
yet a lack of support can rapidly destroy 
this potential. In order to maintain the 
necessary continuity of the principal re
search efforts, priorities and especially 
posteriorities should be applied gradually, 
even though fast action may sometimes be 
required for priorities having only a short 
life-span.

Research councils dispose of several 
means for putting research priorities into 
practice. Depending on specific needs, the 
following principal instruments are em
ployed : co-ordinated cooperation, national 
research programmes, international 
cooperation and fellowship programmes.

Priority Programmes
A study of several different priority pro

grammes indicates that, in general, three 
main phases can be distinguished : prepara
tion, decision and execution. A fourth step 
may consist of the evaluation and applica
tion of the results. The key question as to 
who finally decides on a priority program
me cannot be clearly answered. Depending 
on the nature of the programme, the 
research councils or the government are 
competent. Not surprisingly their motives 
are not same. The councils are driven by 
scientific motives; for the government, 
political motives are also important. 
Governmental influence is usually 
strongest during the preparation of a pro
gramme and partly also in connection with 
the final decision. The other phases, 
especially the executive stage, are domina
ted by the research councils.

For most priority programmes, the time 
elapsing between the initiative and the final 
decision ranges from six months to over 
two years. It is essential that ways are 
found of reducing this relatively long time- 
span during the preparative phase.

A delicate matter concerns the utilization 
and implementation of the results obtained 
from priority programmes. Experience 
shows that the scientific conclusions do 
not always coincide with the views and 
ideas of government or parliament. Under 
these circumstances, mutual confidence 
and tolerance are indispensable.

Conclusions
In summary, the research councils and 

analogous bodies in western Europe are in
creasingly required to apply priorities in 
their support of research and to see that 
well-founded scientific contributions are 
made to the solution of national problems. 
They are the guardians of public funds and 
their activity has to be placed in the 
framework of a general national policy. 
Within these boundaries, however, a cer
tain degree of autonomy and flexibility 
must be secured. Only then can the re
search councils fulfil the principal task en
trusted to them, namely the support of 
creative basic research which is the cor
nerstone of industrial development and 
also of a nation's welfare.

Laser Induced Chemical Vapour 
Deposition

Dieter Bäuerle, Linz
(Angewandte Physik, Johannes Kepler University)

Laser-induced chemical vapour deposi
tion (LCVD) is a new technique for single 
step local deposition or direct writing of 
thin films of metals, semiconductors or in
sulators. The lateral dimensions of these 
films can be varied from about 0.5 pm up to 
several mm. Holographic methods may 
permit single-step deposition of complete 
material patterns. In pyrolytic LCVD, the 
deposition rates are so high that three 
dimensional structures can be produced.

Flat structures with widths down to 
micron-size are needed in many areas of 
technology, such as microelectronics or in
tegrated optics. Such structures are 
presently produced by standard chemical 
vapour deposition (CVD) together with se
quential application of mechanical masking 
or photolithographic methods. These stan
dard techniques, which require several pro
duction steps, are well established for large 
area planar substrates. On the other hand, 
these techniques are not very suitable for 
deposition of structures on nonp/anar 
substrates. Furthermore, the increasing 
complexity and miniaturization of systems 
require controlled area coating techniques 
which avoid thermal or chemical cycling of 
entire partially fabricated devices. In such 
cases, LCVD is an extremely promising 
technique.

Applications of complex three dimen
sional structures produced by pyrolytic 
LCVD can only be speculated on. In this 
new and fascinating field only the first step 
has been taken: recently, rods of single 
crystalline Si have been grown within the 
beam of a laser — without any crucible and 
in an otherwise cold atmosphere. The 
possibility of producing non-equilibrium 
materials or materials which form only 
under extreme conditions, e.g. at high 
temperatures together with high pressures, 
is obvious.

In standard CVD, the substrate is im
mersed in an atmosphere of gaseous reac
tants in a closed reactor. The substrate is 
uniformly heated; the chemical reaction 
which leads to material deposition is ther
mally activated near or at the hot surface of 
the substrate. As a consequence, one ob
tains deposition of extended films.

