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A simple, seedless method for the synthesis @Nsifrom a hydrogen-free precursor system {8 (,)-No(,)) was developed. From
thermodynamic calculations and experimental results it is concluded that the gaseous chemical spe¢®5,S8iF;, SiF;, SiF and Si)
formed during the low-temperature dissociation of;Nis in a conventional CVD system reaici-situ with nitrogen to produce g$N..
Whiskers, fibers, coatings and powders were obtained via th&iRaN, system at pressures slightly above atmospheric pressure. Not
only does the feasibility of the reactions for MgiFs dissociation and $N,4 formation increase with the temperature but also, once thg SiF
chemical species are formed by the former, the latter reaction is even more viable. AmorpidugsSibtained at temperatures of up to
1173 K while crystallinex- and3-SisN4 are formed in the range 1273-1573 K and with processing times as short as 120 minutes. Optimal
conditions for maximizing SN4formation were determined.

Keywords: Thermodynamics; CVD; AmorphoussBi4; a- and3-SisNy; gas-solid precursors.

Se desarroll un metodo simple y sin semillas para iatesis de SiN4 partiendo de un sistema de precursores libre débihio (NaSiFg -

Na(gy)- A partir de d@lculos termodiamicos y resultados experimentales se concluye que las espetigsagugaseosas SIKSiF,,SiFs,

SiF,, SiF and Si) formadas durante la disoctata baja temperatura del NgiF; en un sistema convencional de CVD reaccionan in situ con

el nitrbgeno para producir g\,. Se obtuvieron fibras, fibras cortas discontinuas, recubrimientos y polvosa tfalsistema N&iFg ) -

N2 a presiones ligeramente por encima de la preaimosérica. Con el incremento en la temperatura no solo aumenta la factibilidad de las
reacciones para la disociacidel NaSiFs y formacibn del SiN4, sino tambén una vez que se han formado las especies|®iFla primera
reaccon, la segunda readni es incluso ras factible. El SiN, amorfo se obtiene a temperaturas de hasta 1173 K mientras quéNel Si
cristalinoa y 8 se forman en el rango de temperaturas de 1273-1573 K y con tiempos de procesamiento tan cortos como 120 minutos.
determinaron las condicionéptimas para maximizar la formaci del SgNy.

Descriptores: Termodiramica; CVD; SiNsamorfo; SiNsa y 3; precursores gasido.

PACS: 81.15.Gh; 81.20.Ka; 82.60.-s

1. Introduction The synthesis route for amorphousy- and -
SizNginvolving gas phase reactions -commonly referred to as
As a consequence of the increasing demand for silicon nichemical vapor deposition (CVD) - typically starts from sil-
tride (SkN4) both for structural and functional applications icon gas precursors (silane and halides such as; SEiF;,
although it has been under investigation since the 1960'sSiBr, and Sil;) or silicon liquid precursors (metalorganics as
70’s, a considerable number of new or alternative synthesitetra-methyl-silane), and mainly from ammonia as a nitrogen
methods have been proposed over the past 20 years [1-1ZJas precursor [23,24]. During processing, the liquid or gas
In addition to the former interest in this ceramic material for precursors undergo decomposition into more reactive species
structural applications, the synthesis of both amorphous anéhat further interact to form $N,. Silane (SiH) and silicon
crystalline SiN, has been intensively investigated for opto- tetrachloride (SiCJ) are the most commonly used silicon pre-
electronic and microelectronic applications [13-21]. Within cursors while ammonia is the most preferred nitrogen precur-
the semiconductor industry most of the interest in nitrogensor. The reason why NHs preferred over Nis because the
silicon compounds was particularly as thin films for use adatter is thermally and chemically more stable than the for-
passivation layers to protect semiconductor devices, as gatger, and therefore more difficult to dissociate. Specifically,
dielectric layers in thin-film transistors (TFT) and as insu-while the ionization potential for Nis 15.576 eV, the corre-
lator layers to fabricate metal-nitride-oxide-silicon (MNOS) sponding value for Nkiis 10.2 eV [25]. Consequently, the
devices [22]. Also, owing to its excellent physicochemi- synthesis of SiN4 using only N (to obtain, accordingly, ni-
cal properties and resistance to the diffusion of impuritiestride deposits free of hydrogen), and conventional CVD sys-
SisN, was considered as a prominent candidate for substitems with common silicon precursors has long been a chal-
tuting silicon dioxide in MOS devices [13]. In addition lenging task.
to low-temperature and cost-effective processing characteris- The film contamination issue with hydrogen and the im-
tics, especially for electronic applications, it is essential thapracticality of using nitrogen in conventional CVD reactors
the silicon nitride thin films have a low hydrogen concentra-has been addressed from two different perspectives: (1) us-
tion. This is because, according to previous reports, hydrogeimg hydrogen-free silicon precursors (SiC8iBr,, Sil, and
from silane and ammonia used during processing causes fil®iF,) and (2) coupling additional devices to standard CVD
degradation [21]. systems. As regards the first approach, although,SiCl
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the most frequently used halide, it has been reported that it 6.- since the silicon solid precursor (M&iFs) is stable
tends to polymerize and consequently clog the reactor’s exit and safe at room temperature, it is used as a safe-
port [26]. deposit compound for the silicon gas species,

