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Ðàçðàáîòàíî íàó÷íî-òåõíè÷åñêîå îáîñíîâàíèå ìåòîäà ïîëó÷åíèÿ ñëî¸â íàíî-ìèêðîñòðóêòóð ñåðåáðà íà
ïîâåðõíîñòè ÿäåðíûõ ôèëüòðîâ ïîñðåäñòâîì ïðîïóñêàíèÿ àýðîçîëÿ íàíî-ìèêðî ÷àñòèö ñåðåáðà ñêâîçü ïîðû
ìåìáðàíû. Èçãîòîâëåíû ýêñïåðèìåíòàëüíûå îáðàçöû ÿäåðíûõ ôèëüòðîâ, ìîäèôèöèðîâàííûõ íàíî-ìèêðî-
ñòðóêòóðàìè ñåðåáðà è ïðîâåäåíî èññëåäîâàíèå ñòðîåíèÿ ñëî¸â íàíî-ìèêðîñòðóêòóð ñåðåáðà ìåòîäàìè
ðàñòðîâîé ýëåêòðîííîé è àòîìíî-ñèëîâîé ìèêðîñêîïèè. Óñòàíîâëåíî, ÷òî ñ óâåëè÷åíèåì êîíöåíòðàöèè ÷à-
ñòèö ñåðåáðà â àýðîçîëå îò ~105 äî 4·106 ñì-3 ïðîèñõîäèò èçìåíåíèå ñòðîåíèÿ ïîêðûòèÿ èç íàíî-ìèêðî-
ñòðóêòóð ñåðåáðà îò îñòðîâêîâîé ïë¸íêè, ñîñòîÿùåé èç èçîëèðîâàííûõ ñôåðè÷åñêèõ ÷àñòèö ñåðåáðà ðàç-
ìåðîì îò 20 äî 200 íì, äî îáðàçîâàíèÿ ôðàãìåíòîâ ñïëîøíîãî ïîêðûòèÿ íà ïîâåðõíîñòè ïîäëîæêè òîëùè-
íîé äî ~0,3 � 0,5 ìêì. Ñäåëàí âûâîä î ïðîòåêàíèè èíòåíñèâíûõ ïðîöåññîâ êîàãóëÿöèè íàíî-ìèêðî÷àñòèö
ñåðåáðà, îñåâøèõ èç àýðîçîëÿ íà ïîâåðõíîñòü ÿäåðíîãî ôèëüòðà, êîòîðûå ïðèâîäÿò ê îáðàçîâàíèþ íàíî-
ìèêðîñòðóêòóð ðàçíîîáðàçíîé ôîðìû è ðàçìåðîâ.
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A scientific and technical feasibility of the method of obtaining layers of nano-microstructured silver on the
surface of nuclear filters by passing the aerosol nano-micro particles of silver through the pores of a membrane has
been developed. Experimental samples of nuclear filters modified nano-microstructured silver have been prepared,
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and a study of structure of the layers of nano-microstructured silver by scanning electron and atomic force microscopy
has been carried out. It is found that increasing of the silver particle concentration in the aerosols from ~105 to 4·106

cm-3 yields a change in the structure of the coating of nano-microstructures of silver from islet film consisting of
isolated spherical silver particles ranging in size from 20 to 200 nm to the formation of solid fragments on the surface
of the substrate of a thickness up to ~0.3 to 0.5 ìm. It is concluded that the intense processes of coagulation of the
silver nano- and microparticles deposited from the aerosol that leads to formation of silver nano-and microstructures
of various shapes and sizes occurred on the surface of nuclear filters.

Keywords: aerosol deposition, silver nanoparticle microparticle, nanostructure, light, transmission, reflection,
nuclear filter.

1. Ââåäåíèå

Ñîçäàíèå íàó÷íûõ îñíîâ íîâûõ òåõíîëîãèé èçãîòîâëåíèÿ íàíî-ìèêðîñòðóêòóð (ÍÌÑ) è íàíîìàòåðèàëîâ
(ÍÌ) ÿâëÿåòñÿ îäíèì èç îñíîâíûõ íàïðàâëåíèé èññëåäîâàíèé â îáëàñòè íàíîòåõíîëîãèé [1]. Ïåðñïåêòèâ-
íûì ïîäõîäîì äëÿ ñîçäàíèÿ íîâûõ ÍÌÑ è ÍÌ ÿâëÿåòñÿ èñïîëüçîâàíèå ÿäåðíûõ ôèëüòðîâ (ßÔ) â êà÷åñòâå
ïîäëîæåê äëÿ ïîëó÷åíèÿ ìåòîäîì òåìïëàòíîãî ñèíòåçà ÍÑ ìåòàëëîâ è äðóãèõ âèäîâ ÍÌ [2].

Ðàçðàáîòêà ìåòîäîâ êîíòðîëèðóåìîãî ñèíòåçà è êîíòðîëÿ ñîñòàâà àýðîçîëåé ìåòàëëè÷åñêèõ ÷àñòèö [3]
ñîçäà¸ò ïðåäïîñûëêè äëÿ ñîçäàíèÿ íîâûõ ìåòîäîâ èçãîòîâëåíèÿ íàíîñòðóêòóðèðîâàííûõ ìåòàëëîâ, îñíî-
âàííûõ íà îñàæäåíèè ÷àñòèö àýðîçîëÿ íà ïîâåðõíîñòü ïîðèñòîé ïîäëîæêè (â ÷àñòíîñòè, - ßÔ) ïðè ïðîïóñ-
êàíèè àýðîçîëÿ ñêâîçü ìèêðîïîðû ïîäëîæêè (äàëåå � ìåòîäû àýðîçîëüíîãî íàïûëåíèÿ).

Öåëü íàñòîÿùåãî èññëåäîâàíèÿ ñîñòîÿëà â îáîñíîâàíèè âîçìîæíîñòè ñèíòåçà ìåòîäîì àýðîçîëüíîãî
íàïûëåíèÿ è èçó÷åíèÿ ñòðóêòóðû è ôîòîìåòðè÷åñêèõ ñâîéñòâ ÍÌÑ ñåðåáðà íà ïîâåðõíîñòè ßÔ.

