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Äîñë³äæåíî âïëèâ òåõíîëîã³÷íèõ óìîâ îäåðæàííÿ ñòåêîë GeS
2
 íà ñòðóêòóðí³ çì³íè â ñ-

GeS
2
. Âèÿâëåíî, ùî ç ðîñòîì òåìïåðàòóðè ðîçïëàâó â ñïåêòð³ êîìá³íàö³éíîãî ðîçñ³þâàííÿ 

äîñë³äæóâàíîãî ñêëà ç’ÿâëÿþòüñÿ ñìóãè, õàðàêòåðí³ äëÿ à-Ge òà êðèñòàë³÷íîãî ñ-GeS â ïî-
ëÿðèçàö³¿ ba+(ca). Âðàõîâóþ÷è åâîëþö³þ ñïåêòð³â ÊÐ ñòåêîë ñ-GeS

2
 ïðè çá³ëüøåíí³ òåìïå-

ðàòóðè ðîçïëàâó, â³ä ÿêî¿ âåëîñÿ çàãàðòîâóâàííÿ, ñêëàäíó ñìóãó â îáëàñò³ 200-300 ñì-1 ìîæíà 
ðîçãëÿäàòè ÿê íàêëàäàííÿ ñìóã, õàðàêòåðíèõ äëÿ a-Ge ³ ê-GeS. ²ç ÊÐ ñïåêòð³â âèñîêî- òà íè-
çüêîòåìïåðàòóðíèõ ìîäèô³êàö³é äèñóëüô³äó ãåðìàí³þ òà ç ðîçðàõóíê³â êîëèâàíü ëàíöþæê³â 
ó ìîäåë³ âàëåíòíîãî ñèëîâîãî ïîëÿ âñòàíîâëåíî, ùî êîëèâàííÿ äåôîðìîâàíèõ òåòðàåäð³â 
GeS

4/2
 òèïó À

1
 â³äïîâ³äàþòü çà íàéá³ëüø ³íòåíñèâíó êîëèâíó ìîäó ÊÐ ñïåêòð³ β-GeS

2
 ïðè 

362 ñì-1. 
Ðîçðàõîâàíî åíåðãåòè÷íå ïîëîæåííÿ âåðõíüî¿ ÷àñòèíè âàëåíòíî¿ çîíè (E

V
) ³ äíà çîíè 

ïðîâ³äíîñò³ (Å
Ñ
) ñïîëóêè Ge

n
S

m
. Âèçíà÷åíî åíåðãåòè÷íå ïîëîæåííÿ åëåêòðîííèõ ñòàí³â, 

óòâîðåíèõ àòîìàìè Ge
4p

, êëàñòåðàìè Ge
sp3

 òà êëàñòåðàìè S
n
. Ïîáóäîâàíà ã³ïîòåòè÷íà çàëåæ-

í³ñòü åíåðãåòè÷íîãî ïîëîæåííÿ E
V
 ³ Å

Ñ
 â³ä ì³æàòîìíî¿ â³äñòàí³, ðîçðàõîâàí³ çíà÷åííÿ åíåðã³¿ 

åëåêòðîííèõ ñòàí³â Es, EGe-Ge, EGesp3 òà ð³âíÿ Ôåðì³ E
F
. Äëÿ ñïîëóêè GeS

2
 íà åíåðãåòè÷í³é 

ä³àãðàì³ âèä³ëåí³ ³ìîâ³ðí³ ðîçðàõóíêîâ³ ïîëîæåííÿ åíåðãåòè÷íèõ ð³âí³â, ÿê³ ïîâ’ÿçóþòüñÿ ç 
ôàçàìè S

n
, α-GeS

2
, Ge

2
S

3
, Ge-Ge, Ge

sp3
 òà LP-ñòàíàìè ñ³ðêè. 

Êëþ÷îâ³ ñëîâà: ñïåêòð êîìá³íàö³éíîãî ðîçñ³þâàííÿ, íàíîêëàñòåðè, ì³æàòîìíà â³äñòàíü, 
åëåêòðîííà ñòðóêòóðà. 

Abstract

RAMAN SPECTRA AND ELECTRONIC STRUCTURE OF Ge
X
S

1-X
 CHALCOGENIDE GLASSES 

A.Kondrat, V.Mitsa, N.Popovich 

The influence of technological synthesis conditions of GeS
2
 glass on structural changes in g-GeS

2
 

has been investigated. In the Raman spectra of glass synthesized with the increased melt tempera-
ture the new vibration modes characteristic Raman modes of c-GeS at polarization ba+(ca) were 
observed. Taking into account the evolution of Raman spectra of GeS

2
 glasses synthesized by melt 

quenching from different temperatures the complex mode at 200-300 cm-1 can be interpreted as su-
perposition of modes characteristic of a-Ge ³ c-GeS. With the high- and low- temperature modifica-
tions of germanium disulphide and the calculations of chain vibrations in valence force field model 
(approximation) the vibrations of deformed A

1
 GeS

4/2
 tetrahedral can be associated with most inten-

sive Raman modes at 362 cm-1 in the spectra of β-GeS
2
. 
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Using a method based on method of linear combination of atomic orbitals and method of pseudo-
potential the energy levels of top of the valence band (E

V
) and bottom of the conduction band (Å

Ñ
) 

of Ge
n
S

m
 were calculated. The energy levels of electronic states of Ge

4p
 atoms, Ge

sp3
 clusters, and 

S
n
 clusters were calculated. The hypothetical dependence of E

V
 and Å

Ñ
 energies versus interatomic 

distance and calculated energies of electronic states of Es, EGe-Ge, EGesp3 and Fermi levels E
F
 were 

constructed. For the GeS
2
 compositions in the energy diagram the calculated probable energy levels 

of S
n
, α-GeS

2
, Ge

2
S

3
, Ge-Ge, Ge

sp3
 phases and LP-states of sulfur were shown. 

