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Chemical Vapour Transport is a well known process widely used for the growth of
monocrystals. This paper is a thermodynamic overview of different heterogeneous
chemical systems, promising for the growth of silicon carbide by means of chemical
transport reactions. The systems are Si-C-Y where Y is oxygen or a chalcogen (S, Se) and
Si-C-H-X where X is an halogen (Cl, Br, I). We studied in a first step the gas phase
composition obtained from SiC etching with the transporting agent as a function of
temperature. In a second step, we report the conditions for the formation of silicon carbide
from such a vapour at a different temperature. Finally we discuss optimal conditions of
temperatures and thermal gradients required for SiC transport with each systems.
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1. Introduction carbon transport. If we refer to the II-VI semiconduc-
Silicon carbide, produced by the reaction of silica sandor bulk growth, better crystalline quality with similar
and coke in an electric furnace - Acheson process- igrowth rate are expected at lower temperatures with
the second most widely used synthetic material in abra€VT than with Physical Vapour Transport [1, 2]. Fur-
sives, refractories and ceramics. Its wide gap semicorthermore, lowering the temperature should avoid the de-
ductor properties are very interesting in the realisatiorfects formation such as micropipes and macro-defects,
of high power and high frequency devices functioningattributed to the high temperatures involved in the sub-
under extreme conditions of temperature. Performancdgnation process (190@ T < 2300C).

of such devices are limited by the crystalline quality of In this paper, we report an overview of the thermo-
the SiC wafers. In spite of all recent progresses in SiGhemistry of different chemical systems, applied to the
growth, for both bulk crystals and thin films, much re- growth of silicon carbide by CVT. We studied the SiC
main to be done, especially in the defects eliminationetching and deposition steps with different transport-
(micropipes, stacking faults, antiphase boundari¢s ing agents as a function of temperature. The aim of
and in increasing the growth rates. Apart from the othethis work is to clarify the potential of different chemi-
processes used, we performed thermodynamical calc@al systems for the chemical vapour transport of silicon
lations related to a new way to grow monocrystalline sil-carbide.

icon carbide: the Chemical Vapour Transport (C.V.T.).

In the CVT process, a source material is etched by a

gaseous transporting agent to form volatile species &. Calculation details

a temperaturd;. At an other location of the system, We studied in a closed system the heterogeneous
these species react at a temperaffirdor the crys-  solid/gas equilibria in various systems with the assump-
tal growth. Gaseous species migrate within the thermaiion that source and deposit zones are two separated
gradient from the source zone to the deposit zone. Teolumes and that equilibrium conditions are reached
our knowledge, this old process, largely used for somdetween the gas and the solid phases at the reaction
materials such as Si, GaAs or ZnSe has never been apurface. Kinetic limitations and mass and heat trans-
plied for carbides because of difficulties involved in ports were not taken into account. The thermodynamic
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calculations are based on the total Gibbs free energyABLE | Setofspecies considered for this thermodynamical simula-

minimisation from the GEMINI1 computer program ﬂon{o UZ”SC’;(;'ilze?aipécgzcirrfrf:;?cdaﬁosp;‘igﬁt(‘;‘gﬁ';‘:Z‘:“I?e(it)cgfacmes

and a coherent set of data from Thermodata (Samt(-l?Y chemicallsystem & O,S,Se).Se\yeraI speciés are no.t present for

Martin d’Heres, France)- A constant total volume of all Y, so these compounds appear with their true formula

100 litres allows to use higher quantities of compounds;

in order to increase the precision of the results.
The three main parameters involved in this work are

temperatures of the source (Ts) and the deposit (Td)kejigs g, sic, si

and the initial amount of transporting agent, from whichLiquids  Si

the total pressure is determined. We overviewed th&as X, X, SiX, SiX,, SiX3, SiXy, CX, CXz, CX3, CXs, C2X2,

