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Òîíêîïëåíî÷íûå ïîêðûòèÿ äëÿ îïòè÷åñêèõ ýëåìåíòîâ øèðîêî ïðèìåíÿþò â ðàçëè÷íûõ îá-

ëàñòÿõ ïðîìûøëåííîñòè. Òàê, ïðîñâåòëÿþùèå ïîêðûòèÿ èñïîëüçóþò äëÿ ýêðàíîâ äèñïëå-

åâ, ôîòîäåòåêòîðîâ, âîëîêîííûõ ñâåòîâîäîâ, çåðêàëüíûå ïîêðûòèÿ — äëÿ òåëåñêîïîâ, ìå-

äèöèíñêîé òåõíèêè è äð. Îäíà èç îñíîâíûõ çàäà÷ ïðè ïðîèçâîäñòâå òîíêîïëåíî÷íûõ ïî-

êðûòèé — îïðåäåëåíèå ïîêàçàòåëÿ ïðåëîìëåíèÿ è âûáîð ìàòåðèàëîâ, íàíîñèìûõ íà îïòè-

÷åñêèå èçäåëèÿ. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû îïðåäåëåíèÿ ïîêàçàòåëåé ïðåëîìëå-

íèÿ ìàòåðèàëîâ, ïðèìåíÿåìûõ äëÿ èçãîòîâëåíèÿ ìíîãîñëîéíûõ çåðêàë ñ òðåáóåìûìè ñïåê-

òðàëüíûìè õàðàêòåðèñòèêàìè. Â îáùåì ñëó÷àå îòðàæåíèå ñâåòà ïðîèñõîäèò íà ãðàíèöå

ðàçäåëà äâóõ ìàòåðèàëîâ, íàïðèìåð, ñòåêëà è âîçäóõà. Äèýëåêòðè÷åñêèå ïëåíêè ïîëó÷àëè

ìåòîäîì âûñîêî÷àñòîòíîãî èîííî-ëó÷åâîãî ðàñïûëåíèÿ ìèøåíè. Ïîêàçàíî, ÷òî äëÿ äîñòè-

æåíèÿ ìèíèìàëüíûõ ñèñòåìàòè÷åñêèõ îøèáîê ïîêàçàòåëü ïðåëîìëåíèÿ ïëåíêè SiO2 íåîá-

õîäèìî íåîäíîêðàòíî êîððåêòèðîâàòü. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû

â ïðîèçâîäñòâå âûñîêîòî÷íûõ îïòè÷åñêèõ ñèñòåì äëÿ ðàçëè÷íûõ îòðàñëåé ïðîìûøëåííî-

ñòè, â îñîáåííîñòè ìåäèöèíû, êîñìè÷åñêîãî ïðèáîðîñòðîåíèÿ, àâèàöèè è äð.
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Thin-film coatings for optical elements are widely used in various industries. Antireflection coatings are

used in display screens, photodetectors, fiber optic light guides, mirror coatings are used for telescopes,

medical equipment, etc. One of the main goals in the production of thin-film coatings is to determine the

refractive index and the choice of materials applied to optical products. We present the results of determin-

ing the refractive indices of materials used for the manufacture of multilayer mirrors with the desired

spectral characteristics. In general, light reflection occurs at the interface between two materials, for

example, glass and air. Dielectric films were obtained by high-frequency ion-beam sputtering of the target.

It is shown that the refractive index of the SiO
2

film must be repeatedly corrected to minimize systematic

errors. The results obtained can be used in the production of high-precision optical systems for various

industries, especially medicine, space instrumentation, aviation and others.

Keywords: optical coatings; ion beam sputtering; reflection coefficient; transmission coefficient; refrac-

tive index.

Ââåäåíèå

Ïðè ïðîèçâîäñòâå îïòè÷åñêèõ çåðêàë øèðîêî

èñïîëüçóþò ìíîãîñëîéíûå òîíêîïëåíî÷íûå äè-

ýëåêòðè÷åñêèå ñòðóêòóðû, êîòîðûå èçãîòàâëèâà-

þò ïóòåì íàíåñåíèÿ íà ïîäëîæêè â âàêóóìíîé

êàìåðå ïîñëåäîâàòåëüíîñòè ñëîåâ ñ ðàçëè÷íûìè

òîëùèíàìè è ïîêàçàòåëÿìè ïðåëîìëåíèÿ. Ñîâðå-

ìåííûå ìíîãîñëîéíûå îïòè÷åñêèå ïîêðûòèÿ, â

ïåðâóþ î÷åðåäü ïîêðûòèÿ äëÿ âûñîêîòåõíîëî-

ãè÷íûõ ïðèìåíåíèé, ìîãóò ñîñòîÿòü èç äåñÿòêîâ
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è äàæå ñîòåí ñëîåâ [1]. Äëÿ òàêèõ ñëîæíûõ, ñ

áîëüøèì êîëè÷åñòâîì ñëîåâ ïîêðûòèé, êàê ïðà-

âèëî, ïðèìåíÿþò îïòè÷åñêèé êîíòðîëü ïðîöåññà

íàíåñåíèÿ [2 – 7].

