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Abstract

An alternative to silicon tetrachloride mostly used for silicon nitride production by gas phase ammonolysis is CH3SiCl;. While
powders resulting from ammonolysis of CH3SiCl; at room temperature have a constant composition, high temperature reactions
result in materials showing a strong dependence on the reaction conditions. Increasing reaction temperature leads to powders with
increasing silicon content, while the chlorine content decreases. Mixtures of non stoichiometric, chlorine and carbon containing
silicon nitride intermediates and ammoniumchloride are obtained. Gaseous reaction products are HCI, SiCl,, CH4 and H,. Quan-
titative mass spectrometric analysis of the exhaust gases allowed to balance the reactions. 2°Si and '3C CP-MAS-NMR powder
characterisation was used to deduce the reactions taking place in the gas phase. An overlapping of radical forming and substitution
reactions is probable. Dechlorination of the powders in ammonia at 900°C followed by a crystallization step at 1500°C results in
crystalline a-Si;N4 which is equivalent to powders obtained by ammonolysis of SiCly. © 2001 Elsevier Science Ltd. All rights
reserved.
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1. Introduction the resulting products. Especially the question whether
carbon free products can be obtained is of great impor-

Silicon nitride is one of the most interesting materials tance.

for the production of advanced ceramics. Mainly pro-
cesses based on gas phase ammonolysis of reactive sili-
con compounds have a great potential to produce
powders with high chemical purity, low oxygen content
and excellent sinterability.!= For large scale powder
production, only the use of SiCl, has been discussed up
to now. Other chlorosilanes are used to produce Si—-N
layers by means of cvd processes. Due to its low costs in
respect to other chlorosilanes, CH;3SiCl; can be seen as
an alternative raw material for silicon nitride powder
production. However, only little is known about the
reaction behaviour of methyltrichlorosilane with
ammonia at elevated temperatures and atmospheric
pressure as well as the composition and properties of
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Methyltrichlorosilane is a preferred starting material
for the deposition of SiC layers in chemical vapour
deposition processes. Many experimental investigations
and thermodynamic calculations concern the mecha-
nism of SiC layer formation.*~!3 The following model is
probable:

e cleavage of the Si-CH; bond resulting in the for-
mation of methyl radicals and their decomposition
into carbon and hydrogen,

e reaction of hydrogen with SiCl; radicals leading to
the formation of elementary silicon and HCI,

e deposition both of carbon and silicon on the sur-
face that has to be treated,

e formation of SiC by a solid—solid-reaction.

The uniformity of the deposited SiC layer as well as
its composition is determined by the temperature, the
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CH;SiCl;y input concentration, the absolute pressure
and the presence of additional species such as hydrogen.

In the present study CH3SiCl; ammonolysis is inves-
tigated both at room temperature in an unheated tube
reactor and at temperatures between 680 and 900°C.
The obtained powders are characterised by chemical
analysis as well as physico-chemical methods. In con-
nection with a quantitative exhaust gas analysis, it
becomes possible to derive reaction paths resulting in
powder formation.

2. Experimental

Powder synthesis was carried out in a hot wall reactor
(Fig. 1) consisting of an indirectly heated SiSiC tube, a
gas-solid cooling unit and a powder collection sys-
tem.>!'4 The SiSiC tube had a length of 700 mm and an
inner diameter of 52 mm. Before starting the synthesis,
the temperature profile of the reactor was measured and
correlated to the temperature measured at the outer side
of the reactor by a Pt-PtRh thermocouple. In the fol-
lowing, all given reaction temperatures characterise the
temperature measured inside the reactor, 5 cm below
the mixing unit. The reactants are brought into the
reaction zone separately. Mixing is achieved by a mixing

SiCI,/N,

—in

NH,/N,

SiSiC-tube

heating

— & | oms

mass flow
controller

rotating,
water-cooled
cylinder

>

to exhaust
gas washing
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Fig. 1. Experimental setup.

unit of special design. The average retention time of the
gases in the reaction zone after mixing lies between 1
and 2 s.

