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Ʌаɡɟɪы ɢ ɮɨɬɨɩɪɢɟɦɧɢɤɢ ɧа вɧɭɬɪɢɡɨɧɧых ɩɟɪɟхɨɞах  
в ɤваɧɬɨвых ɹɦах 

А. А. Ɇɚɪɦɚɥɸɤ ɚ, А. Ю. Аɧɞɪɟɟɜ ɚ,Ɍ. А. Ȼɚɝɚɟɜ ɚ, ɉ. В. Ƚɨɪɥɚɱɭɤ ɚ, Ɇ. А. Ʌɚɞɭɝɢɧ ɚ, 
А. А. ɉɚɞɚɥɢɰɚ ɚ, Ю. Ʌ. Ɋяɛɨɲɬɚɧ ɚ, К. Ю. Ɍɟɥɟɝɢɧ ɚ, Ю. В. Кɭɪɧяɜɤɨ ɚ,  
А. В. Ʌɨɛɟɧɰɨɜ ɚ, А. И. Дɚɧɢɥɨɜ ɚ, ɋ. Ɇ. ɋɚɩɨɠɧɢɤɨɜ ɚ, В. А. ɋɢɦɚɤɨɜ ɚ, 

И. И. Зɚɫɚɜɢɰɤɢɣ ɛ, А. ɇ. Зɭɛɨɜ ɛ, Ɇ. Д. Кɭɡɶɦɢɱɟɜ ɛ 

а ОАО “НИИ “Пɨɥюɫ” иɦ. М.Ф. Сɬеɥьɦаха”, Мɨɫква, Рɨɫɫия; e-mail:almarm@mail.ru  
ɛ Фиɡичеɫкиɣ инɫɬиɬуɬ иɦ. П.Н. Леɛеɞева Рɨɫɫиɣɫкɨɣ АН, Мɨɫква, Рɨɫɫия 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɢɡɥɭɱɚɬɟɥɟɣ ɢ ɮɨɬɨɩɪɢɟɦɧɢɤɨɜ ɧɚ 
ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫɨɟɞɢɧɟɧɢɣ АIIIВV, ɪɚɛɨɬɚɸɳɢɯ ɧɚ ɜɧɭɬɪɢɡɨɧɧɵɯ ɩɟɪɟɯɨɞɚɯ ɜ ɤɜɚɧɬɨɜɵɯ яɦɚɯ. 
ɉɪɢɜɟɞɟɧɵ ɩɚɪɚɦɟɬɪɵ ɩɪɢɛɨɪɨɜ ɜ ɫɩɟɤɬɪɚɥɶɧɵɯ ɞɢɚɩɚɡɨɧɚɯ 3—5 ɢ 8—12 ɦɤɦ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɞɯɨɞɵ ɤ 
ɭɩɪɚɜɥɟɧɢɸ ɩɨɥɨɠɟɧɢɟɦ ɭɪɨɜɧɟɣ ɪɚɡɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢя ɜ ɤɜɚɧɬɨɜɵɯ яɦɚɯ ɩɨɡɜɨɥяɸɬ ɫɨɡɞɚɜɚɬɶ ИК 
ɮɨɬɨɩɪɢɟɦɧɢɤɢ ɢ ɤɜɚɧɬɨɜɵɟ ɤɚɫɤɚɞɧɵɟ ɥɚɡɟɪɵ ɫ ɡɚɞɚɧɧɵɦɢ ɫɩɟɤɬɪɚɥɶɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ.  

Кɥючɟвыɟ ɫɥɨва: ɤɜɚɧɬɨɜɵɣ ɤɚɫɤɚɞɧɵɣ ɥɚɡɟɪ, ИК ɮɨɬɨɩɪɢɟɦɧɢɤ, ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ, ɤɜɚɧɬɨɜɚя яɦɚ. 

Ввɟɞɟɧɢɟ 
ɋɭɳɟɫɬɜɭɟɬ ɰɟɥɵɣ ɪяɞ ɡɚɞɚɱ ɫɨɜɪɟɦɟɧɧɨɣ ɧɚɭɤɢ ɢ ɬɟɯɧɢɤɢ, ɤɨɬɨɪɵɟ ɞɥя ɫɜɨɟɝɨ ɪɟɲɟɧɢя 

ɬɪɟɛɭɸɬ ɫɨɡɞɚɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɢɡɥɭɱɚɬɟɥɟɣ ɢ ɩɪɢɟɦɧɢɤɨɜ, ɪɚɛɨɬɚɸɳɢɯ ɜ ɫɪɟɞɧɟɦ ИК 
ɞɢɚɩɚɡɨɧɟ. Ɉɞɧɢɦ ɢɡ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɩɭɬɟɣ ɫɨɡɞɚɧɢя ɭɤɚɡɚɧɧɵɯ ɢɡɞɟɥɢɣ яɜɥяɟɬɫя ɮɨɪɦɢɪɨɜɚ-
ɧɢɟ ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɯ ɩɪɢɛɨɪɨɜ, ɮɭɧɤɰɢɨɧɢɪɭɸɳɢɯ ɧɚ ɜɧɭɬɪɢɡɨɧɧɵɯ ɩɟɪɟɯɨɞɚɯ. В ɫɜɨɸ 
ɨɱɟɪɟɞɶ ɩɪɚɤɬɢɱɟɫɤɚя ɪɟɚɥɢɡɚɰɢя ɞɚɧɧɨɝɨ ɩɨɞɯɨɞɚ ɜɨɡɦɨɠɧɚ ɬɨɥɶɤɨ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɬɟɯɧɨɥɨɝɢɢ 
ɩɨɥɭɱɟɧɢя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ, ɤɜɚɧɬɨɜɵɯ яɦ ɢ ɫɜɟɪɯɪɟɲɟɬɨɤ ɫ ɡɚɞɚɧɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ.  

1. Эɤɫɩɟɪɢɦɟɧɬ 
Кɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ (Al,Ga,In)As/GaAs ɢ (Al,Ga,In)As/InP ɜɵɪɚɳɟɧɵ ɦɟ-

ɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ. Ƚɟɨɦɟɬɪɢя ɤɜɚɧɬɨɜɵɯ яɦ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɞɥя ИК ɮɨɬɨɩɪɢ-
ɟɦɧɢɤɨɜ ɩɨɞɛɢɪɚɥɚɫɶ ɞɥя ɨɛɟɫɩɟɱɟɧɢя ɦɚɤɫɢɦɭɦɚ ɮɨɬɨɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɜ ɫɩɟɤɬɪɚɥɶɧɵɯ ɞɢɚ-
ɩɚɡɨɧɚɯ 3—5 ɢ 8—12 ɦɤɦ [1, 2]. Дɥя ɤɜɚɧɬɨɜɵɯ ɤɚɫɤɚɞɧɵɯ ɥɚɡɟɪɨɜ ɜɵɛɪɚɧɚ ɤɥɚɫɫɢɱɟɫɤɚя ɫɯɟɦɚ 
ɫ ɜɟɪɬɢɤɚɥɶɧɵɦ ɨɩɬɢɱɟɫɤɢɦ ɩɟɪɟɯɨɞɨɦ ɜ ɤɜɚɧɬɨɜɨɣ яɦɟ ɢ ɩɨɫɥɟɞɭɸɳɢɦ ɪɚɫɫɟяɧɢɟɦ ɧɚ LO-ɮɨ-
ɧɨɧɟ [3]. Иɡ ɩɨɥɭɱɟɧɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɢɡɝɨɬɨɜɥɟɧɵ ɩɪɢɛɨɪɵ ɢ ɢɡɦɟɪɟɧɵ ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. 

2. ИК ɮɨɬɨɩɪɢɟɦɧɢɤɢ ɧа ɦɧɨɠɟɫɬвɟɧɧых ɤваɧɬɨвых ɹɦах 
Иɡɭɱɟɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɮɨɪɦɢɪɨɜɚɧɢя ɮɨɬɨɩɪɢɟɦɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɤɜɚɧɬɨɜɵɦɢ яɦɚ-

ɦɢ. ɉɪɨɜɟɞɟɧɧɵɣ ɤɨɦɩɥɟɤɫ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɡɜɨɥɢɥ ɨɩɬɢɦɢɡɢɪɨɜɚɬɶ ɪɟɠɢɦɵ ɪɨɫɬɚ ɦɧɨɝɨɫɥɨɣ-
ɧɵɯ ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɬɪɟɛɭɟɦɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɢ ɫɨɡɞɚɬɶ ɧɚ ɢɯ ɨɫɧɨɜɟ ɦɚɬ-
ɪɢɱɧɵɟ ИК ɮɨɬɨɩɪɢɟɦɧɢɤɢ, ɱɭɜɫɬɜɢɬɟɥɶɧɵɟ ɜ ɞɢɚɩɚɡɨɧɚɯ 3—5 (InGaAs/AlGaAs) ɢ 8—12 ɦɤɦ 
(GaAs/AlGaAs). Ɍɟɫɬɨɜɵɟ ɮɨɬɨɩɪɢɟɦɧɢɤɢ ɛɟɡ ɫɩɟɰɢɚɥɶɧɵɯ ɭɫɬɪɨɣɫɬɜ ɜɜɨɞɚ ɢɡɥɭɱɟɧɢя ɩɨɤɚɡɚ-
ɥɢ ɨɛɧɚɪɭɠɢɬɟɥɶɧɭɸ ɫɩɨɫɨɛɧɨɫɬɶ D* = (2—5)   1010 ɫɦ  Ƚɰ1/2  Вɬ–1 ɜ ɦɚɤɫɢɦɭɦɟ ɫɩɟɤɬɪɚɥɶɧɨɣ 
ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɩɪɢ max = 9—10 ɦɤɦ ɢ ɬɟɦɩɟɪɚɬɭɪɟ 60 К; ɢ D* = (3—6)  1010 ɫɦ  Ƚɰ1/2  Вɬ–1  
ɜ ɦɚɤɫɢɦɭɦɟ ɫɩɟɤɬɪɚɥɶɧɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɩɪɢ max = 4.5—5.0 ɦɤɦ ɢ ɬɟɦɩɟɪɚɬɭɪɟ 77 К. Ɇɚɬ-
ɪɢɱɧɵɟ ɮɨɬɨɩɪɢɟɦɧɢɤɢ 320256 ɷɥɟɦɟɧɬɨɜ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɦɚɤɫɢɦɭɦ ɫɩɟɤɬɪɚɥɶɧɨɣ ɱɭɜɫɬɜɢ-
ɬɟɥɶɧɨɫɬɢ ɧɚ  = 8.5—9.5 ɦɤɦ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 70 К ɢ ɨɛɟɫɩɟɱɢɜɚɸɬ ɷɤɜɢɜɚɥɟɧɬɧɭɸ ɲɭɦɭ ɪɚɡ-
ɧɨɫɬɶ ɬɟɦɩɟɪɚɬɭɪ 25—35 ɦК. Ɋɚɡɪɚɛɨɬɚɧɵ ɢ ɩɨɥɭɱɟɧɵ ɞɜɭɯɫɩɟɤɬɪɚɥɶɧɵɟ ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɟ 
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɞɥя ИК ɮɨɬɨɩɪɢɟɦɧɢɤɨɜ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɨɞɧɨɜɪɟɦɟɧɧɭɸ ɮɨɬɨɱɭɜɫɬɜɢɬɟɥɶ-
ɧɨɫɬɶ ɜ ɞɢɚɩɚɡɨɧɚɯ 3—5 ɢ 8—12 ɦɤɦ ɢ ɨɛɥɚɞɚɸɳɢɯ ɚɧɚɥɨɝɢɱɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ.  
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3. Кваɧɬɨвыɟ ɤаɫɤаɞɧыɟ ɥаɡɟɪы 

ɇɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɩɚɪɵ GaAs/AlGaAs ɪɚɡɪɚɛɨɬɚɧ ɤɜɚɧɬɨɜɵɣ ɤɚɫɤɚɞɧɵɣ ɥɚɡɟɪ ɫ ɞɥɢɧɨɣ 
ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя 10 ɦɤɦ. ɉɪɨɜɟɞɟɧ ɪɚɫɱɟɬ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɞɢɚɝɪɚɦɦɵ ɥɚɡɟɪɚ ɢ ɨɩɪɟɞɟɥɟɧɵ 
ɬɪɟɛɭɟɦɵɟ ɩɚɪɚɦɟɬɪɵ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ. Ɇɟɬɨɞɨɦ ɮɨɬɨɥɢɬɨɝɪɚɮɢɢ ɢ ɬɪɚɜɥɟɧɢя ɢɡɝɨɬɨɜɥɟɧɵ 
ɩɨɥɨɫɤɢ ɲɢɪɢɧɨɣ 15—30 ɦɤɦ ɢ ɞɥɢɧɨɣ (ɞɥɢɧɚ ɪɟɡɨɧɚɬɨɪɚ) 3 ɦɦ. Иɡɦɟɪɟɧɢя ɩɪɨɜɟɞɟɧɵ ɩɪɢ 
77 К ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɢɦɩɭɥɶɫɚ 1 ɦɤɫ ɢ ɱɚɫɬɨɬɨɣ ɩɨɜɬɨɪɟɧɢя 170 Ƚɰ. 
ɉɨɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ 2—4 ɤА/ɫɦ2. Дɥɢɧɚ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя 9.6—9.7 ɦɤɦ. Ɇɨɳɧɨɫɬɶ 
ɢɡɥɭɱɟɧɢя ɜ ɦɧɨɝɨɦɨɞɨɜɨɦ ɪɟɠɢɦɟ ɞɨɫɬɢɝɚɥɚ 200 ɦВɬ. 

Заɤɥючɟɧɢɟ  
Иɫɫɥɟɞɨɜɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɫɨɡɞɚɧɢя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɭɩɪɚɜɥяɟɦɵɦ ɩɨɥɨɠɟɧɢɟɦ ɭɪɨɜɧɟɣ 

ɪɚɡɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢя. ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɩɪɚɤɬɢɱɟɫɤɨɣ ɪɟɚɥɢɡɚɰɢɢ ɬɚɤɢɯ ɝɟɬɟɪɨɫɬ-
ɪɭɤɬɭɪ ɜ ИК ɮɨɬɨɩɪɢɟɦɧɢɤɚɯ ɫɩɟɤɬɪɚɥɶɧɵɯ ɞɢɚɩɚɡɨɧɨɜ 3—5, 8—12 ɦɤɦ ɢ ɤɜɚɧɬɨɜɵɯ ɤɚɫɤɚɞ-
ɧɵɯ ɥɚɡɟɪɚɯ, ɢɡɥɭɱɚɸɳɢɯ ɜ ɨɛɥɚɫɬɢ 10 ɦɤɦ.  
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Пɨɥɭɩɪɨвɨɞɧɢɤɨвыɟ ɥаɡɟɪы ɫ вɧɟɲɧɢɦ ɪɟɡɨɧаɬɨɪɨɦ 
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬ ɩɨ ɫɨɡɞɚɧɢɸ ɞɢɧɚɦɢɱɟɫɤɢ ɫɬɚɛɢɥɶɧɵɯ ɩɟɪɟɫɬɪɚɢɜɚɟɦɵɯ 
ɨɞɧɨɱɚɫɬɨɬɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɫ ɭɡɤɨɣ ɲɢɪɢɧɨɣ ɥɢɧɢɢ ɢɡɥɭɱɟɧɢя (<10 ɤȽɰ). ɉɪɢɜɟɞɟɧɵ 
ɤɨɧɫɬɪɭɤɰɢɨɧɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɨɞɧɨɱɚɫɬɨɬɧɵɯ ɥɚɡɟɪɨɜ ɫ ɜɨɥɨɤɨɧɧɨ-ɛɪɷɝɝɨɜɫɤɢɦɢ ɪɟɲɟɬɤɚɦɢ ɧɚ 
ɨɞɧɨɦɨɞɨɜɨɦ ɫɜɟɬɨɜɨɞɟ ɫ ɫɨɯɪɚɧɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ. Ɋɚɫɫɦɨɬɪɟɧɵ ɪɟɠɢɦɵ ɩɥɚɜɧɨɣ ɢ ɞɢɫɤɪɟɬɧɨɣ 
ɩɟɪɟɫɬɪɨɣɤɢ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя. Дɢɚɩɚɡɨɧ ɩɥɚɜɧɨɣ ɩɟɪɟɫɬɪɨɣɤɢ 2 ɧɦ.  

Кɥючɟвыɟ ɫɥɨва: ɨɞɧɨɱɚɫɬɨɬɧɵɣ ɥɚɡɟɪ, ɜɧɟɲɧɢɣ ɪɟɡɨɧɚɬɨɪ. 

Ɉɞɧɚ ɢɡ ɜɚɠɧɟɣɲɢɯ ɡɚɞɚɱ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ — ɫɨɡɞɚɧɢɟ 
ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɪɟɠɢɦɚ ɝɟɧɟɪɚɰɢɢ ɢ ɩɟɪɟɫɬɪɨɣɤɚ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя. ɋ ɰɟɥɶɸ 
ɩɟɪɟɫɬɪɨɣɤɢ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя ɧɚ ɧɚɱɚɥɶɧɨɦ ɷɬɚɩɟ ɪɚɛɨɬ ɢɫɩɨɥɶɡɨɜɚɥɢɫɶ ɥɚɡɟɪɧɵɟ 
ɞɢɨɞɵ ɫ ɤɨɪɨɬɤɢɦ ɪɟɡɨɧɚɬɨɪɨɦ (100—200 ɦɤɦ). ɋɩɟɤɬɪ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɨɜ ɫ ɤɨɪɨɬɤɢɦ 
ɪɟɡɨɧɚɬɨɪɨɦ ɱɚɳɟ ɜɫɟɝɨ ɢɦɟɟɬ ɨɞɧɭ ɩɪɨɞɨɥɶɧɭɸ ɦɨɞɭ ɢ ɥɟɝɤɨ ɩɟɪɟɫɬɪɚɢɜɚɟɬɫя ɫ ɩɨɦɨɳɶɸ 
ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɬɨɤɚ ɧɚɤɚɱɤɢ. Эɬɢ ɥɚɡɟɪɵ ɢɦɟɸɬ ɦɚɥɭɸ ɦɨɳɧɨɫɬɶ ɢ ɛɨɥɶɲɨɟ ɨɦɢɱɟɫɤɨɟ ɢ 
ɬɟɩɥɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɦɚɥɵɣ ɪɟɫɭɪɫ ɢ ɧɟɫɬɚɛɢɥɶɧɨɫɬɶ ɪɚɛɨɬɵ. Ȼɨɥɟɟ 
ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɩɨɥɭɱɢɥɢ ɥɚɡɟɪɵ ɫ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɶɸ ɢ ɫ 
ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɛɪɷɝɝɨɜɫɤɢɦɢ ɡɟɪɤɚɥɚɦɢ. Дɚɧɧɵɣ ɤɥɚɫɫ ɥɚɡɟɪɨɜ ɢɦɟɟɬ ɛɨɥɟɟ ɫɬɚɛɢɥɶɧɵɣ 
ɨɞɧɨɱɚɫɬɨɬɧɵɣ ɪɟɠɢɦ ɪɚɛɨɬɵ ɢ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɭɸ ɨɩɬɢɱɟɫɤɭɸ ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɜ 
ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ. Дɥя ɩɟɪɟɫɬɪɨɣɤɢ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя ɜ ɲɢɪɨɤɨɦ 
ɞɢɚɩɚɡɨɧɟ ɱɚɳɟ ɜɫɟɝɨ ɩɪɢɦɟɧяɸɬɫя ɥɚɡɟɪɵ ɫ ɜɧɟɲɧɢɦ ɪɟɡɨɧɚɬɨɪɨɦ. В ɤɚɱɟɫɬɜɟ ɜɧɟɲɧɟɝɨ 
ɪɟɡɨɧɚɬɨɪɚ ɢɫɩɨɥɶɡɭɟɬɫя ɞɢɮɪɚɤɰɢɨɧɧɚя ɪɟɲɟɬɤɚ. 

ɇɚ ɪɢɫ. 1 ɩɨɤɚɡɚɧɚ ɤɨɧɫɬɪɭɤɰɢя ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɩɟɪɟɫɬɪɚɢɜɚɟɦɨɝɨ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ (ɅД) 
ɫ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɪɟɲɟɬɤɨɣ ɜ ɨɞɧɨɦɨɞɨɜɨɦ ɫɜɟɬɨɜɨɞɟ ɫ ɫɨɯɪɚɧɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ. Ɉɫɧɨɜɧɵɟ 
ɷɥɟɦɟɧɬɵ ɤɨɧɫɬɪɭɤɰɢɢ: ɚɤɬɢɜɧɵɣ ɷɥɟɦɟɧɬ ɫ ɨɬɪɚɠɚɸɳɢɦɢ ɩɨɤɪɵɬɢяɦɢ ɧɚ ɡɚɞɧɟɣ ɝɪɚɧɢ 
ɪɟɡɨɧɚɬɨɪɚ ɢ ɫ ɩɪɨɫɜɟɬɥяɸɳɢɦɢ ɩɨɤɪɵɬɢяɦɢ ɧɚ ɩɟɪɟɞɧɟɣ ɝɪɚɧɢ; ɞɢɮɪɚɤɰɢɨɧɧɚя ɪɟɲɟɬɤɚ, 
ɡɚɩɢɫɚɧɧɚя ɜ ɫɟɪɞɰɟɜɢɧɟ ɨɞɧɨɦɨɞɨɜɨɝɨ ɫɜɟɬɨɜɨɞɚ; ɥɢɧɡɚ, ɫɮɨɪɦɢɪɨɜɚɧɧɚя ɧɚ ɤɨɧɰɟ ɫɜɟɬɨɜɨɞɚ 
ɞɥя ɨɩɬɢɦɢɡɚɰɢɢ ɜɜɨɞɚ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɫɜɟɬɨɜɨɞ [1]. 

ɉɟɪɟɫɬɪɨɣɤɚ ɞɥɢɧɵ ɜɨɥɧɵ ɩɪɨɢɫɯɨɞɢɬ ɫɨɝɥɚɫɧɨ ɮɨɪɦɭɥɟ Ȼɪɷɝɝɚ:  

= mɜ/(2nɷɮ), 

ɝɞɟ  — ɩɟɪɢɨɞ ɪɟɲɟɬɤɢ; ɜ — ɞɥɢɧɚ ɜɨɥɧɵ ɥɚɡɟɪɚ; nɷɮ — ɷɮɮɟɤɬɢɜɧɵɣ ɩɨɤɚɡɚɬɟɥɶ 
ɩɪɟɥɨɦɥɟɧɢя; m — ɩɨɪяɞɨɤ ɜɨɥɧɨɜɨɣ ɦɨɞɵ. 

Ȼɪɷɝɝɨɜɫɤɚя ɪɟɲɟɬɤɚ ɪɚɫɩɨɥɚɝɚɥɚɫɶ ɤɚɤ ɜɛɥɢɡɢ ɅД ɧɚ ɪɚɫɫɬɨяɧɢɢ 10—20 ɦɤɦ, ɬɚɤ ɢ ɧɚ 
ɪɚɫɫɬɨяɧɢɢ ɞɨ 1.5 ɦ ɨɬ ɧɟɝɨ. Ɇɢɧɢɦɚɥɶɧɚя ɲɢɪɢɧɚ ɥɢɧɢɢ ɢɡɥɭɱɟɧɢя 8 ɤȽɰ. Дɢɚɩɚɡɨɧ ɩɥɚɜɧɨɣ 
ɩɟɪɟɫɬɪɨɣɤɢ 1—2 ɧɦ. Ɍɨɧɤɚя ɩɟɪɟɫɬɪɨɣɤɚ ɞɥɢɧɵ ɜɨɥɧɵ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢя 
ɬɟɦɩɟɪɚɬɭɪɵ ɜɨɥɨɤɨɧɧɨ-ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬɤɢ (ВȻɊ) ɢ ɅД.   

 
 

Ɉɬɪɚɠɚɸɳɟɟ ɩɨɤɪɵɬɢɟ  Ʌɚɡɟɪɧɵɣ ɞɢɨɞ ɉɪɨɫɜɟɬɥяɸɳɟɟ ɩɨɤɪɵɬɢɟ 

Цɢɥɢɧɞɪɢɱɟɫɤɚя ɥɢɧɡɚ         Вɨɥɨɤɨɧɧɨ-ɛɪɷɝɝɨɜɫɤɚя ɪɟɲɟɬɤɚ 

 
Ɋɢɫ. 1. Ɉɞɧɨɱɚɫɬɨɬɧɵɣ ɥɚɡɟɪ ɫ ɜɨɥɨɤɨɧɧɨ-ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬɤɨɣ. 
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Иɫɩɨɥɶɡɨɜɚɧɵ ɥɚɡɟɪɵ ɧɚ ɨɫɧɨɜɟ InGaAsP/InP- ɢ GaAs/AlGaAs-ɝɟɬɟɪɨɷɩɢɬɚɤɫɢɚɥɶɧɵɯ 
ɫɬɪɭɤɬɭɪ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя 635—1650 ɧɦ, ɢɡɝɨɬɨɜɥɟɧɧɵɟ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ 
ɷɩɢɬɚɤɫɢɢ [2]. Ɍɪɟɛɭɟɦɵɣ ɞɢɧɚɦɢɱɟɫɤɢ ɫɬɚɛɢɥɶɧɵɣ ɨɞɧɨɱɚɫɬɨɬɧɵɣ ɪɟɠɢɦ ɪɚɛɨɬɵ ɧɚ ɡɚɞɚɧɧɭɸ 
ɞɥɢɧɭ ɜɨɥɧɵ ɨɛɟɫɩɟɱɢɜɚɟɬɫя ɫɨɡɞɚɧɢɟɦ ɞɢɫɤɪɟɬɧɵɯ ɛɪɷɝɝɨɜɫɤɢɯ ɪɟɲɟɬɨɤ ɜ ɫɜɟɬɨɜɨɞɟ ɫ 
ɫɨɯɪɚɧɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɩɟɪɢɨɞɚ ɢ ɤɨɧɫɬɪɭɤɰɢɟɣ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ, 
ɩɨɤɚɡɚɧɧɨɣ ɧɚ ɪɢɫ. 2. Вɚɬɬ-ɚɦɩɟɪɧɚя ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɅД ɧɚ  = 1550 ɧɦ 
ɩɨɤɚɡɚɧɚ ɧɚ ɪɢɫ. 3. Ɇɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɫɨɫɬɚɜɥяɟɬ >75 ɦВɬ ɩɪɢ ɫɨɯɪɚɧɟɧɢɢ ɥɢɧɟɣɧɨɫɬɢ ɜɚɬɬ-
ɚɦɩɟɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. ɋɩɟɤɬɪɚɥɶɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɥɚɡɟɪɚ ɫ ВȻɊ ɞɨ ɢ 
ɩɨɫɥɟ ɩɟɪɟɫɬɪɨɣɤɢ ɞɥɢɧɵ ɜɨɥɧɵ ɢɦɟɸɬ ɨɞɧɭ ɱɚɫɬɨɬɭ ɫ ɲɢɪɢɧɨɣ ɥɢɧɢɢ ɢɡɥɭɱɟɧɢя 8 ɤȽɰ. 
ɉɨɞɚɜɥɟɧɢɟ ɛɨɤɨɜɵɯ ɦɨɞ >40 ɞȻ. ɋɩɟɤɬɪɵ ɝɟɧɟɪɚɰɢɢ ɥɚɡɟɪɚ ɧɚ  = 1064 ɧɦ ɩɪɢ ɪɚɡɧɵɯ 
ɬɟɦɩɟɪɚɬɭɪɚɯ ВȻɊ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 4. Дɢɚɩɚɡɨɧ ɩɥɚɜɧɨɣ ɩɟɪɟɫɬɪɨɣɤɢ ɞɥɢɧɵ ɜɨɥɧɵ ɫɨɫɬɚɜɢɥ 
1.5 ɧɦ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ВȻɊ ɨɬ –8 ɞɨ +70 ɋ. Кɨɧɫɬɪɭɤɰɢя ɥɚɡɟɪɧɨɝɨ ɦɨɞɭɥя ɫ 
ɞɜɭɦя ɷɥɟɦɟɧɬɚɦɢ ɉɟɥɶɬɶɟ ɩɨɤɚɡɚɧɚ ɪɢɫ. 5. ɇɚ ɨɞɧɨɦ ɢɡ ɷɥɟɦɟɧɬɨɜ ɉɟɥɶɬɶɟ ɪɚɫɩɨɥɨɠɟɧ ɅД, ɧɚ 
ɞɪɭɝɨɦ — ВȻɊ. Дɢɫɤɪɟɬɧɚя ɩɟɪɟɫɬɪɨɣɤɚ ɞɥɢɧɵ ɜɨɥɧɵ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫɨɡɞɚɧɢɟɦ ɞɜɭɯ ɢɥɢ 
ɛɨɥɟɟ ɛɪɷɝɝɨɜɫɤɢɯ ɪɟɲɟɬɨɤ ɜ ɨɞɧɨɦɨɞɨɜɨɦ ɜɨɥɨɤɧɟ ɫ ɩɟɪɢɨɞɨɦ 2 ɢɥɢ 4 Å. ɉɟɪɟɫɬɪɨɣɤɚ ɧɚ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɭɸ ɞɥɢɧɭ ɜɨɥɧɵ ɫ ɞɢɫɤɪɟɬɧɨɫɬɶɸ 2 ɢɥɢ 4 Å ɩɪɨɢɫɯɨɞɢɥɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ 
ɬɟɦɩɟɪɚɬɭɪɵ ɢɥɢ ɬɨɤɚ ɧɚɤɚɱɤɢ ɅД [3, 4]. 

 

ɩ+-GaAs-ɩɨɞɥɨɠɤɚ 

GaInAsP 

p-GaInP-ɷɦɢɬɬɟɪ 

ɪ+-GaAs-ɤɨɧɬɚɤɬɧɵɣ ɫɥɨɣ 

ZnSe

         

 Р, ɦВɬ                                            U, B

I, ɦA  

Ɋɢɫ. 2. Кɨɧɫɬɪɭɤɰɢя ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɥɚɡɟɪɚ.  Ɋɢɫ. 3. Вɚɬɬ-ɚɦɩɟɪɧɚя ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ ɥɚɡɟɪɚ 
ɫ ɜɨɥɨɤɨɧɧɨ-ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬɤɨɣ. 

 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɧɚɦ ɭɞɚɥɨɫɶ ɫɨɡɞɚɬɶ ɨɞɧɨɱɚɫɬɨɬɧɵɟ ɩɟɪɟɫɬɪɚɢɜɚɟɦɵɟ ɥɚɡɟɪɧɵɟ ɦɨɞɭɥɢ ɜ 

ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɨɥɧ 635—1650 ɧɦ ɜ ɫɬɚɛɢɥɶɧɨɦ ɞɢɧɚɦɢɱɟɫɤɨɦ ɪɟɠɢɦɟ ɝɟɧɟɪɚɰɢɢ ɫ ɭɡɤɨɣ 
ɲɢɪɢɧɨɣ ɥɢɧɢɢ ɢɡɥɭɱɟɧɢя 8 ɤȽɰ ɫ ɩɟɪɟɫɬɪɨɣɤɨɣ ɞɥɢɧɵ ɜɨɥɧɵ ɜ ɞɢɚɩɚɡɨɧɟ 1.5 ɧɦ ɜ ɲɢɪɨɤɨɦ 
ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ. 

 

               

    1061   1063   1065   , ɧɦ 

   1    2   3

                                   
Ɋɢɫ. 4. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭ-
ɪɚɯ ɜɨɥɨɤɨɧɧɨ-ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬɤɢ 8 (1), 25 (2) ɢ 
70 ɋ (3). 

 Ɋɢɫ. 5. Кɨɧɫɬɪɭɤɰɢя ɥɚɡɟɪɧɨɝɨ ɦɨɞɭɥя ɫ 
ɞɜɭɦя ɷɥɟɦɟɧɬɚɦɢ ɉɟɥɶɬɶɟ. 

 
.  
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Semiconductor Lasers with Extended Cavity 

V. Duraev 

Nolatech Ltd, Moscow, Russia; e-mail: nolatech@mail.ru 

In fiber-optic communication lines most widely used single-frequency lasers. Wherein, in the wevelenqth 
division multiplexinq require dynamic stability of the laser with a very narrow spectral line. These requirements 
are most appropriate semiconductors lasers with extended cavity. 

Keywords: single-frequency lasers, extended cavity. 
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Пɪɨɫɬɪаɧɫɬвɟɧɧɨ-ɨɞɧɨɦɨɞɨвыɟ ɩɨɥɹɪɢɡаɰɢɨɧɧɨ-ɫɬаɛɢɥɶɧыɟ  
вɟɪɬɢɤаɥɶɧɨ-ɢɡɥɭчающɢɟ ɥаɡɟɪы ɫɩɟɤɬɪаɥɶɧɨɝɨ ɞɢаɩаɡɨɧа 850 ɧɦ  

ɫ ɪɨɦɛɨвɢɞɧɨɣ ɮɨɪɦɨɣ ɬɨɤɨвɨɣ аɩɟɪɬɭɪы  
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ɛ НТЦ ɦикɪɨэɥекɬɪɨники РАН, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия 
в Санкɬ-Пеɬеɪɛуɪгɫкиɣ ɩɨɥиɬехничеɫкиɣ унивеɪɫиɬеɬ Пеɬɪа Веɥикɨгɨ, 

Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия 

г ОАО “НПП “Саɥюɬ”, Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия 

ɉɪɟɞɥɨɠɟɧ ɫɩɨɫɨɛ ɪɟɚɥɢɡɚɰɢɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-ɨɞɧɨɦɨɞɨɜɵɯ ɜɟɪɬɢɤɚɥɶɧɨ-ɢɡɥɭɱɚɸɳɢɯ ɥɚɡɟɪɨɜ 
(ВИɅ) ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɮɨɪɦɢɪɨɜɚ-
ɧɢɢ ɫɟɥɟɤɬɢɜɧɨ-ɨɤɢɫɥɟɧɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɪɨɦɛɨɜɢɞɧɨɣ ɮɨɪɦɵ ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɨɣ 
ɫɯɟɦɨɣ ɬɨɤɨɜɨɣ ɢɧɠɟɤɰɢɢ. ɇɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɜ ɫɢɫɬɟɦɟ AlInGaAs, ɜɵɪɚɳɟɧɧɵɯ ɦɟɬɨɞɨɦ ɦɨɥɟ-
ɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ, ɢɡɝɨɬɨɜɥɟɧɵ ВИɅ ɩɪɟɞɥɨɠɟɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɢ ɢɫɫɥɟɞɨɜɚɧɵ ɡɚɜɢɫɢɦɨɫɬɢ 
ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɨɬ ɪɚɡɦɟɪɨɜ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ. ɉɪɢɛɨɪɵ ɫ ɯɚɪɚɤɬɟɪɧɵɦ ɪɚɡɦɟɪɨɦ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɨɬ 
1 ɞɨ 2.5 ɦɤɦ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɥɚɡɟɪɧɭɸ ɝɟɧɟɪɚɰɢɸ ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɟ ɜ ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɨɥɧ  
845—852 ɧɦ ɫ ɩɨɪɨɝɨɜɵɦ ɬɨɤɨɦ <1 ɦА, ɦɚɤɫɢɦɚɥɶɧɨɣ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɶɸ ɨɬ 1 ɞɨ 2.5 ɦВɬ, ɮɚɤɬɨɪɨɦ 
ɩɨɞɚɜɥɟɧɢя ɦɨɞ ɜɵɫɲɟɝɨ ɩɨɪяɞɤɚ >30 ɞȻ ɢ ɮɚɤɬɨɪɨɦ ɩɨɞɚɜɥɟɧɢя ɨɪɬɨɝɨɧɚɥɶɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ > 20 ɞȻ ɜɨ 
ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɪɚɛɨɱɢɯ ɬɨɤɨɜ ɢ ɬɟɦɩɟɪɚɬɭɪ (20—80 °C). 

Кɥючɟвыɟ ɫɥɨва: ɜɟɪɬɢɤɚɥɶɧɨ-ɢɡɥɭɱɚɸɳɢɣ ɥɚɡɟɪ, ɨɞɧɨɦɨɞɨɜɚя ɝɟɧɟɪɚɰɢя, ɩɨɥяɪɢɡɚɰɢя, ɫɟɥɟɤ-
ɬɢɜɧɨɟ ɨɤɢɫɥɟɧɢɟ, ɬɨɤɨɜɚя ɚɩɟɪɬɭɪɚ.  

Ввɟɞɟɧɢɟ 
ɉɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɜɟɪɬɢɤɚɥɶɧɨ-ɢɡɥɭɱɚɸɳɢɟ ɥɚɡɟɪɵ (ВИɅ, vertical cavity surface emit-

ting lasers (VCSELs)) ɦɨɝɭɬ ɷɮɮɟɤɬɢɜɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶɫя ɞɥя ɫɨɡɞɚɧɢя ɨɩɬɢɱɟɫɤɢɯ ɫɟɧɫɨɪɨɜ ɢ 
ɪɟɲɟɧɢя ɡɚɞɚɱ ɨɩɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ, ɝɞɟ ɜ ɪяɞɟ ɫɥɭɱɚɟɜ ɬɪɟɛɭɸɬɫя ɤɨɦɩɚɤɬɧɵɟ, ɷɧɟɪɝɨ-
ɷɮɮɟɤɬɢɜɧɵɟ ɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɞɨɪɨɝɢɟ ɥɚɡɟɪɧɵɟ ɢɡɥɭɱɚɬɟɥɢ. ɉɪɢ ɷɬɨɦ ɧɟɨɛɯɨɞɢɦɨ ɨɛɟɫɩɟ-
ɱɢɬɶ ɫɬɚɛɢɥɶɧɭɸ ɨɞɧɨɦɨɞɨɜɭɸ ɝɟɧɟɪɚɰɢɸ ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɜɵ-
ɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɬɪɟɛɭɟɦɵɦ ɭɪɨɜɧɟɦ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɢ ɯɨɪɨɲɟɣ ɬɟɦɩɟɪɚ-
ɬɭɪɧɨɣ ɫɬɚɛɢɥɶɧɨɫɬɶɸ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. Дɥя ɨɛɟɫɩɟɱɟɧɢя ɫɬɚɛɢɥɶɧɨɣ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-
ɨɞɧɨɦɨɞɨɜɨɣ ɝɟɧɟɪɚɰɢɢ ВИɅ ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɧɚɢɛɨɥɶɲɟɟ ɩɪɚɤ-
ɬɢɱɟɫɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɧɚɲɟɥ ɦɟɬɨɞ, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɮɨɪɦɢɪɨɜɚɧɢɢ ɫɭɛɜɨɥɧɨɜɨɣ ɞɢɮɪɚɤɰɢɨɧɧɨɣ 
ɪɟɲɟɬɤɢ ɜ ɜɵɯɨɞɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɧɨɦ ɛɪɷɝɝɨɜɫɤɨɦ ɨɬɪɚɠɚɬɟɥɟ (ɊȻɈ) [1]. Ɉɞɧɚɤɨ ɞɚɧɧɵɣ ɩɨɞ-
ɯɨɞ ɬɪɟɛɭɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢя ɦɟɬɨɞɨɜ ɫɭɛɦɢɤɪɨɧɧɨɣ ɥɢɬɨɝɪɚɮɢɢ, ɱɬɨ ɡɚɬɪɭɞɧɢɬɟɥɶɧɨ ɜ ɫɥɭɱɚɟ 
ɫɭɳɟɫɬɜɟɧɧɨ ɧɟɩɥɚɧɚɪɧɨɝɨ ɪɟɥɶɟɮɚ, ɯɚɪɚɤɬɟɪɧɨɝɨ, ɧɚɩɪɢɦɟɪ, ɞɥя ɤɨɧɫɬɪɭɤɰɢɣ ВИɅ ɫ ɜɧɭɬɪɢ-
ɪɟɡɨɧɚɬɨɪɧɵɦɢ ɤɨɧɬɚɤɬɚɦɢ. Аɥɶɬɟɪɧɚɬɢɜɧɵɟ ɫɩɨɫɨɛɵ ɮɢɤɫɚɰɢɢ ɧɚɩɪɚɜɥɟɧɢя ɩɨɥяɪɢɡɚɰɢɢ ɜɵ-
ɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя ВИɅ, ɫɜяɡɚɧɧɵɟ ɫ ɫɨɡɞɚɧɢɟɦ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ ɨɩɬɢɱɟɫɤɢɯ 
ɩɨɬɟɪɶ, ɨɩɬɢɱɟɫɤɨɝɨ ɭɫɢɥɟɧɢя ɢɥɢ ɬɨɤɨɜɨɣ ɢɧɠɟɤɰɢɢ, ɧɟ ɧɚɲɥɢ ɞɨɫɬɚɬɨɱɧɨ ɲɢɪɨɤɨɝɨ ɩɪɚɤɬɢ-
ɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢя ɢɡ-ɡɚ ɧɟɞɨɫɬɚɬɨɱɧɨɣ ɜɨɫɩɪɨɢɡɜɨɞɢɦɨɫɬɢ ɪɟɡɭɥɶɬɚɬɨɜ ɢɥɢ ɫɥɨɠɧɨɫɬɟɣ ɜ 
ɬɟɯɧɨɥɨɝɢɢ ɪɟɚɥɢɡɚɰɢɢ. 

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɫɩɨɫɨɛ ɪɟɚɥɢɡɚɰɢɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-ɨɞɧɨɦɨɞɨɜɵɯ 
ВИɅ ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦ ɧɚɩɪɚɜɥɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɮɨɪ-
ɦɢɪɨɜɚɧɢɢ ɫɟɥɟɤɬɢɜɧɨ-ɨɤɢɫɥɟɧɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɪɨɦɛɨɜɢɞɧɨɣ ɮɨɪɦɵ ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɜɧɭɬ-
ɪɢɪɟɡɨɧɚɬɨɪɧɨɣ ɫɯɟɦɨɣ ɬɨɤɨɜɨɣ ɢɧɠɟɤɰɢɢ. 
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1. Мɟхаɧɢɡɦ ɮɢɤɫаɰɢɢ ɧаɩɪавɥɟɧɢɹ ɩɨɥɹɪɢɡаɰɢɢ выхɨɞɧɨɝɨ ɢɡɥɭчɟɧɢɹ ɞɥɹ ВИɅ ɫ 
ɪɨɦɛɨвɢɞɧɨɣ ɬɨɤɨвɨɣ аɩɟɪɬɭɪɨɣ ɢ вɧɭɬɪɢɪɟɡɨɧаɬɨɪɧыɦɢ ɤɨɧɬаɤɬаɦɢ 

Аɧɚɥɢɡ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɪɚɫɩɪɟɞɟɥɟɧɢɣ ɤɜɚɞɪɚɬɚ ɩɪɨɞɨɥɶɧɨɣ ɤɨɦɩɨɧɟɧɬɵ ɜɟɤɬɨɪɚ 
ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя, ɪɚɫɫɱɢɬɚɧɧɵɯ ɞɥя ɦɨɞɟɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ ɦɢɤɪɨɪɟɡɨɧɚɬɨɪɚ ВИɅ ɫ ɪɨɦɛɨ-
ɜɢɞɧɨɣ ɫɟɥɟɤɬɢɜɧɨ-ɨɤɢɫɥɟɧɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɨɣ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɦɨɞɟɥɢ ɷɮɮɟɤɬɢɜɧɨɝɨ ɩɨɤɚ-
ɡɚɬɟɥя ɩɪɟɥɨɦɥɟɧɢя [2], ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ ɞɜɭɯ ɜɡɚɢɦɧɨ ɨɪɬɨɝɨɧɚɥɶɧɵɯ 
ɩɨɥяɪɢɡɚɰɢɣ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя. ɉɪɢ ɷɬɨɦ ɪɚɫɱɟɬɧɵɟ ɡɧɚɱɟɧɢя ɢɧɬɟɝɪɚɥɨɜ ɩɟɪɟɤɪɵɬɢя ɫ 
ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɞɥя ɞɜɭɯ ɧɚɩɪɚɜɥɟɧɢɣ ɩɨɥяɪɢɡɚɰɢɢ ɪɚɡɥɢɱɚɸɬɫя ɧɟ ɛɨɥɟɟ ɱɟɦ ɧɚ 3%. ɋɥɟ-
ɞɨɜɚɬɟɥɶɧɨ, ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɬɪɭɞɧɨ ɨɠɢɞɚɬɶ ɪɟɚɥɢɡɚɰɢɢ ɮɢɤɫɢɪɨɜɚɧɧɨɝɨ ɧɚɩɪɚɜɥɟɧɢя ɩɨɥяɪɢ-
ɡɚɰɢɢ ɡɚ ɫɱɟɬ ɚɧɢɡɨɬɪɨɩɢɢ ɨɩɬɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɦɢɤɪɨɪɟɡɨɧɚɬɨɪɚ. В ɬɨ ɠɟ ɜɪɟɦя ɪɟɡɭɥɶɬɚɬɵ 
ɪɚɫɱɟɬɨɜ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɨɤɚ ɜ ɫɥɭɱɚɟ ВИɅ ɫ ɪɨɦɛɨɜɢɞɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭ-
ɪɨɣ ɢ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɦɢ ɤɨɧɬɚɤɬɚɦɢ ɩɨɤɚɡɵɜɚɸɬ ɫɭɳɟɫɬɜɟɧɧɨɟ (ɜ 1.4—1.6 ɪɚɡɚ) ɜɨɡɪɚɫɬɚ-
ɧɢɟ ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɬɢɪɨɜɚɧɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɨɛɥɚɫɬяɯ ɜɛɥɢɡɢ ɨɫɬɪɵɯ ɭɝɥɨɜ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɩɥɨɬɧɨɫɬɶɸ ɬɨɤɚ ɜɛɥɢɡɢ ɬɭɩɵɯ ɭɝɥɨɜ ɪɨɦɛɨɜɢɞɧɨɣ ɚɩɟɪɬɭɪɵ. В ɪɟɡɭɥɶɬɚɬɟ ɦɨɠɧɨ ɨɠɢɞɚɬɶ 
ɮɢɤɫɚɰɢɢ ɧɚɩɪɚɜɥɟɧɢя ɩɨɥяɪɢɡɚɰɢɢ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя ɡɚ ɫɱɟɬ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɚɧɢɡɨɬɪɨ-
ɩɢɢ ɩɪɨɮɢɥя ɭɫɢɥɟɧɢя, ɜɵɡɜɚɧɧɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɶɸ ɢɧɠɟɤɰɢɢ ɧɨɫɢɬɟɥɟɣ. 

2. Кɨɧɫɬɪɭɤɰɢɹ ɢ ɬɟхɧɨɥɨɝɢɹ ɢɡɝɨɬɨвɥɟɧɢɹ ВИɅ 

В ɤɚɱɟɫɬɜɟ ɛɚɡɨɜɨɣ ɜɵɛɪɚɧɚ ɤɨɧɫɬɪɭɤɰɢя ВИɅ ɫ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɧɚ ɨɫɧɨɜɟ ɧɚɩɪяɠɟɧ-
ɧɨɣ ɤɜɚɧɬɨɜɨ-ɪɚɡɦɟɪɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ InAlGaAs, ɫɟɥɟɤɬɢɜɧɨ-ɨɤɢɫɥɟɧɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭ-
ɪɨɣ, ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɦɢ ɤɨɧɬɚɤɬɚɦɢ ɢ ɤɨɩɥɚɧɚɪɧɨɣ ɝɟɨɦɟɬɪɢɟɣ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, ɭɫ-
ɩɟɲɧɨ ɩɪɢɦɟɧɟɧɧɚя ɪɚɧɟɟ ɞɥя ɫɨɡɞɚɧɢя ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɵɯ ВИɅ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ 
850 ɧɦ [3]. Эɩɢɬɚɤɫɢɚɥɶɧɚя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ ВИɅ ɫɨɫɬɨɢɬ ɢɡ ɧɟɥɟɝɢɪɨɜɚɧɧɨɝɨ ɧɢɠɧɟɝɨ ɊȻɈ 
Al0.15Ga0.85As/Al0.9Ga0.1As, ɤɨɧɬɚɤɬɧɨɝɨ ɫɥɨя n-Al0.15Ga0.85As, ɩяɬɢ ɩɚɪ ɱɟɬɜɟɪɬɶɜɨɥɧɨɜɵɯ ɫɥɨɟɜ 
Al0.15Ga0.85As/Al0.9Ga0.1As, ɥɟɝɢɪɨɜɚɧɧɵɯ n-ɬɢɩɨɦ, AlGaAs ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɫ ɧɟɫɤɨɥɶɤɢɦɢ 
ɤɜɚɧɬɨɜɵɦɢ яɦɚɦɢ InGaAs, ɚɩɟɪɬɭɪɧɨɝɨ ɫɥɨя, ɥɟɝɢɪɨɜɚɧɧɨɝɨ p-ɬɢɩɨɦ, ɩяɬɢ ɩɚɪ ɱɟɬɜɟɪɬɶɜɨɥɧɨ-
ɜɵɯ ɫɥɨɟɜ Al0.15Ga0.85As/Al0.9Ga0.1As, ɥɟɝɢɪɨɜɚɧɧɵɯ p-ɬɢɩɨɦ ɢ AlGaAs ɤɨɧɬɚɤɬɧɨɝɨ ɫɥɨя p-ɬɢɩɚ. 
В ɤɚɱɟɫɬɜɟ ɜɟɪɯɧɟɝɨ ɡɟɪɤɚɥɚ ɢɫɩɨɥɶɡɨɜɚɧɨ ɊȻɈ ɧɚ ɨɫɧɨɜɟ ɲɟɫɬɢ ɩɚɪ ɱɟɬɜɟɪɬɶɜɨɥɧɨɜɵɯ ɫɥɨɟɜ 
SiO2/TiO2, ɮɨɪɦɢɪɭɟɦɨɟ ɜ ɩɪɨɰɟɫɫɟ ɢɡɝɨɬɨɜɥɟɧɢя ВИɅ. Кɚɤ ɢɡɜɟɫɬɧɨ, ɩɪɢ ɫɟɥɟɤɬɢɜɧɨɦ ɨɤɢɫɥɟ-
ɧɢɢ ɫɥɨɟɜ AlAs ɞɥя ɦɟɡɚɫɬɪɭɤɬɭɪ ɤɪɭɝɥɨɣ ɮɨɪɦɵ ɦɨɝɭɬ ɮɨɪɦɢɪɨɜɚɬɶɫя ɚɩɟɪɬɭɪɵ ɤɜɚɞɪɚɬɧɨɣ 
ɮɨɪɦɵ, ɬɨɝɞɚ ɤɚɤ ɜ ɫɥɭɱɚɟ ɬɢɩɢɱɧɨ ɢɫɩɨɥɶɡɭɟɦɵɯ ɚɩɟɪɬɭɪɧɵɯ ɫɥɨɟɜ Al0.98Ga0.02As ɮɨɪɦɚ ɚɩɟɪ-
ɬɭɪ ɛɥɢɡɤɚ ɤ ɨɤɪɭɠɧɨɫɬɢ [4]. Иɫɩɨɥɶɡɭɟɦɵɣ ɚɩɟɪɬɭɪɧɵɣ ɫɥɨɣ, ɫɨɫɬɨяɳɢɣ ɢɡ ɧɟɫɤɨɥɶɤɢɯ ɫɥɨɟɜ 
AlGaAs ɫɨ ɜɫɬɚɜɤɨɣ ɫɥɨя AlAs ɬɨɥɳɢɧɨɣ 20 ɧɦ, ɩɨɡɜɨɥяɟɬ ɮɨɪɦɢɪɨɜɚɬɶ ɚɩɟɪɬɭɪɵ ɪɨɦɛɨɜɢɞɧɨɣ 
ɮɨɪɦɵ. ɇɚ ɪɢɫ. 1. а ɩɪɢɜɟɞɟɧɨ ɢɡɨɛɪɚɠɟɧɢɟ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ВИɅ ɜ ɨɩɬɢɱɟɫɤɨɦ ɦɢɤɪɨɫɤɨɩɟ, 
ɩɨɞɬɜɟɪɠɞɚɸɳɟɟ ɧɚɥɢɱɢɟ ɱɟɬɤɨ ɜɵɪɚɠɟɧɧɨɣ ɪɨɦɛɨɜɢɞɧɨɣ ɮɨɪɦɵ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ. 

 
                             a                                                 U, B                        ɛ                           Р, ɦВɬ 
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Ɋɢɫ. 1.  Иɡɨɛɪɚɠɟɧɢя  ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ  ВИɅ ɜ ɨɩɬɢɱɟɫɤɨɦ ɦɢɤɪɨɫɤɨɩɟ (a),  ɪɚɛɨɱɢɣ ɬɨɤ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
 ɭɫɥɨɜɢяɦ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя (ɞɨ ɧɚɱɚɥɚ ɥɚɡɟɪɧɨɣ ɝɟɧɟɪɚɰɢɢ), ɜɚɬɬ-ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ (ɛ), 

ɧɚ ɜɫɬɚɜɤɟ — ɡɚɜɢɫɢɦɨɫɬɶ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ 
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3. Хаɪаɤɬɟɪɢɫɬɢɤɢ вɟɪɬɢɤаɥɶɧɨ-ɢɡɥɭчающɢх ɥаɡɟɪɨв 

Иɫɫɥɟɞɨɜɚɧɢя ВИɅ ɫ ɲɢɪɨɤɢɦ ɧɚɛɨɪɨɦ ɪɚɡɦɟɪɨɜ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɬɚ-
ɛɢɥɶɧɚя ɨɞɧɨɦɨɞɨɜɚя ɝɟɧɟɪɚɰɢя ɪɟɚɥɢɡɭɟɬɫя ɞɥя ɩɪɢɛɨɪɨɜ ɫ ɯɚɪɚɤɬɟɪɧɵɦ ɪɚɡɦɟɪɨɦ ɬɨɤɨɜɨɣ 
ɚɩɟɪɬɭɪɵ <2.5 ɦɤɦ. В ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ ɧɚ ɪɢɫ. 1, ɛ ɩɪɢɜɟɞɟɧɵ ɫɟɦɟɣɫɬɜɚ ɜɚɬɬ-ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɞɥя ВИɅ ɫ ɯɚɪɚɤɬɟɪɧɵɦ ɪɚɡɦɟɪɨɦ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ 2.2 ɦɤɦ. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟ-
ɧɢя ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 20 ɢ 80 ɋ, ɢɡɦɟɪɟɧɧɵɟ ɞɥя ɪɚɡɧɵɯ ɬɨɤɨɜ ɧɚɤɚɱɤɢ, ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 2. 
Вɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɪɚɛɨɱɢɯ ɬɟɦɩɟɪɚɬɭɪ (20—80 °C) ɦɚɤɫɢɦɚɥɶɧɚя ɜɵɯɨɞɧɚя ɦɨɳɧɨɫɬɶ >1 ɦВɬ, 
ɩɨɪɨɝɨɜɵɣ ɬɨɤ 1 ɦА, ɮɚɤɬɨɪ ɩɨɞɚɜɥɟɧɢя ɦɨɞ ɜɵɫɲɟɝɨ ɩɨɪяɞɤɚ >30 ɞȻ. ɉɪɢ ɷɬɨɦ ɢɡɦɟɪɟɧɧɨɟ 
ɡɧɚɱɟɧɢɟ ɮɚɤɬɨɪɚ ɩɨɞɚɜɥɟɧɢя ɨɪɬɨɝɨɧɚɥɶɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ >20 ɞȻ ɜɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɪɚɛɨɱɢɯ 
ɬɨɤɨɜ ɢ ɬɟɦɩɟɪɚɬɭɪ. 

 
   Р, ɦɞȻ                     а                                                   Р, ɦɞȻ                   ɛ 
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Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ВИɅ ɫ ɪɚɡɦɟɪɨɦ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ 2.2 ɦɤɦ ɩɪɢ  
ɬɟɦɩɟɪɚɬɭɪɟ 20 (a) ɢ 80 ɋ (ɛ). 

Заɤɥючɟɧɢɟ 

ɉɪɟɞɥɨɠɟɧ ɫɩɨɫɨɛ ɪɟɚɥɢɡɚɰɢɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-ɨɞɧɨɦɨɞɨɜɵɯ ВИɅ ɫ ɮɢɤɫɢɪɨɜɚɧɧɵɦ 
ɧɚɩɪɚɜɥɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɮɨɪɦɢɪɨɜɚɧɢɢ ɫɟɥɟɤɬɢɜɧɨ-
ɨɤɢɫɥɟɧɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɪɨɦɛɨɜɢɞɧɨɣ ɮɨɪɦɵ ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɨɣ ɫɯɟɦɨɣ 
ɬɨɤɨɜɨɣ ɢɧɠɟɤɰɢɢ. Хɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɫɫɥɟɞɨɜɚɧɧɵɯ ВИɅ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɤɨɦɩɥɟɤɫɭ ɬɪɟɛɨɜɚɧɢɣ, 
ɩɪɟɞɴяɜɥяɟɦɵɯ ɜ ɛɨɥɶɲɢɧɫɬɜɟ ɡɚɞɚɱ ɩɨ ɫɨɡɞɚɧɢɸ ɨɩɬɢɱɟɫɤɢɯ ɫɟɧɫɨɪɨɜ ɢ ɭɫɬɪɨɣɫɬɜ ɨɩɬɢɱɟɫɤɨɣ 
ɫɩɟɤɬɪɨɫɤɨɩɢɢ. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɱɚɫɬɢɱɧɨɣ ɩɨɞɞɟɪɠɤɟ ɩɪɨɝɪɚɦɦɵ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 
Ɉɬɞɟɥɟɧɢя ɮɢɡɢɱɟɫɤɢɯ ɧɚɭɤ ɊАɇ “Фɭɧɞɚɦɟɧɬɚɥɶɧɵɟ ɨɫɧɨɜɵ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚя ɪɟɚɥɢɡɚɰɢя 
ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɜ ɢɧɬɟɪɟɫɚɯ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɢ ɬɟɯɧɨɥɨɝɢɣ” ɢ 
Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɩɪɨɟɤɬ № 13-02-12142-ɨɮɢ_ɦ). 
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Single-Mode Polarization-Stable 850 nm Vertical-Cavity Surface-Emitting 

Lasers with Rhomboidal Current Aperture 
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of Russian Academy of Sciences, St.Petersburg, Russia 
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d 
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The new approach for single-mode polarization-stable vertical-cavity surface-emitting lasers (VCSELs) 
is proposed. It’s based on rhomboidal selectively-oxidized current aperture combined with intracavity-contacts. 
Rhomboidal-aperture intracavity-contact VCSELs based on MBE-grown AlInGaAs heterostructures were fabri-
cated and investigated for different aperture sizes. Devices with aperture size of 1—2.5 m demonstrate con-
tinuous-wave single-mode lasing at 845—852 nm with side-mode suppression ratio (SMSR) >30 dB, threshold 
current less than 1 mA, output power of 1—2.5 mW and orthogonal polarization suppression ration (OPSR) >20 
dB for operation range temperature of 20—80 ºɋ.  

Keywords: vertical-cavity surface-emitting laser, nanoheterostructure, single-mode lasing, polarization, 
selective oxidation, current aperture. 
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Вɥɢɹɧɢɟ вɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨв в ɪɟɡɨɧаɬɨɪɟ ɢ ɨɛɴɟɦа ɦɨɞы  

ɧа хаɪаɤɬɟɪɢɫɬɢɤɢ вɟɪɬɢɤаɥɶɧɨ-ɢɡɥɭчающɢх ɥаɡɟɪɨв  

ɫɩɟɤɬɪаɥɶɧɨɝɨ ɞɢаɩаɡɨɧа 850 ɧɦ  

ɫ ɨɤɫɢɞɧɨɣ ɬɨɤɨвɨɣ аɩɟɪɬɭɪɨɣ 

ɋ. А. Ȼɥɨɯɢɧ a, Ɇ. А. Ȼɨɛɪɨɜ a, А. А. Ȼɥɨɯɢɧ ɛ, А. Ƚ. Кɭɡɶɦɟɧɤɨɜ ɜ,  
Ю. Ɇ. Зɚɞɢɪɚɧɨɜ a, ɇ. А. Ɇɚɥɟɟɜ a, В. Ɇ. Уɫɬɢɧɨɜ a 

а 
 Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А.Ф. Иɨɮɮе Рɨɫɫиɣɫкɨɣ АН,  

Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail: blokh@mail.ioffe.ru 
ɛ 
 Санкɬ-Пеɬеɪɛуɪгɫкиɣ гɨɫуɞаɪɫɬвенныɣ ɩɨɥиɬехничеɫкиɣ  
унивеɪɫиɬеɬ Пеɬɪа Веɥикɨгɨ, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия 

в 
 Научнɨ-ɬехнɨɥɨгичеɫкиɣ ɰенɬɪ ɦикɪɨэɥекɬɪɨники и ɫуɛɦикɪɨнных геɬеɪɨɫɬɪукɬуɪ 

Рɨɫɫиɣɫкɨɣ АН, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия 

Иɫɫɥɟɞɨɜɚɧɨ ɜɥɢяɧɢɟ ɨɛɴɟɦɚ ɦɨɞɵ (ɤɨɧɬɪɨɥɶ ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ) ɢ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨ-
ɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ (ɤɨɧɬɪɨɥɶ ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬɪɚɠɟɧɢя ɡɟɪɤɚɥɚ) ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɟɪɬɢɤɚɥɶɧɨ-
ɢɡɥɭɱɚɸɳɢɯ ɥɚɡɟɪɨɜ (ВИɅ) ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ 850 ɧɦ. Ȼɵɫɬɪɨɞɟɣɫɬɜɢɟ ɲɢɪɨɤɨɚɩɟɪɬɭɪɧɵɯ ВИɅ  
ɜ ɨɫɧɨɜɧɨɦ ɥɢɦɢɬɢɪɭɟɬɫя ɷɮɮɟɤɬɨɦ ɫɚɦɨɪɚɡɨɝɪɟɜɚ, ɬɨɝɞɚ ɤɚɤ ɞɟɦɩɮɢɪɨɜɚɧɢɟ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɤɨɥɟɛɚ-
ɧɢɣ ɨɝɪɚɧɢɱɢɜɚɟɬ ɩɪɟɞɟɥɶɧɭɸ ɱɚɫɬɨɬɭ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɢ ɭɡɤɨɚɩɟɪɬɭɪɧɵɯ ВИɅ. ɉɚɞɟɧɢɟ ɞɢɮɮɟ-
ɪɟɧɰɢɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя ɩɪɢ ɦɚɥɵɯ ɪɚɡɦɟɪɚɯ ɚɩɟɪɬɭɪ (ɜɫɥɟɞɫɬɜɢɟ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɩɨɬɟɪɶ ɧɚ ɚɩɟɪɬɭɪɟ) 
ɱɚɫɬɢɱɧɨ ɤɨɦɩɟɧɫɢɪɭɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɷɮɮɟɤɬ ɭɦɟɧɶɲɟɧɢя ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ ɢ 
ɨɝɪɚɧɢɱɢɜɚɟɬ ɞɢɚɩɚɡɨɧ ɬɨɤɨɜɵɯ ɚɩɟɪɬɭɪ, ɩɪɢ ɤɨɬɨɪɵɯ ɧɚɛɥɸɞɚɟɬɫя ɩɨɜɵɲɟɧɢɟ ɱɚɫɬɨɬɵ ɷɮɮɟɤɬɢɜɧɨɣ 
ɦɨɞɭɥяɰɢɢ ɞɨ 24—25 ȽȽɰ ɩɪɢ ɪɚɡɦɟɪɚɯ ɚɩɟɪɬɭɪ 4—6 ɦɤɦ ɞɥя ɡɚɞɚɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ВИɅ. 

Кɥючɟвыɟ ɫɥɨва: ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ, ɜɟɪɬɢɤɚɥɶɧɨ-ɢɡɥɭɱɚɸɳɢɣ ɥɚɡɟɪ, ɱɚɫɬɨɬɚ ɦɨɞɭɥяɰɢɢ.  

Ввɟɞɟɧɢɟ 
ɉɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɜɟɪɬɢɤɚɥɶɧɨ-ɢɡɥɭɱɚɸɳɢɟ ɥɚɡɟɪɵ (ВИɅ, vertical cavity surface 

emitting lasers) ɛɥɢɠɧɟɝɨ ИК ɞɢɚɩɚɡɨɧɚ ɲɢɪɨɤɨ ɩɪɢɦɟɧяɸɬɫя ɜ ɫɨɜɪɟɦɟɧɧɵɯ ɨɩɬɢɱɟɫɤɢɯ ɫɢɫ-
ɬɟɦɚɯ ɯɪɚɧɟɧɢя ɢ ɩɟɪɟɞɚɱɢ ɞɚɧɧɵɯ [1]. В ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɨɫɨɛɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥяɟɬɫя ɩɪɨɛɥɟɦɟ 
ɩɨɜɵɲɟɧɢя ɛɵɫɬɪɨɞɟɣɫɬɜɢя ВИɅ ɜ ɪɟɠɢɦɟ ɩɪяɦɨɣ ɬɨɤɨɜɨɣ ɦɨɞɭɥяɰɢɢ. ɋɧɢɠɟɧɢɟ ɩɪɢɛɨɪɧɨɣ 
ɟɦɤɨɫɬɢ ɢ ɭɜɟɥɢɱɟɧɢɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя ɩɨɡɜɨɥɢɥɨ ɩɨɞɧяɬɶ ɱɚɫɬɨɬɭ ɦɨɞɭɥяɰɢɢ 
ВИɅ ɞɨ 20 ȽȽɰ [2, 3]. Дɚɥɶɧɟɣɲɢɣ ɩɪɨɝɪɟɫɫ ɫɜяɡɚɧ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɨɛɴɟɦɚ ɦɨɞɵ (ɤɨɧɬɪɨɥɶ 
ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ) ɢ ɩɨɞɚɜɥɟɧɢɟɦ ɷɮɮɟɤɬɚ ɞɟɦɩɮɢɪɨɜɚɧɢя ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɤɨɥɟɛɚɧɢɣ 
(ɤɨɧɬɪɨɥɶ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ) [4, 5]. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟ-
ɡɭɥɶɬɚɬɵ ɞɟɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɚɤɨɝɨ ɤɨɦɛɢɧɢɪɨɜɚɧɧɨɝɨ ɩɨɞɯɨɞɚ ɧɚ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɢ ВИɅ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ 850 ɧɦ. 

1. Кɨɧɫɬɪɭɤɰɢɹ  

В ɤɚɱɟɫɬɜɟ ɛɚɡɨɜɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ВИɅ ɜɵɛɪɚɧɚ ɝɟɨɦɟɬɪɢя ɫ ɜɵɜɨɞɨɦ ɫɜɟɬɚ ɜɜɟɪɯ ɞɜɭɦя 
ɥɟɝɢɪɨɜɚɧɧɵɦɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɦɢ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɛɪɷɝɝɨɜɫɤɢɦɢ ɨɬɪɚɠɚɬɟɥяɦɢ (ɊȻɈ) ɧɚ 
ɨɫɧɨɜɟ AlGaAs ɢ ɨɤɫɢɞɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɨɣ. Дɟɬɚɥɢ ɷɩɢɬɚɤɫɢɚɥɶɧɨɣ ɢ ɩɪɢɛɨɪɧɨɣ ɤɨɧɫɬɪɭɤ-
ɰɢɢ ɢɫɫɥɟɞɭɟɦɵɯ ɥɚɡɟɪɨɜ ɩɪɢɜɟɞɟɧɵ ɜ ɪɚɛɨɬɟ [6]. Чɢɩɵ ВИɅ ɞɥя ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɟɪɟɞɚɧɵ ɤɨɦ-
ɩɚɧɢɟɣ Кɨɧɧɟɤɬɨɪ Ɉɩɬɢɤɫ (ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ). Ɋɚɡɦɟɪ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɜɚɪɶɢɪɨɜɚɥɫя ɜ ɞɢɚɩɚ-
ɡɨɧɟ 1.5—10 ɦɤɦ ɩɭɬɟɦ ɢɡɦɟɧɟɧɢя ɪɚɡɦɟɪɚ ɦɟɡɚɫɬɪɭɤɬɭɪɵ ɩɪɢɛɨɪɚ ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɝɥɭɛɢ-
ɧɟ ɨɤɢɫɥɟɧɢя ɚɩɟɪɬɭɪɧɵɯ ɫɥɨɟɜ AlGaAs. Уɩɪɚɜɥɟɧɢɟ ɜɪɟɦɟɧɟɦ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ 
ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɩɭɬɟɦ ɜɚɪɢɚɰɢɢ ɩɨɬɟɪɶ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɜ ɞɢɚɩɚɡɨɧɟ 0.3—1.8% ɧɚ ɩɪɨɯɨɞ 
ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɬɨɥɳɢɧɵ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɫɥɨя (ɬɚɤ ɤɚɤ ɩɪɨɢɫɯɨɞɢɬ ɦɨɞɢɮɢɤɚɰɢя ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ɨɬɪɚɠɟɧɢя ɜɟɪɯɧɟɝɨ ɡɟɪɤɚɥɚ). 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɇɚ ɪɢɫ. 1, а ɩɪɟɞɫɬɚɜɥɟɧɵ ɤɥɸɱɟɜɵɟ ɫɬɚɬɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɡɟɪɨɜ ɫ ɧɢɡɤɢɦɢ ɩɨ-

ɬɟɪяɦɢ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя, ɢɡɦɟɪɟɧɧɵɟ ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟ-
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ɪɚɬɭɪɟ. ɋ ɭɦɟɧɶɲɟɧɢɟɦ ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɫɧɚɱɚɥɚ ɧɚɛɥɸɞɚɟɬɫя ɩɚɞɟɧɢɟ ɩɨɪɨɝɨɜɨɝɨ 
ɬɨɤɚ ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɨ ɩɥɨɳɚɞɢ ɫɜɟɬɨɢɡɥɭɱɚɸɳɟɣ ɨɛɥɚɫɬɢ, ɧɨ ɡɚɬɟɦ ɩɪɨɢɫɯɨɞɢɬ ɪɟɡɤɢɣ ɪɨɫɬ 
ɩɨɪɨɝɚ ɝɟɧɟɪɚɰɢɢ, ɱɬɨ ɬɚɤɠɟ ɤɨɪɪɟɥɢɪɭɟɬ ɫ ɩɚɞɟɧɢɟɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɥɚɡɟ-
ɪɨɜ. Ɉɛɧɚɪɭɠɟɧɧɵɣ ɷɮɮɟɤɬ ɫɜяɡɚɧ ɫ ɪɟɡɤɢɦ ɩɨɜɵɲɟɧɢɟɦ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫ 0.16 
ɞɨ 0.5 % ɢɡ-ɡɚ ɩɨɝɥɨɳɟɧɢя ɫɜɟɬɚ ɜ ɧɟɩɪɨɤɚɱɢɜɚɟɦɵɯ ɨɛɥɚɫɬяɯ ɧɚ ɩɟɪɢɮɟɪɢɢ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ 
ɢ ɞɢɮɪɚɤɰɢɢ ɫɜɟɬɚ ɧɚ ɨɤɫɢɞɧɨɣ ɚɩɟɪɬɭɪɟ, ɢ ɩɚɞɟɧɢɟɦ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɨɤɨɜɨɣ ɢɧɠɟɤɰɢɢ ɫ 73 ɞɨ 
35 % ɢɡ-ɡɚ ɪɨɫɬɚ ɬɨɤɨɜ ɭɬɟɱɤɢ ɩɪɢ ɩɨɜɵɲɟɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɧɨɫɢɬɟɥɟɣ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ 
ɭɜɟɥɢɱɟɧɢɟ ɩɨɬɟɪɶ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɩɪɢɜɨɞɢɬ ɤ ɩɨɜɵɲɟɧɢɸ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜ-
ɧɨɫɬɢ ɜ 1.5—2 ɪɚɡɚ ɢ ɜɨɡɪɚɫɬɚɧɢɸ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɧɚ 25—30 %. 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ВИɅ ɫ ɧɢɡɤɢɦɢ ɩɨ-
ɬɟɪяɦɢ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɨɬ ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ (а) ɢ ɡɚɜɢɫɢɦɨɫɬɢ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟ-

ɫɤɢɯ ɩɨɬɟɪɶ ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɨɤɨɜɨɣ ɢɧɠɟɤɰɢɢ ВИɅ ɨɬ ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ (ɛ). 

ɋɨɝɥɚɫɧɨ ɪɟɡɭɥɶɬɚɬɚɦ ɦɚɥɨɫɢɝɧɚɥɶɧɨɝɨ ɱɚɫɬɨɬɧɨɝɨ ɚɧɚɥɢɡɚ, ɭɦɟɧɶɲɟɧɢɟ ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ 
ɚɩɟɪɬɭɪɵ ɫ 10 ɞɨ 1.5 ɦɤɦ ɜɟɞɟɬ ɤ ɩɚɞɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɝɨ ɨɛɴɟɦɚ ɦɨɞɵ ɛɨɥɟɟ ɱɟɦ ɧɚ ɞɜɚ ɩɨɪяɞɤɚ 
ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɤ ɫɬɪɟɦɢɬɟɥɶɧɨɦɭ ɪɨɫɬɭ ɫɤɨɪɨɫɬɢ ɧɚɪɚɫɬɚɧɢя ɱɚɫɬɨɬɵ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭɥя-
ɰɢɢ ɫ ~7.5 ɞɨ 21—22 ȽȽɰ/ɦА1/2. Ɉɞɧɚɤɨ ɩɪɟɞɟɥɶɧɚя ɱɚɫɬɨɬɚ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɢ (ɩɨ ɭɪɨɜ-
ɧɸ –3 ɞȻ) ɥɚɡɟɪɨɜ ɫ ɧɢɡɤɢɦɢ ɩɨɬɟɪяɦɢ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɛɵɫɬɪɨ ɧɚɫɵɳɚɟɬɫя ɧɚ ɭɪɨɜɧɟ 20—
21 ȽȽɰ (ɫɦ. ɪɢɫ. 2, а). ɉɨɫɤɨɥɶɤɭ ɱɚɫɬɨɬɚ ɨɬɫɟɱɤɢ ɮɢɥɶɬɪɚ ɧɢɡɤɢɯ ɱɚɫɬɨɬ, ɨɛɪɚɡɨɜɚɧɧɨɝɨ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢяɦɢ ɢ ɟɦɤɨɫɬяɦɢ ɩɪɢɛɨɪɚ, ɩɪɟɜɵɲɚɟɬ 24 ȽȽɰ, ɞɚɧɧɵɣ ɷɮɮɟɤɬ ɦɨɠɟɬ ɛɵɬɶ ɫɜяɡɚɧ ɥɢɛɨ ɫ 
ɬɟɩɥɨɜɵɦɢ ɷɮɮɟɤɬɚɦɢ (ɩɚɞɟɧɢɟ ɭɫɢɥɟɧɢя ɜɫɥɟɞɫɬɜɢɟ ɫɚɦɨɪɚɡɨɝɪɟɜɚ ɥɚɡɟɪɚ), ɥɢɛɨ ɫ ɞɟɦɩɮɢɪɨ-
ɜɚɧɢɟɦ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɨɫɰɢɥɥяɰɢɣ. ɋɨɝɥɚɫɧɨ ɪɢɫ. 2, ɛ, ɫɤɨɪɨɫɬɶ ɧɚɪɚɫɬɚɧɢя ɤɨɷɮɮɢɰɢɟɧɬɚ 
ɡɚɬɭɯɚɧɢя ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɨɫɰɢɥɥяɰɢɣ, ɬɚɤ ɧɚɡɵɜɚɟɦɵɣ K-ɮɚɤɬɨɪ, ɜ ɥɚɡɟɪɚɯ ɫ ɧɢɡɤɢɦɢ ɩɨɬɟ-
ɪяɦɢ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɫɥɚɛɨ ɡɚɜɢɫɢɬ ɨɬ ɪɚɡɦɟɪɚ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ. Ɉɞɧɚɤɨ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟ 
ɲɢɪɨɤɨɚɩɟɪɬɭɪɧɵɯ ɥɚɡɟɪɨɜ ɜ ɨɫɧɨɜɧɨɦ ɨɩɪɟɞɟɥяɟɬɫя ɬɟɩɥɨɜɵɦɢ ɷɮɮɟɤɬɚɦɢ, ɚ ɭɡɤɨɚɩɟɪɬɭɪɧɵɯ 
— ɞɟɦɩɮɢɪɨɜɚɧɢɟɦ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɨɫɰɢɥɥяɰɢɣ.  

Ɉɰɟɧɤɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɩɨɬɟɪɶ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя, ɜɟɞɟɬ ɤ ɩɚɞɟɧɢɸ ɜɪɟɦɟ-
ɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɞɨ ɭɪɨɜɧя 1—1.2 ɩɫ, ɧɨ K-ɮɚɤɬɨɪ ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɛɨɥɟɟ ɫɥɨɠɧɨɟ ɩɨɜɟɞɟɧɢɟ: 
2-ɤɪɚɬɧɨɟ ɩɚɞɟɧɢɟ ɜ ɲɢɪɨɤɨɚɩɟɪɬɭɪɧɵɯ ɥɚɡɟɪɚɯ ɢ 20 %-ɧɵɣ ɪɨɫɬ ɜ ɭɡɤɨɚɩɟɪɬɭɪɧɵɯ ɥɚɡɟɪɚɯ 
(ɫɦ. ɪɢɫ. 2, ɛ). Дɚɧɧɵɣ ɷɮɮɟɤɬ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɫɜяɡɚɧ ɫ ɧɟɥɢɧɟɣɧɨɫɬɶɸ ɭɫɢɥɟɧɢя (ɬɚɤ ɤɚɤ ɨɩɬɢ-
ɱɟɫɤɨɟ ɭɫɢɥɟɧɢɟ ɡɚɜɢɫɢɬ ɧɟ ɬɨɥɶɤɨ ɨɬ ɩɥɨɬɧɨɫɬɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɧɨ ɢ ɨɬ ɩɥɨɬɧɨɫɬɢ ɮɨɬɨɧɨɜ). 
Ɉɞɧɚɤɨ ɮɚɤɬɨɪ ɤɨɦɩɪɟɫɫɢɢ ɭɫɢɥɟɧɢя ɫɥɚɛɨ ɡɚɜɢɫɢɬ ɨɬ ɪɚɡɦɟɪɚ ɚɩɟɪɬɭɪɵ ɢ ɩɨɬɟɪɶ ɧɚ ɜɵɜɨɞ 
ɢɡɥɭɱɟɧɢя ɢ ɧɚɯɨɞɢɬɫя ɜ ɞɢɚɩɚɡɨɧɟ (1.5—2)  10–17 ɫɦ3. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɫɥɨɠɧɵɣ ɯɚɪɚɤɬɟɪ ɡɚɜɢ-
ɫɢɦɨɫɬɢ K-ɮɚɤɬɨɪɚ ɨɬ ɪɚɡɦɟɪɚ ɚɩɟɪɬɭɪɵ ɜ ɫɥɭɱɚɟ ɜɵɫɨɤɢɯ ɩɨɬɟɪɶ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɨɛɭɫɥɨɜ-
ɥɟɧ ɞɪɚɦɚɬɢɱɟɫɤɢɦ ɢɡɦɟɧɟɧɢɟɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя. В ɫɚɦɨɦ ɞɟɥɟ, ɡɧɚɱɢɬɟɥɶɧɵɣ 
ɪɨɫɬ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɪɚɡɦɟɪɨɜ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ɜɟɞɟɬ ɤ ɪɨɫɬɭ 
ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɨɬ 1.1 ɞɨ 30 ɤА/ɫɦ2 ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɤ ɡɚɦɟɬɧɨɦɭ ɩɚɞɟɧɢɸ ɞɢɮɮɟ-
ɪɟɧɰɢɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя ɫ 11  10–16 ɞɨ 5  10–16 ɫɦ2. Ɉɬɦɟɬɢɦ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɩɨɬɟɪɶ ɧɚ ɜɵɜɨɞ 
ɢɡɥɭɱɟɧɢя ɬɨɥɶɤɨ ɭɫɭɝɭɛɥяɟɬ ɫɢɬɭɚɰɢɸ ɢ ɩɪɟɞɟɥɶɧɚя ɱɚɫɬɨɬɚ ɦɨɞɭɥяɰɢɢ ɭɡɤɨɚɩɟɪɬɭɪɧɵɯ ɥɚɡɟ-
ɪɨɜ ɩɚɞɟɬ ɧɢɠɟ 20 ȽȽɰ ɜ ɨɬɥɢɱɢɟ ɨɬ ɲɢɪɨɤɨɚɩɟɪɬɭɪɧɵɯ ɥɚɡɟɪɨɜ. Кɨɧɤɭɪɟɧɰɢя ɦɟɠɞɭ ɩɨɥɨɠɢ-
ɬɟɥɶɧɵɦ ɷɮɮɟɤɬɨɦ ɫɧɢɠɟɧɢя ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ ɢ ɧɟɝɚɬɢɜɧɵɦ ɷɮɮɟɤɬɨɦ 
ɩɚɞɟɧɢя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя ɨɝɪɚɧɢɱɢɜɚɟɬ ɩɪɟɞɟɥɶɧɭɸ ɱɚɫɬɨɬɭ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭ-
ɥяɰɢɢ ɧɚ ɭɪɨɜɧɟ 24—25 ȽȽɰ. 
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Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɢ ɩɪɟɞɟɥɶɧɨɣ ɱɚɫɬɨɬɵ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɢ (а) ɢ K-ɮɚɤɬɨɪɚ (ɛ) ɨɬ ɪɚɡɦɟɪɚ 
ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ ВИɅ ɫ ɧɢɡɤɢɦɢ ɢ ɜɵɫɨɤɢɦɢ ɩɨɬɟɪяɦɢ ɧɚ ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя. 

 
Дɚɥɶɧɟɣɲɟɟ ɩɨɜɵɲɟɧɢɟ ɛɵɫɬɪɨɞɟɣɫɬɜɢя ɥɚɡɟɪɨɜ ɢɫɫɥɟɞɭɟɦɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɫɜяɡɚɧɨ ɫ ɨɩ-

ɬɢɦɢɡɚɰɢɟɣ ɤɨɧɫɬɪɭɤɰɢɢ ɚɩɟɪɬɭɪɧɵɯ ɫɥɨɟɜ (ɤɨɦɩɪɨɦɢɫɫ ɦɟɠɞɭ ɞɢɮɪɚɤɰɢɨɧɧɵɦɢ ɩɨɬɟɪяɦɢ ɧɚ 
ɚɩɟɪɬɭɪɟ ɢ ɦɚɥɵɦ ɨɛɴɟɦɨɦ ɦɨɞɵ) ɢ ɦɢɧɢɦɢɡɚɰɢɟɣ ɫɚɦɨɪɚɡɨɝɪɟɜɚ ɥɚɡɟɪɚ (ɫɧɢɠɟɧɢɟɦ ɜɵɞɟɥяɟ-
ɦɨɣ ɬɟɩɥɨɜɨɣ ɦɨɳɧɨɫɬɢ ɢ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ ɨɬɜɨɞɨɦ ɬɟɩɥɚ ɨɬ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ). 

Заɤɥючɟɧɢɟ  
Иɫɫɥɟɞɨɜɚɧɨ ɜɥɢяɧɢɟ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɜ ɨɩɬɢɱɟɫɤɨɦ ɦɢɤɪɨɪɟɡɨɧɚɬɨɪɟ (ɩɭɬɟɦ ɢɡ-

ɦɟɧɟɧɢя ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬɪɚɠɟɧɢя ɜɵɜɨɞɧɨɝɨ ɡɟɪɤɚɥɚ) ɢ ɨɛɴɟɦɚ ɦɨɞɵ (ɩɭɬɟɦ ɜɚɪɢɚɰɢɢ ɪɚɡɦɟɪɚ 
ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɵ) ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ВИɅ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ 850 ɧɦ ɫ ɥɟɝɢɪɨɜɚɧɧɵɦɢ 
ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ ɛɪɷɝɝɨɜɫɤɢɦɢ ɨɬɪɚɠɚɬɟɥяɦɢ ɢ ɨɤɫɢɞɧɨɣ ɬɨɤɨɜɨɣ ɚɩɟɪɬɭɪɨɣ. Ȼɵɫɬɪɨɞɟɣɫɬɜɢɟ 
ɲɢɪɨɤɨɚɩɟɪɬɭɪɧɵɯ ВИɅ ɜ ɨɫɧɨɜɧɨɦ ɥɢɦɢɬɢɪɭɟɬɫя ɷɮɮɟɤɬɨɦ ɫɚɦɨɪɚɡɨɝɪɟɜɚ, ɬɨɝɞɚ ɤɚɤ ɞɟɦɩ-
ɮɢɪɨɜɚɧɢɟ ɪɟɥɚɤɫɚɰɢɨɧɧɵɯ ɤɨɥɟɛɚɧɢɣ ɨɝɪɚɧɢɱɢɜɚɟɬ ɩɪɟɞɟɥɶɧɭɸ ɱɚɫɬɨɬɭ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭ-
ɥяɰɢɢ ɭɡɤɨɚɩɟɪɬɭɪɧɵɯ ВИɅ. ɉɚɞɟɧɢɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя ɩɪɢ ɦɚɥɵɯ ɪɚɡɦɟɪɚɯ ɚɩɟɪ-
ɬɭɪ (ɜɫɥɟɞɫɬɜɢɟ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɩɨɬɟɪɶ ɧɚ ɚɩɟɪɬɭɪɟ) ɱɚɫɬɢɱɧɨ ɤɨɦɩɟɧɫɢɪɭɟɬ ɩɨɥɨɠɢɬɟɥɶɧɵɣ 
ɷɮɮɟɤɬ ɭɦɟɧɶɲɟɧɢя ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɮɨɬɨɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ ɢ ɨɝɪɚɧɢɱɢɜɚɟɬ ɞɢɚɩɚɡɨɧ ɬɨɤɨɜɵɯ 
ɚɩɟɪɬɭɪ, ɩɪɢ ɤɨɬɨɪɵɯ ɧɚɛɥɸɞɚɟɬɫя ɩɨɜɵɲɟɧɢɟ ɱɚɫɬɨɬɵ ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɢ ɞɨ 24—25 ȽȽɰ 
ɩɪɢ ɪɚɡɦɟɪɚɯ ɚɩɟɪɬɭɪ 4—6 ɦɤɦ ɞɥя ɡɚɞɚɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ВИɅ. 
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We investigate the simultaneous influence of photon lifetime (via mirror loss) and mode volume (via ap-
erture size) on the performance of 850 nm vertical-cavity surface-emitting lasers (VCSEL). It was also found 
that the dynamic characteristic of the large aperture VCSELs are mainly limited by the self-heating effect, while 
the damping effect sets the intrinsic limit of the reachable modulation bandwidth for smaller aperture VCSELs. 
The decrease of the differential gain (caused by the increased scattering loss) with aperture partially compen-
sates the positive effect of the reduced photon lifetime and leads to an optimum aperture range for maximizing 
the optical bandwidth: up to 24—25 GHz at aperture 4—6 m for the given VCSELs design. 

Keywords: heterostructure, vertical-cavity surface-emitting laser, optical modulation bandwidth. 
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Вɧɭɬɪɟɧɧɢɟ  ɨɩɬɢчɟɫɤɢɟ  ɩɨɬɟɪɢ  в ɢɦɩɭɥɶɫɧых ɩɨɥɭɩɪɨвɨɞɧɢɤɨвых  
ɥаɡɟɪах ɧа ɨɫɧɨвɟ ɤваɧɬɨвɨɪаɡɦɟɪɧɨɣ ɞвɨɣɧɨɣ AlGaAs/InGaAs/GaAs-

ɝɟɬɟɪɨɫɬɪɭɤɬɭɪы ɫ ɪаɡɞɟɥɶɧыɦ ɨɝɪаɧɢчɟɧɢɟɦ  
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Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А. Ф. Иɨɮɮе Рɨɫɫиɣɫкɨɣ АН, 

 Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail: nike@hpld.ioffe.ru 

ɉɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢя ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɢ ɬɨɤɨɜɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ 
ɜ ɦɨɳɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɧɚ ɨɫɧɨɜɟ ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɯ ɞɜɨɣɧɵɯ AlGaAs/InGaAs/GaAs-
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɪɚɡɞɟɥɶɧɵɦ ɨɝɪɚɧɢɱɟɧɢɟɦ. Ɇɟɡɚɩɨɥɨɫɤɨɜɵɟ ɥɚɡɟɪɵ ɫ ɚɩɟɪɬɭɪɨɣ 100 ɦɤɦ, ɢɡɥɭɱɚɸɳɢɟ 
ɜ ɞɢɚɩɚɡɨɧɟ 900—1100 ɧɦ, ɢɫɫɥɟɞɨɜɚɧɵ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɢɦɩɭɥɶɫɧɵɯ (ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ 100 

ɧɫ) ɬɨɤɨɜ ɧɚɤɚɱɤɢ ɢ ɬɟɦɩɟɪɚɬɭɪ (0—140 ɋ). Ɋɚɡɪɚɛɨɬɚɧɚ ɦɟɬɨɞɢɤɚ ɨɩɪɟɞɟɥɟɧɢя ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨ-
ɳɟɧɢя ɧɚ ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥяɯ ɡɚɪяɞɚ ɜ ɫɥɨяɯ ɥɚɡɟɪɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɩɪɢ ɢɦɩɭɥɶɫɧɨɣ ɬɨɤɨɜɨɣ ɧɚ-
ɤɚɱɤɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɪɨɫɬ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɧɚ ɫɜɨɛɨɞɧɵɯ 
ɧɨɫɢɬɟɥяɯ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɭɪɨɜɧя ɢɦɩɭɥɶɫɧɨɣ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ яɜɥяɟɬɫя ɨɞɧɨɣ ɢɡ ɨɫɧɨɜɧɵɯ ɩɪɢɱɢɧ ɧɚ-
ɫɵɳɟɧɢя ɜɚɬɬ-ɚɦɩɟɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɦɨɳɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ. Иɫɫɥɟɞɨɜɚɧɨ ɜɥɢяɧɢɟ 
ɩɚɪɚɦɟɬɪɨɜ ɪɟɡɨɧɚɬɨɪɚ Фɚɛɪɢ—ɉɟɪɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ɧɚ ɜɧɭɬɪɟɧɧɢɟ ɨɩɬɢɱɟɫɤɢɟ ɩɨɬɟɪɢ. 
ɉɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɜɵɛɨɪɚ ɨɩɬɢɦɚɥɶɧɨɝɨ ɫɨɨɬɧɨɲɟɧɢя ɜɧɭɬɪɟɧɧɢɯ ɢ ɜɧɟɲɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ 
ɜɚɪɢɚɰɢɟɣ ɩɚɪɚɦɟɬɪɨɜ ɪɟɡɨɧɚɬɨɪɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ. 

Кɥючɟвыɟ ɫɥɨва: ɥɚɡɟɪɧɚя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ, ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ, ɜɧɭɬɪɟɧɧɢɟ ɨɩɬɢɱɟɫɤɢɟ 
ɩɨɬɟɪɢ, ɨɩɬɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ. 

Ввɟɞɟɧɢɟ 
Ɇɨɳɧɵɟ ɢɦɩɭɥɶɫɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ, ɢɡɥɭɱɚɸɳɢɟ ɜ ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɨɥɧ 

900—1100 ɧɦ, ɧɚɯɨɞяɬ ɜ ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ ɨɩɬɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ ɦɨɧɢ-
ɬɨɪɢɧɝɚ, ɦɟɞɢɰɢɧɟ ɢ ɫɢɫɬɟɦɚɯ ɫɩɟɰɢɚɥɶɧɨɝɨ ɧɚɡɧɚɱɟɧɢя. Ɉɞɧɨ ɢɡ ɨɫɧɨɜɧɵɯ ɬɪɟɛɨɜɚɧɢɣ ɤ ɬɚɤɨ-
ɦɭ ɬɢɩɭ ɥɚɡɟɪɧɵɯ ɢɫɬɨɱɧɢɤɨɜ — ɦɚɤɫɢɦɚɥɶɧɚя ɩɢɤɨɜɚя ɨɩɬɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ ɫ ɦɢɧɢɦɚɥɶɧɨɣ 
ɚɩɟɪɬɭɪɵ ɢɡɥɭɱɟɧɢя. В ɨɬɥɢɱɢɟ ɨɬ ɧɟɩɪɟɪɵɜɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ, ɝɞɟ ɨɩɬɢɱɟɫɤɚя 
ɦɨɳɧɨɫɬɶ ɨɝɪɚɧɢɱɟɧɚ ɬɟɩɥɨɜɵɦ ɪɚɡɨɝɪɟɜɨɦ ɤɪɢɫɬɚɥɥɚ, ɢɦɩɭɥɶɫɧɵɣ ɪɟɠɢɦ ɧɚɤɚɱɤɢ ɩɨɥɭɩɪɨ-
ɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ( < 100 ɧɫ, f = 1 ɤȽɰ) ɩɨɡɜɨɥяɟɬ ɞɨɫɬɢɝɚɬɶ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢɣ ɨɩɬɢɱɟɫɤɨɣ 
ɦɨɳɧɨɫɬɢ ɜ ɢɦɩɭɥɶɫɟ. Ɉɞɧɚɤɨ ɩɪɢ ɜɵɫɨɤɢɯ ɭɪɨɜɧяɯ ɢɦɩɭɥɶɫɧɨɣ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ ɩɨɥɭɩɪɨɜɨɞ-
ɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɧɚɛɥɸɞɚɟɬɫя ɧɚɫɵɳɚɸɳɚяɫя ɜɚɬɬ-ɚɦɩɟɪɧɚя ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ (ВɬАХ) ɧɟɡɚɜɢɫɢ-
ɦɨ ɨɬ ɬɟɯɧɨɥɨɝɢɢ ɢɡɝɨɬɨɜɥɟɧɢя ɢ ɫɨɫɬɚɜɚ ɢɫɩɨɥɶɡɭɟɦɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨ-
ɪɨɜ [1—3]. Ȼɨɥɶɲɨɟ ɤɨɥɢɱɟɫɬɜɨ ɪɚɛɨɬ ɩɨɫɜяɳɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɸ ɮɚɤɬɨɪɨɜ, ɨɩɪɟɞɟɥяɸɳɢɯ ɧɚ-
ɫɵɳɚɸɳɢɣɫя ɯɚɪɚɤɬɟɪ ВɬАХ ɩɪɢ ɜɵɫɨɤɢɯ ɭɪɨɜɧяɯ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ, ɫɪɟɞɢ ɧɢɯ ɪɨɫɬ ɤɨɧɰɟɧ-
ɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɜɨɥɧɨɜɨɞɧɵɯ ɫɥɨяɯ, ɬɨɤɨɜɵɟ ɭɬɟɱɤɢ ɷɥɟɤɬɪɨɧɨɜ ɜ ɜɨɥɧɨɜɨɞɟ ɢ  
ɪ-ɷɦɢɬɬɟɪɟ, ɝɟɧɟɪɚɰɢя ɜɵɫɲɢɯ ɩɨɩɟɪɟɱɧɵɯ ɦɨɞ, ɧɚɫɵɳɟɧɢɟ ɭɫɢɥɟɧɢя ɢ “ɜɵɠɢɝɚɧɢɟ” ɧɨɫɢɬɟɥɟɣ 
ɡɚɪяɞɚ [1—7], ɧɟɦɝɧɨɜɟɧɧɵɣ ɡɚɯɜɚɬ ɧɨɫɢɬɟɥɟɣ ɜ ɧɚɧɨɪɚɡɦɟɪɧɭɸ ɚɤɬɢɜɧɭɸ ɨɛɥɚɫɬɶ [8]. В ɧɚ-
ɫɬɨяɳɟɦ ɞɨɤɥɚɞɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɢɫɫɥɟɞɨɜɚɧɢя ɜɨɡɦɨɠɧɵɯ 
ɩɪɢɱɢɧ ɧɚɫɵɳɟɧɢя ɨɩɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɜ ɢɦɩɭɥɶɫɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɧɚ ɨɫɧɨɜɟ 
ɫɢɫɬɟɦɵ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ AlGaAs/InGaAs/GaAs ɩɪɢ ɜɵɫɨɤɢɯ ɭɪɨɜɧяɯ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ. 

1. Вɧɭɬɪɟɧɧɢɟ ɨɩɬɢчɟɫɤɢɟ ɩɨɬɟɪɢ ɢ ɞɟɥɨɤаɥɢɡаɰɢɹ ɧɨɫɢɬɟɥɟɣ ɡаɪɹɞа в ɦɨщɧых ɢɦ-

ɩɭɥɶɫɧых ɩɨɥɭɩɪɨвɨɞɧɢɤɨвых ɥаɡɟɪах 
Иɫɫɥɟɞɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɬɢɩɵ ɥɚɡɟɪɧɵɯ ɞɜɨɣɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɪɚɡɞɟɥɶɧɨɝɨ ɨɝɪɚɧɢɱɟ-

ɧɢя ɫ ɤɜɚɧɬɨɜɨ-ɪɚɡɦɟɪɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɧɚ ɨɫɧɨɜɟ ɫɢɫɬɟɦɵ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ 
InGaAs/AlGaAs/GaAs. ɋɬɪɭɤɬɭɪɵ ɢɡɝɨɬɨɜɥɟɧɵ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ ɧɚ ɦɨɞɢ-
ɮɢɰɢɪɨɜɚɧɧɨɣ ɭɫɬɚɧɨɜɤɟ EMCORE-GS/3100 [9] ɢ ɪɚɡɥɢɱɚɸɬɫя ɝɟɨɦɟɬɪɢɟɣ ɢ ɫɨɫɬɚɜɨɦ ɷɦɢɬɬɟ-
ɪɨɜ, ɜɨɥɧɨɜɨɞɨɜ, ɤɨɥɢɱɟɫɬɜɨɦ ɢ ɬɨɥɳɢɧɨɣ ɤɜɚɧɬɨɜɵɯ яɦ. Ɉɞɢɧɨɱɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚ-
ɡɟɪɵ ɫ ɚɩɟɪɬɭɪɨɣ ɢɡɥɭɱɟɧɢя 100 ɦɤɦ ɢɡɝɨɬɨɜɥɟɧɵ ɩɨ ɫɬɚɧɞɚɪɬɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɫ ɩɪɢɦɟɧɟɧɢɟɦ 
ɬɢɩɨɜɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ”ɝɥɭɛɨɤɚя ɦɟɡɚ“, ɤɨɬɨɪɚя ɩɪɟɞɭɫɦɚɬɪɢɜɚɟɬ ɡɚɤɥɸɱɟ-
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ɧɢɟ ɨɛɥɚɫɬɢ ɩɪɨɬɟɤɚɧɢя ɬɨɤɚ ɦɟɠɞɭ ɩɪɨɬɪɚɜɥɟɧɧɵɦɢ ɱɟɪɟɡ ɜɫɸ ɥɚɡɟɪɧɭɸ ɫɬɪɭɤɬɭɪɭ ɝɥɭɛɨɤɢɦɢ 
ɧɚɤɥɨɧɧɵɦɢ ɦɟɡɚɦɢ [10,11]. Дɥя ɧɚɛɥɸɞɟɧɢя ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɢɫɫɥɟɞɭɟɦɵɯ ɨɛɪɚɡɰɚɯ 
ɮɨɪɦɢɪɨɜɚɥɨɫɶ ɨɤɧɨ ɜ ɜɟɪɯɧɟɦ ɤɨɧɬɚɤɬɧɨɦ ɨɦɢɱɟɫɤɨɦ ɫɥɨɟ ɫɨ ɫɬɨɪɨɧɵ ɩɨɞɥɨɠɤɢ. Ɋɚɡɦɟɪɵ 
ɨɤɧɚ 100×50 ɦɤɦ ɨɛɟɫɩɟɱɢɜɚɸɬ ɩɨɫɬɨяɧɫɬɜɨ ɞɨɥɢ ɜɵɯɨɞяɳɟɝɨ ɢɡ ɨɤɧɚ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя 
ɜɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɬɨɤɨɜ ɧɚɤɚɱɤɢ. В ɬɚɤɨɣ ɝɟɨɦɟɬɪɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɭɞɚɟɬɫя ɫɧɢɡɢɬɶ ɞɨɥɸ ɫɬɢ-
ɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɢ ɪɟɝɢɫɬɪɚɰɢɢ ɫɩɨɧɬɚɧɧɨɣ ɫɨɫɬɚɜɥяɸɳɟɣ ɢɡɥɭɱɟɧɢя ɚɤɬɢɜɧɨɣ 
ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ. Дɥя ɢɫɫɥɟɞɨɜɚɧɢɣ ɷɥɟɤɬɪɨɥɸɦɢɧɟɫɰɟɧɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɢɫɩɨɥɶɡɨɜɚɧ ɛɥɨɤ ɧɚɤɚɱɤɢ ɬɨɤɨɜɵɦɢ ɢɦɩɭɥɶɫɚɦɢ ɫ ɢɡɦɟɧяɟɦɨɣ ɚɦɩɥɢ-
ɬɭɞɨɣ ɞɨ 200 А, ɞɥɢɬɟɥɶɧɨɫɬɶɸ 100 ɧɫ, ɱɚɫɬɨɬɨɣ 1ɤȽɰ. Иɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɜɟɞɟɧɨ ɜ ɞɢɚɩɚɡɨɧɟ 
ɚɦɩɥɢɬɭɞ ɬɨɤɨɜ, ɩɪɢ ɤɨɬɨɪɵɯ ɧɚɛɥɸɞɚɟɬɫя ɧɚɫɵɳɟɧɢɟ ВɬАХ ɥɚɡɟɪɚ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɢ 
ɦɚɥɚ ɜɟɪɨяɬɧɨɫɬɶ ɞɟɝɪɚɞɚɰɢɢ ɨɛɪɚɡɰɨɜ. 

Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɢɡ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɫ ɭɜɟɥɢɱɟ-
ɧɢɟɦ ɢɦɩɭɥɶɫɧɨɝɨ ɬɨɤɚ ɧɚɤɚɱɤɢ ɪɚɫɬɟɬ ɡɚ ɩɨɪɨɝɨɦ ɝɟɧɟɪɚɰɢɢ. Эɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɪɨɫɬɨɦ ɤɨɧɰɟɧ-
ɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ, ɜɵɡɜɚɧɧɵɦ ɭɜɟɥɢɱɟɧɢɟɦ ɦɨɞɚɥɶɧɨɝɨ ɭɫɢɥɟɧɢя 
ɞɥя ɤɨɦɩɟɧɫɚɰɢɢ ɜɨɡɪɚɫɬɚɸɳɢɯ ɫ ɬɨɤɨɦ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɪɨɫɬ 
ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɭɪɨɜɧя ɢɦɩɭɥɶɫɧɨɣ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ — ɨɞɧɚ ɢɡ 
ɨɫɧɨɜɧɵɯ ɩɪɢɱɢɧ ɧɚɫɵɳɟɧɢя ВɬАХ ɦɨɳɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ. 

Иɫɫɥɟɞɨɜɚɧɢɟ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɬɚɤɠɟ ɩɪɨɜɨɞɢɥɨɫɶ ɫ ɰɟɥɶɸ ɨɛɧɚɪɭɠɢɬɶ ɩɪɨɰɟɫɫ 
ɞɟɥɨɤɚɥɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢɡ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɜ ɜɨɥɧɨɜɨɞɧɵɟ ɫɥɨɢ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɚɦ-
ɩɥɢɬɭɞɵ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ. Дɥя ɷɬɨɝɨ ɢɡɭɱɟɧɨ ɩɨɜɟɞɟɧɢɟ ɥɢɧɢɢ, ɨɬɜɟɱɚɸɳɟɣ ɪɟɤɨɦɛɢɧɚɰɢɢ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɭɪɨɜɧɟɣ ɜɨɥɧɨɜɨɞɚ, ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɨɤɚ ɧɚɤɚɱɤɢ. Уɫɬɚɧɨɜ-
ɥɟɧɨ, ɱɬɨ яɜɥɟɧɢɟ ɞɟɥɨɤɚɥɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɦ ɥɚɡɟɪɟ ɩɪɢ ɜɵɫɨɤɢɯ 
ɭɪɨɜɧяɯ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɝɟɧɟɪɚɰɢɢ ɨɛɭɫɥɨɜɥɟɧɨ ɜ ɨɫɧɨɜɧɨɦ ɜɵɛɪɨɫɨɦ ɜ 
ɜɨɥɧɨɜɨɞ ɷɥɟɤɬɪɨɧɨɜ, ɚ ɧɟ ɞɵɪɨɤ. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɨɩɪɟɞɟɥɟɧɨ ɞɜɚ ɫɩɨɫɨɛɚ ɩɨɞɚɜɥɟɧɢя ɩɪɨ-
ɰɟɫɫɚ ɞɟɥɨɤɚɥɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɥɚɡɟɪɚɯ, ɪɚɛɨɬɚɸɳɢɯ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɜ ɫɩɟɤ-
ɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ 0.9—1.1 ɦɤɦ: ɭɜɟɥɢɱɟɧɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɝɥɭɛɢɧɵ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɡɚ 
ɫɱɟɬ ɭɜɟɥɢɱɟɧɢя ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɜɨɥɧɨɜɨɞɚ ɢ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜɨɥɧɨɜɨɞɚ ɫɥɨɠɧɨɣ 
ɤɨɧɫɬɪɭɤɰɢɢ, ɫɨɞɟɪɠɚɳɟɣ ɩɨɬɟɧɰɢɚɥɶɧɵɣ ɷɧɟɪɝɟɬɢɱɟɫɤɢɣ ɛɚɪɶɟɪ ɞɥя ɷɥɟɤɬɪɨɧɨɜ ɜ p-ɨɛɥɚɫɬɢ. 
ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɧɚɣɞɟɧɧɵɟ ɪɟɲɟɧɢя ɩɨ ɩɨɞɚɜɥɟɧɢɸ ɩɪɨɰɟɫɫɚ ɞɟɥɨɤɚɥɢɡɚɰɢɢ ɩɪɢɜɨ-
ɞяɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɜɧɭɬɪɟɧɧɟɝɨ ɤɜɚɧɬɨɜɨɝɨ ɜɵɯɨɞɚ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɫ ɨɞɧɨɜɪɟɦɟɧ-
ɧɵɦ ɧɟɤɨɬɨɪɵɦ ɩɨɜɵɲɟɧɢɟɦ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ. 

2. Иɫɫɥɟɞɨваɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬа ɩɨɝɥɨщɟɧɢɹ в ɫɥɨɹх ɝɟɬɟɪɨɫɬɪɭɤɬɭɪы ɩɨɥɭɩɪɨвɨɞ-

ɧɢɤɨвɨɝɨ ɥаɡɟɪа 
Дɥя ɨɩɪɟɞɟɥɟɧɢя ɬɟɦɩɨɜ ɪɨɫɬɚ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɬɨɤɨɜ 

ɧɚɤɚɱɤɢ ɪɚɡɪɚɛɨɬɚɧɚ ɢ ɢɫɩɨɥɶɡɨɜɚɧɚ ɦɟɬɨɞɢɤɚ ɢɫɫɥɟɞɨɜɚɧɢя ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя ɜ 
ɪɚɛɨɬɚɸɳɟɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɦ ɥɚɡɟɪɟ ɡɨɧɞɢɪɭɸɳɢɦ ɛɨɥɟɟ ɞɥɢɧɧɨɜɨɥɧɨɜɵɦ ɢɡɥɭɱɟɧɢɟɦ 
ɞɪɭɝɨɝɨ ɥɚɡɟɪɚ. Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɜ ɫɥɨяɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ɡɨɧɞɢ-
ɪɭɸɳɟɟ ɢɡɥɭɱɟɧɢɟ ɢɫɩɵɬɵɜɚɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɨɟ ɩɨɝɥɨɳɟɧɢɟ ɫ ɪɨɫɬɨɦ ɭɪɨɜɧя ɢɦɩɭɥɶɫɧɨɣ ɬɨɤɨ-
ɜɨɣ ɧɚɤɚɱɤɢ. Ɋɨɫɬ ɩɨɝɥɨɳɟɧɢя ɜ ɧɟɩɪɨɤɚɱɢɜɚɟɦɨɣ ɱɚɫɬɢ ɤɪɢɫɬɚɥɥɚ ɩɪɟɧɟɛɪɟɠɢɦɨ ɦɚɥ ɢ, ɜɟɪɨ-
яɬɧɨ, ɨɛɴяɫɧяɟɬɫя ɪɚɫɬɟɤɚɧɢɟɦ ɬɨɤɚ ɢ ɱɚɫɬɢɱɧɵɦ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟɦ ɡɨɧɞɢɪɭɸɳɟɝɨ ɢɡɥɭɱɟɧɢя ɜ 
ɩɪɨɤɚɱɢɜɚɟɦɨɣ ɨɛɥɚɫɬɢ. Ɉɛɧɚɪɭɠɟɧɧɵɣ ɪɟɡɤɢɣ ɪɨɫɬ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя ɩɪɢ ɧɢɡɤɨɦ 
ɬɨɤɟ ɧɚɤɚɱɤɢ (<2 А (0.4 ɤА/ɫɦ2)), ɜɟɪɨяɬɧɟɟ ɜɫɟɝɨ, ɫɜяɡɚɧ ɫ ɪɨɫɬɨɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ 
ɡɚɪяɞɚ ɜ ɤɜɚɧɬɨɜɵɯ яɦɚɯ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. ɉɨɫɥɟ ɞɨɫɬɢɠɟɧɢя ɩɨɪɨɝɚ ɥɚɡɟɪɧɨɣ ɝɟɧɟɪɚɰɢɢ ɤɨɧ-
ɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɤɜɚɧɬɨɜɵɯ яɦɚɯ ɩɨɱɬɢ ɧɟ ɢɡɦɟɧяɟɬɫя, ɢ ɪɨɫɬ ɩɨɝɥɨɳɟɧɢя ɧɚ ɫɜɨ-
ɛɨɞɧɵɯ ɧɨɫɢɬɟɥяɯ ɡɚɪяɞɚ ɡɚɦɟɞɥяɟɬɫя. Дɚɥɟɟ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɬɨɤɚ ɧɚɤɚɱɤɢ ɨɛɧɚɪɭɠɟɧ ɩɪɚɤɬɢɱɟ-
ɫɤɢ ɥɢɧɟɣɧɵɣ ɪɨɫɬ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя, ɤɨɬɨɪɵɣ ɩɨ ɜɟɥɢɱɢɧɟ ɢ ɯɚɪɚɤɬɟɪɭ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
ɪɨɫɬɭ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ ɫ ɩɨɜɵɲɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɧɚɤɚɱɤɢ, ɨ ɤɨɬɨɪɨɦ ɫɨɨɛ-
ɳɚɥɨɫɶ ɜɵɲɟ. ɉɪɢɦɟɧɟɧɢɟ ɷɬɨɣ ɦɟɬɨɞɢɤɢ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɡɜɨɥɢɥɨ ɨɩɪɟɞɟɥɢɬɶ ɤɚɤ ɨɞɢɧ ɢɡ 
ɧɚɢɛɨɥɟɟ ɜɟɪɨяɬɧɵɯ ɦɟɯɚɧɢɡɦɨɜ ɪɨɫɬɚ ɜɧɭɬɪɟɧɧɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ — ɦɟɯɚɧɢɡɦ, ɫɜяɡɚɧɧɵɣ 
ɫ ɪɨɫɬɨɦ ɩɨɝɥɨɳɟɧɢя ɧɚ ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥяɯ ɡɚɪяɞɚ ɜ ɫɥɨяɯ ɥɚɡɟɪɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɩɪɢ 
ɭɜɟɥɢɱɟɧɢɢ ɭɪɨɜɧя ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ. ɉɪɟɞɥɨɠɟɧɧɚя ɦɟɬɨɞɢɤɚ ɩɨɡɜɨɥяɟɬ ɜ ɱɚɫɬɧɨɫɬɢ ɨɩɪɟɞɟ-
ɥяɬɶ ɢɡɦɟɧɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя ɧɚ ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥяɯ ɡɚɪяɞɚ ɜ ɤɜɚɧɬɨɜɵɯ яɦɚɯ 
ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɨɤɚɯ ɧɚɤɚɱɤɢ ɜɛɥɢɡɢ ɩɨɪɨɝɚ ɥɚɡɟɪɧɨɣ ɝɟɧɟɪɚɰɢɢ, ɱɬɨ ɦɨɠɟɬ ɛɵɬɶ ɨɱɟɧɶ ɩɨɥɟɡ-
ɧɨ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɥɚɡɟɪɨɜ ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɪɚɡɥɢɱɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ. 
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3. Вɥɢɹɧɢɟ ɩаɪаɦɟɬɪɨв ɥаɡɟɪɧɨɝɨ ɪɟɡɨɧаɬɨɪа ɧа ɧаɫыщɟɧɢɟ ваɬɬ-аɦɩɟɪɧых хаɪаɤ-

ɬɟɪɢɫɬɢɤ ɥаɡɟɪɨв в ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ 
Иɫɫɥɟɞɨɜɚɧɵ ВɬАХ ɥɚɡɟɪɨɜ ɫ ɪɚɡɥɢɱɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɪɟɡɨɧɚɬɨɪɚ. ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚ-

ɧɨ, ɱɬɨ ɜ ɦɨɳɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɤ ɭɜɟɥɢɱɟɧɢɸ ɥɢɧɟɣɧɨɫɬɢ ВɬАХ ɩɪɢɜɨɞяɬ ɭɜɟ-
ɥɢɱɟɧɢɟ ɲɢɪɢɧɵ ɩɨɥɨɫɤɚ, ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɨɛɨɢɯ ɩɪɨɫɜɟɬɥɟɧɧɵɯ ɡɟɪɤɚɥ ɪɟɡɨɧɚɬɨɪɚ, ɡɧɚɱɢɬɟɥɶ-
ɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɩɪɨɫɜɟɬɥɟɧɢя ɜɵɯɨɞɧɨɝɨ ɡɟɪɤɚɥɚ ɫɬɚɧɞɚɪɬɧɨɝɨ ɥɚɡɟɪɚ. Иɡɦɟɧɟɧɢɟ ɞɥɢɧɵ ɥɚɡɟɪ-
ɧɨɝɨ ɪɟɡɨɧɚɬɨɪɚ ɜ ɨɩɪɟɞɟɥɟɧɧɨɦ ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ (2—5 ɦɦ) ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɨɤɚɡɵɜɚɟɬ ɜɥɢяɧɢя 
ɢɥɢ ɫɥɚɛɨ ɜɥɢяɟɬ ɧɚ ɦɨɳɧɨɫɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɡɟɪɚ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ. ɉɨɫɬɪɨɟɧɚ 
ɤɨɦɩɶɸɬɟɪɧɚя ɩɪɨɝɪɚɦɦɚ ɪɚɫɱɟɬɚ ɪɚɫɩɪɟɞɟɥɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɣ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢ ɮɨɬɨɧɨɜ 
ɜɞɨɥɶ ɪɟɡɨɧɚɬɨɪɚ, ɚ ɬɚɤɠɟ ɜɵɯɨɞɧɨɣ ɨɩɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɨɦ ɬɨɤɟ (ɢɥɢ ɩɥɨɬ-
ɧɨɫɬɢ ɬɨɤɚ) ɧɚɤɚɱɤɢ. Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɜɵɠɢɝɚɧɢɟ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫɬɢɦɭɥɢɪɨɜɚɧɧɵɦ ɢɡɥɭɱɟ-
ɧɢɟɦ ɧɟ яɜɥяɟɬɫя ɨɫɧɨɜɧɨɣ ɩɪɢɱɢɧɨɣ ɧɚɫɵɳɟɧɢя ВɬАХ ɥɚɡɟɪɨɜ, ɨɞɧɚɤɨ ɷɬɨɬ ɷɮɮɟɤɬ ɞɨɥɠɟɧ 
ɭɱɢɬɵɜɚɬɶɫя ɩɪɢ ɪɚɫɱɟɬɟ, ɩɨɫɤɨɥɶɤɭ ɨɤɚɡɵɜɚɟɬ ɜɥɢяɧɢɟ ɧɚ ɟɝɨ ɪɟɡɭɥɶɬɚɬɵ, ɨɫɨɛɟɧɧɨ ɜ ɫɥɭɱɚɟ 
ɥɚɡɟɪɨɜ ɫ ɫɢɥɶɧɨ ɧɟɪɚɜɧɨɦɟɪɧɵɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɮɨɬɨɧɨɜ ɜɞɨɥɶ ɪɟɡɨɧɚɬɨɪɚ.  

Ʌɢɬɟɪаɬɭɪа  
1. X. Wang, P. Crump, H. Wenzel, A. Liero, T. Hoffmann, A. Pietrzak, C. M. Schultz, A. Klehr, A. Gi-

nolas, S. Einfeldt, F. Bugge, G. Erbert, G. Tränkle. IEEE J. Quantum Electron. 2010. V.46(5). P. 658. 
2. Д. А. Вɢɧɨɤɭɪɨɜ, В. А. Кɚɩɢɬɨɧɨɜ, А. В. Ʌɸɬɟɰɤɢɣ, ɇ. А. ɉɢɯɬɢɧ, ɋ. Ɉ. ɋɥɢɩɱɟɧɤɨ, З. ɇ. ɋɨ-

ɤɨɥɨɜɚ, А. Ʌ. ɋɬɚɧɤɟɜɢɱ, Ɇ. А. Хɨɦɵɥɟɜ, В. В. Шɚɦɚɯɨɜ, К. ɋ. Ȼɨɪɳɟɜ, И. ɇ. Аɪɫɟɧɬɶɟɜ,  
И. ɋ. Ɍɚɪɚɫɨɜ. ФɌɉ. 2007. T. 41(8). C. 1003. 

3. Д. Ɋ. Ɇɢɮɬɚɯɭɬɞɢɧɨɜ, И. В. Аɤɢɦɨɜɚ, А. ɉ. Ȼɨɝɚɬɨɜ, Ɍ. И. Ƚɭɳɢɤ, А. ȿ. Дɪɚɤɢɧ, ɇ. В. Дɶяɱɤɨɜ,  
В. В. ɉɨɩɨɜɢɱɟɜ, А. ɉ. ɇɟɤɪɚɫɨɜ. Кɜɚɧɬ. ɷɥɟɤɬɪɨɧ. 2008. T. 38(11). C. 993. 

4. ɋ. Ɉ. ɋɥɢɩɱɟɧɤɨ, З. ɇ. ɋɨɤɨɥɨɜɚ, ɇ. А. ɉɢɯɬɢɧ, К. ɋ. Ȼɨɪɳɟɜ, Д. А. Вɢɧɨɤɭɪɨɜ, И. ɋ. Ɍɚɪɚɫɨɜ. 
ФɌɉ. 2006. T. 40(8). C. 1017. 

5. H. Wenzel, P. Crump, A. Pietrzak, C. Roder, X. Wang, G. Erbert. Opt. Quantum Electron. 2010.  
V. 41. P. 645. 

6. B. S. Ryvkin, E. A. Avrutin. J. Appl. Phys. 2005. V. 97. P. 123103; 2011. V. 109. P. 043101. 
7. ɋ. Ɉ. ɋɥɢɩɱɟɧɤɨ, А. А. ɉɨɞɨɫɤɢɧ, И. ɋ. Шɚɲɤɢɧ, В. В. Зɨɥɨɬɚɪɟɜ, ɇ. А. ɉɢɯɬɢɧ, И. ɋ. Ɍɚɪɚɫɨɜ. 

ФɌɉ. 2014. T. 48(5). C. 705. 
8. З. ɇ. ɋɨɤɨɥɨɜɚ, И. ɋ. Ɍɚɪɚɫɨɜ, Ʌ. В. Аɫɪяɧ. ФɌɉ. 2011. T. 45(11). C. 1553. 
9. ɉ. В. Ȼɭɥɚɟɜ, В. А. Кɚɩɢɬɨɧɨɜ, А. В. Ʌɸɬɟɰɤɢɣ, А. А. Ɇɚɪɦɚɥɸɤ, Д. Ȼ. ɇɢɤɢɬɢɧ,  

Д. ɇ. ɇɢɤɨɥɚɟɜ, А. А. ɉɚɞɚɥɢɰɚ, ɇ. А. ɉɢɯɬɢɧ, А. Д. Ȼɨɧɞɚɪɟɜ, И. Д. Зɚɥɟɜɫɤɢɣ, И. ɋ. Ɍɚɪɚɫɨɜ. 
ФɌɉ. 2012. Ɍ. 36(9). C. 1144. 

10. ɋ. Ɉ. ɋɥɢɩɱɟɧɤɨ, Д. А. Вɢɧɨɤɭɪɨɜ, А. В. Ʌɸɬɟɰɤɢɣ, ɇ. А. ɉɢɯɬɢɧ, А. Ʌ. ɋɬɚɧɤɟɜɢɱ,  
ɇ. В. Фɟɬɢɫɨɜɚ, А. Д. Ȼɨɧɞɚɪɟɜ, И. ɋ. Ɍɚɪɚɫɨɜ. ФɌɉ. 2009. Ɍ. 43(10). ɋ. 1409. 

11. ɋ. Ɉ. ɋɥɢɩɱɟɧɤɨ, А. А. ɉɨɞɨɫɤɢɧ, Д. А. Вɢɧɨɤɭɪɨɜ, А. Ʌ. ɋɬɚɧɤɟɜɢɱ, А. Ю. Ʌɟɲɤɨ,  
ɇ. А. ɉɢɯɬɢɧ, В. В. Зɚɛɪɨɞɫɤɢɣ, И.ɋ. Ɍɚɪɚɫɨɜ. ФɌɉ. 2011. Ɍ. 45(10). ɋ. 1431. 

 

Internal Optical Loss in Pulsed Semiconductor Lasers Based on  
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Temperature and current dependencies of internal optical loss in high power semiconductor lasers based 
on AlGaAs/InGaAs/GaAs separate confinement quantum well double heterostructure have been investigated. 
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Mesastripe 100-m aperture lasers emitting in 900—1100 nm range have been investigated in wide range of 
100ns-pulsed drive currents and temperatures (0—140 ɋ). A technique of an absorption coefficient study in 
laser heterostructure layers under pulsed current excitation of semiconductor lasers has been developed. It has 
been established, that an increase of internal optical loss on free carriers with pulse pump current rise is one of 
the dominant causes of high power laser diodes light-current characteristic saturation. The dependence of 
Fabry—Perot resonator parameters on internal optical loss has been studied. An option of optimal correlation of 
internal and external optical losses changing of Fabry—Perot resonator parameters has been shown. 

Keywords: laser heterostructure, semiconductor laser, internal optical loss, optical output power. 
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Мɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢɹ ɫɤɨɪɨɫɬɢ ɡахваɬа ɧɨɫɢɬɟɥɟɣ ɡаɪɹɞа  
в ɤваɧɬɨвɭю ɹɦɭ в ɩɨɥɭɩɪɨвɨɞɧɢɤɨвɨɦ ɥаɡɟɪɟ 
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Вɩɟɪɜɵɟ ɩɪɟɞɥɨɠɟɧ ɩɪɨɫɬɨɣ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢя ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢɡ ɬɪɟɯɦɟɪɧɨɣ 
ɨɛɥɚɫɬɢ ɜ ɞɜɭɦɟɪɧɭɸ (ɤɜɚɧɬɨɜɭɸ яɦɭ), ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɢɡɦɟɪɟɧɢɢ ɩɥɨɬɧɨɫɬɢ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɢ ɜɧɭɬɪɟɧ-
ɧɟɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɦ ɥɚɡɟɪɟ. Кɪɨɦɟ ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ 
ɦɟɬɨɞ ɩɨɡɜɨɥяɟɬ ɨɩɪɟɞɟɥɢɬɶ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɨɫɢɬɟɥɟɣ ɜ ɤɜɚɧɬɨɜɨɣ яɦɟ. ɉɪɨɫɬɨɬɚ ɦɟɬɨɞɚ ɡɚɤɥɸɱɚɟɬɫя ɜ 
ɬɨɦ, ɱɬɨ ɩɥɨɬɧɨɫɬɶ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɢ ɜɧɭɬɪɟɧɧяя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɚя ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ яɜɥяɸɬɫя 
ɨɫɧɨɜɧɵɦɢ ɢɡɦɟɪяɟɦɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ. 

Кɥючɟвыɟ ɫɥɨва: ɫɤɨɪɨɫɬɶ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɤɜɚɧɬɨɜɚя яɦɚ, ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ. 

Ввɟɞɟɧɢɟ 
Ɉɞɧɚ ɢɡ ɜɚɠɧɟɣɲɢɯ ɡɚɞɚɱ ɞɥя ɪɚɡɪɚɛɨɬɱɢɤɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɫ ɧɚɧɨɪɚɡɦɟɪ-

ɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ — ɩɨɜɵɲɟɧɢɟ ɦɨɳɧɨɫɬɢ ɜɵɯɨɞɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя. Дɥя ɞɨɫ-
ɬɢɠɟɧɢя ɛɨɥɶɲɢɯ ɦɨɳɧɨɫɬɟɣ ɜɚɬɬ-ɚɦɩɟɪɧɚя ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ (ВɬАХ) ɥɚɡɟɪɚ ɞɨɥɠɧɚ ɨɫɬɚɜɚɬɶɫя 
ɛɥɢɡɤɨɣ ɤ ɥɢɧɟɣɧɨɣ ɩɪɢ ɜɵɫɨɤɢɯ ɭɪɨɜɧяɯ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɢ. Ɉɞɧɚɤɨ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚ-
ɡɟɪɚɯ ɧɚ ɨɫɧɨɜɟ ɞɜɨɣɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɪɚɡɞɟɥɶɧɨɝɨ ɨɝɪɚɧɢɱɟɧɢя ɫ ɧɢɡɤɨɪɚɡɦɟɪɧɨɣ ɚɤɬɢɜɧɨɣ 
ɨɛɥɚɫɬɶɸ ɢɦɟɟɬ ɦɟɫɬɨ ɧɚɫɵɳɟɧɢɟ (ɫɭɛɥɢɧɟɣɧɨɫɬɶ) ВɬАХ ɩɪɢ ɛɨɥɶɲɢɯ ɭɪɨɜɧяɯ ɬɨɤɨɜɨɣ ɧɚɤɚɱ-
ɤɢ. ɇɚɫɵɳɟɧɢɟ ВɬАХ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɦɨɠɟɬ ɛɵɬɶ ɨɛɭɫɥɨɜɥɟɧɨ ɪɚɡɥɢɱɧɵɦɢ ɮɚɤ-
ɬɨɪɚɦɢ (ɫɦ., ɧɚɩɪɢɦɟɪ, [1—12]). Кɚɤ ɩɨɤɚɡɚɧɨ ɬɟɨɪɟɬɢɱɟɫɤɢ ɜ [7—12], ɨɞɢɧ ɢɡ ɨɫɧɨɜɧɵɯ ɮɚɤ-
ɬɨɪɨɜ, ɜɥɢяɸɳɢɯ ɧɚ ɪɚɛɨɱɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ, — ɡɚɦɟɞɥɟɧɧɵɣ ɡɚ-
ɯɜɚɬ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢɡ ɜɨɥɧɨɜɨɞɧɨɣ ɨɛɥɚɫɬɢ ɜ ɧɢɡɤɨɪɚɡɦɟɪɧɭɸ ɚɤɬɢɜɧɭɸ ɨɛɥɚɫɬɶ. В ɫɥɭɱɚɟ 
ɥɚɡɟɪɨɜ ɫ ɤɜɚɧɬɨɜɵɦɢ яɦɚɦɢ (Кə) ɨɫɧɨɜɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ɜ ɪɚɛɨɬɚɯ [7—12] яɜɥяɥɚɫɶ ɫɤɨɪɨɫɬɶ 
ɡɚɯɜɚɬɚ (capture velocity) ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɤɜɚɧɬɨɜɭɸ яɦɭ (vcapt, 0). ɋɤɨɪɨɫɬɶ ɡɚɯɜɚɬɚ — ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɚ Кə, ɢ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɡɚɜɢɫɢɬ ɨɬ ɟɟ ɝɥɭɛɢɧɵ (ɬ. ɟ. ɨɬ ɫɨɫɬɚɜɚ ɦɚɬɟɪɢɚɥɨɜ Кə ɢ ɨɤɪɭ-
ɠɚɸɳɢɯ ɟɟ ɫɥɨɟɜ) ɢ ɲɢɪɢɧɵ. ɋɤɨɪɨɫɬɶ ɡɚɯɜɚɬɚ ɬɟɨɪɟɬɢɱɟɫɤɢ ɨɰɟɧɢɜɚɥɚɫɶ ɜ ɪɚɛɨɬɚɯ [13—18]. 
Ɉɞɧɚɤɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɫɤɨɪɨɫɬɶ ɡɚɯɜɚɬɚ ɜ Кə, ɧɚɫɤɨɥɶɤɨ ɧɚɦ ɢɡɜɟɫɬɧɨ, ɞɨ ɫɢɯ ɩɨɪ ɧɟ ɨɩɪɟ-
ɞɟɥяɥɚɫɶ.  

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫя ɩɪɨɫɬɨɣ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢя ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ 
ɡɚɪяɞɚ ɜ Кə, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɢɡɦɟɪɟɧɢɢ ɩɥɨɬɧɨɫɬɢ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ (jth) ɢ ɜɧɭɬɪɟɧɧɟɣ ɞɢɮɮɟ-
ɪɟɧɰɢɚɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɧɚ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ (int, th) ɚ ɬɚɤɠɟ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ [7—12]. 

2. Эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɥаɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪы 

Иɫɫɥɟɞɨɜɚɧɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚя ɥɚɡɟɪɧɚя ɫɬɪɭɤɬɭɪɚ c ɨɞɧɨɣ Кə ɢɡ ɧɚɩɪяɠɟɧɧɨɝɨ ɬɜɟɪɞɨ-
ɝɨ ɪɚɫɬɜɨɪɚ InGaAs ɜ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɢ ɫ ɪɚɫɲɢɪɟɧɧɵɦ ɜɨɥɧɨɜɨɞɨɦ ɢɡ GaAs (ɪɢɫ. 1). 
ɋɬɪɭɤɬɭɪɚ ɜɵɪɚɳɟɧɚ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ [19]. ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɬɚɧɞɚɪɬɧɨɣ 
ɦɟɬɨɞɢɤɢ ɩɨɫɬɪɨɫɬɨɜɵɯ ɨɩɟɪɚɰɢɣ [20] ɢɡ ɫɬɪɭɤɬɭɪɵ ɢɡɝɨɬɨɜɥɟɧ ɥɚɡɟɪ ɦɟɡɚɩɨɥɨɫɤɨɜɨɣ ɤɨɧɫɬ-
ɪɭɤɰɢɢ ɫ ɲɢɪɢɧɨɣ ɩɨɥɨɫɤɚ 100 ɦɤɦ ɢ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ Фɚɛɪɢ—ɉɟɪɨ 2.5 ɦɦ. 

Дɥя ɷɬɨɝɨ ɥɚɡɟɪɚ ɢɡɦɟɪɟɧ ɫɩɟɤɬɪ ɢɡɥɭɱɟɧɢя ɢ ɨɩɪɟɞɟɥɟɧɚ ɞɥɢɧɚ ɜɨɥɧɵ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟ-
ɧɢя  (ɞɥɢɧɚ ɜɨɥɧɵ ɜ ɦɚɤɫɢɦɭɦɟ ɫɩɟɤɬɪɚ) (ɬɚɛɥ. 1). Зɚɬɟɦ ɢɡɦɟɪɟɧɚ ВɬАХ ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟ-
ɠɢɦɟ, ɢɡ ɤɨɬɨɪɨɣ ɨɩɪɟɞɟɥɟɧɵ ɩɥɨɬɧɨɫɬɶ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ jth ɢ ɩɨ ɢɡɜɟɫɬɧɨɣ ɦɟɬɨɞɢɤɟ [21] ɜɧɭɬ-
ɪɟɧɧяя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɚя ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ int, th ɧɚ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ (ɬɚɛɥ. 1).  
Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɡɧɚɱɟɧɢя jth ɢ int, th ɞɚɥɟɟ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɥя ɪɚɫɱɟɬɚ ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ ɧɨɫɢ-
ɬɟɥɟɣ ɜ Кə. 
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Ɋɢɫ. 1. ɋɯɟɦɚɬɢɱɟɫɤɚя ɡɨɧɧɚя ɷɧɟɪɝɟɬɢɱɟɫɤɚя ɞɢɚɝɪɚɦɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ  
ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ; z — ɤɨɨɪɞɢɧɚɬɚ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢя ɪɨɫɬɚ ɫɬɪɭɤɬɭɪɵ. 

 
Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ 

 

ɋɨɫɬɚɜ ɜɨɥ-
ɧɨɜɨɞɚ 

ɋɨɫɬɚɜ ɧɚɩɪяɠɟɧ-
ɧɨɣ Кə 

Ɍɨɥɳɢɧɚ Кə  jth
 int, th 

GaAs In0.309Ga0.691As 75 Å 1.063 ɦɤɦ 117 А/ɫɦ2 0.93 

3. Оɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɡахваɬа ɧɨɫɢɬɟɥɟɣ ɡаɪɹɞа в ɤваɧɬɨвɭю ɹɦɭ 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɨɥɳɢɧɵ Кə ɢ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя  ɫ ɩɨɦɨɳɶɸ [22] ɨɩɪɟɞɟɥɟɧɵ 
ɫɨɫɬɚɜ ɧɚɩɪяɠɟɧɧɨɝɨ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ InGaAs Кə (ɬɚɛɥ. 1), ɷɮɮɟɤɬɢɜɧɵɟ ɦɚɫɫɵ ɷɥɟɤɬɪɨɧɨɜ  
ɢ ɞɵɪɨɤ ɜ ɬɜɟɪɞɨɦ ɪɚɫɬɜɨɪɟ, ɚ ɬɚɤɠɟ ɪɚɡɪɵɜɵ ɤɪɚɟɜ ɡɨɧɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ΔEc ɢ ɜɚɥɟɧɬɧɨɣ ɡɨɧɵ 
ΔEv ɧɚ ɝɟɬɟɪɨɝɪɚɧɢɰɟ Кə—ɜɨɥɧɨɜɨɞ. Иɫɯɨɞя ɢɡ ɷɬɢɯ ɜɟɥɢɱɢɧ, ɪɚɫɫɱɢɬɚɧɵ ɷɧɟɪɝɢɢ ɤɪɚёɜ ɩɨɞ-
ɡɨɧ ɪɚɡɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢя ɜ ɡɨɧɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɜɚɥɟɧɬɧɨɣ ɡɨɧɟ Кə. 

ɋɤɨɪɨɫɬɶ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɜ ɩɭɫɬɭɸ ɨɞɢɧɨɱɧɭɸ Кə vcapt, 0 ɦɨɠɟɬ ɛɵɬɶ ɧɚɣɞɟɧɚ ɫ ɩɨɦɨ-
ɳɶɸ ɫɢɫɬɟɦɵ ɭɪɚɜɧɟɧɢɣ ɞɥя ɩɥɨɬɧɨɫɬɢ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ jth ɢ ɜɧɭɬɪɟɧɧɟɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ 
ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ int, th ɧɚ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ [8, 9]: 
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Зɞɟɫɶ ɩɥɨɬɧɨɫɬɶ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɜ Кə 
QW QW 2

2Dth ( )j eB n ,                            (3) 

ɩɥɨɬɧɨɫɬɶ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɜ ɜɨɥɧɨɜɨɞɟ (ɬ. ɟ. ɜ ɫɥɨɟ ɨɩɬɢɱɟɫɤɨɝɨ ɨɝɪɚɧɢɱɟɧɢя (optical confine-
ment layer (OCL)) 

OCL OCL 2
th 3D th( )j ebB n ,                             (4) 

e — ɡɚɪяɞ ɷɥɟɤɬɪɨɧɚ; b — ɲɢɪɢɧɚ ɜɨɥɧɨɜɨɞɚ (ɜ ɧɚɲɢɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɫɬɪɭɤɬɭɪɚɯ 1.7 ɦɤɦ); 
B2D ɢ B3D — ɤɨɷɮɮɢɰɢɟɧɬɵ ɫɩɨɧɬɚɧɧɨɣ ɢɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ ɜ ɞɜɭɦɟɪɧɨɣ ɢ ɨɛɴёɦɧɨɣ 
ɨɛɥɚɫɬяɯ (Кə ɢ ɜɨɥɧɨɜɨɞɟ), ɜɵɱɢɫɥɟɧɧɵɟ ɫɨɝɥɚɫɧɨ ɮɨɪɦɭɥɚɦ ɢɡ [23, 24] (ɞɥя ɢɫɫɥɟɞɭɟɦɨɣ ɷɤɫ-
ɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ B2D = 2.45  10–4 ɫɦ2/ɫ, B3D = 2.04  10–10 ɫɦ3/ɫ); nQW ɢ OCL

thn  — ɤɨɧ-

ɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɜ Кə ɢ ɜɨɥɧɨɜɨɞɟ ɧɚ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ. 

Ɉɛɴɟɦɧɚя ɤɨɧɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɜ ɜɨɥɧɨɜɨɞɟ ɧɚ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ OCL
thn  ɦɨɠɟɬ ɛɵɬɶ 

ɜɵɪɚɠɟɧɚ ɱɟɪɟɡ ɞɜɭɦɟɪɧɭɸ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɨɫɢɬɟɥɟɣ ɜ Кə nQW [11]: 
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QW
n — ɷɧɟɪɝɢя ɤɪɚя ɩɨɞɡɨɧɵ ɪɚɡɦɟɪɧɨɝɨ ɤɜɚɧɬɨɜɚɧɢя ɧɨɫɢɬɟɥɟɣ ɜ Кə; T — ɬɟɦɩɟɪɚɬɭɪɚ ɜ 
ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɟɞɢɧɢɰɚɯ. В ɧɚɲɟɣ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɫɬɪɭɤɬɭɪɟ ɝɥɭɛɢɧɚ Кə ɞɥя ɧɨɫɢɬɟɥɟɣ 

ΔEc ɫɨɫɬɚɜɢɥɚ 182.3 ɦɷВ, ɷɧɟɪɝɢя ɚɤɬɢɜɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɢɡ Кə ΔEc – QW
n  = 135.3 ɦɷВ. 

Ɉɛɴɟɦɧɚя ɷɮɮɟɤɬɢɜɧɚя ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨяɧɢɣ ɜ ɜɨɥɧɨɜɨɞɟ ɢ ɞɜɭɦɟɪɧɚя ɷɮɮɟɤɬɢɜɧɚя 
ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨяɧɢɣ ɜ Кə ɡɚɞɚɸɬɫя ɜɵɪɚɠɟɧɢяɦɢ: 
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ɉɥɨɬɧɨɫɬɶ ɬɨɤɚ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɢɡ ɜɨɥɧɨɜɨɞɚ ɜ ɤɜɚɧɬɨɜɭɸ яɦɭ ɧɚ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ [8, 9]: 
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ɉɪɢ ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɷɤɫɩɟɪɢɦɟɧɬɚ ɡɧɚɱɟɧɢяɯ jth ɢ int, th (ɫɦ. ɬɚɛɥ. 1), ɭɪɚɜɧɟɧɢя (1) ɢ (2) 
ɩɪɟɞɫɬɚɜɥяɸɬ ɫɨɛɨɣ ɫɢɫɬɟɦɭ ɞɥя ɧɚɯɨɠɞɟɧɢя ɞɜɭɯ ɧɟɢɡɜɟɫɬɧɵɯ ɜɟɥɢɱɢɧ: ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ ɧɨ-
ɫɢɬɟɥɟɣ ɜ ɩɭɫɬɭɸ ɨɞɢɧɨɱɧɭɸ Кə vcapt, 0 ɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɜ Кə nQW. Ɋɟɲɟɧɢɟ ɷɬɨɣ ɫɢɫ-
ɬɟɦɵ ɞɚɥɨ ɞɥя ɧɚɲɟɣ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ ɫɥɟɞɭɸɳɢɟ ɡɧɚɱɟɧɢя: vcapt, 0 = 4.3  105 ɫɦ/ɫ, 
nQW = 1.69  1012  ɫɦ–2. Вɵɲɟɩɪɢɜɟɞɟɧɧɨɟ ɡɧɚɱɟɧɢɟ vcapt, 0 ɧɚɯɨɞɢɬɫя ɜ ɯɨɪɨɲɟɦ ɫɨɝɥɚɫɢɢ ɫ ɬɟɨɪɟ-
ɬɢɱɟɫɤɢɦɢ ɨɰɟɧɤɚɦɢ ɪɚɛɨɬ [13—18]. 

Заɤɥючɟɧɢɟ 
ɉɪɟɞɥɨɠɟɧ ɩɪɨɫɬɨɣ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢя ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢɡ ɬɪёɯɦɟɪɧɨɣ 

ɨɛɥɚɫɬɢ (ɜɨɥɧɨɜɨɞɧɨɣ ɨɛɥɚɫɬɢ) ɜ ɞɜɭɦɟɪɧɭɸ ɨɛɥɚɫɬɶ (Кə), ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɷɤɫ-
ɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɩɥɨɬɧɨɫɬɢ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɢ ɜɧɭɬɪɟɧɧɟɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮ-
ɮɟɤɬɢɜɧɨɫɬɢ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɟ. Ɇɟɬɨɞ ɩɨɡɜɨɥяɟɬ ɨɩɪɟɞɟɥɢɬɶ ɞɜɭɦɟɪ-
ɧɭɸ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɨɫɢɬɟɥɟɣ ɜ Кə, ɤɨɬɨɪɭɸ ɢɧɚɱɟ ɧɟ ɬɚɤ ɩɪɨɫɬɨ ɢɡɦɟɪɢɬɶ ɜ ɦɧɨɝɨɫɥɨɣɧɨɣ 
ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɟ. ɉɪɨɫɬɨɬɚ ɦɟɬɨɞɚ ɡɚɤɥɸɱɚɟɬɫя, ɜ ɱɚɫɬɧɨɫɬɢ, ɜ ɬɨɦ, ɱɬɨ ɤɚɤ ɩɥɨɬɧɨɫɬɶ ɩɨɪɨ-
ɝɨɜɨɝɨ ɬɨɤɚ, ɬɚɤ ɢ ɜɧɭɬɪɟɧɧяя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɚя ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ яɜɥяɸɬɫя ɨɫɧɨɜɧɵ-
ɦɢ ɥɚɡɟɪɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ, ɤɨɬɨɪɵɟ ɨɛɵɱɧɨ ɨɩɪɟɞɟɥяɸɬɫя ɞɥя ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ 
ɫɬɪɭɤɬɭɪ. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɷɬɢɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ ɜ ɫɢɫɬɟɦɟ ɭɪɚɜɧɟɧɢɣ (1) ɢ (2) ɩɨ-
ɡɜɨɥɢɥɨ ɜɵɱɢɫɥɢɬɶ ɫɤɨɪɨɫɬɶ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɜ ɤɜɚɧɬɨɜɭɸ яɦɭ vcapt, 0 = 4.3  105 ɫɦ/ɫ, ɚ ɬɚɤɠɟ 
ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɨɫɢɬɟɥɟɣ ɜ ɤɜɚɧɬɨɜɨɣ яɦɟ nQW = 1.69  1012 ɫɦ–2. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ Ƚɨɫɭɞɚɪɫɬɜɟɧɧɵɦ ɡɚɞɚɧɢɟɦ ФɌИ ɢɦ. А.Ф. Иɨɮɮɟ. 
Ʌ. В. А. ɛɥɚɝɨɞɚɪɢɬ U. S. Army Research Office, ɝɪɚɧɬ № W911NF-13-1-0445, ɡɚ ɩɨɞɞɟɪɠɤɭ ɞɚɧ-
ɧɨɣ ɪɚɛɨɬɵ. 
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Сɬɢɦɭɥɢɪɨваɧɧɨɟ ɢɡɥɭчɟɧɢɟ GaAs/InGaAs-ɫɬɪɭɤɬɭɪы ɫ ɬɨɧɤɢɦɢ  

InGaP-ɫɥɨɹɦɢ, выɪащɟɧɧɨɣ ɧа Ge/Si-ɩɨɞɥɨɠɤɟ 

ɋ. Ɇ. ɇɟɤɨɪɤɢɧ ɚ, Ȼ. ɇ. Зɜɨɧɤɨɜ ɚ, ɇ. В. Дɢɤɚɪɟɜɚ ɚ, В. Ƚ. Шɟɧɝɭɪɨɜ ɚ,ɛ, ɋ. А. Дɟɧɢɫɨɜ ɚ,ɛ, 
А. А. Дɭɛɢɧɨɜ ɛ,ɜ, В. ə. Аɥёɲɤɢɧ ɛ,ɜ, К. ȿ. Кɭɞɪяɜɰɟɜ ɛ,ɜ, ɉ. А. Юɧɢɧ ɛ 

а Научнɨ-иɫɫɥеɞɨваɬеɥьɫкиɣ ɮиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ  

Ниɠегɨɪɨɞɫкɨгɨ гɨɫуɞаɪɫɬвеннɨгɨ унивеɪɫиɬеɬа иɦ. Н. И. Лɨɛачевɫкɨгɨ,  
Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия; e-mail: dnat@ro.ru 

ɛ Инɫɬиɬуɬ ɮиɡики ɦикɪɨɫɬɪукɬуɪ Рɨɫɫиɣɫкɨɣ АН, Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия 
в Ниɠегɨɪɨɞɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ иɦ. Н. И. Лɨɛачевɫкɨгɨ,  

Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɥɚɡɟɪɧɨɣ InGaP/GaAs/InGaAs-ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɜɵɪɚɳɟɧ-
ɧɨɣ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ ɧɚ ɩɨɞɥɨɠɤɟ Si(100) ɫ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɨɫɚɠɞɟɧɧɵɦ ɦɟɬɨɞɨɦ 
ɝɚɡɨɮɚɡɧɨɝɨ ɨɫɚɠɞɟɧɢя ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɝɨɪяɱɟɣ ɩɪɨɜɨɥɨɤɢ (Hot Wire Chemical Vapor Deposition) ɬɨɧ-
ɤɢɦ ɛɭɮɟɪɧɵɦ ɫɥɨɟɦ Ge. ɉɨɥɭɱɟɧɨ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 920 ɧɦ ɩɪɢ ɨɩɬɢɱɟɫɤɨɣ 
ɧɚɤɚɱɤɟ. 

Кɥючɟвыɟ ɫɥɨва: ɤɪɟɦɧɢɣ, ɝɟɪɦɚɧɢɣ, ɩɨɥɭɩɪɨɜɨɞɧɢɤɢ АIIIВV, ɥɚɡɟɪɧɚя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ, ɨɩɬɢɱɟ-
ɫɤɚя ɧɚɤɚɱɤɚ, ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ.  

Ввɟɞɟɧɢɟ 

ɇɚ ɫɟɝɨɞɧяɲɧɢɣ ɞɟɧɶ ɚɤɬɭɚɥɶɧɨ ɧɚɩɪɚɜɥɟɧɢɟ ɢɧɬɟɝɪɚɰɢɢ ɤɪɟɦɧɢɟɜɨɣ ɷɥɟɤɬɪɨɧɢɤɢ ɫ ɨɩ-
ɬɢɱɟɫɤɢɦɢ ɷɥɟɦɟɧɬɚɦɢ ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ АIIIВV, ɱɬɨ ɜ ɩɟɪɫɩɟɤɬɢɜɟ ɩɨɡɜɨɥɢɬ ɢɫɩɨɥɶ-
ɡɨɜɚɬɶ ɩɪɟɢɦɭɳɟɫɬɜɚ ɤɪɟɦɧɢя ɢ ɩɪяɦɨɡɨɧɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɧɚ ɨɞɧɨɦ ɱɢɩɟ [1]. Ɉɞɧɚɤɨ 
ɛɨɥɶɲɨɟ ɪɚɫɫɨɝɥɚɫɨɜɚɧɢɟ ɩɚɪɚɦɟɬɪɨɜ ɪɟɲɟɬɤɢ (~4 %) ɢ ɡɧɚɱɢɬɟɥɶɧɨɟ ɪɚɡɥɢɱɢɟ ɬɟɦɩɟɪɚɬɭɪɧɵɯ 
ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɪɚɫɲɢɪɟɧɢя (59 %) [2] ɫɨɡɞɚɸɬ ɫɟɪɶɟɡɧɭɸ ɩɪɨɛɥɟɦɭ ɨɛɴɟɞɢɧɟɧɢя Si- ɢ GaAs-
ɷɥɟɦɟɧɬɨɜ ɧɚ ɩɨɞɥɨɠɤɟ Si. Хɨɬя ɪɚɛɨɬ, ɧɚɩɪɚɜɥɟɧɧɵɯ ɧɚ ɫɨɡɞɚɧɢɟ АIIIВV-ɥɚɡɟɪɨɜ ɧɚ Si-
ɩɨɞɥɨɠɤɚɯ, ɦɧɨɝɨ (ɫɦ., ɧɚɩɪɢɦɟɪ, [3—6]), ɛɨɥɶɲɢɧɫɬɜɨ ɢɡ ɧɢɯ ɩɨɫɜяɳɟɧɨ ɪɚɡɪɚɛɨɬɤɟ ɥɚɡɟɪɧɵɯ 
GaAs ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɩɪɢɦɟɧɟɧɢɟɦ ɫɥɨɟɜ AlGaAs, ɧɟ ɬɨɥɶɤɨ ɫɢɥɶɧɨ ɭɠɟɫɬɨɱɚɸɳɢɯ ɬɪɟɛɨɜɚ-
ɧɢя ɤ ɢɫɯɨɞɧɵɦ ɢɫɬɨɱɧɢɤɚɦ ɦɚɬɟɪɢɚɥɨɜ, ɧɨ ɢ ɡɧɚɱɢɬɟɥɶɧɨ ɭɫɥɨɠɧяɸɳɢɯ ɩɪɨɰɟɫɫ ɷɩɢɬɚɤɫɢɢ 
ɜɜɢɞɭ ɜɵɫɨɤɨɣ ɯɢɦɢɱɟɫɤɨɣ ɚɤɬɢɜɧɨɫɬɢ ɚɥɸɦɢɧɢя. В ɷɬɨɦ ɨɬɧɨɲɟɧɢɢ ɜɟɫɶɦɚ ɩɟɪɫɩɟɤɬɢɜɧɵ ɩɨ-
ɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ InGaP/GaAs ɥɚɡɟɪɵ, ɨɛɥɚɞɚɸɳɢɟ ɩɨɜɵɲɟɧɧɨɣ ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɤ ɨɤɢɫɥɟɧɢɸ ɢ, 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɤ ɤɚɬɚɫɬɪɨɮɢɱɟɫɤɨɦɭ ɪɚɡɪɭɲɟɧɢɸ, ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ AlGaAs/GaAs ɥɚɡɟɪɚɦɢ. 
ɇɟɫɦɨɬɪя ɧɚ ɫɬɨɥɶ яɜɧɨɟ ɩɪɟɢɦɭɳɟɫɬɜɨ, ɪɚɛɨɬɵ, ɫɜяɡɚɧɧɵɟ ɫ ɫɨɡɞɚɧɢɟɦ InGaP/GaAs-ɥɚɡɟɪɨɜ ɧɚ 
Si-ɩɨɞɥɨɠɤɚɯ, ɨɬɫɭɬɫɬɜɭɸɬ. 

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɢɜɨɞяɬɫя ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɥɚɡɟɪɧɨɣ 
InGaP/GaAs/InGaAs-ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɜɵɪɚɳɟɧɧɨɣ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ ɧɚ 
Si(100) ɩɨɞɥɨɠɤɟ, ɪɚɡɨɪɢɟɧɬɢɪɨɜɚɧɧɨɣ ɧɚ 4, ɧɚ ɤɨɬɨɪɨɣ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɦɟɬɨɞɨɦ HWCVD 
ɛɵɥ ɜɵɪɚɳɟɧ ɬɨɧɤɢɣ (~0.5 ɦɤɦ) ɫɥɨɣ Ge. 

1. Мɟɬɨɞɢɤа ɢɡɝɨɬɨвɥɟɧɢɹ ɫɬɪɭɤɬɭɪы  

1.1 Выɪащивание Ge-ɛуɮеɪнɨгɨ ɫɥɨя 
Ȼɭɮɟɪɧɵɟ ɫɥɨɢ Ge ɜɵɪɚɳɢɜɚɥɢ ɦɟɬɨɞɨɦ HWCVD. В ɤɚɱɟɫɬɜɟ ɩɨɞɥɨɠɤɢ ɢɫɩɨɥɶɡɨɜɚɥɢ 

ɩɥɚɫɬɢɧɵ Si(100) ɫ ɭɞɟɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ  = 10 Ɉɦ · ɫɦ, ɪɚɡɨɪɢɟɧɬɢɪɨɜɚɧɧɵɟ ɧɚ 4. ɉɨɫɥɟ 
in situ ɩɨɞɝɨɬɨɜɤɢ ɩɨɞɥɨɠɤɢ ɜ ɜɵɫɨɤɨɜɚɤɭɭɦɧɨɣ ɭɫɬɚɧɨɜɤɟ ɜɵɪɚɳɢɜɚɥɢ ɛɭɮɟɪɧɵɣ ɫɥɨɣ ɤɪɟɦ-
ɧɢя ɬɨɥɳɢɧɨɣ 100 ɧɦ. Зɚɬɟɦ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɩɨɞɥɨɠɤɢ ɤɪɟɦɧɢя 350 ɋ ɜɵɪɚɳɢɜɚɥɫя ɫɥɨɣ 
ɝɟɪɦɚɧɢя. Дɥя ɷɬɨɝɨ ɜ ɤɚɦɟɪɭ ɪɨɫɬɚ ɧɚɩɭɫɤɚɥɫя ɝɚɡ ɦɨɧɨɝɟɪɦɚɧ (GeH4) ɞɨ ɞɚɜɥɟɧɢя 4 · 10–4 ɬɨɪɪ, 
ɤɨɬɨɪɵɣ ɪɚɡɥɚɝɚɥɫя ɧɚ ɧɚɝɪɟɬɨɣ ɞɨ 1450 ɋ ɬɚɧɬɚɥɨɜɨɣ ɩɨɥɨɫɤɟ. Дɨɩɨɥɧɢɬɟɥɶɧɵɣ ɨɬɠɢɝ ɫɥɨɟɜ 
Ge ɧɟ ɩɪɨɜɨɞɢɥɫя. Ɍɨɥɳɢɧɚ ɫɥɨɟɜ Ge  ~500 ɧɦ; ɩɥɨɬɧɨɫɬɶ ɩɪɨɪɚɫɬɚɸɳɢɯ ɞɢɫɥɨɤɚɰɢɣ, ɨɬɨɠɞɟ-
ɫɬɜɥяɟɦɚя ɫ ɩɥɨɬɧɨɫɬɶɸ яɦɨɤ ɬɪɚɜɥɟɧɢя, ɩɨɫɥɟ ɫɟɥɟɤɬɢɜɧɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɬɪɚɜɥɟɧɢя ɫɨɫɬɚɜɥя-
ɥɚ 5 · 105—106 ɫɦ–2. Иɫɫɥɟɞɨɜɚɧɧɚя ɦɟɬɨɞɨɦ ɚɬɨɦɧɨ-ɫɢɥɨɜɨɣ ɦɢɤɪɨɫɤɨɩɢɢ ɩɨɞɨɛɧɚя ɫɬɪɭɤɬɭɪɚ 
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ɢɦɟɥɚ ɝɥɚɞɤɭɸ, ɨɞɧɨɪɨɞɧɭɸ ɩɨɜɟɪɯɧɨɫɬɶ Ge (RMS  0.56 ɧɦ). Дɚɧɧɵɟ ɦɟɬɨɞɚ ɜɬɨɪɢɱɧɨɣ ɢɨɧ-
ɧɨɣ ɦɚɫɫ-ɫɩɟɤɬɪɨɦɟɬɪɢɢ (ВИɆɋ) ɫɜɢɞɟɬɟɥɶɫɬɜɨɜɚɥɢ ɨ ɪɟɡɤɨɣ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɦɟɠɞɭ ɫɥɨɟɦ Ge 
ɢ ɩɨɞɥɨɠɤɨɣ Si [7]. 

1.2 Рɨɫɬ GaAs/InGaAs геɬеɪɨɫɬɪукɬуɪы ɫ ɬɨнкиɦи InGaP ɫɥɨяɦи 
ɇɚ Ge/Si(100)-ɩɨɞɥɨɠɤɟ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ  ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɨɦ ɤɜɚɪɰɟɜɨɦ 

ɪɟɚɤɬɨɪɟ ɩɪɢ ɚɬɦɨɫɮɟɪɧɨɦ ɞɚɜɥɟɧɢɢ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɜɵɪɚɳɟɧɵ ɷɩɢɬɚɤɫɢɚɥɶɧɵɟ ɫɥɨɢ: ɧɢɡ-
ɤɨɬɟɦɩɟɪɚɬɭɪɧɵɣ ɛɭɮɟɪɧɵɣ ɫɥɨɣ n-GaAs ɬɨɥɳɢɧɨɣ 120 ɧɦ, 20 ɩɟɪɢɨɞɨɜ InGaAs/GaAs ɫɜɟɪɯ-
ɪɟɲɟɬɤɢ ɨɛɳɟɣ ɬɨɥɳɢɧɨɣ 1260 ɧɦ, ɨɝɪɚɧɢɱɢɬɟɥɶɧɵɣ n-InGaP ɫɥɨɣ 28 ɧɦ, ɜɨɥɧɨɜɨɞɧɵɣ GaAs-
ɫɥɨɣ 3008 ɧɦ, ɱɟɬɵɪɟ ɤɜɚɧɬɨɜɵɟ яɦɵ InGaAs ɬɨɥɳɢɧɨɣ 9 ɧɦ, ɪɚɡɞɟɥɟɧɧɵɟ ɫɥɨяɦɢ GaAs 141 ɧɦ, 
ɜɨɥɧɨɜɨɞɧɵɣ GaAs 3948 ɧɦ, ɨɝɪɚɧɢɱɢɬɟɥɶɧɵɣ p-InGaP ɫɥɨɣ 28 ɧɦ, ɤɨɧɬɚɤɬɧɵɣ p+-GaAs 282 ɧɦ. 

ɉɟɪɟɞ ɧɚɱɚɥɨɦ ɪɨɫɬɚ ɫɬɪɭɤɬɭɪɵ ɩɪɨɜɨɞɢɥɫя ɨɬɠɢɝ Ge/Si-ɩɨɞɥɨɠɤɢ ɜ ɬɟɱɟɧɢɟ 5 ɦɢɧ ɜ ɩɨ-
ɬɨɤɟ ɜɨɞɨɪɨɞɚ ɩɪɢ 690 ɋ, ɡɚɬɟɦ ɜɵɪɚɳɢɜɚɥɫя ɬɨɧɤɢɣ ɧɢɡɤɨɬɟɦɩɟɪɚɬɭɪɧɵɣ ɛɭɮɟɪɧɵɣ ɫɥɨɣ 
GaAs ɩɪɢ Т = 480 ɋ. Дɚɥɟɟ ɜɵɪɚɳɢɜɚɥɢɫɶ ɫɥɨɢ ɢɡɥɭɱɚɸɳɟɣ ɫɬɪɭɤɬɭɪɵ ɩɪɢ Т = 650 ɋ. ɋɨɞɟɪ-
ɠɚɧɢɟ In ɜ ɫɨɫɬɚɜɟ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ InxGa1–xAs ɫɜɟɪɯɪɟɲɟɬɤɢ ~ 5%, ɞɨɥя ɮɨɫɮɨɪɚ ɜ ɫɨɫɬɚɜɟ 
ɨɝɪɚɧɢɱɢɬɟɥɶɧɵɯ ɫɥɨɟɜ ~50%. Ɉɛɳɚя ɬɨɥɳɢɧɚ InGaP/GaAs/InGaAsɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ 9.6 ɦɤɦ. 

2. Эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɟ ɪɟɡɭɥɶɬаɬы  

ɉɪɨɜɟɪɤɚ ɤɚɱɟɫɬɜɚ ɷɩɢɬɚɤɫɢɚɥɶɧɵɯ ɫɥɨɟɜ ɫɬɪɭɤɬɭɪɵ, ɜɵɪɚɳɟɧɧɵɯ ɧɚ Ge/Si-ɩɨɞɥɨɠɤɟ, 
ɩɪɨɜɟɞɟɧɚ ɦɟɬɨɞɨɦ ɜɵɫɨɤɨɪɚɡɪɟɲɚɸɳɟɣ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɬɨɦɟɬɪɢɢ. ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜ-
ɥɟɧɚ ɞɢɮɪɚɤɰɢɨɧɧɚя ɤɚɪɬɢɧɚ ɢɫɫɥɟɞɭɟɦɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɩɢɤ ɫ ɭɝɥɨɜɵɦ ɩɨɥɨɠɟɧɢɟɦ 66.11 
ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɫɥɨɸ GaAs, ɫ ɭɝɥɨɦ 69.14 — Si-ɩɨɞɥɨɠɤɟ. Шɢɪɢɧɚ ɩɢɤɚ GaAs ɧɚ ɩɨɥɭɜɵɫɨɬɟ 
ɦɚɤɫɢɦɭɦɚ ɫɨɫɬɚɜɢɥɚ 0.09, ɱɬɨ ɭɤɚɡɵɜɚɟɬ ɧɚ ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɟɟ ɤɚɱɟɫɬɜɨ ɫɬɪɭɤɬɭɪɵ (ɧɚ ɫɟɝɨ-
ɞɧяɲɧɢɣ ɦɨɦɟɧɬ ɥɭɱɲɟɟ ɡɧɚɱɟɧɢɟ ~0.01 ɞɥя ɫɥɨɟɜ GaAs ɨɛɳɟɣ ɬɨɥɳɢɧɨɣ ~1 ɦɤɦ, ɜɵɪɚɳɟɧ-
ɧɵɯ ɧɚ Si-ɩɨɞɥɨɠɤɟ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɥɭɱɟɜɨɣ ɷɩɢɬɚɤɫɢɢ [8]). ɉɪɢɫɭɬɫɬɜɢɟ ɧɚ ɞɢɮɪɚɤɰɢ-
ɨɧɧɨɣ ɤɚɪɬɢɧɟ ɫɚɬɟɥɥɢɬɨɜ ɫɜɟɪɯɪɟɲɟɬɤɢ InGaAs/GaAs ɫ ɦɚɥɵɦ ɫɨɞɟɪɠɚɧɢɟɦ In ɜ ɫɨɫɬɚɜɟ ɬɜɟɪ-
ɞɨɝɨ ɪɚɫɬɜɨɪɚ InxGa1–xAs ɬɚɤɠɟ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɜ ɩɨɥɶɡɭ ɜɵɫɨɤɨɝɨ ɤɚɱɟɫɬɜɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ. 

 

2, ɝɪɚɞ  

Ɋɢɫ. 1. ɋɩɟɤɬɪ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ InGaP/GaAs/InGaAs-ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ,  

ɜɵɪɚɳɟɧɧɨɣ ɧɚ Ge/Si ɩɨɞɥɨɠɤɟ. 

Иɫɫɥɟɞɨɜɚɧɢя ɫɩɟɤɬɪɚɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 
77 К ɜ ɪɟɠɢɦɟ ɨɩɬɢɱɟɫɤɨɣ ɧɚɤɚɱɤɢ ɩɚɪɚɦɟɬɪɢɱɟɫɤɢɦ ɝɟɧɟɪɚɬɨɪɨɦ ɫɜɟɬɚ MOPO-SL (Spectra-
Physics) ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɢɦɩɭɥɶɫɚ 10 ɧɫ ɢ ɞɥɢɧɨɣ ɜɨɥɧɵ 650 ɧɦ. В ɤɚɱɟɫɬɜɟ ɩɪɢɟɦɧɢɤɚ ɢɡɥɭ-
ɱɟɧɢя ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɞɢɨɞɧɚя ɥɢɧɟɣɤɚ (ɞɢɚɩɚɡɨɧ ɪɚɛɨɬɵ 0.62—2.20 ɦɤɦ). ɋɬɪɭɤɬɭɪɚ ɪɚɫɤɨɥɨɬɚ 
ɧɚ ɬɨɧɤɢɟ ɩɨɥɨɫɤɢ ɲɢɪɢɧɨɣ 4 ɦɦ. Зɟɪɤɚɥɚɦɢ ɫɥɭɠɢɥɢ ɫɤɨɥɵ ɝɪɚɧɟɣ (110). Иɫɫɥɟɞɭɟɦɚя ɫɬɪɭɤ-
ɬɭɪɚ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɧɟ ɭɬɨɧɱɚɥɚɫɶ, ɜɜɢɞɭ ɱɟɝɨ ɤɚɱɟɫɬɜɨ ɫɤɨɥɨɜ ɛɵɥɨ ɧɟɜɵɫɨɤɢɦ. Ɉɫɜɟɳɚɥɫя 
ɤɪɚɣ ɩɨɥɨɫɤɢ ɩɥɨɳɚɞɶɸ 10 ɦɦ2. 
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Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя (а) ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɧɚ Ge/Si-ɩɨɞɥɨɠɤɟ ɩɪɢ 
 ɨɩɬɢɱɟɫɤɨɦ ɜɨɡɛɭɠɞɟɧɢɢ ɫ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 21 (1), 25 (2) ɢ 28 ɤВɬ/ɫɦ2 (3) 

 ɢ ɡɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɨɬ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ  
ɨɩɬɢɱɟɫɤɨɣ ɧɚɤɚɱɤɢ (ɛ); Т = 77 К. 

 

ɇɚɛɥɸɞɚɟɬɫя ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɢɡ ɫɬɪɭɤɬɭɪɵ ɧɚ  = 851 ɢ 
920 ɧɦ (ɪɢɫ. 2, а). Ɇɚɤɫɢɦɭɦ ɩɪɢ  = 851 ɧɦ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɢɡɥɭɱɟɧɢɸ ɢɡ ɫɥɨя GaAs, ɩɪɢ  = 
= 918 ɧɦ — ɢɡ InGaAs-ɤɜɚɧɬɨɜɵɯ яɦ. Ɇɚɤɫɢɦɚɥɶɧɚя ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɞɨɫɬɢɝɚɟɬɫя ɧɚ  = 920 ɧɦ. 
Шɢɪɢɧɚ ɥɢɧɢɢ ɧɚ ɩɨɥɭɜɵɫɨɬɟ 4 ɧɦ. Вɨ ɜɫɟɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢя ɦɨɳɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɣ ɧɚ-
ɤɚɱɤɢ ɧɚɛɥɸɞɚɟɬɫя ɭɜɟɥɢɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя (ɪɢɫ. 2, ɛ). ɇɚɥɢɱɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧ-
ɧɨɝɨ ɢɡɥɭɱɟɧɢя ɫɬɪɭɤɬɭɪɵ ɫ ɧɚɛɨɪɨɦ ɤɜɚɧɬɨɜɵɯ яɦ, ɜɵɪɚɳɟɧɧɨɣ ɧɚ Ge/Si-ɩɨɞɥɨɠɤɟ, ɫɜɢɞɟɬɟɥɶ-
ɫɬɜɭɟɬ ɨ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɢ ɥɨɤɚɥɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɱɟɦɭ ɫɩɨɫɨɛɫɬɜɭɟɬ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨ-
ɤɨɟ ɫɬɪɭɤɬɭɪɧɨɟ ɫɨɜɟɪɲɟɧɫɬɜɨ ɫɥɨɟɜ InGaAs ɢ GaAs ɢ ɝɥɚɞɤɨɫɬɶ ɝɟɬɟɪɨɝɪɚɧɢɰ ɦɟɠɞɭ ɧɢɦɢ. 

Заɤɥючɟɧɢɟ  
Вɩɟɪɜɵɟ ɧɚ Si(100)-ɩɨɞɥɨɠɤɟ ɫ ɬɨɧɤɢɦ ɛɭɮɟɪɧɵɦ ɫɥɨɟɦ Ge ɜɵɪɚɳɟɧɚ ɥɚɡɟɪɧɚя ɝɟɬɟɪɨ-

ɫɬɪɭɤɬɭɪɚ GaAs/InGaAs ɫ ɬɨɧɤɢɦɢ ɫɥɨяɦɢ InGaP. Ɉɛɧɚɪɭɠɟɧɨ ɭɫɬɨɣɱɢɜɨɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ 
ɢɡɥɭɱɟɧɢɟ ɫ ɦɚɤɫɢɦɭɦɨɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 920 ɧɦ ɩɪɢ ɨɩɬɢɱɟɫɤɨɣ ɧɚɤɚɱɤɟ. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Иɫɫɥɟɞɨɜɚɧɢɟ ɜɵɩɨɥɧɟɧɨ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨ-
ɜɚɧɢɣ (ɝɪɚɧɬ 14-02-31287 ɦɨɥ_ɚ), ɝɪɚɧɬɚ ɉɪɟɡɢɞɟɧɬɚ Ɋɨɫɫɢɣɫɤɨɣ Фɟɞɟɪɚɰɢɢ (ɆК-7021.2015.2), 
ɜ ɪɚɦɤɚɯ ɛɚɡɨɜɨɣ ɱɚɫɬɢ ɝɨɫɭɞɚɪɫɬɜɟɧɧɨɝɨ ɡɚɞɚɧɢя (ɡɚɞɚɧɢɟ № 2014/134, ɩɪɨɟɤɬ 3423) Ɇɢɧɨɛɪ-
ɧɚɭɤɢ Ɋɨɫɫɢɢ. 
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Stimulated Emission in the GaAs/InGaAs Structure  

with Thin InGaP Layers Grown on Ge/Si Substrate  

S. M. Nekorkin a, B. N. Zvonkov a, N. V. Dikareva a, V. G. Shengurov a, S. A. Denisov a,  
 A. A. Dubinov b,c, V. J. Aleshkin b,c, K. E. Kudryavtsev b,ɫ, P. A. Yunin b 
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Lobachevsky State University of Nizhni Novgorod, Nizhni Novgorod, Russia 

The results of a study of GaAs/InGaAs laser heterostructure with InGaP thin layers grown by MOCVD 
on Si (100) substrate are presented. The Si-substrate contained the pre-deposited by HWCVD a thin Ge buffer 
layer. The stable stimulated emission at a wavelength of 920 nm is obtained under optical pumping.  

Keywords: silicon, germanium, AIIIBV semiconductors, lasers, optical pumping, laser generation. 
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Мɟɠɡɨɧɧыɣ ɤаɫɤаɞɧыɣ InGaP/GaAs/InGaAs-ɥаɡɟɪ ɫ ɬɭɧɧɟɥɶɧыɦ  

p-n-ɩɟɪɟхɨɞɨɦ ɢ выхɨɞɨɦ ɢɡɥɭчɟɧɢɹ чɟɪɟɡ ɩɨɞɥɨɠɤɭ 

Д. А. Кɨɥɩɚɤɨɜ ɚ, Ȼ. ɇ. Зɜɨɧɤɨɜ ɚ, ɋ. Ɇ. ɇɟɤɨɪɤɢɧ ɚ, ɇ. В. Дɢɤɚɪɟɜɚ ɚ,  
В. ə. Аɥёɲɤɢɧ ɛ,ɜ, А. А. Дɭɛɢɧɨɜ ɛ,ɜ 

а Научнɨ-иɫɫɥеɞɨваɬеɥьɫкиɣ ɮиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ  

Ниɠегɨɪɨɞɫкɨгɨ гɨɫуɞаɪɫɬвеннɨгɨ унивеɪɫиɬеɬа иɦ Н. И. Лɨɛачевɫкɨгɨ, 
Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия; e-mail: kolpdm@gmail.com 

ɛ Инɫɬиɬуɬ ɮиɡики ɦикɪɨɫɬɪукɬуɪ Рɨɫɫиɣɫкɨɣ АН, Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия 
в Ниɠегɨɪɨɞɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ иɦ. Н. И. Лɨɛачевɫкɨгɨ,  

Ниɠниɣ Нɨвгɨɪɨɞ, Рɨɫɫия 
 

Иɫɫɥɟɞɨɜɚɧ ɦɧɨɝɨяɦɧɵɣ ɦɟɠɡɨɧɧɵɣ ɤɚɫɤɚɞɧɵɣ ɥɚɡɟɪ ɫ ɬɭɧɧɟɥɶɧɵɦ ɩɟɪɟɯɨɞɨɦ ɜɧɭɬɪɢ ɟɞɢɧɨɝɨ 
ɜɨɥɧɨɜɨɞɚ ɢ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ. Ɉɬɦɟɱɟɧɨ ɨɛɭɠɟɧɢɟ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɩɪɢ 
ɬɨɤɚɯ ɧɚɤɚɱɤɢ, ɡɧɚɱɢɬɟɥɶɧɨ ɩɪɟɜɵɲɚɸɳɢɯ ɩɨɪɨɝ ɝɟɧɟɪɚɰɢɢ. Дɨɫɬɢɝɧɭɬɨ ɫɭɳɟɫɬɜɟɧɧɨɟ ɫɧɢɠɟɧɢɟ ɩɨɪɨ-
ɝɨɜɨɝɨ ɬɨɤɚ, ɤɨɬɨɪɨɟ ɫɜяɡɚɧɨ ɫ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɵɦ ɡɚɩɨɥɧɟɧɢɟɦ ɤɜɚɧɬɨɜɵɯ яɦ ɜ ɝɟɬɟɪɨɥɚɡɟɪɟ ɬɚɤɨɣ ɤɨɧ-
ɫɬɪɭɤɰɢɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢɨɧɧɵɦ ɦɧɨɝɨяɦɧɵɦ ɥɚɡɟɪɨɦ ɫ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ. 

Кɥючɟвыɟ ɫɥɨва: АIIIВV, ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ, ɬɭɧɧɟɥɶɧɵɣ p-n-ɩɟɪɟɯɨɞ, ɜɵɯɨɞ ɢɡɥɭɱɟɧɢя 
ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ.  

Ввɟɞɟɧɢɟ 
Ƚɟɬɟɪɨɥɚɡɟɪɵ ɫ ɭɜɟɥɢɱɟɧɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɢ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ 

ɭɠɟ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɥɢ ɜɵɫɨɤɢɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɢ ɡɧɚɱɢɬɟɥɶɧɨ ɭɥɭɱɲɟɧɧɵɟ ɩɪɨ-
ɫɬɪɚɧɫɬɜɟɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ [1—3]. Ɉɞɧɚɤɨ ɜ ɯɨɞɟ ɢɫɫɥɟɞɨɜɚɧɢя ɬɚɤɢɯ ɥɚɡɟɪɨɜ ɫ ɛɨɥɶɲɢɦ 
ɤɨɥɢɱɟɫɬɜɨɦ ɤɜɚɧɬɨɜɵɯ яɦ (Кə), ɧɟɨɛɯɨɞɢɦɵɯ ɞɥя ɷɮɮɟɤɬɢɜɧɨɣ ɝɟɧɟɪɚɰɢɢ [4], ɨɬɦɟɱɟɧɚ ɧɟɨɞ-
ɧɨɪɨɞɧɨɫɬɶ ɡɚɩɨɥɧɟɧɢя Кə ɧɨɫɢɬɟɥяɦɢ ɬɨɤɚ ɢ ɦɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɩɪɢ ɦɚɥɵɯ ɬɨɤɚɯ, ɤɨ-
ɝɞɚ ɧɚɛɥɸɞɚɟɬɫя ɫɩɨɧɬɚɧɧɚя ɥɸɦɢɧɟɫɰɟɧɰɢя, ɜ ɨɫɧɨɜɧɨɦ ɧɨɫɢɬɟɥяɦɢ ɬɨɤɚ ɡɚɩɨɥɧɟɧɵ ɤɪɚɣɧɢɟ 
Кə [5, 6]. В ɪɟɡɭɥɶɬɚɬɟ ɥɚɡɟɪɧɚя ɝɟɧɟɪɚɰɢя ɜɨɡɧɢɤɚɟɬ ɩɪɢ ɛɨɥɶɲɢɯ ɢɦɩɭɥɶɫɧɵɯ ɬɨɤɚɯ ɧɚɤɚɱɤɢ 
(7 A ɢ ɜɵɲɟ) [5]. Кɪɨɦɟ ɬɨɝɨ, ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ ɜɨɡɛɭɠɞɟɧɢя Кə ɭɜɟɥɢɱɢɜɚɟɬɫя ɫ ɪɨɫɬɨɦ ɬɨɤɚ 
ɢɧɠɟɤɰɢɢ ɢ ɩɪɢɜɨɞɢɬ ɤ ɫɧɢɠɟɧɢɸ ɦɨɳɧɨɫɬɢ ɝɟɧɟɪɚɰɢɢ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɞɧɨɪɨɞɧɵɦ ɜɨɡɛɭɠ-
ɞɟɧɢɟɦ [4]. 

В ɷɬɨɦ ɨɬɧɨɲɟɧɢɢ ɜɟɫɶɦɚ ɩɟɪɫɩɟɤɬɢɜɧɨɣ ɦɨɠɟɬ ɫɬɚɬɶ ɤɨɧɫɬɪɭɤɰɢя ɝɟ-ɬɟɪɨɥɚɡɟɪɨɜ ɫ ɬɭɧ-
ɧɟɥɶɧɵɦ ɩɟɪɟɯɨɞɨɦ, ɪɚɡɞɟɥяɸɳɢɦ ɞɜɟ ɚɤɬɢɜɧɵɟ ɨɛɥɚɫɬɢ, ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɜ ɨɞɧɨɦ ɢ ɬɨɦ ɠɟ 
ɜɨɥɧɨɜɨɞɟ. Ɍɚɤɚя ɤɨɧɫɬɪɭɤɰɢя ɩɨɡɜɨɥɢɬ ɞɨɛɢɬɶɫя ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɝɨ ɡɚɩɨɥɧɟɧɢя Кə (ɡɚ ɫɱɟɬ 
ɫɧɢɠɟɧɢя ɢɯ ɱɢɫɥɚ ɜɞɜɨɟ ɜ ɤɚɠɞɨɦ ɤɚɫɤɚɞɟ) ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɫɨɛɥɸɞɟɧɢя ɭɫɥɨɜɢɣ ɝɟɧɟɪɚɰɢɢ 
ɩɪɢ ɦɟɧɶɲɢɯ ɬɨɤɚɯ ɧɚɤɚɱɤɢ. Иɫɫɥɟɞɭɟɦɵɟ ɜ ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɨɛɪɚɡɰɵ ɦɟɠɡɨɧɧɵɯ ɤɚɫɤɚɞɧɵɯ ɥɚ-
ɡɟɪɨɜ ɫ ɬɭɧɧɟɥɶɧɵɦ p-n-ɩɟɪɟɯɨɞɨɦ ɢ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ ɩɨɤɚɡɚɥɢ ɡɧɚɱɢɬɟɥɶɧɨ 
ɦɟɧɶɲɢɣ ɩɨɪɨɝɨɜɵɣ ɬɨɤ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɦɧɨɝɨяɦɧɵɦɢ ɝɟɬɟɪɨɥɚɡɟɪɚɦɢ ɫ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя 
ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ, ɧɟ ɫɨɞɟɪɠɚɳɢɦɢ ɬɭɧɧɟɥɶɧɵɣ ɩɟɪɟɯɨɞ.  

1. Кɨɧɫɬɪɭɤɰɢɹ ɫɬɪɭɤɬɭɪы 

 Кɨɧɫɬɪɭɤɬɢɜɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɦɟɠɡɨɧɧɨɝɨ ɤɚɫɤɚɞɧɨɝɨ ɥɚɡɟɪɚ ɫ ɬɭɧɧɟɥɶɧɵɦ ɩɟɪɟɯɨɞɨɦ 
ɜɧɭɬɪɢ ɟɞɢɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɩɪɢɜɨɞяɬ ɤ ɭɥɭɱɲɟɧɢɸ ɭɫɥɨɜɢɣ ɝɟɧɟɪɚɰɢɢ. ɉɨ ɫɪɚɜɧɟɧɢɸ ɫ ɚɧɚɥɨ-
ɝɢɱɧɵɦɢ ɥɚɡɟɪɚɦɢ ɫ ɜɵɯɨɞɨɦ ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ, ɧɨ ɧɟ ɫɨɞɟɪɠɚɳɢɦɢ ɬɭɧɧɟɥɶɧɵɣ p-n-ɩɟɪɟɯɨɞ, 
ɥɨɤɚɥɢɡɚɰɢя ɨɫɧɨɜɧɨɣ ɜɨɥɧɨɜɨɞɧɨɣ ɦɨɞɵ ɨɬɧɨɫɢɬɟɥɶɧɨ Кə ɜ ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɟ ɩɨɡɜɨɥяɟɬ 
ɩɨɜɵɫɢɬɶ ɮɚɤɬɨɪ ɨɩɬɢɱɟɫɤɨɝɨ ɨɝɪɚɧɢɱɟɧɢя ɡɚ ɫɱɟɬ ɢɯ ɛɨɥɟɟ ɩɨɥɧɨɝɨ ɩɟɪɟɤɪɵɬɢя. ɉɚɪɚɦɟɬɪɵ 
ɫɬɪɭɤɬɭɪɵ ɩɨɞɨɛɪɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɩɨɥɨɠɟɧɢɟ ɦɚɤɫɢɦɭɦɨɜ ɨɫɧɨɜɧɨɣ ɜɨɥɧɨɜɨɞɧɨɣ 
ɦɨɞɵ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɨ ɩɨɥɨɠɟɧɢɸ Кə, ɚ ɜ ɦɟɫɬɟ ɪɚɫɩɨɥɨɠɟɧɢя ɫɢɥɶɧɨɥɟɝɢɪɨɜɚɧɧɵɯ ɫɥɨɟɜ ɬɭɧ-
ɧɟɥɶɧɨɝɨ p-n-ɩɟɪɟɯɨɞɚ ɩɥɨɬɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɛɵɥɚ ɧɟɛɨɥɶɲɨɣ (ɪɢɫ. 1). 
 Иɫɫɥɟɞɭɟɦɵɟ ɩɨɥɨɫɤɨɜɵɟ ɥɚɡɟɪɵ ɫɨɡɞɚɧɵ ɧɚ ɨɫɧɨɜɟ ɦɧɨɝɨяɦɧɨɣ InGaP/GaAs/InGaAs-ɝɟ-
ɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɫɨɞɟɪɠɚɳɟɣ ɞɜɟ ɚɤɬɢɜɧɵɟ ɨɛɥɚɫɬɢ, ɪɚɡɞɟɥɟɧɧɵɟ p-n-ɩɟɪɟɯɨɞɨɦ (ɪɢɫ. 1), ɤɨɬɨ-
ɪɚя ɜɵɪɚɳɟɧɚ ɦɟɬɨɞɨɦ ɆɈɋ-ɝɢɞɪɢɞɧɨɣ ɷɩɢɬɚɤɫɢɢ. Иɡ ɜɵɪɚɳɟɧɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɢɡɝɨɬɨɜɥɟ-
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ɧɵ ɥɚɡɟɪɧɵɟ ɞɢɨɞɵ ɫ ɲɢɪɢɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ 100 ɦɤɦ ɢ ɞɥɢɧɚɦɢ ɪɟɡɨɧɚɬɨɪɨɜ 0.45, 0.7, 0.8 ɢ 
1 ɦɦ. ɇɚ ɢɡɥɭɱɚɸɳɢɟ ɝɪɚɧɢ ɥɚɡɟɪɧɵɯ ɱɢɩɨɜ ɫ ɞɥɢɧɚɦɢ ɪɟɡɨɧɚɬɨɪɨɜ 0.45, 0.7 ɢ 1 ɦɦ ɧɚɩɵɥɟɧɵ 
ɩɪɨɫɜɟɬɥяɸɳɢɟ ɢ ɨɬɪɚɠɚɸɳɢɟ ɩɨɤɪɵɬɢя ɫ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɨɬɪɚɠɟɧɢя 5 ɢ 95 %.  
 

 Аɦɩɥɢɬɭɞɚ, ɨɬɧ. ɟɞ.                                                   Eg, ɷВ

  z, ɦɤɦ  
Ɋɢɫ. 1. Зɨɧɧɚя ɞɢɚɝɪɚɦɦɚ ɢ ɪɚɫɫɱɢɬɚɧɧɨɟ ɩɪɨɞɨɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ  

ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɨɫɧɨɜɧɨɣ ɦɨɞɵ. 
 

2. Раɛɨɬа в ɞɨɩɨɪɨɝɨвɨɦ ɪɟɠɢɦɟ 
Кɨɧɫɬɪɭɤɰɢя ɢɫɫɥɟɞɭɟɦɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫɩɨɫɨɛɫɬɜɭɟɬ ɦɨɞɨɜɨɣ ɫɟɥɟɤɰɢɢ ɜ ɞɨɩɨɪɨɝɨ-

ɜɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɡɚ ɫɱɟɬ ɭɜɟɥɢɱɟɧɢя ɩɨɬɟɪɶ ɧɚ ɜɵɬɟɤɚɧɢɟ ɭ ɜɨɡɛɭɠɞɟɧɧɵɯ ɦɨɞ ɩɨ ɫɪɚɜɧɟɧɢɸ 
ɫ ɨɫɧɨɜɧɨɣ. ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɢɩɢɱɧɵɟ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪ-
ɩɟɧɞɢɤɭɥяɪɧɨɣ p-n-ɩɟɪɟɯɨɞɭ ɜ ɞɨɩɨɪɨɝɨɜɨɦ ɪɟɠɢɦɟ ɩɪɢ ɩɨɫɬɨяɧɧɨɣ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɟ 200 ɦА. 
Дɢɚɝɪɚɦɦɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɜ ɞɨɩɨɪɨɝɨɜɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨɛ ɨɬ-
ɫɭɬɫɬɜɢɢ ɡɧɚɱɢɬɟɥɶɧɨɣ ɦɨɞɨɜɨɣ ɤɨɧɤɭɪɟɧɰɢɢ, ɤɨɬɨɪɚя ɧɚɛɥɸɞɚɟɬɫя ɭ ɦɧɨɝɨяɦɧɵɯ ɥɚɡɟɪɨɜ ɫ 
ɜɵɬɟɤɚɧɢɟɦ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ [5]. Вɢɞɧɨ, ɱɬɨ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɚɤɢɦɢ ɥɚɡɟɪɚɦɢ, ɢɫɫɥɟ-
ɞɭɟɦɵɟ ɨɛɪɚɡɰɵ ɩɨɤɚɡɵɜɚɸɬ яɪɤɨ ɜɵɪɚɠɟɧɧɨɟ ɮɨɪɦɢɪɨɜɚɧɢɟ ɥɢɲɶ ɨɫɧɨɜɧɨɣ ɦɨɞɵ. 

Кɪɨɦɟ ɬɨɝɨ, ɜɵɜɨɞ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ ɩɨɡɜɨɥяɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɨɛɭɡɢɬɶ ɞɢɚɝɪɚɦɦɭ 
ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨɣ p-n-ɩɟɪɟɯɨɞɭ. В ɥɚɡɟɪɚɯ ɛɟɡ ɜɵɯɨɞɚ ɢɡɥɭɱɟɧɢя 
ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ, ɧɨ ɫɨɞɟɪɠɚɳɢɯ ɬɭɧɧɟɥɶɧɵɣ ɩɟɪɟɯɨɞ ɜɧɭɬɪɢ ɟɞɢɧɨɝɨ ɜɨɥɧɨɜɨɞɚ [7], ɬɚɤɚя ɨɫɨ-
ɛɟɧɧɨɫɬɶ ɩɪɢɜɨɞɢɬ ɤ ɭɲɢɪɟɧɢɸ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ: ɷɮɮɟɤɬɢɜɧɚя ɲɢɪɢɧɚ ɜɨɥɧɨɜɨɞ-
ɧɨɣ ɦɨɞɵ ɩɟɪɜɨɝɨ ɩɨɪяɞɤɚ 120 [8]. Вɵɜɨɞ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ ɩɨɡɜɨɥяɟɬ ɫɭɳɟɫɬɜɟɧɧɨ 
ɨɩɬɢɦɢɡɢɪɨɜɚɬɶ ɞɚɧɧɵɣ ɩɚɪɚɦɟɬɪ — ɢɡɥɭɱɟɧɢɟ ɢɡ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɬɭɧɧɟɥɢɪɭɟɬ ɜ ɩɨɞɥɨɠɤɭ 
ɩɨɞ ɨɞɧɢɦ ɭɝɥɨɦ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɱɟɝɨ ɞɨɫɬɢɝɚɟɬɫя ɭɡɤɨɧɚɩɪɚɜɥɟɧɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɜ ɞɚɥɶɧɟɦ ɩɨɥɟ 
ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨɣ p-n-ɩɟɪɟɯɨɞɭ. 

3. Гɟɧɟɪаɰɢɹ ɢ ɞɢаɝɪаɦɦа ɧаɩɪавɥɟɧɧɨɫɬɢ 

Вɫɥɟɞɫɬɜɢɟ ɛɨɥɟɟ ɪɚɜɧɨɦɟɪɧɨɝɨ ɡɚɩɨɥɧɟɧɢя Кə ɭ ɦɟɠɡɨɧɧɵɯ ɤɚɫɤɚɞɧɵɯ ɥɚɡɟɪɨɜ ɢɫɫɥɟ-
ɞɭɟɦɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɧɚɛɥɸɞɚɸɬɫя ɧɢɡɤɢɟ ɡɧɚɱɟɧɢя ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ, ɚ ɬɚɤɠɟ ɩɪɨɢɫɯɨɞɢɬ ɝɟɧɟ-
ɪɚɰɢя ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɟ. В ɧɚɲɟɦ ɫɥɭɱɚɟ ɩɨɪɨɝɨɜɵɟ ɬɨɤɢ ɝɟɧɟɪɚɰɢɢ ɞɥя ɨɛɪɚɡɰɨɜ ɫ ɞɥɢ-
ɧɚɦɢ ɪɟɡɨɧɚɬɨɪɨɜ 0.45 ɢ 0.8 ɦɦ ɫɨɫɬɚɜɢɥɢ 350 ɢ 700 ɦА. ɇɚɛɥɸɞɚɟɬɫя ɭɫɬɨɣɱɢɜɚя ɥɚɡɟɪɧɚя ɝɟ-
ɧɟɪɚɰɢя ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ (ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ 180 ɧɫ, ɱɚɫɬɨɬɚ ɩɨɜɬɨɪɟɧɢя 1.43 ɤȽɰ) ɧɚ 
ɞɥɢɧɟ ɜɨɥɧɵ 970 ɧɦ, ɦɚɤɫɢɦɚɥɶɧɚя ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɧɚя ɜɵɯɨɞɧɚя ɨɩɬɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ 20 Вɬ. 
Кɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɨɛɪɚɡɰɨɜ ɧɚ ɨɫɧɨɜɟ ɢɫɫɥɟɞɭɟɦɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɜɨɡɪɚɫɬɚɟɬ ɫ 
ɭɦɟɧɶɲɟɧɢɟɦ ɞɥɢɧɵ ɪɟɡɨɧɚɬɨɪɚ: ɞɥя ɨɛɪɚɡɰɨɜ ɫ ɞɥɢɧɚɦɢ ɪɟɡɨɧɚɬɨɪɨɜ 1 ɢ 0.7 ɦɦ ɤɜɚɧɬɨɜɚя ɷɮ-
ɮɟɤɬɢɜɧɨɫɬɶ 25.6 ɢ 44.5% ɩɪɢ ɬɨɤɟ ɧɚɤɚɱɤɢ 15 А.  

В ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɩɪɢ ɡɧɚɱɢɬɟɥɶɧɨɦ ɩɪɟɜɵɲɟɧɢɢ ɩɨɪɨɝɨɜɨɝɨ ɬɨɤɚ ɨɬɦɟɱɟɧɨ 
ɨɛɭɠɟɧɢɟ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜɩɥɨɬɶ ɞɨ ɲɢɪɢɧɵ ɩɢɤɚ ɧɚ ɩɨɥɭɜɵɫɨɬɟ 0.7 ɩɪɢ ɬɨɤɟ ɧɚ-
ɤɚɱɤɢ 10 А. Дɢɚɝɪɚɦɦɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɞɥя ɢɫɫɥɟɞɭɟɦɵɯ ɥɚɡɟɪɨɜ 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 3. ɉɨɥɨɠɟɧɢɟ ɨɫɧɨɜɧɨɝɨ ɩɢɤɚ ɯɨɪɨɲɨ ɫɨɜɩɚɞɚɟɬ ɫ ɩɨɥɨɠɟɧɢɟɦ ɨɫɧɨɜɧɨɝɨ 
ɩɢɤɚ, ɜɵɱɢɫɥɟɧɧɵɦ ɜ ɩɪɢɛɥɢɠɟɧɢɢ [9] ɞɥя ɨɫɧɨɜɧɨɣ ɦɨɞɵ (ɫɦ. ɪɢɫ. 1).  
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, ɝɪɚɞ 

 I, ɨɬɧ. ɟɞ. 

 

Ɋɢɫ. 2. Дɢɚɝɪɚɦɦɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨɣ p-n-ɩɟɪɟɯɨɞɭ,  
ɜ ɞɨɩɨɪɨɝɨɜɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɞɥя ɥɚɡɟɪɚ ɫ ɬɭɧɧɟɥɶɧɵɦ ɩɟɪɟɯɨɞɨɦ ɢ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя  

ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ ɩɪɢ ɩɨɫɬɨяɧɧɨɣ ɬɨɤɨɜɨɣ ɧɚɤɚɱɤɟ 200 ɦA. 

, ɝɪɚɞ

 I, ɨɬɧ. ɟɞ. 

 

Ɋɢɫ. 3. Дɢɚɝɪɚɦɦɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɚ ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨɣ p-n-ɩɟɪɟɯɨɞɭ,  
ɩɪɢ ɢɦɩɭɥɶɫɧɨɣ ɧɚɤɚɱɤɟ (ɬɨɤ 10 A, t = 180 ɧɫ, f = 1.43 ɤȽɰ). 

Заɤɥючɟɧɢɟ 
 Вɩɟɪɜɵɟ ɪɟɚɥɢɡɨɜɚɧ ɦɧɨɝɨяɦɧɵɣ ɦɟɠɡɨɧɧɵɣ ɤɚɫɤɚɞɧɵɣ ɥɚɡɟɪ ɫ ɬɭɧɧɟɥɶɧɵɦ ɩɟɪɟɯɨɞɨɦ 
ɜɧɭɬɪɢ ɟɞɢɧɨɝɨ ɜɨɥɧɨɜɨɞɚ ɢ ɜɵɯɨɞɨɦ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ ɩɨɞɥɨɠɤɭ. Дɚɧɧɵɟ ɝɟɬɟɪɨɥɚɡɟɪɵ ɞɟɦɨɧ-
ɫɬɪɢɪɭɸɬ ɭɫɬɨɣɱɢɜɭɸ ɝɟɧɟɪɚɰɢɸ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ, ɦɚɤɫɢɦɚɥɶɧɚя ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɧɚя 
ɦɨɳɧɨɫɬɶ 20 Вɬ. Дɨɫɬɢɝɧɭɬɨ ɨɛɭɠɟɧɢɟ ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɜ ɩɥɨɫɤɨɫɬɢ, ɩɟɪɩɟɧɞɢɤɭ-
ɥяɪɧɨɣ p-n-ɩɟɪɟɯɨɞɭ (0.7), ɚ ɬɚɤɠɟ ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɠɟɧ ɩɨɪɨɝɨɜɵɣ ɬɨɤ (350 ɦA ɩɪɢ ɞɥɢɧɟ ɪɟ-
ɡɨɧɚɬɨɪɚ 0.45 ɦɦ). 
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Interband Сascade InGaP/GaAs/InGaAs Laser with a Tunnel  

p-n-Junction with Radiation Coupling out through the Substrate 
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The multi quantum well interband two-cascade laser with a tunnel p-n-junction within a single waveguide 

and the output radiation through the substrate is developed. In the paper it is shown, that such a construction of a 
laser heterostructure provides more efficient fulfilling of the quantum wells compared with conventional multi 
quantum well laser with output radiation through the substrate, which helps to lower the generation threshold. 

Keywords: AIIIBV semiconductor lasers, tunnel p-n-junction, radiation coupling out through the substrate. 
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Сɩɟɤɬɪаɥɶɧаɹ   ɫɬаɛɢɥɢɡаɰɢɹ   ɢɡɥɭчɟɧɢɹ  ɥаɡɟɪɧɨɝɨ  ɞɢɨɞа  
вɧɭɬɪɢɪɟɡɨɧаɬɨɪɧɨɣ ɛɪɷɝɝɨвɫɤɨɣ ɪɟɲɟɬɤɨɣ ɧа ФТР ɫɬɟɤɥɟ 

ɋ. А. Иɜɚɧɨɜ, ɇ. В. ɇɢɤɨɧɨɪɨɜ  

Унивеɪɫиɬеɬ ИТМО, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail:  

Иɫɫɥɟɞɭɟɬɫя ɫɩɟɤɬɪɚɥɶɧɚя ɫɬɚɛɢɥɢɡɚɰɢя ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɫ ɩɨɦɨɳɶɸ ɨɛɴɟɦɧɨɣ Ȼɪɷɝ-
ɝɨɜɫɤɨɣ ɪɟɲɟɬɤɢ ɧɚ ɮɨɬɨɬɟɪɦɨɪɟɮɪɚɤɬɢɜɧɨɦ (ФɌɊ) ɫɬɟɤɥɟ. ɉɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɞɢɨɞɚ 
ɛɟɡ ɪɟɲɟɬɤɢ, ɫ ɪɟɲɟɬɤɨɣ (ɢɡɦɟɪɟɧɢɟ ɜ ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɦ ɩɭɱɤɟ) ɢ ɧɚ ɜɵɯɨɞɟ ɢɡ ɜɧɟɲɧɟɝɨ ɪɟɡɨɧɚɬɨɪɚ. 
ɉɪɟɥɨɠɟɧɚ ɦɨɞɟɥɶ ɪɚɫɱɟɬɚ ɬɚɤɨɝɨ ɪɟɡɨɧɚɬɨɪɚ ɫ ɭɱɟɬɨɦ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɟɲɟɬɤɢ, ɩɪɨɩɭɫ-
ɤɚɧɢя ФɌɊ ɫɬɟɤɥɚ ɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɬɪɚɠɟɧɢя ɡɟɪɤɚɥ. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɪɟɲɟɬɤɢ ɧɚ ФɌɊ ɫɬɟɤɥɟ ɜɧɭɬɪɢ 
ɪɟɡɨɧɚɬɨɪɚ ɩɨɡɜɨɥяɟɬ ɩɨɥɭɱɢɬɶ ɥɢɧɢɢ ɩɨɥɭɲɢɪɢɧɨɣ 11 ɩɦ. Ɉɪɝɚɧɢɡɚɰɢя ɬɚɤɨɝɨ ɜɧɟɲɧɟɝɨ ɪɟɡɨɧɚɬɨɪɚ ɧɟ 
ɫɤɚɡɵɜɚɟɬɫя ɧɚ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɚ. 

Кɥючɟвыɟ ɫɥɨва: ɝɨɥɨɝɪɚɦɦɚ, ɫɩɟɤɬɪɚɥɶɧɚя ɫɬɚɛɢɥɢɡɚɰɢя, ɮɨɬɨɬɟɪɦɨɪɟɮɪɚɤɬɢɜɧɨɟ ɫɬɟɤɥɨ, ɥɚ-
ɡɟɪɧɵɣ ɞɢɨɞ. 

Ввɟɞɟɧɢɟ 
Шɢɪɨɤɨ ɢɡɜɟɫɬɧɨ, ɱɬɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɧɵɟ ɞɢɨɞɵ ɨɛɥɚɞɚɸɬ ɩɥɨɯɨɣ ɫɩɟɤɬɪɚɥɶ-

ɧɨɣ ɫɬɚɛɢɥɶɧɨɫɬɶɸ ɢɡɥɭɱɟɧɢя. ɉɨɷɬɨɦɭ ɱɚɳɟ ɜɫɟɝɨ ɩɪɨɢɡɜɨɞɢɬɟɥɢ ɤɨɦɩɥɟɤɬɭɸɬ ɢɯ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɵɦɢ ɷɥɟɦɟɧɬɚɦɢ ɨɯɥɚɠɞɟɧɢя (ɩɚɫɫɢɜɧɨɝɨ ɢ ɚɤɬɢɜɧɨɝɨ) ɢ ɪɚɡɥɢɱɧɵɦɢ ɧɚɛɨɪɚɦɢ ɪɟɲɟɬɨɤ 
ɞɥя ɫɬɚɛɢɥɢɡɚɰɢɢ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя. ɇɟ ɬɚɤ ɞɚɜɧɨ ɫɬɚɥ ɧɚɛɢɪɚɬɶ ɩɨɩɭɥяɪɧɨɫɬɶ ɦɟɬɨɞ 
ɫɬɚɛɢɥɢɡɚɰɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ Ȼɪɷɝɝɨɜɫɤɢɯ ɨɛɴɟɦɧɵɯ ɪɟɲɟɬɨɤ, ɜɵɩɨɥɧɟɧɧɵɯ ɜ ɜɢɞɟ ɨɛɴɟɦ-
ɧɵɯ ɝɨɥɨɝɪɚɦɦ. Кɥɸɱɟɜɨɣ ɦɨɦɟɧɬ ɡɞɟɫɶ — ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɢɦɟɧɧɨ ɨɛɴɟɦɧɵɯ ɪɟɲɟɬɨɤ, ɬɚɤ ɤɚɤ 
ɬɨɥɶɤɨ ɨɛɴɟɦɧɵɟ ɪɟɲɟɬɤɢ ɨɛɥɚɞɚɸɬ ɧɟɨɛɯɨɞɢɦɨɣ ɫɩɟɤɬɪɚɥɶɧɨɣ ɢ ɭɝɥɨɜɨɣ ɫɟɥɟɤɬɢɜɧɨɫɬɶɸ.  

Фɨɬɨɬɟɪɦɨɪɟɮɪɚɤɬɢɜɧɵɟ (ФɌɊ) ɫɬɟɤɥɚ яɜɥяɸɬɫя ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɞɥя ɫɨɡɞɚ-
ɧɢя ɨɛɴɟɦɧɵɯ ɮɚɡɨɜɵɯ ɝɨɥɨɝɪɚɦɦ [1—3]. Эɬɢ ɫɬɟɤɥɚ ɩɪɨɢɡɜɨɞяɬ ɤɨɦɩɚɧɢɢ Corning (ɋША), 
Optigrate (ɋША), PD-LD (ɋША) ɢ ɇИИ ɧɚɧɨɮɨɬɨɧɢɤɢ ɢ ɨɩɬɨɢɧɮɨɪɦɚɬɢɤɢ ИɌɆɈ (Ɋɨɫɫɢя). 
ФɌɊ ɫɬɟɤɥɨ, ɩɪɨɢɡɜɨɞɢɦɨɟ ɜ Ɋɨɫɫɢɢ, ɢɦɟɟɬ ɫɥɟɞɭɸɳɢɟ ɞɨɫɬɨɢɧɫɬɜɚ: ɜɵɫɨɤɢɣ ɩɪɢɪɨɫɬ ɩɨɤɚɡɚ-
ɬɟɥя ɩɪɟɥɨɦɥɟɧɢя, ɛɨɥɶɲɨɟ ɩɪɨɩɭɫɤɚɧɢɟ ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ 350—2500 ɧɦ, ɜɵɫɨɤɚя ɨɩ-
ɬɢɱɟɫɤɚя, ɯɢɦɢɱɟɫɤɚя ɢ ɦɟɯɚɧɢɱɟɫɤɚя ɩɪɨɱɧɨɫɬɶ. Ƚɨɥɨɝɪɚɮɢɱɟɫɤɢɟ ɷɥɟɦɟɧɬɵ ɧɚ ɞɚɧɧɨɦ ɦɚɬɟ-
ɪɢɚɥɟ ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɨɣ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ( ɞɨ 99%). 

Кɚɤ ɨɬɦɟɱɟɧɨ ɜɵɲɟ, ɨɛɴɟɦɧɵɟ Ȼɪɷɝɝɨɜɫɤɢɟ ɪɟɲɟɬɤɢ ɨɛɥɚɞɚɸɬ ɜɵɫɨɤɨɣ ɫɟɥɟɤɬɢɜɧɨɫɬɶɸ. 
ȿɫɥɢ ɭɫɬɚɧɨɜɢɬɶ ɬɚɤɭɸ ɪɟɲɟɬɤɭ ɜɧɭɬɪɢ ɪɟɡɨɧɚɬɨɪɚ, ɬɨ ɨɧɚ ɛɭɞɟɬ ɢɝɪɚɬɶ ɪɨɥɶ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-
ɝɨ ɢ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɮɢɥɶɬɪɚ ɡɚ ɫɱɟɬ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɩɨ ɭɝɥɭ ɢ ɩɨ ɞɥɢɧɟ ɜɨɥɧɵ. Ɍɚɤ ɤɚɤ ɭɫɥɨɜɢяɦ 
Ȼɪɷɝɝɚ ɭɞɨɜɥɟɬɜɨɪяɟɬ ɥɢɲɶ ɨɩɪɟɞɟɥɟɧɧɵɣ ɭɝɨɥ ɩɚɞɟɧɢя, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɨɩɪɟɞɟɥɟɧɧɨɣ ɞɥɢɧɟ 
ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя, ɜ ɬɚɤɨɦ ɪɟɡɨɧɚɬɨɪɟ ɛɭɞɟɬ ɫɭɳɟɫɬɜɨɜɚɬɶ ɥɢɲɶ ɬɨɬ ɧɚɛɨɪ ɦɨɞ, ɤɨɬɨɪɵɣ ɭɞɨɜ-
ɥɟɬɜɨɪяɟɬ ɭɫɥɨɜɢяɦ ɞɢɮɪɚɤɰɢɢ ɧɚ ɪɟɲɟɬɤɟ.  

Эɤɫɩɟɪɢɦɟɧɬ 
В ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɚ ɢɫɫɥɟɞɨɜɚɧɢя ɜɵɛɪɚɧ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɞɢɨɞ ɫ ɛɨɥɶɲɢɦ ɤɨɥɢɱɟɫɬ-

ɜɨɦ ɩɨɥɨɫ ɜ ɫɩɟɤɬɪɟ ɢɡɥɭɱɟɧɢя (ɪɢɫ. 1). 

1053         1055           1057     , ɧɦ  

Iɨɬɧ 

 
Ɋɢɫ. 1. Иɫɯɨɞɧɵɣ ɫɩɟɤɬɪ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ; I = 3.5 A, P = 2.3 Вɬ. 
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Вɧɟɲɧɢɣ ɪɟɡɨɧɚɬɨɪ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬɤɢ ɜ ɤɚɱɟɫɬɜɟ ɫɩɟɤɬɪɚɥɶɧɨɝɨ 
ɮɢɥɶɬɪɚ ɨɪɝɚɧɢɡɨɜɚɧ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ: ɢɡɥɭɱɟɧɢɟ, ɜɵɯɨɞя ɢɡ ɤɪɢɫɬɚɥɥɚ, ɤɨɥɥɢɦɢɪɭɟɬɫя 
ɞɜɭɦя ɰɢɥɢɧɞɪɢɱɟɫɤɢɦɢ ɥɢɧɡɚɦɢ, ɡɚɬɟɦ ɩɨɩɚɞɚɟɬ ɩɨɞ ɭɝɥɨɦ Ȼɪɷɝɝɚ ɧɚ ɧɚɲɭ ɝɨɥɨɝɪɚɦɦɭ ɢ ɱɚɫ-
ɬɢɱɧɨ ɩɪɨɯɨɞɢɬ, ɱɚɫɬɢɱɧɨ ɞɢɮɪɚɝɢɪɭɟɬ ɧɚ ɷɥɟɦɟɧɬɟ (ɪɢɫ. 2). Дɢɮɪɚɝɢɪɨɜɚɧɧɵɣ ɩɭɱɨɤ ɨɬɪɚɠɚ-
ɟɬɫя ɡɟɪɤɚɥɨɦ Ɇ1 ɩɨɞ ɩɪяɦɵɦ ɭɝɥɨɦ ɨɛɪɚɬɧɨ ɧɚ ɝɨɥɨɝɪɚɦɦɭ ɢ ɨɩяɬɶ ɱɚɫɬɢɱɧɨ ɩɪɨɯɨɞɢɬ ɫɤɜɨɡɶ 
ɫɬɟɤɥɨ ɫ ɝɨɥɨɝɪɚɦɦɨɣ ɢ ɱɚɫɬɢɱɧɨ ɞɢɮɪɚɝɢɪɭɟɬ ɜ ɤɪɢɫɬɚɥɥ. Дɥя ɢɡɛɟɠɚɧɢя ɩɨɬɟɪɶ ɢɡɥɭɱɟɧɢя 
ɧɟɨɛɯɨɞɢɦɨ ɭɫɬɚɧɨɜɢɬɶ ɜɬɨɪɨɟ ɡɟɪɤɚɥɨ Ɇ2 ɩɚɪɚɥɥɟɥɶɧɨ ɩɟɪɜɨɦɭ, ɤɨɬɨɪɨɟ ɛɭɞɟɬ ɜɨɡɜɪɚɳɚɬɶ ɜ 
ɪɟɡɨɧɚɬɨɪ ɢɡɥɭɱɟɧɢɟ, ɢɡɛɟɠɚɜɲɟɟ ɞɢɮɪɚɤɰɢɢ ɧɚ ɨɛɪɚɬɧɨɦ ɩɪɨɯɨɞɟ ɱɟɪɟɡ ɝɨɥɨɝɪɚɦɦɭ. 

 

Ɋɢɫ. 2. ɉɪɢɧɰɢɩɢɚɥɶɧɚя ɫɯɟɦɚ ɜɧɟɲɧɟɝɨ ɪɟɡɨɧɚɬɨɪɚ ɫ ɝɨɥɨɝɪɚɦɦɨɣ. 

Дɥя ɨɩɢɫɚɧɢя ɩɪɢɜɟɞɟɧɧɨɝɨ ɜɵɲɟ ɪɟɡɨɧɚɬɨɪɚ ɩɪɨɦɨɞɟɥɢɪɨɜɚɧɚ ɫɢɫɬɟɦɚ, ɫɨɫɬɨяɳɚя ɢɡ 
ɪɟɲɟɬɤɢ ɢ ɞɜɭɯ ɩɚɪɚɥɥɟɥɶɧɵɯ ɞɪɭɝ ɞɪɭɝɭ ɡɟɪɤɚɥ. Дɥя ɩɪɨɫɬɨɬɵ ɫɢɫɬɟɦɚ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɤɚɤ 
ɧɟɤɢɣ ɜɵɯɨɞɧɨɣ ɷɥɟɦɟɧɬ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɣɫя ɩɪɨɩɭɫɤɚɧɢɟɦ ɢ ɨɬɪɚɠɟɧɢɟɦ. Хɨɞ ɥɭɱɚ ɜ ɬɚɤɨɣ 
ɫɢɫɬɟɦɟ ɨɩɢɫɚɬɶ ɧɟɩɪɨɫɬɨ, ɬɚɤ ɤɚɤ ɢɡ-ɡɚ ɪɟɲɟɬɤɢ ɫ ɧɟɤɨɬɨɪɨɣ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ 
ɢɡɥɭɱɟɧɢɟ ɩɨɫɬɨяɧɧɨ ɞɟɥɢɬɫя ɧɚ ɞɢɮɪɚɝɢɪɨɜɚɜɲɟɟ ɢ ɩɪɨɲɟɞɲɟɟ. ɉɨɷɬɨɦɭ ɞɥя ɨɰɟɧɤɢ ɩɪɨɩɭɫ-
ɤɚɧɢя ɢ ɨɬɪɚɠɟɧɢя ɞɚɧɧɨɣ ɫɢɫɬɟɦɵ, ɚ ɬɚɤɠɟ ɭɱɟɬɚ ɩɨɬɟɪɶ ɩɪɨɜɟɞɟɧ ɪɚɫɱɟɬ ɢɬɟɪɚɰɢɨɧɧɵɦ ɫɩɨ-
ɫɨɛɨɦ. Дɚɧɧɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥɢɥ ɪɚɫɫɱɢɬɚɬɶ, ɤɚɤɨɣ ɩɪɨɰɟɧɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя, ɢɡɧɚɱɚɥɶ-
ɧɨ ɜɵɲɟɞɲɟɝɨ ɢɡ ɤɪɢɫɬɚɥɥɚ, ɜɟɪɧɟɬɫя ɧɚɡɚɞ, ɚ ɫɤɨɥɶɤɨ ɩɨɤɢɧɟɬ ɪɟɡɨɧɚɬɨɪ ɱɟɪɟɡ ɨɩɪɟɞɟɥɟɧɧɨɟ 
ɱɢɫɥɨ ɩɪɨɯɨɞɨɜ. Кɚɤ ɩɨɤɚɡɚɥɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ, ɩɨɫɥɟ 15 ɩɪɨɯɨɞɨɜ ɜɧɭɬɪɢ ɬɚɤɨɝɨ ɪɟɡɨɧɚɬɨɪɚ ɢɧ-
ɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɩɚɞɚɟɬ ɞɨ ɧɟɫɭɳɟɫɬɜɟɧɧɵɯ ɜɟɥɢɱɢɧ. ɉɨɥɭɱɟɧɧɚя ɦɨɞɟɥɶ ɭɱɢɬɵɜɚɟɬ 
ɩɪɨɩɭɫɤɚɧɢɟ ɝɨɥɨɝɪɚɦɦɵ, ɞɢɮɪɚɤɰɢɨɧɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɢ ɤɨɷɮɮɢɰɢɟɧɬɵ ɨɬɪɚɠɟɧɢя ɡɟɪɤɚɥ. 
Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɛɥɚɝɨɞɚɪя ɞɚɧɧɨɣ ɦɨɞɟɥɢ ɦɨɠɧɨ ɨɰɟɧɢɬɶ, ɤɚɤ ɞɢɮɪɚɤɰɢɨɧɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɪɟɲɟɬɤɢ ɜɥɢяɟɬ ɧɚ ɩɨɬɟɪɢ ɜ ɬɚɤɨɣ ɫɢɫɬɟɦɟ. ɉɪɢɦɟɱɚɬɟɥɶɧɨ, ɱɬɨ ɯɚɪɚɤɬɟɪ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɬɟɪɶ ɨɬ 
ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɡɥɢɱɟɧ ɩɪɢ ɪɚɡɧɵɯ ɤɨɷɮɮɢɰɢɟɧɬɚɯ ɨɬɪɚɠɟɧɢя ɡɟɪɤɚɥ. 

Ɍɚɤɠɟ ɪɚɫɫɦɨɬɪɟɧɚ ɭɩɪɨɳɟɧɧɚя ɫɢɫɬɟɦɚ ɫ ɨɞɧɢɦ ɡɟɪɤɚɥɨɦ ɫɪɚɡɭ ɡɚ ɪɟɲɟɬɤɨɣ. В ɷɬɨɦ 
ɫɥɭɱɚɟ ɢɦɟɸɬɫя ɧɟɢɡɛɟɠɧɵɟ ɩɨɬɟɪɢ, ɫɜяɡɚɧɧɵɟ ɫ ɬɟɦ, ɱɬɨ ɢɡɥɭɱɟɧɢɟ, ɨɬɪɚɠɟɧɧɨɟ ɨɬ ɩɟɪɜɨɝɨ 
ɡɟɪɤɚɥɚ ɢ ɩɪɨɲɟɞɲɟɟ ɫɤɜɨɡɶ ɪɟɲɟɬɤɭ, ɛɟɡ ɞɢɮɪɚɤɰɢɢ ɩɨɤɢɞɚɟɬ ɪɟɡɨɧɚɬɨɪ. Ɉɞɧɚɤɨ ɞɚɧɧɭɸ ɫɯɟ-
ɦɭ ɩɪɨɳɟ ɸɫɬɢɪɨɜɚɬɶ, ɩɨɷɬɨɦɭ ɨɧɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ. ɉɪɢɦɟɱɚɬɟɥɶɧɨ, ɱɬɨ ɷɬɚ ɫɢɫ-
ɬɟɦɚ ɢɦɟɟɬ ɦɚɤɫɢɦɭɦ ɩɨɬɟɪɶ ɩɪɢ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɟɲɟɬɤɢ 50 %. К ɫɨɠɚɥɟ-
ɧɢɸ, ɜ ɧɚɲɟɦ ɫɥɭɱɚɟ ɞɢɮɪɚɤɰɢɨɧɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɪɟɲɟɬɤɢ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɛɥɢɡɤɚ ɤ 50 % ɢ 
ɫɨɫɬɚɜɥяɥɚ 46 %. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɦɨɠɧɨ ɨɠɢɞɚɬɶ ɫɧɢɠɟɧɢя ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚ 30 %. 

Дɚɥɟɟ ɜ ɨɩɢɫɚɧɧɵɣ ɜɵɲɟ ɪɟɡɨɧɚɬɨɪ ɭɫɬɚɧɨɜɥɟɧɵ ɧɟɫɤɨɥɶɤɨ ɪɚɡɥɢɱɧɵɯ ɤɪɢɫɬɚɥɥɨɜ. Иɫ-
ɯɨɞя ɢɡ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɜ ɞɢɮɪɚɝɢɪɨɜɚɧɧɨɦ ɩɭɱɤɟ, ɦɨɠɧɨ ɫɭɞɢɬɶ ɨ ɪɚɛɨɬɟ ɪɟɲɟɬɤɢ. ɉɪɟɞ-
ɩɪɢɧяɬɨ ɧɟɫɤɨɥɶɤɨ ɩɨɩɵɬɨɤ ɫɴɸɫɬɢɪɨɜɚɬɶ ɪɟɡɨɧɚɬɨɪ, ɨɞɧɚɤɨ ɢɡ-ɡɚ ɨɫɨɛɟɧɧɨɫɬɟɣ ɪɚɛɨɬɵ ɪɟ-
ɲɟɬɤɢ ɷɬɨ ɜɵɡɜɚɥɨ ɧɟɤɨɬɨɪɵɟ ɬɪɭɞɧɨɫɬɢ. Кɥɸɱɟɜɨɣ ɩɪɨɛɥɟɦɨɣ ɫɬɚɥɚ ɤɨɥɥɢɦɚɰɢя ɩɭɱɤɚ. Ɍɚɤ 
ɤɚɤ ɫɟɥɟɤɬɢɜɧɨɫɬɶ ɪɟɲɟɬɤɢ ɨɞɧɨɜɪɟɦɟɧɧɨ ɪɚɛɨɬɚɟɬ ɩɨ ɞɥɢɧɟ ɜɨɥɧɵ ɢ ɩɨ ɭɝɥɭ, ɩɪɢ ɩɥɨɯɨɣ ɤɨɥ-
ɥɢɦɚɰɢɢ ɩɭɱɤɚ ɜɨɡɧɢɤɚɟɬ ɫɢɬɭɚɰɢя, ɤɨɝɞɚ “ɥɢɲɧɢɟ” ɞɥɢɧɵ ɜɨɥɧ ɭɞɨɜɥɟɬɜɨɪяɸɬ ɭɫɥɨɜɢяɦ Ȼɪɷɝ-
ɝɚ (ɢɡ-ɡɚ ɬɨɝɨ ɱɬɨ ɜɫɟ ɜɨɥɧɵ ɪɚɫɩɪɨɫɬɪɚɧяɸɬɫя ɩɨɞ ɧɟɤɨɬɨɪɵɦ ɧɚɛɨɪɨɦ ɭɝɥɨɜ) ɢ ɧɚɱɢɧɚɸɬ ɭɫɢ-
ɥɢɜɚɬɶɫя ɜ ɪɟɡɨɧɚɬɨɪɟ. В ɪɟɡɭɥɶɬɚɬɟ ɜɦɟɫɬɨ ɨɞɧɨɣ ɩɨɥɨɫɵ ɩɨɥɭɱɚɟɬɫя ɧɟɫɤɨɥɶɤɨ. В ɞɨɩɨɥɧɟɧɢɟ 
ɤ ɷɬɨɦɭ ɩɪɨɛɥɟɦɨɣ ɨɤɚɡɚɥɫя ɢ ɤɨɧɬɭɪ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɪɟɲɟɬɤɢ, ɜ ɤɨɬɨɪɨɦ ɨɬɫɭɬɫɬɜɭɟɬ ɰɟɧɬɪɚɥɶ-
ɧɵɣ ɦɚɤɫɢɦɭɦ, ɚ ɩɨɛɨɱɧɵɟ ɦɚɤɫɢɦɭɦɵ ɪɚɫɩɨɥɨɠɟɧɵ ɱɚɫɬɨ, ɩɪɢɱɟɦ ɩɟɪɜɵɣ ɢɡ ɧɢɯ ɨɛɥɚɞɚɟɬ 
ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ 46 %. ɇɚɢɥɭɱɲɢɣ ɪɟɡɭɥɶɬɚɬ ɫɩɟɤɬɪɚɥɶɧɨɣ ɫɟɥɟɤɰɢɢ — ɩɨɥɭ-
ɱɟɧɢɟ ɞɜɭɯ ɩɨɥɨɫ ɲɢɪɢɧɨɣ 11 ɩɦ (ɪɢɫ. 3), ɪɚɫɩɨɥɨɠɟɧɢɟ ɤɨɬɨɪɵɯ ɬɨɱɧɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɤɨɧɬɭɪɭ 
ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɪɟɲɟɬɤɢ. Ɉɞɧɚɤɨ ɧɚ ɬɚɤɨɦ ɤɪɢɫɬɚɥɥɟ ɫɨɛɪɚɬɶ ɪɟɡɨɧɚɬɨɪ ɧɟ ɭɞɚɥɨɫɶ.  
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1059.2       1059.4        1059.6     , ɧɦ  

 

Iɨɬɧ 

 
Ɋɢɫ. 3. ɋɩɟɤɬɪ ɢɡɥɭɱɟɧɢя ɞɢɨɞɚ ɩɨɫɥɟ ɞɢɮɪɚɤɰɢɢ ɧɚ ɝɨɥɨɝɪɚɦɦɟ. 

 
Ƚɟɧɟɪɚɰɢɸ ɫ ɩɨɥɭɲɢɪɢɧɨɣ ɩɨɥɨɫɵ 0.8 ɧɦ ɭɞɚɥɨɫɶ ɩɨɥɭɱɢɬɶ ɧɚ ɞɪɭɝɨɦ ɤɪɢɫɬɚɥɥɟ. ɉɨɥɨɫɚ 

ɢɦɟɟɬ ɞɜɚ ɜɵɪɚɠɟɧɧɵɯ ɦɚɤɫɢɦɭɦɚ, ɱɬɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɤɨɧɬɭɪɨɦ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɧɚɲɟɣ ɪɟɲɟɬɤɢ. 
Вɵɯɨɞɧɚя ɦɨɳɧɨɫɬɶ ɭɩɚɥɚ ɧɚ 30 %, ɱɬɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɭɦɵɲɥɟɧɧɨ ɜɧɟɫɟɧɧɵɦɢ ɩɨɬɟɪяɦɢ ɢɡ-ɡɚ 
ɨɬɫɭɬɫɬɜɢя ɜɬɨɪɨɝɨ ɡɟɪɤɚɥɚ ɜ ɭɩɪɨɳɟɧɧɨɣ ɫɯɟɦɟ. Ɉɬɦɟɬɢɦ, ɱɬɨ ɞɚɧɧɨɟ ɫɨɝɥɚɫɨɜɚɧɢɟ ɫɜɢɞɟɬɟɥɶ-
ɫɬɜɭɟɬ ɨ ɬɨɦ, ɱɬɨ ɨɪɝɚɧɢɡɚɰɢя ɜɧɟɲɧɟɝɨ ɪɟɡɨɧɚɬɨɪɚ ɱɟɪɟɡ ɪɟɲɟɬɤɭ ɧɟ ɫɤɚɡɵɜɚɟɬɫя ɧɚ ɜɵɯɨɞɧɨɣ 
ɦɨɳɧɨɫɬɢ ɞɢɨɞɚ, ɤɨɬɨɪɚя ɩɨɥɭɱɟɧɚ ɩɪɢ ɬɟɯ ɠɟ ɬɨɤɚɯ.  

Заɤɥючɟɧɢɟ 
ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɫɩɟɤɬɪɚɥɶɧɚя ɫɬɚɛɢɥɢɡɚɰɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɫ ɩɨɦɨɳɶɸ ɜɧɟɲɧɟɝɨ 

ɪɟɡɨɧɚɬɨɪɚ ɧɚ ɨɫɧɨɜɟ ɨɛɴɟɦɧɨɣ ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬɤɢ. Фɨɪɦɚ ɢ ɪɚɫɩɨɥɨɠɟɧɢɟ ɩɨɥɨɫ ɜ ɫɩɟɤɬɪɟ 
ɢɡɥɭɱɟɧɢя ɞɢɨɞɚ ɫɨɜɩɚɞɚɸɬ ɫ ɤɨɧɬɭɪɨɦ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɝɨɥɨɝɪɚɦɦɵ. ɇɚɢɥɭɱɲɢɦ ɪɟɡɭɥɶɬɚɬɨɦ 
ɫɟɥɟɤɰɢɢ ɢɡɥɭɱɟɧɢя ɪɟɲɟɬɤɨɣ ɫɬɚɥɨ ɩɨɥɭɱɟɧɢɟ ɞɜɭɯ ɩɨɥɨɫ ɩɨɥɭɲɢɪɢɧɨɣ 11 ɩɦ ɤɚɠɞɚя. ɉɨɥɭ-
ɱɟɧɚ ɝɟɧɟɪɚɰɢя ɥɚɡɟɪɚ ɫ ɜɧɟɲɧɢɦ ɪɟɡɨɧɚɬɨɪɨɦ ɨɛɥɚɞɚɟɬ ɩɨɥɭɲɢɪɢɧɨɣ ɩɨɥɨɫɵ ɢɡɥɭɱɟɧɢя 0.8 
ɧɦ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɭɫɬɚɧɨɜɤɚ ɜɧɟɲɧɟɝɨ ɪɟɡɨɧɚɬɨɪɚ ɫ ɝɨɥɨɝɪɚɦɦɨɣ ɧɚ ФɌɊ ɫɬɟɤɥɟ ɧɟ ɫɤɚɡɵɜɚɟɬɫя 
ɧɚ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɚ. ɉɪɟɞɥɨɠɟɧɚя ɦɨɞɟɥɶ ɪɚɫɱɟɬɚ ɩɚɪɚɦɟɬɪɨɜ ɜɧɟɲɧɟɝɨ ɪɟɡɨɧɚɬɨɪɚ 
ɫɨɝɥɚɫɭɟɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɚя ɫɟɥɟɤɰɢя 
ɢɡɥɭɱɟɧɢя ɩɪɟɜɨɫɯɨɞɢɬ ɫɟɥɟɤɬɢɜɧɨɫɬɶ ɝɨɥɨɝɪɚɦɦɵ.  
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Spectral Stabilization of Laser Diode Radiation with Intracavity  

Bragg Grating on PTR Glass 
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In this paper authors present spectral stabilization of laser diode with volume Bragg grating recorded on 
photo-thermo-refractive glass. In presented work were measured radiation spectra of pure LD, radiation in dif-
fracted beam and radiation of LD with external cavity based on Bragg grating. Model for calculation of such 
system was suggested. It takes into account diffraction efficiency of Bragg grating, transmittance of glass and 
reflection index of mirrors. Implementation of external cavity with Bragg grating allowed achieving bandwidth 
of emission spectra about 11 pm. And such cavity doesn’t affect the output power of laser source.  

Keywords: hologram, spectral stabilization, PTR glass, laser diode. 
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Ɋɚɡɜɢɬɚ ɪɚɫɩɪɟɞɟɥɟɧɧɚя ɦɨɞɟɥɶ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɥɚɡɟɪɚ ɞɥя ɪɚɫɱɟɬɚ ɦɨɳɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, 
ɭɱɢɬɵɜɚɸɳɚя ɧɚɝɪɟɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ, ɩɪɨɰɟɫɫɵ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɤɜɚɧɬɨɜɵɟ яɦɵ ɢ ɨɫɨɛɟɧ-
ɧɨɫɬɢ ɩɪɨɰɟɫɫɨɜ ɢɧɠɟɤɰɢɢ ɢ ɜɧɭɬɪɢɡɨɧɧɨɝɨ ɩɨɝɥɨɳɟɧɢя ɜ ɥɚɡɟɪɚɯ ɫ ɲɢɪɨɤɢɦɢ ɜɨɥɧɨɜɨɞɚɦɢ. В ɡɚɜɢɫɢ-
ɦɨɫɬɢ ɨɬ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɟɩɥɨɨɬɜɨɞɚ ɦɨɞɟɥɶ ɩɨɡɜɨɥяɟɬ ɨɩɢɫɚɬɶ ɪɟɠɢɦɵ ɤɚɬɚɫɬɪɨɮɢɱɟɫɤɨɣ ɞɟɝɪɚɞɚɰɢɢ ɢ 
ɩɥɚɜɧɨɝɨ ɫɧɢɠɟɧɢя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɝɟɧɟɪɚɰɢɢ ɫ ɪɨɫɬɨɦ ɬɨɤɚ ɧɚɤɚɱɤɢ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɫ ɩɨɦɨɳɶɸ ɪɚɡɞɟɥɶ-
ɧɨɣ ɩɪɨɞɨɥɶɧɨɣ ɧɚɤɚɱɤɢ ɥɚɡɟɪɚ ɦɨɠɧɨ ɩɨɜɵɫɢɬɶ ɦɚɤɫɢɦɚɥɶɧɭɸ ɜɵɯɨɞɧɭɸ ɦɨɳɧɨɫɬɶ ɢ ɩɨɪɨɝ ɤɚɬɚɫɬɪɨ-
ɮɢɱɟɫɤɨɣ ɞɟɝɪɚɞɚɰɢɢ.  

Кɥючɟвыɟ ɫɥɨва: ɦɨɳɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ, ɛɚɥɚɧɫɧɵɟ ɭɪɚɜɧɟɧɢя, ɞɢɮɮɭɡɢɨɧɧɨ-
ɞɪɟɣɮɨɜɚя ɦɨɞɟɥɶ, ɬɟɩɥɨɜɵɟ ɷɮɮɟɤɬɵ, ɪɚɡɞɟɥɶɧɚя ɩɪɨɞɨɥɶɧɚя ɧɚɤɚɱɤɚ, ɦɨɳɧɨɫɬɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ.  

Ввɟɞɟɧɢɟ 
В ɦɨɳɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɧɚ ɝɪɚɧɢ ɪɟɡɨɧɚɬɨɪɚ, ɤɚɤ ɩɪɚɜɢɥɨ, ɧɚɧɟɫɟɧɵ ɜɵ-

ɫɨɤɨɨɬɪɚɠɚɸɳɢɟ ɢ ɩɪɨɫɜɟɬɥɟɧɧɵɟ ɡɟɪɤɚɥɚ, ɱɬɨ ɩɨɜɵɲɚɟɬ ɜɵɯɨɞɧɭɸ ɦɨɳɧɨɫɬɶ ɢɡ ɨɞɧɨɣ ɝɪɚɧɢ. 
ɉɪɢ ɷɬɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɩɨɥя ɜ ɪɟɡɨɧɚɬɨɪɟ ɫɬɚɧɨɜɢɬɫя ɫɭɳɟɫɬɜɟɧ-
ɧɨ ɧɟɨɞɧɨɪɨɞɧɵɦ, ɱɬɨ ɨɬɪɚɠɚɟɬɫя ɧɚ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢ 
ɬɟɦɩɟɪɚɬɭɪɵ. Эɬɨ ɩɪɢɜɨɞɢɬ ɤ ɪɚɡɥɢɱɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɢɧɠɟɤɬɢɪɨɜɚɧɧɵɯ 
ɧɨɫɢɬɟɥɟɣ ɜ ɢɡɥɭɱɟɧɢɟ ɜ ɪɚɡɧɵɯ ɱɚɫɬяɯ ɫɬɪɭɤɬɭɪɵ. ɉɪɟɞɫɬɚɜɥяɟɬ ɢɧɬɟɪɟɫ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɬɶ 
ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɜɵɲɟɧɢя ɪɟɡɭɥɶɬɢɪɭɸɳɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɩɭɬɟɦ ɩɟɪɟɪɚɫɩɪɟ-
ɞɟɥɟɧɢя ɢɧɠɟɤɬɢɪɨɜɚɧɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. Иɡɦɟɧɢɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɢɧɠɟɤɬɢɪɨ-
ɜɚɧɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ, ɦɨɠɧɨ ɪɚɡɞɟɥɢɜ ɨɛɳɢɣ ɤɨɧɬɚɤɬ ɧɚ ɞɜɚ ɢɥɢ ɛɨɥɟɟ ɷɥɟɤ-
ɬɪɢɱɟɫɤɢ ɢɡɨɥɢɪɨɜɚɧɧɵɯ ɤɨɧɬɚɤɬɚ, ɩɪɢɥɨɠɢɜ ɤ ɧɢɦ ɪɚɡɥɢɱɧɨɟ ɧɚɩɪяɠɟɧɢɟ.  

1. Тɟɨɪɟɬɢчɟɫɤɢɣ аɧаɥɢɡ 
Ɋɚɫɫɦɨɬɪɢɦ ɫɬɪɭɤɬɭɪɭ ɥɚɡɟɪɚ c ɲɢɪɨɤɢɦ ɧɟɥɟɝɢɪɨɜɚɧɧɵɦ ɜɨɥɧɨɜɨɞɨɦ [1]. Ɋɟɡɭɥɶɬɚɬɵ 

ɪɚɫɱɟɬɚ ɡɨɧɧɨɣ ɞɢɚɝɪɚɦɦɵ, ɜɵɩɨɥɧɟɧɧɵɟ ɧɚ ɨɫɧɨɜɟ ɞɢɮɮɭɡɢɨɧɧɨ-ɞɪɟɣɮɨɜɨɣ ɦɨɞɟɥɢ ɫ ɭɱɟɬɨɦ 
ɩɪɨɰɟɫɫɨɜ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɜ ɤɜɚɧɬɨɜɵɟ яɦɵ (Кə) [2], ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1. Ɋɚɡɧɨɫɬɶ ɩɨ-
ɬɟɧɰɢɚɥɨɜ U, ɩɪɢɥɨɠɟɧɧɚя ɤ ɦɟɬɚɥɥɢɱɟɫɤɢɦ ɤɨɧɬɚɤɬɚɦ, ɪɚɫɩɪɟɞɟɥяɟɬɫя ɜɧɭɬɪɢ ɫɬɪɭɤɬɭɪɵ ɤɚɤ  
 eU = Vp + Fb + Vn + eUr, (1) 

ɝɞɟ Fb — ɪɚɡɧɨɫɬɶ ɤɜɚɡɢɭɪɨɜɧɟɣ Фɟɪɦɢ ɞɥя ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɛɚɪɶɟɪɧɵɯ ɨɛɥɚɫɬяɯ ɜ ɨɛɥɚɫɬɢ 
Кə; Vp ɢ Vn — ɢɡɦɟɧɟɧɢɟ ɤɜɚɡɢɭɪɨɜɧя Фɟɪɦɢ ɞɥя ɞɵɪɨɤ ɢ ɷɥɟɤɬɪɨɧɨɜ ɜ ɜɨɥɧɨɜɨɞɧɨɦ ɫɥɨɟ ɫɨ 
ɫɬɨɪɨɧɵ p- ɢ n-ɷɦɢɬɬɟɪɨɜ; Ur — ɨɦɢɱɟɫɤɨɟ ɩɚɞɟɧɢɟ ɧɚɩɪяɠɟɧɢя ɜ ɷɦɢɬɬɟɪɚɯ ɢ ɩɨɞɥɨɠɤɟ.  

