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êðèñòàëàõ n Si−  òà n Ge−  îñîáëèâîñò³ çàëåæíîñòåé 
0

( )f Xμ
=

μ
 ïðè ð³çíèõ òåìïåðàòóðàõ ò³ 

æ, ùî ³ ó â³äíîñíî ÷èñòèõ êðèñòàëàõ n Si−  òà n Ge−  áåç ãëèáîêèõ ð³âí³â â óìîâàõ ïåðåâàæíî 
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Abstract. An influence of uniaxial elastic deformation on change of mobility of carriers of a current 
in crystals n Si−  with a deep level 0,17cE − eV  and n Ge−  with a deep energetic level 0,2cE − eV  
is investigated. During this concentration of deep centers in crystals n Si−  and n Ge−  features of 

dependences 
0

( )f Xμ
=

μ
 at different temperatures those, that and in relation to clean crystals n Si−  

and n Ge−  without deep levels in the conditions of mainly phonon dissipation is showed. 
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Âèâ÷åííÿ îñíîâíèõ çàêîíîì³ðíîñòåé òåíçî-
åôåêò³â â áàãàòîäîëèííèõ íàï³âïðîâ³äíèêàõ ç 
ãëèáîêèìè åíåðãåòè÷íèìè ð³âíÿìè òåõíîëîã³÷-
íîãî ³ ðàä³àö³éíîãî ïîõîäæåííÿ º àêòóàëüíèì 
â òåîðåòè÷íîìó, òàê ³ â ïðèêëàäíîìó àñïåêòàõ. 
Â ïðèêëàäíîìó â³äíîøåíí³ ðîëü ãëèáîêèõ ð³â-
í³â âàæëèâà ïðè âèêîðèñòàíí³ åëåêòðè÷íèõ, 
ðåêîìá³íàö³éíèõ, îïòè÷íèõ, ðåçîíàíñíèõ òà ³í-
øèõ ô³çè÷íèõ âëàñòèâîñòåé íàï³âïðîâ³äíèê³â. 

Äîñë³äæåííþ âïëèâó îäíîâ³ñíî¿ ïðóæíî¿ 
äåôîðìàö³¿ íà çì³íó ðóõëèâîñò³ íîñ³¿â ñòðóìó â 
íàï³âïðîâ³äíèêàõ ïðèñâÿ÷åíî ðÿä ðîá³ò [1-3], 
àëå â ë³òåðàòóð³ º ìàëî â³äîìîñòåé ïðî îñîá-
ëèâîñò³ çàëåæíîñò³ ðóõëèâîñò³ â³ä ìåõàí³÷íîãî 
òèñêó ïðè íàÿâíîñò³ ãëèáîêèõ åíåðãåòè÷íèõ 
ð³âí³â â çàáîðîíåí³é çîí³ íàï³âïðîâ³äíèêà, ùî ³ 
ñòàëî ñòèìóëîì äëÿ íàïèñàííÿ äàíî¿ ðîáîòè. 

Çàïèøåìî âèðàç äëÿ ïèòîìî¿ åëåêòðîïðîâ³ä-
íîñò³ íàï³âïðîâ³äíèêà n-òèïó ïðîâ³äíîñò³: 

 enσ = μ ,  (1) 

àáî 

 
1

σ =
ρ

,  (2) 

äå ρ  — ïèòîìèé îï³ð íàï³âïðîâ³äíèêà. 
Ïðè äåôîðìàö³¿ íàï³âïðîâ³äíèêà ïèòîìà 

åëåêòðîïðîâ³äí³ñòü áóäå ôóíêö³ºþ ìåõàí³÷íî¿ 
íàïðóãè X . 

