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ÓÄÊ 531:530.145+539.2ÒÅ�ÌÀËÈÇÀÖÈß ¾�Î�ß×ÈÕ¿ ÍÎÑÈÒÅËÅÉÈ ÄÈÍÀÌÈÊÀ ÍÀÑÅËÅÍÍÎÑÒÈ Ó�ÎÂÍßËÎÂÓØÅÊ Â Ê�ÈÑÒÀËËÅ CdSÑ ÔÅÌÒÎÑÅÊÓÍÄÍÛÌ Â�ÅÌÅÍÍÛÌ�ÀÇ�ÅØÅÍÈÅÌÀ.Â. Ëåîíòüåâ, Ê.Â. Èâàíèí, Â.Ñ. Ëîáêîâ,Â.Â. Ñàìàðöåâ, �.Ì. Ñà�èóëëèíÀííîòàöèÿÏðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïîëóïðîâîäíèêîâîãîêðèñòàëëà CdS ìåòîäàìè �åìòîñåêóíäíîé ñïåêòðîñêîïèè. Óñòàíîâëåíî, ÷òî çàñåëåíèåóðîâíÿ ëîâóøåê ïðîèçâîäèòñÿ ÷åðåç äâóõ�îòîííîå âîçáóæäåíèå â çîíó ïðîâîäèìîñòè.Çàðåãèñòðèðîâàíà äèíàìèêà ñïàäà íàñåëåííîñòè óðîâíÿ ëîâóøåê ñ õàðàêòåðíûì âðåìå-íåì 550 ïñ. Îïðåäåëåíà äëèòåëüíîñòü âûíóæäåííîé èçëó÷àòåëüíîé ðåêîìáèíàöèè, ïðî-âåäåíà îöåíêà âðåìåíè âçàèìîäåéñòâèÿ íîñèòåëü-�îíîí â 20 �ñ.Êëþ÷åâûå ñëîâà: �åìòîñåêóíäíàÿ ñïåêòðîñêîïèÿ, ñóëü�èä êàäìèÿ, óðîâåíü ëîâó-øåê, äâóõ�îòîííîå âîçáóæäåíèå, òåðìàëèçàöèÿ.ÂâåäåíèåÈñïîëüçîâàíèå òåõíèêè �åìòîñåêóíäíîé íåëèíåéíîé ñïåêòðîñêîïèè ïîçâîëÿåòèçìåðÿòü ïàðàìåòðû ñâåðõáûñòðîé äèíàìèêè âíóòðè- è ìåæçîííîé ðåëàêñàöèèâ ïîëóïðîâîäíèêàõ, íåäîñòóïíîé äëÿ èññëåäîâàíèÿ äðóãèìè ìåòîäàìè [1℄. Â ðà-áîòå [2℄, ïîñâÿù¼ííîé îïòè÷åñêèì ñâîéñòâàì íàíîêðèñòàëëîâ íà îñíîâå CdS, èññëå-äîâàí ïðîöåññ âîçáóæäåíèÿ ýëåêòðîíà ñ ðåçîíàíñíûì ïåðåõîäîì èç âàëåíòíîé çîíûíà óðîâíè ëîâóøåê, ëåæàùèå âíóòðè çàïðåù¼ííîé çîíû. Âî ìíîæåñòâå èñòî÷íè-êîâ (ñì., íàïðèìåð, [3, 4℄) îïóáëèêîâàíû ñïåêòðàëüíûå õàðàêòåðèñòèêè èçëó÷åíèÿ,ñîîòâåòñòâóþùåãî ðåëàêñàöèè ñ òàêèõ óðîâíåé. Èññëåäîâàíèÿ æå âðåìåííîé äèíà-ìèêè òðåáóþò ïðèâëå÷åíèÿ ìåòîäîâ �åìòîñåêóíäíîé ñïåêòðîñêîïèè ñ âðåìåííûìðàçðåøåíèåì. Â íàñòîÿùåé ðàáîòå îïðåäåëÿåòñÿ âðåìÿ æèçíè óðîâíåé ëîâóøåê èîáñóæäàåòñÿ ìåõàíèçì èõ çàñåëåíèÿ â ìîíîêðèñòàëëå CdS.1. Âðåìÿ æèçíè óðîâíÿ ëîâóøåêÈññëåäóåìûé îáðàçåö CdS ïðåäñòàâëÿë ñîáîé êðèñòàëë òîëùèíîé 1 ìì, îï-òè÷åñêàÿ îñü êîòîðîãî íàïðàâëåíà íîðìàëüíî ê ïîâåðõíîñòè. Èñïîëüçîâàííûå âîïèñàííûõ íèæå ýêñïåðèìåíòàõ ëàçåðíûå èìïóëüñû èìåëè ñëåäóþùèå