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Thermodynamic Calculations on the Chemical Vapor Deposition of
Silicon Nitride and Silicon from Silane and Chlorinated Silanes
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After a discussion of the thermochemical values of the Si~H-
CI-N system which occur in the literature, CVD phase dia-
grams are presented which include contours of constant
deposition efficiency. The temperature range considered is
from 800 to 2600 K. A number of chlorinated silanes as well
as silane can be used as a silicon source, while ammonia is
used as the nitrogen source. The effects of pressure varia-
tion and dilution by nitrogen and hydrogen are also in-
cluded. Some initial calculations concerning silicon diimide
are made. The CVD phase diagrams are used to describe
several mechanisms occurring during the formation of sili-
con nitride from the gas phase. [Key words: thermodynam-
ics, silicon nitride, chemical vapor deposition, phase
diagrams, silanes.]

1. Introduction

ILICON NITRIDE is receiving increasing attention as a ma-

terial for structural applications, especially as coatings
and precursor ceramic powders. This is due to its superior
properties at high temperatures, extreme hardness, oxidation
resistance, and mechanical strength. The term “chemical
vapor deposition” is often encountered in this field, and com-
prises the reaction of one or more gaseous precursors to form
a condensed phase or phases, and gaseous products. “Chemi-
cal vapor precipitation” is a CVD process which produces
a powder.

Si3N, is not easily sintered, for several reasons: the strong
covalent bond of Si-N, the low self-diffusivity of pure Si3Na,
and decomposition above 2100 K. Practical problems often
encountered in the synthesis include oxygen contamination,
resulting in a SiO; layer which can constitute a large portion
of the powder when it is very fine, chlorine contamination
when chlorinated silanes are used as a source, hydrogen inclu-
sions, metallic impurities resulting from the corrosive proper-
ties of the product gas, codeposition with silicon, and
agglomeration of fine particles.

Thermodynamic calculations are a useful tool in under-
standing a specific CVD system and in optimizing the proc-
ess conditions. A thermodynamic analysis must be completed
before the kinetic effects arc considered.' Furthermore,
kinetic models often include a thermodynamic term. In the
case of homogeneous nucleation of ceramic powders, the
supersaturation which is the driving force for the process must
be known.

The main limitations to the validity of these thermody-
namic calculations resuft from the inaccuracy or lack of the
thermodynamic data and, of course, from the assumption
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that equilibrium is achieved. Concerning the thermodynamic
data, a 5% change in the heat of formation of a major species
can change the deposition efficiency by a factor of 2.2

The result of this work will be presented in the form of
CVD phase diagrams, which depict which solid phases would
deposit as a function of the experimental variables such as
temperature and the input gases. These diagrams give phase
boundaries and also the deposition efficiency of the SizNy4
and Si phases, and are considered the simplest and clearest
way to present the thermodynamic results.

The purpose of this work is to calculate a number of CVD
phase diagrams in the Si-H-CI-N system. After a discussion
of the thermochemical data, some new data are adopted in
the calculations. Some assumptions were made concerning
the silicon diimide, which has never been included in thermo-
dynamic calculations before. High temperatures (2600 K) are
included, together with different pressures and dilution by
hydrogen or nitrogen. The phase diagrams are also used to
describe some mechanisms in the formation of Si;N, from
the gas phase, and make some recommendations concerning
favorable synthesis paths.

IL

The Si-H-Cl system has been extensively studied because
of its use in the electronics industry. The literature can be
divided into work on thermochemical data and on chemical
equilibrium. In both cases there are experimental, theoreti-
cal, and review articles. The Si~H-CI-N system has been
studied less, being of less practical use to industry and being
more difficult. The reason for this will be clarified later in
this article.

The thermochemical data on the Si-H-Cl system will be
dealt with in the next section. It suffices here to give some
general overview of the work, which consists of some older
calorimetric measurements and more recent mass spectrom-
etry studies. Reviews of these works are given by JANAF,?
Walsh®, and Ho.” Recent theoretical work by Ho>® concerns
ab initio calculations and reaction cross sections from MS
measurements by Boo’ and Weber.?

