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Ìåòîäàìè àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿ òà êîìï’þòåðíîãî ìîäåëþâàííÿ äîñë³-
äæåíî îêðåì³ ïðîñò³ êðèñòàë³÷í³ ôîðìè ó ïàðîôàçíèõ êîíäåíñàòàõ PbTe:Sb íà
ï³äêëàäêàõ ³ç ñèòàëó. Óïåðøå âñòàíîâëåíî, ùî íà ïîâåðõí³ ñèòàëó ôîðìóþòüñÿ
îêðåì³ íàíîêðèñòàëè ç êîìá³íàö³é ãðàíåé {100} òà {110} ñòðóêòóðè NaCl. Âèçíà-
÷åíî êóòè ì³æ íîðìàëÿìè äî ãðàíåé íàíîêðèñòàë³â ³ âèÿâëåíî íàÿâí³ êîìá³íàö³¿
ïëîùèí. Âèÿâëåí³ îñîáëèâîñò³ êðèñòàë³÷íèõ ôîðì íàíîêðèñòàë³â PbTe:Sb çóìîâ-
ëåíî åëåêòðè÷íî íåéòðàëüíèì ñòàíîì êðèñòàëîãðàô³÷íèõ ïëîùèí ³ ïðèðîäîþ ïî-
âåðõí³ ï³äêëàäîê ³ç ñèòàëó.

Âñòóï

Ïëþìáóì òåëóðèä PbTe – ïåðñïåêòèâíèé íàï³âïðîâ³äíèêîâèé
ìàòåð³àë äëÿ ïðèñòðî¿â ÿê îïòîåëåêòðîí³êè ³íôðà÷åðâîíî¿ îáëàñò³
ñïåêòðà, òàê ³ òåðìîåëåêòðèêè ñåðåäíüîãî ä³àïàçîíó òåìïåðàòóð
500–850 Ê [4, 6]. Ëåãóâàííÿ PbTe ãåòåðîâàëåíòíèìè äîì³øêàìè
åëåìåíò³â ï’ÿòî¿ ãðóïè (Sb, Bi) Ïåð³îäè÷íî¿ ñèñòåìè çóìîâëþº
ìîäèô³êàö³þ åëåêòðîííî¿ òà ôîíîííî¿ ï³äñèñòåì êðèñòàëà [1].
Òîíê³ ïë³âêè é íàíîðîçì³ðí³ êîíäåíñàòè çíà÷íîþ ì³ðîþ ðîçøè-
ðþþòü ìåæ³ âèêîðèñòàííÿ Ïëþìáóì òåëóðèäó â íîâèõ ãàëóçÿõ
ì³êðî- òà íàíîåëåêòðîí³êè [5, 8]. Ðîáî÷³ õàðàêòåðèñòèêè ïðèëàäî-
âèõ ñòðóêòóð íà îñíîâ³ ¿õ âèçíà÷àþòüñÿ ìîðôîëîã³÷íèìè îñîáëè-
âîñòÿìè é òîïîëîã³ºþ êîíäåíñàò³â [5, 8, 17]. Îêð³ì òîãî, ³íòåðâàëó
íàíîòîâùèí âëàñòèâ³ êâàíòîâî-ðîçì³ðí³ åôåêòè, ÿê³ çóìîâëåíî
çì³íîþ åíåðãåòè÷íî¿ ñòðóêòóðè êîíäåíñàò³â [12, 13]. Ùî ñòîñóºòüñÿ
ïàðîôàçíèõ ñòðóêòóð PbTe, îòðèìàíèõ ìåòîäàìè ìîëåêóëÿðíî-
ïðîìåíåâî¿ åï³òàêñ³¿ [15–17], “ãàðÿ÷î¿ ñò³íêè” [3], ãàçîäèíàì³÷íî-
ãî ïîòîêó ïàðè [9] ÷è â³äêðèòîãî âèïàðîâóâàííÿ ó âàêóóì³ [2, 7,
10, 11, 14], òî îñíîâíó óâàãó äîñë³äíèêè çâåðòàëè íà ïðîöåñè çà-
ðîäæåííÿ òà ìåõàí³çìè ðîñòó, à òàêîæ íà êîìïëåêñ åëåêòðè÷íèõ
âëàñòèâîñòåé.