ɋɨ ɫɬɨɪɨɧɵ p-ɷɦɢɬɬɟɪɚ ɬɨɤ ɱɟɪɟɡ ɫɬɪɭɤɬɭɪɭ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɫɬɶɸ ɨɩɪɟɞɟɥяɟɬɫя ɩɟɪɟɧɨ-
ɫɨɦ ɞɵɪɨɤ. Эɬɨ ɩɪɢɜɨɞɢɬ ɤ ɩɚɞɟɧɢɸ ɤɜɚɡɢɭɪɨɜɧя Фɟɪɦɢ ɞɥя ɞɵɪɨɤ ɧɚ ɜɟɥɢɱɢɧɭ Vp. ɉɥɨɬɧɨɫɬɶ 
ɷɥɟɤɬɪɨɧɧɨɝɨ ɬɨɤɚ ɦɚɥɚ, ɢ ɤɜɚɡɢɭɪɨɜɟɧɶ Фɟɪɦɢ ɞɥя ɷɥɟɤɬɪɨɧɨɜ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɢɡɦɟɧяɟɬɫя. 
                                                       

z, ɦɤɦ 

Е, ɷВ а

                         z, ɦɤɦ 

ɩ, ɪ, ɫɦ–3

 

ɛ

 

Ɋɢɫ. 1. Зɨɧɧɚя ɞɢɚɝɪɚɦɦɚ (а) ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ (ɛ) ɜ ɫɬɪɭɤɬɭɪɟ 
GaAs/Al0.38Ga0.72As/Al0.47Ga0.53As ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɢɧɠɟɤɰɢɢ j = 10 ɤА/ɫɦ2  

ɢ ɩɥɨɬɧɨɫɬɢ ɮɨɬɨɧɨɜ S = 7·1011 ɫɦ–2, T = 300 К. 
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Иɡ-ɡɚ ɷɬɨɝɨ ɤɨɧɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɪɶɟɪɧɵɯ ɨɛɥɚɫɬяɯ ɭɦɟɧɶɲɚɟɬɫя ɩɪɢ ɩɪɢɛɥɢɠɟɧɢɢ  
ɤ Кə. Аɧɚɥɨɝɢɱɧɚя ɫɢɬɭɚɰɢя ɧɚɛɥɸɞɚɟɬɫя ɫɨ ɫɬɨɪɨɧɵ n-ɷɦɢɬɬɟɪɚ, ɝɞɟ ɪɨɥɢ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ 
ɦɟɧяɸɬɫя ɦɟɫɬɚɦɢ. 

ȿɫɥɢ ɩɪɟɧɟɛɪɟɱɶ ɪɟɤɨɦɛɢɧɚɰɢɟɣ ɜ ɛɚɪɶɟɪɧɵɯ ɨɛɥɚɫɬяɯ, ɬɨ ɫ ɭɱɟɬɨɦ ɭɫɥɨɜɢя ɷɥɟɤɬɪɨɧɟɣ-
ɬɪɚɥɶɧɨɫɬɢ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɫɥɟɞɭɸɳɢɟ ɜɵɪɚɠɟɧɢя ɞɥя ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ: 

 j = (2kTpnb/dp)[exp(Vp/2kT) – 1] , j = (2kTnnb/dn)[exp(Vn/2kT) – 1] ,           (2) 

ɝɞɟ nb — ɨɛɴɟɦɧɚя ɤɨɧɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɪɶɟɪɧɨɣ ɨɛɥɚɫɬɢ ɜɛɥɢɡɢ Кə; p ɢ n — ɩɨɞɜɢɠ-
ɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ; dp ɢ dn — ɩɪɨɬяɠɟɧɧɨɫɬɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɭɱɚɫɬɤɨɜ ɜɨɥɧɨɜɨɞɚ;  
Т — ɬɟɦɩɟɪɚɬɭɪɚ. ɋɭɦɦɚɪɧɚя ɞɜɭɯɦɟɪɧɚя ɤɨɧɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɛɚɪɶɟɪɧɵɯ ɨɛɥɚɫɬяɯ: 
 nb = (nb/2)[dp(exp(Vp/2kT) + 1) + dn(exp(Vn/2kT) + 1)]. (3) 

Дɥя ɚɧɚɥɢɡɚ ɦɨɳɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɫɩɨɥɶɡɭɟɦ ɛɚɥɚɧɫɧɵɟ ɭɪɚɜɧɟɧɢя ɞɥя ɞɜɭɯɦɟɪ-
ɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɪɶɟɪɧɵɯ ɨɛɥɚɫɬяɯ nb, ɜ Кə nw ɢ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɢɢ W ɜ ɜɢɞɟ:  
 dnb/dt = j/e – Rb – Rcap, (4) 

 dnw/dt = Rcap – Rw – vgGS, (5) 

 dW/dt = jU – vgħ(G – )S – (T – T0)/LT. (6) 

Зɞɟɫɶ Rb ɢ Rw — ɫɤɨɪɨɫɬɶ ɫɩɨɧɬɚɧɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ ɜ ɛɚɪɶɟɪɧɵɯ ɨɛɥɚɫɬяɯ ɢ Кə; Rcap — ɫɤɨ-
ɪɨɫɬɶ ɡɚɯɜɚɬɚ ɧɨɫɢɬɟɥɟɣ ɜ Кə; G — ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢя;  — ɤɨɷɮɮɢɰɢɟɧɬ ɜɧɭɬɪɟɧɧɢɯ ɩɨ-
ɬɟɪɶ;  — ɱɚɫɬɨɬɚ ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɢɡɥɭɱɟɧɢя; S — ɞɜɭɯɦɟɪɧɚя ɩɥɨɬɧɨɫɬɶ ɮɨɬɨɧɨɜ; vg — ɝɪɭɩɩɨ-
ɜɚя ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ;  — ɤɨɷɮɮɢɰɢɟɧɬ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ; T0 — ɬɟɦɩɟɪɚɬɭɪɚ ɬɟɩɥɨɨɬɜɨɞɚ; LT — 
ɷɮɮɟɤɬɢɜɧɨɟ ɪɚɫɫɬɨяɧɢɟ ɬɟɩɥɨɨɬɜɨɞɚ. ɉɥɨɬɧɨɫɬɶ ɬɨɤɚ ɢɧɠɟɤɰɢɢ j ɪɚɫɫɱɢɬɵɜɚɟɬɫя ɜ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɨɬ ɩɪɢɥɨɠɟɧɧɨɝɨ ɧɚɩɪяɠɟɧɢя U, ɤɚɤ ɭɤɚɡɚɧɨ ɜɵɲɟ. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 
ɜɞɨɥɶ ɪɟɡɨɧɚɬɨɪɚ ɧɚɯɨɞɢɬɫя ɢɡ ɭɪɚɜɧɟɧɢя Ȼɭɝɟɪɚ ɞɥя ɩɪяɦɨɣ P + ɢ ɨɛɪɚɬɧɨɣ P – ɜɨɥɧ ɫ ɭɱɟɬɨɦ 
ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɬɪɚɠɟɧɢя ɧɚ ɝɪɚɧяɯ ɪɟɡɨɧɚɬɨɪɚ:  
 dP/dx = (G – )P. (7) 

ɉɪɢ ɪɚɫɱɟɬɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢя ɢ ɫɤɨɪɨɫɬɢ ɡɚɯɜɚɬɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ 
nw ɢɫɩɨɥɶɡɨɜɚɧɨ ɩɪɢɛɥɢɠɟɧɢɟ Кə ɫ ɨɞɧɢɦ ɭɪɨɜɧɟɦ ɞɥя ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ. Кɨɷɮɮɢɰɢɟɧɬ 
ɜɧɭɬɪɟɧɧɢɯ ɩɨɬɟɪɶ ɫɱɢɬɚɟɬɫя ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵɦ ɫɭɦɦɚɪɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɜ ɛɚɪɶ-
ɟɪɧɵɯ ɨɛɥɚɫɬяɯ ɤ Кə. 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Дɥя ɪɚɫɱɟɬɨɜ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɚɧɧɵɟ ɫɬɪɭɤɬɭɪɵ [1] ɫ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɨɬɪɚɠɟɧɢя ɡɟɪɤɚɥ 

ɪɟɡɨɧɚɬɨɪɚ 5 ɢ 95 %. ɉɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɨɞɢɧ ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɤɨɧɬɚɤɬ ɪɚɡɞɟɥɟɧ ɧɚ ɞɜɟ ɪɚɜɧɵɟ 
ɱɚɫɬɢ ɩɪɨɬяɠɟɧɧɨɫɬɶɸ L/2, ɤ ɤɨɬɨɪɵɦ ɩɪɢɤɥɚɞɵɜɚɟɬɫя ɧɚɩɪяɠɟɧɢɟ, ɨɬɥɢɱɚɸɳɟɟɫя ɧɚ U.  

Ɋɚɫɱɟɬɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɟɞɥɨɠɟɧɧɨɣ ɦɨɞɟɥɢ ɩɨɤɚɡɚɥɢ ɜɨɡɦɨɠɧɨɫɬɶ ɪɚɛɨɬɵ ɥɚɡɟɪɚ ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɟɩɥɨɨɬɜɨɞɚ ɜ ɞɜɭɯ ɬɟɩɥɨɜɵɯ ɪɟɠɢɦɚɯ. ɉɪɢ ɷɮɮɟɤɬɢɜɧɨɦ ɬɟɩ-
ɥɨɨɬɜɨɞɟ (ɪɢɫ. 2, а) ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɨɤɚ ɧɚɤɚɱɤɢ ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ ɫɧɚɱɚɥɚ ɜɨɡɪɚɫɬɚɟɬ, ɚ 
ɡɚɬɟɦ ɭɦɟɧɶɲɚɟɬɫя. ɉɪɢ ɧɟɷɮɮɟɤɬɢɜɧɨɦ ɬɟɩɥɨɨɬɜɨɞɟ (ɪɢɫ. 2, ɛ) ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɬɨɤɚ ɧɚɤɚɱɤɢ 
ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ ɜɨɡɪɚɫɬɚɟɬ ɞɨ ɧɟɤɨɬɨɪɨɝɨ ɡɧɚɱɟɧɢя, ɚ ɞɚɥɟɟ ɩɪɨɢɫɯɨɞɢɬ ɪɟɡɤɢɣ ɫɤɚɱɨɤ 
ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɫɪɵɜ ɝɟɧɟɪɚɰɢɢ. ɇɚ ɩɪɚɤɬɢɤɟ ɷɬɨ ɩɪɢɜɨɞɢɬ ɤ ɤɚɬɚɫɬɪɨɮɢɱɟɫɤɨɣ ɞɟɝɪɚɞɚɰɢɢ [3]. 
Ɇɚɬɟɦɚɬɢɱɟɫɤɢ ɷɬɨ ɫɜяɡɚɧɨ ɫ ɧɟɦɨɧɨɬɨɧɧɵɦ ɭɦɟɧɶɲɟɧɢɟɦ ɮɭɧɤɰɢɢ dW/dt (ɭɪɚɜɧɟɧɢɟ (6)) ɜ 
ɭɫɥɨɜɢяɯ ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɲɟɧɢя ɭɪɚɜɧɟɧɢɣ (4), (5) ɢ (7) ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ.  

ɋ ɭɜɟɥɢɱɟɧɢɟɦ ɬɨɤɚ ɧɚɤɚɱɤɢ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɢɧɠɟɤɰɢɢ ɜɞɨɥɶ ɪɟɡɨɧɚɬɨɪɚ ɜɨɡɪɚɫɬɚɟɬ, 
ɤɨɷɮɮɢɰɢɟɧɬ ɜɧɭɬɪɟɧɧɢɯ ɩɨɬɟɪɶ ɦɨɠɟɬ ɭɜɟɥɢɱɢɜɚɬɶɫя ɧɚ ɩɨɪяɞɨɤ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫɨ ɡɧɚɱɟɧɢɟɦ 
ɜ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ (ɪɢɫ. 3). ɉɪɢ ɷɬɨɦ ɛɨɥɶɲɢɟ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɧɚɤɚɱɤɢ, ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɬɟɪɶ ɢ 
ɬɟɦɩɟɪɚɬɭɪɵ ɪɟɚɥɢɡɭɸɬɫя ɫɨ ɫɬɨɪɨɧɵ ɜɵɯɨɞɧɨɝɨ ɩɪɨɫɜɟɬɥɟɧɧɨɝɨ ɡɟɪɤɚɥɚ. ȿɫɥɢ ɧɚ ɪɚɡɞɟɥɶɧɵɣ 
ɤɨɧɬɚɤɬ ɫɨ ɫɬɨɪɨɧɵ ɜɵɯɨɞɧɨɝɨ ɡɟɪɤɚɥɚ ɩɨɞɚɜɚɬɶ ɦɟɧɶɲɟɟ ɧɚɩɪяɠɟɧɢɟ (ɧɚ ~50 ɦВ), ɬɨ ɦɨɠɧɨ ɧɚ 
ɧɟɫɤɨɥɶɤɨ ɩɪɨɰɟɧɬɨɜ ɭɜɟɥɢɱɢɬɶ ɦɚɤɫɢɦɚɥɶɧɭɸ ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ ɢɥɢ ɤɪɢɬɢɱɟɫɤɢɣ ɬɨɤ ɧɚ-
ɤɚɱɤɢ, ɩɪɢ ɤɨɬɨɪɨɦ ɧɚɱɢɧɚɟɬɫя ɤɚɬɚɫɬɪɨɮɢɱɟɫɤɚя ɞɟɝɪɚɞɚɰɢя (ɪɢɫ. 2). ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɛɨɥɶɲɟɝɨ ɱɢɫɥɚ ɤɨɧɬɚɤɬɨɜ ɢ ɨɩɬɢɦɢɡɚɰɢɢ ɧɚɩɪяɠɟɧɢɣ ɧɚ ɧɢɯ ɦɨɠɧɨ ɨɠɢɞɚɬɶ ɞɚɥɶɧɟɣɲɟɝɨ 
ɭɥɭɱɲɟɧɢя ɦɨɳɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. 
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Р, Вɬ                         а 

                   

 

I, A 

ɛ 

 
Ɋɢɫ. 2. Вɵɯɨɞɧɚя ɦɨɳɧɨɫɬɶ ɥɚɡɟɪɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɨɤɚ ɧɚɤɚɱɤɢ ɩɪɢ ɧɚɩɪяɠɟɧɢɢ ɧɚ ɞɜɭɯ ɱɚɫɬяɯ  

ɫɬɪɭɤɬɭɪɵ, ɨɬɥɢɱɚɸɳɢɯɫя ɧɚ U = 50 (1), 0 (2), –50 ɦВ (3), ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɦ ɪɚɫɫɬɨяɧɢɢ  
ɬɟɩɥɨɨɬɜɨɞɚ LT = 200 (a) ɢ 300 ɦɤɦ (ɛ) 

х, ɦɦ 

I, A                     а 

                     х, ɦɦ 

, ɫɦ–1                     ɛ 

 
Ɋɢɫ. 3. ɉɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɜɞɨɥɶ ɪɟɡɨɧɚɬɨɪɚ ɧɨɪɦɢɪɨɜɚɧɧɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ (а)  
ɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɜɧɭɬɪɟɧɧɢɯ ɩɨɬɟɪɶ (ɛ) ɩɪɢ ɬɨɤɚɯ ɧɚɤɚɱɤɢ 1, 2, 3, 4 ɢ 5 А ɞɥя ɫɬɪɭɤɬɭɪɵ  

ɫ LT = 200 ɦɤɦ. ɉɪɨɫɜɟɬɥɟɧɧɨɟ ɡɟɪɤɚɥɨ ɪɚɫɩɨɥɨɠɟɧɨ ɩɪɢ x = 0. 

Заɤɥючɟɧɢɟ  
ɉɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɦɨɳɧɨɫɬɢ ɝɟɧɟɪɚɰɢɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɫ ɭɱɟɬɨɦ ɩɪɨ-

ɫɬɪɚɧɫɬɜɟɧɧɨɣ ɧɟɨɞɧɨɪɨɞɧɨɫɬɢ ɢɧɠɟɤɰɢɢ, ɭɫɢɥɟɧɢя ɢ ɜɧɭɬɪɟɧɧɢɯ ɩɨɬɟɪɶ. ɉɪɨɚɧɚɥɢɡɢɪɨɜɚɧɚ 
ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɜɵɲɟɧɢя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɝɟɧɟɪɚɰɢɢ ɩɭɬɟɦ ɪɚɡɞɟɥɶɧɨɣ ɩɪɨɞɨɥɶɧɨɣ ɧɚɤɚɱɤɢ.  
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Separate Longitudinal Pumping of High-Power Semiconductor Lasers 

A. A. Afonenko, D. V. Ushakov 

Belarusian State University, Minsk, Belarus; e-mail: afonenko@bsu.by 

An integrated model for the calculation of the injection laser power characteristics, taking into account 
the heating of the active region, the capture of charge carriers in quantum wells and features of the processes of 
injection and intraband absorption in the lasers with wide waveguides has been developed. Depending on the 
heat sink efficiency the model allows to describe the regimes of catastrophic damage and gradual decrease of 
efficiency with the increase of the efficiency of the pump current. It has been shown that the separate longitudi-
nal pump can increase the maximum output power and catastrophic damage threshold. 

Keywords: high-power semiconductor lasers, balance equations, drift-diffusion model, heat effects, 
separate longitudinal pump, power characteristics. 
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ɇɚ ɨɫɧɨɜɟ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɦɨɞɟɥɢ ɪɟɡɨɧɚɬɨɪɚ ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɦɨɞɭɥяɰɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 
ɦɧɨɝɨɦɨɞɨɜɵɯ (Фɚɛɪɢ—ɉɟɪɨ) ɥɚɡɟɪɨɜ ɜ ɪɟɠɢɦɟ ɨɩɬɢɱɟɫɤɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ. ɉɨɥɨɠɟɧɢя ɪɟɡɨɧɚɧɫɧɵɯ 
ɩɢɤɨɜ ɧɚ ɦɨɞɭɥяɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ ɨɩɪɟɞɟɥяɸɬɫя ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ ɢ ɨɬɫɬɪɨɣɤɨɣ ɱɚɫɬɨɬɵ ɜɧɟɲ-
ɧɟɝɨ ɢɡɥɭɱɟɧɢя. ɉɪɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɦ ɜɵɛɨɪɟ ɪɚɛɨɱɟɣ ɬɨɱɤɢ (ɬɨɤ ɧɚɤɚɱɤɢ, ɦɨɳɧɨɫɬɶ ɫɢɧɯɪɨɧɢɡɢɪɭɸ-
ɳɟɝɨ ɢɡɥɭɱɟɧɢя) ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɞɭɥяɰɢɢ ɜɛɥɢɡɢ ɪɟɡɨɧɚɧɫɧɵɯ ɩɢɤɨɜ ɫɨɩɨɫɬɚɜɢɦɚ ɫ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ 
ɦɨɞɭɥяɰɢɢ ɥɚɡɟɪɚ ɧɚ ɧɢɡɤɢɯ ɱɚɫɬɨɬɚɯ.  

Кɥючɟвыɟ ɫɥɨва: ɪɟɠɢɦ ɨɩɬɢɱɟɫɤɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ, ɫɜяɡɚɧɧɵɟ ɭɤɨɪɨɱɟɧɧɵɟ ɭɪɚɜɧɟɧɢя, ɦɨɞɭ-
ɥяɰɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ, ɪɟɡɨɧɚɬɨɪ Фɚɛɪɢ—ɉɟɪɨ. 

Ввɟɞɟɧɢɟ 
Вɧɟɲɧяя ɨɩɬɢɱɟɫɤɚя ɫɢɧɯɪɨɧɢɡɚɰɢя яɜɥяɟɬɫя ɷɮɮɟɤɬɢɜɧɵɦ ɦɟɬɨɞɨɦ ɭɜɟɥɢɱɟɧɢя ɪɟɡɨ-

ɧɚɧɫɧɨɣ ɱɚɫɬɨɬɵ ɩɪяɦɨɣ ɬɨɤɨɜɨɣ ɦɨɞɭɥяɰɢɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ (>100 ȽȽɰ) [1].  
В ɨɞɧɨɦɨɞɨɜɵɯ ɥɚɡɟɪɚɯ (ɊɈɋ, ɥɚɡɟɪɵ ɫ ɜɟɪɬɢɤɚɥɶɧɵɦ ɪɟɡɨɧɚɬɨɪɨɦ) ɫɭɳɟɫɬɜɭɟɬ ɟɞɢɧɫɬɜɟɧɧɚя 
ɪɟɡɨɧɚɧɫɧɚя ɱɚɫɬɨɬɚ. В ɦɧɨɝɨɦɨɞɨɜɵɯ ɥɚɡɟɪɚɯ (ɥɚɡɟɪɵ ɫ ɪɟɡɨɧɚɬɨɪɨɦ Фɚɛɪɢ—ɉɟɪɨ) ɧɚɛɥɸɞɚ-
ɸɬɫя ɧɟɫɤɨɥɶɤɨ ɪɟɡɨɧɚɧɫɧɵɯ ɨɬɤɥɢɤɨɜ [2].  

Цɟɥɶ ɪɚɛɨɬɵ — ɢɫɫɥɟɞɨɜɚɧɢɟ ɪɟɡɨɧɚɧɫɨɜ ɜɛɥɢɡɢ ɧɟɥɢɰɟɧɡɢɪɭɟɦɨɝɨ ɞɢɚɩɚɡɨɧɚ ɱɚɫɬɨɬ 
60 ȽȽɰ ɢ ɜɨɡɦɨɠɧɨɫɬɟɣ ɭɩɪɚɜɥɟɧɢя ɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ. Чɢɫɥɟɧɧɵɣ ɚɧɚɥɢɡ ɦɨɞɭɥяɰɢɨɧɧɵɯ 
ɩɪɨɰɟɫɫɨɜ ɨɫɧɨɜɚɧ ɧɚ ɫɢɫɬɟɦɟ ɫɜяɡɚɧɧɵɯ ɭɤɨɪɨɱɟɧɧɵɯ ɭɪɚɜɧɟɧɢɣ, ɭɱɢɬɵɜɚɸɳɢɯ ɩɪɨɞɨɥɶɧɭɸ 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɶ ɩɨɥя ɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. 

Раɫɩɪɟɞɟɥɟɧɧаɹ ɦɨɞɟɥɶ ɪɟɡɨɧаɬɨɪа 
ɉɨɥɟ ɜ ɤɚɠɞɨɣ ɬɨɱɤɟ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɪɟɡɨɧɚɬɨɪɚ ɩɪɟɞɫɬɚɜɥяɟɬɫя ɤɚɤ ɤɨɦɛɢɧɚɰɢя ɩɪя-

ɦɨɣ ɢ ɨɛɪɚɬɧɨɣ ɜɨɥɧ: 
 E(x,t)  [Am(x,t)A0(x)eikx + Bm(x,t)B0(x)e–ikx]e–it + c.c.,             (1) 

ɝɞɟ A0(x), Am(x,t) ɢ B0(x), Bm(x,t) — ɫɬɚɰɢɨɧɚɪɧɵɟ ɢ ɩɟɪɟɦɟɧɧɵɟ ɜɨ ɜɪɟɦɟɧɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɟ 
ɫɨɫɬɚɜɥяɸɳɢɟ ɚɦɩɥɢɬɭɞ ɩɪяɦɨɣ ɢ ɨɛɪɚɬɧɨɣ ɜɨɥɧ; k — ɩɨɫɬɨяɧɧɚя ɪɚɫɩɪɨɫɬɪɚɧɟɧɢя ɜɨɥɧɵ ɜ 
ɜɨɥɧɨɜɨɞɧɨɣ ɫɪɟɞɟ;  — ɱɚɫɬɨɬɚ ɢɡɥɭɱɟɧɢя ɜ ɪɟɡɨɧɚɬɨɪɟ. ɋɬɚɰɢɨɧɚɪɧɵɟ ɚɦɩɥɢɬɭɞɵ, ɚ ɬɚɤɠɟ 
ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢя ɧɚ ɝɪɚɧяɯ ɪɟɡɨɧɚɬɨɪɚ ɨɩɪɟɞɟɥяɸɬɫя ɢɡ ɭɪɚɜɧɟɧɢя ɫɜяɡɚɧɧɵɯ ɜɨɥɧ (ɢɧɠɟɤ-
ɰɢя ɨɫɭɳɟɫɬɜɥяɟɬɫя ɱɟɪɟɡ ɩɪɚɜɭɸ ɝɪɚɧɶ ɪɟɡɨɧɚɬɨɪɚ).  

ɋɢɫɬɟɦɚ ɫɜяɡɚɧɧɵɯ ɭɤɨɪɨɱɟɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɞɥя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɢɧɠɟɤɰɢɨɧɧɵɯ ɥɚ-
ɡɟɪɨɜ ɫ ɪɟɡɨɧɚɬɨɪɨɦ Фɚɛɪɢ—ɉɟɪɨ ɫ ɭɱɟɬɨɦ (1) ɢɦɟɟɬ ɜɢɞ [2]: 
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     

 
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     
 

 (2) 

Зɞɟɫɶ g — ɝɪɭɩɩɨɜɚя ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ ɜ ɜɨɥɧɨɜɨɞɧɨɣ ɱɚɫɬɢ ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ;  
 — ɩɚɪɚɦɟɬɪ ɚɦɩɥɢɬɭɞɧɨ-ɮɚɡɨɜɨɣ ɫɜяɡɢ; G(x,t) = G(x,t) – G0(x) — ɩɟɪɟɦɟɧɧɚя ɜɨ ɜɪɟɦɟɧɢ 
ɫɨɫɬɚɜɥяɸɳɚя ɤɨɷɮɮɢɰɢɟɧɬɚ ɦɨɞɨɜɨɝɨ ɭɫɢɥɟɧɢя; G(x,t) ɢ G0(x) — ɤɨɷɮɮɢɰɢɟɧɬɵ ɦɨɞɨɜɨɝɨ 
ɭɫɢɥɟɧɢя ɜ ɞɢɧɚɦɢɱɟɫɤɨɦ ɢ ɫɬɚɰɢɨɧɚɪɧɨɦ ɪɟɠɢɦɚɯ.  

ɉɪɢ ɦɨɞɭɥяɰɢɢ ɢɡɥɭɱɟɧɢя ɬɨɤɨɦ ɧɚɤɚɱɤɢ ɧɚ ɱɚɫɬɨɬɟ Ω ɦɨɞɭɥяɰɢɨɧɧɵɟ ɫɨɫɬɚɜɥяɸɳɢɟ 
ɩɨɥя ɜ ɪɟɠɢɦɟ ɫɥɚɛɨɝɨ ɫɢɝɧɚɥɚ ɩɪɟɞɫɬɚɜɥяɸɬɫя ɜ ɜɢɞɟ: 

 

* *
1 2 1 2

*

( , ) 1 ( ) ( ) , ( , ) 1 ( ) ( ) ,

( , ) ( ) ( ) .

i t i t i t i t
m m m m m m

i t i t
m m

A x t A x e A x e B x t B x e B x e

G x t G x e G x e

     

  

     

  
 (3) 
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Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ  
ɋɢɧɯɪɨɧɢɡɢɪɨɜɚɧɧɵɣ ɜɧɟɲɧɢɦ ɢɡɥɭɱɟɧɢɟɦ ɥɚɡɟɪ ɪɚɛɨɬɚɟɬ ɜ ɞɨɩɨɪɨɝɨɜɨɦ ɪɟɠɢɦɟ ɝɟɧɟ-

ɪɚɰɢɢ, ɭɫɢɥɢɜɚя ɢɧɠɟɤɬɢɪɭɟɦɨɟ ɢɡɥɭɱɟɧɢɟ ωinj. В ɫɥɭɱɚɟ ɝɚɪɦɨɧɢɱɟɫɤɨɣ ɚɦɩɥɢɬɭɞɧɨɣ ɦɨɞɭɥя-
ɰɢɢ ɬɨɤɚ ɫ ɱɚɫɬɨɬɨɣ Ω ɜ ɫɩɟɤɬɪɟ ɩɨ ɨɛɟ ɫɬɨɪɨɧɵ ɨɬ ɧɟɫɭɳɟɣ ɩɪɢɫɭɬɫɬɜɭɸɬ ɞɜɟ ɛɨɤɨɜɵɟ ɱɚɫɬɨ-
ɬɵ, ɨɬɫɬɪɨɟɧɧɵɟ ɨɬ ɧɟɫɭɳɟɣ ɧɚ Ω. Кɨɝɞɚ ɛɨɤɨɜɚя ɱɚɫɬɨɬɚ ɫɨɜɩɚɞɚɟɬ ɫ ɱɚɫɬɨɬɨɣ ɫɨɛɫɬɜɟɧɧɨɣ 
ɦɨɞɵ ɪɟɡɨɧɚɬɨɪɚ (ɫɦɟɳɟɧɧɨɣ ɜ ɨɛɥɚɫɬɶ ɦɟɧɶɲɢɯ ɱɚɫɬɨɬ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɪɟɠɢɦɨɦ ɫɜɨɛɨɞɧɨɣ 
ɝɟɧɟɪɚɰɢɢ), ɩɪɨɢɫɯɨɞɢɬ ɪɟɡɨɧɚɧɫɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɚɦɩɥɢɬɭɞɵ ɛɨɤɨɜɵɯ ɦɨɞ [3]. Ɉɫɨɛɟɧɧɨɫɬɶɸ 
ɪɟɡɨɧɚɬɨɪɚ Фɚɛɪɢ—ɉɟɪɨ яɜɥяɟɬɫя ɦɧɨɠɟɫɬɜɨ ɷɤɜɢɜɚɥɟɧɬɧɵɯ ɦɨɞ, ɭɞɚɥɟɧɧɵɯ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɧɚ 
m = 2g/2L. ɉɨɷɬɨɦɭ ɞɥя ɥɚɡɟɪɨɜ ɫ ɬɚɤɢɦ ɬɢɩɨɦ ɪɟɡɨɧɚɬɨɪɚ ɞɨɥɠɧɨ ɧɚɛɥɸɞɚɬɶɫя ɦɧɨɠɟɫɬɜɨ 
ɩɟɪɢɨɞɢɱɟɫɤɢ ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɪɟɡɨɧɚɧɫɧɵɯ ɨɬɤɥɢɤɨɜ ɧɚ ɦɨɞɭɥяɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ, ɬ. ɟ. 
ɩɪɢ ɤɚɠɞɨɦ ɫɨɜɩɚɞɟɧɢɢ ɛɨɤɨɜɨɣ ɱɚɫɬɨɬɵ ɫ ɨɞɧɨɣ ɢɡ ɫɨɛɫɬɜɟɧɧɵɯ ɱɚɫɬɨɬ ɪɟɡɨɧɚɬɨɪɚ. 

ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɚɫɫɱɢɬɚɧɧɵɟ ɦɨɞɭɥяɰɢɨɧɧɵɟ ɫɨɫɬɚɜɥяɸɳɢɟ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨ-
ɫɬɢ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɫɜɨɟɦɭ ɧɢɡɤɨɱɚɫɬɨɬɧɨɦɭ ɡɧɚɱɟɧɢɸ ɜ ɪɟɠɢɦɟ ɫɜɨɛɨɞɧɨɣ ɝɟɧɟɪɚɰɢɢ (ɨɬɧɨ-
ɫɢɬɟɥɶɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɞɭɥяɰɢɢ) ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɨɬɫɬɪɨɣɤɚɯ ɱɚɫɬɨɬ ɢɧɠɟɤɰɢɢ ɞɥя ɞɜɭɯ 
ɥɚɡɟɪɨɜ ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 270 ɢ 390 ɦɤɦ.  

 

       dP/dI, ɞȻ                                          а                                                                               ɛ 

       f, ȽȽɰ 
Ɋɢɫ. 1. Ɉɬɧɨɫɢɬɟɥɶɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɞɭɥяɰɢɢ ɥɚɡɟɪɚ ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 260 ɦɤɦ (а) ɢ 390 ɦɤɦ (ɛ) 

ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɨɬɫɬɪɨɣɤɢ ɜ ɩɪɟɞɟɥɚɯ ɩɨɥɨɫɵ ɫɢɧɯɪɨɧɢɡɚɰɢɢ. 
 

ɉɪɢ ɢɡɦɟɧɟɧɢɢ ɨɬɫɬɪɨɣɤɢ ɱɚɫɬɨɬɵ ɜ ɩɨɥɨɠɢɬɟɥɶɧɭɸ ɨɛɥɚɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢя ɩɨ-
ɜɵɲɚɟɬɫя, ɩɪɢɛɥɢɠɚяɫɶ ɤ ɩɨɪɨɝɨɜɨɦɭ [4], ɢ ɜɪɟɦя ɡɚɬɭɯɚɧɢя ɫɨɛɫɬɜɟɧɧɵɯ ɦɨɞ ɭɜɟɥɢɱɢɜɚɟɬɫя. 
Ɇɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢя ɦɨɞɭɥяɰɢɨɧɧɵɯ ɨɬɤɥɢɤɨɜ ɛɭɞɭɬ ɞɨɫɬɢɝɚɬɶɫя ɧɚ ɝɪɚɧɢɰɟ ɨɛɥɚɫɬɢ ɫɢɧ-
ɯɪɨɧɢɡɚɰɢɢ, ɝɞɟ ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢя ɪɚɜɟɧ ɩɨɪɨɝɭ ɝɟɧɟɪɚɰɢɢ. В ɨɛɥɚɫɬɢ, ɩɪɢɦɵɤɚɸɳɟɣ ɤ 
ɷɬɨɣ ɝɪɚɧɢɰɟ, ɪɟɠɢɦ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɦɨɠɟɬ ɨɤɚɡɚɬɶɫя ɧɟɭɫɬɨɣɱɢɜɵɦ, ɬ.ɟ. ɥɚɡɟɪ ɛɭɞɟɬ ɝɟɧɟɪɢɪɨ-
ɜɚɬɶ ɫɚɦɨɩɨɞɞɟɪɠɢɜɚɸɳɢɟɫя ɩɭɥɶɫɚɰɢɢ ɢɡɥɭɱɟɧɢя.  

Вɛɥɢɡɢ ɩɨɪɨɝɚ ɝɟɧɟɪɚɰɢɢ, ɤɨɝɞɚ ɢɡɦɟɧɟɧɢɟɦ ɫɨɛɫɬɜɟɧɧɵɯ ɱɚɫɬɨɬ ɪɟɡɨɧɚɬɨɪɚ ɦɨɠɧɨ ɩɪɟ-
ɧɟɛɪɟɱɶ, ɪɟɡɨɧɚɧɫɧɵɟ ɨɬɤɥɢɤɢ ɧɚɛɥɸɞɚɸɬɫя ɧɚ ɱɚɫɬɨɬɚɯ ɦɨɞɭɥяɰɢɢ: 

 R = km  inj, k = 0, 1, 2,… (4) 

ɉɪɚɤɬɢɱɟɫɤɢɣ ɢɧɬɟɪɟɫ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɩɪɟɞɫɬɚɜɥяɸɬ ɩɟɪɜɵɯ ɞɜɚ ɦɚɤɫɢɦɚɥɶɧɵɯ ɨɬɤɥɢɤɚ. 
Чɚɫɬɨɬɚ ɩɟɪɜɨɝɨ ɪɟɡɨɧɚɧɫɚ, ɤɚɤ ɢ ɞɥя ɨɞɧɨɦɨɞɨɜɵɯ ɥɚɡɟɪɨɜ, ɨɩɪɟɞɟɥяɟɬɫя ɱɚɫɬɨɬɧɨɣ 
ɨɬɫɬɪɨɣɤɨɣ ɜɧɟɲɧɟɝɨ ɢɡɥɭɱɟɧɢя. Чɚɫɬɨɬɚ ɜɬɨɪɨɝɨ ɪɟɡɨɧɚɧɫɚ ɧɚ ɦɨɞɭɥяɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ 
ɡɚɜɢɫɢɬ ɨɬ ɦɟɠɦɨɞɨɜɨɝɨ ɢɧɬɟɪɜɚɥɚ ɪɟɡɨɧɚɬɨɪɚ ɩɪɢ ɡɚɞɚɧɧɨɣ ɱɚɫɬɨɬɧɨɣ ɨɬɫɬɪɨɣɤɟ. Ɍɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɜɵɛɢɪɚя ɩɪɨɞɨɥɶɧɵɟ ɪɚɡɦɟɪɵ ɪɟɡɨɧɚɬɨɪɚ, ɦɨɠɧɨ ɞɨɛɢɬɶɫя ɷɮɮɟɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɢ 
ɧɚ ɞɜɭɯ ɱɚɫɬɨɬɚɯ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɩɟɪɜɵɦ ɞɜɭɦ ɪɟɡɨɧɚɧɫɧɵɦ ɨɬɤɥɢɤɚɦ ɧɚ ɦɨɞɭɥяɰɢɨɧɧɨɣ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ. Ɍɚɤ, ɩɪɢ ɞɥɢɧɟ ɪɟɡɨɧɚɬɨɪɚ 260 ɦɤɦ (ɪɢɫ. 1, а) ɪɟɡɨɧɚɧɫɧɵɟ ɩɢɤɢ ɧɚɛɥɸɞɚɸɬɫя 
ɧɚ ɱɚɫɬɨɬɚɯ 60 ɢ 90 ȽȽɰ, ɩɪɢ ɞɥɢɧɟ ɪɟɡɨɧɚɬɨɪɚ 390 ɦɤɦ (ɪɢɫ. 1, ɛ) — ɧɚ ɱɚɫɬɨɬɚɯ 40 ɢ 60 ȽȽɰ.  

ɉɪɢ ɨɞɧɨɜɪɟɦɟɧɧɨɦ ɭɜɟɥɢɱɟɧɢɢ ɦɨɳɧɨɫɬɢ ɢɧɠɟɤɰɢɢ ɢ ɬɨɤɚ ɧɚɤɚɱɤɢ, ɩɪɢ ɤɨɬɨɪɨɦ 
ɫɨɯɪɚɧяɟɬɫя ɩɨɥɨɫɚ ɫɢɧɯɪɨɧɢɡɚɰɢɢ, ɝɥɭɛɢɧɚ ɩɪɨɜɚɥɨɜ ɦɨɞɭɥяɰɢɨɧɧɵɯ ɤɪɢɜɵɯ ɦɟɠɞɭ ɪɟɡɨɧɚɧ-
ɫɧɵɦɢ ɩɢɤɚɦɢ ɭɦɟɧɶɲɚɟɬɫя (ɪɢɫ. 2). ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɬɨɤɚ ɧɚɤɚɱɤɢ ɨɬ 4Iɩɨɪ ɞɨ 9Iɩɨɪ ɢ ɦɨɳɧɨɫɬɢ 
ɢɧɠɟɤɰɢɢ ɨɬ 8 ɩɨ 25 ɦВɬ ɨɬɧɨɫɢɬɟɥɶɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɞɭɥяɰɢɢ ɜ ɩɪɨɜɚɥɚɯ ɢɡɦɟɧяɟɬɫя ɫ –10 
ɩɨ ɞɨ –3  ɞȻ (ɤɪɢɜɵɟ 1 ɢ 4).  

dP/dI, ɞȻ 
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f, ȽȽɰ 
 

Ɋɢɫ. 2. Ɉɬɧɨɫɢɬɟɥɶɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɞɭɥяɰɢɢ ɥɚɡɟɪɚ ɫ ɞɥɢɧɨɣ 390 ɦɤɦ ɩɪɢ ɨɞɧɨɜɪɟɦɟɧɧɨɦ ɭɜɟɥɢɱɟ-
ɧɢɢ ɦɨɳɧɨɫɬɢ ɢɧɠɟɤɰɢɢ ɢ ɬɨɤɚ ɧɚɤɚɱɤɢ; 1 — I  4 Iɩɨɪ, Pinj  8 ɦВɬ; 2 — I  6 Iɩɨɪ, Pinj  14 ɦВɬ; 3 —

 I 6 Iɩɨɪ, Pinj  20 ɦВɬ; 4 — I 10 Iɩɨɪ, Pinj  25 ɦВɬ 

Заɤɥючɟɧɢɟ  
Ʌɚɡɟɪɵ ɫ ɪɟɡɨɧɚɬɨɪɨɦ Фɚɛɪɢ-ɉɟɪɨ ɨɛɥɚɞɚɸɬ ɦɧɨɠɟɫɬɜɨɦ ɪɟɡɨɧɚɧɫɧɵɯ ɨɬɤɥɢɤɨɜ ɧɚ 

ɦɨɞɭɥяɰɢɨɧɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ ɢ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɜ ɦɨɧɨɝɨɞɢɚɩɚɡɨɧɧɵɯ ɫɢɫɬɟɦɚɯ 
ɫɜяɡɢ. Эɮɮɟɤɬɢɜɧɨɫɬɶ ɦɨɞɭɥяɰɢɢ ɜɛɥɢɡɢ  ɩɟɪɜɵɯ ɞɜɭɯ ɪɟɡɨɧɚɧɫɧɵɯ ɩɢɤɨɜ ɩɭɬɟɦ ɩɨɞɛɨɪɚ ɬɨɤɚ 
ɢ ɦɨɳɧɨɫɬɢ ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɦɨɞɭɥяɰɢɢ ɥɚɡɟɪɚ ɧɚ ɧɢɡɤɢɯ ɱɚɫɬɨɬɚɯ. ɉɨɥɨɠɟɧɢɟ 
ɨɫɧɨɜɧɵɯ ɪɟɡɨɧɚɧɫɧɵɯ ɩɢɤɨɜ ɨɩɪɟɞɟɥяɟɬɫя ɨɬɫɬɪɨɣɤɨɣ ɱɚɫɬɨɬɵ ɫɢɧɯɪɨɧɢɡɢɪɭɸɳɟɝɨ ɢɡɥɭɱɟɧɢя 
ɨɬ ɛɥɢɠɚɣɲɢɯ ɦɨɞ ɪɟɡɨɧɚɬɨɪɚ. 
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Dual Resonance Modulation Characteristics of Optical  

Injection-Locked Fabry—Perot Lasers 

E. S. Dorogush, A. A. Afonenko  

Belarusian State University, Minsk, Belarus; e-mail: dorogushelena@gmail.com 

Modulation characteristics of multimode semiconductor (Fabry—Perot) optical injection-locked lasers 
are analyzed on the basis of distributed cavity model. The positions of the resonance peaks are determined by 
the cavity length and frequency detuning of master laser from the slave laser. When choosing appropriate cur-
rent bias and injection power modulation efficiency near the resonance peaks is comparable to low frequency 
modulation efficiency for the free-running laser. 

Keywords: optical injection locking, coupled reduced equations, modulation characteristics. Fabry—
Perot laser. 
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Сɤɨɪɨɫɬɶ ɦɟɠɩɨɞɡɨɧɧых ɩɟɪɟхɨɞɨв в ɤваɧɬɨвых ɹɦах ɩɪɢ ɪаɫɫɟɹɧɢɢ 

ɷɥɟɤɬɪɨɧɨв ɧа ɩɨɥɹɪɧых ɨɩɬɢчɟɫɤɢх ɮɨɧɨɧɧых ɦɨɞах 

А. ɇ. Дɪɨɡɞ, А. А. Аɮɨɧɟɧɤɨ  

Беɥɨɪуɫɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ, Минɫк, Беɥаɪуɫь; 
e-mail: drozdan@bsu.by 

Ɋɚɫɫɱɢɬɚɧɵ ɩɨɬɟɧɰɢɚɥɵ ɥɨɤɚɥɢɡɨɜɚɧɧɵɯ ɩɨɥяɪɧɵɯ ɨɩɬɢɱɟɫɤɢɯ ɮɨɧɨɧɧɵɯ ɦɨɞ, ɚ ɬɚɤɠɟ ɫɤɨɪɨɫɬɢ 
ɦɟɠɩɨɞɡɨɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɜ ɤɜɚɧɬɨɜɨɣ яɦɟ GaAs/AlGaAs ɧɚ ɢɧɬɟɪɮɟɣɫɧɵɯ ɢ ɨɛɴɟɦɧɵɯ ɮɨɧɨɧɧɵɯ ɦɨɞɚɯ. 
ɉɪɟɞɥɨɠɟɧ ɭɧɢɜɟɪɫɚɥɶɧɵɣ ɫɩɨɫɨɛ ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɞɚɧɧɵɯ ɫɤɨɪɨɫɬɟɣ, ɩɪɢɦɟɧɢɦɵɣ ɩɪɢ ɤɨɦɧɚɬɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ ɞɥя ɲɢɪɨɤɢɯ ɤɜɚɧɬɨɜɵɯ яɦ. 

Кɥючɟвыɟ ɫɥɨва: ɦɟɠɩɨɞɡɨɧɧɨɟ ɪɚɫɫɟяɧɢɟ, ɢɧɬɟɪɮɟɣɫɧɚя ɮɨɧɨɧɧɚя ɦɨɞɚ, ɤɜɚɧɬɨɜɚя яɦɚ, 
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ.  

Ввɟɞɟɧɢɟ 
ɉɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɤɜɚɧɬɨɜɨ-ɤɚɫɤɚɞɧɵɯ ɥɚɡɟɪɨɜ ɨɛяɡɚɬɟɥɶɧɵɣ ɷɬɚɩ — ɱɢɫɥɟɧɧɨɟ 

ɦɨɞɟɥɢɪɨɜɚɧɢɟ. Дɥя ɩɨɜɵɲɟɧɢя ɧɚɞɟɠɧɨɫɬɢ ɢ ɞɨɫɬɨɜɟɪɧɨɫɬɢ ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢя 
ɧɟɨɛɯɨɞɢɦ ɞɟɬɚɥɶɧɵɣ ɭɱɟɬ ɫɤɨɪɨɫɬɟɣ ɦɟɠɩɨɞɡɨɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɫ ɭɱɟɬɨɦ ɢɯ ɮɭɧɤɰɢɨɧɚɥɶɧɵɯ 
ɡɚɜɢɫɢɦɨɫɬɟɣ ɨɬ ɩɚɪɚɦɟɬɪɨɜ ɫɬɪɭɤɬɭɪɵ. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɨɥɭɱɟɧɵ ɜɵɪɚɠɟɧɢя ɞɥя ɪɚɫɱɟɬɚ 
ɫɤɨɪɨɫɬɟɣ ɪɚɫɫɟяɧɢя, ɩɨɡɜɨɥяɸɳɢɟ ɫɧɢɡɢɬɶ ɜɵɱɢɫɥɢɬɟɥɶɧɵɟ ɡɚɬɪɚɬɵ ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ 
ɨɩɬɢɦɢɡɚɰɢɢ ɤɜɚɧɬɨɜɨ-ɤɚɫɤɚɞɧɵɯ ɥɚɡɟɪɨɜ. 

1. Оɩɬɢчɟɫɤɢɟ ɮɨɧɨɧɧыɟ ɦɨɞы в ɫɬɪɭɤɬɭɪɟ ɫ ɞвɨɣɧыɦ ɝɟɬɟɪɨɩɟɪɟхɨɞɨɦ 

В ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚɯ ɞɨɦɢɧɢɪɭɸɳɢɦ ɦɟɯɚɧɢɡɦɨɦ ɪɚɫɫɟяɧɢя яɜɥяɟɬɫя 
ɷɦɢɫɫɢя ɩɪɨɞɨɥɶɧɵɯ ɨɩɬɢɱɟɫɤɢɯ (LO) ɮɨɧɨɧɨɜ. В ɦɨɞɟɥɢ ɫɩɥɨɲɧɨɣ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɫɪɟɞɵ ɜ 
ɨɬɫɭɬɫɬɜɢɟ ɫɜɨɛɨɞɧɵɯ ɡɚɪяɞɨɜ ɷɥɟɤɬɪɨɫɬɚɬɢɱɟɫɤɢɣ ɩɨɬɟɧɰɢɚɥ (r) ɨɩɬɢɱɟɫɤɨɣ ɮɨɧɨɧɧɨɣ ɦɨɞɵ 
ɦɨɠɧɨ ɧɚɣɬɢ ɢɡ ɭɪɚɜɧɟɧɢя [1] 

 ((r)) = 0, (1) 

ɝɞɟ  — ɬɟɧɡɨɪ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ. Уɱɢɬɵɜɚя ɡɚɬɭɯɚɧɢɟ ɩɨɬɟɧɰɢɚɥɚ ɧɚ ɭɞɚɥɟɧɢɢ 
ɨɬ ɢɧɬɟɪɮɟɣɫɨɜ, ɫɬɚɧɞɚɪɬɧɵɯ ɭɫɥɨɜɢɣ ɧɟɩɪɟɪɵɜɧɨɫɬɢ ɩɨɥɟɣ, ɚ ɬɚɤɠɟ ɧɨɪɦɢɪɭя ɷɧɟɪɝɢɸ 
ɮɨɧɨɧɧɨɣ ɦɨɞɵ ɜɟɥɢɱɢɧɨɣ ɤɥɚɫɫɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɜ ɞɢɫɩɟɪɝɢɪɭɸɳɟɣ 
ɫɪɟɞɟ [2], ɩɨɥɭɱɚɟɦ ɫɥɟɞɭɸɳɟɟ ɪɟɲɟɧɢɟ: 
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ɝɞɟ q — ɜɨɥɧɨɜɨɣ ɜɟɤɬɨɪ ɜ ɩɥɨɫɤɨɫɬɢ Oxy; S — ɧɨɪɦɢɪɨɜɨɱɧɚя ɩɥɨɳɚɞɶ. Ɉɝɢɛɚɸɳɚя ɮɨɧɨɧɧɨɣ 
ɦɨɞɵ (z) ɢ ɷɮɮɟɤɬɢɜɧɚя ɞɢɷɥɟɤɬɪɢɱɟɫɤɚя ɮɭɧɤɰɢя *(q, ) ɨɩɪɟɞɟɥяɸɬɫя ɬɢɩɨɦ ɦɨɞ. Дɥя 
ɢɧɬɟɪɮɟɣɫɧɵɯ ɦɨɞ (ɤɨɬɨɪɵɟ ɪɟɚɥɢɡɭɸɬɫя ɩɪɢ ɪɚɜɟɧɫɬɜɟ ɡɧɚɤɨɜ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɯ ɮɭɧɤɰɢɣ || ɢ 
 ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɜɞɨɥɶ ɨɫɢ ɫɢɦɦɟɬɪɢɢ ɢ ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨ ɟɣ): 
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Зɞɟɫɶ | | | |q    ฀ . Иɧɞɟɤɫ w (b) ɨɬɦɟɱɚɟɬ ɜɟɥɢɱɢɧɵ, ɨɬɧɨɫяɳɢɟɫя ɤ ɦɚɬɟɪɢɚɥɭ ɤɜɚɧɬɨɜɨɣ 

яɦɵ (ɛɚɪɶɟɪɨɜ). Вɟɪɯɧɢɟ (ɧɢɠɧɢɟ) ɡɧɚɤɢ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɱɟɬɧɵɦ (ɧɟɱɟɬɧɵɦ) ɦɨɞɚɦ. Вɢɞ 
ɨɝɢɛɚɸɳɢɯ (3) ɞɥя ɪɚɡɥɢɱɧɵɯ ɜɨɥɧɨɜɵɯ ɜɟɤɬɨɪɨɜ q ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 1, а.  

Ɇɨɞɨɜɚя ɞɢɫɩɟɪɫɢя ɞɥя ɢɧɬɟɪɮɟɣɫɧɵɯ ɦɨɞ (ɪɢɫ. 1, ɛ) ɧɚɯɨɞɢɬɫя ɢɡ ɭɪɚɜɧɟɧɢɣ 
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 z, ɧɦ 

а

 qd 

ɛ

 

Ɋɢɫ. 1. Ɉɝɢɛɚɸɳɢɟ ɧɟɱɟɬɧɵɯ ɢɧɬɟɪɮɟɣɫɧɵɯ ɦɨɞ ɞɥя ɪɚɡɧɵɯ ɜɨɥɧɨɜɵɯ ɜɟɤɬɨɪɨɜ (а) ɢ ɦɨɞɨɜɚя (ɫɩɥɨɲɧɵɟ 
ɥɢɧɢɢ — ɧɟɱɟɬɧɵɟ ɦɨɞɵ, ɲɬɪɢɯɨɜɵɟ — ɱɟɬɧɵɟ) ɞɢɫɩɟɪɫɢя (ɛ).  

2. Дɢɧаɦɢчɟɫɤɢɣ ɮɨɪɦ-ɮаɤɬɨɪ ɞɥɹ ɷɥɟɤɬɪɨɧɨв в ɤваɧɬɨвɨɣ ɹɦɟ 
ɋɪɟɞɧяя ɫɤɨɪɨɫɬɶ ɪɚɫɫɟяɧɢя ɷɥɟɤɬɪɨɧɚ ɢɡ i-ɣ ɩɨɞɡɨɧɵ ɤɜɚɧɬɨɜɨɣ яɦɵ ɜ j-ɸ: 

    
0

jiW A q N q dq


  , (5) 

ɝɞɟ A(q) ɨɩɪɟɞɟɥяɟɬɫя ɦɟɯɚɧɢɡɦɨɦ ɪɚɫɫɟяɧɢя, ɚ N(q) ɢɦɟɟɬ ɜɢɞ 

   2 2 2 2 2( ) 2 2 2 ( (2 ) )ji iN q f E m k m d n          k k q k   . (6) 

Зɞɟɫɶ fk — ɱɢɫɥɚ ɡɚɩɨɥɧɟɧɢя ɷɥɟɤɬɪɨɧɨɜ; k — ɧɚɱɚɥɶɧɵɣ ɜɨɥɧɨɜɨɣ ɜɟɤɬɨɪ ɷɥɟɤɬɪɨɧɚ; q — 
ɩɟɪɟɞɚɧɧɵɣ ɜɨɥɧɨɜɨɣ ɜɟɤɬɨɪ; h — ɩɟɪɟɞɚɧɧɚя ɫɢɫɬɟɦɟ ɷɧɟɪɝɢя; ni — ɞɜɭɦɟɪɧɚя ɤɨɧɰɟɧɬɪɚɰɢя 
ɷɥɟɤɬɪɨɧɨɜ ɜ ɧɚɱɚɥɶɧɨɣ ɩɨɞɡɨɧɟ; m — ɷɮɮɟɤɬɢɜɧɚя ɦɚɫɫɚ ɷɥɟɤɬɪɨɧɚ; Eji — ɪɚɡɧɨɫɬɶ ɷɧɟɪɝɢɣ 
ɤɪɚɟɜ j-ɣ ɢ i-ɣ ɩɨɞɡɨɧ. 

Иɧɬɟɝɪɚɥ (6), ɤɨɬɨɪɵɣ ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɞɢɧɚɦɢɱɟɫɤɢɣ ɮɨɪɦ-ɮɚɤɬɨɪ [3] ɞɜɭɯɩɨɞɡɨɧɧɨɣ 
ɷɥɟɤɬɪɨɧɧɨɣ ɫɢɫɬɟɦɵ, ɨɬɧɟɫɟɧɧɵɣ ɤ ɩɨɥɧɨɦɭ ɱɢɫɥɭ ɷɥɟɤɬɪɨɧɨɜ, ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ  
 N(q) = (m/2ħ2q)(n1D(q)/ni), (7) 

ɝɞɟ n1D(q) ɮɨɪɦɚɥɶɧɨ ɜɵɱɢɫɥяɟɬɫя ɤɚɤ ɩɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɟɞɢɧɢɰɭ ɞɥɢɧɵ ɞɥя ɨɞɧɨɦɟɪ-
ɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɫ ɩɚɪɚɛɨɥɢɱɟɫɤɢɦ ɡɚɤɨɧɨɦ ɞɢɫɩɟɪɫɢɢ ɢ “ɩɟɪɟɧɨɪɦɢɪɨɜɚɧɧɨɣ” ɷɧɟɪɝɢɟɣ 
ɤɪɚя ɡɨɧɵ  
 Ec(q) = (ħ2/2m)(i/d)2 + (ħ2/2m)[(q2 – g2)/2q]2. (8) 

Зɞɟɫɶ g ɨɛɨɡɧɚɱɚɟɬ “ɜɨɥɧɨɜɨɣ ɜɟɤɬɨɪ”, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ ɢɡɦɟɧɟɧɢɸ ɤɢɧɟɬɢɱɟɫɤɨɣ ɷɧɟɪɝɢɢ 
ɷɥɟɤɬɪɨɧɚ ɩɪɢ ɪɚɫɫɟяɧɢɢ: 
 ħ2g2/2m = –(Eji  ħ). (9) 

В ɩɪɟɞɟɥɟ ɧɟɜɵɪɨɠɞɟɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ  
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, (10) 

ɝɞɟ N1D ɢ N2D — ɷɮɮɟɤɬɢɜɧɵɟ ɩɥɨɬɧɨɫɬɢ ɫɨɫɬɨяɧɢɣ ɨɞɧɨɦɟɪɧɵɯ ɢ ɞɜɭɦɟɪɧɵɯ ɷɥɟɤɬɪɨɧɨɜ. 
Кɪɨɦɟ ɬɨɝɨ, ɫɩɪɚɜɟɞɥɢɜɨ ɫɥɟɞɭɸɳɟɟ ɭɫɥɨɜɢɟ: 
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3. Мɟɠɩɨɞɡɨɧɧɨɟ ɪаɫɫɟɹɧɢɟ ɷɥɟɤɬɪɨɧɨв ɧа ɩɨɥɹɪɧых ɨɩɬɢчɟɫɤɢх ɮɨɧɨɧах 
Ɋɚɫɫɱɢɬɚɧɧɵɣ ɜɵɲɟ ɞɢɧɚɦɢɱɟɫɤɢɣ ɮɨɪɦ-ɮɚɤɬɨɪ ɩɨɡɜɨɥяɟɬ ɡɚɩɢɫɚɬɶ ɜɵɪɚɠɟɧɢɟ ɞɥя 

ɫɤɨɪɨɫɬɢ ɦɟɠɩɨɞɡɨɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɨɛɴɟɦɧɵɯ ɩɨɥяɪɧɵɯ ɨɩɬɢɱɟɫɤɢɯ ɮɨɧɨɧɚɯ:  

 
    LO

2
LO 1D

02 3
0

( ) ( )1 1 1 1

0 2 2 22(2 )

jiij
ji

i

F qe m n q
W n dq

q n




               





, (12) 

ɝɞɟ e — ɡɚɪяɞ ɷɥɟɤɬɪɨɧɚ; (0) — ɫɬɚɬɢɱɟɫɤɚя ɞɢɷɥɟɤɬɪɢɱɟɫɤɚя ɩɨɫɬɨяɧɧɚя; () — ɜɵɫɨɤɨɱɚɫ-
ɬɨɬɧɚя ɞɢɷɥɟɤɬɪɢɱɟɫɤɚя ɩɨɫɬɨяɧɧɚя; nhLO

 — ɱɢɫɥɨ ɮɨɧɨɧɨɜ ɜ ɦɨɞɟ. Фɨɪɦ-ɮɚɤɬɨɪ ɩɟɪɟɤɪɵɬɢя 
ɨɝɢɛɚɸɳɢɯ ɷɥɟɤɬɪɨɧɧɵɯ ɜɨɥɧɨɜɵɯ ɮɭɧɤɰɢɣ (z): 

 1 2| |* *
1 2 1 2 1 2( ) ( ) ( ) ( ) ( )q z z

jiij j i i jF q dz dz z z e z z        . (13) 
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Дɥя ɫɤɨɪɨɫɬɢ ɦɟɠɩɨɞɡɨɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɢɧɬɟɪɮɟɣɫɧɵɯ ɮɨɧɨɧɚɯ ɩɨɥɭɱɢɦ 

 
LO

2
2

LO 1D
03

eff0

( ) ( )1 1

2 2 ( )

ji

ji
i

F qe m n q
W n dq

q q n




        





, *( ) ( ) ( ) ( )ji j iF q z z z dz


    . (14) 

ɉɨɫɤɨɥɶɤɭ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɪɚɫɩɪɟɞɟɥɟɧɢɟ (10) ɜɫɟ ɛɨɥɶɲɟ ɧɚɩɨɦɢɧɚɟɬ 
ɞɟɥɶɬɚ-ɮɭɧɤɰɢɸ, ɦɨɠɧɨ ɩɪɟɞɥɨɠɢɬɶ ɭɧɢɜɟɪɫɚɥɶɧɵɣ ɫɩɨɫɨɛ ɚɩɩɪɨɤɫɢɦɚɰɢɢ ɢɧɬɟɝɪɚɥɨɜ ɜ 
ɮɨɪɦɭɥɚɯ (12), (14) ɫ ɩɨɦɨɳɶɸ ɡɚɦɟɧɵ  

 
2 2 2

21D ( ) | |
2 exp ( | |)

2 2i

n q g g
q g

n mkT

 
     

 


. (15) 

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɧɚ ɪɢɫ. 2, ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɵɟ ɫɤɨɪɨɫɬɢ 
ɪɚɫɫɟяɧɢя ɞɥя ɢɧɬɟɪɮɟɣɫɧɵɯ ɦɨɞ ɩɪɢɦɟɪɧɨ ɜ ɬɪɢ ɪɚɡɚ ɩɪɟɜɨɫɯɨɞяɬ ɬɚɤɨɜɵɟ ɞɥя ɨɛɴɟɦɧɵɯ ɦɨɞ. 
Вɢɞɧɨ, ɱɬɨ ɚɩɩɪɨɤɫɢɦɚɰɢя (15) ɯɨɪɨɲɨ ɪɚɛɨɬɚɟɬ ɞɥя ɲɢɪɨɤɢɯ ɤɜɚɧɬɨɜɵɯ яɦ (ɫ ɦɟɠɩɨɞɡɨɧɧɨɣ 
ɷɧɟɪɝɢɟɣ ɛɨɥɟɟ ɱɟɦ ɜ ɞɜɚ ɪɚɡɚ ɜɵɲɟ ɷɧɟɪɝɢɢ ɮɨɧɨɧɚ) ɞɚɠɟ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 

 
               а                                                                        ɛ 

 
E21/ħLO

       
 E21/ħLO

 
Ɋɢɫ. 2. ɋɤɨɪɨɫɬɢ ɩɟɪɟɯɨɞɨɜ 2→1 ɜ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɟ GaAs/Al0.3Ga0.7As ɩɪɢ ɷɦɢɫɫɢɢ LO-ɮɨɧɨɧɨɜ; ɫɩɥɨɲɧɵɟ 

ɤɪɢɜɵɟ — ɪɚɫɱɟɬ ɩɨ ɮɨɪɦɭɥɚɦ (14) (а) ɢ (12) (ɛ); ɲɬɪɢɯɨɜɵɟ — ɪɟɡɭɥɶɬɚɬ ɚɩɩɪɨɤɫɢɦɚɰɢɢ (15). 

Заɤɥючɟɧɢɟ  
Ɋɚɫɫɱɢɬɚɧɵ ɩɨɬɟɧɰɢɚɥɵ ɢ ɦɨɞɨɜɚя ɞɢɫɩɟɪɫɢя ɥɨɤɚɥɢɡɨɜɚɧɧɵɯ ɩɨɥяɪɧɵɯ ɨɩɬɢɱɟɫɤɢɯ 

ɮɨɧɨɧɧɵɯ ɦɨɞ, ɚ ɬɚɤɠɟ ɫɤɨɪɨɫɬɢ ɦɟɠɩɨɞɡɨɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɜ ɤɜɚɧɬɨɜɨɣ яɦɟ GaAs/AlGaAs ɧɚ 
ɢɧɬɟɪɮɟɣɫɧɵɯ ɢ ɨɛɴɟɦɧɵɯ ɮɨɧɨɧɧɵɯ ɦɨɞɚɯ. ɉɪɟɞɥɨɠɟɧ ɭɧɢɜɟɪɫɚɥɶɧɵɣ ɫɩɨɫɨɛ ɚɩɩɪɨɤɫɢ-
ɦɚɰɢɢ ɞɚɧɧɵɯ ɫɤɨɪɨɫɬɟɣ, ɞɚɸɳɢɣ ɩɪɢɟɦɥɟɦɭɸ ɩɨɝɪɟɲɧɨɫɬɶ ɞɥя ɲɢɪɨɤɢɯ ɤɜɚɧɬɨɜɵɯ яɦ ɩɪɢ 
ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɱɬɨ ɩɨɡɜɨɥяɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɟɟ ɩɪɢ ɨɩɬɢɦɢɡɚɰɢɢ ɚɤɬɢɜɧɵɯ ɨɛɥɚɫɬɟɣ 
ɤɜɚɧɬɨɜɨ-ɤɚɫɤɚɞɧɵɯ ɥɚɡɟɪɨɜ ɞɚɥɶɧɟɝɨ ИК ɞɢɚɩɚɡɨɧɚ. 
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Rate of Intersubband Transition in Quantum Wells as a Result  

of Their Scattering on Polar Optical Phonon Modes 

A. N. Drozd, A. A. Afonenko 

Belarusian State University, Minsk, Belarus; e-mail: drozdan@bsu.by 

We calculated the potentials of localized polar optical phonon modes. The rates of intersubband scattering 
on interface and bulk modes in GaAs/AlGaAs quantum well are calculated. The universal approximation of the 
rates is proposed. This approximation is valid at room temperature for wide quantum wells. 

Keywords: intersubband scattering, interface phonon mode, quantum well, heterostructure. 
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Нɨвыɣ ɩɨɞхɨɞ ɞɥɹ ɝɟɧɟɪаɰɢɢ ɦɨщɧых ɥаɡɟɪɧых ɢɦɩɭɥɶɫɨв  

ɧа ɨɫɧɨвɟ ɷɩɢɬаɤɫɢаɥɶɧɨ-ɢɧɬɟɝɪɢɪɨваɧɧɨɣ AlGaAs/GaAs-

ɝɟɬɟɪɨɫɬɪɭɤɬɭɪы ɥаɡɟɪа-ɬɢɪɢɫɬɨɪа  

ɋ. Ɉ. ɋɥɢɩɱɟɧɤɨ ɚ, А. А. ɉɨɞɨɫɤɢɧ ɚ, А. В. Ɋɨɠɤɨɜ a, ɇ. А. ɉɢɯɬɢɧ ɚ, И. ɋ. Ɍɚɪɚɫɨɜ ɚ,  
Ɍ. А. Ȼɚɝɚɟɜ ɛ, Ɇ. А. Ʌɚɞɭɝɢɧ ɛ, А. А. Ɇɚɪɦɚɥɸɤ ɛ, А. А. ɉɚɞɚɥɢɰɚ ɛ, В. А. ɋɢɦɚɤɨɜ ɛ  

а Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А. Ф. Иɨɮɮе,  
Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail: serghpl@mail.ioffe.ru 
ɛ 
 НИИ “Пɨɥюɫ” иɦ. М. Ф. Сɬеɥьɦаха, Мɨɫква, Рɨɫɫия 

Ɋɚɡɪɚɛɨɬɚɧ ɧɨɜɵɣ ɩɨɞɯɨɞ ɞɥя ɝɟɧɟɪɚɰɢɢ ɦɨɳɧɵɯ ɥɚɡɟɪɧɵɯ ɢɦɩɭɥɶɫɨɜ, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɷɩɢɬɚɤɫɢ-
ɚɥɶɧɨɣ ɢ ɮɭɧɤɰɢɨɧɚɥɶɧɨɣ ɢɧɬɟɝɪɚɰɢɢ ɛɵɫɬɪɨɝɨ ɬɨɤɨɜɨɝɨ ɤɥɸɱɚ ɢ ɥɚɡɟɪɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ. В ɪɚɦɤɚɯ 
ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɩɨɞɯɨɞɚ ɩɪɟɞɥɨɠɟɧ ɞɢɡɚɣɧ AlGaAs/GaAs-ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɜɵɪɚɳɟɧɧɨɣ ɆɈɋ-ɝɢɞɪɢɞ-
ɧɨɣ ɷɩɢɬɚɤɫɢɟɣ. Иɡɝɨɬɨɜɥɟɧɧɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɨɛɪɚɡɰɵ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ ɢɦɟɸɬ ɚɩɟɪɬɭɪɭ 200 ɦɤɦ 
ɢ ɯɚɪɚɤɬɟɪɭɸɬɫя ɛɥɨɤɢɪɭɸɳɟɦ ɧɚɩɪяɠɟɧɢɟɦ 20 В. Ɇɚɤɫɢɦɚɥɶɧɚя ɩɢɤɨɜɚя ɦɨɳɧɨɫɬɶ ɞɨɫɬɢɝɚɟɬ 40 ɢ 8 Вɬ 
ɞɥя ɞɥɢɬɟɥɶɧɨɫɬɟɣ ɢɦɩɭɥɶɫɚ 95 ɢ 13 ɧɫ. Ɇɚɤɫɢɦɚɥɶɧɵɣ ɬɨɤ, ɝɟɧɟɪɢɪɭɟɦɵɣ ɜ ɤɨɧɬɭɪɟ, 90 А. 

Кɥючɟвыɟ ɫɥɨва: ɢɦɩɭɥɶɫɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ, ɥɚɡɟɪ-ɬɢɪɢɫɬɨɪ, ɷɩɢɬɚɤɫɢɚɥɶɧɚя ɢɧɬɟ-
ɝɪɚɰɢя.  

Ввɟɞɟɧɢɟ 
Ƚɟɧɟɪɚɬɨɪɵ ɦɨɳɧɨɝɨ ɢɦɩɭɥɶɫɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɲɢ-

ɪɨɤɨ ɜɨɫɬɪɟɛɨɜɚɧɵ ɜ ɪɚɡɥɢɱɧɵɯ ɨɛɥɚɫɬяɯ: ɥɚɡɟɪɧɵɟ ɞɚɥɶɧɨɦɟɪɵ, ɦɟɞɢɰɢɧɚ, ɧɟɥɢɧɟɣɧɨɟ ɩɪɟɨɛ-
ɪɚɡɨɜɚɧɢɟ ɱɚɫɬɨɬɵ, ɨɩɬɢɱɟɫɤɢ ɚɤɬɢɜɢɪɭɟɦɵɟ ɜɵɫɨɤɨɜɨɥɶɬɧɵɟ ɤɥɸɱɢ. К ɨɫɧɨɜɧɵɦ ɩɪɟɢɦɭɳɟɫɬ-
ɜɚɦ ɢɦɩɭɥɶɫɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɧɵɯ ɢɡɥɭɱɚɬɟɥɟɣ ɦɨɠɧɨ ɨɬɧɟɫɬɢ ɜɵɫɨɤɭɸ ɧɚɞɟɠ-
ɧɨɫɬɶ, ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɶ ɢɡɝɨɬɨɜɥɟɧɢя, ɜɨɡɦɨɠɧɨɫɬɶ ɢɡɦɟɧɟɧɢя ɜ ɲɢɪɨɤɢɯ ɞɢɚɩɚɡɨɧɚɯ ɞɢɧɚɦɢ-
ɱɟɫɤɢɯ, ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɢ ɫɩɟɤɬɪɚɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɝɟɧɟɪɢɪɭɟɦɵɯ ɢɦɩɭɥɶɫɨɜ. ɉɪɢ ɷɬɨɦ 
ɜɚɠɧɵɦ ɷɥɟɦɟɧɬɨɦ ɥɚɡɟɪɧɨɣ ɫɢɫɬɟɦɵ ɫɬɚɧɨɜɢɬɫя ɝɟɧɟɪɚɬɨɪ ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ. ɋɭɳɟɫɬɜɭɸɬ ɞɨɫ-
ɬɭɩɧɵɟ, ɤɨɦɩɚɤɬɧɵɟ ɢ ɞɟɲɟɜɵɟ ɪɟɲɟɧɢя, ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɮɨɪɦɢɪɨɜɚɧɢɟ ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ ɞɥɢ-
ɬɟɥɶɧɨɫɬɶɸ ɞɟɫяɬɤɢ ɧɚɧɨɫɟɤɭɧɞ ɢ ɚɦɩɥɢɬɭɞɨɣ ɞɟɫяɬɤɢ ɚɦɩɟɪ. Ɉɞɧɚɤɨ ɫɢɬɭɚɰɢя ɫɭɳɟɫɬɜɟɧɧɨ 
ɢɡɦɟɧяɟɬɫя, ɟɫɥɢ ɬɪɟɛɭɟɦɵɟ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɨɜ ɧɚɯɨɞяɬɫя ɜ ɞɢɚɩɚɡɨɧɟ ɟɞɢɧɢɰ ɧɚɧɨɫɟ-
ɤɭɧɞ, ɚ ɚɦɩɥɢɬɭɞɵ ɬɨɤɨɜ ɧɚɤɚɱɤɢ ɩɪɢɛɥɢɠɚɸɬɫя ɤ ɤɢɥɨɚɦɩɟɪɧɨɦɭ ɭɪɨɜɧɸ. В ɷɬɨɦ ɫɥɭɱɚɟ ɢɫ-
ɩɨɥɶɡɨɜɚɧɢɟ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɜɧɟɲɧɢɯ ɞɢɫɤɪɟɬɧɵɯ ɷɥɟɦɟɧɬɨɜ ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɠɚɟɬ ɷɧɟɪɝɟɬɢ-
ɱɟɫɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɢɫɬɟɦɵ, ɭɫɥɨɠɧяɟɬɫя ɡɚɞɚɱɚ ɫɨɡɞɚɧɢя ɢɧɬɟɝɪɚɥɶɧɵɯ ɫɢɫɬɟɦ ɧɚ ɨɫɧɨɜɟ 
ɥɢɧɟɟɤ ɢ ɫɬɟɤɨɜ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ. Вɨɡɦɨɠɧɵɣ ɜɚɪɢɚɧɬ ɪɟɲɟɧɢя — ɷɩɢɬɚɤɫɢɚɥɶɧɚя ɢɧɬɟɝɪɚɰɢя 
ɮɭɧɤɰɢɢ ɛɵɫɬɪɨɝɨ ɬɨɤɨɜɨɝɨ ɤɥɸɱɚ ɜ ɥɚɡɟɪɧɭɸ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɭ. ɇɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨ ɪɟɲɟ-
ɧɢɟ, ɨɫɧɨɜɚɧɧɨɟ ɧɚ яɜɥɟɧɢɢ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɛɢɫɬɚɛɢɥɶɧɨɫɬɢ, ɤɨɝɞɚ ɫɬɪɭɤɬɭɪɚ ɦɨɠɟɬ ɧɚɯɨɞɢɬɶɫя 
ɜ ɞɜɭɯ ɭɫɬɨɣɱɢɜɵɯ ɫɨɫɬɨяɧɢяɯ: ɜɵɤɥɸɱɟɧɧɨɦ ɫ ɜɵɫɨɤɢɦ ɷɮɮɟɤɬɢɜɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɢ 
ɜɤɥɸɱɟɧɧɨɦ ɫ ɧɢɡɤɢɦ ɷɮɮɟɤɬɢɜɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ. ɉɪɢ ɷɬɨɦ ɜɚɠɧɨ, ɱɬɨɛɵ ɚɤɬɢɜɚɰɢя ɩɟɪɟ-
ɯɨɞɚ ɜɨ ɜɤɥɸɱɟɧɧɨɟ ɫɨɫɬɨяɧɢɟ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɟɫɤɢɦ ɢɦɩɭɥɶɫɨɦ ɭɩɪɚɜɥɟɧɢя. 
ɇɚɢɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɨɟ ɪɟɲɟɧɢɟ, ɭɞɨɜɥɟɬɜɨɪяɸɳɟɟ ɞɚɧɧɵɦ ɬɪɟɛɨɜɚɧɢяɦ, ɨɫɧɨɜɚɧɨ ɧɚ ɝɟɬɟɪɨ-
ɫɬɪɭɤɬɭɪɟ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ [1]. ɉɟɪɜɵɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɤɚɡɚɥɢ ɤɚɤ ɜɵɫɨɤɢɟ 
ɩɨɬɟɧɰɢɚɥɶɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɬɚɤɨɝɨ ɩɨɞɯɨɞɚ ɞɥя ɝɟɧɟɪɚɰɢɢ ɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 
[1, 2], ɬɚɤ ɢ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɫɭɳɟɫɬɜɟɧɧɨɣ ɨɩɬɢɦɢɡɚɰɢɢ ɤɨɧɫɬɪɭɤɰɢɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɥɚɡɟɪɚ-
ɬɢɪɢɫɬɨɪɚ ɞɥя ɪɟɲɟɧɢя ɡɚɞɚɱɢ ɝɟɧɟɪɚɰɢɢ ɦɨɳɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя [3]. В ɞɚɧɧɨɣ ɪɚɛɨɬɟ 
ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɦɨɳɧɨɫɬɧɵɯ ɢ ɞɢɧɚɦɢɱɟɫɤɢɯ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤ ɦɨɳɧɵɯ ɥɚɡɟɪɧɵɯ ɢɡɥɭɱɚɬɟɥɟɣ ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ. 

Эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɟ ɪɟɡɭɥɶɬаɬы  

ɋɯɟɦɚɬɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ ɢ ɤɨɧɫɬɪɭɤɰɢɢ ɢɦɩɭɥɶɫ-
ɧɨɝɨ ɢɡɥɭɱɚɬɟɥя ɩɨɤɚɡɚɧɨ ɧɚ ɪɢɫ.1. Ƚɟɬɟɪɨɫɬɪɭɤɬɭɪɚ ɜɵɪɚɳɟɧɚ ɦɟɬɨɞɨɦ MOCVD-ɷɩɢɬɚɤɫɢɢ. 
Кɚɤ ɩɨɤɚɡɚɧɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ [3] ɢ ɬɟɨɪɟɬɢɱɟɫɤɢ [4],  ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɟɪɟɤɥɸɱɟɧɢя  ɜɵɫɨɤɢɯ  
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Ɋɢɫ. 1. ɋɯɟɦɚɬɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɤɪɢɫɬɚɥɥɚ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ. 

 
ɭɪɨɜɧɟɣ ɬɨɤɚ ɫɭɳɟɫɬɜɟɧɧɨ ɡɚɜɢɫɢɬ ɨɬ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɜ ɝɟɬɟɪɨ-
ɫɬɪɭɤɬɭɪɟ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ. Иɫɫɥɟɞɭɟɦɚя ɧɚɦɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ ɨɩɬɢɦɢɡɢɪɨɜɚɧɚ ɬɚɤɢɦ ɨɛɪɚ-
ɡɨɦ, ɱɬɨɛɵ ɨɩɬɢɱɟɫɤɨɟ ɩɨɝɥɨɳɟɧɢɟ ɛɵɥɨ ɬɨɥɶɤɨ ɜ ɫɥɨɟ ɪ-ɛɚɡɵ. Дɥя ɷɬɨɝɨ ɜ ɨɬɥɢɱɢɟ ɨɬ ɫɬɪɭɤɬɭ-
ɪɵ, ɨɩɢɫɚɧɧɨɣ ɜ [1], n-ɛɚɡɚ ɫɮɨɪɦɢɪɨɜɚɧɚ ɫɥɨɟɦ ɲɢɪɨɤɨɡɨɧɧɨɝɨ AlGaAs (x = 0.35).  

Дɥя ɢɫɫɥɟɞɨɜɚɧɢя ɢɡɥɭɱɚɬɟɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɡɝɨɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɨɛɪɚɡ-
ɰɵ ɤɪɢɫɬɚɥɥɨɜ ɫ ɲɢɪɢɧɨɣ ɩɨɥɨɫɤɚ 200 ɦɤɦ ɢ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 500—1200 ɦɤɦ. Иɫɫɥɟɞɨɜɚɧɢя 
ɢɡɥɭɱɚɬɟɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɚɡɟɪɧɨɣ ɱɚɫɬɢ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɥɢ ɜɧɭɬɪɟɧɧɢɟ ɨɩɬɢɱɟɫɤɢɟ 
ɩɨɬɟɪɢ 2.7ɫɦ–1 ɢ ɜɧɭɬɪɟɧɧɢɣ ɤɜɚɧɬɨɜɵɣ ɜɵɯɨɞ 100%, ɱɬɨ ɫɪɚɜɧɢɦɨ ɫ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɫ ɬɚɤɢɦ ɠɟ ɞɢɡɚɣɧɨɦ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ.  

Дɥя ɢɫɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɚɡɟɪɨɜ-ɬɢɪɢɫɬɨɪɨɜ ɢɫɩɨɥɶɡɨɜɚɧɚ ɫɯɟɦɚ ɫ 
ɜɧɟɲɧɢɦ ɟɦɤɨɫɬɧɵɦ ɧɚɤɨɩɢɬɟɥɟɦ ɷɧɟɪɝɢɢ. В ɷɬɨɦ ɫɥɭɱɚɟ ɜ ɜɵɤɥɸɱɟɧɧɨɦ ɫɨɫɬɨяɧɢɢ ɜɧɟɲɧɢɣ 
ɢɫɬɨɱɧɢɤ ɡɚɪяɠɚɟɬ ɟɦɤɨɫɬɧɵɣ ɧɚɤɨɩɢɬɟɥɶ ɞɨ ɭɪɨɜɧя, ɨɩɪɟɞɟɥяɟɦɨɝɨ ɛɥɨɤɢɪɭɟɦɵɦ ɧɚɩɪяɠɟɧɢ-
ɟɦ, ɧɨ ɧɟ ɜɵɲɟ ɟɝɨ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɡɧɚɱɟɧɢя (ɞɥя ɢɫɫɥɟɞɭɟɦɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɦɚɤɫɢɦɚɥɶɧɨɟ 
ɛɥɨɤɢɪɭɟɦɨɟ ɧɚɩɪяɠɟɧɢɟ 20 В). ɉɨɞɚɱɚ ɧɢɡɤɨɭɪɨɜɧɟɝɨ ɫɢɝɧɚɥɚ ɭɩɪɚɜɥɟɧɢя ɜ ɜɢɞɟ ɢɦɩɭɥɶɫɚ 
ɬɨɤɚ ɩɟɪɟɜɨɞɢɬ ɥɚɡɟɪ-ɬɢɪɢɫɬɨɪ ɜɨ ɜɤɥɸɱɟɧɧɨɟ ɫɨɫɬɨяɧɢɟ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɟɟɫя ɧɢɡɤɢɦ ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɟɦ. В ɪɟɡɭɥɶɬɚɬɟ ɟɦɤɨɫɬɧɵɣ ɧɚɤɨɩɢɬɟɥɶ ɝɟɧɟɪɢɪɭɟɬ ɢɦɩɭɥɶɫ ɬɨɤɚ, ɤɨɬɨɪɵɣ ɨɛɟɫɩɟɱɢɜɚ-
ɟɬ ɢɧɠɟɤɰɢɸ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɚɤɬɢɜɧɭɸ ɨɛɥɚɫɬɶ ɥɚɡɟɪɧɨɣ ɱɚɫɬɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ. ɉɨɫɥɟ 
ɪɚɡɪяɞɚ ɟɦɤɨɫɬɧɨɝɨ ɧɚɤɨɩɢɬɟɥя ɞɨ ɭɪɨɜɧя, ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɝɨ ɬɨɤɨɦ, ɦɟɧɶɲɢɦ, ɱɟɦ ɬɨɤ ɭɞɟɪɠɚ-
ɧɢя, ɥɚɡɟɪ-ɬɢɪɢɫɬɨɪ ɩɟɪɟɯɨɞɢɬ ɜ ɡɚɤɪɵɬɨɟ ɫɨɫɬɨяɧɢɟ.  

Ɍɢɩɢɱɧɵɟ ɝɟɧɟɪɢɪɭɟɦɵɟ ɥɚɡɟɪɧɵɟ ɢɦɩɭɥɶɫɵ ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ.2. Вɢɞɧɨ, ɱɬɨ ɩɪɢ ɮɢɤɫɢ-
ɪɨɜɚɧɧɨɦ ɛɵɫɬɪɨɞɟɣɫɬɜɢɢ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ ɭɦɟɧɶɲɟɧɢɟ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɜɨɡɦɨɠɧɨ ɡɚ 
ɫɱɟɬ ɫɧɢɠɟɧɢя ɟɦɤɨɫɬɢ ɧɚɤɨɩɢɬɟɥя. В ɪɟɡɭɥɶɬɚɬɟ ɦɚɤɫɢɦɚɥɶɧɚя ɦɨɳɧɨɫɬɶ ɥɚɡɟɪɧɵɯ ɢɦɩɭɥɶɫɨɜ, 
ɝɟɧɟɪɢɪɭɟɦɵɯ ɥɚɡɟɪɨɦ-ɬɢɪɢɫɬɨɪɨɦ, ɞɨɫɬɢɝɚɟɬ 40 Вɬ ɩɪɢ ɧɨɦɢɧɚɥɚɯ ɟɦɤɨɫɬɟɣ 470 ɧФ, ɩɪɢ ɷɬɨɦ 
ɞɥɢɬɟɥɶɧɨɫɬɶ 125 ɧɫ (95 ɧɫ ɧɚ ɭɪɨɜɧɟ FWHM). ɋɧɢɠɟɧɢɟ ɟɦɤɨɫɬɢ ɞɨ 10 ɧФ ɩɨɡɜɨɥяɟɬ ɝɟɧɟɪɢ-
ɪɨɜɚɬɶ ɥɚɡɟɪɧɵɟ ɢɦɩɭɥɶɫɵ ɞɥɢɬɟɥɶɧɨɫɬɶɸ 23 ɧɫ (13 ɧɫ ɧɚ ɭɪɨɜɧɟ FWHM) ɫ ɩɢɤɨɜɨɣ ɦɨɳɧɨ-
ɫɬɶɸ ɞɨ 8 Вɬ. Иɡ ɩɨɥɭɱɟɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɚɦɩɥɢɬɭɞɵ ɝɟɧɟɪɢɪɭɟɦɨɣ ɦɨɳɧɨɫɬɢ ɨɬ ɛɥɨɤɢɪɭɟ-
ɦɨɝɨ ɧɚɩɪяɠɟɧɢя ɩɨɤɚɡɚɧɵ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɦɚɤɫɢɦɚɥɶɧɚя ɚɦɩɥɢɬɭɞɚ ɬɨɤɚ ɧɚɤɚɱɤɢ ɜ ɢɫɫɥɟ-
ɞɭɟɦɨɣ ɫɢɫɬɟɦɟ ɞɨɫɬɢɝɚɟɬ 90 А ɩɪɢ ɟɦɤɨɫɬɢ 470 ɧФ. Вɚɠɧɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɞɟɦɨɧɫɬɪɢɪɭɟɦɵɟ 
ɪɟɡɭɥɶɬɚɬɵ ɩɨɥɭɱɟɧɵ ɞɥя ɧɚɩɪяɠɟɧɢɣ ɩɢɬɚɧɢя ɧɟ ɛɨɥɟɟ 20 В. 

Вɚɠɧɵɦ ɩɚɪɚɦɟɬɪɨɦ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ, ɨɩɪɟɞɟɥяɸɳɢɦ ɜɨɡɦɨɠɧɨɫɬɶ ɟɝɨ ɩɪɚɤɬɢɱɟɫɤɨɝɨ 
ɢɫɩɨɥɶɡɨɜɚɧɢя, яɜɥяɟɬɫя ɬɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɦɨɳɧɨɫɬɧɵɯ ɢ ɞɢɧɚɦɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢ-
ɫɬɢɤ. В ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɷɬɨ ɫɜяɡɚɧɨ ɫ ɬɟɦ, ɱɬɨ ɜ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɪɚɛɨɬɵ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ ɜɚɠ-
ɧɭɸ ɮɭɧɤɰɢɸ ɜɵɩɨɥɧяɟɬ ɨɩɬɢɱɟɫɤɚя ɨɛɪɚɬɧɚя ɫɜяɡɶ, ɤɨɬɨɪɚя ɨɩɪɟɞɟɥяɟɬ ɤɨɥɢɱɟɫɬɜɨ ɢɡɛɵɬɨɱ-
ɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɪ-ɛɚɡɟ. Ɉɧɚ ɫɜяɡɚɧɚ ɫɨ ɫɤɨɪɨɫɬɶɸ ɮɨɬɨɝɟɧɟɪɚɰɢɢ, ɨɩɪɟɞɟɥяɟɦɨɣ ɩɨɬɨɤɨɦ 
ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɢɡ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɜ ɫɬɨɪɨɧɭ ɪ-ɛɚɡɵ  ɢ  ɫɩɟɤɬɪɨɦ ɩɨɝɥɨɳɟɧɢя, ɚ ɬɚɤɠɟ 
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Ɋɢɫ. 2. Иɦɩɭɥɶɫɵ, ɝɟɧɟɪɢɪɭɟɦɵɟ ɥɚɡɟɪɨɦ-ɬɢɪɢɫɬɨɪɨɦ, ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɡɚɪяɞɧɨɣ ɟɦɤɨɫɬɢ C; Т = 20 ɋ. 

 
ɫɤɨɪɨɫɬɶɸ ɪɟɤɨɦɛɢɧɚɰɢɢ ɢɡɛɵɬɨɱɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɪ-ɛɚɡɟ. Вɫɟ ɷɬɢ ɷɥɟɦɟɧɬɵ ɡɚɜɢɫяɬ ɨɬ ɬɟɦɩɟ-
ɪɚɬɭɪɵ ɢ ɬɚɤɢɦ ɨɛɪɚɡɨɦ ɦɨɝɭɬ ɨɤɚɡɵɜɚɬɶ ɜɥɢяɧɢɟ ɧɚ ɢɧɠɟɤɰɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɟɬɟɪɨɫɬ-
ɪɭɤɬɭɪɵ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɫɟɦɟɣɫɬɜ L-V ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ 
ɥɚɡɟɪɧɵɯ ɢɦɩɭɥɶɫɨɜ ɞɥя ɞɢɚɩɚɡɨɧɚ ɪɚɛɨɱɢɯ ɬɟɦɩɟɪɚɬɭɪ 20—80 ɋ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɪɢ ɩɨɜɵ-
ɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɫɨɯɪɚɧяɟɬɫя ɤɚɤ ɯɚɪɚɤɬɟɪ ɞɢɧɚɦɢɤɢ ɝɟɧɟɪɢɪɭɟɦɵɯ ɥɚɡɟɪɧɵɯ ɢɦɩɭɥɶɫɨɜ, 
ɬɚɤ ɢ ɡɚɜɢɫɢɦɨɫɬɢ L-V. ɉɪɢ ɷɬɨɦ ɩɚɞɟɧɢɟ ɦɚɤɫɢɦɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ ɩɪɢ ɪɨɫɬɟ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ 
20 ɞɨ 80 ɋ ɧɟ ɩɪɟɜɵɲɚɟɬ 17 %, ɱɬɨ ɫɪɚɜɧɢɦɨ ɫ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɨɞɢɧɨɱɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨ-
ɜɵɯ ɥɚɡɟɪɨɜ. Эɬɨ ɩɨɡɜɨɥяɟɬ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɩɨɜɵɲɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɧɟ ɭɯɭɞɲɚɟɬ ɞɢɧɚɦɢɱɟ-
ɫɤɢɯ ɢ ɬɨɤɨɜɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɥɚɡɟɪɚ-ɬɢɪɢɫɬɨɪɚ ɤɚɤ ɬɨɤɨɜɨɝɨ ɤɥɸɱɚ.  
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New approach for High Peak Power Lasing Based on Epitaxially-Integrated 
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A new approach to generation of high optical peak power by epitaxially and functionally integrated high-
speed high-power current switch and laser heterostructure (so-called laser-thyristor) has been developed. In 
frame of the approach The epitaxially integrated AlGaAs/GaAs heterostructure of low-voltage laser-thyristor has 
been studied and optimized for generation of high-power pulses at a 900-nm wavelength. Experimental laser-
thyristor samples with a 200-µm aperture have been fabricated and studied. The maximum static blocking volt-
age does not exceed 20 V. As a result, the maximum optical peak power reaches 40 and 8 W at FWHM pulse 
durations of 95 and 13 ns, respectively. An analysis of the potential dynamics has shown that the heterostructure 
provides pumping of the active layer with up to 90-A pulses. 

Keywords: pulse semiconductor laser, laser-thyristor, epitaxially integrated heterostructure. 
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɡɪɚɛɨɬɤɢ ɢ ɢɫɫɥɟɞɨɜɚɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɚɬɟɥя 
ɧɚ ɨɫɧɨɜɟ ɦɚɬɪɢɰɵ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɋɅɆɉ-6ɇɉ-845ɇ ɫ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚɦɢ ɬɢɩɚ AlGaAs/GaAs. ɋɨɡɞɚɧ-
ɧɚя ɦɨɞɢɮɢɤɚɰɢя ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɥɢɡɨɜɚɬɶ ɦɨɳɧɨɟ ɢɦɩɭɥɶɫɧɨɟ ɥɚɡɟɪɧɨɟ ɢɡɥɭɱɟɧɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥ-
ɧɵ 846 ɧɦ ɫ ɷɮɮɟɤɬɢɜɧɨɣ ɮɨɪɦɨɣ, ɲɢɪɨɤɢɦ ɞɢɚɩɚɡɨɧɨɦ ɜɚɪɶɢɪɨɜɚɧɢя ɞɥɢɬɟɥɶɧɨɫɬɢ ɨɬ ɞɟɫяɬɤɨɜ ɞɨ 
ɫɨɬɟɧ ɧɚɧɨɫɟɤɭɧɞ ɢ ɱɚɫɬɨɬɨɣ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɨɜ ɜɩɥɨɬɶ ɞɨ 10 ɤȽɰ, ɚ ɬɚɤɠɟ ɩɥɨɬɧɨɫɬɶɸ ɩɢɤɨɜɨɣ 
ɦɨɳɧɨɫɬɢ ɜɩɥɨɬɶ ɞɨ 35 Вɬ/ɦɦ2 ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɡɚɞɚɧɧɨɦ ɬɟɥɟɫ-
ɧɨɦ ɭɝɥɟ 27° × 8°.  

Кɥючɟвыɟ ɫɥɨва: ɦɚɬɪɢɰɚ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ, ɢɦɩɭɥɶɫɧɵɣ ɪɟɠɢɦ, ɞɢɚɝɪɚɦɦɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. 

Ввɟɞɟɧɢɟ 
Ɉɞɧɢɦ ɢɡ ɤɥɸɱɟɜɵɯ ɷɥɟɦɟɧɬɨɜ ɜ ɫɨɡɞɚɧɢɢ ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɯ ɨɩɬɢɱɟɫɤɢɯ ɢ ɢɧɮɨɪɦɚ-

ɰɢɨɧɧɵɯ ɫɢɫɬɟɦ яɜɥяɟɬɫя ɪɚɡɪɚɛɨɬɤɚ ɧɨɜɨɝɨ ɩɨɤɨɥɟɧɢя ɥɚɡɟɪɧɵɯ ɢɡɥɭɱɚɬɟɥɟɣ — ɢɧɬɟɝɪɢɪɨ-
ɜɚɧɧɵɯ ɜ ɛɥɨɤɢ ɥɢɧɟɟɤ ɢ ɦɚɬɪɢɰ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ, ɜɵɩɨɥɧɟɧɧɵɯ ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ 
ɝɟɬɟɪɨɫɪɭɤɬɭɪ. ɉɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɛɥɨɤɢ ɥɚɡɟɪɧɵɯ ɥɢɧɟɟɤ ɢ ɦɚɬɪɢɰ ɧɚɯɨɞяɬ ɩɪɢɦɟɧɟɧɢɟ ɜ 
ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɯ ɦɨɞɭɥяɯ ɧɚɤɚɱɤɢ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɢ ɨɩɬɨɜɨɥɨɤɨɧɧɵɯ ɥɚɡɟɪɨɜ, ɩɪɢɛɨɪɚɯ 
ɩɨɞɫɜɟɬɤɢ ɢ ɰɟɥɢɭɤɚɡɚɧɢя, ɥɚɡɟɪɧɵɯ ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦɚɯ. В ɫɜяɡɢ ɫ ɷɬɢɦ ɜɚɠɧɵɦ ɩɪɟɞ-
ɫɬɚɜɥяɟɬɫя ɩɨɢɫɤ ɩɭɬɟɣ ɫɨɡɞɚɧɢя ɦɨɳɧɵɯ, ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɢɡɥɭɱɚɬɟ-
ɥɟɣ ɫ ɡɚɞɚɧɧɵɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɢ ɜɵɫɨɤɢɦ ɪɚɛɨɱɢɦ ɪɟɫɭɪɫɨɦ.  

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɦɨɳɧɵɯ 
ɢɦɩɭɥɶɫɧɵɯ ɦɚɬɪɢɰ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ (ɆɅД) ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ AlGaAs/GaAs, ɢɡɥɭ-
ɱɚɸɳɢɯ ɜ ɛɥɢɠɧɟɣ ИК ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ ɜ ɞɢɚɩɚɡɨɧɟ 790—990 ɧɦ. В ɱɚɫɬɧɨɫɬɢ, 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɨɜɚя ɦɨɞɢɮɢɤɚɰɢя ɦɚɬɪɢɰɵ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɦɨɞɟɥɢ ɋɅɆɉ-6ɇɉ-845ɇ, ɫɨɡɞɚɧ-
ɧɚя ɧɚ ɈАɈ “ɇɉɉ “Иɧɠɟɤɬ” ɞɥя ɢɫɩɨɥɶɡɨɜɚɧɢя ɜ ɚɤɬɢɜɧɨ-ɢɦɩɭɥɶɫɧɵɯ ɫɢɫɬɟɦɚɯ ɜɢɞɟɧɢя, ɪɚɡ-
ɪɚɛɚɬɵɜɚɟɦɵɯ ɜ Иɧɫɬɢɬɭɬɟ ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ. Ɉɫɧɨɜɧɚя ɡɚɞɚɱɚ — ɩɨɥɭɱɟɧɢɟ ɦɨɳɧɨɝɨ 
ɢɡɥɭɱɟɧɢя ɤɨɪɨɬɤɢɯ ɥɚɡɟɪɧɵɯ ɢɦɩɭɥɶɫɨɜ ɫ ɜɵɫɨɤɨɣ ɱɚɫɬɨɬɨɣ ɩɨɜɬɨɪɟɧɢя ɢ ɡɚɞɚɧɧɨɣ ɞɢɚɝɪɚɦ-
ɦɨɣ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. ɇɚɪяɞɭ ɫ ɫɨɡɞɚɧɢɟɦ ɷɮɮɟɤɬɢɜɧɨɣ ɢɦɩɭɥɶɫɧɨɣ ɆɅД ɜ ɫɨɫɬɚɜ ɩɪɨɟɤɬɚ ɜɯɨ-
ɞɢɥɚ ɬɚɤɠɟ ɪɚɡɪɚɛɨɬɤɚ ɛɥɨɤɨɜ ɫɢɥɨɜɨɣ ɢ ɭɩɪɚɜɥяɸɳɟɣ ɷɥɟɤɬɪɨɧɢɤɢ, ɚ ɬɚɤɠɟ ɛɥɨɤɚ ɬɟɪɦɨɫɬɚɛɢ-
ɥɢɡɚɰɢɢ ɫɢɫɬɟɦɵ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɯ ɧɚɞɟɠɧɭɸ ɢ ɫɬɚɛɢɥɶɧɭɸ ɪɚɛɨɬɭ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚ-
ɡɟɪɧɨɝɨ ɢɡɥɭɱɚɬɟɥя.  

1. Эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɟ ɢɫɫɥɟɞɨваɧɢɹ 

В ɨɫɧɨɜɭ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɚɬɟɥя ɩɨɥɨɠɟɧɚ ɫɩɟɰɢɚɥɶ-
ɧɨ ɫɨɡɞɚɧɧɚя ɆɅД (ɦɨɞɟɥɶ ɋɅɆɉ-6ɇɉ-845ɇ) ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ ɜ ɦɚɤɫɢɦɭɦɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя 
846 ɧɦ. В ɪɚɛɨɱɟɦ ɪɟɠɢɦɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 30 ± 0.5 ɋ ɫɩɟɤɬɪɚɥɶɧɚя ɲɢɪɢɧɚ ɢɡɥɭɱɟɧɢя ɩɨ ɩɨ-
ɥɭɜɵɫɨɬɟ ɫɨɫɬɚɜɥяɟɬ 6 ɧɦ.  

Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɮɨɪɦɵ ɢɦɩɭɥɶɫɚ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɆɅД (ɋɅɆɉ-6ɇɉ-
845ɇ), ɩɪɢɜɟɞɟɧɧɵɟ ɧɚ ɪɢɫ. 1, ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɟɪɟɞɧɢɣ ɮɪɨɧɬ ɢɦɩɭɥɶɫɚ ɞɨɫɬɢɝɚɟɬ 83% ɫɜɨɟɣ 
ɦɚɤɫɢɦɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɡɚ ɩɟɪɜɵɟ 12 ɧɫ ɢ 100% — ɩɪɢɦɟɪɧɨ ɱɟɪɟɡ 30 ɧɫ. Эɬɨ ɦɚɤɫɢɦɚɥɶ-
ɧɨɟ ɡɧɚɱɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɢ ɫɬɚɛɢɥɶɧɨ ɫɨɯɪɚɧяɟɬɫя ɧɚ ɩɪɨɬяɠɟɧɢɢ ɜɫɟɝɨ ɢɦɩɭɥɶ-
ɫɚ. ɇɚ ɫɬɚɞɢɢ ɟɝɨ ɜɵɤɥɸɱɟɧɢя ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɪɟɡɤɨ ɩɚɞɚɟɬ ɱɟɪɟɡ 15 ɧɫ. Ɉɩɢɫɚɧɧɨɟ ɩɨɜɟɞɟɧɢɟ 
ɪɟɚɥɢɡɭɟɬɫя ɞɥя ɢɦɩɭɥɶɫɨɜ ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɧɚ ɩɨɥɭɜɵɫɨɬɟ tipl ɨɬ 35 ɞɨ 100 ɧɫ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ 
ɭɜɟɥɢɱɟɧɢɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɜɩɥɨɬɶ ɞɨ 200 ɧɫ ɜɨ ɜɬɨɪɨɣ ɟɝɨ ɩɨɥɨɜɢɧɟ ɧɚɛɥɸɞɚɟɬɫя ɧɟ-
ɤɨɬɨɪɨɟ ɫɧɢɠɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚ 10—12 %. 
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Иɡɦɟɪɟɧɢя, ɜɵɩɨɥɧɟɧɧɵɟ ɧɚ ɫɩɟɤɬɪɨɪɚɞɢɨɦɟɬɪɢɱɟɫɤɨɦ ɤɨɦɩɥɟɤɫɟ ɦɨɞɟɥɢ DTS320-201, 
ɤɚɤ ɢ ɫɥɟɞɨɜɚɥɨ ɨɠɢɞɚɬɶ, ɩɨɤɚɡɚɥɢ, ɱɬɨ, ɩɨɥɧɚя ɫɪɟɞɧяя ɦɨɳɧɨɫɬɶ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɆɅД 
ɥɢɧɟɣɧɨ ɜɨɡɪɚɫɬɚɟɬ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɱɚɫɬɨɬɵ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɨɜ F. Ɍɚɤ, ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɱɚɫ-
ɬɨɬɵ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɨɜ ɜ ɞɢɚɩɚɡɨɧɟ 0.5—10 ɤȽɰ ɩɨɥɧɚя ɫɪɟɞɧяя ɦɨɳɧɨɫɬɶ Рm ɢɡɦɟɧяɬɫя ɨɬ 
0.114 ɞɨ 2.28 Вɬ ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ tipl = 50 ɧɫ ɢ ɨɬ 0.259 ɞɨ 5.19 Вɬ ɩɪɢ tipl = 100 ɧɫ. 
ɉɢɤɨɜɚя ɦɨɳɧɨɫɬɶ Рins ɜ ɢɦɩɭɥɶɫɟ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɢ ɷɬɨɦ ɧɚɯɨɞɢɬɫя ɜ ɩɪɟɞɟɥɚɯ  
4.56—5.19 ɤВɬ.  
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Ɋɢɫ. 1. Фɨɪɦɵ ɢɦɩɭɥɶɫɚ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 
ɋɅɆɉ-6ɇɉ-845ɇ (37.5 ɧɫ (1), 48.0 (2), 59.5 (3), 

79.5 (4), 98.5 ɧɫ (5)), F= 1 ɤȽɰ. 

Ɋɢɫ. 2. Ɋɚɫɯɨɞɢɦɨɫɬɶ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя  
ɋɅɆɉ-6ɇɉ-845ɇ ɩɨ ɛɵɫɬɪɨɣ (1)  

ɢ ɦɟɞɥɟɧɧɨɣ (2) ɨɫяɦ. 

ɉɪɨɜɟɞɟɧɵ ɢɫɫɥɟɞɨɜɚɧɢя ɞɢɚɝɪɚɦɦɵ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɆɅД ɜ ɞɜɭɯ 
ɩɥɨɫɤɨɫɬяɯ (ɩɨ ɛɵɫɬɪɨɣ ɢ ɦɟɞɥɟɧɧɨɣ ɨɫяɦ) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɝɨɧɢɨɮɨɬɨɦɟɬɪɚ SMS 10. Иɡɦɟ-
ɪɟɧɢя ɜɵɩɨɥɧɟɧɵ ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 50 ɧɫ ɫ ɱɚɫɬɨɬɨɣ ɩɨɜɬɨɪɟ-
ɧɢя ɜ ɞɢɚɩɚɡɨɧɟ 0.5—10 ɤȽɰ ɧɚ ɪɚɫɫɬɨяɧɢɢ 3 ɦ. Ɋɚɫɯɨɞɢɦɨɫɬɶ ɢɡɥɭɱɟɧɢя ɜɞɨɥɶ ɛɵɫɬɪɨɣ ɢ ɦɟɞ-
ɥɟɧɧɨɣ ɨɫɟɣ ɧɚ ɩɨɥɭɜɵɫɨɬɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 27° ɢ 8° (ɫɦ. ɪɢɫ. 2). ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 
ɱɬɨ ɤɨɧɰɟɧɬɪɚɰɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɡɚɞɚɧɧɨɦ ɬɟɥɟɫɧɨɦ ɭɝɥɟ ɪɟɚɥɢɡɨɜɚɧɚ ɛɟɡ ɩɪɢɦɟɧɟɧɢя 
ɞɨɩɨɥɧɢɬɟɥɶɧɨɣ ɨɩɬɢɤɢ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɨɜɵɲɟɧɢɟ ɱɚɫɬɨɬɵ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɨɜ ɥɚɡɟɪɧɨɝɨ 
ɢɡɥɭɱɟɧɢя ɨɬ 0.5 ɞɨ 10 ɤȽɰ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɢɡɦɟɧɟɧɢɟ ɦɨɳɧɨɫɬɧɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɧɟ 
ɜɥɢяɸɬ ɧɚ ɡɚɞɚɧɧɭɸ ɞɢɚɝɪɚɦɦɭ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ. ɉɨɥɭɱɟɧɧɵɣ ɪɟɡɭɥɶɬɚɬ ɩɨɡɜɨɥяɟɬ ɢɫɩɨɥɶɡɨ-
ɜɚɬɶ ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɧɚ ɨɫɧɨɜɟ ɆɅД ɦɨɞɭɥɶ ɩɨɞɫɜɟɬɤɢ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢя ɦɨɳɧɨ-
ɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɪɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢɡɥɭɱɟɧɢя ɜ ɡɚɞɚɧɧɨɦ ɬɟɥɟɫɧɨɦ ɭɝɥɟ.  
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Ɋɢɫ. 3. Ɇɚɬɪɢɰɵ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ: ɋɅɆ-7-4 (а) ɢ ɋɅɆɉ-6ɇɉ-845ɇ (ɛ). 

Вɵɩɨɥɧɟɧ ɫɪɚɜɧɢɬɟɥɶɧɵɣ ɚɧɚɥɢɡ ɦɨɳɧɨɫɬɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɞɜɭɯ ɦɨɞɢɮɢɤɚɰɢɣ ɦɨɳ-
ɧɵɯ ɢɦɩɭɥɶɫɧɵɯ ɦɚɬɪɢɰ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ Ɇ1 (ɦɨɞɟɥɶ ɋɅɆ-7-4 [1]) (ɫɦ. ɪɢɫ. 3, а) ɢ Ɇ2 (ɦɨ-
ɞɟɥɶ ɋɅɆɉ-6ɇɉ-845ɇ) (ɫɦ. ɪɢɫ. 3, ɛ). ɋɪɟɞɧяя ɦɨɳɧɨɫɬɶ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɦɚɬɪɢɰɵ Ɇ1 
(ɋɅɆ-7-4) ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ 180 ɧɫ ɢ ɱɚɫɬɨɬɟ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɨɜ 1 ɤȽɰ ɫɨɫɬɚɜɥя-
ɟɬ РmM1 = 0.5 Вɬ, ɱɬɨ ɜ ɩɟɪɟɫɱɟɬɟ ɧɚ ɩɢɤɨɜɭɸ ɦɨɳɧɨɫɬɶ ɞɚɟɬ РinsM1 = 2.78 ɤВɬ. ɉɪɢ ɬɟɯ ɠɟ ɞɥɢ-
ɬɟɥɶɧɨɫɬɢ ɢ ɱɚɫɬɨɬɟ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɚ ɫɪɟɞɧяя ɢ ɩɢɤɨɜɚя ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 
ɦɚɬɪɢɰɵ Ɇ2 (ɋɅɆɉ-6ɇɉ-845ɇ) РmM2 = 0.846 Вɬ, РinsM2 = 4.7 ɤВɬ. ɉɪɢ ɷɬɨɦ ɷɮɮɟɤɬɢɜɧɵɟ ɢɡɥɭ-
ɱɚɸɳɢɟ ɩɥɨɳɚɞɢ ɦɚɬɪɢɰ Ɇ1 ɢ Ɇ2   SɆ1 = 400 ɦɦ2 ɢ SɆ2 = 134 ɦɦ2 (ɪɢɫ. 3). ɉɥɨɬɧɨɫɬɶ ɩɢɤɨɜɨɣ 
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ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɩɨɥɭɱɚɟɦɨɣ ɫ 1 ɦɦ2, ɞɥя ɦɚɬɪɢɰ Ɇ1 ɢ Ɇ2 ɫɨɫɬɚɜɥяɟɬ 6.96 ɢ 
35.07 Вɬ/ɦɦ2, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɩяɬɢɤɪɚɬɧɨɦ ɭɜɟɥɢɱɟɧɢɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɩɪɢ ɩɨɥɭɱɟɧɢɢ ɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɫ ɟɞɢɧɢɰɵ ɩɨɜɟɪɯɧɨɫɬɢ ɦɚɬɪɢɰɵ Ɇ2 ɩɨ 
ɫɪɚɜɧɟɧɢɸ ɫ Ɇ1. 

Заɤɥючɟɧɢɟ 
Ɋɚɡɪɚɛɨɬɚɧɧɵɟ ɦɨɞɢɮɢɤɚɰɢя ɦɨɳɧɨɣ ɢɦɩɭɥɶɫɧɨɣ ɦɚɬɪɢɰɵ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɋɅɆɉ-

6ɇɉ-845ɇ ɢ ɦɨɞɭɥɶ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɚɬɟɥя ɧɚ ɟɟ ɨɫɧɨɜɟ ɞɚɸɬ ɜɨɡɦɨɠɧɨɫɬɶ 
ɪɟɚɥɢɡɨɜɚɬɶ ɦɨɳɧɨɟ ɢɦɩɭɥɶɫɧɨɟ ɥɚɡɟɪɧɨɟ ɢɡɥɭɱɟɧɢɟ ɫ ɷɮɮɟɤɬɢɜɧɨɣ ɮɨɪɦɨɣ ɢɦɩɭɥɶɫɚ (ɞɨɫɬɚ-
ɬɨɱɧɨ ɤɪɭɬɵɦɢ ɩɟɪɟɞɧɢɦ ɢ ɡɚɞɧɢɦ ɮɪɨɧɬɚɦɢ), ɲɢɪɨɤɢɦ ɞɢɚɩɚɡɨɧɨɦ ɜɚɪɶɢɪɨɜɚɧɢя ɞɥɢɬɟɥɶɧɨ-
ɫɬɢ ɨɬ ɞɟɫяɬɤɨɜ ɞɨ ɫɨɬɟɧ ɧɚɧɨɫɟɤɭɧɞ ɢ ɱɚɫɬɨɬɨɣ ɩɨɜɬɨɪɟɧɢя ɢɦɩɭɥɶɫɨɜ ɜɩɥɨɬɶ ɞɨ 10 ɤȽɰ, ɚ ɬɚɤ-
ɠɟ ɩɥɨɬɧɨɫɬɶɸ ɩɢɤɨɜɨɣ ɦɨɳɧɨɫɬɢ ɜɩɥɨɬɶ ɞɨ 35 Вɬ/ɦɦ2 ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɥɚɡɟɪ-
ɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɡɚɞɚɧɧɨɦ ɬɟɥɟɫɧɨɦ ɭɝɥɟ 27° × 8°.  
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The results of research and development of the laser diodes matrix SLMP-6NP-845N based on 
AlGaAs/GaAs heterostructure are presented in the paper. The laser source enables to achieve high power laser 
pulse at a wavelength of 846 nm with an effective form, a wide range of duration (from tens to hundreds of 
nanoseconds) and the pulse repetition rate up to 10 kHz, and a peak power density up to 35 W/mm2 with 
effective concentration of laser radiation in a given solid angle 27° × 8°. 

Keywords: laser diode matrix, pulse mode, directional diagram. 
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LD-Pumped Low Gain Picosecond Oscillator 

M. V. Bogdanovich, K. I. Lantsov, L. L. Teplyashin, U. S. Tsitavets,  
A. G. Ryabtsev, G. I. Ryabtsev, P. V. Shpak 
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Minsk, Belarus; e-mail: ryabtsev@ifanbel.bas-net.by 

A concept for low-gain diode-side pumped picosecond oscillator is presented. Optical scheme has been 
developed according to the threshold requirements for continuous wave mode-locking operation deriving from 
saturation properties of semiconductor absorber and available gain. 

Кeywords: low-gain medium, diode side-pumped laser, continuous wave mode-locking. 

Introduction 

Continuous wave mode-locking nowadays is the most popular and simple technique for the 
generation of short optical pulses within the picosecond or femtosecond range depending on a gain 
medium property. In this work the basic principles of mode-locking operation are discussed and 
applied for the laser active medium with a quite low gain provided by the side-pumping geometry. 
Main aim of the work was determination of the conditions for stable mode-locking operation under the 
diode-side pumping as it promises an easy scalability and simplified pump delivery unit. 

1. Mode-locking mechanism 

The continuous wave active mode-locking was firstly demonstrated for dye lasers [1] that 
exhibit high gain and fast cross-relaxation times. Due to wide gain spectrum of dyes the shortest pulse 
durations of 6 fs already have been achieved. Later, the mode-locking was predicted for the case when 
the fast saturable absorber is inserted into the laser cavity. After all, the soliton stabilization 
mechanism was formulated [2] for the scheme with the slow saturable absorbers having the recovery 
times much longer than the optical pulse length. Basic principle of the mode-locking operation 
consists in providing the short gate with the positive net gain which locks the longitudinal modes and 
provides the generation of short pulses (Fig. 1) [3].  

 
Fig. 1. Locking mechanism for laser with the fast saturable absorber. 

2. Gain medium and cavity design requirements 

Side pumping scheme was chosen for the analysis because of its simplicity and scalability for 
the high power operation [4]. However, the inversion population density distribution within the active 
medium is not perfectly matched with the lasing mode, as for the case of longitudinal pumping 
scheme, and, therefore, an additional attention should be paid to the cavity design. Also, a problem of 
low gain originates from a side pumping design peculiarities that cause lower modulation of the gain, 
and thus demand for a higher modulation depth (about of 3% magnitude or higher) of the SESAM 
reflectivity to achieve stable mode-locking.  

From the other side, in order to avoid Q-switching instability caused by SESAM a criterion for 
intracavity circulating energy Ep should be satisfied [5]: 

Ep  >  (Fsat,LAeff,LFsat,AAeff,AΔR)1/2,                                           (1) 
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where Fsat,L is the saturation fluence of the gain medium; Aeff,L is the effective mode area within the 
gain medium; Fsat,A is the saturation fluence of the saturable absorber; Aeff,L is the effective mode area 
within the saturable absorber; ΔR is the reflectivity change of the SESAM. 

Saturation fluence of the active medium can be easily estimated with the following equation: 

Fsat,L = h/(2L),                                                                                          (2) 

where L is the stimulated emission cross-section of the gain medium, h is the photon energy. 
In order to avoid damage of the SESAM the saturation value of the passive absorber S = 

Ep/Fsat,AAeff,A should be kept below of 20. In our experiment this parameter didn’t exceed 2 in the 
regime of the CW mode-locking. 

As a gain medium for our investigation the Nd:YVO4 crystal cut along optical axis a (Nd 
doping concentration of 0.5%) have been chosen. Pumping radiation of the continuous wave diode 
array with maximum output power of 18.6 W was delivered to the active medium from the side using 
pair of cylindrical lenses for beam focusing (see Fig. 2, a) resulting in the asymmetrical population 
inversion density distribution in the active medium (see Fig. 2, b).  

 

             
 

Fig. 2.  Side pumping geometry (a) and numerically calculated spatial profile of the population 
inversion density under side-pumping (brighter is higher) (b). 

 

As a saturable absorber SESAM with a recovery time of 10 ps and reflectivity modulation of 
4% was used. The recovery time of 10 ps is four times more than the lowest pulse duration that could 
be achieved with the NdYVO4 gain medium if spectrally limited pulse would be produced.  

Taking into consideration the requirements of Eq. (1) and our pumping conditions, the cavity 
parameters were calculated to provide 70 µm waist radius at the SESAM and 250 µm waist radius at 
the gain medium. The length of the cavity was chosen long enough (13 m) to accumulate a rather large 
amount of energy for making the condition (1) true. Plain output coupler with 95% reflectivity was 
placed close to active medium resulting in a single output beam. 

3. Results and discussions 

According to the side-pumping scheme with low gain, the lasing threshold for continuous 
operation was rather high and reached 6 W (see Fig. 3) of pumping power incident on the crystal (it 
should be noted that available pumping power was limited to 15 W because of 20 % losses at focusing  
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Fig. 3. Output power of low-gain side-pumped picosecond oscillator. 

optics). Stable mode-locking was achieved above 14 W of pumping power resulting in output power 
of 150 mW. Taking into account the repetition rate of 21 MHz the pulse energy of 7.5 nJ has been 
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reached. At this conditions the beam quality parameter of output radiation M 2 didn’t exceed 1.1 and 
stable mode locking lasted for hours. 

At the expense of the beam quality and stability of mode-locking the output power could be 
increased to 1 W with small adjustment of the laser cavity. We expect that the output power of several 
watts in stable mode-locking regime could be reached if the higher pump power from diode array (or 
an additional diode array) would be available. This scheme also promises relaxed requirements for 
electronics speed due to low repetition rate of the mode-locked pulses. This approach can be 
convenient if such a laser is used for seeding of the regenerative amplifier. 

Conclusion 

A picosecond oscillator, featuring low-gain diode side-pumping scheme, was developed. A 
requirements for the cavity and SESAM characteristics, originating from low gain of the active 
medium, has been formulated. Laser is working in CW mode-locked regime at 20 MHz repetition rate, 
with output power not less than 150 mW. 
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ɉɪɟɞɥɨɠɟɧɚ ɤɨɧɰɟɩɰɢя ɩɢɤɨɫɟɤɭɧɞɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɫ ɩɨɩɟɪɟɱɧɨɣ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ. 
Ɉɩɬɢɱɟɫɤɚя ɫɯɟɦɚ ɪɚɡɪɚɛɨɬɚɧɚ ɫ ɭɱɟɬɨɦ ɬɪɟɛɨɜɚɧɢɣ, ɧɚɥɚɝɚɟɦɵɯ ɦɚɥɵɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɭɫɢɥɟɧɢя ɧɚ 
ɩɨɪɨɝ ɞɨɫɬɢɠɟɧɢя ɫɬɚɛɢɥɶɧɨɣ ɧɟɩɪɟɪɵɜɧɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɦɨɞ. 

Кɥючɟвыɟ ɫɥɨва: ɫɪɟɞɚ ɫ ɧɢɡɤɢɦ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɭɫɢɥɟɧɢя, ɥɚɡɟɪ ɫ ɩɨɩɟɪɟɱɧɨɣ ɞɢɨɞɧɨɣ 
ɧɚɤɚɱɤɨɣ, ɧɟɩɪɟɪɵɜɧɚя ɫɢɧɯɪɨɧɢɡɚɰɢя ɦɨɞ. 
 



 65

Нɟɥɢɧɟɣɧɨ ɨɩɬɢчɟɫɤɢɟ ɷɮɮɟɤɬы ɧа ɪɟɞɤɨɡɟɦɟɥɶɧых ɢɨɧах ɨɫɬаɬɨчɧɨɣ 

ɤɨɧɰɟɧɬɪаɰɢɢ ɢ ɬвɟɪɞɨɬɟɥɶɧыɟ ɞɢɨɞɧɨ-ɧаɤачɢваɟɦыɟ ɥаɡɟɪы 
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ɛ Виɬеɛɫкиɣ гɨɫуɞаɪɫɬвенныɣ ɬехнɨɥɨгичеɫкиɣ унивеɪɫиɬеɬ, Виɬеɛɫк, Беɥаɪуɫь 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɷɮɮɟɤɬɨɜ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɩɪɢɫɭɬ-
ɫɬɜɢɟɦ ɧɢɡɤɨɤɨɧɰɟɧɬɪɢɪɨɜɚɧɧɵɯ ɩɪɢɦɟɫɟɣ ɪɟɞɤɨɡɟɦɟɥɶɧɵɯ ɢɨɧɨɜ ɢ ɪɚɡɜɢɜɚɸɳɢɯɫя ɩɨɞ ɞɟɣɫɬɜɢɟɦ 
ɧɟɩɪɟɪɵɜɧɨɝɨ ɢɧɮɪɚɤɪɚɫɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɤɪɢɫɬɚɥɥɚɯ KGW ɢ YVO4, ɤɨɬɨɪɵɟ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬɫя ɤɚɤ 
ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɟ ɷɥɟɦɟɧɬɵ ɜ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɯ ɥɚɡɟɪɧɵɯ ɫɢɫɬɟɦɚɯ. 

Кɥючɟвыɟ ɫɥɨва: ɚɩ-ɤɨɧɜɟɪɫɢя, ɢɨɧɵ ɷɪɛɢя, ɢɨɧɵ ɬɭɥɥɢя, ɬɜɟɪɞɨɬɟɥɶɧɵɟ ɥɚɡɟɪɵ.  

Ввɟɞɟɧɢɟ 
Иɫɩɨɥɶɡɨɜɚɧɢɟ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɞɥя ɧɚɤɚɱɤɢ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɥɚɡɟɪɨɜ ɩɪɢɜɟɥɨ ɧɟ ɬɨɥɶɤɨ ɤ 

ɭɥɭɱɲɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢ ɤɨɦɩɚɤɬɧɨɫɬɢ ɬɚɤɢɯ ɫɢɫɬɟɦ, ɢɯ ɩɪɢɦɟɧɟɧɢɟ ɫɨɡɞɚɥɨ ɩɪɢɧɰɢɩɢ-
ɚɥɶɧɨ ɧɨɜɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɜ ɢɫɫɥɟɞɨɜɚɧɢяɯ ɧɟɥɢɧɟɣɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ 
ɫɪɟɞɭ, ɩɨɫɤɨɥɶɤɭ ɨɫɨɛɟɧɧɨ ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɟ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɚя ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɦɨɠɟɬ 
ɫɭɳɟɫɬɜɟɧɧɨ ɩɪɟɜɵɲɚɬɶ ɜɧɟɪɟɡɨɧɚɬɨɪɧɭɸ ɢ ɞɨɫɬɢɝɚɬɶ ɫɨɬɟɧ ɤВɬ/ɫɦ2 ɧɚ ɫɤɨɥɶ ɭɝɨɞɧɨ ɩɪɨɬя-
ɠɟɧɧɵɯ ɜɪɟɦɟɧɧɵɯ ɢɧɬɟɪɜɚɥɚɯ. В ɨɬɥɢɱɢɟ ɨɬ ɭɫɥɨɜɢɣ ɜ ɥɚɡɟɪɚɯ ɫ ɥɚɦɩɨɜɨɣ ɧɚɤɚɱɤɨɣ, ɝɞɟ ɚɤ-
ɬɢɜɧɵɟ ɷɥɟɦɟɧɬɵ ɩɨɞɜɟɪɠɟɧɵ ɜɨɡɞɟɣɫɬɜɢɸ ɦɨɳɧɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɲɢɪɨɤɨɩɨɥɨɫɧɨɝɨ ɢɡɥɭɱɟ-
ɧɢя ɫ ɜɵɫɨɤɨɣ ɪɚɫɯɨɞɢɦɨɫɬɶɸ, ɢɡɥɭɱɟɧɢɟ ɞɢɨɞɧɵɯ ɥɚɡɟɪɨɜ ɨɛɥɚɞɚɟɬ ɫɩɟɤɬɪɚɥɶɧɨɣ ɭɡɤɨɩɨɥɨɫ-
ɧɨɫɬɶɸ, ɧɢɡɤɨɣ ɪɚɫɯɨɞɢɦɨɫɬɶɸ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɜɵɫɨɤɨɣ яɪɤɨɫɬɶɸ. Чɟɬɤɨɟ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ 
ɢ ɫɩɟɤɬɪɚɥɶɧɨɟ ɜɵɞɟɥɟɧɢɟ ɩɨɬɨɤɨɜ ɢɡɥɭɱɟɧɢя ɢ ɨɛɥɚɫɬɟɣ ɢɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢя ɫ ɜɧɭɬɪɢɪɟɡɨɧɚ-
ɬɨɪɧɵɦɢ ɷɥɟɦɟɧɬɚɦɢ ɜ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɯ ɥɚɡɟɪɧɵɯ ɫɢɫɬɟɦɚɯ ɨɬɤɪɵɜɚɟɬ ɧɨɜɵɟ ɩɟɪɫɩɟɤɬɢɜɵ 
ɞɥя ɢɫɫɥɟɞɨɜɚɧɢя ɧɟɥɢɧɟɣɧɨ ɨɩɬɢɱɟɫɤɢɯ ɷɮɮɟɤɬɨɜ, ɫɬɨɥɶ ɦɧɨɝɨɨɛɪɚɡɧɵɯ ɜ ɬɜɟɪɞɵɯ ɬɟɥɚɯ.  
В 1999 ɝ. ɛɵɥ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧ ɞɢɨɞɧɨ ɧɚɤɚɱɢɜɚɟɦɵɣ ɬɜɟɪɞɨɬɟɥɶɧɵɣ ɥɚɡɟɪ ɧɚ Nd:KGW ɫ 
ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɧɚ ɜɵɧɭɠɞɟɧɧɨɦ ɤɨɦɛɢɧɚɰɢɨɧɧɨɦ ɪɚɫɫɟяɧɢɢ (ВКɊ) [1]. 
Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ВКɊ ɝɟɧɟɪɚɰɢя ɫɨɩɪɨɜɨɠɞɚɟɬɫя ɜɨɡɧɢɤɧɨɜɟɧɢɟɦ ɜ ɤɚɧɚɥɟ ɝɟɧɟɪɚɰɢɢ ɭɡɤɨɩɨ-
ɥɨɫɧɨɝɨ ɫɜɟɱɟɧɢя ɜɛɥɢɡɢ 475 ɧɦ [2].  

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɨɛɫɭɠɞɚɸɬɫя ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɚɩ-
ɤɨɧɜɟɪɫɢɨɧɧɨɝɨ ɫɜɟɱɟɧɢя ɜ ɤɪɢɫɬɚɥɥɚɯ ɤɚɥɢɣ-ɝɚɞɨɥɢɧɢɟɜɨɝɨ ɜɨɥɶɮɪɚɦɚɬɚ (KGd(WO4)2, ɢɥɢ 
KGW) ɢ ɜɚɧɚɞɚɬɚ ɢɬɬɪɢя (YVO4) ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ИК ɢɡɥɭɱɟɧɢя, ɨɫɭɳɟɫɬɜɥяɟɦɨɝɨ ɤɚɤ ɜɧɟ ɥɚ-
ɡɟɪɧɨɝɨ ɪɟɡɨɧɚɬɨɪɚ, ɬɚɤ ɢ ɜɧɭɬɪɢ ɧɟɝɨ. Аɧɚɥɢɡɢɪɭɸɬɫя ɩɪɢɱɢɧɵ ɜɨɡɧɢɤɚɸɳɟɝɨ ɫɜɟɱɟɧɢя.  

Рɟɡɭɥɶɬаɬы  

ɋɜɟɱɟɧɢɟ ɢɫɫɥɟɞɨɜɚɧɨ ɤɚɤ ɜ “ɱɢɫɬɵɯ”, ɬɚɤ ɢ ɜ ɞɨɩɢɪɨɜɚɧɧɵɯ ɢɨɧɚɦɢ ɧɟɨɞɢɦɚ ɤɪɢɫɬɚɥɥɚɯ 
Nd:KGW ɢ KGW, ɚ ɬɚɤɠɟ ɜ YVO4:Nd ɢ YVO4. В ɧɟɞɨɩɢɪɨɜɚɧɧɨɦ ɫɨɫɬɨяɧɢɢ ɷɬɢ ɤɪɢɫɬɚɥɥɵ 
ɩɪɨɡɪɚɱɧɵ ɜ ɲɢɪɨɤɢɯ ɫɩɟɤɬɪɚɥɶɧɵɯ ɨɛɥɚɫɬяɯ. KGW — ɞɜɭɨɫɧɵɣ ɤɪɢɫɬɚɥɥ ɦɨɧɨɤɥɢɧɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɫ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɣ ɝɪɭɩɩɨɣ С2/ɫ ɢ ɲɢɪɨɤɨɣ ɩɨɥɨɫɨɣ ɩɪɨɩɭɫɤɚɧɢя 0.35—5.5 ɦɤɦ. 
YVO4 — ɨɞɧɨɨɫɧɵɣ ɤɪɢɫɬɚɥɥ ɬɟɬɪɚɝɨɧɚɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ ɰɢɪɤɨɧɚ I41/amd ɫ ɩɨɥɨɫɨɣ ɩɪɨɩɭɫɤɚ-
ɧɢя 0.34—5.4 ɦɤɦ. ɋɨɩɨɫɬɚɜɥɟɧɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɜɟɱɟɧɢя ɜ ɤɪɢɫɬɚɥɥɚɯ, ɞɨɩɢɪɨɜɚɧɧɵɯ ɢɨɧɚɦɢ 
ɧɟɨɞɢɦɚ ɢ ɛɟɡ ɞɨɩɢɪɨɜɚɧɢя, ɩɨɤɚɡɚɥɨ, ɱɬɨ ɨɧɨ ɧɟ ɫɜяɡɚɧɨ ɫ ɢɨɧɚɦɢ Nd. ɋɜɟɱɟɧɢɟ ɧɨɫɢɬ ɚɩ-
ɤɨɧɜɟɪɫɢɨɧɧɵɣ ɯɚɪɚɤɬɟɪ ɢ ɜɨɡɛɭɠɞɚɟɬɫя ɧɟɩɪɟɪɵɜɧɵɦ ɥɢɛɨ ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɵɦ ИК ɥɚɡɟɪɧɵɦ 
ɢɡɥɭɱɟɧɢɟɦ ɩɪɢ ɩɥɨɬɧɨɫɬяɯ ɦɨɳɧɨɫɬɢ, ɩɪɟɜɵɲɚɸɳɢɯ ɭɪɨɜɟɧɶ ɤВ/ɫɦ2. ȿɝɨ ɨɬɥɢɱɢɬɟɥɶɧɚя ɨɫɨ-
ɛɟɧɧɨɫɬɶ — ɭɡɤɨɩɨɥɨɫɧɨɫɬɶ ɢ ɧɚɥɢɱɢɟ ɫɬɪɭɤɬɭɪɵ. Ƚɨɥɭɛɨɟ ɫɜɟɱɟɧɢɟ ɜ ɨɛɥɚɫɬɢ 475 ɧɦ ɧɚɛɥɸ-
ɞɚɟɬɫя ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ 1.06 ɢ 1.2 ɦɤɦ. Зɚɦɟɧɚ ɢɫɬɨɱɧɢɤɚ ɜɨɡɛɭɠɞɟɧɢя ɧɚ ɞɢɨɞɧɵɣ 
ɥɚɡɟɪ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 808 ɢɥɢ 970 ɧɦ ɩɪɢɜɨɞɢɬ ɤ ɪɚɡɜɢɬɢɸ ɡɟɥɟɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɨɛɥɚɫɬɢ  
520—560 ɧɦ. Иɫɫɥɟɞɨɜɚɧɢɟ ɡɟɥɟɧɨɝɨ ɫɜɟɱɟɧɢя ɜ ɤɪɢɫɬɚɥɥɟ KGW ɩɨɤɚɡɚɥɨ, ɱɬɨ ɟɝɨ ɩɪɢɱɢɧɨɣ 
яɜɥяɟɬɫя ɚɩ-ɤɨɧɜɟɪɫɢɨɧɧɚя ɥɸɦɢɧɟɫɰɟɧɰɢя ɧɚ ɢɨɧɚɯ ɷɪɛɢя, ɩɪɢɫɭɬɫɬɜɭɸɳɢɯ ɜ ɤɨɧɰɟɧɬɪɚɰɢяɯ 
10–4—10–6 % [3]. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ, ɚ ɬɚɤɠɟ ɪɟɡɭɥɶɬɚɬɵ ɪɚɛɨɬɵ [4] ɭɤɚɡɵɜɚɸɬ ɧɚ ɜɚɠ-
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ɧɭɸ ɪɨɥɶ ɧɢɡɤɨɤɨɧɰɟɧɬɪɢɪɨɜɚɧɧɵɯ ɢɨɧɨɜ ɬɭɥɥɢя ɜ ɝɨɥɭɛɨɦ ɚɩ-ɤɨɧɜɟɪɫɢɨɧɧɨɦ ɢɫɩɭɫɤɚɧɢɢ. 
ɉɨɥɭɱɟɧ ɚɧɨɦɚɥɶɧɨ ɧɢɡɤɢɣ ɩɨɤɚɡɚɬɟɥɶ ɚɩ-ɤɨɧɜɟɪɫɢɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ n = 1.6 ɞɥя ɝɨɥɭɛɨɣ 
ɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɜɨɡɛɭɠɞɚɟɦɨɣ ɢɡɥɭɱɟɧɢɟɦ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 1.06 ɦɤɦ, ɧɟ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɣ 
ɬɪɟɯɮɨɬɨɧɧɨɦɭ ɩɪɨɰɟɫɫɭ. Иɡɦɟɪɟɧɢя ɡɚɜɢɫɢɦɨɫɬɢ ɩɪɨɩɭɫɤɚɧɢя ɨɬ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɜ 
ɨɛɨɢɯ ɫɥɭɱɚяɯ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɧɟɥɢɧɟɣɧɨɫɬɶ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɳɭɸ ɨ ɦɨɞɢɮɢɤɚɰɢɢ ɤɪɢɫɬɚɥɥɢ-
ɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɧɟɩɪɟɪɵɜɧɨɝɨ ɢɡɥɭɱɟɧɢя. 

Заɤɥючɟɧɢɟ 
ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɟɥɢɧɟɣɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɷɮɮɟɤɬɨɜ, ɨɛɭɫɥɨɜɥɟɧ-

ɧɵɯ ɩɪɢɫɭɬɫɬɜɢɟɦ ɧɢɡɤɨɤɨɧɰɟɧɬɪɢɪɨɜɚɧɧɵɯ ɩɪɢɦɟɫɟɣ ɪɟɞɤɨɡɟɦɟɥɶɧɵɯ ɢɨɧɨɜ. Эɮɮɟɤɬɵ ɪɚɡɜɢ-
ɜɚɸɬɫя ɩɨɞ ɞɟɣɫɬɜɢɟɦ ɧɟɩɪɟɪɵɜɧɨɝɨ ИК ɢɡɥɭɱɟɧɢя ɜ ɤɪɢɫɬɚɥɥɚɯ KGW ɢ YVO4, ɤɨɬɨɪɵɟ ɱɚɫɬɨ 
ɢɫɩɨɥɶɡɭɸɬɫя ɤɚɤ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɟ ɷɥɟɦɟɧɬɵ ɜ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɯ ɥɚɡɟɪɧɵɯ ɫɢɫɬɟɦɚɯ. 
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ɉɪɢɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɩɨɥɭɱɟɧɢɸ ɨɞɧɨɱɚɫɬɨɬɧɨɣ ɝɟɧɟɪɚɰɢɢ ɦɨɧɨɢɦ-
ɩɭɥɶɫɧɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ Nd:YAG-ɥɚɡɟɪɚ ɫ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɦɟɬɨɞɚ ɢɧɠɟɤɰɢɢ 
ɜɧɟɲɧɟɝɨ ɫɢɝɧɚɥɚ. В ɤɚɱɟɫɬɜɟ ɡɚɞɚɸɳɟɝɨ (ɢɧɠɟɤɰɢɨɧɧɨɝɨ) ɥɚɡɟɪɚ ɢɫɩɨɥɶɡɨɜɚɥɫя ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɦɚɤɟɬ 
ɧɟɩɪɟɪɵɜɧɨɝɨ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ Nd:YAG-ɥɚɡɟɪɚ. Ɇɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ 
ɥɚɡɟɪɚ ɩɪɢ ɫɨɯɪɚɧɟɧɢɢ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɪɟɠɢɦɚ ɜɚɪɶɢɪɨɜɚɥɚɫɶ ɨɬ 1 ɞɨ 10 ɦВɬ. ɉɨɞɫɬɪɨɣɤɚ ɞɥɢɧɵ ɜɨɥɧɵ 
ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɤ ɫɨɛɫɬɜɟɧɧɨɣ ɦɨɞɟ ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɩɶɟɡɨɤɨɪɪɟɤɬɨɪɚ. 
Дɥя ɢɫɫɥɟɞɨɜɚɧɢя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɫɨɫɬɚɜɚ ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɨɫɧɨɜɧɵɦ ɥɚɡɟɪɨɦ ɢɡɥɭɱɟɧɢя ɩɪɢɦɟɧяɥɫя ɢɧ-
ɬɟɪɮɟɪɨɦɟɬɪɢɱɟɫɤɢɣ ɦɟɬɨɞ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɧɬɟɪɮɟɪɨɦɟɬɪɚ Фɚɛɪɢ—ɉɟɪɨ ɫ ɨɛɥɚɫɬɶɸ ɫɜɨɛɨɞɧɨɣ ɞɢɫ-
ɩɟɪɫɢɢ 1 ȽȽɰ. Ɉɩɬɢɦɢɡɚɰɢя ɩɚɪɚɦɟɬɪɨɜ ɪɟɡɨɧɚɬɨɪɚ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɚ ɧɟ ɩɪɨɜɨɞɢɥɚɫɶ. ɉɪɢ ɷɧɟɪ-
ɝɢɢ ɝɟɧɟɪɚɰɢɢ  
ɜ ɢɦɩɭɥɶɫɟ 40 ɦДɠ ɟɝɨ ɞɥɢɬɟɥɶɧɨɫɬɶ ɪɚɜɧяɥɚɫɶ 12 ɧɫ ɢ ɲɢɪɢɧɚ ɫɩɟɤɬɪɚ ɨɞɧɨɱɚɫɬɨɬɧɨɣ ɝɟɧɟɪɚɰɢɢ ɫɨ-
ɫɬɚɜɥяɥɚ ɧɟ ɛɨɥɟɟ 75 ɆȽɰ.  

Кɥючɟвыɟ ɫɥɨва: ɨɞɧɨɱɚɫɬɨɬɧɵɣ ɥɚɡɟɪ, ɞɢɨɞɧɚя ɧɚɤɚɱɤɚ, ɚɤɬɢɜɧɚя ɦɨɞɭɥяɰɢя ɞɨɛɪɨɬɧɨɫɬɢ, ɦɟ-
ɬɨɞ ɢɧɠɟɤɰɢɢ ɜɧɟɲɧɟɝɨ ɫɢɝɧɚɥɚ, ɢɧɬɟɪɮɟɪɨɦɟɬɪ Фɚɛɪɢ—ɉɟɪɨ.  

Ввɟɞɟɧɢɟ 
Ɍɜɟɪɞɨɬɟɥɶɧɵɟ ɥɚɡɟɪɵ ɫ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ ɧɚɯɨɞяɬ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ. Ɉɞɧɢɦɢ ɢɡ ɨɫ-

ɧɨɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя яɜɥяɸɬɫя ɦɨɳɧɨɫɬɶ ɢ ɲɢɪɢɧɚ ɥɢɧɢɢ ɝɟɧɟɪɚɰɢɢ. Вɚɠ-
ɧɭɸ ɪɨɥɶ ɩɪɢ ɪɚɫɫɦɨɬɪɟɧɢɢ ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɩɪɢɦɟɧɟɧɢɣ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɥɚɡɟɪɧɵɯ ɫɢɫɬɟɦ ɢɝ-
ɪɚɸɬ ɬɚɤɠɟ ɜɪɟɦɟɧɧɨɟ ɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɢɡɥɭ-
ɱɟɧɢя. Ɉɞɢɧ ɢɡ ɷɮɮɟɤɬɢɜɧɵɯ ɦɟɬɨɞɨɜ ɫɟɥɟɤɰɢɢ ɩɪɨɞɨɥɶɧɵɯ ɦɨɞ ɜ ɥɚɡɟɪɚɯ — ɦɟɬɨɞ ɢɧɠɟɤɰɢɢ 
ɜɧɟɲɧɟɝɨ ɫɢɝɧɚɥɚ [1—3]. Дɚɧɧɵɣ ɦɟɬɨɞ ɩɪɢɦɟɧɢɦ ɞɥя ɩɨɥɭɱɟɧɢя ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɪɟɠɢɦɚ ɝɟ-
ɧɟɪɚɰɢɢ ɢ ɜ ɦɨɳɧɵɯ ɥɚɡɟɪɚɯ. 

Цɟɥɶ ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɵ — ɫɨɡɞɚɧɢɟ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ ɥɚɡɟɪɚ ɫ ɞɢɨɞɧɨɣ 
ɧɚɤɚɱɤɨɣ ɢ ɚɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ ɞɨɛɪɨɬɧɨɫɬɢ, ɛɚɡɢɪɭɸɳɟɝɨɫя ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɦɟɬɨɞɚ ɫɭɠɟ-
ɧɢя ɫɩɟɤɬɪɚ ɝɟɧɟɪɚɰɢɢ ɩɭɬɟɦ ɡɚɯɜɚɬɚ ɜɧɟɲɧɟɝɨ (ɡɚɞɚɸɳɟɝɨ) ɢɡɥɭɱɟɧɢя ɫ ɩɪɟɞɟɥɶɧɨ ɭɡɤɢɦ ɫɩɟɤ-
ɬɪɨɦ. Ɇɚɤɟɬ ɩɨɡɜɨɥяɟɬ ɩɪɨɜɨɞɢɬɶ ɢɫɫɥɟɞɨɜɚɧɢя, ɧɚɩɪɚɜɥɟɧɧɵɟ ɧɚ ɨɩɬɢɦɢɡɚɰɢɸ ɪɟɠɢɦɨɜ ɝɟɧɟ-
ɪɚɰɢɢ ɡɚɞɚɸɳɟɝɨ (ɢɧɠɟɤɰɢɨɧɧɨɝɨ) ɢ ɦɨɳɧɨɝɨ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ ɥɚɡɟɪɚ.  

1. Эɤɫɩɟɪɢɦɟɧɬаɥɶɧаɹ ɫхɟɦа ɥаɡɟɪа  
ɋɯɟɦɚɬɢɱɟɫɤɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɢɫɫɥɟɞɭɟɦɨɝɨ ɥɚɡɟɪɚ ɩɪɟɞɫɬɚɜɥɟɧɨ ɧɚ ɪɢɫ. 1. В ɤɚɱɟɫɬɜɟ ɡɚ-

ɞɚɸɳɟɝɨ ɥɚɡɟɪɚ 1 ɢɫɩɨɥɶɡɨɜɚɧ ɪɚɡɪɚɛɨɬɚɧɧɵɣ ɦɚɤɟɬ ɧɟɩɪɟɪɵɜɧɨɝɨ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɬɜɟɪɞɨ-
ɬɟɥɶɧɨɝɨ Nd:YAG-ɥɚɡɟɪɚ ɫ ɲɢɪɢɧɨɣ ɫɩɟɤɬɪɚ ɝɟɧɟɪɚɰɢɢ 5 ɆȽɰ. Ɇɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ ɡɚɞɚɸ-
ɳɟɝɨ ɥɚɡɟɪɚ ɩɪɢ ɫɨɯɪɚɧɟɧɢɢ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɪɟɠɢɦɚ ɜɚɪɶɢɪɨɜɚɥɚɫɶ ɨɬ 1 ɞɨ 10 ɦВɬ. ɉɨɞɫɬɪɨɣɤɚ 
ɞɥɢɧɵ ɜɨɥɧɵ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɤ ɫɨɛɫɬɜɟɧɧɨɣ ɦɨɞɟ ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫ ɩɨɦɨ-
ɳɶɸ ɩɶɟɡɨɤɨɪɪɟɤɬɨɪɚ. Дɥя ɫɨɝɥɚɫɨɜɚɧɢя ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɤɨɧɮɢɝɭɪɚɰɢɣ ɦɨɞ ɡɚɞɚɸɳɟɝɨ ɢ 
ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɨɜ ɢɫɩɨɥɶɡɨɜɚɧɚ ɞɜɭɯɥɢɧɡɨɜɚя ɫɢɫɬɟɦɚ. ɉɪɢ ɷɬɨɦ ɩɟɪɟɬяɠɤɚ ɫɨɛɫɬɜɟɧɧɨɣ ɩɪɨ-
ɞɨɥɶɧɨɣ ɦɨɞɵ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɥɚɡɟɪɚ ɩɟɪɟɧɨɫɢɥɚɫɶ ɜ ɰɟɧɬɪ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɨɫɧɨɜɧɨɝɨ ɥɚ-
ɡɟɪɚ. В ɪɟɡɭɥɶɬɚɬɟ ɩɪɢɦɟɧяɟɦɨɝɨ ɫɩɨɫɨɛɚ ɫɨɝɥɚɫɨɜɚɧɢя ɦɨɞ ɞɢɚɦɟɬɪ ɦɨɞɵ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɜ 
ɩɟɪɟɬяɠɤɟ ɭɜɟɥɢɱɢɜɚɥɫя ɜ ɩяɬɶ ɪɚɡ. ɋɯɟɦɚ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɤɜɚɧɬɪɨɧɚ (ɥɚɡɟɪɧɨɣ ɞɢɨɞɧɨɣ ɫɛɨɪɤɢ) 
ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 2. 

В ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ ɢɫɩɨɥɶɡɨɜɚɧ ɤɪɢɫɬɚɥɥ ɚɥɸɦɨɢɬɬɪɢɟɜɨɝɨ 
ɝɪɚɧɚɬɚ, ɚɤɬɢɜɢɪɨɜɚɧɧɵɣ ɢɨɧɚɦɢ ɧɟɨɞɢɦɚ. Кɨɧɰɟɧɬɪɚɰɢя ɢɨɧɨɜ ɧɟɨɞɢɦɚ 1.1 %. Дɢɚɦɟɬɪ ɚɤ-
ɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ 5 ɦɦ, ɟɝɨ ɞɥɢɧɚ 50 ɦɦ. Ȼɥɨɤ ɧɚɤɚɱɤɢ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛя ɬɪɢ 
ɦɚɬɪɢɰɵ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɜ ɜɢɞɟ ɪɚɜɧɨɫɬɨɪɨɧɧɟɝɨ ɬɪɟɭɝɨɥɶɧɢɤɚ ɫ ɰɟɧɬɪɨɦ ɧɚ 
ɨɫɢ ɤɪɢɫɬɚɥɥɚ. Иɡɥɭɱɟɧɢɟ ɤɚɠɞɨɣ ɦɚɬɪɢɰɵ 1 ɤВɬ.  
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Ɋɢɫ. 1. ɋɯɟɦɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɦɚɤɟɬɚ ɥɚɡɟɪɚ: 1 — ɡɚ-
ɞɚɸɳɢɣ ɥɚɡɟɪ; 2 — ɚɤɬɢɜɧɚя ɫɪɟɞɚ ɨɫɧɨɜɧɨɝɨ Nd:YAG-ɥɚ-
ɡɟɪɚ; 3 —ɦɚɬɪɢɰɚ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ; 4 — ɩɥɚɫɬɢɧɤɢ /4; 
5 — ɷɥɟɤɬɪɨɨɩɬɢɱɟɫɤɢɣ ɦɨɞɭɥяɬɨɪ; 6 — ɬɨɧɤɨɩɥɟɧɨɱɧɵɣ 
ɩɨɥяɪɢɡɚɬɨɪ; 7 — ɞɢɚɮɪɚɝɦɚ; 8 — “ɝɥɭɯɨɟ” ɡɟɪɤɚɥɨ ɪɟɡɨ-
ɧɚɬɨɪɚ ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ; 9 — ɜɵɯɨɞɧɨɟ ɡɟɪɤɚɥɨ ɪɟɡɨɧɚɬɨ-
ɪɚ ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ 

 Ɋɢɫ. 2. ɋɯɟɦɚ ɤɜɚɧɬɪɨɧɚ ɨɫɧɨɜɧɨɝɨ 
ɥɚɡɟɪɚ: 1 — ɚɤɬɢɜɧɵɣ ɷɥɟɦɟɧɬ; 
2 — ɩɪɨɡɪɚɱɧɚя ɬɪɭɛɤɚ; 3 — ɨɩɪɚɜ-
ɤɚ ɞɥя ɬɪɭɛɤɢ; 4 — ɦɚɬɪɢɰɚ ɥɚɡɟɪ-
ɧɵɯ ɞɢɨɞɨɜ; 5 — ɢɡɥɭɱɟɧɢɟ. 

2. Эɧɟɪɝɟɬɢчɟɫɤɢɟ ɢ ɫɩɟɤɬɪаɥɶɧыɟ ɩаɪаɦɟɬɪы ɢɡɥɭчɟɧɢɹ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɥаɡɟɪа  
Дɥя ɢɫɫɥɟɞɨɜɚɧɢя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɫɨɫɬɚɜɚ, ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɨɫɧɨɜɧɵɦ ɥɚɡɟɪɨɦ ɢɡɥɭɱɟɧɢя, 

ɩɪɢɦɟɧяɥɫя ɢɧɬɟɪɮɟɪɨɦɟɬɪɢɱɟɫɤɢɣ ɦɟɬɨɞ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɢɧɬɟɪɮɟɪɨɦɟɬɪɚ Фɚɛɪɢ—ɉɟɪɨ  
ɫ ɨɛɥɚɫɬɶɸ ɫɜɨɛɨɞɧɨɣ ɞɢɫɩɟɪɫɢɢ 1 ȽȽɰ. ɉɚɪɚɦɟɬɪɵ ɝɟɧɟɪɚɰɢɢ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɨɞɧɨɱɚɫɬɨɬ-
ɧɨɝɨ ɥɚɡɟɪɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 3. 

 

       
 

Ɋɢɫ. 3. ɉɚɪɚɦɟɬɪɵ ɝɟɧɟɪɚɰɢɢ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɥɚɡɟɪɚ: ɢɧɬɟɪɮɟɪɨɝɪɚɦɦɚ ɫɩɟɤɬɪɚ ɝɟɧɟ-
ɪɚɰɢɢ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɚ (a) ɢ ɨɫɰɢɥɥɨɝɪɚɦɦɚ ɦɨɧɨɢɦɩɭɥɶɫɚ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɥɚɡɟɪɚ (ɛ). 

 
Эɧɟɪɝɢя ɝɟɧɟɪɚɰɢɢ ɦɨɧɨɢɦɩɭɥɶɫɚ ɢɡɦɟɪɟɧɚ ɩɪɢ ɤɨɷɮɮɢɰɢɟɧɬɟ ɨɬɪɚɠɟɧɢя ɜɵɯɨɞɧɨɝɨ 

ɩɥɨɫɤɨɝɨ ɡɟɪɤɚɥɚ 40 % ɞɥя  = 1.06 ɦɤɦ. “Ƚɥɭɯɨɟ” ɡɟɪɤɚɥɨ ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɫɮɟɪɭ ɫ ɮɨɤɭɫ-
ɧɵɦ ɪɚɫɫɬɨяɧɢɟɦ 1 ɦ. Ɉɩɬɢɦɢɡɚɰɢя ɩɚɪɚɦɟɬɪɨɜ ɡɟɪɤɚɥ ɪɟɡɨɧɚɬɨɪɚ ɧɚ ɞɚɧɧɨɦ ɷɬɚɩɟ ɧɟ ɩɪɨɜɨ-
ɞɢɥɚɫɶ. ɉɪɢɜɟɞɟɧɧɵɟ ɧɚ ɪɢɫ. 3 ɩɚɪɚɦɟɬɪɵ ɢɦɩɭɥɶɫɚ ɝɟɧɟɪɚɰɢɢ ɩɨɥɭɱɟɧɵ ɞɥя ɷɧɟɪɝɢɢ 40 ɦДɠ. 
ɉɪɢ ɷɬɨɦ ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ ɢɡɥɭɱɟɧɢя 12 ɧɫ, ɲɢɪɢɧɚ ɫɩɟɤɬɪɚ ɝɟɧɟɪɚɰɢɢ 75 ɆȽɰ. 
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Ɋɢɫ. 4. Эɧɟɪɝɢя ɦɨɧɨɢɦɩɭɥɶɫɚ ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɨɤɚ ɧɚɤɚɱɤɢ ɦɚɬɪɢɰ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ 

ɜ ɨɞɧɨɱɚɫɬɨɬɧɨɦ (1) ɢ ɦɧɨɝɨɱɚɫɬɨɬɧɨɦ (2) ɪɟɠɢɦɚɯ. 
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ɇɚ ɪɢɫ. 4 ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɜɵɯɨɞɧɨɣ ɷɧɟɪɝɢɢ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɧɨɝɨ 
ɢɡɥɭɱɟɧɢя ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ ɨɬ ɬɨɤɚ ɧɚɤɚɱɤɢ ɦɚɬɪɢɰ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɜ ɨɞɧɨɱɚɫɬɨɬɧɨɦ ɢ 
ɦɧɨɝɨɱɚɫɬɨɬɧɨɦ ɪɟɠɢɦɚɯ. Вɢɞɧɨ, ɱɬɨ ɩɪɢ ɨɞɧɨɱɚɫɬɨɬɧɨɦ ɢ ɦɧɨɝɨɱɚɫɬɨɬɧɨɦ ɪɟɠɢɦɚɯ 
ɝɟɧɟɪɚɰɢɢ ɷɧɟɪɝɢя ɢɦɩɭɥɶɫɚ ɜɵɯɨɞɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɢɡɦɟɧяɟɬɫя, ɤɚɤ ɢ 
ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɨɜ. ɉɪɟɞɫɬɚɜɥяɟɬ ɬɚɤɠɟ ɢɧɬɟɪɟɫ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɨɪɨɝɚ ɦɨɳɧɨɫɬɢ 
ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ, ɩɪɢ ɤɨɬɨɪɨɦ ɛɭɞɟɬ ɨɫɭɳɟɫɬɜɥяɬɶɫя ɡɚɯɜɚɬ ɨɫɧɨɜɧɵɦ 
ɦɨɧɨɢɦɩɭɥɶɫɧɵɦ ɥɚɡɟɪɨɦ. ɉɪɨɜɟɞɟɧɧɵɟ ɢɡɦɟɪɟɧɢя ɫɨɡɞɚɧɧɨɝɨ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɦɚɤɟɬɚ 
ɩɨɤɚɡɚɥɢ, ɱɬɨ ɬɚɤɨɣ ɩɨɪɨɝ ɫɨɫɬɚɜɥяɟɬ 135 ɦɤВɬ. Ɉɞɧɨɱɚɫɬɨɬɧɚя ɝɟɧɟɪɚɰɢя ɨɫɧɨɜɧɨɝɨ ɥɚɡɟɪɚ 
ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɨɣ ɷɧɟɪɝɢɢ ɜɵɯɨɞɧɨɝɨ ɢɦɩɭɥɶɫɚ 40 ɦДɠ ɩɨɥɭɱɟɧɚ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɦɨɳɧɨɫɬɢ 
ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɨɬ 135 ɦɤВɬ ɞɨ 8.5 ɦВɬ.  

Заɤɥючɟɧɢɟ  
ɋɨɡɞɚɧɧɵɣ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɦɚɤɟɬ ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɨɞɧɨɱɚɫɬɨɬɧɨɝɨ ɥɚɡɟɪɚ ɩɨɡɜɨɥя-

ɟɬ ɩɪɨɜɨɞɢɬɶ ɢɫɫɥɟɞɨɜɚɧɢя, ɧɚɩɪɚɜɥɟɧɧɵɟ ɧɚ ɨɩɬɢɦɢɡɚɰɢɸ ɪɟɠɢɦɨɜ ɝɟɧɟɪɚɰɢɢ. ɉɪɢ ɷɬɨɦ ɜɨɡ-
ɦɨɠɧɨ ɜɵяɜɥɟɧɢɟ ɮɢɡɢɱɟɫɤɢɯ ɚɫɩɟɤɬɨɜ ɞɨɫɬɢɠɟɧɢя ɦɨɧɨɢɦɩɭɥɶɫɧɨɝɨ ɪɟɠɢɦɚ ɦɨɳɧɨɣ ɨɞɧɨ-
ɱɚɫɬɨɬɧɨɣ ɝɟɧɟɪɚɰɢɢ.  

Ʌɢɬɟɪаɬɭɪа  
1. В. В. Аɧɰɢɮɟɪɨɜ. Мɨщные ɨɞнɨчаɫɬɨɬные ɩеɪеɫɬɪаиваеɦые ɬвеɪɞɨɬеɥьные ɥаɡеɪы. 

Жɭɪɧ. ɬɟɯ. ɮɢɡ. 1998. Ɍ. 68, № 10. ɋ. 74—78.  
2. R. L. Schmitt, L. A.Rahn. Diode-laser-pumped Nd:YAG laser injection seeding system. Appl. Opt. 

1986. V. 25, N 5. P. 629—633.  
3. T. Schröder, C. Lemmerz, O. Reitebuch, M. Wirth, C. Wührer, R. Treichel. Frequency jitter and 

spectral width of an injection-seeded Qswitched Nd:YAG laser for a Doppler wind lidar. Appl. 
Phys. B: Lasers and Optics. 2007. V. 87, N 3. P. 437—444.    

 
Single-Frequency Generation of the Solid-State Nd:YAG Laser  

with Diode Pumping 

M. V. Bogdanovich, V. S. Kalinov, O. E. Kostik, K. I. Lantsov, K. V. Lepchenkov,  
V. V. Mashko. A. G. Ryabtsev, G. I. Ryabtsev, L. L. Teplyashin  

B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus; 

e-mail: g.ryabtsev@ifanbel.bas-net.by 

The experimental results on single-frequency generation of the Q-switched solid-state Nd:YAG laser 
with diode pumping under injection seeding are presented. As the master (injection) laser the developed con-
tinuous single-frequency solid-state Nd:YAG laser was used. Generation power of injection laser ranged from 1 
to 10 mW while maintaining single-frequency lasing. Tuning of the master laser wavelength to the main laser 
resonator eigenmode was carried out by piezocorrector. To investigate the spectral composition of the radiation 
generated by the Q-swithched laser the interferometric method was applied using a Fabry—Perot interferometer 
with a free spectral region of 1 GHz. Optimization of the parameters for the Q-switched laser resonator was not 
conducted. At lasing energy 40 mJ per pulse the pulse duration was equal to 12 ns and the spectral width of 
single-frequency generation was no more than 75 MHz. 

Keywords: single longitudinal mode laser, diode pumping, active Q-switching, injection seeding, 
Fabry—Perot interferometer. 
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Иɫɫɥɟɞɨваɧɢɟ вɨɡɦɨɠɧɨɫɬɢ ɫɨɡɞаɧɢɹ ɩɨɥɭɩɪɨвɨɞɧɢɤɨвɨɣ ɥаɡɟɪɧɨɣ 

ɩɨɞɫвɟɬɤɢ ɦаɥɨɣ ɞɥɢɬɟɥɶɧɨɫɬɢ ɞɥɹ ɪаɛɨɬы аɤɬɢвɧɨ-ɢɦɩɭɥɶɫɧых  
ɫɢɫɬɟɦ вɢɞɟɧɢɹ ɩɪɢ ɡаɞыɦɥɟɧɢɢ 

В. А. Ƚɨɪɨɛɟɰ ɚ, В. К. Кɭɥɟɲɨɜ ɛ, Ȼ. Ф. Кɭɧɰɟɜɢɱ ɚ, ɇ. ɋ. Ʌɟɲɟɧɸɤ ɛ, А. В. ɋɭɪɢɤɨɜ ɜ 

а Инɫɬиɬуɬ ɮиɡики иɦ. Б.И.Сɬеɩанɨва НАН Беɥаɪуɫи,  
Минɫк, Беɥаɪуɫь; e-mail: bkun@ifanbel.bas-net.by 

ɛ Кɨɦанɞнɨ-инɠенеɪныɣ инɫɬиɬуɬ МЧС Реɫɩуɛɥики Беɥаɪуɫь, Минɫк, Беɥаɪуɫь 
в Инɫɬиɬуɬ ɩеɪеɩɨɞгɨɬɨвки и ɩɨвышения кваɥиɮикаɰии МЧС Реɫɩуɛɥики Беɥаɪуɫь, 

Минɫк, Беɥаɪуɫь 

Ɋɚɡɪɚɛɨɬɚɧ ɛɥɨɤ ɩɢɬɚɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ɬɢɩɚ Ʌ-13 ɫ ɞɥɢɬɟɥɶɧɨɫɬяɦɢ ɢɦɩɭɥɶɫɨɜ ɢɡ-
ɥɭɱɟɧɢя ~5 ɧɫ.  

Кɥючɟвыɟ ɫɥɨва: ɚɤɬɢɜɧɨ-ɢɦɩɭɥɶɫɧɚя ɫɢɫɬɟɦɚ ɜɢɞɟɧɢя, ɛɥɨɤ ɥɚɡɟɪɧɨɣ ɩɨɞɫɜɟɬɤɢ. 

Ввɟɞɟɧɢɟ 
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɚɤɬɢɜɧɨ-ɢɦɩɭɥɶɫɧɵɦ ɫɢɫɬɟɦɚɦ ɜɢɞɟɧɢя (АИɋВ) ɭɞɟɥяɟɬɫя ɛɨɥɶɲɨɟ 

ɜɧɢɦɚɧɢɟ, ɩɨɫɤɨɥɶɤɭ ɨɧɢ ɨɛɥɚɞɚɸɬ ɨɛɲɢɪɧɵɦɢ ɩɨɬɟɧɰɢɚɥɶɧɵɦɢ ɜɨɡɦɨɠɧɨɫɬяɦɢ ɞɥя ɪɟɲɟɧɢя 
ɲɢɪɨɤɨɝɨ ɤɪɭɝɚ ɡɚɞɚɱ. Ɍɚɤɢɟ ɫɢɫɬɟɦɵ ɜ ɨɫɧɨɜɧɨɦ ɩɪɟɞɧɚɡɧɚɱɟɧɵ ɞɥя ɭɜɟɥɢɱɟɧɢя ɞɚɥɶɧɨɫɬɢ 
ɧɚɛɥɸɞɟɧɢя ɩɪɢ ɩɨɧɢɠɟɧɧɨɣ ɩɪɨɡɪɚɱɧɨɫɬɢ ɚɬɦɨɫɮɟɪɵ (ɬɭɦɚɧ, ɞɵɦɤɚ, ɫɧɟɝ ɢ ɬ.ɞ.). Ɍɚɤ, ɧɚɩɪɢ-
ɦɟɪ, ɪɚɫɫɦɚɬɪɢɜɚɸɬɫя ɪɚɡɥɢɱɧɵɟ ɨɛɥɚɫɬɢ ɩɪɢɦɟɧɟɧɢя АИɋВ: ɞɥя ɨɛɧɚɪɭɠɟɧɢя ɨɛɴɟɤɬɨɜ ɩɨ 
ɛɥɢɤɚɦ ɨɬ ɢɯ ɨɩɬɢɤɢ [1], ɞɥя ɨɛɧɚɪɭɠɟɧɢя ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɭɝɪɨɡ ɞɥя ɩɨɞɜɢɠɧɵɯ ɞɨɡɨɪɧɵɯ ɜɨɣ-
ɫɤɨɜɵɯ ɝɪɭɩɩ ɢ ɫɩɟɰɩɨɞɪɚɡɞɟɥɟɧɢɣ ɫɢɥɨɜɵɯ ɫɬɪɭɤɬɭɪ [2], ɞɥя ɪɚɛɨɬɵ ɜ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ  
0.9—1.7 ɦɤɦ [3], ɞɥя ɜɢɞɟɨɧɚɛɥɸɞɟɧɢя ɨɛɴɟɤɬɨɜ ɜ ɭɫɥɨɜɢяɯ ɩɥɨɯɨɣ ɜɢɞɢɦɨɫɬɢ [4] ɢ ɞɪ. Ɋɚɛɨɬɵ 
[5, 6] ɩɨɫɜяɳɟɧɵ ɜɵяɜɥɟɧɢɸ ɨɛɳɢɯ ɡɚɤɨɧɨɦɟɪɧɨɫɬɟɣ ɮɨɪɦɢɪɨɜɚɧɢя ɢɡɨɛɪɚɠɟɧɢя ɜ АИɋВ ɢ 
ɪɚɡɪɚɛɨɬɤɟ ɚɥɝɨɪɢɬɦɨɜ ɨɩɪɟɞɟɥɟɧɢя ɪɚɫɫɬɨяɧɢɣ ɞɨ ɨɛɴɟɤɬɨɜ ɧɚ ɝɨɪɢɡɨɧɬɚɥɶɧɵɯ ɬɪɚɫɫɚɯ ɞɥя 
ɪɚɡɧɵɯ ɱɚɫɬɧɵɯ ɫɥɭɱɚɟɜ. 

В [7] ɢɫɫɥɟɞɨɜɚɧɵ ɜɨɡɦɨɠɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɢя АИɋВ ɩɪɢ ɡɚɞɵɦɥɟɧɢɢ. ɋɞɟɥɚɧ ɜɵɜɨɞ, 
ɱɬɨ ɞɚɧɧɵɟ ɫɢɫɬɟɦɵ ɩɟɪɫɩɟɤɬɢɜɧɵ ɞɥя ɜɢɡɭɚɥɢɡɚɰɢɢ ɨɛɴɟɤɬɨɜ ɜ ɡɚɞɵɦɥɟɧɧɨɣ ɫɪɟɞɟ. Ɉɞɧɚɤɨ 
ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɨɜ ɧɚɛɥɸɞɟɧɢя ɩɪɢ ɷɬɨɦ ɫɨɫɬɚɜɥяɥɢ ~30 ɦ. В ɬɨ ɠɟ ɜɪɟɦя ɧɚ ɩɪɚɤɬɢɤɟ ɜ 
ɭɫɥɨɜɢяɯ ɱɪɟɡɜɵɱɚɣɧɵɯ ɫɢɬɭɚɰɢɣ ɜɫɬɪɟɱɚɸɬɫя ɫɥɭɱɚɢ, ɤɨɝɞɚ ɧɚɛɥɸɞɟɧɢɟ ɧɟɨɛɯɨɞɢɦɨ ɜɟɫɬɢ ɫ 
ɩɨɦɨɳɶɸ АИɋВ, ɢɦɟɸɳɢɯ ɩɪɟɢɦɭɳɟɫɬɜɨ ɩɟɪɟɞ ɬɟɩɥɨɜɢɡɨɪɚɦɢ ɩɪɢ ɪɚɛɨɬɟ ɜ ɭɫɥɨɜɢяɯ ɡɚɞɵɦ-
ɥɟɧɢя ɢ ɧɚɥɢɱɢя ɬɟɩɥɨɜɨɣ ɡɚɫɜɟɬɤɢ ɨɬɤɪɵɬɵɦ ɨɝɧɟɦ ɢ ɧɚɝɪɟɬɵɦɢ ɩɨɜɟɪɯɧɨɫɬяɦɢ, ɧɚ ɫɪɚɜɧɢ-
ɬɟɥɶɧɨ ɤɨɪɨɬɤɢɯ ɞɢɫɬɚɧɰɢяɯ. ɇɚɛɥɸɞɟɧɢɟ ɧɚ ɤɨɪɨɬɤɢɯ ɪɚɫɫɬɨяɧɢяɯ (ɞɥя ɨɩɪɟɞɟɥɟɧɧɨɫɬɢ ɩɪɢ-
ɦɟɦ, ɱɬɨ ɪɚɫɫɬɨяɧɢɟ ɞɨ ɨɛɴɟɤɬɚ ɧɚɛɥɸɞɟɧɢя Sɨɛ ~ 7.5 ɦ) ɧɚɤɥɚɞɵɜɚɟɬ ɨɩɪɟɞɟɥɟɧɧɵɟ ɨɝɪɚɧɢɱɟ-
ɧɢя ɧɚ ɡɧɚɱɟɧɢя ɧɟɤɨɬɨɪɵɯ ɩɚɪɚɦɟɬɪɨɜ АИɋВ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɛɵɱɧɨ ɢɫɩɨɥɶɡɭɟɦɵɦɢ, ɜ ɱɚɫɬ-
ɧɨɫɬɢ, ɬɪɟɛɭɟɬɫя ɩɪɢɦɟɧɟɧɢɟ ɢɦɩɭɥɶɫɨɜ ɤɨɪɨɬɤɨɣ ɞɥɢɬɟɥɶɧɨɫɬɢ. 

Фɢɡɢɱɟɫɤɢɣ ɩɪɢɧɰɢɩ ɪɚɛɨɬɵ АИɋВ [5, 6] ɫɨɫɬɨɢɬ ɜ ɬɨɦ, ɱɬɨ ɨɛɴɟɤɬɵ ɧɚɛɥɸɞɟɧɢя ɨɫɜɟ-
ɳɚɸɬɫя ɨɛɵɱɧɨ ɤɨɪɨɬɤɢɦɢ ɥɚɡɟɪɧɵɦɢ ɢɦɩɭɥɶɫɚɦɢ ɞɥɢɬɟɥɶɧɨɫɬɶɸ Δtɥɚɡ. Иɦɩɭɥɶɫɵ ɩɨɞɫɜɟɬɤɢ 
ɩɨɫɥɟ ɨɬɪɚɠɟɧɢя ɨɬ ɨɛɴɟɤɬɚ ɪɟɝɢɫɬɪɢɪɭɸɬɫя ɩɪɢɟɦɧɵɦ ɛɥɨɤɨɦ. ɉɪɢɟɦɧɵɣ ɛɥɨɤ ɬɚɤɠɟ ɜɤɥɸɱɚ-
ɟɬɫя ɧɚ ɤɨɪɨɬɤɨɟ ɜɪɟɦя Δtɩɪ. Дɥя ɭɫɩɟɲɧɨɝɨ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢя АИɋВ ɞɨɥɠɧɨ ɜɵɩɨɥɧяɬɫя  
ɭɫɥɨɜɢɟ: Δtɥɚɡ ~ Δtɩɪ << Δtɨɛ, ɝɞɟ Δtɨɛ = 2Sɨɛ/ɫ, ɫ — ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ ɜ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɟ. ɉɪɢ  
Sɨɛ ~ 7.5 ɦ ɩɨɥɭɱɚɟɦ Δtɨɛ = 50 ɧɫ. Ɉɛɵɱɧɨ ɡɧɚɤ << ɩɪɟɞɩɨɥɚɝɚɟɬ ɨɬɥɢɱɢɟ ɜ ~10 ɪɚɡ. Эɬɨ ɨɡɧɚɱɚɟɬ, 
ɱɬɨ Δtɥɚɡ ~ Δtɩɪ ~ 5 ɧɫ. В ɪɚɛɨɬɚɯ [5—7] ɢ ɪяɞɟ ɞɪɭɝɢɯ ɚɧɚɥɨɝɢɱɧɵɯ ɩɭɛɥɢɤɚɰɢɣ ɜ ɛɥɨɤɚɯ ɥɚɡɟɪ-
ɧɨɣ ɩɨɞɫɜɟɬɤɢ ɨɛɴɟɤɬɨɜ ɢɫɩɨɥɶɡɭɸɬɫя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ ɢɦɩɭɥɶɫɧɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨ-
ɬɵ ɬɢɩɚ Ʌ-13. Ɉɫɧɨɜɧɵɟ ɧɨɦɢɧɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ɷɬɢɯ ɥɚɡɟɪɨɜ ɫɥɟɞɭɸɳɢɟ [8]: ɩɢɤɨɜɚя ɦɨɳ-
ɧɨɫɬɶ ɢɡɥɭɱɟɧɢя 320 Вɬ (ɫɪɟɞɧяя ɦɨɳɧɨɫɬɶ 200 ɦВɬ), ɱɚɫɬɨɬɚ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ ɧɚ-
ɤɚɱɤɢ 5.2 ɤȽɰ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦɩɭɥɶɫɚ ɬɨɤɚ ɧɚɤɚɱɤɢ 120 ɧɫ, ɞɥɢɧɚ ɜɨɥɧɵ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 
800—860 ɧɦ, ɝɚɛɚɪɢɬɧɵɟ ɪɚɡɦɟɪɵ ɤɨɪɩɭɫɚ (ɞɢɚɦɟɬɪ  ɞɥɢɧɚ) ɫ ɭɱɟɬɨɦ ɜɵɜɨɞɨɜ 28.536.5 ɦɦ, 
ɦɚɫɫɚ 70 ɝ. Дɚɧɧɵɣ ɬɢɩ ɥɚɡɟɪɨɜ ɜɵɛɢɪɚɥɫя ɢɡ ɭɫɥɨɜɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɢɡɥɭ-
ɱɟɧɢя ɩɪɢ ɦɢɧɢɦɚɥɶɧɵɯ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɯ ɩɚɪɚɦɟɬɪɚɯ. ɉɭɬɟɦ ɪɚɡɪɚɛɨɬɤɢ ɫɩɟɰɢɚɥɶɧɵɯ ɛɥɨɤɨɜ 
ɩɢɬɚɧɢя ɧɚ ɨɫɧɨɜɟ ɩɨɥɟɜɨɝɨ ɜɵɯɨɞɧɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ, ɧɚɝɪɭɠɟɧɧɨɝɨ ɧɚ ɥɚɡɟɪ, ɭɞɚɟɬɫя ɪɟɚɥɢɡɨ-
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ɜɚɬɶ ɦɢɧɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢя Δtɥɚɡ ~ 50 ɧɫ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɦɟɧɶɲɟɧɢɢ Δtɥɚɡ ɫɪɟɞɧяя ɦɨɳɧɨɫɬɶ 
ɢɡɥɭɱɟɧɢя ɪɟɡɤɨ ɭɦɟɧɶɲɚɟɬɫя. Вɟɫɶɦɚ ɩɟɪɫɩɟɤɬɢɜɧɨɣ ɩɪɟɞɫɬɚɜɥяɟɬɫя ɪɚɡɪɚɛɨɬɤɚ ɛɥɨɤɚ ɩɢɬɚɧɢя 
ɧɚ ɨɫɧɨɜɟ ɥɚɜɢɧɧɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɞɥя ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ АИɋВ ɥɚɡɟɪɨɜ ɬɢɩɚ Ʌ-13 ɫ ɜɨɡ-
ɦɨɠɧɨɫɬɶɸ ɩɨɥɭɱɟɧɢя ɛɨɥɟɟ ɤɨɪɨɬɤɢɯ ɢɦɩɭɥɶɫɨɜ ɢɡɥɭɱɟɧɢя ɢ ɚɦɩɥɢɬɭɞɨɣ ɬɨɤɚ ɞɨ 50 А. 

ɇɚɫɬɨяɳɚя ɪɚɛɨɬɚ ɩɨɫɜяɳɟɧɚ ɪɚɡɪɚɛɨɬɤɟ ɛɥɨɤɚ ɩɢɬɚɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ɬɢɩɚ  
Ʌ-13, ɩɨɡɜɨɥяɸɳɟɝɨ ɩɨɥɭɱɚɬɶ ɢɦɩɭɥɶɫɵ ɢɡɥɭɱɟɧɢя ɫ ɞɥɢɬɟɥɶɧɨɫɬяɦɢ ~5 ɧɫ. Иɡɜɟɫɬɧɚ ɫɯɟɦɚ ɧɚ 
ɨɫɧɨɜɟ ɬɪɚɧɡɢɫɬɨɪɨɜ ɫ ɨɝɪɚɧɢɱɟɧɧɨɣ ɨɛɥɚɫɬɶɸ ɨɛɴɟɦɧɨɝɨ ɡɚɪяɞɚ ɬɢɩɚ КɌ312В, ɤɨɬɨɪɚя ɜ ɥɚ-
ɜɢɧɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɷɬɨɝɨ ɬɪɚɧɡɢɫɬɨɪɚ ɮɨɪɦɢɪɭɟɬ ɧɚɧɨɫɟɤɭɧɞɧɵɟ ɫɢɝɧɚɥɵ ɫ ɚɦɩɥɢɬɭɞɨɣ 
ɬɨɤɚ 25 А, ɧɚ ɫɨɩɪɨɬɢɜɥɟɧɢɢ 1 Ɉɦ ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɩɨ ɭɪɨɜɧɸ 0.5 ɨɤɨɥɨ 1.5 ɧɫ [9]. 
Ɍɪɚɧɡɢɫɬɨɪɵ КɌ312В ɢɦɟɸɬ ɧɚɩɪяɠɟɧɢɟ ɥɚɜɢɧɧɨɝɨ ɩɪɨɛɨя 120 В ɢ ɧɟ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫя 
ɞɥя ɩɨɥɭɱɟɧɢя ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ ɫ ɚɦɩɥɢɬɭɞɨɣ >25 А, ɬɟɦ ɛɨɥɟɟ ɧɚ ɚɤɬɢɜɧɨɣ ɧɚɝɪɭɡɤɟ ɥɚɡɟɪɚ Ʌ-
13, ɪɚɜɧɨɣ 3 oɦ. ɉɨɷɬɨɦɭ ɞɥя ɩɨɥɭɱɟɧɢя ɛɨɥɟɟ ɦɨɳɧɵɯ ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ ɦɵ ɢɫɩɨɥɶɡɨɜɚɥɢ ɜɵɫɨ-
ɤɨɜɨɥɶɬɧɵɟ ɬɪɚɧɡɢɫɬɨɪɵ КɌ 630 ɜ ɥɚɜɢɧɧɨɦ ɪɟɠɢɦɟ, ɤɨɬɨɪɵɟ ɩɪɢ ɧɚɩɪяɠɟɧɢɢ ɩɢɬɚɧɢя 195—
270 В (ɞɥя ɪɚɡɧɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ), ɧɚɤɨɩɢɬɟɥɶɧɨɣ ɟɦɤɨɫɬɢ С = 10 ɩɮ, ɧɚ ɚɤɬɢɜɧɨɦ ɫɨɩɪɨɬɢɜɥɟ-
ɧɢɢ ɧɚɝɪɭɡɤɢ ɥɚɡɟɪɚ Ʌ-13, ɪɚɜɧɨɦ 3 ɨɦ, ɮɨɪɦɢɪɨɜɚɥɢ ɚɦɩɥɢɬɭɞɭ ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ 50 А ɩɪɢ ɞɥɢ-
ɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɩɨ ɭɪɨɜɧɸ 0.5 6 ɧɫ ɫ ɮɪɨɧɬɚɦɢ 5—4 ɧɫ. Ɉɫɧɨɜɧɵɟ ɷɥɟɦɟɧɬɵ ɪɚɡɪɚɛɨɬɚɧɧɨɣ 
ɮɭɧɤɰɢɨɧɚɥɶɧɨɣ ɫɯɟɦɵ, ɢɫɩɨɥɶɡɭɟɦɨɣ ɞɥя ɧɚɤɚɱɤɢ ɥɚɡɟɪɚ Ʌ-13 ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 1, ɨɫɰɢɥɥɨ-
ɝɪɚɦɦɚ ɧɚɩɪяɠɟɧɢя ɧɚ ɫɨɩɪɨɬɢɜɥɟɧɢɢ, ɜɤɥɸɱɟɧɧɨɦ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɥɚɡɟɪɭ — ɧɚ ɪɢɫ. 2. ɋɩɚɞ 
ɢɦɩɭɥɶɫɚ ɧɚɤɚɱɤɢ ɩɨɥɭɱɢɥɫя ɤɨɪɨɱɟ ɮɪɨɧɬɚ ɛɥɚɝɨɞɚɪя ɛɵɫɬɪɨɦɭ ɡɚɩɢɪɚɧɢɸ ɤɨɦɦɭɬɢɪɭɸɳɟɝɨ 
ɞɢɨɞɚ, ɬɚɤɠɟ ɜɤɥɸɱɟɧɧɨɦɭ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ ɥɚɡɟɪɭ ɢ ɜɵɩɨɥɧяɸɳɟɦɭ ɮɭɧɤɰɢɸ ɨɝɪɚɧɢɱɟɧɢя 
ɬɨɤɚ ɱɟɪɟɡ ɥɚɡɟɪ ɜɨ ɜɪɟɦя  ɡɚɪяɞɤɢ ɧɚɤɨɩɢɬɟɥɶɧɨɣ ɟɦɤɨɫɬɢ ɋ, ɩɪɨɢɫɯɨɞяɳɟɣ ɦɟɠɞɭ ɢɦɩɭɥɶɫɚ-
ɦɢ ɧɚɤɚɱɤɢ ɥɚɡɟɪɚ. Ɍɢɩɢɱɧɨɟ ɜɪɟɦя  = 15—40 ɦɤɫ.  

 

 

 

 
 

Ɋɢɫ. 1. ɋɯɟɦɚ ɧɚ ɜɵɫɨɤɨɜɨɥɶɬɧɵɯ ɥɚɜɢɧɧɵɯ ɬɪɚɧ-
ɡɢɫɬɨɪɚɯ ɞɥя ɮɨɪɦɢɪɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ ɥɚɡɟɪɧɨɝɨ 

ɢɡɥɭɱɟɧɢя ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ~5 ɧɫ. 

Ɋɢɫ. 2. Ɉɫɰɢɥɥɨɝɪɚɦɦɚ ɧɚɩɪяɠɟɧɢя ɧɚ 
ɫɨɩɪɨɬɢɜɥɟɧɢɢ 0.04 ɨɦ, ɩɨ ɜɟɪɬɢɤɚɥɢ 1 В/ɫɦ, 

ɩɨ ɝɨɪɢɡɨɧɬɚɥɢ 10 ɧɫ/ɫɦ. 

 
ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɧɟɥɢɧɟɣɧɵɯ ɷɥɟɦɟɧɬɨɜ ɫ ɛɨɥɟɟ ɤɨɪɨɬɤɢɦɢ ɜɪɟɦɟɧɚɦɢ ɩɟɪɟɤɥɸɱɟɧɢя, 

ɧɚɩɪɢɦɟɪ S-ɞɢɨɞɨɜ, ɜɨɡɦɨɠɧɨ ɢɡɦɟɧɟɧɢɟ ɜɪɟɦɟɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɯɟɦɵ — ɫɨɤɪɚɳɟɧɢɟ 
ɮɪɨɧɬɨɜ ɢ ɭɥɭɱɲɟɧɢɟ ɮɨɪɦɵ ɢɦɩɭɥɶɫɨɜ. Ɍɚɤɠɟ ɞɥя ɩɨɥɭɱɟɧɢя ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ ɫ 
ɩɪяɦɨɭɝɨɥɶɧɨɣ ɮɨɪɦɨɣ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɯɟɦɭ ɫ ɧɚɤɨɩɢɬɟɥɶɧɨɣ ɥɢɧɢɟɣ ɜɦɟɫɬɨ ɤɨɧɞɟɧɫɚ-
ɬɨɪɚ ɋ [9]. Вɨɩɪɨɫɵ ɜɵɛɨɪɚ ɩɚɪɚɦɟɬɪɨɜ ɥɢɧɢɢ ɢ ɫɨɝɥɚɫɨɜɚɧɢя ɟɟ ɫ ɤɨɧɤɪɟɬɧɵɦ ɥɚɡɟɪɨɦ ɬɪɟɛɭ-
ɸɬ ɨɬɞɟɥɶɧɨɝɨ ɪɚɫɫɦɨɬɪɟɧɢя. 

Заɤɥючɟɧɢɟ  
ɉɪɟɞɥɨɠɟɧɚ ɫɯɟɦɚ ɧɚ ɜɵɫɨɤɨɜɨɥɶɬɧɵɯ ɥɚɜɢɧɧɵɯ ɬɪɚɧɡɢɫɬɨɪɚɯ ɞɥя ɮɨɪɦɢɪɨɜɚɧɢя ɢɦ-

ɩɭɥɶɫɨɜ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɞɥɢɬɟɥɶɧɨɫɬɶɸ ~5 ɧɫ. 
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɡɭɱɟɧɢя ɨɫɨɛɟɧɧɨɫɬɟɣ ɢɡɦɟɧɟɧɢя ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɢ ɫɩɟɤɬɪɚɥɶɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ Yb,Er-ɥɚɡɟɪɨɜ ɫ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ ɩɪɢ ɜɚɪɶɢɪɨɜɚɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ ɜ 
ɢɧɬɟɪɜɚɥɟ ɨɬ –40 ɞɨ +50—60 ɋ. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɨɫɧɨɜɧɵɟ ɪɟɝɢɫɬɪɢɪɭɟɦɵɟ ɢɡɦɟɧɟɧɢя ɷɧɟɪɝɢɢ 
ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɢ ɞɥɢɧɵ ɜɨɥɧɵ, ɜɟɪɨяɬɧɟɟ ɜɫɟɝɨ, ɫɜяɡɚɧɵ ɫ ɜɥɢяɧɢɟɦ ɮɨɪɦɢɪɨɜɚɧɢя ɜ ɚɤɬɢɜɧɨɦ 
ɷɥɟɦɟɧɬɟ ɥɚɡɟɪɚ ɬɟɩɥɨɜɨɣ ɥɢɧɡɵ. Кɪɨɦɟ ɬɨɝɨ, ɤɚɤ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɫɩɟɤɬɪɨɜ 
ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ ɩɨɝɥɨɳɟɧɢя ɛɨɪɨɫɢɥɢɤɨɮɨɫɮɚɬɧɨɝɨ ɫɬɟɤɥɚ, ɩɪɢ ɚɧɚɥɢɡɟ ɞɚɧɧɵɯ ɬɟɫɬɨɜɵɯ 
ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɢɫɩɵɬɚɧɢɣ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɢɡɦɟɧɟɧɢя ɜ ɫɬɪɭɤɬɭɪɟ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɨɜ ɦɟɠɞɭ 
ɥɚɡɟɪɧɵɦɢ ɭɪɨɜɧяɦɢ 4I13/2 ɢ 4I15/2. 

Кɥючɟвыɟ ɫɥɨва: ɢɬɬɟɪɛɢɣ-ɷɪɛɢɟɜɵɣ ɥɚɡɟɪ, ɛɨɪɨɫɢɥɢɤɨɮɨɫɮɚɬɧɨɟ ɫɬɟɤɥɨ, ɩɨɩɟɪɟɱɧɚя ɞɢɨɞɧɚя 
ɧɚɤɚɱɤɚ, ɩɚɫɫɢɜɧɵɣ ɡɚɬɜɨɪ, ɤɥɢɦɚɬɢɱɟɫɤɢɟ ɢɫɩɵɬɚɧɢя.  

Ввɟɞɟɧɢɟ 
Кɨɦɩɚɤɬɧɵɟ ɢɬɬɟɪɛɢɣ-ɷɪɛɢɟɜɵɟ ɥɚɡɟɪɵ, ɝɟɧɟɪɢɪɭɸɳɢɟ ɜ ɭɫɥɨɜɧɨ ɛɟɡɨɩɚɫɧɨɦ ɞɥя ɨɪɝɚ-

ɧɨɜ ɡɪɟɧɢя ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ, яɜɥяɸɬɫя ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɢɡɥɭɱɟɧɢя ɞɥя 
ɭɫɬɪɨɣɫɬɜ ɩɨɞɫɜɟɬɤɢ ɢ ɞɚɥɶɧɨɦɟɬɪɢɢ [1—3]. Вɚɠɧɨɟ ɬɪɟɛɨɜɚɧɢɟ ɞɥя ɬɚɤɢɯ ɢɡɥɭɱɚɬɟɥɟɣ ɫɨ 
ɫɬɨɪɨɧɵ ɪɚɡɪɚɛɨɬɱɢɤɨɜ ɢ ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ ɩɪɨɦɵɲɥɟɧɧɵɯ ɫɢɫɬɟɦ — ɨɛɟɫɩɟɱɟɧɢɟ ɢɯ ɪɚɛɨɬɨ-
ɫɩɨɫɨɛɧɨɫɬɢ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ Т, ɤɚɤ ɩɪɚɜɢɥɨ, ɜ ɩɪɟɞɟɥɚɯ 
ɨɬ –40 ɞɨ +(55—60) ɋ. 

ɇɚɫɬɨяɳɚя ɪɚɛɨɬɚ ɩɨɫɜяɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɨɫɨɛɟɧɧɨɫɬɟɣ ɢɡɦɟɧɟɧɢя ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɢ 
ɫɩɟɤɬɪɚɥɶɧɵɯ ɩɨɤɚɡɚɬɟɥɟɣ ɢɬɬɟɪɛɢɣ-ɷɪɛɢɟɜɵɯ ɥɚɡɟɪɨɜ ɫ ɩɨɩɟɪɟɱɧɨɣ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ ɢ ɩɚɫ-
ɫɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ ɞɨɛɪɨɬɧɨɫɬɢ ɜ ɩɪɨɰɟɫɫɟ ɩɪɨɜɟɞɟɧɢя ɬɟɫɬɨɜɵɯ ɤɥɢɦɚɬɢɱɟɫɤɢɯ ɢɫɩɵɬɚɧɢɣ.  

1. Рɟɡɭɥɶɬаɬы ɤɥɢɦаɬɢчɟɫɤɢх ɢɫɩыɬаɧɢɣ  

Кɥɢɦɚɬɢɱɟɫɤɢɦ ɢɫɩɵɬɚɧɢяɦ ɩɨɞɜɟɪɝɚɥɢɫɶ ɤɨɦɩɚɤɬɧɵɟ Yb,Er-ɥɚɡɟɪɵ ɫ ɩɨɩɟɪɟɱɧɨɣ 
ɧɚɤɚɱɤɨɣ InGaAs/AlGaAs-ɥɚɡɟɪɧɵɦɢ ɞɢɨɞɧɵɦɢ ɥɢɧɟɣɤɚɦɢ, ɪɚɡɪɚɛɨɬɚɧɧɵɟ ɜ Иɧɫɬɢɬɭɬɟ ɮɢɡɢɤɢ 
ɇАɇ Ȼɟɥɚɪɭɫɢ (ɪɢɫ. 1). Аɤɬɢɜɧɵɣ ɷɥɟɦɟɧɬ ɥɚɡɟɪɚ ɢɡɝɨɬɚɜɥɟɧ ɢɡ ɛɨɪɨɫɢɥɢɤɨɮɨɫɮɚɬɧɨɝɨ ɫɬɟɤɥɚ. 
В ɤɚɱɟɫɬɜɟ ɩɚɫɫɢɜɧɨɝɨ ɦɨɞɭɥяɬɨɪɚ ɞɨɛɪɨɬɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧ ɤɪɢɫɬɚɥɥ Co2+:MgAl2O4. Иɫɯɨɞɧɚя 
ɷɧɟɪɝɢя ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ 8 ± 0.5 ɦДɠ ɩɪɢ ɱɚɫɬɨɬɟ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 5 Ƚɰ ɢ  
10 ± 0.5 ɦДɠ ɩɪɢ ɱɚɫɬɨɬɟ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 1 Ƚɰ. Дɥɢɧɚ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя ɩɪɢ ɤɨɦɧɚɬɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ 1535 ± 5 ɧɦ. ɉɚɪɚɦɟɬɪ ɤɚɱɟɫɬɜɚ ɥɚɡɟɪɧɨɝɨ ɩɭɱɤɚ М 2  1.5. 
Эɧɟɪɝɟɬɢɱɟɫɤɢɟ ɢ ɫɩɟɤɬɪɚɥɶɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɡɟɪɚ ɢɡɭɱɟɧɵ ɩɪɢ ɱɚɫɬɨɬɚɯ ɫɥɟɞɨɜɚɧɢя 
ɢɦɩɭɥɶɫɨɜ 1 ɢ 5 Ƚɰ. Кɨɧɫɬɪɭɤɰɢя ɢɫɫɥɟɞɭɟɦɵɯ ɥɚɡɟɪɨɜ ɧɟ ɜɤɥɸɱɚɥɚ ɜ ɫɟɛя ɤɚɤɢɯ-ɥɢɛɨ 
ɫɩɟɰɢɚɥɶɧɵɯ ɭɡɥɨɜ ɨɯɥɚɠɞɟɧɢя.   

В ɩɪɨɰɟɫɫɟ ɬɟɫɬɨɜɵɯ ɢɫɩɵɬɚɧɢɣ ɨɛɪɚɡɰɵ Yb:Er-ɥɚɡɟɪɨɜ ɩɨɦɟɳɚɥɢɫɶ ɜ ɤɥɢɦɚɬɢɱɟɫɤɭɸ 
ɤɚɦɟɪɭ, ɨɛɴɟɦ ɤɨɬɨɪɨɣ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɡɚɩɨɥɧяɥɫя ɫɭɯɢɦ ɚɡɨɬɨɦ. В ɤɚɱɟɫɬɜɟ ɢɡɦɟɪяɟɦɵɯ 
ɩɚɪɚɦɟɬɪɨɜ ɜɵɛɪɚɧɵ ɷɧɟɪɝɢя ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя (ɜ ɦДɠ) ɢ ɞɥɢɧɚ ɜɨɥɧɵ ɝɟɧɟɪɚɰɢɢ (ɜ ɧɦ). 
Эɧɟɪɝɟɬɢɱɟɫɤɢɟ ɢ ɫɩɟɤɬɪɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ɢɡɦɟɪяɥɢɫɶ ɱɟɪɟɡ ɤɚɠɞɵɟ 10 ɋ ɜ ɢɧɬɟɪɜɚɥɟ 
ɡɧɚɱɟɧɢɣ ɨɬ –40 ɞɨ +(55—60) ɋ ɩɪɢ ɱɚɫɬɨɬɚɯ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 1 ɢ 5 Ƚɰ. Дɥя ɭɫɬɪɚɧɟɧɢя 
ɧɚɜɨɞɢɦɵɯ ɜ ɦɟɯɚɧɢɱɟɫɤɢɯ ɢ ɨɩɬɢɱɟɫɤɢɯ ɤɨɦɩɨɧɟɧɬɚɯ ɥɚɡɟɪɚ ɜɧɭɬɪɟɧɧɢɯ ɦɟɯɚɧɢɱɟɫɤɢɯ 
ɬɟɪɦɨɭɩɪɭɝɢɯ ɧɚɩɪяɠɟɧɢɣ ɢɫɫɥɟɞɭɟɦɵɟ ɨɛɪɚɡɰɵ ɞɨ ɧɚɱɚɥɚ ɢɡɦɟɪɟɧɢɣ ɜɵɞɟɪɠɢɜɚɥɢɫɶ ɜ 
ɬɟɱɟɧɢɟ 1.5—2 ɱ ɩɪɢ ɡɚɞɚɧɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ.  

Ɋɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɡɚɜɢɫɢɦɨɫɬɢ ɷɧɟɪɝɢɢ ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɢ ɞɥɢɧɵ ɜɨɥɧɵ 
ɝɟɧɟɪɢɪɭɟɦɨɝɨ ɢɡɥɭɱɟɧɢя ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 2 ɢ 3.  
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Ɋɢɫ. 1. Вɧɟɲɧɢɣ ɜɢɞ ɢɫɫɥɟɞɭɟɦɨɝɨ ɢɬɬɟɪɛɢɣ-ɷɪɛɢɟɜɨɝɨ ɥɚɡɟɪɚ (а) ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɢɡɥɭɱɟɧɢя ɜ 

ɜɵɯɨɞɧɨɦ ɩɭɱɤɟ (ɛ). Ƚɚɛɚɪɢɬɵ ɥɚɡɟɪɚ 110  40  25 ɦɦ. 
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Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɶ ɷɧɟɪɝɢɢ ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶ-
ɫɨɜ ɢɡɥɭɱɟɧɢя Yb,Er-ɥɚɡɟɪɚ ɜ ɪɟɠɢɦɟ ɦɨɞɭɥɢɪɨ-
ɜɚɧɧɨɣ ɞɨɛɪɨɬɧɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸ-
ɳɟɣ ɫɪɟɞɵ ɩɪɢ ɱɚɫɬɨɬɚɯ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 
1 (1) ɢ 5 Ƚɰ (2). 

 Ɋɢɫ. 3. Зɚɜɢɫɢɦɨɫɬɶ ɞɥɢɧɵ ɜɨɥɧɵ ɝɟɧɟɪɚɰɢɢ 
Yb,Er-ɥɚɡɟɪɚ ɜ ɪɟɠɢɦɟ ɦɨɞɭɥɢɪɨɜɚɧɧɨɣ ɞɨɛɪɨɬ-
ɧɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ; ɱɚɫ-
ɬɨɬɚ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 1 Ƚɰ. 

 
ɋ ɰɟɥɶɸ ɜɵяɜɥɟɧɢя ɜɨɡɦɨɠɧɵɯ ɦɟɯɚɧɢɡɦɨɜ, ɨɬɜɟɬɫɬɜɟɧɧɵɯ ɡɚ ɪɟɝɢɫɬɪɢɪɭɟɦɵɟ ɧɚ ɨɩɵɬɟ 

ɜɚɪɢɚɰɢɢ ɷɧɟɪɝɢɢ ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɢ ɞɥɢɧɵ ɜɨɥɧɵ ɝɟɧɟɪɚɰɢɢ, ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 
20—300 К ɢɡɦɟɪɟɧɵ ɫɩɟɤɬɪɵ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɦɚɬɟɪɢɚɥɚ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ 
ɢɡɥɭɱɟɧɢɟɦ ɦɨɳɧɨɝɨ InGaAs/AlGaAs-ɥɚɡɟɪɚ, ɝɟɧɟɪɢɪɭɸɳɟɝɨ ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ  
940—960 ɧɦ.  

2. Оɛɫɭɠɞɟɧɢɟ ɷɤɫɩɟɪɢɦɟɧɬаɥɶɧых ɞаɧɧых 
ɉɨɥɭɱɟɧɧɵɟ ɞɚɧɧɵɟ ɩɨɡɜɨɥяɸɬ ɡɚɤɥɸɱɢɬɶ, ɱɬɨ ɪɚɡɪɚɛɨɬɚɧɧɵɟ Yb,Er-ɥɚɡɟɪɵ ɩɪɢ ɱɚɫɬɨɬɚɯ 

1 ɢ 5 Ƚɰ ɧɚɢɛɨɥɟɟ ɭɫɬɨɣɱɢɜɨ ɪɚɛɨɬɚɸɬ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɨɬ +5 ɞɨ +(55—60) ɋ. ɉɪɢ 
ɬɟɦɩɟɪɚɬɭɪɚɯ <5 C (ɜɩɥɨɬɶ ɞɨ –40 ɋ) ɧɚɛɥɸɞɚɟɬɫя ɩɚɞɟɧɢɟ ɷɧɟɪɝɢɢ ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɩɪɢ 
ɮɢɤɫɢɪɨɜɚɧɧɨɦ ɭɪɨɜɧɟ ɧɚɤɚɱɤɢ, ɤɨɝɞɚ ɥɚɡɟɪ ɪɚɛɨɬɚɟɬ ɫ ɱɚɫɬɨɬɨɣ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ ɢɡɥɭ-
ɱɟɧɢя 1 Ƚɰ. ɉɨɷɬɨɦɭ ɜ ɫɥɭɱɚяɯ, ɤɨɝɞɚ ɷɧɟɪɝɢя ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɞɨɥɠɧɚ ɩɨɞɞɟɪɠɢɜɚɬɶɫя ɧɚ 
ɭɪɨɜɧɟ 8 ɦДɠ ɜɨ ɜɫɟɦ ɢɧɬɟɪɜɚɥɟ –40  +60 ɋ, ɧɟɨɛɯɨɞɢɦɨ ɢɫɯɨɞɧɨɟ ɡɧɚɱɟɧɢɟ ɷɧɟɪɝɢɢ ɡɚɞɚɜɚɬɶ 
ɧɚ ɭɪɨɜɧɟ 10 ɦДɠ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɢɠɟ +5 ɋ ɧɚɛɥɸɞɚɸɬɫя ɪɟɡɤɢɟ 
ɫɤɚɱɤɢ ɞɥɢɧɵ ɜɨɥɧɵ ɝɟɧɟɪɚɰɢɢ (ɫɦ., ɧɚɩɪɢɦɟɪ, ɪɢɫ. 3). ɉɪɢ ɪɚɛɨɬɟ ɧɚ ɱɚɫɬɨɬɟ 5 Ƚɰ ɜɚɪɢɚɰɢɢ 
ɷɧɟɪɝɢɢ ɢɡɥɭɱɟɧɢя <5 %, ɩɨɷɬɨɦɭ ɢɫɯɨɞɧɨɟ ɡɧɚɱɟɧɢɟ ɷɧɟɪɝɢɢ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 
ɦɨɠɟɬ ɛɵɬɶ ɭɫɬɚɧɨɜɥɟɧɨ ɧɚ ɭɪɨɜɧɟ 8 + 0.5 ɦДɠ.  

Ɉɫɧɨɜɵɜɚяɫɶ ɧɚ ɞɚɧɧɵɯ ɪяɞɚ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ 
ɪɟɝɢɫɬɪɢɪɭɟɦɵɟ ɪɚɡɥɢɱɢя ɜ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɢ ɫɩɟɤɬɪɚɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ Yb,Er-ɥɚɡɟɪɨɜ, 
ɜɟɪɨяɬɧɟɟ ɜɫɟɝɨ, ɨɛɭɫɥɨɜɥɟɧɵ ɮɨɪɦɢɪɨɜɚɧɢɟɦ ɜ ɚɤɬɢɜɧɨɦ ɷɥɟɦɟɧɬɟ ɬɟɩɥɨɜɨɣ ɥɢɧɡɵ. ɉɪɢ 
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ɱɚɫɬɨɬɟ 5 Ƚɰ ɩɚɪɚɦɟɬɪɵ ɷɬɨɣ ɥɢɧɡɵ ɡɚɦɟɬɧɨ ɧɟ ɢɡɦɟɧяɸɬɫя ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ 
ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ. 

Кɪɨɦɟ ɬɨɝɨ, ɤɚɤ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɫɩɟɤɬɪɨɜ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ 
ɩɨɝɥɨɳɟɧɢя ɛɨɪɨɫɢɥɢɤɨɮɨɫɮɚɬɧɨɝɨ ɫɬɟɤɥɚ, ɢɡɦɟɧɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɢɧɬɟɪɜɚɥɟ –40  +60 ɋ 
ɦɨɠɟɬ ɫɤɚɡɵɜɚɬɶɫя ɧɚ ɫɬɪɭɤɬɭɪɟ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɨɜ ɦɟɠɞɭ ɥɚɡɟɪɧɵɦɢ ɭɪɨɜɧяɦɢ 4I13/2  
ɢ 4I15/2 [4, 5].  
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Results of studying the peculiarities of changing the energetic and spectral characteristics of LD-pumped 
Yb,Er-lasers with varying the ambient temperature within the –40  +50–60 C. It has been ascertained that the 
main changes registered experimentally in the output energy and lasing wavelength can be most probably related 
with forming the thermal lens in the laser active element. In addition, as it is follows from results of measuring 
the boro-silico-phosphate glass photoluminescence and absorption spectra the changes in the structure of the 
optical transitions between the lasing levels 4I13/2 ɢ 4I15/2 should taking into account during analysis of the related 
temperature test data. 

Keywords: ytterbium-erbium laser, boro-silico-phosphate glass, LD-pumped. 
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Мɨщɧыɣ ɧɟɩɪɟɪывɧыɣ KGd(WO4)2:Nd-ɥаɡɟɪ 

ɫ ɩɪɨɞɨɥɶɧɨɣ ɞɢɨɞɧɨɣ ɧаɤачɤɨɣ 

А. А.  Ȼɭɣ, В. И. Дɚɲɤɟɜɢɱ, В. А. Ɉɪɥɨɜɢɱ 

Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь 
e-mail: bui.anastasiya@gmail.com 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɛɨɱɟɝɨ ɩɟɪɟɯɨɞɚ 4F3/2—
4I11/2, ɨɫɭɳɟɫɬɜɥɟɧɚ ɦɨɳɧɚя ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɚя ɢ ɧɟ-

ɩɪɟɪɵɜɧɚя ɝɟɧɟɪɚɰɢя KGd(WO4)2:Nd-ɥɚɡɟɪɨɜ, ɨɫɧɨɜɚɧɧɵɯ ɧɚ ɤɪɢɫɬɚɥɥɚɯ ɫ Np- ɢ Ng-ɫɪɟɡɚɦɢ, ɩɪɨɞɨɥɶɧɨ 
ɧɚɤɚɱɢɜɚɟɦɵɯ ɞɢɨɞɧɵɦ ɥɚɡɟɪɨɦ ɧɚ  = 879 ɧɦ. ɉɪɢ ɦɨɳɧɨɫɬɢ ɩɚɞɚɸɳɟɣ ɧɚɤɚɱɤɢ 26.8 Вɬ ɞɥя ɷɥɟɦɟɧɬɚ 
Np-ɫɪɟɡɚ ɢ 17.3 Вɬ ɞɥя ɷɥɟɦɟɧɬɚ Ng-ɫɪɟɡɚ ɦɨɳɧɨɫɬɢ ɧɟɩɪɟɪɵɜɧɨɣ ɝɟɧɟɪɚɰɢɢ ɧɚ  = 1067.2 ɧɦ ɫɨɫɬɚɜɢɥɢ 
9.4 ɢ 5.4 Вɬ, ɩɪɢɱɟɦ ɤɪɢɫɬɚɥɥ Ng-ɫɪɟɡɚ ɨɛɟɫɩɟɱɢɥ ɪɚɛɨɬɭ ɥɚɡɟɪɚ ɧɚ ɨɫɧɨɜɧɨɣ ɦɨɞɟ ɌȿɆ00. ɉɪɢ ɤɜɚɡɢ-
ɧɟɩɪɟɪɵɜɧɨɣ ɧɚɤɚɱɤɟ ɫ ɪɚɛɨɱɢɦ ɰɢɤɥɨɦ 10 % ɦɝɧɨɜɟɧɧɚя ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ, ɩɟɪɢɨɞɢɱɟɫɤɢ ɞɥяɳɟɣɫя 
10—20 ɦɫ, ɞɨɫɬɢɝɚɥɚ ɞɥя ɨɛɨɢɯ ɤɪɢɫɬɚɥɥɨɜ ~11 Вɬ. ɉɨ ɨɬɧɨɲɟɧɢɸ ɤ ɩɨɝɥɨɳɟɧɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ КɉД ɝɟɧɟɪɚɰɢɢ ɫɨɫɬɚɜɢɥ 66.4 % ɞɥя ɧɟɩɪɟɪɵɜɧɨɝɨ ɪɟɠɢɦɚ ɝɟɧɟɪɚɰɢɢ ɢ 77.4 % ɞɥя 
ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɨɝɨ ɪɟɠɢɦɚ.  

Кɥючɟвыɟ ɫɥɨва: ɞɢɨɞɧɚя ɧɚɤɚɱɤɚ, KGW:Nd-ɤɪɢɫɬɚɥɥɵ ɫ Np- ɢ Ng-ɫɪɟɡɚɦɢ, ɩɟɪɟɯɨɞ 4F3/2—
4I11/2, 

ɧɟɩɪɟɪɵɜɧɚя ɢ ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɚя ɝɟɧɟɪɚɰɢя. 

Ввɟɞɟɧɢɟ 
ɋɨɡɞɚɧɢɟ ɦɨɳɧɵɯ ɧɟɩɪɟɪɵɜɧɵɯ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɯ KGd(WO4)2:Nd (KGW:Nd) ɥɚɡɟ-

ɪɨɜ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 1067.2 ɧɦ ɩɪɟɞɫɬɚɜɥяɟɬ ɧɟɫɨɦɧɟɧɧɭɸ ɩɪɚɤɬɢɱɟɫɤɭɸ ɡɧɚɱɢɦɨɫɬɶ. Эɬɨ ɨɛɭ-
ɫɥɨɜɥɟɧɨ ɧɟ ɬɨɥɶɤɨ ɲɢɪɨɤɢɦɢ ɫɮɟɪɚɦɢ ɩɪɢɦɟɧɟɧɢя ɨɞɧɨɦɢɤɪɨɧɧɵɯ ɥɚɡɟɪɨɜ, ɧɨ ɢ ɬɟɦ, ɱɬɨ ɤɪɢ-
ɫɬɚɥɥɵ KGW:Nd ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɞɨɪɨɝɢɟ. Ȼɨɥɶɲɚя ɞɨɩɭɫɬɢɦɚя ɤɨɧɰɟɧɬɪɚɰɢя ɢɨɧɚ Nd3+ (ɞɨ  
10 ɚɬ.%) ɨɛɟɫɩɟɱɢɜɚɟɬ ɷɮɮɟɤɬɢɜɧɨɟ ɩɨɝɥɨɳɟɧɢɟ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɞɚɠɟ ɩɪɢ ɦɚɥɵɯ 
ɞɥɢɧɚɯ ɤɪɢɫɬɚɥɥɚ, ɱɬɨ ɜɚɠɧɨ ɞɥя ɩɨɥɭɱɟɧɢя ɜɵɫɨɤɢɯ КɉД ɝɟɧɟɪɚɰɢɢ ɜ ɫɥɭɱɚɟ ɩɪɨɞɨɥɶɧɨɣ ɞɢ-
ɨɞɧɨɣ ɧɚɤɚɱɤɢ. Ɉɞɧɚɤɨ ɫɜɟɞɟɧɢя ɨ ɦɨɳɧɵɯ ɧɟɩɪɟɪɵɜɧɵɯ KGW:Nd-ɥɚɡɟɪɚɯ ɜɟɫɶɦɚ ɨɝɪɚɧɢɱɟɧ-
ɧɵ. ɇɚɦ ɢɡɜɟɫɬɧɵ ɥɢɲɶ ɞɜɟ ɪɚɛɨɬɵ [1, 2], ɜ ɨɞɧɨɣ ɢɡ ɤɨɬɨɪɵɯ [1] ɞɨɫɬɢɝɧɭɬɚ ɜɵɯɨɞɧɚя ɦɨɳ-
ɧɨɫɬɶ ~7 Вɬ. В ɪɚɛɨɬɟ [2] ɩɨɥɭɱɟɧɚ ɝɟɧɟɪɚɰɢя ɫ ɦɨɳɧɨɫɬɶɸ ɞɨ 22 Вɬ, ɨɞɧɚɤɨ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨ-
ɜɚɧɚ ɦɚɥɨ ɩɪɢɝɨɞɧɚя ɞɥя ɩɪɚɤɬɢɤɢ ɤɨɧɫɬɪɭɤɰɢя ɥɚɡɟɪɚ, ɜ ɤɨɬɨɪɨɦ ɨɫɭɳɟɫɬɜɥɟɧɚ ɱɟɬɵɪɟɯɫɬɨ-
ɪɨɧɧяя ɭɝɥɨɜɚя (ɛɥɢɡɤɚя ɤ ɩɨɩɟɪɟɱɧɨɣ) ɧɚɤɚɱɤɚ ɱɟɬɵɪɶɦя ɥɚɡɟɪɧɵɦɢ ɞɢɨɞɚɦɢ ɫ ɨɛɳɟɣ ɦɨɳɧɨ-
ɫɬɶɸ ɞɨ 60 Вɬ. ɉɪɢ ɷɬɨɦ КɉД ɝɟɧɟɪɚɰɢɢ ɧɟ ɩɪɟɜɵɲɚɥ 38 %, ɚ ɤɚɱɟɫɬɜɨ ɜɵɯɨɞɧɨɝɨ ɩɭɱɤɚ ɛɵɥɨ 
ɧɟ ɫɨɜɫɟɦ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɵɦ. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɪɚɡɪɚɛɨɬɤɢ ɢ 
ɢɫɫɥɟɞɨɜɚɧɢя ɧɟɩɪɟɪɵɜɧɨɝɨ, ɜ ɬɨɦ ɱɢɫɥɟ ɢ ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɨɝɨ KGW:Nd-ɥɚɡɟɪɚ ɫ ɩɪɨɞɨɥɶɧɨɣ 
ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ, ɢɡɥɭɱɚɸɳɟɝɨ ɧɚ ɩɟɪɟɯɨɞɟ 4F3/2—

4I11/2. 

Эɤɫɩɟɪɢɦɟɧɬаɥɶɧаɹ чаɫɬɶ 

В ɢɫɫɥɟɞɭɟɦɨɦ ɥɚɡɟɪɟ ɜ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɢɫɩɨɥɶɡɭɸɬɫя ɤɪɢɫɬɚɥɥɵ Nd:KGW  
ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɢɨɧɨɜ ɧɟɨɞɢɦɚ ~3 % ɚɬ. Кɪɢɫɬɚɥɥɵ ɜɵɪɟɡɚɧɵ ɜ ɜɢɞɟ ɩɥɚɫɬɢɧɨɤ ɪɚɡɦɟɪɚɦɢ 
1.2(Ng)  6(Nm)  10(Np) ɦɦ (Np-ɫɪɟɡ) ɢ 1.2(Nm)  6(Np)  6(Ng) ɦɦ (Ng-ɫɪɟɡ). Ɋɚɛɨɱɢɟ ɝɪɚɧɢ ɤɪɢ-
ɫɬɚɥɥɨɜ ɪɚɡɦɟɪɨɦ 1.2  6 ɦɦ ɩɪɨɫɜɟɬɥɟɧɵ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ  = 1067.2 ɧɦ. ɉɨɥɢɪɨɜɚɧɧɵɟ ɝɪɚɧɢ 
ɪɚɡɦɟɪɨɦ 6  10 ɦɦ (Np-ɫɪɟɡ) ɢ 6  6 ɦɦ (Ng-ɫɪɟɡ) ɢɫɩɨɥɶɡɭɸɬɫя ɞɥя ɨɯɥɚɠɞɟɧɢя ɷɥɟɦɟɧɬɨɜ  
ɫ ɩɨɦɨɳɶɸ ɦɟɞɧɨɝɨ ɞɟɪɠɚɬɟɥя. ɇɚɤɚɱɤɚ KGW:Nd-ɷɥɟɦɟɧɬɨɜ ɨɫɭɳɟɫɬɜɥяɟɬɫя ɥɚɡɟɪɧɵɦ ɞɢɨɞɨɦ 
ɫ  ~ 879 ɧɦ ɢ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɶɸ ɞɨ 30 Вɬ. Иɡɥɭɱɟɧɢɟ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ, ɜɵɯɨɞяɳɟɟ ɢɡ ɨɩɬɢ-
ɱɟɫɤɨɝɨ ɜɨɥɨɤɧɚ ɫ ɜɧɭɬɪɟɧɧɢɦ ɞɢɚɦɟɬɪɨɦ 100 ɦɤɦ, ɮɨɤɭɫɢɪɭɟɬɫя ɜ ɚɤɬɢɜɧɨɦ ɷɥɟɦɟɧɬɟ ɫɢɫɬɟ-
ɦɨɣ ɚɫɮɟɪɢɱɟɫɤɢɯ ɥɢɧɡ. Дɢɚɦɟɬɪ ɩяɬɧɚ ɧɚɤɚɱɤɢ ɜ ɩɟɪɟɬяɠɤɟ dɧɚɤ ~ 500 ɦɤɦ. В ɫɥɭɱɚɟ ɤɜɚɡɢɧɟ-
ɩɪɟɪɵɜɧɨɝɨ ɪɟɠɢɦɚ ɧɚɤɚɱɤɢ ɥɚɡɟɪ ɝɟɧɟɪɢɪɭɟɬ ɫ ɪɚɛɨɱɢɦ ɰɢɤɥɨɦ 10 %. ɉɪɢ ɷɬɨɦ KGW:Nd-
ɤɪɢɫɬɚɥɥ ɧɚɤɚɱɢɜɚɟɬɫя ɢɦɩɭɥɶɫɚɦɢ ɦɢɥɥɢɫɟɤɭɧɞɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɞɥɢɬɟɥɶɧɨɫɬɟɣ (10—20 ɦɫ). 
Ƚɟɧɟɪɚɰɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ  = 1067.2 ɧɦ ɨɫɭɳɟɫɬɜɥяɟɬɫя ɜ ɥɢɧɟɣɧɨɦ ɞɜɭɯɡɟɪɤɚɥɶɧɨɦ 
ɪɟɡɨɧɚɬɨɪɟ. Вɯɨɞɧɨɟ (ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɧɚɤɚɱɤɢ) ɡɟɪɤɚɥɨ яɜɥяɟɬɫя ɩɪɨɡɪɚɱɧɵɦ ɞɥя ɢɡɥɭɱɟɧɢя ɧɚ-
ɤɚɱɤɢ (Т > 96 %) ɢ ɜɵɫɨɤɨɨɬɪɚɠɚɸɳɢɦ (R > 99.9 %) ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя. Ʌɚ-
ɡɟɪ ɢɫɫɥɟɞɭɟɬɫя ɩɪɢ ɨɩɬɢɦɚɥɶɧɨɦ ɩɪɨɩɭɫɤɚɧɢɢ ɜɵɯɨɞɧɨɝɨ ɡɟɪɤɚɥɚ Тɜɵɯ = 15 %. В ɤɚɱɟɫɬɜɟ 
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ɜɯɨɞɧɵɯ ɢ ɜɵɯɨɞɧɵɯ ɡɟɪɤɚɥ ɢɫɩɨɥɶɡɭɸɬɫя ɤɚɤ ɜɨɝɧɭɬɵɟ (ɪɚɞɢɭɫ ɤɪɢɜɢɡɧɵ rɜɯ,ɜɵɯ = 100 ɦɦ), ɬɚɤ 
ɢ ɩɥɨɫɤɢɟ (rɜɯ,ɜɵɯ = ) ɨɬɪɚɠɚɬɟɥɢ. 

KGW:Nd-ɥаɡɟɪ ɧа ɨɫɧɨвɟ аɤɬɢвɧɨɝɨ ɷɥɟɦɟɧɬа Np-ɫɪɟɡа  
Иɫɩɨɥɶɡɭɟɦɵɣ ɤɪɢɫɬɚɥɥ Np-ɫɪɟɡɚ ɩɨɝɥɨɳɚɟɬ ɞɨ 55 % ɦɨɳɧɨɫɬɢ ɩɚɞɚɸɳɟɝɨ ɧɚ ɧɟɝɨ ɢɡɥɭ-

ɱɟɧɢя ɧɚɤɚɱɤɢ. ɉɪɢ ɷɬɨɦ ɞɨɩɭɫɬɢɦɚя ɦɨɳɧɨɫɬɶ ɧɟɩɪɟɪɵɜɧɨɣ ɧɚɤɚɱɤɢ, ɧɟ ɜɵɡɵɜɚɸɳɚя ɬɟɪɦɨ-
ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɪɚɡɪɭɲɟɧɢя ɤɪɢɫɬɚɥɥɚ, 27.1 Вɬ. В ɫɥɭɱɚɟ ɪɟɡɨɧɚɬɨɪɚ ɞɥɢɧɨɣ Lɪ ~20 ɦɦ, ɢɦɟɸ-
ɳɟɝɨ ɤɨɧɮɢɝɭɪɚɰɢɸ rɜɯ = 100 ɦɦ, rɜɵɯ = , ɦɨɳɧɨɫɬɶ (Рɝɟɧ) ɧɟɩɪɟɪɵɜɧɨɣ ɝɟɧɟɪɚɰɢɢ KGW:Nd-
ɥɚɡɟɪɚ ɧɚ  = 1067.2 ɧɦ ɥɢɧɟɣɧɨ ɜɨɡɪɚɫɬɚɟɬ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɦɨɳɧɨɫɬɢ (Рɧɚɤ) ɢɡɥɭɱɟɧɢя ɧɚɤɚɱɤɢ 
(ɪɢɫ. 1, а, ɥɢɧɢя 1). ɉɨɪɨɝ ɝɟɧɟɪɚɰɢɢ 1.3 Вɬ. Дɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ КɉД ɝɟɧɟɪɚɰɢɢ (slope effi-
ciency)  = 36 %. ɉɪɢ Рɧɚɤ = 26.8 Вɬ ɦɨɳɧɨɫɬɶ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɫɬɪɨɝɨ ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ 
ɜɞɨɥɶ ɨɫɢ Nm, ɪɚɜɧɚ 9.4 Вɬ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ Pɝɟɧ/Рɧɚɤ = 35 %. Ɉɬɧɨɫɢ-
ɬɟɥɶɧɨ ɩɨɝɥɨɳɟɧɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ ɩɚɪɚɦɟɬɪ  = 66.4 %, ɱɬɨ ɫɨɩɨɫɬɚɜɢɦɨ ɫ ɩɪɟɞɟɥɶɧɨɣ 
ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ KGW:Nd ɩɪɢ ɧɚɤɚɱɤɟ ɧɚ  ~ 879 ɧɦ — 82.4 %.  

Зɚɜɢɫɢɦɨɫɬɶ Рɝɟɧ(Рɧɚɤ) ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɟɬɫя ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ Lɪ ɞɨ 75 ɦɦ (ɪɢɫ. 1, а, ɤɪɢ-
ɜɚя 2). ɉɨɪɨɝ ɝɟɧɟɪɚɰɢɢ ɥɚɡɟɪɚ ɨɫɬɚɟɬɫя ɩɪɟɠɧɢɦ. Ɉɞɧɚɤɨ ɦɨɳɧɨɫɬɶ Рɝɟɧ ɧɚɪɚɫɬɚɟɬ ɫ ɦɟɧɶɲɢɦ 
 ɢ, ɞɨɫɬɢɝɧɭɜ ɩɪɢ ɤɪɢɬɢɱɟɫɤɨɦ ɭɪɨɜɧɟ ɧɚɤɚɱɤɢ Pɤɪ ~17.3 Вɬ ɡɧɚɱɟɧɢя 3.7 Вɬ, ɫɧɢɠɚɟɬɫя. Ɍɚ-
ɤɨɟ ɩɨɜɟɞɟɧɢɟ Рɝɟɧ ɨɛɴяɫɧяɟɬɫя ɬɟɦ, ɱɬɨ ɮɨɪɦɢɪɭɸɳɚяɫя ɜ ɚɤɬɢɜɧɨɦ ɷɥɟɦɟɧɬɟ ɬɟɪɦɨɥɢɧɡɚ ɞɟ-
ɥɚɟɬ ɪɟɡɨɧɚɬɨɪ ɥɚɡɟɪɚ ɧɟɭɫɬɨɣɱɢɜɵɦ. Иɡɜɟɫɬɧɨ, [3], ɱɬɨ ɜ KGW:Nd-ɷɥɟɦɟɧɬɚɯ Np-ɫɪɟɡɚ ɨɩɬɢɱɟ-
ɫɤɢɟ ɫɢɥɵ (D) ɬɟɪɦɨɥɢɧɡɵ ɜ ɧɚɩɪɚɜɥɟɧɢяɯ Nm ɢ Ng ɢɦɟɸɬ ɪɚɡɧɵɟ ɡɧɚɤɢ. Иɫɩɨɥɶɡɭя ɮɨɪɦɭɥɵ 
(13.11)—(13.14) ɢɡ [4], ɦɨɠɧɨ ɩɨɤɚɡɚɬɶ, ɱɬɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ Lɪ ɜɵɯɨɞ ɪɟɡɨɧɚɬɨɪɚ ɜ ɨɛɥɚɫɬɶ ɧɟ-
ɭɫɬɨɣɱɢɜɨɫɬɢ ɨɛɭɫɥɨɜɥɟɧ ɮɨɤɭɫɢɪɭɸɳɟɣ ɫɨɫɬɚɜɥяɸɳɟɣ ɬɟɪɦɨɥɢɧɡɵ. Дɥя ɧɟɟ Dɤɪ

+ ɞɨɫɬɢɝɚɟɬɫя 
ɩɪɢ ɦɟɧɶɲɟɦ ɭɪɨɜɧɟ Рɧɚɤ, ɱɟɦ ɞɥя ɫɨɫɬɚɜɥяɸɳɟɣ, ɨɛɥɚɞɚɸɳɟɣ ɪɚɫɫɟɢɜɚɸɳɢɦ ɷɮɮɟɤɬɨɦ.  

Ɋɚɫɱɟɬɵ ɧɚ ɨɫɧɨɜɟ ɡɚɤɨɧɚ ABCD ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɪɢ rɜɯ = 100 ɦɦ, rɜɵɯ =  ɪɚɡɦɟɪ ɨɫɧɨɜ-
ɧɨɣ ɌȿɆ00-ɦɨɞɵ ɧɚ ɜɵɯɨɞɧɨɦ ɡɟɪɤɚɥɟ ɭɦɟɧɶɲɚɟɬɫя ɩɪɢ ɜɨɡɪɚɫɬɚɧɢɢ D+ ɢ ɭɜɟɥɢɱɢɜɚɟɬɫя ɩɪɢ 
ɜɨɡɪɚɫɬɚɧɢɢ D|. В ɫɢɥɭ ɷɬɨɝɨ ɜɵɯɨɞɧɨɣ ɩɭɱɨɤ ɥɚɡɟɪɚ, яɜɥяяɫɶ ɤɪɭɝɥɵɦ ɩɪɢ ɧɟɛɨɥɶɲɢɯ Рɧɚɤ, 
ɫɬɚɧɨɜɢɬɫя яɜɧɨ ɷɥɥɢɩɬɢɱɟɫɤɢɦ ɩɪɢ ɦɨɳɧɨɫɬяɯ ɧɚɤɚɱɤɢ, ɛɥɢɡɤɢɯ ɤ Pɤɪ (ɪɢɫ. 2, а). Ɉɬɦɟɬɢɦ, ɱɬɨ 
ɩɪɢ Lp ~ 20 ɦɦ ɜɵɯɨɞɧɨɣ ɩɭɱɨɤ ɧɟɩɪɟɪɵɜɧɨɝɨ ɥɚɡɟɪɚ ɬɚɤɠɟ ɷɥɥɢɩɬɢɱɟɫɤɢɣ ɩɪɢ Рɧɚɤ 6.5 Вɬ. 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɢ Рɝɟɧ(Рɧɚɤ) ɞɥя KGW:Nd-ɥɚɡɟɪɚ ɫ ɷɥɟɦɟɧɬɚɦɢ Np- (а) ɢ Ng- (ɛ) ɫɪɟɡɨɜ. 
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Ɋɢɫ. 2. ɉɪɨɮɢɥɢ ɩɭɱɤɨɜ ɜ ɛɥɢɠɧɟɦ ɩɨɥɟ ɧɚ ɪɚɫɫɬɨяɧɢɢ 18 ɫɦ ɨɬ ɜɵɯɨɞɧɨɝɨ ɡɟɪɤɚɥɚ ɞɥя ɤɪɢɫɬɚɥɥɨɜ Np- (а)  
ɢ Ng- (ɛ, в) ɫɪɟɡɨɜ; ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ 3.7 (а), 1.8 (ɛ) ɢ 5.2 Вɬ (в). 

 ɛ  в 
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В ɫɥɭɱɚɟ ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɨɝɨ ɪɟɠɢɦɚ ɧɚɤɚɱɤɢ ɩɪɢ Lp = 75 ɦɦ ɩɢɤɨɜɚя ɦɨɳɧɨɫɬɶ Рɝɟɧ ɥɢ-
ɧɟɣɧɨ ɜɨɡɪɚɫɬɚɟɬ ɫ ɭɜɟɥɢɱɟɧɢɟɦ Рɧɚɤ (ɪɢɫ. 1, а, ɤɪɢɜɚя 3). ɉɪɢ Рɧɚɤ = 27.6 Вɬ ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚ-
ɰɢɢ 10.4 Вɬ. Ɉɰɟɧɤɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɪɢ dɧɚɤ  500 ɦɤɦ ɬɟɪɦɨɥɢɧɡɚ ɜ KGW:Nd-ɷɥɟɦɟɧɬɟ  
Np-ɫɪɟɡɚ ɮɨɪɦɢɪɭɟɬɫя ɡɚ ~65 ɦɫ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɧɚɤɚɱɤɢ ~20 ɦɫ 
ɬɟɪɦɨɥɢɧɡɚ ɧɟ ɭɫɩɟɜɚɟɬ ɫɮɨɪɦɢɪɨɜɚɬɶɫя ɩɨɥɧɨɫɬɶɸ, ɨɞɧɚɤɨ ɩɪɢ ɜɵɫɨɤɢɯ ɭɪɨɜɧяɯ ɧɚɤɚɱɤɢ  
(Рɧɚɤ > 24 Вɬ) ɜɫɟ ɠɟ ɢɦɟɟɬ ɨɩɪɟɞɟɥɟɧɧɭɸ ɨɩɬɢɱɟɫɤɭɸ ɫɢɥɭ, ɫɩɨɫɨɛɧɭɸ ɩɪɢɞɚɬɶ ɜɵɯɨɞɧɨɦɭ 
ɩɭɱɤɭ ɥɚɡɟɪɚ ɧɟɤɨɬɨɪɭɸ ɷɥɥɢɩɬɢɱɧɨɫɬɶ. 

KGW:Nd-ɥаɡɟɪ ɧа ɨɫɧɨвɟ аɤɬɢвɧɨɝɨ ɷɥɟɦɟɧɬа Ng-ɫɪɟɡа  
В ɨɬɥɢɱɢɟ ɨɬ ɤɪɢɫɬɚɥɥɚ Np-ɫɪɟɡɚ ɨɩɬɢɱɟɫɤɢɟ ɫɢɥɵ ɬɟɪɦɨɥɢɧɡɵ KGW:Nd-ɤɪɢɫɬɚɥɥɚ  

Ng-ɫɪɟɡɚ ɜ ɧɚɩɪɚɜɥɟɧɢяɯ Nm ɢ Np ɢɦɟɸɬ ɨɞɢɧɚɤɨɜɵɣ ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɡɧɚɤ, ɬ. ɟ. ɚɫɬɢɝɦɚɬɢɱɟɫɤɚя 
(Dm

+  Dp
+) ɥɢɧɡɚ яɜɥяɟɬɫя ɮɨɤɭɫɢɪɭɸɳɟɣ [3]. В ɫɢɥɭ ɷɬɨɝɨ, ɤɚɤ ɢ ɜ ɫɥɭɱɚɟ ɤɪɢɫɬɚɥɥɚ Np-ɫɪɟɡɚ, 

ɩɪɢ Lp = 75 ɦɦ ɧɟɩɪɟɪɵɜɧɚя ɝɟɧɟɪɚɰɢя KGW:Nd-ɥɚɡɟɪɚ ɧɚ ɨɫɧɨɜɟ ɤɪɢɫɬɚɥɥɚ Ng-ɫɪɟɡɚ, ɩɨɦɟ-
ɳɟɧɧɨɝɨ ɜ ɪɟɡɨɧɚɬɨɪ ɫ ɤɨɧɮɢɝɭɪɚɰɢɟɣ rɜɯ = 100 ɦɦ, rɜɵɯ = ∞, ɛɵɫɬɪɨ ɡɚɬɭɯɚɟɬ, ɟɫɥɢ ɦɨɳɧɨɫɬɶ 
ɧɚɤɚɱɤɢ Рɧɚɤ ɩɪɟɜɵɲɚɟɬ Pɤɪ (ɪɢɫ. 1, ɛ, ɥɢɧɢя 1). 

Дɥя ɤɪɢɫɬɚɥɥɚ Ng-ɫɪɟɡɚ ɧɚɢɛɨɥɟɟ ɨɩɬɢɦɚɥɟɧ ɪɟɡɨɧɚɬɨɪ ɫ ɤɨɧɮɢɝɭɪɚɰɢɟɣ rɜɯ = ∞,  
rɜɵɯ = 100 ɦɦ. Дɚɧɧɵɣ ɪɟɡɨɧɚɬɨɪ ɩɪɢ ɬɨɣ ɠɟ ɞɥɢɧɟ Lɪ ɫɬɚɧɨɜɢɬɫя ɧɟɭɫɬɨɣɱɢɜɵɦ ɩɪɢ ɛɨɥɟɟ ɜɵɫɨ-
ɤɢɯ D+

m ɢ Dp
+, ɬ. ɟ. ɞɨɩɭɫɤɚɟɬ ɛɨɥɟɟ ɜɵɫɨɤɢɟ ɭɪɨɜɧɢ Рɧɚɤ. Дɟɣɫɬɜɢɬɟɥɶɧɨ, ɩɪɢ Lp = 75 ɦɦ ɜɨ ɜɫɟɦ 

ɞɢɚɩɚɡɨɧɟ ɢɡɦɟɧɟɧɢя Рɧɚɤ ɦɨɳɧɨɫɬɶ ɧɟɩɪɟɪɵɜɧɨɣ ɝɟɧɟɪɚɰɢɢ ɦɨɧɨɬɨɧɧɨ ɜɨɡɪɚɫɬɚɟɬ (ɪɢɫ. 1, ɛ, 
ɥɢɧɢя 2). ɉɨɪɨɝ ɝɟɧɟɪɚɰɢɢ, ɩɚɪɚɦɟɬɪ  ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ (Tɜɵɯ ~10 %) ɩɪɢɦɟɪɧɨ ɬɚɤɢɟ ɠɟ, ɤɚɤ ɢ 
ɜ ɫɥɭɱɚɟ ɤɪɢɫɬɚɥɥɚ Np-ɫɪɟɡɚ (Lp = 20 ɦɦ). Ɋɚɜɟɧɫɬɜɨ ɯɚɪɚɤɬɟɪɢɫɬɢɤ Pɝɟɧ(Рɧɚɤ) ɨɛɴяɫɧяɟɬɫя ɬɟɦ, 
ɱɬɨ ɤɪɢɫɬɚɥɥ Ng-ɫɪɟɡɚ ɞɥɢɧɨɣ 6 ɦɦ ɩɨɝɥɨɳɚɟɬ ɢɡɥɭɱɟɧɢɟ ɧɚɤɚɱɤɢ ɩɨɱɬɢ ɬɚɤ ɠɟ, ɤɚɤ ɢ ɤɪɢɫɬɚɥɥ 
Np-ɫɪɟɡɚ ɞɥɢɧɨɣ 10 ɦɦ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɛɚ ɤɪɢɫɬɚɥɥɚ ɨɛɟɫɩɟɱɢɜɚɸɬ ɨɞɢɧɚɤɨɜɵɣ ɤɨɷɮɮɢɰɢɟɧɬ 
ɭɫɢɥɟɧɢя ɫɢɝɧɚɥɚ ɧɚ ɩɪɨɯɨɞ. Ɉɞɧɚɤɨ ɤɪɢɫɬɚɥɥ Ng-ɫɪɟɡɚ ɢɦɟɟɬ ɦɟɧɶɲɭɸ ɩɥɨɳɚɞɶ ɬɟɩɥɨɨɬɜɨɞɚ ɢ, 
ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɦɟɧɶɲɭɸ ɞɨɩɭɫɬɢɦɭɸ ɦɨɳɧɨɫɬɶ ɧɟɩɪɟɪɵɜɧɨɣ ɧɚɤɚɱɤɢ. ɉɪɢ Рɧɚɤ = 17.3 Вɬ 
ɦɨɳɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ Рɝɟɧ = 5.4 Вɬ. 

