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Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé êîëëîèäíûõ ðàñòâîðîâ íàíî÷àñòèö, ïîëó÷åí-

íûõ ïðè ëàçåðíîé àáëÿöèè òâåðäûõ òåë â æèäêîñòè. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

âêëþ÷àëà èòòåðáèåâûé èìïóëüñíûé âîëîêîííûé ëàçåð YLP (Ðîññèÿ) ñ äëèíîé âîëíû

èçëó÷åíèÿ 1064 íì è äëèòåëüíîñòüþ èìïóëüñà 100 íñ, áëîê óïðàâëåíèÿ ìîùíîñòüþ èç-

ëó÷åíèÿ (äî 20 Âò) è ÷àñòîòîé ñëåäîâàíèÿ èìïóëüñîâ (20 – 60 êÃö), àâòîìàòèçèðîâàííóþ

ñèñòåìó ïåðåìåùåíèÿ ìèøåíè íà áàçå ìîòîðèçîâàííîãî äâóõîñíîãî ëèíåéíîãî òðàíñëÿ-

òîðà 8MTF (Ëèòâà) è êîíòðîëëåðà CNC USB TB6560 (ÊÍÐ). Ïîñëåäíÿÿ ïîçâîëÿëà ðàâ-

íîìåðíî èñïàðÿòü ìàòåðèàë ñ ïîâåðõíîñòè ìèøåíè, óìåíüøàÿ èçìåíåíèÿ ïî ðàçìåðàì

îáðàçóþùèõñÿ êðàòåðîâ è ïîâûøàÿ òåì ñàìûì ýôôåêòèâíîñòü àáëÿöèè ïðè ïðîäîëæè-

òåëüíîì îáëó÷åíèè, à òàêæå ñóæàòü ðàçáðîñ ïî ðàçìåðàì ïîëó÷àåìûõ íàíî÷àñòèö. Ïàðà-

ìåòðû ñêàíèðîâàíèÿ çàäàâàëè è êîíòðîëèðîâàëè ÷åðåç êîìïüþòåð, ïðîöåññ ñêàíèðîâà-

íèÿ îòîáðàæàëñÿ íà ìîíèòîðå. Ðàçìåð ÷àñòèö îïðåäåëÿëè íà ëàçåðíîì àíàëèçàòîðå

SALD-7500nano (ßïîíèÿ). Èññëåäîâàíèÿ ïðîâîäèëè ìåòîäàìè ñêàíèðóþùåé ýëåêòðîí-

íîé ìèêðîñêîïèè è ýíåðãîäèñïåðñèîííîé ðåíòãåíîâñêîé ñïåêòðîñêîïèè, äëÿ ÷åãî èñïî-

ëüçîâàëè ñêàíèðóþùèé ýëåêòðîííûé ìèêðîñêîï JCM-6000 (ßïîíèÿ). Íà ýêñïåðèìåíòà-

ëüíîé óñòàíîâêå ïðè ëàçåðíîé àáëÿöèè îáúåìíûõ ìåòàëëè÷åñêèõ è ïîëóïðîâîäíèêîâûõ

ìèøåíåé â æèäêîñòè ïîëó÷àëè êîëëîèäíûå ðàñòâîðû íàíî÷àñòèö, â íàøåì ñëó÷àå — ñå-

ðåáðà è êðåìíèÿ, â ýòèëîâîì ñïèðòå (C2H5OH) ñî ñðåäíèì ðàçìåðîì 45 è 33 íì ñîîòâåò-

ñòâåííî. Ïðè ýòîì ðàñòâîð êîàãóëèðîâàííûõ ÷àñòèö êðåìíèÿ äèñïåðãèðîâàëè â óëüòðà-

çâóêîâîé âàííå. Îïòè÷åñêèå ñâîéñòâà ðàñòâîðîâ èññëåäîâàëè ñ ïîìîùüþ ñïåêòðîôîòî-

ìåòðà ÑÔ-56 (Ðîññèÿ) ñ êâàðöåâûìè êþâåòàìè (äëèíà îïòè÷åñêîãî ïóòè — 10 ìì). Â êà-

