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ABSTRACT

This paper discusses three divergent examples of
synthesis cf materials with lasers. The three techniques
are: (1) Infrared (Cv,) laser synthesis of silane (SiH))
from disilane (S1,H)): (2) Excimer (ArF) laser production of
fine silicon powders from methyl- and chloro-substituted
silanes; and, (3) Excimer (KrF) laser production of fine
metallic powders by laser ablation. The mechanism for each
process is discussed along with some conclusions about the
teztures of the laser radiation that enable each
application.

1.  INTRODUCTION

Synthesis of chemicals and other materlals is not yet a
common application of lasers, but the potential is high
because of some of the unique properties of laser radiation.
Some of these properties are not entirely obvious as aids to
synthetic procedures. This paper discusses three divergent
examples of laser synthesis along with some conclusions
about the properties of the laser radiation that enable this
application. These properties include wavelength, pulse
length, pulse energy, as well as the properties of the
laser-heated absorbing material.

Through the late 1970's the major research interest
relating to the preparation of materials with lasera was
laser lsotope separation'. Several techniques have been
daveloped, and some are still in a research phase. However,
the scopes of ideas for applications of lasers has broadened
cons lderably.

The three synthesis techniques discussed in the paper
are: (1) Infrared (CO,) laser synthesis of silane (:iH)
from disilane (SiH); (2) Excimer (ArF) laser production ot
fine silicon powders from silicon chlorides; and, (3)
Excimer (KrF) laser production of fine metallic powders by
laser ablatlion.



2. INFRARED LASER _SYNTHESIS OF DISILANE FROM MONOSILANE

A research group at the AMOCC Technology Company has
demonstrated- ' conversion of SLH"to Si H, with high yleld
and high purity. More conventional mefhods of synthesis’,
such as reduction of hexachlorodisilane with lithium
aluminumhydride, electrical discharge in silane, or
hydrolysis of magnesium silicides, all produce low yields of
the desired disilane and a considerable quantity of both
volatile and nonvolatile silicon compounds.

A major reason for wishing to convert silane to disilane
is for its use in chemical vapor deposition (CVD). With
disilane as the silicon source, thermal CVD is possible at
temperatures more than 100 K lower than with silane aas the
source‘. The resulting silicon has better adherence and
electronic properties.

2.1. Experimental procedure and results

The synthetic process involves the irradiatior. of high
pressure silane gas with a pulsed carbon dioxide laser. For
optimum conditions the disilane product yield is high, the
selectivity is high, and the energy efficiency is high.
Disilane is virtually the only volatile, silicon-containing
product. (Hydrogen is the other volatile prod'ct.)

A previously published study by Longeway and Lampe’
showed that when silane is irradiated by a carbon dioxide
laser pulse at low pressure (less that 20 torr) only a small
amount of disilane is produced and that the disilane is only
a small part of the volatile, silicon-containing products.
Higher pressures significantly -hange the product
distribution.

The experiments were performed with absorption cells of
different lengths. Each was of aluminum construction with
sodium chloride windows. All laser lrradiations wera with
TEA CO, laser operating at the 10P20 line (944.19 cm') at up
to 1.2° J/pulse. Most experiments were performed by
irradiating the samples of gaseous silane for many pulses
followed by a product analysis by gas chromatography.
Analysis of the irradiated samples gave the disilane yield,
the silane consumed, the reaction selectivity (disilane
produced / silane consumed), and the snergy efticiency
(disilane yield x energy required for silane dissociaticn /
energy absorbed).

Successive irradiation of a silane sample generates the

product disilane (fig. 1). Eventually, as the disilane
accumulates the disilane consumption rate equals the
production rate, and the product ceases to increase. The

lower thermal stability of the disilane Is vone of its



advantages as a CVD reagent. However, this means that it
must be removed from the reaction zone as it accumulates.

The experiments for fig. 1 were at 100 torr. The
decomposition of disilane becomes less critical at higher
pressures. Figure 2 show the pressure dependence for
disilane synthesis for two different laser energies. Note
that the large volume of this cell allows the disilane to
diffuse out of the irradiation region between the pulses.
The fraction of the cell irradiated decreases with
increasing pressure because of the reduction of the
absorption pathlength. This partially accounts for the
increase of yield with pressure. The higher enerqgy laser
pulses give a stronger dependence of the product yield on
pressure. The high energy absorbad per molecule and the
lower collisional stabilization rate at low pressure
contribute to this stronger dependeance.