The gas—solid cooling unit is a rotating, water cooled
cylinder. The gas—solid mixture leaving the reactor hits
on the surface of the cylinder and is cooled rapidly.
Both ammoniumchloride and the silicon nitride inter-
mediate are deposited. Powder separation from the
cylinder is achieved by a scraper. The main advantage
of the cooling unit is that a fast decrease of the gas
temperature is achieved preventing the formation of
layers of unprecipitated NH4Cl in the adjacent parts of
the apparatus. Powder collection is achieved by sedi-
mentation caused by a reduction in gas velocity and a
filter unit. To prevent pollution by oxygen the powders
are collected in plastic bags, which are closed after the
end of the synthesis and transported in a glove box.
Further handling is carried out only under nitrogen
atmosphere. A bypass installed in the exhaust gas pipe
allows continuous gas sampling for mass spectrometric
analysis. The used QMS (type QMG 421 made by
BALZERS AGQG) enables quantitative gas analysis. The
system was calibrated with gas mixtures of known
composition before starting the measurements.

All gas flows were controlled by means of mass flow
controllers (MKS instruments). The total flow rate var-
ied in the range between 0.3 and 2 I/min for NH; and
between 2 and 6 1/min for N». A peristaltic pump served
for CH;SiCl; dosage. The amount of CH;SiCl; was
controlled both by the pump parameters and by
weighting the CH;SiCl; container before and after dos-
ing. Changing the NH; gas flow while the other flows
were kept constant allowed a variation of the CH;SiCl;/
NH; input ratio.

Powder composition was determined by chemical
analysis. Silicon was gravimetrically determined as SiO,
after fusing a powder sample in a Na,CO3/K,CO3; mix-
ture. Nitrogen analysis was based on the determination
of NHj; generated during a treatment of the sample with
a hot NaOH solution. The Cl-analysis was carried out
as potentiometric titration with 0.1 N AgNOj; solution
after fusing of the sample in KOH. The analyser Foss—
Heraeus CHN—O-Rapid served for carbon analysis.

3. Results

The reaction between gaseous CH3SiCl; and NHj3 in
an unheated tube results in the formation of powders
with an average composition of 1241 wt% Si, 25+2
wt.% N, 49+1 wt.% Cl, 5+1 wt.% C, which is equiva-
lent to a molar Si:N:Cl:C ratio of 1:4.2:3.2:1. It is a
strong exothermal reaction leading to a drastic tem-
perature increase in the zone in which the reactants
come in contact. All ammonia brought into the reaction
zone is converted in solid products. XRD investigations
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Fig. 2. Composition of powders synthesised between 800 and 1000°C depending on the molar input ratio CH;SiCl;/NHj3 (a) 3.49/3; (b) 1.5/3.

Table 1
Composition of synthesis products formed at a reaction temperature
of 800°C

Input ratio mol NH3/3 mol CH;SiCl; Powder composition (wt.%)

Si N Cl C
1.75 3530 17.58 37.22 43
2.53 32.88 21.82 3769 3.6
3.76 2586  23.44 4142 25
5.04 21.21 2431 4392 18
6.69 1395 26.09 5227 1.0

showed the presence of the low temperature modifica-
tion of ammoniumchloride (a«-NH4Cl, cubic, CsCl
type). Crystalline silicon containing compounds were
not formed. The exhaust gases contain the carrier gas
nitrogen and unreacted CH;SiCl;. HCl is present only
in traces. Gaseous carbon containing compounds were
not detected. By changes in the input ratio, it is impos-
sible to vary the powder composition. Complete con-
version of CH;SiCl; requires an excess of ammonia, e.g.
a molar input ratio greater than 1:3.

Thermal treatment of the powder leads to ammonium
chloride decomposition in the temperature range
between 180 and 350°C. The occurring weight loss of
75% is in accordance with the value calculated on the
basis of the chlorine content. Further thermal treatment
results at temperatures of 1500°C in the formation of a-
Si3N4.

