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ȼ ɪɚɦɤɚɯ ɦɨɞɟɥɢ ɪɟɝɭɥɹɪɧɨɝɨ ɪɚɫɬɜɨɪɚ ɢ ɫɬɚɧɞɚɪɬɧɵɯ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɯ ɮɭɧɤцɢɣ, 
ɢɫпɨɥɶɡɨɜɚɧɧɵɯ ɞɥɹ ɨпɢɫɚɧɢɹ ɫɨɫɬɨɹɧɢɣ ɛɢɧɚɪɧɵɯ ɫɨɟɞɢɧɟɧɢɣ ɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 
ɚɬɨɦɨɜ ɜ ɱɟɬɵɪɟɯɤɨɦпɨɧɟɧɬɧɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɚɯ, ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ ɜɵɫɲɢɟ 
пɪɨɢɡɜɨɞɧɵɟ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɝɨɦɨɝɟɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ y1yx1x AsSbGaIn  ɫɨ 
ɫɦɟɲɟɧɢɟɦ ɜ ɞɜɭɯ пɨɞɪɟɲɟɬɤɚɯ ɫ ɬɪɟɬɶɟɣ пɨ ɜɨɫɶɦɭɸ пɪɨɢɡɜɨɞɧɭɸ ɜɤɥɸɱɢɬɟɥɶɧɨ. 
Ⱥɧɚɥɢɬɢɱɟɫɤɢɟ ɜɵɪɚɠɟɧɢɹ ɞɥɹ пɪɨɢɡɜɨɞɧɵɯ, ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɢ ɨпɪɟɞɟɥɟɧɢɟ 
ɧɭɥɟɜɵɯ ɤɨɧɬɭɪɨɜ ɜɵɫɲɢɯ пɪɨɢɡɜɨɞɧɵɯ пɪɨɜɨɞɢɥɢɫɶ ɧɚ ɨɫɧɨɜɟ ɞɢɮɮɟɪɟɧцɢɚɥɶɧɨɝɨ 
ɬɨпɨɥɨɝɢɱɟɫɤɨɝɨ пɨɞɯɨɞɚ ɫ ɢɫпɨɥɶɡɨɜɚɧɢɟɦ ɫɢɫɬɟɦɵ ɤɨɦпɶɸɬɟɪɧɨɣ ɦɚɬɟɦɚɬɢɤɢ 
Maxima. ȼ ɱɟɬɵɪɟɯɦɟɪɧɨɦ ɤɨɧцɟɧɬɪɚцɢɨɧɧɨɦ пɪɨɫɬɪɚɧɫɬɜɟ ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ 
ɫɟɱɟɧɢɹ ɮɚɡɨɜɨɣ ɞɢɚɝɪɚɦɦɵ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ y1yx1x AsSbGaIn  , ɤɪɢɬɢɱɟɫɤɢɟ 
пɪɨɫɬɪɚɧɫɬɜɚ ɢ пɪɨɫɬɪɚɧɫɬɜɚ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɬɟɦпɟɪɚɬɭɪ. 
Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɭɤɚɡɵɜɚɸɬ ɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɮɨɪɦɢɪɨɜɚɧɢɹ ɨɛɥɚɫɬɟɣ 
ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ ɜɬɨɪɨɝɨ пɨɪɹɞɤɚ ɜ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɚɯ y1yx1x AsSbGaIn  , ɱɬɨ ɧɟ 
пɪɨɬɢɜɨɪɟɱɢɬ ɢɦɟɸɳɢɦɫɹ ɷɤɫпɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ. 

Ʉлючевые словɚ: ɞɢɮɮɟɪɟɧцɢɚɥɶɧɵɣ ɬɨпɨɥɨɝɢɱɟɫɤɢɣ пɨɞɯɨɞ, ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ, 

пɪɨɫɬɪɚɧɫɬɜɚ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ, ɦɧɨɝɨɤɨɦпɨɧɟɧɬɧɵɟ ɫɢɫɬɟɦɵ, ɦɚɬɪɢɱɧɵɟ 
пɪɨɢɡɜɨɞɧɵɟ. 

ȼвеɞеɧие 

ɑɟɬɵɪɟɯɤɨɦпɨɧɟɧɬɧɵɟ ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ ɧɚ ɨɫɧɨɜɟ ɫɨɟɞɢɧɟɧɢɣ ɬɢпɚ Ⱥ3ȼ5 ɜ 
ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɹɜɥɹɸɬɫɹ пɟɪɫпɟɤɬɢɜɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɞɥɹ ɢɡɝɨɬɨɜɥɟɧɢɹ 
ɨпɬɨɷɥɟɤɬɪɨɧɧɵɯ пɪɢɛɨɪɨɜ ɧɚ ɨɫɧɨɜɟ ɷпɢɬɚɤɫɢɚɥɶɧɵɯ ɝɟɬɟɪɨпɟɪɟɯɨɞɨɜ, 
пɪɟɞɧɚɡɧɚɱɟɧɧɵɟ ɞɥɹ ɪɚɛɨɬɵ ɜ ɲɢɪɨɤɨɦ ɫпɟɤɬɪɚɥɶɧɨɦ ɞɢɚпɚɡɨɧɟ. ȼ ɫɜɹɡɢ ɫ ɷɬɢɦ 
ɡɧɚɱɢɬɟɥɶɧɵɣ ɢɧɬɟɪɟɫ ɜɵɡɵɜɚɸɬ ɢɫɫɥɟɞɨɜɚɧɢɹ пɪɨɛɥɟɦɵ ɫɚɦɨɨɪɝɚɧɢɡɨɜɚɧɧɨɝɨ 
ɨɛɪɚɡɨɜɚɧɢɹ ɭпɨɪɹɞɨɱɟɧɧɵɯ ɫɬɪɭɤɬɭɪ ɜɨ ɦɧɨɝɨɤɨɦпɨɧɟɧɬɧɵɯ пɨɥɭпɪɨɜɨɞɧɢɤɨɜɵɯ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɚɯ ɫ ɧɟɨɞɧɨɪɨɞɧɵɦ ɪɚɫпɪɟɞɟɥɟɧɢɟɦ ɤɨɧцɟɧɬɪɚцɢɣ ɤɨɦпɨɧɟɧɬɨɜ, ɜ 
ɤɨɬɨɪɵɯ ɜɨɡɧɢɤɚɸɬ «ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ», пɟɪɢɨɞɢɱɟɫɤɢɟ ɫɬɪɭɤɬɭɪɵ, ɫɜɟɪɯɪɟɲɟɬɤɢ, ɢ 
ɞɪɭɝɢɟ ɧɚɧɨɫɬɪɭɤɬɭɪɵ. ɉɪɢɜɥɟɱɟɧɢɟ ɤɨɦпɶɸɬɟɪɧɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɞɥɹ ɚɧɚɥɢɡɚ 
пɪɨцɟɫɫɨɜ пɨɥɭɱɟɧɢɹ ɫɚɦɨɨɪɝɚɧɢɡɨɜɚɧɨ ɨɛɪɚɡɭɸɳɢɯɫɹ ɭпɨɪɹɞɨɱɟɧɧɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪ 
пɨɡɜɨɥɹɟɬ ɪɚɫɫɱɢɬɚɬɶ ɦɧɨɝɨɦɟɪɧɵɟ ɮɚɡɨɜɵɟ ɞɢɚɝɪɚɦɦɵ, ɭɱɢɬɵɜɚɸɳɢɟ ɜɨɡɦɨɠɧɨɫɬɶ 
ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɛɢɮɭɪɤɚцɢɨɧɧɵɯ пɪɨɫɬɪɚɧɫɬɜ, ɤɪɢɬɢɱɟɫɤɢɯ пɪɨɫɬɪɚɧɫɬɜ ɢ пɪɨɫɬɪɚɧɫɬɜ 
ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ ɪɚɡɥɢɱɧɵɯ пɨɪɹɞɤɨɜ. 

Ɍɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɣ пɨɞɯɨɞ ɤ ɨпɢɫɚɧɢɸ ɮɚɡɨɜɵɯ пɟɪɟɯɨɞɨɜ ɜ 
ɦɧɨɝɨɤɨɦпɨɧɟɧɬɧɵɯ ɫɢɫɬɟɦɚɯ, пɨɡɜɨɥɹɸɳɢɣ ɚɧɚɥɢɡɢɪɨɜɚɬɶ ɨɫɨɛɟɧɧɨɫɬɢ 
пɨɬɟɧцɢɚɥɶɧɵɯ ɮɭɧɤцɢɣ ɧɟɫɤɨɥɶɤɢɯ пɚɪɚɦɟɬɪɨɜ пɨɪɹɞɤɚ, пɨɡɜɨɥɹɟɬ ɢɫпɨɥɶɡɨɜɚɬɶ 
ɬɟɨɪɢɸ ɤɚɬɚɫɬɪɨɮ ɞɥɹ ɫɚɦɨɨɪɝɚɧɢɡɭɸɳɢɯɫɹ ɫɢɫɬɟɦ, ɪɚɫɫɦɚɬɪɢɜɚɹ ɟɟ ɤɚɤ ɨɛɨɛɳɟɧɧɭɸ 
ɮɨɪɦɭ ɬɟɨɪɢɢ ɮɚɡɨɜɵɯ пɟɪɟɯɨɞɨɜ Ƚɢɧɡɛɭɪɝɚ-Ʌɚɧɞɚɭ Д1]. ɍɪɚɜɧɟɧɢɟ ɫɨɫɬɨɹɧɢɹ ɫɬɪɨɢɬɫɹ 
ɧɚ ɧɟɤɨɬɨɪɨɦ n-ɦɟɪɧɨɦ ɦɧɨɝɨɨɛɪɚɡɢɢ ɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦ пɪɨɫɬɪɚɧɫɬɜɟ. Ʉɪɢɬɟɪɢɟɦ 
ɞɥɹ ɨпɪɟɞɟɥɟɧɢɹ пɪɨɫɬɪɚɧɫɬɜ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ ɹɜɥɹɟɬɫɹ ɫɢɬɭɚцɢɹ, пɪɢ ɤɨɬɨɪɨɣ 
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ɨɞɧɨ ɫɬɚɛɢɥɶɧɨɟ ɫɨɫɬɨɹɧɢɟ ɫɢɫɬɟɦɵ ɫɨɫɭɳɟɫɬɜɭɟɬ ɫ ɞɪɭɝɢɦ ɫɬɚɛɢɥɶɧɵɦ ɫɨɫɬɨɹɧɢɟɦ. 
ɉɪɨцɟɫɫ ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɬɚɤɨɝɨ пɪɨɫɬɪɚɧɫɬɜɚ ɹɜɥɹɟɬɫɹ ɮɚɡɨɜɵɦ пɟɪɟɯɨɞɨɦ пɟɪɜɨɝɨ ɪɨɞɚ 
пɨ пɪɢɧцɢпɭ Ɇɚɤɫɜɟɥɥɚ. ɉɪɢ ɷɬɨɦ ɞɜɚ ɢɥɢ ɧɟɫɤɨɥɶɤɨ ɝɥɨɛɚɥɶɧɵɯ ɦɢɧɢɦɭɦɨɜ 
пɨɬɟɧцɢɚɥɶɧɨɣ ɮɭɧɤцɢɢ ɛɭɞɭɬ ɢɦɟɬɶ ɨɞɢɧɚɤɨɜɭɸ ɝɥɭɛɢɧɭ.  ȼɧɭɬɪɢ ɢɡɭɱɚɟɦɨɝɨ 
ɮɚɡɨɜɨɝɨ пɪɨɫɬɪɚɧɫɬɜɚ пɪɢ ɨпɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨɜɢɹɯ ɦɨɝɭɬ ɜɨɡɧɢɤɚɬɶ ɛɢɮɭɪɤɚцɢɨɧɧɵɟ 
пɨɞпɪɨɫɬɪɚɧɫɬɜɚ, ɜ ɤɨɬɨɪɵɯ ɫɬɚɛɢɥɶɧɚɹ ɮɚɡɚ ɦɨɠɟɬ ɫɬɚɧɨɜɢɬɶɫɹ ɧɟɫɬɚɛɢɥɶɧɨɣ. 
Ʉɪɢɬɢɱɟɫɤɨɟ пɪɨɫɬɪɚɧɫɬɜɨ ɜɬɨɪɨɝɨ пɨɪɹɞɤɚ ɦɨɝɭɬ ɜɨɡɧɢɤɚɬɶ ɜ ɬɟɯ ɨɛɥɚɫɬɹɯ, ɝɞɟ ɞɜɟ 
ɪɚɡɥɢɱɧɵɟ ɮɚɡɵ ɫɬɚɧɨɜɹɬɫɹ ɢɞɟɧɬɢɱɧɵɦɢ. Ʉɪɢɬɢɱɟɫɤɢɟ пɪɨɫɬɪɚɧɫɬɜɚ пɨɪɹɞɤɚ 3 ɢ 4 
ɨɛɪɚɡɭɸɬɫɹ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ пɪɢ ɧɚɥɢɱɢɢ ɬɪɟɯ ɢɥɢ ɱɟɬɵɪɟɯ ɢɞɟɧɬɢɱɧɵɯ ɮɚɡ.  

ȼ ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢɹ ɜ ɪɚɛɨɬɟ ɜɵɛɪɚɧ ɱɟɬɵɪɟɯɤɨɦпɨɧɟɧɬɧɵɣ 
ɬɜɟɪɞɵɣ ɪɚɫɬɜɨɪ y1yx1x AsSbGaIn  . Иɧɬɟɪɟɫ ɤ ɷɬɨɦɭ ɦɚɬɟɪɢɚɥɭ ɜɵɡɜɚɧ ɜ ɫɜɹɡɢ ɫ ɬɟɦ, 
ɱɬɨ ɟɝɨ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ ɦɚɥɨ ɢɫɫɥɟɞɨɜɚɧɵ, ɧɨ пɪɢ ɷɬɨɦ 

пɪɢɜɥɟɤɚɸɬ ɜɧɢɦɚɧɢɟ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɤɚɤ пɟɪɫпɟɤɬɢɜɧɵɣ ɦɚɬɟɪɢɚɥ ɞɥɹ ɫɨɡɞɚɧɢɹ 
ɨпɬɨɷɥɟɤɬɪɨɧɧɵɯ пɪɢɛɨɪɨɜ ɲɢɪɨɤɨɝɨ ɫпɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚпɚɡɨɧɚ, ɷɮɮɟɤɬɢɜɧɵɯ 
ɫɜɟɬɨɞɢɨɞɨɜ, ɛɵɫɬɪɨɞɟɣɫɬɜɭɸɳɢɯ ɮɨɬɨɞɢɨɞɨɜ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɛɵɬɶ ɢɫпɨɥɶɡɨɜɚɧɵ ɞɥɹ 
ɪɟɲɟɧɢɹ ɪɚɡɥɢɱɧɵɯ ɧɚɭɱɧɵɯ ɢ пɪɚɤɬɢɱɟɫɤɢɯ ɡɚɞɚɱ.  

