
A major purpose of the Techni-
I cal Information Center is to provide

the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
acaaemic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



LLA-(JR -.-, ,,,

8

,,% A, AI!.,,> N,il,, ,,!,ll , ,tl., ,r,ll, .,, .+ ,IUaft+IWJ by lha IJnluarsi,l t,l l.ml,llnrth 1,,, !lIM II II IIHII c,lalmh [Iaparlmnlll llf i II F?IJ, ,, II, IW . I! I. II, M I w ,0411*, I NI, W,
,.— — . . -. —....._ . -. --- . . . . . . -. .—— - . . ..-_ -. -.. .

11111 ,;’f’!i’~’ll~::;;;’(J]I’ ).f~,’i’l,,j,i;\]~’ ~1’i’!~1!li’’!l,l;~],:il ANII :11,’1’!iAV[(.)1,1:’1’I,A,;II:;(:

LA-[lli--88-274o

l)li:~[](316234
AIJI)IOI{I’,1 ,[ . l,. I,ylll:lrl, (:1::.. JI

‘,II14MIIII11 If) ‘I’I’ 1,],:; : irl !Jll:iIIt, IIIII Eli!t,l,fu,!li,.,:, !! II,:! I: IISII:; I,, ltWI:LII i:l
All):. :“1 ;:lqlt,. {, 1’)!(:!

I)IS(’I,AIMF.N

I Ill,, Irplll N,l,u plql,llrd ,1,.,111,11I 1111111Ill Wlllh..lmlll.slllrdlo
,111.I~@rlln\ Ill 1111.I “11111.11‘.1.111,..

( ,,tkatlllIIrlll Nt.llllrl lhr I lllllral \l,lll% f itlbl.lrl,lll,lll11111 .lll\ ,Ip’111 S Ihl.lfmt)l.1)111 All\ 1111111’11
,.,llplr,slw, 111.lkl. ,Illb W,lll,llll$ I,NIIII..’!Ill Implllvl. Ill .l’.,.llllll.,..lll\ Irpl Il!lllllll\ ,,1 1,...lmmd
hllll$ 11,1lh ,lt, 111,11b, aaIlll@.llnll(Y.III Ildllhll.-,s Id lll\ 1111111111,1’11111,,11111,11.1111,.,IUn MtUI 1. III

[Ill. 1...,.111,,$111,.1.11.,1111.1111...1.111.,111.11 11,, Il.!. Wllllhl null Idllflj { plli.1’.h ISB1lIVI IIphl.! 14,,11.1

,.11(1. Ilr.ll.11111) .Illt ,.IMV 1111 I 111111111’111,11 plldlll I Ill!. 1.,.,..,11 ,1.1~11., h 11A 11,11111,,11.111.111. IIL

IIIJIIIII.111!11,,1, ,,1 ,,11,rlwlw ,1,”-, 11,,111,.,1-,,,,1111)I l,lhlllulr !111.,.1.1,11,.!.lllllll,.rlll!.111.1,.,,, 1,
,,lrlltl,ltlam ,,1 1,1$,,1111)1Im 1111 I Illllrlt \l,lll, f ,11$l.ltllllt.111 Ill .Illt +lrm \ 1114.11.111 I Ill. tll.w,.

.11111,qulll,m,. ,,1 .,,1111,,1., !.9~111.,,.01.1I 111.11.111111111111111,1r,,.,.Illl\ ,1.111,11111,111.!I 111)!.,1!111111
I I,,,tr,l .,l,,ll’n.I ,,,L,.ll ,11,,,111,,1 ,Illb Jprlll \ Ilwl, id

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov



1

Synthesis of materials with infrared and ultraviolet lasers

John L. Lyman

Chemical and Laser Sciences Div+.s.ion
Los Alamos National Laboratory

Los Alamos, NM 87545

ABSTRA CT

This paper discusses three divergent examples of
synthesis cf materials xlth lasers. The three techniques
are: (1) Infrared (Cd,) laser synthesis of silane (SiH,)
from disilane (S+2Hti);(2) Excimer (ArF) laser production of
fine silicon powaers 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
features of the laser radiation that enable each
application.

L_4LRmumQH

Synthesis of chemicals and other materials 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 lager 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 thm major research interest
relating to the preparation of materials with laser~ was
laser isotope separation’. Several techniques have been
developad, and some are still in a research phase. However,
the scope of ideas for applications of lasers has broadened
considerably.