2. Îáúåêòû è ìåòîäû èññëåäîâàíèÿ

ßÔ áûëè ïîëó÷åíû èç äâóõîñíî-îðèåíòèðîâàííûõ ïîëèýòèëåíòåðåôòàëàòíûõ (ÏÝÒÔ) ïë¸íîê òîëùèíîé
10±1 ìêì (ÃÎÑÒ 24234-80); ñòåïåíü âûòÿæêè 3, ñòåïåíü êðèñòàëëè÷íîñòè - íå âûøå 50%, ïëîòíîñòü - 1400 êã/
ì3, ìîëåêóëÿðíàÿ ìàññà 31000. Â êà÷åñòâå íàïîëíèòåëÿ ìàòåðèàë ñîäåðæàë êàîëèí; åãî ìàññîâàÿ äîëÿ - 0,2.
Îáëó÷åíèå ïîòîêîì òÿæ¸ëûõ èîíîâ (54Õå129, ýíåðãèÿ ~1 ÌýÂ/íóêëîí, ôëþåíñ ~3⋅108÷3⋅109 ñì-2) ïðîâîäèëè â
Ëàáîðàòîðèè ßäåðíûõ Ðåàêöèé èì. Ã.Í. Ôëåðîâà (ÎÈßÈ, ã. Äóáíà) íà óñêîðèòåëå òÿæåëûõ èîíîâ Ó-300 â
óñëîâèÿõ âàêóóìà, ïðè êîìíàòíîé òåìïåðàòóðå. Õèìè÷åñêàÿ îáðàáîòêà îáëó÷åííûõ èîíàìè ïëåíîê ÏÝÒÔ
îñóùåñòâëÿëàñü â âîäíûõ ðàñòâîðàõ 0.5÷5 N NàÎÍ â îáëàñòè òåìïåðàòóð 303÷353 Ê. Â ðåçóëüòàòå â ïë¸íêå
ÏÝÒÔ âîçíèêàë ìàññèâ îòêðûòûõ ìèêðîïîð öèëèíäðè÷åñêîé ôîðìû ñî ñðåäíèì äèàìåòðîì ~0.2 ìêì.

Ìåòîä àýðîçîëüíîãî íàïûëåíèÿ ñîñòîèò èç ñëåäóþùèõ ñòàäèé: à) ôîðìèðîâàíèå àýðîçîëÿ íàíî- è ìèêðî÷àñ-
òèö ñåðåáðà â ýëåêòðè÷åñêîé äóãå, ïîëó÷àåìîé â ðåæèìå êîðîòêîãî çàìûêàíèÿ ñåðåáðÿíûõ ýëåêòðîäîâ â ðàç-
ðÿäíîì óñòðîéñòâå, á) ïðîâåäåíèå äèàãíîñòèêè ñîñòàâà àýðîçîëÿ ñ èñïîëüçîâàíèåì äèôôóçèîííîãî àýðîçîëüíî-
ãî ñïåêòðîìåòðà (ÄÀÑ); â) ïðîïóñêàíèå àýðîçîëÿ ñåðåáðÿíûõ íàíî- è ìèêðî÷àñòèö ñêâîçü ïîðèñòóþ ïîëèìåð-
íóþ ïîäëîæêó (ßÔ) è ôîðìèðîâàíèå ÍÌÑ ñåðåáðà (Ag-ÍÌÑ) íà ïîâåðõíîñòè ßÔ. Ïðåèìóùåñòâîì ïðèìåíå-
íèÿ ìåòîäà àýðîçîëüíîãî íàïûëåíèÿ äëÿ ñèíòåçà Ag-ÍÌÑ ïî ñðàâíåíèþ ñ òðàäèöèîííî èñïîëüçóåìûì ìåòîäîì
ýëåêòðîëèòè÷åñêîãî îñàæäåíèÿ ñåðåáðà â ïîðû ïîäëîæêè [2] ÿâëÿåòñÿ ìàëîå êîëè÷åñòâî òåõíîëîãè÷åñêèõ îïå-
ðàöèé, âûñîêàÿ ÷èñòîòà èñïîëüçóåìûõ ìàòåðèàëîâ, íèçêàÿ âåðîÿòíîñòü ïðîòåêàíèÿ ïîáî÷íûõ ðåàêöèé.

Ñõåìà ìåòîäà àýðîçîëüíîãî íàïûëåíèÿ ïðèâåäåíà íà Ðèñ. 1: ïîòîê âîçäóõà èç àòìîñôåðû íàãíåòàåòñÿ
êîìïðåññîðîì (1) ÷åðåç àýðîçîëüíûé ôèëüòð (3à) äëÿ î÷èñòêè îò ÷àñòèö ìåõàíè÷åñêèõ çàãðÿçíåíèé è ïûëè,
çàòåì ïîñòóïàåò â ãåíåðàòîð àýðîçîëÿ (4), ãäå â ìîìåíò êîðîòêîãî çàìûêàíèÿ, îáðàçóåòñÿ ýëåêòðè÷åñêàÿ
äóãà ñ çàäàííûìè è êîíòðîëèðóåìûìè âîëüò-àìïåðíûìè õàðàêòåðèñòèêàìè. Ïðè ýòîì ÷àñòü ìàòåðèàëà
êîíòàêòèðóþùèõ ýëåêòðîäîâ èñïàðÿåòñÿ, îáðàçóÿ àýðîçîëü ìåòàëëîâ ñ íàíî-/ìèêðî÷àñòèöàìè ïðåèìóùå-
ñòâåííî ñôåðè÷åñêîé ôîðìû. Óâëåêàåìûå ïîòîêîì âîçäóõà, ÷àñòèöû àýðîçîëÿ ïîïàäàþò â ðàáî÷óþ êàìå-
ðó (7) ãäå ïðîõîäÿò ñêâîçü ÿ÷åéêó ñ ïîðèñòîé ïîëèìåðíîé ïîäëîæêîé (8). Ðîòàìåòðû (2à), (2á) ñëóæàò äëÿ
îïðåäåëåíèÿ õàðàêòåðèñòèê ïîòîêîâ àýðîçîëåé, ïðîøåäøèõ ÷åðåç ãåíåðàòîð àýðîçîëåé è ðàáî÷óþ êàìåðó.
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Ïðè ïîìîùè âåíòèëÿ (9â) ñîçäà¸òñÿ íåáîëüøîå èçáûòî÷íîå äàâëåíèå â ðàáî÷åé êàìåðå, à íàñîñ (10) îáåñ-
ïå÷èâàåò íåîáõîäèìûé ïîòîê âîçäóõà ÷åðåç ïîëèìåðíóþ ïîäëîæêó, èìåþùóþ áîëüøîå ñîïðîòèâëåíèå.
Àýðîçîëüíûå ôèëüòðû (3á), (3â) ñëóæàò äëÿ óëàâëèâàíèÿ àýðîçîëüíûõ ÷àñòèö, íå îñåâøèõ íà ïîäëîæêó.