With respect to the second approach, the conventional
chemical vapor deposition (CVD) system has been modi- 7.- the process offers the potential of producinggi in
fied to plasma assisted CVD, essentially as a means of pro-  pure nitrogenn a simple thermal gradient reactor.
moting dissociation of the gas molecules into more reac-
tive radicals, atoms or ions. The most common adaptaThe reasons behind the possibility to produce this ceramic
tions include remote enhanced CVD (RECVD), electron cy-in nitrogen only are the subject matter of the present work.
clotron resonance CVD (ECRCVD) and inductively coupledIn this paper the authors explain in detail why it is possible
plasma CVD (ICP-CVD) [13,15,16,19-21,24]. And although to produce SiN, in a simple thermal gradient CVD system
plasma-enhanced chemical vapor deposition (PECVD) is thgsing only nitrogen, and propose a mechanism fos il
most frequently used technique (in terms of lowering thedissociation and $N4formation.
substrate temperature), it has the disadvantage of potential
film degradation by contamination with hydrogen from silane .
(SiH4) and ammonia (Nki) [19]. 2. Experimental

Recently, a novel synthesis method fog$j using a sil-
icon solid precursor was proposed [12]. The method is bas
on the ability of some solids to form highly reactive chemical
species that react with nitrogen-containing precursossoiN

e‘lc]he experimental work is divided into two parts. The first

part corresponds to the optimization of the processing param-

eters to maximize formation of S\, and the second one to

N2-NHj3) in a conventional CVD reactor, taking advantageth_e propositic_m qfa mechar_ﬂsm for b dissociation and_

of the intrinsic thermal gradients within the reactor to pro-S'?’NA‘.]cormatlon in the NaSiFs-N, system. Parameter opti-
mization was carried out by means of a Taguchi experimental

duce key reactive chemical species from,Nérs. Due to its . . . .
good stability at atmospheric pressure and at room temperéj-es'gn and analysis of variance (ANOVA) while the mecha-

ture, as well as to its relatively low decomposition tempera—nlsm was proposed Qn_the ba_S|s of experimental results and
ture (~ 823 K), Na,SiF has been considered by several au_thermodynamlc predictions using the FactSage software and

thors for various purposes, other than the synthesis of siIicoHatabaseS'
nitride [27-29]. It should be recognized that in all previous

research it was assumed that the only gaseous reaction pro&l. Apparatus
uct formed during the thermal decomposition of,[S&;was

silicon tetrafluoride (SiF) [27-29]: Figurg la is a schematic diagram of f[he experim(_ental set-up
used in the study. The reactor consists of a horizontal alu-
NagSiFgs) — SiFyg) + 2Nak(y (1)  mina tube furnace (76.20 cm long 3.80 cm in diameter)

provided with end-cap fittings to control the process atmo-
Since the proposed synthesis method combines the usphere. A reactor of this type is characterized by the thermal
of gas (N, NH3 and N,-NH3mixes) and solid precursors gradients along the tube’s longitudinal direction, as shown
(N&SiFg), it is referred to as a hybrid precursor-basedthrough the temperature profile measured in the reactor (see
method. Some of the potential benefits of the proposed

method [12], with respect to existing commercial and alter- )
native routes, are as follows: N%
1.- in situ processing, because the silicon gas species o _ 0 }_1
(SiF4, SiF;, Sik, SiF and Si) are formed in the same o
reactor in which SiN4is produced, PoREL - ZONEN ZoNEN