Ɉɰɟɧɤɢ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɜ ɪɟɡɨɧɚɬɨɪɟ ɫ ɩɚɪɚɦɟɬɪɚɦɢ rɜɯ = ∞, rɜɵɯ = 100 ɦɦ ɞɢɚɦɟɬɪ d00  

ɨɫɧɨɜɧɨɣ ɦɨɞɵ ɌȿɆ00 ɩɪɢ ɜɨɡɪɚɫɬɚɧɢɢ Dm
+ ɢ Dp

+ ɭɜɟɥɢɱɢɜɚɟɬɫя ɜ ɚɤɬɢɜɧɨɦ ɷɥɟɦɟɧɬɟ ɢ ɭɦɟɧɶ-
ɲɚɟɬɫя ɧɚ ɜɵɯɨɞɧɨɦ ɡɟɪɤɚɥɟ. В ɫɢɥɭ ɷɬɨɝɨ ɩɪɢ ɦɚɥɵɯ Рɧɚɤ, ɤɨɝɞɚ dɧɚɤ ɜ ɧɟɫɤɨɥɶɤɨ ɪɚɡ ɩɪɟɜɨɫɯɨ-
ɞɢɬ ɜ ɚɤɬɢɜɧɨɦ ɷɥɟɦɟɧɬɟ d00, ɝɟɧɟɪɚɰɢя ɦɧɨɝɨɦɨɞɨɜɚя, ɢ ɤɪɭɝɥɵɣ ɩɭɱɨɤ ɥɚɡɟɪɚ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫя 
ɩɪɚɤɬɢɱɟɫɤɢ ɉ-ɨɛɪɚɡɧɵɦɢ ɪɚɫɩɪɟɞɟɥɟɧɢяɦɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ (ɪɢɫ. 2, ɛ). ȿɫɥɢ ɦɨɳɧɨɫɬɶ ɧɟɩɪɟ-
ɪɵɜɧɨɣ ɧɚɤɚɱɤɢ ɞɨɫɬɢɝɚɟɬ ɭɪɨɜɧя, ɩɪɢ ɤɨɬɨɪɨɦ dɧɚɤ  d00, ɬɨ ɦɨɳɧɨɟ ɥɚɡɟɪɧɨɟ ɢɡɥɭɱɟɧɢɟ ɝɟɧɟ-
ɪɢɪɭɟɬɫя ɧɚ ɨɫɧɨɜɧɨɣ ɩɨɩɟɪɟɱɧɨɣ ɦɨɞɟ ɌȿɆ00 (ɪɢɫ. 2, в), ɬ. ɟ. ɭɜɟɥɢɱɟɧɢɟ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 
ɫɩɨɫɨɛɫɬɜɭɟɬ ɜɵɯɨɞɭ ɥɚɡɟɪɚ ɧɚ ɨɞɧɨɦɨɞɨɜɵɣ ɪɟɠɢɦ ɝɟɧɟɪɚɰɢɢ. ɉɪɢ ɷɬɨɦ ɩɭɱɨɤ ɥɚɡɟɪɚ ɛɨɥɟɟ 
ɭɡɤɢɣ, ɱɟɦ ɜ ɫɥɭɱɚɟ ɦɚɥɵɯ Рɧɚɤ. ɉɪɢ ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɨɣ ɧɚɤɚɱɤɟ ɝɟɧɟɪɚɰɢя яɜɥяɟɬɫя ɦɧɨɝɨɦɨɞɨ-
ɜɨɣ ɞɚɠɟ ɩɪɢ ɦɚɤɫɢɦɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 28.4 Вɬ, ɩɪɢ ɷɬɨɦ ɦɝɧɨɜɟɧɧɚя ɦɨɳɧɨɫɬɶ ɝɟɧɟ-
ɪɚɰɢɢ 11.2 Вɬ (ɪɢɫ. 1, ɛ, ɤɪɢɜɚя 3). Ɋɚɫɫɱɢɬɚɧɧɵɣ ɩɨ ɩɨɝɥɨɳɟɧɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ ɞɢɮɮɟ-
ɪɟɧɰɢɚɥɶɧɵɣ КɉД ɝɟɧɟɪɚɰɢɢ ɜ ɷɬɨɦ ɫɥɭɱɚɟ 77.4 %, ɱɬɨ ɜɟɫɶɦɚ ɛɥɢɡɤɨ ɤ ɤɜɚɧɬɨɜɨɦɭ ɩɪɟɞɟɥɭ. 

Заɤɥючɟɧɢɟ  
Ɋɟɚɥɢɡɨɜɚɧɚ ɦɨɳɧɚя ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɚя ɢ ɧɟɩɪɟɪɵɜɧɚя ɝɟɧɟɪɚɰɢя KGW:Nd-ɥɚɡɟɪɚ ɧɚ ɨɫ-

ɧɨɜɟ ɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ Np- ɢ Ng-ɫɪɟɡɨɜ, ɩɪɨɞɨɥɶɧɨ ɧɚɤɚɱɢɜɚɟɦɵɯ ɢɡɥɭɱɟɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɞɢɨ-
ɞɚ ɧɚ  = 879 ɧɦ. Дɥя ɤɪɢɫɬɚɥɥɚ Np-ɫɪɟɡɚ ɩɪɢ ɞɨɩɭɫɬɢɦɨɣ ɦɨɳɧɨɫɬɢ ɩɚɞɚɸɳɟɣ ɧɚɤɚɱɤɢ 26.8 Вɬ 
ɦɨɳɧɨɫɬɶ ɧɟɩɪɟɪɵɜɧɨɣ ɝɟɧɟɪɚɰɢɢ ɧɚ  = 1067.2 ɧɦ ɩɪɢ Lɪ ~20 ɦɦ ɫɨɫɬɚɜɢɥɚ 9.4 Вɬ, ɱɬɨ ɨɬɧɨ-
ɫɢɬɟɥɶɧɨ ɩɨɝɥɨɳɟɧɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 14.7 Вɬ ɫɨɨɬɜɟɬɫɬɜɭɟɬ  = 66.4 %. ɉɭɱɨɤ ɥɚɡɟɪɚ ɷɥ-
ɥɢɩɬɢɱɟɫɤɢɣ ɜɫɥɟɞɫɬɜɢɟ ɪɚɡɧɵɯ ɡɧɚɤɨɜ ɫɨɫɬɚɜɥяɸɳɢɯ ɬɟɪɦɨɥɢɧɡɵ ɤɪɢɫɬɚɥɥɚ Np-ɫɪɟɡɚ. Эɥɟɦɟɧɬ 
Ng-ɫɪɟɡɚ ɩɪɢ ɞɨɩɭɫɬɢɦɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 17.3 Вɬ ɨɛɟɫɩɟɱɢɥ ɦɨɳɧɨɫɬɶ ɧɟɩɪɟɪɵɜɧɨɣ ɝɟɧɟɪɚ-
ɰɢɢ 5.4 Вɬ. В ɫɥɭɱɚɟ ɪɟɡɨɧɚɬɨɪɚ ɫ ɩɚɪɚɦɟɬɪɚɦɢ rɜɯ = ∞, rɜɵɯ = 100 ɦɦ ɭɤɚɡɚɧɧɚя ɦɨɳɧɨɫɬɶ ɫɨ-
ɫɪɟɞɨɬɨɱɟɧɚ ɜ ɤɪɭɝɥɨɦ ɩɭɱɤɟ ɨɫɧɨɜɧɨɣ ɩɨɩɟɪɟɱɧɨɣ ɦɨɞɵ ɌȿɆ00. ɉɪɢ ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɨɣ ɝɟɧɟ-
ɪɚɰɢɢ ɫ ɪɚɛɨɱɢɦ ɰɢɤɥɨɦ 10 %, ɤɨɝɞɚ ɨɝɪɚɧɢɱɟɧɢя ɧɚ ɦɨɳɧɨɫɬɶ ɧɚɤɚɱɤɢ ɨɬɫɭɬɫɬɜɨɜɚɥɢ, ɩɢɤɨɜɚя 
ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɞɥɢɬɟɥɶɧɨɫɬɶɸ ~10—20 ɦɫ ɞɥя ɨɛɨɢɯ ɤɪɢɫɬɚɥɥɨɜ ɫɨɫɬɚɜɢɥɚ ~11.2 Вɬ ɩɪɢ 
ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ 28.4 Вɬ. ɉɨ ɨɬɧɨɲɟɧɢɸ ɤ ɩɨɝɥɨɳɟɧɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ ɞɢɮɮɟ-
ɪɟɧɰɢɚɥɶɧɵɣ КɉД ɝɟɧɟɪɚɰɢɢ ɫɨɫɬɚɜɢɥ 77.4 % ɢ ɛɥɢɡɨɤ ɤ ɤɜɚɧɬɨɜɨɦɭ ɩɪɟɞɟɥɭ (82.4 %).  
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With using the working 4F3/2 —
4I11/2 transition, quasi-continuous-wave (quasi-CW) and CW high-power 

lasing at of KGd(WO4)2:Nd (KGW:Nd) lasers based on Np-cut and Ng-cut crystals longitudinally pumped by a 
diode laser at 879 nm is realized. At incident pump power of 26.8 W for the Np-cut element and 17.3 W for the 
Ng-cut one powers, the powers of CW lasing at 1067.2 nm were equal to 9.4 and 5.4 W, respectively, with the 
Ng-cut crystal providing the laser operation in the fundamental TEM00 mode. At quasi-CW pumping with the 
duty cycle of 10%, the peak power of generation lasting periodically 10—20 ms was ~11 W for both crystals. 
With respect to the absorbed pump power, the slope efficiency was 66.4 % for CW laser operation and 77.4 % 
for the quasi-CW mode. 

Keywords:
 diode pump, Np-cut and Ng-cut KGW:Nd crystals, 4F3/2—

4I11/2 transition, continuous-wave 
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Пɪɟɨɛɪаɡɨваɧɢɟ ɞɥɢɧы вɨɥɧы ɥаɡɟɪа ɫ ɩɨɩɟɪɟчɧɨɣ ɞɢɨɞɧɨɣ ɧаɤачɤɨɣ  

в ɨɛɥаɫɬɢ 560—620 ɧɦ ɩɪɢ выɧɭɠɞɟɧɧɨɦ ɤɨɦɛɢɧаɰɢɨɧɧɨɦ ɪаɫɫɟɹɧɢɢ 
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Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧɨ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɢɡɥɭɱɟɧɢя ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ АИȽ:Nd-ɥɚɡɟɪɚ 
ɫ ɩɨɩɟɪɟɱɧɨɣ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ ɜ ɤɪɢɫɬɚɥɥɟ KGW. Ɋɚɫɫɦɨɬɪɟɧɵ ɨɞɧɨɩɪɨɯɨɞɧɚя ɫɯɟɦɚ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя, 
ɫɯɟɦɵ ɫ ɞɜɭɯɡɟɪɤɚɥɶɧɵɦɢ ɥɢɧɟɣɧɵɦɢ ɢ ɱɟɬɵɪɟɯɡɟɪɤɚɥɶɧɵɦɢ z-ɨɛɪɚɡɧɵɦɢ ɪɟɡɨɧɚɬɨɪɚɦɢ. ɇɚ ɞɥɢɧɚɯ 
ɜɨɥɧ 559, 588 ɢ 621 ɧɦ ɩɨɥɭɱɟɧɵ ɢɦɩɭɥɶɫɵ ɢɡɥɭɱɟɧɢя ɩɟɪɜɨɣ, ɜɬɨɪɨɣ ɢ ɬɪɟɬɶɟɣ ɫɬɨɤɫɨɜɵɯ ɤɨɦɩɨɧɟɧɬ ɫ 
ɷɧɟɪɝɢяɦɢ 26, 15 ɢ 14 ɦДɠ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. 

Кɥючɟвыɟ ɫɥɨва: ɜɵɧɭɠɞɟɧɧɨɟ ɤɨɦɛɢɧɚɰɢɨɧɧɨɟ ɪɚɫɫɟяɧɢɟ, ɩɨɩɟɪɟɱɧɚя ɞɢɨɞɧɚя ɧɚɤɚɱɤɚ, ɤɚɥɢɣ-
ɝɚɞɨɥɢɧɢɟɜɵɣ ɜɨɥɶɮɪɚɦɚɬ. 

Ввɟɞɟɧɢɟ 
Ɍɜɟɪɞɨɬɟɥɶɧɵɟ ɦɨɳɧɵɟ ɥɚɡɟɪɵ ɫ ɩɨɩɟɪɟɱɧɨɣ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ (ɅɉДɇ) — ɩɪɢɜɥɟɤɚ-

ɬɟɥɶɧɚя ɚɥɶɬɟɪɧɚɬɢɜɚ ɬɪɚɞɢɰɢɨɧɧɵɦ ɥɚɡɟɪɧɵɦ ɫɢɫɬɟɦɚɦ ɫ ɥɚɦɩɨɜɨɣ ɧɚɤɚɱɤɨɣ, ɩɨɫɬɟɩɟɧɧɨ ɜɵ-
ɬɟɫɧяɸɳɚя ɢɯ ɜ ɬɟɯ ɨɛɥɚɫɬяɯ ɩɪɢɦɟɧɟɧɢɣ, ɝɞɟ ɬɪɟɛɭɟɬɫя ɤɨɦɩɚɤɬɧɨɫɬɶ ɢ ɦɚɥɨɟ ɷɧɟɪɝɨɩɨɬɪɟɛ-
ɥɟɧɢɟ. Ɍɚɤɢɟ ɥɚɡɟɪɵ ɫɩɨɫɨɛɧɵ ɝɟɧɟɪɢɪɨɜɚɬɶ ɧɟɩɪɟɪɵɜɧɨɟ [1], ɤɜɚɡɢɧɟɩɪɟɪɵɜɧɨɟ [2] ɢ ɢɦɩɭɥɶɫ-
ɧɨ-ɩɟɪɢɨɞɢɱɟɫɤɨɟ [1] ɢɡɥɭɱɟɧɢɟ ɫɨ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɶɸ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɞɟɫяɬɤɨɜ ɜɚɬɬ.  
ɋɭɳɟɫɬɜɟɧɧɵɦ ɨɝɪɚɧɢɱɟɧɢɟɦ ɞɥя ɬɚɤɢɯ ɫɢɫɬɟɦ яɜɥяɟɬɫя ɬɨɬ ɮɚɤɬ, ɱɬɨ ɤɨɥɢɱɟɫɬɜɨ ɥɚɡɟɪɧɵɯ 
ɫɪɟɞ, ɧɚ ɤɨɬɨɪɵɯ ɪɟɚɥɢɡɨɜɚɧɚ ɷɮɮɟɤɬɢɜɧɚя ɝɟɧɟɪɚɰɢя, ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɧɚɛɨɪ ɞɥɢɧ ɜɨɥɧ ɝɟɧɟ-
ɪɚɰɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɜɟɥɢɤɢ. Дɥя ɪɚɫɲɢɪɟɧɢя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɝɟɧɟɪɚɰɢɢ ɅɉДɇ ɧɚ 
ɫɪɟɞɚɯ, ɚɤɬɢɜɢɪɨɜɚɧɧɵɯ ɢɨɧɚɦɢ Nd3+, ɤɚɤ ɩɪɚɜɢɥɨ, ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɨɫɧɚɳɚɸɬɫя ɝɟɧɟɪɚɬɨɪɚɦɢ 
ɝɚɪɦɨɧɢɤ (ȽȽ) ɢɥɢ ɩɚɪɚɦɟɬɪɢɱɟɫɤɢɦɢ ɝɟɧɟɪɚɬɨɪɚɦɢ ɫɜɟɬɚ (ɉȽɋ). Иɯ ɫɨɜɦɟɫɬɧɨɟ ɩɪɢɦɟɧɟɧɢɟ 
ɩɨɡɜɨɥяɟɬ ɩɟɪɟɤɪɵɬɶ ɞɢɫɤɪɟɬɧɵɦ ɥɢɛɨ ɩɟɪɟɫɬɪɚɢɜɚɟɦɵɦ ɩɨ ɞɥɢɧɟ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢɟɦ ɨɛɥɚɫɬɶ ɜ 
УФ [3], ɜɢɞɢɦɨɦ [4] ɢ ɛɥɢɠɧɟɦ ИК [5] ɞɢɚɩɚɡɨɧɚɯ ɫɩɟɤɬɪɚ. 

Вɵɧɭɠɞɟɧɧɨɟ ɤɨɦɛɢɧɚɰɢɨɧɧɨɟ ɪɚɫɫɟяɧɢɟ (ВКɊ) ɧɚɪяɞɭ ɫ ɉȽɋ ɢ ȽȽ яɜɥяɟɬɫя ɩɪɢɡɧɚɧɧɵɦ 
ɢ ɷɮɮɟɤɬɢɜɧɵɦ ɦɟɬɨɞɨɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя. Вɵɩɨɥɧɟɧɨ ɦɧɨɠɟɫɬɜɨ ɪɚɛɨɬ 
ɩɨ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɧɢɸ ɜ ɤɪɢɫɬɚɥɥɚɯ ɢɡɥɭɱɟɧɢя ɢɦɩɭɥɶɫɧɵɯ ɥɚɡɟɪɨɜ ɫ ɥɚɦɩɨɜɨɣ ɧɚɤɚɱɤɨɣ [6]. 
В ɬɨ ɠɟ ɜɪɟɦя ɢɦɟɸɬɫя ɥɢɲɶ ɮɪɚɝɦɟɧɬɚɪɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ВКɊ ɢɡɥɭɱɟɧɢя ɦɨɳɧɵɯ ɅɉДɇ.  
В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ВКɊ-ɩɪɟ-
ɨɛɪɚɡɨɜɚɧɢɸ ɜ ɤɪɢɫɬɚɥɥɟ ɤɚɥɢɣ-ɝɚɞɨɥɢɧɢɟɜɨɝɨ ɜɨɥɶɮɪɚɦɚɬɚ (KGW) ɢɡɥɭɱɟɧɢя ɜɬɨɪɨɣ ɝɚɪɦɨ-
ɧɢɤɢ ɅɉДɇ ɧɚ АИȽ:Nd ɫ ɰɟɥɶɸ ɫɨɡɞɚɧɢя ɥɚɡɟɪɧɨɣ ɫɢɫɬɟɦɵ, ɝɟɧɟɪɢɪɭɸɳɟɣ ɧɚ ɧɟɫɤɨɥɶɤɢɯ 
ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ ɜ ɞɢɚɩɚɡɨɧɟ 532—621 ɧɦ.  

Эɤɫɩɟɪɢɦɟɧɬ 
KGW — ɞɜɭɨɫɧɵɣ ɤɪɢɫɬɚɥɥ, ɟɝɨ ɫɩɟɤɬɪ ɫɩɨɧɬɚɧɧɨɝɨ ɤɨɦɛɢɧɚɰɢɨɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɢɦɟɟɬ 

ɧɟɫɤɨɥɶɤɨ ɥɢɧɢɣ, ɧɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɟ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɫɞɜɢɝɚɦ 901.5, 767.4 ɢ 84 ɫɦ–1 [7]. ɇɚɦɢ 
ɢɫɩɨɥɶɡɨɜɚɧ ɷɥɟɦɟɧɬ KGW ɞɥɢɧɨɣ 62 ɦɦ ɜ ɝɟɨɦɟɬɪɢɢ ɜɨɡɛɭɠɞɟɧɢя E||Nm, ɞɥя ɤɨɬɨɪɨɣ ɞɨɦɢɧɢ-
ɪɭɸɳɚя — ɥɢɧɢя ɫɨ ɫɞɜɢɝɨɦ 901.5 ɫɦ–1. Эɥɟɦɟɧɬ ɩɨɝɥɨɳɚɟɬ ~11 % ɢɡɥɭɱɟɧɢя ɜ ɨɛɥɚɫɬɢ ɞɥɢɧ 
ɜɨɥɧ 530—620 ɧɦ ɜɫɥɟɞɫɬɜɢɟ ɧɚɥɢɱɢя ɩɪɢɦɟɫɟɣ ɢɨɧɨɜ ɚɤɬɢɜɚɬɨɪɨɜ. Ɉɫɬɚɬɨɱɧɨɟ ɨɬɪɚɠɟɧɢɟ 
ɬɨɪɰɨɜ ɷɥɟɦɟɧɬɚ 2 %.  

ВКɊ ɜɨɡɛɭɠɞɚɥɨɫɶ ɢɡɥɭɱɟɧɢɟɦ ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ ɅɉДɇ ɧɚ ɚɥɸɦɨ-ɢɬɬɪɢɟɜɨɦ ɝɪɚɧɚɬɟ, 
ɚɤɬɢɜɢɪɨɜɚɧɧɨɦ ɢɨɧɚɦɢ Nd3+. Ʌɚɡɟɪ ɢɡɝɨɬɨɜɥɟɧ ЗАɈ “ɋɨɥɚɪ-Ʌɋ”, Ɇɢɧɫɤ, ɩɪɢ ɭɱɚɫɬɢɢ Иɧɫɬɢ-
ɬɭɬɚ ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ. ɇɚ ɞɥɢɧɟ ɜɨɥɧɵ 0 = 532 ɧɦ ɥɚɡɟɪ ɝɟɧɟɪɢɪɭɟɬ ɥɢɧɟɣɧɨ ɩɨɥяɪɢɡɨ-
ɜɚɧɧɵɟ ɢɦɩɭɥɶɫɵ ɫ ɱɚɫɬɨɬɨɣ ɫɥɟɞɨɜɚɧɢя 10 Ƚɰ, ɷɧɟɪɝɢɟɣ 90 ɦДɠ ɢ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ~7 ɧɫ (ɩɨɥ-
ɧɚя ɲɢɪɢɧɚ ɧɚ ɩɨɥɭɜɵɫɨɬɟ). ɉɭɱɨɤ ɢɡɥɭɱɟɧɢя ɧɚ ɜɵɯɨɞɟ ɥɚɡɟɪɚ ɢɦɟɟɬ ɞɢɚɦɟɬɪ ~4 ɦɦ ɩɪɢ ɪɚɫ-
ɯɨɞɢɦɨɫɬɢ ~1.0 ɦɪɚɞ (ɪɢɫ. 2, а). Дɥя ɭɩɪɚɜɥɟɧɢя ɷɧɟɪɝɢɟɣ ɥɚɡɟɪɧɵɯ ɢɦɩɭɥɶɫɨɜ ɧɚ ɜɯɨɞɟ ɜ ВКɊ-
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ ɢɫɩɨɥɶɡɨɜɚɧɚ ɩɨɥɭɜɨɥɧɨɜɚя ɩɥɚɫɬɢɧɤɚ ɢ ɩɨɥяɪɢɡɚɬɨɪ. Иɡɥɭɱɟɧɢɟ ɩɟɪɜɨɣ, ɜɬɨ-
ɪɨɣ ɢ ɬɪɟɬɶɟɣ ɫɬɨɤɫɨɜɵɯ ɤɨɦɩɨɧɟɧɬ (ɋК) ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя ɫ ɞɥɢɧɚɦɢ ɜɨɥɧ 1 = 559, 
2 = 588, ɢ 3 = 621 ɧɦ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɫɩɟɤɬɪɚɥɶɧɨ ɪɚɡɞɟɥяɥɨɫɶ ɫ ɩɨɦɨɳɶɸ ɫɟɥɟɤɬɢɜɧɵɯ ɡɟɪ-
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ɤɚɥ ɢ ɩɪɢɡɦ ɉɟɥɟɧ—Ȼɪɨɤɚ. Эɧɟɪɝɢя ɢɦɩɭɥɶɫɨɜ ɨɩɪɟɞɟɥяɥɚɫɶ ɢɡɦɟɪɢɬɟɥɟɦ Ophir LaserStar  
ɫ ɩɢɪɨɷɥɟɤɬɪɢɱɟɫɤɢɦɢ ɞɟɬɟɤɬɨɪɚɦɢ PE9 ɢ PE10. Вɪɟɦɟɧɧɵɟ ɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɟ ɢɡɦɟɪɟɧɢя 
ɨɫɭɳɟɫɬɜɥяɥɢɫɶ ɫ ɩɨɦɨɳɶɸ ɨɫɰɢɥɥɨɝɪɚɮɚ Tektronix TDS 5104 ɫ ɩɨɥɨɫɨɣ ɩɪɨɩɭɫɤɚɧɢя ɚɧɚɥɨɝɨ-
ɜɨɝɨ ɬɪɚɤɬɚ 1 ȽȽɰ, ɫɤɨɪɨɫɬɧɵɦɢ PIN-ɮɨɬɨɞɢɨɞɚɦɢ ɢ ɉЗɋ-ɤɚɦɟɪɨɣ Pixelink PL-B741U, ɪɚɫɩɨ-
ɥɨɠɟɧɧɨɣ ɜ ɮɨɤɭɫɟ ɩɨɥɨɠɢɬɟɥɶɧɨɣ ɥɢɧɡɵ ɫ f = 0.3 ɦ.  

Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
В ɫɥɭɱɚɟ ɨɞɧɨɩɪɨɯɨɞɧɨɝɨ ВКɊ ɜ ɫɩɟɤɬɪɟ ɩɪɟɨɛɪɚɡɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɢ ɦɚɤɫɢɦɚɥɶɧɨɣ 

ɷɧɟɪɝɢɢ ɜɨɡɛɭɠɞɚɸɳɢɯ ɢɦɩɭɥɶɫɨɜ ɩɪɢɫɭɬɫɬɜɭɸɬ ɜɫɟ ɬɪɢ ɋК, ɝɟɧɟɪɚɰɢя ɤɨɬɨɪɵɯ ɪɚɡɜɢɜɚɥɚɫɶ 
ɩɨ ɤɚɫɤɚɞɧɨɦɭ ɦɟɯɚɧɢɡɦɭ. ɉɪɢ ɷɬɨɦ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɜ ɨɬɞɟɥɶɧɭɸ ɤɨɦɩɨɧɟɧɬɭ 
ɧɟ ɩɪɟɜɵɲɚɟɬ 15%. 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Кɨɷɮɮɢɰɢɟɧɬɵ ɨɬɪɚɠɟɧɢя (%) ɡɟɪɤɚɥ ɪɟɡɨɧɚɬɨɪɨɜ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ 

Дɥɢɧɵ ɜɨɥɧ, ɧɦ Зɟɪɤɚɥɨ Уɝɨɥ ɩɚɞɟɧɢя, 
ɝɪɚɞ 532 559 588 621 

З1 0 16.0 99.0 99.8 99.7 
З2 0 98.3 36.2 6.5 24.3 
З3 27 >99.9 99.7 28.6 7.9 
З4 0 >99.9 99.5 57.7 50.9 
З5 27 >99.9 >99.9 99.7 8.2 
З6 0 >99.9 99.7 80.8 25.2 

ɋ ɰɟɥɶɸ ɭɜɟɥɢɱɟɧɢя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɢɫɫɥɟɞɨɜɚɧɵ ɫɯɟɦɵ ВКɊ-
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɫ ɨɩɬɢɱɟɫɤɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɶɸ. В ɞɜɭɯɡɟɪɤɚɥɶɧɨɣ ɫɯɟɦɟ ɜɯɨɞɧɨɟ ɡɟɪɤɚɥɨ З1 
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя ɢɦɟɟɬ ɜɵɫɨɤɨɟ ɩɪɨɩɭɫɤɚɧɢɟ ɧɚ 0 ɢ ɜɵɫɨɤɨɟ ɨɬɪɚɠɟɧɢɟ ɧɚ 1,2,3. Уɫɥɨɜɢя ɩɪɟ-
ɢɦɭɳɟɫɬɜɟɧɧɨɣ ɝɟɧɟɪɚɰɢɢ ɩɟɪɜɨɣ ɋК ɨɛɟɫɩɟɱɢɜɚɥɢɫɶ ɫɟɥɟɤɬɢɜɧɵɦ ɜɵɯɨɞɧɵɦ ɡɟɪɤɚɥɨɦ З2 ɫ 
ɩɪɨɩɭɫɤɚɧɢɟɦ, ɛɥɢɡɤɢɦ ɤ ɨɩɬɢɦɚɥɶɧɨɦɭ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 1 (ɬɚɛɥ. 1). В ɥɢɧɟɣɧɨɦ ɪɟɡɨɧɚɬɨɪɟ 
ɞɥɢɧɨɣ 6.5 ɫɦ, ɨɛɪɚɡɨɜɚɧɧɵɦ ɷɬɢɦɢ ɡɟɪɤɚɥɚɦɢ, ɩɨɪɨɝ ВКɊ ɫɨɫɬɚɜɢɥ ~10 ɦДɠ, ɚ ɷɧɟɪɝɢя ɢɦ-
ɩɭɥɶɫɨɜ ɩɟɪɜɨɣ ɋК E1 = 14 ɦДɠ ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɜ ɧɟɟ 1 = 20 % (ɪɢɫ. 1). 
Ɉɫɧɨɜɧɚя ɩɪɢɱɢɧɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɢɡɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɜ ɷɬɭ ɤɨɦɩɨɧɟɧɬɭ — 
ɤɚɫɤɚɞɧɨɟ ɜɨɡɛɭɠɞɟɧɢɟ ɜɵɫɲɢɯ ɋК, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɧɟɞɨɫɬɚɬɨɱɧɨɣ ɫɩɟɤɬɪɚɥɶɧɨɣ ɫɟɥɟɤ-
ɬɢɜɧɨɫɬɢ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɪɟɡɨɧɚɬɨɪɚ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя. 

Дɥя ɟɟ ɭɥɭɱɲɟɧɢя ɜɧɭɬɪɶ ɪɟɡɨɧɚɬɨɪɚ ɜɜɟɞɟɧɵ ɞɜɚ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɩɨɜɨɪɨɬɧɵɯ ɡɟɪɤɚɥɚ 
З3, ɤɨɬɨɪɵɟ ɜɧɨɫяɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɩɨɬɟɪɢ ɧɚ 2. В ɫɯɟɦɟ z-ɨɛɪɚɡɧɨɝɨ 4-ɡɟɪɤɚɥɶɧɨɝɨ ɪɟɡɨɧɚɬɨ-
ɪɚ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя ɞɥɢɧɨɣ 12 ɫɦ ɞɨɫɬɢɝɧɭɬɚ ɷɧɟɪɝɢя E1 = 26 ɦДɠ ɩɪɢ 1 >34 % (ɪɢɫ. 1).  
ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɚɧɚɥɨɝɢɱɧɨɝɨ ɩɨɞɯɨɞɚ ɪɟɚɥɢɡɨɜɚɧɚ ɫɯɟɦɚ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя ɜɨ ɜɬɨɪɭɸ ɋК. 

 

 Еɢɦɩ, ɦДɠ                                                                    , % 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɢ ɷɧɟɪɝɢя ɢɦɩɭɥɶɫɨɜ (а) ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɟɨɛɪɚɡɨɜɚɧɢя (ɛ) ɨɬ ɷɧɟɪɝɢɢ ɧɚɤɚɱɤɢ ɞɥя 

ɩɟɪɜɨɣ ɋК ɜ ɞɜɭɯ- () ɢ ɱɟɬɵɪɟɯɡɟɪɤɚɥɶɧɵɯ () ɤɨɧɮɢɝɭɪɚɰɢяɯ, ɜɬɨɪɨɣ () ɢ ɬɪɟɬɶɟɣ () ɋК. 

ɉɪɢ ɷɬɨɦ ɢɫɩɨɥɶɡɨɜɚɧɵ ɜɵɯɨɞɧɨɟ ɡɟɪɤɚɥɨ З4, ɢɦɟɸɳɟɟ ɜɵɫɨɤɨɟ ɨɬɪɚɠɟɧɢɟ ɧɚ 1 ɢ ɩɨɥɭɩɪɨ-
ɡɪɚɱɧɨɟ ɧɚ 2, ɢ ɩɨɜɨɪɨɬɧɵɟ ɡɟɪɤɚɥɚ З5, ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɞɨɩɨɥɧɢɬɟɥɶɧɭɸ ɫɟɥɟɤɰɢɸ ɧɚ 3 
(ɬɚɛɥ. 1). ɋ ɷɬɢɦɢ ɡɟɪɤɚɥɚɦɢ ɩɨɥɭɱɟɧɵ ɢɦɩɭɥɶɫɵ ɢɡɥɭɱɟɧɢя ɜɬɨɪɨɣ ɋК ɫ ɷɧɟɪɝɢɟɣ E2 > 15 ɦДɠ 

Еɧɚɤ, ɦДɠ                                                                            Еɧɚɤ, ɦДɠ 
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ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢя 2 > 21 % (ɪɢɫ. 1). Ɋɟɡɨɧɚɬɨɪ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя ɜ ɬɪɟɬɶɸ 
ɋК ɪɟɚɥɢɡɨɜɚɧ ɩɨ 2-ɡɟɪɤɚɥɶɧɨɣ ɫɯɟɦɟ, ɬɚɤ ɤɚɤ ɛɨɥɶɲɨɣ ɤɜɚɧɬɨɜɵɣ ɞɟɮɟɤɬ ɧɚ 3 ɢ 4 ɨɛɟɫɩɟɱɢ-
ɜɚɟɬ ɷɮɮɟɤɬɢɜɧɨɟ ɩɨɞɚɜɥɟɧɢɟ ɤɚɫɤɚɞɧɨɣ ɝɟɧɟɪɚɰɢɢ ɱɟɬɜɟɪɬɨɣ ɋК. Кɨɷɮɮɢɰɢɟɧɬɵ ɨɬɪɚɠɟɧɢɣ 
ɜɵɯɨɞɧɨɝɨ ɡɟɪɤɚɥɚ ɪɟɡɨɧɚɬɨɪɚ З6 ɭɤɚɡɚɧɵ ɜ ɬɚɛɥ. 1. В ɷɬɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ ɩɨɥɭɱɟɧɵ ɢɦɩɭɥɶɫɵ 
ɢɡɥɭɱɟɧɢя ɧɚ 3 ɫ ɷɧɟɪɝɢɟɣ E3 = 14 ɦДɠ ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢя 3 = 19 % (ɪɢɫ. 1). 
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Ɋɢɫ. 2. Ɍɢɩɢɱɧɵɟ ɨɫɰɢɥɥɨɝɪɚɦɦɵ ɢɦɩɭɥɶɫɨɜ (а—г) ɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɩɭɱɤɨɜ (ɞ—ɡ) 
ɢɡɥɭɱɟɧɢя ɧɚɤɚɱɤɢ (а, ɞ), ɩɟɪɜɨɣ ɋК ɞɥя 4-ɡɟɪɤɚɥɶɧɨɣ ɤɨɧɮɢɝɭɪɚɰɢɢ (ɛ, е), ɜɬɨɪɨɣ (в, ɠ) ɢ ɬɪɟɬɶɟɣ (г, ɡ) ɋК 

 
Иɦɩɭɥɶɫɵ ɢɡɥɭɱɟɧɢя ɋК ɢɦɟɸɬ ɞɥɢɬɟɥɶɧɨɫɬɶ 5—6 ɧɫ ɢ ɫɬɪɭɤɬɭɪɢɪɨɜɚɧɵ ɜɫɥɟɞɫɬɜɢɟ 

ɛɢɟɧɢɣ ɦɨɞ ɪɟɡɨɧɚɬɨɪɨɜ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɫ ɪɚɡɥɢɱɧɵɦɢ ɩɪɨɞɨɥɶɧɵɦɢ ɢɧɞɟɤɫɚɦɢ (ɪɢɫ. 2, 
ɛ—г). ɉɟɪɢɨɞɵ ɛɢɟɧɢɣ 1.3, 1.3 ɢ 0.9 ɧɫ ɧɚ 1, 2, ɢ 3 ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɜɪɟɦɟɧɚɦ ɩɨɥɧɨɝɨ ɨɛɯɨɞɚ 
ɪɟɡɨɧɚɬɨɪɨɜ ɞɥя ɷɬɢɯ ɤɨɧɮɢɝɭɪɚɰɢɣ. Ȼɢɟɧɢя ɧɟɫɤɨɥɶɤɢɯ ɝɪɭɩɩ ɦɨɞ ɬɚɤɠɟ ɩɪɨяɜɥяɸɬɫя ɧɚ ɨɫ-
ɰɢɥɥɨɝɪɚɦɦɚɯ ɢɦɩɭɥɶɫɨɜ ɧɚɤɚɱɤɢ, ɫɨɨɬɜɟɬɫɬɜɭя ɩɟɪɢɨɞɭ 3.1 ɧɫ (ɪɢɫ. 2, а). 

ɉɭɱɤɢ ɢɡɥɭɱɟɧɢя ɧɚ 1, 2, ɢ 3 ɢɦɟɸɬ ɭɝɥɨɜɭɸ ɪɚɫɯɨɞɢɦɨɫɬɶ 11, 12 ɢ 15 ɦɪɚɞ (ɪɢɫ. 2, 
е—ɡ). Эɬɢ ɡɧɚɱɟɧɢя ɜ ɧɟɫɤɨɥɶɤɨ ɪɚɡ ɩɪɟɜɵɲɚɸɬ ɪɚɫɯɨɞɢɦɨɫɬɶ ɧɚɤɚɱɤɢ 1.0 ɦɪɚɞ (ɪɢɫ. 2, ɞ), ɱɬɨ 
ɨɛɴяɫɧяɟɬɫя ɛɨɥɶɲɢɦɢ ɷɮɮɟɤɬɢɜɧɵɦɢ ɱɢɫɥɚɦɢ Фɪɟɧɟɥя ɪɟɡɨɧɚɬɨɪɨɜ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ, 
Nf = 360—1100 ɢ ɜɨɡɛɭɠɞɟɧɢɟɦ ɫɬɨɤɫɨɜɵɯ ɦɨɞ ɫ ɜɵɫɨɤɢɦɢ ɩɨɩɟɪɟɱɧɵɦɢ ɢɧɞɟɤɫɚɦɢ. 

Заɤɥючɟɧɢɟ  
Иɫɩɨɥɶɡɨɜɚɧɢɟ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɧɚ ɤɪɢɫɬɚɥɥɟ KGW ɫ 2-ɡɟɪɤɚɥɶɧɵɦɢ ɥɢɧɟɣɧɵɦɢ 

ɢ 4-ɡɟɪɤɚɥɶɧɵɦɢ z-ɨɛɪɚɡɧɵɦɢ ɪɟɡɨɧɚɬɨɪɚɦɢ ɩɨɡɜɨɥяɟɬ ɩɪɟɨɛɪɚɡɨɜɚɬɶ 34, 29 ɢ 19 % ɢɡɥɭɱɟɧɢя 
ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ ɅɉДɇ ɧɚ АИȽ:Nd ɜ ɢɡɥɭɱɟɧɢɟ ɩɟɪɜɨɣ, ɜɬɨɪɨɣ ɢ ɬɪɟɬɶɟɣ ɫɬɨɤɫɨɜɵɯ ɤɨɦɩɨ-
ɧɟɧɬ ɫ ɞɥɢɧɚɦɢ ɜɨɥɧ 559, 588 ɢ 621 ɧɦ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ɉɫɧɨɜɧɵɦ ɮɚɤɬɨɪɨɦ, ɨɝɪɚɧɢɱɢɜɚɸɳɢɦ 
ɜɵɯɨɞɧɭɸ ɷɧɟɪɝɢɸ ɢɦɩɭɥɶɫɨɜ, яɜɥяɟɬɫя ɤɚɫɤɚɞɧɚя ɫɬɨɤɫɨɜɚя ɝɟɧɟɪɚɰɢя. Уɥɭɱɲɟɧɢɟ ɫɩɟɤɬɪɚɥɶ-
ɧɨɣ ɫɟɥɟɤɬɢɜɧɨɫɬɢ ɡɟɪɤɚɥ ɪɟɡɨɧɚɬɨɪɨɜ ɩɨɡɜɨɥɢɬ ɩɨɜɵɫɢɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɜ 
ɜɵɞɟɥɟɧɧɭɸ ɤɨɦɩɨɧɟɧɬɭ, ɧɟ ɭɫɥɨɠɧяя ɤɨɧɫɬɪɭɤɰɢɸ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя. 
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Wavelength Conversion of a Side-Diode-Pumped Laser into  

the 560—620 nm Region at Stimulated Raman Scattering 

V. Yu. Markevich, V. A. Orlovich, R. V. Chulkov 

B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus,  

Minsk, Belarus, e-mail: vumarkevich@gmail.com 

Raman conversion of radiation of a frequency-doubled side-diode-pumped Nd:YAG laser has been in-
vestigated in a KGW crystal. A single-pass scheme of a Raman shifter, schemes with 2-mirrors linear and  
4-mirrors z-type Raman cavities have been considered. The 1st, 2nd, and 3rd Stokes pulses with energies of 26, 
15, and 14 mJ have been obtained at the 559, 588, and 621 nm wavelengths, respectively. 
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Мɨɞɟɥɶ ɩɪɨɞɨɥɶɧɨ ɞɢɨɞɧɨ-ɧаɤачɢваɟɦɨɝɨ ВКР-ɥаɡɟɪа ɫ ɭчɟɬɨɦ  

ɩɨɝɥɨщɟɧɢɹ ɥаɡɟɪɧɨɝɨ ɢɡɥɭчɟɧɢɹ ɢɡ вɨɡɛɭɠɞɟɧɧɨɝɨ ɫɨɫɬɨɹɧɢɹ  
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ɉɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɨɝɨ ɢɦɩɭɥɶɫɧɨɝɨ ɥɚɡɟɪɚ ɫ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɦ ВКɊ-ɩɪɟ-
ɨɛɪɚɡɨɜɚɧɢɟɦ ɢ ɫɚɦɨɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ, ɭɱɢɬɵɜɚɸɳɚя ɩɨɝɥɨɳɟɧɢɟ ɜ ɚɤɬɢɜɧɨɣ ɫɪɟɞɟ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 
ɚɬɨɦɚɦɢ-ɚɤɬɢɜɚɬɨɪɚɦɢ ɧɚ ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ. В ɦɨɞɟɥɢ ɥɚɡɟɪɧɵɟ ɢ ɫɬɨɤɫɨɜɵ ɜɨɥɧɵ ɜ ɪɟɡɨɧɚɬɨɪɟ 
ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫя ɝɚɭɫɫɨɜɵɦɢ ɦɨɞɚɦɢ, ɭɱɢɬɵɜɚɸɬɫя ɚɛɟɪɪɚɰɢɨɧɧɵɟ ɩɨɬɟɪɢ ɜ ɬɟɪɦɨɥɢɧɡɟ, ɢ ɜ ɫɥɭɱɚɟ 
ɥɚɡɟɪɚ ɫ ɚɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ ɞɨɛɪɨɬɧɨɫɬɢ ɩɨɬɟɪɢ ɩɪɢ ɜɤɥɸɱɟɧɢɢ/ɜɵɤɥɸɱɟɧɢɢ ɦɨɞɭɥяɬɨɪɚ ɨɰɟɧɢɜɚɸɬ-
ɫя ɢɡ ɢɡɦɟɪɟɧɢя ɜɪɟɦɟɧɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬɤɥɨɧɟɧɧɨɝɨ ɜ ɦɨɞɭɥяɬɨɪɟ ɢɡɥɭɱɟɧɢя. ɉɪɟɞɥɨ-
ɠɟɧɧɨɟ ɬɟɨɪɟɬɢɱɟɫɤɨɟ ɨɩɢɫɚɧɢɟ ɢɫɩɨɥɶɡɨɜɚɧɨ ɞɥя ɦɨɞɟɥɢɪɨɜɚɧɢя ɞɢɧɚɦɢɤɢ ɝɟɧɟɪɚɰɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɨ ɢɫɫɥɟɞɨɜɚɧɧɨɝɨ ɩɪɨɞɨɥɶɧɨ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɨɝɨ ВКɊ Nd:YVO4-ɥɚɡɟɪɚ ɫ ɚɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ ɞɨɛ-
ɪɨɬɧɨɫɬɢ, ɝɟɧɟɪɢɪɭɸɳɟɝɨ ɛɟɡɨɩɚɫɧɨɟ ɞɥя ɝɥɚɡ ɫɬɨɤɫɨɜɨ ɢɡɥɭɱɟɧɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 1524 ɧɦ. Ɋɟɡɭɥɶɬɚɬɵ 
ɪɚɫɱɟɬɨɜ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ. 

Кɥючɟвыɟ ɫɥɨва: ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɣ ɥɚɡɟɪ, ВКɊ-ɥɚɡɟɪ, ɛɟɡɨɩɚɫɧɨɟ ɞɥя ɝɥɚɡ ɢɡɥɭɱɟɧɢɟ, ɩɨ-
ɝɥɨɳɟɧɢɟ ɢɡ ɜɨɡɛɭɠɞɟɧɧɨɝɨ ɫɨɫɬɨяɧɢя, ɚɤɬɢɜɧɚя ɦɨɞɭɥяɰɢя ɞɨɛɪɨɬɧɨɫɬɢ.   

Ввɟɞɟɧɢɟ  
Иɡɜɟɫɬɧɨ, ɱɬɨ ɜɨ ɦɧɨɝɢɯ ɥɚɡɟɪɧɵɯ ɤɪɢɫɬɚɥɥɚɯ, ɢɫɩɨɥɶɡɭɟɦɵɯ ɤɚɤ ɚɤɬɢɜɧɵɟ ɫɪɟɞɵ ɜ ɞɢɨɞ-

ɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɯ ɥɚɡɟɪɚɯ, ɧɚɯɨɞяɳɢɟɫя ɜ ɜɨɡɛɭɠɞɟɧɧɨɦ ɫɨɫɬɨяɧɢɢ (ɧɚ ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜ-
ɧɟ) ɚɬɨɦɵ-ɚɤɬɢɜɚɬɨɪɵ ɩɨɝɥɨɳɚɸɬ ɢɡɥɭɱɟɧɢɟ ɧɚ ɨɩɪɟɞɟɥɟɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ (ɬɚɤ ɧɚɡɵɜɚɟɦɨɟ 
ɩɨɝɥɨɳɟɧɢɟ ɜ ɜɨɡɛɭɠɞɟɧɧɨɦ ɫɨɫɬɨяɧɢɢ) [1—4]. В ɧɟɤɨɬɨɪɵɯ ɤɪɢɫɬɚɥɥɚɯ ɞɥɢɧɵ ɜɨɥɧ ɢɡɥɭɱɟ-
ɧɢя, ɩɨɝɥɨɳɚɟɦɨɝɨ ɚɬɨɦɚɦɢ-ɚɤɬɢɜɚɬɨɪɚɦɢ ɧɚ ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ, ɨɱɟɧɶ ɛɥɢɡɤɢ ɤ ɞɥɢɧɟ 
ɜɨɥɧɵ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨ ɢɫɩɭɫɤɚɟɦɨɝɨ ɢɡɥɭɱɟɧɢя. ɉɪɢɦɟɪɚɦɢ ɬɚɤɢɯ ɤɪɢɫɬɚɥɥɨɜ яɜɥяɸɬɫя 
Nd:YVO4 ɢ Nd:GdVO4, ɝɟɧɟɪɢɪɭɸɳɢɟ ɩɪɢ ɩɟɪɟɯɨɞɚɯ 

4F3/2—
4I13/2 ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ ɜɛɥɢɡɢ 1342 ɧɦ 

[2, 3]. ɉɪɢ ɷɬɨɦ ɫɟɱɟɧɢɟ ɩɨɝɥɨɳɟɧɢя ɫɨɫɬɚɜɥяɟɬ 10% ɨɬ ɫɟɱɟɧɢя ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɫɩɭɫɤɚ-
ɧɢя, ɱɬɨ ɧɟɥɶɡя ɫɱɢɬɚɬɶ ɦɚɥɵɦ [2, 3]. Ȼɨɥɟɟ ɬɨɝɨ, ɜ ɩɪɨɞɨɥɶɧɨ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɯ Nd:YVO4- 
ɢ Nd:GdVO4-ɥɚɡɟɪɚɯ ɩɨɝɥɨɳɟɧɢɟ ɢɨɧɚɦɢ Nd3+ ɧɚ ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ ɜɵɡɵɜɚɟɬ ɪɨɫɬ ɫɢɥɵ 
ɬɟɪɦɨɥɢɧɡɵ ɩɪɢɦɟɪɧɨ ɜ ɞɜɚ ɪɚɡɚ [3], ɱɬɨ ɫɭɳɟɫɬɜɟɧɧɨ ɜɥɢяɟɬ ɧɚ ɩɚɪɚɦɟɬɪɵ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟ-
ɧɢя. Дɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɵɟ Nd:YVO4- ɢ Nd:GdVO4-ɥɚɡɟɪɵ ɩɪɢɜɥɟɤɚɬɟɥɶɧɵ ɬɟɦ, ɱɬɨ ɩɪɢ ВКɊ-
ɩɪɟɨɛɪɚɡɨɜɚɧɢɢ ɢɥɢ ɫɚɦɨɩɪɟɨɛɪɚɡɨɜɚɧɢɢ ɥɚɡɟɪɧɨɝɨ (1342 ɧɦ) ɢɡɥɭɱɟɧɢя ɜ ɫɬɨɤɫɨɜɨ (1524 ɧɦ) 
яɜɥяɸɬɫя ɢɫɬɨɱɧɢɤɚɦɢ ɬɚɤ ɧɚɡɵɜɚɟɦɨɝɨ ɛɟɡɨɩɚɫɧɨɝɨ ɞɥя ɝɥɚɡ ɢɡɥɭɱɟɧɢя, ɢ ɜ ɦɨɞɟɥяɯ ɬɚɤɢɯ ɥɚ-
ɡɟɪɨɜ ɞɥя ɤɨɪɪɟɤɬɧɨɝɨ ɪɚɫɱɟɬɚ ɩɚɪɚɦɟɬɪɨɜ ɫɬɨɤɫɨɜɚ ɢɡɥɭɱɟɧɢя ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɤɚɤ ɩɨ-
ɝɥɨɳɟɧɢɟ ɢɨɧɚɦɢ Nd3+ ɧɚ ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ, ɬɚɤ ɢ ɜɥɢяɧɢɟ ɨɛɪɚɡɭɸɳɟɣɫя ɬɟɪɦɨɥɢɧɡɵ.   

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫя ɦɨɞɟɥɶ ɩɪɨɞɨɥɶɧɨ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɨɝɨ ɢɦɩɭɥɶɫɧɨɝɨ ɥɚ-
ɡɟɪɚ ɫ ɜɧɭɬɪɢɪɟɡɨɧɚɬɨɪɧɵɦ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɢ ɫɚɦɨɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ (ВКɊ-ɥɚɡɟɪ), ɭɱɢɬɵ-
ɜɚɸɳɚя ɩɨɝɥɨɳɟɧɢɟ ɜ ɚɤɬɢɜɧɨɣ ɫɪɟɞɟ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɚɬɨɦɚɦɢ-ɚɤɬɢɜɚɬɨɪɚɦɢ ɧɚ ɜɟɪɯɧɟɦ 
ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ. Ɍɚɤɠɟ ɦɨɞɟɥɶ ɭɱɢɬɵɜɚɟɬ ɜɨɡɪɚɫɬɚɸɳɢɟ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ 
ɚɛɟɪɪɚɰɢɨɧɧɵɟ ɩɨɬɟɪɢ, ɜɵɡɵɜɚɟɦɵɟ ɮɨɪɦɢɪɭɸɳɟɣɫя ɬɟɪɦɨɥɢɧɡɨɣ. ɉɪɟɞɥɨɠɟɧɧɨɟ ɬɟɨɪɟɬɢɱɟ-
ɫɤɨɟ ɨɩɢɫɚɧɢɟ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɞɥя ɦɨɞɟɥɢɪɨɜɚɧɢя ɞɢɧɚɦɢɤɢ ɝɟɧɟɪɚɰɢɢ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɨɝɨ 
ВКɊ Nd:YVO4-ɥɚɡɟɪɚ ɫ ɚɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ ɞɨɛɪɨɬɧɨɫɬɢ, ɢɫɫɥɟɞɨɜɚɧɧɨɝɨ ɜ [5]. Ɋɚɫɫɱɢɬɚɧɵ 
ɡɚɜɢɫɢɦɨɫɬɢ ɷɧɟɪɝɢɢ ɫɬɨɤɫɨɜɵɯ ɢɦɩɭɥɶɫɨɜ ɨɬ ɦɨɳɧɨɫɬɢ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɢ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ 
ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ. 

2. Мɨɞɟɥɶ 

В ɦɨɞɟɥɢ ɩɭɱɨɤ ɧɚɤɚɱɤɢ, ɥɚɡɟɪɧɵɣ ɢ ɫɬɨɤɫɨɜ ɩɭɱɤɢ ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫя ɫɬɨяɱɢɦɢ ɜɨɥɧɚ-
ɦɢ, ɨɛɪɚɡɭɟɦɵɦɢ ɪɚɫɩɪɨɫɬɪɚɧяɸɳɢɦɢɫя ɧɚɜɫɬɪɟɱɭ ɞɪɭɝ ɞɪɭɝɭ ɝɚɭɫɫɨɜɵɦɢ ɩɭɱɤɚɦɢ ɫ ɫɨɨɬɜɟɬ-
ɫɬɜɭɸɳɢɦɢ ɪɚɞɢɭɫɚɦɢ, ɤɚɤ ɷɬɨ ɱɚɫɬɨ ɞɟɥɚɟɬɫя ɜ ɦɨɞɟɥяɯ ɤɨɦɩɚɤɬɧɵɯ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɥɚɡɟɪɚɯ. 
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Ɇɨɞɟɥɶ ɪɚɫɫɦɚɬɪɢɜɚɟɬ ɧɟɩɪɟɪɵɜɧɭɸ ɢɥɢ ɢɦɩɭɥɶɫɧɭɸ ɝɟɧɟɪɚɰɢɸ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɧɟɫɤɨɥɶɤɨ 
ɧɚɧɨɫɟɤɭɧɞ ɢ ɛɨɥɟɟ, ɤɨɝɞɚ ɬɟɪɦɚɥɢɡɚɰɢя ɚɬɨɦɨɜ-ɚɤɬɢɜɚɬɨɪɨɜ ɜ ɥɚɡɟɪɧɵɯ ɦɭɥɶɬɢɩɥɟɬɚɯ ɩɪɨɢɫ-
ɯɨɞɢɬ ɧɚ ɩɨɪяɞɤɢ ɛɵɫɬɪɟɟ. Эɬɨ ɩɨɡɜɨɥяɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɤɨɪɨɫɬɧɵɟ ɭɪɚɜɧɟɧɢя ɞɥя ɱɢɫɟɥ ɥɚɡɟɪ-
ɧɵɯ (ФL(t)) ɢ ɫɬɨɤɫɨɜɵɯ (ФS(t)) ɮɨɬɨɧɨɜ ɜ ɪɟɡɨɧɚɬɨɪɟ ɢ 2D-ɩɥɨɬɧɨɫɬɟɣ ɚɬɨɦɨɜ-ɚɤɬɢɜɚɬɨɪɨɜ ɜ 
ɜɟɪɯɧɟɦ (nUM(t)) ɢ ɧɢɠɧɟɦ (nLM(t)) ɥɚɡɟɪɧɵɯ ɦɭɥɶɬɢɩɥɟɬɚɯ. ɉɨɫɥɟ ɧɟɤɨɬɨɪɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɣ 
ɭɪɚɜɧɟɧɢɣ ɢɡ [6—8] ɢ ɭɱɟɬɚ ɩɨɝɥɨɳɟɧɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɚɬɨɦɚɦɢ-ɚɤɬɢɜɚɬɨɪɚɦɢ ɜ ɜɨɡɛɭɠ-
ɞɟɧɧɨɦ ɫɨɫɬɨяɧɢɢ ɩɨɥɭɱɚɟɦ ɫɥɟɞɭɸɳɢɟ ɫɤɨɪɨɫɬɧɵɟ ɭɪɚɜɧɟɧɢя: 
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 (4) 

ɝɞɟ L(Rm) — ɞɥɢɧɚ ВКɊ-ɤɪɢɫɬɚɥɥɚ; r  — ɩɨɩɟɪɟɱɧɵɣ ɪɚɞɢɭɫ; ɫ — ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ ɜ ɜɚɤɭɭɦɟ; 
ħL(P) — ɷɧɟɪɝɢя ɥɚɡɟɪɧɨɝɨ ɮɨɬɨɧɚ (ɮɨɬɨɧɚ ɧɚɤɚɱɤɢ); LL(S) — ɨɩɬɢɱɟɫɤɚя ɞɥɢɧɚ ɪɟɡɨɧɚɬɨɪɚ ɞɥя 
ɥɚɡɟɪɧɨɣ (ɫɬɨɤɫɨɜɨɣ) ɞɥɢɧɵ ɜɨɥɧɵ; st — ɫɟɱɟɧɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɫɩɭɫɤɚɧɢя, ɭɫɪɟɞɧɟɧɧɚя 
ɩɨ ɜɟɪɯɧɟɦɭ ɥɚɡɟɪɧɨɦɭ ɦɭɥɶɬɢɩɥɟɬɭ; esa — ɫɟɱɟɧɢɟ ɩɨɝɥɨɳɟɧɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɜɨɡɛɭ-
ɠɞɟɧɧɨɦ ɫɨɫɬɨяɧɢɢ; fU(L) — ɛɨɥɶɰɦɚɧɨɜɫɤɢɟ ɮɚɤɬɨɪɵ ɜɟɪɯɧɟɝɨ ɢ ɧɢɠɧɟɝɨ ɥɚɡɟɪɧɨɝɨ ɭɪɨɜɧɟɣ; 
L(S)

(M)(t) — ɩɨɬɟɪɢ ɜ ɦɨɞɭɥяɬɨɪɟ ɞɨɛɪɨɬɧɨɫɬɢ (ɩɪɢ ɟɝɨ ɧɚɥɢɱɢɢ) ɞɥя ɥɚɡɟɪɧɨɝɨ (ɫɬɨɤɫɨɜɚ) ɢɡɥɭ-
ɱɟɧɢя; L(S) — ɩɚɫɫɢɜɧɵɟ ɩɨɬɟɪɢ ɞɥя ɥɚɡɟɪɧɨɝɨ (ɫɬɨɤɫɨɜɚ) ɢɡɥɭɱɟɧɢя; RL(S),in ɢ RL(S),out — ɤɨɷɮ-
ɮɢɰɢɟɧɬɵ ɨɬɪɚɠɟɧɢя ɜɯɨɞɧɨɝɨ ɢ ɜɵɯɨɞɧɨɝɨ ɡɟɪɤɚɥ ɞɥя ɥɚɡɟɪɧɨɝɨ (ɫɬɨɤɫɨɜɚ) ɢɡɥɭɱɟɧɢя;  
rL

(am)

  
— ɫɪɟɞɧɢɣ ɪɚɞɢɭɫ ɥɚɡɟɪɧɨɝɨ ɩɭɱɤɚ ɜ ɨɛɥɚɫɬɢ ɩɨɝɥɨɳɟɧɢя ɧɚɤɚɱɤɢ; gS — ɤɨɷɮɮɢɰɢɟɧɬ 

ВКɊ-ɭɫɢɥɟɧɢя; WP — ɦɨɳɧɨɫɬɶ ɧɚɤɚɱɤɢ; UL— ɥɸɦɢɧɟɫɰɟɧɬɧɨɟ ɜɪɟɦя ɠɢɡɧɢ ɜɟɪɯɧɟɝɨ ɭɪɨɜɧя; 
LG — ɜɪɟɦя ɪɟɥɚɤɫɚɰɢɢ ɧɢɠɧɟɝɨ ɦɭɥɶɬɢɩɥɟɬɚ;  — ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɩɨɝɥɨɳɟɧɢя ɧɚɤɚɱɤɢ;  
qL,S — ɢɧɬɟɝɪɚɥ ɩɟɪɟɤɪɵɬɢя ɥɚɡɟɪɧɨɣ ɢ ɫɬɨɤɫɨɜɨɣ ɜɨɥɧ ɜ ВКɊ-ɫɪɟɞɟ; rL

(Rm) ɢ rS
(Rm) — ɫɪɟɞɧɢɟ 

ɪɚɞɢɭɫɵ ɥɚɡɟɪɧɨɝɨ ɢ ɫɬɨɤɫɨɜɚ ɩɭɱɤɨɜ ɜ ВКɊ-ɤɪɢɫɬɚɥɥɟ; ɮɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɢɣ ɮɚɤɬɨɪ  ɜɜɟɞɟɧ 
ɞɥя ɤɨɦɩɟɧɫɚɰɢɢ ɧɟɤɨɪɪɟɤɬɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢя (ɨɰɟɧɤɢ) qL,S ɢ gS.  

2. Рɟɡɭɥɶɬаɬы 

ɉɪɟɞɥɨɠɟɧɧɭɸ ɬɟɨɪɢɸ ɩɪɢɦɟɧɢɦ ɞɥя ɦɨɞɟɥɢɪɨɜɚɧɢя ɞɢɧɚɦɢɤɢ ɝɟɧɟɪɚɰɢɢ ɢɫɫɥɟɞɨɜɚɧɧɨ-
ɝɨ ɜ [5] ɩɪɨɞɨɥɶɧɨ-ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɨɝɨ Nd:YVO4-ɥɚɡɟɪɚ ɫ ɚɤɬɢɜɧɨɣ ɚɤɭɫɬɨ-ɨɩɬɢɱɟɫɤɨɣ (АɈ) 
ɦɨɞɭɥяɰɢɟɣ ɞɨɛɪɨɬɧɨɫɬɢ ɫ ВКɊ-ɫɚɦɨɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ  = 1342 ɧɦ  
ɜ ɫɬɨɤɫɨɜɨ ɢɡɥɭɱɟɧɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 1524 ɧɦ. ɉɪɢ ɷɬɨɦ ɫɟɱɟɧɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɫɩɭɫɤɚ-
ɧɢя st = 6.0  10–19

 ɫɦ2, ɫɟɱɟɧɢɟ ɩɨɝɥɨɳɟɧɢя ɢɡ ɜɨɡɛɭɠɞɟɧɧɨɝɨ ɫɨɫɬɨяɧɢя esa = 0.5  10–19  ɫɦ2 [2]. 
ɉɨɫɤɨɥɶɤɭ ɬɨɱɧɨɟ ɡɧɚɱɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢя ВКɊ gS ɜ ɤɪɢɫɬɚɥɥɟ YVO4 ɩɪɢ ɜɨɡ-

ɛɭɠɞɟɧɢɢ ɧɚ  = 1342 ɧɦ ɧɟɢɡɜɟɫɬɧɨ (ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɧɚ  = 1.06 ɦɤɦ  gS  5 ɫɦ/ȽВɬ), ɪɚɫ-
ɫɦɨɬɪɢɦ ɮɚɤɬɨɪ  ɤɚɤ ɩɨɞɝɨɧɨɱɧɵɣ ɩɚɪɚɦɟɬɪ. Хɨɪɨɲɟɟ ɫɨɝɥɚɫɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɦɨɞɟɥɢɪɨɜɚɧɢя ɢ 
ɷɤɫɩɟɪɢɦɟɧɬɚ ɩɨɥɭɱɟɧɨ ɩɪɢ  gS ≈ 4.2—4.3 ɫɦ/ȽВɬ. В ɪɚɫɱɟɬɚɯ ɩɨɬɟɪɢ L(S) ɬɚɤɠɟ ɪɚɫɫɦɚɬɪɢɜɚ-
ɸɬɫя ɤɚɤ ɩɨɞɝɨɧɨɱɧɵɟ ɩɚɪɚɦɟɬɪɵ. Ɉɤɚɡɚɥɨɫɶ, ɱɬɨ ɩɨɬɟɪɢ ɩɪɢɛɥɢɠɟɧɧɨ ɥɢɧɟɣɧɨ ɜɨɡɪɚɫɬɚɸɬ ɨɬ 
~0.02 ɞɨ ~0.024 ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɦɨɳɧɨɫɬɢ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɢ ɨɬ 7 ɞɨ 11 Вɬ. Вɟɪɨяɬɧɟɟ ɜɫɟɝɨ, ɬɚ-
ɤɨɣ ɪɨɫɬ ɩɨɬɟɪɶ ɜɵɡɜɚɧ ɭɜɟɥɢɱɟɧɢɟɦ ɚɛɟɪɪɚɰɢɨɧɧɵɯ ɩɨɬɟɪɶ ɜ ɬɟɪɦɨɥɢɧɡɟ ɫ ɪɨɫɬɨɦ ɧɚɤɚɱɤɢ [9]. 
ɉɨɬɟɪɢ ɩɪɢ ɜɤɥɸɱɟɧɢɢ/ɜɵɤɥɸɱɟɧɢɢ АɈ ɦɨɞɭɥяɬɨɪɚ ɫɱɢɬɚɸɬɫя ɩɪɨɩɨɪɰɢɨɧɚɥɶɧɵɦɢ ɢɧɬɟɧɫɢɜ- 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɶ ɷɧɟɪɝɢɢ ɫɬɨɤɫɨɜɵɯ ɢɦɩɭɥɶɫɨɜ ɨɬ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ ɩɪɢ ɱɚɫɬɨɬɚɯ ɫɥɟɞɨɜɚɧɢя  
ɢɦɩɭɥɶɫɨɜ 2 (а) ɢ 8 ɤȽɰ (ɛ) ɢ ɮɨɪɦɚ ɫɬɨɤɫɨɜɚ ɢɦɩɭɥɶɫɚ (в). 

 
ɧɨɫɬɢ ɨɬɤɥɨɧɟɧɧɨɣ ɜ ɦɨɞɭɥяɬɨɪɟ ɜɨɥɧɵ [5]. В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɨɬɟɪɢ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫя ɤɚɤ ɧɟ-
ɩɪɟɪɵɜɧɵɟ ɮɭɧɤɰɢɢ ɜɪɟɦɟɧɢ ɜ ɨɬɥɢɱɢɟ ɨɬ ɢɡɜɟɫɬɧɵɯ ɦɨɞɟɥɟɣ ɥɚɡɟɪɨɜ ɫ ɚɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ 
ɞɨɛɪɨɬɧɨɫɬɢ, ɝɞɟ ɩɨɬɟɪɢ ɜ ɦɨɞɭɥяɬɨɪɟ ɫɱɢɬɚɸɬɫя ɦɝɧɨɜɟɧɧɨ ɢɫɱɟɡɚɸɳɢɦɢ [10]. ɉɚɪɚɦɟɬɪɵ ɥɚ-
ɡɟɪɚ ɞɥя ɪɚɫɱɟɬɨɜ ɜɡяɬɵ ɜ [5]. 

ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɦɟɪɟɧɧɵɟ [5] ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɷɧɟɪɝɢɢ ɫɬɨɤɫɨɜɵɯ ɢɦɩɭɥɶɫɨɜ ɨɬ ɦɨɳɧɨɫɬɢ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɢ ɩɪɢ ɱɚɫɬɨɬɚɯ ɦɨɞɭɥяɰɢɢ 2 ɢ 
8 ɤȽɰ. Кɚɤ ɜɢɞɧɨ, ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧ-
ɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ. ɉɚɪɚɦɟɬɪɵ ɜɵɯɨɞɧɵɯ ɢɦɩɭɥɶɫɨɜ ɬɚɤɠɟ ɪɚɫɫɱɢɬɚɧɵ ɜ ɪɚɦɤɚɯ ɩɨɞɯɨɞɨɜ, 
ɩɪɟɞɥɨɠɟɧɧɵɯ ɜ [10]. ɉɨɥɭɱɟɧɨ, ɱɬɨ ɩɪɢ ɱɚɫɬɨɬɟ ɦɨɞɭɥяɰɢɢ 2 ɤȽɰ, ɤɨɝɞɚ ɩɟɪɢɨɞ ɦɨɞɭɥяɰɢɢ ɜ 
ɧɟɫɤɨɥɶɤɨ ɪɚɡ ɛɨɥɶɲɟ ɥɸɦɢɧɟɫɰɟɧɬɧɨɝɨ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɜɟɪɯɧɟɝɨ ɥɚɡɟɪɧɨɝɨ ɭɪɨɜɧя ɢ ɡɚɩɚɫɟɧ-
ɧɚя ɢɧɜɟɪɫɢя ɜ ɚɤɬɢɜɧɨɣ ɫɪɟɞɟ ɛɥɢɡɤɚ ɤ ɦɚɤɫɢɦɚɥɶɧɨ ɜɨɡɦɨɠɧɨɣ, ɪɚɫɱɟɬɵ ɷɧɟɪɝɢɢ ɢɦɩɭɥɶɫɨɜ ɜ 
ɪɚɦɤɚɯ ɩɪɟɞɥɚɝɚɟɦɨɣ ɦɨɞɟɥɢ ɢ ɪɚɫɱɟɬɵ ɜ ɪɚɦɤɚɯ ɩɨɞɯɨɞɨɜ, ɩɪɟɞɥɨɠɟɧɧɵɯ ɜ [10], ɪɚɡɥɢɱɚɸɬɫя 
ɦɚɥɨ. ɉɪɢ ɱɚɫɬɨɬɟ ɦɨɞɭɥяɰɢɢ 8 ɤȽɰ, ɤɨɝɞɚ ɩɟɪɢɨɞ ɦɨɞɭɥяɰɢɢ ɢ ɥɸɦɢɧɟɫɰɟɧɬɧɨɟ ɜɪɟɦɟɧɢ ɠɢɡ-
ɧɢ ɜɟɪɯɧɟɝɨ ɥɚɡɟɪɧɨɝɨ ɭɪɨɜɧя ɨɞɧɨɝɨ ɩɨɪяɞɤɚ, ɷɧɟɪɝɢя ɫɬɨɤɫɨɜɵɯ ɢɦɩɭɥɶɫɨɜ, ɪɚɫɫɱɢɬɚɧɧɚя ɜ 
ɪɚɦɤɚɯ ɩɨɞɯɨɞɨɜ, ɩɪɟɞɥɨɠɟɧɧɵɯ ɜ [10], ɧɚ ≈5 ɦɤДɠ ɦɟɧɶɲɟ ɪɚɫɫɱɢɬɚɧɧɨɣ ɜ ɪɚɦɤɚɯ ɧɚɲɟɣ ɦɨ-
ɞɟɥɢ. ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɮɨɪɦɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɢ ɪɚɫɫɱɢɬɚɧɧɨɝɨ ɢɦɩɭɥɶɫɨɜ ɩɪɢ ɱɚɫ-
ɬɨɬɟ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 2 ɤȽɰ. Вɢɞɧɨ, ɱɬɨ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɮɨɪɦɵ ɢɦɩɭɥɶɫɚ ɫɨ-
ɝɥɚɫɭɸɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ. ɇɟɤɨɬɨɪɨɟ ɪɚɡɥɢɱɢɟ ɦɟɠɞɭ ɪɚɫɫɱɢɬɚɧɧɨɣ ɢ ɢɡɦɟ-
ɪɟɧɧɨɣ ɮɨɪɦɚɦɢ ɢɦɩɭɥɶɫɨɜ ɧɚɛɥɸɞɚɟɬɫя ɜ ɡɚɞɧɟɣ ɱɚɫɬɢ ɢɦɩɭɥɶɫɨɜ, ɝɞɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɟɞ-
ɥɚɝɚɟɬ ɛɨɥɟɟ ɛɵɫɬɪɨɟ ɡɚɬɭɯɚɧɢɟ ɢɦɩɭɥɶɫɚ. Эɬɨ ɪɚɡɥɢɱɢɟ, ɜɟɪɨяɬɧɟɟ ɜɫɟɝɨ, ɜɵɡɜɚɧɨ ɝɟɧɟɪɚɰɢɟɣ 
ɥɚɡɟɪɧɵɯ ɩɨɩɟɪɟɱɧɵɯ ɦɨɞ ɛɨɥɟɟ ɜɵɫɨɤɨɝɨ ɩɨɪяɞɤɚ ɢ ɢɯ ɩɨɫɥɟɞɭɸɳɢɦ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ.  

Заɤɥючɟɧɢɟ 
ɉɪɟɞɥɨɠɟɧɚ ɦɨɞɟɥɶ ɩɪɨɞɨɥɶɧɨ ɞɢɨɞɧɨ-ɧɚɤɚɱɢɜɚɟɦɨɝɨ ɢɦɩɭɥɶɫɧɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ ɥɚɡɟ-

ɪɚ ɫ ВКɊ-ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɢɥɢ ɫɚɦɨɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ, ɭɱɢɬɵɜɚɸɳɚя ɩɨɝɥɨɳɟɧɢɟ ɜ ɚɤɬɢɜɧɨɣ 
ɫɪɟɞɟ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɚɬɨɦɚɦɢ-ɚɤɬɢɜɚɬɨɪɚɦɢ ɧɚ ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ (ɬɚɤ ɧɚɡɵɜɚɟɦɨɟ 
ɩɨɝɥɨɳɟɧɢɟ ɢɡ ɜɨɡɛɭɠɞɟɧɧɨɝɨ ɫɨɫɬɨяɧɢя). Ɇɨɞɟɥɶ ɬɚɤɠɟ ɭɱɢɬɵɜɚɟɬ ɜɨɡɪɚɫɬɚɧɢɟ ɚɛɟɪɪɚɰɢɨɧ-
ɧɵɯ ɩɨɬɟɪɶ, ɜɵɡɵɜɚɟɦɵɟ ɮɨɪɦɢɪɭɸɳɟɣɫя ɬɟɪɦɨɥɢɧɡɨɣ, ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ. 
Вɵɩɨɥɧɟɧɨ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɞɢɧɚɦɢɤɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɫɫɥɟɞɨɜɚɧɧɨɝɨ ɩɪɨɞɨɥɶɧɨ-ɞɢɨɞɧɨ-
ɧɚɤɚɱɢɜɚɟɦɨɝɨ Nd:YVO4-ɥɚɡɟɪɚ ɫ ɚɤɬɢɜɧɨɣ ɦɨɞɭɥяɰɢɟɣ ɞɨɛɪɨɬɧɨɫɬɢ ɢ ɫ ВКɊ ɫɚɦɨ-
ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ, ɝɟɧɟɪɢɪɭɸɳɟɝɨ ɛɟɡɨɩɚɫɧɨɟ ɞɥя ɝɥɚɡ ɢɡɥɭɱɟɧɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 1524 ɧɦ. Ɋɚɫ-
ɫɱɢɬɚɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɷɧɟɪɝɢɢ ɫɬɨɤɫɨɜɵɯ ɢɦɩɭɥɶɫɨɜ ɨɬ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ, ɪɚɫɫɱɢɬɚɧɚ ɮɨɪɦɚ 
ɫɬɨɤɫɨɜɚ ɢɦɩɭɥɶɫɚ. Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɸɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ. 
Ɇɨɞɟɥɶ ɩɨɫɥɟ ɧɟɤɨɬɨɪɵɯ ɭɩɪɨɳɟɧɢɣ ɩɪɢɝɨɞɧɚ ɞɥя ɨɩɢɫɚɧɢя ɩɪɨɰɟɫɫɨɜ ɝɟɧɟɪɚɰɢɢ ɜ ɧɟɩɪɟɪɵɜ-
ɧɵɯ ɢ ɢɦɩɭɥɶɫɧɵɯ ɥɚɡɟɪɚɯ ɫ ɩɨɝɥɨɳɟɧɢɟɦ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɚɬɨɦɚɦɢ-ɚɤɬɢɜɚɬɨɪɚɦɢ ɧɚ 
ɜɟɪɯɧɟɦ ɥɚɡɟɪɧɨɦ ɭɪɨɜɧɟ. 
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Model of Longitudinally-Diode-Pumped Raman Laser with Excited State  

Absorption of Radiation at a Fundamental Wavelength 

S. V. Voitikov, V. I. Dashkevich, V. A. Orlovich 

B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus,  

Minsk, Belarus; e-mail: s.voitikov@dragon.bas-net.by 

A model of a longitudinally-diode-pumped solid-state Raman laser with the excited state absorption of 
laser radiation has been proposed. In the model, laser and Stokes waves in the resonator are approximated by 
Gaussian modes. The model takes into account the pump-power dependent aberration losses caused by the 
thermal lens. In the case of an actively Q-switched Raman laser the time-dependent loss in the Q-switch was 
estimated by measuring the time dependence of the deflected beam intensity. The proposed theoretical 
description was used to simulate the dynamics of the experimentally studied longitudinally-diode-pumped 
actively Q-switched self-Raman Nd:YVO4 laser, generating eye-safe Stokes radiation at a wavelength of 
1524 nm. The calculations are in good agreement with the experimental data. 

Keywords: diode pumped laser, Raman laser, eye-safe radiation, excited state absorption, active  
Q-switch.   
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Рɨɥɶ ɮɥɭɤɬɭаɰɢɣ ɩɥɨɬɧɨɫɬɢ ɧɟɪавɧɨвɟɫɧых ɧɨɫɢɬɟɥɟɣ  

ɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤа в ɮɨɪɦɢɪɨваɧɢɢ ɫɬаɬɢɫɬɢчɟɫɤɢх  
хаɪаɤɬɟɪɢɫɬɢɤ ɩɨвɟɪхɧɨɫɬɧɨ ɢɡɥɭчающɢх  

ɩɨɥɭɩɪɨвɨɞɧɢɤɨвых ɥаɡɟɪɨв  

Ʌ. И. Ȼɭɪɨɜ, А. ɋ. Ƚɨɪɛɚɰɟɜɢɱ, ɉ. Ɇ. Ʌɨɛɚɰɟɜɢɱ 

Беɥɨɪуɫɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ, Минɫк, Беɥаɪуɫь; e-mail:burov@bsu.by 

В ɪɚɦɤɚɯ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɪɚɧɟɟ ɩɨɞɯɨɞɚ ɤ ɨɩɢɫɚɧɢɸ ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɩɨɥɭɩɪɨɜɨɞɧɢ-
ɤɨɜɵɯ ɥɚɡɟɪɚɯ ɩɪɨɜɟɞɟɧɨ ɢɫɫɥɟɞɨɜɚɧɢɟ ɪɚɡɥɢɱɧɵɯ ɦɟɯɚɧɢɡɦɨɜ ɮɨɪɦɢɪɨɜɚɧɢя ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟ-
ɪɢɫɬɢɤ ɩɨɜɟɪɯɧɨɫɬɧɨ ɢɡɥɭɱɚɸɳɢɯ ɥɚɡɟɪɨɜ ɜ ɨɛɥɚɫɬɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɩɟɪɟɤɥɸɱɟɧɢɣ. ɉɨɤɚɡɚɧɨ, ɱɬɨ 
ɮɥɭɤɬɭɚɰɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɟ ɦɨɝɭɬ яɜɥяɬɶɫя ɞɨɦɢɧɢɪɭɸɳɢɦ ɮɚɤɬɨɪɨɦ, ɤɚɤ ɷɬɨ 
ɨɛɵɱɧɨ ɫɱɢɬɚɟɬɫя ɜ ɬɟɨɪɢɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ, ɚ ɨɩɪɟɞɟɥяɸɳɭɸ ɪɨɥɶ ɢɝɪɚɸɬ ɮɥɭɤɬɭɚɰɢɢ 
ɩɥɨɬɧɨɫɬɟɣ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ. 

Кɥючɟвыɟ ɫɥɨва: ɩɨɜɟɪɯɧɨɫɬɧɨ ɢɡɥɭɱɚɸɳɢɣ ɥɚɡɟɪ, ɩɨɥяɪɢɡɚɰɢɨɧɧɨɟ ɩɟɪɟɤɥɸɱɟɧɢɟ, ɮɭɧɤɰɢя 
ɪɚɫɩɪɟɞɟɥɟɧɢя, ɮɥɭɤɬɭɚɰɢɢ. 

Ввɟɞɟɧɢɟ 
ɉɪɨɛɥɟɦɚ ɫɩɨɧɬɚɧɧɨɝɨ ɩɟɪɟɤɥɸɱɟɧɢя ɩɨɥяɪɢɡɚɰɢɢ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɨɜɟɪɯɧɨɫɬɧɨ 

ɢɡɥɭɱɚɸɳɢɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ (VCSEL) ɩɪɢɜɥɟɤɚɟɬ ɩɪɢɫɬɚɥɶɧɨɟ ɜɧɢɦɚɧɢɟ ɭɠɟ ɧɚ 
ɩɪɨɬяɠɟɧɢɢ 20 ɥɟɬ [1]. Ɍɚɤɨɣ ɢɧɬɟɪɟɫ ɜɨ ɦɧɨɝɨɦ ɨɩɪɟɞɟɥяɟɬɫя ɧɟɨɞɧɨɡɧɚɱɧɨɫɬɶɸ ɜ ɢɧɬɟɪɩɪɟ-
ɬɚɰɢɢ ɦɟɯɚɧɢɡɦɚ ɷɬɨɝɨ яɜɥɟɧɢя. ɉɨɞɚɜɥяɸɳɟɟ ɛɨɥɶɲɢɧɫɬɜɨ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɢɧɬɟɪɩɪɟɬɢɪɭɸɬ 
ɩɪɨɰɟɫɫ ɩɨɥяɪɢɡɚɰɢɨɧɧɨɝɨ ɩɟɪɟɤɥɸɱɟɧɢя (ɉɉ) ɤɚɤ ɪɟɡɭɥɶɬɚɬ ɤɨɧɤɭɪɟɧɰɢɢ ɞɜɭɯ ɧɟɡɚɜɢɫɢɦɵɯ 
ɨɪɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɦɨɞ, ɬ. ɟ. ɤɚɤ ɛɢɫɬɚɛɢɥɶɧɵɣ ɩɪɨɰɟɫɫ. В ɬɨ ɠɟ ɜɪɟɦя ɜ [2, 3] ɩɪɟɞ-
ɥɨɠɟɧ ɢɧɨɣ ɩɨɞɯɨɞ ɤ ɨɩɢɫɚɧɢɸ ɉɉ ɬɪɚɤɬɭɸɳɢɣ ɟɝɨ ɤɚɤ ɞɟɬɟɪɦɢɧɢɪɨɜɚɧɧɵɣ ɩɟɪɟɯɨɞ ɨɬ ɥɢ-
ɧɟɣɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɫɨɫɬɨяɧɢя ɤ ɨɪɬɨɝɨɧɚɥɶɧɨɦɭ ɱɟɪɟɡ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɱɚɫɬɢɱɧɨ ɩɨɥя-
ɪɢɡɨɜɚɧɧɵɯ ɫɨɫɬɨяɧɢɣ. В ɪɚɦɤɚɯ ɩɪɟɞɥɨɠɟɧɧɨɝɨ ɩɨɞɯɨɞɚ ɭɞɚɥɨɫɶ ɫ ɟɞɢɧɵɯ ɩɨɡɢɰɢɣ ɨɩɢɫɚɬɶ 
ɨɫɧɨɜɧɵɟ ɷɮɮɟɤɬɵ, ɫɜяɡɚɧɧɵɟ ɫ ɉɉ ɜ VCSEL, ɢ ɞɚɬɶ ɢɦ ɞɨɫɬɚɬɨɱɧɨ ɩɪɨɫɬɭɸ ɮɢɡɢɱɟɫɤɭɸ ɢɧ-
ɬɟɪɩɪɟɬɚɰɢɸ. Ɉɞɧɚɤɨ ɜ ɨɛɥɚɫɬɢ ɉɉ ɩɨɥяɪɢɡɚɰɢя ɫɬɚɧɨɜɢɬɫя ɧɟɭɫɬɨɣɱɢɜɨɣ ɢ ɞɨɥɠɧɚ ɩɪɨяɜ-
ɥяɬɶɫя ɫɭɳɟɫɬɜɟɧɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɨɬ ɫɬɚɬɢɫɬɢɱɧɨɫɬɢ ɩɪɨɰɟɫɫɨɜ ɮɨɪ-
ɦɢɪɨɜɚɧɢя ɢɡɥɭɱɟɧɢя ɜ VCSEL. В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɨɜɟɞɟɧɨ ɨɛɨɛɳɟɧɢɟ ɦɨɞɟɥɢ ɞɥя ɪɚɫɫɦɨɬɪɟ-
ɧɢя ɜɥɢяɧɢя ɮɥɭɤɬɭɚɰɢɢ ɩɚɪɚɦɟɬɪɨɜ VCSEL ɧɚ ɜɵɯɨɞɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. 

Дɟɣɫɬɜɢɬɟɥɶɧɨ, ɷɬɢ ɩɪɨɛɥɟɦɵ ɚɤɬɢɜɧɨ ɢɫɫɥɟɞɨɜɚɥɢɫɶ ɤɚɤ ɬɟɨɪɟɬɢɱɟɫɤɢ, ɬɚɤ ɢ ɷɤɫɩɟɪɢ-
ɦɟɧɬɚɥɶɧɨ, ɩɪɢɱɟɦ ɤɚɤ ɞɥя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɜɨɨɛɳɟ, ɬɚɤ ɢ ɞɥя VCSEL ɫɱɢɬɚɥɨɫɶ, 
ɱɬɨ ɨɫɧɨɜɧɭɸ ɪɨɥɶ ɢɝɪɚɸɬ ɮɥɭɤɬɭɚɰɢɢ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя [4], ɯɨɬя ɜɵɫɤɚɡɵɜɚɥɢɫɶ ɨɛɨɫ-
ɧɨɜɚɧɧɵɟ ɫɨɦɧɟɧɢя [5] ɜ ɬɨɦ, ɱɬɨ ɫɩɨɧɬɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ яɜɥяɟɬɫя ɨɫɧɨɜɧɵɦ ɮɚɤɬɨɪɨɦ, ɨɩɪɟɞɟ-
ɥяɸɳɢɦ ɫɬɚɬɢɫɬɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ VCSEL. ɋɥɟɞɭɟɬ ɩɨɞɱɟɪɤɧɭɬɶ, ɱɬɨ ɩɨɞɯɨɞ, ɪɚɡɜɢɬɵɣ ɜ 
ɪɚɛɨɬɚɯ [2, 3], ɩɨɡɜɨɥяɟɬ ɞɨɫɬɚɬɨɱɧɨ ɩɪɨɫɬɨ ɩɪɨɜɟɪɢɬɶ ɞɚɧɧɵɟ ɞɨɩɭɳɟɧɢя, ɩɨɫɤɨɥɶɤɭ ɜ ɟɝɨ 
ɪɚɦɤɚɯ ɜɵɯɨɞɧɨɟ ɢɡɥɭɱɟɧɢɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɤɚɤ ɧɟɤɨɝɟɪɟɧɬɧɚя ɫɦɟɫɶ ɥɢɧɟɣɧɨ ɩɨɥяɪɢɡɨɜɚɧ-
ɧɵɯ ɤɨɦɩɨɧɟɧɬ ɪɚɡɥɢɱɧɨɣ ɜɡɚɢɦɧɨɣ ɨɪɢɟɧɬɚɰɢɢ, ɩɪɨɰɟɫɫ ɭɫɢɥɟɧɢя ɤɨɬɨɪɵɯ “ɡɚɩɭɫɤɚɟɬɫя” 
ɫɩɨɧɬɚɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ — ɷɬɨ ɢ яɜɥяɥɨɫɶ ɢɫɯɨɞɧɨɣ ɡɚɞɚɱɟɣ ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɵ. Ɉɞɧɚɤɨ, ɤɚɤ 
ɩɨɤɚɡɚɧɨ ɞɚɥɟɟ, ɮɥɭɤɬɭɚɰɢɢ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɟ ɦɨɝɭɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫя ɜ ɤɚɱɟɫɬɜɟ ɞɨ-
ɦɢɧɢɪɭɸɳɟɝɨ ɦɟɯɚɧɢɡɦɚ ɮɨɪɦɢɪɨɜɚɧɢя ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ. ɉɨɷɬɨɦɭ ɜɨ ɜɬɨɪɨɣ 
ɱɚɫɬɢ ɪɚɛɨɬɵ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɜɥɢяɧɢɟ ɮɥɭɤɬɭɚɰɢɢ ɩɥɨɬɧɨɫɬɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɢ 
ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ ɧɚ ɫɬɚɬɢɫɬɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ VCSEL. 

1. Тɟɨɪɟɬɢчɟɫɤаɹ ɦɨɞɟɥɶ 

В ɨɫɧɨɜɭ ɬɟɨɪɟɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɩɨɥɨɠɟɧ ɩɨɞɯɨɞ, ɪɚɡɜɢɬɵɣ ɜ ɪɚɛɨɬɚɯ [2, 3], ɝɞɟ ɜ ɞɢɧɚ-
ɦɢɱɟɫɤɢɟ ɭɪɚɜɧɟɧɢя ɞɨɛɚɜɥɟɧɵ ɱɥɟɧɵ ɥɟɧɠɟɜɟɧɨɜɫɤɨɝɨ ɬɢɩɚ. Уɱɟɬ ɮɥɭɤɬɭɚɰɢɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ 
ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɨɜɟɞɟɧ ɡɚ ɫɱɟɬ ɡɚɦɟɧɵ ɩɚɪɚɦɟɬɪɚ L(), ɨɩɢɫɵɜɚɸɳɟɝɨ ɜɤɥɚɞ ɫɩɨɧ-
ɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɛɨɥɟɟ ɫɥɨɠɧɨɣ ɮɭɧɤɰɢɟɣ ɜɢɞɚ 

(1 + f(2))L0(1 + f(1)),     (1) 
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ɝɞɟ f(1) — ɫɥɭɱɚɣɧɚя ɮɭɧɤɰɢя ɫ ɞɢɫɩɟɪɫɢɟɣ 1, ɤɨɬɨɪɚя ɨɩɢɫɵɜɚɟɬ ɜɤɥɚɞ ɜ ɤɨɦɩɨɧɟɧɬɭ ɫ ɭɝɥɨɦ 
ɨɪɢɟɧɬɚɰɢɢ  ɜɫɥɟɞɫɬɜɢɟ ɫɥɭɱɚɣɧɨɣ ɨɪɢɟɧɬɚɰɢɢ ɜɟɤɬɨɪɚ ɩɨɥяɪɢɡɚɰɢɢ ɮɨɬɨɧɨɜ ɫɩɨɧɬɚɧɧɨɝɨ 
ɢɫɩɭɫɤɚɧɢя; f(2) — ɫɥɭɱɚɣɧɚя ɮɭɧɤɰɢя ɫ ɞɢɫɩɟɪɫɢɟɣ 2, ɤɨɬɨɪɚя ɨɩɢɫɵɜɚɟɬ ɮɥɭɤɬɭɚɰɢɢ ɩɨɥɧɨɣ 
ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɟɞɢɧɢɰɟ ɨɛɴɟɦɚ;  — ɜɤɥɚɞ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ 
ɦɨɞɭ ɝɟɧɟɪɚɰɢɢ.  

Кɚɤ ɩɨɤɚɡɚɧɨ ɜ ɪяɞɟ ɪɚɛɨɬ (cɦ., ɧɚɩɪɢɦɟɪ, [6]), ɮɥɭɤɬɭɚɰɢɢ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ 
ɧɨɫɢɬɟɥɟɣ ɦɨɠɧɨ ɫɜɟɫɬɢ ɤ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɮɥɭɤɬɭɚɰɢяɦ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ. Ɍɨɝɞɚ ɜɵɪɚ-
ɠɟɧɢɟ ɞɥя ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ: 

J(1 + f(3)),     (2) 

ɝɞɟ f(3) — ɫɥɭɱɚɣɧɚя ɮɭɧɤɰɢя ɫ ɞɢɫɩɟɪɫɢɟɣ 3. ɉɪɟɞɩɨɥɚɝɚɥɨɫɶ, ɱɬɨ ɜɫɟ ɫɥɭɱɚɣɧɵɟ ɮɭɧɤɰɢɢ 
ɨɩɢɫɵɜɚɸɬ ɧɨɪɦɚɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫ ɧɭɥɟɜɵɦ ɫɪɟɞɧɢɦ ɡɧɚɱɟɧɢɟɦ. 

Уɪɚɜɧɟɧɢя, ɨɩɢɫɵɜɚɸɳɢɟ ɩɪɨɰɟɫɫ ɮɨɪɦɢɪɨɜɚɧɢя ɭɫɢɥɟɧɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɪɟɲɟɧɵ ɱɢɫ-
ɥɟɧɧɨ, ɨɫɧɨɜɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɯɚɪɚɤɬɟɪɧɵ ɞɥя VCSEL ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ GaAs, 
ɩɪɨɜɟɪɤɚ ɨɬɞɟɥɶɧɵɯ ɜɵɜɨɞɨɜ ɩɪɨɜɟɞɟɧɚ ɢ ɞɥя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ InGaAsP. Ɉɧɚ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ 
ɩɪɢɧɰɢɩɢɚɥɶɧɨɝɨ ɪɚɡɥɢɱɢя ɪɟɡɭɥɶɬɚɬɨɜ ɧɟ ɧɚɛɥɸɞɚɟɬɫя. ɉɚɪɚɦɟɬɪɵ, ɨɩɪɟɞɟɥяɸɳɢɟ ɡɚɜɢɫɢ-
ɦɨɫɬɶ ɨɪɢɟɧɬɚɰɢɨɧɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ ɨɬ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɧɚɤɚɱɤɢ, ɩɨɞɨɛɪɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɱɬɨɛɵ ɬɨɱɤɚ ɉɉ ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ ɩɪɟɜɵɲɟɧɢɸ ɩɨɪɨɝɚ ɝɟɧɟɪɚɰɢɢ ɧɚ 50%. Иɫɯɨɞɧɨ ɱɢɫɥɟɧɧɵɟ 
ɪɚɫɱɟɬɵ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɪɚɡɛɢɟɧɢɢ ɧɚ 70 ɤɨɦɩɨɧɟɧɬ. В ɪɟɡɭɥɶɬɚɬɟ ɪɚɫɱɟɬɚ ɩɨɫɬɪɨɟɧɵ ɝɢɫɬɨ-
ɝɪɚɦɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢя ɫɭɦɦɚɪɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɤɨɦɩɨɧɟɧɬ ɫ ɨɪɬɨɝɨɧɚɥɶɧɨɣ ɩɨɥяɪɢɡɚɰɢɟɣ ɢ 
ɫɬɟɩɟɧɢ ɩɨɥяɪɢɡɚɰɢɢ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя. 

2. Рɟɡɭɥɶɬаɬы чɢɫɥɟɧɧых ɪаɫчɟɬɨв 

Дɥя ɩɪɨɜɟɪɤɢ ɦɨɞɟɥɢ ɫ ɞɨɦɢɧɢɪɭɸɳɢɦ ɜɤɥɚɞɨɦ ɮɥɭɤɬɭɚɰɢɣ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя 
ɮɥɭɤɬɭɚɰɢɢ ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ ɨɩɭɫɤɚɥɢɫɶ, ɚ ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɩɪɨɜɟɞɟɧɵ ɤɚɤ 
ɞɥя ɢɦɩɭɥɶɫɧɨɝɨ, ɬɚɤ ɢ ɞɥя ɫɬɚɰɢɨɧɚɪɧɨɝɨ ɪɟɠɢɦɚ ɜɨɡɛɭɠɞɟɧɢя. ɋɩɟɰɢɚɥɶɧɨ ɜɵɞɟɥɟɧɵ ɪɟɠɢ-
ɦɵ ɫ ɞɨɫɬɚɬɨɱɧɨ ɤɨɪɨɬɤɢɦ (10–7 ɫ) ɢɦɩɭɥɶɫɨɦ ɜɨɡɛɭɠɞɟɧɢя, ɩɨɫɤɨɥɶɤɭ ɢɦɟɧɧɨ ɜ ɷɬɨɦ ɫɥɭɱɚɟ 
ɪɨɥɶ ɮɥɭɤɬɭɚɰɢɣ ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɞɨɥɠɧɚ ɩɪɨяɜɥяɬɶɫя ɧɚɢɛɨɥɟɟ ɪɟɡɤɨ. Ȼɨɥɟɟ ɬɨɝɨ, ɜɤɥɚɞ 
ɫɩɨɧɬɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɨɫɧɨɜɧɭɸ ɦɨɞɭ ɢɡɥɭɱɟɧɢя ɢɡɦɟɧяɥɫя ɜ ɩɪɟɞɟɥɚɯ ɨɬ 10–6 (ɱɬɨ ɨɛɵɱɧɨ 
ɫɱɢɬɚɟɬɫя ɯɚɪɚɤɬɟɪɧɵɦ ɞɥя VCSEL) ɞɨ 10–3 (ɱɬɨ ɨɛɵɱɧɨ ɩɪɢɧɢɦɚɟɬɫя ɞɥя ɬɨɪɰɟɜɵɯ ɥɚɡɟɪɧɵɯ 
ɞɢɨɞɨɜ). Ɋɚɫɱɟɬɵ ɩɪɨɜɟɞɟɧɵ ɤɚɤ ɜɛɥɢɡɢ ɬɨɱɤɢ ɉɉ (ɢɧɠɟɤɰɢɨɧɧɵɣ ɬɨɤ, ɞɥя ɤɨɬɨɪɨɝɨ ɜ ɫɬɚɰɢɨ-
ɧɚɪɧɨɦ ɪɟɠɢɦɟ ɫɬɟɩɟɧɶ ɩɨɥяɪɢɡɚɰɢɢ ɪɚɜɧɚ ɧɭɥɸ), ɬɚɤ ɢ ɧɚ ɤɪɚяɯ ɨɛɥɚɫɬɢ ɉɉ (ɝɞɟ ɦɨɞɭɥɶ ɫɬɟ-
ɩɟɧɶ ɩɨɥяɪɢɡɚɰɢɢ >0.9). 

ɉɨɞɱɟɪɤɧɟɦ, ɱɬɨ ɞɥя ɜɫɟɯ ɩɟɪɟɱɢɫɥɟɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɧɚɛɥɸɞɚɟɬɫя ɨɛɳɚя ɡɚɤɨɧɨɦɟɪ-
ɧɨɫɬɶ — ɞɢɫɩɟɪɫɢя ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɜɵɯɨɞɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɤɚɡɵɜɚɟɬɫя ɚɧɨɦɚɥɶɧɨ 
ɦɚɥɨɣ ɢ ɧɟ ɩɪɟɜɨɫɯɨɞɢɬ 10–4 ɞɚɠɟ ɜ ɫɥɭɱɚɟ ɚɧɨɦɚɥɶɧɨ ɛɨɥɶɲɨɣ ɞɢɫɩɟɪɫɢɢ 2 = 0.9 ɢ  = 10–3. 
Эɬɨ ɫɨɜɟɪɲɟɧɧɨ ɧɟ ɫɨɝɥɚɫɭɟɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ ɢ ɪɟɡɭɥɶɬɚɬɚɦɢ ɪɚɫɱɟɬɨɜ ɧɚ 
ɨɫɧɨɜɟ ɦɨɞɟɥɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɦɨɞ. Чɬɨ ɤɚɫɚɟɬɫя ɩɨɫɥɟɞɧɟɝɨ, ɩɪɨɜɟɞɟɧɚ ɫɟɪɢя ɪɚɫɱɟɬɨɜ ɫ ɩɨ-
ɫɥɟɞɨɜɚɬɟɥɶɧɵɦ ɭɦɟɧɶɲɟɧɢɟɦ ɱɢɫɥɚ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬ. В ɫɥɭɱɚɟ, ɤɨɝɞɚ ɤɨɥɢɱɟɫɬɜɨ 
ɤɨɦɩɨɧɟɧɬ ɫɬɚɧɨɜɢɬɫя ɦɟɧɶɲɟ 10, ɞɢɫɩɟɪɫɢɢ ɮɭɧɤɰɢɣ ɪɚɫɩɪɟɞɟɥɟɧɢя ɫɭɦɦɚɪɧɨɣ ɢɧɬɟɧɫɢɜɧɨ-
ɫɬɢ ɢ ɩɨɥяɪɢɡɚɰɢɢ ɧɚɱɢɧɚɸɬ ɛɵɫɬɪɨ ɧɚɪɚɫɬɚɬɶ ɢ ɜ ɩɪɟɞɟɥɟ ɞɜɭɯ ɨɪɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ 
ɤɨɦɩɨɧɟɧɬ (ɱɬɨ ɤɚɤ ɪɚɡ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɪɢɛɥɢɠɟɧɢɸ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɦɨɞ) ɩɨɥɭɱɟɧɧɵɟ ɡɧɚɱɟ-
ɧɢя ɛɥɢɡɤɢ ɤ ɥɢɬɟɪɚɬɭɪɧɵɦ ɞɚɧɧɵɦ. Фɢɡɢɱɟɫɤɚя ɢɧɬɟɪɩɪɟɬɚɰɢя ɷɬɨɝɨ ɜɩɨɥɧɟ ɩɨɧяɬɧɚ, ɩɨ-
ɫɤɨɥɶɤɭ ɞɚɠɟ ɫɢɥɶɧɵɟ ɮɥɭɤɬɭɚɰɢɢ ɨɬɞɟɥɶɧɵɯ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬ ɜɫɥɟɞɫɬɜɢɟ ɢɯ ɧɟ-
ɤɨɝɟɪɟɧɬɧɨɫɬɢ ɤɨɦɩɟɧɫɢɪɭɸɬ ɞɪɭɝ ɞɪɭɝɚ ɢ ɬɚɤɚя ɤɨɦɩɟɧɫɚɰɢя ɧɚɢɛɨɥɟɟ ɡɧɚɱɢɬɟɥɶɧɚ ɩɪɢ ɛɨɥɶ-
ɲɨɦ ɱɢɫɥɟ ɤɨɦɩɨɧɟɧɬ. В ɫɥɭɱɚɟ ɬɨɥɶɤɨ ɞɜɭɯ ɨɪɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɤɨɦɩɨɧɟɧɬ ɤɨɦɩɟɧ-
ɫɚɰɢя ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɩɪɨɢɫɯɨɞɢɬ, ɢ ɞɢɫɩɟɪɫɢя ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɞɥя ɫɭɦɦɚɪɧɨɣ ɜɵɯɨɞ-
ɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɟɬ ɫ ɮɭɧɤɰɢɟɣ ɪɚɫɩɪɟɞɟɥɟɧɢя ɤɨɦɩɨɧɟɧɬ. Ɍɚɤɢɦ ɨɛɪɚ-
ɡɨɦ, ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɮɥɭɤɬɭɚɰɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɫɩɨɧɬɚɧɧɨɝɨ ɢɫ-
ɩɭɫɤɚɧɢя ɧɟ ɦɨɝɭɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶɫя ɜ ɤɚɱɟɫɬɜɟ ɞɨɦɢɧɢɪɭɸɳɟɝɨ ɮɚɤɬɨɪɚ ɮɨɪɦɢɪɨɜɚɧɢя ɫɬɚɬɢ-
ɫɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя VCSEL, ɩɨɷɬɨɦɭ ɢɡ ɪɚɫɫɦɨɬɪɟɧɢя ɢɫɤɥɸɱɟɧɵ. 

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɨ ɜɥɢяɧɢɸ ɮɥɭɤɬɭɚɰɢɣ ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ ɜɛɥɢɡɢ 
ɬɨɱɤɢ ɉɉ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɩɪɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɛɨɥɶɲɢɯ ɲɭɦɚɯ (3 < 0.05) ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟ-
ɥɟɧɢя ɫɭɦɦɚɪɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢ ɫɬɟɩɟɧɢ ɩɨɥяɪɢɡɚɰɢɢ, ɤɨɬɨɪɵɟ ɩɨɥɭɱɚɸɬɫя ɜ ɪɟɡɭɥɶɬɚɬɟ ɚɩ-
ɩɪɨɤɫɢɦɚɰɢɢ ɝɢɫɬɨɝɪɚɦɦ, ɛɥɢɡɤɢ ɤ ɝɚɭɫɫɨɜɵɦ. Дɥя ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɢɡɥɭɱɟɧɢя, ɩɨɥяɪɢɡɨɜɚɧɧɨ-
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ɝɨ ɜɞɨɥɶ ɨɪɬɨɝɨɧɚɥɶɧɵɯ ɨɫɟɣ (ɚɧɚɥɨɝɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɦɨɞ), ɯɚɪɚɤɬɟɪɧɚ ɜɵɪɚɠɟɧɧɚя ɚɫɢɦ-
ɦɟɬɪɢя, ɱɬɨ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɞɚɧɧɵɦɢ [7]. ɉɪɢ ɜɨɡɪɚɫɬɚɧɢɢ ɲɭɦɨɜ 
ɮɭɧɤɰɢя ɪɚɫɩɪɟɞɟɥɟɧɢя ɫɭɦɦɚɪɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɪɨɫɬɨ ɭɲɢɪяɟɬɫя, ɚ ɮɭɧɤɰɢя ɪɚɫɩɪɟɞɟɥɟ-
ɧɢя ɫɬɟɩɟɧɢ ɩɨɥяɪɢɡɚɰɢɢ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɟɬɫя — ɫɧɚɱɚɥɚ ɜ ɰɟɧɬɪɟ ɩɨяɜɥяɟɬɫя ɩɪɨɜɚɥ, ɚ 
ɡɚɬɟɦ ɦɚɤɫɢɦɭɦɵ ɪɚɫɩɪɟɞɟɥɟɧɢя ɫɬɪɟɦяɬɫя ɤ ɩɪɟɞɟɥɶɧɵɦ ɡɧɚɱɟɧɢяɦ ɫɬɟɩɟɧɢ ɩɨɥяɪɢɡɚɰɢɢ. 
ɉɪɢɱɟɦ ɷɬɨ ɯɚɪɚɤɬɟɪɧɨ ɤɚɤ ɜ ɬɨɦ ɫɥɭɱɚɟ, ɤɨɝɞɚ ɡɧɚɱɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ ɫɨɨɬ-
ɜɟɬɫɬɜɭɟɬ ɬɨɱɤɢ ɉɉ, ɬɚɤ ɢ ɜ ɫɥɭɱɚɟ ɫɦɟɳɟɧɢя ɷɬɨɣ ɬɨɱɤɢ ɤ ɤɪɚɸ ɨɛɥɚɫɬɢ ɉɉ. Эɬɨ ɨɡɧɚɱɚɟɬ, ɱɬɨ 
ɩɪɢ ɧɚɥɢɱɢɢ ɫɭɳɟɫɬɜɟɧɧɵɯ ɮɥɭɤɬɭɚɰɢɣ ɉɉ ɩɟɪɟɫɬɚɟɬ ɛɵɬɶ ɩɥɚɜɧɵɦ, ɚ ɪɟɚɥɢɡɭɟɬɫя ɫɤɚɱɤɨɦ 
ɦɟɠɞɭ ɫɨɫɬɨяɧɢяɦɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɩɪɟɞɟɥɶɧɵɦ ɡɧɚɱɟɧɢяɦ ɫɬɟɩɟɧɢ ɩɨɥяɪɢɡɚɰɢɢ, ɱɬɨ 
ɨɛɵɱɧɨ ɢɧɬɟɪɩɪɟɬɢɪɭɟɬɫя ɤɚɤ ɷɮɮɟɤɬ “ɡɚɯɜɚɬɚ ɦɨɞɵ”. 

Эɬɨɬ ɷɮɮɟɤɬ ɨɛɵɱɧɨ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɜ ɪɚɦɤɚɯ ɤɥɚɫɫɢɱɟɫɤɨɣ ɩɪɨɛɥɟɦɵ Кɪɚɦɟɪɫɚ [8] ɢ 
ɯɚɪɚɤɬɟɪɢɡɭɟɬɫя ɜɪɟɦɟɧɟɦ ɧɚɯɨɠɞɟɧɢя ɜ ɦɨɞɟ R (residence time), ɬ. ɟ. ɜɪɟɦɟɧɟɦ, ɜ ɬɟɱɟɧɢɟ ɤɨ-
ɬɨɪɨɝɨ ɫɢɫɬɟɦɚ ɧɚɯɨɞɢɬɫя ɜ ɫɨɫɬɨяɧɢɢ, ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɦ ɨɞɧɢɦ ɩɪɟɞɟɥɶɧɵɦ ɡɧɚɱɟɧɢɟɦ ɫɬɟɩɟɧɢ 
ɩɨɥяɪɢɡɚɰɢɢ, ɞɨ ɩɟɪɟɯɨɞɚ ɜ ɞɪɭɝɨɟ. Эɬɨɬ ɩɚɪɚɦɟɬɪ ɦɨɠɟɬ ɢɡɦɟɧяɬɶɫя ɜ ɨɱɟɧɶ ɲɢɪɨɤɢɯ ɩɪɟɞɟ-
ɥɚɯ, ɧɨ ɟɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɩɨɞɱɢɧяɟɬɫя ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨɦɭ ɡɚɤɨɧɭ [8]. ɉɪɢ ɱɢɫɥɟɧɧɨɦ ɦɨɞɟɥɢ-
ɪɨɜɚɧɢɢ ɜ ɪɚɦɤɚɯ ɪɚɫɫɦɨɬɪɟɧɧɨɣ ɦɨɞɟɥɢ ɩɨɥɭɱɟɧɵ ɩɨɯɨɠɢɟ ɡɚɜɢɫɢɦɨɫɬɢ, ɨɞɧɚɤɨ ɨɛɧɚɪɭɠɟɧɨ, 
ɱɬɨ ɤɨɧɤɪɟɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɫɭɳɟɫɬɜɟɧɧɵɦ ɨɛɪɚɡɨɦ ɡɚɜɢɫяɬ ɨɬ ɜɪɟɦɟɧɢ ɜɵɛɨɪɤɢ, ɬ.ɟ. ɜɪɟɦɟɧɢ 
ɫɪɚɛɚɬɵɜɚɧɢя ɞɟɬɟɤɬɨɪɚ. 

Заɤɥючɟɧɢɟ 
ɉɪɢɜɟɞɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɚя ɪɚɧɟɟ ɦɨɞɟɥɶ ɮɨɪɦɢɪɨɜɚɧɢя ɩɨɥя-

ɪɢɡɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ VCSEL ɞɨɫɬɚɬɨɱɧɨ ɤɨɪɪɟɤɬɧɨ ɨɩɢɫɵɜɚɟɬ ɫɬɚɬɢɫɬɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢ-
ɫɬɢɤɢ ɷɬɢɯ ɫɢɫɬɟɦ ɜ ɨɛɥɚɫɬɢ ɉɉ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɩɨɥɭɱɟɧɧɵɟ ɧɚ ɟɟ ɨɫɧɨɜɟ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɮɢ-
ɡɢɱɟɫɤɢɯ ɦɟɯɚɧɢɡɦɨɜ ɉɉ ɬɚɤɠɟ ɞɨɫɬɚɬɨɱɧɨ ɤɨɪɪɟɤɬɧɵ. Ɇɨɠɧɨ ɫɱɢɬɚɬɶ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɫɭɳɟɫɬ-
ɜɟɧɧɵɦ ɮɚɤɬɨɪɨɦ, ɨɩɪɟɞɟɥяɸɳɢɦ ɨɫɨɛɟɧɧɨɫɬɢ ɫɬɚɬɢɫɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, яɜɥяɸɬɫя ɮɥɭɤ-
ɬɭɚɰɢɢ ɩɥɨɬɧɨɫɬɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ, ɤɨɬɨɪɵɟ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜɥɢяɸɬ ɧɚ ɮɥɭɤɬɭɚɰɢɢ 
ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢя. Дɚɧɧɵɣ ɜɵɜɨɞ ɦɨɠɟɬ ɢɦɟɬɶ ɛɨɥɟɟ ɲɢɪɨɤɭɸ ɨɛɥɚɫɬɶ ɩɪɢɦɟɧɟɧɢя, ɨɫɨ-
ɛɟɧɧɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɢɧɚɦɢɱɟɫɤɢɯ ɪɟɠɢɦɨɜ.  
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In the frame of previously proposed approach for description of semiconductor laser polarization the in-
vestigation of different mechanisms to obtain statistical parameters of VCSEL in polarization switching region. 
It is shown that spontaneous intensity noise cannot be regarded as the main factor as it usually considered in 
semiconductor laser theory, but determinative role play carrier density and injection current fluctuations.  
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Оɩɪɟɞɟɥɟɧɢɟ ɪаɫɫɬɨɹɧɢɹ ɞɨ ɧɟɩɨɞвɢɠɧых ɨɛɴɟɤɬɨв ɫ ɩɨɦɨщɶю  

аɤɬɢвɧɨ-ɢɦɩɭɥɶɫɧых ɫɢɫɬɟɦ вɢɞɟɧɢɹ ɧа ɨɫɧɨвɟ  
ɩɨɥɭɩɪɨвɨɞɧɢɤɨвых ɥаɡɟɪɨв 

В. А. Ƚɨɪɨɛɟɰ, Ȼ. Ф. Кɭɧɰɟɜɢɱ, И. ɇ. ɉɭɱɤɨɜɫɤɢɣ, ɋ. ɋ. Шɚɜɟɥɶ 

Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, 
 Минɫк, Беɥаɪуɫь; e-mail: bkun@ifanbel.bas-net.by 

Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɵɟ ɚɥɝɨɪɢɬɦɵ, ɧɟ ɬɪɟɛɭɸɳɢɟ ɡɧɚɧɢя ɜɪɟɦɟɧɧɵɯ ɩɚ-
ɪɚɦɟɬɪɨɜ ɫɚɦɨɣ ɚɤɬɢɜɧɨ-ɢɦɩɭɥɶɫɧɨɣ ɫɢɫɬɟɦɵ ɜɢɞɟɧɢя, ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɥя ɫɪɚɜɧɢɬɟɥɶɧɨ ɬɨɱ-
ɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɨɜ. 

Кɥючɟвыɟ ɫɥɨва: ɚɤɬɢɜɧɨ-ɢɦɩɭɥɶɫɧɚя ɫɢɫɬɟɦɚ ɜɢɞɟɧɢя, ɨɩɪɟɞɟɥɟɧɢɟ ɪɚɫɫɬɨяɧɢя. 

Ввɟɞɟɧɢɟ 
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɫɢɫɬɟɦɵ ɢ ɭɫɬɪɨɣɫɬɜɚ, ɜ ɤɨɬɨɪɵɯ ɢɫɩɨɥɶɡɭɸɬɫя ɪɚɡɧɵɟ ɬɢɩɵ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ, ɲɢɪɨɤɨ ɩɪɢɦɟɧяɸɬɫя ɜ ɪɚɡɥɢɱɧɵɯ ɫɮɟɪɚɯ ɱɟɥɨɜɟɱɟɫɤɨɣ ɞɟяɬɟɥɶɧɨɫɬɢ 
[1]. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ ɢɦɩɭɥɶɫɧɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɬɢɩɚ Ʌ-13 ɩɪɢɦɟ-
ɧяɸɬɫя ɜ ɚɤɬɢɜɧɨ-ɢɦɩɭɥɶɫɧɵɯ ɫɢɫɬɟɦɚɯ ɜɢɞɟɧɢя (АИɋВ) ɞɥя ɩɨɞɫɜɟɬɤɢ ɨɛɴɟɤɬɨɜ ɧɚɛɥɸɞɟɧɢя 
(ɫɦ., ɧɚɩɪɢɦɟɪ, [2, 3]). Дɚɧɧɵɣ ɬɢɩ ɥɚɡɟɪɨɜ ɜɵɛɪɚɧ ɢɫɯɨɞя ɢɡ ɭɫɥɨɜɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɫɪɟɞɧɟɣ 
ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɩɪɢ ɦɢɧɢɦɚɥɶɧɵɯ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɢ ɬɪɟɛɭɟɦɨɝɨ ɫɩɟɤɬɪɚɥɶ-
ɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɢɡɥɭɱɟɧɢя. Вɫɥɟɞɫɬɜɢɟ ɬɚɤɨɝɨ ɜɵɛɨɪɚ ɨɛɟɫɩɟɱɢɜɚɸɬɫя ɜ ɤɨɧɟɱɧɨɦ ɢɬɨɝɟ ɦɢɧɢ-
ɦɚɥɶɧɵɟ ɦɚɫɫɨɝɚɛɚɪɢɬɧɵɟ ɩɚɪɚɦɟɬɪɵ ɫɚɦɨɣ АИɋВ. 

АИɋВ ɜ ɨɫɧɨɜɧɨɦ ɩɪɟɞɧɚɡɧɚɱɟɧɵ ɞɥя ɭɜɟɥɢɱɟɧɢя ɞɚɥɶɧɨɫɬɢ ɧɚɛɥɸɞɟɧɢя ɩɪɢ ɩɨɧɢɠɟɧ-
ɧɨɣ ɩɪɨɡɪɚɱɧɨɫɬɢ ɚɬɦɨɫɮɟɪɵ (ɬɭɦɚɧ, ɞɵɦɤɚ, ɫɧɟɝ ɢ ɞɪ.). В ɨɬɥɢɱɢɟ ɨɬ ɞɪɭɝɢɯ ɫɢɫɬɟɦ ɜɢɞɟɧɢя 
АИɋВ ɨɛɥɚɞɚɸɬ ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɜɚɠɧɨɣ ɮɭɧɤɰɢɟɣ, ɡɚɤɥɸɱɚɸɳɟɣɫя ɜ ɜɨɡɦɨɠɧɨɫɬɢ ɨɩɪɟɞɟɥɟ-
ɧɢя ɪɚɫɫɬɨяɧɢɣ ɞɨ ɨɛɴɟɤɬɨɜ. Дɥя ɩɨяɫɧɟɧɢя ɤɪɚɬɤɨ ɧɚɩɨɦɧɢɦ ɮɢɡɢɱɟɫɤɢɣ ɩɪɢɧɰɢɩ ɪɚɛɨɬɵ 
АИɋВ [2, 3]. Ɉɛɴɟɤɬɵ ɧɚɛɥɸɞɟɧɢя ɨɫɜɟɳɚɸɬɫя ɤɨɪɨɬɤɢɦɢ ɥɚɡɟɪɧɵɦɢ ɢɦɩɭɥɶɫɚɦɢ ɞɥɢɬɟɥɶɧɨ-
ɫɬɶɸ Δtɥɚɡ. Иɦɩɭɥɶɫɵ ɩɨɞɫɜɟɬɤɢ ɩɨɫɥɟ ɨɬɪɚɠɟɧɢя ɨɬ ɨɛɴɟɤɬɚ ɪɟɝɢɫɬɪɢɪɭɸɬɫя ɩɪɢɟɦɧɵɦ ɛɥɨ-
ɤɨɦ. ɉɪɢɟɦɧɵɣ ɛɥɨɤ ɬɚɤɠɟ ɜɤɥɸɱɚɟɬɫя ɧɚ ɤɨɪɨɬɤɨɟ ɜɪɟɦя Δtɩɪ (ɞɥɢɬɟɥɶɧɨɫɬɶ ɫɬɪɨɛ-ɢɦɩɭɥɶɫɚ). 
В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɜ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɩɪɢɟɦɧɨɝɨ ɛɥɨɤɚ ɢɫɩɨɥɶɡɭɟɬɫя ɷɥɟɤɬɪɨɧɧɨ-
ɨɩɬɢɱɟɫɤɢɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ (ЭɈɉ). Ɋɚɫɫɬɨяɧɢɟ ɞɨ ɨɛɴɟɤɬɚ ɧɚɛɥɸɞɟɧɢя Sɨɛ ɭɫɬɚɧɚɜɥɢɜɚɟɬɫя ɫ 
ɩɨɦɨɳɶɸ ɜɚɪɶɢɪɨɜɚɧɢя ɜɪɟɦɟɧɧɨɣ ɡɚɞɟɪɠɤɢ Δtɡɚɞ ɦɟɠɞɭ ɩɟɪɟɞɧɢɦɢ ɮɪɨɧɬɚɦɢ ɥɚɡɟɪɧɨɝɨ ɢɦ-
ɩɭɥɶɫɚ ɩɨɞɫɜɟɬɤɢ ɢ ɫɬɪɨɛ-ɢɦɩɭɥɶɫɚ ɩɪɢɟɦɧɨɝɨ ɛɥɨɤɚ: Sɨɛ = ɫΔtɡɚɞ/2. В ɞɟɣɫɬɜɢɬɟɥɶɧɨɫɬɢ ɜ 
АИɋВ ɧɚ ɜɢɞɟɨɦɨɧɢɬɨɪɟ ɧɚɛɥɸɞɚɟɬɫя ɫɥɨɣ ɩɪɨɫɬɪɚɧɫɬɜɚ (ɡɨɧɚ ɜɢɞɢɦɨɫɬɢ) ɨɩɪɟɞɟɥɟɧɧɨɣ ɞɥɢ-
ɧɵ ɜɞɨɥɶ ɨɩɬɢɱɟɫɤɨɣ ɨɫɢ ɫɢɫɬɟɦɵ. Ɉɫɧɨɜɧɵɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɮɨɪɦɢɪɨɜɚɧɢя ɢɡɨɛɪɚɠɟɧɢя ɜ 
АИɋВ ɞɥя ɞɜɭɯ ɱɚɫɬɧɵɯ ɫɥɭɱɚяɯ ɩɨɥɭɱɟɧɵ ɜ ɪɚɛɨɬɚɯ [2, 3]. В ɫɜяɡɢ ɫ ɷɬɢɦ ɩɪɢɜɟɞɟɧɧɨɟ ɜɵɲɟ 
ɜɵɪɚɠɟɧɢɟ ɞɥя Sɨɛ ɦɨɠɟɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɨ ɜ ɨɛɳɟɦ ɫɥɭɱɚɟ ɬɨɥɶɤɨ ɞɥя ɩɪɢɛɥɢɠɟɧɧɨɣ ɨɰɟɧɤɢ 
ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɚ. 

ɇɚɫɬɨяɳɚя ɪɚɛɨɬɚ ɩɨɫɜяɳɟɧɚ ɩɪɨɜɟɪɤɟ ɩɨɥɭɱɟɧɧɵɯ ɜ [2] ɜɵɪɚɠɟɧɢɣ ɢ ɞɟɦɨɧɫɬɪɚɰɢɢ ɜɨɡ-
ɦɨɠɧɨɫɬɢ ɢɯ ɢɫɩɨɥɶɡɨɜɚɧɢя ɞɥя ɫɪɚɜɧɢɬɟɥɶɧɨ ɬɨɱɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɨɜ. 

1. Оɫɧɨвɧыɟ ɫɨɨɬɧɨɲɟɧɢɹ 

Ɋɚɫɫɦɨɬɪɢɦ ɱɚɫɬɨ ɪɟɚɥɢɡɭɟɦɵɣ ɧɚ ɩɪɚɤɬɢɤɟ ɫɥɭɱɚɣ ɧɚɛɥɸɞɟɧɢя ɧɚ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɬɪɚɫ-
ɫɟ, ɤɨɝɞɚ ɨɛɴɟɤɬ ɧɟɩɨɞɜɢɠɟɧ ɨɬɧɨɫɢɬɟɥɶɧɨ АИɋВ. ɉɭɬɟɦ ɭɜɟɥɢɱɟɧɢя (ɭɦɟɧɶɲɟɧɢя) ɡɧɚɱɟɧɢя 
Δtɡɚɞ ɧɚ ɩɭɥɶɬɟ ɭɩɪɚɜɥɟɧɢя ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɨɛɴɟɤɬ ɢ ɨɤɪɭɠɚɸɳɟɟ ɟɝɨ ɩɪɨɫɬɪɚɧɫɬɜɨ. ɉɪɢɜɟɞɟɦ 
ɫɟɣɱɚɫ ɨɫɧɨɜɧɵɟ ɫɜɟɞɟɧɢя ɢɡ [2], ɤɨɬɨɪɵɟ ɧɟɨɛɯɨɞɢɦɵ ɞɥя ɞɚɥɶɧɟɣɲɟɝɨ ɪɚɫɫɦɨɬɪɟɧɢя. В ɨɛ-
ɳɟɦ ɫɥɭɱɚɟ ɪɚɛɨɬɚ ɜɫɟɣ ɫɢɫɬɟɦɵ ɨɛɟɫɩɟɱɢɜɚɟɬɫя ɤɨɧɬɪɨɥɥɟɪɨɦ, ɤɨɬɨɪɵɣ ɭɩɪɚɜɥяɟɬ c ɩɨɦɨɳɶɸ 
ɩɪяɦɨɭɝɨɥɶɧɵɯ ɭɩɪɚɜɥяɸɳɢɯ ɢɦɩɭɥɶɫɨɜ ɪɚɛɨɬɨɣ ɞɪɚɣɜɟɪɨɜ ɥɚɡɟɪɨɜ ɩɨɞɫɜɟɬɤɢ, ЭɈɉ ɢ ɬ.ɞ. 
ɉɭɫɬɶ tɥɚɡ-ɜɤɥ, tɥɚɡ-ɜɵɤɥ ɢ tЭɈɉ-ɜɤɥ, tЭɈɉ-ɜɵɤɥ — ɦɨɦɟɧɬɵ ɜɪɟɦɟɧɢ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɜɤɥɸɱɟɧɢɸ ɢ ɜɵ-
ɤɥɸɱɟɧɢɸ ɥɚɡɟɪɨɜ ɩɨɞɫɜɟɬɤɢ ɢ ЭɈɉ, ɨɩɪɟɞɟɥяɟɦɵɟ ɭɩɪɚɜɥяɸɳɢɦɢ ɢɦɩɭɥɶɫɚɦɢ. В ɞɟɣɫɬɜɢ-
ɬɟɥɶɧɨɫɬɢ ɜ ɫɢɥɭ ɪяɞɚ ɬɟɯɧɢɱɟɫɤɢɯ ɩɪɢɱɢɧ ɢɫɬɢɧɧɵɟ ɜɪɟɦɟɧɚ, ɧɚɩɪɢɦɟɪ, ɜɤɥɸɱɟɧɢя ɥɚɡɟɪɨɜ ɢ 
ЭɈɉ ɨɬɥɢɱɚɸɬɫя. ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ tɥɚɡ-ɜɤɥɢɫɬ = tɥɚɡ-ɜɤɥ + ∆tɥɚɡ-х ɢ tЭɈɉ-ɜɤɥ

ɢɫɬ = tЭɈɉ-ɜɤɥ + ∆tЭɈɉ-х. Вɪɟ-
ɦɟɧɧɵɟ ɢɧɬɟɪɜɚɥɵ ∆tɥɚɡ-х ɢ ∆tЭɈɉ-х ɨɩɢɫɵɜɚɸɬ ɡɚɞɟɪɠɤɭ ɪɟɚɥɶɧɵɯ ɥɚɡɟɪɧɨɝɨ ɢɦɩɭɥɶɫɚ ɢ ɫɬɪɨɛ-
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ɢɦɩɭɥɶɫɚ ЭɈɉ ɨɬɧɨɫɢɬɟɥɶɧɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɭɩɪɚɜɥяɸɳɢɯ ɢɦɩɭɥɶɫɨɜ. Ɉɛɵɱɧɨ ɨɧɢ ɧɟɢɡ-
ɜɟɫɬɧɵ. Ɍɨɝɞɚ ɜɦɟɫɬɨ ɜɜɟɞɟɧɧɨɝɨ ɪɚɧɟɟ ɡɧɚɱɟɧɢя Δtɡɚɞ ɢɫɬɢɧɧɭɸ ɜɪɟɦɟɧɧɭɸ ɡɚɞɟɪɠɤɭ ɦɟɠɞɭ 
ɩɟɪɟɞɧɢɦɢ ɮɪɨɧɬɚɦɢ ɫɬɪɨɛ-ɢɦɩɭɥɶɫɚ ɢ ɥɚɡɟɪɧɨɝɨ ɢɦɩɭɥɶɫɚ ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ:  
∆tɡɚɞ-ɢɫɬ = (tЭɈɉ-ɜɤɥ + ∆tЭɈɉ-х) – (tɥɚɡ-ɜɤɥ + ∆tɥɚɡ-х) = ∆tɡɚɞ-ɭɩɪ + ∆tɡɚɞ-х, ɝɞɟ ∆tɡɚɞ-ɭɩɪ = tЭɈɉ-ɜɤɥ – tɥɚɡ-ɜɤɥ,  
∆tɡɚɞ-х = ∆tЭɈɉ-х – ∆tɥɚɡ-х. Ɉɛɪɚɬɢɦ ɜɧɢɦɚɧɢɟ ɧɚ ɬɨ, ɱɬɨ ɜɪɟɦɟɧɧɚя ɡɚɞɟɪɠɤɚ ∆tɡɚɞ-ɭɩɪ, ɤɨɬɨɪɚя ɨɩɪɟ-
ɞɟɥяɟɬɫя ɭɩɪɚɜɥяɸɳɢɦɢ ɢɦɩɭɥɶɫɚɦɢ, ɢɫɩɨɥɶɡɭɟɬɫя ɜ АИɋВ ɞɥя ɪɚɫɱɟɬɚ ɪɚɫɫɬɨяɧɢя ɞɨ ɧɟɤɨɬɨ-
ɪɨɣ ɭɫɥɨɜɧɨɣ ɬɨɱɤɢ ɧɚɛɥɸɞɟɧɢя ɩɨ ɮɨɪɦɭɥɟ: Si = ɫ∆tɡɚɞ-ɭɩɪ/2. Вɪɟɦɟɧɧɨɣ ɢɧɬɟɪɜɚɥ ∆tɡɚɞ-х ɩɪɢ 
ɷɬɨɦ ɜ яɜɧɨɦ ɜɢɞɟ ɧɟ ɭɱɢɬɵɜɚɟɬɫя. 

Ɋɚɫɫɦɨɬɪɢɦ ɤɪɚɬɤɨ ɨɫɧɨɜɧɵɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɮɨɪɦɢɪɨɜɚɧɢя ɢɡɨɛɪɚɠɟɧɢя (ɧɚɩɪɢɦɟɪ, ɧɚ 
ɷɤɪɚɧɟ ɜɢɞɟɨɦɨɧɢɬɨɪɚ) ɩɪɢ Δtɥɚɡ ≠ ΔtЭɈɉ. ɉɭɫɬɶ ɨɛɴɟɤɬ ɧɚɛɥɸɞɟɧɢя — ɜɟɪɬɢɤɚɥɶɧɚя ɫɬɟɧɚ. 
ɉɪɟɞɩɨɥɨɠɢɦ, ɱɬɨ ɫ ɩɨɦɨɳɶɸ ɩɭɥɶɬɚ ɭɩɪɚɜɥɟɧɢя ɧɚɱɢɧɚɟɬ ɭɜɟɥɢɱɢɜɚɬɶɫя ɜɪɟɦɟɧɧɚя ɡɚɞɟɪɠɤɚ 
∆tɡɚɞ-ɭɩɪ, ɤɨɬɨɪɚя ɩɟɪɟɫɱɢɬɵɜɚɟɬɫя АИɋВ ɜ ɪɚɫɫɬɨяɧɢɟ ɞɨ ɭɫɥɨɜɧɨɣ ɬɨɱɤɢ ɧɚɛɥɸɞɟɧɢя Si ɩɨ ɭɤɚ-
ɡɚɧɧɨɦɭ ɜɵɲɟ ɜɵɪɚɠɟɧɢɸ. В ɧɚɱɚɥɶɧɨɦ ɫɨɫɬɨяɧɢɢ ɢɡɨɛɪɚɠɟɧɢɟ ɨɛɴɟɤɬɚ ɨɬɫɭɬɫɬɜɭɟɬ, ɩɨɫɤɨɥɶ-
ɤɭ Si < Sɨɛ. ɉɪɢ ɧɟɤɨɬɨɪɨɦ ɡɧɚɱɟɧɢɢ Si ɧɚɱɢɧɚɟɬ ɪɟɝɢɫɬɪɢɪɨɜɚɬɶɫя ɨɬɪɚɠɟɧɧɵɣ ɨɬ ɨɛɴɟɤɬɚ ɫɢɝ-
ɧɚɥ. Эɬɭ ɬɨɱɤɭ ɧɚɡɨɜɟɦ ɧɚɱɚɥɶɧɨɣ ɬɨɱɤɨɣ ɡɨɧɵ ɜɢɞɢɦɨɫɬɢ: Si = Sɧɚɱ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟ-
ɧɢɢ Si ɜɟɥɢɱɢɧɚ ɫɢɝɧɚɥɚ ɨɬ ɨɛɴɟɤɬɚ ɜɨɡɪɚɫɬɚɟɬ ɩɨ ɥɢɧɟɣɧɨɦɭ ɡɚɤɨɧɭ ɢ ɞɨɫɬɢɝɚɟɬ ɦɚɤɫɢɦɭɦɚ ɜ 
ɬɨɱɤɟ Si = Sɧɚɱ-ɦɚɤɫ. ɋɥɟɞɭɸɳɟɣ ɯɚɪɚɤɬɟɪɧɨɣ ɬɨɱɤɨɣ яɜɥяɟɬɫя ɪɚɫɫɬɨяɧɢɟ Si = Sɤɨɧ-ɦɚɤɫ. В ɩɪɨɦɟ-
ɠɭɬɤɟ ɦɟɠɞɭ Sɧɚɱ-ɦɚɤɫ ɢ Sɤɨɧ-ɦɚɤɫ ɫɢɝɧɚɥ ɧɟ ɦɟɧяɟɬɫя ɢ ɨɫɬɚɟɬɫя ɦɚɤɫɢɦɚɥɶɧɵɦ. ɉɨɫɥɟ ɬɨɱɤɢ  
Sɤɨɧ-ɦɚɤɫ ɫ ɭɜɟɥɢɱɟɧɢɟɦ Si ɩɨɥɟɡɧɵɣ ɫɢɝɧɚɥ ɭɦɟɧɶɲɚɟɬɫя ɩɨ ɥɢɧɟɣɧɨɦɭ ɡɚɤɨɧɭ ɢ ɞɨɫɬɢɝɚɟɬ ɧɭɥɟ-
ɜɨɝɨ ɡɧɚɱɟɧɢя ɩɪɢ Si = Sɤɨɧ. Ɋɚɫɫɬɨяɧɢɟ Sɤɨɧ ɧɚɡɨɜɟɦ ɤɨɧɟɱɧɨɣ ɬɨɱɤɨɣ ɡɨɧɵ ɜɢɞɢɦɨɫɬɢ. Вɵɪɚɠɟ-
ɧɢя ɞɥя ɱɟɬɵɪɟɯ ɯɚɪɚɤɬɟɪɧɵɯ ɪɚɫɫɬɨяɧɢɣ (ɬɨɱɟɤ) ɢ ɩɨɥɭɱɟɧɧɵɯ ɧɚ ɢɯ ɨɫɧɨɜɟ ɪɚɫɫɬɨяɧɢя ɞɨ 
ɨɛɴɟɤɬɚ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 1 [2]. В ɬɚɛɥ. 1 ɜɜɟɞɟɧɵ ɨɛɨɡɧɚɱɟɧɢя: Kɧɚɱ = ɫ(∆tЭɈɉ +∆tɡɚɞ-х)/2;  
Kɧɚɱ-ɦɚɤɫ = ɫ∆tɡɚɞ-х/2; Kɤɨɧ-ɦɚɤɫ = ɫ(∆tɥɚɡ – ∆tЭɈɉ – ∆tɡɚɞ-х)/2 ɢ Kɤɨɧ = ɫ(∆tɥɚɡ – ∆tɡɚɞ-х)/2. 

Ȼɨɥɟɟ ɞɟɬɚɥɶɧɵɟ ɫɜɟɞɟɧɢя ɢ ɨɛɴяɫɧɟɧɢɟ ɮɢɡɢɱɟɫɤɨɝɨ ɫɦɵɫɥɚ ɯɚɪɚɤɬɟɪɧɵɯ ɪɚɫɫɬɨяɧɢɣ 
(ɬɨɱɟɤ) ɦɨɠɧɨ ɧɚɣɬɢ ɜ [2]. 

 
Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Фɨɪɦɭɥɵ ɞɥя ɪɚɫɱɟɬɚ ɯɚɪɚɤɬɟɪɧɵɯ ɪɚɫɫɬɨяɧɢɣ ɢ ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɚ. 

Ɋɚɫɫɬɨяɧɢɟ ∆tɥɚɡ > ∆tЭɈɉ ∆tɥɚɡ < ∆tЭɈɉ ∆tɥɚɡ = ∆tЭɈɉ 

Хɚɪɚɤɬɟɪɧɵɟ ɞɢɫɬɚɧɰɢɢ (ɪɚɫɫɬɨяɧɢя) 
Sɧɚɱ  Sɨɛ – ɫ(∆tЭɈɉ +∆tɡɚɞ-х)/2 Sɨɛ – ɫ(∆tЭɈɉ + ∆tɡɚɞ-х)/2 Sɨɛ – ɫ(∆tЭɈɉ + ∆tɡɚɞ-х)/2 
Sɧɚɱ-ɦɚɤɫ Sɨɛ– ɫ∆tɡɚɞ-х/2 Sɨɛ +ɫ(∆tɥɚɡ – ∆tЭɈɉ – ∆tɡɚɞ-х)/2 
Sɤɨɧ-ɦɚɤɫ Sɨɛ + ɫ(∆tɥɚɡ – ∆tЭɈɉ – ∆tɡɚɞ-х)/2 Sɨɛ – ɫ∆tɡɚɞ-х/2 

Sɦɚɤɫ = Sɨɛ – ɫ∆tɡɚɞ-х/2 

Sɤɨɧ Sɨɛ + ɫ(∆tɥɚɡ – ∆tɡɚɞ-х)/2 Sɨɛ + ɫ(∆tɥɚɡ – ∆tɡɚɞ-х)/2 Sɨɛ + ɫ(∆tɥɚɡ – ∆tɡɚɞ-х)/2 
Ɋɚɫɫɬɨяɧɢɟ ɞɨ ɨɛɴɟɤɬɚ 

Sɨɛ  Sɧɚɱ + Kɧɚɱ Sɧɚɱ + Kɧɚɱ Sɧɚɱ + Kɧɚɱ 
Sɨɛ  Sɧɚɱ-ɦɚɤɫ + Kɧɚɱ-ɦɚɤɫ Sɧɚɱ-ɦɚɤɫ – Kɤɨɧ-ɦɚɤɫ 
Sɨɛ Sɤɨɧ-ɦɚɤɫ – Kɤɨɧ-ɦɚɤɫ Sɤɨɧ-ɦɚɤɫ + Kɧɚɱ-ɦɚɤɫ 

Sɦɚɤɫ + Kɧɚɱ-ɦɚɤɫ 

Sɨɛ Sɤɨɧ – Kɤɨɧ Sɤɨɧ – Kɤɨɧ Sɤɨɧ – Kɤɨɧ 

2. Рɟɡɭɥɶɬаɬы ɢɡɦɟɪɟɧɢɣ ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Иɡɦɟɪɟɧɢя ɩɪɨɜɟɞɟɧɵ ɫ ɩɨɦɨɳɶɸ АИɋВ, ɞɥя ɤɨɬɨɪɨɣ ∆tЭɈɉ ≈ 22 ɧɫ, ∆tɡɚɞ-х ≈ 28 ɧɫ. ɉɪɢ 

ɷɬɨɦ ɦɢɧɢɦɚɥɶɧɵɣ ɲɚɝ ɢɡɦɟɧɟɧɢя ɪɚɫɫɬɨяɧɢя ∆Si = 0.75 ɦ. В ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɚ ɧɚɛɥɸɞɟɧɢя ɢɫ-
ɩɨɥɶɡɨɜɚɧɵ ɞɜɟ ɫɬɟɧɵ, ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨ ɨɩɬɢɱɟɫɤɨɣ ɨɫɢ ɫɢɫɬɟɦɵ. В ɬɚɛɥ. 2 
ɩɪɢɜɟɞɟɧɵ ɢɡɦɟɪɟɧɧɵɟ ɯɚɪɚɤɬɟɪɧɵɟ ɪɚɫɫɬɨяɧɢя, ɭɫɪɟɞɧɟɧɧɵɟ ɩɨ ɫɟɪɢɢ ɬɪɟɯ ɢɡɦɟɪɟɧɢɣ, ɚ ɬɚɤ-
ɠɟ ɜɵɱɢɫɥɟɧɧɵɟ ɧɚ ɢɯ ɨɫɧɨɜɟ ɤɚɥɢɛɪɨɜɨɱɧɵɟ ɩɨɫɬɨяɧɧɵɟ ɩɪɢ ɢɡɜɟɫɬɧɨɦ Sɨɛ: Kɧɚɱ = Sɨɛ – Sɧɚɱ, 
Kɧɚɱ-ɦɚɤɫ = Sɨɛ – Sɧɚɱ-ɦɚɤɫ, Kɤɨɧ-ɦɚɤɫ = Sɤɨɧ-ɦɚɤɫ – Sɨɛ ɢ Kɤɨɧ = Sɤɨɧ – Sɨɛ. ɋ ɞɪɭɝɨɣ ɫɬɨɪɨɧɵ, ɢɫɩɨɥɶɡɭя 
ɢɡɜɟɫɬɧɵɟ ɡɧɚɱɟɧɢя ∆tЭɈɉ, ∆tх ɢ ∆tɥɚɡ, ɦɨɠɧɨ ɪɚɫɫɱɢɬɚɬɶ ɡɧɚɱɟɧɢя ɤɚɥɢɛɪɨɜɨɱɧɵɯ ɩɨɫɬɨяɧɧɵɯ: 
Kɧɚɱ

ɪ = 7.5 ɦ; Kɧɚɱ-ɦɚɤɫ
ɪ = 4.2 ɦ; Kɤɨɧ-ɦɚɤɫ

ɪ = –3.0 (ɩɪɢ ∆tɥɚɡ = 30 ɧɫ), 0.8 (55 ɧɫ), 4.5 (80 ɧɫ), 7.5 (100 ɧɫ) 
ɢ Kɤɨɧ

ɪ = 0.3 (30 ɧɫ), 4.1 (55 ɧɫ), 7.8 (80 ɧɫ), 10.8 (100 ɧɫ). ɋɨɝɥɚɫɧɨ [2], ɤɚɥɢɛɪɨɜɨɱɧɵɟ ɩɨɫɬɨяɧ-
ɧɵɟ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɨɜ, ɟɫɥɢ ɩɚɪɚɦɟɬɪɵ ∆tɥɚɡ, 
∆tЭɈɉ ɢ ∆tх ɧɟɢɡɜɟɫɬɧɵ (ɢɥɢ ɜɟɥɢɤɚ ɩɨɝɪɟɲɧɨɫɬɶ ɢɯ ɨɩɪɟɞɟɥɟɧɢя). 

Иɡ ɬɚɛɥ. 2 ɜɢɞɧɨ, ɱɬɨ ɡɧɚɱɟɧɢя Kɧɚɱ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɡɚɜɢɫяɬ ɨɬ ɩɚɪɚɦɟɬɪɚ 
∆tɥɚɡ (ɪɚɡɛɪɨɫ ɡɧɚɱɟɧɢɣ ɨɬɧɨɫɢɬɟɥɶɧɨ Kɧɚɱ

ɪ ɧɟ ɩɪɟɜɵɲɚɟɬ ∆Si). Кɪɨɦɟ ɬɨɝɨ, ɡɧɚɱɟɧɢя Kɧɚɱ-ɦɚɤɫ 
ɬɚɤɠɟ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɡɚɜɢɫяɬ ɨɬ ∆tɥɚɡ, ɩɨɫɤɨɥɶɤɭ ɪɚɡɛɪɨɫ ɧɟ ɩɪɟɜɵɲɚɟɬ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɲɚ-
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ɝɚ. В ɫɥɭɱɚɟ Sɨɛ = 32.1 ɦ ɜɢɞɧɨ, ɱɬɨ ɨɬɤɥɨɧɟɧɢɟ Kɤɨɧ-ɦɚɤɫ ɨɬ Kɤɨɧ-ɦɚɤɫ
ɪ ɦɨɠɟɬ ɛɵɬɶ ɡɧɚɱɢɬɟɥɶɧɵɦ 

(ɧɚɩɪɢɦɟɪ, ~5∆Si ɩɪɢ ∆tɥɚɡ = 80 ɧɫ). ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɪɚɫɫɬɨяɧɢя ɞɨ ɨɛɴɟɤɬɚ ɞɨ Sɨɛ = 61.7 ɦ ɪɚɡ-
ɛɪɨɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɨɬɤɥɨɧɟɧɢɣ ɭɦɟɧɶɲɚɟɬɫя. ɋɪɚɜɧɢɬɟɥɶɧɨ ɛɨɥɶɲɚя ɩɨɝɪɟɲɧɨɫɬɶ ɩɨɥɭ-
ɱɟɧɧɨɝɨ ɡɧɚɱɟɧɢя Kɤɨɧ-ɦɚɤɫ ɨɛɭɫɥɨɜɥɟɧɚ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɬɟɦ ɨɛɫɬɨяɬɟɥɶɫɬɜɨɦ, ɱɬɨ ɨɧɨ ɨɩɪɟɞɟɥя-
ɟɬɫя ɤɨɦɛɢɧɚɰɢɟɣ ɬɪɟɯ ɩɚɪɚɦɟɬɪɨɜ: ∆tɥɚɡ, ∆tЭɈɉ ɢ ∆tх. Ɉɬɤɥɨɧɟɧɢɟ Kɤɨɧ ɨɬ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɡɧɚ-
ɱɟɧɢɣ Kɤɨɧ

ɪ (ɬɚɛɥ. 2) ɧɟ ɩɪɟɜɵɲɚɟɬ ∆Si (ɢɫɤɥɸɱɟɧɢɟ Kɤɨɧ = 1.4 ɦ ~ 1.5∆Si ɩɪɢ ∆tɥɚɡ = 30 ɧɫ ɞɥя 
ɫɥɭɱɚя Sɨɛ = 61.7 ɦ). 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  2. Иɡɦɟɪɟɧɧɵɟ ɯɚɪɚɤɬɟɪɧɵɟ ɪɚɫɫɬɨяɧɢя ɞɥя Sɨɛ = 32.1 ɦ.  

Sɨɛ = 32.1 ɦ Sɨɛ = 61.7 ɦ 
∆tɥɚɡ, ɧɫ 

Иɡɦɟɪɟɧɧɵɟ 
ɪɚɫɫɬɨяɧɢя, ɦ 

30 55 80 100 30 55 80 100 
Sɧɚɱ 24.4 24.4 24.4 24.4 54.9 54.4 54.1 54.9 

Sɧɚɱ-ɦɚɤɫ 27.4 28.2 28.2 28.4 56.7 56.7 57.1 57.4 
Sɤɨɧ-ɦɚɤɫ 28.2 30.4 32.7 36.4 60.2 63.2 66.4 69.9 

Sɤɨɧ 32.7 36.7 40.2 43.2 63.1 66.4 70.1 73.1 
Kɧɚɱ 7.7 7.7 7.7 7.7 6.8 7.3 7.6 6.8 

Kɧɚɱ-ɦɚɤɫ 4.7 3.9 3.9 3.7 5.0 5.0 4.6 4.3 
Kɤɨɧ-ɦɚɤɫ –3.9 –1.7 0.6 4.3 –1.5 1.5 4.7 8.2 

Kɤɨɧ 0.6 4.6 8.1 11.1 1.4 4.7 8.4 11.4 

Заɤɥючɟɧɢɟ  
Аɧɚɥɢɡ ɩɪɢɜɟɞɟɧɧɵɯ ɪɟɡɭɥɶɬɚɬɨɜ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɧɚɢɛɨɥɶɲɚя ɬɨɱɧɨɫɬɶ (ɩɨɪяɞɤɚ 

ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɲɚɝɚ ∆Si) ɞɨɫɬɢɝɚɟɬɫя ɞɥя ɤɚɥɢɛɪɨɜɨɱɧɵɯ ɩɨɫɬɨяɧɧɵɯ Kɧɚɱ, Kɧɚɱ-ɦɚɤɫ ɢ Kɤɨɧ. 
Иɡɦɟɪɢɜ ɫ ɩɨɦɨɳɶɸ ɪɭɥɟɬɤɢ ɪɚɫɫɬɨяɧɢɟ ɞɨ ɨɞɧɨɝɨ ɢɥɢ ɧɟɫɤɨɥɶɤɢɯ ɨɛɴɟɤɬɨɜ (ɫ ɰɟɥɶɸ 
ɭɫɪɟɞɧɟɧɢя ɤɚɥɢɛɪɨɜɨɱɧɵɯ ɩɨɫɬɨяɧɧɵɯ) ɢ ɜɵɱɢɫɥɢɜ ɭɤɚɡɚɧɧɵɟ ɤɚɥɢɛɪɨɜɨɱɧɵɟ ɩɨɫɬɨяɧɧɵɟ, 
ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ АИɋВ ɞɥя ɫɪɚɜɧɢɬɟɥɶɧɨ ɬɨɱɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɪɚɫɫɬɨяɧɢя ɞɨ ɥɸɛɵɯ 
ɞɪɭɝɢɯ ɨɛɴɟɤɬɨɜ. ɉɪɢ ɷɬɨɦ ɧɟ ɬɪɟɛɭɟɬɫя ɡɧɚɧɢя ɬɚɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɫɚɦɨɣ АИɋВ, ɤɚɤ ∆tɥɚɡ, ∆tЭɈɉ 
ɢ ∆tх. ɋɥɟɞɭɟɬ ɩɨɞɱɟɪɤɧɭɬɶ, ɱɬɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɟ ɢɡɦɟɪɟɧɢɟ ɭɤɚɡɚɧɧɵɯ ɜɪɟɦɟɧ ɫɨɩɪяɠɟɧɨ ɫ 
ɨɩɪɟɞɟɥɟɧɧɵɦɢ ɫɥɨɠɧɨɫɬяɦɢ. 
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Definition of Distance up to Motionless Objects with the Help of Active-

Pulse Systems of Vision on the Basis of SemiConductor Lasers 
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It is shown that the offered algorithms which are not demanding knowledge of parameters of the active-
pulse system of vision, can be used for the exact definition of distance up to objects. 

Keywords: active-pulse system of vision, definition of distance. 



 94
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ɉɪɟɞɫɬɚɜɥɟɧ ɨɛɡɨɪ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɜɨɡɦɨɠɧɨɫɬɟɣ ɷɬɚɥɨɧɨɜ ɢ ɭɫɬɚɧɨɜɨɤ ɜ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɣ ɢ ɫɜɟ-
ɬɨɞɢɨɞɧɨɣ ɬɟɯɧɢɤɢ, ɫɨɡɞɚɧɧɵɯ ɫɨɜɦɟɫɬɧɨ Иɧɫɬɢɬɭɬɨɦ ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ ɢ Ȼɟɥɨɪɭɫɫɤɢɦ ɝɨɫɭɞɚɪɫɬ-
ɜɟɧɧɵɦ ɢɧɫɬɢɬɭɬɨɦ ɦɟɬɪɨɥɨɝɢɢ.  

Кɥючɟвыɟ ɫɥɨва: ɥɚɡɟɪɧɚя ɬɟɯɧɢɤɚ, ɥɚɡɟɪɧɵɣ ɞɢɨɞ, ɫɜɟɬɨɞɢɨɞ, ɷɬɚɥɨɧ, ɭɫɬɚɧɨɜɤɚ, ɢɡɦɟɪɟɧɢɟ, ɧɟ-
ɨɩɪɟɞɟɥɟɧɧɨɫɬɶ.  

Ввɟɞɟɧɢɟ 
В ɩɨɫɥɟɞɧɢɟ ɞɜɚ ɞɟɫяɬɢɥɟɬɢя ɞɨɫɬɢɝɧɭɬ ɫɭɳɟɫɬɜɟɧɧɵɣ ɩɪɨɝɪɟɫɫ ɜ ɪɚɡɪɚɛɨɬɤɟ ɬɜɟɪ-

ɞɨɬɟɥɶɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢɡɥɭɱɟɧɢя (ɌɌИИ), ɜ ɩɟɪɜɭɸ ɨɱɟɪɟɞɶ ɷɬɨ ɨɬɧɨɫɢɬɫя ɤ ɥɚɡɟɪɧɵɦ (ɅД) ɢ 
ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɦ ɞɢɨɞɚɦ (ɋИД). В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɌɌИИ ɲɢɪɨɤɨ ɢɫɩɨɥɶɡɭɸɬɫя ɜ ɩɪɨɦɵɲ-
ɥɟɧɧɨɫɬɢ, ɦɟɞɢɰɢɧɟ, ɢɧɮɨɪɦɚɰɢɨɧɧɵɯ ɫɢɫɬɟɦɚɯ, ɩɪɢɛɨɪɨɫɬɪɨɟɧɢɢ ɢ ɧɚɭɤɟ. Ɉɫɨɛɟɧɧɨ ɡɧɚɱɢ-
ɦɵɟ ɭɫɩɟɯɢ ɞɨɫɬɢɝɧɭɬɵ ɜ ɪɚɡɪɚɛɨɬɤɟ ɋИД, ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɫɜɟɬɨɬɟɯɧɢɱɟɫɤɢɯ ɢɡɞɟɥɢяɯ ɤɚɤ ɞɥя 
ɥɨɤɚɥɶɧɨɝɨ, ɬɚɤ ɢ ɞɥя ɨɛɳɟɝɨ ɨɫɜɟɳɟɧɢя. ɋɥɟɞɭɟɬ ɬɚɤɠɟ ɨɬɦɟɬɢɬɶ ɛɭɪɧɨ ɪɚɡɜɢɜɚɸɳɢɟɫя ɧɨɜɵɟ 
ɨɛɥɚɫɬɢ ɩɪɢɦɟɧɟɧɢя ɌɌИИ, ɢɡɥɭɱɚɸɳɢɯ ɜ ɭɥɶɬɪɚɮɢɨɥɟɬɨɜɨɦ (УФ) ɞɢɚɩɚɡɨɧɟ ɫɩɟɤɬɪɚ, ɧɚɩɪɢ-
ɦɟɪ, УФ ɨɬɜɟɪɠɞɟɧɢɟ ɩɨɥɢɦɟɪɨɜ (ɩɨɥɢɝɪɚɮɢя, ɩɪɨɢɡɜɨɞɫɬɜɨ ɢɡɞɟɥɢɣ ɢɡ ɩɨɥɢɦɟɪɨɜ, ɦɟɛɟɥɶɧɨɟ 
ɩɪɨɢɡɜɨɞɫɬɜɨ ɢ ɞɪ.), ɷɤɫɩɪɟɫɫ ɢɞɟɧɬɢɮɢɤɚɰɢя ɯɢɦɢɱɟɫɤɢɯ ɜɟɳɟɫɬɜ ɢ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɨɛɴɟɤɬɨɜ 
(ɨɬɪɚɜɥяɸɳɢɯ ɢ ɜɡɪɵɜɱɚɬɵɯ ɜɟɳɟɫɬɜ, ɧɚɪɤɨɬɢɤɨɜ ɢ ɞɪ.), ɫɩɟɰɢɚɥɶɧɵɟ ɩɪɢɦɟɧɟɧɢя. ɉɨɷɬɨɦɭ 
ɦɨɠɧɨ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɜ ɛɥɢɠɚɣɲɢɟ ɝɨɞɵ ɬɪɚɞɢɰɢɨɧɧɵɟ ɢɫɬɨɱɧɢɤɢ, ɢɡɥɭɱɚɸɳɢɟ ɤɚɤ ɜ ɜɢɞɢɦɨɣ, 
ɬɚɤ ɢ ɜ УФ ɨɛɥɚɫɬяɯ ɫɩɟɤɬɪɚ, ɜɨ ɦɧɨɝɢɯ ɩɪɢɥɨɠɟɧɢяɯ ɛɭɞɭɬ ɡɚɦɟɧɟɧɵ ɧɚ ɋИД ɢ ɅД. 

ɋɬɪɟɦɢɬɟɥɶɧɨɟ ɪɚɡɜɢɬɢɟ ɢ ɲɢɪɨɤɨɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟ ɌɌИИ ɨɞɧɨɜɪɟɦɟɧɧɨ ɜɵяɜɢɥɢ ɫɭ-
ɳɟɫɬɜɟɧɧɵɟ ɩɪɨɛɥɟɦɵ ɜ ɢɯ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɦ ɨɛɟɫɩɟɱɟɧɢɢ. К ɫɨɠɚɥɟɧɢɸ, ɦɨɠɧɨ ɤɨɧɫɬɚɬɢ-
ɪɨɜɚɬɶ, ɱɬɨ ɜ ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɨɬɫɭɬɫɬɜɭɸɬ ɧɟ ɬɨɥɶɤɨ ɟɞɢɧɵɣ ɫɢɫɬɟɦɧɵɣ ɩɨɞɯɨɞ ɤ ɷɬɨɦɭ ɜɨ-
ɩɪɨɫɭ (ɅД ɢ ɋИД ɪɚɫɫɦɚɬɪɢɜɚɸɬɫя ɤɚɤ ɪɚɡɥɢɱɧɵɟ ɢɫɬɨɱɧɢɤɢ ɢɡɥɭɱɟɧɢя), ɧɨ ɢ ɨɛɳɟɩɪɢɡɧɚɧ-
ɧɵɟ ɦɟɬɨɞɵ ɢɡɦɟɪɟɧɢя ɪяɞɚ ɢɯ ɨɩɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ, ɧɚɩɪɢɦɟɪ ɫɜɟɬɨɜɨɝɨ ɩɨɬɨɤɚ, яɪɤɨɫɬɢ, 
ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ яɪɤɨɫɬɢ ɢɡɥɭɱɟɧɢя ɢ ɞɪ. И ɷɬɨ ɧɟɫɦɨɬɪя ɧɚ ɬɨ, ɱɬɨ ɫ 
ɫɟɪɟɞɢɧɵ 90-ɯ ɝɝ. ɩɪɨɲɥɨɝɨ ɜɟɤɚ ɧɚɞ ɷɬɢɦ ɪɚɛɨɬɚɸɬ ɢ Ɇɟɠɞɭɧɚɪɨɞɧɚя ɤɨɦɢɫɫɢя ɩɨ ɨɫɜɟɳɟɧɢɸ 
(CIE), ɢ Ɇɟɠɞɭɧɚɪɨɞɧɚя ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɚя ɤɨɦɢɫɫɢя (IEC), ɢ Ɇɟɠɞɭɧɚɪɨɞɧɚя ɨɪɝɚɧɢɡɚɰɢя ɩɨ 
ɫɬɚɧɞɚɪɬɢɡɚɰɢɢ (ISO), ɢ ɛɨɥɶɲɢɧɫɬɜɨ ɧɚɰɢɨɧɚɥɶɧɵɯ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɯ ɰɟɧɬɪɨɜ (ɇɆЦ). Эɬɨ ɜɟ-
ɞɟɬ ɤ ɬɨɦɭ, ɱɬɨ ɩɨɬɪɟɛɢɬɟɥɢ ɢɡɞɟɥɢɣ, ɢɡɝɨɬɨɜɥɟɧɧɵɯ ɧɚ ɨɫɧɨɜɟ ɌɌИИ, ɧɟ ɜɫɟɝɞɚ ɦɨɝɭɬ ɞɨɫɬɨ-
ɜɟɪɧɨ ɭɫɬɚɧɨɜɢɬɶ ɫɨɨɬɜɟɬɫɬɜɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɩɚɪɚɦɟɬɪɨɜ, ɡɚяɜɥɟɧɧɵɯ ɩɨɫɬɚɜɳɢɤɨɦ. Вɦɟɫɬɟ 
ɫ ɬɟɦ ɜɜɟɞɟɧɢɟ ɫɟɪɬɢɮɢɤɚɰɢɢ ɩɪɨɞɭɤɰɢɢ ɢ ɩɪɨɜɟɞɟɧɢɟ ɟɟ ɩɨ ɩɪɚɜɢɥɚɦ ɢ ɩɪɨɰɟɞɭɪɚɦ, ɫɨɝɥɚɫɧɨ 
ɦɟɠɞɭɧɚɪɨɞɧɵɦɢ ɫɬɚɧɞɚɪɬɚɦɢ ИɋɈ ɫɟɪɢɢ 9000, ɩɪɟɞɭɫɦɚɬɪɢɜɚɟɬ ɤɨɧɬɪɨɥɶ ɤɚɱɟɫɬɜɚ ɩɪɨɞɭɤ-
ɰɢɢ ɫ ɩɨɦɨɳɶɸ ɫɪɟɞɫɬɜ ɢɡɦɟɪɟɧɢɣ (ɋИ), ɨɬɤɚɥɢɛɪɨɜɚɧɧɵɯ ɫɬɚɧɞɚɪɬɢɡɨɜɚɧɧɵɦɢ ɦɟɬɨɞɚɦɢ ɧɚ 
ɧɚɰɢɨɧɚɥɶɧɨɣ ɷɬɚɥɨɧɧɨɣ ɛɚɡɟ.  

ȿɫɥɢ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɟ ɨɛɟɫɩɟɱɟɧɢɟ ɩɨɧɢɦɚɬɶ ɤɚɤ “ɭɫɬɚɧɨɜɥɟɧɢɟ ɢ ɩɪɢɦɟɧɟɧɢɟ ɧɚɭɱɧɵɯ ɢ 
ɨɪɝɚɧɢɡɚɰɢɨɧɧɵɯ ɨɫɧɨɜ, ɬɟɯɧɢɱɟɫɤɢɯ ɫɪɟɞɫɬɜ, ɩɪɚɜɢɥ ɢ ɧɨɪɦ, ɧɟɨɛɯɨɞɢɦɵɯ ɞɥя ɞɨɫɬɢɠɟɧɢя 
ɟɞɢɧɫɬɜɚ ɢ ɬɪɟɛɭɟɦɨɣ ɬɨɱɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ” (ȽɈɋɌ 1.25-76), ɬɨ ɞɥя ɤɨɪɪɟɤɬɧɨɝɨ ɦɟɬɪɨɥɨɝɢ-
ɱɟɫɤɨɝɨ ɨɛɟɫɩɟɱɟɧɢя ɨɩɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɌɌИИ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 
ɬɟɯɧɢɱɟɫɤɢɟ ɧɨɪɦɚɬɢɜɧɨ-ɩɪɚɜɨɜɵɟ ɚɤɬɵ (ɌɇɉА), ɷɬɚɥɨɧɵ ɢ ɢɡɦɟɪɢɬɟɥɶɧɵɟ ɭɫɬɚɧɨɜɤɢ, ɚ ɬɚɤɠɟ 
ɨɪɝɚɧɢɡɚɰɢɨɧɧɭɸ ɫɬɪɭɤɬɭɪɭ ɩɨ ɨɛɟɫɩɟɱɟɧɢɸ ɟɞɢɧɫɬɜɚ ɢɡɦɟɪɟɧɢɣ.  

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜɨɡɦɨɠɧɨɫɬɢ ɩɨ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɦɭ ɨɛɟɫɩɟɱɟɧɢɸ ɨɩɬɢ-
ɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɌɌИИ ɜ Ɋɟɫɩɭɛɥɢɤɟ Ȼɟɥɚɪɭɫɶ. 
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1. Оɪɝаɧɢɡаɰɢɨɧɧаɹ ɫɬɪɭɤɬɭɪа ɨɛɟɫɩɟчɟɧɢɹ ɟɞɢɧɫɬва ɢɡɦɟɪɟɧɢɣ в ɨɛɥаɫɬɢ  

ɨɩɬɢчɟɫɤɨɣ ɪаɞɢɨɦɟɬɪɢɢ в Рɟɫɩɭɛɥɢɤɟ Бɟɥаɪɭɫɶ  

В Ɋɟɫɩɭɛɥɢɤɟ Ȼɟɥɚɪɭɫɶ ɩɪɢɫɬɭɩɢɥɢ ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɫɢɫɬɟɦɵ ɨɛɟɫɩɟɱɟɧɢя ɟɞɢɧɫɬɜɚ ɢɡ-
ɦɟɪɟɧɢɣ ɜ ɨɛɥɚɫɬɢ ɨɩɬɢɱɟɫɤɨɣ ɪɚɞɢɨɦɟɬɪɢɢ ɜ ɫɟɪɟɞɢɧɟ 90-ɯ ɝɝ. ɩɪɨɲɥɨɝɨ ɜɟɤɚ ɨɞɧɨɜɪɟɦɟɧɧɨ ɫ 
ɧɚɱɚɥɨɦ ɫɨɡɞɚɧɢя ɧɚɰɢɨɧɚɥɶɧɨɣ ɫɢɫɬɟɦɵ ɷɬɚɥɨɧɨɜ ɟɞɢɧɢɰ ɮɢɡɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ. Вɟɞɭɳɚя ɪɨɥɶ 
ɜ ɷɬɨɣ ɪɚɛɨɬɟ ɩɪɢɧɚɞɥɟɠɢɬ Ȼɟɥɨɪɭɫɫɤɨɦɭ ɝɨɫɭɞɚɪɫɬɜɟɧɧɨɦɭ ɢɧɫɬɢɬɭɬɭ ɦɟɬɪɨɥɨɝɢɢ (ȻɟɥȽИɆ), 
ɧɚ ɤɨɬɨɪɵɣ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ Зɚɤɨɧɨɦ Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚɪɭɫɶ “Ɉɛ ɨɛɟɫɩɟɱɟɧɢɢ ɟɞɢɧɫɬɜɚ ɢɡɦɟɪɟ-
ɧɢɣ” Ƚɨɫɫɬɚɧɞɚɪɬɨɦ Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚɪɭɫɶ (Ƚɨɫɫɬɚɧɞɚɪɬ ɊȻ) ɜɨɡɥɨɠɟɧɵ ɮɭɧɤɰɢɢ ɝɥɚɜɧɨɝɨ ɰɟɧ-
ɬɪɚ ɧɚɰɢɨɧɚɥɶɧɵɯ ɷɬɚɥɨɧɨɜ. В ɪɚɛɨɬɚɯ ɩɨ ɫɨɡɞɚɧɢɸ ɫɢɫɬɟɦɵ ɨɛɟɫɩɟɱɟɧɢя ɟɞɢɧɫɬɜɚ ɢɡɦɟɪɟɧɢɣ 
ɜ ɨɛɥɚɫɬɢ ɨɩɬɢɱɟɫɤɨɣ ɪɚɞɢɨɦɟɬɪɢɢ ȻɟɥȽИɆ ɬɟɫɧɨ ɫɨɬɪɭɞɧɢɱɚɟɬ ɫ Иɧɫɬɢɬɭɬɨɦ ɮɢɡɢɤɢ ɇАɇ 
Ȼɟɥɚɪɭɫɢ (ИФ), яɜɥяɸɳɢɦɫя ɜɟɞɭɳɢɦ ɧɚɭɱɧɵɦ ɭɱɪɟɠɞɟɧɢɟɦ ɜ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɣ ɮɢɡɢɤɢ ɢ ɨɩ-
ɬɢɤɢ. В 2000 ɝ. ɜɨ ɢɫɩɨɥɧɟɧɢɟ ɩɨɪɭɱɟɧɢɣ ɉɪɟɡɢɞɟɧɬɚ ɢ ɋɨɜɟɬɚ Ɇɢɧɢɫɬɪɨɜ Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚ-
ɪɭɫɶ ɜ ИФ ɫɨɡɞɚɧɚ ɥɚɛɨɪɚɬɨɪɢя, ɨɫɭɳɟɫɬɜɥяɸɳɚя ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɟ ɨɛɟɫɩɟɱɟɧɢɟ ɥɚɡɟɪɧɨɣ ɬɟɯ-
ɧɢɤɢ (ɅɌ), ɤɨɬɨɪɚя ɜ ɪɟɡɭɥɶɬɚɬɟ ɫɬɪɭɤɬɭɪɧɨɣ ɪɟɨɪɝɚɧɢɡɚɰɢɢ ɢɧɫɬɢɬɭɬɚ ɜ 2015 ɝ. ɩɪɟɨɛɪɚɡɨɜɚɧɚ 
ɜ ɰɟɧɬɪ ɢɫɩɵɬɚɧɢɣ ɥɚɡɟɪɧɨɣ ɬɟɯɧɢɤɢ. В 2003 ɝ. ɇАɇ Ȼɟɥɚɪɭɫɢ ɢ Ƚɨɫɫɬɚɧɞɚɪɬɨɦ ɊȻ ɛɵɥ ɢɡɞɚɧ 
ɫɨɜɦɟɫɬɧɵɣ ɩɪɢɤɚɡ, ɝɞɟ ɞɥя ИФ ɭɫɬɚɧɨɜɥɟɧ ɫɬɚɬɭɫ ɧɚɭɱɧɨɝɨ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɝɨ ɰɟɧɬɪɚ ɜ ɨɛɥɚɫ-
ɬɢ ɢɡɦɟɪɟɧɢɣ ɩɚɪɚɦɟɬɪɨɜ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɚɡɟɪɧɨɣ ɬɟɯɧɢɤɢ.  

2. Тɟхɧɢчɟɫɤɢɟ ɧɨɪɦаɬɢвɧыɟ ɩɪавɨвыɟ аɤɬы в ɨɛɥаɫɬɢ ɥаɡɟɪɧɨɣ ɬɟхɧɢɤɢ  

Кɚɤ ɭɠɟ ɨɬɦɟɱɚɥɨɫɶ, ɋИД ɢ ɅД ɪɚɫɫɦɚɬɪɢɜɚɸɬɫя ɤɚɤ ɪɚɡɥɢɱɧɵɟ ɢɫɬɨɱɧɢɤɢ ɢɡɥɭɱɟɧɢя, 
ɱɬɨ ɧɚɲɥɨ ɨɬɪɚɠɟɧɢɟ ɜ ɌɇɉА. ȿɫɥɢ ɜ ɨɬɧɨɲɟɧɢɢ ɋИД ɨɫɧɨɜɧɵɦ ɞɨɤɭɦɟɧɬɨɦ ɧɚ ɦɟɠɞɭ-
ɧɚɪɨɞɧɨɦ ɭɪɨɜɧɟ, ɜ ɤɨɬɨɪɨɦ ɨɩɪɟɞɟɥɟɧɵ ɮɨɬɨɦɟɬɪɢɱɟɫɤɢɟ ɢ ɪɚɞɢɨɦɟɬɪɢɱɟɫɤɢɟ ɜɟɥɢɱɢɧɵ, ɯɚ-
ɪɚɤɬɟɪɢɡɭɸɳɢɟ ɋИД ɢ ɦɟɬɨɞɵ ɢɯ ɢɡɦɟɪɟɧɢɣ, ɜ ɧɚɫɬɨяɳɟɟ ɜɪɟɦя яɜɥяɟɬɫя ɬɨɥɶɤɨ ɪɟɤɨɦɟɧɞɚɰɢя 
Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɤɨɦɢɫɫɢɢ ɩɨ ɨɫɜɟɳɟɧɢɸ (ɆКɈ) CIE-127, ɬɨ ɜ ɦɟɠɞɭɧɚɪɨɞɧɨɣ ɦɟɬɪɨɥɨɝɢɱɟ-
ɫɤɨɣ ɩɪɚɤɬɢɤɟ ɩɪɢ ɚɬɬɟɫɬɚɰɢɢ ɅɌ ɞɟɣɫɬɜɭɸɬ ɦɟɠɞɭɧɚɪɨɞɧɵɟ ɫɬɚɧɞɚɪɬɵ ISO ɢ IEC. ɉɨɷɬɨɦɭ 
ИФ ɫɨɜɦɟɫɬɧɨ ɫ ȻɟɥȽИɆ ɩɪɨɜɨɞɢɬɫя ɪɚɛɨɬɚ ɩɨ ɩɪɢɧяɬɢɸ ɦɟɠɞɭɧɚɪɨɞɧɵɯ ɫɬɚɧɞɚɪɬɨɜ, ɨɬɧɨɫя-
ɳɢɯɫя ɤ ɅɌ, ɜ ɤɚɱɟɫɬɜɟ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɯ ɫɬɚɧɞɚɪɬɨɜ Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚɪɭɫɶ. ɇɚɱɢɧɚя ɫ 2003 ɝ. 
ɩɨɞɝɨɬɨɜɥɟɧɵ ɢ ɜɜɟɞɟɧɵ ɜ ɞɟɣɫɬɜɢɟ ɩɨɫɬɚɧɨɜɥɟɧɢяɦɢ Ƚɨɫɫɬɚɧɞɚɪɬɚ ɊȻ 34 ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɯ 
ɫɬɚɧɞɚɪɬɚ, ɢɞɟɧɬɢɱɧɵɯ ɦɟɠɞɭɧɚɪɨɞɧɵɦ ɜ ɨɛɥɚɫɬɢ ɅɌ. Эɬɢ ɫɬɚɧɞɚɪɬɵ ɪɟɝɥɚɦɟɧɬɢɪɭɸɬ ɩɪɢɦɟ-
ɧɟɧɢɟ ɬɟɪɦɢɧɨɥɨɝɢɢ ɢ ɛɭɤɜɟɧɧɵɯ ɨɛɨɡɧɚɱɟɧɢɣ, ɬɪɟɛɨɜɚɧɢя ɤ ɫɨɞɟɪɠɚɧɢɸ ɬɟɯɧɢɱɟɫɤɨɣ ɞɨɤɭ-
ɦɟɧɬɚɰɢɢ, ɫɨɩɪɨɜɨɠɞɚɸɳɟɣ ɥɚɡɟɪɧɵɟ ɭɫɬɪɨɣɫɬɜɚ. ɋɬɚɧɞɚɪɬɵ ɭɫɬɚɧɚɜɥɢɜɚɸɬ ɦɟɬɨɞɵ ɨɩɪɟɞɟ-
ɥɟɧɢя ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ, ɜɪɟɦɟɧɧɵɯ, ɫɩɟɤɬɪɚɥɶɧɵɯ, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя (ɅИ), ɫɪɨɤɚ ɫɥɭɠɛɵ ɥɚɡɟɪɨɜ ɢ ɥɚɡɟɪɧɨɣ ɛɟɡɨɩɚɫɧɨɫɬɢ. ɇɟɨɛ-
ɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫ ɭɱɟɬɨɦ ɪɟɤɨɦɟɧɞɚɰɢɣ ɜɜɟɞɟɧɧɵɯ ɜ ɞɟɣɫɬɜɢɟ ɫɬɚɧɞɚɪɬɨɜ ɜ ИФ ɪɚɡɪɚɛɨ-
ɬɚɧɵ ɦɟɬɨɞɢɤɢ ɤɚɥɢɛɪɨɜɤɢ ɢ ɜɵɩɨɥɧɟɧɢя ɢɡɦɟɪɟɧɢɣ, ɤɨɬɨɪɵɟ ɩɪɨɲɥɢ ɦɟɬɪɨɥɨɝɢɱɟɫɤɭɸ ɷɤɫ-
ɩɟɪɬɢɡɭ ɢ ɜɨɲɥɢ ɜ ɫɢɫɬɟɦɭ ɨɛɟɫɩɟɱɟɧɢя ɟɞɢɧɫɬɜɚ ɢɡɦɟɪɟɧɢɣ Ȼɟɥɚɪɭɫɢ. 

3. Эɬаɥɨɧɧаɹ ɛаɡа в ɨɛɥаɫɬɢ ɥаɡɟɪɧɨɣ ɢ ɫвɟɬɨɞɢɨɞɧɨɣ ɬɟхɧɢɤɢ Бɟɥаɪɭɫɢ 

Ɍɟɯɧɢɱɟɫɤɚя ɨɫɧɨɜɚ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɝɨ ɨɛɟɫɩɟɱɟɧɢя ɫɨɫɬɨɢɬ ɢɡ ɷɬɚɥɨɧɧɨɣ ɛɚɡɵ ɢ ɢɡɦɟɪɢ-
ɬɟɥɶɧɵɯ (ɢɫɩɵɬɚɬɟɥɶɧɵɯ) ɭɫɬɚɧɨɜɨɤ ɢ ɤɨɦɩɥɟɤɫɨɜ. Дɥя ɤɚɠɞɨɝɨ ɷɬɚɥɨɧɚ ɢɦɟɟɬɫя ɪɟɝɥɚɦɟɧɬɢ-
ɪɨɜɚɧɧɵɣ ɩɨɪяɞɨɤ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢя ɢ ɩɟɪɟɞɚɱɢ ɪɚɡɦɟɪɨɜ ɟɞɢɧɢɰ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɜɟɥɢɱɢɧ ɞɨ 
ɭɪɨɜɧя ɪɚɛɨɱɢɯ ɋИ, ɤɨɬɨɪɵɣ ɭɫɬɚɧɨɜɥɟɧ ɜ ɥɨɤɚɥɶɧɵɯ ɩɨɜɟɪɨɱɧɵɯ ɫɯɟɦɚɯ.  

Ɉɞɧɨɣ ɢɡ ɨɫɧɨɜɧɵɯ ɟɞɢɧɢɰ Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɫɢɫɬɟɦɵ ɟɞɢɧɢɰ SI яɜɥяɟɬɫя ɤɚɧɞɟɥɚ — ɟɞɢ-
ɧɢɰɚ ɢɡɦɟɪɟɧɢя ɫɢɥɵ ɫɜɟɬɚ. ɇɚɰɢɨɧɚɥɶɧɵɣ ɷɬɚɥɨɧ ɟɞɢɧɢɰ ɫɢɥɵ ɫɜɟɬɚ ɢ ɨɫɜɟɳɟɧɧɨɫɬɢ ɪɚɡɪɚɛɨ-
ɬɚɧ ɢ ɜɜɟɞɟɧ ɜ ɞɟɣɫɬɜɢɟ ɜ 2002 ɝ. Ɉɧ ɜɨɫɩɪɨɢɡɜɨɞɢɬ, ɯɪɚɧɢɬ ɢ ɩɟɪɟɞɚɟɬ ɧɢɠɟɫɬɨяɳɢɦ ɩɨ ɪɚɧɝɭ 
ɷɬɚɥɨɧɚɦ ɢ ɪɚɛɨɱɢɦ ɋИ ɟɞɢɧɢɰɵ ɫɢɥɵ ɫɜɟɬɚ, ɨɫɜɟɳɟɧɧɨɫɬɢ, ɤɨɪɪɟɥɢɪɨɜɚɧɧɨɣ ɰɜɟɬɨɜɨɣ ɬɟɦɩɟ-
ɪɚɬɭɪɵ ɢ ɤɨɨɪɞɢɧɚɬ ɰɜɟɬɧɨɫɬɢ. В ɫɨɫɬɚɜ ɷɬɚɥɨɧɚ ɜɯɨɞяɬ ɨɩɬɢɱɟɫɤɚя ɫɤɚɦɶя, ɝɪɭɩɩɵ ɫɜɟɬɨɢɡɦɟ-
ɪɢɬɟɥɶɧɵɯ ɥɚɦɩ ɩɟɪɟɦɟɧɧɨɝɨ ɫɨɫɬɚɜɚ, ɝɪɭɩɩɚ ɩɪɟɰɢɡɢɨɧɧɵɯ ɩɪɢɟɦɧɢɤɨɜ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟ-
ɧɢя, ɫɢɫɬɟɦɵ ɢɡɦɟɪɟɧɢя ɪɚɫɫɬɨяɧɢя, ɩɢɬɚɧɢя ɫɜɟɬɨɢɡɦɟɪɢɬɟɥɶɧɵɯ ɥɚɦɩ ɢ ɪɟɝɢɫɬɪɚɰɢɢ ɢɧɮɨɪ-
ɦɚɰɢɢ. В ɩɟɪɢɨɞ ɫ 2008 ɩɨ 2010 ɝ. ɛɵɥɚ ɩɪɨɜɟɞɟɧɚ ɦɨɞɟɪɧɢɡɚɰɢя ɷɬɚɥɨɧɚ, ɜ ɪɟɡɭɥɶɬɚɬɟ ɤɨɬɨɪɨɣ 
ɟɝɨ ɫɨɫɬɚɜ ɞɨɩɨɥɧɟɧ ɮɨɬɨɦɟɬɪɨɦ ɦɚɥɵɯ ɭɪɨɜɧɟɣ ɨɫɜɟɳɟɧɧɨɫɬɟɣ ɢ ɫɭɳɟɫɬɜɟɧɧɨ ɪɚɫɲɢɪɟɧɵ 
ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɤɨɥɨɪɢɦɟɬɪɢɱɟɫɤɨɝɨ ɛɥɨɤɚ. Ɍɨɱɧɨɫɬɶ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢя ɟɞɢɧɢɰ 
ɫɢɥɵ ɫɜɟɬɚ ɢ ɨɫɜɟɳɟɧɧɨɫɬɢ ɩɨɞɬɜɟɪɠɞɟɧɚ ɪɟɡɭɥɶɬɚɬɚɦɢ ɤɥɸɱɟɜɵɯ ɫɥɢɱɟɧɢɣ ɜ 2009—2013 ɝɝ. ɜ 
ɪɚɦɤɚɯ ȿɜɪɨɩɟɣɫɤɨɣ ɚɫɫɨɰɢɚɰɢɢ ɧɚɰɢɨɧɚɥɶɧɵɯ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɯ ɢɧɫɬɢɬɭɬɨɜ (ȿВɊАɆȿɌ). Кɚ-
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ɥɢɛɪɨɜɨɱɧɵɟ ɢ ɢɡɦɟɪɢɬɟɥɶɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɷɬɚɥɨɧɚ ɫɥɟɞɭɸɳɢɟ: ɫɢɥɚ ɫɜɟɬɚ ɨɬ 5.0 ɞɨ 1000 ɤɞ 
ɩɪɢ ɧɟɢɫɤɥɸɱɟɧɧɨɣ ɫɢɫɬɟɦɚɬɢɱɟɫɤɨɣ ɩɨɝɪɟɲɧɨɫɬɢ (ɇɋɉ) 0.8 %; ɨɫɜɟɳɟɧɧɨɫɬɶ ɨɬ 0.001 ɞɨ 
2000 ɥɤ, ɇɋɉ = 2.0 %; ɤɨɪɪɟɥɢɪɨɜɚɧɧɚя ɰɜɟɬɨɜɚя ɬɟɦɩɟɪɚɬɭɪɚ ɨɬ 2000 ɞɨ 12000 К, ɇɋɉ = 6 K; 
ɤɨɨɪɞɢɧɚɬɵ ɰɜɟɬɧɨɫɬɢ, у: ɨɬ 0.0039 ɞɨ 0.7347, х: ɨɬ 0.0048 ɞɨ 0.8338, ɇɋɉ = 0.001 ɟɞ. ɰɜɟɬɧɨ-
ɫɬɢ; яɪɤɨɫɬɶ ɨɬ 10 ɞɨ 80000 ɤɞ/ɦ2, ɇɋɉ = 6 %. 

В 2004 ɝɝ. ИФ ɛɵɥ ɪɚɡɪɚɛɨɬɚɧ ɢ ɫɨɡɞɚɧ ɷɬɚɥɨɧ ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɅИ (ЭɋɆɅИ) 
(ɩɪɨɫɥɟɠɢɜɚɟɦɨɫɬɶ ɞɨ Ƚɨɫɭɞɚɪɫɬɜɟɧɧɨɝɨ ɩɟɪɜɢɱɧɨɝɨ ɷɬɚɥɨɧɚ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡ-
ɥɭɱɟɧɢя ȽЭɌ 28-77 Ɋɨɫɫɢɢ). ЭɋɆɅИ ɩɪɟɞɧɚɡɧɚɱɟɧ ɞɥя ɨɛɟɫɩɟɱɟɧɢя ɟɞɢɧɫɬɜɚ ɢɡɦɟɪɟɧɢɣ ɫɪɟɞ-
ɧɟɣ ɦɨɳɧɨɫɬɢ ɧɟɩɪɟɪɵɜɧɨɝɨ ɅИ, ɯɪɚɧɟɧɢя ɪɚɡɦɟɪɚ ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ (ɊȿɋɆ) ɅИ, 
ɜɨɫɩɪɨɢɡɜɟɞɟɧɢя ɢ ɩɟɪɟɞɚɱɢ ɊȿɋɆ ɅИ, ɧɚɯɨɞяɳɟɝɨɫя ɜ ɞɢɚɩɚɡɨɧɟ 50—1300 ɦВɬ, ɷɬɚɥɨɧɚɦ ɛɨ-
ɥɟɟ ɧɢɡɤɨɝɨ ɪɚɡɪяɞɚ ɧɚ ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ 532 ɢ 10.6 ɦɤɦ. Эɬɚɥɨɧ ɫɨɫɬɨɢɬ ɢɡ ɬɪɟɯ ɨɫ-
ɧɨɜɧɵɯ ɱɚɫɬɟɣ. ɉɟɪɜɚя — ɚɩɩɚɪɚɬɭɪɚ ɢɡɦɟɪɟɧɢя ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɅИ, ɩɪɟɞɧɚɡɧɚɱɟɧɧɚя ɞɥя 
ɩɨɥɭɱɟɧɢя ɊȿɋɆ ɨɬ ɷɬɚɥɨɧɚ ɛɨɥɟɟ ɜɵɫɨɤɨɝɨ ɪɚɡɪяɞɚ. Ɉɫɧɨɜɧɵɦ ɷɥɟɦɟɧɬɨɦ ɷɬɨɣ ɚɩɩɚɪɚɬɭɪɵ 
яɜɥяɟɬɫя ɷɬɚɥɨɧɧɵɣ ɢɡɦɟɪɢɬɟɥɶɧɵɣ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɶ (ЭИɉ) ɤɚɥɨɪɢɦɟɬɪɢɱɟɫɤɨɝɨ ɬɢɩɚ, ɫɧɚɛ-
ɠɟɧɧɵɣ ɨɛɦɨɬɤɨɣ ɡɚɦɟɳɟɧɢя ɞɥя ɩɨɞɚɱɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ. Вɬɨɪɚя — ɚɩɩɚɪɚɬɭɪɚ ɩɟɪɟɞɚɱɢ 
ɪɚɡɦɟɪɚ ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɅИ ɩɨɜɟɪяɟɦɵɦ (ɤɚɥɢɛɪɭɟɦɵɦ) ɫɪɟɞɫɬɜɚɦ ɢɡɦɟɪɟɧɢя 
ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɅИ. Ɍɪɟɬɶя — ɚɩɩɚɪɚɬɭɪɚ ɭɩɪɚɜɥɟɧɢя, ɫɛɨɪɚ ɢ ɨɛɪɚɛɨɬɤɢ ɢɡɦɟɪɢɬɟɥɶɧɨɣ 
ɢɧɮɨɪɦɚɰɢɢ. Эɬɚɥɨɧ ɪɚɛɨɬɚɟɬ ɩɨ ɦɟɬɨɞɭ ɡɚɦɟɳɟɧɢя, ɬ. ɟ. ɬɪɟɛɭɟɦɚя ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ ɦɨɳ-
ɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɨɛɟɫɩɟɱɢɜɚɟɬɫя ɩɭɬɟɦ ɡɚɦɟɳɟɧɢя ɦɨɳɧɨɫɬɶɸ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨ-
ɤɚ, ɢɡɦɟɪяɟɦɨɣ ɫ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ. ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɣ ɚɬɬɟɫɬɚɰɢɢ ЭɋɆɅИ ɜ 
2004 ɝ. ɩɨɥɭɱɟɧɵ ɫɥɟɞɭɸɳɢɟ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ: ɫɭɦɦɚɪɧɚя ɫɪɟɞɧяя ɤɜɚɞɪɚɬɢɱɟ-
ɫɤɚя ɩɨɝɪɟɲɧɨɫɬɶ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢя ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɅИ ɧɟ ɛɨɥɟɟ 0.4 %; ɫɪɟɞɧяя 
ɤɜɚɞɪɚɬɢɱɟɫɤɚя ɩɨɝɪɟɲɧɨɫɬɶ ɩɟɪɟɞɚɱɢ ɊȿɋɆ ɅИ ɧɟ ɩɪɟɜɵɲɚɟɬ 0.5 %; ɧɟɫɬɚɛɢɥɶɧɨɫɬɶ ɤɨɷɮɮɢ-
ɰɢɟɧɬɚ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɦɨɳɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɬɨɤɚ ЭИɉ ɧɟ ɛɨɥɟɟ 0.2 % ɜ ɝɨɞ. ЭɋɆɅИ ɩɪɢ-
ɤɚɡɨɦ Ƚɨɫɫɬɚɧɞɚɪɬɚ ɜ 2006 ɝ. ɭɬɜɟɪɠɞɟɧ ɜ ɤɚɱɟɫɬɜɟ ɢɫɯɨɞɧɨɝɨ ɷɬɚɥɨɧɚ Ȼɟɥɚɪɭɫɢ. 

В 2014 ɝ. ИФ ɫɨɜɦɟɫɬɧɨ ɫ ȻɟɥȽИɆ ɡɚɜɟɪɲɢɥ ɪɚɡɪɚɛɨɬɤɭ ɷɬɚɥɨɧɚ ɟɞɢɧɢɰ ɫɪɟɞɧɟɣ ɦɨɳɧɨ-
ɫɬɢ, ɨɫɥɚɛɥɟɧɢя ɢ ɞɥɢɧɵ ɜɨɥɧɵ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɞɥя ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɫɢɫɬɟɦ ɫɜяɡɢ 
ɢ ɩɟɪɟɞɚɱɢ ɢɧɮɨɪɦɚɰɢɢ, ɤɨɬɨɪɵɣ ɩɨɫɬɚɧɨɜɥɟɧɢɟɦ Ƚɨɫɫɬɚɧɞɚɪɬɚ ɛɵɥ ɭɬɜɟɪɠɞɟɧ ɜ ɤɚɱɟɫɬɜɟ ɧɚ-
ɰɢɨɧɚɥɶɧɨɝɨ. Ɉɫɧɨɜɧɵɟ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɷɬɚɥɨɧɚ ɫɥɟɞɭɸɳɢɟ: ɞɢɚɩɚɡɨɧ ɢɡɦɟ-
ɪяɟɦɵɯ ɞɥɢɧ ɜɨɥɧ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɨɬ 650 ɞɨ 1700 ɧɦ; ɞɢɚɩɚɡɨɧ ɢɡɦɟɪяɟɦɨɣ ɫɪɟɞɧɟɣ 
ɦɨɳɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя 1  10–11—1  10–2 Вɬ; ɞɢɚɩɚɡɨɧ ɢɡɦɟɪяɟɦɨɝɨ ɨɫɥɚɛɥɟɧɢя ɨɩɬɢ-
ɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя 0.05—60.00 ɞȻ; ɨɬɧɨɫɢɬɟɥɶɧɚя ɫɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɜɨɫɩɪɨɢɡɜɟ-
ɞɟɧɢя ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɧɚ ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ ɜ ɞɢɚɩɚɡɨɧɟ  
10–4—5  10–3 Вɬ ɧɟ ɛɨɥɟɟ 0.07 %; ɨɬɧɨɫɢɬɟɥɶɧɚя ɫɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢя 
ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɧɚ ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 5  10–3 
ɞɨ 1  10–11 Вɬ ɧɟ ɛɨɥɟɟ 1.5 %; ɫɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢя ɟɞɢɧɢɰ ɨɫɥɚɛɥɟɧɢя ɨɩ-
ɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɮɢɤɫɢɪɨɜɚɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ ɧɟ ɛɨɥɟɟ 0.1 ɞȻ; ɨɬɧɨɫɢɬɟɥɶɧɚя ɫɬɚɧɞɚɪɬ-
ɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɜɨɫɩɪɨɢɡɜɟɞɟɧɢя ɟɞɢɧɢɰɵ ɞɥɢɧɵ ɜɨɥɧɵ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɮɢɤ-
ɫɢɪɨɜɚɧɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ ɧɟ ɛɨɥɟɟ 1  10–6 %. ɉɪɨɜɟɞɟɧɧɵɟ ɜ ɪɚɦɤɚɯ КɈɈɆȿɌ ɜ 2012—2013 ɝɝ. 
ɬɪɟɯɫɬɨɪɨɧɧɢɟ ɫɥɢɱɟɧɢя ɷɬɚɥɨɧɨɜ ВɈɋɉ ɩɨ ɟɞɢɧɢɰɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɝɨ 
ɢɡɥɭɱɟɧɢя ɦɟɠɞɭ ȻɟɥȽИɆ, PTB (Ƚɟɪɦɚɧɢя) ɢ ВɇИИɈФИ (Ɋɨɫɫɢя) ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɨɡɞɚɧɧɵɣ ɷɬɚ-
ɥɨɧ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɨ ɫɜɨɢɦ ɨɫɧɨɜɧɵɦ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦ ɷɬɚɥɨɧɚɦ ɜɟɞɭɳɢɯ ɇɆЦ. 

4. Иɡɦɟɪɢɬɟɥɶɧыɟ ɭɫɬаɧɨвɤɢ ɢ ɤɨɦɩɥɟɤɫы ɞɥɹ ɢɡɦɟɪɟɧɢɹ ɨɩɬɢчɟɫɤɢх 
хаɪаɤɬɟɪɢɫɬɢɤ ɥаɡɟɪɨв ɢ ɫвɟɬɨɞɢɨɞɨв  

В ɬɟɱɟɧɢɟ 2001—2013 ɝɝ. ɜ ИФ ɛɵɥ ɫɨɡɞɚɧ ɪяɞ ɭɫɬɚɧɨɜɨɤ ɢ ɤɨɦɩɥɟɤɫɨɜ, ɩɪɢɦɟɧяɟɦɵɯ 
ɩɪɢ ɚɬɬɟɫɬɚɰɢɢ ɢɡɞɟɥɢɣ ɥɚɡɟɪɧɨɣ ɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɣ ɬɟɯɧɢɤɢ ɢ ɤɚɥɢɛɪɨɜɤɟ ɋИ. Уɫɬɚɧɨɜɤɢ ɢ 
ɤɨɦɩɥɟɤɫɵ ɪɚɫɩɨɥɚɝɚɸɬɫя ɜ ɰɟɧɬɪɟ ɢɫɩɵɬɚɧɢɣ ɥɚɡɟɪɧɨɣ ɬɟɯɧɢɤɢ, ɚɤɤɪɟɞɢɬɨɜɚɧɧɨɝɨ ɜ ɤɚɱɟɫɬɜɟ 
ɢɫɩɵɬɚɬɟɥɶɧɨɣ ɢ ɤɚɥɢɛɪɨɜɨɱɧɨɣ ɥɚɛɨɪɚɬɨɪɢɢ. Ɉɛɥɚɫɬɶ ɚɤɤɪɟɞɢɬɚɰɢɢ ɢɫɩɵɬɚɬɟɥɶɧɨɣ ɥɚɛɨɪɚɬɨ-
ɪɢɢ ɩɪɢɜɟɞɟɧɚ ɜ ɬɚɛɥ. 1.  

Дɥя ɨɩɪɟɞɟɥɟɧɢя ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɅИ ɢ ɤɚɥɢɛɪɨɜɤɢ ɋИ ɦɨɳɧɨɫɬɢ ɢ ɷɧɟɪ-
ɝɢɢ ɅИ ɫɨɬɪɭɞɧɢɤɚɦɢ ИФ ɪɚɡɪɚɛɨɬɚɧ ɢ ɫɨɡɞɚɧ ɤɨɦɩɥɟɤɫ ɭɫɬɚɧɨɜɨɤ. Ɉɞɧɚ ɢɡ ɭɫɬɚɧɨɜɨɤ ɤɨɦ-
ɩɥɟɤɫɚ ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥя ɢɡɦɟɪɟɧɢя ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɧɟɩɪɟɪɵɜɧɨɝɨ ɢ ɢɦɩɭɥɶɫɧɨ-ɩɟɪɢɨɞɢ- 
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Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Ɉɛɥɚɫɬɶ ɚɤɤɪɟɞɢɬɚɰɢɢ ɢɫɩɵɬɚɬɟɥɶɧɨɣ ɥɚɛɨɪɚɬɨɪɢɢ 

ɇɚɢɦɟɧɨɜɚɧɢɟ ɜɢɞɚ ɢɫɩɵɬɚɧɢɣ Хɚɪɚɤɬɟɪɢɫɬɢɤɚ ɜɢɞɚ ɢɫɩɵɬɚɧɢɣ 

Дɢɚɩɚɡɨɧ ɢɡɦɟɪяɟɦɨɣ ɷɧɟɪɝɢɢ, Дɠ: 10-8 — 2102 Иɡɦɟɪɟɧɢɟ ɷɧɟɪɝɢɢ ɢɦɩɭɥɶɫɨɜ ɅИ 
ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, %: 0.5 — 5 
Дɢɧɚɦɢɱɟɫɤɢɣ ɞɢɚɩɚɡɨɧ ɷɧɟɪɝɢɢ ɢɦɩɭɥɶɫɨɜ, Дɠ: 10–2 — 0.5 Иɡɦɟɪɟɧɢɟ ɫɬɚɛɢɥɶɧɨɫɬɢ ɷɧɟɪɝɢɢ 

ɢɦɩɭɥɶɫɨɜ ɅИ ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, %: ɧɟ ɛɨɥɟɟ 5 
Дɢɚɩɚɡɨɧ ɞɥɢɬɟɥɶɧɨɫɬɟɣ ɢɦɩɭɥɶɫɨɜ, ɫ: 10–10 — 0.25 
Дɢɚɩɚɡɨɧ ɱɚɫɬɨɬ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ, Ƚɰ: 1—108 
Дɢɚɩɚɡɨɧ ɩɢɤɨɜɨɣ ɦɨɳɧɨɫɬɢ ɢɦɩɭɥɶɫɚ, Вɬ: 10–7—109 

Иɡɦɟɪɟɧɢɟ ɜɪɟɦɟɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɅИ: 
ɮɨɪɦɵ ɢɦɩɭɥɶɫɚ, ɩɢɤɨɜɨɣ ɦɨɳɧɨɫɬɢ 
ɢɦɩɭɥɶɫɚ,  
ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ,  
ɱɚɫɬɨɬɵ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 

ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, % 
ɩɢɤɨɜɨɣ ɦɨɳɧɨɫɬɢ ɢɦɩɭɥɶɫɚ: 2.5—5 
ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ: 1.5—5  
ɱɚɫɬɨɬɵ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ: 1.5—5 

Дɢɚɩɚɡɨɧ ɢɡɦɟɪяɟɦɵɯ ɞɢɚɦɟɬɪɨɜ (ɲɢɪɢɧ) ɩɭɱɤɚ, ɦɦ: 0.4—9 
Иɡɦɟɪяɟɦɵɟ ɭɝɥɵ ɪɚɫɯɨɞɢɦɨɫɬɢ, ɪɚɞ: ɞɨ 0.03 
Дɢɚɩɚɡɨɧ ɢɡɦɟɪяɟɦɵɯ ɩɚɪɚɦɟɬɪɨɜ ɤɚɱɟɫɬɜɚ ɩɭɱɤɚ М2: 1—10 

Иɡɦɟɪɟɧɢɟ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫ-
ɩɪɟɞɟɥɟɧɢя ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ 
(ɷɧɟɪɝɢɢ) ɢɡɥɭɱɟɧɢя, ɞɢɚɦɟɬɪɚ (ɲɢ-
ɪɢɧ) ɩɭɱɤɚ, ɭɝɥɚ ɪɚɫɯɨɞɢɦɨɫɬɢ, ɩɚ-
ɪɚɦɟɬɪɚ ɤɚɱɟɫɬɜɚ ɩɭɱɤɚ, ɦɟɫɬɨɩɨɥɨ-
ɠɟɧɢя ɩɟɪɟɬяɠɤɢ ɩɭɱɤɚ, ɩɨɡɢɰɢɨɧɧɨɣ 
ɫɬɚɛɢɥɶɧɨɫɬɢ ɩɭɱɤɚ 

ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɯɚ-
ɪɚɤɬɟɪɢɫɬɢɤ ɢɡɥɭɱɟɧɢя, %: ɧɟ ɛɨɥɟɟ 5 

Дɢɚɩɚɡɨɧ ɢɡɦɟɪяɟɦɨɣ ɦɨɳɧɨɫɬɢ, Вɬ: 10-8 – 102 Иɡɦɟɪɟɧɢɟ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɥɚ-
ɡɟɪɨɜ P, Вɬ ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, %: 1,5 – 2 

Дɢɧɚɦɢɱɟɫɤɢɣ ɞɢɚɩɚɡɨɧ ɦɨɳɧɨɫɬɢ ɅИ, Вɬ: 0,01 – 0,5 Иɡɦɟɪɟɧɢɟ ɫɬɚɛɢɥɶɧɨɫɬɢ ɦɨɳɧɨɫɬɢ 
ɅИ ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, %: ɧɟ ɛɨɥɟɟ 5 

Дɢɧɚɦɢɱɟɫɤɢɣ ɞɢɚɩɚɡɨɧ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɫɥɚɛɥɟɧɢя: 1.0—100.0 Иɡɦɟɪɟɧɢɟ ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɫɥɚɛɥɟ-
ɧɢя ɨɫɥɚɛɢɬɟɥɟɣ ɅИ ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, %: 1.7 

ɋɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ, ɧɦ: 200—1700 Иɡɦɟɪɟɧɢɟ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟ-
ɥɟɧɢя ɢɡɥɭɱɟɧɢя, ɫɪɟɞɧɟɣ ɜɡɜɟɲɟɧ-
ɧɨɣ ɞɥɢɧɵ ɜɨɥɧɵ ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ 

ɥɚɡɟɪɨɜ, ɰɟɧɬɪɚɥɶɧɨɣ ɞɥɢɧɵ ɜɨɥɧɵ 
ɦɧɨɝɨɦɨɞɨɜɵɯ ɥɚɡɟɪɨɜ, ɞɥɢɧɵ ɜɨɥɧɵ 
ɩɢɤɨɜɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 
ɨɞɧɨɱɚɫɬɨɬɧɵɯ ɥɚɡɟɪɨɜ, ɫɩɟɤɬɪɚɥɶ-
ɧɨɣ ɲɢɪɢɧɵ ɢɡɥɭɱɟɧɢя 

Ɉɬɧɨɫɢɬɟɥɶɧɚя ɫɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ, %: 
ɫɪɟɞɧɟɣ ɜɡɜɟɲɟɧɧɨɣ ɞɥɢɧɵ ɜɨɥɧɵ: 0.006—0.05  

ɰɟɧɬɪɚɥɶɧɨɣ ɞɥɢɧɵ ɜɨɥɧɵ: 3   10–4 

ɞɥɢɧɵ ɜɨɥɧɵ ɩɢɤɨɜɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя: 10–7 
ɫɩɟɤɬɪɚɥɶɧɨɣ ɲɢɪɢɧɵ, %: 0.5—2.4 

ɋɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ, ɧɦ: 400—1600 
Дɢɧɚɦɢɱɟɫɤɢɣ ɞɢɚɩɚɡɨɧ, Вɬ : 10–4—10–1 

Иɡɦɟɪɟɧɢɟ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɅИ ɢ ɫɞɜɢɝɚ ɮɚɡ 
ɨɪɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ 
ɤɨɦɩɨɧɟɧɬ ɢɡɥɭɱɟɧɢя: ɧɨɪɦɢɪɨɜɚɧ-
ɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɋɬɨɤɫɚ, ɫɬɟɩɟɧɢ ɩɨ-
ɥяɪɢɡɚɰɢɢ, ɚɡɢɦɭɬɚ ɩɨɥяɪɢɡɚɰɢɢ, ɭɝ-
ɥɚ ɷɥɥɢɩɬɢɱɧɨɫɬɢ 

ɋɬɚɧɞɚɪɬɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ 
ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɋɬɨɤɫɚ: ɧɟ ɛɨɥɟɟ 0.015 
ɫɬɟɩɟɧɢ ɩɨɥяɪɢɡɚɰɢɢ: ɧɟ ɛɨɥɟɟ 0.015 
ɚɡɢɦɭɬɚ ɩɨɥяɪɢɡɚɰɢɢ, ɪɚɞ: ɧɟ ɛɨɥɟɟ 0.02 
ɭɝɥɚ ɷɥɥɢɩɬɢɱɧɨɫɬɢ, ɪɚɞ: ɧɟ ɛɨɥɟɟ 0.02 
ɫɞɜɢɝɚ ɮɚɡ, ɝɪɚɞ: ɧɟ ɛɨɥɟɟ 3 

Дɢɚɩɚɡɨɧ ɢɡɦɟɪɟɧɢɣ  
ɫɢɥɵ ɫɜɟɬɚ, ɤɞ: 0.01—60 
ɭɫɪɟɞɧɟɧɧɨɣ ɫɢɥɵ ɫɜɟɬɚ ɋИД, ɤɞ: 0.01—60 
ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɨɫɜɟɳɟɧɧɨɫɬɢ, 
Вɬ/ɦ3: 102—1010 

ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ яɪɤɨɫɬɢ, Вɬ/(ɦ3 ɫɪ)  
102—1012 

Иɡɦɟɪɟɧɢɟ ɫɢɥɵ ɫɜɟɬɚ, ɭɫɪɟɞɧɟɧɧɨɣ 
ɫɢɥɵ ɫɜɟɬɚ ɜ ɫɬɚɧɞɚɪɬɧɵɯ ɭɫɥɨɜɢяɯ 
CIE A ɢ CIE В, ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ 
ɪɚɫɩɪɟɞɟɥɟɧɢя ɫɢɥɵ ɫɜɟɬɚ, ɫɩɟɤ-
ɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ 
ɨɫɜɟɳɟɧɧɨɫɬɢ, ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨ-
ɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ яɪɤɨɫɬɢ 

Ɋɚɫɲɢɪɟɧɧɚя ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶ ɢɡɦɟɪɟɧɢя, %  
ɭɫɪɟɞɧɟɧɧɨɣ ɫɢɥɵ ɫɜɟɬɚ ɫɜɟɬɨɞɢɨɞɨɜ ɭɫɥɨɜɢя CIE A: ≤ 2 
ɭɫɪɟɞɧɟɧɧɨɣ ɫɢɥɵ ɫɜɟɬɚ ɫɜɟɬɨɞɢɨɞɨɜ ɭɫɥɨɜɢя CIE В: ≤ 1.4 
ɫɢɥɵ ɫɜɟɬɚ:  ≤ 1.2 
ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя ɫɢɥɵ ɫɜɟɬɚ:  ≤ 0.08  
ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɨɫɜɟɳɟɧɧɨɫɬɢ: ≤ 8.0 
ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ яɪɤɨɫɬɢ  ≤ 7.0  
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ɱɟɫɤɨɝɨ ɅИ ɜ ɞɢɧɚɦɢɱɟɫɤɨɦ ɞɢɚɩɚɡɨɧɟ 10–8—100 Вɬ ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɫɬɚɧɞɚɪɬɧɨɣ ɧɟɨɩɪɟɞɟɥɟɧ-
ɧɨɫɬɶɸ 2% ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ 0.4—10.6 ɦɤɦ, ɚ ɬɚɤɠɟ ɤɚɥɢɛɪɨɜɤɢ ɋИ ɦɨɳɧɨɫɬɢ ɅИ. 
Дɪɭɝɚя ɫɥɭɠɢɬ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɷɧɟɪɝɢɢ ɢɦɩɭɥɶɫɨɜ ɢɦɩɭɥɶɫɧɨɝɨ ɅИ ɢ ɤɚɥɢɛɪɨɜɤɢ ɋИ ɷɧɟɪɝɢɢ 
(ɞɢɧɚɦɢɱɟɫɤɢɣ ɞɢɚɩɚɡɨɧ 10–9—100 Дɠ, ɫɩɟɤɬɪɚɥɶɧɵɣ 0.4—10.6 ɦɤɦ). Дɜɟ ɨɫɬɚɜɲɢɟɫя ɭɫɬɚɧɨɜ-
ɤɢ ɤɨɦɩɥɟɤɫɚ ɩɨɡɜɨɥяɸɬ ɩɪɨɜɨɞɢɬɶ ɢɡɦɟɪɟɧɢя ɫɬɚɛɢɥɶɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢ ɷɧɟɪɝɢɢ ɅИ ɜ ɫɨɨɬ-
ɜɟɬɫɬɜɢɢ ɫ ɬɪɟɛɨɜɚɧɢяɦɢ ɫɬɚɧɞɚɪɬɚ ȽɈɋɌ ИɋɈ 115542007. 

В ɭɫɬɚɧɨɜɤɟ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɜɪɟɦɟɧɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɦɩɭɥɶɫɧɨɝɨ ɅИ 
ɩɪɢɦɟɧɟɧɚ ɩɚɪɚɥɥɟɥɶɧɚя ɫɯɟɦɚ ɢɡɦɟɪɟɧɢɣ, ɩɪɢ ɤɨɬɨɪɨɣ ɢɡɥɭɱɟɧɢɟ ɫ ɩɨɦɨɳɶɸ ɞɟɥɢɬɟɥɶɧɨɣ 
ɩɥɚɫɬɢɧɵ ɨɞɧɨɜɪɟɦɟɧɧɨ ɩɨɩɚɞɚɟɬ ɧɚ ɞɠɨɭɥɶɦɟɬɪ ɞɥя ɭɫɬɚɧɨɜɥɟɧɢя ɡɧɚɱɟɧɢя ɷɧɟɪɝɢɢ ɢɦɩɭɥɶɫɚ 
ɢ ɧɚ ɮɨɬɨɩɪɢɟɦɧɢɤ, ɜɵɯɨɞ ɤɨɬɨɪɨɝɨ ɩɨɞɫɨɟɞɢɧɟɧ ɤ ɰɢɮɪɨɜɨɦɭ ɨɫɰɢɥɥɨɝɪɚɮɭ. Эɬɨ ɩɨɡɜɨɥяɟɬ 
ɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɨɫɧɨɜɧɵɟ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɢ ɜɪɟɦɟɧɧɵɟ ɩɚɪɚɦɟɬɪɵ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɢɦɩɭɥɶɫ-
ɧɵɯ ɥɚɡɟɪɨɜ ɦɚɥɨɣ ɢ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ. В ɷɬɨɦ ɝɨɞɭ ɛɭɞɟɬ ɡɚɜɟɪɲɟɧɚ ɦɨɞɟɪɧɢɡɚɰɢя ɨɛɨɪɭɞɨ-
ɜɚɧɢя, ɜ ɪɟɡɭɥɶɬɚɬɟ ɤɨɬɨɪɨɣ ɦɨɠɧɨ ɨɩɪɟɞɟɥяɬɶ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɦɩɭɥɶɫɧɨɝɨ ɅИ ɜ ɫɩɟɤɬɪɚɥɶ-
ɧɨɦ ɞɢɚɩɚɡɨɧɟ 0.2—3.5 ɦɤɦ ɢ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 10.6 ɦɤɦ, ɷɧɟɪɝɢɣ ɨɬ 10–7 ɞɨ 1 Дɠ ɩɪɢ ɞɥɢɬɟɥɶ-
ɧɨɫɬɢ ɢɦɩɭɥɶɫɨɜ ɢɡɥɭɱɟɧɢя ɨɬ 10–10 ɞɨ 0.25 ɫ.  

В ɭɫɬɚɧɨɜɤɟ ɞɥя ɢɡɦɟɪɟɧɢɣ ɩɚɪɚɦɟɬɪɨɜ ɨɫɥɚɛɢɬɟɥɟɣ ɅИ ɤɨɷɮɮɢɰɢɟɧɬɵ ɨɫɥɚɛɥɟɧɢя ɨɩɪɟ-
ɞɟɥяɸɬɫя ɢɡ ɫɨɨɬɧɨɲɟɧɢя ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɩɚɞɚɸɳɟɝɨ ɢ ɩɪɨɲɟɞɲɟɝɨ 
ɱɟɪɟɡ ɨɫɥɚɛɢɬɟɥɶ. Ɇɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɨɩɪɟɞɟɥяɟɬɫя ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɦɟɬɨɞɨɦ ɫ ɦɧɨɝɨɤɪɚɬɧɵ-
ɦɢ ɧɟɡɚɜɢɫɢɦɵɦɢ ɧɚɛɥɸɞɟɧɢяɦɢ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ȽɈɋɌ ИɋɈ 115542007. ɋɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚ-
ɩɚɡɨɧ ɪɚɛɨɬɵ ɭɫɬɚɧɨɜɤɢ ɨɛɭɫɥɨɜɥɢɜɚɟɬɫя ɨɛɥɚɫɬɶɸ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɮɨɬɨɩɪɢɟɦɧɢɤɚ ɢ ɫɨɫɬɚɜ-
ɥяɟɬ 400—1100 ɧɦ. ɉɪɟɞɟɥɶɧɚя ɨɬɧɨɫɢɬɟɥɶɧɚя ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢя ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɫɥɚɛɥɟ-
ɧɢя ɧɟ ɩɪɟɜɵɲɚɟɬ 1.7% ɜ ɞɢɚɩɚɡɨɧɟ ɟɝɨ ɡɧɚɱɟɧɢɣ 1—100. 

Уɫɬɚɧɨɜɤɚ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɅИ ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚ-
ɡɨɧɟ 0.4—1.8 ɦɤɦ ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥя ɢɡɦɟɪɟɧɢя ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя ɢɧɬɟɧɫɢɜɧɨ-
ɫɬɢ (ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɥɢ ɷɧɟɪɝɢɢ) ɅИ ɜ ɛɥɢɠɧɟɣ ɢ ɞɚɥɶɧɟɣ ɡɨɧɚɯ, ɟɝɨ ɨɞɧɨɪɨɞɧɨɫɬɢ, ɮɨɪ-
ɦɵ ɢ ɷɮɮɟɤɬɢɜɧɵɯ ɪɚɡɦɟɪɨɜ ɩɭɱɤɚ ɜ ɡɚɞɚɧɧɨɦ ɦɟɫɬɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢя, ɩɨɥɨɠɟɧɢɣ ɩɟɪɟɬяɠɟɤ 
ɩɭɱɤɚ ɢ ɰɟɧɬɪɨɢɞɚ, ɭɝɥɨɜ ɪɚɫɯɨɞɢɦɨɫɬɢ ɩɭɱɤɚ ɜ ɞɚɥɶɧɟɣ ɡɨɧɟ, ɫɨɨɬɧɨɲɟɧɢя ɫ ɝɚɭɫɫɨɜɵɦ ɩɭɱ-
ɤɨɦ, ɩɚɪɚɦɟɬɪɚ ɤɚɱɟɫɬɜɚ ɩɭɱɤɚ ɩɪɢ ɩɪɨɜɟɞɟɧɢɢ ɢɫɩɵɬɚɧɢɣ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɥɚɡɟɪɨɜ ɜ ɫɨɨɬɜɟɬ-
ɫɬɜɢɢ ɫ ɬɪɟɛɨɜɚɧɢяɦɢ ɫɬɚɧɞɚɪɬɨɜ. Дɢɧɚɦɢɱɟɫɤɢɣ ɞɢɚɩɚɡɨɧ ɢɡɦɟɪɟɧɢя ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫ-
ɩɪɟɞɟɥɟɧɢя ɢɧɬɟɧɫɢɜɧɨɫɬɢ (ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɥɢ ɷɧɟɪɝɢɢ) ɅИ ɧɟ ɦɟɧɟɟ 1000:1. Дɢɚɩɚɡɨɧ 
ɢɡɦɟɪɟɧɢɣ ɞɢɚɦɟɬɪɚ (ɲɢɪɢɧ) ɩɭɱɤɚ 0.4—9.0 ɦɦ; ɭɝɥɚ ɪɚɫɯɨɞɢɦɨɫɬɢ ɅИ ɞɨ 0.03 ɪɚɞ; ɩɚɪɚɦɟɬɪɚ 
ɤɚɱɟɫɬɜɚ ɩɭɱɤɚ M 2 ɨɬ 1 ɞɨ 10. Ɇɢɧɢɦɚɥɶɧɚя ɪɟɝɢɫɬɪɢɪɭɟɦɚя ɩɥɨɬɧɨɫɬɶ ɷɧɟɪɝɢɢ 0.01 ɦДɠ/ɫɦ2; 
ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɪɚɡɪɟɲɟɧɢɟ 0.1 ɦɤɦ. 

Кɨɦɩɥɟɤɫ ɞɥя ɢɡɦɟɪɟɧɢɣ ɫɩɟɤɬɪɚɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɅИ, ɫɨɡɞɚɧɧɵɣ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 
ɬɪɟɛɨɜɚɧɢяɦɢ ɫɬɚɧɞɚɪɬɚ ɋɌȻ ИɋɈ 13695-2005, ɫɨɫɬɨɢɬ ɢɡ ɬɪɟɯ ɭɫɬɚɧɨɜɨɤ. ɋ ɩɨɦɨɳɶɸ ɩɟɪɜɨɣ 
ɨɩɪɟɞɟɥяɸɬ ɩɚɪɚɦɟɬɪɵ (ɫɪɟɞɧɸɸ ɜɡɜɟɲɟɧɧɭɸ ɞɥɢɧɭ ɜɨɥɧɵ, ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɭɸ ɫɩɟɤɬɪɚɥɶ-
ɧɭɸ ɲɢɪɢɧɭ ɩɨɥɨɫɵ ɢɡɥɭɱɟɧɢя, ɡɚɜɢɫɢɦɨɫɬɶ ɞɥɢɧɵ ɜɨɥɧɵ ɅИ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɭɫɥɨɜɢɣ ɪɚɛɨ-
ɬɵ) ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɥɚɡɟɪɨɜ. Вɬɨɪɚя ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥя ɭɫɬɚɧɨɜɥɟɧɢя ɯɚɪɚɤɬɟɪɢɫɬɢɤ (ɰɟɧ-
ɬɪɚɥɶɧɨɣ ɞɥɢɧɵ ɜɨɥɧɵ, ɫɪɟɞɧɟɤɜɚɞɪɚɬɢɱɟɫɤɨɣ ɫɩɟɤɬɪɚɥɶɧɨɣ ɲɢɪɢɧɵ ɩɨɥɨɫɵ ɥɢɧɟɣɱɚɬɨɝɨ 
ɫɩɟɤɬɪɚ, ɦɟɠɦɨɞɨɜɨɝɨ ɪɚɫɫɬɨяɧɢя, ɱɢɫɥɚ ɩɪɨɞɨɥɶɧɵɯ ɦɨɞ ɜɧɭɬɪɢ ɭɤɚɡɚɧɧɨɣ ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɨ-
ɥɨɫɵ, ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɞɚɜɥɟɧɢя ɛɨɤɨɜɨɣ ɦɨɞɵ, ɡɚɜɢɫɢɦɨɫɬɢ ɞɥɢɧɵ ɜɨɥɧɵ ɅИ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ 
ɢ ɭɫɥɨɜɢɣ ɪɚɛɨɬɵ) ɦɧɨɝɨɦɨɞɨɜɵɯ ɥɚɡɟɪɨɜ. Ɍɪɟɬɶя – ɞɥя ɢɡɦɟɪɟɧɢɣ ɩɚɪɚɦɟɬɪɨɜ (ɞɥɢɧɵ ɜɨɥɧɵ 
ɩɢɤɨɜɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɫɩɟɤɬɪɚɥɶɧɨɣ ɲɢɪɢɧɵ ɥɢɧɢɢ, ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɞɚɜɥɟɧɢя ɛɨɤɨɜɨɣ ɦɨ-
ɞɵ, ɞɢɫɩɟɪɫɢɢ Аɥɚɧɚ, ɡɚɜɢɫɢɦɨɫɬɢ ɫɦɟɳɟɧɢя ɞɥɢɧɵ ɜɨɥɧɵ ɅИ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɭɫɥɨɜɢɣ ɪɚɛɨ-
ɬɵ) ɨɞɧɨɱɚɫɬɨɬɧɵɯ ɥɚɡɟɪɨɜ. 

ɋ ɩɨɦɨɳɶɸ ɭɫɬɚɧɨɜɤɢ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɅИ ɦɨɠɧɨ ɨɩɪɟɞɟ-
ɥяɬɶ ɡɧɚɱɟɧɢɟ ɫɞɜɢɝɚ ɮɚɡ ɨɪɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɤɨɦɩɨɧɟɧɬ ɢɡɥɭɱɟɧɢя ɜ ɨɩɬɢɱɟɫɤɢɯ 
ɷɥɟɦɟɧɬɚɯ ɥɚɡɟɪɧɵɯ ɫɢɫɬɟɦ, ɤɨɧɬɪɨɥɢɪɨɜɚɬɶ ɨɫɧɨɜɧɵɟ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɟ-
ɩɪɟɪɵɜɧɵɯ ɥɚɡɟɪɨɜ: ɧɨɪɦɢɪɨɜɚɧɧɵɟ ɩɚɪɚɦɟɬɪɵ ɋɬɨɤɫɚ, ɫɬɟɩɟɧɶ ɩɨɥяɪɢɡɚɰɢɢ, ɪɚɡɧɨɫɬɶ ɮɚɡ ɨɪ-
ɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɤɨɦɩɨɧɟɧɬ ɢɡɥɭɱɟɧɢя, ɚɡɢɦɭɬ ɢ ɭɝɨɥ ɷɥɥɢɩɬɢɱɧɨɫɬɢ ɩɨɥяɪɢɡɚɰɢɢ 
ɅИ. В ɭɫɬɚɧɨɜɤɟ ɪɟɚɥɢɡɨɜɚɧɚ ɫɯɟɦɚ ɢɡɦɟɪɟɧɢɣ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫ ɢɫɩɨɥɶɡɨɜɚ-
ɧɢɟɦ ɠɢɞɤɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɮɚɡɨɜɵɯ ɩɥɚɫɬɢɧɨɤ, ɤɨɬɨɪɵɟ ɫɥɭɠɚɬ ɞɥя ɫɨɡɞɚɧɢя ɡɚɞɚɧɧɨɣ ɪɚɡ-
ɧɨɫɬɢ ɮɚɡ ɦɟɠɞɭ ɩɨɥяɪɢɡɨɜɚɧɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ ɩɚɞɚɸɳɟɝɨ ɧɚ ɧɢɯ ɢɡɥɭɱɟɧɢя. Дɢɧɚɦɢɱɟ-
ɫɤɢɣ ɞɢɚɩɚɡɨɧ ɢɡɦɟɪɟɧɢɣ (ɛɟɡ ɭɱɟɬɚ ɨɫɥɚɛɢɬɟɥя ɢɡɥɭɱɟɧɢя) ɞɥя ɢɫɬɨɱɧɢɤɨɜ ɧɟɩɪɟɪɵɜɧɨɝɨ ɅИ 
ɫɨɫɬɚɜɥяɟɬ ɨɬ 10–4 ɞɨ 10–1 Вɬ ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ 400—1600 ɧɦ. 
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Кɨɦɩɥɟɤɫ ɞɥя ɢɡɦɟɪɟɧɢɣ ɮɨɬɨ-, ɪɚɞɢɨ-, ɫɩɟɤɬɪɨɪɚɞɢɨɦɟɬɪɢɱɟɫɤɢɯ ɢ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢɡɥɭɱɟɧɢя ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ ɭɫɬɚɧɨɜɨɤ. Уɫɬɚɧɨɜɤɚ 
ɉɪɨɫɬɨɪ ɅД-ɋИД ɩɪɟɞɧɚɡɧɚɱɟɧɚ ɞɥя ɢɫɩɵɬɚɧɢɣ ɅД, ɋИД ɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɨɫɜɟɬɢɬɟɥɟɣ ɩɨ ɩɪɨ-
ɫɬɪɚɧɫɬɜɟɧɧɨɦɭ ɪɚɫɩɪɟɞɟɥɟɧɢɸ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɅД, ɭɫɪɟɞɧɟɧɧɨɣ ɫɢɥɵ ɫɜɟɬɚ ɢ ɩɪɨ-
ɫɬɪɚɧɫɬɜɟɧɧɨɦɭ ɪɚɫɩɪɟɞɟɥɟɧɢɸ ɫɢɥɵ ɫɜɟɬɚ ɋИД ɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɨɫɜɟɬɢɬɟɥɟɣ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ 
ɬɪɟɛɨɜɚɧɢяɦɢ CIE 127:2007 Technical report. Ɉɧɚ ɩɨɡɜɨɥяɟɬ ɢɡɦɟɪяɬɶ ɫɢɥɭ ɫɜɟɬɚ ɢ ɭɫɪɟɞɧɟɧɧɭɸ 
ɫɢɥɭ ɫɜɟɬɚ ɋИД ɜ ɞɢɚɩɚɡɨɧɟ 0.01—60 ɤɞ ɫ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɪɚɫɲɢɪɟɧɧɨɣ ɧɟɨɩɪɟɞɟɥɟɧɧɨɫɬɶɸ ɢɡ-
ɦɟɪɟɧɢɣ ɧɟ ɛɨɥɟɟ 1,0 % ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ 350—1100 ɧɦ ɩɪɢ ɞɢɚɩɚɡɨɧɟ ɭɝɥɨɜ ɩɨɜɨɪɨɬɚ 
ɝɨɧɢɨɦɟɬɪɢɱɟɫɤɨɣ ɫɢɫɬɟɦɵ ɨɬ –110 ɞɨ 110 ɜ ɝɨɪɢɡɨɧɬɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ ɢ ɨɬ 0 ɞɨ 360 ɜ ɜɟɪɬɢ-
ɤɚɥɶɧɨɣ ɩɥɨɫɤɨɫɬɢ. Уɫɬɚɧɨɜɤɚ Ʌяɦɛɞɚ УФ ɩɨɡɜɨɥяɟɬ ɢɡɦɟɪяɬɶ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɪɚɫɩɪɟɞɟɥɟ-
ɧɢɟ ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɨɫɜɟɳɟɧɧɨɫɬɢ (ɋɉЭɈ) ɢ ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ 
ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ яɪɤɨɫɬɢ (ɋɉЭə) ɢɡɥɭɱɟɧɢя ɋИД ɜ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ 200—900 ɧɦ.  

Кɪɨɦɟ ɬɨɝɨ, ɞɥя ɨɛɟɫɩɟɱɟɧɢя ɟɞɢɧɫɬɜɚ ɢɡɦɟɪɟɧɢɣ ɰɟɧɬɪ ɢɫɩɵɬɚɧɢɣ ɥɚɡɟɪɧɨɣ ɬɟɯɧɢɤɢ ɨɫ-
ɧɚɳɟɧ ɩɨɪɬɚɬɢɜɧɵɦ ɦɨɛɢɥɶɧɵɦ ɜɬɨɪɢɱɧɵɦ ɷɬɚɥɨɧɨɦ ɟɞɢɧɢɰɵ ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɅИ ɢ ɦɨ-
ɛɢɥɶɧɵɦ ɷɬɚɥɨɧɨɦ-ɩɟɪɟɧɨɫɱɢɤɨɦ ɟɞɢɧɢɰɵ ɷɧɟɪɝɢɢ ɅИ. 

5. Раɡвɢɬɢɟ ɷɬаɥɨɧɧɨ-ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɛаɡы ɦɟɬɪɨɥɨɝɢчɟɫɤɨɝɨ ɨɛɟɫɩɟчɟɧɢɹ ɥаɡɟɪɧɨɣ 

ɢ ɫвɟɬɨɞɢɨɞɧɨɣ ɬɟхɧɢɤɢ  

В ɫɜяɡɢ ɫ ɫɨɡɞɚɧɢɟɦ ɧɨɜɵɯ ɬɢɩɨɜ ɥɚɡɟɪɧɵɯ ɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɩɪɢɛɨɪɨɜ, ɜɨɡɧɢɤɚɟɬ ɧɟɨɛɯɨ-
ɞɢɦɨɫɬɶ ɜ ɪɚɡɪɚɛɨɬɤɟ ɢ ɢɡɝɨɬɨɜɥɟɧɢɢ ɧɨɜɵɯ ɷɬɚɥɨɧɨɜ ɢ ɭɫɬɚɧɨɜɨɤ.  

В 2015 ɝɝ. ɩɥɚɧɢɪɭɟɬɫя ɡɚɜɟɪɲɢɬɶ ɫɨɡɞɚɧɢɟ ɷɬɚɥɨɧɚ ɟɞɢɧɢɰɵ ɫɜɟɬɨɜɨɝɨ ɩɨɬɨɤɚ, ɤɨɬɨɪɵɣ 
ɩɨɡɜɨɥɢɬ ɜɨɫɩɪɨɢɡɜɨɞɢɬɶ, ɯɪɚɧɢɬɶ ɢ ɩɟɪɟɞɚɜɚɬɶ ɪɚɡɦɟɪ ɟɞɢɧɢɰɵ ɫɜɟɬɨɜɨɝɨ ɩɨɬɨɤɚ ɜ ɞɢɚɩɚɡɨɧɟ 
(500-1500) ɥɦ, ɩɪɢ ɨɬɧɨɫɢɬɟɥɶɧɨɦ ɫɪɟɞɧɟɦ ɤɜɚɞɪɚɬɢɱɟɫɤɨɦ ɨɬɤɥɨɧɟɧɢɢ ɪɟɡɭɥɶɬɚɬɨɜ ɢɡɦɟɪɟɧɢɣ 
ɧɟ ɯɭɠɟ 0.2·10–2. Ɍɚɤɠɟ ɜ ɷɬɨɦ ɝɨɞɭ ɩɪɟɞɩɨɥɚɝɚɟɬɫя ɡɚɜɟɪɲɢɬɶ ɪɚɛɨɬɵ ɩɨ ɦɨɞɟɪɧɢɡɚɰɢɢ ɭɫɬɚ-
ɧɨɜɤɢ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɜɪɟɦɟɧɧɵɯ ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢɦɩɭɥɶɫɧɨɝɨ ɅИ.  

В 2016—2020 ɝɝ. ɩɥɚɧɢɪɭɟɬɫя ɫɨɡɞɚɬɶ ɷɬɚɥɨɧɵ ɟɞɢɧɢɰ: ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟ-
ɬɢɱɟɫɤɨɣ яɪɤɨɫɬɢ, ɫɩɟɤɬɪɚɥɶɧɨɣ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɨɫɜɟɳɟɧɧɨɫɬɢ ɢ ɫɢɥɵ ɢɡɥɭɱɟɧɢя ɜ 
ɞɢɚɩɚɡɨɧɟ ɞɥɢɧ ɜɨɥɧ 0.2—3.0 ɦɤɦ; ɩɨɥяɪɢɡɚɰɢɨɧɧɨɣ ɦɨɞɨɜɨɣ ɢ ɯɪɨɦɚɬɢɱɟɫɤɨɣ ɞɢɫɩɟɪɫɢɢ ɜ 
ɨɩɬɢɱɟɫɤɨɦ ɜɨɥɨɤɧɟ. Ɍɚɤɠɟ ɧɟɨɛɯɨɞɢɦɨ ɩɪɨɜɟɫɬɢ ɦɨɞɟɪɧɢɡɚɰɢɸ ɢɫɯɨɞɧɨɝɨ ɷɬɚɥɨɧɚ ɟɞɢɧɢɰ 
ɫɪɟɞɧɟɣ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя.  

Заɤɥючɟɧɢɟ  
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɜ Ɋɟɫɩɭɛɥɢɤɟ Ȼɟɥɚɪɭɫɶ ɢɦɟɟɬɫя ɜɨɡɦɨɠɧɨɫɬɶ ɨɛɟɫɩɟɱɢɬɶ ɦɟɬɪɨɥɨɝɢ-

ɱɟɫɤɢɦ ɨɛɫɥɭɠɢɜɚɧɢɟɦ ɥɚɡɟɪɧɭɸ ɢ ɫɜɟɬɨɞɢɨɞɧɭɸ ɬɟɯɧɢɤɭ ɩɨ ɪяɞɭ ɨɫɧɨɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɜ ɫɨ-
ɨɬɜɟɬɫɬɜɢɢ ɫ ɬɪɟɛɨɜɚɧɢяɦɢ ɦɟɠɞɭɧɚɪɨɞɧɵɯ ɫɬɚɧɞɚɪɬɨɜ ɢ ɪɟɤɨɦɟɧɞɚɰɢɣ ɆКɈ. ɋɨɡɞɚɧɢɟ ɧɨɜɵɯ 
ɷɬɚɥɨɧɨɜ, ɦɨɞɟɪɧɢɡɚɰɢя ɫɭɳɟɫɬɜɭɸɳɢɯ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɭɫɬɚɧɨɜɨɤ ɩɨɡɜɨɥяɬ ɪɚɫɲɢɪɢɬɶ ɧɨ-
ɦɟɧɤɥɚɬɭɪɭ ɢɡɦɟɪяɟɦɵɯ, ɯɪɚɧɢɦɵɯ ɢ ɩɟɪɟɞɚɜɚɟɦɵɯ ɮɢɡɢɱɟɫɤɢɯ ɜɟɥɢɱɢɧ, ɚ ɬɚɤɠɟ ɞɢɧɚɦɢɱɟ-
ɫɤɢɣ, ɫɩɟɤɬɪɚɥɶɧɵɣ ɢ ɜɪɟɦɟɧɧɨɣ ɞɢɚɩɚɡɨɧɵ ɢɡɦɟɪɢɬɟɥɶɧɵɯ ɭɫɬɚɧɨɜɨɤ, ɱɬɨɛɵ ɜ ɛɨɥɟɟ ɩɨɥɧɨɦ 
ɨɛɴɟɦɟ ɭɞɨɜɥɟɬɜɨɪяɬɶ ɩɨɬɪɟɛɧɨɫɬɢ ɨɪɝɚɧɢɡɚɰɢɣ Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚɪɭɫɶ ɜ ɦɟɬɪɨɥɨɝɢɱɟɫɤɨɦ 
ɨɛɟɫɩɟɱɟɧɢɢ ɌɌИИ. 

Metrological Support of Measurements of the Optical Characteristics  

of Solid-State Light Sources 

N. V. Bakovets a, V. A. Dlugunovich b, A. V. Galygo a, A. V. Isaevich b, E. V. Lutsenko b, 
S. V. Nikanenka b, Ɉ. B. Tarasova a, D. V. Skums a 

a
 National Metrological Institute of the Republic of Belarus (BelGIM), Minsk, Belarus  

b
 B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus,  

Minsk, Belarus; e-mail: s.nikonenko@dragon.bas-net.by 

The overview of the measurement capabilities of standards and systems for laser and LED technology 
created jointly by the Institute of Physics of the National Academy of Sciences of Belarus and the Belarusian 
State Institute of Metrology is presented. 

