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I INTRODUCTION

Increasingly, because of their superior properties, ceramic materials
are being considered for applications involving high stress levels. The
important properties include hardness, high temperature strength, erosion,
oxidation and corrosion resistance, low density and, for some uses, specific
electrical and optical properties. Their use in many of these applications
can only be considered if their reliability is improved. As brittle
materials, they fail catastrophically when a strength limiting defect
becomes unstable in a stress field and propagates. In most cases, failure
of an individual ceramic element would halt or dammage the entire system in
which it was used. The wide distribution of strengths observed with ceramic
materials forces engineers to design so conservatively that ceramics lose
their intrinsic advantages relative to conventional materials.

Strength limiting defects are usually attributable to some specific
event in the components processing history extending from powder synthesis
through all the handling steps to the final consolidation into a densified
part. There are many causes for strength limiting defects and their
elimination continues to be the subject of processing research and component
development programs. At M.I.T., we are approaching this problem from a new
perspectivel which requires that constituent powders satisfy rigid criteria.
With the correct powders and handling procedures, it is possible to cause
the individual particles to arrange in a close packed structure as shown in
Figure 1. Bodies having this unusual internal structure will exhibit low,
uniform shrinkage to theoretical density with low firing temperatures and
short times. Short, low temperature densification cycles should virtually
eliminate grain growth. Also, the characteristic size of remaining flaws
should be approximately that of the particles since individual vacancies are
the largest defect.

This research program has investigated laser means of producing powders
with the following ideal characteristics: (1) the powder must have a small
particle size, typically less than 0.5 pm; (2) the particles must be free of

agglomerates; (3) the particle diameters must have a narrow range of sizes;




(4) the morphology of the particles must be equiaxed, tending toward
spherical shapes; (5) the powders must have highly controlled purity with
respect to contaminants and multiple polymorphic phases. Either with or
without the ordered structures shown in Figure 1, a powder exhibiting these
ideal characteristics should be sinterable to theoretical density without
resorting to pressure or additives and should permit the final grain
structure to be highly controllable.

Because existing powder synthesis techniques cannot produce powders
with these requisite characteristics, we have undertaken to determine
whether laser heated processes could. We investigated a selective
comminution process in the first year,z Since then, we have concentrated on
a laser heated gas phase synthesis process, once it was demonstrated we
could achieve thengoiess conditions which result in uniform nucleation and

growth histories. ’ ’ This phase of the program has emphasized synthesis

Figure 1. Ordered packing of monodispersed 0.2 pm diameter SiO, spheres.
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of Si and SijN, powders. Preliminary synthesis experiments have been made
with SiC. The Si powders are used for the reaction bonding process in which
densification and conversion to Si3N, occur simulultaneously. We have had
two specific objectives.. Our initial and primary objective has been to
develop a process for producing ceramic powders with characteristics that
will permit a better understanding of the interactions between powder
characteristics, densification processes, and the properties of ceramic
bodies. Secondly, since very specific powder characteristics are required
to satisfy this objective, we have concentrated on developing an analytical
description of the synthesis process.

Several commercial processes are being used to.synthesize S$ijN, and
SiC powders. Typically they involve DC arcs, conventional vapor phase
reactions in heated tube furnaces and nitriding or carbiding of silicon
metal. The nitriding of silicon metal typically leaves a silicon core
within the silicon nitride particle. Furthermore, because the process is
done in the solid state, particles must be separated by grinding, which does
not result in a narrow size distributed, non-agglomerated, phase pure
powder. The vapor phase methods (furnace heated vapor and arc plasma
techniques) yield finer and more uniform powders than the nitriding of solid
silicon, but these techniques have less than ideal thermal profiles in their
reaction zones which cause a distribution of nucleation and growth times and
the formation of agglomerates. Despite these specific process deficiencies,
synthesis from dilute gas phase reactants is one of the most promising
routes for producing powders having these specific ideal characteristics.

The laser driven gas phase reaction process investigated in this
program offers many advantages. It is a clean process because no
potentially contaminating surfaces are heated. The reaction zome is
precisely defined, consisting of the volume enclosed by the reactant gas
stream and resulting particles and the laser beam. The ability to maintain
steep temperature gradients in the effective thermal environment, and thus a

well defined reaction zone, should allow precise control of the nucleation

rate, the growth rate and exposure times, permitting the nucleation and




growth of very fine uniformly sized particles. The available power levels,
the stability of the delivered power, cost, reliability and conversion
efficiency all suggest the use of a CO, laser source provided that gases are
identified which are optically absorbing at emitted wavelengths,

To develop an understanding of the interrelationships between powder
characteristics and the synthesis process, it is necessary to be able to
describe heating rates, nucleation and growth rates, and the distributions
of temperature and mass flow throughout the "reaction zone'". We have
studied the effsc% ﬁf several process variables on powder
characteristics * > . These include beam intensity, gas composition
(stoichiometry and dilution), gas pressure, and gas velocity. The effect of
these process parameters has been correlated with both powder
characteristics and process characteristics, e.g. emitted spectra,
temperature, and percent conversion.

Two fundamentally different types of reactions have been investigated.
Most of our work has been carried out under laser intensity and gas pressure
conditions where many collisions occur between the gas molecules during the
period that they are heated. These reactions probably proceed as normal
thermal reactions. In this case, the principal advantages of the laser heat
source are process control and possibly unique reaction paths because of
high heating rates and resonance effects between the coherent light and the
molecules. The second type of reaction is uniquely possible with laser
heating. In this case, molecules absorb sufficient energy to dissociate
before colliding with other molecules.

The uses of this synthesis technique as an experimental tool has
tremendous potential, and its eventual use as a production tool appears
increasingly probable. It is now apparent that it can be applied to
elements, oxides, carbides, and nitrides. With slightly different process
conditions, it can be used to deposit thin films rather than producing

powders.




