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Ó ïðàöi âèâ÷åíî ëþìiíåñöåíòíî-êiíåòè÷íi âëàñòèâîñòi ìiêðîêðèñòàëiâ CsPbBr3, óêðàïëåíèõ
ó ìàòðèöþ KBr. Ïîêàçàíî, ùî âêðàïëåíi ìiêðîêðèñòàëè CsPbBr3 óòâîðþþòüñÿ â ïðîöåñi ðî-
ñòó êðèñòàëiâ KBr, àêòèâîâàíèõ CsPbBr3 (1 ìîë.%). Ñïåêòðàëüíî-êiíåòè÷íi ïàðàìåòðè ëþìi-
íåñöåíöi¨ âêðàïëåíèõ ìiêðîêðèñòàëiâ äîñëiäæóâàëè çà óìîâè çáóäæåííÿ êâàíòàìè âèïðîìiíþ-
âàííÿ ëàçåðíîãî äiîäà ç λ = 405 íì ó òåìïåðàòóðíîìó äiàïàçîíi 12�300 Ê. Çà òåìïåðàòóðè
ðiäêîãî àçîòó ëþìiíåñöåíöiÿ âêðàïëåíèõ ìiêðîêðèñòàëiâ CsPbBr3 âèÿâëÿ¹ âóçüêi ïðèêðàéîâi
ñìóãè ïðè 532 òà 536 íì iç ÷àñàìè çàãàñàííÿ ëþìiíåñöåíöi¨ â íàíîñåêóíäíîìó ÷àñîâîìó äiàïà-
çîíi, ÿêi ìîæíà ïðèïèñàòè ïðÿìèì åêñèòîííèì òà íåïðÿìèì ïåðåõîäàì iç ðàøáiâñüêèõ ìiíiìó-
ìiâ. Çñóâ ñìóãè âèïðîìiíþâàííÿ âiä 530 íì ó ìîíîêðèñòàëàõ CsPbBr3 äî 533 íì ó âêðàïëåíèõ
ìiêðîêðèñòàëàõ ïðèïèñó¹òüñÿ âïëèâó ìàòðèöi íà åíåð åòè÷íi ðiâíi ìiêðîêðèñòàëiâ CsPbBr3.
Îáãîâîðåíî ïðèðîäó äîâãîòðèâàëî¨ ëþìiíåñöåíöi¨ â îêîëi 550 íì.
Êëþ÷îâi ñëîâà: åôåêò Ðàøáè, âiëüíi åêñèòîíè, ïðèêðàéîâà ëþìiíåñöåíöiÿ, óêðàïëåíi ìi-

êðîêðèñòàëè CsPbBr3.
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I. ÂÑÒÓÏ

Íà ñüîãîäíi ìîíîêðèñòàëè, íàíî÷àñòèíêè ñiìåéñòâà
ïåðîâñüêiòiâ, ïðèâåðòàþòü âñåçàãàëüíó óâàãó íàóêîâ-
öiâ ÿê íîâi òîïîâi ìàòåðiàëè äëÿ ñòâîðåííÿ îïòîåëå-
êòðîííèõ ïðèëàäiâ, ôîòîïåðåòâîðþâà÷iâ, äåòåêòîðiâ
éîíiçóâàëüíîãî âèïðîìiíþâàííÿ òîùî íà îñíîâi îñî-
áëèâîñòåé ¨õíiõ îïòè÷íèõ òà åëåêòðè÷íèõ âëàñòèâî-
ñòåé. Ïåðøi äîñëiäæåííÿ ëþìiíåñöåíòíèõ ïàðàìåòðiâ
ñâèíöåâîâìiñíèõ ïåðîâñüêiòiâ äàòóþòüñÿ 70-ìè ðîêà-
ìè ìèíóëîãî ñòîëiòòÿ [1, 2], äå áóëî ïðîäåìîíñòðîâà-
íî íàÿâíiñòü åêñèòîííî¨ ëþìiíåñöåíöi¨ òà àíîìàëüíî-
ãî òåìïåðàòóðíîãî çñóâó êðàþ ïîãëèíàííÿ. Ïîäàëü-
øèé êðîê ó ðîçóìiííi îñîáëèâîñòåé ëþìiíåñöåíòíî-
ãî ïðîöåñó áóâ çðîáëåíèé äîñëiäæåííÿìè íàíîêðè-
ñòàëiâ ïåðîâñüêiòiâ, óêðàïëåíèõ ó äiåëåêòðè÷íi ìà-
òðèöi. Ç'ÿâèëàñü ñåðiÿ ïðàöü, äå ïðîàíàëiçîâàíî ëþ-
ìiíåñöåíòíi âëàñòèâîñòi íàíî÷àñòèíîê, óêðàïëåíèõ ó
CsCl, CsBr, KCl òà â iíøèõ ìàòðèöÿõ [3�5]. Çîâ-
ñiì íåäàâíî âêðàïëåíi íàíîêðèñòàëè âäàëîñÿ îòðè-
ìàòè â ñêëàõ [6]. Òóò çàçíà÷èìî ñêîðî÷åííÿ ÷àñîâèõ
ïàðàìåòðiâ ëþìiíåñöåíöi¨ íàíîêðèñòàëiâ ïîðiâíÿíî ç
îá'¹ìíèìè çðàçêàìè. Íà íîâèé ðiâåíü äîñëiäæåííÿ
íàíî÷àñòèíîê ïåðîâñüêiòiâ âèéøëè, îòðèìàâøè ¨õ ó
âèãëÿäi êîëî¨äíèõ ðîç÷èíiâ [7, 8]. Çàñòîñóâàííÿ ìåòî-
äiâ ñïåêòðîñêîïi¨ ç ÷àñîâèì ðîçäiëåííÿì [9, 10], ìà-
ãíiòîîïòè÷íèõ äîñëiäæåíü [11], âèêîðèñòàííÿ ãiäðî-
ñòàòè÷íèõ òèñêiâ [12, 13] äàëî íèçêó ðåçóëüòàòiâ, ùî
ïîðîäèëè ðiçíîìàíiòíi ìîäåëi ëþìiíåñöåíòíèõ ïðîöå-
ñiâ ó íàíîêðèñòàëàõ. Äëÿ ïîÿñíåííÿ ïðèðîäè ñïîñòå-
ðåæóâàíî¨ åêñèòîííî¨ ëþìiíåñöåíöi¨ âðàõîâàíî âïëèâ