SPECIES CONSIDERED

temperature range from 800 K to 2200 K. Below 800 K, CaXa, CoXg, SIC, CSh, CSk, CSiy, C2Si, GSi, C2Sia,
the rate of SiC etching is too low [3]. Above 2200 K, Si, Sz, Sia, Sia, S, Sle, H, Ha, SiH, Ch, CHa, CoH, CoH,

. . . . CoHg, CoHg, HX, SiHX3, SiHo X5, SiH3X, CoHX, CH3X,
SiC sublimates and chemical transport loses its interest SiHsCXa, SiHsCX

comparedto physical transport. So we will mainly focus
on temperatures inferior to 2000 K. The initial amounts®)
of SiC and transporting agent were each fixed to one SPECIES CONSIDERED
mole. This corresponds to a total pressure around one
atmosphere at high temperature (1600 K). As the Sié_o'ich grv SiC, Si, X, Sig, SiC,
and the transporting agent amounts were kept to ongduids ! . - o
mole, all the yields calculated (etching or deposition)(kz‘l’as ;CCéSf_I)((:éZ %385%:2% %fsfzégls—'s%sséoglcéi
relative to these values can be considered as amounts in Se. S5 PR R PR EE
mole. So, all these yields are directly comparable one te
each others. It permits to evaluate the etching and trans-
porting capabilities of the different transporting agents.
For all the chemical systems reported here, we stud
ied in a first step the gas phase content resulting fron

SiC etching with the transporting agent, versus temper= "%€°' ¥

1,0E+01

1,0E+00 % . g

ature. For this, we noted the equilibrium partial pres—gwE-02 ¥ ~-SiCH(g)

sures of the different gaseous species obtained after ce3 1,003 § s

culations at Ts. In a second step, we examined the soli§ 1,0e-04 4 -0-8iCl(g)
¥ P total

phase formed at Td (in the deposition zone) from theg ; oe.05
gas phase composition calculated previously. In prac®
tice, we used the partial pressures obtained at Tstope .-
form a second calculation at Td. We have represente 1' IR T AT
the results in diagrams where the source temperature " g0 1000 1200 1400 1600 1800 2000 2200
the X-axis and the substrate temperature isXhaxis. Temperature (K)
In these figures, th_e domains of solid phase_s appeaIrfigure 1 Equilibrium partial pressures of the gaseous species versus
ance after calculations are noted as a function of TGemperature for the Si-C-Cl chemical systemz) = nsic)=1 mol,
and Ts. We will take as a rule that the thermal gradient/ =100 1.
is defined as Td- Ts. So, the top left part of the graphs
reports a positive gradient (EdTs) and the lower part
reports a negative gradient (kdTs). The equation line
y = x is the inversion line of the thermal gradient sign. _ i
On this line, there is no chemical transport as=TEd.  SiCs) + 4X2(g) = SiXa@g) + CXaq) X=CI. Br.1 (1)
The set of species taken into account in this paper are
regrouped in Table I. In several cases, the molar hea}l|
capacityC, of underlined species is not defined through
a sufficient temperature range. So, we have predicte
this data up to 2500 K from the general formula useoh
in this program:

1,0E-06

global reaction (1) which is the most probable.

owever, it may be a highly inefficient process. Indeed,
s the chemical potentials of halogen in equilibrium
ith both silicon and carbon are rather different, neg-
gible CX4 pressures are encountered in equilibrium
with SiC under any circumstances.
Co(T)=a+bT +cT?+dT2 (IK tmol™) For example, Fig. 1 reports the equilibrium partial
pressures of the gaseous species in the Si-C-Cl chemi-
This prediction is true in so far as all Cp of the gasescal system. Whereas silicon leads to silicon chlorides,
involved are continuous functions, well defined by thisno carbon species is obtained. In fact, the reaction (2)

polynomial form. Moreover, activity coefficients of the where free carbon remains in solid state could be more
gases are equal to unity, assuming the vapour to hay@presentative.
an ideal behaviour.

