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Â ñâÿçè ñ âûñîêèìè òðåáîâàíèÿìè ê ÷èñòîòå òåòðàõëîðèäà êðåìíèÿ, èñïîëüçóåìîãî â ïîëó-

ïðîâîäíèêîâîé è îïòîýëåêòðîííîé ïðîìûøëåííîñòè, íåîáõîäèìà èíôîðìàöèÿ î ïðèñóòñò-

âóþùèõ â íåì ïðèìåñÿõ. Ìåòîäîì õðîìàòî-ìàññ-ñïåêòðîìåòðèè èññëåäîâàëè ïðèìåñíûé

ñîñòàâ îáðàçöîâ òåòðàõëîðèäà êðåìíèÿ, ïîëó÷åííûõ ïî ðàçíûì òåõíîëîãèÿì: õëîðèðîâà-

íèåì äèàòîìèòà è äðåâåñíîãî óãëÿ, äèñïðîïîðöèîíèðîâàíèåì òðèõëîðñèëàíà è õëîðèðîâà-

íèåì èçîòîïíî-îáîãàùåííîãî êðåìíèÿ. Äëÿ ðàçäåëåíèÿ ïðèìåñåé èçó÷åíà âîçìîæíîñòü

ïðèìåíåíèÿ êàïèëëÿðíîé êîëîíêè DB-5MS 30 ì × 0,32 ìì × 0,25 ìêì ñ ìåòèëñèëîêñàíîì

â êà÷åñòâå íåïîäâèæíîé æèäêîé ôàçû. Ïîêàçàíî, ÷òî ïðè åå èñïîëüçîâàíèè áîëüøèíñòâî

óñòàíîâëåííûõ âåùåñòâ ýëþèðóåòñÿ â âèäå îòäåëüíûõ õðîìàòîãðàôè÷åñêèõ ïèêîâ, ÷òî

óïðîùàåò èõ îïðåäåëåíèå. Èñêëþ÷åíèåì ÿâëÿþòñÿ ïðèìåñè N2, O2, Ar, CO2, SiF4, CHClF2,

HCl è H2S, êîòîðûå îïðåäåëÿëè ïî õàðàêòåðèñòè÷åñêèì ïèêàì â ìàññ-ñïåêòðå. Äëÿ èäåíòè-

ôèêàöèè ïðèìåñåé ýêñïåðèìåíòàëüíûå ìàññ-ñïåêòðû ñðàâíèâàëè ñî ñïåêòðàìè áèáëèîòå-

êè NIST è ëèòåðàòóðíûìè äàííûìè. Ðàñøèðåíû ñâåäåíèÿ î ïðèìåñíîì ñîñòàâå SiCl4: âñå-

ãî èäåíòèôèöèðîâàíî 30 ñîåäèíåíèé — ïîñòîÿííûå ãàçû, àëèôàòè÷åñêèå è õëîðñîäåðæà-

ùèå óãëåâîäîðîäû, õëîðèäû, ñåðîñîäåðæàùèå âåùåñòâà, êðåìíèéîðãàíè÷åñêèå ñîåäèíå-

íèÿ, èç íèõ 19 îáíàðóæåíî âïåðâûå. Ïîëó÷åí è îïèñàí îòñóòñòâóþùèé â ëèòåðàòóðíûõ èñ-

òî÷íèêàõ ìàññ-ñïåêòð C2H6Cl4OSi2. Âïåðâûå ïîëó÷åíû äàííûå î ïðèìåñíîì ñîñòàâå èçî-

òîïíî-îáîãàùåííîãî òåòðàõëîðèäà êðåìíèÿ. Ïðîâåäåíî ñðàâíåíèå ïðèìåñíîãî ñîñòàâà èñ-

ñëåäîâàííûõ îáðàçöîâ è îïðåäåëåíû õàðàêòåðíûå äëÿ êàæäîãî èç íèõ ïðèìåñè. Ïîëó÷åí-

íûå äàííûå ìîãóò áûòü âîñòðåáîâàíû ïðè ðàçðàáîòêå òåõíîëîãèè ãëóáîêîé î÷èñòêè SiCl4 è

ïðè åãî õàðàêòåðèñòèêå ïðåäïðèÿòèÿìè-èçãîòîâèòåëÿìè.
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Silicon tetrachloride is a sought-after substance in the semiconductor and optoelectronics industries. High

demands placed on its purity entail the need for detail information about the impurities present. The im-

purity composition of silicon tetrachloride obtained by different technologies (chlorination of diatomite
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and charcoal, disproportionation of trichlorosilane and chlorination of isotopically enriched silicon) was

studied using the method of chromatography-mass spectrometry. Study of the possibility of using a

DB-5MS 30 m × 0.32 mm × 0.25 ìm capillary column with methylsiloxane as a stationary liquid phase to

separate impurities revealed that most of the identified substances are eluted in the form of separate chro-

matographic peaks, which simplifies their determination. The exceptions are impurities N2, O2, Ar, as well

as CO2, SiF4, and CHClF2, HCl, H2S. They were registered using the characteristic peaks of the mass spec-

tra. To identify impurities, experimental mass spectra were compared to data from the NIST library and

those known from the literature. Information on the impurity composition of SiCl4 has been expanded. It

contains permanent gases, aliphatic and chlorine-containing hydrocarbons, chlorides of elements, sul-

fur-containing substances, and organosilicon compounds. A total of 30 compounds are identified, 19 being

discovered for the first time. The mass spectrum of C2H6Cl4OSi2, which is absent in the literature, was ob-

tained and described. For the first time, data on the impurity composition of isotopically enriched silicon

tetrachloride have been obtained. A comparative analysis of the impurity composition of the samples un-

der study was carried out and the impurities characteristic of each of them were determined. The data ob-

tained in the study can be used in developing the technology for deep purification of silicon tetrachloride

and in characterization of SiCl4 by manufacturing enterprises.

