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A study has been conducted on silicon nitride deposits formed by dissociation of liquid-phase molecular 
precursors that were introduced directly into a laser-substrate interaction zone. An important feature 
of these new precursors, e.g., a silazane monomer (mol wt 220-320), is a high conversion yield from liquid 
to solid. Another feature is the strong absorption of 10.6-pm wavelength radiation. With use of newly 
designed precursors, several compounds including silicon nitride, have been formed on solid substrates 
and supporting grids by C02 laser pyrolysis. Film thicknesses range from 500 8, to many microns, with 
growth rates as high as several microns per second. To accomplish this, a nitrogen jet is used to continuously 
spread the liquid precursors as a thin layer in the beam-substrate (or grid) interaction zone. In this process 
the precursor's viscosity and evaporation rate are critical factors. These, together with the nature of the 
molecule-photon interaction and associated chemical reactions, are all factors in developing new molecular 
precursors. 

Introduction 
A wide range of surface coating materials can be de- 

posited by chemical vapor deposition (CVD). These de- 
posits have found industrial applications for semiconductor 
devices, wear resistance, corrosion protection, and optical 
fibers. In a conventional CVD reaction the substrates are 
placed in a furnace, and reactive gases are passed over 
them. The high temperature breaks the molecular bonds, 
and the resulting products recombine to form the desired 
coatings on the substrate. Though effective and reliable, 
CVD processing is slow, is wasteful of expensive and 
hazardous reactants, and is limited to materials that can 
withstand the high temperatures involved. 

The scope of the CVD method is extended by using laser 
radiation since it is possible to exploit a diversity of py- 
rolytic and photolytic In these reactions the 
laser radiation may excite (i) the gas-phase molecules, (ii) 
the adsorbed chemical species on the surface, or (iii) the 
substrate atoms. Compared with other radiant energy 
sources the laser has the advantages of facilitating localized 
reactions and of selective coupling with specific materials. 
Furthermore, the high-energy density promotes rapid 
synthesis of deposit material with minimal contamination. 

An appropriate precursor for laser CVD must possess 
the following features: (i) strong absorption of 10.6-pm 
wavelength radiation; (ii) high liquid-to-solid conversion 
yield; (iii) low toxicity. When a liquid molecular precursor 
is introduced directly into the laser-material interaction 
zone (Figure l), the desired properties include a low vol- 
atility and a moderate viscosity. I t  should be noted that 
while molecular carbon-containing precursors have at- 
tractive features, they also have a tendency to introduce 
carbon into the While a previous study suggests 
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that the deposition is the result of the direct laser decom- 
position of the liquid into a solid, an additional mechanism 
has now been ~ b s e r v e d . ~  

As shown in Figure 1, rapid heating of the liquid pre- 
cursor chemical creates aerosol droplets through solvent 
boiling and evaporation. These droplets continue to react 
with the beam to form a range of deposits when they return 
to the ~ u r f a c e . ~  The largest will remain liquid and leave 
a dry precipitate when the solvent is fully vaporized. The 
evaporation cools the substrate and roughens the deposit. 
Slightly smaller drops will form dry solids that create 
clusters and fall on the surface. Further heating of these 
clusters may cause them to vaporize. Finally, as shown 
in the right-hand side of Figure 1, even smaller liquid 
droplets are converted into solid particles that are suffi- 
ciently small to be completely vaporized. Subsequent 
condensation from this vapor produces CVD type surface 
deposits. 

Experimental Section 
Precursor Synthesis and Properties. The precursors pre- 

pared for laser-induced conversion to silicon nitride are based on 
previously synthesized compounds.8 Experimentally they were 
synthesized by the ammonolysis of methyl dichlorosilane, CH3- 
SiHC12, in a process involving cannulation of diethyl ether and 
methyl dichlorosilane into a flask cooled to 0 O C  in an ice bath. 
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An excess of anhydrous ammonia was bubbled into the flask with 
vigorous stirring until the solution was strongly basic. The reaction 
mixture was stirred for another 2 h and then filtered under argon. 
The solvent was removed via trap-to-trap distillation under 
vacuum, leaving an oily residue. The ammonolysis product 
consists mainly of cyclics (CH,SiHNH), with x = 3 and 4 (Figure 
21, the major component being the x = 4 cyclic. The molecular 
weight is about 290 g/mol. In addition to the silazane monomer, 
a polymerized liquid with a molecular weight of about lo00 was 
also synthesized. 

Optical measurements were obtained to determine the energy 
coupling characteristics of the monomer with C02 laser radiation. 
Fourier transform infrared spectroscopy revealed a strong ab- 
sorption peak in the 10.6-pm wavelength region. From absorption 
measurements on samples of varying solvent dilution, Beer's law 
was shown to be obeyed, i.e., I = Io exp(-ax). The term CY is the 
absorption coefficient, and X is the liquid depth. Experimentally, 
the value of CY at a wavenumber of 941 cm-' (or 10.6 pm) was 45.196 
cm". This shows that 95% of the radiation is absorbed within 
a depth of 11 pm. 