The course of CH5SiCl; ammonolysis at high tem-
peratures differs from that in an unheated tube reactor.
Typical powder compositions obtained at 800°C are
summarized in Table 1. Fig. 2 shows the course of

Fig. 3. SEM of a synthesis product produced at 800°C.

powder composition depending on the reaction tem-
perature at two different CH;SiCl3/NH; input ratios.
With increasing amounts of ammonia, powders are
formed having lower Si but higher Cl contents. The
carbon contents decrease with increasing ammonia. At
constant CH;3SiCl3/NH;3 input ratios, rising reaction
temperature results in powders with increasing Si and
decreasing Cl contents. The synthesis products are uni-
form having a spherical shape and an average particle
diameter less than 1 pum (Fig. 3). Due to gas—solid
separation at room temperature the powders contain o-
NH,CI as a byproduct. Other crystalline phases cannot
be detected by XRD measurements. Thermoanalytical
investigations indicate that the NH4CI content cannot
be calculated on the basis of the chlorine content of the
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synthesis products. The mass loss occurring in the first
decomposition step between 180 and 350°C is lower
than the chlorine content suggests (Table 2). Non stoi-
chiometric chlorine containing intermediates are formed
which are similar to powders obtained by ammonolysis
of SiCly [3,14]. Also, high ammonia input concentra-
tions do not result in the formation of chlorine-free Si—
N-C products. After NH4Cl decomposition, further
thermal treatment leads to continuous weight loss. DTA
signals showing phase transformations or defined
decomposition steps cannot be detected in the tempera-
ture range between 350 and 900°C (Fig. 4).
Quantitative analysis of the exhaust gases allowed to
balance the reactions leading to powder formation.
Apart from unreacted CH;SiCl;, HCI, CHy, SiCly and
H, are present in the gases. Additional test series with
mixtures of ammonia and nitrogen showed no significant
ammonia decomposition. The hydrogen present in the
exhaust gases is a result of thermal decomposition of
CH3;SiCls. The typical course of exhaust gas composition

Table 2
Comparison of calculated and thermogravimetrically determined
NH,4CI contents

Input ratio Cl content of  Thermogravimetric Calculated NH4Cl
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is shown in Fig. 5. The diagram contains the measured
concentrations in vol.%. While — as was expected —
the CH;SiCl; and SiCl; concentrations decrease with
rising ammonia contents, the CH,; concentrations
increase. The HCI concentration goes through a max-
imum. To calculate the degree of conversion of
CHj;SiCl; or the yields of the gaseous reaction products,
it is necessary to include into the calculations the
volume change occurring during the reaction. The
composition of the exhaust gases can be used to calcu-
late the degree of conversion of CH3SiCl; or the yields
of the gaseous reaction products. However, it is neces-
sary to include into these calculations the volume
change of the gas phase occurring during the reaction.
Two gaseous reactants produce a solid (containing
NH4CI and the amorphous silicon nitride intermediate)
and four gaseous compounds. The volume change
depends on the absolute concentrations of the reactants,
their molar input ratio and the degree of conversion.
Because nitrogen is an inert compound in the investi-
gated temperature range, input and exhaust amounts
must be equal. This means that a factor defined by Eq.
(1) can be used for the correction of the measured con-
centrations [Eq. (2)]. The degree of conversion and the
yields defined by Egs. (3)—(7) (The equations are given
in the Appendix) allow a quantitative description of the

n NH;/3  the synthesis ~ masslossup to  content on the basis reactions taken place. Due to the formation of SiCl, as
CH,SICl;  product (wi.%) 400°C of the Cl-content byproduct the total conversion of CH3SiCl; is not
1.75 37.22 12.48 56.16 equivalent to the CH3SiCl; conversion into powder and
2.53 37.69 20.76 56.87 must be regarded separately. The HCI yield char-
?(7)2 2;'35 ‘5‘2‘3‘; gé';g acterises the ammoniumchloride and chlorine content
6.69 5397 672 78 86 Qf 'Fhe powder indi.rectly. An HCI yield of one would
indicate the formation of a chlorine-free powder. In the
DTA TGA
w °C mg
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Fig. 4. Characteristic course of the thermal decomposition of synthesis products.
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same manner, a CHy yield equal to one would show the
formation of a product without carbon.

