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The paper deals with preparation of silicon nitride powders with the use of atmospheric-
pressure plasma. It compares three basic routes: nitridation of plasma-pyrolyzed SiCly, SiCly
ammonolysis, and nitridation of the silicon powder (4 pum) in plasma. For sufficient active nit-
rogen creation under nitridation conditions as well as for chlorine elimination, the ammonia
addition was clearly indicated to be necessary. Direct nitridation yields better product qua-
lity but the residence times of 0.1 s are yet short for significant nitridation of plasma-carried
powders.

INTRODUCTION

Thanks to the silicon nitride industrial applications, the chemistry of silicon-nit-
rogen compounds have recently been subject to numerous studies [1-3].

One of the striking disadvantages of commonly used silicon nitride preparation
methods is the low reaction rate both in direct nitridation of silicon powder and in
carbothermal reduction of silica [4]. It cannot be raised simply by the temperature
increase itself because of undesired competitive production of the §-modification
at high temperatures. Another inconvenient feature of the aforementioned methods
is the source-dependent particle size distribution (mean diameter typically some
micrometers).

The difficulties mentioned above can be solved by the methods which make use
of vaporized silicon-containing compounds, e.g. SiCly ammonolysis, thermal de-
composition of silazanes [5] as well as plasma chemical processes. Two principal
ones are:

a) plasma-assisted ammonolysis of silicon tetrachloride,

b) direct nitridation of silicon vapours condensing from plasma.

These processes differ from those called CVD in the products that are powdered
or fibre-like in this case, as opposed to amorphous films in the CVD. The goal of
this paper is to analyse them on the basis of the authors’ experimental results.

EXPERIMENTAL SETUP

As the source of plasma, an elongated wall-stabilized arc generator working at
atmospheric pressure was used (see Fig. 1, where the complete experimental setup
as well as the generator scheme are given). This was a modification of the so called
“plasma gun with the step anode” [6]. Nevertheless, the type used here had its in-
terelectrode section of the 6 mm inner diameter (i.d.) electrically isolated from the
anode and the additional gas stream, labeled in Fig. 1 as F,, played an important
role in the gas-dynamic stability of the plasma torch.

Variable channel length ! made feasible the absorption of electric energy on va-
rious power levels (10 to 27 kW net), which in conjunction with a broad range of
gas flows 0.03-0.08 mol/s offers mean specific enthalpies 180 through 450 kJ per
mole of the cold hydrogen-nitrogen mixture.
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Fig. 1. Schematic diagram of the experimental setup and of the plasma generator.
F1 - cathode gas flow, Fo - anode gas flow, F3 - tetrachlorosilane injection,
F4 - exhaust, F5 - ammonia injection, | - variable channel length, f - fluidizer, ¢ - cooler.

Mean plasma velocity in the channel approaches the value of 500 m/s (where
the value of 4.5 kK represents a reliable minimum mean temperature estimate). It
is to note here, that the maximum parameter value can differ substantially from the
mean (or average) one. The spectroscopically determined maximum temperature
rises as far as 12 kK in this type of plasma gun [7]. The plasma velocity and tem-
perature fall partially down already in the anode nozzle; further on, after having
been mixed with cold carrier nitrogen, the mean temperature drops to roughly 4.2
kK, within only a tenth of a millisecond.

The plasma chemical reactor is a cylindrical tube of 50 mm i. d. and variable
length. The maximum length of 8§10 mm corresponds to a dwelling time max. 0.12
sec. (without considering back streams), which is by far much for homogeneous
plasma chemical reactions, but may be insufficient for heterogeneous reactions
involving the mass transfer between plasma and condensed phase.

The stainless steel mantle of the reactor is a ground for a low heat transfer from
plasma to cooling water. Thus, more significant temperature drop within the reac-
tion zone can be accomplished by feeding a cold gas or another quenching agent
into the reactor only. The copper cooler, adjacent to the reactor, allows the initial
cooling rate of min 108 K/s at 2 kK. This value decreases with increasing thickness
of powder deposits, but throughout an experiment holds the exit gas temperature
below 420 K.
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Three chemical systems were studied in experiments:
1. SlCl4(g)—N2—H2,
2. SiCly(g)—N,—NHj3,
3. Si(s)—N,—NHj3;.
A summary of the run conditions for the experiments is given in Table I.