LCVD can be based on reactions which 
are initiated mainly pyrolytically or 
photolytically, or on a combination of both.

Pyrolytic LCVD is based on local sub
strate heating by laser light which is not ab
sorbed by the gaseous molecular species.

Apart from nucleation (see below), the 
microscopic mechanism for decomposition 
is the same as in conventional CVD. There
fore, the wide variety of deposition reac
tions used in conventional CVD can be 
taken over to LCVD. However, in LCVD, 
the chemical reaction is confined to the hot 
spot which is produced on the substrate — 
or on the material deposited already — by 
the absorbed laser light.

The situation is quite different for 
photolytic LCVD. In this case the laser 
radiation breaks chemical bonds directly, 
i.e. non-thermally. Since most molecular 
bond energies are several eV, ultraviolet 
(UV) laser light is generally required. 
Besides dissociative electronic excitation, 
dissociation of molecular species can also 
be achieved by multiphoton vibrational ex
citation with infrared laser light of suitable 
frequency.

Surface Nucleation
Nucleation based on purely thermal pro

cesses has been extensively studied in con
nection with standard thin film growth 
techniques. In photolytic LCVD, however, 
non-thermal dissociation of reactant mole
cules which are adsorbed at the surface of 
the substrate plays a basic role. This has 
been investigated mainly in the deposition 
of metal films, especially from metal-alkyls, 
such as Cd (CH3)2 and Al2(CH3)6.

Irradiation with UV laser light of suitable 
frequency results in photodissociation of 
the adsorbed molecules, producing free 
metal atoms or clusters of atoms which act 
as nucleation centres for atoms produced 
in the gas phase. Moreover, there is strong 
evidence that, even in cases where film 
growth proceeds by thermal dissociation of 
the molecules, nucleation may be initiated 
by single or multiphoton dissociation of ad
sorbed molecules. Evidence for such pro
cesses has been obtained during Cd and Ni 
deposition from Cd(CH3)2 and Ni (CO)4 on 
transparent substrates with visible Kr+ and 
Ar+ laser radiation.

Pyrolytic Deposition
The fundamental parameter in pyrolytic 

deposition is the local temperature within 
the reaction zone. The temperature rise on 
a surface due to absorption of laser radia
tion is a function of the reflectivity and the 
thermal conductivity of the solid. While at 
the very beginning of growth these quan
tities are determined solely by the sub-
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Fig. 1 — a) Ni stripe grown on glass covered with 1000 Å a-Si. p(Ni(CO)4) = 400 mbar, scanning
velocity v = 84 µm/s, λ = 530.9 nm, 2 wO = 2.5 µm, P = 6 mW.
b) Typical thickness profile of a Ni stripe. The vertical scale is expanded ten times.

strate, they will become dependent on the 
deposited layer at later stages of the reac
tion. Because of the high deposition rates 
achieved in pyrolytic LCVD, one can grow 
structures, e.g. rods, whose vertical 
dimensions are so large that the deposition 
rate is independent of the substrate mate
rial. In the following we discuss the growth 
of flat structures, which is strongly in
fluenced by the substrate, and steady 
growth separately.

Thin Films
Structures in the form of discs and 

stripes have been deposited with visible 
Ar+ and Kr+ laser radiation from various 
materials, such as Ni from Ni(CO)4, Cd 
from Cd(CH3)2, Si from SiH4 and from 
Si2H6, C from C2H2, C2H4 and from C2H6, 
and SiO2 from SiH4 + N2O. The range of 
laser irradiances used was 0.1-4 kW/mm2 ; 
the range of partial pressures for the reac
tant species was from about 1 - 1000 mbar. 
Typical deposition rates range from some 
0.1 to 100 gm/s.

The parameters which determine the 
deposition of stripes are discussed below 
for the example of Ni which was deposited 
from Ni(CO)4. The results are qualitatively 
similar for the other systems mentioned 
above. Fig. 1a shows an interference con
trast micrograph of a Ni stripe. The sub
strate was scanned at 84 gm/s. The total 
effective laser power (measured within the 
reaction chamber) was P = 6 mW of λ = 
530.9 Kr+ laser radiation. A typical 
thickness profile of a stripe, measured in- 
terferometrically, is shown in Fig. 1b.

