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Ââåäåíèå
Â ïîñëåäíèå äåñÿòèëåòèÿ ïðîèçâîäñòâó âûñîêî÷èñòîãî

êðåìíèÿ è ñâÿçàííûì ñ íèì òåõíîëîãè÷åñêèì ðàçðàáîòêàì
óäåëÿåòñÿ áîëüøîå âíèìàíèå [1, 2]. Èçâåñòíî, ÷òî íà
êîíå÷íîì ýòàïå ïðîèçâîäñòâà ïî ðÿäó ïðè÷èí èñïîëüçî-
âàíèå ìîíîñèëàíà SiH4 ÿâëÿåòñÿ ïðåäïî÷òèòåëüíûì ïî
ñðàâíåíèþ ñ äðóãèìè ãàçîîáðàçíûìè ñîåäèíåíèÿìè
êðåìíèÿ (SiF4, SiHCl3, SiI4 è ò.ï.) [2].

Â Ðîññèè è â äðóãèõ ñòðàíàõ, èìåþùèõ ðàçâèòûå
ôòîðèäíûå òåõíîëîãèè, â êà÷åñòâå îòõîäîâ èëè ïîáî÷íîãî
ïðîäóêòà íà ïðåäïðèÿòèÿõ íàðàáàòûâàþòñÿ áîëüøèå
êîëè÷åñòâà SiF4 [3, 4]. Ïîýòîìó àêòóàëåí ïîèñê ýôôåê-
òèâíûõ è ýêîëîãè÷åñêè áåçîïàñíûõ òåõíîëîãèé, ïîçâîëÿþ-
ùèõ êîíâåðòèðîâàòü SiF4 â ìîíîñèëàí [5] ñ ïîïóòíûì
âîçâðàòîì ôòîðà â ïðîèçâîäñòâåííûé öèêë [6].

Â [5] ïðåäëîæåí ñïîñîá êîíâåðñèè SiF4 â ìîíîñèëàí â
ïëàçìå íåêîíòðàãèðîâàííîãî ÑÂ×-ðàçðÿäà (çàæèãàåìîãî
â ñìåñè SiF4:H2), îñíîâàííûé íà ðåàêöèè êàòàëèòè÷åñêîãî
äèñïðîïîðöèîíèðîâàíèÿ. Ïðåäñòàâëÿåò íåñîìíåííûé
èíòåðåñ èññëåäîâàíèå âîçìîæíîñòè ïðèìåíåíèÿ äëÿ ýòèõ
æå öåëåé äðóãèõ ôîðì íåêîíòðàãèðîâàííîãî ðàçðÿäà, â
÷àñòíîñòè, îáúåìíîãî ñàìîñòîÿòåëüíîãî ðàçðÿäà (ÎÑÐ) [7].

Ôèçèêà è òåõíèêà ôîðìèðîâàíèÿ ÎÑÐ â ðàçíîîáðàçíûõ
ãàçîâûõ ñðåäàõ, áëàãîäàðÿ ìíîãîëåòíèì èññëåäîâàíèÿì è
ðàçðàáîòêàì ýëåêòðîðàçðÿäíûõ ëàçåðîâ, õîðîøî ðàçâèòû
[7–9]. Â ïëàçìå ÎÑÐ ðåàëèçóåòñÿ âûñîêàÿ íåðàâíîâåñ-
íîñòü: ïðè òåìïåðàòóðå ãàçà ~300 Ê òåìïåðàòóðà ýëåêòðî-
íîâ ìîæåò äîñòèãàòü ~105 Ê [10]. Â îòëè÷èå îò äóãîâîãî,
ÑÂ×- è Â×-ðàçðÿäîâ, ÎÑÐ óäàåòñÿ çàæèãàòü â áîëüøèõ
îáúåìàõ ïëîòíûõ ãàçîâ [7–9, 11, 12], ÷òî ïîçâîëÿåò
ðàññ÷èòûâàòü íà ñîçäàíèå ïëàçìîõèìè÷åñêèõ óñòàíîâîê
ñ âûñîêîé ïðîèçâîäèòåëüíîñòüþ [11]. Çà ïîñëåäíèå
äåñÿòèëåòèÿ äîñòèãíóòî òàêæå çíà÷èòåëüíîå ïðîäâèæåíèå
â ïîíèìàíèè ôèçèêè ÎÑÐ â ñèëüíî ýëåêòðîîòðèöàòåëüíûõ
ãàçàõ (ôòîðèäàõ, õëîðèäàõ è éîäèäàõ) [7, 12–14].

