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Íåîðãàíi÷íèé ïåðîâñêiò áðîìiä öåçiþ ñâèíöþ (CsPbBr3) � øèðîêî äîñëiäæóâàíèé ìàòåðiàë
çàâäÿêè ñâî¨é ïîòåíöiéíié ìîæëèâîñòi çàñòîñóâàííÿ â ñîíÿ÷íèõ åëåìåíòàõ òà ðiçíèõ ñâiòëî-
âèïðîìiíþâàëüíèõ ïðèñòðîÿõ. Ó öié ðîáîòi â ìåæàõ òåîði¨ ôóíêöiîíàëà ãóñòèíè ç âèêîðèñòà-
ííÿì äëÿ ðîçðàõóíêiâ ðiçíèõ íàáëèæåíü äëÿ îáìiííî-êîðåëÿöiéíîãî ïîòåíöiàëó äîñëiäæåíî
ñòðóêòóðíi òà åëåêòðîííi âëàñòèâîñòi êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòîðîìái÷íî¨ êðèñòàëi÷íèõ
ôàç ïåðîâñêiòó CsPbBr3. Àíàëiç ñòðóêòóðíèõ ïàðàìåòðiâ ïîêàçó¹, ùî ñòàëi  ðàòêè òà îá'¹ì åëå-
ìåíòàðíî¨ êîìiðêè çìiíþþòüñÿ ïiä ÷àñ ôàçîâèõ ïåðåõîäiâ êðèñòàëà CsPbBr3 âiä êóái÷íî¨ ôàçè
äî òåòðàãîíàëüíî¨ òà îðòîðîìái÷íî¨ ñòðóêòóð. Åëåêòðîííi âëàñòèâîñòi ïåðîâñêiòó CsPbBr3 áó-
ëè äîñëiäæåíi çà äîïîìîãîþ îöiíêè çìiíè åëåêòðîííî¨ ñòðóêòóðè òà âêëþ÷åííÿ äî ðîçðàõóíêiâ
ñïií-îðáiòàëüíî¨ âçà¹ìîäi¨. Ðåçóëüòàòè ðîçðàõóíêiâ çîííî-åíåð åòè÷íî¨ ñòðóêòóðè ïîêàçàëè, ùî
êóái÷íà, òåòðàãîíàëüíà òà îðòîðîìái÷íà êðèñòàëi÷íi ôàçè ïåðîâñêiòó ìàþòü ïðÿìi çàáîðîíå-
íi çîíè. Óñòàíîâëåíî, ùî âèðiøàëüíèé âïëèâ íà øèðèíó çàáîðîíåíî¨ çîíè òåòðàãîíàëüíî¨ òà
îðòîðîìái÷íî¨ êðèñòàëi÷íèõ ôàç ìà¹ êóò íàõèëó îêòàåäðiâ PbBr6 ùîäî îñi c. Ïðîäåìîíñòðî-
âàíî åôåêòèâíiñòü âèêîðèñòàííÿ ìåòîäó GGA(PBEsol)+U äëÿ îïèñó åëåêòðîííîãî ñïåêòðà òà
îòðèìàííÿ óçãîäæåííÿ ç äàíèìè åêñïåðèìåíòó.
Êëþ÷îâi ñëîâà: òåîðiÿ ôóíêöiîíàëà ãóñòèíè, øèðèíà çàáîðîíåíî¨ çîíè, ïåðîâñêiò, åëå-
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I. ÂÑÒÓÏ

Îðãàíi÷íî-íåîðãàíi÷íi òà íåîðãàíi÷íi ïåðîâñêiòè
âèêëèêàþòü çíà÷íå çàöiêàâëåííÿ â ìàòåðiàëîçíàâñòâi
ÿê ïåðñïåêòèâíi ìàòåðiàëè äëÿ îïòîåëåêòðîííèõ i ôî-
òîâîëüòà¨÷íèõ ïðèñòðî¨â, çîêðåìà ñîíÿ÷íèõ åëåìåíòiâ
i ñâiòëîäiîäiâ [1, 2]. Äîñëiäíèöüêèé iíòåðåñ äî öèõ ñïî-
ëóê çóìîâëåíèé ïåðåäóñiì ¨õíiìè åëåêòðè÷íèìè, ìà-
ãíiòíèìè, ï'¹çîåëåêòðè÷íèìè, îïòè÷íèìè, òà ìàãíiòî-
ðåçèñòèâíèìè âëàñòèâîñòÿìè [3�6]. Ñîíÿ÷íi áàòàðå¨,
ïîáóäîâàíi íà îñíîâi ïåðîâñêiòiâ, äåìîíñòðóþòü ëiïøó
åôåêòèâíiñòü (íå ìåíøå íiæ íà 20%) ïîðiâíÿíî iç ñî-
íÿ÷íèìè åëåìåíòàìè íà îñíîâi òåëóðèäó êàäìiþ òà
ìîíîêðèñòàëi÷íîãî êðåìíiþ [7�9]. Òàêîæ ïåðîâñêiòè
äåìîíñòðóþòü âåëèêèé ïîòåíöiàë äëÿ âèêîðèñòàííÿ ó
ñâiòëîâèïðîìiíþâàëüíèõ ïðèñòðîÿõ çàâäÿêè âèñîêié
êâàíòîâié åôåêòèâíîñòi ôîòîëþìiíåñöåíöi¨ [10, 11].
Îäíàê îðãàíi÷íî-íåîðãàíi÷íi ãàëîãåíiäíi ñâèíöåâi ïå-
ðîâñêiòè ìàþòü âèñîêó ÷óòëèâiñòü äî êèñíþ òà âî-
ëîãè, ùî âèíèêà¹ ÷åðåç íàÿâíiñòü ó ¨õíié ñòðóêòóði
îðãàíi÷íèõ êàòiîíiâ [12, 13]. Ñòiéêiñòü òàêèõ ñâiòëî-
äiîäiâ ìîæíà ïiäâèùèòè, çàìiíèâøè íåñòàáiëüíèé îð-
ãàíi÷íèé êàòiîí íà íåîðãàíi÷íèé, ñïðèÿþ÷è ðîçâèòêó
ñòàáiëüíèõ âèñîêîåôåêòèâíèõ ñâiòëîäiîäiâ [14, 15].

Áðîìiä öåçiþ ñâèíöþ (CsPbBr3) ïðèâåðòà¹ îñîáëè-
âó óâàãó, îñêiëüêè ìà¹ ïåðñïåêòèâíi îïòè÷íi, ñöèí-
òèëÿöiéíi âëàñòèâîñòi òà ëiïøó õiìi÷íó ñòàáiëüíiñòü
ïîðiâíÿíî ç âiäïîâiäíèìè âëàñòèâîñòÿìè îðãàíi÷íî-
íåîðãàíi÷íèõ ïåðîâñêiòiâ [16, 17]. ßê é iíøi íåîð-
ãàíi÷íi ïåðîâñêiòè, êðèñòàëè CsPbBr3 áóâàþòü ó ði-
çíèõ êðèñòàëi÷íèõ ôàçàõ çà ðiçíèõ òåìïåðàòóð [5, 18].

Òàêîæ äëÿ êóái÷íî¨ êðèñòàëi÷íî¨ ôàçè ïåðîâñêiòó
CsPbBr3 åêñïåðèìåíòàëüíî âèçíà÷åíî çíà÷åííÿ ïàðà-
ìåòðiâ  ðàòêè ç éîííèìè çàðÿäàìè òà óñåðåäíåíèìè
éîííèìè ðàäióñàìè [19].
Ïîïåðåäíi òåîðåòè÷íi äîñëiäæåííÿ ñòðóêòóðíèõ òà