Equilibrium calculations on the Si—-H~Cl system were made
by Hunt’ and Herrick."? Hunt" calculates up to 1700 K with
few species, Herrick ™ up to 3000 K with most known species.

Experimental equilibrium experiments on the Si-H-Cl sys-
tem are made by Ban® and Woodruff."* Only a few tempera-
tures were investigated. There are fewer articles on the
Si—-H-CI-N system. There are some equilibrium calculations
on specific reactors, for example the hybrid plasma reactor by
Yoshida," the N, plasma reactor by Li," and the liquid NH;
route by Crosbie."” Experimental papers are scarce, for exam-
ple the mass spectrometric study of intermediates in
the SiCl,—NH; system by Lin." General papers on the Si-H-
Cl-N system, especially deposition efficiencies, are by
Paretta® and Kingon.! The last article is an important article,
in which the results are made clearly visible by CVD phase
diagrams for several source gases, various pressures, and car-
rier gases. The temperature range is up to 1800 K.

Review of Previous Work
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IIl. Discussion of Thermochemical Data

1t has been shown in the literature,? and becomes clear in
our own calculations, that the equilibrium calculations are
very sensitive to variations in the standard heat of formation
of a particular species. It has been pointed out by several
workers, especially Walsh* and Ho,’ that some literature study
is needed before attempting calculations, as standard tables
like JANAF?® and CATCH?® might not contain the latest re-
sults. Thus, some CATCH tabulations originate from the be-
ginning of this century, which causes the work of Bell* to be
unreliable.

In Table 1 a summary is given of the literature values of the
standard heat of formation of the species considered in this
work. Calculated, experimental, and review values are given,
as well as the values used in this work.

As for SiH,, SiH;Cl, SiH,Cl,, SiHCl;, and SiCl,, the val-
ues given in the review of Walsh* were used. He considers the
Farber? values to be the most reliable. From the silicon sub-
chlorides, only the value of SiCl; is well established. Walsh*
and Ho® show that the measurements of Farber®® are unreli-
able, as well as the JANAF tabulations,’ which are based on
it. As for SiCl, both the Walsh* and the Weber® review take
. the median of some experimental values. Taking these values
and the two calculated values by Ho® and Weber,® the median
is close to the value calculated by Ho® and the value recom-
mended by Walsh.* There is considerable disagreement over
the value for SiCls. The Farber® value, adopted by JANAF,”
is rejected by Walsh* and Ho.” We have taken the median of
the values of Steele,* Wang,” Cadman,’ Walsh,”” and Ho.’

Vol. 75, No. 3

Only recently, a number of cxperimental and theoretical
studies have appeared on the SiH species (n = 1,2,3), which
are important intermediates in pyrolysis reactions. Boo’ has
experimentally confirmed the JANAF” value of AHay (SiH),
and rejects the value measured by Carlson.”® The JANAF
value for SiH was used in this work. The value for SiH, is
reviewed and measured by Boo.” He discards the values by
Walsh?” and Pople.”” His result is in good agreement with Ho,’
Shin,” and Berkowitz,” so this value was accepted. The value
of the standard heat of formation for SiH; of Boo’ is also
accepted, which is in good agreement with the calculations by
Ho’ and Pople.”

The chlorinated intermediates SiHCI, SiHCl,, and SiH,Cl
are not experimentally characterized. The only reliable values
are calculations by Ho.?

The condensed phases present more problems. The only
form present in the JANAF tables is the « form of Si;Nu,
which was thus used. In rcality there are three known
forms: amorphous Si;Ny which deposits below 1500 K, a-
Si;N, between 1500 and 1650 K, and at still higher tempera-
ture B-Si3Ny. From a thermodynamic viewpoint it can be
argued that, when the thermodynamic properties arc differ-
ent, the transition temperatures depend on the chemical spe-
cies and concentrations, and also on the pressure.

