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Gas-phase synthesis of amorphous
silicon nitride — reaction paths
and powder characteristics
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The gas phase reaction between SiCl, and NHj3 is investigated in the temperature range
between 525 and 800 °C at atmospheric pressure and at conditions typical for powder
synthesis. By means of mass spectrometric in-situ measurements it was possible to detect
the gaseous compounds H,NSiClz, H,NSIiCI;NH;, CI3SiNHSIiCl3, NH,CI,SiNHSICl3,
(SiCI;NH); and Si3(NH)3CIlsNH,. The reactions taken place in the gas phase are very fast and
result in the formation of a fine, chlorine containing product. Powders sampled at a
reaction temperature of 800 °C have an average molar ratio Si:N:Cl of 1:1, 33:0.28. Based
on the proved gaseous intermediates and the composition of the powders reaction paths
resulting in the formation of powders are derived. «-SizN, powders with a high sintering
activity are obtained after thermal dechlorination of the synthesis products in ammonia
atmosphere followed by a crystallization process between 1200 and 1500°C. © 7999
Kluwer Academic Publishers

1. Introduction containing species in the gas phase [6]. A reaction
Silicon nitride ceramics are promising materials for mechanism which is in agreement with that of the re-
high temperature applications. The achievement of ceaction of SiC} with NH3 at temperatures below°C
ramics combining high hardness, wear resistance, lowvas proposed. But these investigations [7] were carried
density, chemical stability and high mechanical resis-out with an excess of ammonia and thus it is impos-
tance requires powders with high purity, uniform crys-sible to conclude reaction paths favourable for powder
tal size, low agglomeration and a highSisN4 content  production.

[1, 3]. Using silicon nitride powders of improved purity ~ This paper describes mass spectrometric investiga-
result in better high temperature properties [2]. In thistions to detect gaseous intermediates formed by the
way, silicon nitride powder production by gas phase reteaction between Si¢land NH; at elevated temper-
action of SiC}, with NH3 has been seen for many years atures and atmospheric pressure and possible reaction
as an alternative to conventional carbothermal or difaths leading to powder formation. The characteristics
rect nitridation processes. Depending on temperatur&f powders precipitated at reaction temperature are de-
molar ratio SiC§/NHsz and retention time, the reaction scribed. Further processing steps leadingri8i3N4
leads to amorphous products of various compositionare summarized.

Mainly chlorine containing powders are formed. Only

a high temperature gas-solid separation offers the pos-

sibility to prevent the formation of NkCl as a byprod- 2. Experimental

uct. Thus, additional processing steps are necessary fthe main part of the developed experimental setup is a
separate N§Cl and to produce chlorine free, amor- vertically positioned hot wall quartz reactor with a spe-
phous silicon nitride or siliconimide nitride. Crystalline cjal gas input system and a connection to a quadrupol
a-SizN, is obtained by thermal treatment of these com-mass spectrometer (Fig. 1). The reactor has a length
pounds at temperatures above 12003-5]. For the  of 300 mm and an inner diameter of 20 mm at the top
developmentoffavourable synthesis conditions itiSim-and 35 mm diameter and 450 mm |ength at the bot-
portant to characterize the reactions taking place in thgom. It was heated by an electrical resistance heating
gas phase. However, only investigations at conditiongvire, Temperature controller and thermocouple were
typical for CVD processes are known so far. Mass specysed for temperature control and measurement. The re-
trometric measurements of the SiMHs-reaction at  actants were led into the tube by a special gas input sys-
temperatures and pressures in the range of 8001200 tem. The inner quartz tube was used simultaneously for
and up to 106 mbar indicated the occurrence of silicorsjcl, (99.999%) and K (99.999%) gas input whereas
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SiCI, /N, intensity distribution which can be expected theoret-
' ically. For a compound of the formal composition
Si,, CIxNyH; the theoretical intensity distribution was
calculated on the basis of the natural frequency of iso-
topes resulting from solution of the terd¥%i+ 2°Si +
/ / 30Sj)w . (35CI 4+ 37CI)* - (**N + 15N)Y - THZ, The peak of
/ the lightest isotopic combination in an isotopic pattern

is named basic peak.