Keywords: laser engineering, LD, LED, standard, set up, measurement, uncertainty. 
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Мɨщɧыɟ ɢɫɬɨчɧɢɤɢ ɢɡɥɭчɟɧɢɹ ɫɪɟɞɧɟɝɨ ɍФ ɞɢаɩаɡɨɧа ɫ ɷɥɟɤɬɪɨɧɧɨ-
ɥɭчɟвɨɣ ɧаɤачɤɨɣ ɧа ɨɫɧɨвɟ МКə ɫɬɪɭɤɬɭɪ AlGaN,  

выɪащɟɧɧых ɦɟɬɨɞɨɦ МПЭ 

ɋ. В. Иɜɚɧɨɜ ɚ,ɝ, В. ɇ. Жɦɟɪɢɤ ɚ, В. В. Ɋɚɬɧɢɤɨɜ ɚ, В. И. Кɨɡɥɨɜɫɤɢɣ ɛ,ɜ,  
В. ɉ. Ɇɚɪɬɨɜɢɰɤɢɣ ɛ, X. Rong ɝ, G. Chen ɝ, F. J. Xu ɝ, B. Shen ɝ, X. Q. Wang ɝ 

а Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А. Ф. Иɨɮɮе,  
Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail: ivan@beam.ioffe.ru

 

ɛ Фиɡичеɫкиɣ инɫɬиɬуɬ иɦ. П. Н. Леɛеɞева, Мɨɫква, Рɨɫɫия 
в Наɰиɨнаɥьныɣ иɫɫɥеɞɨваɬеɥьɫкиɣ яɞеɪныɣ унивеɪɫиɬеɬ “МИФИ”, Мɨɫква, Рɨɫɫия 

г 
State Key Laboratory of Artificial Microstructure and Mesoscopic Physics,  

School of Physics, Peking University, Beijing, China 

Иɫɫɥɟɞɨɜɚɧɵ ɫɜɨɣɫɬɜɚ ɜɵɪɚɳɟɧɧɵɯ ɦɟɬɨɞɨɦ ɆɉЭ-ɉА ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɆКə AlGaN, ɢɡɥɭɱɚɸ-
ɳɢɯ ɜ ɞɢɚɩɚɡɨɧɟ 280—290 ɧɦ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɪɟɤɨɦɛɢɧɚɰɢɨɧɧɚя ɤɢɧɟɬɢɤɚ 
ɨɩɪɟɞɟɥяɟɬɫя ɩɪɨɰɟɫɫɚɦɢ ɢɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ. Вɵɫɨɤɨɟ ɫɬɪɭɤɬɭɪɧɨɟ ɤɚɱɟɫɬɜɨ, ɨɛɭɫɥɨɜɥɟɧɧɨɟ 
ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ AlN-ɫɚɩɮɢɪ ɆɈ ȽФЭ ɬɟɦɩɥɟɣɬɨɜ ɢ ɩɪɢɦɟɧɟɧɢɟɦ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪ ɪɨɫɬɚ  
(750—760 ɋ), ɚ ɬɚɤɠɟ ɷɮɮɟɤɬɢɜɧɚя ɥɨɤɚɥɢɡɚɰɢя ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɡɚ ɫɱɟɬ ɮɨɪɦɢɪɨɜɚɧɢя 
2-ɧɦ Кə ɦɟɬɨɞɨɦ ɫɭɛ-ɦɨɧɨɫɥɨɧɨɣ ɞɢɫɤɪɟɬɧɨɣ ɷɩɢɬɚɤɫɢɢ ɩɨɡɜɨɥɢɥɢ ɩɨɥɭɱɢɬɶ ɜɵɫɨɤɭɸ ɦɨɳɧɨɫɬɶ ɜɵ-
ɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɫɪɟɞɧɟɦ УФ ɞɢɚɩɚɡɨɧɟ ɩɪɢ ɧɚɤɚɱɤɟ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ (15—20 ɤɷВ, 0.6—1.1 ɦА): 
161 ɦВɬ ɜ ɢɦɩɭɥɶɫɧɨ-ɫɤɚɧɢɪɭɸɳɟɦ ɪɟɠɢɦɟ ɢ 39 ɦВɬ ɜ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɟ ɩɪɢ 300 К.  

Кɥючɟвыɟ ɫɥɨва: AlGaN, ɤɜɚɧɬɨɜɚя яɦɚ, ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɚя ɷɩɢɬɚɤɫɢя ɫ ɩɥɚɡɦɟɧɧɨɣ ɚɤɬɢɜɚ-
ɰɢɟɣ, ɫɪɟɞɧɢɣ УФ ɞɢɚɩɚɡɨɧ, ɷɥɟɤɬɪɨɧɧɨ-ɥɭɱɟɜɚя ɧɚɤɚɱɤɚ, ɜɵɯɨɞɧɚя ɦɨɳɧɨɫɬɶ, ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜ-
ɧɨɫɬɶ. 

Ƚɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɤɜɚɧɬɨɜɵɦɢ яɦɚɦɢ ɧɚ ɨɫɧɨɜɟ AlхGa1–хN — ɜɟɫɶɦɚ ɩɟɪɫɩɟɤɬɢɜɧɵɟ ɦɚ-
ɬɟɪɢɚɥɵ ɞɥя ɪɟɚɥɢɡɚɰɢɢ ɤɨɦɩɚɤɬɧɵɯ, ɜɵɫɨɤɨɷɮɮɟɤɬɢɜɧɵɯ ɢ ɷɤɨɥɨɝɢɱɟɫɤɢ ɱɢɫɬɵɯ ɢɫɬɨɱɧɢɤɨɜ 
ɢɡɥɭɱɟɧɢя ɫɪɟɞɧɟɝɨ ɢ ɝɥɭɛɨɤɨɝɨ УФ ɞɢɚɩɚɡɨɧɨɜ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ, ɜɚɪɶɢɪɭɟɦɨɣ ɨɬ 360 ɞɨ 210 ɧɦ 
ɩɭɬɟɦ ɢɡɦɟɧɟɧɢя ɫɨɞɟɪɠɚɧɢя Al ɜ ɩɨɥɧɨɦ ɞɢɚɩɚɡɨɧɟ ɫɨɫɬɚɜɨɜ х = 0—1.0. Ɉɞɧɚɤɨ ɩɪɢɫɭɳɚя 
ɷɬɢɦ ɲɢɪɨɤɨɡɨɧɧɵɦ ɬɜɟɪɞɵɦ ɪɚɫɬɜɨɪɚɦ ɧɢɡɤɚя ɤɨɧɰɟɧɬɪɚɰɢя ɞɵɪɨɤ ɜ ɫɥɨяɯ p-ɬɢɩɚ, ɥɟɝɢɪɨ-
ɜɚɧɧɵɯ Mg, ɨɫɨɛɟɧɧɨ ɩɪɢ ɜɵɫɨɤɨɦ ɫɨɞɟɪɠɚɧɢɢ Al (х > 0.4), ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɠɚɟɬ ɷɮɮɟɤɬɢɜ-
ɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɢ ɜɵɯɨɞɧɭɸ ɦɨɳɧɨɫɬɶ ɫɜɟɬɨɞɢɨɞɨɜ ɧɚ ɨɫɧɨɜɟ ɷɬɢɯ ɦɚɬɟɪɢɚɥɨɜ. ɉɟɪɫɩɟɤɬɢɜ-
ɧɵɦ ɩɨɞɯɨɞɨɦ ɞɥя ɢɫɤɥɸɱɟɧɢя ɷɬɨɣ ɩɪɨɛɥɟɦɵ яɜɥяɟɬɫя ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɷɥɟɤɬɪɨɧɧɨ-ɥɭɱɟɜɨɣ ɧɚ-
ɤɚɱɤɢ. ɇɟɞɚɜɧɨ [1] ɛɵɥ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧ ɜɟɫɶɦɚ ɨɛɧɚɞɟɠɢɜɚɸɳɢɣ ɪɟɡɭɥɶɬɚɬ — 100 ɦВɬ ɜɵ-
ɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɩɪɢ ɷɥɟɤɬɪɨɧɧɨ-ɥɭɱɟɜɨɣ ɧɚɤɚɱɤɟ ɫɬɪɭɤɬɭɪ c ɆКə AlGaN, ɯɨɬя ɩɪɢɜɟɞɟɧɧɚя 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ (40 %) ɧɟɫɤɨɥɶɤɨ ɩɪɨɬɢɜɨɪɟɱɢɬ ɨɩɪɟɞɟɥɟɧɧɨɣ ɪɚɧɟɟ ɦɚɤɫɢɦɚɥɶɧɨ ɞɨɫɬɢɠɢɦɨɣ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ 30 % ɞɥя ɢɫɬɨɱɧɢɤɨɜ ɬɚɤɨɝɨ ɬɢɩɚ [2]. 

В ɞɚɧɧɨɦ ɞɨɤɥɚɞɟ ɫɨɨɛɳɚɟɬɫя ɨ ɪɚɡɪɚɛɨɬɤɟ ɢɫɬɨɱɧɢɤɨɜ ɢɡɥɭɱɟɧɢя ɫɪɟɞɧɟɝɨ УФ ɞɢɚɩɚɡɨ-
ɧɚ (~280 ɧɦ) ɫ ɷɥɟɤɬɪɨɧɧɨ-ɥɭɱɟɜɨɣ ɧɚɤɚɱɤɨɣ ɧɚ ɨɫɧɨɜɟ 40-ɩɟɪɢɨɞɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɤɜɚɧɬɨ-
ɜɵɦɢ яɦɚɦɢ (Кə) Al0.75Ga0.25N/Al0.6Ga0.4N, ɜɵɪɚɳɟɧɧɵɦɢ ɦɟɬɨɞɨɦ ɆɉЭ-ɉА ɧɚ 1.5-ɦɤɦ  
AlN/c-Al2O3 ɆɈ ȽФЭ ɬɟɦɩɥɟɣɬɚɯ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 750—760 ºɋ. Кɜɚɧɬɨɜɵɟ яɦɵ ɬɨɥɳɢɧɨɣ 
2 ɧɦ ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɦɟɬɨɞɨɦ ɫɭɛɦɨɧɨɫɥɨɣɧɨɣ ɞɢɫɤɪɟɬɧɨɣ ɷɩɢɬɚɤɫɢɢ (ɋДА) [3], ɬɨɥɳɢɧɚ ɛɚɪɶ-
ɟɪɨɜ ~30 ɧɦ. Иɫɫɥɟɞɨɜɚɧɢя ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ФɅ) ɩɪɨɞɟɦɨɧ-
ɫɬɪɢɪɨɜɚɥɢ ɤɪɚɫɧɵɣ ɫɞɜɢɝ ɦɚɤɫɢɦɭɦɚ ФɅ ɫ 276 ɞɨ 289 ɧɦ ɫ ɩɨɜɵɲɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ 10 К 
ɞɨ ɤɨɦɧɚɬɧɨɣ. Вɧɭɬɪɟɧɧяя ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ (ВКЭ) ɩɪɢ 300 К, ɨɰɟɧɟɧɧɚя ɢɡ ФɅ ɢɡɦɟ-
ɪɟɧɢɣ, ɫɨɫɬɚɜɢɥɚ 34 % ɩɪɢ ɧɢɡɤɨɦ ɭɪɨɜɧɟ ɜɨɡɛɭɠɞɟɧɢя ɜ ɩɪɟɞɩɨɥɨɠɟɧɢɢ 100 %-ɧɨɣ ВКЭ ɩɪɢ 
ɧɢɡɤɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. Иɫɫɥɟɞɨɜɚɧɢя ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɩɪɨɜɟɞɟɧɵ ɫ ɩɨɦɨɳɶɸ ФɅ ɫ ɜɪɟɦɟɧɧɵɦ ɪɚɡɪɟɲɟɧɢɟɦ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɪɟɦя 
ɠɢɡɧɢ ɭɜɟɥɢɱɢɜɚɟɬɫя ɦɨɧɨɬɨɧɧɨ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ, ɩɪɢɱɟɦ ɢɡɥɭɱɚɬɟɥɶɧɚя ɪɟɤɨɦɛɢɧɚɰɢя 
ɢɝɪɚɟɬ ɨɩɪɟɞɟɥяɸɳɭɸ ɪɨɥɶ ɜ ɪɟɤɨɦɛɢɧɚɰɢɨɧɧɵɯ ɩɪɨɰɟɫɫɚɯ, ɞɟɦɨɧɫɬɪɢɪɭя ɜɵɫɨɤɨɟ ɫɬɪɭɤɬɭɪ-
ɧɨɟ ɤɚɱɟɫɬɜɨ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ. Иɫɫɥɟɞɨɜɚɧɢя ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɰɢɢ ɬɚɤɠɟ ɩɨɤɚɡɚɥɢ ɜɵɫɨɤɨɟ 
ɫɬɪɭɤɬɭɪɧɨɟ ɤɚɱɟɫɬɜɨ, ɯɚɪɚɤɬɟɪɢɡɭɟɦɨɟ ɩɥɨɬɧɨɫɬɶɸ ɩɪɨɪɚɫɬɚɸɳɢɯ ɜɢɧɬɨɜɵɯ ɞɢɫɥɨɤɚɰɢɣ 
3  107 ɫɦ–2. Вɨɡɛɭɠɞɟɧɢɟ ФɅ Кə ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ ɜ ɫɤɚɧɢɪɭɸɳɟɦ (ɢɦ-
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ɩɭɥɶɫɧɨɦ) ɢ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɚɯ ɱɟɪɟɡ ɬɨɧɤɭɸ (0.2 ɦɤɦ) Аl-ɩɥɟɧɤɭ, ɧɚɩɵɥɟɧɧɭɸ ɧɚ ɩɨɜɟɪɯ-
ɧɨɫɬɶ ɫɬɪɭɤɬɭɪɵ. Aɥɸɦɢɧɢɟɜɨɟ ɩɨɤɪɵɬɢɟ ɫɩɨɫɨɛɫɬɜɭɟɬ ɥɭɱɲɟɦɭ ɜɵɜɨɞɭ ɢɡɥɭɱɟɧɢя ɢ ɩɪɢɜɨɞɢɬ 
ɤ ɞɜɭɤɪɚɬɧɨɦɭ ɪɨɫɬɭ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ. Ɉɩɬɢɦɚɥɶɧɵɣ ɪɚɡɦɟɪ ɩяɬɧɚ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ 
~200 ɦɤɦ. Эɧɟɪɝɢя ɷɥɟɤɬɪɨɧɨɜ Ee ɜɚɪɶɢɪɨɜɚɥɚɫɶ ɨɬ 15 (ɧɟɩɪɟɪɵɜɧɵɣ ɪɟɠɢɦ) ɞɨ 20 ɤɷВ (ɫɤɚɧɢ-
ɪɭɸɳɢɣ ɪɟɠɢɦ). Дɥя ɞɨɩɨɥɧɢɬɟɥɶɧɨɝɨ ɭɜɟɥɢɱɟɧɢя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜɵɜɨɞɚ ɢɡɥɭɱɟɧɢя ɱɟɪɟɡ 
AlN-ɫɚɩɮɢɪ ɬɟɦɩɥɟɣɬ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɫɬɪɭɤɬɭɪɵ ɩɟɪɟɞ ɧɚɩɵɥɟɧɢɟɦ Al-ɩɥɟɧɤɢ ɫɨɡɞɚɧɚ ɫɤɪɚɣ-
ɛɢɪɨɜɚɧɢɟɦ ɩɪяɦɨɭɝɨɥɶɧɚя ɫɟɬɤɚ ɤɚɧɚɜɨɤ ɝɥɭɛɢɧɨɣ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɦɢɤɪɨɧ ɫ ɪɚɫɫɬɨяɧɢɟɦ ɦɟɠ-
ɞɭ ɤɚɧɚɜɤɚɦɢ 1.4 ɦɦ. ɋ ɭɱɟɬɨɦ ɜɫɟɯ ɩɪɢɦɟɧɟɧɧɵɯ ɩɨɞɯɨɞɨɜ ɩɨ ɭɜɟɥɢɱɟɧɢɸ ɜɧɟɲɧɟɝɨ ɤɜɚɧɬɨ-
ɜɨɝɨ ɜɵɯɨɞɚ, ɚ ɬɚɤɠɟ ɩɪɢɧɢɦɚя ɜɨ ɜɧɢɦɚɧɢɟ ɨɩɪɟɞɟɥɟɧɧɭɸ ɪɚɧɟɟ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɛɨɪɚ ɢɡɥɭɱɟ-
ɧɢя ɮɨɬɨɤɚɬɨɞɨɦ 70 % [4], ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 289 ɧɦ ɩɨɥɭɱɚɟɦ ɦɚɤɫɢɦɚɥɶɧɭɸ ɜɵɯɨɞɧɭɸ ɦɨɳ-
ɧɨɫɬɶ ɢɡɥɭɱɟɧɢя 161 ɦВɬ (Ee = 20 ɤɷВ, Ie = 1.1 ɦА) ɢ 39 ɦВɬ (15 ɤɷВ, 0.6 ɦА) ɜ ɢɦɩɭɥɶɫɧɨ-
ɫɤɚɧɢɪɭɸɳɟɦ ɢ ɧɟɩɪɟɪɵɜɧɨɦ ɪɟɠɢɦɚɯ. Дɨɫɬɢɠɟɧɢɟ ɬɚɤɢɯ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɣ ɫɜяɡɚɧɨ, ɩɨ ɧɚ-
ɲɟɦɭ ɦɧɟɧɢɸ, ɫ ɜɵɫɨɤɢɦ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɦ ɤɚɱɟɫɬɜɨɦ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ, ɨɛɭɫɥɨɜɥɟɧɧɵɦ ɩɪɟ-
ɞɟɥɶɧɨ ɜɵɫɨɤɢɦɢ ɬɟɦɩɟɪɚɬɭɪɚɦɢ ɪɨɫɬɚ (750—760 ɋ), ɚ ɬɚɤɠɟ ɭɥɭɱɲɟɧɧɵɦ ɥɨɤɚɥɢɡɚɰɢɟɣ ɧɨ-
ɫɢɬɟɥɟɣ ɜ ɋДА ɤɜɚɧɬɨɜɵɯ яɦɚɯ. 

Бɥаɝɨɞаɪɧɨɫɬɢ 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɱɚɫɬɢɱɧɨɣ ɩɨɞɞɟɪɠɤɟ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫ-
ɫɥɟɞɨɜɚɧɢɣ (ɝɪɚɧɬɵ 13-02-12231-ɨɮɢ-ɦ, 14-02-91178) 

Ʌɢɬɟɪаɬɭɪа  
1. T. Oto, R. G. Banal, K. Kataoka, M. Funato, Y. Kawakami. Nat. Photonics. 2010. V. 4. P. 767—770. 
2. C. A. Klein. Proc. 9th Int. Conf. Physics of Semiconductors. V. 1. Nauka, Moscow. 1968. Ɋ. 629. 
3. V. N. Jmerik, T. V. Shubina, A. M. Mizerov, K. G. Belyaev, A. V. Sakharov, M. V. Zamoryan-

skaya, A. A. Sitnikova, V. Yu. Davydov, P. S. Kop’ev, E. V. Lutsenko, N. V. Rzheutskii,  
A. V. Danilchik, G. P. Yablonskii, S. V. Ivanov, J. Cryst. Growth. 2009. V. 311. P. 2080—2084. 

4. S. V. Ivanov, V. N. Jmerik, D. V. Nechaev, V. I. Kozlovsky, M. D. Tiberi. Phys. Status Solidi, A. 
DOI 10.1002/ pssa.201431756. 

High-Power Electron-Beam Pumped Mid-UV Sources  

Based on MBE Grown AlGaN MQWs  

S. V. Ivanov a,d, V. N. Jmerik a, V. V. Ratnikov a, V. I. Kozlovsky b,c, V. P. Martovitsky b,  
X. Rong d, G. Chen d, F. J. Xu d, B. Shen d, X. Q. Wang d 

a 
I. F. Ioffe Institute, St. Petersburg, Russia; e-mail: ivan@beam.ioffe.ru

 

b 
P. N. Lebedev Physical Institute, Moscow, Russia 

c 
National Research Nuclear University MEPhI, Moscow, Russia 

d 
State Key Laboratory of Artificial Microstructure and Mesoscopic Physics,  

School of Physics, Peking University, Beijing, China 

Paper presents results on growth by a plasma-assisted molecular beam epitaxy and studies of AlGaN 
MQW heterostructures emitting in the range of 280—290 nm. It is shown that the carrier recombination kinetics 
is governed by radiative recombination processes at 300 K. The high structural quality of the MQW structures 
caused by using AlN-sapphire MOCVD templates and high growth temperatures (750—760 ºɋ), as well as the 
efficient carrier localization in the 2-nm thick QWs formed by a sub-monolayer digital alloying technique al-
lowed one to achieve the high power of the output mid-UV radiation under the electron-beam pumping (15—20 
keV, 0.6—1.1 mA): 161 mW in pulse-scanning and 39 mW in CW regimes, respectively. 

Keywords: AlGaN, quantum well, plasma-assisted molecular beam epitaxy, mid-UV spectral range, elec-
tron-beam pumping, output power, quantum efficiency. 



  102
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ɉɪɢɜɟɞɟɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɡɟɪɧɨɣ ɫɛɨɪɤɢ ɧɚ ɨɫɧɨɜɟ ZnSe-ɫɨɞɟɪɠɚɳɟɣ ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɫ ɧɚɤɚɱɤɨɣ ɷɥɟɤɬɪɨɧɧɵɦ ɩɭɱɤɨɦ ɫ ɷɧɟɪɝɢɟɣ 5.6 ɤɷВ. ɉɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɚɤɬɢɜɧɨɝɨ 
ɷɥɟɦɟɧɬɚ ɩɨɥɭɱɟɧɚ ɢɦɩɭɥɶɫɧɚя ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɞɨ 100 Вɬ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 550 ɧɦ. 

Кɥючɟвыɟ ɫɥɨва: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ, ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ, ɷɥɟɤɬɪɨɧɧɵɣ ɩɭɱɨɤ. 

Ввɟɞɟɧɢɟ 

Уɦɟɧɶɲɟɧɢɟ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɧɚɤɚɱɤɢ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɫ ɷɥɟɤɬɪɨɧɧɵɦ 
ɜɨɡɛɭɠɞɟɧɢɟɦ ɨɬɤɪɵɜɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɢɡɝɨɬɨɜɥɟɧɢя ɤɨɦɩɚɤɬɧɵɯ ɩɪɢɛɨɪɨɜ — ɢɦɩɭɥɶɫɧɵɯ ɥɚ-
ɡɟɪɨɜ, ɪɚɛɨɬɚɸɳɢɯ ɧɚ ɪɚɡɥɢɱɧɵɯ ɞɥɢɧɚɯ ɜɨɥɧ. Ɋɚɧɟɟ ɧɚɦɢ ɛɵɥɨ ɩɨɤɚɡɚɧɨ [1—3], ɱɬɨ ɩɪɢɦɟɧɟ-
ɧɢɟ ZnSe-ɫɨɞɟɪɠɚɳɢɯ ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɯ ɫɬɪɭɤɬɭɪ, ɚ ɬɚɤɠɟ ɫɬɪɭɤɬɭɪ GaAlAs/InGaAs/GaAs ɜ 
ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɩɨɡɜɨɥяɟɬ ɡɧɚɱɢɬɟɥɶɧɨ ɭɦɟɧɶɲɢɬɶ ɪɚɛɨɱɭɸ ɷɧɟɪɝɢɸ ɷɥɟɤɬɪɨɧɧɨ-
ɝɨ ɩɭɱɤɚ — ɢɫɬɨɱɧɢɤɚ ɧɚɤɚɱɤɢ ɥɚɡɟɪɨɜ ɡɟɥɟɧɨɝɨ ɢ ИК ɞɢɚɩɚɡɨɧɨɜ. Ɇɢɧɢɦɚɥɶɧɚя ɷɧɟɪɝɢя U 
ɷɥɟɤɬɪɨɧɨɜ, ɩɪɢ ɤɨɬɨɪɨɣ ɩɨɥɭɱɟɧɚ ɝɟɧɟɪɚɰɢя ɜ ɡɟɥɟɧɨɦ ɞɢɚɩɚɡɨɧɟ ɫɩɟɤɬɪɚ, ɫɨɫɬɚɜɥяɥɚ 3.2 ɤɷВ 
ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ [3], ɦɢɧɢɦɚɥɶɧɚя ɩɨɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ  
j  0.4—0.5 A/cɦ2 ɩɪɢ Т = 300 К. Ɇɚɤɫɢɦɚɥɶɧɚя ɦɨɳɧɨɫɬɶ, ɞɨɫɬɢɝɚɟɦɚя ɫ ɨɞɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɷɥɟ-
ɦɟɧɬɚ, ɨɝɪɚɧɢɱɟɧɚ ɤɚɬɚɫɬɪɨɮɢɱɟɫɫɤɨɣ ɞɟɝɪɚɞɚɰɢɟɣ. Дɥя ɫɧɢɠɟɧɢя ɨɩɬɢɱɟɫɤɨɣ ɧɚɝɪɭɡɤɢ ɧɚ 
ɡɟɪɤɚɥɨ ɥɚɡɟɪɚ ɢ ɭɜɟɥɢɱɟɧɢя ɩɪɟɞɟɥɶɧɨɣ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɦɨɠɧɨ ɭɜɟɥɢɱɢɜɚɬɶ ɲɢɪɢɧɭ ɨɩ-
ɬɢɱɟɫɤɨɝɨ ɜɨɥɧɨɜɨɞɚ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɥɚɡɟɪɚ. Ɇɚɤɫɢɦɚɥɶɧɵɟ ɡɧɚɱɟɧɢя ɦɨɳɧɨɫɬɢ ɫ ɨɞɧɨɝɨ 
ɷɥɟɦɟɧɬɚ ɥɚɡɟɪɚ ɡɟɥɟɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɫ ɩɨɩɟɪɟɱɧɵɦ ɪɚɡɦɟɪɨɦ 0.4—0.5 ɦɦ ɫɨɫɬɚɜɢɥɢ 30—50 Вɬ  
[4, 5] ɩɪɢ ɲɢɪɢɧɟ ɜɨɥɧɨɜɨɞɚ 2000 ɧɦ (ɩɪɢ ɧɚɤɚɱɤɟ ɷɥɟɤɬɪɨɧɚɦɢ ɫ ɷɧɟɪɝɢɟɣ U = 24—27 ɤɷВ) ɢ 
>600 Вɬ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɛɨɪɤɢ ɫ ɧɚɤɚɱɤɨɣ ɷɥɟɤɬɪɨɧɚɦɢ ɫ U = 24 ɤɷВ [4]. Иɡ ɪɚɫɱɟɬɨɜ ɢ ɷɤɫ-
ɩɟɪɢɦɟɧɬɨɜ ɫɥɟɞɭɟɬ, ɱɬɨ ɦɢɧɢɦɚɥɶɧɨ ɞɨɫɬɢɠɢɦɵɟ ɩɨɪɨɝɨɜɵɟ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɩɪɢ Т = 300 К 
ɛɥɢɡɤɢ ɞɥя ɥɚɡɟɪɨɜ ɫ ɪɚɡɥɢɱɧɨɣ ɤɨɧɫɬɪɭɤɰɢɟɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɜ ɜɢɞɟ ɨɞɢɧɨɱɧɨɣ ɤɜɚɧɬɨɜɨɣ 
яɦɵ ZnCdSe ɢɥɢ ɫɥɨɟɜ ɤɜɚɧɬɨɜɵɯ ɬɨɱɟɤ CdSe, ɜɧɟɞɪɟɧɧɵɯ ɫ ɤɜɚɧɬɨɜɭɸ яɦɭ ZnSe ɢ ɦɚɥɨ ɡɚɜɢ-
ɫяɬ ɨɬ ɬɢɩɚ ɜɨɥɧɨɜɨɞɚ (ɢɫɩɵɬɚɧɵ ɥɚɡɟɪɵ ɫ ɨɛɵɱɧɵɦ ɢ ɜɚɪɢɡɨɧɧɵɦ ɜɨɥɧɨɜɨɞɚɦɢ). Ɇɢɧɢɦɚɥɶ-
ɧɚя ɩɨɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ ɧɚɛɥɸɞɚɟɬɫя ɩɪɢ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ 10—12 ɤɷВ.  

Дɥя ɫɧɢɠɟɧɢя ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɢ ɪɚɛɨɱɟɣ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɧɟɨɛɯɨɞɢɦɨ 
ɨɛɟɫɩɟɱɢɬɶ ɦɚɤɢɦɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɛɨɪɚ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɚɤɬɢɜɧɭɸ ɡɨɧɭ ɥɚ-
ɡɟɪɚ, ɚ ɬɚɤɠɟ ɦɚɤɫɢɦɚɥɶɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɜɡɚɢɦɨɞɟɣɫɬɜɢя ɧɨɫɢɬɟɥɟɣ ɫ ɩɨɥɟɦ ɷɥɟɤɬɪɨɦɚɝɧɢɬ-
ɧɨɣ ɜɨɥɧɵ. Дɥя ɭɜɟɥɢɱɟɧɢя ɮɚɤɬɨɪɚ ɨɩɬɢɱɟɫɤɨɝɨ ɨɝɪɚɧɢɱɟɧɢя ɲɢɪɢɧɚ ɜɨɥɧɨɜɨɞɚ ɞɨɥɠɧɚ ɛɵɬɶ 
ɭɦɟɧɶɲɟɧɚ ɞɨ ɜɟɥɢɱɢɧɵ, ɩɪɢ ɤɨɬɨɪɨɣ ɭɜɟɪɟɧɧɨ ɜɨɡɛɭɠɞɚɟɬɫя ɜɨɥɧɨɜɨɞɧɚя ɦɨɞɚ ɢ ɩɨɞɚɜɥяɸ-
ɳɚя ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɩɨɥя ɧɟ ɭɯɨɞɢɬ ɡɚ ɟɝɨ ɩɪɟɞɟɥɵ (ɨɛɵɱɧɨ 300—350 ɧɦ).  

Дɥя ɨɛɟɫɩɟɱɟɧɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɜɡɚɢɦɨɞɟɣɫɬɜɢя ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟ-
ɥɟɣ ɫ ɩɨɥɟɦ ɚɤɬɢɜɧɚя ɨɛɥɚɫɬɶ ɥɚɡɟɪɚ ɞɨɥɠɧɚ ɛɵɬɶ ɪɚɡɦɟɳɟɧɚ ɜ ɦɚɤɫɢɦɭɦɟ ɪɚɫɩɪɟɞɟɥɟɧɢя ɜɨɥ-
ɧɨɜɨɞɧɨɣ ɦɨɞɵ. Ɉɞɧɚɤɨ ɩɪɢ ɷɬɨɦ ɧɭɠɧɨ ɨɛɟɫɩɟɱɢɬɶ ɜɵɫɨɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɫɛɨɪɚ ɧɨɫɢɬɟɥɟɣ 
ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɚ. Ƚɥɭɛɢɧɚ ɩɪɨɧɢɤɧɨɜɟɧɢя ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ ɜ ɨɛɪɚɡɟɰ ɡɚɜɢɫɢɬ ɨɬ 
ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ, ɢ ɦɚɤɫɢɦɭɦ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя ɷɧɟɪɝɢɢ ɧɚɤɚɱɤɢ ɜ ɨɛɪɚɡɰɟ 
ɫɞɜɢɝɚɟɬɫя ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɫ ɪɨɫɬɨɦ ɷɧɟɪɝɢɢ. Дɥя ɨɛɟɫɩɟɱɟɧɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɫɛɨɪɚ ɧɨɫɢɬɟɥɟɣ ɜ ɚɤɬɢɜɧɨɦ ɫɥɨɟ ɫɬɪɭɤɬɭɪɵ ɧɭɠɧɨ, ɱɬɨɛɵ ɩɨɥɨɠɟɧɢɟ ɦɚɤɫɢɦɭɦɚ ɪɚɫɩɪɟɞɟɥɟ-
ɧɢя ɧɚɤɚɱɤɢ ɫɨɜɩɚɞɚɥɨ ɫ ɩɨɥɨɠɟɧɢɟɦ ɤɜɚɧɬɨɜɨɣ яɦɵ, ɨɩɬɢɦɚɥɶɧɨɟ ɩɨɥɨɠɟɧɢɟ ɤɨɬɨɪɨɣ, ɤɚɤ ɨɬ-
ɦɟɱɟɧɨ ɜɵɲɟ, ɨɩɪɟɞɟɥяɟɬɫя ɩɨɥɨɠɟɧɢɟɦ ɦɚɤɫɢɦɭɦɚ ɩɨɥя ɦɨɞɵ ɜ ɜɨɥɧɨɜɨɞɟ. ɉɪɢ ɪɚɡɦɟɪɟ ɜɨɥ-
ɧɨɜɨɞɚ ~300 ɧɦ ɦɚɤɫɢɦɭɦ ɪɚɫɩɪɟɞɟɥɟɧɢя ɩɨɥя ɫɨɜɩɚɞɚɟɬ ɫ ɦɚɤɫɢɦɭɦɨɦ ɧɚɤɚɱɤɢ ɩɪɢ ɷɧɟɪɝɢɢ 
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ɷɥɟɤɬɪɨɧɨɜ ~10 ɤɷВ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɩɬɢɦɚɥɶɧɚя (ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɫɧɢɠɟɧɢя ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨ-
ɫɬɢ ɬɨɤɚ) ɷɧɟɪɝɢя ɷɥɟɤɬɪɨɧɨɜ ɧɚɤɚɱɤɢ ɜ ɤɨɧɟɱɧɨɦ ɫɱɟɬɟ ɨɩɪɟɞɟɥяɟɬɫя ɞɥɢɧɨɣ ɜɨɥɧɵ (ɜ ɦɚɬɟ-
ɪɢɚɥɟ) ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɚ.    

ɉɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɲɢɪɨɤɢɯ ɜɨɥɧɨɜɨɞɨɜ ɤɨɧɫɬɪɭɤɰɢя ɜɨɥɧɨɜɨɞɚ ɧɟ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɨɩɬɢ-
ɦɚɥɶɧɨɣ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɦɢɧɢɦɢɡɚɰɢɢ ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ. ɉɪɢ ɷɬɨɦ ɞɥя ɨɛɟɫɩɟɱɟɧɢя 
ɜɵɫɨɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɛɨɪɚ ɧɨɫɢɬɟɥɟɣ ɢɫɩɨɥɶɡɭɸɬɫя ɫɬɪɭɤɬɭɪɵ ɫ ɧɟɫɤɨɥɶɤɢɦɢ ɚɤɬɢɜɧɵɦɢ 
ɫɥɨяɦɢ ɜ ɜɨɥɧɨɜɨɞɟ, ɪɚɫɩɨɥɨɠɟɧɧɵɦɢ ɧɚ ɪɚɫɫɬɨяɧɢɢ ɩɨɪяɞɤɚ ɞɢɮɮɭɡɢɨɧɧɨɣ ɞɥɢɧɵ ɧɟɪɚɜɧɨ-
ɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɜ ɨɛɪɚɡɰɟ [4]. ɉɨɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ ɬɚɤɢɯ ɥɚɡɟɪɨɜ ɜɵɲɟ, ɱɟɦ ɥɚɡɟɪɨɜ ɫ 
ɭɡɤɢɦ ɜɨɥɧɨɜɨɞɨɦ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɬɪɟɛɨɜɚɧɢя ɫɧɢɠɟɧɢя ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɢ ɭɜɟɥɢɱɟ-
ɧɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ, ɞɨɫɬɢɠɢɦɨɣ ɫ ɟɞɢɧɢɱɧɨɝɨ ɥɚɡɟɪɧɨɝɨ ɷɥɟɦɟɧɬɚ, ɧɚɯɨɞяɬɫя ɜ ɩɪɨ-
ɬɢɜɨɪɟɱɢɢ ɞɪɭɝ ɫ ɞɪɭɝɨɦ. Ɉɞɧɚɤɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɨɛɳɟɝɨ ɱɢɫɥɚ ɷɥɟɦɟɧɬɨɜ ɫɛɨɪɤɢ ɦɨɠɧɨ ɞɨɫ-
ɬɢɱɶ ɜɵɫɨɤɢɯ ɭɪɨɜɧɟɣ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɧɢɡɤɨɩɨɪɨɝɨɜɵɯ ɫɬɪɭɤɬɭɪ ɫ 
ɭɡɤɢɦ ɜɨɥɧɨɜɨɞɨɦ ɫ ɧɚɤɚɱɤɨɣ ɧɢɡɤɨɷɧɟɪɝɟɬɢɱɧɵɦɢ ɷɥɟɤɬɪɨɧɚɦɢ. 

Дɥя ɩɨɥɭɱɟɧɢя ɜɵɫɨɤɨɣ ɢɦɩɭɥɶɫɧɨɣ ɦɨɳɧɨɫɬɢ ɩɪɢ ɨɩɬɢɦɚɥɶɧɵɯ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɫɧɢɠɟ-
ɧɢя ɩɨɪɨɝɚ ɷɧɟɪɝɢяɯ ɷɥɟɤɬɪɨɧɨɜ ɧɚɤɚɱɤɢ (~10 ɤɷВ) ɬɨɤ ɩɭɱɤɚ ɞɨɥɠɟɧ ɛɵɬɶ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɢɦ. 
Дɟɣɫɬɜɢɬɟɥɶɧɨ, ɞɥя ɩɨɥɭɱɟɧɢя ɢɦɩɭɥɶɫɧɨɣ ɦɨɳɧɨɫɬɢ, ɧɚɩɪɢɦɟɪ 100 Вɬ ɩɪɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɥɚɡɟɪɚ 10% ɬɨɤ ɩɭɱɤɚ ɷɥɟɤɬɪɨɧɨɜ (ɩɪɢ U = 10 ɤɷВ) ɞɨɥɠɟɧ ɛɵɬɶ 100 ɦА. Дɥя ɩɨɥɭɱɟɧɢя ɛɨɥɶ-
ɲɢɯ ɭɪɨɜɧɟɣ ɦɨɳɧɨɫɬɢ ɬɪɟɛɭɟɬɫя ɟɳɟ ɛɨɥɟɟ ɫɢɥɶɧɨɬɨɱɧɵɣ ɢɫɬɨɱɧɢɤ ɷɥɟɤɬɪɨɧɨɜ. ɉɨɥɭɱɟɧɢɟ 
ɬɚɤɢɯ ɩɭɱɤɨɜ ɷɥɟɤɬɪɨɧɨɜ ɫ ɩɨɦɨɳɶɸ ɨɛɵɱɧɨ ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɷɥɟɤɬɪɨɧɢɤɟ ɩɨɞɨɝɪɟɜɧɵɯ ɤɚɬɨ-
ɞɨɜ яɜɥяɟɬɫя ɧɟɪɚɡɭɦɧɵɦ ɢɡ-ɡɚ ɛɨɥɶɲɨɣ ɦɨɳɧɨɫɬɢ, ɬɪɟɛɭɟɦɨɣ ɞɥя ɢɯ ɪɚɡɨɝɪɟɜɚ. ɇɚɦɢ ɢɡɝɨɬɨɜ-
ɥɟɧ ɢɫɬɨɱɧɢɤ ɞɥя ɧɚɤɚɱɤɢ ɥɚɡɟɪɨɜ [6] ɧɚ ɨɫɧɨɜɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɤɚɬɨɞɚ, ɜ ɤɨɬɨɪɨɦ ɷɥɟɤ-
ɬɪɨɧɵ ɜɵɬяɝɢɜɚɸɬɫя ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɩɨɥɟɦ ɢɯ ɩɥɚɡɦɵ, ɨɛɪɚɡɭɸɳɟɣɫя ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɨɜɟɪɯɧɨɫɬ-
ɧɨɝɨ ɩɪɨɛɨя. Ɍɚɤɢɟ ɤɚɬɨɞɵ ɛɵɥɢ ɩɪɟɞɥɨɠɟɧɵ ɜ 70-ɯ ɝɝ. ХХ ɜɟɤɚ ɢ ɩɨɞɪɨɛɧɨ ɪɚɫɫɦɨɬɪɟɧɵ ɜ [7]. 

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɢɜɨɞяɬɫя ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɥɚɡɟɪɧɨɣ ɫɛɨɪɤɢ, ɩɨɡɜɨɥяɸɳɟɣ ɩɨɥɭɱɢɬɶ  
ɩɪɢ Т = 300 К ɜ ɡɟɥɟɧɨɦ ɞɢɚɩɚɡɨɧɟ ɫɩɟɤɬɪɚ ɢɦɩɭɥɶɫɧɭɸ ɦɨɳɧɨɫɬɶ ɞɨ 100 Вɬ ɩɪɢ ɟɟ ɧɚɤɚɱɤɟ 
ɩɭɱɤɨɦ ɷɥɟɤɬɪɨɧɨɜ ɫ ɷɧɟɪɝɢɟɣ 5.6 ɤɷВ.  

2. Эɤɫɩɟɪɢɦɟɧɬ 
Дɥя ɢɡɝɨɬɨɜɥɟɧɢя ɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɢɫɩɨɥɶɡɨɜɚɧɚ ZnSe-ɫɨɞɟɪɠɚɳɚя ɫɬɪɭɤɬɭɪɚ, ɜɵɪɚ-

ɳɟɧɧɚя ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ ɧɚ ɩɨɞɥɨɠɤɟ ɢɡ ɚɪɫɟɧɢɞɚ ɝɚɥɥɢя. ɋɬɪɭɤɬɭɪɚ 
ɫɨɞɟɪɠɢɬ ɬɨɧɤɢɣ (10 ɧɦ) ɜɧɟɲɧɢɣ ɨɝɪɚɧɢɱɢɜɚɸɳɢɣ ɫɥɨɣ ZnMgSSe, ɜɨɥɧɨɜɨɞ ɨɛɪɚɡɨɜɚɧ ɩɟɪɟ-
ɦɟɧɧɨ-ɧɚɩɪяɠɟɧɧɵɦɢ ɫɥɨяɦɢ ZnSe/ZnSSe, ɚɤɬɢɜɧɚя ɨɛɥɚɫɬɶ ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɞɜɟ ɤɜɚɧɬɨɜɵɟ 
яɦɵ ZnSe, ɜ ɤɚɠɞɨɣ ɢɡ ɤɨɬɨɪɵɯ ɧɚɯɨɞɢɬɫя ɜɫɬɚɜɤɚ ɤɜɚɧɬɨɜɵɯ ɬɨɱɟɤ CdSe. Ɉɛɳɚя ɬɨɥɳɢɧɚ ɜɨɥ-
ɧɨɜɨɞɚ 310 ɧɦ. Ɋɚɧɟɟ ɧɚ ɨɫɧɨɜɟ ɷɬɨɣ ɫɬɪɭɤɬɭɪɵ ɩɨɥɭɱɟɧɚ ɝɟɧɟɪɚɰɢя ɩɪɢ ɪɟɤɨɪɞɧɨ ɧɢɡɤɨɣ ɷɧɟɪ-
ɝɢɢ ɷɥɟɤɬɪɨɧɨɜ 3.2 ɤɷВ [3].  

Ʌɚɡɟɪɧɵɟ ɪɟɡɨɧɚɬɨɪɵ ɢɡɝɨɬɚɜɥɟɧɵ ɦɟɬɨɞɨɦ ɫɤɚɥɵɜɚɧɢя. ɉɪɟɞɜɚɪɢɬɟɥɶɧɨ ɛɵɥɢ ɢɫɫɥɟɞɨ-
ɜɚɧɵ ɩɚɪɚɦɟɬɪɵ ɨɞɢɧɨɱɧɨɝɨ ɥɚɡɟɪɚ ɧɚ ɨɫɧɨɜɟ ɷɬɨɣ ɫɬɪɭɤɬɭɪɵ [3]. ɉɪɢ ɷɬɢɯ ɢɡɦɟɪɟɧɢяɯ ɞɥя ɧɚ-
ɤɚɱɤɢ ɢɫɩɨɥɶɡɨɜɚɧ ɩɭɱɨɤ ɷɥɟɤɬɪɨɧɨɜ ɫ ɷɧɟɪɝɢɟɣ ɞɨ 12 ɤɷВ ɢ ɱɚɫɬɨɬɨɣ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 
10 Ƚɰ ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ 200 ɧɫ. Вɫɟ ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦ-
ɩɟɪɚɬɭɪɟ ɨɛɪɚɡɰɨɜ. Дɥя ɢɡɦɟɪɟɧɢя ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧ ɤɚɥɢɛɪɨɜɚɧɧɵɣ ɮɨɬɨɷɥɟ-
ɦɟɧɬ ФЭК 22, ɢɦɩɭɥɶɫɵ ɫɜɟɬɚ ɢ ɬɨɤɚ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɵ ɫ ɩɨɦɨɳɶɸ ɨɫɰɢɥɥɨɝɪɚɮɚ Tektronix 
TDS 3032В. ɫɩɟɤɬɪɵ — ɫ ɩɨɦɨɳɶɸ ɫɩɟɤɬɪɨɦɟɬɪɚ S100. ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ 
ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ ɧɚɤɚɱɤɢ. 

Дɥя ɨɛɪɚɡɰɚ ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ L = 0.5 ɦɦ ɦɢɧɢɦɚɥɶɧɚя ɩɨɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ 
0.8 A/cɦ2 ɩɪɢ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ 11—12 ɤɷВ. Ɇɚɤɫɢɦɚɥɶɧɚя ɦɨɳɧɨɫɬɶ ɫ ɨɞɧɨɝɨ ɬɨɪɰɚ ɥɚɡɟɪɚ 
ɩɪɢ U = 9 ɤɷВ ɫɨɫɬɚɜɥяɟɬ 6 Вɬ, ɦɚɤɫɢɦɚɥɶɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ 6.7 %. ɇɚ ɨɫɧɨɜɟ ɷɬɨɣ ɫɬɪɭɤɬɭɪɵ 
ɢɡɝɨɬɨɜɥɟɧɚ ɥɚɡɟɪɧɚя ɫɛɨɪɤɚ, ɫɨɫɬɨяɳɚя ɢɡ ɲɟɫɬɢ ɥɢɧɟɣɧɵɯ ɧɚɛɨɪɨɜ ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɨɜ ɥɚ-
ɡɟɪɨɜ 0.9 ɦɦ ɢ ɩɨɩɟɪɟɱɧɵɦ ɪɚɡɦɟɪɨɦ ɤɚɠɞɨɝɨ ɷɥɟɦɟɧɬɚ 0.45 ɦɦ. В ɤɚɠɞɨɦ ɥɢɧɟɣɧɨɦ ɧɚɛɨɪɟ 
ɨɤɨɥɨ 10 ɷɥɟɦɟɧɬɨɜ. Ɋɟɡɤɚ ɫɬɪɭɤɬɭɪɵ ɧɚ ɨɬɞɟɥɶɧɵɟ ɷɥɟɦɟɧɬɵ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɢɡɥɭɱɟɧɢɟɦ ɨɫɬ-
ɪɨɫɮɨɤɭɫɢɪɨɜɚɧɧɨɝɨ ɥɭɱɚ ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ. Ʌɚɡɟɪɧɚя ɫɛɨɪɤɚ ɫɨɛɢɪɚɥɚɫɶ ɢɡ ɲɟɫɬɢ ɥɢɧɟɣɧɵɯ ɧɚ-
ɛɨɪɨɜ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɜ ɜɢɞɟ ɥɟɫɬɧɢɰɵ ɧɚ ɦɟɞɧɨɦ ɨɫɧɨɜɚɧɢɢ. Дɥя ɧɚɤɚɱɤɢ ɥɚɡɟɪɧɵɯ ɫɛɨɪɨɤ 
ɢɫɩɨɥɶɡɨɜɚɧ ɢɦɩɭɥɶɫɧɵɣ ɷɥɟɤɬɪɨɧɧɵɣ ɩɭɱɨɤ ɫ ɷɧɟɪɝɢɟɣ 5.6 ɤɷВ ɩɪɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ 
1 ɦɤɫ ɫ ɤɚɬɨɞɨɦ ɧɚ ɨɫɧɨɜɟ ɫɟɝɧɟɬɨɷɥɟɤɬɪɢɤɚ [6], ɬɨɤ ɩɭɱɤɚ ɞɨɫɬɢɝɚɥ >15 А. Эɥɟɤɬɪɨɧɧɵɣ ɩɭ-
ɱɨɤ ɮɨɤɭɫɢɪɨɜɚɥɫя ɧɚ ɦɢɲɟɧɢ ɫ ɩɨɦɨɳɶɸ ɦɚɝɧɢɬɧɵɯ ɥɢɧɡ, ɨɞɧɚɤɨ ɧɟ ɜɟɫɶ ɩɭɱɨɤ ɩɨɩɚɞɚɥ ɧɚ 
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ɦɢɲɟɧɶ. Зɚ ɫɱɟɬ ɧɟɫɬɚɛɢɥɶɧɨɫɬɢ ɪɚɛɨɬɵ ɤɚɬɨɞɚ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɨɤɚ ɩɨ ɫɛɨɪɤɟ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧ-
ɧɨ, ɮɨɪɦɚ ɢɦɩɭɥɶɫɚ ɫɜɟɬɚ ɢɡɦɟɧяɥɢɫɶ ɨɬ ɜɫɩɵɲɤɢ ɤ ɜɫɩɵɲɤɟ (ɱɚɫɬɨɬɚ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 
1.5 Ƚɰ). ɉɪɢɦɟɪ ɮɨɪɦɵ ɫɜɟɬɨɜɨɝɨ ɢɦɩɭɥɶɫɚ ɩɪɢɜɟɞɟɧ ɧɚ ɪɢɫ. 3, в. Дɥɢɬɟɥɶɧɨɫɬɶ ɫɜɟɬɨɜɨɝɨ ɢɦ-
ɩɭɥɶɫɚ (ɩɨ ɨɫɧɨɜɚɧɢɸ) 1 ɦɤɫ. Ɇɚɤɫɢɦɚɥɶɧɚя ɦɨɳɧɨɫɬɶ ɢɦɩɭɥɶɫɚ (ɫɦ. ɪɢɫ. 3, в) 80 Вɬ. В ɨɬ-
ɞɟɥɶɧɵɯ ɜɫɩɵɲɤɚɯ ɦɨɳɧɨɫɬɶ ɞɨɫɬɢɝɚɥɚ 100 Вɬ. Дɥɢɧɚ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя 547 ɧɦ (ɪɢɫ. 3, г). Иɡ 
ɪɚɫɫɦɨɬɪɟɧɢя ɛɥɢɠɧɟɣ ɡɨɧɵ (ɪɢɫ. 3, a) ɜɢɞɧɨ, ɱɬɨ ɝɟɧɟɪɚɰɢя ɧɚɛɥɸɞɚɟɬɫя ɧɟ ɜɨ ɜɫɟɯ ɷɥɟɦɟɧɬɚɯ 
ɫɛɨɪɤɢ, ɱɬɨ ɫɜяɡɚɧɨ ɫ ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶɸ ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɨɤɚ ɧɚɤɚɱɤɢ. Ɋɚɛɨɬɚɸɬ ɜ ɨɫɧɨɜɧɨɦ 
3—4 ɥɢɧɟɣɧɵɯ ɧɚɛɨɪɚ (ɢɡ ɲɟɫɬɢ), ɬ. ɟ. 30—40 ɨɬɞɟɥɶɧɵɯ ɥɚɡɟɪɨɜ.   

3 4 5 6 7 8 9 10 11 12
0

1

2

3
j, A/cɦ2

U, ɤВ       0           2           4           6         j, А/ɫɦ2 

 j, А/ɫɦ2

        8 

 
        6 

 
        4 

 
        2 

 
Ɋɢɫ.1. Зɚɜɢɫɢɦɨɫɬɶ ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ 
ɨɬ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɨɜ. L= 0.5 ɦɦ. 

 Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɶ ɦɨɳɧɨɫɬɢ P () ɢ ɷɮɟɤɬɢɜɧɨ-
ɫɬɢ  () ɥɚɡɟɪɚ ɨɬ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ ɷɥɟɤɬɪɨɧɨɜ 
ɧɚɤɚɱɤɢ. U = 9 ɤɷВ, L = 0.5 ɦɦ.  
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Ɋɢɫ. 3. Фɨɬɨɝɪɚɮɢɢ ɬɨɪɰɚ ɥɚɡɟɪɧɨɣ ɫɛɨɪɤɢ (а) ɢ ɪɚɡɪɭɲɟɧɢɣ ɥɚɡɟɪɧɨɝɨ ɷɥɟɦɟɧɬɚ (ɛ),  
ɢɦɩɭɥɶɫ ɫɜɟɬɚ (в) ɢ ɫɩɟɤɬɪ ɢɡɥɭɱɟɧɢя ɫɛɨɪɤɢ (г). 

Ɇɨɳɧɨɫɬɶ, ɢɡɥɭɱɚɟɦɚя ɤɚɠɞɵɦ ɥɚɡɟɪɧɵɦ ɷɥɟɦɟɧɬɨɦ ɫɛɨɪɤɢ, ɫɨɫɬɚɜɥяɟɬ 2—3 Вɬ, ɱɬɨ 
ɩɪɢɦɟɪɧɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɞɚɧɧɵɦ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɦ ɧɚ ɪɢɫ. 2. В ɪɟɡɭɥɶɬɚɬɟ ɢɫɩɵɬɚɧɢɣ ɥɚɡɟɪɧɵɟ 
ɷɥɟɦɟɧɬɵ ɱɚɫɬɢɱɧɨ ɪɚɡɪɭɲɟɧɵ ɫɨɛɫɬɜɟɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ. Хɚɪɚɤɬɟɪ ɪɚɡɪɭɲɟɧɢɣ — ɭɡɤɢɟ ɬɨɧ-
ɤɢɟ ɧɢɬɢ, ɧɚɱɢɧɚɸɳɢɟɫя ɧɚ ɬɨɪɰɚɯ ɤɪɢɫɬɚɥɥɚ ɢɥɢ ɧɚ ɞɟɮɟɤɬɚɯ ɫɬɪɭɤɬɭɪɵ (ɪɢɫ. 3, ɛ) — ɬɚɤɨɣ 
ɠɟ, ɤɚɤ ɢ ɪɚɧɟɟ ɧɚɛɥɸɞɚɟɦɵɣ ɜ ɥɚɡɟɪɚɯ ɧɚ ɨɫɧɨɜɟ ZnSe-ɫɨɞɟɪɠɚɳɢɯ ɫɬɪɭɤɬɭɪ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ 
[8], ɦɵ ɟɝɨ ɫɜяɡɵɜɚɟɦ ɫ ɫɚɦɨɮɨɤɭɫɢɪɨɜɤɨɣ ɢɡɥɭɱɟɧɢя ɜ ɚɤɬɢɜɧɨɣ ɫɪɟɞɟ. 

    –2             –1             0              1             2 t, ɦɤɫ
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Вывɨɞы 

ɉɨɤɚɡɚɧɚ ɜɨɡɦɨɠɧɨɫɬɶ ɞɨɫɬɢɠɟɧɢя ɢɦɩɭɥɶɫɧɨɣ ɦɨɳɧɨɫɬɢ 100 Вɬ ɜ ɡɟɥɟɧɨɣ ɨɛɥɚɫɬɢ 
ɫɩɟɤɬɪɚ ɫ ɩɨɦɨɳɶɸ ɫɛɨɪɤɢ ɥɚɡɟɪɨɜ ɧɚ ɨɫɧɨɜɟ ZnSe-ɫɨɞɟɪɠɚɳɟɣ ɫɬɪɭɤɬɭɪɵ ɫ ɚɤɬɢɜɧɨɣ ɨɛɥɚ-
ɫɬɶɸ, ɫɨɫɬɨяɳɟɣ ɢɡ ɞɜɭɯ ZnSe-ɤɜɚɧɬɨɜɵɯ яɦ ɫɨ ɜɫɬɚɜɤɚɦɢ CdSe ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɞɥя ɧɚɤɚɱɤɢ 
ɷɥɟɤɬɪɨɧɨɜ ɫ ɷɧɟɪɝɢɟɣ 5.6 ɤɷВ.  
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ZnSe-Based Laser Array Pumped by Low-Energy Electron Beam 
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Ɇɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ ɜɵɪɚɳɟɧɵ ɥɚɡɟɪɧɵɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɚɫɢɦɦɟɬɪɢɱ-
ɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ, ɩɪɟɞɫɬɚɜɥяɸɳɟɣ ɫɨɛɨɣ ɦɚɫɫɢɜ 2.8 ɦɨɧɨɚɬɨɦɧɵɯ ɫɥɨɟɜ CdSe ɤɜɚɧɬɨɜɵɯ ɬɨɱɟɤ, 
ɫɮɨɪɦɢɪɨɜɚɧɧɵɟ ɧɚ ZnSe, c ɩɨɫɥɟɞɭɸɳɢɦ ɡɚɪɚɳɢɜɚɧɢɟɦ Zn1–xCdxSe Кə ɬɨɥɳɢɧɨɣ 5 (ɫɬɪɭɤɬɭɪɚ A) ɢ 2 ɧɦ 
(B) ɢ ɫɨɞɟɪɠɚɧɢɟɦ Cd x = 0.35 ɢ 0.5. Уɩɪɭɝɨ ɪɚɫɬяɧɭɬɵɟ ɜɨɥɧɨɜɨɞɧɵɟ ɫɜɟɪɯɪɟɲɟɬɤɢ ZnSSe/ZnSe ɢɫɩɨɥɶ-
ɡɨɜɚɧɵ ɞɥя ɤɨɦɩɟɧɫɚɰɢɢ ɫɠɢɦɚɸɳɢɯ ɧɚɩɪяɠɟɧɢɣ ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɥɚɡɟɪɧɚя 
ɝɟɧɟɪɚɰɢя ɩɪɢ T = 300 К ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ  = 573 (A) ɢ 593 ɧɦ (B) ɫ ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ 1.3 ɢ 
2.53 ɤВɬ/ɫɦ2.   

Кɥючɟвыɟ ɫɥɨва: ɫɨɟɞɢɧɟɧɢя АIIВVI, ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɚя ɷɩɢɬɚɤɫɢя, ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ, ɠɟɥɬɵɣ 
ɫɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ, ɥɚɡɟɵ.  

Ввɟɞɟɧɢɟ 
Шɢɪɨɤɢɟ ɜɨɡɦɨɠɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɜɢɞɢɦɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ 

ɞɢɚɩɚɡɨɧɚ ɩɨ-ɩɪɟɠɧɟɦɭ ɫɬɢɦɭɥɢɪɭɸɬ ɢɫɫɥɟɞɨɜɚɧɢя ɜ ɞɚɧɧɨɣ ɨɛɥɚɫɬɢ. ɋɬɨɢɬ ɜɵɞɟɥɢɬɶ ɦɟɞɢ-
ɰɢɧɫɤɢɟ ɩɪɢɦɟɧɟɧɢя, ɜ ɱɚɫɬɧɨɫɬɢ ɨɮɬɚɥɶɦɨɥɨɝɢɸ, ɝɞɟ ɥɚɡɟɪɧɨɟ ɢɡɥɭɱɟɧɢɟ ɜ ɡɟɥɟɧɨɣ ɢ ɠɟɥɬɨɣ 
ɨɛɥɚɫɬяɯ ɫɩɟɤɬɪɚ ɭɫɩɟɲɧɨ ɩɪɢɦɟɧяɟɬɫя ɞɥя ɨɩɟɪɚɰɢɢ ɮɨɬɨɤɨɚɝɭɥяɰɢɢ. ɉɪɢ ɷɬɨɦ ɠɟɥɬɵɣ ɫɜɟɬ 
ɨɛɥɚɞɚɟɬ ɫɭɳɟɫɬɜɟɧɧɵɦɢ ɩɪɟɢɦɭɳɟɫɬɜɚɦɢ, ɩɨɫɤɨɥɶɤɭ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢя ɟɝɨ ɪɚɡɥɢɱ-
ɧɵɦɢ ɮɨɪɦɚɦɢ ɝɟɦɨɝɥɨɛɢɧɚ ɡɧɚɱɢɬɟɥɶɧɨ ɜɵɲɟ ɩɪɢ ɛɨɥɟɟ ɧɢɡɤɨɦ ɤɨɷɮɮɢɰɢɟɧɬɟ ɩɨɝɥɨɳɟɧɢя 
ɦɟɥɚɧɢɧɨɦ [1]. Зɚɦɟɬɧɵɟ ɭɫɩɟɯɢ ɜ ɪɚɡɪɚɛɨɬɤɟ ɠɟɥɬɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɞɨɫɬɢɝɧɭɬɵ 
c ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɧɟɥɢɧɟɣɧɨɣ ɫɪɟɞɵ ɞɥя ɝɟɧɟɪɚɰɢɢ ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ [2—4]. Ɍɟɦ ɧɟ ɦɟɧɟɟ 
ɨɠɢɞɚɟɬɫя, ɱɬɨ ɩɪяɦɨɢɡɥɭɱɚɸɳɢɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ ɛɭɞɭɬ ɨɛɥɚɞɚɬɶ ɫɭɳɟɫɬɜɟɧɧɨ 
ɥɭɱɲɢɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ. ɇɟɫɦɨɬɪя ɧɚ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɧɭɸ ɜɨɡɦɨɠɧɨɫɬɶ ɞɨɫɬɢɠɟɧɢя 
ɠɟɥɬɨ-ɨɪɚɧɠɟɜɨɝɨ ɞɢɚɩɚɡɨɧɚ ( = 599 ɧɦ) ɜ AlGaInP/AlInP/GaAs-ɥɚɡɟɪɚɯ ɫ ɨɩɬɢɱɟɫɤɨɣ ɧɚɤɚɱ-
ɤɨɣ [5], ɚ ɬɚɤɠɟ ɩɨɩɵɬɤɢ ɫɨɡɞɚɧɢя ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɫ ɧɚɧɨɪɨɞɚɦɢ GaN/Si (= 565 ɧɦ) [6], ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɢ ɝɪɭɩɩɵ АIIВVI ɧɚɢɛɨɥɟɟ ɩɟɪɫɩɟɤɬɢɜɧɵ ɞɥя ɞɚɧɧɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ.  

Ɋɚɧɟɟ ɛɵɥɢ ɪɟɚɥɢɡɨɜɚɧɵ ɥɚɡɟɪɧɵɟ ɞɢɨɞɵ, ɪɚɛɨɬɚɸɳɢɟ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɫ ɚɤ-
ɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɧɚ ɨɫɧɨɜɟ BeZnCdSe-ɤɜɚɧɬɨɜɨɣ яɦɵ (Кə) [7—9], ɨɞɧɚɤɨ ɜɵɫɨɤɨɟ ɫɨɞɟɪɠɚɧɢɟ 
Cd x > 0.45, ɧɟɨɛɯɨɞɢɦɨɟ ɞɥя ɩɨɥɭɱɟɧɢя ɢɡɥɭɱɟɧɢя ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ >570 ɧɦ, ɩɪɢɜɨɞɢɬ ɤ ɩɥɚ-
ɫɬɢɱɟɫɤɨɣ ɪɟɥɚɤɫɚɰɢɢ ɧɚɩɪяɠɟɧɢɣ ɜ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚɯ. Ɍɟ ɠɟ ɩɪɨɛɥɟɦɵ ɨɝɪɚɧɢɱɢɜɚɸɬ ɢ ɦɚɤ-
ɫɢɦɚɥɶɧɨ ɞɨɫɬɢɠɢɦɵɟ ɞɥɢɧɵ ɜɨɥɧ (560 ɧɦ) ɜ ɥɚɡɟɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚɯ ɧɚ ɨɫɧɨɜɟ ZnCdSSe 
Кə [10]. Ʌɚɡɟɪɧɚя ɝɟɧɟɪɚɰɢя ɜ ɡɟɥɟɧɨ-ɠɟɥɬɨɦ ɞɢɚɩɚɡɨɧɟ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɜ II-VI/III-N ɦɢɤ-
ɪɨɱɢɩ-ɤɨɧɜɟɪɬɟɪɟ (567 ɧɦ) [11] ɢ ɥɚɡɟɪɧɨɦ ɞɢɨɞɟ (560 ɧɦ) [12] c ɤɜɚɧɬɨɜɵɦɢ ɬɨɱɤɚɦɢ (КɌ) 
CdSe ɧɨɦɢɧɚɥɶɧɨɣ ɬɨɥɳɢɧɵ CdSe ~3 ɦɨɧɨɚɬɨɦɧɵɯ ɫɥɨя (Ɇɋ) ɜ ɦɚɬɪɢɰɚɯ ZnSe ɢ ZnSSe. Дɥя 
ɞɚɥɶɧɟɣɲɟɝɨ ɩɪɨɞɜɢɠɟɧɢя ɜ “ɢɫɬɢɧɧɨ” ɠɟɥɬɭɸ ɨɛɥɚɫɬɶ (570—590 ɧɦ) ɧɟɨɛɯɨɞɢɦɨ ɫɭɳɟɫɬɜɟɧ-
ɧɨ ɭɜɟɥɢɱɢɜɚɬɶ ɧɨɦɢɧɚɥɶɧɭɸ ɬɨɥɳɢɧɭ КɌ CdSe (>3.5—4 Ɇɋ), ɱɬɨ ɜɵɲɟ ɤɪɢɬɢɱɟɫɤɨɝɨ ɡɧɚɱɟ-
ɧɢя (~3.0 Ɇɋ) [13] ɢ ɦɨɠɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɞɟɮɟɤɬɨɜ ɢ ɞɟɝɪɚɞɚɰɢɢ ɥɚɡɟɪɧɵɯ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤ. Ɉɬɦɟɬɢɦ, ɱɬɨ ɥɸɦɢɧɟɫɰɟɧɰɢя ɢ ɥɚɡɟɪɧɚя ɝɟɧɟɪɚɰɢя ɜ ɠɟɥɬɨɦ ɞɢɚɩɚɡɨɧɟ ɩɪɨɞɟɦɨɧɫɬ-
ɪɢɪɨɜɚɧɚ ɜ ɫɜɟɬɨɞɢɨɞɚɯ ɢ ɨɩɬɢɱɟɫɤɢ-ɧɚɤɚɱɢɜɚɟɦɵɯ ɥɚɡɟɪɚɯ ɫ ZnCdSe Кə, ɜɵɪɚɳɟɧɧɵɯ ɧɚ ɩɨɞ-
ɥɨɠɤɚɯ InP, ɧɨ ɩɨɫɥɟɞɧɢɟ ɨɛɥɚɞɚɥɢ ɡɚɦɟɬɧɨ ɯɭɞɲɢɦɢ ɩɨɪɨɝɨɜɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ [14—17]. 

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɞɥя ɭɜɟɥɢɱɟɧɢя ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя ɢɡ КɌ CdSe ɢɫɩɨɥɶɡɨɜɚɧ ɦɟ-
ɬɨɞ, ɩɪɟɞɥɨɠɟɧɧɵɣ ɧɚɦɢ ɪɚɧɟɟ [18] ɢ ɡɚɤɥɸɱɚɸɳɢɣɫя ɜ ɮɨɪɦɢɪɨɜɚɧɢɢ КɌ ɜ ɧɚɩɪяɠɟɧɧɨɣ 
ZnCdSe Кə, ɩɪɢ ɷɬɨɦ ɤɥɸɱɟɜɵɦ ɷɥɟɦɟɧɬɨɦ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪ яɜɥяɟɬɫя ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɭɩɪɭɝɨ ɪɚɫ-
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ɬяɧɭɬɵɯ ɜɨɥɧɨɜɨɞɧɵɯ ɫɜɟɪɯɪɟɲɟɬɨɤ (ɋɊ) [19] ɞɥя ɩɪɟɰɢɡɢɨɧɧɨɣ ɤɨɦɩɟɧɫɚɰɢɢ ɫɢɥɶɧɵɯ ɧɚɩɪя-
ɠɟɧɢɣ ɫɠɚɬɢя, ɢɧɞɭɰɢɪɭɟɦɵɯ ZnCdSe Кə.  

1. Эɤɫɩɟɪɢɦɟɧɬ 
Вɵɩɨɥɧɟɧɧɵɟ ɪɚɧɟɟ ɬɟɨɪɟɬɢɱɟɫɤɢɟ ɪɚɫɱɟɬɵ ɞɥɢɧ ɜɨɥɧ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɫɢɫɬɟɦɟ CdSe 

КɌ//Zn1–xCdxSe-Кə/ZnSe [20] ɨɩɪɟɞɟɥɢɥɢ ɭɡɤɢɣ ɪɚɛɨɱɢɣ ɞɢɚɩɚɡɨɧ ɬɨɥɳɢɧ Кə Zn1–xCdxSe 
tКə = 2.5—4 ɧɦ, ɩɨɡɜɨɥяɸɳɢɣ ɩɨɥɭɱɢɬɶ ɢɡɥɭɱɟɧɢɟ ɜ ɠɟɥɬɨɦ ɞɢɚɩɚɡɨɧɟ. ɉɪɢ ɷɬɨɦ ɫɭɳɟɫɬɜɟɧ-
ɧɵɣ ɞɥɢɧɧɨɜɨɥɧɨɜɵɣ ɫɞɜɢɝ ɨɛɟɫɩɟɱɢɜɚɟɬɫя ɩɭɬɟɦ ɭɜɟɥɢɱɟɧɢя ɫɨɞɟɪɠɚɧɢя Cd ɜ Кə. ɇɚ ɨɫɧɨɜɚ-
ɧɢɢ ɞɚɧɧɵɯ ɪɚɫɱɟɬɨɜ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ (ɆɉЭ) ɜɵɪɚɳɟɧɵ ɩɫɟɜɞɨ-
ɦɨɪɮɧɨ ɤ ɩɨɞɥɨɠɤɟ GaAs (100) ɥɚɡɟɪɧɵɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɚɫɢɦɦɟɬɪɢɱɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚ-
ɫɬɶɸ, ɤɨɬɨɪɚя ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɦɚɫɫɢɜ 2.8 Ɇɋ CdSe КɌ, ɫɮɨɪɦɢɪɨɜɚɧɧɵɯ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ 
ZnSe, c ɩɨɫɥɟɞɭɸɳɢɦ ɡɚɪɚɳɢɜɚɧɢɟɦ Zn1–xCdxSe Кə. Ɍɚɤɨɣ ɞɢɡɚɣɧ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɩɨɡɜɨɥяɟɬ 
ɩɨɜɵɫɢɬɶ ɨɞɧɨɪɨɞɧɨɫɬɶ ɪɚɡɦɟɪɨɜ КɌ ɢ ɧɟɫɤɨɥɶɤɨ ɭɜɟɥɢɱɢɬɶ ɢɯ ɪɚɡɦɟɪ ɡɚ ɫɱɟɬ ɨɛɴɟɦɧɨɣ ɫɟɝɪɟ-
ɝɚɰɢɢ Cd ɢɡ ɦɚɬɟɪɢɚɥɚ Кə, ɬɟɦ ɫɚɦɵɦ ɩɨɥɭɱɢɬɶ ɛɨɥɟɟ ɞɥɢɧɧɨɜɨɥɧɨɜɨɟ ɢɡɥɭɱɟɧɢɟ. Ʌɚɡɟɪɧɵɟ 
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɜɤɥɸɱɚɸɬ ɜ ɫɟɛя ɧɢɠɧɢɣ ɢ ɜɟɪɯɧɢɣ ɨɝɪɚɧɢɱɢɜɚɸɳɢɟ ɫɥɨɢ 
Zn0.88Mg0.12S0.16Se0.84, ɜɚɪɢɡɨɧɧɵɣ ɜɨɥɧɨɜɨɞ ɜ ɜɢɞɟ ɧɚɛɨɪɚ ɤɨɪɨɬɤɨɩɟɪɢɨɞɧɵɯ ɋɊ 
Zn0.88Mg0.12S0.16Se0.84/ZnSe, ɤɨɦɩɟɧɫɢɪɭɸɳɢɟ ɋɊ ZnS0.15Se0.85/ZnSe, ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɨɝɪɚɧɢɱɢ-
ɜɚɸɳɢɟ ɚɤɬɢɜɧɭɸ ɨɛɥɚɫɬɶ. Ʌɚɡɟɪɧɵɟ ɫɬɪɭɤɬɭɪɵ A ɢ B ɨɬɥɢɱɚɸɬɫя ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɬɨɥɳɢɧɨɣ ɢ 
ɫɨɞɟɪɠɚɧɢɟɦ Cd ɜ Кə Zn1–xCdxSe: tКə = 5 ɧɦ, x = 0.35 ɢ tКə = 2 ɧɦ, x = 0.5 ɞɥя ɫɬɪɭɤɬɭɪ A ɢ B. ɉɨ-
ɬɨɤ Cd ɢ ɜɪɟɦя ɨɫɚɠɞɟɧɢя КɌ CdSe ɛɵɥɢ ɧɟɢɡɦɟɧɧɵɦɢ ɜ ɨɛɟɢɯ ɫɬɪɭɤɬɭɪɚɯ, ɚ ɫɨɞɟɪɠɚɧɢɟ Cd ɜ 
Кə Zn1xCdxSe ɜɚɪɶɢɪɨɜɚɥɨɫɶ ɡɚ ɫɱɟɬ ɢɡɦɟɧɟɧɢя ɩɨɬɨɤɚ Zn. ɋɭɦɦɚɪɧɭɸ ɬɨɥɳɢɧɭ tКə, ɚ ɬɚɤɠɟ 
ɫɨɞɟɪɠɚɧɢɟ Cd ɤɨɧɬɪɨɥɢɪɨɜɚɥɢ ɩɭɬɟɦ ɢɡɦɟɪɟɧɢя ɨɫɰɢɥɥяɰɢɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬɪɚɠɟɧɧɨɝɨ ɩɭɱ-
ɤɚ ɜ ɦɟɬɨɞɟ ɞɢɮɪɚɤɰɢɢ ɛɵɫɬɪɵɯ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɨɬɪɚɠɟɧɢɟ (ДȻɈЭ) ɧɚ ɧɚɱɚɥɶɧɨɣ ɫɬɚɞɢɢ ɝɟɬɟɪɨ-
ɷɩɢɬɚɤɫɢɢ ɜ Se-ɨɛɨɝɚɳɟɧɧɵɯ ɭɫɥɨɜɢяɯ. Кɥɸɱɟɜɨɣ ɷɥɟɦɟɧɬ ɤɨɧɫɬɪɭɤɰɢɢ ɞɚɧɧɵɯ ɥɚɡɟɪɧɵɯ 
ɫɬɪɭɤɬɭɪ — ɩɟɪɟɦɟɧɧɨ-ɧɚɩɪяɠɟɧɧɵɟ ɜɨɥɧɨɜɨɞɧɵɟ ɋɊ ZnS0.15Se0.85/ZnSe, ɭɩɪɭɝɨ ɪɚɫɬяɧɭɬɵɟ 
ɨɬɧɨɫɢɬɟɥɶɧɨ GaAs, ɤɨɬɨɪɵɟ ɩɨɡɜɨɥяɸɬ ɫɨɯɪɚɧɢɬɶ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɟ ɫɨɜɟɪɲɟɧɫɬɜɨ ɝɟɬɟɪɨɫɬ-
ɪɭɤɬɭɪɵ ɛɥɚɝɨɞɚɪя ɤɨɦɩɟɧɫɚɰɢɢ ɫɢɥɶɧɵɯ ɧɚɩɪяɠɟɧɢɣ ɫɠɚɬɢя, ɜɨɡɧɢɤɚɸɳɢɯ ɢɡ-ɡɚ ɞɨɩɨɥɧɢ-
ɬɟɥɶɧɨɣ Zn1xCdxSe/ZnSe Кə. Ɍɨɥɳɢɧɵ ɨɬɞɟɥɶɧɵɯ ɫɥɨɟɜ ɤɨɦɩɟɧɫɢɪɭɸɳɟɣ ɋɊ ZnS0.15Se0.85/ZnSe 
ɜɵɛɢɪɚɸɬɫя ɧɚ ɨɫɧɨɜɚɧɢɢ ɭɪɚɜɧɟɧɢя ɛɚɥɚɧɫɚ ɧɚɩɪяɠɟɧɢɣ fКətКə + fCPtCP = 0, ɝɞɟ fКə ɢ tКə — ɭɩ-
ɪɭɝɚя ɞɟɮɨɪɦɚɰɢя ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ GaAs ɢ ɫɭɦɦɚɪɧɚя ɬɨɥɳɢɧɚ Кə Zn1–xCdxSe, fCP ɢ tCP — ɫɪɟɞ-
ɧяя ɭɩɪɭɝɚя ɞɟɮɨɪɦɚɰɢя ɢ ɫɭɦɦɚɪɧɚя ɬɨɥɳɢɧɚ ɋɊ ZnSySe1–y/ZnSe. ɋɬɪɭɤɬɭɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢ-
ɤɢ ɢɫɫɥɟɞɨɜɚɧɵ ɦɟɬɨɞɚɦɢ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɬɨɦɟɬɪɢɢ (ɊД) ɢ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ 
ɦɢɤɪɨɫɤɨɩɢɢ (ɉЭɆ) ɜɵɫɨɤɨɝɨ ɪɚɡɪɟɲɟɧɢя. Дɥя ɨɩɬɢɱɟɫɤɨɣ ɧɚɤɚɱɤɢ ɥɚɡɟɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ 
АIIВVI ɢɫɩɨɥɶɡɨɜɚɧɨ ɢɡɥɭɱɟɧɢɟ N2-ɥɚɡɟɪɚ ( = 377 ɧɦ), ɜɨɡɛɭɠɞɟɧɢɟ ɩɪɨɢɫɯɨɞɢɥɨ ɩɪɢ 300 К ɜ 
ɩɨɩɟɪɟɱɧɨɣ ɝɟɨɦɟɬɪɢɢ. 

 
  I, ɨɬɧ. ɟɞ. 
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Ɋɢɫ. 1. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚя (1) ɢ ɪɚɫɱɟɬɧɚя (2) ɤɪɢɜɵɟ ɤɚɱɚɧɢя (Θ–2Θ) ɊД ɥɚɡɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ B. 
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2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Дɥя ɜɵɪɚɳɟɧɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɢɡɦɟɪɟɧɵ ɤɪɢɜɵɟ Θ–2Θ ɊД, ɚ ɬɚɤɠɟ ɩɪɨɜɟɞɟɧɨ ɢɯ ɦɨ-

ɞɟɥɢɪɨɜɚɧɢɟ. ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɤɪɢɜɚя ɊД ɞɥя ɫɬɪɭɤɬɭɪɵ B. ɇɚɥɢɱɢɟ ɱɟɬɤɢɯ ɫɚɬɟɥɥɢɬɨɜ ɨɬ 
ɋɊ ZnS0.15Se0.85/ZnSe, ɭɡɤɢɣ ɢ ɢɧɬɟɧɫɢɜɧɵɣ ɩɢɤ ɨɬ ɫɥɨя Zn0.88Mg0.12S0.17Se0.83 (ɩɨɥɨɠɟɧɢɟ ɩɢɤɚ  
–144 ɭɝɥ. ɫɟɤ.) ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɜɵɫɨɤɨɦ ɫɬɪɭɤɬɭɪɧɨɦ ɫɨɜɟɪɲɟɧɫɬɜɟ ɜɵɪɚɳɟɧɧɵɯ ɨɛɪɚɡɰɨɜ, 
ɤɨɬɨɪɨɟ ɭɞɚɥɨɫɶ ɞɨɫɬɢɱɶ ɛɥɚɝɨɞɚɪя ɤɨɦɩɟɧɫɚɰɢɢ ɧɚɩɪяɠɟɧɢɣ ɜ ɫɬɪɭɤɬɭɪɟ. В ɪɟɡɭɥɶɬɚɬɟ ɦɨɞɟ-
ɥɢɪɨɜɚɧɢя ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɨɬɤɥɨɧɟɧɢɟ ɩɨɥɭɱɟɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɥɚɡɟɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɨɬ 
ɡɚɞɚɧɧɵɯ ɧɟ ɛɨɥɟɟ 5%, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɟɪɢɨɞ ɋɊ ZnS0.15Se0.85/ZnSe ɫɨɫɬɚɜɥяɟɬ 3.8 ɜɦɟɫɬɨ 3.6 ɧɦ.  

ɇɚ ɪɢɫ. 2 ɩɪɢɜɟɞɟɧɨ ɢɡɨɛɪɚɠɟɧɢɟ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ B, ɩɨɥɭ-
ɱɟɧɧɨɟ ɦɟɬɨɞɨɦ ɉЭɆ ɜ ɝɟɨɦɟɬɪɢɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢя. Ɉɬɱɟɬɥɢɜɨ ɪɚɡɥɢɱɢɦɵ ɫɥɨɢ КɌ CdSe ɢ 
Кə Zn0.5Cd0.5Se, ɩɪɢ ɷɬɨɦ ɢɯ ɫɭɦɦɚɪɧɚя ɬɨɥɳɢɧɚ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɡɚɞɚɧɧɨɣ ~3 ɧɦ. ɉɥɚɧɚɪɧɵɟ ɢɧ-
ɬɟɪɮɟɣɫɵ ɤɨɦɩɟɧɫɚɰɢɨɧɧɵɯ ɋɊ ZnS0.15Se0.85/ZnSe, ɚ ɬɚɤɠɟ ɨɬɫɭɬɫɬɜɢɟ ɧɚ ɫɧɢɦɤɟ ɩɪɨɬяɠɟɧɧɵɯ 
ɞɟɮɟɤɬɨɜ ɩɨɞɬɜɟɪɠɞɚɸɬ ɜɵɫɨɤɨɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦ ɫɨɜɟɪɲɟɧɫɬɜɨ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ.  

 

 

Ɋɢɫ. 2. ɉЭɆ-ɢɡɨɛɪɚɠɟɧɢɟ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ B. 

 
ɇɚ ɪɢɫ. 3 ɩɪɟɞɫɬɚɜɥɟɧɵ ɫɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя, ɢɡɦɟɪɟɧɧɵɟ ɩɪɢ Т = 300 К ɫ ɬɨɪɰɚ ɥɚɡɟɪɚ A ɫ 

ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 734 ɦɤɦ, ɢ ɢɧɬɟɝɪɚɥɶɧɚя ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɷɬɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ 
ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚɤɚɱɤɢ. Кɚɤ ɜɢɞɧɨ, ɩɪɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚɤɚɱɤɢ ~1.27 ɤВɬ/ɫɦ2 ɧɚ ɮɨɧɟ ɲɢɪɨɤɨɣ 
ɩɨɥɨɫɵ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ФɅ) ɜɨɡɧɢɤɚɟɬ ɭɡɤɢɣ ɩɢɤ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя c  = 573 ɧɦ. ɉɨ-
ɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɧɚɤɚɱɤɢ ɫɨɫɬɚɜɢɥɚ ~1.3 ɤВɬ/ɫɦ2 (ɪɢɫ. 1, ɛ). Ʌɚɡɟɪɧɚя ɝɟ-
ɬɟɪɨɫɬɪɭɤɬɭɪɚ B ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɥɚ ɧɢɡɤɨɩɨɪɨɝɨɜɭɸ ɝɟɧɟɪɚɰɢɸ ɧɚ  = 593 ɧɦ ɩɪɢ ɞɥɢɧɟ ɪɟ-
ɡɨɧɚɬɨɪɚ Lcav = 519 ɦɤɦ (ɪɢɫ. 4, а), ɱɬɨ яɜɥяɟɬɫя ɚɛɫɨɥɸɬɧɵɦ ɪɟɤɨɪɞɨɦ ɞɥя ɫɬɪɭɤɬɭɪ, ɪɟɲɟɬɨɱ-
ɧɨ-ɫɨɝɥɚɫɨɜɚɧɧɵɯ ɫ ɩɨɞɥɨɠɤɨɣ GaAs (100). ɉɨɪɨɝɨɜɚя ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ 2.53 ɤВɬ/ɫɦ2 (300 
К) ɫɪɚɜɧɢɦɚ ɫ ɩɨɪɨɝɨɜɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɞɥя ɥɚɡɟɪɨɜ ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ AIIBVI 
ɡɟɥɟɧɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ.  
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Ɋɢɫ. 3. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɭɪɨɜɧɟ ɧɚɤɚɱɤɢ, ɢɡɦɟɪɟɧɧɵɟ ɫ ɬɨɪɰɚ ɥɚɡɟɪɧɨɣ  
ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ A ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 734 ɦɤɦ (а), ɢ ɢɧɬɟɝɪɚɥɶɧɚя ɢɧɬɟɧɫɢɜɧɨɫɬɶ  

ɷɬɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɦɩɭɥɶɫɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ (ɛ);  
Т = 18.2 ɋ, N2-ɥɚɡɟɪ, ɜɨɡɛ = 337.1 ɧɦ. 
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Ɋɢɫ. 4. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɩɪɢ ɪɚɡɥɢɱɧɨɦ ɭɪɨɜɧɟ ɧɚɤɚɱɤɢ, ɢɡɦɟɪɟɧɧɵɟ ɫ ɬɨɪɰɚ ɥɚɡɟɪɧɨɣ 
 ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ B ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 157 ɦɤɦ (а), ɢ ɢɧɬɟɝɪɚɥɶɧɚя ɢɧɬɟɧɫɢɜɧɨɫɬɶ  

ɷɬɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɦɩɭɥɶɫɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ (ɛ);  
Т = 18.9 ɋ, N2-ɥɚɡɟɪ, ɜɨɡɛ = 337.1 ɧɦ. 

Заɤɥючɟɧɢɟ 
Ɇɟɬɨɞɨɦ ɆɉЭ ɧɚ ɩɨɞɥɨɠɤɚɯ GaAs (100) ɜɵɪɚɳɟɧɵ ɥɚɡɟɪɧɵɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɚɫɢɦ-

ɦɟɬɪɢɱɧɨɣ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ, ɩɪɟɞɫɬɚɜɥяɸɳɟɣ ɫɨɛɨɣ 2.8 Ɇɋ CdSe КɌ, ɫɮɨɪɦɢɪɨɜɚɧɧɵɟ ɧɚ 
ZnSe, c ɩɨɫɥɟɞɭɸɳɢɦ ɡɚɪɚɳɢɜɚɧɢɟɦ Zn1-xCdxSe Кə ɬɨɥɳɢɧɨɣ 5 (A) ɢ 2 ɧɦ (B) ɢ ɫɨɞɟɪɠɚɧɢɟɦ 
Cd x = 0.35 ɢ 0.5. ɉɟɪɟɦɟɧɧɨ-ɧɚɩɪяɠɟɧɧɵɟ ɋɊ ZnS0.15Se0.85/ZnSe ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɥя ɤɨɦɩɟɧɫɚɰɢɢ 
ɫɢɥɶɧɵɯ ɧɚɩɪяɠɟɧɢɣ ɫɠɚɬɢя, ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ Кə Zn1–xCdxSe/ZnSe. Вɵɫɨɤɨɟ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɟ 
ɫɨɜɟɪɲɟɧɫɬɜɨ ɥɚɡɟɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɩɨɞɬɜɟɪɠɞɟɧɨ ɞɚɧɧɵɦɢ ɊД ɢ ɉЭɆ. ɉɪɨɞɟɦɨɧɫɬɪɢɪɨ-
ɜɚɧɚ ɧɢɡɤɨɩɨɪɨɝɨɜɚя ɥɚɡɟɪɧɚя ɝɟɧɟɪɚɰɢя ɩɪɢ T = 300 К ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ 573 (A) ɢ 593 ɧɦ (B) ɫ 
ɩɨɪɨɝɨɜɨɣ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ 1.3 ɢ 2.53 ɤВɬ/ɫɦ2.   
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This paper reports on MBE growth and studies of laser structures with the asymmetric ZnSe/2.8 ML-

CdSe QDs/Zn1–xCdxSe QW active region, where the CdSe QDs are deposited on a ZnSe surface and then over-
grown by 5 (structure A) and 2 nm (B) thick Zn1–xCdxSe QWs with Cd content of x = 0.35 and 0.5, respectively. 
Tensile strained ZnSSe/ZnSe waveguide superlattices are used to compensate the compressive stress induced by 
the active region. The structures demonstrate good structural quality and room temperature lasing at  = 573 nm 
(A) and 593 nm (B) with the threshold power density of 1.3 and 2.53 kW/cm2, respectively. 

Keywords: АIIВVI semiconductors, molecular-beam epitaxy, quantum dots, yellow spectral range, laser. 
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Ʌаɡɟɪɧыɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɤваɧɬɨвыɦɢ  

ɬɨчɤаɦɢ CdSe/ZnCdSe, ɢɡɥɭчающɢɦɢ в ɠɟɥɬɨɦ  

ɫɩɟɤɬɪаɥɶɧɨɦ ɞɢаɩаɡɨɧɟ 
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ɋ. В. ɋɨɪɨɤɢɧ ɛ, И. В. ɋɟɞɨɜɚ ɛ, ɋ. В. Ƚɪɨɧɢɧ ɛ, Ƚ. В. Кɥɢɦɤɨ ɛ, ɋ. В. Иɜɚɧɨɜ ɛ 
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ɉɨɥɭɱɟɧɚ ɝɟɧɟɪɚɰɢя ɜ ɠɟɥɬɨɦ  ≥ 570 ɧɦ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɟ ɜ ɥɚɡɟɪɚɯ ɧɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɟ 
AIIBVI, ɜɵɪɚɳɟɧɧɨɣ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɟɣ ɧɚ ɩɨɞɥɨɠɤɟ GaAs (100) ɫ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɵɦ 
ɞɢɡɚɣɧɨɦ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. ɉɪɨɜɟɞɟɧɵ ɢɡɦɟɪɟɧɢя ɜɵɯɨɞɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɚɡɟɪɨɜ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸ-
ɳɢɟ ɨ ɜɵɫɨɤɨɦ ɥɚɡɟɪɧɨɦ ɤɚɱɟɫɬɜɟ ɜɵɪɚɳɟɧɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ. 

Кɥючɟвыɟ ɫɥɨва: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ, ɠɟɥɬɵɣ ɫɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ, ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ 
ZnCdSe, ɨɩɬɢɱɟɫɤɚя ɧɚɤɚɱɤɚ, ɫɨɟɞɢɧɟɧɢя AIIBVI.  

Ввɟɞɟɧɢɟ 
ɋɨɜɪɟɦɟɧɧɵɟ InGaN ɥɚɡɟɪɧɵɟ ɞɢɨɞɵ ɩɟɪɟɤɪɵɜɚɸɬ ɜɟɫɶ ɫɢɧɢɣ ɢ ɡɟɥɟɧɵɣ (ɞɨ  ~ 540 ɧɦ) 

ɞɢɚɩɚɡɨɧɵ ɜɢɞɢɦɨɝɨ ɫɩɟɤɬɪɚ. ɉɪɢ ɷɬɨɦ ɞɥя ɦɧɨɝɢɯ ɩɪɚɤɬɢɱɟɫɤɢɯ ɩɪɢɦɟɧɟɧɢɣ ɧɟɨɛɯɨɞɢɦɵ 
ɤɨɦɩɚɤɬɧɵɟ ɥɚɡɟɪɵ, ɢɡɥɭɱɚɸɳɢɟ ɜ ɢɫɬɢɧɧɨ ɡɟɥɟɧɨɦ ɢ ɠɟɥɬɨɦ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨɧɚɯ  
( ~530—590 ɧɦ). Ɉɞɧɚɤɨ ɩɪɢ ɩɪɨɞɜɢɠɟɧɢɢ InGaN-ɥɚɡɟɪɨɜ ɜ ɞɥɢɧɧɨɜɨɥɧɨɜɭɸ ɨɛɥɚɫɬɶ ɫɩɟɤɬɪɚ 
(ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɤɨɧɰɟɧɬɪɚɰɢɢ ɢɧɞɢя ɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ) ɡɧɚɱɢɬɟɥɶɧɨ ɜɨɡɪɚɫɬɚɟɬ ɩɨɪɨɝ ɝɟɧɟɪɚ-
ɰɢɢ ɢ ɭɦɟɧɶɲɚɟɬɫя ɢɯ ɧɚɞɟɠɧɨɫɬɶ. Ɇɢɧɢɚɬɸɪɧɵɟ ɬɜɟɪɞɨɬɟɥɶɧɵɟ ɥɚɡɟɪɵ ɫ ɞɢɨɞɧɨɣ ɧɚɤɚɱɤɨɣ 
ɷɮɮɟɤɬɢɜɧɨ ɢɡɥɭɱɚɸɬ ɜ ɠɟɥɬɨ-ɡɟɥɟɧɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ, ɧɨ ɧɟ ɫɩɨɫɨɛɧɵ ɨɛɟɫɩɟɱɢɬɶ ɩɪɨɢɡɜɨɥɶ-
ɧɭɸ ɞɥɢɧɭ ɜɨɥɧɵ ɢ ɟɟ ɩɥɚɜɧɭɸ ɩɟɪɟɫɬɪɨɣɤɭ. Ʌɚɡɟɪɵ ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ AIIBVI ɫ ɤɜɚɧɬɨ-
ɜɵɦɢ ɬɨɱɤɚɦɢ ZnCdSe ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɧɢɡɤɢɣ ɩɨɪɨɝ ɢ ɜɵɫɨɤɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ, ɱɬɨ 
ɩɨɡɜɨɥяɟɬ ɧɚɤɚɱɢɜɚɬɶ ɢɯ ɢɡɥɭɱɟɧɢɟɦ InGaN-ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɫɢɧɟ-ɮɢɨɥɟɬɨɜɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ 
ɞɢɚɩɚɡɨɧɚ  = 400—450 ɧɦ [1, 2]. Ɍɚɤɨɟ ɭɫɬɪɨɣɫɬɜɨ — ɥɚɡɟɪɧɵɣ ɤɨɧɜɟɪɬɨɪ — ɩɪɨɞɟɦɨɧɫɬɪɢɪɨ-
ɜɚɧɨ ɜ ɜɢɞɟ ɦɢɤɪɨɱɢɩ-ɥɚɡɟɪɚ, ɪɚɡɦɟɳɚɟɦɨɝɨ ɜ ɦɢɧɢɚɬɸɪɧɨɦ (TO-18) ɤɨɪɩɭɫɟ InGaN-ɥɚɡɟɪɧɨɝɨ 
ɞɢɨɞɚ [3]. Вɨɡɦɨɠɧɨɫɬɶ ɫɟɪɢɣɧɨɝɨ ɜɵɩɭɫɤɚ ɚɤɬɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɥɚɡɟɪɧɨɝɨ ɤɨɧɜɟɪɬɨɪɚ ɢ ɡɚɦɟɬ-
ɧɨɟ ɭɜɟɥɢɱɟɧɢɟ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ InGaN-ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɩɨɜɵɲɚɸɬ ɤɨɧɤɭɪɟɧɬɨɫɩɨɫɨɛ-
ɧɨɫɬɶ ɬɚɤɨɝɨ ɭɫɬɪɨɣɫɬɜɚ. ɉɪɢ ɜɵɛɨɪɟ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɫɥɨɜɢɣ ɢ ɩɚɪɚɦɟɬɪɨɜ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ 
ɪɨɫɬɚ ɦɨɠɧɨ ɮɨɪɦɢɪɨɜɚɬɶ ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ ɢ яɦɵ ZnCdSe/ZnSe, ɷɮɮɟɤɬɢɜɧɨ ɢɡɥɭɱɚɸɳɢɟ ɜɨ 
ɜɫɟɦ ɡɟɥɟɧɨɦ ɢ ɠɟɥɬɨ-ɡɟɥɟɧɨɦ ɞɢɚɩɚɡɨɧɚɯ ɫɩɟɤɬɪɚ ɞɨ ~560 ɧɦ. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚ-
ɧɵ ɥɚɡɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɵɦ ɞɢɡɚɣɧɨɦ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ, 
ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɳɢɟ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɩɨɥɭɱɟɧɢя ɷɮɮɟɤɬɢɜɧɨɣ ɝɟɧɟɪɚɰɢɢ ɢ ɜ ɠɟɥɬɨɣ ɨɛɥɚɫɬɢ 
ɫɩɟɤɬɪɚ ( ≥ 570 ɧɦ).  

1. Эɤɫɩɟɪɢɦɟɧɬ  
Ʌɚɡɟɪɧɚя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɚ ɜɵɪɚɳɟɧɚ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ ɧɚ ɞɜɭɯ-

ɤɚɦɟɪɧɨɣ ɭɫɬɚɧɨɜɤɟ SemiTeq STE 3526 (Ɋɨɫɫɢя) ɧɚ ɩɨɞɥɨɠɤɟ GaAs (100). Ɉɩɬɢɱɟɫɤɢɣ ɜɨɥɧɨɜɨɞ 
ɨɛɪɚɡɨɜɚɧ ɤɨɪɨɬɤɨɩɟɪɢɨɞɧɨɣ ZnS0.15Se0.85/ZnSe ɫɜɟɪɯɪɟɲɟɬɤɨɣ ɬɨɥɳɢɧɨɣ ~180 ɧɦ, ɧɢɠɧɢɦ ɢ 
ɜɟɪɯɧɢɦ Zn0.89Mg0.11S0.16Se0.8 ɨɛɤɥɚɞɨɱɧɵɦɢ ɫɥɨяɦɢ ɬɨɥɳɢɧɚɦɢ ~1.2 ɦɤɦ ɢ 20 ɧɦ.  

Дɥя ɩɨɥɭɱɟɧɢя ɢɡɥɭɱɟɧɢя ɜ ɠɟɥɬɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ (ɧɨɦɢɧɚɥɶɧɨɣ ɬɨɥ-
ɳɢɧɨɣ 2.8 ɦɨɧɨɫɥɨя CdSe) ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ZnSe ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɡɚɪɚɳɢɜɚɧɢɟɦ 
ɬɨɧɤɢɦ (5 ɧɦ) ɫɥɨɟɦ Zn0.65Cd0.35Se. Аɤɬɢɜɧɚя ɨɛɥɚɫɬɶ, ɨɝɪɚɧɢɱɟɧɧɚя ɛɚɪɶɟɪɧɵɦɢ ɫɥɨяɦɢ ZnSe 
ɬɨɥɳɢɧɨɣ 30 Ǻ, ɧɚɯɨɞɢɥɚɫɶ ɜ ɰɟɧɬɪɟ ɜɨɥɧɨɜɨɞɧɨɝɨ ɫɥɨя. Уɫɥɨɜɢя ɢ ɩɚɪɚɦɟɬɪɵ ɷɩɢɬɚɤɫɢɚɥɶɧɨ-
ɝɨ ɪɨɫɬɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɞɟɬɚɥɶɧɨ ɪɚɫɫɦɨɬɪɟɧɵ ɜ [4]. 

Ɉɛɪɚɡɰɵ ɥɚɡɟɪɨɜ ɫ ɪɚɡɥɢɱɧɨɣ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ Lcav = 125—734 ɦɤɦ ɩɨɥɭɱɟɧɵ ɫɤɚɥɵɜɚ-
ɧɢɟɦ ɢɫɯɨɞɧɨɣ 2″ ɩɥɚɫɬɢɧɵ. Ɉɩɬɢɱɟɫɤɚя ɧɚɤɚɱɤɚ ɨɛɪɚɡɰɨɜ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫɮɨɤɭɫɢɪɨɜɚɧɧɵɦ 
ɢɡɥɭɱɟɧɢɟɦ ɢɦɩɭɥɶɫɧɨɝɨ ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ ( = 337 ɧɦ, ɢɦɩ = 10 ɧɫ,  = 700 Ƚɰ, Iɜɨɡɛ =  
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= 0.1—100 ɤВɬ/ɫɦ2) ɜ ɩɨɩɟɪɟɱɧɨɣ ɝɟɨɦɟɬɪɢɢ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. Дɥя ɚɧɚɥɢɡɚ ɥɚɡɟɪ-
ɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɭɱɟɧɧɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɬɚɤɠɟ ɢɫɩɨɥɶɡɨɜɚɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧ-
ɧɵɟ ɞɥя ɧɢɡɤɨɩɨɪɨɝɨɜɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɜ ɜɢɞɟ ɞɜɭɯ ɜɫɬɚɜɨɤ ɤɜɚɧɬɨɜɵɯ 
ɬɨɱɟɤ ZnCdSe/ZnSe, ɢɡɥɭɱɚɸɳɟɣ ɜ ɠɟɥɬɨ-ɡɟɥɟɧɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ [3].  

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɵ ɫɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя, ɢɡɦɟɪɟɧɧɵɟ ɫ ɬɨɪɰɚ ɥɚɡɟɪɚ ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚ-

ɬɨɪɚ Lcav = 734 ɦɤɦ, ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚɤɚɱɤɢ. ɉɪɢ ɨɩɪɟɞɟɥɟɧɧɨɦ ɭɪɨɜɧɟ ɧɚɤɚɱ-
ɤɢ ɧɚ ɮɨɧɟ ɲɢɪɨɤɨɣ ɩɨɥɨɫɵ ɢɡɥɭɱɟɧɢя ɩɨяɜɥяɟɬɫя ɭɡɤɚя ɥɢɧɢя ɝɟɧɟɪɚɰɢɢ ɫ ɦɚɤɫɢɦɭɦɨɦ ɧɚ  
 = 571.9 ɧɦ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɠɟɥɬɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ. Иɡ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɝɪɚɥɶɧɨɣ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ɷɬɨɝɨ ɢɡɥɭɱɟɧɢя ɨɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚɤɚɱɤɢ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɧɚ ɜɫɬɚɜɤɟ, ɨɩɪɟɞɟɥɟɧ 
ɩɨɪɨɝ ɝɟɧɟɪɚɰɢɢ: Ithr = 1.39 ɤВɬ/ɫɦ2.  
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɢɫɫɥɟɞɭɟɦɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɧɚɤɚɱɤɢ;  

Т = 18.2 ɋ, Lcav = 734 ɦɤɦ; ɧɚ ɜɫɬɚɜɤɟ — ɡɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɝɪɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɨɬ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ɧɚɤɚɱɤɢ. 

 

0 10 20 30 40 50
0

4

8

12

16


d
 = 0.360


d

Q
 = 0.761

P
out

,  Вɬ

P
in
, Вɬ

 
Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɶ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɚ ɫ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 380 ɦɤɦ  

ɨɬ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ; Т = 19.2 ɋ.  
 

ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɢɩɢɱɧɚя ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɢ 
ɢɡɥɭɱɟɧɢя ɨɬ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ, ɧɚɤɥɨɧ ɤɨɬɨɪɨɣ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɞɚɟɬ ɡɧɚɱɟɧɢɟ ɞɢɮɮɟɪɟɧɰɢ-
ɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɝɟɧɟɪɚɰɢɢ. Дɥя ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɞɚɧɧɵɯ ɞɥя ɨɛɪɚɡɰɚ ɥɚɡɟɪɚ ɫ ɞɥɢɧɨɣ 
ɪɟɡɨɧɚɬɨɪɚ Lcav = 380 ɦɤɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ηd = 36 %. ɋ ɭɱɟɬɨɦ ɨɬɪɚɠɟɧɢя 
ɢɡɥɭɱɟɧɢя ɧɚɤɚɱɤɢ ɨɬ ɩɨɜɟɪɯɧɨɫɬɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɡɧɚɱɟɧɢɟ ɞɢɮɮɟɪɟɧɰɢ-
ɚɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ηd

Q = 76 %. Аɧɚɥɨɝɢɱɧɨ ɨɩɪɟɞɟɥɟɧɵ ɜɧɟɲɧɢɟ ɥɚɡɟɪɧɵɟ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɢ ɞɥя ɥɚɡɟɪɨɜ ɫ ɪɚɡɥɢɱɧɨɣ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ. ɇɚ ɪɢɫ. 3 ɩɪɟɞɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧ-
ɬɚɥɶɧɵɟ ɡɧɚɱɟɧɢя ɜɧɟɲɧɟɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢ ɩɨɪɨɝɚ ɝɟɧɟɪɚɰɢɢ ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɞɥɢɧɵ ɪɟɡɨɧɚɬɨɪɚ ɞɥя ɥɚɡɟɪɨɜ ɧɚ ɨɫɧɨɜɟ ɢɫɫɥɟɞɭɟɦɨɣ (ɬɟɦɧɵɟ ɬɨɱɤɢ) ɢ ɪɟɩɟɪ-
ɧɨɣ (ɫɜɟɬɥɵɟ ɬɨɱɤɢ) ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ.  
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Ɋɢɫ. 3. Зɚɜɢɫɢɦɨɫɬɶ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɝɟɧɟɪɚɰɢɢ (а)  

ɢ ɩɨɪɨɝɚ ɝɟɧɟɪɚɰɢɢ (ɛ) ɨɬ ɞɥɢɧɵ ɪɟɡɨɧɚɬɨɪɚ. 

 
Вɧɭɬɪɟɧɧɢɟ ɥɚɡɟɪɧɵɟ ɩɚɪɚɦɟɬɪɵ (ɜɧɭɬɪɟɧɧяя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɚя ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜ-

ɧɨɫɬɶ i
d, ɜɧɭɬɪɟɧɧɢɟ ɨɩɬɢɱɟɫɤɢɟ ɩɨɬɟɪɢ i, ɩɨɪɨɝ ɩɪɨɡɪɚɱɧɨɫɬɢ IT ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɭɫɢ-

ɥɟɧɢɟ ΓG0) ɨɩɪɟɞɟɥɟɧɵ ɢɡ ɚɧɚɥɢɡɚ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɩɨ ɦɟɬɨɞɢɤɟ, ɪɚɡɪɚɛɨɬɚɧ-
ɧɨɣ ɞɥя ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɧɚ ɨɫɧɨɜɟ ɤɜɚɧɬɨɜɵɯ яɦ [5], ɢ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥ. 1.  

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɡɧɚɱɟɧɢя ɜɧɭɬɪɟɧɧɢɯ ɥɚɡɟɪɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ.  
Ƚɟɬɟɪɨɫɬɪɭɤɬɭɪɚ i

d, % i, ɫɦ–1 IT, ɤВɬ/ɫɦ2 ΓG0, ɫɦ–1 
“Жɟɥɬɚя” Ƚɋ 83.3 4.3 0.60 50.8 

“Жɟɥɬɨ-ɡɟɥɟɧɚя” Ƚɋ 82.5 4.1 1.20 114 

 
Кɚɤ ɜɢɞɧɨ ɢɡ ɬɚɛɥ. 1, ɥɚɡɟɪɵ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫя ɜɵɫɨɤɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɝɟɧɟ-

ɪɚɰɢɢ ɢ ɧɢɡɤɢɦɢ ɜɧɭɬɪɟɧɧɢɦɢ ɩɨɬɟɪяɦɢ, ɩɪɢɱɟɦ ɢɯ ɡɧɚɱɟɧɢя ɩɪɚɤɬɢɱɟɫɤɢ ɫɨɜɩɚɞɚɸɬ. ɉɨɪɨɝ 
ɩɪɨɡɪɚɱɧɨɫɬɢ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɭɫɢɥɟɧɢɟ ɞɥя ɢɫɫɥɟɞɭɟɦɨɣ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɨɠɢɞɚɟɦɨ 
ɦɟɧɶɲɟ, ɱɟɦ ɭ ɪɟɩɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɢɦɟɸɳɟɣ ɞɜɟ ɜɫɬɚɜɤɢ ɤɜɚɧɬɨɜɵɯ ɬɨɱɟɤ. ɇɢɡɤɨɟ ɡɧɚɱɟɧɢɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɝɨ ɭɫɢɥɟɧɢя ɞɥя ɢɫɫɥɟɞɭɟɦɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɨяɜɥяɟɬɫя ɜ ɛɨɥɟɟ ɫɢɥɶɧɨɣ ɡɚɜɢ-
ɫɢɦɨɫɬɢ ɞɥɢɧɵ ɜɨɥɧɵ ɝɟɧɟɪɚɰɢɢ ɨɬ ɞɥɢɧɵ ɪɟɡɨɧɚɬɨɪɚ. Ɍɚɤ, ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɞɥɢɧɵ ɪɟɡɨɧɚɬɨɪɚ 
ɨɬ 734 ɞɨ 125 ɦɤɦ ɞɥɢɧɚ ɜɨɥɧɵ ɝɟɧɟɪɚɰɢɢ ɭɦɟɧɶɲɚɟɬɫя ɫ ~572 ɞɨ ~556 ɧɦ, ɜ ɬɨ ɜɪɟɦя ɤɚɤ ɞɥя 
ɪɟɩɟɪɧɨɣ ɫɬɪɭɤɬɭɪɵ — ɫ ~566 ɞɨ ~557 ɧɦ. ɋ ɜɟɥɢɱɢɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɝɨ ɭɫɢɥɟɧɢя ɧɚɩɪя-
ɦɭɸ ɫɜяɡɚɧɚ ɞɥɢɧɚ ɪɟɡɨɧɚɬɨɪɚ, ɬɪɟɛɭɸɳɟɝɨ ɦɢɧɢɦɚɥɶɧɨɣ ɦɨɳɧɨɫɬɢ ɧɚɤɚɱɤɢ. Дɥя ɢɫɫɥɟɞɭɟɦɨɣ 
ɫɬɪɭɤɬɭɪɵ ɬɚɤɚя ɞɥɢɧɚ ɪɟɡɨɧɚɬɨɪɚ ɫɨɫɬɚɜɥяɟɬ ~280 ɦɤɦ ɞɥя ɥɚɡɟɪɚ ɫ ɟɫɬɟɫɬɜɟɧɧɵɦɢ ɫɤɨɥɚɦɢ ɢ 
~140 ɦɤɦ ɞɥя ɥɚɡɟɪɚ ɫ ɝɥɭɯɢɦ ɡɟɪɤɚɥɨɦ. Уɱɢɬɵɜɚя ɫɥɚɛɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɜɧɟɲɧɟɣ ɞɢɮɮɟɪɟɧɰɢ-
ɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɬ ɞɥɢɧɵ ɪɟɡɨɧɚɬɨɪɚ (ɜɫɥɟɞɫɬɜɢɟ ɧɢɡɤɢɯ ɨɩɬɢɱɟɫɤɢɯ ɩɨɬɟɪɶ), ɧɚ ɨɛɪɚɡ-
ɰɚɯ ɫ ɭɤɚɡɚɧɧɵɦɢ ɞɥɢɧɚɦɢ ɪɟɡɨɧɚɬɨɪɨɜ ɛɭɞɭɬ ɞɨɫɬɢɝɚɬɶɫя ɧɚɢɛɨɥɶɲɚя ɦɨɳɧɨɫɬɶ ɢ ɷɮɮɟɤɬɢɜ-
ɧɨɫɬɶ ɤɨɧɜɟɪɬɨɪɚ.  

Заɤɥючɟɧɢɟ  
ɉɨɥɭɱɟɧɚ ɧɢɡɤɨɩɨɪɨɝɨɜɚя (Iɩɨɪ < 1.4 ɤВɬ/ɫɦ2) ɝɟɧɟɪɚɰɢя ɜ ɠɟɥɬɨɦ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚɩɚɡɨ-

ɧɟ λ ≥ 570 ɧɦ ɜ ɥɚɡɟɪɚɯ ɧɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɟ AIIBVI, ɜɵɪɚɳɟɧɧɨɣ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤ-
ɫɢɟɣ ɧɚ ɩɨɞɥɨɠɤɟ GaAs (100) ɫ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɜ ɜɢɞɟ ɤɜɚɧɬɨɜɵɯ ɬɨɱɟɤ ɜ ɫɢɫɬɟɦɟ 
CdSe/Zn0.65Cd0.35Se/Zn(S)Se. Ɉɩɪɟɞɟɥɟɧɵ ɜɧɭɬɪɟɧɧɢɟ ɥɚɡɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭ-
ɪɵ: ɜɧɭɬɪɟɧɧяя ɤɜɚɧɬɨɜɚя ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɝɟɧɟɪɚɰɢɢ ηi = 83.3 %, ɜɧɭɬɪɟɧɧɢɟ ɨɩɬɢɱɟɫɤɢɟ ɩɨɬɟɪɢ 
αi = 4.3 ɫɦ–1, ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɨɟ ɭɫɢɥɟɧɢɟ ȽG0 = 50.8 ɫɦ–1 ɢ ɩɨɪɨɝ ɩɪɨɫɜɟɬɥɟɧɢя JT = 0.60 
ɤВɬ/ɫɦ2. Эɬɢ ɞɚɧɧɵɟ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɩɨɥɭɱɟɧɢя ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ AIIBVI ɜɵɫɨɤɨ-
ɝɨ ɥɚɡɟɪɧɨɝɨ ɤɚɱɟɫɬɜɚ ɧɟ ɬɨɥɶɤɨ ɜ ɡɟɥɟɧɨɣ, ɧɨ ɢ ɠɟɥɬɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ.  

Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɱɚɫɬɢɱɧɨɣ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ ɩɪɨɟɤɬɚ KAST-SIPH/2 ɢ ɩɪɨ-
ɝɪɚɦɦɵ ɋɨɸɡɧɨɝɨ ɝɨɫɭɞɚɪɫɬɜɚ “ɉɪɚɦɟɧɶ”.  

а                                                                                         ɛ 
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Laser Characteristics of Heterostructure with CdSe/ZnCdSe  

Quantum Dots Emitting in the Yellow Spectral Region 

A. G. Vainilovich a, E. V. Lutsenko a, V. N. Pavlovskii a, G. P. Yablonskii a, I. V. Sedova b,  
S. V. Sorokin b, S. V. Gronin b, G. V. Klimko b, S. V. Ivanov b 
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B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, 

 Minsk, Belarus; e-mail: a.vainilovich@ifanbel.bas-net.by 
b 
A. F. Ioffe Physical-Technical Institute, Russian Academy of Sciences, St. Petersburg, Russia 

Low-threshold lasing in yellow spectral range  ≥ 570 nm in lasers based on AIIBVI heterostructure, 
grown by MBE on GaAs (100) substrate has been demonstrated. Obtained values of internal laser characteristics 
indicate the possibility of achieving high laser quality AIIBVI heterostructures not only in the green but in the 
yellow part of the visible spectrum. 

Keywords: semiconductor laser, yellow spectral region, ZnCdSe quantum dots, optical pumping,  
AIIBVI compounds. 
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Иɫɫɥɟɞɨваɧɢɟ ɡɟɥɟɧɨɣ ɩɨɥɨɫы в ɫɩɟɤɬɪах ɤаɬɨɞɨɥюɦɢɧɟɫɰɟɧɰɢɢ  

ɢ ɮɨɬɨɥюɦɢɧɟɫɰɟɧɰɢɢ ɫɢɥɶɧɨɥɟɝɢɪɨваɧɧых AlGaN:Si-ɫɥɨɟв 

И. В. Ɉɫɢɧɧɵɯ ɚ,ɛ, ɉ. А. Ȼɨɯɚɧ ɚ, Д. Э. Зɚɤɪɟɜɫɤɢɣ ɚ, Ɍ. В. Ɇɚɥɢɧ ɚ,  
В. Ф. ɉɥɸɫɧɢɧ ɛ,ɜ, К. ɋ. Жɭɪɚɜɥɟɜ ɚ,ɛ 

а Инɫɬиɬуɬ ɮиɡики ɩɨɥуɩɪɨвɨɞникɨв иɦ А. В. Рɠанɨва,  
Нɨвɨɫиɛиɪɫк, Рɨɫɫия; e-mail: zhur@isp.nsc.ru 

ɛ Нɨвɨɫиɛиɪɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ, Нɨвɨɫиɛиɪɫк, Рɨɫɫия 
в Инɫɬиɬуɬ хиɦичеɫкɨɣ кинеɬики и гɨɪения иɦ. В.В. Вɨевɨɞɫкɨгɨ, Нɨвɨɫиɛиɪɫк, Рɨɫɫия 

Ɉɛɧɚɪɭɠɟɧɚ ɩɨɥɨɫɚ ɡɟɥɟɧɨɣ ɫɜɟɪɯɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɚɯ ɱɟɪɟɡ ɭɪɨɜɧɢ ɞɟɮɟɤ-
ɬɨɜ ɜ ɫɥɨяɯ AlGaN ɫɨɫɬɚɜɚ x > 0.5, ɫɢɥɶɧɨɥɟɝɢɪɨɜɚɧɧɵɯ ɞɨɧɨɪɚɦɢ. ɉɪɟɞɩɨɥɚɝɚɟɬɫя ɪɚɡɪɚɛɨɬɤɚ ɷɮɮɟɤ-
ɬɢɜɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɫɜɟɬɚ ɫɢɧɟ-ɡɟɥɟɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɫɩɟɤɬɪɚ ɧɚ ɨɫɧɨɜɟ ɷɬɨɝɨ яɜɥɟɧɢя. Эɤɫɩɨɧɟɧɰɢɚɥɶɧɚя 
ɤɢɧɟɬɢɤɚ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɫ ɯɚɪɚɤɬɟɪɧɵɦ ɜɪɟɦɟɧɟɦ ɡɚɬɭɯɚɧɢя 50 ɩɫ ɭɤɚɡɵɜɚɟɬ ɧɚ ɜɧɭɬɪɢɰɟɧɬɪɨɜɨɣ ɦɟɯɚ-
ɧɢɡɦ ɪɟɤɨɦɛɢɧɚɰɢɢ. ɋɥɚɛɚя ɬɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ  
5—750 К ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɛɨɥɶɲɢɯ ɡɧɚɱɟɧɢяɯ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ. 

Кɥючɟвыɟ ɫɥɨва: AlGaN, ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢя, ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢя. 

Ввɟɞɟɧɢɟ 
ɋɨɡɞɚɧɢɟ ɦɨɳɧɵɯ, ɷɮɮɟɤɬɢɜɧɵɯ ɢ ɞɨɥɝɨɠɢɜɭɳɢɯ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɥɚɡɟɪɧɨɝɨ 

ɢɡɥɭɱɟɧɢя ɫɢɧɟ-ɡɟɥɟɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɫɩɟɤɬɪɚ, ɜ ɱɚɫɬɧɨɫɬɢ, ɢɧɠɟɤɰɢɨɧɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ 
ɥɚɡɟɪɨɜ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ 520—550 ɧɦ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɦɚɤɫɢɦɚɥɶɧɨɣ ɱɭɜɫɬɜɢɬɟɥɶ-
ɧɨɫɬɢ ɱɟɥɨɜɟɱɟɫɤɨɝɨ ɝɥɚɡɚ, ɤɪɚɣɧɟ ɜɚɠɧɨ. Ɍɚɤɢɟ ɥɚɡɟɪɵ ɧɟɨɛɯɨɞɢɦɵ ɞɥя ɦɧɨɝɨɱɢɫɥɟɧɧɵɯ ɩɪɢ-
ɦɟɧɟɧɢɣ, ɧɚɩɪɢɦɟɪ, ɜ ɥɚɡɟɪɧɵɯ ɧɚɡɟɦɧɵɯ ɢ ɩɨɞɜɨɞɧɵɯ ɥɨɤɚɬɨɪɚɯ, ɞɚɥɶɧɨɦɟɪɵ, ɫɢɫɬɟɦɚɯ ɩɨ-
ɫɚɞɤɢ ɫɚɦɨɥɟɬɨɜ ɢ ɩɪɨɜɨɞɤɢ ɫɭɞɨɜ, ɭɫɬɪɨɣɫɬɜɚɯ ɭɤɚɡɚɧɢя ɢ ɬɨɩɨɝɪɚɮɢɱɟɫɤɨɝɨ ɜɢɡɢɪɨɜɚɧɢя, 
ɫɤɨɪɨɫɬɧɨɣ ɢɧɬɟɪɮɟɪɨɦɟɬɪɢɢ ɢ ɮɨɬɨɝɪɚɮɢɢ, ɩɪɨɟɤɰɢɨɧɧɨɦ ɬɟɥɟɜɢɞɟɧɢɢ, ɚɩɩɚɪɚɬɭɪɟ ɞɢɚɝɧɨ-
ɫɬɢɤɢ ɠɢɜɵɯ ɤɥɟɬɨɤ ɢ ɬ. ɞ. Ɉɞɧɚɤɨ ɫɨɡɞɚɧɢɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɫɢɧɟ-ɡɟɥɟɧɨɝɨ ɞɢɚɩɚ-
ɡɨɧɚ ɞɥɢɧ ɜɨɥɧ ɧɚɬɚɥɤɢɜɚɟɬɫя ɧɚ ɫɟɪɶɟɡɧɵɟ ɡɚɬɪɭɞɧɟɧɢя ɮɭɧɞɚɦɟɧɬɚɥɶɧɨɝɨ ɯɚɪɚɤɬɟɪɚ.  
В ɪɟɡɭɥɶɬɚɬɟ, ɧɟɫɦɨɬɪя ɧɚ ɡɧɚɱɢɬɟɥɶɧɵɟ ɦɚɬɟɪɢɚɥɶɧɵɟ ɡɚɬɪɚɬɵ ɢ ɢɧɬɟɥɥɟɤɬɭɚɥɶɧɵɟ ɪɟɫɭɪɫɵ, 
ɩɪɨɝɪɟɫɫ ɜ ɷɬɨɣ ɨɛɥɚɫɬɢ ɧɟɜɟɥɢɤ. Ɍɪɟɛɭɸɬɫя ɢɧɵɟ ɚɥɶɬɟɪɧɚɬɢɜɧɵɟ ɩɨɞɯɨɞɵ ɞɥя ɪɟɲɟɧɢя ɞɚɧ-
ɧɨɣ ɩɪɨɛɥɟɦɵ.  

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɨɛɧɚɪɭɠɟɧɚ ɡɟɥɟɧɚя ɫɜɟɪɯɥɸɦɢɧɟɫɰɟɧɰɢя ɩɪɢ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɚɯ 
ɱɟɪɟɡ ɭɪɨɜɧɢ ɞɟɮɟɤɬɨɜ ɜ ɫɥɨяɯ AlGaN, ɫɢɥɶɧɨ ɥɟɝɢɪɨɜɚɧɧɵɯ ɞɨɧɨɪɚɦɢ. Эɬɨ яɜɥɟɧɢɟ ɫɨɡɞɚɟɬ 
ɩɪɟɞɩɨɫɵɥɤɢ ɞɥя ɪɚɡɪɚɛɨɬɤɢ ɷɮɮɟɤɬɢɜɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɫɜɟɬɚ ɫɢɧɟ-ɡɟɥɟɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɫɩɟɤɬɪɚ. 
Ȼɨɥɟɟ ɬɨɝɨ, ɲɢɪɨɤɢɣ ɫɩɟɤɬɪ ɢɡɥɭɱɟɧɢя ɞɟɮɟɤɬɨɜ ɜ AlGaN ɞɚɟɬ ɨɫɧɨɜɚɧɢɟ ɞɥя ɩɨɥɭɱɟɧɢя ɫɜɟɪɯ-
ɛɵɫɬɪɵɯ ɥɚɡɟɪɨɜ ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɫɜɟɬɨɜɵɯ ɢɦɩɭɥɶɫɨɜ ɩɨɪяɞɤɚ 10–15 ɫ. 

Эɤɫɩɟɪɢɦɟɧɬаɥɶɧаɹ чаɫɬɶ 

Иɫɫɥɟɞɨɜɚɧɵ ɫɥɨɢ AlxGa1–xN, ɜɵɪɚɳɟɧɧɵɟ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɥɭɱɟɜɨɣ ɷɩɢɬɚɤɫɢɢ ɢɡ 
ɚɦɦɢɚɤɚ. ɋɨɞɟɪɠɚɧɢɟ ɚɥɸɦɢɧɢя ɜ ɫɥɨяɯ ɜɚɪɶɢɪɨɜɚɥɨɫɶ ɨɬ 0 ɞɨ 0.7, ɥɟɝɢɪɨɜɚɧɢɟ ɨɫɭɳɟɫɬɜɥя-
ɥɨɫɶ ɫɢɥɚɧɨɦ. Кɨɧɰɟɧɬɪɚɰɢя ɷɥɟɤɬɪɨɧɨɜ ɨɰɟɧɟɧɚ ɫ ɩɨɦɨɳɶɸ ɢɡɦɟɪɟɧɢя ɷɮɮɟɤɬɚ Хɨɥɥɚ ɢ ɞɨɫ-
ɬɢɝɚɟɬ 1  1020 ɫɦ–3 ɜ ɫɥɨяɯ GaN. Дɥя ɜɨɡɛɭɠɞɟɧɢя ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (КɅ) ɢɫɩɨɥɶɡɨɜɚɧɵ 
ɨɪɢɝɢɧɚɥɶɧɵɟ ɢɫɬɨɱɧɢɤɢ ɷɥɟɤɬɪɨɧɧɨɝɨ ɩɭɱɤɚ, ɪɚɡɪɚɛɨɬɚɧɧɵɟ ɜ ИФɉ ɋɈ ɊАɇ. Эɬɨ ɪɚɡɪяɞɧɚя 
ɫɬɪɭɤɬɭɪɚ “ɨɬɤɪɵɬɵɣ ɪɚɡɪяɞ”, ɜ ɤɨɬɨɪɨɦ ɪɟɚɥɢɡɭɟɬɫя ɪɚɡɪяɞ ɜ ɦɚɥɨɦ ɭɫɤɨɪɢɬɟɥɶɧɨɦ ɩɪɨɦɟ-
ɠɭɬɤɟ ~1.5 ɦɦ (ɤɚɬɨɞ—ɫɟɬɤɚ—ɞɪɟɣɮɨɜɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ) ɩɪɢ ɩɪɟɨɛɥɚɞɚɸɳɟɣ ɪɨɥɢ ɮɨɬɨɷɦɢɫ-
ɫɢɢ ɜ ɤɚɱɟɫɬɜɟ ɨɫɧɨɜɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɷɦɢɫɫɢɢ ɷɥɟɤɬɪɨɧɨɜ. Ɉɞɢɧ ɢɫɬɨɱɧɢɤ ɮɨɤɭɫɢɪɭɟɬ ɷɥɟɤ-
ɬɪɨɧɧɵɣ ɩɭɱɨɤ ɜ ɬɨɱɤɭ, ɞɪɭɝɨɣ — ɜ ɩɨɥɨɫɭ. Иɡɦɟɪɟɧɢя ɫɩɟɤɬɪɨɜ ɜɨɡɛɭɠɞɟɧɢя ФɅ ɩɪɨɜɟɞɟɧɵ ɫ 
ɩɨɦɨɳɶɸ ɫɩɟɤɬɪɨɮɥɸɨɪɢɦɟɬɪɚ FLS920 ɫ 450-ɜɚɬɬɧɨɣ ɤɫɟɧɨɧɨɜɨɣ ɥɚɦɩɨɣ ɜ ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɚ 
ɜɨɡɛɭɠɞɚɸɳɟɝɨ ɢɡɥɭɱɟɧɢя ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. Вɨɡɛɭɠɞɟɧɢɟ ɧɟɫɬɚɰɢɨɧɚɪɧɨɣ ФɅ 
ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɥɚɡɟɪɧɵɦ ɞɢɨɞɨɦ ɫ ɷɧɟɪɝɢɟɣ ɮɨɬɨɧɨɜ 4.43 ɷВ ɢ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɢɦɩɭɥɶɫɨɜ  
600 ɩɫ. Кɪɢɜɵɟ ɡɚɬɭɯɚɧɢя ФɅ ɢɡɦɟɪɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜɪɟɦя-ɤɨɪɪɟɥɢɪɨɜɚɧɧɨɝɨ ɫɱɟɬɚ ɮɨ-
ɬɨɧɨɜ. ФɅ ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 5—750 К ɜɨɡɛɭɠɞɚɥɚɫɶ He—Cd-ɥɚɡɟɪɨɦ (ɷɧɟɪɝɢя ɮɨɬɨɧɨɜ 
3.81 ɷВ, ɦɨɳɧɨɫɬɶ ɥɚɡɟɪɚ 13 ɦВɬ). 
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Эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɟ ɪɟɡɭɥɶɬаɬы 

ɇɚ ɪɢɫ. 1, а ɩɪɢɜɟɞɟɧɵ ɫɩɟɤɬɪɵ КɅ ɫɥɨɟɜ AlGaN ɪɚɡɥɢɱɧɨɝɨ ɫɨɫɬɚɜɚ (ɨɬ х = 0 ɞɨ х = 0.5), 
ɢɡɦɟɪɟɧɧɵɟ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. В ɫɩɟɤɬɪɟ КɅ ɫɢɥɶɧɨ ɥɟɝɢɪɨɜɚɧɧɨɝɨ AlGaN ɫ x = 0.5 
ɞɨɦɢɧɢɪɭɟɬ ɲɢɪɨɤɚя ɩɨɥɨɫɚ ɫ ɦɚɤɫɢɦɭɦɨɦ ɜɛɥɢɡɢ 588 ɧɦ. Эɬɚ ɩɨɥɨɫɚ ɩɨяɜɥяɟɬɫя ɩɪɢ ɩɪɟɜɵ-
ɲɟɧɢɢ ɧɟɤɨɬɨɪɨɝɨ ɩɨɪɨɝɨɜɨɝɨ ɡɧɚɱɟɧɢя ɦɨɳɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ɢ ɫɜɟɪɯɥɢɧɟɣɧɨ ɜɨɡɪɚɫɬɚɟɬ ɫ 
ɦɨɳɧɨɫɬɶɸ ɷɥɟɤɬɪɨɧɨɜ. ɉɪɢ ɛɨɥɶɲɢɯ ɭɪɨɜɧяɯ ɧɚɤɚɱɤɢ ɮɨɪɦɚ ɩɨɥɨɫɵ ɢɡɦɟɧяɟɬɫя, ɩɨяɜɥяɟɬɫя 
ɦɨɞɨɜɚя ɫɬɪɭɤɬɭɪɚ. Ɍɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɣ 
ɷɦɢɫɫɢɢ, ɭɫɢɥɢɜɚɸɳɟɣɫя ɜ ɩɥɚɧɚɪɧɨɦ ɜɨɥɧɨɜɨɞɟ ɩɪɢ ɩɪɨɯɨɠɞɟɧɢɢ ɫɜɟɬɚ ɩɨɞ ɭɝɥɚɦɢ, ɛɥɢɡɤɢɦɢ 
ɤ ɭɝɥɭ ɩɨɥɧɨɝɨ ɜɧɭɬɪɟɧɧɟɝɨ ɨɬɪɚɠɟɧɢя. 
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ: а — ɫɥɨɟɜ AlGaN ɫɨɫɬɚɜɚ x = 0 (1), 0.1 (2), 0.2 (3), 0.28 (4), 0.36 
(5) ɢ x = 0.5 (6); ɛ — ɫɢɥɶɧɨ ɥɟɝɢɪɨɜɚɧɧɨɝɨ ɤɪɟɦɧɢɟɦ ɫɥɨя AlGaN ɫ x=0.5, ɢɡɦɟɪɟɧɧɵɟ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ 

ɬɨɱɟɱɧɵɦ ɢɫɬɨɱɧɢɤɨɦ (3) ɢ ɩɨɥɨɫɤɨɜɵɦ ɢɫɬɨɱɧɢɤɨɦ ɫ ɞɥɢɧɨɣ ɩɨɥɨɫɤɚ 3 (1) ɢ 12 ɦɦ (2). 

 
В ɫɩɟɤɬɪɚɯ ФɅ ɫɥɨɟɜ AlGaN c x > 0.5 ɬɚɤɠɟ ɞɨɦɢɧɢɪɭɟɬ ɫɢɧɟ-ɡɟɥɟɧɚя ɩɨɥɨɫɚ ФɅ (ɪɢɫ. 2). 

В ɫɩɟɤɬɪɚɯ ɜɨɡɛɭɠɞɟɧɢя ФɅ ɧɚɛɥɸɞɚɟɬɫя ɩɨɥɨɫɚ ɫ ɦɚɤɫɢɦɭɦɨɦ ɩɪɢ 5.0 ɢ 5.08 ɷВ ɞɥя ɫɥɨɟɜ 
ɫɨɫɬɚɜɚ x = 0.62 ɢ x = 0.7 ɢ ɲɢɪɢɧɨɣ 0.45 ɷВ. ɉɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ФɅ ɫɜɟɬɨɦ ɤɫɟɧɨɧɨɜɨɣ ɥɚɦɩɵ 
ɦɚɤɫɢɦɭɦɵ ФɅ ɪɚɫɩɨɥɨɠɟɧɵ ɩɪɢ 2.36 ɢ 2.38 ɷВ ɞɥя ɫɥɨɟɜ ɫɨɫɬɚɜɚ x = 0.62 ɢ x = 0.7. Ɍɚɤɢɦ ɨɛ-
ɪɚɡɨɦ, ɧɚɛɥɸɞɚɟɬɫя ɫɬɨɤɫɨɜ ɫɞɜɢɝ 2.6—2.7 ɷВ.  

I, ɨɬɧ.ɟɞ.       ɛ                                а 
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Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɜɨɡɛɭɠɞɟɧɢя ФɅ (а) ɢ ɫɩɟɤɬɪɵ ФɅ (ɛ) ɫɥɨɟɜ AlGaN ɫɨɫɬɚɜɚ х = 0.62 ɢ 0.7. 

 
Кɪɢɜɵɟ ɡɚɬɭɯɚɧɢя ɡɟɥɟɧɨɣ ФɅ ɨɩɢɫɵɜɚɸɬɫя ɫɭɦɦɨɣ ɛɵɫɬɪɨɣ ɢ ɦɟɞɥɟɧɧɨɣ ɷɤɫɩɨɧɟɧɰɢ-

ɚɥɶɧɵɯ ɤɨɦɩɨɧɟɧɬ ɫ ɜɪɟɦɟɧɚɦɢ ɡɚɬɭɯɚɧɢя 50 ɢ 25 ɧɫ, ɩɪɢɱɟɦ ɜɤɥɚɞ ɛɵɫɬɪɨɣ ɤɨɦɩɨɧɟɧɬɵ ɜ 
ɫɭɦɦɚɪɧɭɸ ɢɧɬɟɧɫɢɜɧɨɫɬɶ 90 %. Эɧɟɪɝɟɬɢɱɟɫɤɨɟ ɩɨɥɨɠɟɧɢɟ ФɅ ɲɢɪɨɤɨɡɨɧɧɨɝɨ AlGaN ɫɜɢɞɟ-
ɬɟɥɶɫɬɜɭɟɬ ɨ ɪɟɤɨɦɛɢɧɚɰɢɢ ɱɟɪɟɡ ɝɥɭɛɨɤɢɣ ɰɟɧɬɪ, ɚ ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɚя ɤɢɧɟɬɢɤɚ — ɨ ɜɧɭɬɪɢ-
ɰɟɧɬɪɨɜɨɦ ɦɟɯɚɧɢɡɦɟ ɪɟɤɨɦɛɢɧɚɰɢɢ. ɉɪɢ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ 5 ɞɨ 750 К ɩɨɥɨɠɟɧɢɟ 
ɦɚɤɫɢɦɭɦɚ ФɅ ɫɞɜɢɝɚɟɬɫя ɜ ɫɬɨɪɨɧɭ ɜɵɫɨɤɢɯ ɷɧɟɪɝɢɣ ɧɚ 0.1 ɷВ, ɚ ɲɢɪɢɧɚ ɭɜɟɥɢɱɢɜɚɟɬɫя ɨɬ 0.5 
ɞɨ 0.55 ɷВ. Ɍɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ФɅ ɧɟɦɨɧɨɬɨɧɧɚя ɢ ɫɥɚɛɚя: ɨɬ 5 ɞɨ 
270 К ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɜɨɡɪɚɫɬɚɟɬ ɧɚ 70 %, ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ — ɩɚɞɚɟɬ 
ɧɚ 30 %. 
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Заɤɥючɟɧɢɟ  
Иɫɫɥɟɞɨɜɚɧɚ ɩɨɥɨɫɚ ɡɟɥɟɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ ɨɩɬɢɱɟɫɤɢɯ ɩɟɪɟɯɨɞɚɯ ɱɟɪɟɡ ɭɪɨɜɧɢ 

ɞɟɮɟɤɬɨɜ ɜ ɫɥɨяɯ AlGaN ɫɨɫɬɚɜɚ x > 0.5, ɫɢɥɶɧɨ ɥɟɝɢɪɨɜɚɧɧɵɯ ɞɨɧɨɪɚɦɢ. Иɡɭɱɟɧɵ ɫɩɟɤɬɪɵ ФɅ 
ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ, ɚ ɬɚɤɠɟ ɤɢɧɟɬɢɤɚ ФɅ ɢ ɫɩɟɤɬɪɵ ɜɨɡɛɭɠɞɟɧɢя ФɅ ɩɪɢ ɤɨɦɧɚɬɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ. Ɉɛɫɭɠɞɚɟɬɫя ɫɯɟɦɚ ɷɥɟɤɬɪɨɧɧɵɯ ɩɟɪɟɯɨɞɨɜ ɜ ɫɥɨяɯ AlGaN:Si, ɨɛɴяɫɧяɸɳɚя яɜɥɟ-
ɧɢɟ ɩɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɩɨɞɞɟɪɠɤɟ Ɋɨɫɫɢɣɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 
(ɝɪɚɧɬ №14-02-92007). 

Investigation of Green Band in Cathodoluminescence and  

Photoluminescence Spectra of Heavily Doped AlGaN:Si 

I .V. Osinnykh a,b, P. A. Bokhan a, Dm. E. Zakrevsky a, T. V. Malin a,  
V. F. Plyusnin b,c, K. S. Zhuravlev a,b 

a 
A. V. Rzhanov Institute of Semiconductor Physics, Novosibirsk, Russia 

b 
Novosibirsk State University, Novosibirsk, Russia 

c 
V. V. Voevodsky Institute of Chemical Kinetics and Combustion, Novosibirsk, Russia 

Green band of superradiance in the optical transitions through levels of defects in the AlGaN layers of  
x > 0.5, heavily doped with donors was observed. Involves the development of efficient light sources of blue-
green spectral range based on this phenomenon. Exponential kinetics of luminescence with a characteristic de-
cay time of 50 ps means intracenter mechanism. Weak temperature dependence of the luminescence in the tem-
perature range 5—750 K shows large values of activation energy. 

Keywords: AlGaN, photoluminescence, cathodoluminescence. 
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Аɧɨɦаɥɶɧɨɟ ɬɟɦɩɟɪаɬɭɪɧɨɟ ɩɨвɟɞɟɧɢɟ ɷɤɫɢɬɨɧ-ɮɨɧɨɧɧɨɣ 

ɥюɦɢɧɟɫɰɟɧɰɢɢ ɢ ɷɤɫɢɬɨɧ-ɷɥɟɤɬɪɨɧɧɨɟ вɡаɢɦɨɞɟɣɫɬвɢɟ в ZnO 

В. А. ɇɢɤɢɬɟɧɤɨ , ɋ. Ɇ. Кɨɤɢɧ , ɋ. Ƚ. ɋɬɨɸɯɢɧ , ɋ. В. Ɇɭɯɢɧ  

Мɨɫкɨвɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ ɩуɬеɣ ɫɨɨɛщения, 
Мɨɫква, Рɨɫɫия; e-mail: nikitenko100@mail.ru 

 
ɉɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɷɤɫɢɬɨɧɧɵɯ ɫɩɟɤɬɪɨɜ ɢɡɥɭɱɟɧɢя ɤɪɢɫɬɚɥɥɨɜ ɨɤɫɢɞɚ ɰɢɧɤɚ ɜ 

ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɞɢɚɩɚɡɨɧɟ 10—300 К. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɭ ɧɟɤɨɬɨɪɵɯ ɨɛɪɚɡɰɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ >150 К 
ɧɚɛɥɸɞɚɟɬɫя ɚɧɨɦɚɥɶɧɨɟ ɩɨɜɟɞɟɧɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɤɫɢɬɨɧ-ɮɨɧɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ (ЭФɧɅ) ɫɜɨɛɨɞ-
ɧɵɯ ɷɤɫɢɬɨɧɨɜ, ɤɨɬɨɪɨɟ ɦɨɠɟɬ ɛɵɬɶ ɢɧɬɟɪɩɪɟɬɢɪɨɜɚɧɨ ɤɚɤ ɩɪɨяɜɥɟɧɢɟ ɷɤɫɢɬɨɧ-ɷɥɟɤɬɪɨɧɧɨɝɨ ɜɡɚɢɦɨ-
ɞɟɣɫɬɜɢя. Ɉɫɨɛɟɧɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɜɟɞɟɧɢя ЭФɧɅ ɫɜɨɛɨɞɧɵɯ ɷɤɫɢɬɨɧɨɜ ɬɟɫɧɨ ɫɜяɡɚɧɵ ɫ ɞɟɮɟɤɬ-
ɧɵɦ ɫɨɫɬɚɜɨɦ ɢ ɨɛɳɢɦ ɧɚɪɭɲɟɧɢɟɦ ɬɪɚɧɫɥяɰɢɨɧɧɨɣ ɫɢɦɦɟɬɪɢɢ ɤɪɢɫɬɚɥɥɨɜ, ɱɬɨ ɩɨɡɜɨɥяɟɬ ɩɪɟɞɥɨɠɢɬɶ 
ɧɟɪɚɡɪɭɲɚɸɳɢɣ ɦɟɬɨɞ ɤɨɧɬɪɨɥя ɢɯ ɤɚɱɟɫɬɜɚ. Ɉɛɧɚɪɭɠɟɧɧɵɟ ɡɚɤɨɧɨɦɟɪɧɨɫɬɢ ɦɨɝɭɬ ɨɤɚɡɚɬɶɫя ɜɟɫɶɦɚ 
ɩɨɥɟɡɧɵɦɢ ɩɪɢ ɨɰɟɧɤɟ ɦɟɯɚɧɢɡɦɚ ɥɚɡɟɪɧɨɣ ɝɟɧɟɪɚɰɢɢ ɢ ɯɚɪɚɤɬɟɪɚ ɷɤɫɢɬɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɨɤɫɢɞɚ 
ɰɢɧɤɚ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 

Кɥючɟвыɟ ɫɥɨва: ɨɤɫɢɞ ɰɢɧɤɚ, ɥɸɦɢɧɟɫɰɟɧɰɢя, ɷɤɫɢɬɨɧ, ɦɨɧɨɤɪɢɫɬɚɥɥ.  

Ввɟɞɟɧɢɟ 
Вɨɡɦɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢя ɜɵɫɨɤɨɣ ɷɥɟɤɬɪɨɧɧɨɣ ɢ ɞɵɪɨɱɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɫɨɱɟɬɚɧɢɢ ɫ 

ɲɢɪɨɤɨɣ (3.2—3.4 ɷВ) ɩɪяɦɨɣ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɨɣ ɢ ɛɨɥɶɲɨɣ (60ɦɷВ) ɷɧɟɪɝɢɟɣ ɫɜяɡɢ ɫɜɨɛɨɞ-
ɧɵɯ ɷɤɫɢɬɨɧɨɜ ɩɨɡɜɨɥяɟɬ ɫɱɢɬɚɬɶ ɨɤɫɢɞ ɰɢɧɤɚ ɨɫɨɛɨ ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɞɥя ɫɨɡɞɚɧɢя 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɢɫɬɨɱɧɢɤɨɜ УФ ɢ ɜɢɞɢɦɨɝɨ ɢɡɥɭɱɟɧɢя, ɜ ɬɨɦ ɱɢɫɥɟ ɥɚɡɟɪɧɵɯ [1—10]. ɇɚ-
ɩɪɢɦɟɪ, ɫɨɝɥɚɫɧɨ [9, 10], ɨɤɫɢɞ ɰɢɧɤɚ ɫɱɢɬɚɟɬɫя ɦɚɬɟɪɢɚɥɨɦ, ɦɚɤɫɢɦɚɥɶɧɨ ɚɞɚɩɬɢɪɨɜɚɧɧɵɦ ɞɥя 
ɫɨɡɞɚɧɢя ɧɚ ɟɝɨ ɨɫɧɨɜɟ ɩɨɥяɪɢɬɨɧɧɨɝɨ ɥɚɡɟɪɚ, ɪɚɛɨɬɚɸɳɟɝɨ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ. 

ɉɪɨɜɟɞɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɫɩɟɤɬɪɨɜ ɷɤɫɢɬɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɤɪɢɫɬɚɥɥɨɜ ZnO ɩɪɢ 
ɪɚɡɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢ, ɜ ɱɚɫɬɧɨɫɬɢ, ɩɨɜɟɞɟɧɢя ɩɨɥɨɫ, ɫɜяɡɚɧɧɵɯ ɫ ɪɚɡɧɵɦɢ ɦɟɯɚɧɢɡɦɚɦɢ ɪɟ-
ɤɨɦɛɢɧɚɰɢɢ ɷɤɫɢɬɨɧɨɜ, ɞɚɸɬ ɜɨɡɦɨɠɧɨɫɬɶ ɭɬɨɱɧɢɬɶ ɦɟɯɚɧɢɡɦ ɨɫɧɨɜɧɵɯ ɩɪɨɰɟɫɫɨɜ, ɫɩɨɫɨɛɫɬ-
ɜɭɸɳɢɯ ɥɚɡɟɪɧɨɣ ɝɟɧɟɪɚɰɢɢ ɢ ɨɰɟɧɢɬɶ ɩɨɬɟɧɰɢɚɥɶɧɭɸ ɜɨɡɦɨɠɧɨɫɬɶ ɩɨɥɭɱɟɧɢя ɬɚɤɨɣ ɝɟɧɟɪɚ-
ɰɢɢ ɜ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɨɤɫɢɞɚ ɰɢɧɤɚ.  

Хɚɪɚɤɬɟɪ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɬɭɲɟɧɢя ɞɥя ɜɫɟɯ ɩɨɥɨɫ ЭФɅ ɫɜɨɛɨɞɧɵɯ ɷɤɫɢɬɨɧɨɜ ɬɪɚɞɢɰɢ-
ɨɧɧɨ ɨɞɢɧɚɤɨɜ [1, 7] ɢ ɨɩɪɟɞɟɥяɟɬɫя ɜ ɨɫɧɨɜɧɨɦ ɬɟɪɦɢɱɟɫɤɢɦ ɪɚɫɩɚɞɨɦ ɫɜɨɛɨɞɧɵɯ ɷɤɫɢɬɨɧɨɜ. 
Ɉɛɧɚɪɭɠɟɧɧɨɟ ɚɧɨɦɚɥɶɧɨɟ ɬɟɦɩɟɪɚɬɭɪɧɨɟ ɩɨɜɟɞɟɧɢɟ ɷɬɢɯ ɷɤɫɢɬɨɧɧɵɯ ɩɨɥɨɫ ЭФɅ (ɩɪɢɩɢɫɚɧ-
ɧɨɟ ɡɚɜɭɚɥɢɪɨɜɚɧɧɨɣ ɫɦɟɧɟ ɦɟɯɚɧɢɡɦɚ ɢɡɥɭɱɟɧɢя ɢ ɡɚɜɢɫɢɦɨɫɬɢ ɩɨɞɜɢɠɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ɨɬ 
ɬɟɦɩɟɪɚɬɭɪɵ) ɬɟɫɧɨ ɫɜяɡɚɧɨ ɫ ɷɥɟɤɬɪɨɩɪɨɜɨɞɧɨɫɬɶɸ ɢ ɨɛɳɟɣ ɞɟɮɟɤɬɧɨɫɬɶɸ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ 
ɫɬɪɭɤɬɭɪɵ ɤɪɢɫɬɚɥɥɨɜ ZnO, ɱɬɨ ɧɚɞɨ ɭɱɢɬɵɜɚɬɶ ɢ, ɜɨɡɦɨɠɧɨ, ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɪɢ ɩɨɥɭɱɟɧɢɢ ɧɚ 
ɧɢɯ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя.  

1. Тɟхɧɢɤа ɷɤɫɩɟɪɢɦɟɧɬа 
Иɫɫɥɟɞɨɜɚɧɵ ɦɨɧɨɤɪɢɫɬɚɥɵ ZnO, ɩɨɥɭɱɟɧɧɵɟ ɦɟɬɨɞɨɦ ɫɢɧɬɟɡɚ ɢɡ ɝɚɡɨɜɨɣ ɮɚɡɵ ɜ Иɧɫɬɢ-

ɬɭɬɟ ɮɢɡɢɤɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ ɋɈ ɊАɇ [1]. Кɪɨɦɟ ɬɨɝɨ, ɷɤɫɩɟɪɢɦɟɧɬɵ ɩɪɨɜɟɞɟɧɵ ɧɚ ɫɬɚɧɞɚɪɬ-
ɧɵɯ ɩɨɪɨɲɤɚɯ ɨɤɫɢɞɚ ɰɢɧɤɚ ɦɚɪɤɢ ɨɫ.ɱ. Ɉɛɪɚɡɰɵ ɩɨɞɜɟɪɝɚɥɢɫɶ ɬɟɪɦɨɨɛɪɚɛɨɬɤɟ. Ɇɟɬɨɞɢɤɢ, ɩɨ 
ɤɨɬɨɪɵɦ ɩɪɨɜɨɞɢɥɚɫɶ ɨɛɪɚɛɨɬɤɚ ɢ ɪɟɝɢɫɬɪɢɪɨɜɚɥɢɫɶ ɫɩɟɤɬɪɵ ɢɯ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɨɩɢɫɚ-
ɧɵ ɜ [1—3]. Эɥɟɤɬɪɨɧɧɚя ɩɭɲɤɚ ɢɫɩɨɥɶɡɭɟɦɨɣ ɭɫɬɚɧɨɜɤɢ ɨɛɟɫɩɟɱɢɜɚɥɚ ɭɫɤɨɪяɸɳɟɟ ɧɚɩɪяɠɟ-
ɧɢɟ 7—10 ɤВ ɩɪɢ ɪɟɝɭɥɢɪɭɟɦɨɦ ɬɨɤɟ 0—10 ɦɤА. Дɥя ɜɨɡɛɭɠɞɟɧɢя ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢɫ-
ɩɨɥɶɡɨɜɚɥɫя ɝɟɥɢɣ-ɤɚɞɦɢɟɜɵɣ ɥɚɡɟɪ (  325 ɧɦ) ɫ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɶɸ ɞɨ 20 Вɬ/ɫɦ2. 

2. Эɤɫɩɟɪɢɦɟɧɬаɥɶɧыɟ ɪɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Ɍɢɩɢɱɧɵɟ ɫɩɟɤɬɪɵ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ФɅ) ɪяɞɚ ɢɫɯɨɞɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ZnO ɜ 

ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 10—300К ɩɨɤɚɡɚɧɵ ɧɚ ɪɢɫ. 1. 
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɦɨɧɨɤɪɢɫɬɚɥɥɚ ZnO ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ T  10—300 К. 

ɋɩɟɤɬɪɚɥɶɧɵɣ ɫɨɫɬɚɜ ɷɤɫɢɬɨɧɧɨɣ ФɅ ɨɤɫɢɞɚ ɰɢɧɤɚ ɨɛɫɭɠɞɚɥɫя ɧɟɨɞɧɨɤɪɚɬɧɨ (ɫɦ., ɧɚ-
ɩɪɢɦɟɪ, [1—8]). Ɉɧ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛя ɞɨɦɢɧɢɪɭɸɳɟɟ ɢɡɥɭɱɟɧɢɟ ɷɤɫɢɬɨɧɨɜ, ɫɜяɡɚɧɧɵɯ ɧɚ ɦɟɥɤɢɯ 
ɞɨɧɨɪɚɯ (Zni, Lii, InZn ɢ ɬ. ɞ.), ɤɨɬɨɪɨɟ ɩɪɨɢɫɯɨɞɢɬ ɫ ɭɱɚɫɬɢɟɦ ɩɪɨɞɨɥɶɧɵɯ ɨɩɬɢɱɟɫɤɢɯ LO-ɮɨɧɨ-
ɧɨɜ ɩɪɢ ɧɚɥɢɱɢɢ ɞɜɭɯɷɥɟɤɬɪɨɧɧɵɯ ɫɚɬɟɥɥɢɬɨɜ [1, 4] — “ɨɤɨɥɨ ɝɟɥɢɟɜɵɟ” ɬɟɦɩɟɪɚɬɭɪɵ; ɞɨɦɢ-
ɧɢɪɭɸɳɭɸ ɥɸɦɢɧɟɫɰɟɧɰɢɸ ɫɜɨɛɨɞɧɵɯ A-ɷɤɫɢɬɨɧɨɜ ɢ ɫ ɭɱɚɫɬɢɟɦ LO-ɮɨɧɨɧɨɜ — ɩɪɢ ɬɟɦɩɟ-
ɪɚɬɭɪɚɯ, ɛɥɢɡɤɢɯ ɤ ɬɟɦɩɟɪɚɬɭɪɟ ɠɢɞɤɨɝɨ ɚɡɨɬɚ (ɩɨɥɨɫɵ A, A–LO, A–2LO, A–3LO ɢ ɬ. ɞ.); ɪɚɡɦɵ-
ɬɭɸ ɨɛɳɭɸ (ɩɨɱɬɢ ɧɟ ɪɚɡɪɟɲɟɧɧɭɸ) ɩɨɥɨɫɭ ФɅ ɫɜɨɛɨɞɧɵɯ ɷɤɫɢɬɨɧɨɜ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ, ɛɥɢɡ-
ɤɢɯ ɤ ɤɨɦɧɚɬɧɨɣ. ɇɚɢɛɨɥɟɟ ɢɧɬɟɪɟɫɧɵɦ ɨɤɚɡɚɥɫя ɞɢɚɩɚɡɨɧ ɬɟɦɩɟɪɚɬɭɪ 80—300 К. Ɋɚɫɫɦɨɬɪɢɦ 
ɟɝɨ ɧɚ ɩɪɢɦɟɪɟ ɩɨɥɭɱɟɧɧɵɯ ɫɩɟɤɬɪɨɜ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ɪɢɫ. 2). ɋɪɚɜɧɢɦ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢ 
ɩɨɥɨɠɟɧɢɟ ɜ ɫɩɟɤɬɪɟ ɨɬɞɟɥɶɧɵɯ ɩɨɥɨɫ ɷɤɫɢɬɨɧɧɨɣ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɨɞɧɨɝɨ ɢɡ ɢɫɯɨɞɧɵɯ 
ɝɚɡɨɮɚɡɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ZnO (ɤɪɢɜɵɟ 1), ɩɨɪɨɲɤɚ ɦɚɪɤɢ ɨɫ. ɱ. (ɤɪɢɜɵɟ 2) ɢ ɤɪɢɫɬɚɥɥɚ, ɬɟɪ-
ɦɨɨɛɪɚɛɨɬɚɧɧɨɝɨ ɜ ɧɚɫɵɳɟɧɧɵɯ ɩɚɪɚɯ ɤɚɞɦɢя (ɤɪɢɜɵɟ 3) (T  1150C, ɜ ɷɬɢɯ ɭɫɥɨɜɢяɯ, ɫɨ-
ɝɥɚɫɧɨ [5, 6], ɩɪɨɢɫɯɨɞɢɬ “ɨɱɭɜɫɬɜɥɟɧɢɟ” УФ ɥɸɦɢɧɟɫɰɟɧɰɢɢ). 

 
Ɋɢɫ. 2. Ɍɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɧɫɢɜɧɨɫɬɢ I, ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɩɨɥɨɠɟɧɢя E ɢ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɫ-
ɩɪɟɞɟɥɟɧɢя ɨɬɞɟɥɶɧɵɯ ɩɨɥɨɫ ɷɤɫɢɬɨɧɧɨɣ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢɫɯɨɞɧɨɝɨ ɦɨɧɨɤɪɢɫɬɚɥɥɚ (1), ɩɨɪɨɲɤɚ 
ɦɚɪɤɢ ɨɫ.ɱ. (2) ɢ ɦɨɧɨɤɪɢɫɬɚɥɥɚ, ɬɟɪɦɨɨɛɪɚɛɨɬɚɧɧɨɝɨ ɜ ɧɚɫɵɳɟɧɧɵɯ ɩɚɪɚɯ ɤɚɞɦɢя ɩɪɢ T  1150 ɋ (3); 
ɫɩɥɨɲɧɵɟ ɤɪɢɜɵɟ — ɷɤɫɩɟɪɢɦɟɧɬ, ɲɬɪɢɯɨɜɵɟ — ɬɟɨɪɢя; ɷɧɟɪɝɢя ɷɥɟɤɬɪɨɧɨɜ ɜ ɩɭɱɤɟ 7 ɤɷВ, ɩɥɨɬɧɨɫɬɶ 

ɬɨɤɚ 3  106 А/ɫɦ2. 



 120

В ɫɥɭɱɚɟ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɟɫɥɢ ɨɧɢ яɜɥяɸɬɫя ɞɨɫɬɚɬɨɱɧɨ ɫɨ-
ɜɟɪɲɟɧɧɵɦɢ — ɭɫɥɨɜɧɨ ɧɚɡɨɜɟɦ ɢɯ ɤɪɢɫɬɚɥɥɚɦɢ ɝɪɭɩɩɵ а (ɫɬɟɩɟɧɶ ɫɨɜɟɪɲɟɧɫɬɜɚ ɦɨɠɧɨ ɨɰɟ-
ɧɢɬɶ ɩɨ ɞɚɧɧɵɦ ɷɤɫɢɬɨɧɧɵɯ ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя [1]), ɬɨ ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɦɟɬɨɞɚ ɜɵɪɚɳɢɜɚɧɢя ɜ 
ɫɩɟɤɬɪɚɯ ɢɯ ЭФɧɅ ɩɪɢ ɨɛɵɱɧɵɯ ɭɪɨɜɧяɯ ɜɨɡɛɭɠɞɟɧɢя ɜ ɬɟɦɩɟɪɚɬɭɪɧɨɦ ɞɢɚɩɚɡɨɧɟ 80—350 К 
ɞɨɦɢɧɢɪɭɸɳɟɣ ɨɤɚɡɵɜɚɟɬɫя ɩɨɥɨɫɚ A, ɩɨяɜɥɟɧɢɟ ɤɨɬɨɪɨɣ ɨɛɭɫɥɨɜɥɟɧɨ ɩɪяɦɨɣ ɚɧɧɢɝɢɥяɰɢɟɣ 
ɫɜɨɛɨɞɧɵɯ A (n  1) ɷɤɫɢɬɨɧɨɜ (ɨɬɧɨɲɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɥɢɧɢɣ A ɢ ɫɜяɡɚɧɧɨɝɨ ɷɤɫɢɬɨɧɚ IД 
ɬɟɦ ɧɟ ɦɟɧɟɟ ɦɨɠɟɬ ɢɡɦɟɧяɬɶɫя ɨɬ ɨɛɪɚɡɰɚ ɤ ɨɛɪɚɡɰɭ). Вɨɡɪɚɫɬɚɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɫɨɩɪɨɜɨɠɞɚɟɬ-
ɫя ɫɧɢɠɟɧɢɟɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥɨɫɵ A. Эɧɟɪɝɢя ɚɤɬɢɜɚɰɢɢ ɷɬɨɝɨ ɩɪɨɰɟɫɫɚ 0.05—0.055 ɷВ ɫɨ-
ɨɬɜɟɬɫɬɜɭɟɬ ɷɧɟɪɝɢɢ ɫɜяɡɢ A-ɷɤɫɢɬɨɧɨɜ [1]. Ɉɞɧɨɜɪɟɦɟɧɧɨ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ >80 К ɡɚɦɟɬɧɨ 
ɭɲɢɪяɸɬɫя ɩɨɥɨɫɵ ЭФɧɅ, ɩɪɢ ɷɬɨɦ ɯɚɪɚɤɬɟɪ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɬɭɲɟɧɢя ɞɥя ɜɫɟɯ ɩɨɥɨɫ ɨɤɚɡɵɜɚ-
ɟɬɫя ɨɞɢɧɚɤɨɜ, ɩɨɫɤɨɥɶɤɭ ɨɩɪɟɞɟɥяɟɬɫя ɝɥɚɜɧɵɦ ɨɛɪɚɡɨɦ ɬɟɪɦɢɱɟɫɤɢɦ ɪɚɫɩɚɞɨɦ ɫɜɨɛɨɞɧɵɯ 
ɷɤɫɢɬɨɧɨɜ (ɪɢɫ. 2, ɤɪɢɜɵɟ 1). Эɬɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɞɚɧɧɵɦɢ [7], ɩɨɥɭɱɟɧɧɵɦɢ ɩɪɢ ɩɨɞɪɨɛɧɨɦ ɢɫ-
ɫɥɟɞɨɜɚɧɢɢ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɜɟɞɟɧɢя ЭФɅ ɜ ZnO. 

У ɩɨɪɨɲɤɨɜɵɯ ɨɛɪɚɡɰɨɜ ɜ ɫɩɟɤɬɪɚɯ ЭФɧɅ ɜɩɥɨɬɶ ɞɨ ɬɟɦɩɟɪɚɬɭɪ 400К ɞɨɦɢɧɢɪɭɟɬ ɩɨ-
ɥɨɫɚ A–LO. Ʌɸɛɨɩɵɬɧɨ, ɱɬɨ ɪɟɡɤɨɟ ɫɧɢɠɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥɨɫ ЭФɅ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚ-
ɬɭɪ 80—105 К ɫɦɟɧяɟɬɫя ɟɟ ɜɨɡɪɚɫɬɚɧɢɟɦ, ɢ ɧɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɤɚ-
ɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ T  200К ɜɨɡɧɢɤɚɟɬ ɧɟɛɨɥɶɲɨɣ ɦɚɤɫɢɦɭɦ (ɪɢɫ. 2, ɤɪɢɜɵɟ 2). ɉɨɞɨɛ-
ɧɵɦ ɨɛɪɚɡɨɦ ɜɟɞɭɬ ɫɟɛя ɫɩɟɤɬɪɵ ɧɟɤɨɬɨɪɵɯ ɨɬɧɨɫɢɬɟɥɶɧɨ ɞɟɮɟɤɬɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ — ɤɪɢ-
ɫɬɚɥɥɨɜ ɝɪɭɩɩɵ ɛ (ɜ ɱɚɫɬɧɨɫɬɢ, ɷɬɨ ɯɚɪɚɤɬɟɪɧɨ ɢ ɞɥя ɤɪɢɫɬɚɥɥɚ, ɫɩɟɤɬɪ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ 
ɤɨɬɨɪɨɝɨ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 1). В ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɪɟɱɶ ɢɞɟɬ ɨɛ ɨɛɳɟɦ ɫɨɜɟɪɲɟɧɫɬɜɟ ɤɪɢɫɬɚɥɥɢ-
ɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ, ɫɜяɡɚɧɧɨɦ ɫ ɧɚɪɭɲɟɧɢɟɦ ɬɪɚɧɫɥяɰɢɨɧɧɨɣ ɫɢɦɦɟɬɪɢɢ ɤɪɢɫɬɚɥɥɨɜ. ɇɚɛɥɸ-
ɞɚɟɦɵɣ ɷɮɮɟɤɬ ɯɚɪɚɤɬɟɪɟɧ ɢ ɞɥя ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɠɟɥɬɨ-ɨɪɚɧɠɟɜɨɣ 
ɢ ɡɟɥɟɧɨɣ ɩɨɥɨɫ ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɨɛɪɚɡɰɨɜ ɨɤɫɢɞɚ ɰɢɧɤɚ, ɚ ɬɚɤɠɟ 
ɞɥя ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɩɨɞɜɢɠɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ɜ ZnO [1]. Эɬɨ ɩɨɡɜɨɥяɟɬ ɩɪɟɞɩɨɥɨ-
ɠɢɬɶ, ɱɬɨ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɞɢɚɩɚɡɨɧɟ 105—200 К ɡɚɦɟɬɧɨ ɭɦɟɧɶɲɚɟɬɫя ɪɚɫɫɟяɧɢɟ ɷɥɟɤ-
ɬɪɨɧɨɜ ɧɚ ɞɟɮɟɤɬɚɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ, ɱɬɨ ɜɟɞɟɬ ɤ ɭɜɟɥɢɱɟɧɢɸ “ɚɤɬɢɜɧɨɝɨ” ɜɪɟɦɟɧɢ 
ɠɢɡɧɢ ɜɨɡɛɭɠɞɟɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɢ ɬɟɦ ɫɚɦɵɦ ɤ ɩɨɜɵɲɟɧɢɸ ɜɟɪɨяɬɧɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢя ɷɤɫɢɬɨ-
ɧɨɜ ɢ ɢɯ ɩɨɫɥɟɞɭɸɳɟɣ ɢɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ. 

Иɧɬɟɪɟɫɧɚя ɤɚɪɬɢɧɚ ɧɚɛɥɸɞɚɟɬɫя ɩɪɢ ɚɧɚɥɢɡɟ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ 
ɷɤɫɢɬɨɧɧɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜ ɨɛɪɚɡɰɚɯ ɨɤɫɢɞɚ ɰɢɧɤɚ ɫ ɛɨɥɶɲɢɦ ɤɜɚɧɬɨɜɵɦ ɜɵɯɨɞɨɦ ЭФɧɅ ɢ 
ɨɞɧɨɜɪɟɦɟɧɧɨ ɧɢɡɤɢɦ ɭɞɟɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ 1—10 Ɉɦ  ɫɦ (ɪɢɫ. 2, ɤɪɢɜɵɟ 3). ɉɨɞɨɛɧɵɟ 
ɦɨɧɨɤɪɢɫɬɚɥɥɵ ɦɨɝɭɬ ɛɵɬɶ ɩɨɥɭɱɟɧɵ, ɧɚɩɪɢɦɟɪ, ɜ ɯɨɞɟ ɞɨɩɨɥɧɢɬɟɥɶɧɨɝɨ “ɨɱɭɜɫɬɜɥɟɧɢя” ФɅ 
[5, 6]. У ɷɬɢɯ ɨɛɪɚɡɰɨɜ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ >80 К ɩɨɥɨɫɚ A–LO ɛɵɫɬɪɨ ɢɫɱɟɡɚɟɬ (ɷɧɟɪɝɢя ɚɤ-
ɬɢɜɚɰɢɢ 0.075—0.1 ɷВ), a ɭ ɩɨɥɨɫɵ A–2LO ɧɚɱɚɥɶɧɵɣ ɫɩɚɞ (ɯɨɬя ɢ ɧɟ ɬɚɤɨɣ ɛɵɫɬɪɵɣ) ɫɦɟɧяɟɬ-
ɫя ɪɟɡɤɢɦ ɩɨɞɴɟɦɨɦ (ɦɚɤɫɢɦɭɦ ɞɨɫɬɢɝɚɟɬɫя ɩɪɢ 180 К). ɉɪɢ ɷɬɨɦ ɜ ɨɬɥɢɱɢɟ ɨɬ ɨɩɢɫɚɧɧɵɯ 
ɜɵɲɟ ɨɛɪɚɡɰɨɜ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɥɨɫɵ A–LO ɭɠɟ ɧɟ ɭɜɟɥɢɱɢɜɚɟɬɫя (ɤɪɢɜɵɟ 2, 3). Ȼɨɥɟɟ ɬɨɝɨ, ɜ 
ɭɡɤɨɦ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ (190—220 К) ɫɚɦɚ ɮɨɪɦɚ ɩɨɥɨɫɵ A–2LO ɦɟɧяɟɬ ɧɚɩɪɚɜɥɟɧɢɟ 
ɚɫɢɦɦɟɬɪɢɢ (ɤɪɢɜɵɟ 3), ɱɬɨ ɧɟɥɶɡя ɨɛɴяɫɧɢɬɶ ɬɟɦɩɟɪɚɬɭɪɧɵɦ ɢɡɦɟɧɟɧɢɟɦ ɮɨɪɦɵ ɦɚɤɫɜɟɥɥɨɜ-
ɫɤɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя [1] (ɧɚ ɪɢɫ. 2. ɬɟɨɪɟɬɢɱɟɫɤɚя ɤɪɢɜɚя, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚя ɬɚɤɨɦɭ ɪɚɫɩɪɟɞɟɥɟ-
ɧɢɸ, ɢɡɨɛɪɚɠɟɧɚ ɩɭɧɤɬɢɪɨɦ). ȿɳɟ ɨɞɢɧ ɮɚɤɬ: ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ >200К ɡɚɦɟɬɧɨ ɭɜɟɥɢɱɢɜɚɟɬɫя 
ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɫɦɟɳɟɧɢя ɷɬɨɣ ɩɨɥɨɫɵ ɞɨ 1  103 ɷВ/К (ɤɪɢɜɚя 3) ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɨɠɢɞɚɟɦɵɦ (4  104 ɷВ/К), ɢɫɯɨɞя ɢɡ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɫɨɨɛɪɚɠɟɧɢɣ [1], ɢ ɧɚɛɥɸɞɚɟɦɵɦ ɜ ɷɤɫɩɟ-
ɪɢɦɟɧɬɟ ɞɥя ɩɨɥɨɫ A ɢ A–LO (ɤɪɢɜɵɟ 1, 2). Вɫɟ ɷɬɨ ɩɨɡɜɨɥяɟɬ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɜ ɞɚɧɧɨɣ ɝɪɭɩ-
ɩɟ ɤɪɢɫɬɚɥɥɨɜ ɩɨɥɨɫɚ A–2LO ЭФɧɅ ɢɦɟɟɬ ɫɥɨɠɧɵɣ ɯɚɪɚɤɬɟɪ, ɩɟɪɟɯɨɞя ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ >150 

К ɜ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɭɸ H-ɩɨɥɨɫɭ, ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɤɨɬɨɪɨɣ ɨɛɭɫɥɨɜɥɟɧɨ ɷɤɫɢɬɨɧ-
ɷɥɟɤɬɪɨɧɧɵɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟɦ (ɫɜɨɛɨɞɧɵɣ ɷɤɫɢɬɨɧ ɩɟɪɟɞɚɟɬ ɱɚɫɬɶ ɷɧɟɪɝɢɢ ɷɥɟɤɬɪɨɧɭ ɡɨɧɵ 
ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɩɟɪɟɯɨɞɢɬ ɧɚ ɮɨɬɨɧɧɭɸ ɜɟɬɜɶ ɩɨɥяɪɢɬɨɧɧɨɣ ɤɪɢɜɨɣ ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɢɫɩɭɫɤɚ-
ɧɢɟɦ ɮɨɬɨɧɚ [1]). Эɬɨ ɩɨɞɬɜɟɪɠɞɚɟɬɫя ɢ ɬɟɦ, ɱɬɨ ɫ T 190К ɢ ɜɵɲɟ ɬɟɦɩɟɪɚɬɭɪɧɨɟ ɫɦɟɳɟɧɢɟ 
A–2LO ЭФɧɅ ɯɨɪɨɲɨ ɨɩɢɫɵɜɚɟɬɫя ɩɪɟɞɫɤɚɡɵɜɚɟɦɵɦ ɬɟɨɪɢɟɣ ɩɨɜɟɞɟɧɢɟɦ ɢɦɟɧɧɨ H-ɩɨɥɨɫɵ [1].  

Заɤɥючɟɧɢɟ 
Ɉɩɢɫɚɧɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɩɨɜɟɞɟɧɢя ɫɩɟɤɬɪɨɜ ɷɤɫɢɬɨɧ-ɮɨɧɨɧɧɨɣ ɥɸɦɢ-

ɧɟɫɰɟɧɰɢɢ ɤɪɢɫɬɚɥɥɨɜ ZnO ɫɥɟɞɭɟɬ ɭɱɢɬɵɜɚɬɶ ɧɟ ɬɨɥɶɤɨ ɩɪɢ ɨɛɴяɫɧɟɧɢɢ ɦɟɯɚɧɢɡɦɚ ɷɤɫɢɬɨɧɧɨ-
ɝɨ ɢɡɥɭɱɟɧɢя ɨɛɪɚɡɰɨɜ (ɨɫɨɛɟɧɧɨ ɜ ɫɥɭɱɚɟ ɜɨɡɧɢɤɧɨɜɟɧɢя ɥɚɡɟɪɧɵɯ ɷɮɮɟɤɬɨɜ), ɧɨ ɢ ɩɪɢ ɪɚɡɪɚ-
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ɛɨɬɤɟ ɦɟɬɨɞɢɤ ɨɰɟɧɤɢ ɫɨɜɟɪɲɟɧɫɬɜɚ ɢɯ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ. Ɍɚɤ, ɪɟɡɤɨɟ ɫɧɢɠɟɧɢɟ ɢɧ-
ɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥɨɫ ЭФɧɅ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 80—105 К, ɤɨɬɨɪɨɟ ɫɦɟɧяɟɬɫя ɦɚɤɫɢɦɭɦɨɦ 
ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 200 К, ɭɤɚɡɵɜɚɟɬ ɧɚ ɨɛɳɭɸ ɞɟɮɟɤɬɧɨɫɬɶ ɤɪɢɫɬɚɥɥɨɜ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɡɚɜɢ-
ɫɢɦɨɫɬɢ ɩɨɞɜɢɠɧɨɫɬɢ ɷɥɟɤɬɪɨɧɨɜ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. Ɉɬɞɟɥɶɧɵɣ ɩɨɞɴɟɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥɨɫɵ 
А–2LO ɜ ɨɛɥɚɫɬɢ ɬɟɦɩɟɪɚɬɭɪ 150—180 К ɢ ɟɟ ɞɚɥɶɧɟɣɲɟɟ ɪɟɡɤɨɟ ɭɫɬɪɟɦɥɟɧɢɟ ɜ ɞɥɢɧɧɨɜɨɥɧɨ-
ɜɭɸ ɨɛɥɚɫɬɶ ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɚɫɫɢɦɟɬɪɢɱɧɨɣ ɮɨɪɦɵ ɧɚ ɩɪɨɬɢɜɨɩɨɥɨɠɧɭɸ ɩɨɞɬɜɟɪɠɞɚɸɬ ɫɦɟɧɭ 
ɦɟɯɚɧɢɡɦɚ ɷɤɫɢɬɨɧɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ ɫ ЭФɧɅ ɧɚ ɷɤɫɢɬɨɧ-ɷɥɟɤɬɪɨɧɧɭɸ, ɱɬɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥя 
ɤɪɢɫɬɚɥɥɨɜ ɫ ɧɢɡɤɢɦ ɭɞɟɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Вɵɪɚɠɚɟɦ ɛɥɚɝɨɞɚɪɧɨɫɬɶ ɉ. Ƚ. ɉɚɫɶɤɨ (ИФ ɋɈ ɊАɇ) ɡɚ ɥɸɛɟɡɧɨ ɩɪɟɞɨɫɬɚɜɥɟɧɧɵɟ ɞɥя 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɦɨɧɨɤɪɢɫɬɚɥɥɵ ZnO, ɚ ɬɚɤɠɟ И. А. Кɚɪɟɬɧɢɤɨɜɭ ɡɚ ɩɨɦɨɳɶ ɜ ɢɡɭɱɟɧɢɢ ɫɩɟɤɬɪɨɜ 
ɤɚɬɨɞɨɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɨɬɞɟɥɶɧɚя ɩɪɢɡɧɚɬɟɥɶɧɨɫɬɶ А. Ƚ. Вɨɣɧɢɥɨɜɢɱɭ (ИФ ɇАɇȻ) ɡɚ ɩɪɨɜɟɞɟ-
ɧɢɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɩɟɤɬɪɨɜ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ. 
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Anomalous Temperature Behavior of the Exciton-Phonon Luminescence  

and Exciton-Electron Interaction in ZnO 

V. A. Nikitenko, S. M. Kokin, S. G. Stouchin, S. V. Mukhin  

Moscow State University of Railway Engineering, Moscow, Russia; e-mail: nikitenko100@mail.ru 

In this work are presented the results of a study of the exciton radiation spectra of crystals of zinc oxide 
in the temperature range from 10 to 300 K. It is shown that in some samples at temperatures above 150 K is 
observed anomalous behavior characteristics of the exciton-phonon luminescence (EPL) of free excitons, which 
can be interpreted as a manifestation of exciton-electron interaction. Features temperature behavior EPL of free 
excitons are closely associated with deviations of the composition and with the general violations of the transla-
tional symmetry of the samples, and it allows to offer a non-destructive method of quality control of such crys-
tals. The revealed regularities help to better understand the mechanisms of laser generation and exciton lumines-
cence of zinc oxide at a temperature close to the room. 

Keywords: zinc oxide, luminescence, exciton, the single crystal. 
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Ʌюɦɢɧɟɫɰɟɧɬɧыɟ ɫɪɟɞы ɧа ɨɫɧɨвɟ ɦɟɞɶɫɨɞɟɪɠащɢх  
ɤаɥɢɟвɨаɥюɦɨɛɨɪаɬɧых ɫɬɟɤɨɥ 

ɉ. ɋ. Шɢɪɲɧёɜ, ɇ. В. ɇɢɤɨɧɨɪɨɜ, Д. ɋ. Аɝɚɮɨɧɨɜɚ, А. И. ɋɢɞɨɪɨɜ, Д. И. ɋɨɛɨɥɟɜ 

а Унивеɪɫиɬеɬ ИТМО, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия, e-mail: pavel.shirshnev@gmail.com 

ɋɢɧɬɟɡɢɪɨɜɚɧɨ ɤɚɥɢɟɜɨɚɥɸɦɨɛɨɪɚɬɧɨɟ ɫɬɟɤɥɨ ɫ ɢɨɧɚɦɢ ɢ ɤɥɚɫɬɟɪɚɦɢ ɦɟɞɢ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɚɧɧɵɣ 
ɦɚɬɟɪɢɚɥ ɢɦɟɟɬ ɜɵɫɨɤɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɫɬɟɤɥɨɜɚɧɢя, ɤɜɚɧɬɨɜɵɣ ɜɵɯɨɞ 45 %. Ɇɚɬɟɪɢɚɥ ɩɟɪɫɩɟɤɬɢɜɟɧ ɩɪɢ 
ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜ ɤɚɱɟɫɬɜɟ ɞɟɲɟɜɨɝɨ ɥɸɦɢɧɨɮɨɪɚ. 

Кɥючɟвыɟ ɫɥɨва: ɥɸɦɢɧɟɫɰɟɧɰɢя, ɤɜɚɧɬɨɜɵɣ ɜɵɯɨɞ, ɤɥɚɫɬɟɪ, ɢɨɧɵ ɦɟɞɢ. 

Ввɟɞɟɧɢɟ 
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɫɭɳɟɫɬɜɭɟɬ ɲɢɪɨɤɚя ɧɨɦɟɧɤɥɚɬɭɪɚ ɦɚɬɟɪɢɚɥɨɜ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɢɫ-

ɩɨɥɶɡɨɜɚɬɶɫя ɜ ɤɚɱɟɫɬɜɟ ɥɸɦɢɧɨɮɨɪɨɜ ɞɥя ɫɜɟɬɨɞɢɨɞɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɛɟɥɨɝɨ ɫɜɟɬɚ. Ɉɞɧɚɤɨ ɢɦɟ-
ɟɬɫя ɪяɞ ɫɜяɡɚɧɧɵɯ ɫ ɬɚɤɢɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɩɪɨɛɥɟɦ — ɞɟɝɪɚɞɚɰɢя ɨɩɬɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɩɨɞ ɞɟɣ-
ɫɬɜɢɟɦ ɬɟɩɥɚ ɢ ɭɥɶɬɪɚɮɢɨɥɟɬɨɜɨɝɨ (УФ) ɢɡɥɭɱɟɧɢя, ɞɨɪɨɝɨɜɢɡɧɚ. В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɥɚɝɚɟɬɫя 
ɞɟɲɟɜɵɣ ɦɚɬɟɪɢɚɥ ɧɚ ɨɫɧɨɜɟ ɤɚɥɢɟɜɨɚɥɸɦɨɛɨɪɚɬɧɨɝɨ ɫɬɟɤɥɚ, ɜ ɤɚɱɟɫɬɜɟ ɥɸɦɢɧɟɫɰɢɪɭɸɳɟɝɨ 
ɤɨɦɩɨɧɟɧɬɚ ɜɵɫɬɭɩɚɸɬ ɢɨɧɵ ɢ ɤɥɚɫɬɟɪɵ ɦɟɞɢ. 

1. Мɟɬɨɞɢɤа ɢ ɨɛɴɟɤɬы 

ɋɩɟɤɬɪɵ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢɡɦɟɪɟɧɵ ɧɚ ɫɩɟɤɬɪɨɮɨɬɨɦɟɬɪɟ Lambda 650 Perkin Elmer, ɫɩɟɤ-
ɬɪɵ ɥɸɦɢɧɟɫɰɟɧɰɢɢ — ɧɚ ɫɩɟɤɬɪɨɮɥɸɨɪɢɦɟɬɪɟ LS-11, ɤɜɚɧɬɨɜɵɣ ɜɵɯɨɞ — ɧɚ ɭɫɬɚɧɨɜɤɟ Abso-
lute PL Quantum Yield Measurement System Hamamatsu. Ɇɟɬɨɞɨɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɫɤɚɧɢ-
ɪɭɸɳɟɣ ɤɚɥɨɪɢɦɟɬɪɢɢ ɢɡɦɟɪɟɧɚ ɬɟɦɩɟɪɚɬɭɪɚ ɫɬɟɤɥɨɜɚɧɢя 380 ɋ. ɋɨɫɬɚɜ ɫɬɟɤɥɚ: 25Al2O3, 
20K2O, 55B2O3 ɦɨɥ.%; 2Cu2O, 7Na3AlF6, 0.5SnO2, 1Sb2O3, 1C12H22O11 ɜɟɫ.%.  

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɉɨɥɭɱɟɧɨ ɨɞɧɨɪɨɞɧɨɟ ɫɬɟɤɥɨ, ɩɪɨɡɪɚɱɧɨɟ ɜ ɜɢɞɢɦɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ ɢ ɛɥɢɠɧɟɦ УФ (ɞɨ 

320 ɧɦ) ɞɢɚɩɚɡɨɧɟ (ɪɢɫ. 1).  
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Ɋɢɫ. 1. Ɉɛɪɚɡɟɰ ɢɫɫɥɟɞɭɟɦɨɝɨ ɫɬɟɤɥɚ ɛɟɡ ɜɨɡɛɭɠɞɟɧɢя (а) ɢ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɫɜɟɬɨɦ ɧɚ 365 ɧɦ (ɛ). 
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Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɜɨɡɛɭɠɞɟɧɢя ɥɸɦɢɧɟɫɰɟɧɰɢɢ; 
ɥɸɦ = 400 (1), 460 (2), 500 (3), 600 (4), 640 ɧɦ (5). 

 Ɋɢɫ. 3. ɋɩɟɤɬɪɵ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɢ  
ɜɨɡɛ = 240 (1), 280 (2), 300 (3), 320 (4), 340 ɧɦ (5). 
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Иɡɦɟɪɟɧɵ ɫɩɟɤɬɪɵ ɩɨɝɥɨɳɟɧɢя, ɤɜɚɧɬɨɜɵɣ ɜɵɯɨɞ, ɚ ɬɚɤɠɟ ɫɩɟɤɬɪɵ ɜɨɡɛɭɠɞɟɧɢя ɥɸɦɢ-
ɧɟɫɰɟɧɰɢɢ ɢ ɫɩɟɤɬɪɵ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɞɚɧɧɨɝɨ ɫɬɟɤɥɚ. Кɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 2, ɞɥɢɧɚ ɜɨɥɧɵ ɜɨɡɛɭ-
ɠɞɟɧɢя, ɩɪɢ ɤɨɬɨɪɨɣ ɧɚɛɥɸɞɚɟɬɫя ɦɚɤɫɢɦɭɦ ɥɸɦɢɧɟɫɰɟɧɰɢɢ, ɫɨɫɬɚɜɥяɟɬ 320 ɧɦ. В ɬɚɤɨɦ ɫɥɭ-
ɱɚɟ ɦɚɤɫɢɦɭɦ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɧɚɛɥɸɞɚɟɬɫя ɧɚ ɥɸɦ = 500 ɧɦ. Иɡ ɪɢɫ. 3 ɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɜɨɡɛɭɠ-
ɞɟɧɢɢ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 320 ɧɦ ɧɚɛɥɸɞɚɟɬɫя ɲɢɪɨɤɚя ɩɨɥɨɫɚ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɨɬ 380 ɞɨ 700 ɧɦ,  
ɬ. ɟ. ɩɪɚɤɬɢɱɟɫɤɢ ɜɟɫɶ ɜɢɞɢɦɵɣ ɞɢɚɩɚɡɨɧ. Кɜɚɧɬɨɜɵɣ ɜɵɯɨɞ ɞɥя ɞɚɧɧɨɣ ɞɥɢɧɵ ɜɨɥɧɵ ɫɨɫɬɚɜɥя-
ɟɬ 45 %. ɋɨɝɥɚɫɧɨ [1], ɬɚɤɨɣ ɩɨɥɨɫɨɣ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɦɨɝɭɬ ɨɛɥɚɞɚɬɶ ɢɨɧɵ ɦɟɞɢ Cu+. 

Заɤɥючɟɧɢɟ 
ɋɢɧɬɟɡɢɪɨɜɚɧ ɧɨɜɵɣ ɞɟɲɟɜɵɣ ɦɚɬɟɪɢɚɥ, ɧɟ ɫɨɞɟɪɠɚɳɢɣ ɬɚɤɢɯ ɞɨɪɨɝɢɯ ɤɨɦɩɨɧɟɧɬɨɜ, 

ɤɚɤ, ɧɚɩɪɢɦɟɪ, ɢɨɧɵ ɪɟɞɤɨɣ ɡɟɦɥɢ. Кɜɚɧɬɨɜɵɣ ɜɵɯɨɞ ɫɨɫɬɚɜɥяɟɬ 45% ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɜ ɫɬɚɧ-
ɞɚɪɬɧɵɟ ɞɥɢɧɵ ɜɨɥɧ ɥɸɦɢɧɨɮɨɪɨɜ ɢ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɜɨ ɜɫɟɦ ɜɢɞɢɦɨɦ ɞɢɚɩɚɡɨɧɟ ɫɩɟɤɬɪɚ. 

Ʌɢɬɟɪаɬɭɪа 
1. P. Nebolova et al. Solid State Ionics. 2001. V. 141-142. P. 609—615. 
 

Luminescent Materials Based on Copper-Containing  

Potassium-Alumina-Borate Glass 
 

P. S. Shirshnev, N. V. Nikonorov, D. S. Agafonova, A. I. Sidorov, D. I. Sobolev 

ITMO University, Saint-Petersburg, Russia, e-mail: pavel.shirshnev@gmail.com 

Potassium-alumina-borate glass was synthesized with copper ions and clusters. It is shown that this 
material has a high glass transition temperature , the quantum yield of luminescence is 45 %. The material may 
be promising for use as inexpensive luminophor. 

 
Keywords: luminescence, quantum yield, cluster, copper ions. 
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Сɟɧɫɨɪ вɨɞɨɪɨɞа ɧа ɨɫɧɨвɟ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɣ ɩаɪы  
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Ɋɚɫɫɦɨɬɪɟɧɚ ɪɟɚɥɢɡɚɰɢя ɧɨɜɨɝɨ ɬɢɩɚ ɦɚɥɨɝɚɛɚɪɢɬɧɨɝɨ ɫɟɧɫɨɪɚ ɜɨɞɨɪɨɞɚ, ɜɤɥɸɱɚɸɳɚя ɜ ɫɟɛя ɨɩ-

ɬɨɩɚɪɭ: ɫɜɟɬɨɞɢɨɞɧɵɣ ИК-ɢɡɥɭɱɚɬɟɥɶ ɢ ɆɈɉ ɞɢɨɞ ɫ ɩɚɥɥɚɞɢɟɜɵɦ ɫɥɨɟɦ ɧɚ ɨɫɧɨɜɟ InP. В ɨɫɧɨɜɟ ɧɨɜɨɣ 
ɤɨɧɰɟɩɰɢɢ ɥɟɠɢɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɢɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɮɨɬɨЭДɋ ɆɈɉ ɞɢɨɞɚ ɫ Pd-ɫɥɨɟɦ ɨɬ ɤɨɧɰɟɧɬɪɚ-
ɰɢɢ ɜɨɞɨɪɨɞɚ. Ɉɤɚɡɚɥɨɫɶ, ɱɬɨ ɞɥя ɬɚɤɢɯ ɞɢɨɞɨɜ ɢɦɟɟɬɫя ɨɛɳɚя ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ: ɜ ɝɚɡɨɜɨɣ ɫɦɟɫɢ ɫ ɜɨɞɨ-
ɪɨɞɨɦ ɩɪɢ ɨɛɥɭɱɟɧɢɢ ɫɬɪɭɤɬɭɪ ɢɧɮɪɚɤɪɚɫɧɵɦ ɫɜɟɬɨɦ ɢɡɦɟɧɟɧɢɟ ɮɨɬɨЭДɋ ɧɚ ɩɨɪяɞɨɤ ɫɢɥɶɧɟɟ, ɱɟɦ ɢɡ-
ɦɟɧɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɆɈɉ ɞɢɨɞɨɜ ɫ Pd-ɫɥɨɟɦ ɛɟɡ ɨɫɜɟɳɟɧɢя. Ɋɚɫɫɦɚɬɪɢɜɚɸɬɫя ɷɥɟɤ-
ɬɪɢɱɟɫɤɢɟ ɢ ɮɨɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɆɈɉ ɞɢɨɞɚ ɧɚ ɨɫɧɨɜɟ Pd-ɨɤɫɢɞ—InP, ɚ ɬɚɤɠɟ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟ 
ɫɟɧɫɨɪɚ ɜɨɞɨɪɨɞɚ ɫ ɩɨɪɨɝɨɦ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ 0.01 %. 

Кɥючɟвыɟ ɫɥɨва: ɫɟɧɫɨɪ, ɜɨɞɨɪɨɞ, ɆɈɉ ɞɢɨɞ, ɤɨɧɰɟɧɬɪɚɰɢя ɜɨɞɨɪɨɞɚ, ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ.  
 

В ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɜɧɢɦɚɧɢɟ ɦɢɪɨɜɨɝɨ ɧɚɭɱɧɨɝɨ ɫɨɨɛɳɟɫɬɜɚ ɨɛɪɚɳɟɧɨ ɤ ɩɨɢɫɤɚɦ ɚɥɶɬɟɪ-
ɧɚɬɢɜɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɷɧɟɪɝɢɢ, ɩɪɟɠɞɟ ɜɫɟɝɨ ɤ ɪɚɡɜɢɬɢɸ ɜɨɞɨɪɨɞɧɨɣ ɷɧɟɪɝɟɬɢɤɢ. Вɚɠɧɨɫɬɶ 
ɷɬɨɣ ɩɪɨɛɥɟɦɵ ɛɵɥɚ ɨɬɦɟɱɟɧɚ ɜ 2006 ɝ. ɜ ɫɬɨɥɟɬɧɟɦ ɦɟɦɨɪɚɧɞɭɦɟ, ɨɛɪɚɳɟɧɧɨɦ ɤ ɝɥɚɜɚɦ ɜɟɞɭ-
ɳɢɯ ɞɟɪɠɚɜ ɢ ɩɨɞɩɢɫɚɧɧɨɦ ɜɟɞɭɳɢɦɢ ɭɱɟɧɵɦɢ ɢ ɫɩɟɰɢɚɥɢɫɬɚɦɢ ɜ ɨɛɥɚɫɬɢ ɜɨɞɨɪɨɞɧɨɣ ɷɧɟɪɝɟ-
ɬɢɤɢ [1]. В ɷɬɨɦ ɩɥɚɧɟ ɜɚɠɧɵɦɢ ɩɪɟɞɫɬɚɜɥяɸɬɫя ɪɚɡɪɚɛɨɬɤɚ ɤɢɫɥɨɪɨɞɧɨ-ɜɨɞɨɪɨɞɧɵɯ ɞɜɢɝɚɬɟ-
ɥɟɣ ɞɥя ɦɨɳɧɵɯ ɢ ɫɜɟɪɯɦɨɳɧɵɯ ɪɚɤɟɬ, ɚ ɬɚɤɠɟ ɜɨɞɨɪɨɞɧɵɯ ɞɜɢɝɚɬɟɥɟɣ ɞɥя ɚɜɬɨɦɨɛɢɥɟɣ, ɩɪɨ-
ɛɥɟɦɚ ɬɪɚɧɫɩɨɪɬɢɪɨɜɤɢ ɢ ɯɪɚɧɟɧɢя ɜɨɞɨɪɨɞɚ, ɫɨɡɞɚɧɢɟ ɪɚɡɥɢɱɧɵɯ ɬɢɩɨɜ ɫɟɧɫɨɪɨɜ ɜɨɞɨɪɨɞɚ, 
ɫɩɨɫɨɛɧɵɯ ɤɚɤ ɪɟɝɢɫɬɪɢɪɨɜɚɬɶ ɭɬɟɱɤɢ ɜɨɞɨɪɨɞɚ, ɬɚɤ ɢ ɨɛɟɫɩɟɱɢɬɶ ɛɟɡɨɩɚɫɧɨɫɬɶ ɨɤɪɭɠɚɸɳɟɣ 
ɫɪɟɞɵ. Ɉɫɨɛɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥяɟɬɫя ɞɟɬɟɤɬɢɪɨɜɚɧɢɸ ɜɡɪɵɜɨɨɩɚɫɧɵɯ ɤɨɧɰɟɧɬɪɚɰɢɣ ɜɨɞɨɪɨɞɚ 
(4.7 %). В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɭɠɟ ɪɚɡɪɚɛɨɬɚɧɵ ɢɥɢ ɪɚɡɪɚɛɚɬɵɜɚɸɬɫя ɫɟɧɫɨɪɵ ɜɨɞɨɪɨɞɚ ɧɚ ɨɫɧɨɜɟ 
ɫɥɟɞɭɸɳɢɯ ɮɢɡɢɱɟɫɤɢɯ ɩɪɢɧɰɢɩɨɜ. 

1. Кɚɬɚɥɢɬɢɱɟɫɤɢɟ ɢ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɟ ɫɟɧɫɨɪɵ ɜɨɞɨɪɨɞɚ. Ɍɚɤɢɟ ɫɟɧɫɨɪɵ ɩɪɨɢɡɜɨɞяɬ, 
ɧɚɩɪɢɦɟɪ, RKI Instruments [2] ɢ ɞɪɭɝɢɟ ɮɢɪɦɵ. Ɉɧɢ ɨɛɥɚɞɚɸɬ ɯɨɪɨɲɟɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ, ɧɨ 
ɢɦɟɸɬ ɪяɞ ɫɭɳɟɫɬɜɟɧɧɵɯ ɧɟɞɨɫɬɚɬɤɨɜ: ɜɵɫɨɤɭɸ ɪɚɛɨɱɭɸ ɬɟɦɩɟɪɚɬɭɪɭ (ɞɨ 400—450 ɋ) ɢ ɩɥɨ-
ɯɨɟ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟ (ɦɢɧɭɬɵ), ɱɬɨ ɫɜяɡɚɧɨ ɫ ɩɪɨɬɟɤɚɧɢɟɦ ɦɟɞɥɟɧɧɵɯ ɯɢɦɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ. 

2. Ɍɜɟɪɞɨɬɟɥɶɧɵɟ ɫɟɧɫɨɪɵ ɜɨɞɨɪɨɞɚ ɧɚ ɨɫɧɨɜɟ ɩɥɟɧɤɢ SnO2, ɧɚɩɵɥɟɧɧɨɣ ɧɚ ɤɟɪɚɦɢɤɟ ɢɥɢ 
ɤɪɟɦɧɢɢ [3]. Ɉɫɧɨɜɧɨɣ ɧɟɞɨɫɬɚɬɨɤ ɬɚɤɢɯ ɫɟɧɫɨɪɨɜ — ɜɵɫɨɤɚя ɪɚɛɨɱɚя ɬɟɦɩɟɪɚɬɭɪɚ (300—400 ɋ) 
ɢ ɩɥɨɯɚя ɫɟɥɟɤɬɢɜɧɨɫɬɶ. 

3. Вɨɞɨɪɨɞɧɵɟ ɫɟɧɫɨɪɵ ɧɚ ɨɫɧɨɜɟ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɢ ɞɢɨɞɨɜ Шɨɬɬɤɢ ɫ ɩɚɥɥɚɞɢɟɜɵɦ 
ɫɥɨɟɦ, ɧɚɩɪɢɦɟɪ, ɮɢɪɦ General Monitors Inc. [4], Nippon Soken Inc. ɢ ɞɪ. Ɉɫɧɨɜɧɨɣ ɫɩɨɫɨɛ ɞɟ-
ɬɟɤɬɢɪɨɜɚɧɢя ɜ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪɚɯ — ɪɟɝɢɫɬɪɚɰɢя ɢɡɦɟɧɟɧɢя ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɞɚɬɱɢɤɚ 
ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɜɨɞɨɪɨɞɚ (ɢɡɦɟɧɟɧɢɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢɥɢ ɟɦɤɨɫɬɢ ɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɷɥɟɦɟɧɬɚ). 
Ɉɫɧɨɜɧɨɣ ɢɯ ɧɟɞɨɫɬɚɬɨɤ — ɧɢɡɤɚя ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɢ ɟɟ ɭɜɟɥɢɱɟ-
ɧɢɟ ɩɪɢ ɧɚɝɪɟɜɟ. 

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɚ ɪɟɚɥɢɡɚɰɢя ɧɨɜɨɝɨ ɬɢɩɚ ɦɚɥɨɝɚɛɚɪɢɬɧɨɝɨ ɫɟɧɫɨɪɚ ɜɨɞɨɪɨɞɚ, 
ɜɤɥɸɱɚɸɳɟɝɨ ɜ ɫɟɛя ɨɩɬɨɩɚɪɭ: ɫɜɟɬɨɞɢɨɞɧɵɣ ИК-ɢɡɥɭɱɚɬɟɥɶ ɢ ɞɢɨɞ Шɨɬɬɤɢ ɫ ɩɚɥɥɚɞɢɟɜɵɦ 
ɫɥɨɟɦ ɧɚ ɨɫɧɨɜɟ InP. В ɨɫɧɨɜɟ ɧɨɜɨɣ ɤɨɧɰɟɩɰɢɢ ɥɟɠɢɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɢɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ 
ɮɨɬɨЭДɋ ɞɢɨɞɚ Шɨɬɬɤɢ ɫ Pd-ɫɥɨɟɦ ɨɬ ɤɨɧɰɟɧɬɪɚɰɢɢ ɜɨɞɨɪɨɞɚ. Ɉɤɚɡɚɥɨɫɶ, ɱɬɨ ɞɥя ɬɚɤɢɯ ɞɢɨ-
ɞɨɜ ɢɦɟɟɬɫя ɨɛɳɚя ɡɚɤɨɧɨɦɟɪɧɨɫɬɶ: ɜ ɝɚɡɨɜɨɣ ɫɦɟɫɢ ɫ ɜɨɞɨɪɨɞɨɦ ɢɡɦɟɧɟɧɢɟ ɮɨɬɨЭДɋ ɩɪɢ ɨɛ-
ɥɭɱɟɧɢɢ ɫɬɪɭɤɬɭɪ ИК ɫɜɟɬɨɦ ɧɚ ɩɨɪяɞɨɤ ɫɢɥɶɧɟɟ, ɱɟɦ ɢɡɦɟɧɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɞɢɨɞɨɜ Шɨɬɬɤɢ ɫ Pd-ɫɥɨɟɦ ɛɟɡ ɨɫɜɟɳɟɧɢя. В ɪяɞɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɩɚɥɥɚɞɢɟ-
ɜɨɦ ɫɥɨɟ ɩɪɨɢɫɯɨɞɢɬ ɞɢɫɫɨɰɢɚɰɢя ɦɨɥɟɤɭɥ ɜɨɞɨɪɨɞɚ ɧɚ ɩɨɥɨɠɢɬɟɥɶɧɵɟ ɢɨɧɵ ɢ ɨɬɪɢɰɚɬɟɥɶɧɵɟ 
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ɷɥɟɤɬɪɨɧɵ: ɇ2 → 2ɇ+ + 2e–. Вɛɥɢɡɢ ɩɨɜɟɪɯɧɨɫɬɢ ɮɨɪɦɢɪɭɟɬɫя ɩɨɥɨɠɢɬɟɥɶɧɨ ɡɚɪяɠɟɧɧɵɣ ɫɥɨɣ, 
ɤɨɬɨɪɵɣ ɦɟɧяɟɬ ɜɵɫɨɬɭ ɛɚɪɶɟɪɚ ɜ ɞɢɨɞɚɯ Шɨɬɬɤɢ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, ɟɦɤɨɫɬɶ ɢ ɬɨɤ ɱɟɪɟɡ ɩɟɪɟɯɨɞ 
ɦɟɬɚɥɥ—ɩɨɥɭɩɪɨɜɨɞɧɢɤ. Ɉɞɧɚɤɨ ɫɬɟɩɟɧɶ ɢɡɦɟɧɟɧɢя ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɧɟ ɨɛɟɫɩɟ-
ɱɢɜɚɟɬ ɧɟɨɛɯɨɞɢɦɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ. Вɥɢяɧɢɟ ɜɨɞɨɪɨɞɚ ɧɚ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ 
ɞɢɨɞɨɜ Шɨɬɬɤɢ ɭɫɢɥɢɜɚɟɬɫя ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ, ɩɪɟɠɞɟ ɜɫɟɝɨ ɢɡ-ɡɚ ɭɜɟɥɢɱɟɧɢя ɫɬɟ-
ɩɟɧɢ ɞɢɫɫɨɰɢɚɰɢɢ ɦɨɥɟɤɭɥ.  

ɇɚ ɨɫɧɨɜɟ ɚɧɚɥɢɡɚ ɮɚɤɬɨɪɨɜ, ɜɥɢяɸɳɢɯ ɧɚ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɮɨɬɨЭДɋ ɤ ɜɨɞɨɪɨɞɭ, ɜɵяɫ-
ɧɟɧɨ, ɱɬɨ ɞɥя ɩɨɥɭɱɟɧɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɧɟɨɛɯɨɞɢɦɨ ɢɦɟɬɶ ɦɚɤɫɢɦɚɥɶɧɭɸ 
ɜɵɫɨɬɭ ɛɚɪɶɟɪɚ Шɨɬɬɤɢ, ɤɨɬɨɪɚя ɡɚɜɢɫɢɬ ɨɬ ɪɚɡɧɢɰɵ ɪɚɛɨɬɵ ɜɵɯɨɞɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɢ ɪɚɛɨɬɵ 
ɜɵɯɨɞɚ ɩɚɥɥɚɞɢя. Ɋɚɛɨɬɚ ɜɵɯɨɞɚ Pd ɢ ɷɥɟɤɬɪɨɧɧɵɟ ɫɪɨɞɫɬɜɚ ɫɨɟɞɢɧɟɧɢɣ АIIIВV ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ 
ɪɢɫ. 1. Вɢɞɧɨ, ɱɬɨ GaSb p-ɬɢɩɚ ɢ InAs n-ɬɢɩɚ ɧɟ ɨɛɪɚɡɭɸɬ ɛɚɪɶɟɪ Шɨɬɬɤɢ ɫ ɩɚɥɥɚɞɢɟɦ.  
InP n-ɬɢɩɚ ɨɛɪɚɡɭɟɬ ɫ Pd ɛɚɪɶɟɪ Шɨɬɬɤɢ ɫ ɨɛɟɞɧɟɧɢɟɦ ɩɪɢɩɨɜɟɪɯɧɨɫɬɧɨɝɨ n-ɫɥɨя ɩɨɥɭɩɪɨɞɧɢ-
ɤɚ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɜɵɲɟɫɤɚɡɚɧɧɨɝɨ ɩɪɢɧяɬɨ ɪɟɲɟɧɢɟ ɢɡɝɨɬɨɜɢɬɶ ɞɢɨɞɵ Шɨɬɬɤɢ Pd—n-InP. 
Иɫɫɥɟɞɨɜɚɧɢɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ (ВАХ) ɬɚɤɢɯ ɞɢɨɞɨɜ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɞɢɨɞɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɦɟɸɬ ɞɢɨɞɵ, ɢɡɝɨɬɨɜɥɟɧɧɵɟ ɧɚ ɩɨɞɥɨɠɤɚɯ ɬɨɥɶɤɨ ɫ ɧɢɡɤɨɣ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 
ɧɨɫɢɬɟɥɟɣ (1016 ɫɦ–3) ɫ ɧɚɩɪяɠɟɧɢɟɦ ɨɬɫɟɱɤɢ 0.1 В. Ɍɚɤɨɟ ɧɢɡɤɨɟ ɧɚɩɪяɠɟɧɢɟ ɨɬɫɟɱɤɢ ɞɢɨɞɨɜ 
ɪɟɡɤɨ ɨɝɪɚɧɢɱɢɜɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɫɨɡɞɚɧɢя ɫɟɧɫɨɪɨɜ ɜɨɞɨɪɨɞɚ ɜ ɲɢɪɨɤɨɦ ɬɟɦɩɟɪɚɬɭɪɧɨɦ 
ɞɢɚɩɚɡɨɧɟ (–50  +50 ɋ). ɇɟɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɛɨɥɟɟ ɲɢɪɨɤɨɡɨɧɧɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɢ ɢ ɫ 
ɛɨɥɶɲɟɣ ɪɚɡɧɢɰɟɣ ɪɚɛɨɬɵ ɜɵɯɨɞɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɢ ɩɚɥɥɚɞɢя.  
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Ɋɢɫ.1 Ɋɚɛɨɬɚ ɜɵɯɨɞɚ Pd, ɷɥɟɤɬɪɨɧɧɨɟ ɫɪɨɞɫɬɜɨ ɢ ɲɢɪɢɧɚ  
ɡɚɩɪɟɳɟɧɧɨɣ InP, GaSb ɢ InAs. 

 Ɋɢɫ. 2. Фɨɬɨ ɱɢɩɚ ɫɟɧɫɨɪɧɨɝɨ  
ɷɥɟɦɟɧɬɚ  

 
Вɵɯɨɞ ɧɚɣɞɟɧ ɧɚ ɩɭɬɢ ɜɵɪɚɳɢɜɚɧɢя ɨɤɫɢɞɧɨɝɨ ɫɥɨя (In2O3—In2O5—InP) ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ 

n-InP ɫ ɩɨɫɥɟɞɭɸɳɢɦ ɧɚɩɵɥɟɧɢɟɦ Pd-ɫɥɨя ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɨɤɫɢɞɧɨɝɨ ɫɥɨя. ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜ-
ɥɟɧɚ ɮɨɬɨɝɪɚɮɢя ɱɢɩɚ ɫɟɧɫɨɪɧɨɝɨ ɷɥɟɦɟɧɬɚ ɫ ɡɨɥɨɬɵɦ ɤɨɧɬɚɤɬɨɦ (ɤɪɟɫɬ), ɧɚɩɵɥɟɧɧɵɦ ɧɚ ɩɚɥ-
ɥɚɞɢɟɜɵɣ ɫɥɨɣ (ɤɜɚɞɪɚɬ ɜ ɰɟɧɬɪɟ ɱɢɩɚ). ɇɚ ɪɢɫ. 3 ɩɪɟɞɫɬɚɜɥɟɧɚ ɷɧɟɪɝɟɬɢɱɟɫɤɚя ɞɢɚɝɪɚɦɦɚ ɞɢɨ-
ɞɚ Шɨɬɬɤɢ ɫ ɨɤɫɢɞɧɵɦ ɫɥɨɟɦ. ɋɥɨɣ ɨɤɫɢɞɚ ɩɨɥɭɱɟɧ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɦ ɨɤɢɫɥɟɧɢɟɦ ɩɨɜɟɪɯɧɨ-
ɫɬɢ InP, ɜ ɪɚɡɥɢɱɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɟɝɨ ɬɨɥɳɢɧɚ 300—1000 Å, ɫɥɨɣ Pd (250—400 Å) ɧɚɧɨɫɢɥɫя 
ɦɟɬɨɞɨɦ ɬɟɪɦɨɜɚɤɭɭɦɧɨɝɨ ɧɚɩɵɥɟɧɢя. 

Иɫɫɥɟɞɨɜɚɧɵ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɢ ɮɨɬɨɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɞɢɨɞɨɜ Шɨɬɬɤɢ ɧɚ ɨɫɧɨɜɟ  
Pd-ɨɤɫɢɞ—InP. Иɫɫɥɟɞɨɜɚɧɢя ɩɪɨɜɟɞɟɧɵ ɤɚɤ ɛɟɡ ɜɨɞɨɪɨɞɚ, ɬɚɤ ɢ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɜɨɞɨɪɨɞɚ (ɚɧɚ-
ɥɢɡɢɪɨɜɚɥɢɫɶ ɫɦɟɫɢ ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɜɨɞɨɪɨɞɚ 1 %). Иɫɫɥɟɞɨɜɚɧɵ ВАХ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ 
ɬɟɦɩɟɪɚɬɭɪ [7]. Иɡ ɪɢɫ. 4 ɜɢɞɧɨ, ɱɬɨ ВАХ ɢɦɟɸɬ ɞɢɨɞɧɵɣ ɯɚɪɚɤɬɟɪ. ɇɚɩɪяɠɟɧɢɟ ɨɬɫɟɱɤɢ ɡɚɜɢ-
ɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. Иɫɯɨɞя ɢɡ ɚɧɚɥɢɡɚ ɬɟɦɩɟɪɚɬɭɪɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ВАХ, ɨɛɫɭɞɢɦ ɦɟɯɚɧɢɡɦɵ 
ɩɪɨɬɟɤɚɧɢя ɬɨɤɚ ɢ ɩɪɨɜɟɞɟɦ ɨɰɟɧɤɭ ɜɵɫɨɬɵ ɛɚɪɶɟɪɚ Шɨɬɬɤɢ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɆɈɉ-ɫɬɪɭɤ-
ɬɭɪɚɯ. ɇɚ ɪɢɫ. 5 ɩɪɟɞɫɬɚɜɥɟɧ ɫɩɟɤɬɪ ɮɨɬɨɨɬɜɟɬɚ ɨɞɧɨɝɨ ɢɡ ɬɢɩɢɱɧɵɯ ɨɛɪɚɡɰɨɜ ɞɢɨɞɨɜ Шɨɬɬɤɢ. 
Дɥя ɫɨɡɞɚɧɢя ɫɟɧɫɨɪɚ ɜɨɞɨɪɨɞɚ ɢɫɩɨɥɶɡɨɜɚɧɚ ɨɩɬɨɩɚɪɚ ɆɈɉ-ɞɢɨɞ ɢ ɫɜɟɬɨɞɢɨɞ ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 
ɢɡɥɭɱɟɧɢя 0.9 ɦɤɦ. ɉɪɢ ɷɬɨɦ ɞɢɨɞ ɨɫɜɟɳɚɥɫя ɫɨ ɫɬɨɪɨɧɵ ɩɚɥɥɚɞɢɟɜɨɝɨ ɫɥɨя. Иɫɫɥɟɞɨɜɚɧɨ ɛɵ-
ɫɬɪɨɞɟɣɫɬɜɢɟ ɆɈɉ-ɞɢɨɞɚ ɧɚ ɨɫɧɨɜɟ Pd/ɨɤɫɢɞ-InP, ɪɚɛɨɬɚɸɳɟɝɨ ɜ ɤɚɱɟɫɬɜɟ ɞɚɬɱɢɤɚ ɜɨɞɨɪɨɞɚ. 
Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜɪɟɦя ɧɚɪɚɫɬɚɧɢя ɫɢɝɧɚɥɚ ɞɨ ɭɪɨɜɧя 0.9 ɫɨɫɬɚɜɥяɟɬ 2—5 ɫ, ɜɪɟɦя ɫɩɚɞɚ ɫɢɝ-
ɧɚɥɚ ɞɨ ɭɪɨɜɧя 0.1 — 60—80 ɫ (ɪɢɫ. 6). 

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɦɵ ɞɟɦɨɧɫɬɪɢɪɭɟɦ ɫɨɡɞɚɧɢɟ ɢ ɢɫɫɥɟɞɨɜɚɧɢɟ ɤɨɦɩɚɤɬɧɨɝɨ ɫɟɧɫɨɪɚ ɜɨɞɨ-
ɪɨɞɚ ɫ ɩɨɪɨɝɨɦ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɧɟ ɯɭɠɟ 0.01 % ɢ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟɦ (2—5 ɫ) ɩɪɢ ɤɨɦɧɚɬɧɨɣ 
ɬɟɦɩɟɪɚɬɭɪɟ ɢ ɧɢɡɤɢɦ ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟɦ (ɪɢɫ. 7). 
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Ɋɢɫ. 3. Зɨɧɧɚя ɞɢɚɝɪɚɦɦɚ ɫɬɪɭɤɬɭɪɵ  
Pd-ɨɤɫɢɞ—n-InP 

 Ɋɢɫ. 4. ВАХ ɞɥя ɬɢɩɢɱɧɨɣ ɫɬɪɭɤɬɭɪɵ Pd-ɨɤɫɢɞ—
n-InP ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 80–300 К 
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Ɋɢɫ. 5.ɋɩɟɤɬɪ ɮɨɬɨɨɬɜɟɬɚ ɜ ɜɨɡɞɭɯɟ (1) ɢ ɜ ɝɚɡɨɜɨɣ 
ɫɦɟɫɢ, ɫɨɞɟɪɠɚɳɟɣ 0.01% H2 (2) 

 Ɋɢɫ. 6. Иɡɦɟɧɟɧɢɟ ɮɨɬɨɬɨɤɚ ɆɈɉ ɞɢɨɞɚ Pd-ɨɤɫɢɞ–
n-InP ɩɪɢ ɜɤɥɸɱɟɧɢɢ/ɜɵɤɥɸɱɟɧɢɢ. ɇ2 (100%) 

 

                      
 
Ɋɢɫ. 7. Ȼɵɫɬɪɨɞɟɣɫɬɜɢɟ ɞɚɬɱɢɤɚ ɜɨɞɨɪɨɞɚ ɧɚ ɆɈɉ 
ɫɬɪɭɤɬɭɪɟ ɆɈɉ ɞɢɨɞɚ Pd-ɨɤɫɢɞ–n-InP 

 Ɋɢɫ. 8. Фɨɬɨɝɪɚɮɢя ɞɚɬɱɢɤɚ ɜɨɞɨɪɨɞɚ ДВ1. 

 
Ɋɚɛɨɬɚ ɱɚɫɬɢɱɧɨ ɩɨɞɞɟɪɠɚɧɚ ɩɪɨɝɪɚɦɦɨɣ ɉɪɟɡɢɞɢɭɦɚ ɊАɇ №1 “ɇɚɧɨɫɬɪɭɤɬɭɪɵ: ɮɢɡɢɤɚ, 

ɯɢɦɢя, ɛɢɨɥɨɝɢя, ɨɫɧɨɜɵ ɬɟɯɧɨɥɨɝɢɣ”, ɩɪɨɝɪɚɦɦɨɣ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɈФɇ ɊАɇ, 
ɚ ɬɚɤɠɟ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɦ ɤɨɧɬɪɚɤɬɨɦ №11705.004.11.001. 
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Optoelectronic Hydrogen Sensor Based on MOS Diode and IR LED 

Yu. P. Yakovlev a, E. A. Grebenshchikova a, A. N. Imenkov a, N. D.Il’inskaya a,  
O. Yu. Serebrennikova b, A. M. Ospennikov b, V. V. Sherstnev a 
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In this paper the realization of a new type of compact hydrogen sensor based on optocoupler: LED  
IR LED and a MOS diode with a palladium layer on the substrate InP will be discussed. In the base of a new 
concept, the idea of using strong photovoltage dependence of a Schottky diode with a palladium layer on the 
hydrogen concentration is laied. It was found that there is general characteristic for such diodes: in gas-hydrogen 
mixture photovoltage changing under irradiation of structures with infrared light is stronger than the change of 
the electrical characteristics of the MOS diode with a palladium layer without illumination. Electric and photo-
electric properties of MOS diode based on Pd-ɨxide—InP, as well as the speed of hydrogen sensors with 
sensitivity threshold of 0.01% were studied. 

Keywords: sensors, hydrogen, MOS diodes, concentration of hydrogen, sensitivity. 
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ɋ ɰɟɥɶɸ ɫɨɡɞɚɧɢя ɞɚɬɱɢɤɚ ɜɨɞɨɪɨɞɚ, ɫɩɨɫɨɛɧɨɝɨ ɷɮɮɟɤɬɢɜɧɨ ɪɚɛɨɬɚɬɶ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, 
ɢɡɝɨɬɨɜɥɟɧɵ ɆɈɉ-ɫɬɪɭɤɬɭɪɵ Pd-ɚɧɨɞɧɵɣ ɨɤɫɢɞ—InP. Иɡɭɱɟɧɵ ɦɟɯɚɧɢɡɦɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɪɭɤɬɭɪ ɩɪɢ 
100—300 К. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɨɤɫɢɞ ɜɟɞɟɬ ɫɟɛя ɤɚɤ ɨɦɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɚ ɜɵɩɪяɦɥяɸɳɢɟ ɫɜɨɣɫɬɜɚ 
ɫɬɪɭɤɬɭɪ ɨɩɪɟɞɟɥяɸɬɫя ɩɨɬɟɧɰɢɚɥɶɧɵɦ ɛɚɪɶɟɪɨɦ ɧɚ ɝɪɚɧɢɰɟ ɨɤɫɢɞ—InP ɫ ɬɟɪɦɨɬɭɧɧɟɥɶɧɵɦ ɦɟɯɚɧɢɡɦɨɦ 
ɩɪɨɜɨɞɢɦɨɫɬɢ. Хɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɬɪɭɤɬɭɪɵ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɸɬɫя ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɜɨɞɨɪɨɞɚ ɜ ɨɤɪɭɠɚɸ-
ɳɟɣ ɫɪɟɞɟ. 

Кɥючɟвыɟ ɫɥɨва: ɜɨɞɨɪɨɞ, ɆɈɉ-ɫɬɪɭɤɬɭɪɚ, ɜɨɥɶɬ-ɚɦɩɟɪɧɚя ɯɚɪɚɤɬɟɪɢɫɬɢɤɚ, ɦɟɯɚɧɢɡɦ ɩɪɨɜɨɞɢ-
ɦɨɫɬɢ, InP. 

В ɛɥɢɠɚɣɲɟɦ ɛɭɞɭɳɟɦ ɜɨɞɨɪɨɞ ɦɨɠɟɬ ɫɬɚɬɶ ɨɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɷɧɟɪɝɢɢ, ɡɚ-
ɩɚɫɵ ɤɨɬɨɪɨɝɨ ɜ ɜɨɞɚɯ Ɇɢɪɨɜɨɝɨ ɨɤɟɚɧɚ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɢɫɱɟɪɩɚɟɦɵ. В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɜɨ 
ɦɧɨɝɢɯ ɫɬɪɚɧɚɯ ɪɚɛɨɬɵ ɩɨ ɜɨɞɨɪɨɞɧɨɣ ɷɧɟɪɝɟɬɢɤɟ ɨɬɧɨɫяɬɫя ɤ ɩɪɢɨɪɢɬɟɬɧɵɦ ɧɚɩɪɚɜɥɟɧɢяɦ 
ɫɨɰɢɚɥɶɧɨ-ɷɤɨɧɨɦɢɱɟɫɤɨɝɨ ɪɚɡɜɢɬɢя. В ɷɬɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɪɚɛɨɬɚɸɬ ɬɵɫяɱɢ ɧɚɭɱɧɵɯ ɝɪɭɩɩ ɢ 
ɩɪɟɞɩɪɢяɬɢɣ, ɚ ɫɭɦɦɚɪɧɚя ɦɨɳɧɨɫɬɶ ɜɨɞɨɪɨɞɧɵɯ ɭɫɬɚɧɨɜɨɤ ɭɠɟ ɫɨɫɬɚɜɥяɟɬ ɦɧɨɝɢɟ ɦɟɝɚɜɚɬɬɵ 
ɢ ɟɠɟɝɨɞɧɨ ɪɚɫɬɟɬ ɧɚ 20—30 %. Вɟɞɭɬɫя ɚɤɬɢɜɧɵɟ ɩɨɢɫɤɢ ɩɭɬɟɣ ɩɟɪɟɜɨɞɚ ɷɧɟɪɝɨɟɦɤɢɯ ɨɬɪɚɫ-
ɥɟɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ ɧɚ ɜɨɞɨɪɨɞɧɨɟ ɬɨɩɥɢɜɨ. Уɠɟ ɫɨɡɞɚɧɵ ɢ ɷɤɫɩɥɭɚɬɢɪɭɸɬɫя ɪɚɡɥɢɱɧɵɟ ɨɛ-
ɪɚɡɰɵ ɬɟɯɧɢɤɢ, ɪɚɛɨɬɚɸɳɢɟ ɧɚ ɜɨɞɨɪɨɞɧɨɦ ɬɨɩɥɢɜɟ (ɪɚɤɟɬɧɵɟ ɞɜɢɝɚɬɟɥɢ, ɞɜɢɝɚɬɟɥɢ ɞɥя ɠɟ-
ɥɟɡɧɨɞɨɪɨɠɧɨɝɨ ɬɪɚɧɫɩɨɪɬɚ, ɚɜɬɨɦɨɛɢɥɟɣ, ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɭɫɬɚɧɨɜɤɢ ɩɪɟɞɩɪɢяɬɢɣ ɢ ɞɪ). ɇɟ-
ɫɦɨɬɪя ɧɚ ɬɨ ɱɬɨ ɷɬɚ ɨɬɪɚɫɥɶ ɷɧɟɪɝɟɬɢɤɢ ɫɭɳɟɫɬɜɭɟɬ ɭɠɟ ɛɨɥɟɟ 30 ɥɟɬ, ɨɧɚ ɧɟ ɫɬɚɥɚ ɩɨ-ɧɚɫɬɨя-
ɳɟɦɭ ɦɚɫɫɨɜɨɣ. Эɬɨ ɫɜяɡɚɧɨ ɧɟ ɬɨɥɶɤɨ ɫ ɷɤɨɧɨɦɢɱɟɫɤɨɣ ɰɟɥɟɫɨɨɛɪɚɡɧɨɫɬɶɸ, ɧɨ ɢ ɫ ɬɪɭɞɧɨɫɬя-
ɦɢ ɩɨ ɛɟɡɨɩɚɫɧɨɦɭ ɯɪɚɧɟɧɢɸ ɢ ɬɪɚɧɫɩɨɪɬɢɪɨɜɤɟ ɜɡɪɵɜɨɨɩɚɫɧɨɝɨ ɝɚɡɚ, ɩɨɷɬɨɦɭ ɧɚɪяɞɭ ɫ ɫɨɡɞɚ-
ɧɢɟɦ ɜɨɞɨɪɨɞɧɵɯ ɭɫɬɚɧɨɜɨɤ ɢ ɬɨɩɥɢɜɧɵɯ ɷɥɟɦɟɧɬɨɜ ɪɚɡɜɢɜɚɸɬɫя ɪɚɡɪɚɛɨɬɤɢ ɩɪɢɛɨɪɨɜ ɞɥя ɪɟ-
ɝɢɫɬɪɚɰɢɢ ɭɬɟɱɟɤ ɜɨɞɨɪɨɞɚ ɢɡ ɷɬɢɯ ɭɫɬɪɨɣɫɬɜ. Ɉɫɨɛɨɟ ɜɧɢɦɚɧɢɟ ɭɞɟɥяɟɬɫя ɛɵɫɬɪɨɦɭ ɢ ɧɚɞɟɠ-
ɧɨɦɭ ɨɩɪɟɞɟɥɟɧɢɸ ɜɡɪɵɜɨɨɩɚɫɧɨɣ ɤɨɧɰɟɧɬɪɚɰɢɢ ɜɨɞɨɪɨɞɚ ɜ ɜɨɡɞɭɯɟ (~4.7%). В ɢɞɟɚɥɶɧɨɦ 
ɫɥɭɱɚɟ ɞɚɬɱɢɤɢ ɜɨɞɨɪɨɞɚ ɞɨɥɠɧɵ ɪɚɛɨɬɚɬɶ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɨɛɥɚɞɚɬɶ ɜɵɫɨɤɢɦɢ 
ɢɡɛɢɪɚɬɟɥɶɧɨɫɬɶɸ ɢ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɤ ɜɨɞɨɪɨɞɭ, ɛɵɫɬɪɨɞɟɣɫɬɜɢɟɦ, ɧɢɡɤɢɦɢ ɷɧɟɪɝɨɩɨɬɪɟɛ-
ɥɟɧɢɟɦ ɢ ɫɬɨɢɦɨɫɬɶɸ, ɩɪɨɫɬɨɬɨɣ ɜ ɢɡɝɨɬɨɜɥɟɧɢɢ ɢ ɷɤɫɩɥɭɚɬɚɰɢɢ, ɦɢɧɢɦɚɥɶɧɵɦɢ ɝɚɛɚɪɢɬɚɦɢ. 

К ɧɚɫɬɨяɳɟɦɭ ɜɪɟɦɟɧɢ ɢɦɟɸɬɫя ɫɨɨɛɳɟɧɢя ɨ ɪɚɡɪɚɛɨɬɤɚɯ ɜɨɞɨɪɨɞɧɵɯ ɞɚɬɱɢɤɨɜ ɧɚ ɨɫɧɨ-
ɜɟ ɩɨɥɟɜɵɯ ɬɪɚɧɡɢɫɬɨɪɨɜ ɢ ɆДɉ-ɫɬɪɭɤɬɭɪ ɫ ɞɢɷɥɟɤɬɪɢɤɚɦɢ ɢɡ SiO2 ɢɥɢ ɨɤɫɢɞɨɜ ɦɟɬɚɥɥɨɜ — 
In2O3, SnO2, Zr2O3, ɚ ɬɚɤɠɟ ɞɚɬɱɢɤɨɜ, ɜ ɨɫɧɨɜɟ ɪɚɛɨɬɵ ɤɨɬɨɪɵɯ ɥɟɠɚɬ ɷɥɟɤɬɪɨɯɢɦɢɱɟɫɤɢɟ яɜɥɟ-
ɧɢя [1]. Ɉɫɧɨɜɧɨɣ ɧɟɞɨɫɬɚɬɨɤ ɛɨɥɶɲɢɧɫɬɜɚ ɢɡɜɟɫɬɧɵɯ ɞɚɬɱɢɤɨɜ ɜɨɞɨɪɨɞɚ — ɧɟɨɛɯɨɞɢɦɨɫɬɶ 
ɧɚɝɪɟɜɚ ɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɷɥɟɦɟɧɬɚ ɞɨ 200—800°ɋ, ɱɬɨ ɭɠɟ ɫɚɦɨ ɩɨ ɫɟɛɟ ɫɨɡɞɚɟɬ ɩɨɜɵɲɟɧɧɭɸ 
ɜɡɪɵɜɨɨɩɚɫɧɨɫɬɶ ɜ ɜɨɞɨɪɨɞɧɨɣ ɫɪɟɞɟ. Кɪɨɦɟ ɬɨɝɨ, ɤ ɧɟɞɨɫɬɚɬɤɚɦ ɫɭɳɟɫɬɜɭɸɳɢɯ ɞɚɬɱɢɤɨɜ ɦɨɠ-
ɧɨ ɨɬɧɟɫɬɢ ɧɢɡɤɨɟ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟ, ɡɚɜɢɫɢɦɨɫɬɶ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢ ɜɥɚɠɧɨɫɬɢ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟ-
ɞɵ ɢ ɧɚɥɢɱɢя ɜ ɧɟɣ ɢɧɵɯ ɭɝɥɟɜɨɞɨɪɨɞɨɜ, ɜɵɫɨɤɭɸ ɫɬɨɢɦɨɫɬɶ, ɛɨɥɶɲɢɟ ɝɚɛɚɪɢɬɵ ɢ ɜɟɫ. Ɉɬɞɟɥɶ-
ɧɭɸ ɝɪɭɩɩɭ ɫɨɫɬɚɜɥяɸɬ ɩɪɢɛɨɪɵ ɫ ɱɭɜɫɬɜɢɬɟɥɶɧɵɦ ɫɥɨɟɦ ɢɡ ɩɚɥɥɚɞɢя. К ɧɢɦ ɨɬɧɨɫяɬɫя ɩɨɥɟ-
ɜɵɟ ɬɪɚɧɡɢɫɬɨɪɵ, ɆДɉ-ɫɬɪɭɤɬɭɪɵ ɢ ɫɬɪɭɤɬɭɪɵ ɫ ɛɚɪɶɟɪɨɦ Шɨɬɬɤɢ, ɜ ɤɨɬɨɪɵɯ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ 
ɜɨɞɨɪɨɞɚ ɫ ɩɚɥɥɚɞɢɟɦ ɩɪɢɜɨɞɢɬ ɤ ɢɡɦɟɧɟɧɢɸ ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢɥɢ ɮɨɬɨɷɥɟɤɬɪɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ 
ɫɬɪɭɤɬɭɪ [2, 3]. Ɉɫɧɨɜɧɵɟ ɩɪɟɢɦɭɳɟɫɬɜɚ ɬɚɤɢɯ ɩɪɢɛɨɪɨɜ — ɜɨɡɦɨɠɧɨɫɬɶ ɪɚɛɨɬɵ ɩɪɢ ɤɨɦɧɚɬ-
ɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ, ɢɡɛɢɪɚɬɟɥɶɧɚя ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɤ ɜɨɞɨɪɨɞɭ ɢ ɦɚɥɨɟ ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟ.  

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɢɫɫɥɟɞɨɜɚɧɵ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɢ ɦɟɯɚɧɢɡɦɵ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɬɪɭɤ-
ɬɭɪ ɦɟɬɚɥɥ-ɨɤɫɢɞ-ɩɨɥɭɩɪɨɜɨɞɧɢɤ (ɆɈɉ) Pd-ɚɧɨɞɧɵɣ ɨɤɫɢɞ—InP ɫ ɰɟɥɶɸ ɨɰɟɧɤɢ ɜɨɡɦɨɠɧɨɫɬɢ 
ɫɨɡɞɚɧɢя ɧɚ ɢɯ ɨɫɧɨɜɟ ɞɚɬɱɢɤɚ ɜɨɞɨɪɨɞɚ, ɫɜɨɛɨɞɧɨɝɨ ɨɬ ɩɟɪɟɱɢɫɥɟɧɧɵɯ ɜɵɲɟ ɧɟɞɨɫɬɚɬɤɨɜ. 

В ɤɚɱɟɫɬɜɟ ɩɨɞɥɨɠɤɢ ɢɫɩɨɥɶɡɨɜɚɧ n-InP ɨɪɢɟɧɬɚɰɢɢ (100), ɥɟɝɢɪɨɜɚɧɧɵɣ ɨɥɨɜɨɦ, ɫ ɤɨɧ-
ɰɟɧɬɪɚɰɢяɦɢ ɷɥɟɤɬɪɨɧɨɜ 1016—1019 ɫɦ–3. ɉɟɪɟɞ ɧɚɧɟɫɟɧɢɟɦ ɩɚɥɥɚɞɢя ɧɚ ɩɨɞɥɨɠɤɟ ɜɵɪɚɳɢɜɚɥ-
ɫя ɫɥɨɣ ɨɤɫɢɞɚ ɦɟɬɨɞɨɦ ɚɧɨɞɧɨɝɨ ɨɤɫɢɞɢɪɨɜɚɧɢя ɜ ɷɥɟɤɬɪɨɥɢɬɟ ɧɚ ɨɫɧɨɜɟ ɮɨɫɮɨɪɧɨɣ ɤɢɫɥɨɬɵ 
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ɜ ɩɨɬɟɧɰɢɨɫɬɚɬɢɱɟɫɤɨɦ ɪɟɠɢɦɟ ɩɪɢ 300 К, ɩɥɨɬɧɨɫɬяɯ ɬɨɤɚ 1—40 ɦА·ɫɦ–2 ɢ ɧɚɩɪяɠɟɧɢяɯ  
10—100 В. Ɍɨɥɳɢɧɚ ɨɤɢɫɥɚ ɢɡɦɟɧяɥɚɫɶ ɨɬ 200 ɞɨ 1000 Å ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɭɫɥɨɜɢɣ ɨɤɫɢɞɢɪɨ-
ɜɚɧɢя. ɉɚɥɥɚɞɢɣ ɧɚɧɨɫɢɥɫя ɧɚɩɵɥɟɧɢɟɦ ɜ ɜɚɤɭɭɦɟ 10–4—10–6 ɦɦ ɪɬ.ɫɬ. Ɍɨɥɳɢɧɚ ɫɥɨёɜ ɩɚɥɥɚ-
ɞɢя ɜɚɪɶɢɪɨɜɚɥɚɫɶ ɜ ɩɪɟɞɟɥɚɯ 200—500 Å. Ɉɦɢɱɟɫɤɢɟ ɤɨɧɬɚɤɬɵ ɫɨɡɞɚɜɚɥɢɫɶ ɜɚɤɭɭɦɧɵɦ ɧɚɩɵ-
ɥɟɧɢɟɦ ɤɨɦɩɨɡɢɰɢɣ Cr/Au-Ge/Au ɢ Cr/Au-Te/Au ɧɚ ɫɥɨɣ ɩɚɥɥɚɞɢя ɢ ɩɨɞɥɨɠɤɭ n-InP. ɉɨ ɩɟɪɢ-
ɦɟɬɪɭ ɱɢɩɚ ɫɟɧɫɨɪɧɵɣ ɷɥɟɦɟɧɬ ɢɡɨɥɢɪɨɜɚɧ ɫɥɨɟɦ Si3N4. Иɡɝɨɬɨɜɥɟɧɧɵɟ ɬɚɤɢɦ ɫɩɨɫɨɛɨɦ ɞɢɨɞɵ 
ɦɨɧɬɢɪɨɜɚɥɢɫɶ ɩɨɞɥɨɠɤɨɣ ɧɚ ɤɨɪɩɭɫ ɌɈ-18. 

ɇɚ ɪɢɫ. 1 ɞɥя ɬɢɩɢɱɧɨɣ ɫɬɪɭɤɬɭɪɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ (ВАХ) 
ɜ ɞɢɚɩɚɡɨɧɟ ɬɟɦɩɟɪɚɬɭɪ 120—270 К (ɩɨɥɨɠɢɬɟɥɶɧɵɣ ɩɨɬɟɧɰɢɚɥ ɩɪɢɥɨɠɟɧ ɤ ɩɚɥɥɚɞɢɸ), ɚ ɬɚɤɠɟ 
ɷɤɜɢɜɚɥɟɧɬɧɚя ɫɯɟɦɚ ɢ ɬɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɫɨɩɪɨɬɢɜɥɟɧɢя ɫɬɪɭɤɬɭɪɵ ɜ ɨɬɫɭɬɫɬɜɢɟ ɧɚ 
ɧɟɣ ɧɚɩɪяɠɟɧɢя. Дɥя ɜɫɟɯ ɢɫɫɥɟɞɭɟɦɵɯ ɫɬɪɭɤɬɭɪ ВАХ ɢɦɟɸɬ ɞɢɨɞɧɵɣ ɜɢɞ ɫ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ 
ɜɵɩɪяɦɥɟɧɢя 10—100. ɇɚ ɷɤɜɢɜɚɥɟɧɬɧɨɣ ɫɯɟɦɟ ɫɬɪɭɤɬɭɪɵ (ɪɢɫ. 1, ɜɫɬɚɜɤɚ a) RPd, Rs, RD, RInP — 
ɫɨɩɪɨɬɢɜɥɟɧɢя ɫɥɨɟɜ ɩɚɥɥɚɞɢя, ɚɧɨɞɧɨɝɨ ɨɤɫɢɞɚ, ɢɞɟɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ ɢ ɩɨɞɥɨɠɤɢ n-InP ɫɨɨɬ-
ɜɟɬɫɬɜɟɧɧɨ. ɉɨɫɤɨɥɶɤɭ ɫɨɩɪɨɬɢɜɥɟɧɢя RPd ɢ RInP ɫɨɫɬɚɜɥяɸɬ ɦɟɧɟɟ 1% ɨɬ ɫɨɩɪɨɬɢɜɥɟɧɢя ɜɫɟɣ 
ɫɬɪɭɤɬɭɪɵ, ɩɪɢ ɚɧɚɥɢɡɟ ɨɧɢ ɧɟ ɭɱɢɬɵɜɚɥɢɫɶ. Дɢɮɮɟɪɟɧɰɢɚɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɜ 
ɨɬɫɭɬɫɬɜɢɟ ɧɚ ɧɟɣ ɧɚɩɪяɠɟɧɢя RU=0 = Rs + RD ɭɦɟɧɶɲɚɟɬɫя ɨɬ 15 ɞɨ 6.5 ɤɈɦ ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭ-
ɪɵ (ɪɢɫ. 1, ɜɫɬɚɜɤɚ ɛ), ɩɪɢɱɟɦ ɩɪɢ Т < 200 К ɫɥɚɛɨ ɢɡɦɟɧяɟɬɫя ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ, ɚ ɩɪɢ Т > 200 К 
ɭɦɟɧɶɲɚɟɬɫя ɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɫ ɷɧɟɪɝɢɟɣ ɚɤɬɢɜɚɰɢɢ ~0.35 ɷВ, ɤɨɬɨɪɚя ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɜɵɫɨɬɟ 
ɩɨɬɟɧɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ, ɨɩɪɟɞɟɥɟɧɧɨɝɨ ɩɨ ВАХ ɩɪɢ 270 К. Вɵɫɨɬɚ ɛɚɪɶɟɪɚ eVb, ɨɩɪɟɞɟɥɟɧɧɚя 
ɩɭɬɟɦ ɷɤɫɬɪɚɩɨɥяɰɢɢ ɤ I = 0 ɥɢɧɟɣɧɨɣ ɱɚɫɬɢ ВАХ ɩɪɢ ɛɨɥɶɲɢɯ ɩɪяɦɵɯ ɫɦɟɳɟɧɢяɯ, ɫ ɭɜɟɥɢɱɟ-
ɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɵ ɭɦɟɧɶɲɚɟɬɫя ɩɪɚɤɬɢɱɟɫɤɢ ɥɢɧɟɣɧɨ ɨɬ 0.64 ɞɨ 0.4 ɷВ. ɉɨɫɤɨɥɶɤɭ ɩɪɢ ɛɨɥɶ-
ɲɢɯ ɩɪяɦɵɯ ɫɦɟɳɟɧɢяɯ U > Vb ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɢɞɟɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ RD ɫɬɪɟɦɢɬɫя ɤ ɧɭɥɸ, ɫɨɩɪɨ-
ɬɢɜɥɟɧɢɟ ɜɫɟɣ ɫɬɪɭɤɬɭɪɵ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɨɩɪɟɞɟɥяɟɬɫя ɬɨɥɶɤɨ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɚɧɨɞɧɨɝɨ ɨɤɫɢɞɚ 
Rs, ɤɨɬɨɪɨɟ ɜ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ 120—270 К ɭɜɟɥɢɱɢɜɚɟɬɫя ɨɬ 290 ɞɨ 340 Ɉɦ, ɬ. ɟ. ɫɥɚɛɨ ɡɚ-
ɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ. Аɩɩɪɨɤɫɢɦɚɰɢя ɩɪяɦɵɯ ɜɟɬɜɟɣ ВАХ ɩɪɢ ɫɦɟɳɟɧɢяɯ >0.4 В, ɫɨɝɥɚɫɧɨ 
ɭɪɚɜɧɟɧɢɸ ɞɥя ВАХ j = j0[exp(eU/) – 1], ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɬɨɤ ɱɟɪɟɡ ɫɬɪɭɤɬɭɪɭ ɨɛɥɚɞɚɟɬ ɨɞɧɨ-
ɜɪɟɦɟɧɧɨ ɢ ɬɭɧɧɟɥɶɧɵɦɢ, ɢ ɬɟɪɦɢɱɟɫɤɢɦɢ ɩɪɢɡɧɚɤɚɦɢ (ɪɢɫ. 2). Ɍɚɤɨɣ ɦɟɯɚɧɢɡɦ ɩɪɨɜɨɞɢɦɨɫɬɢ 
ɧɚɡɵɜɚɟɬɫя ɬɟɪɦɨɩɨɥɟɜɵɦ, ɢɥɢ ɬɟɪɦɨɬɭɧɧɟɥɶɧɵɦ, ɢ ɧɚɛɥɸɞɚɥɫя ɪɚɧɟɟ ɜ ɪ-n-ɫɬɪɭɤɬɭɪɚɯ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɜ АIIIВV [4, 5]. Дɥя ɞɚɧɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɯɚɪɚɤɬɟɪɢɫɬɢɱɟɫɤɢɣ ɩɚɪɚɦɟɬɪ  ɢɡɦɟɧяɟɬɫя  
ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ ɤɚɤ  = 0cth(0/kT) [4]. 