÷åñòâå îáðàçöà ñðàâíåíèÿ èñïîëüçîâàëè ýòàíîë. Äëÿ ðàñòâîðà íàíî÷àñòèö ñåðåáðà ìèíè-

ìóì ïðîïóñêàíèÿ ñâåòà ôèêñèðîâàëè íà 390 íì, ÷òî ñâÿçàíî ñ ïîãëîùåíèåì èçëó÷åíèÿ

íà ýòîé äëèíå âîëíû â ðåçóëüòàòå ïîâåðõíîñòíîãî ïëàçìîííîãî ðåçîíàíñà. Ðàñòâîð íà-

íî÷àñòèö êðåìíèÿ ïðîïóñêàë èçëó÷åíèå íà÷èíàÿ ñ 300 íì. Îí áûë ïðàêòè÷åñêè ïîëíî-

ñòüþ (äî 95 %) ïðîçðà÷åí â âèäèìîé êðàñíîé è èíôðàêðàñíîé îáëàñòÿõ ñïåêòðà.

Êëþ÷åâûå ñëîâà: ýêñïåðèìåíòàëüíàÿ óñòàíîâêà; íàíîòåõíîëîãèè; íàíî÷àñòèöû; êîë-

ëîèäíûé ðàñòâîð; ëàçåðíàÿ àáëÿöèÿ.
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The results of studies of obtaining nanoparticles in laser ablation of solids in liquids are presented, an

experimental facility for obtaining nanoparticles has been developed. The facility uses a ytterbium

pulse fiber laser YLP (Russia) with a radiation wavelength of 1064 nm, a pulse duration of 100 ns, a

separate radiation power control unit (up to 20 W) and pulse repetition rate (20 – 60 kHz), as well as an

automated target transfer system based on the motorized biaxial linear translator 8MTF (Lithuania)

and controller CNC USB TB6560 (China), allowing uniform evaporation of the material from the tar-

get surface, reducing the size changes of the formed craters, thereby increasing effect the ablation effi-

ciency with prolonged irradiation and the narrowing of the scatter in the sizes of the nanoparticles ob-

tained. The scanning parameters are set and controlled via the computer, the scanning process is dis-

played on the monitor. The particle size was studied on a laser particle size analyzer SALD-7500nano

(Japan). The obtained materials were studied by scanning electron microscopy, energy dispersive X-ray
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spectroscopy using a scanning electron microscope JCM-6000 (Japan). The facility allows produce col-

loidal solutions of nanoparticles, for example Ag and Si in ethyl alcohol (C
2
H

5
OH) with an average size

of 45 and 33 nm, respectively, to be obtained by laser ablation of volumetric metal and semiconductor

targets in liquid, respectively, and the resulting solution of coagulated Si particles was dispersed in an

ultrasonic bath. To study the optical properties of the obtained colloidal solutions of Ag and Si, a

spectrophotometer SF-56 (Russia) and quartz cuvettes with an optical path length of 10 mm was used,

ethanol was used as a comparison. For a solution of silver nanoparticles, a minimum of light transmis-

sion at a wavelength of 390 nm is observed, this is due to the absorption of radiation at this wavelength

as a result of surface plasmon resonance. A solution of silicon nanoparticles transmits radiation start-

ing at a wavelength of more than 300 nm, and is almost completely (up to 95% in the 600 – 1100 nm re-

gion) transparent in the visible red and infrared regions of the spectrum.

Keywords: experimental facility; nanotechnology; nanoparticles; colloidal solution; laser ablation.

