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Òîíêi ïëiâêè ZnO ëåãîâàíi Al áóëè îòðèìàíi ìåòîäîì âèñîêî÷àñòîòíîãî ìà-
ãíåòðîííîãî íàïèëþâàííÿ. Ôàçîâèé àíàëiç òà ïàðàìåòðè êðèñòàëi÷íî¨ ñòðó-
êòóðè áóëè îòðèìàíi ç äàíèõ ðåíòãåíiâñüêî¨ äèôðàêöi¨. Ñåðåäíié ðîçìið çåð-
íà ïëiâêè âèçíà÷àëè çà ôîðìóëîþ Øåððåðà. Òàêîæ âñòàíîâëåíî âåëè÷èíó
äåôîðìàöi¨ òà ùiëüíiñòü äèñëîêàöié. Äîñëiäæåíî ñïåêòðàëüíó çàëåæíiñòü
îïòè÷íîãî ïðîïóñêàííÿ îòðèìàíîãî çðàçêà ó âèäèìié òà áëèæíié iíôðà÷åð-
âîíié îáëàñòÿõ çà êiìíàòíî¨ òåìïåðàòóðè. Âèçíà÷åíî iíòåãðàëüíèé îïòè÷íèé
êîåôiöi¹íò ïðîïóñêàííÿ òà çíà÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè äîñëiäæóâà-
íèõ ïëiâîê. Íà îñíîâi îòðèìàíèõ åêñïåðèìåíòàëüíèõ ðåçóëüòàòiâ âèçíà÷åíî
ïîêàçíèê çàëîìëåííÿ òà âèñîêî÷àñòîòíó äiåëåêòðè÷íó ïðîíèêíiñòü, âèêîðè-
ñòîâóþ÷è ñïiââiäíîøåííÿ Òðèïàòi, Ìîññà, Ðàâiíäðè òà Åðâå-Âàíäàìà. Äëÿ
êðàùîãî ðîçóìiííÿ åêñïåðèìåíòàëüíèõ äàíèõ ïðîâåäåíî ïåðøîïðèíöèïíi
ðîçðàõóíêè â ìåæàõ òåîði¨ ôóíêöiîíàëó ãóñòèíè ñòðóêòóðè òà åëåêòðîííèõ
âëàñòèâîñòåé ZnO:Al. Âñòàíîâëåíî, ùî äëÿ îïèñó çìiíè îïòè÷íî¨ øèðèíè
çàáîðîíåíî¨ çîíè, ïðè ëåãóâàííi àòîìàìè Al, íåîáõiäíî âðàõîâóâàòè åôåêò
Áóðøòåéíà�Ìîññà. Íàøi òåîðåòè÷íi ðåçóëüòàòè äîáðå ïîÿñíþþòü òåíäåí-
öiþ çìií ó âiäïîâiäíèõ åêñïåðèìåíòàëüíèõ ðåçóëüòàòàõ.

Êëþ÷îâi ñëîâà: ëåãîâàíèé ZnO, çàáîðîíåíà çîíà, îïòè÷íå ïðîïóñêàííÿ,
òåîðiÿ ôóíêöiîíàëà ãóñòèíè.

1. Âñòóï

Îêñèä öèíêó (ZnO) ¹ âiäîìèì ìàòåðiàëîì äëÿ çàñòîñóâàííÿ ó áàãàòüîõ îïòî-
åëåêòðîííèõ ïðèñòðîÿõ, òàêèõ ÿê âàðèñòîðè, áiîñåíñîðè, ñåíñîðè äëÿ äåòåêòóâàííÿ
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ðiçíèõ ãàçiâ, ïðîçîði åëåêòðîäè òîùî [1�4]. ZnO ¹ ïåðñïåêòèâíèì ìàòåðiàëîì çàâäÿêè
øèðîêié ïðÿìié çàáîðîíåíié çîíi çà êiìíàòíî¨ òåìïåðàòóðè (3,37 åÂ äëÿ ìîíîêðè-
ñòàëó) òà âèñîêié åíåðãi¨ çâ'ÿçêó åêñèòîíà (60 ìåÂ), ùî äà¹ ìîæëèâiñòü ñòâîðþâàòè
âèïðîìiíþâà÷i â óëüòðàôiîëåòîâié îáëàñòi [5]. Çà âiäíîñíî íèçüêî¨ òåìïåðàòóðè íà-
ïèëåííÿ [6, 7], ïëiâêè ZnO ìîæíà îòðèìàòè ðiçíèìè ìåòîäàìè, òàêèìè ÿê ðàäiî÷à-
ñòîòíå íàïèëåííÿ, ñïðåé-ïiðîëiç, ñïiíîâå ïîêðèòòÿ, õiìi÷íå îñàäæåííÿ ç ãàçîâî¨ ôàçè
òà iìïóëüñíå ëàçåðíå íàíåñåííÿ [2,3,6�10]. Äëÿ ïîêðàùåííÿ îïòè÷íîãî ïðîïóñêàííÿ,
îêñèä öèíêó çàçâè÷àé ëåãóþòü åëåìåíòàìè III ãðóïè ïåðiîäè÷íî¨ òàáëèöi, çîêðåìà
ëåãóâàííÿ àòîìàìè B, Ga, In àáî Al ïðèçâîäèòü äî çìiíè åëåêòðè÷íèõ, îïòè÷íèõ òà
iíøèõ âëàñòèâîñòåé ZnO. Ñåðåä ðiçíèõ òèïiâ ëåãóþ÷èõ äîìiøîê, ZnO ëåãîâàíèé Al
(ZnO:Al), ¹ íåäîðîãèì ìàòåðiàëîì i ìà¹ âiäìiííi åëåêòðè÷íi òà îïòè÷íi âëàñòèâîñòi
òà øèðîêî äîñëiäæó¹òüñÿ â íàóêîâîìó êîëi. Îñòàííi äîñëiäæåííÿ òîíêèõ ïëiâîê ZnO
ëåãîâàíîãî àòîìàìè Al òà Ga âèÿâèëè âèñîêèé ïèòîìèé îïið òà çíà÷íó ïðîçîðiñòü
(áëèçüêî 90 %) ó äiàïàçîíi äîâæèí õâèëü 370�800 íì òàêèõ ëåãîâàíèõ ïëiâîê [11]. Ó
ðîáîòi [12] ïîêàçàíî, ùî ëåãóâàííÿ ZnO àòîìàìè Al, In òà Ga ïîñèëþ¹ ïðîïóñêàí-
íÿ ìàòåðiàëiâ òà çìåíøó¹ ¨õíié ïèòîìèé îïið ïðè íèçüêèõ êîíöåíòðàöiÿõ ëåãóþ÷èõ
ðå÷îâèí. Àâòîðè ó ðîáîòi [13] ïðîâåëè äîñëiäæåííÿ âïëèâó ìîðôîëîãi¨ ïîâåðõíi íà
îïòèêî-ñïåêòðàëüíi òà åëåêòðè÷íi âëàñòèâîñòi òîíêèõ ïëiâîê ZnO ç ðiçíîþ êîíöåí-
òðàöi¹þ ëåãóâàííÿ àòîìàìè Al, Ga òà In. Äëÿ òîíêèõ ïëiâîê ZnO ëåãîâàíîãî àòîìàìè
àëþìiíiþ çi çìiíîþ êîíöåíòðàöi¨ äîìiøêè âiä 0,3 äî 1,4 ìàñ. % çíà÷åííÿ øèðèíè çà-
áîðîíåíî¨ çîíè çáiëüøó¹òüñÿ âiä 3,39 äî 3,46 åÂ. Àâòîðè ïîÿñíþþòü òàêå çáiëüøåííÿ
çíà÷åííÿ îïòè÷íî¨ øèðèíè çàáîðîíåíî¨ çîíè åôåêòîì Áóðøòåéíà-Ìîññà.

Òàêîæ, áàãàòî òåîðåòè÷íèõ ñòóäié ïðèñâÿ÷åíî äîñëiäæåííþ âïëèâó ëåãóâàííÿ íà
ðiçíi âëàñòèâîñòi ZnO, òàêi ÿê êðèñòàëi÷íà ñòðóêòóðà, åëåêòðîííi õàðàêòåðèñòèêè òà
îïòè÷íi âëàñòèâîñòi [14�17]. Òàêi òåîðåòè÷íi ðîçðàõóíêè ìîæóòü äàòè ñóòò¹âå óÿâ-
ëåííÿ ïðî ìiêðîñêîïi÷íi õàðàêòåðèñòèêè ëåãîâàíèõ ìàòåðiàëiâ. Çîêðåìà, ðåçóëüòàòè
ïåðøîïðèíöèïíèõ ðîçðàõóíêiâ òà ïîðiâíÿííÿ ç åêñïåðèìåíòàëüíèìè äîñëiäæåííÿ-
ìè [17] ïîêàçàëè, ùî íåâåëèêå çáiëüøåííÿ øèðèíè çàáîðîíåíî¨ çîíè â ëåãîâàíîìó
îêñèäi öèíêó ìîæå áóòè âèêëèêàíî íàÿâíiñòþ â ñòðóêòóði âàêàíñié Zn.