Keywords: Raman scattering spectra, nanoclasters, interatomic distance, electronic structure. 

Àííîòàöèÿ

ÑÏÅÊÒÐÛ ÊÎÌÁÈÍÀÖÈÎÍÍÎÃÎ ÐÀÑÑÅßÍÈß È ÝËÅÊÒÐÎÍÍÀß ÑÒÐÓÊÒÓÐÀ 
ÕÀËÜÊÎÃÅÍÈÄÍÛÕ ÑÒ¨ÊÎË Ge

X
S
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À. Á. Êîíäðàò, Â. Ì. Ìèöà, Í. È. Ïîïîâè÷ 

Èññëåäîâàëîñü âëèÿíèå òåõíîëîãè÷åñêèõ óñëîâèé ïîëó÷åíèÿ ñò¸êîë GeS
2
 íà ñòðóêòóð-

íûå èçìåíåíèÿ â ñ-GeS
2
. Óñòàíîâëåíî, ÷òî ñ óâåëè÷åíèåì òåìïåðàòóðû ðàñïëàâà â ñïåêòðå 

êîìáèíàöèîííîãî ðàññåèâàíèÿ èññëåäóåìîãî ñòåêëà ïîÿâëÿþòñÿ ïîëîñû, õàðàêòåðíûå äëÿ 
à-Ge è êðèñòàëëè÷åñêîãî ñ-GeS â ïîëÿðèçàöèè ba+(ca). Ó÷èòûâàÿ ýâîëþöèþ ñïåêòðîâ ÊÐ 
ñòåêëà ñ-GeS

2
 ñ óâåëè÷åíèåì òåìïåðàòóðû ðàñïëàâà, îò êîòîðîé ïðîèçâîäèëîñü çàêàëèâà-

íèå, ñëîæíóþ ïîëîñó â îáëàñòè 200-300 ñì-1 ìîæíî ðàññìàòðèâàòü êàê íàëîæåíèå ïîëîñ, 
õàðàêòåðíûõ äëÿ a-Ge è ê-GeS. ÊÐ ñïåêòðû âûñîêî- è íèçêîòåìïåðàòóðíûõ ìîäèôèêàöèé 
äèñóëüôèäà ãåðìàíèÿ è ðàñ÷åòû êîëåáàíèé öåïî÷åê â ìîäåëè âàëåíòíîãî ñèëîâîãî ïîëÿ ïî-
êàçûâàþò, ÷òî êîëåáàíèÿ äåôîðìèðîâàííûõ òåòðàýäðîâ GeS

4/2
 òèïà À

1
 îòâå÷àþò íàèáîëåå 

èíòåíñèâíîé êîëåáàòåëüíîé ìîäå ÊÐ ñïåêòðîâ β-GeS
2
 ïðè 362 ñì-1. 

Ïðîèçâåäåí ðàñ÷åò ýíåðãåòè÷åñêîãî ïîëîæåíèÿ âåðõà âàëåíòíîé çîíû (E
V
) è äíà çîíû 

ïðîâîäèìîñòè (Å
Ñ
) ñîåäèíåíèÿ Ge

n
S

m
. Îïðåäåëåíî ýíåðãåòè÷åñêîå ïîëîæåíèå ýëåêòðîííûõ 

ñîñòîÿíèé, ñîçäàííûõ àòîìàìè Ge
4p

, êëàñòåðàìè Ge
sp3

 è êëàñòåðàìè S
n
. Ïîñòðîåíà ãèïîòå-

òè÷åñêàÿ çàâèñèìîñòü ýíåðãåòè÷åñêîãî ïîëîæåíèÿ E
V
 è Å

Ñ
 îò ìåæàòîìíîãî ðàññòîÿíèÿ, ðàñ-

ñ÷èòàíû çíà÷åíèÿ ýíåðãèè ýëåêòðîííûõ ñîñòîÿíèé Es, EGe-Ge, EGesp3 è óðîâíÿ Ôåðìè E
F
. Äëÿ 

ñîåäèíåíèÿ GeS
2
 íà ýíåðãåòè÷åñêîé äèàãðàììå âûäåëåíû âåðîÿòíûå ðàñ÷åòíûå ïîëîæåíèÿ 

ýíåðãåòè÷åñêèõ óðîâíåé, êîòîðûå ìîæíî ñâÿçûâàòü ñ ôàçàìè S
n
, α-GeS

2
, Ge

2
S

3
, Ge-Ge, Ge

sp3
 

è LP-ñîñòîÿíèÿìè ñåðû. 

Êëþ÷åâûå ñëîâà: ñïåêòð êîìáèíàöèîííîãî ðàññåÿíèÿ, íàíîêëàñòåðû, ìåæàòîìíîå ðàñ-
ñòîÿíèå, ýëåêòðîííàÿ ñòðóêòóðà. 