Целɶ ɪɚɛоɬы 

ɐɟɥɶɸ ɪɚɛɨɬɵ ɹɜɥɹɟɬɫɹ ɪɚɫɱɟɬ ɧɚ ɨɫɧɨɜɟ ɞɢɮɮɟɪɟɧцɢɚɥɶɧɨɝɨ ɬɨпɨɥɨɝɢɱɟɫɤɨɝɨ 
пɨɞɯɨɞɚ Д1] ɜɵɫɲɢɯ пɪɨɢɡɜɨɞɧɵɯ пɨɬɟɧцɢɚɥɶɧɵɯ ɮɭɧɤцɢɣ ɧɟɫɤɨɥɶɤɢɯ пɚɪɚɦɟɬɪɨɜ 
пɨɪɹɞɤɚ ɫ ɬɪɟɬɶɟɣ пɨ ɜɨɫɶɦɭɸ ɜɤɥɸɱɢɬɟɥɶɧɨ ɜ ɪɚɦɤɚɯ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɝɨ 
ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɜ ɱɟɬɵɪɟɯɤɨɦпɨɧɟɧɬɧɨɦ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ y1yx1x AsSbGaIn  . Ɋɚɫɱɟɬɵ 
пɪɨɜɨɞɢɥɢɫɶ ɜ ɪɚɦɤɚɯ ɦɨɞɟɥɢ ɪɟɝɭɥɹɪɧɨɝɨ ɪɚɫɬɜɨɪɚ ɫ ɭɱɟɬɨɦ ɫɦɟɲɟɧɢɹ ɚɬɨɦɨɜ ɜ ɞɜɭɯ 
пɨɞɪɟɲёɬɤɚɯ Д2]. 

Иɡлоɠеɧие осɧовɧоɝо ɦɚɬеɪиɚлɚ 

Ⱥɧɚɥɢɡ ɱɟɬɵɪɟɯɤɨɦпɨɧɟɧɬɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ y1yx1x AsSbGaIn   ɤɚɤ ɫɢɫɬɟɦɵ, 
ɜ ɤɨɬɨɪɨɣ пɪɟɞпɨɥɚɝɚɥɨɫɶ ɫɭɳɟɫɬɜɨɜɚɧɢɟ ɦɧɨɝɢɯ ɮɚɡ, ɛɵɥ ɨɫɭɳɟɫɬɜɥɟɧ ɧɚ ɨɫɧɨɜɟ 
ɨɛɨɛɳɟɧɢɹ ɭɫɥɨɜɢɣ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɫɬɚɛɢɥɶɧɵɯ ɮɚɡ Д1] ɧɚ ɫɥɭɱɚɣ ɤɨɧцɟɧɬɪɚцɢɨɧɧɨɝɨ 
пɪɨɫɬɪɚɧɫɬɜɚ ɫ ɪɚɡɦɟɪɧɨɫɬɶɸ ɱɟɬɵɪɟ, ɱɬɨ пɨɡɜɨɥɢɥɨ пɪɨɜɟɪɢɬɶ ɜɨɡɦɨɠɧɨɫɬɶ 
ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ ɤɪɢɬɢɱɟɫɤɢɯ пɪɨɫɬɪɚɧɫɬɜ ɢ 
пɪɨɫɬɪɚɧɫɬɜ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ.  

ȼ ɦɨɞɟɥɢ ɫɜɨɛɨɞɧɚɹ ɷɧɟɪɝɢɹ Ƚɢɛɛɫɚ ɢɫɫɥɟɞɭɟɦɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ 
ɪɚɫɫɦɚɬɪɢɜɚɥɚɫɶ ɤɚɤ ɫɦɟɫɶ ɱɟɬɵɪёɯ ɝɢпɨɬɟɬɢɱɟɫɤɢɯ ɛɢɧɚɪɧɵɯ ɫɨɟɞɢɧɟɧɢɣ: 

)( BDADBCAC X,X,X,XG=G , (1) 

ɝɞɟ ijX - ɤɨɧцɟɧɬɪɚцɢɢ ɛɢɧɚɪɧɵɯ ɤɨɦпɨɧɟɧɬɨɜ. ȼ пɪɟɞпɨɥɨɠɟɧɢɢ ɨ ɫɥɭɱɚɣɧɨɦ 
ɪɚɫпɪɟɞɟɥɟɧɢɹ ɪɚɡɧɨɪɨɞɧɵɯ ɚɬɨɦɨɜ пɨ ɭɡɥɚɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ пɨɞɪɟɲɟɬɨɤ, 
ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɤɨɧцɟɧɬɪɚцɢɣ ɛɢɧɚɪɧɵɯ ɤɨɦпɨɧɟɧɬɨɜ пɪɢɧɢɦɚɸɬ ɜɢɞ Д2]:  

xy,=X,yx=Xy,x=X,yx=X BDBCADAC )(1)(1))(1(1   (2) 

ɝɞɟ x  ɢ y - ɤɨɧцɟɧɬɪɚцɢɨɧɧɵɟ пɚɪɚɦɟɬɪɵ.  
Ⱦɥɹ пɪɨɜɟɪɤɢ ɜɨɡɦɨɠɧɨɫɬɢ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ 

ɤɪɢɬɢɱɟɫɤɢɯ пɪɨɫɬɪɚɧɫɬɜ ɢ пɪɨɫɬɪɚɧɫɬɜ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ ɛɵɥɢ пɨɥɭɱɟɧɵ ɢ 
ɢɫɫɥɟɞɨɜɚɧɵ ɚɧɚɥɢɬɢɱɟɫɤɢɟ ɜɵɪɚɠɟɧɢɹ ɜɵɫɲɢɯ пɪɨɢɡɜɨɞɧɵɯ пɨɬɟɧцɢɚɥɶɧɨɣ ɷɧɟɪɝɢɢ 



Ⱥ.И. Ʉɚɡɚɤɨɜ, Ʌ.Ɍ. Ʉɜɚɬɚɲɢɞɡɟ, Ƚ.ȼ. ɒɚпɨɜɚɥɨɜ 
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ɫɢɫɬɟɦɵ пɨ пɚɪɚɦɟɬɪɚɦ пɨɪɹɞɤɚ ix . ȼɵɫɲɢɟ пɪɨɢɡɜɨɞɧɵɟ ɫ ɬɪɟɬɶɟɣ пɨ ɜɨɫɶɦɭɸ 
ɜɤɥɸɱɢɬɟɥɶɧɨ ɞɥɹ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ Ƚɢɛɛɫɚ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ y1yx1x AsSbGaIn   пɨ 
ɤɨɧцɟɧɬɪɚцɢɨɧɧɵɦ пɚɪɚɦɟɬɪɚɦ ɛɵɥɢ ɪɚɫɫɱɢɬɚɧɵ пɭɬɟɦ ɦɚɬɪɢɱɧɨ-ɜɟɤɬɨɪɧɨɝɨ 
ɞɢɮɮɟɪɟɧцɢɪɨɜɚɧɢɹ ɦɧɨɝɨɦɟɪɧɵɯ ɫɢɫɬɟɦ. Ⱦɥɹ пɨɥɭɱɟɧɢɹ ɦɚɬɪɢц ɜɵɫɲɢɯ 
пɪɨɢɡɜɨɞɧɵɯ ɛɵɥ ɢɫпɨɥɶɡɨɜɚɧ ɦɟɬɨɞ пɪɹɦɵɯ ɫɭɦɦ Д3, 4]. 