Ó öié ðîáîòi ìè ïðåäñòàâëÿ¹ìî ðåçóëüòàòè åêñïåðèìåíòàëüíèõ òà òåîðåòè÷íèõ
äîñëiäæåíü ñòðóêòóðíèõ, åëåêòðîííèõ i îïòè÷íèõ âëàñòèâîñòåé òîíêèõ ïëiâîê ZnO,
ëåãîâàíèõ àòîìàìè Al (ZnO:Al).

2. Åêñïåðèìåíò

Òîíêi ïëiâêè ZnO, ëåãîâàíi Al (ZnO:Al), íàíîñèëèñÿ íà ñêëÿíi ïiäêëàäêè ðîç-
ìiðîì 16 × 8 × 1,1 ìì3 ìåòîäîì âèñîêî÷àñòîòíîãî (Â×) ìàãíåòðîííîãî íàïèëåííÿ
(∼13,6 ÌÃö) ç âèêîðèñòàííÿì âàêóóìíî¨ ñòàíöi¨ ÂÓÏ-5M (Selmi, Óêðà¨íà) [18, 19].
ßê ìiøåíü âèêîðèñòîâóâàëè äèñê çi ñïå÷åíîãî ïîðîøêó ZnO (÷èñòîòà 99,99 %) ç
äîìiøêîþ Al2O3 (2,5 ìàñ. %). Âiäñòàíü ìiæ ìiøåííþ òà ïiäêëàäêîþ äîðiâíþâàëà
60 ìì. Ïî÷àòîê i êiíåöü ïðîöåñó íàïèëåííÿ êîíòðîëþâàëèñÿ çà äîïîìîãîþ ðóõîìî-
ãî çàòâîðà. Ïåðåä íàïèëåííÿì êàìåðó âiäêà÷àëè, òèñê ãàçó âñåðåäèíi êàìåðè ïiä ÷àñ
íàïèëåííÿ ïëiâêè äîðiâíþâàâ 4 · 10−4 Ïà.

Ïîòóæíiñòü Â× ìàãíåòðîíà ïiäòðèìóâàëàñÿ íà ðiâíi 30 Âò, à òåìïåðàòóðà ïiä-
êëàäêè � íà ðiâíi ∽373 Ê. Äëÿ íàãðiâàííÿ ïiäêëàäêè âèêîðèñòîâóâàâñÿ âèñîêîòåì-



Êðèñòàëi÷íà ñòðóêòóðà òà îïòè÷íi âëàñòèâîñòi ...

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59 63

ïåðàòóðíèé âîëüôðàìîâèé íàãðiâà÷ ïîòóæíiñòþ 300 Âò. Òåìïåðàòóðó êîíòðîëþâàëè
çà äîïîìîãîþ ïðîïîðöiéíî-iíòåãðàëüíî-ïîõiäíîãî (ÏIÏ) êîíòðîëåðà, ÿêèé çàáåçïå-
÷óâàâ íàãðiâàííÿ òà îõîëîäæåííÿ, à òàêîæ òåìïåðàòóðíi óìîâè îñiäàííÿ.

Ôàçîâèé àíàëiç òà ïàðàìåòðè êðèñòàëi÷íî¨ ñòðóêòóðè äîñëiäæóâàëèñü çà äîïî-
ìîãîþ äàíèõ Õ-ïðîìåíåâî¨ äèôðàêöi¨ (XRD), îòðèìàíèõ íà äèôðàêòîìåòði DRON-
2.0M çà êiìíàòíî¨ òåìïåðàòóðè, âèêîðèñòîâóþ÷è âèïðîìiíþâàííÿ FeKα (λ =
1,936087 �A).

Ìîðôîëîãiþ ïîâåðõíi îòðèìàíèõ ïëiâîê ZnO:Al âèâ÷àëè çà äîïîìîãîþ ñêàíóþ-
÷îãî åëåêòðîííîãî ìiêðîñêîïà JSM 6700F (SEM-EDS). Ñïåêòðàëüíi çàëåæíîñòi îïòè-
÷íî¨ ïðîíèêíîñòi îòðèìàíèõ çðàçêiâ âèìiðþâàëè ó âèäèìié òà áëèçüêié iíôðà÷åðâî-
íié îáëàñòÿõ (300�2500 íì) çà êiìíàòíî¨ òåìïåðàòóðè, âèêîðèñòîâóþ÷è ñïåêòðîìåòð
Shimadzu UV-3600 [20].

3. Ìåòîäèêà ðîçðàõóíêiâ

Îïòèìiçàöiþ ìîäåëi ñòðóêòóðè òà ðîçðàõóíêè åëåêòðîííîãî ñïåêòðà ZnO ïðî-
âåäåíî â ìåæàõ òåîði¨ ôóíêöiîíàëó ãóñòèíè (DFT), âèêîðèñòîâóþ÷è ïðîãðàìíèé
ïàêåò Quantum-Espresso [21]. Äëÿ ðîçðàõóíêiâ âèêîðèñòàíî îáìiííî-êîðåëÿöiéíèé
ôóíêöiîíàë ó íàáëèæåííi óçàãàëüíåíîãî ãðàäi¹íòà (GGA) â ïàðàìåòðèçàöi¨ Ïåðäüþ-
Áóðêå-Åðçåðãîôà äëÿ òâåðäèõ òië (PBEsol) â êîìáiíàöi¨ ç óëüòðàì'ÿêèìè ïñåâäîïî-
òåíöiàëàìè Âàíäåðáiëüòà [22]. Ãðàíè÷íà êiíåòè÷íà åíåðãiÿ ïëîñêèõ õâèëü ñòàíîâèëà
380 åÂ, âàëåíòíèé êîìïëåêñ îïèñóâàëè îðáiòàëÿìè 3d10 4s2 äëÿ àòîìiâ Zn, 2s2 2p4

äëÿ àòîìiâ O òà 3s2 2p1 äëÿ àòîìiâ Al. Äîáðå âiäîìîþ ïðîáëåìîþ ðîçðàõóíêiâ ç
âèêîðèñòàííÿì íàáëèæåííÿ GGA ¹ íåäîîöiíêà çàáîðîíåíî¨ çîíè äëÿ íàïiâïðîâiä-
íèêiâ. Àíàëiç ïåðøîïðèíöèïíèõ ðîçðàõóíêiâ äëÿ êðèñòàëiâ ZnO ïîêàçó¹, ùî ìåòîä
GGA íåäîîöiíþ¹ åíåðãè÷íå ðîçòàøóâàííÿ çîí 3d-åëåêòðîíiâ Zn âiäíîñíî âåðøèíè
âàëåíòíî¨ çîíè. Âåðøèíà âàëåíòíîãî êîìïëåêñó ôîðìó¹òüñÿ p-ñòàíàìè àòîìiâ O,
ñèëüíà ãiáðèäèçàöiÿ ÿêèõ iç d -ñòàíàìè àòîìiâ Zn ïðèçâîäèòü äî çñóâó d -ñòàíiâ âãî-
ðó çà åíåðãåòè÷íîþ øêàëîþ âàëåíòíî¨ çîíè òà ñóòò¹âî çâóæó¹ çàáîðîíåíó çîíó [23].
Åôåêòèâíèì ìåòîäîì äëÿ âèïðàâëåííÿ çàíèæåíèõ çíà÷åíü çàáîðîíåíî¨ çîíè ¹ âèêî-
ðèñòàííÿ àïðîêñèìàöi¨ ç ïîïðàâêàìè Ãàááàðäà (DFT+U) [24�27]. Âêëþ÷åííÿ äî ðîç-
ðàõóíêiâ ïîïðàâîê Ãàááàðäà U äîëà¹ ïðîáëåìó ïîâíîãî çâ'ÿçóâàííÿ d-åëåêòðîíiâ Zn
i ïðèçâîäèòü äî êîðåêòíîãî ðîçòàøóâàííÿ d -ñòàíiâ Zn òà åíåðãåòè÷íîãî ïîëîæåííÿ
ÿê âåðøèíè âàëåíòíî¨ çîíè, òàê i äíà çîíè ïðîâiäíîñòi [33]. Â íàøié ðîáîòi äëÿ ðîç-
ðàõóíêiâ åëåêòðîííîãî ñïåêòðà òà îïòè÷íèõ âëàñòèâîñòåé âèêîðèñòàíî äâi ïîïðàâêè
Ãàááàðäà: äëÿ 3d -ñòàíiâ Zn (Ud = 10 åÂ) i äëÿ 2p-ñòàíiâ O (Up = 7 åÂ) [17, 26, 27].
Âèêîðèñòàííÿ öèõ ïîïðàâîê Ãàááàðäà äëÿ ðîçðàõóíêó çîííî-åíåðãåòè÷íî¨ ñòðóêòó-
ðè ZnO äà¹ çíà÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè 3,4 åÂ, ùî âiäìiííî óçãîäæó¹òüñÿ ç
åêñïåðèìåíòàëüíèìè äàíèìè [28].