îáìiííî¨ âçà¹ìîäi¨, ùî ñïðè÷èíèëî ïîÿâó ìîäåëi çi
ñèí ëåòíèìè òà òðèïëåòíèìè åêñèòîíàìè. Îñîáëèâî-
ñòi ñïií�îðáiòàëüíî¨ âçà¹ìîäi¨ ïðèâåëè äî âðàõóâàííÿ
åôåêòó Ðàøáè, ùî ñóïðîâîäæó¹òüñÿ âèíèêíåííÿì äî-
äàòêîâèõ âèïðîìiíþâàëüíèõ ñòàíiâ, ÿêi çóìîâëþþòü
íåïðÿìó ëþìiíåñöåíöiþ åêñèòîíiâ [10, 13, 14]. Çà ïåâ-
íèõ òåìïåðàòóð � ïîíàä 70 K � ó ìîíîêðèñòàòàëàõ
CsPbBr3 ïåðåâàãà íàäà¹òüñÿ ðåêîìáiíàöiéíîìó ìåõà-
íiçìó ëþìiíåñöåíöi¨ íà âiäìiíó åêñèòîííîìó. Îòæå,
ïðîäîâæó¹òüñÿ ç'ÿñóâàííÿ ìåõàíiçìó ëþìiíåñöåíòíî-
ãî ïðîöåñó ÿê ó êðèñòàëàõ, òàê i â íàíî÷àñòèíêàõ ïå-
ðîâñüêiòiâ, é î÷iêóâàíî, ùî âîíè áóäóòü ðiçíèìè.

Ïåâíi ìîæëèâîñòi ó âèñâiòëåííi îñîáëèâîñòåé ëþ-
ìiíåñöåíòíèõ ïðîöåñiâ îòðèìà¹ìî, äîñëiäæóþ÷è ïà-
ðàìåòðè ìiêðî- ÷è íàíî÷àñòèíîê, óêðàïëåíèõ ó äiåëå-
êòðè÷íi ìàòðèöi. Çîêðåìà, äëÿ òàêèõ íàíî÷àñòèíîê
ìîæíà óíèêíóòè âïëèâó îðãàíi÷íèõ ïðåêóðñîðiâ íà
¨õíþ ïîâåðõíþ. Ðîçìiðè íàíî÷àñòèíîê ìîæíà êîíòðî-
ëþâàòè òåìïåðàòóðîþ âiäïàëó, êîíöåíòðàöi¹þ äîìi-
øîê. Äëÿ âêðàïëåíèõ ìiêðî- òà íàíî÷àñòèíîê óñêëà-
äíþ¹òüñÿ âèêîðèñòàííÿ òàêèõ ìåòîäèê, ÿê ÒÅÌ ÷è
XRD äëÿ âèçíà÷åííÿ ðîçìiðiâ íàíî÷àñòèíîê, àëå öå
ìîæå áóòè ïîäîëàíî çà àíàëiçîì ïîëîæåííÿ ìàêñè-
ìóìiâ åêñèòîííî¨ ëþìiíåñöåíöi¨ íàíî÷àñòèíîê.

Äîñëiäæåííÿ òåìïåðàòóðíî¨ çàëåæíîñòi iíòåíñèâ-
íîñòi ëþìiíåñöåíöi¨ òà ÷àñiâ çàãàñàííÿ äîçâîëÿþòü
ïîðiâíÿòè åíåð åòè÷íi ñòðóêòóðè âèïðîìiíþâàëüíèõ
ñòàíiâ îá'¹ìíèõ êðèñòàëiâ i âêðàïëåíèõ íàíî÷àñòè-
íîê, à òàêîæ âèçíà÷åííÿ âïëèâó ïîâåðõíåâèõ òà
îá'¹ìíèõ äåôåêòiâ íà åêñèòîííó é øèðîêîñìóãîâó
ëþìiíåñöåíöiþ â ïåðîâñüêiòàõ. Ùîá ç'ÿñóâàòè çãà-
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äàíi îñîáëèâîñòi, ìè ïðîâåëè êîìïëåêñ ñïåêòðàëüíî-
êiíåòè÷íèõ äîñëiäæåíü ëþìiíåñöåíòíèõ ïàðàìåòðiâ
÷àñòèíîê CsPbBr3, óêðàïëåíèõ ó ìàòðèöþ KBr.

II. ÅÊÑÏÅÐÈÌÅÍÒ

Ìiêðîêðèñòàëè CsPbBr3, óêðàïëåíi â KBr, îòðèìó-
âàëè ó ïðîöåñi âèðîùóâàííÿ êðèñòàëiâ KBr iç êîíöåí-
òðàöi¹þ CsPbBr3 1 ìîë.% ìåòîäîì Ñòîêáàð åðà. Âè-
ìiðþâàííÿ ïðîâîäèëè íà ïëàñòèíêàõ, îòðèìàíèõ ïiä
÷àñ ñêîëþâàííÿ êðèñòàëiâ KBr -CsPbBr3.
Ñïåêòðè ëþìiíåñöåíöi¨ âèìiðþâàëè ç âèêîðèñòàí-