Ɋɚɫɱɟɬ ɜɵɫɲɢɯ пɪɨɢɡɜɨɞɧɵɯ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɢɫɬɟɦɵ 
пɪɨɜɨɞɢɥɫɹ пɨ ɫɥɟɞɭɸɳɟɦɭ ɚɥɝɨɪɢɬɦɭ. Иɡ пɨɥɭɱɟɧɧɧɵɯ ɜ ɪɚɦɤɚɯ ɦɨɞɟɥɢ ɪɟɝɭɥɹɪɧɨɝɨ 
ɪɚɫɬɜɨɪɚ Д5] ɜɬɨɪɵɯ пɪɨɢɡɜɨɞɧɵɯ ijμ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ Ƚɢɛɛɫɚ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ 

y1yx1x AsSbGaIn  , ɜɵɪɚɠɟɧɢɹ ɤɨɬɨɪɵɯ ɢɦɟɸɬ ɭɫɬɨɣɱɢɜɨɫɬɶ ɤ ɞɢɮɮɟɪɟɧцɢɪɨɜɚɧɢɸ, 
ɮɨɪɦɢɪɨɜɚɥɚɫɶ ɦɚɬɪɢцɚ А2 ɪɚɡɦɟɪɧɨɫɬɶɸ 44 : 
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A , (3) 

Ⱦɚɥɟɟ, ɦɚɬɪɢцɚ А2 ɞɢɮɮɟɪɟɧцɢɪɨɜɚɥɚɫɶ пɨ ɱɟɬɵɪɟɦ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ 
ɤɨɧцɟɧɬɪɚцɢɹɦ ijX . ȼ ɪɟɡɭɥɶɬɚɬɟ ɞɢɮɮɟɪɟɧцɢɪɨɜɚɧɢɹ ɛɵɥɢ пɨɥɭɱɟɧɵ ɱɟɬɵɪɟ ɦɚɬɪɢцɵ 
ɱɚɫɬɧɵɯ пɪɨɢɡɜɨɞɧɵɯ ɬɪɟɬɶɟɝɨ пɨɪɹɞɤɚ ɪɚɡɦɟɪɨɦ 4ɯ4, пɨɫɥɟ ɱɟɝɨ, ɫ ɢɫпɨɥɶɡɨɜɚɧɢɟɦ 
ɦɟɬɨɞɚ пɪɹɦɵɯ ɫɭɦɦ ɮɨɪɦɢɪɨɜɚɥɚɫɶ ɛɥɨɱɧɨ-ɞɢɚɝɨɧɚɥɶɧɚɹ ɦɚɬɪɢцɚ пɨɥɧɨɣ ɬɪɟɬɶɟɣ 
пɪɨɢɡɜɨɞɧɨɣ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ: 
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 (4) 

Ⱦɟɬɟɪɦɢɧɚɧɬ пɨɥɭɱɟɧɧɨɣ ɦɚɬɪɢцɵ 3А  ɨпɪɟɞɟɥɹɥɫɹ ɤɚɤ пɪɨɢɡɜɟɞɟɧɢɟ 
ɞɟɬɟɪɦɢɧɚɧɬɨɜ ɦɚɬɪɢц ɱɚɫɬɧɵɯ пɪɨɢɡɜɨɞɧɵɯ, ɧɚɯɨɞɹɳɢɯɫɹ ɧɚ ɝɥɚɜɧɵɯ ɞɢɚɝɨɧɚɥɹɯ: 

433323133 detdetdetdetdet AAAA=A  , (5) 

ɝɞɟ 

;
dX
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=A;

dX

dA
=A;

dX

dA
=A;

dX

dA
=A

BC

2

43

BD

2

33

AD

2

23

AC

2

13  (6) 

ɉɨɥɭɱɟɧɢɟ пɪɨɢɡɜɨɞɧɵɯ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ ɜɵɫɲɢɯ пɨɪɹɞɤɨɜ ɫ 
ɱɟɬɜɟɪɬɨɣ пɨ ɜɨɫɶɦɭɸ ɜɤɥɸɱɢɬɟɥɶɧɨ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɞɟɬɟɪɦɢɧɚɧɬɨɜ iAdet , ɝɞɟ i – 

пɨɪɹɞɨɤ пɪɨɢɡɜɨɞɧɨɣ, пɪɨɜɨɞɢɥɨɫɶ ɫ ɢɫпɨɥɶɡɨɜɚɧɢɟɦ ɚɧɚɥɨɝɢɱɧɨɝɨ ɚɥɝɨɪɢɬɦɚ. 
Ⱥɧɚɥɢɬɢɱɟɫɤɢɟ ɜɵɪɚɠɟɧɢɹ ɜɵɫɲɢɯ пɪɨɢɡɜɨɞɧɵɯ ɛɵɥɢ пɨɥɭɱɟɧɵ ɫ ɢɫпɨɥɶɡɨɜɚɧɢɟɦ 
ɫɢɫɬɟɦɵ ɤɨɦпɶɸɬɟɪɧɨɣ ɦɚɬɟɦɚɬɢɤɢ MКбТmК Д6].  
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ɉɨɫɥɟ пɨɥɭɱɟɧɢɹ ɚɧɚɥɢɬɢɱɟɫɤɢɯ ɜɵɪɚɠɟɧɢɣ ɞɥɹ ɞɟɬɟɪɦɢɧɚɧɬɨɜ ɦɚɬɪɢц 
пɪɨɢɡɜɨɞɧɵɯ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɢɫɬɟɦɵ ɛɵɥɢ ɪɚɫɱɢɬɚɧɵ пɨɥɨɠɟɧɢɹ 
ɧɭɥɟɜɵɯ ɤɨɧɬɭɪɨɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ пɪɨɢɡɜɨɞɧɵɯ. Ⱦɥɹ ɷɬɨɝɨ ɡɧɚɱɟɧɢɹ 
ɤɨɧцɟɧɬɪɚцɢɨɧɧɵɯ пɚɪɚɦɟɬɪɨɜ x  ɢ y ɜ ɞɢɚпɚɡɨɧɟ ɨɬ 0 ɞɨ 1 ɫ ɲɚɝɨɦ 0.1 пɨɞɫɬɚɜɥɹɥɢɫɶ 
ɜ ɜɵɪɚɠɟɧɢɹ ɞɥɹ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɞɟɬɟɪɦɢɧɚɧɬɨɜ, пɨɫɥɟ ɱɟɝɨ пɪɨɜɟɪɹɥɨɫɶ ɜɵпɨɥɧɟɧɢɟ 
ɭɫɥɨɜɢɹ 0det =Ai . ɇɚɣɞɟɧɧɵɟ ɬɨɱɤɢ ɨɬɨɛɪɚɠɚɥɢɫɶ ɧɚ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɬɜɟɪɞɵɯ 
ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ. Ⱦɚɥɟɟ ɨпɪɟɞɟɥɹɥɢɫɶ ɨɛɥɚɫɬɢ, ɜ ɤɨɬɨɪɵɯ ɡɧɚɱɟɧɢɹ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɞɟɬɟɪɦɢɧɚɧɬɨɜ пɪɢɧɢɦɚɸɬ пɨɥɨɠɢɬɟɥɶɧɵɟ ɢ ɨɬɪɢцɚɬɟɥɶɧɵɟ 
ɡɧɚɱɟɧɢɹ. ɉɨɥɨɠɢɬɟɥɶɧɵɟ ɡɧɚɱɟɧɢɹ ɨɬɦɟɱɚɥɢɫɶ ɫɜɟɬɥɵɦɢ ɨɛɥɚɫɬɹɦɢ, ɨɬɪɢцɚɬɟɥɶɧɵɟ – 

ɛɨɥɟɟ ɬɟɦɧɵɦɢ. 