Ïðîäèôåðåíö³þºìî (1) ïî X : 

 ( )d dn de n
dX dX dX
σ μ
= μ + .  (3) 

Ç âðàõóâàííÿì (2), (3) ìîæíà çàïèñàòè òàê: 

 2

1 ( )d dn de n
dX dX dX
ρ μ

− = μ +
ρ

.  (4) 

Êîíöåíòðàö³ÿ åëåêòðîí³â â äåôîðìîâàíîìó 
íàï³âïðîâ³äíèêó ïðè íàÿâíîñò³ ãëèáîêèõ åíåð-
ãåòè÷íèõ ð³âí³â âèçíà÷àºòüñÿ [4]: 

 0

E
kTn n e
Δ

−
α= ,  (5) 

äå EΔ  — çì³íà âåëè÷èíè åíåðãåòè÷íî¿ 
ù³ëèíè ì³æ ãëèáîêèì ð³âíåì ³ äíîì çîíè 
ïðîâ³äíîñò³ ïðè äåôîðìàö³¿, α  — êîåô³ö³ºíò, 
ÿêèé çì³íþºòüñÿ â³ä 1 äî 2 â çàëåæíîñò³ â³ä 
ñòóïåíÿ çàïîâíåííÿ ãëèáîêîãî ð³âíÿ [3], 0n  — 
êîíöåíòðàö³ÿ åëåêòðîí³â â íåäåôîðìîâàíîìó 
íàï³âïðîâ³äíèêó. 

Ïðîäèôåðåíö³þºìî (5) ïî X : 

 0 ( )E
kTndn d Ee

dX kT dX

Δ
−
α Δ

= − ⋅
α

.  (6) 

Âðàõîâóþ÷è (1), (2), (5) ³ (6), (4) íàáóäå âèã-
ëÿäó: 

 2 2 2 ( )( )d n d E de n e n
dX kT dX dX
ρ Δ μ

− μ = − μ +
α

.  (7) 

Ï³ñëÿ íåñêëàäíèõ ìàòåìàòè÷íèõ ðîçðàõóí-
ê³â îòðèìàºìî: 

 2d a b
dX
μ
− μ = μ ,  (8) 

äå ÷åðåç a  ³ b  ìè ïîçíà÷èëè â³äïîâ³äíî: 

 

( )d E
dXa
kT

Δ

=
α

, 
db en
dX
ρ

= − .  (9) 

Äèôåðåíö³àëüíå ð³âíÿííÿ (8) º ð³âíÿííÿì 
Áåðíóëë³, çàãàëüíèé ðîçâ’ÿçîê ÿêîãî ìàòèìå 
âèãëÿä: 

 
0

aXe
en c

μ =
ρ +

,  (10) 

äå c  — ñòàëà ³íòåãðóâàííÿ, çíà÷åííÿ ÿêî¿ ìîæíà 
âèçíà÷èòè ç ïî÷àòêîâèõ óìîâ: 

 0 0(0, )Tμ = μ ,  (11) 

äå 0μ  — ðóõëèâ³ñòü åëåêòðîí³â â íåäåôîðìî-
âàíîìó íàï³âïðîâ³äíèêó ïðè äåÿê³é ô³êñîâàí³é 
òåìïåðàòóð³ 0T . 

Ç âðàõóâàííÿì (11), (10) íàáóäå âèãëÿäó: 

 0

0 0 0 0 0[ ( , ) ( ) ( )] 1

aXe
e n X T n T T

μ
μ =

μ ρ − ρ +
.  (12) 

Â íàø³é ðîáîò³ äîñë³äæóâàëèñü êðèñòàëè 
n Ge−  ç âèõ³äíîþ êîíöåíòðàö³ºþ íîñ³¿â ñòðó-
ìó 14 33 10n −= ⋅ ñì  ³ ãëèáîêèì åíåðãåòè÷íèì 
ð³âíåì çîëîòà 0,2cE − åÂ  òà êðèñòàëè n Si−  
ç âèõ³äíîþ êîíöåíòðàö³ºþ íîñ³¿â ñòðóìó 
n = 14 31,1 10 −⋅ ñì  ³ ãëèáîêèì åíåðãåòè÷íèì ð³â-
íåì 0,17cE − åÂ . Â n Ge−  ãëèáîê³ ð³âí³ ââî-
äèëèñü ëåãóâàííÿì êðèñòàë³â ãåðìàí³þ äî-
ì³øêîþ çîëîòà (â ïðîöåñ³ âèðîùóâàííÿ), à 
â n Si−  — îïðîì³íåííÿì γ - êâàíòàìè 60Co  

äîçîþ 17
2

.1,9 10⋅
êâ

ñì
. ßê â³äîìî, ïåðåâàæàþ-

÷èì ðàä³àö³éíèì äåôåêòîì â γ -îïðîì³íåíî-
ìó n Si−  ç âèñîêèì âì³ñòîì äîì³øêè êèñíþ 
º ãëèáîêèé åíåðãåòè÷íèé ð³âåíü 0,17cE − åÂ , 
ùî íàëåæèòü À-öåíòðó (êîìïëåêñ âàêàíñ³¿ ç 
ì³æâóçëîâèì àòîìîì êèñíþ) [5,6]. 

