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Ââåäåíèå

Ïðè êîíñòðóèðîâàíèè ðàçëè÷íûõ ýíåðãåòè÷åñêè
ýôôåêòèâíûõ è ñïåêòðàëüíî-ñåëåêòèâíûõ ïîêðûòèé
âèäèìîãî è ÈÊ äèàïàçîíîâ èñïîëüçóþòñÿ ìåòàëëè-
÷åñêèå ïîëóïðîçðà÷íûå ïëåíêè â ñîñòàâå ñëîèñòûõ
ñèñòåì äèýëåêòðèê/ìåòàëë/äèýëåêòðèê. Ïðîáëåìà
ïðîãíîçèðîâàíèÿ ñâîéñòâ òàêèõ ñèñòåì ñâîäèòñÿ ê
îïðåäåëåíèþ äèñïåðñèîííûõ çàâèñèìîñòåé äåé-
ñòâèòåëüíîé ε1 = n2 – ik2 è ìíèìîé ε2 = 2nk ÷àñòåé
ýôôåêòèâíîé êîìïëåêñíîé äèýëåêòðè÷åñêîé ïðîíè-
öàåìîñòè ε = ε1 – iε2 ïðîìåæóòî÷íîãî ìåòàëëè÷å-
ñêîãî ñëîÿ, îïðåäåëÿþùåé ñïåêòðàëüíûé ïðîôèëü
êðèâûõ ïðîïóñêàíèÿ T è îòðàæåíèÿ R ïîêðûòèé.

Ìíîãî÷èñëåííûå èññëåäîâàíèÿ [1–3] ïîêàçàëè,
÷òî ìåæäó ðàñ÷åòíûìè è ýêñïåðèìåíòàëüíûìè ñïåê-
òðàìè T è R ìåòàëëîäèýëåêòðè÷åñêèõ ñëîèñòûõ ñè-
ñòåì èìåþòñÿ ñóùåñòâåííûå ðàñõîæäåíèÿ. Ïî ìíå-
íèþ íåêîòîðûõ àâòîðîâ [1], îíè ïðåäïîëîæèòåëüíî
ñâÿçàíû ñ îñîáåííîñòÿìè ìèêðîñòðóêòóðû ïîâåðõ-
íîñòè ðàçäåëà ñëîåâ â ýòèõ ñèñòåìàõ. Íà îñíîâàíèè
ðåçóëüòàòîâ ìíîãèõ èññëåäîâàíèé [1, 3–5] óñòàíîâ-
ëåíî, ÷òî ìîðôîëîãè÷åñêàÿ ñòðóêòóðà è îïòè÷åñêèå
õàðàêòåðèñòèêè òîíêèõ ïëåíîê ìåòàëëà è äèýëåêò-
ðèêà âî ìíîãîì îïðåäåëÿþòñÿ óñëîâèÿìè è ìåòîäà-
ìè èõ íàíåñåíèÿ. Â òî æå âðåìÿ â ðàáîòàõ [1, 6] îò-
ìå÷àåòñÿ, ÷òî ðàñ÷åòíûå ïàðàìåòðû ìíîãîñëîéíûõ
ñèñòåì ñîîòâåòñòâóþò ýêñïåðèìåíòàëüíûì òîëüêî
äëÿ èäåàëüíî ïëîñêîé ãðàíèöû ðàçäåëà ñëîåâ, êî-
òîðóþ ïðàêòè÷åñêè íåâîçìîæíî ïîëó÷èòü â ðåàëü-
íîé òîíêîïëåíî÷íîé ñèñòåìå.

Îäíàêî àíàëèç ëèòåðàòóðíûõ äàííûõ ïîçâîëÿåò
çàêëþ÷èòü, ÷òî âëèÿíèå ìèêðîñòðóêòóðû ñëîåâ ìå-
òàëëîäèýëåêòðè÷åñêèõ ïîêðûòèé, ïîëó÷åííûõ ïî-
ñëîéíûì ýëåêòðîííî-ëó÷åâûì íàïûëåíèåì, íà èõ

îïòè÷åñêèå ïàðàìåòðû íåäîñòàòî÷íî èçó÷åíî. Âìå-
ñòå ñ òåì î÷åâèäíî, ÷òî íàïðàâëåííîå èçìåíåíèå
ìèêðîñòðóêòóðû ïîêðûòèé ìîæåò ñëóæèòü îäíèì èç
ìåõàíèçìîâ ìîäèôèöèðîâàíèÿ èõ ïàðàìåòðîâ.