SiCs) + 2Clyg) = SiClyg) + Cys) )
3. Results and discussion
3.1. Halogens Extraction of metals from carbides by halogens
Transport of silicon carbide by means of halogens(Cly, Brs, I2) or their compounds (C@JICHCl;...) can
(Cl, Br, I) is expected to take place according to theleadtothe formation of free carbon [4—6]. For SiC, ithas
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been reported that the silicon is preferentially attacked 1.0E+0t
and a carbon-rich layer builds up in the reaction with 10e+00

chlorine containing-gases [3]. In the presence of sili- _, 4e.o¢ ——SiCiA(g)
con, the formation of carbon chlorides from direct re- 51 . S ehong
action between chlorine and SiC is disadvantaged. Suclf "~ e ~0-Sicl3(g)
species could be observed if silicon was entirely con- £ "% e, T corg”
sumed, thatis to say in the case of an excess of chlorineg 1.0e-04 o ~o-seig

This situation is obviously far from that required for the < 1e.05
chemical vapour transport as it involves too high a total
pressure in a closed system. Furthermore, the probabil

ity of CCl, formation decreases with increasing tem- = sa 1o 1200 1200 1000 1300 2000, 2200
perature [3]. We can notice however several interesting Temperature (K)

trends for the S!|ICOn 'behawour.'At low temperaturesFigure 2 Equilibrium partial pressures of the gaseous species versus
(T <1670 K), SiCk widely prevails, according to the - temperature for the Si-C-H-Cl chemical systemcy) = nsicy = 1 mol,
reaction (2) which is very favourable. At high tempera-v =1001.
tures T > 1950 K), SiC} is the mostimportant specie.
Schaferet al. and Antipinet al. [7, 8] showed the signif- 1,00E+00
icant role of the dismutation reaction (3) in the transport
of silicon.

1,0E-06

1,00E-01

= -} Si/HCI
Sis) + SiCla(g) = 2SiChg) ® % . o Sinter
£ - —& C/HBr
For a SiC source, this reaction is observed at highef oo
temperatures because silicon in carbide form is more 1.00e-03
stable than elemental silicon. Between these two do
mains of temperatures for which SiGbr SiCkL pre- 1,00E-04 4 : | | : " ; ,
vail (1670 K< T < 1950 K), SiCk dominates. So, the 800 1000 1200 1400 1600 1800 2000 2200
Cl/Si ratio on the chloride compounds decreases with Temperature (10
increasing temperature. Figure 3 Comparison of the etching yield for both silicon and carbon