II OBJECTIVES AND APPROACHES

The broad objective of this program has been to find laser means of
producing powders which exhibit the characteristics stated in the
Introduction and then to demonstrate that superior properties and/or
processing characteristics result from using them. Our specific objectives
have changed during the course of the program as varigu% important issues
were resolved favorably. During the first two years, ’ we conducted
research to determine the basic feasibility of the laser comminution and
laser heated gas phase synthesis processes. Resulting powders have been

4 we concentrated

fully characterized throughout the program. 1In year three,
on developing descriptions of both the laser heated process for synthesizing
the materials of interest, as well as the interaction between process
variables and powder characteristics. We also began processing the
resulting powders into shapes. In the final period, we concentrated on
processing the resulting powders, and began evaluating the properties of the
ceramic pieces to study the interaction between process variables and

properties.
A. Gas Phase Synthesis Process

The powder synthesis process employs an optical energy source to
transfer the energy required to initiate and sustain a chemical reaction in
the gas phase. In this process, the gas molecules are "self-heated"
throughout the gas volume, a process which is distinct from conventional
ones where heat is transmitted from a source to the gas molecules by a
combination of conduction, convection and radiative processes. The
advantages of this means of heating are freedom from contamination, absence
of surfaces that act as heterogeneous nucleation sites, and unusually
uniform and precise process control. These attributes permit the synthesis
of powders with characteristics that are ideal for making ceramic bodies.

A laser, rather than other possible optical heat sources, has been used

because of the narrow spectral width of emitted light and the brightness of
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this type of light source. The coherency of the light was not considered an
important feature for this process. Coupling between the source and the
absorbing molecule requires virtual coincidence between the emission and the
absorption lines. If this matching occurs, the optical-to-thermal
efficiency can be extremely high and the overall process efficiency is
essentially that of the laser. This efficiency is much higher than is
possible with broad band light sources because only small fractions of their
light are absorbed by the gases. With CO, lasers, as have been used in this
program, the overall process efficiency matches or exceeds that of other
conventional heat sources, e.g. various types of plasmas, torches or heated
tubes. In addition to the high efficiency, the use of laser energy sources
makes possible unique reaction paths which may produce powders with unusual
characteristics.

Two basic ranges of laser intensity and exposure time have been
investigated. Most of the synthesizing research has been carried out in
conditions typical of the normal or thermal domain. We have also
investigated the process under conditions anticipated to produce
multi-photon, unimolecular reactions.

The laser beam enters the reaction chamber, Figure 2, through a KCl
window and is arrested with a water cooled copper block. Power intensities
range from 270-1020 watts/cm? for the unfocused beam, and reach up to 10°
watts/cm? near the focal point of a 13 cm lens. The reactant gases (siH,
for Si, NH3-SiH, for Si3N,, and C,H,~SiH, for SiC) enter the cell orthogonal
to the laser beam through a 1.5 mm I.D. stainless steel nozzle 2-3 mm below
the laser beam. A coaxial argon stream is used to suppress the expansion of
the product stream with entrained particles, so these particles can be
collected in a microfiber filter. Argon gas is directed across the KCl
window to prevent powder collection there and possible breakage. The
reactant gases employed are electronic grade SiH,, NHj;, and C,H,.
Prepurified argon is used as the inert buffer gas. The Ar gas train
includes a Ti oxygen getter which typically achieves < 1 ppm 0,. Reaction
cell pressures, ranging from 0.08 to 1.0 atm, are maintained by a throttling

valve in series between the filter and the vacuum pump.
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Figure 2. Schematic of powder synthesis cell.

Many features of the laser heated process are visible to the eye and
can be recorded on conventional films. Figure 3 shows a photograph of the
SijN, reaction flame taken under typical process conditions in a cross flow
configuration. Figure 4 is a graphic, scaled representation of the
reaction. It locates the flame and the boundary of the particulate plume
with respect to the CO, laser beam.

The distribution of laser intensity observed in the CO, beam is shown
in Figure 4. It was recorded by burning into a PMMA block where the depth
of penetration is proportional to intensity. For comparison, the Gaussian
distribution of an ideal T“.' mode is also shown. The actual intensity is
sensitive to the alignment or "tuning" of the optical cavity and is found to
vary slightly with the power level and time for any specific aligmment.
Although a difference between ideal and actual intensity distributions is
evident, these results show that the total exposure to which a volume of gas
is subjected as it passes through the laser beam is reasonably represented
by the Gaussian function.

Two apparently anamalous features exhibited by the reaction flame are

explained by the process conditions. The deflection of the flame and plume
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to the left of the vertical axis is caused by the Ar flow from the laser
entrance window at the right side. The deflection angle is influenced by
the reactant gas and/or argon flow rates. The bottom contour of the flame
(one upper and two lower cusps) is determined by the parabolic velocity
profile in the premixed reactants, rather than mass transport effects which
cause similar shapes in diffusional flames.? The two lower cusps should be
at the same level; but the relative positions of the right and left lower
cusps is caused by dilution of the energy absorbing gas by Ar from the right
side.

It has been possible to determine the existence of a particulate
reaction product at any poiht by light scattering, using a He-Ne laser
source (A = 6328 A). In this manner we have been able to identify where a
reaction proceeded to any extent within SiH,, NH;+SiH, and C,H,+SiH, flames
as well as where and how the reaction products leave the reaction zone. As
the photograph in Figure 3 shows, the scattered light is readily visible
either above the flame or within the transparent upper region of the flame.
Within the luminous zone, it was necessary to make observations through a
narrow bandpass filter to suppress the background light.