Öåëü íàñòîÿùåé ðàáîòû ñîñòîÿëà â èññëåäîâà-
íèè âëèÿíèÿ ìèêðîñòðóêòóðû ïîäñòèëàþùèõ äè-
ýëåêòðè÷åñêèõ ñëîåâ â òðåõñëîéíûõ ïîêðûòèÿõ äè-
îêñèä êðåìíèÿ/ìåäü/äèîêñèä êðåìíèÿ (SiO2–/Cu/
SiO2) è îêñèä àëþìèíèÿ/ìåäü/îêñèä àëþìèíèÿ
(Al2O3/Cu/Al2O3) [6] íà îïòè÷åñêèå õàðàêòåðèñòèêè
ìåäíîãî ñëîÿ ýòèõ ïîêðûòèé. Âûáðàííûå äèýëåêò-
ðèêè îáëàäàþò õîðîøèìè îïòè÷åñêèìè è ìåõàíè-
÷åñêèìè ñâîéñòâàìè [3], êðîìå òîãî, â íàñòîÿùåå
âðåìÿ èíòåðåñ ê èññëåäîâàíèÿì ýòèõ äèýëåêòðèêîâ
óñèëèëñÿ â ñâÿçè ñ ïåðñïåêòèâíîñòüþ èõ èñïîëüçî-
âàíèÿ â îïòîýëåêòðîííûõ óñòðîéñòâàõ [5, 7, 8]. Ìåäü
íàðÿäó ñ ñåðåáðîì è çîëîòîì ÿâëÿåòñÿ áàçèñíûì
ìàòåðèàëîì äëÿ ñîçäàíèÿ ýíåðãåòè÷åñêè ýôôåêòèâ-
íûõ ïîêðûòèé [9, 10].

Ìåòîäèêà ýêñïåðèìåíòà

Îáðàçöû ïîêðûòèé Al2O3/Cu/Al2O3 è SiO2/Cu/SiO2
èçãîòàâëèâàëèñü ïîñëîéíî ýëåêòðîííî-ëó÷åâûì
ìåòîäîì íàïûëåíèÿ íà ïîäëîæêàõ èç ñèëèêàòíîãî
ñòåêëà. Ðàçìåð ïîäëîæåê ñîñòàâëÿë 5×5 ñì, äàâëå-
íèå îñòàòî÷íûõ ãàçîâ â ïðîöåññå íàïûëåíèÿ ïëå-
íîê ìåäè è óêàçàííûõ îêñèäîâ ìåòàëëîâ ïîääåðæè-
âàëîñü ðàâíûì 10–6 ìì ðò. ñò. Ïðè èçãîòîâëåíèè
îáðàçöîâ èñïîëüçîâàëàñü ìåòàëëè÷åñêàÿ ìåäü õè-
ìè÷åñêîé ÷èñòîòû Ñ-999. Ñëîè äèýëåêòðèêîâ èçãî-
òàâëèâàëèñü ïîñðåäñòâîì ðàñïûëåíèÿ òàáëåòîê,
ñïðåññîâàííûõ èç ïîðîøêîâ ñîîòâåòñòâåííî îêñè-
äà àëþìèíèÿ è äèîêñèäà êðåìíèÿ. Òîëùèíà ñëîåâ
ìåäè è îêñèäîâ ìåòàëëîâ â ïðîöåññå èçãîòîâëåíèÿ
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Íà ïðèìåðå ïîêðûòèé SiO2/Cu/SiO2 è Al2O3/Cu/Al2O3 â äèàïàçîíå äëèí âîëí λ = 0,35–2,5 ìêì
ïðîâåäåíû èññëåäîâàíèÿ îïòè÷åñêèõ ñâîéñòâ ìåòàëëè÷åñêèõ ñëîåâ â òðåõñëîéíûõ ñèñòåìàõ äè-
ýëåêòðèê/ìåòàëë/äèýëåêòðèê. Óêàçàííûå ïîêðûòèÿ ïîëó÷åíû ìåòîäîì ïîñëîéíîãî ýëåêòðîííî-
ëó÷åâîãî ðàñïûëåíèÿ íà ñèëèêàòíîì ñòåêëå. Âïåðâûå ïîñðåäñòâîì âû÷èñëèòåëüíîãî ìàòðè÷íîãî
ìåòîäà ðàñ÷åòà îïòè÷åñêèõ ïîñòîÿííûõ (n è k) îòäåëüíîãî ñëîÿ â ñîñòàâå ñëîèñòîé ñèñòåìû îïðå-
äåëåíû äèñïåðñèîííûå çàâèñèìîñòè ïîêàçàòåëåé ïðåëîìëåíèÿ n è ïîãëîùåíèÿ k ïðîìåæóòî÷íî-
ãî ìåäíîãî ñëîÿ â ïîêðûòèÿõ SiO2/Cu/SiO2 è Al2O3/Cu/Al2O3. Ïîêàçàíî, ÷òî ñâîéñòâà ìåòàëëè÷åñêèõ
ñëîåâ â ðàññìàòðèâàåìûõ ïîêðûòèÿõ â îñíîâíîì îïðåäåëÿþòñÿ ìèêðîñòðóêòóðíûìè ýôôåêòàìè.