The selectivity for production of disilane was high for
the experiments of fig. 2. The selectivities fell in the
range of 0.25 to 0.40 (0.50 is perfect selectivity) for the
entire range of experiments. The energy efficiency, on the
other hand, increased monotonically from about 0.006 at low
pressure to 0.13 at 1000 torr. These results suggest that
at low pressure considerable decomposition of the reaction
products occurs back to the initial silane reagent.

In a series of experiments with a smaller cell and many
more laser pulses the dependence of the reaction yield on
pressure was similar to fig. 2. The selectivity, however,
depended linearly on pressure (fig. 3). For these
experiments the number of laser pulses was well beyond that
necessary to bring the reaction mixture to a steady state
condition (fig. 1). The low selectivity at low pressure
indicates that not only do the products revert back to
silane, but the reaction tends to continue to higher silanes
and eventually to solid products.

2.2.__Reaction mechanism

The chemical reaction mechanism proposed by Longeway and
Lampe' successfully accounts fur ihe experiments discussed
here. Figure 4 summarizes the essen*ial features of the
reaction mechanism. The first step is the laser excitation
of silana. Collisions play an important role in the
absorption processes". At low pressurcs absorption s
limited by the rate of rotational energy transfer into
absorbing states and out of vibrationally excited states.
Collisional broadening also contributes to the increase of
of absorption cross section (fig. %) up to about 200 torr
and the decrease above that pressure. CcCollisionally induced
vibrational energy transfer also contributes to the
absorption process in a minor way.



The vibrationally-excited silane produced by laser
absorption or by cnllisional redistribution of internal
energy may either dissociate or become collisionally
stabilized. The SiH, reaction product inserts rapidly into
chemical bonds. When SiH is the major species, the bond-
insertion reaction produces a highly vibrationally-excited
disilane molecule. Three reactions are available to this
excited molecule. The first is the elimination of the SiH,
radical. This is the reverse of the formation reaction.
This reaction does not influence the selectivity, but its
occurrence does reduce the energy efficiency. It is
probably a major contributor to the low energy efficiency at
low pressure. The second possible reaction is H,
elimination. This reaction leads to higher silanes and
solid products. The resulting radical, SiJgSiH, may also
insert into chemical bonds. The competition between this
reaction and the third possibility, collisional
stabilization, determines the reaction selectivity.

Collisional stabilization is the desired reaction for
efficient synthesis. The fact that the rate of this
reaction increases with pressure is the major reason that
high pressures favor the synthesis. In many laser
applications, such as laser isotope separation, collisional
processes are detrimental. This is not the case for
disilane syntheslis. High yields result only if the pressure
of silane is greater than 75 torr, and high purity synthesis
is possible at pressures as high as 1500 torr.

2:3. Cooling of the reacting gas

In the absence of some process that can cool the reacting
gas, the less stable disilane product would continue to
decompose. Fortunately, the near adiabatic expansion of the
hot gas cools the reacting mixture on the desired time
scale. Conduction cooling to the cell window may also
occur. However, this process is too slow for all pressures.
The closer proximity of the window at high pressures is
offset by the lower conduction rate. The expansion cooling
occurs on the time scale of tha acoustical transit time in
the hot gas. Figure 6 shows a calculation of this type of
expansjion. The vertical axis is the peak temperature
anywhere in the irradiated region. The calculation also
includes conduction cooling, but it is significant only very
near the window. Here again the smaller reaction volume and
faster cooling time at high pressure partially offsets the
faster reaction at hiqgh pressurae.

2.4. Summary of critical processes in disilane synthesis

The time required for heating, reaction, and coolling of
the sample is critical irn the laser synthesis of disilane.
kapid (laser) heating, rapld (but not complete) reaction,
and rapid cooling all contribute to the high ylelds.



To summarize, the proposed mechanism of the photochemical
reaction includes: (1) Collisionally-enhanced absorption of
the laser radiation by silane; (2) Collisional de-excitation
of the vibrationally excited silane; (3) Concurrent
decomposition to SiH, and H,; (4) Production of
vibrationally excited disilane by SiH, insertion into a
silane Si-H bond; (5) Collisional quenching of the excited
disilane; and (6) Rapid cooling of the irradiated gas by
thermal expansion. Collisions contribute to the synthesis
by enhancing absorption, by stabilizing the excited
disilane, and by vibrational-to-translational eneryy
transfer, which terminates the reaction by removing energy
from the vibrational degrees of freedom and by cooling the
gas by adiabatic expansion.