1. Âñòóï 

Ïðàêòè÷íå çàñòîñóâàííÿ õàëüêîãåí³äíèõ 
ñêëîïîä³áíèõ íàï³âïðîâ³äíèê³â (ÕÑÍ) ó ñó÷àñ-
í³é îïòîåëåêòðîí³ö³ ïîòðåáóº íå ò³ëüêè â³äî-
ìîñòåé ïðî ñòðóêòóðó ³ âëàñòèâîñò³ ñòåêîë, à é 
äîñòîâ³ðíèõ ê³ëüê³ñíèõ äàíèõ ïðî ¿õ ñòðóêòóðó 
â íàíîìåòðîâîìó ìàñøòàá³ òà ïðî ìîæëèâîñò³ 
êåðóâàííÿ íåþ [1]. Òîìó íà äàíèé ÷àñ ñïîñòåð³-
ãàºòüñÿ ³íòåíñèâíå çðîñòàííÿ ÷àñòêè òåîðåòè÷-
íèõ òà åêñïåðèìåíòàëüíèõ ðîá³ò ïî âèâ÷åííþ 
âïëèâó ñòðóêòóðíèõ ôëóêòóàö³é ó ÕÑÍ íà ¿õ îï-
òèêî-åëåêòðîíí³ âëàñòèâîñò³ [2,3]. Ç’ÿñóâàííÿ 
ïðèðîäè ñïåêòð³â îïòè÷íîãî ïîãëèíàííÿ äàº 
ìîæëèâ³ñòü çðîçóì³òè ìåõàí³çìè ï³äçîííèõ ôî-
òî³íäóêîâàíèõ ÿâèù ó ÕÑÍ, ïðèêëàäîì ïðîÿâó 

ÿêèõ íà íàíîð³âí³ º îïòèêî-ìåõàí³÷íèé åôåêò. 
Ãóñòèíà ñòàí³â â åíåðãåòè÷í³é ïñåâäîù³ëèí³ 
ñòåêîë ìîæå áóòè âèì³ðÿíà çà äîïîìîãîþ ôî-
òîåì³ñ³éíèõ ìåòîä³â, îäíàê ðîçä³ëüíà çäàòí³ñòü 
òàêèõ ìåòîä³â º íåâèñîêîþ. Àíàë³ç îñîáëèâî-
ñòåé ðåçîíàíñíîãî ÊÐÑ ó íàï³âïðîâ³äíèêàõ 
ïîêàçóº, ùî ó âèïàäêó ñï³âïàäàííÿ åíåðã³¿ çáó-
äæóþ÷èõ ôîòîí³â ç åíåðã³ºþ Å

³
 åëåêòðîííèõ îï-

òè÷íèõ ïåðåõîä³â ó ñïåêòð³, çíÿòîìó ïðè hν=Å
³
, 

â³äáóâàºòüñÿ ï³äñèëåííÿ â³äïîâ³äíèõ ñìóã. Î÷³-
êóºòüñÿ, ùî ÷åðåç ðîçóïîðÿäêóâàííÿ ñòðóêòóðè 
ð³âåíü Å

³
 â åíåðãåòè÷íîìó ñïåêòð³ ñêëà ìîæå 

ðîçøèðèòèñü ó çîíó. Òîìó, äîñë³äæóþ÷è çàëåæ-
í³ñòü ôîðìè ³ ïîëîæåííÿ ñìóã ó ñïåêòðàõ ÊÐÑ 
ñòåêîë â³ä åíåðã³¿ çáóäæóþ÷èõ ôîòîí³â, ìîæíà 
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îòðèìàòè ³íôîðìàö³þ ïðî ðîçïîä³ë òà åíåðãå-
òè÷íå ïîëîæåííÿ ãóñòèíè åëåêòðîííèõ ñòàí³â 
ó ïñåâäîù³ëèí³ ÕÑÍ. Ïîäàëüøà ³íòåðïðåòàö³ÿ 
ñïåêòð³â ÊÐÑ äàº ìîæëèâ³ñòü âèçíà÷èòè ñòðó-
êòóðíó ïðèðîäó îïòè÷íîãî ïîãëèíàííÿ. Íàÿâ-
í³ñòü êîâàëåíòíèõ çâ’ÿçê³â ó ñòåêëàõ äîçâîëÿº 
âèêîðèñòàòè ïåðøîïðèíöèïí³ ìåòîäè äëÿ ïðî-
âåäåííÿ ðîçðàõóíê³â ÷àñòîòíîãî ñïåêòðó êëà-
ñòåð³â. Ïîºäíàííÿ ðîçðàõîâàíèõ ³ âèì³ðÿíèõ 
ñïåêòð³â ÊÐÑ çá³ëüøóº äîñòîâ³ðí³ñòü â³äíåñåí-
íÿ ñïîñòåðåæóâàíèõ êîëèâíèõ ñìóã äî ïåâíèõ 
çâ’ÿçê³â òà ñòðóêòóðíèõ óãðóïóâàíü, ùî òàêîæ 
äîçâîëÿº óòî÷íèòè ïðèðîäó âèä³ëåíèõ íàíîôàç. 
Íåâèâ÷åíèì çàëèøàºòüñÿ ïèòàííÿ ïðî âïëèâ 
âàð³àö³¿ ñêëàäó äëÿ âñ³õ êîìïîçèö³é ó ñêëàäíèõ 
ñòåêëàõ íà âèä³ëåííÿ íàíîôàç ³ ñòðóêòóðó áëèæ-
íüîãî ïîðÿäêó (ÁÏ) ó öèõ âèä³ëåííÿõ Íàéá³ëüø 
çðó÷íèì ìîäåëüíèì îá’ºêòîì äëÿ ïåðåâ³ðêè ïî-
ëîæåíü ñó÷àñíèõ òåîð³é ïðî âïëèâ çì³íè ñêëàäó 
ñòåêîë íà çâ’ÿçí³ñòü ñòðóêòóðè òà åíåðãåòè÷í³ 
ñòàíè â ïñåâäîù³ëèí³ ïðè âèä³ëåíí³ íàíîôàç ³ 
âïðîâàäæåíí³ íàíîêëàñòåð³â ó ñêëîïîä³áíó ìà-
òðèöþ º ñïëàâè ñèñòåìè Ge-S, ùî ìàþòü øèðî-
êó îáëàñòü ñêëîóòâîðåííÿ, â ìåæàõ ÿêî¿ ëåãêî 
çì³íþâàòè ñêëàä, òà îáóìîâëåíå íèì çíà÷åííÿ 
êîîðäèíàö³éíîãî ÷èñëà z âçäîâæ ð³çíèõ ðîçð³-
ç³â. Âèñîêà ïðîçîð³ñòü ñòåêîë ñèñòåìè Ge-S ó 
âèäèì³é òà ²× îáëàñòÿõ ñïåêòðó ðîáèòü ¿õ ïåðñ-
ïåêòèâíèìè òàêîæ ³ ç ïðàêòè÷íî¿ òî÷êè çîðó. 