В ɧɚɲɟɦ ɫɥɭɱɚɟ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ (Т < 200 К) ɩɚɪɚɦɟɬɪ  ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɬɟɦɩɟɪɚɬɭ-
ɪɵ ɢ ɪɚɜɟɧ 0 ≈ 0.16 ɷВ, ɱɬɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥя ɬɭɧɧɟɥɶɧɨɝɨ ɬɨɤɚ, ɚ ɩɪɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ  
(Т > 200 К)  = kТ,  ≈ 8.5, ɱɬɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥя ɬɟɪɦɢɱɟɫɤɨɝɨ ɬɨɤɚ (ɪɢɫ. 2, ɜɫɬɚɜɤɚ). Дɥя ɩɚɪɚ-
ɦɟɬɪɚ j0 (ɪɢɫ. 3) ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɩɨɥɭɱɟɧɨ j0  exp(mT), m ≈ 4 · 10–3 К–1, m0 = dg0/dT ≈ 
 6 · 10–4 ɷВ/К — ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɢɡɦɟɧɟɧɢя ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ InP. ɉɪɢ 
ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ j0  exp(–/kT), Δ = g0/ ≈ 0.17 ɷВ, g0 ≈ 1.43 ɷВ — ɲɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ 
ɡɨɧɵ InP ɩɪɢ Т = 0 К. Ɍɟɦɩɟɪɚɬɭɪɚ ɩɟɪɟɯɨɞɚ ɨɬ ɬɭɧɧɟɥɶɧɨɝɨ ɦɟɯɚɧɢɡɦɚ ɩɪɨɜɨɞɢɦɨɫɬɢ ɤ ɬɟɪɦɢ-
ɱɟɫɤɨɦɭ ɫɨɫɬɚɜɥяɟɬ ~200 К ɢ ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɫɬɟɩɟɧɶ ɞɟɮɟɤɬɧɨɫɬɢ ɫɥɨя ɨɛɴɟɦɧɨɝɨ ɡɚɪяɞɚ (ɋɈЗ), 
ɬɚɤ ɤɚɤ ɢɦɟɧɧɨ ɤɨɧɰɟɧɬɪɚɰɢя ɞɟɮɟɤɬɨɜ ɜ ɋɈЗ ɨɩɪɟɞɟɥяɟɬ ɞɢɚɩɚɡɨɧ ɬɟɦɩɟɪɚɬɭɪ, ɜ ɤɨɬɨɪɨɦ ɩɪɟ-
ɨɛɥɚɞɚɟɬ ɬɭɧɧɟɥɶɧɵɣ ɦɟɯɚɧɢɡɦ ɩɪɨɜɨɞɢɦɨɫɬɢ. 

 

   I, 10–4 A                                                                                  j, A/ɫɦ2 

U, B             U, B 
Ɋɢɫ. 1. ВАХ ɬɢɩɢɱɧɨɣ ɫɬɪɭɤɬɭɪɵ; ɜɫɬɚɜɤɢ — ɷɤɜɢɜɚɥɟɧ-
ɬɧɚя ɫɯɟɦɚ (a) ɢ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɬɪɭɤɬɭɪɵ ɩɪɢ U = 0(ɛ).

 Ɋɢɫ. 2. ɉɪяɦɵɟ ɜɟɬɜɢ ВАХ; ɧɚ ɜɫɬɚɜɤɟ —
ɬɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɩɚɪɚɦɟɬɪɚ . 
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j0, А/ɫɦ2 

1000/Т, 1/К        
Ɋɢɫ. 3. Ɍɟɦɩɟɪɚɬɭɪɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɩɚɪɚɦɟɬɪɚ j0. Ɋɢɫ. 4. Ɋɟɚɤɰɢя ɞɢɨɞɚ ɧɚ ɢɦɩɭɥɶɫɧɭɸ ɩɨɞɚɱɭ ɝɚɡɨ-

ɜɨɣ ɫɦɟɫɢ N2 + 2% H2. 

 

Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨ ɜɫɟɦ ɢɫɫɥɟɞɭɟɦɨɦ ɢɧɬɟɪɜɚɥɟ ɬɟɦɩɟɪɚɬɭɪ ɢ ɧɚɩɪяɠɟɧɢɣ ɚɧɨɞɧɵɣ ɨɤɫɢɞ 
ɜ ɫɬɪɭɤɬɭɪɟ Pd-ɨɤɫɢɞ—n-InP ɜɟɞɟɬ ɫɟɛя ɤɚɤ ɨɦɢɱɟɫɤɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɚ ɩɪɨɜɨɞɢɦɨɫɬɶ ɩɨɬɟɧ-
ɰɢɚɥɶɧɨɝɨ ɛɚɪɶɟɪɚ, ɨɛɪɚɡɭɸɳɟɝɨɫя ɧɚ ɝɪɚɧɢɰɟ ɨɤɫɢɞ—n-InP, ɢɦɟɟɬ ɬɟɪɦɨɬɭɧɧɟɥɶɧɵɣ ɯɚɪɚɤɬɟɪ 
ɢ ɨɩɪɟɞɟɥяɟɬ ɜɢɞ ɜɨɥɶɬ-ɚɦɩɟɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜɫɟɣ ɫɬɪɭɤɬɭɪɵ. ɉɪɢ ɷɬɨɦ ɬɭɧɧɟɥɶɧɵɣ ɦɟɯɚ-
ɧɢɡɦ ɩɪɨɜɨɞɢɦɨɫɬɢ ɛɚɪɶɟɪɚ ɪɟɚɥɢɡɭɟɬɫя ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ <200 К, ɚ ɩɪɢ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɬɟɦɩɟ-
ɪɚɬɭɪɚɯ ɩɪɟɨɛɥɚɞɚɟɬ ɩɪɨɜɨɞɢɦɨɫɬɶ ɬɟɪɦɢɱɟɫɤɨɣ ɩɪɢɪɨɞɵ.  

Вɫɟ ɢɫɫɥɟɞɨɜɚɧɧɵɟ ɫɬɪɭɤɬɭɪɵ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɸɬ ɫɜɨɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɜ ɩɪɢɫɭɬɫɬ-
ɜɢɢ ɜɨɞɨɪɨɞɚ ɜ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɟ. Дɢɨɞɵ ɫɨ ɫɥɨɟɦ Pd ɬɨɥɳɢɧɨɣ 200—250 Å ɢ ɨɤɫɢɞɨɦ 
~1000 Å ɧɚ ɩɨɞɥɨɠɤɚɯ n-InP ɫ ɤɨɧɰɟɧɬɪɚɰɢɟɣ ɷɥɟɤɬɪɨɧɨɜ 1016—1017 ɫɦ–3 ɩɨɤɚɡɚɥɢ ɧɚɢɥɭɱɲɢɟ 
ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɛɵɫɬɪɨɞɟɣɫɬɜɢɸ ɢ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɤ ɜɨɞɨɪɨɞɭ. ɇɚ ɪɢɫ. 4 ɞɥя ɩɪɢɦɟɪɚ ɩɪɟɞ-
ɫɬɚɜɥɟɧ ɝɪɚɮɢɤ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɣ ɪɟɚɤɰɢɸ ɞɢɨɞɚ ɧɚ ɢɦɩɭɥɶɫɧɭɸ ɩɨɞɚɱɭ (ɞɥɢɬɟɥɶɧɨɫɬɶ ɢɦ-
ɩɭɥɶɫɚ ~55 ɫ) ɝɚɡɨɜɨɣ ɫɦɟɫɢ N2 + 2% H2. 
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Properties of Pd-Oxide—InP Structures Sensitive to Hydrogen 

E. A. Grebenshchikova a, Yu. S. Mel’nikov b, V. G. Sidorov b,  
V. V. Sherstnev a, V. A. Shutaev b, Yu. P. Yakovlev a 

a 
A. F. Ioffe Physical-Technical Institute, Russian Academy of Sciences,  

St. Petersburg, Russia; e-mail: sidorov@rphf.spbstu.ru 
b 
St. Petersburg State Politechnical University, St.Petersburg, Russia  

Metal-oxide-semiconductor (MOS) structures (Pd-oxide—InP) have been fabricated to produce hydrogen 
sensor which can operate efficiently at room temperature. Carrier transport mechanisms of the structures at 
100—300 K have been studied. It is established that oxide behaves just as ohmic resistance and oxide–Pd inter-
face potential barrier causes rectification with thermo-tunnel carrier transport mechanism. Characteristics of the 
structures change essentially when hydrogen is present in environment. 

Keywords: hydrogen, MOS structures, current-voltage characteristic, transport mechanisms, InP. 
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Выɫɨɤɨɷɮɮɟɤɬɢвɧыɟ ɛыɫɬɪɨɞɟɣɫɬвɭющɢɟ p-i-n-ɮɨɬɨɞɢɨɞы  

ɞɥɹ ɪɟɝɢɫɬɪаɰɢɢ ИК ɥаɡɟɪɧɨɝɨ ɢɡɥɭчɟɧɢɹ 

И. А. Аɧɞɪɟɟɜ, В. В. Дɸɞɟɥɟɜ, ɇ. Д. Иɥɶɢɧɫɤɚя, Ƚ. Ƚ. Кɨɧɨɜɚɥɨɜ, ȿ. В. Кɭɧɢɰɵɧɚ,  
Ɉ. Ю. ɋɟɪɟɛɪɟɧɧɢɤɨɜɚ, Ƚ. ɋ. ɋɨɤɨɥɨɜɫɤɢɣ, Ю. ɉ. əɤɨɜɥɟɜ  

Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А.Ф. Иɨɮɮе Рɨɫɫиɣɫкɨɣ АН,  

Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail: igor@iropt9.ioffe.ru 

Вɩɟɪɜɵɟ ɫɨɡɞɚɧɵ ɛɵɫɬɪɨɞɟɣɫɬɜɭɸɳɢɟ ɮɨɬɨɞɢɨɞɵ ɞɥя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ 1.2—2.4 ɦɤɦ ɧɚ 
ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ GaSb/GaSbInAs/GaAlAsSb ɫ ɪɚɡɞɟɥɟɧɧɵɦɢ ɱɭɜɫɬɜɢɬɟɥɶɧɨɣ (ɞɢɚɦɟɬɪ 50 ɦɤɦ) ɢ 
ɤɨɧɬɚɤɬɧɨɣ ɦɟɡɚɦɢ, ɫɨɟɞɢɧɟɧɧɵɦɢ ɦɨɫɬɢɤɨɜɵɦ ɮɪɨɧɬɚɥɶɧɵɦ ɤɨɧɬɚɤɬɨɦ. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɨɪɢɝɢɧɚɥɶɧɨɣ 
ɤɨɧɫɬɪɭɤɰɢɢ ɤɨɧɬɚɤɬɧɨɣ ɦɟɡɵ ɫ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɦ ɩɨɞɫɥɨɟɦ Si3N4 ɬɨɥɳɢɧɨɣ 0.3 ɦɤɦ ɩɨɞ ɦɟɬɚɥɥɢɱɟɫɤɢɦ 
ɤɨɧɬɚɤɬɨɦ ɩɨɡɜɨɥɢɥɨ ɫɧɢɡɢɬɶ ɤɚɤ ɫɨɛɫɬɜɟɧɧɭɸ ɟɦɤɨɫɬɶ ɮɨɬɨɞɢɨɞɚ, ɬɚɤ ɢ ɡɧɚɱɟɧɢя ɨɛɪɚɬɧɵɯ ɬɟɦɧɨɜɵɯ 
ɬɨɤɨɜ. Фɨɬɨɞɢɨɞɵ ɢɦɟɸɬ ɧɢɡɤɭɸ ɫɨɛɫɬɜɟɧɧɭɸ ɟɦɤɨɫɬɶ 3—5 ɩФ ɩɪɢ ɧɭɥɟɜɨɦ ɫɦɟɳɟɧɢɢ ɢ 0.8—1.5 ɩФ 
ɩɪɢ ɨɛɪɚɬɧɨɦ ɫɦɟɳɟɧɢɢ 3.0 В. Ȼɵɫɬɪɨɞɟɣɫɬɜɢɟ ɮɨɬɨɞɢɨɞɚ, ɨɩɪɟɞɟɥяɟɦɨɟ ɩɨ ɜɪɟɦɟɧɢ ɧɚɪɚɫɬɚɧɢя ɢɦ-
ɩɭɥɶɫɚ ɮɨɬɨɨɬɤɥɢɤɚ ɧɚ ɭɪɨɜɧɟ 0.1—0.9, ɫɨɫɬɚɜɥяɟɬ 50—100 ɩɫ. ɉɨɥɨɫɚ ɩɪɨɩɭɫɤɚɧɢя ɮɨɬɨɞɢɨɞɨɜ ɞɨɫɬɢ-
ɝɚɟɬ 2—10 ȽȽɰ. Фɨɬɨɞɢɨɞɵ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫя ɧɢɡɤɢɦɢ ɨɛɪɚɬɧɵɦɢ ɬɟɦɧɨɜɵɦɢ ɬɨɤɚɦɢ Id = 200—1500 ɧА 
ɩɪɢ ɨɛɪɚɬɧɨɦ ɫɦɟɳɟɧɢɢ U = −(0.5—3.0) В, ɜɵɫɨɤɢɦɢ ɬɨɤɨɜɨɣ ɦɨɧɨɯɪɨɦɚɬɢɱɟɫɤɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ  
Ri = 1.10—1.15 A/Вɬ ɢ ɨɛɧɚɪɭɠɢɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɶɸ D*(max,1000,1) = 0.9  1011 Вɬ−1  ɫɦ  Ƚɰ1/2 ɧɚ ɞɥɢ-
ɧɚɯ ɜɨɥɧ 2.0—2.2 ɦɤɦ.  

Кɥючɟвыɟ ɫɥɨва: ɛɵɫɬɪɨɞɟɣɫɬɜɭɸɳɢɟ ɮɨɬɨɞɢɨɞɵ, ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ, ɦɨɫɬɢɤɨɜɵɟ ɤɨɧɬɚɤɬɵ, ɲɢ-
ɪɨɤɨɩɨɥɨɫɧɵɟ p-i-n-ɮɨɬɨɞɢɨɞɵ. 

ɋɨɡɞɚɧɵ ɢ ɢɫɫɥɟɞɨɜɚɧɵ ɧɟɨɯɥɚɠɞɚɟɦɵɟ ɛɵɫɬɪɨɞɟɣɫɬɜɭɸɳɢɟ p-i-n-ɮɨɬɨɞɢɨɞɵ ɫ ɦɨɫɬɢ-
ɤɨɜɵɦ ɮɪɨɧɬɚɥɶɧɵɦ ɤɨɧɬɚɤɬɨɦ ɞɥя ɪɟɝɢɫɬɪɚɰɢɢ ɤɨɪɨɬɤɢɯ ɢɦɩɭɥɶɫɨɜ ɢɡɥɭɱɟɧɢя ɜ ɫɩɟɤɬɪɚɥɶ-
ɧɨɦ ɞɢɚɩɚɡɨɧɟ 1.3—2.4 ɦɤɦ. Дɚɧɧɵɟ ɮɨɬɨɞɢɨɞɵ ɩɨɡɜɨɥяɸɬ ɢɡɭɱɚɬɶ ɛɵɫɬɪɨɩɪɨɬɟɤɚɸɳɢɟ ɩɪɨ-
ɰɟɫɫɵ ɜ ɮɢɡɢɤɟ ɥɚɡɟɪɨɜ, яɞɟɪɧɨɣ ɮɢɡɢɤɟ, ɮɢɡɢɤɟ ɤɨɫɦɢɱɟɫɤɢɯ ɥɭɱɟɣ, ɚ ɬɚɤɠɟ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨ-
ɜɚɬɶɫя ɜ ɞɚɥɶɧɨɦɟɬɪɢɢ ɢ ɥɨɤɚɰɢɢ ɜ ɛɟɡɨɩɚɫɧɨɦ ɞɥя ɝɥɚɡɚ ɱɟɥɨɜɟɤɚ ɨɤɧɟ ɩɪɨɡɪɚɱɧɨɫɬɢ ɚɬɦɨɫɮɟ-
ɪɵ, ɜ ɫɢɫɬɟɦɚɯ ɋВЧ ɤɨɦɦɭɧɢɤɚɰɢɣ ɩɨ ɤɚɧɚɥɚɦ ВɈɅɋ ɢ ɜ ɨɬɤɪɵɬɨɦ ɩɪɨɫɬɪɚɧɫɬɜɟ, ɜ ɫɢɫɬɟɦɚɯ 
ɞɢɨɞɧɨ-ɥɚɡɟɪɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɝɚɡɨɜ ɢ ɦɨɥɟɤɭɥ, ɜ ɦɟɞɢɰɢɧɟ ɢ ɬ. ɞ. 

Ɋɚɡɪɚɛɨɬɚɧ ɢ ɨɩɬɢɦɢɡɢɪɨɜɚɧ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɣ ɰɢɤɥ ɫɨɡɞɚɧɢя ɛɵɫɬɪɨɞɟɣɫɬɜɭɸɳɢɯ ɮɨɬɨ-
ɞɢɨɞɨɜ ɫ ɦɨɫɬɢɤɨɜɵɦ ɤɨɧɬɚɤɬɨɦ, ɜɤɥɸɱɚɸɳɢɣ ɜ ɫɟɛя ɜɵɪɚɳɢɜɚɧɢɟ ɧɚ ɩɨɞɥɨɠɤɟ GaSb(100) 
ɢɡɨɩɟɪɢɨɞɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ GaSb/GaInAsSb/GaAlAsSb ɦɟɬɨɞɨɦ ɠɢɞɤɨɮɚɡɧɨɣ ɷɩɢɬɚɤɫɢɢ, 
ɩɨɫɬɪɨɫɬɨɜɭɸ ɬɟɯɧɨɥɨɝɢɸ, ɤɨɪɩɭɫɢɪɨɜɚɧɢɟ ɮɨɬɨɞɢɨɞɨɜ ɜ ɋВЧ ɪɚɡɴɟɦɵ ɞɥя ɢɫɫɥɟɞɨɜɚɧɢя ɤɢ-
ɧɟɬɢɤɢ ɮɨɬɨɨɬɤɥɢɤɚ ɢ ɢɡɦɟɪɟɧɢя ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢя.  

Ƚɥɚɜɧɚя ɤɨɧɫɬɪɭɤɬɢɜɧɚя ɨɫɨɛɟɧɧɨɫɬɶ ɮɨɬɨɩɪɢɟɦɧɢɤɚ ɫ ɦɨɫɬɢɤɨɜɵɦ ɤɨɧɬɚɤɬɨɦ — ɨɬɞɟ-
ɥɟɧɢɟ ɱɭɜɫɬɜɢɬɟɥɶɧɨɣ ɦɟɡɵ ɨɬ ɤɨɧɬɚɤɬɧɨɣ (ɪɢɫ. 1). ɇɚ ɩɨɜɟɪɯɧɨɫɬɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫɮɨɪɦɢ-
ɪɨɜɚɧɵ ɞɜɟ ɦɟɡɵ, ɫɨɟɞɢɧɟɧɧɵɟ ɦɨɫɬɢɤɨɜɵɦ ɮɪɨɧɬɚɥɶɧɵɦ ɤɨɧɬɚɤɬɨɦ. Чɭɜɫɬɜɢɬɟɥɶɧɚя ɩɥɨɳɚɞ-
ɤɚ ɜɵɩɨɥɧɟɧɚ ɜ ɮɨɪɦɟ ɤɪɭɝɚ ɞɢɚɦɟɬɪɨɦ 50 ɦɤɦ, ɤɨɧɬɚɤɬɧɚя ɩɥɨɳɚɞɤɚ — ɜ ɮɨɪɦɟ ɩɪяɦɨɭɝɨɥɶ-
ɧɢɤɚ ɪɚɡɦɟɪɚɦɢ 50×70 ɦɤɦ. Ɍɵɥɶɧɵɣ CrAuNiAu ɨɦɢɱɟɫɤɢɣ ɤɨɧɬɚɤɬ ɧɚɧɟɫɟɧ ɧɚ ɩɨɞɥɨɠɤɭ  
n-GaSb ɢ ɜɵɩɨɥɧɟɧ ɫɩɥɨɲɧɵɦ. Фɪɨɧɬɚɥɶɧɵɣ ɨɦɢɱɟɫɤɢɣ ɤɨɧɬɚɤɬ ɫɮɨɪɦɢɪɨɜɚɧ ɤ ɫɥɨɸ p-GaAlAsSb 

                                                а                                                                     ɛ 

  
Ɋɢɫ. 1. Фɨɬɨɝɪɚɮɢя ɫɨ ɫɤɚɧɢɪɭɸɳɟɝɨ ɷɥɟɤɬɪɨɧɧɨɝɨ ɦɢɤɪɨɫɤɨɩɚ ɮɨɬɨɞɢɨɞɚ ɫ ɦɨɫɬɢɤɨɜɵɦ ɤɨɧɬɚɤɬɨɦ 
(ɱɭɜɫɬɜɢɬɟɥɶɧɚя ɦɟɡɚ (ɫɥɟɜɚ) ɢ ɤɨɧɬɚɤɬɧɚя (ɫɩɪɚɜɚ)) (а), ɢ ɮɪɨɧɬɚɥɶɧɚя ɮɨɬɨɝɪɚɮɢя ɮɨɬɨɞɢɨɞɚ (ɛ). 
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ɢ ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɦɨɫɬɢɤ ɲɢɪɢɧɨɣ 20 ɦɤɦ ɢ ɞɥɢɧɨɣ 85 ɦɤɦ. Ɇɨɫɬɢɤ ɫɮɨɪɦɢɪɨɜɚɧ 
ɧɚɩɵɥɟɧɢɟɦ Cr-Au ɬɨɥɳɢɧɨɣ 2200 Å ɢ ɧɚɧɟɫɟɧɢɟɦ ɝɚɥɶɜɚɧɢɱɟɫɤɨɝɨ Au ɬɨɥɳɢɧɨɣ 3—6 ɦɤɦ. 

Дɥя ɨɛɟɫɩɟɱɟɧɢя ɤɨɧɬɚɤɬɚ ɨɞɧɨɣ ɫɬɨɪɨɧɨɣ ɦɨɫɬɢɤ ɡɚɯɨɞɢɥ ɧɚ ɱɭɜɫɬɜɢɬɟɥɶɧɭɸ ɩɥɨɳɚɞɤɭ 
ɧɚ 10 ɦɤɦ, ɞɪɭɝɨɣ — ɧɚ ɤɨɧɬɚɤɬɧɭɸ ɩɥɨɳɚɞɤɭ, ɩɨɤɪɵɬɭɸ ɞɢɷɥɟɤɬɪɢɤɨɦ. ɋɨ ɫɬɨɪɨɧɵ ɤɨɧɬɚɤɬ-
ɧɨɣ ɩɥɨɳɚɞɤɢ ɦɨɫɬɢɤ ɡɚɤɚɧɱɢɜɚɥɫя ɩɪяɦɨɭɝɨɥɶɧɨɣ ɱɚɫɬɶɸ ɪɚɡɦɟɪɨɦ 60×40 ɦɤɦ. ɉɪɨɞɨɥɶɧɚя 
ɨɫɶ ɦɨɫɬɢɤɚ ɫɨɪɢɟɧɬɢɪɨɜɚɧɚ ɩɨɞ ɭɝɥɨɦ 45 ɤ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɦɭ ɧɚɩɪɚɜɥɟɧɢɸ {110} ɩɨɞɥɨɠɤɢ. 
Ɇɟɡɵ ɫɮɨɪɦɢɪɨɜɚɧɵ ɦɨɤɪɵɦ ɬɪɚɜɥɟɧɢɟɦ ɩɨɫɥɟ ɧɚɧɟɫɟɧɢя ɤɨɧɬɚɤɬɨɜ. Ɇɨɫɬɢɤɨɜɵɣ ɤɨɧɬɚɤɬ 
ɢɡɨɥɢɪɨɜɚɧ ɨɬ ɤɨɧɬɚɤɬɧɨɣ ɩɥɨɳɚɞɤɢ ɞɜɭɯɫɥɨɣɧɵɦ ɞɢɷɥɟɤɬɪɢɤɨɦ ɬɨɥɳɢɧɨɣ 0.3 ɦɤɦ, ɫɨɫɬɨя-
ɳɢɦ ɢɡ ɫɥɨя ɚɧɨɞɧɨɝɨ ɨɤɢɫɥɚ ɬɨɥɳɢɧɨɣ 0.2 ɦɤɦ ɢ ɫɥɨя Si3N4 ɬɨɥɳɢɧɨɣ 0.1 ɦɤɦ. ɉɪɟɞɫɬɚɜɥɟɧɵ 
ɪɟɡɭɥɶɬɚɬɵ ɫɪɚɜɧɟɧɢя ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɮɨɬɨɞɢɨɞɨɜ ɫ ɞɢɷɥɟɤɬɪɢɤɨɦ ɢ ɛɟɡ ɞɢɷɥɟɤɬɪɢɤɚ ɜ ɩɨɞɤɨɧ-
ɬɚɤɬɧɨɣ ɨɛɥɚɫɬɢ. 
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Ɋɢɫ.2. Ɉɫɰɢɥɥɨɝɪɚɦɦɚ ɮɨɬɨɨɬɜɟɬɚ ɮɨɬɨɞɢɨɞɚ ɩɪɢ ɡɚɫɜɟɬɤɟ ɢɦɩɭɥɶɫɨɦ ɢɡɥɭɱɟɧɢя ɫ  = 1.3 ɦɤɦ. 
 

Дɨɫɬɢɝɧɭɬɨ ɧɢɡɤɨɟ ɡɧɚɱɟɧɢɟ ɫɨɛɫɬɜɟɧɧɨɣ ɟɦɤɨɫɬɢ ɮɨɬɨɞɢɨɞɨɜ: С = 2.0—3.0 ɩФ ɛɟɡ ɨɛ-
ɪɚɬɧɨɝɨ ɫɦɟɳɟɧɢя ɢ С = 0.8—1.0 ɩФ ɩɪɢ ɨɛɪɚɬɧɨɦ ɫɦɟɳɟɧɢɢ U= −(1—3) В ɩɪɢ ɞɢɚɦɟɬɪɟ ɱɭɜ-
ɫɬɜɢɬɟɥɶɧɨɣ ɩɥɨɳɚɞɤɢ 50 ɦɤɦ. Ɉɫɰɢɥɥɨɝɪɚɦɦɚ ɮɨɬɨɨɬɜɟɬɚ ɩɪɢɜɟɞɟɧɚ ɧɚ ɪɢɫ. 2. Ȼɵɫɬɪɨɞɟɣɫɬ-
ɜɢɟ GaInAsSb/GaAlAsSb-ɮɨɬɨɞɢɨɞɨɜ, ɨɩɪɟɞɟɥяɟɦɨɟ ɩɨ ɜɪɟɦɟɧɢ ɧɚɪɚɫɬɚɧɢя ɢɦɩɭɥɶɫɚ ɮɨɬɨɨɬ-
ɤɥɢɤɚ ɧɚ ɭɪɨɜɧɟ 0.1—0.9, ɫɨɫɬɚɜɥяɟɬ t0.1—0.9 = 90—150 ɩɫ. Шɢɪɢɧɚ ɩɨɥɨɫɵ ɩɪɨɩɭɫɤɚɧɢя ɞɨɫɬɢ-
ɝɚɟɬ 2—10 ȽȽɰ. Фɨɬɨɞɢɨɞɵ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫя ɧɢɡɤɢɦɢ ɨɛɪɚɬɧɵɦɢ ɬɟɦɧɨɜɵɦɢ ɬɨɤɚɦɢ  
ID = 200—1500 ɧА ɩɪɢ ɨɛɪɚɬɧɨɦ ɫɦɟɳɟɧɢɢ U = −(0.5—3.0) В, ɜɵɫɨɤɢɦɢ ɬɨɤɨɜɨɣ ɦɨɧɨɯɪɨɦɚɬɢ-
ɱɟɫɤɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ SI = 1.10—1.15 A/Вɬ ɢ ɨɛɧɚɪɭɠɢɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɶɸ 
D*(max,1000,1) = 9.0  1010 Вɬ–1  ɫɦ  Ƚɰ1/2 ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ 2.0−2.2 ɦɤɦ. 
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High-efficiency, broad bandwidth (2—5 GHz) GaInAsSb/GaAlAsSb p-i-n-photodiodes with air-brigde 
frontal contact operating in the 1.2—2.4 m spectral range at room temperature have been developed for the 
first time. The distinguishing feature of photodiodes with air- brigde frontal contact is separation of photosensi-
tive and contact areas. “Air-bridge” contact was isolated from contact area by 0.3 m thick Si3N4 dielectric 
layer. The best results on value capacity and reverse dark current were obtained for photodiodes with dielectic 
layers under frontal contact at contact mesa. The GaInAsSb/GaAlAsSb photodiodes demonstrate the capacitance 
as low as С = 3.0—5.0 pF at reverse bias U = 0 V and С = 0.8—1.5 pF at U= −3 V, respectively. The response 
time of p-i-n-photodiode is estimated at t0.1—0.9 = 50—100 ps, a FWHM is about 220 ps. The photodiode band-
width of 5—10 GHz was reached. The photodiodes are characterized by low level of the reverse dark current 
(200—1500 nA at reverse bias U = –(0.5—3.0) V), high monochromatic current sensitivity (1.10—1.15 A/W at 
 = 2.0—2.2 m) and high detectivity D*(max,1000,1) = 0.9  1011 W–1  cm  Hz1/2). 
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Оɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪаɬɭɪы ɤɪɢɫɬаɥɥɨв InGaN-ɫвɟɬɨɞɢɨɞɨв  

в ɦаɬɪɢɰɟ ɫ выɫɨɤɨɣ ɩɥɨɬɧɨɫɬɶю ɦɨщɧɨɫɬɢ ɢɡɥɭчɟɧɢɹ 
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а Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь;  
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ɛ Бɪеɫɬɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ иɦ. А. С. Пушкина, Бɪеɫɬ, Беɥаɪуɫь 
в Ценɬɪ ɫвеɬɨɞиɨɞных и ɨɩɬɨэɥекɬɪɨнных ɬехнɨɥɨгиɣ НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь 

Ɋɚɡɪɚɛɨɬɚɧɵ ɢ ɫɨɡɞɚɧɵ ɦɚɬɪɢɰɵ ɫɜɟɬɨɞɢɨɞɨɜ ɫ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɧɚ 
ɨɫɧɨɜɟ ɦɢɧɢɚɬɸɪɧɵɯ ɫɜɟɬɨɞɢɨɞɨɜ Rebel Z-ɫɟɪɢɢ ɫ ɩɥɨɬɧɨɣ ɩɨɫɚɞɤɨɣ ɧɚ ɩɟɱɚɬɧɭɸ ɩɥɚɬɭ ɫ ɚɥɸɦɢɧɢɟɜɵɦ 
ɨɫɧɨɜɚɧɢɟɦ. ɉɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɦɚɬɪɢɰɵ, ɫɨɫɬɨяɳɟɣ ɢɡ 33 ɢɡɥɭɱɚɸɳɢɯ ɜ ɫɢɧɟ-ɡɟɥɟɧɨɣ 
ɨɛɥɚɫɬɢ ɫɜɟɬɨɞɢɨɞɨɜ, ɫɨɫɬɚɜɥяɥɚ ~18 Вɬ/ɫɦ2 ɩɪɢ ɩɨɫɬɨяɧɧɨɦ ɬɨɤɟ ɢɧɠɟɤɰɢɢ 1 А. ɋɨɡɞɚɧɚ ɦɨɞɟɥɶ, 
ɨɩɢɫɵɜɚɸɳɚя ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɩɥɚ ɩɪɢ ɪɚɛɨɬɟ ɦɚɬɪɢɰɵ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɩɨɞɚɜɚɟɦɨɣ ɧɚ ɫɜɟɬɨɞɢɨɞɵ 
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɪɟɡɭɥɶɬɚɬɚɦ 
ɢɡɦɟɪɟɧɢɣ ɬɟɦɩɟɪɚɬɭɪɵ ɦɚɬɪɢɰɵ.  

Кɥючɟвыɟ ɫɥɨва: ɦɚɬɪɢɰɚ ɫɜɟɬɨɞɢɨɞɨɜ, ɬɟɦɩɟɪɚɬɭɪɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ.  

Ввɟɞɟɧɢɟ 
ɋɨɡɞɚɧɢɟ ɫɜɟɬɨɞɢɨɞɧɵɯ ɦɨɞɭɥɟɣ ɫ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɩɪɟɞɩɨɥɚ-

ɝɚɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɫɜɟɬɨɞɢɨɞɨɜ (ɋД) ɦɚɥɵɯ ɪɚɡɦɟɪɨɜ ɫ ɧɢɡɤɢɦ ɬɟɩɥɨɜɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ [1]. 
Ɇɚɬɪɢɰɵ ɫɨɜɪɟɦɟɧɧɵɯ ɋД ɦɨɝɭɬ ɢɦɟɬɶ ɫɭɦɦɚɪɧɭɸ ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя, ɞɨɫɬɚɬɨɱɧɭɸ ɞɥя ɧɚ-
ɤɚɱɤɢ ɚɤɬɢɜɧɵɯ ɥɚɡɟɪɧɵɯ ɫɪɟɞ [2]. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɜ ɥɚɡɟɪɚɯ ɝɢɛɪɢɞɧɨɣ ɩɨɩɟɪɟɱɧɨ-ɩɪɨɞɨɥɶɧɨɣ 
ɩɨɥɢɯɪɨɦɚɬɢɱɟɫɤɨɣ ɧɚɤɚɱɤɢ ɜ ɩɟɪɫɩɟɤɬɢɜɟ ɩɨɡɜɨɥɢɬ ɫɨɡɞɚɬɶ ɦɨɳɧɵɟ ɬɜɟɪɞɨɬɟɥɶɧɵɟ ɥɚɡɟɪɵ ɫ 
ɜɵɫɨɤɢɦ ɤɚɱɟɫɬɜɨɦ ɥɚɡɟɪɧɨɝɨ ɩɭɱɤɚ [3]. Кɪɨɦɟ ɬɨɝɨ, ɦɚɬɪɢɰɵ ɋД ɦɨɝɭɬ ɩɪɢɦɟɧяɬɶɫя ɜ ɤɚɱɟɫɬɜɟ 
ɦɨɳɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɫɜɟɬɚ, ɧɚɩɪɢɦɟɪ, ɩɪɢ ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɨɣ ɜɢɞɟɨɫɴɟɦɤɟ. Ɉɞɧɢɦ ɢɡ ɜɚɠɧɟɣ-
ɲɢɯ ɩɚɪɚɦɟɬɪɨɜ, ɜɥɢяɸɳɢɯ ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɢ ɫɪɨɤ ɫɥɭɠɛɵ ɋД, яɜɥяɟɬɫя ɬɟɦɩɟɪɚɬɭɪɚ ɚɤɬɢɜ-
ɧɨɣ ɨɛɥɚɫɬɢ. Ɉɞɧɚɤɨ ɨɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɚɤɬɢɜɧɵɯ ɨɛɥɚɫɬɟɣ ɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟɫɬɜɚ ɋД, 
ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɩɥɨɬɧɨ ɧɚ ɦɨɧɬɚɠɧɨɣ ɩɥɚɬɟ, ɩɪɟɞɫɬɚɜɥяɟɬ ɡɧɚɱɢɬɟɥɶɧɵɟ ɬɪɭɞɧɨɫɬɢ.  

Эɤɫɩɟɪɢɦɟɧɬ ɢ ɦɨɞɟɥɢɪɨваɧɢɟ  
ɋɨɡɞɚɧɚ ɫɜɟɬɨɞɢɨɞɧɚя ɦɚɬɪɢɰɚ 1.5×0.5 ɫɦ2, ɤɨɬɨɪɚя ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɧɚɛɨɪ 33 ɋД, ɩɨ-

ɫɚɠɟɧɧɵɯ ɦɟɬɨɞɨɦ ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɦɨɧɬɚɠɚ ɧɚ ɩɥɚɬɭ ɫ ɚɥɸɦɢɧɢɟɜɵɦ ɨɫɧɨɜɚɧɢɟɦ. Иɫɩɨɥɶɡɨ-
ɜɚɧɵ ɋД ɦɚɪɤɢ Rebel LXZ1-PE01-0048 [4], ɢɡɥɭɱɚɸɳɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ ~500 ɧɦ ɢ ɫɨɟɞɢɧɟɧ-
ɧɵɟ ɷɥɟɤɬɪɢɱɟɫɤɢ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨ. ɉɢɬɚɧɢɟ ɋД ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɧɟɩɪɟɪɵɜɧɵɦ ɬɨɤɨɦ ɨɬ 1 ɞɨ 
1000 ɦА. ɉɥɨɳɚɞɶ ɨɫɧɨɜɚɧɢя ɬɚɤɢɯ ɋД 2.2 ɦɦ2. ɋɬɚɛɢɥɢɡɚɰɢя ɬɟɦɩɟɪɚɬɭɪɵ ɨɫɧɨɜɚɧɢя ɦɚɬɪɢ-
ɰɵ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɤɨɧɬɪɨɥɥɟɪɚ ɦɨɳɧɨɫɬɶɸ 60 Вɬ ɢ ɷɥɟɦɟɧɬɚ 
ɉɟɥɶɬɶɟ. Ɍɚɤɚя ɫɢɫɬɟɦɚ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɷɮɮɟɤɬɢɜɧɚ ɬɨɥɶɤɨ ɞɨ ɬɨɤɚ 200 ɦА, ɱɬɨ 
ɨɛɭɫɥɨɜɥɟɧɨ ɤɚɤ ɧɟɞɨɫɬɚɬɨɱɧɨɣ ɦɨɳɧɨɫɬɶɸ ɤɨɧɬɪɨɥɥɟɪɚ, ɬɚɤ ɢ ɦɚɥɵɦɢ ɪɚɡɦɟɪɚɦɢ ɨɯɥɚɠɞɚɟ-
ɦɨɣ ɦɚɬɪɢɰɵ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɩɥɨɳɚɞɶɸ ɨɯɥɚɠɞɚɸɳɟɝɨ ɷɥɟɦɟɧɬɚ, ɤɨɬɨɪɚя ɫɨɫɬɚɜɥяɟɬ 4×4 ɫɦ2. 
Дɥя ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɨɫɧɨɜɚɧɢя ɦɚɬɪɢɰɵ ɋД ɩɪɢ ɛɨɥɶɲɢɯ ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ ɢɫɩɨɥɶ-
ɡɨɜɚɧ ɢɥɢ ɪɚɞɢɚɬɨɪ ɨɯɥɚɠɞɟɧɢя ɫ ɬɟɩɥɨɜɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ~0.08 К/Вɬ, ɢɥɢ ɦɟɞɧɵɣ ɜɨɞɨɛɥɨɤ, 
ɨɯɥɚɠɞɚɟɦɵɣ ɩɪɨɬɨɱɧɨɣ ɜɨɞɨɣ. 

Ɋɚɡɪɚɛɨɬɚɧɚ ɦɚɬɟɦɚɬɢɱɟɫɤɚя ɦɨɞɟɥɶ, ɨɩɢɫɵɜɚɸɳɚя ɦɚɬɪɢɰɭ 33 ɋД Rebel LXZ1-PE01-
0048. Дɚɧɧɚя ɦɨɞɟɥɶ ɫɨɫɬɨɢɬ ɢɡ ɫɥɟɞɭɸɳɢɯ ɷɥɟɦɟɧɬɨɜ: ɚɥɸɦɢɧɢɟɜɨɝɨ ɨɫɧɨɜɚɧɢя, ɫɥɨя ɞɢɷɥɟɤ-
ɬɪɢɤɚ, ɨɫɬɪɨɜɤɨɜ ɦɟɞɧɨɣ ɦɟɬɚɥɥɢɡɚɰɢɢ, ɫɥɨя ɩɪɢɩɨя (ɩɚяɥɶɧɨɣ ɩɚɫɬɵ), ɤɨɪɩɭɫɨɜ ɋД ɢ ɚɤɬɢɜ-
ɧɵɯ ɨɛɥɚɫɬɟɣ ɋД. Ɇɨɞɟɥɶ ɭɱɢɬɵɜɚɟɬ ɮɢɡɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɦɚɬɟɪɢɚɥɨɜ, ɪɚɡɦɟɪɵ ɷɥɟɦɟɧɬɨɜ ɢ 
ɩɨɡɜɨɥяɟɬ ɪɚɫɫɱɢɬɚɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɫɬɚɰɢɨɧɚɪɧɨɦ ɪɟɠɢɦɟ ɞɥя ɢɡɜɟɫɬɧɨɣ ɨɛɴ-
ɟɦɧɨɣ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ, ɤɨɬɨɪɚя ɨɩɪɟɞɟɥяɟɬɫя ɤɚɤ ɨɬɧɨɲɟɧɢɟ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ, 
ɩɨɞɚɜɚɟɦɨɣ ɧɚ ɋД ɢ ɢɞɭɳɟɣ ɧɚ ɟɝɨ ɪɚɡɨɝɪɟɜ Pɧɚɝɪ, ɤ ɨɛɴɟɦɭ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɫɜɟɬɨɞɢɨɞɧɵɯ 
ɤɪɢɫɬɚɥɥɨɜ. ɉɥɨɳɚɞɶ ɤɪɢɫɬɚɥɥɨɜ 1×1 ɦɦ2, ɬɨɥɳɢɧɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɩɪɢɧяɬɚ ɪɚɜɧɨɣ 10 ɦɤɦ, 
ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɨɛɴɟɦ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ Vɚɤɬ ɨɛɥ = 10–11 ɦ3. Ɍɚɤɠɟ ɜ ɞɚɧɧɨɣ ɦɨɞɟɥɢ ɭɱɬɟɧɵ ɬɨɥ-
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ɳɢɧɵ ɫɥɨɟɜ ɢ ɬɟɩɥɨɜɵɟ ɫɨɩɪɨɬɢɜɥɟɧɢя ɜɫɟɯ ɦɚɬɟɪɢɚɥɨɜ, ɤɨɬɨɪɵɟ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɫɩɪɚɜɨɱɧɵɦ 
ɞɚɧɧɵɦ. ɋɢɫɬɟɦɚ ɭɪɚɜɧɟɧɢɣ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɟɦɩɟɪɚɬɭɪɵ 
ɪɚɡɨɝɪɟɜɚ ɦɚɬɪɢɰɵ ɋД ɪɟɲɟɧɚ ɦɟɬɨɞɨɦ ɤɨɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. В ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɨɜ ɬɟɩɥɚ ɜɵ-
ɫɬɭɩɚɥɢ ɜɟɪɯɧɢɟ ɫɥɨɢ ɋД, ɫɨɛɫɬɜɟɧɧɨ ɤɪɢɫɬɚɥɥɵ. Ƚɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢя ɡɚɞɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, 
ɱɬɨ ɬɟɦɩɟɪɚɬɭɪɚ ɨɫɧɨɜɚɧɢя ɚɥɸɦɢɧɢɟɜɨɣ ɩɥɚɬɵ ɩɪɢɧɢɦɚɥɚɫɶ ɡɚ ɩɨɫɬɨяɧɧɭɸ ɜɟɥɢɱɢɧɭ  
T = 20 ɋ, ɦɨɞɟɥɢɪɭя ɭɫɥɨɜɢя ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ, ɚ ɜɫɟ ɨɫɬɚɥɶɧɵɟ ɩɨɜɟɪɯɧɨɫɬɢ ɡɚɞɚɜɚ-
ɥɢɫɶ ɤɚɤ ɬɟɪɦɨɢɡɨɥɢɪɨɜɚɧɧɵɟ.  

Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɇɚ ɪɢɫ. 1 (ɜɫɬɚɜɤɚ) ɩɪɟɞɫɬɚɜɥɟɧɚ ɮɨɬɨɝɪɚɮɢя ɫɨɡɞɚɧɧɨɣ ɦɚɬɪɢɰɵ ɋД. ɉɪɢ ɬɨɤɟ 1 А ɩɨ-

ɬɪɟɛɥяɟɦɚя ɦɚɬɪɢɰɟɣ ɋД ɷɥɟɤɬɪɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ ~100 Вɬ. Ɉɩɬɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя 
ɋД Pɨɩɬ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɨɤɚ ɢɧɠɟɤɰɢɢ ɢɡɦɟɪɟɧɚ ɫ ɩɨɦɨɳɶɸ ɢɧɬɟɝɪɢɪɭɸɳɟɣ ɫɮɟɪɵ. Зɚɜɢɫɢ-
ɦɨɫɬɶ КɉД ɋД  ɨɬ ɬɨɤɚ ɩɪɟɞɫɬɚɜɥɟɧɚ ɧɚ ɪɢɫ. 1, ɝɞɟ ɬɚɤɠɟ ɩɪɢɜɟɞɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ 
ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя I ɦɚɬɪɢɰɵ ɋД ɨɬ ɬɨɤɚ ɢɧɠɟɤɰɢɢ ɩɪɢ ɫɬɚɛɢɥɢɡɚɰɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɚɥɸɦɢ-
ɧɢɟɜɨɝɨ ɨɫɧɨɜɚɧɢя ɩɪɢ 20 ºɋ. Ɇɚɤɫɢɦɚɥɶɧɚя ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 18 Вɬ/ɫɦ2 ɞɨɫɬɢɝ-
ɧɭɬɚ ɩɪɢ ɬɨɤɟ 1 А, ɩɪɢ ɷɬɨɦ КɉД ɋД  = 13.4 %. 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɶ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɡɥɭ-
ɱɟɧɢя I ɢ КɉД  ɦɚɬɪɢɰɵ ɫɜɟɬɨɞɢɨɞɨɜ ɨɬ ɬɨɤɚ 
ɢɧɠɟɤɰɢɢ; ɧɚ ɜɫɬɚɜɤɟ — ɮɨɬɨɝɪɚɮɢя ɦɚɬɪɢɰɵ 
ɫɜɟɬɨɞɢɨɞɨɜ. 

Ɋɢɫ. 2. Ɋɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɪɚɫɩɪɟɞɟɥɟɧɢя 
ɬɟɩɥɚ ɜ ɦɚɬɪɢɰɟ ɫɜɟɬɨɞɢɨɞɨɜ ɩɪɢ ɬɨɤɟ ɢɧɠɟɤɰɢɢ 
350 ɦА. 

 
ɇɚ ɨɫɧɨɜɚɧɢɢ ɢɡɦɟɪɟɧɢɣ ɨɩɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɢ ɜɨɥɶɬ-ɚɦɩɟɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɪɚɫ-

ɫɱɢɬɚɧɚ ɦɨɳɧɨɫɬɶ Pɧɚɝɪ, ɤɨɬɨɪɚя ɲɥɚ ɧɚ ɧɚɝɪɟɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɋД, ɤɚɤ ɪɚɡɧɨɫɬɶ ɦɟɠɞɭ ɩɨ-
ɬɪɟɛɥяɟɦɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɶɸ ɢ ɦɨɳɧɨɫɬɶɸ ɢɡɥɭɱɟɧɢя. ɇɚ ɪɢɫ. 2 ɩɪɢɜɟɞɟɧɵ ɪɟɡɭɥɶɬɚ-
ɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɟɩɥɚ ɜ ɦɚɬɪɢɰɟ ɋД ɩɪɢ ɨɛɴɟɦɧɨɣ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɧɚ-
ɝɪɟɜɚ 7.86×1010 Вɬ/ɦ3 ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɨɬɫɭɬɫɬɜɢя ɫɭɳɟɫɬɜɟɧɧɵɯ ɝɪɚɞɢɟɧɬɨɜ ɬɟɦɩɟɪɚɬɭɪɵ ɜɧɭɬ-
ɪɢ ɋД. Дɚɧɧɨɟ ɡɧɚɱɟɧɢɟ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɬɟɩɥɚ ɩɨɥɭɱɟɧɨ ɤɚɤ ɨɬɧɨɲɟɧɢɟ Pɧɚɝɪ ɩɪɢ ɬɨɤɟ  
350 ɦА ɤ Vɚɤɬ.ɨɛɥ. Кɚɤ ɜɢɞɧɨ, ɦɚɤɫɢɦɚɥɶɧɵɣ ɧɚɝɪɟɜ ɫɨɫɬɚɜɥяɟɬ 332 К. Ɉɞɧɚɤɨ ɫɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 
ɱɬɨ ɬɚɤɚя ɬɟɦɩɟɪɚɬɭɪɚ ɞɨɫɬɢɝɚɟɬɫя ɜ ɋД, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɜ ɫɟɪɟɞɢɧɟ ɫɬɪɭɤɬɭɪɵ, ɩɪɢ ɬɨɦ ɱɬɨ 
ɪɚɫɩɨɥɨɠɟɧɧɵɟ ɧɚ ɤɪɚяɯ ɋД ɢɫɩɵɬɵɜɚɸɬ ɦɟɧɶɲɢɣ ɧɚɝɪɟɜ. Ɍɚɤɨɟ ɩɨɜɟɞɟɧɢɟ ɨɛɭɫɥɨɜɥɟɧɨ ɧɚɥɢ-
ɱɢɟɦ ɧɚ ɤɪɚяɯ ɦɚɬɪɢɰɵ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɩɥɨɳɚɞɨɤ ɦɟɞɧɨɣ ɦɟɬɚɥɥɢɡɚɰɢɢ, ɤɨɬɨɪɵɟ ɨɬɜɨɞяɬ ɬɟ-
ɩɥɨ ɨɬ ɤɨɪɩɭɫɨɜ ɋД.  

Ɍɚɤɠɟ ɩɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɦɚɬɪɢɰɟ ɞɥя ɨɛɴɟɦɧɵɯ ɩɥɨɬɧɨ-
ɫɬɟɣ ɦɨɳɧɨɫɬɢ, ɤɨɬɨɪɵɟ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɬɨɤɚɦ ɢɧɠɟɤɰɢɢ 500 ɢ 1000 ɦА. ɉɨɥɭɱɟɧɧɵɟ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɦɚɤɫɢɦɚɥɶɧɵɯ ɬɟɦɩɟɪɚɬɭɪ ɧɚɝɪɟɜɚ ɫɜɟɬɨɞɢɨɞɧɵɯ ɤɪɢɫɬɚɥɥɨɜ ɨɬ ɩɥɨɬɧɨɫɬɟɣ ɦɨɳɧɨɫɬɢ 
ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 3 (ɤɪɢɜɚя 2). Дɥя ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɦɚɬɪɢɰɵ ɋД ɢɫɩɨɥɶɡɨɜɚɧ ɫɬɚɰɢɨɧɚɪɧɵɣ ɬɟɩɥɨɜɢɡɨɪ FLIR А655sc [5]. ɇɚ ɪɢɫ. 3 ɩɪɟɞ-
ɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɬɟɦɩɟɪɚɬɭɪɵ ɦɚɬɪɢɰɵ ɬɟɩɥɨɜɢɡɨɪɨɦ (ɤɪɢɜɚя 1) ɜ ɡɚɜɢɫɢɦɨɫɬɢ 
ɨɬ ɬɨɤɚ ɢɧɠɟɤɰɢɢ. ɇɚ ɪɢɫ. 4 ɩɨɤɚɡɚɧɨ ɢɡɨɛɪɚɠɟɧɢɟ, ɩɨɥɭɱɟɧɧɨɟ ɫ ɩɨɦɨɳɶɸ FLIR А655sc, ɞɥя 
ɬɨɤɚ ɢɧɠɟɤɰɢɢ 350 ɦА. Кɭɪɫɨɪɚɦɢ 1—4 ɨɛɨɡɧɚɱɟɧɵ ɬɨɱɤɢ, ɜ ɤɨɬɨɪɵɯ ɢɡɦɟɪяɥɢɫɶ ɬɟɦɩɟɪɚɬɭɪɵ 
T1—T4: T1 = 59.1ºɋ, T2 = 59.2ºɋ, T3 = 56.8ºɋ, T4 = 64.4 ºɋ.Дɥя ɨɩɪɟɞɟɥɟɧɢя ɬɟɦɩɟɪɚɬɭɪɵ ɜɵɛɢɪɚ-
ɥɢɫɶ ɤɪɢɫɬɚɥɥɵ ɋД, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɧɚ ɤɪɚɸ ɢ ɜ ɰɟɧɬɪɟ ɦɚɬɪɢɰɵ. Ɍɟɦɩɟɪɚɬɭɪɚ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ 
ɦɚɬɪɢɰɵ ɫɜɟɬɨɞɢɨɞɨɜ ɡɚɜɢɫɢɬ ɨɬ ɪɚɫɩɨɥɨɠɟɧɢя ɋД ɢ ɜɚɪɶɢɪɭɟɬ ɨɬ T3 = 56.8 ºɋ ɞɨ T4 = 64.4 ºɋ. 
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Ɋɢɫ. 3. Иɡɦɟɪɟɧɧɵɟ ɬɟɩɥɨɜɢɡɨɪɨɦ (1) ɢ ɩɨɥɭɱɟɧɧɵɟ 
ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɚɫɱɟɬɨɜ (2) ɬɟɦɩɟɪɚɬɭɪɵ ɧɚɝɪɟɜɚ ɦɚɬ-
ɪɢɰɵ ɫɜɟɬɨɞɢɨɞɨɜ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɬɨɤɚ ɢɧɠɟɤɰɢɢ. 

 Ɋɢɫ. 4. Иɡɨɛɪɚɠɟɧɢɟ ɦɚɬɪɢɰɵ ɫɜɟɬɨɞɢɨɞɨɜ 
ɩɪɢ ɬɨɤɟ ɢɧɠɟɤɰɢɢ 350 ɦА, ɩɨɥɭɱɟɧɧɨɟ ɫ 
ɩɨɦɨɳɶɸ ɬɟɩɥɨɜɢɡɨɪɚ;  

 
Кɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 3 ɢ 4, ɪɚɫɫɱɢɬɚɧɧɵɟ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚɝɪɟɜɚ ɋД ɜ ɦɚɬɪɢɰɟ (ɤɪɢɜɚя 2) 

ɩɪɚɤɬɢɱɟɫɤɢ ɢɞɟɧɬɢɱɧɵ ɩɨɥɭɱɟɧɧɵɦ ɩɪɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɵɯ ɢɡɦɟɪɟɧɢяɯ ɧɚ ɪɚɡɥɢɱɧɵɯ ɨɛɥɚɫ-
ɬяɯ ɦɚɬɪɢɰɵ ɋД. Эɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɯɨɪɨɲɟɦ ɫɨɨɬɜɟɬɫɬɜɢɢ ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɦɨɞɟɥɢ ɢ ɜɵɫɨ-
ɤɨɦ ɤɚɱɟɫɬɜɟ ɢɡɝɨɬɨɜɥɟɧɧɨɣ ɦɚɬɪɢɰɵ ɋД. 

Заɤɥючɟɧɢɟ 
Ɋɚɡɪɚɛɨɬɚɧ ɢ ɢɡɝɨɬɨɜɥɟɧ ɦɚɤɟɬ ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɦɨɞɭɥя ɢɡ 33 ɫɜɟɬɨɞɢɨɞɨɜ, ɢɡɥɭɱɚɸɳɢɣ ɜ 

ɡɟɥɟɧɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ. Ɇɚɤɫɢɦɚɥɶɧɚя ɨɩɬɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɫɜɟɬɨɞɢɨɞɧɨɣ ɦɚɬɪɢ-
ɰɵ 13.8 Вɬ ɩɪɢ ɬɨɤɟ ɢɧɠɟɤɰɢɢ 1 А, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ~18 Вɬ/ɫɦ2. ɋɨɡɞɚɧɚ 
ɦɨɞɟɥɶ, ɨɩɢɫɵɜɚɸɳɚя ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɩɥɨɜɵɯ ɩɨɬɨɤɨɜ ɜ ɦɚɬɪɢɰɟ ɫɜɟɬɨɞɢɨɞɨɜ. ɉɨɤɚɡɚɧɨ, ɱɬɨ 
ɬɟɦɩɟɪɚɬɭɪɵ ɤɪɢɫɬɚɥɥɨɜ ɫɜɟɬɨɞɢɨɞɨɜ ɜ ɦɨɞɟɥɢ ɛɥɢɡɤɢ ɤ ɩɨɥɭɱɟɧɧɵɦ ɩɪɢ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɵɯ 
ɢɡɦɟɪɟɧɢяɯ ɬɟɩɥɨɜɢɡɨɪɨɦ.  
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To create a matrix with high-density of radiation miniature light-emitting diodes (LEDs) Rebel Z-series 
was used with a tight fit on the printed aluminum circuit board. Matrix, consisting of 33 LEDs, emitting in the 
blue-green region of the spectrum, and radiation power density was about 18 W/cm2 at injection current of 1 A. 
A model describing the distribution of heat during operation of the matrix was created. It is shown that the re-
sults of measurements of the temperature of the matrix of LEDs using a thermal imager are consistent simulation 
results and measurements of the temperature of the p-n-junction LED performed by optical method. 

Keywords: matrix light emitting diode, temperature of the active region. 
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ɉɪɨɜɟɞɟɧ ɚɧɚɥɢɡ ɩɪɨɮɢɥя ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɦɨɳɧɵɯ ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɯ ɞɢɨɞɨɜ (ɋИД) 
ɬɢɩɚ Cree XPE-HEW. Ɇɟɬɨɞɨɦ ɬɟɩɥɨɜɨɣ ɪɟɥɚɤɫɚɰɢɨɧɧɨɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɫɩɟɤɬɪɨɦɟɬɪɢɢ (ɌɊДɋ) 
ɨɩɪɟɞɟɥɟɧɵ ɤɨɦɩɨɧɟɧɬɵ ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɢ ɞɪɭɝɢɟ ɬɟɩɥɨɜɵɟ ɩɚɪɚɦɟɬɪɵ ɋИД, ɭɫɬɚɧɨɜɥɟɧɚ ɢɯ 
ɡɚɜɢɫɢɦɨɫɬɶ ɨɬ ɫɬɪɭɤɬɭɪɵ ɢ ɤɨɧɮɢɝɭɪɚɰɢɢ ɋИД, ɧɚɣɞɟɧɵ ɚɤɬɢɜɧɚя ɩɥɨɳɚɞɶ ɢ ɟɟ ɢɡɦɟɧɟɧɢɟ ɩɪɢ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɢ ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ ɜɞɨɥɶ ɫɟɱɟɧɢя ɢɡɥɭɱɚɬɟɥɟɣ. Дɥя ɤɨɧɮɢɝɭɪɚɰɢɣ ɞɚɧɧɨɝɨ ɬɢɩɚ 
ɨɛɧɚɪɭɠɟɧɨ яɜɥɟɧɢɟ “ɛɭɬɵɥɨɱɧɨɝɨ ɝɨɪɥɵɲɤɚ”, ɫɭɳɟɫɬɜɭɸɳɟɟ ɜ ɨɛɥɚɫɬɢ ɝɪɚɧɢɰ ɪɚɡɞɟɥɚ ɫɥɨɟɜ ɋИД, ɢ 
ɭɫɬɚɧɨɜɥɟɧɨ ɢɡɦɟɧɟɧɢɟ ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɫ ɬɨɤɨɦ ɜɨɡɛɭɠɞɟɧɢя ɞɢɨɞɨɜ.  

Кɥючɟвыɟ ɫɥɨва: ɫɜɟɬɨɞɢɨɞ, ɬɢɩ Cree XPE-HEW, ɬɟɩɥɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ, ɬɟɩɥɨɜɨɟ ɜɪɟɦя 
ɪɟɥɚɤɫɚɰɢɢ, ɷɮɮɟɤɬɢɜɧɨɫɬɶ.  

Ввɟɞɟɧɢɟ  
Ɇɨɳɧɵɟ ɫɜɟɬɨɞɢɨɞɵ (ɋИД) ɢɡɝɨɬɚɜɥɢɜɚɸɬɫя ɪɚɡɥɢɱɧɵɦɢ ɬɟɯɧɨɥɨɝɢяɦɢ, ɜ ɬɨɦ ɱɢɫɥɟ 

ɬɢɩɚ thin-film flip-chip (TFFC) – Rebel ɢ vertical thin-flip (VTF) – Cree. Кɚɤ ɩɪɚɜɢɥɨ, ɋИД ɢɦɟɸɬ 
ɤɟɪɚɦɢɱɟɫɤɭɸ ɦɟɬɚɥɥɢɡɢɪɨɜɚɧɧɭɸ ɩɨɞɥɨɠɤɭ ɫɨ ɫɬɪɭɤɬɭɪɨɣ DBC (Direct Bonded Copper), 
ɫɨɫɬɚɜ ɦɚɬɟɪɢɚɥɨɜ ɢ ɬɨɥɳɢɧɚ ɤɨɬɨɪɵɯ ɨɩɪɟɞɟɥяɸɬ ɩɨɥɧɨɟ ɜɧɭɬɪɟɧɧɟɟ ɬɟɩɥɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 
Rjc ɢ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɢɡɥɭɱɚɬɟɥɟɣ [1—4]. Вɧɟɲɧɢɣ ɜɢɞ ɢ ɫɯɟɦɚɬɢɱɧɨɟ ɢɡɨɛɪɚɠɟɧɢɟ ɦɨɳɧɨɝɨ 
ɋИД ɬɢɩɚ Cree XPE-HEW ɧɚ ɚɥɸɦɢɧɢɟɜɨɣ ɩɟɱɚɬɧɨɣ ɩɥɚɬɟ “ɡɜɟɡɞɚ” ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1.  

a                               

  

ɛ

  
Ɋɢɫ. 1. ɋɯɟɦɚɬɢɱɧɨɟ ɩɨɩɟɪɟɱɧɨɟ ɫɟɱɟɧɢɟ ɋИД (а) ɧɚ ɩɥɚɬɟ ɆɋPCB ɜ ɤɨɧɮɢɝɭɪɚɰɢɢ “ɡɜɟɡɞɚ” (ɛ). 

Мɟɬɨɞɢɤа ɢ ɩаɪаɦɟɬɪы СИД  

Дɟɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɬɟɩɥɨɜɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɋИД ɜɵɩɨɥɧɟɧɵ ɦɟɬɨɞɨɦ ɬɟɩɥɨɜɨɣ 
ɪɟɥɚɤɫɚɰɢɨɧɧɨɣ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɣ ɫɩɟɤɬɪɨɦɟɬɪɢɢ (ɌɊДɋ), ɯɨɪɨɲɨ ɡɚɪɟɤɨɦɟɧɞɨɜɚɜɲɢɦ ɫɟɛя 
ɩɪɢ ɚɧɚɥɢɡɟ ɬɟɩɥɨɜɵɯ ɩɚɪɚɦɟɬɪɨɜ ɜɧɭɬɪɟɧɧɢɯ ɷɥɟɦɟɧɬɨɜ ɝɟɬɟɪɨɥɚɡɟɪɨɜ, ɋИД ɢ ɬɪɚɧɡɢɫɬɨɪɨɜ 
[5]. Иɡ ɜɪɟɦɟɧɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟɯɨɞɚ ɩɪɢ ɧɚɝɪɟɜɟ ɩɪяɦɵɦ ɬɨɤɨɦ ɧɚɯɨɞяɬɫя 
ɞɢɫɤɪɟɬɧɵɣ ɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ ɫɩɟɤɬɪɵ ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя Rth ɩɪɢɛɨɪɨɜ, ɬɟɩɥɨɜɚя  
ɟɦɤɨɫɬɶ Cth ɢ ɩɨɫɬɨяɧɧɚя ɜɪɟɦɟɧɢ ɬɟɩɥɨɜɨɣ ɪɟɥɚɤɫɚɰɢɢ . Дɥя ɭɬɨɱɧɟɧɢя ɨɰɟɧɨɤ Rjc 
ɢɫɩɨɥɶɡɨɜɚɧ ɬɚɤɠɟ ɦɟɬɨɞ ɫɬɪɭɤɬɭɪɧɵɯ ɮɭɧɤɰɢɣ ɫɨɝɥɚɫɧɨ ɬɪɚɧɡɢɫɬɨɪɧɨɦɭ ɫɬɚɧɞɚɪɬɭ JESD51-
14. Кɪɨɦɟ ɬɨɝɨ, ɢɡɦɟɪɟɧɢя ɬɟɩɥɨɜɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɋИД ɩɪɨɜɟɞɟɧɵ ɫ ɩɨɦɨɳɶɸ 
ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɨɝɨ T3Ster-ɨɛɨɪɭɞɨɜɚɧɢя [6].  

ɋИД Cree XPE-HEW ɢɡɝɨɬɨɜɥɟɧɵ ɧɚ ɫɟɪɢɢ ɤɪɢɫɬɚɥɥɨɜ DA1000 ɫ ɨɪɢɝɢɧɚɥɶɧɨɣ 
ɬɟɯɧɨɥɨɝɢɟɣ ɩɪяɦɨɣ ɩɨɫɚɞɤɢ (Direct Attach) ɤɪɢɫɬɚɥɥɚ ɧɚ AlN DBC [7]. Ɍɚɤɢɟ ɢɡɥɭɱɚɬɟɥɢ 
ɨɫɧɚɳɟɧɵ ɜɟɪɯɧɢɦ ɫɥɨɟɦ SiC ɢ ɢɦɟɸɬ ɬɢɩɢɱɧɨ ɩɥɨɳɚɞɶ ɱɢɩɚ Sch = 1 ɦɦ2 (ɪɢɫ. 2).  

ɉɚɪɚɦɟɬɪɵ ɫɥɨɟɜ ɫɬɪɭɤɬɭɪɵ ɋИД ɬɢɩɚ Cree XPE-HEW ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɬɚɛɥ. 1. Уɝɨɥ 
ɪɚɫɬɟɤɚɧɢя ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɪɚɫɲɢɪɟɧɢɟ ɫɟɱɟɧɢя ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ ɩɪɢ ɪɟɥɚɤɫɚɰɢɢ ɬɟɩɥɨɬɵ ɩɨ 
ɫɬɪɭɤɬɭɪɟ ɫɜɟɬɨɞɢɨɞɨɜ. Дɥя ɫɪɚɜɧɟɧɢя ɩɚɪɚɦɟɬɪɵ ɜ ɬɚɛɥ. 2 ɭɤɚɡɚɧɵ ɞɥя ɋИД ɬɢɩɚ Rebel ES.  
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 Аɧɨɞ(+)  
94575 ɦɤɦ 
Gap 75 ɦɤɦ 
Кɚɬɨɞ (–) 
945795 ɦɤɦ

t = 335 ɦɤɦ

 

Ɋɢɫ. 2. Иɡɨɛɪɚɠɟɧɢɟ ɤɪɢɫɬɚɥɥɚ ɋИД ɬɢɩɚ Cree XPE-HEW ɛɟɡ ɥɢɧɡɵ ɢ ɥɸɦɢɧɨɮɨɪɚ ɜ 
ɫɨɛɫɬɜɟɧɧɵɯ ɥɭɱɚɯ ɢ ɤɨɧɮɢɝɭɪɚɰɢя ɤɪɢɫɬɚɥɥɚ ɫɟɪɢɢ Direct Attach DA1000.  

 

Ɍɚɛɥɢɰɚ 1. ɉɚɪɚɦɟɬɪɵ ɫɥɨɟɜ ɫɬɪɭɤɬɭɪɵ ɋИД ɬɢɩɚ Cree XPE-HEW.  

ɋɥɨɣ  Ɇɚɬɟɪɢɚɥ Ɍɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ  
(Вɬ/ɫɦ · К) 

Ɍɨɥɳɢɧɚ 
(ɦɤɦ) 

Уɝɨɥ ɪɚɫɬɟɤɚɧɢя, 
ɝɪɚɞ 

ɉɨɞɫɬɚɜɤɚ  SiC 3.50 330 45 
Чɢɩ ɋИД  GaN 1.30 3.5 45 
Эɜɬɟɤɬɢɤɚ  Au-20Sn 0.57 50 0 
 Cu 3.98 75 60 
DBC ɩɨɞɥɨɠɤɚ  AlN 1.00—2.00 500 0 
 Cu 3.98 75 60 
ɉɪɢɩɨɣ  SnAgCu 0.58 75 0 
ɉɪɨɫɥɨɣɤɚ  Cu 3.98 70 0 
PCB ɞɢɷɥɟɤɬɪɢɤ   2.2 100 0 
Al ɩɥɚɫɬɢɧɚ  Al 1.20—2.40 1588 60 

Ɍɚɛɥɢɰɚ 2. ɉɚɪɚɦɟɬɪɵ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɋИД ɬɢɩɚ Cree XPE-HEW ɢ Rebel ES. 

ɋИД  I, ɦА  U, В  КɉД, %  Popt, Вɬ 
ɋɜɟɬɨɨɬɞɚɱɚ, 

ɥɦ 
ɷɮɮɟɤɬɢɜɧɨɫɬɶ , 

ɥɦ/Вɬ 
Cree XPE-HEW 350 3.058 33.55 0.359 120.4 112.47 

Rebel ES 350 2.819 33.24 0.328 114 115.54 

 

Рɟɡɭɥɶɬаɬы  

Ɋɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɦɟɬɨɞɨɦ ɬɟɩɥɨɜɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɢ ɩɚɪɚɦɟɬɪɨɜ ɋИД ɩɨɤɚɡɚɧɵ ɧɚ 
ɪɢɫ. 3. В ɪɚɦɤɚɯ ɦɟɬɨɞɚ ɌɊДɋ ɷɥɟɤɬɪɨɬɟɩɥɨɜɵɟ ɦɨɞɟɥɢ Кɚɭɷɪɚ ɢ Фɨɫɬɟɪɚ ɨɝɪɚɧɢɱɟɧɵ ɩяɬɶɸ 
ɤɨɦɩɨɧɟɧɬɚɦɢ ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɪɚɡɪɟɲɟɧɢɟɦ ɦɟɬɨɞɚ T3Ster. В 
ɨɛɥɚɫɬяɯ R2 ɢ R4 ɨɛɧɚɪɭɠɟɧ ɷɮɮɟɤɬ ɬɟɩɥɨɜɨɝɨ «ɛɭɬɵɥɨɱɧɨɝɨ ɝɨɪɥɵɲɤɚ», ɤɨɬɨɪɵɣ ɨɛɭɫɥɨɜɥɟɧ 
ɩɟɪɟɯɨɞɧɵɦɢ ɫɨɩɪɨɬɢɜɥɟɧɢяɦɢ ɫɥɨя ɩɨɫɚɞɤɢ GaInN-ɱɢɩɚ ɧɚ ɩɨɞɥɨɠɤɭ DBC ɢ ɢɧɬɟɪɮɟɣɫɧɨɣ 
ɨɛɥɚɫɬɢ ɩɨɞɥɨɠɤɚ DBC–Al ɩɥɚɬɚ. Аɧɚɥɨɝɢɱɧɨɟ яɜɥɟɧɢɟ ɨɛɧɚɪɭɠɟɧɨ ɢ ɞɥя ɞɪɭɝɢɯ ɬɢɩɨɜ ɢ 
ɤɨɧɮɢɝɭɪɚɰɢɣ ɋИД [6]. В ɢɫɫɥɟɞɭɟɦɵɯ ɨɛɪɚɡɰɚɯ Cree 1 ɢ Cree 2 ɧɚɢɛɨɥɶɲɢɣ ɪɚɡɛɪɨɫ 
ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɜɵяɜɥɟɧ ɜ ɨɛɥɚɫɬɢ R4.  

Вɧɭɬɪɟɧɧɟɟ ɬɟɩɥɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɋИД ɤ ɜɧɟɲɧɟɣ ɝɪɚɧɢɰɟ ɩɨɞɥɨɠɤɢ DBC ɞɥя ɨɛɪɚɡɰɚ 
Cree 1 ɫɨɫɬɚɜɥяɟɬ 5.1 К/Вɬ, ɚ ɞɥя Cree 2 — 5.2 К/Вɬ, ɱɬɨ ɜ ɩɪɟɞɟɥɟ ɩɚɫɩɨɪɬɧɵɯ ɞɚɧɧɵɯ – 6 К/Вɬ. 
ɉɨɥɧɨɟ ɬɟɩɥɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ R1 – R5 ɫɢɫɬɟɦɵ ɋИД–ɩɥɚɬɚ MCPCB ɫɨɫɬɚɜɥяɟɬ 14.1 ɢ 
16.3 К/Вɬ ɞɥя ɨɛɪɚɡɰɨɜ Cree 1 ɢ Cree 2. ɉɨɥɭɱɟɧɧɵɟ ɦɟɬɨɞɨɦ T3Ster ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɢɫɬɟɦɵ R1 

– R5 ɞɥя ɨɛɪɚɡɰɚ Cree 1 ɫɨɫɬɚɜɥяɟɬ 13.9 ɢ ɞɥя Cree 2 — 15 К/Вɬ. Иɡ ɪɢɫ. 3, а ɢ ɛ ɜɢɞɧɨ, ɱɬɨ 
ɩɟɪɟɯɨɞɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɫɥɨя R4 (ɢɧɬɟɪɮɟɣɫ ɦɟɠɞɭ ɩɥɚɬɚɦɢ DBC ɢ MCPCB) ɫɭɳɟɫɬɜɟɧɧɨ 
ɩɪɟɜɵɲɚɟɬ ɜɧɭɬɪɟɧɧɟɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɋИД R1 – R3. В ɫɬɪɭɤɬɭɪɚɯ ɬɚɤɨɝɨ ɬɢɩɚ ɩɪɟɢɦɭɳɟɫɬɜɚ, 
ɩɨɥɭɱɚɟɦɵɟ ɩɭɬɟɦ ɢɫɩɨɥɶɡɨɜɚɧɢя ɧɢɬɪɢɞɧɵɯ DBC ɫ ɜɵɫɨɤɨɣ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶɸ, ɬɟɪяɸɬɫя ɢɡ-
ɡɚ ɩɥɨɯɨɝɨ ɬɟɩɥɨɜɨɝɨ ɫɨɝɥɚɫɨɜɚɧɢя ɩɥɚɬ DBC-MCPCB, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɧɢɡɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ 
ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢя ɫɜɟɬɨɞɢɨɞɨɜ ɜ ɰɟɥɨɦ.  
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Ɋɢɫ. 3. Зɚɜɢɫɢɦɨɫɬɢ ɌɊДɋ: ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ ɫɩɟɤɬɪ ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя (а), ɫɜяɡɶ ɤɨɦɩɨɧɟɧɬɨɜ 
ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɢ ɬɟɩɥɨɜɨɣ ɟɦɤɨɫɬɢ (ɛ), ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɚя ɫɬɪɭɤɬɭɪɧɚя ɮɭɧɤɰɢя ɩɨ ɦɟɬɨɞɭ 

T3Ster (в), ɢɦɩɭɥɶɫɧɚя ВАХ ɢ ɫɪɚɜɧɟɧɢɟ ɫ Rebel ES (г).  

Заɤɥючɟɧɢɟ  
Ɇɟɬɨɞɚɦɢ ɌɊДɋ ɢ T3Ster ɨɩɪɟɞɟɥɟɧɵ ɬɟɩɥɨɜɵɟ ɩɚɪɚɦɟɬɪɵ ɦɨɳɧɵɯ ɋИД ɬɢɩɚ  

Cree XPE-HEW. ɉɪɨɜɟɞɟɧɧɵɣ ɚɧɚɥɢɡ ɩɨɡɜɨɥɢɥ ɭɫɬɚɧɨɜɢɬɶ ɨɫɨɛɟɧɧɨɫɬɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢя 
ɬɟɩɥɨɜɨɝɨ ɩɨɬɨɤɚ ɜɞɨɥɶ ɫɬɪɭɤɬɭɪɵ ɋИД ɢ ɫɜяɡɚɬɶ ɤɨɦɩɨɧɟɧɬɵ ɬɟɩɥɨɜɨɝɨ ɫɨɩɪɨɬɢɜɥɟɧɢя ɫ 
ɤɨɧɮɢɝɭɪɚɰɢɟɣ ɢɡɥɭɱɚɬɟɥɟɣ.  
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The analysis of the profile of thermal resistance of powerful light-emitting diodes (LEDs) type Cree XPE-
HEW is approved. Thermal relaxation method of differential spectrometry (TRDS) is used for identifications of 
LED components of thermal resistance and other thermal parameters of LEDs, their dependence on the structure 
and configuration of the LED is obtained, the active area and its modification at redistribution of heat flow along 
the section of the emitters is found. For this type of LED configuration the phenomenon of "bottleneck" occurs, 
which exists within the boundaries of layers of the LED, and the change of the thermal resistance with current 
excitation of the diodes is examined.  
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Иɫɫɥɟɞɨɜɚɧɵ ɨɫɨɛɟɧɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢя ɫɜɟɬɨ- ɢ ɮɨɬɨɞɢɨɞɨɜ ɫɪɟɞɧɟɝɨ ИК ɞɢɚɩɚɡɨɧɚ ɫɩɟɤɬɪɚ ɞɥя 
ɚɧɚɥɢɡɚ ɝɚɡɨɜɵɯ ɢ ɜɨɞɨɧɟɮɬяɧɵɯ ɫɪɟɞ. 

Кɥючɟвыɟ ɫɥɨва: ɫɜɟɬɨɞɢɨɞɵ ɫɪɟɞɧɟɝɨ ИК ɞɢɚɩɚɡɨɧɚ, ɚɧɚɥɢɡ ɝɚɡɨɜɵɯ ɫɪɟɞ.  

Ввɟɞɟɧɢɟ 
Дɟɬɟɤɬɢɪɨɜɚɧɢɟ ɭɝɥɟɤɢɫɥɨɝɨ ɢ ɭɝɚɪɧɨɝɨ ɝɚɡɨɜ, ɚ ɬɚɤɠɟ ɧɟɮɬɟɩɪɨɞɭɤɬɨɜ — ɚɤɬɭɚɥɶɧɚя ɡɚ-

ɞɚɱɚ ɫɨɜɪɟɦɟɧɧɨɣ ɷɤɨɥɨɝɢɢ. Ɉɞɢɧ ɢɡ ɫɨɜɪɟɦɟɧɧɵɯ ɦɟɬɨɞɨɜ ɪɟɲɟɧɢя ɩɨɫɬɚɜɥɟɧɧɨɣ ɡɚɞɚɱɢ — 
ɩɪɢɦɟɧɟɧɢɟ ɨɩɬɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ ɞɟɬɟɤɬɢɪɨɜɚɧɢя ɜ ИК ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ, ɩɨɫɤɨɥɶɤɭ ɭɝɥɟɤɢɫɥɵɣ 
ɢ ɭɝɚɪɧɵɣ ɝɚɡɵ, ɚ ɬɚɤɠɟ ɧɟɮɬɶ ɢ ɧɟɮɬɟɩɪɨɞɭɤɬɵ ɢɦɟɸɬ ɨɫɧɨɜɧɵɟ ɥɢɧɢɢ ɩɨɝɥɨɳɟɧɢя ɫ ɰɟɧɬɪɚ-
ɦɢ 4.27, 4.67 [1] ɢ 1.7 ɦɤɦ [2] ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. В ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɨɜ ɢ ɩɪɢɟɦɧɢɤɨɜ ɢɡɥɭɱɟɧɢя 
ɞɥя ɰɟɥɟɣ ɨɛɧɚɪɭɠɟɧɢя ɢ ɨɩɪɟɞɟɥɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɣ ɩɟɪɟɱɢɫɥɟɧɧɵɯ ɜɵɲɟ ɜɟɳɟɫɬɜ ɜɵɛɪɚɧɵ 
ɫɜɟɬɨ- ɢ ɮɨɬɨɞɢɨɞɵ, ɪɚɡɪɚɛɨɬɚɧɧɵɟ ɜ ɥɚɛɨɪɚɬɨɪɢɢ ИК-ɨɩɬɨɷɥɟɤɬɪɨɧɢɤɢ ФɌИ ɢɦ. А. Ф. Иɨɮɮɟ, 
ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɜ ɫɢɫɬɟɦɟ GaSb–InAs, ɩɟɪɟɤɪɵɜɚɸɳɢɟ ɫɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ  
1.6—5 ɦɤɦ [3—5]. В ɧɚɫɬɨяɳɟɦ ɞɨɤɥɚɞɟ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫя ɨɫɨɛɟɧɧɨɫɬɢ ɩɪɢɦɟɧɟɧɢя ɭɤɚɡɚɧɧɵɯ 
ɞɢɨɞɨɜ ɞɥя ɪɚɡɪɚɛɨɬɤɢ ɤɨɦɩɚɤɬɧɵɯ ɩɪɢɛɨɪɨɜ ɞɟɬɟɤɬɢɪɨɜɚɧɢя ɭɝɥɟɤɢɫɥɨɝɨ ɝɚɡɚ ɢ ɚɧɚɥɢɡɚ ɜɨɞɨ-
ɧɟɮɬяɧɵɯ ɷɦɭɥɶɫɢɣ. 

1. Мɟɬɨɞɢɤа ɷɤɫɩɟɪɢɦɟɧɬа  
ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɫɜɟɬɨɞɢɨɞɨɜ (ɋД) ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɵ ɫ ɩɨɦɨɳɶɸ ɫɤɚɧɢɪɭɸɳɟɝɨ ɦɨ-

ɧɨɯɪɨɦɚɬɨɪɚ Solar TII MS2004i ɫɨ ɫɩɟɤɬɪɚɥɶɧɵɦ ɪɚɡɪɟɲɟɧɢɟɦ ɧɟ ɯɭɠɟ 10 ɧɦ. ɋД ɜɨɡɛɭɠɞɚɥɢɫɶ 
ɢɦɩɭɥɶɫɚɦɢ ɬɨɤɚ ɫ ɚɦɩɥɢɬɭɞɨɣ 0.5—2 А, ɞɥɢɬɟɥɶɧɨɫɬɶɸ 8—20 ɦɤɫ ɢ ɱɚɫɬɨɬɨɣ ɫɥɟɞɨɜɚɧɢя ɢɦ-
ɩɭɥɶɫɨɜ ɬɨɤɚ 16 ɤȽɰ. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɫɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɋД LED-17 (ɩɪɨɢɡɜɨɞɫɬɜɚ ФɌИ 
ɢɦ. А.Ф. Иɨɮɮɟ) ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ ɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ 20 ɦɤɫ ɧɚ ɩɪɢɜɟɞɟ-
ɧɵ ɪɢɫ. 1. а. Уɤɚɡɚɧɧɵɣ ɋД ɩɪɢɦɟɧяɟɬɫя ɞɥя ɨɛɧɚɪɭɠɟɧɢя ɧɟɮɬɢ (ɨɩɪɟɞɟɥɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɢ 
ɧɟɮɬɢ ɜ ɜɨɞɨɧɟɮɬяɧɨɣ ɷɦɭɥɶɫɢɢ), ɩɨɫɤɨɥɶɤɭ ɦɚɤɫɢɦɭɦ ɟɝɨ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɫɨɜɩɚɞɚɟɬ ɫ ɩɢ-
ɤɨɦ ɩɨɝɥɨɳɟɧɢя ɧɟɮɬɢ [2]. Ɇɚɤɫɢɦɭɦ ɫɩɟɤɬɪɚ LED-17 ɫɦɟɳɚɟɬɫя ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɬɨɤɚ ɢɧɠɟɤ-
ɰɢɢ ɫ ɩɨɫɬɨяɧɧɨɣ 16 ɧɦ/А. Дɥя ɰɟɥɟɣ ɚɧɚɥɢɡɚ ɜɨɞɨɧɟɮɬяɧɵɯ ɷɦɭɥɶɫɢɣ ɬɚɤɠɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ 
ɢɫɫɥɟɞɨɜɚɧɵ ɋД LED-19 ɢ LED-23. Ɇɚɤɫɢɦɭɦɵ ɞɥɢɧɵ ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя ɞɚɧɧɵɯ ɋД ɩɨɩɚɞɚɸɬ 
ɧɚ ɩɢɤ ɩɨɝɥɨɳɟɧɢя ɜɨɞɵ (ɤɨɬɨɪɵɣ ɧɟ ɩɟɪɟɫɟɤɚɟɬɫя ɫɨ ɫɩɟɤɬɪɨɦ ɩɨɝɥɨɳɟɧɢя ɜɨɞɵ) ɢ ɨɛɥɚɫɬɶ 
ɪɚɜɧɨɦɟɪɧɨɝɨ ɩɪɨɩɭɫɤɚɧɢя ɜɨɞɵ ɢ ɧɟɮɬɢ. 
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Дɥя ɨɩɪɟɞɟɥɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɣ ɭɝɥɟɤɢɫɥɨɝɨ ɢ ɭɝɚɪɧɨɝɨ ɝɚɡɚ ɜ ɚɬɦɨɫɮɟɪɵ ɜɨɡɞɭɯɚ ɢɫɫɥɟ-
ɞɨɜɚɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɋД LED-43 ɢ LED-46. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɋД LED-43 ɩɪɢ ɪɚɡɥɢɱɧɵɯ 
ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ ɢ ɞɥɢɬɟɥɶɧɨɫɬɢ ɢɦɩɭɥɶɫɚ ɬɨɤɚ 20 ɦɤɫ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 1, ɛ. Ɇɚɤɫɢɦɭɦ ɫɩɟɤ-
ɬɪɚ LED-43 ɫɦɟɳɚɟɬɫя ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɬɨɤɚ ɢɧɠɟɤɰɢɢ ɫ ɩɨɫɬɨяɧɧɨɣ 35 ɧɦ/А. 

2. Оɛɫɭɠɞɟɧɢɟ ɪɟɡɭɥɶɬаɬɨв  

ɉɪɢɦɟɧɟɧɢɟ ɋД LED-17, LED-19 ɢ LED-23 ɬɪɟɛɭɟɬ ɭɫɬɚɧɨɜɥɟɧɢя ɪɟɠɢɦɨɜ ɪɚɛɨɬɵ (ɬɨɤ, 
ɞɥɢɬɟɥɶɧɨɫɬɶ ɢ ɱɚɫɬɨɬɚ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ), ɤɨɬɨɪɵɟ ɨɛɟɫɩɟɱɢɜɚɸɬ ɧɚɞɟɠɧɨɟ ɩɟɪɟɤɪɵɬɢɟ 
ɫɩɟɤɬɪɨɜ ɢɡɥɭɱɟɧɢя ɋД ɢ ɫɩɟɤɬɪɨɜ ɩɨɝɥɨɳɟɧɢя ɧɟɮɬɢ ɢ ɜɨɞɵ. Дɥя ɩɨɜɵɲɟɧɢя ɬɨɱɧɨɫɬɢ ɢɡɦɟ-
ɪɟɧɢɣ ɫɨɞɟɪɠɚɧɢя, ɧɚɩɪɢɦɟɪ, ɜɨɞɵ ɜ ɧɟɮɬɢ ɧɟɨɛɯɨɞɢɦɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɮɢɥɶɬɪɵ ɢɡɥɭɱɟɧɢя, ɚ 
ɬɚɤɠɟ ɫɢɧɯɪɨɧɧɭɸ ɪɚɛɨɬɭ ɋД- ɢ ɮɨɬɨɞɢɨɞɨɜ. Ɉɫɨɛɟɧɧɨɫɬɶɸ ɩɪɢɦɟɧɟɧɢя ɋД LED-43 ɢ LED-46 
ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɢ ɭɝɥɟɤɢɫɥɨɝɨ ɢ ɭɝɚɪɧɨɝɨ ɝɚɡɨɜ — ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɬɟɪɦɨɫɬɚɛɢɥɢ-
ɡɚɰɢɢ, ɩɨɫɤɨɥɶɤɭ ɪɚɡɨɝɪɟɜ ɫɜɟɬɨɞɢɨɞɨɜ ɞɚɟɬ ɞɨɩɨɥɧɢɬɟɥɶɧɵɟ ɫɢɝɧɚɥ ɜ ɞɚɧɧɨɣ ИК ɨɛɥɚɫɬɢ. Дɥя 
ɩɨɜɵɲɟɧɢя ɬɨɱɧɨɫɬɢ ɢɡɦɟɪɟɧɢɣ ɬɚɤɠɟ ɫɥɟɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɮɢɥɶɬɪɵ ɢɡɥɭɱɟɧɢя. Ɍɚɤ, ɩɪɢɦɟ-
ɧɟɧɢɟ ɮɢɥɶɬɪɚ ɜ ɞɢɚɩɚɡɨɧɟ 4100-4400 ɞɥя ɋД LED-43 ɩɨɡɜɨɥяɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɭɜɟɥɢɱɢɬɶ ɫɨɨɬ-
ɧɨɲɟɧɢɟ ɫɢɝɧɚɥ-ɲɭɦ, ɚ ɬɚɤɠɟ ɫɧɢɡɢɬɶ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɬɟɪɦɨɫɬɚɛɢɥɢɡɚɰɢɢ, ɱɬɨ ɜɚɠɧɨ ɞɥя ɪɚɡ-
ɪɚɛɨɬɤɢ ɤɨɦɩɚɤɬɧɵɯ ɩɪɢɛɨɪɨɜ ɫ ɦɚɥɵɦ ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟɦ. 

Заɤɥючɟɧɢɟ  
ɉɪɨɜɟɞɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɫɜɟɬɨɞɢɨɞɨɜ, ɫɨɡɞɚɧɧɵɯ ɜ ɥɚɛɨɪɚɬɨɪɢɢ ИК-

ɨɩɬɨɷɥɟɤɬɪɨɧɢɤɢ ФɌИ ɢɦ. А.Ф. Иɨɮɮɟ, ɞɥя ɰɟɥɟɣ ɩɪɢɦɟɧɟɧɢя ɜ ɩɪɢɛɨɪɚɯ ɚɧɚɥɢɡɚ ɝɚɡɨɜɵɯ 
(ɭɝɥɟɤɫɥɵɣ ɢ ɭɝɚɪɧɵɣ ɝɚɡɵ) ɢ ɜɨɞɨɧɟɮɬяɧɵɯ ɫɦɟɫɟɣ. Вɵяɜɥɟɧɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɢɡɥɭɱɟɧɢя ɢ ɪɟɠɢɦɨɜ ɪɚɛɨɬɵ ɞɚɧɧɵɯ ɫɜɟɬɨɞɢɨɞɨɜ ɩɨɡɜɨɥɢɥɢ ɪɚɡɪɚɛɨɬɚɬɶ ɤɨɦɩɚɤɬɧɵɟ ɩɪɢɛɨɪɵ 
ɚɧɚɥɢɡɚ ɭɝɥɟɤɢɫɥɨɝɨ ɝɚɡɚ ɢ ɨɩɪɟɞɟɥɟɧɢя ɫɨɞɟɪɠɚɧɢя ɜɨɞɵ ɜ ɧɟɮɬɢ. 

Бɥаɝɨɞаɪɧɨɫɬɢ 

Ɋɚɛɨɬɚ ɱɚɫɬɢɱɧɨ ɩɨɞɞɟɪɠɚɧɚ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɦ ɤɨɧɬɪɚɤɬɨɦ ɊФ № 11705.004.11.001 ɢ ɞɨ-
ɝɨɜɨɪɨɦ №1-ɉɪɚɦɟɧɶ/2011 ɨɬ 22.11.2011 ɝ. ɦɟɠɞɭ Иɧɫɬɢɬɭɬɨɦ ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ ɢ ɇɚɰɢɨ-
ɧɚɥɶɧɨɣ ɚɤɚɞɟɦɢɟɣ ɧɚɭɤ Ȼɟɥɚɪɭɫɢ. 
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 ɧа ɫɩɟɤɬɪы, 

ɤɢɧɟɬɢɤɢ ɢ ɷɮɮɟɤɬɢвɧɨɫɬɢ ɮɨɬɨɥюɦɢɧɟɫɰɟɧɰɢɢ аɤɬɢвɢɪɨваɧɧɨɝɨ  
ɢɨɧаɦɢ Eu

3+
 хаɥɶɤɨɝɟɧɢɞɧɨɝɨ ɩɨɥɭɩɪɨвɨɞɧɢɤа CaGa4O7  

Ɇ. ɋ. Ʌɟɨɧɟɧя ɚ, ȿ. В. Ʌɭɰɟɧɤɨ ɚ, ɇ. В. Ɋɠɟɭɰɤɢɣ ɚ, В. ɇ. ɉɚɜɥɨɜɫɤɢɣ ɚ, Ƚ. ɉ. əɛɥɨɧɫɤɢɣ ɚ, 
Ɍ. Ƚ. ɇɚɝɢɟɜ ɛ, Ȼ. Ƚ. Ɍɚɝɢɟɜ ɛ, ɋ. А. Аɛɭɲɨɜ ɛ, Ɉ. Ȼ. Ɍɚɝɢɟɜ ɛ, ɜ 

а Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь;  
e-mail: max.leanenia@gmail.com 

ɛ Инɫɬиɬуɬ ɮиɡики НАН Аɡеɪɛаɣɞɠана, Баку, Аɡеɪɛаɣɞɠан 
в Бакинɫкиɣ ɮиɥиаɥ МГУ иɦ. М. В. Лɨɦɨнɨɫɨва., Баку, Аɡеɪɛаɣɞɠан  

Иɡɭɱɟɧɚ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢя (ФɅ) ɫɨɟɞɢɧɟɧɢя CaGa4O7, ɚɤɬɢɜɢɪɨɜɚɧɧɨɝɨ ɢɨɧɚɦɢ Eu3+, ɜ ɢɧɬɟɪ-
ɜɚɥɟ ɭɪɨɜɧɟɣ ɢɦɩɭɥɶɫɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢя 104—108 Вɬ/ɫɦ2 ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 300 К. ɋɩɟɤɬɪ ФɅ 
CaGa4O7:Eu3+ ɫɨɫɬɨɢɬ ɢɡ ɧɚɛɨɪɚ ɥɢɧɢɣ ɜ ɤɪɚɫɧɨɣ ɨɛɥɚɫɬɢ, ɧɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɟ ɢɡ ɤɨɬɨɪɵɯ ɩɪɢ 612 ɢ 
615 ɧɦ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɷɥɟɤɬɪɨɧɧɵɦ ɩɟɪɟɯɨɞɚɦ 5D0→7F2 ɜ ɢɨɧɚɯ Eu3+. Ɉɛɧɚɪɭɠɟɧɚ ɭɫɬɨɣɱɢɜɨɫɬɶ ɩɨɥɨ-
ɠɟɧɢя ɢ ɮɨɪɦɵ ɫɩɟɤɬɪɚ ФɅ ɩɪɢ ɭɪɨɜɧяɯ ɧɚɤɚɱɤɢ ɨɬ 104 ɞɨ 108 Вɬ/ɫɦ2. Вɵяɜɥɟɧɨ, ɱɬɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ФɅ 
CaGa4O7:Eu3+ ɩɨɫɬɨяɧɧɚ ɩɪɢ ɢɧɬɟɧɫɢɜɧɨɫɬяɯ ɜɨɡɛɭɠɞɟɧɢя ɨɬ 104 ɞɨ 2·107 Вɬ/ɫɦ2 ɢ ɨɛɥɚɞɚɟɬ ɨɛɪɚɬɢɦɵɦ 
ɩɚɞɟɧɢɟɦ ɜɫɟɝɨ ɧɚ 50 % ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɭɪɨɜɧя ɧɚɤɚɱɤɢ ɞɨ 108 Вɬ/ɫɦ2. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ФɅ 
CaGa4O7:Eu3+ ɡɚɬɭɯɚɟɬ ɦɨɧɨɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɫ ɩɨɫɬɨяɧɧɵɦɢ ɜɪɟɦɟɧɢ ɜ ɢɧɬɟɪɜɚɥɟ 1.12—1.29 ɦɫ. ɋ ɪɨɫ-
ɬɨɦ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɨɬ 106 ɞɨ 7·107 Вɬ/ɫɦ2 ɩɪɨɢɫɯɨɞɢɬ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɫɨɤɪɚɳɟɧɢɟ ɜɪɟɦɟɧ ɡɚɬɭɯɚ-
ɧɢя ФɅ ɧɚ 612 ɧɦ ɧɚ 60 ɦɤɫ.  

Кɥючɟвыɟ ɫɥɨва: ɨɤɫɨɝɚɥɥɚɬ ɤɚɥɶɰɢя, ɬɪɟɯɜɚɥɟɧɬɧɵɟ ɢɨɧɵ ɟɜɪɨɩɢя, ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢя, ɷɮ-
ɮɟɤɬɢɜɧɨɫɬɶ.  

Ввɟɞɟɧɢɟ 
Аɤɬɢɜɢɪɨɜɚɧɧɵɟ ɢɨɧɚɦɢ Eu3+ ɛɨɪɚɬɵ, ɢɧɞɚɬɵ, ɚɥɸɦɢɧɚɬɵ ɢ ɝɚɥɥɚɬɵ ɳɟɥɨɱɧɨɡɟɦɟɥɶɧɵɯ 

ɦɟɬɚɥɥɨɜ яɜɥяɸɬɫя ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɫɪɟɞɚɦɢ ɞɥя ɫɨɡɞɚɧɢя ɧɚ ɢɯ ɨɫɧɨɜɟ ɥɸɦɢɧɨɮɨɪɨɜ ɤɪɚɫɧɨɝɨ 
ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ [1, 2]. Ɉɤɫɨɝɚɥɥɚɬ ɤɚɥɶɰɢя (CaGa4O7), ɚɤɬɢɜɢɪɨɜɚɧɧɵɣ ɢɨɧɚɦɢ Eu3+, 
ɨɛɥɚɞɚɟɬ ɢɧɬɟɧɫɢɜɧɨɣ ФɅ ɜ ɞɢɚɩɚɡɨɧɟ 570—710 ɧɦ [1]. В ɩɨɫɥɟɞɧɟɟ ɜɪɟɦя ɩɨяɜɢɥɢɫɶ ɪɚɛɨɬɵ 
ɩɨ ɩɨɥɭɱɟɧɢɸ ɝɟɧɟɪɚɰɢɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ 620 ɢ 703 ɧɦ ɧɚ ɩɟɪɟɯɨɞɚɯ ɜ ɢɨɧɚɯ Eu3+ ɜ ɪɚɡ-
ɥɢɱɧɵɯ ɦɚɬɪɢɰɚɯ [3, 4]. В ɥɢɬɟɪɚɬɭɪɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɥɢɲɶ ɨɛɳɢɟ ɞɚɧɧɵɟ ɩɨ ФɅ ɫɜɨɣɫɬɜɚɦ ɫɨ-
ɟɞɢɧɟɧɢя CaGa4O7:Eu3+. Дɥя ɭɫɬɚɧɨɜɥɟɧɢя ɜɨɡɦɨɠɧɨɫɬɢ ɟɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢя ɜ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɨɣ 
ɫɪɟɞɵ ɢ ɥɸɦɢɧɨɮɨɪɚ ɞɥя ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɯ ɩɪɢɛɨɪɨɜ ɢ ɥɚɡɟɪɨɜ ɧɟɨɛɯɨɞɢɦɨ ɢɡɭɱɟɧɢɟ ɫɬɚɛɢɥɶ-
ɧɨɫɬɢ ɟɝɨ ɫɩɟɤɬɪɨɜ, ɤɢɧɟɬɢɤ ɫɜɟɱɟɧɢя ɢ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɥɢɧɢɣ ɜ ɲɢɪɨɤɨɦ ɢɧɬɟɪɜɚɥɟ ɭɪɨɜɧɟɣ 
ɜɨɡɛɭɠɞɟɧɢя, ɱɟɦɭ ɢ ɩɨɫɜяɳɟɧɚ ɧɚɫɬɨяɳɚя ɪɚɛɨɬɚ. 

1. Мɟɬɨɞɢɤа ɷɤɫɩɟɪɢɦɟɧɬа 
Хɚɥɶɤɨɝɟɧɢɞɧɨɟ ɫɨɟɞɢɧɟɧɢɟ CaGa4O7:Eu3+(3 ɚɬ.%) ɫɢɧɬɟɡɢɪɨɜɚɧɨ ɦɟɬɨɞɨɦ ɉɟɱɢɧɢ. ɉɨ-

ɥɢɤɪɢɫɬɚɥɥɵ CaGa4O7:Eu3+ ɢɡɦɟɥɶɱɚɥɢɫɶ ɜ ɩɥɚɧɟɬɚɪɧɨɣ ɲɚɪɨɜɨɣ ɦɟɥɶɧɢɰɟ. Ɉɛɪɚɡɰɵ ɢɡɝɨɬɨɜ-
ɥɟɧɵ ɧɚɧɟɫɟɧɢɟɦ ɫɥɨɟɜ ɩɨɥɭɱɟɧɧɵɯ ɩɨɪɨɲɤɨɜ CaGa4O7:Eu3+ ɧɚ ɤɜɚɪɰɟɜɵɟ ɩɥɚɫɬɢɧɤɢ. ɋɩɟɤɬɪɵ 
ɜɨɡɛɭɠɞɟɧɢя ФɅ ɢɡɦɟɪɟɧɵ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɦɨɧɨɯɪɨɦɚɬɢɡɢɪɨɜɚɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɤɫɟɧɨɧɨɜɨɣ 
ɥɚɦɩɵ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 300 К. Вɥɢяɧɢɟ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɧɚ ɫɩɟɤɬɪɵ, ɤɢɧɟɬɢɤɢ ɢ 
ɷɮɮɟɤɬɢɜɧɨɫɬɢ ФɅ ɜ ɢɧɬɟɪɜɚɥɟ 104—108 Вɬ/ɫɦ2 ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɨ ɩɨ ɢɧɬɟɝɪɚɥɶɧɵɦ 
(ɪɟɝɢɫɬɪɚɰɢя ɧɚ ɫɩɟɤɬɪɨɦɟɬɪɟ) ɢ ɪɚɡɪɟɲɟɧɧɵɦ ɜɨ ɜɪɟɦɟɧɢ (ɪɟɝɢɫɬɪɚɰɢя ɧɚ ɫɬɪɢɤ-ɤɚɦɟɪɟ) 
ɫɩɟɤɬɪɚɦ ФɅ ɨɛɪɚɡɰɨɜ CaGa4O7:Eu3+ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ ɜɬɨɪɨɣ ɝɚɪɦɨɧɢɤɢ 
ɩɟɪɟɫɬɪɚɢɜɚɟɦɨɝɨ Ti:Al2O3-ɥɚɡɟɪɚ ɧɚ 393 ɧɦ ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɢɦɩɭɥɶɫɨɜ 15 ɧɫ. ɋɩɟɤɬɪɚɥɶɧɨɟ ɢ 
ɜɪɟɦɟɧɧɨɟ ɪɚɡɪɟɲɟɧɢɟ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɯ 0.07 ɧɦ ɢ 0.1 ɦɤɫ. 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ  
ɋɨɟɞɢɧɟɧɢɟ CaGa4O7:Eu3+(3 ɚɬ.%) ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 300 К ɨɛɥɚɞɚɟɬ ɫɜɟɱɟɧɢɟɦ ɜ ɤɪɚɫɧɨɣ 

ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ ɫ ɧɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɦɢ ɥɢɧɢяɦɢ ɧɚ 612 ɢ 615 ɧɦ (ɪɢɫ. 1, ɤɪɢɜɚя 1'). ɉɨɥɭ-
ɱɟɧɧɵɣ ɫɩɟɤɬɪ ɜ ɞɢɚɩɚɡɨɧɟ 570—710 ɧɦ ɯɚɪɚɤɬɟɪɟɧ ɞɥя ɢɨɧɨɜ ɬɪɟɯɜɚɥɟɧɬɧɨɝɨ ɟɜɪɨɩɢя ɜ ɪɚɡ-
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ɥɢɱɧɵɯ ɦɚɬɪɢɰɚɯ [1, 2]. Иɨɧɵ Eu3+ ɜ ɩɪɨɰɟɫɫɟ ɪɨɫɬɚ ɡɚɧɢɦɚɸɬ ɩɨɥɨɠɟɧɢя ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ 
ɪɟɲɟɬɤɟ CaGa4O7 ɛɟɡ ɰɟɧɬɪɚ ɢɧɜɟɪɫɢɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɧɚɥɢɱɢɸ ɞɜɭɯ ɥɢɧɢɣ ɜ ɫɩɟɤɬɪɟ ФɅ ɞɥя 
ɤɚɠɞɨɝɨ ɢɡ ɩɟɪɟɯɨɞɨɜ 5D0→7Fj (j = 1—4) [1]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ФɅ ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ 612 ɢ 615 ɧɦ 
ɫɜяɡɚɧɚ ɫ ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɞɢɩɨɥɶɧɵɦ ɩɟɪɟɯɨɞɨɦ 5D0→7F2 ɜ ɢɨɧɚɯ Eu3+. Ʌɢɧɢɢ ɡɧɚɱɢɬɟɥɶɧɨ ɛɨ-
ɥɟɟ ɫɥɚɛɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɤɨɥɨ 587, 655 ɢ 700 ɧɦ ɨɛɭɫɥɨɜɥɟɧɵ ɩɟɪɟɯɨɞɚɦɢ ɫ ɭɪɨɜɧя 5D0 ɧɚ 
ɭɪɨɜɧɢ 7F1, 

7F3 ɢ 7F4 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ (ɪɢɫ. 1, ɤɪɢɜɚя 1').  
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ФɅ (1') ɩɪɢ λɜɨɡɛ = 393 ɧɦ ɢ ɜɨɡɛɭɠɞɟɧɢя ФɅ ɩɪɢ λɪɟɝ = 612 (1), 700 (2) ɢ 587 ɧɦ (3)  

ɫɨɟɞɢɧɟɧɢя CaGa4O7:Eu3+ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 300 К. 
 

ɋɩɟɤɬɪɵ ɜɨɡɛɭɠɞɟɧɢя ФɅ ɩɪɢ ɪɟɝ = 587, 612 ɢ 700 ɫɯɨɠɢ ɩɨ ɫɬɪɭɤɬɭɪɟ ɢ ɫɨɫɬɨяɬ ɢɡ ɲɢ-
ɪɨɤɨɣ ɩɨɥɨɫɵ ɫ ɦɚɤɫɢɦɭɦɨɦ ɧɚ 275 ɧɦ ɢ ɫɟɪɢɢ ɥɢɧɢɣ ɜ ɞɢɚɩɚɡɨɧɟ 350—475 ɧɦ (ɪɢɫ. 1, ɤɪɢɜɵɟ 
1—3). Шɢɪɨɤɚя ɩɨɥɨɫɚ ɨɛɭɫɥɨɜɥɟɧɚ ɩɨɝɥɨɳɟɧɢɟɦ ɢɡɥɭɱɟɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɦɚɬɪɢɰɟɣ 
CaGa4O7 ɢ ɩɨɫɥɟɞɭɸɳɟɣ ɩɟɪɟɞɚɱɟɣ ɷɧɟɪɝɢɢ ɢɨɧɚɦ Eu3+. ɇɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɟ ɥɢɧɢɢ ɩɪɢ 363, 
393 ɢ 466 ɧɦ ɫɜяɡɚɧɵ ɫ ɩɟɪɟɯɨɞɚɦɢ 7F0→5D4, 

7F0→5L6 ɢ 7F0→5D2 ɜ ɢɨɧɚɯ Eu3+ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ.  
ɉɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɦɩɭɥɶɫɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɩɟɪɟɫɬɪɚɢɜɚɟɦɨɝɨ Ti:Al2O3-ɥɚɡɟɪɚ ɧɚ ɞɥɢɧɟ 

ɜɨɥɧɵ 393 ɧɦ ɜ ɢɧɬɟɪɜɚɥɟ ɩɥɨɬɧɨɫɬɟɣ ɦɨɳɧɨɫɬɢ 104—108 Вɬ/ɫɦ2 ɫɩɟɤɬɪɵ ФɅ CaGa4O7:Eu3+ 
ɧɟɢɡɦɟɧɧɵ ɩɨ ɮɨɪɦɟ ɢ ɫɩɟɤɬɪɚɥɶɧɨɦɭ ɩɨɥɨɠɟɧɢɸ (ɪɢɫ. 2, а). Вɩɥɨɬɶ ɞɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭ-
ɠɞɟɧɢя 2·107 Вɬ/ɫɦ2 ɫɨɟɞɢɧɟɧɢɟ CaGa4O7:Eu3+ ɢɦɟɟɬ ɩɨɫɬɨяɧɧɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ФɅ ηФɅ ɧɚ 
ɞɥɢɧɚɯ ɜɨɥɧ 587, 612, 615 ɢ 700 ɧɦ, ɨɩɪɟɞɟɥɟɧɧɭɸ ɤɚɤ ɨɬɧɨɲɟɧɢɟ ɢɧɬɟɝɪɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ 
ФɅ ɤ ɭɪɨɜɧɸ ɧɚɤɚɱɤɢ IФɅ/Iɜɨɡɛ (ɪɢɫ. 2, ɛ). Дɚɥɶɧɟɣɲɢɣ ɪɨɫɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɞɨ 108 
Вɬ/ɫɦ2 ɩɪɢɜɨɞɢɬ ɤ ɩɚɞɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ФɅ ɧɟ ɛɨɥɟɟ ɱɟɦ ɧɚ 50 %. ɉɨɫɥɟɞɭɸɳɟɟ ɭɦɟɧɶɲɟ-
ɧɢɟ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɫ 108 ɞɨ 104 Вɬ/ɫɦ2 ɩɪɢɜɨɞɢɬ ɤ ɜɨɫɫɬɚɧɨɜɥɟɧɢɸ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ФɅ ɧɚ ɩɪɟɠɧɟɦ ɭɪɨɜɧɟ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɞɟɝɪɚɞɚɰɢя ɦɚɬɟɪɢɚɥɚ ɨɬɫɭɬɫɬɜɭɟɬ. 

 

580 600 620 640 660 680 700 720
10

-2

10
-1

10
0

10
1

10
2

10
3

10
4

 

, ɧɦ

IФɅ, ɨɬɧ. ɟɞ.

10
8
 Вɬ/ɫɦ2

10
4
 Вɬ/ɫɦ2

10
4

10
5

10
6

10
7

10
8

10
-1

10
0

 

Iɜɨɡɛ, Вɬ/ɫɦ
2

, ɨɬɧ. ɟɞ.

1

4

2

3

 
 

Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ФɅ CaGa4O7:Eu3+ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɭɪɨɜɧяɯ ɜɨɡɛɭɠɞɟɧɢя ɜ ɢɧɬɟɪɜɚɥɟ 104—108 Вɬ/ɫɦ2 (а)  
ɢ ɡɚɜɢɫɢɦɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɟɣ ФɅ ɧɚ 587 (1), 612 (2), 615 (3) ɢ 700 ɧɦ (4) ɨɬ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ 

ɜɨɡɛɭɠɞɟɧɢя ɧɚ 393 ɧɦ (ɛ). 
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Ɋɢɫ. 3.  Кɢɧɟɬɢɤɢ ɡɚɬɭɯɚɧɢя ФɅ CaGa4O7:Eu3+ ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ 587 (1), 612 (2), 615 (3) ɢ 700 ɧɦ (4) ɩɪɢ 
1 ɆВɬ/ɫɦ2 (а) ɢ ɤɢɧɟɬɢɤɢ ɡɚɬɭɯɚɧɢя ФɅ ɧɚ 612 ɧɦ ɩɪɢ ɭɪɨɜɧяɯ ɜɨɡɛɭɠɞɟɧɢя 1 (1), 13 (2), 28 (3), 38 (4), 

49 (5), 63 (6) ɢ 72 ɆВɬ/ɫɦ2 (7) ɧɚ 393 ɧɦ (ɛ). 
 

Кɢɧɟɬɢɤɢ ɡɚɬɭɯɚɧɢя ФɅ ɫɨɟɞɢɧɟɧɢя CaGa4O7:Eu3+ ɚɩɩɪɨɤɫɢɦɢɪɭɸɬɫя ɦɨɧɨɷɤɫɩɨɧɟɧɰɢ-
ɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ, ɚ ɩɨɫɬɨяɧɧɵɟ ɡɚɬɭɯɚɧɢя ФɅ ɧɚ ɞɥɢɧɚɯ ɜɨɥɧ 587, 612, 615 ɢ 700 ɧɦ ɧɚɯɨ-
ɞяɬɫя ɜ ɢɧɬɟɪɜɚɥɟ 1.12—1.29 ɦɫ (ɪɢɫ. 3, а). 

ɉɨɜɵɲɟɧɢɟ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɨɬ 104 ɞɨ 7·107 Вɬ/ɫɦ2 ɫɨɩɪɨɜɨɠɞɚɟɬɫя ɫɥɚɛɵɦ ɫɨɤɪɚɳɟ-
ɧɢɟɦ ɜɪɟɦɟɧ ɡɚɬɭɯɚɧɢя ФɅ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 612 ɧɦ ɧɚ 60 ɦɤɫ ɛɟɡ ɢɡɦɟɧɟɧɢɣ ɮɨɪɦɵ ɤɪɢɜɵɯ 
ɡɚɬɭɯɚɧɢя (ɪɢɫ. 3, ɛ). 

Заɤɥючɟɧɢɟ 
ФɅ ɫɨɟɞɢɧɟɧɢя CaGa4O7:Eu3+(3 ɚɬ.%) ɫɨɫɬɨɢɬ ɢɡ ɝɪɭɩɩɵ ɥɢɧɢɣ ɜ ɞɢɚɩɚɡɨɧɟ 570—710 ɧɦ, 

ɧɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɵɟ ɢɡ ɤɨɬɨɪɵɯ ɧɚ 612 ɢ 615 ɧɦ ɨɛɭɫɥɨɜɥɟɧɵ ɩɟɪɟɯɨɞɨɦ 5D0→7F2 ɜ ɢɨɧɚɯ 
Eu3+. В ɫɩɟɤɬɪɚɯ ɜɨɡɛɭɠɞɟɧɢя ФɅ CaGa4O7:Eu3+ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 300 К ɩɪɢɫɭɬɫɬɜɭɟɬ ɲɢɪɨɤɚя 
ɩɨɥɨɫɚ ɫ ɦɚɤɫɢɦɭɦɨɦ ɧɚ 260 ɧɦ ɢ ɫɟɪɢя ɢɧɬɟɧɫɢɜɧɵɯ ɥɢɧɢɣ ɧɚ 363, 393 ɢ 466 ɧɦ. Вɵяɜɥɟɧɚ 
ɱɪɟɡɜɵɱɚɣɧɚя ɭɫɬɨɣɱɢɜɨɫɬɶ ɩɨɥɨɠɟɧɢя ɢ ɮɨɪɦɵ ɫɩɟɤɬɪɚ ФɅ ɫɨɟɞɢɧɟɧɢя CaGa4O7:Eu3+ ɩɪɢ 
ɭɪɨɜɧяɯ ɧɚɤɚɱɤɢ ɨɬ 104 ɞɨ 108 Вɬ/ɫɦ2. Ɉɛɧɚɪɭɠɟɧɨ, ɱɬɨ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ФɅ ɩɨɫɬɨяɧɧɚ ɜ ɢɧɬɟɪ-
ɜɚɥɟ 104—2·107 Вɬ/ɫɦ2, ɚ ɞɚɥɶɧɟɣɲɢɣ ɪɨɫɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɞɨ 108 Вɬ/ɫɦ2 ɩɪɢɜɨɞɢɬ 
ɤ ɨɛɪɚɬɢɦɨɦɭ ɩɚɞɟɧɢɸ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ФɅ ɧɟ ɛɨɥɟɟ ɱɟɦ ɧɚ 50 %. ФɅ CaGa4O7:Eu3+ ɧɚ ɞɥɢɧɚɯ 
ɜɨɥɧ 587, 612, 615 ɢ 700 ɧɦ ɡɚɬɭɯɚɟɬ ɦɨɧɨɷɤɫɩɨɧɟɧɰɢɚɥɶɧɨ ɫ ɩɨɫɬɨяɧɧɵɦɢ ɜɪɟɦɟɧɢ ɜ ɢɧɬɟɪɜɚɥɟ 
1.12—1.29 ɦɫ. ɉɨɜɵɲɟɧɢɟ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɨɬ 104 ɞɨ 7 · 107 Вɬ/ɫɦ2 ɩɪɢɜɨɞɢɬ ɤ ɫɥɚɛɨɦɭ 
ɫɨɤɪɚɳɟɧɢɸ ɜɪɟɦɟɧ ɡɚɬɭɯɚɧɢя ФɅ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 612 ɧɦ ɧɚ 60 ɦɤɫ. 
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The photoluminescence (PL) of CaGa4O7 compound doped with Eu3+ ions is studied over a range of 
pulsed excitation levels from 104 to 108 W/cm2 at 300 K. The CaGa4O7:Eu3+ PL spectrum consists of a set of 
lines in the red spectral region with the most intensive at 612 and 615 nm due to electronic transitions 5D0→7F2 
in Eu3+ ions. Drastic stability of the PL spectra position and shape is obtained at excitation levels from 104 to  
108 W/cm2. It is shown that PL efficiency of the CaGa4O7:Eu3+ is constant for excitation intensities from 104 to 
2 · 107 W/cm2 and has a reversible fall only by 50% while increasing the pump level up to 108 W/cm2. It was 
established that the PL of CaGa4O7:Eu3+ has monoexponential decays with time constants in the range of  
1.12—1.29 ms. PL decay times at 612 nm exhibit slight reduction at 60 mks while increasing excitation level 
from 106 to 7 · 107 W/cm2.  

Keywords: calcium oxogallat, trivalent europium ions, photoluminescence, efficiency.  
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Кɢɧɟɬɢɤа ɩɟɪɟɝɪɟва аɤɬɢвɧɨɣ ɨɛɥаɫɬɢ InGaN-ɥаɡɟɪɧɨɝɨ ɞɢɨɞа  
ɫ ɧаɧɨɫɟɤɭɧɞɧыɦ ɪаɡɪɟɲɟɧɢɟɦ в ɪɟɠɢɦɟ ɪаɛɨɬы  

ɩɪɢ ɩɨвыɲɟɧɧых ɬɨɤах ɢɧɠɟɤɰɢɢ 

ɇ. В. Ɋɠɟɭɰɤɢɣ ɚ, ȿ. В. Ʌɭɰɟɧɤɨ ɚ, А. В. Дɚɧɢɥɶɱɢɤ ɚ, В. ɇ. ɉɚɜɥɨɜɫɤɢɣ ɚ, 
Ƚ. ɉ. əɛɥɨɧɫɤɢɣ ɚ, M. Aljohenii ɛ, A. Aljerwii ɛ, A. Alyamani ɛ 

а Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь;  
e-mail: m.rzheutski@ifanbel.bas-net.by 

ɛ Научнɨ-ɬехнɨɥɨгичеɫкиɣ ɰенɬɪ иɦени кɨɪɨɥя Аɛɞуɥаɡиɡа, Эɪ-Рияɞ, 
 Сауɞɨвɫкая Аɪавия 

ɉɪɟɞɥɚɝɚɟɬɫя ɦɟɬɨɞ ɨɰɟɧɤɢ ɤɢɧɟɬɢɤɢ ɩɟɪɟɝɪɟɜɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ, ɨɫɧɨɜɚɧɧɵɣ 
ɧɚ ɢɡɦɟɪɟɧɢɢ ɤɢɧɟɬɢɤɢ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɩɪɢ ɩɨɞɚɱɟ ɩɪяɦɨɭɝɨɥɶɧɨɝɨ ɢɦɩɭɥɶɫɚ ɬɨɤɚ. Иɫɫɥɟɞɨɜɚɧ ɤɨɦ-
ɦɟɪɱɟɫɤɢɣ InGaN ɥɚɡɟɪɧɵɣ ɞɢɨɞ (ɢɡɥ ~ 439 ɧɦ) ɩɪɢ ɪɚɛɨɬɟ ɜ ɪɟɠɢɦɚɯ ɬɨɤɚ ɢɧɠɟɤɰɢɢ, ɦɧɨɝɨɤɪɚɬɧɨ 
ɩɪɟɜɵɲɚɸɳɟɝɨ ɩɚɫɩɨɪɬɧɨɟ ɡɧɚɱɟɧɢɟ. ɉɪɟɞɥɨɠɟɧɧɵɣ ɦɟɬɨɞ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɟɡɟɧ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɨɩɬɢ-
ɦɚɥɶɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɢɦɩɭɥɶɫɧɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɢɧɠɟɤɰɢɨɧɧɵɯ ɥɚɡɟɪɨɜ ɜ ɩɪɢɦɟɧɟɧɢяɯ, ɬɪɟɛɭɸɳɢɯ 
ɜɵɫɨɤɨɣ ɩɢɤɨɜɨɣ ɨɩɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ. 

Кɥючɟвыɟ ɫɥɨва: InGaN ɥɚɡɟɪɧɵɣ ɞɢɨɞ, ɩɟɪɟɝɪɟɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ, ɤɢɧɟɬɢɤɚ ɩɟɪɟɝɪɟɜɚ, ɢɦ-
ɩɭɥɶɫɧɵɣ ɪɟɠɢɦ ɪɚɛɨɬɵ. 

Ввɟɞɟɧɢɟ 
ɉɪɨɝɪɟɫɫ, ɞɨɫɬɢɝɧɭɬɵɣ ɜ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɜ ɫɨɡɞɚɧɢɢ ɢ ɭɥɭɱɲɟɧɢɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɩɨɥɭ-

ɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɫ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɶɸ ɧɚ ɨɫɧɨɜɟ InGaN, ɨɛɭɫɥɨɜɢɥ ɩɨяɜɥɟɧɢɟ ɧɨɜɵɯ 
ɨɛɥɚɫɬɟɣ ɢɯ ɩɪɢɦɟɧɟɧɢя. Ɍɚɤ, ɤɨɦɩɚɤɬɧɵɟ ɢɫɬɨɱɧɢɤɢ ɤɨɝɟɪɟɧɬɧɨɝɨ ɢɡɥɭɱɟɧɢя ɮɢɨɥɟɬɨɜɨ-
ɡɟɥɟɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɫɩɟɤɬɪɚ ɜɨɫɬɪɟɛɨɜɚɧɵ ɜ ɫɢɫɬɟɦɚɯ ɨɬɨɛɪɚɠɟɧɢя ɢɧɮɨɪɦɚɰɢɢ, ɫɢɫɬɟɦɚɯ ɡɚ-
ɩɢɫɢ ɢ ɫɱɢɬɵɜɚɧɢя ɢɧɮɨɪɦɚɰɢɢ ɜɵɫɨɤɨɣ ɩɥɨɬɧɨɫɬɢ, ɜ ɨɛɥɚɫɬɢ ɬɟɥɟɤɨɦɦɭɧɢɤɚɰɢɢ, ɩɪɢ ɩɪɨɜɟ-
ɞɟɧɢɢ ɯɢɦɢɱɟɫɤɨɝɨ ɢ ɛɢɨɥɨɝɢɱɟɫɤɨɝɨ ɚɧɚɥɢɡɚ ɢ ɞɪ. Кɪɨɦɟ ɬɨɝɨ, ɫɨɜɪɟɦɟɧɧɵɟ InGaN-ɥɚɡɟɪɵ 
ɬɚɤɠɟ ɜɵɡɵɜɚɸɬ ɢɧɬɟɪɟɫ ɤɚɤ ɢɫɬɨɱɧɢɤɢ ɧɚɤɚɱɤɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ [1] ɢ ɬɜɟɪɞɨɬɟɥɶɧɵɯ [2, 3] 
ɥɚɡɟɪɧɵɯ ɫɪɟɞ. Эɬɢ ɢ ɞɪɭɝɢɟ ɩɪɢɦɟɧɟɧɢя ɬɪɟɛɭɸɬ ɜɵɫɨɤɨɣ ɜɵɯɨɞɧɨɣ ɨɩɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ 
ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ, ɞɥя ɞɨɫɬɢɠɟɧɢя ɤɨɬɨɪɨɣ ɱɚɳɟ ɜɫɟɝɨ ɩɪɢɦɟɧяɸɬ ɢɦɩɭɥɶɫɧɵɣ ɪɟɠɢɦ ɪɚɛɨɬɵ 
ɥɚɡɟɪɚ ɩɪɢ ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ ɜɵɲɟ ɩɚɫɩɨɪɬɧɨɝɨ ɡɧɚɱɟɧɢя. В ɬɨ ɠɟ ɜɪɟɦя ɨɫɧɨɜɧɨɣ ɮɚɤɬɨɪ, ɨɩɪɟ-
ɞɟɥяɸɳɢɣ ɞɨɥɝɨɜɟɱɧɨɫɬɶ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɩɪɢɛɨɪɨɜ, — ɬɟɦɩɟɪɚɬɭɪɚ 
ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɤɨɪɪɟɤɬɧɚя ɨɰɟɧɤɚ ɢ ɤɨɧɬɪɨɥɶ ɬɟɦɩɟɪɚɬɭɪɵ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫ-
ɬɢ яɜɥяɸɬɫя ɧɟɨɛɯɨɞɢɦɵɦ ɭɫɥɨɜɢɟɦ ɜɵɛɨɪɚ ɨɩɬɢɦɚɥɶɧɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ. 

1. Эɤɫɩɟɪɢɦɟɧɬ 
Иɫɫɥɟɞɨɜɚɧ ɤɨɦɦɟɪɱɟɫɤɢɣ ɥɚɡɟɪɧɵɣ ɞɢɨɞ, ɢɦɟɸɳɢɣ ɫɥɟɞɭɸɳɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ: ɞɥɢɧɚ 

ɜɨɥɧɵ ɢɡɥɭɱɟɧɢя ɢɡɥ ~ 439 ɧɦ, ɧɨɦɢɧɚɥɶɧɚя ɜɵɯɨɞɧɚя ɨɩɬɢɱɟɫɤɚя ɦɨɳɧɨɫɬɶ 1 Вɬ, ɧɨɦɢɧɚɥɶ-
ɧɵɣ ɪɚɛɨɱɢɣ ɬɨɤ 1.5 А, ɩɨɪɨɝɨɜɵɣ ɬɨɤ ~0.22 А, ɤɨɪɩɭɫ TO-18 5.6 ɦɦ. Ɍɟɦɩɟɪɚɬɭɪɚ ɩɟɪɟɝɪɟɜɚ 
ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɨɩɪɟɞɟɥяɥɚɫɶ ɩɨ ɫɦɟɳɟɧɢɸ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя, ɨɛɭɫɥɨɜɥɟɧ-
ɧɨɦɭ ɬɟɦɩɟɪɚɬɭɪɧɵɦ ɢɡɦɟɧɟɧɢɟɦ ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɦɚɬɟɪɢɚɥɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ In-
GaN. Кɢɧɟɬɢɤɚ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟɝɪɟɜɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɨɰɟɧɢɜɚɥɚɫɶ ɩɨ ɤɢɧɟ-
ɬɢɤɟ ɟɝɨ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɩɪɢ ɩɨɞɚɱɟ ɧɚ ɞɢɨɞ ɩɪяɦɨɭɝɨɥɶɧɨɣ ɫɬɭɩɟɧɶɤɢ ɬɨɤɚ. ɋɢɫɬɟɦɚ ɜɨɡɛɭ-
ɠɞɟɧɢя, ɫɨɫɬɨяɳɚя ɢɡ ɝɟɧɟɪɚɬɨɪɚ ɢɦɩɭɥɶɫɨɜ Keithley 3390, ɢɫɬɨɱɧɢɤɚ ɩɢɬɚɧɢя Agilent N5770A 
ɢ ɮɨɪɦɢɪɨɜɚɬɟɥя, ɩɨɫɬɪɨɟɧɧɨɝɨ ɧɚ ɥɚɜɢɧɧɨɦ ɬɪɚɧɡɢɫɬɨɪɟ ɢ ɨɬɪɟɡɤɟ ɤɨɚɤɫɢɚɥɶɧɨɝɨ ɤɚɛɟɥя ɜ 
ɤɚɱɟɫɬɜɟ ɮɨɪɦɢɪɭɸɳɟɣ ɥɢɧɢɢ, ɢɫɩɨɥɶɡɨɜɚɧɚ ɞɥя ɮɨɪɦɢɪɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ ɬɨɤɚ ɜ ɧɚɝɪɭɡɤɟ 
ɞɥɢɬɟɥɶɧɨɫɬɶɸ 100 ɧɫ, ɬɨɤɨɦ ɞɨ 5 А, ɢ ɱɚɫɬɨɬɨɣ ɫɥɟɞɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ 100 Ƚɰ. Ɍɟɦɩɟɪɚɬɭɪɚ 
ɤɨɪɩɭɫɚ ɢɫɫɥɟɞɭɟɦɨɝɨ InGaN-ɥɚɡɟɪɚ ɭɫɬɚɧɚɜɥɢɜɚɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɤɨɧɬɪɨɥɥɟɪɚ 
Arroyo 5310 ɢ ɷɥɟɦɟɧɬɚ ɉɟɥɶɬɶɟ ɫ ɜɨɡɞɭɲɧɵɦ ɨɯɥɚɠɞɟɧɢɟɦ. Иɦɩɭɥɶɫɧɨɟ ɢɡɥɭɱɟɧɢɟ InGaN ɥɚ-
ɡɟɪɚ ɡɚɜɨɞɢɥɨɫɶ ɧɚ ɜɯɨɞɧɭɸ ɳɟɥɶ ɦɨɧɨɯɪɨɦɚɬɨɪɚ Ɇ266 (ɫɩɟɤɬɪɚɥɶɧɨɟ ɪɚɡɪɟɲɟɧɢɟ ɧɟ ɯɭɠɟ 0.1 
ɧɦ), ɧɚ ɜɵɯɨɞɟ ɤɨɬɨɪɨɝɨ ɫɦɨɧɬɢɪɨɜɚɧɚ ɫɬɪɢɤ-ɤɚɦɟɪɚ Hamamatsu ɋ4334-01. ɋɬɪɢɤ-ɤɚɦɟɪɚ ɜ ɢɫ-
ɩɨɥɶɡɭɟɦɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɨɛɟɫɩɟɱɢɜɚɥɚ ɪɟɝɢɫɬɪɚɰɢɸ ɫɩɟɤɬɪɨɜ ɫ ɜɪɟɦɟɧɧɵɦ ɪɚɡɪɟɲɟɧɢɟɦ ɧɟ 
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ɯɭɠɟ 1 ɧɫ. ɋɢɧɯɪɨɧɢɡɚɰɢя ɡɚɩɭɫɤɚ ɤɚɞɪɚ ɫɬɪɢɤ-ɤɚɦɟɪɵ ɫ ɢɦɩɭɥɶɫɨɦ ɜɨɡɛɭɠɞɚɸɳɟɝɨ ɬɨɤɚ ɱɟɪɟɡ 
InGaN ɥɚɡɟɪ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫ ɩɨɦɨɳɶɸ ɝɟɧɟɪɚɬɨɪɚ ɡɚɞɟɪɠɤɢ DG645. Иɡɦɟɪɟɧɢя ɤɢɧɟɬɢɤɢ 
ɫɩɟɤɬɪɨɜ ɷɥɟɤɬɪɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ 1, 2, 3, 4, 5 А ɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 
ɤɨɪɩɭɫɚ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ 15ɋ, 20, 30 °ɋ. 

2. Рɟɡɭɥɶɬаɬы ɢ ɨɛɫɭɠɞɟɧɢɟ 
ɇɚ ɪɢɫ. 1 ɞɥя ɩɪɢɦɟɪɚ ɩɪɢɜɟɞɟɧɚ ɫɟɪɢя ɦɨɦɟɧɬɚɥɶɧɵɯ ɫɩɟɤɬɪɨɜ ɜ ɪɚɡɥɢɱɧɵɟ ɦɨɦɟɧɬɵ 

ɜɪɟɦɟɧɢ ɩɨɫɥɟ ɧɚɱɚɥɚ ɢɦɩɭɥɶɫɚ ɬɨɤɚ 5 А. Кɚɠɞɵɣ ɦɨɦɟɧɬɚɥɶɧɵɣ ɫɩɟɤɬɪ ɨɩɪɟɞɟɥяɥɫя ɢɧɬɟɝɪɢ-
ɪɨɜɚɧɢɟɦ ɩɨ ɜɪɟɦɟɧɧɨɦɭ ɢɧɬɟɪɜɚɥɭ ɲɢɪɢɧɨɣ 1 ɧɫ. Вɢɞɧɨ ɡɚɦɟɬɧɨɟ ɫɦɟɳɟɧɢɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟ-
ɧɢя ɥɚɡɟɪɚ ɜ ɞɥɢɧɧɨɜɨɥɧɨɜɭɸ ɫɬɨɪɨɧɭ ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɜɪɟɦɟɧɢ ɜɨɡɛɭɠɞɟɧɢя, ɫɜяɡɚɧɧɨɟ ɫ ɪɚɡɨ-
ɝɪɟɜɨɦ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɫɩɨɫɨɛɧɨɫɬɶ ɢɫɩɨɥɶɡɭɟɦɨɣ ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɭɫɬɚɧɨɜɤɢ 
ɪɟɝɢɫɬɪɢɪɨɜɚɬɶ ɫɩɟɤɬɪɚɥɶɧɨɟ ɫɦɟɳɟɧɢɟ ɞɚɟɬ ɜɨɡɦɨɠɧɨɫɬɶ ɨɰɟɧɢɬɶ ɜɟɥɢɱɢɧɭ ɩɟɪɟɝɪɟɜɚ.  

Вɪɟɦɟɧɧыɟ ɡɚɜɢɫɢɦɨɫɬɢ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢя ɢɡɥɭɱɟɧɢя ɝɟɧɟɪɚɰɢɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ 
λɢɡɥ ɨɩɪɟɞɟɥяɥɢɫɶ ɞɥя ɪɚɡɥɢɱɧɵɯ ɬɨɤɨɜ ɢɧɠɟɤɰɢɢ (I = 1—5 А) ɢ ɬɟɦɩɟɪɚɬɭɪ ɤɨɪɩɭɫɚ ɞɢɨɞɚ 
(tк = 15—30 °ɋ) ɤɚɤ ɫɪɟɞɧɟɜɡɜɟɲɟɧɧɵɟ ɡɧɚɱɟɧɢя. ɇɚ ɪɢɫ. 2 ɩɪɢɜɟɞɟɧɵ ɤɢɧɟɬɢɤɢ λɢɡɥ, ɢɡɦɟɪɟɧ-
ɧɵɟ ɩɪɢ ɬɨɤɟ 4 А ɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɤɨɪɩɭɫɚ. 
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Ɋɢɫ. 1.  Вɵɛɨɪɤɚ ɢɡ ɫɟɪɢɢ ɦɨɦɟɧɬɚɥɶɧɵɯ ɫɩɟɤɬɪɨɜ ɢɡɥɭɱɟɧɢя InGaN ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ, ɢɡɦɟɪɟɧɧɵɯ ɜ  
ɪɚɡɥɢɱɧɵɟ ɦɨɦɟɧɬɵ ɜɪɟɦɟɧɢ ɩɨɫɥɟ ɧɚɱɚɥɚ ɢɦɩɭɥɶɫɚ ɬɨɤɚ 5 А ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ ɤɨɪɩɭɫɚ ɞɢɨɞɚ 20 °ɋ. 

 
   ɢɡɥ, ɧɦ                                                                                Т, К 
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Ɋɢɫ. 2. Кɢɧɟɬɢɤɢ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢя 
ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ 
ɤɨɪɩɭɫɚ 15 (1), 20 (2) ɢ 30 ɋ (3) ɢ ɬɨɤɟ 4 А. 

 Ɋɢɫ. 3. Кɢɧɟɬɢɤɢ ɬɟɦɩɟɪɚɬɭɪɵ ɩɟɪɟɝɪɟɜɚ 
ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɩɪɢ 
ɪɚɡɥɢɱɧɵɯ ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ. 

 
ɉɨ ɢɡɦɟɪɟɧɧɵɦ ɡɚɜɢɫɢɦɨɫɬяɦ ɢɡɥ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɧɚɣɞɟɧ ɤɨɷɮɮɢɰɢɟɧɬ 

ɬɟɦɩɟɪɚɬɭɪɧɨɝɨ ɫɦɟɳɟɧɢя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢя ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ k = 0.04 ɧɦ/К. 
Иɡ ɜɪɟɦɟɧɧыɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɩɨɥɨɠɟɧɢя ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɚ ɨɩɪɟɞɟɥɟɧɵ ɤɢɧɟɬɢɤɢ 
ɩɟɪɟɝɪɟɜɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɬɨɤɚɯ ɢɧɠɟɤɰɢɢ (ɪɢɫ. 3). Уɱɢɬɵ-
ɜɚя, ɱɬɨ ɛɨɥɶɲɢɧɫɬɜɨ ɩɪɨɢɡɜɨɞɢɬɟɥɟɣ ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɩɪɢɛɨɪɨɜ ɧɚ ɨɫ-
ɧɨɜɟ GaN ɨɝɪɚɧɢɱɢɜɚɸɬ ɬɟɦɩɟɪɚɬɭɪɭ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɧɚ ɭɪɨɜɧɟ ~150 °ɋ, ɦɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵ-
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ɜɨɞ ɨ ɞɨɩɭɫɬɢɦɨɫɬɢ ɪɚɛɨɬɵ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɩɪɢ ɬɨɤɟ 5 А ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɫ ɞɥɢɬɟɥɶɧɨ-
ɫɬɶɸ ɢɦɩɭɥɶɫɚ 100 ɧɫ, ɨɝɪɚɧɢɱɢɜ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɡɧɚɱɟɧɢɟɦ ɬɟɦɩɟɪɚɬɭɪɭ ɤɨɪɩɭɫɚ ɞɢɨɞɚ. 

Заɤɥючɟɧɢɟ  
ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧ ɫɩɨɫɨɛ ɨɰɟɧɤɢ ɤɢɧɟɬɢɤɢ ɩɟɪɟɝɪɟɜɚ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɥɚɡɟɪɧɨɝɨ ɞɢɨ-

ɞɚ ɞɥя ɜɵɛɨɪɚ ɞɨɩɭɫɬɢɦɵɯ ɭɫɥɨɜɢɣ ɢɦɩɭɥɶɫɧɨɝɨ ɪɟɠɢɦɚ ɪɚɛɨɬɵ ɫ ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɢɦɩɭɥɶɫɨɜ 
ɞɨ 100 ɧɫ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɤɨɦɦɟɪɱɟɫɤɢɣ InGaN ɥɚɡɟɪɧɵɣ ɞɢɨɞ ɜ ɢɦɩɭɥɶɫɧɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ 
(τɢɦɩ = 100 ɧɫ) ɩɪɢ ɬɨɤɟ, ɩяɬɢɤɪɚɬɧɨ ɩɪɟɜɵɲɚɸɳɟɦ ɧɨɦɢɧɚɥɶɧɨɟ ɡɧɚɱɟɧɢɟ, ɢɫɩɵɬɵɜɚɟɬ ɩɟɪɟ-
ɝɪɟɜ ɚɤɬɢɜɧɨɣ ɨɛɥɚɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɬɟɦɩɟɪɚɬɭɪɵ ɤɨɪɩɭɫɚ ɜɫɟɝɨ 23 К, ɱɬɨ ɩɨɡɜɨɥяɟɬ ɢɫɩɨɥɶɡɨ-
ɜɚɬɶ ɟɝɨ ɜ ɬɚɤɨɦ ɪɟɠɢɦɟ ɪɚɛɨɬɵ ɞɥя ɩɪɢɦɟɧɟɧɢɣ, ɬɪɟɛɭɸɳɢɯ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɣ ɢɦɩɭɥɶɫɧɨɣ 
ɦɨɳɧɨɫɬɢ. 

Бɥаɝɨɞаɪɧɨɫɬɢ 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɱɚɫɬɢɱɧɨɣ ɩɨɞɞɟɪɠɤɟ Ȼɟɥɨɪɭɫɫɤɨɝɨ ɪɟɫɩɭɛɥɢɤɚɧɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧ-
ɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɩɪɨɟɤɬ Ф14Ɋ-074). 
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Kinetics of Active Region Overheat Temperature of InGaN Laser  
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A method of estimation of laser diode junction temperature at different time after starting of injection 
current pulse is demonstrated. The method is based on measurement of lasing spectra kinetics with nanosecond 
resolution using a streak-camera. A commercial InGaN laser diode (las ~ 439 nm) was investigated at injection 
current highly exceeding the nominal value.  
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О ɩɪɢɦɟɧɟɧɢɢ ɬɟɩɥɨвых ɬɪɭɛ в ɤɨɧɫɬɪɭɤɰɢɢ  

ɫвɟɬɨɞɢɨɞɧых ɫвɟɬɢɥɶɧɢɤɨв 

Ю. В. Ɍɪɨɮɢɦɨɜ ɚ, Ɉ. Ƚ. ɉɟɧяɡɶɤɨɜ ɛ, ɋ. И. Ʌɢɲɢɤ ɚ, ɉ. ɉ. ɉɟɪɲɭɤɟɜɢɱ ɚ, Ʌ. Ʌ. Вɚɫɢɥɶɟɜ ɛ 

а 
 Ценɬɪ ɫвеɬɨɞиɨɞных и ɨɩɬɨэɥекɬɪɨнных ɬехнɨɥɨгиɣ НАН Беɥаɪуɫи,  

Минɫк, Беɥаɪуɫь, e-mail: sergey.lishik@gmail.com 
ɛ Инɫɬиɬуɬ ɬеɩɥɨ- и ɦаɫɫɨɨɛɦена иɦ. А.В.Лыкɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɩɪɢɦɟɧɢɦɨɫɬɢ ɬɟɩɥɨɜɵɯ ɬɪɭɛ ɜ ɤɚɱɟɫɬɜɟ ɬɟɩɥɨɨɬɜɨɞɚ ɞɥя ɦɨɳɧɵɯ ɫɜɟ-
ɬɨɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ, ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɯ ɞɥя ɜɧɭɬɪɟɧɧɟɝɨ ɨɫɜɟɳɟɧɢя ɩɪɨɦɵɲɥɟɧɧɵɯ ɨɛɴɟɤɬɨɜ: ɰɟ-
ɯɨɜ, ɫɤɥɚɞɨɜ, ɫɩɨɪɬɢɜɧɵɯ ɤɨɦɩɥɟɤɫɨɜ ɢ ɬ.ɩ. Иɫɫɥɟɞɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɤɨɧɫɬɪɭɤɰɢɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟ-
ɬɢɥɶɧɢɤɨɜ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɨɩɬɢɦɚɥɶɧɨɝɨ ɬɟɩɥɨɜɨɝɨ ɞɢɡɚɣɧɚ, ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɢ, ɩɪɨɫɬɨɬɵ ɢɡɝɨɬɨɜɥɟɧɢя ɢ 
ɦɢɧɢɦɢɡɚɰɢɢ ɫɟɛɟɫɬɨɢɦɨɫɬɢ. Ɋɚɡɪɚɛɨɬɚɧ ɫɜɟɬɨɞɢɨɞɧɵɣ ɫɜɟɬɢɥɶɧɢɤ, ɨɬɥɢɱɚɸɳɢɣɫя ɧɢɡɤɢɦ ɷɧɟɪɝɨɩɨ-
ɬɪɟɛɥɟɧɢɟɦ, ɧɟɛɨɥɶɲɢɦ ɜɟɫɨɦ ɢ ɝɚɛɚɪɢɬɧɵɦɢ ɪɚɡɦɟɪɚɦɢ. ɉɚɪɬɢя ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶ-
ɧɢɤɨɜ ɩɪɨɯɨɞɢɬ ɨɩɵɬɧɭɸ ɷɤɫɩɥɭɚɬɚɰɢɸ ɧɚ ɪɟɚɥɶɧɨɦ ɨɛɴɟɤɬɟ. 

Кɥючɟвыɟ ɫɥɨва: ɫɜɟɬɨɞɢɨɞɧɵɣ ɫɜɟɬɢɥɶɧɢɤ, ɬɟɩɥɨɜɚя ɬɪɭɛɚ.  

Ввɟɞɟɧɢɟ 
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɞɥя ɨɫɜɟɳɟɧɢя ɰɟɯɨɜ, ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɵɯ ɩɨɦɟɳɟɧɢɣ, ɫɤɥɚɞɨɜ, ɫɩɨɪ-

ɬɢɜɧɵɯ ɤɨɦɩɥɟɤɫɨɜ, ɚɪɟɧ ɢ ɬ.ɩ. ɩɪɢɦɟɧяɸɬɫя ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɫɜɟɬɢɥɶɧɢɤɢ ɧɚ ɨɫɧɨɜɟ ɝɚɡɨɪɚɡ-
ɪяɞɧɵɯ ɥɚɦɩ ɬɢɩɚ ДɇɚɌ, ДɊɅ ɦɨɳɧɨɫɬɶɸ ɨɬ 400 Вɬ ɢ ɜɵɲɟ. Кɪɨɦɟ ɛɨɥɶɲɨɣ ɩɨɬɪɟɛɥяɟɦɨɣ 
ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɬɚɤɢɟ ɫɜɟɬɢɥɶɧɢɤɢ ɢɦɟɸɬ ɟɳɟ ɨɞɢɧ ɧɟɞɨɫɬɚɬɨɤ — ɧɚɥɢɱɢɟ ɪɬɭɬɶɫɨ-
ɞɟɪɠɚɳɢɯ ɤɨɦɩɨɧɟɧɬɨɜ. Ɋɬɭɬɶ ɨɬɧɨɫɢɬɫя ɤ ɤɥɚɫɫɭ ɨɫɨɛɨ ɨɩɚɫɧɵɯ ɯɢɦɢɱɟɫɤɢɯ ɜɟɳɟɫɬɜ, ɜɪɟɞ-
ɧɵɯ ɞɥя ɡɞɨɪɨɜɶя ɱɟɥɨɜɟɤɚ ɢ ɷɤɨɥɨɝɢɢ, ɉɨɷɬɨɦɭ ɩɨɫɥɟ ɡɚɜɟɪɲɟɧɢя ɷɤɫɩɥɭɚɬɚɰɢɢ ɬɚɤɢɟ ɥɚɦɩɵ 
ɩɨɞɥɟɠɚɬ ɭɬɢɥɢɡɚɰɢɢ. ɋɥɟɞɭɟɬ ɬɚɤɠɟ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɫ ɪɨɫɬɨɦ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɜɟɬɨɞɢɨɞɨɜ ɧɚ 
ɪɵɧɤɟ ɧɚɱɚɥɢ ɩɨяɜɥяɬɶɫя ɫɜɟɬɨɞɢɨɞɧɵɟ ɩɪɨɦɵɲɥɟɧɧɵɟ ɫɜɟɬɢɥɶɧɢɤɢ. В ɨɫɧɨɜɟ ɤɨɧɫɬɪɭɤɰɢɢ 
ɤɨɪɩɭɫɚ ɬɚɤɢɯ ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɥɟɠɚɬ ɚɥɸɦɢɧɢɟɜɵɟ ɞɟɬɚɥɢ, ɩɨɥɭɱɟɧɧɵɟ ɦɟɬɨɞɨɦ 
ɥɢɬɶя ɢɥɢ ɷɤɫɬɪɭɡɢɢ. Кɨɪɩɭɫ ɫɜɟɬɢɥɶɧɢɤɚ ɜɵɫɬɭɩɚɟɬ ɜ ɤɚɱɟɫɬɜɟ ɬɟɩɥɨɜɨɝɨ ɪɚɞɢɚɬɨɪɚ, ɩɨɷɬɨɦɭ 
ɞɥя ɨɛɟɫɩɟɱɟɧɢя ɨɩɬɢɦɚɥɶɧɵɯ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɪɟɠɢɦɨɜ ɪɚɛɨɬɵ ɫɜɟɬɨɞɢɨɞɨɜ ɜɵɲɟɭɩɨɦяɧɭɬɵɟ 
ɚɥɸɦɢɧɢɟɜɵɟ ɞɟɬɚɥɢ ɢɦɟɸɬ ɛɨɥɶɲɢɟ ɝɚɛɚɪɢɬɧɵɟ ɪɚɡɦɟɪɵ ɢ ɦɚɫɫɚ. ɇɚɩɪɢɦɟɪ, ɞɥɢɧɚ 200-Вɬ 
ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ 0.7 ɦ, ɚ ɦɚɫɫɚ — ɫɜɵɲɟ 15 ɤɝ. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɤɨɧ-
ɫɬɪɭɤɰɢя ɬɚɤɢɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɧɟ ɨɩɬɢɦɚɥɶɧɚ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɪɚɰɢɨɧɚɥɶɧɨɝɨ ɪɚɫɯɨɞɨɜɚɧɢя ɦɚɬɟ-
ɪɢɚɥɨɜ, ɫɵɪɶя ɢ ɤɨɦɩɥɟɤɬɭɸɳɢɯ. 

Цɟɥɶ ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɵ — ɪɚɡɪɚɛɨɬɤɚ ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ, ɯɚ-
ɪɚɤɬɟɪɢɡɭɸɳɟɝɨɫя ɧɢɡɤɢɦ ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟɦ, ɤɨɦɩɚɤɬɧɵɦɢ ɪɚɡɦɟɪɚɦɢ, ɧɟɛɨɥɶɲɢɦ ɜɟɫɨɦ ɢ 
ɜɵɫɨɤɨɣ ɬɟɯɧɨɥɨɝɢɱɧɨɫɬɶɸ ɢɡɝɨɬɨɜɥɟɧɢя. 

1. Оɩɢɫаɧɢɟ ɨɛɪаɡɰɨв 

Дɥя ɞɨɫɬɢɠɟɧɢя ɩɨɫɬɚɜɥɟɧɧɨɣ ɰɟɥɢ ɩɪɢɦɟɧɟɧɚ ɢɧɧɨɜɚɰɢɨɧɧɚя ɫɢɫɬɟɦɚ ɨɬɜɟɞɟɧɢя ɬɟɩɥɚ 
ɧɚ ɨɫɧɨɜɟ ɬɟɩɥɨɜɵɯ ɬɪɭɛ, ɪɚɡɪɚɛɨɬɤɚ ɤɨɬɨɪɨɣ ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɫɨɜɦɟɫɬɧɨ Цɟɧɬɪɨɦ ɫɜɟɬɨɞɢɨɞ-
ɧɵɯ ɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɬɟɯɧɨɥɨɝɢɣ ɇАɇ Ȼɟɥɚɪɭɫɢ ɢ Иɧɫɬɢɬɭɬɨɦ ɬɟɩɥɨ- ɢ ɦɚɫɫɨɨɛɦɟɧɚ  
ɢɦ. А. В. Ʌɵɤɨɜɚ ɇАɇ Ȼɟɥɚɪɭɫɢ. Фɨɬɨɝɪɚɮɢɢ ɦɚɤɟɬɧɵɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɫɨɡɞɚɧ-
ɧɵɯ ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɫ ɬɟɩɥɨɨɬɜɨɞɨɦ ɧɚ ɨɫɧɨɜɟ ɬɟɩɥɨɜɵɯ ɬɪɭɛ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 1. 

ɇɚ ɪɢɫ. 1, а ɩɪɟɞɫɬɚɜɥɟɧɵ ɮɨɬɨɝɪɚɮɢɢ ɨɞɧɨɝɨ ɢɡ ɩɟɪɜɵɯ ɦɚɤɟɬɧɵɯ ɨɛɪɚɡɰɨɜ ɫɜɟɬɨ-
ɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɫ ɬɟɩɥɨɨɬɜɨɞɨɦ ɧɚ ɨɫɧɨɜɟ ɬɟɩɥɨɜɵɯ ɬɪɭɛ. В ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɬɟɩɥɨɜɨɣ 
ɪɚɞɢɚɬɨɪ ɫɨɫɬɨяɥ ɢɡ ɲɟɫɬɢ ɨɬɞɟɥɶɧɵɯ ɦɨɞɭɥɟɣ ɪɚɫɫɱɢɬɚɧɧɵɯ ɧɚ ɨɬɜɟɞɟɧɢɟ ɦɨɳɧɨɫɬɢ 35 Вɬ. 
Кɚɠɞɵɣ ɬɟɩɥɨɨɬɜɨɞяɳɢɣ ɦɨɞɭɥɶ ɢɦɟɟɬ ɦɟɞɧɨɟ ɨɫɧɨɜɚɧɢɟ ɫ ɡɚɩɪɟɫɫɨɜɚɧɧɵɦɢ ɜ ɧɟɝɨ ɞɜɭɦя 
ɬɟɩɥɨɜɵɦɢ ɬɪɭɛɚɦɢ, ɧɚ ɤɨɬɨɪɵɯ ɡɚɤɪɟɩɥɟɧɨ N ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɢɯ ɪɟɛɟɪ (ɩɥɚɫɬɢɧ). Вɫɟ ɲɟɫɬɶ 
ɬɟɩɥɨɨɬɜɨɞяɳɢɯ ɦɨɞɭɥɟɣ ɩɪɢɤɪɟɩɥɟɧɵ ɤ ɬɵɥɶɧɨɣ ɫɬɨɪɨɧɟ ɚɥɸɦɢɧɢɟɜɨɣ ɩɥɚɫɬɢɧɵ, ɧɚ ɥɢɰɟɜɨɣ 
ɫɬɨɪɨɧɟ ɤɨɬɨɪɨɣ ɫɦɨɧɬɢɪɨɜɚɧɵ ɞɜɟ ɦɚɬɪɢɰɵ ɞɢɫɤɪɟɬɧɵɯ ɫɜɟɬɨɞɢɨɞɨɜ ɫɭɦɦɚɪɧɨɣ ɦɨɳɧɨɫɬɶɸ 
ɧɟ ɛɨɥɟɟ 220 Вɬ. 
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Ɋɢɫ. 1. Фɨɬɨɝɪɚɮɢɢ ɦɚɤɟɬɧɵɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɨɛɪɚɡɰɨɜ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ. 
 

ɇɚɥɢɱɢɟ ɛɨɥɶɲɨɝɨ ɤɨɥɢɱɟɫɬɜɚ ɬɟɩɥɨɨɬɜɨɞяɳɢɣ ɦɨɞɭɥɟɣ ɢ ɩɨɬɟɧɰɢɚɥɶɧɨ ɜɵɫɨɤɚя ɫɥɨɠ-
ɧɨɫɬɶ ɢɯ ɫɛɨɪɤɢ ɩɨɫɥɭɠɢɥɢ ɩɪɢɱɢɧɨɣ ɢɡɝɨɬɨɜɥɟɧɢя ɛɨɥɟɟ ɬɟɯɧɨɥɨɝɢɱɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɫɜɟɬɢɥɶ-
ɧɢɤɚ (ɪɢɫ. 1, ɛ). В ɨɬɥɢɱɢɟ ɨɬ ɩɪɟɞɵɞɭɳɟɣ ɤɨɧɫɬɪɭɤɰɢɢ ɜ ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɬɟɩɥɨɜɨɣ ɪɚɞɢɚɬɨɪ 
ɫɨɫɬɨɢɬ ɬɨɥɶɤɨ ɢɡ ɞɜɭɯ ɬɟɩɥɨɨɬɜɨɞяɳɢɯ ɦɨɞɭɥɟɣ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɩɨ ɨɛɟ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɟ 
ɫɬɨɪɨɧɵ ɨɬ ɜɟɪɯɧɟɝɨ ɚɥɸɦɢɧɢɟɜɨɝɨ ɨɫɧɨɜɚɧɢя. Кɚɠɞɵɣ ɫɜɟɬɨɞɢɨɞ ɢɫɩɨɥɶɡɭɟɬɫя ɫɨɜɦɟɫɬɧɨ ɫ 
ɨɩɬɢɱɟɫɤɢɦ ɷɥɟɦɟɧɬɨɦ — ɥɢɧɡɨɣ. Эɬɨ ɫɭɳɟɫɬɜɟɧɧɨ ɭɫɥɨɠɧяɟɬ ɬɟɯɧɨɥɨɝɢɸ ɫɛɨɪɤɢ ɫɜɟɬɢɥɶɧɢɤɚ 
ɩɪɢ ɫɟɪɢɣɧɨɦ ɩɪɨɢɡɜɨɞɫɬɜɟ. 

ɇɚ ɪɢɫ. 1, в ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɪɟɬɶя ɜɟɪɫɢя ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ, ɥɢɲɟɧɧɚя ɜɵɲɟɨɩɢ-
ɫɚɧɧɵɯ ɧɟɞɨɫɬɚɬɤɨɜ. ɋɜɟɬɢɥɶɧɢɤ ɫɨɫɬɨɢɬ ɢɡ ɞɜɭɯ 100-Вɬ ɫɜɟɬɨɞɢɨɞɧɵɯ COB-ɦɨɞɭɥɟɣ, ɥɢɧɡ, 
ɬɟɩɥɨɜɨɝɨ ɪɚɞɢɚɬɨɪɚ, ɛɥɨɤɚ ɩɢɬɚɧɢя, ɩɪɢɫɨɟɞɢɧɢɬɟɥɶɧɨɝɨ ɨɬɫɟɤɚ, ɞɟɤɨɪɚɬɢɜɧɨɝɨ ɤɨɠɭɯɚ ɢ ɤɪɟ-
ɩɥɟɧɢя ɬɢɩɚ ɥɢɪɵ. Ɍɟɩɥɨɜɨɣ ɪɚɞɢɚɬɨɪ ɫɨɫɬɨɢɬ ɢɡ ɨɫɧɨɜɚɧɢя ɢ ɞɜɭɯ ɛɥɨɤɨɜ ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɢɯ 
ɪɟɛɟɪ, ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɩɨ ɨɛɟ ɩɪɨɬɢɜɨɩɨɥɨɠɧɵɟ ɫɬɨɪɨɧɵ ɨɬ ɧɟɝɨ ɢ ɫɨɟɞɢɧɟɧɧɵɯ ɫ ɨɫɧɨɜɚɧɢɟɦ 
ɩɨɫɪɟɞɫɬɜɨɦ ɬɟɩɥɨɜɵɯ ɬɪɭɛ. Ɉɫɧɨɜɚɧɢɟ ɩɪɟɞɧɚɡɧɚɱɟɧɨ ɞɥя ɦɨɧɬɚɠɚ ɫɜɟɬɨɞɢɨɞɧɵɯ COB-ɦɨɞɭ-
ɥɟɣ. Кɚɠɞɵɣ ɛɥɨɤ ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɢɯ ɪɟɛɟɪ ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɧɚɛɨɪ ɢɡ 17 ɬɟɩɥɨɪɚɫɫɟɢɜɚɸ-
ɳɢɯ ɪɟɛɟɪ (ɩɥɚɫɬɢɧ), ɫɨɟɞɢɧɟɧɧɵɯ ɞɪɭɝ ɫ ɞɪɭɝɨɦ ɢ ɫ ɨɫɧɨɜɚɧɢɟɦ ɩɨɫɪɟɞɫɬɜɨɦ ɱɟɬɵɪɟɯ ɬɟɩɥɨ-
ɜɵɯ ɬɪɭɛ. ɋɭɦɦɚɪɧɚя ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɚя ɩɥɨɳɚɞɶ ɪɟɛɟɪ ɪɚɞɢɚɬɨɪɚ ɬɚɤɨɜɚ, ɱɬɨ ɜɦɟɫɬɟ ɫ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɚɦɢ ɬɟɩɥɨɜɵɯ ɬɪɭɛ ɨɛɟɫɩɟɱɢɜɚɟɬ ɨɩɬɢɦɚɥɶɧɵɟ ɬɟɦɩɟɪɚɬɭɪɧɵɟ ɪɟɠɢɦɵ ɪɚɛɨɬɵ ɫɜɟɬɨ-
ɞɢɨɞɧɵɯ ɦɨɞɭɥɟɣ. В ɬɚɤɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɨɬɧɨɲɟɧɢɟ ɦɚɫɫɵ ɬɟɩɥɨɜɨɝɨ ɪɚɞɢɚɬɨɪɚ ɤ ɩɥɨɳɚɞɢ ɟɝɨ 
ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ ɜ ɧɟɫɤɨɥɶɤɨ ɪɚɡ ɦɟɧɶɲɟ, ɱɟɦ ɜ ɫɥɭɱɚɟ ɬɪɚɞɢɰɢɨɧɧɨɣ ɤɨɧɫɬ-
ɪɭɤɰɢɢ, ɨɫɧɨɜɚɧɧɨɣ ɧɚ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɥɢɬɵɯ ɢɥɢ ɷɤɫɬɪɭɡɢɪɨɜɚɧɧɵɯ ɚɥɸɦɢɧɢɟɜɵɯ ɞɟɬɚɥɟɣ, ɝɞɟ 
ɫɭɳɟɫɬɜɭɸɬ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɨɝɪɚɧɢɱɟɧɢя ɧɚ ɢɡɝɨɬɨɜɥɟɧɢɟ ɬɨɧɤɢɯ ɢ ɞɥɢɧɧɵɯ ɬɟɩɥɨɪɚɫɫɟɢ-
ɜɚɸɳɢɯ ɪɟɛɟɪ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜ ɨɬɥɢɱɢɟ ɨɬ ɢɡɜɟɫɬɧɵɯ ɤɨɧɫɬɪɭɤɰɢɣ ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟ-
ɬɢɥɶɧɢɤɨɜ ɫ ɬɟɩɥɨɨɬɜɨɞɨɦ ɧɚ ɨɫɧɨɜɟ ɬɟɩɥɨɜɵɯ ɬɪɭɛ ɜ ɨɩɢɫɚɧɧɨɣ ɤɨɧɫɬɪɭɤɰɢɢ ɨɛɚ ɛɥɨɤɚ ɢɡ 
ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɢɯ ɪɟɛɟɪ ɪɚɫɩɨɥɨɠɟɧɵ ɧɟ ɧɚɞ, ɚ ɫɛɨɤɭ ɨɬ ɫɜɟɬɨɞɢɨɞɧɵɯ ɦɨɞɭɥɟɣ. Ɍɚɤɚя ɫɢɫ-
ɬɟɦɚ ɛɨɥɟɟ ɷɮɮɟɤɬɢɜɧɚ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɬɟɩɥɨɨɬɜɨɞɚ, ɩɨɫɤɨɥɶɤɭ ɪɚɫɩɨɥɨɠɟɧɢɟ ɫɜɟɬɨɞɢɨɞɧɵɯ 
ɦɨɞɭɥɟɣ ɧɟ ɩɪɟɩяɬɫɬɜɭɟɬ ɩɟɪɟɦɟɳɟɧɢɸ ɜɨɫɯɨɞяɳɢɯ ɜɨɡɞɭɲɧɵɯ ɩɨɬɨɤɨɜ. 

2. Рɟɡɭɥɶɬаɬы ɢɫɫɥɟɞɨваɧɢɣ 

Ɋɟɡɭɥɶɬɚɬɵ ɬɟɩɥɨɜɢɡɢɨɧɧɵɯ ɢɡɦɟɪɟɧɢɣ ɩɨɥɭɱɟɧɵ ɧɚ ɨɛɨɪɭɞɨɜɚɧɢɢ ɚɤɤɪɟɞɢɬɨɜɚɧɧɨɣ ɢɫ-
ɩɵɬɚɬɟɥɶɧɨɣ ɥɚɛɨɪɚɬɨɪɢɢ ЦɋɈɌ ɇАɇ Ȼɟɥɚɪɭɫɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɬɟɩɥɨɜɢɡɨɪɚ FLIR A325. 
ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɨɬɤɪɵɬɵɟ ɦɟɬɚɥɥɢɱɟɫɤɢɟ ɩɨɜɟɪɯɧɨɫɬɢ (ɧɟɨɤɪɚɲɟɧɧɵɟ ɚɥɸɦɢɧɢɟɜɵɟ 
ɞɟɬɚɥɢ, ɨɛɥɭɠɟɧɧɵɟ ɤɨɧɬɚɤɬɧɵɟ ɩɥɨɳɚɞɤɢ ɩɟɱɚɬɧɵɯ ɩɥɚɬ) ɢɦɟɸɬ ɧɚ ɩɨɪяɞɨɤ ɦɟɧɶɲɭɸ ɢɡɥɭɱɚ-
ɬɟɥɶɧɭɸ ɫɩɨɫɨɛɧɨɫɬɶ ɜ ИК ɞɢɚɩɚɡɨɧɟ, ɩɨɷɬɨɦɭ ɨɧɢ ɜɵɝɥяɞяɬ ɧɚ ɞɚɧɧɨɦ ɪɢɫɭɧɤɟ ɝɨɪɚɡɞɨ ɯɨ-
ɥɨɞɧɟɟ ɞɪɭɝɢɯ ɞɟɬɚɥɟɣ ɤɨɪɩɭɫɚ ɢ ɷɥɟɤɬɪɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɫɜɟɬɨɞɢɨɞɨɜ. 

ɇɚ ɪɢɫ. 2, а ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɟɪɦɨɝɪɚɦɦɚ ɬɟɩɥɨɨɬɜɨɞяɳɟɝɨ ɦɨɞɭɥя ɫɨ ɫɜɟɬɨɞɢɨɞɧɨɣ ɩɟɱɚɬ-
ɧɨɣ ɩɥɚɬɨɣ, ɭɫɬɚɧɨɜɥɟɧɧɨɣ ɧɚ ɟɝɨ ɦɟɞɧɨɟ ɨɫɧɨɜɚɧɢɟ. Кɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫ. 2, ɛ, ɫɬɚɛɢɥɢɡɚɰɢя ɬɟɦ-
ɩɟɪɚɬɭɪɵ ɩɟɱɚɬɧɨɣ ɩɥɚɬɵ ɧɚɫɬɭɩɢɥɚ ɧɚ 25 ɦɢɧ ɷɤɫɩɟɪɢɦɟɧɬɚ ɧɚ ɨɬɦɟɬɤɟ 55 ɋ, ɱɬɨ ɫɨɨɬɜɟɬɫɬ- 
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Ɋɢɫ. 2. Ɍɟɪɦɨɝɪɚɦɦɚ ɩɟɱɚɬɧɨɣ ɩɥɚɬɵ, ɭɫɬɚɧɨɜɥɟɧɧɨɣ ɧɚ ɨɫɧɨɜɚɧɢɟ ɬɟɩɥɨɨɬɜɨɞяɳɟɝɨ ɦɨɞɭɥя (а) ɢ ɡɚɜɢ-
ɫɢɦɨɫɬɶ ɟɟ ɬɟɦɩɟɪɚɬɭɪɵ ɨɬ ɜɪɟɦɟɧɢ ɷɤɫɩɟɪɢɦɟɧɬɚ (ɛ) 

 
ɜɭɟɬ ɪɟɤɨɦɟɧɞɨɜɚɧɧɨɦɭ ɩɪɨɢɡɜɨɞɢɬɟɥɟɦ ɞɨɩɭɫɬɢɦɨɦɭ ɬɟɦɩɟɪɚɬɭɪɧɨɦɭ ɪɟɠɢɦɭ ɪɚɛɨɬɵ ɫɜɟɬɨ-
ɞɢɨɞɨɜ (<65C). 

ɇɚ ɪɢɫ. 3 ɩɪɟɞɫɬɚɜɥɟɧɵ ɬɟɪɦɨɝɪɚɦɦɵ ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ, ɫɨɛɪɚɧɧɨɝɨ ɫ ɢɫɩɨɥɶ-
ɡɨɜɚɧɢɟɦ ɬɟɩɥɨɨɬɜɨɞяɳɢɯ ɦɨɞɭɥɟɣ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɨɩɢɫɚɧɢɟɦ, ɩɪɢɜɟɞɟɧɧɵɦ ɜ ɪɚɡɞɟɥɟ 1. Кɚɤ 
ɫɥɟɞɭɟɬ ɢɡ ɪɢɫ. 3, а, ɬɟɦɩɟɪɚɬɭɪɚ ɜ ɤɨɧɬɪɨɥɶɧɵɯ ɬɨɱɤɚɯ ɧɟ ɩɪɟɜɵɫɢɥɚ 59 ɋ, ɱɬɨ яɜɥяɟɬɫя ɞɨɫɬɚ-
ɬɨɱɧɨ ɯɨɪɨɲɢɦ ɩɨɤɚɡɚɬɟɥɟɦ ɞɥя ɫɜɟɬɢɥɶɧɢɤɚ ɫ ɬɚɤɢɦɢ ɝɚɛɚɪɢɬɧɵɦɢ ɪɚɡɦɟɪɚɦɢ (420285100 
ɦɦ) ɢ ɩɨɬɪɟɛɥяɟɦɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɶɸ (190 Вɬ). ɋɬɚɛɢɥɢɡɚɰɢя ɬɟɩɥɨɜɨɝɨ ɪɟɠɢɦɚ 
ɪɚɛɨɬɵ ɫɜɟɬɨɞɢɨɞɨɜ ɩɪɨɢɡɨɲɥɚ ɡɚ 50 ɦɢɧ. 

Ɍɚɤ ɤɚɤ ɬɟɩɥɨɜɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɢɫɩɨɥɶɡɨɜɚɧɧɵɯ ɫɜɟɬɨɞɢɨɞɨɜ 1.25 ɋ/Вɬ, ɬɟɦɩɟɪɚɬɭɪɚ p-

n-ɩɟɪɟɯɨɞɚ ɫɜɟɬɨɞɢɨɞɨɜ ɥɟɠɢɬ ɩɪɟɞɩɨɥɨɠɢɬɟɥɶɧɨ ɜ ɞɢɚɩɚɡɨɧɟ 75—80 ɋ. 
 
а                                                                                                                 ɛ 

    
 

Ɋɢɫ. 3. Ɍɟɪɦɨɝɪɚɦɦɵ ɩɟɱɚɬɧɵɯ ɩɥɚɬ (а) ɢ ɛɥɨɤɚ ɩɢɬɚɧɢя (ɛ) ɫɜɟɬɢɥɶɧɢɤɚ 
 

Вɚɠɧɨɣ ɰɟɥɶɸ ɬɟɩɥɨɜɨɝɨ ɞɢɡɚɣɧɚ ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ яɜɥяɟɬɫя ɬɚɤɠɟ ɨɛɟɫɩɟɱɟ-
ɧɢɟ ɨɩɬɢɦɚɥɶɧɵɯ ɬɟɦɩɟɪɚɬɭɪɧɵɯ ɪɟɠɢɦɨɜ ɪɚɛɨɬɵ ɞɪɭɝɢɯ ɷɥɟɦɟɧɬɨɜ ɟɝɨ ɤɨɧɫɬɪɭɤɰɢɢ, ɜ ɬɨɦ 
ɱɢɫɥɟ ɛɥɨɤɨɜ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɢɬɚɧɢя, ɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ. ɇɚ ɪɢɫ. 3, ɛ ɩɨɤɚɡɚɧɚ ɬɟɪɦɨɝɪɚɦɦɚ 
ɤɨɪɩɭɫɚ ɫɜɟɬɢɥɶɧɢɤɚ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɦɟɫɬɚ ɭɫɬɚɧɨɜɤɢ ɟɝɨ ɞɜɭɯ ɛɥɨɤɨɜ ɩɢɬɚɧɢя, ɢɡ ɤɨɬɨɪɨɣ ɫɥɟ-
ɞɭɟɬ, ɱɬɨ ɬɟɦɩɟɪɚɬɭɪɚ ɛɥɨɤɚ ɩɢɬɚɧɢя ~57 ɋ. 

ɇɚ ɪɢɫ. 4 ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɟɪɦɨɝɪɚɦɦɚ ɨɫɧɨɜɚɧɢя ɬɟɩɥɨɜɨɝɨ ɪɚɞɢɚɬɨɪɚ ɫ ɭɫɬɚɧɨɜɥɟɧɧɵɦɢ 
ɧɚ ɧɟɦ ɫɜɟɬɨɞɢɨɞɧɵɦɢ COB-ɦɨɞɭɥяɦɢ ɦɨɳɧɨɫɬɶɸ ɩɨ 100 Вɬ ɤɚɠɞɵɣ. Иɡ ɧɟɟ ɫɥɟɞɭɟɬ, ɱɬɨ ɦɚɤ-
ɫɢɦɚɥɶɧɚя ɬɟɦɩɟɪɚɬɭɪɚ, ɞɨ ɤɨɬɨɪɨɣ ɧɚɝɪɟɥɚɫɶ ɩɨɜɟɪɯɧɨɫɬɶ ɫɜɟɬɨɞɢɨɞɧɵɯ COB-ɦɨɞɭɥɟɣ ɜ ɬɨɱ-
ɤɚɯ SP01 ɢ SP02, ɫɨɫɬɚɜɢɥɚ 58.8 ɋ ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ 20.7 ɋ. Ɇɚɤɫɢɦɚɥɶɧɚя ɞɨɩɭɫ-
ɬɢɦɚя ɬɟɦɩɟɪɚɬɭɪɚ ɞɥя ɢɫɩɨɥɶɡɭɟɦɵɯ COB-ɦɨɞɭɥɟɣ 120 ɋ. 

ɉɪɨɱɢɟ ɬɟɯɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɫɜɟ-
ɬɢɥɶɧɢɤɚ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 1. 
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Ɍɚɛɥɢɰɚ 1. Ɍɟɯɧɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ 
 

Кɥɚɫɫ ɫɜɟɬɨɪɚɫɩɪɟɞɟɥɟɧɢя ɉ — ɩɪяɦɨɝɨ ɫɜɟɬɚ (ɋɌȻ 1944) 
Ɍɢɩ ɤɪɢɜɨɣ ɫɢɥɵ ɫɜɟɬɚ (Кɋɋ) Ƚ  — ɝɥɭɛɨɤɚя 
ɇɚɩɪяɠɟɧɢɟ ɩɢɬɚɧɢя: ~ 170… 264 В (ɧɨɦɢɧɚɥɶɧɨɟ ɧɚɩɪяɠɟɧɢɟ 230 В) 
Чɚɫɬɨɬɚ 50 ± 1 Ƚɰ (ɧɨɦɢɧɚɥɶɧɚя ɱɚɫɬɨɬɚ 50 Ƚɰ) 
Кɨɷɮɮɢɰɢɟɧɬ ɦɨɳɧɨɫɬɢ 0.95 
КɉД ɫɜɟɬɢɥɶɧɢɤɚ ɧɟ ɦɟɧɟɟ 70% 
Кɥɚɫɫ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ А (ȽɈɋɌ 8045) 
Кɥɚɫɫ ɡɚɳɢɬɵ I (ɋɌȻ IEC 60598-1) 
Цɜɟɬɨɜɚя ɬɟɦɩɟɪɚɬɭɪɚ 4000 К 
Иɧɞɟɤɫ ɰɜɟɬɨɩɟɪɟɞɚɱɢ, ɧɟ ɦɟɧɟɟ 70 
Дɢɚɩɚɡɨɧ ɪɚɛɨɱɢɯ ɬɟɦɩɟɪɚɬɭɪ –35… +45 °ɋ (У1*,  ȽɈɋɌ 15150) 
ɋɬɟɩɟɧɶ ɡɚɳɢɬɵ IP 66 
Ɇɚɫɫɚ, ɧɟ ɛɨɥɟɟ, ɤɝ 7 
Ƚɚɛɚɪɢɬɧɵɟ ɪɚɡɦɟɪɵ, ɦɦ 405215230 
ɋɪɨɤ ɫɥɭɠɛɵ 10 ɥɟɬ 
Ƚɚɪɚɧɬɢɣɧɵɣ ɫɪɨɤ ɷɤɫɩɥɭɚɬɚɰɢɢ 3 ɝɨɞɚ 
ɋɩɨɫɨɛɵ ɭɫɬɚɧɨɜɤɢ: ɩɨɬɨɥɨɱɧɵɣ — ɧɚ ɰɟɩяɯ, ɧɚ ɥɢɪɟ 

 

  
 

Ɋɢɫ. 4. Ɍɟɪɦɨɝɪɚɦɦɚ ɬɟɩɥɨɜɨɝɨ ɪɚɞɢɚɬɨɪɚ ɫ ɭɫɬɚɧɨɜɥɟɧɧɵɦɢ ɧɚ ɧɟɦ 
ɫɜɟɬɨɞɢɨɞɧɵɦɢ ɦɨɞɭɥяɦɢ. 

1. Вɧɟɞɪɟɧɢɟ 
Ɉɩɵɬɧɚя ɩɚɪɬɢя ɫɜɟɬɨɞɢɨɞɧɵɯ ɩɪɨɦɵɲɥɟɧɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɫ ɬɟɩɥɨɨɬɜɨɞɨɦ ɧɚ ɨɫɧɨɜɟ 

ɬɟɩɥɨɜɵɯ ɬɪɭɛ (ɪɢɫ. 1, ɛ) ɭɫɬɚɧɨɜɥɟɧɚ ɜ ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɨɦ ɰɟɯɟ Иɧɫɬɢɬɭɬɚ ɬɟɩɥɨ- ɢ ɦɚɫɫɨɨɛɦɟ-
ɧɚ ɢɦ. А. В. Ʌɵɤɨɜɚ ɇАɇ Ȼɟɥɚɪɭɫɢ. 

ɇɚ ɪɢɫ. 5 ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɫɜɟɬɨɬɟɯɧɢɱɟɫɤɨɝɨ ɦɨɞɟɥɢɪɨɜɚɧɢя ɨɫɜɟɳɟɧɢя ɩɪɨɢɡ-
ɜɨɞɫɬɜɟɧɧɨɝɨ ɰɟɯɚ. Ɋɚɡɦɟɪɵ ɰɟɯɚ 60×18 ɦ. Вɵɫɨɬɚ ɩɨɞɜɟɫɚ ɫɜɟɬɢɥɶɧɢɤɨɜ 9 ɦ. В ɩɪɨɢɡɜɨɞɫɬɜɟɧ-
ɧɨɦ ɰɟɯɭ ɜɵɩɨɥɧяɸɬɫя ɩɪɟɢɦɭɳɟɫɬɜɟɧɧɨ ɫɜɚɪɨɱɧɵɟ ɢ ɫɛɨɪɨɱɧɵɟ ɪɚɛɨɬɵ ɤɪɭɩɧɵɯ ɦɟɬɚɥɥɨ-
ɤɨɧɫɬɪɭɤɰɢɣ. Ɍɪɟɛɭɟɦɵɣ ɭɪɨɜɟɧɶ ɨɫɜɟɳɟɧɧɨɫɬɢ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɌКɉ ɫɨɫɬɚɜɥяɟɬ 300 ɥɤ. 

 

 
 

Ɋɢɫ. 5. 3D-ɜɢɡɭɚɥɢɡɚɰɢя ɨɫɜɟɳɟɧɢя ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɨɝɨ ɰɟɯɚ. 

0      37.5   75  112.5 150 187.5  225  262.5  300 
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Фɨɬɨɝɪɚɮɢɢ ɨɫɜɟɳɟɧɢя ɰɟɯɚ ɞɨ ɢ ɩɨɫɥɟ ɟɝɨ ɦɨɞɟɪɧɢɡɚɰɢɢ ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 6. В ɪɚɦ-
ɤɚɯ ɦɨɞɟɪɧɢɡɚɰɢɢ ɰɟɯɨɜɨɝɨ ɨɫɜɟɳɟɧɢя ɩɪɨɢɡɜɟɞɟɧɚ ɡɚɦɟɧɚ 12 ɫɜɟɬɢɥɶɧɢɤɨɜ ɧɚ ɨɫɧɨɜɟ ɥɚɦɩ 
ɧɚɤɚɥɢɜɚɧɢя ɦɨɳɧɨɫɬɶɸ 1000 Вɬ ɧɚ 12 ɫɜɟɬɨɞɢɨɞɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɫ ɬɟɩɥɨɨɬɜɨɞɨɦ ɧɚ ɨɫɧɨɜɟ 
ɬɟɩɥɨɜɵɯ ɬɪɭɛ ɦɨɳɧɨɫɬɶɸ 200 Вɬ. ɇɢɡɤɨɟ ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟ ɢ ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɟ ɨɬɫɭɬɫɬɜɢɟ 
ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɡɚɬɪɚɬ ɨɛɟɫɩɟɱɢɜɚɸɬ ɛɵɫɬɪɭɸ ɨɤɭɩɚɟɦɨɫɬɶ ɢɧɜɟɫɬɢɰɢɣ. ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, 
ɱɬɨ ɭɪɨɜɟɧɶ ɨɫɜɟɳɟɧɧɨɫɬɢ ɩɪɢɜɟɞɟɧ ɜ ɫɨɨɬɜɟɬɫɬɜɢɟ ɫ ɞɟɣɫɬɜɭɸɳɢɦɢ ɧɨɪɦɚɦɢ, ɨɛɟɫɩɟɱɟɧɨ ɜɵ-
ɫɨɤɨɟ ɤɚɱɟɫɬɜɨ ɨɫɜɟɳɟɧɢя, ɨɬɫɭɬɫɬɜɭɟɬ ɷɮɮɟɤɬ ɨɫɥɟɩɥɟɧɢя, ɨɬɪɢɰɚɬɟɥɶɧɵɟ ɨɬɡɵɜɵ ɪɚɛɨɬɧɢɤɨɜ 
ɰɟɯɚ ɧɟ ɩɨɫɬɭɩɚɥɢ. 

                                                      а                                                          ɛ 

        
 

Ɋɢɫ. 6. Фɨɬɨɝɪɚɮɢɢ ɰɟɯɚ ɞɨ (а) ɢ ɩɨɫɥɟ ɦɨɞɟɪɧɢɡɚɰɢɢ (ɛ) ɟɝɨ ɫɢɫɬɟɦɵ ɷɥɟɤɬɪɨɨɫɜɟɳɟɧɢя. 
 

Ɋɚɡɪɚɛɨɬɚɧɧɵɣ ɫɜɟɬɢɥɶɧɢɤ ɡɚɧяɥ ɩɟɪɜɨɟ ɦɟɫɬɨ ɜ ɧɨɦɢɧɚɰɢɢ “ɉɪɨɦɵɲɥɟɧɧɵɟ ɬɟɯɧɨɥɨɝɢɢ 
ɢ ɩɪɨɞɭɤɰɢя ɦɚɲɢɧɨɫɬɪɨɟɧɢя, ɩɪɢɛɨɪɨɫɬɪɨɟɧɢя, ɦɟɬɚɥɥɭɪɝɢɢ, ɷɥɟɤɬɪɨɬɟɯɧɢɱɟɫɤɨɣ, ɨɩɬɢɤɨ-
ɦɟɯɚɧɢɱɟɫɤɨɣ, ɷɥɟɤɬɪɨɧɧɨɣ ɩɪɨɦɵɲɥɟɧɧɨɫɬɢ” ɧɚ 11-ɦ ɦɟɠɞɭɧɚɪɨɞɧɨɦ ɤɨɧɤɭɪɫɟ ɷɧɟɪɝɨɷɮɮɟɤ-
ɬɢɜɧɵɯ ɢ ɪɟɫɭɪɫɨɫɛɟɪɟɝɚɸɳɢɯ ɬɟɯɧɨɥɨɝɢɣ ɢ ɨɛɨɪɭɞɨɜɚɧɢя, ɩɪɨɯɨɞɢɜɲɟɦ 20—23 ɦɚя 2014 ɝ. ɜ 
ɪɚɦɤɚɯ Ȼɟɥɨɪɭɫɫɤɨɝɨ ɩɪɨɦɵɲɥɟɧɧɨɝɨ ɮɨɪɭɦɚ-2014. 

Заɤɥючɟɧɢɟ  
Ɋɚɡɪɚɛɨɬɚɧ ɫɜɟɬɨɞɢɨɞɧɵɣ ɩɪɨɦɵɲɥɟɧɧɵɣ ɫɜɟɬɢɥɶɧɢɤ, ɨɬɥɢɱɚɸɳɢɣɫя ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 

ɢɧɧɨɜɚɰɢɨɧɧɨɣ ɫɢɫɬɟɦɵ ɨɬɜɟɞɟɧɢя ɬɟɩɥɚ, ɧɢɡɤɢɦ ɷɧɟɪɝɨɩɨɬɪɟɛɥɟɧɢɟɦ ɢ ɧɟɛɨɥɶɲɢɦɢ ɦɚɫɫɨɣ ɢ 
ɝɚɛɚɪɢɬɧɵɦɢ ɪɚɡɦɟɪɚɦɢ. Ɋɟɡɭɥɶɬɚɬɵ ɷɤɫɩɥɭɚɬɚɰɢɢ ɨɩɵɬɧɨɣ ɩɚɪɬɢɢ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɫɜɟɬɨɞɢɨɞ-
ɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɢɯ ɩɪɢɦɟɧɟɧɢя ɞɥя ɜɧɭɬɪɟɧɧɟɝɨ ɨɫɜɟɳɟɧɢя 
ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɵɯ, ɩɪɨɦɵɲɥɟɧɧɵɯ ɩɨɦɟɳɟɧɢɣ, ɫɤɥɚɞɫɤɢɯ ɤɨɦɩɥɟɤɫɨɜ ɢ ɬ. ɩ. 

On application of heat pipes in design of LED lights 

Y. V. Trofimov a, O. H. Penyazkov b, S. I. Lishik a, P. P. Pershukevich a, L. L. Vasiliev b 

а 
Center of LED and optoelectronics technologies, National Academy of Sciences of Belarus, 

Minsk, Belarus; e-mail: sergey.lishik@gmail.com 

 
b 
Institute of Heat and Mass Transfer, National Academy of Sciences of Belarus, 

 Minsk, Belarus 

The results of the applicability of the heat pipes as a heat sink for high-power LED lights designed for in-
door lighting industrial facilities (shops, warehouses, sports complexes, etc.) are presented. Different designs of 
LED lights in terms of optimum thermal design, manufacturability, ease of manufacture and cost reduction are 
investigated. LED light with low power consumption, low weight and small dimensions are developed. The 
batch of developed LED lights is now undergoing a trial operation on the real object. 

Keywords: LED light, heat pipe. 
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Выɪащɢваɧɢɟ ɢ ɫɬɪɭɤɬɭɪы ɧа ɨɫɧɨвɟ ɦɨɧɨɤɪɢɫɬаɥɥɨв  

ɬвɟɪɞых ɪаɫɬвɨɪɨв (FeIn2S4)1–x(In2S3)x 

И. В. Ȼɨɞɧɚɪɶ ɚ, Ɇ. А. ɇɨɜɢɤɨɜɚ ɚ, В. Ю. Ɋɭɞɶ ɛ, Ю. В. Ɋɭɞɶ ɜ 

а Беɥɨɪуɫɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ инɮɨɪɦаɬики и ɪаɞиɨэɥекɬɪɨники, 
Минɫк, Беɥаɪуɫь, e-mail: chemzav@bsuir.by 

ɛ Санкɬ-Пеɬеɪɛуɪгɫкиɣ гɨɫуɞаɪɫɬвенныɣ ɩɨɥиɬехничеɫкиɣ унивеɪɫиɬеɬ, Рɨɫɫия 
в Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А.Ф. Иɨɮɮе Рɨɫɫиɣɫкɨɣ АН, 

Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия 

Иɫɫɥɟɞɨɜɚɧɵ ɫɬɚɰɢɨɧɚɪɧɵɟ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɫɬɪɭɤɬɭɪ, ɫɨɡɞɚɧɧɵɯ ɧɚ ɨɫɧɨɜɟ ɜɵ-
ɪɚɳɟɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ (FeIn2S4)1–х(In2S3)х.  

Кɥючɟвыɟ ɫɥɨва: ɜɵɪɚɳɢɜɚɧɢɟ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ, ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ, ɜɨɥɶɬ-ɚɦɩɟɪɧɚя ɯɚɪɚɤɬɟɪɢ-
ɫɬɢɤɚ. 

Ввɟɞɟɧɢɟ 
ɋɨɟɞɢɧɟɧɢɟ In2S3, ɤɨɬɨɪɨɟ ɨɛɪɚɡɭɟɬɫя ɧɚ ɪɚɡɪɟɡɟ In-S, ɨɬɧɨɫɢɬɫя ɤ ɞɟɮɟɤɬɧɵɦ ɩɨɥɭɩɪɨ-

ɜɨɞɧɢɤɚɦ ɬɢɩɚ A2
IIB3

VI, ɦɨɠɟɬ ɫɭɳɟɫɬɜɨɜɚɬɶ ɜ ɧɟɫɤɨɥɶɤɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɦɨɞɢɮɢɤɚɰɢяɯ, яɜɥяɟɬ-
ɫя ɲɢɪɨɤɨɡɨɧɧɵɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɦ ɢ ɜ ɩɨɫɥɟɞɧɟɟ ɜɪɟɦя ɤ ɧɟɦɭ ɩɪɢɜɥɟɱɟɧɨ ɜɧɢɦɚɧɢɟ ɢɫɫɥɟ-
ɞɨɜɚɬɟɥɟɣ ɤɚɤ ɤ ɦɚɬɟɪɢɚɥɭ “ɨɤɧɚ” ɜ ɬɨɧɤɨɩɥɟɧɨɱɧɵɯ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɢɯ ɩɪɢɛɨɪɚɯ ɫ ɰɟɥɶɸ ɡɚ-
ɦɟɳɟɧɢя CdS, ɱɬɨ ɫɜяɡɚɧɨ ɫ ɟɝɨ ɬɨɤɫɢɱɧɨɫɬɶɸ. 

ɋɨɟɞɢɧɟɧɢɟ FeIn2S4 ɨɬɧɨɫɢɬɫя ɤ ɦɚɝɧɢɬɧɵɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɦ AIIB2
IIIC4

VI (ɝɞɟ АII — Mn, 
Fe, Ni, Co; BIII — Al, Ga, In; CVI — S, Se, Te), ɢɧɬɟɪɟɫ ɤ ɤɨɬɨɪɵɦ ɩɨɫɬɨяɧɧɨ ɜɨɡɪɚɫɬɚɟɬ. Уɤɚɡɚɧ-
ɧɨɟ ɫɨɟɞɢɧɟɧɢɟ яɜɥяɟɬɫя ɩɟɪɫɩɟɤɬɢɜɧɵɦ ɦɚɬɟɪɢɚɥɨɦ ɞɥя ɫɨɡɞɚɧɢя ɩɪɢɛɨɪɨɜ ɪɚɡɥɢɱɧɨɝɨ ɧɚɡɧɚ-
ɱɟɧɢя: ɦɨɞɭɥяɬɨɪɨɜ ɫɜɟɬɚ, ɞɢɨɞɨɜ Шɨɬɬɤɢ, ɩɟɪɟɤɥɸɱɚɬɟɥɟɣ, ɥɚɡɟɪɨɜ, ɭɩɪɚɜɥяɟɦɵɯ ɦɚɝɧɢɬɧɵɦ 
ɩɨɥɟɦ ɢ ɞɪɭɝɢɯ ɭɫɬɪɨɣɫɬɜ [1—7]. Хɨɬя ɫɜɨɣɫɬɜɚ ɫɨɟɞɢɧɟɧɢɣ In2S3 ɢ FeIn2S4 ɞɨɫɬɚɬɨɱɧɨ ɢɡɭɱɟ-
ɧɵ, ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ ɧɚ ɢɯ ɨɫɧɨɜɟ ɞɨ ɧɚɫɬɨяɳɟɝɨ ɜɪɟɦɟɧɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɢɫɫɥɟɞɨɜɚɥɢɫɶ.  
В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɜɵɪɚɳɟɧɵ ɤɪɢɫɬɚɥɥɵ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ (FeIn2S4)1–х(In2S3)х ɢ ɢɫɫɥɟɞɨɜɚɧɵ ɢɯ 
ɫɜɨɣɫɬɜɚ. 

1. Мɟɬɨɞɢɤа ɷɤɫɩɟɪɢɦɟɧɬа 
ɉɪɟɞɜɚɪɢɬɟɥɶɧɨ ɬɜɟɪɞɵɟ ɪɚɫɬɜɨɪɵ (FeIn2S4)1–x(In2S3)x (0 < х < 1) ɩɨɥɭɱɟɧɵ ɞɜɭɯɬɟɦɩɟɪɚ-

ɬɭɪɧɵɦ ɦɟɬɨɞɨɦ ɢɡ ɷɥɟɦɟɧɬɚɪɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɫɬɟɩɟɧɢ ɱɢɫɬɨɬɵ. 
ɉɨɥɭɱɟɧɧɵɟ ɫɥɢɬɤɢ ɞɜɭɯɬɟɦɩɟɪɚɬɭɪɧɵɦ ɦɟɬɨɞɨɦ ɢɡɦɟɥɶɱɚɥɢ ɢ ɩɟɪɟɝɪɭɠɚɥɢ ɜ ɞɜɨɣɧɵɟ ɤɜɚɪ-
ɰɟɜɵɟ ɚɦɩɭɥɵ. Вɧɭɬɪɟɧɧяя ɚɦɩɭɥɚ ɡɚɤɚɧɱɢɜɚɥɚɫɶ ɰɢɥɢɧɞɪɢɱɟɫɤɢɦ ɤɚɩɢɥɥяɪɨɦ, ɤɨɬɨɪɵɣ ɨɛɟɫ-
ɩɟɱɢɜɚɥ ɮɨɪɦɢɪɨɜɚɧɢɟ ɦɨɧɨɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɡɚɬɪɚɜɤɢ. ɉɨɫɥɟ ɜɚɤɭɭɦɢɪɨɜɚɧɢя ɜɧɭɬɪɟɧɧɟɣ ɚɦ-
ɩɭɥɵ ɞɨ ɨɫɬɚɬɨɱɧɨɝɨ ɞɚɜɥɟɧɢя ~10–3 ɉɚ ɟɟ ɩɨɦɟɳɚɥɢ ɜɨ ɜɬɨɪɭɸ ɚɦɩɭɥɭ, ɤɨɬɨɪɭɸ ɬɚɤɠɟ ɜɚɤɭɭ-
ɦɢɪɨɜɚɥɢ. К ɧɚɪɭɠɧɨɣ ɚɦɩɭɥɟ ɫɧɢɡɭ ɩɪɢɜɚɪɢɜɚɥɢ ɤɜɚɪɰɟɜɵɣ ɫɬɟɪɠɟɧɶ, ɫɥɭɠɢɜɲɢɣ ɞɟɪɠɚɬɟ-
ɥɟɦ. ɉɨɞɝɨɬɨɜɥɟɧɧɭɸ ɚɦɩɭɥɭ ɩɨɦɟɳɚɥɢ ɜ ɜɟɪɬɢɤɚɥɶɧɭɸ ɨɞɧɨɡɨɧɧɭɸ ɩɟɱɶ ɫ ɡɚɞɚɧɧɵɦ ɝɪɚɞɢ-
ɟɧɬɨɦ ɬɟɦɩɟɪɚɬɭɪɵ, ɜ ɤɨɬɨɪɨɣ ɩɪɨɜɨɞɢɥɢ ɜɵɪɚɳɢɜɚɧɢɟ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ. 

Ɍɟɦɩɟɪɚɬɭɪɭ ɜ ɩɟɱɢ ɩɨɜɵɲɚɥɢ ɫɨ ɫɤɨɪɨɫɬɶɸ ~100 К/ɱ ɞɨ 1380—1420 К ɢ ɞɥя ɝɨɦɨɝɟ-
ɧɢɡɚɰɢɢ ɪɚɫɩɥɚɜɚ ɜɵɞɟɪɠɢɜɚɥɢ ɩɪɢ ɷɬɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɜ ɬɟɱɟɧɢɟ 2 ɱ, ɩɨɫɥɟ ɱɟɝɨ ɩɪɨɜɨɞɢɥɢ ɧɚ-
ɩɪɚɜɥɟɧɧɭɸ ɤɪɢɫɬɚɥɥɢɡɚɰɢɸ ɪɚɫɩɥɚɜɚ, ɩɨɧɢɠɚя ɬɟɦɩɟɪɚɬɭɪɭ ɩɟɱɢ ɫɨ ɫɤɨɪɨɫɬɶɸ ~2—3 К/ɱ ɞɨ 
ɩɨɥɧɨɝɨ ɡɚɬɜɟɪɞɟɜɚɧɢя ɪɚɫɩɥɚɜɚ. Дɥя ɝɨɦɨɝɟɧɢɡɚɰɢɢ ɩɨɥɭɱɟɧɧɵɯ ɫɥɢɬɤɨɜ ɢɯ ɨɬɠɢɝɚɥɢ ɩɪɢ 
~1020 К ɜ ɬɟɱɟɧɢɟ 250 ɱ. Вɵɪɚɳɟɧɧɵɟ ɜ ɬɚɤɢɯ ɭɫɥɨɜɢяɯ ɦɨɧɨɤɪɢɫɬɚɥɥɵ ɢɦɟɥɢ ɞɢɚɦɟɬɪ 
~1620 ɦɦ ɢ ɞɥɢɧɭ ~40 ɦɦ, ɛɵɥɢ ɨɞɧɨɪɨɞɧɵɦɢ ɢ ɝɨɦɨɝɟɧɧɵɦɢ, ɱɬɨ ɭɫɬɚɧɨɜɥɟɧɨ ɦɟɬɨɞɚɦɢ ɦɢɤ-
ɪɨɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɢ ɪɟɧɬɝɟɧɨɜɫɤɨɝɨ ɚɧɚɥɢɡɨɜ.  

ɋɨɫɬɚɜ ɜɵɪɚɳɟɧɧɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ (FeIn2S4)1–x(In2S3)x ɨɩɪɟɞɟɥɟɧ ɫ ɩɨɦɨɳɶɸ ɦɢɤɪɨ-
ɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɨɝɨ ɚɧɚɥɢɡɚ, ɝɨɦɨɝɟɧɧɨɫɬɶ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ (FeIn2S4)1–х(In2S3)х — ɪɟɧɬɝɟɧɨɜ-
ɫɤɢɦ ɦɟɬɨɞɨɦ. Уɝɥɨɜɵɟ ɩɨɥɨɠɟɧɢя ɥɢɧɢɣ ɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚɯ ɪɟɝɢɫɬɪɢɪɨɜɚɥɢ ɧɚ ɚɩɩɚɪɚɬɟ 
ДɊɈɇ-3Ɇ ɜ CuK-ɢɡɥɭɱɟɧɢɢ ɫ ɝɪɚɮɢɬɨɜɵɦ ɦɨɧɨɯɪɨɦɚɬɨɪɨɦ.  
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Дɥя ɫɨɡɞɚɧɢя ɮɨɬɨɱɭɜɫɬɜɢɬɟɥɶɧɵɯ ɫɬɪɭɤɬɭɪ ɢɡ ɜɵɪɚɳɟɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɜɵɪɟɡɚɥɢ 
ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɵɟ ɩɥɚɫɬɢɧɤɢ ɪɚɡɦɟɪɚɦɢ 0.15.05.0 ɦɦ, ɤɨɬɨɪɵɟ ɦɟɯɚɧɢɱɟɫɤɢ ɲɥɢɮɨɜɚɥɢ ɢ 
ɩɨɥɢɪɨɜɚɥɢ. ɋɬɪɭɤɬɭɪɵ ɩɨɥɭɱɚɥɢ ɜɚɤɭɭɦɧɵɦ ɬɟɪɦɢɱɟɫɤɢɦ ɧɚɩɵɥɟɧɢɟɦ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɢɧɞɢя 
(ɬɨɥɳɢɧɚ ɫɥɨя 1—2 ɦɤɦ) ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɤɪɢɫɬɚɥɥɨɜ. Ɉɦɢɱɟɫɤɢɣ ɤɨɧɬɚɤɬ ɫɨɡɞɚɜɚɥɫя ɯɢɦɢɱɟ-
ɫɤɢɦ ɨɫɚɠɞɟɧɢɟɦ ɦɟɞɢ ɢɡ ɜɨɞɧɨɝɨ ɪɚɫɬɜɨɪɚ CuSO4. 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Ɋɟɡɭɥɶɬɚɬɵ ɦɢɤɪɨɡɨɧɞɨɜɵɯ ɪɟɧɬɝɟɧɨɫɩɟɤɬɪɚɥɶɧɵɯ ɢɡɦɟɪɟɧɢɣ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɫɨɞɟɪɠɚ-

ɧɢɟ ɤɨɦɩɨɧɟɧɬɨɜ ɜ ɜɵɪɚɳɟɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɚɯ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɡɚɞɚɧɧɵɦ 
ɫɨɫɬɚɜɨɦ ɜ ɢɫɯɨɞɧɨɣ ɲɢɯɬɟ. ɋɨɝɥɚɫɧɨ ɪɟɧɬɝɟɧɨɜɫɤɢɦ ɢɫɫɥɟɞɨɜɚɧɢяɦ, ɧɚ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚɯ ɤɚɤ 
ɫɨɟɞɢɧɟɧɢɣ In2S3, FeIn2S4, ɬɚɤ ɢ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɧɚ ɢɯ ɨɫɧɨɜɟ ɩɪɢɫɭɬɫɬɜɭɸɬ ɢɧɞɟɤɫɵ ɨɬɪɚ-
ɠɟɧɢɣ, ɯɚɪɚɤɬɟɪɧɵɟ ɞɥя ɤɭɛɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɲɩɢɧɟɥɢ. Ɋɚɡɪɟɲɟɧɢɟ ɜɵɫɨɤɨɭɝɥɨɜɵɯ ɥɢɧɢɣ ɧɚ 
ɭɤɚɡɚɧɧɵɯ ɞɢɮɪɚɤɬɨɝɪɚɦɦɚɯ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɪɚɜɧɨɜɟɫɧɨɫɬɢ ɫɨɟɞɢɧɟɧɢɣ ɢ ɝɨɦɨɝɟɧɧɨɫɬɢ 
ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ. 
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Ɋɢɫ. 1. Кɨɧɰɟɧɬɪɚɰɢɨɧɧɚя ɡɚɜɢɫɢɦɨɫɬɶ 
ɩɚɪɚɦɟɬɪɚ ɷɥɟɦɟɧɬɚɪɧɨɣ яɱɟɣɤɢ а 
ɞɥя ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ(FeIn2S4)1–x(In2S3)x 

 Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜ-
ɧɨɫɬɢ ɮɨɬɨɩɪɟɨɛɪɚɡɨɜɚɧɢя ɩɨɜɟɪɯɧɨɫɬɧɨ-ɛɚɪɶɟɪɧɵɯ 
ɫɬɪɭɤɬɭɪ ɧɚ ɨɫɧɨɜɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ 
(FeIn2S4)1–x(In2S3)x ɩɪɢ 300 К; х = 0.8 (1), 0.6 (2) ɢ 0.4 
ɦɨɥ. % (3) 

 
Ɇɟɬɨɞɨɦ ɧɚɢɦɟɧɶɲɢɯ ɤɜɚɞɪɚɬɨɜ ɪɚɫɫɱɢɬɚɧɵ ɩɚɪɚɦɟɬɪɵ ɷɥɟɦɟɧɬɚɪɧɨɣ яɱɟɣɤɢ  

a = 10.612  0.005 Å ɞɥя ɫɨɟɞɢɧɟɧɢя FeIn2S4 ɢ a = 10.772  0.005 Å ɞɥя  In2S3. Иɡɦɟɧɟɧɢɟ ɩɚɪɚ-
ɦɟɬɪɚ а ɫ ɫɨɫɬɚɜɨɦ х ɨɫɭɳɟɫɬɜɥяɟɬɫя ɥɢɧɟɣɧɨ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɡɚɤɨɧɨɦ Вɟɝɚɪɞɚ (ɪɢɫ. 1).  

Иɫɫɥɟɞɨɜɚɧɢɟ ɫɬɚɰɢɨɧɚɪɧɵɯ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɬɪɭɤɬɭɪ, ɫɨɡɞɚɧɧɵɯ ɧɚ ɨɫ-
ɧɨɜɟ ɜɵɪɚɳɟɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ, ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɨɧɢ ɨɛɥɚɞɚɸɬ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɜɵɩɪяɦɥɟ-
ɧɢя K  5 ɩɪɢ ɧɚɩɪяɠɟɧɢяɯ ɫɦɟɳɟɧɢя U  5 В (Т = 300 К). ɉɪɨɩɭɫɤɧɨɟ ɧɚɩɪɚɜɥɟɧɢɟ ɜ ɷɬɢɯ 
ɫɬɪɭɤɬɭɪɚɯ ɜɫɟɝɞɚ ɪɟɚɥɢɡɭɟɬɫя ɩɪɢ ɩɨɞɚɱɟ ɩɨɥɨɠɢɬɟɥɶɧɨɣ ɩɨɥяɪɧɨɫɬɢ ɜɧɟɲɧɟɝɨ ɫɦɟɳɟɧɢя ɧɚ 
ɩɨɞɥɨɠɤɭ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ (FeIn2S4)1–x(In2S3)x. 

ɉɪɢ ɨɫɜɟɳɟɧɢɢ ɩɨɜɟɪɯɧɨɫɬɧɨ-ɛɚɪɶɟɪɧɵɯ ɫɬɪɭɤɬɭɪ In/(FeIn2S4)1–x(In2S3)x ɫɨ ɫɬɨɪɨɧɵ ɛɚɪɶ-
ɟɪɧɨɝɨ ɤɨɧɬɚɤɬɚ ɜɨɡɧɢɤɚɟɬ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɢɣ ɷɮɮɟɤɬ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɥɭɠɚɬ ɨɫɧɨɜɚ-
ɧɢɟɦ ɞɥя ɬɨɝɨ, ɱɬɨɛɵ ɧɚɛɥɸɞɚɟɦɵɣ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɢɣ ɷɮɮɟɤɬ ɩɪɢɩɢɫɚɬɶ ɜɨɡɧɢɤɧɨɜɟɧɢɸ 
ɷɧɟɪɝɟɬɢɱɟɫɤɨɝɨ ɛɚɪɶɟɪɚ ɧɚ ɤɨɧɬɚɤɬɟ ɦɟɬɚɥɥɚ (In) ɫ ɦɨɧɨɤɪɢɫɬɚɥɥɚɦɢ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ 
(FeIn2S4)1–x(In2S3)x. ɋɩɟɤɬɪɵ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɤɜɚɧɬɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɩɪɟɨɛɪɚɡɨɜɚɧɢя 
(ħ) ɞɥя ɩɨɜɟɪɯɧɨɫɬɧɨ-ɛɚɪɶɟɪɧɵɯ ɫɬɪɭɤɬɭɪ In/(FeIn2S4)1–x(In2S3)x ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 2. Вɢɞ-
ɧɨ, ɱɬɨ ɫɨɡɞɚɧɧɵɟ ɫɬɪɭɤɬɭɪɵ ɩɪɨяɜɥяɸɬ ɮɨɬɨɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶ ɜ ɲɢɪɨɤɨɦ ɫɩɟɤɬɪɚɥɶɧɨɦ ɞɢɚ-
ɩɚɡɨɧɟ 1—3.5 ɷВ. 

Заɤɥючɟɧɢɟ  
Ɋɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɩɨɜɟɪɯɧɨɫɬɧɨ-ɛɚɪɶɟɪɧɵɯ ɫɬɪɭɤɬɭɪ ɧɚ ɨɫɧɨɜɟ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨ-

ɪɨɜ (FeIn2S4)1–x(In2S3)x ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɨɡɞɚɧɧɵɟ ɫɬɪɭɤɬɭɪɵ ɨɛɥɚɞɚɸɬ ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɜɵɩɪяɦ-
ɥɟɧɢя K  5 ɩɪɢ ɧɚɩɪяɠɟɧɢяɯ ɫɦɟɳɟɧɢя U  5 В ɩɪɢ Т = 300 К. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɨɫɜɟɳɟ-

ħ, ɷВ 

  ħ 
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ɧɢɢ ɫɬɪɭɤɬɭɪ In/(FeIn2S4)1–x(In2S3)x ɫɨ ɫɬɨɪɨɧɵ ɛɚɪɶɟɪɨɜ ɫɩɟɤɬɪɵ ɮɨɬɨɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɲɢɪɨ-
ɤɨɩɨɥɨɫɧɵɟ ɢ ɨɛɟɫɩɟɱɢɜɚɸɬ ɮɨɬɨɪɟɝɢɫɬɪɚɰɢɸ ɜ ɞɢɚɩɚɡɨɧɟ 1—3.7 ɷВ ɩɪɢ 300 К. ɋɨɡɞɚɧɧɵɟ 
ɫɬɪɭɤɬɭɪɵ ɦɨɝɭɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫя ɜ ɤɚɱɟɫɬɜɟ ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɮɨɬɨɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ ɨɩɬɢɱɟ-
ɫɤɢɯ ɢɡɥɭɱɟɧɢɣ.  
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Иɫɫɥɟɞɨɜɚɧɵ ИК ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4 ɜ ɩɨɥяɪɢɡɚɰɢяɯ Е||ɫ ɢ Еɫ. Ɉɩɪɟ-
ɞɟɥɟɧɵ ɱɚɫɬɨɬɵ ɩɪɨɞɨɥɶɧɵɯ ɢ ɩɨɩɟɪɟɱɧɵɯ ɮɨɧɨɧɨɜ, ɤɨɷɮɮɢɰɢɟɧɬɵ ɡɚɬɭɯɚɧɢя, ɜɵɫɨɤɨɱɚɫɬɨɬɧɚя ɢ ɫɬɚ-
ɬɢɫɬɢɱɟɫɤɚя ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɨɫɬɨяɧɧɵɟ. Ɋɚɫɫɱɢɬɚɧɵ ɷɮɮɟɤɬɢɜɧɵɟ ɡɚɪяɞɵ. 

Кɥючɟвыɟ ɫɥɨва: ɦɨɧɨɤɪɢɫɬɚɥɥɵ, ɞɢɫɩɟɪɫɢɨɧɧɵɣ ɚɧɚɥɢɡ Кɪɚɦɟɪɫɚ—Кɪɨɧɢɝɚ, ɞɢɷɥɟɤɬɪɢɱɟ-
ɫɤɢɟ ɩɨɫɬɨяɧɧɵɟ, ɷɮɮɟɤɬɢɜɧɵɣ ɢɨɧɧɵɣ ɡɚɪяɞ, ɡɚɪяɞɵ Ȼɨɪɧɚ ɢ ɋɢɝɟɬɢ. 

Ввɟɞɟɧɢɟ 
Иɧɬɟɧɫɢɜɧɨɟ ɪɚɡɜɢɬɢɟ ɫɨɜɪɟɦɟɧɧɨɣ ɬɟɯɧɢɤɢ, ɜ ɱɚɫɬɧɨɫɬɢ ɷɥɟɤɬɪɨɧɢɤɢ ɢ ɧɟɥɢɧɟɣɧɨɣ ɨɩ-

ɬɢɤɢ, ɬɪɟɛɭɟɬ ɩɨɢɫɤɚ ɢ ɢɫɫɥɟɞɨɜɚɧɢя ɮɭɧɤɰɢɨɧɚɥɶɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɫ ɧɨɜɵɦɢ ɢ ɭɥɭɱɲɟɧɧɵɦɢ 
ɫɜɨɣɫɬɜɚɦɢ. ɋɪɟɞɢ ɧɢɯ ɨɫɨɛɨɟ ɩɨɥɨɠɟɧɢɟ ɡɚɧɢɦɚɟɬ ɫɨɟɞɢɧɟɧɢɟ FeIn2Se4, ɨɬɧɨɫяɳɟɟɫя ɤ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɚɦ ɬɢɩɚ AIIB2

IIIX4
VI (ɝɞɟ A = Fe, Mn, Ni, Co; B = Ga, In; X = S, Se, Te). ɇɟɨɛɵɱɧɨɟ ɫɨ-

ɱɟɬɚɧɢɟ яɜɥɟɧɢɣ ɷɥɟɤɬɪɨɧɧɨ- ɢɥɢ ɨɩɬɢɱɟɫɤɢ ɭɩɪɚɜɥяɟɦɨɝɨ ɦɚɝɧɟɬɢɡɦɚ ɞɟɥɚɟɬ ɷɬɢ ɤɪɢɫɬɚɥɥɵ 
ɩɟɪɫɩɟɤɬɢɜɧɵɦɢ ɨɛɴɟɤɬɚɦɢ ɤɚɤ ɞɥя ɧɚɭɱɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɜ ɨɛɥɚɫɬɢ ɮɢɡɢɤɢ ɬɜɟɪɞɨɝɨ ɬɟɥɚ, ɬɚɤ 
ɢ ɞɥя ɪɚɡɧɨɨɛɪɚɡɧɵɯ ɩɪɚɤɬɢɱɟɫɤɢɯ ɩɪɢɥɨɠɟɧɢɣ, ɧɚɩɪɢɦɟɪ, ɜ ɥɚɡɟɪɚɯ, ɦɨɞɭɥяɬɨɪɚɯ ɫɜɟɬɚ, ɮɨɬɨ-
ɞɟɬɟɤɬɨɪɚɯ ɢ ɞɪɭɝɢɯ ɭɫɬɪɨɣɫɬɜɚɯ, ɭɩɪɚɜɥяɟɦɵɯ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ [1, 2]. 

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɤɨɥɟɛɚɬɟɥɶɧɵɯ ɫɩɟɤɬɪɨɜ ɨɬ-
ɪɚɠɟɧɢя ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4 ɜ ɨɛɥɚɫɬɢ ИК ɢɡɥɭɱɟɧɢя. 

1. Мɟɬɨɞɢɤа ɷɤɫɩɟɪɢɦɟɧɬа 
Ɇɨɧɨɤɪɢɫɬɚɥɥɵ FeIn2Se4 ɜɵɪɚɳɢɜɚɥɢ ɧɚɩɪɚɜɥɟɧɧɨɣ ɤɪɢɫɬɚɥɥɢɡɚɰɢɟɣ ɪɚɫɩɥɚɜɚ ɜ ɜɟɪɬɢ-

ɤɚɥɶɧɨɣ ɩɟɱɢ ɩɨ ɦɟɬɨɞɢɤɟ [3]. Ɉɧɢ ɢɦɟɥɢ ɞɢɚɦɟɬɪ ~14 ɦɦ ɢ ɞɥɢɧɭ ~40 ɦɦ, ɛɵɥɢ ɝɨɦɨɝɟɧɧɵɦɢ 
ɢ ɨɞɧɨɪɨɞɧɵɦɢ.  

ɋɩɟɤɬɪɵ ИК ɨɬɪɚɠɟɧɢя ɢɡɦɟɪяɥɢ ɧɚ ɮɭɪɶɟ-ɫɩɟɤɬɪɨɦɟɬɪɟ FIR-30 ɜ ɨɛɥɚɫɬɢ ɱɚɫɬɨɬ 550—
50 ɫɦ–1 ɩɪɢ ɤɨɦɧɚɬɧɨɣ ɬɟɦɩɟɪɚɬɭɪɟ ɫɨ ɫɩɟɤɬɪɚɥɶɧɨɣ ɲɢɪɢɧɨɣ ɳɟɥɢ 2 ɫɦ–1. Ɉɛɪɚɡɰɚɦɢ ɫɥɭɠɢɥɢ 
ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɵɟ ɩɥɚɫɬɢɧɵ ɪɚɡɦɟɪɚɦɢ 1.5×2.5 ɫɦ, ɜɵɪɟɡɚɧɧɵɟ ɢɡ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4. 
ɉɨɥɭɩɪɨɜɨɞɧɢɤ FeIn2Se4 яɜɥяɟɬɫя ɢɡɨɷɥɟɤɬɪɨɧɧɵɦ ɚɧɚɥɨɝɨɦ ɬɪɟɯɩɚɤɟɬɧɨɝɨ ɩɨɥɢɬɢɩɚ ZnIn2S4-
(IIIa), ɝɞɟ ɚɬɨɦɵ Fe2+ ɡɚɧɢɦɚɸɬ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɟ ɩɨɡɢɰɢɢ, ɬɨɝɞɚ ɤɚɤ ɨɞɧɚ ɩɨɥɨɜɢɧɚ ɚɬɨɦɨɜ In3+ 
ɡɚɧɢɦɚɟɬ ɬɟɬɪɚɷɞɪɢɱɟɫɤɢɟ (Int) ɩɨɡɢɰɢɢ, ɚ ɞɪɭɝɚя — ɨɤɬɚɷɞɪɢɱɟɫɤɢɟ (Inɨ). 

ɋɨɝɥɚɫɧɨ ɬɟɨɪɟɬɢɤɨ-ɝɪɭɩɩɨɜɨɦɭ ɚɧɚɥɢɡɭ [4], ɜ ɰɟɧɬɪɟ ɡɨɧɵ Ȼɪɢɥɥɸɷɧɚ ɫɭɳɟɫɬɜɭɸɬ ɞɜɟ 
ɚɤɭɫɬɢɱɟɫɤɢɟ ɢ 12 ɨɩɬɢɱɟɫɤɢɯ ɦɨɞ ɫɥɟɞɭɸɳɢɯ ɫɢɦɦɟɬɪɢɣ: 

 opt = 7A1 + 7E. (1) 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɚɜɢɥ ɨɬɛɨɪɚ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɫɢɦɦɟɬɪɢяɯ А1 ɢ Е ɩɨ ɨɞɧɨɣ ɦɨɞɟ 
ɚɤɭɫɬɢɱɟɫɤɨɣ, ɚ ɨɫɬɚɥɶɧɵɟ (6A1 + 6E) ɨɩɬɢɱɟɫɤɢɟ. Вɫɟ ɡɚɪɟɝɢɫɬɪɢɪɨɜɚɧɧɵɟ ɤɨɥɟɛɚɬɟɥɶɧɵɟ ɦɨɞɵ 
яɜɥяɸɬɫя ɚɤɬɢɜɧɵɦɢ ɤɚɤ ɜ ИК, ɬɚɤ ɢ ɜ ɫɩɟɤɬɪɚɯ КɊ. 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ИК ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4 ɜ ɩɨɥяɪɢɡɚɰɢяɯ Е||c ɢ ȿɫ ɩɪɟɞɫɬɚɜɥɟɧɵ 

ɧɚ ɪɢɫ. 1. В ɢɫɫɥɟɞɭɟɦɨɣ ɨɛɥɚɫɬɢ ɱɚɫɬɨɬ ɧɚ ɫɩɟɤɬɪɚɯ ɨɬɪɚɠɟɧɢя ɜ ɩɨɥяɪɢɡɚɰɢɢ Е||c ɨɛɧɚɪɭɠɟɧɨ 
ɬɪɢ ɤɨɥɟɛɚɬɟɥɶɧɵɟ ɦɨɞɵ (60, 182 ɢ 193 ɫɦ–1), ɚ ɜ ɩɨɥяɪɢɡɚɰɢɢ Еɫ — ɲɟɫɬɶ ɤɨɥɟɛɚɬɟɥɶɧɵɯ ɦɨɞ 
(58, 69, 78, 181, 193 ɢ 204 ɫɦ–1). 
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Ɋɢɫ. 1. ИК ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4 ɜ ɩɨɥяɪɢɡɚɰɢяɯ Е||c (а) ɢ ȿɫ (ɛ). 

 
Ɉɛɪɚɛɨɬɤɚ ɫɩɟɤɬɪɨɜ, ɪɚɫɱɟɬ ɨɩɬɢɱɟɫɤɢɯ ɤɨɧɫɬɚɧɬ ɢ ɩɚɪɚɦɟɬɪɨɜ ɨɫɰɢɥɥяɬɨɪɨɜ ɩɪɨɜɟɞɟɧɵ 

ɦɟɬɨɞɨɦ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɝɨ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɚɧɚɥɢɡɚ Кɪɚɦɟɪɫɚ—Кɪɨɧɢɝɚ (ДА-К-К) [5], ɤɨɬɨ-
ɪɵɣ ɨɛɥɚɞɚɟɬ ɦɟɧɶɲɢɦɢ ɫɢɫɬɟɦɚɬɢɱɟɫɤɢɦɢ ɩɨɝɪɟɲɧɨɫɬяɦɢ, ɱɟɦ ɦɟɬɨɞ ɞɢɫɩɟɪɫɢɨɧɧɨɝɨ ɚɧɚɥɢɡɚ 
(ДА) ɢ ɦɟɬɨɞ Кɪɚɦɟɪɫɚ—Кɪɨɧɢɝɚ (К-К) ɜ ɨɬɞɟɥɶɧɨɫɬɢ. В ɦɟɬɨɞɟ ДА-К-К ɚɧɚɥɢɡ К-К ɩɪɢɦɟɧя-
ɟɬɫя ɧɟ ɤ ɫɚɦɨɣ ɮɭɧɤɰɢɢ R(ω), ɚ ɤ ɮɭɧɤɰɢɢ, ɡɧɚɱɟɧɢя ɤɨɬɨɪɨɣ ɡɚ ɩɪɟɞɟɥɚɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ-
ɝɨ ɢɧɬɟɪɜɚɥɚ ɛɥɢɡɤɢ ɤ ɧɭɥɸ. Ɍɚɤɚя ɮɭɧɤɰɢя ɩɨɥɭɱɚɟɬɫя ɩɨɫɥɟ ɨɛɪɚɛɨɬɤɢ ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя 
ɦɟɬɨɞɨɦ ДА, ɜ ɤɨɬɨɪɨɦ ɞɥя ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ε(ω) ɢɫɩɨɥɶɡɭɟɬɫя ɜɵɪɚɠɟɧɢɟ: 
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ɉɟɪɜɨɧɚɱɚɥɶɧɨ ɨɰɟɧɤɢ ɩɚɪɚɦɟɬɪɨɜ ɌɈ- ɢ LO-ɦɨɞ ɫɞɟɥɚɧɵ ɩɨ ɫɩɟɤɬɪɚɦ ɨɬɪɚɠɟɧɢя. Чɚɫ-
ɬɨɬɵ ɤɨɥɟɛɚɬɟɥɶɧɵɯ ɦɨɞ ɨɩɪɟɞɟɥяɥɢ ɩɨ ɬɨɱɤɚɦ ɩɟɪɟɝɢɛɨɜ ɧɚ ɫɤɥɨɧɚɯ ɦɚɤɫɢɦɭɦɨɜ, ɚ ɮɚɤɬɨɪ 
ɡɚɬɭɯɚɧɢя — ɩɨ ɩɨɥɭɲɢɪɢɧɟ ɥɢɧɢɣ. Зɚɬɟɦ ɷɬɢ ɩɚɪɚɦɟɬɪɵ ɚɜɬɨɦɚɬɢɱɟɫɤɢ ɜɚɪɶɢɪɨɜɚɥɢɫɶ ɜ ɩɪɨ-
ɝɪɚɦɦɟ ДА-К-К ɚɧɚɥɢɡɚ ɞɨ ɧɚɢɥɭɱɲɟɝɨ ɫɨɨɬɜɟɬɫɬɜɢя ɪɚɫɱɟɬɧɨɝɨ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɝɨ ɫɩɟɤ-
ɬɪɨɜ ɨɬɪɚɠɟɧɢя. 

ɋ ɩɨɦɨɳɶɸ ɷɬɨɝɨ ɦɟɬɨɞɚ ɢɡ ИК ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя ɨɩɪɟɞɟɥɟɧɵ ɱɚɫɬɨɬɵ ɩɪɨɞɨɥɶɧɵɯ 
LO ɢ ɩɨɩɟɪɟɱɧɵɯ TO ɮɨɧɨɧɨɜ, ɤɨɷɮɮɢɰɢɟɧɬɵ ɡɚɬɭɯɚɧɢя gn, ɚ ɬɚɤɠɟ ∞. ɋɢɥɚ ɨɫɰɢɥɥяɬɨɪɚ Sn 

ɪɚɫɫɱɢɬɚɧɚ ɢɡ ɜɵɪɚɠɟɧɢя: 
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, (3) 

Вɵɫɨɤɨɱɚɫɬɨɬɧɚя ε∞ ɢ ɫɬɚɬɢɱɟɫɤɚя ε0 ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɫɜяɡɚɧɵ ɦɟɠɞɭ ɫɨɛɨɣ 
ɫɨɨɬɧɨɲɟɧɢɟɦ: 
 0 =  + ɩ 4Sn. (4) 

Ɋɟɡɭɥɶɬɚɬɵ ɪɚɫɱɟɬɨɜ ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 1. 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Ɉɩɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4. 

ɉɨɥяɪɢɡɚɰɢя Е||c ɉɨɥяɪɢɡɚɰɢя Еɫ № 
ɦɨɞɵ LO, ɫɦ–1 TO, ɫɦ–1 gn Sn 

№ 
ɦɨɞɵ LO, ɫɦ–1 TO, ɫɦ–1 gn Sn 

1 198 188 5 0.09 1 212 198 7 0.012 
2 188 175 6.5 0.013 2 198 188 5 0.09 
3 62 58 2 0.012 3 188 176 6 0.012 
     4 80 76 2 0.009 
     5 70 67 1.5 0.008 
     6 61 55 3 0.02 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɟɡɭɥɶɬɚɬɨɜ ɪɚɫɱɟɬɨɜ ИК ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя ɨɩɪɟɞɟɥɟɧɵ ɷɮɮɟɤɬɢɜ-
ɧɵɟ ɡɚɪяɞɵ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ FeIn2Se4. Эɮɮɟɤɬɢɜɧɵɣ ɢɨɧɧɵɣ ɡɚɪяɞ 
ɜ ɬɪɟɯɤɨɦɩɨɧɟɧɬɧɨɦ ɤɪɢɫɬɚɥɥɟ [6] ɜɵɱɢɫɥɟɧ ɫ ɩɨɦɨɳɶɸ ɫɨɨɬɧɨɲɟɧɢя: 
  – 1 = 2/(х2 + х) (5) 

ɝɞɟ x = es
*/Zeffe — ɷɮɮɟɤɬɢɜɧɵɣ ɢɨɧɧɵɣ ɡɚɪяɞ. 
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ɋɨɝɥɚɫɧɨ ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɨɣ ɬɟɨɪɢɢ ɤɨɥɟɛɚɧɢɣ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ [7], ɷɮɮɟɤɬɢɜ-
ɧɵɣ ɡɚɪяɞ ɋɢɝɟɬɢ: 

 
* 3
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, (6) 

ɋɨɝɥɚɫɧɨ ɞɢɧɚɦɢɱɟɫɤɨɣ ɬɟɨɪɢɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɢɯ ɪɟɲɟɬɨɤ [8], ɪɚɫɳɟɩɥɟɧɢɟ ɦɟɠɞɭ LO- ɢ 
TO-ɱɚɫɬɨɬɚɦɢ ɞɢɩɨɥɶɧɨ-ɚɤɬɢɜɧɵɯ ɤɨɥɟɛɚɧɢɣ ɪɟɲɟɬɤɢ ɜ ɤɪɢɫɬɚɥɥɚɯ ɩɨɥяɪɧɵɯ ɩɨɥɭɩɪɨɜɨɞɧɢ-
ɤɨɜ ɨɩɪɟɞɟɥяɟɬɫя ɜɤɥɚɞɨɦ ɞɚɥɶɧɨɞɟɣɫɬɜɭɸɳɢɯ ɞɢɩɨɥɶɧɵɯ ɫɢɥ (ɜɧɭɬɪɟɧɧɟɝɨ ɩɨɥя) ɢ ɜɵɪɚɠɚɟɬ-
ɫя ɱɟɪɟɡ ɜɵɫɨɤɨɱɚɫɬɨɬɧɭɸ (ɷɥɟɤɬɪɨɧɧɭɸ) ɞɢɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ε∞ ɢ ɦɚɤɪɨɫɤɨɩɢɱɟ-
ɫɤɢɣ ɡɚɪяɞ Ȼɨɪɧɚ, ɢɦɟɸɳɢɣ ɫɥɟɞɭɸɳɢɣ ɜɢɞ: 
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 
 , (7) 

Вɵɫɨɤɨɱɚɫɬɨɬɧɚя ɢ ɫɬɚɬɢɱɟɫɤɚя ɞɢɷɥɟɤɬɪɢɱɟɫɤɢɟ ɩɪɨɧɢɰɚɟɦɨɫɬɢ, ɷɮɮɟɤɬɢɜɧɵɟ ɢɨɧɧɵɟ 
ɡɚɪяɞɵ, ɡɚɪяɞɵ Ȼɨɪɧɚ ɢ ɋɢɝɟɬɢ, ɤɨɬɨɪɵɟ ɪɚɫɫɱɢɬɚɧɵ ɩɨ ɮɨɪɦɭɥɚɦ (4)—(7), ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ 
ɬɚɛɥ. 2. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɜ ИК ɫɩɟɤɬɪɚɯ ɨɬɪɚɠɟɧɢя ɜɵɪɚ-
ɳɟɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ ɜɵяɜɥɟɧɵ ɜɫɟ ɤɨɥɟɛɚɬɟɥɶɧɵɟ ɦɨɞɵ, ɤɨɬɨɪɵɟ ɜɧɨɫяɬ ɨɫɧɨɜɧɨɣ ɜɤɥɚɞ ɜ 
ε∞, ɚ ɬɚɤɠɟ ɨɩɪɟɞɟɥɟɧɵ ɷɮɮɟɤɬɢɜɧɵɟ ɡɚɪяɞɵ, ɤɨɬɨɪɵɟ ɨɬɪɚɠɚɸɬ ɫɩɟɰɢɮɢɱɟɫɤɢɟ ɨɫɨɛɟɧɧɨɫɬɢ 
ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ ɜɵɪɚɳɟɧɧɵɯ ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4. 
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Заɤɥючɟɧɢɟ 
ɉɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя ɜ ɩɨɥяɪɢɡɚɰɢяɯ Е||c ɢ ȿɫ ɞɥя ɜɵɪɚɳɟɧɧɵɯ 

ɦɨɧɨɤɪɢɫɬɚɥɥɨɜ FeIn2Se4 ɩɨɥɭɱɟɧɵ ɜɫɟ ɨɠɢɞɚɟɦɵɟ ɤɨɥɟɛɚɬɟɥɶɧɵɟ ɦɨɞɵ ɢ ɧɨɜɚя ɢɧɮɨɪɦɚɰɢя ɨ 
ɩɚɪɚɦɟɬɪɚɯ ɮɨɧɨɧɨɜ. 
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Infrared Reflection Spectra of FeIn2Se4 Single Crystals 

I. V. Bodnar a, S. A. Pauliukavets a, G. F. Smirnova a, A. G. Karoza b, T. V. Smirnova c 

а 
Belarusian State University of Informatics and Radioelectronics, 

Minsk, Belarus; e-mail: s.pauliukavets@bsuir.by 
b 
B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus 

c 
International Sakharov Environmental University, Minsk, Belarus 

IR reflection spectra of the FeIn2Se4 single crystals are investigated at range of 550—50 cm–1. Parameters 
of phonons and dielectric constants are defined. Effective charges are calculated. 

Keywords: single crystals, analysis of variance of the Kramers—Kronig relations, dielectric constant, ef-
fective ion charge, charges Born and Szigeti. 
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ɉɪɟɞɫɬɚɜɥɟɧ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɣ ɪɟɮɟɪɟɧɫɧɵɣ ɢɫɬɨɱɧɢɤ ɢɡɥɭɱɟɧɢя ɧɚ ɨɫɧɨɜɟ ɦɚɥɨɝɚɛɚɪɢɬɧɵɯ 
ɤɜɚɪɰɟɜɨ-ɝɚɥɨɝɟɧɧɵɯ ɥɚɦɩ ɢ ɫɜɟɬɨɞɢɨɞɨɜ, ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɣ ɞɥя ɤɚɥɢɛɪɨɜɤɢ ɥɸɤɫɦɟɬɪɨɜ, ɫɨɡɞɚɧɧɵɣ ɫɨ-
ɜɦɟɫɬɧɨ Ȼɟɥɨɪɭɫɫɤɢɦ ɝɨɫɭɞɚɪɫɬɜɟɧɧɵɦ ɢɧɫɬɢɬɭɬɨɦ ɦɟɬɪɨɥɨɝɢɢ ɢ Иɧɫɬɢɬɭɬɨɦ ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ.  

Кɥючɟвыɟ ɫɥɨва: ɮɨɬɨɦɟɬɪɢя, ɤɚɥɢɛɪɨɜɤɚ, ɨɫɜɟɳɟɧɧɨɫɬɶ, ɢɫɬɨɱɧɢɤ ɢɡɥɭɱɟɧɢя.  

