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ÏÎËÓÀÊÒÈÂÍÛÉ ÐÀÄÈÎ×ÀÑÒÎÒÍÛÉ ÄÀÒ×ÈÊ
ÊÎÍÒÐÎËß ÐÀÑÕÎÄÀ ÝËÅÊÒÐÎÝÍÅÐÃÈÈ

×àñòîòíûå äàò÷èêè äèñòàíöèîííîãî êîíòðîëÿ
ñîñòîÿíèÿ îáúåêòà ïîëó÷èëè øèðîêîå ïðèìåíå-
íèå âñëåäñòâèå èõ âûñîêîé ïîìåõîçàùèùåííî-
ñòè, ïðîñòîòû ñîãëàñîâàíèÿ ñ óñòðîéñòâàìè öèô-
ðîâîé îáðàáîòêè ñèãíàëîâ è âûñîêîé òî÷íîñòè
[1—3]. Èñïîëüçîâàíèå äîñòèæåíèé íåãàòðîíè-
êè [4, 5] ïîçâîëÿåò â ðÿäå ñëó÷àåâ óëó÷øèòü
òåõíèêî-ýêîíîìè÷åñêèå ïîêàçàòåëè ýëåêòðîííîé
àïïàðàòóðû è ñîçäàòü êà÷åñòâåííî íîâûå ýëåê-
òðîííûå óñòðîéñòâà. Â ÷àñòíîñòè, èñïîëüçîâàíèå
ïîëóïðîâîäíèêîâûõ ïðèáîðîâ ñ îòðèöàòåëüíûì
àêòèâíûì ñîïðîòèâëåíèåì — R-íåãàòðîíîâ —
ïîçâîëÿåò ñîçäàâàòü ñõåìîòåõíè÷åñêè ïðîñòûå
ìèêðîýëåêòðîííûå ÷àñòîòíûå äàò÷èêè ðàçëè÷íûõ
ôèçè÷åñêèõ âåëè÷èí [6—8], â êîòîðûõ ôóíê-
öèè ïðåîáðàçîâàíèÿ è ãåíåðàöèè ñîâìåùåíû è
âûïîëíÿþòñÿ R-íåãàòðîíàìè. Íåäîñòàòêîì áîëü-
øèíñòâà ãåíåðàòîðíûõ äàò÷èêîâ ÿâëÿåòñÿ çàâè-
ñèìîñòü èõ ðàáîòû îò èñòî÷íèêà ïèòàíèÿ, ÷òî
îãðàíè÷èâàåò âðåìÿ è çîíó èõ ðàáîòû. Öåëüþ
íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ ïîñòðîåíèå è èññëå-

Ðàçðàáîòàí è èññëåäîâàí äàò÷èê ðàñõîäà ýëåêòðîýíåðãèè  íà áàçå òðàíçèñòîðíîãî äèíàìè-
÷åñêîãî íåãàòðîíà. Â äàò÷èêå îòñóòñòâóþò ìåõàíè÷åñêèå ÷àñòè è ýëåêòðè÷åñêèé êîíòàêò
ñ ýëåêòðè÷åñêîé ñåòüþ, îí ïîçâîëÿåò îñóùåñòâëÿòü êîíòðîëü äèñòàíöèîííî, áëàãîäàðÿ
÷åìó åãî ìîæíî âñòðàèâàòü â ýëåìåíòû êîíñòðóêöèé çäàíèÿ.

Êëþ÷åâûå ñëîâà: äàò÷èê ðàñõîäà ýëåêòðè÷åñêîé ýíåðãèè, äèíàìè÷åñêèé íåãàòðîí, ïðåîáðàçî-
âàòåëü ïîòðåáëÿåìîé ýëåêòðè÷åñêîé ýíåðãèè, ïðåîáðàçîâàòåëü âûñîêî÷àñòîòíîãî ñèãíàëà.

äîâàíèå ðàäèî÷àñòîòíûõ äàò÷èêîâ (Ð×Ä) íà áàçå
òðàíçèñòîðíûõ äèíàìè÷åñêèõ íåãàòðîíîâ, íå
èìåþùèõ “æåñòêîé” ïðèâÿçêè ê èñòî÷íèêó ïè-
òàíèÿ.

Ïîñòðîåíèå Ð×Ä
Äëÿ âûñîêîýôôåêòèâíûõ Ð×Ä äèñòàíöèîí-

íîãî êîíòðîëÿ öåëåñîîáðàçíî èñïîëüçîâàòü êîì-
áèíèðîâàííûé äèíàìè÷åñêèé íåãàòðîí, êîòîðûé
îáåñïå÷èâàåò âîçìîæíîñòü ïîñòðîåíèÿ ãåíåðàòîð-
íûõ ñõåì ÑÂ×-äèàïàçîíà. Îíè ìîãóò áûòü ðåà-
ëèçîâàíû êàê ñî âñòðîåííûì èñòî÷íèêîì ïèòà-
íèÿ (àêòèâíûå Ð×Ä), òàê è áåç íåãî (ïîëóàê-
òèâíûå Ð×Ä), è ðàáîòàòü â ðåæèìå íåïðåðûâíî-
ãî èçìåðåíèÿ èëè â ðåæèìå êîíòðîëÿ (â äèñ-
êðåòíîì ðåæèìå) [2].

Ïîëóàêòèâíûå Ð×Ä â ñâîåì ñîñòàâå èìåþò
ãåíåðàòîð ýëåêòðîìàãíèòíûõ êîëåáàíèé, íî íå
èìåþò âñòðîåííîãî èñòî÷íèêà ïèòàíèÿ. Âîçáóæ-
äåíèå ñõåìû îñóùåñòâëÿåòñÿ ïåðèîäè÷åñêèì âîç-
äåéñòâèåì íà àíòåííó Ð×Ä ýëåêòðîìàãíèòíûõ
êîëåáàíèé âíåøíåãî âîçáóæäàþùåãî ãåíåðàòî-

ðà, ÷àñòîòà êîòîðûõ f0 îòëè÷à-
åòñÿ îò ÷àñòîòû ñèãíàëà ãåíå-
ðàòîðà fã è âõîäèò â ñòàíäàðò-
íóþ ñåòêó ÷àñòîò.

Êîíöåïòóàëüíûì ïðèìåðîì
ïîñòðîåíèÿ ïîëóàêòèâíîãî Ð×Ä
ÿâëÿåòñÿ ñõåìà áåñêîíòàêòíîãî
ðàäèî÷àñòîòíîãî äàò÷èêà ó÷å-
òà ðàñõîäà ýëåêòðè÷åñêîé ýíåð-
ãèè, ïðåäñòàâëåííàÿ íà ðèñ. 1
[9]. Îí ñîñòîèò èç LC-ãåíåðà-
òîðà, îáðàçîâàííîãî ðåçîíèðó-
þùåé åìêîñòüþ Ñ3 è êîìáè-
íèðîâàííûì äèíàìè÷åñêèì íå-
ãàòðîíîì, ðåàëèçîâàííûì íà
ïîëåâîì òðàíçèñòîðå VT1 ñ èí-
äóêòèâíûì ïðåîáðàçóåìûì èì-

Ðèñ. 1. Ñõåìà ïîëóàêòèâíîãî
Ð×Ä äèñòàíöèîííîãî êîíòðîëÿ

ðàñõîäà ýëåêòðîýíåðãèè
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Ñ7
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L1

L0
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R3 R4

I
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A

Ïðîâîäíèê
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ìèòàíñîì èíäóêòèâíîñòè L2. Íàïðÿæåíèå ìåæ-
äó çàòâîðîì è èñòîêîì ñíèìàåòñÿ ñ êîíäåíñàòî-
ðà Ñ1. Åãî âåëè÷èíà îïðåäåëÿåòñÿ òîêîì è âðå-
ìåíåì çàðÿäà êîíäåíñàòîðà Ñ1 ÷åðåç âûïðÿìè-
òåëüíûé äèîä VD2. Âåëè÷èíà òîêà çàðÿäà ïðî-
ïîðöèîíàëüíà òîêó, êîòîðûé ïðîòåêàåò ïî ïðî-
âîäíèêó íàãðóçêè. Òàêèì îáðàçîì, ÷àñòîòà ãå-
íåðàöèè, îïðåäåëÿåìàÿ âåëè÷èíîé òîêà è âðåìå-
íåì çàðÿäà êîíäåíñàòîðà Ñ1, ïðîïîðöèîíàëüíà
ýëåêòðè÷åñêîé ýíåðãèè ïåðåìåííîãî òîêà, êîòî-
ðûé ïðîøåë ÷åðåç ïðîâîäíèê íàãðóçêè.

Óñòðîéñòâî íà÷èíàåò ãåíåðèðîâàòü ñèãíàëû
ïîñëå òîãî êàê íà àíòåííó Ð×Ä íà÷èíàþò ïîñòó-
ïàòü âîçáóæäàþùèå ýëåêòðîìàãíèòíûå êîëåáà-
íèÿ îò ðèäåðà. Ýòè ñèãíàëû âûïðÿìëÿþòñÿ ñõå-
ìîé óäâîåíèÿ íàïðÿæåíèÿ íà äèîäàõ VD4 è VD5
è îáåñïå÷èâàþò íåîáõîäèìîå íàïðÿæåíèå ìåæäó
èñòîêîì è ñòîêîì òðàíçèñòîðà VÒ1, ñòàáèëèçè-
ðóåìîå ñòàáèëèòðîíîì VD3. Ñ÷èòûâàíèå èíôîð-
ìàöèè ïðîèñõîäèò ñ íåêîòîðîé çàäåðæêîé, ïî
îêîí÷àíèè ïåðåõîäíûõ ïðîöåññîâ è ïîñëå óñòà-
íîâëåíèÿ íàïðÿæåíèÿ ïèòàíèÿ.

Òàêîé ñ÷åò÷èê ýëåêòðè÷åñêîé ýíåðãèè ïîçâî-
ëÿåò îñóùåñòâëÿòü êîíòðîëü äèñòàíöèîííî, â íåì
íåò ìåõàíè÷åñêèõ ÷àñòåé, îòñóòñòâóåò ýëåêòðè-
÷åñêèé êîíòàêò ñ ýëåêòðè÷åñêîé ñåòüþ, è îí ìî-
æåò áûòü âñòðîåí â ýëåìåíòû êîíñòðóêöèè çäà-
íèÿ. Åñëè ââåñòè â ñõåìó ýëåìåíò ïàìÿòè, òî
äàò÷èê ìîæíî áóäåò èäåíòèôèöèðîâàòü, íî ýòî
óâåëè÷èò åãî ñåáåñòîèìîñòü.

Íåîáõîäèìûìè óñëîâèÿìè ñàìîâîçáóæäåíèÿ
ðàññìîòðåííîãî äàò÷èêà ÿâëÿþòñÿ [10]

ÊÓâí<1;  |Y12Y21| / (2ReY11)>0,

ãäå ÊÓâí, Y11, Y12, Y21 — ñîîòâåòñòâåííî, âíóò-
ðåííèé èíâàðèàíòíûé êîýôôèöèåíò óñòîé÷èâî-
ñòè ïîëåâîãî òðàíçèñòîðà è åãî Y-ïàðàìåòðû â
ñõåìå ñ îáùèì ñòîêîì.

Äëÿ îáåñïå÷åíèÿ ãåíåðàöèè íà ÷àñòîòå fc íå-
îáõîäèìî âûïîëíåíèå óñëîâèÿ

ImYh+ImYâûõ= 0,
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ãäå σã = Im(Yã+Y11)/Re(Yã+Y11).

Ðåøàÿ óðàâíåíèå ∂ReYâûõ/∂σã=0 îòíîñèòåëü-
íî σã ïðè ReYã=0, íàõîäèì óñëîâèå, ïðè êîòî-
ðîì ReYâûõ èìååò ìèíèìàëüíîå çíà÷åíèå:
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Ïîäñòàâëÿÿ (3) â (2) è ðåøàÿ åãî îòíîñèòåëü-
íî ImYã, íàõîäèì âåëè÷èíó ïðåîáðàçóåìîé ïðî-
âîäèìîñòè (â äàííîì ñëó÷àå — ïðîâîäèìîñòü
êàòóøêè èíäóêòèâíîñòè L1)

î îðòã ã 11 11
ã

1
Im Re Im

2 1
Y Y Y

f L
= = σ −

π
è çíà÷åíèå ðåçîíèðóþùåé åìêîñòè

( )12 21âûõ
22

ã 11

ImIm
3 Im .

2 2Re

Y YY
C Y

f Y
= = −

π
Ïðèâåäåííàÿ ìåòîäèêà ðàñ÷åòà ìîæåò áûòü

ïðèìåíåíà è äëÿ äðóãèõ âèäîâ òðàíçèñòîðîâ (áè-
ïîëÿðíûõ, îäíîïåðåõîäíûõ), èñïîëüçóåìûõ â
êà÷åñòâå îñíîâû êîìáèíèðîâàííîãî äèíàìè÷å-
ñêîãî íåãàòðîíà.

Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ
Ïðè èññëåäîâàíèè ðàáîòû Ð×Ä ó÷èòûâàëîñü,

÷òî åãî ñòðóêòóðíàÿ ñõåìà ñîñòîèò èç òðåõ ÷àñ-
òåé: âõîäíîãî ïðåîáðàçîâàòåëÿ ïîòðåáëÿåìîé
ýëåêòðè÷åñêîé ýíåðãèè â ïîñòîÿííîå íàïðÿæå-
íèå íà çàòâîðå ïîëåâîãî òðàíçèñòîðà; ïðåîáðà-
çîâàòåëÿ âûñîêî÷àñòîòíîãî ñèãíàëà ñ àíòåííû â
íàïðÿæåíèå ïèòàíèÿ ñõåìû; LC-ãåíåðàòîðà íà
áàçå äèíàìè÷åñêîãî íåãàòðîíà íà ïîëåâîì òðàí-
çèñòîðå.

Ñõåìà äëÿ ìîäåëèðîâàíèÿ âõîäíîãî ïðåîáðà-
çîâàòåëÿ ïîêàçàíà íà ðèñ. 2. Òðàíñôîðìàòîð òîêà
Ê1 ñîçäàåò òîê çàðÿäà íàêîïèòåëüíîãî êîíäåí-
ñàòîðà C1, êîòîðûé çíà÷èòåëüíî ìåíüøå òîêà
ïîòðåáëåíèÿ è ïðÿìî ïðîïîðöèîíàëåí åìó. Òîê
çàðÿäà âûïðÿìëÿåòñÿ äèîäîì Øîòòêè D1. Íà-
ïðÿæåíèå íà êîíäåíñàòîðå Ñ1, òàêèì îáðàçîì,
áóäåò ïðîïîðöèîíàëüíî ïîòðåáëåííîé ýëåêòðè-
÷åñêîé ýíåðãèè.

ãäå Yh —

Yâûõ—

ïðîâîäèìîñòü íàãðóçêè â ïëîñêîñòè «èñ-
òîê — ñòîê» ïîëåâîãî òðàíçèñòîðà VÒ1;
ïðîâîäèìîñòü öåïè «èñòîê — ñòîê» VÒ1,
Yâûõ= ReYâûõ+ jImYâûõ.

Ðèñ. 2. Ñõåìà âõîäíîãî ïðåîáðàçîâàòåëÿ êîëè÷å-
ñòâà ïîòðåáëÿåìîé ýëåêòðè÷åñêîé ýíåðãèè â ïîñòî-

ÿííîå íàïðÿæåíèå

D1

D2Âõîä

K1

I1

C1

Âûõîä
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Íà ðèñ. 3 ïðåäñòàâëåíû ðåçóëüòàòû ìîäåëè-
ðîâàíèÿ íàïðÿæåíèÿ íà âûõîäå ñõåìû Vout ïðè
âõîäíîì íàïðÿæåíèè Vin. Äåéñòâóþùåå çíà÷å-
íèå ñèëû òîêà I1=4,55 A ñîîòâåòñòâóåò ìîùíî-
ñòè ïîòðåáëåíèÿ ýëåêòðîýíåðãèè 1 êÂò ïðè íà-
ïðÿæåíèè â ñåòè 220 Â. Èç ãðàôèêîâ ñëåäóåò,
÷òî íàïðÿæåíèå íà âûõîäå ïðåîáðàçîâàòåëÿ ðà-
ñòåò ëèíåéíî âî âðåìåíè ïðîïîðöèîíàëüíî ïî-
òðåáëåííîé ýíåðãèè è ÷åðåç 3600 ñ äîñòèãàåò
–22,6 ìÂ. Êàòóøêà èíäóêòèâíîñòè L1 îáåñïå-
÷èâàåò ðàçâÿçêó ïî ïåðåìåííîìó òîêó ñ îñòàëü-
íîé ÷àñòüþ ñõåìû.

Ñõåìà äëÿ ìîäåëèðîâàíèÿ  ïðåîáðàçîâàòåëÿ
âûñîêî÷àñòîòíîãî ñèãíàëà ñ àíòåííû â íàïðÿæå-
íèå ïèòàíèÿ óñòðîéñòâà ïîêàçàíà íà ðèñ. 4. Íà-
ïðÿæåíèå, êîòîðîå íàâîäèòñÿ â ïðèåìíîé àíòåí-
íå îò ðèäåðà, ïîñòóïàåò íà âõîä è ÷åðåç âõîäíîé
ïîëîñíî-ïðîïóñêàþùèé ôèëüòð C1, L1, íàñòðî-
åííûé íà ÷àñòîòó ñèãíàëà îïðîñà 125 êÃö, ïîäà-
åòñÿ íà óäâîèòåëü íàïðÿæåíèÿ íà ýëåìåíòàõ C2,
C3, D1, D3. Íà ýëåìåíòàõ R2, D3 ñîáðàí ïàðà-
ìåòðè÷åñêèé ñòàáèëèçàòîð íàïðÿæåíèÿ. Äðîññåëü
L2 îáåñïå÷èâàåò ðàçâÿçêó ïî ïåðåìåííîìó òîêó.

Íà ðèñ. 5 ïîêàçàíû ðåçóëüòàòû ìîäåëèðîâà-
íèÿ çàâèñèìîñòè íàïðÿæåíèÿ Vîut íà âûõîäå
ïðåîáðàçîâàòåëÿ (ðèñ. 4) îò íàïðÿæåíèÿ âõîäà
Vin, êîòîðîå íàâîäèòñÿ â àíòåííå. Â äèàïàçîíå
àìïëèòóä âõîäíîãî íàïðÿæåíèÿ 4—15 Â ÷àñòî-
òîé 125 êÃö, çíà÷åíèå ïîñòîÿííîãî íàïðÿæåíèÿ
íà âûõîäå ñîñòàâëÿåò 5,0—5,2 Â ïðè òîêå íà-
ãðóçêè 1,75 ìÀ. Ýòèì îáåñïå÷èâàåòñÿ ñòàáèëü-
íàÿ ðàáîòà äàò÷èêà íà ðàçëè÷íûõ ðàññòîÿíèÿõ
îò ðèäåðà.

Ñõåìà äëÿ ìîäåëèðîâàíèÿ îñíîâíîé ÷àñòè
äàò÷èêà — àâòîãåíåðàòîðà ãàðìîíè÷åñêèõ êîëå-
áàíèé íà áàçå äèíàìè÷åñêîãî íåãàòðîíà íà ïîëå-
âîì òðàíçèñòîðå Øîòòêè — ïîêàçàíà íà ðèñ. 6,
à çàâèñèìîñòü ÷àñòîòû åãî ãåíåðàöèè fã îò íàïðÿ-
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æåíèÿ íà çàòâîðå Vç ïîëåâîãî òðàíçèñòîðà — íà
ðèñ. 7.

Ïðè íóëåâîì íàïðÿæåíèè íà çàòâîðå ÷àñòî-
òà ãåíåðàöèè ñîñòàâëÿåò 390,3 ÌÃö. Ñ óâåëè÷å-
íèåì îòðèöàòåëüíîãî íàïðÿæåíèÿ íà çàòâîðå
òðàíçèñòîðà ÷àñòîòà óâåëè÷èâàåòñÿ è ïðè íà-
ïðÿæåíèè –2 Â ñîñòàâëÿåò 467,8 ÌÃö. Èçìåíå-
íèå ÷àñòîòû ñîñòàâëÿåò 77,5 ÌÃö. Äëÿ òîãî ÷òî-
áû Vç ñîñòàâèëî –2 Â íåîáõîäèìî, ÷òîáû êîëè-
÷åñòâî ýíåðãèè, ïîòðåáëåííîé ïîëüçîâàòåëåì, ñî-
ñòàâèëî 88,5 êÂò⋅÷. Òàêèì îáðàçîì, êðóòèçíà
ïðåîáðàçîâàíèÿ äàò÷èêà ñîñòàâëÿåò â ñðåäíåì
0,876 ÌÃö/(êÂò⋅÷àñ).

Äëÿ ðåàëèçàöèè Ð×Ä ðàñõîäà ýëåêòðè÷åñêîé
ýíåðãèè áûëà ðàçðàáîòàíà ãèáðèäíàÿ ìèêðîñõå-
ìà, ïëàòà êîòîðîé ðàçìåðîì 18,5×12 ìì ñ óñòà-
íîâëåííûìè êîìïîíåíòàìè ïîêàçàíà íà ðèñ. 8.

Â êà÷åñòâå îñíîâàíèÿ ïëàòû èñïîëüçîâàëè êå-
ðàìè÷åñêóþ ïîäëîæêó RO3010 ôèðìû Rogers
Corporation, â êà÷åñòâå êîìïîíåíòíîé áàçû —
êåðàìè÷åñêèå âûñîêî÷àñòîòíûå êîíäåíñàòîðû
GQM SMD 0603 ôèðìû Murata, òîëñòîïëåíî÷-
íûå ðåçèñòîðû ERJ3G SMD 0603 ôèðìû
Panasonic, âûñîêî÷àñòîòíûå ìîíîëèòíûå êàòóø-
êè èíäóêòèâíîñòè LQG SMD 0603 ôèðìû Murat,
âûñîêî÷àñòîòíûå äèîäû Øîòòêè ôèðìû NXP,
òðàíçèñòîð BF862 ôèðìû NXP.

***
Òàêèì îáðàçîì, ïðåäëîæåí ðàäèî÷àñòîòíûé

äàò÷èê êîíòðîëÿ ðàñõîäà ýëåêòðîýíåðãèè, êîòî-
ðûé ðàáîòàåò áåç âñòðîåííîãî èñòî÷íèêà ïèòàíèÿ

— íåîáõîäèìîå íàïðÿæåíèå ïèòàíèÿ ñîçäàåòñÿ
çà ñ÷åò ïðåîáðàçîâàíèÿ âûñîêî÷àñòîòíîãî ñèãíà-
ëà, ïîñòóïàþùåãî îò ðèäåðà íà äàò÷èê. Âûñîêî-
÷àñòîòíûé ñèãíàë íà âûõîäå Ð×Ä ïðîïîðöèîíà-
ëåí èçìåðÿåìîìó ïàðàìåòðó. Ðàçðàáîòàííûé äàò-
÷èê êîíòðîëÿ ðàñõîäà ýëåêòðîýíåðãèè ðàáîòàåò â
äèàïàçîíå ÷àñòîò 390,3—467,8 ÌÃö.
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Filinyuk N. A. Semi-active radiofrequency power
consumption sensor.
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A semi-active RF sensor of power consumption based
on the transistor dynamic negatron was developed and
investigated. The designed sensor has no mechanical
parts and there is no electrical contact between the
sensor and electrical grid, it can be monitored distantly,
whereupon the sensor can be embedded in structural
elements of the building.

Ukraine, Vinnytsia National Technical University.
____________________________

Ë³ù³íñüêà Ë. Á., Ëàçàðºâ Î. Î., Áàðàáàí Ì. Â.,
Ô³ë³íþê Ì. À. Íàï³âàêòèâíèé ðàä³î÷àñòîòíèé äàò-
÷èê êîíòðîëþ âèòðàòè åëåêòðîåíåðã³¿.

Êëþ÷îâ³ ñëîâà: äàò÷èê âèòðàòè åëåêòðè÷íî¿
åíåðã³¿, äèíàì³÷íèé íåãàòðîí, ïåðåòâîðþâà÷ ñïî-
æèâàíî¿ åëåêòðè÷íî¿ åíåðã³¿, ïåðåòâîðþâà÷ âèñî-
êî÷àñòîòíîãî ñèãíàëó.

Ðîçðîáëåíî òà äîñë³äæåíî íàï³âàêòèâíèé ðàä³î÷à-
ñòîòíèé äàò÷èê âèòðàòè åëåêòðîåíåðã³¿ íà áàç³ òðàí-
çèñòîðíîãî äèíàì³÷íîãî íåãàòðîíà. Ó ðîçðîáëåíîìó
äàò÷èêó â³äñóòí³ ìåõàí³÷í³ ÷àñòèíè òà åëåêòðè÷íèé
êîíòàêò ç åëåêòðè÷íîþ ìåðåæåþ, â³í äîçâîëÿº ïðî-
âîäèòè êîíòðîëü äèñòàíö³éíî, çàâäÿêè ÷îìó éîãî
ìîæíà âáóäóâàòè â åëåìåíòè êîíñòðóêö³é áóä³âë³.

Óêðà¿íà, Â³ííèöüêèé íàö³îíàëüíèé òåõí³÷íèé óí³âåð-
ñèòåò.
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Êðàñíèêîâ Ã. Êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå îñîáåííîñòè ñóáìèêðîí-Êðàñíèêîâ Ã. Êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå îñîáåííîñòè ñóáìèêðîí-Êðàñíèêîâ Ã. Êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå îñîáåííîñòè ñóáìèêðîí-Êðàñíèêîâ Ã. Êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå îñîáåííîñòè ñóáìèêðîí-Êðàñíèêîâ Ã. Êîíñòðóêòèâíî-òåõíîëîãè÷åñêèå îñîáåííîñòè ñóáìèêðîí-
íûõ ÌÎÏ-òðàíçèñòîðîâ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 800 ñ.íûõ ÌÎÏ-òðàíçèñòîðîâ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 800 ñ.íûõ ÌÎÏ-òðàíçèñòîðîâ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 800 ñ.íûõ ÌÎÏ-òðàíçèñòîðîâ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 800 ñ.íûõ ÌÎÏ-òðàíçèñòîðîâ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 800 ñ.