2. Ìåòîäèêà äîñë³äæåíü 

Ñèíòåç ñêëîïîä³áíèõ ìàòåð³àë³â ñèñòåìè 
GeS

2
 çä³éñíþâàâñÿ ³ç åëåìåíòàðíèõ êîìïîíåíò 

÷èñòîòè “ÎÑ×” Â-5 â êâàðöåâèõ àìïóëàõ. Âèõ³-
äí³ êîìïîíåíòè çâàæóâàëèñü ³ç òî÷í³ñòþ äî 10-7 
êã ³ íàñèïàëèñÿ ó â³äïàëåí³ êâàðöåâ³ àìïóëè, ïî-
ïåðåäíüî îáðîáëåí³ êîíöåíòðîâàíîþ àçîòíîþ 
êèñëîòîþ ³ ïðîìèò³ äèñòèëüîâàíîþ âîäîþ. 
Íàïîâíåí³ øèõòîþ àìïóëè ïðîãð³âàëèñÿ äî òå-
ìïåðàòóðè 400-450 Ê äëÿ óñóíåííÿ ïàð³â âîäè 
³ çàïàþâàëèñÿ ï³ä òèñêîì ïîðÿäêó 10-4 òîðð. 
Ïðîöåñ ñèíòåçó ñòåêîë äëÿ äîñë³äæåííÿ âïëèâó 
òåõíîëîã³÷íèõ óìîâ íà ñòðóêòóðó ³ âëàñòèâîñò³ 
ñ-GeS

2
 áóâ äåùî ñêëàäí³øèì. Ñïî÷àòêó àìïóëà 

ç øèõòîþ íàãð³âàëàñÿ ç øâèäê³ñòþ 250 Ê/ãîä äî 
òåìïåðàòóðè 800 Ê ³ âèòðèìóâàëàñü ïðîòÿãîì 5 
ãîäèí. Öå äîçâîëèëî çìåíøèòè òèñê ïàð³â ñ³-
ðêè â àìïóëàõ ³ çàïîá³ãòè ¿õ ðîçðèâó â ïðîöåñ³ 
ñèíòåçó. Ïîò³ì òåìïåðàòóðà ï³äâèùóâàëàñü äî 
1200 Ê ç øâèäê³ñòþ ïîðÿäêó 100 Ê/ãîä. Ðîçïëàâ 
ïðè ö³é òåìïåðàòóð³ âèòðèìóâàâñÿ ïðîòÿãîì 10 

ãîä., à ïîò³ì îõîëîäæóâàâñÿ ó âîä³ ç øâèäê³ñòþ 
150 Ê/ñ. Îòðèìàí³ çðàçêè áóëè îäíîð³äíèìè ³ 
íå ì³ñòèëè âêëþ÷åíü êðèñòàë³÷íî¿ ôàçè. Ï³ñ-
ëÿ òàêîãî ïîïåðåäíüîãî ñèíòåçó çðàçîê ñ-GeS

2
 

ðîçä³ëÿâñÿ íà òðè ð³âí³ ÷àñòèíè, ÿê³ çíîâó çàâà-
íòàæóâàëèñÿ ó êâàðöåâ³ êîíòåéíåðè, â³äêà÷àí³ 
äî òèñêó 10-4 òîðð, ³ çàïàþâàëèñÿ. Êîæíà ç öèõ 
àìïóë çãîäîì íàãð³âàëàñü ç øâèäê³ñþ 100 Ê/ãîä 
äî ÷îòèðüîõ ð³çíèõ òåìïåðàòóð ñèíòåçó Ò

ñ
 (1173, 

1273, 1373, 1473 Ê). Ïðè äîñÿãíåíí³ âêàçàíèõ 
òåìïåðàòóð ðîçïëàâ âèòðèìóâàâñÿ íà ïðîòÿç³ 10 
ãîä é îõîëîäæóâàâñÿ ³ç øâèäê³ñòþ 150 Ê/ñ. 

Ïðè äîñë³äæåíí³ ÊÐÑ ñòåêîë ó ìàêðîêîí-
ô³ãóðàö³¿ âàæëèâèìè º ÿê ÿê³ñòü çðàçê³â (â³ä-
ñóòí³ñòü ì³êðîòð³ùèí, âêëþ÷åíü ³ ò.ä.), òàê ³ ¿õ 
ãåîìåòð³ÿ (ðîçì³ðè, ôîðìà). Çðàçêè äëÿ âèì³-
ðþâàíü âèð³çàëèñÿ ó âèãëÿä³ ïëàñòèíîê òà îá-
ðîáëÿëèñÿ â ñóì³ø³ âîäè ³ øë³ôóâàëüíîãî ïîðî-
øêó Ì10 ³ Ì5. Ê³íöåâå ïðîìèâàííÿ îòðèìàíî¿ 
ïëàñòèíêè ïðîâîäèëîñÿ â ÷îòèðèõëîðèñòîìó 
âîäí³ (ÍCl

4
). 