The degree of CH;SiCl; conversion increases with
rising reaction temperature (Fig. 6). Above 850°C com-
plete CH3SiCl; conversion occurs. A comparison of Figs.
6 and 7 indicates that the differences between total
CH5SiCl; conversion and CH;3SiCly conversion into
powder are low at 624 and 650°C. A significant formation

of SiCly occurs only at temperatures above 800°C. Thus,
increasing differences are visible between total CH3SiCl;
conversion and conversion into powder. The SiCl, yield
decreases with increasing ammonia content. High
ammonia contents are necessary to achieve complete
conversion (Fig. 8). To find favourable synthesis condi-
tions it is important to discuss the curve of the HCI
yield. With increasing ammonia content the HCI yield
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Fig. 5. Course of exhaust gas composition.
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Fig. 6. Degree of CH;3SiCl; conversion depending on the reaction temperature and the molar input ratio NH3/CH;SiCls.
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Fig. 8. SiCl, yield depending on the reaction temperature and the molar input ratio NH;/CH;SiCl;.

increases and reaches a maximum at a NH3/3CH3SiCl;
ratio between 3.5 and 4 (Fig. 9). Further increase of the
ammonia input content does not result in an equivalent
increase of the CH3SiCl; conversion and thus, after
cooling, increasing ammoniumchloride precipitation
occurs. Powders with a minimum content of ammo-
niumchloride are obtained for the NH;/3CH;SiCls
input ratio that leads to a maximal HCI yield. The CHy
yield increases both with rising reaction temperature

and increasing ammonia input content (Fig. 10). This is
in good agreement with the composition of the pro-
duced powders.

Increasing reaction temperature does not only result
in a higher CH3SiCl; conversion but leads also to
powders characterised by different structural units. 2°Si
CP-MAS-NMR investigations showed that powders
obtained in an unheated reaction tube are characterised
by CH3;Si (NH,); units. With increasing reaction
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temperature their intensity decreases and the Si(NH,)4
unit becomes dominant. In the temperature range
between 700 and 800°C both units are present, while at
higher temperatures only signals related to Si(NH,)4
units are found (Fig. 11). The signals used for identifi-
cation are summarised in Tables 3 and 4.'5724 Although
the chemical analysis indicated that the formed powders
have to be characterised as Si—-N—Cl intermediates, sig-
nals related to Si~Cl bonds are only visible in the >°Si
CP-MAS-NMR spectra of powders synthesised at low
temperatures. It is assumed that in powders synthesised

at temperatures above 800°C chlorine is present in the
form of strongly chemisorbed HCI.

The structural differences between the powders are
visible in the '3C CP-MAS-NMR spectra as well
(Fig. 12). The low temperature synthesis product is
characterised by the CH3Si(NH,); unit. With increas-
ing reaction temperature, the intensity of the signals
resulting from that unit decreases. But it is important
to note that even at a reaction temperature of 980°C,
CHj; groups are still present in the powder. Rising reac-
tion temperature results in powders characterised by
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Fig. 11. 2°Si CP-MAS NMR-spectra of synthesis products depending
on the reaction temperature (the numbers on the graphs are equivalent
with Table 3).

Table 3
Identification of 2°Si CP-MAS NMR-signals

No. Range Structural unit

1 —2 ppm to —15 ppm  CH;CISi(NH,),-units*

2 —19 ppm to —25 ppm CHj3Si(NH,);-units*

3 —25 ppm to —30 ppm CHj3Si(NH,);-units with Si(NH,)4-units
in the near vicinity®

4 —32 ppm to —37 ppm  Si(NH,)4-units with CH;Si(NH,);-units

in the near vicinity®

Si(NH,)4-units with CH;3Si(NH,);-units

and Si(NH,)4-units in the near vicinity?®,

NH is dominant

—44 ppm to —48 ppm Si(NH,)-units®, (amorphous Si;Ny4)

—54 ppm to —66 ppm Si-oxynitides

—70 ppm to —72 ppm [SiOs]-units, [SiO3N]-units

—81 ppm to 108 ppm  [SiOg4]-units (Q-groups)

5 —41 ppm to 42 ppm

NeRE-LCREN o

2 Lower values indicate fewer H on N.

Si—-CH,-Si and Si—C=C bonds. Aromatics can be
proved, too. The curves of the intensity of selected sig-
nals are summarised in Figs. 13 and 14.