ïàðàìåòðû:äëèòåëüíîñòü 50÷60 �ñ, ñïåêòð øèðèíîé 40 íì ñ ìàêñèìóìîì íà äëèíå âîëíû790 íì. Âðåìÿ æèçíè óðîâíÿ ëîâóøåê îïðåäåëÿëîñü â ýêñïåðèìåíòå ïî ñõåìå ¾íà-êà÷êà � çîíäèðîâàíèå¿ ñ âðåìåííûì ðàçðåøåíèåì. Ëàçåðíûå èìïóëüñû ñ ýíåðãèåé1.3÷3.3 ìêÄæ (íàêà÷êà) è 0.02 ìêÄæ (çîíäèðóþùèé) ñ�îêóñèðîâàíû ëèíçîé íàïîâåðõíîñòü îáðàçöà â ïÿòíî äèàìåòðîì ∽50 ìêì. Âðåìåíí�îé èíòåðâàë ìåæäóíèìè ìîæåò áûòü óñòàíîâëåí ñ èñïîëüçîâàíèåì îïòè÷åñêîé ëèíèè çàäåðæåê â èí-òåðâàëå 0÷150 ïñ. Ïðè ïðîõîæäåíèè ìîùíîãî èìïóëüñà íàêà÷êè ÷åðåç îáðàçåö85
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а) б)�èñ. 1. à) 1 � ïîëîñà ëþìèíåñöåíöèè ñ óðîâíåé ëîâóøåê (âçÿòî èç [4℄); 2 � ñïåêòð ëàçåðíûõèìïóëüñîâ; á) ñõåìà óðîâíåé è ïåðåõîäîâ
а) б)�èñ. 2. à) Çàâèñèìîñòü èíòåíñèâíîñòè çîíäèðóþùåãî ïó÷êà îò âðåìåíè çàäåðæêè ∆t ;á) èíòåíñèâíîñòü çîíäèðóþùåãî ïó÷êà ïðè ∆t = 2 ïñ â çàâèñèìîñòè îò ýíåðãèè íàêà÷êè:òî÷êè � ýêñïåðèìåíòàëüíûå äàííûå, ëèíèÿ 1 � àïïðîêñèìàöèÿ â ìîäåëè íàñûùàþùå-ãîñÿ ïåðåõîäà â äâóõóðîâíåâîé ñõåìå, ëèíèÿ 2 � â ìîäåëè äâóõ�îòîííîãî ïîãëîùåíèÿñ ïîñëåäóþùåé ðåëàêñàöèåé íà çîíäèðóåìûé óðîâåíüóðîâåíü ëîâóøåê ÷àñòè÷íî íàñåëÿåòñÿ. Äèíàìèêó îïóñòîøåíèÿ óðîâíÿ ìîæíî íà-áëþäàòü, ðåãèñòðèðóÿ èíòåíñèâíîñòü çîíäèðóþùåãî ïó÷êà, çàäåðæàííîãî íà ∆tîòíîñèòåëüíî íàêà÷êè. Èçìåðåííîå õàðàêòåðíîå âðåìÿ ðàçðóøåíèÿ íàñåë¼ííîñòèóðîâíÿ ñîñòàâèëî 550 ïñ. Ìîæíî ïðåäïîëîæèòü äâå ïðè÷èíû çàïîëíåíèÿ çîíäèðóå-ìîãî óðîâíÿ � ïðÿìîå âîçáóæäåíèå èç âàëåíòíîé çîíû (ðèñ. 1, á (1) èëè ðåëàêñàöèÿèç çîíû ïðîâîäèìîñòè, êîòîðàÿ íàñåëÿåòñÿ â ïðîöåññå äâóõ�îòîííîãî ïîãëîùåíèÿ(ðèñ. 1, á (2�3�4)). Õàðàêòåð çàâèñèìîñòè íàñåë¼ííîñòè îò èíòåíñèâíîñòè íàêà÷êè(ðèñ. 2, á) ïîçâîëÿåò ñäåëàòü âûáîð â ïîëüçó ïðîöåññà ñ ïîãëîùåíèåì äâóõ �îòî-íîâ (2).