The three synthesis techniques di.scussmi in the pappr
are: (1) Infrared (CO,) laser synthesis of sllane (:lIiq)
from disilane (Si,H,,);(2) Excimer (ArF) laser production or
fine silicon powdbrs from silicon chlorides; and, (3)
Exc~mer (KrF) laser production of fine metallic powders by
laser ablatlon.
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2. INFRARED LASER SYNTHESIS OF .DISILANE FROM MONOSILANE

A research group at the AMOCC Technology Company has
demonstrated~ ] conversion of SiHL to Si,Htiwith high yield
and high purity. More conventional methods 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 foz its use h chemical vapor deposition (CVD). With
disilane as the silicon source, thermal CVD is possible at
temperatures more than 100 K lower than with silane ad the
sourcek. The resulting silicon has better adherencm and
electronic properties.

2.1. Experimental D~ocedure and results

The synthetic process involves the ~rradiatiori 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 proq’let.)

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 pxoducts.
Higher pressures s~gnif~cantly ,Yhange the product
distrilmt~on.

The experiments were performed w,tth absorption cel13 of
d~fferent lengths. Each was of aluminum construction with
sodium chloride w~ndows. All laser irradiations were with
TEA COZ laser operating at the 10P2O line (944.19 cm ‘) at up
to 1.2 J/pulse. Most experiments wera perfnrmed b}
irradiating tha samples of gaseous silane for many pulses
followed by a product analysis by gas chromatography.
Analysim of the irradiated samples gave the dis~lane yield,
the silana conoumed, the reaction selectivity (disilane
produced / silane consumed), and the enerqy efl’~ciency
(d~ailana yield x energy required for silane d~ssociatlc.n /
enerqy absorbed) .

Successive ~rradlat~.on of a silane sample generates the
product dlsilane (fig. 1). Eventually, as thg disi lane
accumulates the disilane consumption rate equals the
production rate, and the product ceases to in~-rease. ‘rhc!
lower thermal stability of the disllane 1s []neof its
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advantages as a
must be removed

CVD reagent. Hawever, this means that it
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 energy laser
pulses give a stronger dependence of the product yield on
pressure. The high enerqy absorbed per molecule and the
lower collisional stabilization rate at low pressure
contribute to this stronger dependel~ce.

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 plqoducts.

?!2,_.JUX@kXl_lll@Wl km

Tha chemical reaction mechanism proposed by Lonqeway and
Lampef successfully accounts fur Lhe experiments discussed
here. Figure 4 summarizes the essenkial features of the
reaction mechanism. The first step Ls the laser excitation
of silana. Collisions play an Important role in the
absorption processes”. At low pressures absorption !s
1\mited by the rate of rotational energy transfer Into
absorbinq states and out of vibrationally excited states.
Collisional broadening also contributes to the increase n!-
of absorption cross smctlon (fig. 5) up to about 200 torr
and the decrease above that pressure. Collisinnally In(iut.of!
vlbrat.lonal energy transfer also L:ontributes to the
,~bt30rptlonprocess in a minor way.
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The vibrationally-excited silane produced by laser
absorption or by collisional redistribution of internal
energy may either dissociate or become collisionally
stabilized. The SiHl reaction product inserts rapidly into
chemical bonds. When SiHQ 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 elimirlation 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, SiH,,SiH,may also
insert into chemical bonds. The competition between this
reaction and the third possibility, collisional
stabilization, determines the reaction selectivity.

Coilisional 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 synthesis. 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, Cwl-ing ....m.-?me .r.EI!@dr!9..9E@

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 acol~stical transit time in
the hot gas. Figure 6 shows a calculation of this type of
expansion. 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 ,~r)d
faster cooling time at high pressure part!,ally offsets the
faster react~on at hlqh pressure.

2.4. Summary of crJt~cal processeq in dlsilane synthesis

The time required for heatlnq, reaction, and coollnq of
the ~ample 1s (:r!tical Ir,the laser synthesis of d~~~l,~ne.
Rap!.i (laser) heating, rapid (but.not.complete) rca(:tl~jn,
and I-AplCiI.{)(IIlnq al I ~-(~ntrlhuteto the hiqh ylol{l~.
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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 liz;(4) Production of
vibrationally excited disilane by SiHz 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 energy
transfer, which terminates the reaction by removing energy
from the vibra~ional degrees of freedom and by cooling the
gas by adiabatic expansion.

3. LASER PRODUCTION OF FINE SILICON POWDERS

Silicon powder is a useful material for sintering into
monolithic components. The material that is ‘lsedmost often
for a feedstock for production of silicon powder is silar?e.
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
several 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>O) , produces fine silicon
powders. This process cdhld have significant economic
advantage over similar processes with silane.

g,~, .Ewerimental procedure_,g@_ .~.e@l.t_s

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 ld~ 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 qas. All of the silicon
compounds used absorbed the 193 nm laser radiation.