Keywords: silicon tetrachloride; capillary column; gas chromatography-mass spectrometry; mass spec-

trum; impurities; identification.

Ââåäåíèå

Òåòðàõëîðèä êðåìíèÿ íàõîäèò øèðîêîå ïðè-

ìåíåíèå äëÿ ïîëó÷åíèÿ ïîëèêðèñòàëëè÷åñêîãî

êðåìíèÿ, ýïèòàêñèàëüíûõ ñòðóêòóð, äèîêñèäà

êðåìíèÿ, êðåìíèéîðãàíè÷åñêèõ ñîåäèíåíèé â ïî-

ëóïðîâîäíèêîâîé ïðîìûøëåííîñòè è äëÿ ïîëó-

÷åíèÿ âîëîêîííûõ ñâåòîâîäîâ è îïòè÷åñêèõ ìàòå-

ðèàëîâ íà îñíîâå êâàðöåâîãî ñòåêëà — â îïòî-

ýëåêòðîíèêå [1 – 5]. Ïåðñïåêòèâíûì ÿâëÿåòñÿ

ïðèìåíåíèå èçîòîïíî-îáîãàùåííîãî òåòðàõëîðè-

äà êðåìíèÿ äëÿ ïîëó÷åíèÿ ñòåêëîîáðàçíîãî äèîê-

ñèäà êðåìíèÿ, îáîãàùåííîãî èçîòîïàìè 28Si, 29Si

èëè 30Si, êîòîðûé ìîæåò áûòü èñïîëüçîâàí äëÿ

ïîëó÷åíèÿ îïòè÷åñêèõ ìàòåðèàëîâ, âîëîêîííûõ

ñâåòîâîäîâ è ïëåíîê, îáëàäàþùèõ íèçêèìè îïòè-

÷åñêèìè ïîòåðÿìè è áîëåå øèðîêèì îêíîì ïðî-

çðà÷íîñòè ïî ñðàâíåíèþ ñ èõ àíàëîãàìè åñòåñò-

âåííîãî èçîòîïíîãî ñîñòàâà [6, 7].

Ñóùåñòâåííîå âëèÿíèå íà ôóíêöèîíàëüíûå

ñâîéñòâà ìàòåðèàëîâ, ïîëó÷àåìûõ èç òåòðàõëîðè-

äà êðåìíèÿ, îêàçûâàþò ïðèñóòñòâóþùèå â íåì

ïðèìåñè, ïîýòîìó êîíòðîëü ïðèìåñíîãî ñîñòàâà

SiCl4 ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé. Èíôîðìàöèÿ

î íåì òàêæå íåîáõîäèìà äëÿ ðàçðàáîòêè è ñî-

âåðøåíñòâîâàíèÿ ìåòîäîâ ãëóáîêîé î÷èñòêè

SiCl4. Â íàñòîÿùåå âðåìÿ â òåòðàõëîðèäå êðåì-

íèÿ ñîãëàñíî ÒÓ 2152-420-05763441–2003 è õà-

ðàêòåðèñòèêàì ðÿäà ïðîèçâîäèòåëåé [8 – 10] íîð-

ìèðóåòñÿ ñîäåðæàíèå ïðèìåñåé ñëåäóþùèõ ëåòó-

÷èõ ñîåäèíåíèé: SiH4–n
Cl

n
, CH3Cl, CH2Cl2, CHCl3,

C2H5Cl, CH4, C2H6, C3H8, C4H10, C6H14, C6H6. Â

SiCl4, ïðåäñòàâëåííîì íà Âûñòàâêå-êîëëåêöèè

âûñîêî÷èñòûõ âåùåñòâ, óñòàíîâëåíî íàëè÷èå

ïðèìåñåé O2, Ar, SiFCl3, SiHCl3, SiH2Cl2, Si2OCl6,

C2H3Cl3, C2Cl4, C2H2Cl2, C2HCl3, CHCl3 è CCl4

[11, 12].