Îïòè÷åñêèå ñâîéñòâà ïëåíîê, ïîëó÷åííûõ

ïðè ðàçíûõ óñëîâèÿõ îñàæäåíèÿ, ðàçëè÷íû. Ïî-

ýòîìó äëÿ ñîçäàíèÿ çåðêàë ñ òðåáóåìûìè ñïåê-

òðàìè îòðàæåíèÿ óæå íà ýòàïå ïðîåêòèðîâàíèÿ

íåîáõîäèìî ìîäåëèðîâàíèå áóäóùåé ñòðóêòóðû.

Ìîäåëü äîëæíà âêëþ÷àòü òî÷íîå îïðåäåëåíèå

ïîêàçàòåëåé ïðåëîìëåíèÿ òîíêèõ ïëåíîê, ñîñòàâ-

ëÿþùèõ îïòè÷åñêîå ïîêðûòèå. Ïðè îøèáî÷íîì

ìîäåëèðîâàíèè îïòè÷åñêèõ ïîêðûòèé è íåâåð-

íîì âûáîðå ïîêàçàòåëÿ ïðåëîìëåíèÿ îïòè÷åñêîå

èçäåëèå ìîæåò íå óäîâëåòâîðÿòü ïîñòàâëåííûì

çàäà÷àì [8, 9].

Öåëü ðàáîòû — îïðåäåëåíèå ïîêàçàòåëåé

ïðåëîìëåíèÿ ìàòåðèàëîâ, èñïîëüçóåìûõ äëÿ èç-

ãîòîâëåíèÿ îòðàæàþùåãî ïîêðûòèÿ, ïðè ìîäåëè-

ðîâàíèè îïòè÷åñêîãî çåðêàëà, ñîñòîÿùåãî èç ìíî-

ãîñëîéíîé ñòðóêòóðû.

Ìàòåðèàëû, ìåòîäèêà, îáîðóäîâàíèå

Îäíî èç îñíîâíûõ òðåáîâàíèé, ïðåäúÿâëÿå-

ìûõ ê ïîêðûòèÿì, — óñòîé÷èâîñòü ê âîçäåéñò-

âèþ èçëó÷åíèÿ, ïîýòîìó äëÿ ôîðìèðîâàíèÿ òîí-

êîïëåíî÷íîé ìíîãîñëîéíîé ñòðóêòóðû âûáðàëè

òàêèå ìàòåðèàëû ïëåíîê, êàê äèîêñèä êðåìíèÿ

(SiO2) è ïåíòîêñèä òàíòàëà (Ta2O5). Îáðàçöû ïî-

ëó÷àëè ìåòîäîì ðåàêòèâíîãî èîííî-ëó÷åâîãî ðàñ-

ïûëåíèÿ (ÈËÐ) ìèøåíè â âàêóóìíîé óñòàíîâêå

Reticle (IBSD) (ðèñ. 1).

Óñòàíîâêà ïîçâîëÿëà íàíîñèòü ïëåíêè íà

ïëàñòèíû äèàìåòðîì äî 300 ìì ñ çàäàííîé ñêîðî-

ñòüþ âðàùåíèÿ è âêëþ÷àëà:

âûñîêî÷àñòîòíûé òðåõñåòî÷íûé èîííûé èñ-

òî÷íèê ñ èíäóêòèâíî-ñâÿçàííîé ïëàçìîé ðàñïû-

ëåíèÿ, à òàêæå èîííûé èñòî÷íèê àññèñòèðîâàíèÿ

è î÷èñòêè ïîäëîæåê;

äî ÷åòûðåõ âèäîâ ìèøåíåé äëÿ ïîëó÷åíèÿ

ìíîãîñëîéíûõ ïîêðûòèé;

îïòè÷åñêèé êîíòðîëü òîëùèíû è ñêîðîñòè

íàïûëåíèÿ;

óïðàâëåíèå ïðîöåññîì îñàæäåíèÿ.