‘l’helaser irradiation producee fine silicon powders (;?~J-
40 nm dia. with some larger aqqlomerates in the 200-]00 nm
ranqe) . Experiments with eight different species gave
q[lanturnyields (silicon atoms in the powder per photon
absorbed) ~n the range of 0.2 to 0.9. Table 1 shows thn
compounds used and the measured quant(lrnylel(i for powder
prmlllcti.on. !;pecies without m~~thvl qro[lps (Si(:l,, ,~nt!
:;icl,11)req(lired t~(i[iit.ionof hydr[](jer~fur pow(i@r ~]r[)tlllt”tifl[l.
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3.3. Model develo~ment for ex~erimental analvsis

For simplicity SiCl, witt.HZ waa selected for the initial
modeling effort. Most experiments were at 100 torr mixtures
with [H,]/[SiCl,]=2. The measured energy ~bsorbed exceeded
that calculated from the small signal absorption cross
section (4.8x1O locmz) by about 20%. Experiments with SiCl,
required hydrogen for powder production.

The model contains laser absorption processes.
literature valuesa-l”of some thermodynamic and physical
properties, proposed chemical reactions, and both measured
and estimated rate constants. Some rate constants were
available in the literatures-l’](C1/H system) . Others were
estimated by consideration of similar reactions,
unirnolecular 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
sugqestior,s 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.

1. The average nllmber of photons absorbed Fer molecule is
about 0.04.

2. Laser-induced breakdown does not occur.

3. Absorption by photnfragments (SiCl , SiCl,,,SiCl) or
multiphoton processes may occur, but tkese do not dominant
the absorption mechanism.

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

Slcl, ----> s~cl, t c1

or

Sicl,, ----~ Sicl tel..! .‘.

5. Recombination react.l(lns1ika



Sicl, + cl ----> SiCl6

7

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

3.3.2. Model features.zeuu irincladditional ex~erimental
verification:

1. Exchange reactions like

SiCll + sicl ----> SiCl, + Si

occur.

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

Si,Cl, + Si,,Cl~----> Si,,,,Cl,fi.

3. Clusters reduce C1/Si ratio by SiCl, elimination,

Si,,clm ----> Si,,lCl~, + SiCl, ,

and by chlorine abstraction reactions,

Si,,Cl~+ SiCl, ----> Si,,Cl~l+ SiC7,4 .

4. Hydrogen reduces recombination by scavenging atomic
chlorine,

Cl + Hz ----> HC1 + H

5. Atomic hydrogen forms new reactive silicon species,

SiC14 + H ----> SiCl, + HC1 ,

and reduces chlorine content of clusters,

Si,,Cl~+ H ----> Si,,Cln,, +HC1 .

6. Agglomeration of larger clusters,

Si,clk + Si,,cl ----~ Si,,,,clk,n, ,m

requires both low chlorine content and high internal energy.

7. lhe maximum translational temperature is below 600 K.

3.>.3 Additional work necessa~y to clarify thq reactions
meqhaniqrn

Confirmation of the mechanism of cluster formation would
require considerably mo’:e experimental work, sllch as:
measurement of the rate of (:Luster qrowth by Mle scattering
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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 LASER ABLATION OF METALS

Fine m( allic powders have a number of commercial
applications, such as catalysts for chemical processes. The
CILJill”13group 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 me-dimensional model of ablation process gives
some insight into the process of the laser interaction with
the metal surface.

4.1. Experimental aDDroach and results

The experimental program *2’13involvesirradiation of a
rotating metal target with focused excimer laser pulses
(KrF, 248 rim). In these experiments the laser pulse energy
was 180 mJ, the pulse length 20 ns, and the repetition rake
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 13decreases with increasing pressure.
Figure 7 shows the variation of yield with pressure of argon
above the metal surface for platinum, copper, and nickel.
(The yielde for ta~talum are between 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*z also increase the powder yield. The
optimum appears to be about 0.33 rend. 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 c~mmerciai 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 Drocesses

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 methodlk. Table 2 gives the
physical constants and thermodynamic data used by the model.
Beth 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 ad functions of
time aildposition. 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 “comaintain
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~an (beginning at the peak) with
a width (l/e) of 20 ns. The published values~6’1~for surface
reflectance and light penetration into the condensed
material give the rate and spatial distribution? absorption
of the laser radiation. For most calcl~lations absorption of
the laser energy occurs only in the condensed phases
(solid/liquid) near the surface. This is somewhat
unrealistic, however, because as the metal evaporates
rapidly, 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 qtrongly absorb the laser radiation. To
partially account for these absorption processes, ono set of
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calculations was performed with the absorption coefficient
of the nickel vapor decreasing from 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 ali 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 tunes between the surface
and the shock front.