2.- versatility, because it makes it possible to synthesize
SisN4 with a variety of morphologies (whiskers/fibers,
films/coatings and particles),

3.- silicon nitride can be produced without the use of seeds

. . . 200 -
of this ceramic material,

T et'ni:erature "c :'

23025 20 15 10 5 0O 5 10 15 20 2% 30

4.- economical, because by taking advantage of the intrin- N
Position {cmj

sic thermal gradients within the tube reactor, the pro-

cess makes it possible to save energy, FIGURE 1. Schematic diagram of the experimental set-up indicat-

ing position of: (a) solid precursor, (b) substrates, (c) powder col-

5.- low-pressure process, because it is carried out at presector and (d) neutralizer. (B) Thermal gradients along the reactor
sures slightly above atmospheric pressure, longitudinal direction.
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Fig. 1b). The thermal gradients are used to strategically into room temperature at 18C/min. After cooling to room
duce NaSiF; (the Si solid precursor) decomposition, stim- temperature, the substrates were removed from the reactor
ulate development of the reactions fog8j synthesis and to determine the amount of M, deposited, as well as for
heat the substrates for 38l deposition. The appropriate microstructure characterization using Fourier transform in-
temperature range for N&iFs decomposition (523-823 K) frared spectroscopy (FT-IR), X-ray diffraction (XRD), scan-
was determined previously by thermal analysis [30]. The rening electron microscopy (SEM) and energy dispersive X-ray
actor is also provided with gas inlets and outlets to supplyspectroscopy (EDX).

the nitrogen precursors as well as to make it possible to re- Reaction mechanisms for MaiFs dissociation and
move the gas reaction products (which are made to bubbl8isN, formation are proposed on the basis of thermody-
into distilled water contained in a closed deposit). Two ther-namic predictions and experimental results. Accordingly,
mocouples placed strategically within the reactor are used t€VD phase diagrams for the N&iFs-N2, SiFi-No, SiF;-
monitor the solid-precursor and substrate temperatures. Ga&$,, SiF»-N,, and SiF-N systems as well as Ellingham di-
flow meters and manometers at the reactor entrance and exigrams for the dissociation reaction of J$dand for the
ports make it possible to control the processing parametengaction through which $N, is formed were constructed

during the synthesis trials. using the FactSage software and databases. FactSage is the
fusion of two well-known software packages in the field of
2.2. Synthesis and characterization computational chemistry: FACT-Win (formerly F*A*C*T)

and ChemSage (formerly SOLGASMIX). Phase stability di-

The synthesis trials were carried out in the conventionapgrams were constructed graphing absolute temperature (K)
CVD reactor described above. In order to investigate the/s molar ratio of the silicon precursor divided by the sum
effect of the processing variables on the characteristics o®f the silicon precursor and nitrogen precursor (for instance,
deposited SiN,and optimize the processing parameters, aSiF/(SiF+N)). Ellingham diagrams were constructed graph-
Taguchi experimental design supported by analysis of variing the Gibbs free energy of the reactions (calculated using
ance (ANOVA) was used [31]. In the first part of the study, FactSage) as a function of temperature. All calculations were
the processing parameters time, temperature, pressure af@rried out at a constant pressure of 1032 mbars (1 atm).
amount of NaSiF; were examined at two levels (60 and