Êîäû OCIS: 310.0310, 310.6860.
Ïîñòóïèëà â ðåäàêöèþ 20.06.2006.
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îáðàçöîâ êîíòðîëèðîâàëàñü îïòè÷åñêèì ìåòîäîì
(îïèñàííûì â ðàáîòå [6]) ïî âåëè÷èíå êîýôôèöè-
åíòà ïðîïóñêàíèÿ Tm íà äëèíå âîëíû λm = 0,55 ìêì.
Ïðè íàïûëåíèè ñëîåâ ìåäè çíà÷åíèå Tm áðàëîñü ðàâ-
íûì 60% [6]. Çíà÷åíèå êîíòðîëèðóåìîãî êîýôôè-
öèåíòà ïðîïóñêàíèÿ Tm â ïðîöåññå íàïûëåíèÿ äè-
ýëåêòðèêîâ äîâîäèëîñü äî 65–70% [6] äëÿ îáåñïå-
÷åíèÿ íåîáõîäèìîãî ýôôåêòà ïðîñâåòëåíèÿ ìåäè.

Ïîñëå íàïûëåíèÿ êàæäîãî ñëîÿ îáðàçöû âûíî-
ñèëèñü èç íàïûëèòåëüíîé êàìåðû íà âîçäóõ äëÿ
ïðîâåäåíèÿ ìèêðîñòðóêòóðíûõ èññëåäîâàíèé.

Îïòè÷åñêèå èññëåäîâàíèÿ, âêëþ÷àþùèå â ñåáÿ
èçìåðåíèå êîýôôèöèåíòîâ ïðîïóñêàíèÿ T è îòðà-
æåíèÿ R, ïðîâîäèëèñü äëÿ èçãîòîâëåííûõ òðåõñëîé-
íûõ ñèñòåì ïðè êîìíàòíîé òåìïåðàòóðå íà âîçäóõå
â äèàïàçîíå äëèí âîëí λ = 0,35–2,50 ìêì (T ïðè íîð-
ìàëüíîì óãëå ϕ ïàäåíèÿ ñâåòà íà ïîêðûòèå è R ïðè
ϕ = 10°) íà ñïåêòðîôîòîìåòðå CARY 2415. Ïîãðåø-
íîñòü èçìåðåíèÿ T ñîñòàâëÿëà ± 1%, à äëÿ R – ± 2%.
Èññëåäîâàíèÿ ìîðôîëîãè÷åñêîé ñòðóêòóðû âñåõ
îáðàçöîâ, ïîëó÷åííûõ â ðåçóëüòàòå ïîñëîéíîãî íà-
ïûëåíèÿ, âûïîëíÿëèñü ìåòîäîì àòîìíî-ñèëîâîé
ìèêðîñêîïèè (ÀÑÌ) íà ìèêðîñêîïå “Smena” [6].