Êàê èçâåñòíî, ëàçåðíàÿ àáëÿöèÿ — èñïàðåíèå âå-

ùåñòâà ñ ïîâåðõíîñòè ïîä äåéñòâèåì ëàçåðíîãî

èìïóëüñà. Ïðè ìîùíîñòè èìïóëüñà, ïðåâûøàþ-

ùåé ïîðîã ðåæèìà àáëÿöèè, ïðîèñõîäèò ìèêðî-

âçðûâ ñ îáðàçîâàíèåì íà ïîâåðõíîñòè îáðàçöà

êðàòåðà è ñâåòÿùåéñÿ ïëàçìû âìåñòå ñ ðàçëåòà-

þùèìèñÿ ÷àñòèöàìè. Ïðè ëàçåðíîé àáëÿöèè

òâåðäûõ òåë â æèäêîñòÿõ âûðâàâøååñÿ ïàðîïëàç-

ìåííîå îáëàêî áûñòðî îñòûâàåò ñ ôîðìèðîâàíè-

åì ÷àñòèö ìàëîãî ðàçìåðà. Ïðè ýòîì íàíî÷àñòè-

öû îñòàþòñÿ â æèäêîñòè, îáðàçóÿ êîëëîèäíûé

ðàñòâîð.

Ïî ñðàâíåíèþ ñ äðóãèìè ôèçè÷åñêèìè (ïàðî-

ôàçíîãî îñàæäåíèÿ, èîííî-ïëàçìåííîãî èëè äó-

ãîâîãî íàïûëåíèÿ è äð.) è õèìè÷åñêèìè (õèìè÷å-

ñêîãî îñàæäåíèÿ, â òîì ÷èñëå ãèäðîòåðìàëüíîãî,

ñ ïðèìåíåíèåì ïîâåðõíîñòíî-àêòèâíûõ âåùåñòâ

è ñëàáîãî îñàæäåíèÿ) ìåòîäàìè ëàçåðíàÿ àáëÿ-

öèÿ èìååò íåñêîëüêî ïðåèìóùåñòâ. Ê íèì îòíî-

ñÿòñÿ: õèìè÷åñêè ÷èñòûé ñèíòåç êîíå÷íûõ ïðî-

äóêòîâ áåç âêëþ÷åíèÿ ïîáî÷íûõ ïðèìåñåé, ÷òî

èñêëþ÷àåò äîïîëíèòåëüíóþ î÷èñòêó; ïðîñòîòà

êîíòðîëÿ ïðîöåññà àáëÿöèè; âîçìîæíîñòü ôîðìè-

ðîâàíèÿ ìåòàñòàáèëüíûõ ôàç çà ñ÷åò áûñòðîãî

íàãðåâà è îõëàæäåíèÿ àáëèðîâàííîãî âåùåñòâà

(äî 1010 Ê/ñ) â óñëîâèÿõ âûñîêîãî äàâëåíèÿ ïëàç-

ìåííîãî ôàêåëà â îáëàñòè âîçäåéñòâèÿ ëàçåðíîãî

èçëó÷åíèÿ; âîçìîæíîñòü êîíãðóýíòíîãî èñïàðå-

íèÿ ìíîãîêîìïîíåíòíûõ ìèøåíåé; ñòðîãàÿ äîçè-

ðîâêà ïîäà÷è ìàòåðèàëà, â òîì ÷èñëå ìíîãîêîì-

ïîíåíòíîãî ñ âûñîêîé òåìïåðàòóðîé èñïàðåíèÿ;

àãðåãàöèÿ â êëàñòåðû èëè íàíî÷àñòèöû ðàçëè÷-

íîãî ðàçìåðà, àáëèðóþùèå ñ êèíåòè÷åñêîé ýíåð-

ãèåé 10 – 500 ýÂ.

Ñâîéñòâà ÷àñòèö íàíîìåòðîâîãî äèàïàçîíà è

ìèêðî÷àñòèö (òåì áîëåå ìàêðîñêîïè÷åñêèõ òåë)