Scattering from particulate reaction products was evident throughout
the flame. At the bottom side, scattering was first evident at a point
coincident with the lower boundary of the luminous zone. Above that point,
the optical densities of the flame and plume were measured to determine the
nucleation and growth kinetics. Particles travel upward in a cylindrical
plume as denoted by dotted lines in Figure 4. Within the accuracy of the
measurements, the plume diameter is equal to the maximum diameter of the
luminuous zone. We could not observe any distortion from a circular cross
section in the plume.

Measurements of CO, laser power transmitted through the reaction zone
support another assumption regarding the transparency of the reacted gases
and particulate product to the 10,6 pm light. Burn patterns have been made
to map the transmitted CO, laser intensity distribution both with and
without reactant gases in its path. These results indicated that the

reaction products were no more absorbing than the reactant gases. More




precise statements cannot be made because of the long optical pathlength in
the cell (2 = 22 cm) which tends to accumulate unreacted NHj3 during a run.
' With the long path length, the absorption caused by the ammonia became the
sane order of magnitude as that absorbed by the reactant stream. It was
evident, however, that there was neither a sharp boundary nor any systematic
difference across the beam corresponding to the reaction which occurs at
approximately the center of the beam (Figure 4).

The powders produced in the reaction zone are carried into the
collection filter by the product and agron gases. The process typically
produces 1 to 10 grams of powder per hour. Up to 10 grams can be collected
before the filter fills and it is no longer possible to maintain a constant
cell pressure. With recent equipment modifications, virtually all of the
powder is transported to the filter. Based on mass balance, the laser
induced reaction typically converts 85-100% of the reactants to products.
The collected powders are sealed in the microfiber filter under a positive

argon pressure. This filter assembly is then transferred into a glove box

through a vacuum antechamber. All post-production handling is performed in
a nitrogen environment maintained at less than 1.0 ppm each of O, and H,0.
In general the powders do not oxidize pyrophorically on exposure to air. 1In
a very few cases, Si powders have burned spontaneously.

The results of this research program demonstrate that the laser heated
synthesis process yields powders having virtually all of the desired
characteristics. The resulting particles are small (< 1500 A), uniform in
size, spherical, and pure. The particles appear to be attached to one
another in chain-like agglomerates, however, experiments have shown that the
Si powders can be dispersed. Unlike the Si powders, direct examination by
TEM usually shows no neck formation between SijN, and SiC particles. We

anticipate that they can be dispersed more easily than Si.

Much of our effort has focused on developing an analytical description
of the laser heated synthesis process. To develop a model, many fundamental
property measurements were required, such as detailed absorptivity

measurements for reactant gases as a function of pressure and emitted
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wavelength. Emissions from the reaction have been studied to identify
reaction species and to estimate the reaction temperature. Computer
analyses of the gas flow were used to predict gas stream dimensions and
velocities. Combined with direct observations of both the reaction
positions relative to the laser beam and the reaction temperatures, these
analyses and characterizations have been used to describe the time-
temperature history of the reactant gases throughout the course of the
reaction,

Most process variables were manipulated to determine their effect on
particle characteristics. The variables which have a direct effect on the
nucleation and growth kinetics include reaction temperature, heating rate,
partial pressure of reactants, total pressure and dilution by inert gases.
Most of these variables were manipulated to demonstrate their empirical
effect on Si and SigN, powder characteristics.

Besides producing powders with ideal characteristics, the laser heated
synthesis process is extremely efficient. Approximately 95% of SiH, is
converted to powder in a single pass through the laser beam. Also, Si,

Si N, and SiC powders can be produced from these reactants with as little as
2 kWhr of energy per kilogram of powder. It is likely that this process can
produce both a superior and lower cost powder than conventional gas phase or

solid phase synthesis processes.
B. Particle Size and Shape Modification

Controlled modification of particle size and shape by subjecting
powders to high intensity laser illumination was successfully demonstrated
in this phase of the first year's work?, Selective heating causes particle
size reduction by vaporization until decoupling occurs when the oversize
particles reach a specific dimension. This approach was based on the

diameter dependence of the absorption efficiency (Qabs) of electromagnetic

radiation which small particles exhibit,
The Mie theory6 shows that above a specific diameter, the particles

absorb heat with a high efficiency that is independent of diameter. Below a
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specific diameter, the absorption efficiency decreases with diameter so the
particles effectively decouple from the radiation. The absorption
efficiency calculated for Si3jN, particles is shown in Figure 5. This
characteristic permits selective interaction with oversize particles. Their
size can be reduced if they are heated long enough to cause considerable
vaporization. Oversized particles can be eliminated from the powder, thus
avoiding subsequent problems with discontinuous grain growth and strength
limiting flaws associated with the oversized grains. Once the particles
begin to decouple and cool down, the vaporization rate will effectively
stop.

Process models were developed2 which gave adequate agreement between
analytical and observed experimental results. They indicated that two

vaporization processes probably occur. At the highest intensities, Si3N,
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Figure 5. Mie absorption efficiency of Si3N, particles to 10.6 um light as
a function of particle size.
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particles vaporize as Si(g) and Ny(g). At lower intensities, they
apparently decompose by losing N,(g), leaving molten Si.

The intensity-time exposures required to cause particle size reduction
were substantially more severe than predicted in our original analysis,.
Achieving the process with a 150 watt laser was only marginally possible.
Most of the mapping of conditions which caused comminution was done with
supported particles in a pulsed laser mode. In this manner, longer and
higher intensity exposures were realized than could be achieved with CW, gas
entrained experiments.

These experiments demonstrated particle size reduction, leaving
equiaxed particles. They did not unequivocally demonstrate decoupling,
which will cause the predicted termination of the comminution process at a
specific particle size. Some of the results suggested that all of the
experiments were carried out in the domain where coupling efficiency was
dependent on particle size.