Powders obtained by ammonolysis of CH;SiCl; can
be converted into pure a-SisNy4. This requires, in a first
step, the separation of ammoniumchloride and secondly
a dechlorination. Ammoniumchloride separation is

Table 4
Identification of 22C CP-MAS NMR-signals

No. Range Structural unit

1 —0.5 ppm-5 ppm CH;Si(NH,);-units CH3Si(NH,)O-units
2 12 ppm—17 ppm [Si-CH,-Si]

3 22.2 ppm—27 ppm  [Si-CH,-Si], SiC

4 122 ppm-138 ppm  [C=C], aromatics

5 155 ppm [Si-C=C]

T=25°C

T=980°C

LA B s S Sy S S S S S S B S B S S e B S |

e
200 150 100 50 0 -50 (ppm

Fig. 12. 13C CP-MAS NMR-spectra of synthesis products depending
on the reaction temperature (the numbers on the graphs are equivalent
with Table 4).

achieved by thermal treatment in nitrogen atmosphere
at temperatures above 300°C. The resulting powders
contain up to 12 wt.% chlorine. Fast and quantitative
dechlorination takes place in an ammonia atmosphere
at 900°C. A reduction of the carbon content of the
powders is connected with the dechlorination. A
crystallisation process at 1500°C produces o-SizNy
with a high purity. Carbon contents lower than 0.1
wt.% indicate complete destruction of Si—C bonds
during the thermal treatment. The powders are
equivalent to powders produced by SiCl, ammonolysis
(Table 5) [25].
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Table 5
Composition of crystallised o-Si3Ny

Powder composition

Synthesis product
of CH3SiCls-ammonolysis

Thermal treatment of the

synthesis product in
ammonia (950°C, 8 h)

a-Si3Ny4 produced by a-Si3N,4 produced by
CHj;SiCl3-ammonolysis SiCly-ammonolysis [25]
(4 h at 1500°C)

Cl 31.34 wt.%
(6] 0.7 wt.%
C n.d.

Fe n.d.

BET n.d.

540 ppm
1.3 wt.%
0.45 wt.%
n.d.

n.d.

780 ppm
0.85 wt.%
0.17 wt.%
51 ppm
8.0 m?/g

<0.15 wt.%
1.2 wt.%

<0.05 wt.%
<0.01 wt.%
10-13 m?/g
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4. Discussion

The ammonolysis of CH3SiCl; at low temperatures is
a substitution reaction. Reaction paths are likely similar
to SiCl, ammonolysis at low temperatures (Fig. 15). The
Si—-C bond is not broken and the powders contain
CH;Si(NH,)3 units. Produced HCI will be precipitated
immediately by present NHj.

H3CSiCls + 2 NH; — H3;CSiCl:NH; + NH4CI
HiCSiCl2NH, + 2 NH; —= H3CSiCI(NH2). + NH,4CI
2 HaCSiC|zNH2+ NH; — HacSiCIzNHSiC[NHcha + NH4C|

+ NH; - NH4CI
+ H3CSiC|3
CHs CHas CHs

| | |
—Si—NH—Si— NH —Si— NH—
| | |
NH NH NH
| | |

—Si—NH— Si— NH — Si— NH—
1 1 |
CHas CHs CHs

Fig. 15. Reaction paths leading to powder formation at low tempera-
tures.

Methane formation
| |

—Si— NH, + «CH; — —Si—NH- + CHs
| |

| |
—Si— CH; ++CH; —= —Si—CHz* + CHq
| |

NH; ++CH; — *NH; + CHa

H .
! N
/ /
\Si/ N Si/ + «CHy —— \Si \Si + CHs
/7 N 7 N\ N N

SiCls formation
Cl3Sie + I — SiCl
HCI formation
I l
—Si— CH; ++Cl — —Sli—CHz- + HCI
|

|
—Si— NH; + -0l — —Si—NH- + HC
|

Fig. 16. CHy, SiCly and HCI producing radical reactions.