åëåêòðîííèõ âëàñòèâîñòåé äëÿ öüîãî ïåðîâñêiòó ïðî-
âåäåíî ç âèêîðèñòàííÿì åìïiðè÷íîãî ìåòîäó ñèëüíî-
ãî çâ'ÿçêó [20] òà òåîði¨ ôóíêöiîíàëà ãóñòèíè (DFT)
[2, 21�23]. ßê âiäîìî, òî÷íiñòü ïåðøîïðèíöèïíèõ ðîç-
ðàõóíêiâ ñèëüíî çàëåæèòü âiä îáìiííî-êîðåëÿöiéíîãî
ïîòåíöiàëó, ÿêèé âèêîðèñòîâóþòü ó ðîçðàõóíêàõ [24�
28]. Ñåðåä òåîðåòè÷íèõ ðîçðàõóíêiâ ó ìåæàõ DFT ñïî-
ñòåðiãà¹ìî âåëèêèé ðîçêèä çíà÷åíü øèðèíè çàáîðîíå-
íî¨ çîíè (Eg) ïåðîâñêiòó CsPbBr3 ó ìåæàõ âiä 1.44 äî
3.40 åÂ [2, 21�23, 29�31] ïîðiâíÿíî ç åêñïåðèìåíòàëü-
íèìè çíà÷åííÿìè, ÿêi ñòàíîâëÿòü ïðèáëèçíî 2.3 åÂ
[6, 32, 33] äëÿ âñiõ êðèñòàëi÷íèõ ôàç. Âëàñíå, òàêèé
ðîçêèä çíà÷åíü Eg i çóìîâëåíèé âèáîðîì íàáëèæåííÿ
äëÿ îáìiííî-êîðåëÿöiéíîãî ïîòåíöiàëó, çîêðåìà LDA,
GGA(PBE), GGA(PBEsol), GGA(mBJ), GGA(umBJ)
÷è HSE. Äëÿ ðîçðàõóíêiâ ìåòîäàìè LDA, GGA(PBE),
GGA(PBEsol) [21�23, 29, 31, 34] ñïîñòåðiãà¹ìî çìåí-
øåííÿ øèðèíè çàáîðîíåíî¨ çîíè ïîðiâíÿíî ç åêñïåðè-
ìåíòàëüíèìè çíà÷åííÿìè, ùî òèïîâî äëÿ ðîçðàõóí-
êiâ åëåêòðîííîãî ñïåêòðà òâåðäèõ òië ç âèêîðèñòííÿì
çãàäàíèõ âèùå íàáëèæåíü. Çíà÷åííÿ Eg, ðîçðàõîâàíi
ç âèêîðèñòàííÿì íàáëèæåíü GGA(mBJ), GGA(umBJ)
[21, 23] òà HSE [31, 35, 36], ¹ áëèæ÷èìè äî åêñïåðèìåí-
òàëüíèõ çíà÷åíü, ïðîòå, íàïðèêëàä, ãiáðèäíi ìåòîäè
äîñèòü ðåñóðñî- òà ÷àñîçàòðàòíi. Òàêîæ âiäîìèì, äî-
áðå àïðîáîâàíèì ìåòîäîì ïîäîëàííÿ íåäîîöiíêè øè-
ðèíè åíåð åòè÷íî¨ ùiëèíè ¹ âèêîðèñòàííÿ íàáëèæå-
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ííÿ ç ïîïðàâêàìè �àááàðäà (DFT+U), ÿêå íàáàãàòî
ìåíø ðåñóðñîçàòðàòíå ïîðiâíÿíî ç ãiáðèäíèìè ìåòî-
äàìè. Òàê, íàïðèêëàä, ó ðîáîòi [37] äiáðàíî ïàðàìåòðè
�àááàðäà U äëÿ ðîçðàõóíêiâ åëåêòðîííèõ ñòàíiâ êó-
ái÷íî¨ êðèñòàëi÷íî¨ ôàçè ïåðîâñêiòó CsPbBr3, ïðîòå
â ñòàòòi íå âêàçàíî êiëüêiñíî¨ õàðàêòåðèñòèêè îòðè-
ìàíèõ ïàðàìåòðiâ. Çàçíà÷èìî, ùî, êðiì âiäõèëåíü ïî
çíà÷åííÿõ øèðèíè çàáîðîíåíî¨ çîíè, ëèøå äåêiëüêà
òåîðåòè÷íèõ äîñëiäæåíü îïèñóþòü óñi êðèñòàëi÷íi ôà-
çè CsPbBr3, ùî òàê ñàìî óñêëàäíþ¹ ïîðiâíÿííÿ òåí-
äåíöi¨ çìiíè Eg ïiä ÷àñ ïåðåõîäó âiä îäíi¹¨ êðèñòàëi-
÷íî¨ ôàçè äî iíøî¨. Äèñêóñiéíèì çàëèøà¹òüñÿ òàêîæ
âèáið ïðîñòîðîâî¨ ãðóïè ñèìåòði¨ äëÿ ìîäåëþâàííÿ
ñòðóêòóðè òåòðàãîíàëüíî¨ êðèñòàëi÷íî¨ ôàçè. Ó ðîáî-
òi [23] ïðîâåäåíî ðîçðàõóíêè äëÿ òåòðàãîíàëüíî¨ êðè-
ñòàëi÷íî¨ ôàçè ç ïðîñòîðîâîþ ãðóïîþ ñèìåòði¨ P4mm,
òîäi ÿê ó ñòàòòi [29] ðîçðàõóíêè ïðîâîäÿòü äëÿ öi¹¨
ôàçè ç ñèìåòði¹þ P4/mbm, à ó ðîáîòi [21] âçàãàëi íå
âêàçàíî ãðóï ñèìåòðié êðèñòàëi÷íèõ ôàç, âèêîðèñòà-
íèõ äëÿ ðîçðàõóíêiâ. Òàêîæ ó ñòàòòi [23] ïðîâåäåíî
îãëÿä òåîðåòè÷íî ðîçðàõîâàíèõ çíà÷åíü øèðèíè çà-
áîðîíåíî¨ çîíè, ÿêi îòðèìàëè iíøi àâòîðè, ïðîòå öåé
îãëÿä ìiñòèòü áàãàòî íåâiäïîâiäíîñòåé ìiæ ìåòîäîì
ðîçðàõóíêó òà çíà÷åííÿì Eg.
Ó öié ñòàòòi ïîäàíî ðåçóëüòàòè ïåðøîïðèíöèïíî-

ãî äîñëiäæåííÿ ñòðóêòóðíèõ é åëåêòðîííèõ âëàñòè-
âîñòåé êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòîðîìái÷íî¨ êðè-
ñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3, ïðîâåäåíèõ ó ìå-
æàõ òåîði¨ ôóíêöiîíàëà ãóñòèíè ç âèêîðèñòàííÿì ði-
çíèõ íàáëèæåíü äëÿ îáìiííî-êîðåëÿöiéíîãî ïîòåíöi-
àëó. Ìåòîþ äîñëiäæåííÿ áóëî äîïîâíèòè âæå íàÿâíi
òåîðåòè÷íi ðåçóëüòàòè, ÿêi ðiçíÿòüñÿ ìiæ ñîáîþ, îñî-
áëèâî äëÿ òåòðàãîíàëüíî¨ êðèñòàëi÷íî¨ ôàçè, òà ïðî-
äåìîíñòðóâàòè åôåêòèâíiñòü âèêîðèñòàííÿ íèçüêîðå-
ñóðñîçàòðàòíîãî íàáëèæåííÿ ç ïîïðàâêàìè �àááàðäà
äëÿ âèâ÷åííÿ òàêèõ ïåðîâñêiòíèõ ñïîëóê. Òàêîæ íàøi
ðîçðàõóíêè ïîêëèêàíi ïðîàíàëiçóâàòè òåíäåíöi¨ çìiíè
øèðèíè çàáîðîíåíî¨ çîíè ïiä ÷àñ ïåðåõîäó â ðiçíi êðè-
ñòàëi÷íi ôàçè òà ïîêàçàòè ìîæëèâiñòü âiäîáðàæåííÿ
òåìïåðàòóðîçàëåæíèõ åêñïåðèìåíòàëüíèõ äàíèõ äëÿ
ðiçíèõ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3.

II. ÌÎÄÅËI ÒÀ ÌÅÒÎÄÈÊÀ ÐÎÇÐÀÕÓÍÊIÂ

Ïåðøîïðèíöèïíi ðîçðàõóíêè â ìåæàõ òåîði¨ ôóí-
êöiîíàëà ãóñòèíè ïðîâåäåíî ç âèêîðèñòàííÿì ði-
çíèõ íàáëèæåíü äëÿ îáìiííî-êîðåëÿöiéíîãî ïîòåí-
öiàëó: óçàãàëüíåíîãî  ðàäi¹íòà (GGA) â ïàðàìå-
òðèçàöi¨ Ïåðäüþ-Áóðêå-Åðíçåð îôà (PBE), çà ñõå-
ìîþ Ïåðäüþ�Áóðêå�Åðíçåð îôà, ìîäèôiêîâàíîþ äëÿ
òâåðäèõ òië (PBEsol) òà ç ïîïðàâêàìè �àááàðäà (GGA
(PBE)+U, GGA (PBEsol)+U), i ãiáðèäíîãî ïîòåíöiàëó
B3LYP, óñïiøíî iìïëåìåíòîâàíèõ ó ïðîãðàìíèé ïà-
êåò Quantum-Espresso [38]. Âàëåíòíi õâèëüîâi ôóíêöi¨
ðîçøèðåíi â ïëîñêîõâèëüîâèé áàçèñ, ãðàíè÷íà åíåð-
 iÿ ïðè öüîìó ñòàíîâèëà 60 Ry. Çîíà Áðiëëþåíà ïðåä-
ñòàâëåíà çà äîïîìîãîþ íàáîðó k-òî÷îê 6 × 6 × 6 äëÿ
êóái÷íî¨, 5 × 5 × 4 äëÿ òåòðàãîíàëüíî¨ i 2 × 1 × 2
äëÿ îðòîðîìái÷íî¨ êðèñòàëi÷íèõ ôàç CsPbBr3, ç åíå-