The pulsed experiments showed that the process should operate as a CW,
gas entrained process with approximately a 1.5 kW laser. These experiments ;
could not be completed because of the power limits imposed by then existing !
laser equipment. They were not reinitiated when the higher power laser
equipment was aquired because it was evident that it would be an inherently

energy intensive process.
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III POWDER SYNTHESIS FROM THE GAS PHASE

The character of this research program changed considerably from its
inception. Initially, the concepts of forming powders by laser induced
reactions had not been demonstrated. The program was viewed as having a
high risk of not functioning as anticipated and most of the experiments were
empirical. Since then it has been shown that the synthesis process works
extremely well and produces powders with most of the desired
characteristics. With this'evolution, the program has progressively focused
more on analysis and modeling to describe the nature of the process and to
determine how to achieve a wide range of particle characteristics.

Process characterization has concentrated on measuring the optical
absorptivities of reactant gases, analyses of emissions from the reactions
and both physical and optical characterization of the reaction zone. The
optical absorptivity permits the amount of laser energy absorbed by the gas
molecules to be estimated. It was first thought that the emissions would
permit reaction intermediates and reaction paths to be identified; but, it
was soon realized that although this information could not be obtained, the
optically derived flame temperatures were one of the most important process
variables. Gas flow was also modeled to permit heating rates and other
dependent variables to be estimated.

Resulting powders were characterized extensively. Parameters examined
included size, size distribution, shape, surface area, stoichiometry,
agglomeration, interparticle neck size, impurities and crystallinity.
Instrumentation employed included BET, TEM, SEM, X-ray diffractionm, IR
spectroscopy, emission spectroscopy and wet chemistry techniques.

This program has concentrated on Si and $ijN, powders. 1In this
program, experiments with SiC powders were limited to demonstration of
feasibility. A more extensive set of laser synthesis and powder
characterization egp%riments with SiC are being carried out in other

programs at M.I.T.
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A. Optical Absorptivities

The optical absorption coefficients (a) of the reactant gases determine
the fraction of the incident laser power absorbed by the gas. This
determines heating rates and the overall efficiency of the process, so that
ultimately, the accuracy with which the particle synthesis process can be
modeled depends on how precisely a« is known. The effective absorption
coefficient is a function of the overlap between the absorption spectrum of
the reactant gases and the emission spectrum of the laser. Since the
untuned high power CO, lasers emit almost totally at the P(20) line at
10.591 pm (944.195 em~!), it is « at this wavelength that is most
important.

The low pressure absorption spectra of gases such as silane and ammonia
are made up of many narrow absorption lines spaced at somewhat regular
intervals. Since it is highly unlikely that a single absorption line will
have exactly the same wavelength as an emission line of the laser, the
difference between the positions of the two lines and their respective line
widths will determine a. At low pressures (< 1 torr), Doppler broadening

determines the width of the absorption line. The Doppler width, AVD, can be

calculated from: ?

172
i (em D) (1)
AVD 7.16 x 10 N Ve cm

where T is the temperature, M the molecular weight, and v, the line center

in cm~1. The absorption coefficient at position v is equal to:?
172 2
2(v-v,)(2n2)
@, = a exp - yxn (2)

D

where a, is the coefficient at the line center. As the line broadens
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with increasing temperature, a, decreases such that the integrated

absorption, S, remains constant:

172
© AvD
s = dvdv - @ = constant (3)
in 2 2 *

The absorbtivity is very small if the absorption and emission lines are more

than a few Doppler widths apart. As an example, the SiH, absorption line
nearest the P(20) Co, linel® is at 944.213 cm‘l, thus the positional
difference is only 0.018 cm™l. The calculated Doppler widths of this
absorption line are 2.1 x 10-3 cm~! at 300K and 4.6 x 10~3 cm~! at 1500K,

with the resulting values of a, being about 10-%! a, and 1018 q,,

respectively. From these values, it is obvious that for silane at low
pressures, any absorption will be an artifact due to rare isotopes of
silicon in the silane or forbidden energy transitions.

At system pressures above a few torr, collisions between the gas
molecules cause the absorption line widths to broaden. For many gases, this

broadening, AvL, has been found empirically to be proportional to the system

pressure: ?

Av, = kP (4)

In the presence of pressure broadening, and when AVL > AvD, the

absorptivity can be approximated by:9

172
O nxtlaz 2:1) l (5)
° L 2(v - v )\?
1 + _—___O__

AvL

The first term in brackets is the absorption at the peak; it is inversely

proportional to pressure. When (v - Vo) = AVL/Z, the absorptivity at
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position Vv has its maximum value:

172
« Y " (6)
max 4 \nin2 (v - vgf
In the case of silane and for 10.6um, amax. 0.01 ao at 300K according to

Equation 6.

The intense laser radiation can change the absorptivity of the gas.

At room temperature virtually all of the gas molecules are in the ground
vibrational level, and they are distributed among approximately twenty
rotational levels according to a Boltzmann distribution. As the gas is
heated, some rotational levels experience an increase in population, and
others experience a loss. Since only one rotational level of the ground
vibrational level absorbs the laser radiation, changes in the gas
temperatures will change the number of molecules that are capable of
absorbing the monochromatic light. Although the exact rotational quantum
number of the absorbing level in silane is not known, it is apparently
higher than the room temperature average. An increase in temperature will
therefore increase the silane absorptivity.

Whenever an infrared photon is absorbed, a molecule makes a tramsition
to an excited vibrational level. Collisions soon return this molecule to
the ground state, but in the mean time it is unable to absorb amother photon
unless a transition between the first and second excited vibrational levels
is also resonant with the 10.6 pm radiation. Since the spacing between
excited vibrational levels in silane is unknown, it is impossible to predict
whether a large degree of vibrational excitation will increase or decrease
the absorptivity of silane. This will have to be experimentally determined.