AS the temperature of metal surface increases, the
r,~aterialbegins 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 melting 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 fornation is more apparent at the longer
times (100 ns, Figs. 10,11). At 5 ns the shock velocity is
2X105 cm/s, or Mach 6, by 100 ns the velocity at the shock
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 hic~hvalue
during the laser pulea. The sl~wer 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 materi~ll near
the surface. This slows the expanding nickel vapor, retards
evaporation at the surface, and allows some of the material
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 coc)ling
plume will begin to form atomic clusters. (This pl”ocess 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 chat all of the evaporated ‘material
eventually forms powd~r, then the model overestimates the
yield by about a factor of 20. The main contributions to
the d~fferences 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 modei for cluster
formation.

Laser ablation produces very small particles. Some of
this is due to the competitive dynamics of expansion and
nucleation. However, Robersly has suggested that cluster
ionization and the resulting repulsive forces will tend to
keep the clusters small. The ionization occurs by both
thermal iunizatign 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. Ocher
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 colllsional
procesmam were probably the most important. The molecular
collision= 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
reactions that occurred after the laser pulse were also
important.

The powder production by metal ablation with an excimer
(KrF) laser required a short, energetic laser pulse. The
wavelength was almost lrrelavant. However, the hiqh 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,)lCl> 0.59

SiCH,lCl, 0.~8

Sicl, 0.00 (0.84 with H,)

SiCl,H 0.00 (6.22 with H,,)

Si(CH,)lCIH 0.57

SiCHICllH 0.51
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TABLE 2

Physical and thermodynamic data used in the nickel model

Constant

Solid Ni Density

Curie Point

Melting Point

Boiling Point

Heat of Magnetic Transformation

Heat of Fusion

Heat of Vaporization

Thermal Conductivity (Solid)

Thermal Conductivity (Liquid)

Thermal Conductivity (vapor)

Diffusion Coefficient (Ni/Ar)

Specific Heat

Absorption Coefficient (s/1)

Reflectivity (s/1)

Value Ref.

8.9 g/cm3 15

631 K

1726 K

3183 K

0.139 kcal/mol

4.10 kcal/mol

89.46 kcal/mol

0.638 lT-6311°’0376
W/cm/s

0.250

3.59x10-9 T1*5

0.014 T1”5/p cm2/s

0@~~6 ~0.215

cal/K/mol

1.17x106 cm-l

0.43

15

15

15

15

15

15

16

est.

17

17

16

16,lg

16,18



Fiqure CaDtion~

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 the pulse energy, 200 pulses at 1 Hz.
Experiments were with the long cell.

3. Selectivity of the disilane synthesis versus initial
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 COZ in the fluence range 6 to 10
mJ/cml, 0.17 cm pathlength. The curve is a calculation
based on the absorption model described in the text

6. A hydrodynamic model calculation of the dependence of
the peak temperature on t me fur a 200 torr silane sample

iirradiated with 0.5 J. cm .

7. Metal powder yields versus argon pressure for KrF laser
pulse energies near 180 lnJ/pulse.

8. Model calculation of temperature versus distance
perpendicular to the nickel surface at 5 ns for 55 J/cm2 and
100 t rr argon.

-z
Before the laser pulse the so id nickel was

2X1O cm and below, and arqon was above 2x10- i cm.

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

10. Model calculation of temperature versus distance
perpendicular to the nickel surfaca at 100 n:~ for 55 J/cm2

9
and 1 0 torr nrgon. ‘Me initial solid/gas boundary was at
2xlo- cm.

11. Nickel der;~ity, argon dennit.y, and vapor velocity at
100 no from the caicul.at!ons of fig. 10.

12. Model calculation of nickel aensit{ versus distance ,~t.
several times for conditions similar to figs. f3-11 but with
absorption by the nickel vapor.
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HIGH PRESSURES FAVOR DISILANE PRODUCT

IN LASER EXCITATION OF SILANE

+

laser SiH~ & Sili2+ H2

1 Ii

+M - Sil=l~ +SiH4

ski 4 Si2 H; +Nl‘—----’si&

I@49i*

+’
SiH 3SiH

I +Sili d

Si3ti~
Higher Silam?s

CI_S-8t3-52C16
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METAL PO~ER YIELD
vs. ARGON GAS PRESSURE

248 nm
Pt @ & ●

*O

Cu
t +

●+
N]● +

&
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10-’ 10 log 103
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