Â êíèãå ðàññìîòðåíû îñîáåííîñòè ðàáîòû ñóáìèêðîííûõ ÌÎÏ-
òðàíçèñòîðîâ, îïèñàíû íàïðàâëåíèÿ ðàçâèòèÿ è îãðàíè÷åíèÿ
ïðèìåíåíèÿ ìåòîäîâ ìàñøòàáèðîâàíèÿ òðàíçèñòîðîâ, ïðåäñòàâ-
ëåíû òðåáîâàíèÿ ê ïîäçàòâîðíûì äèýëåêòðèêàì, òåõíîëîãèè
èõ ôîðìèðîâàíèÿ, ðàçëè÷íûå êîíñòðóêöèè ñòîê-èñòîêîâûõ
îáëàñòåé ÌÎÏÒ è òåõíîëîãè÷åñêèå ïðîöåññû ñîçäàíèÿ ìåëêî-
çàëåãàþùèõ ëåãèðîâàííûõ ñëîåâ. Ðàññìîòðåíû ïðîáëåìû âëè-
ÿíèÿ ìàñøòàáèðîâàíèÿ ðàçìåðîâ ýëåìåíòîâ â ñóáìèêðîííóþ
îáëàñòü è îñîáåííîñòåé òåõíîëîãè÷åñêèõ ïðîöåññîâ íà íàäåæ-
íîñòü è äîëãîâå÷íîñòü ñóáìèêðîííûõ ÌÎÏ-òðàíçèñòîðîâ.
Ïðåäñòàâëåíû äàííûå î âëèÿíèè òåõíîëîãè÷åñêèõ ïðîöåññîâ
èçãîòîâëåíèÿ ñóáìèêðîííûõ ÑÁÈÑ (ïðîöåññîâ ïëàçìåííîé
îáðàáîòêè, èîííîãî ëåãèðîâàíèÿ è òåõíîëîãè÷åñêèõ îïåðàöèé ïåðåíîñà èçîáðàæå-
íèÿ) íà äåãðàäàöèþ ïîäçàòâîðíîãî äèýëåêòðèêà, à çíà÷èò – íà óðîâåíü âûõîäà,
íàäåæíîñòü è äîëãîâå÷íîñòü ãîäíûõ ãîòîâûõ èçäåëèé.
Êíèãà ïðåäíàçíà÷åíà äëÿ ñïåöèàëèñòîâ â îáëàñòè ïðîåêòèðîâàíèÿ è ðàçðàáîòêè
òåõíîëîãèè èçãîòîâëåíèÿ ÊÌÎÏ ÑÁÈÑ, à òàêæå äëÿ ñòóäåíòîâ ñòàðøèõ êóðñîâ,
àñïèðàíòîâ è ïðåïîäàâàòåëåé òåõíè÷åñêèõ âóçîâ.
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ÏÎÄÀÂËÅÍÈÅ ÑÈÍÕÐÎÍÍÎÉ ÏÎÌÅÕÈ Â ßÊÐ
Ñ ÌÎÄÓËßÖÈÅÉ ÇÅÅÌÀÍÀ

Ïðè íåïðåðûâíîì ìåòîäå íàáëþäåíèÿ ñïåê-
òðîâ ÿäåðíîãî êâàäðóïîëüíîãî ðåçîíàíñà (ßÊÐ)
îáû÷íî èñïîëüçóåòñÿ ìîäóëÿöèîííàÿ òåõíèêà. Â
ýòîì ñëó÷àå â ñòðóêòóðó ñïåêòðîìåòðà ÷àùå âñå-
ãî âõîäÿò ðåãåíåðàòèâíûé ñïèí-äåòåêòîð (àâòî-
äèí), ñèíõðîííûé èíòåãðàòîð è ñèíõðîííûé
äåòåêòîð (ðèñ. 1). Òàê êàê óðîâåíü ðåçîíàíñ-
íûõ ñèãíàëîâ îáû÷íî ìàë è ñïèí-äåòåêòîð âíî-
ñèò ñóùåñòâåííûé øóì, çäåñü ïðèìåíÿåòñÿ ñèí-
õðîííîå äåòåêòèðîâàíèå.

Äëÿ ñêàíèðîâàíèÿ ÷àñòîòû â îáëàñòè ðåçî-
íàíñà ìîæåò ïðèìåíÿòüñÿ êàê ÷àñòîòíàÿ ìîäó-
ëÿöèÿ, òàê è ìîäóëÿöèÿ Çååìàíà. Ïðè ýòîì íà-
áëþäàåòñÿ ìîäóëÿöèÿ âûñîêî÷àñòîòíîãî (Â×) íà-
ïðÿæåíèÿ íà êîëåáàòåëüíîì êîíòóðå àâòîäèíà
ñèãíàëîì ðåçîíàíñà. Ðàññìîòðèì îáà ýòè âèäà
ìîäóëÿöèè.

×àñòîòíàÿ ìîäóëÿöèÿ Â×-íàïðÿæåíèÿ íà êî-
ëåáàòåëüíîì êîíòóðå ðåãåíåðàòîðíîãî ñïèí-äå-
òåêòîðà îáû÷íî îáåñïå÷èâàåòñÿ ïîñðåäñòâîì âà-
ðèêàïîâ. Îäíàêî ââèäó íåëèíåéíîñòè èõ âîëüò-

Ðàññìîòðåíû ïðèíöèïû ÷àñòîòíîé ìîäóëÿöèè è ìîäóëÿöèè Çååìàíà â ÿäåðíîì êâàäðóïîëü-
íîì ðåçîíàíñå è ïîêàçàíû ïðåèìóùåñòâà ïîñëåäíåé. Ïðåäëîæåí ìåòîä óñòðàíåíèÿ ñèíõ-
ðîííîé ïîìåõè, âûçûâàåìîé ïåðåêëþ÷åíèåì ìàãíèòíîãî ïîëÿ. Ïðèâåäåíû ðåçóëüòàòû íà-
áëþäåíèÿ ðåçîíàíñíîé ëèíèè 14N ñ äîñòîâåðíîé ôîðìîé â îáðàçöå ãåêñàìåòèëåíòåòðàìèíå
ìàññîé 2 ã.

Êëþ÷åâûå ñëîâà: ßÊÐ, ìîäóëÿöèÿ Çååìàíà, ñèíõðîííàÿ ïîìåõà, ãåêñàìåòèëåíòåòðàìèí.

ôàðàäíîé õàðàêòåðèñòèêè, à òàêæå  ÷àñòîòíîé
çàâèñèìîñòè äîáðîòíîñòè êîëåáàòåëüíîãî êîíòó-
ðà è ïàðàìåòðîâ öåïè îáðàòíîé ñâÿçè â ñïåêòðî-
ìåòðå èìåþò ìåñòî íèçêî÷àñòîòíûå øóìû è
äðåéô áàçîâîé ëèíèè. Ïðèìåíåíèå ìîäóëÿöèè
Çååìàíà, ò. å. ïåðåìåííîãî ìàãíèòíîãî ïîëÿ, ïî-
çâîëÿåò ñâåñòè ê ìèíèìóìó âëèÿíèå ýòèõ ýô-
ôåêòîâ â ñëó÷àå èññëåäîâàíèÿ êðèñòàëëè÷åñêèõ
âåùåñòâ ñ ìàëûì çíà÷åíèåì ïàðàìåòðà àñèììåò-
ðèè ãðàäèåíòà ýëåêòðè÷åñêîãî ïîëÿ. Â ýòîì ñëó-
÷àå îòñóòñòâóåò ïàðàçèòíàÿ ìîäóëÿöèÿ Â×-íà-
ïðÿæåíèÿ, îáóñëîâëåííàÿ íåëèíåéíîñòüþ ýëåìåí-
òîâ ñïèí-äåòåêòîðà. Â [1] ïîêàçàíî,  ÷òî íàèáî-
ëåå ïîäõîäÿùåé ôîðìîé èçìåíåíèÿ ìàãíèòíîãî
ïîëÿ â ñëó÷àå ßÊÐ ÿâëÿåòñÿ áèïîëÿðíàÿ ïðÿ-
ìîóãîëüíàÿ âîëíà (ðèñ. 2). Ïðè òàêîé ôîðìå
ìîäóëèðóþùåãî ïîëÿ îòñóòñòâóþò íàâîäêè íà
÷àñòîòå ìîäóëÿöèè fì, ïîñêîëüêó ïîëíûé ïåðè-
îä òàêèõ êîëåáàíèé ñîñòàâëÿåò 2fì (äëèòåëü-
íîñòü Ò) è èç-çà àñèììåòðèè îíè íå èìåþò ÷åò-
íûõ ãàðìîíèê.

Êàòóøêè
ìîäóëÿöèè

Êàòóøêà ñ
îáðàçöîì

Ãåíåðàòîð
íèçêîé
÷àñòîòû

Àâòîäèí
Ñèíõðîííûé
èíòåãðàòîð

Ôàçî-
âðàùàòåëü

Ìîäóëÿòîð
Çååìàíà

Öèôðîâîé
îñöèëëîãðàô

Ñèíõðîííûé
äåòåêòîð

Ðèñ. 1. Ñòðóêòóðíàÿ ñõåìà ñïåêòðîìåòðà ßÊÐ ñ ôóíêöèåé ÷àñòîòíîãî ñêàíèðîâàíèÿ ñïåêòðîâ
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Äëÿ âîñïðîèçâåäåíèÿ ÷åòêîé ôîðìû ëèíèé
íåîáõîäèìî îáåñïå÷åíèå íóëåâîãî çíà÷åíèÿ îñ-
òàòî÷íîãî ìîäóëèðóþùåãî ïîëÿ âî èçáåæàíèå
óøèðåíèÿ ëèíèé. Ïîëîæèòåëüíûå è îòðèöàòåëü-
íûå èìïóëüñû +Í è –Í äîëæíû áûòü ðàâíûìè
ïî äëèòåëüíîñòè è àìïëèòóäå è èìåòü êðóòûå
ôðîíòû. Ïðèíöèï ìîäóëÿöèè ñîñòîèò â ñìåùå-
íèè ðåçîíàíñíîé ëèíèè ßÊÐ ïîä äåéñòâèåì ìàã-

íèòíîãî ïîëÿ. Áëàãîäàðÿ ðàñùåïëåíèþ Çååìàíà
êâàäðóïîëüíûõ óðîâíåé ÷àñòîòíûé ñäâèã ëèíèè
ñèììåòðè÷åí îòíîñèòåëüíî ßÊÐ â íóëåâîì ìàãí-
òèíîì ïîëå è ñîñòàâëÿåò

,
2

Í
γ±∆ν = ∆
π

Ïðèìåð ðàñùåïëåíèÿ ðåçîíàíñíûõ ëèíèé ßÊÐ
115In â InSe ïðèâåäåí íà ðèñ. 3 äëÿ ïåðåõîäà
±1/2 ⇔ ±3/2 â ñëó÷àå íàëîæåíèÿ ñëàáîãî ìàã-
íèòíîãî ïîëÿ (5 Ãñ) â íàïðàâëåíèè Hî || c, ãäå
ñ — ãëàâíàÿ îïòè÷åñêàÿ îñü êðèñòàëëà. Äëÿ êàæ-
äîé ëèíèè ðàñùåïëåíèå çà ñ÷åò ýôôåêòà Çååìà-
íà ïðèáëèçèòåëüíî îäèíàêîâîå è ñîñòàâëÿåò 2∆ν.
Èìååòñÿ â âèäó, ÷òî ïàðàìåòð àñèììåòðèè η=0.

Ïðè ïðÿìîóãîëüíîé ôîðìå ìîäóëèðóþùåãî
ìàãíèòíîãî ïîëÿ ñóùåñòâóåò íåèçáåæíàÿ èìïóëüñ-
íàÿ íàâîäêà íà êàòóøêó ñ îáðàçöîì ïðè ïåðå-
êëþ÷åíèè ìàãíèòíîãî ïîëÿ îò íóëåâîãî çíà÷å-
íèÿ äî ìàêñèìàëüíîé àìïëèòóäû. Åå íå óäàåòñÿ
ïîëíîñòüþ óñòðàíèòü, ïîâîðà÷èâàÿ ìîäóëèðó-
þùèå êàòóøêè Ãåëüìãîëüöà âîêðóã îñè ïðèåì-
íîé êàòóøêè, ò. ê. èñòî÷íèêîì ïîìåõ ìîãóò áûòü
òàêæå ðàäèîýëåìåíòû ñàìîãî ñïèí-äåòåêòîðà.
Âëèÿíèå ïàðàçèòíîé ïîìåõè îñîáåííî îùóòèìî
ïðè ìàëûõ óðîâíÿõ ñèãíàëà. Â ýòîì ñëó÷àå íà-
áëþäàåòñÿ áûñòðîå íàñûùåíèå ñèíõðîííîãî èí-
òåãðàòîðà áîëåå ñèëüíûì ñèãíàëîì ñèíõðîííîé
èìïóëüñíîé ïîìåõè, ïîñëå ÷åãî, êàê ïðàâèëî,
íàñòóïàåò ïåðåãðóçêà ñèíõðîííîãî äåòåêòîðà. Èç-
áåæàòü ýòîãî ìîæíî ñ ïîìîùüþ êðàòêîâðåìåí-
íîãî ïîäàâëåíèÿ èíôîðìàöèîííîãî ñèãíàëà â
ìîìåíò ïåðåêëþ÷åíèÿ ìàãíèòíîãî ïîëÿ.

Â íàñòîÿùåé ðàáîòå ïðåäëîæåí ìåòîä óñòðà-
íåíèÿ ñèíõðîííîé ïîìåõè, âûçûâàåìîé ïåðåêëþ-
÷åíèåì ìàãíèòíîãî ïîëÿ.

Äëÿ óñòðàíåíèÿ èìïóëüñíîé ñèíõðîííîé ïî-
ìåõè â ñòðóêòóðíóþ ñõåìó ñïåêòðîìåòðà ßÊÐ
ââåäåí áëîê ãàøåíèÿ ñèíõðîííîé ïîìåõè, âêëþ-
÷åííûé ìåæäó âûõîäîì àâòîäèííîãî ñïèí-äåòåê-
òîðà è âõîäîì ñèíõðîííîãî èíòåãðàòîðà (ðèñ. 4).

Ñõåìà ïðåäëîæåííîãî áëîêà ôóíêöèîíàëüíî
ïðåäñòàâëÿåò ñîáîé êëþ÷, óïðàâëÿåìûé îïîð-

+H

0

–H

t

T

Ðèñ. 2. Ôîðìà èìïóëüñîâ ìàãíèòíîãî ïîëÿ â âèäå
áèïîëÿðííîé ïðÿìîóãîëüíîé âîëíû ïðè ìîäóëÿöèè

Çååìàíà ßÊÐ

Ãåíåðàòîð
íèçêîé
÷àñòîòû

Àâòîäèí Ñèíõðîííûé
èíòåãðàòîð

Ôàçî-
âðàùàòåëü

Ñèíõðîííûé
äåòåêòîð

Áëîê ãàøåíèÿ
ñèíõðîííîé

ïîìåõè

Ðèñ. 4. Âêëþ÷åíèå áëîêà ãàøåíèÿ ñèíõðîííîé
ïîìåõè â ñòðóêòóðíóþ ñõåìó ñïåêòðîìåòðà ßÊÐ

Uâûõ

Uìîä

÷àñòîòíîå ñìåùåíèå;
ãèðîìàãíèòíîå îòíîøåíèå äëÿ ðåçîíèðó-
þùåãî ÿäðà;
àìïëèòóäà èìïóëüñà ìàãíèòíîãî ïîëÿ.

ãäå ∆ν —
γ —

∆Í —

10,35      10,36     10,37       10,38     F, ÌÃö

10,35     10,36     10,37      10,38      F, ÌÃö

10,356 ÌÃö

10,383 ÌÃö

2∆n

Ðèñ. 3. Íîðìèðîâàííûå ïî èíòåíñèâíîñòè ëèíèè ßÊÐ
ïðè îòñóòñòâèè ìàãíèòíîãî ïîëÿ (à) è ïðè åãî íàëî-
æåíèè (á) â ïîëóïðîâîäíèêîâîì ñîåäèíåíèè InSe

à)

á)
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íûì íàïðÿæåíèåì ìîäóëÿöèè Uìîä, ïîñòóïàþ-
ùèì èç ôàçîâðàùàòåëÿ, êîòîðûé çàçåìëÿåò êà-
íàë ñèãíàëà âî âðåìÿ ïðîõîæäåíèÿ èìïóëüñíîé
ïîìåõè. Íà ðèñ. 5 ïðèâåäåíà îñöèëëîãðàììà
ñèãíàëà Uâûõ íà âûõîäå ñõåìû ãàøåíèÿ â ìî-
ìåíò îáíóëåíèÿ ñèíõðîííîé ïîìåõè. Îáíóëåíèå
èíôîðìàöèîííîãî ñèãíàëà äîëæíî ïðîèñõîäèòü
â ìîìåíòû âêëþ÷åíèÿ è âûêëþ÷åíèÿ ìàãíèòíî-
ãî ïîëÿ (ñì. ðèñ. 2). Ñ ýòîé öåëüþ ôîðìèðóþò-
ñÿ èìïóëüñû èç îïîðíîãî íàïðÿæåíèÿ, êîòîðîå
òàêæå óïðàâëÿåò ñèíõðîííûì èíòåãðàòîðîì è
ñèíõðîííûì äåòåêòîðîì. Ýêñïåðèìåíòàëüíî óñòà-
íîâëåíî, ÷òî äëèòåëüíîñòü ýòèõ èìïóëüñîâ, ñî-
îòâåòñòâóþùàÿ äëèòåëüíîñòè îáíóëåíèÿ èíôîð-
ìàöèîííîãî ñèãíàëà ∆t, äîëæíà ðåãóëèðîâàòüñÿ
â ïðåäåëàõ 5—300 ìêñ.

Ðàññìîòðèì ïðèíöèï ðàáîòû èçîáðàæåííîé íà
ðèñ. 6 ýëåêòðè÷åñêîé ñõåìû ïðåäëîæåííîãî áëî-
êà äëÿ óñòðàíåíèÿ ñèíõðîííîé ïîìåõè. Ïðÿìîó-
ãîëüíûå èìïóëüñû ñ ÷àñòîòîé 2fì ïîäàþòñÿ íà
Âõîä 1 ñõåìû ãàøåíèÿ è äàëåå ïðîõîäÿò ÷åðåç
óçåë íà ìèêðîñõåìå DD1.1, êîòîðûé ôîðìèðó-

åò êîðîòêèå îäíîïîëÿðíûå èìïóëüñû ïî ïîëî-
æèòåëüíûì è îòðèöàòåëüíûì ôðîíòàì ñèãíàëà
ñèíõðîíèçàöèè, çàïóñêàþùèå îäíîâèáðàòîð íà
ìèêðîñõåìå DD2.1 (74HC74).

Äëèòåëüíîñòü ôîðìèðóåìîãî èìïóëüñà, êî-
òîðûé îïðåäåëÿåò âðåìÿ ãàøåíèÿ ñèãíàëà ∆t,
óñòàíàâëèâàåòñÿ ïàðàìåòðàìè öåïè R7 (50 êÎì),
R6 (100 Îì) è Ñ5 (10 íÔ).

Ñôîðìèðîâàííûé îäíîâèáðàòîðîì èìïóëüñ
ïîäàåòñÿ íà ìèêðîñõåìó DD3 (74HC4053) [2],
êîòîðàÿ ïðåäñòàâëÿåò ñîáîé äâóíàïðàâëåííûé
êëþ÷, çàìûêàþùèé ñèãíàë íà çåìëþ âî âðåìÿ
ïðîõîæäåíèÿ èìïóëüñíîé ïîìåõè. Êàñêàäû íà
îïåðàöèîííûõ óñèëèòåëÿõ DA1 è DA2 âûïîë-
íÿþò ðîëü âõîäíîãî è âûõîäíîãî ïîâòîðèòåëåé.
×àñòè÷íîå ñóæåíèå ïîëîñû íà âûõîäå êëþ÷åâîé
ñõåìû îñóùåñòâëÿåòñÿ öåïî÷êîé R10 (10 êÎì),
C12 (1 íÔ), îáåñïå÷èâàþùåé îãðàíè÷åíèå ñïåê-
òðà ñèãíàëà ñî ñòîðîíû âûñøèõ ÷àñòîò. Íà îñ-
öèëëîãðàììå (ðèñ. 7) ïîêàçàíî ôîðìèðîâàíèå
ñèãíàëà ãàøåíèÿ. Ñõåìà ïèòàåòñÿ îò äâóõïîëÿð-
íîãî èñòî÷íèêà íàïðÿæåíèåì ±12 Â.

Äëÿ ïðîâåðêè ñïåêòðîìåòðà ñ îïèñàííîé ñõå-
ìîé êîìïåíñàöèè ñèíõðîííîé ïîìåõè èññëåäî-
âàëñÿ óðîòðîïèí (ãåêñàìåòèëåíòåòðàìèí
C6H12N4).  Äàííîå  âåùåñòâî ÷àñòî ïðèìåíÿåòñÿ
äëÿ îïðåäåëåíèÿ ÷óâñòâèòåëüíîñòè ñïåêòðîìåò-
ðîâ ßÊÐ êàê èìïóëüñíîãî, òàê è ñòàöèîíàðíîãî
òèïîâ [3, 4]. Â ñîåäèíåíèÿõ ñ ó÷àñòèåì àçîòà
ýíåðãèÿ êâàäðóïîëüíûõ ïåðåõîäîâ ìàëà ïðè íèç-
êîé ðåçîíàíñíîé ÷àñòîòå ßÊÐ (≈3,3 ÌÃö) èçî-
òîïîâ 14N. Ïîýòîìó óæå ñàìî íàáëþäåíèå ðåçî-
íàíñà ñî ñëàáîé èíòåíñèâíîñòüþ îò ÿäåð àçîòà
ìîæåò ñâèäåòåëüñòâîâàòü î äîñòàòî÷íîé ÷óâñòâè-
òåëüíîñòè ñïåêòðîìåòðà.

Èçìåðåíèÿ ïðîâåäåíû íà ðàäèîñïåêòðîìåòðå
ßÊÐ ñ èñïîëüçîâàíèåì ñïèí-äåòåêòîðà àâòîäèí-
íîãî òèïà, âûïîëíåííîãî ïî ñèììåòðè÷íîé ñõå-

t1                                                   t2

∆t

Ðèñ. 5. Îñöèëëîãðàììà â ìîìåíò îáíóëåíèÿ èíôîð-
ìàöèîííîãî ñèãíàëà ñèíõðîííîé ïîìåõè, íàâåäåí-
íîé ìàãíèòíûì ïîëåì ìîäóëÿöèè, è ôðàãìåíò îïîð-

íîãî íàïðÿæåíèÿ (âíèçó)

Ðèñ. 6. Ïðèíöèïèàëüíàÿ ñõåìà áëîêà äëÿ óñòðàíåíèÿ èìïóëüñíîé ñèíõðîííîé ïîìåõè â íèçêî÷àñòîòíîì
ðàäèîêàíàëå ñïåêòðîìåòðà

Âõîä 1

Âõîä 2
(ñèãíàë ñ àâòîäèíà)
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ìå [5]. Ïðè íàáëþäåíèè ðåçîíàíñà ïðèìåíÿëàñü
ìîäóëÿöèÿ Çååìàíà, à äëÿ ðåãèñòðàöèè ñïåêòðà
èñïîëüçîâàëèñü ñèíõðîííûé èíòåãðàòîð è çàòåì
ôàçîâûé äåòåêòîð. Ïðè çàïèñè ðåçîíàíñíîé ëè-
íèè 14N ïðè íåïðåðûâíîì ÷àñòîòíîì ñêàíèðîâà-
íèè ïîëó÷åíî êà÷åñòâî ñïåêòðà, ñîïîñòàâèìîå ñ
îòêëèêîì íà èìïóëüñíîå âîçáóæäåíèå [6]. Íà
ðèñ. 8 ïðèâåäåíà ñïåêòðàëüíàÿ ëèíèÿ ßÊÐ 14N
â C6H12N4, çàïèñûâàåìàÿ â òå÷åíèå 10 ìèí. Â
êà÷åñòâå îáðàçöà èñïîëüçîâàëàñü òàáëåòêà èç
ïðåññîâàííîãî ïîðîøêà óðîòðîïèíà ìàññîé 2 ã.
Ïðè ýòîì, àìïëèòóäà èìïóëüñíîãî ìàãíèòíîãî ïî-
ëÿ ñîñòàâèëà 5 Ãñ, à ÷àñòîòà ìîäóëÿöèè — 122 Ãö,
ýôôåêòèâíàÿ ïîëîñà ïðîïóñêàíèÿ óñèëèòåëüíî-
ãî òðàêòà  «ñèíõðîííûé èíòåãðàòîð — ôàçîâûé
äåòåêòîð» ñîñòàâèëà îêîëî 1 Ãö.

Èññëåäîâàíèÿ ñèãíàëüíûõ õàðàêòåðèñòèê óñè-
ëèòåëüíîãî òðàêòà ïîêàçàëè, ÷òî óñòðàíåíèå ñèí-
õðîííîé ïîìåõè ïðåäëîæåííûì ìåòîäîì ïðèâå-
ëî ê ðåçêîìó îñëàáëåíèþ ïàðàçèòíîé ìîäóëÿ-
öèè è ðàñøèðåíèþ äèíàìè÷åñêîãî äèàïàçîíà
òðàêòà ñ 60 äî 90 äÁ.
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The suppression of synchronous interference NQR
with Zeeman modulation.
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The principles of frequency and Zeeman modulation in
nuclear quadrupole resonance were considered, and the
advantages of the latter were shown. The authors propose
a method to eliminate the synchronous noise caused by
switching of the magnetic field. Results of observations
of the resonance line with 14N in the hexamethylen-
etetramine sample weighing 2 g were given.

Ukraine, Yuriy Fedkovich Chernivtsi National University
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Ïîë³òàíñüêèé Ë. Ô., Ñàì³ëà À. Ï., Õàíäîæêî Â. Î.
Çàãëóøåííÿ ñèíõðîííî¿ çàâàäè â ßÊÐ ç ìîäóëÿ-
ö³ºþ Çååìàíà.

Êëþ÷îâ³ ñëîâà: ßÊÐ, ìîäóëÿö³ÿ Çååìàíà, ñèíõ-
ðîííà ïåðåøêîäà, ãåêñàìåòèëåíòåòðàì³í.

Ðîçãëÿíóòî ïðèíöèïè ÷àñòîòíî¿ ìîäóëÿö³¿ òà ìîäó-
ëÿö³¿ Çååìàíà â ÿäåðíîìó êâàäðóïîëüíîìó ðåçîíàíñ³
òà ïîêàçàíî ïåðåâàãè îñòàííüî¿. Çàïðîïîíîâàíî ìå-
òîä óñóíåííÿ ñèíõðîííî¿ çàâàäè, ñïðè÷èíåíî¿ ïåðå-
ìèêàííÿì ìàãí³òíîãî ïîëÿ. Íàâåäåíî ðåçóëüòàò ñïî-
ñòåðåæåííÿ ðåçîíàíñíî¿ ë³í³¿ 14N ç äîñòîâ³ðíîþ ôîð-
ìîþ ó çðàçêó ãåêñàìåòèëåíòåòðàì³íó ìàñîþ 2 ã.

Óêðàèíà, ì. ×åðí³âö³, ×ÍÓ ³ì. Þð³ÿ Ôåäüêîâè÷à

Ðèñ. 7. Ôîðìèðîâàíèå ñèãíàëà ãàøåíèÿ (â óñëîâíîì
ìàñøòàáå âðåìåíè):

1 — òåêóùèé ñèãíàë ñ ïàðàçèòíûìè âûáðîñàìè; 2 — ñîîò-
âåòñòâóþùèå ïåðåïàäû ìàãíèòíîãî ïîëÿ íà êàòóøêå ñ îá-
ðàçöîì; 3 — âûõîäíîé ñèãíàë ñ ïëîùàäêàìè îáíóëåíèÿ ïîñëå

ãàøåíèÿ (∆t)

∆t∆t

1

2

3

Ðèñ. 8. Íîðìèðîâàííàÿ ïî èíòåíñèâíîñòè ñïåêòðàëü-
íàÿ ëèíèÿ ßÊÐ 14N â óðîòðîïèíå, ïîëó÷åííàÿ íå-
ïðåðûâíûì ñêàíèðîâàíèåì ÷àñòîòû ñïèí-äåòåêòîðà

3,3040   3,3054   3,3068  3,3082   3,3096   F, ÌÃö
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Îäíèì èç ïðèîðèòåòíûõ íàïðàâëåíèé ðàçâè-
òèÿ ñîâðåìåííîé êëèíè÷åñêîé ìåäèöèíû ÿâëÿåò-
ñÿ îñâîåíèå ìèíèìàëüíî èíâàçèâíûõ òåõíîëî-
ãèé, â òîì ÷èñëå ñ èñïîëüçîâàíèåì îïòè÷åñêîãî
èçëó÷åíèÿ, êîòîðûå íàïðàâëåíû íà äîñòèæåíèå
ìàêñèìàëüíîãî êëèíè÷åñêîãî ýôôåêòà ïðè ìè-
íèìèçàöèè âðåäà, íàíîñèìîãî ïàöèåíòó.

Îäíèì èç íàèáîëåå ýôôåêòèâíûõ è íàèìåíåå
èíâàçèâíûõ ñîâðåìåííûõ ìåòîäîâ ëå÷åíèÿ îí-
êîçàáîëåâàíèé, îñîáåííî íà ðàííèõ ñòàäèÿõ,
ÿâëÿåòñÿ ìåòîä ôîòîäèíàìè÷åñêîé òåðàïèè
(ÔÄÒ). Îí îñíîâàí íà ïðèìåíåíèè ñïåöèàëü-
íîãî âåùåñòâà — ôîòîñåíñèáèëèçàòîðà, êîòîðîå
ñïîñîáíî èçáèðàòåëüíî íàêàïëèâàòüñÿ â íîâîîá-
ðàçîâàíèÿõ è ïîä äåéñòâèåì îïòè÷åñêîãî èçëó-
÷åíèÿ îïðåäåëåííîé äëèíû âîëíû, ëåæàùåé  â
ýôôåêòèâíîé ïîëîñå åãî ïîãëîùåíèÿ, ïðåâðàùàòü
îáû÷íûé êèñëîðîä, íàõîäÿùèéñÿ â îïóõîëè, â
àêòèâíûå ôîðìû êèñëîðîäà, êîòîðûå ðàçðóøà-
þò ðàêîâûå êëåòêè [1].