Îá ý��åêòèâíîì äâóõ�îòîííîì ïîãëîùåíèè ñâèäåòåëüñòâóåò íàáëþäåíèåèçëó÷åíèÿ íà ÷àñòîòå, ñîîòâåòñòâóþùåé øèðèíå çàïðåùåííîé çîíû 2.45 ýÂ(ðèñ. 1, á (5)). Ñïåêòð èçëó÷åíèÿ ïîêàçàí íà ðèñ. 4, à. Ñîãëàñíî îöåíêå, ñäåëàííîéâ [5℄, èñõîäÿ èç äèíàìèêè íàñåëåííîñòåé äíà çîíû ïðîâîäèìîñòè, äëèòåëüíîñòüýòîãî èçëó÷åíèÿ íå äîëæíà ïðåâûøàòü 400 �ñ. Ýòî äëèòåëüíîñòü âûíóæäåííîéèçëó÷àòåëüíîé ðåêîìáèíàöèè, ïðîäîëæàþùåéñÿ, ïîêà íàñåëåííîñòü â çîíå ïðîâî-äèìîñòè, ñîçäàííàÿ èìïóëüñîì íàêà÷êè, îñòàåòñÿ èçáûòî÷íîé.
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а) б)�èñ. 3. Ñõåìà ýêñïåðèìåíòà ïî ìåòîäèêå àï-êîíâåðñèè: 1 � èìïóëüñ íàêà÷êè; 2 � îïîðíûéèìïóëüñ; 3 � èçëó÷åíèå, èíäóöèðîâàííîå èìïóëüñîì íàêà÷êè
а) б)�èñ. 4. Ñïåêòð (à) è âðåìåííàÿ �îðìà (á) ñèãíàëà èçëó÷àòåëüíîé ðåêîìáèíàöèè, ïîëó-÷åííàÿ ìåòîäîì àï-êîíâåðñèè2. Äëèòåëüíîñòü âûíóæäåííîé èçëó÷àòåëüíîé ðåêîìáèíàöèèÏðÿìîå èçìåðåíèå äëèòåëüíîñòè âûíóæäåííîé ýìèññèè ïðîèçâîäèëîñü ìåòîäîìàï-êîíâåðñèè (ðèñ. 3). Èìïóëüñ íàêà÷êè (1.3 ìêÄæ) 1 èñïîëüçóåòñÿ äëÿ âîçáóæäå-íèÿ îáðàçöà. Èññëåäóåìîå èçëó÷åíèå çàòåì ñîáèðàåòñÿ ïðè ïîìîùè ñèñòåìû ëèíç è�îêóñèðóåòñÿ â êðèñòàëëå LiIO3 . Îïîðíûé èìïóëüñ 2 çàäåðæàííûé íà ∆t , òàêæå�îêóñèðóåòñÿ â òîé æå îáëàñòè íåëèíåéíîãî êðèñòàëëà. �åãèñòðèðóåìûé ñèãíàë íàñóììàðíîé ÷àñòîòå â çàâèñèìîñòè îò âðåìåíè çàäåðæêè ïðåäñòàâëÿåò ñîáîé ñâåðò-êó âðåìåííîé �îðìû èññëåäóåìîãî ñèãíàëà è îïîðíîãî èìïóëüñà [6℄. Çàâèñèìîñòüñèãíàëà àï-êîíâåðñèè îò çàäåðæêè ∆t ïîêàçàíà íà ðèñ. 4, á. Ýòî ïðÿìîå èçìåðå-íèå ïîäòâåðæäàåò îöåíêó [5℄ � äëèòåëüíîñòü èçëó÷åíèÿ íå ïðåâûøàåò 400 �ñ. Ïî-ñêîëüêó èçáûòî÷íàÿ íàñåëåííîñòü íèæíèõ óðîâíåé çîíû ïðîâîäèìîñòè, ïàäàþùàÿïðè âûíóæäåííîé ýìèññèè, âîññòàíàâëèâàåòñÿ â ïðîöåññå ¾îõëàæäåíèÿ¿ íîñèòåëåé(ðèñ. 1, á (3)), îáëàäàþùèõ ïîñëå âîçáóæäåíèÿ èìïóëüñîì íàêà÷êè èçáûòî÷íîé êè-íåòè÷åñêîé ýíåðãèåé ∆E = 0.66 ýÂ, äëèòåëüíîñòü âûíóæäåííîé ýìèññèè îïðåäå-ëÿåòñÿ õàðàêòåðíûì âðåìåíåì òåðìàëèçàöèè. Ïîòåðÿ êèíåòè÷åñêîé ýíåðãèè ¾ãîðÿ-÷èõ¿ íîñèòåëåé ñ ïåðåíîñîì åå â êðèñòàëëè÷åñêóþ ðåøåòêó ðåàëèçóåòñÿ ãëàâíûìîáðàçîì ïðè ïîëÿðíîì ðàññåÿíèè íà LO-�îíîíàõ ñ ýíåðãèåé 37.8 ìÝâ [7, 8℄.