Ïðè ïîìîùè äèôôóçèîííîãî àýðîçîëüíîãî ñïåêòðîìåòðà ÄÀÑ (6) ìîæíî ðåãèñòðèðîâàòü îáú¸ìíóþ êîí-
öåíòðàöèþ ÷àñòèö ñåðåáðà â àýðîçîëå, êàê íà âõîäå, òàê è íà âûõîäå èç ðàáî÷åé êàìåðû âî âðåìÿ ïðîâåäå-
íèÿ îïåðàöèè íàïûëåíèÿ. Íà ðèñóíêå 2 ïðåäñòàâëåíà çàâèñèìîñòü èçìåíåíèÿ îáú¸ìíîé êîíöåíòðàöèè àýðî-
çîëÿ ñåðåáðà ïðè èçãîòîâëåíèè Ag-ÍÌÑ â ðåæèìå ¹ 1 (òàáëèöà 1). Ñîïîñòàâëÿÿ ñ îáú¸ìíîé êîíöåíòðàöè-
åé àýðîçîëÿ íà âõîäå â ðàáî÷óþ êàìåðó (7) (òàáëèöà 1), ìîæíî çàêëþ÷èòü, ÷òî ßÔ ÿâëÿåòñÿ ìàëîïðîíèöà-
åìûì ìàòåðèàëîì äëÿ ñèíòåçèðîâàííîãî àýðîçîëÿ ÷àñòèö ñåðåáðà, è ñïîñîáåí çàäåðæèâàòü áîëüøèíñòâî
÷àñòèö àýðîçîëÿ (âõîäíàÿ òåêóùàÿ êîíöåíòðàöèÿ ~1,5·105 ÷àñò/ìèí), èç êîòîðûõ âïîñëåäñòâèè ïðîèñõîäèò
ôîðìèðîâàíèå Ag-ÍÌÑ íà ïîâåðõíîñòè ßÔ.

Â ðåçóëüòàòå èçìåðåíèé ñ ïîìîùüþ ÄÀÑ ðàñïðåäåëåíèÿ ÷àñòèö àýðîçîëÿ ïî ðàçìåðàì íà âõîäå è íà
âûõîäå èç ðàáî÷åé êàìåðû (7) çà âðåìÿ íàïûëåíèÿ îáðàçöà ßÔ, îêàçûâàåòñÿ âîçìîæíûì ðàññ÷èòàòü çàâè-
ñèìîñòü êîýôôèöèåíòà ïðîñêîêà ÷àñòèö ñåðåáðà ñêâîçü ßÔ îò ðàçìåðà ÷àñòèö (Ðèñ. 3).

Ðèñ. 1. Ñõåìà óñòàíîâêè äëÿ ñèíòåçà íàíî-/ìèêðîñòðóêòóð ìåòàëëîâ ìåòîäîì àýðîçîëüíîãî íàïûëåíèÿ: 1 -
êîìïðåññîð; 2à, 2á - ðîòàìåòð; 3à, 3á, 3â - àýðîçîëüíûé ôèëüòð; 4 - ãåíåðàòîð àýðîçîëÿ; 5 - áëîê óïðàâëåíèÿ ãåíåðà-
òîðà; 6 - äèôôóçèîííûé àýðîçîëüíûé ñïåêòðîìåòð; 7 - ðàáî÷àÿ êàìåðà; 8 - îáðàçåö ÍÌÑ ìåòàëëà íà ïîâåðõíîñòè
ïîðèñòîé ïîëèìåðíîé ïîäëîæêè; 9à, 9á, 9â - ðåãóëèðîâî÷íûå âåíòèëè; 10 - íàñîñ.
Scheme of the installation for the synthesis of the metal nano-/microstructures by method the deposition of the
aerosoles: 1 - compressor; 2a, 2b - rotameter; 3a, 3b, 3c - aerosol filter; 4 - aerosol generator; 5 - control unit
generator; 6 - diffusion aerosol spectrometer; 7 - working chamber; 8 - sample NMS metal on the surface of porous
polymeric substrate; 9a, 9b, 9c - adjusting valves; 10 - the pump.
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Êàê ñëåäóåò èç ðèñóíêà 3, ñêâîçü ìèêðîïîðû ßÔ ñïîñîáíû ïðîõîäèòü ïðåèìóùåñòâåííî ÷àñòèöû ñåðåá-
ðà ñ ðàçìåðàìè äî 50 íì. ×àñòèöû ñåðåáðà áîëüøèõ ðàçìåðîâ ïðàêòè÷åñêè ïîëíîñòüþ îñàæäàþòñÿ íà
ïîâåðõíîñòè ßÔ, è â ðåçóëüòàòå ïðîöåññîâ àãðåãàöèè è êîàãóëÿöèè, ïðîòåêàþùèõ íà ïîâåðõíîñòè ßÔ, ôîðìè-
ðóþò Ag-ÍÌÑ ðàçíîîáðàçíûõ âèäîâ è ôîðì (Ðèñ. 4, à�â). Â ýêñïåðèìåíòàõ èñïîëüçîâàëè îáðàçöû ßÔ â
âèäå äèñêîâ ∅25 ìì. Äèàìåòð îáëàñòè íàïûëåíèÿ ìåòàëëà íà ïîâåðõíîñòè ßÌ � íå áîëåå 15 ìì.