ðîâàíèõ çà ñõåìîþ Ìîíêðîñòà i Ïàêà [39]. Òàêîæ ïiä
÷àñ ðîçðàõóíêiâ äëÿ îïèñó åëåêòðîí-éîííî¨ âçà¹ìî-
äi¨ îáðàíî óëüòðàì'ÿêi ïñåâäîïîòåíöiàëè, ùî îïèñó-
þòü åëåêòðîííi êîíôi óðàöi¨ 5s25p66s1 äëÿ àòîìiâ Cs,
5d106s26p2 äëÿ àòîìiâ Pb i 4s24p5 äëÿ àòîìiâ Br. Ïî-
ïðàâêó �àááàðäà çi çíà÷åííÿì U = 5 eÂ âèêîðèñòàíî
äëÿ 4p-ñòàíiâ àòîìà Br âiäïîâiäíî äî ñõåìè, çàïðîïî-
íîâàíî¨ â ðîáîòi [40].
Îäíèì iç ðåëÿòèâiñòñüêèõ åôåêòiâ ¹ ñïií-îðáiòàëüíà

âçà¹ìîäiÿ (spin-orbit coupling, SOC), ÿêà ñïðè÷èíÿ¹
ïîïðàâêè â åíåð i¨ ñòàíiâ ñïîëóêè, ùî ìiñòèòü âàæ-
êi àòîìè. Îñêiëüêè ðîçãëÿíóòèé ó ðîáîòi ïåðîâñêiò
ìiñòèòü ó ñâî¨é ñòðóêòóði âàæêèé àòîì ñâèíöþ, òî
åôåêò SOC áóâ âêëþ÷åíèé äî DFT-ðîçðàõóíêiâ äëÿ
òî÷íîãî îïèñó çîííèõ ñòðóêòóð.

III. ÐÅÇÓËÜÒÀÒÈ ÒÀ �Õ ÎÁÃÎÂÎÐÅÍÍß

Çà âèñîêî¨ òåìïåðàòóðè (> 130◦C) ïåðîâñêiòè
CsPbBr3 êðèñòàëiçóþòüñÿ â êóái÷íié ñòðóêòóði (ãðóïà
ñèìåòði¨ Pm	3m) [41], ó ÿêié ôîðìó¹òüñÿ îêòàåäðè÷íèé
êîìïëåêñ PbBr6 ç àòîìîì Pb â öåíòði òà øiñòüìà àòî-
ìàìè Br íàâêîëî, àòîìè Cs ðîçìiùóþòüñÿ ó âåðøè-
íàõ êóáà, ÿê ïîêàçàíî íà ðèñ. 1,à (ìîäåëü ñòðóêòóðè
ìiñèòü îäíó ôîðìóëüíó îäèíèöþ â åëåìåíòàðíié êî-
ìiðöi). Çà êiìíàòíî¨ òåìïåðàòóðè CsPbBr3 êðèñòàëi-
çó¹òüñÿ â îðòîðîìái÷íié ïðîñòîðîâié ãðóïi (ãðóïà ñè-
ìåòði¨ Pnma) [32], ïðèéìàþ÷è ñïîòâîðåíó ïåðîâñêi-
òíó ñòðóêòóðó, äå îêòàåäðè PbBr64− íàõèëåíi ùîäî
îðòîãîíàëüíî¨ ãåîìåòði¨ iäåàëüíî¨ ïåðîâñêiòíî¨ ñòðó-
êòóðè (ðèñ. 1,á, ÷îòèðè ôîðìóëüíi îäèíèöi â åëåìåí-
òàðíié êîìiðöi). Ó äiëÿíöi 88 ◦C < T < 130 ◦C âè-
íèêà¹ ñòðóêòóðíå ñïîòâîðåííÿ, ùî çóìîâëþ¹ ïåðåõiä
ó òåòðàãîíàëüíó êðèñòàëi÷íó ôàçó, ÿêó iäåíòèôiêó-
þòü ðiçíèìè ïðîñòîðîâèìè ãðóïàìè ñèìåòði¨: P4/mbm
[18, 32, 42], I4/mcm [43, 44], P4mm [23, 45]). Îäíàê
ó ðîáîòàõ [34, 43, 44] îá ðóíòîâàíî åíåð åòè÷íó âè-
ãiäíiñòü òåòðàãîíàëüíî¨ ôàçè ç ïðîñòîðîâîþ ãðóïîþ
ñèìåòði¨ I4/mcm ïîðiâíÿíî ç iíøèìè, i â [34, 44] âêà-
çàíî, ùî ìîäåëþâàííÿ âëàñíå ñòðóêòóðè ç òàêîþ ñè-
ìåòði¹þ âiäïîâiäà¹ åêñïåðèìåíòàëüíèì äàíèì. Òîìó
äëÿ íàøèõ ðîçðàõóíêiâ ìè îáðàëè òåòðàãîíàëüíó êðè-
ñòàëi÷íó ôàçó CsPbBr3 ç I4/mcm-ñèìåòði¹þ (ðèñ. 1 â,
÷îòèðè ôîðìóëüíi îäèíèöi â åëåìåíòàðíié êîìiðöi).
Iç âèêîðèñòàííÿì ðiçíèõ íàáëèæåíü äëÿ îáìiííî-

êîðåëÿöiéíîãî ïîòåíöiàëó ç ìåòîþ ðîçðàõóíêó åëå-
êòðîííèõ âëàñòèâîñòåé êóái÷íî¨, òåòðàãîíàëüíî¨ òà
îðòîðîìái÷íî¨ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3
ñïåðøó îïòèìiçîâàíî ñòðóêòóðè äëÿ âñiõ êðèñòàëi-
÷íèõ ôàç äëÿ ïîøóêó ðiâíîâàæíèõ ïàðàìåòðiâ  ðà-
òêè, äîâæèíè çâ'ÿçêiâ òà êóòiâ ìiæ çâ'ÿçêàìè.
Ó òàáëèöi 1 íàâåäåíî ðîçðàõîâàíi ïàðàìåòðè òà

îá'¹ì  ðàòêè äëÿ êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòî-
ðîìái÷íî¨ êðèñòàëi÷íèõ ôàç CsPbBr3; äëÿ ïîðiâíÿííÿ
íàâåäåíi åêñïåðèìåíòàëüíi äàíi äëÿ öèõ êðèñòàëi÷íèõ
ôàç.
Ðîçðàõîâàíi ïàðàìåòðè  ðàòêè äëÿ âñiõ êðèñòà-

ëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3 ç âèêîðèñòàííÿì
ìåòîäiâ GGA(PBE) i GGA(PBE)+U ¹ áiëüøèìè
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ïîðiâíÿíî ç îòðèìàíèìè åêñïåðèìåíòàëüíî (äèâ.
òàáë. 1). Âèêîðèñòàííÿ íàáëèæåííÿ GGA(PBEsol) òà
GGA(PBEsol)+U äà¹ ðåçóëüòàòè, íàéáëèæ÷i äî åêñïå-
ðèìåíòàëüíèõ ïîðiâíÿíî ç îòðèìàíèìè iíøèìè ìåòî-
äàìè. Äëÿ ïîâíîòè äîñëiäæåííÿ ñòðóêòóðíî¨ îði¹íòà-
öi¨ â êðèñòàëi÷íèõ ôàçàõ CsPbBr3 òàêîæ ðîçðàõîâàíi
äîâæèíè çâ'ÿçêó ìiæ àòîìàìè òà êóòè ìiæ çâ'ÿçêàìè
â êðèñòàëàõ, ÿêi íàâåäåíi â òàáëèöi 2.

