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ÇÇÖÑÖçàÖ

 

Ç „ÂÚÂÓ˝ÔËÚ‡ÍÒË‡Î¸ÌÓÈ ÒËÒÚÂÏÂ ÔË Ì‡ÎË˜ËË
‡ÒÒÓ„Î‡ÒÓ‚‡ÌËfl ÔÓ ÔÓÒÚÓflÌÌÓÈ ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ
Â¯ÂÚÍË ÏÂÊ‰Û ÓÒ‡Ê‰‡ÂÏ˚Ï Ï‡ÚÂË‡ÎÓÏ Ë ÔÓ‰-
ÎÓÊÍÓÈ ÔÂ‚ÓÌ‡˜‡Î¸Ì˚È ÓÒÚ ÏÓÊÂÚ ÔÓËÒıÓ-
‰ËÚ¸ ÔÓÒÎÓÈÌÓ. é‰Ì‡ÍÓ ÔË ÍËÚË˜ÂÒÍÓÈ ÚÓÎ˘ËÌÂ
ÔÎÂÌÍË Ì‡ ÔÓ‚ÂıÌÓÒÚË ÒÔÎÓ¯ÌÓ„Ó ÒÎÓfl Ó·‡ÁÛ˛Ú-
Òfl ÚÂıÏÂÌ˚Â (3

 

D

 

) ÓÒÚÓ‚ÍË [1–3]. Ç ˝ÚÓÏ ÒÎÛ˜‡Â
„Ó‚ÓflÚ, ˜ÚÓ Â‡ÎËÁÛÂÚÒfl ÂÊËÏ ÓÒÚ‡ ëÚ‡ÌÒÍÓ-
„Ó–ä‡ÒÚ‡ÌÓ‚‡. í‡‰ËˆËÓÌÌÓÂ Ó·˙flÒÌÂÌËÂ ˝ÚÓ„Ó
˝ÙÙÂÍÚ‡ Ò‚Ó‰ËÚÒfl Í ÚÓÏÛ, ˜ÚÓ ÔÓ ÏÂÂ ÓÒÚ‡
ÒÔÎÓ¯ÌÓ„Ó ÒÎÓfl ˝ÌÂ„Ëfl ÛÔÛ„ÓÈ ‰ÂÙÓÏ‡ˆËË
‚ÓÁ‡ÒÚ‡ÂÚ Ë 2

 

D

 

–3

 

D

 

-ÔÂÂıÓ‰ ÒÓÔÓ‚ÓÊ‰‡ÂÚÒfl Â-
Î‡ÍÒ‡ˆËÂÈ ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËÈ ÒËÒÚÂÏ˚. é‰Ì‡ÍÓ
˝ÚÓ Ó·˙flÒÌÂÌËÂ ÌÂ ‚ÒÍ˚‚‡ÂÚ ÏËÍÓÒÍÓÔË˜ÂÒÍÓ-
„Ó ÏÂı‡ÌËÁÏ‡ ÔÂÂıÓ‰‡. îÓÏËÓ‚‡ÌËÂ ÓÒÚÓ‚ÍÓ‚
ÔÓËÒıÓ‰ËÚ ‚ ÂÁÛÎ¸Ú‡ÚÂ ÔÓˆÂÒÒÓ‚ ÔÓ‚ÂıÌÓÒÚ-
ÌÓÈ ‰ËÙÙÛÁËË ‡‰‡ÚÓÏÓ‚. èÓ˝ÚÓÏÛ ‰Îfl ÓÒÛ˘ÂÒÚ‚-
ÎÂÌËfl 2

 

D

 

–3

 

D

 

-ÔÂÂıÓ‰‡ ÌÂÓ·ıÓ‰ËÏÓ, ˜ÚÓ·˚ ÓÔÂ-
‰ÂÎÂÌÌ˚Ï Ó·‡ÁÓÏ ËÁÏÂÌflÎÒfl ÔÓÚÂÌˆË‡Î¸Ì˚È Â-
Î¸ÂÙ Ì‡ ÔÓ‚ÂıÌÓÒÚË ‡ÒÚÛ˘Â„Ó ÒÎÓfl. åÂÊ‰Û ÚÂÏ,
‚ÓÔÓÒ Ó ‚ÎËflÌËË ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËÈ, ‚ÓÁÌËÍ‡˛-
˘Ëı ‚ Ó·˙ÂÏÂ, Ì‡ ÒÓÒÚÓflÌËÂ ÔÓ‚ÂıÌÓÒÚË „ÂÚÂÓ-
˝ÔËÚ‡ÍÒË‡Î¸ÌÓ„Ó ÒÎÓfl, ËÁÛ˜ÂÌ ÌÂ‰ÓÒÚ‡ÚÓ˜ÌÓ. Ç Ì‡-
ÒÚÓfl˘ÂÈ ‡·ÓÚÂ Ò‰ÂÎ‡Ì ‡Ò˜ÂÚ ÛÔÛ„Ëı ‰ÂÙÓÏ‡-
ˆËÈ ‚ ÒËÒÚÂÏÂ Ge/Si(111) Ì‡ ‡ÁÎË˜Ì˚ı ÒÚ‡‰Ëflı
„ÂÚÂÓ˝ÔËÚ‡ÍÒËË Ë Ì‡ ÓÒÌÓ‚Â ÂÁÛÎ¸Ú‡ÚÓ‚ ‡Ò˜ÂÚ‡
ÔÂ‰ÎÓÊÂÌ‡ ÏËÍÓÒÍÓÔË˜ÂÒÍ‡fl ÏÓ‰ÂÎ¸ 2

 

D

 

–3

 

D

 

-
ÔÂÂıÓ‰‡. 