3. TIASER PRODUCTION OF FINE SILICON POWDERS

Silicon powder is a useful material for sintering into
monolichic comporients. The material that 1is uused most often
for a feedstock for production of silicon powder is silanre.
It has the advantages of being a gas at room temperature and
being thermaily less stable than the products silicon and
hydrogen. However, it is considerably more expensive than
sevaral methyl- and chloro-substituted silanes. The group’
at the Centre for Industrial Laser Applications (CILA),
University of New South Wales, has demonstrated that excimer
laser (ArF, 193 nm) irradiation of gaseous species of this
general type (SiH (CH) Cl , n>0), produces fine silicon
powders. This process could have significant economic
advantage over similar processes with silane.

J.1. Experimental procedure and results

The powder was produced by irradiating a stream of one of
the compounds with an ArF excimer laser. The ArF laser had
a pulse length of approximately 20 ns with pulse energy near
35 mj and a repetition rate of 100 Hz. The gas stream was
created by heating a flask of the liquid and passing the
vapor th-ough a rectangular nozzle 1 cm by 1 mm. The
irradiation was along the long dimension just as the stream
exited the nozzle. The laser beam size at the nozzle was 1
mm by 4 mm. The transverse flow of the irradiated gas was
such that each pulse irradiated new gas. All of the silicon
compounds used absorbed the 193 nm laser radiation,

The laser lrradiation produces fine silicon powders (20-
40 nm dia. with some larger agglomerates in the 200-300 nm
range). Experiments with eight different species gave
quantum yields (silicon atoms in the powder per photon
absorbed) in the range of 0.2 to 0.9. Table 1 shows the
compounds used and the measured quantum yield for powder
production. Species without mathvl groups (5iCl and
$iCl H) required addition of hydrogen for powder product ion.



3.3. Model development for experimental analysis

For simplicity SiCl, with H, was selected for the initijal
modeling effort. Most' experlments were at 100 torr mixtures
with [H,]/[SiCl ]=2. The measured energy absorbed exceeded
that calculated from the small signal absorption cross
section (4.8x10 % cm’) by about 20%. Experiments with SicCl,
required hydrogen for powder production.

The model contains laser absorption processes.
literature values® ' of some thermodynamic and physical
properties, proposed chemical reactions, and both measured
and estimated rate constants. Some rate constants were
available in the literature’ ! (Cl/H system). Others were
estimated by consideration of similar reactions,
unimolecular reaction rate theory, and thermodynamic
constraints. Sufficient thermodynamic data® is available
for the model to have correct equilibrium constants. The
model accounts for the available experimental data. It is
certainly not a unique explanation of the experimental
results, but it does lead to some tentative conclusions and
suggestions for further study.

The conclusions fall into two categories. The first is
a list of observations and conclusions supported by
experimental evidence. The second is a list of model
features that is consistent with experimental data and other
constraints, but that requires additional experimental
verification.

J.3.1. Obsgservations and conclusions supported by

experimental evidence

1. The average number of photons absorbed per molecule is
about 0.04.

2, Laser-induced breakdown does not occur.

3. Absorption by photofragments (Ssicl , sicCl,, sicCl) or
multiphoton processes may occur, but tﬁese do not dominant
the absorption mechanism.

4. Absorption of the laser radiation leads to one of two
dissociations reactions,

sicl, ----> sicl, + cl
or
sicl, =----> sicl, + cl,

5. Recombination reactions like



5icl, + C1 ==--> SiCIG

are more rapid than the successive reactions that lead to
silicon powder.

3.3.2. Model features requiring additional experimental
verification:

1. Exchange reactions like
sicl, + sicl ----> sicl, + si
occur.

2. Initial Ssi/Cl clusters form and continue to grow by
radical recombination, and bond insertion reactions,

sicl + sicl ---->si Cl
1 3 n m Ltn 1T
3. Clusters reduce Cl/Si ratio by SiCl elimination,
sicl ---->8Si €1 + sicl
n m nl m-4 4

and by chlorine abstraction reactions,

sicl + sicl, ----> 8iCl | + sic',
4. Hydrogen reduces recombination by scavenging atomic
chlorine,
Cl + H, ==--> HC1 + H
5. Atomic hydrogen forms new reactive silicon species,
sicl, + H -==--> sicl + Hcl ,

and reduces chlorine content of clusters,

Si“Clm + H -===> Si“C.'lml +HC1

6. Agglomeration of larger clusters,

stcl +sicl  ---->si c1 =,

requires both low chlorine content and high internal energy.
7. 1The maximum translatlional temperature is below 600 K.