Â ñâÿçè ñ âûøåèçëîæåííûì öåëüþ íàñòîÿùåé ðàáîòû
è ÿâëÿåòñÿ èññëåäîâàíèå âîçìîæíîñòè ýôôåêòèâíîé
êîíâåðñèè SiF4 âî ôòîðñèëàíû è ìîíîñèëàí â ïëàçìå ÎÑÐ,
çàæèãàåìîãî â ñìåñÿõ SiF4:H2.

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà è ìåòîäèêà
èññëåäîâàíèé

ÎÑÐ çàæèãàëñÿ â êàìåðå èç îðãñòåêëà ñ îáúåìîì ~1,1 ë.
Êàìåðà çàïîëíÿëàñü ñìåñüþ SiF4:H2 = 1:5, äëÿ êîòîðîé â
[5] ïðèâîäÿòñÿ ýêñïåðèìåíòàëüíûå äàííûå ïî êîíâåðñèè
SiF4 â ìîíîñèëàí ïðè åå îáðàáîòêå â ïëàçìå ÑÂ×-ðàçðÿäà
ñ ïîñëåäóþùèì ïðîïóñêàíèåì îáðàçîâàâøèõñÿ ïðîäóêòîâ
÷åðåç ôòîðèä íàòðèÿ. Îïòèìèçàöèè ñìåñåé SiF4:H2 ïî
ñîîòíîøåíèþ êîíöåíòðàöèé êîìïîíåíòîâ â íàñòîÿùåé
ðàáîòå íå ïðîâîäèëîñü, ïîñêîëüêó ýòî ÿâëÿåòñÿ çàäà÷åé
äàëüíåéøèõ èññëåäîâàíèé.

Ýëåêòðîäû ðàçðÿäíîãî ïðîìåæóòêà ðàñïîëàãàëèñü â
öåíòðå ðàçðÿäíîé êàìåðû. Íà ïðîìåæóòîê ÷åðåç òèðàòðîí
ìàðêè ÒÄÈ1-50ê/50Ï ðàçðÿæàëñÿ êîíäåíñàòîð ñ åìêîñòüþ
Cí = 1–4,5 íÔ ïðè íàïðÿæåíèè Uç = 12–35 êÂ. Òîê è íàïðÿ-
æåíèå ÎÑÐ êîíòðîëèðîâàëèñü êàëèáðîâàííûìè øóíòîì
è äåëèòåëåì íàïðÿæåíèÿ, ñîîòâåòñòâåííî. Äàâëåíèå ñìåñè
âàðüèðîâàëîñü â ïðåäåëàõ Ð = 60÷400 Òîðð. Áîëüøèíñòâî
ýêñïåðèìåíòîâ ïðîâîäèëîñü ïðè ÷àñòîòàõ ñëåäîâàíèÿ
èìïóëüñîâ f íå áîëåå 5 Ãö è äëèòåëüíîñòè ñåðèè èìïóëüñîâ
ts íå áîëåå 45 ìèí, ò.ê. â ðåàêòîðå íå áûë îðãàíèçîâàí
ãàçîâûé ïîòîê, îáåñïå÷èâàþùèé ñìåíó ñðåäû â ðàçðÿäíîì
ïðîìåæóòêå ìåæäó èìïóëüñàìè (ñì., íàïðèìåð, [8, 11]).