 

åéÑÖãú

 

Ç ‡ÏÍ‡ı ‡ÚÓÏËÒÚË˜ÂÒÍÓÈ ÏÓ‰ÂÎË äËÚËÌ„‡ [4]
·˚Î‡ Â¯ÂÌ‡ Á‡‰‡˜‡ Ó ‡ÒÔÂ‰ÂÎÂÌËË ÛÔÛ„Ëı ‰Â-
ÙÓÏ‡ˆËÈ ‚ „ÂÚÂÓÒËÒÚÂÏÂ Ge/Si(111) Ò ‡ÁÎË˜ÌÓÈ
ÚÓÎ˘ËÌÓÈ ÒÏ‡˜Ë‚‡˛˘Â„Ó ÒÎÓfl. ëÌ‡˜‡Î‡ ·˚Î ‡Ò-
ÒÏÓÚÂÌ ÒÎÛ˜‡È ÍËÒÚ‡ÎÎË˜ÂÒÍÓÈ ÔÓ‚ÂıÌÓÒÚË

(111), ÌÂ ÒÓ‰ÂÊ‡˘ÂÈ Ò‚ÂıÒÚÛÍÚÛ˚. ç‡ ËÒ. 1
ÔÓÍ‡Á‡Ì‡ ‡Ò˜ÂÚÌ‡fl Á‡‚ËÒËÏÓÒÚ¸ ˝ÌÂ„ËË ÛÔÛ„ÓÈ
‰ÂÙÓÏ‡ˆËË (

 

E

 

d

 

), ÔËıÓ‰fl˘ÂÈÒfl Ì‡ Ó‰ËÌ ‡ÚÓÏ ÔÓ-
‚ÂıÌÓÒÚË, ÓÚ ÚÓÎ˘ËÌ˚ ÒÏ‡˜Ë‚‡˛˘Â„Ó ÒÎÓfl Ge.
èË ÚÓÎ˘ËÌÂ ·ÓÎÂÂ 1 ·ËÒÎÓfl (·Ò) 

 

E

 

d

 

 Ô‡ÍÚË˜ÂÒÍË
ÌÂ ÏÂÌflÂÚÒfl. ùÚÓ ÓÁÌ‡˜‡ÂÚ, ˜ÚÓ Ò Û‚ÂÎË˜ÂÌËÂÏ
ÚÓÎ˘ËÌ˚ ÒÎÓfl Ge ÓÒÌÓ‚Ì˚Â ‰ÂÙÓÏ‡ˆËË ‚ ÒËÒÚÂ-
ÏÂ ‚ÓÁÌËÍ‡˛Ú ‚·ÎËÁË „‡ÌËˆ˚ ‡Á‰ÂÎ‡ Si/Ge, ‚ÎË-
flÌËÂ ÍÓÚÓÓÈ Ì‡ ÔÓ‚ÂıÌÓÒÚ¸ ÓÒÎ‡·ÎflÂÚÒfl. í‡ÍËÏ
Ó·‡ÁÓÏ, ‚ ÔÂ‚ÓÏ ÔË·ÎËÊÂÌËË ÒÓÒÚÓflÌËÂ ÔÓ-
‚ÂıÌÓÒÚË ÔÓ ÏÂÂ ÓÒÚ‡ ÌÂ ÏÂÌflÂÚÒfl Ë ÔÂ‰ÔÓÒ˚-
ÎÓÍ ‰Îfl 2

 

D

 

–3

 

D

 

-ÔÂÂıÓ‰‡ ÌÂ ‚ÓÁÌËÍ‡ÂÚ. èÓ˝ÚÓÏÛ ‚
‡ÏÍ‡ı Ú‡‰ËˆËÓÌÌÓ„Ó ÔÓ‰ıÓ‰‡ ÌÂ Ì‡ıÓ‰ËÚÒfl Û‰Ó‚-
ÎÂÚ‚ÓËÚÂÎ¸ÌÓ„Ó Ó·˙flÒÌÂÌËfl ËÁÏÂÌÂÌË˛ ı‡‡ÍÚÂ-
‡ ÔÓ‚ÂıÌÓÒÚÌ˚ı ÔÓˆÂÒÒÓ‚ Ë Ó·‡ÁÓ‚‡ÌË˛ 3

 

D

 