Ó ïðîïîíîâàí³é ðîáîò³ ïðåäñòàâëåíî àíàë³ç ïðîñòèõ êðèñ-
òàë³÷íèõ ôîðì îêðåìèõ íàíîêðèñòàë³â ó ïàðîôàçíèõ êîíäåíñà-
òàõ PbTe:Sb, îñàäæåíèõ ó â³äêðèòîìó âàêóóì³ íà ï³äêëàäêàõ ³ç
ñèòàëó.
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Åêñïåðèìåíòàëüíà ÷àñòèíà

Ïàðîôàçí³ íàíîñòðóêòóðè íà ï³äêëàäêàõ ³ç
ñèòàëó îäåðæóâàëè ç ïàðîâî¿ ôàçè ìåòîäîì
â³äêðèòîãî âèïàðîâóâàííÿ ó âàêóóì³ çàçäà-
ëåã³äü ñèíòåçîâàíî¿ ñïîëóêè PbTe:Sb ç³ âì³ñòîì
0,25 àò.% Sb. Òåìïåðàòóðà âèïàðíèêà ñòàíîâè-
ëà Òâ = 970 Ê, à òåìïåðàòóðó êîíäåíñàö³¿ çì³íþ-
âàëè â ìåæàõ Òï = 420–520 Ê. Òîâùèíó êîíäåí-
ñàòó çàäàâàëè ÷àñîì îñàäæåííÿ ïàðè τ â³ä 15 äî
240 ñ òà âèì³ðþâàëè çà äîïîìîãîþ ì³êðî³íòåð-
ôåðîìåòðà ÌÈÈ-4. Ôàçîâèé ñêëàä ³ òèï êðèñ-
òàë³÷íî¿ ñòðóêòóðè îäåðæàíîãî êîíäåíñàòó âè-
çíà÷àëè ðåíòãåíîãðàô³÷íî íà óñòàíîâö³ ÄÐÎÍ-3
ìåòîäîì ïîðîøê³â ó ãåîìåòð³¿ Áðåããà–Áðåíòà-
íî â ä³àïàçîí³ êóò³â ñêàíóâàííÿ 20° ≤ 2θ ≤ 110°.
Ðåçóëüòàòè ðåíòãåíîôàçîâîãî àíàë³çó îáðîáëÿ-
ëè, âèêîðèñòîâóþ÷è ïîâíîïðîô³ëüíèé ìåòîä
Ð³òâåëäà ³ç çàñòîñóâàííÿì ïðîãðàìíîãî ïàêåòà
FulProf. Òåõíîëîã³÷í³ óìîâè âèðîùóâàííÿ ïàðî-
ôàçíèõ ñòðóêòóð PbTe:Sb íàâåäåíî â òàáë. 1.

Ìîðôîëîã³÷í³ îñîáëèâîñò³ íàíîñòðóêòóð ó
êîíäåíñàòàõ äîñë³äæóâàëè ìåòîäàìè àòîìíî-
ñèëîâî¿ ì³êðîñêîï³¿ (ÀÑÌ) çà äîïîìîãîþ
ì³êðîñêîïà “Nanoscope 3a Dimension 3000” (âè-
ðîáíèöòâî ô³ðìè “Digital Instruments”, ÑØÀ) â
²íñòèòóò³ ô³çèêè íàï³âïðîâ³äíèê³â ³ì. Â.ª. Ëàø-
êàðüîâà ÍÀÍ Óêðà¿íè (ì. Êè¿â). Âèì³ðþâàííÿ
âèêîíóâàëè ïî öåíòðó çðàçê³â, âèêîðèñòîâóþ÷è
ñåð³éí³ êðåìí³ºâ³ çîíäè NSG-11 ³ç íîì³íàëüíèì
ðàä³óñîì çàîêðóãëåííÿ â³ñòðÿ äî 10 íì (NT0MDT,
Ðîñ³ÿ). Ðåëüºô êâàäðàòíîãî ïîëÿ êîíäåíñàòó
ðîçì³ðîì 1 ìêì2 ïðåäñòàâëåíî ìàñèâîì 5122 òî-
÷îê. Çà ðåçóëüòàòàìè ÀÑÌ-äîñë³äæåíü, îêð³ì
ìîðôîëîã³¿ ïîâåðõí³ êîíäåíñàòó (ðèñ. 1), ó ïðî-
ãðàì³ Gwyddion âèçíà÷åíî øîðñòê³ñòü ³ ðîçì³-
ðè íàíîêðèñòàë³â (òàáë. 1, ðèñ. 2). Ñåðåä ³íøèõ
õàðàêòåðèñòèê çíàõîäèëè ïîëÿðí³ (ρ) é àçèìó-
òàëüí³ (ϕ) êóòè äëÿ ãðàíåé îêðåìèõ íàíîêðèñ-
òàë³â (ðèñ. 3), çà ÿêèìè ðîçðàõîâóâàëè êóòè ì³æ
íîðìàëÿìè äî ïëîùèí öèõ ãðàíåé, à òàêîæ äëÿ
âñ³õ òî÷îê ïîâåðõí³ (ðèñ. 4 é 5). Îêð³ì òîãî, çà