Äëÿ ìîäåëþâàííÿ ëåãóâàííÿ ZnO àòîìàìè Al ïîáóäîâàíî ñóïåðêîìiðêó 3×3×3,
ÿêà ìiñòèòü 54 àòîìè Zn òà 54 àòîìè O. Ñïî÷àòêó ïðîâåäåíî îïòèìiçàöiþ íåëåãî-
âàíî¨ ñóïåðêîìiðêè, à äàëi â íié çàìiíÿëè îäèí àòîì öèíêó íà àòîì àëþìiíiþ, ùî
âiäïîâiäà¹ ñòóïåíþ ëåãóâàííÿ 1,85 aò. %. i îïòèìiçàöiéíó ïðîöåäóðó ïîâòîðþâàëè.
Çáiæíiñòü ïðîöåäóðè ðåëàêñàöi¨ ñòðóêòóðè ââàæàëàñü äîñÿãíóòîþ, êîëè âåëè÷èíè
ñèë, ÿêi äiþòü íà àòîìè, ñòàâàëè ìåíøèìè 0,02 åÂ/�A.
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4. Ðåçóëüòàòè òà ¨õí¹ îáãîâîðåííÿ

Êðèñòàëi÷íó ñòðóêòóðó ïëiâîê ZnO:Al âèçíà÷àëè ìåòîäîì XRD (äèâ. ðèñ. 1). Ïi-
êè íà XRD-ñïåêòði áóëè âèÿâëåíi ïðè 2θ 40,9, 44,25, 46,75 i 73,6, ÿêi ìîæíà âiäíåñòè
äî ïëîùèí (100), (002), (101) òà (110) ZnO, ùî îïèñóþòü ãåêñàãîíàëüíó ñòðóêòóðó
âþðöèòó. Îòæå, òîíêà ïëiâêà ZnO: Al êðèñòàëiçó¹òüñÿ â ãåêñàãîíàëüíié ñòðóêòóði
(ïðîñòîðîâà ãðóïà ñèìåòði¨ � P63mc (� 186), ïàðàìåòðè åëåìåíòàðíî¨ êîìiðêè a=
3,226(2)�A òà c = 5,155(6)�A, îá'¹ì V = 46,49 (6)�A3). Äåòàëüíèé àíàëiç ïîçèöié åêñ-
ïåðèìåíòàëüíèõ ðåôëåêñiâ òà ¨õíi iíòåíñèâíîñòi ïîêàçàâ äóæå ñèëüíó ïåðåâàæàþ÷ó
îði¹íòàöiþ êîìiðîê ôàçè ZnO ó ñèíòåçîâàíié ïëiâöi (òåêñòóði) ïîðiâíÿíî ç òåîðå-
òè÷íèìè ïiêàìè. Âiäíîñíî íåâåëèêi àíîìàëüíi ðåôëåêñè ñïîñòåðiãàþòüñÿ òàêîæ âiä
ïëîùèí ç iíäåêñàìè (10z) òà (20z) hkl Ìiëëåðà. Ç ðåçóëüòàòiâ XRD òàêîæ ñïîñòåðiãà¹-
ìî ïëàòî ìiæ 20 i 55°. Öå ïëàòî âiäïîâiäà¹ ïðèñóòíîñòi íåçíà÷íî¨ êiëüêîñòi àìîðôíî¨
ôàçè â òîíêié ïëiâöi.

 

I,
 в
.о
. 

2θ,° 

Ðèñ. 1: XRD ìîäåëü òîíêî¨ ïëiâêè ZnO ëåãîâàíî¨ Al.

Íà XRD-ñïåêòði íå âäàëîñÿ âèÿâèòè äîäàòêîâèõ ïiêiâ, ùî íàëåæàòü äî iíøèõ
îêñèäiâ, ùî ñâiä÷èòü ïðî óòâîðåííÿ ÷èñòî¨ ôàçè ZnO, à òàêîæ ïðî òå, ùî Al äîáðå
iíòåãðîâàíèé ó  ðàòêó ZnO.

Ðîçìið êðèñòàëiòiâ (D) ðîçðàõîâóâàëè çà ðîçøèðåííÿì ïiêiâ, âèêîðèñòîâóþ÷è
ðiâíÿííÿ Øåððåðà [29]:

D =
0.9λ

βcos(θ)
, (1)

äå λ � äîâæèíà õâèëi X-âèïðîìiíþâàííÿ, β � øèðèíà ðåôëåêñà íà ðiâíi ïîëîâèíè
âèñîòè, θ � êóò äèôðàêöi¨.
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Òàáë. 1: Ïàðàìåòðè ñòðóêòóðè òîíêî¨ ïëiâêè ZnO:Al.

Òèï ñòðóêòóðè Ïðîñòîðîâà ãðóïà ñèìåòði¨ Ïàðàìåòðè  ðàòêè

a,�A c,�A V,�A3

ZnO P63mc 3,226(2) 5,155(6) 46,49(6)

D, íì δ, íì−2 ε TC(hkl) d, íì
44,2±6.87 0,00051 0,10±0.01 1,79 454,83

Íàïðóæåííÿ ε òà ùiëüíiñòü äèñëîêàöié δ ðîçðàõîâóâàëè çà òàêèìè ñïiââiäíîøå-
ííÿìè [30]:

ε =
∆(2θ)cos(θ)

4
, (2)

δ =
1

D2
. (3)

Ïåðåâàæíà îði¹íòàöiÿ ðîñòó âèçíà÷àëàñÿ çà äîïîìîãîþ êîåôiöi¹íòà êðèñòàëîãðà-
ôi÷íî¨ òåêñòóðè TC(hkl) [9]:

TC(hkl) =
I(hkl)/I0(hkl)

(1/n)(Σ(I(hkl)/I0(hkl))
, (4)

äå I(hkl) � âèìiðÿíà âiäíîñíà iíòåíñèâíiñòü ïëîùèíè (hkl), I0(hkl) � âiäíîñíà ií-
òåíñèâíiñòü ïëîùèíè (hkl), âçÿòà ç êàðòè äàíèõ JCPDS 36-1451, à n � êiëüêiñòü
äèôðàêöiéíèõ ïiêiâ. Çáiëüøåííÿ êîåôiöi¹íòà òåêñòóðè (TC(hkl)> 1) ïîêàçó¹ ïåðåâà-
æíó îði¹íòàöiþ êðèñòàëiòiâ óçäîâæ ïëîùèíè (100). Ñòðóêòóðíi ïàðàìåòðè ïëiâîê,
îòðèìàíi çà äîïîìîãîþ Õ-ïðîìåíåâî¨ äèôðàêöi¨, íàâåäåíi â òàáëèöi 1.

Ìîðôîëîãiÿ ïîâåðõíi ñèíòåçîâàíèõ ïëiâîê íàâåäåíà íà ðèñ. 2. Ïåðåä äîñëiäæåí-
íÿì ìîðôîëîãi¨ ïëiâêè, ¨¨ ïîâåðõíþ ïðîìèâàëè â àöåòîíi. Çàçíà÷èìî, ùî óòâîðåííÿ
çåðíèñòîñòi ïëiâêè ¹ ðiäêiñòþ. Ó òîíêié ïëiâöi âèÿâëåíî êðèñòàëiòè ó âèãëÿäi ïëà-
ñòèí, ÿêi íàé÷àñòiøå ìàþòü ïðàâèëüíó ôîðìó.

 

Ðèñ. 2: Ìîðôîëîãiÿ ïîâåðõíi òîíêî¨ ïëiâêè ZnO:Al (ëiâîðó÷ � COMPO, ïðàâîðó÷ � TOPO
ðåæèì).
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Ñïåêòðè ïðîïóñêàííÿ Ò(λ) òîíêèõ ïëiâîê ZnO:Al (ðèñ. 3) õàðàêòåðèçóþòüñÿ âè-
ðàæåíèì êðà¹ì ôóíäàìåíòàëüíîãî ïîãëèíàííÿ. Çíà÷åííÿ iíòåãðàëüíîãî ïðîïóñêàí-
íÿ îöiíåíî çà âèðàçîì:

T̃ =
1

a− b

b∫
a

Tdλ, (5)

äå T̃ � ïðîïóñêàííÿ â äiàïàçîíi a-b (äèâ. ðèñ. 3). Îòðèìàíå çíà÷åííÿ iíòåãðàëü-
íîãî ïðîïóñêàííÿ ñòàíîâèòü 77,78 % (a = 300 íì, b = 2500 íì).

Ñïåêòðè ïðîïóñêàííÿ òàêîæ õàðàêòåðèçóþòüñÿ íàÿâíiñòþ iíòåðôåðåíöiéíèõ åêñ-
òðåìóìiâ, ùî ñâiä÷èòü ïðî äîñêîíàëiñòü îòðèìàíèõ ïëiâîê. Îòæå, âêëàä àìîðôíî¨
ôàçè ¹ íåçíà÷íèì i íå âèçíà÷àëüíèì ó ñïåêòðàëüíié ïîâåäiíöi îïòè÷íèõ ôóíêöié.
×iòêi iíòåðôåðåíöiéíi ìàêñèìóìè òà ìiíiìóìè ó äiàïàçîíi äîâæèí õâèëü âiä 300 äî
1500 íì ìîæíà ïîáà÷èòè íà ðèñ. 3, ïîëîæåííÿ ÿêèõ âèçíà÷à¹òüñÿ òîâùèíîþ ëåãî-
âàíî¨ ïëiâêè.

