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ôàçíèõ êîíäåíñàòàõ òâåðäèõ ðîç÷èí³â PbTe-Bi2Te3 íà ñâ³æèõ â³äêîëàõ (0001) ñëþ-
äè-ìóñêîâ³òó çà ð³çíèõ óìîâ îñàäæåííÿ. Âèçíà÷åíî ñï³ââ³äíîøåííÿ ñòð³ìêèõ ³
ïîëîãèõ êðèñòàëîãðàô³÷íèõ ôîðì íàíîêðèñòàë³â êóá³÷íî¿ ñèíãîí³¿, îð³ºíòàö³þ òà
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Âñòóï

Çàö³êàâëåí³ñòü âèâ÷åííÿì Ïëþìáóì òåëóðèäó PbTe çóìîâëåíî
ê³ëüêîìà ïðè÷èíàìè. Â³í º åôåêòèâíèì òåðìîåëåêòðè÷íèì ìàòåð³-
àëîì äëÿ ñåðåäíüî¿ îáëàñò³ òåìïåðàòóð (500–850 Ê), ùî ïîÿñíþºòü-
ñÿ çíà÷íîþ âåëè÷èíîþ â³äíîøåííÿ éîãî åëåêòðîïðîâ³äíîñò³ äî ́ ðà-
òîâî¿ òåïëîïðîâ³äíîñò³ [8, 13, 14]. Îêð³ì òîãî, Ïëþìáóì òåëóðèä
íàëåæèòü äî âóçüêîù³ëèííèõ íàï³âïðîâ³äíèê³â ³ç äâîñòîðîííüîþ
îáëàñòþ ãîìîãåííîñò³, òîìó â³í º ïåðñïåêòèâíèì ìàòåð³àëîì äëÿ
ñòâîðåííÿ íà éîãî îñíîâ³ àêòèâíèõ åëåìåíò³â, ÿê³ ôóíêö³îíóþòü â
³íôðà÷åðâîí³é ä³ëÿíö³ îïòè÷íîãî ñïåêòðà [1, 7]. Íàíîòåõíîëîã³¿
ìîæóòü çíà÷íîþ ì³ðîþ ðîçøèðèòè ñôåðó ïðàêòè÷íîãî çàñòîñóâàí-
íÿ ÐbÒå [2, 3, 9]. Îäíàê ïîïðè äîñÿãíóòèé ó òåõíîëîã³¿ öüîãî ìàòå-
ð³àëó ïðîãðåñ òà óñï³øíå çàñòîñóâàííÿ çàëèøàºòüñÿ ÷èìàëî íåâè-
ð³øåíèõ ïèòàíü, ÿê³ ñòîñóþòüñÿ éîãî ñòðóêòóðíèõ õàðàêòåðèñòèê [15].
×åðåç âèñîêó ïîâåðõíåâó ðóõëèâ³ñòü êîìïîíåíò³â ³ íàÿâí³ñòü îá’ºì-
íèõ äåôåêò³â îñíîâíîþ ïðîáëåìîþ ïðè âèðîùóâàíí³, îáðîáö³ òà
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âèêîðèñòàíí³ ÿê êðèñòàë³â, òàê ³ íàíîñòðóêòóð
ÐbÒå º ¿õíÿ ñòàá³ëüí³ñòü. Â³äîìî, ùî ïðè âèò-
ðèìö³ ïë³âîê íà ïîâ³òð³ ÷åðåç àêöåïòîðíèé
âïëèâ êèñíþ íà ïîâåðõí³ óòâîðþºòüñÿ øàð, çáà-
ãà÷åíèé íîñ³ÿìè ïðîâ³äíîñò³ p-òèïó [4]. Òâåðä³
ðîç÷èíè íà îñíîâ³ PbTe ³ òåëóðèä³â åëåìåíò³â
V ãðóïè Ïåð³îäè÷íî¿ ñèñòåìè, çîêðåìà Â³, äàþòü
çìîãó îòðèìàòè ñòàá³ëüíèé ìàòåð³àë n-òèïó ïðî-
â³äíîñò³, ïîòð³áíèé äëÿ ñòâîðåííÿ òåðìîåëåêò-
ðè÷íèõ ìîäóë³â [10–12].