3.3.3 Additional work necessagy to clarify the reactions
mechanism

Confirmation of the mz2chanism of cluster formation would
require considerably more experimental work, such as:
measurement of the rate of cluster growth by Mie scattering



or some other technique; determination of the chlorine
content of the clusters, particularly in the early stages of
formation; a careful measurement of the intensity
distribution (spatial) in the irradiated region; independent
measurement of the rate constants for almost any ~f the
reactions mentioned above; and. measurement of tl! : electron
density and temperature.

4. FINE POWDER PRODUCTION BY ILASER ABLATION OF METALS

Fine m¢ allic powders have a number of commercial
applications, such as catalysts for chemical processes. The
CILA!'""® group has generated powders of nickel, platinum,
tantalum, and copper by laser ablation of the solid metal.
They have also measured the catalytic activity of the nickel
powders. A one-dimensional model of ablation process gives
some insight into the process of the laser interaction with
the metal surface.

4.1. Experimental approach and results

The experimental program!’!*involves irradiation of a
rotating metal target with focused excimer laser pulses
(KrF, 248 nm). In these experiments the laser pulse energy
was 180 mJ, the pulse length 20 ns, and the repetition rate
100 Hz. The yield of the ablated powder was determined by
either measuring the mass or the collected powder or by
measuring the mass loss of the solid target.

The yield and conformation of the ablated material depend
strongly on the pressure of the argon gas over the metal
surface. At low pressures (below 1 torr) the ablated metal
forms a mirror on the walls of the collecting cylinder. For
higher pressures powders form with most particle diameters
between 2 and 10 nm and a few in the 100 nm range.

The powder yield!’ decreases with increasing pressure.
Figure 7 shows the variation of yield with pressure of argon
above the metal surface for platinum, copper, and nickel.
(The yields for tartalum are bectween those for platinum and
copper.) Note that all of these metals show similar trends
with the pressure of the argon above the metal surface.
Above about 10 torr the powder yield tends to fall off with
pressure.

Smaller spot sizes'’ also increase the powder yield. The
optimum appears to be about 0.33 mm‘. This was the beam
area for most of the experiments.

The catalytic activity of the metallic powders is
excellent. Several tests'' were made to compare the
catalytic activity of the laser-produced nickel powder with
a commercial nickel catalyst. The commercial catalyst was
Raney nickel catalyst powder, an alloy of 50% nickel and 59%



aluminum. The test reaction was hydrogenation of propene to
propane. The laser-produced nickel had five times the
catalytic activity of the the Raney nickel.

4.2. Modeling the nickel ablation processes

Nickel was selected for computer simulation of the
ablation process because of the availability of physical
constants and experimental data.

The computer simulation of the experiments is a one-
spatial-dimension numerical solution of conservation
equations for energy, momentum, nickel density, and argon
density. The single spatial dimension is perpendicular to
the metal surface. The computation algorithm is an
adaptation of the SOLA-ICE method!*. Table 2 yives the
physical constants and thermodynamic data used by the model.
Both the specific heat and the solid thermal conductivity
are fits to the published data. Based on comparisons with
copper and aluminum, the thermal conductivity for liquid
nickel was assumed to be 40% of the solid value. Both the
gas-phase thermal conductivity and the diffusion coefficient
were calculated from hard-sphere kinetic-theory expressions.
The vapor pressure, assumed to have Arrhenius form, was
obtained from the heat of vaporization and the boiling
point.

The computer solution accounts for absorption of the
laser radiation and gives the temperature, nickel density,
argon density, pressure, and vapor velocity as functions of
time aid position. In the vapor phase expansion,
contraction, diffusion, and gas movement may occur. Changes
in the condensed phases include thermal conduction and phase
changes (the magnetic transformation at the Curie point,
melting, and freezing). Evaporation and condensation occur
only at the solid vapor interface. The evaporization (or
condensation) rate was assumed to be fast enough co maintain
the nickel partial pressure at the vapor pressure for the
local temperature.