The optical absorptivities of SiH, and NH; gases were measured? for
33 lines emitted from a CO, laser with wavelengths ranging from 10°137 to
10812 uym. These results, Table 1, indicate that the highest overall
absorbtivity is by SiH, for the P(20) line. For this line, NHj has a
moderately high absorptivity. There are other lines where both gases have

essentially equal and acceptably high absorptivities (P(34) and P(38) lines)

18




s3ITnsexX JO gﬁ.ﬁutuﬂ uy L3urw3zraoun jo0uap {) Tie0 WO £L°T 3303 T ﬂ €S D
1190 wo £°T 1103 T ¥ 57 ‘& TT82 WO (7 2203 T + OET ‘€
T80 W £°T 2203 T + 1T i@ 1790 WO O I203 Z + 9€T iV 1SUOTITPUOD
VoY ZT5 01 (DX
2 50°1 azo°1 88L° 01 (eera
5> 18t T 81 s9L°0T (98)a
5 10°S L -4 Lot (vera oL00° €€ 01 (@) ¥
d6LE a 9°€r 61L°0T (ze)a o e 6TE 0T (on)¥
3 9v°9 ¥ 18° 969°0T (og)a o ez S-S €4 vog -0t (zn¥
a ve's v os°
S (v-62) ¥ s€° sL9°01 (82)a 26 a L 68201 (vr)u
2zvL ¥y €59°0T (9n)a 29T ¥ vz sLz 01 (om)u
a Lot o t8° € sz 09Z°01 (8T)¥
D (5 ¥€) ¥ otr° z€9°01 (vz)a € zz
a .18 2191 ¥ 1 Lvz- ot (0z)¥
D (6°82) ¥EeT T19°0T (ze)d D9 ¥ 1L0° €€2°01 (zz)¥
a ezt 2 1€ ¥ 950° 0zz 01 (vz)y
d {(0°ep) ¥ o€ 165°01 (02)a 2oL ¥ 650° L0z°01 (92)4
5> e-Tt v 81" TL5°0T (s)a 28972 ¥ Ls0° S61°01 (82)u
d 96" v 155°01 (1) d 296" ¥ Lyo0° z8T-0T (oe)¥
o p6°T v €8 2£6°01 (yDa 261" ¥5900* TLT°0T (ze)u
D 56°€ ¥ §9° £15°01 kna o (Treus) v2200° 65101 (ve)u
2 os° ¥ or° v6v 0T (o) a o2 peanswea 30u erI-o1 (9£)u
dore v se° 9Ly 01 (8) « 289°1 ¥ ¥po° LeT-ot (8€)¥
(urt) Yurs an (urt)
q3bueT SUFq . : Ehuet Uy
dARM Tex3dads Aﬂlﬁﬁlﬂddu 8JIUBTOTFINOD gdﬂNO.ﬂﬂ dARN Hlkﬁm

*12887 20p 9Yy3 jo pueg
(0,01-1,00) @i 9°QT 3yl 103 ,_(WO-wie) sIUTIT3320D uoyidiosqy

1 TT8VL

19




and others where NH; has the highest absorptivity (R(12) and R(18) lines).
It was concluded we should proceed using the P(20) line because of the high
SiH, absorptivity and untuned CO, lasers emit %n3this line.

More precise absorptivities were measured ’ for SiH, and NH; gases as
a function of gas pressure and laser intensity. These results are given in

Figures 6 and 7. These data show that a is strongly dependent on

SiH,,
pressure and laser intensity, perhaps as a temperature effect. The aN“3 is
nearly independent of pressure and intensity.

The strong dependence on pressure is expected based on Equation 5
for @, A curve for , calculated from Equation 5 using the experimental

peak of a = 60 (atmecm)~! at 85 torr is also included in Figure 6.

SiH,
Agreement between the experimental and calculated absorptivities is good up
to the peak, but the experimental absorptivity falls off more rapidly than
expected. This may be due to a small amount of non-P(20) emission from the
laser that is not absorbed by the silane. If so, a repeat of the low
intensity measurement with a still shorter cell will reveal the true high

pressure absorption.
B. Emissions from the Reaction Zone
1. General Characteristics

The relatively bright stable visible emission from the reaction flame
suggested that this nonintrusive analyses could be used to characterize the
laser induced reactions as has been done with other types of more
conventional flames.® In principle, the emitted spectra should provide a
spacial description of chemical species and temperature in the reaction
zone.

Synthesis of Si by pyrolysis of SiH, and synthesis of Si3N, from

11-17

various reactants have been studied by many scientists, yet no

definitive model for these reactions has emerged for conventional process
conditions. Most aut??rﬁ3suggest that the pyrolysis reaction occurs by a

’

step-by-step reaction involving a Si,Hg radical. High molecular
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Figure 6. The absorption coefficient of SiH, as a function of pressure for
the P(20) CO, laser line.

N W p
T
1

° 73 mdJd, Imsec
o 23 mJd, Ol msec ]

O O OO

a(cm™tatm™)

| ] | 1 | | 1 | ] i
O 010203040506070809 10
Pressure (atm)
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weight hydrides ultimately condense to pure silicon, simultaneously giving
off Hy. It is also suggested15 that Si N, is formed by Si and N bearing
polymers condensing to form the nitride.

There are several reasons to believe that the descriptions in the
existing literature do not apply directly to this reaction. The most
obvious reason is the lack of an accepted description of even, slow, highly
controlled reactions. 1In hydrocarbon flames, it has been found that
reaction schemes deduced from measurements on slow reaction (combustion)
proceses cannot be applied to propagating flames with any sense of
certainty.5 The slow reactions are usually dominated by catalytic and other
surface effects. Also, the reaction temperature in the flame is usually
much higher than those measured in slow or spontaneous ignition
experiments.5 The laser heat source itself might also be suspected of
affecting the reaction by various resonance effects in the molecules. For
these reasons, the prior work on the chemistry of the reaction is useful
background, but it is not directly applicable to the laser heated synthesis
process. The temperature distribution is obviously unique to this process.