Polymeric intermediates like Si(NH), and Si(NH;)Cl are
known to exist at lower temperatures and might be relatively
stable, Mazdiyasni and Cooke™ suggest up to 1470 K, but un-
fortunately there are no experimental thermodynamic data
on these species. This limits the reliability of the phase dia-
grams at lower temperatures. We attempted the inclusion of

Table I. Overview of Standard Enthalpy of Formation, A Hys, of Si-H-CI-N Species

AH:‘_()K (kJ/mol)

Species This work Literature*

Sicl, ~662.75 —662.75, —655.63,"% —609.61(c),>" —662.75(r)

SiHCl, —~499.2 —496.22(c),” —489.11(c),” —499.2,%2 —494,1,41 —499.15(r), —489.53(c),” —497.3(r)’

SiH,Cl, —~315.49 —320.49(c),” ~313.8,%* —315.05, —315.05(r)," —311.71@5

SiH,Cl -135.6 —141.84(c),* —142.26,° —135.6,* —135.6(r),* —134.72(cy’

SiH, 3431 34.31,34 30,54°

SiCl; -326.4 —390.37,%% -288.70,% >—326.35," ~338.90,%° ~366.1,% —317.98,7 —334,72(r),* —320.08(c),’
>—357.0," —326.35(r)*

SiCl, —168.62 —168.62(1),* —167.36,* —168.20,* —168.20,% ~159.83,* 170.71,* —165.27,77 —168.60,*
—157.32(c),” —168.6()*

SiCl 158.9 198.32,%* 191.21,° 195.81,7 154.81(r)," 158.57(c),” 189.53(c)," 183.9(c, 1)*

Si 450.0 3

Si, 589.9 3

Sis 636.0 3

Cl 121.302 3

H 217.999 3

H, 0.0 3

Cl, 0.0 3

HCl -92.312 3

SiH 376.66 376.66,’ 341.83,™ 376.56,” 383.67(c),’ 369.45(c),” 376.56

SiH, 288.7 242.67,2 284.93(c),” 265.27(c),> 288.70,% 285.35' 288.70’

SiH, 202.92 194.14.27 200.00(c).* 197.90(c),? 202.92'

SiHCI 71.13 40.17,% 71.13°

SiHCl, ~143.51 -165.27,2 —143,51°

SiH,Cl 32.64 8.37,% 32.64°

N 472.68 3

N, 0.0 3

N, 414.22 3

NH 376.56 3

N,H, 212.97 3

NH, ~45,898 3

SiN 372.38 3

Si,N 397.48 3

Si() 48.470 3

Si(s) 0.0 3

Si3Ny(s) —744.752 3

NH,CI(s) -314.553 3

N,H () 50.626 3

Si(NH), ~355.6 17

*¢ = calculated; r = review.
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Si(NH), by using an estimation by V. Parker of the U.S. Na-
tional Bureau of Standards, in the work of Crosbie,'” of the
standard enthalpy and the standard entropy of Si(NH),. Un-
fortunately the error range of these values is large. We will
discuss these values further, The heat capacity is unknown;
an estimated value of the heat capacity at 298 K of 41.5 kJ/mol
was used, based on the fact that heat capacity expressed in
kJ/g is the same for both Si and Si;N,. Further, the tempera-
ture dependence of the heat capacity of Si{(NH), was assumed
to be the same as that of Si;Ny.

Still some data are needed, namely the standard entropy
and the heat capacity of SiH, SiH,, SiH,, SiHCl, SiH,Cl, and
SiHCl,. They have been interpolated, using the method de-
scribed in Hunt.® There is a nearly linear relationship be-
tween the logarithms of the entropy and molecular weight for
similar series of compounds. The heat capacities are linearly
interpolated. The results are given in Table II.

All of the other heat capacities were interpolated from the
JANAF tables, mostly using two temperature ranges because
of the large total range. The error is within 0.5%.