For the other halogens, i.e. bromine and iodine, theseith the different hydrogen halidesgix) = nsicy=1 mol,V =100 .
general trends are similar. However, whatever the tem-
perature, SiX$ partial pressure is always small and only
SiX4 and SiX prevail, the former at low temperatures of carbon. The wide divergence between silicon and
and the latter at higher temperatures. The main difcarbon contents in the gas phase is similar to that found
ference with chlorine is the limit between these twowith PVT. Indeed, SiC does not present a congruent
domains: around 2100 K for bromine and 1600 K for sublimation [9]. Its peritectic decomposition leads to
iodine. So SiBj dominates on a larger range of temper-solid carbon and a rich silicon vapour. So, no 1: 1 stoi-
atures than the other silicon tetrahalides. This point ishiometry for silicon and carbon can be obtained in the
very interesting as SiXis expected to transport silicon gas phase.
from SiC whereas elemental silicon is usually trans- To compare the three hydrogen halides (HCI, HBr
ported through SiGlaccording to the reaction (3). and HI), we report in Fig. 3 the etching yield for both
silicon and carbon versus temperature. These yields are
calculated from the following ratio: silicon amount in
3.2. Hydrogen halides the gas phase over initial silicon amount in SiC form.
3.2.1. SiC etching The same calculation is made for carbon etching yield.
In order to transport SiC, both silicon and carbon mustFirst, we can notice that HCI and HBr have a similar
lead to gaseous species with the transport agent. The ubehaviour with SiC, unlike HI. For carbon, this yield
of hydrogen halides (HX) could be a good way to reachpasses through a minimum around 1700 K for HCI and
this goal. For example, we report in Fig. 2, the equilib-HBrand 1600 K for HI. The increase observed at higher
rium partial pressures of gaseous species obtained frotemperatures is referred to the appearance of other hy-
SiC etching with HCl as a function of temperature. Thedrocarbons like gH,. Up to 1600 K, the best carbon
relative evolutions of the silicon chlorides are similar in yields are obtained with HCI and HBr but above this
the two Si-C-Cland Si-C-H-Cl chemical systems. How-temperature, HI gives better results. For silicon, it is
ever, the absolute values of the SjC3iCl; and SiCh well known that the corrosive behaviour of the halo-
partial pressures are slightly smaller with Si-C-H-CI. gen decreases from chlorine to iodine. In our case, this
Hydrogen leads to the decrease of the silicon halidetrend is verified. The silicon yield almost doesn'’t de-
activity. We can also notice the formation of chlorosi- pend on temperature in these conditions for HCI and
lanes like SiIHG} with pressure large enough to take HBr. However, whereas the Si yield is the same in the
part in silicon transport. But the most interesting pointthree cases at 800 K, it strongly decreases of about one
after the addition of hydrogen concerns the carbon bedecade between 800 K and 1600 K for HI. Above this
haviour because hydrocarbon compounds like methanemperature, the silicon yield with HI remains constant.
appears. Even if methane partial pressure is not as high Another way to compare these three hydrogen
as the silicon chlorides ones, it can permit the transporhalides is to report the silicon over carbon rat{§i/C)
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Figure 4 Comparison between Si/C ratios in the gas phase for the dif-8
ferent hydrogen halidesxy = n(sicy=1 mol,V =100 I. 10004siC+C
in the gas phase as a function of temperature (Fig. 4). | 800+ —————————————+—————+———+———+—+—

that case, the difference between each HX concerns tr 800 10001200 1400 1600 1800 ~ 2000 2200
gas phase stoichiometry. Up to 1200 K, the Si/C ratios Source Temperature (K)

withthe three halides are the_ same. Above 1200K, theslggure 6 Nature of the solid phase in equilibrium with the gas phase
curves pass through a maximum (1700 K for HCI andas a function of the thermal gradient in the Si-C-H-Br chemical system.
HBr) which correspond to the maximum divergencenggr) =nsicy=1mol,V =100 1.

from the stoichiometry 1:1 of silicon and carbon in

the gas phase. With HI, the maximum is obtained a5-|Br and HI. Several common trends can be extracted

1200 K. :
In order to reach the best transport effect, we muerom these three diagrams. Apart from these HX, HF

find conditions for which silicon and carbon contents 2> & particular behaviour as it shows a SiC transport
in the gas phase are maximum with a stoichiometr aseffect In a negative gradient [10].
gasp YasS with HCI, HBr and HlI, the transport is only possible

close as possible to 1: 1. Such conditions are observe\gl. S . .
. ith a positive gradient as shown by the solid phase
at low temperaturesT( < 800 K) or at high tempera- domains. If Td< Ts, there is no solid phase in equilib-

tures I > 1900 K). They permit the maximum carbon rium with the gas phase. This effect was expected as

contentin vapour phase so asto minimise the S'./C ratlospecies like methane are less cracked when the temper-
However, at low temperature, the kinetics are likely to

be very slow ature decreases and no transport will occur.