Òàáëèöÿ 1. Òåõíîëîã³÷í³ ôàêòîðè òà ïàðàìåòðè îñàäæåíèõ íà ï³äêëàäêàõ ³ç ñèòàëó ïàðîôàçíèõ êîíäåíñàò³â PbTe:Sb.
Òåìïåðàòóðà âèïàðîâóâàííÿ Òâ = 970 Ê
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Ðèñ. 2. Êðèâ³ çàëåæíîñò³ ñåðåäí³õ íîðìàëüíèõ hc,
ëàòåðàëüíèõ Dc ðîçì³ð³â ³ øîðñòêîñò³ Ra â³ä ÷àñó
îñàäæåííÿ äëÿ êîíäåíñàò³â PbTe:Sb/ñèòàë. Òåìïå-
ðàòóðà âèïàðîâóâàííÿ Òâ = 970 Ê, òåìïåðàòóðà
ï³äêëàäêè Òï = 470 Ê

Ðèñ. 3. Ïîëÿðíèé (ρ) òà àçèìóòàëüíèé (ϕ) êóòè ãðàíåé
ï³ðàì³äè

Ðèñ. 1. ÀÑÌ-çîáðàæåííÿ ïîâåðõí³ ïàðîôàçíèõ íàíîñòðóêòóð PbTe:Sb/ñèòàë çà ð³çíèõ çíà÷åíü òåìïåðàòóðè
Òï é ÷àñó îñàäæåííÿ τ. Òåìïåðàòóðà âèïàðîâóâàííÿ Òâ = 970 Ê
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ðåçóëüòàòàìè ÀÑÌ-çîáðàæåíü îêðåìèõ íàíî-
êðèñòàë³â (ðèñ. 6 ³ 7, çîáðàæåííÿ ë³âîðó÷) òà ðîç-
ðàõóíê³â â³äïîâ³äíèõ êóò³â ìåòîäàìè êîìï’þ-
òåðíîãî ìîäåëþâàííÿ çà äîïîìîãîþ îðèã³íàëü-
íî¿ ïðîãðàìè Phoenix, íàïèñàíî¿ ó Visual Basic,
óïåðøå ðåñòàâðîâàíî ¿õí³ ³äåàëüí³ â³äîáðàæåí-
íÿ (ðèñ. 6 ³ 7, çîáðàæåííÿ ïðàâîðó÷).

Ðåçóëüòàòè äîñë³äæåííÿ òà îáãîâîðåííÿ ¿õ

Ç³ øêàëè âèñîò ðåëüºôó ïîâåðõí³ (ðèñ. 1) çðî-
çóì³ëî, ùî ïðè çá³ëüøåíí³ ÷àñó îñàäæåííÿ τ
óäâ³÷³ çà ô³êñîâàíî¿ òåìïåðàòóðè ï³äêëàäêè ìàê-
ñèìàëüíà âèñîòà íàíîêðèñòàë³â çá³ëüøóºòüñÿ
òàêîæ óäâ³÷³. Àíàëîã³÷íèé âèñíîâîê ìîæíà çðî-
áèòè é äëÿ ëàòåðàëüíèõ ðîçì³ð³â íàíîîá’ºêò³â.
Çîêðåìà ïðè ÷àñ³ îñàäæåííÿ äî 50 ñ ñïîñòåð³-
ãàºìî ïîñò³éíå çðîñòàííÿ ñåðåäí³õ çíà÷åíü øîð-
ñòêîñò³, à òàêîæ íîðìàëüíèõ ³ ëàòåðàëüíèõ
ðîçì³ð³â (òàáë. 1, ðèñ. 2). Ïðè ïîäàëüøîìó
çá³ëüøåíí³ òðèâàëîñò³ íàïèëåííÿ çíà÷åííÿ hc
ïðàêòè÷íî íå çì³íþºòüñÿ, à øîðñòê³ñòü Ra òà
ñåðåäí³ ëàòåðàëüí³ ðîçì³ðè Dc ïîñòóïîâî çðîñ-
òàþòü. Ï³äâèùåííÿ òåìïåðàòóðè ï³äêëàäêè Òï
ïðè τ = 120 ñ ïðèçâîäèòü ñïî÷àòêó äî çìåíøåí-
íÿ ðîçì³ð³â îêðåìèõ íàíîêðèñòàë³â (ïðè ïåðå-
õîä³ â³ä 420 Ê äî 470 Ê), à ïîò³ì äî çðîñòàííÿ ¿õ
(ïðè ïåðåõîä³ â³ä 470 Ê äî 520 Ê) (òàáë. 1, ðèñ. 1).
Òðèâàë³øå ôîðìóâàííÿ êîíäåíñàò³â (τ = 240 ñ)
çóìîâëþº ïîÿâó îêðåìèõ âåëèêèõ íàíîêðèñòàë³â
ç àíàëîã³÷íîþ äî ïîïåðåäíüî¿ çàëåæí³ñòþ
õàðàêòåðíèõ ðîçì³ð³â â³ä òåìïåðàòóðè ï³äêëàä-
êè (òàáë. 1, ðèñ. 1).