Íå ìåíø âàæëèâèì º âèâ÷åííÿ ñòðóêòóðíèõ
îñîáëèâîñòåé òîíêîïë³âêîâèõ êîíäåíñàò³â òâåð-
äèõ ðîç÷èí³â íà îñíîâ³ Ïëþìáóì òåëóðèäó.
Îòîæ ìåòîþ ïðåäñòàâëåíî¿ ðîáîòè º äîñë³äæåí-
íÿ ñòàòèñòè÷íèõ çàêîíîì³ðíîñòåé ó ïðîöåñàõ
îð³ºíòàö³éíîãî ñòðóêòóðîóòâîðåííÿ íàíîêðèñ-
òàë³â ó ïàðîôàçíèõ êîíäåíñàòàõ PbTe-Bi2Te3.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Òîíêîïë³âêîâ³ êîíäåíñàòè îäåðæóâàëè çà äî-
ïîìîãîþ ìåòîäó â³äêðèòîãî âèïàðîâóâàííÿ ó
âàêóóì³ íà ï³äêëàäêè ç³ ñâ³æèõ â³äêîë³â (0001)
ñëþäè-ìóñêîâ³òó. ßê ïðåêóðñîð âèêîðèñòîâóâà-
ëè çàçäàëåã³äü ñèíòåçîâàíèé òâåðäèé ðîç÷èí
PbTe-Bi2Te3. Âì³ñò Bi2Te3 âàð³þâàëè â ìåæàõ 1–
5 ìîë.%. Òåìïåðàòóðà âèïàðîâóâàííÿ ñòàíîâèëà
Òâ = 970 Ê, òåìïåðàòóðà ï³äêëàäîê – Òï = 470 Ê.
Òîâùèíó ïë³âîê ðåãóëþâàëè øëÿõîì çì³íè òðè-
âàëîñò³ îñàäæåííÿ â ìåæàõ τ = 15–75 ñ. Íóìå-

ðàö³þ, ñêëàä ³ õàðàêòåðèñòèêè îòðèìàíèõ çðàç-
ê³â íàâåäåíî â òàáë. 1.

Îäåðæàí³ çðàçêè äîñë³äæóâàëè ìåòîäîì
àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿ (ÀÑÌ) çà äîïîìî-
ãîþ ì³êðîñêîïà “Nanoscope 3a Dimension 3000”
(“Digital Instruments”, ÑØÀ) â ðåæèì³ ïåð³î-
äè÷íîãî êîíòàêòó. Âèì³ðþâàííÿ çä³éñíåíî â
öåíòðàëüí³é ÷àñòèí³ çðàçê³â ³ç âèêîðèñòàííÿì
ñåð³éíèõ êðåìí³ºâèõ çîíä³â NSG-11 ³ç íî-
ì³íàëüíèì ðàä³óñîì çàîêðóãëåííÿ â³ñòðÿ äî
10 íì (NT0MDT, Ðîñ³ÿ). Çà ðåçóëüòàòàìè ÀÑÌ-äî-
ñë³äæåííÿ ó ïðîãðàì³ Gwyddion âèçíà÷åíî óñå-
ðåäíåí³ ïîëÿðí³ êóòè ρ òà àçèìóòàëüí³ êóòè ϕ
äëÿ âñ³õ òî÷îê ïîâåðõí³ êîíäåíñàò³â íà ïëîù³
11 ìêì.

Îòðèìàí³ åêñïåðèìåíòàëüí³ ðåçóëüòàòè ïðî-
àíàë³çîâàíî çà äîïîìîãîþ äèñêðåòíîãî ïåðåòâî-
ðåííÿ Ôóð’º F(k) ôóíêö³¿ f(n):

F(k) = Σf(n)exp(–in2πk/N) (1)
òà àâòîêîðåëÿö³éíî¿ ôóíêö³¿ C(l):

C(l) = (Σf(l + n)f(n)/N)1/2 (2)
ðîçïîä³ëó àçèìóòàëüíîãî êóòà ϕ íàíîîá’ºêò³â
â³äïîâ³äíî [5, 6]. Âàðòî çàçíà÷èòè, ùî àâòîêî-
ðåëÿö³éíó ôóíêö³þ âèêîðèñòîâóþòü äëÿ ÷³òê³øî-
ãî âèîêðåìëåííÿ õàðàêòåðíèõ îñîáëèâîñòåé
ïåð³îäè÷íî¿ ôóíêö³¿. Ó íàø³é ðîáîò³ àâòîêî-
ðåëÿö³éíó ôóíêö³þ çàñòîñîâàíî äî àçèìóòàëü-
íîãî êóòà. Âèÿâëåí³ îñîáëèâîñò³ âêàçóþòü íà

Òàáëèöÿ 1. Òåõíîëîã³÷í³ ôàêòîðè òà ñòðóêòóðí³ ïàðàìåòðè ïàðîôàçíèõ êîíäåíñàò³â PbTe-Bi2Te3 íà ñâ³æèõ â³äêîëàõ
(0001) ñëþäè-ìóñêîâ³òó. Òåìïåðàòóðà âèïàðîâóâàííÿ Òâ = 970 Ê, òåìïåðàòóðà ï³äêëàäîê Òï = 470 Ê
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h ,  Dc,  

 
 