' With the three hydrogen halides, the chemical vapour
transport of SiC is possible from the lower temperature
3.2.2. SiC deposition to the hotter temperature. Indeed, the negative sign of
Now, we will focus on the nature of the solid phases obthe enthalpy change in these systems credits this trends.
tained at an other temperature from the various vapour
compositions calculated above. Figs 5-7 reportthe dif3 5 5 1 HCI.Fig. 5 reports the nature of the solid

ferent domains of existence of the solid phases as gnages obtained in equilibrium with the vapour as a
function of the thermal gradient for respectively HCI,

. Si-C-H-|
Si-C-H-Cl 2200

2200
! Td>Ts Td>Ts
2000} gas 20001 SiC+Si gas
- ] c Td<Ts _ Td<Ts
k4 r 4 L
5 18001 5 1800
g ] e
et . = .
£ 1o00] C+SiC & 1600f S
g ] sic £
£ 1400T 21400
;.% I K3 gas
3 1 gas =3
212007 & 12007
a 1 . SiC+C
1000] C*SIC 10001
800-?=|'.'H=l=iii::l:.‘::{:::{::: 800 K+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—+—++—+—+—+
800 1000 1200 1400 1600 1800 2000 2200 800 1000 1200 1400 1600 1800 2000 2200
Source Temperature (K) Source Temperature (K)

Figure 5 Nature of the solid phase in equilibrium with the gas phase Figure 7 Nature of the deposits in equilibrium with the gas phase as
as a function of the thermal gradient in the Si-C-H-Cl chemical system.a function of the thermal gradient in the Si-C-H-l chemical system.
N(Hel) =Nsicy=1mol,V =100 . N(Hy =N(sicy=1 mol,V =100 I.
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function of the temperature gradient in the Si-C-H-Clrequired. Td should be higher than 1250 K to avoid car-
system. Solids are only obtained for the increasing parbon formation when Ts- 900 K. So, itis clear that SiC

of the Fig. 4. Above the maximum Si/C ratio around yield strongly depends on source temperature as the
1700 K, it is not possible to form a solid whatever the formation of carbonated gaseous compounds (mainly
temperature. SiC alone can be obtained in a wide rang€Hj,) is the limiting step.

of Tsand Td. The SiC area is surrounded by a-8iC

domain. At low source temperature ((sL000 K), car-  3.2.2.2. HBr and HI.For these two hydrogen halides,
bonyield s high, leading to a small Si/C ratio. Although trends are similar to that of HCI. These chemical sys-
the 1:1 stoichiometryr(=1) in the gas phase is ex- tems are interesting because SiC alone can form on a
pected for an optimal transport, it seems that in thdarger range of thermal gradient than in Si-C-H-ClI sys-
SiC case, this stoichiometry is not favourable for SiCtem. Higher process temperatures are possible as no
deposition alone. Above 1600 K in the source zonefree carbon deposition occurs up toF4750 K with

it is not possible to form SiC in the deposition zone.HBrversus 1600 K with HCI. Concerning the SiCyield,
We can notice that this limit perfectly concurs with the results are similar whatever the hydrogen halide used.
loss of stability of SiC] compared to other halides in
Fig. 2. So, when SiGlis no longer in majority, i.e.
when partial pressures of sub-halides become highe
there is no more silicon in the deposition zone, but onl
free carbon. This point and the exclusive presence
methane as gaseous carbon compound credits the glo
reaction (4) for the transport of silicon carbide with
hydrogen chloride.

3.3. Oxygen and chalcogens
Ethalcogens in elementary form are rarely used for the
ytfransport of solid materials. However, the CVT of ox-
Sides, sulfides or selenides compounds has already been
ne with chalcogen as transport agent. For examples,
Smhet al [11, 12] have reported epitaxial layers of
WSe on MoSe and Dalrympleet al. [13] have grown
. . the solid solution Nb_ 4y TaxSe in Se atmosphere. But
SiC) + 4HClig) = SiCly(g) + CHa(g) 4) 1o our knowledge, chalcogens have never been em-
) ] ) ployed to transport a chalcogen free material like sili-
The species responsible of the SiC transport are thegon carbide. So, this approach is new and original. We
SiCl; and CHy. Unlike with the elemental silicon trans- paye studied these chemical systems because carbon is
port, the dismutation reaction of the tetrahalides is noknown to form stable species with chalcogens {CS
effective for SiC transport. o whereas it is not possible to transport carbon through
In order to complete Fig. 5, we report in Fig. 8 the plides compounds.
SiC formation yield in the substrate zone as a function |, this range of temperature, chalcogens are known
of the thermal gradient for different Ts. These curvesig form different gaseous polyatomic moleculeg(dy)
give an idea of the optimal temperatures for the sourcyith n = 1 to 8. However, only two species widely pre-