 

 λ, нм 

1
0

9
 (
см

-1
∙е
В
)2

 

еВ 

еВ 

Ðèñ. 3: Ñïåêòð ïðîïóñêàííÿ T(%) òîíêî¨ ïëiâêè ZnO:Al çà êiìíàòíî¨ òåìïåðàòóðè. Âñòàâêà:
êîåôiöi¹íò ïîãëèíàííÿ α â ïðåäñòàâëåííi (α ·hν)2 ÿê ôóíêöiÿ åíåðãi¨ ôîòîíà hν.

Äëÿ îöiíêè òîâùèíè äîñëiäæóâàíèõ ïëiâîê âèêîðèñòàíî òàêå ðiâíÿííÿ:

d =
Mλ1λ2

2(n(λ1)λ2 − n(λ2)λ1)
, (6)

äå λ1 òà λ2 � äîâæèíè õâèëü, ùî âiäïîâiäàþòü ñóñiäíiì åêñòðåìóìàì ó ñïåêòði
ïðîïóñêàííÿ, à M = 1 � äëÿ äâîõ ñóñiäíiõ åêñòðåìóìiâ îäíîãî òèïó (max�max,
min�min) òà M = 0,5 äëÿ äâîõ ñóñiäíiõ åêñòðåìóìiâ ïðîòèëåæíîãî òèïó (max�min,
min-max) [19]. Òîâùèíà òîíêèõ ïëiâîê ZnO:Al, ðîçðàõîâàíà çà ôîðìóëîþ (6), ñòàíî-
âèòü 454,83 íì.

Îöiíåíà øèðèíà îïòè÷íî¨ çàáîðîíåíî¨ çîíè (E g) òîíêèõ ïëiâîê ZnO:Al (äèâ.
ðèñ. 3) ñòàíîâèòü 3,26 åÂ. Ïîðiâíÿííÿ îòðèìàíèõ ðåçóëüòàòiâ ç âiäîìèìè ëiòå-
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ðàòóðíèìè äàíèìè äà¹ çìîãó âñòàíîâèòè çíà÷íó êîðåëÿöiþ îòðèìàíèõ ðåçóëüòà-
òiâ [8,13,31�33]. Çîêðåìà, â ðîáîòi [33] òîíêi ïëiâêè ZnO: Al áóëè îòðèìàíi ìåòîäîì
ìàãíåòðîííîãî íàïèëåííÿ (ïîäiáíèé ìåòîä áóâ âèêîðèñòàíèé ó öié ðîáîòi) i îòðè-
ìàííi çíà÷åííÿ øèðèíè çàáîðîíåíî¨ çîíè ÷èñòî¨ òîíêî¨ ïëiâêè ZnO òà ïëiâêè, ëåãî-
âàíî¨ àòîìàìè Al ñòàíîâëÿòü 3,21 åÂ òà 3,25 åÂ âiäïîâiäíî. ßâèùå çðîñòàííÿ øèðè-
íè çàáîðîíåíî¨ çîíè ó ëåãîâàíié ïëiâöi ïîÿñíþâàëîñü âïëèâîì åôåêòó Áóðøòåéíà-
Ìîññà [13, 17, 27, 33]. Àìîðôíèé âêëàä ó òîíêié ïëiâöi ïðèçâîäèòü äî çíà÷íîãî çðî-
ñòàííÿ àáî çìåíøåííÿ âåëè÷èíè øèðèíè çàáîðîíåíî¨ çîíè [34]. Îñêiëüêè áóëî âñòà-
íîâëåíî íåçíà÷íå çðîñòàííÿ E g, ùî ïîÿñíþ¹òüñÿ åôåêòîì Áóðøòåéíà-Ìîññà, i öå
äîäàòêîâî ïiäòâåðäæó¹ âèñóíóòå âèùå ïðèïóùåííÿ ïðî ÿêiñòü îñàäæåíî¨ ïëiâêè.

Çíà÷åííÿ ïîêàçíèêà çàëîìëåííÿ n òiñíî ïîâ'ÿçàíå ç åëåêòðîííèìè âëàñòèâîñòÿ-
ìè ìàòåðiàëó. Áàãàòî åìïiðè÷íèõ ñïiââiäíîøåíü ìiæ ïîêàçíèêîì çàëîìëåííÿ n òà
øèðèíîþ çàáðîíåíî¨ çîíè áóëî çàïðîïîíîâàíî ðàíiøå [35�39]. Âiäïîâiäíî äî ñïiââiä-
íîøåííÿ Òðèïàòi [39], ïîêàçíèê çàëîìëåííÿ íàïiâïðîâiäíèêà ïîâ'ÿçàíèé ç øèðèíîþ
çàáîðîíåíî¨ çîíè ÿê:

n = n0(1 + αe−βEg ), (7)

äå n0= 1,73, α= 1,9017 òà β= 0,539 (eV)−1 � êîíñòàíòíi ïàðàìåòðè äëÿ ïåâíèõ
äiàïàçîíiâ òåìïåðàòóðè òà òèñêó. Öå ñïiââiäíîøåííÿ çàäîâiëüíî êîðåëþ¹ ç âiäïî-
âiäíèìè åêñïåðèìåíòàëüíèìè çàëåæíîñòÿìè â ìåæàõ 0 <E g < 5 eV. Äåÿêi iíøi
åìïiðè÷íi ñïiââiäíîøåííÿ � öå ñïiââiäíîøåííÿ Ìîññà [35], Ðàâiíäðà [36] òà Åðâå-
Âàíäàììå [37,38] (äèâ. ðiâíÿííÿ (8), (9) òà (10), âiäïîâiäíî).

n4Eg = 95eV, (8)

n = 4, 084− 0, 62Eg, (9)

n2 = 1 + (
A

Eg +B
)2, (10)

äå À � åíåðãiÿ iîíiçàöi¨ âîäíþ (13,6 åÂ), à Â = 3,47 åÂ � ïîñòiéíèé ïàðàìåòð,
ÿêèé ââàæà¹òüñÿ ðiçíèöåþ ìiæ åíåðãi¹þ ÓÔ-ðåçîíàíñó òà øèðèíîþ çàáîðîíåíî¨ çî-
íè. Îòðèìàíi çíà÷åííÿ n ç âèêîðèñòàííÿì ðiçíèõ ìîäåëåé íàâåäåíi â òàáëèöi 2. Íà
îñíîâi çíà÷åíü n, îá÷èñëåíèõ çà ðiçíèìè ñïiââiäíîøåííÿìè, ìè òàêîæ îòðèìàëè âè-
ñîêî÷àñòîòíó äiåëåêòðè÷íó ïðîíèêíiñòü (ε∞ = n2, äèâ. òàáë. 2).

Òàáë. 2: Ðîçðàõîâàííi çíà÷åííÿ ïîêàçíèêà çàëîìëåííÿ (n) i âèñîêî÷àñòîòíî¨ äiåëåêòðè÷íî¨
ïðîíèêíîñòi (ε∞) äëÿ òîíêî¨ ïëiâêè ZnO:Al.

Ïàðàìåòðè Ìîäåëi
Ñïiââiäíîøåííÿ
Òðiïàòi

Ñïiââiäíîøåííÿ
Ìîññà

Ñïiââiäíîøåííÿ
Ðàâiíäðà

Ñïiââiäíîøåííÿ
Åðâå-
Âàíäàììå

n 2,02 2,32 2,06 2,25
ε∞ 4,08 5,38 4,24 5,06
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Íàïðèêëàä, ó ðîáîòi [31] ïëiâêó ZnO, ëåãîâàíó Al (ïðèáëèçíî 2 % ìàñ. Al), îñà-
äæóâàëè íà ïiäêëàäêó ç íàòði¹âî-âàïíÿíîãî ñêëà çà äîïîìîãîþ Â× ìàãíåòðîííîãî
íàïèëåííÿ òà îòðèìàíî äëÿ öi¹¨ ïëiâêè ïîêàçíèê çàëîìëåííÿ 2,2450. Ïîðiâíþþ÷è
îòðèìàíi íàìè ðåçóëüòàòè (äèâ. òàáë. 2) ç iíøèìè åêñïåðèìåíòàëüíèìè äàíèìè, ìî-
æíà ïðèïóñòèòè, ùî ñïiââiäíîøåííÿ Åðâå-Âàíäàììå íàéáiëüø òî÷íî äà¹ çìîãó âñòà-
íîâèòè çíà÷åííÿ ïîêàçíèêà çàëîìëåííÿ.