Àíàëîãè÷íî áûëè ñèíòåçèðîâàíû îáðàçöû Ag-ÍÌÑ íà ïîâåðõíîñòè ßÔ âî âòîðîì è â òðåòüåì ðåæèìå
(òàáëèöà 1). Äåòàëüíîå îïèñàíèå çàêîíîìåðíîñòåé ïðîõîæäåíèÿ àýðîçîëåé ìåòàëëîâ ñêâîçü ßÔ áóäåò ïðè-
âåäåíî â îòäåëüíîì ñîîáùåíèè.

Ðèñ. 2. Çàâèñèìîñòü îáú¸ìíîé êîíöåíòðàöèè ÷àñòèö àýðîçîëÿ ñåðåáðà ïîñëå ïðîõîæäåíèÿ ñêâîçü ÿäåðíûé ôèëüòð
â ïðîöåññå èçãîòîâëåíèÿ íàíî-/ìèêðîñòðóêòóðû ñåðåáðà ïî ïåðâîìó ðåæèìó, îò âðåìåíè íàïûëåíèÿ.
Volume concentration of the silver particles in the aerosol which passed through the nuclear filter during preparation of the
silver nano-/microstructure in the first regime from the time of deposition.

Òàáëèöà 1
Ðåæèìû ïîëó÷åíèÿ íàíî- è ìèêðîñòðóêòóð ñåðåáðà ðàçëè÷íûõ âèäîâ íà ïîâåðõíîñòè

ÿäåðíûõ ôèëüòðîâ
Table 1

Modes of obtaining the different species of the silver nano - and microstructures on the surface
of nuclear filters

Ïàðàìåòðû ðàáîòû ïðèáîðà, õàðàêòåðèñòèêà 
àýðîçîëÿ 

Îáðàçåö 

1 2 3 

Âðåìÿ íàïûëåíèÿ, ÷àñ 1 2 2 

Òîê êîðîòêîãî çàìûêàíèÿ, ìÀ 500 750 1000 

Ðàáî÷åå íàïðÿæåíèå, Â 7 7 7 

Àìïëèòóäà èìïóëüñà, Â 0,26 0,26 0,26 

Íàïðÿæåíèå êîðîòêîãî çàìûêàíèÿ, Â 30 30 30 

Êîíöåíòðàöèÿ ÷àñòèö ñåðåáðà â àýðîçîëå, øò/ñì3 156000 3340000 4380000 

Ñêîðîñòü ïîòîêà âîçäóõà, ë/ìèí 1 1 1 

×èñëî îáîðîòîâ ðîòîðà, îá/ñ 20 20 20 

Ñðåäíåêâàäðàòè÷íàÿ äèñïåðñèÿ ðàñïðåäåëåíèÿ 

÷àñòèö ñåðåáðà ïî ðàçìåðàì, íì 
8�10-9 5,5�10-9 6,6�10-9 

Äèàìåòð ÷àñòèö ñåðåáðà, ñîîòâåòñòâóþùèé 
ìàêñèìóìó ðàñïðåäåëåíèÿ ïî ðàçìåðàì, íì 

49 28 30 
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Èññëåäîâàíèå ñòðîåíèÿ Ag-ÍÌÑ ìåòîäàìè ðàñòðîâîé ýëåêòðîííîé (ÐÝÌ) è àòîìíî-ñèëîâîé (ÀÑÌ)
ìèêðîñêîïèè ïðîâîäèëè ñ ïîìîùüþ ýëåêòðîííîãî ìèêðîñêîïà Quanta è ñêàíèðóþùåãî çîíäîâîãî ìèêðî-
ñêîïà «ÈÍÒÅÃÐÀ-Òåðìà». Â èçìåðåíèÿõ ìåòîäàìè ÐÝÌ è ÀÑÌ èñïîëüçîâàëè ôðàãìåíòû îáðàçöîâ ßÔ
ðàçìåðîì 5×5 ìì.

3. Ðåçóëüòàòû è îáñóæäåíèå

Êàê ñëåäóåò èç ðåçóëüòàòîâ èçó÷åíèÿ ïîâåðõíîñòè îáðàçöîâ ßÔ ìåòîäîì ÐÝÌ (Ðèñ. 4, à), èñïîëüçîâàí-
íûõ â êà÷åñòâå ïîäëîæêè äëÿ èçãîòîâëåíèÿ Ag-ÍÌÑ, èîííî-ëó÷åâàÿ îáðàáîòêà è ïîñëåäóþùåå âîçäåé-
ñòâèå êîíöåíòðèðîâàííûõ âîäíûõ ðàñòâîðîâ ãèäðîêñèäà íàòðèÿ ïðèâîäÿò ê ôîðìèðîâàíèþ ìàññèâà îòêðû-
òûõ ïîð ñ äèàìåòðîì îò 190 äî 240 íì. Ïîñëåäóþùèé ÀÑÌ-àíàëèç (Ðèñ. 4 b, c, Òàáëèöà 2) ïîçâîëèë
çàêëþ÷èòü, ÷òî ïîâåðõíîñòü ßÔ ñîäåðæèò ìíîãî÷èñëåííûå âûñòóïû ñî ñðåäíåé âûñîòîé ~130 íì; ñðåäíÿÿ
øåðîõîâàòîñòü ïîâåðõíîñòè ïðè ýòîì ñîñòàâëÿåò ~18 íì. Ðàñïðåäåëåíèå ïî âûñîòå íåîäíîðîäíîñòåé íà
ïîâåðõíîñòè ßÔ ìîæíî àïïðîêñèìèðîâàòü äâóìÿ ãàóññîâûìè êðèâûìè ñ ìàêñèìóìàìè ïðè 124 è 140 íì
(òàáëèöà 3), ïðîèñõîæäåíèå êîòîðûõ ìîæíî ñâÿçàòü ñ îñîáåííîñòÿìè ìèêðîðåëüôà ïîâåðõíîñòè ßÔ, âîçíè-
êàþùåãî ïîñëå ðàäèàöèîííîé è õèìè÷åñêîé îáðàáîòêè ÏÝÒÔ (áîêîâûå ãðàíè êðèñòàëëîâ, ïîâåðõíîñòíûå
äåôåêòû è ò.ä.).