ÓÄÊ 533.9.15: 537.523 661.68

Êîíâåðñèÿ SiF4 âî ôòîðñèëàíû è ìîíîñèëàí
â ïëàçìå îáúåìíîãî ñàìîñòîÿòåëüíîãî ðàçðÿäà

Â.È. Àêñèíèí, Ñ.Þ. Êàçàíöåâ, È.Ã. Êîíîíîâ, Å.Ì. Êóäðÿâöåâ,
À.À. Îðëîâ, Ñ.Â. Ïîäëåñíûõ, Ê.Í. Ôèðñîâ, Î.Ä. Õîðîçîâà

Ïîêàçàíà âîçìîæíîñòü ýôôåêòèâíîé êîíâåðñèè SiF4 â SiHF3, SiH2F2 è SiH4 â îáúåìíîì ñàìîñòîÿòåëüíîì
ðàçðÿäå, çàæèãàåìîì â ñìåñè SiF4:H2. Âåëè÷èíû ýíåðãåòè÷åñêîé öåíû ñèíòåçà SiHF3 ïî ýíåðãèè, çàïàñåí-
íîé â êîíäåíñàòîðå ñèñòåìû ôîðìèðîâàíèÿ ðàçðÿäà, è ïî ýíåðãèè, ââåäåííîé â ãàçîðàçðÿäíóþ ïëàçìó,
ñîñòàâèëè ñîîòâåòñòâåííî Qçà ï≈≈≈≈≈ 57 êÂò⋅⋅⋅⋅⋅÷/êã (182 ýÂ/ìîëåêóëà) è Qïë ≈≈≈≈≈ 9 êÂò⋅⋅⋅⋅⋅÷/êã (91 ýÂ/ìîëåêóëà).
Óñòàíîâëåíî, ÷òî â äèàïàçîíå äàâëåíèé ñìåñè Ð =60÷÷÷÷÷350 Òîðð ýíåðãåòè÷åñêàÿ öåíà íå çàâèñèò îò
äàâëåíèÿ.

PACS: 52.80.-s, 52.77-j, 51.50+v, 82.33Xj, 81.20.Ka
Êëþ÷åâûå ñëîâà: òåòðàôòîðèä êðåìíèÿ, ôòîðñèëàíû, îáúåìíûé ñàìîñòîÿòåëüíûé ðàçðÿä,  èíôðàêðàñíàÿ
Ôóðüå-ñïåêòðîñêîïèÿ.
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Óñòîé÷èâîñòü ÎÑÐ â øèðîêîì äèàïàçîíå âàðèàöèé
äàâëåíèÿ ñìåñè è ýëåêòðè÷åñêîé ýíåðãèè, ââîäèìîé â
ãàçîðàçðÿäíóþ ïëàçìó, îáåñïå÷èâàëàñü çà ñ÷åò ïðèìåíå-
íèÿ â ýëåêòðîäíîé ñèñòåìå àíèçîòðîïíî-ðåçèñòèâíîãî
(ÀÐ) êàòîäà. Ïîäîáíûå êàòîäû ïðèìåíÿëèñü ðàíåå ñ öåëüþ
ñòàáèëèçàöèè ðàçðÿäà â ýëåêòðîõèìè÷åñêèõ ëàçåðàõ [11,
13]. Ïîâåðõíîñòü êàòîäà èìåëà ðàçìåðû 50×50 ìì.
Òîëùèíà ñëîÿ ÀÐ-ìàòåðèàëà ñ óäåëüíûì ñîïðîòèâëåíèåì
ρ ≈ 25 Îì⋅ñì [15] ñîñòàâëÿëà 10 ìì. Àíîä äèàìåòðîì 50 ìì
èç íåðæàâåþùåé ñòàëè èìåë ïðîôèëü ×àíãà [ñì.,
íàïðèìåð, 13]. Ïðè ìåæýëåêòðîäíîì ðàññòîÿíèè 11 ìì
îáúåì, çàíèìàåìûé ïëàçìîé ÎÑÐ, ñîñòàâëÿë ~1,4 ñì3.

Ñîñòàâ ïðîäóêòîâ, îáðàçóþùèõñÿ ïðè ïëàçìåííîé
îáðàáîòêå ñìåñè, èññëåäîâàëñÿ ìåòîäîì èíôðàêðàñíîé
Ôóðüå-ñïåêòðîñêîïèè. Äëÿ ýòîãî ñìåñü èç ðåàêòîðà
ïåðåïóñêàëàñü â ïðåäâàðèòåëüíî îòêà÷àííóþ ãàçîâóþ
êþâåòó èç íåðæàâåþùåé ñòàëè ñ îêíàìè èç CaF2, äëèíà
îïòè÷åñêîãî ïóòè ñîñòàâëÿëà 100 ìì. Ñïåêòðû ïðîïóñ-
êàíèÿ ãàçîâ ðåãèñòðèðîâàëèñü íà îäíîëó÷åâîì
èíôðàêðàñíîì Ôóðüå-ñïåêòðîìåòðå IR Prestige-21
(Shimadzu) â ñïåêòðàëüíîì äèàïàçîíå ν = 4200–1100 ñì–1