Two sources of emissions can be expected. Banded or line emissions can
be expected from reaction intermediates and reaction products. Of the
possibilities, SiHZ,18 Sil-ll,19 NH,, ’ and Hz,lg have transitions which
emit in the visible and ultra violet. The optical characteristics of the
intermediate SiHj3 have not been studied because it is apparently too
reactive. Continuous thermal emission can also be expected from hot Si and
SiyN, particles, whose wavelength dependence is determined by the high
temperature real and imaginary indices of the particles, as well as size
effects. The determination of local chemistry and temperature requires the
identification, characterization and modeling of each source of emitted
light.

Three spectrometers have been employed to characterize the emission
from the reaction flame for wavelengths between 4000 and 8500 A. Moderately
high resolution (5 A) spectra were measured with a 1/4 m Jarrell-Ash
monochrometer coupled to an RCA C5 3050 photomultiplier. This apparatus was

calibrated against a tungsten lamp to permit absolute intensities to be
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measured over the wavelength range. Higher resolution measurements (0.5 A)
were made with a 1 m SPFX double monochrometer. Both instruments employed a
PAR lock-in amplifier which yields a dynamic range of 10*. Lower resolution
(30 R) measurements were also made with an optical multichannel analyzer
(OMA) instrument which analyzes the entire spectrum simultaneously. The
time-varient intensities of the flame make it extremely tedious to
characterize the spectra using either of the monochrometer instruments with
a confidence level which is superior to that of the lower resolution
multichannel analyzer. The high resolution instrument was used to determine
whether the broad spectrographic features consisted of a "forest" of lines
that were spaced closer than resolution limits of other instruments.

Figure 8 illustrates spectra emitted from CO, laser heated SiH,, NHgj,
and NH3/SiH, gases under typical process conditions. These specific results
obtained wth 1/4 m Jarrell-Ash monochrometer at the denoted wavelengths.
Equivalent results were also obtained with the multichannel analyzer
instrument. At pressure levels of approximately 0.2 atmospheres or greater,
the emitted spectra exhibited no spectral features. Overall, the intensity
of the NH; + SiH, flame is approximately 1000 times higher than the NH;
flame and 20-50 times higher than the SiH, flame. The NH; flame is
fundamentally different from the other two since the latter produce hot
particulate reaction products which contribute to the emission. Products
from the NH3 result only from gaseous reactant, intermediate and product
species.

At low pressure, (P € 0.07 atm) band emissions were evident in SiH, and
NH; + SiH, flames with the multichannel instrument for wavelengths between
0.4 and 0.5 pm. Typical flame emissions are shown in Figures 9 and 10.
These peaks disappear completely into the continuous thermal emission by a
pressure level of 80 torr (0.1 atm). Broad bands are also evident in the
NH, flame at these low pressures. They persist to the higher pressures with
progressive broadening and diminishing height relative to the background, to
the point where the emission appears effectively continuous.

The weak peaks observed with the SiH, and NH; + SiH, flames have not
been identified with any certainty. The high resolution spectrometer has

shown that, within a resolution of 0.5 A, these peaks do not consist of a
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Figure 8. Emission spectra from reaction flame measured with a Jarrell-Ash
monochrometer. Cell pressure was 0.2 atm and gas flow rates of '
SiH, and NH3 were 11 cm3/min and 110 cm3/min respectively. :
Millivolt output from PMT amplifier was corrected for sensitivity
of PMT at a particular wavelength. Thus values are proportional
to intensity.

multitude of closely spaced lines. The band structure observed with the NHj
flame is probably the ammonia @ bands reported for NH3-0O, and CH,-NO,

flames.21

No NH emission was detected although the multichannel analyzer is
less sensitive in this region (A = 3360 A) and a strong thermally emitted
background may have obscured it,

These results indicated that it will be very difficult to extract
information about the chemical species in the flame under normal synthesis
conditions because of the dominance of the emissions by the hot particles.

Pressure and temperature broadening effects also contribute to the masking

of this information. Lower pressure reactions must be studied to identify
species which are present under those conditions and their existence

verified at the higher pressures by appropriate modeling and analyses.
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2. Temperature Measurements

a. Analytical and Measurement Techniques

Spectroscopic studies intended to determine the particle temperatures
within the reaction flame are important both for modeling the reaction
process and for providing a means of improving process control.

The relationship between the intensity of emitted radiation at a given

wavelength and the temperature of the radiating body is described by Wein's
22

approximation of Planck's law:

Cye, exp(~C,/AT)

I = 5 dade (7)

A

where €\ is the emissivity at wavelength A, C, and C, are known radiation

constants, and d\A and dQ are the wavelength and solid angle intervals of the
detector. By combining the constants C;, dA\, and dQ into a new constant C'

and rearranging, one obtains:

5 -C,

(I, A ) = + e, + fnC' . (8)

AT A

A

If €, is independent of A, then a plot of Rn(kas) versus 1/A will yield a

straight line with a slope of -C,/T, thus permitting the temperature to be

calculated. If €y is dependent on A, the functional relationship between

these parameters must be determined before the absolute temperature can be
calculated.