Ðåçóëüòàòû ýêñïåðèìåíòîâ è îáñóæäåíèå

Èçìåðåííûå ñïåêòðû ïðîïóñêàíèÿ T è îòðàæå-
íèÿ R ïîêðûòèé SiO2/Cu/SiO2 (TS, RS) è Al2O3/Cu/
Al2O3 (TA, RA) ïðèâåäåíû íà ðèñ. 1a. Äëÿ ïðîâåðêè
âëèÿíèÿ ìàòåðèàëüíûõ ïàðàìåòðîâ äèýëåêòðèêîâ
(â ÷àñòíîñòè, èõ ïîêàçàòåëåé ïðåëîìëåíèÿ nD) íà
ñïåêòðîñêîïè÷åñêèå ïàðàìåòðû ïîêðûòèé íàìè
áûëè ïðîâåäåíû ìîäåëüíûå ðàñ÷åòû ñïåêòðîâ T è
R ðàññìàòðèâàåìûõ ïîêðûòèé. Ðàñ÷åò ïðîâîäèëñÿ
äëÿ ñëó÷àÿ íîðìàëüíîãî ïàäåíèÿ ýëåêòðîìàãíèòíîé
âîëíû íà ïîêðûòèÿ ïî ñîîòíîøåíèÿì ìåòîäà êîì-
ïüþòåðíîãî êîíñòðóèðîâàíèÿ ìíîãîñëîéíûõ ýíåð-
ãåòè÷åñêè ýôôåêòèâíûõ ïîêðûòèé [11]. Ìîäåëüíûå
ñïåêòðû ïðîïóñêàíèÿ T è îòðàæåíèÿ R ïîêðûòèé
SiO2/Cu/SiO2 (T ′S, R′S) è Al2O3/Cu/Al2O3 (T ′A, R′À) ðàñ-
ñ÷èòàíû â ïðåäïîëîæåíèè, ÷òî îïòè÷åñêèå ïîñòî-
ÿííûå ìåäè (n è k), îêñèäà àëþìèíèÿ (nD = 1,65) è
äèîêñèäà êðåìíèÿ (nD = 1,45) èäåíòè÷íû îïòè÷å-
ñêèì ïîñòîÿííûì ýòèõ âåùåñòâ â ìàêðîñêîïè÷å-
ñêèõ îáðàçöàõ, è ïðèâåäåíû íà ðèñ. 1á. Çíà÷åíèÿ
ïîñëåäíèõ áðàëèñü èç ëèòåðàòóðíûõ èñòî÷íèêîâ
[12, 13]. Ïðè ýòîì ãåîìåòðè÷åñêàÿ òîëùèíà d äè-
ýëåêòðè÷åñêèõ ñëîåâ îïðåäåëÿëàñü íà îñíîâàíèè èç-
âåñòíîãî ñîîòíîøåíèÿ [14]
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Çäåñü λm = 0,55 ìêì – äëèíà âîëíû, ñîîòâåòñòâó-
þùàÿ ìàêñèìàëüíîìó êîýôôèöèåíòó ïðîïóñêàíèÿ

ïîêðûòèÿ Tm. Ïîëó÷åííûå çíà÷åíèÿ d ñëîåâ äèîê-
ñèäà êðåìíèÿ è îêñèäà àëþìèíèÿ ñîñòàâèëè ñîîò-
âåòñòâåííî 0,073 è 0,064 ìêì. Òîëùèíà ñëîÿ ìåäè
âûáèðàëàñü ðàñ÷åòíûì ïóòåì ïî ñîîòíîøåíèÿì
ìåòîäà [11] äëÿ Tm = 0,6 è ñîñòàâèëà d = 0,015 ìêì.
Ðàñ÷åòíûå ñïåêòðû T è R ìîäåëüíûõ ïîêðûòèé
SiO2/Cu/SiO2 è Al2O3/Cu/Al2O3 (ðèñ. 1á) ïðàêòè÷å-
ñêè ñîâïàäàþò, ÷òî ãîâîðèò î íåçíà÷èòåëüíîì âëèÿ-
íèè ïîêàçàòåëÿ ïðåëîìëåíèÿ nD âûáðàííûõ äèýëåêò-
ðèêîâ. Îäíàêî, êàê âèäíî èç ðèñ. 1à, ìåæäó èçìå-
ðåííûìè ñïåêòðàìè T è R èçãîòîâëåííûõ ïîêðûòèé
ñóùåñòâóþò çíà÷èòåëüíûå ðàñõîæäåíèÿ.