Both the width and the thickness of the 
stripes depend on laser power. Fig. 2 
shows the dependence of the width on 
power for different substrate materials, for 
various laser spot diameters and for dif
ferent laser wavelengths, but for constant 
scanning velocity and gas pressure (v = 84 
µm/s, p(Ni(CO)4) = 400 mbar). In the 
cases investigated, we found that the 
thickness was typically a tenth to a twen
tieth of the width. For all but the lowest 
powers the width of the stripes is determin
ed only by the physical and chemical pro

perties of the substrate (Figs. 2a-c). On the 
other hand, in the low power regime the 
growth of stripes continues to lower power 
for smaller diameters of the laser focus. For 
glass substrates, covered with a layer of 
1000 Å a-Si, the smallest widths of stripes 
achieved with a laser focus of diameter 2w0
= 2.5 µm was 1.3 µm (Fig. 2a). Thus 
stripes can be produced which are nar
rower than the diffraction limit of the op
tical system. This increase in resolution, 
which is observed in the low power regime 
also for other diameters of the laser focus, 
could originate from the nonlinear depen
dence of the deposition rate on tempera
ture or from a threshold irradiance neces
sary for nucleation.

It may be considered remarkable that 
deposition occurs at all on a transparent 
substrate such as glass (Fig. 2b) and in
deed is very similar to the deposition on an 
absorbing substrate (Fig. 2a). This obser
vation may be a hint that the mechanisms 
for nucleation are determined by local per
turbations on the substrate surface (e.g. 
impurities or scratches) or by non-thermal 
processes. The latter interpretation is sup
ported by the observation that nucleation 
starts more easily when the UV plasma 
radiation of the laser is not blocked. After 
nucleation, absorption seems to be deter
mined mainly by the deposited material 
itself, and the overall deposition rate is — 
for the case of Ni and within the accuracy 
of measurements — independent of laser 
wavelengths. As expected, the thermal 
conductivity of the substrate has a strong 
influence on the deposition rate. When 
using c-Si covered with a 4000 Å thick ther
mally grown SiO2 layer instead of the glass 
substrate, both the width and the thickness 
of stripes are smaller for the same laser 
power.

The width and thickness of stripes 
decrease with increasing scanning velocity. 
The upper limit in the scanning velocity is 
determined by the break-off of stripes. For 
P = 24 mW, 2 wo = 3.4 µm and a 1000 Å 
a-Si/glass substrate, the break-off occur
red at 210 gm/s. With the higher laser 
power, the break-off velocity is also in
creased.

Pyrolytic deposition with IR light has 
been performed nearly exclusively with the 
10.6 µm radiation of pulsed or CW CO2 
lasers. Because the diffraction limited 
diameter of the laser focus is proportional 
to the wavelength of the light, the smallest 
lateral dimensions of the deposits are much 
larger than those achieved with visible 
light. For 488 nm Ar+ and 10.6 µm CO2 
laser radiation, for example, this diameter 
differs by about a factor of 20 (!).

Steady Growth (Rods)
Deposition rates in steady growth, W(T), 

can conveniently be studied quantitatively 
during the growth of rods (see Fig. 3). 
Because the deposition rate in a thermally 
activated process should follow an Arr
henius relation, we can write :

W(T) = Δ// Δt = W0 exp (-ΔE/kT) (2) 
where Δ//Δt is the axial growing velocity 
of the rod, T the surface temperature mea
sured in the tip of the rod, and AE is an ap
parent chemical activation energy which 
characterizes the slowest step in the chain 
of chemical reactions involved in the depo
sition process. A typical example for an 
Arrhenius plot according to (2) is shown in 
the upper part of Fig. 4 for Si deposited

Fig. 2 — Dependence of width of Ni stripes on 
total laser power for different substrates, focus 
diameters and wavelengths. In all cases the total 
pressure was p(Ni(CO)4) = 400 mbar and the 
scanning velocity v = 84 µm/s.
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Fig. 3 — Silicon rod grown from SiH4 with 488 
nm Ar + laser radiation. P = 500 mW, p(SiH4) 
= 133 mbar.

from SiH4. Each data point marked was ob
tained by averaging about 30 single data 
points measured quasicontinuously during 
growth of rods along the axis of the laser 
beam.