îòëè÷àþòñÿ [1]. Èìïóëüñíóþ ëàçåðíóþ àáëÿöèþ

âåùåñòâ â æèäêîñòè ïðèìåíÿþò êàê äëÿ íåìåòàë-

ëîâ, òàê è äëÿ ìåòàëëîâ è ñïëàâîâ [2 – 7]. Ïîìå-

ùàÿ ìèøåíü â ðàçëè÷íûå ñðåäû è óïðàâëÿÿ òåõ-

íîëîãè÷åñêèìè ïàðàìåòðàìè ïðîöåññà, ìîæíî

âàðüèðîâàòü ðàçìåð, ìîðôîëîãèþ è ñîñòàâ ãåíå-

ðèðóåìûõ íàíîñòðóêòóð [8 – 9]. Àáëÿöèÿ òâåðäûõ

òåë â æèäêîñòè òàêæå ïîçâîëÿåò ïîëó÷àòü ãîòî-

âûå íàíîñóñïåíçèè, ñâîáîäíûå îò îñòàòêîâ ðåà-

ãåíòîâ â êîíå÷íîì ïðîäóêòå, â îòëè÷èå, íàïðè-

ìåð, îò õèìè÷åñêîãî ñèíòåçà.

Öåëü ðàáîòû — èññëåäîâàíèå êîëëîèäíûõ

ðàñòâîðîâ íàíî÷àñòèö ñåðåáðà è êðåìíèÿ, ðàñ-

ïðåäåëåíèÿ ÷àñòèö ïî ðàçìåðàì, èõ ôîðì ïðè ëà-

çåðíîé àáëÿöèè îáúåìíûõ ìèøåíåé ñåðåáðà è

êðåìíèÿ â æèäêîñòè.

Äëÿ ïîëó÷åíèÿ íàíî÷àñòèö Ag è Si â ðàñòâî-

ðàõ ýòàíîëà (C2H5OH) ìåòîäîì ëàçåðíîé àáëÿöèè

îáúåìíûõ ìåòàëëè÷åñêèõ è ïîëóïðîâîäíèêîâûõ

ìèøåíåé èñïîëüçîâàëè óñòàíîâêó (ðèñ. 1), âêëþ-

÷àþùóþ èòòåðáèåâûé èìïóëüñíûé âîëîêîííûé

ëàçåð YLP (Ðîññèÿ) (äëèíà âîëíû èçëó÷åíèÿ —

1064 íì, äëèòåëüíîñòü èìïóëüñà — 100 íñ, ýíåð-

ãèÿ â èìïóëüñå — 1 ìÄæ, ïèêîâàÿ ìîùíîñòü

â èìïóëüñå — äî 10 êÂò, ñðåäíÿÿ âûõîäíàÿ ìîù-

íîñòü — 20 Âò, ÷àñòîòà ïîâòîðåíèÿ èìïóëüñîâ —

20 – 100 êÃö), ïîäâèæíûé ñòîëèê — ìîòîðèçî-

âàííûé äâóõîñíûé ëèíåéíûé òðàíñëÿòîð 8MTF

(Ëèòâà) (äèàïàçîí ïåðåìåùåíèÿ — 75 × 75 ìì,

øàã äåëåíèÿ — 2,5 ìêì, ìàêñèìàëüíàÿ ñêî-

ðîñòü — 10 ìì/ñ, ìàêñèìàëüíàÿ íàãðóçêà — 6 êã).

Âûõîäíóþ ìîùíîñòü è ÷àñòîòó ïîâòîðåíèÿ

èìïóëüñîâ ðåãóëèðîâàëè ñ ïîìîùüþ áëîêà óïðàâ-

ëåíèÿ.
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Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè



Â êà÷åñòâå ìèøåíåé èñïîëüçîâàëè îáúåìíûå

ïëàñòèíû Ag è Si (äèñïåðñèîííàÿ ñðåäà — ýòèëî-

âûé ñïèðò). Ïðîöåññ àáëÿöèè ïðîòåêàë â öèëèíä-

ðè÷åñêèõ ñòåêëÿííûõ åìêîñòÿõ.