( )а ( )б ( )в

Cs Pb Br

Ðèñ. 1. Êðèñòàëi÷íà ñòðóêòóðà êóái÷íî¨ (à), îðòîðîìái÷íî¨
(á) òà òåòðàãîíàëüíî¨ (â) ôàç ïåðîâñêiòó CsPbBr3

Fig. 1. Crystal structure of cubic (a), orthorhombic (b) and
tetragonal (c) phases of CsPbBr 3 perovskite

Äëÿ êðàùîãî ðîçóìiííÿ âëàñòèâîñòåé çâ'ÿçóâàííÿ
â äîñëiäæóâàíèõ êðèñòàëi÷íèõ ôàçàõ ïåðîâñêiòó
CsPbBr3 ìè òàêîæ ïðîàíàëiçóâàëè çàñåëåíîñòi îðái-
òàëåé çà Ìàëëiêåíîì äëÿ âñiõ éîíiâ â åëåìåíòàðíié
êîìiðöi. Ðîçðàõóíêè çàñåëåíîñòåé îðáiòàëåé çà Ìàë-
ëiêåíîì îïèñóþòü ñòóïiíü ïåðåíåñåííÿ çàðÿäó ìiæ êà-
òiîíàìè òà àíiîíàìè òà òèï çâ'ÿçêó ïiñëÿ çâ'ÿçóâàííÿ
ìiæ éîíàìè. Ïîçèòèâíi òà íå àòèâíi çíà÷åííÿ àòîì-
íî¨ çàñåëåíîñòi ðåïðåçåíòóþòü àòîìè, ùî âòðà÷àþòü
é, âiäïîâiäíî, îòðèìóþòü åëåêòðîíè. Äîäàòíå çíà÷å-
ííÿ çàñåëåíîñòi çâ'ÿçêó õàðàêòåðíå äëÿ êîâàëåíòíîãî
òèïó çâ'ÿçêó i, íàâïàêè, âiä'¹ìíå çíà÷åííÿ çàñåëåíî-
ñòi çâ'ÿçêiâ � äëÿ éîííîãî òèïó çâ'ÿçêó. Ó òàáëèöi
3 íàâåäåíî ðîçðàõîâàíi çíà÷åííÿ ïåðåíåñåííÿ çàðÿäó
q(e) äëÿ âñiõ éîíiâ êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòî-
ðîìái÷íî¨ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3, ðîç-
ðàõîâàíi ç âèêîðèñòàííÿì ðiçíèõ íàáëèæåíü. ßê âè-
äíî ç òàáëèöi 3, çíà÷åííÿ çàðÿäó äëÿ êàòiîíà Cs+ äëÿ
âñiõ êðèñòàëi÷íèõ ôàç CsPbBr3 çìåíøó¹òüñÿ âiä 0.69
äî 0.39e çà âèêîðèñòàííÿ ìåòîäó GGA(PBEsol)+U ïiä
÷àñ ïåðåõîäó âiä êóái÷íî¨ äî îðòîðîìái÷íî¨ ôàçè, ùî
âêàçó¹ íà òå, ùî éîíè öåçiþ âòðà÷àþòü åëåêòðîíè.
Äëÿ êàòiîíà Pb2+ çíà÷åííÿ ïåðåíåñåííÿ çàðÿäó çðî-
ñòà¹ âiä 0.72 äî 0.97e ïiä ÷àñ ïåðåõîäó âiä êóái÷íî¨ äî
îðòîðîìái÷íî¨ ôàçè.
Ùî ñòîñó¹òüñÿ àíiîíà Br−, òî çíà÷åííÿ ïåðåíåñåí-

íÿ çàðÿäó ïåðåáóâà¹ â äiàïàçîíi −0.41 �−0.45e i íå-
çíà÷íî çìåíøó¹òüñÿ ïiä ÷àñ ïåðåõîäó âiä êóái÷íî¨ äî
îðòîðîìái÷íî¨ êðèñòàëi÷íî¨ ôàçè. Ïîðiâíÿâøè ìiæ
ñîáîþ çíà÷åííÿ ïåðåíåñåííÿ çàðÿäó äëÿ âñiõ éîíiâ

òà äîâæèí çâ'ÿçêó ìiæ éîíàìè (òàáë.2) ïåðîâñêiòó
CsPbBr3, ìîæåìî çðîáèòè âèñíîâîê, ùî çâ'ÿçîê ìiæ
Pb2+ i Br− ìà¹ ñèëüíiøèé êîâàëåíòíèé õàðàêòåð, íiæ
çâ'ÿçîê ìiæ Cs+ i Br−, îñêiëüêè äîâæèíà çâ'ÿçêó Pb�
Br íàáàãàòî ìåíøà, íiæ Cs�Br. Àíàëîãi÷íó ñèòóàöiþ
ç ïåðåíåñåííÿì çàðÿäó ñïîñòåðiãà¹ìî é ïiä ÷àñ ðîçðà-
õóíêiâ iç âèêîðèñòàííÿì iíøèõ íàáëèæåíü.

Ïàðàìåòðè
CsPbBr3

à (�A) b (�A) c (�A) V (?3)

GGA (PBE)

Êóái÷íà ôàçà 5.995 215.496

Òåòðàãîíàëüíà ôàçà 8.327 12.142 841.913

Îðòîðîìái÷íà ôàçà 8.494 11.873 8.353 842.394

GGA (PBEsol)

Êóái÷íà ôàçà 5.867 201.954

Òåòðàãîíàëüíà ôàçà 8.108 11.906 782.696

Îðòîðîìái÷íà ôàçà 8.346 11.499 8.163 783.408

GGA (PBE)+U

Êóái÷íà ôàçà 5.977 213.480

Òåòðàãîíàëüíà ôàçà 8.285 12.140 833.370

Îðòîðîìái÷íà ôàçà 8.516 11.870 8.278 836.756

GGA (PBEsol)+U

Êóái÷íà ôàçà 5.867 201.971

Òåòðàãîíàëüíà ôàçà 8.104 11.878 780.106

Îðòîðîìái÷íà ôàçà 8.341 11.599 8.086 782.271

B3LYP

Êóái÷íà ôàçà 5.871 202.384

Òåòðàãîíàëüíà ôàçà 8.208 11.906 802.122

Îðòîðîìái÷íà ôàçà 8.346 11.499 8.163 782.430

Åêñïåðèìåíòàëüíi äàíi

Êóái÷íà ôàçà [46] 5.87 202.262

Òåòðàãîíàëüíà ôàçà [43] 7.70 13.50 800.42

Îðòîðîìái÷íà ôàçà [32] 8.244 11.735 8.198 793.1

Òàáë. 1. Ïîðiâíÿííÿ ïàðàìåòðiâ  ðàòêè òà îá'¹ìó  ðàòêè
äëÿ êóái÷íî¨ (îäíà ôîðìóëüíà îäèíèöÿ â åëåìåíòàðíié êî-
ìiðöi), òåòðàãîíàëüíî¨ (÷îòèðè ôîðìóëüíi îäèíèöi â åëå-
ìåíòàðíié êîìiðöi) òà îðòîðîìái÷íî¨ (÷îòèðè ôîðìóëüíi
îäèíèöi â åëåìåíòàðíié êîìiðöi) ôàç êðèñòàëà CsPbBr3,
ðîçðàõîâàíèõ ç âèêîðèñòàííÿì ðiçíèõ íàáëèæåíü òà îòðè-

ìàíèõ åêñïåðèìåíòàëüíî

Table 1. Comparison of lattice parameters and lattice volume
for cubic(one formula unit per unit cell), tetragonal (four
formula unit per unit cell) and orthorhombic (four formula
unit per unit cell) phases of CsPbBr3 crystal, calculated usi-
ng di�erent approximations and obtained experimentally
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Ïàðàìåòðè Êóái÷íà ôàçà Òåòðàãîíàëüíà ôàçà Îðòîðîìái÷íà ôàçà

GGA (PBE)

Äîâæèíà

çâ'ÿçêó(�A)

Pb�Br 2.998 Pb�Br1 3.028 Pb�Br1 3.06

Cs�Br 4.239
Pb�Br2 3.035

Pb�Br2 3.09

Cs-Pb 5.192 Cs-Pb 5.28

Êóò ìiæ
çâ'ÿçêàìè (°)

Cs�Br�Br 60.0 Cs�Br�Br 61.80 Cs�Br1�Br2 47.94

Br�Pb�Br 90.0 Br�Pb�Br 90.0 Br1�Pb�Br2 89.38

Pb�Cs�Br 35.26
Pb�Cs�Br1 35.32

Pb�Cs�Br1 90.67
Pb�Cs�Br2 35.59

Pb�Br�Pb 180
Pb�Cs�Br3 36.10 Pb�Cs�Br2 85.60

Pb�Br�Pb 151.98 Pb�Br�Pb 156.17

GGA (PBEsol)

Äîâæèíà

çâ'ÿçêó(�A)

Pb�Br 2.934 Pb�Br1 2.963 Pb�Br1 3.00

Cs�Br 4.149
Pb�Br2 2.976

Pb�Br2 3.02

Cs-Pb 5.081 Cs-Pb 4.85

Êóò ìiæ
çâ'ÿçêàìè (°)