Äëÿ êðàùîãî ðîçóìiííÿ çìiíè ãåîìåòðè÷íî¨ ñòðóêòóðè ZnO ïiä âïëèâîì äîìiøêè
Al, à òàêîæ åëåêòðîííèõ ïðîöåñiâ, ùî âiäáóâàþòüñÿ â ëåãîâàíèõ òîíêèõ ïëiâêàõ, ìè
òàêîæ ïðîâåëè ïåðøîïðèíöèïíå äîñëiäæåííÿ ñòðóêòóðíèõ, åëåêòðîííèõ i îïòè÷íèõ
âëàñòèâîñòåé ZnO:Al. Íà ðèñ. 4 çîáðàæåíà îïòèìiçîâàíà ìîäåëü ñóïåðêîìiðêè ëåãî-
âàíîãî ZnO:Al. Ïiñëÿ ïðîâåäåííÿ ðåëàêñàöiéíî¨ ïðîöåäóðè ïàðàìåòðè  ðàòêè ëåãî-
âàíî¨ ñòðóêòóðè ñòàíîâëÿòü a = b = 3,230 �A, c = 5,199 �A. Âiäõèëåííÿ ïàðàìåòðiâ
 ðàòêè ìiæ ðîçðàõîâàíèìè òà åêñïåðèìåíòàëüíèìè çíà÷åííÿìè ñòàíîâèòü ïðèáëè-
çíî 1 %, ùî ñâiä÷èòü ïðî íàäiéíiñòü íàøèõ ðîçðàõóíêiâ. Îòðèìàíi çíà÷åííÿ ¹ íèæ-
÷èìè, íiæ ó íåëåãîâàíié ñòðóêòóði ZnO(a = b = 3,251 �A, c = 5,213 �A [17]), ùî òàêîæ
ïiäòâåðäæåíî åêñïåðèìåíòàëüíî [32]. Äîâæèíà çâ'ÿçêó Zn�O â îêîëi äîìiøêè äëÿ
ZnO:Al ¹ áiëüøîþ (2,05 �A), íiæ âiäïîâiäíà äîâæèíà çâ'ÿçêó â íåëåãîâàíié ñòðóêòóði
(1,98 �A [27]), à äîâæèíà çâ'ÿçêó Al�O ñòàíîâèòü 1,79 �A, ùî ¹ ìåíøå íiæ äîâæèíà
çâ'ÿçêó Zn�O. Âñi çìiíè ãåîìåòði¨ ñòðóêòóðè ZnO ëåãîâàíîãî àòîìàìè Al ïîâ'ÿçàíi
ç òèì, ùî iîííèé ðàäióñ Al3+ (0,54 �A) ¹ ìåíøèì íiæ iîííèé ðàäióñ çàìiùåíîãî iîíà
Zn2+ (0,74 �A).

 

Ðèñ. 4: Îïòèìiçîâàíà ñòðóêòóðíà ìîäåëü ñóïåðêîìiðêè ZnO:Al.

Ðîçðàõóíêè çîííî-åíåðãåòè÷íî¨ ñòðóêòóðè ëåãîâàíîãî ZnO (ðèñ. 5) ïîêàçóþòü,
ùî ïiñëÿ çàìiùåííÿ àòîìà Zn àòîìîì Al ñòðóêòóðà ZnO:Al îòðèìó¹ õàðàêòåðèñòèêè
íàïiâïðîâiäíèêà n-òèïó, íà ùî âêàçó¹ çìiùåííÿ ðiâíÿ Ôåðìi (íà ðèñ. 5 ïîçíà÷åíà
ÿê øòðèõîâà ëiíiÿ íà ðiâíi 0 åÂ) âãîðó ïî åíåðãåòè÷íié øêàëi â çîíó ïðîâiäíîñòi,
âíàñëiäîê åôåêòó Áóðøòåéíà-Ìîññà [40,41] òà ïðèçâîäèòü äî ôîðìóâàííÿ îïòè÷íî¨
çàáîðîíåíî¨ çîíè � åíåðãåòè÷íî¨ âiäñòàíi âiä âåðøèíè âàëåíòíî¨ çîíè äî ðiâíÿ Ôåðìi
(äèâ. ðèñ. 5 á). Çàéíÿòi ñòàíè â íèæíié ÷àñòèíi çîíè ïðîâiäíîñòi ìîæíà ðîçãëÿäàòè
ÿê äîäàòêîâèé åíåðãåòè÷íèé áàð'¹ð, ÿêèé íåîáõiäíî ïîäîëàòè, ïåðø íiæ åëåêòðîí
ìîæå áóòè çáóäæåíèé ç âàëåíòíî¨ çîíè â çîíó ïðîâiäíîñòi. Ðîçðàõóíêè ïîêàçàëè,
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ùî øèðèíà îïòè÷íî¨ çàáîðîíåíî¨ çîíè äëÿ ZnO:Al ñòàíîâèòü 3,31 åÂ, ùî äîáðå óçãî-
äæó¹òüñÿ ç äàíèìè åêñïåðèìåíòó.
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Ðèñ. 5: Çîííî-åíåðãåòè÷íà ñòðóêòóðà íåëåãîâàíîãî (à) òà ëåãîâàíîãî (á) ZnO.

Ç ìåòîþ âèçíà÷åííÿ ãåíåòè÷íîãî ïîõîäæåííÿ åëåêòðîííèõ ñòàíiâ ó ëåãîâàíié
ñòðóêòóði ZnO ïðîâåäåíî ðîçðàõóíêè ïîâíî¨ (DOS) òà ïàðöiàëüíî¨ (PDOS) ãóñòèíè
ñòàíiâ (ðèñ. 6). Ðåçóëüòàòè ðîçðàõóíêiâ ïîêàçàþòü, ùî ó âàëåíòíié çîíi ãîñòðèé ïiê
â îêîëi â −10 åÂ çäåáiëüøîãî ïîõîäèòü âiä d -îðáiòàëåé àòîìiâ Zn, ÿêi íå ìàþòü
âïëèâó íà øèðèíó çàáîðîíåíî¨ çîíè. Âåðøèíà âàëåíòíîãî êîìïëåêñó âiä −6 äî −3,3
åÂ ãîëîâíî ôîðìó¹òüñÿ âíåñêàìè âiä p-îðáiòàëåé àòîìiâ Î. Îñíîâíèé âíåñîê ó çîíi
ïðîâiäíîñòi â îêîëi ðiâíÿ Ôåðìi îòðèìàíî âiä s-îðáiòàëåé àòîìà Al.

Íà ðèñ. 7 ïðåäñòàâëåíî ðîçðàõîâàíi ñïåêòðè ïðîïóñêàííÿ äëÿ ZnO ëåãîâàíîãî
àòîìàìè Al ó âèäèìié òà óëüòðàôiîëåòîâié îáëàñòi. Ñïåêòðè ïðîïóñêàííÿ ðîçðàõî-
âàíi ç âèêîðèñòàííÿì òàêîãî ñïiââiäíîøåííÿ:

T = (1−R)2e−αd, (11)

äå T � îïòè÷íå ïðîïóñêàííÿ, α i R � êîåôiöi¹íòè ïîãëèíàííÿ òà âiäáèâàííÿ, âiä-
ïîâiäíî, d � òîâùèíà ïëiâêè. Äëÿ ðîçðàõóíêiâ ìè âèêîðèñòàëè åêñïåðèìåíòàëüíî
âèçíà÷åíå çíà÷åííÿ d ≈ 455 íì. Ðåçóëüòàòè ðîçðàõóíêiâ ïîêàçàëè (ðèñ. 7), ùî ó
âèäèìié îáëàñòi ñïåêòðà îïòè÷íå ïðîïóñêàííÿ ñòàíîâèòü 85 %, òîäi ÿê â óëüòðàôi-
îëåòîâié îáëàñòi � 77 %. Îòðèìàíi äàíi, ÿê áà÷èìî, äîáðå óçãîäæóþòüñÿ ç äàíèìè
åêñïåðèìåíòó.

Âèñíîâêè

Îòæå, â öié ïðàöi ëåãîâàíi òîíêi ïëiâêè ZnO:Al íàíîñèëèñÿ íà ñêëÿíi ïiäêëàäêè
ìåòîäîì Â× ìàãíåòðîííîãî íàïèëåííÿ. Ðåíãåíîñòðóêòóðíi äîñëiäæåííÿ ïîêàçàëè,
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Ðèñ. 6: Ðîçïîäiëè ïîâíî¨ òà ïàðöiàëüíî¨ ãóñòèíè ñòàíiâ ZnO:Al.
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Ðèñ. 7: Ñïåêòðè ïðîïóñêàííÿ òà ïîãëèíàííÿ (âñòàâêà ïðàâîðó÷) äëÿ ZnO:Al.

ùî îòðèìàíi òîíêi ïëiâêè êðèñòàëiçóþòüñÿ â ãåêñàãîíàëüíié ñòðóêòóði. Âèäèìi àíî-
ìàëüíi ìàëi ðåôëåêñè âiä ïëîùèí ç iíäåêñàìè (10z) òà (20z) hkl Ìiëëåðà ñâiä÷àòü
ïðî òå, ùî ó çðàçêàõ ïðèñóòíÿ òàêîæ íåâåëèêà êiëüêiñòü äîìiøêîâèõ ôàç. Îñíîâíå
ïîëîæåííÿ êðàþ ïîãëèíàííÿ â ñïåêòði ïðîïóñêàííÿ äîñëiäæóâàíèõ òîíêèõ ïëiâîê
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âiäïîâiäà¹ çíà÷åííÿì, õàðàêòåðíèì äëÿ ñïîëóêè ZnO:Al. Òîâùèíà ïëiâêè d ≈ 455
íì áóëà îòðèìàíà øëÿõîì àíàëiçó îïòè÷íèõ iíòåðôåðåíöiéíèõ ñïåêòðiâ ïðîïóñêàí-
íÿ T (λ) ïëiâîê ZnO:Al. Äëÿ çðàçêiâ ZnO:Al îòðèìàíî çíà÷åííÿ îïòè÷íî¨ øèðèíè
çàáîðîíåíî¨ çîíè E g = 3,26 åÂ.