R ,  
 1 PbTe+5%Bi2Te3 75  1080 28 41 2,05 
 2 PbTe+5%Bi2Te3 60 810 15 40 1,73 
 3 PbTe+5%Bi2Te3 30 540  6 53 0,44 
 9 PbTe+3%Bi2Te3 75  1080 28 50 2,66 
10 PbTe+3%Bi2Te3 60 405 21 49 2,26 
11 PbTe+3%Bi2Te3 30 270 13 34 1,70 
12 PbTe+3%Bi2Te3 15 108  9 25 0,84 
17 PbTe+1%Bi2Te3 75  1485 31 49 2,48 
18 PbTe+1%Bi2Te3 60 675 20 39 1,82 
19 PbTe+1%Bi2Te3 30 270 12 32 1,54 
20 PbTe+1%Bi2Te3 15 135  7 30 0,92 
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ïîðÿäîê îñåé ñèìåòð³¿ ô³ãóð, ïåðïåíäèêóëÿðíèõ
äî ïîâåðõí³ ïë³âêè.

Ðåçóëüòàòè äîñë³äæåííÿ òà îáãîâîðåííÿ ¿õ

Çà îïòèì³çîâàíî¿ äëÿ äîñë³äæóâàíèõ ñòðóê-
òóð òåìïåðàòóðè âèïàðîâóâàííÿ (Òâ = 970 Ê) òà
ï³äêëàäêè (Òï = 470 Ê) íà ïåðøèõ åòàïàõ îñà-
äæåííÿ â³äáóâàºòüñÿ íóêëåàö³ÿ (çàðîäæåííÿ)
íîâî¿ ôàçè ó âèãëÿä³ îêðåìèõ êîíóñîïîä³áíèõ
íàíîóòâîðåíü çàââèøêè 10–30 íì ³ ç ä³àìåòðîì
îñíîâè 25–50 íì (ðèñ. 1à, òàáë. 1). Äî ïåâíî¿
òðèâàëîñò³ îñàäæåííÿ ïðîöåñ íóêëåàö³¿ º îñíîâ-
íèì äæåðåëîì ðîñòó ñóáñòðóêòóð íà ïîâåðõí³
ïë³âêè òà çá³ëüøåííÿ ¿õíüî¿ ù³ëüíîñò³. Äàë³
íóêëåàö³ÿ íîâèõ îñòð³âö³â ïðèïèíÿºòüñÿ, àäñîð-
áîâàí³ æ íà ïîâåðõí³ ìîëåêóëè áåðóòü ó÷àñòü
ó äîáóäîâóâàíí³ âæå ñôîðìîâàíèõ ñòðóêòóð.
Ó ðåæèì³ êîàëåñöåíö³¿ íà ï³çí³õ ñòàä³ÿõ ïðè
τ = 75 ñ ôîðìóâàííÿ îêðåìèõ ñòðóêòóðíèõ
“ã³ãàíò³â” ïðèïèíÿºòüñÿ, äåÿê³ íàíîñòðóêòóðè
çëèâàþòüñÿ, ïðè öüîìó ¿õíÿ ù³ëüí³ñòü çìåí-

øóºòüñÿ, à øîðñòê³ñòü ïîâåðõí³ çðîñòàº (ðèñ. 1á, 2,
òàáë. 1).

Çàóâàæèìî, ùî ïðè ïàðîôàçíîìó îñàäæåíí³
ìîæóòü ðåàë³çóâàòèñÿ ìåõàí³çìè çàðîäæåííÿ çà
Ôðàíêîì–Âàí äåð Ìåðâå (óòâîðåííÿ ñóö³ëüíî-
ãî øàðó êîíäåíñàòó), Ñòðàíñüêèì–Êðàñòàíîâèì
(ôîðìóâàííÿ íà ïî÷àòêîâèõ åòàïàõ îñàäæåííÿ
òàê çâàíîãî çìî÷óâàëüíîãî øàðó ç ïîäàëüøèì
ðîñòîì ï³ðàì³äàëüíèõ íàíîñòðóêòóð çà ðàõóíîê
çíÿòòÿ ïðóæíèõ äåôîðìàö³é) òà Âîëüìåðà–Âå-
áåðà (óòâîðåííÿ îäðàçó òðèâèì³ðíèõ îêðåìèõ
çàðîäê³â íàíîñòðóêòóð íà ïîâåðõí³ ñóáñòðà-
òó) [2, 9]. Ó íàøîìó âèïàäêó çà âñ³õ óìîâ îñà-
äæåííÿ êîíäåíñàò³â ÐbÒå-Âi2Òå3 íà ñëþäó ìè
ñïîñòåð³ãàºìî óòâîðåííÿ òà ð³ñò îêðåìèõ ñòðóê-
òóð êóïîëîïîä³áíî¿ ôîðìè (ðèñ. 1), ùî ñâ³ä÷èòü
ïðî äîì³íóâàííÿ ìåõàí³çìó Âîëüìåðà–Âåáåðà.