Table 1
Summary of the run conditions for the experiments

SiCl4—Ny—Hj SiCl4—NH3—No Si—NH3—N>

reactor length [mm] 850 850 850
displacement of F3 [mm] 10 10 10
displacement of Fs [mm] - 150 150
generator voltage [V] 240 160 180
generator current [A] 90 92 92
gas phase comp.:

N2 [mol %] 71.4 41.6 83.6
H2 [mol %] 26.6 0 0
SiCly [mol %] 2.0 0 0.83
NH3 [mol %] 0 49.8 16.2
Si(g) [mol %] 0 0 0.74
mean plasma temp. [kK] 5200 5900 5900
mean plasma enth.[kJ.g_l] 139 11.1 10.8

Nitrogen used in all these experiments was evaporated from the liguid-nitrogen
tank and was not further purified. The oxygen content in nitrogen varied between
0.01-0.1 vol. %. Hydrogen was technical grade (> 99.5 vol. % purity).

The tetrachlorosilane vapour pressure was maintained by the saturator in the
thermostated bath and the SiCl;—N,; mixture (F3) was driven into the reactor at
the distance z = 10 mm from the anode. Injection of ammonia (F5) was carried
out via a lateral tube of 3 mm i.d. mounted at z = 150 mm (F5). In the experi-
ments with powdered silicon the whole apparatus was installed vertically, so that
the plasma generator was placed under the reactor. A part called “fluidizer” was
added between the reactor and the anode to prolong the residence time of silicon
in the hot reactor zone. Silicon powder (average particle size 3.8 um according to
Sedigraph measurements) was carried by nitrogen, its typical mass flow rates being
1.6 g/min. This was checked by weighing the powder in the silicon feeder before
and after the experiment.

Silikdty &. 4, 1991 371



Svoboda, Taras
EXPERIMENTAL RESULTS
1. SIC14—N2—H2 system

The atomic emission spectroscopical observations revealed distinct emission SiN
bands in the SiCl4—N; plasma which, however, disapeared after addition of even
small concentrations (over 1 mol. %) of hydrogen (via Fl) into the plasma gas
[8]. Whereas the former arrangement yielded no solid product, the latter one gave
a good yield of powder, yet of poor nitridation degree. The result can be explai-
ned by the instability of the SiN radicals in the oxidizing medium containing free
chlorine in the former case, whereas in the latter one a sufficient silicon conden-
sation rate was not complemented by an excited nitrogen (atomic or molecular)
concentration high enough to take up all the temporarily free silicon bonds.

Powders in this experiment were collected both in the reactor and on the filter.
Great differences in the chemical composition and morphology were observed. In
the reactor hot zone (¢ < 200 mm), the fine powdered amorphous silicon was
collected, which exhibited an extreme chemical reactivity. In a lower temperature
region (z > 200 mm) polymerized products of the SiCly decomposition appeared.
These were easily hydrolyzed after their exposure to wet air [9]:

[SiCl)s + 6H20 — Sig(OH)g(s) + 4HCI(g) + Ha(g).

In the reactor zone with z = 600-750 mm a growth of fibrous materials was
observed. These include dendritic crystals as well as whiskers. They originate on
common roots, bifurcating and ramifying further in submicron needles, which can
be (in the consequence of local overheating) terminated by larger round particles
(droplets of metallic silicon), as it can be seen in Figs. 2a and 2b. The chemical
composition of the fibres varies with their length: at the origin the microprobe
(CamScan) revealed Si, Cl, partially even O, in the bodies Si and N only. X-ray
diffraction analysis (XRD) confirmed the presence of the crystallic modifications
of silicon nitride and silicon in this area (see Fig. 3). The 3-SigN, diffraction pat-
tern agrees with that given in JCPDS tables (No. 33-1110), while a-SisN, pattern
exhibits a systematic deviation in the interfacial distances —0.65 % from the stan-
dard (JCPDS No. 9-250). The phase composition was verified by IR spectroscopy,
which (on the base of standards) makes possible a qualitative distinction of a— and
(- modifications (Fig. 4).