Ввɟɞɟɧɢɟ 
Ɉɞɧɚ ɢɡ ɨɫɧɨɜɧɵɯ ɡɚɞɚɱ ɨɩɪɟɞɟɥɟɧɢя ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɫɜɟɬɨɬɟɯɧɢɱɟɫɤɢɯ 

ɢɡɞɟɥɢɣ — ɢɡɦɟɪɟɧɢɟ ɫɨɡɞɚɜɚɟɦɨɣ ɢɦɢ ɨɫɜɟɳɟɧɧɨɫɬɢ. Эɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɬɟɦ, ɱɬɨ, ɫɨɝɥɚɫɧɨ ɬɟɯ-
ɧɢɱɟɫɤɢɦ ɧɨɪɦɚɬɢɜɧɵɦ ɩɪɚɜɨɜɵɦ ɚɤɬɚɦ, ɨɫɜɟɳɟɧɧɨɫɬɶ ɩɨɞɥɟɠɢɬ ɨɛяɡɚɬɟɥɶɧɨɦɭ ɤɨɧɬɪɨɥɸ 
[1—4]. В ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɩɪɨɰɟɞɭɪɨɣ, ɭɫɬɚɧɨɜɥɟɧɧɨɣ Ɇɟɠɞɭɧɚɪɨɞɧɨɣ ɤɨɦɢɫɫɢɟɣ ɩɨ ɨɫɜɟɳɟɧɢɸ 
(CIE), ɮɨɬɨɦɟɬɪɵ, ɮɨɬɨɦɟɬɪɢɱɟɫɤɢɟ ɝɨɥɨɜɤɢ (ФȽ) ɢ ɥɸɤɫɦɟɬɪɵ ɤɚɥɢɛɪɭɸɬɫя ɩɨ ɱɭɜɫɬɜɢɬɟɥɶ-
ɧɨɫɬɢ ɤ ɨɫɜɟɳɟɧɧɨɫɬɢ ɜ ɚɦɩɟɪɚɯ ɧɚ ɥɸɤɫ, ɜ ɜɨɥɶɬɚɯ ɧɚ ɥɸɤɫ ɢɥɢ ɜ ɞɟɥɟɧɢяɯ ɲɤɚɥɵ ɧɚ ɥɸɤɫ [4]. 
ɋɨɝɥɚɫɧɨ [4], ɢɡɦɟɪɟɧɢя ɞɨɥɠɧɵ ɜɵɩɨɥɧяɬɫя ɧɚ ɮɨɬɨɦɟɬɪɢɱɟɫɤɨɣ ɫɤɚɦɶɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜ ɤɚ-
ɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɚ ɢɡɥɭɱɟɧɢя ɫɜɟɬɨɢɡɦɟɪɢɬɟɥɶɧɵɯ ɥɚɦɩ ɫɢɥɵ ɫɜɟɬɚ, ɤɨɬɨɪɵɟ ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɫɬɚɧ-
ɞɚɪɬɧɨɦɭ ɢɫɬɨɱɧɢɤɭ ɢɡɥɭɱɟɧɢя CIE А, ɩɪɢ ɤɨɪɪɟɥɢɪɨɜɚɧɧɨɣ ɰɜɟɬɨɜɨɣ ɬɟɦɩɟɪɚɬɭɪɟ Тɫɪ = 2856 К.  

Ɋɟɤɨɦɟɧɞɚɰɢɢ [4] ɛɵɥɢ ɪɚɡɪɚɛɨɬɚɧɵ ɜ ɧɚɱɚɥɟ 80-ɯ ɝɝ., ɤɨɝɞɚ ɨɫɧɨɜɧɵɦ ɢɫɬɨɱɧɢɤɨɦ ɨɫɜɟ-
ɳɟɧɢя яɜɥяɥɢɫɶ ɥɚɦɩɵ ɧɚɤɚɥɢɜɚɧɢя, ɢɦɟɸɳɢɟ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɫɩɟɤɬɪɚɥɶɧɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ 
ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя (ɈɋɊɆИ), ɛɥɢɡɤɨɟ ɤ ɫɬɚɧɞɚɪɬɧɨɦɭ ɢɫɬɨɱɧɢɤɭ ɢɡɥɭɱɟɧɢя CIE А. В ɩɨ-
ɫɥɟɞɧɟɟ ɜɪɟɦя ɞɨɥя ɥɚɦɩ ɧɚɤɚɥɢɜɚɧɢя ɫɪɟɞɢ ɜɫɟɯ ɢɫɬɨɱɧɢɤɨɜ ɨɫɜɟɳɟɧɢя ɫɭɳɟɫɬɜɟɧɧɨ ɫɧɢɡɢ-
ɥɚɫɶ, ɚ ɜ ɪяɞɟ ɫɬɪɚɧ ɢɯ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɞɥя ɨɫɜɟɳɟɧɢя ɨɛɳɟɫɬɜɟɧɧɵɯ ɦɟɫɬ ɡɚɩɪɟɳɟɧɨ. Вɦɟɫɬɨ 
ɥɚɦɩ ɧɚɤɚɥɢɜɚɧɢя ɫɟɣɱɚɫ ɩɪɢɦɟɧяɸɬ ɤɨɦɩɚɤɬɧɵɟ ɷɧɟɪɝɨɫɛɟɪɟɝɚɸɳɢɟ ɥɸɦɢɧɟɫɰɟɧɬɧɵɟ ɥɚɦɩɵ 
ɢ ɫɜɟɬɨɞɢɨɞɵ (ɋИД) ɛɟɥɨɝɨ ɫɜɟɱɟɧɢя, ɩɪɢɱɟɦ ɢɯ ɞɨɥя ɜ ɨɛɳɟɦ ɱɢɫɥɟ ɢɫɩɨɥɶɡɭɟɦɵɯ ɢɫɬɨɱɧɢɤɨɜ 
ɢɡɥɭɱɟɧɢя ɧɟɭɤɥɨɧɧɨ ɜɨɡɪɚɫɬɚɟɬ. 

ɈɋɊɆИ ɋИД ɛɟɥɨɝɨ ɫɜɟɱɟɧɢя ɡɧɚɱɢɬɟɥɶɧɨ ɨɬɥɢɱɚɟɬɫя ɨɬ ɈɋɊɆИ ɥɚɦɩ ɧɚɤɚɥɢɜɚɧɢя.  
В ɪяɞɟ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɜɫɥɟɞɫɬɜɢɟ ɷɬɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɫɫɨɝɥɚɫɨ-
ɜɚɧɢя ɨɲɢɛɤɚ ɢɡɦɟɪɟɧɢя ɨɫɜɟɳɟɧɧɨɫɬɢ ɦɨɠɟɬ ɭɜɟɥɢɱɢɬɶɫя [5—7]. Ɍɚɤ ɤɚɤ ɨɫɧɨɜɧɨɣ ɨɛɴɟɦ ɢɡ-
ɦɟɪɟɧɢɣ ɨɫɜɟɳɟɧɧɨɫɬɢ ɩɪɨɜɨɞɢɬɫя ɧɚ ɪɚɛɨɱɢɯ ɦɟɫɬɚɯ, ɜ ɠɢɥɵɯ ɢ ɩɪɨɢɡɜɨɞɫɬɜɟɧɧɵɯ ɩɨɦɟɳɟ-
ɧɢяɯ ɫ ɩɨɦɨɳɶɸ ɧɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɯ ɜ Ȼɟɥɚɪɭɫɢ ɬɢɩɨɜ ɥɸɤɫɦɟɬɪɨɜ: ɌКА-ɉКɆ,  
ɌКА-ɅЮКɋ (Ɋɨɫɫɢя) ɢ ɮɨɬɨɦɟɬɪ-яɪɤɨɦɟɪ ɌЭɋ 0693 (Уɤɪɚɢɧɚ), ɦɵ ɩɪɨɜɟɥɢ ɢɫɫɥɟɞɨɜɚɧɢɟ ɫ ɰɟ-
ɥɶɸ ɨɩɪɟɞɟɥɢɬɶ ɡɧɚɱɢɦɨɫɬɶ ɜɥɢяɧɢя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɫɫɨɝɥɚɫɨɜɚɧɢя ɧɚ ɢɡɦɟɪɟɧɢɟ ɨɫɜɟɳɟɧɧɨ-
ɫɬɢ, ɫɨɡɞɚɜɚɟɦɨɣ ɫɜɟɬɨɬɟɯɧɢɱɟɫɤɢɦɢ ɢɡɞɟɥɢяɦɢ ɧɚ ɨɫɧɨɜɟ ɋИД ɛɟɥɨɝɨ ɫɜɟɱɟɧɢя ɢ ɥɚɦɩɚɦɢ ɧɚ-
ɤɚɥɢɜɚɧɢя [8—10]. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ ɨɫɜɟɳɟɧɢя ɥɚɦɩɨɣ ɧɚɤɚɥɢɜɚɧɢя ɤ ɋИД-
ɢɫɬɨɱɧɢɤɚɦ ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢя ɨɫɜɟɳɟɧɧɨɫɬɢ ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɜ ɪяɞɟ ɫɥɭɱɚɟɜ ɜɨɡɪɚɫɬɚɟɬ. 
Ɉɞɧɚɤɨ ɨɬɧɨɫɢɬɟɥɶɧɚя ɩɨɝɪɟɲɧɨɫɬɶ ɢɡɦɟɪɟɧɢя ɨɫɜɟɳɟɧɧɨɫɬɢ ɫ ɩɨɦɨɳɶɸ ɭɩɨɦяɧɭɬɵɯ ɥɸɤɫ-
ɦɟɬɪɨɜ ɭɜɟɥɢɱɢɜɚɟɬɫя ɧɟ ɛɨɥɟɟ ɱɟɦ ɧɚ 4 % ɩɪɢ ɧɨɪɦɢɪɨɜɚɧɧɵɯ ɩɪɨɢɡɜɨɞɢɬɟɥяɦɢ ɡɧɚɱɟɧɢяɯ 6—
10 % [8—10]. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɡɜɨɥяɸɬ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɜ ɦɚɫɫɨɜɨɦ 
ɨɛɧɨɜɥɟɧɢɢ ɩɚɪɤɚ ɥɸɤɫɦɟɬɪɨɜ, ɷɤɫɩɥɭɚɬɢɪɭɟɦɵɯ ɜ Ȼɟɥɚɪɭɫɢ, ɨɬɫɭɬɫɬɜɭɟɬ. ɉɨɫɤɨɥɶɤɭ ɩɨɝɪɟɲ-
ɧɨɫɬɶ ɢɡɦɟɪɟɧɢя ɨɫɜɟɳɟɧɧɨɫɬɢ ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɋИД-ɢɫɬɨɱɧɢɤɨɜ ɦɨɠɟɬ ɩɪɟɜɵɲɚɬɶ ɧɨɪɦɢɪɨ-
ɜɚɧɧɨɟ ɩɪɨɢɡɜɨɞɢɬɟɥɟɦ ɡɧɚɱɟɧɢɟ, ɩɪɢ ɜɧɟɫɟɧɢɢ ɜ Ɋɟɟɫɬɪ ɫɪɟɞɫɬɜ ɢɡɦɟɪɟɧɢя, ɞɨɩɭɳɟɧɧɵɯ ɤ 
ɩɪɢɦɟɧɟɧɢɸ ɜ ɨɛɥɚɫɬɢ ɡɚɤɨɧɨɞɚɬɟɥɶɧɨɣ ɦɟɬɪɨɥɨɝɢɢ, ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɭɤɚɡɵɜɚɬɶ ɩɨɝɪɟɲɧɨɫɬɶ 
ɢɡɦɟɪɟɧɢя ɨɬɞɟɥɶɧɨ ɞɥя ɥɚɦɩ ɧɚɤɚɥɢɜɚɧɢя ɢ ɋИД. 
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ɋ ɭɱɟɬɨɦ ɬɨɝɨ ɱɬɨ ɷɤɫɩɥɭɚɬɢɪɭɟɦɚя ɜ ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɜ ȻɟɥȽИɆ ɭɫɬɚɧɨɜɤɚ ɞɥя ɩɨɜɟɪɤɢ 
ɥɸɤɫɦɟɬɪɨɜ УɉФ ɦɨɪɚɥɶɧɨ ɢ ɮɢɡɢɱɟɫɤɢ ɭɫɬɚɪɟɥɚ ɫɨɡɞɚɧ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɵɣ ɤɨɦɩɥɟɤɫ ɞɥя 
ɩɨɜɟɪɤɢ ɥɸɤɫɦɟɬɪɨɜ, ɮɨɬɨɦɟɬɪɨɜ ɢ ФȽ. Дɥя ɷɬɨɝɨ ɤɨɦɩɥɟɤɫɚ ɫɨɜɦɟɫɬɧɨ Ȼɟɥɨɪɭɫɫɤɢɦ ɝɨɫɭɞɚɪ-
ɫɬɜɟɧɧɵɦ ɢɧɫɬɢɬɭɬɨɦ ɦɟɬɪɨɥɨɝɢɢ ɢ Иɧɫɬɢɬɭɬɨɦ ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ ɪɚɡɪɚɛɨɬɚɧ ɤɨɦɛɢɧɢ-
ɪɨɜɚɧɧɵɣ ɪɟɮɟɪɟɧɫɧɵɣ ɢɫɬɨɱɧɢɤ ɢɡɥɭɱɟɧɢя (КɊИИ) ɧɚ ɨɫɧɨɜɟ ɦɚɥɨɝɚɛɚɪɢɬɧɵɯ ɤɜɚɪɰɟɜɨ-
ɝɚɥɨɝɟɧɧɵɯ ɥɚɦɩ ɢ ɋИД ɛɟɥɨɝɨ ɫɜɟɱɟɧɢя.  

Кɨɦɛɢɧɢɪɨваɧɧыɣ ɪɟɮɟɪɟɧɫɧыɣ ɢɫɬɨчɧɢɤ ɢɡɥɭчɟɧɢɹ  

Ɉɛɵɱɧɨ ɜ ɮɨɬɨɦɟɬɪɢɱɟɫɤɨɣ ɩɪɚɤɬɢɤɟ ɞɥя ɢɫɩɵɬɚɧɢɣ ɥɸɤɫɦɟɬɪɨɜ, ɮɨɬɨɦɟɬɪɨɜ ɢ ФȽ ɩɪɢ-
ɦɟɧяɸɬ ɜ ɤɚɱɟɫɬɜɟ ɪɟɮɟɪɟɧɫɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɞɢɮɮɭɡɧɵɣ ɢɫɬɨɱɧɢɤ ɢɡɥɭɱɟɧɢя ɜ ɜɢɞɟ ɢɧɬɟɝɪɢ-
ɪɭɸɳɟɣ ɫɮɟɪɵ (Иɋ), ɤɨɬɨɪɵɣ ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɭɫɟɱɟɧɧɭɸ ɫɮɟɪɭ Уɥɶɛɪɢɯɬɚ ɫ ɜɧɭɬɪɟɧɧɟɣ 
ɩɨɜɟɪɯɧɨɫɬɶɸ, ɨɤɪɚɲɟɧɧɨɣ ɧɟɫɟɥɟɤɬɢɜɧɨɣ ɛɟɥɨɣ ɦɚɬɨɜɨɣ ɤɪɚɫɤɨɣ, ɫ ɢɫɬɨɱɧɢɤɚɦɢ ɢɡɥɭɱɟɧɢя, 
ɭɫɬɚɧɨɜɥɟɧɧɵɦɢ ɫɧɚɪɭɠɢ. ɉɨɞɨɛɧɵɟ Иɋ ɩɪɢɦɟɧяɸɬɫя ɩɪɢ ɢɡɦɟɪɟɧɢɢ ɫɜɟɬɨɜɨɝɨ ɩɨɬɨɤɚ. В ɩɨ-
ɫɥɟɞɧɢɟ ɝɨɞɵ ɩɨяɜɢɥɢɫɶ ɪɚɛɨɬɵ ɩɨ ɪɚɡɜɢɬɢɸ ɬɟɨɪɢɢ Иɋ ɞɥя ɢɡɦɟɪɟɧɢя ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя, 
ɜ ɤɨɬɨɪɵɯ ɩɪɟɞɥɚɝɚɟɬɫя ɡɚɦɟɧɢɬɶ Иɋ ɞɥя ɢɡɦɟɪɟɧɢя ɫɜɟɬɨɜɨɝɨ ɩɨɬɨɤɚ ɩɨɥɭɲɚɪɨɦ, ɬɚɤ ɤɚɤ ɜ 
ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɫɥɟɞɭɸɳɢɟ ɩɪɟɢɦɭɳɟɫɬɜɚ [11]: ɦɟɧɶɲɢɣ ɡɚɧɢɦɚɟɦɵɣ ɨɛɴɟɦ; 
ɦɟɧɶɲɭɸ ɩɥɨɳɚɞɶ ɞɟɝɪɚɞɢɪɭɸɳɟɝɨ ɩɨɤɪɵɬɢя; ɨɬɫɭɬɫɬɜɭɟɬ ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɩɪɢɦɟɧɟɧɢя ɷɤɪɚ-
ɧɨɜ; ɭɩɪɨɳɚɟɬɫя ɩɪɨɰɟɞɭɪɚ ɤɨɧɬɪɨɥя ɫɨɫɬɨяɧɢя ɨɬɪɚɠɚɸɳɟɣ ɜɧɭɬɪɟɧɧɟɣ ɩɨɜɟɪɯɧɨɫɬɢ. ɋɪɚɜɧɟ-
ɧɢɟ ɪɟɡɭɥɶɬɚɬɨɜ ɢɡɦɟɪɟɧɢɣ ɫɜɟɬɨɜɵɯ ɩɨɬɨɤɨɜ ɪɚɡɥɢɱɧɵɯ ɥɚɦɩ, ɩɨɥɭɱɟɧɧɵɯ ɫ ɩɨɦɨɳɶɸ ɮɨɬɨ-
ɦɟɬɪɢɱɟɫɤɨɝɨ ɩɨɥɭɲɚɪɚ ɢ Иɋ, ɞɟɦɨɧɫɬɪɢɪɭɟɬ ɢɯ ɛɥɢɡɨɫɬɶ [11]. Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɭɤɚɡɚɧɧɵɟ ɩɪɟ-
ɢɦɭɳɟɫɬɜɚ ɢɦɟɸɬ ɦɟɫɬɨ ɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɮɨɬɨɦɟɬɪɢɱɟɫɤɨɝɨ ɩɨɥɭɲɚɪɚ ɜ ɤɚɱɟɫɬɜɟ ɪɟɮɟ-
ɪɟɧɫɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɢɡɥɭɱɟɧɢя.  

ɇɚ ɪɢɫ. 1 ɩɪɟɞɫɬɚɜɥɟɧɚ ɫɯɟɦɚ ɤɨɧɫɬɪɭɤɰɢɢ ɫɨɡɞɚɧɧɨɝɨ КɊИИ, ɤɨɬɨɪɵɣ ɫɨɫɬɨɢɬ ɢɡ ɩɨɥɭ-
ɲɚɪɚ ɢ ɨɬɪɚɠɚɬɟɥя. Вɧɭɬɪɟɧɧяя ɩɨɜɟɪɯɧɨɫɬɶ ɢɫɬɨɱɧɢɤɚ ɩɨɤɪɵɬɚ ɫɭɥɶɮɚɬɨɦ ɛɚɪɢя. Ɉɬɧɨɲɟɧɢɟ 
ɞɢɚɦɟɬɪɚ ɩɨɥɭɫɮɟɪɵ ɤ ɞɢɚɦɟɬɪɭ ɜɵɯɨɞɧɨɣ ɚɩɟɪɬɭɪɵ 5/1. Кɨɧɫɬɪɭɤɰɢя КɊИИ ɜɤɥɸɱɚɟɬ ɜ ɫɟɛя 
ɥɚɦɩɨɜɵɟ ɢ ɫɜɟɬɨɞɢɨɞɧɵɟ ɢɡɥɭɱɚɬɟɥɢ. В ɤɚɱɟɫɬɜɟ ɫɜɟɬɨɞɢɨɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɢɡɥɭɱɟɧɢя ɢɫɩɨɥɶ-
ɡɭɸɬɫя 16 ɋИД: Lumileds Luxeon S1000 LXS8-PW27 (8 ɲɬ), ɚ ɬɚɤɠɟ Luxeon S1000 LXS9-PW30 
(8 ɲɬ). Эɬɢ ɋИД ɢɦɟɸɬ Тɫɪ ɜ ɩɟɪɟɞɟɥɚɯ 2725—2795 ɢ 3045—3129 К. Ɍɟɦɩɟɪɚɬɭɪɵ Тɫɪ ɜɵɛɪɚɧɵ 
ɫ ɰɟɥɶɸ ɩɨɥɭɱɟɧɢя ɫɪɟɞɧɟɝɨ ɡɧɚɱɟɧɢя ~2900 К. ɋИД ɭɫɬɚɧɨɜɥɟɧɵ ɜɧɭɬɪɢ ɩɨɥɭɫɮɟɪɵ ɪɚɜɧɨ-
ɦɟɪɧɨ ɜɨɤɪɭɝ ɜɵɯɨɞɧɨɝɨ ɨɬɜɟɪɫɬɢя ɢ ɫɢɦɦɟɬɪɢɱɧɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɩɬɢɱɟɫɤɨɣ ɨɫɢ КɊИИ ɧɚ 
ɦɨɧɬɚɠɧɨɣ ɩɥɚɬɟ 4. Дɥя ɨɛɟɫɩɟɱɟɧɢя ɧɟɨɛɯɨɞɢɦɵɯ ɭɫɥɨɜɢɣ ɨɯɥɚɠɞɟɧɢя ɋИД ɢɫɩɨɥɶɡɭɸɬɫя 
ɪɚɞɢɚɬɨɪɵ ɨɯɥɚɠɞɟɧɢя 3 ɢ 14 ɩɪɨɢɡɜɨɞɫɬɜɚ ɮɢɪɦɵ Fischer Elektronik LA 9/200 230V, ɭɫɬɚɧɨɜ-
ɥɟɧɧɵɟ ɫɧɚɪɭɠɢ ɢɫɬɨɱɧɢɤɚ. В ɤɨɧɫɬɪɭɤɰɢɢ ɩɪɢɦɟɧяɟɬɫя ɫɩɟɰɢɚɥɶɧɨɟ ɡɚɳɢɬɧɨɟ ɤɨɥɶɰɨ, ɫɥɭ-
ɠɚɳɟɟ ɞɥя ɷɤɪɚɧɢɪɨɜɚɧɢя ɷɥɟɦɟɧɬɨɜ ɋИД ɢ ɤɨɧɬɚɤɬɧɵɯ ɩɪɨɜɨɞɨɜ ɫ ɰɟɥɶɸ ɧɟ ɞɨɩɭɫɬɢɬɶ ɜɥɢя-
ɧɢя ɞɚɧɧɵɯ ɨɛɴɟɤɬɨɜ ɧɚ ɪɚɫɫɟяɧɢɟ ɢɡɥɭɱɟɧɢя ɜɧɭɬɪɢ ɩɨɥɭɫɮɟɪɢɱɟɫɤɨɝɨ ɢɫɬɨɱɧɢɤɚ ɢɡɥɭɱɟɧɢя ɢ, 
ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɧɚ ɜɵɯɨɞяɳɢɣ ɢɡ ɢɫɬɨɱɧɢɤɚ ɩɨɬɨɤ ɢɡɥɭɱɟɧɢя. В ɤɨɥɶɰɟ ɢɦɟɸɬɫя ɨɬɜɟɪɫɬɢя ɞɥя 
ɥɢɧɡ ɋИД ɢ ɞɥя ɜɢɧɬɨɜ, ɫɥɭɠɚɳɢɯ ɞɥя ɟɝɨ ɫɨɟɞɢɧɟɧɢя ɫ ɦɨɧɬɚɠɧɨɣ ɩɥɚɬɨɣ. 

В ɤɚɱɟɫɬɜɟ ɢɫɬɨɱɧɢɤɨɜ ɫɜɟɬɚ ɜ ɥɚɦɩɨɜɨɦ ɛɥɨɤɟ КɊИИ ɢɫɩɨɥɶɡɭɸɬɫя ɱɟɬɵɪɟ  ɦɚɥɨɝɚɛɚ-
ɪɢɬɧɵɟ ɤɜɚɪɰɟɜɨ-ɝɚɥɨɝɟɧɧɵɟ ɥɚɦɩɵ HLX64640 10 ɫ ɧɨɦɢɧɚɥɶɧɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɶɸ 
150 Вɬ. Ʌɚɦɩɵ ɭɫɬɚɧɨɜɥɟɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɢɯ ɤɨɥɛɵ ɧɚɯɨɞɢɥɢɫɶ ɜɧɭɬɪɢ КɊИИ, ɢ ɪɚɫ-
ɩɨɥɚɝɚɸɬɫя ɫɢɦɦɟɬɪɢɱɧɨ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɩɬɢɱɟɫɤɨɣ ɨɫɢ ɛɥɨɤɚ КɊИИ. Ɉɯɥɚɠɞɟɧɢɟ ɥɚɦɩ ɨɫɭɳɟ-
ɫɬɜɥяɟɬɫя ɫ ɩɨɦɨɳɶɸ ɤɚɤ ɪɚɞɢɚɬɨɪɨɜ ɨɯɥɚɠɞɟɧɢя, ɬɚɤ ɢ ɞɨɩɨɥɧɢɬɟɥɶɧɨ ɭɫɬɚɧɨɜɥɟɧɧɵɯ ɫɧɚɪɭ-
ɠɢ ɜɟɧɬɢɥяɬɨɪɨɜ. Дɥя ɩɢɬɚɧɢя ɤɜɚɪɰɟɜɨ-ɝɚɥɨɝɟɧɧɵɯ ɥɚɦɩ ɢ ɋИД ɫɥɟɞɭɟɬ ɩɪɢɦɟɧяɬɶ ɢɫɬɨɱɧɢɤɢ 
ɩɢɬɚɧɢя ɬɢɩɚ Aghilent 6576 ɢ BK Precision Х195 ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɉɢɬɚɧɢɟ ɨɯɥɚɞɢɬɟɥɟɣ ɨɫɭɳɟ-
ɫɬɜɥяɟɬɫя ɨɬ ɨɛɵɱɧɨɣ ɫɟɬɢ. Кɨɧɬɪɨɥɶ ɬɨɤɚ ɢ ɧɚɩɪяɠɟɧɢя ɤɜɚɪɰɟɜɨ-ɝɚɥɨɝɟɧɧɵɯ ɥɚɦɩ ɢ ɋИД 
ɨɫɭɳɟɫɬɜɥяɟɬɫя ɞɜɭɦя ɦɭɥɶɬɢɦɟɬɪɚɦɢ Aghilent 3440. 

ɉɪɢ ɩɪɨɜɟɞɟɧɢɢ ɢɫɫɥɟɞɨɜɚɧɢɣ ɨɫɧɨɜɧɵɯ ɬɟɯɧɢɱɟɫɤɢɯ ɢ ɦɟɬɪɨɥɨɝɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɫɨɡɞɚɧɧɨɝɨ КɊИИ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɜ ɩɪɟɞɟɥɚɯ ɩяɬɧɚ ɨɫɜɟɳɟɧɧɨɫɬɢ, ɫɨɡɞɚɜɚɟɦɨɝɨ ɢɫɬɨɱɧɢɤɨɦ 
ɧɚ ɪɚɫɫɬɨяɧɢɢ 0.5 ɦ ɨɬ ɧɟɝɨ ɞɢɚɦɟɬɪɨɦ 95 ɦɦ, КɊИИ ɨɛɟɫɩɟɱɢɜɚɟɬ ɫɪɟɞɧɟɟ ɡɧɚɱɟɧɢɟ ɨɫɜɟɳɟɧ-
ɧɨɫɬɢ ɧɟ ɦɟɧɟɟ 500 ɥɤ ɨɬ ɫɜɟɬɨɞɢɨɞɨɜ ɛɥɨɤɚ ɢ ɧɟ ɦɟɧɟɟ 1000 ɥɤ ɨɬ ɥɚɦɩ; ɧɟɪɚɜɧɨɦɟɪɧɨɫɬɶ ɪɚɫ-
ɩɪɟɞɟɥɟɧɢя ɨɫɜɟɳɟɧɧɨɫɬɢ ɧɟ ɩɪɟɜɵɲɚɟɬ 2.3 %; ɡɧɚɱɟɧɢɟ ɤɨɪɪɟɥɢɪɨɜɚɧɧɨɣ ɰɜɟɬɨɜɨɣ ɬɟɦɩɟɪɚ-
ɬɭɪɵ ɢɡɥɭɱɟɧɢя ɢɫɩɨɥɶɡɭɟɦɵɯ  ɢɫɬɨɱɧɢɤɨɜ  ɢɡɥɭɱɟɧɢя ɫɨɫɬɚɜɥяɟɬ 2856 ± 200 К;  ɧɟɪɚɜɧɨɦɟɪ-
ɧɨɫɬɶ  
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Ɋɢɫ. 1. Уɫɬɪɨɣɫɬɜɨ КɊИИ: 1 — ɨɩɬɢɱɟɫɤɚя ɨɫɶ КɊИИ; 2 — ɬɭɛɭɫ; 3, 14 — ɪɚɞɢɚɬɨɪɵ ɨɯɥɚɠɞɟɧɢя;  
4 — ɦɨɧɬɚɠɧɚя ɩɥɚɬɚ КɊИИ; 5, 8, 11, 13 — ɜɢɧɬɵ; 6,12 — ɫɬɨɣɤɢ; 7 — ɤɨɥɶɰɨ; 9 — ɩɨɥɭɫɮɟɪɚ;  

10 — ɢɫɬɨɱɧɢɤɢ ɢɡɥɭɱɟɧɢя. 

ɪɚɫɩɪɟɞɟɥɟɧɢя ɤɨɪɪɟɥɢɪɨɜɚɧɧɨɣ ɰɜɟɬɨɜɨɣ ɬɟɦɩɟɪɚɬɭɪɵ ɧɟ ɩɪɟɜɵɲɚɟɬ ±10 К ɩɪɢ ɮɢɤɫɢɪɨɜɚɧ-
ɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɯ ɩɢɬɚɧɢя ɥɚɦɩ ɢ ɋИД. ɉɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɫɩɵɬɚɧɢɣ КɊИИ ɩɨɤɚɡɚɥ ɜɵɫɨɤɭɸ 
ɫɬɚɛɢɥɶɧɨɫɬɶ ɢ ɜɨɫɩɪɨɢɡɜɨɞɢɦɨɫɬɶ ɨɫɜɟɳɟɧɧɨɫɬɢ. Дɪɟɣɮ ɫɨɡɞɚɜɚɟɦɨɣ КɊИИ ɨɫɜɟɳɟɧɧɨɫɬɢ ɜ 
ɬɟɱɟɧɢɟ 3 ɱ ɧɟ ɩɪɟɜɵɫɢɥ  ±0.25 %.  

Заɤɥючɟɧɢɟ  
ɋɨɡɞɚɧ ɤɨɦɛɢɧɢɪɨɜɚɧɧɵɣ ɪɟɮɟɪɟɧɫɧɵɣ ɢɫɬɨɱɧɢɤ ɢɡɥɭɱɟɧɢя ɧɚ ɨɫɧɨɜɟ ɦɚɥɨɝɚɛɚɪɢɬɧɵɯ 

ɤɜɚɪɰɟɜɨ-ɝɚɥɨɝɟɧɧɵɯ ɥɚɦɩ ɢ ɋИД ɛɟɥɨɝɨ ɫɜɟɱɟɧɢя, ɩɪɟɞɧɚɡɧɚɱɟɧɧɵɣ ɞɥя ɤɚɥɢɛɪɨɜɤɢ ɥɸɤɫɦɟɬ-
ɪɨɜ. Иɫɬɨɱɧɢɤ ɦɨɠɟɬ ɩɪɢɦɟɧяɬɶɫя ɩɪɢ ɤɚɥɢɛɪɨɜɤɟ ɦɧɨɝɨɷɥɟɦɟɧɬɧɵɯ ɩɪɢɟɦɧɢɤɨɜ ɬɢɩɚ ɉЗɋ ɢɥɢ 
ɩɪɢɛɨɪɨɜ, ɢɡɝɨɬɨɜɥɟɧɧɵɯ ɧɚ ɢɯ ɨɫɧɨɜɟ. 
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Combined Reference Radiation Source for Luxmeters Calibration  
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The combined reference radiation source for luxmeters calibration, on the basis of small quartz-halogen 
lamps and LEDs, which created jointly the Belarusian State Institute of Metrology and the Institute of Physics of 
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Раɫɩɪɨɫɬɪаɧɟɧɢɟ ɩɨɬɨɤа ɧɨɫɢɬɟɥɟɣ ɡаɪɹɞа чɟɪɟɡ ɝɪаɧɢɰɭ ɫɥɨɟв 

Ɇ. Ȼ. Кɟɪɢɦɢ 

Ценɬɪ ɬехнɨɥɨгиɣ АН Туɪкɦениɫɬана, Ашхаɛаɞ, Туɪкɦениɫɬан;  

e-mail: mb2krmi@yahoo.com 

В ɫɥɭɱɚɟ ɦɟɥɤɨɝɨ ɦɢɤɪɨɪɟɥɶɟɮɚ ɢ ɦɟɥɤɢɯ, ɩɥɨɬɧɨ ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɧɚɧɨɦɚɫɲɬɚɛɧɵɯ ɧɟɨɞɧɨɪɨɞɧɨ-
ɫɬɟɣ ɧɚ ɝɪɚɧɢɰɚɯ ɫɥɨя ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɨɣ ɬɜɟɪɞɨɬɟɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚ-
ɰɢɢ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɨɥɭɱɟɧɨ ɪɟɲɟɧɢɟ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢя ɫ ɢɧɬɟɝɪɚɥɶɧɵɦɢ ɝɪɚɧɢɱɧɵɦɢ ɭɫɥɨɜɢяɦɢ 
ɞɥя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ. ɉɨɤɚɡɚɧɚ ɧɟɥɢɧɟɣɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɩɨɬɨɤɨɜ ɨɬ ɜɟɪɨяɬ-
ɧɨɫɬɟɣ ɢɯ ɪɚɫɫɟяɧɢя ɧɚ ɝɪɚɧɢɰɚɯ ɢ ɜɡɚɢɦɧɨɟ ɜɥɢяɧɢɟ ɫɥɨɟɜ ɧɚ ɢɯ ɫɜɨɣɫɬɜɚ, ɨɫɨɛɟɧɧɨ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ 
ɜɛɥɢɡɢ ɝɪɚɧɢɰ. ɉɨɥɭɱɟɧɨ ɜɵɪɚɠɟɧɢɟ ɞɥя ɩɨɬɟɪɶ ɩɥɨɬɧɨɫɬɢ ɩɨɬɨɤɚ ɧɚ ɝɪɚɧɢɰɟ ɞɜɭɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ 
ɪɚɦɤɚɯ ɤɢɧɟɬɢɱɟɫɤɨɣ ɬɟɨɪɢɢ.  

Кɥючɟвыɟ ɫɥɨва: ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɩɨɬɨɤɢ, ɝɪɚɧɢɰɚ ɫɥɨя, ɪɚɫɫɟяɧɢɟ, ɮɭɧɤɰɢя ɪɚɫɩɪɟɞɟɥɟɧɢя.  

Ввɟɞɟɧɢɟ 
ɋɨɜɪɟɦɟɧɧɵɟ ɬɜɟɪɞɨɬɟɥɶɧɵɟ ɫɬɪɭɤɬɭɪɵ, ɢɫɩɨɥɶɡɭɟɦɵɟ ɜ ɷɥɟɤɬɪɨɧɢɤɟ, ɱɚɫɬɨ ɢɦɟɸɬ ɩɥɨɫ-

ɤɨɩɚɪɚɥɥɟɥɶɧɨɟ ɫɬɪɨɟɧɢɟ ɢ ɫɨɫɬɨяɬ ɢɡ ɧɟɫɤɨɥɶɤɢɯ ɫɥɨɟɜ, ɜ ɬɨɦ ɱɢɫɥɟ ɞɨɫɬɚɬɨɱɧɨ ɬɨɧɤɢɯ. Иɫ-
ɫɥɟɞɨɜɚɧɢя ɝɪɚɧɢɰ ɫɥɨɟɜ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɫɬɪɭɤɬɭɪ ɢ ɩɨɜɟɪɯɧɨɫɬɟɣ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɜ 
ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɜ ɫɭɛɦɢɤɪɨɧɧɨɦ ɢ ɧɚɧɨɦɚɫɲɬɚɛɟ ɝɪɚɧɢɰɵ ɢɦɟɸɬ ɫɥɨɠɧɨɟ ɢ 
ɨɱɟɧɶ ɪɚɡɧɨɨɛɪɚɡɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɫɬɪɨɟɧɢɟ [1]. ɇɟɨɞɧɨɪɨɞɧɨɫɬɢ ɝɪɚɧɢ-
ɰɵ ɜɥɢяɸɬ ɧɚ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨɟ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɨɟ ɫɬɪɨɟɧɢɟ ɡɨɧ ɭ ɝɪɚɧɢɰɵ, ɚ ɬɚɤɠɟ ɧɚ ɫɬɪɨɟɧɢɟ 
ɩɪɢɝɪɚɧɢɱɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ. Уɤɚɡɚɧɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɫɬɪɨɟɧɢя ɡɨɧ ɢ ɝɪɚɧɢɱɧɨɝɨ ɩɨɬɟɧɰɢɚɥɚ 
ɜɥɢяɸɬ ɧɚ ɮɭɧɤɰɢɸ ɪɚɫɩɪɟɞɟɥɟɧɢя ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜɛɥɢɡɢ ɝɪɚɧɢɰɵ, ɚ ɬɚɤɠɟ ɧɚ ɩɨɬɨɤɢ ɧɨɫɢ-
ɬɟɥɟɣ ɡɚɪяɞɚ ɭ ɝɪɚɧɢɰɵ ɢ ɱɟɪɟɡ ɝɪɚɧɢɰɭ. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɜ ɱɚɫɬɧɨɦ ɫɥɭɱɚɟ ɪɚɫɩɪɟɞɟɥɟɧɢя 
ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɭ ɝɪɚɧɢɰɵ ɩɨɥɭɱɟɧɨ ɪɟɲɟɧɢɟ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢя ɞɥя ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶ-
ɧɨɝɨ ɫɥɨя, ɚ ɬɚɤɠɟ ɫɨɝɥɚɫɨɜɚɧɧɨɟ ɪɟɲɟɧɢɟ ɜ ɞɜɭɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɟ. Кɨɪɪɟɤɬɧɨ ɨɩɪɟɞɟɥɟɧɵ ɩɨ-
ɬɟɪɢ ɢɧɬɟɝɪɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɧɚ ɝɪɚɧɢɰɟ.  

Пɨɫɬаɧɨвɤа ɡаɞачɢ ɢ ɟɟ ɪɟɲɟɧɢɟ ɞɥɹ ɩɥɨɫɤɨɩаɪаɥɥɟɥɶɧɨɝɨ ɫɥɨɹ  

Ɋɚɫɫɦɨɬɪɢɦ ɬɜɟɪɞɨɬɟɥɶɧɭɸ ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɭɸ ɫɬɪɭɤɬɭɪɭ, ɫɨɫɬɨяɳɭɸ ɢɡ ɫɥɨɟɜ ɫ ɯɚɪɚɤ-
ɬɟɪɧɵɦɢ ɪɚɡɦɟɪɚɦɢ ɦɢɤɪɨɪɟɥɶɟɮɚ ɢ ɪɚɡɦɟɪɚɦɢ ɧɟɨɞɧɨɪɨɞɧɵɯ ɨɛɥɚɫɬɟɣ h, ɜɤɥɸɱɚя ɝɥɭɛɢɧɭ 
ɩɪɨɧɢɤɧɨɜɟɧɢя ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя, ɩɨ ɝɪɚɧɢɰɚɦ, ɧɚɦɧɨɝɨ ɦɟɧɶɲɢɦ ɞɥɢɧɵ 
ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɛɟɝɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ le, ɞɨɫɬɚɬɨɱɧɨ ɩɥɨɬɧɨ ɢ ɪɚɜɧɨɦɟɪɧɨ ɪɚɫɩɪɟɞɟɥɟɧɧɵɦɢ 
ɜɞɨɥɶ ɝɪɚɧɢɰɵ. В ɷɬɨɦ ɫɥɭɱɚɟ ɬɨɥɳɢɧɚ ɫɥɨя di яɜɥяɟɬɫя ɫɬɚɬɢɫɬɢɱɟɫɤɢ ɯɨɪɨɲɨ ɨɛɭɫɥɨɜɥɟɧɧɨɣ 
ɜɟɥɢɱɢɧɨɣ, ɤɨɝɞɚ di ≥ le, ɢ ɫɜɨɣɫɬɜɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢɥɢ ɝɪɚɧɢɰɵ яɜɥяɸɬɫя ɝɨɦɨɝɟɧɢɡɢɪɨɜɚɧɧɵɦɢ ɜ 
ɪɚɦɤɚɯ ɤɢɧɟɬɢɱɟɫɤɨɣ ɬɟɨɪɢɢ. ɋɥɨɠɧɨɟ ɫɨɫɬɨяɧɢɟ ɝɪɚɧɢɰɵ, ɜɤɥɸɱɚя ɫɬɪɨɟɧɢɟ ɦɢɤɪɨɪɟɥɶɟɮɚ, ɜ 
ɷɬɨɦ ɫɥɭɱɚɟ ɦɨɠɧɨ ɤɨɪɪɟɤɬɧɨ ɭɱɟɫɬɶ ɜ ɫɜɨɣɫɬɜɚɯ ɩɥɨɫɤɨɣ ɦɚɤɪɨɝɪɚɧɢɰɵ ɱɟɪɟɡ ɯɚɪɚɤɬɟɪɧɨɟ 
ɪɚɫɫɟяɧɢɟ ɩɨɬɨɤɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɧɚ ɧɟɣ.  

У ɝɪɚɧɢɰɵ ɮɢɡɢɱɟɫɤɢɟ ɭɫɥɨɜɢя ɪɚɜɧɨɜɟɫɢя ɨɬɥɢɱɚɸɬɫя ɨɬ ɭɫɥɨɜɢɣ ɜ ɨɛɴɟɦɟ ɫɥɨя ɢɡ-ɡɚ 
ɪɚɡɥɢɱɢя ɜ ɯɚɪɚɤɬɟɪɟ ɪɚɫɫɟяɧɢя ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ. В ɫɢɥɭ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɧɟɛɨɥɶɲɨɣ 
ɝɥɭɛɢɧɵ ɝɪɚɧɢɰɵ ɢ ɟɟ ɝɨɦɨɝɟɧɧɨɫɬɢ ɜɥɢяɧɢɟ ɷɬɢɯ “ɞɪɭɝɢɯ ɮɢɡɢɱɟɫɤɢɯ ɭɫɥɨɜɢɣ” ɦɨɠɧɨ ɨɩɢ-
ɫɚɬɶ ɟɞɢɧɵɦ ɫɩɟɰɢɮɢɱɧɵɦ ɝɪɚɧɢɱɧɵɦ ɪɚɫɫɟɢɜɚɧɢɟɦ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ, ɨɬ ɤɨɬɨɪɨɝɨ 
ɡɚɜɢɫяɬ ɞɨɥɢ ɨɬɪɚɠɟɧɧɨɝɨ R, ɜɵɯɨɞяɳɟɝɨ T ɢ “ɩɨɬɟɪяɧɧɨɝɨ” S ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɧɚ 
ɝɪɚɧɢɰɟ (ɨɱɟɜɢɞɧɨ R + T + S = 1). ɉɪɢ ɷɬɨɦ ɜɥɢяɧɢɟ ɫɨɫɬɨяɧɢя ɬɚɤɨɣ ɝɪɚɧɢɰɵ ɜ ɫɚɦɨɦ ɤɢɧɟɬɢ-
ɱɟɫɤɨɦ ɭɪɚɜɧɟɧɢɢ ɦɨɠɧɨ ɧɟ ɭɱɢɬɵɜɚɬɶ. ȿɫɥɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɣ ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɵɣ ɫɥɨɣ ɪɚɫ-
ɩɨɥɨɠɟɧ ɜɧɭɬɪɢ ɦɧɨɝɨɫɥɨɣɧɨɣ ɬɜɟɪɞɨɬɟɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ, ɬɨ ɧɚɪяɞɭ ɫ ɜɧɭɬɪɟɧɧɢɦ ɪɚɫɫɟяɧɢɟɦ 
ɜɫɟɯ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɢ ɫɭɦɦɢɪɨɜɚɧɢɟɦ ɜɤɥɚɞɨɜ ɨɬ ɪɚɫɫɟяɧɢя ɜ ɧɟɤɨɬɨɪɵɣ ɜɵɞɟ-
ɥɟɧɧɵɣ ɩɨɬɨɤ ɧɚ ɨɛɟɢɯ ɝɪɚɧɢɰɚɯ ɜ ɧɟɦ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵɜɚɬɶ ɟɳɟ ɢ ɜɯɨɞяɳɢɟ ɱɟɪɟɡ ɨɛɟ ɝɪɚ-
ɧɢɰɵ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɩɨɬɨɤɢ ɫ ɞɚɧɧɵɦ ɧɟɤɨɬɨɪɵɦ ɜɨɥɧɨɜɵɦ ɜɟɤɬɨɪɨɦ k (ɫɦ. ɪɢɫ. 1). 
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q–(k,,a) q–(k,,b)

q+(k,,a)
q+(k,,b)

qa
+(k,) 

qb
–(k,) 

i + 1i – 1 

 

        a                                b 

Ɋɢɫ. 1. ɋɥɨɣ ɫɬɪɭɤɬɭɪɵ ɢ ɪɚɫɫɟяɧɢɟ ɩɨɬɨɤɨɜ ɧɚ ɟɝɨ ɝɪɚɧɢɰɚɯ. 
 

В ɫɢɥɭ ɷɬɨɝɨ ɜ ɨɛɳɟɦ ɜɢɞɟ ɩɪɢ ɪɚɜɧɨɜɟɫɢɢ ɢ ɧɟɛɨɥɶɲɢɯ ɨɬɥɢɱɢяɯ ɨɬ ɧɟɝɨ ɝɪɚɧɢɱɧɵɟ ɭɫ-
ɥɨɜɢя ɤ ɤɢɧɟɬɢɱɟɫɤɨɦɭ ɭɪɚɜɧɟɧɢɸ ɜ ɬɜɟɪɞɨɬɟɥɶɧɨɦ ɫɥɨɟ ɫɨ ɫɮɟɪɢɱɟɫɤɢ ɫɢɦɦɟɬɪɢɱɧɨɣ ɡɚɜɢɫɢ-
ɦɨɫɬɶɸ ε(k) ɢɦɟɸɬ ɜɢɞ: 

2
* * * * * * * *( , , ) ( , ) ( , , , ) ( , , )

B

a a

V

q k a q k P k k q k a k dk d


              ,     (1) 

2
* * * * * * * *( , , ) ( , ) ( , , , ( , , ))b b

B

q k b q k P k k q k b k dk d

V

   


                    (2)  

Зɞɟɫɶ q+(k,Ω,a) — ɩɥɨɬɧɨɫɬɶ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɩɨɬɨɤɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫ ɜɨɥɧɨɜɵɦ ɜɟɤɬɨ-
ɪɨɦ k, ɪɚɫɩɪɨɫɬɪɚɧяɸɳɟɝɨɫя ɨɬ ɝɪɚɧɢɰɵ x = a ɜ ɧɚɩɪɚɜɥɟɧɢɢ Ω(θ,φ) ɜ ɬɨɥɳɭ ɫɥɨя;  = |cos|; 
d* = = sin*d*d*; qa

+(k,) = qa
+ — ɩɥɨɬɧɨɫɬɶ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɩɨɬɨɤɚ ɧɨɫɢɬɟɥɟɣ, ɜɨɲɟɞ-

ɲɟɝɨ ɜ ɫɥɨɣ ɱɟɪɟɡ ɷɬɭ ɠɟ ɝɪɚɧɢɰɭ. Вɟɪɨяɬɧɨɫɬɶ Pa
–(k,k*) = Pa

–(k,, k*,*) ɯɚɪɚɤɬɟɪɢɡɭɟɬ ɪɚɫɫɟя-
ɧɢɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɨɝɨ ɩɨɬɨɤɚ ɫ ɜɨɥɧɨɜɵɦ ɜɟɤɬɨɪɨɦ k* ɜ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ ɩɨɬɨɤ ɫ ɜɟɤɬɨ-
ɪɨɦ k (ɨɬɪɚɠɟɧɢя ɩɪɢ kx > 0 ɢ ɜɵɯɨɞɚ ɩɨɬɨɤɚ ɡɚ ɝɪɚɧɢɰɭ х = а ɩɪɢ kx < 0). Вɫɟ ɨɛɨɡɧɚɱɟɧɢя ɜ 
ɝɪɚɧɢɱɧɨɦ ɭɫɥɨɜɢɢ (2) ɭ ɝɪɚɧɢɰɵ x = b ɢ ɩɨяɫɧɟɧɢя ɤ ɧɢɦ ɚɧɚɥɨɝɢɱɧɵ. ɉɨɬɨɤɢ ɜ ɬɨɥɳɟ ɫɥɨя 
ɧɚɩɪɚɜɥɟɧɵ ɩɨ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦ ɜɟɤɬɨɪɚɦ k, ɟɫɥɢ ɷɧɟɪɝɢя ε(k) яɜɥяɟɬɫя ɫɢɦɦɟɬɪɢɱɧɨɣ ɮɭɧɤ-
ɰɢɟɣ. 

Ɉɛɥɚɫɬɢ ɢɧɬɟɝɪɢɪɨɜɚɧɢя VB
+[[0,k*max];*

+] ɢ VB
–[[0,k*max];*

–] ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɧɟɝɚɬɢɜɧɨɣ ɢ 
ɩɨɡɢɬɢɜɧɨɣ ɱɚɫɬяɦ яɱɟɣɤɢ Вɢɝɧɟɪɚ—Зɟɣɰɚ. В ɫɥɭɱɚɟ ɩɪɨяɜɥɟɧɢя ɤɜɚɧɬɨɜɨɪɚɡɦɟɪɧɵɯ ɫɜɨɣɫɬɜ 
[2] ɬɨɧɤɨɝɨ ɬɜɟɪɞɨɬɟɥɶɧɨɝɨ ɫɥɨя ɢɧɬɟɝɪɢɪɨɜɚɧɢɟ ɜ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢяɯ ɧɟɨɛɯɨɞɢɦɨ ɢɡɦɟɧɢɬɶ ɜ 
ɫɨɨɬɜɟɬɫɬɜɢɢ ɫɨ ɫɬɪɨɟɧɢɟɦ ɡɨɧɵ Ȼɪɢɥɥɸɷɧɚ. ɉɪɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢяɯ ɜɧɭɬ-
ɪɢ ɬɨɧɤɨɝɨ ɫɥɨя ɢɦɟɟɬ ɫɦɵɫɥ ɫɨɯɪɚɧɢɬɶ ɪɚɡɛɢɟɧɢɟ ɤɚɠɞɨɝɨ ɩɨɬɨɤɚ [3] ɜ ɜɢɞɟ ɪɚɡɧɨɫɬɢ  
q(k,Ω,x) = q+(k,Ω+,x) – q–(k,Ω–,x).  

В ɪɚɫɫɦɚɬɪɢɜɚɟɦɵɯ ɭɫɥɨɜɢяɯ ɞɨɩɭɫɬɢɦɵɣ ɧɚɛɨɪ ɫɤɨɪɨɫɬɟɣ v(k) ɜ ɬɨɥɳɟ ɫɥɨя ɜɩɥɨɬɶ ɞɨ 
ɟɝɨ ɝɪɚɧɢɰ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɤɨɨɪɞɢɧɚɬ. ɉɨɷɬɨɦɭ ɤɢɧɟɬɢɱɟɫɤɨɟ ɭɪɚɜɧɟɧɢɟ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɜɪɟɦɟɧɢ 
ɪɟɥɚɤɫɚɰɢɢ ɞɥя ɩɨɩɪɚɜɤɢ f1 ɦɨɠɧɨ ɡɚɩɢɫɚɬɶ ɜ ɜɢɞɟ 

0 0
( , , )

cos ( , , ) cos ( , , )(1 ( , , ))exE
E

k B

eEd q k x
q k x q k x f k x

l k Tdx


             (3) 

Зɞɟɫɶ lk = v(k)(k) — ɫɪɟɞɧяя ɞɥɢɧɚ ɩɪɨɛɟɝɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫ ɫɢɦɦɟɬɪɢɱɧɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ 
(k), Eex — ɧɚɩɪяɠɟɧɧɨɫɬɶ ɜ ɫɥɨɟ ɨɬ ɜɧɟɲɧɟɝɨ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя; qE(k,,x) = 
= [2/(2)3](k,)f1(k,,x), q0(k,,x) = [2/(2)3](k,)f0(k,,x) — ɩɥɨɬɧɨɫɬɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɢ ɪɚɜ-
ɧɨɜɟɫɧɵɯ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫ ɦɨɞɭɥɟɦ ɜɨɥɧɨɜɨɝɨ ɜɟɤɬɨɪɚ k ɜ ɦɚ-
ɥɨɦ ɬɟɥɟɫɧɨɦ ɭɝɥɟ ɨɤɨɥɨ (,). 

ɉɨɥɭɱɟɧɨ ɨɛɳɟɟ ɪɟɲɟɧɢɟ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢя (3) ɫ ɝɪɚɧɢɱɧɵɦɢ ɭɫɥɨɜɢяɦɢ (1), (2) 
ɞɥя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ: 
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* 0 0( , , ) ( , ) ( , , )[1 ( , , )]exp exp
x

k ka

s a x a
q k x C k q k s f k s ds

l l

                   

  
 

 (4) 

* 0 0( , , ) ( , ) ( , , )[1 ( , , )]exp exp
b

k kx

s b x b
q k x C k q k s f k s ds

l l

                         
 , (5) 

ɝɞɟ  = eEex/kBT, cm–1;   = d/lk; C*
+(k,) ɢ C*

–(k,) — ɩɨɫɬɨяɧɧɵɟ ɩɨ х ɜɟɥɢɱɢɧɵ. 
Ʌɢɧɟɣɧɨɫɬɶ ɢɧɬɟɝɪɚɥɶɧɵɯ ɝɪɚɧɢɱɧɵɯ ɭɫɥɨɜɢɣ (1) ɢ (2) ɩɨɡɜɨɥяɟɬ ɩɨɥɧɨɫɬɶɸ ɨɩɪɟɞɟɥɢɬɶ 

ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɜ ɨɩɟɪɚɬɨɪɧɨɦ ɜɢɞɟ, ɧɚɩɪɢɦɟɪ: 

 * 0 0
1

[( ) ( )]
1

a a b a a b
ea b

C q R e q R e Q R e R e Q
R e R

            
        


.                   (6) 

Зɞɟɫɶ ɞɪɨɛɧɵɟ ɜɵɪɚɠɟɧɢя ɫɥɟɞɭɟɬ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɫɬɟɩɟɧɧɭɸ ɫɭɦɦɭ ɨɩɟɪɚɬɨɪɨɜ, ɞɟɣɫɬɜɭɸ-

ɳɢɯ ɧɚ ɩɥɨɬɧɨɫɬɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɜ ɤɜɚɞɪɚɬɧɵɯ ɫɤɨɛɤɚɯ, 0 0 ( , , )
b

a

Q q k s    

[1 – f0(k,,s)]exp[(s – a)/lk]ds, 0 0 0( , , )[1 ( , , )]exp[ ( ) / ]
b

k

a

Q q k s f k s s b l ds        . Ɉɩɟɪɚɬɨɪɵ ɪɚɫ-

ɫɟяɧɢя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɨɩɪɟɞɟɥяɸɬɫя ɢɧɬɟɝɪɚɥɚɦɢ ɬɢɩɚ 

* * * *( , , , ) ( , )b a b a

VB

R e q P k k q k    


    e–*k*

2dk*d. 

Кɚɤ ɜɢɞɧɨ ɢɡ (4)—(6), ɞɥя ɬɨɧɤɢɯ ɫɥɨɟɜ ɫɬɪɭɤɬɭɪɵ ɜɫɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ (ɢ ɢɧɬɟɝɪɚɥɶ-
ɧɵɟ) ɩɨɬɨɤɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɜɵɯɨɞяɳɢɟ ɢɡ ɫɥɨя, ɧɟɥɢɧɟɣɧɨ ɡɚɜɢɫяɬ ɨɬ ɜɟɪɨяɬɧɨɫɬɟɣ ɪɚɫɫɟяɧɢя ɩɨ-
ɬɨɤɨɜ Pa

–(k,,k*,*) ɢ Pb
+(k,,k*,*) ɧɚ ɨɛɟɢɯ ɝɪɚɧɢɰɚɯ. Кɨɷɮɮɢɰɢɟɧɬɵ C*

+(k,)  ɢ C–(k,), ɤɨ-
ɬɨɪɵɟ ɪɚɜɧɵ ɩɨɬɨɤɚɦ ɧɚ ɝɪɚɧɢɰɚɯ, ɡɚɜɢɫяɬ ɤɚɤ ɨɬ ɜɧɭɬɪɟɧɧɢɯ, ɬɚɤ ɢ ɨɬ ɜɧɟɲɧɢɯ ɩɨɬɨɤɨɜ. Ɍɚɤɢɦ 
ɨɛɪɚɡɨɦ, ɢ ɪɚɜɧɨɜɟɫɧɨɟ, ɢ ɧɟɪɚɜɧɨɜɟɫɧɨɟ ɫɨɫɬɨяɧɢɟ ɜ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɦ ɫɥɨɟ ɡɚɜɢɫɢɬ ɧɟ ɬɨɥɶɤɨ 
ɨɬ ɫɜɨɣɫɬɜ (ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɩɚɪɚɦɟɬɪɨɜ) ɷɬɨɝɨ ɫɥɨя, ɧɨ ɢ ɨɬ ɫɜɨɣɫɬɜ ɫɨɫɟɞɧɢɯ ɫɥɨɟɜ.  

Иɧɬɟɝɪɚɥɶɧɵɟ ɩɥɨɬɧɨɫɬɢ ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɨɩɪɟɞɟɥяɟɬɫя ɜɵɪɚɠɟɧɢяɦɢ  
2( ) ( , , )

VB

Q x q k x k dkd 


    ,      2( ) ( , , )

VB

Q x q k x k dkd



                       (7) 

Вɵɯɨɞяɳɢɣ ɢɡ ɧɟɤɨɬɨɪɨɝɨ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɫɥɨя (ɧɚɩɪɢɦɟɪ, ɫɥɨя 2) ɜ ɩɟɪɜɵɣ ɫɥɨɣ 
ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɣ ɩɨɬɨɤ ɢɦɟɟɬ ɜɢɞ: 

2
1 2 * * * * 2 * * * * * *

2

( , , ) ( , , ) ( , , , ) ( , , )a a

VB

q k a T q k a P k k q k a k dk d    


              (8) 

Рɟɲɟɧɢɟ ɡаɞачɢ ɞɥɹ ɩɥɨɫɤɨɩаɪаɥɥɟɥɶɧɨɣ ɞвɭхɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪы  

Ɉɛɳɟɟ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɞɥя ɜɫɟɣ ɬɜɟɪɞɨɬɟɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ ɞɨɥɠɧɨ ɛɵɬɶ ɫɨɝɥɚɫɨɜɚɧɧɵɦ 
ɩɨ ɜɫɟɦ ɟɟ ɫɥɨяɦ ɤɚɤ ɜ ɪɚɜɧɨɜɟɫɢɢ, ɬɚɤ ɢ ɜ ɟɝɨ ɨɬɫɭɬɫɬɜɢɟ, ɧɚɩɪɢɦɟɪ ɩɪɢ ɧɚɥɢɱɢɢ ɩɪɢɥɨɠɟɧɧɨ-
ɝɨ ɤ ɫɬɪɭɤɬɭɪɟ ɜɧɟɲɧɟɝɨ ɧɚɩɪяɠɟɧɢя. ɉɪɢ ɫɨɝɥɚɫɨɜɚɧɢɢ ɪɟɲɟɧɢɣ ɤɨɧɫɬɚɧɬɵ C*

+(k,) ɢ C*
–(k,) 

ɜ ɤɚɠɞɨɦ ɫɥɨɟ ɫɥɨɠɧɵɦ ɨɛɪɚɡɨɦ ɡɚɜɢɫяɬ ɨɬ ɪɚɫɩɪɟɞɟɥɟɧɢя ɪɚɜɧɨɜɟɫɧɵɯ ɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɞɢɮ-
ɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɜɨ ɜɫɟɯ ɫɥɨяɯ ɫɬɪɭɤɬɭɪɵ. Чɟɦ ɛɨɥɶɲɟ ɫɥɨɟɜ ɜ ɫɬɪɭɤɬɭɪɟ, ɬɟɦ ɫɥɨɠɧɟɟ 
ɞɚɧɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ. Ɍɚɤ, ɧɚɩɪɢɦɟɪ, ɜ ɞɜɭɫɥɨɣɧɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɫɬɪɭɤɬɭɪɟ, ɝɪɚɧɢɰɵ 
ɫɥɨɟɜ ɤɨɬɨɪɨɣ ɪɚɫɩɨɥɚɝɚɸɬɫя ɩɪɢ x = a, х = b1 = b2 = b ɢ x = c, ɪɚɫɩɪɟɞɟɥɟɧɢɟ (ɩɪɨɟɤɰɢɣ) ɩɥɨɬ-
ɧɨɫɬɢ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɩɨ ɚɪɝɭɦɟɧɬɚɦ k, ɧɚ ɫɦɟɠɧɨɣ ɝɪɚɧɢɰɟ х = b ɡɚɞɚɟɬɫя ɜɵɪɚ-
ɠɟɧɢяɦɢ: 

)]1 1 1 1( , , ) [1/(1 ( , )q k b G k            (9) 
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  1 1 1
1 01 1 01a a bW R Q e R e R Q e

         ,   1 1 1
1 1 01 1 01b b aW R Q e R e R Q e

         ,          (12) 

ɚ ɨɫɬɚɥɶɧɵɟ ɨɛɨɡɧɚɱɟɧɢя ɩɪɟɠɧɢɟ. Зɞɟɫɶ ɭɠɟ яɜɧɨ ɜɢɞɧɨ, ɱɬɨ ɩɥɨɬɧɨɫɬɢ ɩɨɬɨɤɨɜ (9) ɡɚɜɢɫяɬ ɨɬ 
ɫɜɨɣɫɬɜ ɨɛɨɢɯ ɫɥɨɟɜ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɪɚɫɫɟяɧɢя ɧɚ ɜɫɟɯ ɝɪɚɧɢɰɚɯ. Дɥя ɬɨɥɫɬɵɯ ɫɥɨɟɜ ɥɸɛɨɝɨ 
ɬɢɩɚ, ɚ ɬɚɤɠɟ ɞɥя ɬɨɧɤɢɯ ɫɥɨɟɜ ɞɢɷɥɟɤɬɪɢɤɨɜ ɷɬɢ ɡɚɜɢɫɢɦɨɫɬɢ ɧɚɦɧɨɝɨ ɭɩɪɨɳɚɸɬɫя, ɯɨɬя ɢ ɜ 
ɷɬɨɦ ɫɥɭɱɚɟ ɩɨɬɨɤɢ ɜ ɫɥɨяɯ ɡɚɜɢɫяɬ ɨɬ ɫɜɨɣɫɬɜ ɨɛɨɢɯ ɫɥɨɟɜ. 

Уɱɢɬɵɜɚя ɢɡɜɟɫɬɧɭɸ ɮɭɧɤɰɢɨɧɚɥɶɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɦɟɠɞɭ ɩɨɬɨɤɚɦɢ (4)—(6) ɜ ɫɥɨяɯ, ɩɨ 
(9)—(12) ɦɨɠɧɨ ɤɨɪɪɟɤɬɧɨ ɨɩɪɟɞɟɥɢɬɶ ɜɫɟ ɩɚɞɚɸɳɢɟ ɢ ɨɬɯɨɞяɳɢɟ ɨɬ ɝɪɚɧɢɰ ɜɧɭɬɪɟɧɧɢɟ ɢ 
ɜɧɟɲɧɢɟ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɩɨɬɨɤɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɚ ɬɚɤɠɟ ɤɨɨɪɞɢɧɚɬɧɵɟ ɡɚɜɢɫɢɦɨɫɬɢ 
ɜɧɭɬɪɟɧɧɢɯ ɩɨɬɨɤɨɜ q+(k,,x) ɢ q–(k,,x) ɜ ɨɛɨɢɯ ɫɥɨяɯ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɣ ɫɬɪɭɤɬɭɪɵ. В ɬɨɧɤɨɣ 
ɞɜɭɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɟ ɜɫɟ ɩɨɬɨɤɢ ɟɳɟ ɛɨɥɟɟ ɫɥɨɠɧɵɦ ɨɛɪɚɡɨɦ, ɱɟɦ ɜ ɨɞɧɨɫɥɨɣɧɨɦ ɨɛɪɚɡɰɟ, 
ɧɟɥɢɧɟɣɧɨ ɡɚɜɢɫяɬ ɨɬ ɜɟɪɨяɬɧɨɫɬɟɣ ɪɚɫɫɟяɧɢя ɩɨɬɨɤɨɜ ɧɚ ɜɫɟɯ ɝɪɚɧɢɰɚɯ ɫɬɪɭɤɬɭɪɵ. 

Иɧɬɟɝɪɚɥɶɧɚя ɩɥɨɬɧɨɫɬɶ ɨɬɪɚɠɟɧɧɨɝɨ ɢ ɩɪɨɲɟɞɲɟɝɨ ɝɪɚɧɢɰɭ x = b = b2 ɫɥɨя 2 ɩɨɬɨɤɨɜ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɡɚɞɚɟɬɫя ɜɵɪɚɠɟɧɢяɦɢ:  

 
2 4

2 2
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    ,            (13) 
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0 2 0 2
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    .              (14) 

Вɢɞɧɨ, ɱɬɨ ɨɬɪɚɠɟɧɧɵɣ ɢ ɜɵɲɟɞɲɢɣ ɩɨɬɨɤɢ яɜɧɨ ɢ ɧɟяɜɧɨ ɱɟɪɟɡ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɩɨɬɨɤɢ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɡɚɜɢɫяɬ ɨɬ ɫɨɫɬɨяɧɢя ɝɪɚɧɢɰ, ɤɨɬɨɪɵɟ ɯɚɪɚɤɬɟɪɢɡɭɟɬɫя ɜɟɪɨяɬɧɨɫɬяɦɢ ɪɚɫɫɟя-
ɧɢя, ɚ ɬɚɤɠɟ ɧɚɛɨɪɨɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɩɚɪɚɦɟɬɪɨɜ ɞɜɭɯ ɫɥɨɟɜ ɫɬɪɭɤɬɭɪɵ.  

ɋɨɛɢɪɚя ɜɫɟ ɢɧɬɟɝɪɚɥɶɧɵɟ ɩɨɬɨɤɢ ɧɚ ɤɚɠɞɨɣ ɫɬɨɪɨɧɟ ɝɪɚɧɢɰɵ ɦɟɠɞɭ ɫɥɨяɦɢ ɢ ɭɱɢɬɵɜɚя, 
ɱɬɨ ɩɥɨɬɧɨɫɬɶ ɩɨɬɨɤɚ ɩɨɬɟɪɶ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɧɚ ɝɪɚɧɢɰɟ qs(b) ɪɚɜɧɚ ɪɚɡɧɨɫɬɢ ɩɨɥɧɵɯ ɩɨɬɨɤɨɜ 
ɜ ɫɨɫɟɞɧɢɯ ɫɥɨяɯ ɱɟɪɟɡ ɝɪɚɧɢɰɭ, ɧɟɬɪɭɞɧɨ ɩɨɥɭɱɢɬɶ ɮɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɨɟ ɜɵɪɚɠɟɧɢɟ ɞɥя ɩɥɨɬ-
ɧɨɫɬɢ ɩɨɬɨɤɚ ɩɨɬɟɪɶ:  

1 1 1 1 2 2 2 2( ) (1 ) ( ) (1 ) ( )s b b b bq b R T q b R T q b           .   (15) 

Иɫɩɨɥɶɡɭя (15), ɥɟɝɤɨ ɩɨɥɭɱɢɬɶ ɜɵɪɚɠɟɧɢɟ ɞɥя ɩɨɬɟɪɶ ɬɨɤɚ ɧɚ ɝɪɚɧɢɰɟ ɜ ɪɚɦɤɚɯ ɤɢɧɟɬɢ-
ɱɟɫɤɨɣ ɬɟɨɪɢɢ, ɟɫɥɢ ɜɫɟ ɤɨɷɮɮɢɰɢɟɧɬɵ R ɢ T ɫɱɢɬɚɬɶ ɢɧɬɟɝɪɚɥɶɧɵɦɢ ɨɩɟɪɚɬɨɪɚɦɢ, ɤɨɬɨɪɵɟ 
ɞɟɣɫɬɜɭɸɬ ɧɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɟ ɩɨɬɨɤɢ, ɩɚɞɚɸɳɢɟ ɧɚ ɝɪɚɧɢɰɭ ɩɨ ɩɪɚɜɢɥɚɦ (13) ɢ (14). Эɬɢ 
ɩɚɞɚɸɳɢɟ ɩɨɬɨɤɢ ɞɨɥɠɧɵ ɛɵɬɶ ɧɚɣɞɟɧɵ ɫ ɭɱɟɬɨɦ ɫɨɝɥɚɫɨɜɚɧɢя ɪɟɲɟɧɢɣ ɩɨ ɜɫɟɦ ɫɥɨяɦ ɫɬɪɭɤ-
ɬɭɪɵ. В ɫɥɭɱɚɟ ɞɜɭɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ ɫɨɝɥɚɫɨɜɚɧɢɟ ɪɟɲɟɧɢɣ ɨɫɭɳɟɫɬɜɥяɟɬɫя ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɨ, 
ɢ ɞɥя ɬɨɥɫɬɵɯ ɫɥɨɟɜ ɤɨɧɟɱɧɵɟ ɜɵɪɚɠɟɧɢя ɢɦɟɸɬ ɛɨɥɟɟ ɤɪɚɬɤɭɸ ɮɨɪɦɭ.   

Зɚɦɟɬɢɦ, ɱɬɨ ɞɚɧɧɵɟ ɝɪɚɧɢɱɧɵɟ ɭɫɥɨɜɢя ɢ ɪɟɲɟɧɢɟ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢя ɫ ɧɢɦɢ яɜ-
ɥяɸɬɫя ɨɫɧɨɜɨɣ ɞɥя ɤɨɪɪɟɤɬɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɬɨɤɨɜ ɬɟɪɦɨɷɥɟɤɬɪɨɧɧɨɣ ɷɦɢɫɫɢɢ ɢɡ ɩɥɨɫɤɨɩɚ-
ɪɚɥɥɟɥɶɧɨɝɨ ɫɥɨя ɤɚɤ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ, ɬɚɤ ɢ ɦɟɬɚɥɥɚ. Фɚɤɬɢɱɟɫɤɢ ɨɧɢ ɫɨɡɞɚɸɬ ɩɪɟɞɩɨɫɵɥɤɭ 
ɪɚɡɜɢɬɢя ɤɨɪɪɟɤɬɧɨɣ ɬɟɨɪɢɢ ɜɨɥɶɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ m-s-ɫɬɪɭɤɬɭɪ, ɜ ɬɨɦ ɱɢɫɥɟ ɩɪɢ ɧɚ-
ɥɢɱɢɢ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɫɥɨя, ɫ ɭɱɟɬɨɦ ɪɟɚɥɶɧɨɝɨ ɫɬɪɨɟɧɢя ɢ ɫɨɫɬɨяɧɢя ɝɪɚɧɢɰ ɪɚɡɞɟɥɚ ɫɪɟɞ. 
Ɉɧɢ ɬɚɤɠɟ ɧɟɨɛɯɨɞɢɦɵ ɞɥя ɤɨɪɪɟɤɬɧɨɝɨ ɨɩɢɫɚɧɢя ɩɟɪɟɧɨɫɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫɤɜɨɡɶ ɬɨɧɤɢɟ 
ɫɥɨɢ ɧɟɤɨɬɨɪɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ. ɉɪɢ ɢɡɭɱɟɧɢɢ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɩɨɬɨɤɨɜ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɨɦ ɫɥɨɟ ɜ ɪɚɦɤɚɯ ɤɜɚɧɬɨɜɨɣ ɦɟɯɚɧɢɤɢ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɷɮ-
ɮɟɤɬɢɜɧɨɣ ɦɚɫɫɵ ɪɟɲɟɧɢɟ ɡɚɞɚɱɢ ɢɦɟɟɬ ɚɧɚɥɨɝɢɱɧɵɣ ɜɢɞ. 

Заɤɥючɟɧɢɟ 
В ɨɛɳɟɦ ɜɢɞɟ ɩɨɥɭɱɟɧɨ ɪɟɲɟɧɢɟ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜɧɟɧɢя ɜ ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɨɦ ɫɥɨɟ 

ɬɜɟɪɞɨɬɟɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ ɫ ɢɧɬɟɝɪɚɥɶɧɵɦɢ ɝɪɚɧɢɱɧɵɦɢ ɭɫɥɨɜɢяɦɢ ɞɥя ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ 
ɩɨɬɨɤɨɜ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɜɪɟɦɟɧɢ ɪɟɥɚɤɫɚɰɢɢ. Уɤɚɡɚɧ ɯɚɪɚɤɬɟɪ ɦɢɤɪɨɪɟɥɶɟɮɚ 
ɢ ɪɚɫɩɪɟɞɟɥɟɧɢɣ ɧɚɧɨ ɦɚɫɲɬɚɛɧɵɯ ɧɟɨɞɧɨɪɨɞɧɨɫɬɟɣ ɧɚ ɝɪɚɧɢɰɚɯ ɫɥɨя, ɩɪɢ ɤɨɬɨɪɵɯ ɫɨɯɪɚɧяɟɬ-
ɫя ɤɨɪɪɟɤɬɧɨɫɬɶ ɪɚɡɜɢɬɨɝɨ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɩɨɞɯɨɞɚ. ɉɨɤɚɡɚɧɚ ɧɟɥɢɧɟɣɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɞɢɮɮɟ-
ɪɟɧɰɢɚɥɶɧɵɯ ɢ ɢɧɬɟɝɪɚɥɶɧɵɯ ɩɨɬɨɤɨɜ ɨɬ ɜɟɪɨяɬɧɨɫɬɟɣ ɢɯ ɪɚɫɫɟяɧɢя ɧɚ ɝɪɚɧɢɰɚɯ, ɤɨɬɨɪɚя ɫɭ-
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ɳɟɫɬɜɟɧɧɨ ɩɪɨяɜɥяɟɬɫя ɜ ɬɨɧɤɢɯ ɫɥɨяɯ. Вɵɩɨɥɧɟɧɨ ɫɨɝɥɚɫɨɜɚɧɢɟ ɪɟɲɟɧɢɣ ɤɢɧɟɬɢɱɟɫɤɨɝɨ ɭɪɚɜ-
ɧɟɧɢя ɞɥя ɞɜɭɫɥɨɣɧɨɣ ɫɬɪɭɤɬɭɪɵ. Ɉɬɦɟɱɟɧɨ, ɱɬɨ ɩɨɬɨɤɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɬɨɧɤɢɯ ɫɥɨяɯ ɡɚɜɢ-
ɫяɬ ɨɬ ɫɜɨɣɫɬɜ ɫɨɫɟɞɧɢɯ ɫɥɨɟɜ. ɉɨɥɭɱɟɧɨ ɜɵɪɚɠɟɧɢɟ ɞɥя ɩɨɬɟɪɶ ɩɨɬɨɤɚ ɧɚ ɝɪɚɧɢɰɟ ɞɜɭɫɥɨɣɧɨɣ 
ɫɬɪɭɤɬɭɪɵ ɜ ɪɚɦɤɚɯ ɤɢɧɟɬɢɱɟɫɤɨɣ ɬɟɨɪɢɢ. ɉɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ 
ɞɥя ɤɨɪɪɟɤɬɧɨɣ ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɪɚɡɥɢɱɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɧɚɞ ɩɥɨɫɤɨɩɚɪɚɥɥɟɥɶɧɵɦɢ ɬɜɟɪɞɨ-
ɬɟɥɶɧɵɦɢ ɫɬɪɭɤɬɭɪɚɦɢ ɢ ɨɛɪɚɡɰɚɦɢ, ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɢɯ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɝɪɚɧɢɰɵ ɢɥɢ ɩɨɜɟɪɯɧɨɫɬɢ. 
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Passage of Charge Carriers Flux through Border of Layers 
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In case of a plane-parallel solid-state structure layer with a small micro-relief and small, densely located 
nanoscale Heterogeneity on borders in the relaxation time approach the kinetic equation with integrated bound-
ary conditions for differential charge carriers flows solution is obtained in a general view. Nonlinear dependence 
of the flows on dispersion probabilities on the borders and mutual influence of properties in two-layer structure 
is shown, it is near to adjacent borders especially. The density flows losses expression on adjacent border of the 
two-layer structure in the kinetic theory frame is received.  
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Ʌаɡɟɪɧыɣ ɞɢɨɞ в ɪɟɠɢɦɟ вɧɟɲɧɟɣ ɨɩɬɢчɟɫɤɨɣ ɢɧɠɟɤɰɢɢ 
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ɇɚ ɨɫɧɨɜɟ ɞɢɧɚɦɢɱɟɫɤɨɣ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɦɨɞɟɥɢ ɪɟɡɨɧɚɬɨɪɚ ɩɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɫɩɟɤɬɪɚɥɶɧɵɯ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɜ ɪɟɠɢɦɟ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜ ɪɟɠɢɦɟ ɧɟɭɫɬɨɣɱɢɜɨɣ 
ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɲɢɪɢɧɚ ɋВЧ-ɫɩɟɤɬɪɚ ɦɨɠɟɬ ɛɵɬɶ ɦɟɧɶɲɟ ɲɢɪɢɧɵ ɢɫɯɨɞɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɫɩɟɤɬɪɚ ɥɚɡɟ-
ɪɚ ɜ ɪɟɠɢɦɟ ɫɜɨɛɨɞɧɨɣ ɝɟɧɟɪɚɰɢɢ. Вɧɟ ɨɛɥɚɫɬɢ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɦɨɠɟɬ ɩɪɨɢɫɯɨɞɢɬɶ ɫɭɳɟɫɬɜɟɧɧɨɟ ɭɜɟɥɢ-
ɱɟɧɢɟ ɲɢɪɢɧɵ ɋВЧ ɫɩɟɤɬɪɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫɨ ɫɥɭɱɚɟɦ ɩɪяɦɨɝɨ ɮɨɬɨɞɟɬɟɤɬɢɪɨɜɚɧɢя ɞɜɭɯ ɨɩɬɢɱɟɫɤɢɯ 
ɱɚɫɬɨɬ. 

Кɥючɟвыɟ ɫɥɨва: ɥɚɡɟɪɧɵɣ ɞɢɨɞ, ɪɟɠɢɦ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ, ɪɚɫɩɪɟɞɟɥɟɧɧɚя ɦɨɞɟɥɶ ɪɟɡɨɧɚ-
ɬɨɪɚ, ɞɢɧɚɦɢɤɚ ɝɟɧɟɪɚɰɢɢ, ɪɟɝɭɥяɪɧɵɟ ɩɭɥɶɫɚɰɢɢ ɢɡɥɭɱɟɧɢя.  

Ввɟɞɟɧɢɟ 
Ƚɟɬɟɪɨɞɢɧɢɪɨɜɚɧɢɟ ɞɜɭɯ ɨɩɬɢɱɟɫɤɢɯ ɧɟɫɭɳɢɯ ɨɬ ɞɜɭɯ ɨɬɞɟɥɶɧɵɯ ɥɚɡɟɪɨɜ ɩɪɢɜɨɞɢɬ ɤ ɝɟ-

ɧɟɪɚɰɢɢ ɋВЧ-ɫɢɝɧɚɥɚ ɫ ɜɵɫɨɤɢɦ ɭɪɨɜɧɟɦ ɮɚɡɨɜɨɝɨ ɲɭɦɚ, ɩɨɫɤɨɥɶɤɭ ɢɯ ɮɚɡɵ ɧɟ ɤɨɪɪɟɥɢɪɨɜɚ-
ɧɵ. Уɦɟɧɶɲɟɧɢɟ ɮɚɡɨɜɨɝɨ ɲɭɦɚ ɞɨɫɬɢɝɚɟɬɫя ɩɪɢ ɝɟɧɟɪɚɰɢɢ ɞɜɭɯ ɨɩɬɢɱɟɫɤɢɯ ɧɟɫɭɳɢɯ ɜ ɨɞɧɨɦ 
ɥɚɡɟɪɟ, ɬɚɤ ɤɚɤ ɩɪɢ ɷɬɨɦ ɮɥɭɤɬɭɚɰɢɢ ɛɨɥɶɲɨɣ ɱɚɫɬɢ ɩɚɪɚɦɟɬɪɨɜ ɥɚɡɟɪɚ ɜ ɩɪɨɰɟɫɫɟ ɝɟɧɟɪɚɰɢɢ 
ɩɪɢɜɨɞяɬ ɤ ɫɢɧɯɪɨɧɧɵɦ ɢɡɦɟɧɟɧɢяɦ ɮɚɡ ɨɩɬɢɱɟɫɤɢɯ ɧɟɫɭɳɢɯ. Ɉɞɧɨɜɪɟɦɟɧɧɚя ɝɟɧɟɪɚɰɢя ɨɩɬɢ-
ɱɟɫɤɢɯ ɧɟɫɭɳɢɯ ɧɚɢɛɨɥɟɟ ɩɪɨɫɬɨ ɪɟɚɥɢɡɭɟɬɫя ɜ ɥɚɡɟɪɚɯ ɩɪɢ ɜɧɟɲɧɟɣ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ. 
Хɚɪɚɤɬɟɪɢɫɬɢɤɢ ɪɟɠɢɦɚ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ ɫɢɥɶɧɨ ɡɚɜɢɫяɬ ɨɬ ɜɵɛɪɚɧɧɵɯ ɩɚɪɚɦɟɬɪɨɜ (ɱɚɫ-
ɬɨɬɵ ɨɬɫɬɪɨɣɤɢ, ɬɨɤɚ ɧɚɤɚɱɤɢ, ɦɨɳɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ), ɢɦɟɸɬɫя ɥɢɬɟɪɚɬɭɪɧɵɟ ɞɚɧ-
ɧɵɟ ɨ ɲɢɪɢɧɟ ɋВЧ-ɫɩɟɤɬɪɚ ɨɬ ɟɞɢɧɢɰ ɞɨ ɞɟɫяɬɤɨɜ ɦɟɝɚɝɟɪɰ [1, 2]. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɨɜɟ-
ɞɟɧ ɚɧɚɥɢɡ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɜ ɪɟɠɢɦɟ ɜɧɟɲɧɟɣ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ ɞɥя ɝɟɧɟɪɚɰɢɢ ɋВЧ-
ɫɢɝɧɚɥɨɜ. 

1. Сɢɫɬɟɦа ɛаɡɨвых ɭɪавɧɟɧɢɣ 

Дɢɧɚɦɢɤɚ ɝɟɧɟɪɚɰɢɢ ɪɚɫɫɱɢɬɚɧɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɦɨɞɟɥɢ ɪɟɡɨɧɚɬɨɪɚ 
ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɫ ɭɱɟɬɨɦ ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɤɜɚɧɬɨɜɨɝɨ ɲɭɦɚ:  
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 dN(x,t)/dt = j/e – R(N) – gG(x,t)S(x,t) + FN(x,t) (3) 

Зɞɟɫɶ A0(x), B0(x) — ɫɬɚɰɢɨɧɚɪɧɵɟ ɚɦɩɥɢɬɭɞɵ ɩɪяɦɨɣ ɢ ɨɛɪɚɬɧɨɣ ɜɨɥɧ ɜ ɪɟɡɨɧɚɬɨɪɟ; Am(x,t) 
Bm(x,t) — ɦɟɞɥɟɧɧɨ-ɦɟɧяɸɳɢɟɫя ɚɦɩɥɢɬɭɞɵ; N(x,t) — ɤɨɧɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ; S(x,t) — ɩɥɨɬ-
ɧɨɫɬɶ ɮɨɬɨɧɨɜ; R(N) — ɫɤɨɪɨɫɬɶ ɫɩɨɧɬɚɧɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ; G(x,t) ɢ G0(x) — ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɭɫɢɥɟɧɢя ɜ ɞɢɧɚɦɢɱɟɫɤɨɦ ɢ ɫɬɚɰɢɨɧɚɪɧɨɦ ɪɟɠɢɦɚɯ; j — ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ ɧɚɤɚɱɤɢ;  — ɩɚɪɚɦɟɬɪ 
ɚɦɩɥɢɬɭɞɧɨ-ɮɚɡɨɜɨɣ ɫɜяɡɢ; b — ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɩɪɟɞɟɥɟɧɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɜ ɪɟɡɨɧɚɬɨɪɟ; 
kb — ɛɪɷɝɝɨɜɫɤɚя ɩɨɫɬɨяɧɧɚя; x0 — ɩɨɥɨɠɟɧɢɟ ɱɟɬɜɟɪɬɶɜɨɥɧɨɜɨɝɨ ɫɞɜɢɝɚ ɜ ɛɪɷɝɝɨɜɫɤɨɣ ɪɟɲɟɬ-
ɤɢ, g — ɝɪɭɩɩɨɜɚя ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ; Fa(x,t), Fb(x,t), FN(x,t) — ɢɫɬɨɱɧɢɤɢ ɤɜɚɧɬɨɜɨɝɨ ɲɭɦɚ. Ƚɪɚ-



 171

ɧɢɱɧɵɟ ɭɫɥɨɜɢя ɭɱɢɬɵɜɚɸɬ ɨɩɬɢɱɟɫɤɭɸ ɢɧɠɟɤɰɢɸ ɫ ɭɱɟɬɨɜ ɮɥɭɤɬɭɚɰɢɣ ɚɦɩɥɢɬɭɞɵ ɢ ɮɚɡɵ 
ɢɧɠɟɤɬɢɪɭɟɦɨɝɨ ɢɡɥɭɱɟɧɢя. 

2. Рɟɡɭɥɶɬаɬы ɦɨɞɟɥɢɪɨваɧɢɹ ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
В ɤɚɱɟɫɬɜɟ ɡɚɞɚɸɳɟɝɨ ɢ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɨɜ ɢɫɩɨɥɶɡɨɜɚɧɵ ɨɞɢɧɚɤɨɜɵɟ ɊɈɋ-ɥɚɡɟɪɵ ɫ ɩɪɨ-

ɫɜɟɬɥɟɧɧɵɦɢ ɡɟɪɤɚɥɚɦɢ ɢ ɞɥɢɧɨɣ ɪɟɡɨɧɚɬɨɪɚ 300 ɦɤɦ. Ɋɚɫɫɱɢɬɚɧɧɵɟ ɫɩɟɤɬɪɵ ɥɚɡɟɪɚ ɜ ɪɟɠɢɦɟ 
ɫɜɨɛɨɞɧɨɣ ɝɟɧɟɪɚɰɢɢ ɢ ɧɟɭɫɬɨɣɱɢɜɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 1.  

                       U, ɞȻɧ              a                                                          ɛ 

         – ext, ȽȽɰ  

Ɋɢɫ. 1. Ɉɩɬɢɱɟɫɤɢɟ ɫɩɟɤɬɪɵ ɥɚɡɟɪɚ (ɪɚɡɪɟɲɟɧɢɟ 0.1 ȽȽɰ) ɜ ɪɟɠɢɦɟ ɫɜɨɛɨɞɧɨɣ ɝɟɧɟɪɚɰɢɢ (а)  
ɢ ɧɟɭɫɬɨɣɱɢɜɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ (ɛ) ɩɪɢ ɬɨɤɟ ɧɚɤɚɱɤɟ 20 ɦА 

ɉɪɢ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ ɦɨɠɧɨ ɜɵɞɟɥɢɬɶ ɬɪɢ ɨɫɧɨɜɧɵɯ ɪɟɠɢɦɚ ɝɟɧɟɪɚɰɢɢ.  
Реɠиɦ уɫɬɨɣчивɨɣ ɫинхɪɨниɡаɰии, ɤɨɝɞɚ ɭɪɨɜɟɧɶ ɜɨɡɛɭɠɞɟɧɢя ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɧɢɠɟ ɩɨ-

ɪɨɝɨɜɨɝɨ ɢ ɩɪɨɢɫɯɨɞɢɬ ɭɫɢɥɟɧɢɟ ɢɧɠɟɤɬɢɪɭɟɦɨɝɨ ɢɡɥɭɱɟɧɢя. В ɷɬɨɦ ɫɥɭɱɚɟ ɚɦɩɥɢɬɭɞɚ ɋВЧ 
ɫɢɝɧɚɥɚ ɦɚɥɚ ɢ ɨɩɪɟɞɟɥяɟɬɫя ɪɟɡɨɧɚɧɫɧɨ ɭɫɢɥɟɧɧɵɦɢ ɮɥɭɤɬɭɚɰɢяɦɢ. 

Реɠиɦ неуɫɬɨɣчивɨɣ ɫинхɪɨниɡаɰии, ɤɨɝɞɚ ɭɪɨɜɟɧɶ ɜɨɡɛɭɠɞɟɧɢя ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɧɢɠɟ 
ɩɨɪɨɝɨɜɨɝɨ, ɨɞɧɚɤɨ ɫɬɚɰɢɨɧɚɪɧɨɟ ɪɟɲɟɧɢɟ ɨɤɚɡɵɜɚɟɬɫя ɧɟɭɫɬɨɣɱɢɜɵɦ ɢ ɩɪɨɢɫɯɨɞɢɬ ɚɜɬɨɦɨɞɭ-
ɥяɰɢя ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя. Аɦɩɥɢɬɭɞɚ ɚɜɬɨɦɨɞɭɥяɰɢɢ ɦɨɠɟɬ ɞɨɫɬɢɝɚɬɶ 100 % ɢ ɜɟɥɢɱɢɧɚ 
ɋВЧ ɫɢɝɧɚɥɚ ɜɟɥɢɤɚ. 

Реɠиɦ ɨɬɫуɬɫɬвия ɫинхɪɨниɡаɰии, ɤɨɝɞɚ ɭɪɨɜɟɧɶ ɜɨɡɛɭɠɞɟɧɢя ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɛɥɢɡɨɤ 
ɤ ɩɨɪɨɝɨɜɨɦɭ, ɩɪɨɢɫɯɨɞɢɬ ɝɟɧɟɪɚɰɢя ɫɨɛɫɬɜɟɧɧɨɣ ɦɨɞɵ ɢ ɤɨɧɤɭɪɢɪɭɸɳɟɟ ɭɫɢɥɟɧɢɟ 
ɢɧɠɟɤɬɢɪɭɟɦɨɝɨ ɢɡɥɭɱɟɧɢя. Аɦɩɥɢɬɭɞɚ ɋВЧ ɫɢɝɧɚɥɚ ɭɦɟɧɶɲɚɟɬɫя ɫ ɭɜɟɥɢɱɟɧɢɟɦ ɨɬɫɬɪɨɣɤɢ 
ɱɚɫɬɨɬɵ ɜɧɟɲɧɟɝɨ ɢɡɥɭɱɟɧɢя ɨɬ ɱɚɫɬɨɬɵ ɫɨɛɫɬɜɟɧɧɨɣ ɦɨɞɵ. 

Кɚɤ ɜɢɞɧɨ ɧɚ ɪɢɫ. 2, ɧɚɢɦɟɧɶɲɚя ɲɢɪɢɧɚ ɋВЧ ɫɩɟɤɬɪɚ ɩɨɥɭɱɚɟɬɫя ɜ ɨɛɥɚɫɬɢ ɧɟɭɫɬɨɣɱɢ-
ɜɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ, ɤɨɬɨɪɚя ɪɟɚɥɢɡɭɟɬɫя ɜ ɪɟɠɢɦɟ ɫɥɚɛɨɣ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ ɩɪɢ ɩɨɥɨɠɢ-
ɬɟɥɶɧɵɯ ɨɬɫɬɪɨɣɤɚɯ ɱɚɫɬɨɬɵ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɨɬ ɫɨɛɫɬɜɟɧɧɨɣ ɱɚɫɬɨɬɵ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ (ɪɢɫ. 1, 
ɤɪɢɜɚя 1). Шɢɪɢɧɚ ɋВЧ-ɫɩɟɤɬɪɚ ɩɭɥɶɫɚɰɢɣ ɦɨɠɟɬ ɫɬɚɧɨɜɢɬɶɫя ɦɟɧɶɲɟ ɲɢɪɢɧɵ ɨɩɬɢɱɟɫɤɨɝɨ 
ɫɩɟɤɬɪɚ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɜ ɪɟɠɢɦɟ ɫɜɨɛɨɞɧɨɣ ɝɟɧɟɪɚɰɢɢ. Аɧɚɥɨɝɢɱɧɨ ɩɨɜɟɞɟɧɢɟ ɮɚɡɨɜɨɝɨ ɲɭɦɚ 
— ɨɧ ɫɧɢɠɚɟɬɫя ɜ ɨɛɥɚɫɬɢ ɧɟɭɫɬɨɣɱɢɜɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ. ɉɪɢ ɩɪɢɛɥɢɠɟɧɢɢ ɤ ɨɛɥɚɫɬɢ ɭɫɬɨɣɱɢ- 
 

                F, ȽȽɰ               а                                      F, ȽȽɰ             ɛ 

ext, ȽȽɰ     

 

ext, ȽȽɰ  
Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɢ ɱɚɫɬɨɬɵ ɩɭɥɶɫɚɰɢɣ ɢɡɥɭɱɟɧɢя (а) ɢ ɲɢɪɢɧɵ ɋВЧ ɫɩɟɤɬɪɚ (ɛ) ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɩɪɢ 
ɢɧɠɟɤɰɢɢ ɜɧɟɲɧɟɝɨ ɢɡɥɭɱɟɧɢя ɨɬ ɱɚɫɬɨɬɵ ɨɬɫɬɪɨɣɤɢ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɨɬ ɫɨɛɫɬɜɟɧɧɨɣ ɱɚɫɬɨɬɵ ɜɟɞɨɦɨ-
ɝɨ ɥɚɡɟɪɚ ɩɪɢ ɦɨɳɧɨɫɬɢ ɢɧɠɟɤɰɢɢ 0.1 (1), 1 (2) ɢ 10 (3) ɦВɬ ɢ ɬɨɤɟ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ 20 ɦА; ɲɢɪɢɧɚ ɥɢ-

ɧɢɢ ɝɟɧɟɪɚɰɢɢ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ 0.8 ɆȽɰ, ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ — 4 ɆȽɰ 
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ɜɨɣ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɮɚɡɨɜɵɣ ɢ ɚɦɩɥɢɬɭɞɧɵɣ ɲɭɦ ɦɨɝɭɬ ɫɭɳɟɫɬɜɟɧɧɨ ɜɨɡɪɚɫɬɚɬɶ. Вɧɟ ɨɛɥɚɫɬɢ 
ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɲɢɪɢɧɚ ɋВЧ-ɫɩɟɤɬɪɚ ɩɭɥɶɫɚɰɢɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɨɩɪɟɞɟɥяɟɬɫя ɲɢɪɢ-
ɧɨɣ ɨɩɬɢɱɟɫɤɨɝɨ ɫɩɟɤɬɪɚ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɜ ɪɟɠɢɦɟ ɫɜɨɛɨɞɧɨɣ ɝɟɧɟɪɚɰɢɢ ɢ ɲɢɪɢɧɨɣ ɨɩɬɢɱɟ-
ɫɤɨɝɨ ɫɩɟɤɬɪɚ ɡɚɞɚɸɳɟɝɨ ɥɚɡɟɪɚ ɢ ɫɨɫɬɚɜɥяɟɬ ɧɟɫɤɨɥɶɤɨ ɆȽɰ (ɪɢɫ. 2, ɤɪɢɜɵɟ 2, 3). ɉɪɢ ɷɬɨɦ 
ɲɢɪɢɧɚ ɋВЧ-ɫɩɟɤɬɪɚ ɩɭɥɶɫɚɰɢɣ ɭɜɟɥɢɱɢɜɚɟɬɫя ɩɪɢ ɩɪɢɛɥɢɠɟɧɢɢ ɤ ɨɛɥɚɫɬɢ ɭɫɬɨɣɱɢɜɨɣ ɫɢɧ-
ɯɪɨɧɢɡɚɰɢɢ. 

ɋɭɳɟɫɬɜɟɧɧɵɦ ɧɟɞɨɫɬɚɬɤɨɦ ɞɥя ɩɪɚɤɬɢɱɟɫɤɨɝɨ ɩɪɢɦɟɧɟɧɢя ɪɟɠɢɦɚ ɧɟɭɫɬɨɣɱɢɜɨɣ ɫɢɧ-
ɯɪɨɧɢɡɚɰɢɢ яɜɥяɟɬɫя ɬɨ, ɱɬɨ ɬɚɤɨɣ ɪɟɠɢɦ ɫɭɳɟɫɬɜɭɟɬ ɬɨɥɶɤɨ ɜ ɨɝɪɚɧɢɱɟɧɧɨɦ ɞɢɚɩɚɡɨɧɟ ɬɨɤɨɜ 
ɧɚɤɚɱɤɢ ɢ ɦɨɳɧɨɫɬɟɣ ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ. Дɥя ɭɦɟɧɶɲɟɧɢя ɢɫɯɨɞɧɨɣ ɨɩɬɢɱɟɫɤɨɣ ɲɢɪɢɧɵ 
ɥɢɧɢɢ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɭɜɟɥɢɱɢɜɚɬɶ ɟɝɨ ɬɨɤ ɧɚɤɚɱɤɢ, ɚ ɩɪɢ ɛɨɥɶɲɢɯ ɬɨɤɚɯ ɧɚ-
ɤɚɱɤɢ ɧɟɭɫɬɨɣɱɢɜɵɣ ɪɟɠɢɦ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɫɬɚɧɨɜɢɬɫя ɭɫɬɨɣɱɢɜɵɦ ɜɨ ɜɫɟɣ ɩɨɥɨɫɟ ɫɢɧɯɪɨɧɢ-
ɡɚɰɢɢ ɢ ɷɮɮɟɤɬ ɫɭɠɟɧɢя ɋВЧ ɫɩɟɤɬɪɚ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɩɬɢɱɟɫɤɢɦ ɫɩɟɤɬɪɨɦ ɩɪɨɩɚɞɚɟɬ. ɉɨɷɬɨ-
ɦɭ ɞɥя ɭɥɭɱɲɟɧɢя ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɋВЧ ɝɟɧɟɪɚɬɨɪɨɜ ɧɚ ɨɫɧɨɜɟ ɥɚɡɟɪɨɜ ɜ ɪɟɠɢɦɟ ɨɩɬɢɱɟɫɤɨɣ 
ɢɧɠɟɤɰɢɢ ɢɦɟɟɬ ɫɦɵɫɥ ɜ ɤɚɱɟɫɬɜɟ ɜɟɞɨɦɨɝɨ ɥɚɡɟɪɚ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɬɪɭɤɬɭɪɵ, ɢɡɧɚɱɚɥɶɧɨ ɝɟɧɟ-
ɪɢɪɭɸɳɢɟ ɩɭɥɶɫɚɰɢɢ ɢɡɥɭɱɟɧɢя, ɧɚɩɪɢɦɟɪ ɫ ɧɚɫɵɳɚɸɳɢɦɫя ɩɨɝɥɨɬɢɬɟɥɟɦ.  

Заɤɥючɟɧɢɟ  
Ɋɚɡɪɚɛɨɬɚɧɚ ɪɚɫɩɪɟɞɟɥɟɧɧɚя ɞɢɧɚɦɢɱɟɫɤɚя ɦɨɞɟɥɶ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ ɫ ɭɱɟɬɨɦ ɤɜɚɧɬɨɜɨɝɨ 

ɲɭɦɚ. ɉɪɨɜɟɞɟɧɵ ɪɚɫɱɟɬɵ ɨɩɬɢɱɟɫɤɢɯ ɢ ɪɚɞɢɨɱɚɫɬɨɬɧɵɯ ɫɩɟɤɬɪɨɜ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɨɜ ɜ ɪɟɠɢɦɟ 
ɨɩɬɢɱɟɫɤɨɣ ɢɧɠɟɤɰɢɢ. ɋɮɨɪɦɭɥɢɪɨɜɚɧɵ ɭɫɥɨɜɢя ɝɟɧɟɪɚɰɢɢ ɋВЧ-ɫɢɝɧɚɥɨɜ ɫ ɦɢɧɢɦɚɥɶɧɨɣ ɲɢ-
ɪɢɧɨɣ ɫɩɟɤɬɪɚ. 
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Ɋɚɫɫɦɨɬɪɟɧɨ ɨɛɨɛɳɟɧɢɟ ɩɪɟɞɥɨɠɟɧɧɨɣ ɪɚɧɟɟ ɦɨɞɟɥɢ ɮɨɪɦɢɪɨɜɚɧɢя ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ 

ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɞɥя ɨɩɢɫɚɧɢя ɫɩɟɤɬɪɚɥɶɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜ ɨɛɥɚɫɬɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɩɟ-
ɪɟɤɥɸɱɟɧɢɣ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɵɯɨɞɧɨɟ ɢɡɥɭɱɟɧɢɟ ɢɦɟɟɬ ɫɥɨɠɧɵɣ ɫɩɟɤɬɪɚɥɶɧɨ-ɩɨɥяɪɢɡɚɰɢɨɧɧɵɣ ɫɨɫɬɚɜ, 
ɤɨɬɨɪɵɣ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɟɬɫя ɜ ɨɛɥɚɫɬɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɨɣ ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ. Ɋɚɡɜɢɬɵɣ ɩɨɞɯɨɞ ɩɨɡɜɨ-
ɥяɟɬ ɨɩɢɫɚɬɶ ɲɢɪɨɤɢɣ ɤɪɭɝ ɷɮɮɟɤɬɨɜ, ɫɜяɡɚɧɧɵɯ ɫ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɦɢ ɩɟɪɟɤɥɸɱɟɧɢяɦɢ ɜ ɩɨɜɟɪɯɧɨɫɬɧɨ-
ɢɡɥɭɱɚɸɳɢɯ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ.   

Кɥючɟвыɟ ɫɥɨва: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ, ɩɨɥяɪɢɡɚɰɢɨɧɧɨɟ ɩɟɪɟɤɥɸɱɟɧɢɟ, ɫɩɟɤɬɪɚɥɶɧɵɣ 
ɫɞɜɢɝ, ɞɢɯɪɨɢɡɦ, ɞɜɭɥɭɱɟɩɪɟɥɨɦɥɟɧɢɟ. 

Ввɟɞɟɧɢɟ 
ɉɪɨɛɥɟɦɚ ɩɨɥяɪɢɡɚɰɢɨɧɧɨɣ ɧɟɭɫɬɨɣɱɢɜɨɫɬɢ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɚɯ ɢɡɜɟɫɬɧɚ ɞɨɫ-

ɬɚɬɨɱɧɨ ɞɚɜɧɨ, ɧɨ ɩɪɢɫɬɚɥɶɧɨɟ ɜɧɢɦɚɧɢɟ ɤ ɧɟɣ ɜ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɫɜяɡɚɧɨ ɫɨ ɫɩɨɧɬɚɧɧɵɦ ɩɟɪɟ-
ɤɥɸɱɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ (ɉɉ) ɜ ɩɨɜɟɪɯɧɨɫɬɧɨ-ɢɡɥɭɱɚɸɳɢɯ ɥɚɡɟɪɚɯ (VCSEL) ɩɪɢ ɢɡɦɟɧɟɧɢɢ 
ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ [1]. Иɧɬɟɪɩɪɟɬɚɰɢя ɩɪɨɰɟɫɫɨɜ ɉɉ ɤɚɤ ɪɟɡɭɥɶɬɚɬ ɤɨɧɤɭɪɟɧɰɢɢ ɞɜɭɯ ɧɟɡɚ-
ɜɢɫɢɦɵɯ ɨɪɬɨɝɨɧɚɥɶɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɦɨɞ ɫɬɚɥɤɢɜɚɟɬɫя ɫ ɨɩɪɟɞɟɥɟɧɧɵɦɢ ɡɚɬɪɭɞɧɟɧɢяɦɢ, 
ɱɬɨ ɧɟ ɩɨɡɜɨɥяɟɬ ɜ ɩɨɥɧɨɣ ɦɟɪɟ ɨɩɢɫɚɬɶ ɨɫɨɛɟɧɧɨɫɬɢ яɜɥɟɧɢɣ ɷɬɨɝɨ ɬɢɩɚ.  

В ɪɚɛɨɬɚɯ [2, 3] ɞɥя ɨɩɢɫɚɧɢя ɩɪɨɰɟɫɫɨɜ ɉɉ ɩɪɟɞɥɨɠɟɧ ɢɧɨɣ ɩɨɞɯɨɞ, ɜ ɪɚɦɤɚɯ ɤɨɬɨɪɨɝɨ 
ɉɉ ɩɪɟɞɫɬɚɜɥяɥɢɫɶ ɤɚɤ ɩɪɨɰɟɫɫ ɩɟɪɟɯɨɞɚ ɨɬ ɥɢɧɟɣɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ ɤ ɨɪɬɨɝɨɧɚɥɶɧɨɣ ɱɟɪɟɡ ɩɨ-
ɫɥɟɞɨɜɚɬɟɥɶɧɨɫɬɶ ɱɚɫɬɢɱɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɫɨɫɬɨяɧɢɣ ɜ ɨɛɥɚɫɬɢ ɛɥɢɡɤɨɝɨ ɤ ɢɡɨɬɪɨɩɧɨɦɭ ɨɪɢ-
ɟɧɬɚɰɢɨɧɧɨɦɭ ɪɚɫɩɪɟɞɟɥɟɧɢɸ ɪɚɡɧɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢя ɢ ɩɨɬɟɪɶ. Ɍɚɤɨɣ ɩɨɞɯɨɞ ɩɨ-
ɡɜɨɥɢɥ ɨɩɢɫɚɬɶ ɛɨɥɶɲɢɧɫɬɜɨ ɨɫɨɛɟɧɧɨɫɬɟɣ ɩɪɨɰɟɫɫɚ ɉɉ ɢ ɞɚɬɶ ɞɥя ɧɢɯ ɞɨɫɬɚɬɨɱɧɨ ɩɪɨɫɬɭɸ 
ɢɧɬɟɪɩɪɟɬɚɰɢɸ. Ɉɞɧɚɤɨ ɜ [2, 3] ɪɚɫɫɦɚɬɪɢɜɚɥɚɫɶ ɨɬɧɨɫɢɬɟɥɶɧɨ ɩɪɨɫɬɚя ɦɨɞɟɥɶ ɨɞɧɨɦɨɞɨɜɨɝɨ 
ɥɚɡɟɪɚ, ɢɫɤɥɸɱɚɸɳɚя ɢɡɦɟɧɟɧɢɟ ɱɚɫɬɨɬɵ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɨɛɥɚɫɬɢ ɉɉ, ɤɨɬɨɪɨɟ, ɤɚɤ 
ɩɪɚɜɢɥɨ, ɧɚɛɥɸɞɚɟɬɫя ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ [1]. Хɨɬя ɬɚɤɢɟ ɢɡɦɟɧɟɧɢя ɨɬɧɨɫɢɬɟɥɶɧɨ ɧɟɜɟɥɢɤɢ 
(ɥɟɠɚɬ ɜ ɨɛɥɚɫɬɢ ɞɟɫяɬɤɨɜ ɝɢɝɚɝɟɪɰ), ɨɧɢ ɪɚɫɫɦɚɬɪɢɜɚɸɬɫя ɤɚɤ ɨɞɢɧ ɢɡ ɫɭɳɟɫɬɜɟɧɧɵɯ ɚɪɝɭɦɟɧ-
ɬɨɜ ɜ ɩɨɥɶɡɭ ɫɭɳɟɫɬɜɨɜɚɧɢя ɞɜɭɯ ɧɟɡɚɜɢɫɢɦɵɯ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɦɨɞ.  

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɨ ɨɛɨɛɳɟɧɢɟ ɫɬɚɰɢɨɧɚɪɧɨɣ ɮɟɧɨɦɟɧɨɥɨɝɢɱɟɫɤɨɣ ɦɨɞɟɥɢ [2] 
ɩɭɬɟɦ ɜɜɟɞɟɧɢя ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢя ɢ ɩɨɬɟɪɶ. Ɋɟɡɭɥɶɬɚɬɵ ɱɢɫ-
ɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ ɧɟ ɬɨɥɶɤɨ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɦɨɞɟɥɢ, ɧɨ ɢ ɭɤɚɡɵɜɚɸɬ ɧɚ 
ɩɪɢɧɰɢɩɢɚɥɶɧɨ ɢɧɭɸ ɬɪɚɤɬɨɜɤɭ ɜɫɟɝɨ ɤɨɦɩɥɟɤɫɚ яɜɥɟɧɢɣ, ɫɜяɡɚɧɧɵɯ ɫ ɉɉ. 

Тɟɨɪɟɬɢчɟɫɤаɹ ɦɨɞɟɥɶ 

Зɚ ɨɫɧɨɜɭ ɩɪɢɧяɬɚ ɦɨɞɟɥɶ [2, 3], ɢɫɩɨɥɶɡɭɸɳɚя ɩɪɟɞɫɬɚɜɥɟɧɢɟ ɩɨɥя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя 
ɜ ɜɢɞɟ ɧɟɤɨɝɟɪɟɧɬɧɨɣ ɫɭɩɟɪɩɨɡɢɰɢɢ ɥɢɧɟɣɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɯ ɤɨɦɩɨɧɟɧɬ ɫɨ ɜɫɟɜɨɡɦɨɠɧɵɦɢ 
ɨɪɢɟɧɬɚɰɢяɦɢ ɜɟɤɬɨɪɚ ɩɨɥяɪɢɡɚɰɢɢ. В ɷɬɨɦ ɫɥɭɱɚɟ ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɨ-ɜɪɟɦɟɧɧɭɸ ɷɜɨɥɸɰɢɸ ɢɧ-
ɬɟɧɫɢɜɧɨɫɬɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬ ɨɩɢɫɵɜɚɟɬ ɫɢɫɬɟɦɚ ɞɢɮɮɟɪɟɧɰɢɚɥɶɧɵɯ ɭɪɚɜɧɟɧɢɣ. 
ɉɪɢ ɫɬɚɰɢɨɧɚɪɧɨɦ ɜɨɡɛɭɠɞɟɧɢɢ ɩɪяɦɨɟ ɜɜɟɞɟɧɢɟ ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɜ ɤɨɷɮɮɢɰɢɟɧɬɵ 
ɭɫɢɥɟɧɢя ɞɥя ɤɚɠɞɨɣ ɢɡ ɤɨɦɩɨɧɟɧɬ ɧɟ ɜɵɡɵɜɚɟɬ ɡɚɬɪɭɞɧɟɧɢɣ [4]. Кɚɤ ɩɨɤɚɡɚɧɨ ɜ [2, 3], ɫɭɳɟɫɬ-
ɜɟɧɧɵɦ ɮɚɤɬɨɪɨɦ яɜɥяɟɬɫя ɨɪɢɟɧɬɚɰɢɨɧɧɵɣ ɞɢɯɪɨɢɡɦ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢя, ɤɨɬɨɪɵɣ ɨɛɵɱ-
ɧɨ ɫɜяɡɵɜɚɸɬ ɫ ɧɚɥɢɱɢɟɦ ɜɧɭɬɪɟɧɧɢɯ ɧɚɩɪяɠɟɧɢɣ, ɜɨɡɧɢɤɚɸɳɢɯ ɤɚɤ ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɜɵɯ ɫɬɪɭɤɬɭɪ VCSEL, ɬɚɤ ɢ ɢɯ ɩɪɢ ɪɚɛɨɬɟ (ɧɚɩɪɢɦɟɪ, ɜɫɥɟɞɫɬɜɢɟ ɧɚɝɪɟɜɚ). К ɫɨɠɚ-
ɥɟɧɢɸ, ɜ ɥɢɬɟɪɚɬɭɪɟ ɨɬɫɭɬɫɬɜɭɸɬ ɩɪяɦɵɟ ɞɚɧɧɵɟ, ɨɩɪɟɞɟɥяɸɳɢɟ ɡɚɜɢɫɢɦɨɫɬɶ ɞɢɯɪɨɢɡɦɚ ɨɬ 
ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ, ɨɞɧɚɤɨ ɚɧɚɥɢɡ ɫɟɪɢɢ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬ ɩɨ ɢɫɫɥɟ-
ɞɨɜɚɧɢɸ ɡɚɜɢɫɢɦɨɫɬɢ ɞɢɯɪɨɢɡɦɚ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢя ɨɬ ɜɧɭɬɪɟɧɧɢɯ ɧɚɩɪяɠɟɧɢɣ ɩɨɡɜɨɥяɟɬ 
ɫɱɢɬɚɬɶ ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɢɦ ɩɪɢɛɥɢɠɟɧɢɟɦ ɫɥɟɞɭɸɳɢɟ ɮɭɧɤɰɢɢ: 

kx,y = Gx,y()(1 + bx,y(J/J0 – 1)),     (1) 
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ɝɞɟ Gx,y() ɨɩɪɟɞɟɥяɸɬ ɫɩɟɤɬɪɚɥɶɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢя ɞɥя ɤɨɦɩɨɧɟɧɬ, ɩɨ-
ɥяɪɢɡɨɜɚɧɧɵɯ ɜɞɨɥɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɨɫɟɣ, ɜ ɩɨɪɨɝɟ ɝɟɧɟɪɚɰɢɢ; J ɢ J0 — ɩɥɨɬɧɨɫɬɶ ɬɨɤɚ ɢɧ-
ɠɟɤɰɢɢ ɢ ɟɝɨ ɩɨɪɨɝɨɜɨɟ ɡɧɚɱɟɧɢɟ; ɤɨɷɮɮɢɰɢɟɧɬɵ bx,y ɨɩɪɟɞɟɥяɸɬ ɢɡɦɟɧɟɧɢɟ ɞɢɯɪɨɢɡɦɚ ɤɨɷɮ-
ɮɢɰɢɟɧɬɨɜ ɭɫɢɥɟɧɢя ɢ ɦɨɝɭɬ ɢɦɟɬɶ ɪɚɡɧɵɟ ɡɧɚɤɢ. Фɚɤɬɢɱɟɫɤɢ, ɜɟɥɢɱɢɧɵ bx,y ɨɩɪɟɞɟɥяɸɬ ɲɢɪɢ-
ɧɭ ɨɛɥɚɫɬɢ ɝɢɫɬɟɪɟɡɢɫɚ ɜɚɬɬ-ɚɦɩɟɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɜ ɫɬɚɰɢɨɧɚɪɧɨɦ ɪɟɠɢɦɟ. Кɚɤ ɩɨɤɚɡɚɥɢ 
ɪɚɫɱɟɬɵ, ɮɨɪɦɚ ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ Gx,y() ɞɥя VCSEL ɧɟ ɢɝɪɚɟɬ ɫɭɳɟɫɬɜɟɧɧɨɣ ɪɨɥɢ. 

Уɱɟɬ ɦɨɞɨɜɨɣ ɫɬɪɭɤɬɭɪɵ ɮɨɪɦɢɪɭɟɦɨɝɨ ɭɫɢɥɟɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɨɜɟɞɟɧ ɩɭɬɟɦ ɡɚɞɚɧɢя 
ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɬɪɚɠɟɧɢя ɧɚ ɡɟɪɤɚɥɚɯ ɪɟɡɨɧɚɬɨɪɚ ɜ ɜɢɞɟ 

R(,) = Rxfx()cos2 + Ryfy()sin2,   fx,y() = 1 – R(1 – sin2n( + x,y)),   (2) 

ɝɞɟ ɩɚɪɚɦɟɬɪ  ɧɨɫɢɬ ɦɚɫɲɬɚɛɧɵɣ ɯɚɪɚɤɬɟɪ; x,y ɨɩɪɟɞɟɥяɸɬ ɫɩɟɤɬɪɚɥɶɧɵɟ ɫɞɜɢɝɢ ɜ ɡɚɜɢɫɢɦɨ-
ɫɬɢ ɨɬ ɩɨɥяɪɢɡɚɰɢɢ ɢɡɥɭɱɟɧɢя; ɩɨɤɚɡɚɬɟɥɶ ɫɬɟɩɟɧɢ n ɤɨɧɬɪɨɥɢɪɭɟɬ ɲɢɪɢɧɭ ɥɢɧɢɣ. ɉɚɪɚɦɟɬɪ 
R ɨɩɪɟɞɟɥяɟɬ ɨɬɧɨɫɢɬɟɥɶɧɭɸ ɝɥɭɛɢɧɭ “ɦɨɞɭɥяɰɢɢ” ɮɭɧɤɰɢɢ fx,y() ɢ ɦɨɠɟɬ ɨɬɥɢɱɚɬɶɫя ɨɬ 
ɟɞɢɧɢɰɵ, ɩɨɫɤɨɥɶɤɭ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɟ ɤɨɦɩɨɧɟɧɬɵ яɜɥяɸɬɫя ɧɟɫɤɨɪɪɟɥɢɪɨɜɚɧɧɵɦɢ ɩɨ ɮɚɡɟ.  

Уɪɚɜɧɟɧɢя, ɨɩɢɫɵɜɚɸɳɢɟ ɩɪɨɰɟɫɫ ɮɨɪɦɢɪɨɜɚɧɢя ɭɫɢɥɟɧɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɪɟɲɟɧɵ ɱɢɫ-
ɥɟɧɧɨ, ɨɫɧɨɜɧɵɟ ɜɧɭɬɪɟɧɧɢɟ ɩɚɪɚɦɟɬɪɵ ɯɚɪɚɤɬɟɪɧɵ ɞɥя VCSEL ɧɚ ɨɫɧɨɜɟ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ 
GaAs. ɉɚɪɚɦɟɬɪɵ, ɨɩɪɟɞɟɥяɸɳɢɟ ɡɚɜɢɫɢɦɨɫɬɶ ɨɪɢɟɧɬɚɰɢɨɧɧɨɣ ɚɧɢɡɨɬɪɨɩɢɢ ɨɬ ɩɥɨɬɧɨɫɬɢ ɬɨɤɚ 
ɧɚɤɚɱɤɢ, ɩɨɞɨɛɪɚɧɵ ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨɛɵ ɬɨɱɤɚ ɉɉ ɩɨ ɩɪɟɜɵɲɟɧɢɸ ɩɨɪɨɝɚ ɝɟɧɟɪɚɰɢɢ ɦɨɝɥɚ 
ɢɡɦɟɧяɬɶɫя ɜ ɲɢɪɨɤɢɯ ɩɪɟɞɟɥɚɯ. Иɫɯɨɞɧɨ ɱɢɫɥɟɧɧɵɟ ɪɚɫɱɟɬɵ ɩɪɨɜɟɞɟɧɵ ɩɪɢ ɨɪɢɟɧɬɚɰɢɨɧɧɨɦ 
ɪɚɡɛɢɟɧɢɢ ɧɚ 180 ɤɨɦɩɨɧɟɧɬ. 

2. Рɟɡɭɥɶɬаɬы чɢɫɥɟɧɧых ɪаɫчɟɬɨв 

Ɋɚɫɱɟɬ ɫɩɟɤɬɪɚɥɶɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɜ ɲɢɪɨɤɨɦ ɞɢɚɩɚɡɨɧɟ ɜɚɪɢɚɰɢɣ ɮɭɧɤɰɢɣ Gx,y() ɢ 
fx,y() ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɧɚɥɢɱɢɢ ɧɟ ɫɨɜɩɚɞɚɸɳɢɯ ɫɩɟɤɬɪɚɥɶɧɵɯ ɫɞɜɢɝɨɜ x,y  ɫɩɟɤɬɪ ɜɵɯɨɞ-
ɧɨɝɨ ɢɡɥɭɱɟɧɢя ɫɨɞɟɪɠɢɬ ɞɜɟ ɫɩɟɤɬɪɚɥɶɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɪɚɡɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ. Дɚɠɟ ɜɞɚɥɢ ɨɬ 
ɨɛɥɚɫɬɢ ɉɉ, ɤɨɝɞɚ ɨɞɧɚ ɢɡ ɤɨɦɩɨɧɟɧɬ ɦɨɠɟɬ ɨɬɥɢɱɚɬɶɫя ɧɚ 25—40 ɞȻ, ɫɥɚɛɚя ɤɨɦɩɨɧɟɧɬɚ ɧɟ 
ɢɫɱɟɡɚɟɬ ɩɨɥɧɨɫɬɶɸ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦ ɞɚɧɧɵɦ [5]. Ȼɨɥɟɟ ɬɨɝɨ, ɩɪɢ  
R > 0.1 (ɞɥя VCSEL ɷɬɨ ɭɫɥɨɜɢɟ ɜɵɩɨɥɧяɟɬɫя ɫ ɛɨɥɶɲɢɦ ɡɚɩɚɫɨɦ) ɫɩɟɤɬɪ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟ-
ɧɢя ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɨɫɬɶɸ ɨɩɪɟɞɟɥяɟɬɫя ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɶɸ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɬɪɚɠɟ-
ɧɢя fx,y() ɢ ɮɚɤɬɢɱɟɫɤɢ яɜɧɨ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɫɩɟɤɬɪɨɜ ɤɨɷɮɮɢɰɢɟɧɬɚ ɭɫɢɥɟɧɢя Gx,y().  

ɉɨɫɤɨɥɶɤɭ ɪɟɡɨɧɚɬɨɪ VCSEL ɨɛɪɚɡɨɜɚɧ ɛɪɷɝɝɨɜɫɤɢɦɢ ɨɬɪɚɠɚɬɟɥяɦɢ, ɫɩɟɤɬɪɚɥɶɧɚя ɡɚɜɢ-
ɫɢɦɨɫɬɶ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɬɪɚɠɟɧɢя R(,) ɨɩɪɟɞɟɥяɟɬɫя ɞɜɭɥɭɱɟɩɪɟɥɨɦɥɟɧɢɟɦ ɚɤɬɢɜɧɨɝɨ ɫɥɨя, 
ɱɬɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɨɛɳɟɩɪɢɧяɬɨɣ ɬɪɚɤɬɨɜɤɨɣ ɫɩɟɤɬɪɚɥɶɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ VCSEL. Вɵɯɨɞɧɨɟ 
ɢɡɥɭɱɟɧɢɟ ɦɨɠɟɬ ɫɨɞɟɪɠɚɬɶ ɤɚɤ ɞɜɟ ɫɩɟɤɬɪɚɥɶɧɵɟ ɤɨɦɩɨɧɟɧɬɵ ɨɪɬɨɝɨɧɚɥɶɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ, ɬɚɤ 
ɢ ɫɥɨɠɧɵɣ ɫɩɟɤɬɪɚɥɶɧɵɣ ɤɨɧɬɭɪ ɫ ɧɟɨɞɧɨɪɨɞɧɵɦ ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ ɩɨɥяɪɢɡɚɰɢɢ ɩɨ ɱɚɫɬɨɬɟ, ɨɞ-
ɧɚɤɨ ɜɨ ɜɫɟɯ ɫɥɭɱɚяɯ ɦɟɯɚɧɢɡɦ ɮɨɪɦɢɪɨɜɚɧɢя ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя ɨɞɢɧɚɤɨɜ. ɉɨɷɬɨɦɭ 
ɫɥɟɞɭɟɬ ɝɨɜɨɪɢɬɶ ɨ ɫɩɟɤɬɪɚɥɶɧɨ-ɩɨɥяɪɢɡɚɰɢɨɧɧɨɦ ɫɨɫɬɚɜɟ ɢɡɥɭɱɟɧɢя, ɚ ɧɟ ɨ ɤɨɧɤɭɪɟɧɰɢɢ ɞɜɭɯ 
ɧɟɡɚɜɢɫɢɦɵɯ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɦɨɞ. Ȼɨɥɟɟ ɬɨɝɨ, ɪɚɫɱɟɬɵ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɞɥя ɤɨɦɩɨɧɟɧɬ ɨɪɬɨ-
ɝɨɧɚɥɶɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ (ɤɨɬɨɪɵɟ ɦɨɠɧɨ ɚɫɫɨɰɢɢɪɨɜɚɬɶ ɫ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɦɢ ɦɨɞɚɦɢ) ɫɬɟɩɟɧɶ 
ɩɨɥяɪɢɡɚɰɢɢ ɧɟɫɤɨɥɶɤɨ ɦɟɧɶɲɟ ɟɞɢɧɢɰɵ.  

ȿɫɥɢ ɭɱɟɫɬɶ, ɱɬɨ ɤɪɨɦɟ ɫɨɛɫɬɜɟɧɧɨɝɨ ɞɜɭɥɭɱɟɩɪɟɥɨɦɥɟɧɢя ɢɦɟɟɬ ɦɟɫɬɨ ɧɚɜɟɞɟɧɧɨɟ, ɡɚɜɢ-
ɫяɳɟɟ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ, ɩɥɨɬɧɨɫɬɢ ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ ɢ ɬ. ɞ., ɬɨ ɜɡɚɢɦɨɫɜяɡɶ ɫɩɟɤɬɪɚɥɶɧɵɯ ɢ 
ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɫɜɨɣɫɬɜ ɫɬɚɧɨɜɢɬɫя ɟɳɟ ɛɨɥɟɟ ɜɵɪɚɠɟɧɧɨɣ. ɇɚɩɪɢɦɟɪ, ɜ ɨɛɥɚɫɬɢ ɉɉ ɦɨɠɟɬ 
ɢɫɱɟɡɚɬɶ ɫɩɟɤɬɪɚɥɶɧɵɣ ɫɞɜɢɝ ɦɟɠɞɭ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɦɢ ɤɨɦɩɨɧɟɧɬɚɦɢ, ɯɨɬя ɨɧ ɫɭɳɟɫɬɜɭɟɬ ɜɧɟ 
ɨɛɥɚɫɬɢ ɉɉ. Ɇɨɠɟɬ ɩɪɨяɜɥяɬɶɫя ɢ ɜɬɨɪɨɟ ɉɉ ɧɚ ɛɨɥɟɟ ɜɵɫɨɤɢɯ ɢɧɠɟɤɰɢɨɧɧɵɯ ɬɨɤɚɯ, ɬɚɤ ɧɚ-
ɡɵɜɚɟɦɵɣ ɷɮɮɟɤɬ ɞɜɨɣɧɨɝɨ ɉɉ. Иɧɬɟɪɟɫɧɵɦ ɨɤɚɡɚɥɫя ɪɟɡɭɥɶɬɚɬ, ɩɨɤɚɡɵɜɚɸɳɢɣ, ɱɬɨ ɩɥɨɬ-
ɧɨɫɬɶ ɬɨɤɚ ɉɉ ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɫɬɟɩɟɧɢ ɚɧɢɡɨɬɪɨɩɢɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬɪɚɠɟɧɢя. ɇɚ ɪɢɫ. 1 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɨɬɧɨɲɟɧɢя ɬɨɤɚ ɉɉ ɤ ɟɝɨ ɩɨɪɨɝɨɜɨɦɭ ɡɧɚɱɟɧɢɸ ɨɬ ɨɬɧɨɲɟɧɢя Rx/Ry 
ɜ ɨɛɥɚɫɬɢ ɡɧɚɱɟɧɢɣ ɤɨɷɮɮɢɰɢɟɧɬɚ ɨɬɪɚɠɟɧɢя 0.999, ɱɬɨ ɨɛɵɱɧɨ ɯɚɪɚɤɬɟɪɧɨ ɞɥя VCSEL. 

ɉɪɢɜɟɞɟɧɧɵɟ ɞɚɧɧɵɟ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɬɨɱɤɚ ɉɉ ɜɩɨɥɧɟ ɦɨɠɟɬ ɛɵɬɶ ɜɵɜɟɞɟɧɚ ɡɚ ɩɪɟɞɟɥɵ 
ɪɚɛɨɱɟɝɨ ɢɡɦɟɧɟɧɢя ɢɧɠɟɤɰɢɨɧɧɨɝɨ ɬɨɤɚ ɞɚɠɟ ɩɪɢ ɦɚɥɨɦ ɢɡɦɟɧɟɧɢɢ ɨɬɧɨɲɟɧɢя Rx/Ry. ɇɚ 
ɩɪɚɤɬɢɤɟ ɢɡɦɟɧɟɧɢɟ ɷɬɨɝɨ ɫɨɨɬɧɨɲɟɧɢя ɦɨɠɟɬ ɛɵɬɶ ɞɨɫɬɢɝɧɭɬɨ ɡɚ ɫɱɟɬ ɜɜɟɞɟɧɢя ɞɨɩɨɥɧɢɬɟɥɶ-
ɧɵɯ ɷɥɟɦɟɧɬɨɜ ɜ ɛɪɷɝɝɨɜɫɤɢɣ ɨɬɪɚɠɚɬɟɥɶ, ɤɚɤ ɷɬɨ ɪɟɚɥɢɡɨɜɚɥɢ ɚɜɬɨɪɵ [6]. Ɉɞɧɚɤɨ ɜ ɪɚɛɨɬɚɯ 
ɬɚɤɨɝɨ ɩɥɚɧɚ ɮɢɤɫɢɪɨɜɚɥɫя ɫɚɦ ɮɚɤɬ ɫɬɚɛɢɥɢɡɚɰɢɢ ɩɨɥяɪɢɡɚɰɢɢ, ɧɨ ɧɢɤɚɤɢɯ ɤɨɧɤɪɟɬɧɵɯ ɨɰɟ-
ɧɨɤ ɜɟɥɢɱɢɧɵ ɞɨɫɬɢɝɚɟɦɵɯ ɷɮɮɟɤɬɨɜ ɧɟ ɩɪɨɜɨɞɢɥɨɫɶ. 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɶ ɨɬɧɨɲɟɧɢя ɬɨɤɚ ɉɉ ɤ ɩɨɪɨɝɨɜɨɦɭ ɡɧɚɱɟɧɢɸ ɨɬ ɫɨɨɬɧɨɲɟɧɢя Rx/Ry. 

Заɤɥючɟɧɢɟ 
ɉɪɢɜɟɞɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɩɪɟɞɥɨɠɟɧɧɵɣ ɪɚɧɟɟ ɩɨɞɯɨɞ ɯɨɪɨɲɨ ɨɛɨɛɳɚɟɬɫя 

ɫ ɭɱɟɬɨɦ ɫɩɟɤɬɪɚɥɶɧɨ-ɩɨɥяɪɢɡɚɰɢɨɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɢ ɩɨɡɜɨɥяɟɬ ɨɩɢɫɚɬɶ ɜɫɟ ɨɫɧɨɜɧɵɟ ɷɮ-
ɮɟɤɬɵ, ɫɨɩɪɨɜɨɠɞɚɸɳɢɟ ɉɉ. ɉɪɢɧɰɢɩɢɚɥɶɧɨɟ ɫɥɟɞɫɬɜɢɟ ɩɪɟɞɥɚɝɚɟɦɨɣ ɦɨɞɟɥɢ — ɮɨɪɦɢɪɨɜɚ-
ɧɢɟ ɬɨɥɶɤɨ ɨɞɧɨɣ ɦɨɞɵ ɫɥɨɠɧɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨ-ɩɨɥяɪɢɡɚɰɢɨɧɧɨɝɨ ɫɨɫɬɚɜɚ. ɉɨɷɬɨɦɭ ɜɵɜɨɞ ɨ ɬɨɦ, 
ɱɬɨ ɉɉ яɜɥяɟɬɫя ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɵɦ ɞɟɬɟɪɦɢɧɢɪɨɜɚɧɧɵɦ ɩɪɨɰɟɫɫɨɦ ɫ ɢɡɦɟɧɟɧɢɟɦ ɫɩɟɤɬɪɚɥɶɧɨ-
ɩɨɥяɪɢɡɚɰɢɨɧɧɨɝɨ ɫɨɫɬɚɜɚ ɜɵɯɨɞɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɩɪɟɞɫɬɚɜɥяɟɬɫя ɜɩɨɥɧɟ ɨɛɨɫɧɨɜɚɧɧɵɦ. 
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Spectral-Polarization Radiation Composition of Surface-Emitting  

Semiconductor Lasers in Polarization Instability Region 
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The previously proposed approach for semiconductor laser polarization is generalized to consider spectral 
parameters in polarization switching region. It is shown that laser radiation has a complex spectral-polarization 
composition that considerably changes in f polarization instability region. The developed approach provides pos-
sibilities to describe a very wide set of effects related to polarization switching VCSELs. 
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Ʌаɡɟɪɧаɹ ɢ ɫвɟɬɨɞɢɨɞɧаɹ аɩɩаɪаɬɭɪа ɞɥɹ ɩɨвыɲɟɧɢɹ ɷɮɮɟɤɬɢвɧɨɫɬɢ 

ɢɧɤɭɛаɰɢɢ ɢɤɪы ɰɟɧɧых вɢɞɨв ɪыɛ в ɪыɛɨвɨɞɧых ɢɧɞɭɫɬɪɢаɥɶɧых 
ɤɨɦɩɥɟɤɫах 

ɇ. В. Ȼɚɪɭɥɢɧ ɚ, И. А. Ʌɟɭɫɟɧɤɨ ɛ, А. В. Ɇɢɤɭɥɢɱ ɛ, А. Ȼ. Ɋяɛɰɟɜ  ɛ, В. Ю. ɉɥɚɜɫɤɢɣ ɛ 

а Беɥɨɪуɫɫкая гɨɫуɞаɪɫɬвенная ɫеɥьɫкɨхɨɡяɣɫɬвенная акаɞеɦия, Гɨɪки, Беɥаɪуɫь 
 ɛ Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи,  
Минɫк, Беɥаɪуɫь; e-mail: v.plavskii@ifanbel.bas-net.by 

ɇɚ ɨɫɧɨɜɚɧɢɢ ɦɧɨɝɨɥɟɬɧɢɯ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢ ɩɪɢɤɥɚɞɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɢɡɭɱɟɧɢɸ ɜɥɢяɧɢя 
ɧɢɡɤɨɢɧɬɟɧɫɢɜɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɪɵɛɨɜɨɞɧɨ-ɛɢɨɥɨɝɢɱɟɫɤɢɟ ɢ ɯɨɡяɣɫɬɜɟɧɧɨ-ɩɨɥɟɡɧɵɟ ɤɚɱɟ-
ɫɬɜɚ ɩɨɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɨɫɟɬɪɨɜɵɯ ɢ ɥɨɫɨɫɟɜɵɯ ɪɵɛ ɫɨɡɞɚɧ ɬɢɩɨɪяɞ ɥɚɡɟɪɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɨɜ 
ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɢ ɫɜɟɬɨɞɢɨɞɨɜ, ɩɨɡɜɨɥяɸɳɢɯ ɨɫɭɳɟɫɬɜɥяɬɶ ɜɨɡɞɟɣɫɬɜɢɟ ɧɢɡɤɨɢɧ-
ɬɟɧɫɢɜɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɧɚ ɢɤɪɭ ɜ ɭɫɥɨɜɢяɯ ɢɧɞɭɫɬɪɢɚɥɶɧɨɝɨ ɩɪɨɢɡɜɨɞɫɬɜɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ 
ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ ɚɩɩɚɪɚɬɭɪɵ ɩɨɡɜɨɥяɟɬ ɨɛɟɫɩɟɱɢɬɶ ɩɨɜɵɲɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢɫɤɭɫɫɬ-
ɜɟɧɧɨɝɨ ɜɨɫɩɪɨɢɡɜɨɞɫɬɜɚ ɢ ɜɵɪɚɳɢɜɚɧɢя ɰɟɧɧɵɯ ɜɢɞɨɜ ɪɵɛ ɡɚ ɫɱɟɬ ɭɜɟɥɢɱɟɧɢя ɜɵɠɢɜɚɟɦɨɫɬɢ ɷɦɛɪɢɨ-
ɧɨɜ ɢ ɥɢɱɢɧɨɤ, ɫɬɢɦɭɥяɰɢɢ ɪɚɡɦɟɪɧɨ-ɜɟɫɨɜɵɯ ɩɨɤɚɡɚɬɟɥɟɣ ɦɨɥɨɞɢ ɪɵɛ, ɚ ɬɚɤɠɟ ɨɩɬɢɦɢɡɚɰɢɢ ɬɟɯɧɨɥɨɝɢɢ 
ɬɨɜɚɪɧɨɣ ɚɤɜɚɤɭɥɶɬɭɪɵ ɩɪɢ ɧɢɡɤɨɣ ɫɬɨɢɦɨɫɬɢ ɨɛɨɪɭɞɨɜɚɧɢя ɞɥя ɟɟ ɪɟɚɥɢɡɚɰɢɢ. 

Кɥючɟвыɟ ɫɥɨва: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ, ɫɜɟɬɨɞɢɨɞɵ, ɚɤɜɚɤɭɥɶɬɭɪɚ, ɨɫɟɬɪɨɜɵɟ, ɥɨɫɨɫɟɜɵɟ, 
ɨɩɥɨɞɨɬɜɨɪɟɧɧɚя ɢɤɪɚ, ɥɚɡɟɪɧɨ-ɨɩɬɢɱɟɫɤɢɟ ɬɟɯɧɨɥɨɝɢɢ. 

Ввɟɞɟɧɢɟ 
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɜ Ȼɟɥɚɪɭɫɢ ɚɤɬɢɜɧɨ ɪɚɡɜɢɜɚɟɬɫя ɚɤɜɚɤɭɥɶɬɭɪɚ ɪɵɛɨɜɨɞɧɵɯ ɢɧɞɭɫɬɪɢ-

ɚɥɶɧɵɯ ɤɨɦɩɥɟɤɫɨɜ, ɪɚɛɨɬɚɸɳɢɯ ɩɨ ɬɟɯɧɨɥɨɝɢɢ ɭɫɬɚɧɨɜɨɤ ɡɚɦɤɧɭɬɨɝɨ ɜɨɞɨɫɧɚɛɠɟɧɢя (УЗВ). 
Ɍɚɤ, ɬɨɥɶɤɨ ɡɚ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɜ ɫɬɪɚɧɟ ɪɟɚɥɢɡɨɜɚɧɨ 13 ɩɪɨɟɤɬɨɜ, ɧɚɩɪɚɜɥɟɧɧɵɯ ɧɚ ɫɨɡɞɚɧɢɟ 
УЗВ ɩɨ ɜɵɪɚɳɢɜɚɧɢɸ ɨɫɟɬɪɨɜɵɯ, ɥɨɫɨɫɟɜɵɯ, ɤɥɚɪɢɟɜɵɯ, ɭɝɪɟɜɵɯ ɪɵɛ [1]. УЗВ ɩɨɡɜɨɥяɸɬ ɩɨ-
ɜɵɫɢɬɶ ɭɪɨɜɟɧɶ ɢɧɬɟɧɫɢɮɢɤɚɰɢɢ ɬɟɯɧɨɥɨɝɢɢ ɜɨɫɩɪɨɢɡɜɨɞɫɬɜɚ ɛɨɥɶɲɢɧɫɬɜɚ ɨɛɴɟɤɬɨɜ ɚɤɜɚɤɭɥɶ-
ɬɭɪɵ. Вɨɫɩɪɨɢɡɜɨɞɫɬɜɨ ɰɟɧɧɵɯ ɜɢɞɨɜ ɪɵɛ — ɫɥɨɠɧɵɣ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɣ ɩɪɨɰɟɫɫ, ɜɤɥɸɱɚɸɳɢɣ 
ɜ ɫɟɛя ɪɚɛɨɬɭ ɫ ɩɪɨɢɡɜɨɞɢɬɟɥяɦɢ, ɩɨɥɭɱɟɧɢɟ ɩɨɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ, ɮɨɪɦɢɪɨɜɚɧɢɟ ɪɟɦɨɧɬɧɨ-
ɝɨ ɢ ɦɚɬɨɱɧɨɝɨ ɫɬɚɞɚ. В ɷɬɨɣ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ ɰɟɩɨɱɤɟ ɧɚɢɛɨɥɟɟ ɫɥɚɛɵɦ ɢ ɭяɡɜɢɦɵɦ ɡɜɟɧɨɦ 
яɜɥяɟɬɫя ɩɨɥɭɱɟɧɢɟ ɩɨɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɢɡ-ɡɚ ɜɵɫɨɤɨɣ ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɢ ɷɦɛɪɢɨɧɨɜ ɤ ɢɧɞɭ-
ɫɬɪɢɚɥɶɧɵɦ ɭɫɥɨɜɢяɦ ɜɵɪɚɳɢɜɚɧɢя.  

ɋ ɰɟɥɶɸ ɪɟɲɟɧɢя ɡɚɞɚɱɢ ɩɨ ɪɚɡɪɚɛɨɬɤɟ ɧɨɜɨɣ ɷɮɮɟɤɬɢɜɧɨɣ ɬɟɯɧɨɥɨɝɢɢ ɜɵɪɚɳɢɜɚɧɢя 
ɠɢɡɧɟɫɬɨɣɤɨɝɨ ɩɨɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɰɟɧɧɵɯ ɜɢɞɨɜ ɜ ɪɵɛɨɜɨɞɧɵɯ ɢɧɞɭɫɬɪɢɚɥɶɧɵɯ ɤɨɦɩɥɟɤ-
ɫɚɯ ɧɚɦɢ ɜ ɪɟɡɭɥɶɬɚɬɟ ɦɧɨɝɨɥɟɬɧɢɯ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢ ɩɪɢɤɥɚɞɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɧɚɭɱɧɨ 
ɨɛɨɫɧɨɜɚɧɵ ɩɨɞɯɨɞɵ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ ɪɟɚɥɢɡɚɰɢɸ ɫɬɢɦɭɥɢɪɭɸɳɟɝɨ ɞɟɣɫɬɜɢя ɧɢɡɤɨɢɧɬɟɧɫɢɜ-
ɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɪɵɛɨɜɨɞɧɨ-ɛɢɨɥɨɝɢɱɟɫɤɢɟ ɢ ɯɨɡяɣɫɬɜɟɧɧɨ-ɩɨɥɟɡɧɵɟ ɤɚɱɟɫɬɜɚ 
ɩɨɫɚɞɨɱɧɨɝɨ ɦɚɬɟɪɢɚɥɚ ɨɫɟɬɪɨɜɵɯ ɢ ɥɨɫɨɫɟɜɵɯ ɪɵɛ ɡɚ ɫɱɟɬ ɜɨɡɞɟɣɫɬɜɢя ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя 
ɧɚ ɷɦɛɪɢɨɧɵ (ɨɩɥɨɞɨɬɜɨɪɟɧɧɭɸ ɢɤɪɭ) ɢ ɫɩɟɪɦɭ ɪɵɛ [2—5]. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɜɟɥɢɱɢɧɚ ɷɮɮɟɤɬɚ 
ɫɢɥɶɧɨ ɡɚɜɢɫɢɬ ɨɬ ɩɨɥяɪɢɡɚɰɢɢ ɢɡɥɭɱɟɧɢя ɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɫɬɟɩɟɧɢ ɟɝɨ ɦɨɧɨɯɪɨɦɚ-
ɬɢɱɧɨɫɬɢ, ɱɬɨ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɜɨɡɦɨɠɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɢя ɜ ɬɟɯɧɨɥɨɝɢɢ ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ 
ɜɨɫɩɪɨɢɡɜɨɞɫɬɜɚ ɢ ɜɵɪɚɳɢɜɚɧɢя ɰɟɧɧɵɯ ɜɢɞɨɜ ɪɵɛ ɜɨɡɞɟɣɫɬɜɢя ɧɚ ɢɤɪɭ ɢɡɥɭɱɟɧɢɟɦ ɤɚɤ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ, ɬɚɤ ɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɩɨɫɥɟ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɩɨɥяɪɢɡɚɰɢɢ 
ɢɡɥɭɱɟɧɢя ɩɨɫɥɟɞɧɢɯ. 

ɉɪɨɜɟɞɟɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɩɨɫɥɭɠɢɥɢ ɨɫɧɨɜɨɣ ɞɥя ɫɨɡɞɚɧɢя ɬɢɩɨɪяɞɚ ɥɚɡɟɪɧɨ-
ɨɩɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɨɜ ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɢ ɫɜɟɬɨɞɢɨɞɨɜ ɞɥя ɨɛɥɭɱɟɧɢя ɢɤ-
ɪɵ ɪɵɛ, ɢɧɤɭɛɢɪɭɸɳɟɣɫя ɜ ɧɟɩɨɞɜɢɠɧɨɦ ɩɨɥɨɠɟɧɢɢ, ɢ ɜ ɚɩɩɚɪɚɬɚɯ Вɟɣɫɚ. 

1. Маɬɟɪɢаɥ ɢ ɦɟɬɨɞɢɤа ɢɫɫɥɟɞɨваɧɢɣ 

Иɫɫɥɟɞɨɜɚɧɢя ɜɵɩɨɥɧяɥɢɫɶ ɜ 2012—2015 ɝɝ. ɧɚ ɪɵɛɨɜɨɞɧɨɦ ɢɧɞɭɫɬɪɢɚɥɶɧɨɦ ɤɨɦɩɥɟɤɫɟ 
УɈ “Ȼɟɥɨɪɭɫɫɤɚя ɝɨɫɭɞɚɪɫɬɜɟɧɧɚя ɫɟɥɶɫɤɨɯɨɡяɣɫɬɜɟɧɧɚя ɚɤɚɞɟɦɢя” (Ƚɨɪɤɢ, Ɇɨɝɢɥɟɜɫɤɚя ɨɛɥ.), 
ɚ ɬɚɤɠɟ ɜ ɨɫɟɬɪɨɜɨɦ ɯɨɡяɣɫɬɜɟ ɮɟɪɦɟɪɫɤɨɝɨ ɯɨɡяɣɫɬɜɚ “Вɚɫɢɥɟɤ” (Дɡɟɪɠɢɧɫɤɢɣ ɪ-ɧ, Ɇɢɧɫɤɚя 
ɨɛɥ.). Дɚɧɧɵɟ ɯɨɡяɣɫɬɜɚ ɪɚɛɨɬɚɸɬ ɩɨ ɬɟɯɧɨɥɨɝɢɢ УЗВ. Ɉɩɥɨɞɨɬɜɨɪɟɧɧɭɸ ɢɤɪɭ ɪɵɛ (ɨɫɟɬɪɨɜɵɯ 
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ɢ ɥɨɫɨɫɟɜɵɯ) ɩɨɥɭɱɚɥɢ ɡɚɜɨɞɫɤɢɦ ɦɟɬɨɞɨɦ ɜɨɫɩɪɨɢɡɜɨɞɫɬɜɚ ɫ ɢɫɤɭɫɫɬɜɟɧɧɵɦ ɪɟɝɭɥɢɪɨɜɚɧɢɟɦ 
ɭɫɥɨɜɢɣ ɜɵɪɚɳɢɜɚɧɢя. ɉɨɥɭɱɟɧɧɭɸ ɢɤɪɭ ɩɨɦɟɳɚɥɢ ɜ ɢɧɤɭɛɚɰɢɨɧɧɵɟ ɚɩɩɚɪɚɬɵ Вɟɣɫɚ ɢɥɢ ɜ 
ɢɧɤɭɛɚɬɨɪɵ ɥɨɬɤɨɜɨɝɨ ɬɢɩɚ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɢɫɩɨɥɶɡɭɟɦɨɣ ɬɟɯɧɨɥɨɝɢɢ ɢ ɩɨɞɜɟɪɝɚɥɢ ɫɜɟɬɨɜɨ-
ɦɭ ɜɨɡɞɟɣɫɬɜɢɸ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɪɚɡɪɚɛɨɬɚɧɧɵɯ ɥɚɡɟɪɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɩɪɢɛɨɪɨɜ (ɨɩɵɬɧɚя 
ɝɪɭɩɩɚ) ɢɥɢ ɧɟ ɩɨɞɜɟɪɝɚɥɢ ɬɚɤɨɦɭ ɜɨɡɞɟɣɫɬɜɢɸ (ɤɨɧɬɪɨɥɶɧɚя ɝɪɭɩɩɚ). Вɧɟɲɧɢɣ ɜɢɞ ɬɟɯɧɨɥɨɝɢ-
ɱɟɫɤɢɯ ɭɫɬɚɧɨɜɨɤ ɞɥя ɫɜɟɬɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɧɚ ɢɤɪɭ ɜ ɢɧɤɭɛɚɬɨɪɟ ɥɨɬɤɨɜɨɝɨ ɬɢɩɚ ɢ ɜ ɢɧɤɭɛɚ-
ɰɢɨɧɧɨɦ ɚɩɩɚɪɚɬɟ Вɟɣɫɚ ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 1.   

 

 

 

 

 
Ɋɢɫ. 1. Вɧɟɲɧɢɣ ɜɢɞ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ ɭɫɬɚɧɨɜɤɢ ɞɥя 
ɫɜɟɬɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɧɚ ɢɤɪɭ ɜ ɢɧɤɭɛɚɰɢɨɧɧɨɦ ɚɩɩɚ-

ɪɚɬɟ ɥɨɬɤɨɜɨɝɨ ɬɢɩɚ. 

  

Ɋɢɫ. 2. Вɧɟɲɧɢɣ ɜɢɞ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ 
ɭɫɬɚɧɨɜɤɢ ɞɥя ɫɜɟɬɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɧɚ 

ɢɤɪɭ ɜ ɢɧɤɭɛɚɬɨɪɟ Вɟɣɫɚ. 
 

Ɍɟɯɧɨɥɨɝɢɱɟɫɤɚя ɭɫɬɚɧɨɜɤɚ ɞɥя ɫɜɟɬɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɧɚ ɢɤɪɭ ɜ ɢɧɤɭɛɚɬɨɪɟ Вɟɣɫɚ ɜɤɥɸ-
ɱɚɟɬ ɜ ɫɟɛя ɨɬɤɪɵɬɭɸ ɫɜɟɪɯɭ, ɩɪɨɡɪɚɱɧɭɸ ɝɟɪɦɟɬɢɱɧɭɸ ɟɦɤɨɫɬɶ ɫ ɧɢɠɧɢɦ ɩɚɬɪɭɛɤɨɦ ɞɥя ɩɨɞɚ-
ɱɢ ɜɨɞɵ ɢ ɩɚɬɪɭɛɤɨɦ ɜ ɜɢɞɟ ɫɥɢɜɧɨɝɨ ɧɨɫɢɤɚ ɞɥя ɟɟ ɫɛɪɨɫɚ, ɪɚɫɩɨɥɨɠɟɧɧɵɦ ɜɛɥɢɡɢ ɜɟɪɯɧɟɣ 
ɤɪɨɦɤɢ ɟɦɤɨɫɬɢ. ɇɚɞ ɨɬɤɪɵɬɨɣ ɝɟɪɦɟɬɢɱɧɨɣ ɟɦɤɨɫɬɶɸ ɪɚɫɩɨɥɨɠɟɧ ɦɨɞɭɥɶ ɨɩɬɢɱɟɫɤɨɝɨ ɢɡɥɭ-
ɱɟɧɢя, ɨɛɪɚɳɟɧɧɵɣ ɢɡɥɭɱɚɸɳɟɣ ɱɚɫɬɶɸ ɤ ɜɨɞɟ, ɡɚɩɨɥɧяɸɳɟɣ ɟɦɤɨɫɬɶ, ɬɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɬɨ ɞɢɚ-
ɝɪɚɦɦɚ ɧɚɩɪɚɜɥɟɧɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɩɟɪɩɟɧɞɢɤɭɥяɪɧɚ ɩɥɨɫɤɨɫɬɢ ɩɨɜɟɪɯɧɨɫɬɢ ɜɨɞɵ. Ɇɨɞɭɥɶ ɨɩ-
ɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя ɜɵɩɨɥɧɟɧ ɧɚ ɛɚɡɟ ɦɚɬɪɢɰɵ ɫɜɟɬɨɞɢɨɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɪɚɡɥɢɱɧɨɝɨ ɫɩɟɤ-
ɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɫ ɨɩɬɢɱɟɫɤɢɦɢ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥяɦɢ ɩɭɱɤɚ ɢɡɥɭɱɟɧɢя, ɮɨɪɦɢɪɭɸɳɢɦɢ ɧɚ 
ɩɨɜɟɪɯɧɨɫɬɢ ɜɨɞɵ ɫɜɟɬɨɜɨɟ ɩяɬɧɨ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɟ ɜɧɭɬɪɟɧɧɟɦɭ ɞɢɚɦɟɬɪɭ ɝɟɪɦɟɬɢɱɧɨɣ ɟɦɤɨ-
ɫɬɢ. ɉɪɢ ɷɬɨɦ ɦɨɞɭɥɶ ɩɢɬɚɧɢя ɢ ɭɩɪɚɜɥɟɧɢя ɩɚɪɚɦɟɬɪɚɦɢ ɜɨɡɞɟɣɫɬɜɭɸɳɟɝɨ ɢɡɥɭɱɟɧɢя ɢ ɟɝɨ 
ɞɥɢɬɟɥɶɧɨɫɬɶɸ ɨɛɟɫɩɟɱɢɜɚɟɬ ɤɨɦɛɢɧɢɪɨɜɚɧɧɨɟ ɩɨɫɥɟɞɨɜɚɬɟɥɶɧɨɟ ɜɨɡɞɟɣɫɬɜɢɟ ɩɨɥяɪɢɡɨɜɚɧɧɵɦ 
ɢɡɥɭɱɟɧɢɟɦ ɪɚɡɥɢɱɧɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨɝɨ ɞɢɚɩɚɡɨɧɚ ɢ ɪɟɝɭɥɢɪɨɜɚɧɢɟ ɞɥɢɬɟɥɶɧɨɫɬɢ ɩɚɭɡɵ ɦɟɠɞɭ 
ɜɨɡɞɟɣɫɬɜɢяɦɢ.  

2. Рɟɡɭɥɶɬаɬы ɢɫɫɥɟɞɨваɧɢɣ 

Вɨɡɞɟɣɫɬɜɢɟ ɢɡɥɭɱɟɧɢɟɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɢɥɢ ɢɡɥɭɱɟɧɢɟɦ ɫɜɟɬɨɞɢɨɞɧɵɯ ɢɫ-
ɬɨɱɧɢɤɨɜ ɨɫɭɳɟɫɬɜɥяɥɢ ɧɚ ɨɩɪɟɞɟɥɟɧɧɵɯ ɫɬɚɞɢяɯ ɨɧɬɨɝɟɧɟɡɚ ɜ ɪɟɤɨɦɟɧɞɭɟɦɵɯ ɞɨɡɢɪɨɜɤɚɯ ɜ 
ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɤɪɟɬɧɨɝɨ ɜɢɞɚ ɪɵɛ. В ɬɚɛɥ. 1 ɩɪɢɜɟɞɟɧɵ ɡɧɚɱɟɧɢя ɜɵɯɨɞɚ ɨɞɧɨɞɧɟɜɧɵɯ ɥɢ-
ɱɢɧɨɤ ɢɡ ɨɩɥɨɞɨɬɜɨɪɟɧɧɨɣ ɢɤɪɵ ɨɫɟɬɪɨɜɵɯ ɞɥя ɤɨɧɬɪɨɥɶɧɨɣ ɢ ɨɩɵɬɧɨɣ ɝɪɭɩɩɵ. Иɡ ɩɪɟɞɫɬɚɜ-
ɥɟɧɧɵɯ ɞɚɧɧɵɯ ɫɥɟɞɭɟɬ, ɱɬɨ ɜɨɡɞɟɣɫɬɜɢɟ ɧɚ ɢɤɪɭ ɨɫɟɬɪɨɜɵɯ ɪɵɛ ɩɨɥяɪɢɡɨɜɚɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ 
ɩɪɢɜɨɞɢɬ ɫ ɜɵɫɨɤɨɣ ɫɬɟɩɟɧɶɸ ɞɨɫɬɨɜɟɪɧɨɫɬɢ ɤ ɩɨɜɵɲɟɧɢɸ (ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɤɨɧɬɪɨɥɶɧɨɣ ɝɪɭɩ-
ɩɨɣ) ɜɵɯɨɞɚ ɥɢɱɢɧɨɤ ɢɡ ɨɩɥɨɞɨɬɜɨɪɟɧɧɨɣ ɢɤɪɵ.  

ɋɬɢɦɭɥɢɪɭɸɳɟɟ ɞɟɣɫɬɜɢɟ ɢɡɥɭɱɟɧɢя ɧɟ ɬɨɥɶɤɨ ɫɤɚɡɵɜɚɟɬɫя ɧɚ ɜɵɯɨɞɟ ɨɞɧɨɞɧɟɜɧɵɯ ɥɢ-
ɱɢɧɨɤ ɢɡ ɨɩɥɨɞɨɬɜɨɪɟɧɧɨɣ ɢɤɪɵ, ɧɨ ɢ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ ɜ 1.3—1.4 ɪɚɡɚ (ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɤɨɧɬɪɨɥɶɧɨɣ ɝɪɭɩɩɨɣ) ɪɚɡɦɟɪɧɨ-ɜɟɫɨɜɵɯ ɩɨɤɚɡɚɬɟɥɟɣ ɦɨɥɨɞɢ ɪɵɛ, ɩɨɥɭɱɟɧɧɵɯ ɢɡ ɨɛɥɭɱɟɧɧɨɣ 
ɢɤɪɵ. В ɬɚɛɥ. 2 ɩɪɢɜɟɞɟɧɵ ɪɚɡɦɟɪɧɨ-ɜɟɫɨɜɵɟ ɩɨɤɚɡɚɬɟɥɢ 50-ɬɢ ɞɧɟɜɧɨɣ ɦɨɥɨɞɢ ɨɫɟɬɪɨɜɵɯ  ɪɵɛ 
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Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Вɵɠɢɜɚɟɦɨɫɬɶ ɨɞɧɨɞɧɟɜɧɵɯ ɥɢɱɢɧɨɤ ɢɡ ɨɩɥɨɞɨɬɜɨɪɟɧɧɨɣ ɢɤɪɵ  
ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя  

 

Ƚɪɭɩɩɚ ɉɪɨɰɟɧɬ ɜɵɠɢɜɲɢɯ ɥɢɱɢɧɨɤ 
ɧɚ ɫɬɚɞɢɢ ɜɵɤɥɟɜɚ 

Дɨɫɬɨɜɟɪɧɨɫɬɶ ɨɬɥɢ-
ɱɢɣ ɨɬ ɤɨɧɬɪɨɥя 

Кɨɧɬɪɨɥɶɧɚя  69 ± 2.7 — 

Ɉɩɵɬɧɚя  85.4 ± 4.3 P < 0.001 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ 2. Ɋɚɡɦɟɪɧɨ-ɜɟɫɨɜɵɟ ɩɨɤɚɡɚɬɟɥɢ 50-ɬɢ ɞɧɟɜɧɨɣ ɦɨɥɨɞɢ ɨɫɟɬɪɨɜɵɯ ɪɵɛ  
ɩɨɞ ɜɨɡɞɟɣɫɬɜɢɟɦ ɥɚɡɟɪɧɨ-ɨɩɬɢɱɟɫɤɨɝɨ ɩɪɢɛɨɪɚ 

Ƚɪɭɩɩf 
ɋɪɟɞɧяя 
ɦɚɫɫɚ M, ɦɝ 

Вɟɥɢɱɢɧɚ ɫɬɢɦɭɥɢɪɭɸɳɟɝɨ 
ɞɟɣɫɬɜɢя ɦ, % 

ɋɪɟɞɧяя 
ɞɥɢɧɚ L, ɦɦ 

Вɟɥɢɱɢɧɚ ɫɬɢɦɭɥɢ-
ɪɭɸɳɟɝɨ ɞɟɣɫɬɜɢя ɞ, % 

Кɨɧɬɪɨɥɶɧɚя  530.3 ± 8.2 100 44.0 ± 0.9 100 

Ɉɩɵɬɧɚя  735.6 ± 10.0 138.7 ± 7.7* 58.5 ± 0.8 132.9 ± 0.6* 

* Дɨɫɬɨɜɟɪɧɨɫɬɶ ɨɬɥɢɱɢɣ ɨɬ ɤɨɧɬɪɨɥя P < 0.05. 

 
ɞɥя ɤɨɧɬɪɨɥɶɧɨɣ ɢ ɨɩɵɬɧɨɣ ɝɪɭɩɩ. Вɢɞɧɨ, ɱɬɨ, ɢɧɤɭɛɚɰɢя ɨɩɥɨɞɨɬɜɨɪɟɧɧɨɣ ɨɫɟɬɪɨɜɨɣ ɢɤɪɵ ɜ 
ɪɚɡɪɚɛɨɬɚɧɧɨɣ ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɣ ɭɫɬɚɧɨɜɤɟ ɩɪɢ ɩɟɪɢɨɞɢɱɟɫɤɨɦ ɜɨɡɞɟɣɫɬɜɢɢ ɨɩɬɢɱɟɫɤɢɦ ɢɡɥɭ-
ɱɟɧɢɟɦ ɩɪɢɜɨɞɢɬ ɤ ɞɨɫɬɨɜɟɪɧɨɦɭ ɭɜɟɥɢɱɟɧɢɸ ɪɚɡɦɟɪɧɨ-ɜɟɫɨɜɵɯ ɩɨɤɚɡɚɬɟɥɟɣ ɦɨɥɨɞɢ ɪɵɛ. 

Заɤɥючɟɧɢɟ  
Ɋɚɡɪɚɛɨɬɚɧɧɵɟ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɭɫɬɚɧɨɜɤɢ ɞɥя ɩɟɪɢɨɞɢɱɟɫɤɨɝɨ ɫɜɟɬɨɜɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɧɚ 

ɢɤɪɭ ɪɵɛ ɜ ɢɧɤɭɛɚɬɨɪɟ ɥɨɬɤɨɜɨɝɨ ɬɢɩɚ ɢ ɜ ɢɧɤɭɛɚɰɢɨɧɧɨɦ ɚɩɩɚɪɚɬɟ Вɟɣɫɚ ɨɛɟɫɩɟɱɢɜɚɸɬ ɩɨ-
ɜɵɲɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢɫɤɭɫɫɬɜɟɧɧɨɝɨ ɜɨɫɩɪɨɢɡɜɨɞɫɬɜɚ ɢ ɜɵɪɚɳɢɜɚɧɢя ɰɟɧɧɵɯ ɜɢɞɨɜ ɪɵɛ ɡɚ 
ɫɱɟɬ ɭɜɟɥɢɱɟɧɢя ɜɵɠɢɜɚɟɦɨɫɬɢ ɷɦɛɪɢɨɧɨɜ ɢ ɥɢɱɢɧɨɤ, ɫɬɢɦɭɥяɰɢɢ ɪɚɡɦɟɪɧɨ-ɜɟɫɨɜɵɯ ɩɨɤɚɡɚɬɟ-
ɥɟɣ ɦɨɥɨɞɢ ɪɵɛ, ɚ ɬɚɤɠɟ ɨɩɬɢɦɢɡɚɰɢɢ ɬɟɯɧɨɥɨɝɢɢ ɬɨɜɚɪɧɨɣ ɚɤɜɚɤɭɥɶɬɭɪɵ ɩɪɢ ɧɢɡɤɨɣ ɫɬɨɢɦɨ-
ɫɬɢ ɨɛɨɪɭɞɨɜɚɧɢя ɞɥя ɟɟ ɪɟɚɥɢɡɚɰɢɢ. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɡɪɚɛɨɬɤɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ ɢɧɧɨɜɚɰɢɨɧɧɨɝɨ ɮɨɧɞɚ Ɇɢɧɢɫɬɟɪɫɬɜɚ 
ɫɟɥɶɫɤɨɝɨ ɯɨɡяɣɫɬɜɚ ɢ ɩɪɨɞɨɜɨɥɶɫɬɜɢя Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚɪɭɫɶ.  
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On the basis of long-term fundamental and applied studies on the effect of low-intensity optical radiation 
on the piscicultural and biological and economically useful characteristics of seeding of sturgeon and salmon 
fishes the series of laser-optical devices based on semiconductor lasers and LEDs giving possibility to apply the 
low-intensity optical radiation to spawn under industrial production has been created. It is shown that the use of 
developed technological equipment allows to increase the efficiency of artificial reproduction and cultivation of 
valuable species of fishes by increasing the survival rate of embryos and larvae, stimulation of size and weight 
characteristics of fish fry as well as optimization of technology for aquaculture product at a low cost of the 
equipment for its implementation. 
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Иɫɩɨɥɶɡɨваɧɢɟ ɩɨɥɭɩɪɨвɨɞɧɢɤɨвых ɥаɡɟɪɨв ɞɥɹ ɩɨвыɲɟɧɢɹ  

вывɨɞɢɦɨɫɬɢ ɢɧɞюɲаɬ ɩɪɢ ɨɛɥɭчɟɧɢɢ ɢɧɤɭɛаɰɢɨɧɧых ɹɢɰ  

ɇ. А. Дɭɛɢɧɚ ɚ, Ɇ. В. Шɚɥɚɤ ɚ, В. Ю. ɉɥɚɜɫɤɢɣ ɛ 

а Беɥɨɪуɫɫкая гɨɫуɞаɪɫɬвенная ɫеɥьɫкɨхɨɡяɣɫɬвенная акаɞеɦия, Гɨɪки, Беɥаɪуɫь 
 ɛ Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи,  
Минɫк, Беɥаɪуɫь; e-mail: v.plavskii@ifanbel.bas-net.by 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɞɚɧɧɵɟ ɨ ɩɨɥɨɠɢɬɟɥɶɧɨɦ ɜɥɢяɧɢɢ ɢɡɥɭɱɟɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɤɪɚɫɧɨɣ 
ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ (ɞɥɢɧɚ ɜɨɥɧɵ 0.67 ɦɤɦ, ɞɨɡɚ 45—50 Дɠ/ɫɦ2) ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɩɨɫɬɨяɧɧɵɦ ɦɚɝɧɢɬɧɵɦ ɩɨ-
ɥɟɦ (ɦɚɝɧɢɬɧɚя ɢɧɞɭɤɰɢя 50—70 ɦɌɥ) ɧɚ ɜɵɜɨɞɢɦɨɫɬɶ ɢɧɞɸɲɚɬ ɩɪɢ ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɦ ɜɨɡɞɟɣɫɬɜɢɢ 
(40—60 c) ɧɚ ɢɧɤɭɛɚɰɢɨɧɧɵɟ яɣɰɚ. 

Кɥючɟвыɟ ɫɥɨва: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ, ɢɧɞɸɲɚɬɚ, ɜɵɜɨɞɢɦɨɫɬɶ, ɢɧɤɭɛɚɰɢɨɧɧɵɟ яɣɰɚ. 

Ввɟɞɟɧɢɟ 
ɉɪɨɦɵɲɥɟɧɧɨɟ ɩɬɢɰɟɜɨɞɫɬɜɨ — ɧɚɢɛɨɥɟɟ ɢɧɬɟɧɫɢɜɧɚя ɢ ɞɢɧɚɦɢɱɧɨ ɪɚɡɜɢɜɚɸɳɚяɫя ɨɬ-

ɪɚɫɥɶ ɫɟɥɶɫɤɨɝɨ ɯɨɡяɣɫɬɜɚ Ɋɟɫɩɭɛɥɢɤɢ Ȼɟɥɚɪɭɫɶ, ɧɚɩɪɚɜɥɟɧɧɚя ɧɚ ɨɛɟɫɩɟɱɟɧɢɟ ɪɵɧɤɚ ɞɢɟɬɢɱɟ-
ɫɤɢɦ ɦяɫɨɦ. ɉɪɢ ɷɬɨɦ ɧɚɲ ɢɧɬɟɪɟɫ ɨɛɪɚɳɟɧ ɤ ɩɪɨɦɵɲɥɟɧɧɨɦɭ ɜɵɪɚɳɢɜɚɧɢɸ ɢɧɞɸɲɚɬ, ɰɟɥɶɸ 
ɤɨɬɨɪɨɝɨ яɜɥяɟɬɫя ɩɨɥɭɱɟɧɢɟ ɦяɫɚ ɫ ɜɵɫɨɤɢɦɢ ɜɤɭɫɨɜɵɦɢ, ɩɢɳɟɜɵɦɢ, ɞɢɟɬɢɱɟɫɤɢɦɢ ɤɚɱɟɫɬɜɚ-
ɦɢ. Ɉɞɧɚ ɢɡ ɝɥɚɜɧɵɯ ɩɪɨɛɥɟɦ ɷɬɨɝɨ ɧɚɩɪɚɜɥɟɧɢя ɩɬɢɰɟɜɨɞɫɬɜɚ — ɧɢɡɤɚя ɜɵɜɨɞɢɦɨɫɬɶ ɢɧɞɸ-
ɲɚɬ ɩɪɢ ɩɪɨɦɵɲɥɟɧɧɨɣ ɢɧɤɭɛɚɰɢɢ, ɤɨɬɨɪɚя ɫɨɫɬɚɜɥяɟɬ ɜɫɟɝɨ 55—75 %, ɜ ɬɨ ɜɪɟɦя ɤɚɤ ɩɪɢ 
ɢɧɤɭɛɚɰɢɢ ɰɵɩɥяɬ ɬɚɤɨɣ ɩɨɤɚɡɚɬɟɥɶ 91—98 %. ɉɨɷɬɨɦɭ ɩɟɪɫɩɟɤɬɢɜɟɧ ɩɨɢɫɤ ɦɟɪɨɩɪɢяɬɢɣ, 
ɩɪɢɦɟɧɢɦɵɯ ɩɪɢ ɢɧɤɭɛɚɰɢɢ ɢ ɜɟɞɭɳɢɯ ɤ ɩɨɜɵɲɟɧɢɸ ɜɵɜɨɞɢɦɨɫɬɢ ɢ ɩɨɥɭɱɟɧɢɸ ɤɪɟɩɤɢɯ, ɯɨ-
ɪɨɲɨ ɪɚɡɜɢɬɵɯ ɢɧɞɸɲɚɬ. В ɫɜɨɸ ɨɱɟɪɟɞɶ ɩɨɜɵɲɟɧɢɟ ɞɚɧɧɨɝɨ ɩɨɤɚɡɚɬɟɥя ɫɩɨɫɨɛɧɨ ɩɪяɦɨ ɩɨ-
ɜɥɢяɬɶ ɧɚ ɭɜɟɥɢɱɟɧɢɟ ɩɨɝɨɥɨɜɶя, ɚ ɤɨɫɜɟɧɧɨ — ɧɚ ɭɦɟɧɶɲɟɧɢɟ ɫɟɛɟɫɬɨɢɦɨɫɬɢ ɩɪɨɢɡɜɟɞɟɧɧɨɣ 
ɩɪɨɞɭɤɰɢɢ ɱɟɪɟɡ ɫɧɢɠɟɧɢɟ ɡɚɬɪɚɬ ɧɚ ɫɨɞɟɪɠɚɧɢɟ ɪɨɞɢɬɟɥɶɫɤɨɝɨ ɫɬɚɞɚ ɢ ɧɚ ɭɜɟɥɢɱɟɧɢɟ ɱɢɫɬɨɣ 
ɩɪɢɛɵɥɢ ɩɪɟɞɩɪɢяɬɢя. Цɟɥɶ ɧɚɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ — ɢɡɭɱɟɧɢɟ ɜɥɢяɧɢя ɧɢɡɤɨɢɧɬɟɧɫɢɜɧɨɝɨ ɥɚ-
ɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɜɵɜɨɞɢɦɨɫɬɶ ɢɧɞɸɲɚɬ ɩɪɢ ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɦ ɜɨɡɞɟɣɫɬɜɢɢ ɢɡɥɭɱɟɧɢя ɧɚ 
ɢɧɤɭɛɚɰɢɨɧɧɵɟ яɣɰɚ.  

1. Маɬɟɪɢаɥ ɢ ɦɟɬɨɞɢɤа ɢɫɫɥɟɞɨваɧɢɣ 

Ɉɛɥɭɱɟɧɢɟ яɢɰ ɩɪɨɜɨɞɢɥɢ ɥɢɧɟɣɧɨ ɩɨɥяɪɢɡɨɜɚɧɧɵɦ ɤɨɥɥɢɦɢɪɨɜɚɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ 
ɤɪɚɫɧɨɣ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ ɫ  = 670 ɧɦ (ɧɟɩɪɟɪɵɜɧɵɣ ɪɟɠɢɦ) ɦɨɳɧɨɫɬɶɸ 5, 15, 25 ɦВɬ. Ɉɞɧɨ-
ɜɪɟɦɟɧɧɨ ɫ ɥɚɡɟɪɧɵɦ ɢɡɥɭɱɟɧɢɟɦ ɜɨɡɞɟɣɫɬɜɨɜɚɥɢ ɩɨɫɬɨяɧɧɵɦ ɦɚɝɧɢɬɧɵɦ ɩɨɥɟɦ ɢɧɞɭɤɰɢɟɣ 
50—70 ɦɌɥ. ɉɪɢ ɷɬɨɦ ɥɚɡɟɪɧɨɟ ɢɡɥɭɱɟɧɢɟ ɩɪɨɯɨɞɢɥɨ ɱɟɪɟɡ ɩɨɥɨɫɬɶ ɜ ɤɨɥɶɰɟɜɨɦ ɦɚɝɧɢɬɟ, ɚ 
ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥя ɨɛɟɫɩɟɱɢɜɚɥɨ ɦɚɤɫɢɦɚɥɶɧɭɸ ɧɚɩɪяɠɟɧɧɨɫɬɶ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥя 
ɜ ɡɨɧɟ ɞɟɣɫɬɜɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя [1]. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɫɨɱɟɬɚɧɧɨɝɨ ɞɟɣɫɬɜɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭ-
ɱɟɧɢя ɢ ɩɨɫɬɨяɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥя ɨɛɭɫɥɨɜɥɟɧɨ ɫɢɧɟɪɝɟɬɢɱɟɫɤɢɦ ɷɮɮɟɤɬɨɦ ɭɤɚɡɚɧɧɵɯ ɮɢ-
ɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ, ɚ ɫɥɟɞɨɜɚɬɟɥɶɧɨ, ɢ ɛɨɥɟɟ ɜɵɪɚɠɟɧɧɨɣ ɢɯ ɛɢɨɥɨɝɢɱɟɫɤɨɣ ɚɤɬɢɜɧɨɫɬɶɸ [2]. В 
ɭɤɚɡɚɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɯ ɢɫɩɨɥɶɡɨɜɚɥɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɥɚɡɟɪ ɫ ɦɚɝɧɢɬɧɨɣ ɧɚɫɚɞɤɨɣ ɮɨɬɨ-
ɬɟɪɚɩɟɜɬɢɱɟɫɤɨɝɨ ɚɩɩɚɪɚɬɚ “Ɋɨɞɧɢɤ-1”. В ɩɟɪɜɨɦ ɷɤɫɩɟɪɢɦɟɧɬɟ ɜɨ ɜɫɟɯ ɨɩɵɬɧɵɯ ɝɪɭɩɩɚɯ ɭɫɬɚ-
ɧɚɜɥɢɜɚɥɚɫɶ ɦɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя 5 ɦВɬ, ɜɨ ɜɬɨɪɨɦ — 15 ɦВɬ, ɜ ɬɪɟɬɶɟɦ — 25 ɦВɬ. ɉɪɨɞɨɥɠɢ-
ɬɟɥɶɧɨɫɬɶ ɜɨɡɞɟɣɫɬɜɢя ɜ ɤɚɠɞɨɣ ɢɡ ɨɩɵɬɧɵɯ ɝɪɭɩɩ 20, 40 ɢ 60 ɫ.  

Иɫɩɨɥɶɡɨɜɚɥɢɫɶ ɢɧɞɸɲɢɧɵɟ яɣɰɚ, ɩɨɞɝɨɬɨɜɥɟɧɧɵɟ ɤ ɢɧɤɭɛɚɰɢɢ, ɩɪɨɞɟɡɢɧɮɢɰɢɪɨɜɚɧɧɵɟ 
ɝɚɡɚɰɢɟɣ ɩɚɪɚɦɢ ɮɨɪɦɚɥɶɞɟɝɢɞɚ. Дɥя ɮɨɪɦɢɪɨɜɚɧɢя ɨɩɵɬɧɵɯ ɢ ɤɨɧɬɪɨɥɶɧɵɯ ɝɪɭɩɩ яɣɰɚ ɨɬɛɢ-
ɪɚɥɢɫɶ ɩɭɬɟɦ ɨɫɦɨɬɪɚ ɢ ɫɨɪɬɢɪɨɜɤɢ. Кɪɢɬɟɪɢяɦɢ ɨɬɛɨɪɚ яɢɰ ɜ ɝɪɭɩɩɵ яɜɥяɥɢɫɶ ɜɧɟɲɧɢɣ ɜɢɞ ɢ 
ɦɚɫɫɚ. Иɫɤɥɸɱɚɥɢɫɶ яɣɰɚ ɫ ɩɪɨɛɥɟɦɧɨɣ ɫɤɨɪɥɭɩɨɣ — ɲɟɪɨɯɨɜɚɬɨɣ, ɧɟɪɚɜɧɨɦɟɪɧɨɣ, ɜ ɧɚɪɨɫɬɚɯ 
ɢ ɛɨɪɨɡɞɤɚɯ; ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɨɫɬɚɜɥяɥɢ яɣɰɚ ɫ ɱɢɫɬɨɣ, ɨɞɧɨɪɨɞɧɨɣ, ɝɥɚɞɤɨɣ ɢ ɫɥɟɝɤɚ ɲɟɪɨɯɨɜɚ-
ɬɨɣ ɩɨɜɟɪɯɧɨɫɬɶɸ. Иɡ ɜɫɟɣ ɫɨɜɨɤɭɩɧɨɫɬɢ ɢɧɤɭɛɚɰɢɨɧɧɵɯ яɢɰ ɦɚɫɫɨɣ 75—90 ɝ ɜ ɨɩɵɬɧɵɟ ɢ 
ɤɨɧɬɪɨɥɶɧɵɟ ɝɪɭɩɩɵ ɛɵɥɢ ɨɬɨɛɪɚɧɵ яɣɰɚ ɦɚɫɫɨɣ 80—85 ɝ. Кɚɠɞɚя ɝɪɭɩɩɚ ɫɨɫɬɨяɥɚ ɢɡ 52 яɢɰ, 
ɱɬɨ ɨɩɪɟɞɟɥяɥɨɫɶ ɜɦɟɫɬɢɦɨɫɬɶɸ ɥɨɬɤɚ ɢɧɤɭɛɚɰɢɨɧɧɨɝɨ ɲɤɚɮɚ. Эɤɫɩɟɪɢɦɟɧɬ ɩɪɨɯɨɞɢɥ ɜ ɨɞɧɨɦ 
ɢɧɤɭɛɚɰɢɨɧɧɨɦ ɲɤɚɮɭ ɜ ɨɞɢɧ ɢɧɤɭɛɚɰɢɨɧɧɵɣ ɩɟɪɢɨɞ; ɥɨɬɤɢ ɨɩɵɬɧɵɯ ɢ ɤɨɧɬɪɨɥɶɧɵɯ ɝɪɭɩɩ 
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ɪɚɡɦɟɳɚɥɢɫɶ ɜ ɢɧɤɭɛɚɰɢɨɧɧɨɦ ɲɤɚɮɭ ɪяɞɨɦ ɞɪɭɝ ɫ ɞɪɭɝɨɦ. В ɥɨɬɤɚɯ ɜɫɟɯ ɝɪɭɩɩ яɣɰɚ ɪɚɫɩɨɥɚ-
ɝɚɥɢɫɶ ɫɬɪɨɝɨ ɜɟɪɬɢɤɚɥɶɧɨ, ɬɭɩɵɦ ɤɨɧɰɨɦ ɜɜɟɪɯ. Чɟɪɟɡ 12 ɱ ɩɨɫɥɟ ɧɚɱɚɥɚ ɢɧɤɭɛɚɰɢɢ ɢɡ ɢɧɤɭ-
ɛɚɰɢɨɧɧɨɝɨ ɲɤɚɮɚ ɥɨɬɤɢ ɫ яɣɰɚɦɢ ɞɨɫɬɚɜɚɥɢɫɶ ɢ ɜ ɬɟɱɟɧɢɟ ɧɟɫɤɨɥɶɤɢɯ ɫɟɤɭɧɞ ɩɟɪɟɧɨɫɢɥɢɫɶ ɜ 
ɤɚɦɟɪɭ, ɝɞɟ ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɨɛɥɭɱɟɧɢɟ яɢɰ. Вɨ ɜɪɟɦя ɜɨɡɞɟɣɫɬɜɢя ɮɢɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ ɬɟɦɩɟ-
ɪɚɬɭɪɚ ɜɨɡɞɭɯɚ ɜ ɤɚɦɟɪɟ ɩɨɞɞɟɪɠɢɜɚɥɚɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 37.5—38.0 ɋ. ɉɟɪɟɞ ɨɛɪɚɛɨɬɤɨɣ ɬɭɩɨɣ 
ɤɨɧɟɰ ɤɚɠɞɨɝɨ яɣɰɚ ɜɨ ɜɫɟɯ ɝɪɭɩɩɚɯ ɛɵɥ ɨɱɢɳɟɧ ɩɟɪɟɤɢɫɶɸ ɜɨɞɨɪɨɞɚ ɤɨɧɰɟɧɬɪɚɰɢɟɣ 30 ɦɝ/ɦɥ 
ɫ ɩɨɦɨɳɶɸ ɜɚɬɧɨɣ ɩɚɥɨɱɤɢ. Иɫɩɨɥɶɡɨɜɚɥɫя ɤɨɧɬɚɤɬɧɵɣ ɫɩɨɫɨɛ ɨɛɥɭɱɟɧɢя; ɥɚɡɟɪɧɵɣ ɢɡɥɭɱɚ-
ɬɟɥɶ ɧɚɩɪɚɜɥяɥɫя ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨ ɫɮɟɪɟ ɬɭɩɨɝɨ ɤɨɧɰɚ яɣɰɚ ɜ ɜɟɪɯɧɟɣ ɬɨɱɤɟ, ɩɥɨɬɧɨ ɩɪɢɤɚɫɚ-
яɫɶ ɤɨɥɶɰɟɜɨɣ ɦɚɝɧɢɬɧɨɣ ɧɚɫɚɞɤɨɣ ɤ ɫɤɨɪɥɭɩɟ. 

В ɤɨɧɬɪɨɥɶɧɵɯ ɝɪɭɩɩɚɯ яɣɰɚ ɧɟ ɨɛɥɭɱɚɥɢɫɶ, ɜ ɧɢɯ ɩɪɨɜɨɞɢɥɚɫɶ ɬɨɥɶɤɨ ɨɛɪɚɛɨɬɤɚ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɬɭɩɨɝɨ ɤɨɧɰɚ яɢɰ ɩɟɪɟɤɢɫɶɸ ɜɨɞɨɪɨɞɚ, ɤɚɤ ɢ ɜɨ ɜɫɟɯ ɨɩɵɬɧɵɯ ɝɪɭɩɩɚɯ. ɉɨɤɚɡɚɬɟɥя-
ɦɢ, ɯɚɪɚɤɬɟɪɢɡɭɸɳɢɦɢ ɜɥɢяɧɢɟ ɮɢɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ, ɫɥɭɠɢɥɢ ɜɵɜɨɞɢɦɨɫɬɶ ɡɞɨɪɨɜɵɯ, ɯɨɪɨ-
ɲɨ ɪɚɡɜɢɬɵɯ ɢɧɞɸɲɚɬ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɤɨɥɢɱɟɫɬɜɭ ɡɚɥɨɠɟɧɧɵɯ ɧɚ ɢɧɤɭɛɚɰɢɸ яɢɰ (Вɡɚɥ, %) ɢ 
ɜɵɜɨɞɢɦɨɫɬɶ ɡɞɨɪɨɜɵɯ, ɯɨɪɨɲɨ ɪɚɡɜɢɬɵɯ ɢɧɞɸɲɚɬ ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɤɨɥɢɱɟɫɬɜɭ ɨɩɥɨɞɨɬɜɨɪɟɧ-
ɧɵɯ яɢɰ ɢɡ ɱɢɫɥɚ ɡɚɥɨɠɟɧɧɵɯ (Вɨɩɥ, %). Ɉɫɧɨɜɧɵɦ ɩɨɤɚɡɚɬɟɥɟɦ яɜɥяɟɬɫя Вɨɩɥ.   

Иɫɫɥɟɞɨɜɚɧɢя ɩɪɨɜɨɞɢɥɢɫɶ ɜ КɋУɉ “Ȼɟɥɨɪɭɫɫɤɢɣ” Ɇɢɧɫɤɨɝɨ ɪɚɣɨɧɚ. ɉɪɨɜɟɞɟɧɨ ɬɪɢ 
ɨɩɵɬɚ, ɜ ɤɚɠɞɨɦ ɮɨɪɦɢɪɨɜɚɥɨɫɶ ɩɨ ɬɪɢ ɨɩɵɬɧɵɯ ɢ ɨɞɧɨɣ ɤɨɧɬɪɨɥɶɧɨɣ ɝɪɭɩɩɟ (ɬɚɛɥ.1).  

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. ɋɯɟɦɚ ɨɩɵɬɨɜ, ɧɭɦɟɪɚɰɢя ɨɩɵɬɧɵɯ ɢ ɤɨɧɬɪɨɥɶɧɵɯ ɝɪɭɩɩ 

Ɉɩɵɬɧɵɟ ɝɪɭɩɩɵ, ɧɨɦɟɪ 
Эɤɫɩɨɡɢɰɢя t, ɫ Ɉɩɵɬ, 

ɧɨɦɟɪ 

Кɨɥɢɱɟɫɬɜɨ яɢɰ 
ɜ ɝɪɭɩɩɚɯ  
Nɡɚɥ, ɲɬ. 

Ɇɨɳɧɨɫɬɶ 
ɢɡɥɭɱɟɧɢя  
Р, ɦВɬ  20 40 60 

Кɨɧɬɪɨɥɶɧɵɟ 
ɝɪɭɩɩɵ, ɧɨɦɟɪ 

№ 1 52 5 № 1-1 № 1-2 № 1-3 № 1-4 
№ 2 52 15 № 2-1 № 2-2 № 2-3 № 2-4 
№ 3 52 25 № 3-1 № 3-2 № 3-3 № 3-4 

2. Рɟɡɭɥɶɬаɬы ɢɫɫɥɟɞɨваɧɢɣ 

ɉɟɪɟɞ ɩɪɨɜɟɞɟɧɢɟɦ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɜɨɡɞɟɣɫɬɜɢɸ ɮɚɤɬɨɪɨɜ ɮɢɡɢɱɟɫɤɨɣ ɩɪɢɪɨɞɵ ɧɚ ɷɦ-
ɛɪɢɨɧɵ ɢɧɞɸɲɢɧɵɯ яɢɰ ɜɵɩɨɥɧɟɧɵ ɢɡɦɟɪɟɧɢя ɫɜɟɬɨɩɪɨɩɭɫɤɚɧɢя ɫɤɨɪɥɭɩɵ яɢɰ ɜ ɤɪɚɫɧɨɣ ɢ 
ɛɥɢɠɧɟɣ ИК ɨɛɥɚɫɬяɯ ɫɩɟɤɬɪɚ, ɤɨɬɨɪɵɟ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɤɨɪɥɭɩɚ яɜɥяɟɬɫя ɫɜɨɟɨɛɪɚɡɧɵɦ ɪɚɫɫɟɢ-
ɜɚɸɳɢɦ ɷɤɪɚɧɨɦ ɞɥя ɩɪɨɧɢɤɧɨɜɟɧɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜɢɞɢɦɨɣ ɢ ɛɥɢɠɧɟɣ ИК ɨɛɥɚɫɬɟɣ 
ɫɩɟɤɬɪɚ. ɋɜɟɬɨɩɪɨɩɭɫɤɚɧɢɟ ɨɛɭɫɥɨɜɥɟɧɨ ɜ ɨɫɧɨɜɧɨɦ ɦɧɨɝɨɱɢɫɥɟɧɧɵɦɢ ɩɨɪɚɦɢ, ɫɪɟɞɧɟɟ ɤɨɥɢ-
ɱɟɫɬɜɨ ɤɨɬɨɪɵɯ 7000 ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɨɞɧɨɝɨ яɣɰɚ. Ɍɨɥɳɢɧɚ ɫɤɨɪɥɭɩɵ яɣɰɚ 0.34—0.38 ɦɦ. ɇɚ 
ɬɭɩɨɦ ɤɨɧɰɟ яɣɰɚ ɬɨɥɳɢɧɚ ɫɤɨɪɥɭɩɵ ɧɚɢɦɟɧɶɲɚя ɩɨ ɫɪɚɜɧɟɧɢɸ ɫɨ ɜɫɟɣ ɨɫɬɚɥɶɧɨɣ ɩɨɜɟɪɯɧɨ-
ɫɬɶɸ. Ɉɞɧɚɤɨ ɞɚɠɟ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɢɡɥɭɱɟɧɢя ɧɚ ɫɤɨɪɥɭɩɭ ɜ ɨɛɥɚɫɬɢ ɟɟ ɬɭɩɨɝɨ ɤɨɧɰɚ ɫɜɟɬɨ-
ɩɪɨɩɭɫɤɚɧɢɟ T  1 %. ɉɪɢɜɟɞɟɧɧɵɟ ɨɰɟɧɤɢ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɞɥя ɩɨɥɭɱɟɧɢя ɩɨɥɨ-
ɠɢɬɟɥɶɧɨɝɨ ɪɟɡɭɥɶɬɚɬɚ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɜɥɢяɧɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɜɵɜɨɞɢɦɨɫɬɶ ɢɧɞɸɲɚɬ 
ɧɟɨɛɯɨɞɢɦɨ ɜɨɡɞɟɣɫɬɜɨɜɚɬɶ ɧɚ яɣɰɨ ɜ ɨɛɥɚɫɬɢ ɥɨɤɚɥɢɡɚɰɢɢ ɷɦɛɪɢɨɧɚ ɜ ɧɟɦ.  

Иɫɫɥɟɞɨɜɚɧɢя, ɩɪɨɜɟɞɟɧɧɵɟ ɫɨ ɜɫɤɪɵɬɨɣ ɫɤɨɪɥɭɩɨɣ (ɪɢɫ. 1), ɩɨɤɚɡɚɥɢ, ɱɬɨ ɞɥя ɜɟɪɬɢ-
ɤɚɥɶɧɨ ɩɨɫɬɚɜɥɟɧɧɵɯ ɬɭɩɵɦ ɤɨɧɰɨɦ ɜɜɟɪɯ ɢɧɞɸɲɢɧɵɯ яɢɰ ɷɦɛɪɢɨɧ ɧɚɯɨɞɢɬɫя ɧɚ ɠɟɥɬɤɟ ɜ  
 

 
 

Ɋɢɫ. 1. Ɋɚɫɩɨɥɨɠɟɧɢɟ ɷɦɛɪɢɨɧɚ (ɞɢɫɤ ɫ ɛɟɥɨɣ ɬɨɱɤɨɣ) ɞɥя ɜɟɪɬɢɤɚɥɶɧɨ ɩɨɫɬɚɜɥɟɧɧɨɝɨ  
ɬɭɩɵɦ ɤɨɧɰɨɦ ɜɜɟɪɯ ɢɧɞɸɲɢɧɨɝɨ яɣɰɚ ɫɨ ɜɫɤɪɵɬɨɣ ɫɤɨɪɥɭɩɨɣ 
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ɜɟɪɯɧɟɦ ɩɨɥɨɠɟɧɢɢ. ɋɥɟɞɨɜɚɬɟɥɶɧɨ, ɜɨɡɞɟɣɫɬɜɢɟ ɞɨɥɠɧɨ ɨɫɭɳɟɫɬɜɥяɬɶɫя ɥɚɡɟɪɧɵɦ ɢɡɥɭɱɟɧɢɟɦ 
ɫɜɟɪɯɭ ɜɧɢɡ ɧɚ ɬɭɩɨɣ ɤɨɧɟɰ яɣɰɚ. Ɋɟɡɭɥɶɬɚɬɵ ɜɵɩɨɥɧɟɧɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɨɬɪɚɠɚɸɬ ɞɚɧɧɵɟ, 
ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɜ ɬɚɛɥ. 2—4. 

Кɚɤ ɜɢɞɧɨ ɢɡ ɬɚɛɥ. 2, ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɧɚ ɢɧɞɸɲɢɧɵɟ яɣɰɚ (ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɦɚɝɧɢɬɧɨɝɨ 
ɩɨɥя) ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɦɚɥɨɣ ɦɨɳɧɨɫɬɢ (5 ɦВɬ) ɩɨɤɚɡɚɬɟɥɢ ɜɵɜɨɞɢɦɨɫɬɢ ɢɧɞɸɲɚɬ ɜ ɨɩɵɬ-
ɧɵɯ ɝɪɭɩɩɚɯ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɨɬɥɢɱɚɸɬɫя ɨɬ ɤɨɧɬɪɨɥɶɧɨɣ. В ɨɩɵɬɟ №2 (ɬɚɛɥ. 3), ɜ ɤɨɬɨɪɨɦ ɞɥя 
ɜɨɡɞɟɣɫɬɜɢя ɧɚ ɷɦɛɪɢɨɧɵ ɧɚ ɮɨɧɟ ɩɨɫɬɨяɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥя ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɢɡɥɭɱɟɧɢɟ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ɦɨɳɧɨɫɬɶɸ 15 ɦВɬ, ɨɬɦɟɱɟɧɨ ɩɨɥɨɠɢɬɟɥɶɧɨɟ ɜɥɢяɧɢɟ ɮɚɤɬɨɪɨɜ 
ɮɢɡɢɱɟɫɤɨɣ ɩɪɢɪɨɞɵ ɧɚ ɩɨɤɚɡɚɬɟɥɢ ɜɵɜɨɞɢɦɨɫɬɢ. Ɍɚɤ, ɩɨɤɚɡɚɬɟɥɶ Вɡɚɥ ɜɨ ɜɫɟɯ ɨɩɵɬɧɵɯ ɝɪɭɩɩɚɯ 
ɞɚɧɧɨɣ ɫɟɪɢɢ ɜɵɲɟ, ɱɟɦ ɜ ɤɨɧɬɪɨɥɶɧɨɣ. ɉɪɢ ɞɨɡɟ ɨɛɥɭɱɟɧɢя 45 Дɠ/ɫɦ² ɜ ɝɪɭɩɩɟ № 2-3 ɩɨɥɭɱɟɧ 
ɦɚɤɫɢɦɚɥɶɧɵɣ ɜ ɧɚɲɢɯ ɢɫɫɥɟɞɨɜɚɧɢяɯ ɩɨɤɚɡɚɬɟɥɶ Вɨɩɥ = 82.5 %, ɱɬɨ ɧɚ 8.1 % ɜɵɲɟ, ɱɟɦ Вɨɩɥ 
ɤɨɧɬɪɨɥɶɧɨɣ ɝɪɭɩɩɵ.  

 
Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  2. Ɋɟɡɭɥɶɬɚɬɵ ɨɩɵɬɚ № 1 

Ɉɩɵɬɧɵɟ ɝɪɭɩɩɵ Кɨɧɬɪɨɥɶɧɚя ɝɪɭɩɩɚɉɚɪɚɦɟɬɪ 
1-1 1-2 1-3 1-4 

Эɤɫɩɨɡɢɰɢя t, ɫ 20 40 60 — 
Ɇɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя Ɋ, ɦВɬ 5 5 5 — 
Дɨɡɚ ɨɛɥɭɱɟɧɢя, Дɠ/ɫɦ² 5 10 15 — 
Зɚɥɨɠɟɧɨ яɢɰ ɧɚ ɢɧɤɭɛɚɰɢɸ, ɲɬ. 52 52 52 52 
Ɉɩɥɨɞɨɬɜɨɪɟɧɧɵɯ яɢɰ, ɲɬ. 47 43 44 43 
əɢɰ ɫ ɤɪɨɜяɧɵɦ ɤɨɥɶɰɨɦ, ɡɚɦɟɪɲɢɯ ɷɦɛɪɢɨɧɨɜ, ɲɬ. 10 8 5 7 
ɋɥɚɛɵɯ, ɜɵɛɪɚɤɨɜɚɧɧɵɯ ɢɧɞɸɲɚɬ, ɝɨɥ. 5 4 5 3 
Зɞɨɪɨɜɵɯ, ɯɨɪɨɲɨ ɪɚɡɜɢɬɵɯ ɢɧɞɸɲɚɬ, ɝɨɥ.  32 31 34 33 
Вɵɜɨɞɢɦɨɫɬɶ Вɡɚɥ, % 61.5 59.6 65.4 63.4 
Вɵɜɨɞɢɦɨɫɬɶ Вɨɩɥ, % 68.1 72.1 77.3 76.7 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ 3. Ɋɟɡɭɥɶɬɚɬɵ ɨɩɵɬɚ № 2 

Ɉɩɵɬɧɵɟ ɝɪɭɩɩɵ Кɨɧɬɪɨɥɶɧɚя ɝɪɭɩɩɚɉɚɪɚɦɟɬɪ 
2-1 2-2 2-3 2-4 

Эɤɫɩɨɡɢɰɢя t, ɫ 20 40 60 — 
Ɇɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя Ɋ, ɦВɬ 15 15 15 — 
Дɨɡɚ ɨɛɥɭɱɟɧɢя, Дɠ/ɫɦ² 15 30 45 — 
Зɚɥɨɠɟɧɨ яɢɰ ɧɚ ɢɧɤɭɛɚɰɢɸ, ɲɬ. 52 52 52 52 
Ɉɩɥɨɞɨɬɜɨɪɟɧɧɵɯ яɢɰ, ɲɬ. 44 45 40 39 
əɢɰ ɫ ɤɪɨɜяɧɵɦ ɤɨɥɶɰɨɦ, ɡɚɦɟɪɲɢɯ ɷɦɛɪɢɨɧɨɜ, ɲɬ. 7 4 2 6 
ɋɥɚɛɵɯ, ɜɵɛɪɚɤɨɜɚɧɧɵɯ ɢɧɞɸɲɚɬ, ɝɨɥ. 6 6 5 4 
Зɞɨɪɨɜɵɯ, ɯɨɪɨɲɨ ɪɚɡɜɢɬɵɯ ɢɧɞɸɲɚɬ, ɝɨɥ.  31 35 33 29 
Вɵɜɨɞɢɦɨɫɬɶ Вɡɚɥ, % 59.6 67.3 63.5 55.8 
Вɵɜɨɞɢɦɨɫɬɶ Вɨɩɥ, % 70.5 77.8 82.5 74.4 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  4. Ɋɟɡɭɥɶɬɚɬɵ ɨɩɵɬɚ №3 

Ɉɩɵɬɧɵɟ ɝɪɭɩɩɵ Кɨɧɬɪɨɥɶɧɚя ɝɪɭɩɩɚɉɚɪɚɦɟɬɪ 
3-1 3-2 3-3 3-4 

Эɤɫɩɨɡɢɰɢя t, ɫ 20 40 60 — 
Ɇɨɳɧɨɫɬɶ ɢɡɥɭɱɟɧɢя Р, ɦВɬ 25 25 25 — 
Дɨɡɚ ɨɛɥɭɱɟɧɢя, Дɠ/ɫɦ² 25 50 75 — 
Зɚɥɨɠɟɧɨ яɢɰ ɧɚ ɢɧɤɭɛɚɰɢɸ, ɲɬ. 52 52 52 52 
Ɉɩɥɨɞɨɬɜɨɪɟɧɧɵɯ яɢɰ, ɲɬ. 49 43 42 41 
əɢɰ ɫ ɤɪɨɜяɧɵɦ ɤɨɥɶɰɨɦ, ɡɚɦɟɪɲɢɯ ɷɦɛɪɢɨɧɨɜ, ɲɬ. 7 3 6 8 
ɋɥɚɛɵɯ, ɜɵɛɪɚɤɨɜɚɧɧɵɯ ɢɧɞɸɲɚɬ, ɝɨɥ. 5 6 4 3 
Зɞɨɪɨɜɵɯ, ɯɨɪɨɲɨ ɪɚɡɜɢɬɵɯ ɢɧɞɸɲɚɬ, ɝɨɥ.  37 34 32 30 
Вɵɜɨɞɢɦɨɫɬɶ Вɡɚɥ, % 71.1 65.4 61.5 57.7 
Вɵɜɨɞɢɦɨɫɬɶ Вɨɩɥ, % 75.5 79.1 76.2 73.2 
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В ɨɩɵɬɟ №3 (ɬɚɛɥ. 4), ɜ ɤɨɬɨɪɨɦ ɞɥя ɜɨɡɞɟɣɫɬɜɢя ɧɚ ɷɦɛɪɢɨɧɵ ɧɚ ɮɨɧɟ ɩɨɫɬɨяɧɧɨɝɨ ɦɚɝ-
ɧɢɬɧɨɝɨ ɩɨɥя ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɢɡɥɭɱɟɧɢɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɝɨ ɥɚɡɟɪɚ ɦɨɳɧɨɫɬɶɸ 25 ɦВɬ, ɬɚɤɠɟ 
ɨɬɦɟɱɟɧɨ ɫɬɢɦɭɥɢɪɭɸɳɟɟ ɞɟɣɫɬɜɢɟ ɢɫɫɥɟɞɭɟɦɵɯ ɮɢɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ ɧɚ ɩɨɤɚɡɚɬɟɥɢ ɜɵɜɨɞɢ-
ɦɨɫɬɢ ɢɧɞɸɲɚɬ Вɡɚɥ ɢ Вɨɩɥ. В ɝɪɭɩɩɟ № 3-1, ɝɞɟ ɞɨɡɚ ɨɛɥɭɱɟɧɢя ɫɨɫɬɚɜɥяɥɚ 25 Дɠ/ɫɦ2, ɩɨɥɭɱɟɧ 
ɦɚɤɫɢɦɚɥɶɧɵɣ ɜ ɷɤɫɩɟɪɢɦɟɧɬɟ ɩɨɤɚɡɚɬɟɥɶ Вɡɚɥ = 71.1 % , ɱɬɨ ɧɚ 13.4 % ɜɵɲɟ, ɱɟɦ ɞɥя ɤɨɧɬɪɨɥɶ-
ɧɨɣ ɝɪɭɩɩɵ. Ɉɞɧɚɤɨ ɪɚɡɧɢɰɚ ɩɨ ɩɨɤɚɡɚɬɟɥɸ Вɨɩɥ ɜ ɝɪɭɩɩɟ № 3-1 ɢ ɤɨɧɬɪɨɥɶɧɨɣ ɝɪɭɩɩɟ № 3-4 
ɨɤɚɡɚɥɚɫɶ ɧɟɫɭɳɟɫɬɜɟɧɧɨɣ — 2.3% (Вɨɩɥ(3-1) = 75.5 %, Вɨɩɥ(3-4) = 73.2 %). Вɵɫɨɤɢɣ ɩɨɤɚɡɚɬɟɥɶ Вɨɩɥ 
= 79.1 % ɨɬɦɟɱɟɧ ɜ ɝɪɭɩɩɟ № 3-2, ɝɞɟ ɞɨɡɚ ɨɛɥɭɱɟɧɢя 50 Дɠ/ɫɦ². ɉɨɤɚɡɚɬɟɥɢ Вɡɚɥ ɢ Вɨɩɥ ɜɨ ɜɫɟɯ 
ɨɩɵɬɧɵɯ ɝɪɭɩɩɚɯ ɜɵɲɟ, ɱɟɦ ɜ ɤɨɧɬɪɨɥɶɧɨɣ ɝɪɭɩɩɟ.  

Заɤɥючɟɧɢɟ  
ɉɪɟɞɫɬɚɜɥɟɧɧɵɟ ɩɟɪɜɵɟ ɞɚɧɧɵɟ ɨ ɪɟɡɭɥɶɬɚɬɚɯ ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɝɨ ɜɨɡɞɟɣɫɬɜɢя ɥɚɡɟɪɧɨɝɨ 

ɢɡɥɭɱɟɧɢя ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 0.67 ɦɤɦ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɩɨɫɬɨяɧɧɨɝɨ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥя ɢɧɞɭɤɰɢɟɣ  
50—70 ɦɌɥ ɧɚ ɷɦɛɪɢɨɧɵ ɢɧɞɸɲɚɬ ɫɤɜɨɡɶ ɫɤɨɪɥɭɩɭ яɣɰɚ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɫɩɨɫɨɛɧɨɫɬɢ ɭɤɚ-
ɡɚɧɧɵɯ ɮɢɡɢɱɟɫɤɢɯ ɮɚɤɬɨɪɨɜ ɩɨɥɨɠɢɬɟɥɶɧɨ ɜɥɢяɬɶ ɧɚ ɜɵɜɨɞɢɦɨɫɬɶ ɢɧɞɸɲɚɬ. Дɥя ɩɪɨɦɵɲ-
ɥɟɧɧɨɣ ɩɪɢɦɟɧɢɦɨɫɬɢ ɦɟɬɨɞɚ ɧɟɨɛɯɨɞɢɦɵ ɞɚɥɶɧɟɣɲɢɟ ɢɫɫɥɟɞɨɜɚɧɢя ɩɨ ɨɩɬɢɦɢɡɚɰɢɢ ɩɚɪɚɦɟɬ-
ɪɨɜ ɜɨɡɞɟɣɫɬɜɭɸɳɟɝɨ ɢɡɥɭɱɟɧɢя (ɞɥɢɧɵ ɜɨɥɧɵ, ɪɟɠɢɦɨɜ ɜɨɡɞɟɣɫɬɜɢя) ɢ ɩɪɢɧяɬɢɟ ɦɟɪ ɩɨ ɭɜɟ-
ɥɢɱɟɧɢɸ ɫɜɟɬɨɩɪɨɩɭɫɤɚɧɢя ɫɤɨɪɥɭɩɵ яɢɰ ɜ ɡɨɧɟ ɜɨɡɞɟɣɫɬɜɢя ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя.  
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The data showing the positive effect of semiconductor laser radiation red spectrum (wavelength 670 nm, 
a dose of 45—50 J/cm2) in combination with a constant magnetic field (magnetic induction 50—70 mT) on the 
hatchability of turkey poults with short-term exposure (40—60 s) in the hatching eggs. 
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɞɚɧɧɵɟ, ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɳɢɟ ɨ ɩɟɪɫɩɟɤɬɢɜɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ 
ɥɚɡɟɪɨɜ ɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɩɪɨɬɢɜɨɝɪɢɛɤɨɜɵɦɢ ɫɪɟɞɫɬɜɚɦɢ, ɨɛɥɚɞɚɸɳɢɦɢ ɫɟɧ-
ɫɢɛɢɥɢɡɢɪɭɸɳɢɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɞɥя ɬɟɪɚɩɢɢ ɝɪɢɛɤɨɜɵɯ ɡɚɛɨɥɟɜɚɧɢɣ. Вɩɟɪɜɵɟ ɩɪɟɞɥɨɠɟɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ 
ɩɪɨɬɢɜɨɝɪɢɛɤɨɜɵɣ ɩɨɥɢɟɧɨɜɵɣ ɚɧɬɢɛɢɨɬɢɤ ɚɦɮɨɬɟɪɢɰɢɧ В, ɪɚɡɪɟɲɟɧɧɵɣ ɤ ɩɪɢɦɟɧɟɧɢɸ ɜ ɦɟɞɢɰɢɧɫɤɨɣ 
ɩɪɚɤɬɢɤɟ, ɜ ɤɚɱɟɫɬɜɟ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɚ. Ɋɚɡɪɚɛɨɬɚɧ ɢɧɧɨɜɚɰɢɨɧɧɵɣ ɫɩɨɫɨɛ ɭɫɢɥɟɧɢя ɮɭɧɝɢɰɢɞɧɨɝɨ 
ɞɟɣɫɬɜɢя ɚɦɮɨɬɟɪɢɰɢɧɚ В, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɟɝɨ ɫɩɨɫɨɛɧɨɫɬɢ ɜɵɫɬɭɩɚɬɶ ɜ ɤɚɱɟɫɬɜɟ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɚ 
ɞɥя ɮɨɬɨɞɢɧɚɦɢɱɟɫɤɨɣ ɬɟɪɚɩɢɢ ɢ ɜɵɡɵɜɚɬɶ ɮɨɬɨɞɟɫɬɪɭɤɰɢɸ ɩɚɬɨɝɟɧɨɜ. Уɫɢɥɟɧɢɸ ɮɨɬɨɞɢɧɚɦɢɱɟɫɤɨɝɨ 
ɷɮɮɟɤɬɚ ɫɩɨɫɨɛɫɬɜɭɟɬ ɷɮɮɟɤɬɢɜɧɨɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɩɪɟɩɚɪɚɬɚ (ɜ ɬɟɦɧɨɜɵɯ ɭɫɥɨɜɢяɯ) ɫ ɞɪɨɠɠɟɩɨɞɨɛ-
ɧɵɦɢ ɝɪɢɛɚɦɢ, ɜɤɥɸɱɚя ɝɪɢɛɵ ɪɨɞɚ Candida albicans. Дɨɫɬɨɢɧɫɬɜɨ ɪɚɡɪɚɛɨɬɚɧɧɨɝɨ ɦɟɬɨɞɚ ɮɨɬɨɞɢɧɚɦɢ-
ɱɟɫɤɨɣ ɬɟɪɚɩɢɢ — ɨɬɫɭɬɫɬɜɢɟ ɪɟɡɢɫɬɟɧɬɧɨɫɬɢ ɭ ɦɢɤɨɡɨɜ ɤ ɞɟɫɬɪɭɤɬɢɜɧɵɦ ɮɨɬɨɯɢɦɢɱɟɫɤɢɦ ɪɟɚɤɰɢяɦ, ɫɟɧ-
ɫɢɛɢɥɢɡɢɪɨɜɚɧɧɵɦ ɚɦɮɨɬɟɪɢɰɢɧɨɦ В.   

Кɥючɟвыɟ ɫɥɨва: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ, ɫɜɟɬɨɞɢɨɞɵ, ɮɭɧɝɢɰɢɞɧɨɟ ɞɟɣɫɬɜɢɟ, ɮɨɬɨɞɢɧɚɦɢ-
ɱɟɫɤɚя ɬɟɪɚɩɢя, ɩɨɥɢɟɧɨɜɵɟ ɚɧɬɢɛɢɨɬɢɤɢ, ɚɦɮɨɬɟɪɢɰɢɧ В. 

Ввɟɞɟɧɢɟ 
В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɝɪɢɛɤɨɜɵɟ ɢɧɮɟɤɰɢɢ — ɨɞɧɚ ɢɡ ɜɚɠɧɟɣɲɢɯ ɩɪɨɛɥɟɦ ɡɞɪɚɜɨɨɯɪɚɧɟ-

ɧɢя, ɱɬɨ ɨɛɭɫɥɨɜɥɟɧɨ ɡɚɝɪяɡɧɟɧɢɟɦ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ, ɩɨɜɵɲɟɧɢɟɦ ɪɚɞɢɨɚɤɬɢɜɧɨɝɨ ɮɨɧɚ, 
ɲɢɪɨɤɢɦ ɩɪɢɦɟɧɟɧɢɟɦ ɢɦɦɭɧɨɞɟɩɪɟɫɫɚɧɬɨɜ, ɚ ɬɚɤɠɟ ɪɚɡɜɢɬɢɟɦ ɭɫɬɨɣɱɢɜɨɫɬɢ ɩɚɬɨɝɟɧɨɜ ɤ 
ɩɪɢɦɟɧяɟɦɵɦ ɩɪɟɩɚɪɚɬɚɦ. Ɋɚɧɟɟ ɧɚɦɢ ɛɵɥɨ ɩɨɤɚɡɚɧɨ [1, 2], ɱɬɨ ɚɧɬɢɦɢɤɪɨɛɧɨɟ ɞɟɣɫɬɜɢɟ ɥɟ-
ɤɚɪɫɬɜɟɧɧɵɯ ɩɪɟɩɚɪɚɬɨɜ ɦɨɠɟɬ ɛɵɬɶ ɫɭɳɟɫɬɜɟɧɧɨ ɭɫɢɥɟɧɨ ɡɚ ɫɱɟɬ ɮɨɬɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɷɮɮɟɤɬɚ 
ɜ ɫɥɭɱɚɟ, ɟɫɥɢ ɩɪɨɬɢɜɨɦɢɤɪɨɛɧɵɣ ɩɪɟɩɚɪɚɬ ɨɛɥɚɞɚɟɬ ɫɟɧɫɢɛɢɥɢɡɢɪɭɸɳɢɦɢ ɫɜɨɣɫɬɜɚɦɢ. ɇɚɥɢ-
ɱɢɟ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɢɪɭɸɳɟɝɨ ɞɟɣɫɬɜɢя ɭ ɮɚɪɦɩɪɟɩɚɪɚɬɚ ɦɨɠɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶɫя ɞɥя ɩɪɨɜɟɞɟ-
ɧɢя ɚɧɬɢɦɢɤɪɨɛɧɨɣ ɮɨɬɨɞɢɧɚɦɢɱɟɫɤɨɣ ɬɟɪɚɩɢɢ ɩɭɬɟɦ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨɣ ɨɛɪɚɛɨɬɤɢ ɩɚɬɨɥɨɝɢɱɟ-
ɫɤɨɝɨ ɨɱɚɝɚ ɬɚɤɢɦ ɥɟɤɚɪɫɬɜɟɧɧɵɦ ɫɪɟɞɫɬɜɨɦ ɢ ɩɨɫɥɟɞɭɸɳɢɦ ɫɜɟɬɨɜɵɦ ɜɨɡɞɟɣɫɬɜɢɟɦ. Кɚɤ ɩɪɚ-
ɜɢɥɨ, ɚɧɬɢɦɢɤɪɨɛɧɵɟ ɩɪɟɩɚɪɚɬɵ ɩɨɫɬɭɩɚɸɬ ɜ ɡɨɧɵ ɩɨɪɚɠɟɧɢя ɜ ɞɨɫɬɚɬɨɱɧɵɯ ɞɥя ɷɮɮɟɤɬɢɜɧɨ-
ɝɨ ɛɚɤɬɟɪɢɰɢɞɧɨɝɨ (ɮɭɧɝɢɰɢɞɧɨɝɨ) ɞɟɣɫɬɜɢя ɤɨɧɰɟɧɬɪɚɰɢяɯ. Ɉɞɧɚɤɨ ɜ ɫɢɥɭ ɩɪɢɨɛɪɟɬɟɧɧɨɣ 
ɪɟɡɢɫɬɟɧɬɧɨɫɬɢ ɲɬɚɦɦɵ ɦɢɤɪɨɨɪɝɚɧɢɡɦɨɜ ɫɬɚɧɨɜяɬɫя ɧɟ ɱɭɜɫɬɜɢɬɟɥɶɧɵɦɢ ɤ ɚɧɬɢɛɚɤɬɟɪɢɚɥɶ-
ɧɵɦ ɩɪɟɩɚɪɚɬɚɦ. Ɋɟɡɢɫɬɟɧɬɧɨɫɬɶ ɩɪɢ ɷɬɨɦ ɧɟ ɢɦɟɟɬ ɦɟɫɬɚ ɤ ɯɢɦɢɱɟɫɤɢ ɚɤɬɢɜɧɵɦ ɪɟɚɝɟɧɬɚɦ 
(ɫɢɧɝɥɟɬɧɵɣ ɤɢɫɥɨɪɨɞ, ɫɭɩɟɪɨɤɫɢɞɚɧɢɨɧ-ɪɚɞɢɤɚɥ, ɞɪɭɝɢɟ ɚɤɬɢɜɧɵɟ ɮɨɪɦɵ ɤɢɫɥɨɪɨɞɚ ɢ ɫɜɨ-
ɛɨɞɧɵɯ ɪɚɞɢɤɚɥɨɜ), ɝɟɧɟɪɢɪɭɟɦɵɦ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɨɦ. ɉɨ ɷɬɨɣ ɩɪɢɱɢɧɟ ɫɨɜɦɟɫɬɧɨɟ ɞɟɣɫɬ-
ɜɢɟ ɫɜɟɬɚ ɫ ɥɟɤɚɪɫɬɜɟɧɧɵɦɢ ɩɪɟɩɚɪɚɬɚɦɢ, ɪɚɡɪɟɲɟɧɧɵɦɢ ɤ ɩɪɢɦɟɧɟɧɢɸ ɜ ɲɢɪɨɤɨɣ ɤɥɢɧɢɱɟ-
ɫɤɨɣ ɩɪɚɤɬɢɤɟ ɢ ɨɛɥɚɞɚɸɳɢɦɢ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɢɪɭɸɳɢɦ ɞɟɣɫɬɜɢɟɦ, яɜɥяɟɬɫя ɨɞɧɢɦ ɢɡ ɧɚɢɛɨ-
ɥɟɟ ɪɟɚɥɶɧɵɯ, ɩɪɚɤɬɢɱɟɫɤɢ ɨɫɭɳɟɫɬɜɢɦɵɯ ɢ ɞɟɲɟɜɵɯ ɩɭɬɟɣ ɩɨɜɵɲɟɧɢя ɚɧɬɢɦɢɤɪɨɛɧɨɣ ɚɤɬɢɜ-
ɧɨɫɬɢ ɦɟɞɢɤɚɦɟɧɬɨɡɧɵɯ ɫɪɟɞɫɬɜ [1—3]. Ɉɞɧɚɤɨ ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ ɮɭɧɝɢɰɢɞɧɵɯ ɬɟɯɧɨ-
ɥɨɝɢɣ ɡɚ ɫɱɟɬ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɢɪɭɸɳɢɯ ɫɜɨɣɫɬɜ ɥɟɤɚɪɫɬɜɟɧɧɵɯ ɩɪɟɩɚɪɚɬɨɜ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɢɡɭ-
ɱɟɧɚ. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɧɚɦɢ ɜɩɟɪɜɵɟ ɩɨɤɚɡɚɧɨ, ɱɬɨ ɨɞɢɧ ɢɡ ɧɚɢɛɨɥɟɟ ɲɢɪɨɤɨ ɩɪɢɦɟɧяɟɦɵɯ 
ɩɪɨɬɢɜɨɝɪɢɛɤɨɜɵɯ ɫɪɟɞɫɬɜ — ɩɨɥɢɟɧɨɜɵɣ ɚɧɬɢɛɢɨɬɢɤ ɚɦɮɨɬɟɪɢɰɢɧ В: 
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яɜɥяɟɬɫя ɷɮɮɟɤɬɢɜɧɵɦ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɨɦ ɢ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɵɯ ɢ ɫɜɟɬɨ-
ɞɢɨɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɜ ɩɨɥɨɫɭ ɟɝɨ ɩɨɝɥɨɳɟɧɢя ɫɩɨɫɨɛɟɧ ɨɤɚɡɵɜɚɬɶ ɫɜɟɬɨɢɧɞɭɰɢɪɨɜɚɧɧɵɣ ɮɭɧ-
ɝɢɰɢɞɧɵɣ ɷɮɮɟɤɬ. 

1. Маɬɟɪɢаɥ ɢ ɦɟɬɨɞɢɤа ɢɫɫɥɟɞɨваɧɢɣ 

Иɫɫɥɟɞɨɜɚɧɢя ɜɵɩɨɥɧɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɥɟɤɚɪɫɬɜɟɧɧɨɣ ɮɨɪɦɵ (ɩɨɪɨɲɨɤ ɥɢɨɮɢɥɢɡɢ-
ɪɨɜɚɧɧɵɣ ɞɥя ɩɪɢɝɨɬɨɜɥɟɧɢя ɪɚɫɬɜɨɪɚ ɞɥя ɢɧɮɭɡɢɣ) ɩɨɥɢɟɧɨɜɨɝɨ ɦɚɤɪɨɰɢɤɥɢɱɟɫɤɨɝɨ ɚɧɬɢɛɢɨ-
ɬɢɤɚ ɫ ɩɪɨɬɢɜɨɝɪɢɛɤɨɜɨɣ ɚɤɬɢɜɧɨɫɬɶɸ ɚɦɮɨɬɟɪɢɰɢɧɚ B (ɈАɈ “ɋɢɧɬɟɡ”, Кɭɪɝɚɧ). ɋɱɢɬɚɟɬɫя, 
ɱɬɨ ɟɝɨ ɦɟɯɚɧɢɡɦ ɞɟɣɫɬɜɢя ɨɛɭɫɥɨɜɥɟɧ ɨɛɪɚɡɨɜɚɧɢɟɦ ɤɨɦɩɥɟɤɫɨɜ ɫɨ ɫɬɟɪɨɥɚɦɢ (ɷɪɝɨɫɬɟɪɨɥɚɦɢ) 
ɤɥɟɬɨɱɧɨɣ ɦɟɦɛɪɚɧɵ ɱɭɜɫɬɜɢɬɟɥɶɧɵɯ ɝɪɢɛɨɜ. В ɪɟɡɭɥɶɬɚɬɟ ɧɚɪɭɲɚɟɬɫя ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɦɟɦ-
ɛɪɚɧɵ, ɩɪɨɢɫɯɨɞɢɬ ɜɵɯɨɞ ɜɧɭɬɪɢɤɥɟɬɨɱɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɜɨ ɜɧɟɤɥɟɬɨɱɧɨɟ ɩɪɨɫɬɪɚɧɫɬɜɨ ɢ ɥɢ-
ɡɢɫ ɝɪɢɛɨɜ. Кɪɢɫɬɚɥɥɢɱɟɫɤɢɣ ɚɦɮɨɬɟɪɢɰɢɧ ɧɟ ɪɚɫɬɜɨɪɢɦ ɜ ɜɨɞɟ, ɩɨɷɬɨɦɭ ɞɥя ɩɨɥɭɱɟɧɢя 
ɥɟɤɚɪɫɬɜɟɧɧɵɯ ɮɨɪɦ ɪɚɫɬɜɨɪɢɦɨɫɬɶ ɚɧɬɢɛɢɨɬɢɤɚ ɩɨɜɵɲɚɸɬ ɞɨɛɚɜɥɟɧɢɟɦ ɞɟɡɨɤɫɢɯɨɥɚɬɚ 
ɧɚɬɪɢя, ɜɫɥɟɞɫɬɜɢɟ ɱɟɝɨ ɞɚɧɧɚя ɫɦɟɫɶ ɩɪɢ ɪɚɫɬɜɨɪɟɧɢɢ ɨɛɪɚɡɭɟɬ ɤɨɥɥɨɢɞɧɵɣ ɪɚɫɬɜɨɪ. 

В ɤɚɱɟɫɬɜɟ ɨɛɴɟɤɬɨɜ, ɱɭɜɫɬɜɢɬɟɥɶɧɵɯ ɤ ɞɟɣɫɬɜɢɸ ɫɜɟɬɚ ɩɪɢ ɫɟɧɫɢɛɢɥɢɡɚɰɢɢ ɚɦɮɨɬɟɪɢɰɢ-
ɧɨɦ В, ɢɫɩɨɥɶɡɨɜɚɧɵ ɦɨɥɟɤɭɥɵ ɮɟɪɦɟɧɬɨɜ (ɥɚɤɬɚɬɞɟɝɢɞɪɨɝɟɧɚɡɚ, ɅДȽ) ɜ ɪɚɫɬɜɨɪɟ, ɤɥɟɬɤɢ ɠɢ-
ɜɨɬɧɵɯ ɜ ɤɭɥɶɬɭɪɟ, ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɠɢɜɨɬɧɵɟ (ɤɪɵɫɵ) ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɧɚ ɞɟɩɢɥɢɪɨ-
ɜɚɧɧɵɯ ɭɱɚɫɬɤɚɯ ɤɨɠɢ ɤɨɧɬɚɤɬɧɨɝɨ ɞɟɪɦɚɬɢɬɚ. 

2. Рɟɡɭɥɶɬаɬы ɢɫɫɥɟɞɨваɧɢɣ 

Эɥɟɤɬɪɨɧɧɵɣ ɫɩɟɤɬɪ ɩɨɝɥɨɳɟɧɢя ɚɦɮɨɬɟɪɢɰɢɧɚ В ɜ ɜɨɞɧɨɦ ɪɚɫɬɜɨɪɟ ɩɪɢ pH 11, ɚ ɬɚɤɠɟ 
ɟɝɨ ɫɩɟɤɬɪ ɜɨɡɛɭɠɞɟɧɢя ɮɥɭɨɪɟɫɰɟɧɰɢɢ (ɪɟɝ = 470 ɧɦ) ɜ ɨɬɫɭɬɫɬɜɢɟ ɢ ɜ ɩɪɢɫɭɬɫɬɜɢɟ ɅДȽ 
ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1. Иɡ ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɞɚɧɧɵɯ ɫɥɟɞɭɟɬ, ɱɬɨ ɚɦɮɨɬɟɪɢɰɢɧ В ɨɛɥɚɞɚɟɬ 
ɜɵɪɚɠɟɧɧɵɦ ɩɨɝɥɨɳɟɧɢɟɦ ɤɚɤ ɜ УФ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ, ɬɚɤ ɢ ɜ ɜɢɞɢɦɨɦ ɞɢɚɩɚɡɨɧɟ (ɫɢɧɟ-ɝɨɥɭɛɚя 
ɨɛɥɚɫɬɶ). ɋɱɢɬɚɟɬɫя, ɱɬɨ ɩɪɢ pH 11 ɚɧɬɢɛɢɨɬɢɤ ɩɪɟɨɛɥɚɞɚɟɬ ɜ ɦɨɧɨɦɟɪɧɨɣ ɮɨɪɦɟ. Ɉɞɧɚɤɨ ɜ 
ɨɛɥɚɫɬɢ ɧɟɣɬɪɚɥɶɧɵɯ ɡɧɚɱɟɧɢɣ pH ɜ ɪɚɫɬɜɨɪɟ ɩɪɢɫɭɬɫɬɜɭɸɬ ɤɚɤ ɦɨɧɨɦɟɪɧɵɟ ɮɨɪɦɵ, ɬɚɤ ɢ 
ɞɢɦɟɪɧɵɟ ɢ ɜɵɫɨɤɨ ɚɝɪɟɝɢɪɨɜɚɧɧɵɟ ɫɬɪɭɤɬɭɪɧɵɟ ɨɛɪɚɡɨɜɚɧɢя. Вɚɠɧɵɣ ɜɵɜɨɞ, ɤɨɬɨɪɵɣ 
ɫɥɟɞɭɟɬ ɢɡ ɫɨɩɨɫɬɚɜɥɟɧɢя ɞɚɧɧɵɯ ɪɢɫ. 1, ɫɨɫɬɨɢɬ ɜ ɬɨɦ, ɱɬɨ ɚɦɮɨɬɟɪɢɰɢɧ В ɫɩɨɫɨɛɟɧ 
ɨɛɪɚɡɨɜɵɜɚɬɶ ɤɨɦɩɥɟɤɫɵ ɫ ɮɟɪɦɟɧɬɚɦɢ. ɇɚ ɷɬɨ, ɜ ɱɚɫɬɧɨɫɬɢ, ɭɤɚɡɵɜɚɟɬ ɩɨяɜɥɟɧɢɟ ɛɟɥɤɨɜɨɣ 
ɩɨɥɨɫɵ ɫ ɦɚɤɫɢɦɭɦɨɦ ɜ ɨɛɥɚɫɬɢ 285—292 ɧɦ ɜ ɫɩɟɤɬɪɟ ɜɨɡɛɭɠɞɟɧɢя ɮɥɭɨɪɟɫɰɟɧɰɢɢ 
ɚɧɬɢɛɢɨɬɢɤɚ ɩɪɢ ɜɧɟɫɟɧɢɢ ɜ ɟɝɨ ɪɚɫɬɜɨɪ ɅДȽ. ɉɨ ɧɚɲɢɦ ɞɚɧɧɵɦ, ɜɨɡɦɨɠɧɨɫɬɶ ɨɛɪɚɡɨɜɚɧɢя 
ɤɨɦɩɥɟɤɫɨɜ ɚɦɮɨɬɟɪɢɰɢɧɚ В ɫ ɮɟɪɦɟɧɬɚɦɢ ɜ ɥɢɬɟɪɚɬɭɪɟ ɧɟ ɪɚɫɫɦɚɬɪɢɜɚɥɚɫɶ. 

Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɨɛɪɚɡɨɜɚɧɢɟ ɤɨɦɩɥɟɤɫɚ ɮɟɪɦɟɧɬ—ɚɧɬɢɛɢɨɬɢɤ ɩɪɢɜɨɞɢɬ ɤ ɫɟɧɫɢɛɢɥɢ-
ɡɢɪɨɜɚɧɧɨɦɭ ɩɨɜɪɟɠɞɟɧɢɸ ɅДȽ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɫ ɞɥɢɧɨɣ ɜɨɥɧɵ 405 ɧɦ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɞɥɢɧɧɨɜɨɥɧɨɜɨɦɭ ɦɚɤɫɢɦɭɦɭ ɫɩɟɤɬɪɚ ɩɨɝɥɨɳɟɧɢя ɚɦɮɨɬɟɪɢɰɢɧɚ. Эɬɨ ɩɪɨ-
яɜɥяɟɬɫя ɜ ɫɧɢɠɟɧɢɢ ɮɟɪɦɟɧɬɚɬɢɜɧɨɣ ɚɤɬɢɜɧɨɫɬɢ ɅДȽ ɩɪɢ ɨɛɥɭɱɟɧɢɢ ɟɟ ɪɚɫɬɜɨɪɚ ɜ ɩɪɢɫɭɬɫɬ-
ɜɢɢ ɚɧɬɢɛɢɨɬɢɤɚ. Фɨɬɨɢɧɚɤɬɢɜɚɰɢя ɮɟɪɦɟɧɬɚ ɪɟɚɥɢɡɭɟɬɫя ɬɚɤɠɟ ɢ ɜ ɨɛɥɚɫɬɢ ɧɟɣɬɪɚɥɶɧɵɯ ɡɧɚ- 
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ɩɨɝɥɨɳɟɧɢя (а) ɢ ɜɨɡɛɭɠɞɟɧɢя ɮɥɭɨɪɟɫɰɟɧɰɢɢ (ɛ) 1.4 ɦɤɆ ɚɦɮɨɬɟɪɢɰɢɧɚ В ɜ ɜɨɞɧɨɦ 

ɪɚɫɬɜɨɪɟ ɩɪɢ pH 11 ɜ ɨɬɫɭɬɫɬɜɢɟ (1) ɢ ɜ ɩɪɢɫɭɬɫɬɜɢɟ 0.65 ɦɤɆ ɬɟɬɪɚɦɟɪɧɨɣ ɅДȽ (2). 
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ɱɟɧɢɣ pH. ɉɨ-ɜɢɞɢɦɨɦɭ, ɜ ɦɟɯɚɧɢɡɦɟ ɮɨɬɨɞɢɧɚɦɢɱɟɫɤɨɝɨ ɩɨɜɪɟɠɞɟɧɢя ɮɟɪɦɟɧɬɚ ɩɪɟɨɛɥɚɞɚɸɬ 
ɪɚɞɢɤɚɥɶɧɵɟ ɩɪɨɰɟɫɫɵ, ɚ ɧɟ ɪɟɚɤɰɢɢ ɫ ɭɱɚɫɬɢɟɦ ɫɢɧɝɥɟɬɧɨɝɨ ɤɢɫɥɨɪɨɞɚ. ɇɚ ɷɬɨ ɭɤɚɡɵɜɚɟɬ ɜɵ-
ɪɚɠɟɧɧɨɟ ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɚ ɮɨɬɨɢɧɚɤɬɢɜɚɰɢɢ ɮɟɪɦɟɧɬɚ ɩɪɢ ɜɧɟɫɟɧɢɢ ɜ ɨɛɥɭɱɚɟɦɭɸ ɫɦɟɫɶ 
ɚɤɰɟɩɬɨɪɨɜ ɢ ɞɨɧɨɪɨɜ ɷɥɟɤɬɪɨɧɨɜ (ɰɢɫɬɢɧ, NAD+), ɚ ɬɚɤɠɟ ɩɪɢ ɩɟɪɟɯɨɞɟ ɨɬ ɜɨɞɧɵɯ ɪɚɫɬɜɨɪɨɜ ɤ 
ɬяɠɟɥɨɣ ɜɨɞɟ. Кɚɤ ɢɡɜɟɫɬɧɨ, ɜ ɫɥɭɱɚɟ ɩɪɟɨɛɥɚɞɚɸɳɟɝɨ ɭɱɚɫɬɢя ɫɢɧɝɥɟɬɧɨɝɨ ɤɢɫɥɨɪɨɞɚ ɜ ɮɨɬɨ-
ɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢяɯ ɫɥɟɞɭɟɬ ɨɠɢɞɚɬɶ ɪɟɡɤɨɝɨ ɭɜɟɥɢɱɟɧɢя ɮɨɬɨɢɧɚɤɬɢɜɚɰɢɢ ɅДȽ ɩɪɢ ɡɚɦɟɧɟ 
H2O ɧɚ D2O ɜɫɥɟɞɫɬɜɢɟ ɭɜɟɥɢɱɟɧɢя ɧɚ ɩɨɪяɞɨɤ ɜɪɟɦɟɧɢ ɠɢɡɧɢ ɫɢɧɝɥɟɬɧɨɝɨ ɤɢɫɥɨɪɨɞɚ. В ɫɜяɡɢ 
ɫ ɷɬɢɦ ɧɚɛɥɸɞɚɟɦɨɟ ɫɧɢɠɟɧɢɟ ɷɮɮɟɤɬɚ ɫɟɧɫɢɛɢɥɢɡɢɪɨɜɚɧɧɨɣ ɚɦɮɨɬɟɪɢɰɢɧɨɦ ɮɨɬɨɢɧɚɤɬɢɜɚ-
ɰɢɢ ɅДȽ ɩɪɢ ɨɛɥɭɱɟɧɢɢ ɪɚɫɬɜɨɪɨɜ ɜ ɩɪɢɫɭɬɫɬɜɢɢ ɚɡɢɞɚ ɧɚɬɪɢя ɦɨɠɟɬ ɛɵɬɶ ɬɚɤɠɟ ɨɛɭɫɥɨɜɥɟɧɨ 
ɬɭɲɟɧɢɟɦ ɚɡɢɞɨɦ ɜɨɡɛɭɠɞɟɧɧɵɯ ɫɨɫɬɨяɧɢɣ ɚɧɬɢɛɢɨɬɢɤɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɞɚɧ-
ɧɵɟ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɚɦɮɨɬɟɪɢɰɢɧ В ɫɩɨɫɨɛɟɧ ɜɵɩɨɥɧяɬɶ ɮɭɧɤɰɢɸ ɮɨɬɨɫɟɧɫɢɛɢɥɢ-
ɡɚɬɨɪɚ. Ɉɞɧɚɤɨ ɩɪɢ ɢɫɫɥɟɞɨɜɚɧɢɢ ɮɨɬɨɯɢɦɢɱɟɫɤɢɯ ɪɟɚɤɰɢɣ ɜ ɜɨɞɧɵɯ ɪɚɫɬɜɨɪɚɯ ɮɨɬɨɞɢɧɚɦɢɱɟ-
ɫɤɨɟ ɩɨɜɪɟɠɞɟɧɢɟ ɛɢɨɦɨɥɟɤɭɥ ɫɟɧɫɢɛɢɥɢɡɢɪɨɜɚɧɧɨɟ ɚɦɮɨɬɟɪɢɰɢɧɨɦ ɨɬɦɟɱɚɟɬɫя ɬɨɥɶɤɨ ɜ ɬɨɦ 
ɫɥɭɱɚɟ, ɟɫɥɢ ɨɧɢ ɨɛɪɚɡɭɸɬ ɤɨɦɩɥɟɤɫɵ ɫ ɚɧɬɢɛɢɨɬɢɤɨɦ.  