To test the validity of the thermochemical data, the experi-
mental data of Woodruff' on the deposition efficiency in the
Si-H-Cl system were used. As the new thermodynamic data
comprise no nitrogen atoms, this was thought to be sufficient.
Also, there are no reliable experimental data on deposition
efficiencies in the Si-Cl-H-N system. Two datasets were
tested: one including all species in Table I, and one excluding
the five radicals with uncertain thermochemical data—SiH,,
SiHj, SiHC], SiH,Cl, and SiHCl,. An example result is shown
in Fig. 1. At this relatively low temperature the difference
between the two datasets is within 0.2%. The calculated depo-
sition efficiency is slightly below the experimental values, but
agrees quite well. It is to be expected that at high tempera-
tures the radicals will become important, so the complete
dataset was used for calculating the phase diagrams.

IV. Method of Calculation

The computer program soLGasMiX by G. Eriksson® was
converted from supercomputer FORTRAN code to MS FOR-
TRAN code. The program input requires atomic composition
of the species, input concentrations, and thermochemical val-
ues like those of the standard heat of formation, the standard
entropy, and the specific heat as a function of temperature.
The calculated equilibrium composition includes condensed
and gascous species.

In most cases, the results are presented as CVD phase dia-
grams as a function of temperature and the Si/(Si + N) ratio
of the input gas, except in the case of N, dilution, where the
Si/(Si + NH;) ratio is used. This ratio is 0.5 for a 1 mol
SiH,Cl, and 1 mol NH; mixture, and decreases when the
NH; concentration in the input gas increases. The silicon
source gas, the system pressure, and the concentration of the
carrier gas werc varied systematically. Because of interest in
LPCVD and HPCVD, a wide range of pressures was studied.
The carrier gas is present in constant abundance to the rest of
the input gases, e.g., the total number of moles of H, divided
by the sum of the total number of moles of SiH,Cl, and NH;.
This method, adopted from Kingon,' was found to be the
most clear.

Thermodynamic Calculations on the Chemical Vapor Deposition of Silicon Nitride 621

Y. Results

(1) The Si-H-CI-N System at 1 bar

In Fig, 2 the CVD phase diagrams of SiH,, SiH,Cl,, Si-
HCl;, and SiCl, at 1 bar are shown, including the deposition
efficiency. In the SiH,/NH; system there is a large region
where codeposition of Si with Si;N, occurs, when insufficient
NH; is added to the system. When the chlorine content of the
silane compound increases, so going toward SiCl,, the forma-
tion of stable gas-phase species which contain silicon and
chlorine, like SiCl,, becomes possible. In the case of
SiH,/NH,;, there are no stable gascous silicon-bearing spe-
cies; even the source gas, SiHy, is very unstable and will de-
compose entirely. So the codeposition region becomes
smaller going toward SiH;Cl/NH, and so on, and is not
present in the SiCl;/NH; system. Another important feature
to note is the occurrence of a large no-condensed-phase (ncp)
region in the SiHCl;/NHj; and SiCl,/NH; systems at higher
temperatures, and the shrinking of the liquid silicon region.

As for the deposition efficiencies, the more chlorine the
silane compound contains, the lower the deposition efficien-
cies, because of the larger stability with more chlorine. It is
clear that when the Si/(Si + N) ratio decreases (i.c., the NH
concentration increases), the deposition efficiency rises. From
the figures it also appears that increasing the temperature,
in the temperature range below 1600 K, does not greatly affect
the deposition efficiency. Here the contours are almost verti-
cal. At higher temperatures the contours are seen to be more
horizontal, and increasing the temperature lowers the deposi-
tion efficicney, by the appearance of stable high-temperature
silicon-containing species. The deposition efficiencies in
Kingon! are, in general, higher than our results, especially at
higher Si/(Si + N) ratios, when the deposition efficiency is
rising with increasing Si/(Si + N) ratio. These results seem
more logical.