-ÓÒ-
ÚÓ‚ÍÓ‚ ÔË ÍËÚË˜ÂÒÍÓÈ ÚÓÎ˘ËÌÂ ÔÎÂÌÍË. ùÚÓ Ó·-
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Ç ‰‡ÌÌÓÈ ‡·ÓÚÂ ÔÂ‰Î‡„‡ÂÚÒfl ÏÓ‰ÂÎ¸ ÔÂÂıÓ‰‡ ÓÚ ÔÓÒÎÓÈÌÓ„Ó ÓÒÚ‡ ÔÎÂÌÍË Í ÙÓÏËÓ‚‡ÌË˛ ÚÂı-
ÏÂÌ˚ı ÓÒÚÓ‚ÍÓ‚ ‚ ÔÓˆÂÒÒÂ „ÂÚÂÓ˝ÔËÚ‡ÍÒËË ÔË Ì‡ÎË˜ËË ‡ÒÒÓ„Î‡ÒÓ‚‡ÌËfl ÔÓ ÔÓÒÚÓflÌÌÓÈ Â¯ÂÚ-
ÍË ÏÂÊ‰Û ÔÎÂÌÍÓÈ Ë ÔÓ‰ÎÓÊÍÓÈ. Ç ÓÒÌÓ‚Â ÏÓ‰ÂÎË ÎÂÊËÚ ÔÂ‰ÒÚ‡‚ÎÂÌËÂ Ó ÚÓÏ, ˜ÚÓ ÛÔÛ„‡fl ‰ÂÙÓ-
Ï‡ˆËfl ‚ Ó·˙ÂÏÂ ÒÎÓfl ‚ÎËflÂÚ Ì‡ Á‡ÓÊ‰ÂÌËÂ ÓÒÚÓ‚ÍÓ‚ Ë ÔÓ‚ÂıÌÓÒÚÌÛ˛ ‰ËÙÙÛÁË˛ ‡‰‡ÚÓÏÓ‚ ˜ÂÂÁ
ÂÍÓÌÒÚÛÍˆË˛ ÔÓ‚ÂıÌÓÒÚË. éÒÓ·ÂÌÌÓÒÚ¸˛ ‰‡ÌÌÓ„Ó ÔÂÂıÓ‰‡ fl‚ÎflÂÚÒfl ÓÚÎË˜ËÂ Ò‚ÂıÒÚÛÍÚÛ˚ Ì‡
„‡Ìflı ÚÂıÏÂÌ˚ı ÓÒÚÓ‚ÍÓ‚ ÓÚ Ò‚ÂıÒÚÛÍÚÛ˚ ÔÎÓÒÍÓÈ ÔÓ‚ÂıÌÓÒÚË ÔË ‰‚ÛıÏÂÌÓ-ÒÎÓÂ‚ÓÏ ÓÒ-
ÚÂ. ìÍ‡Á‡ÌÌ˚È ÔÂÂıÓ‰ Â‡ÎËÁÛÂÚÒfl ‚ ‡ÏÍ‡ı ‚˚˜ËÒÎËÚÂÎ¸ÌÓ„Ó ˝ÍÒÔÂËÏÂÌÚ‡, Û˜ËÚ˚‚‡˛˘Â„Ó ‚ÂÓ-
flÚÌÓÒÚÌ˚È ı‡‡ÍÚÂ ÔÓˆÂÒÒÓ‚ ‰ËÙÙÛÁËË Ë Á‡ÓÊ‰ÂÌËfl.

 

ìÑä 541.132

 

0

0

 

E

 

d

 

, Ï˝Ç/‡ÚÓÏ

 

h

 

, ·Ò

20

40

60

80

1 2 3 4 5
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 á‡‚ËÒËÏÓÒÚ¸ Û‰ÂÎ¸ÌÓÈ ̋ ÌÂ„ËË ÛÔÛ„ÓÈ ‰ÂÙÓ-
Ï‡ˆËË 

 

E

 

d

 

 ‰Îfl ÔÓ‚ÂıÌÓÒÚÌ˚ı ‡ÚÓÏÓ‚ ÓÚ ÚÓÎ˘ËÌ˚ 

 

h

 

ÒÎÓfl Ge.
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ÒÚÓflÚÂÎ¸ÒÚ‚Ó ‰ÂÎ‡ÂÚ ‡ÍÚÛ‡Î¸ÌÓÈ Á‡‰‡˜Û ÔÓÒÚÓÂÌËfl
ÓË„ËÌ‡Î¸ÌÓÈ ÏÓ‰ÂÎË 2

 

D

 

–3

 

D

 

-ÔÂÂıÓ‰‡, ‚ÍÎ˛˜‡˛-
˘ÂÈ ‚ ÒÂ·fl ‰ÓÔÓÎÌËÚÂÎ¸Ì˚Â ÔÂ‰ÔÓÎÓÊÂÌËfl. 

èÂ‰Î‡„‡ÂÏ‡fl Ì‡ÏË ÏÓ‰ÂÎ¸ 2

 

D

 

–3

 

D

 

-ÔÂÂıÓ‰‡ ËÒ-
ıÓ‰ËÚ ËÁ ÔÂ‰ÒÚ‡‚ÎÂÌËfl Ó ÚÓÏ, ˜ÚÓ ÛÔÛ„‡fl ‰ÂÙÓ-
Ï‡ˆËfl ‚ Ó·˙ÂÏÂ ÒÎÓfl ‚ÎËflÂÚ Ì‡ Á‡ÓÊ‰ÂÌËÂ ÓÒÚÓ‚-
ÍÓ‚ Ë ÔÓ‚ÂıÌÓÒÚÌÛ˛ ‰ËÙÙÛÁË˛ ‡‰‡ÚÓÏÓ‚ ˜ÂÂÁ
ÂÍÓÌÒÚÛÍˆË˛ ÔÓ‚ÂıÌÓÒÚË. ëÓ„Î‡ÒÌÓ ‰‡ÌÌ˚Ï ÚÂ-
ÓÂÚË˜ÂÒÍËı ab initio [5] Ë ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚ı [6]
ËÒÒÎÂ‰Ó‚‡ÌËÈ, ÚËÔ Ò‚ÂıÒÚÛÍÚÛ˚ Á‡‚ËÒËÚ ÓÚ ÔÓ-
‚ÂıÌÓÒÚÌÓÈ ˝ÌÂ„ËË ÍËÒÚ‡ÎÎ‡. ë ‰Û„ÓÈ ÒÚÓÓ-
Ì˚ ÚËÔ Ò‚ÂıÒÚÛÍÚÛ˚ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ‚ÎËflÂÚ Ì‡
ı‡‡ÍÚÂ ÔÓ‚ÂıÌÓÒÚÌÓÈ ‡ÚÓÏÌÓÈ ‰ËÙÙÛÁËË Ë
ÔÓˆÂÒÒ˚ Á‡ÓÊ‰ÂÌËfl ÓÒÚÓ‚ÍÓ‚. 