N, ~ ~ NH,

Vi

| 7 [ thermocouple 3 Ragylts and discussion

mas§ spectrometric The reaction between Sicand NH; is very fast, and
gas inlet . . .
gaseous intermediates can be detected only by direct
measurement on the boundary between the ;8\l
and the NH gas flow. This technique has the disad-
M . J vantage, that the real mixing ratio between i@hd
1,r NH3 is unknown at the place of measurement. How-
|—> powder separation, ever, only this method allows a detection of the formed
gas cleaning gaseous intermediates. Because the intensities of all
silicon containing species decrease with rising temper-
ature, the identification of intermediates is described on
the basis of the experiments at 525 The formation
of the following silazanes was proved [8].

Figure 1 Experimental setup.

the outer tube was used only forNThe middle tube

served for NH (99.96%; additional dried by KOH) in-

put. Ammonia and hwere premixed and warmed up 3.1. Aminotrichlorosilane
until they reached the end of the inner Si@lbe. (ATCS)—CI5SiNH,

The distance between the SiGhput tube and the  Aminotrichlorosilane is the first compound formed by

QMS gas inlet was 15 mm. It followed from the short the reaction of SiGlwith NH3 (Equation 1).
distance that retention time all over the studied tem-

perature range was lower than 0.1s at a total flow of SiCl; + NHz — CI3SiNH, + HCI 1)
3.5 mol/h. The used QMS (type QMG 421 made by ] o
BALZERS AG) enabled measurements in the masd he basis peak of the molecule ion lies at 149 amu and

range up to 512 m/e. The apparatus consists mainly dfharacterises the molecule ions8INH; (Fig. 2). Itis
no problem to assign mass numbers at 149—-155amu to

« atwo-stage gas inlet (nozzles of boron nitride with AT CS, because the existence of other fragment species
orifices of 0.1 mm in each case) in this mass range can be excluded. The isotopic dis-
e a(200x 8) mm molybdenum que{drupole mass fil- tribution of the ATCS™ molecule ion is summarized in
Table I.
ter,

e a cross-beam ion source,

e a detector (optionally 90off axis multiplier
(SEM) or Faraday cup and

e a pumping unit (two turbo molecular pumps with
two backing diaphragma vacuum pumps).

3.2. Diaminodichlorosilane
(DADCS)—CI,Si(NH,),
The occurrence of the mass peak 130 amuin acharacter-
istic isotopic pattern (before the typical SiGpattern)
proved the formation of diaminodichlorosilane, be-
ause a fragmentation path of other species cannot lead
o this mass number (Fig. 2). Further fragment ions
cannot be used for identification due to the possibility
of their formation as a result of fragmentation of other
compounds.

For identification of intermediates SEM was always
used. The energy for ionization was kept constant
70 eV.

All gas flows were controlled by means of mass flow
controllers (MKS instruments). The total flow rate var-
ied in the range of 150—-300 &/min for NH; and was
1000 cn#/min for N,. SiCl, was dosed by a peristaltic
Pump In S_UCh a way that t_he liquid was pumped CON~ ABLE | Comparison of calculated and measured data for ATCS
tinuously into a heated boiler and after that was tranSsgjecule ion

ported to the reactor in a heated pipe with nitrogen as

carrier gas. The amount of SiQlvas controlled both ~ Mass (amu) Intensity (calc.) Intensity (exp. data)
by the pump parameters and a burette which was dis;g 99.4 99
continuously filled with liquid SiG4. A variation of  1gq 5.4 6
the SiCl/NH3 ratio could be reached by increasing the 151 100 100
SiCl, volume flow while the other flows are kept con- 152 5.3 5
stant. 153 34.6 35

154 1.7 1

To identify the formed intermediates, the mea-

. Lo Y . 4.4 6
sured intensity distribution was compared with the
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Figure 2 Mass spectrum of the Sigammonolysis at 525C.
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Figure 3 Mass spectrum of the Sigammonolysis at 525C.
3.3. Hexachlorodisilazane
(HCDS)—C|3Si-NH-SiC|3 TABLE |l Comparison of calculated and measured data for
Hexachlorodisilazane is the first representative of CPSCC)" fragmention
chain-like silazanes. The basis peak of the HCDSuass (amu) Intensity (calc.) Intensity (exp. data)
molecule ion appears at 281 amu followed by a 283
amu mass peak, both with low intensities (Fig. 4). Fur-246 59.2 59
6.2 8
ther peaks of the isotopic pattern are overlapped by th§ 18 100 100
APCCTS(-Cly -fragment ion (especially at 285 amu). 549 10.3 15
In accordance with literature data for pure HCDS [9], 250 68.9 66
the formation of the fragment ions HCDS(-Cland 251 6.9 10
HCDS(-CI, -HCI)* was proved at 246 and 210 amu 252 24.6 2l
(Fig. 3). The intensities are in good accordance W|th254 i:;" g