Â ñîîòâåòñòâèè ñ îñíîâíûìè ïðèíöèïàìè ðå-
àëèçàöèè ìåòîäà ôîòîäèíàìè÷åñêîé òåðàïèè èñ-
òî÷íèê èçëó÷åíèÿ äîëæåí ãåíåðèðîâàòü îïòè-
÷åñêîå èçëó÷åíèå â ýôôåêòèâíîé ïîëîñå ïîãëî-
ùåíèÿ èñïîëüçóåìîãî ôîòîñåíñèáèëèçàòîðà. Ïðè
ýòîì ìåòîä ÔÄÒ ìîæåò áûòü ðåàëèçîâàí ïðè
òðåõ âîçìîæíûõ ðåæèìàõ îáëó÷åíèÿ áèîòêà-
íåé [2]:

— îäíîðàçîâûé, ñ âûñîêèì óðîâíåì èíòåí-
ñèâíîñòè èçëó÷åíèÿ (ðÔÄÒ);

— ïîâòîðÿåìûé, ñ ïîñëåäîâàòåëüíûìè ïîð-
öèÿìè èçëó÷åíèÿ äîñòàòî÷íî âûñîêîóðîâíåâîé
èíòåíñèâíîñòè (ïÔÄÒ);

— íåïðåðûâíûé, ñ íèçêîóðîâíåâîé èíòåíñèâ-
íîñòüþ èçëó÷åíèÿ (íÔÄÒ).

Ïðåäëîæåí îïûòíûé îáðàçåö èçëó÷àòåëÿ äëÿ ôîòîäèíàìè÷åñêîé òåðàïèè ñ èñïîëüçîâà-
íèåì ôîòîñåíñèáèëèçàòîðà Ãèïåðôëàâ. Àïïàðàò íå èìååò àíàëîãîâ â Óêðàèíå, ïî îæè-
äàåìûì òåõíè÷åñêèì õàðàêòåðèñòèêàì  íå óñòóïàåò çàðóáåæíûì îáðàçöàì àíàëîãè÷íî-
ãî íàçíà÷åíèÿ è ìîæåò áûòü ëåãêî àäàïòèðîâàí ê ëþáîìó äðóãîìó òèïó ôîòîñåíñèáè-
ëèçàòîðà. Â îïûòíîì îáðàçöå èçëó÷àòåëÿ êîìïëåêñíî ðåøåíû ïðîáëåìû îáåñïå÷åíèÿ
íåîáõîäèìîãî óðîâíÿ ôîòîäèíàìè÷åñêîé äîçû è óïðàâëåíèÿ çíà÷èòåëüíûìè ìàññèâàìè
ñâåòîäèîäîâ.

Êëþ÷åâûå ñëîâà: ôîòîäèíàìè÷åñêàÿ òåðàïèÿ, ôîòîñåíñèáèëèçàòîð Ãèïåðôëàâ, ìàòðè÷-
íûé ñâåòîäèîäíûé èçëó÷àòåëü.

Ïåðâûå äâà ðåæèìà îáû÷íî ðåàëèçóþòñÿ ñ
èñïîëüçîâàíèåì ìîùíûõ ëàçåðíûõ èñòî÷íèêîâ
èçëó÷åíèÿ (ïîñòîÿííûõ èëè èìïóëüñíûõ), ïî-
ñëåäíèé (íÔÄÒ) íå òðåáóåò ôîðìèðîâàíèÿ âû-
ñîêîãî óðîâíÿ ìãíîâåííîé îáëó÷åííîñòè áèîòêà-
íè è ìîæåò áûòü óñïåøíî ðåàëèçîâàí äëÿ ÔÄÒ
íàðóæíûõ îðãàíîâ ñ èñïîëüçîâàíèåì ìàòðèö ñâå-
òîèçëó÷àþùèõ äèîäîâ (ÑÈÄ) [3].

Îòå÷åñòâåííûé ôîòîñåíñèáèëèçàòîð Ãèïåðô-
ëàâ (ïðîèçâîäñòâà ÍÏÖ «Áîðùàãîâñêèé õèìè-
êî-ôàðìàöåâòè÷åñêèé çàâîä», ã. Êèåâ) èìååò ìàê-
ñèìóì ïîãëîùåíèÿ íà äëèíå âîëíû 595±3 íì,
÷òî íå ñîâïàäàåò ñ äëèíàìè âîëí èçëó÷åíèÿ ñó-
ùåñòâóþùèõ ëàçåðîâ. Öåëüþ íàñòîÿùåé ðàáîòû
áûëà ðàçðàáîòêà ìíîãîýëåìåíòíîãî èñòî÷íèêà èç-
ëó÷åíèÿ íà ñâåòîäèîäàõ, ïîçâîëÿþùåãî ðåàëè-
çîâàòü ìåòîä íÔÄÒ ñ èñïîëüçîâàíèåì Ãèïåðô-
ëàâà. Ïðè ýòîì òàêæå ñòàâèëàñü çàäà÷à ðàçðà-
áîòêè ñõåìû óïðàâëåíèÿ áîëüøèìè ìàññèâàìè
ñâåòîäèîäîâ, âêëþ÷àÿ ðåãóëèðîâàíèå èõ ÿðêî-
ñòè äëÿ îáåñïå÷åíèÿ íåîáõîäèìîãî óðîâíÿ îáëó-
÷åííîñòè áèîòêàíè â îïåðàöèîííîé çîíå.

Ïîñòàâëåííàÿ çàäà÷à ðåøàëàñü â òðè ïîñëå-
äîâàòåëüíûõ ýòàïà:

— ðàçðàáîòêà ïðèíöèïèàëüíîé ñõåìû ïî-
ñòðîåíèÿ àïïàðàòà äëÿ ÔÄÒ íàðóæíûõ îðãàíîâ
ñ èñïîëüçîâàíèåì ìàòðèöû ñâåòîèçëó÷àþùèõ äè-
îäîâ [4];

— ñîçäàíèå ëàáîðàòîðíîãî ìàêåòà 126-ýëåìåí-
òíîé ìàòðèöû ñâåòîäèîäîâ [5] ñ îòðàáîòêîé ýëåê-
òðè÷åñêîé ñõåìû óïðàâëåíèÿ èõ èçëó÷åíèåì;

— ðàçðàáîòêà îïûòíîãî îáðàçöà èçëó÷àòåëÿ
äëÿ ÔÄÒ íà áàçå ìíîãîýëåìåíòíîé ìàòðèöû èç
áîëåå ÷åì 1200 ñâåòîäèîäîâ.
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Êîíñòðóêöèÿ è õàðàêòåðèñòèêè èçëó÷àòåëÿ
Ñâåòîäèîäíàÿ ìàòðèöà â âèäå ñåãìåíòà ñôå-

ðè÷åñêîé ïîâåðõíîñòè (äèàìåòðîì 220 ìì) â
ìàêåòíîì îáðàçöå âêëþ÷àåò 126 ñâåòîäèîäîâ, ðàñ-
ïîëîæåííûõ íà ïÿòè ïàðàëëåëÿõ è îáúåäèíåí-
íûõ â òðè êîíñòðóêòèâíûõ (ñ òî÷êè çðåíèÿ ýëåê-
òðîíèêè) êëàñòåðà (ðèñ. 1).

Çàäà÷à îáåñïå÷åíèÿ íåîáõîäèìîãî äëÿ ÔÄÒ
óðîâíÿ îáëó÷åííîñòè îïåðàöèîííîé çîíû ðåøà-
åòñÿ èñïîëüçîâàíèåì â êà÷åñòâå îïòè÷åñêîãî äèñ-
òàëüíîãî èíñòðóìåíòà çåðêàëüíîãî óñå÷åííîãî
êîíóñà, îáðàùåííîãî ñâîèì áîëüøèì îñíîâàíè-
åì ê ñâåòîäèîäíîé ìàòðèöå. Êîíñòðóêòèâíûå
ïàðàìåòðû çåðêàëüíîãî êîíóñà (óãîë êîíóñíîñ-
òè, âûñîòà, äèàìåòðû áîëüøåãî è ìåíüøåãî îñ-
íîâàíèé) ðàññ÷èòûâàëèñü èç óñëîâèÿ îáåñïå÷å-
íèÿ ïðîõîæäåíèÿ ÷åðåç íåãî èçëó÷åíèÿ êðàåâûõ
ñâåòîäèîäîâ ïðè îòñóòñòâèè îáðàòíîãî îòðàæå-
íèÿ. Ïðè ýòîì ñ÷èòàëîñü, ÷òî îïåðàöèîííàÿ çîíà
ñîâïàäàåò ñ âûõîäíûì òîðöîì çåðêàëüíîãî êî-
íóñà (ðèñ. 2).

Ñâåòîèçëó÷àþùèìè äèîäàìè, êîòîðûå ïî ñâî-
èì ñïåêòðàëüíî-ýíåðãåòè÷åñêèì õàðàêòåðèñòèêàì
íàèáîëåå ïîäõîäÿò äëÿ ðåàëèçàöèè ìåòîäà íÔÄÒ
ñ èñïîëüçîâàíèåì ôîòîñåíñèáèëèçàòîðà Ãèïåð-
ôëàâ, ÿâëÿþòñÿ ñâåòîäèîäû òèïà 510MY8C (Hebei
Ltd., Êèòàé). Îíè èìåþò ìàêñèìóì èçëó÷àòåëü-
íîé ñïîñîáíîñòè íà äëèíå âîëíû λmax = 588±2 íì,
âûñîêîå çíà÷åíèå ñèëû ñâåòà (ó ÑÈÄ ñòàðîé ìîäè-

ôèêàöèè — 6000 ìêêä, íîâîé ìîäèôèêàöèè —
10000 ìêêä), äîñòàòî÷íî óçêèå ñïåêòðàëüíóþ õà-
ðàêòåðèñòèêó (∆λ0,5=35—40 íì) è äèàãðàììó
íàïðàâëåííîñòè (2θ=46°). Ïðè ýòîì ýôôåêòèâ-
íûé óãîë äèàãðàììû  íàïðàâëåííîñòè  èçëó÷å-
íèÿ  ÑÈÄ òèïà 510MY8C, â êîòîðîì ñîäåðæèò-
ñÿ íå ìåíåå 80% ýíåðãèè, ñîñòàâëÿåò 2θeff = 18°
[6]. Ðàñ÷åòû ïîêàçàëè, ÷òî äëÿ äîñòèæåíèÿ ýô-
ôåêòèâíîé ôîòîäèíàìè÷åñêîé äîçû D (íå ìåíåå
50 Äæ/ñì2) â îïåðàöèîííîé çîíå äèàìåòðîì
40—60 ìì íåîáõîäèìî èñïîëüçîâàíèå 1200—1400
ñâåòîäèîäîâ òèïà 510MY8C íîâîé ìîäèôèêàöèè.

Ðàñ÷åòíûå òåõíè÷åñêèå õàðàêòåðèñòèêè îïûò-
íîãî îáðàçöà ìàòðè÷íîãî ñâåòîäèîäíîãî èçëó÷à-
òåëÿ ñ ñóììàðíûì ÷èñëîì ñâåòîäèîäîâ 1344 ïðè-
âåäåíû â òàáëèöå.

Èñïûòàíèÿ ìàêåòà äëÿ íÔÄÒ ïîêàçàëè ïåð-
ñïåêòèâíîñòü ïðèìåíåíèÿ ñâåòîäèîäîâ ìàëîé
ìîùíîñòè â òåðàïåâòè÷åñêèõ èçëó÷àòåëÿõ. Îä-
íàêî ñóùåñòâåííîå óâåëè÷åíèå êîëè÷åñòâà ñâåòî-
äèîäîâ ïðè ïåðåõîäå îò ëàáîðàòîðíîãî ìàêåòà ê
îïûòíîìó îáðàçöó âûçâàëî íåîáõîäèìîñòü ðàç-
ðàáîòêè ýôôåêòèâíîé ñõåìû óïðàâëåíèÿ èçëó-
÷åíèåì çíà÷èòåëüíîãî êîëè÷åñòâà ñâåòîäèîäîâ.

Ñëåäóåò îòìåòèòü, ÷òî èñïîëüçîâàíèå áîëåå
ìîùíûõ ñâåòîäèîäîâ ïðàêòè÷åñêè íå äàåò âûèã-
ðûøà ïðè ïîñòðîåíèè ñèñòåìû ÔÄÒ. Ñâåòîäèî-
äû ñ ðàññåèâàåìîé ìîùíîñòüþ 0,5 Âò è âûøå
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Ðèñ. 2. Áëîê-ñõåìà ìàòðè÷íîãî ñâåòîäèîäíîãî
èçëó÷àòåëÿ äëÿ ôîòîäèíàìè÷åñêîé òåðàïèè:

1 — ïóëüò óïðàâëåíèÿ; 2 — ýëåêòðîííàÿ ñõåìà óïðàâëåíèÿ
êëàñòåðàìè ñâåòîäèîäîâ; 3 — ìàòðè÷íûé ñâåòîäèîäíûé èçëó-
÷àòåëü; 4 — ñâåòîèçëó÷àþùèé äèîä; 5 — çåðêàëüíûé êîíóñ;
6 — îïåðàöèîííàÿ çîíà íà ïîâåðõíîñòè áèîòêàíè 7, íàêîïèâ-

øåé ôîòîñåíñèáèëèçàòîð â ïàòîëîãè÷åñêèõ êëåòêàõ

Ðèñ. 1. Ìàêåòíûé îáðàçåö ìàòðè÷íîãî
ñâåòîäèîäíîãî èçëó÷àòåëÿ
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èìåþò áîëüøèå ðàçìåðû è òðåáóþò äîïîëíèòåëü-
íûõ ìåð ïî îòâîäó îò íèõ òåïëà. Óâåëè÷åíèå æå
ðàññòîÿíèÿ ìåæäó ñâåòîäèîäàìè, íåñìîòðÿ íà
óìåíüøåíèå èõ êîëè÷åñòâà, ïðèâîäèò ê òîìó,
÷òî ðàçìåðû èçëó÷àòåëÿ è çåðêàëüíîãî êîíóñà
îñòàþòñÿ òåìè æå, ÷òî è ïðè èñïîëüçîâàíèè ÑÈÄ
ìàëîé ìîùíîñòè. Òî åñòü ñ òî÷êè çðåíèÿ óìåíü-
øåíèÿ ãàáàðèòîâ àïïàðàòà ïðèìåíåíèå áîëåå
ìîùíûõ ñâåòîäèîäîâ íå äàåò ïðåèìóùåñòâ. À
ïîñêîëüêó íåîáõîäèìîå êîëè÷åñòâî òàêèõ ñâåòî-
äèîäîâ âñå ðàâíî èçìåðÿåòñÿ ñîòíÿìè, èõ ïðèìå-
íåíèå íå ïðèâîäèò ê óïðîùåíèþ ñèñòåìû.

Ïîâûñèòü ìîùíîñòü ñâåòîâîãî ïîòîêà ñ åäè-
íèöû ïëîùàäè èçëó÷àòåëÿ ìîæíî òîëüêî ïóòåì
ïðèáëèæåíèÿ ðàáî÷åãî òîêà ñâåòîäèîäîâ ê ãðà-
íèöå äîïóñòèìûõ çíà÷åíèé. Òàêèì îáðàçîì,  ïðè
ðàçðàáîòêå îïûòíîãî îáðàçöà ìàòðè÷íîãî ñâåòî-
äèîäíîãî èçëó÷àòåëÿ âîçíèêàþò äâà âçàèìîñâÿ-
çàííûõ è ïðîòèâîðå÷èâûõ òðåáîâàíèÿ:

— ïîâûñèòü ìîùíîñòü èçëó÷åíèÿ äî ìàêñè-
ìàëüíî âîçìîæíîãî äëÿ äàííîãî òèïà ñâåòîäèî-
äîâ çíà÷åíèÿ;

— îáåñïå÷èòü íåîáõîäèìûé óðîâåíü íàäåæ-
íîñòè, óâåëè÷èòü âðåìÿ íàðàáîòêè íà îòêàç è
óìåíüøèòü âðåìÿ ïðîñòîÿ ïðè ðåìîíòå.

Ïóòè ðåøåíèÿ çàäà÷è óïðàâëåíèÿ ìàòðè÷íûì
èçëó÷àòåëåì

Ñîâåðøåíñòâîâàíèå òåõíîëîãèè èçãîòîâëåíèÿ
ñâåòîäèîäîâ ïîçâîëÿåò çíà÷èòåëüíî ïîâûñèòü èõ
âûõîäíûå ýíåðãåòè÷åñêèå õàðàêòåðèñòèêè ïðè ñî-
õðàíåíèè ðàçìåðîâ è ýëåêòðè÷åñêèõ ïàðàìåòðîâ,
÷òî îòêðûâàåò âîçìîæíîñòü ïîñëåäóþùåé ìîäåð-
íèçàöèè ìàòðè÷íîãî ñâåòîäèîäíîãî èçëó÷àòåëÿ.
Ïîâûøåííàÿ ñâåòîîòäà÷à êàæäîãî ñâåòîäèîäà
ïîçâîëÿåò, â çàâèñèìîñòè îò òðåáîâàíèé ê ñèñòå-
ìå, ëèáî óìåíüøèòü îáùåå êîëè÷åñòâî ñâåòîäèî-
äîâ, ëèáî óâåëè÷èòü îáëàñòü îáëó÷åíèÿ ïðè íå-
èçìåííîì èõ êîëè÷åñòâå.

Èç ñîîáðàæåíèé óäîáñòâà ïðîèçâîäñòâà è îá-
ñëóæèâàíèÿ (ðåìîíòà) ñèñòåìû ïðèíÿòî ðåøå-
íèå ðàçáèòü èçëó÷àþùåå ïîëå íà êëàñòåðû ñ
íåáîëüøèì êîëè÷åñòâîì ñâåòîäèîäîâ — îò íå-
ñêîëüêèõ äåñÿòêîâ äî ñîòíè. Â îïûòíîì îáðàçöå
ñâåòîäèîäíàÿ ìàòðèöà âêëþ÷àåò â ñåáÿ 24 öåí-

òðàëüíûõ êëàñòåðà êâàäðàòíîé ôîðìû ïî 48 ñâå-
òîäèîäîâ è 8 êðàåâûõ êëàñòåðîâ ïðÿìîóãîëüíîé
ôîðìû ïî 24 ñâåòîäèîäà â êàæäîì. Ïðè íåîáõî-
äèìîñòè ñíèæåíèÿ ïëîòíîñòè ìîùíîñòè îáëó÷å-
íèÿ áèîòêàíè â îïåðàöèîííîé çîíå ìîæíî ñíè-
æàòü òîê, ïðîõîäÿùèé ÷åðåç ñâåòîäèîäû, ëèáî
îòêëþ÷àòü ÷àñòü ñâåòîäèîäîâ, îñóùåñòâëÿÿ ïî-
êëàñòåðíîå óïðàâëåíèå èõ âêëþ÷åíèåì.

Îòíîñèòåëüíî áîëüøîå òåïëîâûäåëåíèå â èç-
ëó÷àòåëå ïðè ìàêñèìàëüíîì òîêå ÷åðåç ñâåòîäè-
îäû íàðÿäó ñ èçìåíåíèåì òåìïåðàòóðû îêðóæà-
þùåé ñðåäû ïðèâîäèò ê çíà÷èòåëüíîìó èçìåíå-
íèþ òåìïåðàòóðû êðèñòàëëîâ ñâåòîäèîäîâ è, êàê
ñëåäñòâèå, ê èçìåíåíèþ èõ ýëåêòðè÷åñêèõ õà-
ðàêòåðèñòèê. Òðåáîâàíèå ïîâûøåíèÿ ÊÏÄ ñèñ-
òåìû ïèòàíèÿ ñâåòîäèîäîâ, âûçâàííîå êàê îá-
ùèìè òðåáîâàíèÿìè ê ýêîíîìèè ðåñóðñîâ îêðó-
æàþùåé ñðåäû, òàê è æåëàíèåì ñíèçèòü òåïëî-
âûäåëåíèå â èçëó÷àòåëå, îïðåäåëÿåò îðãàíèçà-
öèþ êëàñòåðîâ â âèäå íàáîðà öåïî÷åê èç âêëþ-
÷åííûõ ïîñëåäîâàòåëüíî ñâåòîäèîäîâ. Òàêîå
âêëþ÷åíèå, îäíàêî, ïðèâîäèò ê åùå áîëüøåìó
èçìåíåíèþ íàïðÿæåíèÿ â öåïî÷êå ïðè èçìåíå-
íèè òåìïåðàòóðû, ÷òî âûçûâàåò íåîáõîäèìîñòü
ñòàáèëèçàöèè òîêà â ñõåìå ïèòàíèÿ ñâåòîäèîäîâ.

Ïðàêòè÷åñêè âñå ñîâðåìåííûå îñâåòèòåëüíûå
ïðèáîðû,  ñîäåðæàùèå áîëüøîå êîëè÷åñòâî ñâå-
òîäèîäîâ ìàëîé ìîùíîñòè, ïîñòðîåíû ïî îäíîé
èç äâóõ ñõåì. Â ïåðâîì ñëó÷àå ñòàáèëèçèðóåòñÿ
ñóììàðíûé òîê íåñêîëüêèõ ïàðàëëåëüíî ñîåäè-
íåííûõ öåïî÷åê ñâåòîäèîäîâ.  Âî âòîðîì — ïó-
òåì ñòàáèëèçàöèè íàïðÿæåíèÿ íà òîêîèçìåðè-
òåëüíîì ðåçèñòîðå â îäíîé èç öåïî÷åê ñâåòîäèî-
äîâ êëàñòåðà ñòàáèëèçèðóåòñÿ òîê òîëüêî â ýòîé
öåïî÷êå. Â îñòàëüíûõ öåïî÷êàõ ðàçìåùàþòñÿ âû-
ðàâíèâàþùèå ðåçèñòîðû òîãî æå íîìèíàëà, â
ðåçóëüòàòå ÷åðåç íèõ èäåò òàêîé æå òîê. Êàê
ïîêàçàëè ïðîâåäåííûå èññëåäîâàíèÿ, â ïðåäå-
ëàõ îäíîé ïàðòèè ðàçáðîñ çíà÷åíèé ïàðàìåòðîâ
ñâåòîäèîäîâ î÷åíü ìàë, ïîýòîìó â îáîèõ ñõåìàõ
òîê ìåæäó öåïî÷êàìè ðàñïðåäåëÿåòñÿ äîñòàòî÷-
íî ðàâíîìåðíî.

Îäíàêî ñóùåñòâóþò è íåäîñòàòêè ïðåäëîæåí-
íûõ ñõåì. Òàê, îò ïàðòèè ê ïàðòèè íàáëþäàåòñÿ

Çîíà èçëó÷àòåëÿ Òåõíè÷åñêèå õàðàêòåðèñòèêè  
ìàòðè÷íîãî ñâåòîäèîäíîãî èçëó÷àòåëÿ 

öåíòðàëüíàÿ ñðåäíÿÿ êðàåâàÿ 

Êîëè÷åñòâî ÑÈÄ, øò. 192 384 768 

Ñóììàðíàÿ ìîùíîñòü ñâåòîäèîäîâ, ìÂò, áîëåå 300 600 1200 

Ïëîòíîñòü ìîùíîñòè â îïåðàöèîííîé çîíå, ìÂò/ñì2: 
— áåç çåðêàëüíîãî êîíóñà 
— ñ çåðêàëüíûì êîíóñîì 

 
3,01 
3,80 

 
4,52 
7,01 

 
6,39 
12,68 

Ñóììàðíàÿ ïëîòíîñòü ìîùíîñòè â îïåðàöèîííîé çîíå, 
ìÂò/ñì2: 

— áåç çåðêàëüíîãî êîíóñà 
— ñ çåðêàëüíûì êîíóñîì 

 
 

13,92 
23,49 
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çíà÷èòåëüíûé ðàçáðîñ çíà÷åíèé ýëåêòðè÷åñêèõ
ïàðàìåòðîâ ñâåòîäèîäîâ. Ïðè âûõîäå èç ñòðîÿ
îäíîãî èç ñâåòîäèîäîâ (è íàðóøåíèè ðàáîòû âñåé
öåïî÷êè, â êîòîðóþ îí âêëþ÷åí) ïðèáîð ïîäëå-
æèò ðåìîíòó. Ïîñëå çàìåíû âûøåäøåãî èç ñòðîÿ
ñâåòîäèîäà íà àíàëîãè÷íûé, íî èç äðóãîé ïàðòèè,
èçìåíÿòñÿ ýëåêòðè÷åñêèå õàðàêòåðèñòèêè ñîîò-
âåòñòâóþùåé ïàðàëëåëüíîé öåïî÷êè, è òîê â íåé
áóäåò îòëè÷àòüñÿ îò îñòàëüíûõ. Îäíèì èç ðåøå-
íèé ýòîé ïðîáëåìû ìîæåò áûòü ñíàáæåíèå êàæ-
äîãî èçëó÷àòåëÿ êîìïëåêòîì çàïàñíûõ ñâåòîäè-
îäîâ èç òîé æå ïàðòèè, ÷òî è ñâåòîäèîäû äëÿ
ìîíòàæà êëàñòåðîâ. Ó÷èòûâàÿ îòíîñèòåëüíóþ
äåøåâèçíó ñâåòîäèîäîâ ïðè èõ îïòîâîé ïîêóï-
êå, îñóùåñòâèòü òàêóþ êîìïëåêòàöèþ ñîâñåì íå
ñëîæíî.

Äðóãèì íåäîñòàòêîì ÿâëÿåòñÿ òî, ÷òî â ñëó÷àå
âûõîäà èç ñòðîÿ îäíîãî èç ñâåòîäèîäîâ èçìåíèò-
ñÿ òîê â îñòàëüíûõ öåïî÷êàõ. Â çàâèñèìîñòè îò
òèïà îòêàçà (îáðûâ èëè êîðîòêîå çàìûêàíèå) è
ìåñòà ðàçìåùåíèÿ îòêàçàâøåãî ñâåòîäèîäà â êëà-
ñòåðå, òîê â íåêîòîðûõ öåïî÷êàõ óâåëè÷èòñÿ. Ïðè
ýêñïëóàòàöèè èçëó÷àòåëÿ âáëèçè ìàêñèìàëüíûõ
òîêîâ ýòî ïðèâåäåò ê íåìåäëåííîìó âûõîäó èç
ñòðîÿ ëèáî çíà÷èòåëüíîìó ñîêðàùåíèþ ñðîêà
ñëóæáû äðóãèõ ñâåòîäèîäîâ êëàñòåðà.