íÿì ïîäâiéíîãî ìîíîõðîìàòîðà ÌÄÐ-6 (ËÎÌÎ) çi
ñïåêòðàëüíîþ øèðèíîþ ùiëèíè 0.3 íì. Iíòåíñèâíiñòü
ëþìiíåñöåíöi¨ òà êiíåòèêó çàãàñàííÿ ëþìiíåñöåí-
öi¨ âèìiðþâàëè ôîòîïîìíîæóâà÷åì HAMAMATSU
H9305-04 ìåòîäîì ñòàòèñòè÷íî¨ êîðåëüîâàíî¨ ëi÷áè
îäèíè÷íèõ ôîòîíiâ ç iíñòðóìåíòàëüíèì ÷àñîâèì âiä-
ãóêîì óñòàíîâêè áëèçüêî 0.4 íñ. Çðàçêè äëÿ âè-
ìiðþâàíü ïîìiùàëè ó êðiîñòàò çàìêíóòîãî öèêëó
Cryocooler DE- 202A (Advanced Research Systems,
Macungie, USA), ÿêèé äîçâîëèâ ïðîâîäèòè äîñëiäæå-
ííÿ â äiàïàçîíi 12�300 Ê.

III. ÐÅÇÓËÜÒÀÒÈ ÒÀ ÎÁÃÎÂÎÐÅÍÍß

Äèíàìiêó çìiíè ñïåêòðiâ ëþìiíåñöåíöi¨ CsPbBr3,
óêðàïëåíèõ ó ìàòðèöþ KBr, çàëåæíî âiä òåìïåðàòó-
ðè ïîêàçàíî íà ðèñ. 1, a, b. Çà T = 12 Ê (ðèñ. 1,a)
ïåðåâàæà¹ øèðîêà ñìóãà âèïðîìiíþâàííÿ ïðè 550 íì
(ñìóãà Ñ). Iç ïiäâèùåííÿì òåìïåðàòóðè ç'ÿâëÿþòüñÿ
âiäíîñíî âóçüêi ñìóãè ïðèêðàéîâîãî âèïðîìiíþâàí-
íÿ, ÿêi ìîæíà âïåâíåíî ñïåêòðàëüíî ðîçäiëèòè íà äâi
ñìóãè, ïî÷èíàþ÷è ç òåìïåðàòóðè 50 Ê (533 íì, ñìó-
ãà À òà 539 íì, ñìóãà Â çà T = 50 Ê; 532 òà 536 íì,
T = 77 Ê). Äèíàìiêó çìií êîíòóðó ñìóã ëþìiíåñöåí-
öi¨ â äiàïàçîíi 12�50 Ê âiäñëiäêóâàó¹ìî, âèêîðèñòîâó-
þ÷è ïðîöåäóðó ðîçêëàäó ñìóãè âèïðîìiíþâàííÿ íà
 àóñiàíè (ðèñ. 2). Ðîçêëàäàëè ñìóãè, î÷iêóþ÷è íàÿâ-
íiñòü âóçüêèõ ñìóã ïðèêðàéîâî¨ åêñèòîííî¨ ëþìiíå-
ñöåíöi¨ ç ìàêñèìóìàìè çà 532 i 540 íì, ïðèòàìàííèõ
äëÿ ìîíîêðèñòàëà CsPbBr3 (ðèñ. 1,ñ). Âiäïîâiäíî äî
öi¹¨ ïðîöåäóðè çà òåìïåðàòóðè 20 Ê ìîæíà âèäiëè-
òè øèðîêi ñìóãè âèïðîìiíþâàííÿ (ðèñ. 2,à, êðèâi 3 i
4) ç ìàêñèìóìàìè çà 550 òà 545 íì i âiäíîñíî âóçüêi
ñìóãè çà 533 (À) òà 539 íì (Â), êðèâi 1 i 2. Ïiâøè-
ðèíà ñìóãè À çàëèøà¹òüñÿ ìàéæå ñòàëîþ äî 70 Ê, à
ïîòiì çðîñòà¹ ç ïiäâèùåííÿì òåìïåðàòóðè (ðèñ. 3,b).
Äiëÿíêà çi ñëàáêîþ çàëåæíiñòþ ïiâøèðèíè ñìóã âiä
òåìïåðàòóðè õàðàêòåðíà äëÿ âçà¹ìîäi¨ åëåêòðîíiâ iç
íóëüîâèìè ôîíîíàìè  ðàòêè. Íà ðèñ. 3 ïîêàçàíà òà-
êîæ òåìïåðàòóðíà çàëåæíiñòü ïîëîæåííÿ ìàêñèìóìiâ
ëþìiíåñöåíöi¨ ñìóã À i Â.
Çàëåæíîñòi iíòåíñèâíîñòi ëþìiíåñöåíöi¨ ñìóã âiä

òåìïåðàòóðè çîáðàæåíî íà ðèñ. 4. Âiäïîâiäíî äî öèõ
çàëåæíîñòåé òà ôîðìóëè Ìîòòà [15] åíåð iÿ àêòèâàöi¨
áåçâèïðîìiíþâàëüíèõ ïåðåõîäiâ çà 550 íì (ñìóãà Ñ)
ñòàíîâèòü 7.6 ìåÂ; iíòåíñèâíiñòü ïðèêðàéîâî¨ ëþìi-

íåñöåíöi¨ ïîñèëþ¹òüñÿ ç åíåð i¹þ àêòèâàöi¨ 8.2 ìåÂ òà
ñïàäà¹ ç Ea = 180 ìåÂ.
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Ðèñ. 1. Ñïåêòðè ëþìiíåñöåíöi¨ ìîíîêðèñòàëà CsPbBr3 çà
òåìïåðàòóðè 30 Ê (c) òà êðèñòàëà KBr�CsPbBr3 ó äiàïà-
çîíi òåìïåðàòóð 77�290 Ê (b) òà 12�77 Ê (a). Ñòðiëêàìè