ñ ðàçðåøåíèåì 0,5 ñì–1. Èäåíòèôèêàöèÿ âåðîÿòíûõ ïðî-
äóêòîâ, îáðàçóþùèõñÿ ïðè ïëàçìåííîé îáðàáîòêå ãàçîâîé
ñìåñè, îñóùåñòâëÿëàñü ñ èñïîëüçîâàíèåì ñëåäóþùèõ çíà-
÷åíèé ÷àñòîò àíàëèòè÷åñêèõ ïîëîñ ïîãëîùåíèÿ:
2316,7 cì–1 (SiHF3);  2251,7 cì–1 (SiH2F2); 2216,8 cì–1

(SiH3F); 2188 cì–1 (SiH4) [16–19]. Ïðè êîëè÷åñòâåííîì
àíàëèçå SiF4 (â èñõîäíîé è îáðàáîòàííîé ñìåñÿõ) è ìîíî-
ñèëàíà (ïîñëå îáðàáîòêè ñìåñåé â ðåàêòîðå) ïðèìåíÿëèñü
àáñîëþòíûå êàëèáðîâêè. Äëÿ îïðåäåëåíèÿ ïàðöèàëüíûõ
äàâëåíèé òðèôòîðñèëàíà è äèôòîðñèëàíà èñïîëüçîâàíà
ìåòîäèêà [17]. Âñå èçìåðåíèÿ ïðîïóñêàíèÿ è äàâëåíèÿ ãàçà
ïðîâîäèëèñü ïðè êîìíàòíîé òåìïåðàòóðå (295 Ê).

Ðåçóëüòàòû ýêñïåðèìåíòîâ
Íà ðèñ. 1 ïðèâåäåí äëÿ èëëþñòðàöèè îäèí èç ñïåêòðîâ

ïðîïóñêàíèÿ ñìåñè, îáðàáîòàííîé â ïëàçìå ÎÑÐ. Èç ðèñ. 1
âèäíî, ÷òî ïîñëå îáðàáîòêè ñìåñè â ñïåêòðå íàáëþäàþòñÿ
ïîëîñû, îáóñëîâëåííûå ïîÿâëåíèåì â ðåàêòîðå SiHF3,
SiH2F2 è SiH4 (ñëàáûé ïèê). Íà îñíîâå ñïåêòðàëüíûõ
èçìåðåíèé, ïðîâîäèâøèõñÿ ïî îïèñàííîé âûøå ìåòîäèêå
â êàæäîì èç ýêñïåðèìåíòîâ, ðàññ÷èòûâàëèñü ïàðöèàëüíûå

äàâëåíèÿ SiHF3, SiH2F2 è SiH4, îáðàçóþùèõñÿ â ðåàêòîðå.
Ïàðöèàëüíîå äàâëåíèå ìîíîñèëàíà â áîëüøèíñòâå ýêñïå-
ðèìåíòîâ îêàçûâàëîñü ñóùåñòâåííî ìåíüøå ïàðöèàëüíûõ
äàâëåíèé SiHF3 è SiH2F2, ïðè÷åì SiH3F íå ðåãèñòðèðîâàëñÿ.