Ïîýòîìó äëÿ òåðàïåâòè÷åñêîãî èçëó÷àòåëÿ
íàìè áûëà âûáðàíà äðóãàÿ ñõåìà, èìåþùàÿ íå-
ñêîëüêî áîëüøóþ ñåáåñòîèìîñòü, íî èçáàâëÿþ-
ùàÿ íå òîëüêî îò íåîáõîäèìîñòè êîìïëåêòàöèè
çàïàñíûìè ñâåòîäèîäàìè, íî è îò êîíòðîëÿ çà
ïðèíàäëåæíîñòüþ ñâåòîäèîäîâ â êëàñòåðàõ ê îä-
íîé ïàðòèè. Â ýòîì âàðèàíòå äëÿ ñòàáèëèçàöèè
òîêà ÷åðåç ñâåòîäèîäû èñïîëüçóþòñÿ ñïåöèàëè-

çèðîâàííûå ìèêðîñõåìû äðàéâåðîâ ñâåòîäèîäîâ
ñ ïîêàíàëüíîé ñòàáèëèçàöèåé òîêà (ìèêðîñõå-
ìû TLC5917, TLC5928 è ò.ï. ïðîèçâîäñòâà Texas
Instruments, ìèêðîñõåìû MBI5029, MBI5171
è ò.ï. ôèðìû Macroblock, Òàéâàíü). Ýòè ìèê-
ðîñõåìû îáåñïå÷èâàþò íåçàâèñèìóþ ñòàáèëèçà-
öèþ òîêà â öåïî÷êàõ, ïîêàíàëüíîå óïðàâëåíèå
è êîíòðîëü ñîñòîÿíèÿ  óïðàâëÿþùèì ìèêðîêîí-
òðîëëåðîì ÷åðåç èíòåðôåéñ SPI ñ âîçìîæíîñòüþ
êàñêàäèðîâàíèÿ. Òàêæå îíè êîíòðîëèðóþò ñî-
ñòîÿíèå öåïî÷åê ñâåòîäèîäîâ (íàëè÷èå îáðûâîâ
è êîðîòêîãî çàìûêàíèÿ), ÷òî ïîâûøàåò ýêñïëó-
àòàöèîííûå õàðàêòåðèñòèêè èçäåëèÿ, ïîçâîëÿÿ
êàê îòêîððåêòèðîâàòü ïàðàìåòðû ñåàíñà ïðè
âûõîäå èç ñòðîÿ îòäåëüíûõ ñâåòîäèîäîâ, òàê è
óñêîðèòü äèàãíîñòèêó è ðåìîíò èçäåëèÿ.

Òàêèì îáðàçîì, ïðåäëàãàåìûé ìàòðè÷íûé
èçëó÷àòåëü ïðåäñòàâëÿåò ñîáîé íàáîð êëàñòåðîâ
ñâåòîäèîäîâ ñ îáùèì ïèòàíèåì. Èç ñîîáðàæå-
íèé áåçîïàñíîñòè äëÿ èçëó÷àòåëÿ âûáðàíî âíåø-
íåå íàïðÿæåíèå 20—27 Â ïîñòîÿííîãî òîêà, êî-
òîðîå ìîæíî ïîëó÷èòü îò ëþáîãî ñåðòèôèöèðî-
âàííîãî èñòî÷íèêà ïèòàíèÿ.

Êðîìå êëàñòåðîâ, âíóòðè èçëó÷àòåëÿ íàõî-
äÿòñÿ äâà ñòàáèëèçàòîðà íàïðÿæåíèÿ è ïëàòà óï-
ðàâëÿþùåãî ìèêðîêîíòðîëëåðà. Ìîùíûé ñòà-
áèëèçàòîð íàïðÿæåíèÿ 14—16 Â ïðåäíàçíà÷åí
äëÿ ïèòàíèÿ ìàññèâà ñâåòîäèîäîâ. Íàïðÿæåíèå
ïèòàíèÿ ïîäñòðàèâàåòñÿ â çàâèñèìîñòè îò õàðàê-
òåðèñòèê ñâåòîäèîäîâ è òåìïåðàòóðû âíóòðè èç-
ëó÷àòåëÿ. Ïèòàíèå ñâåòîäèîäîâ  ðàçâåäåíî ïî
êëàñòåðàì ðàäèàëüíî, ÷òîáû èçáåæàòü ïîòåðü
íàïðÿæåíèÿ íà áîëüøîì êîëè÷åñòâå êîíòàêòîâ.
Ìàëîìîùíûé ñòàáèëèçàòîð ñ âûõîäíûì íàïðÿ-

Ðèñ. 3. Ñõåìà êëàñòåðà ìàòðè÷íîãî ñâåòîäèîäíîãî èçëó÷àòåëÿ ñ èñïîëüçîâàíèåì èíòåãðàëüíîãî äðàéâåðà
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æåíèåì 3,3 Â ïðåäíàçíà÷åí äëÿ ïèòàíèÿ öèô-
ðîâîé ÷àñòè äðàéâåðîâ, óïðàâëÿþùåãî ìèêðî-
êîíòðîëëåðà, ýëåìåíòîâ èíäèêàöèè è èíòåðôåé-
ñà ñ êîìïüþòåðîì (ðèñ. 3).

Ïëàòà óïðàâëÿþùåãî ìèêðîêîíòðîëëåðà îñó-
ùåñòâëÿåò îáùåå óïðàâëåíèå ñèñòåìîé è èìååò
èíòåðôåéñ ñâÿçè ñ ïåðñîíàëüíûì êîìïüþòåðîì,
ñ êîòîðîãî âûäàþòñÿ çàäàíèÿ íà òåðàïåâòè÷åñ-
êèå ñåàíñû è íà êîòîðîì âåäåòñÿ èõ ó÷åò. Óï-
ðàâëåíèå ñåàíñîì (íà÷àëî, ïàóçà, îñòàíîâêà) è
èíäèêàöèÿ åãî ïðîõîæäåíèÿ (óñòàíîâëåííàÿ èí-
òåíñèâíîñòü, çàäàííîå è îñòàâøååñÿ äî êîíöà ñå-
àíñà âðåìÿ) îñóùåñòâëÿåòñÿ îïåðàòîðîì ñ ïóëü-
òà óïðàâëåíèÿ èçëó÷àòåëåì. Ìèêðîêîíòðîëëåð
âûäàåò êîìàíäû íà âêëþ÷åíèå ñòàáèëèçàòîðà
ïèòàíèÿ ìàññèâà ñâåòîäèîäîâ, ïî èíòåðôåéñó SPI
óïðàâëÿåò äðàéâåðàìè ñâåòîäèîäîâ â ñîñòàâå
êëàñòåðà, îáñëóæèâàåò ïàíåëü óïðàâëåíèÿ. Êðî-
ìå òîãî, ïëàòà ìèêðîêîíòðîëëåðà èìååò èíòåð-
ôåéñ ïîäêëþ÷åíèÿ âûíîñíûõ ôîòîäàò÷èêîâ, ïî-
çâîëÿþùèõ çàìåðÿòü îáëó÷åííîñòü â îïåðàöèîí-
íîé çîíå â çàâèñèìîñòè îò óñëîâèé ðàáîòû è ïðè
íåîáõîäèìîñòè îòêîððåêòèðîâàòü âðåìÿ îáëó÷å-
íèÿ äëÿ äîñòèæåíèÿ íåîáõîäèìîé ôîòîäèíàìè-
÷åñêîé äîçû.

Çàêëþ÷åíèå
Ïðåäëîæåííûé ìàòðè÷íûé ñâåòîäèîäíûé èç-

ëó÷àòåëü äëÿ ôîòîäèíàìè÷åñêîé òåðàïèè, áóäó-
÷è ïîëíîñòüþ îòå÷åñòâåííîé ðàçðàáîòêîé, íå èìååò
àíàëîãîâ â Óêðàèíå è ïî îæèäàåìûì òåõíè÷å-
ñêèì õàðàêòåðèñòèêàì  íå óñòóïàåò çàðóáåæíûì
îáðàçöàì àíàëîãè÷íîãî íàçíà÷åíèÿ. Â îïûòíîì
îáðàçöå èçëó÷àòåëÿ êîìïëåêñíî ðåøåíû ïðîáëå-
ìû îáåñïå÷åíèÿ íåîáõîäèìîãî óðîâíÿ ôîòîäèíà-
ìè÷åñêîé äîçû â îïåðàöèîííîé çîíå è óïðàâëå-
íèÿ çíà÷èòåëüíûìè ìàññèâàìè ñâåòîäèîäîâ.

Áîëåå òîãî, ìàòðè÷íûé ñâåòîäèîäíûé èçëó-
÷àòåëü äëÿ ÔÄÒ ìîæåò áûòü ëåãêî àäàïòèðîâàí
ê ëþáîìó òèïó ôîòîñåíñèáèëèçàòîðà ïóòåì çà-
ìåíû èñïîëüçóåìûõ ñâåòîäèîäîâ íà äðóãèå, ó
êîòîðûõ ìàêñèìóì äëèíû âîëíû èçëó÷åíèÿ ñî-
îòâåòñòâóåò ìàêñèìóìó ïîãëîùåíèÿ íîâîãî ôî-
òîñåíñèáèëèçàòîðà.

Íà äàííûé ìîìåíò äëÿ îïûòíîãî îáðàçöà òåõ-
íè÷åñêè ðåàëèçîâàíû ýëåêòðîííàÿ ñõåìà óïðàâ-
ëåíèÿ êëàñòåðàìè ñâåòîäèîäîâ, ïóëüò óïðàâëå-
íèÿ, èñòî÷íèê ïèòàíèÿ íà 24 Â äëÿ çàïèòûâàíèÿ
ýëåêòðîííîé ñõåìû. Òåõíè÷åñêàÿ äîêóìåíòàöèÿ
êîíñòðóêöèè ñèñòåìû óæå ïåðåäàíà èçãîòîâèòå-
ëþ (ÍÏÖ “Áîðùàãîâñêèé õèìèêî-ôàðìàöåâòè-
÷åñêèé çàâîä”, ã. Êèåâ), à çàâåðøåíèå ðàáîò ïî
òåõíè÷åñêîé ðåàëèçàöèè îïûòíîãî îáðàçöà ìíî-
ãîýëåìåíòíîãî ñâåòîäèîäíîãî èçëó÷àòåëÿ çàïëà-
íèðîâàíî íà ñåðåäèíó 2012 ã.
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Denysov M. O., Redchuk O. O. Matrix LED illumi-
nator for photodynamic therapy.

Keywords: photodynamic therapy, photosensitizer
Hyperflav, matrix LED illuminator.

A prototype of the illuminator for photodynamic
therapy with the use of Hyperflav photosensitizer is
proposed. This device has no analogues in Ukraine, its
expected technical characteristics are inferior to no
foreign models of similar purpose and can be easily
adapted to any other type of photosensitizer. A complex
solution has been found for the problem of ensuring
the necessary level of photodynamic dose and control
of large arrays of LEDs in the prototype of the
integrated illuminator.

Ukraine, NTUU «Kyiv politechnic institute».
____________________________

Äåíèñîâ Ì. Î., Ðåä÷óê Î. Î. Ìàòðè÷íèé ñâ³òëî-
ä³îäíèé âèïðîì³íþâà÷ äëÿ ôîòîäèíàì³÷íî¿ òåðàï³¿.

Êëþ÷îâ³ ñëîâà: ôîòîäèíàì³÷íà òåðàï³ÿ, ôîòî-
ñåíñèá³ë³çàòîð Ã³ïåðôëàâ, ìàòðè÷íèé ñâ³òëîä³-
îäíèé âèïðîì³íþâà÷.

Çàïðîïîíîâàíî äîñë³äíèé çðàçîê âèïðîì³íþâà÷à äëÿ
ôîòîäèíàì³÷íî¿ òåðàï³¿ ç âèêîðèñòàííÿì ôîòîñåí-
ñèá³ë³çàòîðà Ã³ïåðôëàâ. Àïàðàò íå ìàº àíàëîã³â â
Óêðà¿í³, çà î÷³êóâàíèìè òåõí³÷íèìè õàðàêòåðèñòè-
êàìè íå ïîñòóïàºòüñÿ çàêîðäîííèì çðàçêàì àíàëîã³-
÷íîãî ïðèçíà÷åííÿ ³ ìîæå áóòè ëåãêî àäàïòîâàíèé
äî áóäü-ÿêîãî ³íøîãî òèïó ôîòîñåíñèá³ë³çàòîðà. Ó
äîñë³äíîìó çðàçêó âèïðîì³íþâà÷à êîìïëåêñíî âèð³-
øåíî ïðîáëåìè çàáåçïå÷åííÿ íåîáõ³äíîãî ð³âíÿ ôî-
òîäèíàì³÷íî¿ äîçè ³ óïðàâë³ííÿ çíà÷íèìè ìàñèâàìè
ñâ³òëîä³îä³â.

Óêðà¿íà, ÍÒÓÓ «Êè¿âñüêèé ïîë³òåõí³÷íèé ³íñòèòóò».
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Óêðàèíà, ã. Êèåâ, ÍÒÓÓ “Êèåâñêèé ïîëèòåõíè÷åñêèé èíñòèòóò”
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ÏÀÑÑÈÂÍÀß ÈÑÏÀÐÈÒÅËÜÍÎ-ÊÎÍÄÅÍÑÀÖÈÎÍÍÀß
ÑÈÑÒÅÌÀ ÎÕËÀÆÄÅÍÈß ËÀÇÅÐÀ

Õàðàêòåðíîé îñîáåííîñòüþ îïòè÷åñêèõ êâàí-
òîâûõ ãåíåðàòîðîâ (ÎÊÃ), ò. å. ëàçåðîâ, ÿâëÿåò-
ñÿ âûäåëåíèå çíà÷èòåëüíîé òåïëîâîé ýíåðãèè â
ïðîöåññå èõ ðàáîòû [1]. Ïåðåãðåâ îïòè÷åñêèõ
ýëåìåíòîâ (àêòèâíîãî ýëåìåíòà, ëàìïû íàêà÷-
êè, ôèëüòðîâ è ò. ä.) ïðèâîäèò ê óõóäøåíèþ
õàðàêòåðèñòèê ïðèáîðîâ è óìåíüøåíèþ ðåñóðñà
èõ ðàáîòû. Ïîýòîìó ðåàëèçàöèÿ òðåáóåìîãî òå-
ïëîâîãî ðåæèìà ýëåìåíòîâ ëàçåðà ñ ïîìîùüþ ñî-
îòâåòñòâóþùèõ ñèñòåì îõëàæäåíèÿ ÿâëÿåòñÿ îä-
íîé èç ãëàâíûõ çàäà÷, êîòîðóþ íåîáõîäèìî ðå-
øàòü ïðè ðàçðàáîòêå ïðèáîðîâ ëàçåðíîé òåõíè-
êè. Âûáîð ýôôåêòèâíîãî ñïîñîáà îòâîäà òåïëî-
òû îò òåïëîâûäåëÿþùèõ ýëåìåíòîâ âî ìíîãîì
ñïîñîáñòâóåò óñïåøíîìó âíåäðåíèþ ëàçåðíîé àï-
ïàðàòóðû ðàçëè÷íîãî íàçíà÷åíèÿ. Ïðè ðåàëèçà-
öèè ñèñòåì îáåñïå÷åíèÿ òåïëîâûõ ðåæèìîâ
(ÑÎÒÐ) äëÿ ÎÊÃ îáû÷íî ðåøàþòñÿ òðè âçàè-
ìîñâÿçàííûå çàäà÷è:

— îðãàíèçàöèÿ îõëàæäåíèÿ ýëåìåíòîâ ïðè-
áîðà;

— îðãàíèçàöèÿ òåïëîîáìåíà ìåæäó ýëåìåí-
òàìè ïðèáîðà è ñèñòåìîé òåïëîîòâîäà;

— îáåñïå÷åíèå òåïëîîáìåíà ìåæäó ÑÎÒÐ è
îêðóæàþùåé ñðåäîé.

Äëÿ îáåñïå÷åíèÿ íåîáõîäèìîãî òåïëîâîãî ðå-
æèìà ýëåìåíòîâ â ëàçåðàõ ïðèìåíÿþò êîíâåê-
òèâíûé (ãàçîâûé, æèäêîñòíîé) è êîíòàêòíûé
(êîíäóêòèâíûé) ñïîñîáû îòâîäà âûäåëÿþùåéñÿ
òåïëîòû, à òàêæå èõ êîìáèíàöèè [2].

Âûáîð òîãî èëè èíîãî ñïîñîáà îõëàæäåíèÿ
çàâèñèò îò âåëè÷èíû óäåëüíîé òåïëîâîé íàãðóç-
êè, îñîáåííîñòåé îïòè÷åñêîé ñõåìû ïðèáîðà è
òðåáóåìîé òåìïåðàòóðû ýëåìåíòîâ. Â ñëó÷àå ïðè-
ìåíåíèÿ ãàçîâîãî îõëàæäåíèÿ â êà÷åñòâå òåïëî-
íîñèòåëÿ ìîæíî èñïîëüçîâàòü âîçäóõ, àçîò, àð-
ãîí, ãåëèé è äðóãèå ãàçû, êîòîðûå â âûñîêîé
ñòåïåíè ïðîçðà÷íû, ôîòîñòîéêè, èìåþò ñòàáèëü-
íûå òåïëîôèçè÷åñêèå ïàðàìåòðû â øèðîêîì äè-

Ðàçðàáîòàíà ñïåöèàëèçèðîâàííàÿ òåïëîâàÿ òðóáà äëÿ îáåñïå÷åíèÿ òåïëîâîãî ðåæèìà àêòèâíîãî
ýëåìåíòà îïòè÷åñêîãî êâàíòîâîãî ãåíåðàòîðà (ëàçåðà) â óñëîâèÿõ òåïëîîòâîäà èçëó÷åíèåì. Ïî-
êàçàíî, ÷òî ïðè ìîùíîñòè èìèòàòîðà òåïëîâûäåëÿþùåãî ýëåìåíòà 50 Âò òåìïåðàòóðà ñòåíêè
â çîíå íàãðåâà òåïëîâîé òðóáû íå ïðåâûøàåò 30°Ñ, à àâàðèéíûé îáîãðåâ ïîçâîëÿåò ïðåäîòâðà-
òèòü ãëóáîêîå çàìîðàæèâàíèå âñåé ñèñòåìû â óñëîâèÿõ îòñóòñòâèÿ òåïëîâûäåëåíèÿ îáúåêòà.

Êëþ÷åâûå ñëîâà: îïòè÷åñêèé êâàíòîâûé ãåíåðàòîð, ñèñòåìà îõëàæäåíèÿ, òåïëîâàÿ òðóáà.

àïàçîíå òåìïåðàòóð. Ýòîò ñïîñîá îõëàæäåíèÿ
èñïîëüçóåòñÿ â îñíîâíîì â ñèñòåìàõ îáåñïå÷åíèÿ
òåïëîâîãî ðåæèìà ÎÊÃ ñ íåáîëüøîé ýíåðãèåé
èçëó÷åíèÿ èëè ìàëîé ÷àñòîòîé ïîâòîðåíèÿ èì-
ïóëüñîâ íàêà÷êè. Ê ïîëîæèòåëüíûì îñîáåííî-
ñòÿì ãàçîâîãî îõëàæäåíèÿ îòíîñÿòñÿ ôîòîñòîé-
êîñòü è ñòàáèëüíîñòü òåïëîôèçè÷åñêèõ ïàðàìåò-
ðîâ òåïëîíîñèòåëåé, àâòîíîìíîñòü ñèñòåì îõëàæ-
äåíèÿ, âîçìîæíîñòü ïèòàíèÿ êîíòóðîâ îõëàæ-
äåíèÿ èç öåíòðàëèçîâàííûõ èñòî÷íèêîâ, âîçìîæ-
íîñòü ïîëó÷èòü äîñòàòî÷íî áîëüøèå çíà÷åíèÿ êî-
ýôôèöèåíòà òåïëîîòäà÷è íà ïîâåðõíîñòè àêòèâ-
íîãî ýëåìåíòà (ïîðÿäêà 500 Âò/(ì2⋅Ê) â ñëó÷àå
âèõðåâîãî îõëàæäåíèÿ). Ê íåäîñòàòêàì ãàçîâî-
ãî îõëàæäåíèÿ ÎÊÃ îòíîñÿòñÿ: íåîáõîäèìîñòü
ñîçäàíèÿ ôèëüòðîâ î÷èñòêè îò ðàçëè÷íûõ ïðè-
ìåñåé â òåïëîíîñèòåëÿõ äëÿ ïðîòî÷íûõ ñèñòåì,
çàâèñèìîñòü ñîñòîÿíèÿ ñèñòåìû îõëàæäåíèÿ (ðà-
áî÷åå/íåðàáî÷åå) îò çàïàñà òåïëîíîñèòåëÿ, íå-
îáõîäèìîñòü èñïîëüçîâàíèÿ ãðîìîçäêîãî äîïîë-
íèòåëüíîãî îáîðóäîâàíèÿ è èñòî÷íèêîâ ýíåðãèè
(êîìïðåññîðû, âåíòèëÿòîðû è ò. ï.), à òàêæå
ïðîìåæóòî÷íûõ òåïëîîáìåííûõ óñòðîéñòâ. Ñðîê
ñëóæáû ýëåìåíòîâ ÎÊÃ ïðè èñïîëüçîâàíèè ýòî-
ãî ñïîñîáà îõëàæäåíèÿ ìàë.

Æèäêîñòíîå îõëàæäåíèå ïîëó÷èëî øèðîêîå
ðàñïðîñòðàíåíèå äëÿ îáåñïå÷åíèÿ òåïëîâûõ ðå-
æèìîâ ëàçåðîâ ñ âûñîêîé óäåëüíîé òåïëîâîé
íàãðóçêîé  è áîëüøîé ÷àñòîòîé ïîâòîðåíèÿ èì-
ïóëüñîâ íàêà÷êè. Çíà÷åíèÿ êîýôôèöèåíòîâ òåï-
ëîîòäà÷è ïðè æèäêîñòíîì îõëàæäåíèè ìîãóò
äîñòèãàòü 10000 Âò/(ì2⋅Ê). Îäíàêî íàðÿäó ñî
ñïîñîáíîñòüþ îòâîäèòü çíà÷èòåëüíûå òåïëîâûå
ïîòîêè îò ýëåìåíòîâ ÎÊÃ, æèäêîñòíîå îõëàæ-
äåíèå èìååò ðÿä ñëåäóþùèõ íåäîñòàòêîâ: òðåáó-
åòñÿ ñîçäàâàòü ãåðìåòè÷íûå êîíòóðû, óñòðàíÿòü
ïàðàçèòíûå ïðèòîêè òåïëîòû îò äâèãàòåëåé íà-
ñîñîâ, ïðåäîòâðàùàòü êèïåíèå è íàëè÷èå ãàçî-
âûõ ïóçûðåé. Ïðè ýòîì ñëîæåí è âûáîð òåïëî-
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íîñèòåëÿ, ïîñêîëüêó îí äîëæåí îáëàäàòü ïðè-
åìëåìûìè òåïëîòåõíè÷åñêèìè õàðàêòåðèñòèêà-
ìè è îäíîâðåìåííî áûòü ïðîçðà÷íûì è ôîòî-
ñòîéêèì.

Êîíòàêòíîå îõëàæäåíèå ýëåìåíòîâ ëàçåðà îñó-
ùåñòâëÿåòñÿ ñ ïîìîùüþ ñòåðæíåé è ïëàñòèí ðàç-
ëè÷íîé êîíôèãóðàöèè, âûïîëíåííûõ èç òåïëî-
ïðîâîäíûõ ìàòåðèàëîâ è íàõîäÿùèõñÿ â êîí-
òàêòå ñ àêòèâíîé ñðåäîé. Îò êà÷åñòâà òåïëîâîãî
êîíòàêòà ñòåðæíÿ ñ èñòî÷íèêîì òåïëîòû ñóùå-
ñòâåííî çàâèñÿò ðàáî÷èå õàðàêòåðèñòèêè àêòèâ-
íîãî ýëåìåíòà ëàçåðà. Ïðè êîíòàêòíîì òåïëîîò-
âîäå äîïóñòèìàÿ ïëîùàäü òåïëîâîãî êîíòàêòà íå
äîëæíà ïðåâûøàòü 25% ïëîùàäè áîêîâîé ïî-
âåðõíîñòè àêòèâíîãî òåëà, ò. ê. â ïðîòèâíîì ñëó-
÷àå ñíèæàåòñÿ ýôôåêòèâíîñòü îñâåòèòåëüíîé ñè-
ñòåìû íà 10—15% è ðåçêî âîçðàñòàåò ïîðîãîâàÿ
ýíåðãèÿ íàêà÷êè. Äëÿ óìåíüøåíèÿ òåðìè÷åñêî-
ãî ñîïðîòèâëåíèÿ êîíòàêòà ìåæäó àêòèâíîé ñðå-
äîé è îõëàæäàþùèì óñòðîéñòâîì ïðîñòðàíñòâî
ìåæäó íèìè çàïîëíÿþò âåùåñòâîì ñ âûñîêîé òå-
ïëîïðîâîäíîñòüþ.

Ðàçâèòèå ëàçåðíîé òåõíèêè ñâÿçàíî ñ âîçðà-
ñòàíèåì ïîòðåáëÿåìîé è, ñîîòâåòñòâåííî, âûäåëÿ-
åìîé ìîùíîñòè, ÷àñòü èç êîòîðîé íåîáõîäèìî
îòâåñòè â âèäå òåïëîòû. Ïðèìåíåíèå ïðè ýòîì
òðàäèöèîííûõ ñèñòåì îõëàæäåíèÿ ïðèâîäèò ê
ñóùåñòâåííîìó óâåëè÷åíèþ ìàññû è ãàáàðèòîâ
ïðèáîðîâ. Ê òîìó æå â íåêîòîðûõ ñëó÷àÿõ ýòè
ñèñòåìû íå ìîãóò îáåñïå÷èòü îòâîä áîëüøèõ òå-
ïëîâûõ ïîòîêîâ.

Îäíèì èç ýôôåêòèâíûõ ñïîñîáîâ óñîâåðøåí-
ñòâîâàíèÿ ñèñòåì îõëàæäåíèÿ ýëåìåíòîâ ÎÊÃ, â
÷àñòíîñòè êîíòàêòíûõ, ÿâëÿåòñÿ ïðèìåíåíèå òå-
ïëîâûõ òðóá, êîòîðûå ïîçâîëÿþò â îòëè÷èå îò
âûøåîïèñàííûõ ñïîñîáîâ ïðåâðàòèòü ñèñòåìó
îõëàæäåíèÿ â ïîëíîñòüþ ïàññèâíóþ; çíà÷èòåëüíî
óâåëè÷èòü îòâîäèìûå òåïëîâûå ïîòîêè ïðè ìà-
ëûõ ïåðåïàäàõ òåìïåðàòóðû, ÷òî äàåò âîçìîæ-
íîñòü ñóùåñòâåííî ïîâûñèòü ýíåðãèþ èçëó÷åíèÿ
è ÷àñòîòó ïîâòîðåíèÿ èìïóëüñîâ; çíà÷èòåëüíî
óìåíüøèòü ìàññó è ãàáàðèòû ñèñòåìû îõëàæäå-
íèÿ; ïîâûñèòü íàäåæíîñòü ðàáîòû ÎÊÃ áëàãî-
äàðÿ îòñóòñòâèþ æèäêîñòè â ðàáî÷åé çîíå è ïîä-
âèæíûõ äåòàëåé è ðàçúåìíûõ ñîåäèíåíèé â ñèñ-
òåìå îõëàæäåíèÿ.

Â ñòàòüå îïèñàíà îðèãèíàëüíàÿ êîíñòðóêöèÿ
ïàññèâíîé ÑÎÒÐ ÎÊÃ íà áàçå ðàçðàáîòàííîé
ñïåöèàëèçèðîâàííîé òåïëîâîé òðóáû (ÒÒ).
Êîíñòðóêöèÿ ïàññèâíîé èñïàðèòåëüíî-êîíäåí-

ñàöèîííîé ñèñòåìû îõëàæäåíèÿ
Ðàçðàáîòàííàÿ ñèñòåìà îõëàæäåíèÿ ïðåäñòàâ-

ëÿåò ñîáîé êîàêñèàëüíóþ öèëèíäðè÷åñêóþ çîíó
èñïàðåíèÿ (òåïëîïîäâîä), ïåðåõîäÿùóþ â ïëî-
ñêóþ çîíó êîíäåíñàöèè (òåïëîîòâîä). Îáùèé âèä
ñïåöèàëèçèðîâàííîé òåïëîâîé òðóáû â ñáîðå
ïðåäñòàâëåí íà ðèñ. 1. Íàðóæíàÿ öèëèíäðè÷å-
ñêàÿ ïîâåðõíîñòü è ïëîñêàÿ òûëüíàÿ ñòîðîíà ãðè-
áîâèäíîãî òåïëîâîñïðèíèìàþùåãî ýëåìåíòà 1,
à òàêæå âíóòðåííÿÿ ïîâåðõíîñòü ïëèòû 6, ñíàá-
æåííàÿ âûñòóïàþùèìè øòûðÿìè, ïîêðûòû êà-

ïèëëÿðíî-ïîðèñòûìè ôèòèëÿìè. Ôèòèëè ãèä-
ðàâëè÷åñêè ñâÿçàíû ìåæäó ñîáîé, îáåñïå÷èâàÿ
íàäåæíóþ ïîäà÷ó òåïëîíîñèòåëÿ èç çîíû êîí-
äåíñàöèè â çîíó èñïàðåíèÿ. Áîêîâàÿ ïîâåðõíîñòü
ñòàêàíà 2 ñíàáæåíà òðóáêîé ñî øòóöåðîì 4 äëÿ
âàêóóìèðîâàíèÿ è çàïîëíåíèÿ ñèñòåìû îõëàæ-
äåíèÿ òåïëîíîñèòåëåì.