Íà îñíîâ³ äàíèõ ùîäî êðèâèõ ðîçïîä³ëó ïî-
ëÿðíèõ êóò³â ρ ïîâåðõîíü íàíîêðèñòàë³â (ðèñ. 4)
ñêëàäåíî òàáë. 2. Ç àíàë³çó òàáëèö³ âèïëèâàº, ùî
ïðè Òï = 420 Ê ç³ çá³ëüøåííÿì ÷àñó îñàäæåííÿ τ
ìàêñèìóìè ðîçïîä³ëó ñ çì³ùóþòüñÿ â á³ê
á³ëüøèõ êóò³â, çáåð³ãàþ÷è â ìåæàõ ïîõèáêè õà-
ðàêòåðíå ïîëîæåííÿ, à ñàìå ρ = 63,5±0,5°. Äëÿ
Òï = 470 Ê ìàêñèìóì ðîçïîä³ëó ïðè çá³ëüøåíí³
÷àñó îñàäæåííÿ, íàâïàêè, çì³ùóºòüñÿ â îáëàñòü
ìåíøèõ çíà÷åíü êóò³â (òàáë. 2, ðèñ. 4á). Äëÿ
Òï = 520 Ê êóò, ÿêèé â³äïîâ³äàº ìàêñèìóìîâ³ ðîç-
ïîä³ëó, çì³ùóºòüñÿ â îáëàñòü á³ëüøèõ çíà÷åíü
ïðè çá³ëüøåíí³ òðèâàëîñò³ íàïèëåííÿ (òàáë. 2,
ðèñ. 4â). Òàê³ çì³íè çóìîâëåíî îñîáëèâîñòÿìè

Ðèñ. 4. Ðîçïîä³ë ëîêàëüíèõ çíà÷åíü ïîëÿðíèõ êóò³â ρ
ïîâåðõîíü íàíîêðèñòàë³â ó ïàðîôàçíèõ ñòðóêòóðàõ
PbTe:Sb/ñèòàë çà ð³çíî¿ òåìïåðàòóðè îñàäæåííÿ Òï:
420 Ê (à), 470 Ê (á), 520 Ê (â) äëÿ ÷àñó îñàäæåííÿ τ
120 ñ (êðèâà 1), 240 ñ (êðèâà 2). Òåìïåðàòóðà âèïà-
ðîâóâàííÿ Òâ = 970 Ê
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çàðîäæåííÿ òà ðîñòó îêðåìèõ íàíîêðèñòàë³â çà
ìåõàí³çìîì Ôîëüìåðà–Âåáåðà.

Äëÿ àíàë³çó àçèìóòàëüíîãî êóòà ϕ âèêîðèñ-
òàíî êðóãîâ³ ä³àãðàìè (ðèñ. 5). Âèäíî, ùî çà òåì-
ïåðàòóðè ï³äêëàäêè Òï = 420 Ê õàðàêòåðíèì
º êóò ϕ = 90°, à ïðè Òï = 470 Ê é Òï = 520 Ê –
êóò 120° (ðèñ. 5). Òàêèì ÷èíîì, ó ïåðøîìó ðàç³
ïðè Òï = 420 Ê ôîðìóþòüñÿ íàíîêðèñòàëè ç òåò-
ðàãîíàëüíîþ ñèìåòð³ºþ â ïåðåð³ç³, ïàðàëåëüíî-

ìó äî ï³äêëàäêè, à äëÿ Òï = 470 Ê é 520 Ê – ³ç
òðèãîíàëüíîþ, ùî ìîæëèâî äëÿ îá’ºêò³â êóá³÷-
íî¿ ñèíãîí³¿. Òàê, äëÿ òåòðàãîíàëüíî¿ ï³ðàì³äè ç
ρ = 46±1° òà ϕ = 90°, à òðèãîíàëüíî¿ – ç ρ = 34±1°
òà ϕ = 120° ïîëÿðíèìè îñÿìè º [001] ³ [111]
â³äïîâ³äíî. Çàçíà÷åí³ êóòè â³äïîâ³äàþòü ãðàíÿì
ðîìá³÷íîãî äîäåêàåäðà {110} êëàñó m3m.