Â ðåçóëüòàòå îáðàáîòêè ßÔ àýðîçîëåì ñåðåáðà â ïåðâîì ðåæèìå (òàáëèöà 1) íà ïîâåðõíîñòè ìåìáðàíû
ïðîèñõîäèò ôîðìèðîâàíèå Ag-ÍÌÑ â âèäå îñòðîâêîâîé ïë¸íêè èç èçîëèðîâàííûõ íàíî- è ìèêðî÷àñòèö
ñåðåáðà ñôåðè÷åñêîé ôîðìû, îñåâøèõ íà ïîâåðõíîñòè ïîäëîæêè (Ðèñ. 5, à).  Â ñîîòâåòñòâèè ñ óñëîâèÿìè
ïðèãîòîâëåíèÿ  Ag-ÍÌÑ (Ðèñ.1, 2, Òàáëèöà 1), ìîæíî îöåíèòü ïîâåðõíîñòíóþ êîíöåíòðàöèþ íàíî-/ìèêðî-
÷àñòèö ñåðåáðà ~1,83·109 ñì-2, ñðåäíåêâàäðàòè÷íîå ðàññòîÿíèå ìåæäó êîòîðûìè ñîñòàâëÿåò Sq ~233,8 íì.
Êàê ñëåäóåò èç ÀÑÌ-èçìåðåíèé (Ðèñ. 5, b), ïîÿâëåíèå ÷àñòèö ñåðåáðà íà ïîâåðõíîñòè ßÔ ïðèâîäèò ê
ñóùåñòâåííîìó âîçðàñòàíèþ âåëè÷èíû ñðåäíåãî ðàçìåðà íåîäíîðîäíîñòè è øåðîõîâàòîñòè ïîâåðõíîñòè
(312,95 è 28,34 íì, ñîîòâåòñòâåííî). Ôîðìà êðèâîé ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé ïîâåðõíîñòè
ßÔ ñ Ag-ÍÌÑ-1 (Ðèñ. 5, ñ) â öåëîì ïîâòîðÿåò ôîðìó ãèñòîãðàììû, óñòàíîâëåííîé äëÿ èñõîäíîãî ßÔ,
îäíàêî îáíàðóæåí ñäâèã ìàêñèìóìîâ ðàñïðåäåëåíèÿ â ñòîðîíó áîëåå âûñîêèõ çíà÷åíèé íåîäíîðîäíîñòè
(âïëîòü äî 237,4 è 264,6 íì, ñîîòâåòñòâåííî), ÷òî ìîæíî îáúÿñíèòü ïîÿâëåíèåì íà ïîâåðõíîñòè ßÔ îñòðî-
âêîâîé ïë¸íêè íàíî- è ìèêðî÷àñòèö ñåðåáðà. Èç ïðèâåä¸ííûõ îöåíîê ìîæíî ïîëó÷èòü, ÷òî òîëùèíà ñëîÿ
÷àñòèö ñåðåáðà íà ïîâåðõíîñòè ßÔ ñîñòàâëÿåò ~100 íì.

Ðèñ. 3. Çàâèñèìîñòü âåëè÷èíû êîýôôèöèåíòà ïðîñêîêà äëÿ àýðîçîëÿ ÷àñòèö ñåðåáðà ñêâîçü ÿäåðíûé ôèëüòð â
ïðîöåññå èçãîòîâëåíèÿ íàíî-/ìèêðîñòðóêòóðû ñåðåáðà ïî ïåðâîìó ðåæèìó, îò ðàçìåðà ÷àñòèö.
Penetration coefficients for the aerosol of silver particles which passed through the nuclear filter during preparation of the
silver nano-/microstructure in the first regime depending on the size of the particles.
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Òàáëèöà 2
Õàðàêòåðèñòèêè øåðîõîâàòîñòè ïîâåðõíîñòè îáðàçöîâ ÿäåðíûõ ôèëüòðîâ èñõîäíîãî è ïîñëå îáðàáîòêè àýðîçîëÿìè

ñåðåáðà â ðåæèìàõ ¹ 1 - 3, óñòàíîâëåííûå â ðåçóëüòàòå èçìåðåíèé ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè
(ðàçìåð èññëåäóåìîãî ó÷àñòêà ïîâåðõíîñòè 10?10 ìêì, ÷èñëî ñêàíèðîâàíèé - 256)

Characteristics of the surface roughness of the initial and treated by silver aerosol in the modes N 1 - 3 samples
of nuclear filters, established in the result of measurements by the method of atomic-force microscopy

(size of the surface area of 10 x 10 microns, the number of scans - 256)

¹ Íàèìåíîâàíèå õàðàêòåðèñòèêè 
Ðåæèì îáðàáîòêè 

èñõîäíûé ðåæèì 1 ðåæèì 2 ðåæèì 3 

1. 
Ìàêñèìàëüíàÿ âûñîòà íåîäíîðîäíîñòè 
hìàêñ , íì 

387,993 678,532 629,43 1040,15 

2. 
Ñðåäíÿÿ âûñîòà íåîäíîðîäíîñòè  
hñ ð, íì 

132,083 312,946 360,217 447,387 

3. Ñðåäíÿÿ øåðîõîâàòîñòü Sa, íì  17,971 28,342 79,473 107,142 

4. Ñðåäíåêâàäðàòè÷íîå ðàññòîÿíèå Sq, íì 25,55 43,70 97,21 134,71 

 