Cs�Br�Br 60.0 Cs�Br�Br 61.704 Cs�Br1�Br2 53.31

Br�Pb�Br 90.0 Br�Pb�Br 90.0 Br1�Pb�Br2 89.66

Pb�Cs�Br 35.264
Pb�Cs�Br1 35.30

Pb�Cs�Br1 91.14
Pb�Cs�Br2 35.65

Pb�Br�Pb 180
Pb�Cs�Br3 36.29 Pb�Cs�Br2 87.40

Pb�Br�Pb 150.66 Pb�Br�Pb 153.14

GGA (PBE)+U

Äîâæèíà

çâ'ÿçêó(�A)

Pb�Br 2.992 Pb�Br1 3.024 Pb�Br1 3.048

Cs�Br 4.232
Pb�Br2 3.035

Pb�Br2 3.084

Cs-Pb 5.183 Cs-Pb 4.965

Êóò ìiæ
çâ'ÿçêàìè (°)

Cs�Br�Br 60.0 Cs�Br�Br 61.76 Cs�Br1�Br2 52.78

Br�Pb�Br 90.0 Br�Pb�Br 90.0 Br1�Pb�Br2 90.02

Pb�Cs�Br 35.26
Pb�Cs�Br1 35.31

Pb�Cs�Br1 88.53
Pb�Cs�Br2 35.64

Pb�Br�Pb 180
Pb�Cs�Br3 36.23 Pb�Cs�Br2 108.09

Pb�Br�Pb 151.18 Pb�Br�Pb 154.62

GGA (PBEsol)+U

Äîâæèíà

çâ'ÿçêó(�A)

Pb�Br 2.936 Pb�Br1 2.959 Pb�Br1 2.983

Cs�Br 4.152
Pb�Br2 2.971

Pb�Br2 3.013

Cs-Pb 5.085 Cs-Pb 4.678

Êóò ìiæ
çâ'ÿçêàìè (°)

Cs�Br�Br 60.0 Cs�Br�Br 61.72 Cs�Br1�Br2 52.54

Br�Pb�Br 90.0 Br�Pb�Br 90.0 Br1�Pb�Br2 90.41

Pb�Cs�Br 35.26
Pb�Cs�Br1 35.30

Pb�Cs�Br1 90.14
Pb�Cs�Br2 35.30

Pb�Br�Pb 180
Pb�Cs�Br3 36.27 Pb�Cs�Br2 90.12

Pb�Br�Pb 150.72 Pb�Br�Pb 153.76

Òàáë. 2. Äîâæèíè çâ'ÿçêiâ òà êóòè ìiæ çâ'ÿçêàìè äëÿ êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòîðîìái÷íî¨ ôàç CsPbBr3, ðîçðà-
õîâàíi ç âèêîðèñòàííÿì ðiçíèõ íàáëèæåíü

Table 2. Bond lengths and bond angles for cubic, tetragonal, and orthorhombic phases of CsPbBr3 calculated using di�erent
approximations

Äëÿ îòðèìàííÿ äåòàëüíî¨ iíôîðìàöi¨ ïðî åëå-
êòðîííó ñòðóêòóðó êóái÷íî¨, òåòðàãîíàëüíî¨ òà îð-
òîðîìái÷íî¨ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3
ðîçðàõîâàíî çîííî-åíåð åòè÷íi äiàãðàìè òà ðîç-
ïîäiëè ãóñòèíè ñòàíiâ iç âèêîðèñòàííÿì ðiçíèõ
íàáëèæåíü äëÿ îáìiííî-êîðåëÿöiéíîãî ïîòåíöiàëó,
çîêðåìà GGA(PBE), GGA(PBEsol), GGA(PBE)+U,
GGA(PBEsol)+U i B3LYP. Çîííî-åíåð åòè÷íi äià-

ãðàìè äëÿ êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòîðîìái-
÷íî¨ êðèñòàëi÷íèõ ôàç CsPbBr3 îïèñàíî âçäîâæ
âèñîêîñèìåòðè÷íèõ òî÷îê ïåðøî¨ çîíè Áðiëëþå-
íà: X→R→M→Ã→R, Z→A→M→Ã→Z→R→X→Ã òà
Ã→Z→T→Y→S→X→U→R âiäïîâiäíî, i ðiâåíü Ôåð-
ìi ðîçìiùó¹òüñÿ ó âåðøèíi âàëåíòíî¨ çîíè (ÂÂÇ) íà
ðiâíi 0 åÂ äëÿ âñiõ íàáëèæåíü.
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CsPbBr3 Iîí
GGA
(PBE)

GGA
(PBEsol)

GGA
(PBE)+U

GGA
(PBEsol)+U

B3LYP

q(e)

Êóái÷íà ôàçà

Cs 0.48 0.43 0.58 0.52 0.69

Pb 0.55 0.51 0.78 0.72 0.89

Br −0.34 −0.31 −0.45 −0.41 −0.53

Òåòðàãîíàëüíà
ôàçà

Cs 0.47 0.40 0.53 0.47 0.66

Pb 0.62 0.58 0.84 0.82 0.92

Br −0.36 −0.33 −0.46 −0.43 −0.53

Îðòîðîìái÷íà
ôàçà

Cs 0.40 0.32 0.46 0.39 0.64

Pb 0.74 0.73 0.96 0.97 0.95

Br −0.38 −0.35 −0.48 −0.45 −0.53

Òàáë. 3. Àíàëiç çàñåëåíîñòåé îðáiòàëåé çà Ìàëëiêåíîì äëÿ êóái÷íî¨, òåòðàãîíàëüíî¨ òà îðòîðîìái÷íî¨ êðèñòàëi÷íèõ ôàç
CsPbBr3, ðîçðàõîâàíèé çà äîïîìîãîþ ðiçíèõ íàáëèæåíü

Table 3. Mulliken population analysis for cubic, tetragonal and orthorhombic of CsPbBr3 crystal, calculated using di�erent
approximations

Øèðèíà çàáîðîíåíî¨ çîíè, åÂ

Êóái÷íà ôàçà Òåòðàãîíàëüíà ôàçà Îðòîðîìái÷íà ôàçà
Ìåòîä

Íàøi
ðåçóëüòàòè

Iíøi Íàøi ðå-
çóëüòàòè
(ç âðàõó-
âàííÿ φ)

Iíøi
(ãðóïà ñèìåòði¨)

Íàøi ðå-
çóëüòàòè
(ç âðàõó-
âàííÿ φ)

Iíøi

PBE 1.75 2.08 [2] 1.94 (1.73) 2.31 (P4/mbm)[2] 2.21 (2.12) 2.47 [2]

1.61 [21] 0.79 (P4/mbm)[21] 2.15 [21]

1.76 [23] 1.49 (P4mm)[23] 1.78 [23]

1.75 [35] 2.11 [31]

1.76 [36] 1.79 [22]

PBEsol 1.43 1.65 [23] 1.64 (1.36) 1.47 (I4/mcm) [34] 1.98 (1.78) 1.68 [23]

1.63[29] 1.80 (P4/mbm) [29] 2.20 [29]

1.44[34] 1.40 (P4mm) [23] 1.87 [34]

PBE+U 2.72 2.97 (2.71) 3.25 (3.17)

PBEsol+U 2.32 2.56 (2.25) 2.87 (2.23)

mBJ 2.26 [23] 2.22 (P4mm) [23] 2.44 [23]

nmBJ 2.66 [23] 2.30 (P4/mbm) [21] 2.58 [23]

2.36 [21] 2.35 (P4mm) [23] 2.23 [21]

umBJ 2.00 [23] 1.74 (P4mm) [23] 2.03 [23]

B3LYP 3.10 3.33 3.61

HSE 2.63 [36] 2.60 [31]

2.35 [35]

PBE0 3.40 [31]

Åêñ. 2.36 [33] 2.25 [32]

2.30 [47] 2.24 [48]

2.32 [49] 2.2 [50]

Òàáë. 4. Ïîðiâíÿííÿ ðîçðàõîâàíèõ çíà÷åíü øèðèíè çàáîðîíåíî¨ çîíè (â åÂ) äëÿ âñiõ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó
CsPbBr3 ç äàíèìè åêñïåðèìåíòó òà iíøèìè ïåðøîïðèíöèïíèìè ðîçðàõóíêàìè

Table 4. Comparison of the calculated bandgap values (in eV) for all crystalline phases of perovskite CsPbBr3 with experimental
data and other �rst-principle calculations

Çîííî-åíåð åòè÷íi äiàãðàìè äëÿ êóái÷íî¨ ôàçè ïå-
ðîâñêiòó CsPbBr3 ïîêàçàëè, ùî âåðøèíà âàëåíòíî¨ çî-
íè òà äíî çîíè ïðîâiäíîñòi (ÄÇÏ) ðîçìiùåííi â òî-
÷öi R (äèâ. ðèñ. 2,à) ç ïðÿìîþ çàáîðîíåíîþ çîíîþ,
øèðèíà ÿêî¨ ñòàíîâèòü 1.75 i 1.43 åÂ iç âèêîðèñòàí-