theoretical isotopic distribution (Table II). The
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formation of the fragment ion @SiNHSiCE’ can be TABLE Il Comparison of calculated with measured data for
. - . . HCCT lecule i
explained by a reaction according to Equation 2. CCTS" molecule ion

C|35iNHSiC§ - ClgsiNHSng +cl (2) Mass (amu) Intensity (calc.) Intensity (exp. data)

The peak intensities at mass number 249, 251 anézg 42.'; 4?
253 amu are slightly higher than the theoretical valuesz, 100 100
It is assumed, that the reason is a small overlapping42 16.1 14
effect of the APCCTS(-CI,-HCf) fragment ion. 343 87.2 84
344 13.7 10

. . 345 41.9 37

3.4. Aminopentachlorodisilazane 346 6.4 4
(APCDS)—CI3Si-NH-SiCI,NH, 347 12.0 7

The mass number at 262 amu is assigned to the basic
peak of the APCDS molecule ion (Fig. 3). Anisotopic
pattern characteristic for the 8lls-system is obtained. agreement between the theoretical and the measured
Overlapping with signals resulting from a fragmenta-intensity distribution.

tion based on hexachlorocyclotrisilazane was visible In addition to the HCCTS molecule peak, fragment
beginning at 268 amu. Thus, only the signals at 262jon peaks at 304, 268 and 232 amu were assumed to
264 and 266 amu can be used for aminopentachlordselong to HCCTS. The formation takes place according
disilazane identification. Two intensive fragment ions,to Equations 5-7.

formed according to Equations 3 and 4, are assigned to

APCDS, too. [SizClg(NH)3] ** — [SisCls(NH)3] * + CI°

()
339amu 304 amu
[CI3SINHSICBLNH,] ™ — [CI,SINHSICLNH,] ™+ CI®
262 amu 227 amu [SizCls(NH)3] " — [SizCl4N(NH),]* + HCI ©)
3) 304 amu 268 amu
[CI2SINHSICLNH2] ™ — [CISINSICLNH,] + + HCI [SisClaN(NH),]* — [SizCl3N2(NH)] * + HCI )
227 amu 191 amu 268 amu 232amu
4)

The HCCTS(-CIJ ion species with a basic peak at
3.5. Hexachlorocyclotrisilazane 304 amu exist predominantly. This confirms results
e (HCCTS)—(SiCl,NH)s obtained in mass spectrometric investigations of pure

Mass peaks at 339—-347 amu—the last mass signals HCCTS [10].

the detectable range up to 512 amu—were assigned to

the molecule peak of HCCTS (Fig. 4). Total isotopic 3.6. Aminopentachlorocyclotrisilazane

pattern at 339-347 amu conforms to the theoretical ex- (APCCTS)—Si3Cl5(NH)3sNH,

pected values of an §LIgN3Hs-system (Table 1ll). Due  Before the HCCTS molecule peak in the mass spectra,
to the absence of overlapping effects, there is gooa signal group appears at 320—-327 amu whose intensity

ion current [A]
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[amu]

Figure 4 Mass spectrum of the Sigammonolysis at 525C.
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is one order of magnitude lower (Fig. 4). The difference Based on the results of the mass spectrometric in-
between the two basic peaks is 19 amu. It is impossivestigations the following reaction path is probable for
ble to explain this mass difference by fragmentationSiCl, ammonolysis in the temperature range between
of HCCTS. Therefore, it can be assumed that thes&25 and 800C (Fig. 6):

peaks are due to another molecule ion, namely that of SiCl, reacts with NH producing C§SiNH,. There
APCCTS. The isotopic distribution conforms with a are two paths for a further reaction. The reaction with
SizCls-system at mass numbers 320, 322 and 324 amwgiCl, leading to the formation of SigNHSICl; or the

but not so well at 325 and 327 amu. Fragmentation ofeaction withammonia producing SKNH-)». No for-
APCCTS according to Equations 8 and 9 results in peaknation of SiCI(NH)3 or Si(NH,)4 was detected.