Ñë³ä çàóâàæèòè, ùî ïðè çíà÷íîìó çðîñòàíí³
çàãàëüíî¿ òîâùèíè d (òàáë. 1, ðèñ. 3à, êðèâà 1)
òà øâèäêîñò³ îñàäæåííÿ (ðèñ. 3á, êðèâà 1) êîí-
äåíñàò³â ç³ çá³ëüøåííÿì òðèâàëîñò³ îñàäæåííÿ
τ ñåðåäí³ ðîçì³ðè íàíîêðèñòàë³â – íîðìàëüí³ hñ

Ðèñ. 1. ÀÑÌ-çîáðàæåííÿ ó ôîðìàò³ 3D (²), ïðîô³ëîãðàìè (²²) òà ã³ñòîãðàìè ðîçïîä³ëó íàíîñòðóêòóð çà âèñîòîþ (²²²)
ïàðîôàçíèõ êîíäåíñàò³â PbTe+3ìîë.%Bi2Te3 ïðè òðèâàëîñò³ îñàäæåííÿ 15 ñ äëÿ çðàçêà ¹ 12 (à) òà 75 ñ äëÿ
çðàçêà ¹ 9 (á)
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Òàáëèöÿ 2. Íàé³ìîâ³ðí³ø³ çíà÷åííÿ ïîëÿðíîãî êóòà ρm á³ìîäàëüíîãî ðîçïîä³ëó, ðîçï³çíàí³ ïëîùèíè {hkl},
êîåô³ö³ºíòè ïîð³âíÿííÿ âíåñêó ïëîùèí ð³çíèõ ôîðì íàíîñòðóêòóð Kρ, Kϕ ó ïàðîôàçíèõ êîíäåíñàòàõ PbTe-Bi2Te3
íà ñâ³æèõ â³äêîëàõ (0001) ñëþäè

Ðèñ. 2. ÀÑÌ-çîáðàæåííÿ ó ôîðìàò³ 3D (²), ïðîô³ëîãðàìè (²²) òà ã³ñòîãðàìè ðîçïîä³ëó íàíîñòðóêòóð çà âèñîòîþ (²²²)
ïàðîôàçíèõ êîíäåíñàò³â PbTe-Bi2Te3, îòðèìàíèõ ïðè âì³ñò³ Bi2Te3 1 (çðàçîê ¹ 17, à), 3 (çðàçîê ¹ 9, á),
5 ìîë.% (çðàçîê ¹ 1, â); τ = 75 ñ
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  m1, {hkl} m2,  {hkl} K   K  
2 16     {122} 26   {123} 1 1 
1 13     {223} 34   {110} 4 1 
12  8     {223} 16   {122} 3 0,3 
11 11     {223} 23   {123} 3 1 
10 25     {123} 33   {110} 2 2 
9 13     {223} 32   {110} 6 17 
20  9     {223} 16   {122} 1 0,5 
19 11     {223} 20   {112} 4 3 
18 15     {122} 31   {110} 2 1 
17 20     {112} 37   {110} 4 5 
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ÒÎÍÊÈÅ ÏËÅÍÊÈ È ÄÐÓÃÈÅ ÄÂÓÌÅÐÍÛÅ ÎÁÚÅÊÒÛ

òà ëàòåðàëüí³ Dc – ìàþòü òåíäåíö³þ äî íàñè÷åí-
íÿ (ðèñ. 3à, êðèâ³ 2, 3), à ð³ñò hñ/τ òà Dñ/τ óïî-
â³ëüíþºòüñÿ (ðèñ. 3á, êðèâ³ 2, 3).

Êðèñòàëîãðàô³÷í³ ôîðìè òà îð³ºíòàö³þ íàíî-
êðèñòàë³â ó ïàðîôàçíèõ êîíäåíñàòàõ âèçíà÷àëè
çà ¿õí³ìè óñåðåäíåíèìè êóòàìè – àçèìóòàëüíè-
ìè ϕ òà ðàä³àëüíèìè ρ çã³äíî ç ðîáîòîþ [5].

Êðóãîâ³ ä³àãðàìè ðîçïîä³ëó àçèìóòàëüíîãî
êóòà ϕ íàâåäåíî íà ðèñ. 4. Àíàë³ç ðîçïîä³ëó àçè-

ìóòàëüíîãî êóòà çä³éñíåíî çà äîïîìîãîþ ôóð’º-
ïåðåòâîðåííÿ (1).