Two qualitatively different temperature 
regimes are observed. The linear regime up 
to about 1400 K reflects an exponential in
crease of the deposition rate with tempera
ture. The full line is a least squares fit to the 
data points in this regime; correcting its 
slope for the temperature dependence of 
the concentration of species within the 
reaction volume by using the ansatz W0 ~ 
1/T one obtains ΔS = 46.6 ± 4 kcal/mol. 
The characteristic decrease in slope obser-

Fig. 4 — Arrhenius plots of the deposition rate in 
LCVD and CVD.

ved above a certain temperature may indi
cate that the decomposition process is no 
longer controlled by the chemical kinetics, 
but instead becomes limited by transport. 
However, alternative explanations cannot 
be ruled out, for example the onset of parti
cle formation in the gas, different chemical 
reaction pathways, or enrichment of reac
tion products near the growing surface due 
to thermal diffusion.

The lower part of Fig. 4 shows the depo
sition rate for Si deposited from SiH4 — 
with H2 as carrier gas (p(SiH4) = 1 mbar, 
ptot = 1000 mbar) — according to standard 
CVD techniques.

The comparison of LCVD and CVD 
curves shows two remarkable differences: 
first, the deposition rates for LCVD are 
higher by a factor of 102 to 103 ; second, the 
kinetically controlled regime, in which the 
slope of the curve is independent of pres
sure, gas velocity, reactor geometry etc. 
extends to much higher temperatures. 
Both differences are based on the strong 
localization of heating in LCVD. This allows 
the use of much higher partial pressures of 
the reacting species and also higher tempe
ratures. A further consequence of this 
localization of heating is the possibility of 
three dimensional diffusion of molecules to 
and from the reaction zone, while in the 
standard CVD large-area slab-geometry 
only one dimensional diffusion is effective.

Photolytic Deposition
Photodeposition by means of UV-lasers 

has been studied mainly for metal films pro
duced by photolysis of the corresponding 
metal-alkyl and metal-carbonyl com
pounds. The microscopic mechanism for 
decomposition can be based on single 
photon or multiphoton processes.

Single photon decomposition was most 
thoroughly studied for Cd(CH3)2, Zn(CH3)2 
and Al2(CH3)6. The reason for the prefe
rence for these compounds is that these 
molecules show a dissociative continuum 
in the near to medium UV which can be 
reached by frequency doubling of a CW- 
Ar+ or Kr+ laser. For Cd(CH3)2, dissocia
tion proceeds according to the overall reac
tion

Cd(CH3)2 hv → Cd ↓ + C2H6 (3)

Of course, dissociation of molecules takes 
place within the entire volume of the laser 
beam. However, for thermodynamic rea
sons, the free gas phase atoms condense 
preferentially on the nuclei produced in the 
surface adlayer. In other words, the stick
ing probability for atoms or small clusters 
of atoms impinging on these nuclei is much 
larger than anywhere else on the substrate 
surface. Thus, isotropic deposition occurs 
only to a small extent. For the deposition of 
Cd from Cd(CH3)2 by 257.2 nm frequency 
doubled Ar+ laser radiation, the deposition 
rate was found to increase linearly with 
laser irradiance as expected for single

photon dissociation. For an irradiance of 
1.5 x 10-2 W/mm2, 5.3 mbar Cd(CH3)2 and 
zero scanning velocity, a deposition rate of 
about 10 Å/s was found. The absolute 
value of the deposition rate depends on a 
variety of parameters such as the absorp
tion cross-section of the molecule at the 
laser wavelength, the partial pressure of 
the reactant and, when a buffer gas is 
used, also on its partial gas pressure. For 
example, at 257.2 nm, the absorption cross- 
section for Al2(CH3)6 is more than a factor 
of 103 smaller than that of Cd(CH3)2, resul
ting in a corresponding decrease in deposi
tion rate at otherwise constant conditions. 
This example already shows one of the 
main limitations for deposition based on 
single photon processes, because only a 
small number of comparably intense light 
sources are available at shorter wave
lengths. The lateral resolution achieved in 
the deposition of stripes was somewhat 
below 1 pm.