The emissivity of a flame containing small hot particles can be
which is

separated into two parts: the electronic emissivity, re’

dependent on the chemical composition of the particles, and the aerosol

emissivity, £ra’ which is dependent on the size and the density of the
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particles in the £lame. Kirchhoff's law states that at radiative
equilibrium, the emissivity of a body is equal to its absorptivity. The
absorptivity, and thus the emissivity, of silicon increases very strongly
from the red to the blue end of the spectrum.?3 The intensity of the flame
will therefore be higher in blue than in red compared with that expected for
an opaque black body at the same temperature. Thus, the color temperature
of the flame, which depends on the distribution of intensity with wavelength
rather than the absolute intensity at each wavelength, will be higher than
its true temperature. A similar effect also results because the radiating
particles are smaller than the wavelength of the light they are emitting.
The absorption efficiency of a small particle can be derived from Mie
scattering theory.6 For small particles of a uniformly absorbing (black)

material, the emissivity is proportional to 1/A; that is, € a is greater at

the blue end than at the red end of the spectrum,

It should be expected, therefore, that the relative emissivity of the
SiH, flame will fall somewhere between following a L/A dependence and
following the room temperature silicon particle absorption spectrum.
Calculating the temperature from the spectral emittance of the flame with
the first dependence results in the maximum calculated temperature and the
second results in the minimum calculated temperature. Whatever the
dependence of re with A, it should remain constant as long as silicon is

the dominant emitter. Since stoichiometric silicon nitride is transparent

in the visible region of the spectrum, the silane-ammonia flame emittance
probably will be due largely to the excess silicon in the particles. The
temperature measurements for both silane flames and silane-ammonia flames
therefore have been evaluated using the silicon emissivity corrections. The

magnitude of the aerosol emissivity, g’ will depend on the size of the

particles and on their density in the flame as well as the wavelength. It
will therefore depend on those reaction conditions that affect particle size
and density such as mass flow rate and total pressure.

Measurements of the silicon particle absorption coefficient were made
at room temperature using a well dispersed suspension of silicon powder in

n-propanol. 1In these measurements, the particles were well separated and
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expected to interact with light through Rayleigh scattering. It was assumed
that light scattering is small compared to absorption and that absoprtion
was not strongly affected by the n-propanol medium (although the absorption
of n-propanol per se was subtracted out, Rayleigh scattering also considers
the relative index of refraction and extinction coefficient between the
particles and the media). The results of this measurement were used to
calculate the electronic emissivity.

Temperature measurements of the reaction flame involve two related but
distinct techniques. The first measures the emittance of the radiation from
the flame at a single wavelength. The second measures the relative
emittances of the flame at several wavelengths. The first technique
requires a calibrated detector, and the detector constants, dA and dQ. An
optical pyrometer avoids these specific problems by superimposing the image
of the body on a heated filament. The temperature of the body is determined

when it and the filament have equal intensities as observed by eye. €, must

be determined to permit calculation of the true temperature. Without this
emissivity correction, the temperature measured with the pyrometer
underestimates the true flame temperature by as much as several hundred

degrees. This is because this technique assumes &\ is equal to 1 at the

wavelength used, when, in fact, it is always substantially less than 1 due
to the combined effects of electronic and aerosol emissivities.

The second technique involves measuring the relative emittance of the
flame at several wavelengths. Only the relative emissivities and a detector
calibrated with respect to wavelength are needed since the ratios of the
emittances at different wavelengths are measured. We have made this second
type of temperatgr% measurement using three types of instrumentation.

’ of silane and silane-ammonia flames were recorded with a

The spectra
monochromator-photomultiplier (PMT) combination. While each individual
measurement can be made arbitrarily accurate, the flame intensity varies
substantially in the thirty minute period required to measure the spectra.
This method is too slow for routine temperature monitoring. An optical
multichannel analyzer (OMA) provides a much more rapid means of collecting

the flame spectrum. The OMA II disperses the flame gpectrum onto a vidicon,
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where the entire spectrum is recorded simultaneously, so any flame
fluctuations affect all wavelengths equally., However, the red edge of the
spectrum is limited by the vidicon semsitivity to around 0.650 um, and the
complete system is too expensive to be used as a dedicated temperature
monitor.

The combined limitations of the PMT-monochromator system and of the
optical multichannel analyzer led to the development of a PMT-interference
filter detector system that allows routine monitoring of the reaction flame
temperature. The photomultiplier is an RCA C31034 QUANTACON which is
sensitive to 0.850 um. A rotating wheel holding interference filters which
transmit at 0.449 pm, 0.548 pm, 0.658 pm and 0.801 um is mounted on the
front of the PMT tube housing. This permits rapid monitoring of the flame
at these four wavelengths by observation of the PMT signal on a digital
voltmeter or a chart recorder. Typical data from three silane—ammonia
flames are presented in Figure 11. As with the other measurement techniques
and materials, near linear plots result when graphed in according to

Equation 8.
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Figure 11. Emission spectra (plotted as ln(Ikks) vs. 1/A) of reaction flame

measured with a photomultiplier-interference filter detector.
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b. Results

An extensive study was conducted to determine the effect of reaction
conditions on flame temperature. This set of experiments compared the

accuracy of temperatures calculated by various means and correlated the

effect of temperature with particle characteristics. The following E

parameters were systematically varied: pressure, gas flow rates, laser

intensity, and argon dilution of the reactant gas stream. For all runs, the

temperature was measured with both optical pyrometry and the PMT-

interference filter technique. The majority of these experiments were
carried out with SiH, flames and a few with NH;-SiH, flames.

Figure 12 shows the effect of reactant gas flow rate on temperature for '
Si synthesis runs made with a 150 W unfocused CO, laser beam at a total
pressure of 0.2 atm. The pyrometry temperature is uncorrected for ,
emissivity effects thus indicating a lower than actual temperature. The |
PMT-filter temperature, calculated assuming a Si emissivity dependence
measured at room temperature, is lower than the pyrometer temperature except
at the lowest flow rates. This result demonstrates that this emissivity
dependence is not valid for elevated temperatures. The cross—over between
the pyrometer temperature and PMT-interference filter temperature (assuming

€ ) is probably due to a decrease in aerosol emissivity at low flow

= si,RT
rates, since the pyrometer temperature is dependent on particle size and
concentration. The large amount of variation resulted in the measured
temperature for a flame at a flow rate of 13 cm3/min because of the inherent
flame instability with those run conditions. The maximum PMT-interference
filter temperatures, assuming a 1/A emissivity dependence, for runs
performed with flow rates of 38 cm3/min and 60 cm3/min are greater than
1410°C, the melting point of Si. If this is a true temperature and the
particles were actually at this temperature long enough to melt or they
originally formed as liquid droplets, the internal structure of these
particles should be different from those formed at temperatures below the

melting point. Although the three temperature estimates differ
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quantitatively, they all exhibit the same qualitative features. All three
exhibit a maximum temperature at the same SiH, rate.