In Fig. 3 the partial pressurcs for the SiH,/NH, and
SiH,Cl;/NH; systems are shown, at a constant Si/(Si + N)
ratio of 0.5. The silane system shows the almost complete
conversion of silane in H, and formation of Si;N, and Si. At
high temperatures there is the occurrence of Si, SiH, Si,, SiN,
Si3N, SiH,, and Si;, respectively, in decreasing quantities.
The dichlorosilane system contains, apart from the product
gases H, and HCI, more stable species like the chlorosilanes
of which the SiCl, is the most stable. With increasing tempera-
ture, species like SiCl, gain importance, and at the highest
temperatures SiCl becomes as important as SiCl,. SiCl; is
seen to be of no interest. Of the other silicon-containing spe-
cies, there is the same order in occurrence as in the silane
system. Of the newly included species, only SiHCI plays a
role, especially at modest temperatures around 1700 K.
Changing the Si/(Si + N) ratio does not affect these trends.

In the calculations of Kingon,' and in quite a number of
older publications, SiCl; is the most important high-tempera-
ture radical, while in these calculations SiCl, and SiCl are
dominant. This can be explained by the value of the heat of
formation of SiCl; in the JANAF tables,” which is probably
too negative. Hunt" discusses this problem.

While in Fig, 2 the CVD phase diagram of SiHCl;/NHj is
shown, in the next sections only the phase diagrams of SiH,,
SiH,Cl,, and SiCly are shown, because the SiHCl; system is
easily interpolated.

Table I1. Values of Standard Entropy S° and Standard Heat C, of Formation in J/(K-mol) Interpolated by the
Method Described by Hunt*

Cp= A+ BT + C/T* (298-800 K)

C,p (800-2600 K)

Species §° A B x 10 ¢ x 0 A Bx 10 ¢ x107°
SiH, 200.29 28.47 240.9 -12.83 55.58 209.8 —65.61
SiH; 202.50 31.73 391.8 —45.25 75.95 293.6 -107.8

SiHCl 249.01 32.65 129.2 -32.12 56.86 105.9 -37.84
SiHCl, 290.40 63.72 153.3 -74.97 80.70 99.36 —45.13
SiH,Cl 254.90 47.72 272.5 -60.11 78.33 196.5 -76.47
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Fig. 1. Comparison of calculated and experimental " values of the
deposition efficiency, as a function of the Si/Cl ratio in the input
gas, at 1350 X: (C) Woodruff, experimental; (—) calculated.

(2) The Si-H-CI-N System at Other Pressures

Raising the system pressure to 10 bar does not alter funda-
mentally the phase diagrams, as seen in Fig. 4. In general,
below 1600 K there is little difference, both in the phase
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boundaries and in the deposition efficiencies. At high tem-
peratures the deposition efficiency is larger, and the maxi-
mum deposition efficiency has increased by 200 K. The figure
of partial pressures gives exactly the same trends as in the
1-bar system.

Decreasing the system pressure to 1 mbar (Fig. 5) lowers
the maximum deposition temperature by 400 K to about
1600 K. Because of this a solid Si area emerges. The Si;N,
area is now quite small. All silane homologues have large
no-condensed-phase areas. As expected, the deposition
efficiency decreases. The partial pressures show also some
differences: the more prominent role of SiCl, at lower tempera-
tures, but at higher temperatures SiCl becomes more import-
ant and the SiCl, pressure decreases. Furthermore, at high
temperatures the dominance of Cl, H, and gaseous Si has in-
creased, while the other silicon-bearing species play a very
minor role,

(3} The Si~H-CI-N System in. N, Dilution

From Fig. 6 it becomes clear that adding N, leads to the
disappearance of the codeposition region, because now the
nitrogen is available in sufficient quantities. There is also a
small increase in the maximum deposition temperature and a
decrease in the liquid Si region. At lower temperatures the
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Fig. 2. CVD phase diagrams at 1 bar: (A) SiHs/NHj, (B) SiH,Cl;/NH3, (C) SiHCI;/NH3, and (D) SiCls/NHa.
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Fig. 3. Slfs?des partial pressures as a function of temperature, at
Si/(Si + N) = 0.5. Pressure is 1 bar: (A) SiH,/NH; and
(B) SiH2Cly/NH;.