Âàêóóìíàÿ îòêà÷êà îñóùåñòâëÿëàñü ñ èñïîëü-

çîâàíèåì áåçìàñëÿíîãî è âûñîêîâàêóóìíîãî

êðèîãåííîãî íàñîñîâ (ñêîðîñòü îòêà÷êè —

10 000 ë/ñ), óïðàâëåíèå — ñ ïîìîùüþ ïðîãðàìì-

íîãî îáåñïå÷åíèÿ Aeres.

Ôóíêöèîíàë âñòðîåííîé âûñîêîòî÷íîé îïòè-

÷åñêîé ñèñòåìû äëÿ îäíî- èëè ìíîãîñëîéíûõ ïî-

êðûòèé âêëþ÷àë: äâóëó÷åâîå óïðàâëåíèå ñ ÷åòû-

ðåõôàçíûì ðàçäåëåííûì è ðàçîìêíóòûì îïòè÷å-

ñêèì ëó÷îì, ìíîãîêðàòíûé äëèííîâîëíîâîé ìî-

íèòîðèíã äëÿ îïðåäåëåíèÿ îêîí÷àíèÿ ïðîöåññà,

ïîëíîå ñïåêòðàëüíîå ñêàíèðîâàíèå ìåæäó ñëîÿ-

ìè. Ñêàíèðîâàíèå ïðîâîäèëîñü â äèàïàçîíå äëèí

âîëí 400 – 1100 íì.

Ñïåêòðàëüíûå ñâîéñòâà ïëåíîê îïðåäåëÿëè

íà ñïåêòðîôîòîìåòðå Agilent Cary 7000.

Òåõíîëîãèÿ íàíåñåíèÿ ïëåíîê ÈËÐ çàêëþ÷à-

åòñÿ â áîìáàðäèðîâêå ìèøåíè ïó÷êîì èîíîâ ñ

ýíåðãèåé äî 1,5 êýÂ ñ ïîñëåäóþùèì îñàæäåíèåì

ðàñïûëåííîãî ìàòåðèàëà íà ïîäëîæêó. ÈËÐ èìå-

åò ðÿä ïðåèìóùåñòâ ïî ñðàâíåíèþ ñ íàíåñåíèåì

ïëåíîê ìåòîäîì ìàãíåòðîííîãî ðàñïûëåíèÿ ìè-

øåíè. Ïðè ÈËÐ ïëàçìà ðàçìåùàåòñÿ âíóòðè

èñòî÷íèêà èîíîâ, ïîýòîìó äàâëåíèå â ðàáî÷åé êà-

ìåðå ìîæåò ïîääåðæèâàòüñÿ íà áîëåå íèçêîì

óðîâíå. Êðîìå òîãî, ìåòîä ÈËÐ îáåñïå÷èâàåò ñòà-

áèëüíîñòü ïðîöåññà ïðè ñîõðàíåíèè âûñîêîé ñêî-

ðîñòè íàíåñåíèÿ, îáðàçåö íå ïîäâåðãàåòñÿ íåïî-

ñðåäñòâåííîìó âîçäåéñòâèþ èîííîãî ïó÷êà, ïî-

ýòîìó ïëåíêà ìåíüøå ïîäâåðæåíà çàãðÿçíåíèþ

ìîëåêóëàìè ðàáî÷èõ ãàçîâ. Îòìåòèì, ÷òî èñòî÷-

íèê èîíîâ îáåñïå÷èâàåò ïîëíûé è íåçàâèñèìûé

êîíòðîëü ïîòîêà è ýíåðãèè èîíîâ. Ýòî äàåò âîç-

ìîæíîñòü ïîëó÷àòü ïëåíêè ñ íèçêèì óðîâíåì

ðàññåÿíèÿ ñâåòà, à òàêæå ñ áîëåå âûñîêîé àäãåçè-

åé ïëåíêè ê ïîäëîæêå.

Ïðè ïîëó÷åíèè îáðàçîâ èñïîëüçîâàëè ìèøå-

íè òàíòàëà (99,95 %) è êðåìíèÿ (99,999 %).

Ïîêàçàòåëè ïðåëîìëåíèÿ ïîëó÷åííûõ äè-

ýëåêòðè÷åñêèõ ïëåíîê îïðåäåëÿëè ñ ïîìîùüþ

ïðîãðàììû OptiChar.