âêàçàíî íàïðÿìîê ïiäâèùåííÿ òåìïåðàòóðè

Fig. 1. The luminescence spectra of the CsPbBr3 single
crystal at the temperature of 30 K (c) and the KBr�CsPbBr3
crystal over the temperature range 77�290 K (b) and 12�77 K
(a). The arrows indicate the direction of the temperature rise

Íà êðèâié êiíåòèêè çàãàñàííÿ iíòåíñèâíîñòi ëþìi-
íåñöåíöi¨ äëÿ âóçüêî¨ ñìóãè çà 533 íì (ñìóãà À) óìîâ-
íî ìîæíà âèäiëèòè êîíñòàíòè ç êîðîòêèì ÷àñàìè çà-
ãàñàííÿ ëþìiíåñöåíöi¨ â îêîëi îäèíèöü íàíîñåêóíä
(τ1 = 1.7 íñ) òà âiäíîñíî äîâøi � â îêîëi äåñÿòêiâ
íàíîñåêóíä (τ2 = 60 íñ) çà òåìïåðàòóðè 12 Ê (ðèñ. 5,
êðèâà 1). Iç ïiäâèùåííÿì òåìïåðàòóðè âñi ÷àñîâi êîí-
ñòàíòè âèÿâëÿþòü òåíäåíöiþ äî çáiëüøåííÿ. Îäíà ç
ìîæëèâèõ iíòåðïðåòàöié øâèäêî¨ òà ïîâiëüíî¨ êîìïî-
íåíò ïîâ'ÿçàíà çi ñòðóêòóðîþ åêñèòîííèõ ðiâíiâ. Óíà-
ñëiäîê îáìiííî¨ âçà¹ìîäi¨ åíåð åòè÷íèé ðiâåíü åêñèòî-
íà ðîçùåïëåíèé íà ñèí ëåòíèé òà òðèïëåòíi ðiâíi. Ó
ìåæàõ òàêî¨ ìîäåëi øâèäêó êîìïîíåíòó (τ1 = 1.7 íñ)
ìîæíà iäåíòèôiêóâàòè ç âèïðîìiíþâàëüíèìè ïåðåõî-
äàìè çi ñèí ëåòíèõ ñòàíiâ, à ïîâiëüíó (τ2 = 60 íñ) �
iç ïåðåõîäàìè ç òðèïëåòíèõ ñòàíiâ åêñèòîíà.
Êîíñòàíòà çàãàñàííÿ ñèñòåìè øèðîêèõ ñìóã Ñ çà

550 íì çíà÷íî ïåðåâåðøó¹ ÷àñîâèé äiàïàçîí âèìiðþ-
âàíü âèêîðèñòàíîãî ìåòîäó. Òîìó ÷àñîâà êîíñòàíòà
äëÿ öi¹¨ ñìóãè ìîæå áóòè áëèçüêî ìiêðî- ÷è íàâiòü
ìiëiñåêóíä, ÿê öå ¹ â ìîíîêðèñòàëi [10].
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Ðèñ. 2. Ðîçêëàäè ñïåêòðiâ ëþìiíåñöåíöi¨ KBr�CsPbBr3 íà
 àóñiàíè çà òåìïåðàòóðè 20 (a), 77 (b) òà 230 Ê (c)

Fig. 2. Gaussian decomposition of the luminescence spectra
of KBr�CsPbBr3 at 20 (a), 77 (b) and 230 Ê (c)

Ïðèáëèçíi ðîçìiðè âêðàïëåíèõ ÷àñòèíîê, ïðèðî-
äó ñìóã ¨õíüî¨ ëþìiíåñöåíöi¨ â ìàòðèöi KBr ìîæíà
îöiíèòè, ïîðiâíþþ÷è ïàðàìåòðè ëþìiíåñöåíöi¨ KBr�
CsPbBr3 ç òàêèìè ñàìèìè äëÿ ìîíî- òà íàíîêðèñòàëiâ
CsPbBr3. Îñîáëèâiñòü âèïðîìiíþâàííÿ ìîíîêðèñòà-
ëiâ � íàÿâíiñòü ïîäâiéíî¨ ñìóãè ïðèêðàéîâî¨ ëþìiíå-
ñöåíöi¨ çi øâèäêèì ÷àñîì çàãàñàííÿ â äiëÿíöi 532 i 540
íì (ðèñ. 1,ñ). Ïîìiæ áàãàòüîõ ïiäõîäiâ äî iíòåðïðåòà-
öi¨ öèõ ñìóã ëþìiíåñöåíöi¨ ìîíîêðèñòàëà CsPbBr3 ¹
âèêîðèñòàííÿ åôåêòó Ðàøáè [10, 13, 14]. Ó ìåæàõ öi-
¹¨ ìîäåëi ñìóãó 532 íì (20 Ê) ìîæíà iíòåðïðåòóâàòè
ÿê âèïðîìiíþâàííÿ, çóìîâëåíå ïðÿìèìè ïåðåõîäàìè
â òî÷öi Ã çîíè Áðiëëþåíà äëÿ îðòîðîìái÷íî¨ ôàçè [16�
18], à ñìóãó 540 íì (20 Ê) � ÿê íåïðÿìi ïåðåõîäè ç
ðàøáiâñüêèõ äîëèí. Ñàìå òàê, ÿê ïðÿìi òà ïåðåõîäè
ç ðàøáiâñüêèõ äîëèí, ìîæíà ïðîiíòåðïåòóâàòè ñìó-
ãè ëþìiíåñöåíöi¨ 535 íì (ñìóãà À) i 543 íì (ñìóãà Â)
(20 Ê) â ñèñòåìi KBr�CsPbBr3. Ùå îäíèì äîêàçîì òà-
êî¨ iíòåðïðåòàöi¨ ìîæå áóòè òåìïåðàòóðíà çàëåæíiñòü
ïîëîæåííÿ ìàêñèìóìiâ ñìóã À òà Â (ðèñ. 3,à), ÿêà çái-
ãà¹òüñÿ ç òàêîþ ñàìîþ äëÿ ìîíîêðèñòàëà. Ñìóãà À
ç ïiäâèùåííÿì òåìïåðàòóðè âèÿâëÿ¹ îñíîâíó òåíäåí-
öiþ äî çìiùåííÿ â áiê âèñîêèõ åíåð ié, i òàêó ïîâå-
äiíêó ìîæíà ïîÿñíèòè ÿê ðåçóëüòàò òåìïåðàòóðíîãî
ðîçøèðåííÿ ìàòðèöi [19]. Ïîâåäiíêà ñìóãè Â ç ïiäâè-
ùåííÿì òåìïåðàòóðè ïîíàä ∼ 120 Ê ¹ âiäìiííîþ �
¨¨ ïîëîæåííÿ çìiùó¹òüñÿ â äiëÿíêó íèæ÷èõ åíåð ié.