Íà ðèñ. 2 ïðåäñòàâëåíû èçîáðàæåíèÿ ìîðôîëî-
ãè÷åñêîé ñòðóêòóðû ïîäñòèëàþùèõ ñëîåâ äèýëåêò-
ðèêîâ SiO2 è Al2O3 (ðèñ. 2à, 2á), ïëåíêè ìåäè íà ñëî-
ÿõ SiO2 è Al2O3 (ðèñ. 2â, 2ã), à òàêæå òðåõñëîéíûõ
ïîêðûòèé SiO2/Cu/SiO2 è Al2O3/Cu/Al2O3 (ðèñ. 2ä,
2å). Ïî ðèñ. 2à ìîæíî çàêëþ÷èòü, ÷òî ïîäñòèëàþ-
ùèé ñëîé äèîêñèäà êðåìíèÿ èìååò ïîðèñòóþ ñòðóê-
òóðó c êîëîí÷àòûìè çåðíàìè, ðàçìåð êîòîðûõ íà
ïîâåðõíîñòè ñëîÿ 0,14–0,22 ìêì. Â ïðîòèâîïîëîæ-
íîñòü ýòîìó ìèêðîñòðóêòóðà îêñèäà àëþìèíèÿ ïðåä-
ñòàâëÿåò ñîáîé ïëîòíî óïàêîâàííûå âîëîêíèñòûå
çåðíà ñ ðàçìåðîì ó ïîâåðõíîñòè 40 íì (ðèñ. 2á). Êàê
âèäíî èç ðèñ. 2â è 2ã, ñëîé ìåäè, ñôîðìèðîâàííûé
íà äèîêñèäå êðåìíèÿ, èìååò ïî÷òè àìîðôíóþ ñòðóê-
òóðó, à ñòðóêòóðà ìåäè íà îêñèäå àëþìèíèÿ ïðåä-
ñòàâëÿåò ñîáîé êðóïíûå, ÷åøóé÷àòûå îáðàçîâàíèÿ
ñ ñèëüíûì ñìûêàíèåì. Èçîáðàæåíèÿ ïîâåðõíîñò-
íîé ìèêðîñòðóêòóðû òðåõñëîéíûõ ïîêðûòèé SiO2/
Cu/SiO2 è Al2O3/Cu/Al2O3 òàêæå îòëè÷àþòñÿ äðóã îò
äðóãà. Êîëîí÷àòàÿ ñòðóêòóðà ñ ðàçìåðîì çåðíà ó
ïîâåðõíîñòè 0,07–0,14 ìêì õàðàêòåðíà äëÿ

Ðèñ. 1. Ñïåêòðû ïðîïóñêàíèÿ è îòðàæåíèÿ òðåõ-
ñëîéíûõ ñèñòåì. à – ýêñïåðèìåíòàëüíûå: Al2O3/Cu/
Al2O3 (TA, RA), SiO2/Cu/ SiO2 (TS, RS); á – ìîäåëü-
íûå: Al2O3/Cu/ Al2O3 (T ′A, R′A), SiO2/Cu/ SiO2 (T ′S, R′S ).
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âåðõíåãî ñëîÿ SiO2 ïîêðûòèÿ SiO2/Cu/SiO2 (ðèñ. 2ä).
Ïîâåðõíîñòíàÿ ìèêðîñòðóêòóðà âåðõíåãî ñëîÿ Al2O3
ïîêðûòèÿ Al2O3/Cu/Al2O3 (ðèñ. 2å) àíàëîãè÷íà
ñòðóêòóðå ïîäñòèëàþùåãî ñëîÿ îêñèäà àëþìèíèÿ
(ðèñ. 2á).

Ïîíÿòíî, ÷òî òàêèå ðàçëè÷èÿ â ìèêðîñòðóêòóðå
ñëîåâ ðàññìàòðèâàåìûõ ïîêðûòèé íå ìîãëè íå îêà-
çàòü âëèÿíèÿ íà ôîðìèðîâàíèå ìèêðîñòðóêòóðíûõ
è îïòè÷åñêèõ ñâîéñòâ ïîêðûòèé è ìåäíûõ ñëîåâ â
èõ ñîñòàâå.
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Ðèñ. 2. ÀÑÌ-èçîáðàæåíèÿ ïîâåðõíîñòíîé ìèêðîñòðóêòóðû ñëîåâ òðåõñëîéíûõ ñèñòåì äèýëåêòðèê/ìåòàëë/äè-
ýëåêòðèê. à – SiO2, á – Al2O3, â – SiO2/Cu, ã – Al2O3/Cu, ä – SiO2/Cu/ SiO2, å – Al2O3/Cu/ Al2O3.
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Îïòè÷åñêèå ïîñòîÿííûå ìåäíîãî ñëîÿ