Processing Procedure. In the experimental arrangement used 
to synthesize silicon nitride deposits (Figure 31, a Control Laser 
Model IL-1500 laser irradiated the substrate with 10.6-pm 
wavelength photons for a preselected time (typically 2-10 s). All 
experiments were conducted using a beam power of 700 W. With 
the beam focused to a 5.5-mm spot diameter, the incident power 
density was 3000 W cm-2. The arrangement in Figure 3 was used 
to form (i) thin-film deposits on an electron microscope grid and 
(ii) thicker deposits on silica and metallic substrates. Prior to 
each experiment a 0.05-mL volume of precursor liquid was placed 
on the substrate by using a syringe. In some experiments this 
liquid was spread over the substrate by a jet of pure nitrogen to 
produce a thin layer. The liquid was delivered through a 6.5- 
mm-diameter tube, with a flow-rate in the range 1000-3000 sccm. 

In the initial experiments both the monomer and polymer 
precursors with molecular weights of 300 and 1000, respectively, 
were used. As a result of the different beam energy coupling with 
the various substrate materials, the beam duration (interaction 
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Figure 3. Schematic diagram of arrangement used for laser 
synthesis of deposited layers. 
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Figure 4. Structureless-type deposit, with a high density of silicon 
nitride particles that have settled on the surface. 

time) was varied to obtain optimal results. Specific values used 
to produce well-formed silicon nitride deposits on silica, nickel, 
and titanium were 2, 10, and 6 s, respectively. Preparation of 
grid-supported samples for transmission electron microscopy 
involved the use of a helium-neon sighting laser. The low-power 
laser was passed through the grid, and the diffraction pattern 
noted. The deposition process was begun by injecting the liquid 
on the grid and applying the high power laser. When the dif- 
fraction pattern was partially restored, the process was halted. 
This procedure provided the ability to reliably produce thin films 
for TEM studies. 

Processing and Structural Features. Substrate-supported 
silicon nitride films were produced (i) with and (ii) without the 
nitrogen gas jet. When the jet was employed, the gas stream 
spread the droplet of precursor liquid over the substrate surface 
to produce a thin layer. During laser irradiation, a fairly intense 
white plume formed, and the liquid underwent conversion into 
a solid layer, of 4-13 pm thickness. X-ray and channeling SEM 
patterns revealed that this layer was entirely amorphous. The 
scanning electron microscope also showed that the layer was 
completely featureless apart from residual powder particles that 
settled on the surface (see Figures 4 and 5). The fine particles 
are presumably formed by condensation from the laser plume. 
When processing did not involve the nitrogen jet, the formation 
of a yellow plume was preceded by the evolution of white smoke. 
The interaction with the precursor droplet produced a white 
powdery deposit. Further irradiation far 10 s resulted in the 
conversion of this deposit into a strongly adherent surface coating. 



234 Chem. Mater., Vol. 2, No. 3, 1990 Magee et al. 

Figure 5. Structureless-type deposit, with a low density of settled 
silicon nitride particles. 

Figure 6. Surface layer of amorphous silicon nitride formed by 
laser sintering of deposited particles. 
Careful examination of Figure 6 clearly rev& the formation of 
a botryoidal structure by the sintering of small particles. Thus 
in this case, a high density of particles is formed by rapid con- 
densation of species emerging from the laser plume.*'* As 
revealed by profilometry measurements, the deposits formed by 
the sintering of these particles had thicknesses ranging from 4 
to 20 pm. Analysis of the structures shown in Figure 6, reveals 
them to be amorphous. The bonding structure in these deposits 
was characterized by Fourier transform infrared spectroscopy.*3-22 
For the sintered particle structure (Figure 61, the FTIR studies 
revealed a spectrum containing several peaks present in the 
precursor liquid. This suggests that the deposited layer is es- 
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Figure 7. Silicon nitride particles entrapped within a structureless 
type thin film. 
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Figure 8. Cracks in structureless-type deposit formed an cooling 
during postthermal treatment. 

sentially a three-dimensional polymer, chemically similar to the 
original precursor. 

Initial attempts to deposit the films directly onto TEM 3-mm 
grids were unsuccessful. The intensity of the beam was dispro- 
portionately absorbed by the thin grating, resulting in severe 
damage. By using shorter interaction times and by sandwiching 
several grids in a stack, it was possible to recover films deposited 
on the lower grids. Examination of the films at high magnification 
(X140000) revealed an essentidy featureless structure. However, 
they did contain entrapped particles that have formed into 
chainli ke structures (Figure 7). Presumably these particles 
condense from the laser plume and as such are similar to those 
forming the botryoidal structure in Figure 6. It may thus be 
inferred that they are amorphous silicon nitride. 