The crystallic fibrous phase ceased at the coordinates z > 850 mm and chemi-
cally bound nitrogen cannot be detected any more. Powder samples taken from
the filter are made up by mixtures of free silicon and nonstoichiometric SiO, (see
also Fig. 4). The oxygen content may reach as high as 27.5 % as determined by
high-temp. extraction (LECO).

2. SiCl4—N;—NHj3 system

The finely disperse product of SiCly plasma ammonolysis differed substantially
from that of preceding case. This confirms a different reaction mechanism as well
[10]. Residual content of NH4Cl in products deposited on the reactor walls increas-
ed from 30 mass % (at z < 300 mm) up to 60 mass %, as determined by DTA.
Lower values were the result of sublimation concurrent with deposition. Most ana-
lytical methods (as well as further material processing) necessitate its elimination.
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Fig. 3. X-ray diffraction pattern of whiskers grown in the reactor during
the SiCly—No—+H4 experiment.

Sublimation in pure nitrogen at 900-1000 K for a period of more than 4 hours
revealed itself to be the most efficient method. This process gives a guarantee of
the suppression of the NH4Cl concentration below 1 mass % (by IR spectroscopy).

The processed powder was an X-ray-amorphous oxynitride of chemical composi-
tion (by LECO): 34.2 mass % nitrogen, 10.8 mass % oxygen, which corresponds to
a formula SiOg 34N 25. Its specific surface area was 87.5+10 m2g~!. The IR spec-
trum proved the absence of the crystalline phases (see Fig. 4, curve f) as well as
the absence of the well developed tetrahedrons SiN4, which have the characteristic
absorption peaks near 490 cm™ [11].

Oxynitride prepared in this way was thermally treated in the hydrogen-nitrogen
gas mixture (9 : 1 by volume, oxygen content less then 10 ppm) at temperature
1670 K for 5 hours. The outcome was a mixture of more than 60 mass % of
crystalline - and 3-SizN, (see Fig. 4) in the mass ratio 92.2 : 7.8 (determined by
XRD) and of the rest of the amorphous phase.

3. Si—Ny;—NHj; system

The necessary condition for a complete silicon nitridation is a sufficiently long
contact time of silicon and active nitrogen. Under the plasma conditions it may be
accomplished by a full evaporation of metallic silicon prior to nitridation process,
which takes place at lower temperatures (under the SizN4 thermal stability thres-
hold, which is at atmospheric pressure about 2170 K [1]. The enthalpy surplus in
plasma is generally sufficient for this process. Somewhat more complicated is the
heterogeneous evaporation kinetics. Krasovskaya [12] has calculated the evapora-
tion degree of the silicon particles of a mean diameter of 50 2m under experimental
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Fig. 4. IR absorption spectra of the standards and of the synthesized materials:
a) o-Si3Ny4 standard, b) 3-SiaNy4 standard, c) whiskers grown in the reactor SiCl;—N2—H2
experiment), d) product on the filter (SiClg—No—-H2o experiment),
e) whiskers grown in the reactor (Si---NH3---No experiment), f) product of the SiCly plasma
ammonolysis, g) product of the SiCly plasma ammonolysis after the heat treatment
(1400° C, 4 hours, No—Ho gas mixture).

conditions scaled up by one order (the mean enthalpy being comparable), to 40
mass %. However, estimates based upon other sources [13, 14] which model our
conditions, incl. different particle size distribution, give more optimistic results. In
accordance with our experiment, only a small part of approx. 5 mass % remains
unevaporated. Our microscopic observations indicate that this fraction corresponds
to the tail fraction of coarse source particles.

Addition of ammonia via FS input into the decaying plasma (the so called af-
terglow) has several positive consequences. The gas temperature substantially falls
down, while the arising nitrogen atoms and NH radicals play a dominant role in
silicon nitridation [15].