deposition efficiencies are higher but at very high tempera-
tures, in the liquid Si area, these are lower and more horizon-
tal, so changing the Si/(Si + NH,) ratio does not have a great
effect on the deposition efficiency. The temperature is more
the controlling factor. The partial pressures are not funda-
mentally different, but at very high temperatures the concen-
trations of silicon-bearing species, like gaseous Si, SiH, SiN,
Si;N, and Si,, are relatively larger than in the nitrogen-free
system. This might account for the lower deposition efficien-
cies. It must be remembered that at lower temperatures ki-
netic retardation may occur,' and so the phase diagrams give
the most favorable results because chemical equilibrium is as-
sumed to be reached.

(4) The Si-H-CI-N System in H, Dilution

Kinetic problems play a much less important role in the
system diluted with H; (Fig. 7). A dilution factor of 10 lowers
the maximum deposition temperature by about 100 K, but in-
creases the deposition efficiency. At lower temperatures
where Si;N, is formed, the deposition efficiency is dependent
mainly on the Si/(Si + N) ratio. At very high temperatures,
when only liquid Si is present, it depends mainly on the tem-
perature. The Si;Ny area has increased and in the SiCl,/NH;
system a large liquid Si area has developed. With a dilution
factor of 1000 (Fig. 8) the phase diagrams of the different
silanes look very much the same. The phase boundaries are
identical above 1200 K and the deposition efficiencies of
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Fig. 4. CVD phase diagrams at 10 bar: (A) SiH,/NH;,
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SiH,Cl,/NH; and SiCl,/NH; systems are almost identical.
Now there is an appreciable codeposition region also in the
SiCl,/NH; system. The value of Si/(Si + N) = 0.43 (the Si—
N stoichiometry of Si;N,) as a boundary is recognized. Look-
ing at the partial pressures (Fig. 9), the surplus of Hj results
in low SiCl, and SiCl concentrations with SiCl as the most
abundant species at high temperatures. Almost all of the sili-
con is incorporated into SiH; gaseous Si is even less available
than Si,.

In the case of SiH,/NHj;, H, dilution has the same effect
as lowering the system pressure, but this is in decreasing rate
true for the chlorinated silanes, as can be seen in the differ-
ent phase diagrams for the SiCly/NH; system at 1 mbar and
high H, dilution (Figs. 5 and 8).

(5) Incorporating Si(NH), in the Thermochemical Data Set

Using the estimations for the thermochemical data of
Si(NH), described in Section 111, several phase diagrams were
made. To gain insight into the reliability of these diagrams,
several versions were made using different values of the heat
of formation. Crosbie!” gives a reliability of £104.5 kJ/mol in
the cstimation of the heat of formation, and using this varia-
tion the phase diagrams change considerably. Using a value of
—355.6 kJ/mol, there is a Si(NH), region below 900 K at
Si/(Si + N) values below 0.43 (SiH,/NH;) or 0.8 (SiCl,/
NH,;) (Fig. 10). When a higher value is used for the heat of
formation (—251.1 kJ/mol), this region disappears, and using
a lower value (—460.1 kJ/mol) the Si(NH), region expands to
1600 K, creating a large Si/Si(NH), codeposition region
(Fig. 11). It is clear that the thermochemical data for Si{(NH),
are not sufficiently reliable, but there is an indication that
there is a Si{(NH), region at lower temperatures and lower
Si/(Si + N) ratios.