Íà ðèñ. 1, 2 ïîäàíî òåìïåðàòóðí³ çàëåæ-
íîñò³ ï’ºçîîïîðó γ - îïðîì³íåíîãî n Si−  äëÿ 
âèïàäêó, êîëè / / / /[100]X J , ³ òåìïåðàòóðí³ çà-
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ëåæíîñò³ ï’ºçîîïîðó n Ge−  ç ãëèáîêèì åíåð-
ãåòè÷íèì ð³âíåì çîëîòà 0,2cE − åÂ  â óìîâàõ 

/ / / /[111]X J . 

 

Ðèñ 1. Çàëåæíîñò³ ï’ºçîîïîðó 
0

( )X f Xρ
=

ρ
 γ −

îïðîì³íåíîãî n Si−  äîçîþ 17
2

.1,9 10⋅
êâ

ñì
 ïðè óìîâ³, 

êîëè / / / /[100]X J , äëÿ ð³çíèõ òåìïåðàòóð , :T K
1-77; 2-110; 3-150 

 

Ðèñ. 2. Çàëåæíîñò³ ( )f Xρ =  äëÿ n Ge−  ç äîì³øêîþ 
çîëîòà ïðè óìîâ³, êîëè / / / /[111]X J , äëÿ ð³çíèõ 
òåìïåðàòóð ,T K : 1-100; 2-125; 3-190 

Çà ïðÿìîë³í³éíèì íàõèëîì ñïàäó êðèâèõ 
lg ( )f Xρ =  ìîæíà âèçíà÷èòè âåëè÷èíó çì³íè 
åíåðãåòè÷íî¿ ù³ëèíè ì³æ ãëèáîêèì ð³âíåì ³ 
íèæí³ìè äîëèíàìè çîíè ïðîâ³äíîñò³ íàï³âïðî-
â³äíèêà [3]: 

 19

( ) 2,3( lg )
1,6 10

d E kT
dX X−

Δ Δ ρ ⋅α
=

⋅ ⋅ Δ
,  (13) 

äå α  — êîåô³ö³ºíò, ÿêèé çì³íþºòüñÿ â³ä 1 äî 2 
â çàëåæíîñò³ â³ä ñòóïåíÿ çàïîâíåííÿ ãëèáîêîãî 
ð³âíÿ. 

Òîä³ çì³íà ðóõëèâîñò³ åëåêòðîí³â ïðè äåôîð-
ìàö³¿ ïðè ïåâí³é ô³êñîâàí³é òåìïåðàòóð³ 0T , 
çã³äíî ç (12), âðàõîâóþ÷è (13), ìàòèìå âèãëÿä: 

 1
0

0

0

( , )
( )

X
X

i

i

T X
T

−
Δ

+

ρ
ρ

μ = μ
ρ
ρ

,  (14) 

äå iρ  òà 1i+ρ — çíà÷åííÿ ïèòîìîãî îïîðó, ÿêå 
â³äïîâ³äàº ìåõàí³÷í³é íàïðóç³ iX  òà 1iX +  
â³äïîâ³äíî. iX , 1iX + > 0X  ( 0X  — ìåõàí³÷íà 
íàïðóãà, ïðè ÿê³é çàëåæí³ñòü ρ= ( )f X  ìàº 
ìàêñèìóì). 

Åêñïåðèìåíòàëüí³ ðåçóëüòàòè, ÿê³ îïðà-
öüîâàí³ ïî âèùå âêàçàíîìó ìåòîäó ïîäàí³ íà 
ðèñ. 3, 4. 