The powder samples taken from the reactor show two distinct phases: a lower
polycrystalline silicon layer of thickness almost 1 mm and an upper fibrous struc-
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ture of a-SizN4 needles (the structure has been indicated by IR spectroscopy and
prooved by XRD method). A quantitative elucidation of the IR spectrum of the
needles (plotted in Fig. 4, spectrum e) showed the bound nitrogen content was
3545 mass %. No bound nitrogen was found in the deeper layer (by IR).

High-temperature extraction measurements (LECO) made possible to evaluate
the mean mass concentration of SizN, in the sample, defined by formula

ny

XsiN, =

SigNyg NSiaN, )
where ngj,n, denotes the bound nitrogen mass fraction in the nitride phase (0.35
in this case) and ny is the total nitrogen molar fraction in the sample as a whole,
determined by LECO. The dependence of Xgi,n, Vs. z is given in Fig. 5 together
with the specific surface arei of 5 samples. The curves show that under z = 350
mm, the nucleation of free silicon prevails over its nitridation.
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Fig. 5. Reaction degree (a) and specific surface area changes (b) of product along the reactor.

DISCUSSION
A good chemical quality of silicon nitride fibres in the stationary (anchored)

phase is the consequence of a relatively long contact time between growing fibre
tip of slowly condensing silicon and active nitrogen carrying plasma passing by.
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Meanwhile, the particles driven by plasma have an efficient contact time for ap-
prox. one tenth of a second and this is apparently too short to yield substantial
degree of nitridation.

High oxygen content in the disperse product of SiCl,; ammonolysis may have
two basic reasons: a) high oxygen content in the source chemicals, which in co-
operation with high affinity of silicon to oxygen leads to an appreciable enrichment
of the product with oxygen, b) ultra-disperse state with large specific surface area
and extremely small particle diameters (down to 10 nm), generally exhibits higher
energy of adsorption [16], and lower apparent activation energy for the reaction
of the adsorbed species with the substrate. The powder can almost instantaneously
take up a mono-layer of oxygen and/or water vapour, which later on hydrolyzes
subsurface layers of the silicon nitride-like compound and tends to a transforma-
tion of the nitride bonds to oxidic ones. A product of 80 m?/g has an average
particle diameter 23 nm and a monomolecular layer on its surface represents al-
ready 4.7 mass % of oxygen. The distinction between both forms of oxygen in the
final product is not quite unambiguous. It seems to be feasible by the high-tempe-
rature oxygen extraction in combination with precise IR absorption spectroscopy
measurements.

CONCLUSION

The studies on silicon nitride synthesis in the high pressure plasma afterglow,
conducted in the Institute of Plasma Physics, showed its feasibility. Since the
presumption of a sufficient concentration of active nitrogen species in a hydrogen-
nitrogen high-pressure afterglow appeared not to be fulfilled, addition of ammonia
was necessary. Nevertheless, this makes the process very close to those not using
plasma. This particular plasma synthesis seems to be furthermore too expensive
for a unit production. The industrial use of prepared fibrous products is, moreover,
doubtful. As it makes use of gas/solid transitions it offers still advantages in the
preparation of uniformly doped powders for technical purposes (e.g. engineering
ceramics).
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NITRIDY A OXYNITRIDY KREMIKU PRIPRAVENE VE VYSOKOTLAKEM PLAZMATU
Pavel Svoboda, Petr Taras*

Wsokd skola chemickotechnologickd, Technickd 5, 166 28 Praha 6
*Ustav fyziky plazmatu CSAV, Pod voddrenskou vé#i 4, 182 11 Praha 8

Dohasinajici dusikovodikové plazma bylo pouZito k pyrolyze a nitridaci SiCl4 a volného kfemiku.
V uzavieném reaktoru s dobou setrvdni 0,1 s byly ptipraveny materidly s riznym stupném nitridace,
zdvisejicim pfedev§im na expozici aktivnimu dusiku. Tomu odpovid4 vy3Si stuperi nitridace u zakotvené
faze (produkty na st€nich reaktoru) a pfi pfidavku bezvodého amoniaku do reaktoru.