Èçëó÷åíèå ëàçåðà ôîêóñèðîâàëè ñîáèðàþùåé

ëèíçîé íà ìèøåíè, êîòîðóþ ðàçìåùàëè íà äíå

öèëèíäðè÷åñêîé åìêîñòè ñ æèäêîñòüþ. Äëÿ ðàâ-

íîìåðíîãî îáëó÷åíèÿ ìèøåíè ïðèìåíÿëè àâòî-

ìàòè÷åñêóþ ñèñòåìó ïåðåìåùåíèÿ îáðàçöà ñ èñ-

ïîëüçîâàíèåì ñòîëèêà è êîíòðîëëåðà CNC USB

TB6560 (Êèòàé). Ñêàíèðîâàíèå îáðàçöà â ãîðè-

çîíòàëüíîé ïëîñêîñòè (ïåðïåíäèêóëÿðíî îïòè-

÷åñêîé îñè) îòíîñèòåëüíî ëàçåðíîãî ïó÷êà îñóùå-

ñòâëÿëè ñî ñêîðîñòüþ 0,3 – 0,5 ìì/ñ (øàã ìåæäó

ëèíèÿìè ñêàíèðîâàíèÿ — 0,2 – 0,3 ìì, ïðîäîë-

æèòåëüíîñòü — 10 – 30 ìèí). Ñêàíèðîâàíèå ïî-
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à á

Ðèñ. 2. Ðàñïðåäåëåíèå ÷àñòèö Ag (à) è Si (á) ïî ðàçìåðàì

à

â

á

ã

Ðèñ. 3. Ìèêðîôîòîãðàôèè è ýíåðãîäèñïåðñèîííûå ðåíòãåíîâñêèå ñïåêòðû íàíî÷àñòèö Ag (à, á) è Si (â, ã) íà àëþìèíèå-

âîé ïîäëîæêå



çâîëÿëî ðàâíîìåðíî ïðîâîäèòü èñïàðåíèå ìàòå-

ðèàëà ñ ïîâåðõíîñòè ìèøåíè, óìåíüøàÿ

èçìåíåíèÿ ïî ðàçìåðàì îáðàçóþùèõñÿ êðàòåðîâ

è ïîâûøàÿ òåì ñàìûì ýôôåêòèâíîñòü àáëÿöèè

ïðè ïðîäîëæèòåëüíîì îáëó÷åíèè, à òàêæå ñóçèòü

ðàçáðîñ ïî ðàçìåðàì èññëåäóåìûõ íàíî÷àñòèö.

Ïîëó÷àåìûå êîëëîèäíûå ðàñòâîðû èññëåäî-

âàëè íà ëàçåðíîì àíàëèçàòîðå SALD-7500nano

(ßïîíèÿ). Ïðè ïëîòíîñòè ìîùíîñòè â èìïóëüñå

4 · 107 Âò/ñì2 è ÷àñòîòå èìïóëüñîâ 60 êÃö ñðåä-

íèé ðàçìåð ÷àñòèö ñîñòàâèë 45 íì (äëÿ Ag) è

16 ìêì (äëÿ àãëîìåðàòîâ êîàãóëèðîâàííûõ

÷àñòèö Si). Ðàñòâîð Si äàëüøå îáðàáàòûâàëè â

óëüòðàçâóêîâîé âàííå (÷àñòîòà — 40 êÃö, ìîù-

íîñòü — 30 Âò) â òå÷åíèå 3 – 5 ìèí è çàòåì âíîâü

àíàëèçèðîâàëñÿ íà SALD-7500nano. Â èòîãå

ñðåäíèé ðàçìåð ÷àñòèö Si ñîñòàâèë 33 íì.

Íà ðèñ. 2 ïðåäñòàâëåíî ðàñïðåäåëåíèå íàíî-

÷àñòèö Ag è Si ïî ðàçìåðàì. Âèäíî, ÷òî äëÿ Ag

ðàçìåðû â îñíîâíîì ðàñïîëàãàþòñÿ â äèàïàçîíå

20 – 100, à äëÿ Si — 20 – 60 íì.

Äàëåå ðàñòâîðû èññëåäîâàëè ìåòîäàìè ñêà-

íèðóþùåé ýëåêòðîííîé ìèêðîñêîïèè (SEM) è

ýíåðãîäèñïåðñèîííîé ðåíòãåíîâñêîé ñïåêòðîñêî-

ïèè (EDS). Ðåçóëüòàòû ïðèâåäåíû íà ðèñ. 3.