Ðèñ. 4. Ýëåêòðîííàÿ ìèêðîôîòîãðàôèÿ (a) è èçîáðàæåíèå ïîâåðõíîñòè èñõîäíîãî ÿäåðíîãî ôèëüòðà, ïîëó÷åííîå
ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêîïèè (b). Ãèñòîãðàììà ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé íà ïîâåðõ-
íîñòè ÿäåðíîãî ôèëüòðà (ñ).
Electronic micrograph (a) and the image of the surface of the original nuclear filter, obtained by atomic force microscopy
(b). Frequency distribution of the height of inhomogeneities on the surface of nuclear filter (c). Peaks (1), (2) constructed in
the result of fitting the shape of the histogram.
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Ðèñ. 5. Ýëåêòðîííàÿ ìèêðîôîòîãðàôèÿ (a) è èçîáðàæåíèå íàíî-/ìèêðîñòðóêòóðû ñåðåáðà, ñèíòåçèðîâàííîé â
ïåðâîì ðåæèìå (òàáëèöà 1) íà ïîâåðõíîñòè ÿäåðíîãî ôèëüòðà, ïîëó÷åííîå ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêî-
ïèè (b). Ãèñòîãðàììà ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé íàíî-/ìèêðîñòðóêòóðû ñåðåáðà íà ïîâåðõíîñ-
òè ÿäåðíîãî ôèëüòðà (ñ). Ïèêè (1), (2) ïîñòðîåíû â ðåçóëüòàòå àïïðîêñèìàöèè ôîðìû ãèñòîãðàììû.
Electron micrograph (a) and image of the silver nano/microstructure, synthesized in the first mode (table 1) on the surface
of nuclear filter, obtained by atomic force microscopy (b). Frequency distribution the height of inhomogeneities on the
surface of nuclear filter containing the silver nano/microstructure (c). Peaks (1), (2) constructed in the result of fitting the
shape of the histogram.

Óâåëè÷åíèå îáú¸ìíîé êîíöåíòðàöèè ÷àñòèö ñåðåáðà â àýðîçîëå ïðèâîäèò ê ôîðìèðîâàíèþ íà ïîâåðõíî-
ñòè ßÔ íàíî-/ìèêðîñòðóêòóðû ñåðåáðà â âèäå îñòðîâêîâîé ïë¸íêè, ñîñòîÿùåé èç èçîëèðîâàííûõ íàíî- è
ìèêðî÷àñòèö ñåðåáðà ñôåðè÷åñêîé ôîðìû ðàçìåðàìè îò 50 äî 800 íì (Ðèñ. 6, à). Èç Òàáëèöû 1 ìîæíî
îöåíèòü ïîâåðõíîñòíóþ ïëîòíîñòü îñåâøèõ íà ïîâåðõíîñòü ßÔ ÷àñòèö ñåðåáðà - ~8·1010 ñì-2 (÷òî ñîîòâåò-
ñòâóåò âåëè÷èíå Sq~35 íì). Îäíàêî ðåçóëüòàòû èçìåðåíèé ìåòîäîì ÐÝÌ (Ðèñ. 6, à) è äàííûå òàáëèöû 2
ïðèâîäÿò ê ñóùåñòâåííî îòëè÷àþùåìóñÿ çíà÷åíèþ Sq~97,2 íì.
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Àíàëèç ÀÑÌ-èçîáðàæåíèÿ Ag-ÍÌÑ, èçãîòîâëåííîé âî âòîðîì ðåæèìå (Ðèñ. 6 b, c), ïîçâîëèë óñòàíî-
âèòü, ÷òî âåëè÷èíà ñðåäíåé âûñîòû íåîäíîðîäíîñòåé è øåðîõîâàòîñòè ïîâåðõíîñòè ßÔ ñ íàíåñ¸ííûìè
÷àñòèöàìè ñåðåáðà âîçðàñòàþò äî 360,22 è 79,50 íì, ñîîòâåòñòâåííî (òàáëèöà 2). Îáíàðóæåíî èçìåíåíèå
ôîðìû ãèñòîãðàììû ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé íà ïîâåðõíîñòè ßÔ � ïîëó÷åííóþ çàâèñè-
ìîñòü óäà¸òñÿ àïïðîêñèìèðîâàòü òðåìÿ ãàóññîâûìè ôóíêöèÿìè ñ ìàêñèìóìàìè ïðè 307,9 (äîìèíèðóþùèé
ïèê), 276,2 è 229,9 íì, ñîîòâåòñòâåííî (Ðèñ. 6, c; Òàáëèöà 3). Îáðàùàåò âíèìàíèå ñîõðàíåíèå òåíäåíöèè ê

Ðèñ. 6. Ýëåêòðîííàÿ ìèêðîôîòîãðàôèÿ (a) è èçîáðàæåíèå íàíî-/ìèêðîñòðóêòóðû ñåðåáðà, ñèíòåçèðîâàííîé âî
âòîðîì ðåæèìå (òàáëèöà 1) íà ïîâåðõíîñòè ÿäåðíîãî ôèëüòðà, ïîëó÷åííîå ìåòîäîì àòîìíî-ñèëîâîé ìèêðîñêî-
ïèè (b). Ãèñòîãðàììà ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé íàíî-/ìèêðîñòðóêòóðû ñåðåáðà íà ïîâåðõíîñ-
òè ÿäåðíîãî ôèëüòðà (ñ). Ïèêè (1) - (3) ïîñòðîåíû â ðåçóëüòàòå àïïðîêñèìàöèè ôîðìû ãèñòîãðàììû.
Electron micrograph (a) and the image of the silver nano/microstructure, synthesized in the second mode (table 1) on the
surface of nuclear filter, obtained by atomic force microscopy (b). Frequency distribution the height of inhomogeneities on
the surface of nuclear filter containing the silver nano/microstructure (c). Peaks (1) - (3) constructed in the result of fitting
the shape of the histogram.
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ñäâèãó ìàêñèìóìà ðàñïðåäåëåíèÿ â ñòîðîíó áîëüøèõ ðàçìåðîâ ïîâåðõíîñòíûõ íåîäíîðîäíîñòåé: â ðàñ-
ñìàòðèâàåìîì ñëó÷àå åãî âåëè÷èíà ñîñòàâëÿåò ~160 íì ïî ñðàâíåíèþ ñ èñõîäíûì îáðàçöîì ßÔ. Íåîáõî-
äèìî òàêæå îòìåòèòü êîððåëÿöèþ â ïîëîæåíèÿõ ìàêñèìóìîâ 2, 3 è ìàêñèìóìîâ ãàóññîâûõ ôóíêöèé, àïï-
ðîêñèìèðóþùèõ ôóíêöèþ ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé äëÿ Ag-ÍÌÑ, ñèíòåçèðîâàííîé ïî
ïåðâîìó ðåæèìó. Ìîæíî ñäåëàòü âûâîä, ÷òî ïðèðîäà ðàññìàòðèâàåìûõ ìàêñèìóìîâ ìîæåò áûòü îáóñ-
ëîâëåíà îäíèì è òåì æå âèäîì ÷àñòèö èëè êëàñòåðîâ ÷àñòèö ñåðåáðà.