Äëÿ äåòàëüíîãî àíàë³çó ïðîñòèõ êðèñòàëî-
ãðàô³÷íèõ ôîðì ó ñòðóêòóð³ PbTe:Sb/ñèòàë

Òàáëèöÿ 2. Çíà÷åíü ìàêñèìóìó ðîçïîä³ëó ïîëÿðíèõ êóò³â ρ ïîâåðõîíü íàíîêðèñòàë³â ó ïàðîôàçíèõ ñòðóêòóðàõ
PbTe:Sb/ñèòàë çà ð³çíî¿ òåìïåðàòóðè Òï òà ÷àñó τ îñàäæåííÿ. Òåìïåðàòóðà âèïàðîâóâàííÿ Òâ = 970 Ê

Ðèñ. 5. Êðóãîâ³ ä³àãðàìè ðîçïîä³ëó ëîêàëüíèõ çíà÷åíü àçèìóòàëüíèõ êóò³â ϕ ïîâåðõîíü íàíîêðèñòàë³ò³â ó
ïàðîôàçíèõ ñòðóêòóðàõ PbTe:Sb/ñèòàë çà ð³çíèõ çíà÷åíü òåìïåðàòóðè Òï é ÷àñó îñàäæåííÿ τ. Òåìïåðàòóðà
âèïàðîâóâàííÿ Òâ = 970 Ê. Öèôðè íà ä³àãðàì³ â³äïîâ³äàþòü ê³ëüêîñò³ ïëîùèí, îð³ºíòîâàíèõ ï³ä çàäàíèì
êóòîì ϕ

240

120

420                                                   470                                                       520                   Òï, Ê

τ, ñ
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âèáðàíî îêðåì³ íàíîêðèñòàëè, ñôîðìîâàí³ íà
ï³çí³õ ñòàä³ÿõ îñàäæåííÿ ç ÷³òêîþ îãðàíêîþ –
¹ 24 òà ¹ 25 ïðè τ = 120 ñ ³ ¹ 22 òà ¹ 23 ïðè
τ = 240 ñ (òàáë. 1, ðèñ. 6 ³ 7). Çîêðåìà ï³ðàì³äó,
îòðèìàíó çà óìîâè âèðîùóâàííÿ çðàçêà ¹ 24
(òàáë. 1, ðèñ. 6à), ñôîðìîâàíî òðüîìà ãðàíÿìè
(100), (010), (001) ñèñòåìè ïëîùèí {100} êóáà,

êóòè ì³æ íîðìàëÿìè äî ãðàíåé ö³º¿ òðèãðàííî¿
ï³ðàì³äè ñòàíîâëÿòü 81±8°, 93±8° ³ 82±7°. Ï³ðà-
ì³äó íà ïîâåðõí³ çðàçêà ¹ 25 (òàáë. 1, ðèñ. 6á)
ñôîðìîâàíî òðüîìà ãðàíÿìè (110), (101), (011)
ñèñòåìè ïëîùèí {110} ðîìá³÷íîãî äîäåêàåäðà,
à â³äïîâ³äí³ êóòè äëÿ ö³º¿ òðèãðàííî¿ ï³ðàì³äè
ñòàíîâëÿòü 89±15°, 109±13° ³ 110±17°. Àíàëîã³÷-

Ðèñ. 6. Åêñïåðèìåíòàëüí³ (çîáðàæåííÿ ë³âîðó÷) ³
ðåñòàâðîâàí³ (çîáðàæåííÿ ïðàâîðó÷) òðèãðàíí³
ï³ðàì³äè ñòðóêòóðè PbTe:Sb/ñèòàë, ÿê³ â³äïîâ³äàþòü
êîìá³íàö³ÿì ãðàíåé {100} êóáà (à) (çðàçîê ¹ 24, òàáë. 1)
òà {110} ðîìá³÷íîãî äîäåêàåäðà (á, â) (çðàçêè ¹ 25
³ ¹ 22, òàáë. 1)