The experimental laser pulse length was 20 ns. The model
pulse shape was a half Gauss:ian (beginning at the peak) with
a width (1/e) of 20 ns. The published values'®''? for surface
reflectance and light penetration into the condensed
material give the rate and spatial distributiorn absorption
of the laser radiation. For most calculations absorption of
the laser enerqay occurs only in the condensed phases
(solid/liquid) near the surface. This is somewhat
unrealistic, however, because as the metal evaporates
raplidly, it remains at a very high density. This high
density vapor will certainly absorb some of the laser
energy. Furthermore, a plasma may form in the hot vapor,
which will strongly absorb the laser radiation. To
partially account for these absorption processes, one set of
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calculations was performed with the absorption coefficient
of the nickel vapor decreasing fiom its solid-phase value
with the square root of the density.

Figures 8-11 show the results of calculations where
absorption is entirely by the condensed phases. The
calculations are at two times, 5 ns and 100 ns. The first
time is early in the laser pulse and the latter is well
after the end of the pulse. The spatial range in the graphs
is over the entire range for temperature (Figs. 8 and 10)
and only in the vapor range for the other quantities.

Figure 12 shows how the nickel vapor density develops
when absorption occurs in the vapor phase as well as in the
condensed phases. In alli computations the strong shocks
that develop as the vapor expands from the surface tend to
generate numerical instabilities. This is a major
contributor to some of the rough curves between the surface
and the shock front.

A3 the temperature of metal surface increases, the
naterial begins to evaporate. The vapor pressure,
temperature, and vapcr density control the rate of
evaporation. In the current version of the model an ideal
gas equation of state was assumed for the nickel vapor. One
suggestion for improvement of the model is to replace this
assumption with a more realistic equation of state.

At 5 ns (Figs. 8,9) some of the nickel near the surface
has exceeded the Curie point, the nelting point, and the
bciling point and has begun to evaporate from the surface,
The absorption of the laser energy is accompanied by a very
rapid rise in temperature and pressure. This results in the
formation of a strong shock wave that moves out from the
surface. The shock formation is more apparent at the longer
times (100 ns, Figs. 10,11). At 5 ns the shock velocity is
2x10° cm/s, or Mach 6, by 100 ns the velocity at the sihock
front has dropped to about Mach 3. Evaporation is still
occurring at 100 ns. (The velocity at the surface is still
positive, but it is reduced considerably from the high value
during the laser pulea. The slower evaporation rate results
in a high-density slug of nickel vapor near the shock front.
The ambient argon gas gets pushed to high density in front
of the much-higher-density nickel vapor. The experimental
decrease of yield with increasing pressure is most likely
due to the argon gas holding the evaporating material near
the surface. This slows the expanding nickel vapor, retards
evaporation at the surface, and allows some of the naterial
to recondense as the surface cools by conduction and
radiation.

The metal vapor that escapes from the surface will
continue to cool and expand. At some point the cocling
plume will begin to form atomic clusters. (This process is
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not vet a part of the model.) If the argon confinement is
sufficient, the nucleation process results in the fine
powders. At low argon pressures the confinement and heat
transfer is insufficient to form the clusters and a mirror
plating on the vessel surface results.

If we assume that all of the evaporated material
eventually forms powder, then the model overestimates the
yield by about a factor of 20. The main contiributions to
the differences between the experiments and model
calculations are the use of the ideal-gas equation of state
for the nickel, the lack of a good model for absorption in
the vapor phase, the difficulty of measuring the laser spot
size, and the absence of a nucleation mode,) for cluster
formation.

Laser ablation produces very small particles. Some of
this is due to the competitive dynamics of expansion and
nucleation. However, Robers! has suggested that cluster
ionization and the resulting repulsive forces will tend to
keep the clusters small. The ionization occurs by both
thermal iuonization processes and photoelectron effects.

Two suggestions mentioned above for improving the model
were a more realistic treatment of the equation of state and
a better model for absorption by evaporated nickel. Orther
suggestions include: a treatment of plasma formation,
inclusion of laser absorption by the plasma, addition of
particle growth from the atomic vapor, inclusion of measured
reflectance at high intensities, and consideration of
secondary radiative-transport processes.