Äëÿ îïðåäåëåíèÿ îïòè÷åñêèõ ïîñòîÿííûõ ìåä-
íûõ ñëîåâ â ðàññìàòðèâàåìûõ òðåõñëîéíûõ ïîêðû-
òèÿõ áûë èñïîëüçîâàí âû÷èñëèòåëüíûé ìàòðè÷íûé
ìåòîä [15], ïîçâîëÿþùèé ïî ðåçóëüòàòàì ñïåêòðî-
ôîòîìåòðè÷åñêèõ èçìåðåíèé (êîýôôèöèåíòà ïðî-
ïóñêàíèÿ T, îòðàæåíèÿ ñî ñòîðîíû ïîêðûòèÿ R è
ïîäëîæêè R′) îïðåäåëèòü ïîêàçàòåëè ïðåëîìëåíèÿ
n, ïîãëîùåíèÿ k è ýôôåêòèâíîé òîëùèíû dýô ìåä-
íîãî ñëîÿ â òðåõñëîéíîé ñèñòåìå äèýëåêòðèê/ìå-
òàëë/äèýëåêòðèê. Ìåòîä îñíîâàí íà ðåøåíèè îáðàò-
íîé çàäà÷è äëÿ ìàòðèöû ïðåëîìëåíèÿ ñëîèñòîé
ñèñòåìû ïîñðåäñòâîì èòåðàöèîííîãî ìåòîäà íåïðå-
ðûâíîãî äèôôåðåíöèàëüíîãî ñïóñêà. Äåòàëè îïðå-
äåëåíèÿ n, k è dýô ìåòàëëñîäåðæàùåé ïëåíêè â
ñîñòàâå ñëîèñòîé ñèñòåìû âû÷èñëèòåëüíûì ìàòðè÷-
íûì ìåòîäîì ïî ðåçóëüòàòàì ñïåêòðîôîòîìåòðè÷å-
ñêèõ èçìåðåíèé ïîäðîáíî îïèñàíû â ðàáîòàõ [6, 15].

Ïîëó÷åííûå “ýêñïåðèìåíòàëüíûå” äèñïåðñèîí-
íûå çàâèñèìîñòè n è k ìåäíîãî ñëîÿ ïîêðûòèé SiO2/
Cu/SiO2 (nS, kS) è Al2O3/Cu/Al2O3 (nA, kA) ïðèâåäåíû
íà ðèñ. 3à. Ýôôåêòèâíûå òîëùèíû dýô ìåäíîãî ñëîÿ
â ïîêðûòèÿõ SiO2/Cu/SiO2, Al2O3/Cu/Al2O3 ñîñòàâè-
ëè ñîîòâåòñòâåííî 0,027, 0,039 ìêì. Ðàñõîæäåíèå
ìåæäó çíà÷åíèÿìè dýô õîðîøî êîððåëèðóåò ñ èçîá-
ðàæåíèÿìè ìîðôîëîãè÷åñêîé ñòðóêòóðû ïëåíîê
ìåäè íà ñëîÿõ äèîêñèäà êðåìíèÿ (ðèñ. 2â) è îêñèäà
àëþìèíèÿ (ðèñ. 2ã). Áîëåå êðóïíûå ÷åøóé÷àòûå ÷à-
ñòèöû ìåäè, ïîëó÷åííûå íà Al2O3, ñîîòâåòñòâóþò
áîëüøåìó çíà÷åíèþ ýôôåêòèâíîé òîëùèíû ïðîìå-
æóòî÷íîãî ìåäíîãî ñëîÿ ïîêðûòèÿ Al2O3/Cu/Al2O3.

Êðîìå òîãî, ñîïîñòàâëÿÿ èçîáðàæåíèÿ ìèêðî-
ñòðóêòóðû ìåäíûõ ñëîåâ (ðèñ. 2â è 2ã) è èõ îïòè-
÷åñêèå ïîñòîÿííûå (ðèñ. 3à), ìîæíî óáåäèòüñÿ, ÷òî
äëÿ ñëîÿ ìåäè íà SiO2, èìåþùåãî ðûõëóþ ñòðóêòó-
ðó, õàðàêòåðåí áîëåå íèçêèé ýôôåêòèâíûé êîýô-

ôèöèåíò ïðåëîìëåíèÿ 2 2
ýô ,n n k= − ÷åì äëÿ ñëîÿ

ìåäè íà Al2O3, èìåþùåãî áîëåå ïëîòíóþ ìèêðî-
ñòðóêòóðó. Ïîäîáíàÿ çàâèñèìîñòü ìåæäó ñòðóêòóðîé
è îïòè÷åñêèìè ïîñòîÿííûìè òîíêîïëåíî÷íûõ ïî-
êðûòèé îòìå÷àëàñü â ðàáîòå [1].