Öå ïîÿñíþ¹ìî ïåðåâàæàëüíèì ó öüîìó äiàïàçîíi òåì-
ïåðàòóð âíåñêîì åëåêòðîí-ôîíîííî¨ âçà¹ìîäi¨, i öå ¹
ïiäòâåðäæåííÿì ðiçíî¨ ïðèðîäè ñìóã À i Â. Ó âèïàäêó
ñìóãè Â äî âåëè÷èíè ðàøáiâñüêîãî ðîçùåïëåííÿ äîäà-
¹òüñÿ âíåñîê âiä íåñèìåòðè÷íèõ êîëèâàíü  ðàòêè, ÿêi
çóìîâëþþòü çðîñòàííÿ åëåêòðè÷íîãî ïîëÿ, ùî ñïðè-
÷èíÿ¹ âèíèêíåííÿ åôåêòó Ðàøáè [20].
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Ðèñ. 3. Òåìïåðàòóðíi çàëåæíîñòi åíåð åòè÷íîãî ïîëîæåí-
íÿ ìàêñèìóìiâ ñìóã À (êðèâà 1) òà B (êðèâà 2),(à), ïiâ-

øèðèíè ñìóãè À (b) ñèñòåìè KBr�CsPbBr3
Fig. 3. Temperature dependences of the peak positions for A
(curve 1) and B (curve 2) luminescence bands (a), of FWHM

from band A(b) in KBr�CsPbBr3
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Ðèñ. 4. Çàëåæíîñòi iíòåíñèâíîñòi ëþìiíåñöåíöi¨ âiä òåìïå-
ðàòóðè: 1 � âóçüêi ñìóãè ïðèêðàéîâî¨ ëþìiíåñöåíöi¨ À i
Â (KBr�CsPbBr3); 2 � ñìóãà Ñ (KBr�CsPbBr3); 3 � åêñè-

òîííà ñìóãà çà 534 íì ìîíîêðèñòàëà CsPbBr3
Fig. 4. Dependence of luminescence intensity on temperature:
1 � narrow near edge band luminescence A and B (KBr�
CsPbBr3); 2 � band C (KBr�CsPbBr3); 3 � exciton band at

534 nm CsPbBr3 single crystal

Çãàäàíà äóáëåòíà ñòðóêòóðà íå âëàñòèâà åêñèòîí-
íié ëþìiíåñöåíöi¨ íàíî÷àñòèíîê, äëÿ ÿêèõ õàðàêòåð-
íà îäíà ñìóãà, ïiâøèðèíà ÿêî¨ âèçíà÷à¹òüñÿ ðîçêèäîì
ðîçìiðiâ â àíñàìáëi íàíî÷àñòèíîê. Çàçíà÷èìî, ùî çà
òåìïåðàòóðè 12 Ê ïiâøèðèíà ñìóãè ëþìiíåñöåíöi¨ ïðè
532 íì (ñìóãà À) â ñèñòåìi KBr�CsPbBr3 (1 ìîë.%)
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ñòàíîâèòü 15 ìåÂ, òîäi ÿê äëÿ ìîíîêðèñòàëiâ âîíà äî-
ðiâíþ¹ 3 ìåÂ, à äëÿ àíñàìáëþ êîëî¨äíèõ íàíî÷àñòè-
íîê iç ñåðåäíiì ðîçìiðîì 10 íì ñòàíîâèòü ∼ 40 ìåÂ
[21]. ßêùî äóáëåòíà ñòðóêòóðà ñìóã ëþìiíåñöåíöi¨ òà
çàëåæíiñòü ¨õíüîãî ñïåêòðàëüíîãî ïîëîæåííÿ âiä òåì-
ïåðàòóðè äëÿ ìiêðîêðèñòàëiâ ¹ ïîäiáíèìè äî ëþìiíå-
ñöåíöi¨ ìîíîêðèñòàëiâ, òî åíåð iÿ àêòèâàöi¨ äëÿ ãàñi-
ííÿ åêñèòîííî¨ ëþìiíåñöåíöi¨ â ñèñòåìi KBr�CsPbBr3
(1 ìîë.%) ñòàíîâèòü 180 ìåÂ, ùî øâèäøå õàðàêòåðíî
äëÿ íàíî÷àñòèíîê, íiæ äëÿ ìîíîêðèñòàëiâ. Çíàéäå-
íà åíåð iÿ àêòèâàöi¨ áåçâèïðîìiíþâàëüíèõ ïåðåõîäiâ,
ùî âiäïîâiäà¹ çäåáiëüøîãî åíåð i¨ çâ'ÿçêó åêñèòîíà,
ïðèòàìàííà åêñèòîíàì ó íàíî÷àñòèíêàõ ðîçìiðîì 15
íì [22] íà ïðîòèâàãó äî 30 ìåÂ ó ìîíîêðèñòàëàõ [10].
Îòæå, äóáëåòíà ñòðóêòóðà ñìóã åêñèòîííî¨ ëþìiíå-
ñöåíöi¨, ¨õíi òåìïåðàòóðíi òà åíåð åòè÷íi ïàðàìåòðè
ç îäíîãî áîêó òà âåëèêi åíåð i¨ àêòèâàöi¨ ãàñiííÿ ëþ-
ìiíåñöåíöi¨ ç iíøîãî øâèäøå âêàçóþòü, ùî â ïðîöåñi
ñèíòåçó â ìàòðèöi KBr óòâîðèëèñü ÷àñòèíêè CsPbBr3,
ÿêi ïî¹äíóþòü âëàñòèâîñòi ìiêðî- òà íàíîðîçìiðíèõ
÷àñòèíîê.
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Ðèñ. 5. Êðèâi êiíåòèêè çàãàñàííÿ ëþìiíåñöåíöi¨ KBr�
CsPbBr3 äëÿ ïðèêðàéîâî¨ ñìóãè À çà òåìïåðàòóð 14, 40,
50, 65, 105, 165, 225 òà 290 Ê. Ñòðiëêîþ ïîçíà÷åíî íàïðÿ-