ɋɩɨɫɨɛɧɨɫɬɶ ɚɦɮɨɬɟɪɢɰɢɧɚ ɜɵɩɨɥɧяɬɶ ɮɭɧɤɰɢɸ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɚ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨ-
ɜɚɧɚ ɢ ɧɚ ɤɥɟɬɨɱɧɨɦ ɭɪɨɜɧɟ (ɤɥɟɬɤɢ ɩɨɱɤɢ ɚɮɪɢɤɚɧɫɤɨɣ ɡɟɥɟɧɨɣ ɦɚɪɬɵɲɤɢ BGM) ɫ ɩɨɦɨɳɶɸ 
ɆɌɌ-ɬɟɫɬɚ. ɋɭɬɶ ɦɟɬɨɞɚ ɡɚɤɥɸɱɚɟɬɫя ɜ ɫɩɨɫɨɛɧɨɫɬɢ ɠɢɜɵɯ ɤɥɟɬɨɤ ɜɨɫɫɬɚɧɚɜɥɢɜɚɬɶ ɜɧɟɫɟɧɧɵɣ 
ɜ ɫɪɟɞɭ ɨɛɢɬɚɧɢя 3-[4,5-ɞɢɦɟɬɢɥɬɢɚɡɨɥɢɥ-2-ɟɥ]-2,5-ɞɢɮɟɧɢɥɬɟɬɪɚɡɨɥɢɭɦ ɛɪɨɦɢɞ (ɆɌɌ) ɞɨ 
ɮɨɪɦɚɡɚɧɚ, ɤɨɥɢɱɟɫɬɜɨ ɤɨɬɨɪɨɝɨ ɢɡɦɟɪяɟɬɫя ɮɨɬɨɦɟɬɪɢɱɟɫɤɢ ɩɪɢ ɞɥɢɧɟ ɜɨɥɧɵ 550 ɧɦ ɩɨɫɥɟ 
ɢɡɜɥɟɱɟɧɢя ɞɢɦɟɬɢɥɫɭɥɶɮɨɤɫɢɞɨɦ (ɪɢɫ. 2). Ɉɛɥɭɱɟɧɢɟ ɤɥɟɬɨɤ ɩɪɨɜɨɞɢɥɢ ɜ ɨɬɫɭɬɫɬɜɢɟ ɢ ɜ ɩɪɢ-
ɫɭɬɫɬɜɢɢ ɚɦɮɨɬɟɪɢɰɢɧɚ ɫɜɟɬɨɞɢɨɞɧɵɦ ɢɫɬɨɱɧɢɤɨɦ ɫ  = 395 ɧɦ. 
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Ɋɢɫ. 2. ɆɌɌ-ɬɟɫɬ ɞɥя ɤɥɟɬɨɤ, ɨɛɥɭɱɟɧɧɵɯ ( = 395 ɧɦ, Р = 20 ɦВɬ/ɫɦ2) ɜ ɨɬɫɭɬɫɬɜɢɟ (1) ɢ ɜ ɩɪɢɫɭɬɫɬɜɢɢ 

ɚɦɮɨɬɟɪɢɰɢɧɚ (2); ɩɨ ɨɫɢ ɚɛɫɰɢɫɫ — ɜɪɟɦя ɨɛɥɭɱɟɧɢя, ɩɨ ɨɫɢ ɨɪɞɢɧɚɬ — ɨɩɬɢɱɟɫɤɚя ɩɥɨɬɧɨɫɬɶ  
ɮɨɪɦɚɡɚɧɚ ɩɪɢ ɞɥɢɧɟ ɜɨɥɧɵ 550 ɧɦ. 

 

ɋɩɨɫɨɛɧɨɫɬɶ ɢɡɥɭɱɟɧɢя (ɫɜɟɬɨɞɢɨɞɧɵɣ ɢɫɬɨɱɧɢɤ ɫ  = 405 ɧɦ, ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ 100 
ɦВɬ/ɫɦ2), ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɩɨɥɨɫɟ ɩɨɝɥɨɳɟɧɢя ɚɦɮɨɬɟɪɢɰɢɧɚ, ɭɫɢɥɢɜɚɬɶ ɟɝɨ ɮɭɧɝɢɰɢɞɧɨɟ 
ɞɟɣɫɬɜɢɟ ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɚ ɩɪɢ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɤɨɧɬɚɤɬɧɨɝɨ ɞɟɪɦɚɬɢɬɚ ɧɚ ɞɟɩɢɥɢɪɨɜɚɧɧɵɯ 
ɭɱɚɫɬɤɚɯ ɤɨɠɢ ɤɪɵɫ. Дɚɧɧɵɟ, ɨɬɪɚɠɚɸɳɢɟ ɢɡɦɟɧɟɧɢɟ ɦɢɤɨɥɨɝɢɱɟɫɤɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɜ ɦɢɤɪɨ-
ɮɥɨɪɟ ɷɩɢɞɟɪɦɢɫɚ ɤɪɵɫ ɞɥя ɪɚɡɥɢɱɧɵɯ ɝɪɭɩɩ ɠɢɜɨɬɧɵɯ, ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 1, ɚ ɢɡɦɟɧɟɧɢɟ ɯɚ-
ɪɚɤɬɟɪɧɵɯ ɩɪɢɡɧɚɤɨɜ ɞɟɪɦɚɬɢɬɚ ɜ ɪɟɡɭɥɶɬɚɬɟ ɮɨɬɨɞɢɧɚɦɢɱɟɫɤɨɣ ɬɟɪɚɩɢɢ — ɧɚ ɪɢɫ. 3. ɉɪɟɞ-
ɫɬɚɜɥɟɧɧɵɟ ɞɚɧɧɵɟ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɧɚɢɛɨɥɟɟ ɜɵɫɨɤɚя ɛɢɨɥɨɝɢɱɟɫɤɚя ɚɤɬɢɜɧɨɫɬɶ 
ɧɚɛɥɸɞɚɟɬɫя ɩɪɢ ɫɨɱɟɬɚɧɧɨɦ ɩɪɢɦɟɧɟɧɢɢ ɫɜɟɬɚ ɢ ɚɦɮɨɬɟɪɢɰɢɧɚ, ɩɪɢ ɤɨɬɨɪɨɦ ɮɭɧɝɢɰɢɞɧɨɟ 
ɞɟɣɫɬɜɢɟ ɥɟɤɚɪɫɬɜɟɧɧɨɝɨ ɩɪɟɩɚɪɚɬɚ ɭɫɢɥɢɜɚɟɬɫя ɩɪɢɦɟɪɧɨ ɜ ɞɜɚ ɪɚɡɚ (ɬɚɛɥ. 1). 

 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1.  Иɡɦɟɧɟɧɢɟ ɦɢɤɨɥɨɝɢɱɟɫɤɢɯ ɩɨɤɚɡɚɬɟɥɟɣ ɜ ɦɢɤɪɨɮɥɨɪɟ ɷɩɢɞɟɪɦɢɫɚ ɤɪɵɫ ɜ  
ɭɫɥɨɜɢяɯ ɞɟɪɦɚɬɢɬɚ, ɩɪɢɦɟɧɟɧɢя ɚɦɮɨɬɟɪɢɰɢɧɚ ɢ ɨɛɥɭɱɟɧɢя ɫɜɟɪɯɴяɪɤɢɦɢ ɫɜɟɬɨɞɢɨɞɚɦɢ 

Вɢɞ ɦɢɤɪɨɨɪɝɚɧɢɡɦɚ 
КɈȿ/ɫɦ2 

Ƚɪɭɩɩɚ I 
(ɢɧɬɚɤɬɧɵɟ 
ɠɢɜɨɬɧɵɟ) 

Ƚɪɭɩɩɚ II 
(ɧɟɥɟɱɟɧɵɟ 
ɠɢɜɨɬɧɵɟ) 

Ƚɪɭɩɩɚ III 
(ɚɦɮɨɬɟɪɢɰɢɧ + 
ɨɛɥɭɱɟɧɢɟ) 

Ƚɪɭɩɩɚ IV 
(ɚɦɮɨɬɟɪɢɰɢɧ) 

Candida albicans ȿɞ. ɤɨɥɨɧɢɢ 250 50 100 
Penicillium spp. * 104 * * 
Rhizopus spp. * * * * 

* Ɇɢɤɪɨɨɪɝɚɧɢɡɦɵ ɨɬɫɭɬɫɬɜɨɜɚɥɢ. 
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ɇɟɨɛɯɨɞɢɦɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɨɥɭɱɟɧɧɵɟ ɪɟɡɭɥɶɬɚɬɵ ɦɨɝɭɬ ɧɚɣɬɢ ɲɢɪɨɤɨɟ ɩɪɢɦɟɧɟɧɢɟ ɜ 
ɦɟɞɢɰɢɧɫɤɨɣ ɩɪɚɤɬɢɤɟ ɞɥя ɥɟɱɟɧɢя ɝɪɢɛɤɨɜɵɯ ɩɨɪɚɠɟɧɢɣ ɤɨɠɢ, ɩɨɥɨɫɬɢ ɪɬɚ, ɠɟɧɫɤɨɣ ɩɨɥɨɜɨɣ 
ɫɮɟɪɵ ɢ ɞɪ. ɇɚɥɢɱɢɟ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɚ (ɚɦɮɨɬɟɪɢɰɢɧɚ В), ɪɚɡɪɟɲɟɧɧɨɝɨ ɤ ɩɪɢɦɟɧɟɧɢɸ, ɢ 
ɮɨɬɨɬɟɪɚɩɟɜɬɢɱɟɫɤɨɣ ɚɩɩɚɪɚɬɭɪɵ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɣ ɟɝɨ ɫɩɟɤɬɪɭ ɩɨɝɥɨɳɟɧɢя, ɩɨɡɜɨɥяɸɬ ɪɚɡɪɚ-
ɛɨɬɚɬɶ ɧɟɨɛɯɨɞɢɦɵɟ ɦɟɞɢɰɢɧɫɤɢɟ ɬɟɯɧɨɥɨɝɢɢ. 

 
                                    а                                                                              ɛ 

       
Ɋɢɫ. 3. Ɉɛɥɚɫɬɶ ɜɨɫɩɚɥɟɧɢя ɤɨɠɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɦɨɞɟɥɢ ɞɟɪɦɚɬɢɬɚ ɭ ɤɪɵɫ ɞɨ (а) ɢ ɩɨɫɥɟ (ɛ) ɮɨɬɨ-

ɞɢɧɚɦɢɱɟɫɤɨɣ ɬɟɪɚɩɢɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɜ ɤɚɱɟɫɬɜɟ ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɚ ɚɦɮɨɬɟɪɢɰɢɧɚ В. 

 
Заɤɥючɟɧɢɟ  
ɉɨɤɚɡɚɧɚ ɫɩɨɫɨɛɧɨɫɬɶ ɩɨɥɢɟɧɨɜɨɝɨ ɚɧɬɢɛɢɨɬɢɤɚ ɚɦɮɨɬɟɪɢɰɢɧɚ В ɜɵɫɬɭɩɚɬɶ ɜ ɤɚɱɟɫɬɜɟ 

ɮɨɬɨɫɟɧɫɢɛɢɥɢɡɚɬɨɪɚ ɢ ɩɪɢ ɜɨɡɞɟɣɫɬɜɢɢ ɢɡɥɭɱɟɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɢ ɫɜɟɬɨɞɢɨɞɨɜ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɟɝɨ ɩɨɥɨɫɟ ɩɨɝɥɨɳɟɧɢя ɚɦɮɨɬɟɪɢɰɢɧɚ, ɭɫɢɥɢɜɚɬɶ ɟɝɨ ɮɭɧɝɢɰɢɞɧɨɟ ɞɟɣɫɬɜɢɟ. 
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The Use of Semiconductor Lasers and LEDs as Fungicidal Factor  
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The ability of polyene antibiotic amphotericin B to act as photosensitizer and to enhance its fungicidal ac-
tion upon exposure to radiation (semiconductor lasers and LEDs) corresponding to absorption band of ampho-
tericin B has been shown.  

Keywords: semiconductors laser, LEDs, fungicidal action, photodynamic therapy, amphotericin B. 
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Нɟɮɟɥɨɦɟɬɪɢчɟɫɤɢɣ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢɹ ɦɢɤɪɨɮɢɡɢчɟɫɤɢх  
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ɉɨɥɭɱɟɧɵ ɪɟɝɪɟɫɫɢɨɧɧɵɟ ɫɨɨɬɧɨɲɟɧɢя ɦɟɠɞɭ ɦɢɤɪɨɮɢɡɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɷɪɢɬɪɨɰɢɬɨɜ ɤɪɨ-
ɜɢ ɱɟɥɨɜɟɤɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɯ ɜ ɮɨɪɦɟ ɫɮɟɪɨɢɞɨɜ, ɢ ɦɚɥɨɭɝɥɨɜɵɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɪɚɫ-
ɫɟяɧɢя β(Θ) ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɨɤɧɟ ɩɪɨɡɪɚɱɧɨɫɬɢ ɤɪɨɜɢ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɫ ɦɢɤɪɨɮɢ-
ɡɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ ɷɪɢɬɪɨɰɢɬɨɜ, ɩɨɤɚɡɚɬɟɥɟɦ ɩɪɟɥɨɦɥɟɧɢя ɦɨɠɧɨ ɨɩɪɟɞɟɥяɬɶ ɢ ɩɚɪɚɦɟɬɪɵ ɮɨɪɦɵ 
— ɚɫɮɟɪɢɱɧɨɫɬɶ ɷɪɢɬɪɨɰɢɬɨɜ, ɪɚɡɦɟɪ ɛɨɥɶɲɟɣ ɨɫɢ ɫɮɟɪɨɢɞɚ ɫ ɩɨɝɪɟɲɧɨɫɬɶ ɩɨɪяɞɤɚ ɟɞɢɧɢɰ ɩɪɨɰɟɧɬɨɜ. 
ɉɪɢɜɟɞɟɧɚ ɛɥɨɤ-ɫɯɟɦɚ ɭɫɬɪɨɣɫɬɜɚ, ɪɟɚɥɢɡɭɸɳɟɝɨ ɦɟɬɨɞ. 

Кɥючɟвыɟ ɫɥɨва: ɷɪɢɬɪɨɰɢɬɵ, ɦɢɤɪɨɮɢɡɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ, ɤɨɷɮɮɢɰɢɟɧɬɵ ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɪɚɫ-
ɫɟяɧɢя, ɦɧɨɠɟɫɬɜɟɧɧɵɟ ɪɟɝɪɟɫɫɢɢ, ɩɚɪɚɦɟɬɪɵ ɮɨɪɦɵ, ɥɚɡɟɪ, ɧɟɮɟɥɨɦɟɬɪ-ɩɪɨɡɪɚɱɧɨɦɟɪ. 

Ввɟɞɟɧɢɟ 
ɇɟɨɫɥɚɛɟɜɚɸɳɢɣ ɢɧɬɟɪɟɫ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɤ ɷɪɢɬɪɨɰɢɬɚɦ ɤɪɨɜɢ ɨɛɴяɫɧяɟɬɫя ɢɯ ɜɵɫɨɤɨɣ 

ɱɭɜɫɬɜɢɬɟɥɶɧɨɫɬɶɸ ɤ ɩɚɬɨɥɨɝɢɱɟɫɤɢɦ ɢɡɦɟɧɟɧɢяɦ ɜ ɨɪɝɚɧɢɡɦɟ ɱɟɥɨɜɟɤɚ. ɋɭɳɟɫɬɜɟɧɧɵɟ ɧɚɪɭ-
ɲɟɧɢя, ɫɜяɡɚɧɧɵɟ ɫ ɢɡɦɟɧɟɧɢɟɦ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɪɢɬɪɨɰɢɬɨɜ, ɧɚɛɥɸɞɚɸɬɫя ɩɪɢ ɢɫɬɢɧɧɨɣ ɩɨɥɢ-
ɰɢɬɟɦɢɢ, ɦɧɨɠɟɫɬɜɟɧɧɨɣ ɦɢɟɥɨɦɟ, ɨɫɬɪɵɯ ɢ ɯɪɨɧɢɱɟɫɤɢɯ ɥɟɣɤɨɡɚɯ, ɚɧɟɦɢяɯ. Вɵɫɨɤɨɣ ɷɮɮɟɤ-
ɬɢɜɧɨɫɬɢ ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɦɢɤɪɨɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ (ɆФɉ) ɷɪɢɬɪɨɰɢɬɨɜ (ɫɱɟɬɧɨɣ (N) ɢ 
ɨɛɴɟɦɧɨɣ (CV) ɤɨɧɰɟɧɬɪɚɰɢɢ; ɩɚɪɚɦɟɬɪɨɜ ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɩɨ ɪɚɡɦɟɪɚɦ — ɪɚɞɢɭɫɚ r ɢ 
ɩɨɥɭɲɢɪɢɧɵ r; ɞɟɣɫɬɜɢɬɟɥɶɧɨɣ ɱɚɫɬɢ ɩɨɤɚɡɚɬɟɥя ɩɪɟɥɨɦɥɟɧɢя n) ɦɨɠɧɨ ɞɨɫɬɢɱɶ ɫ ɢɫɩɨɥɶɡɨ-
ɜɚɧɢɟɦ ɨɩɬɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ ɢɫɫɥɟɞɨɜɚɧɢя. Ɉɞɧɨ ɢɡ ɩɪɟɢɦɭɳɟɫɬɜ ɬɚɤɢɯ ɦɟɬɨɞɨɜ — ɛɟɫɤɨɧɬɚɤɬ-
ɧɵɣ ɫɩɨɫɨɛ ɤɨɧɬɪɨɥя. Ɋɚɡɦɟɪ ɢ ɮɨɪɦɚ ɷɪɢɬɪɨɰɢɬɨɜ ɬɚɤɠɟ ɢɦɟɸɬ ɜɚɠɧɨɟ ɞɢɚɝɧɨɫɬɢɱɟɫɤɨɟ ɡɧɚ-
ɱɟɧɢɟ. Ɍɚɤ, ɩɪɟɨɛɥɚɞɚɧɢɟ ɜ ɤɪɨɜɢ ɷɪɢɬɪɨɰɢɬɨɜ ɦɚɥɵɯ ɪɚɡɦɟɪɨɜ (ɦɢɤɪɨɰɢɬɨɡ) ɧɚɛɥɸɞɚɟɬɫя ɩɪɢ 
ɝɟɦɨɥɢɬɢɱɟɫɤɨɣ ɛɨɥɟɡɧɢ, ɚɧɟɦɢɢ, ɩɨɫɥɟ ɯɪɨɧɢɱɟɫɤɨɣ ɤɪɨɜɨɩɨɬɟɪɢ ɢ ɧɟɪɟɞɤɨ ɩɪɢ ɡɥɨɤɚɱɟɫɬɜɟɧ-
ɧɵɯ ɡɚɛɨɥɟɜɚɧɢяɯ. Уɜɟɥɢɱɟɧɢɟ ɷɪɢɬɪɨɰɢɬɨɜ (ɦɚɤɪɨɰɢɬɨɡ) ɜɫɬɪɟɱɚɟɬɫя ɩɪɢ ɦɧɨɝɢɯ ɡɚɛɨɥɟɜɚɧɢ-
яɯ ɩɟɱɟɧɢ, ɚɥɤɨɝɨɥɢɡɦɟ, ɡɥɨɤɚɱɟɫɬɜɟɧɧɵɯ ɧɨɜɨɨɛɪɚɡɨɜɚɧɢяɯ, ɩɨɧɢɠɟɧɢɢ ɮɭɧɤɰɢɢ ɳɢɬɨɜɢɞɧɨɣ 
ɠɟɥɟɡɵ, ɦɢɟɥɨɩɪɨɥɢɮɟɪɚɬɢɜɧɵɯ ɡɚɛɨɥɟɜɚɧɢяɯ, ɩɨɫɥɟ ɫɩɥɟɧɷɤɬɨɦɢɢ ɢ ɬ. ɞ.  

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɩɪɢɦɟɧɟɧɢɟ ɩɪɢɧɰɢɩɨɜ ɤɨɪɪɟɥяɰɢɨɧɧɨɣ ɫɩɟɤɬɪɨɧɟɮɟ-
ɥɨɦɟɬɪɢɢ ɞɥя ɨɞɧɨɜɪɟɦɟɧɧɨɝɨ ɨɩɪɟɞɟɥɟɧɢя ɤɚɤ ɆФɉ ɩɚɪɚɦɟɬɪɨɜ ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя 
ɷɪɢɬɪɨɰɢɬɨɜ ɩɨ ɪɚɡɦɟɪɚɦ, ɬɚɤ ɢ ɩɚɪɚɦɟɬɪɚ ɮɨɪɦɵ — ɚɫɮɟɪɢɱɧɨɫɬɢ ɷɪɢɬɪɨɰɢɬɨɜ, ɚ ɬɚɤɠɟ ɜɨɡ-
ɦɨɠɧɨɫɬɶ ɭɩɪɨɳɟɧɢя ɩɪɨɰɟɫɫɚ ɢɡɦɟɪɟɧɢɣ ɡɚ ɫɱɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢя ɬɨɥɶɤɨ ɞɜɭɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ 
ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɪɚɫɫɟяɧɢя . 

Раɫчɟɬ ɨɩɬɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɷɪɢɬɪɨɰɢɬɨв 

ɉɨɫɤɨɥɶɤɭ яɞɪɨ ɢɧɬɟɝɪɚɥɶɧɨɝɨ ɭɪɚɜɧɟɧɢя ɟɞɢɧɢɱɧɨɝɨ ɷɪɢɬɪɨɰɢɬɚ ɡɚɜɢɫɢɬ ɨɬ ɟɝɨ ɨɪɢɟɧ-
ɬɚɰɢɢ, ɨɛɵɱɧɨ ɩɪɢ ɪɚɫɱɟɬɚɯ ɈХ ɢɫɩɨɥɶɡɭɸɬ ɪɚɡɧɵɟ ɩɪɢɛɥɢɠɟɧɢя. ɉɪɢ ɷɬɨɦ ɭɱɢɬɵɜɚɟɬɫя, ɱɬɨ 
ɭɝɥɨɜɨɟ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɫɜɟɬɚ, ɪɚɫɫɟяɧɧɨɝɨ ɧɚ ɛɨɥɶɲɨɦ ɱɢɫɥɟ ɯɚɨɬɢɱɟɫɤɢ ɪɚɫɩɨɥɨɠɟɧɧɵɯ ɧɟ-
ɫɮɟɪɢɱɟɫɤɢɯ ɱɚɫɬɢɰ, ɬɚɤɨɟ ɠɟ, ɤɚɤ ɩɪɢ ɪɚɫɫɟяɧɢɢ ɧɚ ɲɚɪɚɯ ɷɤɜɢɜɚɥɟɧɬɧɨɝɨ ɨɛɴɟɦɚ, ɚ ɷɪɢɬɪɨɰɢ-
ɬɵ ɩɪɟɞɫɬɚɜɥɟɧɵ ɜ ɫɮɟɪɢɱɟɫɤɨ-ɫɢɦɦɟɬɪɢɱɧɨɦ ɜɢɞɟ ɢ ɯɚɪɚɤɬɟɪɢɡɭɸɬɫя ɢɧɞɢɤɚɬɪɢɫɨɣ ɪɚɫɫɟя-
ɧɢя, ɪɚɫɫɱɢɬɵɜɚɟɦɨɣ ɩɨ ɮɨɪɦɭɥɚɦ Ɇɢ. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɞɚɧɧɨɣ ɦɨɞɟɥɢ ɜ ɞɪɭɝɢɯ ɪɚɛɨɬɚɯ ɢ ɫɪɚɜ-
ɧɟɧɢɟ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ ɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɦɢ ɪɟɡɭɥɶɬɚɬɚɦɢ ɩɨɤɚɡɚɥɢ, ɱɬɨ ɬɚɤɨɟ ɩɪɢɛɥɢɠɟ-
ɧɢɟ ɯɨɪɨɲɨ ɨɩɢɫɵɜɚɟɬ ɫɜɨɣɫɬɜɚ ɛɨɥɶɲɢɧɫɬɜɚ ɛɢɨɥɨɝɢɱɟɫɤɢɯ ɬɤɚɧɟɣ, ɜɤɥɸɱɚя ɤɪɨɜɶ. Ɉɬɦɟɬɢɦ 
ɬɚɤɠɟ, ɱɬɨ ɞɥя ɧɟɫɮɟɪɢɱɟɫɤɢɯ ɱɚɫɬɢɰ ɷɤɜɢɜɚɥɟɧɬɧɵɟ ɩɨ ɩɥɨɳɚɞɢ ɢ ɩɨ ɨɛɴɟɦɭ ɪɚɞɢɭɫɵ ɧɟ ɫɨɜ-
ɩɚɞɚɸɬ, ɨɞɧɚɤɨ ɞɥя ɭɦɟɪɟɧɧɨ ɜɵɬяɧɭɬɵɯ (ɫɩɥɸɫɧɭɬɵɯ) ɫɮɟɪɨɢɞɨɜ ɢ ɰɢɥɢɧɞɪɨɜ (0.5    2) ɷɬɚ 
ɪɚɡɧɢɰɚ ɧɟ ɩɪɟɜɵɲɚɟɬ 5 %. ȿɫɥɢ ɞɥя ɦɨɞɟɥɢ ɷɪɢɬɪɨɰɢɬɨɜ, ɩɪɟɞɫɬɚɜɥɟɧɧɨɣ ɜ ɜɢɞɟ ɷɤɜɢɜɚɥɟɧɬ-
ɧɵɯ ɩɨ ɨɛɴɟɦɭ ɫɮɟɪ, ɜ ɤɚɱɟɫɬɜɟ ɩɚɪɚɦɟɬɪɚ ɮɨɪɦɵ ɦɨɠɧɨ ɫɱɢɬɚɬɶ r, ɬɨ ɞɥя ɦɨɞɟɥɢ, ɝɞɟ ɷɪɢɬɪɨ-
ɰɢɬɵ ɩɪɟɞɫɬɚɜɥяɸɬɫя ɜ ɜɢɞɟ ɫɮɟɪɨɢɞɨɜ, ɜ ɤɚɱɟɫɬɜɟ ɞɢɚɝɧɨɫɬɢɱɟɫɤɨɝɨ ɩɚɪɚɦɟɬɪɚ ɮɨɪɦɵ ɷɪɢɬ-
ɪɨɰɢɬɚ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɚɪɚɦɟɬɪ ɚɫɮɟɪɢɱɧɨɫɬɢ e = D/d, ɝɞɟ D ɢ d — ɛɨɥɶɲɚя ɢ ɦɚɥɚя ɨɫɢ 
ɷɥɥɢɩɫɚ.  
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В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɷɪɢɬɪɨɰɢɬɵ ɦɨɞɟɥɢɪɭɸɬɫя ɫɩɥɸɫɧɭɬɵɦɢ ɫɮɟɪɨɢɞɚɦɢ, ɫɨɨɬɜɟɬɫɬɜɟɧ-
ɧɨ, ɚɧɫɚɦɛɥɶ ɷɪɢɬɪɨɰɢɬɨɜ ɢ ɟɝɨ ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɦɨɞɟɥɢɪɭɸɬɫя ɚɧɫɚɦɛɥɟɦ ɫɮɟɪɨɢɞɨɜ ɫɨ 
ɫɥɭɱɚɣɧɨ ɡɚɞɚɧɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ ɛɨɥɶɲɟɣ ɨɫɢ D, ɩɚɪɚɦɟɬɪɚ ɚɫɮɟɪɢɱɧɨɫɬɢ e, ɩɨɤɚɡɚɬɟɥя 
ɩɪɟɥɨɦɥɟɧɢя n ɢ ɭɝɥɚ ɨɪɢɟɧɬɚɰɢɢ α. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɷɪɢɬɪɨɰɢɬɨɜ ɩɨ ɨɛɴɟɦɭ f(V) ɦɨɞɟɥɢɪɭɟɬɫя 
ɨɛɨɛɳɟɧɧɵɦ ɝɚɦɦɚ-ɪɚɫɩɪɟɞɟɥɟɧɢɟɦ, ɤɨɬɨɪɨɟ ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɨ ɚɩɩɪɨɤɫɢɦɢɪɭɟɬ ɞɚɧɧɵɟ ɦɧɨ-
ɝɨɱɢɫɥɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɷɪɢɬɨɰɢɬɨɦɟɬɪɢɱɟɫɤɢɯ ɤɪɢɜɵɯ ɨɛɪɚɡɰɨɜ ɤɪɨɜɢ:  
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ɝɞɟ N – ɫɱɟɬɧɚя ɤɨɧɰɟɧɬɪɚɰɢя ɷɪɢɬɪɨɰɢɬɨɜ; V0 — ɦɨɞɚɥɶɧɵɣ ɨɛɴɟɦ; k — ɩɚɪɚɦɟɬɪ ɩɨɥɭɲɢɪɢɧɵ 
ɪɚɫɩɪɟɞɟɥɟɧɢя, ɫɜяɡɚɧɧɵɣ ɫ V (ɪɚɫɫɬɨяɧɢɟɦ ɦɟɠɞɭ ɜɟɬɜяɦɢ f(V) ɧɚ ɭɪɨɜɧɟ 0.5 f(V)) ɫɨɨɬɧɨɲɟ-
ɧɢɟɦ k  5.63(V/V)–1.99. 

Ɇɢɤɪɨɫɬɪɭɤɬɭɪɧɵɟ ɩɚɪɚɦɟɬɪɵ ɷɪɢɬɪɨɰɢɬɨɜ (ɬɚɛɥ. 1) ɜɚɪɶɢɪɭɸɬɫя ɜ ɞɢɚɩɚɡɨɧɚɯ ɢɯ ɜɨɡ-
ɦɨɠɧɵɯ ɢɡɦɟɧɟɧɢɣ, ɜɵɛɪɚɧɧɵɯ ɢɡ ɥɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ. ɉɚɪɚɦɟɬɪɵ ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя 
ɩɨ ɪɚɡɦɟɪɚɦ V0 ɢ k ɡɚɞɚɸɬɫя ɢɡ ɞɢɚɩɚɡɨɧɨɜ, ɩɪɢɜɟɞɟɧɧɵɯ ɜ ɬɚɛɥ. 2. Дɟɣɫɬɜɢɬɟɥɶɧɚя (n) ɢ ɦɧɢ-
ɦɚя () ɱɚɫɬɢ ɨɬɧɨɫɢɬɟɥɶɧɨɝɨ ɩɨɤɚɡɚɬɟɥя ɩɪɟɥɨɦɥɟɧɢя ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɞɥɢɧɟ ɜɨɥɧɵ λ = 0.65 ɦɤɦ 
( = 0.495 ɦɤɦ ɜ ɮɢɡɪɚɫɬɜɨɪɟ ɫ n = 1.332, ɤɨɬɨɪɵɣ ɩɪɢɦɟɧяɟɬɫя ɞɥя ɪɚɡɛɚɜɥɟɧɢя).  

Ɋɚɫɱɟɬ ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ Ɇɸɥɥɟɪɚ ɢ ɷɮɮɟɤɬɢɜɧɵɯ ɫɟɱɟɧɢɣ ɪɚɫɫɟяɧɢя ɢ ɩɨɝɥɨɳɟɧɢя 
ɩɪɨɜɟɞɟɧ ɫ ɩɨɦɨɳɶɸ ɩɪɨɝɪɚɦɦɵ ADDA ɧɚ ɫɭɩɟɪɤɨɦɩɶɸɬɟɪɟ ɋКИФ ɞɥя ɷɪɢɬɪɨɰɢɬɨɜ ɫɨ ɫɥɭ-
ɱɚɣɧɨ ɡɚɞɚɧɧɵɦɢ ɆФɉ ɢɡ ɬɚɛɥ. 1 ɢ 2. Вɫɟɝɨ ɪɚɫɫɱɢɬɚɧɨ ɢ ɡɚɧɟɫɟɧɨ ɜ ɛɚɡɭ ɞɚɧɧɵɯ ɨɤɨɥɨ 
180 000 000 ɷɥɟɦɟɧɬɨɜ ɦɚɬɪɢɰɵ Ɇɸɥɥɟɪɚ ɢ ɷɮɮɟɤɬɢɜɧɵɯ ɫɟɱɟɧɢɣ ɪɚɫɫɟяɧɢя ɢ ɩɨɝɥɨɳɟɧɢя 
ɟɞɢɧɢɱɧɵɯ ɷɪɢɬɪɨɰɢɬɨɜ. Иɡ ɷɬɨɝɨ ɧɚɛɨɪɚ ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɚɧɫɚɦɛɥɢ ɱɚɫɬɢɰ, ɝɞɟ ɤɨɥɢɱɟɫɬɜɨ ɪɚɫ-
ɫɟɢɜɚɬɟɥɟɣ ɡɚɞɚɜɚɥɨɫɶ ɢɡ ɢɧɬɟɪɜɚɥɚ 70—120 ɬɵɫяɱ (0.02 ɦɥ ɤɪɨɜɢ ɩɪɢ ɫɪɟɞɧɟɣ ɤɨɧɰɟɧɬɪɚɰɢɢ 
(3.5—6)  106 ɦɥ–1), ɚ ɤɚɠɞɨɦɭ ɪɚɫɫɟɢɜɚɬɟɥɸ ɫɥɭɱɚɣɧɵɦ ɨɛɪɚɡɨɦ ɡɚɞɚɜɚɥɚɫɶ ɨɪɢɟɧɬɚɰɢя ɢ ɆФɉ. 
Кɨɷɮɮɢɰɢɟɧɬɵ ɪɚɫɫɟяɧɢя ɩɨɞ ɭɝɥɨɦ () ɞɥя ɚɧɫɚɦɛɥя ɱɚɫɬɢɰ ɢɡ ɨɬɦɟɱɟɧɧɨɝɨ ɜɵɲɟ ɢɧɬɟɪɜɚɥɚ 
ɪɚɫɫɱɢɬɚɧɵ ɜ ɩɪɢɛɥɢɠɟɧɢɢ ɨɞɧɨɤɪɚɬɧɨɝɨ ɪɚɫɫɟяɧɢя ɩɨ ɩɪɚɜɢɥɭ ɫɥɨɠɟɧɢя ɢɧɞɢɤɚɬɪɢɫ.  

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Вɚɪɢɚɰɢɢ ɦɢɤɪɨɮɢɡɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɷɪɢɬɪɨɰɢɬɨɜ 

D e N n  
5.2—9.6 ɦɤɦ 2—4 (3.5—6.0) 1012 ɥ–1 1.035—1.059 10–4—10–5 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  2. Вɚɪɢɚɰɢɢ ɩɚɪɚɦɟɬɪɨɜ ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɩɨ ɪɚɡɦɟɪɚɦ 

k V0 
6—10 75—95 ɦɤɦ3 

 
ɉɪɢ ɩɨɥɭɱɟɧɢɢ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɪɟɝɪɟɫɫɢɨɧɧɵɯ ɭɪɚɜɧɟɧɢɣ ɧɚ ɪɚɫɫɱɢɬɚɧɧɵɟ ɡɧɚɱɟɧɢя ɈХ 

ɧɚɤɥɚɞɵɜɚɥɢɫɶ ɩɨɝɪɟɲɧɨɫɬɢ (ɞɥя β(Θ): 10 % ɧɚ ɭɝɥɵ 1—10º, 5 % — ɧɚ ɜɫɟ ɨɫɬɚɥɶɧɵɟ ɭɝɥɵ), 
ɩɪɨɜɟɞɟɧɨ ɫɪɚɜɧɟɧɢɟ ɪɚɫɫɱɢɬɚɧɧɵɯ ɢ ɡɚɞɚɜɚɟɦɵɯ ɡɧɚɱɟɧɢɣ ɞɥя ɤɚɠɞɨɝɨ ɢɡ ɷɥɟɦɟɧɬɨɜ ɜɵɛɨɪɤɢ 

(ɆФɉ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɢɦ ɨɩɬɢɱɟɫɤɢɟ). Уɪɚɜɧɟɧɢя ɦɧɨɠɟɫɬɜɟɧɧɨɣ ɪɟɝɪɟɫɫɢɢ ɞɥя ɤɚɠɞɨɝɨ 
ɆФɉ ɩɨɥɭɱɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɞɜɭɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɧɚɩɪɚɜɥɟɧɧɨɝɨ ɪɚɫɫɟяɧɢя ɢ ɢɦɟɸɬ ɜɢɞ: 

  lgp = a0 + a1lg(1) + a2lg(2),     (2) 

ɝɞɟ ai ɢ i ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 3 ɢ 4; pi — ɆФɉ. Ɉɩɪɟɞɟɥяɟɦɵɟ ɆФɉ pi ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 
ɭɪɚɜɧɟɧɢɸ (2) ɡɧɚɱɟɧɢя ɨɩɬɢɦɚɥɶɧɵɯ ɭɝɥɨɜ i, ɜɵɛɪɚɧɧɵɯ ɩɭɬɟɦ ɩɪяɦɨɝɨ ɩɟɪɟɛɨɪɚ (ɤɪɢɬɟɪɢɣ 
ɨɬɛɨɪɚ — ɦɢɧɢɦɚɥɶɧɚя ɫɪɟɞɧяя ɩɨɝɪɟɲɧɨɫɬɶ ɩɨ ɜɵɛɨɪɤɟ) ɢɡ ɨɬɦɟɱɟɧɧɵɯ ɜɵɲɟ ɩɪɢ ɚɧɚɥɢɡɟ 
ɤɨɪɪɟɥяɰɢɨɧɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɢɧɬɟɪɜɚɥɨɜ ɭɝɥɨɜ, ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ. 3.  

    Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  3. Ɉɩɬɢɦɚɥɶɧɵɟ ɭɝɥɵ   Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  4. Кɨɷɮɮɢɰɢɟɧɬɵ ɪɟɝɪɟɫɫɢɣ 

ɆФɉ 1 2 ɆФɉ а0 а1 а2 
D 5 12  D 2.1892 –0.3208 0.2216 
e 5 12  e 4.0179 –0.7815 0.4941 
V0 3 9  V0 0.5708 0.2190 –0.1093 
ΔV 3 9  ΔV 1.0552 0.4365 –0.2140 
n 7 14  n –4.3541 0.3054 0.0283 
N 3 14 N 11.4514 –0.8315 0.3205 
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Оɛɫɭɠɞɟɧɢɟ ɪɟɡɭɥɶɬаɬɨв 

ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟɧɚ ɝɢɫɬɨɝɪɚɦɦɵ ɩɨɝɪɟɲɧɨɫɬɢ ɨɩɪɟɞɟɥɟɧɢя ɩɚɪɚɦɟɬɪɨɜ ɮɨɪɦɵ — ɚɫɮɟ-
ɪɢɱɧɨɫɬɢ ɷɪɢɬɪɨɰɢɬɨɜ e, ɪɚɡɦɟɪ ɛɨɥɶɲɨɣ ɨɫɢ ɷɥɥɢɩɫɚ D ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ (2), ɝɞɟ ɩɨ ɨɫɢ OY 
ɨɬɥɨɠɟɧɚ ɱɚɫɬɨɬɚ ɩɨɜɬɨɪяɟɦɨɫɬɢ P ɨɲɢɛɨɤ  = (х – х*)/х (ɱɢɫɥɨ ɪɟɚɥɢɡɚɰɢɣ P ɆФɉ ɷɪɢɬɪɨɰɢ-
ɬɨɜ, ɞɥя ɤɨɬɨɪɵɯ ɩɨɥɭɱɟɧɵ ɞɚɧɧɵɟ ɩɨɝɪɟɲɧɨɫɬɢ ), x ɢ х* — ɡɚɞɚɧɧɵɟ ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɫ ɢɫ-
ɩɨɥɶɡɨɜɚɧɢɟɦ (2) ɫ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɢɡ ɬɚɛɥ. 1 ɢ 2 ɡɧɚɱɟɧɢя ɆФɉ. ɇɚ ɪɢ-
ɫɭɧɤɟ ɬɚɤɠɟ ɭɤɚɡɚɧɵ ɫɪɟɞɧɢɟ ɩɨ ɜɵɛɨɪɤɟ ɨɲɢɛɤɢ ɨɩɪɟɞɟɥɟɧɢя ɨɬɦɟɱɟɧɧɵɯ ɜɟɥɢɱɢɧ. ɋ ɢɫɩɨɥɶ-
ɡɨɜɚɧɢɟɦ ɪɟɝɪɟɫɫɢɨɧɧɵɯ ɫɨɨɬɧɨɲɟɧɢɣ ɦɟɠɞɭ ɭɝɥɨɜɵɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɪɚɫɫɟяɧɢя ɢ ɆФɉ 
ɷɪɢɬɪɨɰɢɬɨɜ ɜɨɡɦɨɠɧɨ ɨɩɪɟɞɟɥɟɧɢɟ ɩɚɪɚɦɟɬɪɨɜ n, N, Δr, V0, ɚ ɡɧɚɱɢɬ, ɢ ɮɭɧɤɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя 
ɩɨ ɨɛɴɟɦɭ ɜ ɩɪɟɞɟɥɚɯ 10 %. Хɨɬя ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɦɟɬɨɞɚɦɢ, ɫɨɜɦɟɫɬɧɨ ɫ ɭɝɥɨɜɵɦɢ ɢɫɩɨɥɶɡɭɸ-
ɳɢɦɢ ɩɨɥяɪɢɡɚɰɢɨɧɧɵɟ ɢɡɦɟɪɟɧɢя, ɬɨɱɧɨɫɬɶ ɜɨɫɫɬɚɧɨɜɥɟɧɢя ɆФɉ ɧɟɫɤɨɥɶɤɨ ɭɯɭɞɲɚɟɬɫя, 
ɜɚɠɧɵɦɢ ɞɨɫɬɨɢɧɫɬɜɚɦɢ ɪɚɫɫɦɚɬɪɢɜɚɟɦɨɝɨ ɦɟɬɨɞɚ яɜɥяɸɬɫя ɪɚɫɲɢɪɟɧɢɟ ɮɭɧɤɰɢɨɧɚɥɶɧɵɯ 
ɜɨɡɦɨɠɧɨɫɬɟɣ, ɩɪɨɫɬɨɬɚ ɬɟɯɧɢɱɟɫɤɨɣ ɪɟɚɥɢɡɚɰɢɢ, ɨɩɟɪɚɬɢɜɧɨɫɬɶ. 
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Ɋɢɫ. 1. Ƚɢɫɬɨɝɪɚɦɦɵ ɨɲɢɛɨɤ ɨɩɪɟɞɟɥɟɧɢя e (а) ɢ D (ɛ) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɭɪɚɜɧɟɧɢя (6) ɫ ɧɚɥɨ-

ɠɟɧɢɟɦ 10%-ɧɵɯ ɫɥɭɱɚɣɧɵɯ ɨɲɢɛɨɤ ɧɚ (k) 

Дɥя ɪɟɚɥɢɡɚɰɢɢ ɦɟɬɨɞɚ ɩɪɟɞɥɚɝɚɟɬɫя ɫɯɟɦɚ ɧɟɮɟɥɨɦɟɬɪɚ-ɩɪɨɡɪɚɱɧɨɦɟɪɚ, ɩɪɟɞɫɬɚɜɥɟɧɧɚя 
ɧɚ ɪɢɫ. 2. В ɧɟɟ ɜɯɨɞяɬ ɢɫɬɨɱɧɢɤɢ И1 ɢ И2 (ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ), ɩɪɢɟɦɧɢɤɢ ɉ1 ɢ ɉ2, 
ɛɥɨɤ ɭɩɪɚɜɥɟɧɢя ɩɨɫɵɥɤɢ ɢɡɥɭɱɟɧɢя 3, ɭɫɬɪɨɣɫɬɜɨ ɜɪɚɳɟɧɢя, ɮɨɪɦɢɪɨɜɚɬɟɥɢ ɫɜɟɬɨɜɵɯ ɩɨɬɨɤɨɜ 
4, ɛɥɨɤ ɪɟɝɢɫɬɪɚɰɢɢ, ɨɛɪɚɛɨɬɤɢ ɢ ɯɪɚɧɟɧɢя ɢɡɦɟɪɢɬɟɥɶɧɨɣ ɢɧɮɨɪɦɚɰɢɢ 5. Иɫɬɨɱɧɢɤɚɦɢ И1 ɢ 
И2 ɩɨ-ɩɟɪɟɦɟɧɧɨ ɩɨ ɫɢɝɧɚɥɚɦ, ɩɨɫɬɭɩɚɸɳɢɦ ɫ ɛɥɨɤɚ ɭɩɪɚɜɥɟɧɢя 3, ɩɨɫɵɥɚɸɬɫя ɫɜɟɬɨɜɵɟ ɩɨ-
ɬɨɤɢ ɜ ɢɫɫɥɟɞɭɟɦɭɸ ɪɚɫɫɟɢɜɚɸɳɭɸ ɫɪɟɞɭ (ɜ ɬɨɱɤɭ R). Чɚɫɬɶ ɢɡɥɭɱɟɧɢя ɜ ɬɨɱɤɟ R ɪɚɫɫɟɢɜɚɟɬɫя ɜ 
ɧɚɩɪɚɜɥɟɧɢɢ ɩɪɢɟɦɧɢɤɚ ɉ2, ɪɚɫɩɨɥɨɠɟɧɧɨɝɨ ɩɨɞ ɭɝɥɨɦ  ɤ ɧɚɩɪɚɜɥɟɧɢɸ ɩɨɫɵɥɤɢ ɢɡɥɭɱɟɧɢя, 
ɱɚɫɬɶ ɩɪɨɯɨɞɢɬ ɧɚ ɩɪɢɟɦɧɢɤ ɉ1, ɪɚɫɩɨɥɨɠɟɧɧɵɣ ɩɪɨɬɢɜɨɩɨɥɨɠɧɨ, ɢ ɪɟɝɢɫɬɪɢɪɭɟɬɫя ɛɥɨɤɨɦ 6.  
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Ɋɢɫ. 2. ɋɯɟɦɚ ɧɟɮɟɥɨɦɟɬɪɚ-ɩɪɨɡɪɚɱɧɨɦɟɪɚ 

ɋ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɟɞɥɚɝɚɟɦɨɝɨ ɧɟɮɟɥɨɦɟɬɪɚ-ɩɪɨɡɪɚɱɧɨɦɟɪɚ ɡɧɚɱɟɧɢя  ɢɡɦɟɪяɸɬɫя ɫ 
ɢɫɤɥɸɱɟɧɢɟɦ ɦɟɬɨɞɢɱɟɫɤɢɯ ɩɨɝɪɟɲɧɨɫɬɟɣ, ɨɛɭɫɥɨɜɥɟɧɧɵɯ ɧɟɫɬɚɛɢɥɶɧɨɫɬɶɸ ɚɩɩɚɪɚɬɭɪɧɵɯ 
ɤɨɧɫɬɚɧɬ ɢɫɬɨɱɧɢɤɨɜ, ɩɪɢɟɦɧɢɤɨɜ, ɮɨɪɦɢɪɨɜɚɬɟɥɟɣ ɢɡɥɭɱɟɧɢя, ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ, ɚ ɬɚɤɠɟ 
ɡɚɝɪяɡɧɟɧɢɣ ɨɩɬɢɱɟɫɤɢɯ ɷɥɟɦɟɧɬɨɜ, ɩɨɷɬɨɦɭ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ g

 

ɬɨɱɧɨɫɬɶ ɟɟ ɩɨɥɭɱɟɧɢя ɛɭɞɟɬ 
ɛɨɥɟɟ ɜɵɫɨɤɨɣ. 
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Nephelometric Method for Determination of the Microphisical Parameters 

of Blood Erithrocytes 

D. A. Smunev, M. M. Kugeiko  

а 
Belarusian State University, Minsk, Belarus, e-mail:kugeiko@bsu.by 

We obtained the regression relations between the microphysical parameters of erythrocytes in human 
blood presented in form of spheroids and the low-angle directional scattering coefficients () in the spectral 
window of blood. The efficiency of using these regression relations for double-angle measurements was esti-
mated. It is shown that we can, concurrently with microphysical parameters of erythrocytes, refraction index, 
determine shape parameter, such as asphericity of erythrocytes, and dimension of the large axis of spheroid to a 
precision of a few percent. 

Keywords: erythrocytes, microphysical parameters, directional scattering coefficients, multiple regres-
sions, shape parameters. 
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Свɨɣɫɬва ɧаɧɨчаɫɬɢɰ ɨɤɫɢɞа ɰɢɧɤа, ɫɢɧɬɟɡɢɪɨваɧɧых  
ɫ ɩɨɦɨщɶю ɪаɡɪɹɞа ɫ ɠɢɞɤɢɦ аɧɨɞɨɦ 

В. ɋ. Ȼɭɪɚɤɨɜ, Ɇ. И. ɇɟɞɟɥɶɤɨ, В. В Кɢɪɢɫ, ɇ. В. Ɍɚɪɚɫɟɧɤɨ 

Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь;  
e-mail: nedelko@imaph.bas-net.by 

Иɫɫɥɟɞɨɜɚɧɵ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɧɚɧɨɱɚɫɬɢɰ ɨɤɫɢɞɚ ɰɢɧɤɚ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɫ ɩɨɦɨɳɶɸ ɬɥɟɸɳɟɝɨ 
ɪɚɡɪяɞɚ ɚɬɦɨɫɮɟɪɧɨɝɨ ɞɚɜɥɟɧɢя ɫ ɠɢɞɤɢɦ ɚɧɨɞɨɦ. ɉɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɨɫɧɨɜɧɵɟ ɮɚɤɬɨɪɵ (ɫɨɫɬɚɜ ɷɥɟɤ-
ɬɪɨɥɢɬɚ ɢ ɩɚɪɚɦɟɬɪɵ ɝɟɧɟɪɢɪɭɟɦɨɣ ɩɥɚɡɦɵ), ɜɥɢяɸɳɢɟ ɧɚ ɦɨɪɮɨɥɨɝɢɸ ɢ ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɨɛɪɚɡɭɟɦɵɯ 
ɧɚɧɨɱɚɫɬɢɰ.  

Кɥючɟвыɟ ɫɥɨва: ɷɥɟɤɬɪɢɱɟɫɤɢɣ ɪɚɡɪяɞ ɫ ɠɢɞɤɢɦ ɚɧɨɞɨɦ, ɧɚɧɨɱɚɫɬɢɰɵ, ɨɤɫɢɞ ɰɢɧɤɚ, ɚɛɫɨɪɛɰɢя, 
ɲɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ.  

Ввɟɞɟɧɢɟ 
Ɉɤɫɢɞ ɰɢɧɤɚ — ɨɞɢɧ ɢɡ ɩɟɪɫɩɟɤɬɢɜɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɞɥя ɫɨɡɞɚɧɢя ɩɪɢɛɨɪɨɜ ɦɢɤɪɨ- ɢ ɨɩ-

ɬɨɷɥɟɤɬɪɨɧɢɤɢ: ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɥɚɡɟɪɨɜ ɢ ɫɜɟɬɨɞɢɨɞɨɜ ɜ ɭɥɶɬɪɚɮɢɨɥɟɬɨɜɨɣ (УФ) ɨɛɥɚɫɬɢ 
ɫɩɟɤɬɪɚ, ɩɪɨɡɪɚɱɧɵɯ ɩɪɨɜɨɞяɳɢɯ ɩɨɤɪɵɬɢɣ, ɛɢɨɦɟɞɢɰɢɧɫɤɢɯ ɩɪɢɦɟɧɟɧɢɣ. Ɉɤɫɢɞ ɰɢɧɤɚ ɦɨɠɟɬ 
ɩɪɢɦɟɧяɬɶɫя ɜ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɚɯ, ɩɴɟɡɨɩɪɟɨɛɪɚɡɨɜɚɬɟɥяɯ, ɚ ɬɚɤɠɟ ɜ ɤɚɱɟɫɬɜɟ ɤɚɬɚɥɢɬɢɱɟ-
ɫɤɢɯ ɱɚɫɬɢɰ ɢ ɫɟɧɫɨɪɨɜ [1]. Иɧɬɟɪɟɫ ɨɛɭɫɥɨɜɥɟɧ ɪяɞɨɦ ɟɝɨ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɢ ɨɩɬɢɱɟɫɤɢɯ 
ɫɜɨɣɫɬɜ: ɛɨɥɶɲɨɣ ɲɢɪɢɧɨɣ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɢ ɜɵɫɨɤɨɣ ɷɧɟɪɝɢɟɣ ɷɤɫɢɬɨɧɧɨɝɨ ɜɨɡɛɭɠɞɟɧɢя, 
ɜɵɫɨɤɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɥɚɜɥɟɧɢя ɢ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶɸ, ɭɫɬɨɣɱɢɜɨɫɬɶɸ ɤ ɪɚɞɢɚɰɢɢ, ɩɪɨɡɪɚɱ-
ɧɨɫɬɶ ɜ ɜɢɞɢɦɨɦ ɞɢɚɩɚɡɨɧɟ ɢ ɛɢɨɫɨɜɦɟɫɬɢɦɨɫɬɶ.  

ɋ ɭɱɟɬɨɦ ɫɤɚɡɚɧɧɨɝɨ ɩɪɟɞɫɬɚɜɥяɟɬ ɢɧɬɟɪɟɫ ɪɚɡɪɚɛɨɬɤɚ ɦɟɬɨɞɨɜ ɤɨɧɬɪɨɥɢɪɭɟɦɨɝɨ ɫɢɧɬɟɡɚ 
ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɫɬɪɭɤɬɭɪ ɨɤɫɢɞɚ ɰɢɧɤɚ ɞɥя ɫɨɡɞɚɧɢя ɫɬɪɭɤɬɭɪ ɫ ɡɚɞɚɧɧɵɦɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɚɦɢ. 
Дɥя ɫɢɧɬɟɡɚ ɩɥɟɧɨɤ ɢ ɧɚɧɨɫɬɪɭɤɬɭɪ ɨɤɫɢɞɚ ɰɢɧɤɚ ɜ ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɧɚɢɛɨɥɶɲɟɟ ɪɚɫɩɪɨɫɬɪɚ-
ɧɟɧɢɟ ɩɨɥɭɱɢɥɢ ɦɟɬɨɞɵ, ɨɫɧɨɜɚɧɧɵɟ ɧɚ ɯɢɦɢɱɟɫɤɨɦ ɨɫɚɠɞɟɧɢɢ ɩɚɪɨɜ, ɦɨɥɟɤɭɥяɪɧɨɣ ɷɩɢɬɚɤ-
ɫɢɢ, ɨɫɚɠɞɟɧɢɢ ɢɡ ɝɚɡɨɜɨɣ ɮɚɡɵ ɩɪɢ ɬɟɪɦɢɱɟɫɤɨɦ, ɥɚɡɟɪɧɨɦ ɢɥɢ ɦɚɝɧɟɬɪɨɧɧɨɦ ɪɚɫɩɵɥɟɧɢɢ. 
ɉɨɥɭɱɟɧɚ ɲɢɪɨɤɚя ɧɨɦɟɧɤɥɚɬɭɪɚ ɫɬɪɭɤɬɭɪ, ɜɤɥɸɱɚя ɧɚɧɨɩɪɨɜɨɥɨɤɢ, ɧɚɧɨɬɪɭɛɤɢ, ɧɚɧɨɥɟɧɬɵ, 
ɧɚɧɨɤɨɥɶɰɚ, ɧɚɧɨɩɪɭɠɢɧɵ ɢ ɞɪ. 

ɇɟɫɦɨɬɪя ɧɚ ɞɨɫɬɚɬɨɱɧɨ ɛɨɥɶɲɨɣ ɨɛɴɟɦ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɪɚɛɨɬ, ɜɵɩɨɥɧɟɧɧɵɯ ɜ ɨɛ-
ɥɚɫɬɢ ɩɨɥɭɱɟɧɢя ɩɥɟɧɨɤ ɢ ɩɨɪɨɲɤɨɜ ZnO, ɩɪɨɛɥɟɦɚ ɰɟɥɟɧɚɩɪɚɜɥɟɧɧɨɝɨ ɮɨɪɦɢɪɨɜɚɧɢя ɫɬɪɭɤ-
ɬɭɪ ZnO ɫ ɧɟɨɛɯɨɞɢɦɵɦɢ ɫɜɨɣɫɬɜɚɦɢ ɪɟɲɟɧɚ ɞɚɥɟɤɨ ɧɟ ɩɨɥɧɨɫɬɶɸ. Ɉɞɢɧ ɢɡ ɝɥɚɜɧɵɯ ɧɟɞɨɫɬɚɬ-
ɤɨɜ ɯɢɦɢɱɟɫɤɢɯ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ ɧɚɧɨɱɚɫɬɢɰ — ɩɪɢɫɭɬɫɬɜɢɟ ɜ ɤɨɧɟɱɧɨɦ ɪɚɫɬɜɨɪɟ ɤɪɨɦɟ ɫɚɦɢɯ 
ɧɚɧɨɱɚɫɬɢɰ ɩɨɛɨɱɧɵɯ ɩɪɨɞɭɤɬɨɜ ɪɟɚɤɰɢɣ. ɋɪɟɞɢ ɧɨɜɵɯ ɦɟɬɨɞɨɜ ɫɢɧɬɟɡɚ, ɩɪɟɞɥɨɠɟɧɧɵɯ ɜ ɩɨ-
ɫɥɟɞɧɢɟ ɝɨɞɵ, ɦɟɬɨɞ, ɨɫɧɨɜɚɧɧɵɣ ɧɚ ɩɪɢɦɟɧɟɧɢɢ ɬɥɟɸɳɟɝɨ ɪɚɡɪяɞɚ ɫ ɠɢɞɤɢɦ ɷɥɟɤɬɪɨɞɨɦ 
(ɩɥɚɡɦɵ ɜ ɤɨɧɬɚɤɬɟ ɫ ɠɢɞɤɨɫɬɶɸ), ɩɪɢɜɥɟɤ ɛɨɥɶɲɨɟ ɜɧɢɦɚɧɢɟ, ɩɨɫɤɨɥɶɤɭ ɩɨɡɜɨɥяɟɬ ɫɢɧɬɟɡɢɪɨ-
ɜɚɬɶ ɧɚɧɨɱɚɫɬɢɰɵ ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢя ɯɢɦɢɱɟɫɤɢ ɚɤɬɢɜɧɵɯ ɜɨɫɫɬɚɧɚɜɥɢɜɚɸɳɢɯ ɚɝɟɧɬɨɜ. [2]. 
Эɥɟɤɬɪɢɱɟɫɤɢɣ ɪɚɡɪяɞ ɦɟɠɞɭ ɷɥɟɤɬɪɨɞɨɦ ɜ ɝɚɡɨɜɨɣ ɮɚɡɟ ɢ ɦɟɬɚɥɥɢɱɟɫɤɢɦ ɷɥɟɤɬɪɨɞɨɦ, ɩɨɝɪɭ-
ɠɟɧɧɵɦ ɜ ɪɚɫɬɜɨɪ ɷɥɟɤɬɪɨɥɢɬɚ, ɨɬɥɢɱɚɟɬɫя ɩɪɨɫɬɨɬɨɣ ɪɟɚɥɢɡɚɰɢɢ ɢ ɭɩɪɚɜɥɟɧɢя, ɜɨɡɦɨɠɧɨɫɬɶɸ 
ɪɚɛɨɬɵ ɩɪɢ ɚɬɦɨɫɮɟɪɧɨɦ ɞɚɜɥɟɧɢɢ ɢ ɬɟɦɩɟɪɚɬɭɪɟ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ, ɧɢɡɤɨɣ ɫɬɨɢɦɨɫɬɶɸ ɩɪɨ-
ɰɟɫɫɚ ɫɢɧɬɟɡɚ ɧɚɧɨɱɚɫɬɢɰ. 

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɷɬɨɬ ɦɟɬɨɞ ɩɪɢɦɟɧɟɧ ɞɥя ɮɨɪɦɢɪɨɜɚɧɢя ɧɚɧɨɤɪɢɫɬɚɥɥɨɜ ɨɤɫɢɞɚ ɰɢɧɤɚ. 
Аɧɚɥɢɡɢɪɭɸɬɫя ɨɫɧɨɜɧɵɟ ɮɚɤɬɨɪɵ (ɫɨɫɬɚɜ ɷɥɟɤɬɪɨɥɢɬɚ ɢ ɩɚɪɚɦɟɬɪɵ ɝɟɧɟɪɢɪɭɟɦɨɣ ɩɥɚɡɦɵ), 
ɜɥɢяɸɳɢɟ ɧɚ ɦɨɪɮɨɥɨɝɢɸ, ɮɚɡɨɜɵɣ ɫɨɫɬɚɜ ɢ ɨɩɬɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɧɚɧɨɫɬɪɭɤɬɭɪ.  

Эɤɫɩɟɪɢɦɟɧɬаɥɶɧаɹ чаɫɬɶ 

Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɚя ɭɫɬɚɧɨɜɤɚ ɞɥя ɩɨɥɭɱɟɧɢя ɧɚɧɨɪɚɡɦɟɪɧɵɯ ɱɚɫɬɢɰ ɜ ɭɫɥɨɜɢяɯ ɬɥɟɸɳɟ-
ɝɨ ɪɚɡɪяɞɚ ɫ ɠɢɞɤɨɫɬɧɵɦ ɷɥɟɤɬɪɨɞɨɦ ɫɨɫɬɨɢɬ ɢɯ ɤɸɜɟɬɵ ɫ ɠɢɞɤɨɫɬɶɸ, ɛɥɨɤɚ ɷɥɟɤɬɪɨɞɨɜ, ɝɚɡɨ-
ɜɨɝɨ ɛɚɥɥɨɧɚ ɫ ɪɟɞɭɤɬɨɪɨɦ ɢ ɢɫɬɨɱɧɢɤɚ ɩɢɬɚɧɢя ɪɚɡɪяɞɚ. Ɋɚɡɪяɞ ɡɚɠɢɝɚɟɬɫя ɦɟɠɞɭ ɤɚɩɢɥɥяɪ-
ɧɨɣ ɬɪɭɛɤɨɣ ɢɡ ɧɟɪɠɚɜɟɸɳɟɣ ɫɬɚɥɢ ɫ ɜɧɭɬɪɟɧɧɢɦ ɞɢɚɦɟɬɪɨɦ 500 ɦɤɦ ɢ ɞɥɢɧɨɣ 5 ɫɦ, ɫɥɭɠɢɜ-
ɲɟɣ ɤɚɬɨɞɨɦ, ɢ ɩɨɜɟɪɯɧɨɫɬɶɸ ɠɢɞɤɨɫɬɢ, ɜ ɤɨɬɨɪɭɸ ɨɩɭɫɤɚɟɬɫя ɦɟɬɚɥɥɢɱɟɫɤɢɣ ɷɥɟɤɬɪɨɞ, яɜ-
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ɥяɸɳɢɣɫя ɚɧɨɞɨɦ. В ɤɚɱɟɫɬɜɟ ɪɚɛɨɱɟɣ ɠɢɞɤɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɢɫɬɢɥɥɢɪɨɜɚɧɧɚя ɜɨɞɚ, ɢɥɢ 
ɜɨɞɧɵɟ ɪɚɫɬɜɨɪɵ, ɫɨɞɟɪɠɚɳɢɟ 1 ɦɆ HNO3 ɢ 10 ɦɆ ɮɪɭɤɬɨɡɵ (ɝɥɸɤɨɡɵ), ɢɥɢ ɜ ɤɢɫɥɨɬɧɵɣ ɪɚɫ-
ɬɜɨɪ ɛɟɡ ɮɪɭɤɬɨɡɵ (ɝɥɸɤɨɡɵ), ɢɥɢ ɬɨɥɶɤɨ ɪɚɫɬɜɨɪ ɝɥɸɤɨɡɵ. ɉɨɬɨɤ ɝɚɡɚ ɚɪɝɨɧɚ (20 ɦɥ/ɦɢɧ) 
ɩɪɨɩɭɫɤɚɟɬɫя ɱɟɪɟɡ ɤɚɩɢɥɥяɪɧɭɸ ɬɪɭɛɤɭ. Ɋɚɡɪяɞ ɩɢɬɚɟɬɫя ɫɬɚɛɢɥɢɡɢɪɨɜɚɧɧɵɦ ɢɫɬɨɱɧɢɤɨɦ ɫ 
ɦɚɤɫɢɦɚɥɶɧɵɦ ɧɚɩɪяɠɟɧɢɟɦ 3.6 ɤВ ɢ ɬɨɤɨɦ 5 ɦɚ, ɩɨɞɤɥɸɱɟɧɢɟ ɢɫɬɨɱɧɢɤɚ ɨɫɭɳɟɫɬɜɥяɟɬɫя ɱɟ-
ɪɟɡ ɛɚɥɥɚɫɬɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ R = 500 ɤɈɦ.  

ɉɟɪɜɢɱɧɵɦ ɢɧɞɢɤɚɬɨɪɨɦ ɨɛɪɚɡɨɜɚɧɢя ɧɚɧɨɱɚɫɬɢɰ ɫɥɭɠɢɬ ɢɡɦɟɧɟɧɢɟ ɨɤɪɚɫɤɢ ɪɚɫɬɜɨɪɚ, 
ɞɚɥɶɧɟɣɲɚя ɞɢɚɝɧɨɫɬɢɤɚ ɫɜɨɞɢɬɫя ɤ ɪɚɧɟɟ ɨɬɪɚɛɨɬɚɧɧɵɦ ɦɟɬɨɞɚɦ, ɜ ɱɢɫɥɟ ɤɨɬɨɪɵɯ ɫɩɟɤɬɪɨɮɨ-
ɬɨɦɟɬɪɢɱɟɫɤɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ ɩɪɨɩɭɫɤɚɧɢя ɩɨɥɭɱɟɧɧɵɯ ɤɨɥɥɨɢɞɧɵɯ ɪɚɫɬɜɨɪɨɜ ɜ ɨɩɪɟɞɟɥɟɧɧɵɯ 
ɭɱɚɫɬɤɚɯ ɫɩɟɤɬɪɚ. Ɋɟɝɢɫɬɪɚɰɢя ɫɩɟɤɬɪɨɜ ɩɪɨɢɫɯɨɞɢɥɚ ɩɪɢ ɩɨɦɨɳɢ ɞɜɭɯɤɚɧɚɥɶɧɨɝɨ ɫɩɟɤɬɪɨɮɨ-
ɬɨɦɟɬɪɚ Cary 500 c ɪɚɡɪɟɲɟɧɢɟɦ 1 ɧɦ ɢ ɜɵɱɢɬɚɧɢɟɦ ɫɩɟɤɬɪɨɜ ɢɫɯɨɞɧɨɝɨ ɪɚɫɬɜɨɪɚ ɞɨ ɨɛɪɚɛɨɬɤɢ 
ɷɥɟɤɬɪɢɱɟɫɤɢɦ ɪɚɡɪяɞɨɦ. 

Ɇɨɪɮɨɥɨɝɢя ɢ ɪɚɡɦɟɪ ɱɚɫɬɢɰ ɨɩɪɟɞɟɥɟɧɵ ɦɟɬɨɞɨɦ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨ-
ɫɤɨɩɢɢ (ɉЭɆ) ɫ ɩɨɦɨɳɶɸ ɦɢɤɪɨɫɤɨɩɚ LEO 906E, ɪɚɛɨɬɚɸɳɟɝɨ ɩɪɢ ɭɫɤɨɪяɸɳɟɦ ɧɚɩɪяɠɟɧɢɢ 
120 ɤВ. Дɥя ɷɥɟɤɬɪɨɧɧɨ-ɦɢɤɪɨɫɤɨɩɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɢɫɩɨɥɶɡɨɜɚɧɚ ɫɬɚɧɞɚɪɬɧɚя ɦɟɬɨɞɢɤɚ 
ɧɚɧɟɫɟɧɢя ɧɚɧɨɱɚɫɬɢɰ ɧɚ ɦɟɞɧɵɟ ɫɟɬɨɱɤɢ, ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɩɨɤɪɵɬɵɟ ɩɥɟɧɤɨɣ ɮɨɪɦɜɚɪɚ. 

ɋɨɫɬɚɜ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɧɚɧɨɱɚɫɬɢɰ ɤɨɧɬɪɨɥɢɪɨɜɚɥɫя ɫ ɩɨɦɨɳɶɸ ИК ɫɩɟɤɬɪɨɫɤɨɩɢɢ, 
ɫɩɟɤɬɪɵ ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɱɚɫɬɢɰ ZnO ɪɟɝɢɫɬɪɢɪɨɜɚɥɢɫɶ ɜ ɝɟɨɦɟɬɪɢɢ ɧɚ ɨɬɪɚɠɟɧɢɟ ɩɨɞ ɭɝɥɨɦ 
20 ɨɬ ɩɥɚɫɬɢɧɵ ɢɡ ɧɢɡɤɨɨɦɧɨɝɨ ɤɪɟɦɧɢя, ɬɚɤ ɤɚɤ ɞɚɧɧɵɣ ɬɢɩ ɤɪɟɦɧɢɣ ɧɟ ɩɪɨɩɭɫɤɚɟɬ ɢɡɥɭɱɟ-
ɧɢɟ ɜ ИК ɞɢɚɩɚɡɨɧɟ, ɫ ɪɚɡɪɟɲɟɧɢɟɦ 4 ɫɦ–1 ɧɚ ИК-ɮɭɪɶɟ-ɫɩɟɤɬɪɨɦɟɬɪɟ Thermo Nicolet. 

Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Ɋɟɡɭɥɶɬɚɬɵ ɜɵɩɨɥɧɟɧɧɵɯ ɷɤɫɩɟɪɢɦɟɧɬɨɜ ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɨɫɧɨɜɧɨɟ ɜɥɢяɧɢɟ ɧɚ ɩɚɪɚɦɟɬ-

ɪɵ ɧɚɪɚɛɚɬɵɜɚɟɦɵɯ ɱɚɫɬɢɰ ɨɤɚɡɵɜɚɟɬ ɫɨɫɬɚɜ ɠɢɞɤɨɣ ɫɪɟɞɵ, ɜ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨɞɢɬ ɫɢɧɬɟɡ. Ɍɚɤ, 
ɜ ɞɢɫɬɢɥɥɢɪɨɜɚɧɧɨɣ ɜɨɞɟ ɜ ɨɬɫɭɬɫɬɜɢɟ ɫɬɚɛɢɥɢɡɢɪɭɸɳɢɯ ɚɝɟɧɬɨɜ (ɝɥɸɤɨɡɵ, ɮɪɭɤɬɨɡɵ) ɨɛɪɚ-
ɡɭɸɬɫя ɧɚɧɨɱɚɫɬɢɰɵ ɨɤɫɢɞɚ ɰɢɧɤɚ, ɨ ɱɟɦ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɩɨяɜɥɟɧɢɟ ɯɚɪɚɤɬɟɪɧɵɯ ɩɨɥɨɫ ɜ ИК 
ɫɩɟɤɬɪɟ. Ɍɢɩɢɱɧɵɣ ИК ɫɩɟɤɬɪ ɨɫɚɠɞɟɧɧɵɯ ɧɚ ɤɪɟɦɧɢɟɜɭɸ ɩɨɞɥɨɠɤɭ ɱɚɫɬɢɰ ZnO, ɫɢɧɬɟɡɢɪɨ-
ɜɚɧɧɵɯ ɜ ɞɢɫɬɢɥɥɢɪɨɜɚɧɧɨɣ ɜɨɞɟ, ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 1. ɋɢɧɬɟɡɢɪɨɜɚɧɧɵɟ ɜ ɜɨɞɟ ɧɚɧɨɱɚɫɬɢɰɵ 
ɨɤɫɢɞɚ ɰɢɧɤɚ, ɩɨ-ɜɢɞɢɦɨɦɭ, ɩɨɞɜɟɪɝɚɸɬɫя ɱɚɫɬɢɱɧɨɦɭ ɝɢɞɪɨɥɢɡɭ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɝɢɞɪɨɤɫɢɞɚ 
ɰɢɧɤɚ — ɜ ИК ɫɩɟɤɬɪɟ ɩɨяɜɥяɟɬɫя ɩɨɥɨɫɚ, ɫɨɨɬɜɟɬɫɬɜɭɸɳɚя ɩɨɝɥɨɳɟɧɢɸ ɝɢɞɪɨɤɫɢɥɶɧɨɣ ɝɪɭɩ-
ɩɵ. Кɪɨɦɟ ɬɨɝɨ, ɩɨɫɥɟ ɧɚɪɚɛɨɬɤɢ ɱɚɫɬɢɰ ɪɚɫɬɜɨɪ ɩɪɢɨɛɪɟɬɚɥ ɫɥɚɛɨɳɟɥɨɱɧɭɸ ɪɟɚɤɰɢɸ. 

ɋɩɟɤɬɪɚɥɶɧɵɟ ɨɫɨɛɟɧɧɨɫɬɢ ɩɨɝɥɨɳɟɧɢя ɤɨɥɥɨɢɞɚ, ɩɪɢɝɨɬɨɜɥɟɧɧɨɝɨ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɰɢɧɤɨɜɨɝɨ ɷɥɟɤɬɪɨɞɚ, ɯɚɪɚɤɬɟɪɢɡɭɸɬɫя ɫɤɚɱɤɨɨɛɪɚɡɧɵɦ ɭɜɟɥɢɱɟɧɢɟɦ ɩɨɝɥɨɳɟɧɢя ɜɛɥɢɡɢ 370 
ɧɦ (ɪɢɫ. 2), ɤɨɬɨɪɵɟ ɭɤɚɡɵɜɚɸɬ ɧɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ ɯɚɪɚɤɬɟɪ ɨɛɪɚɡɭɸɳɢɯɫя ɧɚɧɨɱɚɫɬɢɰ. 
Ɉɱɟɜɢɞɧɨ, ɩɢɤ ɜɛɥɢɡɢ 370 ɧɦ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɷɤɫɢɬɨɧɧɨɦɭ ɩɨɝɥɨɳɟɧɢɸ ɧɚɧɨɱɚɫɬɢɰ ZnO. Шɢɪɢ-
ɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ (Eg = 3.36 ɷВ), ɨɰɟɧɟɧɧɚя ɢɡ ɫɩɟɤɬɪɚ ɩɨɝɥɨɳɟɧɢя, ɩɨɞɬɜɟɪɠɞɚɟɬ ɨɛɪɚɡɨ-
ɜɚɧɢɟ ɧɚɧɨɱɚɫɬɢɰ ZnO. 
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Ɋɢɫ. 1. Ɍɢɩɢɱɧɵɣ ИК ɫɩɟɤɬɪ ɨɫɚɠɞɟɧɧɵɯ ɧɚɧɨɱɚɫɬɢɰ ZnO, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɜ ɞɢɫɬɢɥɢɪɨɜɚɧɧɨɣ ɜɨɞɟ. 
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Шɢɪɢɧɚ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɧɚɧɨɱɚɫɬɢɰ ɨɤɫɢɞɚ ɰɢɧɤɚ ɪɚɫɫɱɢɬɚɧɚ ɢɡ ɨɩɬɢɱɟɫɤɨɝɨ ɫɩɟɤɬɪɚ 

ɩɨɝɥɨɳɟɧɢя ɫ ɩɨɦɨɳɶɸ ɫɨɨɬɧɨɲɟɧɢя  h = (h – Eg)
n, ɝɞɟ n — ɩɨɫɬɨяɧɧɚя, h — ɷɧɟɪɝɢя ɮɨ-

ɬɨɧɚ,  — ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢя, n ɡɚɜɢɫɢɬ ɨɬ ɯɚɪɚɤɬɟɪɚ ɩɟɪɟɯɨɞɚ (ɞɥя ɩɪяɦɵɯ ɩɟɪɟɯɨɞɨɜ  
n = 1/2). Дɥя ɨɩɪɟɞɟɥɟɧɢя ɲɢɪɢɧɵ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɩɨɫɬɪɨɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ (h)2 ɨɬ h, 
ɷɧɟɪɝɢя ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɧɚɣɞɟɧɚ ɩɭɬɟɦ ɷɤɫɬɪɚɩɨɥяɰɢɢ ɥɢɧɟɣɧɨɣ ɱɚɫɬɢ ɝɪɚɮɢɤɚ ɞɨ ɩɟɪɟɫɟɱɟ-
ɧɢя ɫ ɨɫɶɸ ɷɧɟɪɝɢɢ.  

Ɉɬɦɟɬɢɦ, ɱɬɨ ɩɪɢ ɞɨɛɚɜɥɟɧɢɢ ɫɬɚɛɢɥɢɡɚɬɨɪɚ (ɝɥɸɤɨɡɵ) ɢ ɭɜɟɥɢɱɟɧɢɢ ɟɟ ɤɨɧɰɟɧɬɪɚɰɢɢ 
ɫɩɟɤɬɪ ɩɨɝɥɨɳɟɧɢя ɪɚɫɬɜɨɪɚ ɢɡɦɟɧяɟɬɫя. В ɫɩɟɤɬɪɟ ɩɨɝɥɨɳɟɧɢя ɤɨɥɥɨɢɞɚ ɩɨяɜɥяɟɬɫя ɢ ɪɚɫɬɟɬ 
ɜɬɨɪɨɣ ɩɢɤ ɜ ɨɛɥɚɫɬɢ 270 ɧɦ. Кɨɝɞɚ ɤɨɧɰɟɧɬɪɚɰɢя ɫɬɚɛɢɥɢɡɚɬɨɪɚ ɫɬɚɧɨɜɢɬɫя ɛɨɥɶɲɟ 0.005 Ɇ, 
ɜɦɟɫɬɨ ɨɤɫɢɞɚ ɰɢɧɤɚ, ɫɤɨɪɟɟ ɜɫɟɝɨ, ɧɚɪɚɛɚɬɵɜɚɸɬɫя ɧɚɧɨɱɚɫɬɢɰɵ ɦɟɬɚɥɥɢɱɟɫɤɨɝɨ ɰɢɧɤɚ, ɨ ɱɟɦ 
ɫɜɢɞɟɬɟɥɶɫɬɭɟɬ ɩɨяɜɥɟɧɢɟ ɦɚɤɫɢɦɭɦɚ ɩɨɝɥɨɳɟɧɢя ɜ ɨɛɥɚɫɬɢ 270 ɧɦ [3].  

Иɫɩɨɥɶɡɨɜɚɧɢɟ ɜ ɤɚɱɟɫɬɜɟ ɪɚɛɨɱɟɣ ɫɪɟɞɵ ɞɥя ɧɚɪɚɛɨɬɤɢ ɱɚɫɬɢɰ 1 ɦɆ-ɪɚɫɬɜɨɪɚ ɚɡɨɬɧɨɣ 
ɤɢɫɥɨɬɵ ɭɦɟɧɶɲɚɟɬ ɝɢɞɪɨɥɢɡ, ɬɚɤ ɤɚɤ ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɫɪɟɞɚ ɩɨɫɥɟ ɧɚɪɚɛɨɬɤɢ ɱɚɫɬɢɰ ɨɫɬɚɟɬɫя 
ɩɪɚɤɬɢɱɟɫɤɢ ɧɟɣɬɪɚɥɶɧɨɣ. Вɦɟɫɬɟ ɫ ɬɟɦ ɞɨɛɚɜɤɚ ɤɢɫɥɨɬɵ ɫɢɥɶɧɨ ɦɟɧяɟɬ ɦɨɪɮɨɥɨɝɢɸ ɫɢɧɬɟɡɢ-
ɪɭɟɦɵɯ ɧɚɧɨɱɚɫɬɢɰ. Кɚɤ ɜɢɞɧɨ ɢɡ ɦɢɤɪɨɮɨɬɨɝɪɚɮɢɣ ɱɚɫɬɢɰ (ɪɢɫ.3), ɟɫɥɢ ɞɥя ɪɚɡɪяɞɚ ɫ ɞɢɫɬɢɥ-
ɥɢɪɨɜɚɧɧɨɣ ɜɨɞɨɣ ɯɚɪɚɤɬɟɪɧɨ ɮɨɪɦɢɪɨɜɚɧɢɟ ɤɜɚɡɢɫɮɟɪɢɱɟɫɤɢɯ ɱɚɫɬɢɰ ɫɨ ɫɪɟɞɧɢɦ ɪɚɡɦɟɪɨɦ 
15—20 ɧɦ, ɬɨ ɜ ɩɨɞɤɢɫɥɟɧɧɨɣ ɜɨɞɟ ɩɪɨɢɫɯɨɞɢɬ ɮɨɪɦɢɪɨɜɚɧɢɟ ɧɚɧɨɩɪɨɜɨɥɨɱɟɤ ɞɥɢɧɨɣ 100—
200 ɧɦ ɞɢɚɦɟɬɪɚɦɢ <10 ɧɦ.  

 

 
Ɋɢɫ. 3. Ɇɢɤɪɨɮɨɬɨɝɪɚɮɢɢ ɱɚɫɬɢɰ ZnO, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ ɜ ɞɢɫɬɢɥɥɢɪɨɜɚɧɧɨɣ ɜɨɞɟ (a)  

ɢ ɜ 1ɦM HNO3 (ɛ). 
 

Уɦɟɧɶɲɟɧɢɟ ɫɢɥɵ ɬɨɤɚ ɪɚɡɪяɞɚ ɬɚɤɠɟ ɩɪɢɜɨɞɢɬ ɤ ɢɡɦɟɧɟɧɢɸ ɯɚɪɚɤɬɟɪɚ ɫɩɟɤɬɪɨɜ ɩɨ-
ɝɥɨɳɟɧɢя ɮɨɪɦɢɪɭɟɦɵɯ ɤɨɥɥɨɢɞɨɜ — ɫɧɢɠɚɟɬɫя ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɝɥɨɳɟɧɢя ɜ ɨɛɥɚɫɬɢ 300—
400 ɧɦ ɫ ɨɞɧɨɜɪɟɦɟɧɧɵɦ ɪɨɫɬɨɦ ɜ ɞɚɥɶɧɟɦ ɭɥɶɬɪɚɮɢɨɥɟɬɟ (200—220 ɧɦ), ɡɚ ɤɨɬɨɪɨɟ ɦɨɝɭɬ 
ɨɬɜɟɱɚɬɶ ɫɭɛɧɚɧɨɦɟɬɪɨɜɵɟ ɤɥɚɫɬɟɪɵ (ZnO)n [4]. 

 
 

, ɧɦ

Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ɩɨɝɥɨɳɟɧɢя ɤɨɥɥɨɢɞɧɵɯ ɪɚɫɬɜɨɪɨɜ ɧɚɧɨɱɚɫɬɢɰ ɨɤɫɢɞɚ ɰɢɧɤɚ, ɫɢɧɬɟɡɢɪɨɜɚɧɧɵɯ 
ɜ ɪɚɡɪяɞɟ ɫ ɠɢɞɤɨɮɚɡɧɵɦ ɷɥɟɤɬɪɨɞɨɦ 

а ɛ
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Бɥаɝɨɞаɪɧɨɫɬɢ 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɱɚɫɬɢɱɧɨɣ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ȼɟɥɨɪɭɫɫɤɨɝɨ ɪɟɫɩɭɛɥɢɤɚɧ-
ɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɩɪɨɟɤɬ ȻɊФФИ Ф15Ɇɋ-024). 
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In the paper the results of studies on characteristics of zinc oxide nanoparticles synthesized by atmos-
pheric pressure glow discharge with liquid anode have been discussed. The main factors such as and the liquid 
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɬɟɯɧɨɥɨɝɢɢ ɜɵɪɚɳɢɜɚɧɢя ɧɚ ɩɨɞɥɨɠɤɚɯ GaAs(001) ɦɟɬɨɞɨɦ ɦɨɥɟɤɭ-
ɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ (ɆɉЭ) ɦɟɬɚɦɨɪɮɧɵɯ ɛɭɮɟɪɧɵɯ ɫɥɨɟɜ (ɆȻɋ) InxGa1–xAs ɫ ɥɢɧɟɣɧɵɦ ɝɪɚɞɢɟɧ-
ɬɨɦ ɫɨɫɬɚɜɚ ɢ ɩɥɨɬɧɨɫɬɶɸ ɩɪɨɪɚɫɬɚɸɳɢɯ ɞɢɫɥɨɤɚɰɢɣ ɜ ɜɟɪɯɧɟɦ ɫɥɨɟ <106 ɫɦ–2. Ɉɩɪɟɞɟɥɟɧɵ ɭɫɥɨɜɢя 
ɆɉЭ ɪɨɫɬɚ ɆȻɋ InxGa1–xAs ɢ ɫɨɩɨɫɬɚɜɥɟɧɵ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɞɚɧɧɵɟ ɫ ɪɟɡɭɥɶɬɚɬɚɦɢ ɪɚɫɱɟɬɚ ɜɟɥɢɱɢ-
ɧɵ ɨɛɪɚɬɧɨɣ ɫɬɭɩɟɧɢ ɜ ɤɨɧɰɟɧɬɪɚɰɢɢ In ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɩɨɫɥɟɞɭɸɳɟɝɨ ɬɨɥɫɬɨɝɨ ɫɥɨя InxGa1–xAs ɩɨ 
ɪɚɡɥɢɱɧɵɦ ɦɨɞɟɥяɦ. Ɉɛɫɭɠɞɚɸɬɫя ɫɬɪɭɤɬɭɪɧɵɟ ɢ ɷɥɟɤɬɪɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ ɫ ɆȻɋ.  

Кɥючɟвыɟ ɫɥɨва: ɦɟɬɚɦɨɪɮɧɵɣ ɛɭɮɟɪɧɵɣ ɫɥɨɣ, ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɚя ɷɩɢɬɚɤɫɢя, InxGa1–xAs, 
ɩɪɨɪɚɫɬɚɸɳɢɟ ɞɢɫɥɨɤɚɰɢɢ. 

Ввɟɞɟɧɢɟ  
Ƚɟɬɟɪɨɷɩɢɬɚɤɫɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ ɨɬɤɪɵɥɚ ɜɨɡɦɨɠɧɨɫɬɢ ɞɥя ɤɨɧ-

ɫɬɪɭɢɪɨɜɚɧɢя ɡɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɜ ɰɟɥяɯ ɪɚɡɪɚɛɨɬɤɢ ɧɨɜɵɯ ɬɢɩɨɜ ɩɪɢɛɨɪɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ, ɜ 
ɬɨɦ ɱɢɫɥɟ ɫ ɧɚɩɪяɠɟɧɧɵɦɢ ɫɥɨяɦɢ. Ɉɞɧɚɤɨ, ɱɬɨɛɵ ɩɨɥɧɨɫɬɶɸ ɢɫɩɨɥɶɡɨɜɚɬɶ ɷɬɢ ɜɨɡɦɨɠɧɨɫɬɢ, 
ɧɟɨɛɯɨɞɢɦɨ ɧɚɥɢɱɢɟ ɪɟɲɟɬɨɱɧɨ-ɫɨɝɥɚɫɨɜɚɧɧɨɣ ɩɨɞɥɨɠɤɢ. В ɫɢɥɭ ɞɢɫɤɪɟɬɧɨɫɬɢ ɡɧɚɱɟɧɢɣ ɩɨ-
ɫɬɨяɧɧɵɯ ɪɟɲɟɬɤɢ (a) ɛɢɧɚɪɧɵɯ ɫɨɟɞɢɧɟɧɢɣ АIIIВV (ɦɢɧɢɦɚɥɶɧɵɣ ɲɚɝ Δa/a = 3.5—4 %), ɨɛɵɱ-
ɧɨ ɢɫɩɨɥɶɡɭɟɦɵɯ ɜ ɤɚɱɟɫɬɜɟ ɩɨɞɥɨɠɟɤ, ɚɤɬɭɚɥɶɧɨ ɫɨɡɞɚɧɢɟ ɦɚɥɨɞɟɮɟɤɬɧɵɯ ɬɟɦɩɥɟɣɬɨɜ ɫ ɩɪɨ-
ɦɟɠɭɬɨɱɧɵɦɢ ɡɧɚɱɟɧɢяɦɢ a. ɉɪɢɦɟɧɟɧɢɟ ɤɨɧɰɟɩɰɢɢ ɦɟɬɚɦɨɪɮɧɨɝɨ ɪɨɫɬɚ ɩɨɡɜɨɥяɟɬ ɡɧɚɱɢ-
ɬɟɥɶɧɨ ɭɥɭɱɲɢɬɶ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ, ɜɵɪɚɳɢɜɚɟɦɵɯ ɧɚ ɪɚɫɫɨɝɥɚɫɨɜɚɧɧɵɯ ɩɨɞ-
ɥɨɠɤɚɯ, ɚ ɬɚɤɠɟ ɪɚɫɲɢɪɢɬɶ ɮɭɧɤɰɢɨɧɚɥɶɧɵɟ ɜɨɡɦɨɠɧɨɫɬɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɩɪɢɛɨɪɨɜ, ɜɵ-
ɪɚɳɢɜɚɟɦɵɯ ɧɚ ɩɨɞɥɨɠɤɚɯ GaAs ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ (ɆɉЭ) [1, 2].  

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɩɨ ɬɟɯɧɨɥɨɝɢɢ ɩɨɥɭɱɟɧɢя ɧɚ ɩɨɞɥɨɠɤɚɯ 
GaAs(001) ɦɟɬɨɞɨɦ ɆɉЭ ɦɟɬɚɦɨɪɮɧɵɯ ɛɭɮɟɪɧɵɯ ɫɥɨɟɜ (ɆȻɋ) InxGa1–xAs ɫ ɥɢɧɟɣɧɵɦ ɩɪɨɮɢ-
ɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ, ɚ ɬɚɤɠɟ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɣ ɫɬɪɭɤɬɭɪ ɫ ɆȻɋ InxGa1–xAs/GaAs ɦɟ-
ɬɨɞɚɦɢ ɪɟɧɬɝɟɧɨɜɫɤɨɣ ɞɢɮɪɚɤɬɨɦɟɬɪɢɢ (ɊД), ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɷɥɟɤɬɪɨɧɧɨɣ ɦɢɤɪɨɫɤɨɩɢɢ 
(ɉЭɆ) ɢ ɢɡɦɟɪɟɧɢɣ ɷɮɮɟɤɬɚ Хɨɥɥɚ. 

2. Раɫчɟɬы ɫɬɪɭɤɬɭɪ ɫ ɦɟɬаɦɨɪɮɧыɦɢ ɛɭɮɟɪɧыɦɢ ɫɥɨɹɦɢ InxGa1–xAs/GaAs  

Дɥя ɫɧɢɠɟɧɢя ɩɥɨɬɧɨɫɬɢ ɩɪɨɪɚɫɬɚɸɳɢɯ ɞɢɫɥɨɤɚɰɢɣ (ɉД) — ɤɥɸɱɟɜɨɝɨ ɩɚɪɚɦɟɬɪɚ, ɯɚ-
ɪɚɤɬɟɪɢɡɭɸɳɟɝɨ ɆȻɋ, — ɜ ɫɬɪɭɤɬɭɪɚɯ ɫ ɆȻɋ InxGa1–xAs/GaAs ɩɪɟɞɥɚɝɚɥɢɫɶ ɪɚɡɥɢɱɧɵɟ ɜɚɪɢ-
ɚɧɬɵ ɤɨɧɫɬɪɭɤɰɢɢ (ɩɪɨɮɢɥя ɢ ɫɤɨɪɨɫɬɢ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ ɆȻɋ) ɢ ɪɟɠɢɦɨɜ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ 
ɪɨɫɬɚ: ɬɟɦɩɟɪɚɬɭɪɵ ɪɨɫɬɚ (ɧɢɡɤɚя ɢ ɜɵɫɨɤɚя), ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɥɟɝɢɪɭɸɳɢɯ ɤɨɦɩɨɧɟɧɬɨɜ, ɩɨɬɨɤɚ 
ɦɨɥɟɤɭɥ As2 ɢ ɬ. ɞ. ɇɚ ɨɫɧɨɜɚɧɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɢ ɬɟɨɪɟɬɢɱɟɫɤɢɯ ɩɪɟɞɫɬɚɜɥɟɧɢɣ 
ɪɚɡɪɚɛɨɬɚɧɵ ɦɨɞɟɥɢ ɪɟɥɚɤɫɚɰɢɢ ɧɚɩɪяɠɟɧɢɣ ɜ ɆȻɋ [3—8]. ɉɨɫɤɨɥɶɤɭ ɞɢɧɚɦɢɤɚ ɪɚɫɩɪɨɫɬɪɚ-
ɧɟɧɢя ɉД ɢ ɩɪɨɰɟɫɫɵ ɪɟɥɚɤɫɚɰɢɢ ɧɚɩɪяɠɟɧɢɣ ɜ ɷɬɢɯ ɦɚɬɟɪɢɚɥɚɯ ɞɨɫɬɚɬɨɱɧɨ ɫɥɨɠɧɵ, ɦɧɨɝɢɟ 
ɜɨɩɪɨɫɵ ɩɨ-ɩɪɟɠɧɟɦɭ ɨɫɬɚɸɬɫя ɧɟяɫɧɵɦɢ, ɨɬɧɨɫя ɪɨɫɬ ɆȻɋ ɤ ɪɚɡɪяɞɭ ɢɫɤɭɫɫɬɜɚ.  

В ɆȻɋ ɫɥɨяɯ InxGa1–xAs/GaAs ɫ ɥɢɧɟɣɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɫɨɫɬɚɜɚ (x) ɧɟ ɩɪɨɢɫɯɨɞɢɬ ɩɨɥɧɨɣ 
ɪɟɥɚɤɫɚɰɢɢ ɭɩɪɭɝɢɯ ɧɚɩɪяɠɟɧɢɣ. Ɉɫɬɚɬɨɱɧɚя ɞɟɮɨɪɦɚɰɢя ɜ ɧɢɯ ɩɪɢɜɨɞɢɬ ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɜɛɥɢ-
ɡɢ ɩɨɜɟɪɯɧɨɫɬɢ ɧɚɩɪяɠɟɧɧɨɣ ɨɛɥɚɫɬɢ ɫ ɧɢɡɤɨɣ ɩɥɨɬɧɨɫɬɶɸ ɉД [4], ɜ ɬɨ ɜɪɟɦя ɤɚɤ ɜ ɨɫɬɚɥɶɧɨɣ 
ɱɚɫɬɢ ɦɟɬɚɦɨɪɮɧɨɝɨ ɛɭɮɟɪɚ ɧɚɛɥɸɞɚɟɬɫя ɩɪɚɤɬɢɱɟɫɤɢ ɩɨɥɧɚя ɪɟɥɚɤɫɚɰɢя ɧɚɩɪяɠɟɧɢɣ ɩɨɫɪɟɞ-
ɫɬɜɨɦ ɨɛɪɚɡɨɜɚɧɢя ɞɢɫɥɨɤɚɰɢɣ ɧɟɫɨɨɬɜɟɬɫɬɜɢя (Дɇ). Эɬɚ ɨɫɬɚɬɨɱɧɚя ɞɟɮɨɪɦɚɰɢя ɜ ɆȻɋ ɞɨɥɠ-
ɧɚ ɛɵɬɶ ɭɱɬɟɧɚ ɩɭɬɟɦ ɫɨɝɥɚɫɨɜɚɧɢя ɪɚɜɧɨɜɟɫɧɨɣ ɩɨɫɬɨяɧɧɨɣ ɪɟɲɟɬɤɢ ɩɨɫɥɟɞɭɸɳɟɣ ɫɬɪɭɤɬɭɪɵ 
(ɫɥɨя) аl ɫ ɥɚɬɟɪɚɥɶɧɵɦ ɩɟɪɢɨɞɨɦ ɪɟɲɟɬɤɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ (аɆȻɋ). Дɪɭɝɢɦɢ ɫɥɨɜɚɦɢ, ɧɟ-
ɨɛɯɨɞɢɦɨ ɭɦɟɧɶɲɢɬɶ ɫɨɫɬɚɜ ɫɥɨя, ɜɵɪɚɳɢɜɚɟɦɨɝɨ ɧɚ ɝɪɚɞɢɟɧɬɧɨɦ ɆȻɋ, ɧɚ ɬɚɤɭɸ ɜɟɥɢɱɢɧɭ 
(ɬɚɤ ɧɚɡɵɜɚɟɦɚя ɨɛɪɚɬɧɚя ɫɬɭɩɟɧɶ x0 (stepback)), ɱɬɨɛɵ ɥɚɬɟɪɚɥɶɧɚя аɆȻɋ ɭ ɩɨɜɟɪɯɧɨɫɬɢ ɧɚ-
ɩɪяɠɟɧɧɨɝɨ ɝɪɚɞɢɟɧɬɧɨɝɨ ɫɥɨя ɛɵɥɚ ɪɚɜɧɚ ɪɚɜɧɨɜɟɫɧɨɣ (ɧɟɧɚɩɪяɠɟɧɧɨɣ) аl. 
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ɋɨɝɥɚɫɧɨ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɦɨɞɟɥɢ Дɚɧɫɬɚɧɚ [9] ɞɥя ɫɥɨɟɜ ɫ ɥɢɧɟɣɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɫɨɫɬɚɜɚ, 
ɞɟɮɨɪɦɚɰɢя ɜɛɥɢɡɢ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ s = [2K]1/2 ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɬɨɥɳɢɧɵ ɝɪɚɞɢɟɧɬɧɨɝɨ ɫɥɨя 
ɢɥɢ ɨɬ ɞɨɫɬɢɝɧɭɬɨɝɨ ɦɚɤɫɢɦɚɥɶɧɨɝɨ ɫɨɫɬɚɜɚ, ɚ ɬɨɥɳɢɧɚ ɧɚɩɪяɠɟɧɧɨɣ ɫɜɨɛɨɞɧɨɣ ɨɬ ɞɢɫɥɨɤɚɰɢɣ 
ɨɛɥɚɫɬɢ dc = [2K/]1/2, ɝɞɟ  — ɫɤɨɪɨɫɬɶ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ ɝɪɚɞɢɟɧɬɧɨɝɨ ɫɥɨя, ɜɵɪɚɠɟɧɧɚя ɜ 
ɜɢɞɟ ɷɤɜɢɜɚɥɟɧɬɧɨɝɨ ɧɚɩɪяɠɟɧɢя ɧɚ ɟɞɢɧɢɰɭ ɞɥɢɧɵ, K — ɤɨɧɫɬɚɧɬɚ ɪɟɥɚɤɫɚɰɢɢ, ɞɥя ɫɢɫɬɟɦɵ 
InxGa1–xAs/GaAs K = 0.80.1 ɧɦ [10], K = 0.83 ɧɦ [11]. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɭɱɢɬɵɜɚя, ɱɬɨ ɞɥя ɫɢɫɬɟɦɵ 
InxGa1–xAs/GaAs  s =   0.07x0, ɩɪɢ ɫɤɨɪɨɫɬɢ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ 30% In/ɦɤɦ ɜ ɆȻɋ  
InxGa1–xAs/GaAs (=(0.07  0.3)/103 = 2.1  10–5 ɧɦ–1) ɢ K = 0.8 ɧɦ ɨɛɪɚɬɧɚя ɫɬɭɩɟɧɶ ɩɪɢ ɜɵɪɚɳɢ-
ɜɚɧɢɢ ɫɥɨя InxGa1–xAs ɧɚ ɆȻɋ ɫɨɫɬɚɜɥяɟɬ x0 ~ 0.083. ɋɥɟɞɭɟɬ ɬɚɤɠɟ ɢɦɟɬɶ ɜ ɜɢɞɭ ɡɚɦɟɬɧɵɣ ɪɚɡ-
ɛɪɨɫ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɞɚɧɧɵɯ ɩɪɢ ɨɩɪɟɞɟɥɟɧɢɢ ɫɪɟɞɧɟɝɨ ɡɧɚɱɟɧɢя ɤɨɧɫɬɚɧɬɵ ɪɟɥɚɤɫɚɰɢɢ [10].  

В ɪɚɛɨɬɟ [3] ɭɬɜɟɪɠɞɚɟɬɫя, ɱɬɨ ɦɨɞɟɥɶ Дɚɧɫɬɚɧɚ ɩɟɪɟɨɰɟɧɢɜɚɟɬ ɫɬɟɩɟɧɶ ɪɟɥɚɤɫɚɰɢɢ ɧɚ-
ɩɪяɠɟɧɢɣ ɜ ɫɢɫɬɟɦɟ InxGa1–xAs/GaAs ɢ ɞɥя ɤɨɪɪɟɤɬɧɨɣ ɨɰɟɧɤɢ s ɜ ɆȻɋ ɧɚɞɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɬɟ-
ɩɟɧɧɭɸ (n = 2) ɡɚɜɢɫɢɦɨɫɬɶ ɜ ɟɟ ɫɜяɡɢ ɫ ɤɨɧɫɬɚɧɬɨɣ ɪɟɥɚɤɫɚɰɢɢ K = 3.7  10–3 ɧɦ. Дɥя ɬɨɣ ɠɟ 
ɫɤɨɪɨɫɬɢ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ 30% In/ɦɤɦ ɷɬɨ ɞɚɟɬ ɡɧɚɱɟɧɢɟ х0 = 0.064. Ɋɚɡɥɢɱɢɟ ɜ ɨɩɪɟɞɟɥɟɧɢɢ 
K, ɜɟɪɨяɬɧɨ, ɫɜяɡɚɧɨ ɫ ɜɥɢяɧɢɟɦ ɧɚ ɞɢɧɚɦɢɤɭ ɪɟɥɚɤɫɚɰɢɢ ɧɚɩɪяɠɟɧɢɣ ɭɫɥɨɜɢɣ ɆɉЭ-ɪɨɫɬɚ. Ʌɢ-
ɧɟɣɧɵɣ ɢ ɩɚɪɚɛɨɥɢɱɟɫɤɢɣ ɩɪɨɮɢɥɢ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ ɜ ɆȻɋ InxGa1–xAs/GaAs, ɩɨ-ɜɢɞɢɦɨɦɭ, 
ɩɨɡɜɨɥяɸɬ ɞɨɫɬɢɱɶ ɧɚɢɥɭɱɲɟɝɨ ɤɨɦɩɪɨɦɢɫɫɚ ɦɟɠɞɭ ɫɧɢɠɟɧɢɟɦ ɩɥɨɬɧɨɫɬɢ ɉД ɢ ɫɨɯɪɚɧɟɧɢɟɦ 
ɦɚɥɨɣ ɲɟɪɨɯɨɜɚɬɨɫɬɢ ɩɨɜɟɪɯɧɨɫɬɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɨɩɬɢɦɚɥɶɧɵɯ ɭɫɥɨɜɢɣ ɆɉЭ [3]. В [3] 
ɚɜɬɨɪɵ ɜɫɟ ɠɟ ɫɱɢɬɚɸɬ ɨɩɬɢɦɚɥɶɧɵɦ ɩɚɪɚɛɨɥɢɱɟɫɤɢɣ ɩɪɨɮɢɥɶ, ɬɚɤ ɤɚɤ ɨɧ ɨɛɟɫɩɟɱɢɜɚɟɬ ɛɨɥɟɟ 
ɧɢɡɤɭɸ s ɭ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ, ɛɨɥɶɲɚя ɱɚɫɬɶ ɤɨɬɨɪɨɣ ɡɚɦɨɪɨɠɟɧɚ ɡɚ ɫɱɟɬ ɞɟɮɨɪɦɚɰɢɨɧɧɨɝɨ 
ɭɩɪɨɱɧɟɧɢя. Эɬɨ ɞɟɥɚɟɬ ɩɚɪɚɛɨɥɢɱɟɫɤɢɣ ɩɪɨɮɢɥɶ ɛɨɥɟɟ ɭɫɬɨɣɱɢɜɵɦ ɤ ɧɚɩɪяɠɟɧɢяɦ, ɜɨɡɧɢ-
ɤɚɸɳɢɦ ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɩɨɫɥɟɞɭɸɳɢɯ ɚɤɬɢɜɧɵɯ ɫɥɨɟɜ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ. Ɉɫɧɨɜɧɚя ɩɪɨɛɥɟɦɚ 
ɡɞɟɫɶ — ɬɪɭɞɧɨɫɬɶ ɪɟɚɥɢɡɚɰɢɢ ɩɚɪɚɛɨɥɢɱɟɫɤɨɝɨ ɩɪɨɮɢɥя ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɫɬɚɧɞɚɪɬɧɵɯ ɬɟɪ-
ɦɨɤɨɧɬɪɨɥɥɟɪɨɜ. 

3. Эɤɫɩɟɪɢɦɟɧɬ  
Иɫɫɥɟɞɨɜɚɧɵ ɫɬɪɭɤɬɭɪɵ ɆȻɋ InxGa1–xAs/GaAs ɫ ɥɢɧɟɣɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ, 

ɜɵɪɚɳɟɧɧɵɟ ɦɟɬɨɞɨɦ ɆɉЭ ɧɚ ɩɨɞɥɨɠɤɚɯ GaAs (001) ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɞɜɭɯɤɚɦɟɪɧɨɣ ɭɫɬɚ-
ɧɨɜɤɢ ɆɉЭ (SemiTEq, ɋɚɧɤɬ-ɉɟɬɟɪɛɭɪɝ). Уɫɥɨɜɢя ɪɨɫɬɚ ɜɵɛɪɚɧɵ ɜ ɦɧɨɝɨɦ ɧɚ ɨɫɧɨɜɟ ɪɚɛɨɬ 
ɝɪɭɩɩɵ ɢɡ Чɚɥɦɟɪɫɤɨɝɨ ɭɧɢɜɟɪɫɢɬɟɬɚ (Ƚёɬɟɛɨɪɝ, Шɜɟɰɢя) [12—14]: ɬɟɦɩɟɪɚɬɭɪɚ ɩɨɞɥɨɠɤɢ 
380—400 °ɋ, ɫɤɨɪɨɫɬɶ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ ɩɨ ɢɧɞɢɸ 30% In/ɦɤɦ, ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ 0.6—0.8 ɦɤɦ/ɱ, 
ɫɥɨɢ ɥɟɝɢɪɨɜɚɥɢɫɶ ɛɟɪɢɥɥɢɟɦ ɞɨ ɭɪɨɜɧя p ~ (1—2)  1019ɫɦ–3, ɱɬɨ, ɫɨɝɥɚɫɧɨ [14], ɩɪɢɜɨɞɢɬ ɤ 
ɭɦɟɧɶɲɟɧɢɸ ɲɟɪɨɯɨɜɚɬɨɫɬɢ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ. ɋɨɨɬɧɨɲɟɧɢɟ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɩɨɬɨɤɨɜ 
As/(In+Ga) ɫɨɫɬɚɜɥяɥɨ ~1.5—2. Вɵɪɚɳɟɧɵ ɤɚɤ ɨɞɢɧɨɱɧɵɟ ɆȻɋ ɫ ɪɚɡɥɢɱɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟ-
ɧɟɧɢя ɫɨɫɬɚɜɚ, ɬɚɤ ɢ c 1 ɦɤɦ  ɫɥɨяɦɢ ɧɟɥɟɝɢɪɨɜɚɧɧɨɝɨ ɢ ɥɟɝɢɪɨɜɚɧɧɨɝɨ (Be ɢ Si) InxGa1–xAs ɧɚ 
ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɡɧɚɱɟɧɢяɯ х0. Дɥя ɪɟɚɥɢɡɚɰɢɢ ɥɢɧɟɣɧɨɝɨ ɩɪɨɮɢɥя ɢɡɦɟɧɟ-
ɧɢя ɫɨɫɬɚɜɚ x(d) ɜ ɆȻɋ InxGa1–xAs ɩɨɫɬɪɨɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ x ɜ ɫɥɨɟ InxGa1–xAs ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ 
ɢɫɬɨɱɧɢɤɚ ɢɧɞɢя (ТIn) ɩɪɢ ɮɢɤɫɢɪɨɜɚɧɧɨɦ ɩɨɬɨɤɟ Ga (ɪɢɫ. 1, а). Эɬɚ ɡɚɜɢɫɢɦɨɫɬɶ ɨɩɪɟɞɟɥяɟɬ 
ɥɨɤɚɥɶɧɵɣ ɫɨɫɬɚɜ x ɢ ɫɤɨɪɨɫɬɶ ɪɨɫɬɚ InGaAs = f(x) ɜ ɤɚɠɞɵɣ ɦɨɦɟɧɬ ɜɪɟɦɟɧɢ ɪɨɫɬɚ ɆȻɋ. Чɬɨɛɵ 
ɩɪɟɨɞɨɥɟɬɶ ɧɟɥɢɧɟɣɧɨɫɬɶ ɡɚɜɢɫɢɦɨɫɬɢ xIn = f(TIn) ɩɪɢ ɡɚɞɚɧɢɢ ɥɢɧɟɣɧɨɣ ɮɭɧɤɰɢɢ ɢɡɦɟɧɟɧɢя TIn 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɶ ɫɨɫɬɚɜɚ x ɫɥɨя InxGa1–xAs ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ ɢɫɬɨɱɧɢɤɚ In (а) ɢ ɩɪɨɮɢɥɢ ɢɡɦɟɧɟɧɢя  
ɫɨɫɬɚɜɚ  x(d)  ɜ ɆȻɋ  InxGa1–xAs  (ɛ)   ɩɪɢ   ɥɢɧɟɣɧɨɦ   ɢɡɦɟɧɟɧɢɢ   ɬɟɦɩɟɪɚɬɭɪɵ  ɢɫɬɨɱɧɢɤɚ  TIn(t)  
(LTG-ɩɪɨɮɢɥɶ) (1) ɢ ɩɪɢ ɪɚɡɥɢɱɧɨɣ ɫɤɨɪɨɫɬɢ ɢɡɦɟɧɟɧɢɢ ɬɟɦɩɟɪɚɬɭɪɵ ɢɫɬɨɱɧɢɤɚ TIn(t) ɧɚ ɪɚɡɧɵɯ  

ɭɱɚɫɬɤɚɯ ɆȻɋ (ɜ ɫɨɨɬɧɨɲɟɧɢɢ ~10%/30%/60% ɨɬ ɫɭɦɦɚɪɧɨɣ ɬɨɥɳɢɧɵ ɆȻɋ) (2). 
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ɨɬ ɜɪɟɦɟɧɢ (LTG-ɩɪɨɮɢɥɶ) (ɪɢɫ. 1, ɛ, ɩɭɧɤɬɢɪ), ɬɟɦɩɟɪɚɬɭɪɧɵɣ ɢɧɬɟɪɜɚɥ ɢɡɦɟɧɟɧɢя TIn ɪɚɡɛɢ-
ɜɚɥɫя ɧɚ ɬɪɢ ɧɟɪɚɜɧɵɯ ɨɬɪɟɡɤɚ (ɨɩɬɢɦɚɥɶɧɨɟ ɫɨɨɬɧɨɲɟɧɢɟ ~10%/30%/60% ɨɬ ɫɭɦɦɚɪɧɨɣ ɬɨɥ-
ɳɢɧɵ ɆȻɋ), ɞɥя ɤɨɬɨɪɵɯ ɪɚɫɫɱɢɬɵɜɚɥɢ ɧɟɨɛɯɨɞɢɦɭɸ ɥɢɧɟɣɧɭɸ ɫɤɨɪɨɫɬɶ ɢɡɦɟɧɟɧɢя TIn(t). 

4. Рɟɡɭɥɶɬаɬы ɢ ɨɛɫɭɠɞɟɧɢɟ 
ɋɥɨɢ ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɧɢɡɤɭɸ ɩɥɨɬɧɨɫɬɶ ɉД (<106 ɫɦ–) ɤɚɤ ɜɛɥɢɡɢ ɩɨɜɟɪɯɧɨɫɬɢ ɧɟɡɚɪɨ-

ɳɟɧɧɨɝɨ ɆȻɋ ɫ ɥɢɧɟɣɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ (ɪɢɫ. 2, а), ɬɚɤ ɢ ɜ ɫɥɨяɯ, ɜɵɪɚɳɟɧɧɵɯ 
ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ (ɪɢɫ. 2, ɛ). ɋɬɭɩɟɧɱɚɬɵɣ ɦɟɯɚɧɢɡɦ ɪɟɥɚɤɫɚɰɢɢ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ Дɇ ɧɚ ɞɢɫ-
ɤɪɟɬɧɵɯ ɬɨɥɳɢɧɚɯ (ɯɨɪɨɲɨ ɪɚɡɥɢɱɢɦɵɯ ɧɚ ɪɢɫ. 2) ɞɚɠɟ ɩɪɢ ɡɚɞɚɧɢɢ ɧɟɩɪɟɪɵɜɧɨɝɨ ɥɢɧɟɣɧɨɝɨ 
ɩɪɨɮɢɥя ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ, ɤɚɱɟɫɬɜɟɧɧɨ ɨɛɴяɫɧɟɧ ɜ [14] ɜ ɪɚɦɤɚɯ ɩɪɨɫɬɨɣ ɦɨɞɟɥɢ ɛɚɥɚɧɫɚ ɫɢɥ. 
Ɍɨɥɳɢɧɚ ɦɚɥɨɞɟɮɟɤɬɧɨɣ ɨɛɥɚɫɬɢ dc = 240 ɧɦ ɭ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ (ɪɢɫ. 2, а) ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬ-
ɫя ɫ ɪɚɫɱɟɬɧɨɣ ɜɟɥɢɱɢɧɨɣ (275 ɧɦ). 
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Ɋɢɫ. 2. ɉЭɆ-ɢɡɨɛɪɚɠɟɧɢя ɜ ɝɟɨɦɟɬɪɢɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢя ɫɬɪɭɤɬɭɪɵ ɫ 1-ɦɤɦ InxGa1–xAs ɆȻɋ ɫ ɥɢɧɟɣ-
ɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ (а) ɢ ɫ 1-ɦɤɦ ɫɥɨɟɦ In0.3Ga0.7As, ɜɵɪɚɳɟɧɧɨɦ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ (ɛ). 

 

Дɚɧɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢɣ ɆȻɋ ɫ ɩɨɦɨɳɶɸ ɤɚɪɬɵ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɪɚɫɫɟяɧɢя ɪɟɧɬɝɟɧɨɜɫɤɢɯ 
ɥɭɱɟɣ ɜ ɩɪɨɫɬɪɚɧɫɬɜɟ ɨɛɪɚɬɧɨɣ ɪɟɲɟɬɤɢ, ɩɨɥɭɱɟɧɧɨɣ ɜ ɬɪɟɯɤɪɢɫɬɚɥɶɧɨɣ ɝɟɨɦɟɬɪɢɢ ɞɥя ɧɟɫɢɦ-
ɦɟɬɪɢɱɧɨɝɨ ɨɬɪɚɠɟɧɢя ɨɬ ɩɥɨɫɤɨɫɬɢ (224) ɜ ɝɟɨɦɟɬɪɢɢ ɫɤɨɥɶɡяɳɟɝɨ ɩɚɞɟɧɢя (RSM), ɩɨɤɚɡɚɥɢ, 
ɱɬɨ ɨɩɬɢɦɚɥɶɧɚя ɜɟɥɢɱɢɧɚ ɨɛɪɚɬɧɨɣ ɫɬɭɩɟɧɢ (x0) ɜ ɤɨɧɰɟɧɬɪɚɰɢɢ In ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɆȻɋ 
InxGa1–xAs ɫ ɥɢɧɟɣɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɫɨɫɬɚɜɚ ɞɨɫɬɚɬɨɱɧɨ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɪɚɫɱɟɬɚɦɢ ɩɨ 
ɦɨɞɟɥɢ Дɚɧɫɬɚɧɚ [9—11]. В ɫɥɭɱɚɟ ɡɚɞɚɧɢя ɦɟɧɶɲɟɝɨ ɡɧɚɱɟɧɢя x0 ɧɚɛɥɸɞɚɥɚɫɶ ɱɚɫɬɢɱɧɚя 
ɪɟɥɚɤɫɚɰɢя ɧɚɩɪяɠɟɧɢɣ ɜ ɜɟɪɯɧɟɦ 1-ɦɤɦ ɫɥɨɟ In0.3Ga0.7As. ɇɚ ɪɢɫ. 3, а ɩɪɢɜɟɞɟɧɚ RSM ɞɥя ɫɥɨя 
In0.3Ga0.7As, ɜɵɪɚɳɟɧɧɨɝɨ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ InxGa1–xAs(x = 0.07—0.383)/GaAs ɩɪɢ ɡɚɞɚɧɧɨɣ 
ɨɛɪɚɬɧɨɣ ɫɬɭɩɟɧɢ x0 ~ 0.083. В ɜɟɪɯɧɟɦ ɥɟɜɨɦ ɭɝɥɭ (ɪɢɫ. 3, а) ɜɵɞɟɥяɟɬɫя ɨɤɪɭɝɥɨɟ ɩяɬɧɨ ɨɬɪɚ-
ɠɟɧɢя ɨɬ ɩɨɞɥɨɠɤɢ. ɇɢɠɟ ɜɞɨɥɶ ɧɚɤɥɨɧɧɨɝɨ ɪɟɛɪɚ ɬɪɟɭɝɨɥɶɧɢɤɚ ɪɟɥɚɤɫɚɰɢɢ ɪɚɡɦɵɬɨɟ ɦɚɥɨ-
ɢɧɬɟɧɫɢɜɧɨɟ ɨɬɪɚɠɟɧɢɟ ɨɬ ɝɪɚɞɢɟɧɬɧɨɝɨ ɩɨɥɧɨɫɬɶɸ ɪɟɥɚɤɫɢɪɨɜɚɧɧɨɝɨ ɆȻɋ InxGa1–xAs. ɇɚ ɮɨɧɟ 
ɨɬɪɚɠɟɧɢя ɨɬ ɆȻɋ InxGa1–xAs ɜɵɞɟɥяɟɬɫя яɪɤɨɟ ɨɬɪɚɠɟɧɢɟ ɨɬ ɜɟɪɯɧɟɝɨ ɫɥɨя InxGa1–xAs ɫ ɫɨɞɟɪ-
ɠɚɧɢɟɦ ɢɧɞɢя  x = 0.301,  ɩɪɢɱɟɦ  ɩɨɥɨɠɟɧɢɟ  ɷɬɨɝɨ  ɩяɬɧɚ  ɧɚ  ɤɚɪɬɟ  ɩɨɡɜɨɥяɟɬ ɫɱɢɬɚɬɶ ɞɚɧɧɵɣ 
ɫɥɨɣ ɤɨɝɟɪɟɧɬɧɵɦ ɜɟɪɯɧɟɣ ɱɚɫɬɢ ɆȻɋ. ɇɚ ɪɢɫ. 3, ɛ ɩɪɢɜɟɞɟɧɵ ɞɢɮɪɚɤɰɢɨɧɧɵɟ ɤɪɢɜɵɟ ɞɥя 
ɫɬɪɭɤɬɭɪɵ ɫ 1-ɦɤɦ InxGa1–xAs ɆȻɋ ɫ ɥɢɧɟɣɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ ɢ ɫ 1-ɦɤɦ 
In0.3Ga0.7As ɫɥɨɟɦ, ɜɵɪɚɳɟɧɧɵɦ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ. ɉɨɥɨɠɟɧɢɟ ɩɢɤɚ ɨɬ ɫɥɨя InxGa1–xAs ɫɨɨɬ- 
                                     а                                                                                               ɛ 
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Ɋɢɫ. 3. RSM (а) ɢ ɞɢɮɪɚɤɰɢɨɧɧɵɟ ɤɪɢɜɵɟ (ɛ) ɞɥя ɫɢɦɦɟɬɪɢɱɧɨɝɨ ɨɬɪɚɠɟɧɢя (004) ɞɥя ɫɬɪɭɤɬɭɪɵ ɫ 

In0.3Ga0.7As ɛɭɮɟɪɧɵɦ ɫɥɨɟɦ (#0-677) (1) ɢ (#0-675) (2). 
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ɜɟɬɫɬɜɭɟɬ ɫɨɫɬɚɜɭ x = 0.3. Ɇɨɞɟɥɢɪɨɜɚɧɢɟ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɤɪɢɜɨɣ ɞɥя ɫɥɨя ɆȻɋ InxGa1–xAs  
(x = 0.07—0.383) ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɨɮɢɥɶ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ x(d) ɞɟɣɫɬɜɢɬɟɥɶɧɨ ɛɥɢɡɨɤ ɤ ɥɢ-
ɧɟɣɧɨɦɭ. ɇɟɥɟɝɢɪɨɜɚɧɧɵɟ 1-ɦɤɦ ɫɥɨɢ In0.3Ga0.7As, ɜɵɪɚɳɟɧɧɵɟ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ ɫ ɥɢɧɟɣ-
ɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ, ɩɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɥɢ ɮɨɧɨɜɨɟ ɡɧɚɱɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɢ ɧɨɫɢ-
ɬɟɥɟɣ n = 3.6  1015 ɫɦ–3 ɩɪɢ ɩɨɞɜɢɠɧɨɫɬɢ  = 7600 ɫɦ2/(В  ɫ), ɱɬɨ ɤɨɫɜɟɧɧɨ ɩɨɞɬɜɟɪɠɞɚɟɬ ɦɚɥɭɸ 
ɩɥɨɬɧɨɫɬɶ ɰɟɧɬɪɨɜ ɪɚɫɫɟяɧɢя ɢ ɞɟɮɟɤɬɨɜ ɜ ɫɥɨɟ.  

Заɤɥючɟɧɢɟ  
Дɚɧɧɵɦɢ ɊД ɢ ɢɡɨɛɪɚɠɟɧɢяɦɢ ɉЭɆ ɜ ɝɟɨɦɟɬɪɢɢ ɩɨɩɟɪɟɱɧɨɝɨ ɫɟɱɟɧɢя ɩɨɞɬɜɟɪɠɞɟɧɚ 

ɧɢɡɤɚя ɩɥɨɬɧɨɫɬɶ (<106 /ɫɦ2) ɉД ɜ ɬɨɥɫɬɵɯ (ɬɨɥɳɢɧɨɣ ~1 ɦɤɦ) ɫɥɨяɯ, ɜɵɪɚɳɟɧɧɵɯ ɧɚ ɩɨɜɟɪɯ-
ɧɨɫɬɢ ɆȻɋ InxGa1–xAs ɫ ɥɢɧɟɣɧɵɦ ɩɪɨɮɢɥɟɦ ɢɡɦɟɧɟɧɢя ɫɨɫɬɚɜɚ. ɉɨɤɚɡɚɧɨ, ɱɬɨ ɨɩɬɢɦɚɥɶɧɚя 
ɜɟɥɢɱɢɧɚ ɨɛɪɚɬɧɨɣ ɫɬɭɩɟɧɢ (x0) ɜ ɤɨɧɰɟɧɬɪɚɰɢɢ In ɩɪɢ ɜɵɪɚɳɢɜɚɧɢɢ ɬɨɥɫɬɵɯ ɫɥɨɟɜ InxGa1–xAs 
ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɆȻɋ ɫ ɥɢɧɟɣɧɵɦ ɝɪɚɞɢɟɧɬɨɦ ɫɨɫɬɚɜɚ ɯɨɪɨɲɨ ɫɨɝɥɚɫɭɟɬɫя ɫ ɪɚɫɱɟɬɚɦɢ, ɜɵɩɨɥ-
ɧɟɧɧɵɦɢ ɜ ɪɚɦɤɚɯ ɝɟɨɦɟɬɪɢɱɟɫɤɨɣ ɦɨɞɟɥɢ Дɚɧɫɬɚɧɚ [9—11]. 
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MBE growth conditions for growing MBLs are determined, and In stepback calculations within the frames of ex-
isting models are compared with experimental data. The structural and electrical properties of the MBL struc-
tures are discussed. 
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Тɭɧɧɟɥɶɧыɟ ɞɢɨɞы GaAs:Si/GaAs:Be, выɪащɟɧɧыɟ ɦɟɬɨɞɨɦ  

ɦɨɥɟɤɭɥɹɪɧɨ-ɩɭчɤɨвɨɣ ɷɩɢɬаɤɫɢɢ 

Ƚ. В. Кɥɢɦɤɨ, Ɍ. А. Кɨɦɢɫɫɚɪɨɜɚ, C. В. ɋɨɪɨɤɢɧ, ȿ. В. Кɨɧɬɪɨɲ, А. А. Уɫɢɤɨɜɚ, 
ɇ. Д. Иɥɶɢɧɫɤɚя, В. ɋ. Кɚɥɢɧɨɜɫɤɢɣ, ɋ. В. Иɜɚɧɨɜ 

Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А. Ф. Иɨɮɮе, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия;  
e-mail: gklimko@mail.ru 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɨɩɬɢɦɢɡɚɰɢɢ ɤɨɧɫɬɪɭɤɰɢɢ ɢ ɬɟɯɧɨɥɨɝɢɢ ɪɨɫɬɚ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-
ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ ɫɬɪɭɤɬɭɪ ɬɭɧɧɟɥɶɧɵɯ ɞɢɨɞɨɜ (ɌД) n+-GaAs:Si/p+-GaAs:Be. Дɨɫɬɢɝɧɭɬɵɣ ɭɪɨɜɟɧɶ 
ɩɢɤɨɜɨɝɨ ɬɨɤɚ Jp= 500 A/ɫɦ2 ɩɨɡɜɨɥяɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɨɥɭɱɟɧɧɵɣ ɌД ɞɥя ɨɛɴɟɞɢɧɟɧɢя ɧɟɫɤɨɥɶɤɢɯ ɤɚɫɤɚ-
ɞɨɜ ɤɚɤ ɜ ɫɬɪɭɤɬɭɪɚɯ ɦɧɨɝɨɩɟɪɟɯɨɞɧɵɯ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ, ɬɚɤ ɢ ɜ ɫɬɪɭɤɬɭɪɚɯ ɬɭɧɧɟɥɶɧɨ-ɫɜяɡɚɧɧɵɯ 
ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ. 

Кɥючɟвыɟ ɫɥɨва: ɬɭɧɧɟɥɶɧɵɣ ɞɢɨɞ, ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɚя ɷɩɢɬɚɤɫɢя, ɫɢɥɶɧɨɟ ɥɟɝɢɪɨɜɚɧɢɟ, 
ɦɧɨɝɨɤɚɫɤɚɞɧɵɟ ɫɨɥɧɟɱɧɵɟ ɷɥɟɦɟɧɬɵ.  

Ввɟɞɟɧɢɟ 
Ɍɭɧɧɟɥɶɧɵɣ ɞɢɨɞ (ɌД) Ʌɟɨ Эɫɚɤɢ (Leo Esaki) [1] ɩɪɟɞɫɬɚɜɥяɟɬ ɫɨɛɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɣ 

ɞɢɨɞ ɧɚ ɨɫɧɨɜɟ ɜɵɪɨɠɞɟɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ, ɜ ɤɨɬɨɪɨɦ ɩɪɢ ɩɪɢɥɨɠɟɧɢɢ ɧɚɩɪяɠɟɧɢя ɜ ɩɪя-
ɦɨɦ ɧɚɩɪɚɜɥɟɧɢɢ ɬɭɧɧɟɥɶɧɵɣ ɷɮɮɟɤɬ ɩɪɨяɜɥяɟɬɫя ɜ ɩɨяɜɥɟɧɢɢ ɭɱɚɫɬɤɚ ɫ ɨɬɪɢɰɚɬɟɥɶɧɵɦ ɞɢɮ-
ɮɟɪɟɧɰɢɚɥɶɧɵɦ ɫɨɩɪɨɬɢɜɥɟɧɢɟɦ ɧɚ ɜɨɥɶɬ-ɚɦɩɟɪɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɟ (ВАХ). ɌД яɜɥяɸɬɫя ɧɟ-
ɨɬɴɟɦɥɟɦɨɣ ɱɚɫɬɶɸ ɦɧɨɠɟɫɬɜɚ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɩɪɢɛɨɪɨɜ, ɬɚɤɢɯ, ɤɚɤ ɝɟɧɟɪɚɬɨɪɵ ɢ ɜɵɫɨɤɨ-
ɱɚɫɬɨɬɧɵɟ ɩɟɪɟɤɥɸɱɚɬɟɥɢ. Ɍɚɤɠɟ ɨɧɢ ɦɨɝɭɬ ɩɪɢɦɟɧяɬɶɫя ɞɥя ɫɨɡɞɚɧɢя ɦɨɳɧɵɯ ɬɭɧɧɟɥɶɧɨ-
ɫɜяɡɚɧɧɵɯ ɥɚɡɟɪɧɵɯ ɞɢɨɞɨɜ [2] ɢ ɜ ɫɬɪɭɤɬɭɪɚɯ ɦɧɨɝɨɤɚɫɤɚɞɧɵɯ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ (ɋЭ) [3]. 
Цɟɥɶ ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɵ — ɩɨɥɭɱɟɧɢɟ ɦɟɬɨɞɨɦ ɦɨɥɟɤɭɥяɪɧɨ-ɩɭɱɤɨɜɨɣ ɷɩɢɬɚɤɫɢɢ (ɆɉЭ) ɌД ɫ 
ɜɵɫɨɤɢɦ ɭɪɨɜɧɟɦ ɩɢɤɨɜɨɝɨ ɬɨɤɚ, ɤɨɬɨɪɵɟ ɦɨɝɭɬ ɛɵɬɶ ɢɫɩɨɥɶɡɨɜɚɧɵ ɞɥя ɨɛɴɟɞɢɧɟɧɢя ɧɟɫɤɨɥɶ-
ɤɢɯ ɤɚɫɤɚɞɨɜ ɦɧɨɝɨɩɟɪɟɯɨɞɧɵɯ ɋЭ ɧɚ ɨɫɧɨɜɟ ɫɨɟɞɢɧɟɧɢɣ АIIIВV. В ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɢɦɟɸɳɢɦɢɫя 
ɥɢɬɟɪɚɬɭɪɧɵɦɢ ɞɚɧɧɵɦɢ [4—7] ɨɫɧɨɜɧɵɦɢ ɮɚɤɬɨɪɚɦɢ, ɨɩɪɟɞɟɥяɸɳɢɦɢ ɩɢɤɨɜɵɣ ɬɨɤ (Jp, 
A/ɫɦ2) ɌД Эɫɚɤɢ, ɩɨɥɭɱɟɧɧɵɯ ɪɚɡɥɢɱɧɵɦɢ ɦɟɬɨɞɚɦɢ, яɜɥяɸɬɫя ɬɟɦɩɟɪɚɬɭɪɚ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ 
ɪɨɫɬɚ, ɜɵɫɨɤɢɟ ɭɪɨɜɧɢ ɥɟɝɢɪɨɜɚɧɢя ɞɨɧɨɪɧɨɣ ɢ ɚɤɰɟɩɬɨɪɧɨɣ ɩɪɢɦɟɫяɦɢ, ɚ ɬɚɤ ɠɟ ɬɨɥɳɢɧɚ ɪ- ɢ 
ɩ-ɨɛɥɚɫɬɟɣ. Зɚɞɚɱɚ ɩɨɥɭɱɟɧɢя ɜɵɫɨɤɢɯ ɭɪɨɜɧɟɣ ɥɟɝɢɪɨɜɚɧɢя (>1019 ɫɦ–3) ɩɪɢ ɥɟɝɢɪɨɜɚɧɢɢ GaAs 
ɤɪɟɦɧɢɟɦ, ɥɟɝɤɨ ɞɨɫɬɢɠɢɦɚя ɜ MOCVD, ɜ ɫɥɭɱɚɟ ɆɉЭ ɧɟ яɜɥяɟɬɫя ɬɪɢɜɢɚɥɶɧɨɣ. В ɪɚɛɨɬɟ ɩɪɨ-
ɞɟɦɨɧɫɬɪɢɪɨɜɚɧɵ ɪɚɡɥɢɱɧɵɟ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɩɨɞɯɨɞɵ, ɩɨɡɜɨɥяɸɳɢɟ ɭɜɟɥɢɱɢɬɶ ɭɪɨɜɧɢ ɥɟɝɢ-
ɪɨɜɚɧɢя p- ɢ n-ɨɛɥɚɫɬɟɣ ɌД n-GaAs:Si/p-GaAs:Be ɩɪɢ ɆɉЭ, ɚ ɬɚɤɠɟ ɩɪɢɜɟɞɟɧɵ ВАХ ɫɬɪɭɤɬɭɪ 
ɜɵɪɚɳɟɧɧɵɯ ɌД.  

1. Эɤɫɩɟɪɢɦɟɧɬ  
ɋɬɪɭɤɬɭɪɵ ɌД AlGaAs/GaAs:Si/GaAs:Be ɜɵɪɚɳɟɧɵ ɧɚ ɩɨɞɥɨɠɤɚɯ n+-GaAs:Si (001) ɫ ɢɫ-

ɩɨɥɶɡɨɜɚɧɢɟɦ ɞɜɭɯɤɚɦɟɪɧɨɣ ɭɫɬɚɧɨɜɤɢ ɆɉЭ (SemiTEq, Ɋɨɫɫɢя). Ɋɨɫɬɨɜɚя ɤɚɦɟɪɚ ɫɨɟɞɢɧɟɧɢɣ 
АIIIВV ɨɫɧɚɳɟɧɚ ɫɬɚɧɞɚɪɬɧɵɦɢ ɷɮɮɭɡɢɨɧɧɵɦɢ ɢɫɬɨɱɧɢɤɚɦɢ ɦɚɬɟɪɢɚɥɨɜ Ga ɢ Al, Si ɢ Be (ɞɥя n 
ɢ p-ɥɟɝɢɪɨɜɚɧɢя), ɚ ɬɚɤɠɟ ɤɥɚɩɚɧɧɵɦ ɢɫɬɨɱɧɢɤɨɦ ɦɵɲɶяɤɚ ɫ ɜɵɫɨɤɨɬɟɦɩɟɪɚɬɭɪɧɵɦ ɪɚɡɥɨɠɢ-
ɬɟɥɟɦ (Veeco). Ɍɟɦɩɟɪɚɬɭɪɚ ɡɨɧɵ ɪɚɡɥɨɠɟɧɢя ɦɵɲɶяɤɚ 570 °ɋ, ɱɬɨ ɫɨɨɬɜɟɬɫɬɜɭɟɬ ɩɪɟɢɦɭɳɟɫɬ-
ɜɟɧɧɨɦɭ ɩɨɬɨɤɭ ɱɟɬɵɪɟɯɚɬɨɦɧɵɯ ɦɨɥɟɤɭɥ As4. ɉɪɨɰɟɫɫ ɪɨɫɬɚ ɤɨɧɬɪɨɥɢɪɨɜɚɥɫя in situ ɫ ɩɨɦɨ-
ɳɶɸ ɦɟɬɨɞɚ ɞɢɮɪɚɤɰɢɢ ɛɵɫɬɪɵɯ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɨɬɪɚɠɟɧɢɟ (ДȻЭɈ). ɇɚɝɪɟɜ ɩɨɞɥɨɠɤɢ ɨɫɭɳɟɫɬ-
ɜɥяɥɫя ɪɚɞɢɚɰɢɨɧɧɵɦ ɛɟɫɤɨɧɬɚɤɬɧɵɦ ɫɩɨɫɨɛɨɦ. Дɥя ɫɨɩɨɫɬɚɜɥɟɧɢɣ ɩɨɤɚɡɚɧɢɣ ɬɟɪɦɨɩɚɪɵ ɫ 
ɮɚɤɬɢɱɟɫɤɨɣ ɬɟɦɩɟɪɚɬɭɪɨɣ ɩɨɞɥɨɠɤɢ ɢɫɩɨɥɶɡɨɜɚɧ ɧɚɛɨɪ ɪɟɩɟɪɧɵɯ ɬɨɱɟɤ: T ~ 510 °ɋ, ɫɨɨɬɜɟɬ-
ɫɬɜɭɸɳɚя ɩɟɪɟɯɨɞɭ ɪɟɤɨɧɫɬɪɭɤɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ GaAs(001) ɢɡ (24)As ɜ c(44)As ɩɪɢ ɢɡɜɟɫɬ-
ɧɨɦ ɩɚɞɚɸɳɟɦ ɩɨɬɨɤɟ As (ɫɦ. ɫɬɚɬɢɱɟɫɤɭɸ ɮɚɡɨɜɭɸ ɞɢɚɝɪɚɦɦɭ GaAs(001) ɜ [8]), ɢ T ~ 580 °ɋ, 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɚя ɫɥɟɬɭ ɨɤɢɫɥɚ ɫ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɞɥɨɠɤɢ GaAs.  

Дɢɡɚɣɧ ɬɟɫɬɨɜɨɣ ɫɬɪɭɤɬɭɪɵ ɌД (ɪɢɫ. 1) ɨɩɪɟɞɟɥяɥɫя ɡɚɞɚɱɟɣ ɨɛɴɟɞɢɧɟɧɢя ɧɟɫɤɨɥɶɤɢɯ 
ɤɚɫɤɚɞɨɜ ɋЭ. Ɍɟɫɬɨɜɵɟ ɫɬɪɭɤɬɭɪɵ ɌД ɜɵɪɚɳɟɧɵ ɧɚ ɩɨɞɥɨɠɤɚɯ n-GaAs(100) (n = 2  1018 ɫɦ–3) ɢ 
ɫɨɞɟɪɠɚɥɢ ɛɭɮɟɪɧɵɣ ɫɥɨɣ n-GaAs:Si ɫ ɭɪɨɜɧɟɦ ɥɟɝɢɪɨɜɚɧɢя n = 2  1018 ɫɦ–3, ɧɢɠɧɢɣ ɲɢɪɨɤɨ-
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ɡɨɧɧɵɣ ɨɝɪɚɧɢɱɢɜɚɸɳɢɣ ɫɥɨɣ (ɚɧɚɥɨɝ ɲɢɪɨɤɨɡɨɧɧɨɝɨ ɨɤɧɚ ɜ ɫɬɪɭɤɬɭɪɚɯ ɋЭ) n-Al0.4Ga0.6As:Si 
ɬɨɥɳɢɧɨɣ 50 ɧɦ (n = 2  1018 ɫɦ-3), ɚɤɬɢɜɧɚя ɨɛɥɚɫɬɶ ɌД n+-GaAs:Si/p+-GaAs:Be ɬɨɥɳɢɧɨɣ  
d = 10—20 ɧɦ, ɜɟɪɯɧɢɣ ɫɥɨɣ p-Al0.4Ga0.6As:Be (p = 2  1018 ɫɦ–3), ɩɪɢɤɨɧɬɚɤɬɧɵɣ 300-ɧɦ ɫɥɨɣ  
p+-GaAs:Be (p = 3  1019 ɫɦ–3 ɞɥя ɨɛɪɚɡɰɨɜ #B ɢ #C ɢ p = 1  1019 ɫɦ–3 ɞɥя ɨɛɪɚɡɰɚ #A) ɢ ɤɨɧɬɚɤɬ-
ɧɵɣ 10-ɧɦ ɫɥɨɣ p+-GaAs:Be ɫ ɭɪɨɜɧɟɦ ɥɟɝɢɪɨɜɚɧɢя p = 5  1019 ɫɦ–3. Дɥя ɩɪɨɜɟɪɤɢ ɭɪɨɜɧɟɣ ɥɟ-
ɝɢɪɨɜɚɧɢя p- ɢ n-ɫɥɨɟɜ ɜ ɫɬɪɭɤɬɭɪɚɯ ɌД ɩɪɨɜɟɞɟɧɵ ɯɨɥɥɨɜɫɤɢɟ ɢɡɦɟɪɟɧɢя ɧɚ ɬɟɫɬɨɜɵɯ ɫɥɨяɯ 
(Al)GaAs:Be ɢ (Al)GaAs:Si ɩɪɢ 300 К.  

Иɡɜɟɫɬɧɨ, ɱɬɨ ɨɞɧɢɦ ɢɡ ɨɫɧɨɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ, ɜɥɢяɸɳɢɯ ɧɚ ɦɚɤɫɢɦɚɥɶɧɨ ɞɨɫɬɢɠɢɦɵɣ 
ɭɪɨɜɟɧɶ ɥɟɝɢɪɨɜɚɧɢя GaAs ɩɪɢ ɆɉЭ, яɜɥяɟɬɫя ɬɟɦɩɟɪɚɬɭɪɚ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ ɪɨɫɬɚ. ɉɨɷɬɨɦɭ ɜ 
ɫɬɪɭɤɬɭɪɚɯ ɬɟɫɬɨɜɵɯ ɌД ɪɨɫɬ ɛɭɮɟɪɧɨɝɨ ɫɥɨя GaAs:Si ɢ ɩɟɪɜɨɝɨ ɲɢɪɨɤɨɡɨɧɧɨɝɨ ɛɚɪɶɟɪɚ 
Al0.4Ga0.6As:Si ɩɪɨɜɨɞɢɥɫя ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ TS = 580 °ɋ, ɩɨɫɥɟ ɱɟɝɨ ТS ɫɧɢɠɚɥɚɫɶ ɞɨ  
400—430 °ɋ ɫ ɰɟɥɶɸ ɭɜɟɥɢɱɟɧɢя ɜɫɬɪɚɢɜɚɧɢя ɥɟɝɢɪɭɸɳɟɣ ɩɪɢɦɟɫɢ Si [9] ɢ ɩɪɟɞɨɬɜɪɚɳɟɧɢя 
ɫɟɝɪɟɝɚɰɢɢ ɢ ɚɧɨɦɚɥɶɧɨɣ ɞɢɮɮɭɡɢɢ Be [10] ɢ ɨɫɬɚɜɚɥɚɫɶ ɧɟɢɡɦɟɧɧɨɣ ɞɨ ɨɤɨɧɱɚɧɢя ɪɨɫɬɚ ɫɬɪɭɤ-
ɬɭɪɵ. ɉɚɪɚɦɟɬɪɵ ɫɬɪɭɤɬɭɪ ɬɟɫɬɨɜɵɯ ɌД GaAs:Si/GaAs:Be ɩɪɢɜɟɞɟɧɵ ɜ ɬɚɛɥ.1 . В ɨɛɪɚɡɰɟ #ɋ 
ɞɥя ɭɜɟɥɢɱɟɧɢя ɩɪɨɜɨɞɢɦɨɫɬɢ n-ɬɢɩɚ ɢɫɩɨɥɶɡɨɜɚɥɢ ɦɨɞɭɥɢɪɨɜɚɧɧɨɟ δ-ɥɟɝɢɪɨɜɚɧɢɟ ɤɪɟɦɧɢɟɦ 
ɩɨɫɪɟɞɫɬɜɨɦ ɮɨɪɦɢɪɨɜɚɧɢя ɱɟɬɵɪɟɯ δ-ɫɥɨɟɜ Si (ɫ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɩɥɨɬɧɨɫɬɶɸ ɚɬɨɦɨɜ Si  
6  1012 ɫɦ–2) ɧɚ ɪɚɫɫɬɨяɧɢɢ 1.5 ɧɦ ɞɪɭɝ ɨɬ ɞɪɭɝɚ ɜ n-GaAs:Si (ТSi ɫɨɨɬɜɟɬɫɬɜɨɜɚɥɚ ɭɪɨɜɧɸ ɥɟɝɢ-
ɪɨɜɚɧɢя n ~ 1.2  1019 ɫɦ–3 ɜ ɨɛɴɟɦɧɨɦ ɫɥɨɟ GaAs:Si ɩɪɢ ɢɫɩɨɥɶɡɭɟɦɵɯ ɩɚɪɚɦɟɬɪɚɯ ɆɉЭ). 

Дɥя ɩɪɨɜɟɞɟɧɢя ɷɥɟɤɬɪɢɱɟɫɤɢɯ ɢɡɦɟɪɟɧɢɣ ɫ ɩɨɦɨɳɶɸ ɮɨɬɨɥɢɬɨɝɪɚɮɢɢ ɢɡɝɨɬɨɜɥɟɧɵ ɦɟ-
ɡɚɫɬɪɭɤɬɭɪɵ ɪɚɡɥɢɱɧɨɝɨ ɞɢɚɦɟɬɪɚ ɫ ɤɨɧɬɚɤɬɚɦɢ ɤ n- ɢ p-GaAs: AuGe-Ni-Au ɢ AgMn-Ni-Au. 
Ɍɟɦɩɟɪɚɬɭɪɚ ɜɠɢɝɚɧɢя ɤɨɧɬɚɤɬɨɜ ɜ ɚɬɦɨɫɮɟɪɟ ɜɨɞɨɪɨɞɚ ɧɚɯɨɞɢɥɚɫɶ ɜ ɞɢɚɩɚɡɨɧɟ 500—520 ºɋ. 

 
Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. ɉɚɪɚɦɟɬɪɵ ɨɛɪɚɡɰɨɜ ɬɭɧɧɟɥɶɧɵɯ ɞɢɨɞɨɜ 

Ɉɛɪɚɡɟɰ TS, ºC n+ (GaAs:Si), ɫɦ–3 p+ (GaAs:Be), ɫɦ–3 d, ɧɦ Jp, A/ɫɦ2 Vp, B 
#A (1-638)  430 7.2  1018 2.5  1019 20 9.1  10–4 0.1 
#B (1-752)  400 1.2  1019 5  1019 20 3.7 0.6 
#C (1-755)  400 >1.2  1019 5  1019 13 500 1.15 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
В [5] ɩɨɞɪɨɛɧɨ ɨɛɴяɫɧяɟɬɫя ɧɟɨɛɯɨɞɢɦɨɫɬɶ ɫɢɥɶɧɨɝɨ ɥɟɝɢɪɨɜɚɧɢя ɤɚɤ n-, ɬɚɤ ɢ p-ɨɛɥɚɫɬɢ 

ɌД ɞɨ ɭɪɨɜɧя 6  1019 ɫɦ-3, ɨɞɧɚɤɨ ɞɥя ɨɛɴɟɞɢɧɟɧɢя ɤɚɫɤɚɞɨɜ CЭ ɜ ɟɞɢɧɭɸ ɫɬɪɭɤɬɭɪɭ ɞɨɫɬɚɬɨɱɧɨ 
ɨɛɟɫɩɟɱɢɬɶ ɬɭɧɧɟɥɶɧɵɣ ɬɨɤ ɦɟɧɟɟ Jp ~ 0.1 А/ɫɦ2 ɛɟɡ ɢɫɩɨɥɶɡɨɜɚɧɢя ɤɨɧɰɟɧɬɪɚɬɨɪɨɜ ɫɨɥɧɟɱɧɨɝɨ 
ɢɡɥɭɱɟɧɢя ɢ ɧɟɫɤɨɥɶɤɨ А/ɫɦ2 ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɤɨɧɰɟɧɬɪɚɬɨɪɨɜ. Ɍɟɦ ɧɟ ɦɟɧɟɟ ɩɪɢ ɦɚɤɫɢ-
ɦɚɥɶɧɨɦ ɭɪɨɜɧɟ ɥɟɝɢɪɨɜɚɧɢя GaAs:Si n = 7.2  1018 ɫɦ–3, ɞɨɫɬɢɠɢɦɨɦ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɜɵɫɨ-
ɤɨɣ ТS = 580 °ɋ ɩɪɢ ɆɉЭ GaAs, ɩɢɤɨɜɵɣ ɬɨɤ ɨɤɚɡɵɜɚɟɬɫя ɫɭɳɟɫɬɜɟɧɧɨ ɧɢɠɟ ɬɪɟɛɭɟɦɵɯ ɡɧɚɱɟ-
ɧɢɣ ɢ ɧɟ ɩɪɟɜɵɲɚɟɬ Jp = 1  10–3 A/ɫɦ2 (ɨɛɪɚɡɟɰ #A) (ɫɦ. ɪɢɫ. 2) 
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  1  10–3

ɋɬɭɤɬɭɪɚ 1-638 
GaAs ɬɭɧɧɟɥɶɧɵɣ ɩɟɪɟɯɨɞ 
S = (0.30.3) ɫɦ2 
Jmax №61 = 9.1  10–4 А/ɫɦ2 

 
 

Ɋɢɫ. 1 Дɢɡɚɣɧ ɫɬɪɭɤɬɭɪ #A, #B ɢ #ɋ                     Ɋɢɫ. 2 ВАХ ɬɭɧɧɟɥɶɧɨɝɨ ɞɢɨɞɚ #A. 
Уɜɟɥɢɱɟɧɢɟ ɭɪɨɜɧя ɥɟɝɢɪɨɜɚɧɢя ɤɪɟɦɧɢɟɦ ɢɡ ɫɬɚɧɞɚɪɬɧɨɝɨ ɷɮɮɭɡɢɨɧɧɨɝɨ ɢɫɬɨɱɧɢɤɚ ɫɨ-

ɩɪяɠɟɧɨ ɫ ɧɟɨɛɯɨɞɢɦɨɫɬɶɸ ɫɧɢɠɟɧɢя TS ɞɨ ɧɟ ɨɩɬɢɦɚɥɶɧɨɝɨ ɞɥя ɪɨɫɬɚ ɡɧɚɱɟɧɢя ТS = 400 °ɋ.  
В ɬɨ ɠɟ ɜɪɟɦя ɧɢɡɤɚя TS ɨɞɧɨɜɪɟɦɟɧɧɨ ɩɪɟɩяɬɫɬɜɭɟɬ ɜɡɚɢɦɧɨɣ ɞɢɮɮɭɡɢɢ ɩɪɢɦɟɫɟɣ ɜ ɫɢɥɶɧɨɥɟ-
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ɝɢɪɨɜɚɧɧɵɯ ɫɥɨяɯ n+-GaAs:Si ɢ p+-GaAs:Be. ɋɧɢɠɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɷɩɢɬɚɤɫɢɚɥɶɧɨɝɨ ɪɨɫɬɚ ɞɨ 
ТS = 400 °ɋ ɩɨɡɜɨɥɢɥɨ ɪɚɫɲɢɪɢɬɶ ɪɚɛɨɱɢɣ ɞɢɚɩɚɡɨɧ ɬɟɦɩɟɪɚɬɭɪɵ ɢɫɬɨɱɧɢɤɚ Si [9] ɢ ɛɨɥɟɟ ɱɟɦ ɜ 
1.5 ɪɚɡɚ ɭɜɟɥɢɱɢɬɶ ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ GaAs:Si (ɞɨ n = 1.2  1019 ɫɦ–3), ɱɬɨ ɩɪɢɜɟ-
ɥɨ ɤ ɪɨɫɬɭ ɩɢɤɨɜɨɝɨ ɬɨɤɚ ɞɢɨɞɚ ɞɨ Jp = 3.7 A/ɫɦ2 (ɫɬɪɭɤɬɭɪɚ #B). Дɥя ɞɚɥɶɧɟɣɲɟɝɨ ɭɜɟɥɢɱɟɧɢя 
ɩɢɤɨɜɨɝɨ ɬɨɤɚ ɌД ɩɪɟɞɥɨɠɟɧɨ ɭɦɟɧɶɲɢɬɶ ɬɨɥɳɢɧɭ ɫɥɨɟɜ ɌД ɞɨ d = 14 ɧɦ ɢ ɢɫɩɨɥɶɡɨɜɚɬɶ ɦɨ-
ɞɭɥɢɪɨɜɚɧɧɨɟ δ-ɥɟɝɢɪɨɜɚɧɢɟ ɤɪɟɦɧɢɟɦ ɫɥɨɟɜ n+-GaAs:Si. В ɪɟɡɭɥɶɬɚɬɟ ɞɥя ɨɛɪɚɡɰɚ #C Jp = 500 
A/ɫɦ2 ɩɪɢ ɨɬɧɨɲɟɧɢɢ ɩɢɤ/ɞɨɥɢɧɚ 25. ɉɪɢ ɷɬɨɦ ɧɭɠɧɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɞɨɫɬɢɝɧɭɬɨɟ ɜ ɨɛɪɚɡɰɟ #B 
ɡɧɚɱɟɧɢɟ Jp=3.7 A/ɫɦ2 (ɫɦ. ɪɢɫ. 3) ɬɚɤɠɟ ɩɪɟɜɵɲɚɟɬ ɭɪɨɜɟɧɶ, ɧɟɨɛɯɨɞɢɦɵɣ ɞɥя ɢɫɩɨɥɶɡɨɜɚɧɢя 
ɌД ɜ ɫɬɪɭɤɬɭɪɚɯ ɦɧɨɝɨɩɟɪɟɯɨɞɧɵɯ ɋЭ ɩɪɢ ɤɨɧɰɟɧɬɪɚɰɢяɯ ɞɨ 200 ɫɨɥɧɰ [11]. 
 
          J, A/ɫɦ2                 а                                                      J, A/cɦ2                  ɛ 
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Ɋɢɫ. 3. ВАХ ɬɭɧɧɟɥɶɧɵɯ ɞɢɨɞɨɜ #В (а) ɢ #ɋ (ɛ), ɢɡɦɟɪɟɧɧɵɟ ɧɚ ɦɟɡɚɫɬɪɭɤɬɭɪɚɯ ɫ ɞɢɚɦɟɬɪɨɦ 

ɤɨɧɬɚɤɬɚ d ɜ ɪɚɡɥɢɱɧɵɯ ɭɱɚɫɬɤɚɯ ɷɩɢɬɚɤɫɢɚɥɶɧɨɣ ɫɬɪɭɤɬɭɪɵ. 
 

ɇɟɥɢɧɟɣɧɨɫɬɶ ВАХ ɜ ɨɛɪɚɡɰɚɯ ɌД #B ɢ #C ɦɨɠɟɬ ɛɵɬɶ ɫɜяɡɚɧɚ ɫ ɧɚɥɢɱɢɟɦ ɞɨɩɨɥɧɢɬɟɥɶ-
ɧɨɝɨ ɛɚɪɶɟɪɚ ɧɚ ɝɟɬɟɪɨɩɟɪɟɯɨɞɟ n-AlGaAs/n+-GaAs ɢɡ-ɡɚ ɧɟɞɨɫɬɚɬɨɱɧɨɝɨ ɭɪɨɜɧя ɥɟɝɢɪɨɜɚɧɢя 
ɤɪɟɦɧɢɟɦ 50-ɧɦ ɫɥɨя AlGaAs.  

Заɤɥючɟɧɢɟ  
Ɇɟɬɨɞɨɦ ɆɉЭ ɜɵɪɚɳɟɧɵ ɫɬɪɭɤɬɭɪɵ ɬɭɧɧɟɥɶɧɵɯ ɞɢɨɞɨɜ ɜ ɫɢɫɬɟɦɟ AlGaAs, ɞɟɦɨɧɫɬɪɢ-

ɪɭɸɳɢɟ ɡɧɚɱɟɧɢя ɩɢɤɨɜɨɝɨ ɬɨɤɚ ɜɩɥɨɬɶ ɞɨ 500 А/ɫɦ2, ɱɬɨ ɛɨɥɟɟ ɱɟɦ ɧɚ ɩɨɪяɞɨɤ ɩɪɟɜɵɲɚɟɢ 
ɭɪɨɜɟɧɶ, ɧɟɨɛɯɨɞɢɦɵɣ ɞɥя ɢɫɩɨɥɶɡɨɜɚɧɢя ɷɬɢɯ ɌД ɜ ɫɬɪɭɤɬɭɪɚɯ ɷɮɮɟɤɬɢɜɧɵɯ ɦɧɨɝɨɩɟɪɟɯɨɞ-
ɧɵɯ ɋЭ AlGaAs. ɉɪɨɞɟɦɨɧɫɬɪɢɪɨɜɚɧɵ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɩɨɞɯɨɞɵ, ɩɨɡɜɨɥɢɜɲɢɟ ɩɨɜɵɫɢɬɶ ɦɚɤ-
ɫɢɦɚɥɶɧɵɣ ɭɪɨɜɟɧɶ n-ɥɟɝɢɪɨɜɚɧɢя GaAs:Si ɫ 7  1018 ɞɨ >1.2  1019 ɫɦ–3 ɢ ɭɜɟɥɢɱɢɬɶ ɛɨɥɟɟ ɱɟɦ ɧɚ 
ɱɟɬɵɪɟ ɩɨɪяɞɤɚ ɩɢɤɨɜɵɣ ɬɨɤ ɌД. 

Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɛɨɬɚ ɱɚɫɬɢɱɧɨ ɩɨɞɞɟɪɠɚɧɚ Ɋɨɫɫɢɣɫɤɢɦ ɮɨɧɞɨɦ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɩɪɨ-
ɟɤɬ 13-02-12216ɨɮɢ.ɦ). 
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GaAs:Si/GaAs:Be Tunnel Diodes Grown by Molecular Beam Epitaxy 

G. V. Klimko , T. A. Komissarova , S. V. Sorokin , E.V. Kontrosh, A. A. Usikova , 
N. D. Il’inskaya, V. S. Kalinovsky , S. V. Ivanov  

I. F. Ioffe Physical-Technical Institute, Russian Academy of Sciences,  

St. Petersburg, Russia; e-mail: gklimko@mail.ru  

The results on both design optimization and molecular beam epitaxy growth of n+-GaAs:Si/p+-GaAs:Be 
tunnel diode (TD) structures are presented. The achieved maximum peak current Jp = 500 A/cm2 allows one to 
use the TDs to connect the cascades in multi-junction solar cells as well as to use them in tunnel-coupled laser 
diodes. 

Keywords: tunnel diode, molecular beam epitaxy, heavy doping, multi-junction solar cells. 
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Гɟɬɟɪɨɫɬɪɭɤɬɭɪы InGaN/GaN ɫ ɪаɡɥɢчɧɨɣ ɥɨɤаɥɢɡаɰɢɟɣ ɧɨɫɢɬɟɥɟɣ 

А. В. ɋɚɯɚɪɨɜ ɚ, В. В. Ʌɭɧɞɢɧ ɚ, ȿ. ȿ. Зɚɜɚɪɢɧ ɚ, А. ȿ. ɇɢɤɨɥɚɟɜ ɚ, А. Ф. Цɚɰɭɥɶɧɢɤɨɜ ɚ,  
ɋ. Ɉ. Уɫɨɜ ɚ,ɛ, ɇ. А. Чɟɪɤɚɲɢɧ ɜ, Ɇ. ɇ. Кɨɪɵɬɨɜ ɜ, ɇ. В. Ɋɠɟɭɰɤɢɣ ɝ, ȿ. В. Ʌɭɰɟɧɤɨ ɝ 

а Фиɡикɨ-ɬехничеɫкиɣ инɫɬиɬуɬ иɦ. А.Ф. Иɨɮɮе Рɨɫɫиɣɫкɨɣ АН,  

Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия; e-mail: val@beam.ioffe.ru 
ɛ НТЦ ɦикɪɨэɥекɬɪɨники Рɨɫɫиɣɫкɨɣ АН, Санкɬ-Пеɬеɪɛуɪг, Рɨɫɫия 

в 
Center for Material Elaboration & Structural Studies of the National Center 

 for Scientific Research, Toulouse, France 
г Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь 

Иɫɫɥɟɞɨɜɚɧɵ ɫɜɨɣɫɬɜɚ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ InGaN (ɜɤɥɸɱɚя ɤɜɚɧɬɨɜɵɟ яɦɵ, ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ ɢ ɫɜɟɪɯ-
ɪɟɲɟɬɤɢ), ɜɵɪɚɳɟɧɧɵɯ ɦɟɬɨɞɨɦ ɝɚɡɨɮɚɡɧɨɣ ɷɩɢɬɚɤɫɢɢ. Уɩɪɚɜɥяя ɩɚɪɚɦɟɬɪɚɦɢ ɩɪɢ ɷɩɢɬɚɤɫɢɚɥɶɧɨɦ 
ɪɨɫɬɟ InGaN, ɦɨɠɧɨ ɩɨɥɭɱɚɬɶ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɫɭɳɟɫɬɜɟɧɧɨ ɪɚɡɥɢɱɧɵɦɢ ɫɜɨɣɫɬɜɚɦɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ 
ɦɨɞɢɮɢɤɚɰɢɢ ɢɯ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɢ ɤɢɧɟɬɢɤɢ ɥɸɦɢɧɟɫɰɟɧɰɢɢ. ɋɬɪɭɤɬɭɪɵ ɫ ɬɪɟɯɦɟɪɧɨɣ ɥɨɤɚɥɢɡɚɰɢɟɣ 
ɧɨɫɢɬɟɥɟɣ ɩɨɤɚɡɵɜɚɸɬ ɛɨɥɶɲɭɸ ɷɮɮɟɤɬɢɜɧɨɫɬɶ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɡɚ ɫɱɟɬ ɩɨɞɚɜɥɟɧɢя ɤɚɧɚɥɨɜ ɛɟɡɵɡɥɭɱɚ-
ɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ, ɧɨ ɨɫɧɨɜɧɨɣ ɜɵɢɝɪɵɲ ɞɨɫɬɢɝɚɟɬɫя ɜ ɨɫɧɨɜɧɨɦ ɩɪɢ ɧɢɡɤɢɯ ɭɪɨɜɧяɯ ɜɨɡɛɭɠɞɟɧɢя. 

Кɥючɟвыɟ ɫɥɨва: InGaN, ɤɜɚɧɬɨɜɵɟ яɦɵ, ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ, ɥɸɦɢɧɟɫɰɟɧɰɢя.  

Ввɟɞɟɧɢɟ 
ɇɚ ɧɚɫɬɨяɳɢɣ ɦɨɦɟɧɬ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɬɜɟɪɞɨɝɨ ɪɚɫɬɜɨɪɚ InGaN яɜɥяɸɬɫя ɨɫ-

ɧɨɜɨɣ ɜɫɟɯ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɩɪɢɛɨɪɨɜ ɜɢɞɢɦɨɝɨ ɞɢɚɩɚɡɨɧɚ, ɩɪɢ ɷɬɨɦ ɜ ɚɤɬɢɜɧɵɯ ɨɛɥɚɫɬяɯ ɫɜɟ-
ɬɨɞɢɨɞɨɜ ɢ ɥɚɡɟɪɨɜ ɱɚɳɟ ɢɫɩɨɥɶɡɭɸɬɫя ɤɜɚɧɬɨɜɵɟ яɦɵ (Кə)/ ɤɜɚɧɬɨɜɵɟ ɬɨɱɤɢ (КɌ), ɚ ɬɨɥɫɬɵɟ 
ɫɥɨɢ InGaN ɢ ɫɜɟɪɯɪɟɲɟɬɤɢ (ɋɊ) InGaN/GaN ɩɪɢɦɟɧяɸɬɫя ɤɚɤ ɩɚɫɫɢɜɧɵɟ ɷɥɟɦɟɧɬɵ ɢɡɥɭɱɚɸ-
ɳɢɯ ɩɪɢɛɨɪɨɜ ɢ ɤɚɤ ɨɫɧɨɜɧɨɣ ɷɥɟɦɟɧɬ ɮɨɬɨɩɪɟɨɛɪɚɡɨɜɚɬɟɥɟɣ. Кɚɠɞɵɣ ɢɡ ɬɢɩɨɜ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ 
ɢɦɟɟɬ ɫɜɨɢ ɩɪɟɢɦɭɳɟɫɬɜɚ ɢ ɧɟɞɨɫɬɚɬɤɢ — ɨɞɧɢ ɩɟɪɫɩɟɤɬɢɜɧɵ ɞɥя ɪɚɛɨɬɵ ɩɪɢ ɦɚɥɵɯ ɭɪɨɜɧяɯ 
ɜɨɡɛɭɠɞɟɧɢя ɡɚ ɫɱɟɬ ɷɮɮɟɤɬɢɜɧɨɣ ɥɨɤɚɥɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ, ɞɪɭɝɢɟ ɢɧɬɟɪɟɫɧɵ ɞɥя ɢɫɩɨɥɶɡɨɜɚ-
ɧɢя ɩɪɢ ɛɨɥɶɲɢɯ ɩɥɨɬɧɨɫɬяɯ ɜɨɡɛɭɠɞɟɧɢя ɢɡ-ɡɚ ɦɟɧɶɲɟɝɨ ɷɮɮɟɤɬɚ Ɉɠɟ-ɪɟɤɨɦɛɢɧɚɰɢɢ.  

InGaN — ɭɧɢɤɚɥɶɧɵɣ ɦɚɬɟɪɢɚɥ ɫ ɬɨɱɤɢ ɡɪɟɧɢя ɜɥɢяɧɢя ɮɥɭɤɬɭɚɰɢɣ ɫɨɫɬɚɜɚ ɧɚ ɫɜɨɣɫɬɜɚ 
ɫɨɡɞɚɜɚɟɦɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ. Вɨ-ɩɟɪɜɵɯ, ɛɨɥɶɲɢɟ ɷɮɮɟɤɬɢɜɧɵɟ ɦɚɫɫɵ ɧɨɫɢɬɟɥɟɣ ɩɪɢɜɨɞяɬ ɤ 
ɬɨɦɭ, ɱɬɨ ɷɧɟɪɝɢя ɷɤɫɢɬɨɧɚ ɜ ɨɛɴɟɦɧɨɦ ɦɚɬɟɪɢɚɥɟ ɜ ɩɪɚɤɬɢɱɟɫɤɢ ɢɧɬɟɪɟɫɧɨɦ ɧɚ ɞɚɧɧɵɣ ɦɨɦɟɧɬ 
ɞɢɚɩɚɡɨɧɟ ɫɨɫɬɚɜɨɜ (ɞɨ 30% In) ɫɨɫɬɚɜɥяɟɬ 20—27 ɦɷВ [1], ɱɬɨ ɭɠɟ ɫɪɚɜɧɢɦɨ ɫ ɤɨɦɧɚɬɧɨɣ ɬɟɦ-
ɩɟɪɚɬɭɪɨɣ. Вɨ-ɜɬɨɪɵɯ, ɨɱɟɧɶ ɛɨɥɶɲɚя ɪɚɡɧɢɰɚ ɜ ɲɢɪɢɧɟ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɦɟɠɞɭ GaN (3.42 
ɷВ) ɢ InN (0.67 ɷВ) ɜ ɫɨɱɟɬɚɧɢɢ ɫ ɦɚɥɵɦ ɪɚɡɦɟɪɨɦ ɷɤɫɢɬɨɧɚ (rb = 2.8 ɧɦ ɞɥя GaN, ɱɬɨ ɫɨɨɬɜɟɬɫɬ-
ɜɭɟɬ ɨɛɴɟɦɭ V ~ 100 ɧɦ3) ɩɪɢɜɨɞяɬ ɤ ɬɨɦɭ, ɱɬɨ ɞɚɠɟ ɦɚɥɵɟ ɮɥɭɤɬɭɚɰɢɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɚɬɨɦɨɜ 
ɢɧɞɢя ɦɨɝɭɬ ɩɪɢɜɨɞɢɬɶ ɤ ɥɨɤɚɥɢɡɚɰɢɢ ɧɨɫɢɬɟɥɟɣ [2]. Ɍɚɤ, ɞɥя InGaN ɫ ɫɨɞɟɪɠɚɧɢɟɦ ɢɧɞɢя 10% 
ɜ ɨɛɴɟɦɟ ɷɤɫɢɬɨɧɚ ɧɚɯɨɞɢɬɫя ɜɫɟɝɨ ~450 ɚɬɨɦɨɜ ɢɧɞɢя, ɱɬɨ ɞɚɟɬ ɫɬɚɬɢɫɬɢɱɟɫɤɢɣ ɪɚɡɛɪɨɫ ~0.5 % 
In ɩɪɢ ɫɥɭɱɚɣɧɨɦ ɪɚɫɩɪɟɞɟɥɟɧɢɢ ɚɬɨɦɨɜ ɢ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɮɥɭɤɬɭɚɰɢɸ ɩɨ ɷɧɟɪɝɢɢ ~20 ɦɷВ 
(ɞɥя ɫɪɚɜɧɟɧɢя ɞɥя In0.1GaAs ɫɬɚɬɢɫɬɢɱɟɫɤɢɟ ɮɥɭɤɬɭɚɰɢɢ 2 ɦɷВ).  

В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɵ ɦɟɬɨɞɵ ɢ ɩɨɞɯɨɞɵ, ɩɨɡɜɨɥяɸɳɢɟ ɜɥɢяɬɶ ɧɚ ɨɛɪɚɡɨɜɚɧɢɟ 
ɥɨɤɚɥɢɡɭɸɳɢɯ ɰɟɧɬɪɨɜ ɜ InGaN ɢ ɫɜɨɣɫɬɜɚ ɩɨɥɭɱɟɧɧɵɯ ɝɟɬɟɪɨɫɬɪɭɤɬɭɪ. 

1. Эɤɫɩɟɪɢɦɟɧɬ  
Иɫɫɥɟɞɭɟɦɵɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɫɬɪɭɤɬɭɪɵ ɜɵɪɚɳɟɧɵ ɦɟɬɨɞɨɦ ɝɚɡɨɮɚɡɧɨɣ ɷɩɢɬɚɤɫɢɢ 

ɢɡ ɦɟɬɚɥɥɨɪɝɚɧɢɱɟɫɤɢɯ ɫɨɟɞɢɧɟɧɢɣ ɧɚ ɫɚɩɮɢɪɨɜɵɯ ɩɨɞɥɨɠɤɚɯ. В ɤɚɱɟɫɬɜɟ ɫɨɟɞɢɧɟɧɢɣ-
ɢɫɬɨɱɧɢɤɨɜ ɢɫɩɨɥɶɡɨɜɚɧɵ ɬɪɢɦɟɬɢɥɝɚɥɥɢɣ, ɬɪɢɷɬɢɥɝɚɥɥɢɣ, ɬɪɢɦɟɬɢɥɢɧɞɢɣ, ɬɪɢɦɟɬɢɥɚɥɸɦɢ-
ɧɢɣ ɢ ɚɦɦɢɚɤ. В ɤɚɱɟɫɬɜɟ ɝɚɡɚ-ɧɨɫɢɬɟɥя ɩɪɢ ɪɨɫɬɟ InGaN ɫɥɭɠɢɬ ɚɡɨɬ, ɩɪɢ ɪɨɫɬɟ ɞɪɭɝɢɯ ɫɥɨɟɜ 
— ɚɡɨɬ-ɜɨɞɨɪɨɞɧɚя ɫɦɟɫɶ. Ɋɨɫɬ ɩɪɨɜɟɞɟɧ ɧɚ ɞɜɭɯ ɷɩɢɬɚɤɫɢɚɥɶɧɵɯ ɭɫɬɚɧɨɜɤɚɯ: AIX2000HT ɫ 
ɩɥɚɧɟɬɚɪɧɵɦ ɪɟɚɤɬɨɪɨɦ ɢ Dragon-125 c ɝɨɪɢɡɨɧɬɚɥɶɧɵɦ ɪɟɚɤɬɨɪɨɦ. ɋɬɪɭɤɬɭɪɵ ɞɥя ɨɩɬɢɱɟɫɤɢɯ 
ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɪɟɞɫɬɚɜɥяɸɬ ɫɨɛɨɣ ɧɚɛɨɪ ɢɡ ɬɪɟɯ InGaN-Кə, ɪɚɡɞɟɥɟɧɧɵɯ GaN ɛɚɪɶɟɪɚɦɢ, ɢɥɢ 
24 ɩɟɪɢɨɞɧɵɟ ɋɊ ɨɛɳɟɣ ɬɨɥɳɢɧɨɣ 50 ɧɦ. Кə ɜɵɪɚɳɢɜɚɥɢɫɶ ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɞɚɜɥɟɧɢяɯ, ɧɨɦɢ-
ɧɚɥɶɧɚя ɬɨɥɳɢɧɚ Кə ɜɫɟɝɞɚ 3 ɧɦ, ɩɨɫɥɟ ɨɫɚɠɞɟɧɢя Кə ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɩɪɟɪɵɜɚɧɢɟ ɪɨɫɬɚ ɧɚ 
ɧɟɫɤɨɥɶɤɨ ɫɟɤɭɧɞ. ɋɊ ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɩɨɫɪɟɞɫɬɜɨɦ ɩɪɟɪɵɜɚɧɢɣ ɪɨɫɬɚ ɫɥɨя InGaN ɧɚ ɧɟɫɤɨɥɶɤɨ 
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ɫɟɤɭɧɞ, ɱɬɨ ɩɪɢɜɨɞɢɥɨ ɤ ɮɨɪɦɢɪɨɜɚɧɢɸ ɩɟɪɢɨɞɢɱɟɫɤɨɣ ɫɬɪɭɤɬɭɪɵ, ɨɛɨɝɚɳɟɧɧɨɣ ɢ ɨɛɟɞɧɟɧɧɨɣ 
ɩɨ ɢɧɞɢɸ. ɋɜɟɬɨɞɢɨɞɧɵɟ ɫɬɪɭɤɬɪɵ ɫɨɞɟɪɠɚɥɢ ɚɤɬɢɜɧɵɟ ɨɛɥɚɫɬɢ, ɩɨɥɧɨɫɬɶɸ ɚɧɚɥɨɝɢɱɧɵɟ 
ɫɬɪɭɤɬɭɪɚɦ ɞɥя ɨɩɬɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. Вɨɡɛɭɠɞɟɧɢɟ ФɅ ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɢɡɥɭɱɟɧɢɟɦ ɱɟɬ-
ɜɟɪɬɨɣ ɝɚɪɦɨɧɢɤɢ ɮɟɦɬɨɫɟɤɭɧɞɧɨɝɨ KYW:Yb-ɥɚɡɟɪɚ (λ = 260 ɧɦ, τ = 140 ɮɫ), ɢɦɩɭɥɶɫɧɨɝɨ 
ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ (λ = 337 ɧɦ) ɢɥɢ ɧɟɩɪɟɪɵɜɧɨɝɨ ɝɟɥɢɣ-ɤɚɞɦɢɟɜɨɝɨ ɥɚɡɟɪɚ (λ = 325 ɧɦ). 

2. Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɇɚ ɪɢɫ. 1, а ɩɪɢɜɟɞɟɧɵ ɫɩɟɤɬɪɵ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ФɅ) ɫɬɪɭɤɬɭɪ ɫ Кə, ɜɵɪɚɳɟɧɧɵɦɢ 

ɩɪɢ ɞɚɜɥɟɧɢɢ 100—940 ɦȻɚɪ ɧɚ ɭɫɬɚɧɨɜɤɟ AIX2000HT. Вɢɞɧɨ, ɱɬɨ ɭɜɟɥɢɱɟɧɢɟ ɞɚɜɥɟɧɢя ɩɪɢ-
ɜɨɞɢɬ ɤ ɫɢɥɶɧɨɦɭ ɭɲɢɪɟɧɢɸ ɫɩɟɤɬɪɚ ФɅ, ɚɧɚɥɨɝɢɱɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɧɚɛɥɸɞɚɟɬɫя ɢ ɞɥя ɫɜɟɬɨɞɢ-
ɨɞɧɵɯ ɫɬɪɭɤɬɭɪ (ɪɢɫ. 1, ɛ). Иɫɫɥɟɞɨɜɚɧɢя ɦɟɬɨɞɨɦ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɦɢɤɪɨɫɤɨɩɢɢ ɜɵɫɨɤɨɝɨ 
ɪɚɡɪɟɲɟɧɢя ɩɨɤɚɡɚɥɢ, ɱɬɨ ɫɨɫɬɚɜ Кə, ɜɵɪɚɳɟɧɧɵɯ ɜ ɞɢɚɩɚɡɨɧɟ ɞɚɜɥɟɧɢɣ 100—800 ɦȻɚɪ, ɢɡɦɟ-
ɧяɟɬɫя ɧɟɡɧɚɱɢɬɟɥɶɧɨ (18—20%), ɧɨ ɩɪɨɢɫɯɨɞɢɬ ɬɪɚɧɫɮɨɪɦɚɰɢя ɦɨɪɮɨɥɨɝɢɢ ɨɬ ɫɩɥɨɲɧɨɣ Кə ɫ 
ɪɟɡɤɢɦɢ ɢɧɬɟɪɮɟɣɫɚɦɢ (100 ɦȻɚɪ) ɤ ɧɚɛɨɪɭ ɨɫɬɪɨɜɤɨɜ ɫ ɥɚɬɟɪɚɥɶɧɵɦ ɪɚɡɦɟɪɨɦ ~30 ɧɦ. ɉɨ-
ɜɢɞɢɦɨɦɭ, ɭɲɢɪɟɧɢɟ ɫɩɟɤɬɪɚ ɜɵɡɜɚɧɨ ɜɚɪɢɚɰɢɟɣ ɥɨɤɚɥɶɧɨɣ ɬɨɥɳɢɧɵ ɨɫɬɪɨɜɤɨɜ, ɬɚɤ ɤɚɤ ɜɚɪɢɚ-
ɰɢя ɥɚɬɟɪɚɥɶɧɨɝɨ ɪɚɡɦɟɪɚ ɧɟ ɞɨɥɠɧɚ ɞɚɜɚɬɶ ɬɚɤɨɝɨ ɷɮɮɟɤɬɚ. Зɚɜɢɫɢɦɨɫɬɶ ɲɢɪɢɧɵ ɫɩɟɤɬɪɚ ɢ 
ɢɧɬɟɧɫɢɜɧɨɫɬɢ ФɅ ɨɬ ɬɟɦɩɟɪɚɬɭɪɵ (ɪɢɫ. 2) ɩɨɡɜɨɥяɟɬ ɭɬɜɟɪɠɞɚɬɶ, ɱɬɨ ɩɪɢ ɞɚɜɥɟɧɢɢ 100 Ȼɚɪ ɦɵ 
ɢɦɟɟɦ “ɢɞɟɚɥɶɧɭɸ” InGaN Кə (ɧɚɫɤɨɥɶɤɨ ɷɬɨ ɜɨɡɦɨɠɧɨ ɞɥя InGaN), ɩɪɢ ɷɬɨɦ ɥɚɬɟɪɚɥɶɧɵɣ 
ɬɪɚɧɫɩɨɪɬ ɧɨɫɢɬɟɥɟɣ, ɭɜɟɥɢɱɢɜɚɸɳɢɣɫя ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ, ɩɪɢɜɨɞɢɬ ɤ ɫɢɥɶɧɨɦɭ ɩɚɞɟɧɢɸ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ФɅ. 
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ФɅ ɨɩɬɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ (a) ɢ ɡɚɜɢɫɢɦɨɫɬɢ ɦɚɤɫɢɦɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ (ɫɩɥɨɲɧɵɟ 
ɥɢɧɢɢ) ɫɜɟɬɨɞɢɨɞɨɜ AIXTRON () ɢ Dragon () ɢ ɲɢɪɢɧɵ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя (ɲɬɪɢɯɨɜɵɟ ɥɢɧɢɢ) (ɛ) ɨɬ 

ɞɚɜɥɟɧɢя ɩɪɢ ɪɨɫɬɟ InGaN Кə.  
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Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɶ ɲɢɪɢɧɵ ɫɩɟɤɬɪɚ (а) ɢ ɢɧɬɟɝɪɚɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ФɅ (ɛ) ɨɩɬɢɱɟɫɤɢɯ ɫɬɪɭɤɬɭɪ  
ɫ InGaN Кə, ɜɵɪɚɳɟɧɧɵɯ ɩɪɢ ɞɚɜɥɟɧɢяɯ 100 (1), 300 (2), 450 (3), 800 (4) ɢ 940 ɦȻɚɪ (5). 

Уɜɟɥɢɱɟɧɢɟ ɞɚɜɥɟɧɢя ɩɪɢɜɨɞɢɬ ɤ ɪɟɡɤɨɦɭ ɪɨɫɬɭ ɲɢɪɢɧɵ ɫɩɟɤɬɪɚ ɢ ɭɦɟɧɶɲɟɧɢɸ ɩɚɞɟɧɢя 
ɢɧɬɟɧɫɢɜɧɨɫɬɢ ФɅ ɫ ɬɟɦɩɟɪɚɬɭɪɨɣ, ɱɬɨ ɫɜяɡɚɧɨ ɫ ɥɨɤɚɥɢɡɚɰɢɟɣ ɧɨɫɢɬɟɥɟɣ ɜ ɨɫɬɪɨɜɤɚɯ. Иɫɫɥɟ-
ɞɨɜɚɧɢя ɤɢɧɟɬɢɤ ФɅ ɬɚɤɠɟ ɩɨɤɚɡɵɜɚɸɬ ɫɭɳɟɫɬɜɟɧɧɵɣ ɪɨɫɬ ɜɪɟɦɟɧɢ ɪɟɤɨɦɛɢɧɚɰɢɢ ɩɪɢ ɭɜɟɥɢ-
ɱɟɧɢɢ ɞɚɜɥɟɧɢя, ɱɬɨ ɬɚɤɠɟ ɫɜɢɞɟɬɟɥɶɫɬɜɭɟɬ ɨ ɩɨɞɚɜɥɟɧɢɢ ɛɟɡɵɡɥɭɱɚɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ. 
Иɧɬɟɪɟɫɧɨ, ɱɬɨ ɦɚɤɫɢɦɭɦ ɡɚɜɢɫɢɦɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɨɬ ɞɚɜɥɟɧɢя ɩɨ ɞɚɧɧɵɦ ɮɨɬɨ- ɢ ɷɥɟɤɬɪɨ-
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ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɨɬɥɢɱɚɟɬɫя, ɱɬɨ, ɜɨɡɦɨɠɧɨ, ɭɤɚɡɵɜɚɟɬ ɧɚ ɪɚɡɥɢɱɚɸɳɢɟɫя ɭɫɥɨɜɢя ɢɧɠɟɤɰɢɢ 
ɧɨɫɢɬɟɥɟɣ.   

ɇɚ ɪɢɫ. 3, а ɩɪɢɜɟɞɟɧɵ ɫɩɟɤɬɪɵ ФɅ ɬɨɥɫɬɨɝɨ ɫɥɨя In0,1GaN ɢ ɋɊ, ɫɮɨɪɦɢɪɨɜɚɧɧɵɯ ɩɪɟ-
ɪɵɜɚɧɢяɦɢ ɪɨɫɬɚ ɜ ɚɬɦɨɫɮɟɪɟ ɚɡɨɬɚ ɜ ɬɟɱɟɧɢɟ ɪɚɡɧɨɝɨ ɜɪɟɦɟɧɢ. ɉɪɢ ɭɜɟɥɢɱɟɧɢɢ ɜɪɟɦɟɧɢ ɩɪɟ-
ɪɵɜɚɧɢя ɪɨɫɬɚ ɜ ɫɩɟɤɬɪɟ ФɅ ɜɨɡɧɢɤɚɸɬ ɧɨɜɵɟ ɥɢɧɢɢ, ɱɬɨ ɫɨɩɪɨɜɨɠɞɚɟɬɫя ɪɟɡɤɢɦ ɭɜɟɥɢɱɟɧɢɟɦ 
ɜɪɟɦɟɧɢ ɪɟɤɨɦɛɢɧɚɰɢɢ (ɪɢɫ. 3, ɛ). ɉɨ ɞɚɧɧɵɦ ɩɪɨɫɜɟɱɢɜɚɸɳɟɣ ɦɢɤɪɨɫɤɨɩɢɢ, ɜ ɬɚɤɢɯ ɫɬɪɭɤɬɭ-
ɪɚɯ ɤɪɨɦɟ ɪɟɝɭɥяɪɧɨɣ ɋɊ InGaN/GaN ɧɚɛɥɸɞɚɸɬɫя ɬɚɤɠɟ ɨɛɴɟɤɬɵ (ɨɫɬɪɨɜɤɢ) ɫ ɜɟɪɬɢɤɚɥɶɧɵɦɢ 
ɪɚɡɦɟɪɚɦɢ ɛɨɥɶɲɟ ɩɟɪɢɨɞɚ (ɜɨɡɦɨɠɧɨ, ɨɛɥɚɫɬɢ, ɝɞɟ ɧɟ ɩɪɨɢɡɨɲɥɚ ɤɨɧɜɟɪɫɢя InGaN), ɤɨɬɨɪɵɟ 
ɦɨɝɭɬ ɛɵɬɶ ɨɬɜɟɬɫɬɜɟɧɧɵ ɡɚ ɩɨяɜɥɟɧɢɟ ɧɨɜɵɯ ɥɢɧɢɣ ɜ ɫɩɟɤɬɪɟ. Иɫɫɥɟɞɨɜɚɧɢя ɡɚɜɢɫɢɦɨɫɬɢ ɷɮ-
ɮɟɤɬɢɜɧɨɫɬɢ ФɅ ɬɚɤɢɯ ɫɬɪɭɤɬɭɪ ɨɬ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя (ɪɢɫ. 3, в) ɩɨɤɚɡɵɜɚɸɬ, ɱɬɨ ɮɨɪɦɢɪɨ-
ɜɚɧɢɟ ɋɊ ɫ ɥɨɤɚɥɢɡɭɸɳɢɦɢ ɨɫɬɪɨɜɤɚɦɢ ɞɚɟɬ ɫɢɥɶɧɵɣ ɜɵɢɝɪɵɲ ɜ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя, ɧɨ 
ɬɨɥɶɤɨ ɩɪɢ ɦɚɥɵɯ ɢ ɫɪɟɞɧɢɯ ɭɪɨɜɧяɯ ɜɨɡɛɭɠɞɟɧɢя, ɬɢɩɢɱɧɵɯ ɫɤɨɪɟɟ ɞɥя ɫɜɟɬɨɞɢɨɞɨɜ. Ɇɚɥɚя 
ɩɥɨɬɧɨɫɬɶ ɫɨɫɬɨяɧɢɣ ɬɚɤɢɯ ɨɫɬɪɨɜɤɨɜ ɩɪɢɜɨɞɢɬ ɤ ɦɟɧɶɲɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɩɪɢ 
ɩɥɨɬɧɨɫɬяɯ ɜɨɡɛɭɠɞɟɧɢя, ɬɢɩɢɱɧɵɯ ɞɥя ɥɚɡɟɪɧɵɯ ɫɬɪɭɤɬɭɪ. 
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Заɤɥючɟɧɢɟ  
Ɇɨɠɧɨ ɫɞɟɥɚɬɶ ɜɵɜɨɞ, ɱɬɨ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɩɨɜɵɲɟɧɧɨɝɨ ɞɚɜɥɟɧɢя ɩɪɢ ɨɫɚɠɞɟɧɢɢ 

InGaN, ɤɚɤ ɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɩɪɟɪɵɜɚɧɢɣ ɪɨɫɬɚ, ɨɛɪɚɡɭɸɬɫя ɨɛɴɟɤɬɵ, ɨɛɟɫɩɟɱɢɜɚɸɳɢɟ 
ɬɪɟɯɦɟɪɧɭɸ ɥɨɤɚɥɢɡɚɰɢɸ ɧɨɫɢɬɟɥɟɣ ɧɚ ɮɥɭɤɬɭɚɰɢяɯ ɫɨɫɬɚɜɚ/ɬɨɥɳɢɧɵ InGaN. Ɍɚɤɚя ɥɨɤɚɥɢɡɚ-
ɰɢя ɩɪɢɜɨɞɢɬ ɤ ɭɦɟɧɶɲɟɧɢɸ ɥɚɬɟɪɚɥɶɧɨɝɨ ɬɪɚɧɫɩɨɪɬɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɤ ɰɟɧɬɪɚɦ ɛɟɡɵɡɥɭɱɚ-
ɬɟɥɶɧɨɣ ɪɟɤɨɦɛɢɧɚɰɢɢ, ɱɬɨ ɩɪɨяɜɥяɟɬɫя ɜ ɛɨɥɶɲɟɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢ ɛɨɥɟɟ 
ɫɥɨɠɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ФɅ ɨɬ ɜɨɡɛɭɠɞɟɧɢя ɢ ɬɟɦɩɟɪɚɬɭɪɵ, ɨɞɧɚɤɨ ɭɦɟɧɶɲɟɧɢɟ ɨɛɳɟɝɨ ɨɛɴɟɦɚ 
ɢɡɥɭɱɚɸɳɟɝɨ ɦɚɬɟɪɢɚɥɚ ɜɵɡɵɜɚɟɬ ɛɨɥɟɟ ɪɚɧɧɟɟ ɩɚɞɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɩɪɢ ɪɨɫɬɟ 
ɩɥɨɬɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя. Дɚɧɧɵɟ ɷɮɮɟɤɬɵ ɩɨɡɜɨɥяɸɬ ɨɩɬɢɦɢɡɢɪɨɜɚɬɶ ɫɜɨɣɫɬɜɚ ɨɩɬɨɷɥɟɤɬɪɨɧ-
ɧɵɯ ɫɬɪɭɤɬɭɪ, ɪɚɫɫɱɢɬɚɧɧɵɯ ɧɚ ɪɚɛɨɬɭ ɩɪɢ ɨɩɪɟɞɟɥɟɧɧɵɯ ɭɪɨɜɧяɯ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ. 

 
 
Ɋɢɫ. 3. ɋɩɟɤɬɪɵ ФɅ ɋɊ In0,1GaN/GaN ɫ ɪɚɡ-
ɥɢɱɧɵɦ ɜɪɟɦɟɧɟɦ ɩɪɟɪɵɜɚɧɢя ɪɨɫɬɚ (a), 
ɤɢɧɟɬɢɤɚ ɫɩɚɞɚ ɥɸɦɢɧɟɫɰɟɧɰɢɢ (ɛ) ɢ ɡɚɜɢ-
ɫɢɦɨɫɬɢ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ФɅ ɫɥɨɟɜ ɢ ɋɊ 
InGaN ɨɬ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя (в) ɞɥя ɪɚɡ-
ɥɢɱɧɵɯ ɫɬɪɭɤɬɭɪ 
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Бɥаɝɨɞаɪɧɨɫɬɢ  

Ɋɚɛɨɬɚ ɱɚɫɬɢɱɧɨ ɩɨɞɞɟɪɠɚɧɚ Ɋɨɫɫɢɣɫɤɢɦ ɮɨɧɞɨɦ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɝɪɚɧɬ 
14-02-9003214-Ȼɟɥ-ɚ), Ȼɟɥɨɪɭɫɫɤɢɦ ɪɟɫɩɭɛɥɢɤɚɧɫɤɢɦ ɮɨɧɞɨɦ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ 
(ɝɪɚɧɬ № Ф14Ɋ-074) ɢ ɉɪɨɝɪɚɦɦɨɣ ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɉɪɟɡɢɞɢɭɦɚ ɊАɇ №1. 
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2.  A. Klochikhin et al. Exciton localization by clusters in diluted bulk InGaN and two-dimensional 
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InGaN/GaN Heterostructures with Various Localization of Carriers 
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In this paper, we report on studies of optical and structural properties of InGaN-based heterostructures, 
including quantum wells, quantum dots and superlatticies (SLs) formed by MOVPE. It was shown that by varia-
tion of reactor conditions during InGaN growth allows strong modification of heterostructures properties, that 
results in modification of emission spectra and a complex luminescence kinetics. InGaN structures with three 
dimensional carrier localization show higher efficiency of luminescence due to suppression of non-radiative 
carriers recombination, but mostly at low excitation level. 

Keywords: InGaN, quantum wells, quantum dots, luminescence. 
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Тɟхɧɨɥɨɝɢчɟɫɤɢɟ   аɫɩɟɤɬы   ɫɨɡɞаɧɢɹ   ɢ   хаɪаɤɬɟɪɢɫɬɢɤɢ  

вɫɬɪɨɟɧɧɨɝɨ в аɥɦаɡɧыɣ ɬɟɩɥɨɨɬвɨɞ ɞаɬчɢɤа ɬɟɦɩɟɪаɬɭɪы 

Ɇ. ɋ. Ɋɭɫɟɰɤɢɣ ɚ, ɇ. Ɇ. Кɚɡɸɱɢɰ ɚ, В. А. Ɇɚɪɬɢɧɨɜɢɱɛ, И. А. Хɨɪɭɧɠɢɣɛ 

а Беɥɨɪуɫɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ, Минɫк, Беɥаɪуɫь; kazuchits@bsu.by 
ɛ Беɥɨɪуɫɫкиɣ наɰиɨнаɥьныɣ ɬехничеɫкиɣ унивеɪɫиɬеɬ, Минɫк, Беɥаɪуɫь 

Ɋɚɫɫɦɨɬɪɟɧɵ ɮɢɡɢɱɟɫɤɢɟ ɢ ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɚɫɩɟɤɬɵ ɮɨɪɦɢɪɨɜɚɧɢя ɢɧɬɟɝɪɢɪɨɜɚɧɧɵɯ ɜ ɚɥɦɚɡɧɵɣ 
ɬɟɩɥɨɨɬɜɨɞ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ. Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɦɟɪɟɧɨ ɢ ɪɚɫɫɱɢɬɚɧɨ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪɚɬɭɪɵ ɜ 
ɚɥɦɚɡɧɨɦ ɬɟɩɥɨɨɬɜɨɞɟ ɨɬ “ɬɨɱɟɱɧɨɝɨ” ɢɫɬɨɱɧɢɤɚ ɬɟɩɥɚ. Уɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɬɟɩɥɨɜɚя ɩɨɫɬɨяɧɧɚя ɜɪɟɦɟɧɢ 
ɬɟɪɦɨɪɟɡɢɫɬɨɪɚ 10 ɦɫ.  

Кɥючɟвыɟ ɫɥɨва: ɇɊɇɌ ɚɥɦɚɡ, ɬɟɩɥɨɨɬɜɨɞ, ɬɟɪɦɨɪɟɡɢɫɬɨɪ, ɤɢɧɟɬɢɤɚ ɧɚɝɪɟɜɚ. 

Ввɟɞɟɧɢɟ 
Вɵɫɨɤɚя ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɶ ɚɥɦɚɡɚ ɩɪɟɞɨɩɪɟɞɟɥяɟɬ ɟɝɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɞɥя ɩɪɟɞɜɚɪɢɬɟɥɶ-

ɧɨɝɨ ɥɚɬɟɪɚɥɶɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɟɩɥɚ ɨɬ “ɬɨɱɟɱɧɵɯ” ɢɫɬɨɱɧɢɤɨɜ [1]. Кɪɨɦɟ ɬɨɝɨ, ɚɥɦɚɡ, ɛɭ-
ɞɭɱɢ ɯɨɪɨɲɢɦ ɢɡɨɥяɬɨɪɨɦ, ɩɨɡɜɨɥяɟɬ ɝɚɥɶɜɚɧɢɱɟɫɤɢ ɪɚɡɜяɡɚɬɶ ɩɪɢɛɨɪɧɭɸ ɫɬɪɭɤɬɭɪɭ ɨɬ ɦɟɬɚɥ-
ɥɢɱɟɫɤɨɝɨ ɤɨɪɩɭɫɚ. В ɩɪɢɛɨɪɚɯ ɩɨɜɵɲɟɧɧɨɣ ɦɨɳɧɨɫɬɢ, ɱɭɜɫɬɜɢɬɟɥɶɧɵɯ ɤ ɢɡɦɟɧɟɧɢɸ ɬɟɦɩɟɪɚ-
ɬɭɪɧɨɝɨ ɪɟɠɢɦɚ, ɩɨɦɢɦɨ ɨɯɥɚɠɞɟɧɢя ɬɪɟɛɭɸɬɫя ɫɬɚɛɢɥɢɡɚɰɢя ɢ ɤɨɧɬɪɨɥɶ ɪɚɛɨɱɟɣ ɬɟɦɩɟɪɚɬɭ-
ɪɵ. Ɉɩɬɢɦɚɥɶɧɵɦ ɪɚɡɦɟɳɟɧɢɟɦ ɞɚɬɱɢɤɚ ɬɟɦɩɟɪɚɬɭɪɵ ɜ ɷɬɨɦ ɫɥɭɱɚɟ яɜɥяɟɬɫя ɫɚɦɚ ɩɪɢɛɨɪɧɚя 
ɫɬɪɭɤɬɭɪɚ, ɚ ɝɞɟ ɷɬɨ ɧɟɜɨɡɦɨɠɧɨ, ɢɧɬɟɝɪɢɪɨɜɚɧɢɟ ɜ ɦɚɬɟɪɢɚɥ ɬɟɩɥɨɨɬɜɨɞɚ — ɚɥɦɚɡ. Иɧɬɟɝɪɢɪɨ-
ɜɚɧɧɵɣ ɜ ɚɥɦɚɡ ɞɚɬɱɢɤ ɬɟɦɩɟɪɚɬɭɪɵ ɢɦɟɟɬ ɩɪɚɤɬɢɱɟɫɤɢ ɢɞɟɚɥɶɧɵɣ ɬɟɩɥɨɜɨɣ ɤɨɧɬɚɤɬ ɫ ɬɟɩɥɨɨɬ-
ɜɨɞɨɦ ɢ, ɫ ɭɱɟɬɨɦ ɜɵɫɨɤɨɣ ɬɟɩɥɨɩɪɨɜɨɞɧɨɫɬɢ ɚɥɦɚɡɚ – ɜɵɫɨɤɨɟ ɛɵɫɬɪɨɞɟɣɫɬɜɢɟ. 

Чɭɜɫɬɜɢɬɟɥɶɧɵɣ ɞɚɬɱɢɤ ɬɟɦɩɟɪɚɬɭɪɵ ɧɚ ɨɫɧɨɜɟ ɚɥɦɚɡɚ ɦɨɠɟɬ ɛɵɬɶ ɢɡɝɨɬɨɜɥɟɧ ɦɟɬɨɞɨɦ 
ɢɦɩɥɚɧɬɚɰɢɢ ɢɨɧɨɜ ɛɨɪɚ [2]. Эɬɚ ɬɟɯɧɨɥɨɝɢя ɯɨɪɨɲɨ ɪɚɡɪɚɛɨɬɚɧɚ ɞɥя ɤɪɢɫɬɚɥɥɨɜ ɚɥɦɚɡɚ ɬɢ-
ɩɚ IIɚ ɫ ɫɨɞɟɪɠɚɧɢɟɦ ɚɡɨɬɚ <1018 ɫɦ-3. В ɛɨɥɶɲɢɧɫɬɜɟ ɩɪɢɪɨɞɧɵɯ ɚɥɦɚɡɨɜ, ɚ ɬɚɤɠɟ ɜ ɫɢɧɬɟɡɢɪɨ-
ɜɚɧɧɵɯ ɦɟɬɨɞɨɦ ɜɵɫɨɤɢɯ ɞɚɜɥɟɧɢɣ ɢ ɬɟɦɩɟɪɚɬɭɪ (HTHP) ɤɨɧɰɟɧɬɪɚɰɢя ɚɡɨɬɚ >1019 ɫɦ-3. В ɬɚ-
ɤɢɯ ɚɥɦɚɡɚɯ ɜɫɥɟɞɫɬɜɢɟ ɤɨɦɩɟɧɫɚɰɢɢ ɚɤɰɟɩɬɨɪɨɜ ɛɨɪɚ ɞɨɧɨɪɚɦɢ ɚɡɨɬɚ ɧɟ ɭɞɚɟɬɫя ɩɨɥɭɱɢɬɶ ɨɞ-
ɧɨɜɪɟɦɟɧɧɨ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɢɟ ɩɪɨɜɨɞɢɦɨɫɬɶ ɢ ɷɧɟɪɝɢɸ ɚɤɬɢɜɚɰɢɢ. Аɥɶɬɟɪɧɚɬɢɜɨɣ ɢɨɧɧɨɣ 
ɢɦɩɥɚɧɬɚɰɢɢ ɛɨɪɚ ɞɥя ɫɨɡɞɚɧɢя ɬɟɪɦɨɱɭɜɫɬɜɢɬɟɥɶɧɨɝɨ ɫɥɨя ɜ ɚɥɦɚɡɟ ɦɨɠɟɬ ɛɵɬɶ ɟɝɨ «ɥɟɝɢɪɨ-
ɜɚɧɢɟ» ɞɟɮɟɤɬɚɦɢ, ɫɨɩɪɨɜɨɠɞɚɸɳɢɦɢ ɢɨɧɧɭɸ ɢɦɩɥɚɧɬɚɰɢɸ [3]. Ɍɢɩ ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɨɝɨ ɢɨɧɚ 
ɜ ɷɬɨɦ ɫɥɭɱɚɟ ɧɟ ɢɦɟɟɬ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɡɧɚɱɟɧɢя.  

Цɟɥɶ ɪɚɛɨɬɵ — ɢɡɝɨɬɨɜɥɟɧɢɟ ɬɟɪɦɨɪɟɡɢɫɬɨɪɚ, ɜɫɬɪɨɟɧɧɨɝɨ ɜ ɬɟɩɥɨɨɬɜɨɞ ɢɡ ɫɢɧɬɟɬɢɱɟ-
ɫɤɨɝɨ ɇɊɇɌ ɚɥɦɚɡɚ, ɢɫɫɥɟɞɨɜɚɧɢɟ ɢ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɜ ɬɟɩɥɨɩɟɪɟɧɨɫɚ ɜ ɚɥɦɚɡɧɨɦ ɬɟɩ-
ɥɨɨɬɜɨɞɟ. 

1. Тɟхɧɨɥɨɝɢɹ ɢɡɝɨɬɨвɥɟɧɢɹ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨв в аɥɦаɡɧɨɦ ɬɟɩɥɨɨɬвɨɞɟ  
Аɥɦɚɡɵ ɞɥя ɬɟɩɥɨɨɬɜɨɞɨɜ ɫɢɧɬɟɡɢɪɨɜɚɧɵ ɦɟɬɨɞɨɦ ɇɊɇɌ ɜ ɊУɉ “Аɞɚɦɚɫ ȻȽУ” [4].  

Иɡ ɰɟɧɬɪɚɥɶɧɨɣ ɱɚɫɬɢ ɤɪɢɫɬɚɥɥɨɜ ɢɡɝɨɬɚɜɥɟɧɵ ɩɥɚɫɬɢɧɵ ɩɥɨɳɚɞɶɸ ɧɟ ɦɟɧɟɟ 4×4 ɦɦ2, ɬɨɥɳɢ-
ɧɨɣ 300 ɦɤɦ. ɇɚ ɨɞɧɨɣ ɩɨɜɟɪɯɧɨɫɬɢ ɩɥɚɫɬɢɧ ɢɦɩɥɚɧɬɚɰɢɟɣ ɢɨɧɨɜ ɛɨɪɚ ɢ ɮɨɫɮɨɪɚ ɫɨɡɞɚɜɚɥɚɫɶ 
ɦɚɬɪɢɰɚ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ. Кɨɧɬɚɤɬɧɵɟ ɨɛɥɚɫɬɢ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ ɪɚɡɦɟɪɨɦ 200×200 ɦɤɦ ɫɨɡɞɚ-
ɜɚɥɢɫɶ ɢɦɩɥɚɧɬɚɰɢɟɣ ɢɨɧɨɜ ɛɨɪɚ ɫ ɜɚɪɢɚɰɢɟɣ ɷɧɟɪɝɢɢ ɜ ɞɢɚɩɚɡɨɧɟ 25—100 ɤɷВ ɢ ɫɭɦɦɚɪɧɨɣ 
ɞɨɡɨɣ 2 · 1016 ɫɦ–2. Аɤɬɢɜɚɰɢя ɜɧɟɞɪɟɧɧɨɝɨ ɛɨɪɚ ɞɨɫɬɢɝɚɥɚɫɶ ɨɬɠɢɝɨɦ ɜ ɜɚɤɭɭɦɟ ɩɪɢ 1450 ɋ ɜ 
ɬɟɱɟɧɢɟ 1 ɱ. ɇɚɛɨɪ ɷɧɟɪɝɢɣ ɢɦɩɥɚɧɬɚɰɢɢ ɢɫɩɨɥɶɡɨɜɚɧ ɞɥя ɫɨɡɞɚɧɢя ɥɟɝɢɪɨɜɚɧɧɨɝɨ ɛɨɪɨɦ ɫɥɨя 
ɝɥɭɛɢɧɨɣ 0.2 ɦɤɦ, ɤɨɬɨɪɵɣ ɩɨɥɧɨɫɬɶɸ ɧɟ ɭɞɚɥяɥɫя ɩɪɢ ɯɢɦɢɱɟɫɤɨɣ ɨɛɪɚɛɨɬɤɟ ɩɥɚɫɬɢɧ ɩɨɫɥɟ 
ɨɬɠɢɝɚ.  

Ɋɚɫɩɨɥɨɠɟɧɧɵɟ ɦɟɠɞɭ ɤɨɧɬɚɤɬɚɦɢ ɬɟɪɦɨɱɭɜɫɬɜɢɬɟɥɶɧɵɟ ɨɛɥɚɫɬɢ ɪɚɡɦɟɪɨɦ 200×200 ɦɤɦ 
ɮɨɪɦɢɪɨɜɚɥɢɫɶ ɢɦɩɥɚɧɬɚɰɢɟɣ ɢɨɧɨɜ ɮɨɫɮɨɪɚ ɫ ɷɧɟɪɝɢɟɣ 180 ɤɷВ ɞɨɡɨɣ 1 · 1015 ɫɦ–2 ɫ ɩɨɫɥɟ-
ɞɭɸɳɢɦ ɨɬɠɢɝɨɦ ɩɪɢ 500 ɋ. Дɨɡɚ ɜɵɛɪɚɧɚ ɩɨ ɪɟɡɭɥɶɬɚɬɚɦ ɢɫɫɥɟɞɨɜɚɧɢя ɞɨɡɨɜɵɯ ɡɚɜɢɫɢɦɨ-
ɫɬɟɣ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɢɡɨɯɪɨɧɧɨɝɨ ɨɬɠɢɝɚ ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɨɝɨ ɢɨɧɚɦɢ ɮɨɫɮɨɪɚ ɫɥɨя, ɩɪɢɜɟɞɟɧ-
ɧɵɯ ɧɚ ɪɢɫ. 1.  
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ɇɚɱɢɧɚя ɫ ɞɨɡɵ 1015 ɫɦ–2 (ɪɢɫ. 1, а), ɧɚɛɥɸɞɚɟɬɫя ɛɵɫɬɪɵɣ ɪɨɫɬ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢɦɩɥɚɧɬɢ-
ɪɨɜɚɧɧɨɝɨ ɫɥɨя, ɫɨɩɪɨɜɨɠɞɚɸɳɢɣɫя ɭɦɟɧɶɲɟɧɢɟɦ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɩɪɨɜɨɞɢɦɨɫɬɢ. ɇɟɩɨ-
ɫɪɟɞɫɬɜɟɧɧɨ ɩɨɫɥɟ ɢɦɩɥɚɧɬɚɰɢɢ ɩɪɨɜɨɞɢɦɨɫɬɶ ɢ ɷɧɟɪɝɢя ɚɤɬɢɜɚɰɢɢ ɫɥɚɛɨ ɡɚɜɢɫяɬ ɨɬ ɞɨɡɵ ɢɦ-
ɩɥɚɧɬɚɰɢɢ, ɚ ɪɚɡɛɪɨɫ ɤɚɤ ɨɞɧɨɝɨ, ɬɚɤ ɢ ɞɪɭɝɨɝɨ ɩɚɪɚɦɟɬɪɚ ɜ ɩɪɟɞɟɥɚɯ ɞɚɠɟ ɨɞɧɨɣ ɩɥɚɫɬɢɧɵ 
ɨɱɟɧɶ ɜɟɥɢɤ. Ɍɚɤ, ɩɪɨɜɨɞɢɦɨɫɬɶ ɧɟɤɨɬɨɪɵɯ ɪɟɡɢɫɬɨɪɨɜ ɜɫɥɟɞɫɬɜɢɟ ɧɟɨɞɧɨɪɨɞɧɨɝɨ ɪɚɫɩɪɟɞɟɥɟ-
ɧɢя ɩɪɢɦɟɫɟɣ ɢ ɞɟɮɟɤɬɨɜ ɧɚ ɩɥɚɫɬɢɧɟ [4] ɦɨɠɟɬ ɨɬɥɢɱɚɬɶɫя ɧɚ ɩɨɪяɞɨɤ. Вɫɟ ɷɬɨ ɡɚɬɪɭɞɧяɟɬ 
ɭɩɪɚɜɥɟɧɢɟ ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɢ ɟɟ ɷɧɟɪɝɢɟɣ ɚɤɬɢɜɚɰɢɢ ɩɭɬɟɦ ɜɚɪɶɢɪɨɜɚɧɢя ɞɨɡɵ ɢɦɩɥɚɧɬɚɰɢɢ.  

 

 

 D, ɫɦ–2

  G, Cɦ                            а   Еɚɤɬ, ɷВ G, ɋɦ   ɛ         Еɚɤɬ, ɷВ 

   Т, ɋ  

Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɨɛɥɭɱɟɧɧɨɝɨ ɢɨɧɚɦɢ ɮɨɫɮɨɪɚ 
ɚɥɦɚɡɚ ɨɬ ɞɨɡɵ (а) ɢ ɬɟɦɩɟɪɚɬɭɪɵ ɢɡɨɯɪɨɧɧɨɝɨ (60 ɦɢɧ) ɨɬɠɢɝɚ (ɛ). 

Ȼɨɥɟɟ ɬɨɱɧɨɟ ɭɩɪɚɜɥɟɧɢɟ ɩɪɨɜɨɞɢɦɨɫɬɶɸ ɢ ɷɧɟɪɝɢɟɣ ɚɤɬɢɜɚɰɢɢ ɦɨɠɟɬ ɛɵɬɶ ɨɫɭɳɟɫɬɜɥɟ-
ɧɨ ɜɚɪɶɢɪɨɜɚɧɢɟɦ ɭɫɥɨɜɢɣ ɨɬɠɢɝɚ ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɵɯ ɫɥɨɟɜ [3]. Хɚɪɚɤɬɟɪ ɢɡɦɟɧɟɧɢя ɷɥɟɤɬɪɢ-
ɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɵɯ ɫɥɨɟɜ ɩɪɢ ɨɬɠɢɝɟ ɡɚɜɢɫɢɬ ɨɬ ɞɨɡɵ ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɨɣ 
ɩɪɢɦɟɫɢ. Ɍɚɤ ɜ ɫɥɨяɯ, ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɵɯ ɢɨɧɚɦɢ ɮɨɫɮɨɪɚ ɞɨɡɨɣ 1014 ɫɦ–2, ɫ ɪɨɫɬɨɦ ɬɟɦɩɟɪɚɬɭ-
ɪɵ ɨɬɠɢɝɚ ɩɪɨɜɨɞɢɦɨɫɬɶ ɭɦɟɧɶɲɚɟɬɫя ɞɨ ɭɪɨɜɧя ɲɭɦɨɜ ɭɠɟ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 900 ºɋ. Уɦɟɧɶ-
ɲɟɧɢɟ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫɜяɡɚɧɨ ɫ ɨɬɠɢɝɨɦ ɪɚɞɢɚɰɢɨɧɧɵɯ ɞɟɮɟɤɬɨɜ ɢ ɜɨɫɫɬɚɧɨɜɥɟɧɢɟɦ ɫɬɪɭɤɬɭɪɵ 
ɚɥɦɚɡɚ. В ɢɦɩɥɚɧɬɢɪɨɜɚɧɧɵɯ ɞɨɡɨɣ 1015 ɫɦ–2 ɫɥɨяɯ (ɪɢɫ. 1, ɛ), ɧɚɨɛɨɪɨɬ, ɧɚɛɥɸɞɚɟɬɫя ɪɟɡɤɢɣ 
ɪɨɫɬ ɩɪɨɜɨɞɢɦɨɫɬɢ ɫ ɨɞɧɨɜɪɟɦɟɧɧɵɦ ɭɦɟɧɶɲɟɧɢɟɦ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɬ-
ɠɢɝɚ >500—600 ºɋ. Ɋɚɡɥɢɱɧɵɣ ɯɨɞ ɤɪɢɜɵɯ ɨɬɠɢɝɚ ɨɛɭɫɥɨɜɥɟɧ ɬɟɦ, ɱɬɨ ɞɨɡɚ ɢɦɩɥɚɧɬɚɰɢɢ 
1014 ɫɦ–2 ɥɟɠɢɬ ɧɢɠɟ, ɚ ɞɨɡɚ 1015 ɫɦ–2 — ɜɵɲɟ ɤɪɢɬɢɱɟɫɤɨɣ, ɯɚɪɚɤɬɟɪɧɨɣ ɞɥя ɨɛɪɚɡɨɜɚɧɢя ɜ ɚɥ-
ɦɚɡɟ ɚɦɨɪɮɧɨɝɨ ɫɥɨя. ɉɪɢ ɨɬɠɢɝɟ ɛɟɡ ɫɬɚɛɢɥɢɡɢɪɭɸɳɟɝɨ ɞɚɜɥɟɧɢя ɚɦɨɪɮɧɵɣ ɫɥɨɣ ɚɥɦɚɡɚ 
ɬɪɚɧɫɮɨɪɦɢɪɭɟɬɫя ɜ ɝɪɚɮɢɬɨɩɨɞɨɛɧɵɣ. ɉɟɪɟɫɬɪɨɣɤɚ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ ɫɨɩɪɨɜɨɠɞɚɟɬɫя 
ɩɨɜɵɲɟɧɢɟɦ ɩɪɨɜɨɞɢɦɨɫɬɢ ɢ ɫɧɢɠɟɧɢɟɦ ɷɧɟɪɝɢɢ ɚɤɬɢɜɚɰɢɢ ɩɪɨɜɨɞɢɦɨɫɬɢ ɜ ɢɦɩɥɚɧɬɢɪɨɜɚɧ-
ɧɨɦ ɫɥɨɟ. 

2. Раɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦɩɟɪаɬɭɪы в аɥɦаɡɧɨɦ ɬɟɩɥɨɨɬвɨɞɟ 
Иɫɫɥɟɞɨɜɚɧɢя ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɚɥɦɚɡɧɨɝɨ ɬɟɩɥɨɨɬɜɨɞɚ ɩɪɨɜɟɞɟɧɵ ɜ ɭɫɥɨɜɢяɯ, ɢɦɢɬɢɪɭɸ-

ɳɢɯ ɷɤɫɩɥɭɚɬɚɰɢɸ ɦɨɳɧɵɯ ɩɪɢɛɨɪɨɜ. Дɥя ɷɬɨɝɨ ɚɥɦɚɡɧɚя ɩɥɚɫɬɢɧɚ ɫ ɬɟɪɦɨɪɟɡɢɫɬɨɪɚɦɢ ɭɫɬɚ-
ɧɚɜɥɢɜɚɥɚɫɶ ɧɚ ɦɟɞɧɵɣ ɪɚɞɢɚɬɨɪ. Ɍɟɩɥɨɜɨɣ ɤɨɧɬɚɤɬ ɦɟɠɞɭ ɚɥɦɚɡɧɵɦ ɬɟɩɥɨɨɬɜɨɞɨɦ ɢ ɦɟɞɧɵɦ 
ɪɚɞɢɚɬɨɪɨɦ ɨɛɟɫɩɟɱɢɜɚɥɫя 10 ɦɤɦ ɫɥɨɟɦ ɬɟɩɥɨɩɪɨɜɨɞяɳɟɣ ɩɚɫɬɵ КɉɌ-8. Ɍɟɩɥɨɜɵɞɟɥɟɧɢɟ ɨɬ 
ɪɚɛɨɬɚɸɳɟɝɨ ɩɪɢɛɨɪɚ ɢɦɢɬɢɪɨɜɚɥɚ ɨɞɧɚ ɢɡ ɤɨɧɬɚɤɬɧɵɯ ɩɥɨɳɚɞɨɤ, ɤɨɬɨɪɚя ɢɫɩɨɥɶɡɨɜɚɥɚɫɶ ɜ 
ɤɚɱɟɫɬɜɟ ɧɚɝɪɟɜɚɬɟɥя. ɋ ɩɨɦɨɳɶɸ ɢɝɨɥɶɱɚɬɵɯ ɡɨɧɞɨɜ ɤ ɧɟɣ ɩɨɞɜɨɞɢɥɚɫɶ ɷɥɟɤɬɪɢɱɟɫɤɚя ɦɨɳ-
ɧɨɫɬɶ 0.7 Вɬ. Дɥɢɬɟɥɶɧɨɫɬɶ ɮɪɨɧɬɚ ɧɚɪɚɫɬɚɧɢя ɩɨɞɜɨɞɢɦɨɣ ɷɥɟɤɬɪɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɧɟ ɛɨɥɟɟ 
1 ɦɤɫ. Ɇɚɬɪɢɰɚ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ ɜɨɤɪɭɝ ɧɚɝɪɟɜɚɬɟɥя ɩɨɡɜɨɥяɥɚ ɢɫɫɥɟɞɨɜɚɬɶ ɪɚɫɩɪɟɞɟɥɟɧɢɟ ɬɟɦ-
ɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɩɨɜɟɪɯɧɨɫɬɢ ɚɥɦɚɡɧɨɣ ɩɥɚɫɬɢɧɵ. Дɥя ɩɨɥɭɱɟɧɢя ɚɛɫɨɥɸɬɧɵɯ ɡɧɚɱɟɧɢɣ 
ɬɟɦɩɟɪɚɬɭɪɵ ɬɟɪɦɨɪɟɡɢɫɬɨɪɵ ɩɪɟɞɜɚɪɢɬɟɥɶɧɨ ɤɚɥɢɛɪɨɜɚɥɢɫɶ ɧɚ ɭɫɬɚɧɨɜɤɟ ɞɥя ɢɡɦɟɪɟɧɢя ɬɟɦ-
ɩɟɪɚɬɭɪɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɩɪɨɜɨɞɢɦɨɫɬɢ [5].  

ɇɚ ɪɢɫ. 2, а ɩɪɢɜɟɞɟɧɵ ɤɢɧɟɬɢɤɢ ɧɚɝɪɟɜɚ ɬɟɩɥɨɨɬɜɨɞɚ, ɢɡɦɟɪɟɧɧɵɟ ɬɟɪɦɨɪɟɡɢɫɬɨɪɚɦɢ ɧɚ 
ɪɚɡɥɢɱɧɵɯ ɪɚɫɫɬɨяɧɢяɯ ɨɬ ɧɚɝɪɟɜɚɬɟɥя ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɢɤɥɚɞɧɨɝɨ ɩɪɨ-
ɝɪɚɦɦɧɨɝɨ ɩɚɤɟɬɚ ANSYS ɞɥя ɬɟɦɩɟɪɚɬɭɪɵ ɨɤɪɭɠɚɸɳɟɣ ɫɪɟɞɵ 20 ɋ. Зɧɚɱɟɧɢя ɩɚɪɚɦɟɬɪɨɜ 
ɚɥɦɚɡɚ ɞɥя ɦɨɞɟɥɢɪɨɜɚɧɢя ɜɡяɬɵ ɢɡ [6].  
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t, c

 T, C                        а

0.72 ɦɦ

1.34 ɦɦ
2.09 ɦɦ
2.86 ɦɦ

 Т, ɋ                                          ɛ  

 r, ɦɦ

 

 
Ɋɢɫ. 2. Кɢɧɟɬɢɤɢ ɧɚɝɪɟɜɚ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ (а); ɩɟɪɟɝɪɟɜ ɚɥɦɚɡɧɨɝɨ ɬɟɩɥɨɨɬɜɨɞɚ ɨɬɧɨɫɢɬɟɥɶɧɨ 20 ɋ ɧɚ 
ɪɚɡɥɢɱɧɵɯ ɪɚɫɫɬɨяɧɢяɯ ɨɬ ɧɚɝɪɟɜɚɬɟɥя (ɛ): ɷɤɫɩɟɪɢɦɟɧɬ (), ɪɚɫɱɟɬ (ɫɩɥɨɲɧɚя ɥɢɧɢя), y  x–0.36 (ɩɭɧɤɬɢɪ). 

Ɉɱɟɜɢɞɧɨ, ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɦɟɪɟɧɧɵɟ ɢ ɪɚɫɫɱɢɬɚɧɧɵɟ ɤɪɢɜɵɟ ɧɚɝɪɟɜɚ ɢɦɟɸɬ ɨɞɢɧɚ-
ɤɨɜɵɣ ɜɢɞ ɢ ɫɨɞɟɪɠɚɬ ɞɜɟ ɫɨɫɬɚɜɥяɸɳɢɟ. Ȼɵɫɬɪɵɣ ɪɨɫɬ ɬɟɦɩɟɪɚɬɭɪɵ ɫɩɭɫɬя 30—40 ɦɫ ɫɦɟɧя-
ɟɬɫя ɦɟɞɥɟɧɧɵɦ ɟɟ ɩɨɜɵɲɟɧɢɟɦ ɫ ɜɵɯɨɞɨɦ ɧɚ ɤɜɚɡɢɫɬɚɰɢɨɧɚɪɧɨɟ ɡɧɚɱɟɧɢɟ, ɜ ɤɨɬɨɪɨɦ ɢɡɦɟ-
ɪɟɧɧɚя ɢ ɪɚɫɫɱɢɬɚɧɧɚя ɬɟɦɩɟɪɚɬɭɪɵ ɪɚɡɥɢɱɚɸɬɫя ɧɚ 0.15—0.29 ɋ. ɉɨɫɬɨяɧɧɚя ɜɪɟɦɟɧɢ ɛɵɫɬ-
ɪɨɣ ɢ ɦɟɞɥɟɧɧɨɣ ɫɨɫɬɚɜɥяɸɳɢɯ ɩɪɨɰɟɫɫɚ ɧɚɝɪɟɜɚɧɢя ɫɨɫɬɚɜɥяɟɬ ɞɥя ɢɫɫɥɟɞɨɜɚɧɧɨɣ ɫɢɫɬɟɦɵ 10 
ɢ 450 ɦɫ. ɋ ɭɦɟɧɶɲɟɧɢɟɦ ɪɚɫɫɬɨяɧɢя ɦɟɠɞɭ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɦ ɢ ɧɚɝɪɟɜɚɬɟɥɟɦ ɜɤɥɚɞ ɦɟɞɥɟɧɧɨɣ 
ɫɨɫɬɚɜɥяɸɳɟɣ ɤɢɧɟɬɢɤɢ ɜ ɨɛɳɢɣ ɨɬɤɥɢɤ ɫɢɫɬɟɦɵ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɦɟɧяɟɬɫя, ɚ ɜɤɥɚɞ ɛɵɫɬɪɨɣ 
ɭɜɟɥɢɱɢɜɚɟɬɫя ɜ ɧɟɫɤɨɥɶɤɨ ɪɚɡ. Уɱɢɬɵɜɚя ɷɬɨ, ɛɵɫɬɪɭɸ ɫɨɫɬɚɜɥяɸɳɭɸ ɤɢɧɟɬɢɤɢ ɧɚɝɪɟɜɚ ɫɥɟ-
ɞɭɟɬ ɫɜяɡɚɬɶ ɫ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢɟɦ ɬɟɩɥɚ ɩɨ ɚɥɦɚɡɧɨɣ ɩɥɚɫɬɢɧɟ, ɚ ɦɟɞɥɟɧɧɭɸ — ɫ ɪɚɡɨɝɪɟɜɨɦ 
ɪɚɞɢɚɬɨɪɚ. 

Ɋɚɫɫɱɢɬɚɧɧɨɟ ɢ ɢɡɦɟɪɟɧɧɨɟ ɬɟɪɦɨɪɟɡɢɫɬɨɪɚɦɢ ɪɚɫɩɪɟɞɟɥɟɧɢя ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɩɨ-
ɜɟɪɯɧɨɫɬɢ ɚɥɦɚɡɧɨɝɨ ɬɟɩɥɨɨɬɜɨɞɚ ɩɪɢɜɟɞɟɧɵ ɧɚ ɪɢɫ. 2, ɛ. Дɚɧɧɵɟ ɪɚɫɱɟɬɚ ɩɪɟɜɵɲɚɸɬ ɷɤɫɩɟɪɢ-
ɦɟɧɬɚɥɶɧɵɟ. Эɤɫɬɪɚɩɨɥяɰɢя ɤɪɢɜɵɯ ɤ ɨɛɥɚɫɬɢ ɬɟɩɥɨɜɵɞɟɥɟɧɢя ɦɨɳɧɨɫɬɶɸ 0.7 Вɬ ɩɨɡɜɨɥяɟɬ 
ɨɰɟɧɢɬɶ ɦɚɤɫɢɦɚɥɶɧɭɸ ɬɟɦɩɟɪɚɬɭɪɭ ɩɟɪɟɝɪɟɜɚ ɚɥɦɚɡɧɨɝɨ ɬɟɩɥɨɨɬɜɨɞɚ ɨɬɧɨɫɢɬɟɥɶɧɨ ɨɤɪɭɠɟ-
ɧɢя, ɤɨɬɨɪɚя ɫɨɫɬɚɜɥяɟɬ ɜɫɟɝɨ 1.8—2.0 ɋ. ɉɟɪɟɩɚɞ ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɩɨɜɟɪɯɧɨɫɬɢ ɬɟɩɥɨɨɬɜɨ-
ɞɚ ɧɟ ɩɪɟɜɵɲɚɟɬ 0.6 ɋ. Хɨɞ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɣ ɢ ɪɚɫɫɱɢɬɚɧɧɨɣ ɤɪɢɜɵɯ ɯɨɪɨɲɨ ɨɩɢɫɵɜɚɟɬɫя 
ɫɬɟɩɟɧɧɵɦɢ ɮɭɧɤɰɢяɦɢ ɫ ɩɨɤɚɡɚɬɟɥяɦɢ ɫɬɟɩɟɧɢ –0.36 ɢ –0.20. ɉɨ ɦɟɪɟ ɭɞɚɥɟɧɢя ɨɬ ɢɫɬɨɱɧɢɤɚ 
ɬɟɩɥɚ ɪɚɡɧɨɫɬɶ ɦɟɠɞɭ ɪɟɡɭɥɶɬɚɬɚɦɢ ɷɤɫɩɟɪɢɦɟɧɬɚ ɢ ɪɚɫɱɟɬɚ ɦɨɧɨɬɨɧɧɨ ɜɨɡɪɚɫɬɚɟɬ. ɉɪɢɱɢɧɨɣ 
ɷɬɢɯ ɪɚɡɥɢɱɢɣ ɦɨɝɭɬ ɛɵɬɶ ɧɟɭɱɬɟɧɧɵɟ ɜ ɦɨɞɟɥɢ ɩɪɨɰɟɫɫɵ ɬɟɩɥɨɨɛɦɟɧɚ, ɧɚɩɪɢɦɟɪ ɨɬɜɨɞ ɬɟɩɥɚ 
ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɚɥɦɚɡ-ɜɨɡɞɭɯ ɢ (ɢɥɢ) ɩɨɬɟɪɢ ɬɟɩɥɚ ɱɟɪɟɡ ɢɡɥɭɱɟɧɢɟ.  

Заɤɥючɟɧɢɟ  
Иɦɩɥɚɧɬɚɰɢɟɣ ɢɨɧɨɜ ɮɨɫɮɨɪɚ ɜ ɫɢɧɬɟɬɢɱɟɫɤɢɣ ɇɊɇɌ-ɚɥɦɚɡ ɢ ɩɨɫɥɟɞɭɸɳɢɦ ɬɟɪɦɢɱɟ-

ɫɤɢɦ ɨɬɠɢɝɨɦ ɢɡɝɨɬɨɜɥɟɧɵ ɬɟɪɦɨɪɟɡɢɫɬɨɪɵ ɫ ɩɚɪɚɦɟɬɪɚɦɢ, ɩɪɢɝɨɞɧɵɦɢ ɞɥя ɩɪɚɤɬɢɱɟɫɤɨɝɨ 
ɩɪɢɦɟɧɟɧɢя. Ȼɵɫɬɪɨɞɟɣɫɬɜɢɟ ɬɟɪɦɨɪɟɡɢɫɬɨɪɨɜ ɩɪɢ ɪɚɛɨɬɟ ɫ ɦɟɞɧɵɦ ɪɚɞɢɚɬɨɪɨɦ ɫɨɫɬɚɜɥяɟɬ 
10 ɦɫ, ɚ ɩɟɪɟɩɚɞ ɬɟɦɩɟɪɚɬɭɪɵ ɜɞɨɥɶ ɩɨɜɟɪɯɧɨɫɬɢ ɚɥɦɚɡɧɨɝɨ ɬɟɩɥɨɨɬɜɨɞɚ ɩɪɢ ɥɨɤɚɥɶɧɨɦ ɧɚɝɪɟ-
ɜɟ ɦɨɳɧɨɫɬɶɸ 0.7 Вɬ — ɦɟɧɟɟ 0.6 ɋ. Чɢɫɥɟɧɧɨɟ ɦɨɞɟɥɢɪɨɜɚɧɢɟ ɩɪɨɰɟɫɫɨɜ ɪɚɫɩɪɨɫɬɪɚɧɟɧɢя 
ɬɟɩɥɚ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɩɪɨɝɪɚɦɦɧɨɝɨ ɩɚɤɟɬɚ ANSYS ɤɨɪɪɟɤɬɧɨ ɨɩɢɫɵɜɚɟɬ ɫɢɫɬɟɦɭ ɚɥɦɚɡɧɚя 
ɩɥɚɫɬɢɧɚ — ɬɟɩɥɨɩɪɨɜɨɞяɳɚя ɩɚɫɬɚ — ɦɟɞɧɵɣ ɪɚɞɢɚɬɨɪ, ɱɬɨ ɩɨɡɜɨɥяɟɬ ɩɪɨɝɧɨɡɢɪɨɜɚɬɶ ɜɟɥɢ-
ɱɢɧɭ ɢ ɤɢɧɟɬɢɤɭ ɪɚɡɨɝɪɟɜɚ ɚɥɦɚɡɧɨɝɨ ɬɟɩɥɨɨɬɜɨɞɚ, ɨɩɬɢɦɢɡɢɪɨɜɚɬɶ ɫɢɫɬɟɦɵ ɨɯɥɚɠɞɟɧɢя. 
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Technology of Formation and the Characteristics of the Built-in  

a Diamond Heat Sink Temperature Sensor  
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Belarusian State University, Minsk, Belarus, e-mail: kazuchits@bsu.by 

b 
Belarusian National Technical University, Minsk, Belarus 

Physical and technological aspects of the thermistor formation in diamond heat sink are considered. Ex-
perimental investigation and numerical simulation of temperature distribution in diamond heat sink were carried 
out. It was found that thermal time constant of thermistor is about 10 ms. 

Keywords: HPHT diamond, heat sink, thermistor, speed. 
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Оɩɪɟɞɟɥɟɧɢɟ ɷɥɟɤɬɪɨɮɢɡɢчɟɫɤɢх хаɪаɤɬɟɪɢɫɬɢɤ ɩɨɥɭɩɪɨвɨɞɧɢɤɨвых 
ɩɥаɫɬɢɧ ɦɟɬɨɞɨɦ ɤɨɝɟɪɟɧɬɧɨɣ ɬɟɪаɝɟɪɰɨвɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ 

Ƚ. В. ɋɢɧɢɰɵɧ, В. Ʌ. Ɇɚɥɟɜɢɱ, А. В. Ʌяɯɧɨɜɢɱ 
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e-mail: g.v.sinitsyn@gmail.com 

ɉɨɫɬɪɨɟɧɚ ɬɟɨɪɟɬɢɱɟɫɤɚя ɦɨɞɟɥɶ ɨɬɪɚɠɟɧɢя ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɢɦɩɭɥɶɫɨɜ ɬɟɪɚɝɟɪɰɨɜɨɝɨ (ɌȽɰ) ɢɡ-
ɥɭɱɟɧɢя ɨɬ ɩɥɨɫɤɨɫɥɨɢɫɬɵɯ ɫɪɟɞ, ɭɱɢɬɵɜɚɸɳɚя ɞɢɫɩɟɪɫɢɸ ɫɪɟɞɵ. ɇɚ ɨɫɧɨɜɟ ɦɨɞɟɥɢ ɪɚɡɪɚɛɨɬɚɧ ɦɟɬɨɞ 
ɛɟɫɤɨɧɬɚɤɬɧɨɝɨ ɢɡɦɟɪɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɢ ɢ ɩɨɞɜɢɠɧɨɫɬɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ ɫ ɪɚɡɪɟ-
ɲɟɧɢɟɦ ɩɨ ɝɥɭɛɢɧɟ. Иɫɤɨɦɵɟ ɩɚɪɚɦɟɬɪɵ ɧɚɯɨɞяɬɫя ɩɭɬɟɦ ɫɨɩɨɫɬɚɜɥɟɧɢя ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɪɚɫɱɟɬ-
ɧɵɯ ɌȽɰ ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя ɨɛɪɚɡɰɚ. 

Кɥючɟвыɟ ɫɥɨва: ɤɨɧɰɟɧɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɩɨɞɜɢɠɧɨɫɬɶ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɩɨɥɭɩɪɨɜɨɞ-
ɧɢɤɨɜɚя ɩɥɚɫɬɢɧɚ, ɬɟɪɚɝɟɪɰɨɜɚя ɫɩɟɤɬɪɨɫɤɨɩɢя, ɛɟɫɤɨɧɬɚɤɬɧɵɟ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɟ ɢɡɦɟɪɟɧɢя.  

Ввɟɞɟɧɢɟ 
Дɥя ɢɡɦɟɪɟɧɢя ɢ ɤɨɧɬɪɨɥя ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚ-

ɥɨɜ ɢ ɫɬɪɭɤɬɭɪ ɧɚɢɛɨɥɟɟ ɱɚɫɬɨ ɢɫɩɨɥɶɡɭɸɬ ɤɨɧɬɚɤɬɧɵɟ ɦɟɬɨɞɵ, ɤɨɝɞɚ ɢɫɫɥɟɞɭɟɦɵɣ ɨɛɪɚɡɟɰ ɫ 
ɩɨɦɨɳɶɸ ɡɨɧɞɚ ɜɤɥɸɱɚɟɬɫя ɜ ɰɟɩɶ ɬɨɤɚ. Вɟɫɶɦɚ ɜɚɠɧɨ ɩɪɢ ɷɬɨɦ, ɱɬɨɛɵ ɤɨɧɬɚɤɬ ɡɨɧɞɚ ɫ ɢɫɫɥɟ-
ɞɭɟɦɵɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɦ ɛɵɥ ɨɦɢɱɟɫɤɢɦ, ɩɨɫɤɨɥɶɤɭ ɜ ɩɪɨɬɢɜɧɨɦ ɫɥɭɱɚɟ ɢɧɠɟɤɰɢя ɧɨɫɢɬɟɥɟɣ 
ɡɚɪяɞɚ ɜ ɦɚɬɟɪɢɚɥ ɩɪɢɜɨɞɢɬ ɤ ɬɪɭɞɧɨɭɫɬɪɚɧяɟɦɵɦ ɩɨɝɪɟɲɧɨɫɬяɦ ɢɡɦɟɪɟɧɢɣ. Фɨɪɦɢɪɨɜɚɧɢɟ 
ɤɚɱɟɫɬɜɟɧɧɨɝɨ ɨɦɢɱɟɫɤɨɝɨ ɤɨɧɬɚɤɬɚ ɩɪɟɞɫɬɚɜɥяɟɬ ɞɨɫɬɚɬɨɱɧɨ ɫɥɨɠɧɭɸ ɡɚɞɚɱɭ ɢ ɜ ɪяɞɟ ɫɥɭɱɚɟɜ 
ɦɨɠɟɬ ɩɪɢɜɨɞɢɬɶ ɤ ɩɨɜɪɟɠɞɟɧɢɸ ɢɫɫɥɟɞɭɟɦɨɝɨ ɦɚɬɟɪɢɚɥɚ. ɉɨɷɬɨɦɭ ɚɤɬɢɜɧɨ ɪɚɡɪɚɛɚɬɵɜɚɸɬɫя 
ɛɟɫɤɨɧɬɚɤɬɧɵɟ ɦɟɬɨɞɵ ɢɡɦɟɪɟɧɢя ɩɚɪɚɦɟɬɪɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜ, ɨɫɧɨɜɚɧɧɵɟ ɧɚ ɢɯ ɜɡɚɢɦɨɞɟɣ-
ɫɬɜɢɢ ɫ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɵɦɢ ɩɨɥяɦɢ ɪɚɡɥɢɱɧɵɯ ɱɚɫɬɨɬɧɵɯ ɞɢɚɩɚɡɨɧɨɜ. Иɫɩɨɥɶɡɨɜɚɧɢɟ ɷɥɟɤɬɪɨ-
ɦɚɝɧɢɬɧɨɝɨ ɢɡɥɭɱɟɧɢя ɞɥя ɨɩɪɟɞɟɥɟɧɢя ɩɚɪɚɦɟɬɪɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɧɟ ɩɪɢɜɨɞɢɬ ɤ ɞɟɫɬɪɭɤɰɢɢ 
ɦɚɬɟɪɢɚɥɚ ɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɢɡɦɟɧяɟɬ ɟɝɨ ɫɜɨɣɫɬɜ ɜ ɩɪɨɰɟɫɫɟ ɢɡɦɟɪɟɧɢя.  