120 minutes, 1173 aqd 1573 K, 17 and 19 mbars, anq, % Results and discussion

and 25 g, correspondingly). Additional tests were carried

out at temperatures of 1153, 1303, 1453 and 1606 K eacB.1. Optimization of the processing parameters

for 0, 35, 70 and 140 min. The N8iFscompacts were lo-

cated near the reactor entrance, where the temperature cAnalysis of variance provides insight into the optimum pro-
be varied between 386-578 and 465-873 K and the subcess parameters and makes it possible to estimate the per-
strates were placed within the reactor in specific positiongent contribution of each of the parameters tested to the vari-
where the temperature can be controlled between 1173 arability in the measured quantities (in this particular case, the
1573 K, depending on the processing temperature. In thiamount of SiN, deposited) [31]. Results from the exper-
regard, the processing temperature and substrate tempermental design considering the variables time, temperature,
ture are two different parameters considered in the experipressure and amount of MNaiFsshowed that this last one is
ment. A substrate specimen, however, can be treated atthe processing parameter that most significantly influences
given processing temperature but at the same time at diffefwith a relative contribution of 99%) the formation of;8i,

ent substrate temperatures, depending on its position withiand that the effect of the other parameters can be neglected.
the reactor. As both N&iF; dissociation and N, forma-  The amount of NgSiFs was expected to produce a strong
tion occur in the same reactor, the synthesis route is referreelffect on SiNsformation because it supplies the silicon pre-
to as anin situ process. The substrates consist of S8  cursor, which is an essential ingredient. This result ultimately
cylindrical performs (37 mm in diameter 25.4 mm long) substantiates the view thats8l, is formed via the thermal
with 50% porosity prepared by the uniaxial compaction ofdecomposition of NgSiFs and not through a conventional ni-
the corresponding powders, both with an average particle sizgidation process. In view of this result, as a second approach
of 25 um. As illustrated in Fig. 1, to facilitate the descrip- of the process optimization, only the parameters pressure,
tion of the events occurring during synthesis, the reactor watemperature and time were considered in the experimental de-
divided into three different zones, namely, J$é; dissoci-  sign (setting the amount of N&iFs at 25 g). Results from
ation (Zone 1), SjNsformation (Zone Il) and SNy depo-  the analysis of variance (ANOVA) are shown in Table I. Ac-
sition (Zone Ill). Once the silicon precursor (M&iFs) and  cording to ANOVA, pressure is the parameter with the most
the substrates were placed in their corresponding positionsjgnificant effect on the amount ofsBl, formed (with a rela-

the reactor was closed and the system was heated at a rdiee contribution of 34%) followed by temperature (31%) and
of 15 °C/min in ultra high purity (UHP) nitrogen to the test time (31%).The remaining 4% is due to experimental error.
temperature, maintained isothermally for the correspondingrigure 2 is a chart of the main effect of each of the processing
test time (according to the experimental design) and cooleparameters tested (at two levels) on the amount of deposited
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Si;N, (the response variable). This graph indicates that, al- *®

though the amount of silicon nitride is enhanced by the sec- 2500 |
ond level of temperature, time and amount of,Nig, the

second level of the latter significantly impacts the magnitude = G000
of the response variable. And, although the |mprovement$
seems to be irrelevant, it is also clear that it is better to use p1300 1
the lowest level of pressure. Accordingly, the optimum con- E I
ditions to maximize SiN, formation from the NaSiFs-N. = 1000 -

system are: 1573 K, 120 minutes, 17 mbars, and £5Ng 5
compact of 25 g. 500 -
0
TABLE |. ANOVA table for SgN4 formation in the NaSiFg,)- T T T T T T T T T 1
Na(, System. 20 30 40 50 G0 70 BO
28(D
Parameters  DF SS \% F P(%) (Degree)
Time 1 0.0105 0.010 0.298 31

FIGURE 4. XRD patterns of specimens treated both at a processing
Temperature 1 0.0105 0.010  0.298 31  temperature of 1573 K but while the first was studied at a substrate

Pressure 1 0.0113 0.011 0.328 34 temperature of 1173 K, the second one at 1578d¢rresponds to
Error 1 0.0090 0.001 0.001 4 SiC, « and representy- and3-SisN4, respectively.
Total 3 0.032 0.032  0.964 100

DF: Degrees of freedom, SS: sum of squares, V: variance, F: Variance ratio,
P: Percentage contribution.