 

åÖíéÑ êÄëóÖíÄ,
êÖáìãúíÄíõ à éÅëìÜÑÖçàÖ

 

ë ˆÂÎ¸˛ ÛÒÚ‡ÌÓ‚ËÚ¸ Í‡˜ÂÒÚ‚ÂÌÌÛ˛ Á‡‚ËÒËÏÓÒÚ¸
ÔÓ‚ÂıÌÓÒÚÌÓÈ ˝ÌÂ„ËË ÒÏ‡˜Ë‚‡˛˘Â„Ó ÒÎÓfl Ò Â-
ÍÓÌÒÚÛËÓ‚‡ÌÌÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛ ÓÚ ÚÓÎ˘ËÌ˚ 

 

h

 

ÒÎÓfl Ï˚ ÔÓËÁ‚ÂÎË ‡Ò˜ÂÚ ÙÛÌÍˆËË:

„‰Â 

 

E

 

S

 

(

 

h

 

) – ‚ÍÎ‡‰ ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËÈ ‚ ˝ÌÂ„Ë˛

ÒËÒÚÂÏ˚ Si/Ge(111) ÒÓ Ò‚ÂıÒÚÛÍÚÛÓÈ  

 

×

 

 
ÔÓ‚ÂıÌÓÒÚË, 

 

E

 

0

 

(

 

h

 

) – ‡Ì‡ÎÓ„Ë˜Ì‡fl ‚ÂÎË˜ËÌ‡ ‰Îfl
ÚÓÈ ÊÂ ÒËÒÚÂÏ˚, ÌÂ ÒÓ‰ÂÊ‡˘ÂÈ Ò‚ÂıÒÚÛÍÚÛ˚.

ë‚ÂıÒÚÛÍÚÛ‡  

 

×

 

  ÔÓ ‚ÂÎË˜ËÌÂ ÔÓ‚ÂıÌÓ-
ÒÚÌÓÈ ˝ÌÂ„ËË ÒÓÔÓÒÚ‡‚ËÏ‡ ÒÓ Ò‚ÂıÒÚÛÍÚÛ‡ÏË
7 

 

×

 

 7 Ë 5

 

 × 

 

5 [7] Ë ‚ ÚÓ ÊÂ ‚ÂÏfl ıÓÓ¯Ó ‡‰‡ÔÚËÓ-
‚‡Ì‡ ‰Îfl ÔÓÒÚÓÂÌËfl ‚˚˜ËÒÎËÚÂÎ¸ÌÓ„Ó ‡Î„ÓËÚ-
Ï‡. ÇÍÎ‡‰ ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËË 

 

E

 

S

 

(

 

h

 

) ‡ÒÒ˜ËÚ˚-
‚‡ÎÒfl Ì‡ ÓÒÌÓ‚Â ÏÓ‰ËÙËˆËÓ‚‡ÌÌÓÈ ‡ÚÓÏËÒÚË˜ÂÒ-
ÍÓÈ ÏÓ‰ÂÎË äËÚÚËÌ„‡ [8], Û˜ËÚ˚‚‡˛˘ÂÈ ‚ÍÎ‡‰
ÂÍÓÌÒÚÛÍˆËË ‚ ˝ÌÂ„Ë˛ ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËÈ: 

„‰Â 

 

x

 

ij

 

 – ‚ÂÍÚÓ, ÒÓÂ‰ËÌfl˛˘ËÈ 

 

i

 

-Ú˚È Ë 

 

j

 

-Ú˚È ‡ÚÓ-
Ï˚, 

 

a

 

ij

 

 – ‡‚ÌÓ‚ÂÒÌ‡fl ‰ÎËÌ‡ Ò‚flÁË ÏÂÊ‰Û 

 

i

 

-Ú˚Ï Ë 

 

j

 

-
Ú˚Ï ‡ÚÓÏ‡ÏË, 

 

θ

 

i

 

 – ‡‚ÌÓ‚ÂÒÌ˚È ‚‡ÎÂÌÚÌ˚È Û„ÓÎ.
ÑÎfl ÔÓ‚ÂıÌÓÒÚÌ˚ı ‡ÚÓÏÓ‚ ÔÓÎÓÊÂÌËÂ Ë ÁÌ‡˜ÂÌËÂ
‚‡ÎÂÌÚÌÓ„Ó Û„Î‡ Û˜ËÚ˚‚‡ÎË ÓÒÓ·ÂÌÌÓÒÚË Ò‚Âı-

ÒÚÛÍÚÛ˚  

 

×

 