Íà ðèñ. 2 ïðåäñòàâëåíû çàâèñèìîñòè ïàðöèàëüíûõ
äàâëåíèé Ðôñ ôòîðñèëàíîâ SiHF3 è SiH2F2, ñèíòåçèðîâàííûõ
â ðåçóëüòàòå îáðàáîòêè ñìåñè ñåðèåé èìïóëüñîâ, îò ñóììàðíîé
ýëåêòðè÷åñêîé ýíåðãèè ÅΣ = ts·f·Cí·Uç

2/2, çàòðà÷åííîé íà
ïîëó÷åíèå ïëàçìû (ñóììàðíàÿ ýíåðãèÿ ðàññ÷èòûâàëàñü ïî
ýíåðãèè, çàïàñåííîé â êîíäåíñàòîðå). Íà ãðàôèêè íàíåñåíû
çíà÷åíèÿ Ðôñ, ïîëó÷åííûå ïðè f = 1–2,5 Ãö, ts = 25–50 ìèí è
ðàçíûõ çíà÷åíèÿõ P. Èç ðèñ. 2 âèäíî, ÷òî âûõîä ôòîðñèëàíîâ
ðàñòåò, ïðèáëèçèòåëüíî, ïðîïîðöèîíàëüíî ÅΣ. Çàâèñèìîñòü
ïàðöèàëüíîãî äàâëåíèÿ SiHF3 îò ÅS àïïðîêñèìèðóåòñÿ
âûðàæåíèåì Pôñ = 1,26·10–3·EΣ. Ëåãêî îöåíèòü ýíåðãåòè÷åñêóþ
öåíó ñèíòåçà åäèíèöû ìàññû SiHF3 ïî ýíåðãèè, çàïàñåííîé â
êîíäåíñàòîðå, à èìåííî, Qçàï:Qçàï =  EΣ·R·T/(Ì·Pôñ·Výôô) ≈
57 êÂò⋅÷/êã (182 ýÂ/ìîëåêóëà). Çäåñü Ì = 86⋅10–3 êã/ìîëü –
ìîëÿðíàÿ ìàññà SiHF3, Výôô ≈ 0,83ë – ýôôåêòèâíûé îáúåì
ðåàêòîðà (îáúåì ðàçðÿäíîé êàìåðû çà âû÷åòîì îáúåìà
ýëåêòðîäîâ), R = 8,3 Äæ⋅ìîëü–1⋅Ê–1 – óíèâåðñàëüíàÿ ãàçîâàÿ
ïîñòîÿííàÿ, T = 295 Ê – òåìïåðàòóðà ãàçà. Öåíà ñèíòåçà SiH2F2
îêàçûâàåòñÿ, ïðèìåðíî, â 2 ðàçà âûøå öåíû ñèíòåçà SiHF3.

Ðèñ. 2. Çàâèñèìîñòè ïàðöèàëüíîãî äàâëåíèÿ Ðôñ ôòîðñèëàíîâ
SiHF3 è SiH2F2, ñèíòåçèðîâàííûõ â ðåàêòîðå, îò ñóììàðíîé
ýëåêòðè÷åñêîé ýíåðãèè ÅΣΣΣΣΣ.

Ðèñ. 3. Çàâèñèìîñòü ýíåðãåòè÷åñêîé öåíû îáðàçîâàíèÿ SiHF3 ïî
ýíåðãèè, çàïàñåííîé â êîíäåíñàòîðå, Qçàï îò äàâëåíèÿ ñìåñè Ð.

Ê ñîæàëåíèþ, â [5] äàííûå îá ýíåðãåòè÷åñêîé öåíå
îáðàçîâàíèÿ ôòîðñèëàíîâ â ïëàçìå ÑÂ×-ðàçðÿäà íå

Ðèñ. 1. Ïðîïóñêàíèå Tr ãàçîâîé ñìåñè SiF4:H2=1:5 ïîñëå ïëàçìåííîé
îáðàáîòêè: ts=30 ìèí, f = 1 Ãö, Ñp = 1,7 íÔ, Uc = 22 êÂ, Ð = 232 Òîðð,
äàâëåíèå ãàçà â êþâåòå äëÿ ïðîá 160 Òîðð.



 7Прикладная физика,  2014, № 1

ïðèâîäÿòñÿ, ÷òî íå ïîçâîëÿåò íàïðÿìóþ ñðàâíèòü
ïîëó÷åííûå çäåñü ðåçóëüòàòû ñ ðåçóëüòàòàìè [5].