Äëÿ èçó÷åíèÿ ïðèìåñíîãî ñîñòàâà SiCl4 ïðè-

ìåíÿþò ìåòîäû ãàçîâîé õðîìàòîãðàôèè, ìàññ-

ñïåêòðîìåòðèè, ÈÊ-ñïåêòðîñêîïèè è õðîìàòî-

ìàññ-ñïåêòðîìåòðèè. Íàïðèìåð, â ðàáîòå [13]

ïðåäñòàâëåíû ìåòîäèêè ïðÿìîãî ãàçîõðîìàòîãðà-

ôè÷åñêîãî àíàëèçà SiCl4 ñ îòäåëåíèåì îñíîâû ïó-

òåì ãèäðîëèòè÷åñêîãî ðàçëîæåíèÿ ïðîáû è äàëü-

íåéøèì îïðåäåëåíèåì ýêñòðàãèðîâàííûõ ïðèìå-

ñåé. Äëÿ èõ ðàçäåëåíèÿ èñïîëüçîâàëè êîëîíêó

5 ì × 3 ìì, çàïîëíåííóþ õðîìàòîíîì N-AW-

HMDS ñ 15 % ñèëèêîíîâîãî ýëàñòîìåðà E-301, è

äåòåêòîðû ïîñòîÿííîé ñêîðîñòè ðåêîìáèíàöèè è

ïëàìåííî-èîíèçàöèîííûé (ÏÈÄ). Èäåíòèôè-

öèðîâàíû ïðèìåñè CHCl3, CCl4, 1,1,1-CH3Cl3,

C2HCl3, C2Cl4, SiHCl3, CH3SiCl3, CH3SiCl2H.

Â ðàáîòå [14] îïðåäåëÿëè ïðèìåñè HCl,

COCl2, SiHCl3, CH3SiCl3, CH2Cl2, 1,2-C2H4Cl2,

CHCl3, CCl4, C2H5SiCl3. Äëÿ èõ ðàçäåëåíèÿ èñ-

ïîëüçîâàëè êîëîíêè äëèíîé 4 ì, çàïîëíåííûå

õðîìàòîíîì N-AW-HMDS ñ 16 % ñèëîêñàíîâîãî

ýëàñòîìåðà E-301, ïèêè ðåãèñòðèðîâàëè òåðìî-

èîííûì äåòåêòîðîì ïîâåðõíîñòíîé èîíèçàöèè è

ÏÈÄ. Â ðàáîòàõ [15, 16] ïðåäëîæåí õðîìàòîãðà-

ôè÷åñêèé ìåòîä îïðåäåëåíèÿ îáùåãî âîäîðîäà è

óãëåðîäà, îñíîâàííûé íà îáðàçîâàíèè âîäû è äè-

îêñèäà óãëåðîäà ïðè âçàèìîäåéñòâèè ïðèìåñåé

îðãàíè÷åñêèõ âåùåñòâ ñ òâåðäîôàçíûì îêèñëè-

òåëåì. Ðàçäåëåíèå ïðîäóêòîâ ðåàêöèè ïðîâîäèëè

ñ èñïîëüçîâàíèåì êîëîíîê äëèíîé 3 ì ñ ñîðáåí-

òîì ïîëèõðîì-1 ñ 8 % ïîëèìåòèëñèëîêñàíà è ñîð-

áåíòîì ïîëèñîðá-1 âûñîêî÷àñòîòíîãî ýìèññèîí-

íîãî äåòåêòîðà. Â ðàáîòå [17] ðàçðàáîòàíà ìåòî-

äèêà õðîìàòî-àòîìíî-àáñîðáöèîííîãî îïðåäåëå-

íèÿ ïðèìåñåé SiHCl3 è (CH3)3SiCl. Äëÿ àíàëèçà

èñïîëüçîâàëè óñòàíîâêó, ñîñòîÿùóþ èç ãàçîâîãî

õðîìàòîãðàôà è àòîìíî-àáñîðáöèîííîãî ñïåê-

òðîôîòîìåòðà, äàííûå ñîåäèíåíèÿ ðàçäåëÿëè íà

êîëîíêå 5 ì × 4 ìì ñ ñîðáåíòîì õðîìàòîíîì N ñ

15 % ñêâàëàíà.

Â ðàáîòàõ [18, 19] ïðèâåäåíû ìåòîäèêè ìàññ-

ñïåêòðîìåòðè÷åñêîãî îïðåäåëåíèÿ â SiCl4 õëîðè-

äîâ ðÿäà ýëåìåíòîâ — B, Al, Ga, P, As, Sb, C, Ge è

Sb. Â ðàáîòàõ [20, 21] äëÿ àíàëèçà SiCl4 ìåòîäîì

ÈÊ-ñïåêòðîñêîïèè èñïîëüçîâàëè ñïåöèàëüíî
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ñêîíñòðóèðîâàííûå êþâåòû ñ äëèíîé îïòè÷åñêî-

ãî ïóòè äî 10 ñì. Áûëè èäåíòèôèöèðîâàíû ïðè-

ìåñè HCl, HSiCl3, CHCl3, CH3(CH2)4CH3, Si2OCl6,

CO2, CCl4, SiOHCl3.