Çíà÷èòåëüíîå ðàñõîæäåíèå ìåæäó ïðîãíîçíûìè è ýêñïåðèìåíòàëüíî óñòàíîâëåííûìè âåëè÷èíàìè  ñðåä-
íåêâàäðàòè÷íîãî ðàññòîÿíèÿ ìåæäó ÷àñòèöàìè ñåðåáðà íà ïîâåðõíîñòè ßÔ, îòñóòñòâèå â ãèñòîãðàììàõ Ag-
ÍÌÑ, ñèíòåçèðîâàííûõ ïî ïåðâîìó è âòîðîìó ðåæèìàì (ðèñóíêè 5 ñ, 6 ñ, òàáëèöà 3), çàìåòíîãî âêëàäà îò
÷àñòèö ñåðåáðà ñ ðàçìåðàìè îò 10 äî 100 íì (Ðèñ. 1, 2), ïîçâîëÿåò ïðåäïîëîæèòü, ÷òî â ïðîöåññå ïðîõîæäåíèÿ
àýðîçîëÿ ñêâîçü ßÔ ïðîòåêàåò èíòåíñèâíàÿ àãðåãàöèÿ è êëàñòåðèçàöèÿ ÷àñòèö ñåðåáðà, êàê â àýðîçîëå [4], òàê
è íà ïîâåðõíîñòè ßÔ. Ñëåäîâàòåëüíî, ñäâèã ìàêñèìóìà ãèñòîãðàììû Ag-ÍÌÑ â ñòîðîíó áîëüøèõ ðàçìåðîâ
ïîâåðõíîñòíûõ äåôåêòîâ ìîæåò áûòü îáóñëîâëåí ïðîòåêàíèåì ðàññìàòðèâàåìûõ ïðîöåññîâ.

Òîãäà äàëüíåéøåå óâåëè÷åíèå êîíöåíòðàöèè ÷àñòèö ñåðåáðà â àýðîçîëå áóäåò ñïîñîáñòâîâàòü èíòåíñèôè-
êàöèè ðàññìàòðèâàåìûõ ïðîöåññîâ êîàãóëÿöèè ÷àñòèö. Äåéñòâèòåëüíî, ðåçóëüòàòû èññëåäîâàíèÿ Ag-ÍÌÑ,
èçãîòîâëåííûõ â òðåòüåì ðåæèìå (òàáëèöà 1), ïîçâîëÿþò ñäåëàòü âûâîä î äîìèíèðóþùåé ðîëè ïðîöåññîâ
êîàãóëÿöèè è àãðåãàöèè ÷àñòèö ñåðåáðà, êàê â àýðîçîëå, òàê è íà ïîâåðõíîñòè ßÔ, â ôîðìèðîâàíèè Ag-ÍÌÑ.
Ñîãëàñíî ðåçóëüòàòàì èçìåðåíèé ìåòîäîì ÐÝÌ (Ðèñ. 7, à), â ýòîì ñëó÷àå çíà÷èòåëüíàÿ ÷àñòü ïîâåðõíîñòè
ßÔ îêàçûâàåòñÿ ïîêðûòîé ïðàêòè÷åñêè ñïëîùíûì ñëîåì èç íàíî- è ìèêðî÷àñòèö ñåðåáðà, à òàêæå ðàçëè÷-
íûõ ñòðóêòóðíûõ îáðàçîâàíèé â âèäå «öåïî÷åê» è êëàñòåðîâ ÷àñòèö Ag. Èíòåðåñíî îòìåòèòü, ÷òî ðàçâèòèå
ïðîöåññîâ êëàñòåðîîáðàçîâàíèÿ è îáðàçîâàíèÿ íàíî-/ìèêðîñòðóêòóð çàâèñèò îò âèäà ïîäëîæêè: íàíî÷àñòèöû
ñåðåáðà, îñåâøèå íà ïîâåðõíîñòü ìèêðî÷àñòèöû ðàçìåðîì ~1 ìêì (Ðèñ. 7, à), ðàâíîìåðíî ðàñïðåäåëåíû ïî
ïîâåðõíîñòè ìèêðî÷àñòèöû, è íå ïðîÿâëÿþò ñêëîííîñòè ê êëàñòåðîîáðàçîâàíèþ.

Îáíàðóæåííîå èçìåíåíèå ôîðìû Ag-ÍÌÑ, ïî ñðàâíåíèþ ñî ñòðîåíèåì Ag-ÍÌÑ, èçãîòîâëåííûõ ïî
ïåðâîìó è âòîðîìó ðåæèìàì, ÿâëÿåòñÿ õàðàêòåðíûì äëÿ ïðîöåññîâ ôîðìèðîâàíèÿ è ðîñòà òîíêèõ ïë¸íîê
[5]. Èç ÀÑÌ-èçîáðàæåíèé Ag-ÍÌÑ (Ðèñ. 7 b, c) ñëåäóåò, ÷òî ïðè ýòîì ïðîèñõîäèò äàëüíåéøåå óâåëè÷åíèå
ñðåäíåé âûñîòû ïîâåðõíîñòíûõ íåîäíîðîäíîñòåé è øåðîõîâàòîñòè ïîâåðõíîñòè ßÔ (447,4 è 107,1 íì, ñîîò-
âåòñòâåííî (òàáëèöà 2)).