Âðåìåíí�àÿ �îðìà ñèãíàëà çàâèñèò îò ìíîæåñòâà ñâÿçàííûõ ìåæäó ñîáîé ïðî-öåññîâ � òåðìàëèçàöèè íîñèòåëåé, ñïîíòàííîé è âûíóæäåííîé ðåêîìáèíàöèè, ðå-àáñîðáöèè è âòîðè÷íîãî ðàçîãðåâà íîñèòåëåé è ò. ä., òàê ÷òî ó÷èòûâàþùàÿ âñå ýòèïðîöåññû òåîðåòè÷åñêàÿ ìîäåëü èñïîëüçîâàëà áû çàâåäîìî ÷ðåçìåðíîå êîëè÷åñòâîíåèçâåñòíûõ ïàðàìåòðîâ. Òåì íå ìåíåå õàðàêòåðíîå âðåìÿ ñïàäà ñèãíàëà ïîçâîëÿåòîöåíèòü ñðåäíåå âðåìÿ âçàèìîäåéñòâèÿ íîñèòåëü ��îíîí ïðèáëèçèòåëüíî â 20 �ñ.



88 À.Â. ËÅÎÍÒÜÅÂ È Ä�.�àáîòà ïîääåðæàíà Ïðîãðàììîé Ïðåçèäèóìà �ÀÍ ¾Êâàíòîâûå ìåçîñêîïè÷å-ñêèå è íåóïîðÿäî÷åííûå ñèñòåìû¿, Ïðîãðàììîé ÎÔÍ �ÀÍ ¾Ôóíäàìåíòàëüíàÿ îï-òè÷åñêàÿ ñïåêòðîñêîïèÿ è åå ïðèìåíåíèÿ¿, Ïðîãðàììîé Ïðåçèäåíòà �Ô (ïðîåêòÍØ 5289.2010.2), Ôåäåðàëüíîé Ïðîãðàììîé ¾Íàó÷íûå è íàó÷íî-ïåäàãîãè÷åñêèåêàäðû èííîâàöèîííîé �îññèè¿ íà 2009�2012 ãã. (�Ê � 02.740.11.0428) è �ÔÔÈ(ïðîåêòû � 11-02-00040-à, 12-02-90000-Áåë_à, 12-07-97017-Ïîâîëæüå_à).SummaryA.V. Leontiev, K.V. Ivanin, V.S. Lobkov, V.V. Samartsev, G.M. Sa�ullin. Hot-CarrierThermalization and Trap Level Population Dynami
s in a CdS Crystal on a Femtose
ondTime S
ale.We present the results obtained in the experimental studies of a semi
ondu
tor CdS 
rystalusing a femtose
ond spe
tros
opy te
hnique. The trap level was found to be populated via thetwo-photon interband ex
itation pro
ess, and its relaxation lifetime was about 550 ps. Theduration of ultrashort stimulated re
ombination emission was dire
tly measured and foundto be less than 400 fs. The estimated 
arrier-phonon intera
tion time was of 20 fs order.Keywords: femtose
ond spe
tros
opy, 
admium sul�de, trap level, two-photon ex
itation,thermalization. Ëèòåðàòóðà1. Weiner À.M. Ultrafast opti
s. � John Wiley and Sons, 2009. � 580 p.2. Chon J.W.M., Min Gu, Bullen C., Mulvaney P. Three-photon ex
ited band edge andtrap emission of CdS semi
ondu
tor nano
rystals // Appl. Phys. Lett. � 2004. � V. 84,No 22. � P. 4472�4474.3. Artem'jeva O.O., Vakulenko O.V., Da