Pfi poufZiti tewachlorsilanu jako suroviny vznikal v reaktoru vldknity materidl (whiskery) o primé-
ru vldkna pod 1 pm a délce nékolik stovek pm, ktery je smési - a (- modifikaci nitridu kfemiku
s minoritni pfimési volného kfemiku.

Nitridaci disperzniho kfemiku za pfitomnosti amoniaku vznikal v zakotvené fdzi a-SigN4. Doba
kontaktu unéd3ené faze s aktivnim dusikem je pro dosaZzeni vysokého stupné nitridace nedostate¢nd.

Pripravené materidly byly podrobeny chemické analyze metodou vysokoteplotni extrakce, fazové
sloZeni bylo zkouméno infracervenou absorpéni spektroskopii a rtg. difraktometrii. Metody vykazuji
uspokojivou shodu vysledki a indikuji zvySenou reaktivitu amorfnich ultradisperznich materiéla pro-
dukovanych jako unéasené faze.

Obr. 1. Schéma experimentu a ndkres generdtoru plasmatu. F - pritok katodou, Fa - priitok anodou,
F3 - ddvkovac SiCly resp. Si, F4 - vystup plynii, Fs - davkova¢ NHs3, | - proménnd délka kandlu,
[ - fluidni loZe, c - chladi¢.

Obr. 2. SEM fotografie vidken SigN4 vyrostlych v reaktoru béhem experimentu s SiClg---No-—H7.

Obr. 3. Rentgenovy difraktogram vidken vyrostlych v reaktoru béhem experimentu s SiClg—No--—2

v porovnani se standardy JCPDS.

IC£J absorpéni spektra standardii a pripravenych materidli: a) a-SisNy4 standard, b) 3-SigN4

standard, c) vlakna vyrostld v reaktoru na pozici z = 675 mm v experimentu SiCly---No--4{2, d)

materidal usazeny na filtru (SiClg---No---H2), e} vidkna vyrostla v reaktoru na pozici z = 150 mm

v experimentu (Si---No-—H2), f) materidl pripraveny amonolyzou SiCly, g) materidl pripraveny

amonolyzou SiCly po tepelném zpracovani (1400 °C, 5 hodin, No-—Hqo atmosféra).

Obr. 5. Zména stupné premény (a) a velikosti mérného povrchu produktu (b) v zdvislosti na z v experi-
mentu Si---NH3---No.

Obr. 4.

HUTPUIbI U OKCUHUTPU[IbI KPEMHUS, ITPUTOTOBJIEHHBIE B BLICOKOHA-
ITOPHOMU ITITASME

ITaBes CBo6ona, ITerp Tapac*

Xumuro-mexunoaozuveckuii uncmumym, Texnuyra 5, 166 28, I1paza 6
* Unemumym ¢puduxu naaamvt YCAH, 100 8o0aperckoy gexcu 4, 182 11, I1paza 8

Jloroparoryio a30TOBOAOPOAHYIO 11J1a3My KCII0JIb30BaJIHM ISl Upou3a U a3oTupoBaHus SiCl,
1 cBO6GOAHOrO KpeMHUs. B 3akpbITOM peakTope C BbiiepxKoi 0,1 ¢ GbLIM IIPUTOTOBJIEHBI MaTe-
pHaibl C pa3HOH CTeIIeHbIO0 a30THPOBaHMs, 3aBUCSIIEN NMPeXAe BCEro OT IKCIIO3MLMA aKTHBHOTO
a3oTa. 3TOMY COOTBETCTBYeT Oollee BbICOKas CTelleHb a30THPOBaHUs Y HEIIOABIKHOM ¢ha3bl (mpo-
AYKTbI Ha CTEHAaX peaKkTopa) U Ipu fo6aBKe 6e3BOJHOTO aMMHaKa B peakTop.