Äåñÿòü ïåðøèõ êîìïîíåíò ãàðìîí³ê ðîçïî-
ä³ëó ôóð’º-ïåðåòâîðåííÿ Fk àçèìóòàëüíîãî êóòà
åëåìåíò³â ïëîùèí ïîâåðõí³ f(n) äâîõ çðàçê³â
çîáðàæåíî íà ðèñ. 5. ²ç ïîð³âíÿííÿ ôóð’º-êîì-
ïîíåíò óñòàíîâëåíî, ùî ç³ çá³ëüøåííÿì òðèâà-
ëîñò³ îñàäæåííÿ äëÿ äîñë³äæóâàíèõ çðàçê³â âíå-
ñîê ô³ãóð, ñèìåòðè÷íèõ ùîäî îñ³ 6-ãî ïîðÿäêó,

Ðèñ. 3. Êðèâ³ çàëåæíîñò³ â³ä òðèâàëîñò³ îñàäæåííÿ òîâùèíè ïë³âîê d (êðèâà 1) ³ ñåðåäí³õ íîðìàëüíèõ hc
(êðèâà 2) òà ëàòåðàëüíèõ Dc (êðèâà 3) ðîçì³ð³â íàíîêðèñòàë³ò³â (à); øâèäêîñò³ îñàäæåííÿ d/τ (êðèâà 1) ³
ðîñòó hñ/ô (êðèâà 2), Dñ/ô (êðèâà 3) íàíîêðèñòàë³ò³â ïàðîôàçíèõ êîíäåíñàò³â PbTe-3ìîë.%Bi2Te3 (á)

Ðèñ. 4. Êðóãîâ³ ä³àãðàìè ðîçïîä³ëó àçèìóòàëüíîãî êóòà ϕ çà äàíèìè òàáëèöü 1, 2 äëÿ íàíîêðèñòàë³â ó
ïàðîôàçíèõ êîíäåíñàòàõ PbTe-Bi2Te3 äëÿ çðàçê³â ¹ 10 (à) òà ¹ 19 (á)
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çðîñòàº, à ô³ãóð, ñèìåòðè÷íèõ ùîäî îñ³ 4-ãî
ïîðÿäêó, – çìåíøóºòüñÿ. Âíåñîê ô³ãóð, ñèìåò-
ðè÷íèõ ùîäî îñ³ 3-ãî ïîðÿäêó, äëÿ êîíäåíñàò³â
³ç 5 ìîë.% Bi2Te3 ç ÷àñîì çðîñòàº, äëÿ äâîõ ³íøèõ –
çìåíøóºòüñÿ. Ïåðåâàæàííÿ ô³ãóð, ñèìåòðè÷-
íèõ ùîäî îñ³ 6-ãî ïîðÿäêó, íàä ô³ãóðàìè, ñè-
ìåòðè÷íèìè ùîäî îñ³ 3-ãî ïîðÿäêó, îïèñóºòüñÿ
êîåô³ö³ºíòîì, ÿêèé äîð³âíþº â³äíîøåííþ àìï-
ë³òóä êîìïîíåíò ôóð’º-ïåðåòâîðåííÿ Kϕ = F6/F3
(òàáë. 2). Ñïîñòåð³ãàºìî äîì³íóâàííÿ îñ³ 6-ãî
ïîðÿäêó íàä â³ññþ 3-ãî ïîðÿäêó.

Ô³ãóðè ç îñüîâîþ ñèìåòð³ºþ 3-ãî é 6-ãî ïî-
ðÿäê³â óçãîäæåíî, êð³ì äâîõ âèïàäê³â, êîëè âîíè
ó ïðîòèôàç³ (ðèñ. 6). Ô³ãóðè ç îñüîâîþ ñèìåò-

ð³ºþ 4-ãî ïîðÿäêó çàâæäè óçãîäæåíî ç ô³ãóðà-
ìè ³ç ñèìåòð³ºþ 3-ãî òà 6-ãî ïîðÿäê³â.

Äëÿ òðèâàëîñò³ îñàäæåííÿ 75 ñ ç³ çá³ëüøåí-
íÿì âì³ñòó Bi2Te3 çìåíøóºòüñÿ ê³ëüê³ñòü
äâ³éíèê³â (äçåðêàëüíî-ñèìåòðè÷íèõ ï³ðàì³ä) ³ç
ñèìåòð³ºþ 6-ãî ïîðÿäêó. Íà ðèñ. 7, äå íàâåäåíî
àâòîêîðåëÿö³éí³ ôóíêö³¿ ðîçïîä³ëó àçèìóòàëü-
íîãî êóòà â³äïîâ³äíî äî ð³âíÿííÿ (2), ñïîñòåð³-
ãàºìî ïåðåâàæàííÿ åëåìåíòàðíîãî êóòà 120°
(çðàçîê ¹ 1, òàáë. 1, 2) ³ êóòà 60° (çðàçîê ¹ 17,
òàáë. 1, 2) â³äïîâ³äíî.