and the substrate. First, higher SiC formation yield isyaj| in the conditions studied: Y(g) and.tty).
obtained by lowering the temperature of the source. It

essentially comes from the better carbon yield due to

the stability of methane at low temperature. One carp-3-1. Sulfur

remember again that at low temperatures which seenfs'd- 9 presents the partial pressures of the gaseous
to be thermodynamically suitable in this case, the ki-SPEcies obtained in the Si-C-S chemical system versus

netics of reaction may play an important role. Second!@mperature. Two distinct areas can be isolated depend-
for a fixed Ts, SiC formation yield is quite indepen- INd on the temperature. Below 1520 K, all partial pres-
dent on Td. When Td increases, curves quickly tendPUres increase in the same way. This is attributed to the
to an asymptotic value of SiC yield, which is reachedPresence of a stable silica like solid compound ¢pis

for a thermal difference of about 100 K. However, to €auilibrium with the gas phase. Above 1520 K, partial
avoid the co-formation of carbon with SiC at low source Préssures change with a constant total pressure. So from

temperature (Ts 1200 K), a larger thermal gradient is this temperature, no solid sulfur compound is present.

1,00E+01

1,00E+00 F 3 <5iS2>
1,00E+00 ¢
] _ 1,00E-01 &
1,00E-01 £ E 3
3 & 1,00E-02 § -
- o 3 -0-Sis(g)
] 5 1.00E-03 g +g§(2($)
> 1,00E-02 ¥ ] F —-CS(g
9 E: £ 1,00E-04 -&-5iS2(g)
w 3 =% P total
£ 1.00E-05 §
1,00E-03 § g 3
S 1,00E-06 §
1,00E-07
1,00E-04

1,00E-08 4 et ———1
1000 1200 1400 1 1 2 22 !
o 600 800 000 o0 800 1000 1200 1400 1600 1800 2000 2200
deposition temperature (K) Temperature (K)

Figure 8 SiC formation yield as a function of the deposition temperature Figure 9 Equilibrium partial pressures of the gaseous species versus
for different fixed source temperatures in the Si-C-H-Cl chemical systemtemperature for the Si-C-S chemical systemgs) = N(sicy=1 mol,
N(Hel =Nsicy=1mol,V =100 1. V =1001.
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Then, silicon and carbon monosulfides (CS and SiS~  1.00E+00
concentrations keep on increasing whereas disulfide

i ; . . [Ts=2200K] SiC+C
reactions (5) and (6) which are shifted toward right (for- ] e
o

contents decrease. This is attributed to Boudouard typ o001 &
\\
mation of monosulfides) with increasing temperature.é; — S,Si }
o T F 4Sic /o 5
. . . » ) o) . ,
1,00E-03 £ _
CSg) + Cis) = 2CYg) (6)

: H H 1,00E-04 +—+—+——+—+—+—+—+—+—+—+—+——+—+—+—+——+—+—+—
The relative evolutions of the partial pressures above 1200 1400 1600 1800 2000 2200

1520 K are characteristic of reactions presenting trans Temperature (K)

port properties. Two global transport reactions prevail

depending on temperature. Below 1520 K. direct etchFigure 11 SiC formation yield as a function of the deposition tempera-