  [7]. ç‡ ËÒ. 2 ÔÂ‰ÒÚ‡‚ÎÂÌ‡ ÔÓ-
ÎÛ˜ÂÌÌ‡fl Á‡‚ËÒËÏÓÒÚ¸ 

 

∆

 

E

 

S

 

 ÓÚ ÚÓÎ˘ËÌ˚ ÒÏ‡˜Ë‚‡˛-
˘Â„Ó ÒÎÓfl. ÇË‰ÌÓ, ̃ ÚÓ ÔÓ‚ÂıÌÓÒÚÌ‡fl ̋ ÌÂ„Ëfl ÏÓÌÓ-
ÚÓÌÌÓ ‚ÓÁ‡ÒÚ‡ÂÚ ÔË Û‚ÂÎË˜ÂÌËË ÚÓÎ˘ËÌ˚ ÒÎÓfl.
ùÚÓÚ ÂÁÛÎ¸Ú‡Ú Í‡˜ÂÒÚ‚ÂÌÌÓ ÒÓ„Î‡ÒÛÂÚÒfl Ò ÔÂ‰ÒÚ‡‚-
ÎÂÌËÂÏ Ó ÚÓÏ, ˜ÚÓ Ò ÓÒÚÓÏ ÚÓÎ˘ËÌ˚ ÔÎÂÌÍË ‚ÓÁ-
ÏÓÊÌ‡ ÒÏÂÌ‡ ÔÓ‚ÂıÌÓÒÚÌÓÈ ÂÍÓÌÒÚÛÍˆËË. 

∆ES h( ) ES h( ) E0 h( ),–=

3 3

3 3

ES

α ij

aij
2

------ xij
2 aij

2–( )2
+

j 1=

4

∑



i

∑=

+
2βi

aijaik

------------ xijxik aijaik θicos–( )2

j k, j>

4

∑ 



,

3 3

 

ëÛ˘ÂÒÚ‚Û˛˘ËÂ ˝ÍÒÔÂËÏÂÌÚ‡Î¸Ì˚Â ‰‡ÌÌ˚Â ÔÓ
ÓÒ‡Ê‰ÂÌË˛ Ge Ì‡ Si(111) ÔÓ‰ÎÓÊÍÛ Ú‡ÍÊÂ ‰ÂÏÓÌÒÚ-
ËÛ˛Ú ËÁÏÂÌÂÌËÂ Ò‚ÂıÒÚÛÍÚÛ˚ ÔÓ‚ÂıÌÓÒÚË ‚
ÔÓˆÂÒÒÂ ÓÒÚ‡ [2, 9]. ç‡ Ì‡˜‡Î¸Ì˚ı ÒÚ‡‰Ëflı ÓÒÚ‡
ÔÒÂ‚‰ÓÏÓÙÌ‡fl ÔÎÂÌÍ‡ Ge(111) ÔÓ‚ÚÓflÂÚ Ò‚Âı-
ÒÚÛÍÚÛÛ 7

 

 × 

 

7 ËÒıÓ‰ÌÓÈ ÔÓ‚ÂıÌÓÒÚË Si(111). èÓ
ÏÂÂ ÓÒ‡Ê‰ÂÌËfl Ge ÔÓËÒıÓ‰ËÚ ÔÓÒÚÂÔÂÌÌ‡fl ÂÍÓÌ-
ÒÚÛÍˆËfl ÔÓ‚ÂıÌÓÒÚË ÓÚ Ò‚‚ÂıÒÚÛÍÚÛ˚ 7

 

 × 

 

7 Í
5

 

 × 

 

5. èË ÍËÚË˜ÂÒÍÓÈ ÚÓÎ˘ËÌÂ ÔÎÂÌÍË 2–3 ·Ò
ÔÓ‚ÂıÌÓÒÚ¸ ı‡‡ÍÚÂËÁÛÂÚÒfl Ó‰ÌÓÈ Ò‚ÂıÒÚÛÍ-
ÚÛÓÈ 5

 

 × 

 

5. ë ˝ÚÓ„Ó ÏÓÏÂÌÚ‡ Á‡ÓÊ‰ÂÌËÂ ‰‚Ûı-
ÏÂÌ˚ı ÓÒÚÓ‚ÍÓ‚ ‚˚ÒÓÚÓÈ ‚ 1 ·Ò ÂÁÍÓ ÔÓ‰‡‚Îfl-
ÂÚÒfl [3], Ë Ì‡˜ËÌ‡˛Ú ÙÓÏËÓ‚‡Ú¸Òfl ËÁÓÎËÓ‚‡Ì-
Ì˚Â 3

 

D

 

-ÓÒÚÓ‚ÍË Ì‡ ÔÓ‚ÂıÌÓÒÚË ÒÏ‡˜Ë‚‡˛˘Â„Ó
ÒÎÓfl Ge(111).