Deposition of thin films ( ~ 5 cm2) of Mo, 
W and Cr based on multiphoton dissocia
tion of the hexacarbonyls was investigated 
with pulsed lasers such as excimer lasers, 
copper hollow cathode lasers, or frequency 
multipled Nd : YAG lasers.

Controlled growth in UV laser photode
position was observed for a range of laser 
irradiances typically from 10-2 to 100 
W/mm2 and gas pressures in the range of 
about 0. 1-100 mbar. Typical deposition rates 
achieved were 10 to some 100 Å/s.

Photolytic LCVD induced by multipho
ton absorption of IR laser radiation whose 
frequency matches a strong vibrational 
transition of the molecule has not yet been 
studied in much detail.

Microstructure of Deposits, Single 
Crystals

The microstructure of pyrolytic and 
photolytic deposits has been investigated 
mainly by optical microscopy, scanning 
electron microscopy (SEM), X-ray diffrac
tion, and by Raman scattering techniques.

The microstructure of the deposits varies 
with experimental conditions. It can be 
amorphous, polycrystalline or single crys
talline. The dependence of grain size on 
laser irradiance and gas pressure was inves
tigated for pyrolytic deposits. Single crystal 
growth was first demonstrated for Si rods 
and 530.9 nm Kr+ laser radiation. For a 
silane pressure of 133 mbar, the change 
from poly- to single- crystalline growth was 
observed between 1550 and 1650 K. In this 
connection it is interesting to recall the 
microstructure of Si films grown on single 
crystal Si substrates by standard CVD 
techniques. There it has been found that 
the regime of polycrystalline growth is 
separated from the regime of single crystal
line growth by a border line (shown dashed 
in Fig. 4), which is essentially determined 
by the ratio of the flux of Si atoms giving 
rise to the observed growth rate, and the
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value of the self-diffusion coefficient of SI, 
needed to arrange the arriving atoms on 
proper lattice sites. Linear extrapolation of 
this border line to higher temperatures 
yields an intersection point with the LCVD 
curve at about 1520 K. This value Is In good 
agreement with the temperature limit we 
find for single-crystal growth of rods. The 
orientation of the rod axis was found to be 
close to either <100> or < 110> crystal
lographic directions.

Conclusion

Laser Induced deposition from the gas 
phase allows single-step production of 
material patterns with lateral dimensions 
from 0.5 µm to several mm. Typical deposi
tion rates in laser pyrolysis are 10 to 100 
µm/s compared to 10 to some 100 A/s In 
laser photolysis. The scanning velocities 
possible in laser pyrolysis reach at least up 
to about 500 µm/s for strongly adherent 
films. Laser pyrolysis at visible wavelengths 
combines high deposition rates and small 
lateral dimensions of deposits with stan
dard laser techniques, simple optics and 
adjustment. Disadvantages of laser pyroly
sis — compared to photolysis — are the 
stronger Influence of the physical and che
mical properties of the substrate and its 
surface quality and the higher local tempe
ratures.
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Underlining the international character of CERN, both organisational and physical, the 
start of construction of LEP — the 130-130 GeV electron-positron storage rings — was 
formally inaugurated by the Presidents of both France and Switzerland on 13 September. 
In the photograph taken at the ground-breaking ceremony are to the left of Francois 
Mitterand of France, Emilio Picasso, Director of the LEP Project and to the right of Pierre 
Aubert of Switzerland, Herwig Schopper, the Director-General of CERN. The 27 km 
circumference of LEP will lie 3/4 in France and 1/4 in Switzerland.
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