Êðèâ³ óñåðåäíåíîãî ðîçïîä³ëó ïîëÿðíîãî
êóòà ρm íàíîêðèñòàë³â íàâåäåíî íà ðèñ. 8. Àíàë³ç
åêñïåðèìåíòàëüíîãî ðîçïîä³ëó ρm çä³éñíèëè çà

Ðèñ. 5. Êîìïîíåíòè ôóð’º-ïåðåòâîðåííÿ àçèìóòàëüíîãî êóòà ö åëåìåíò³â ïëîùèí ïîâåðõí³ íàíîêðèñòàë³â ó
ïàðîôàçíèõ êîíäåíñàòàõ PbTe-Bi2Te3 çà äàíèìè òàáëèöü 1, 2 äëÿ çðàçê³â ¹ 3 (à) òà ¹ 12 (á)

Ðèñ. 6. Êðóãîâ³ ä³àãðàìè óçãîäæåíèõ ³ íåóçãîäæåíèõ ãàðìîí³ê äëÿ íàíîêðèñòàë³â ó ïàðîôàçíèõ êîíäåíñàòàõ
PbTe-Bi2Te3 çà äàíèìè òàáëèöü 1, 2 äëÿ çðàçê³â ¹ 18 (à) òà ¹ 11 (á)
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äîïîìîãîþ àïðîêñèìàö³¿ çàëåæíîñò³ äâîìà íîð-
ìàëüíèìè ðîçïîä³ëàìè:

f(ρ) = A1exp(–(ρ – ρm1)2/σ1
2)/(2πσ1

2)1/2 +
+ A2exp(ϕ – ρm2)2/σ2

2)/(2πσ2
2)1/2 (3)

Íàé³ìîâ³ðí³ø³ çíà÷åííÿ ïîëÿðíèõ êóò³â ρm1
òà ρm2 á³ìîäàëüíîãî ðîçïîä³ëó ïîäàíî â òàáë. 2.
Ïåðåâàæàííÿ ïëîùèí ñòð³ìêèõ êðèñòàëîãðàô³÷-
íèõ ôîðì íàä ïëîùèíàìè ïîëîãèõ êðèñòàëî-
ãðàô³÷íèõ ôîðì íàíîêðèñòàë³â îïèñàíî êîåô³ö³-
ºíòîì, ÿêèé âèçíà÷àºòüñÿ â³äíîøåííÿì àìïë³-
òóä íîðìàëüíèõ êîìïîíåíò á³ìîäàëüíîãî
ðîçïîä³ëó Kρ = À2/A1. Êðèñòàëîãðàô³÷í³ ôîðìè,
äå âèñîòà íàáàãàòî á³ëüøà çà ä³àìåòð ³ ïîëÿð-

íèé êóò ρ âåëèêèé, º ñòð³ìêèìè, à êðèñòàëî-
ãðàô³÷í³ ôîðìè ç ìàëèì ïîëÿðíèì êóòîì ρ – ïî-
ëîãèìè. Äëÿ á³ëüøîñò³ çðàçê³â ñåðåäíüîêâàäðà-
òè÷íå â³äõèëåííÿ äëÿ ñêëàäîâî¿ ðîçïîä³ëó, ÿêà
â³äïîâ³äàº çà îáëàñòü ìåíøèõ êóò³â, ñòàíîâèòü
σ1 ≈ 6°, à äëÿ ñêëàäîâî¿ ðîçïîä³ëó, ÿêà â³äïîâ³-
äàº çà îáëàñòü á³ëüøèõ êóò³â, – σ2 ≈ 8°. Íà ðèñ. 8
íàâåäåíî äâà ìîæëèâ³ âàð³àíòè âíåñê³â íîðìàëü-
íèõ êîìïîíåíò á³ìîäàëüíîãî ðîçïîä³ëó ðàä³àëü-
íîãî êóòà – îäíàêîâèõ (çðàçîê ¹ 2) òà ç ïåðåâà-
æàííÿì îäí³º¿ ç íèõ (çðàçîê ¹ 9).

Äëÿ òðèâàëîñò³ îñàäæåííÿ 75 ñ (çðàçêè ¹¹ 1,
9, 17, òàáë. 1) âíåñîê ïëîùèí {110} âèÿâëåíèõ
ô³ãóð ìàéæå â 5 ðàç³â ïåðåâàæàº âíåñîê ïëî-

Ðèñ. 8. Êðèâ³ õàðàêòåðíîãî ðîçïîä³ëó ðàä³àëüíîãî êóòà ρ (òî÷êè), ðåçóëüòóþ÷à àïðîêñèìàö³ÿ (øòðèõîâàí³
ë³í³¿) òà àïðîêñèìàö³ÿ ¿õ ñóìîþ äâîõ êðèâèõ íîðìàëüíîãî ðîçïîä³ëó (ñóö³ëüí³ ë³í³¿) äëÿ íàíîêðèñòàë³ò³â ó
ïàðîôàçíèõ êîíäåíñàòàõ PbTe-Bi2Te3 çà äàíèìè òàáëèöü 1, 2 äëÿ çðàçê³â ¹ 2 (à) òà ¹ 9 (á)