 

Ðèñ. 3. Çàëåæíîñò³ 
0

( )f Xμ
=

μ
 γ − îïðîì³íåíîãî 

n Si−  äîçîþ 17
2

.1,9 10⋅
êâ

ñì
 ïðè óìîâ³, êîëè 

/ / / /[100]X J , äëÿ ð³çíèõ òåìïåðàòóð , :T K 1-77; 
2-110; 3-150 

Ñ. Â. Ëóíüîâ
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Ðèñ. 4. Çàëåæíîñò³ 
0

( )f Xμ
=

μ
 äëÿ n Ge−  ç 

äîì³øêîþ çîëîòà ïðè óìîâ³, êîëè / / / /[111]X J , 
äëÿ ð³çíèõ òåìïåðàòóð ,T K :1-190 ( ); 2-125 ( ); 
3-100 ( ) 

 ßê âèäíî ç ðèñ.3, 4, çàëåæíîñò³ 
0

( )f Xμ
=

μ
 

ïðè âåëèêèõ X  âèõîäÿòü íà íàñè÷åííÿ, ùî ïî-
ÿñíþºòüñÿ ïîâíèì ïåðåñåëåííÿì íîñ³¿â ñòðóìó 
ç ÷îòèðüîõ äîëèí, ÿê³ ï³äí³ìàþòüñÿ, ó äâ³ äîëè-
íè, ùî îïóñêàþòüñÿ ïðè äåôîðìàö³¿ â n Si− , 
äëÿ âèïàäêó / / / /[100]X J , òà ïîâíèì ïåðåñå-
ëåííÿì íîñ³¿â ñòðóìó ç òðüîõ äîëèí, ÿê³ ï³äí³-
ìàþòüñÿ, â îäíó äîëèíó, ùî îïóñêàºòüñÿ ïðè 
äåôîðìàö³¿ â n Ge− , êîëè / / / /[111]X J . Ïðè 
öüîìó ãëèáîêèé ð³âåíü 0,17cE − åÂ  â n Si−  
áóäå îáì³íþâàòèñü íîñ³ÿìè ñòðóìó ëèøå ç äâî-
ìà äîëèíàìè, à ãëèáîêèé ð³âåíü 0,2cE − åÂ  â 
n Ge−  — ç îäí³ºþ äîëèíîþ. Ö³ äîëèíè ³ âèç-
íà÷àòèìóòü êîíöåíòðàö³þ ³ ðóõëèâ³ñòü íîñ³¿â 
ñòðóìó â n Si−  òà n Ge−  ïðè ñèëüíèõ îäíîâ³ñ-
íèõ äåôîðìàö³ÿõ [6,7]. 

Çã³äíî ç ðèñ. 4, çàëåæíîñò³ 
0

( )f Xμ
=

μ
 äëÿ 

ð³çíèõ òåìïåðàòóð â n Ge−  ç ãëèáîêèì åíåðãå-
òè÷íèì ð³âíåì çîëîòà 0,2cE − åÂ  õàðàêòåðèçó-

þòüñÿ ìàéæå ºäèíèì çíà÷åííÿì ïëàòî 
0

∞μ
μ

, íà 

â³äì³ííó â³ä n Si−  ç ãëèáîêèì åíåðãåòè÷íèì 
ð³âíåì 0,17cE − åÂ  (ðèñ.3), â ÿêîìó çíà÷åííÿ 

0

∞μ
μ

 ç ï³äâèùåííÿì òåìïåðàòóðè ìîíîòîííî 

çá³ëüøóºòüñÿ, ùî ïîÿñíþºòüñÿ íàÿâí³ñòþ ì³æ-
äîëèííîãî ðîçñ³þâàííÿ f -òèïó â n Si−  ³ â³ä-
ñóòí³ñòþ äàíîãî âèäó ðîçñ³þâàííÿ â n Ge− [8]. 

ßê áà÷èìî ïðè äàí³é êîíöåíòðàö³¿ ãëèáîêèõ 
öåíòð³â â êðèñòàëàõ n Si−  òà n Ge−  îñîáëèâîñò³ 

çàëåæíîñòåé 
0

( )f Xμ
=

μ
 ïðè ð³çíèõ òåìïåðàòó-

ðàõ ò³ æ, ùî ³ ó â³äíîñíî ÷èñòèõ êðèñòàëàõ n Si−  
òà n Ge−  áåç ãëèáîêèõ ð³âí³â â óìîâàõ ïåðåâàæ-
íî ôîíîííîãî ðîçñ³ÿííÿ [8,9]. 
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