5. CONCLUSIONS

The three laser synthetic processes considered in this
paper require different properties of the lasers involved
and the materials being processed. For the disilane
synthesis with infrared laser pulses the collisional
processes were probably the most important. The molecular
coliisions both enabled the absorption nf laser radiation
and stabilized the reaction product by vibrational energy
transfer and expansion cooling.

The silicon powder production from silicon-containing
gases required a laser (ArF) with a wavelength that was
strongly absorbed by the gases. The complex chemical
raactions that occurred after the laser pulse were also
important.

The powder production by metal ablation with an excimer
(Krr') laser required a short, energetic laser pulse. The
wavelength was almost irrelavant. However, the high heating
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rates and the resulting high pressures were necessary to
evaporate the metal and expel it from the surface.
All three of these processes have technological
potential. Their utilization will depend on the demand for

the respective products.
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TABLE 1

Silicon powder quantum yields from substituted silanes

Feedstock Quantum Yield

Si(cH,), 0.80

si(cH)) cl 0.32 (sic)
Si(cH,)),Cl, 0.59

SiCHC1, 0.78

sicl, 0.00 (0.84 with H))
SiCl#{ 0.00 (6.22 with H))
Si(CHJzClH 0.57

SiCH,C1 H 0.51
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TABLE 2

Physical and thermodynamic data used in the nickel model

Constant Value Ref.
Solid Ni Density 8.9 g/cm3 15
Curie Point 631 K 15
Melting Point 1726 K 15
Boiling Point 3183 K 15
Heat of Magnetic Transformation 0.139 kcal/mol 15
Heat of Fusion 4.10 kcal/mol 15
Heat of Vaporization 89.46 kcal/mol 15
Thermal Conductivity (Solid) 0.638 |T-631]0:0376

W/cm/8 16
Thermal Conductivity (Liquid) 0.250 est.
Thermal Conductivity (vapor) 3.59x10”9 rl-5 17
Diffusion Coefficient (Ni/Ar) 0.014 Tl's/p cm2/s 17
Specific Heat 0.126 19-215

cal/K/mol 16
Absorption Coefficient (s/1) 1.17%x10% cm~1 16,18

Reflectivity (s/1) 0.43 16,18



Figure Captions

1. Concentration of disilane produced versus the number of
laser pulses at 0.9 J/pulse and 2 Hz repetition rate for 100
torr initial silane pressure. Experiments were with the
long cell, and the analysis was by gas chromatography.

2. Disilane yield versus initial silane pressure tor two
different values of thc pulse energy, 200 pulses at 1 Hz.
Experiments were with the long cell.

3. Selectivity of the disilane synthesis versus inijitial
silane pressure for the experiments with 0.56 J/pulse with a
smaller volume cell.

5. Silane absorption cross section (points) versus
pressure measured with CO, in the fluence range 6 to 10
mJ/cm’, 0.17 cm pathlength The curve is a calculation
based on the absorption model described in the text

6. A hycrodynamic model calculation of the dependence of
the peak temperature on téme for a 200 torr silane sample
irradiated with 0.5 J. cm

7. Metal powder ylields versus argon pressure for KrF lasar
pulse energies near 180 nJ/pulse.

8. Model calculation of temperature versus distance
perpendicular o the nickel surface at 5 ns for 55 J/cm2 and
100 Egrr argon. Before the laser pulse the soiid nickel was
2x10 cm and below, and arqon was above 2x10

9. Nickel density, argon density, and vapor velocity at 5
ns from the calculations of fig. 8.

10. Model calculation of temperature versus distance
perpendicular to the nickel surface at 100 ni for 55 J/cm®
and 190 torr argon. 7The initial solid/gas boundary was at
2x10 cm,

l11. Nickel derwity, argon density, and vapor veloclty at
100 ne from the calculations of fig. 10,

12. Model calculation of nirkel density versus distance at
several times for conditions similar to figs. B-11 but with
absorption by the nickel vapor.
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HIGH PRESSURES FAVOR DISILANE PRODUCT
IN LASER EXCITATION OF SILANE

SiH, + lasery, siHy < SiH,+ H,

+ M/ —SiH,| |+sSiH,
\
SiH i H-
4 SiyHg —*™ iy H
_H2
SiH 3SiH

l* +SiH 4

SigHy ——— Higher Silanes
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METAL POWDER YIELD
vs. ARGON GAS PRESSURE
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