Äëÿ èññëåäîâàíèÿ îïòè÷åñêèõ ñâîéñòâ êîëëî-

èäíûõ ðàñòâîðîâ Ag è Si èñïîëüçîâàëè ñïåêòðî-

ôîòîìåòð ÑÔ-56 (Ðîññèÿ) ñ êâàðöåâûìè êþâåòà-

ìè (äëèíà îïòè÷åñêîãî ïóòè — 10 ìì), â êà÷åñòâå

îáðàçöà ñðàâíåíèÿ — ýòàíîë. Íà ðèñ. 4 ïðåäñòàâ-

ëåíû ñîîòâåòñòâóþùèå ñïåêòðû ïðîïóñêàíèÿ.

Âèäíî, ÷òî äëÿ ðàñòâîðà íàíî÷àñòèö Ag ìèíè-

ìóì ïðîïóñêàíèÿ ñâåòà ïðèõîäèòñÿ íà 390 íì.

Ýòî ñâÿçàíî ñ ïîãëîùåíèåì èçëó÷åíèÿ íà ýòîé

äëèíå âîëíû â ðåçóëüòàòå ïîâåðõíîñòíîãî ïëàç-

ìîííîãî ðåçîíàíñà, ïðè êîòîðîì ÷àñòîòà êîëåáà-

íèé ïàäàþùåãî èçëó÷åíèÿ ñîâïàäàåò ñ ñîáñòâåí-

íîé ÷àñòîòîé êîëåáàíèé ñâîáîäíûõ ýëåêòðîíîâ

âáëèçè ïîâåðõíîñòè ìåòàëëè÷åñêîé ÷àñòèöû.

Ïðè ýòîì íàáëþäàåòñÿ ðåçêîå óâåëè÷åíèå àìïëè-

òóäû êîëåáàíèÿ «ýëåêòðîííîé ïëàçìû», êâàíòî-

âûé àíàëîã êîòîðîé — ïëàçìîí. Ðàñòâîð íàíî-

÷àñòèö Si ïðîïóñêàåò èçëó÷åíèå íà÷èíàÿ ñ

300 íì è ïðàêòè÷åñêè ïîëíîñòüþ (äî 95 %) ïðî-

çðà÷åí â âèäèìîé êðàñíîé è èíôðàêðàñíîé

îáëàñòÿõ ñïåêòðà.

Òàêèì îáðàçîì, ïðîâåäåííûå èññëåäîâàíèÿ

ïîêàçàëè, ÷òî ñ ïîìîùüþ ðàçðàáîòàííîé ýêñïå-

ðèìåíòàëüíîé óñòàíîâêè ìîæíî ïîëó÷àòü êîëëî-

èäíûå ðàñòâîðû íàíî÷àñòèö (Ag è Si) ïî ôîðìå,

áëèçêîé ê ñôåðè÷åñêîé, ñî ñðåäíèì ðàçìåðîì 45

è 33 íì. Àíàëèç îïòè÷åñêèõ ñâîéñòâ ðàñòâîðîâ

âûÿâèë, ÷òî ìèíèìóì ïðîïóñêàíèÿ ñâåòà äëÿ ðàñ-

òâîðà íàíî÷àñòèö ñåðåáðà ïðèõîäèòñÿ íà 390 íì.

Ýòî ñâÿçàíî ñ ïîãëîùåíèåì èçëó÷åíèÿ íà ýòîé

äëèíå âîëíû â ðåçóëüòàòå ïîâåðõíîñòíîãî ïëàç-

ìîííîãî ðåçîíàíñà. Ðàñòâîð íàíî÷àñòèö êðåìíèÿ

ïðîçðà÷åí (äî 95 %) â âèäèìîé êðàñíîé è èíôðà-

êðàñíîé ÷àñòÿõ ñïåêòðà. Ñèíòåçèðîâàííûå ñ èñ-

ïîëüçîâàíèåì óñòàíîâêè äèñïåðñèè ìîãóò èñ-

ïîëüçîâàòüñÿ â ìàòåðèàëîâåäåíèè, ìåäèöèíå è

äðóãèõ îáëàñòÿõ.