íÿì íàáëèæåíü GGA(PBE) i GGA(PBEsol) âiäïîâiäíî
(òàáë. 4). Äëÿ âðàõóâàííÿ âïëèâó âàæêîãî ñâèíöþ íà
åëåêòðîííó ñòðóêòóðó CsPbBr3 òàêîæ ïðîâåäåíî ðîç-
ðàõóíêè ç âêëþ÷åííÿì åôåêòó ñïií-îðáiòàëüíî¨ âçà¹-
ìîäi¨. Ñïîñòåðiãà¹ìî êàðäèíàëüíó çìiíó åëåêòðîííî-
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ãî ñïåêòðà ïiä ÷àñ âêëþ÷åííÿ äî ðîçðàõóíêiâ åôåêòó
SOC, ÿêèé ñïðè÷èíÿ¹ çìåíøåííÿ øèðèíè çàáîðîíåíî¨
çîíè (0.44 i 0.33 åÂ âiäïîâiäíî). Òàêå çìåíøåííÿ çíà-
÷åííÿ Eg ¹ òèïîâèì äëÿ ðîçðàõóíêiâ iç óðàõóâàííÿì
åôåêòiâ ñïií-îðáiòàëüíî¨ âçà¹ìîäi¨, i îòðèìàíi çíà÷å-
ííÿ äîáðå óçãîäæóþòüñÿ ç ðåçóëüòàòàìè ïîïåðåäíiõ
òåîðåòè÷íèõ ðîçðàõóíêiâ [33]. Òðèïëåòíèé ñòàí äíà
çîíè ïðîâiäíîñòi (p-îðáiòàëü àòîìà Pb) çàçíà¹ ñïií-
îðáiòàëüíîãî ðîçùåïëåííÿ íà ÷îòèðèêðàòíî âèðîäæå-
íèé ðiâåíü �âàæêèõ� åëåêòðîíiâ p3/2 i äâîêðàòíî âèðî-
äæåíèé ðiâåíü �ëåãêèõ� åëåêòðîíiâ p1/2. Âåðøèíà âà-
ëåíòíî¨ çîíè ëèøå íåçíà÷íî çñóâà¹òüñÿ âãîðó ïî åíåð-
 åòè÷íèé øêàëi.

Ðèñ. 2. Çîííî-åíåð åòè÷íà ñòðóêòóðà áåç (÷îðíi ëiíi¨) òà
ç (ñèíi ëiíi¨) óðàõóâàííÿì åôåêòó SOC äëÿ êóái÷íî¨ (à),
òåòðàãîíàëüíî¨ (á) òà îðòîðîìái÷íî¨ (â) êðèñòàëi÷íèõ ôàç
ïåðîâñêiòó CsPbBr3, ðîçðàõîâàíèõ ìåòîäîì GGA (PBE).
Ðiâåíü Ôåðìi ïîçíà÷åíèé ãîðèçîíòàëüíîþ øòðèõîâîþ ëi-

íi¹þ

Fig. 2. Band-energy structure without (black line) and wi-
th (blue line) SOC e�ect for cube (a), tetragonal (b) and
orthorhombic (c) crystalline phase of CsPbBr3 perovskite,
calculated by GGA (PBE) . The Fermi level indicated by

a horizontal dashed line

Ðèñ. 3. Çîííî-åíåð åòè÷íà ñòðóêòóðà äëÿ êóái÷íî¨ (à),
òåòðàãîíàëüíî¨ (á) òà îðòîðîìái÷íî¨ (â) êðèñòàëi÷íèõ
ôàç ïåðîâñêiòó CsPbBr3, ðîçðàõîâàíèõ ìåòîäîì GGA
(PBEsol)+U. Ðiâåíü Ôåðìi ïîçíà÷åíèé ãîðèçîíòàëüíîþ

øòðèõîâîþ ëiíi¹þ

Fig. 3. Band-energy structure for cube (a), tetragonal (b) and
orthorhombic (c) crystalline phase of CsPbBr3 perovskite,
calculated by GGA (PBEsol)+U. The Fermi level indicated

by a horizontal dashed line

Iç óðàõóâàííÿì ïîïðàâîê �àááàðäà øèðèíà çàáîðî-
íåíî¨ çîíè ñòàíîâèòü 2.72 i 2.32 åÂ äëÿ íàáëèæåíü
GGA(PBE)+U i GGA(PBEsol)+U (äèâ. ðèñ. 3,à, òàáë.
4) âiäïîâiäíî òà ïîêàçó¹ äîáðå óçãîäæåííÿ îòðèìàíèõ
ðåçóëüòàòiâ ç åêñïåðèìåíòàëüíèìè äàíèìè [46], îñî-
áëèâî çà âèêîðèñòàííÿ ìåòîäó GGA(PBEsol)+U. Ðîç-
ðàõóíêè Eg iç âèêîðèñòàííÿì ìåòîäó B3LYP äàþòü
çíà÷åííÿ 3.10 åÂ, ùî ¹ çíà÷íî âèùå, íiæ åêñïåðèìåí-
òàëüíî âèçíà÷åíå [46].

Äëÿ òåòðàãîíàëüíî¨ ôàçè êðèñòàëà CsPbBr3 (ïðî-
ñòîðîâà ãðóïà ñèìåòði¨ I4/mcm) ÂÂÇ òà ÄÇÏ ðîçòà-
øîâàíi â òî÷öi Ã (ðèñ. 2,á) ç ïðÿìèìè åíåð åòè÷íèìè
ùiëèíàìè, øèðèíà ÿêèõ ñòàíîâèòü 1.94 i 1.64 åÂ áåç
óðàõóâàííÿ åôåêòó SOC çà âèêîðèñòàííÿ íàáëèæåíü
GGA(PBE) i GGA(PBEsol) âiäïîâiäíî (òàáë. 4). Óðà-
õóâàííÿ åôåêòó SOC ñïðè÷èíÿ¹, ÿê i ó âèïàäêó êóái-
÷íî¨ êðèñòàëi÷íî¨ ôàçè, çâóæåííÿ çàáîðîíåíî¨ çîíè, i
çíà÷åííÿ Eg ñòàíîâëÿòü 0.99 i 0.76 åÂ âiäïîâiäíî. Ïðè
ðîçðàõóíêó åëåêòðîííî¨ ñòðóêòóðè ç âèêîðèñòàííÿì
íàáëèæåíü GGA(PBE)+U, GGA(PBEsol)+U i B3LYP,
Eg ñòàíîâèòü 2.97, 2.56 i 3.33 åÂ (ðèñ. 3, òàáë. 4) âiä-
ïîâiäíî.

Íà ðèñ. 2,â çîáðàæåíî çîííî-åíåð åòè÷íó äiàãðà-
ìó, îòðèìàíó äëÿ îðòîðîìái÷íî¨ ôàçè ïåðîâñêiòó
CsPbBr3. Iç ðèñóíêà áà÷èìî, ùî ÂÂÇ òà ÄÂÇ äëÿ öi-
¹¨ êðèñòàëi÷íî¨ ôàçè ðîçòàøîâàíi â òî÷öi Ã i øèðèíà
ïðÿìî¨ çàáîðîíåíî¨ çîíè ñòàíîâèòü ïðèáëèçíî 2.21 òà
1.98 åÂ áåç âïëèâó SOC iç âèêîðèñòàííÿì íàáëèæåíü
GGA(PBE) i GGA(PBEsol) âiäïîâiäíî. Çíà÷åííÿ Eg

ç óðàõóâàííÿì åôåêòó SOC ñòàíîâèòü 1.22 i 1.06 åÂ
çà âèêîðèñòàííÿ âèùå ïåðåëi÷åíèõ íàáëèæåíü i ïîêà-
çóþòü, ùî çíà÷åííÿ åíåð åòè÷íèõ ïåðåõîäiâ äëÿ îð-
òîðîìái÷íî¨ ôàçè êðèñòàëà òàêîæ çìåíøóþòüñÿ, ÿê i
ó äâîõ iíøèõ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3.
Ðîçðàõóíêè åëåêòðîííîãî ñïåêòðà ç âèêîðèñòàííÿì
íàáëèæåíü GGA(PBE)+U i GGA(PBEsol)+U, B3LYP
ïîêàçóþòü, ùî øèðèíà çàáîðîíåíî¨ çîíè ñòàíîâèòü
3.25, 2.87 i 3.61 åÂ âiäïîâiäíî (ðèñ. 3, òàáë. 4).