Ïåðñïåêòèâíûì ìåòîäîì èññëåäîâàíèÿ SiCl4

ÿâëÿåòñÿ õðîìàòî-ìàññ-ñïåêòðîìåòðèÿ, õàðàê-

òåðèçóþùàÿñÿ âûñîêîé ÷óâñòâèòåëüíîñòüþ îïðå-

äåëåíèÿ ïðèìåñåé, èõ áûñòðîé è íàäåæíîé èäåí-

òèôèêàöèåé, à òàêæå âîçìîæíîñòüþ îäíîâðåìåí-

íîãî îïðåäåëåíèÿ íèçêèõ ñîäåðæàíèé ñîåäèíå-

íèé ðàçëè÷íûõ êëàññîâ. Â ðàáîòå [22] ñ ïðèìåíå-

íèåì õðîìàòîãðàôè÷åñêîé êîëîíêè 4 ì × 2 ìì ñ

íåïîäâèæíîé ôàçîé Å-30 â SiCl4 èäåíòèôèöèðî-

âàíû ñëåäóþùèå ïðèìåñè: CH3SiCl3, Si2Cl3H3,

Si2OCl4H2, Si2OCl5H, Si2OCl6, Si2Cl6, Si3O2Cl6H2,

Si3O2Cl7H, Si3O2Cl8. Äàëüíåéøåå ðàñøèðåíèå

âîçìîæíîñòåé ìåòîäà ñâÿçàíî ñ èñïîëüçîâàíèåì

äëÿ ðàçäåëåíèÿ ïðèìåñåé êàïèëëÿðíûõ êîëîíîê,

îáëàäàþùèõ áîëüøåé ýôôåêòèâíîñòüþ ïî ñðàâ-

íåíèþ ñ îïèñàííûìè â ëèòåðàòóðå íàñàäî÷íûìè.

Ïðèìåíåíèå êàïèëëÿðíûõ êîëîíîê ïîçâîëèò ðàñ-

øèðèòü èíôîðìàöèþ î ñîñòàâå ïðèìåñåé â SiCl4.

Àêòóàëüíîé çàäà÷åé ÿâëÿåòñÿ òàêæå ñðàâíåíèå

ïðèìåñíîãî ñîñòàâà îáðàçöîâ òåòðàõëîðèäà êðåì-

íèÿ, ïîëó÷åííûõ ðàçëè÷íûìè ìåòîäàìè.

Öåëü ðàáîòû — èññëåäîâàíèå ìåòîäîì õðî-

ìàòî-ìàññ-ñïåêòðîìåòðèè ïðèìåñíîãî ñîñòàâà

òåòðàõëîðèäà êðåìíèÿ, ïîëó÷åííîãî ðàçíûìè

ñïîñîáàìè.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èññëåäîâàëè ïðèìåñíûé ñîñòàâ òåòðàõëîðèäà

êðåìíèÿ ïîñëå ñèíòåçà è ôðàêöèè, âûäåëåííûå â

ïðîöåññå åãî î÷èñòêè è ñîäåðæàùèå ñêîíöåíòðè-

ðîâàííûå ïðèìåñè. Îáðàçöû SiCl4 áûëè ïîëó÷å-

íû ñëåäóþùèìè ìåòîäàìè.

1. Õëîðèðîâàíèå äèàòîìèòà è äðåâåñíîãî

óãëÿ [23] ïî ðåàêöèÿì:

SiO2 + C + 2Cl2 � SiCl4 + CO2, (1)

SiO2 + 2C + 2Cl2 � SiCl4 + 2CO. (2)

2. Äèñïðîïîðöèîíèðîâàíèå òðèõëîðñèëàíà

[24, 25]:

2SiHCl3 � SiH2Cl2 + SiCl4. (3)

3. Âçàèìîäåéñòâèÿ èçîòîïíî-îáîãàùåííîãî

êðåìíèÿ è õëîðà:

Si + 2Cl2 � SiCl4. (4)

Ñîäåðæàíèå èçîòîïîâ 28Si, 29Si, 30Si â ñîñòàâå

êðåìíèÿ â SiCl4 ñîñòàâëÿåò 99,99757 ± 0,00060 %,

0,00223 ± 0,00055 % è 0,00020 ± 0,00006 % ñîîò-

âåòñòâåííî. Èçîòîïíûé àíàëèç âûïîëíåí â

ÈÕÂÂ ÐÀÍ.

Àíàëèç îáðàçöîâ ïðîâîäèëè ñ èñïîëüçîâàíè-

åì õðîìàòî-ìàññ-ñïåêòðîìåòðà Agilent 6890/MSD

5973N. Ìàññ-ñïåêòðû ðåãèñòðèðîâàëè â ðåæèìå

ýëåêòðîííîé èîíèçàöèè. Ýíåðãèÿ ýëåêòðîíîâ ñî-

ñòàâëÿëà 70 ýÂ, òåìïåðàòóðà èñòî÷íèêà èîíîâ —

150 °C, òåìïåðàòóðà êâàäðóïîëüíîãî ôèëüòðà

ìàññ — 106 °C, òåìïåðàòóðà èíòåðôåéñà —

200 °C.

Òåòðàõëîðèä êðåìíèÿ è ðÿä ïðèìåñåé â íåì

îáëàäàþò âûñîêîé ðåàêöèîííîé ñïîñîáíîñòüþ

ïî îòíîøåíèþ ê âîäå è êèñëîðîäó [2], ïîýòîìó

äëÿ äîçèðîâàíèÿ ïðîá èñïîëüçîâàëè çàìêíóòóþ

âàêóóìèðóåìóþ ñèñòåìó ïðîáîîòáîðà, ãàçîâûå

òðàêòû è âåíòèëè êîòîðîé âûïîëíåíû èç íå-

ðæàâåþùåé ñòàëè ìàðêè 12Õ18Í10Ò. Ââîä ïðîá

SiCl4 â õðîìàòîãðàôè÷åñêóþ êîëîíêó îñóùå-

ñòâëÿëè àâòîìàòè÷åñêèì äâóõïîçèöèîííûì

êðàíîì-äîçàòîðîì Valco Instruments Cî. Inc.