Ðèñ. 7. Õàðàêòåðí³ àâòîêîðåëÿö³éí³ ôóíêö³¿ ðîçïîä³ëó àçèìóòàëüíîãî êóòà ϕ íàíîêðèñòàë³â ó ïàðîôàçíèõ
êîíäåíñàòàõ PbTe-Bi2Te3 çà äàíèìè òàáëèöü 1, 2 äëÿ çðàçê³â ¹ 17 (à) òà ¹ 1 (á)
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ùèí {223}, {112}. Äëÿ öèõ çðàçê³â Kρ ñòàíî-
âèòü 4, 6, 4 â³äïîâ³äíî (òàáë. 2). Ïðè òðèâàëîñò³
îñàäæåííÿ 60 ñ (çðàçêè ¹¹ 2, 10, 18, òàáë. 1)
âíåñêè äîì³íóþ÷èõ ïëîùèí ({123}, {110}) òà
ñóïóòí³õ ïëîùèí {122}, {123} ïîð³âíÿíí³, äëÿ
íèõ Kρ ñòàíîâèòü 1, 2, 2 â³äïîâ³äíî (òàáë. 2).

Äîì³íóþ÷³ ïîâåðõíåâ³ ôîðìè êóá³÷íî¿ ñèí-
ãîí³¿ ç³ çá³ëüøåííÿì òðèâàëîñò³ îñàäæåííÿ
çì³íþþòüñÿ çà âåëè÷èíîþ ïîëÿðíîãî êóòà â³ä
ïîëîãèõ äî ñòð³ìêèõ – 15,79° {122}, 19,47° {112},
22,21° {123}, 35,26° {110}. Îäíà ³ç ñóïóòí³õ ïî-
âåðõíåâèõ ôîðì íàíîêðèñòàë³â ìàº ñèìâîë {223},
íå ïðèòàìàííèé ðåàëüíèì êðèñòàëàì êóá³÷íî¿
ñèíãîí³¿, òà õàðàêòåðèçóºòüñÿ ìàëèì ïîëÿðíèì
êóòîì ρ = 11,42°.

Âèñíîâêè

1. Ìåòîäàìè àòîìíî-ñèëîâî¿ ì³êðîñêîï³¿ òà
êîìï’þòåðíîãî àíàë³çó äîñë³äæåíî îð³ºíòàö³éí³
åôåêòè é êðèñòàëîãðàô³÷í³ ôîðìè íàíîêðèñ-
òàë³â ó ïàðîôàçíèõ êîíäåíñàòàõ òâåðäèõ ðîç-
÷èí³â ÐbÒå-Âi2Òå3, âèðîùåíèõ íà ñâ³æèõ â³äêî-
ëàõ (0001) ñëþäè-ìóñêîâ³òó øëÿõîì â³äêðèòîãî
âèïàðîâóâàííÿ ó âàêóóì³ ïðè ð³çí³é òðèâàëîñò³
îñàäæåííÿ (τ = 15–75 ñ) òà îïòèìàëüíèõ çíà-
÷åííÿõ òåìïåðàòóðè âèïàðîâóâàííÿ Òâ = 970 Ê
é òåìïåðàòóðè îñàäæåííÿ Òï = 470 Ê.

2. Ï³äòâåðäæåíî ðåàë³çàö³þ ïðîöåñ³â íóêëå-
àö³¿, àãðåãóâàííÿ òà êîàëåñöåíö³¿ îêðåìèõ êîíó-
ñîïîä³áíèõ íàíîñòðóêòóð çà ìåõàí³çìîì Âîëü-
ìåðà–Âåáåðà.

3. Óïåðøå íà îñíîâ³ àíàë³çó óñåðåäíåíèõ àçè-
ìóòàëüíèõ êóò³â íàíîêðèñòàë³â ìåòîäàìè äèñ-
êðåòíîãî ïåðåòâîðåííÿ é âèêîðèñòàííÿ àâòîêî-
ðåëÿö³éíî¿ ôóíêö³¿ âñòàíîâëåíî äîì³íóâàííÿ
ô³ãóð, ñèìåòðè÷íèõ ùîäî îñåé 6-ãî é 3-ãî ïî-
ðÿäêó, ÿê³ â á³ëüøîñò³ âèïàäê³â óçãîäæåíî ì³æ
ñîáîþ òà çàâæäè óçãîäæåíî ç ô³ãóðàìè, ùî ìà-
þòü ñèìåòð³þ 4-ãî ïîðÿäêó.

4. Íà îñíîâ³ âèêîðèñòàííÿ íîðìàëüíîãî ðîç-
ïîä³ëó äëÿ óñåðåäíåíèõ ðàä³àëüíèõ êóò³â íàíî-
êðèñòàë³â óïåðøå âèÿâëåíî ïåðåâàæàííÿ ïëîùèí
{110}, {123}, â³äíîñíèé âíåñîê ÿêèõ çàëåæèòü
â³ä òðèâàëîñò³ îñàäæåííÿ ïàðè íà ï³äêëàäêè
(òîâùèíè êîíäåíñàò³â).