Óçàãàëüíþþ÷è îòðèìàíi ðåçóëüòàòè, ìîæåìî ñêàçà-
òè, ùî âñi çíà÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè çðîñòà-
þòü ïiä ÷àñ ïåðåõîäó âiä êóái÷íî¨ äî òåòðàãîíàëüíî¨
i äàëi äî îðòîðîìái÷íî¨ êðèñòàëi÷íèõ ôàç íåçàëåæíî
âiä îáðàíîãî íàáëèæåííÿ äëÿ îáìiííî-êîðåëÿöiéíîãî
ïîòåíöiàëó. Òàêó òåíäåíöiþ çìiíè øèðèíè çàáîðîíå-
íî¨ çîíè ïiä ÷àñ ïåðåõîäó âiä êóái÷íî¨ äî îðòîðîìái-
÷íî¨ êðèñòàëi÷íèõ ôàç ïðîñòåæó¹ìî i â ïîïåðåäíiõ òå-
îðåòè÷íèõ ðîçðàõóíêàõ [29, 34]. Çðîñòàííÿ Eg ìîæíà
ïîÿñíèòè çáiëüøåííÿì äîâæèíè çâ'ÿçêó Pb�Br ïiä ÷àñ
ïåðåõîäó âiä êóái÷íî¨ äî òåòðàãîíàëüíî¨ i îðòîðîìái-
÷íî¨ ñòðóêòóð (äèâ. òàáë. 2). Òàêå çáiëüøåííÿ äîâ-
æèíè çâ'ÿçêó ñïðè÷èíÿ¹ çðîñòàííÿ îá'¹ìó åëåìåíòàð-
íî¨ êîìiðêè, âiä ÿêîãî áåçïîñåðåäíüî çàëåæèòü çíà-
÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè. Ïðîòå åêñïåðèìåí-
òàëüíi äàíi âêàçóþòü, ùî øèðèíà çàáîðîíåíî¨ çîíè
çâóæó¹òüñÿ ïiä ÷àñ ïåðåõîäó âiä êóái÷íî¨ äî îðòîðîì-
ái÷íî¨ ôàçè [51]. Òåîðåòè÷íi ðîçðàõóíêè â ìåæàõ DFT
íå ìîæóòü âiäîáðàçèòè òåìïåðàòóðíó çàëåæíiñòü Eg,
îäíàê ó ïðàöÿõ [29, 34, 51] çàçíà÷åíî, ùî íà çíà÷åííÿ
øèðèíè çàáîðîíåíî¨ çîíè äëÿ îðòîðîìái÷íî¨ òà òåòðà-
ãîíàëüíî¨ êðèñòàëi÷íèõ ôàç âèçíà÷àëüíèé âïëèâ ìà¹
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êóò íàõèëó îêòàåäðiâ PbBr6 óçäîâæ îñi c. Îáåðòàííÿ
îêòàåäðiâ PbBr6 ó òåòðàãîíàëüíié êðèñòàëi÷íié ôàçi
ñïîñòåðiãàëè íà åêñïåðèìåíòi [43].
Òîìó, ùîá âiäòâîðèòè åêñïåðèìåíòàëüíó òåíäåíöiþ

äî çìåíøåííÿ çíà÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè ïiä
÷àñ ôàçîâèõ ïåðåõîäiâ âiä êóái÷íî¨ äî òåòðàãîíàëüíî¨
i äàëi äî îðòîðîìái÷íî¨ ñòðóêòóð ïåðîâñêiòó CsPbBr3,
ìè äîäàòêîâî äîñëiäèëè âïëèâ êóòà íàõèëó îêòàåäðiâ
PbBr6 ùîäî îñi c â òåòðàãîíàëüíié òà îðòîðîìái÷íèõ
ôàçàõ ïåðîâñêiòó íà çíà÷åííÿ Eg. Êóò íàõèëó (φ)
îêòàåäðiâ âèçíà÷à¹ìî òàê:

φ = (180◦ − θ)/2, (1)

äå θ � êóò ìiæ çâ'ÿçêàìè Pb�Br�Pb (äèâ. òàáë. 2).
Àíàëiç çíà÷åíü êóòiâ ìiæ çâ'ÿçêàìè Pb�Br�Pb

ïîêàçàâ, ùî äëÿ òåòðàãîíàëüíî¨ êðèñòàëi÷íî¨ ôàçè
êóò íàõèëó îêòàåäðiâ äëÿ ðàíiøå ïðîâåäåíèõ ðîç-
ðàõóíêiâ ñòàíîâèâ ïðèáëèçíî 14.43◦, òîäi ÿê äëÿ

îðòîðîìái÷íî¨ � 12.80◦ (äèâ. òàáë. 2). Äîñëiäæåí-
íÿ çìiíè øèðèíè çàáîðîíåíî¨ çîíè âiä êóòà íàõè-
ëó îêòàåäðiâ ïîêàçàëè, ùî äëÿ òåòðàãîíàëüíî¨ êðè-
ñòàëi÷íî¨ ôàçè, íàïðèêëàä, ïðè êóòi íàõèëó 10.05◦

Eg ñòàíîâèòü 1.73, 1.36, 2.71 i 2.25 åÂ äëÿ íà-
áëèæåíü GGA(PBE), GGA(PBEsol), GGA(PBE)+U i
GGA(PBEsol)+U âiäïîâiäíî. Äëÿ îðòîðîìái÷íî¨ êðè-
ñòàëi÷íî¨ ôàçè CsPbBr3 çà çìiíè êóòà φ âiä 12.80◦ äî
11.68◦ çíà÷åííÿ Eg çìåíøó¹òüñÿ äî çíà÷åíü 2.12, 1.78,
3.17 i 2.23 åÂ çà âèêîðèñòàííÿ íàáëèæåíü GGA(PBE),
GGA(PBEsol), GGA(PBE)+U i GGA(PBEsol)+U âiä-
ïîâiäíî (åêñïåðèìåíòàëüíi çíà÷åííÿ ñòàíîâëÿòü 2.2�
2.25 åÂ). Íà ïiäñòàâi ïðîâåäåíèõ äîñëiäæåíü áà÷èìî,
ùî çìåíøåííÿ êóòà íàõèëó îêòàåäðiâ ñïðè÷èíÿ¹ ïî-
ìiòíå çìåíøåííÿ øèðèíè çàáîðîíåíî¨ çîíè. Òàêó ïî-
âåäiíêó ïîÿñíþ¹ìî òèì, ùî çi çìåíøåííÿì êóòà íà-
õèëó îêòàåäðiâ âiäáóâà¹òüñÿ âèðiâíþâàííÿ ëàíöþæêà
çâ'ÿçêiâ ìiæ àòîìàìè Pb�Br�Pb (êóò çâ'ÿçêó Pb�Br�
Pb −→ 180◦) i, îòæå, çáiëüøó¹òüñÿ ïåðåêðèòòÿ ìiæ
s-ñòàíàìè àòîìiâ Pb òà p-ñòàíàìè àòîìiâ Br.

Ðèñ. 4. Ðîçïîäiëè ïîâíî¨ òà ïàðöiàëüíî¨ ãóñòèíè ñòàíiâ äëÿ êóái÷íî¨ (à), òåòðàãîíàëüíî¨ (á) òà îðòîðîìái÷íî¨ (â) êðè-
ñòàëi÷íèõ ôàç ïåðîâñêiòó CsPbBr3, ðîçðàõîâàíèõ ìåòîäîì GGA (PBEsol)+U