Â ñîîòâåòñòâèè ñî ñäåëàííûì âûøå ïðåäïîëîæåíèåì, ïðîèñõîäèò äàëüíåéøèé ñäâèã ìàêñèìóìà ðàñ-
ïðåäåëåíèÿ ïîâåðõíîñòíûõ íåîäíîðîäíîñòåé â ñòîðîíó áîëüøèõ ìàñøòàáîâ ~443,9 íì (Ðèñ. 7, ñ). Ïðè ýòîì
ïðîèñõîäèò èçìåíåíèå ôîðìû êðèâîé, îïèñûâàþùåé ðàñïðåäåëåíèå ïî ðàçìåðàì: â ýòîì ñëó÷àå å¸ ìîæíî
óäîâëåòâîðèòåëüíî àïïðîêñèìèðîâàòü îäíîé êðèâîé ãàóññîâà òèïà (Òàáëèöà 3).

Òàáëèöà 3
Ðåçóëüòàòû àïïðîêñèìàöèè ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé ïîâåðõíîñòè èñõîäíîãî è îáðàáîòàííûõ

àýðîçîëÿìè ñåðåáðà â ðåæèìàõ ¹ 1 - 3 îáðàçöîâ ÿäåðíûõ ôèëüòðîâ.
Fitting results for approximation of the distribution of the height of surface heterogeneity on the original and processed

by the silver aerosols samples of nuclear filters in the modes ¹ 1 - 3

Ðåæèì 

îáðàáîòêè 
Ôóíêöèÿ 

Íîìåð 

ïèêà 

Õàðàêòåðèñòèêè ïèêà  

À, 
îòí. åä. 

Õ0, 
íì 

h½, 
íì 

Í, 
îòí. åä. 

Êîýôôèöèåíò 
êîððåëÿöèè 

èñõîäíûé 
Ãàóññèàí 1 3169,7 124,52 63,93 39,56 

0,987 
Ãàóññèàí 2 3823,9 140,52 18,0 169,80 

1 
Ãàóññèàí 1 3745,0 264,6 28,02 106,63 

0,983 
Ãàóññèàí 2 3106,3 237,42 94,20 26,31 

2 

Ãàóññèàí 1 4384 307,9 22,11 158,22 

0,978 Ãàóññèàí 2 694,0 276,22 21,70 25,52 

Ãàóññèàí 3 1736,9 229,9 77,63 17,85 

3 Ãàóññèàí 1 6929,6 443,9 266,2 20,77 0,881 

 

Ïðèìå÷àíèå: À - ïëîùàäü ïèêà, Õ0 - ïîëîæåíèå ìàêñèìóìà ïèêà; h 1
2 - øèðèíà íà ïîëóâûñîòå; Í - âûñîòà ïèêà
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Ðèñ. 7. Ýëåêòðîííàÿ ìèêðîôîòîãðàôèÿ (a) è èçîáðàæåíèå íàíî-/ìèêðîñòðóêòóðû ñåðåáðà, ñèíòåçèðîâàííîé â
òðåòüåì ðåæèìå (òàáëèöà 1) íà ïîâåðõíîñòè ÿäåðíîãî ôèëüòðà, ïîëó÷åííîå ìåòîäîì àòîìíî-ñèëîâîé ìèêðî-
ñêîïèè (b). Ãèñòîãðàììà ðàñïðåäåëåíèÿ ïî âûñîòå íåîäíîðîäíîñòåé íàíî-/ìèêðîñòðóêòóðû ñåðåáðà íà ïîâåðõ-
íîñòè ÿäåðíîãî ôèëüòðà (ñ).
 Electron micrograph (a) and the image of the silver nano-/microstructure, synthesized in the third mode (table 1) on the
surface of nuclear filter, obtained by atomic force microscopy (b). Frequency distribution the height of inhomogeneities on
the surface of nuclear filter containing the silver nano-/microstructure (c).

4. Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîöåññû êîàãóëÿöèè è àãðåãàöèè ÷àñòèö ñåðåáðà, ïðîòåêàþùèå â àýðîçîëå, è âîçìîæíî,
íà ïîâåðõíîñòè ßÔ, ìîãóò îêàçûâàòü îïðåäåëÿþùåå âëèÿíèå íà ñòðîåíèå îáðàçóþùèõñÿ Ag-ÍÌÑ. Î÷å-
âèäíî, ñ óâåëè÷åíèåì îáú¸ìíîé êîíöåíòðàöèè íàíî- è ìèêðî÷àñòèö ñåðåáðà â àýðîçîëå âîçðàñòàåò âåðîÿò-
íîñòü âçàèìîäåéñòâèÿ ìåæäó íèìè, ÷òî â èòîãå ïðèâîäèò ê èçìåíåíèþ ñòðîåíèÿ Ag-ÍÌÑ îò îñòðîâêîâîé
ïë¸íêè, ñîñòîÿùåé èç èçîëèðîâàííûõ ÷àñòèö ñåðåáðà, äî îáðàçîâàíèÿ ôðàãìåíòîâ ñïëîøíîãî ïîêðûòèÿ íà
ïîâåðõíîñòè ßÔ. Ïðè ýòîì óñèëèâàåòñÿ øåðîõîâàòîñòü ïîâåðõíîñòè ßÔ, ÷òî ìîæåò ïðèâåñòè ê èçìåíåíèþ
ôîòî- è ýëåêòðîôèçè÷åñêèõ ñâîéñòâ ìàòåðèàëà [6].
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Íàñòîÿùåå èññëåäîâàíèå áûëî ïðîâåäåíî ïðè ïîääåðæêå Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè Ðîññèéñ-
êîé Ôåäåðàöèè (ãîñóäàðñòâåííûé êîíòðàêò îò 20 èþíÿ 2013 ãîäà ¹14.533.11.0077) è Ðîññèéñêîãî ôîíäà
ôóíäàìåíòàëüíûõ èññëåäîâàíèé (ïðîåêòû ¹ 12-08-00437; 14-07-00025; 14-03-00507).
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