Elemel 1
- 35 | @Leel 2

Time Tenperahme MNalSFa Pressure

FIGURE 2. Principal effects of independent variables used in the
optimization of the processing parameters to maximize the amount

of deposited SiN4(the response variable). .
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Wavenumber (¢cm™) FIGURE 5. SEM photomicrographs showings8l, deposited as:

FIGURE 3. FT-IR spectrum corresponding to a specimen treated at&) and b) whiskers, c), fibers d) coatings. ) Typical EDX spectrum
a processing temperature and substrate temperature of 1173 K. Obtained during analysis by SEM.
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FIGURE 6. CVD phase diagram for (a) N&iFs-N2 and (b) Sik-N» systems.
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FIGURE 7. CVD phase diagrams for: (a) SifN2, (b) Sik:-N2, (c) SiF-N; and, (d) Si-N systems.
3.2.  Microstructure characterization processing temperature). Conversely, above 1273 K analy-

ses by X-ray diffraction indicate the formation of crystalline
In the case of specimens processed at low temperatures (b%'?’Ni" F|gutr)etér1] s?ov? tr\]No dlffrtacttog(]jra;ns correspo ndtmg to
low 1173 K), evidence of the Si-N-Si stretching mode ats$e0|mfe£1§730K on Ic V\{er;ah e? et a a_procetismg bertnp;er—
the characteristic wavenumber of 800-1200<¢nin FT-IR ? ure o ‘ ' ﬂv7e3v eKr, mh'l e.lrsihspemmecril the su bs tra te
spectra suggests the presence of amorphoyié, i the as- emperature was while In the second the substrate

deposited condition. The same wavelength range has beéﬁ?peraﬁre was 157hg K, 'tl'h_e I_ormfer showr;c, the phresence 0;
reported by several authors in the identification of Si-N-sj& NUMP-IiKe région charactenistic of amorpnous phases, an

bonds, characteristic of silicon nitride [32-36]. Figure Salisﬁl soTr?]e rﬁﬂﬁfg?nsl’ of lrgwnltr;;etnhitéi CNO rrespEn?lnmm
shows the FT-IR spectrum of a specimen obtained at a subs—‘i?’t gwit(he fhg " ns?tiailefr em mor h3 4tpear S ts mrsfo'”
strate temperature of 1173 K (which also corresponds to the'ate € transition from amorphous to crystafline s
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icon nitride. The XRD pattern for 1573 K shows the pres-of the Si precursor and the substrate within the reactor (see
ence of bothy- and5-SisNy4. Moreover, results indicate that Fig. 1), NaSiFs works only as a silicon store in Zone | of
«a-SigNy4 is formed predominantly at temperatures betweerthe reactor in such a manner that as it decomposes, the pro-
1273 and 1573 K whilg-SizN, is produced only at the pro- duced gas species react with the flowing nitrogen in a high
cessing temperature of 1573 K. Analysis by SEM shows thatemperature region (Zone Il) where only gas phase reactions
SisN4 can be deposited in a wide variety of morphologies in-take placej.e., where the NgSiFs and NaF solid phases do
cluding whiskers, fibers, coatings and powders (see Figs. 5apt intervene.

5b, 5c¢, and 5d). As shown in Fig. 5e, the presence of only The argument on the thermodynamic unfeasibility for
silicon and nitrogen peaks in the EDX spectra confirms for-SizN4 formation directly from Sik,) and pure nitrogen, and
mation of crystalline SiN4 by the synthesis route presented the possibility of synthesizing g\, during the thermal de-

in this work. composition of NaSiFgin nitrogen (as in the current work)
due to the evolution of other gas species with a lower F:Si ra-
3.3. Thermodynamic study and mechanism tio, can be reinforced by means of an analysis of energetic