EH2C6WEZPH-CER5, ôóíêöèîíèðóþùèì â çà-

ùèòíîé àòìîñôåðå ãåëèÿ ìàðêè Á (ÒÓ 20.11.11-

005-45905715–2017). Îáúåì íàïóñêàåìîé â êî-

ëîíêó ïðîáû ñîñòàâëÿë 50 ìêë ïðè äàâëåíèè, íå

ïðåâûøàþùåì 0,2 àòì. Äàííàÿ ñèñòåìà íàïóñêà

ïîäðîáíî îïèñàíà â ðàáîòå [26]. Â êà÷åñòâå ãàçà-

íîñèòåëÿ ïðèìåíÿëè ãåëèé ìàðêè 7.0 (ÒÓ

0271-001-45905715-02) ñ ñîäåðæàíèåì ïðèìåñåé

êèñëîðîäà è âîäû ìåíåå 1 · 10–6 è 2 · 10–4 % ñîîò-

âåòñòâåííî. ×òîáû ñîõðàíèòü ÷èñòîòó ãåëèÿ ïî

ïóòè â õðîìàòî-ìàññ-ñïåêòðîìåòð, íà áàëëîíå ñ

íèì èñïîëüçîâàëè ðåäóêòîð Restek (êàòàëîæíûé

íîìåð ôèðìû 21667), íå ñîäåðæàùèé ïîëèìåð-

íûõ ìàòåðèàëîâ, êîòîðûå ÿâëÿþòñÿ ïðîíèöàåìû-

ìè äëÿ ïîñòóïëåíèÿ ïðèìåñåé èç îêðóæàþùåé

àòìîñôåðû. Äîçèðîâàíèå ïðîá îñóùåñòâëÿëè èç

ñòåêëÿííûõ àìïóë. Äëÿ ïîëó÷åíèÿ âîñïðîèçâî-

äèìûõ ðåçóëüòàòîâ ïåðåä íà÷àëîì ðàáîòû ïðîâî-

äèëè êîíäèöèîíèðîâàíèå ãàçîâûõ ëèíèé è ðàç-

äåëèòåëüíîé êîëîíêè ïóòåì ââåäåíèÿ 5 – 6 ïðîá

SiCl4 â öåëÿõ ïîäàâëåíèÿ ðåàêöèîííî-àêòèâíûõ

öåíòðîâ, êîòîðûå ìîãóò âëèÿòü íà ïðàâèëüíîñòü

àíàëèçà.

Äëÿ ðàçäåëåíèÿ ïðèìåñåé èññëåäîâàëè âîç-

ìîæíîñòü ïðèìåíåíèÿ êàïèëëÿðíîé êîëîíêè

DB-5MS 30 ì × 0,32 ìì × 0,25 ìêì ñ ìåòèëñè-

ëîêñàíîì, ñîäåðæàùèì 5 % ôåíèëüíûõ ãðóïï, â

êà÷åñòâå íåïîäâèæíîé ôàçû. Íà÷àëüíàÿ òåìïå-

ðàòóðà êîëîíêè ñîñòàâëÿëà 30 °C (3 ìèí), çàòåì

åå ïîâûøàëè ñî ñêîðîñòüþ 10 °C/ìèí äî 130 °C

è âûäåðæèâàëè äî îêîí÷àíèÿ àíàëèçà. Ëèíåé-

íàÿ ñêîðîñòü ãàçà-íîñèòåëÿ ñîñòàâëÿëà 42 ñì/ñ.

Âî âðåìÿ âûõîäà èç êîëîíêè îñíîâíîãî êîìïî-

íåíòà ñ ìàêñèìàëüíîé êîíöåíòðàöèåé âûêëþ-

÷àëè íàïðÿæåíèå íà êàòîäå â èîííîì èñòî÷íèêå

äëÿ ïðåäîòâðàùåíèÿ åãî ïåðåãîðàíèÿ. Âðåìÿ îò-

êëþ÷åíèÿ ñîñòàâèëî 1,9 ìèí ïîñëå ââîäà ïðîáû,

âêëþ÷åíèÿ — 2,2 ìèí.

Ïðèìåñè èäåíòèôèöèðîâàëè ïóòåì êîìïüþ-

òåðíîãî ñðàâíåíèÿ èõ ìàññ-ñïåêòðîâ ñ áèáëèî-
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òå÷íûìè èç áàçû NIST, âõîäÿùåé â ñîñòàâ ïðî-

ãðàììíîãî îáåñïå÷åíèÿ õðîìàòî-ìàññ-ñïåêòðî-

ìåòðà, è ñ îïóáëèêîâàííûìè â ðàáîòå [22].

Äëÿ èñêëþ÷åíèÿ ïîÿâëåíèÿ ëîæíûõ ïðèìåñåé

ïåðåä àíàëèçîì SiCl4 âûïîëíÿëè õîëîñòûå îïû-

òû. Äëÿ ýòîãî íàïóñêàëè â ñèñòåìó äîçèðîâàíèÿ

âûñîêî÷èñòûé ãåëèé, èñïîëüçóåìûé äëÿ åå ïðî-

ìûâêè, è äàëåå ïðîâîäèëè åãî àíàëèç.

Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 1 ïðèâåäåí ïðèìåð õðîìàòîãðàììû

îáðàçöà SiCl4 ñî ñêîíöåíòðèðîâàííûìè ïðèìåñÿ-

ìè. Èç íåå âèäíî, ÷òî áîëüøèíñòâó ýëþèðóþùèõ-

ñÿ ñîåäèíåíèé ñîîòâåòñòâóþò îòäåëüíûå õðîìà-

òîãðàôè÷åñêèå ïèêè, ÷òî óïðîùàåò îïðåäåëåíèå

ïðèìåñåé. Èñêëþ÷åíèåì ÿâëÿþòñÿ ïðèìåñè N2,

O2, Ar, à òàêæå CO2, SiF4, CHClF2, HCl, H2S, êî-

òîðûå èìåþò áëèçêèå âðåìåíà óäåðæèâàíèÿ.

Èõ èíäèâèäóàëüíîå îïðåäåëåíèå íå âûçûâàëî

òðóäíîñòåé — ðåãèñòðàöèþ ïðîâîäèëè ïî ðàç-

ëè÷àþùèìñÿ õàðàêòåðèñòè÷åñêèì ïèêàì ìàññ-

ñïåêòðîâ.

Ïðè èäåíòèôèêàöèè ïðèìåñåé ñðàâíåíèåì

èõ ìàññ-ñïåêòðîâ ñ äàííûìè áàçû NIST ïðàêòè-

÷åñêè âñå êîýôôèöèåíòû ïîäîáèÿ ñîñòàâèëè

0,88 – 0,99, ÷òî îáåñïå÷èëî âûñîêóþ íàäåæíîñòü

îïðåäåëåíèÿ ïðèìåñíîãî ñîñòàâà SiCl4. Èäåíòè-

ôèöèðîâàííûìè ñîåäèíåíèÿìè ÿâëÿþòñÿ ïîñòî-

ÿííûå ãàçû, àëèôàòè÷åñêèå è õëîðñîäåðæàùèå

óãëåâîäîðîäû, õëîðèäû ýëåìåíòîâ, ñåðîñîäåðæà-

ùèå âåùåñòâà, êðåìíèéîðãàíè÷åñêèå ñîåäèíå-

íèÿ. Êîýôôèöèåíòû ïîäîáèÿ ìàññ-ñïåêòðîâ ïðè-

ìåñåé ñî âðåìåíàìè óäåðæèâàíèÿ 5,91 è 6,48 ìèí

áûëè äîâîëüíî íèçêè (0,28 è 0,49), ÷òî óêàçûâàëî

íà îòñóòñòâèå ñîîòâåòñòâóþùèõ ñïåêòðîâ â áèá-

ëèîòåêå NIST. Äëÿ èäåíòèôèêàöèè ýòèõ ñîåäèíå-

íèé èñïîëüçîâàëè ìàññ-ñïåêòðû, ïðèâåäåííûå â

ðàáîòå [22]. Ýòî ïîçâîëèëî óñòàíîâèòü, ÷òî âåùå-

ñòâî ñî âðåìåíåì óäåðæèâàíèÿ 5,91 ìèí — ýòî

ãåêñàõëîðäèñèëîêñàí (Si2OCl6). Ìàññ-ñïåêòð ñî-

åäèíåíèÿ ñî âðåìåíåì óäåðæèâàíèÿ 6,48 ìèí â

ëèòåðàòóðå íå íàéäåí (ðèñ. 2).

Ïðè èäåíòèôèêàöèè äàííîãî âåùåñòâà

ó÷èòûâàëè ñõîäñòâî åãî ìàññ-ñïåêòðà è ìàññ-

ñïåêòðîâ èäåíòèôèöèðîâàííûõ íàìè ïðèìåñåé

Si2OCl6 è C4H12Cl2OSi2 (1,3-äèõëîð-1,1,3,3-òåòðà-

ìåòèëäèñèëîêñàí). Ýòî ïîçâîëèëî ïðåäïîëîæèòü,

÷òî â ñîñòàâ ýòîãî ñîåäèíåíèÿ âõîäÿò àòîìû

êðåìíèÿ, êèñëîðîäà, õëîðà, óãëåðîäà è âîäîðîäà,

è îíî òàêæå ÿâëÿåòñÿ ïðîèçâîäíûì äèñèëîêñàíà.

Èç ìàññ-ñïåêòðà âèäíî, ÷òî ñîîòíîøåíèå èíòåí-

ñèâíîñòåé ïèêîâ èîíîâ â îáëàñòè m/z = 226 – 235

îòâå÷àåò ïðèñóòñòâèþ â èäåíòèôèöèðóåìîì âå-

ùåñòâå ÷åòûðåõ àòîìîâ õëîðà [27]. Èíòåðïðåòà-

öèÿ èîíîâ (ñì ðèñ. 2) è ñîîòâåòñòâóþùèõ èì ïè-

êîâ ïîçâîëèëà óñòàíîâèòü, ÷òî äàííûì ñîåäèíå-

íèåì ÿâëÿåòñÿ òåòðàõëîðýòèëäèñèëîêñàí —

C2H6Cl4OSi2. Ìàññ-ñïåêòð äàííîãî âåùåñòâà â ëè-

òåðàòóðíûõ èñòî÷íèêàõ íå îáíàðóæåí è ïîëó÷åí

íàìè âïåðâûå.