éÚÏÂÚËÏ, ˜ÚÓ ‰Îfl ÛÒÚÓÈ˜Ë‚Ó„Ó ÓÒÚ‡ 3

 

D

 

-ÓÒÚÓ‚-
ÍÓ‚ ÌÂÓ·ıÓ‰ËÏÓ, ˜ÚÓ·˚ ‰ËÙÙÛÁËÓÌÌ‡fl ÔÓ‰‚ËÊ-
ÌÓÒÚ¸ ‡‰‡ÚÓÏÓ‚ Ì‡ ‚ÂıÌËı „‡Ìflı ·˚Î‡ ÏÂÌ¸¯Â,
˜ÂÏ Ì‡ ÔÓ‚ÂıÌÓÒÚË ÒÏ‡˜Ë‚‡˛˘Â„Ó ÒÎÓfl. ÑÎfl ÒËÒÚÂ-
Ï˚ ÓÒÚÓ‚ÓÍ–ÒÏ‡˜Ë‚‡˛˘ËÈ ÒÎÓÈ ·˚ÎÓ ‡ÒÒ˜ËÚ‡-
ÌÓ ‡ÒÔÂ‰ÂÎÂÌËÂ Û‰ÂÎ¸ÌÓÈ ˝ÌÂ„ËË ÛÔÛ„ÓÈ ‰Â-
ÙÓÏ‡ˆËË 

 

U

 

 ‚ ÓÒÚÓ‚ÍÂ (ËÒ. 3). Ç ‡ÏÍ‡ı ÔÂ‰ÎÓ-
ÊÂÌÌÓÈ ÏÓ‰ÂÎË ‡ÁÎË˜ËÂ ‚ ‚ÂÎË˜ËÌ‡ı 

 

U

 

 Ì‡
‚ÂıÌÂÈ „‡ÌË ÓÒÚÓ‚Í‡ Ë Ì‡ ÔÓ‚ÂıÌÓÒÚË ÒÏ‡˜Ë‚‡-
˛˘Â„Ó ÒÎÓfl Ge, ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ, ÔË‚Ó‰ËÚ Í ÚÓÏÛ,
˜ÚÓ Ëı Ò‚ÂıÒÚÛÍÚÛ˚ ÓÚÎË˜‡˛ÚÒfl. ëÓ„Î‡ÒÌÓ ˝ÍÒ-
ÔÂËÏÂÌÚ‡Î¸Ì˚Ï ‰‡ÌÌ˚Ï ‚Â¯ËÌ‡ 3

 

D

 

-ÓÒÚÓ‚Í‡
ı‡‡ÍÚÂËÁÛÂÚÒfl Ò‚ÂıÒÚÛÍÚÛ‡ÏË 7

 

 × 

 

7 ËÎË 2

 

 × 

 

8,
‚ ÚÓ ‚ÂÏfl Í‡Í ÔÓ‚ÂıÌÓÒÚ¸ ÒÏ‡˜Ë‚‡˛˘Â„Ó ÒÎÓfl –
5

 

 × 

 

5 [2]. 

èÓÒÍÓÎ¸ÍÛ ‰ËÙÙÛÁËfl Ë Á‡ÓÊ‰ÂÌËÂ fl‚Îfl˛ÚÒfl
ÒÎÛ˜‡ÈÌ˚ÏË ÔÓˆÂÒÒ‡ÏË, ÚÓ ‰Îfl Ëı ÓÔËÒ‡ÌËfl ÌÂ-
Ó·ıÓ‰ËÏ Û˜ÂÚ Í‡Í ÏËÍÓÒÍÓÔË˜ÂÒÍÓ„Ó ÏÂı‡ÌËÁÏ‡,
Ú‡Í Ë ‚ÂÓflÚÌÓÒÚÌÓ„Ó ı‡‡ÍÚÂ‡ Â„Ó ÔÓfl‚ÎÂÌËfl.
èÓ˝ÚÓÏÛ Ì‡ ÓÒÌÓ‚Â ÔÂ‰ÎÓÊÂÌÌÓÈ ÏÓ‰ÂÎË ÏÂÚÓ-
‰ÓÏ ÒÚ‡ÚËÒÚË˜ÂÒÍÓ„Ó ÏÓ‰ÂÎËÓ‚‡ÌËfl ÔÓˆÂÒÒÓ‚
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∆
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, Ï˝Ç/‡ÚÓÏ
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, ·Ò

1
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êËÒ. 2.

 

 á‡‚ËÒËÏÓÒÚ¸ ‚ÍÎ‡‰‡ ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËÈ ‚
Û‰ÂÎ¸ÌÛ˛ ÔÓ‚ÂıÌÓÒÚÌÛ˛ ˝ÌÂ„Ë˛ ∆ES ÓÚ ÚÓÎ˘ËÌ˚ h
ÒÎÓfl Ge.
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áËÌÓ‚¸Â‚ Ë ‰.

ÓÒÚ‡ [10, 11] ·˚Î ÔÓ‚Â‰ÂÌ ‚˚˜ËÒÎËÚÂÎ¸Ì˚È ˝ÍÒ-
ÔÂËÏÂÌÚ ÔÓ ÓÒ‡Ê‰ÂÌË˛ Ge Ì‡ Si(111) ÔÓ‰ÎÓÊÍÛ.
èÓ ‰ÓÒÚËÊÂÌËË ÚÓÎ˘ËÌÓÈ ÔÎÂÌÍË ÍËÚË˜ÂÒÍÓÈ
‚ÂÎË˜ËÌ˚, ÔÓÎÓÊÂÌÌÓÈ ‡‚ÌÓÈ 2 ·Ò, ÍÓ˝ÙÙËˆË-
ÂÌÚ ‰ËÙÙÛÁËË ‡‰‡ÚÓÏÓ‚ Ì‡ ÔÓ‚ÂıÌÓÒÚË ÒÏ‡˜Ë‚‡-
˛˘Â„Ó ÒÎÓfl ÔÓÌËÊ‡ÎÒfl. 