Íà ïiäñòàâi îòðèìàíèõ åêñïåðèìåíòàëüíèõ äàíèõ áóëî îòðèìàíî ïîêàçíèê çà-
ëîìëåííÿ òà âèñîêî÷àñòîòíà äiåëåêòðè÷íà ïðîíèêíiñòü. Âñòàíîâëåíî, ùî ñïiââiä-
íîøåííÿ Åðâå-Âàíäàììå íàéáiëüø òî÷íî äà¹ çìîãó âèçíà÷èòè çíà÷åííÿ ïîêàçíèêà
çàëîìëåííÿ.

Òàêîæ ïðîâåäåíî äîñëiäæåííÿ çîííî-åíåðãåòè÷íî¨ ñòðóêòóðè ZnO ëåãîâàíîãî
àòîìàìè Al â ìåæàõ òåîði¨ ôóíêöiîíàëó ãóñòèíè, âèêîðèñòîâóþ÷è ìåòîä DFT+U
äëÿ òî÷íîãî îïèñó éîãî åëåêòðîííî¨ ñòðóêòóðè. Áóëî âèÿâëåíî, ùî äîäàâàííÿ àòîìà
Al äî ZnO äà¹ çìîãó çìiíþâàòè éîãî åëåêòðîííó ñòðóêòóðó. Çìiíà çîííî¨ ñòðóêòóðè
òà PDOS ZnO ïiñëÿ ëåãóâàííÿ Al îçíà÷à¹, ùî ëåãîâàíà ñèñòåìà ìîæå ïðîÿâëÿòè
ðiçíi îïòè÷íi âëàñòèâîñòi. Âàæëèâî âiäçíà÷èòè, ùî òåîðåòè÷íî îòðèìàíi ðåçóëüòàòè
äîáðå óçãîäæóþòüñÿ ç åêñïåðèìåíòàëüíèìè ñïîñòåðåæåííÿìè, i âiäïîâiäíi âëàñòè-
âîñòi, îòðèìàíi ðîçðàõóíêàìè äëÿ ZnO, ëåãîâàíîãî Al, òàêîæ áóëè âñòàíîâëåíi â
ðåàëüíèõ ìàòåðiàëàõ.

1. Al-Ghamdi A. A. Semiconducting properties of Al doped ZnO thin �lms / A. A. Al-
Ghamdi, O. A. Al-Hartomy and M. El Okr et al. // Spectrochim. Acta A. � 2014. �
Vol. 131. � P. 512�517. doi:10.1016/j.saa.2014.04.020.

2. Dobrozhan O. Morphological, structural and optical properties of Mg-doped ZnO
nanocrystals synthesized using polyol process / O. Dobrozhan, O. Diachenko,
M. Kolesnyk et al. // Materials Science in Semiconductor Processing. � 2019. �
Vol. 102. � P. 104595. doi: 10.1016/j.mssp.2019.104595.

3. Zhyrovetsky V. M. Nanopowder Metal Oxide for Photoluminescent Gas Sensing /
V. M. Zhyrovetsky, D. I. Popovych, S. S. Savka and A. S. Serednytski // Nanoscale
Res. Lett. � 2017. � Vol. 12. � P. 132. doi: 10.1186/s11671-017-1891-5.

4. Bovhyra R. V. Photoluminescent properties of complex metal oxide nanopowders for
gas sensing / R. V. Bovhyra, S. I. Mudry, D. I. Popovych et al. // Appl. Nanosci. �
2019. � Vol. 9. � P. 775�780. doi:10.1007/s13204-018-0697-9

5. Bouchenak Khelladi N. Optical properties of ZnO thin �lm / N. Bouchenak Khelladi
and N. E. Chabane Sari // Advances in Materials Science � 2013. � Vol. 13. � P. 21�
29. doi: 10.2478/adms-2013-0003.

6. Samavati A. Structural, optical and electrical evolution of Al and Ga co-doped
ZnO/SiO2/glass thin �lm: role of laser power density / A. Samavati, Z. Samavati,
A. F. Ismail et al. // RSC Adv. � 2017. � Vol. 7. � P. 35858�35868. doi:
10.1039/C7RA04963C.

7. Zhang D. H. Preparation of transparent conducting ZnO:Al �lms on polymer
substrates by r. f. magnetron sputtering / D. H. Zhang, T. L. Yang, J. Ma et al. //
Appl. Surf. Sci. � 2000. � Vol. 158. � P. 43�48. doi: 10.1016/S0169-4332(99)00591-7.

8. da Silva E. P. Al-Doping E�ect on the Surface Morphology of ZnO Films Grown
by Reactive RF Magnetron Sputtering / E. P. da Silva, M. Chaves, G. J. da Silva



72

Â. Äçiêîâñüêèé, Î. Áîâãèðà, Ì. Êîâàëåíêî, À. Êàøóáà, I. Ñåìêiâ, Í. Ïîêëàäîê

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59

et al. // Materials Sciences and Applications � 2013. � Vol. 4. � P. 761�767. doi:
10.4236/msa.2013.412096.

9. Manoharan C. Characterization and study of antibacterial activity of spray pyrolysed
ZnO:Al thin �lm / C. Manoharan, G. Pavithra, M. Bououdina et al. // Appl. Nanosci.
� 2016. � Vol. 6. � P. 815�825. doi: 10.1007/s13204-015-0493-8.

10. Jamal R. K. Optical properties of nanostructured ZnO prepared by a pulsed laser
deposition technique / R. K. Jamal, M. A. Hameed, and K. A. Adem // Mater. Lett.
� 2014. � Vol. 132. � P. 31�33. doi: 10.1016/j.matlet.2014.06.047.

11. Ng Z. N. Al and Ga doped ZnO �lms prepared by a sol�gel spin coating technique
/Z. N. Ng, K. Y. Chan, C. Y. Low, S. A. Kamaruddin, M. Z. Sahdan // Ceram. Int.
� 2015. � Vol. 41. � P. 254�258. doi: 10.1016/j.ceramint.2015.03.183.

12. Kuprenaite S. Properties of In-, Ga- and Al-doped ZnO �lms grown by aerosol-
assisted MOCVD: In�uence of deposition temperature, doping level and annealing
/ S. Kuprenaite, T. Murauskas, A. Abrutis, V. Kubilius, Z. Saltyte, V. Plausi-
naitiene // Surf. Coat. Technol. � 2015 � Vol. 271. � P. 156�164. doi:
10.1016/j.surfcoat.2014.12.052.

13. Kapustianyk V. B. E�ect of Dopants and Surface Morphology on the Absorption
Edge of ZnO Films Doped with In, Al, and Ga / V. B. Kapustianyk, B. I. Turko,
V. P. Rudyk et al. // J. Appl. Spectrosc. � 2015. � Vol. 82. � P. 153�156. doi:
10.1007/s10812-015-0079-y.

14. Berrezoug H. I. First principle study of structural stability, electronic structure and
optical properties of Ga doped ZnO with di�erent concentrations / H. I. Berrezoug,
A. E. Merad, M. Aillerie, A. Zerga // Mater. Res. Express � 2017. � Vol. 4. �
P. 035901. doi: 10.1088/2053-1591/aa6076.

15. Wu H.-Ch. E�ects of Al-Impurity Type on Formation Energy, Crystal Structure,
Electronic Structure, and Optical Properties of ZnO by Using Density Functional
Theory and the Hubbard-U Method / H.-Ch. Wu, H.-H. Chen and Yu Zhu // Materi-
als � 2016. � Vol. 9. � P. 647. doi: 10.3390/ma9080647.

16. Hou Q. First-principles research on the optical and electrical properties and mechani-
sms of In-doped ZnO / Q. Hou, D. Xi, W. Li, X. Jia, Z. Xu // Physica B: Condens.
Matter. � 2018. � Vol. 537. � P. 258. doi: 10.1016/j.physb.2018.02.026.

17. Áîâãèðà Î. Âïëèâ ñèëüíîãî ëå óâàííÿ àòîìàìè In, Ga òà Al íà åëåêòðîííó ñòðó-
êòóðó ZnO: ðîçðàõóíîê ç ïåðøèõ ïðèíöèïiâ / Î. Áîâãèðà, Ì. Êîâàëåíêî, Ð. Áîâ-
ãèðà, Â. Äçiêîâñüêèé // Æóðíàë ôiçè÷íèõ äîñëiäæåíü. -� 2019. -� ò. 23, � 4. -�
Ñ. 4301. doi: 10.30970/jps.23.4301.

18. Petrus R. Surface-barrier Structures Au/n-CdS: Fabrication and Electrophysical
Properties / R. Petrus, H. Ilchuk, A. Kashuba et al. // J. Nano Electron. Phys.
� 2019. � Vol. 11. � P. 03020. doi: 10.21272/jnep.11(3).03020.

19. Danylov A. B. In�uence of Annealing on the Structure of Ultrathin Gold Fi-
lms on the Surface of Glass and CdS Substrates / A. B. Danylov, H. A. Ilchuk,
R. Yu. Petrus et al. // J. Nano Electron. Phys. � 2018. � Vol. 10. � P. 05011. doi:
10.21272/jnep.10(5).05011.