Ɋеɡɭлɶɬɚɬы 

ɉɭɬɟɦ ɪɚɫɱɟɬɚ пɨɥɨɠɟɧɢɣ ɧɭɥɟɜɵɯ ɤɨɧɬɭɪɨɜ пɨɥɭɱɟɧɧɵɯ ɜ ɪɚɛɨɬɟ ɚɧɚɥɢɬɢɱɟɫɤɢɯ 
ɜɵɪɚɠɟɧɢɣ ɞɥɹ пɨɥɧɵɯ пɪɨɢɡɜɨɞɧɵɯ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ Ƚɢɛɛɫɚ 
ɱɟɬɵɪɟɯɤɨɦпɨɧɟɧɬɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ y1yx1x AsSbGaIn  , ɛɵɥɢ ɱɢɫɥɟɧɧɨ 
ɨпɪɟɞɟɥɟɧɵ ɢ пɨɫɬɪɨɟɧɵ ɧɚ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦ ɫɟɱɟɧɢɢ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ 
ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ пɨɥɨɠɟɧɢɹ ɨɛɥɚɫɬɟɣ ɫɭɳɟɫɬɜɨɜɚɧɢɹ пɪɨɢɡɜɨɞɧɵɯ ɢ ɢɯ ɧɭɥɟɜɵɟ 
ɤɨɧɬɭɪɚ ɫɨ ɜɬɨɪɨɣ пɨ ɜɨɫɶɦɭɸ пɪɨɢɡɜɨɞɧɭɸ ɜɤɥɸɱɢɬɟɥɶɧɨ ɞɥɹ ɞɢɚпɚɡɨɧɚ ɬɟɦпɟɪɚɬɭɪ 
773-1023Ʉ. Ɍɟɪɦɨɞɢɧɚɦɢɱɟɫɤɢɟ пɚɪɚɦɟɬɪɵ, ɢɫпɨɥɶɡɨɜɚɧɧɵɟ ɜ ɪɚɫɱɟɬɚɯ, пɪɢɜɟɞɟɧɵ ɜ 
ɬɚɛɥ. 1.  

 

Ɍɚɛлиɰɚ 1. 
ɉɚɪɚɦɟɬɪɵ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɜ ɬɜɟɪɞɨɣ ɮɚɡɟ ɞɥɹ ɤɜɚɡɢɛɢɧɚɪɧɵɯ ɫɢɫɬɟɦ 

Ʉɜɚɡɢɛɢɧɚɪɧɚɹ ɫɢɫɬɟɦɚ ɉɚɪɚɦɟɬɪ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ 5

jkijα  , Ⱦɠ/ɦɨɥɶ, [7] 

GaAs  - InAs  12570 

GaSb  - InSb  7961 

GaAs  – GaSb  18855 

InAs  - InSb  9427,5 

 

ɇɚ ɪɢɫ. 1-4, ɚ пɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɚ пɨɥɨɠɟɧɢɣ ɧɭɥɟɜɵɯ ɤɨɧɬɭɪɨɜ 
пɪɨɢɡɜɨɞɧɵɯ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ Ƚɢɛɛɫɚ ɜ ɫɢɫɬɟɦɟ y1yx1x AsSbGaIn   пɨ 
ɤɨɧцɟɧɬɪɚцɢɨɧɧɵɦ пɚɪɚɦɟɬɪɚɦ, ɧɚɱɢɧɚɹ ɫɨ ɜɬɨɪɨɣ пɪɨɢɡɜɨɞɧɨɣ ɢ пɨ ɜɨɫɶɦɭɸ 
пɪɨɢɡɜɨɞɧɭɸ  ɜɤɥɸɱɢɬɟɥɶɧɨ ɞɥɹ ɬɟɦпɟɪɚɬɭɪɵ 773 Ʉ. Ɍɟɦɧɵɦ цɜɟɬɨɦ пɨɤɚɡɚɧɚ ɨɛɥɚɫɬɶ 
ɨɬɪɢцɚɬɟɥɶɧɵɯ ɡɧɚɱɟɧɢɣ пɪɨɢɡɜɨɞɧɨɣ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɛɨɥɟɟ ɫɜɟɬɥɵɦ - ɨɛɥɚɫɬɶ 
пɨɥɨɠɢɬɟɥɶɧɵɯ ɡɧɚɱɟɧɢɣ. ɉɭɧɤɬɢɪɨɦ ɧɚ ɪɢɫ. 1-4 пɨɤɚɡɚɧɵ ɥɢɧɢɢɢ, ɢɡɨпɟɪɟɢɨɞɧɵɟ 
пɨɞɥɨɠɤɚɦ GaSb  ɢ InAs . ɇɚ ɞɢɚɝɪɚɦɦɚɯ пɨɤɚɡɚɧɵ ɷɤɫпɟɪɢɦɟɧɬɚɥɶɧɵɟ ɫɨɫɬɚɜɵ 
ɷпɢɬɚɤɫɢɚɥɶɧɵɯ ɫɥɨɟɜ y1yx1x AsSbGaIn  , ɜɵɪɚɳɟɧɧɵɯ ɧɚ пɨɞɥɨɠɤɚɯ GaSbɢ InAs . ȼ 
ɪɚɛɨɬɟ Д8] ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɟ ɫɥɨɢ ɛɵɥɢ ɜɵɪɚɳɟɧɵ ɧɚ пɨɞɥɨɠɤɟ GaSb(111) ɦɟɬɨɞɨɦ 
ɠɢɞɤɨɮɚɡɧɨɣ ɷпɢɬɚɤɫɢɢ. Ɉɬɦɟɱɟɧɨ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨɟ ɤɚɱɟɫɬɜɨ ɫɥɨɟɜ ɞɥɹ ɫɥɭɱɚɹ 
пɨɥɨɠɢɬɟɥɶɧɵɯ ɡɧɚɱɟɧɢɣ пɚɪɚɦɟɬɪɚ ɪɚɫɫɨɝɥɚɫɨɜɚɧɢɹ ɪɟɲɟɬɤɢ. ȼ ɪɚɛɨɬɟ Д9] 
ɧɚɛɥɸɞɚɥɚɫɶ ɦɨɞɭɥɹцɢɹ ɫɨɫɬɚɜɚ ɫɥɨɟɜ, ɜɵɪɚɳɟɧɵɯ ɧɚ пɨɞɥɨɠɤɟ GaSb (100) ɫ пɟɪɢɨɞɨɦ 
ɨɤɨɥɨ 150 ɧɦ ɢ пɪɢ ɭɜɟɥɢɱɟɧɢɢ ɡɧɚɱɟɧɢɣ  ɯ  ɢ y  ɦɨɞɭɥɹцɢɹ пɪɢɨɛɪɟɬɚɥɚ ɛɨɥɟɟ ɱɟɬɤɨ 
ɜɵɪɚɠɟɧɭɸ пɟɪɢɨɞɢɱɧɨɫɬɶ. ɋɨɫɬɚɜ, пɨɥɭɱɟɧɧɵɣ ɜ ɪɚɛɨɬɟ Д10] ɛɵɥ ɜɵɪɚɳɟɧ ɧɚ 
пɨɞɥɨɠɤɟ GaSb (111). Ⱦɥɹ ɷɤɫпɟɪɢɦɟɧɬɚɥɶɧɵɯ ɬɨɱɟɤ Д11] ɨɬɦɟɱɚɥɨɫɶ, ɱɬɨ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɢɦ ɫɨɫɬɚɜɵ ɛɵɥɢ пɨɥɭɱɟɧɵ ɜɛɥɢɡɢ ɨɛɥɚɫɬɢ ɧɟɫɦɟɲɢɜɚɟɦɨɫɬɢ ɢ ɧɟ 
ɹɜɥɹɸɬɫɹ ɫɬɚɛɢɥɶɧɵɦɢ. ɗпɢɬɚɤɫɢɚɥɶɧɵɟ ɫɥɨɢ, ɨпɢɫɚɧɧɵɟ ɜ [12], ɛɵɥɢ пɨɥɭɱɟɧɵ ɫ 
пɨɦɨɳɶɸ LPE ɢ MOVPE ɬɟɯɧɨɥɨɝɢɣ ɜ ɭɫɥɨɜɢɹɯ, ɛɥɢɡɤɢɯ ɤ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɦɭ 
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ɪɚɜɧɨɜɟɫɢɸ. ɇɚ ɪɢɫ. 1-4 ɬɚɤ ɠɟ ɨɬɦɟɱɟɧɵ ɬɨɱɤɢ, ɜ ɤɨɬɨɪɵɯ ɧɚɛɥɸɞɚɥɫɹ ɪɨɫɬ 
ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ Д13] ɢ пɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɫɥɨɟɜ Д14] ɧɚ пɨɞɥɨɠɤɚɯ ɢɡ GaSb  ɢ 
InAs , ɢɫɯɨɞɧɵɟ ɫɨɫɬɚɜɵ ɞɥɹ ɪɨɫɬɚ ɤɨɬɨɪɵɯ ɧɚɯɨɞɢɥɢɫɶ ɜ ɨɛɥɚɫɬɢ ɬɟɪɦɨɞɢɧɚɦɢɱɟɫɤɨɣ 
ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ.  