Fig. 4. The total and partial density of states for cubic (a), tetragonal (b) and orthorhombic (c) crystalline phases of CsPbBr3
perovskite, calculated by GGA (PBEsol)+U method
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Äëÿ äåòàëüíîãî ðîçóìiííÿ ãåíåòè÷íîãî ïîõîäæåí-
íÿ çîí â åëåêòðîííîìó ñïåêòði ïåðîâñêiòó CsPbBr3
ðîçðàõîâàíî ðîçïîäiëè ïîâíèõ (DOS) òà ïàðöiàëüíèõ
(PDOS) ãóñòèí ñòàíiâ äëÿ âñiõ òðüîõ êðèñòàëi÷íèõ
ôàç ïåðîâñêiòó CsPbBr3. Ðîçïîäiëè DOS i PDOS ïî-
áóäîâàíî äëÿ òðüîõ êðèñòàëi÷íèõ ôàç ïåðîâñêiòó â äi-
àïàçîíi åíåð ié âiä −10 äî 10 åÂ, ÿêèé ìîæíà óìîâíî
ðîçäiëèòè íà òðè äiëÿíêè âiäïîâiäíî äî ñìóã, ïðåä-
ñòàâëåíèõ íà ðèñ. 4. ßê âèäíî ç öèõ ðîçïîäiëiâ, äëÿ
âñiõ òðüîõ êðèñòàëi÷íèõ ôàç CsPbBr3 ïðèòàìàííèé
ïîäiáíèé ðîçïîäië åíåð i¨ âëàñíèõ ñòàíiâ. Ïåðøó äi-
ëÿíêó ôîðìóþòü íàïiâîñòîâíi p-ñòàíè àòîìà Cs, ÿêi
ïiä ÷àñ ïåðåõîäó âiä êóái÷íî¨ äî îðòîðîìái÷íî¨ êðè-
ñòàëi÷íî¨ ôàçè óòâîðþþòü âóçüêi ñìóãè, ðîçìiùåíi
ãëèáîêî ïî åíåð åòè÷íié øêàëi â äiàïàçîíi âiä −6.5
äî −6.0 åÂ, i âêàçóþòü íà òå, ùî öi îðáiòàëi ìàéæå íå
âïëèâàþòü íà ÂÂÇ àáî ÄÇÏ. Òàêîæ ãëèáîêî ïî åíåð-
ãåòè÷íié øêàëi â äiàïàçîíi ìiæ −8.5 i −6.2 åÂ äëÿ âñiõ
êðèñòàëi÷íèõ ôàç ìîæíà ñïîñòåðiãàòè ãiáðèäèçîâàíi
s-ñòàíè àòîìà Pb òà p-ñòàíè àòîìà Br. Â îêîëi −13 åÂ
äèñïåðãóþòü çîíè, ïîâ'ÿçàíi ç s-îðáiòàëÿìè àòîìiâ Br.
Äðóãà äiëÿíêà ïîòðàïëÿ¹ âæå ó âàëåíòíó çîíó â äi-

àïàçîíi åíåð ié âiä −5.0 äî 0 åÂ, ïðè÷îìó íàéáiëü-
øèé âíåñîê ñïîñòåðiãà¹òüñÿ âiä ãiáðèäíèõ p-îðáiòàëåé
àòîìiâ Br òà s-îðáiòàëåé Pb, òàêîæ ïîìiòíèé âíå-
ñîê ó âàëåíòíó çîíó ðîáëÿòü p-ñòàíè Pb. Òðåòÿ äi-
ëÿíêà ðîçìiùó¹òüñÿ â çîíi ïðîâiäíîñòi â äiàïàçîíàõ
åíåð ié âiä 3.0�7.7, 2.6�7.2, òà 2.9�7.4 åÂ äëÿ êóái-
÷íî¨, òåòðàãîíàëüíî¨ òà îðòîðîìái÷íî¨ êðèñòàëi÷íèõ
ôàç êðèñòàëà CsPbBr3 âiäïîâiäíî. Äíî çîíè ïðîâiäíî-
ñòi çàãàëîì ôîðìó¹òüñÿ ãiáðèäèçîâàíèìè ñòàíàìè p-
îðáiòàëåé àòîìiâ Pb i íåâåëèêèì âíåñêîì p-îðáiòàëåé
àòîìiâ Br.

IV. ÂÈÑÍÎÂÊÈ

Îòæå, ó öié ñòàòòi, ïðîâåäåíî ñèñòåìàòè÷íå äîñëi-
äæåííÿ â ìåæàõ òåîði¨ ôóíêöiîíàëà ãóñòèíè, ñòðó-
êòóðíèõ òà åëåêòðîííèõ âëàñòèâîñòåé êóái÷íî¨, òåòðà-
ãîíàëüíî¨ òà îðòîðîìái÷íî¨ ôàç ïåðîâñêiòó CsPbBr3
ç âèêîðèñòàííÿì ðiçíèõ íàáëèæåíü äëÿ îáìiííî-
êîðåëÿöiéíîãî ïîòåíöiàëó. Äëÿ âðàõóâàííÿ âïëèâó
ñâèíöþ òàêîæ ðîçðàõîâàíî çîííî-åíåð åòè÷íó ñòðó-
êòóðó ç óðàõóâàííÿì ñïií-îðáiòàëüíî¨ âçà¹ìîäi¨. Ðîç-
ðàõóíêè ñòðóêòóðíèõ âëàñòèâîñòåé ïîêàçàëè, ùî íàé-
êðàùå óçãîäæåííÿ ìiæ òåîðåòè÷íèìè òà åêñïåðèìåí-
òàëüíèìè ðåçóëüòàòàìè îòðèìàíî çà âèêîðèñòàííÿ
íàáëèæåíü GGA (PBEsol) i GGA (PBEsol)+U. Ðîç-
ðàõóíêè åëåêòðîííî¨ ñòðóêòóðè ïîêàçàëè, ùî êðè-
ñòàëè CsPbBr3 ìàþòü íàïiâïðîâiäíèêîâi âëàñòèâîñòi
ç ïðÿìèìè çàáîðîíåíèìè çîíàìè äëÿ âñiõ êðèñòàëi-
÷íèõ ôàç. Äëÿ êóái÷íî¨ êðèñòàëi÷íî¨ ôàçè íàéêðà-
ùå óçãîäæåííÿ øèðèíè çàáîðîíåíî¨ çîíè ç äàíèìè
åêñïåðèìåíòó îòðèìàíî çà âèêîðèñòàííÿ íàáëèæåí-
íÿ GGA(PBEsol)+U ïðè U=5 åÂ. Óñòàíîâëåíî, ùî
äëÿ òîãî, ùîá âiäòâîðèòè åêñïåðèìåíòàëüíó òåíäåí-
öiþ çìåíøåííÿ øèðèíè çàáîðîíåíî¨ çîíè ïiä ÷àñ ïå-
ðåõîäó âiä êóái÷íî¨ äî òåòðàãîíàëüíî¨ i îðòîðîìái÷íî¨
êðèñòàëi÷íèõ ôàç, íåîáõiäíî ïîðÿä iç íàáëèæåííÿì
GGA(PBEsol)+U äîäàòêîâî âðàõîâóâàòè çìiíó êóòà
íàõèëó îêòàåäðiâ PbBr6.

Ðîáîòà âèêîíàíà â ìåæàõ ïðî¹êòó 2020.02/0130 �Áà-
ãàòîôóíêöiîíàëüíi îðãàíi÷íî-íåîðãàíi÷íi ìàãíiòîåëå-
êòðè÷íi, ôîòîâîëüòà¨÷íi òà ñöèíòèëÿöiéíi ìàòåðiàëè�
(ðå¹ñò. � 0120U104913) çà ðàõóíîê  ðàíòîâî¨ ïiäòðèì-
êè Íàöiîíàëüíîãî ôîíäó äîñëiäæåíü Óêðà¨íè.
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STRUCTURE AND ELECTRONIC PROPERTIES OF CsPbBr3 PEROVSKITE: FIRST PRINCIPLE
CALCULATIONS

M. Kovalenko, O. Bovgyra, V. Kolomiets
Ivan Franko National University of Lviv,

8, Kyrylo and Mefodiy St., Lviv, UA�79005, Ukraine

In recent years, inorganic cesium lead bromide (CsPbBr3) perovskite has been widely studied due to
its potential spplication in light-emitting devices and solar cells. In this work, within the density functional
theory framework, we performed a study of structural and electronic properties of temperature-dependent
phases of the CsPbBr3 crystal, in particular, the cubic, tetragonal, and orthorhombic phases using di�erent
approximations for the exchange-correlation functional. The analysis of structural parameters shows that
the lattice constants and the volume of the unit cell change when the CsPbBr3 crystal changes from
the cubic phase to the tetragonal and orthorhombic structures. A good agreement between theoretical
and experimental results is obtained using GGA(PBEsol) and GGA(PBEsol)+U approximations. The
Mulliken population analysis indicates that between Cs and Br atoms there is a stronger ionic bonding
and at the same time there is a stronger covalent bonding between Br and Pb atoms. The electronic
structure of CsPbBr3 perovskite was investigated by estimating the change in the electronic properties
when included in the calculations of spin-orbit coupling (SOC). The results of the calculations of the band-
energy structure showed that the cubic, tetragonal, and orthorhombic crystalline phases of perovskite are
semiconductors and have direct bandgaps. Also, we found that the bandgap changes with a change in
the phase structure. The obtained values of the bandgap for all crystalline phases of CsPbBr3 perovskite
are in good agreement with the previously obtained theoretical calculations as well as experimental data.
We established that the tilting angle has a crucial e�ect on the bandgap width of the tetragonal and
orthorhombic phases. The results of the obtained �rst-principle calculations show a wide temperature
range of the possible use of CsPbBr3 perovskite.

Key words: density functional theory, bandgap, perovskite, electronic structure, density of states.
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