ìîê ïiäâèùåííÿ òåìïåðàòóðè

Fig. 5. Luminescence decay curves of near edge band A at
14, 40, 50, 65, 105, 165, 225 and 290 K of KBr�CsPbBr3.
The arrow indicates the direction of the temperature rise

Ïîäiáíi ñïåêòðàëüíi çàêîíîìiðíîñòi ëþìiíåñöåíöi¨
(íàÿâíiñòü øèðîêèõ òà âóçüêèõ ñìóã ëþìiíåñöåíöi¨
ç àêòèâàöiéíèì áàð'¹ðîì 180 ìåÂ, äèíàìiêà çìiíè
iíòåíñèâíîñòi ëþìiíåñöåíöi¨ âiä òåìïåðàòóðè, ÿê íà
ðèñ. 1,a,b) ñïîñòåðiãàëè äëÿ ÷àñòèíîê CsPbBr3, îòðè-
ìàíèõ ðîç÷èíåííÿì ïðåêóðñîðiâ â îðãàíi÷íîìó ðîç-
÷èííèêó ç ïîäàëüøèì ñèíòåçîì ó òîëóîëi [22, 23]. Ìå-
òîäàìè åëåêòðîííî¨ ñêàíóâàëüíî¨ òà ñèëîâî¨ ìiêðîñêî-
ïi¨ âñòàíîâëåíî, ùî çãàäàíi ÷àñòèíêè ìàþòü ôîðìó
ïëàñòèí iç òîâùèíîþ 16 íì òà ëàòåðàëüíèì ðîçìiðîì
∼ 700 íì. Ñïîñòåðåæóâàíà ïîäiáíiñòü ìîæå ñâiä÷èòè,
ùî CsPbBr3 âáóäîâó¹òüñÿ â ìàòðèöþ KBr ó âèãëÿ-
äi ïëàñòèíîê (àáî íàíîäðîòiâ) iç ëàòåðàëüíèìè ðîç-
ìiðàìè, õàðàêòåðíèìè äëÿ ìiêðîêðèñòàëiâ, òà òîâùè-
íîþ áëèçüêî 10�20 íì, ùî çàáåçïå÷ó¹ ïðîÿâ ëþìiíå-
ñöåíòíèõ âëàñòèâîñòåé, õàðàêòåðíèõ ÿê äëÿ îá'¹ìíîãî
çðàçêà, òàê i äëÿ íàíîðîçìiðíèõ çðàçêiâ.

Øèðîêà ñìóãà Ñ ç ìàêñèìóìîì çà ∼ 550 íì ó ñè-
ñòåìi KBr�CsPbBr3(1%) (ðèñ. 1,à), ÿêó ïîâ'ÿçóþòü iç
âèïðîìiíþâàëüíèìè ïðîöåñàìè çà ó÷àñòþ äåôåêòiâ
 ðàòêè, ñïåêòðàëüíî âóæ÷à, íiæ àíàëîãi÷íà ñìóãà â
ìîíîêðèñòàëàõ CsPbBr3 (ðèñ. 1,ñ), i ìà¹ äåùî iíøèé
ñïåêòðàëüíèé ñêëàä, à ñàìå: ó äîñëiäæóâàíèõ çðàç-
êàõ âiäñóòíi ñìóãè ç äîâãîõâèëüîâîãî áîêó, ïðèòàìàí-
íi äëÿ ìîíîêðèñòàëà. Öå ìîæå áóòè íàñëiäêîì âiä-
ñóòíîñòi ïåâíèõ äåôåêòiâ, õàðàêòåðíèõ äëÿ îá'¹ìíèõ
çðàçêiâ. Çàçíà÷èìî, ùî äëÿ êîëî¨äíèõ íàíî÷àñòèíîê
ìàëèõ ðîçìiðiâ äåôåêòíà ñìóãà ëþìiíåñöåíöi¨ 550 íì
âiäñóòíÿ âçàãàëi [9]. Öiêàâîþ îáñòàâèíîþ ¹ òåìïåðà-
òóðíà ïîâåäiíêà öi¹¨ ñìóãè â ñèñòåìi KBr�CsPbBr3.
�¨ iíòåíñèâíiñòü iç ïiäâèùåííÿì òåìïåðàòóðè çìåíøó-
¹òüñÿ ç åíåð i¹þ ãàñiííÿ 7.6 ìåÂ (ðèñ. 4, êðèâà 2),
ÿêà øâèäøå âiäîáðàæà¹ åíåð iþ ïàñòîê, ùî áåðóòü
ó÷àñòü ó ëþìiíåñöåíöi¨. Iç áëèçüêîþ åíåð i¹þ àêòè-
âàöi¨ ðîçãîðà¹òüñÿ ïðèêðàéîâà âóçüêîñìóãîâà ëþìi-
íåñöåíöiÿ (ðèñ. 4, êðèâà 1). Øèðîêîñìóãîâó ëþìiíå-
ñöåíöiþ ìîæíà ïîâ'ÿçàòè ç ðåêîìáiíàöiéíîþ ëþìiíå-
ñöåíöi¹þ çà ó÷àñòi íèçüêîåíåð åòè÷íèõ ïàñòîê ç åíåð-
 i¹þ, ìåíøîþ çà åíåð iþ çâ'ÿçêó åêñèòîíà. Åëåêòðîíè,
ùî âèéøëè ç ïàñòîê çà òåìïåðàòóðè âèùî¨, íiæ åíåð-
 iÿ ïàñòêè, ìîæóòü ðåêîìáiíóâàòè ç äiðêàìè, äàþ÷è
âèïðîìiíþâàííÿ åêñèòîíà ÷è ìiæçîííó ðåêîìáiíàöié-
íó ëþìiíåñöåíöiþ.