  

ɚ ɛ 

Ɋис. 1. Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ: ɚ – ɜɬɨɪɨɣ пɪɨɢɡɜɨɞɧɨɣ; ɛ – ɬɪɟɬɶɟɣ 

пɪɨɢɡɜɨɞɧɨɣ ɫɜɨɛɨɞɧɨɣ  ɷɧɟɪɝɢɢ ɜ ɫɢɫɬɟɦɟ y1yx1x AsSbGaIn  ɧɚ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ 
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Ɋис. 2. Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ: ɚ – ɱɟɬɜɟɪɬɨɣ пɪɨɢɡɜɨɞɧɨɣ; ɛ – пɹɬɨɣ 

пɪɨɢɡɜɨɞɧɨɣ ɫɜɨɛɨɞɧɨɣ  ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ y1yx1x AsSbGaIn  ɧɚ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ 

 

ɇɚ ɨɫɧɨɜɟ пɨɥɭɱɟɧɧɵɯ ɤɨɧɬɭɪɨɜ ɬɪɟɬɶɟɣ ɢ ɱɟɬɜɟɪɬɨɣ пɪɨɢɡɜɨɞɧɵɯ ɧɚ ɫɟɱɟɧɢɢ 
ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ ɢɫɫɥɟɞɭɟɦɨɣ ɫɢɫɬɟɦɵ ɛɵɥɢ 
пɨɫɬɪɨɟɧɵ ɤɨɧɬɭɪɚ ɨɛɥɚɫɬɟɣ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ пɨɪɹɞɤɚ ɞɜɚ. ɇɚ ɪɢɫ. 4, ɛ 
пɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɨɛɥɚɫɬɟɣ ɧɚ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɬɜɟɪɞɵɯ 
ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ ɜ ɫɢɫɬɟɦɟ y1yx1x AsSbGaIn   ɞɥɹ ɬɟɦпɟɪɚɬɭɪɵ 773 Ʉ, 

ɝɞɟ ɜɨɡɦɨɠɧɨ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɟ ɞɜɭɯ ɬɜɟɪɞɵɯ ɮɚɡ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɬɟɦпɟɪɚɬɭɪ. Ɍɟɦɧɵɦ 
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цɜɟɬɨɦ пɨɤɚɡɚɧɵ ɨɛɥɚɫɬɢ ɜɵпɨɥɧɟɧɢɹ ɭɫɥɨɜɢɣ ɮɨɪɦɢɪɨɜɚɧɢɹ пɪɨɫɬɪɚɧɫɬɜ 
ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ пɨɪɹɞɤɚ ɞɜɚ, ɫɜɟɬɥɵɦ – ɨɛɥɚɫɬɶ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɬɪɟɬɶɟɣ ɢ 
ɱɟɬɜɟɪɬɨɣ пɪɨɢɡɜɨɞɧɵɯ. Ⱦɥɹ пɨɫɬɪɨɟɧɢɹ ɷɬɢɯ ɨɛɥɚɫɬɟɣ ɛɵɥɢ ɢɫпɨɥɶɡɨɜɚɧɵ ɪɟɡɭɥɶɬɚɬɵ 
ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ пɪɨɢɡɜɨɞɧɵɯ ɫɨ ɜɬɨɪɨɣ пɨ ɱɟɬɜɟɪɬɭɸ ɜɤɥɸɱɢɬɟɥɶɧɨ ɫɜɨɛɨɞɧɨɣ 
ɷɧɟɪɝɢɢ ɫɢɫɬɟɦɵ, ɪɟɡɭɥɶɬɚɬɵ ɤɨɬɨɪɵɯ пɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1-2. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 4, ɛ 
ɞɚɧɧɵɟ пɨ ɷɤɫпɟɪɢɦɟɧɬɚɥɶɧɨɦɭ ɫɨɫɬɚɜɭ Д8] пɨпɚɞɚɸɬ ɜ ɨɛɥɚɫɬɶ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ, ɚ 
ɬɨɱɤɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚɹ ɫɨɫɬɚɜɭ Д9], ɧɚɯɨɞɢɬɫɹ ɜ ɧɟпɨɫɪɟɞɫɬɜɟɧɧɨɣ ɛɥɢɡɨɫɬɢ ɨɬ 
ɪɚɫɫɱɢɬɚɧɧɨɣ ɨɛɥɚɫɬɢ. Ȼɨɥɶɲɢɧɫɬɜɨ ɷɤɫпɟɪɢɦɟɧɬɚɥɶɧɵɯ ɫɨɫɬɚɜɨɜ Д10-12] ɧɚɯɨɞɹɬɫɹ ɜ 
ɧɟпɨɫɪɟɞɫɬɜɟɧɧɨɣ ɛɥɢɡɨɫɬɢ ɨɬ ɪɚɫɫɱɢɬɚɧɧɨɣ ɨɛɥɚɫɬɢ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɞɜɭɯ ɮɚɡ. 
ɋɨɫɬɚɜɵ ɢɡ Д13, 14] ɧɟ пɨпɚɞɚɸɬ ɜ ɨɛɥɚɫɬɶ ɫɭɳɟɫɬɜɨɜɚɧɢɹ пɪɨɢɡɜɨɞɧɵɯ ɜ ɫɜɹɡɢ ɫ ɢɯ 
ɱɟɬɤɨ ɜɵɪɚɠɟɧɧɨɣ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɢ пɨɥɢɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɨɣ. 
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Ɋис. 3. Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ: ɚ – ɲɟɫɬɨɣ пɪɨɢɡɜɨɞɧɨɣ; ɛ – ɫɟɞɶɦɨɣ 

пɪɨɢɡɜɨɞɧɨɣ ɫɜɨɛɨɞɧɨɣ  ɷɧɟɪɝɢɢ ɜ ɫɢɫɬɟɦɟ y1yx1x AsSbGaIn  ɧɚ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ ɫɨɫɬɨɹɧɢɹ 
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Ɋис. 4. Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ: ɚ – ɜɨɫɶɦɨɣ пɪɨɢɡɜɨɞɧɨɣ ɫɜɨɛɨɞɧɨɣ  ɷɧɟɪɝɢɢ ɜ 
ɫɢɫɬɟɦɟ y1yx1x AsSbGaIn  ɧɚ ɫɟɱɟɧɢɢ ɫɭɳɟɫɬɜɨɜɚɧɢɹ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɞɢɚɝɪɚɦɦɵ 
ɫɨɫɬɨɹɧɢɹ; ɛ – пɪɨɫɬɪɚɧɫɬɜ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ пɨɪɹɞɤɚ ɞɜɚ 

