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would be very useful for the navigation of 
ships. The idea was to regard Jupiter as a 
celestial clock whose 'hands' were the four 
satellites, their positions gave the local time 
which could then be compared with 
Florence time (for example) to give the 
longitude. Galileo was preparing tables to 
show the satellite positions and observed 
Jupiter to this end. Kowal and Drake point 
out that a star near Jupiter was noted on 28 
December 1612 and again on 28 January 
1613, in a different position, and this star 
happens to be Neptune. There are no other 
bright stars in Virgo anywhere near the 
position of the Jovian-Neptune conjuction 
of that year. Galileo thought Neptune was 
a star because it looked just like one in his 
telescope. The disk of Neptune subtends 
about 2.4 arc sec at Earth, way below the 
1.24 arc min resolution of Galileo's 
telescope. Two factors can account for 
Galileo not noticing the movement of 
Neptune against the fixed star background. 
First, there was an absence in that area of 

the sky of bright stars to form that 
background and second, the mean daily 
motion of Neptune is about 22 arc sec, 
much too small to be detected in those 
days. 

Kowal and Drake's discovery is 
important because it could lead to an 
improvement in the accuracy of our 
knowledge of the orbital parameters of 
Neptune. Neptune orbits the Sun once 
every 165 years. As it was only discovered 
134 years ago it hasn't been seen to go 
round once yet. Observations of the orbit 
over long time periods give clues to the 
gravitational perturbations the planet 
suffers and these could lead to the 
discovery of a planet beyond Pluto. The 
exact time of the 1702 Jovian occultation of 
Neptune would be extremely useful in this 
calculation and this is ample justification 
for a close scrutiny of the astronimical 
manuscripts of 1702. Hidden in these might 
be a record of another historic close 
encounter between these two planets. D 

Laser annealing for 
semiconductor devices 
from I. W. Boyd and J.l.B. Wilson 

LASERS are used for cutting, drilling and 
welding metals and ceramics as well as by 
surgeons, seismologists and 
spectroscopists. Now the laser annealing of 
semiconductors is attracting industrial 
interest and there have been specialist 
conferences devoted entirely to this aspect 
of laser technology 1•2• A recent NATO 
Advanced Study Institute in Italy covered 
both the intriguing physics of the laser 
irradiation of semiconductors, and some 
of the technical advances which will be 
possible in micro-circuit fabrication. 

Annealing is the heat-treatment used to 
restore disordered semiconductor wafers 
to crystalline perfection, after selected 
'dopant' impurities have been implanted 
into the wafers (as energetic ions) to adjust 
the electrical conductivity. Conventional 
furnace annealing uses temperatures of "' 
950°C for "' 30 minutes but has the 
unfortunate side effect of allowing the 
dopant atoms to diffuse into the wafer and 
to spread out laterally. This negates an 
important advantage of ion-implantation 
- the high degree of control over the depth 
and shape of the implanted (doped) region. 
Each subsequent thermal treatment causes 
further spreading of dopant and imposes a 
restraint on the closer packing of devices 
within an integrated circuit. 

Both electron beams and lasers can be 
used to apply heat locally to semiconductor 
wafers, with fine spatial and temporal 
control, so that only part of a wafer may be 
heat-treated. Lasers, in contrast to electron 
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beams, have no need for a vacuum 
enclosure or inert gas cover. The actual 
temperature reached by a sample will 
depend both on the laser energy and 
irradiation time, and on the optical 
absorption properties of the material and 
its thermal capacity and conductance. 

In silicon, visible laser radiation such as 
that from a laser ruby (used in the first 
pulsed laser annealing of ion implanted 
silicon3), is strongly absorbed whereas 
infrared CO2 laser radiation is only weakly 
absorbed (by the free charge carriers) until 
the sample heats up (producing many free 
carriers). Both pulsed and continuous 
(CW) lasers of various types, can 
recrystalize disordered silicon, but by 
different mechanisms. 

CW laser annealing is similar to the 
conventional furnace process, for 
regrowth of the crystal lattice takes place in 
the solid phase. The high temperatures are, 
however, only maintained for milliseconds 
because the laser beam is scanned across 
the sample and there is insufficient time for 
dopant to diffuse into the bulk of the 
wafer. Extended structural defects (such as 
stacking faults and dislocations) are more 
effectively removed, and more of the 
dopant is placed in electrically-active 
substitutional sites, than by furnace 
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treatment. Pulsed lasers are thought to 
produce a melted region and this allows 
dopant atoms to migrate over greater 
distances before the solid/liquid interface 
moves back towards the surface. Various 
modes of regrowth are therefore possible 
for disordered or polycrystalline layers on 
crystalline substrates, and in some cases 
surface ripples remain after the laser 
treatment. Van Vechten 4 has, however, 
proposed a theory which places more 
emphasis on the importance of the 
electron-hole plasma produced by strong 
laser pulses. This, he suggests, may 
sufficiently weaken the covalent bonding 
of the lattice that rearrangement takes 
place without formation of a liquid phase. 
The reflectivity of silicon has been 
observed to increase sharply during pulsed 
annealing and although this is generally 
believed to prove that melting has occurred 
it is not conclusive. Recent Raman 
scattering measurements during pulsed 
annealing of silicon have indicated a lattice 
temperature of only 300°C (ref.5), well 
below the melting point of "' l ,400°C. 

There are, then, two alternative laser 
annealing modes, which either can leave 
implanted ions in their original region, or 
can allow them to redistribute. In fact, 
novel phases and solid solutions may be 
formed, which are impossible to produce 
by conventional furnace treatment. It is 
also possible to form good ohmic contacts 
on materials such as gallium arsenide and 
indium phosphide, the surfaces of which 
will begin to decompose if they are heated 
to the usual temperatures required for 
alloying contacts. Further, it is possible to 
deposit metal, dielectric, and 
semiconductor films directly from a 
gaseous compound on to a substrate by 
laser. The laser beam may either be used to 
heat the substrate to a temperature at 
which the impinging vapour can 
decompose, or be used to directly 
dissociate the gaseous molecules. 

Reports of actual devices formed by laser 
processing are much fewer than those 
devoted to more basic studies of the 
techniques, but laser annealed p-n 
junctions and MOSFET's can be made 
from silicon which was originally in the 
poly-crystalline state. There are problems 
associated with the ever-present oxide layer 
on silicon because it may have anti
reflection properties for the laser light at 
certain thicknesses, and will have different 
thermal expansivity from the underlying 
melted silicon. It is essential to use a laser 
system without hot spots in the beam, and 
with accurate beam steering to avoid 
distortion of the beam shape. New 
specially-designed equipment is now on the 
market. 

Advanced technology lasers may 
eventually replace furnaces, which are 
more costly in energy, for annealing ion
implanted silicon devices, but it is the novel 
applications which are the most exciting, 
and which may allow the routine use of new 
semiconductor materials. D 
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