Èäåíòèôèöèðîâàííûå â SiCl4 ïðèìåñè è èõ

âðåìåíà óäåðæèâàíèÿ ïðèâåäåíû â òàáëèöå.

Èñïîëüçîâàíèå ìåòîäà õðîìàòî-ìàññ-ñïåêòðî-

ìåòðèè ñ ïðèìåíåíèåì êàïèëëÿðíîé êîëîíêè

DB-5MS 30 ì × 0,32 ìì × 0,25 ìêì ïîçâîëèëî

èäåíòèôèöèðîâàòü â îáðàçöàõ áîëüøîé íàáîð

ïðèìåñåé è ðàñøèðèòü èíôîðìàöèþ î èõ ñî-

ñòàâå, èçâåñòíîì èç ëèòåðàòóðû. Óñòàíîâëåíî

ïðèñóòñòâèå ïîñòîÿííûõ ãàçîâ, òåòðàôòîðèäà

êðåìíèÿ, õëîðîâîäîðîäà, ñîåäèíåíèé ñåðû, îêñè-

õëîðèäà ôîñôîðà, ôîñãåíà, õëîðèäîâ êðåìíèÿ,

ãåðìàíèÿ, ìûøüÿêà, õëîðñîäåðæàùèõ óãëåâîäî-
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Fig. 1. Chromatogram of SiCl4 : 1 — N2, O2, Ar, CO2; 2 —

HCl; 3 — POCl3; 4 — CCl2O (phosgene); 5 — SiHCl3, 2-

C3H7Cl; 6 — C4H9Cl (2-chloro-2-methylpropane); 7 — 2,2-

C3H6Cl2; 8 — CHCl3; 9 — 1,1,1-C2H3Cl3; 10 — GeCl4; 11 —

CCl4; 12 — C3H5Cl3 (1,2,2-trichloropropane); 13 — Si2OCl6

(hexachlorodisiloxane); 14 — C4H12Cl2OSi2 (1,3-dichloro-

1,1,3,3-tetramethyl disiloxane); 15 — C6H5Cl; 16 —

C2H6Cl4OSi2; 17 — AsCl3; 18 — C10H22 (4-methylnonane);

19 — C10H22 (3-methylnonane); 20 — C10H14 (tret-butylben-

zene); 21 — C2Cl6

Ðèñ. 2. Ìàññ-ñïåêòð C
2
H

6
Cl

4
OSi

2

Fig. 2. Mass spectrum of C2H6Cl4OSi2



ðîäîâ C1 – C4, àëêèëõëîðäèñèëîêñàíîâ, óãëåâîäî-

ðîäîâ C10. Èäåíòèôèöèðîâàíî 30 ñîåäèíåíèé, 19

èç íèõ ðàíåå íå îïðåäåëÿëè. Èíôîðìàöèÿ î ïðè-

ìåñíîì ñîñòàâå èçîòîïíî-îáîãàùåííîãî òåòðàõëî-

ðèäà êðåìíèÿ ïîëó÷åíà âïåðâûå.

Èç ïðèâåäåííûõ äàííûõ âèäíî, ÷òî äëÿ âñåõ

îáðàçöîâ õàðàêòåðíî ïðèñóòñòâèå ïðèìåñåé àò-

ìîñôåðíûõ ãàçîâ, HCl, POCl3, CCl2O, SiHCl3,

CHCl3, GeCl4, CCl4 è Si2OCl6. Õàðàêòåðíîé

îñîáåííîñòüþ îáðàçöà, ïîëó÷åííîãî õëîðèðîâà-

íèåì äèàòîìèòà è äðåâåñíîãî óãëÿ, ÿâëÿåòñÿ ïðè-

ñóòñòâèå â íåì ïðèìåñåé H2S è SO2. Â SiCl4, ïîëó-

÷åííîì äèñïðîïîðöèîíèðîâàíèåì òðèõëîðñèëà-

íà, ñîäåðæàòñÿ ïðèìåñè C4H9Cl, C4H12Cl2OSi2,

C6H5Cl, C2H6Cl4OSi2, AsCl3, C2Cl6 è óãëåâîäîðîäû

C10, îòñóòñòâóþùèå â äðóãèõ îáðàçöàõ. Â îáðàçöå,

ïîëó÷åííîì âçàèìîäåéñòâèåì èçîòîïíî-îáîãà-

ùåííîãî êðåìíèÿ è õëîðà, õàðàêòåðíûìè ïðèìå-

ñÿìè ÿâëÿþòñÿ CHClF2 è CS2. Óñòàíîâëåííûå

ðàçëè÷èÿ ìîãóò áûòü ñâÿçàíû ñ îñîáåííîñòÿìè

ïðèìåñíîãî ñîñòàâà èñõîäíûõ âåùåñòâ, ó÷àñòâóþ-

ùèõ â ñèíòåçå òåòðàõëîðèäà êðåìíèÿ.