Ðèñ. 7. Åêñïåðèìåíòàëüí³ (çîáðàæåííÿ ë³âîðó÷) ³
ðåñòàâðîâàí³ (çîáðàæåííÿ ïðàâîðó÷) ÷îòèðèãðàíí³
ï³ðàì³äè ñòðóêòóðè PbTe:Sb/ñèòàë, ÿê³ â³äïîâ³äàþòü
îäí³é êîìá³íàö³¿ ïëîùèí ïðîñòèõ ôîðì êóáà {100}
(à) òà ðîìá³÷íîãî äîäåêàåäðà {110} – (01–0), (1–00) é
(101), (011) – ³ ð³çíÿòüñÿ ïðîñòîðîâîþ îð³ºíòàö³ºþ
(çðàçîê ¹ 23, òàáë. 1)

à à

á

â

á

â
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íó ïðîñòó ôîðìó ìàº òðèãðàííà ï³ðàì³äà çðàçêà
¹ 22 – (101), (011), (01–1) (òàáë. 1, ðèñ. 6â). Îêð³ì
òîãî, â êîíäåíñàòàõ PbTe:Sb/ñèòàë (òàáë. 1, çðà-
çîê ¹ 23) ôîðìóþòüñÿ íàíîêðèñòàëè îäí³ºþ
êîìá³íàö³ºþ ïðîñòèõ ôîðì êóáà òà ðîìá³÷íîãî
äîäåêàåäðà – (01–0), (1–00) ³ (101), (011) (ðèñ. 7).

Ðåàë³çàö³þ âèçíà÷åíèõ ïðîñòèõ êðèñòàë³÷íèõ
ôîðì ó ïàðîôàçíèõ ñòðóêòóðàõ PbTe:Sb/ñèòàë
çóìîâëåíî âëàñòèâîñòÿìè ìàòåð³àëó êîíäåíñà-
òó é ï³äêëàäêè. Òàê, êðèñòàëè PbTe íàëåæàòü äî
ðå÷îâèí ³ç ïåðåâàæíèì ³îí-³îííèì çâ’ÿçêîì ç³
ñòðóêòóðîþ òèïó NaCl, à åëåêòðè÷íî íåéòðàëü-
íèìè øàðàìè ç íàéá³ëüøîþ ðåòèêóëÿðíîþ ãóñ-
òèíîþ º àòîìí³ ïëîùèíè ñèñòåì {100} é {110}.
Ñàìå ø³ñòü ïëîùèí ñèñòåìè {100} òà äâàíàä-
öÿòü ñèñòåìè {110} çà ïåâíèõ óìîâ óòâîðþþòü
íàíîîá’ºêòè íà ïîâåðõí³ êîíäåíñàòó. Êóòè ì³æ
íîðìàëÿìè äî ãðàíåé öèõ ïðîñòèõ êðèñòàë³÷-
íèõ ôîðì ìîæóòü íàáóâàòè âåëè÷èí 45°, 60°,
90°, 120° òà 135°. Øëÿõîì ïîâíîãî ïåðåáîðó
ìîæëèâèõ êîìá³íàö³é òðüîõ ïëîùèí ìè âïåð-
øå âñòàíîâèëè, ùî ç³ çãàäàíèõ äâîõ ñèñòåì óò-
âîðþþòüñÿ 15 ð³çíèõ ìîæëèâèõ òðèãðàííèõ
ï³ðàì³ä, ÿêùî ââàæàòè îäíàêîâèìè åíàíò³î-
ìîðôí³ ï³ðàì³äè. Ó íàøîìó âèïàäêó ðåàë³çóþòü-
ñÿ äâ³ òðèãðàíí³ òà ï’ÿòü ÷îòèðèãðàííèõ ï³ðàì³ä.
Óñòàíîâëåíî, ùî ðîçì³ðè áàãàòîãðàííèê³â ç³
çá³ëüøåííÿì ÷àñó îñàäæåííÿ çðîñòàþòü, à ¿õíÿ
ôîðìà çì³íþºòüñÿ, îêðåì³ íàíîîá’ºêòè ïîãëè-
íàþòüñÿ ³íøèìè. Äëÿ ìàëîãî ÷àñó îñàäæåííÿ
ñòðóêòóðè ìàëè ïîëîã³ ôîðìè, à äëÿ á³ëüøîãî –
ñòð³ìê³ø³. Òàêîæ âèÿâëåíî, ùî çà óìîâ îñàäæåí-
íÿ τ = 120 ñ òà á³ëüøå (òàáë. 1, çðàçêè ¹¹ 14–
17, ¹¹ 22–25) ôîðìóþòüñÿ êðèñòàë³÷í³ áàãà-
òîãðàííèêè ç ð³çíèõ êîìá³íàö³é ïðîñòèõ ôîðì
³ç äîâ³ëüíîþ îð³ºíòàö³ºþ ¿õ ó ïðîñòîð³ (ðèñ. 6
³ 7). Òàêå ðîçìà¿òòÿ ïðîñòèõ ôîðì ìîæíà ïîÿñ-
íèòè ñòàíîì ï³äêëàäîê ³ç ñèòàëó, ÿê³ õàðàêòåðè-
çóþòüñÿ òîíêîçåðíèñòîþ ïîë³êðèñòàë³÷íîþ
ñòðóêòóðîþ. Ñèòàë (Li2O-Al2O3-SiO2) ì³ñòèòü
âåëèêó ê³ëüê³ñòü äð³áíèõ (<1 ìêì) çåðåí, çâ’ÿ-
çàíèõ ì³æ ñîáîþ àìîðôíèì ì³æêðèñòàë³÷íèì
ïðîøàðêîì. Ó ¿õí³é ñòðóêòóð³ â³äñóòí³ ïîðè,
ïîðîæíèíè òà ³íø³ îá’ºìí³ äåôåêòè. Âîíè õà-
ðàêòåðèçóþòüñÿ âèñîêîþ òåðìîñò³éê³ñòþ, ùî
çóìîâëåíî òåìïåðàòóðíèì êîåô³ö³ºíòîì ë³í³é-
íîãî ðîçøèðåííÿ ïîðÿäêó α = (5–10)·10–7 1/Ê,