I1pu Kcnob30BaHMK TETPaXJIOPCHiaHa B KauecTBe ChbIpbsi 00pa30Bajicsl B peaKTOpe BOJTOKHHUC-
ThIif MaTepHan (BUCKepbI) IapaMeTPOM BOJIOKHA HIKe 1 UM M VIMHOI HECKONBKHUX COT [LM, KOTO-
pbIii 11peacTaBiisieT cOGOM CMeCh Ot U 3 BUIOW3MEHEHUI HUTPUAAa KPEMHHUSI C MUHOPUTHOM 11pH-
MeChbIO CBOOOHOrO KPEMHHSL.
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A30THPOBaHHEM AUCHEPCHOHHOrO KPEMHHS B IPUCYTCTBHH aMMHaKa 006pa3yeTcs B HENOMBHIXK-
Ho# ¢ase a-Si;N,. BpeMst B3anmopeicTis yHocuMo# ¢a3bl ¢ aKTHBHBIM a30TOM OKa3bIBAETCS LISt
JAOCTHXKEHHUS BbICOKOH CTENEHN a30THPOBAHMS HEIOCTATOYHBIM.

ITpuroToBIEHHbIE MAaTEPUAJIbI IIO/IBEPrajIMCh XHMUUYECKOMY aHAJIM3y C IIOMOILbIO METOA Bbl-
COKOTEMNEPATYPHOH IKCTPaKIMH, cocTaB (a3 ucciiefoBalcs npu nomorun aécopbunonnoi MK
CMEKTPOCKOINH U peHTreHorpacguueckoil TupakToMeTpun. MeToab! BBIAEISIOTCH AOCTATOY-
HbIM COBNAJE€HUEM PE3YIILTATOB U OGHAPYKHMBAIOT IIOBbILLIEHHYIO PEAKTHBHOCTb aMOPGHBIX YJlb-
TpaAnCIeprupoBaHHbIX MaTEPHAJIOB, I10JIy4YaEMbIX B BUAE YHOCHUMO#H (as3bl.

Puc. 1. Cxema axcnepumenma u u3obpaxenue 2enepamopa naa3mwi: F; — npomok kamooos,

Puc.

Puc.

Puc.

Puc.

378

F; — npomok anoodom, F; — 0ozamop SiCl, uau Si, F, — 8b1x00 2a308, Fs — 0ozamop NH,, 1
— nepeMenHan 0UHA KAHAAQ, [ — 836€MEHHbLIL CAOU, C — XON00UAbHUK.

. SEM ¢pomocvemku 8oaokon Si;N,, o6pazosasuiuxca 6 peakmope 60 8pems IKCnepUMEH-

ma c SiCly—N,-H,.

. Penmeenosckas ougppakmozpamma 8040K0H, 00pa308asuIUXCA 8 peaKmope 80 8pemsa

axcnepumenma c¢ SiCl,—N,—H, 8 conocmaeaenuu co cmandapmamu JCPDS: © B-Si;N,
(Nr.33-1110), © a—Si;N, (Nr. 9-250), * kpemnuii (Nr. 5-565).

HK abcopbyuonnbie cnekmpbi cman0apmos u NOAyHeHHbLX Mamepuanos: a) oSiN,
cmandapm, b) B—Si;N, cmandapm, s) 6040kHa, 00pa3osaswueca 8 peakmope 8 NOAOKe-
Huu z = 675 mm 8 akcnepumenme SiCl,—N,—H,, d) mamepuan, oceswuli na gpurbmpe
SiCl;—N;~H,;, e) soaokHa, o6pa3osasuiueca 6 noroxenuu z = 150 mm 8 akcnepumerme
(Si—-N;—H,), f) mamepuan, npuzomosaennsviii amornoausom SiCly, g) mamepuan, npuzo-
moseaennbiii amonoaudom SiCly nocae mepmureckoti oopabomru (1400°C, S wacos, N;—H,
cpeoa).

. H3amenenue cmenenu npespauerusn (a) u paamepa yoeavHolii nosepxnocmu npooykma (b)

8 3asucumocmu om z 8 cknepumerme Si—NH;—N.
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Fig. 2. SEM picture of the SigN4 whiskers grown in the reactor during the SiCly—No—Ho experiment.