Äëÿ âèì³ðþâàíü ÊÐÑ âèêîðèñòîâóâàëàñü 
âèñîêîðîçä³ëüíà ñïåêòðîñêîï³ÿ ÊÐÑ ç ôóð’º-
òðàíñôîðìàö³ºþ. Âèì³ðþâàííÿ çä³éñíþâàëèñÿ 
íà Bruker IFS-66 ³íòåðôåðîìåòð³ ç CCD-äåòå-
êòîðîì, ïðèºäíàíèì äî Bruker FRA 106 ÊÐÑ 
ìîäóëÿ. Â ÿêîñò³ äæåðåëà çáóäæåííÿ âèêîðè-
ñòîâóâàâñÿ Nd:YAG ëàçåð ïîòóæí³ñòþ á³ëüøå 
500 ìÂò ç äîâæèíîþ õâèë³ âèïðîì³íþâàííÿ 
λ

çá
=1064 íì (Å

çá
=1.17 åÂ). Ïðè äîñë³äæåííÿõ 

ÊÐÑ ñòåêîë âèõ³äíà ïîòóæí³ñòü ëàçåðíîãî âè-
ïðîì³íþâàííÿ ñêëàäàëà 90 ìÂò. Âèì³ðþâàí-
íÿ ïðîâîäèëèñü ïðè ê³ìíàòí³é òåìïåðàòóð³ ç 
âèêîðèñòàííÿì 180° êîíô³ãóðàö³¿. Ðîçä³ëüíà 
çäàòí³ñòü ñïåêòðîìåòðà ñêëàäàëà ∼1 ñì-1. Ïðè 
âèì³ðàõ îõîïëþâàâñÿ øèðîêèé ñïåêòðàëüíèé 
ä³àïàçîí â³ä 50 äî 3600 ñì-1 äëÿ ñòîêñîâî¿ ÷àñ-
òèíè ñïåêòðó. 

Ìîäåëþâàííÿ ä³àãðàìè åíåðãåòè÷íèõ çîí 
ñïîëóêè Ge

n
S

m
 ç åëåêòðîííèìè ñòàíàìè â çàáî-

ðîíåí³é çîí³ âèêîíàíî ìåòîäîì, ùî áàçóºòüñÿ 
íà ìåòîä³ ë³í³éíî¿ êîìá³íàö³¿ àòîìíèõ îðá³òàëåé 
³ ïñåâäîïîòåíö³àëó [4]. Òóò âèêîðèñòàí³ óí³âåð-
ñàëüí³ ïàðàìåòðè ñèëüíîãî çâ’ÿçêó, ÿê³ ì³ñòÿòü 
âåëè÷èíè òåðì³â Õàðòð³-Ôîêà [5]. Åíåðãåòè÷íå 
ïîëîæåííÿ åëåêòðîííèõ ñòàí³â ó çàáîðîíåí³é 
çîí³, ÿê³ â³äïîâ³äàþòü êëàñòåðàì S

m
, Ge-Ge ãî-

ìîïîëÿðíèì çâÿçêàì, ã³áðèäèçîâàíèì òà Ge sp3 

êëàñòåðàì âèçíà÷àëèñÿ â òàê³é ïîñë³äîâíîñò³: 
âèðàõîâóâàëîñÿ åíåðãåòè÷íå ïîëîæåííÿ ìàê-
ñèìóìó âàëåíòíî¿ çîíè (E

v
), óòâîðåíîãî çâÿçà-

íèìè îðá³òàëÿìè, çîíè “óñàì³òíåíèõ” åëåêò-
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ðîííèõ ïàð (E
LP

 + ΔE
LP

), äíà çîíè ïðîâ³äíîñò³ 
(E

c
), ð³âíÿ Ôåðì³ (E

F
), ã³áðèäèçîâàíèõ ñòàí³â 

(E
Ge

h) (ïðîöåäóðà ðîçðàõóíê³â äåòàëüíî îïèñàíà 
â [6]). Äàë³ âèçíà÷àëîñÿ åíåðãåòè÷íå ïîëîæåí-
íÿ åëåêòðîííèõ ñòàí³â êëàñòåð³â Ge 4p òà Ge sp3 
³ áóäóâàëàÿ çàëåæí³ñòü åíåðã³é E

v
 ³ E

c
 â³ä ì³æ-

àòîìíî¿ â³äñòàí³ d (ââàæàºòüñÿ, ùî åíåðãåòè÷íå 
ïîëîæåííÿ ESm, EGe-Ge, E

F
, EGe sp3 òà (E

LP
 + ΔE

LP
) 

íå çì³íþºòüñÿ). 

3. Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ 

3.1. ÊÐ ñïåêòðè ñ-GeS
2
 ïðè çì³í³ ô³çèêî-òåõ-

íîëîã³÷íèõ óìîâ îäåðæàííÿ 

Çì³íþþ÷è òèñê ³ òåìïåðàòóðó çàãàðòîâóâàí-
íÿ ð³äêî¿ ôàçè ïðè ñèíòåç³ ñòåêîë, ìîæíà îäå-
ðæàòè òâåðäó ðå÷îâèíó îäíîãî é òîãî æ ñêëàäó, 
àëå ð³çíî¿ ãóñòèíè ³ áóäîâè (ðèñ.1). Ó ïðîöåñ³ 
ñêëîóòâîðåííÿ êèñíåâèõ ñòåêîë ñïîñòåð³ãà-
ºòüñÿ âêëþ÷åííÿ â ¿õ ñòðóêòóðó ö³ëèõ áëîê³â 
(óñ³÷åíèõ êëàñòåð³â) ôðàãìåíò³â, õàðàêòåðíèõ 
äëÿ êðèñòàë³÷íèõ àíàëîã³â [7,8]. Â³äì³òèìî, ùî 
äèôðàêö³éí³ äàí³ âêàçóþòü íà òå, ùî â ³çîåëåê-
òðîííîìó àíàëîç³ SiO

2
 — ñêëîïîä³áíîìó äèñó-

ëüô³ä³ ãåðìàí³þ (ñ-GeS
2
) — ñòðóêòóðí³ êîðåëÿ-

ö³¿ íà ìåçîñêîï³÷íèõ â³ääàëÿõ ~2.0 íì îäíîãî é 
òîãî æ ïîðÿäêó, ùî ³ â êèñíåâèõ ñòåêëàõ [9]. 