20. Petrus R. Y. Optical-Energy Properties of CdS Thin Films Obtained by the
Method of High-Frequency Magnetron Sputtering / R. Y. Petrus, H. A. Ilchuk,
A. I. Kashuba et al. // Opt. Spectrosc. � 2019. � Vol. 126. � P. 220�225. doi:
10.1134/S0030400X19030160.



Êðèñòàëi÷íà ñòðóêòóðà òà îïòè÷íi âëàñòèâîñòi ...

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59 73

21. Giannozzi P. Advanced capabilities for materials modelling with Quantum
ESPRESSO / P. Giannozzi, O. Andreussi, T. Brumme et al. // J. Phys. Condens.
Matter � 2017. � Vol. 29. � P. 465901. doi: 10.1088/1361-648X/aa8f79.

22. Vanderbilt D. Soft self-consistent pseudopotentials in a generalized eigenvalue
formalism / D. Vanderbilt // Phys. Rev. B � 1990. � Vol. 41. � P. 7892. doi:
10.1103/PhysRevB.41.7892.

23. Qu X. First-principles study of the electronic structure of Al and Sn co-doping
ZnO system / X. Qu, S. Lu, D. Jia, S. Zhou, Q. Meng // Materials Sci-
ence in Semiconductor Processing � 2013. � Vol. 16. � P. 1057�1062. doi:
10.1016/j.mssp.2013.04.002.

24. Sheetz M. Defect-induced optical absorption in the visible range in ZnO nanowires
/ M. Sheetz, I. Ponomareva E. Richter, A. N. Andriotis, M. Menon // Phys. Rev. B
� 2009. � Vol. 80. � P. 195314. doi: 10.1103/PhysRevB.80.195314.

25. Wu H.-Ch. E�ects of Ga concentration on electronic and optical properties of Ga-
doped ZnO from �rst principles calculations / H.-Ch. Wu, H.-H. Chen and Yu Zhu
// Materials � 2016. � Vol. 9. � P. 647. doi: 10.3390/ma9080647.

26. Bovgyra O. V. First principles DFT + U calculations of the electronic properties of
ZnO/GaN heterostructure / O. V. Bovgyra, M. V. Kovalenko, V. Ye. Dzikovskyi,
A. P. Vaskiv, M. Ya. Sheremeta // J. Nano-Electron. Phys. � 2020. � Vol. 12. �
P. 05003. doi: 10.21272/jnep.12(5).05003.

27. Kovalenko M. Electronic structure of ZnO thin �lms doped with group III elements /
M. Kovalenko, O. Bovgyra, A. Franiv, V. Dzikovskyi // Materials Today: Proceeding.
� 2021. � Vol. 35. � P. 604�608. doi: 10.1016/j.matpr.2019.11.274.

28. Mang A. Band gaps, crystal-�eld splitting, spin-orbit coupling, and exciton binding
energies in ZnO under hydrostatic pressure / A. Mang, K. Reimann, St. Rubenacke
// Solid State Commun. � 1995. � Vol. 94. � P. 251�254. doi: 10.1016/0038-
1098(95)00054-2.

29. Scherrer P. Bestimmung der Gr�obe und der inneren Struktur von Kolloidteilchen
mittels R�ontgenstrahlen / P. Scherrer // Nachrichten von der Gesellschaft der Wi-
ssenschaften zu G�ottingen, Mathematisch-Physikalische Klasse � 1918. � Vol. 1918.
� P. 98�100.

30. Prabahar S. CdS thin �lms from two di�erent chemical baths�structural and optical
analysis / S. Prabahar, and M. Dhanam // J. Cryst. Growth. � 2005. � Vol. 285. �
P. 41�48. doi: 10.1016/j.jcrysgro.2005.08.008.

31. Treharne R. E. Optical Design and Fabrication of Fully Sputtered CdTe/CdS Solar
Cells / R. E. Treharne, A. Seymour-Pierce, K. Durose et al. // J. Phys: Conf. Ser. �
2011. � Vol. 286. � P. 012038. doi: 10.1088/1742-6596/286/1/012038.

32. Ganesh T. E�ect of Al dopant concentration on structural, optical and
photoconducting properties in nanostructured zinc oxide thin �lms /T. Ganesh,
S. Rajesh, F. P. Xavier // Mater. Sci. Semiconduct. Process. � 2013. � Vol. 16.
� P. 295�302. doi: 10.1016/j.mssp.2012.10.008.

33. Gab�as M. Di�erences in n-type doping e�ciency between Al- and Ga-ZnO �lms /
M. Gab�as, A. Landa-C�anovas, J. L. Costa-Kr�amer et al. // J. Appl. Phys. � 2013. �
Vol. 113. � P. 163709. doi: 10.1063/1.4803063.

34. Bouderbala M. Thickness dependence of structural, electrical and optical behaviour
of undoped ZnO thin �lm / M. Bouderbala, S. Hamzaoui, B. Amrani, A. H. Reshak,



74

Â. Äçiêîâñüêèé, Î. Áîâãèðà, Ì. Êîâàëåíêî, À. Êàøóáà, I. Ñåìêiâ, Í. Ïîêëàäîê

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59

M. Adnane, T. Sahraoui, M. Zerdali // Physica B. � 2008. � Vol. 403. � P. 3326.
doi: 10.1016/j.physb.2008.04.045.

35. Moss T. A Relationship between the Refractive Index and the Infra-Red Threshold of
Sensitivity for Photoconductors / T. Moss // Proc. Phys. Soc. B. � 1950. � Vol. 63(3).
� P. 167. doi: 10.1088/0370-1301/63/3/302.

36. Ravindra N. M. On the Penn Gap in Semiconductors / N. M. Ravindra, S. Auluck,
and V. K. Srivastava // Phys. Stat. Sol. (B). � 1979. � Vol. 93. � P. K155. doi:
10.1002/pssb.2220930257.

37. Herve P. J. L. General relation between refractive index and energy gap in semi-
conductors / P. J. L. Herve, and L. K. J. Vandamme // Infrared Phys. � 1994. � Vol.
35. � P. 609. doi: 10.1016/1350-4495(94)90026-4.

38. Herve P. J. L. Empirical temperature dependence of the refractive index of semi-
conductors / P. J. L. Herve, and L. K. J. Vandamme // J. Appl. Phys. � 1995. � Vol.
77. � P. 5476. doi: 10.1063/1.359248.

39. Tripathy S. K. Refractive indices of semiconductors from energy gaps /
S. K. Tripathy // Optical materials. � 2015. � Vol. 46. � P. 240�246. doi:
10.1016/j.optmat.2015.04.026.

40. Burstein E. Anomalous optical absorption limit in InSb / E. Burstein // Phys. Rev.
� 1954. � Vol. 93. � P. 632. doi: 10.1103/PhysRev.93.632.

41. Moss T. S. The interpretation of the properties of indium antimonide / T. S. Moss
// Proc. Phys. Soc. Lond. B � 1954. � Vol. 67. � P. 77. doi: 10.1088/0370-
1301/67/10/306.

References

1. A. A. Al-Ghamdi, O. A. Al-Hartomy and M. El Okr, Spectrochimica Acta
Part A: Molecular and Biomolecular Spectroscopy 131, 512 (2014) doi:
10.1016/j.saa.2014.04.020.

2. O. Dobrozhan, O. Diachenko, M. Kolesnyk, A. Stepanenko, S. Vorobiov, P. Bal�a�z,
S. Plotnikov, A. Opanasyuk. Materials Science in Semiconductor Processing, 102,
104595 (2019). doi: 10.1016/j.mssp.2019.104595.

3. V. M. Zhyrovetsky, D. I. Popovych, S. S. Savka and A. S. Serednytski,Nanoscale Res.
Lett. 12, 132 (2017). doi: 10.1186/s11671-017-1891-5.

4. R. V. Bovhyra, S. I. Mudry, D. I. Popovych, S. S. Savka, A. S. Serednytski and
Yu. I. Venhryn, Appl. Nanosci. 9, 775-780 (2019). doi: 10.1007/s13204-018-0697-9.

5. N. Bouchenak Khelladi and N. E. Chabane Sari, Advances in Materials Science 13,
21�29 (2013). doi: 10.2478/adms-2013-0003.

6. A. Samavati, Z. Samavati, A. F. Ismail, M. H. D. Othman, Mukhlis A. Rahman,
A. K. Zulhairun, and I. S. Amiri, RSC Adv. 7, 35858-35868 (2017). doi:
10.1039/C7RA04963C.

7. D. H. Zhang, T. L. Yang, J. Ma, Q. P. Wang, R. W. Gao, H. L. Ma, Appl. Surf.
Sci. 158, 43�48 (2000). doi: 10.1016/S0169-4332(99)00591-7.

8. E. P. da Silva, M. Chaves, G. J. da Silva, L. Baldo de Arruda, P. Lisboa-Filho,
S. Durrant and J. Bortoleto, Materials Sciences and Applications 4, 761�767 (2013).
doi: 10.4236/msa.2013.412096.



Êðèñòàëi÷íà ñòðóêòóðà òà îïòè÷íi âëàñòèâîñòi ...

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59 75

9. C. Manoharan, G. Pavithra, M. Bououdina, S. Dhanapandian and P. Dhamodharan,
Appl. Nanosci. 6, 815�825 (2016). doi: 10.1007/s13204-015-0493-8.