. . . . ’ . ture for different fixed source temperatures in the Si-C-S chemical sys-
ing _o_f S_lC v_wth sulfur (7)_ domlnates._ However, this tem.nis) = N = 1 mol, V = 1001,

equilibrium is coupled with the reaction (8). Above

1520 K, the dismutation (9) takes place. Its endothermirf

olid Si$ formation. In order to select optimal condi-

ions for the transport in such a system, we study the

SiC yield versus Td for different constant Ts (Fig. 11).
. ) For a fixed Ts, curves first increase strongly with de-
SIC(s)+45(9)= Si%(9) + C%(9) (V)  ¢reasing Td and next reach an asymptotic value of SiC

SiS(s) = SiSx(g) (8) Yyield. Twoimportant results should be pointed out from
) ) _ this figure. First, the higher the source temperature, the
Si%(9) + CS(9) + SIC(s)= 2SiS(9H+ 2CS(9) (9)  petter the SIC yield. Second, for each Ts, the highest
. SiCyield is always obtained at Td around 1500 K. Thus

As a result, sulfur can lead to both silicon and carbonype optimum thermal gradient only depends on Ts. In

gaseous species. Even if the Si/C ratio is always SUP&sher words, to increase Ts means to increase the opti-
rior to one, we show the possibility of SiC formation in 1,5/ thermal gradient.

Fig. 10 as a function of the source and deposition tem-
peratures. In a negative gradient (Ed's), silicon car-

bide appears in nearly the whole range of temperature ;
bp Y g P rom Fig. 12, we can see that only three gaseous se-

I high 1 K I 1200 K ; ! .
Only too high [T > 1900 K) or too low T <1200 K) }enldesform in the range of temperature studied: CSe,

temperatures don't lead to SiC. However, the area fo : X o
free SiC formation is rather small because of parasiticCSQ and SeSi. Below 900 K, Se doesn't react with SiC

solid silicon disulfide formation for Ts and Td inferior and there is no gaseous species. From 900 K to 1200 K,

to 1520 K. One of the basic rules for chemical vapours“icon and carbon amounts in vapour phase are similar

; ; (Si/C ratio=1) leading to the superimposition of the
transport is that all materials produced by the global reCSQ and SiSe curves. This trend is new as the Si/C

action of transport in the source zone must be volatile. tioin th h h I b found
So, it is necessary to use source and deposit temperg’} 10 1n the vapour phase has always been found supe-

tures higher than 1520 K in the Si-C-S system so as tbior to unity in the other chemical systems. This 1:1

: e . . stoichiometry, observed at low temperature, could be
reach the SiC/gas equilibrium domain and then to avo"cfjescribed by the global reaction (10)

nature would permit a transport in a negative therma
gradient (Ts> Td).

.3.2. Selenium

lml SiCs) + 3Sgg) = CSeg) + SeSjg) (20)
2200 _ )
Td>Ts To efficiently transport a substance by chemical

20001 c reactions, the partial pressures of the gaseous species
c gas SiC+
g 18001 1,0E+01
% SiC 1,0E+00 &
5 16007
o 1,0E-01 3
§ £
£ 14007 S,Si+SIC S 10802y _
- S,8i+C g OB e igls?:z%
8 1200 +8iC 5 1.0E04 § --CSe(g)
a S,Si+8i Eioeosi -%-P total

1 ssi +8iC 8
10007 =2 1,0E06 §
i+
S:8iC Td<Ts 1,0E-07 &
800 + + + 1 3 .
800 1000 1200 1400 1600 1800 2000 2200 1,0E-08 oottt
800 1000 1200 1400 1600 1800 2000 2200
Source Temperature (K) Temperature (K)

Figure 10 Nature of the solid phase in equilibrium with the gas phase Figure 12 Equilibrium partial pressures of the gaseous species versus
as a function of the thermal gradient in the Si-C-S chemical systemtemperature for the Si-C-Se chemical systenge)= N(sicy=1 mol,
Nns)=nN(sicy=1mol,V =100 V =1001.
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/"—\. 1,0E+00 - =
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20001 G
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1,00E-03 ¢ b ) reactions of transport.