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2023. Òîì 89. ¹ 5 37

Ðèñ. 1. Âàêóóìíàÿ óñòàíîâêà Reticle (IBSD)

Fig. 1. Reticle vacuum unit (IBSD)



Îáñóæäåíèå ðåçóëüòàòîâ

Íà ðèñ. 2 ïðèâåäåíû ñïåêòðàëüíûå äàííûå

ïëåíêè SiO2 è íåïîêðûòîé ïîäëîæêè èç ñòåêëà

ìàðêè BK-7.

Èñïîëüçóÿ ðåçóëüòàòû èçìåðåíèé êîýôôèöè-

åíòîâ îòðàæåíèÿ è ïðîïóñêàíèÿ, îïðåäåëÿëè ïî-

êàçàòåëü ïðåëîìëåíèÿ äèýëåêòðè÷åñêîé ïëåíêè

SiO2. Íà ðèñ. 3 ïðèâåäåíû çàâèñèìîñòè ïîêàçàòå-

ëÿ ïðåëîìëåíèÿ n îò äëèíû âîëíû. Âèäíî, ÷òî

ðàñ÷åòíûå çíà÷åíèÿ n ñîãëàñóþòñÿ ñ ëèòåðàòóð-

íûìè äàííûìè, íî ñóùåñòâåííî ìåíüøå.

Çàìåòèì, ÷òî îò äâóõ ïîâåðõíîñòåé ðàçäåëà

ñòåêëà (n � 1,51) è âîçäóõà îòðàæàåòñÿ îêîëî

8,6 % ñâåòà, ïàäàþùåãî ïîä óãëîì 0° îòíîñèòåëü-

íî íîðìàëè ê ïîâåðõíîñòè [10].

Âû÷èñëåííûé ïîêàçàòåëü ïðåëîìëåíèÿ ïëåí-

êè SiO2 äàëåå èñïîëüçîâàëè ïðè ìîäåëèðîâàíèè

ìíîãîñëîéíîãî çåðêàëà. Ïîêàçàòåëü ïðåëîìëåíèÿ

ïëåíêè Ta2O5 îïðåäåëÿëè àíàëîãè÷íî è òàêæå ñ

èñïîëüçîâàíèåì ïîäëîæêè èç ñòåêëà ìàðêè BK-7.

Êà÷åñòâî ìîäåëèðîâàíèÿ îöåíèâàëè ñ ïîìî-

ùüþ ìîäåëè òåñòîâîãî çåðêàëà ñ îïîðíîé äëèíîé

âîëíû 1060 íì, ñîñòîÿùåé èç ñåìè ïàð ÷åòâåðòü-

âîëíîâûõ ñëîåâ. Ïîñëå íàíåñåíèÿ ïëåíîê è ôîð-

ìèðîâàíèÿ îïòè÷åñêîãî ïîêðûòèÿ ñðàâíèâàëè

ðàñ÷åòíóþ è ôàêòè÷åñêóþ ñïåêòðàëüíûå çàâèñè-

ìîñòè êîýôèöèåíòà ïðîïóñêàíèÿ îò äëèíû âîë-

íû (ðèñ. 4).

Âûïîëíåííûé ñðàâíèòåëüíûé àíàëèç ñ ïîìî-

ùüþ ïðîãðàììû OptiRE ïîêàçàë, ÷òî: 1) ñóùåñò-

âóþò ñèñòåìàòè÷åñêèå îøèáêè â ñëîÿõ Ta2O5 è

SiO2 (íåñîîòâåòñòâèå ñïåêòðàëüíûõ êðèâûõ â

äèàïàçîíå äëèí âîëí 530 ± 20 íì); 2) çíà÷åíèÿ

ïîêàçàòåëåé ïðåëîìëåíèÿ äëÿ SiO2 è Ta2O5 îïðå-

äåëåíû íåäîñòàòî÷íî òî÷íî (ôàêòè÷åñêàÿ øèðè-

íà âûñîêî îòðàæàþùåé îáëàñòè óæå ðàñ÷åòíîé

[14, 15]).
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Ðèñ. 2. Çàâèñèìîñòè êîýôôèöèåíòîâ îòðàæåíèÿ R (à) è

ïðîçðà÷íîñòè (ïðîïóñêàíèÿ) T (á) îò äëèíû âîëíû: 1 —

íåïîêðûòàÿ ïîäëîæêà èç ñòåêëà ìàðêè BK-7; 2 — ïëåíêà

SiO2

Fig. 2. Dependences of the reflection R (a) and transpar-

ency (transmission) T (b) coefficients on the wavelength:

1 — uncoated substrate made of VK-7 glass; 2 — SiO
2

film
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Ðèñ. 3. Çàâèñèìîñòè ïîêàçàòåëÿ ïðåëîìëåíèÿ n ïëåíêè SiO2 îò äëèíû âîëíû: 1 — ëèòåðàòóðíûå äàííûå [9]; 2, 3 — ýêñ-

ïåðèìåíòàëüíûå äàííûå, ïîëó÷åííûå íà îäíîé ñòîðîíå îáðàçöà è ñ ó÷åòîì âòîðîé ñòîðîíû; 4 — ðàñ÷åòíûå äàííûå, ïîëó-

÷åííûå ñ ó÷åòîì âòîðîé ñòîðîíû îáðàçöà

Fig. 3. Dependences of the refractive index n of the SiO
2

film on the wavelength: 1 — literature data [9]; 2, 3 — experimental

data obtained on the one side of the sample and with allowance for the second side of the sample; 4 — calculated data obtained

taking into account the second side of the sample



Ïðèìåíÿÿ îáðàòíîå ïðîåêòèðîâàíèå ñ òðåìÿ

íåèçâåñòíûìè ïàðàìåòðàìè [16 – 18], ïîëó÷èëè

õîðîøåå ñîâïàäåíèå øèðèíû âûñîêî îòðàæàþ-

ùèõ îáëàñòåé è ñïåêòðàëüíûõ êðèâûõ ïðîïóñêà-

íèÿ â äèàïàçîíå 530 ± 20 íì (ñì. ðèñ. 4, á).

×òîáû îáåñïå÷èòü òàêîå ñîâïàäåíèå ñïåê-

òðàëüíûõ êðèâûõ îïòè÷åñêîãî çåðêàëà, ïðè ìîäå-

ëèðîâàíèè íåîáõîäèìî ïðèìåíÿòü îòêîððåêòèðî-

âàííîå çíà÷åíèå ïîêàçàòåëÿ ïðåëîìëåíèÿ ïëåí-

êè Ta2O5. Íà ðèñ. 5 ïðåäñòàâëåíû ðàñ÷åòíàÿ è

ñêîððåêòèðîâàííàÿ çàâèñèìîñòè ïîêàçàòåëÿ ïðå-

ëîìëåíèÿ Ta2O5.

Âåëè÷èíû ñèñòåìàòè÷åñêèõ îøèáîê â ñëîÿõ

òåñòîâîãî çåðêàëà ïîñëå êîððåêòèðîâêè ïîêàçàòå-

ëÿ ïðåëîìëåíèÿ ïëåíêè Ta2O5 ïðèâåäåíû íà

ðèñ. 6 (íå÷åòíûå ñëîè — Ta2O5, ÷åòíûå — SiO2).

Çàêëþ÷åíèå

Ìîäåëèðîâàíèå ìíîãîñëîéíîãî çåðêàëà îñó-

ùåñòâëÿëè ñ èñïîëüçîâàíèåì ìíîãîñëîéíîé

ñòðóêòóðû, ñîñòîÿùåé èç ÷åðåäóþùèõñÿ äèýëåê-

òðè÷åñêèõ ïëåíîê SiO2 è Ta2O5, ïîëó÷åííûõ ìå-

òîäîì ðåàêòèâíîãî ÈËÐ ìèøåíè. Îïðåäåëåíû

ñïåêòðàëüíûå çàâèñèìîñòè ïîêàçàòåëÿ ïðåëîìëå-

íèÿ ìàòåðèàëîâ, èñïîëüçóåìûõ äëÿ íàíåñåíèÿ îò-

ðàæàþùåãî ïîêðûòèÿ. Òðåáóåìûå ñïåêòðàëüíûå

õàðàêòåðèñòèêè çåðêàëà îáåñïå÷èâàëèñü êîððåê-

òèðîâêîé ïîêàçàòåëÿ ïðåëîìëåíèÿ ïëåíêè Ta2O5,

à òàêæå óñòàíîâëåíèåì âåëè÷èíû ñèñòåìàòè÷å-

ñêèõ îøèáîê â ñëîÿõ SiO2 è Ta2O5, îïðåäåëåííûõ

èç in situ äàííûõ (âî âðåìÿ ïðîöåññà íàïûëå-

íèÿ). Îøèáêè íå ïðåâûøàëè 1 è 3,4 % â ñëîÿõ

SiO2 è Ta2O5 ñîîòâåòñòâåííî, ÷òî ìîæíî ñ÷èòàòü

õîðîøèì ðåçóëüòàòîì ñõîäèìîñòè ðàñ÷åòíûõ è

ýêñïåðèìåíòàëüíûõ äàííûõ.
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