Àíàëèç äèñïåðñèîííûõ çàâèñèìîñòåé n è k ïðî-
ìåæóòî÷íûõ ìåäíûõ ñëîåâ â ðàññìàòðèâàåìûõ ïî-
êðûòèÿõ (ñì. ðèñ. 3à) ïîçâîëÿåò çàêëþ÷èòü, ÷òî îíè
õàðàêòåðèçóþò ðàçíûå ìàòåðèàëû è, êàê ñëåäñòâèå
ýòîãî, îïðåäåëÿþò çíà÷èòåëüíûé ðàçáðîñ ìåæäó
ñïåêòðîñêîïè÷åñêèìè õàðàêòåðèñòèêàìè èçãîòîâ-
ëåííûõ (ðèñ. 1à) è ìîäåëüíûõ (ðèñ. 1á) ïîêðûòèé.
Íåñîîòâåòñòâèå îïòè÷åñêèõ ïîñòîÿííûõ ïðîìåæó-
òî÷íûõ ìåäíûõ ñëîåâ, ñôîðìèðîâàííûõ â òðåõñëîé-
íûõ ïîêðûòèÿõ SiO2/Cu/SiO2 è Al2O3/Cu/Al2O3, ïî
íàøåìó ìíåíèþ, îáúÿñíÿåòñÿ áîëüøèì ðàçëè÷èåì
èõ ìèêðîñòðóêòóð (ðèñ. 2). Ïîìèìî ýòîãî, êîëè÷å-
ñòâåííîå ðàñõîæäåíèå ìåæäó äèñïåðñèîííûìè çà-
âèñèìîñòÿìè n è k (ðèñ. 3à) ìåäíûõ ñëîåâ â ðàññìàò-
ðèâàåìûõ ïîêðûòèÿõ è îäèíî÷íîé ïëåíêè ìåäè íà
êâàðöåâîé ïîäëîæêå nñ è kñ (ðèñ. 3á) [12] ñâèäåòåëü-
ñòâóåò î íåñïëîøíîé ñòðóêòóðå ìåäíîé ïëåíêè â
ýòèõ ïîêðûòèÿõ.

Çàêëþ÷åíèå

Íà îñíîâàíèè ïîëó÷åííîé ýêñïåðèìåíòàëüíîé
èíôîðìàöèè ïðîäåìîíñòðèðîâàíî ñóùåñòâåííîå
âëèÿíèå ïîâåðõíîñòíîé ìèêðîñòðóêòóðû ïîäñòèëà-
þùèõ äèýëåêòðè÷åñêèõ ñëîåâ íà ìèêðîñòðóêòóðó è
îïòè÷åñêèå ñâîéñòâà òðåõñëîéíûõ ïîêðûòèé òèïà
äèýëåêòðèê/ìåòàëë/äèýëåêòðèê è ïðîìåæóòî÷íûõ
ìåòàëëè÷åñêèõ ñëîåâ â èõ ñîñòàâå. Ðåçóëüòàòû èñ-
ñëåäîâàíèé ìîãóò áûòü èñïîëüçîâàíû ïðè ñîçäàíèè
ýíåðãåòè÷åñêè ýôôåêòèâíûõ ïîêðûòèé ñ âîñïðîèç-
âîäèìûìè çàäàííûìè îïòè÷åñêèìè õàðàêòåðèñòè-
êàìè ïîñðåäñòâîì îïòèìèçàöèè ïàðàìåòðîâ ñòðóê-
òóðû (ÿâëÿþùåéñÿ ôóíêöèåé òåõíîëîãè÷åñêèõ ðå-
æèìîâ) ïîäñòèëàþùèõ äèýëåêòðè÷åñêèõ ñëîåâ.

ËÈÒÅÐÀÒÓÐÀ
11. Ïðåîáðàçîâàíèå ñîëíå÷íîé ýíåðãèè / Ïîä ðåä. Ñåðà-

ôèíà Á. Ì.: Ýíåðãîèçäàò, 1982. 319 ñ.

12. Àôàíàñüåâ Ê.Í., Áîíäàðü Å.À., Âèðíèê À.Ì., Ãîðìèí Ñ.À.,
Äüÿ÷êîâ À.Ë., Èëüèí À.Ñ., Ëàãàðüêîâ À.Í., Øàäðè-
íà Ë.Ï. Ýíåðãåòè÷åñêè ýôôåêòèâíûå òåïëîâûå ôèëü-
òðû äëÿ îêîííûõ ñòåêîë // Ïðåïðèíò ¹ 8-429 ÐÀÍ,
Îáúåäèíåííûé èíñòèòóò âûñîêèõ òåìïåðàòóð. Ì.:
1999. 69 ñ.

λ, ìêì210

2

4

6

n, k

4

12

0
0,2 0,8 1,4

kC

nC

kA

kS

nA

nS

(à)(á)

Ðèñ. 3. Ýêñïåðèìåíòàëüíûå äèñïåðñèîííûå çàâè-
ñèìîñòè ïîêàçàòåëåé ïðåëîìëåíèÿ n è ïîãëîùå-
íèÿ k ìåäíûõ ñëîåâ: à – â òðåõñëîéíûõ ñèñòåìàõ.
Al2O3/Cu/ Al2O3 (nA, kA), SiO2/Cu/ SiO2 (nS, kS); á –
îäèíî÷íîé ïëåíêè ìåäè íà êâàðöåâîé ïîäëîæêå
[12] (nC, kC).