enko O.I. Amphoteri
 
enter of lumines
en
e inCdS // Semi
ond. Phys., Quantum Ele
tron. and Optoele
tron. � 2005. � V. 8, No 2. �P. 58�60.4. Seyhan A. Photolumines
en
e spe
tros
opy of CdS and GaSe. � Middle East Te
hni
alUniv., 2003. � 88 p.5. Lami F., Gilliot P., Hirlimann C. Two-photon ex
ited room-temperature lumines
en
e ofCdS in the femtose
ond regime // Phys. Rev. B. � 1999. � V. 60, No 7. � P. 4763�4770.6. Shah J. Ultrafast lumines
en
e spe
tros
opy using sum frequen
y generation // IEEEJ. Quantum Ele
tron. � 1988. � No 24. � P. 276�288.7. Äíåïðîâñêèé Â.Ñ., Êëèìîâ Â.È., Íîâèêîâ Ì.�. Ïåðåñòðîéêà ñïåêòðîâ èçëó÷åíèÿýëåêòðîííî-äûðî÷íîé ïëàçìû CdSe ïðè ñèëüíîì çàìåäëåíèè âíóòðèçîííîé ðåëàê-ñàöèè // Ïèñüìà â ÆÝÒÔ. � 1990. � Ò. 52, � 10. � Ñ. 1130�1134.8. Lami F., Gilliot P., Hirlimann C. Observation of interband two-photon absorptionsaturation in CdS // Phys. Rev. Lett. � 1996. � V. 77, No 8. � P. 1632�1635.Ïîñòóïèëà â ðåäàêöèþ30.03.11Ëåîíòüåâ Àíäðåé Âëàäèìèðîâè÷ � ìëàäøèé íàó÷íûé ñîòðóäíèê, Êàçàíñêèé�èçèêî-òåõíè÷åñêèé èíñòèòóò ÊàçÍÖ �ÀÍ, ã. Êàçàíü, �îññèÿ.E-mail: andery�inbox.ruÈâàíèí Êîíñòàíòèí Âàëåðüåâè÷ � ìëàäøèé íàó÷íûé ñîòðóäíèê, Êàçàíñêèé�èçèêî-òåõíè÷åñêèé èíñòèòóò ÊàçÍÖ �ÀÍ, ã. Êàçàíü, �îññèÿ.



ÒÅ�ÌÀËÈÇÀÖÈß ¾�Î�ß×ÈÕ¿ ÍÎÑÈÒÅËÅÉ.. . . 89Ëîáêîâ Âëàäèìèð Ñåðãååâè÷ � êàíäèäàò �èçèêî-ìàòåìàòè÷åñêèõ íàóê, çàâåäó-þùèé ëàáîðàòîðèåé áûñòðîïðîòåêàþùèõ ìîëåêóëÿðíûõ ïðîöåññîâ, Êàçàíñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò ÊàçÍÖ �ÀÍ, ã. Êàçàíü, �îññèÿ.Ñàìàðöåâ Âèòàëèé Âëàäèìèðîâè÷ � äîêòîð �èçèêî-ìàòåìàòè÷åñêèõ íàóê, ïðî-�åññîð, çàâåäóþùèé ëàáîðàòîðèåé íåëèíåéíîé îïòèêè, Êàçàíñêèé �èçèêî-òåõíè÷åñêèéèíñòèòóò ÊàçÍÖ �ÀÍ, ã. Êàçàíü, �îññèÿ.E-mail: samartsev�kfti.kn
.ruÑà�èóëëèí �åîðãèé Ìàðàòîâè÷ � êàíäèäàò �èçèêî-ìàòåìàòè÷åñêèõ íàóê, ñòàð-øèé íàó÷íûé ñîòðóäíèê, Êàçàíñêèé �èçèêî-òåõíè÷åñêèé èíñòèòóò ÊàçÍÖ �ÀÍ, ã. Êà-çàíü, �îññèÿ.