Íà ðèñ. 3 ïðèâåäåíà çàâèñèìîñòü âåëè÷èíû Qçàï äëÿ
SiHF3 îò äàâëåíèÿ ñìåñè, ïîñòðîåííàÿ ïî äàííûì ðèñ. 2.
Èç ðèñ. 3 ñëåäóåò âàæíûé äëÿ ïðàêòè÷åñêèõ ïðèìåíåíèé
âûâîä, à èìåííî, â äèàïàçîíå äàâëåíèé Ð = 60–350 Òîðð
öåíà ñèíòåçà SiHF3 (òàêæå è SiH2F2) íå çàâèñèò îò Ð.
Ïðåäâàðèòåëüíûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî ïðè Ð ≤
100 Òîðð ïîëó÷åíèå óñòîé÷èâîãî ÎÑÐ â ñìåñÿõ SiF4:H2
ïðè èçìåíåíèè ýíåðãèè ðàçðÿäíîãî èìïóëüñà â øèðîêîì
äèàïàçîíå ïåðåñòàåò áûòü ïðîáëåìîé. Ýòî ïîçâîëÿåò
îòêàçàòüñÿ îò ñïåöèàëüíûõ ìåòîäîâ ñòàáèëèçàöèè ðàçðÿäà
è ïðèìåíÿòü â ðåàêòîðå ìåòàëëè÷åñêèå ýëåêòðîäû,
íàïðèìåð, ïðîñòóþ ýëåêòðîäíóþ ñèñòåìó «ñòåðæåíü
(êàòîä) – ïëîñêîñòü» [14].

Ýíåðãîçàòðàòû íà ñèíòåç ôòîðñèëàíîâ ìîãóò áûòü
ñóùåñòâåííî óìåíüøåíû ïðè çàìåíå ÀÐ-êàòîäà
ìåòàëëè÷åñêèì. Ñîïðîòèâëåíèå ó÷àñòêà ÀÐ-êàòîäà, ÷åðåç
êîòîðûé ïðîòåêàåò òîê ðàçðÿäà, ñîñòàâëÿåò ~25 Îì. Ýòî
ïðèâîäèò ê çàìåòíûì ïîòåðÿì ýëåêòðè÷åñêîé ýíåðãèè â
ðàçðÿäíîì êîíòóðå, â ðåçóëüòàòå ÷åãî â ïëàçìó ÎÑÐ
ââîäèòñÿ ëèøü ~50% ýíåðãèè, çàïàñåííîé â êîíäåíñàòîðå.
Ñîîòâåòñòâåííî, ýíåðãåòè÷åñêàÿ öåíà ñèíòåçà SiHF3 ïî
ýíåðãèè, ââåäåííîé â ïëàçìó ðàçðÿäà Qïë, ñîñòàâëÿåò Qïë ≈
29 êÂò·÷/êã èëè ~91 ýÂ íà ìîëåêóëó. Ïðèáëèçèòåëüíî, òàêàÿ
æå âåëè÷èíà ýíåðãîçàòðàò, íî ðàññ÷èòûâàåìàÿ  ïî
çàïàñåííîé â êîíäåíñàòîðå ýíåðãèè, äîëæíà äîñòèãàòüñÿ
â ñëó÷àå ïðèìåíåíèÿ ìåòàëëè÷åñêèõ ýëåêòðîäîâ.

Âåëè÷èíà Qçàï óâåëè÷èâàåòñÿ, åñëè f ïðåâûøàåò 3 Ãö,
èëè ïðè f=1–2.5 Ãö ñìåñü îáðàáàòûâàåòñÿ áîëåå 50 ìèí.
Èç-çà îòñóòñòâèÿ ãàçîâîãî ïîòîêà â êàìåðå ïðîäóêòû
ñèíòåçà íå âûíîñÿòñÿ èç ðàçðÿäíîãî îáúåìà ïîëíîñòüþ â
èíòåðâàëå âðåìåíè ìåæäó èìïóëüñàìè è íå óäàëÿþòñÿ èç
ðåàêòîðà. Ïî-âèäèìîìó, ýòî ïðèâîäèò ê èõ ðàçðóøåíèþ â
ïëàçìå ÎÑÐ, ñòèìóëèðóåìîãî òàêæå èçëó÷åíèåì ïëàçìû.
Ñòåïåíü äèññîöèàöèè SiF4 ðàñòåò ñ óâåëè÷åíèåì ÅΣ. Â
óñëîâèÿõ îäèíàêîâîãî ñóììàðíîãî ýíåðãîâêëàäà ñòåïåíü
äèññîöèàöèè óâåëè÷èâàåòñÿ ñ óâåëè÷åíèåì f. Ïðè f  ≥ 5 Ãö
ñòåíêè ðåàêòîðà ïîêðûâàëèñü ñåðåáðèñòûì íàëåòîì, ÷òî,
âåðîÿòíî, ñâÿçàíî ñ òåðìè÷åñêèì ðàçðóøåíèåì SiF4 è
ôòîðñèëàíîâ, âïëîòü äî îáðàçîâàíèÿ êðåìíèÿ [20].