With increasing reaction temperature a superposition
with radical reactions occurs. These are based on the
thermal decomposition of Si-CHj; or Si—Cl bonds.
Radical producing reactions are favoured at high tem-
peratures and produce Si—~CH,—Si units or aromatic
systems. The cleavage of Si—Cl bonds results in the for-
mation of eCl radicals which form SiCly. NH; supports
the radical formation, reflected by the increase of the
CHy, yield with rising NH; input concentrations. Possi-
ble radical reactions leading to the formation of HCI,
SiCl4 and CHy4 are summarized in Fig. 16. Fig. 17 shows
reaction paths resulting in the formation of Si—~CH,—Si,
Si-CH,~CH»-Si and SizN-groups. In contrast to cvd
processes leading to the formation of SiC layers, gas
phase ammonolysis of CH3SiCl;y is characterised by
nucleophilic substitution reactions as well as radical
forming processes. Powder formation requires a homo-
geneous nucleation in the gas phase and thus synthesis
conditions charcterised by high CH3SiCl; and NHj;
input concentrations are favourable. It is probable, that
an overlapping of gas—gas and gas—solid reactions takes
place. This means that synthesis products formed in first
steps will undergo further reactions while passing the
reaction zone.

To derive favourable synthesis conditions, two aspects
have to be regarded:

e High degree of CH;SiCl; conversion into powder.
e Formation of a minimal amount of NH4CI as a
byproduct.

At constant CH;SiCl3/NH; input ratios high tem-
peratures favour the conversion of CH;SiCl; as well as a
high HCI yield. On the other hand, with increasing
reaction temperature an increasing formation of Si—C
and C=C bonds takes place. These have a high stability.
The reduction of the carbon content during thermal
treatment of the synthesis products in ammonia atmos-
phere is lower than for powders produced at lower
temperatures.

I I |
—Si— CHy+ + —Si— CHp» — — ?i—— CHZ—CHZ—SII—
[ [

. |
N
N/ NS |

Si Si + «Si— —
/ N 7 N |

N~/ N\
Si S
/7 N /7 N

7/
|

Fig. 17. Radical reactions leading to Si—-CH,-Si, Si-CH,—CH,-Si and

SizN-groups.
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Synthesis conditions resulting in powders with a
minimum of NH4CI as a byproduct can be selected on
the basis of the HCI content of the exhaust gas. The
maximum HCI yield characterises the conditions leading
to a powder with a minimum NH4CIl content. Further
increase in the ammonia content will result in increasing
CH;SiCl; and SiCly conversion into silicon—nitrogen
intermediates, but this is connected with the strongly
rising NH4Cl contents. In conclusion, CH;SiCl; is a
promising compound for synthesising o-Si;N, with a
high quality. Favourable synthesis conditions can be
selected both on the basis of mass spectrometric analysis
of the exhaust gases and chemical composition of the
formed powders. It is necessary to include into these
considerations also the aftertreatment processes. The
selection of favourable synthesis conditions is an opti-
misation task concerning all process steps.
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Appendix

Corrector factor

_ vol% -N2(0u1put)

/= M
VOI.O/O.Nz(input)
. nCH;SiCl
nCH3SICl3(Ou1pu[) _ 3 3(])(11lput,measured (2)
Degree of CH3SiCl; conversion
nCH SiCl input) nCH‘SCI output
Xensicl, = ———— e A3)

nCH}SiClS(lnpul)
CH;SiCl; conversion into powder

nCH3SiCl3(inpu!) - nCHSSiCl3(0ulpu&) - nSiCl4(ou!pu!)

XCHSiCl; powaer =

NCH;SiClsinpur)

4)

SiCly yield
YS‘C] _ nSiC14(oulpul) (5)

1L —

NCH;SiCliinpuy — MCH3SiCloutpuy
HCl yield
nHCl

YHC] — (output) (6)

* . — .
3*(NCH,SiClsapuy — MCH;SIClioupun

CH, yield

nCH4(oulpul)

@)

) CH
4
CH;Si Cl3<i! put) CH;Si Cl»(om put)
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