Çàêëþ÷åíèå

Ìåòîäîì õðîìàòî-ìàññ-ñïåêòðîìåòðèè èññëå-

äîâàí ïðèìåñíûé ñîñòàâ òåòðàõëîðèäà êðåìíèÿ,
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Ïðèìåñè, èäåíòèôèöèðîâàííûå â îáðàçöàõ SiCl
4
, ïîëó÷åííûõ ðàçëè÷íûìè ñïîñîáàìè: 1 — ïî ðåàêöèÿì (1) è (2), 2 — ïî

ðåàêöèè (3), 3 — ïî ðåàêöèè (4)

Impurities identified in SiCl4 samples: 1 — obtained by reactions (1) and (2), 2 — by reaction (3), 3 — by reaction (4)

Ïðèìåñü
Âðåìÿ óäåð-

æèâàíèÿ, ìèí

Ìåòîä ïîëó÷åíèÿ

1 2 3

N
2*

1,44 + + +

O
2

1,44 + + +

Ar 1,44 + + +

CO
2

1,45 + + +

SiF
4
* 1,45 + – +

CHClF
2
* 1,47 – – +

HCl 1,47 + + +

H
2
S* 1,47 + – –

SO
2
* 1,49 + – –

POCl
3
* 1,55 + + +

CCl
2
O (ôîñãåí) 1,58 + + +

SiHCl
3

1,68 + + +

2-C
3
H

7
Cl* 1,71 + + –

CS
2
* 1,83 – – +

C
4
H

9
Cl (2-õëîð-2-ìåòèëïðîïàí)* 1,85 – + –

2,2-C
3
H

6
Cl

2
* 2,27 + + –

CHCl
3

2,35 + + +

1,1,1-C
2
H

3
Cl

3
* 2,54 + + –

GeCl
4

2,67 + + +

CCl
4

2,70 + + +

C
3
H

5
Cl

3
(1,2,2-òðèõëîðïðîïàí)* 4,93 + + –

Si
2
OCl

6
5,91 + + +

C
4
H

12
Cl

2
OSi

2
(1,3-äèõëîð-1,1,3,3-òåòðàìåòèëäèñèëîêñàí)* 6,11 – + –

C
6
H

5
Cl* 6,27 – + –

C
2
H

6
Cl

4
OSi

2
* 6,48 – + –

AsCl
3

6,61 – + –

C
10

H
22

4-ìåòèëíîíàí* 8,54 – + –

C
10

H
22

3-ìåòèëíîíàí* 8,72 – + –

C
10

H
14

òðåò-áóòèëáåíçîë* 9,09 – + –

C
2
Cl

6
* 10,51 – + –

Ï ð è ì å ÷ à í è å. * — ïðèìåñü èäåíòèôèöèðîâàíà âïåðâûå; «+» — ïðèìåñü èäåíòèôèöèðîâàíà; «–» — ïðèìåñü íå èäåí-

òèôèöèðîâàíà.



ïîëó÷åííûõ õëîðèðîâàíèåì äèàòîìèòà è äðå-

âåñíîãî óãëÿ, äèñïðîïîðöèîíèðîâàíèåì òðèõëîð-

ñèëàíà, à òàêæå 28SiCl4, ïîëó÷åííîãî èç èçî-

òîïíî-îáîãàùåííîãî êðåìíèÿ-28 è õëîðà. Äëÿ

ðàçäåëåíèÿ ïðèìåñåé âïåðâûå èññëåäîâàíà

âîçìîæíîñòü ïðèìåíåíèÿ êîëîíêè DB-5MS

30 ì × 0,32 ìì × 0,25 ìêì ñ íåïîäâèæíîé æèä-

êîé ôàçîé (ìåòèëñèëîêñàíîì). Ïîêàçàíî, ÷òî åå

èñïîëüçîâàíèå ïîçâîëÿåò îïðåäåëÿòü øèðîêèé

êðóã ïðèìåñåé.

Â èçó÷åííûõ îáðàçöàõ SiCl4 èäåíòèôèöèðî-

âàíû ïðèìåñè ïîñòîÿííûõ ãàçîâ, òåòðàôòîðèäà

êðåìíèÿ, õëîðîâîäîðîäà, ñîåäèíåíèé ñåðû, îêñè-

õëîðèäà ôîñôîðà, ôîñãåíà, õëîðèäîâ êðåìíèÿ,

ãåðìàíèÿ, ìûøüÿêà, õëîðñîäåðæàùèõ óãëåâîäî-

ðîäîâ C1 – C4, àëêèëõëîðäèñèëîêñàíîâ, óãëåâîäî-

ðîäîâ C10. Ìíîãèå èç íèõ èäåíòèôèöèðîâàíû

âïåðâûå. Ïîëó÷åí è îïèñàí îòñóòñòâóþùèé â ëè-

òåðàòóðíûõ èñòî÷íèêàõ ìàññ-ñïåêòð C2H6Cl4OSi2.

Ôèíàíñèðîâàíèå

Ðàáîòà âûïîëíåíà â ñîîòâåòñòâèè ñ Ïðîãðàì-

ìîé ôóíäàìåíòàëüíûõ íàó÷íûõ èññëåäîâàíèé

ãîñóäàðñòâåííûõ àêàäåìèé íàóê íà 2022 – 2024

ãîäû, òåìû ¹ FFSR-2022-0003, FFSR-2022-0006.

Êîíôëèêò èíòåðåñîâ
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èíòåðåñîâ.
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