Ìîæëèâà iíøà iíòåðïðåòàöiÿ ñìóãè âèïðîìiíþâàí-
íÿ â îêîëi 550 íì. Äåÿêi àâòîðè iäåíòèôiêóþòü öå âè-
ïðîìiíþâàííÿ ÿê ëþìiíåñöåíöiþ àâòîëîêàëiçîâàíèõ
åêñèòîíiâ [24, 25]. Ó ìåæàõ ìîäåëi êîíôi óðàöiéíèõ
êîîðäèíàò çáiã åíåð i¨ ãàñiííÿ ñìóãè 550 íì ç åíåð-
 i¹þ ðîçãîðàííÿ âóçüêèõ åêñèòîííèõ ñìóã À i Â ìî-
æíà òðàêòóâàòè ÿê ïåðåõiä àâòîëîêàëiçîâàíèõ åêñèòî-
íiâ ó âiëüíi åêñèòîíè ÷åðåç ïîäîëàííÿ åíåð åòè÷íîãî
áàð'¹ðà (∼ 8 ìåÂ) ìiæ íèìè. Çà çîíà-çîííîãî çáóäæå-
ííÿ é óìîâè, ùî ðîçëiò ìiæ ãåíåòè÷íèìè åëåêòðîíàìè
òà äiðêàìè áiëüøèé âiä ðîçìiðó ñôåðè Îíñà åðà [26],
íàñàìïåðåä ìîæå âiäáóâàòèñü àâòîëîêàëiçàöiÿ äiðîê
iç ïîäàëüøèì óòâîðåííÿì àâòîëîêàëiçîâàíèõ åêñèòî-
íiâ. Öå óçãîäæó¹òüñÿ ç òèì, ùî çà íèçüêèõ (12 Ê) òåì-
ïåðàòóð ïåðåâàæà¹ øèðîêîñìóãîâà ëþìiíåñöåíöiÿ. Öå
äà¹ ïiäñòàâó íå âiäêèäàòè ìîæëèâiñòü óòâîðåííÿ àâ-
òîëîêàëiçîâàíèõ åêñèòîíiâ ó öèõ ñèñòåìàõ. Îäíàê ñà-
ìà ìîäåëü àâòîëîêàëiçîâàíîãî åêñèòîíà, ¨¨ ïðîñòîðî-
âà ñòðóêòóðà â ëiòåðàòóði íå îáãîâîðþ¹òüñÿ. Ó öüîìó
ìàòåðiàëi ìîæå ðåàëiçóâàòèñü åêñèòîí iç äiðêîþ, ëî-
êàëiçîâàíîþ ÿê íà ãàëî¨äi, òàê i íà êàòiîíi, îñêiëüêè
âåðøèíà âàëåíòíî¨ çîíè ôîðìó¹òüñÿ ñòàíàìè 5pBr−

òà 6sPb2+. Òîìó íàÿâíiñòü àâòîëîêàëiçîâàíèõ åêñèòî-
íiâ ó öèõ ìàòåðiàëàõ óñå ùå äèñêóòó¹òüñÿ.

Î÷iêóâàíèé çñóâ ïðèêðàéîâî¨ ëþìiíåñöåíöi¨ â ìi-
êðîêðèñòàëàõ ó ñèíþ äiëÿíêó âíàñëiäîê êâàíòîâî-
ðîçìiðíîãî åôåêòó íå ñïîñòåðiãà¹òüñÿ. Íàâïàêè, ïðè-
êðàéîâà ëþìiíåñöåíöiÿ çñóíóòà çà òåìïåðàòóðè ðiäêî-
ãî ãåëiþ â äiëÿíêó ìåíøèõ åíåð ié íà âåëè÷èíó 8 ìåÂ.
Òàêó ïîâåäiíêó ìîæíà ïîÿñíèòè âïëèâîì òèñêó ç áî-
êó  ðàòêè ìàòðèöi. Åêñïåðèìåíòàëüíi ðåçóëüòàòè òà
òåîðåòè÷íi ðîçðàõóíêè ïîêàçóþòü, ùî çi çðîñòàííÿì
ãiäðîñòàòè÷íîãî òèñêó øèðèíà çàáîðîíåíî¨ çîíè â Γ-
òî÷öi çîíè Áðiëëþåíà äëÿ îðòîðîìái÷íî¨ ôàçè çìåí-
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ËÞÌIÍÅÑÖÅÍÖIß ÌIÊÐÎÊÐÈÑÒÀËIÂ CsPbBr3, ÓÊÐÀÏËÅÍÈÕ Ó ÌÀÒÐÈÖÞ KBr

øó¹òüñÿ [27]. Ñàìå ç öèõ ïîçèöié ìîæíà ïîÿñíèòè çñóâ
åêñèòîííî¨ ëþìiíåñöåíöi¨ â ñèñòåìi KBr�CsPbBr3 ó
÷åðâîíó äiëÿíêó, ùî ìàñêó¹ çñóâ óíàñëiäîê êâàíòîâî-
ðîçìiðíîãî åôåêòó.