Ðèñ. 1. Ñòðóêòóðí³ ìîäåë³ êëàñòåð³â Ge
n
S

m
 äëÿ ðîç-

ðàõóíê³â. 

Íà ðèñ. 2 íàâåäåí³ íåðåçîíàíñí³ ñïåêòðè ìà-
êðî-ÊÐÑ ñòåêîë GeS

2
(T

x
), âèì³ðÿí³ ïðè äîâæè-

í³ õâèë³ Nd:YAG ëàçåðà — λ
çá.1

=1064 íì. Îñíî-
âíîþ ñï³ëüíîþ õàðàêòåðèñòèêîþ âñ³õ ñïåêòð³â 
º ñìóãà ïðè 342 ñì-1, õàðàêòåðíà äëÿ âàëåíò-
íèõ À

1
 êîëèâàíü îñíîâíèõ ñòðóêòóðíèõ îäè-

íèöü — òåòðàåäð³â GeS
4
 [10]. Îêð³ì íåçíà÷íî¿ 

ð³çíèö³ ³íòåíñèâíîñòåé ó ñïåêòðàëüí³é îáëàñò³ 
300-500 ñì-1, çíà÷íèõ â³äì³ííîñòåé â ñïåêòðàõ 
ð³çíèõ çðàçê³â (îêð³ì GeS

2
, T

4
) âèÿâëåíî íå 

áóëî — ñïîñòåð³ãàþòüñÿ äâ³ ÊÐ-àêòèâí³ ñìóãè 
ïðè 370 ³ 433 cì-1. Ïðèðîäà öèõ äâîõ ñìóã ùå 
é äîñ³ äèñêóòóºòüñÿ [11]. Ó çàãàëüíîìó ìîäà 1

cA  
ïðè ~370 cì-1 (ò.ç. ìîäà-ñóïóòíèê äî À

1
) àñîö³-

þºòüñÿ ç íàÿâí³ñòþ ñåðåäíüîãî ïîðÿäêó (ÑÏ) â 
ñòåêëàõ. 

 

Ðèñ. 2. Íåðåçîíàíñí³ ñïåêòðè ìàêðî-ÊÐÑ ç Ôóð’º 
òðàíñôîðìàö³ºþ ñêëà ñ-GeS

2
, ñèíòåçîâàíîãî ïðè 

ð³çíèõ òåìïåðàòóðàõ. Äîâæèíà õâèë³ çáóäæóþ÷îãî 
âèïðîì³íþâàííÿ λ

çá.1
=1064 íì. (1.17 åÂ, Nd:YAG, 

Bruker IFS 66/FRA 106): 1) T
1
; 2) T

2
; 3) T

3
; 4) T

4
. 

Ìîæëèâå ³íòåðïðåòóâàííÿ ö³º¿ ìîäè ÿê ìîäè 
êîëèâàíü òåòðàåäð³â, ç’ºäíàíèõ ïî ðåáðó [12]. ª 
òàêîæ ïðèíàéìí³ äâà òèïè ³íòåðïðåòàö³¿ ïðè-
ðîäè ñìóãè ïðè 433 cì-1. Öå íàñàìïåðåä íàÿâ-
í³ñòü ó ìàòðèö³ ñòðóêòóðè ñòåêîë á³-òåòðàåäð³â, 
ó ÿêèõ GeS

4
 ç’ºäíàí³ ïî ðåáðó, à òàêîæ íàÿâí³ñòü 

ê³íöåâèõ S-äèìåð³â (íàïðèêëàä, â ñòðóêòóðàõ 
òèïó êëàñòåðó Ô³ë³ïñà). 

Çíà÷í³ çì³íè ñïåêòð³â ÊÐÑ ñ-GeS
2
 ïðè çì³í³ 

óìîâ ñèíòåçó áóëè çàô³êñîâàí³ â îáëàñò³ 300-500 
ñì-1. ßê âèäíî ç ðèñ. 2 (êðèâ³ 3 ³ 4) â ñïåêòðàõ 
ÊÐÑ ñ-GeS

2
, ñèíòåçîâàíèõ â³ä âèñîêèõ òåìïå-

ðàòóð ðîçïëàâó (T
3
=1373K, T

4
=1473K) ç”ÿâëÿ-

ºòüñÿ äîñèòü ³íòåíñèâíà ñìóãà ç ìàêñèìóìîì 
ïðè 256 cì-1, ÿêà áóëà ïðèïèñàíà åòàíîïîä³á-
íèì ñ.î. Ge-Ge çâ’ÿçêàìè. Öÿ ñìóãà âèÿâèëàñü 
äóæå ÷óòëèâîþ äî óìîâ ñèíòåçó ñòåêîë ³ íå ñïî-
ñòåð³ãàëàñü ó çðàçêàõ, ñèíòåçîâàíèõ â³ä òåìïå-
ðàòóð, íèæ÷èõ çà T

3
 (ðèñ.2, êðèâ³ 1,2). Ñë³ä â³ä-

ì³òèòè ïîì³òíó àñèìåòð³þ ñìóãè ïðè 256 cì-1 ç 
ïåðåãèíîì ïðè 237 cì-1. 

3.2. Åëåêòðîííà ñòðóêòóðà ñòåêîë ñèñòåìè 
Ge-S. 