Âñå ïåðå÷èñëåííûå äåòàëè íåðàçúåìíî ñîåäè-
íåíû ìåæäó ñîáîé, îáðàçóÿ çàìêíóòóþ ãåðìå-
òè÷íóþ ïîëîñòü òåïëîâîé òðóáû. Â ñîáðàííîé
ñïåöèàëèçèðîâàííîé ÒÒ ïî îñè ñèììåòðèè èìå-
åòñÿ ñêâîçíîå îòâåðñòèå äèàìåòðîì 3 ìì, â êîòî-
ðîì ðàçìåùàåòñÿ òåïëîâûäåëÿþùèé ýëåìåíò èëè
åãî èìèòàòîð ïðè èñïûòàíèÿõ ñèñòåìû îõëàæäå-
íèÿ. Ïîëîñòü, îáðàçîâàííàÿ â ýëåìåíòå 1, ñëó-
æèò äëÿ óñòàíîâêè àâàðèéíîãî íàãðåâàòåëÿ.

Íåçàâèñèìî îò îðèåíòàöèè ÒÒ â ïðîñòðàíñòâå
ôèòèëü äîëæåí îáåñïå÷èòü ïîäúåì òåïëîíîñèòå-
ëÿ íà âûñîòó íå ìåíåå 80 ìì. Ïðè ýòîì ïëîò-
íîñòü ïîäâîäèìîãî òåïëîâîãî ïîòîêà ñîñòàâëÿåò
îêîëî 10 Âò/ñì2. Îáåñïå÷èòü òàêèå óñëîâèÿ ðà-
áîòû ïðè èñïîëüçîâàíèè îðãàíè÷åñêîãî òåïëî-
íîñèòåëÿ äîñòàòî÷íî ñëîæíî, ïîýòîìó â êà÷åñòâå
òåïëîíîñèòåëÿ èñïîëüçîâàëàñü äèñòèëëèðîâàííàÿ
âîäà.

Ðàáî÷åå äàâëåíèå âíóòðè òåïëîâîé òðóáû ñî-
îòâåòñòâóåò äàâëåíèþ íàñûùåííîãî âîäÿíîãî ïàðà
íà óðîâíå òåìïåðàòóð 20—30°Ñ, ÷òî ñîñòàâëÿåò
2—4 êÏà. Ïåðåä çàïîëíåíèåì òåïëîíîñèòåëåì òðó-
áà âàêóóìèðîâàëàñü äî îñòàòî÷íîãî äàâëåíèÿ
10–2—10–3 ìì ðò. ñò. Ïðè ïðîåêòèðîâàíèè íåîá-
õîäèìî áûëî îáåñïå÷èòü äîñòàòî÷íóþ æåñòêîñòü
êîðïóñà, îñîáåííî èçëó÷àòåëÿ. Ñ öåëüþ îáåñïå-
÷åíèÿ ñîõðàíåíèÿ ôîðìû îáîëî÷êè ÒÒ ïëèòà
èçëó÷àòåëÿ ñíàáæåíà ìíîãî÷èñëåííûìè øòûðÿ-
ìè æåñòêîñòè.

1
2
3
4
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Ðèñ. 1. Êîíñòðóêöèÿ è ôîòî ñïåöèàëèçèðîâàííîé
òåïëîâîé òðóáû:

1 — òåïëîâîñïðèíèìàþùèé ýëåìåíò; 2 — öèëèíäðè÷åñêèé ñòà-
êàí; 3 — êàïèëëÿðíî-ïîðèñòûé ìåòàëëîâîëîêíèñòûé ôèòèëü;
4 — ìåäíàÿ òðóáêà; 5 — êðûøêà; 6 — ïëèòà-èçëó÷àòåëü
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Äèàìåòð ñòàêàíà, îïðåäåëÿþùèé ïëîùàäü
ïîïåðå÷íîãî ñå÷åíèÿ ïàðîâîãî êàíàëà Fï, îïðå-
äåëÿëñÿ èç óñëîâèé îáåñïå÷åíèÿ äîïóñòèìîé
ñêîðîñòè ïàðîâîãî ïîòîêà, ïðè êîòîðîé íå ïðî-
èñõîäèò ñðûâ è óíîñ æèäêîñòè. Äîïóñòèìàÿ
ñêîðîñòü Wï âîäÿíîãî ïàðà ïðèíèìàëàñü ðàâ-
íîé 1 ì/ñ.

Ðàñ÷åò ïðîâîäèëñÿ ñ èñïîëüçîâàíèåì ôîðìóëû

Fï=Q/(Wïrρï),

Ïëîùàäü ïîïåðå÷íîãî ñå÷åíèÿ ïàðîâîãî êà-
íàëà ðàññ÷èòûâàëàñü äëÿ Q = 50 Âò, âíóòðåí-
íèé äèàìåòð ñòàêàíà ïðè ýòîì ñîñòàâèë 40 ìì.
Ðàññ÷èòàííàÿ ïëîùàäü èçëó÷àþùåé ïîâåðõíîñ-
òè ïëèòû-èçëó÷àòåëÿ ñîñòàâèëà 0,224 ì2. Ôîð-
ìîé èçëó÷àþùåé ïîâåðõíîñòè áûë âûáðàí êâàä-
ðàò, äëèíà ñòîðîíû êîòîðîãî ñîãëàñíî ðàñ÷åòó
ñîñòàâèëà 475 ìì, à ñ ó÷åòîì çàïàñà áûëà ïðè-
íÿòà 500 ìì.

Òåõíîëîãèÿ èçãîòîâëåíèÿ ñïåöèàëèçèðîâàííîé
òåïëîâîé òðóáû âêëþ÷àëà ñëåäóþùèå ýòàïû:
èçãîòîâëåíèå îòäåëüíûõ äåòàëåé, ÷àñòè÷íóþ ñáîð-
êó, ñîçäàíèå ôèòèëüíîé ñòðóêòóðû íà âûøå-
óêàçàííûõ ïîâåðõíîñòÿõ, îêîí÷àòåëüíóþ ñáîð-
êó, ïðîâåðêó íà ãåðìåòè÷íîñòü è âàêóóìíóþ
äåãàçàöèþ, âàêóóìèðîâàíèå, çàïîëíåíèå è ãåð-
ìåòèçàöèþ. Òåïëîâîñïðèíèìàþùèé ýëåìåíò ãðè-
áîâèäíîé ôîðìû ñ îòâåðñòèåì áûë âûïîëíåí ñ
ïîìîùüþ îïåðàöèé òî÷åíèÿ, ñâåðëåíèÿ è ðàç-
âåðòûâàíèÿ. Íà åãî òåïëîâîñïðèíèìàþùåé ïî-
âåðõíîñòè âûôðåçåðîâàíû òðè ðàäèàëüíûõ êà-
íàâêè, ðàñïîëîæåííûå ïîä óãëîì 120° îäíà ïî
îòíîøåíèþ ê äðóãîé, äëÿ ðàçìåùåíèÿ òåðìîïàð
ïðè èñïûòàíèè ñèñòåìû îõëàæäåíèÿ ñ àâàðèé-
íûì íàãðåâàòåëåì. Ïëèòà-èçëó÷àòåëü èçãîòîâëå-
íà èç ìåäíîãî ëèñòà òîëùèíîé 6,5 ìì. Åå ïîâåðõ-
íîñòü ñ âûñòóïàþùèìè øòûðÿìè (484 øò.) ïî-
ëó÷åíà ôðåçåðîâàíèåì. ×àñòè÷íî ñîáðàííàÿ òå-
ïëîâàÿ òðóáû ïðåäñòàâëÿëà ñîáîé íåðàçúåìíîå
ñîåäèíåíèå ãðèáîâèäíîãî ýëåìåíòà ñ ïëèòîé ñ
ïîìîùüþ ýëåêòðîííî-ëó÷åâîé ñâàðêè.

Ôèòèëü ôîðìèðîâàëñÿ èç ìåäíûõ âîëîêîí
äèàìåòðîì 50 ìêì è äëèíîé 3 ìì ñ ïîñëåäóþ-
ùèì ñïåêàíèåì, åãî òîëùèíà ñîñòàâèëà 0,8 ìì.
Ïðè ñîçäàíèè ôèòèëüíîé ñòðóêòóðû îñîáîå âíè-
ìàíèå îáðàùàëîñü íà îáåñïå÷åíèå íàäåæíîé ãèä-
ðàâëè÷åñêîé ñâÿçè ìåæäó ôèòèëÿìè íà îòäåëü-
íûõ ïîâåðõíîñòÿõ. Ïðè îêîí÷àòåëüíîé ñáîðêå
âíà÷àëå óñòàíàâëèâàëàñü êðûøêà, à çàòåì ñòà-
êàí. Ñîåäèíåíèå ñòàêàíà ñ òåïëîâîñïðèíèìàþ-
ùèì ýëåìåíòîì ïðîèçâîäèëîñü ñ ïîìîùüþ ïàé-
êè òâåðäûì ïðèïîåì ÏÑð 45. Â áîêîâîé ïîâåðõ-
íîñòè ñòàêàíà âûïîëíåíî îòâåðñòèå è âïàÿíà
òâåðäûì ïðèïîåì ìåäíàÿ òðóáêà äèàìåòðîì
3 ìì ñî øòóöåðîì, ïðåäíàçíà÷åííàÿ äëÿ âàêóó-
ìèðîâàíèÿ è çàïîëíåíèÿ òåïëîâîé òðóáû òåïëî-
íîñèòåëåì.

Çàêëþ÷èòåëüíàÿ îïåðàöèÿ ñîñòîÿëà èç âàêó-
óìèðîâàíèÿ, çàïîëíåíèÿ è ãåðìåòèçàöèè ñèñòå-
ìû îõëàæäåíèÿ íà ñïåöèàëüíîì ñòåíäå. Äàâëå-
íèå â òåïëîâîé òðóáå ïåðåä çàïîëíåíèåì áûëî
íà óðîâíå 5.10–3 ìì ðò. ñò. Ãåðìåòèçàöèÿ òåïëî-
âîé òðóáû îñóùåñòâëÿëàñü ïåðåæèìîì ìåäíîãî
øòåíãåëÿ è ïðîâàðêîé ìåñòà ïåðåæèìà ñ ïîìî-
ùüþ ìèêðîïëàçìåííîãî èñòî÷íèêà.
Ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ è àíàëèç

èõ ðåçóëüòàòîâ
Ãëàâíîé çàäà÷åé ýêñïåðèìåíòàëüíîãî èññëå-

äîâàíèÿ ÿâëÿëîñü èçó÷åíèå òåïëîïåðåäàþùèõ
õàðàêòåðèñòèê òåïëîâîé òðóáû äëÿ îïðåäåëåíèÿ
âîçìîæíîñòåé ñèñòåìû îõëàæäåíèÿ ñ òî÷êè çðå-
íèÿ ôóíêöèîíèðîâàíèÿ â çàäàííûõ óñëîâèÿõ áåç
íàñòóïëåíèÿ êðèçèñíûõ ÿâëåíèé. Äàííàÿ ÒÒ
ïðåäíàçíà÷åíà äëÿ ðàáîòû â óñëîâèÿõ òåïëîñáðî-
ñà èçëó÷åíèåì, íî ïðè âûïîëíåíèè ýêñïåðèìåí-
òàëüíîãî èññëåäîâàíèÿ èñïîëüçîâàëñÿ êîíâåêòèâ-
íûé òåïëîîòâîä ê âîçäóõó è ê âîäå ñ îáåñïå÷å-
íèåì ïðè ýòîì òàêîé æå òåìïåðàòóðû â çîíå îõëà-
æäåíèÿ, êàê è â óñëîâèÿõ òåïëîñáðîñà èçëó÷å-
íèåì.

Ïðè ýêñïëóàòàöèè ñèñòåìû îõëàæäåíèÿ èñ-
òî÷íèêîì òåïëîòû ÿâëÿåòñÿ ëèáî òåïëîâûäåëÿþ-
ùèé ýëåìåíò ÎÊÃ, ëèáî àâàðèéíûé íàãðåâàòåëü,
êîòîðûé ïîääåðæèâàåò òåìïåðàòóðó òåïëîíîñè-
òåëÿ òàêîé, ÷òîáû òîò íàõîäèëñÿ â æèäêîì ñî-
ñòîÿíèè (ñèñòåìà ïðåäíàçíà÷åíà äëÿ ðàáîòû â
óñëîâèÿõ íåâåñîìîñòè è, ñîîòâåòñòâåííî, íèçêèõ
òåìïåðàòóð). Ïîä äåéñòâèåì ïîäâîäèìîãî òå-
ïëîâîãî ïîòîêà ïðîèñõîäèò ïðîöåññ èñïàðåíèÿ
(êèïåíèÿ) òåïëîíîñèòåëÿ â ïîðèñòîé ñòðóêòóðå
ôèòèëÿ â çîíå íàãðåâà. Ïàðîâàÿ ôàçà òåïëîíî-
ñèòåëÿ ïîä äåéñòâèåì ãðàäèåíòà äàâëåíèÿ ïåðå-
ìåùàåòñÿ â çîíó îõëàæäåíèÿ è êîíäåíñèðóåòñÿ
íà ïîðèñòîé ïîâåðõíîñòè ôèòèëÿ, íàíåñåííîãî
íà âíóòðåííþþ ïîâåðõíîñòü ïëèòû-èçëó÷àòåëÿ.
Êîíäåíñàò ïîä äåéñòâèåì êàïèëëÿðíîãî äàâëå-
íèÿ âîçâðàùàåòñÿ â çîíó íàãðåâà.

Äëÿ èññëåäîâàíèÿ ðàáî÷èõ õàðàêòåðèñòèê òåï-
ëîâîé òðóáû áûë èçãîòîâëåí èìèòàòîð òåïëîâû-
äåëÿþùåãî ýëåìåíòà â âèäå öèëèíäðà èç ôòî-
ðîïëàñòà äëèíîé 56 ìì ñ íàíåñåííîé íà åãî âíå-
øíþþ ïîâåðõíîñòü ðåçüáîé Ì3 íà äëèíå 50 ìì.
Ïî ðåçüáå áûëà óëîæåíà íèõðîìîâàÿ ïðîâîëîêà
äèàìåòðîì 0,1 ìì äëèíîé 0,94 ì. Èìèòàòîð àâà-
ðèéíîãî íàãðåâàòåëÿ ïðåäñòàâëÿë ñîáîé êåðàìè-
÷åñêóþ ïëàñòèíêó ñ óëîæåííîé â ïàçàõ ñïèðà-
ëüþ èç íèõðîìà.

Íà êàæäîì óðîâíå ïîäâîäèìîé ìîùíîñòè ïî
äîñòèæåíèè ñòàöèîíàðíîãî ðåæèìà îïðåäåëÿëîñü
òåìïåðàòóðíîå ïîëå òåïëîâîé òðóáû. Ìîùíîñòü
íàãðåâàòåëåé èçìåíÿëàñü ñòóïåí÷àòî â äèàïàçî-
íå 10—90 Âò äëÿ àâàðèéíîãî íàãðåâàòåëÿ è 10—
50 Âò äëÿ îñíîâíîãî.

Âíà÷àëå ÒÒ èñïûòûâàëàñü ïðè íàãðåâå àâà-
ðèéíûì íàãðåâàòåëåì â óñëîâèÿõ òåïëîîòâîäà
ñâîáîäíîé êîíâåêöèåé âîçäóõà ñ îáðàùåííîé
âíèç è ââåðõ ïëèòîé-èçëó÷àòåëåì, ðàñïîëîæåí-
íîé ïîä óãëîì 10° ê ãîðèçîíòàëüíîé ïëîñêîñòè

ïåðåäàâàåìûé òåïëîâîé ïîòîê;
ñêðûòàÿ òåïëîòà ïàðîîáðàçîâàíèÿ è ïëîò-
íîñòü ïàðà ïðè ðàáî÷åé òåìïåðàòóðå ñî-
îòâåòñòâåííî.

ãäå Q —
r, ρï —
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(ðèñ. 2, à, á). Çàòåì èñïûòàíèÿ ÒÒ ïðîâîäè-
ëèñü ïðè îòâîäå òåïëîòû ñâîáîäíîé êîíâåêöèåé
âîäû. Äëÿ ýòîãî ðàñïîëîæåííóþ ãîðèçîíòàëüíî
è îáðàùåííóþ âíèç òåïëîîòäàþùóþ ïîâåðõíîñòü
òðóáû ïðèâîäèëè â ñîïðèêîñíîâåíèå ñ âîäîé
(ðèñ. 2, â), èìåþùåé òåìïåðàòóðó 19—20°Ñ. Â
ïîñëåäíåé ñåðèè îïûòîâ ÒÒ îðèåíòèðîâàëàñü
ïëèòîé ââåðõ. Íà ïîâåðõíîñòè ïëèòû ðàçìåùà-
ëàñü åìêîñòü ñ òàþùèì ëüäîì (ðèñ. 2, ã). Â
ýòîì ñëó÷àå òåìïåðàòóðà õîëîäíîãî èñòî÷íèêà
áûëà çíà÷èòåëüíî íèæå, ÷åì â ïðåäûäóùåì, ÷òî
êîìïåíñèðîâàëî äîïîëíèòåëüíîå òåðìè÷åñêîå ñî-
ïðîòèâëåíèå êîíòàêòà åìêîñòè ñ ïëèòîé. Ñõåìà
ðàçìåùåíèÿ òåðìîïàð (Ò1...Ò6) ïðåäñòàâëåíà íà
ðèñ. 2, à: òðè òåðìîïàðû áûëè çàêðåïëåíû â
êàíàâêàõ òåïëîâîñïðèíèìàþùåé ïîâåðõíîñòè
(Âèä À) è òðè íà òåïëîîòäàþùåé ïîâåðõíîñòè

ïëèòû (Âèä Á). Òåðìîïàðû èçãîòàâëèâàëèñü èç
ìåäíîé è êîíñòàíòàíîâîé ïðîâîëîêè äèàìåòðîì
0,16 ìì.

Èç äàííûõ, ïðåäñòàâëåííûõ íà ðèñ. 3, à,
âèäíî, ÷òî ïðè ôèêñèðîâàííîé òåïëîâîé íàãðóçêå
òåìïåðàòóðíûé óðîâåíü ðàáîòû òåïëîâîé òðóáû
çàâèñèò îò óñëîâèé òåïëîîáìåíà ñ îêðóæàþùåé
ñðåäîé: íàèáîëåå âûñîê îí ïðè åñòåñòâåííîé âîç-
äóøíîé êîíâåêöèè, êîãäà òåïëîîòäàþùàÿ ïîâåð-
õíîñòü ïëèòû îáðàùåíà âíèç, à ñàìûé íèçêèé —
â óñëîâèÿõ òåïëîîòâîäà ê òàþùåìó ëüäó, êîã-
äà òåïëîîòäàþùàÿ ïîâåðõíîñòü ïëèòû îáðàùå-
íà ââåðõ. Ëèíåéíûé õàðàêòåð ïðèâåäåííûõ íà
ðèñ. 3, á çàâèñèìîñòåé ñâèäåòåëüñòâóåò î íîðìàëü-
íîì ôóíêöèîíèðîâàíèè ñèñòåìû îõëàæäåíèÿ.

Òàêèì îáðàçîì, â èññëåäîâàííîì äèàïàçîíå
òåïëîâûõ ïîòîêîâ íàðóøåíèé íîðìàëüíîãî ôóíê-
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Ðèñ. 3. Çàâèñèìîñòü ñðåäíåé òåìïåðàòóðû òåïëî-
âîñïðèíèìàþùåé (ñïëîøíûå ëèíèè) è òåïëîîòäàþ-
ùåé (øòðèõîâûå) ïîâåðõíîñòè (à) è ïåðåïàäà òåì-
ïåðàòóðû ïî ÒÒ (á) îò òåïëîâîãî ïîòîêà àâàðèéíî-
ãî íàãðåâàòåëÿ ïðè ðàñïîëîæåíèè ÒÒ ñîãëàñíî ðèñ.2:
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Ðèñ. 2. Îðèåíòàöèÿ òåïëîâîé òðóáû â ýêñïåðèìåíòàõ ñ àâàðèéíûì íàãðåâàòåëåì
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öèîíèðîâàíèÿ òåïëîâîé òðóáû íå íàáëþäàëîñü.
Àâàðèéíûé îáîãðåâ ÒÒ ïðåäîòâðàùàåò çàìîðà-
æèâàíèå ñèñòåìû îõëàæäåíèÿ ïðè ìîùíîñòè àâà-
ðèéíîãî íàãðåâàòåëÿ îêîëî 10 Âò.

Â îïûòàõ ñ îñíîâíûì íàãðåâàòåëåì (èìèòàòî-
ðîì òåïëîâûäåëÿþùåãî ýëåìåíòà) òåïëîîòäàþ-
ùàÿ ïîâåðõíîñòü ïëèòû ïðèâîäèëàñü â ñîïðè-
êîñíîâåíèå ñ òàþùèì ñíåãîì, êîòîðûé íàõîäèë-
ñÿ â ìåòàëëè÷åñêîé åìêîñòè. Òåðìîïàðû Ò1 è Ò2
(ðèñ. 4) èçìåðÿëè òåìïåðàòóðó îáîãðåâàåìîé
ñòåíêè öèëèíäðà â ñå÷åíèÿõ, ãðàíè÷àùèõ ñ òîð-
öàìè îñíîâíîãî íàãðåâàòåëÿ, Ò3, Ò4 è Ò5 — òåì-
ïåðàòóðó ïîâåðõíîñòè ïëèòû (îíè ðàçìåùàëèñü
â òåõ æå òî÷êàõ, ÷òî è òåðìîïàðû Ò4, Ò5 è Ò6 â
îïûòàõ ñ àâàðèéíûì íàãðåâàòåëåì).

Ðåçóëüòàòû èññëåäîâàíèé òåïëîâîé òðóáû ñ îñ-
íîâíûì íàãðåâàòåëåì (èìèòàòîðîì òåïëîâûäåëÿ-
þùåãî ýëåìåíòà) ïðåäñòàâëåíû íà ðèñ. 5. Ëèíåé-
íûé õàðàêòåð ïîëó÷åííûõ çàâèñèìîñòåé ñâèäåòåëü-
ñòâóåò î íîðìàëüíîì ôóíêöèîíèðîâàíèè ÒÒ.

Ïðè çàäàííîé íîìèíàëüíîé ìîùíîñòè 50 Âò
ïåðåïàä òåìïåðàòóðû ïî òåïëîâîé òðóáå ñîñòà-
âèë ∆Tò = 17,3°Ñ, ÷òî íåñêîëüêî ïðåâûøàåò ïî-
ëó÷åííóþ â ïðîöåññå ïðåäâàðèòåëüíîé îöåíêè
âåëè÷èíó. Ýòî ñâÿçàíî ñ òåì, ÷òî ïðåäâàðèòåëü-
íûå ðàñ÷åòû ∆Tò áûëè âûïîëíåíû äëÿ óñëîâèé
îòñóòñòâèÿ ãðàâèòàöèîííîãî ïîëÿ. Â ïðîâåäåííûõ
æå ýêñïåðèìåíòàõ îðèåíòàöèÿ òåïëîâîé òðóáû â
ãðàâèòàöèîííîì ïîëå áûëà íàèìåíåå âûãîäíàÿ ñ
òî÷êè çðåíèÿ äîñòèæåíèÿ ìàêñèìàëüíîé ýôôåê-
òèâíîñòè è íèçêîãî òåðìè÷åñêîãî ñîïðîòèâëåíèÿ.
Â ïðîâåäåííûõ îïûòàõ (ñì. ðèñ. 4) çîíà íàãðåâà
íàõîäèëàñü âûøå çîíû êîíäåíñàöèè, è òåïëîâàÿ
òðóáà ðàáîòàëà ïðîòèâ ñèë òÿæåñòè. Êðîìå òîãî,
ðàáî÷åå äàâëåíèå âíóòðè òåïëîâîé òðóáû ïðè
çàäàííîé íîìèíàëüíîé íàãðóçêå ñîñòàâèëî îêî-
ëî 2 êÏà. Èçâåñòíî [3], ÷òî äëÿ òåïëîâûõ òðóá,
ðàáîòàþùèõ ïðîòèâ ñèë ãðàâèòàöèè ïðè î÷åíü
íèçêèõ äàâëåíèÿõ ïàðà (äî 5—6 Ïà), ðåàëèçî-
âàòü ïîòåíöèàëüíîå êàïèëëÿðíîå äàâëåíèå íå-
âîçìîæíî, è ìàêñèìàëüíûé äâèæóùèé íàïîð
ñòàíîâèòñÿ ðàâíûì äàâëåíèþ íàñûùåíèÿ, ñîîò-
âåòñòâóþùåìó ïðåäåëüíîìó òåïëîâîìó ïîòîêó.
Ïîýòîìó â ïðîâåäåííûõ îïûòàõ èìåëî ìåñòî
óõóäøåíèå ñíàáæåíèÿ æèäêîñòüþ ïîâåðõíîñòè
íàãðåâà âñëåäñòâèå ñíèæåíèÿ äâèæóùåãî íàïî-
ðà ïî ñðàâíåíèþ ñ ïîòåíöèàëüíî âîçìîæíûì êà-
ïèëëÿðíûì äàâëåíèåì. Ïðè îðèåíòàöèè òåïëî-
âîé òðóáû, êîãäà  ïëèòà-èçëó÷àòåëü îáðàùåíà
ââåðõ, ïåðåïàä ∆Tò  äîëæåí ñóùåñòâåííî óìåíü-
øèòüñÿ, ò. ê. ïðè ýòîì íàìíîãî óëó÷øàþòñÿ óñ-
ëîâèÿ ïðîïèòêè ôèòèëÿ â çîíå íàãðåâà. Õîòÿ
îïûòû ïðè òàêîé îðèåíòàöèè ÒÒ ñ îñíîâíûì
íàãðåâàòåëåì íå ïðîâîäèëèñü, ðåçóëüòàòû ýê-
ñïåðèìåíòîâ ñ àâàðèéíûì íàãðåâàòåëåì ñâèäå-
òåëüñòâóþò î ñíèæåíèè ∆Tò íà 10°Ñ ïðè èçìåíå-
íèè îðèåíòàöèè.

Çàêëþ÷åíèå
Ïðîâåäåííûå èññëåäîâàíèÿ ðàçðàáîòàííîé

ñïåöèàëèçèðîâàííîé òåïëîâîé òðóáû ïîêàçàëè
ýôôåêòèâíîñòü åå èñïîëüçîâàíèÿ äëÿ îáåñïå÷å-
íèÿ òåïëîâîãî ðåæèìà àêòèâíîãî ýëåìåíòà òâåð-
äîòåëüíîãî ëàçåðà â óñëîâèÿõ òåïëîîòâîäà èçëó-
÷åíèåì. Ïðè ìîùíîñòè èìèòàòîðà òåïëîâûäåëÿ-
þùåãî ýëåìåíòà 50 Âò òåìïåðàòóðà ñòåíêè â çîíå
íàãðåâà òåïëîâîé òðóáû íå ïðåâûøàëà 30°Ñ.
Àâàðèéíûé îáîãðåâ ñïåöèàëèçèðîâàííîé òåïëî-
âîé òðóáû ïîçâîëÿåò ïðåäîòâðàòèòü ãëóáîêîå çà-
ìîðàæèâàíèå âñåé ñèñòåìû â óñëîâèÿõ îòñóòñòâèÿ
òåïëîâûäåëåíèÿ îáúåêòà.
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Gershuni A. N., Nishchik A. P. Passive evaporation-
condensation cooling system of a laser.