Postthermal Treatment. Postthermal treatment studies of 
the deposited layers a t  temperatures up to 725 "C showed that 
the sintered silicon nitride deposits did not undergo detectable 
change. Furthermore they did not exhibit cracking on delami- 
nation. In contrast, the featureless structure deposits delaminated 
upon cooling and displayed significant surface cracking. An 
example of deep cracks formed in a deposit, after such treatment, 
is seen in the scanning electron micrograph in Figure 8. An 
incident feature in this figure is the high density of fine particles 
that settled on the surface in the synthesis process. 

Discussion and Analysis 
Clearly, this preliminary study shows that strong, highly 

adherent surface deposits are rapidly formed by a process 
involving (i) generation of an aerosol from a laser-pyrolyzed 
precursor liquid; (ii) aerosol droplet (or condensed particle) 



Chem. Mater. 1990,2,235-241 235 

a t  time t, no is the initial number available, and D is the 
diffusion coefficient given by 

transport to the substrate; (iii) particle-particle and par- 
ticle-substrate sintering. 

In considering some of the basic mechanisms involved 
it should be noted that the generated aerosol faces com- 
peting processes of evaporation, coagulation and particle 
settling. The addition of turbulent fluid flow, chaotic 
aerosol generation, and laser interaction with reactant 
chemicals makes the prediction of particle deposition in- 
tractable. However, the evaporation lifetime of an aerosol 
particle can be expressed by 

Rpd2 

8DM(Pp/ Tp - P/ T )  
t =  

where R is the gas constant, p is the particle density, d is 
the particle diameter, D is the vapor diffusion coefficient, 
M is the molecular weight, Pp is the partial pressure at  the 
drop, P is pressure a t  infinite distance, Tp is the temper- 
ature at the drop, and T i s  temperature at  mfinite distance. 
Therefore, the lifetime is proportional to the square of the 
diameter. For particles of similar size the coagulation will 
obey the Brownian equation 

NO 
1 + Nokt 

N(t)  = 

where N(t) is the number of particles a t  time t, No is the 
initial number of particles, and k is the coagulation coef- 
ficient. Through this process the number of particles will 
decrease as the reciprocal of time. The deposition rate 
from the aerosol on a surface is given by 

n(t) = 2no(Dt/?r)'I2 

where n(t) is the number of particles per unit surface area 

where T i s  temperature, C is the slip correction factor, d 
is the diameter, q is the viscosity, and K is Boltzmann's 
constant. The slip correction factor is given by 

C = 1 + X/d(2.514 + 0.8 exp(-0.55d/X)) 

where X is the mean free path of the gas. This leads to 
the conclusion that the deposition rate depends upon the 
square root of time and the temperature/viscosity ratio. 
Future work will investigate the validity of this prediction. 

Conclusion 
I t  has been demonstrated that laser synthesis can be 

used to form amorphous silicon nitride coatings on nickel, 
titanium, copper, and silica substrates. The method in- 
volves the pyrolysis of a molecular precursor to form 
aerosol droplets that condense into 85-500-mm silicon 
nitride particles. Following arrival a t  the substrate, these 
particles undergo laser-induced sintering, thereby pro- 
ducing a strong, highly adherent surface coating. 
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In an attempt to pre are TiN, the amido- and imidotitanium(1V) complexes Ti(NR2)4 (R = Me or Et), 

vapor deposition process. Depositions on glass, silicon, vitreous carbon, and boron substrates were successfully 
carried out at  temperatures below 450 "C to give coatings up to 6000 8, thick and growth rates from 50 
to lo00 8, min. The films, which were characterized by electron microprobe and Rutherford backscattering, 
containe d titanium and nitrogen in a ratio close to 1, plus significant amounb of carbon and oxygen. X-ray 
photoelectron analyses with depth profiling confirmed that the fiis are uniform in composition, the nitrogen 
is Ti bound, and the carbon is both Ti bound and organic. The analyses indicate precursor decomposition 
mechanisms involving both Ti-NR2 homolytic bond cleavage and amido ligand @-hydride activation, the 
latter accounting for the presence of Ti-bound carbon in the films. In support of this hypothesis, films 
made from precursors with cyclic amido ligands, for which @-hydride activation is disfavored, contained 
only organic carbon. 

Ti(NMe,),(t-Bu), and [ 4 i (p-N-t-B~)(NMe~)~l~ were used as precursors in an atmospheric pressure chemical 

Introduction 
Titanium nitride, TiN, displays an interesting combi- 

nation of properties.' For instance, the optical properties 
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of TiN resemble those of gold, yet it is harder than all 
elemental metals and sapphire (A1203) and almost as hard 
as diamond. Its melting point is almost 3000 "C, which 
is higher than that of most materials, and it is inert to most 
chemicals and solvents except aqua regia, which dissolves 
it slowly, and HF. Titanium nitride is a better electrical 
conductor than titanium metal. 
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