Òàêèì îáðàçîì, ðåàëüíûå ýíåðãåòè÷åñêèå çàòðàòû íà
ïîëó÷åíèå ôòîðñèëàíîâ SiHF3, SiH2F2 è ìîíîñèëàíà ïðè
èñïîëüçîâàíèè ìåòàëëè÷åñêèõ ýëåêòðîäîâ, îðãàíèçàöèè
ïðîòîêà ãàçà ÷åðåç ðàçðÿäíûé ïðîìåæóòîê è óäàëåíèè
îáðàçóþùèõñÿ ïðîäóêòîâ èç ðåàêòîðà ìîãóò áûòü ìåíüøå
âåëè÷èí, îöåíåííûõ âûøå äëÿ ýëåêòðîäíîé ñèñòåìû ñ ÀÐ-
êàòîäîì. Îðãàíèçàöèÿ ãàçîâîãî ïîòîêà â ðåàêòîðå ïîçâîëèò
òàêæå óâåëè÷èòü ïðîèçâîäèòåëüíîñòü óñòàíîâêè çà ñ÷åò
óâåëè÷åíèÿ ÷àñòîòû ñëåäîâàíèÿ èìïóëüñîâ. Ïî-âèäèìîìó,
óìåíüøèòü ýíåðãîçàòðàòû íà ñèíòåç óäàñòñÿ è çà ñ÷åò
îïòèìèçàöèè ñîîòíîøåíèÿ ïàðöèàëüíûõ êîìïîíåíòîâ
ñìåñè SF4:H2.

Çàêëþ÷åíèå
Â ðàáîòå ïîêàçàíà âîçìîæíîñòü äîñòàòî÷íî

ýôôåêòèâíîãî ñèíòåçà ôòîðñèëàíîâ SiHF3, SiH2F2 è

ìîíîñèëàíà ïðè îáðàáîòêå ãàçîâîé ñìåñè SiF4:H2 = 1:5
èìïóëüñíî-ïåðèîäè÷åñêèì ÎÑÐ â çàìêíóòîì îáúåìå.
Ýíåðãåòè÷åñêèå çàòðàòû íà ñèíòåç åäèíèöû ìàññû SiHF3
ïî ýíåðãèè, çàïàñåííîé â êîíäåíñàòîðå ñèñòåìû
ôîðìèðîâàíèÿ ÎÑÐ, ñîñòàâèëè Qçàï ≈ 57 êÂò⋅÷/êã (182 ýÂ/
ìîëåêóëà) è Qïë ≈ 29 êÂò⋅÷/êã (91 ýÂ/ìîëåêóëà) ïî ýíåðãèè,
ââåäåííîé â ãàçîðàçðÿäíóþ ïëàçìó. Ïðîàíàëèçèðîâàíû
âîçìîæíîñòè ñíèæåíèÿ ýíåðãîçàòðàò íà ñèíòåç çà ñ÷åò
ñíèæåíèÿ ýëåêòðè÷åñêèõ ïîòåðü â ðàçðÿäíîì êîíòóðå è
îðãàíèçàöèè ãàçîâîãî ïîòîêà â ðåàêòîðå.