Keywords: quantum generator, cooling system, heat
pipes.

A special heat pipe for ensuring the thermal regime of
the active element of an optical quantum generator
(laser) under heat sink by radiation has been developed.
It is shown that under the simulated fuel element

power of 50 W wall temperature in the heat pipe
heating zone does not exceed 30°C, and the emergency
heating prevents deep freezing of the entire system in
the absence of heat generation of the object itself.

Ukraine, Kiev, NTUU "Kiev Polytechnic Institute".
____________________________
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çåðà.

Êëþ÷îâ³ ñëîâà: îïòè÷íèé êâàíòîâèé ãåíåðàòîð,
ñèñòåìà îõîëîäæåíÿ, òåïëîâà òðóáà.

Ðîçðîáëåíî ñïåö³àë³çîâàíó òåïëîâó òðóáó äëÿ çà-
áåçïå÷åííÿ òåïëîâîãî ðåæèìó àêòèâíîãî åëåìåíòà
îïòè÷íîãî êâàíòîâîãî ãåíåðàòîðà (ëàçåðà) â óìî-
âàõ òåïëîâ³äâîäó âèïðîì³íþâàííÿì. Ïîêàçàíî, ùî
ïðè ïîòóæíîñò³ ³ì³òàòîðà òåïëîâèä³ëÿþ÷îãî åëåìåíòà
50 Âò òåìïåðàòóðà ñò³íêè â çîí³ íàãð³âó òåïëîâî¿
òðóáè íå ïåðåâèùóº 30°Ñ, à àâàð³éíèé îá³ãð³â äî-
çâîëÿº çàïîá³ãòè ãëèáîêîìó çàìîðîæóâàííþ âñ³º¿ ñè-
ñòåìè â óìîâàõ â³äñóòíîñò³ òåïëîâèä³ëåííÿ îá’ºêòà.

Óêðà¿íà, ì. Êè¿â, ÍÒÓÓ "Êè¿âñüêèé ïîë³òåõí³÷íèé
³íñòèòóò".
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Ïðîìûøëåííîå ïðèìåíåíèå àêêóìóëÿòîðíûõ áàòàðåé. Îò àâòîìîáèëåéÏðîìûøëåííîå ïðèìåíåíèå àêêóìóëÿòîðíûõ áàòàðåé. Îò àâòîìîáèëåéÏðîìûøëåííîå ïðèìåíåíèå àêêóìóëÿòîðíûõ áàòàðåé. Îò àâòîìîáèëåéÏðîìûøëåííîå ïðèìåíåíèå àêêóìóëÿòîðíûõ áàòàðåé. Îò àâòîìîáèëåéÏðîìûøëåííîå ïðèìåíåíèå àêêóìóëÿòîðíûõ áàòàðåé. Îò àâòîìîáèëåé
äî àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè è íàêîïèòåëåé ýíåðãèè / Ïîä ðåä.äî àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè è íàêîïèòåëåé ýíåðãèè / Ïîä ðåä.äî àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè è íàêîïèòåëåé ýíåðãèè / Ïîä ðåä.äî àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè è íàêîïèòåëåé ýíåðãèè / Ïîä ðåä.äî àâèàêîñìè÷åñêîé ïðîìûøëåííîñòè è íàêîïèòåëåé ýíåðãèè / Ïîä ðåä.
Ì. Áðóññèëè, Äæ. Ïèñòîéÿ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 784 ñ.Ì. Áðóññèëè, Äæ. Ïèñòîéÿ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 784 ñ.Ì. Áðóññèëè, Äæ. Ïèñòîéÿ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 784 ñ.Ì. Áðóññèëè, Äæ. Ïèñòîéÿ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 784 ñ.Ì. Áðóññèëè, Äæ. Ïèñòîéÿ.— Ìîñêâà: Òåõíîñôåðà, 2011.— 784 ñ.

Ïðåäñòàâëåí àíàëèòè÷åñêèé îáçîð ìíîãî÷èñëåííûõ ýëåê-
òðîõèìè÷åñêèõ ñèñòåì, à òàêæå îáñóæäàþòñÿ âîïðîñû
äàëüíåéøåãî ñîâåðøåíñòâîâàíèÿ êîíñòðóêöèè áàòàðåé, òåõ-
íîëîãèè èõ èçãîòîâëåíèÿ, ðàçðàáîòêè íîâûõ ìàòåðèàëîâ è
ïîâûøåíèÿ èõ íàäåæíîñòè. Èçäàíèå ñîäåðæèò ìíîãî÷èñ-
ëåííûå ïðèìåðû ïðèìåíåíèÿ àêêóìóëÿòîðîâ: ðåçåðâíîå ïèòà-
íèå, âñïîìîãàòåëüíîå àâòîìîáèëüíîå îáîðóäîâàíèå, àâòîìà-
òè÷åñêîå îïîâåùåíèå î êàòàñòðîôàõ, îõðàííàÿ, àâàðèéíàÿ è
ïîæàðíàÿ ñèãíàëèçàöèè, ñïàñàòåëüíûå ñèñòåìû, ïîðòàòèâ-
íîå ìåäèöèíñêîå îáîðóäîâàíèå, èñòî÷íèêè áåñïåðåáîéíîãî
ýëåêòðîïèòàíèÿ, àâàðèéíîå îñâåùåíèå, èçìåðèòåëüíûå ñèñ-
òåìû, ñèñòåìû êîíòðîëÿ è ñëåæåíèÿ, ýëåêòðîèíñòðóìåíòû.
Áîëüøîå âíèìàíèå óäåëåíî ïðèìåíåíèþ àêêóìóëÿòîðíûõ
ñèñòåì â êîñìîíàâòèêå – íà ñïóòíèêàõ, ðàêåòàõ-íîñèòåëÿõ,
ëåòàòåëüíûõ àïïàðàòàõ äëÿ èññëåäîâàíèé ïëàíåò è êîñìîñà. Â êíèãå òàêæå
ïîêàçàíî, êàê íîâûå îáëàñòè ïðèìåíåíèÿ ñòèìóëèðóþò ñîçäàíèå íîâûõ èëè
óñîâåðøåíñòâîâàíèå ñóùåñòâóþùèõ àêêóìóëÿòîðíûõ áàòàðåé.
Àâòîðñêèé êîëëåêòèâ êíèãè – ýòî ó÷åíûå è ñïåöèàëèñòû óíèâåðñèòåòîâ è íàó÷-
íûõ èíñòèòóòîâ Àíãëèè, ÑØÀ, Ôðàíöèè, Áåëüãèè, Èçðàèëÿ, ßïîíèè, Èòàëèè.
Êíèãà ïðåäíàçíà÷åíà äëÿ øèðîêîãî êðóãà ñïåöèàëèñòîâ, ðàáîòàþùèõ â îáëàñ-
òè ýëåêòðîíèêè, ìîæåò áûòü ïîëåçíà äëÿ èíæåíåðîâ è ïðåïîäàâàòåëåé âûñøåé
øêîëû, ñòóäåíòîâ è àñïèðàíòîâ, áàêàëàâðîâ è ìàãèñòðîâ.
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ÊÈÍÅÒÈÊÀ ÏÐÎÖÅÑÑÎÂ ÎÑÀÆÄÅÍÈß ÏËÅÍÎÊ
ÏÎËÈÊÐÅÌÍÈß, ËÅÃÈÐÎÂÀÍÍÎÃÎ ÊÈÑËÎÐÎÄÎÌ
Â ÏÐÎÖÅÑÑÅ ÐÎÑÒÀ

Ïëåíêè ïîëèêðèñòàëëè÷åñêîãî êðåìíèÿ (ÏÊ),
ïîëó÷àåìûå ïðè ïîíèæåííîì äàâëåíèè, øèðîêî
èñïîëüçóþòñÿ â òåõíîëîãèè èçãîòîâëåíèÿ àêòèâ-
íûõ è ïàññèâíûõ ýëåìåíòîâ èíòåãðàëüíûõ ñõåì.
Áîëüøîé èíòåðåñ âûçûâàåò ïðîöåññ îñàæäåíèÿ
ïëåíîê ÏÊ ñ îäíîâðåìåííûì åãî ëåãèðîâàíèåì.

Èñïîëüçîâàíèå ïëåíîê ïîëóèçîëèðóþùåãî
êðåìíèÿ (ïîëèêðèñòàëëè÷åñêîãî êðåìíèÿ, ëåãè-
ðîâàííîãî êèñëîðîäîì — ÏÊËÊ) ïîçâîëÿåò ïî-
âûñèòü ñòàáèëüíîñòü çàðÿäîâûõ ñîñòîÿíèé ïàñ-
ñèâèðóþùèõ ïîêðûòèé, èñêëþ÷èòü îáðàçîâàíèå
ïàðàçèòíûõ êàíàëîâ è ïîâûñèòü ïðîáèâíûå íà-
ïðÿæåíèÿ äèñêðåòíûõ âûñîêîâîëüòíûõ ïðèáî-
ðîâ [1—6], ò. ê. â íèõ ïîëíîñòüþ îòñóòñòâóåò
õàðàêòåðíûé äëÿ ïëåíîê äèîêñèäà êðåìíèÿ ýô-
ôåêò çàõâàòà èíæåêòèðîâàííûõ â ïðîöåññå ëà-
âèííîãî ïðîáîÿ ãîðÿ÷èõ íîñèòåëåé, êîòîðûé âû-
çûâàåò äåãðàäàöèþ âîëüò-àìïåðíûõ è øóìîâûõ
õàðàêòåðèñòèê ïðèáîðîâ. Êðîìå òîãî, ïëåíêè ïî-
ëóèçîëèðóþùåãî êðåìíèÿ ìîãóò èñïîëüçîâàòüñÿ
äëÿ ôîðìèðîâàíèÿ âûñîêîîìíûõ ðåçèñòîðîâ âìå-
ñòî ïîëèêðåìíèåâûõ ðåçèñòîðîâ, êîòîðûå èìåþò
áîëüøîé ðàçáðîñ çíà÷åíèé ñîïðîòèâëåíèÿ è âû-
ñîêèé òåìïåðàòóðíûé êîýôôèöèåíò [5—7].

Ïëåíêè ïîëóèçîëèðóþùåãî êðåìíèÿ ïîëó÷à-
þò îêèñëåíèåì ìîíîñèëàíà SiH4 çàêèñüþ àçîòà
N2O [5, 6]. Íåñìîòðÿ íà áîëüøîå êîëè÷åñòâî
ïóáëèêàöèé î ïðîöåññå îñàæäåíèÿ è ñâîéñòâàõ
ïëåíîê ÏÊËÊ, ñâåäåíèÿ î êèíåòèêå îñàæäåíèÿ
ÏÊËÊ ïðè ïîíèæåííîì äàâëåíèè ÿâëÿþòñÿ íå-
äîñòàòî÷íî ïîëíûìè. Ïîëó÷åííûå â ðÿäå ðàáîò
àíàëèòè÷åñêèå âûðàæåíèÿ íà îñíîâå ïðåäïîëî-
æåíèé î ãåòåðîãåííîñòè ðåàêöèè è àäñîðáöèè
Ëåíãìþðà íå ïîçâîëÿþò êîëè÷åñòâåííî îïèñàòü
çàâèñèìîñòè ñêîðîñòè îñàæäåíèÿ ÏÊËÊ îò ïàð-
öèàëüíûõ äàâëåíèé ìîíîñèëàíà è çàêèñè àçîòà
[8]. Ñ äðóãîé ñòîðîíû, êàê ïîêàçàíî â [9], ìî-

Èññëåäîâàíî âëèÿíèå óñëîâèé îñàæäåíèÿ íà ñîñòàâ ïëåíîê ïîëèêðèñòàëëè÷åñêîãî êðåìíèÿ, ëåãèðî-
âàííîãî â ïðîöåññå ðîñòà êèñëîðîäîì (ÏÊËÊ). Ðàçðàáîòàíà àäñîðáöèîííî-êèíåòè÷åñêàÿ ìîäåëü
ïðîöåññà îñàæäåíèÿ ÏÊËÊ ñ èñïîëüçîâàíèåì êîíöåíòðèðîâàííîãî ìîíîñèëàíà è çàêèñè àçîòà. Îïðå-
äåëåíà îáëàñòü îïòèìàëüíûõ ñîîòíîøåíèé èõ ðàñõîäîâ è òåìïåðàòóðû îñàæäåíèÿ, ïðè êîòîðûõ
îáåñïå÷èâàþòñÿ ïðèåìëåìàÿ ñêîðîñòü è îäíîðîäíîñòü îñàæäåíèÿ, à òàêæå óïðàâëÿåìîñòü ïî ñîäåð-
æàíèþ êèñëîðîäà â ïëåíêàõ è êîíôîðìíîå îñàæäåíèå ïëåíîê ÏÊËÊ.

Êëþ÷åâûå ñëîâà: ïîëèêðèñòàëëè÷åñêèé êðåìíèé, àäñîðáöèîííî-êèíåòè÷åñêàÿ ìîäåëü, ïðîöåññ îñàæ-
äåíèÿ ïëåíîê.

äåëü Ëåíãìþðà íåïðèãîäíà äëÿ îïèñàíèÿ àä-
ñîðáöèè áîëüøèíñòâà ãàçîâ íà ðåàëüíîé ïîâåðõ-
íîñòè òâåðäîãî òåëà.

Â íàñòîÿùåé ðàáîòå èññëåäîâàëàñü êèíåòèêà
ïðîöåññîâ îñàæäåíèÿ ïëåíîê ÏÊËÊ â ñèñòåìå
«êîíöåíòðèðîâàííûé ìîíîñèëàí — çàêèñü àçî-
òà» â ãîðèçîíòàëüíîì ðåàêòîðå ïîíèæåííîãî äàâ-
ëåíèÿ ñ ãîðÿ÷èìè ñòåíêàìè ñ ïðåäâàðèòåëüíûì
ðàññìîòðåíèåì êèíåòèêè ðîñòà íåëåãèðîâàííûõ
ïëåíîê ïîëèêðèñòàëëè÷åñêîãî êðåìíèÿ.

Ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòà
Â êà÷åñòâå ïîäëîæåê èñïîëüçîâàëè ïëàñòèíû

êðåìíèÿ, ëåãèðîâàííîãî áîðîì, äèàìåòðîì 100 ìì
ñ îðèåíòàöèåé (100) è óäåëüíûì ñîïðîòèâëåíè-
åì 12 Îì⋅ñì, íà êîòîðûõ ïðåäâàðèòåëüíî âûðà-
ùèâàëñÿ òåðìè÷åñêèé îêñèä êðåìíèÿ òîëùèíîé
42,5±2,5 íì. Â êà÷åñòâå ðåàãåíòîâ èñïîëüçîâàëè
êîíöåíòðàò ìîíîñèëàíà è çàêèñü àçîòà ýëåêòðîí-
íîãî êëàññà ÷èñòîòû.

Òåìïåðàòóðó îñàæäåíèÿ Òîñ èçìåíÿëè îò 650
äî 750°Ñ. Òåìïåðàòóðíûé ïðîôèëü ïîääåðæè-
âàëè ñ òî÷íîñòüþ ±1°Ñ. Ðàáî÷åå äàâëåíèå PΣ èç-
ìåíÿëîñü â äèàïàçîíå 24—53 Ïà. Ïðè îñàæäå-
íèè ïëåíîê ÏÊ áåç  ëåãèðîâàíèÿ ïàðöèàëüíîå
äàâëåíèå ìîíîñèëàíà PSiH4

 èçìåíÿëè ïóòåì äî-
áàâëåíèÿ â ãàçîâóþ ñìåñü àçîòà.

Ïðè îñàæäåíèè ÏÊËÊ ñîîòíîøåíèå ðàñõî-
äîâ N2O è SiH4 (γ) èçìåíÿëè îò 0,05 äî 1,0
ïóòåì èçìåíåíèÿ ðàñõîäà çàêèñè àçîòà.

Çàãðóçêà-âûãðóçêà ïîäëîæåê — áåñêîíòàêòíàÿ,
ñ èñïîëüçîâàíèåì êîíñîëè èç êàðáèäà êðåìíèÿ.

Òîëùèíó îñàæäåííûõ ïëåíîê îïðåäåëÿëè ïðè
ïîìîùè ñïåêòðîôîòîìåòðà MPV-SP «Leitz».
Îïðåäåëåíèå ñîäåðæàíèÿ êèñëîðîäà â ïëåíêàõ
ÏÊËÊ ïðîâîäèëè ïðè ïîìîùè Îæå-ñïåêòðîìåò-
ðèè íà óñòàíîâêå PHI-660.
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Êèíåòèêà ðîñòà ïëåíîê íåëåãèðîâàííîãî ÏÊ
Äëÿ îïèñàíèÿ êèíåòèêè ðîñòà ïëåíîê íåëåãè-

ðîâàííîãî ÏÊ, ïîëó÷åííûõ ïèðîëèçîì êîíöåí-
òðèðîâàííîãî ìîíîñèëàíà (ïðè ðàñõîäå çàêèñè
àçîòà, ðàâíîì íóëþ), èñïîëüçîâàëè àäñîðáöè-
îííî-êèíåòè÷åñêóþ ìîäåëü, ïðåäëîæåííóþ â [10,
11]. Ñîãëàñíî ýòîé ìîäåëè, õèìè÷åñêàÿ ðåàêöèÿ
îñàæäåíèÿ  ïëåíîê ïîëèêðèñòàëëè÷åñêîãî êðåì-
íèÿ ÿâëÿåòñÿ ãåòåðîãåííîé ðåàêöèåé 1-ãî ïîðÿä-
êà, è õàðàêòåðèñòèêàìè ïðîöåññà îñààæäåíèÿ
ÿâëÿþòñÿ:

— êîíñòàíòà K ñêîðîñòè ïðîòåêàíèÿ ðåàêöèè
ïðè ôèêñèðîâàííîé òåìïåðàòóðå;

— êîíñòàíòà β=KγτS0 (τ — ñðåäíåå âðåìÿ
ïðåáûâàíèÿ ìîëåêóë ìîíîñèëàíà íà ïîâåðõíî-
ñòè, S0 — íà÷àëüíîå çíà÷åíèå âåðîÿòíîñòè èõ
«ïðèëèïàíèÿ» ê ïîâåðõíîñòè);

— ïðîèçâåäåíèå τS0;
— êîýôôèöèåíò K1, ó÷èòûâàþùèé êîíñòàí-

òû ñêîðîñòè äåñîðáöèè è àäñîðáöèè íà õåìîñîðá-
öèîííûõ öåíòðàõ è êîýôôèöèåíò êîíäåíñàöèè;

Äëÿ èññëåäîâàíèÿ êèíåòèêè ïðîöåññà áûëè
ïîëó÷åíû ýêñïåðèìåíòàëüíûå çàâèñèìîñòè ñêî-
ðîñòè îñàæäåíèÿ ïëåíêè V îò ïàðöèàëüíîãî äàâ-
ëåíèÿ ìîíîñèëàíà (ðèñ. 1) è  èñïîëüçîâàíà ìå-
òîäèêà, èçëîæåííàÿ â [11]. Ðåçóëüòàòû, ïîëó-
÷åííûå ïðè ðàçëè÷íûõ çíà÷åíèÿõ äàâëåíèÿ è
òåìïåðàòóðû ïðîöåññà îñàæäåíèÿ, ïðèâåäåíû â
òàáë. 1 è íà ðèñ. 2.

Èç òàáë. 1 âèäíî, ÷òî ïðè óâåëè÷åíèè òåìïå-
ðàòóðû îñàæäåíèÿ çíà÷åíèÿ K è β âîçðàñòàþò, à
τS0 óìåíüøàåòñÿ. Ñ óâåëè÷åíèåì îáùåãî äàâëå-
íèÿ â ðåàêòîðå íàáëþäàåòñÿ âîçðàñòàíèå K, β è
τS0. Â òî æå âðåìÿ, äëÿ âåëè÷èíû K1 íå áûëî
îáíàðóæåíî ñèñòåìàòè÷åñêèõ èçìåíåíèé.

Ïîñêîëüêó K=const ïðè ôèêñèðîâàííîé Òoc,
èç ðèñ. 2, à ìîæíî óâèäåòü, êàê èçìåíÿåòñÿ âå-
ðîÿòíîñòü ïðèëèïàíèÿ S ìîëåêóë ìîíîñèëàíà ê
ïîâåðõíîñòè îñàæäåíèÿ ïî ìåðå ðîñòà ñòåïåíè
çàïîëíåíèÿ àäñîðáöèîííûõ öåíòðîâ θ: óâåëè÷å-
íèå òåìïåðàòóðû îñàæäåíèÿ ïðèâîäèò ê ñìåùå-
íèþ êðèâûõ â ñòîðîíó óâåëè÷åíèÿ Kθ  è ê òîìó,
÷òî íèñõîäÿùèé ó÷àñòîê ñòàíîâèòñÿ áîëåå ïîëî-
ãèì. Ýòè çàâèñèìîñòè ñâèäåòåëüñòâóþò î òîì,
÷òî ïðè áîëåå íèçêèõ òåìïåðàòóðàõ ñ óâåëè÷å-
íèåì PSiH4

 ñòåïåíü íàñûùåíèÿ èçìåíÿåòñÿ áûñ-
òðåå, ÷åì ïðè âûñîêèõ, ïðè ýòîì âåðîÿòíîñòü
ïðèëèïàíèÿ óìåíüøàåòñÿ òîæå áûñòðåå. Â òî æå
âðåìÿ, êàê âèäíî èç ðèñ. 2, á, èçìåíåíèå ñóì-
ìàðíîãî äàâëåíèÿ â ðåàêòîðå íå îêàçûâàåò ñó-
ùåñòâåííîãî âëèÿíèÿ íà âåëè÷èíó S.

Êèíåòèêà ðîñòà ïëåíîê ÏÊËÊ
Êàê îòìå÷àëîñü, íàïðèìåð, â [12], ââåäåíèå

ëåãèðóþùèõ äîáàâîê ïðèâîäèò ê óìåíüøåíèþ
ñêîðîñòè îñàæäåíèÿ è ñóùåñòâåííî èçìåíÿåò êè-
íåòèêó îñàæäåíèÿ ïëåíîê ïîëèêðèñòàëëè÷åñêî-
ãî êðåìíèÿ. Ðàññìîòðèì ïðèâåäåííûå íà ðèñ. 3
ýêñïåðèìåíòàëüíûå çàâèñèìîñòè, êîòîðûå áûëè

Òàáëèöà 1
Çíà÷åíèÿ êîíñòàíò, õàðàêòåðèçóþùèõ ïðîöåññ

îñàæäåíèÿ ïëåíîê ÏÊ

PΣ, Ïà Òîñ, °Ñ K, c–1 K1 
τS0,  

10–15 ñ 
β,  

1023 í–1ñ–1 

24 4,21 0,994 4,768 3,073 

33,25 4,29 1,01 5,070 3,330 

40 4,36 1,01 5,291 3,531 

49 4,33 1,06 5,736 3,802 

650 

4,35 0,99 5,882 3,917 

700 16,7 1,0 3,418 8,510 53 

750 61,4 1,0 2,096 18,70 

Ðèñ. 2. Çàâèñèìîñòü îòíîøåíèÿ S/S0 îò Kθ ïðè îñàæ-
äåíèè ïëåíîê íåëåãèðîâàííîãî ÏÊ äëÿ ðàçëè÷íûõ

çíà÷åíèé Òîñ (à) è PΣ (á)
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Ðèñ. 1. Çàâèñèìîñòü ñêîðîñòè îñàæäåíèÿ ïëåíîê
íåëåãèðîâàííîãî ÏÊ îò ïàðöèàëüíîãî äàâëåíèÿ ìîíî-

ñèëàíà äëÿ ðàçëè÷íûõ çíà÷åíèé Tîñ è PΣ
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èñïîëüçîâàíû äëÿ èçó÷åíèÿ êèíåòèêè ïðîöåññà
ïî ìåòîäèêå, ïðèâåäåííîé â [11].

Â îòëè÷èå îò ïëàâíîé çàâèñèìîñòè ñêîðîñòè
îñàæäåíèÿ îò ïàðöàëüíîãî äàâëåíèÿ çàêèñè àçî-
òà PN2O ïðè Òîñ=650°Ñ, ïðè òåìïåðàòóðå îñàæäå-
íèÿ 700 è 750°Ñ íàáëþäàåòñÿ ðåçêîå óìåíüøå-
íèå V ïðè óâåëè÷åíèè PN2O äî 2—3 Ïà. Îäíàêî
â îáëàñòè âûñîêèõ äàâëåíèé ñêîðîñòü îñàæäå-
íèÿ ïåðåñòàåò çàâèñåòü îò òåìïåðàòóðû (ãðàôè-
êè âñåõ òðåõ çàâèñèìîñòåé ïðàêòè÷åñêè ñîâïàäà-
þò), ÷òî ñâèäåòåëüñòâóåò î êîíêóðåíòíîì õàðàê-
òåðå àäñîðáöèè ìîíîñèëàíà è çàêèñè àçîòà îä-
íèìè è òåìè æå öåíòðàìè àäñîðáöèè [12].

Ïðè îñàæäåíèè ïëåíîê ÏÊËÊ â ñèñòåìå «êîí-
öåíòðèðîâàííûé ìîíîñèëàí — çàêèñü àçîòà» ñî-
îòíîøåíèå S/S0 áóäåò çàâèñåòü îò ñóììàðíîé
ñòåïåíè çàïîëíåíèÿ ïîâåðõíîñòè θΣ ìîëåêóëàìè
SiH4 è N2O. Çíà÷åíèÿ θΣ áûëè îïðåäåëåíû ñî-
ãëàñíî [11] ñ èñïîëüçîâàíèåì ýêñïåðèìåíòàëü-
íûõ çàâèñèìîñòåé ðèñ. 3 è ñîîòâåòñòâóþùèõ çíà-
÷åíèé Ê, Ê1 è β (òàáë. 1). Ñòåïåíü çàïîëíåíèÿ
ïîâåðõíîñòè çàêèñüþ àçîòà θN2O

 ðàâíà ðàçíîñòè
ìåæäó θΣ è θSiH4

. Òèïè÷íûå çàâèñèìîñòè θΣ, θSiH4
è θN2O

 îò ïàðöèàëüíîãî äàâëåíèÿ N2O ïðåäñòàâ-
ëåíû íà ðèñ. 4. Ðàñ÷åòû ïîêàçûâàþò, ÷òî óæå
ïðè PN2O

 áîëåå 2 Ïà çíà÷åíèå ñóììàðíîé ñòåïå-
íè çàïîëíåíèÿ àäñîðáöèîííûõ öåíòðîâ îïðåäå-
ëÿåòñÿ â îñíîâíîì àäñîðáöèåé çàêèñè àçîòà.

Êîíòàêòû, õàðàêòåðèçóþùèå ïðîöåññ îñàæ-
äåíèÿ ïëåíîê ÏÊËÊ, áûëè ïîëó÷åíû  â ñîîò-
âåòñòâèè ñ [11] è ïðèâåäåíû â òàáë. 2 (îáîçíà÷å-
íèÿ òå æå, ÷òî è â òàáë. 1, øòðèõ óêàçûâàåò íà
îòíîøåíèå ê ïëåíêàì ÏÊËÊ).

Äëÿ îöåíêè ìåõàíèçìà àäñîðáöèè çàêèñè àçîòà
äëÿ êàæäîãî èç èññëåäîâàííûõ çíà÷åíèé òåìïåðà-
òóðû è ñóììàðíîãî äàâëåíèÿ áûëè ïîñòðîåíû çà-
âèñèìîñòè âñïîìàãàòåëüíîé ôóíêöèè z (ñì.  [11])
îò 1–θΣ ñ èñïîëüçîâàíèåì ñîîòâåòñòâóþùèõ çíà-
÷åíèé β′ è ðàñ÷åòíûõ çàâèñèìîñòåé θΣ è θN2O

 îò
ÐN2O

. Â îòëè÷èå îò ïðîöåññà îñàæäåíèÿ ïëåíîê
ïîëèêðèñòàëëè÷åñêîãî êðåìíèÿ, ëåãèðîâàííûõ â
ïðîöåññå ðîñòà ôîñôîðîì, ýòè çàâèñèìîñòè èìå-
þò ëèíåéíûé õàðàêòåð (ðèñ. 5), ÷òî ñâèäåòåëü-
ñòâóåò î íåäèññîöèàòèâíîì õàðàêòåðå àäñîðáöèè
ìîëåêóë çàêèñè àçîòà.