and thermochemical-stability aspects for SilSiF;, SiF,

Thermodynamic equilibrium predictions (see Figs. 6aSiF, Si and N. The main issue relates to the high energy
and 6b) show that in the temperature range 294-1773 K it igequired to dissociate the;Nand Siky precursors into more
not possible to deposit $il, either from the Si-N, system  reactive species. According to previous calculations by oth-
or through the NgSiFs-N, system. In the former there is no ers, the dissociation energy values for S#hd nitrogen are
condensed phase is obtained at all while in the latter the onl§70=+ 10 [32] and 225.94- 0.14 kcal/mol [25], respectively,
solid reaction product is NaF. In the aforementioned phase dwhile those for Sik, SiF, and SiF are 118t 10, 153+ 5
agrams the regions where only gas chemical species coexi@nd 130+ 3 kcal/mol, correspondingly. On the other hand,
are denoted as non-condensed phase (NCP) fields. Interetite heats of formationXH¢$) for SiF,, SiF;, SiF, and SiF,
ingly, in previous [12] and in current work (as was showndecrease in the following order: -386 0.2, -235+ 20,
in the preceding section), fibers/whiskers, powders and coat136 + 0.2 and -2+ 3 kcal/mol, respectively [37]. Clearly
ings ofa- and3-SisN, were obtained above 1273 K. This is since the Sik, SiF, and SiF species require less energy to
in contrast with earlier studies on the synthesis gN\givia  dissociate than SiFand N, their propensity to intervene in
CVD by feeding Sik,) and the nitrogen precursors{l&nd chemical reactions is higher. Moreover, they will dissoci-
NH;) separately to the reactor, in which it was concluded thagte up continuously and faster than @Rd N;. These ener-
ammonia is preferred over pure nitrogen [26]. Thermody-getic and thermochemical parameters together suggest that,
namics also predicts that in the absence of the solidSfg  although more heat is evolved during iformation, the
and NaF the direct gas phase reactions of, S&iF;, SiF,, lower dissociation energies for SiFSiF, and SiF, represent
SiF and Si with nitrogen lead to the formation of,8j as a  a significant advantage in forming8l,. Also, because of
condensed phase (see Figs. 7a, 7b, 7c, and 7d). It should ii& lower dissociation energy and by the partial pressure val-
noted that in all previous research into the thermal decompad4es shown in Fig. 8, it appears that $iE the gas species
sition of Na,SiFg it has simply been assumed that Sifthe  that most actively participates in the reaction fogMgj for-
only gas reaction product (according to reaction (1)) [27-29]mation.
Moreover, in no single report such an assumption ever been According to the above discussion, it is proposed that
proven. Na, SiFg dissociates through a set of parallel and consecutive

Equilibrium thermodynamic predictions show that, dur- reactions that give place to other gaseous species in addition
ing the thermal decomposition of B&iF; in nitrogen, the
gas species Sif SiF,, SiF and Si are feasible in addition to —— 5iF3
SiF, and that at a given temperature the partial pressures of  -*.00 | —=—3iF2
these chemical species increase with an increase inthe F: £ _y 5 gpp { —& SiF
ratio. Figure 8 shows plots dbg;oPressurevs. tempera- — -3
ture for SiF;, SiF;, SiF and Si. From this figure it is evident 5™~
that the Silg chemical species appears at lower temperaturesfi2-33.00
than the rest of the species and that at a fixed temperature ig".alj_nn
is the species with the highest partial pressure. These pre—
dictions together with the synthesis experimental results sug-
gest that during the thermal decomposition of, N not A5 00
only the Sifp species is produced but also - depending on 7500
the temperature- other reactive chemical species; (S, o ' ' '
SiF and Si) that facilitate the formation of;8l,. It is also 0 =00 1000 1300
likely that the high F:Si ratio gas-species (mainly Sifend Temperaiure (K)
to further dissociate into lower F:Si ratio species. Hence, byricure 8. Equilibrium partial pressure (atm) of the silicon gas
the proposed route and in accordance with the arrangemespecies (SiFx) formed from N&iFs decomposition in nitrogen.