ȼывоɞы 

ɉɨɥɭɱɟɧɧɵɟ ɜ ɪɚɛɨɬɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢɹ пɪɨɫɬɪɚɧɫɬɜ ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ 
ɮɚɡ пɨɪɹɞɤɚ ɞɜɚ ɜ ɫɢɫɬɟɦɟ y1yx1x AsSbGaIn   пɨɡɜɨɥɹɸɬ ɨɛɴɹɫɧɢɬɶ ɢɦɟɸɳɢɟɫɹ 
ɷɤɫпɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ пɨ ɫпɨɧɬɚɧɧɨɦɭ ɮɨɪɦɢɪɨɜɚɧɢɸ ɞɜɭɯɮɚɡɧɵɯ 
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ɦɨɞɭɥɢɪɨɜɚɧɧɵɯ ɫɬɪɭɤɬɭɪ ɜ ɷпɢɬɚɤɫɢɚɥɶɧɵɯ ɫɥɨɹɯ ɪɚɫɫɦɨɬɪɟɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ. 
ɉɨɤɚɡɚɧɨ, ɱɬɨ ɢɫпɨɥɶɡɨɜɚɧɧɚɹ ɦɨɞɟɥɶ ɪɟɝɭɥɹɪɧɨɝɨ ɪɚɫɬɜɨɪɚ ɞɥɹ ɫɜɨɛɨɞɧɨɣ ɷɧɟɪɝɢɢ 
Ƚɢɛɛɫɚ пɨɡɜɨɥɹɟɬ пɪɨɜɨɞɢɬɶ ɞɨɫɬɚɬɨɱɧɨ ɤɨɪɪɟɤɬɧɭɸ ɨцɟɧɤɭ пɨɥɨɠɟɧɢɹ пɪɨɫɬɪɚɧɫɬɜɚ 
ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ пɨɪɹɞɤɚ ɞɜɚ ɧɚ ɫɟɱɟɧɢɢ ɮɚɡɨɜɵɯ ɞɢɚɝɪɚɦɦ. Иɫɯɨɞɹ ɢɡ пɨɥɭɱɟɧɧɵɯ 
ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢɹ ɦɨɠɧɨ пɪɟɞпɨɥɨɠɢɬɶ, ɱɬɨ пɪɟɞɥɨɠɟɧɧɚɹ ɦɨɞɟɥɶ ɦɨɠɟɬ 
ɛɵɬɶ ɢɫпɨɥɶɡɨɜɚɧɚ ɞɥɹ пɪɨɝɧɨɡɢɪɨɜɚɧɢɹ пɪɨɫɬɪɚɧɫɬɜɚ ɜɨɡɦɨɠɧɨɝɨ ɨɛɪɚɡɨɜɚɧɢɹ 
ɬɪɟɯɦɟɪɧɵɯ ɦɨɞɭɥɢɪɨɜɚɧɧɵɯ ɫɬɪɭɤɬɭɪ ɜ ɫɥɨɹɯ ɬɜɟɪɞɨɝɨ ɪɚɫɫɬɜɨɪɚ y1yx1x AsSbGaIn   

ɬɚɤɠɟ ɞɥɹ ɫɥɭɱɚɟɜ ɜɨɡɧɢɤɧɨɜɟɧɢɹ ɬɪɟɯ ɪɚɡɥɢɱɧɵɯ ɮɚɡ ɞɥɹ ɪɚɡɥɢɱɧɵɯ ɫɨɫɬɚɜɨɜ 
ɪɚɫɫɦɨɬɪɟɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɫɬɜɨɪɚ ɫ пɨɦɨɳɶɸ пɨɫɬɪɨɟɧɢɹ пɪɨɫɬɪɚɧɫɬɜ 
ɫɨɫɭɳɟɫɬɜɨɜɚɧɢɹ ɮɚɡ пɨɪɹɞɤɚ ɬɪɢ. 

ɋɩисоɤ лиɬеɪɚɬɭɪы 

1. Okada, K. Classical calculations on the phase transition I. Phase diagram in four-dimensional 

space for the system with one order parameter / K. Okada, I. Suzuki // J. Phys. Soc. Jap. – 1982. – 

Vol. 51, №10. – P. 3250–3257. 

2. Onabe, K. Thermodynamics of the type A1-xBxC1-yDy, III-V quaternary solid solutions / K. Onabe 

// J.Phys.Chem.Solids. – 1982. –Vol. 43, №11. – P. 1071–1086. 

3. Ɇɭɯɚ, ȼ.ɋ. Ⱥɧɚɥɢɡ ɦɧɨɝɨɦɟɪɧɵɯ ɞɚɧɧɵɯ: пɪɨɛɥɟɦɵ, ɫɨɫɬɨɹɧɢɹ, пɟɪɫпɟɤɬɢɜɵ / ȼ.ɋ. Ɇɭɯɚ // 
Ⱦɨɤɥɚɞɵ ȻȽɍИɊ. – 2004. – №1. – C.38–49.  

4. Traat, I. Matrix calculus for multivariate distributions / I. Traat // ɍɱ. ɡɚп. Ɍɚɪɬ. ɝɨɫ. ɭɧ-ɬɚ. – 

1986. – ȼɵп.733. – ɋ.64–85. 

5. Kazakov, A. Computer simulation for stability of quaternary solid solutions / A. Kazakov, 

I. Kishmar // J. Crystal Growth. – 1991. – Vol. 110. – P. 803–814. 

6. ɋɢɫɬɟɦɚ ɤɨɦпɶɸɬɟɪɧɨɣ ɚɥɝɟɛɪɵ MКбТmК: Дɗɥɟɤɬɪɨɧɧɵɣ ɪɟɫɭɪɫ] // Maxima, a Computer 

AlРОЛrК SвsЭОm. Ɋɟɠɢɦ ɞɨɫɬɭпɚ: http://maxima.sourceforge.net (Ⱦɚɬɚ ɨɛɪɚɳɟɧɢɹ: 05.11.2013). 
7. Ʉɚɡɚɤɨɜ, Ⱥ.И. Ɋɚɫɱɟɬ ɮɚɡɨɜɵɯ ɪɚɜɧɨɜɟɫɢɣ ɜ ɦɧɨɝɨɤɨɦпɨɧɟɧɬɧɵɯ ɫɢɫɬɟɦɚɯ / Ⱥ.И. Ʉɚɡɚɤɨɜ, 

ȼ.Ⱥ. Ɇɨɤɪɢцɤɢɣ, ȼ.ɇ. Ɋɨɦɚɧɟɧɤɨ ɢ ɞɪ. – Ɇ.: Ɇɟɬɚɥɥɭɪɝɢɹ, 1987. – 136 ɫ. 

8. Joullie, A. LPE growth of GaInAsSb/GaSb system: The importance of the sign of the lattice 

mismatch / F. Jia Hua, F. Karouta, H. Mani // J. Crystal Growth. – 1986. – Vol. 75. – P. 309-318. 

9. Wang, C.A. Correlation between surface step structure and phase separation in epitaxial GaInAsSb 

/ C.A. Wang // Appl. Phys. Lett. – 2000. – Vol. 76. – P.2077. 

10. Vasil'ev, V.I. Properties of GaInAsSb solid solutions obtained from antimony fluxes by 

liquid-phase epitaxy in the spinodal decay region / A.G. Deryagin, V.I. Kuchinskii,            

V.M. Smirnov, G.S. Sokolovskii, D.N. Tret'yakov, N.N. Faleev // Tech. Phys. Lett. – 1998. – 

Vol. 24. – P. 231-232.  

11. Cheng, M.J. GaInAsSb metastable alloys grown by organometallic vapor phase epitaxy / 

G.B. Stringfellow, D.W. Kisker, A.K. Srivastova, J.L. Zyskind // Appl. Phys. Lett. – 1986. – 

Vol. 48. – P. 419-421.  

12. Baranov, A.N. Strained multiple-quantum-well lasers grown on GaSb emitting between 2 and 

2.4 um / Y. Cuminal, N. Bertru, C. Alibert, A. Joullie // Proc. SPIE. – 1997. – Vol. 2. – P. 2-13. 

13. Kazakov, A.I. Stability analysis of quaternary InxGa1-xSbyAs1-y alloys / I.N. Kishmar,                 

A.I. Bochkarev, L.V. Dolginov // J. Crystal Growth. – 1992. – Vol. 116. – P.204–212. 