Ðîáîòó âèêîíàíî çã³äíî ç íàóêîâèìè ïðîåê-
òàìè â³ää³ëó ïóáë³÷íî¿ äèïëîìàò³¿ ÍÀÒÎ çà ïðî-
ãðàìîþ “Íàóêà çàðàäè ìèðó òà áåçïåêè” (NUKR,
SEPP 984536).

Ïîäÿêà

Àâòîðè âèñëîâëþþòü âäÿ÷í³ñòü êàíäèäàòó
ô³çèêî-ìàòåìàòè÷íèõ íàóê, çàâ³äóâà÷åâ³ ëàáîðà-
òîð³é Ô³çèêî-õ³ì³÷íîãî ³íñòèòóòó Ïðèêàðïàòñü-
êîãî íàö³îíàëüíîãî óí³âåðñèòåòó ³ì. Âàñèëÿ
Ñòåôàíèêà ß.Ñ. ßâîðñüêîìó çà äîïîìîãó ïðè
îòðèìàíí³ êîíäåíñàò³â òà êàíäèäàòó ô³çèêî-ìà-
òåìàòè÷íèõ íàóê, ñòàðøîìó íàóêîâîìó ñï³âðî-
á³òíèêîâ³ ²íñòèòóòó ô³çèêè íàï³âïðîâ³äíèê³â
³ì. Â.ª. Ëàøêàðüîâà ÍÀÍÓ Ï.Ì. Ëèòâèíó – çà
ïðîâåäåí³ ÀÑÌ-äîñë³äæåííÿ.

Ñ èñïîëüçîâàíèåì àòîìíî-ñèëîâîé ìèêðîñêîïèè, äèñêðåòíî-
ãî ïðåîáðàçîâàíèÿ Ôóðüå, íîðìàëüíîãî ðàñïðåäåëåíèÿ è àâ-
òîêîððåëÿöèîííîé ôóíêöèè âïåðâûå âûïîëíåí ñòàòèñòè÷åñêè
óñðåäíåííûé àíàëèç ïðîöåññîâ îðèåíòàöèîííîãî ôîðìèðî-
âàíèÿ íàíîêðèñòàëëîâ â ïàðîôàçíûõ êîíäåíñàòàõ òâåðäûõ
ðàñòâîðîâ PbTe-Bi2Te3 íà ñâåæèõ ñêîëàõ (0001) ñëþäû-ìóñêî-
âèòà ïðè ðàçíûõ óñëîâèÿõ îñàæäåíèÿ. Îïðåäåëåíû ñîîòíî-
øåíèå îòâåñíûõ è ïîëîãèõ ôîðì íàíîêðèñòàëëîâ êóáè÷åñêîé
ñèíãîíèè, èõ îðèåíòàöèÿ è âçàèìíàÿ ñîãëàñîâàííîñòü.

Êëþ÷åâûå ñëîâà: íàíîñòðóêòóðû, êðèñòàëëè÷åñêèå ôîðìû,
ïàðîôàçíûå ìåòîäû, òåëëóðèä ñâèíöà, òâåðäûå ðàñòâîðû
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ORIENTATION FEATURES OF NANOCRYSTALS
IN THE VAPOR-PHASE CONDENSATES PbTe-Bi2Te3 ON MICA

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

SUMMARY

By methods of atomic-force microscopy and computer
simulations we investigated the effects of orientation and
crystallographic form of nanocrystals in vapor-phase condensates
of solid solutions PbTe-Bi2Te3, grown for fresh cleavages (0001)
of mica-muscovite by open evaporation in a vacuum at various
deposition time (τ = 15–75 s) and the optimal temperature
evaporation Tv = 970 K and deposition Ts = 470 K.
We researched the obtained samples with atomic force
microscope (AFM) “Nanoscope 3a Dimension 3000” (“Digital
Instruments”, USA) in the periodic contact mode. Measuring
was conducted in the central portion of samples using serial
silicon probes NSG-11 with a nominal tip radius of up to 10 nm.
The research confirmed the implementation of nucleation
processes, aggregation and coalescence of individual pyramidal
nanostructures by Volmer–Weber mechanism. For the first time
based on the analysis of averaged azimuth angles of

nanocrystals by discrete transformation methods and the use
of the autocorrelation function we determined the dominance
of figures, symmetrical to axes of the 6-th and 3-rd order which
in most cases are coordinated between themselves and are
always coordinated with the figures that have symmetry of
the 4-th order.
On the basis of normal distributions for averaged radial angles
of nanocrystals for the first time we defined the correlation of
steep and gently sloping crystallographic forms of cubic system
nanocrystals, their orientation and mutual consistency. We
found out the prevalence of planes {110}, {123}, where their
relative contribution depends on the time of deposition of the
pair on the substrate (thickness of condensates).

Key words: nanostructures, crystalline form, vapor-phase
methods, lead telluride, solid solutions
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