ÂÈÑÍÎÂÊÈ

Ó êðèñòàëàõ KBr ç äîìiøêîþ CsPbBr3 (1 ìîë.%)
ó ïðîöåñi ñèíòåçó óòâîðþòüñÿ âêðàïëåíi ÷àñòèíêè
CsPbBr3, ÿêi çà çáiãîì îñîáëèâîñòåé ëþìiíåñöåíòíèõ
ïàðàìåòðiâ iç òàêèìè ñàìèìè äëÿ ìiêðî- òà íàíî-
êðèñòàëiâ ìîæóòü ìàòè âèãëÿä ïëàñòèíîê iç ëàòå-
ðàëüíèìè ìiêðîðîçìiðàìè òà òîâùèíîþ â íàíîìå-

òðîâîìó ìàñøòàái. Ëþìiíåñöåíòíi ïàðàìåòðè ÷àñòè-
íîê CsPbBr3, óêðàïëåíèõ ó KBr, ïî¹äíóþòü äåÿêi
âëàñòèâîñòi, õàðàêòåðíi äëÿ îá'¹ìíèõ òà íàíîðîçìið-
íèõ çðàçêiâ. Óêðàïëåíèì ÷àñòèíêàì CsPbBr3 âëàñòè-
âà äóáëåòíà ñòðóêòóðà ïðèêðàéîâîãî âèïðîìiíþâàí-
íÿ, ÿêà ïðèòàìàííà îá'¹ìíèì çðàçêàì i ïðèïèñó¹òüñÿ
ïðÿìîçîííèì ïåðåõîäàì ó òî÷öi Ã òà íåïðÿìèì ïå-
ðåõîäàì iç ðàøáiâñüêèõ äîëèí. Ïðèêðàéîâà ëþìiíå-
ñöåíöiÿ ãàñèòüñÿ ç àêòèâàöiéíèì áàð'¹ðîì 180 ìåÂ,
ùî âëàñòèâî ëþìiíåñöåíöi¨ íàíî÷àñòèíîê. Çñóâ ïðè-
êðàéîâî¨ ëþìiíåñöåíöi¨ â äiëÿíêó ìåíøèõ åíåð ié ïî-
ðiâíÿíî ç ìîíîêðèñòàëàìè ïîÿñíþ¹òüñÿ âïëèâîì ãi-
äðîñòàòè÷íîãî òèñêó ç áîêó ìàòðèöi KBr íà âêðàïëåíi
÷àñòèíêè CsPbBr3.
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LUMINESCENCE OF CsPbBr3 MICROCRYSTALS EMBEDDED IN THE KBr MATRIX

M. Dendebera1, Y. Chornodolskyy1, O. Antonyak1, T. Malyi1, V. Mykhaylyk2, V. Vistovskyy1, A. Voloshinovskii1
1Ivan Franko National University of Lviv,
8, Kyrylo & Mefodiy St., Lviv, Ukraine

2Diamond Light Source, Harwell Campus, Didcot, OX11 0DE, UK

The paper studies the luminescence-kinetic properties of CsPbBr3 microcrystals embedded in the KBr
matrix. It is shown that embedded CsPbBr3 microcrystals are formed during the growth of KBr crystals
doped with CsPbBr3 (1 mol.%). The measurements of spectral-kinetic parameters of the luminescence
from embedded microcrystals under the excitation of laser diode (λ = 405 nm) were carried out over the
temperature range of 12�300 K. The luminescence of embedded CsPbBr3 microcrystals reveals narrow
bands at 532 (band A) and 536 nm (band B) with luminescence decay times in the nanosecond time range
at the liquid nitrogen temperature.
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Ì. Ï. ÄÅÍÄÅÁÅÐÀ, ß. Ì. ×ÎÐÍÎÄÎËÜÑÜÊÈÉ, Î. Ò. ÀÍÒÎÍßÊ, Ò. Ñ. ÌÀËÈÉ òà ií.

Broadband luminescence peaking at 550 nm can be attributed to recombination luminescence involving
low-energy traps with energy less than the exciton binding energy. Electrons released from the traps at
temperatures higher than the trap depth energy can recombine with holes to produce exciton emission or
interband recombination luminescence. Another possible interpretation of this band is the luminescence
of self-trapped excitons, which is discussed in the con�guration coordinate model.

The luminescence parameters of CsPbBr3 particles embedded in KBr combine the properties
characteristic of bulk and nanosized samples. The embedded CsPbBr3 particles are characterized by
a doublet structure of the near band edge emission, which is a feature of bulk samples. The peaks are
attributed to direct transitions at the Ã point and indirect ones from the Rashba valleys. The evidence in
support of this interpretation may be the temperature dependence of the maxima position of these bands,
which follows the trend observed for a single crystal. With an increase in temperature, band A shows a
major tendency to shift towards high energies and this behavior can be explained as resulting from the
thermal expansion of the matrix. The behavior of band B with an increase in temperature above ∼ 120 K
is di�erent. Its position shifts to the region of lower energies. This can be explained by the predominant
contribution of the electron-phonon interaction in this temperature range and is an indication of the
di�erent nature of these near edge bands. In the case of band B, a contribution from the asymmetric
oscillations of the lattice causes an increase in the value of the Rashba splitting.

Near band edge luminescence is quenched with an activation energy barrier of 180 meV, which is
characteristic of the luminescence of CsPbBr3 nanoparticles. The shift of the near band edge luminescence
to the region of lower energies in comparison with single crystals is explained by the e�ect of the hydrostatic
pressure from the KBr matrix upon the embedded CsPbBr3 particles.

Key words: Rashba e�ect, free excitons, near edge luminescence, CsPbBr3 embedded microcrystals.
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