Íà ðèñ.3 íàâåäåíî ïðèíöèï ïîáóäîâè ä³àã-
ðàìè åíåðãåòè÷íèõ çîí ñïîëóêè GeS

2
 (ðèñ.3,à) 

³ âèçíà÷åííÿ ïîëîæåííÿ åíåðãåòè÷íèõ ð³âí³â 
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ó çàáîðîíåí³é çîí³ (ðèñ.3,á). Âèêîðèñòàí³ òàê³ 
ïîçíà÷åííÿ: Ge4p, Ge4s, Ge sp3 ³ S 3p — àòîì-
í³ òåðìè; σ, σ* — çâ’ÿçóþ÷³ é àíòèçâ’ÿçóþ÷³ 
ñòàíè; ΔE

s-o
 - ñï³í-îðá³òàëüíå ðîçùåïëåííÿ; 

V
1

σ, V
1

σ* — åíåðã³ÿ ìåòàëåâîñò³ çâ’ÿçóþ÷èõ ³ 
àíòèçâ’ÿçóþ÷èõ ñòàí³â; U/2 — âíóòð³àòîìíå 
êóëîí³âñüêå â³äøòîâõóâàííÿ. Ðîçðàõîâàí³ é 
åêñïåðèìåíòàëüí³ (â äóæêàõ) äàí³ äëÿ ïîðîãó 
ôîòîåì³ñ³¿ ³ øèðèíè îïòè÷íî¿ çîíè íàâåäåí³ â 
åëåêòðîíîâîëüòàõ. Ç ðèñóíê³â âèäíî, ùî âåðõ 
âàëåíòíî¿ çîíè GeS

2
 ñôîðìîâàíèé LP-ñòàíàìè 

ñ³ðêè S 3p. Ó çàáîðîíåí³é çîí³ òàêî¿ ñïîëóêè 
ìîæóòü ñïîñòåð³ãàòèñÿ åíåðãåòè÷í³ ð³âí³, ñôî-
ðìîâàí³ ãîìîïîëÿðíèìè Ge - Ge çâ’ÿçêàìè ³ 
S

n 
êëàñòåðàìè. Ñë³ä â³äì³òèòè, ùî íàÿâí³ñòü S

n 

êëàñòåð³â íå ìîæå âèêëèêàòè ðîçìèòòÿ çîíè 
ïðîâ³äíîñò³, à ð³âí³, óòâîðåí³ ãîìîïîëÿðíèìè 
S-S çâ’ÿçêàìè, ïîòðàïëÿþòü ó âàëåíòíó çîíó. 
Íàâåäåí³ íà ðèñ.3 (à) ðîçðàõîâàí³ çíà÷åííÿ 
øèðèíè çàáîðîíåíî¿ çîíè ³ ïîðîãó ôîòîåì³ñ³¿ 
äîáðå êîðåëþþòü ç åêñïåðèìåíòàëüíî âèçíà-
÷åíèìè (íàâåäåí³ â äóæêàõ). 

Ðèñ.3. Ñõåìè ïåðåõîäó â³ä àòîìíèõ òåðì³â äî åíåðãåòè÷íèõ çîí (à) ³ äî óòâîðåííÿ åíåðãåòè÷íèõ ð³âí³â, 
ñôîðìîâàíèõ ãîìîïîëÿðíèìè çâ’ÿçêàìè Ge - Ge ³ S – S òà S

n 
êëàñòåðàìè (á) äëÿ GeS

2
.

Ðèñ.4(à) ³ëþñòðóº çàëåæí³ñòü åíåðåãåòè÷íèõ 
ïàðàìåòð³â â³ä ìîæëèâèõ ì³æàòîìíèõ â³äñòàíåé 
äëÿ ñèñòåìè Ge-S. Òàêà çàëåæí³ñòü äàº ìîæëè-
â³ñòü âèçíà÷èòè øèðèíó çàáîðîíåíî¿ çîíè äëÿ 
áóäü-ÿêîãî ñêëàäó Ge

x
S

100-x
. Äëÿ íàãëÿäíîñò³ íà 

ðèñóíêó ñòð³ëêàìè ïîêàçàí³ åêñïåðèìåíòàëüíî 
âèçíà÷åí³ âåëè÷èíè ì³æàòîìíî¿ â³äñòàí³ äëÿ α- 
³ β-ìîäèô³êàö³é ³ àìîðôíîãî GeS

2
. Âèäíî, ùî 

ìàº ì³ñöå ðîçêèä åêñïåðèìåíòàëüíèõ çíà÷åíü d. 
Íà ðèñ.4(á) íàâåäåíà ðîçðàõîâàíà ä³àãðàìà 

åíåðãåòè÷íèõ çîí ñïîëóêè GeS
2
 òà ïîëîæåííÿ 

åíåðãåòè÷íèõ ñòàí³â, ÿê³ ìîæóòü óòâîðþâàòèñÿ 
â çàáîðîíåí³é çîí³. Áà÷èìî, ùî α-ìîäèô³êàö³ÿ 
GeS

2
 ïîâèííà ïðèçâîäèòè äî ðîçùåïëåííÿ íèæ-

íüî¿ ÷àñòèíè çîíè ïðîâ³äíîñò³ Åα-GeS2
 = 0,02 åÂ. 

ßê âæå áóëî â³äì³÷åíî, âåðõ âàëåíòíî¿ çîíè 

ñôîðìðâàíèé LP-ñòàíàìè ñ³ðêè S 3p, ÿê³ ìî-
æóòü çàïîâíþâàòèñÿ ÿê çàâãîäíî, òîìó ìîæëè-
âå ðîçùåïëåííÿ çîíè. 