à òàêîæ äîñèòü âèñîêîþ òåïëîïðîâ³äí³ñòþ – 2,1–
5,5 Âò/(ì·Ê). Çàóâàæìî, ùî âñòàíîâëåíî 12 ïîë³-
ìîðôíèõ ìîäèô³êàö³é êðèñòàë³÷íîãî SiO2, ç íèõ
îñíîâí³ – β-êâàðö (òðèãîíàëüíà ñèíãîí³ÿ, êëàñ
32), β-êâàðö (ãåêñàãîíàëüíà ñèíãîí³ÿ, êëàñ 622),
β2-òðèäèí³ò, β-êðèñòîáàë³ò. Åï³òàêñ³éí³ ïàðî-
ôàçí³ ñòðóêòóðè PbTe:Sb íà ïîâåðõí³ ñèòàëó
íàñë³äóþòü äî ïåâíî¿ ì³ðè îð³ºíòàö³þ ãðàíåé
ñèñòåì {000} – ãåêñàãîíàëüíî¿ ïðèçìè, {101} –
ðîìáîåäðà, {0001} – ìîíîåäðà îêðåìèõ êðèñ-
òàë³ò³â ï³äêëàäêè.

Âèñíîâêè

1. Ìåòîäàìè àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿ òà
êîìï’þòåðíîãî ìîäåëþâàííÿ äîñë³äæåíî êðèñ-
òàëîãðàô³÷í³ õàðàêòåðèñòèêè ïîâåðõí³ êîíäåí-
ñàò³â PbTe:Sb, âèðîùåíèõ íà ñèòàë³ øëÿõîì
â³äêðèòîãî âèïàðîâóâàííÿ ó âàêóóì³ ïðè ð³çíî-
ìó ÷àñ³ îñàäæåííÿ (τ = 15–240 ñ) ³ ð³çí³é òåìïå-
ðàòóð³ îñàäæåííÿ Òï = 420–520 Ê (òåìïåðàòóðà
âèïàðîâóâàííÿ Òâ = 970 Ê).

2. Äëÿ îêðåìèõ íàíîêðèñòàë³â PbTe:Sb/ñè-
òàë ³ç ÷³òêîþ îãðàíêîþ âïåðøå âèçíà÷åíî ïî-
ëÿðí³ é àçèìóòàëüí³ êóòè êîæíî¿ ãðàí³, íà îñ-
íîâ³ ÿêèõ çíàéäåíî êóòè ì³æ íîðìàëÿìè äî
ãðàíåé ³ ç³ñòàâëåíî îäåðæàí³ íàáîðè ç òåîðå-
òè÷íî ìîæëèâèìè.

3. Óïåðøå âñòàíîâëåíî, ùî îêðåì³ íàíîêðèñ-
òàëè ïàðîôàçíèõ êîíäåíñàò³â PbTe:Sb/ñèòàë
ñôîðìîâàíî ïëîùèíàìè ñèñòåì {100} êóáà é
{110} ðîìá³÷íîãî äîäåêàåäðà, ÿê³ º åëåêòðè÷íî
íåéòðàëüíèìè òà ìàþòü íàéá³ëüøó ðåòèêóëÿð-
íó ãóñòèíó àòîì³â.