groups beginning at 285 amu and at 249 amu. It is known, that hexachlorodisilazane decomposes
at temperatures above 300 to solids [7, 11]. This

[SizCls(NH)sNH2]** — [SizCla(NH)sNH,]* + CI* means, it is a metastable compound in the investigated
320amu 285 amu temperature range. Only high Siontents or low re-

action temperatures should lead to the preferred pres-
(8) > .
ence of hexachlorodisilazane in the gas phase. It can be
[SizCla(NH)sNH2]* — [SisClLaN(NH),NH,]+ + HCI ~ expected that a fast further reaction with ammonia re-
285 amu 249 amu sulting in the formation of aminopentachlorodisilazane
9) takes place. However, aminopentachlorodisilazane can
be formed also by reactions both of Si(MNH,), and
Fig. 5 represents the curve of the relative intensi-SiClsNH,. The low concentrations of APCD indicate a
ties of signals typical for the different compounds asfast further reaction.
a function of temperature. Here, the relative intensity The reaction of known dihalosilanesf{&Cl,) with
characterises the intensity of the signal with respect tammonia results in the formation of silylamines, cy-
that of the'“N signal. The rising HCl content reflects the closilazanes or polysilazanes depending on the used
increase of the degree of conversion of 2i@Ith in-  reactants and the reaction conditions [12, 13]. The for-
creasing temperature. This is confirmed by the decreasmation of ring systems with 3 or 4 Si atoms is preferred.
of the ammonia signal at 17 amu. Aminotrichlorosi- The proved presence of hexachlorocyclotrisilazane in
lazane and Diaminodichlorosilazane are the predomithe gas phase indicates, that SiBGIH,), shows a
nate intermediates. All other compounds have intensireaction behaviour equivalent to that of known di-
ties which are 1 to 3 orders of magnitudes lower. Thehalosilanes. However, links for a formation of gaseous
decreasing contents of all silazanes show the accelerd-ring systems were not found. Amiopentachlorodisi-
tion of the reaction with increasing temperature. Onlylazane acts as an intermediate in the process of hex-
small amounts of HCDS and APCDS are present in theachlorocyclotrisilazane formation according to Fig. 6.
gas phase. The cyclic compounds HCCTS has highekminopentachlorocyclotrisilazane can be formed by
concentrations, indicating a higher stability in the in- reactions both of hexachlorocyclotrisilazane with am-
vestigated temperature range. Itisimportant to note thahonia and aminopentachlorodisilazane with diamin-
the gas phase contains, even at high ammonia contentslichlorosilane. As mentioned above, the reaction in
and great retention times, unreacted $i@hile no or  the gas phase is very fast and results in the formation of
only extremely small amounts of gaseous silazanes cammorphous, chlorine containing powders with an uni-
be detected. Ammonia reacts with the formed gaseouform spherical shape and a particle sizé um.
intermediates or with the solids rather then with QiCI  Table IV contains the results of the chemical analysis
The same was found for reactions of Sj@ith ammo-  of powders sampled in the reaction zone. These pow-
nia at low temperatures [7]. ders were precipitated at 800 and separated from
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Figure 5 Temperature dependence of signal intensities of the formed gaseous silazanes.
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SiCl + NH, —= | H:NSiCl SICl(NH2)
I

R

| clssiNHSICLNH, |

| + H,NSICly + SiCl(NHy)2

y

+ NH, SiCl; SiCl,
+ SiCl, 7N VAN
HN NH HN NH
I i IEIIII - i |
Cl,Si  SiCly CLSi  SiCINH,
N/ N/
NH NH
Cl [o]] Cl Cl

i : i i
~Si=-NH-Si-NH-Si-NH=-Si-NH - + NH;
1 i 1 | |

| iCly
¢ ¢ Cl MG
+ NH, l l
+ SiCl¢
SiCl SiCl SiCl
AN N/ N/ N7 N g
o] Cl Cl (IZI 1 hf rﬁ rl‘J
. ! ! . SiCl SiCl SiCl SiCli
_s‘l-NH—?n-NH-?l-NH-SII-NH- \N/ \N/ N N/ \N/ \N/
NH NH NH NH