ËÈÒÅÐÀÒÓÐÀ

1. Ïÿ÷èí Ñ. À., Ïóãà÷åâñêèé Ì. À. Íîâûå òåõíîëîãèè ïîëó÷å-

íèÿ ôóíêöèîíàëüíûõ íàíîìàòåðèàëîâ. — Õàáàðîâñê, 2013. —

38 ñ.

2. Ãðàêîâè÷ Ï. Í. Ëàçåðíàÿ àáëÿöèÿ ïîëèòåòðàôòîðýòèëåíà /

Æóðíàë Ðîññèéñêîãî õèìè÷åñêîãî îáùåñòâà èìåíè Ä. È. Ìåí-

äåëååâà. 2008. Ò. LII. ¹ 3. Ñ. 97 – 105.

3. Ëåùèê Ñ. Ä., Çíîñêî Ê. Ô., Ñåðãèåíêî È. Ã. Ïîëó÷åíèå íà-

íî÷àñòèö ëàçåðíîé àáëÿöèåé òâåðäûõ òåë â æèäêîñòè â ðåæè-

ìå íàíîñåêóíäíûõ èìïóëüñîâ / Ôóíäàìåíòàëüíûå ïðîáëåìû

ðàäèîýëåêòðîííîãî ïðèáîðîñòðîåíèÿ: ìàòåðèàëû ìåæäóíàð.

íàó÷.-òåõí. êîíô. INTERMATIC-2014. ×. 2. — Ì.: ÌÃÒÓ

ÌÈÐÝÀ, 2014. Ñ. 84 – 87.

4. Ñìàãóëîâ À. À., Ëàïèí È. Í., Ñâåòëè÷íûé Â. À. Ðàçðàáîò-

êà àâòîìàòèçèðîâàííîé óñòàíîâêè äëÿ ñèíòåçà íàíî÷àñòèö

áëàãîðîäíûõ ìåòàëëîâ ìåòîäîì ëàçåðíîé àáëÿöèè îáúåìíûõ

ìèøåíåé â æèäêîñòè / Èçâåñòèÿ Òîìñêîãî ïîëèòåõíè÷åñêîãî

óíèâåðñèòåòà. 2013. Ò. 323. ¹ 2. Ñ. 152 – 155.

5. Êàçàêåâè÷ Ï. Â., Âîðîíîâ Â. Â., Ñèìàêèí À. Â., Øàôå-

åâ Ã. À. Îáðàçîâàíèå íàíî÷àñòèö ìåäè è ëàòóíè ïðè ëàçåðíîé

àáëÿöèè â æèäêîñòè / Êâàíòîâàÿ ýëåêòðîíèêà. 2004. Ò. 34.

¹ 10. Ñ. 951 – 956.

6. Ñèìàêèí À. Â., Âîðîíîâ Â. Â., Øàôååâ Ã. À. Îáðàçîâàíèå

íàíî÷àñòèö ïðè ëàçåðíîé àáëÿöèè òâåðäûõ òåë â æèäêîñòÿõ /

Òðóäû èíñòèòóòà îáùåé ôèçèêè èìåíè À. Ì. Ïðîõîðîâà. 2004.

Ò. 64. Ñ. 83 – 107.

7. Êàçàêåâè÷ Â. Ñ., Êàçàêåâè÷ Ï. Â., ßðåñüêî Ï. Ñ., Íåñòå-

ðîâ È. Ã. Âëèÿíèå ôèçèêî-õèìè÷åñêèõ ñâîéñòâ æèäêîñòè íà

ïðîöåññû ëàçåðíîé àáëÿöèè è ôðàãìåíòàöèè íàíî÷àñòèö Au â

èçîëèðîâàííîì îáúåìå / Èçâåñòèÿ Ñàìàðñêîãî íàó÷íîãî öåíò-

ðà ÐÀÍ. 2012. Ò. 14. ¹ 4. Ñ. 64 – 69.