Êàê âèäíî èç òàáë. 2, çíà÷åíèÿ K1′ íàìíîãî
ìåíüøå 1, ñëåäîâàòåëüíî, äëÿ çàêèñè àçîòà êî-
ýôôèöèåíò àäñîðáöèè íàìíîãî áîëüøå êîýôôè-
öèåíòà äåñîðáöèè.

Òåîðåòè÷åñêèå çàâèñèìîñòè ñêîðîñòè îñàæäå-
íèÿ îò ïàðöèàëüíîãî äàâëåíèÿ ÐN2O

, ïîëó÷åí-
íûå ïðè ïîìîùè ðàçðàáîòàííîé ìîäåëè, õîðî-
øî àïïðîêñèìèðóþò ýêñïåðèìåíòàëüíûå ðåçóëü-
òàòû è ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè [14—16], îñ-
íîâàííûìè íà ìíîãîìàðøðóòíîñòè ïðîöåññà îñàæ-
äåíèÿ ïëåíîê â ñèñòåìå SiH4—N2O. Íåîáõîäèìî
îòìåòèòü, ÷òî ãàçîôàçíîå ðàçëîæåíèå çàêèñè àçîòà
ìîæåò ñ çàìåòíîé ñêîðîñòüþ ïðîòåêàòü ëèøü ïðè
òåìïåðàòóðàõ âûøå 1000°Ñ [8].

300
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, 

íì
/
ì
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0          4         8        12        ÐN2O
, Ïà

Ðèñ. 3. Çàâèñèìîñòè ñêîðîñòè îñàæäåíèÿ ïëåíîê ÏÊËÊ
îò ïàðöèàëüíîãî äàâëåíèÿ çàêèñè àçîòà äëÿ ðàçëè÷-
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Ðèñ. 4. Çàâèñèìîñòè θΣ, à òàêæå ñòåïåíè çàïîëíåíèÿ
ïîâåðõíîñòè ìîëåêóëàìè SiH4 (θSiH4

) è N2O (θN2O
)

îò PN2O
 ïðè Òîñ= 650°Ñ è PΣ = 40 Ïà

θΣ
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θN2O

Ñ
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T, °Ñ 
PΣ, 
Ïà 

PN2O
 , Ïà K1′ β′ τS0′, 

10–4 ñ 

24 0—12,0 0—0,023 0,189374 1,1584 

40 0—13,3 0—0,0237 0,188868 1,1553 650 

53 0—17,7 0—0,0127 0,173761 1,0629 

700 53 0—17,7 0—0,156 0,208966 1,3124 

750 53 0—4,8 0,13—0,15 0,233162 1,5015 

Òàáëèöà 2
Çíà÷åíèÿ êîíñòàíò, õàðàêòåðèçóþùèõ ïðîöåññ

îñàæäåíèÿ ïëåíîê ÏÊËÊ

Ðèñ. 5. Òèïè÷íàÿ çàâèñèìîñòü z îò 1–θΣ

z
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0
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Ïî ìåðå óâåëè÷åíèÿ îòíîøåíèÿ ðàñõîäîâ N2O
è SiH4 ñòèìóëèðóåòñÿ ïðîòåêàíèå ãàçîôàçíûõ
ïðîöåññîâ ïîëèìåðèçàöèè ñèëàíà ñ îáðàçîâàíè-
åì ñèëèëåíà, à òàêæå áîëåå âûñîêèõ ñèëàíîâ è
ñèëèëåíîâ, êîòîðûå òîæå îêèñëÿþòñÿ çàêèñüþ
àçîòà è âñòðàèâàþòñÿ â ðàñòóùóþ ïëåíêó [16].

Èçâåñòíî, ÷òî íà ïëîñêîé ïîâåðõíîñòè âêëàä
ìîíîñèëàíà â ðîñò ïëåíêè óìåíüøàåòñÿ ïðè âîç-
ðàñòàíèè ïðîöåíòíîãî ñîäåðæàíèÿ çàêèñè àçîòà
[17]. Ýòî ïðèâîäèò ê áîëüøåìó âêëàäó â ïðî-
öåññ îñàæäåíèÿ ðàäèêàëîâ ñèëèëåíà è ê óìåíü-
øåíèþ îáùåé ñêîðîñòè îñàæäåíèÿ. Ïðè ïèðî-
ëèçå ìîíîñèëàíà (êîýôôèöèåíò ïðèëèïàíèÿ 10–3

[17]) áóäåò ïðîèñõîäèòü îäíîðîäíîå îñàæäåíèå
â ëþáîì ìåñòå òîïîëîãè÷åñêîãî ðåëüåôà. Ñ äðó-
ãîé ñòîðîíû, ñèëèëåí, êîýôôèöèåíò ïðèëèïà-
íèÿ êîòîðîãî áëèçîê ê åäèíèöå, áóäåò áûñòðî
âñòóïàòü â ðåàêöèþ íà ïëîñêîé ïîâåðõíîñòè è
ñèëüíî îáåäíÿòüñÿ íà âåðòèêàëüíîé ñòóïåíüêå
(èëè ñòåíêå êàíàâêè). Ïîýòîìó îñíîâíîé âêëàä
â ðîñò ïëåíêè ÏÊËÊ íà ïîâåðõíîñòè âíîñèò ñè-
ëèëåí, à íà áîêîâûõ ñòåíêàõ òîïîëîãè÷åñêîãî ðå-
ëüåôà — ìîíîñèëàí. Î÷åâèäíî, ÷òî óìåíüøå-
íèå ñîîòíîøåíèÿ ðàñõîäîâ N2O è SiH4 ïîçâîëÿ-
åò ïîâûñèòü êîíôîðìíîñòü âîñïðîèçâåäåíèÿ òî-
ïîëîãè÷åñêîãî ðåëüåôà.

Íà ðèñ. 6 ïîêàçàíû îáëàñòè ôîðìèðîâàíèÿ
ïðîäóêòîâ ðåàêöèè SiH4 è N2O ïðè òåìïåðàòóðå
650°Ñ [14]. Â îáëàñòè I ïðîèñõîäèò ðîñò òîíêîãî
áåçäåôåêòíîãî ñëîÿ äèîêñèäà êðåìíèÿ [18], â
îáëàñòè II íà ïîâåðõíîñòè ñëîÿ ïðîÿâëÿþòñÿ âè-
äèìûå ÷åðåç îïòè÷åñêèé ìèêðîñêîï ÷àñòèöû, â
îáëàñòè III ïðîèñõîäèò ìàññîâîå îáðàçîâàíèå ÷à-
ñòèö â ãàçîâîé ôàçå è ïîÿâëåíèå ìèêðîíèçèðî-
âàííîãî ïîðîøêà SiO2 (àýðîñèëà). Âèäíî, ÷òî
ïðè ïàðöèàëüíûõ äàâëåíèÿõ ìîíîñèëàíà áîëåå
20 Ïà çàìåòåí âêëàä ãàçîôàçíûõ ðåàêöèé.

Â [12] áûëî ïîêàçàíî, ÷òî ïðè òåìïåðàòóðå
650°Ñ â äèàïàçîíå çíà÷åíèé γ îò 0,05 äî 1,0 ïðîèñ-
õîäèò îáðàçîâàíèå ïëåíîê ÏÊËÊ, à ïðè  γ>1,0 —
ïëåíîê ïåðåõîäíîãî ñîñòàâà SiOx, áëèçêèõ ê SiO2.
Ïî ìåðå óâåëè÷åíèÿ òåìïåðàòóðû îñàæäåíèÿ äî
750°Ñ îáëàñòü, â êîòîðîé ïðîèñõîäèò îáðàçîâà-
íèå ÏÊËÊ, ñóæàåòñÿ, ïîýòîìó ïðè òåìïåðàòóðå
650°Ñ ïðîöåññ îñàæäåíèÿ ÏÊËÊ ÿâëÿåòñÿ áîëåå
óïðàâëÿåìûì ïî ñîäåðæàíèþ êèñëîðîäà.

Çàêëþ÷åíèå
Àäñîðáöèîííî-êèíåòè÷åñêàÿ ìîäåëü îñàæäå-

íèÿ ïëåíêè, ïðåäëîæåííàÿ â [11] è óòî÷íåííàÿ
äëÿ ñèñòåìû «êîíöåíòðèðîâàííûé ìîíîñèëàí —
çàêèñü àçîòà», ïîçâîëèëà óñòàíîâèòü, ÷òî äëÿ
äîñòèæåíèÿ ïðèåìëåìûõ ñêîðîñòåé è îäíîðîä-
íîñòè îñàæäåíèÿ ïëåíîê ÏÊËÊ íóæíî îáåñïå-
÷èòü ìàêñèìàëüíî âîçìîæíóþ ñòåïåíü çàïîëíå-
íèÿ àäñîðáöèîííûõ öåíòðîâ ìîëåêóëàìè ìîíî-
ñèëàíà. Ïðîâåäåííûå èññëåäîâàíèÿ ïîêàçàëè, ÷òî
íà ïðàêòèêå öåëåñîîáðàçíûì ðåæèìîì îñàæäå-
íèÿ ïëåíîê ÏÊËÊ ÿâëÿåòñÿ òåìïåðàòóðà 650°Ñ,
ñóììàðíîå äàâëåíèå ïîðÿäêà 24—40 Ïà è ñîîò-
íîøåíèå ðàñõîäîâ N2O è SiH4 γ=0,1—0,25. Ïðè
òàêèõ óñëîâèÿõ åùå íå ïðîèñõîäèò áëîêèðîâà-
íèÿ àäñîðáöèè ìîíîñèëàíà ìîëåêóëàìè çàêèñè
àçîòà è îáåñïå÷èâàåòñÿ õîðîøàÿ óïðàâëÿåìîñòü
ïðîöåññà ïî ñîäåðæàíèþ êèñëîðîäà â ïëåíêå ïðè
ïðèåìëåìûõ ñêîðîñòÿõ îñàæäåíèÿ, à òàêæå êîí-
ôîðìíîå îñàæäåíèå ïëåíîê ÏÊËÊ. Ïðè γ>0,25
è ïðè ñóììàðíîì äàâëåíèè âûøå 50 Ïà âîçðà-
ñòàåò âêëàä ãàçîôàçíûõ ïðîöåññîâ ïîëèìåðèçà-
öèè ñèëàíà ñ îáðàçîâàíèåì ñèëèëåíà, à òàêæå
áîëåå âûñîêèõ ñèëàíîâ è ñèëèëåíîâ, êîòîðûå òàê-
æå îêèñëÿþòñÿ çàêèñüþ àçîòà è âñòðàèâàþòñÿ â
ðàñòóùóþ ïëåíêó, îäíàêî ïðè ýòîì óõóäøàåòñÿ
êîíôîðìíîñòü îñàæäåíèÿ.

Îòìåòèì, ÷òî óñòàíîâëåííûå çàêîíîìåðíîñòè
ðîñòà ïëåíîê ÏÊËÊ ìîãóò áûòü èñïîëüçîâàíû
ïðè ðàçðàáîòêå ïðîöåññîâ îñàæäåíèÿ ïëåíêè ñ
çàäàííûìè ñâîéñòâàìè íà ïëàñòèíàõ äèàìåòðîì
äî 200 ìì êàê â ãîðèçîíòàëüíûõ, òàê è â âåð-
òèêàëüíûõ ðåàêòîðàõ ïîíèæåííîãî äàâëåíèÿ,
à òàêæå äëÿ ïîëó÷åíèÿ ñëîåâ îêñèäà êðåìíèÿ
ñ íàíîêðèñòàëëàìè êðåìíèÿ.
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Nalivaiko O. Yu., Turtsevich A. S. Deposition  kinetics
of  in-situ oxygen doped polysilicon films.

Keywords: polysilicon, adsorptive-kinetic model, film
deposition.

The influence of deposition conditions on composition
of in-situ oxygen doped polysilicon films has been
investigated. A kinetic model of adsorption-deposition
process using concentrated silane and nitrous oxide
has been developed. The range of optimal ratios of
silane and nitrous oxide flows and deposition  tempe-
rature, which provide the acceptable deposition rate,
thickness uniformity, controllability of oxygen content
in films and conformal deposition, have been de-
termined.

Republic of Belarus, Minsk, «Integral».
____________________________

Íàëèâàéêî Î. Þ., Òóðöåâè÷ À. Ñ. Ê³íåòèêà ïðî-
öåñ³â îñàäæåííÿ ïë³âîê ïîë³êðåìí³þ, ëåãîâàíîãî
êèñíåì â ïðîöåñ³ ðîñòó.

Êëþ÷îâ³ ñëîâà: ïîë³êðèñòàë³÷íèé êðåìí³é, àäñîð-
áö³éíî-ê³íåòè÷íà ìîäåëü, ïðîöåñ îñàäæåííÿ ïë³âîê.

Äîñë³äæåíî âïëèâ óìîâ îñàäæåííÿ íà ñêëàä ïë³âîê
ïîë³êðèñòàë³÷íîãî êðåìí³þ, ëåãîâàíîãî â ïðîöåñ³
ðîñòó êèñíåì (ÏÊËÊ). Ðîçðîáëåíî àäñîðáö³éíî-ê³íå-
òè÷íó ìîäåëü ïðîöåñó îñàäæåííÿ ÏÊËÊ ç âèêîðèñ-
òàííÿì êîíöåíòðîâàíîãî ìîíîñèëàíó ³ çàêèñó àçîòó.
Âèçíà÷åíî îáëàñòü îïòèìàëüíèõ ñï³ââ³äíîøåíü ¿õ
âèòðàò òà òåìïåðàòóð îñàäæåííÿ, ïðè ÿêèõ çàáåçïå-
÷óþòüñÿ ïðèéíÿòíà øâèäê³ñòü ³ îäíîð³äí³ñòü îñàä-
æåííÿ, à òàêîæ êåðîâàí³ñòü çà âì³ñòîì êèñíþ ó
ïë³âêàõ ÏÊËÊ ³ êîíôîðìíå îñàäæåííÿ ïë³âîê
ÏÊËÊ.

Ðåñïóáë³êà Á³ëîðóñü, ì. Ì³íñüê, ÂÀÒ «²íòåãðàë».
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PERFORMANCE IMPROVEMENT OF SILICON
SOLAR CELLS BY NANOPOROUS SILICON COATING

The surface modification can be used to reduce
the surface reflectance and thereby improve the
conversion efficiency of silicon solar cells. The
technique widely used for this purpose in industrial
applications is anisotropic chemical texturization,
using an alkaline solution, NaOH solution, etc
[1]. However, the reflectance of the textured
structures is usually over 10% in the range of
wavelength from 300 to 1200 nm. Moreover, the
pyramid texturing has a few disadvantages.
Firstly, the results are not always reproducible,
secondly, it is difficult to apply the standard indus-
trial process due to its high cost.  In recent years,
tetramethylammonium hydroxide solution has been
used for random pyramid texturization [2].

In order to achieve a lower reflectance, antire-
flection coating (ARC) is widely used for silicon
solar cell technology. ARC presents thin film of
transparent material with refractive index (n)
between those of air (n=1) and Si (n=3,84). ARCs
are generally fabricated by plasma-enhanced che-
mical vapor deposition, which increases in the cost
of solar cells [3].

The solar radiation spectrum expands from
ultraviolet and visible to infrared wavelengths.
A single-layer antireflection coating allows a reduc-
tion in reflectance only in a narrow wavelength
region of the solar spectrum. Moreover, the effective
reflectance of such coatings still represents about
11% of the incident photon flux [4]. Single-layer
LARCs include SiNx, Ta2O3, ZnS, Al2O3, etc.
A wider spectral range (450—700 nm) and lower
effective reflectance may be obtained by increasing
the number of layers, i. e. a double-layers anti-
reflection coating [5]. The most efficient systems
are currently the ZnS/MgF2, SiO2/TiO2 double-
layer coatings. However, these layers are deposited
in vacuum by PECVD method which is a major
drawback for low-cost industrial applications.

In the present paper the method is shown to improve the photovoltaic parameters of screen-
printed silicon solar cells by nanoporous silicon film formation on the frontal surface of the cell
using the electrochemical etching. The possible mechanisms responsible for observed improvement
of silicon solar cell performance are discussed.

Keywords: silicon, solar cell, efficiency, nanoporous silicon.

A promising technique is the formation of porous
silicon (PS) on the frontal surface of silicon solar
cell [6]. The crystalline structure of PS presents a
network of silicon in nano(micro)-sized regions
surrounded by void space with a very high surface-
to-volume ratio (up to 103 m2/cm3). In the spongi-
form porous silicon structure quantum effects play
the fundamental role (quantum sponge) [7]. The
pore surfaces are covered with silicon hydrides
and silicon oxides and therefore are chemically
very active. These features of PS (a quantum
system, a sponge structure and extremely large
pore surfaces) ensure many possible applications,
such as light emitting diode, antireflection coating
for solar cells, hydrogen fuel cell, gas sensor and
other applications [8].

A very important advantage of using PS for
solar cells is that the surface roughness can reduce
the reflectance to very low values. Moreover,
adjusting the band gap of nanoporous silicon
during fabrication process is also possible [9].
These peculiarities of PS together with economy of
fabrication process make this material very
attractive for the industry of solar cells fabrication
industry.

The effective refractive index of PS (n=2—3) is
lower than that of bulk silicon (n=3,84) and it can
be altered by changing the porosity and therefore
be used as ARC for silicon solar cells [10].

The potential advantages of nanoporous silicon
layer for silicon solar cells consist in reducing of
surface reflectance, broadening of band gap and
absorption spectrum, surface passivation and
removal of the dead diffusion region, possibility
to convert ultraviolet energy of solar radiation
into visible light, which is absorbed more efficiently
in silicon [11—13].

The purpose of this paper is to improve the
photovoltaic parameters of the screen-printed silicon
solar cells by a nanoporous silicon layer formation
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on the frontal surface of the cell. For that, the
structural properties, luminescence and integrated
reflection spectra of PS layer have been investi-
gated. The photovoltaic characteristics and the
photosensitivity spectra of (n+—p)Si solar cells
with and without PS layer on the frontal surface
of the cell have been measured and compared.

Formation of experimental samples
Monocrystalline p-type silicon wafers with

orientation of (100), resistivity of about 3 Ω⋅cm
and thickness of 250—380 µm were used for
fabrication of solar cells by screen-printed pro-
cess [14]. The wafers were cleaned in NaOH:H2O
(1:4 in volume) at 80°C for 10 min, in HCl at
room temperature for 10 min and then etched in
HF:H2O (1:1 in volume) for 1 min. Then the
samples were washed with deionized water.
Cleaned surface of wafer was coated with phospho-
rus spin-on dopant (KFK-50-10T type) at room
temperature by 2000 rpm for 10 s. Then the coated
samples were baked at 600°C for 2 min for
destruction of the coating.

The n+—p junction was formed by phosphorus
diffusion from spin-on dopant into p-type silicon
substrate at 950°C for 25 min in a tube furnace. The
phosphosilicate glass layer was removed from the
silicon surface with hydrofluoric acid solution
(HF:H2O, 1:9). As a result of phosphorus diffusion,
n+ emitter layer with 0,5—1,0 µm thickness and
15—20 Ω/  sheet resistance was formed. The
electrical contacts were made by screen-printed
process with a Du Ponte photovoltaic silver paste
for front contact and silver with 3% aluminum
paste for the back contact. Samples with silver
contacts were baked at 200°C for 10 min and then
metallization was done at 800°C for 10 min in the
conventional annealing furnace. The structure of
the PS/(n+—p)Si is given on fig. 1. Antireflection
coating, texturization and surface passivation were
not carried out in this work.

Choice of optimal thickness of porous silicon
layer as ARC on surface of  n+—p silicon solar
cell and the refractive index which strongly
depends on porosity [15] was defined from
conditions presented below.

The optimization of parameters of ARC (the
refractive index and thickness) was based on the

stratified medium theory and the Bruggeman effec-
tive medium approximation [16].

The zero-reflection for normal incidence of light
on ARC/Si system is given in [17]

ARC 0 Sn n n= (1)

where nARC, nSi and n0 are the refractive indexes
of antireflection coating, silicon and the ambient
medium respectively.

The optimal single layer thickness (dARC) for
minimum reflection for wavelength λ is defined
by equation [18]

 ARC
ARC

.
4

d
n
λ= (2)

If conditions (1) and (2) for air/ARC/Si
system are to be satisfied (n0=1 for air and nSi=3,84
for Si), then the optimal values of refractive index
and thickness (a quarter of wavelength)  of
porous silicon layer serving as ARC must be (for
λ=650 nm)nARC=1,96 and dARC=83 nm respec-
tively. For glass/PS/Si system with encapsulating
glass refractive index of ng=1,55, optimal values
for nARC and dARC of PS are 2,45 and 65 nm
respectively.

Taking into account the refractive index,
depending on porosity of porous silicon given in
[15], one may conclude that the porous silicon
layer of 80—90 nm thickness and about of 55%
porosity (n=2) can act as ARC  having minimum
reflectance, which will improve the photovoltaic
parameters of PS/(n+—p)Si solar cells.

Formation of porous silicon layer on n+-surface
of device was performed on the final step of the
solar cell fabrication sequence. Fabrication of PS
layer on n+—p junction was carried out at
constant current under illumination, using the teflon
electrochemical cell, which design presupposes that
there is an ohmic contact to the back surface of
silicon cell. The n+—p junction was placed in an
electrolyte solution HF:ethanol:water (1:1:1 in
volume). A platinum wire electrode was used as a
cathode at a distance of 3 cm from n+Si surface
which acted as the anode. For obtaining PS layers
with different thicknesses, a set of runs was
performed by using a constant current density for
different anodization time. The growth rate of
porous silicon on Si substrate, measured for current
density of 60 mA/cm2, was about 8 nm/s, which
is similar to the data presented in [19]. Therefore,
the time of electrochemical etching under a constant
current of 40, 50 or 60 mA/cm2 was 8—15 s. As a
result, blue colored PS layer between the grid
fingers on the surface of n+-emitter silicon solar
cell have been obtained (fig. 1).

Moreover, the porous silicon layers were formed
also on silicon wafers. The electrical contact on
back surface of n-type silicon wafers with resisti-
vity of ρ=8⋅10–3 Ω⋅cm was made by screen-printed
process with Ag/Al paste. Electrochemical etching

Ag front contact
PS

n+-Si

p-Si

Ag/Al
black contact

Fig. 1. The structure of the PS/(n+—p) Si solar cell
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of silicon wafers was carried out under the same
conditions as those for n+—p junction, but only
the silicon wafers were etched longer than the
ready solar cells. The anodization time ranged from
10 seconds to 30 minute. For some measurements,
the PS layers were then detached from Si substrate
by electro polishing process [20]. Free-standing
PS layers were characterized by porosity, thickness,
resistivity, luminescence and reflectance measure-
ments. Resistivity measuring, carried out by Van
der  Pauw technique on the free-standing porous
silicon layer of 60% porosity, gave 3⋅104 Ω⋅cm.

Experimental technique
The average porosity (P) and thickness (d) of

porous layer was obtained by gravimetric technique
[20, 21]. The fabricated solar cells (without and
with porous silicon  layers) were characterized by
current-voltage measurements under simulated so-
lar illumination (AM 1,5 G), using Solar Analyzer
(“Prova 200”), and in the dark. The spectral
distribution of photosensitivity (the short-circuit
current) of cells was analyzed in the wavelength
range 300—1100 nm at 300 K.

The surface morphology and structural properties
of prepared samples were obtained by using scanning
electron microscopy (JSM-5410LV). The photolumi-
nescence spectrum was performed using SDL
spectrometer. A beam of 337,1 nm from nitrogen
laser was used for excitation. An examination of
photoluminescence peak intensity (at 580 nm) dis-
tribution along PS layer thickness was performed
by successive removal of thin films from PS (using
KOH solution) and measuring photoluminescence
intensity. The integrated reflectance of porous Si
was measured at room temperature by UV-Vis
spectrometer “Specord-250” in the wavelength
range 300—1000 nm. The spectral response of solar
cells was analyzed in the wavelength range 300—
1100 nm at 300 K.

Discussion of the experiment results
The gravimetric measuring of the average

porosity for PF layers fabricated at current density
of 40—60 mA/cm2  showed that it varies from 50
to 70%. Cross cut representation of nanoporous
silicon layer  showed that the pores have a conical
form.

Fig. 2 shows the photoluminescence spectrum
of PS layer (60% porosity) on Si substrate. One
can see that the spectrum illustrates the peak at
λ=580 nm (the orange region of solar spectrum).
Measurements of distribution of photoluminescence
intensity along the thickness of PS layer (of
thickness 10 µm) showed that the intensity appro-
ximately linearly decreases from the surface into
film thickness. These similar results were also ob-
tained on investigations of samples with PS layers
of different thickness. Observation of photolumi-
nescence in PS at visible region of the spectrum can
be interpreted by quantum confinement effect causing

the confinement of the charge carriers in nano-
crystalline silicon wall separating the pore [22].

The integrated reflectance spectra of the polished
silicon surface before and after porous silicon layer
(of 60% porosity) formation are plotted in fig. 3.
The figure shows that the significant lowering of
reflectance is observed in the PS layer (about 4%
in the range of 400—1000 nm wavelength) as
compared to polished silicon (about 38—45%).
These data show that PS on n+—p silicon solar
cell can be used as effective antireflection coating.

The current-voltage characteristic of PS/n+Si
structure (without n+—p junction) displays the
ohmic behavior. The current-voltage characteristics
of n+—p silicon solar cells without and with porous
silicon layer (n+—pSi and PS/(n+—p)Si struc-
tures respectively), measured under AM 1,5 illumi-
nation, are presented in fig. 4. As a result of the
PS coating, the increase of the short-circuit current
density (Jsc) from 23,1 to 34,2 mA/cm2, the open-
circuit voltage (Voc) increase from 500 to 520 mV
and the conversion efficiency increase from 12,1 to
14,5%. Thus, the experimental results of the
photovoltaic parameters for thirty solar cells before
and after formation of PS layer on n+-emitter
surface showed that the mean increment of
photocurrent density is about 48%. At the same
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time, the open-circuit voltage increase is about
4%. The fill factor remains approximately the same
for cells with porous layer (ff=0,75) as compared
to the solar cells without porous layer (ff=0,74).
The mean efficiency of photovoltaic conversion for
solar cells with PS layer increased from 12 to 14,5%,
which equals a relative increment of about 20%.

Analysis of the current-voltage characteristics
of solar cells without and with PS layer showed
that the series resistance of the cell changes weakly
(from 3,09 to 2,94 Ω) and the parallel resistance
increases (from 274 to 315 Ω) in the cells with
90 nm PS layer. The small decrease of the series
resistance of PS/(n+—p)Si cell can be caused by
decreasing of Ag/Si contact resistivity during the
short-term etching for PS layer formation [23]. The
increase in the parallel resistance of cell, which
defines the resistance of junction, can be attributed
to gethering of non-controlled impurities by both
PS due to the gradient diffusion and electro-
diffusion of impurities in PS/(n+—p)Si cell under
electrical field, applied during PS fabrication in
electrochemical setting [23].

Fig. 5 shows the value of photosensitivity for
PS/(n+—p)Si cell is larger (by about 25%) and
the spectral photosensitivity region is considerably
wider than that for (n+—p)Si cell.

Thus, the presence of porous silicon layer on
surface of n+-emitter allows to improve significantly
the photovoltaic characteristics of a PS/(n+—p)Si
solar cell.

The porous silicon layer performs two functions.
On the one hand, it works as an antireflection
coating, increasing the incident photon flow on
p+—n junction, and on the other hand, it creates
a wide-band  gap  optical window (about of 1,8—
2,0 eV for PS of 60% porosity [21, 25]), broadening
the spectral region of photosensitivity of the cell
to ultraviolet part of solar spectrum.