Ðàáîòà ïîääåðæàíà ãðàíòîì ÐÔÔÈ ¹ 12-08-00321.
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Conversion of SiF4 to fluorosilanes and monosilane
in plasma of volume self-sustained discharge
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The possibility of efficient conversion of SiF4 to SiHF3, SiH2F2 and SiH4 in volume self-sustained discharge
ignited in a mixture SiF4: H2 has been shown. The energy cost of SiHF3 synthesis calculated according to the
energy stored in the capacitor of discharge system formation and the energy introduced into discharge plasma
was Qst ≈≈≈≈≈ 57 kW·h/kg (182 eV/molecule) and Qpl ≈≈≈≈≈ 29 kW·h/kg (91 eV/molecule) respectively. It was found
that in the pressure range P = 60÷÷÷÷÷350 Torr energy cost does not depend on the pressure.

PACS: 52.80.-s, 52.77-j, 51.50+v, 82.33Xj, 81.20.Ka
Keywords: silicon tetrafluoride, fluorosilanes, self-sustained volume discharge, Fourier transform infrared
spectroscopy.

References
1. E.S. Falkevich, E.O. Pulner, I.F. Chervonnyi, et al., Technology of semiconductor silicium (Metallurgiya, Moscow, 1992) [in Russian].
2. V.O. Konstantinov, V.G. Shchukin, R.G. Sharafutdinov, et al.,  Prikladnaya Fizika, No. 4, 95 (2009).
3. Yu.N. Tumanov,  Plasmic and   High-Frequency Processes of Production and  Treatment of Materials  in  Nuclear Fuel Cycle: the Present
and the Future (Fizmatlit, Moscow, 2003) [in Russian].
4. Yu.N. Tumanov,  Plasmic, High-Frequency, Microwave and Laser Technologies in the Chemical-Metallurgical Processes (Fizmatlit,
Moscow,  2010) [in Russian].
5. D.I. Skorovarov, Yu.N. Tumanov, Yu.L. Lvartskheli, et al., RF Patent No. 2050320 (December 20,1995).
6. Yu.N. Tumanov, Yu.F. Kobzar, S.A. Kuzminykh, and V.A. Khokhlov, Fiz. Khim. Obrab. Mater., No. 5,  27 (1996).
7. S.Yu. Kazantsev, I.G. Kononov, E.M. Kudryavtsev, et al., in Proc. XL Intern.(Zvenigirod.) Conf, Plasama Phys. Nucl. Fusion (Zvenigorod,
February 11-15, 2013), p. 183.
8. V.D. Bulaev, V.S. Gusev, S.Yu. Kazantsev, et al., Quant. Electron. 40, 615 (2010).
9. G.A. Mesyats and  Yu.D. Korolev, Usp. Fiz. Nauk 148, 101 (1986).
10. D.I. Slovetskii and A.A. Deryugin, in Plasma Chemistry. Ed. by B. M. Smirnov (Energoatomizdat, Moscow, 1987).
11. V.V. Apollonov, A.A. Belevtsev, K.N. Firsov, et al.,  Proceedings of SPIE, International Conference on Atomic and Molecular Pulsed
Lasers IV, 4747, 31 (2002).
12. S.D. Velikanov, S.G. Garanin, A.P. Domazhirov, et al.,  Quant. Electron.  40, 393 (2010).
13. S.Yu. Kazantsev, I.G. Kononov, S.V. Podlesnykh, K.N. Firsov,  Quant. Electron. 40, 397 (2010).
14. A.A. Belevtsev, K.N. Firsov, S.Yu. Kazantsev, I.G. Kononov,  J. Phys. D: Appl. Phys.  37, 1759 (2004).
 15. V.V. Apollonov, A.A. Belevtsev, S.Yu. Kazantsev, et al., Quant. Electron. 31, 629 (2001).
16. M.F. Sviderskii, O.D. Khorozova, G.I. Dovganich, V.A. Ivanova, Vysokochistye Veshchestva, No. 1, 130 (1994).
17. L.A.  Chuprov, P.G. Stnnikov, T.G. Tokhadxe, et al., Inorganic Materials 42,  1017 (2006).
18. W.D. Reents, D.L. Wood, and A.M. Mujsce, Anal. Chem. 57, 104 (1985).
19. V.I. Nikonov, M.F. Svidzerskii, Yu.K. Kvaratskheli, O.D. Khorozova, Tsvetnye Metally,  No. 4,  75 (2003).
20. P.G. Sennikov, S.V. Golubev, V.I. Shishkin, et al.,  Perspektivnye Materialy, No. 10, 160 (2011).