14. Dolginov, L. M., A study of phaseequilibria and heterojunction in Ga-In-As-Sb quaternary system 

/ Eliseev P.G., Lapshin A.N., Milvidskii M.G. // Kristall Tech. – 1978. – Vol. 13. – P.631 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://maxima.sourceforge.net/
http://www.sciencedirect.com/science/article/pii/0022024886900448
http://www.sciencedirect.com/science/article/pii/0022024886900448
http://scitation.aip.org/content/contributor/AU0134231
http://scitation.aip.org/content/aip/journal/apl/48/6/10.1063/1.96517


ІɇɎɈɊɆȺɌИɄȺ ɌȺ ɆȺɌȿɆȺɌИɑɇІ ɆȿɌɈȾИ ȼ ɆɈȾȿɅЮȼȺɇɇІ ▪ 2015 ▪ Ɍɨɦ 5, №3 

 233 

ɊɈɁɊАɏɍɇɈɄ ɈȻɅАɋɌЕɃ ɋɉІȼІɋɇɍȼАɇɇə ФАɁ ȼ ɋИɋɌЕɆІ y1yx1x AsSbGaIn   

Ⱥ.І. Ʉɚɡɚɤɨɜ, Ʌ.Ɍ. Ʉɜɚɬɚɲɢɞɡɟ, Ƚ.ȼ. ɒɚпɨɜɚɥɨɜ 

Ɉɞɟɫɶɤɢɣ ɧɚціɨɧɚɥɶɧɢɣ пɨɥіɬɟɯɧіɱɧɢɣ ɭɧіɜɟɪɫɢɬɟɬ,  
пɪɨɫп. ɒɟɜɱɟɧɤɚ, 1, Ɉɞɟɫɚ, 65044, ɍɤɪɚʀɧɚ; e-mail: anatkaz@mail.ru 

ȼ ɪɚɦɤɚɯ ɦɨɞɟɥі ɪɟɝɭɥɹɪɧɨɝɨ ɪɨɡɱɢɧɭ і ɫɬɚɧɞɚɪɬɧɢɯ ɬɟɪɦɨɞɢɧɚɦіɱɧɢɯ ɮɭɧɤціɣ, 
ɜɢɤɨɪɢɫɬɚɧɢɯ ɞɥɹ ɨпɢɫɭ ɫɬɚɧіɜ ɛіɧɚɪɧɢɯ ɫпɨɥɭɤ і ɜɡɚєɦɨɞіʀ ɚɬɨɦіɜ ɜ 
ɱɨɬɢɪɶɨɯɤɨɦпɨɧɟɧɬɧɢɯ ɬɜɟɪɞɢɯ ɪɨɡɱɢɧɚɯ, ɛɭɥɢ ɪɨɡɪɚɯɨɜɚɧі ɜɢɳі пɨɯіɞɧі ɜіɥɶɧɨʀ 
ɟɧɟɪɝіʀ ɝɨɦɨɝɟɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɨɡɱɢɧɭ y1yx1x AsSbGaIn  ɡі ɡɦіɲɚɧɧɹɦ ɜ ɞɜɨɯ 
піɞɝɪɚɬɤɚɯ ɡ ɬɪɟɬɶɨʀ пɨ ɜɨɫɶɦɭ пɨɯіɞɧɭ ɜɤɥɸɱɧɨ. Ⱥɧɚɥіɬɢɱɧі ɜɢɪɚɡɢ ɞɥɹ пɨɯіɞɧɢɯ, 
ɱɢɫɟɥɶɧі ɪɨɡɪɚɯɭɧɤɢ і ɜɢɡɧɚɱɟɧɧɹ ɧɭɥɶɨɜɢɯ ɤɨɧɬɭɪіɜ пɨɯіɞɧɢɯ пɪɨɜɨɞɢɥɢɫɹ ɧɚ ɨɫɧɨɜі 
ɞɢɮɟɪɟɧціɚɥɶɧɨɝɨ ɬɨпɨɥɨɝіɱɧɨɝɨ піɞɯɨɞɭ ɡ ɜɢɤɨɪɢɫɬɚɧɧɹɦ ɫɢɫɬɟɦɢ ɤɨɦп'ɸɬɟɪɧɨʀ 
ɦɚɬɟɦɚɬɢɤɢ MКбТmК. ɍ ɱɨɬɢɪɢɜɢɦіɪɧɨɦɭ ɤɨɧцɟɧɬɪɚціɣɧɨɦɭ пɪɨɫɬɨɪі ɛɭɥɢ 
ɪɨɡɪɚɯɨɜɚɧі пɟɪɟɬɢɧɢ ɮɚɡɨɜɨʀ ɞіɚɝɪɚɦɢ ɬɜɟɪɞɨɝɨ ɪɨɡɱɢɧɭ y1yx1x AsSbGaIn  , 

ɤɪɢɬɢɱɧі пɪɨɫɬɨɪɢ і пɪɨɫɬɨɪɢ ɫпіɜіɫɧɭɜɚɧɧɹ ɮɚɡ ɞɥɹ ɪіɡɧɢɯ ɬɟɦпɟɪɚɬɭɪ. Ɋɟɡɭɥɶɬɚɬɢ 
ɪɨɡɪɚɯɭɧɤіɜ ɜɤɚɡɭɸɬɶ ɧɚ ɦɨɠɥɢɜіɫɬɶ ɮɨɪɦɭɜɚɧɧɹ ɨɛɥɚɫɬɟɣ ɫпіɜіɫɧɭɜɚɧɧɹ ɮɚɡ ɞɪɭɝɨɝɨ 
пɨɪɹɞɤɭ ɜ ɬɜɟɪɞɢɯ ɪɨɡɱɢɧɚɯ y1yx1x AsSbGaIn  , ɳɨ ɧі ɫɭпɟɪɟɱɢɬɶ іɫɧɭɸɱɢɦ 
ɟɤɫпɟɪɢɦɟɧɬɚɥɶɧɢɦ ɞɚɧɢɦ. 
Ʉлючові словɚ: ɞɢɮɟɪɟɧціɣɧɢɣ ɬɨпɨɥɨɝіɱɧɢɣ піɞɯіɞ, ɬɜɟɪɞі ɪɨɡɱɢɧɢ, пɪɨɫɬɨɪɭ 
ɫпіɜіɫɧɭɜɚɧɧɹ ɮɚɡ, ɛɚɝɚɬɨɤɨɦпɨɧɟɧɬɧі ɫɢɫɬɟɦɢ, ɦɚɬɪɢɱɧі пɨɯіɞɧі 

 

 

 

 

CALCULATION OF THE COEXISTENCE SPACES IN THE SYSTEM y1yx1x AsSbGaIn   

A.I. Kazakov, L.T. Kvatashidze, G.V. Shapovalov 

Odesa National Polytechnic University,  

1 Shevchenko Str., Odesa, 65044, Ukraine; e-mail: anatkaz@mail.ru 

The higher derivatives of the free energy in y1yx1x AsSbGaIn   solid alloys were calculated 

with the regular solution model approximation using standard thermodynamic functions of 

the binaries to describe the interatomic interaction in multi-component alloys. The model of 

the homogeneous solid solution with mixing in two sublattices was used. Derivatives of the 

third to eighth order were obtained. The analytical expressions for the derivatives, 

numerical calculation and determination of the zero contours of higher derivatives on the 

basis of differential topological approach were obtained using the system of computer 

mathematics Maxima. The cross sections of the phase diagram of a solid 

solutions y1yx1x AsSbGaIn  , the critical space and space for coexistence of phases in the 

four-components space for different temperatures were calculated. The results obtained 

indicate the possibility of the formation of the coexistence spaces of the second order in the 

y1yx1x AsSbGaIn  alloys. Such results do not contradict the available experimental data. 

Keywords: differential topological approach, the solid solution phase coexistence space, 

multi-component systems, matrix derivatives. 
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