4. Ìåòîäàìè êîìï’þòåðíîãî ìîäåëþâàííÿ çà
äîïîìîãîþ ïðîãðàìè Phoenix, íàïèñàíî¿ ó
Visual Basic, ðåñòàâðîâàíî âèÿâëåí³ ó êîíäåí-
ñàòàõ PbTe:Sb/ñèòàë êðèñòàë³÷í³ ôîðìè, ÿê³
â³äïîâ³äàþòü ð³çíèì êîìá³íàö³ÿì ïëîùèí ñòðóê-
òóðè NaCl.

Ìåòîäàìè àòîìíî-ñèëîâîé ìèêðîñêîïèè è êîìïüþòåðíî-
ãî ìîäåëèðîâàíèÿ èññëåäîâàíû îòäåëüíûå ïðîñòûå êðèñ-
òàëëè÷åñêèå ôîðìû â ïàðîôàçíûõ êîíäåíñàòàõ PbTe:Sb íà
ïîäëîæêàõ èç ñèòàëëà. Âïåðâûå óñòàíîâëåíî, ÷òî íà ïî-
âåðõíîñòè ñèòàëëà ôîðìèðóþòñÿ îòäåëüíûå íàíîêðèñòàë-
ëû èç êîìáèíàöèé ãðàíåé {100} è {110} ñòðóêòóðû NaCl.
Îïðåäåëåíû óãëû ìåæäó íîðìàëÿìè ê ãðàíÿì íàíîêðèñ-

ÒÎÍÊÈÅ ÏËÅÍÊÈ È ÄÐÓÃÈÅ ÄÂÓÌÅÐÍÛÅ ÎÁÚÅÊÒÛ



27

М
АТ
ЕР
И
АЛ

О
ВЕ
Д
ЕН
И
Е

Íàíîñòðóêòóðíîå ìàòåðèàëîâåäåíèå, 2013, ¹ 3-4

SIMPLE CRYSTALLOGRAPHIC FORMS IN VAPOR-PHASE
NANOSTRUCTURE PbTe:Sb ON GLASS CERAMICS

Ya.P. Saliy, D.M. Freik, I.S. Bylina, I.M. Freik

SUMMARY

Lead telluride (PbTe) is an advanced semiconductive material
in manufacturing optoelectronics devices related to infrared
spectrum area, as well as in termoelectronics of medium
frequency temperature 500–850 K. Alloying PbTe with group 5
impurity heterovalent (Sb, Bi) of Periodical Table are cause
modification of electronic and phononic crystal system. Vapor-
phase nanostructures on glass ceramics lining have been
received from vapor-phase procedure due to open evaporation
in vacuum environment ahead of obtaining synthesized
compound PbTe:Sb that contains 0.25 at% in different time
τ = 15–240 s and temperatures Òs = 420–520 Ê deposition,
according to evaporation temperature Òv = 970 Ê.
With the help of applied Gwyddion Program the AFM
investigation are showed that it is possible to define hardness
and size of nanocrystals but not only morphology of condensate
surface. We defined polar and azimuth angles of either sides
of certain PbTe:Sb glass ceramics nanocrystals with clear sides,

that helped to find angles between normals towards sides, and
finally compare received data with theoretically possible ones.
At hasbun shown that the increase of settling time τ twice
applying constant temperature of the substrate, maximum
height of nanocrystals would coust the increases twice as well.
We defined that certain PbTe:Sb glass ceramics nanocrystals
of vapor-phase condensates have been formed by cube system
area {100} as well as orthorhombic dodecahetron area {110},
which are electrically neutral and possess the largest reticular
atom density.
Having applied computer modeling approaches we have
managed to restore in PbTe:Sb glass ceramics condensate the
crystal forms that are correspond to different combinations of
NaCl area structure.

Key words: nanostructures, crystal forms, vapor-phase methods,
lead telluride

òàëëîâ è âûÿâëåíû èìåþùèåñÿ êîìáèíàöèè ïëîñêîñòåé.
Âûÿâëåííûå îñîáåííîñòè êðèñòàëëè÷åñêèõ ôîðì íàíî-
êðèñòàëëîâ PbTe:Sb îáóñëîâëåíû ýëåêòðè÷åñêè íåéòðàëü-
íûì ñîñòîÿíèåì êðèñòàëëîãðàôè÷åñêèõ ïëîñêîñòåé è ïðè-
ðîäîé ïîâåðõíîñòè ïîäëîæåê èç ñèòàëëà.

Êëþ÷åâûå ñëîâà: íàíîñòðóêòóðû, êðèñòàëëè÷åñêèå ôîð-
ìû, ïàðîôàçíûå ìåòîäû, òåëëóðèä ñâèíöà
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