44 «Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2018. Òîì 84. ¹ 9

à

á

Ðèñ. 4. Ñïåêòðû ïðîïóñêàíèÿ äëÿ êîëëîèäíûõ ðàñòâîðîâ

÷àñòèö Ag (à) è Si (á)



8. Ëåùèê Ñ. Ä., Çíîñêî Ê. Ô., Êàëóãèí Þ. Ê. Èññëåäîâàíèå

÷àñòèö, ãåíåðèðîâàííûõ ëàçåðíîé àáëÿöèåé òâåðäûõ òåë â

æèäêîñòè / Âåñòíèê Áðåñòñêîãî ãîñóäàðñòâåííîãî òåõíè÷åñêî-

ãî óíèâåðñèòåòà. 2014. ¹ 4. Ñ. 6 – 10.

9. Ìàêàðîâ Ã. Í. Ïðèìåíåíèå ëàçåðîâ â íàíîòåõíîëîãèè: ïîëó-

÷åíèå íàíî÷àñòèö è íàíîñòðóêòóð ìåòîäàìè ëàçåðíîé àáëÿ-

öèè è ëàçåðíîé íàíîëèòîãðàôèè / Óñïåõè ôèçè÷åñêèõ íàóê.

2013. Ò. 183. ¹ 7. Ñ. 673 – 718.

REFERENCES

1. Pyachin S. A., Pugachevskiy M. A. New technologies for the

production of functional nanomaterials. — Khabarovsk, 2013. —

38 p. [in Russian].

2. Grakovich P. N. Laser ablation of polytetrafluoroethylene / Zh.

Ross. Khim. Obshch. im. D. I. Mendeleeva. 2008. Vol. LII. N 3.

P. 97 – 105 [in Russian].

3. Leshchik S. D., Znosko K. F., Sergienko I. G. Obtaining

nanoparticles by laser ablation of solids in a liquid in nanosecond

pulse mode / Fundamental problems of radio electronic instru-

ment making: materials of international. scientific-techn. conf.

INTERMATIC-2014. Part 2. — Moscow: MGTU MIREA, 2014.

P. 84 – 87 [in Russian].

4. Smagulov A. A., Lapin I. N., Svetlichnyy V. A. Develop-

ment of an automated installation for the synthesis of noble

metal nanoparticles by laser ablation of bulk targets in a liquid /

Izv. Tom. Politekh. Univ. 2013. Vol. 323. N 2. P. 152 – 155 [in

Russian].

5. Kazakevich P. V., Voronov V. V., Simakin A. V., Shafe-

ev G. A. Formation of copper and brass nanoparticles during

laser ablation in a liquid / Kvant. Élektron. 2004. Vol. 34. N 10.

P. 951 – 956 [in Russian].

6. Simakin A. V., Voronov V. V., Shafeev G. A. Formation of

nanoparticles during laser ablation of solids in liquids / Tr. Inst.

Obshch. Fiz. im. A. M. Prokhorova. 2004. Vol. 64. P. 83 – 107 [in

Russian].

7. Kazakevich V. S., Kazakevich P. V., Yaresko P. S., Neste-

rov I. G. Influence of physicochemical properties of a liquid

on the processes of laser ablation and fragmentation of Au

nanoparticles in an isolated volume / Izv. Samar. Nauch. Tsentra

RAN. 2012. Vol. 14. N 4. P. 64 – 69 [in Russian].

8. Leshchik S. D., Znosko K. F., Kalugin Yu. K. Investigation of

particles generated by laser ablation of solids in a liquid / Vestn.

Brest. Gos. Tekh. Univ. 2014. N 4. P. 6 – 10 [in Russian].

9. Makarov G. N. Application of lasers in nanotechnology: obtain-

ing nanoparticles and nanostructures by laser ablation and laser

nanolithography / Usp. Fiz. Nauk. 2013. Vol. 183. N 7. P. 673 –

718 [in Russian].

«Çàâîäcêàÿ ëàáîpàòîpèÿ. Äèàãíîcòèêà ìàòåpèàëîâ». 2018. Òîì 84. ¹ 9 45