ÑÎfl ı‡‡ÍÚÂËÒÚËÍË ÔÓˆÂÒÒ‡ ÓÒÚ‡ ËÒÔÓÎ¸ÁÓ-
‚‡Î‡Ò¸ ‡Ò˜ÂÚÌ‡fl ÔÓ‚ÂıÌÓÒÚÌ‡fl ¯ÂÓıÓ‚‡ÚÓÒÚ¸
(S), ÍÓÚÓ‡fl ÔÓÔÓˆËÓÌ‡Î¸Ì‡ ˜ËÒÎÛ ‡ÚÓÏÓ‚ Ì‡
‚ÂÚËÍ‡Î¸Ì˚ı Û˜‡ÒÚÍ‡ı ÔÓ‚ÂıÌÓÒÚË [10]: 

S
1

4M
-------- hi j, hi 1+ j,– hi j, hi j 1+,–+[ ] ,

j 1=

M

∑
i 1=

M

∑=

„‰Â M – ˜ËÒÎÓ ÏÂÒÚ Ì‡ ÔÓ‚ÂıÌÓÒÚË, ‚ ÍÓÚÓ˚ı ÏÓ-
ÊÂÚ Ì‡ıÓ‰ËÚ¸Òfl ‡ÚÓÏ, hi, j – ‚˚ÒÓÚ‡ ‡ÚÓÏ‡ Ì‡‰ ËÒ-
ıÓ‰ÌÓÈ ÔÓ‚ÂıÌÓÒÚ¸˛.

åÓ‰ÂÎËÓ‚‡ÌËÂ ÔÓÍ‡Á‡ÎÓ, ˜ÚÓ ÔË ÓÒ‡Ê‰ÂÌËË
Ge Ì‡·Î˛‰‡˛ÚÒfl ÔÂËÓ‰Ë˜ÂÒÍËÂ ËÁÏÂÌÂÌËfl ‡Ò-
˜ÂÚÌÓÈ ‚ÂÎË˜ËÌ˚ (1–S), ˜ÚÓ ÒÓÓÚ‚ÂÚÒÚ‚ÛÂÚ ‰‚Ûı-
ÏÂÌÓ-ÒÎÓÂ‚ÓÏÛ ÏÂı‡ÌËÁÏÛ ÓÒÚ‡. èÂËÓ‰ ËÁÏÂ-
ÌÂÌËfl ·˚Î ‡‚ÂÌ ‚ÂÏÂÌË ÓÒ‡Ê‰ÂÌËfl 1 ·Ò. èË
ÚÓÎ˘ËÌÂ ÔÎÂÌÍË 2 ·Ò ÔÓËÒıÓ‰ËÎ “Ò˚‚” ÓÒˆËÎÎfl-
ˆËÈ Ë ÔË ‰‡Î¸ÌÂÈ¯ÂÏ ÓÒ‡Ê‰ÂÌËË ‚ÂÎË˜ËÌ‡ (1 – S)
ÏÓÌÓÚÓÌÌÓ Û·˚‚‡Î‡ (ËÒ. 4). í‡ÍÓÂ ËÁÏÂÌÂÌËÂ
ÏÓÙÓÎÓ„ËË ÔÓ‚ÂıÌÓÒÚË ÒÓÓÚ‚ÂÚÒÚ‚Ó‚‡ÎÓ ÔÂÂ-
ıÓ‰Û ÓÚ ÔÓÒÎÓÈÌÓ„Ó ÓÒÚ‡ ÔÎÂÌÍË Í Á‡ÓÊ‰ÂÌË˛ Ë
ÓÒÚÛ 3D-ÓÒÚÓ‚ÍÓ‚ Ge ‚˚ÒÓÚÓÈ ·ÓÎ¸¯Â 1 ·Ò. èÓ-
‰Ó·ÌÓÂ ÔÓ‚Â‰ÂÌËÂ ÓÒˆËÎÎflˆËÈ ËÌÚÂÌÒË‚ÌÓÒÚË ÁÂ-
Í‡Î¸ÌÓ„Ó ÂÙÎÂÍÒ‡ ÔË ‰ËÙ‡ÍˆËË ·˚ÒÚ˚ı ˝ÎÂ-
ÍÚÓÌÓ‚ Ì‡·Î˛‰‡ÎÓÒ¸ ‚ ˝ÍÒÔÂËÏÂÌÚÂ ‚ ÔÓˆÂÒÒÂ
ÓÒÚ‡ ÔÎÂÌÍË Ge Ì‡ Si(111) Ë Ò‚flÁ˚‚‡ÎÓÒ¸ Ò ÔÂÂ-
ıÓ‰ÓÏ Í ÚÂıÏÂÌÓÏÛ ÓÒÚÛ ÔË ‰ÓÒÚËÊÂÌËË
ÔÎÂÌÍÓÈ ÍËÚË˜ÂÒÍÓÈ ÚÓÎ˘ËÌ˚ [1]. 