Äàíèé ï³äõ³ä äî ðîçðàõóíêó åíåðãåòè÷íèõ 
ïàðàìåòð³â çîííî¿ ñòðóêòóðè äîçâîëÿº á³ëüø 
ãëèáîêî çðîçóì³òè ìåõàí³çìè ïåðåíîñó íîñ³¿â 
çàðÿäó, îñîáëèâîñò³ ïîãëèíàííÿ ñâ³òëà â îáëà-
ñò³ êðàþ ïîãëèíàííÿ, à òàêîæ ôîòîñòðóêòóðí³ 
ïåðåòâîðåííÿ ó ñòåêëàõ 

Ï³äòâåðäæåííÿì çðîáëåíèì ðîçðàõóíêàìè 
åëåêòðîííî¿ ñòðóêòóðè ñòåêîë Ge

x
S

100-x 
ñëóæèòü 

êîíöåíòðàö³éíà çì³íà ïîëîæåííÿ êðàþ âëàñíî-
ãî ñòåêîë (ðèñ.5) [13]. Äëÿ ñêëàäó Ge

40
S

60
, ÿêèé 

â³äïîâ³äàº Ge
2
S

3
, øèðèíà ïñåâäîçàáîðîíåíî¿ 

çîíè ð³çêî çìåíøóºòüñÿ âíàñë³äîê óòâîðåííÿ 
êëàñòåð³â Ge

2
S

6/2
 òà SGe

3/3
. 
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Ðèñ.4. Çàëåæí³ñòü ì³æàòîìíî¿ â³äñòàí³ â³ä øèðèíè îïòè÷íî¿ çîíè äëÿ ñïîëóêè Ge
n
S

m
 (a); ìîæëèâ³ ñòàíè â 

çàáîðîíåí³é çîí³ ñêëà GeS
2 
(á).

Òàáëèöÿ 
Åíåðãåòè÷í³ ïàðàìåòðè äëÿ ñïîëóêè Ge

n
S

m
 : E

c
 –åíåðãåòè÷íå ïîëîæåííÿ íèæíüî¿ ÷àñòèíè çîíè ïðîâ³äíîñò³, 

E
v
 — åíåðãåòè÷íå ïîëîæåííÿ âåðõó âàëåíòíî¿ çîíè, E

g
 — øèðèíà ïñåâäîçàáîðîíåíî¿ çîíè, ΔE

c
 — ðîçìèòòÿ 

çîíè ïðîâ³äíîñò³, ΔE
v
 — ðîçìèòòÿ âàëåíòíî¿ çîíè. 

Åíåðãåòè÷íèé ïàðàìåòð a-GeS
2

α-GeS
2

β-GeS
2

Ge
2
S

3

-E
c
, åÂ 2.89 3.06 2.71 3.51

-E
v
, åÂ 6.79 6.60 6.99 6.09

E
g
, åÂ 3.2 4.28 3.54 2.58

ΔE
g
 = E

g1
 - E

 g2
, åÂ - -0.38 0.36 1.32

ΔE
c
= E

c1
 - E

 c2
, åÂ - 0.17 -0.18 0.62

ΔE
v
 = E

v1
 - E

 v2
, åÂ - -0.19 0.20 -0.70

ΔE
v
 = ΔE

g
 - ΔE

c
, åÂ - -0.52 0.54 0.70

 

Ðèñ. 5. Êðàé âëàñíîãî ïîãëèíàííÿ ñòåêîë Ge
x
S

100-x
 

ïðè 293 Ê: 1) x=41.6; 2) x=40; 3) x=38.4; 4) x=37; 
5) x=35.7; 6) x=20; 7) x=33 [13]. 

4. Âèñíîâêè 

1. Äîñë³äæåííÿ âïëèâó òåìïåðàòóðè ðîçïëàâó 
(Ò

ð
) ïðè øâèäêîñò³ ãàðòóâàííÿ v=1.5*102 Ê/ñ íà 

ñòðóêòóðí³ çì³íè â ñ-GeS
2
 (Ò

ð1
= 1173, Ò

ð2
=1273, 

Ò
ð3

=1373, Ò
ð4

=1473 Ê) âèÿâèëî ó ñïåêòðàõ ÊÐÑ 
ñ-GeS

2
 ðåçîíàíñíó ïðèðîäó ñìóã ïðè 370 ³ 433 ñì-1. 

Ïðèðîäà öèõ ñìóã ïîâ’ÿçóºòüñÿ ç íàÿâí³ñòþ â ìà-
òðèö³ ñòðóêòóðè ñòåêîë òåòðàåäð³â, ç’ºäíàíèõ ïî 
ðåáðó. Áóëî âèÿâëåíî, ùî â ñ-GeS

2
 ñòðóêòóðíî 

â³äì³ííîþ êîìïîíåíòîþ â³ä îñíîâíî¿ ìàòðèö³ 
ñòðóêòóðè º íàíîêëàñòåðè íà îñíîâ³ ñ.î. SGe

3/3
. 

Ïðè ðîñò³ òåìïåðàòóðè ðîçïëàâó âèùå 1273 Ê 
ñïîñòåð³ãàºòüñÿ ¿õ àñîö³àö³ÿ ç óòâîðåííÿì ì³êðî-
êðèñòàë³ò³â ìîíîñóëüô³äó ãåðìàí³þ ê-GeS. 

2. Íà îñíîâ³ ìåòîäó ë³í³éíî¿ êîìá³íàö³¿ 
àòîìíèõ îðá³òàëåé ³ ìåòîäó ïñåâäîïîòåíö³àëó 
çä³éñíåíî ìîäåëþâàííÿ ä³àãðàìè åíåðãåòè÷íèõ 
çîí á³íàðíèõ ñïîëóê Ge

n
S

m 
³ âèçíà÷åíî åíåðãå-

òè÷íå ïîëîæåííÿ ñòàí³â ó çàáîðîíåí³é çîí³ ç 
âðàõóâàííÿì íàíîðîçì³ðíîãî ðîçä³ëåííÿ ôàç. 
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