly
being recognized7.
The H+3 spectrum has been seen in a wide
variety of objects: in the giant planets
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Jupiter8, Saturn and Uranus; in molecular
clouds9; in the diffuse interstellar medium10;
and possibly even in a supernova and an
extragalactic object. The observations by
Maillard et al.8 of intense H+3 emission in the
auroral regions of Jupiter show a spectacularly pure spectrum: all the spectral lines seen
are due to the H+3 ion and the spectrum is
practically free of background radiation11.
The purity of the spectrum is such that it
can be used to study plasma activities in the
Jovian ionosphere from ground-based observatories simply by using an infrared camera
with a proper filter.
So it seems natural to think of using the
same spectrum to detect extra-solar giant
planets, and indeed several projects are
underway12. The detection by Brittain and
Rettig of H+3 in the protoplanetary disk of
HD 141569 is therefore big news. Although
HD 141569 is so far away (320 light years)
compared with Jupiter (40 light minutes), the
dilution of the signal with distance (by a factor of around 10113) might be compensated
for by the larger amount of gaseous H2 available in a gas-giant protoplanet. (In Jupiter
most of the H2 molecules are locked up in its
interior as a high-density metallic fluid, so the
planet has a high magnetic field11.) Nevertheless, questions remain as to how H2 gas is ionized and how H+3 ions are excited to the higher
energy state of the emission.
How convincing is Brittain and Rettig’s
claim to have detected H+3 emission? Frequency matching between astronomical and
laboratory spectra has been the cornerstone
of identifying molecules in space. The discriminative power of high-resolution spectroscopy is so great that the discoveries of
important molecules such as H2O, H2CO,
CO and HC5N in space were all claimed on
the strength of the detection of just one spectral line, and confirmed later by the observation of other lines. In view of this, Brittain
and Rettig’s observation of two spectral lines
(shown in Fig. 2a and Fig. 2b on page 58), at
the right frequencies, seems more than
sufficient. The latter line is perhaps less convincing, but the authors’ subsequent observations have confirmed this line with a
higher signal-to-noise ratio (T. Rettig, personal communication).
However, a few enigmas remain. In particular, Brittain and Rettig note that another
H+3 line is missing from their spectrum. This
is in stark contrast to the data from Jupiter, in
which that line was observed with an intensity comparable to that of one of the lines that
Brittain and Rettig do see. There are also a
few other details in the data that I find difficult to explain — more observations are
needed to firmly establish H+3 emission in
HD 141569.
Brittain and Rettig’s findings will certainly stimulate interest in the formation of giant
planets and H+3 spectroscopy. No doubt
many of the world’s infrared telescopes will
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be pointed towards HD 141569 and other
young stars this year. It will be wonderful to
see H+3 promoted as an essential probe for the
studies of gas-giant protoplanets.
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Metabolism

Demand management in cells
Stephen Oliver
Many researchers have tried to increase the flux through metabolic
pathways in cells by raising the supply of metabolic enzymes. Little
attention has been paid to the demand side of the equation — until now.
etabolic engineering is a frustrating
occupation. The aim is to genetically
manipulate a cell — usually a
microorganism — so that it overproduces
some desired product. The trouble is that it is
the business of microbes to produce more
microbes, not to divert resources into the
wholesale generation of a protein or other
metabolite that might be desirable to the
metabolic engineer but whose overproduction is of no advantage to the organism itself.
So, in trying to increase the flow of intermediates through a metabolic pathway, the
metabolic engineer is working against the
complex controls of the cell, which act to
ensure that this flux remains constant.
Writing in Journal of Bacteriology, however,
Koebmann and colleagues1 describe how
they tricked Escherichia coli bacteria into
doing what the authors wanted.
Cellular controls on metabolism are
subtle and difficult to analyse. Until recently,
metabolic engineers have worked on the
premise that there is a single rate-determining step in any metabolic pathway. Increasing the flux through a pathway should then
be a simple business of increasing the active
concentration of the enzyme catalysing that
step. This is easy to achieve with recombinant DNA technology. The number of copies
of the gene encoding the rate-determining
enzyme can be increased — for instance, by
cloning onto multiple DNA molecules (plasmids) for insertion into the cell. Alternatively, the expression of the gene can be set to a
higher level by cloning it behind a highefficiency gene-control region. But, while
conceptually and technically simple, this
strategy seldom works.
The problem is that the concept is wrong.
Single enzymatic steps rarely determine the
flux through a pathway; instead, control is
shared between many of the pathway’s
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Figure 1 A simplified view of glycolysis. Above
the dashed bar, the pathway consumes two
molecules of ATP. Below, it generates four
molecules of ATP — making a net gain of two
ATP molecules available to supply energy for
cellular processes. In the normal E. coli strain
(left), all of the ATP generated is available to the
cell. In the genetically engineered strain
described by Koebmann et al.1 (right), some of
this ATP is degraded by the free F1-ATPase
enzyme, making less available for use by the
cell, but enhancing the flux through the
glycolytic pathway.

enzymes. This is a truth that was first realized
by Kacser2 when he proposed his method of
‘metabolic control analysis’ nearly 30 years
ago. The idea has been gaining adherents
(often called ‘controlniks’) ever since, and
started to be noticed by metabolic engineers
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