86 “Îïòè÷åñêèé æóðíàë”, òîì 74, ¹ 5, 2007

13. Martin P.J., Netterfield R.P. Optical films produced by
ion-based techniques. CSIRO, Division of Applied
Physics Sydney, Australia 2070. Wolf  E. Progress in optics
XXIII. Elsevier science publishers B.V., 1986. 70 p.

14. Lopez R., Ruiz R., Haglund R.F., Feldman L.C. Pulsed
laser deposition of conductive metall-dielectric optical
filters // Appl. Phys. A. 2002. V. 74. P. 307–310.

15. Barranco A., Yubero F., Cotrino J., Espios J.P., Benitez J.,
Rojas T.C., Allain J., Girardeau T., Riviere J.P., Gonzalez-
Elipe A.R. Low temperature synthesis of dense SiO2 thin
films by ion beam induced chemical vapor deposition //
Thin Solid Films. 2001. V. 396. P. 9–15.

16. Áîíäàðü Å.À., Ñåäîâà Ì.Â., Øàäðèíà Ë.Ï. Èññëåäî-
âàíèå ñâîéñòâ ïðîìåæóòî÷íûõ ìåòàëëîñîäåðæàùèõ
ñëîåâ ýíåðãåòè÷åñêè ýôôåêòèâíûõ ïîêðûòèé // Ïðå-
ïðèíò ¹8-481 ÐÀÍ, Îáúåäèíåííûé èíñòèòóò âûñîêèõ
òåìïåðàòóð, 2005. 24 ñ.

17. Sua′rez-Garcia A., Gonzalo J., Afonso C.N. Low-loss Al2O3
waveguides produced by pulsed laser deposition at room
temperature // Appl. Phys. A. 2003. V. 77. P. 779–783.

18. Minami Tadatsugu, Utsubo Tetsuharu, Yamatani Tsuyoshi,
Miyata Toshihiro, Ohbayashi Yoshiaki. SiO2 electret thin
films prepared by various deposition methods // Thin Solid
Films 2003. V. 426. P. 47–52.

19. Grandvist C.G. Optical properties of granular materials:
How to model coatings for energy-efficient windows.
Physical Phenomena in Granular Materials // Mat. Rrs.
Symp. Proc. 1990. V. 195. P. 201–212.

10. De L.S., Weiming C. A study on coating for energy
efficiency // Proc. SPIE. Materials and optics for solar
energy conversion and advanced lighting technology.
1987. V. 692. P. 121–123.

11. Áîíäàðü Å.À., Øàäðèíà Ë.Ï. Ðàçðàáîòêà ìåòîäà êîì-
ïüþòåðíîãî êîíñòðóèðîâàíèÿ ìíîãîñëîéíûõ ýíåðãå-
òè÷åñêè ýôôåêòèâíûõ ïîêðûòèé äëÿ îêîííûõ ñòå-
êîë // Ïðåïðèíò ¹ 8-445 ÐÀÍ, Îáúåäèíåííûé èíñòè-
òóò âûñîêèõ òåìïåðàòóð, 2000. 21 ñ.

12. Johnson P.B., Christy R.W. Optical constants of noble
metals // Phys. Rev. B. 1972. V. 6. ¹ 12. P. 4370–4379.

13. Çîëîòàðåâ Â.Ì., Ìîðîçîâ Â.Í., Ñìèðíîâà Å.Â. Îïòè-
÷åñêèå ïîñòîÿííûå ïðèðîäíûõ è òåõíè÷åñêèõ ñðåä. Ë.:
Õèìèÿ, 1984. 215 ñ.

14. Szczyrbowski J., Dietrich A., Hartig K. Bendable silver-
based low emissivity coating on glass // Solar Energy
Materials 1989. V. 19. P. 43–53.

15. Áîíäàðü Å.À., Øàäðèíà Ë.Ï. Ìåòîä îïðåäåëåíèÿ îï-
òè÷åñêèõ ïîñòîÿííûõ ïîãëîùàþùåé ïëåíêè â ñîñòà-
âå ñëîèñòîé ñèñòåìû // Îïò. è ñïåêòð. 2004. Ò. 96. ¹ 1.
C. 128–132.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