(6) Using CVD Phase Diagrams in Understanding Synthesis
Paths

This thermodynamic research arises from the experiments
with different silanes in the laser-heated CVP reactor, ™
From these experiments it was concluded that understanding
the thermodynamics is a first step in understanding the proc-
ess, It is clear that the way in which the phase diagram is
traversed is essential. At lower temperatures polymeric solid
products like imides present a problem. This problem was
solved by using a two-stage reactor: first heating the silane
gas, without NH; present, and then adding the NHj. In
Fig. 12 this becomes clear in the phase diagram. First a liquid
Si region is encountered, and the very small Si nuclei grow by
coalescence of liquid drops and then these small Si particies
come in contact with NH; and react. This is a fundamentally
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Fig. 9. Species partial pressutes in the SiH,Cl,/NHj; system as
a function of temperature, at Si/(Si + N) = 0.5, and Hz/
(Si + NHj3) = 1000. Pressure is 1 bar,
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Fig. 10. CVD phase diagrams (without deposmon efficiencies)
including Si(NH), (AHs = —355.6 kJ/mol): (A) SiH4/NH; and
(B) SiCly/NH; at 1 bar.

 different mechanism than by traversing first the probable

solid imide region at low temperatures and then into the
SizNy region. Looking at the CVD phase diagrams there are
at least three possible ways of producing SizN,: (1) with pre-
mixed reactants: coming through the probable solid silicon
diimide (or similar polymeric intermediates) region, and from
this formation of Si;N, (path 1 in Fig. 12); (2) with a two-
staged reactor: first heating up the (chloro)silane gas and then
adding NH, or vice versa; (3) going through a no-condensed-
phase region: formation of SizN, from the gas phase by homo-
geneous nucleation and growth (path 2 in Fig. 12); (4) going
through a liquid Si region: reaction of NH; with liquid Si
droplets, resulting in a porous particle (path 3 in Fig. 12).
This is one of the reasons for extending the phase diagrams to
high temperatures, where often no-condensed-phase regions
are present. Passing through a no-condensed-phase region
avoids undesirable imide formation and prevents formation of
porous Si;N, particles. Care must be taken to select a situa-
tion with a SizNy4 arca with a high maximum deposition tem-
perature, to get a- or B-SizN,,
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VI. Conclusions

Thermodynamic equilibrium calculations are a useful tool
in understanding the formation of Si;N,. With the CVD
phase diagrams, and requirements on powder purity, porosity,
particle size distribution, and process costs, a favorable syn-
thesis path can be chosen. When a narrow particle size distri-
bution and spherical, nonporous particles are desired,
traversing through a low-temperature imide region or through
a liquid silicon region should be avoided. The imide region
can be avoided by allowing the (chlorinated) silane and the
ammonia to mix only at higher temperatures. Avoiding the
traverse of a liquid silicon region is more difficult. In the case
of SiCl, and SiHCl;, this can be achieved by adding ammonia
at high temperature to the chlorinated silane. Converscly, in
the case of SiH, and SiH,Cl,, the Si;Ny region is mostly
bounded by a Si region. In that case, adding the (chlorinated)
silane to the ammonia, and so coming from low Si/(Si + N)
ratios at a temperature below the Si region, would be prefer-
able. The figures in this article, with the full range of silane
gases, extended toward high temperatures and, including the
effects of pressure variation and H, or N, ditution, can be
useful in selecting a particular synthesis path.
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Fig. 12. Possible routes of forming SizN,4: from an imide region, a
silicon region, or from the gas phase.
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For more chlorinated silanes, the deposition efficiency de-
creases, but the development of a no-condensed-phase area
and shrinking of the Si/(Si + Si;N,4) codeposition region
might be favorable. Reducing the pressure lowers the maxi-
mum deposition temperature for Si;Ny4, which is not favorable
for the formation of a crystalline phase. In the SiH, and
SiH,Cl, systems a no-condensed-phase region develops now
also at higher temperatures, but is separated from the SizNy
area by a Si region. Adding N, increases the deposition effi-
ciency and leads to the disappearance of the codeposition re-
gion, but the effect is possibly less due to kinetic retardation.
H, dilution leads to higher deposition efficiencies, but a
larger codeposition area and a decrease in the maximum depo-
sition temperature. At very high H, dilutions, the phase be-
havior of all the silane homologues is identical above 1200 K,
where it is similar to that of SiH, at low pressure. As a general
rule, at lower temperatures the Si/(Si + N) ratio is the most
important factor for the deposition efficiency, while at higher
temperatures the temperature becomes the controlling factor.
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