Figure 13 shows the results of temperature measurements for silicon
powder produced at 0.6 atm. The temperature again goes through a maximum as
the flow rate was increased, although the variation in temperature with flow
rate is not as large as observed for runs made at 0.2 atm. The pyrometer
temperature was nearly equivalent to the temperature calculated from the
PMT-interference filter data assuming an emissivity dependence of 1/A. The
convergence results because the aerosol emissivity increases as the silicon
density within the flame increases.

When the flame emissivity throughout the visible region becomes close
to one, the techniques give equal and equally accurate results. Under
conditions where the emissivity is small, large corrections to the pyrometer
measurements are required. However, since it is also impossible under these

conditions to choose between a 1l/X or a « dependence for €, the PMT-

_ Si,RT
interference filter method is also imprecise. Some direct measurement of
the flame emissivity will therefore be required before precise temperature
measurements can be reported.

Figure 14 shows the effect of laser intensity on the reaction
temperature. All runs were performed at a pressure of 0.35 atm, a silane
flow rate of 66 cm3/min and without dilution of the reactant gas stream. As
expected, an increase in intensity resulted in a higher reaction
temperature. Run 645S with a focused laser beam is also included on this
curve. It was performed with identical reaction conditions as the other
rung except a 170 W beam was focused to a spot size of approximately 2 mm.
This should result in a laser power intensity that is almost an order of
magnitude greater than that for an unfocused 170 W laser beam. The reaction
temperature increased slightly with the focused beam but not to the extent
expected by a tenfold increase in laser intensity, suggesting an upper
temperature limit exists for the pyrolysis reaction. These results also
show the temperature indicated for the focused beam run to be greater than

the melting point of Si.
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Figure 12. The effect of SiH, flow rate on the silicon synthesis reaction
temperature. O is calculated temperature from PMT-interference
filter technique assuming € = 1/A. D is uncorrected pyrometric
temperature. A is calculated temperature from PMT-interference
filter technique assuming € = eRT,Si (reaction cell pressure of

0.20 atm.)
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Figure 13. The effect of SiH, flow rate on the silicon synthesis reaction
temperature. 0 is calculated temperature from PMT-interference
filter technique assuming € = 1/A. 0O is uncorrected pyrometric
temperature. A is calculated temperature from PMT-interference
filter technique assuming € = eRT,Si (reaction cell pressure of

0.60 atm.)
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Figure 15 shows the effect of diluting the reactant gas stream with Ar
on the reaction zone temperature. The addition of a low heat capacity gas,
such as Ar, makes it easier to raise the silane gas to a temperature level
sufficient to produce pyrolysis but, Ar is transparent to the CO, laser
radiation and therefore acts as an optical dilutant, lowering the overall
absorptivity of the reactant gas mixture. Thus, the overall reaction
temperature will be determined by the net effect of these two competing
processes. Figure 15 shows that the reaction temperature remained
essentially constant up to a dilution of about 35 mole % Ar, and then
decreased slightly with further dilution of the reactant gas stream. The

uncorrected pyrometer temperature and the temperature calculated from the

PMT-interference filter technique assuming € = intersected as the gas

€si,RT
stream was increasingly diluted. This was expected since diluting the
reactant gas stream produces a lower aerosol emissivity.

Similar temperature measurements were made of SiH,~-NH3 flames. As with
the SiH, flames the temperature indicated by optical pyrometer was lower
than that calculated from specteral intensity measurements using €, = 1/A
dependence; e.g., 1230°C versus 1895°C. Temperatures caluclated using

were slightly higher than measured by pyrometer; e.g., 1239°C

A Si,RT

versus 1230°C.

Of the three techniques employed, we couclude that the calculated

1 el

temperatures based on four color specteral intensity measurements and the

€, = 1/\ approximation are the ounly ones which are accurate with respect to

their relative levels. Sufficient information has not yet been derived to
give a measure of their absolute accuracy but they are probably somewhat
high for Si. As will be discussed in following sections, no unusual

crystallographic or microstructural differences were evident between Si

powders synthesized with temperatures above or below the melting point.
C. Effect of Process Variables on Powder Characteristics
One of the ultimate objectives of this program is to develop an ]

understanding of the relationships, based on equilibrium thermodynamics and

kinetics, bétween the laser heated gas phase reaction and the resulting
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Figure 14. The effect of laser intensity on the silicon synthesis reaction
temperature., 0 is calculated temperature from PMT-interference
filter technique assuming € = 1/A. O is uncorrected pyrometric
temperature. A is calculated temperature from PMT-interference
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Figure 15. The effect of reactant gas dilution on the silicon synthesis
temperature. 0 is calculated temperature from PMT-interference
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powder characteristics. The effects that process variables such as laser
intensity, cell pressure, gas velocity and gas mixture, have on the reaction
and resulting powder characteristics were studied for Si and Si3N, powder
synthesis. The process characteristics are summarized in Appendix I and the
resulting powder characteristics are summarized in Appendix II. It is
anticipated that the results of these studies along with an improved
understanding of the reaction temperature and reactant gas absorptivities
and velocities ultimately will permit a quantitative descri