Change of porosity along with the thickness
of PS layer can also stimulate the improvement
of the photovoltaic parameters of solar cells.

Experimentally observed decrease of intensity of
the photoluminescence peak at 580 nm along
thickness of PS layer, containing pores of conical
form, can be circumstantial evidence for decrease
of porosity with thickness. Taking into account
the fact that the band gap energy of nanoporous
silicon increases with increment of porosity due
to quantum confinement of carrier charges [21,
22, 25, 26], one can suppose that the porous
silicon layer on (n+—p)Si  cell is semiconductor
with variable band gap width (changing from
about 1,8—2,0 eV on front PS surface to 1,1 eV
on PS/n+Si interface). As a result, the internal
electrical field of the porous layer can also increase
the photocurrent, generated in solar cell.

It is well known that the photovoltaic para-
meters of solar cell depend on the series resistance,
resulting in performance degradation. Our estima-
tions showed that contribution of additional resis-
tance of the PS layer (thickness of 90 nm, surface
area of 10 cm2 and resistivity of 3⋅104 Ω⋅cm) is neg-
ligibly low (about 3⋅10–2 Ω) if compared to series
resistance of (n+—p)Si solar cell (of about 2 Ω).

***
Thereby, the comparative analysis of PS/Si and

Si solar cells showed that the formation of nano-
porous silicon layer onto the frontal surface of
cell greatly improves its performance. The simpli-
city and cheapness of the electrochemical fabrica-
tion of PS on Si surface make it a suitable technique
for high efficiently silicon solar cell manufacturing.
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Ôîðìà, ôîòîýëåêòðè÷åñêèå è ìåõàíè÷åñêèå
ñâîéñòâà íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ çàâè-
ñÿò íå òîëüêî îò ñâîéñòâ èñõîäíîãî ìàòåðèàëà, íî
è îò ìåòîäà åãî ôîðìèðîâàíèÿ [1]. Èçâåñòíî, ÷òî
âñå îñíîâíûå ñîâðåìåííûå ìåòîäû ïîëó÷åíèÿ íà-
íîñòðóêòóðèðîâàííîãî êðåìíèÿ — ëèòîãðàôè÷å-
ñêèé, ýïèòàêñèàëüíûé, êîëëîèäíûé — îñíîâà-
íû íà ïîëó÷åíèè ìåçàñòðóêòóðû, ïðè õèìè÷å-
ñêîé îáðàáîòêå êîòîðîé ìîæíî ñôîðìèðîâàòü íà-
íîðàçìåðíûå ÷àñòèöû êàê íà ïîâåðõíîñòè ïëàñ-
òèí, òàê è â îáúåìå [2]. Âñå ýòè ìåòîäû îáúåäè-
íÿåò òî, ÷òî îñíîâíûìè ìåõàíèçìàìè ïîëó÷åíèÿ
ìåçàñòðóêòóð ÿâëÿþòñÿ äåôîðìàöèîííûå ìåõà-
íèçìû, ïðè êîòîðûõ íà ãðàíèöå ðàçäåëà êîí-
òàêòèðóþùèõ ìàòåðèàëîâ ðåëàêñèðóþò ìåõàíè-
÷åñêèå íàïðÿæåíèÿ, ÷òî âåäåò ê âîçíèêíîâåíèþ
ïëàñòè÷åñêîé äåôîðìàöèè. È õîòÿ âñå îñíîâíûå
ìåõàíèçìû ïëàñòè÷åñêîé äåôîðìàöèè èçâåñòíû,
îñòàþòñÿ âîïðîñû, ñâÿçàííûå ñ êîíêðåòíûìè ìå-
õàíèçìàìè, äåéñòâóþùèìè ïðè ðàçíûõ ìåòîäàõ
ôîðìèðîâàíèÿ íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ.

Èçâåñòíî, ÷òî ñëîè ïîðèñòîãî èëè íàíîñòðóê-
òóðèðîâàííîãî êðåìíèÿ ìîæíî ôîðìèðîâàòü ñ
ïîìîùüþ ýëåêòðîõèìè÷åñêîãî è/èëè õèìè÷åñêîãî
èçáèðàòåëüíîãî òðàâëåíèÿ ñ ïðåäâàðèòåëüíîé
îáðàáîòêîé ìîùíûì ëàçåðíûì èçëó÷åíèåì (ëà-
çåðíîé ìîäèôèêàöèåé ïîâåðõíîñòè ñ öåëüþ ïî-
ëó÷åíèÿ ðàçâèòîé äåôåêòíîé ñòðóêòóðû) [3].
Â ñâÿçè ñ ýòèì, ïðåäñòàâëÿþò èíòåðåñ äàëüíåé-
øèå èññëåäîâàíèÿ ïî ïîèñêó íîâûõ ñïîñîáîâ
ïîëó÷åíèÿ íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ ñ
çàäàííîé ñòðóêòóðîé. Â [4] äëÿ ïîëó÷åíèÿ ðàç-
âèòîé ïåðèîäè÷åñêîé ñòðóêòóðû íàíîñòðóêòóðè-
ðîâàííîãî êðåìíèÿ ïðåäëîæåí ìåòîä, îñíîâàí-
íûé íà âûðàùèâàíèè ñëîÿ òåðìè÷åñêîãî îêñèäà
ðàçëè÷íîé òîëùèíû ñ ïîñëåäóþùèì åãî ñòðàâ-
ëèâàíèåì è îáðàáîòêîé õèìè÷åñêèìè èçáèðàòåëü-
íûìè òðàâèòåëÿìè (ÈÒ). Â îñíîâó ìåòîäà ïîëî-
æåíà èäåÿ èñïîëüçîâàíèÿ òåðìè÷åñêîãî îêèñëå-

íèÿ ïðè ðàçëè÷íîé òåìïåðàòóðå è â ðàçíûõ ñðå-
äàõ äëÿ ïîëó÷åíèÿ îêñèäîâ êðåìíèÿ ðàçëè÷íîé
òîëùèíû, ÷òî ïðèâîäèò ê âîçíèêíîâåíèþ â ïå-
ðåõîäíîé îáëàñòè äèñëîêàöèîííûõ ñåòîê ñ ðàç-
ëè÷íûì ïåðèîäîì è — ïðè äàëüíåéøåé îáðà-
áîòêå  ÈÒ — ê îáðàçîâàíèþ îñòðîâêîâ ðàçëè÷-
íûõ ðàçìåðîâ áåçäåôåêòíîãî íàíîñòðóêòóðèðî-
âàííîãî êðåìíèÿ.

Öåëüþ íàñòîÿùåé ðàáîòû ÿâëÿåòñÿ îïðåäåëå-
íèå âîçìîæíîñòè ïðèìåíåíèÿ ìåòîäà ôîòîëþ-
ìèíåñöåíöèè (ÔË) äëÿ èçó÷åíèÿ ìåõàíèçìîâ
ïëàñòè÷åñêîé äåôîðìàöèè ïðè ôîðìèðîâàíèè
ïëîòíûõ ìàññèâîâ íàíîñòðóêòóðèðîâàííîãî êðåì-
íèÿ íà ïðèìåðå äåôîðìàöèîííîãî ìåòîäà åãî
ïîëó÷åíèÿ. Ýòîò ìåòîä îñíîâàí íà âûðàùèâà-
íèè îêñèäà êðåìíèÿ ðàçëè÷íîé òîëùèíû ñ ïî-
ñëåäóþùèì åãî óäàëåíèåì è îáðàáîòêîé ïåðèî-
äè÷åñêîé ìåçàñòðóêòóðû íà ïîâåðõíîñòè êðåì-
íèÿ õèìè÷åñêèìè èçáèðàòåëüíûìè òðàâèòåëÿìè.

Îáúåêòàìè èññëåäîâàíèé ÿâëÿëèñü ïëàñòèíû
ìîíîêðèñòàëëè÷åñêîãî êðåìíèÿ ìàðîê ÊÝÔ-4,5
(111) è ÊÄÁ-10 (100). Ïëàñòèíû êðåìíèÿ îêèñ-
ëÿëèñü â àòìîñôåðå ñóõîãî êèñëîðîäà ïðè òåì-
ïåðàòóðå 1150°Ñ (òîëùèíà îêñèäà ñîñòàâëÿëà îò
0,1 äî 1,5 ìêì) è çàòåì òðàâèëèñü â ðàñòâîðå
HF. Ïîâåðõíîñòü êðåìíèÿ ïðåäâàðèòåëüíî îá-
ðàáàòûâàëèñü ñìåñüþ Êàðî è ïåðåêèñíîàììèà÷-
íûì ðàñòâîðîì [5], à äàëåå — õèìè÷åñêèìè ÈÒ
Ñýêêî (ïîâåðõíîñòü 100) è Ñèðòëÿ (ïîâåðõíîñòü
111) [6, 7]. Ïðèìåíåíèå òàêîé ïðåäâàðèòåëüíîé
îáðàáîòêè ïîçâîëèëî ïîâûñèòü ýôôåêòèâíîñòü
èçáèðàòåëüíîãî òðàâëåíèÿ, ò. ê. äîïîëíèòåëü-
íîå îêèñëåíèå ïîâåðõíîñòè êðåìíèÿ ñïîñîáñòâó-
åò îñëàáëåíèþ ñâÿçåé Si—Si.
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ñïåêòðîìåòð LAS-3000 ôèðìû Riber. Îïòè÷åñêèå
èññëåäîâàíèÿ ïðîâîäèëè ñ ïîìîùüþ ìåòàëëîãðà-
ôè÷åñêîãî ìèêðîñêîïà ÌÌÐ-2Ð. Ñïåêòð ÔË
èçìåðÿëè ñ ïîìîùüþ ñïåêòðîìåòðà ÄÔÑ ñ ôî-
òîóìíîæèòåëåì ÔÝÓ â ðåæèìå ñòðîáèðîâàíèÿ
è ñ÷åòà ôîòîíîâ ïîñëå ïîñëîéíîãî õèìè÷åñêîãî
èçáèðàòåëüíîãî òðàâëåíèÿ ïëàñòèí ïðè îáëó÷å-
íèè ëàçåðîì ñ äëèíîé âîëíû 337 íì, äëèòåëüíî-
ñòüþ èìïóëüñîâ 10 íñ, ÷àñòîòîé ïîâòîðåíèÿ 50 Ãö
è ñðåäíåé ìîùíîñòüþ 10 ìÂò.

Âåëè÷èíà âîçíèêàþùèõ íà ãðàíèöå ðàçäå-
ëà «îêñèä êðåìíèÿ—êðåìíèé» äåôîðìà-

öèé çàâèñèò íå òîëüêî îò ïàðàìåòðîâ îêñèäà è
êðåìíèÿ, íî è îò íàëè÷èÿ äåôåêòîâ â èñõîäíîì
êðåìíèè. Íà ðèñ. 1 ïðåäñòàâëåíî ýëåêòðîííîå
èçîáðàæåíèå äåíäðèòíûõ äåôåêòîâ, èìåþùèõ
ïðèìåñíóþ ïðèðîäó, ïîëó÷åííîå ïðè èññëåäî-
âàíèè ïîâåðõíîñòè êðåìíèÿ ïîñëå îáðàáîòêè ñìå-
ñüþ Êàðî è ïåðåêèñíîàììèà÷íûì ðàñòâîðîì ñ
ïîñëåäóþùåé îáðàáîòêîé õèìè÷åñêèì ÈÒ â òå-

÷åíèå òðåõ ìèíóò. Â íåêîòîðûõ ñëó÷àÿõ íàáëþ-
äàëîñü ïîÿâëåíèå äåôåêòîâ ñëîèñòîé íåîäíîðîä-
íîñòè ñ ïðåöèïèòèðîâàííûìè ïðèìåñüþ äåôåê-
òàìè óïàêîâêè â öåíòðå (ðèñ. 2). Ðåíòãåíîâñêèé
è Îæå-ýëåêòðîííûé àíàëèç ïîêàçàë, ÷òî ýòîé
ïðèìåñüþ ÿâëÿþòñÿ ñîëè êàëèÿ.

Àíàëèç ðåçóëüòàòîâ èññëåäîâàíèÿ ñòðóêòóðû
ñëîåâ êðåìíèÿ íåïîñðåäñòâåííî ïîä îêñèäîì ïî-
çâîëèë óñòàíîâèòü íàëè÷èå ñëîåâ ñ ñèëüíî ðàçó-
ïîðÿäî÷åííîé ïîëèêðèñòàëëè÷åñêîé ñòðóêòóðîé
[8]. Ïîñëå îáðàáîòêè ýòîé ïîâåðõíîñòè ñìåñüþ
Êàðî è ïåðåêèñíîàììèà÷íûì ðàñòâîðîì, à çà-
òåì è õèìè÷åñêèì ÈÒ Ñèðòëÿ â òå÷åíèå ïÿòè
ìèíóò, íàáëþäàëîñü ïîÿâëåíèå ìåçàñòðóêòóðû
â âèäå äèñëîêàöèîííûõ ñåòîê ñ ïåðèîäîì, çàâè-
ñÿùèì îò òîëùèíû âûðàùåííîãî îêñèäà. Äèñ-
ëîêàöèîííûå ñåòêè äåêîðèðîâàíû êèñëîðîäîì
è íåñòåõèîìåòðè÷åñêèìè îêñèäàìè êðåìíèÿ òèïà
SiOx. Äëÿ èõ óäàëåíèÿ ïëàñòèíû êðåìíèÿ ñ äèñ-
ëîêàöèîííûìè ñåòêàìè ïðîòðàâëèâàëè â èçáèðà-

òåëüíîì òðàâèòåëå Ñèðòëÿ åùå â òå÷åíèå äâóõ
ìèíóò. Ïîñëå ýòîãî áûëî îòìå÷åíî ïîÿâëåíèå ïå-
ðèîäè÷åñêîé îñòðîâêîâîé ñòðóêòóðû (ñì. ðèñ. 3),
ñîñòîÿùåé èç îáëàñòåé íàíîñòðóêòóðèðîâàííîãî
áåçäåôåêòíîãî êðåìíèÿ ðàçìåðàìè ïîðÿäêà 6—
20 íì. Ðàçáðîñ ðàçìåðîâ ýòèõ îñòðîâêîâ ìîæíî
îáúÿñíèòü òåì, ÷òî â ðàçëè÷íûõ îáëàñòÿõ ïëàñ-
òèíû íàáëþäàåòñÿ ðàçáðîñ çíà÷åíèé íàïðÿæå-
íèÿ è äåôîðìàöèè, ñâÿçàííûõ ñ íàëè÷èåì ðàç-
ëè÷íûõ èñõîäíûõ äåôåêòîâ.

Äëÿ âûÿñíåíèÿ ìåõàíèçìîâ ïëàñòè÷åñêîé äå-
ôîðìàöèè, êîòîðûå äåéñòâóþò ïðè ðàçëè÷íîé
òîëùèíå îêñèäà êðåìíèÿ, ïðîâîäèëè èçìåðåíèÿ
ñïåêòðîâ ÔË íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ

Ðèñ. 1. Äåíäðèòû íà ïîâåðõíîñòè ïëàñòèíû êðåì-
íèÿ ÊÄÁ-10 (100)

Ðèñ. 2. Äåôåêòû ñëîèñòîé íåîäíîðîäíîñòè íà ïîâåð-
õíîñòè êðåìíèåâîé ïëàñòèíû  ÊÝÔ-4,5 (111), ïîëó-
÷åííûå ïîñëå òðàâëåíèÿ ÈÒ Ñèðòëÿ â òå÷åíèå 2 ìèí

Ðèñ. 3. Ïåðèîäè÷åñêàÿ îñòðîâêîâàÿ ñòðóêòóðà, ñî-
ñòîÿùàÿ èç îáëàñòåé íàíîñòðóêòóðèðîâàííîãî áåç-
äåôåêòíîãî êðåìíèÿ íà ïîâåðõíîñòè ïëàñòèíû

êðåìíèÿ ÊÝÔ-4,5 (111)
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â ðåæèìå äåòåêòèðîâàíèÿ ìàêñèìàëüíûõ çíà÷å-
íèé èíòåíñèâíîñòè ôîòîëþìèíèñöåíöèè è ðåãè-
ñòðèðîâàíèÿ åå ðåëàêñàöèîííûõ ñïåêòðîâ. Íà
ðèñ. 4 õîðîøî âèäíî âîçðàñòàíèå èíòåíñèâíîñòè
è ñìåùåíèå ìàêñèìóìà ñïåêòðà â áîëåå êîðîòêî-
âîëíîâóþ îáëàñòü ïðè óâåëè÷åíèè òîëùèíû d
îêñèäà äî 1,5 ìêì. (Îòìåòèì, ÷òî ïðè äàëüíåé-
øåì óâåëè÷åíèè d òàêîãî ñìåùåíèÿ â ñïåêòðàõ
íå íàáëþäàëîñü. Ýòî ñâèäåòåëüñòâóåò î òîì, ÷òî
ðàçìåðû îñòðîâêîâ íàíîñòðóêòóðèðîâàííîãî
êðåìíèÿ íå óìåíüøàëèñü.) Íàáëþäàåìûå ðåëàê-
ñàöèîííûå ñïåêòðû õàðàêòåðèçóþòñÿ ïðèìåðíî
îäèíàêîâûì âðåìåíåì ðåëàêñàöèè (îêîëî 18 íñ),
ïðè÷åì ýòî âðåìÿ õàðàêòåðíî äëÿ áîëüøåé ÷àñòè
ñïåêòðàëüíîãî äèàïàçîíà è íå çàâèñèò îò èíòåí-
ñèâíîñòè ëàçåðíîãî îáëó÷åíèÿ â øèðîêîì äèà-
ïàçîíå ýíåðãèé.

Åñëè ñðàâíèâàòü ñïåêòðû ÔË äëÿ ðàññìàò-
ðèâàåìîãî ñëó÷àÿ ïîëó÷åíèÿ íàíîñòðóêòóðèðî-
âàííîãî êðåìíèÿ ñî ñïåêòðàìè êðåìíèÿ, ïîëó-
÷åííîãî ñ ïîìîùüþ ýëåêòðîõèìè÷åñêîãî òðàâëå-
íèÿ, ìîæíî îòìåòèòü, ÷òî â ïåðâîì ñëó÷àå ìàê-
ñèìóì ñïåêòðà ñäâèíóò â áîëåå êîðîòêîâîëíî-
âóþ îáëàñòü (îêîëî 0,4 ìêì), à îòíîøåíèå àìï-
ëèòóä «ôèîëåòîâîé» è «êðàñíîé» ïîëîñ áîëåå
÷åì â 2,5 ðàçà ïðåâûøàåò ïðèâåäåííîå â [9].
Ýòî ìîæíî îáúÿñíèòü òåì, ÷òî â ïðîöåññå îêèñ-
ëåíèÿ ñ óâåëè÷åíèåì òîëùèíû îêñèäà âåëè÷èíà
ïëàñòè÷åñêîé äåôîðìàöèè â ïåðåõîäíîé îáëàñ-
òè óâåëè÷èâàåòñÿ, ÷òî ïðèâîäèò ê ñìåùåíèþ ìàê-
ñèìóìà ðàñïðåäåëåíèÿ ðàçìåðîâ îáëàñòåé áåçäå-
ôåêòíîãî êðåìíèÿ â ñòîðîíó óìåíüøåíèÿ èõ ðàç-
ìåðîâ è ê óâåëè÷åíèþ ýôôåêòèâíîé ïëîùàäè
ïîâåðõíîñòè. Â ñîîòâåòñòâèè ñ êâàíòîâî-ðàçìåð-
íîé ìîäåëüþ, óìåíüøåíèå ðàçìåðîâ îñòðîâêîâ
íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ ïðèâîäèò ê
óâåëè÷åíèþ êâàíòîâîãî çàçîðà ìåæäó êâàíòî-

âûìè óðîâíÿìè è ê ñìåùåíèþ «ôèîëåòîâîé»
ïîëîñû â áîëåå êîðîòêîâîëíîâóþ îáëàñòü. Âîç-
ìîæíî, ìåõàíèçìû îáíàðóæåííîãî ýôôåêòà ñâÿ-
çàíû ñ âíóòðèöåíòðîâîé ðåêîìáèíàöèåé (íî íå
ýêñèòîííîé, ò. ê. äëÿ íåå õàðàêòåðíî âðåìÿ áîëåå
100 íñ [10]) â îáëàñòè ñèëüíîãî èñêàæåíèÿ êðèñ-
òàëëè÷åñêîé ðåøåòêè â ïðèñóòñòâèè ñèëüíûõ
âñòðîåííûõ ýëåêòðè÷åñêèõ ïîëåé. Àêò èçëó÷àòåëü-
íîé ðåêîìáèíàöèè â êðèñòàëëàõ ðàçìåðîì ïî-
ðÿäêà 6—20 íì äîëæåí ïðîèñõîäèòü ìåíåå ÷åì
çà 10–12 ñ, ò. å. ïðàêòè÷åñêè ìãíîâåííî, åñëè
ó÷åñòü, ÷òî äëèíà ñâîáîäíîãî ïðîáåãà â êðåìíèè
ïðè òåìïåðàòóðå 293 Ê äîñòèãàåò 130 íì. Î÷å-
âèäíî, íàèáîëåå âåðîÿòíûì ÿâëÿåòñÿ ìåõàíèçì
ðåêîìáèíàöèè ôîòîíîñèòåëåé íà ðàññòîÿíèÿõ,
ðàâíûõ áîðîâñêîìó ðàäèóñó.

Ïîÿâëåíèå ïëàñòè÷åñêîé äåôîðìàöèè íà ãðà-
íèöå ðàçäåëà «îêñèä êðåìíèÿ — êðåìíèé» â
ïðîöåññå îêèñëåíèÿ ìîæíî ïðåäñòàâèòü ñëåäóþ-
ùèì îáðàçîì. Ïðè ìàëîé òîëùèíå îêñèäà êðåì-
íèÿ (ïîðÿäêà íàíîìåòðîâ) îòíîñèòåëüíàÿ ïëà-
ñòè÷åñêàÿ äåôîðìàöèÿ âîçíèêàåò âñëåäñòâèå ðàç-
ëè÷èÿ ïîñòîÿííûõ ðåøåòêè è òåðìè÷åñêèõ êî-
ýôôèöèåíòîâ êðåìíèÿ è îêñèäà êðåìíèÿ è äî-
ñòèãàåò çíà÷åíèé 0,01—0,02 îòí. åäèíèö. Ýòîò
ïðîöåññ ñîïðîâîæäàåòñÿ îáðàçîâàíèåì íà ãðàíè-
öå ðàçäåëà ïîëèêðèñòàëëè÷åñêîé ñòðóêòóðû è
îáëàñòè, ñîäåðæàùåé äèñëîêàöèîííûå ñåòêè. Ñ
óâåëè÷åíèåì òîëùèíû îêñèäà êðåìíèÿ âîçðàñòàåò
âêëàä â âåëè÷èíó äåôîðìàöèè ñîñòàâëÿþùåé,
çàâèñÿùåé îò òîëùèíû îêñèäà êðåìíèÿ, à âêëàä
ñîñòàâëÿþùåé, çàâèñÿùåé îò ïàðàìåòðîâ êðåì-
íèÿ è îêñèäà êðåìíèÿ, îñòàåòñÿ ïîñòîÿííûì. Ïðè
ýòîì ñ óâåëè÷åíèåì òîëùèíû îêñèäà êðåìíèÿ
óâåëè÷èâàåòñÿ ïëàñòè÷åñêàÿ äåôîðìàöèÿ è îñó-
ùåñòâëÿåòñÿ ïåðåõîä îò òðàíñêðèñòàëëèòíîãî ìå-
õàíèçìà ïëàñòè÷åñêîé äåôîðìàöèè ê èíòåðêðè-
ñòàëëèòíîìó, ÷òî è ïðèâîäèò ê óìåíüøåíèþ ðàç-
ìåðîâ îñòðîâêîâ íàíîñòðóêòóðèðîâàííîãî êðåì-
íèÿ. Êîãäà òîëùèíà îêñèäà êðåìíèÿ äîñòèãàåò
çíà÷åíèé ïîðÿäêà 1,5 ìêì, íàêîïëåííûå íàïðÿ-
æåíèÿ ðåëàêñèðóþò ñ îáðàçîâàíèåì äîïîëíèòåëü-
íîé ïëàñòè÷åñêîé äåôîðìàöèè, êîòîðàÿ íå ïðè-
âîäèò ê äàëüíåéøåìó óìåíüøåíèþ ðàçìåðîâ îñ-
òðîâêîâ íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ. Ýòî
ãîâîðèò î òîì, ÷òî ìåõàíèçì ïëàñòè÷åñêîé äå-
ôîðìàöèè èçìåíèëñÿ îò èíòåðêðèñòàëëèòíîãî ê
ðîòàöèîííîìó, ò. å. ýíåðãèÿ íàïðÿæåíèé ðàñõî-
äóåòñÿ íà âðàùàòåëüíîå äâèæåíèå îñòðîâêîâ
êðåìíèÿ. Ðàçìåðû îñòðîâêîâ ïðè äàëüíåéøåì
óâåëè÷åíèè òîëùèíû îêñèäà êðåìíèÿ íå èçìå-
íÿþòñÿ âñëåäñòâèå òîãî, ÷òî ïîðîã ïëàñòè÷íîñòè
íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ óæå äîñòèã
ïðåäåëüíî âûñîêîãî çíà÷åíèÿ (ïîðÿäêà 0,1 îò
ìîäóëÿ Þíãà [11]), à âåëè÷èíà íàïðÿæåíèÿ íà
ãðàíèöå ðàçäåëà îñòàåòñÿ ìåíüøå ýòîãî ïîðîãà.

***
Òàêèì îáðàçîì, ìåòîä ôîòîëþìèíåñöåíöèè

ïîçâîëèë èçó÷èòü ìåõàíèçìû ïëàñòè÷åñêîé äå-
ôîðìàöèè, äåéñòâóþùèå ïðè ðàçëè÷íîé òîëùè-

Ðèñ. 4. Àìïëèòóäíûå (1—3) è ðåëàêñàöèîííûå
(4—5) ÔË-ñïåêòðû, ïîëó÷åííûå ïîñëå îñâåùå-
íèÿ îáëàñòåé íàíîñòðóêòóðèðîâàííîãî êðåìíèÿ
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íå âûðàùåííîãî îêñèäà êðåìíèÿ ïðè ôîðìèðî-
âàíèè ïëîòíûõ ìàññèâîâ íàíîñòðóêòóðèðîâàí-
íîãî êðåìíèÿ. Ñëåäóåò îòìåòèòü, ÷òî ïðåäëîæåí-
íûé äåôîðìàöèîííûé ìåòîä ôîðìèðîâàíèÿ íà-
íîñòðóêòóðèðîâàííîãî êðåìíèÿ ïîçâîëÿåò ïîëó-
÷àòü ïîðèñòûé íàíîêðåìíèé ñ çàäàííîé òîïîëî-
ãèåé ïðè âàðüèðîâàíèè òàêèõ ïàðàìåòðîâ, êàê
òîëùèíà âûðàùåíîãî îêñèäà êðåìíèÿ è âðåìÿ
õèìè÷åñêîé îáðàáîòêè.
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10. Ñíàáäèòå ðóêîïèñü ñâåäåíèÿìè îá àâòîðàõ (ôàìèëèÿ, èìÿ, îò÷åñòâî, ó÷åíàÿ ñòåïåíü,
ìåñòî ðàáîòû, äîëæíîñòíîå ïîëîæåíèå, äàòà ðîæäåíèÿ, ñëóæåáíûé è äîìàøíèé àäðåñà ñ óêàçàíèåì
ïî÷òîâîãî èíäåêñà, å-mail, òåëåôîí, òåëåôàêñ).

11. Åñëè ñ÷èòàåòå íåîáõîäèìûì, ñîïðîâîäèòå ñòàòüþ ýêñïåðòíûì çàêëþ÷åíèåì î âîçìîæíîñòè
åå ïóáëèêàöèè â îòêðûòîé ïå÷àòè.