-55.00
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0 1 current work. However, due to the experimental arrangement
they are located in different places within the reactat,,
-5000 - Na:SF: = 2 NaF +SiFx +n F» they are not mixed up. From the Ellingham diagrams corre-
—_ (N, atrosplere) sponding to NgSiF; dissociation (in the temperature range
=) A“'-'--o-.-,__._ ) 423-823 K) and SiN4 formation (in the temperature range
& -10000 - 423-1723 K), shown in Fig. 9, it can be confirmed that not
v Bu-, only the feasibility for both reactions increases with temper-
\6 -15000 - ""--‘,‘_ ature but also once the SiFspecies are formed, the reac-
< ""---._“ tion for SkN4 formation is even more viable than that for
-20000 { 3SFx+2N,=>SiN, +mF ] Na, SiF; dissociation.
25000 M ams"}f"e) . ' 4. Summary and conclusions
300 800 1300 1800 SisN4 was successfully synthesized in a conventional CVD
Temperature (K) reactor from a hybrid precursor system ¢S s)-No(g)).

The process is based on the formation of Si-F gas chemi-
cal species (SiF) produced from the thermal dissociation of
Na;SiFsin flowing nitrogen. While amorphous silicon ni-
tride is formed between 1173 and 1273 d&SisN, and 3-

to SiF; and that these species react with nitrogen to silicor>'3N4 are produced in the temperature ranges 1273-1573K

produce nitride. Depending on the temperature, the para|fg1nd above 1573K, respectively. Anova results show that pres-

lel reactions produce directly the SiFSiFs, SiFy, SiF and ~ SUre is the processing parameter that most significantly in-

Si species while the consecutive ones consist of the sutjluénces the formation of §N4, with a relative contribution
sequent dissociation of the species formed in the paralld]f 35% followed by processing temperature (32%) and time

events,i.c., SiF, — SiFy — SiF, — SIF>Si. Accord- (32%). The .o_ptimu.m'pro_cessiryg parameters to maximize the
ing to previous work, the decomposition of MgiF; cor- amour}t of silicon nitride in N§S|F6—N? syfstem.ar'e: 1573 K,
responds to a zero-order reaction with activation energy of-20 Minutes and 17 mbars. The {$iF;dissociation mech-
37.3 kcal/mol [30]. Details on the decomposition kinetics arediSM in the temperature range from 423 to 823 K is repre-
reported elsewhere [30]. The overall decomposition reactiorfe"ted by the following reaction:

can be represented by: 5Na3SiFy(s) — 10NaF ) + SiFy,

FIGURE 9. Ellingham diagrams for: a) decomposition of {&F
in nitrogen and, b) formation of silicon nitride from the reaction of
SiF, species with nitrogen.

SNa2SiFs(s) — 10NaF(s) + SiFyg) + SiFy) + SiFy(g) + SiFy(g) + SiF(g) + Si(g) +5Fag  (5)

+8ilyg) + 5ikg) + Sigg) + 5k () And the SiN, formation mechanism in the temperature

range from 473 to 1873 K is summarized through the follow-
ing reaction:

AGysx = —2.20 kcal mol™?

Likewise, a mechanism for silicon nitride formation
through the NaSiFs-N; system is suggested. The highly re-
active species (Sif; SiF;, SiF, SiF and Si) generated from
Na, SiFg dissociation react with nitrogen to forms8l, as a
stable soliq phase by means ofaset of parallel reactions. The Although thermodynamics predicts the unfeasibility of
total reactions can be summarized as follows: synthesizing SiN, in the NaSiFs-Ns, system, the proper ar-
rangement of the silicon precursor and the substrates within
the reactor, successfully enabled the production of Si-F gas
species (apart from Sjff ready to react with nitrogen.

3SiF4(g) + 3SiF3(g) + 3SiF2(g) + SSiF(g) + 3Si(g)
+ 10Ny — 5813 Ny(s) + 15F5 ) (6)

3SiF4(g) + 3SiF3(g) + 3SiF2(g) + 3SiF(g) + 3Si(g)
+ 10Nz — 5Si3N4(S) + 15Fy ) 3)
AGY5735 = —4.41 kcal mol™!
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