áÄäãûóÖçàÖ

í‡ÍËÏ Ó·‡ÁÓÏ, ‚ Ì‡ÒÚÓfl˘ÂÈ ‡·ÓÚÂ ÔÂ‰ÎÓÊÂÌ‡
ÏÓ‰ÂÎ¸ 2D–3D-ÔÂÂıÓ‰‡ ÔË „ÂÚÂÓ˝ÔËÚ‡ÍÒËË
Ge/Si(111). ëÓ„Î‡ÒÌÓ ÏÓ‰ÂÎË, ÏËÍÓÒÍÓÔË˜ÂÒÍËÈ ÏÂ-
ı‡ÌËÁÏ 2D–3D-ÔÂÂıÓ‰‡ Á‡ÍÎ˛˜‡ÂÚÒfl ‚ ËÁÏÂÌÂÌËË
Ò‚ÂıÒÚÛÍÚÛ˚ ÔÓ‚ÂıÌÓÒÚË, ‚˚Á‚‡ÌÌÓÏ ‚ÍÎ‡-
‰ÓÏ ÛÔÛ„Ëı ‰ÂÙÓÏ‡ˆËÈ ‚ ÔÓ‚ÂıÌÓÒÚÌÛ˛ ˝ÌÂ-
„Ë˛ ÔÎÂÌÍË Ë ÒÓÔÓ‚ÓÊ‰‡˛˘ÂÏÒfl Û‚ÂÎË˜ÂÌËÂÏ

ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÔÓ‰‰ÂÊÍÂ „‡ÌÚ‡
êîîà ‹ 99-02-17196 Ë ÔÓ„‡ÏÏ ÔÓ Ì‡Ô‡‚ÎÂ-
ÌË˛ “èÓ‚ÂıÌÓÒÚÌ˚Â ‡ÚÓÏÌ˚Â ÒÚÛÍÚÛ˚”, ÔÓ-
ÂÍÚ ‹ 4.2.99 Ë “îËÁËÍ‡ Ú‚Â‰ÓÚÂÎ¸Ì˚ı Ì‡ÌÓÒÚ-
ÛÍÚÛ” („‡ÌÚ ‹ 99-1131). Ä‚ÚÓ˚ ·Î‡„Ó‰‡flÚ
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êËÒ. 3. ê‡Ò˜ÂÚÌÓÂ ‡ÒÔÂ‰ÂÎÂÌËÂ ÔÎÓÚÌÓÒÚË ˝ÌÂ„ËË ÛÔÛ„ÓÈ ‰ÂÙÓÏ‡ˆËË U ‚ÌÛÚË 3D-ÓÒÚÓ‚Í‡ ‚˚ÒÓÚÓÈ 5 ·Ò, ‡ÒÔÓ-
ÎÓÊÂÌÌÓ„Ó Ì‡ ÔÓ‚ÂıÌÓÒÚË ÒÏ‡˜Ë‚‡˛˘Â„Ó ÒÎÓfl Ge ÚÓÎ˘ËÌÓÈ 2 ·Ò. N111, N110 – ˜ËÒÎÓ ‡ÚÓÏÌ˚ı ÔÎÓÒÍÓÒÚÂÈ ‚ Ì‡Ô‡‚ÎÂ-
ÌËflı [111] Ë [110] ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ. éÚÌÓ¯ÂÌËÂ ‚˚ÒÓÚ˚ ÓÒÚÓ‚Í‡ Í ¯ËËÌÂ ÓÒÌÓ‚‡ÌËfl ÒÓÒÚ‡‚ÎflÂÚ 0.12, ‡ÒÒÓ„Î‡ÒÓ‚‡ÌËÂ
ÔÓÒÚÓflÌÌ˚ı Â¯ÂÚÓÍ Ge Ë Si – 4%. 
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êËÒ. 4. ê‡Ò˜ÂÚÌÓÂ ËÁÏÂÌÂÌËÂ ÔÓ‚ÂıÌÓÒÚÌÓÈ ¯ÂÓıÓ-
‚‡ÚÓÒÚË (‚ Â‰ËÌËˆ‡ı 1–S) ‚ ÔÓˆÂÒÒÂ „ÂÚÂÓ˝ÔËÚ‡ÍÒËË
Ge/Si(111) ËÁ ÏÓÎÂÍÛÎflÌÓ„Ó ÔÛ˜Í‡. íÂÏÔÂ‡ÚÛ‡ ÔÓ‰-
ÎÓÊÍË 450°C, ÒÍÓÓÒÚ¸ ÓÒ‡Ê‰ÂÌËfl 0.1 ·Ò/Ò.
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é.è. è˜ÂÎflÍÓ‚‡ Ë û.Å. ÅÓÎıÓ‚ËÚflÌÓ‚‡ Á‡ ÔÓÎÂÁ-
ÌÓÂ Ó·ÒÛÊ‰ÂÌËÂ ÂÁÛÎ¸Ú‡ÚÓ‚ ‡·ÓÚ˚.
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The Model of Tpansition from Two-dimentional Layer 
to Three-dimentional Growth at Heteroepitaxy of Ge/Si

V. A. Zinov'ev. A. V. Dvurechenskii, P. L. Novikov

The model of transition from the layer-by-layer film growth to the formation of 3D islands during the heteroepi-
taxy of thin crystalline film on the substrate with lattice mismatch is suggested. The main approach of the model
is that the elastic deformations arising inside the film influence the nucleation of islands and surface adatom
diffusion via the surface reconstruction. The specific feature of this transition is the difference of the superstruc-
ture on island facets from that on wetting layer surface. The 2D–3D transition is simulated by computational
modeling taking the account of random nature of diffusion and nucleation processes. 