Ts=1600 K

. )
ATs=1800K]  gag

oxides are formed with mono-oxides widely prevail-
O e w0 1200 a0 100 1o w200 ING. High temperatures are required to observe signifi-
Temperature (K) cant partial pressures. However, silica is formed in the
o 14 SIC formation vield function of the deposit & . source zone up to 2100 K. So, even if SiC transport
igure IC Tormation yiela as a tunction o e deposit temperature . .
for different fixed source temperatures in the Si-C-Se chemical system(.:OUId be pOSSIbIe for temperaturgs hlgher than 2100K,
Nise)=N(sicy = 1 mol,V = 1001 advantages of such a process will be lost compared to

sublimation ones.

formed must be sufficient. In this system, the pres-.
sures calculated are small at low temperature an
higher temperatures are needed to increase the parti
pressures. However, in that case, the Si/C ratio shift

toward superior values and the discrepancy towardys ssed above as a function of temperature for each

st0|ch|om9try INCreases. 'T‘ Fig. 13, we reportthe nature emical systems. Good correlation with the simulation
of the solid phases obtained from such a gas phaig

.4. Free gibbs energy diagram

order to compare the different transporting agents,
e have reported in an Ellingham diagram, the stan-
ard free enthalpies of the global transport reactions

tent func fthe th | aradient. T erformed in this study is found for the optimal temper-
contentas afunclion orthe thermalgradient. TWo mairl,,, .o ¢ transport and the sign of the thermal gradient.

solid phase domains appear n these cond|t|qns. Thgo, we can take these global reactions as a good repre-
larger one corresponds to the SiC alone formation areg

which could permit a wide flexibility in the choice of entation of the SiC transport in each chemical system.
the thermal gradient. For too high the negative thermaE The extrapolationd O K gives thestandard enthalpy

. . . - hange of the reactiortsH °. The direction of the trans-
gradient (Tdk Ts), silicon forms with SiC. For a Td . ;
inferior to 900 K, there is systematically formation of port depends on this value. For hydrogen halides, these

X ! ; - .~ values are negative. So according to Vant’'Hoff equa-
solid selenium. As for sulfur, optimal silicon carbide 9 g q

ST ) . tion [14], the transport will take place from low tem-
yield is situated at a high Ts and a thermal gradien lon [14] port wi P W

; . - berature to high temperature. For chalcogens, transport
superior to 200 K (Fig. 14). Above 200 K, SiC yield will take place inthe reverse thermal gradient. The slope
remains constant.

of this graph gives the entropy variati@nS® of these
same reactions. So the higher the absolute value of en-
3.3.3. Oxygen tropy, the higher the free enthalpy change for a same
Fig. 15 reports the gas phase composition in the Si-C-@emperature difference. Optimal conditions of transport
system versus temperature. Silicon and carbon gaseoase close to null free enthalpy, i.e. for values®H®
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andT A S of the same order. So, hydrogen halides areas low as 1000 K in a positive gradient without taking
transporting agents efficient at low temperatures (frominto account kinetic limitations. Sulfur and Selenium
900 K to 1200 K) where they reach a free enthalpyare efficient at about 1500 K and 1800 K respectively
change near zero. However, in this range of temperin a negative gradient. This range of temperature is high
atures, kinetics considerations must be taken into adsut still much lower than the sublimation process. Fi-
count. To avoid kinetic limitations, higher temperaturesnally, HF should be used at about 2000 K in a negative
could be employed but such conditions make the sysgradient but the high reactivity of that compound at

tem shift away from optimal equilibrium conditions. high temperature makes it of improper use.

Chalcogen will be more efficient at higher temperature:

close to 1500 K for sulfur and 1800 K for selenium. We References

can notice the particular behaviour of HF for which the 1.

optimal thermal conditions are closed to 2050 K. Fi-
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