{ i [ | |
3 N ¥ ) sict  Sicl  sicl Sicl SiCl
= Si~NH ~Si-NH-Si-NH-Si-NH- SN N R AN N
cl c ¢l N

| ! | |
SiCl  SiCl SiCl SiCl

| =

(StaNNF)=CIx [(SIN)(NH),CL
\

Figure 6 Reaction paths resulting in the formation of amorphous silicon nitrides.

the reaction system after cooling to room temperaturethe occurrence of the signals of Si-N groups. Overlap-
There are no differences in the powder composition as ping can be possible and thus, detection of the Si-Cl-
function of the SiCJ/NHz inputratio. The average com- signal becomes impossible. The signal at 1400tm
position is 47.24 wt% Si, 31.2 wt% N, 16.67 wt % CI indicates traces of NkCI. This was probably formed
[14]. This is equivalent to a molar ratioi SN : Cl of  during the cooling process of the reaction system from
1:1.33:0.28. The IR-spectra of all powders are identi-HCl and NH; traces present.

cal. Fig. 7 represents a typical spectrum. Signals indi- Thermal treatment of the powders in ammonia at-
cating Si-Cl groups are not visible. However, the Si-Clmosphere leads to amorphous, chlorine free products.
vibrations lie in an area which is also characterised byrhe formation of powders containing a highSizN4
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TABLE IV Composition of powders sampled at 80D such as (GISiNH)y and (Sp(NH)3Clo)x and their
thermal decomposition to §N4(H, Cl)x.

Molar . . .

input ratio e Formation of cyclic compounds such as (CISiN)

SiClY/NHs Wt%Si wt% N wt% Cl molSi molN molCl and subsequent Cl substitution caused by reactions

with gaseous ammonia.

3/5.5 4621 3271 1533 1 142 026
gjg:g 22:25 gg:ﬁ ig:il i i'gcl) gzé The first_reactic_m path is in accordance with the am-
3/6.1 4662 3012 183 1 130 o031 Mmonolysis of SiCJ at low temperature. However, the
3/6.15 4653 3047 1711 1 1.31 029 formed solid polysilazanes undergo even in the reac-
3/6.26 4759 3166 1715 1 133 029 tion zone thermal decomposition processes and fur-
3/6.3 46372925 1961 1 127034 ther reactions with ammonia. These reactions are sim-
gﬁg:? 22:?3 391_'32 115.'2? 11 112377 8.'321 iIa_r to that, describeq for the thermal decomposition of
377.8 4885 3131 1421 1 129 023 (Si(NH)2)n/NH4Cl mixtures [11].

3/18.2 4925 3256 1404 1 133 023 Due to the increased formation of cyclic gaseous
3/8.6 4938 3462 1355 1 141 022 compounds with increasing temperature it is probable

that high temperatures favour the second reaction path.
After the formation of the cyclic compound (CISify)
contentis achieved by an additional crystallization pro-which was firstly described in [16], gradual further
cess at temperatures between 1200 and 1600he  reaction with unreacted ammonia results in the for-
obtained materials have a high sintering activity resultmation of compounds with the formal composition
ing in SkN4 ceramics parts with a room temperature SisN4(H, Cl)y.

strength of about 1000 MPa [13]. Both reaction paths are characterized by overlapping
of reactions taken place in the gas phase and further
4. Conclusions reactions of the formed solids. Unreacted ammonia is

Based on the proved gaseous intermediates and tH¥ecipitated as NkCl after cooling of the gases to room
composition of the powders sampled in the reactiofemperature. In conclusion, it is expected that the pre-

zone the following two reaction paths resulting in the ferred reaction path strongly depends on the concrete
formation of powders are poss|b|e (F|g 6) reaction conditions such as temperature, retention time

and total amounts of Sighnd NH; in the gas phase.
e Further reactions of aminopentachlorodisilazane Gas phase ammonolysis of SjGit elevated tem-
resulting in the formation of solid polysilazanes peratures provides an excellent opportunity to produce

v Si-N

absorbance

¥
S00

+ + —t — v
4000 3500 3000 2500 2000 1500 1000

wave number [cm”]

Figure 7 IR-spectra of a powder sampled at 8@
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