10. R. K. Jamal, M. A. Hameed, and K. A. Adem, Mater. Lett. 132, 31�33 (2014). doi:
10.1016/j.matlet.2014.06.047.

11. Z. N. Ng, K. Y. Chan, C. Y. Low, S. A. Kamaruddin, M. Z. Sahdan, Ceram. Int. 41,
254�258 (2015). doi: 10.1016/j.ceramint.2015.03.183.

12. S. Kuprenaite, T. Murauskas, A. Abrutis, V. Kubilius, Z. Saltyte, V. Plausinaitiene,
Surf. Coat. Technol. 271, 156�164 (2015). doi: 10.1016/j.surfcoat.2014.12.052.

13. V. B. Kapustianyk, B. I. Turko, V. P. Rudyk, B. Y. Kulyk and M. S. Rudko, J. Appl.
Spectrosc. 82, 153�156 (2015). doi: 10.1007/s10812-015-0079-y.

14. H. I. Berrezoug, A. E. Merad, M. Aillerie, A. Zerga, Mater. Res. Express 4, 035901
(2017). doi: 10.1088/2053-1591/aa6076.

15. H.-Ch. Wu, H.-H. Chen and Yu Zhu, Materials 9, 647 (2016). doi:
10.3390/ma9080647.

16. Q. Hou, D. Xi, W. Li, X. Jia, Z. Xu, Physica B: Condens. Matter. 537, 258 (2018).
doi: 10.1016/j.physb.2018.02.026.

17. Î. Áîâãèðà, Ì. Êîâàëåíêî, Ð. Áîâãèðà, Â. Äçiêîâñüêèé, Æóðíàë ôiçè÷íèõ äî-
ñëiäæåíü 23(4), 4301 (2019). doi: 10.30970/jps.23.4301.

18. R. Petrus, H. Ilchuk, A. Kashuba, I. Semkiv, E. Zmiiovska, F. Honchar, R. Lys,
J. Nano Electron. Phys. 11, 03020 (2019). doi: 10.21272/jnep.11(3).03020.

19. A. B. Danylov, H. A. Ilchuk, R. Yu. Petrus, V. G. Haiduchok, J. Nano Electron.
Phys. 10, 05011 (2018). doi: 10.21272/jnep.10(5).05011.

20. R. Y. Petrus, H. A. Ilchuk, A. I. Kashuba, I. V. Semkiv, E. O. Zmiiovska, Opt.
Spectrosc. 126, 220�225 (2019).doi: 10.1134/S0030400X19030160.

21. P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. B. Nardelli, M. Calandra,
R. Car, C. Cavazzoni, D. Ceresoli, and M. Cococcioni, J. Phys. Condens. Matter 29,
465901 (2017). doi: 10.1088/1361-648X/aa8f79.

22. D. Vanderbilt, Phys. Rev. B 41, 7892 (1990). doi: 10.1103/PhysRevB.41.7892.

23. X. Qu, S. Lu, D. Jia, S. Zhou, Q. Meng, Materials Science in Semiconductor Processi-
ng 16, 1057�1062 (2013). doi: 10.1016/j.mssp.2013.04.002.

24. M. Sheetz, I. Ponomareva E. Richter, A. N. Andriotis, M. Menon, Phys. Rev. B 80,
195314 (2009). doi: 10.1103/PhysRevB.80.195314.

25. H.-Ch. Wu, H.-H. Chen and Yu Zhu, Materials 9, 647 (2016). doi:
10.3390/ma9080647.

26. O. V. Bovgyra, M. V. Kovalenko, V. Ye. Dzikovskyi, A. P. Vaskiv, M. Ya. Sheremeta,
J. Nano-Electron. Phys. 12, 05003 (2020). doi: 10.21272/jnep.12(5).05003.

27. M. Kovalenko, O. Bovgyra, A. Franiv, V. Dzikovskyi, Materials Today: Proceedi-
ng. 35, 604�608 (2021). doi: 10.1016/j.matpr.2019.11.274.

28. A. Mang, K. Reimann, St. Rubenacke, Solid State Commun. 94, 251�254 (1995).
doi: 10.1016/0038-1098(95)00054-2.

29. P. Scherrer, Nachrichten von der Gesellschaft der Wissenschaften zu G�ottingen,
Mathematisch-Physikalische Klasse 1918, 98�100 (1918).



76

Â. Äçiêîâñüêèé, Î. Áîâãèðà, Ì. Êîâàëåíêî, À. Êàøóáà, I. Ñåìêiâ, Í. Ïîêëàäîê

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59

30. S. Prabahar, and M. Dhanam, J. Cryst. Growth. 285, 41�48 (2005). doi:
10.1016/j.jcrysgro.2005.08.008.

31. R. E. Treharne, A. Seymour-Pierce, K. Durose, K. Hutchings, S. Roncallo
and D. Lane, J. Phys: Conf. Ser. 286, 012038 (2011). doi: 10.1088/1742-
6596/286/1/012038.

32. T. Ganesh, S. Rajesh, F. P. Xavier, Mater. Sci. Semiconduct. Process. 16, 295�302
(2013). doi: 10.1016/j.mssp.2012.10.008.

33. M. Gab�as, A. Landa-C�anovas, J. L. Costa-Kr�amer, F. Agull�o-Rueda, A. R. Gonz�alez-
Elipe, P. D�iaz-Carrasco, J. Hern�andez-Moro, I. Lorite, P. Herrero, P. Castillero,
A. Barranco, and J. R. Ramos-Barrado, J. Appl. Phys. 113, 163709 (2013). doi:
10.1063/1.4803063.

34. M. Bouderbala, S. Hamzaoui, B. Amrani, A. H. Reshak, M. Adnane, T. Sahraoui,
M. Zerdali, Physica B. 403, 3326 (2008). doi: 10.1016/j.physb.2008.04.045.

35. T. Moss, Proc. Phys. Soc. B. 63(3), 167 (1950). doi: 10.1088/0370-1301/63/3/302.

36. N. M. Ravindra, S. Auluck, and V. K. Srivastava, Phys. Stat. Sol. (B) 93, K155
(1979). doi: 10.1002/pssb.2220930257.

37. P. J. L. Herve, and L. K. J. Vandamme, Infrared Phys. 35, 609 (1994). doi:
10.1016/1350-4495(94)90026-4.

38. P. J. L. Herve, and L. K. J. Vandamme, J. Appl. Phys. 77, 5476 (1995). doi:
10.1063/1.359248.

39. S. K. Tripathy, Optical materials 46, 240�246 (2015). doi:
10.1016/j.optmat.2015.04.026.

40. E. Burstein, Phys. Rev. 93, 632 (1954). doi: 10.1103/PhysRev.93.632.

41. T. S. Moss, Proc. Phys. Soc. Lond. B 67, 77 (1954). doi: 10.1088/0370-
1301/67/10/306.

Ñòàòòÿ íàäiéøëà äî ðåäêîëåãi¨: 25.10.2022
Ïðèéíÿòà äî äðóêó: 23.11.2022



Êðèñòàëi÷íà ñòðóêòóðà òà îïòè÷íi âëàñòèâîñòi ...

ISSN 1024-588X. Âiñíèê Ëüâiâñüêîãî óíiâåðñèòåòó. Ñåðiÿ ôiçè÷íà. 2022. Âèï. 59 77

Crystal structure and optical properties of

Al-doped ZnO thin �lms: �rst-principle modelling

and experiment
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Al-doped ZnO (ZnO: Al) thin �lms were prepared using high-frequency
magnetron sputtering. The phase analysis and crystal structure re�nement are
carried out using X-ray di�raction data. The �lm thickness was obtained by
analyzing ZnO: Al �lms' optical interference transmission spectra. The average
grain size of the �lms was established using the Scherrer formula. The strain
and the dislocation density are also calculated. The optical transmittance of the
received sample in the visible and near-infrared regions is investigated at room
temperature. The integral optical transmittance and the bandgap value of Al-
doped ZnO �lms are determined. The obtained value of the optical bandgap
is 3.26 eV. Based on our experimental results, the refractive index and the
high-frequency dielectric constant were evaluated using di�erent relations, parti-
cularly Tripathy, Moss, Ravindra, and Herve-Vandamme. Comparing our results
with other experimental data, we can conclude that the Herve-Vandamme relati-
on most accurately allows us to establish the value of the refractive index. In
addition, the structural, electronic, and optical properties of zinc oxide thin
�lms with Al-doping have been investigated with density functional theory
(DFT) calculations with Hubbard U corrections. We found that the position
of the Fermi level of the Al-doped sample was shifted to a higher energy level
compared with the undoped material. The calculated results show that the opti-
cal bandgap of ZnO: Al is in good agreement with the experimental one. Also
should be noted, that around the Fermi level of Al-doped ZnO emerged the
shallow donor states from mainly 3s-Al states. Transmission spectra for ZnO
doped with Al atoms in the visible and ultraviolet regions were calculated. The
results of the calculations showed that in the visible region of the spectrum,
the optical transmittance is 85 %, while in the ultraviolet region � 77 %, whi-
ch correlates well with experimental data. In general, all our theoretical results
explain well the trend of changes in the corresponding experimental results.

Key words: doped ZnO, bandgap, optical transmittance, density functional
theory.