В ɩɨɫɥɟɞɧɟɟ ɜɪɟɦя ɪɚɡɪɚɛɨɬɚɧɵ ɷɮɮɟɤɬɢɜɧɵɟ ɦɟɬɨɞɵ ɢ ɭɫɬɪɨɣɫɬɜɚ ɝɟɧɟɪɚɰɢɢ ɢ ɞɟɬɟɤɬɢ-
ɪɨɜɚɧɢя ɢɦɩɭɥɶɫɨɜ ɲɢɪɨɤɨɩɨɥɨɫɧɨɝɨ ɌȽɰ ɢɡɥɭɱɟɧɢя, ɱɚɫɬɨɬɵ ɤɨɬɨɪɨɝɨ ɥɟɠɚɬ ɜ ɞɢɚɩɚɡɨɧɟ ɨɬ 
ɫɨɬɟɧ ɝɢɝɚɝɟɪɰ ɞɨ ɧɟɫɤɨɥɶɤɢɯ ɬɟɪɚɝɟɪɰ. ɋɨɡɞɚɧɧɵɟ ɧɚ ɨɫɧɨɜɟ ɷɬɢɯ ɭɫɬɪɨɣɫɬɜ ɌȽɰ ɫɩɟɤɬɪɨɦɟɬɪɵ 
ɩɨɡɜɨɥяɸɬ ɨɞɧɨɜɪɟɦɟɧɧɨ ɢɡɦɟɪяɬɶ ɜ ɲɢɪɨɤɨɣ ɫɩɟɤɬɪɚɥɶɧɨɣ ɨɛɥɚɫɬɢ ɚɦɩɥɢɬɭɞɭ ɢ ɮɚɡɭ ɷɥɟɤ-
ɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɌȽɰ ɢɡɥɭɱɟɧɢя, ɩɪɨɲɟɞɲɟɝɨ ɱɟɪɟɡ ɢɫɫɥɟɞɭɟɦɵɣ ɨɛɪɚɡɟɰ ɢɥɢ ɨɬɪɚɠɟɧɧɨɝɨ ɨɬ 
ɧɟɝɨ. Иɡ ɷɬɢɯ ɞɚɧɧɵɯ ɦɨɠɧɨ ɧɚɣɬɢ ɩɨɤɚɡɚɬɟɥɶ ɩɪɟɥɨɦɥɟɧɢя ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɩɨɝɥɨɳɟɧɢя ɦɚɬɟ-
ɪɢɚɥɚ. В ɌȽɰ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ ɷɬɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɦɚɬɟɪɢɚɥɚ ɨɩɪɟɞɟɥяɸɬɫя ɜɤɥɚɞɨɦ ɫɜɨɛɨɞ-
ɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɩɨɷɬɨɦɭ, ɢɡɦɟɪяя ɢɯ, ɦɨɠɧɨ ɧɚɣɬɢ ɤɨɧɰɟɧɬɪɚɰɢɸ ɢ ɫɪɟɞɧɟɟ ɩɨ ɷɧɟɪɝɢɢ 
ɜɪɟɦя ɪɟɥɚɤɫɚɰɢɢ ɧɨɫɢɬɟɥɟɣ, ɤɨɬɨɪɨɟ ɨɩɪɟɞɟɥяɟɬ ɢɯ ɩɨɞɜɢɠɧɨɫɬɶ. 

Мɨɞɟɥɶ ɪаɫчɟɬа ɩаɪаɦɟɬɪɨв 

Иɫɩɨɥɶɡɨɜɚɧɢɟ ɦɟɬɨɞɚ ɌȽɰ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɞɥя ɢɡɦɟɪɟɧɢя ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɨɛɥɚɞɚɟɬ ɰɟɥɵɦ ɪяɞɨɦ ɩɪɟɢɦɭɳɟɫɬɜ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɬɪɚɞɢɰɢ-
ɨɧɧɨɣ ɢɧɮɪɚɤɪɚɫɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɟɣ ɩɨɝɥɨɳɟɧɢя ɢ ɨɬɪɚɠɟɧɢя. Вɨ-ɩɟɪɜɵɯ, ɜɤɥɚɞ ɫɜɨɛɨɞɧɵɯ 
ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɢɡɦɟɧɟɧɢɟ ɞɢɷɥɟɤɬɪɢɱɟɫɤɨɣ ɩɪɨɧɢɰɚɟɦɨɫɬɢ ɪɚɫɬɟɬ ɫ ɭɦɟɧɶɲɟɧɢɟɦ ɱɚɫɬɨɬɵ, 
ɩɨɷɬɨɦɭ ɜ ɌȽɰ ɞɢɚɩɚɡɨɧɟ ɦɨɠɧɨ ɞɨɫɬɢɱɶ ɛɨɥɟɟ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɢ. Вɨ-ɜɬɨɪɵɯ, ɫɩɨɫɨɛɧɨɫɬɶ ɌȽɰ 
ɢɡɥɭɱɟɧɢя ɩɪɨɧɢɤɚɬɶ ɱɟɪɟɡ ɧɟɦɟɬɚɥɥɢɱɟɫɤɢɟ ɦɚɬɟɪɢɚɥɵ ɩɨɡɜɨɥяɟɬ ɩɪɨɜɨɞɢɬɶ ɢɡɦɟɪɟɧɢя ɩɚɪɚ-
ɦɟɬɪɨɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɩɨɞ ɫɥɨɟɦ ɞɢɷɥɟɤɬɪɢɤɚ. ɇɚɤɨɧɟɰ, ɜɨɡɦɨɠɧɨɫɬɶ ɪɟɝɢɫɬɪɚɰɢɢ ɮɚɡɵ ɷɥɟɤ-
ɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɌȽɰ ɢɡɥɭɱɟɧɢя ɩɨɡɜɨɥяɟɬ ɢɡɦɟɪяɬɶ ɩɚɪɚɦɟɬɪɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɫ ɪɚɡɪɟɲɟɧɢɟɦ 
ɩɨ ɝɥɭɛɢɧɟ ɨɛɪɚɡɰɚ.  

В ɪɚɛɨɬɟ ɪɚɫɫɦɨɬɪɟɧɚ ɬɟɨɪɟɬɢɱɟɫɤɚя ɦɨɞɟɥɶ ɢ ɪɚɡɪɚɛɨɬɚɧɚ ɩɪɨɝɪɚɦɦɚ ɱɢɫɥɟɧɧɨɝɨ ɦɨɞɟ-
ɥɢɪɨɜɚɧɢя ɨɬɪɚɠɟɧɢя ɢɦɩɭɥɶɫɨɜ ɲɢɪɨɤɨɩɨɥɨɫɧɨɝɨ ɌȽɰ ɢɡɥɭɱɟɧɢя ɨɬ ɩɥɨɫɤɨɫɥɨɢɫɬɵɯ ɫɪɟɞ, 
ɭɱɢɬɵɜɚɸɳɚя ɞɢɫɩɟɪɫɢɸ ɫɪɟɞɵ. ɉɪɨɝɪɚɦɦɚ ɢɫɩɨɥɶɡɭɟɬɫя ɞɥя ɢɧɬɟɪɩɪɟɬɚɰɢɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-
ɧɵɯ ɞɚɧɧɵɯ, ɩɨɥɭɱɟɧɧɵɯ ɦɟɬɨɞɨɦ ɤɨɝɟɪɟɧɬɧɨɣ ɌȽɰ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɧɚ ɨɬɪɚɠɟɧɢɟ, ɢ ɩɨɡɜɨɥяɟɬ 
ɨɩɪɟɞɟɥяɬɶ ɨɩɬɢɱɟɫɤɢɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɦɚɬɟɪɢɚɥɨɜ, ɫɢɥɶɧɨ ɩɨɝɥɨɳɚɸɳɢɯ ɜ ɌȽɰ ɨɛɥɚɫɬɢ ɫɩɟɤ-
ɬɪɚ. ɇɚ ɨɫɧɨɜɟ ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɌȽɰ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɪɚɡɪɚɛɨɬɚɧ ɜɚɪɢɚɧɬ ɦɟɬɨɞɚ ɛɟɫɤɨɧɬɚɤɬɧɨɝɨ 
ɢɡɦɟɪɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɢ ɢ ɩɨɞɜɢɠɧɨɫɬɢ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ ɫ ɪɚɡɪɟɲɟɧɢɟɦ 
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ɜɞɨɥɶ ɨɫɢ, ɩɟɪɩɟɧɞɢɤɭɥяɪɧɨɣ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɢ. Эɬɢ ɩɚɪɚɦɟɬɪɵ ɧɚɯɨɞяɬɫя ɩɭɬɟɦ ɫɪɚɜɧɟɧɢя ɷɤɫ-
ɩɟɪɢɦɟɧɬɚɥɶɧɨ ɢɡɦɟɪɟɧɧɵɯ ɫɩɟɤɬɪɨɜ ɌȽɰ ɨɬɪɚɠɟɧɢя ɫ ɪɚɫɱɟɬɧɵɦɢ, ɤɨɬɨɪɵɟ ɨɩɪɟɞɟɥяɸɬɫя 
ɞɪɭɞɟɜɫɤɢɦ ɜɤɥɚɞɨɦ ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɜ ɩɨɤɚɡɚɬɟɥɶ ɩɪɟɥɨɦɥɟɧɢя ɢ ɤɨɷɮɮɢɰɢɟɧɬ 
ɩɨɝɥɨɳɟɧɢя ɌȽɰ ɢɡɥɭɱɟɧɢя. Ɉɫɨɛɟɧɧɨɫɬɶ ɦɟɬɨɞɚ ɫɨɫɬɨɢɬ ɜ ɜɨɡɦɨɠɧɨɫɬɢ ɫɨɩɨɫɬɚɜɥɟɧɢя ɷɤɫɩɟ-
ɪɢɦɟɧɬɚɥɶɧɵɯ ɢ ɪɚɫɱɟɬɧɵɯ ɞɚɧɧɵɯ, ɧɚɣɞɟɧɧɵɯ ɧɟ ɞɥя ɨɬɞɟɥɶɧɵɯ ɥɢɧɢɣ ɢɥɢ ɭɡɤɢɯ ɭɱɚɫɬɤɨɜ 
ɫɩɟɤɬɪɚ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɢɡɥɭɱɟɧɢя, ɤɚɤ ɷɬɨ ɞɟɥɚɥɨɫɶ ɪɚɧɟɟ, ɚ ɫɪɚɡɭ ɞɥя ɨɱɟɧɶ ɲɢɪɨɤɨɣ ɨɛ-
ɥɚɫɬɢ ɱɚɫɬɨɬ, ɤɨɬɨɪɭɸ ɫɩɨɫɨɛɧɵ ɨɯɜɚɬɢɬɶ ɲɢɪɨɤɨɩɨɥɨɫɧɵɟ ɌȽɰ ɫɩɟɤɬɪɨɦɟɬɪɵ. ɉɪɢ ɷɬɨɦ ɫɭ-
ɳɟɫɬɜɟɧɧɨ ɩɨɜɵɲɚɟɬɫя ɬɨɱɧɨɫɬɶ ɢɡɦɟɪɟɧɢɣ. 

Чɚɫɬɨɬɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɩɨɤɚɡɚɬɟɥя ɩɪɟɥɨɦɥɟɧɢя n ɢ ɤɨɷɮɮɢɰɢɟɧɬɚ ɷɤɫɬɢɧɤɰɢɢ k ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɚ, ɨɩɪɟɞɟɥяɸɳɢɯ ɮɪɟɧɟɥɟɜɫɤɢɣ ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢя, ɜɵɪɚɠɚɟɬɫя ɱɟɪɟɡ ɞɢɷɥɟɤ-
ɬɪɢɱɟɫɤɭɸ ɩɪɨɧɢɰɚɟɦɨɫɬɶ, ɤɨɬɨɪɭɸ ɦɨɠɧɨ ɩɪɟɞɫɬɚɜɢɬɶ ɜ ɜɢɞɟ  
 () = L – [4i()]/, (1) 

ɝɞɟ  — ɱɚɫɬɨɬɚ ɢɡɥɭɱɟɧɢя; () — ɜɵɫɨɤɨɱɚɫɬɨɬɧɚя ɩɪɨɜɨɞɢɦɨɫɬɶ; L ɨɩɢɫɵɜɚɟɬ ɜɤɥɚɞ ɜ ɞɢ-
ɷɥɟɤɬɪɢɱɟɫɤɭɸ ɩɪɨɧɢɰɚɟɦɨɫɬɶ ɪɟɲɟɬɤɢ ɢ ɫɜяɡɚɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ. Дɥя ɜɵɫɨɤɨɱɚɫɬɨɬɧɨɣ ɩɪɨɜɨ-
ɞɢɦɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɨɫɶ ɜɵɪɚɠɟɧɢɟ Дɪɭɞɟ—Ʌɨɪɟɧɬɰɚ  
 () = ne2/[m(1 + i)], (2) 

ɝɞɟ e, m,  ɢ n — ɡɚɪяɞ ɷɥɟɤɬɪɨɧɚ, ɷɮɮɟɤɬɢɜɧɚя ɦɚɫɫɚ, ɜɪɟɦя ɪɟɥɚɤɫɚɰɢɢ ɩɨ ɢɦɩɭɥɶɫɭ ɢ ɤɨɧɰɟɧ-
ɬɪɚɰɢя ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. ɉɚɪɚɦɟɬɪɵ n ɢ k ɪɚɫɫɱɢɬɚɧɵ ɢɡ ɜɵɪɚɠɟɧɢя  
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   
     
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, (3) 

ɤɨɬɨɪɨɟ ɩɨɥɭɱɚɟɬɫя ɜ ɪɟɡɭɥɶɬɚɬɟ ɩɨɞɫɬɚɧɨɜɤɢ (2) ɜ (1). 
Дɚɥɟɟ ɪɚɫɱɟɬɧɵɦ ɩɭɬɟɦ ɧɚɯɨɞɢɥɢɫɶ ɬɚɤɢɟ ɡɧɚɱɟɧɢя n ɢ k, ɩɪɢ ɤɨɬɨɪɵɯ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶ-

ɧɵɟ ɢ ɪɚɫɱɟɬɧɵɟ ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя ɦɚɬɟɪɢɚɥɚ ɫɨɜɩɚɞɚɥɢ ɜ ɦɚɤɫɢɦɚɥɶɧɨɣ ɫɬɟɩɟɧɢ ɜɨ ɜɫɟɦ 
ɢɡɦɟɪяɟɦɨɦ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ. 

Эɤɫɩɟɪɢɦɟɧɬ 
Эɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɜɵɩɨɥɧɟɧɵ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɨɡɞɚɧɧɨɝɨ ɜ Иɧɫɬɢɬɭɬɟ 

ɮɢɡɢɤɢ ɇАɇ Ȼɟɥɚɪɭɫɢ ɚɜɬɨɦɚɬɢɡɢɪɨɜɚɧɧɨɝɨ ɌȽɰ ɫɩɟɤɬɪɨɦɟɬɪɢɱɟɫɤɨɝɨ ɤɨɦɩɥɟɤɫɚ, ɤɨɬɨɪɵɣ 
ɩɨɡɜɨɥяɟɬ ɪɟɝɢɫɬɪɢɪɨɜɚɬɶ ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя ɢ ɩɪɨɩɭɫɤɚɧɢя ɜ ɞɢɚɩɚɡɨɧɟ ɱɚɫɬɨɬ 0.1—3.5  ɌȽɰ. 
Иɡɥɭɱɚɬɟɥɶ ɢ ɞɟɬɟɤɬɨɪ ɌȽɰ ɢɦɩɭɥɶɫɨɜ ɩɪɟɞɫɬɚɜɥяɸɬ ɫɨɛɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɮɨɬɨɩɪɨɜɨɞя-
ɳɢɟ ɚɧɬɟɧɧɵ, ɜɨɡɛɭɠɞɚɟɦɵɟ ɮɟɦɬɨɫɟɤɭɧɞɧɵɦɢ ɥɚɡɟɪɧɵɦɢ ɢɦɩɭɥɶɫɚɦɢ. ɉɪɢɦɟɧɟɧɢɟ ɜ ɫɩɟɤɬɪɨ-
ɦɟɬɪɟ ɦɟɬɨɞɚ ɫɢɧɯɪɨɧɧɨɝɨ ɞɟɬɟɤɬɢɪɨɜɚɧɢя ɨɛɟɫɩɟɱɢɜɚɟɬ ɨɬɧɨɲɟɧɢɟ ɫɢɝɧɚɥ/ɲɭɦ ɧɚ ɭɪɨɜɧɟ 103. 
ɌȽɰ ɤɨɦɩɥɟɤɫ ɮɭɧɤɰɢɨɧɢɪɭɟɬ ɧɚ ɩɪɢɧɰɢɩɚɯ ɤɨɝɟɪɟɧɬɧɨɣ (time-domain) ɫɩɟɤɬɪɨɫɤɨɩɢɢ, ɤɨɝɞɚ 
ɪɟɝɢɫɬɪɢɪɭɟɬɫя ɜɪɟɦɟɧɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɧɚɩɪяɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɌȽɰ ɢɦɩɭɥɶɫɚ ɫ 
ɩɨɫɥɟɞɭɸɳɢɦ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɷɬɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɜ ɟɟ ɌȽɰ ɫɩɟɤɬɪ. Фɪɚɝɦɟɧɬ ɛɥɨɤɚ ɪɟɝɢɫɬɪɚ-
ɰɢɢ ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя ɌȽɰ ɤɨɦɩɥɟɤɫɚ ɫ ɨɬɦɟɱɟɧɧɨɣ ɫɬɪɟɥɤɚɦɢ ɬɪɚɫɫɨɣ ɩɪɨɯɨɠɞɟɧɢя ɬɟɪɚ-
ɝɟɪɰɨɜɨɝɨ ɢɡɥɭɱɟɧɢя ɩɪɟɞɫɬɚɜɥɟɧ ɧɚ ɪɢɫ. 1.  

 
Ɋɢɫ. 1. Фɪɚɝɦɟɧɬ ɛɥɨɤɚ ɪɟɝɢɫɬɪɚɰɢɢ ɫɩɟɤɬɪɨɜ ɨɬɪɚɠɟɧɢя ɬɟɪɚɝɟɪɰɨɜɨɝɨ ɤɨɦɩɥɟɤɫɚ ɫ ɭɫɬɚɧɨɜɥɟɧɧɨɣ  
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɩɥɚɫɬɢɧɨɣ: 1 — ɌȽɰ ɢɡɥɭɱɚɬɟɥɶ; 2, 3 — ɩɚɪɚɛɨɥɢɱɟɫɤɢɟ ɡɟɪɤɚɥɚ; 4 — ɨɛɪɚɡɟɰ  

ɤɪɟɦɧɢɟɜɨɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɨɣ ɩɥɚɫɬɢɧɵ ɞɢɚɦɟɬɪɨɦ 75 ɦɦ; 5 — ɌȽɰ ɞɟɬɟɤɬɨɪ. 
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ɇɚ ɪɢɫ. 2 ɩɨɤɚɡɚɧɵ ɜɪɟɦɟɧɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɧɚɩɪяɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɨɬɪɚ-
ɠɟɧɧɵɯ ɌȽɰ ɢɦɩɭɥɶɫɨɜ ɢ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɷɬɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ ɢ ɪɚɫɱɟɬɧɵɣ 
ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя ɨɛɪɚɡɰɚ ɩɪɨɦɵɲɥɟɧɧɨɣ ɤɪɟɦɧɢɟɜɨɣ ɩɥɚɫɬɢɧɵ. 
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Ɋɢɫ. 2. Вɪɟɦɟɧɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɧɚɩɪяɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥя ɨɬɪɚɠɟɧɧɵɯ ɌȽɰ ɢɦɩɭɥɶɫɨɜ (а) ɢ 
ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɵɣ (ɫɩɥɨɲɧɚя ɥɢɧɢя) ɢ ɪɚɫɱɟɬɧɵɣ (ɲɬɪɢɯɨɜɚя) ɫɩɟɤɬɪɵ ɨɬɪɚɠɟɧɢя 

(ɛ) ɨɛɪɚɡɰɚ ɩɪɨɦɵɲɥɟɧɧɨɣ ɤɪɟɦɧɢɟɜɨɣ ɩɥɚɫɬɢɧɵ 

Ɋɟɡɭɥɶɬɚɬɵ ɢɡɦɟɪɟɧɢɣ ɷɥɟɤɬɪɨɮɢɡɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɨɛɪɚɡɰɚ ɩɨ ɪɚɫɫɦɨɬɪɟɧɧɨɦɭ ɚɥɝɨ-
ɪɢɬɦɭ (ɭɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ 0.32 Ɉɦ ɫɦ, ɩɨɞɜɢɠɧɨɫɬɶ 1100 ɫɦ2/В ɫ, ɤɨɧɰɟɧɬɪɚɰɢя ɷɥɟɤɬɪɨ-
ɧɨɜ 1.8·1016 ɫɦ–3, ɜɪɟɦя ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɛɟɝɚ ɷɥɟɤɬɪɨɧɨɜ 160 ɮɫ) ɤɨɪɪɟɥɢɪɭɸɬ ɫ ɞɚɧɧɵɦɢ, ɩɨɥɭ-
ɱɟɧɧɵɦɢ ɞɪɭɝɢɦ ɦɟɬɨɞɨɦ. 

Заɤɥючɟɧɢɟ 
ɉɨɫɬɪɨɟɧɚ ɦɨɞɟɥɶ ɨɬɪɚɠɟɧɢя ɲɢɪɨɤɨɩɨɥɨɫɧɵɯ ɢɦɩɭɥɶɫɨɜ ɬɟɪɚɝɟɪɰɨɜɨɝɨ ɢɡɥɭɱɟɧɢя ɨɬ 

ɩɥɨɫɤɨɫɥɨɢɫɬɵɯ ɫɪɟɞ, ɭɱɢɬɵɜɚɸɳɚя ɞɢɫɩɟɪɫɢɸ ɫɪɟɞɵ. ɇɚ ɨɫɧɨɜɟ ɦɨɞɟɥɢ ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ 
ɦɟɬɨɞɚ ɬɟɪɚɝɟɪɰɨɜɨɣ ɤɨɝɟɪɟɧɬɧɨɣ ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɦɨɠɧɨ ɞɢɫɬɚɧɰɢɨɧɧɨ ɨɩɪɟɞɟɥяɬɶ ɬɚɤɢɟ ɯɚɪɚɤ-
ɬɟɪɢɫɬɢɤɢ, ɤɚɤ ɤɨɧɰɟɧɬɪɚɰɢɸ, ɩɨɞɜɢɠɧɨɫɬɶ, ɜɪɟɦя ɫɜɨɛɨɞɧɨɝɨ ɩɪɨɛɟɝɚ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢ 
ɭɞɟɥɶɧɨɟ ɫɨɩɪɨɬɢɜɥɟɧɢɟ ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɚɯ. Ɍɚɤɨɣ ɛɟɫɤɨɧɬɚɤɬɧɵɣ ɫɩɨɫɨɛ ɢɡɦɟ-
ɪɟɧɢɣ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɟɡɟɧ ɩɪɢ ɨɝɪɚɧɢɱɟɧɧɨɦ ɞɨɫɬɭɩɟ ɤ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɢɥɢ ɜ 
ɫɥɭɱɚɟ ɭɝɪɨɡɵ ɟɟ ɩɨɜɪɟɠɞɟɧɢя ɡɨɧɞɚɦɢ ɨɦɢɱɟɫɤɢɯ ɬɨɤɨɜɨɞɨɜ. 

Determination of Electrophysical Characteristic of Semiconductor Wafers 

by Coherent Terahertz Spectroscopy 

G. V. Sinitsyn, V. L. Malevich, A. V. Lyakhnovich 

B. I. Stepanov Institute of Physics, National Academy of Science of Belarus, Minsk, Belarus; 

e-mail: g.v.sinitsyn@gmail.com 

A theoretical model of reflection of broadband pulses of terahertz (THz) radiation from the stratified 
medium taking into account its dispersion has been built up. On the basis of this model a non-contact technique 
for measurement with a depth resolution of the charge carrier density and mobility in semiconductors is devel-
oped. The required parameters of the sample are found by comparing the experimentally measured and calcu-
lated THz reflectance spectra. 

Keywords: carrier concentration, charge carrier mobility, wafer, terahertz spectroscopy, non-contact 
electrical measurement. 



 215

Оɬɪаɠɟɧɢɟ ɢ ɩɨɝɥɨщɟɧɢɟ ɬɟɪаɝɟɪɰɨвɨɝɨ ɢɡɥɭчɟɧɢɹ ɮɨɬɨвɨɡɛɭɠɞɟɧɧɨɣ 

ɷɥɟɤɬɪɨɧɧɨɣ ɩɥаɡɦɨɣ ɩɨɥɭɩɪɨвɨɞɧɢɤа  

В. Ʌ. Ɇɚɥɟɜɢɱ, Ƚ. В. ɋɢɧɢɰɵɧ 

Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь;  
e-mail: v.malevich@ifanbel.bas-net.by 

Ɋɚɫɫɦɨɬɪɟɧɨ ɜɥɢяɧɢɟ ɞɜɭɦɟɪɧɨɝɨ ɫɥɨя ɮɨɬɨɜɨɡɛɭɠɞɟɧɧɨɣ ɩɥɚɡɦɵ ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɧɚ 
ɨɬɪɚɠɟɧɢɟ, ɩɪɨɩɭɫɤɚɧɢɟ ɢ ɩɨɝɥɨɳɟɧɢɟ ɬɟɪɚɝɟɪɰɨɜɨɝɨ (ɌȽɰ) ɢɡɥɭɱɟɧɢя ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɦ. ɉɨɤɚɡɚɧɨ, ɱɬɨ 
ɩɪɢ ɜɩɨɥɧɟ ɪɚɡɭɦɧɵɯ ɭɪɨɜɧяɯ ɮɨɬɨɜɨɡɛɭɠɞɟɧɢя ɦɨɠɧɨ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɬɶ ɨɬɪɚɠɚɬɟɥɶɧɭɸ ɫɩɨɫɨɛ-
ɧɨɫɬɶ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɜ ɌȽɰ ɨɛɥɚɫɬɢ ɱɚɫɬɨɬ ɢ ɨɫɭɳɟɫɬɜɥяɬɶ ɦɨɞɭɥяɰɢɸ ɌȽɰ ɢɡɥɭɱɟɧɢя.  

Кɥючɟвыɟ ɫɥɨва: ɮɨɬɨɜɨɡɛɭɠɞɟɧɧɵɣ ɩɨɥɭɩɪɨɜɨɞɧɢɤ, ɬɟɪɚɝɟɪɰɨɜɨɟ ɢɡɥɭɱɟɧɢɟ, ɷɥɟɤɬɪɨɧɧɚя 
ɩɥɚɡɦɚ, ɷɮɮɟɤɬ Ȼɪɸɫɬɟɪɚ, ɩɨɥɧɨɟ ɜɧɭɬɪɟɧɧɟɟ ɨɬɪɚɠɟɧɢɟ.  

Ввɟɞɟɧɢɟ 
Ɉɫɧɨɜɧɵɦ ɦɟɯɚɧɢɡɦɨɦ ɡɚɬɭɯɚɧɢя ɌȽɰ ɢɡɥɭɱɟɧɢя ɜ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚɯ, ɤɚɤ ɢɡɜɟɫɬɧɨ, яɜɥя-

ɟɬɫя ɞɪɭɞɟɜɫɤɨɟ ɩɨɝɥɨɳɟɧɢɟ ɧɚ ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥяɯ ɡɚɪяɞɚ. Эɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɚя ɩɥɚɡɦɚ 
ɞɚɟɬ ɬɚɤɠɟ ɫɭɳɟɫɬɜɟɧɧɵɣ ɜɤɥɚɞ ɜ ɢɡɦɟɧɟɧɢɟ ɩɨɤɚɡɚɬɟɥя ɩɪɟɥɨɦɥɟɧɢя ɜ ɌȽɰ ɨɛɥɚɫɬɢ ɱɚɫɬɨɬ. 
ɉɥɨɬɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ ɢ ɞɵɪɨɤ ɦɨɠɧɨ ɢɡɦɟɧяɬɶ ɜ ɲɢɪɨɤɢɯ ɩɪɟɞɟɥɚɯ, ɨɛɥɭɱɚя ɟɝɨ ɫɜɟɬɨɦ ɫ 
ɷɧɟɪɝɢɟɣ ɤɜɚɧɬɨɜ, ɩɪɟɜɵɲɚɸɳɟɣ ɲɢɪɢɧɭ ɡɚɩɪɟɳɟɧɧɨɣ ɡɨɧɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ. ɉɨɷɬɨɦɭ ɞɪɭ-
ɞɟɜɫɤɢɣ ɦɟɯɚɧɢɡɦ ɥɟɠɢɬ ɜ ɨɫɧɨɜɟ ɛɨɥɶɲɢɧɫɬɜɚ ɦɟɬɨɞɨɜ ɦɨɞɭɥяɰɢɢ ɌȽɰ ɢɡɥɭɱɟɧɢя [1, 2]. В 
ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɪɚɫɫɦɚɬɪɢɜɚɟɬɫя ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɌȽɰ ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɝɨ ɢɡɥɭɱɟɧɢя ɫ ɩɥɚɡɦɨɣ 
ɫɜɨɛɨɞɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɜɨɡɛɭɠɞɚɟɦɨɣ ɜ ɩɨɜɟɪɯɧɨɫɬɧɨɦ ɫɥɨɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ. Аɧɚɥɢɡɢ-
ɪɭɸɬɫя ɨɫɨɛɟɧɧɨɫɬɢ ɷɬɨɝɨ ɜɡɚɢɦɨɞɟɣɫɬɜɢя, ɫɜяɡɚɧɧɵɟ ɫ ɱɚɫɬɨɬɧɨɣ ɞɢɫɩɟɪɫɢɟɣ ɩɨɜɟɪɯɧɨɫɬɧɨɣ 
ɩɪɨɜɨɞɢɦɨɫɬɢ. ɉɨɫɥɟɞɧɢɣ ɷɮɮɟɤɬ ɜɚɠɟɧ ɜ ɌȽɰ ɨɛɥɚɫɬɢ ɫɩɟɤɬɪɚ, ɩɨɫɤɨɥɶɤɭ ɱɚɫɬɨɬɚ ɪɚɫɫɟяɧɢя 
ɷɥɟɤɬɪɨɧɨɜ, ɨɩɪɟɞɟɥяɸɳɚя ɨɛɥɚɫɬɶ ɱɚɫɬɨɬɧɨɣ ɞɢɫɩɟɪɫɢɢ ɞɪɭɞɟɜɫɤɨɣ ɩɪɨɜɨɞɢɦɨɫɬɢ, ɥɟɠɢɬ 
ɢɦɟɧɧɨ ɜ ɷɬɨɦ ɞɢɚɩɚɡɨɧɟ. 

Раɫчɟɬ 
ɉɪɢ ɦɟɠɡɨɧɧɨɦ ɜɨɡɛɭɠɞɟɧɢɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɫɜɟɬɨɦ ɬɨɥɳɢɧɚ ɨɛɥɚɫɬɢ, ɜ ɤɨɬɨɪɨɣ ɝɟɧɟ-

ɪɢɪɭɸɬɫя ɧɟɪɚɜɧɨɜɟɫɧɵɟ ɷɥɟɤɬɪɨɧɵ ɢ ɞɵɪɤɢ, ɨɩɪɟɞɟɥяɟɬɫя ɤɨɷɮɮɢɰɢɟɧɬɨɦ ɨɩɬɢɱɟɫɤɨɝɨ ɩɨ-
ɝɥɨɳɟɧɢя ɢ ɨɛɵɱɧɨ ɫɨɫɬɚɜɥяɟɬ 0.1—10 ɦɤɦ. ɉɨɫɤɨɥɶɤɭ ɞɥɢɧɚ ɜɨɥɧɵ ɌȽɰ ɢɡɥɭɱɟɧɢя ɫɨɫɬɚɜɥя-
ɟɬ ɫɨɬɧɢ ɦɢɤɪɨɧ, ɞɥя ɨɩɢɫɚɧɢя ɜɡɚɢɦɨɞɟɣɫɬɜɢя ɌȽɰ ɢɦɩɭɥɶɫɚ ɫ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɦ ɫɥɨɣ ɩɥɚɡɦɵ 
ɦɨɠɧɨ ɪɚɫɫɦɚɬɪɢɜɚɬɶ ɤɚɤ ɞɜɭɦɟɪɧɵɣ ɢ ɯɚɪɚɤɬɟɪɢɡɨɜɚɬɶ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɩɪɨɜɨɞɢɦɨɫɬɶɸ.  

Ɋɚɫɫɦɨɬɪɢɦ ɜɡɚɢɦɨɞɟɣɫɬɜɢɟ ɌȽɰ ɢɡɥɭɱɟɧɢя ɫ ɞɜɭɦɟɪɧɵɦ ɫɥɨɟɦ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ, ɪɚɫɩɨ-
ɥɨɠɟɧɧɵɦ ɜ ɩɥɨɫɤɨɫɬɢ z = 0 ɧɚ ɝɪɚɧɢɰɟ ɞɜɭɯ ɩɨɥɭɛɟɫɤɨɧɟɱɧɵɯ ɫɪɟɞ 1 ɢ 2. ɉɭɫɬɶ ɩɨɞ ɭɝɥɨɦ  ɧɚ 
ɝɪɚɧɢɰɭ ɢɡ ɫɪɟɞɵ 1, ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɩɪɢ z < 0, ɩɚɞɚɟɬ p-ɩɨɥяɪɢɡɨɜɚɧɧɚя ɩɥɨɫɤɚя ɷɥɟɤɬɪɨɦɚɝ-
ɧɢɬɧɚя ɜɨɥɧɚ ɫ ɱɚɫɬɨɬɨɣ . ɋɨɜɦɟɫɬɢɦ ɩɥɨɫɤɨɫɬɶ ɩɚɞɟɧɢя ɷɥɟɤɬɪɨɦɚɝɧɢɬɧɨɣ ɜɨɥɧɵ ɫ ɩɥɨɫɤɨ-
ɫɬɶɸ xz. В ɷɬɨɦ ɫɥɭɱɚɟ ɨɬɥɢɱɧɵ ɨɬ ɧɭɥя ɤɨɦɩɨɧɟɧɬɵ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɢ ɦɚɝɧɢɬɧɨɝɨ ɩɨɥɟɣ Ex, Ez, 

Hy. ɉɪɟɞɩɨɥɚɝɚя ɡɚɜɢɫɢɦɨɫɬɶ ɷɬɢɯ ɩɨɥɟɣ ɨɬ ɜɪɟɦɟɧɢ ɜ ɜɢɞɟ exp(it), ɭɪɚɜɧɟɧɢя Ɇɚɤɫɜɟɥɥɚ ɡɚ-
ɩɢɲɟɦ ɜ ɫɥɟɞɭɸɳɟɦ ɜɢɞɟ  

 Ex/z – Ez/x = –iHy/c, (1) 

 Hy/z =–iEx/c – 4jx()(z), (2) 

 Hy/x = Ez/x = –iEz/c, (3) 
ɝɞɟ ɫ — ɫɤɨɪɨɫɬɶ ɫɜɟɬɚ ɜ ɜɚɤɭɭɦɟ; (z) — ɞɟɥɶɬɚ-ɮɭɧɤɰɢя; jx() — ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɮɨɬɨɬɨɤ, 
ɢɧɞɭɰɢɪɭɟɦɵɣ ɧɚ ɱɚɫɬɨɬɟ . Дɢɷɥɟɤɬɪɢɱɟɫɤɚя ɩɪɨɧɢɰɚɟɦɨɫɬɶ  ɩɪɢɧɢɦɚɟɬ ɡɧɚɱɟɧɢя 1 ɢ 2 ɜ 
ɨɛɥɚɫɬяɯ 1 ɢ 2. 

Иɧɬɟɝɪɢɪɭя (2) ɩɨ z, ɧɚɯɨɞɢɦ ɫɢɫɬɟɦɭ ɭɪɚɜɧɟɧɢɣ, ɫɜяɡɵɜɚɸɳɢɯ ɧɚɩɪяɠɟɧɧɨɫɬɢ ɷɥɟɤɬɪɢ-
ɱɟɫɤɢɯ ɩɨɥɟɣ Ei, Er ɢ Et ɩɚɞɚɸɳɟɣ, ɨɬɪɚɠɟɧɧɨɣ ɢ ɩɪɨɲɟɞɲɟɣ ɜɨɥɧ:  

 Etcosr = (Ei – Er)cos, (4) 
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Зɞɟɫɶ r — ɭɝɨɥ ɩɪɟɥɨɦɥɟɧɢя, ɨɩɪɟɞɟɥяɟɦɵɣ ɫɨɨɬɧɨɲɟɧɢɟɦ  1sin = 2sinr. 
ɉɨɞɫɬɚɜɥяя ɞɥя ɩɨɜɟɪɯɧɨɫɬɧɨɝɨ ɬɨɤɚ ɜɵɪɚɠɟɧɢɟ jx() = ()Etcosr (() — ɩɨɜɟɪɯɧɨ-

ɫɬɧɚя ɩɪɨɜɨɞɢɦɨɫɬɶ ɫɥɨя ɮɨɬɨɜɨɡɛɭɠɞɟɧɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ), ɢɡ (4) ɢ (5) ɩɨɥɭɱɚɟɦ ɜɵɪɚɠɟ-
ɧɢя ɞɥя ɮɪɟɧɟɥɟɜɫɤɢɯ ɤɨɷɮɮɢɰɢɟɧɬɨɜ ɨɬɪɚɠɟɧɢя ɢ ɩɪɨɩɭɫɤɚɧɢя:  
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ɝɞɟ  = (4/ɫ)(). Дɥя ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя : 

 

 

2
2 2 1

2 1 2

2 1

4 cos cos Re( )
1 Re(cos ) cos

cos cos cos

r
p r

r r

r t
   

        
       

, (8) 

Re(x) — ɪɟɚɥɶɧɚя ɱɚɫɬɶ x. Ɉɬɪɚɠɚɬɟɥɶɧɚя R ɢ ɩɪɨɩɭɫɤɚɬɟɥɶɧɚя T ɫɩɨɫɨɛɧɨɫɬɢ: R = |r|2,  
T = |t|2(2/1)

1/2Re(cosr)/cos. 
Дɥя ɩɪɨɜɨɞɢɦɨɫɬɢ ɢɫɩɨɥɶɡɭɟɦ ɞɪɭɞɟɜɫɤɨɟ ɜɵɪɚɠɟɧɢɟ: 

() = 0/(1+ i), 

ɝɞɟ 0 = ne2/m — ɩɪɨɜɨɞɢɦɨɫɬɶ ɧɚ ɧɭɥɟɜɨɣ ɱɚɫɬɨɬɟ; n — ɩɨɜɟɪɯɧɨɫɬɧɚя ɤɨɧɰɟɧɬɪɚɰɢя ɷɥɟɤ-
ɬɪɨɧɨɜ; e, m ɢ  — ɡɚɪяɞ, ɦɚɫɫɚ ɢ ɜɪɟɦя ɢɦɩɭɥɶɫɧɨɣ ɪɟɥɚɤɫɚɰɢɢ ɷɥɟɤɬɪɨɧɨɜ.  

Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
Кɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢя ɢɡɥɭɱɟɧɢя (6) ɨɛɪɚɳɚɟɬɫя ɜ ɧɭɥɶ ɩɪɢ ɜɵɩɨɥɧɟɧɢɢ ɭɫɥɨɜɢя  

(2 + cosr)cos = 1cosr. В ɨɬɫɭɬɫɬɜɢɟ ɞɜɭɦɟɪɧɨɝɨ ɫɥɨя ɩɥɚɡɦɵ ( = 0) ɞɚɧɧɨɟ ɜɵɪɚɠɟɧɢɟ 
ɨɩɪɟɞɟɥяɟɬ ɭɝɨɥ Ȼɪɸɫɬɟɪɚ  = arctg(2/1). Дя ɮɨɬɨɜɨɡɛɭɠɞɟɧɧɨɝɨ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɭɫɥɨɜɢɟ (9) 
ɧɟ ɦɨɠɟɬ ɜɵɩɨɥɧяɬɶɫя ɬɨɱɧɨ, ɩɨɫɤɨɥɶɤɭ ɩɪɨɜɨɞɢɦɨɫɬɶ  ɢɦɟɟɬ ɦɧɢɦɭɸ ɫɨɫɬɚɜɥяɸɳɭɸ. ɉɨ-
ɷɬɨɦɭ p-ɩɨɥяɪɢɡɨɜɚɧɧɨɟ ɌȽɰ ɢɡɥɭɱɟɧɢɟ, ɩɚɞɚɸɳɟɟ ɩɨɞ ɭɝɥɨɦ Ȼɪɸɫɬɟɪɚ, ɛɭɞɟɬ ɱɚɫɬɢɱɧɨ ɨɬɪɚ-
ɠɚɬɶɫя.  

ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟɧɵ ɪɚɫɫɱɢɬɚɧɧɵɟ ɭɝɥɨɜɵɟ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɢ 
ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя ɦɨɧɨɯɪɨɦɚɬɢɱɟɫɤɨɝɨ p-ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɌȽɰ ɢɡɥɭɱɟɧɢя, ɩɚɞɚɸɳɟɝɨ 
ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ GaAs (1 = 3.6,  = 0.2 ɩɫ). Кɚɤ ɜɢɞɧɨ, ɮɨɬɨɜɨɡɛɭɠɞɟɧɢɟ ɩɪɢɜɨɞɢɬ ɤ ɭɜɟɥɢɱɟɧɢɸ 
ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɌȽɰ ɢɡɥɭɱɟɧɢя, ɩɚɞɚɸɳɟɝɨ ɧɚ ɩɨɜɟɪɯɧɨɫɬɶ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɩɨɞ 
ɭɝɥɨɦ Ȼɪɸɫɬɟɪɚ (  74.48); ɩɪɢ  = 10 R  40 %. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɜɨɡɛɭɠɞɚя ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɭɸ ɩɥɚɡɦɭ, ɦɨɠɧɨ ɦɨɞɭɥɢɪɨɜɚɬɶ ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢя 
p-ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɌȽɰ ɢɡɥɭɱɟɧɢя. Кɨɧɬɪɚɫɬ, ɞɨɫɬɢɝɚɟɦɵɣ ɩɪɢ ɬɚɤɨɦ ɦɟɬɨɞɟ ɦɨɞɭɥяɰɢɢ, ɦɨ-
ɠɟɬ ɛɵɬɶ ɞɨɫɬɚɬɨɱɧɨ ɜɵɫɨɤɢɦ (>1000).  

ɌȽɰ ɢɡɥɭɱɟɧɢɟ, ɩɚɞɚɸɳɟɟ ɧɚ ɝɪɚɧɢɰɭ GaAs-ɜɨɡɞɭɯ ɫɨ ɫɬɨɪɨɧɵ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɩɨɞ ɭɝ-
ɥɨɦ  > 0 (0 = arcsin(1/3.6)  16.13), ɢɫɩɵɬɵɜɚɟɬ ɩɨɥɧɨɟ ɜɧɭɬɪɟɧɧɟɟ ɨɬɪɚɠɟɧɢɟ (ɪɢɫ. 2, ɩɭɧɤ-
ɬɢɪ). Иɡ ɜɵɪɚɠɟɧɢя (6) ɫɥɟɞɭɟɬ, ɱɬɨ ɩɪɢ   = 0  cosr = 0  ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢя ɫɬɚɧɨɜɢɬɫя 
ɪɚɜɧɵɦ ɟɞɢɧɢɰɟ ɧɟɡɚɜɢɫɢɦɨ ɨɬ ɡɧɚɱɟɧɢя ɩɚɪɚɦɟɬɪɚ В ɞɚɧɧɨɦ ɫɥɭɱɚɟ ɞɪɭɞɟɜɫɤɨɟ ɩɨɝɥɨɳɟ-
ɧɢɟ ɨɬɫɭɬɫɬɜɭɟɬ, ɩɨɫɤɨɥɶɤɭ ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɩɨɥɟ ɩɪɟɥɨɦɥɟɧɧɨɣ ɜɨɥɧɵ ɧɚɩɪɚɜɥɟɧɨ ɩɟɪɩɟɧɞɢɤɭ-
ɥяɪɧɨ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɥɭɩɪɨɜɨɞɧɢɤɚ ɢ ɧɟ ɜɨɡɛɭɠɞɚɟɬ ɬɨɤ ɜ ɩɥɚɡɦɟɧɧɨɦ ɫɥɨɟ. ɉɪɢ ɭɝɥɚɯ ɩɚɞɟɧɢя 
 > 0 ɤɨɫɢɧɭɫ ɭɝɥɚ ɩɪɟɥɨɦɥɟɧɢя ɫɬɚɧɨɜɢɬɫя ɱɢɫɬɨ ɦɧɢɦɨɣ ɜɟɥɢɱɢɧɨɣ ɢ ɧɚ ɝɪɚɧɢɰɟ ɩɨɥɭɩɪɨ-
ɜɨɞɧɢɤɚ ɮɨɪɦɢɪɭɟɬɫя ɷɜɚɧɟɫɰɟɧɬɧɚя ɜɨɥɧɚ, ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɩɨɥɟ ɤɨɬɨɪɨɣ ɫɨɞɟɪɠɢɬ ɤɨɦɩɨɧɟɧɬɭ 
ɩɨɥя, ɩɚɪɚɥɥɟɥɶɧɭɸ ɟɝɨ ɩɨɜɟɪɯɧɨɫɬɢ.  Иɧɞɭɰɢɪɭɟɦɵɣ ɷɬɢɦ ɩɨɥɟɦ ɩɨɜɟɪɯɧɨɫɬɧɵɣ ɮɨɬɨɬɨɤ ɩɪɢ 
ɜɨɞɢɬ ɤ ɷɮɮɟɤɬɭ ɧɚɪɭɲɟɧɧɨɝɨ ɩɨɥɧɨɝɨ ɜɧɭɬɪɟɧɧɟɝɨ ɨɬɪɚɠɟɧɢя. Ɇɢɧɢɦɭɦ ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɫɩɨ-
ɫɨɛɧɨɫɬɢ R ɢ ɦɚɤɫɢɦɭɦ ɤɨɷɮɮɢɰɢɟɧɬɚ ɩɨɝɥɨɳɟɧɢя ɩɪɢ ɭɝɥɟ ɩɚɞɟɧɢя  >> 70 (ɫɦ. ɪɢɫ. 2) 
ɨɛɭɫɥɨɜɥɟɧ ɪɟɡɨɧɚɧɫɨɦ ɦɟɠɞɭ ɩɚɞɚɸɳɟɣ ɜɨɥɧɨɣ ɢ ɩɨɜɟɪɯɧɨɫɬɧɵɦ ɩɥɚɡɦɨɧɨɦ [3]. 
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Ɋɢɫ. 1. Зɚɜɢɫɢɦɨɫɬɢ R ɢ ɨɬ ɭɝɥɚ ɩɚɞɟɧɢя ɞɥя 
p-ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɌȽɰ ɢɡɥɭɱɟɧɢя, ɩɚɞɚɸɳɟɝɨ ɢɡ 
ɜɨɡɞɭɯɚ ɧɚ ɝɪɚɧɢɰɭ GaAs, ɪɚɫɫɱɢɬɚɧɧɵɟ ɞɥя 
 = 10 ɢ ɱɚɫɬɨɬɵ 0.1 ɌȽɰ (ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ) ɢ 1 
ɌȽɰ ɲɬɪɢɯɨɜɵɟ ɥɢɧɢɢ), ɩɭɧɤɬɢɪ ɫɨɨɬɜɟɬɫɬɜɭɟɬ 
R ɜ ɨɬɫɭɬɫɬɜɢɟ ɮɨɬɨɜɨɡɛɭɠɞɟɧɧɨɣ ɩɥɚɡɦɵ 

 Ɋɢɫ. 2. Зɚɜɢɫɢɦɨɫɬɢ R ɢ ɨɬ ɭɝɥɚ ɩɚɞɟɧɢя ɞɥя 
p-ɩɨɥяɪɢɡɨɜɚɧɧɨɝɨ ɌȽɰ ɢɡɥɭɱɟɧɢя, ɩɚɞɚɸɳɟɝɨ ɢɡ 
GaAs ɧɚ ɝɪɚɧɢɰɭ ɫ ɜɨɡɞɭɯɨɦ, ɪɚɫɫɱɢɬɚɧɧɵɟ ɞɥя 
 = 10 ɢ ɱɚɫɬɨɬ 0.1 (ɫɩɥɨɲɧɵɟ ɥɢɧɢɢ) ɢ 0.5 ɌȽɰ 
ɲɬɪɢɯɨɜɵɟ ɥɢɧɢɢ), ɩɭɧɤɬɢɪ ɫɨɨɬɜɟɬɫɬɜɭɟɬ R ɜ 
ɨɬɫɭɬɫɬɜɢɟ ɮɨɬɨɜɨɡɛɭɠɞɟɧɢя. 

Заɤɥючɟɧɢɟ 
ɉɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɫɜɟɪɯɤɨɪɨɬɤɢɦɢ ɥɚɡɟɪɧɵɦɢ ɢɦɩɭɥɶɫɚɦɢ ɞɥя ɩɨɜɟɪɯɧɨɫɬɧɨɣ ɩɪɨɜɨ-

ɞɢɦɨɫɬɢ ɦɨɠɧɨ ɩɨɥɭɱɢɬɶ ɜɵɪɚɠɟɧɢɟ: 
0 = (1 – R0)We/ħ, 

ɝɞɟ W — ɩɥɨɬɧɨɫɬɶ ɷɧɟɪɝɢɢ ɢɦɩɭɥɶɫɚ;  ɢ R0 — ɱɚɫɬɨɬɚ ɢ ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢя ɥɚɡɟɪɧɨɝɨ 
ɢɡɥɭɱɟɧɢя;  — ɩɨɞɜɢɠɧɨɫɬɶ ɷɥɟɤɬɪɨɧɨɜ. Ɉɬɫɸɞɚ ɧɚɯɨɞɢɦ, ɱɬɨ ɞɥя GaAs ɩɪɢ  = 3000 ɫɦ2/В  ɫ 
ɭɫɥɨɜɢɟ 40/c = 10 ɜɵɩɨɥɧяɟɬɫя ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɷɧɟɪɝɢɢ ɥɚɡɟɪɧɨɝɨ ɢɦɩɭɥɶɫɚ 20 ɦɤДɠ/ɫɦ2. Ɍɚ-
ɤɢɦ ɨɛɪɚɡɨɦ, ɩɪɢ ɜɩɨɥɧɟ ɪɚɡɭɦɧɵɯ ɢɧɬɟɧɫɢɜɧɨɫɬяɯ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɥɭ-
ɩɪɨɜɨɞɧɢɤɚ ɦɨɠɧɨ ɫɨɡɞɚɜɚɬɶ ɷɥɟɤɬɪɨɧɧɨ-ɞɵɪɨɱɧɭɸ ɩɥɚɡɦɭ, ɤɨɬɨɪɚя ɛɭɞɟɬ ɫɭɳɟɫɬɜɟɧɧɨ ɜɥɢяɬɶ 
ɧɚ ɨɬɪɚɠɟɧɢɟ ɢ ɩɨɝɥɨɳɟɧɢɟ ɌȽɰ ɢɡɥɭɱɟɧɢя. 

Ʌɢɬɟɪаɬɭɪа  
1. M. Rahm, J.-S. Li, W. J. Padilla.  THz wave modulators: a brief review on different modulation techniques. 

J. Infrared Milli. Terahz. Waves. 2013. V. 34. P. 1—27.  
2. H. Alius, G. Dodel.  Amplitude-, phase-, and frequency modulation of far-infrared radiation by optical 

excitation of silicon. Infrared Phys. 1991. V. 32. P. 1—11. 
3. В. И. Фɚɥɶɤɨ, Д. ȿ. Хɦɟɥɶɧɢɰɤɢɣ. Чɬɨ, еɫɥи ɩɪɨвɨɞиɦɨɫɬь ɩɥенки ɛɨɥьше, чеɦ ɫкɨɪɨɫɬь ɫвеɬа. 

1989. Ɍ. 95, № 6. ɋ. 1988—1992. 

Reflection and Absorption of Terahertz Radiation by Photoexcited  

Electron Plasma in Semiconductor  

V. L. Malevich, G. V. Sinitsyn 

 B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus,  

Minsk, Belarus; e-mail: v.malevich@ifanbel.bas-net.by 

The influence of two-dimensional layer of photoexcited free-carrier plasma on reflection, transmission, 
and absorption of terahertz (THz) radiation in semiconductor is considered. It has been shown that under a quite 
reasonable photoexcitation level one can optically control of THz reflectivity of semiconductor and modulate 
THz radiation.  

Keywords: photoexcited semiconductor, terahertz radiation, electron plasma, Brewster effect, total inter-
nal reflection. 

R,   



 218

О ɧаɞɟɠɧɨɫɬɢ ɢ ɤачɟɫɬвɟ ɢɡɞɟɥɢɣ ɫвɟɬɨɞɢɨɞɧɨɣ ɬɟхɧɢɤɢ 

Ю. В. Ɍɪɨɮɢɦɨɜ ɚ, ɋ. И. Ʌɢɲɢɤ ɚ, В. ɋ. ɉɨɫɟɞɶɤɨ ɚ, В. И. Цɜɢɪɤɨ ɚ 

а 
 ЦСОТ НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь, e-mail: trofimov@inel.bas-net.by 

ɉɪɨɚɧɚɥɢɡɢɪɨɜɚɧ ɨɩɵɬ ɪɚɛɨɬɵ ɫɜɟɬɨɞɢɨɞɧɵɯ ɭɫɬɪɨɣɫɬɜ ɜ ɪɚɡɥɢɱɧɵɯ ɷɤɫɩɥɭɚɬɚɰɢɨɧɧɵɯ ɭɫɥɨɜɢяɯ. 
ɉɨɥɭɱɟɧɚ ɢɧɮɨɪɦɚɰɢя ɨ ɧɚɢɛɨɥɟɟ ɭяɡɜɢɦɵɯ ɦɟɫɬɚɯ ɫɜɟɬɨɞɢɨɞɧɵɯ ɭɫɬɪɨɣɫɬɜ, ɩɪɨɚɧɚɥɢɡɢɪɨɜɚɧɵ ɨɫɧɨɜ-
ɧɵɟ ɤɨɧɫɬɪɭɤɬɢɜɧɨ-ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɨɲɢɛɤɢ ɢ ɩɭɬɢ ɢɯ ɭɫɬɪɚɧɟɧɢя ɩɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɫɜɟɬɨɞɢɨɞɧɨɣ 
ɬɟɯɧɢɤɢ. 

Кɥючɟвыɟ ɫɥɨва: ɫɜɟɬɨɞɢɨɞɧɵɣ ɫɜɟɬɢɥɶɧɢɤ, ɤɚɱɟɫɬɜɨ, ɧɚɞɟɠɧɨɫɬɶ, ɞɟɝɪɚɞɚɰɢя. 

Ввɟɞɟɧɢɟ 
В ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ ɞɥя ɰɟɥɟɣ ɨɫɜɟɳɟɧɢя ɜɫɟ ɱɚɳɟ ɫɬɚɥɢ ɩɪɢɦɟɧяɬɶɫя ɫɜɟɬɨɞɢɨɞɧɵɟ (ɋД) 

ɫɜɟɬɢɥɶɧɢɤɢ. Кɪɨɦɟ ɜɵɫɨɤɨɣ ɷɧɟɪɝɟɬɢɱɟɫɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɬɚɤɢɟ ɫɜɟɬɢɥɶɧɢɤɢ ɨɬɥɢɱɚɸɬɫя 
ɞɨɥɝɢɦ ɫɪɨɤɨɦ ɫɥɭɠɛɵ, ɨɬɫɭɬɫɬɜɢɟɦ ɜɪɟɞɧɵɯ ɜɟɳɟɫɬɜ, ɛɨɥɟɟ ɜɵɫɨɤɢɦ ɭɪɨɜɧɟɦ ɷɥɟɤɬɪɨɛɟɡɨɩɚɫ-
ɧɨɫɬɢ ɢ ɪяɞɨɦ ɞɪɭɝɢɯ ɩɪɟɢɦɭɳɟɫɬɜ. Ɇɨɧɢɬɨɪɢɧɝ ɧɟɢɫɩɪɚɜɧɨɫɬɟɣ ɋД ɭɫɬɪɨɣɫɬɜ ɩɨɤɚɡɚɥ, ɱɬɨ 
ɩɪɢɱɢɧɨɣ ɜɵɯɨɞɚ ɢɯ ɢɡ ɫɬɪɨя яɜɥяɸɬɫя ɜ ɨɫɧɨɜɧɨɦ ɧɟ ɫɜɟɬɨɞɢɨɞɵ, ɚ ɞɪɭɝɢɟ ɮɚɤɬɨɪɵ: ɧɟɤɚɱɟɫɬ-
ɜɟɧɧɵɟ ɫɢɫɬɟɦɵ ɩɢɬɚɧɢя, ɷɥɟɤɬɪɨ- ɢ ɝɪɨɡɨɡɚɳɢɬɵ; ɤɨɪɪɨɡɢя ɤɨɪɩɭɫɧɵɯ ɞɟɬɚɥɟɣ; ɧɟɞɨɫɬɚɬɨɱɧɚя 
ɝɟɪɦɟɬɢɱɧɨɫɬɶ ɭɡɥɨɜ ɩɢɬɚɧɢя ɢ ɭɩɪɚɜɥɟɧɢя; ɧɟɤɚɱɟɫɬɜɟɧɧɵɣ ɬɟɩɥɨɜɨɣ ɢɧɬɟɪɮɟɣɫ; ɜɚɧɞɚɥɢɡɦ. 

ɉɟɪɢɨɞɢɱɟɫɤɢɟ ɬɟɫɬɢɪɨɜɚɧɢя ɫɜɟɬɨɞɢɨɞɧɨɣ ɩɪɨɞɭɤɰɢɢ, ɩɪɨɜɨɞɢɦɵɟ ɜ ɚɤɤɪɟɞɢɬɨɜɚɧɧɨɣ 
ɢɫɩɵɬɚɬɟɥɶɧɨɣ ɥɚɛɨɪɚɬɨɪɢɢ ɩɨ ɋД ɬɟɯɧɢɤɟ ЦɋɈɌ ɇАɇ Ȼɟɥɚɪɭɫɢ, ɜ ɬɨɦ ɱɢɫɥɟ ɩɨ ɡɚɤɚɡɭ ɠɭɪ-
ɧɚɥɚ Lumen&Expertunion (ɊФ), ɩɨɤɚɡɚɥɢ, ɱɬɨ ɨɬɫɭɬɫɬɜɢɟ ɟɞɢɧɵɯ ɬɪɟɛɨɜɚɧɢɣ ɢ ɩɨɞɯɨɞɨɜ ɤ ɤɨɧ-
ɫɬɪɭɢɪɨɜɚɧɢɸ ɋД ɬɟɯɧɢɤɢ ɩɪɢɜɨɞɢɬ ɜ ɪяɞɟ ɫɥɭɱɚɟɜ ɤ ɩɨяɜɥɟɧɢɸ ɧɚ ɪɵɧɤɟ ɧɢɡɤɨɤɚɱɟɫɬɜɟɧɧɨɣ 
ɢ ɧɟɧɚɞɟɠɧɨɣ ɋД ɩɪɨɞɭɤɰɢɢ. Ɍɚɤɨɝɨ ɪɨɞɚ ɩɪɨɞɭɤɰɢя ɧɚɧɨɫɢɬ ɷɤɨɧɨɦɢɱɟɫɤɢɣ ɭɳɟɪɛ ɤɚɤ ɩɨɬɪɟ-
ɛɢɬɟɥяɦ ɋД ɩɪɨɞɭɤɰɢɢ, ɤɨɬɨɪɵɟ ɧɟ ɞɨɫɬɢɝɚɸɬ ɠɟɥɚɟɦɨɝɨ ɷɤɨɧɨɦɢɱɟɫɤɨɝɨ ɷɮɮɟɤɬɚ, ɬɚɤ ɢ ɞɨɛ-
ɪɨɫɨɜɟɫɬɧɵɦ ɩɪɨɢɡɜɨɞɢɬɟɥяɦ ɋД ɩɪɨɞɭɤɰɢɢ ɢɡ-ɡɚ ɞɢɫɤɪɟɞɢɬɚɰɢɢ ɋД ɧɚɩɪɚɜɥɟɧɢя ɜ ɰɟɥɨɦ. 

В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɨɩɢɫɚɧɵ ɧɚɢɛɨɥɟɟ ɬɢɩɢɱɧɵɟ ɤɨɧɫɬɪɭɤɬɢɜɧɨ-ɬɟɯɧɨɥɨɝɢɱɟɫɤɢɟ ɨɲɢɛ-
ɤɢ ɢ ɩɭɬɢ ɢɯ ɭɫɬɪɚɧɟɧɢя ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɋД ɨɫɜɟɬɢɬɟɥɶɧɨɣ ɬɟɯɧɢɤɢ. 

Тɢɩɢчɧыɟ ɤɨɧɫɬɪɭɤɬɢвɧɨ-ɬɟхɧɨɥɨɝɢчɟɫɤɢɟ ɨɲɢɛɤɢ ɩɪɢ ɩɪɨɟɤɬɢɪɨваɧɢɢ ɫвɟɬɨɞɢ-

ɨɞɧых ɭɫɬɪɨɣɫɬв 

Ɉɞɧɚ ɢɡ ɬɢɩɢɱɧɵɯ ɨɲɢɛɨɤ ɩɪɢ ɪɚɡɪɚɛɨɬɤɟ ɋД ɭɥɢɱɧɵɯ ɫɜɟɬɢɥɶɧɢɤɨɜ — ɢɫɩɨɥɶɡɨɜɚɧɢɟ 
ɤɨɪɩɭɫɧɵɯ ɞɟɬɚɥɟɣ ɫ ɨɬɤɪɵɬɵɦ ɨɪɟɛɪɟɧɢɟɦ ɢ ɧɚɧɟɫɟɧɢɟ ɡɚɳɢɬɧɵɯ ɩɨɤɪɵɬɢɣ ɱɟɪɧɨɝɨ ɰɜɟɬɚ 
(ɪɢɫ. 1, а). Иɫɩɨɥɶɡɨɜɚɧɢɟ ɬɚɤɢɯ ɪɚɞɢɚɬɨɪɨɜ ɩɪɢɜɨɞɢɬ ɤ ɬɨɦɭ, ɱɬɨ ɫɨɥɧɟɱɧɵɟ ɥɭɱɢ ɭɥɚɜɥɢɜɚɸɬɫя 
ɢ ɩɨɝɥɨɳɚɸɬɫя ɪɟɛɪɚɦɢ ɪɚɞɢɚɬɨɪɚ, ɛɵɫɬɪɨ ɧɚɝɪɟɜɚя ɫɜɟɬɢɥɶɧɢɤ (ɪɢɫ. 1, ɛ). Ɉɱɟɜɢɞɧɨ, ɱɬɨ ɨɤɪɚɫ-
ɤɚ ɪɚɞɢɚɬɨɪɚ ɜ ɱɟɪɧɵɣ ɰɜɟɬ ɫɩɨɫɨɛɫɬɜɭɟɬ ɷɬɨɦɭ ɩɪɨɰɟɫɫɭ. Эɬɚ ɩɪɨɛɥɟɦɚ ɨɫɨɛɟɧɧɨ ɚɤɬɭɚɥɶɧɚ 
ɩɪɢ ɷɤɫɩɥɭɚɬɚɰɢɢ ɫɜɟɬɢɥɶɧɢɤɨɜ ɜ ɫɬɪɚɧɚɯ ɫ ɠɚɪɤɢɦ ɤɥɢɦɚɬɨɦ. Ɍɚɤɠɟ ɨɬɤɪɵɬɨɟ ɨɪɟɛɪɟɧɢɟ ɪɚɞɢɚ-
ɬɨɪɚ ɜɟɞɟɬ ɤ ɧɚɤɨɩɥɟɧɢɸ ɡɚɝɪяɡɧɟɧɢɣ, ɫɧɢɠɚɟɬ ɟɝɨ ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɭɸ ɫɩɨɫɨɛɧɨɫɬɶ ɢ ɭɫɤɨɪяɟɬ 
ɩɪɨɰɟɫɫɵ ɞɟɝɪɚɞɚɰɢɢ ɫɜɟɬɨɞɢɨɞɨɜ, ɷɥɟɤɬɪɨɧɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ ɢ ɦɚɬɟɪɢɚɥɨɜ ɫɜɟɬɢɥɶɧɢɤɚ. 

Дɥя ɪɟɲɟɧɢя ɞɚɧɧɨɣ ɩɪɨɛɥɟɦɵ ɰɟɥɟɫɨɨɛɪɚɡɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ, ɧɚɩɪɢɦɟɪ, ɬɟɩɥɨɜɵɟ ɪɚɞɢɚ-
ɬɨɪɵ ɡɚɤɪɵɬɨɝɨ ɬɢɩɚ, ɪɚɞɢɚɬɨɪɵ ɫ ɷɮɮɟɤɬɨɦ ɜɨɡɞɭɲɧɨɣ ɬяɝɢ ɢɥɢ ɫɨ ɜɫɬɪɨɟɧɧɵɦɢ ɬɟɩɥɨɜɵɦɢ 
 

                                                            а                                                                           ɛ 

 

 

  
Ɋɢɫ. 1. Фɨɬɨɝɪɚɮɢя ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɭɥɢɱɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ ɫ ɨɬɤɪɵɬɵɦ ɨɪɟɛɪɟɧɢɟɦ 
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ɬɪɭɛɚɦɢ. ɇɟɦɚɥɨɜɚɠɧɵɣ ɚɫɩɟɤɬ — ɧɚɧɟɫɟɧɢɟ ɧɚ ɧɚɪɭɠɧɵɟ ɩɨɜɟɪɯɧɨɫɬɢ ɢɡɞɟɥɢɣ ɋД ɬɟɯɧɢɤɢ 
ɩɨɤɪɵɬɢɣ ɛɟɥɨɝɨ ɰɜɟɬɚ ɥɢɛɨ ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɤɨɪɩɭɫɨɜ ɢɡ ɧɟɪɠɚɜɟɸɳɟɣ ɫɬɚɥɢ, ɦɚɤɫɢɦɚɥɶɧɨ ɨɬ-
ɪɚɠɚɸɳɢɯ ɫɜɟɬ. 

ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜɥɟɧ ɫɟɪɢɣɧɨ ɜɵɩɭɫɤɚɟɦɵɣ ЦɋɈɌ ɇАɇ Ȼɟɥɚɪɭɫɢ ɋД ɭɥɢɱɧɵɣ ɫɜɟɬɢɥɶ-
ɧɢɤ ДКУ01 “Фɟɧɢɤɫ”, ɜ ɤɨɬɨɪɨɦ ɬɟɩɥɨɜɨɣ ɪɚɞɢɚɬɨɪ ɩɨɥɵɣ, ɬɚɤ ɱɬɨ ɟɝɨ ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɢɟ 
ɪɟɛɪɚ ɡɚɳɢɳɟɧɵ ɨɬ ɩɪяɦɨɝɨ ɩɨɩɚɞɚɧɢя ɚɬɦɨɫɮɟɪɧɵɯ ɨɫɚɞɤɨɜ ɢ ɡɚɝɪяɡɧɟɧɢя. 
 

а                                    ɛ 

        
Ɋɢɫ. 2. Фɨɬɨɝɪɚɮɢя ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɭɥɢɱɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ ДКУ01 (а) ɢ ɬɟɪɦɨɝɪɚɦɦɚ ɫɜɟɬɢɥɶɧɢɤɚ ɜ ɩɪɨ-

ɰɟɫɫɟ ɟɝɨ ɢɫɩɵɬɚɧɢя ɜ “ɬɟɩɥɨɜɨɣ ɲɭɛɟ” (ɛ). 
 

Ɍɟɩɥɨɜɚя ɫɢɫɬɟɦɚ ɫɜɟɬɢɥɶɧɢɤɚ ɪɚɛɨɬɚɟɬ ɫɥɟɞɭɸɳɢɦ ɨɛɪɚɡɨɦ (ɪɢɫ. 2, а). В ɩɪɨɰɟɫɫɟ ɷɤɫ-
ɩɥɭɚɬɚɰɢɢ ɫɜɟɬɨɞɢɨɞɵ ɜɵɞɟɥяɸɬ ɬɟɩɥɨ, ɤɨɬɨɪɨɟ ɱɟɪɟɡ ɋД ɩɥɚɬɵ ɩɟɪɟɞɚɟɬɫя ɧɚ ɬɟɩɥɨɜɨɣ ɪɚɞɢɚ-
ɬɨɪ ɢ ɞɨɫɬɢɝɚɟɬ ɟɝɨ ɬɟɩɥɨɪɚɫɫɟɢɜɚɸɳɟɣ ɩɨɜɟɪɯɧɨɫɬɢ, ɪɚɫɩɨɥɨɠɟɧɧɨɣ ɜɧɭɬɪɢ ɩɨɥɨɝɨ ɪɚɞɢɚɬɨɪɚ. 
Вɨɡɞɭɯ ɜɧɭɬɪɢ ɩɨɥɨɝɨ ɪɚɞɢɚɬɨɪɚ ɧɚɝɪɟɜɚɟɬɫя, ɪɚɫɲɢɪяɟɬɫя ɢ ɜɵɯɨɞɢɬ ɢɡ ɪɚɞɢɚɬɨɪɚ ɱɟɪɟɡ ɜɨɡ-
ɞɭɯɨɜɵɜɨɞяɳɢɟ ɨɬɜɟɪɫɬɢя 1. Вɨɡɧɢɤɲɚя ɪɚɡɧɨɫɬɶ ɞɚɜɥɟɧɢɣ ɜɨɡɞɭɯɚ ɤɨɦɩɟɧɫɢɪɭɟɬɫя ɜɨɡɞɭɲ-
ɧɵɦ ɩɨɬɨɤɨɦ, ɤɨɬɨɪɵɣ ɩɨɩɚɞɚɟɬ ɜɧɭɬɪɶ ɪɚɞɢɚɬɨɪɚ ɱɟɪɟɡ ɜɨɡɞɭɯɨɡɚɛɨɪɧɵɟ ɨɬɜɟɪɫɬɢя 2. Эɤɫɩɟ-
ɪɢɦɟɧɬɚɥɶɧɨ ɧɚɣɞɟɧɨ, ɱɬɨ ɩɪɢ ɭɫɬɚɧɨɜɤɟ ɋД ɭɥɢɱɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ ДКУ01 ɩɨɞ ɭɝɥɨɦ 15° ɫɤɨ-
ɪɨɫɬɶ ɜɨɡɞɭɯɚ, ɩɪɨɯɨɞяɳɟɝɨ ɱɟɪɟɡ ɜɨɡɞɭɯɨɜɵɜɨɞяɳɢɟ ɨɬɜɟɪɫɬɢя, ɫɨɫɬɚɜɥяɟɬ 22 ɫɦ/ɫ, ɚ ɬɟɦɩɟ-
ɪɚɬɭɪɚ ɤɨɪɩɭɫɚ ɫɜɟɬɢɥɶɧɢɤɚ ɭɦɟɧɶɲɚɟɬɫя ɧɚ 5°ɋ (ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɭɝɥɨɦ ɭɫɬɚɧɨɜɤɢ 0°). 

 
а                                      ɛ 

 
Ɋɢɫ. 3. Ɍɟɦɩɟɪɚɬɭɪɚ ɢ ɫɤɨɪɨɫɬɶ ɜɨɡɞɭɲɧɨɝɨ ɩɨɬɨɤɚ ɩɪɢ ɭɝɥɚɯ ɭɫɬɚɧɨɜɤɢ ɫɜɟɬɢɥɶɧɢɤɚ 0° (а) ɢ 15° (ɛ). 

 
Ɉɱɟɧɶ ɜɚɠɧɨ ɨɛɟɫɩɟɱɢɬɶ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɋД ɢɡɞɟɥɢɣ ɩɪɢ ɜɵɫɨɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɤ-

ɪɭɠɚɸɳɟɣ ɫɪɟɞɵ, ɧɚɩɪɢɦɟɪ, ɞɥя ɫɬɪɚɧ ɫ ɠɚɪɤɢɦ ɢ ɫɭɯɢɦ ɤɥɢɦɚɬɨɦ (Ɍɭɪɤɦɟɧɢɫɬɚɧ, ɈАЭ, ɋɚɭ-
ɞɨɜɫɤɚя Аɪɚɜɢя ɢ ɬ. ɩ.). ɋ ɷɬɨɣ ɰɟɥɶɸ ɜɫɟ ɩɪɨɞɭɤɰɢя, ɪɚɡɪɚɛɚɬɵɜɚɟɦɚя ɢ ɜɵɩɭɫɤɚɟɦɚя ЦɋɈɌ 
ɇАɇ Ȼɟɥɚɪɭɫɢ, ɩɪɨɯɨɞɢɬ ɢɫɩɵɬɚɧɢя ɧɚ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɶ ɜ ɤɥɢɦɚɬɢɱɟɫɤɢɯ ɤɚɦɟɪɚɯ ɩɪɢ ɷɤɫ-
ɬɪɟɦɚɥɶɧɵɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɬ –50°ɋ ɞɨ +50°ɋ. ɇɚ ɪɢɫ. 2, ɛ ɩɪɟɞɫɬɚɜɥɟɧɚ ɬɟɪɦɨɝɪɚɦɦɚ ɢɫɩɵɬɚ-
ɧɢɣ ɋД ɭɥɢɱɧɨɝɨ ɫɜɟɬɢɥɶɧɢɤɚ ɜ ɬɚɤ ɧɚɡɵɜɚɟɦɨɣ “ɬɟɩɥɨɜɨɣ ɲɭɛɟ”. В ɪɚɦɤɚɯ ɦɟɬɨɞɢɤɢ ɞɚɧɧɨɝɨ 
ɢɫɩɵɬɚɧɢя ɫɜɟɬɢɥɶɧɢɤ ɡɚɜɨɪɚɱɢɜɚɥɫя ɜ ɬɟɩɥɨɢɡɨɥяɰɢɨɧɧɵɣ ɥɢɫɬɨɜɨɣ ɦɚɬɟɪɢɚɥ (“ɬɟɩɥɨɜɭɸ 
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ɲɭɛɭ”) ɢ ɢɡɜɥɟɤɚɥɫя ɢɡ ɧɟɝɨ ɩɨ ɢɫɬɟɱɟɧɢɢ 2—3 ɱ ɧɟɩɪɟɪɵɜɧɨɣ ɪɚɛɨɬɵ ɜɨ ɜɤɥɸɱɟɧɧɨɦ ɫɨɫɬɨя-
ɧɢɢ. Дɚɥɟɟ ɫ ɩɨɦɨɳɶɸ ɬɟɩɥɨɜɢɡɨɪɚ ɨɫɭɳɟɫɬɜɥяɥɨɫɶ ɨɛɧɚɪɭɠɟɧɢɟ ɥɨɤɚɥɶɧɵɯ ɦɟɫɬ ɩɟɪɟɝɪɟɜɚ 
ɞɥя ɢɯ ɩɨɫɥɟɞɭɸɳɟɝɨ ɭɫɬɪɚɧɟɧɢя (ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɬɟɨɪɢɟɣ ɧɚɞɟɠɧɨɫɬɢ ɦɟɫɬɚ ɥɨɤɚɥɶɧɵɯ ɩɟɪɟ-
ɝɪɟɜɨɜ яɜɥяɸɬɫя ɢɫɬɨɱɧɢɤɚɦɢ ɩɨɬɟɧɰɢɚɥɶɧɵɯ ɩɪɨɛɥɟɦ). 

Дɪɭɝɚя ɬɢɩɢɱɧɚя ɨɲɢɛɤɚ — ɧɟɩɪɚɜɢɥɶɧɚя ɝɟɪɦɟɬɢɡɚɰɢя ɋД ɬɟɯɧɢɤɢ. Кɚɤ ɩɪɚɜɢɥɨ, ɜ 
ɛɨɥɶɲɢɧɫɬɜɟ ɋД ɢɡɞɟɥɢɣ ɜ ɤɚɱɟɫɬɜɟ ɭɩɥɨɬɧɢɬɟɥя ɢɫɩɨɥɶɡɭɟɬɫя ɫɢɥɢɤɨɧɨɜɵɣ ɲɧɭɪ. ɇɟɞɨɫɬɚɬɨɤ 
ɬɚɤɨɝɨ ɩɨɞɯɨɞɚ ɜ ɬɨɦ, ɱɬɨ ɬɪɟɛɭɟɬɫя ɤɨɧɬɪɨɥɢɪɭɟɦɨɟ ɭɫɢɥɢɟ ɡɚɬяɠɤɢ ɜɢɧɬɨɜ; ɩɥɨɳɚɞɤɢ ɩɨɞ 
ɭɩɥɨɬɧɢɬɟɥɶ ɧɚ ɭɝɥɨɜɵɯ ɫɬɵɤɚɯ ɪɚɡɧɨɪɨɞɧɵɯ ɞɟɬɚɥɟɣ ɞɨɥɠɧɵ ɛɵɬɶ ɜɵɪɨɜɧɟɧɵ, ɱɬɨ ɞɨɜɨɥɶɧɨ 
ɬяɠɟɥɨ ɞɨɫɬɢɱɶ ɜ ɦɚɫɫɨɜɨɦ ɩɪɨɢɡɜɨɞɫɬɜɟ; ɭɩɥɨɬɧɢɬɟɥɶ ɞɨɥɠɟɧ ɛɵɬɶ ɤɨɥɶɰɟɜɵɦ ɢɥɢ ɭɤɥɚɞɵ-
ɜɚɬɶɫя ɜɧɚɯɥɟɫɬ. Ɍɚɤɠɟ ɢɡ-ɡɚ ɧɚɥɢɱɢя ɦɚɬɟɪɢɚɥɨɜ ɫ ɪɚɡɥɢɱɧɵɦɢ ɤɨɷɮɮɢɰɢɟɧɬɚɦɢ ɬɟɦɩɟɪɚɬɭɪ-
ɧɨɝɨ ɪɚɫɲɢɪɟɧɢя (КɌɊ) (ɚɥɸɦɢɧɢɟɜɵɟ ɪɚɞɢɚɬɨɪɵ, ɫɬɟɤɥɚ, ɩɥɚɫɬɢɤɨɜɵɟ ɤɪɵɲɤɢ, ɭɩɥɨɬɧɢɬɟɥɶ) 
ɫɨ ɜɪɟɦɟɧɟɦ ɫɧɢɠɚɟɬɫя ɧɚɞɟɠɧɨɫɬɶ ɡɚɳɢɬɧɨɣ ɨɛɨɥɨɱɤɢ. 

ȿɳɟ ɨɞɧɨɣ ɬɢɩɢɱɧɨɣ ɨɲɢɛɤɨɣ, ɨɬɧɨɫяɳɟɣɫя ɤ ɝɟɪɦɟɬɢɡɚɰɢɢ, яɜɥяɟɬɫя ɢɫɩɨɥɶɡɨɜɚɧɢɟ ɜ 
ɤɨɧɫɬɪɭɤɰɢɢ ɫɜɟɬɢɥɶɧɢɤɚ ɫɬɚɥɶɧɵɯ ɫɚɦɨɪɟɡɨɜ. Ɍɚɤɢɟ ɫɚɦɨɪɟɡɵ, ɤɚɤ ɩɪɚɜɢɥɨ, ɜɤɪɭɱɢɜɚɸɬɫя 
ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɜ ɨɬɜɟɪɫɬɢя ɜ ɤɨɪɩɭɫɧɨɣ ɞɟɬɚɥɢ, ɢɡɝɨɬɨɜɥɟɧɧɨɣ ɢɡ ɚɥɸɦɢɧɢɟɜɨɝɨ ɫɩɥɚɜɚ. ɉɪɢ 
ɷɬɨɦ ɞɨɫɬɚɬɨɱɧɨ ɫɥɨɠɧɨ ɜ ɦɚɫɫɨɜɨɦ ɩɪɨɢɡɜɨɞɫɬɜɟ ɨɛɟɫɩɟɱɢɬɶ ɪɚɜɧɨɦɟɪɧɨɟ ɫɬяɝɢɜɚɧɢɟ ɩɨɥɨɜɢ-
ɧɨɤ ɤɨɪɩɭɫɚ. В ɪяɞɟ ɫɥɭɱɚɟɜ ɝɨɥɨɜɤɢ ɫɚɦɨɪɟɡɨɜ ɢ ɢɯ ɜɯɨɞɧɵɟ ɨɬɜɟɪɫɬɢя ɨɬɤɪɵɬɵ ɞɥя ɩɨɩɚɞɚɧɢя 
ɨɫɚɞɤɨɜ, ɨɫɚɠɞɟɧɢя ɫɨɥɟɣ ɢ ɜɨɡɞɟɣɫɬɜɢя ɫɨɥɧɟɱɧɨɝɨ ɢɡɥɭɱɟɧɢя (ɫɦ., ɧɚɩɪɢɦɟɪ, 1 ɧɚ ɪɢɫ. 1, а).  
В ɪɟɡɭɥɶɬɚɬɟ ɜ ɦɟɫɬɟ ɤɨɧɬɚɤɬɚ ɪɚɡɧɨɪɨɞɧɵɯ ɦɟɬɚɥɥɨɜ ɜɨɡɧɢɤɚɸɬ ɝɚɥɶɜɚɧɢɱɟɫɤɢɟ ɩɪɨɰɟɫɫɵ, 
ɩɪɢɜɨɞяɳɢɟ ɤ ɩɨɫɬɟɩɟɧɧɨɦɭ ɨɫɥɚɛɥɟɧɢɸ ɫɬяɝɢɜɚɸɳɟɝɨ ɭɫɢɥɢя, ɧɚɪɭɲɟɧɢɸ ɰɟɥɨɫɬɧɨɫɬɢ ɡɚ-
ɳɢɬɧɨɣ ɨɛɨɥɨɱɤɢ ɢ, ɜ ɤɨɧɰɟ ɤɨɧɰɨɜ, ɤ ɜɵɯɨɞɭ ɞɨɪɨɝɨɫɬɨяɳɟɝɨ ɫɜɟɬɨɞɢɨɞɧɨɝɨ ɢɡɞɟɥɢя ɢɡ ɫɬɪɨя. 

Дɥя ɜɵяɜɥɟɧɢя ɩɪɨɛɥɟɦ, ɫɜяɡɚɧɧɵɯ ɫ ɝɟɪɦɟɬɢɱɧɨɫɬɶɸ ɢ ɜɥɚɝɨɫɬɨɣɤɨɫɬɶɸ ɋД ɢɡɞɟɥɢɣ, 
ɧɟɨɛɯɨɞɢɦɨ ɨɛяɡɚɬɟɥɶɧɨ ɩɪɨɜɨɞɢɬɶ ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ ɢɫɩɵɬɚɧɢя ɋД ɬɟɯɧɢɤɢ. В ɪяɞɟ ɨɛɥɚɫɬɟɣ 
ɩɪɢɦɟɧɟɧɢя, ɧɚɩɪɢɦɟɪ ɞɥя ɩɨɞɫɜɟɬɤɢ ɩɟɳɟɪ, ɛɚɫɫɟɣɧɨɜ ɢ ɬ.ɩ., ɋД ɬɟɯɧɢɤɚ ɞɨɥɠɧɚ ɜ ɨɛяɡɚɬɟɥɶ-
ɧɨɦ ɩɨɪяɞɤɟ ɩɪɨɯɨɞɢɬɶ ɞɨɥɝɨɜɪɟɦɟɧɧɵɟ ɢɫɩɵɬɚɧɢя ɧɚ ɜɥɚɝɨɫɬɨɣɤɨɫɬɶ. ɇɚɢɛɨɥɟɟ ɢɧɬɟɪɟɫɧɚя ɜ 
ɞɚɧɧɨɦ ɩɥɚɧɟ ɦɟɬɨɞɢɤɚ ɢɫɩɵɬɚɧɢɣ, ɩɨ ɧɚɲɟɦɭ ɦɧɟɧɢɸ, ɩɨɫɬɚɜɥɟɧɚ ɜ ɋɈɈɈ “Дɠɨɮɪɟ Ʌɚɛɨɪ-
ɬɟɯɧɢɤ” (ɝ. Ȼɪɟɫɬ) — ɩɪɨɮɟɫɫɢɨɧɚɥɶɧɨɦ ɩɪɨɢɡɜɨɞɢɬɟɥɟ ɋД ɬɟɯɧɢɤɢ ɞɥя ɩɨɞɫɜɟɬɤɢ ɩɨɞɡɟɦɧɵɯ 
ɩɟɳɟɪ ɩɪɢɪɨɞɧɨɝɨ ɩɪɨɢɫɯɨɠɞɟɧɢя. В ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɞɚɧɧɨɣ ɦɟɬɨɞɢɤɨɣ ɋД ɫɜɟɬɢɥɶɧɢɤɢ ɩɨɦɟ-
ɳɚɸɬɫя ɜ ɟɦɤɨɫɬɶ ɫ ɩɪɟɫɧɨɣ ɜɨɞɨɣ (ɪɢɫ. 4, а). ȿɠɟɞɧɟɜɧɨ ɫɜɟɬɢɥɶɧɢɤɢ ɢɡɜɥɟɤɚɸɬɫя ɢɡ ɟɦɤɨɫɬɢ 
ɫ ɜɨɞɨɣ ɞɥя ɩɪɨɜɟɪɤɢ ɢɯ ɪɚɛɨɬɨɫɩɨɫɨɛɧɨɫɬɢ ɢ ɩɪɨɱɢɯ ɩɚɪɚɦɟɬɪɨɜ. В ɬɚɛɥ. 1 ɩɪɢɜɟɞɟɧɵ ɜɵ-
ɞɟɪɠɤɢ ɢɡ ɩɪɨɬɨɤɨɥɚ ɢɫɩɵɬɚɧɢɣ, ɞɟɦɨɧɫɬɪɢɪɭɸɳɢɟ ɞɢɧɚɦɢɤɭ ɩɨяɜɥɟɧɢя ɞɟɮɟɤɬɨɜ. ɉɨɫɥɟ ɡɚ-
ɜɟɪɲɟɧɢя ɢɫɩɵɬɚɧɢɣ ɫɜɟɬɢɥɶɧɢɤɢ ɢɦɟɥɢ ɜɢɞ, ɩɨɤɚɡɚɧɧɵɣ ɧɚ ɪɢɫ. 4, ɛ. 
 

                        а 

 

     

ɛ

 
 

      
Ɋɢɫ. 4. Иɫɩɵɬɚɧɢя ɫɜɟɬɨɞɢɨɞɧɨɣ ɬɟɯɧɢɤɢ ɧɚ ɜɥɚɝɨɫɬɨɣɤɨɫɬɶ (а) ɢ ɜɧɟɲɧɢɣ ɜɢɞ ɫɜɟɬɨɞɢɨɞɧɵɯ  

ɫɜɟɬɢɥɶɧɢɤɨɜ ɩɨɫɥɟ ɡɚɜɟɪɲɟɧɢя ɢɫɩɵɬɚɧɢɣ (ɛ) 
 

Ɍ ɚ ɛ ɥ ɢ ɰ ɚ  1. Дɢɧɚɦɢɤɚ ɩɨяɜɥɟɧɢя ɞɟɮɟɤɬɨɜ ɩɪɢ ɢɫɩɵɬɚɧɢяɯ ɧɚ ɜɥɚɝɨɫɬɨɣɤɨɫɬɶ 
 

26.11.2012 ɇɚɱɚɥɨ ɢɫɩɵɬɚɧɢɣ 
+ 38 ɞɧɟɣ Ɉɛɧɚɪɭɠɟɧ ɨɱɚɝ ɤɨɪɪɨɡɢɢ ɧɚ ɤɨɪɩɭɫɟ (ɜ ɦɟɫɬɟ ɩɨɜɪɟɠɞ. ɆДɈ-ɩɨɤɪɵɬɢя) 
+ 57 ɞɧɟɣ Ɉɛɧɚɪɭɠɟɧɵ ɨɱɚɝɢ ɤɨɪɪɨɡɢɢ ɧɚ ɤɨɪɩɭɫɟ 
+ 16.4 ɦɟɫ ɇɚ ɜɫɟɯ ɫɜɟɬɢɥɶɧɢɤɚɯ ɨɛɧɚɪɭɠɟɧɚ ɢɫɩɚɪɢɧɚ ɩɨ ɭɝɥɚɦ ɩɟɪɟɞɧɢɯ ɤɪɵɲɟɤ 
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ɇɚ ɨɫɧɨɜɚɧɢɢ ɚɧɚɥɢɡɚ ɩɪɨɬɨɤɨɥɨɜ ɬɚɤɢɯ ɢɫɩɵɬɚɧɢɣ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ, ɤɚɤ ɩɪɚɜɢɥɨ, ɨɫ-
ɧɨɜɧɵɦɢ ɩɪɢɱɢɧɚɦɢ ɧɚɪɭɲɟɧɢя ɝɟɪɦɟɬɢɱɧɨɫɬɢ ɢɡɞɟɥɢя яɜɥяɸɬɫя ɩɪɨɧɢɤɧɨɜɟɧɢɟ ɜɥɚɝɢ ɜɧɭɬɪɶ 
ɋД ɫɜɟɬɢɥɶɧɢɤɚ ɱɟɪɟɡ ɫɬɵɤɢ ɤɨɪɩɭɫɧɵɯ ɞɟɬɚɥɟɣ, ɩɨɬɟɪя ɚɞɝɟɡɢɢ ɩɪɢɦɟɧяɟɦɵɯ ɤɥɟɟɜ-ɝɟɪɦɟɬɢ-
ɤɨɜ ɤ ɞɟɬɚɥяɦ ɫɜɟɬɢɥɶɧɢɤɚ, ɜɨɡɧɢɤɧɨɜɟɧɢɟ ɫɤɜɨɡɧɨɣ ɤɨɪɪɨɡɢɢ ɤɨɪɩɭɫɚ, ɩɨɩɚɞɚɧɢɟ ɜɥɚɝɢ ɱɟɪɟɡ 
ɤɚɛɟɥɶ ɫɜɟɬɢɥɶɧɢɤɚ ɢ ɬ. ɩ. Ɉɩɵɬ ɞɨɥɝɨɜɪɟɦɟɧɧɨɣ ɷɤɫɩɥɭɚɬɚɰɢɢ ɋД ɭɫɬɪɨɣɫɬɜ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ 
ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɛɟɥɵɟ ɫɜɟɬɨɞɢɨɞɵ ɩɪɢ ɛɨɥɟɟ ɱɟɦ 5-ɥɟɬɧɟɣ ɤɪɭɝɥɨɫɭɬɨɱɧɨɣ ɷɤɫɩɥɭɚɬɚɰɢɢ ɜ 
ɠɟɫɬɤɢɯ ɭɫɥɨɜɢяɯ ɩɪɨɞɨɥɠɚɸɬ ɨɫɬɚɜɚɬɶɫя ɪɚɛɨɬɨɫɩɨɫɨɛɧɵɦɢ, ɯɨɬя ɢɯ ɰɜɟɬɨɜɚя ɬɟɦɩɟɪɚɬɭɪɚ 
ɡɧɚɱɢɬɟɥɶɧɨ ɜɵɪɨɫɥɚ ɢ ɫɦɟɫɬɢɥɚɫɶ ɜ ɛɨɥɟɟ ɯɨɥɨɞɧɭɸ ɨɛɥɚɫɬɶ. ɇɚ ɪɢɫ. 5 ɜ ɤɚɱɟɫɬɜɟ ɩɪɢɦɟɪɚ 
ɩɪɟɞɫɬɚɜɥɟɧɚ ɮɨɬɨɝɪɚɮɢя ɚɤɬɢɜɧɨɝɨ ɞɨɪɨɠɧɨɝɨ ɡɧɚɤɚ “ɉɟɲɟɯɨɞɧɵɣ ɩɟɪɟɯɨɞ”» ɫ ɋД ɨɫɜɟɬɢɬɟ-
ɥяɦɢ ɞɥя ɩɨɞɫɜɟɬɤɢ ɩɟɪɟɯɨɞɚ ɩɨɫɥɟ 5 ɥɟɬ ɷɤɫɩɥɭɚɬɚɰɢɢ ɜ ɤɥɢɦɚɬɢɱɟɫɤɢɯ ɭɫɥɨɜɢяɯ Ȼɟɥɚɪɭɫɢ. 

 

              

Ɋɢɫ. 5. Фɨɬɨ ɞɨɪɨɠɧɨɝɨ ɡɧɚɤɚ “ɉɟɲɟɯɨɞɧɵɣ ɩɟɪɟɯɨɞ” ɩɨɫɥɟ 5 ɥɟɬ ɷɤɫɩɥɭɚɬɚɰɢɢ. 

 
Дɥя ɨɛɟɫɩɟɱɟɧɢя ɞɨɥɝɨɜɪɟɦɟɧɧɨɣ ɷɤɫɩɥɭɚɬɚɰɢɢ ɋД ɭɫɬɪɨɣɫɬɜ ɧɟɥɶɡя ɡɚɛɵɜɚɬɶ ɨ, ɤɚɡɚ-

ɥɨɫɶ ɛɵ, ɨɱɟɜɢɞɧɵɯ ɦɨɦɟɧɬɚɯ: ɩɨɤɪɵɬɢɟ ɦɟɬɚɥɥɢɱɟɫɤɢɯ ɤɨɪɩɭɫɨɜ ɧɟɨɛɯɨɞɢɦɨ ɜɵɩɨɥɧяɬɶ ɫ ɢɫ-
ɩɨɥɶɡɨɜɚɧɢɟɦ ɫɨɜɪɟɦɟɧɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɭɫɬɨɣɱɢɜɵɯ ɤ ɜɧɟɲɧɟɦɭ ɜɨɡɞɟɣɫɬɜɢɸ; ɧɟɨɛɯɨɞɢɦɨ 
ɩɪɟɞɭɫɦɚɬɪɢɜɚɬɶ ɡɚɳɢɬɭ ɨɬ ɤɨɧɞɭɤɬɢɜɧɵɯ ɢ ɢɧɞɭɰɢɪɨɜɚɧɧɵɯ ɩɨɦɟɯ ɩɨ ɰɟɩяɦ ɩɢɬɚɧɢя ɢ ɢɡ 
ɜɧɟɲɧɟɣ ɫɪɟɞɵ (ɝɪɨɡɨɡɚɳɢɬɭ). ɉɪɢ ɪɚɛɨɬɟ ɋД ɨɫɜɟɬɢɬɟɥɟɣ ɪɚɛɨɱɢɯ ɡɨɧ ɧɚ ɨɞɧɨɦ ɢɡ ɢɡɜɟɫɬɧɵɯ 
ɲɜɟɣɧɵɯ ɩɪɟɞɩɪɢяɬɢɣ ɭɫɬɚɧɨɜɥɟɧɨ, ɱɬɨ ɩɪɢɦɟɧɟɧɢɟ ɬɢɩɨɜɵɯ ɢɦɩɭɥɶɫɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɩɨɫɬɨяɧ-
ɧɨɝɨ ɬɨɤɚ ɧɟ ɨɛɟɫɩɟɱɢɜɚɟɬ ɢɯ ɧɚɞɟɠɧɨɟ ɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɟ ɢɡ-ɡɚ ɤɚɱɟɫɬɜɚ ɩɪɨɦɵɲɥɟɧɧɨɣ ɷɥɟɤ-
ɬɪɨɫɟɬɢ. ɉɪɢɱɢɧɨɣ яɜɥяɸɬɫя ɥɨɤɚɥɶɧɵɟ ɢ ɝɥɨɛɚɥɶɧɵɟ ɤɨɦɦɭɬɚɰɢɨɧɧɵɟ ɩɨɦɟɯɢ, ɚ ɬɚɤɠɟ ɫɭɬɨɱ-
ɧɵɟ ɢɡɦɟɧɟɧɢя ɧɚɩɪяɠɟɧɢя ɪɟɚɥɶɧɨɣ ɩɪɨɦɵɲɥɟɧɧɨɣ ɫɟɬɢ. Ɍɚɤ, ɝɪɭɩɩɨɜɨɟ ɨɬɤɥɸɱɟɧɢɟ ɭɫɬ-
ɪɨɣɫɬɜ ɩɪɢɜɨɞɢɬ ɤ ɫɢɥɶɧɨɦɭ ɫɤɚɱɤɭ ɧɚɩɪяɠɟɧɢя — ɛɨɥɟɟ 700 В ɞɥɢɬɟɥɶɧɨɫɬɶɸ 100 ɦɤɫ. Ɍɪɚ-
ɞɢɰɢɨɧɧɵɟ ɫɩɨɫɨɛɵ ɜɥɚɝɨɡɚɳɢɬɵ ɋД ɦɨɞɭɥɟɣ ɧɟɞɨɫɬɚɬɨɱɧɨ ɧɚɞɟɠɧɵ ɩɪɢ ɷɤɫɩɥɭɚɬɚɰɢɢ ɜ ɠɟ-
ɫɬɤɢɯ ɭɫɥɨɜɢяɯ;  

Заɤɥючɟɧɢɟ 
Ɉɩɵɬ ɷɤɫɩɥɭɚɬɚɰɢɢ ɫɜɟɬɨɞɢɨɞɧɨɣ ɬɟɯɧɢɤɢ ɢ ɚɧɚɥɢɡ ɬɢɩɨɜɵɯ ɨɲɢɛɨɤ ɩɪɢ ɟɟ ɩɪɨɟɤɬɢɪɨ-

ɜɚɧɢɢ ɩɨɤɚɡɵɜɚɟɬ, ɱɬɨ ɩɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɤɚɱɟɫɬɜɟɧɧɨɣ ɢ ɧɚɞɟɠɧɨɣ ɫɜɟɬɨɞɢɨɞɧɨɣ ɬɟɯɧɢɤɢ 
ɦɟɥɨɱɟɣ ɧɟ ɛɵɜɚɟɬ. 

On the Reliability and Quality of LED Products 

Y. V. Trofimov a, S. I. Lishik a, V. S. Posedko a, V. I. Tsvirka b 

а 
Center of LED and Optoelectronics Technologies, National Academy of Sciences of Belarus, 

Minsk, Belarus; e-mail: trofimov@inel.bas-net.by 

Work experience of LED devices in various operating conditions analyzed. Information on the most vul-
nerable elements of the of LED devices obtained. The main design and technological errors and ways to over-
come them in the design of LED technology are analyzed. 

Keywords: LED light, quality, reliability, degradation. 
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Оɩɬɨɷɥɟɤɬɪɨɧɧыɣ ɝɟɧɟɪаɬɨɪ СВЧ ɫ ɧɢɡɤɢɦ ɮаɡɨвыɦ ɲɭɦɨɦ 

К. Ȼ. Ɇɢɤɢɬɱɭɤ, ɋ. А. Ɇɚɥɵɲɟɜ, А. Ʌ. Чɢɠ 

Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь 
e-mail: mikitchuk@ieee.org, malyshev@ieee.org, chizh@ieee.org 

ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɢɫɫɥɟɞɨɜɚɧɢя ɜɥɢяɧɢя ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɨɩ-
ɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɋВЧ ɧɚ ɟɝɨ ɮɚɡɨɜɵɣ ɲɭɦ. Иɫɫɥɟɞɨɜɚɧɵ ɫɨɛɫɬɜɟɧɧɵɟ ɲɭɦɵ ɜ ɨɩɬɨɷɥɟɤɬɪɨɧ-
ɧɨɦ ɝɟɧɟɪɚɬɨɪɟ ɫ ɨɩɬɢɱɟɫɤɢɦ ɢ ɷɥɟɤɬɪɨɧɧɵɦ ɭɫɢɥɟɧɢɟɦ, ɚ ɬɚɤɠɟ ɭɪɨɜɟɧɶ ɞɢɫɤɪɟɬɧɵɯ ɫɨɫɬɚɜɥяɸɳɢɯ  
ɜ ɫɩɟɤɬɪɟ ɝɟɧɟɪɚɰɢɢ. 

Кɥючɟвыɟ ɫɥɨва: ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɣ ɝɟɧɟɪɚɬɨɪ, ɮɚɡɨɜɵɣ ɲɭɦ, ɭɪɨɜɟɧɶ ɞɢɫɤɪɟɬɧɵɯ ɫɨɫɬɚɜɥяɸɳɢɯ. 

Ввɟɞɟɧɢɟ 
Аɜɬɨɝɟɧɟɪɚɬɨɪɵ ɋВЧ ɫ ɧɢɡɤɢɦ ɭɪɨɜɧɟɦ ɮɚɡɨɜɨɝɨ ɲɭɦɚ ɢɦɟɸɬ ɜɚɠɧɨɟ ɡɧɚɱɟɧɢɟ ɞɥя ɦɧɨ-

ɝɢɯ ɩɪɢɦɟɧɟɧɢɣ, ɬɚɤɢɯ, ɤɚɤ ɛɟɫɩɪɨɜɨɞɧɵɟ ɢ ɨɩɬɢɱɟɫɤɢɟ ɫɢɫɬɟɦɵ ɫɜяɡɢ, ɫɢɫɬɟɦɵ ɪɚɞɢɨɥɨɤɚɰɢɢ 
ɢ ɢɡɦɟɪɢɬɟɥɶɧɵɟ ɋВЧ-ɩɪɢɛɨɪɵ. ɇɚɩɪɢɦɟɪ, ɨɩɬɢɱɟɫɤɢɟ ɫɢɫɬɟɦɵ ɫɜяɡɢ ɬɪɟɛɭɸɬ ɜɵɫɨɤɨɣ ɬɨɱɧɨ-
ɫɬɢ ɱɚɫɬɨɬɵ ɫɢɧɯɪɨɧɢɡɚɰɢɢ ɦɟɠɞɭ ɨɩɬɢɱɟɫɤɢɦɢ ɰɟɧɬɪɚɥɶɧɵɦɢ ɭɡɥɚɦɢ. Ɋɚɞɢɨɥɨɤɚɰɢɨɧɧɵɟ 
ɫɢɫɬɟɦɵ ɧɭɠɞɚɸɬɫя ɜ ɧɢɡɤɨɦ ɭɪɨɜɧɟ ɮɥɭɤɬɭɚɰɢɣ ɱɚɫɬɨɬɵ ɨɩɨɪɧɵɯ ɫɢɝɧɚɥɨɜ ɞɥя ɨɬɫɥɟɠɢɜɚɧɢя 
ɞɜɢɠɭɳɢɯɫя ɨɛɴɟɤɬɨɜ, ɚ ɩɪɟɞɟɥɵ ɢɡɦɟɪɟɧɢɣ ɚɧɚɥɢɡɚɬɨɪɨɜ ɫɩɟɤɬɪɚ ɨɩɪɟɞɟɥяɸɬɫя ɮɚɡɨɜɵɦ ɲɭ-
ɦɨɦ ɝɟɬɟɪɨɞɢɧɚ. Ɉɫɧɨɜɧɨɟ ɬɪɟɛɨɜɚɧɢɟ, ɩɪɟɞɴяɜɥяɟɦɨɟ ɤ ɝɟɧɟɪɚɬɨɪɚɦ ɋВЧ, — ɨɛɟɫɩɟɱɟɧɢɟ ɝɟ-
ɧɟɪɚɰɢɢ ɤɜɚɡɢɝɚɪɦɨɧɢɱɟɫɤɨɝɨ ɋВЧ-ɫɢɝɧɚɥɚ ɫ ɧɢɡɤɢɦ ɮɚɡɨɜɵɦ ɲɭɦɨɦ. Ɉɩɬɨɷɥɟɤɬɪɨɧɧɵɟ ɝɟɧɟ-
ɪɚɬɨɪɵ ɋВЧ, ɤɨɧɬɭɪ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɤɨɬɨɪɵɯ ɫɨɞɟɪɠɢɬ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɟ ɥɢɧɢɢ ɡɚɞɟɪɠɤɢ 
ɞɥɢɧɨɣ ɞɨ 10 ɤɦ, ɩɨɡɜɨɥяɸɬ ɩɨɥɭɱɚɬɶ ɋВЧ-ɫɢɝɧɚɥɵ ɫ ɮɚɡɨɜɵɦ ɲɭɦɨɦ ɦɟɧɟɟ –145 ɞȻɧ/Ƚɰ ɧɚ 
ɨɬɫɬɪɨɣɤɟ 10 ɤȽɰ ɨɬ ɱɚɫɬɨɬɵ ɝɟɧɟɪɚɰɢɢ ɜ ɞɢɚɩɚɡɨɧɟ 1—40 ȽȽɰ [1]. Дɥя ɞɨɫɬɢɠɟɧɢя ɧɢɡɤɨɝɨ 
ɭɪɨɜɧя ɮɚɡɨɜɨɝɨ ɲɭɦɚ ɩɪɢ ɩɪɨɟɤɬɢɪɨɜɚɧɢɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɝɟɧɟɪɚɬɨɪɨɜ ɧɟɨɛɯɨɞɢɦɨ ɭɱɢɬɵ-
ɜɚɬɶ, ɱɬɨ ɤɨɧɬɭɪ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɧɟ яɜɥяɟɬɫя ɩɚɫɫɢɜɧɵɦ ɭɫɬɪɨɣ-
ɫɬɜɨɦ ɢ ɜɧɨɫɢɬ ɜ ɋВЧ-ɫɢɝɧɚɥ ɫɨɛɫɬɜɟɧɧɵɟ ɲɭɦɵ, ɚ ɬɚɤɠɟ ɭɱɢɬɵɜɚɬɶ ɱɚɫɬɨɬɧɭɸ ɫɟɥɟɤɬɢɜɧɨɫɬɶ 
ɤɨɧɬɭɪɚ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ. В ɞɚɧɧɨɣ ɪɚɛɨɬɟ ɩɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɬɟɨɪɟɬɢɱɟɫɤɨɝɨ ɢɫɫɥɟɞɨɜɚ-
ɧɢя ɜɥɢяɧɢя ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɧɚ ɟɝɨ ɫɩɟɤɬɪɚɥɶɧɵɟ 
ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ. 

1. Оɩɬɨɷɥɟɤɬɪɨɧɧыɣ ɝɟɧɟɪаɬɨɪ СВЧ ɧа ɥɢɧɢɹх ɡаɞɟɪɠɤɢ 

В ɨɛɳɟɦ ɫɥɭɱɚɟ ɚɜɬɨɝɟɧɟɪɚɬɨɪ ɱɚɫɬɨɬɵ ɧɚ ɥɢɧɢяɯ ɡɚɞɟɪɠɤɢ ɞɥя ɨɛɟɫɩɟɱɟɧɢя ɫɬɚɰɢɨɧɚɪ-
ɧɨɣ ɤɜɚɡɢɝɚɪɦɨɧɢɱɟɫɤɨɣ ɝɟɧɟɪɚɰɢɢ ɞɨɥɠɟɧ ɫɨɞɟɪɠɚɬɶ ɚɤɬɢɜɧɵɣ ɷɥɟɦɟɧɬ ɫ ɧɢɡɤɢɦɢ ɫɨɛɫɬɜɟɧ-
ɧɵɦɢ ɲɭɦɚɦɢ, ɨɯɜɚɱɟɧɧɵɣ ɤɨɧɬɭɪɨɦ ɩɨɥɨɠɢɬɟɥɶɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ, ɤɨɬɨɪɵɣ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ 
ɫɨɞɟɪɠɢɬ ɭɡɤɨɩɨɥɨɫɧɵɣ ɋВЧ-ɮɢɥɶɬɪ ɞɥя ɱɚɫɬɨɬɧɨɣ ɫɟɥɟɤɰɢɢ ɫɨɛɫɬɜɟɧɧɵɯ ɱɚɫɬɨɬ. В ɨɩɬɨɷɥɟɤ-
ɬɪɨɧɧɨɦ ɝɟɧɟɪɚɬɨɪɟ ɋВЧ ɧɚ ɥɢɧɢяɯ ɡɚɞɟɪɠɤɢ ɜ ɤɚɱɟɫɬɜɟ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ ɦɨɠɟɬ ɢɫɩɨɥɶɡɨ-
ɜɚɬɶɫя ɤɚɤ ɨɩɬɢɱɟɫɤɢɣ ɭɫɢɥɢɬɟɥɶ ɧɚ ɜɨɥɨɤɧɟ, ɥɟɝɢɪɨɜɚɧɧɨɦ ɷɪɛɢɟɦ, ɬɚɤ ɢ ɷɥɟɤɬɪɨɧɧɵɣ ɭɫɢɥɢ-
ɬɟɥɶ. ɇɚ ɪɢɫ. 1 ɩɪɢɜɟɞɟɧɚ ɫɬɪɭɤɬɭɪɧɚя ɫɯɟɦɚ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɚɜɬɨɝɟɧɟɪɚɬɨɪɚ ɋВЧ, ɤɨɬɨɪɵɣ ɜ 
ɨɛɳɟɦ ɫɥɭɱɚɟ ɫɨɫɬɨɢɬ ɢɡ ɨɩɬɢɱɟɫɤɨɝɨ ɭɫɢɥɢɬɟɥя ɧɚ ɜɨɥɨɤɧɟ, ɥɟɝɢɪɨɜɚɧɧɨɦ ɷɪɛɢɟɦ, ɢ/ɢɥɢ ɋВЧ-
ɭɫɢɥɢɬɟɥя ɫ ɧɢɡɤɢɦ ɮɚɡɨɜɵɦ ɲɭɦɨɦ, ɨɫɧɨɜɧɨɣ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɣ ɥɢɧɢɟɣ ɡɚɞɟɪɠɤɢ, ɞɨ-  
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Ɋɢɫ. 1. ɋɬɪɭɤɬɭɪɧɚя ɫɯɟɦɚ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɋВЧ ɧɚ ɥɢɧɢяɯ ɡɚɞɟɪɠɤɢ: MZM — ɷɥɟɤ-
ɬɪɨɨɩɬɢɱɟɫɤɢɣ ɦɨɞɭɥяɬɨɪ Ɇɚɯɚ—Цɟɧɞɟɪɚ;   EDFA — ɨɩɬɢɱɟɫɤɢɣ ɭɫɢɥɢɬɟɥɶ ɧɚ ɜɨɥɨɤɧɟ, ɥɟɝɢɪɨ-
ɜɚɧɧɨɦ ɷɪɛɢɟɦ; 1×M — ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɣ ɪɚɡɜɟɬɜɢɬɟɥɶ, NBF — ɭɡɤɨɩɨɥɨɫɧɵɣ ɋВЧ-ɮɢɥɶɬɪ, 

LD — ɥɚɡɟɪɧɵɣ ɞɢɨɞ, FC — ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɚя ɤɚɬɭɲɤɚ. 
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ɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɪɪɟɤɬɢɪɭɸɳɢɯ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ, ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ 
ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя, ɭɡɤɨɩɨɥɨɫɧɨɝɨ ɋВЧ-ɮɢɥɶɬɪɚ, ɷɥɟɤɬɪɨɨɩɬɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɬɟɥя. Эɥɟɤɬɪɨ-
ɨɩɬɢɱɟɫɤɨɟ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟ ɋВЧ-ɫɢɝɧɚɥɚ ɩɨɫɥɟ ɭɡɤɨɩɨɥɨɫɧɨɣ ɮɢɥɶɬɪɚɰɢɢ ɜ ɤɨɧɬɭɪɟ ɨɛɪɚɬɧɨɣ 
ɫɜяɡɢ ɨɫɭɳɟɫɬɜɥяɟɬɫя ɩɭɬɟɦ ɦɨɞɭɥяɰɢɢ ɩɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɫ ɪɚɫɩɪɟ-
ɞɟɥɟɧɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɶɸ ɫ ɩɨɦɨɳɶɸ ɷɥɟɤɬɪɨɨɩɬɢɱɟɫɤɨɝɨ ɦɨɞɭɥяɬɨɪɚ Ɇɚɯɚ—Цɟɧɞɟɪɚ. 

2. Фаɡɨвыɣ ɲɭɦ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪаɬɨɪа СВЧ 

Фɚɡɨɜɵɣ ɲɭɦ ɝɟɧɟɪɚɬɨɪɚ ɋВЧ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɮɨɪɦɭɥɨɣ Ʌɢɫɨɧɚ [2] ɩɪяɦɨ ɩɪɨɩɨɪɰɢɨ-
ɧɚɥɟɧ ɭɪɨɜɧɸ ɫɨɛɫɬɜɟɧɧɵɯ ɲɭɦɨɜ ɚɤɬɢɜɧɨɝɨ ɷɥɟɦɟɧɬɚ. Фɚɡɨɜɵɣ ɲɭɦ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɝɟɧɟɪɚ-
ɬɨɪɨɜ ɧɚ ɨɫɧɨɜɟ ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ ɫ ɨɩɬɢɱɟɫɤɢɦ ɭɫɢɥɟɧɢɟɦ ɨɛɭɫɥɨɜɥɟɧ ɲɭɦɨɦ ɨɩɬɢɱɟɫɤɨɝɨ ɭɫɢ-
ɥɢɬɟɥя ɢɡ-ɡɚ ɛɢɟɧɢɣ ɦɨɞɭɥɢɪɨɜɚɧɧɨɝɨ ɩɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɩɬɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ ɫ ɭɫɢɥɟɧɧɵɦ 
ɫɩɨɧɬɚɧɧɵɦ ɢɡɥɭɱɟɧɢɟɦ [3] ɢ ɮɚɡɨɜɵɦ ɲɭɦɨɦ ɤɨɧɬɭɪɚ ɩɨɥɨɠɢɬɟɥɶɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ, ɫɨɞɟɪ-
ɠɚɳɟɝɨ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɟ ɥɢɧɢɢ ɡɚɞɟɪɠɤɢ. Фɚɡɨɜɵɣ ɲɭɦ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɨɣ ɥɢɧɢɢ 
ɡɚɞɟɪɠɤɢ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɨɛɭɫɥɨɜɥɟɧ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɮɥɭɤɬɭɚɰɢɣ ɱɚɫɬɨɬɵ ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟ-
ɧɢя ɢɡ-ɡɚ ɞɢɫɩɟɪɫɢɢ ɩɨɤɚɡɚɬɟɥя ɩɪɟɥɨɦɥɟɧɢя ɜ ɨɩɬɢɱɟɫɤɨɦ ɜɨɥɨɤɧɟ [4] ɢ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɮɚ-
ɡɨɜɨɝɨ ɲɭɦɚ ɨɩɬɢɱɟɫɤɨɣ ɧɟɫɭɳɟɣ ɜ ɲɭɦ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɫɥɟɞɫɬɜɢɟ ɢɧɬɟɪɮɟɪɟɧɰɢɢ ɨɩɬɢɱɟɫɤɢɯ 
ɫɢɝɧɚɥɨɜ ɢɡ-ɡɚ ɦɧɨɝɨɤɪɚɬɧɵɯ ɩɟɪɟɨɬɪɚɠɟɧɢɣ ɢɥɢ ɪɚɫɫɟяɧɢя Ȼɪɢɥɥɸɷɧɚ ɢ Ɋɷɥɟя [5]. Аɧɚɥɢɡ 
ɜɥɢяɧɢя ɩɪɢɜɟɞɟɧɧɵɯ ɢɫɬɨɱɧɢɤɨɜ ɲɭɦɚ ɧɚ ɭɪɨɜɟɧɶ ɫɨɛɫɬɜɟɧɧɨɝɨ ɲɭɦɚ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟ-
ɧɟɪɚɬɨɪɚ ɋВЧ ɩɨɡɜɨɥяɟɬ ɩɪɟɧɟɛɪɟɱɶ ɲɭɦɨɦ ɢɡ-ɡɚ ɢɧɬɟɪɮɟɪɟɧɰɢɢ ɩɟɪɟɨɬɪɚɠɟɧɧɨɝɨ ɨɩɬɢɱɟɫɤɨ-
ɝɨ ɫɢɝɧɚɥɚ ɢ ɲɭɦɨɦ ɢɡ-ɡɚ ɢɧɬɟɪɮɟɪɟɧɰɢɢ ɦɧɨɝɨɤɪɚɬɧɨ ɪɚɫɫɟяɧɧɨɝɨ ɨɩɬɢɱɟɫɤɨɝɨ ɫɢɝɧɚɥɚ, ɜɵ-
ɡɜɚɧɧɵɯ ɪɚɫɫɟяɧɢɟɦ Ȼɪɢɥɥɸɷɧɚ, ɩɪɢ ɫɥɟɞɭɸɳɢɯ ɭɫɥɨɜɢяɯ: 1) ɦɚɤɫɢɦɚɥɶɧɚя ɞɥɢɧɚ ɜɨɥɨɤɨɧɧɨ-
ɨɩɬɢɱɟɫɤɨɣ ɥɢɧɢɢ ɡɚɞɟɪɠɤɢ <10 ɤɦ, 2) ɤɨɷɮɮɢɰɢɟɧɬ ɨɬɪɚɠɟɧɢя ɨɬ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɤɨɦ-
ɩɨɧɟɧɬɨɜ ɦɟɧɟɟ –60 ɞȻ, 3) ɲɢɪɢɧɚ ɥɢɧɢɢ ɝɟɧɟɪɚɰɢɢ ɢɫɩɨɥɶɡɭɟɦɨɝɨ ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ ɞɨɥɠɧɚ 
ɛɵɬɶ >100 ɤȽɰ. Ɉɬɦɟɬɢɦ, ɱɬɨ ɞɥя ɱɚɫɬɨɬ ɨɬɫɬɪɨɣɤɢ >100 Ƚɰ ɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɝɟɧɟɪɚɬɨɪɚɯ 
ɋВЧ ɫɩɟɤɬɪɚɥɶɧɭɸ ɩɥɨɬɧɨɫɬɶ ɲɭɦɨɜ, ɜɵɡɜɚɧɧɵɯ ɩɪɟɨɛɪɚɡɨɜɚɧɢɟɦ ɮɥɭɤɬɭɚɰɢɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ 
ɥɚɡɟɪɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɋВЧ-ɮɨɬɨɞɢɨɞɟ, ɞɜɭɤɪɚɬɧɵɦ ɪɚɫɫɟяɧɢɟɦ Ɋɷɥɟя ɢ ɞɪɨɛɨɜɵɦ ɲɭɦɨɦ, 
ɦɨɠɧɨ ɫɱɢɬɚɬɶ ɧɟ ɡɚɜɢɫɢɦɨɣ ɨɬ ɱɚɫɬɨɬɵ ɨɬɫɬɪɨɣɤɢ (ɛɟɥɵɣ ɲɭɦ) [2]. Дɥя ɭɱɟɬɚ ɪɚɫɩɪɟɞɟɥɟɧɧɵɯ 
ɲɭɦɨɜ ɢ ɧɟɥɢɧɟɣɧɨɫɬɟɣ ɤɨɦɩɨɧɟɧɬɨɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɩɪɟɞɥɨɠɟɧɚ ɧɟɥɢɧɟɣɧɚя 
ɧɟɫɬɚɰɢɨɧɚɪɧɚя ɦɨɞɟɥɶ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ, ɤɨɬɨɪɚя ɩɨɡɜɨɥяɟɬ ɩɨɥɭɱɚɬɶ ɜɵɯɨɞɧɵɟ 
ɩɚɪɚɦɟɬɪɵ ɢ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɟɧɟɪɚɰɢɢ ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɤɨɧɫɬɪɭɤɬɢɜɧɵɯ ɩɚɪɚɦɟɬɪɨɜ [6]. 

ɇɚ ɪɢɫ. 2 ɩɪɢɜɟɞɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɭɪɨɜɧя ɫɨɛɫɬɜɟɧɧɨɝɨ ɲɭɦɚ ɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɦ ɝɟɧɟɪɚ-
ɬɨɪɟ ɧɚ ɥɢɧɢяɯ ɡɚɞɟɪɠɤɢ ɫ ɨɩɬɢɱɟɫɤɢɦ ɭɫɢɥɟɧɢɟɦ ɨɬ ɪɚɛɨɱɟɣ ɬɨɱɤɢ ɦɨɞɭɥяɬɨɪɚ Ɇɚɯɚ—Цɟɧɞɟ-
ɪɚ ɢ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɚ, ɪɚɫɫɱɢɬɚɧɧɵɣ ɫ ɩɨɦɨɳɶɸ ɧɟɥɢɧɟɣɧɨɣ ɧɟɫɬɚɰɢɨɧɚɪɧɨɣ ɦɨɞɟɥɢ [6]. ɉɪɢ 
ɤɨɦɩɶɸɬɟɪɧɨɦ ɦɨɞɟɥɢɪɨɜɚɧɢɢ ɩɪɢɦɟɧяɥɢɫɶ ɩɚɪɚɦɟɬɪɵ ɫɬɚɧɞɚɪɬɧɵɯ ɤɨɦɩɨɧɟɧɬɨɜ, ɢɫɩɨɥɶɡɭɟ-
ɦɵɯ ɜ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɫɢɫɬɟɦɚɯ ɫɜяɡɢ: ɷɥɟɤɬɪɨɨɩɬɢɱɟɫɤɨɝɨ ɦɨɞɭɥяɬɨɪɚ Ɇɚɯɚ—Цɟɧɞɟɪɚ 
(V = 6 В — ɩɨɥɭɜɨɥɧɨɜɨɟ  ɧɚɩɪяɠɟɧɢɟ)  ɢ  ɨɩɬɢɱɟɫɤɨɝɨ  ɭɫɢɥɢɬɟɥя  ɧɚ ɜɨɥɨɤɧɟ,  ɥɟɝɢɪɨɜɚɧɧɨɦ 
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Ɋɢɫ. 2. ɋɨɛɫɬɜɟɧɧɵɣ ɲɭɦ ɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɦ 
ɝɟɧɟɪɚɬɨɪɟ ɧɚ ɥɢɧɢяɯ ɡɚɞɟɪɠɤɢ ɫ ɨɩɬɢɱɟɫɤɢɦ 
ɭɫɢɥɟɧɢɟɦ. 

 Ɋɢɫ. 3. ɋɩɟɤɬɪ ɫɨɛɫɬɜɟɧɧɨɝɨ ɲɭɦɚ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ 
ɝɟɧɟɪɚɬɨɪɨɜ MSH-6135501 (1), HMMC-5618 (2), 
SiGe FBA (3) ɧɚ ɥɢɧɢяɯ ɡɚɞɟɪɠɤɢ ɫ ɷɥɟɤɬɪɨɧɧɵɦ 
ɭɫɢɥɟɧɢɟɦ [2]. 
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ɷɪɛɢɟɦ (gss = 40 ɞȻ — ɤɨɷɮɮɢɰɢɟɧɬ ɭɫɢɥɟɧɢя ɜ ɪɟɠɢɦɟ ɦɚɥɵɯ ɫɢɝɧɚɥɨɜ, PEDFA = 200 ɦВɬ — 
ɦɨɳɧɨɫɬɶ ɧɚɫɵɳɟɧɢя). Вɢɞɧɨ, ɱɬɨ ɦɢɧɢɦɚɥɶɧɵɣ ɫɨɛɫɬɜɟɧɧɵɣ ɲɭɦ ɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɦ ɝɟɧɟɪɚ-
ɬɨɪɟ ɋВЧ ɫ ɨɩɬɢɱɟɫɤɢɦ ɭɫɢɥɟɧɢɟɦ ɞɨɫɬɢɝɚɟɬɫя ɩɪɢ ɮɚɡɚɯ ɫɦɟɳɟɧɢя ɦɨɞɭɥяɬɨɪɚ Ɇɚɯɚ—
Цɟɧɞɟɪɚ 140—150 ɢ ɫɨɫɬɚɜɥяɟɬ ɦɟɧɟɟ –150 ɞȻɧ/Ƚɰ ɜ ɫɥɭɱɚɟ ɢɫɩɨɥɶɡɨɜɚɧɢя ɥɚɡɟɪɧɨɝɨ ɞɢɨɞɚ  
ɫ ɜɵɯɨɞɧɨɣ ɦɨɳɧɨɫɬɶɸ >30 ɦВɬ ɢ ɨɬɧɨɫɢɬɟɥɶɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ ɲɭɦɚ ɦɟɧɟɟ –160 ɞȻ/Ƚɰ. 
ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɦɨɳɧɨɫɬɢ ɥɚɡɟɪɚ ɨɩɬɢɦɚɥɶɧɚя ɪɚɛɨɱɚя ɬɨɱɤɚ ɦɨɞɭɥяɬɨ-
ɪɚ ɫɦɟɳɚɟɬɫя ɜ ɫɬɨɪɨɧɭ ɤɜɚɞɪɚɬɭɪɧɨɣ ɬɨɱɤɢ. 

В ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɝɟɧɟɪɚɬɨɪɚɯ ɧɚ ɨɫɧɨɜɟ ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ ɫ ɷɥɟɤɬɪɨɧɧɵɦ ɭɫɢɥɟɧɢɟɦ 
ɫɨɛɫɬɜɟɧɧɵɣ ɲɭɦ ɨɩɪɟɞɟɥяɟɬɫя ɫɨɛɫɬɜɟɧɧɵɦ ɲɭɦɨɦ ɋВЧ-ɭɫɢɥɢɬɟɥя ɢ ɤɨɧɬɭɪɚ ɩɨɥɨɠɢɬɟɥɶɧɨɣ 
ɨɛɪɚɬɧɨɣ ɫɜяɡɢ, ɫɨɞɟɪɠɚɳɟɝɨ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɟ ɥɢɧɢɢ ɡɚɞɟɪɠɤɢ. В ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɯ ɝɟ-
ɧɟɪɚɬɨɪɚɯ ɋВЧ ɫ ɷɥɟɤɬɪɨɧɧɵɦ ɭɫɢɥɟɧɢɟɦ ɩɪɢɦɟɧяɸɬɫя ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɟ ɋВЧ-ɭɫɢɥɢɬɟɥɢ 
ɧɚ ɛɢɩɨɥяɪɧɵɯ ɝɟɬɟɪɨɬɪɚɧɡɢɫɬɨɪɚɯ InGaP/GaAs, SiGe, ɤɨɬɨɪɵɟ ɢɦɟɸɬ ɫɨɛɫɬɜɟɧɧɵɣ ɲɭɦ, ɫɤɥɚ-
ɞɵɜɚɸɳɢɣɫя ɢɡ ɞɜɭɯ ɫɨɫɬɚɜɥяɸɳɢɯ ɫ ɪɚɜɧɨɦɟɪɧɨɣ (ɛɟɥɵɣ ɲɭɦ) ɢ 1/f (ɮɥɢɤɟɪ-ɲɭɦ) ɫɩɟɤɬɪɚɥɶ-
ɧɨɣ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ [2]. ɇɚ ɪɢɫ. 3 ɩɪɢɜɟɞɟɧ ɫɩɟɤɬɪ ɫɨɛɫɬɜɟɧɧɨɝɨ ɲɭɦɚ ɥɭɱɲɢɯ ɤɨɦɦɟɪ-
ɱɟɫɤɢ ɞɨɫɬɭɩɧɵɯ ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɯ ɋВЧ-ɭɫɢɥɢɬɟɥɟɣ ɫ ɧɢɡɤɢɦ ɮɚɡɨɜɵɦ ɲɭɦɨɦ. Вɢɞɧɨ, ɱɬɨ 
ɋВЧ-ɭɫɢɥɢɬɟɥɢ ɢɦɟɸɬ ɫɨɛɫɬɜɟɧɧɵɣ ɲɭɦ ɩɨɪяɞɤɚ –150 ɞȻɧ/Ƚɰ ɧɚ ɨɬɫɬɪɨɣɤɟ 10 ɤȽɰ ɨɬ ɧɟɫɭɳɟɣ 
ɜ ɱɚɫɬɨɬɧɨɦ ɞɢɚɩɚɡɨɧɟ 8—12 ȽȽɰ. Ɉɞɧɚɤɨ ɫɨɛɫɬɜɟɧɧɵɣ ɲɭɦ ɩɪɢ ɷɬɨɦ ɢɦɟɟɬ 1/f  ɫɩɟɤɬɪɚɥɶɧɭɸ 
ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ, ɱɬɨ ɩɪɢɜɨɞɢɬ ɤ ɞɟɝɪɚɞɚɰɢɢ ɮɚɡɨɜɨɝɨ ɲɭɦɚ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ 
ɜɛɥɢɡɢ ɱɚɫɬɨɬɵ ɝɟɧɟɪɚɰɢɢ (ɧɚ ɨɬɫɬɪɨɣɤɚɯ <10 ɤȽɰ) ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɨɩɬɨɷɥɟɤɬɪɨɧɧɵɦ ɝɟɧɟɪɚɬɨ-
ɪɨɦ ɋВЧ ɫ ɨɩɬɢɱɟɫɤɢɦ ɭɫɢɥɟɧɢɟɦ. 

3. ɍɪɨвɟɧɶ ɞɢɫɤɪɟɬɧых ɫɨɫɬавɥɹющɢх ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪаɬɨɪа СВЧ 

ɇɚ ɪɢɫ. 4 ɩɪɟɞɫɬɚɜɥɟɧ ɮɚɡɨɜɵɣ ɲɭɦ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ (ɋВЧ-ɮɢɥɶɬɪ ɢɦɟɟɬ 
ɩɨɥɨɫɭ ɩɪɨɩɭɫɤɚɧɢя 5 ɆȽɰ) ɛɟɡ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɪɪɟɤɬɢɪɭɸɳɢɯ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɥɢ-
ɧɢɣ ɡɚɞɟɪɠɤɢ, ɚ ɬɚɤɠɟ ɫ ɨɞɧɨɣ ɢɥɢ ɞɜɭɦя ɞɨɩɨɥɧɢɬɟɥɶɧɵɦɢ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɦɢ ɥɢɧɢяɦɢ 
ɡɚɞɟɪɠɤɢ, ɞɥɢɬɟɥɶɧɨɫɬɶ ɤɨɬɨɪɵɯ (0 ɞɥя ɨɫɧɨɜɧɨɣ, 1, 2 ɢ 3 — ɞɥя ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ)  
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Ɋɢɫ. 4. Фɚɡɨɜɵɣ ɲɭɦ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɋВЧ ɛɟɡ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɪɪɟɤɬɢɪɭɸɳɢɯ ɜɨɥɨ-
ɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ (1), ɚ ɬɚɤɠɟ ɫ ɨɞɧɨɣ (2) ɢɥɢ ɞɜɭɦя (3) ɞɨɩɨɥɧɢɬɟɥɶɧɵɦɢ ɜɨɥɨɤɨɧ-

ɧɨ-ɨɩɬɢɱɟɫɤɢɦɢ ɥɢɧɢяɦɢ ɡɚɞɟɪɠɤɢ; 1 — 0 = 5 ɦɤɫ; 2 — 0 = 5 ɦɤɫ, 1 = 5 ɧɫ, 2 = 900 ɧɫ;  
3 — 0 = 5 ɦɤɫ, 1 = 5 ɧɫ, 2 = 890 ɧɫ, 3 = 1550 ɧɫ. 

ɩɨɞɨɛɪɚɧɚ ɬɚɤ, ɱɬɨ ɞɨɫɬɢɝɚɟɬɫя ɦɚɤɫɢɦɚɥɶɧɨɟ ɩɨɞɚɜɥɟɧɢɟ ɞɢɫɤɪɟɬɧɵɯ ɫɨɫɬɚɜɥяɸɳɢɯ ɜ ɫɩɟɤɬɪɟ. 
Вɢɞɧɨ, ɱɬɨ ɜɜɟɞɟɧɢɟ ɞɜɭɯ ɢ ɬɪɟɯ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɪɪɟɤɬɢɪɭɸɳɢɯ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ 
ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ ɜ ɤɨɧɬɭɪ ɩɨɥɨɠɢɬɟɥɶɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɩɨɡɜɨ-
ɥяɟɬ ɫɧɢɡɢɬɶ ɭɪɨɜɟɧɶ ɞɢɫɤɪɟɬɧɵɯ ɫɨɫɬɚɜɥяɸɳɢɯ ɜ ɫɩɟɤɬɪɟ ɛɨɥɟɟ ɱɟɦ ɧɚ 30  ɢ 36 ɞȻ. Эɬɨ ɫɜяɡɚ-
ɧɨ ɫ ɬɟɦ, ɱɬɨ ɩɪɢ ɜɜɟɞɟɧɢɢ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɪɪɟɤɬɢɪɭɸɳɢɯ ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ ɤɨɧɬɭɪ ɩɨɥɨɠɢ-
ɬɟɥɶɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɩɪɢɨɛɪɟɬɚɟɬ ɩɟɪɢɨɞɢɱɟɫɤɭɸ ɱɚɫɬɨɬɧɭɸ 
ɫɟɥɟɤɬɢɜɧɨɫɬɶ, ɱɬɨ ɜ ɫɜɨɸ ɨɱɟɪɟɞɶ ɩɪɢɜɨɞɢɬ ɤ ɩɟɪɢɨɞɢɱɧɨɫɬɢ ɩɨɞɚɜɥɟɧɢя ɞɢɫɤɪɟɬɧɵɯ ɫɨɫɬɚɜ-
ɥяɸɳɢɯ ɜ ɫɩɟɤɬɪɟ ɝɟɧɟɪɚɰɢɢ. 
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Заɤɥючɟɧɢɟ 
ɉɨɤɚɡɚɧɨ, ɱɬɨ ɫɨɛɫɬɜɟɧɧɵɟ ɲɭɦɵ ɜ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɦ ɝɟɧɟɪɚɬɨɪɟ ɫ ɨɩɬɢɱɟɫɤɢɦ ɭɫɢɥɟɧɢ-

ɟɦ, ɩɨɫɬɪɨɟɧɧɨɦ ɧɚ ɨɫɧɨɜɟ ɫɬɚɧɞɚɪɬɧɵɯ ɷɥɟɦɟɧɬɨɜ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ ɫɢɫɬɟɦ ɫɜяɡɢ, ɦɟɧɶ-
ɲɟ, ɱɟɦ ɫɨɛɫɬɜɟɧɧɵɟ ɲɭɦɵ ɫɩɟɰɢɚɥɢɡɢɪɨɜɚɧɧɵɯ ɋВЧ-ɭɫɢɥɢɬɟɥɟɣ ɧɚ ɨɬɫɬɪɨɣɤɚɯ ɦɟɧɟɟ 10 ɤȽɰ 
ɨɬ ɱɚɫɬɨɬɵ ɋВЧ-ɫɢɝɧɚɥɚ. Вɜɟɞɟɧɢɟ ɞɨɩɨɥɧɢɬɟɥɶɧɵɯ ɤɨɪɪɟɤɬɢɪɭɸɳɢɯ ɜɨɥɨɤɨɧɧɨ-ɨɩɬɢɱɟɫɤɢɯ 
ɥɢɧɢɣ ɡɚɞɟɪɠɤɢ ɜ ɤɨɧɬɭɪ ɩɨɥɨɠɢɬɟɥɶɧɨɣ ɨɛɪɚɬɧɨɣ ɫɜяɡɢ ɨɩɬɨɷɥɟɤɬɪɨɧɧɨɝɨ ɝɟɧɟɪɚɬɨɪɚ ɋВЧ 
ɩɨɡɜɨɥяɟɬ ɫɧɢɡɢɬɶ ɭɪɨɜɟɧɶ ɞɢɫɤɪɟɬɧɵɯ ɫɨɫɬɚɜɥяɸɳɢɯ ɜ ɫɩɟɤɬɪɟ ɝɟɧɟɪɚɰɢɢ ɛɨɥɟɟ ɱɟɦ ɧɚ 30 ɞȻ. 

Ʌɢɬɟɪаɬɭɪа 
1. W. Zhou et. al. Potentials and challenges for the optoelectronic oscillator. Proc. SPIE. 2012. V. 

8255. Ɋ. 82551N.  
2. Phase noise and frequency stability in oscillators. E.Rubiola. N. Y. 2009. 
3. K. Mikitchuk, A. Chizh, S. Malyshev. Analog optical link operating at the gain peak wavelength 

of an erbium-doped fiber amplifier. Proc. 44th Europ. Microwave Conf. 2014. Rome. P. 679—682. 
4. K. Volyanskiy et. al. Contribution of laser frequency and power fluctuations to the microwave 

phase noise of optoelectronic oscillators. J. Lightwave Technol. 2010. V. 8. N 18. P. 2730—2735. 
5. O. Okusaga et. al. Optical scattering induced noise in RF-photonic systems. Freq. Contr. and the 

Eu. Freq. and Time Forum. 2011. 6p. 
6. K. Mikitchuk, A. Chizh, S. Malyshev. Numerical nonlinear time-varying model of delay-line 

optoelectronic oscillator. Proc. Conf. Numerical electro-magnetic modelling and optimization. 
2014. Pavia. P. 1–4. 

Optoelectronic Oscillator with Low Phase Noise 

K. B. Mikitchuk, A. L. Chizh, S. A. Malyshev 

B. I. Stepanov Institute of Physics, National Academy of Sciences of Belasrus, Minsk, Belarus  

e-mail: mikitchuk@ieee.org, malyshev@ieee.org, chizh@ieee.org 

The theoretical study of the phase noise of optoelectronic oscillators based on fiber-optic delay lines is 
presented. The noise floor and spurs level of optoelectronic oscillators with all-electronic and all-optical gain are 
compared. 

Keywords: optoelectronic oscillator, phase noise, spur level. 



 226
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Иɫɫɥɟɞɨɜɚɧɵ ɜɨɡɦɨɠɧɨɫɬɢ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɩɨɜɵɲɟɧɢя ɫɤɨɪɨɫɬɢ УФ-ɢɧɞɭɰɢɪɨɜɚɧɧɨɣ ɩɪɢɜɢɜɨɱ-
ɧɨɣ ɩɨɥɢɦɟɪɢɡɚɰɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɥɢɦɟɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɡɚ ɫɱɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢя ɢɡɥɭɱɟɧɢя ɦɨɳɧɵɯ 
УФ ɫɜɟɬɨɞɢɨɞɨɜ. ɉɪɢɦɟɧяɥɢ УФ ɢɡɥɭɱɚɬɟɥɶ ɫɨɛɫɬɜɟɧɧɨɝɨ ɢɡɝɨɬɨɜɥɟɧɢя, ɫɨɫɬɨяɳɢɣ ɢɡ ɲɟɫɬɢ ɫɜɟɬɨɞɢ-
ɨɞɧɵɯ ɱɢɩɨɜ, ɞɚɸɳɢɣ ɢɡɥɭɱɟɧɢɟ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 365 ɧɦ ɫ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɞɨ 200 ɦВɬ/ɫɦ2 ɩɪɢ ɩɥɨ-
ɳɚɞɢ ɡɚɫɜɟɬɤɢ 75 ɫɦ2. Дɨɫɬɢɝɧɭɬɨ 6-ɤɪɚɬɧɨɟ ɫɨɤɪɚɳɟɧɢɟ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢ ɩɪɨɰɟɫɫɚ ɮɨɬɨɩɨɥɢɦɟɪɢɡɚ-
ɰɢɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɟɝɨ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ УФ ɢɫɬɨɱɧɢɤɚ ɧɚ ɪɬɭɬɧɵɯ ɥɚɦɩɚɯ ɫ ɩɥɨɬ-
ɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 12—14 ɦВɬ/ɫɦ2 ɧɚ ɬɨɣ ɠɟ ɞɥɢɧɟ ɜɨɥɧɵ.  

Кɥючɟвыɟ ɫɥɨва: УФ ɫɜɟɬɨɞɢɨɞɵ, ɩɪɢɜɢɜɨɱɧɚя ɮɨɬɨɩɨɥɢɦɟɪɢɡɚɰɢя, ɩɨɜɟɪɯɧɨɫɬɶ. 

Ввɟɞɟɧɢɟ 
Фɨɬɨɢɧɞɭɰɢɪɨɜɚɧɧɚя ɩɪɢɜɢɜɨɱɧɚя ɩɨɥɢɦɟɪɢɡɚɰɢя — ɩɪɨɫɬɨɣ, ɷɤɨɧɨɦɢɱɧɵɣ ɢ ɷɤɨɥɨɝɢ-

ɱɟɫɤɢ ɱɢɫɬɵɣ ɫɩɨɫɨɛ ɯɢɦɢɱɟɫɤɨɣ ɦɨɞɢɮɢɤɚɰɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɦɚɬɟɪɢɚɥɨɜ ɮɭɧɤɰɢɨɧɚɥɶɧɵɦɢ 
ɩɨɥɢɦɟɪɚɦɢ ɢ ɩɨɥɭɱɟɧɢя ɧɚ ɷɬɨɣ ɨɫɧɨɜɟ ɫɟɥɟɤɬɢɜɧɵɯ ɦɟɦɛɪɚɧ, ɫɨɪɛɟɧɬɨɜ, ɛɢɨɫɨɜɦɟɫɬɢɦɵɯ ɢ 
ɛɢɨɚɤɬɢɜɧɵɯ ɦɚɬɟɪɢɚɥɨɜ, ɦɢɤɪɨɠɢɞɤɨɫɬɧɵɯ ɭɫɬɪɨɣɫɬɜ [1, 2]. Дɥя ɞɚɥɶɧɟɣɲɟɝɨ ɪɚɡɜɢɬɢя ɩɪɢ-
ɦɟɧɟɧɢɣ ɷɬɨɝɨ ɫɩɨɫɨɛɚ ɚɤɬɭɚɥɶɧɨ ɩɨɜɵɲɟɧɢɟ ɫɤɨɪɨɫɬɢ ɨɛɪɚɡɨɜɚɧɢя ɩɪɢɜɢɬɨɝɨ ɩɨɥɢɦɟɪɚ.  

ɋɤɨɪɨɫɬɶ ɥɸɛɨɣ ɮɨɬɨɯɢɦɢɱɟɫɤɨɣ ɪɟɚɤɰɢɢ ɦɨɠɟɬ ɛɵɬɶ ɩɨɜɵɲɟɧɚ ɡɚ ɫɱɟɬ ɭɜɟɥɢɱɟɧɢя 
ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя. Дɨ ɧɚɫɬɨяɳɟɝɨ ɜɪɟɦɟɧɢ ɞɥя ɩɪɢɜɢɜɨɱɧɨɣ ɮɨɬɨɩɨɥɢɦɟɪɢɡɚɰɢɢ 
ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɢɫɩɨɥɶɡɨɜɚɥɢ УФ ɢɡɥɭɱɟɧɢɟ ɪɬɭɬɧɵɯ ɥɚɦɩ ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 365 ɧɦ. Ɇɨɳɧɨɫɬɶ 
ɢɡɥɭɱɟɧɢя ɧɚ  = 365 ɧɦ ɫɨɫɬɚɜɥяɟɬ <20 % ɨɬ ɩɨɥɧɨɣ ɨɩɬɢɱɟɫɤɨɣ ɦɨɳɧɨɫɬɢ ɥɚɦɩɵ. Кɪɨɦɟ ɬɨɝɨ, 
ɩɨɱɬɢ ɩɨɥɨɜɢɧɚ ɷɬɨɣ ɦɨɳɧɨɫɬɢ ɬɟɪяɟɬɫя ɧɚ ɫɜɟɬɨɮɢɥɶɬɪɟ, ɜɵɞɟɥяɸɳɟɦ ɞɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ. В 
ɪɟɡɭɥɶɬɚɬɟ ɢɡ-ɡɚ ɧɟɞɨɫɬɚɬɨɱɧɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя (~10 ɦВɬ/ɫɦ2) ɞɥɢɬɟɥɶɧɨɫɬɶ ɩɪɢɜɢ-
ɜɨɱɧɨɣ ɮɨɬɨɩɨɥɢɦɟɪɢɡɚɰɢɢ ɫɨɫɬɚɜɥяɟɬ 10—60 ɦɢɧ, ɱɬɨ ɧɟ ɩɨɡɜɨɥяɟɬ ɩɪɨɜɨɞɢɬɶ ɩɪɨɰɟɫɫ ɜ ɧɟ-
ɩɪɟɪɵɜɧɨɦ (“ɪɭɥɨɧɧɨɦ”) ɪɟɠɢɦɟ. ɉɟɪɫɩɟɤɬɢɜɧɨɣ ɚɥɶɬɟɪɧɚɬɢɜɨɣ ɪɬɭɬɧɵɦ ɥɚɦɩɚɦ ɤɚɤ ɢɫɬɨɱɧɢ-
ɤɚɦ УФ ɢɡɥɭɱɟɧɢя яɜɥяɸɬɫя ɦɨɳɧɵɟ УФ ɫɜɟɬɨɞɢɨɞɵ [3], ɤɨɬɨɪɵɟ ɩɨяɜɢɥɢɫɶ ɧɚ ɪɵɧɤɟ ɛɭɤ-
ɜɚɥɶɧɨ ɜ ɩɨɫɥɟɞɧɢɟ ɝɨɞɵ.  

Цɟɥɶ ɪɚɛɨɬɵ — ɢɫɫɥɟɞɨɜɚɧɢɟ ɜɨɡɦɨɠɧɨɫɬɟɣ ɫɭɳɟɫɬɜɟɧɧɨɝɨ ɩɨɜɵɲɟɧɢя ɫɤɨɪɨɫɬɢ  
УФ-ɢɧɞɭɰɢɪɨɜɚɧɧɨɣ ɩɪɢɜɢɜɨɱɧɨɣ ɩɨɥɢɦɟɪɢɡɚɰɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɥɢɦɟɪɧɵɯ ɦɚɬɟɪɢɚɥɨɜ ɡɚ 
ɫɱɟɬ ɢɫɩɨɥɶɡɨɜɚɧɢя ɢɡɥɭɱɟɧɢя ɦɨɳɧɵɯ УФ ɫɜɟɬɨɞɢɨɞɨɜ.  

Эɤɫɩɟɪɢɦɟɧɬаɥɶɧаɹ чаɫɬɶ 

УФ-ɢɧɞɭɰɢɪɨɜɚɧɧɭɸ ɩɪɢɜɢɜɨɱɧɭɸ ɩɨɥɢɦɟɪɢɡɚɰɢɸ ɚɤɪɢɥɨɜɨɣ ɤɢɫɥɨɬɵ (АК) ɧɚ ɩɨɜɟɪɯ-
ɧɨɫɬɢ ɩɥɟɧɨɤ ɩɨɥɢɩɪɨɩɢɥɟɧɚ (ɉɉ) ɩɪɨɜɨɞɢɥɢ ɩɨ ɦɟɬɨɞɢɤɟ, ɨɩɢɫɚɧɧɨɣ ɜ [4].  

ɇɚ ɨɫɧɨɜɟ ɫɜɟɬɨɞɢɨɞɨɜ NC4U133A-E ɮɢɪɦɵ Nichia (əɩɨɧɢя) ɫɨɡɞɚɧ УФ ɢɡɥɭɱɚɬɟɥɶ, ɫɨ-
ɫɬɨяɳɢɣ ɢɡ ɲɟɫɬɢ ɬɚɤɢɯ ɫɜɟɬɨɞɢɨɞɨɜ, ɞɚɸɳɢɣ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɞɨ 200 ɦВɬ/ɫɦ2 
ɩɪɢ ɩɥɨɳɚɞɢ ɡɚɫɜɟɬɤɢ 75 ɫɦ2 ɧɚ ɞɥɢɧɟ ɜɨɥɧɵ 365 ɧɦ (ɪɢɫ. 1). Иɡɥɭɱɟɧɢɟ ɫɩɚɪɟɧɧɵɯ ɪɬɭɬɧɵɯ  
 

2 ɦɦ

7ɦɦ

 

Ɋɢɫ. 1. УФ ɢɡɥɭɱɚɬɟɥɶ ɧɚ ɨɫɧɨɜɟ ɬɜɟɪɞɨɬɟɥɶɧɵɯ ɫɜɟɬɨɞɢɨɞɨɜ. 
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ɥɚɦɩ ДɊɌ-400 ɧɚ 365 ɧɦ ɜɵɞɟɥяɥɢ ɩɨɥɨɫɨɜɵɦ ɮɢɥɶɬɪɨɦ УФɋ-6, ɢɦɟɸɳɢɦ ɩɪɨɩɭɫɤɚɧɢɟ ɧɚ 
ɷɬɨɣ ɞɥɢɧɟ ɜɨɥɧɵ 53 %. ɉɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 12—14 ɦВɬ/ɫɦ2. ИК ɫɩɟɤɬɪɵ ɩɨɜɟɪɯ-
ɧɨɫɬɢ ɩɥɟɧɨɤ ɪɟɝɢɫɬɪɢɪɨɜɚɥɢ ɦɟɬɨɞɨɦ ИК ɫɩɟɤɬɪɨɫɤɨɩɢɢ ɇɉВɈ ɧɚ ИК-ɮɭɪɶɟ-ɫɩɟɤɬɪɨɦɟɬɪɟ 
Nexus 670. 

Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɇɚ ɪɢɫ. 2 ɩɪɟɞɫɬɚɜɥɟɧɵ ИК ɫɩɟɤɬɪɵ ɩɨɜɟɪɯɧɨɫɬɢ ɢɫɯɨɞɧɨɣ ɩɥɟɧɤɢ ɉɉ ɢ ɩɥɟɧɨɤ, ɦɨɞɢ-

ɮɢɰɢɪɨɜɚɧɧɵɯ ɮɨɬɨɢɧɞɭɰɢɪɨɜɚɧɧɨɣ ɩɪɢɜɢɜɨɱɧɨɣ ɩɨɥɢɦɟɪɢɡɚɰɢɟɣ АК ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨ-
ɫɬɢ УФ ɢɡɥɭɱɟɧɢя 16 ɢ 193 ɦВɬ/ɫɦ2 ɢ ɪɚɡɥɢɱɧɵɯ ɜɪɟɦɟɧɚɯ ɨɛɥɭɱɟɧɢя. ɋɩɟɤɬɪɵ ɧɨɪɦɢɪɨɜɚɧɵ 
ɧɚ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɩɨɥɨɫɵ ɩɨɝɥɨɳɟɧɢя ɉɉ ɩɪɢ 1376 ɫɦ–1. В ɫɩɟɤɬɪɚɯ ɩɨɜɟɪɯɧɨɫɬɧɨ-
ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɵɯ ɩɥɟɧɨɤ ɩɨяɜɥяɸɬɫя ɯɚɪɚɤɬɟɪɧɵɟ ɩɨɥɨɫɵ ɩɨɝɥɨɳɟɧɢя ɩɨɥɢɚɤɪɢɥɨɜɨɣ ɤɢ-
ɫɥɨɬɵ (ɉАК) ɩɪɢ 1710 ɢ 1247 ɫɦ–1, ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɤɨɬɨɪɵɯ ɪɚɫɬɟɬ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɜɪɟɦɟɧɢ ɨɛ-
ɥɭɱɟɧɢя. Иɡ ɫɪɚɜɧɟɧɢя ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ ɩɨɥɨɫ ɉАК ɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ 
16 ɦВɬ/ɫɦ2 ɱɟɪɟɡ 1 ɦɢɧ УФ ɨɛɥɭɱɟɧɢя ɩɨɥɢɦɟɪɢɡɚɰɢя ɟɳɟ ɬɨɥɶɤɨ ɡɚɪɨɠɞɚɟɬɫя, ɚ ɩɪɢ ɩɥɨɬɧɨɫɬɢ 
ɦɨɳɧɨɫɬɢ 193 ɦВɬ/ɫɦ2 ɡɚ ɷɬɨ ɠɟ ɜɪɟɦя ɨɛɪɚɡɭɟɬɫя ɡɚɦɟɬɧɨɟ ɤɨɥɢɱɟɫɬɜɨ ɩɪɢɜɢɬɨɝɨ ɩɨɥɢɦɟɪɚ. 
Кɪɨɦɟ ɬɨɝɨ, ɩɪɢ 16 ɦВɬ/ɫɦ2 ɩɪɢɜɢɜɤɚ ɞɨɫɬɢɝɚɟɬ ɜɵɫɨɤɢɯ ɡɧɚɱɟɧɢɣ ɬɨɥɶɤɨ ɱɟɪɟɡ 6 ɦɢɧ ɨɛɥɭɱɟ-
ɧɢя, ɚ ɩɪɢ 193 ɦВɬ/ɫɦ2 — ɭɠɟ ɱɟɪɟɡ 2 ɦɢɧ. 
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Ɋɢɫ. 2. ИК ɫɩɟɤɬɪɵ ɇɉВɈ ɢɫɯɨɞɧɨɣ ɩɥɟɧɤɢ ɉɉ ɢ ɩɥɟɧɨɤ ɉɉ, ɦɨɞɢɮɢɰɢɪɨɜɚɧɧɵɯ УФ-ɢɧɞɭɰɢɪɨɜɚɧɧɨɣ 
ɩɪɢɜɢɜɨɱɧɨɣ ɩɨɥɢɦɟɪɢɡɚɰɢɟɣ АК ɩɪɢ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя 16 (а) ɢ 193 ɦВɬ/ɫɦ2 (ɛ) ɢ ɪɚɡɥɢɱ-

ɧɵɯ ɜɪɟɦɟɧɚɯ УФ ɨɛɥɭɱɟɧɢя. 
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Ɋɢɫ. 3. Зɚɜɢɫɢɦɨɫɬɶ ɤɨɥɢɱɟɫɬɜɚ ɨɛɪɚɡɭɸɳɟɝɨɫя ɩɪɢɜɢɬɨɝɨ ɩɨɥɢɦɟɪɚ ɨɬ ɜɪɟɦɟɧɢ ɨɛɥɭɱɟɧɢя  
ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɢɡɥɭɱɟɧɢя ɥɚɦɩɨɜɨɝɨ ɢɫɬɨɱɧɢɤɚ (1) ɢ ɫɜɟɬɨɞɢɨɞɧɵɯ ɢɫɬɨɱɧɢɤɨɜ (2—4) 
ɫ ɪɚɡɥɢɱɧɨɣ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя (ɦВɬ/ɫɦ2): 12—14 (1), 16 (2), 64 (3) ɢ 193 (4) 
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ɇɚ ɪɢɫ. 3 ɩɪɟɞɫɬɚɜɥɟɧɚ ɡɚɜɢɫɢɦɨɫɬɶ ɤɨɥɢɱɟɫɬɜɚ ɩɪɢɜɢɬɨɝɨ ɩɨɥɢɦɟɪɚ ɨɬ ɜɪɟɦɟɧɢ ɨɛɥɭɱɟ-
ɧɢя ɨɛɪɚɡɰɚ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɥɚɦɩɨɜɨɝɨ (12—14 ɦВɬ/ɫɦ2) ɢ ɫɜɟɬɨɞɢɨɞɧɨɝɨ (16, 64, 193 
ɦВɬ/ɫɦ2) УФ ɢɫɬɨɱɧɢɤɨɜ. Кɨɥɢɱɟɫɬɜɨ ɩɪɢɜɢɬɨɝɨ ɩɨɥɢɦɟɪɚ (G) ɨɩɪɟɞɟɥяɥɢ ɢɡ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ 
ɩɨɥɨɫ ɩɨɝɥɨɳɟɧɢя ɉАК ɩɪɢ 1710 ɫɦ–1 (A1710) ɢ ɉɉ ɩɪɢ 1376 ɫɦ–1 (A1376) ɜ ИК ɫɩɟɤɬɪɚɯ ɇɉВɈ ɩɨ 
ɮɨɪɦɭɥɟ G = A1710/(A1710 + A1376). Иɡ ɫɨɩɨɫɬɚɜɥɟɧɢя ɩɨɥɭɱɟɧɧɵɯ ɞɚɧɧɵɯ ɜɢɞɧɨ, ɱɬɨ ɩɪɢ ɭɜɟɥɢɱɟ-
ɧɢɢ ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɡɧɚɱɢɬɟɥɶɧɨ ɫɨɤɪɚɳɚɟɬɫя ɜɪɟɦя ɩɪɨɬɟɤɚɧɢя ɩɪɨɰɟɫɫɚ. 
Вɪɟɦя ɜɵɯɨɞɚ ɧɚ ɧɚɫɵɳɟɧɢɟ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ ɥɚɦɩɨɜɨɝɨ ɢɫɬɨɱɧɢɤɚ 8—9 ɦɢɧ, ɬɨɝɞɚ ɤɚɤ ɩɪɢ 
ɜɨɡɞɟɣɫɬɜɢɢ ɢɡɥɭɱɟɧɢя ɫ ɢɧɬɟɧɫɢɜɧɨɫɬɶɸ 193 ɦВɬ/ɫɦ2 ɪɟɚɤɰɢя ɜɵɯɨɞɢɬ ɧɚ ɧɚɫɵɳɟɧɢɟ ɭɠɟ ɱɟ-
ɪɟɡ 1.5 ɦɢɧ. Ɇɨɠɧɨ ɩɪɟɞɩɨɥɨɠɢɬɶ, ɱɬɨ ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ ɭɜɟɥɢɱɟɧɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ УФ ɢɡɥɭ-
ɱɟɧɢя ɛɭɞɭɬ ɞɨɫɬɢɝɧɭɬɵ ɟɳɟ ɛɨɥɟɟ ɜɵɫɨɤɢɟ ɫɤɨɪɨɫɬɢ ɮɨɬɨɩɨɥɢɦɟɪɢɡɚɰɢɢ. 

Заɤɥючɟɧɢɟ 
ɋɨɡɞɚɧ ɫɜɟɬɨɞɢɨɞɧɵɣ УФ ɢɡɥɭɱɚɬɟɥɶ, ɞɚɸɳɢɣ ɩɥɨɬɧɨɫɬɶ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɫ ɞɥɢɧɨɣ 

ɜɨɥɧɵ 365 ɧɦ ɞɨ 200 ɦВɬ/ɫɦ2 ɩɪɢ ɩɥɨɳɚɞɢ ɡɚɫɜɟɬɤɢ 75 ɫɦ2, ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɬɨɪɨɝɨ ɜɵɩɨɥ-
ɧɟɧɵ ɩɪɟɞɜɚɪɢɬɟɥɶɧɵɟ ɢɫɫɥɟɞɨɜɚɧɢя ɜɥɢяɧɢя ɢɧɬɟɧɫɢɜɧɨɫɬɢ УФ ɢɡɥɭɱɟɧɢя ɧɚ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɮɨɬɨɢɧɞɭɰɢɪɨɜɚɧɧɨɣ ɩɪɢɜɢɜɨɱɧɨɣ ɩɨɥɢɦɟɪɢɡɚɰɢɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɥɢɦɟɪɧɵɯ ɩɥɟɧɨɤ. Дɨɫ-
ɬɢɝɧɭɬɨ ɩɨɱɬɢ 6-ɤɪɚɬɧɨɟ ɫɨɤɪɚɳɟɧɢɟ ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢ ɩɪɨɰɟɫɫɚ ɩɪɢɜɢɜɤɢ ɨɬɧɨɫɢɬɟɥɶɧɨ ɟɝɨ 
ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ УФ ɢɡɥɭɱɚɬɟɥя ɧɚ ɪɬɭɬɧɵɯ ɥɚɦɩɚɯ. ɉɪɟɞɟɥ ɩɨɜɵɲɟɧɢя 
ɩɥɨɬɧɨɫɬɢ ɦɨɳɧɨɫɬɢ ɢɡɥɭɱɟɧɢя, ɩɨɫɥɟ ɤɨɬɨɪɨɝɨ ɫɤɨɪɨɫɬɶ ɪɟɚɤɰɢɢ ɩɟɪɟɫɬɚɟɬ ɭɜɟɥɢɱɢɜɚɬɶɫя, ɧɟ 
ɛɵɥ ɞɨɫɬɢɝɧɭɬ. Ɇɨɠɧɨ ɨɠɢɞɚɬɶ ɞɚɥɶɧɟɣɲɟɝɨ ɭɜɟɥɢɱɟɧɢя ɫɤɨɪɨɫɬɢ ɪɟɚɤɰɢɢ ɩɪɢ ɢɫɩɨɥɶɡɨɜɚɧɢɢ 
ɟɳɟ ɛɨɥɟɟ ɦɨɳɧɨɝɨ ɢɡɥɭɱɟɧɢя.  

Бɥаɝɨɞаɪɧɨɫɬɢ 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ Ȼɟɥɨɪɭɫɫɤɨɝɨ ɪɟɫɩɭɛɥɢɤɚɧɫɤɨɝɨ ɮɨɧɞɚ 
ɮɭɧɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ (ɩɪɨɟɤɬ Х15Ɇ-062).  
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Application of Radiation of High-Power UV Light-Emitting Diodes  

to Achieve a Significant Increase in Rates of Grafting  

Photopolymerization on Surfaces  

A. A. Gorbachev, A.V. Danilchyk., L. V. Shkrabatovskaya, L. K. Prikhodchenko, 
E. V. Lutsenko, O. N. Tretinnikov 

B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus; 

e-mail: a.gorbechev@ifanbel.bas-net.by 

Possibilities of significant increase in the rate of UV-induced graft-polymerization on the surface of 
polymeric materials with the use of radiation of high-power UV light-emitting diodes (LED) have been investi-
gated. A homemade UV emitter consisting of six LED chips, which produces radiation at the wavelength of 365 
nm with the maximum power density of 200 mW/cm2 and the illumination area of 75 cm2, was used. A 6-fold 
reduction in the duration of the process of photopolymerization was achieved, as compared to the duration under 
the use of UV source on mercury lamps with the power density of 12—14 mW/cm2 at the same wavelength.     

Keywords: UV light-emitting diodes, grafting polymerization, surface. 
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Сɬɪɭɤɬɭɪɧɨ-ɷɧɟɪɝɟɬɢчɟɫɤɢɟ хаɪаɤɬɟɪɢɫɬɢɤɢ ваɤаɧɫɢɢ ɝаɥɥɢɹ  

ɧа ɝɟɬɟɪɨɝɪаɧɢɰɟ GaN/AlN 

Ɍ. В. Ȼɟɡɴяɡɵɱɧɚя, В. Ɇ. Зɟɥɟɧɤɨɜɫɤɢɣ, Д. Ɇ. Кɚɛɚɧɨɜ, В. В. Кɚɛɚɧɨɜ,  
ȿ. В. Ʌɟɛɟɞɨɤ, Ƚ. И. Ɋяɛɰɟɜ 

Инɫɬиɬуɬ ɮиɡики иɦ. Б. И. Сɬеɩанɨва НАН Беɥаɪуɫи, Минɫк, Беɥаɪуɫь; 
 e-mail: y.lebiadok@dragon.bas-net.by 

Ɉɛɫɭɠɞɚɸɬɫя ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɚɬɟɪɨɝɪɚɧɢɰɵ GaN/AlN ɜ ɡɚɜɢɫɢɦɨɫɬɢ ɨɬ ɫɬɟɩɟɧɢ 
ɫɦɟɲɟɧɢя ɫɥɨɟɜ ɝɚɥɥɢя ɢ ɚɥɸɦɢɧɢя. 

Кɥючɟвыɟ ɫɥɨва: AlN, GaN, ɤɥɚɫɬɟɪ, ɝɟɬɟɪɨɝɪɚɧɢɰɚ, ɬɟɨɪɢя ɮɭɧɤɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ.  

Ввɟɞɟɧɢɟ 
Ƚɟɬɟɪɨɫɬɪɭɤɬɭɪɵ ɫ ɤɜɚɧɬɨɜɵɦɢ яɦɚɦɢ ɧɚ ɨɫɧɨɜɟ GaN/AlN яɜɥяɸɬɫя ɧɨɜɵɦɢ ɩɟɪɫɩɟɤɬɢɜ-

ɧɵɦɢ ɦɚɬɟɪɢɚɥɚɦɢ ɞɥя ɨɩɬɢɱɟɫɤɢɯ ɩɪɢɦɟɧɟɧɢɣ ɜ ɫɜɟɬɨɢɡɥɭɱɚɸɳɢɯ ɩɪɢɛɨɪɚɯ, ɪɚɛɨɬɚɸɳɢɯ ɜ 
ɭɥɶɬɪɚɮɢɨɥɟɬɨɜɨɦ ɫɩɟɤɬɪɟ, ɜɵɫɨɤɨɫɤɨɪɨɫɬɧɵɯ ɢɧɮɪɚɤɪɚɫɧɵɯ ɨɩɬɢɱɟɫɤɢɯ ɦɨɞɭɥяɬɨɪɚɯ ɢ ɮɨɬɨ-
ɩɪɢɟɦɧɢɤɚɯ [1, 2]. Вɚɠɧɵɣ ɩɚɪɚɦɟɬɪ ɞɥя ɞɨɫɬɢɠɟɧɢя ɧɚɢɥɭɱɲɟɝɨ ɞɟɣɫɬɜɢя ɭɤɚɡɚɧɧɵɯ ɩɪɢɛɨ-
ɪɨɜ — ɤɚɱɟɫɬɜɨ ɝɪɚɧɢɰɵ GaN/AlN, ɧɚ ɤɨɬɨɪɨɟ ɦɨɝɭɬ ɨɤɚɡɵɜɚɬɶ ɜɥɢяɧɢɟ ɪɚɡɥɢɱɧɨɝɨ ɪɨɞɚ ɞɟ-
ɮɟɤɬɵ (ɜɚɤɚɧɫɢɢ, ɩɪɢɦɟɫɧɵɟ ɚɬɨɦɵ ɢ ɞɪ.). 

ɇɚɫɬɨяɳɚя ɪɚɛɨɬɚ ɩɨɫɜяɳɟɧɚ ɢɫɫɥɟɞɨɜɚɧɢɸ ɫɬɪɭɤɬɭɪɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ 
ɞɟɮɟɤɬɚ ɜɚɤɚɧɫɢя ɝɚɥɥɢя—ɚɬɨɦ ɜ ɦɟɠɞɨɭɡɥɢɢ ɧɚ ɝɟɬɟɪɨɝɪɚɧɢɰɟ GaN/AlN. 

1. Мɟɬɨɞ ɦɨɞɟɥɢɪɨваɧɢɹ  

Дɥя ɨɩɪɟɞɟɥɟɧɢя ɫɬɪɭɤɬɭɪɧɨ-ɷɧɟɪɝɟɬɢɱɟɫɤɢɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɞɟɮɟɤɬɚ ɜɚɤɚɧɫɢя ɝɚɥɥɢя—
ɚɬɨɦ ɜ ɦɟɠɞɨɭɡɥɢɢ ɢɫɩɨɥɶɡɨɜɚɧ ɦɟɬɨɞ ɤɥɚɫɬɟɪɧɨɝɨ ɩɪɢɛɥɢɠɟɧɢя. Ɋɚɫɱɟɬɵ ɩɪɨɜɟɞɟɧɵ ɫ ɩɨɦɨ-
ɳɶɸ ɩɪɨɝɪɚɦɦɧɨɝɨ ɩɚɤɟɬɚ ɤɜɚɧɬɨɜɨ-ɯɢɦɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ GAMESS [3] ɦɟɬɨɞɨɦ ɬɟɨɪɢɢ ɮɭɧɤ-
ɰɢɨɧɚɥɚ ɩɥɨɬɧɨɫɬɢ B3LYP ɫ ɷɮɮɟɤɬɢɜɧɵɦ яɞɟɪɧɵɦ ɩɨɬɟɧɰɢɚɥɨɦ Hay-Wadt. В ɤɚɱɟɫɬɜɟ ɦɨ-
ɞɟɥɶɧɨɝɨ ɤɥɚɫɬɟɪɚ ɜɵɛɪɚɧ 144-ɚɬɨɦɧɵɣ ɮɪɚɝɦɟɧɬ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ, ɫɨɞɟɪɠɚɳɢɣ ɩɨ 32 
ɚɬɨɦɚ ɚɥɸɦɢɧɢя ɢ ɝɚɥɥɢя ɢ 72 ɚɬɨɦɚ ɚɡɨɬɚ (ɫɦ. ɪɢɫ. 1). Ɉɛɨɪɜɚɧɧɵɟ ɫɜяɡɢ ɧɚ ɝɪɚɧɢɰɚɯ ɤɥɚɫɬɟɪɚ 
ɡɚɦɵɤɚɥɢɫɶ ɚɬɨɦɚɦɢ ɜɨɞɨɪɨɞɚ, ɱɬɨ ɩɨɡɜɨɥɢɥɨ ɢɫɤɥɸɱɢɬɶ ɢɫɤɚɠɟɧɢя ɷɥɟɤɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ, 
ɜɨɡɧɢɤɚɸɳɢɟ ɩɨɞ ɜɥɢяɧɢɟɦ ɧɟɫɩɚɪɟɧɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɤɥɚɫɬɟɪɚ. 

ɋ ɰɟɥɶɸ ɦɨɞɟɥɢɪɨɜɚɧɢя ɫɨɛɫɬɜɟɧɧɨɝɨ ɬɨɱɟɱɧɨɝɨ ɞɟɮɟɤɬɚ ɧɚ ɝɟɬɟɪɨɝɪɚɧɢɰɟ GaN/AlN ɚɬɨɦ 
ɝɚɥɥɢя ɭɞɚɥяɥɫя ɢɡ ɭɡɥɚ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɣ ɪɟɲɟɬɤɢ (ɧɚ ɝɪɚɧɢɰɟ) ɢ ɩɟɪɟɦɟɳɚɥɫя ɜ ɝɪɚɧɢɱɧɵɣ 
ɫɥɨɣ. В ɞɚɥɶɧɟɣɲɟɦ ɩɪɨɜɟɞɟɧɚ ɨɩɬɢɦɢɡɚɰɢя ɝɟɨɦɟɬɪɢɢ ɞɟɮɟɤɬɚ ɜ ɩɪɟɞɟɥɚɯ ɜɫɟɝɨ ɤɥɚɫɬɟɪɚ. ɋɬɟ-
ɩɟɧɶ ɫɦɟɲɟɧɢя ɚɬɨɦɨɜ ɝɚɥɥɢя ɢ ɚɥɸɦɢɧɢя ɦɨɞɟɥɢɪɨɜɚɥɚɫɶ ɩɭɬɟɦ ɡɚɦɟɳɟɧɢя ɜ ɝɪɚɧɢɱɧɨɦ ɫɥɨɟ 
ɚɬɨɦɨɜ ɝɚɥɥɢя ɚɬɨɦɚɦɢ ɚɥɸɦɢɧɢя ɢ, ɧɚɨɛɨɪɨɬ, ɜ ɧɟɨɛɯɨɞɢɦɨɦ ɫɨɨɬɧɨɲɟɧɢɢ (ɨɬ 0 ɞɨ  
100 %) ɢ ɩɨɫɥɟɞɭɸɳɟɣ ɨɩɬɢɦɢɡɚɰɢɢ ɝɟɨɦɟɬɪɢɢ ɤɥɚɫɬɟɪɚ. Вɨ ɢɡɛɟɠɚɧɢɟ ɜɥɢяɧɢя ɥɨɤɚɥɶɧɵɯ 
ɢɡɦɟɧɟɧɢɣ ɝɟɨɦɟɬɪɢɢ ɧɚ ɪɟɡɭɥɶɬɚɬɵ ɦɨɞɟɥɢɪɨɜɚɧɢя ɡɚɦɟɳɟɧɢɟ ɚɬɨɦɨɜ ɦɨɞɟɥɢɪɨɜɚɥɨɫɶ ɜ ɬɪɟɯ 
ɪɚɡɥɢɱɧɵɯ ɜɚɪɢɚɧɬɚɯ ɞɥя ɨɞɧɨɣ ɫɬɟɩɟɧɢ ɫɦɟɲɟɧɢя. Эɧɟɪɝɢя ɤɥɚɫɬɟɪɚ ɭɫɪɟɞɧяɥɚɫɶ ɩɨ ɬɪɟɦ ɪɟ-
ɡɭɥɶɬɚɬɚɦ ɪɚɫɱɟɬɨɜ. 

2. Оɛɫɭɠɞɟɧɢɟ ɪɟɡɭɥɶɬаɬɨв 

Ɋɟɡɭɥɶɬɚɬɵ ɩɪɨɜɟɞɟɧɧɵɯ ɪɚɫɱɟɬɨɜ ɫɜɢɞɟɬɟɥɶɫɬɜɭɸɬ ɨ ɬɨɦ, ɱɬɨ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɜɵɝɨɞɧɨɣ 
яɜɥяɟɬɫя ɱɢɫɬɚя (ɛɟɡ ɫɦɟɲɟɧɢя ɚɬɨɦɨɜ) ɢɥɢ ɩɨɥɧɨɫɬɶɸ ɫɦɟɲɚɧɧɚя ɝɟɬɟɪɨɝɪɚɧɢɰɚ. ɇɚɢɦɟɧɟɟ 
ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɜɵɝɨɞɧɵɣ ɜɚɪɢɚɧɬ ɝɟɬɟɪɨɝɪɚɧɢɰɵ GaN/AlN — ɫɦɟɲɟɧɢɟ ɚɬɨɦɨɜ ɚɥɸɦɢɧɢя ɢ 
ɝɚɥɥɢя ɜ 50 %-ɦ ɫɨɨɬɧɨɲɟɧɢɢ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ, ɱɢɫɬɚя ɝɪɚɧɢɰɚ яɜɥяɟɬɫя ɧɚɢɛɨɥɟɟ ɭɫɬɨɣɱɢɜɨɣ 
ɤɨɧɮɢɝɭɪɚɰɢɟɣ. ɇɚɥɢɱɢɟ ɫɨɛɫɬɜɟɧɧɨɝɨ ɞɟɮɟɤɬɚ ɜɚɤɚɧɫɢя ɝɚɥɥɢя—ɚɬɨɦ ɝɚɥɥɢя ɜ ɦɟɠɞɨɭɡɥɢɢ, 
ɪɚɫɩɨɥɨɠɟɧɧɨɦ ɜɨ ɜɧɭɬɪɟɧɧɢɯ ɫɥɨяɯ GaN, ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɧɟ ɜɵɝɨɞɟɧ, ɬ. ɟ. ɩɨɞɨɛɧɨɝɨ ɪɨɞɚ ɞɟ-
ɮɟɤɬɵ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɜɥɢяɸɬ ɧɚ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɝɟɬɟɪɨɝɪɚɧɢɰɚ. Ɉɞɧɚɤɨ ɩɚɪɚɦɟɬɪɵ ɢ ɤɚɱɟɫɬɜɨ 
ɝɟɬɟɪɨɝɪɚɧɢɰɵ ɦɨɝɭɬ ɫɭɳɟɫɬɜɟɧɧɨ ɢɡɦɟɧяɬɶɫя ɩɪɢ ɧɚɥɢɱɢɢ ɤɨɦɩɥɟɤɫɨɜ ɜɚɤɚɧɫɢɣ ɚɬɨɦɨɜ ɝɚɥ-
ɥɢя ɢ ɚɥɸɦɢɧɢя, ɚ ɬɚɤɠɟ ɚɡɨɬɚ. 
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Ƚɚɥɥɢɣ    Аɥɸɦɢɧɢɣ   Аɡɨɬ 
Ɋɢɫ. 1. Кɥɚɫɬɟɪ, ɦɨɞɟɥɢɪɭɸɳɢɣ ɝɟɬɟɪɨɝɪɚɧɢɰɭ AlN/GaN.  

Заɤɥючɟɧɢɟ  
В ɪɟɡɭɥɶɬɚɬɟ ɩɪɨɜɟɞɟɧɧɵɯ ɤɜɚɧɬɨɜɨ-ɯɢɦɢɱɟɫɤɢɯ ɪɚɫɱɟɬɨɜ ɧɚ ɨɫɧɨɜɟ ɦɟɬɨɞɚ ɮɭɧɤɰɢɨɧɚ-

ɥɚ ɩɥɨɬɧɨɫɬɢ ɜ ɩɚɤɟɬɟ GAMESS ɩɨɤɚɡɚɧɨ, ɱɬɨ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɜɵɝɨɞɧɨɣ яɜɥяɟɬɫя ɱɢɫɬɚя (ɛɟɡ 
ɫɦɟɲɟɧɢя ɚɬɨɦɨɜ) ɢɥɢ ɩɨɥɧɨɫɬɶɸ ɫɦɟɲɚɧɧɚя ɝɟɬɟɪɨɝɪɚɧɢɰɚ GaN/AlN, ɚ ɧɚɢɦɟɧɟɟ ɷɧɟɪɝɟɬɢɱɟ-
ɫɤɢ ɜɵɝɨɞɧɵɣ ɜɚɪɢɚɧɬ – ɫɦɟɲɟɧɢɟ ɚɬɨɦɨɜ ɚɥɸɦɢɧɢя ɢ ɝɚɥɥɢя ɜ 50 %-ɦ ɫɨɨɬɧɨɲɟɧɢɢ. ɋɨɛɫɬ-
ɜɟɧɧɵɣ ɞɟɮɟɤɬ ɜɚɤɚɧɫɢя ɝɚɥɥɢя – ɚɬɨɦ ɜ ɦɟɠɞɨɭɡɥɢɢ ɩɪɚɤɬɢɱɟɫɤɢ ɧɟ ɨɤɚɡɵɜɚɟɬ ɜɥɢяɧɢя ɧɚ 
ɪɟɚɥɶɧɨ ɫɮɨɪɦɢɪɨɜɚɧɧɵɟ ɝɟɬɟɪɨɝɪɚɧɢɰɵ, ɩɨɫɤɨɥɶɤɭ ɨɧ ɷɧɟɪɝɟɬɢɱɟɫɤɢ ɧɟ ɜɵɝɨɞɟɧ. 
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Оɩɬɢɦɢɡаɰɢɹ ɫɩɟɤɬɪаɥɶɧых ɢ ɷɧɟɪɝɟɬɢчɟɫɤɢх ɩаɪаɦɟɬɪɨв  

ɥаɡɟɪɧɨɣ ɬɟɪаɩɢɢ ɧɟɨɧаɬаɥɶɧɨɣ ɠɟɥɬɭхɢ 

ɋ. А. Ʌɵɫɟɧɤɨ, Ɇ. Ɇ. Кɭɝɟɣɤɨ 

Беɥɨɪуɫɫкиɣ гɨɫуɞаɪɫɬвенныɣ унивеɪɫиɬеɬ, Минɫк, Беɥаɪуɫь; e-mail: lisenko@bsu. 

ɉɪɟɞɥɨɠɟɧ ɧɟɢɧɜɚɡɢɜɧɵɣ ɦɟɬɨɞ ɤɨɧɬɪɨɥя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɯɢɦɢɱɟɫɤɢɯ ɩɪɨɰɟɫɫɨɜ, ɩɪɨɬɟɤɚɸ-
ɳɢɯ ɜ ɤɨɠɟ ɧɨɜɨɪɨɠɞɟɧɧɨɝɨ ɜɨ ɜɪɟɦя ɮɨɬɨɬɟɪɚɩɢɢ ɠɟɥɬɭɯɢ, ɩɨɡɜɨɥяɸɳɢɣ ɨɰɟɧɢɜɚɬɶ ɷɮɮɟɤɬɢɜɧɨɫɬɶ 
ɥɟɱɟɧɢя ɫ ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɤɨɧɤɪɟɬɧɨɣ ɬɟɪɚɩɟɜɬɢɱɟɫɤɨɣ ɭɫɬɚɧɨɜɤɢ ɢ ɨɩɬɢɦɢɡɢɪɨɜɚɬɶ ɨɫɜɟɳɟɧɧɨɫɬɶ ɤɨɠɢ 
ɩɚɰɢɟɧɬɚ. Ɇɟɬɨɞ ɨɫɧɨɜɚɧ ɧɚ ɢɡɦɟɪɟɧɢяɯ ɫɩɟɤɬɪɨɜ ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɢя ɤɨɠɢ ɩɚɰɢɟɧɬɚ ɞɨ ɧɚɱɚɥɚ ɢ ɜ 
ɩɪɨɰɟɫɫɟ ɥɟɱɟɧɢя, ɫɜɟɪɯɛɵɫɬɪɵɯ ɚɥɝɨɪɢɬɦɚɯ ɪɚɫɱɟɬɚ ɩɨɬɨɤɨɜ ɦɧɨɝɨɤɪɚɬɧɨ ɪɚɫɫɟяɧɧɨɝɨ ɤɨɠɟɣ ɢɡɥɭɱɟɧɢя 
ɢ ɚɧɚɥɢɬɢɱɟɫɤɨɣ ɦɨɞɟɥɢ ɩɪɨɰɟɫɫɚ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢɪɭɛɢɧɚ (ɫ ɭɱɟɬɨɦ ZZ-ɛɢɥɢɪɭɛɢɧɚ, ZE-ɛɢɥɢ-
ɪɭɛɢɧɚ ɢ ɥɸɦɢɪɭɛɢɧɚ). ɉɨɤɚɡɚɧɨ, ɱɬɨ ɞɥя ɞɨɫɬɢɠɟɧɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɬɟɪɚɩɢɢ ɫɥɟ-
ɞɭɟɬ ɢɫɩɨɥɶɡɨɜɚɬɶ ɫɜɟɬɨɞɢɨɞɧɵɟ ɢɫɬɨɱɧɢɤɢ ɫ ɦɚɤɫɢɦɭɦɨɦ ɢɡɥɭɱɟɧɢя ɜ ɞɢɚɩɚɡɨɧɟ 484—496 ɧɦ. 

Кɥючɟвыɟ ɫɥɨва: ɧɟɨɧɚɬɚɥɶɧɚя ɠɟɥɬɭɯɚ, ɥɚɡɟɪɧɚя ɬɟɪɚɩɢя, ɤɨɠɚ, ɨɩɬɢɱɟɫɤɢɟ ɩɚɪɚɦɟɬɪɵ, ɫɩɟɤɬɪ 
ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɢя. 

Ввɟɞɟɧɢɟ 
Жɟɥɬɭɯɚ ɪɚɡɜɢɜɚɟɬɫя ɭ ɧɨɜɨɪɨɠɞɟɧɧɵɯ ɜ ɪɟɡɭɥɶɬɚɬɟ ɧɚɤɨɩɥɟɧɢя ɜ ɤɪɨɜɢ ɢ, ɤɚɤ ɫɥɟɞɫɬɜɢɟ, 

ɜ ɬɤɚɧяɯ ɤɨɠɧɨɝɨ ɩɨɤɪɨɜɚ ɢɡɛɵɬɨɱɧɨɝɨ ɤɨɥɢɱɟɫɬɜɚ ɦɨɥɟɤɭɥ ZZ-ɛɢɥɢɪɭɛɢɧɚ — ɬɨɤɫɢɱɧɨɝɨ 
ɩɢɝɦɟɧɬɚ, ɨɛɪɚɡɭɸɳɟɝɨɫя ɢɡ ɝɟɦɨɝɥɨɛɢɧɚ ɜ ɪɟɡɭɥɶɬɚɬɟ ɪɚɡɪɭɲɟɧɢя ɷɪɢɬɪɨɰɢɬɨɜ. ɇɚɢɛɨɥɟɟ ɪɚɫ-
ɩɪɨɫɬɪɚɧɟɧɧɵɣ ɦɟɬɨɞ ɥɟɱɟɧɢя ɝɢɩɟɪɛɢɥɢɪɭɛɢɧɟɦɢɢ — ɮɨɬɨɬɟɪɚɩɢя, ɜ ɯɨɞɟ ɤɨɬɨɪɨɣ ɩɪɨɢɫɯɨ-
ɞɢɬ ɢɡɨɦɟɪɢɡɚɰɢя ɧɚɯɨɞяɳɢɯɫя ɜ ɧɟɣ ZZ-ɦɨɥɟɤɭɥ ɫ ɨɛɪɚɡɨɜɚɧɢɟɦ ɦɚɥɨɬɨɤɫɢɱɧɵɯ ɮɨɬɨɢɡɨɦɟ-
ɪɨɜ — ZE, EZ ɢ LR (ɥɸɦɢɪɭɛɢɧ). ȿZ-ɛɢɥɢɪɭɛɢɧ, ɩɨɝɥɨɳɚя ɤɜɚɧɬ ɢɡɥɭɱɟɧɢя, ɜɩɨɫɥɟɞɫɬɜɢɢ 
ɬɚɤɠɟ ɬɪɚɧɫɮɨɪɦɢɪɭɟɬɫя ɜ LR. Ɇɨɥɟɤɭɥɵ LR ɫɭɳɟɫɬɜɟɧɧɨ ɛɨɥɟɟ ɝɢɞɪɨɮɢɥɶɧɵ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ 
ɦɨɥɟɤɭɥɚɦɢ ZZ-ɛɢɥɢɪɭɛɢɧɚ ɢ ɟɝɨ ɤɨɧɮɢɝɭɪɚɰɢɨɧɧɵɦɢ ɢɡɨɦɟɪɚɦɢ, ɩɨɷɬɨɦɭ ɨɧ ɯɨɪɨɲɨ ɪɚɫɬɜɨ-
ɪяɟɬɫя ɜ ɜɨɞɟ ɢ ɥɟɝɤɨ ɜɵɜɨɞɢɬɫя ɢɡ ɨɪɝɚɧɢɡɦɚ. 

В ɧɚɫɬɨяɳɟɟ ɜɪɟɦя ɜ ɦɟɞɢɰɢɧɫɤɨɣ ɩɪɚɤɬɢɤɟ ɨɫɬɭɬɫɬɜɭɟɬ ɫɬɚɧɞɚɪɬɢɡɢɪɨɜɚɧɧɵɣ ɦɟɬɨɞ 
ɩɪɨɜɟɞɟɧɢя ɮɨɬɨɬɟɪɚɩɢɢ ɠɟɥɬɭɯɢ. Уɫɬɚɧɨɜɤɢ ɞɥя ɮɨɬɨɬɟɪɚɩɢɢ ɪɚɡɧɨɨɛɪɚɡɧɵ, ɤɚɤ ɢ ɢɫɩɨɥɶɡɭɟ-
ɦɵɟ ɜ ɧɢɯ ɢɫɬɨɱɧɢɤɢ ɢɡɥɭɱɟɧɢя. В ɪяɞɟ ɫɥɭɱɚɟɜ ɫɨɜɪɟɦɟɧɧɚя ɮɨɬɨɬɟɪɚɩɢя ɯɚɪɚɤɬɟɪɢɡɭɟɬɫя 
ɧɢɡɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɶɸ ɢ ɫɨɩɪяɠɟɧɚ ɫ ɜɪɟɞɧɵɦɢ ɩɨɛɨɱɧɵɦɢ ɷɮɮɟɤɬɚɦɢ ɩɟɪɟɞɨɡɢɪɨɜɤɢ. Эɬɨ 
ɨɛɭɫɥɨɜɥɢɜɚɟɬ ɚɤɬɭɚɥɶɧɨɫɬɶ ɪɚɡɪɚɛɨɬɤɢ ɦɟɬɨɞɨɜ ɦɨɧɢɬɨɪɢɧɝɚ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɬɟɪɚɩɢɢ 
ɠɟɥɬɭɯɢ, ɩɨɡɜɨɥяɸɳɢɯ ɜɵɛɢɪɚɬɶ ɨɩɬɢɦɚɥɶɧɵɟ ɞɥя ɩɚɰɢɟɧɬɚ ɫɩɟɤɬɪɚɥɶɧɵɟ ɢ ɷɧɟɪɝɟɬɢɱɟɫɤɢɟ 
ɩɚɪɚɦɟɬɪɵ ɢɡɥɭɱɟɧɢя. 

1. Мɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɢɡɨɦɟɪɢɡаɰɢɢ ɛɢɥɢɪɭɛɢɧа 
ɉɪɟɞɥɚɝɚɟɦɵɣ ɦɟɬɨɞ ɨɩɪɟɞɟɥɟɧɢя ɫɤɨɪɨɫɬɢ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢɪɭɛɢɧɚ ɜɤɥɸɱɚɟɬ ɜ 

ɫɟɛя ɧɚɯɨɠɞɟɧɢɟ ɫɩɟɤɬɪɚɥɶɧɨɣ ɯɚɪɚɤɬɟɪɢɫɬɢɤɢ ɢɫɬɨɱɧɢɤɚ ɢɡɥɭɱɟɧɢя D(λ); ɢɡɦɟɪɟɧɢɟ ɫɩɟɤɬɪɚ 
ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɟɧɢя (ДɈ) ɫɜɟɬɚ ɨɬ ɤɨɠɢ ɩɚɰɢɟɧɬɚ; ɨɩɪɟɞɟɥɟɧɢɟ ɨɩɬɢɱɟɫɤɢɯ ɢ ɝɟɨɦɟɬɪɢɱɟ-
ɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɤɨɠɢ, ɜɥɢяɸɳɢɯ ɧɚ ɩɟɪɟɧɨɫ ɜ ɧɟɣ ɢɡɥɭɱɟɧɢя, ɩɭɬɟɦ ɦɢɧɢɦɢɡɚɰɢɢ ɧɟɜяɡɤɢ 
ɦɟɠɞɭ ɫɩɟɤɬɪɚɦɢ ДɈ ɤɨɠɢ, ɢɡɦɟɪɟɧɧɵɦ ɢ ɪɚɫɫɱɢɬɚɧɧɵɦ ɜ ɪɚɦɤɚɯ ɦɨɞɟɥɢ ɩɟɪɟɧɨɫɚ ɢɡɥɭɱɟɧɢя 
ɜ ɤɨɠɟ; ɜɵɱɢɫɥɟɧɢɟ ɪɚɫɩɪɟɞɟɥɟɧɢя ɩɥɨɬɧɨɫɬɢ ɢɡɥɭɱɟɧɢя Φ(z, λ) ɩɨ ɝɥɭɛɢɧɟ ɤɨɠɢ z ɜ ɫɩɟɤɬɪɚɥɶ-
ɧɨɦ ɞɢɚɩɚɡɨɧɟ ɮɨɬɨɬɟɪɚɩɟɜɬɢɱɟɫɤɨɝɨ ɢɡɥɭɱɟɧɢя [λ1, λ2] ɩɪɢ ɟɞɢɧɢɱɧɨɣ ɨɫɜɟɳɟɧɧɨɫɬɢ ɩɨɜɟɪɯ-
ɧɨɫɬɢ ɤɨɠɢ ɜ ɫɨɨɬɜɟɬɫɬɜɢɢ ɫ ɟɟ ɧɚɣɞɟɧɧɵɦɢ ɨɩɬɢɱɟɫɤɢɦɢ ɢ ɝɟɨɦɟɬɪɢɱɟɫɤɢɦɢ ɩɚɪɚɦɟɬɪɚɦɢ; 
ɨɩɪɟɞɟɥɟɧɢɟ ɫɤɨɪɨɫɬɢ ɬɪɚɧɫɮɨɪɦɚɰɢɢ ɬɨɤɫɢɱɧɨɝɨ ZZ-ɛɢɥɢɪɭɛɢɧɚ ɜ ɧɟɬɨɤɫɢɱɧɵɣ ɢ ɜɨɞɨɪɚɫ-
ɬɜɨɪɢɦɵɣ ɮɨɬɨɢɡɨɦɟɪ LR ɧɚ ɨɫɧɨɜɟ ɜɵɪɚɠɟɧɢя: 
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    (1) 

ɝɞɟ ZZ ɢ ZE — ɦɨɥяɪɧɵɟ ɤɨɷɮɮɢɰɢɟɧɬɵ ɩɨɝɥɨɳɟɧɢя ɮɨɬɨɢɡɨɦɟɪɨɜ ɛɢɥɢɪɭɛɢɧɚ ZZ ɢ ZE  
(ɫɦ–1/ɦɤM); ZE, ZZ, LR — ɤɜɚɧɬɨɜɵɟ ɜɵɯɨɞɵ ɩɪɨɰɟɫɫɨɜ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ ZZ→ZE, ZE→ZZ 
ɢ ZZ→LR ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ; h = 6.63 · 10–34 Дɠ · ɫ — ɩɨɫɬɨяɧɧɚя ɩɥɚɧɤɚ; ɫ = 3 · 1010 ɫɦ/ɫ — ɫɤɨ-



 232

ɪɨɫɬɶ ɫɜɟɬɚ; Nȝ = 6.02 · 1023 ɦɨɥɶ–1 — ɱɢɫɥɨ Аɜɨɝɚɞɪɨ; Le ɢ Ld — ɝɟɨɦɟɬɪɢɱɟɫɤɢɟ ɬɨɥɳɢɧɵ ɷɩɢ-
ɞɟɪɦɢɫɚ ɢ ɞɟɪɦɵ; z1 = Le; z2 = Le + Ld. 

Кɨɧɰɟɧɬɪɚɰɢɸ ɛɢɥɢɪɭɛɢɧɚ ɜ ɬɤɚɧɢ CTB ɦɨɠɧɨ ɨɩɪɟɞɟɥяɬɶ ɧɟɢɧɜɚɡɢɜɧɨ ɧɚ ɨɫɧɨɜɟ ɢɡɦɟ-
ɪɟɧɢɣ ɫɩɟɤɬɪɚɥɶɧɵɯ ɢɥɢ ɫɩɟɤɬɪɚɥɶɧɨ-ɩɪɨɫɬɪɚɧɫɬɜɟɧɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ДɈ ɬɤɚɧɢ [1]. ɉɪɟɞɥɨ-
ɠɟɧɧɵɟ ɪɟɲɟɧɢя ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɯ ɩɪяɦɵɯ ɢ ɨɛɪɚɬɧɵɯ ɡɚɞɚɱ, ɩɨɡɜɨɥяɸɬ ɜɵɩɨɥɧяɬɶ ɨɛɪɚɛɨɬɤɭ 
ɞɚɧɧɵɯ ɢɡɦɟɪɟɧɢɣ ɜ ɪɟɚɥɶɧɨɦ ɜɪɟɦɟɧɢ ɢ ɫ ɜɵɫɨɤɨɣ ɬɨɱɧɨɫɬɶɸ. Дɥя ɛɵɫɬɪɨɝɨ ɪɚɫɱɟɬɚ ɩɥɨɬɧɨ-
ɫɬɢ ɢɡɥɭɱɟɧɢя ɜ ɤɨɠɟ (z, ) ɦɨɠɟɬ ɫ ɭɫɩɟɯɨɦ ɢɫɩɨɥɶɡɨɜɚɬɶɫя ɩɨɥɭɚɧɚɥɢɬɢɱɟɫɤɢɣ ɦɟɬɨɞ, ɩɪɟɞ-
ɥɨɠɟɧɧɵɣ ɜ ɪɚɛɨɬɟ [2]. Ɍɨɱɧɨɫɬɶ ɬɚɤɨɝɨ ɪɚɫɱɟɬɚ ɫɪɚɜɧɢɦɚ ɫ ɬɨɱɧɨɫɬɶɸ ɦɟɬɨɞɚ Ɇɨɧɬɟ-Кɚɪɥɨ, 
ɨɞɧɚɤɨ ɜɵɱɢɫɥɢɬɟɥɶɧɵɟ ɡɚɬɪɚɬɵ ɦɟɬɨɞɨɜ ɨɬɥɢɱɚɸɬɫя ɧɚ ɧɟɫɤɨɥɶɤɨ ɩɨɪяɞɤɨɜ. 

Аɧɚɥɢɬɢɱɟɫɤɚя ɦɨɞɟɥɶ ɫɩɟɤɬɪɚ ɨɬɪɚɠɚɬɟɥɶɧɨɣ ɫɩɨɫɨɛɧɨɫɬɢ ɤɨɠɢ, ɢɡɦɟɪяɟɦɨɣ ɩɪɢ ɧɚɥɢ-
ɱɢɢ ɛɚɡɵ ɦɟɠɞɭ ɢɫɬɨɱɧɢɤɨɦ ɢ ɩɪɢɟɦɧɢɤɨɦ ɢɡɥɭɱɟɧɢя, ɩɪɟɞɥɨɠɟɧɚ ɜ [3]. Ɇɨɞɟɥɶɧɵɦɢ ɩɚɪɚ-
ɦɟɬɪɚɦɢ яɜɥяɸɬɫя ɩɨɤɚɡɚɬɟɥɶ ɩɪɟɥɨɦɥɟɧɢя ɤɨɠɢ; ɬɪɚɧɫɩɨɪɬɧɵɣ ɤɨɷɮɮɢɰɢɟɧɬ ɪɚɫɫɟяɧɢя ɫɨ-
ɟɞɢɧɢɬɟɥɶɧɨɣ ɬɤɚɧɢ ɩɪɢ  = 400 ɧɦ; ɞɨɥя ɪɚɫɫɟяɧɢя Ɇɢ ɜ ɨɛɳɟɦ ɪɚɫɫɟяɧɢɢ ɬɤɚɧɢ ɩɪɢ 
 = 400 ɧɦ; ɩɚɪɚɦɟɬɪ ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɬɪɚɧɫɩɨɪɬɧɨɝɨ ɤɨɷɮɮɢɰɢɟɧɬɚ ɪɚɫɫɟяɧɢя Ɇɢ; 
ɬɨɥɳɢɧɚ ɷɩɢɞɟɪɦɢɫɚ; ɨɛɴɟɦɧɚя ɤɨɧɰɟɧɬɪɚɰɢɢ ɦɟɥɚɧɢɧɚ ɜ ɷɩɢɞɟɪɦɢɫɟ; ɨɛɴɟɦɧɚя ɤɨɧɰɟɧɬɪɚɰɢя 
ɤɚɩɢɥɥяɪɨɜ ɜ ɞɟɪɦɟ; ɫɪɟɞɧɢɣ ɞɢɚɦɟɬɪ ɤɚɩɢɥɥяɪɨɜ; ɦɨɥяɪɧɚя ɤɨɧɰɟɧɬɪɚɰɢя ɨɛɳɟɝɨ ɝɟɦɨɝɥɨɛɢɧɚ 
ɜ ɤɪɨɜɢ; ɫɬɟɩɟɧɶ ɨɤɫɢɝɟɧɚɰɢɢ ɤɪɨɜɢ, ɤɨɧɰɟɧɬɪɚɰɢɢ ZZ- ɢ ZE-ɛɢɥɢɪɭɛɢɧɚ ɜ ɤɪɨɜɟɧɨɫɧɵɯ ɫɨɫɭ-
ɞɚɯ ɞɟɪɦɵ. Ɉɬɧɨɲɟɧɢɟ ɤɨɧɰɟɧɬɪɚɰɢɣ ɨɛɳɟɝɨ ɛɢɥɢɪɭɛɢɧɚ ɜ ɤɪɨɜɢ ɢ ɜ ɨɤɪɭɠɚɸɳɟɣ ɬɤɚɧɢ ɩɨ-
ɥɨɠɢɦ ɪɚɜɧɵɦ 5. В ɨɛɳɟɦ ɫɥɭɱɚɟ ɷɬɨ ɨɬɧɨɲɟɧɢɟ ɡɚɜɢɫɢɬ ɨɬ ɫɤɨɪɨɫɬɢ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢ-
ɪɭɛɢɧɚ ɢ ɫɤɨɪɨɫɬɢ ɞɢɮɮɭɡɢɢ ɛɢɥɢɪɭɛɢɧɚ ɱɟɪɟɡ ɫɬɟɧɤɢ ɤɪɨɜɟɧɨɫɧɵɯ ɫɨɫɭɞɨɜ, ɨɞɧɚɤɨ, ɭɱɢɬɵɜɚя 
ɦɚɥɨɫɬɶ ɜɥɢяɧɢя ɛɢɥɢɪɭɛɢɧɚ ɜ ɤɪɨɜɢ ɧɚ ɫɜɟɬɨɜɨɟ ɩɨɥɟ ɜ ɤɨɠɟ ɩɨ ɫɪɚɜɧɟɧɢɸ ɫ ɛɢɥɢɪɭɛɢɧɨɦ ɜ 
ɬɤɚɧяɯ ɞɟɪɦɵ, ɞɥя ɷɬɨɝɨ ɩɚɪɚɦɟɬɪɚ ɦɨɠɧɨ ɢɫɩɨɥɶɡɨɜɚɬɶ ɮɢɤɫɢɪɨɜɚɧɧɨɟ ɡɧɚɱɟɧɢɟ. 

2. Аɧаɥɢɡ ɷɮɮɟɤɬɢвɧɨɫɬɢ ɦɟɬɨɞа 
Эɮɮɟɤɬɢɜɧɨɫɬɶ ɩɪɟɞɥɚɝɚɟɦɨɝɨ ɦɟɬɨɞɚ ɨɰɟɧɟɧɚ ɧɚ ɨɫɧɨɜɟ ɪɟɡɭɥɶɬɚɬɨɜ ɱɢɫɥɟɧɧɵɯ ɪɟɲɟ-

ɧɢɣ ɭɪɚɜɧɟɧɢя ɩɟɪɟɧɨɫɚ ɢɡɥɭɱɟɧɢя ɜ ɫɪɟɞɟ, ɦɨɞɟɥɢɪɭɸɳɟɣ ɤɨɠɭ. ɋɢɝɧɚɥɵ ДɈ ɤɨɠɢ r(λ) ɪɚɫ-
ɫɱɢɬɚɧɵ ɦɟɬɨɞɨɦ Ɇɨɧɬɟ-Кɚɪɥɨ ɤɚɤ ɨɬɧɨɲɟɧɢɟ ɫɭɦɦɚɪɧɨɝɨ “ɜɟɫɚ” ɮɨɬɨɧɨɜ, ɜɵɥɟɬɟɜɲɢɯ ɢɡ 
ɤɪɭɝɨɜɨɣ ɩɪɢɟɦɧɨɣ ɩɥɨɳɚɞɤɢ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɫɪɟɞɵ, ɤ ɨɛɳɟɦɭ “ɜɟɫɭ” ɜɫɟɯ ɮɨɬɨɧɨɜ, ɜɜɟɞɟɧɧɵɯ 
ɜ ɫɪɟɞɭ ɜ ɩɪɟɞɟɥɚɯ ɨɫɜɟɬɢɬɟɥɶɧɨɣ ɩɥɨɳɚɞɤɢ. Дɢɚɦɟɬɪ ɨɫɜɟɬɢɬɟɥɶɧɨɣ ɢ ɩɪɢɟɦɧɨɣ ɩɥɨɳɚɞɨɤ 
ɡɚɞɚɜɚɥɫя 0.8 ɦɦ, ɪɚɫɫɬɨяɧɢɟ ɦɟɠɞɭ ɢɯ ɰɟɧɬɪɚɦɢ — 0.83 ɦɦ. ɉɥɨɬɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɧɚ ɝɥɭɛɢɧɟ 
ɫɪɟɞɵ z ɪɚɫɫɱɢɬɚɧɚ ɩɭɬɟɦ ɫɭɦɦɢɪɨɜɚɧɢя “ɜɟɫɚ” ɜɫɟɯ ɮɨɬɨɧɨɜ, ɩɪɨɥɟɬɟɜɲɢɯ ɱɟɪɟɡ ɭɪɨɜɟɧɶ z ɜɨ 
ɜɫɟɯ ɧɚɩɪɚɜɥɟɧɢяɯ. Ȼɢɨɩɚɪɚɦɟɬɪɵ ɤɨɠɢ, ɜɥɢяɸɳɢɟ ɧɚ ɩɪɨɰɟɫɫ ɩɟɪɟɧɨɫɚ ɜ ɧɟɣ ɢɡɥɭɱɟɧɢя, ɜɨɫ-
ɫɬɚɧɚɜɥɟɧɵ ɢɡ ɧɨɪɦɢɪɨɜɚɧɧɨɝɨ ɫɩɟɤɬɪɚ ДɈ ɤɨɠɢ () = r()/r(ref) (ɝɞɟ  = 450—750 ɧɦ ɢ 
ref = 750 ɧɦ), ɤɨɬɨɪɵɣ ɧɟ ɡɚɜɢɫɢɬ ɨɬ ɱɢɫɥɨɜɵɯ ɚɩɟɪɬɭɪ ɜɨɥɨɤɨɧ ɢ ɧɚ ɩɪɚɤɬɢɤɟ ɨɩɪɟɞɟɥяɟɬɫя 
ɩɭɬɟɦ ɫɨɩɨɫɬɚɜɥɟɧɢя ɨɬɧɨɫɢɬɟɥɶɧɵɯ ɫɩɟɤɬɪɚɥɶɧɵɯ ɡɚɜɢɫɢɦɨɫɬɟɣ ɫɢɝɧɚɥɨɜ ДɈ ɤɨɠɢ ɢ ɛɟɥɨɝɨ 
ɞɢɮɮɭɡɧɨɝɨ ɨɬɪɚɠɚɬɟɥя (ɩɪɢ ɷɬɨɦ ɧɟ ɬɪɟɛɭɟɬɫя ɡɧɚɧɢя ɨɩɬɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɨɩɨɪɧɨɝɨ ɨɬɪɚ-
ɠɚɬɟɥя). Иɫɯɨɞɧɵɟ ɫɩɟɤɬɪɵ () (ɪɢɫ. 1, а) ɫɨɨɬɜɟɬɫɬɜɭɸɬ ɨɞɢɧɚɤɨɜɨɦɭ ɫɨɞɟɪɠɚɧɢɸ ɢɡɨɦɟɪɨɜ 
ɛɢɥɢɪɭɛɢɧɚ ɜ ɤɨɠɟ ɢ ɪɚɡɥɢɱɧɨɦɭ ɫɨɞɟɪɠɚɧɢɸ ɞɪɭɝɢɯ ɟɟ ɯɪɨɦɨɮɨɪɨɜ (ɝɟɦɨɝɥɨɛɢɧɚ, ɦɟɥɚɧɢɧɚ, 
ɤɨɥɥɚɝɟɧɚ). Ɉɫɜɟɳɟɧɧɨɫɬɶ ɤɨɠɢ ɩɨɥɚɝɚɥɚɫɶ ɧɟ ɡɚɜɢɫяɳɟɣ ɨɬ  ɢ ɪɚɜɧɨɣ 1 ɦВɬ/ɫɦ2. Ɋɚɫɩɪɟɞɟɥɟ-
ɧɢя ɩɥɨɬɧɨɫɬɢ ɢɡɥɭɱɟɧɢя (z, ) ɩɨ ɝɥɭɛɢɧɟ ɤɨɠɢ ɢ ɞɥɢɧɟ ɜɨɥɧɵ ɫɜɟɬɚ ɪɚɫɫɱɢɬɚɧɵ ɦɟɬɨɞɨɦ [2] 
ɫ ɭɱɟɬɨɦ ɧɚɣɞɟɧɧɵɯ ɡɧɚɱɟɧɢɣ ɛɢɨɩɚɪɚɦɟɬɪɨɜ ɤɨɠɢ. Зɚɜɢɫɢɦɨɫɬɢ MLR(), ɫɨɨɬɜɟɬɫɬɜɭɸɳɢɟ 
ɫɦɨɞɟɥɢɪɨɜɚɧɧɵɦ ɫɩɟɤɬɪɚɦ () ɢ ɜɨɫɫɬɚɧɨɜɥɟɧɧɵɟ ɢɡ ɧɢɯ, ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1, ɛ. Вɢɞɧɨ, 
ɱɬɨ ɩɪɟɞɥɚɝɚɟɦɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥяɟɬ ɩɨɥɭɱɚɬɶ ɞɨɫɬɚɬɨɱɧɨ ɬɨɱɧɵɟ ɨɰɟɧɤɢ MLR() ɜ ɫɩɟɤɬɪɚɥɶɧɨɣ 
ɨɛɥɚɫɬɢ ɩɨɝɥɨɳɟɧɢя ɫɜɟɬɚ ɢɡɨɦɟɪɚɦɢ ɛɢɥɢɪɭɛɢɧɚ (450—530 ɧɦ). 

Ɋɟɡɭɥɶɬɚɬɵ, ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɧɚ ɪɢɫ. 1, ɛ, ɞɟɦɨɧɫɬɪɢɪɭɸɬ ɫɭɳɟɫɬɜɟɧɧɭɸ ɡɚɜɢɫɢɦɨɫɬɶ ɷɮ-
ɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɬɟɪɚɩɢɢ ɨɬ ɩɚɪɚɦɟɬɪɨɜ ɫɜɟɬɨɪɚɫɫɟяɧɢя ɢ ɩɢɝɦɟɧɬɚɰɢɢ ɤɨɠɢ ɧɨɜɨɪɨɠɞɟɧɧɨɝɨ. 
Эɤɪɚɧɢɪɭɸɳɟɟ ɜɥɢяɧɢɟ ɦɟɥɚɧɢɧɚ ɢ ɝɟɦɨɝɥɨɛɢɧɚ ɩɪɨяɜɥяɟɬɫя ɜ ɭɲɢɪɟɧɢɢ ɫɩɟɤɬɪɚ MLR() ɢ 
ɫɧɢɠɟɧɢɢ ɫɤɨɪɨɫɬɢ ɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢɪɭɛɢɧɚ. Вɥɢяɧɢɟ ɪɚɫɫɟяɧɢя ɧɟ ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬɜɟɧɧɨ-
ɦɭ ɢɡɦɟɧɟɧɢɸ ɮɨɪɦɵ ɫɩɟɤɬɪɚ MLR(), ɨɞɧɚɤɨ ɜɵɡɵɜɚɟɬ ɢɡɦɟɧɟɧɢɟ ɚɛɫɨɥɸɬɧɵɯ ɡɧɚɱɟɧɢɣ 
MLR().Иɧɬɟɪɟɫɧɨ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɜɫɟ ɩɪɟɞɫɬɚɜɥɟɧɧɵɟ ɫɩɟɤɬɪɵ MLR() ɢɦɟɸɬ ɦɚɤɫɢɦɭɦ ɜɛɥɢɡɢ  
λ = 490 ± 6 ɧɦ ɢ ɟɝɨ ɩɨɥɨɠɟɧɢɟ ɫɥɚɛɨ ɡɚɜɢɫɢɬ ɨɬ ɫɬɪɭɤɬɭɪɧɨ-ɦɨɪɮɨɥɨɝɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɤɨ-
ɠɢ. В ɫɜяɡɢ ɫ ɷɬɢɦ ɞɥя ɞɨɫɬɢɠɟɧɢя ɦɚɤɫɢɦɚɥɶɧɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɬɟɪɚɩɢɢ ɧɟɨɧɚɬɚɥɶɧɨɣ 
ɠɟɥɬɭɯɢ ɦɨɠɧɨ ɪɟɤɨɦɟɧɞɨɜɚɬɶ ɢɫɩɨɥɶɡɨɜɚɬɶ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɟ ɥɚɡɟɪɵ ɢɡ ɷɬɨɝɨ ɫɩɟɤɬɪɚɥɶɧɨ- 
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Ɋɢɫ. 1. ɉɪɢɦɟɪɵ ɜɨɫɫɬɚɧɨɜɥɟɧɢя ɫɩɟɤɬɪɚɥɶɧɨɣ ɡɚɜɢɫɢɦɨɫɬɢ ɫɤɨɪɨɫɬɢ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢɪɭɛɢɧɚ (ɛ) 
ɩɨ ɫɩɟɤɬɪɭ ДɈ ɤɨɠɢ (а); ɤɪɢɜɵɟ — ɪɟɡɭɥɶɬɚɬɵ ɱɢɫɥɟɧɧɵɯ ɪɚɫɱɟɬɨɜ () ɢ MLR() ɦɟɬɨɞɨɦ Ɇɨɧɬɟ-Кɚɪɥɨ 

ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɩɚɪɚɦɟɬɪɚɯ ɤɨɠɢ, ɬɨɱɤɢ — ɪɟɡɭɥɶɬɚɬɚɦ ɜɨɫɫɬɚɧɨɜɥɟɧɢя MLR(). 

ɝɨ ɞɢɚɩɚɡɨɧɚ, ɩɨɫɤɨɥɶɤɭ ɜɟɫɶ ɢɡɥɭɱɚɟɦɵɣ ɢɦɢ ɫɜɟɬ ɨɛɟɫɩɟɱɢɜɚɟɬ ɢɡɨɦɟɪɢɡɚɰɢɸ ɛɢɥɢɪɭɛɢɧɚ, 
ɬɨɝɞɚ ɤɚɤ ɱɚɫɬɶ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɮɥɭɨɪɟɫɰɟɧɬɧɵɯ ɢ ɝɚɥɨɝɟɧɧɵɯ ɥɚɦɩ ɥɟɠɢɬ ɜɧɟ ɡɨɧɵ ɩɨɝɥɨ-
ɳɟɧɢя ɛɢɥɢɪɭɛɢɧɚ. ɉɪɢ ɷɬɨɦ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɞɨɥɠɧɚ ɜɵɛɢɪɚɬɶɫя ɢɧɞɢɜɢɞɭɚɥɶɧɨ ɞɥя 
ɤɚɠɞɨɝɨ ɧɨɜɨɪɨɠɞɟɧɧɨɝɨ. 

ɋɥɟɞɭɟɬ ɨɬɦɟɬɢɬɶ, ɱɬɨ ɧɟɢɧɜɚɡɢɜɧɵɟ ɢɡɦɟɪɟɧɢя CTB, ɩɪɨɜɨɞɢɦɵɟ ɱɟɪɟɡ ɧɟɤɨɬɨɪɵɟ ɜɪɟ-
ɦɟɧɧɵɟ ɩɪɨɦɟɠɭɬɤɢ ɜ ɬɟɱɟɧɢɢ ɮɨɬɨɬɟɪɚɩɢɢ, ɧɟ ɞɚɸɬ ɚɞɟɤɜɚɬɧɨɣ ɢɧɮɨɪɦɚɰɢɢ ɨ ɫɤɨɪɨɫɬɢ ɫɧɢ-
ɠɟɧɢя ɤɨɧɰɟɧɬɪɚɰɢɢ ZZ-ɛɢɥɢɪɭɛɢɧɚ ɜ ɬɤɚɧɢ ɢ ɤɪɨɜɢ, ɩɨɫɤɨɥɶɤɭ CTB ɦɨɠɟɬ ɢɡɦɟɧяɬɶɫя ɤɚɤ ɡɚ 
ɫɱɟɬ ɩɪɨɰɟɫɫɚ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢɪɭɛɢɧɚ ɜ ɬɤɚɧɢ, ɬɚɤ ɢ ɡɚ ɫɱɟɬ ɩɨɫɬɭɩɥɟɧɢя ɛɢɥɢɪɭɛɢɧɚ ɢɡ 
ɤɪɨɜɟɧɨɫɧɵɯ ɫɨɫɭɞɨɜ ɜ ɨɤɪɭɠɚɸɳɭɸ ɬɤɚɧɶ. Ɋɚɡɞɟɥɟɧɢɟ ɜɥɢяɧɢɟ ɷɬɢɯ ɮɚɤɬɨɪɨɜ ɧɚ ɢɡɦɟɪяɟɦɵɟ 
ɡɧɚɱɟɧɢя CTB ɧɟ ɩɪɟɞɫɬɚɜɥяɟɬɫя ɜɨɡɦɨɠɧɵɦ.  

Заɤɥючɟɧɢɟ 
ɉɪɟɞɥɚɝɚɟɦɵɣ ɦɟɬɨɞ ɩɨɡɜɨɥяɟɬ ɨɩɪɟɞɟɥяɬɶ ɫɤɨɪɨɫɬɶ ɫɧɢɠɟɧɢя ZZ-ɛɢɥɢɪɭɛɢɧɚ ɜ ɬɤɚɧɢ, 

ɨɛɭɫɥɨɜɥɟɧɧɭɸ ɧɟɩɨɫɪɟɞɫɬɜɟɧɧɨ ɩɪɨɰɟɫɫɨɦ ɟɝɨ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ, ɩɪɢɱɟɦ ɢɡɦɟɪɟɧɢя ɷɬɨɣ 
ɫɤɨɪɨɫɬɢ ɦɨɝɭɬ ɜɵɩɨɥɧяɬɶɫя ɟɳɟ ɞɨ ɧɚɱɚɥɚ ɮɨɬɨɬɟɪɚɩɢɢ, ɱɬɨ ɩɨɡɜɨɥяɟɬ ɜɵɛɢɪɚɬɶ ɨɩɬɢɦɚɥɶɧɭɸ 
ɨɫɜɟɳɟɧɧɨɫɬɶ ɤɨɠɢ ɤɨɧɤɪɟɬɧɨɝɨ ɩɚɰɢɟɧɬɚ ɫ ɭɱɟɬɨɦ ɟɟ ɫɬɪɭɤɬɭɪɧɨ-ɦɨɪɮɨɥɨɝɢɱɟɫɤɢɯ ɨɫɨɛɟɧɧɨ-
ɫɬɟɣ. Дɥɢɬɟɥɶɧɨɫɬɶ ɮɨɬɨɬɟɪɚɩɢɢ, ɩɨ ɧɚɲɟɦɭ ɦɧɟɧɢɸ, ɞɨɥɠɧɚ ɜɵɛɢɪɚɬɶɫя ɢɫɯɨɞя ɢɡ ɤɨɧɰɟɧɬɪɚ-
ɰɢɢ ɨɛɳɟɝɨ ɛɢɥɢɪɭɛɢɧɚ ɜ ɬɤɚɧɢ ɢ ɫɤɨɪɨɫɬɢ ɟɝɨ ɮɨɬɨɢɡɨɦɟɪɢɡɚɰɢɢ. Ɉɞɧɚɤɨ ɞɥя ɷɬɨɝɨ ɧɟɨɛɯɨ-
ɞɢɦɨ ɩɪɨɜɟɞɟɧɢɟ ɤɥɢɧɢɱɟɫɤɢɯ ɢɫɫɥɟɞɨɜɚɧɢɣ ɩɨ ɭɫɬɚɧɨɜɥɟɧɢɸ ɫɜяɡɢ ɦɟɠɞɭ ɫɤɨɪɨɫɬɶɸ ɮɨɬɨ-
ɢɡɨɦɟɪɢɡɚɰɢɢ ɛɢɥɢɪɭɛɢɧɚ ɢ ɨɬɧɨɫɢɬɟɥɶɧɵɦ ɢɡɦɟɧɟɧɢɟɦ ɫɨɞɟɪɠɚɧɢя ɛɢɥɢɪɭɛɢɧɚ ɜ ɤɪɨɜɢ ɧɨɜɨ-
ɪɨɠɞɟɧɧɵɯ ɡɚ ɜɪɟɦя ɮɨɬɨɬɟɪɚɩɢɢ ɢ ɫɤɨɪɨɫɬɶɸ ɧɚɪɚɫɬɚɧɢя ɛɢɥɢɪɭɛɢɧɚ ɜ ɬɤɚɧɢ ɞɨ ɧɚɱɚɥɚ ɮɨɬɨ-
ɬɟɪɚɩɢɢ. 
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Optimization of Spectral and Energy Parameters of Laser Therapy  

of Neonatal Jaundice 

S. A. Lisenko, M. M. Kugeiko 
 
Belarusian State University, Minsk, Belarus; e-mail: lisenko@bsu.by 

A non-invasive method for monitoring the effectiveness of photochemical processes occurring in the skin 
of newborn jaundice during phototherapy has been developed, which make it possible to evaluate the 
effectiveness of treatment with the use of specific therapeutic setting and to optimize the illumination of the skin 
of the patient. The method is based on measurements of the diffuse reflectance spectra of the skin of the patient 
prior to and during treatment, ultra-fast algorithm for calculating of multiply scattered flows inside and outside 
the skin, and the analytical model of the process of photoisomerization of bilirubin (subject to ZZ-bilirubin, ZE-
bilirubin and lyumirubina). It is shown that in order to achieve maximum effectiveness of phototherapy, the light 
from the spectral range of 484—496 nm must be used. 

Keywords: newborn jaundice, laser therapy, skin, optical parameters, diffuse reflectance spectrum. 
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Сɬɢɦɭɥɢɪɨваɧɧɨɟ ɢɡɥɭчɟɧɢɟ в ɬɨɧɤɢх ɩɥɟɧɤах Cu(In,Ga)Se2  
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ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢя ɫɩɟɤɬɪɨɜ ɢɡɥɭɱɟɧɢя ɬɨɧɤɢɯ ɩɥɟɧɨɤ Cu(In,Ga)Se2 ɫɨɥɧɟɱ-
ɧɵɯ ɷɥɟɦɟɧɬɨɜ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɧɚɧɨɫɟɤɭɧɞɧɵɦ ɢɦɩɭɥɶɫɧɵɦ ɢɡɥɭɱɟɧɢɟɦ N2-ɥɚɡɟɪɚ ɜ ɞɢɚɩɚɡɨɧɟ ɩɥɨɬ-
ɧɨɫɬɟɣ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя 2—100 ɤВɬ/ɫɦ2 ɩɪɢ ɬɟɦɩɟɪɚɬɭɪɟ 20 К. Вɩɟɪɜɵɟ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɢɧɬɟɧ-
ɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɨɛɧɚɪɭɠɟɧɨ ɪɟɡɤɨɟ ɫɭɠɟɧɢɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя, ɫɜɟɪɯɥɢɧɟɣɧɚя ɡɚɜɢɫɢɦɨɫɬɶ ɢɧ-
ɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭɱɟɧɢя ɨɬ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя, ɚ ɬɚɤɠɟ ɫɬɚɛɢɥɢɡɚɰɢя ɩɨɥɨɠɟɧɢя ɩɨɥɨɫɵ ɢ ɩɨɥɭɲɢ-
ɪɢɧɵ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɬɨɧɤɢɯ ɩɥɟɧɨɤ Cu(In,Ga)Se2. ɯɚɪɚɤɬɟɪɧɵɟ ɞɥя ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ 
ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɦɚɬɟɪɢɚɥɚɯ. 

Кɥючɟвыɟ ɫɥɨва: Cu(In,Ga)Se2, ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢя, ɫɨɥɧɟɱɧɵɣ ɷɥɟɦɟɧɬ, ɬɨɧɤɢɟ ɩɥɟɧɤɢ.  

Ввɟɞɟɧɢɟ 
ɉɨɜɵɲɟɧɢɟ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɜɨɥɶɬɚɢɱɟɫɤɨɝɨ ɩɪɟɨɛɪɚɡɨɜɚɧɢя ɜ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɚɯ, 

ɫɨɡɞɚɜɚɟɦɵɯ ɧɚ ɨɫɧɨɜɟ ɩɨɥɭɩɪɨɜɨɞɧɢɤɨɜɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ Cu(In,Ga)Se2 ɫɨ ɫɬɪɭɤɬɭɪɨɣ 
ɯɚɥɶɤɨɩɢɪɢɬɚ, ɦɨɠɟɬ ɛɵɬɶ ɞɨɫɬɢɝɧɭɬɨ ɩɪɢ ɭɥɭɱɲɟɧɢɢ ɢɯ ɫɬɪɭɤɬɭɪɧɵɯ ɯɚɪɚɤɬɟɪɢɫɬɢɤ ɢ ɨɩɬɢ-
ɱɟɫɤɢɯ ɫɜɨɣɫɬɜ. ɇɢɡɤɚя ɞɟɮɟɤɬɧɨɫɬɶ ɛɚɡɨɜɵɯ ɩɨɝɥɨɳɚɸɳɢɯ ɫɥɨɟɜ Cu(In,Ga)Se2 ɫɨɥɧɟɱɧɵɯ ɷɥɟ-
ɦɟɧɬɨɜ яɜɥяɟɬɫя ɨɫɧɨɜɧɵɦ ɤɪɢɬɟɪɢɟɦ ɢɯ ɜɵɫɨɤɨɣ ɷɮɮɟɤɬɢɜɧɨɫɬɢ. Дɥя ɨɰɟɧɤɢ ɤɚɱɟɫɬɜɚ ɷɥɟɤ-
ɬɪɨɧɧɨɣ ɫɬɪɭɤɬɭɪɵ ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ Cu(In,Ga)Se2 ɢɫɩɨɥɶɡɭɸɬɫя ɪɚɡɥɢɱɧɵɟ 
ɮɢɡɢɱɟɫɤɢɟ ɦɟɬɨɞɵ. ɇɚɢɛɨɥɟɟ ɪɚɫɩɪɨɫɬɪɚɧɟɧɧɵɣ ɢ ɷɮɮɟɤɬɢɜɧɵɣ — ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɬɧɵɣ 
ɦɟɬɨɞ. ɉɪɢ ɥɸɦɢɧɟɫɰɟɧɬɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢяɯ ɩɨɝɥɨɳɚɸɳɢɯ ɫɥɨɟɜ Cu(In,Ga)Se2 ɫɨɥɧɟɱɧɵɯ ɷɥɟ-
ɦɟɧɬɨɜ ɨɛɵɱɧɨ ɞɥя ɜɨɡɛɭɠɞɟɧɢя ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ (ФɅ) ɢɫɩɨɥɶɡɭɸɬ ɧɟɩɪɟɪɵɜɧɵɟ ɢɫɬɨɱɧɢ-
ɤɢ ɢɡɥɭɱɟɧɢя ɫ ɩɥɨɬɧɨɫɬɶɸ ɦɨɳɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя, ɧɟ ɩɪɟɜɵɲɚɸɳɟɣ ɧɟɫɤɨɥɶɤɨ ɜɚɬɬ ɧɚ ɤɜɚɞ-
ɪɚɬɧɵɣ ɫɚɧɬɢɦɟɬɪ. Вɨɡɛɭɠɞɟɧɢɟ ɦɨɳɧɵɦ ɢɦɩɭɥɶɫɧɵɦ ɥɚɡɟɪɧɵɦ ɢɡɥɭɱɟɧɢɟɦ, ɤɨɝɞɚ ɞɨɫɬɢɝɚ-
ɸɬɫя ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɜ ɫɨɬɧɢ ɤɢɥɨɜɚɬɬ ɧɚ ɤɜɚɞɪɚɬɧɵɣ ɫɚɧɬɢɦɟɬɪ, ɦɨɠɟɬ ɞɚɬɶ ɧɨ-
ɜɭɸ ɧɟɢɡɜɟɫɬɧɭɸ ɪɚɧɟɟ ɢɧɮɨɪɦɚɰɢɸ ɨ ɩɨɜɟɞɟɧɢɢ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ ɢ, ɫɨɨɬɜɟɬ-
ɫɬɜɟɧɧɨ, ɨ ɤɚɱɟɫɬɜɟ ɢɫɫɥɟɞɭɟɦɵɯ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ Cu(In,Ga)Se2 ɢ ɢɯ ɩɪɢɝɨɞɧɨɫɬɢ ɞɥя ɢɫɩɨɥɶ-
ɡɨɜɚɧɢя ɜ ɤɚɱɟɫɬɜɟ ɛɚɡɨɜɵɯ ɫɜɟɬɨɩɨɝɥɨɳɚɸɳɢɯ ɫɥɨɟɜ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. ɉɪɢ ɜɵɫɨɤɢɯ ɢɧ-
ɬɟɧɫɢɜɧɨɫɬяɯ ɜɨɡɛɭɠɞɟɧɢя ɜ ɜɵɫɨɤɨɤɚɱɟɫɬɜɟɧɧɨɦ ɩɨɥɭɩɪɨɜɨɞɧɢɤɟ ɦɨɠɟɬ ɩɪɨяɜɢɬɶɫя ɫɬɢɦɭɥɢ-
ɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ, ɩɨ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɤɨɬɨɪɨɝɨ ɦɨɠɧɨ ɫɪɚɜɧɢɜɚɬɶ ɨɛɪɚɡɰɵ, ɩɨɥɭɱɟɧɧɵɟ ɜ 
ɪɚɡɥɢɱɧɵɯ ɭɫɥɨɜɢяɯ, ɢ ɩɨɞɨɛɪɚɬɶ ɨɩɬɢɦɚɥɶɧɵɟ ɩɚɪɚɦɟɬɪɵ ɨɫɚɠɞɟɧɢя ɬɨɧɤɢɯ ɩɥɟɧɨɤ ɞɥя ɩɨ-
ɜɵɲɟɧɢя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɮɨɬɨɩɪɟɨɛɪɚɡɨɜɚɧɢя ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. В ɧɚɫɬɨяɳɟɣ ɪɚɛɨɬɟ ɢɫ-
ɫɥɟɞɨɜɚɧɚ ФɅ ɫɥɨɟɜ Cu(In,Ga)Se2 ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɭɪɨɜɧяɯ ɜɨɡɛɭɠɞɟɧɢя ɢɦɩɭɥɶɫɧɵɦ ɥɚɡɟɪɧɵɦ 
ɢɡɥɭɱɟɧɢɟɦ ɩɪɢ Т = 20 К. 

Эɤɩɟɪɢɦɟɧɬ  
Ɍɨɧɤɢɟ ɩɥɟɧɤɢ ɬɜɟɪɞɵɯ ɪɚɫɬɜɨɪɨɜ Cu(In,Ga)Se2 ɬɨɥɳɢɧɨɣ ~1.8 ɦɤɦ ɨɫɚɠɞɚɥɢɫɶ ɧɚ ɫɬɟɤ-

ɥяɧɧɭɸ ɩɨɞɥɨɠɤɭ (ɨɛɪɚɡɟɰ №1) ɢɥɢ ɧɚ ɫɥɨɣ ɦɨɥɢɛɞɟɧɚ ɧɚ ɫɬɟɤɥяɧɧɨɣ ɩɨɞɥɨɠɤɟ (ɨɛɪɚɡɟɰ №2) 
ɦɟɬɨɞɨɦ ɫɨɢɫɩɚɪɟɧɢя ɷɥɟɦɟɧɬɨɜ Cu, In, Ga ɢ Se ɢɡ ɧɟɡɚɜɢɫɢɦɵɯ ɢɫɬɨɱɧɢɤɨɜ ɜ ɬɪɟɯɫɬɚɞɢɣɧɨɦ 
ɩɪɨɰɟɫɫɟ. Дɥя ɜɨɡɛɭɠɞɟɧɢя ФɅ ɜ ɨɛɪɚɡɰɚɯ ɢɫɩɨɥɶɡɨɜɚɧɨ ɢɦɩɭɥɶɫɧɨɟ ɢɡɥɭɱɟɧɢɟ ɚɡɨɬɧɨɝɨ ɥɚɡɟ-
ɪɚ ɅȽИ-505 (ɇИИ “ɉɥɚɡɦɚ”, Ɋяɡɚɧɶ) ( = 337.1 ɧɦ, Еɢɦɩ = 30 ɦɤДɠ, ɢɦɩ = 8 ɧɫ). Дɥя ɢɫɫɥɟɞɨɜɚ-
ɧɢя ФɅ ɩɪɢ ɧɢɡɤɢɯ ɬɟɦɩɟɪɚɬɭɪɚɯ ɨɛɪɚɡɰɵ ɩɨɦɟɳɚɥɢɫɶ ɜ ɨɩɬɢɱɟɫɤɢɣ ɝɟɥɢɟɜɵɣ ɪɟɮɪɢɠɟɪɚɬɨɪ 
ɡɚɦɤɧɭɬɨɝɨ ɰɢɤɥɚ CCS-150 (Janis Research Company, USA), ɩɨɡɜɨɥяɸɳɢɣ ɭɫɬɚɧɚɜɥɢɜɚɬɶ ɬɟɦɩɟ-
ɪɚɬɭɪɭ ɨɛɪɚɡɰɨɜ ɜ ɞɢɚɩɚɡɨɧɟ 10—325 К ɢ ɩɨɞɞɟɪɠɢɜɚɬɶ ɟɟ ɫ ɬɨɱɧɨɫɬɶɸ 0.1 К. Ɋɟɝɢɫɬɪɚɰɢя ФɅ 
ɨɫɭɳɟɫɬɜɥяɥɚɫɶ ɦɨɧɨɯɪɨɦɚɬɨɪɨɦ Ɇ266 (ɋɨɥɚɪ Ʌɋ, Ɇɢɧɫɤ) ɫ ɞɢɮɪɚɤɰɢɨɧɧɨɣ ɪɟɲɟɬɤɨɣ 600 
ɲɬɪ/ɦɦ (ɨɛɪɚɬɧɚя ɥɢɧɟɣɧɚя ɞɢɫɩɟɪɫɢя 6.3 ɧɦ/ɦɦ) ɫ ɭɫɬɚɧɨɜɥɟɧɧɵɦ ɧɚ ɜɵɯɨɞɟ ɦɨɧɨɯɪɨɦɚɬɨɪɚ 
ɞɟɬɟɤɬɨɪɨɦ ИК ɢɡɥɭɱɟɧɢя Hamamatsu G9212-512S, ɪɚɛɨɱɢɣ ɫɩɟɤɬɪɚɥɶɧɵɣ ɞɢɚɩɚɡɨɧ 0.9—1.7 
ɦɤɦ, ɫɨɟɞɢɧɟɧɧɵɦ ɫ ɤɨɦɩɶɸɬɟɪɨɦ.  
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Рɟɡɭɥɶɬаɬы ɢ ɢх ɨɛɫɭɠɞɟɧɢɟ 
ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя, ɢɡɦɟɪɟɧɧɵɟ ɫɨ ɫɬɨɪɨɧɵ ɩɨɜɟɪɯɧɨɫɬɢ ɫɥɨя Cu(In,Ga)Se2 ɨɛɪɚɡɰɚ №1, 

ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ ɜ ɞɢɚɩɚɡɨɧɚɯ ɢɧɬɟɧɫɢɜɧɨɫɬɟɣ 2—18 ɢ 23—100 
ɤВɬ/ɫɦ2, ɩɪɟɞɫɬɚɜɥɟɧɵ ɧɚ ɪɢɫ. 1. ɇɚ ɪɢɫ. 1, а ɧɚɛɥɸɞɚɟɬɫя ɤɨɪɨɬɤɨɜɨɥɧɨɜɨɟ ɫɦɟɳɟɧɢɟ ɫɩɟɤɬɪɚ, 
ɫɨɩɪɨɜɨɠɞɚɸɳɟɟɫя ɟɝɨ ɡɧɚɱɢɬɟɥɶɧɵɦ ɫɭɠɟɧɢɟɦ ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя 
ɩɨɱɬɢ ɧɚ ɩɨɪяɞɨɤ. ɉɪɢ ɞɚɥɶɧɟɣɲɟɦ ɩɨɜɵɲɟɧɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɨɬ 23 ɞɨ 100 ɤВɬ/ɫɦ2 ɩɪɨɢɫɯɨ-
ɞɢɬ ɧɟɡɧɚɱɢɬɟɥɶɧɨɟ ɭɠɟ ɞɥɢɧɧɨɜɨɥɧɨɜɨɟ ɫɦɟɳɟɧɢɟ ɫɩɟɤɬɪɚ. ɉɢɤɨɜɚя ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢя 
ɨɛɪɚɡɰɚ ɜ ɢɧɬɟɪɜɚɥɟ ɭɪɨɜɧɟɣ ɜɨɡɛɭɠɞɟɧɢя 2—100 ɤВɬ/ɫɦ2 ɢɡɦɟɧяɟɬɫя ɛɨɥɟɟ ɱɟɦ ɜ 1000 ɪɚɡ. Дɥя 
ɫɪɚɜɧɟɧɢя ɧɚ ɪɢɫ. 2 ɩɨɤɚɡɚɧɵ ɫɩɟɤɬɪɵ ФɅ ɨɛɪɚɡɰɚ №2 ɩɪɢ ɪɚɡɥɢɱɧɵɯ ɢɧɬɟɧɫɢɜɧɨɫɬяɯ ɜɨɡɛɭɠ-
ɞɟɧɢя. Кɚɤ ɜɢɞɧɨ, ɫɭɠɟɧɢɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɧɟ ɢɦɟɟɬ 
ɦɟɫɬɚ. Дɥя ɨɛɪɚɡɰɚ №2 ɩɪɢ ɢɡɦɟɧɟɧɢɢ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɧɚɛɥɸɞɚɟɬɫя ɦɨɧɨɬɨɧɧɨɟ ɤɨɪɨɬɤɨ-
ɜɨɥɧɨɜɨɟ ɫɦɟɳɟɧɢɟ ɫɩɟɤɬɪɚ ɢɡɥɭɱɟɧɢя ɨɬ 1101 ɞɨ 1053 ɧɦ. 
                                           а                                                                          ɛ 
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Ɋɢɫ. 1. ɋɩɟɤɬɪɵ ɢɡɥɭɱɟɧɢя ɨɛɪɚɡɰɚ № 1 ɩɪɢ Т = 20 К ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ N2-ɥɚɡɟɪɚ  

( = 337.1 ɧɦ, F = 525 Ƚɰ,  = 8 ɧɫ) ɜ ɞɢɚɩɚɡɨɧɚɯ 2—18 (а) ɢ 23—100 ɤВɬ/ɫɦ2 (ɛ). 
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Ɋɢɫ. 2. ɋɩɟɤɬɪɵ ФɅ ɨɛɪɚɡɰɚ № 2 ɩɪɢ Т = 20 К ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ N2-ɥɚɡɟɪɚ ( = 337.1 ɧɦ,  

F = 525 Ƚɰ,  = 8 ɧɫ) ɜ ɞɢɚɩɚɡɨɧɟ 2—100 ɤВɬ/ɫɦ2. 

ɇɚ ɪɢɫ. 3, а, ɛ ɩɪɟɞɫɬɚɜɥɟɧɵ ɡɚɜɢɫɢɦɨɫɬɢ ɢɧɬɟɝɪɚɥɶɧɨɣ ɢ ɩɢɤɨɜɨɣ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɢɡɥɭ-
ɱɟɧɢя ɞɜɭɯ ɨɛɪɚɡɰɨɜ ɨɬ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя. Вɢɞɧɨ, ɱɬɨ ɢɧɬɟɧɫɢɜɧɨɫɬɶ ɢɡɥɭɱɟɧɢя ɨɛɪɚɡɰɚ №2 
ɥɢɧɟɣɧɨ ɡɚɜɢɫɢɬ ɨɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя, ɬɨɝɞɚ ɤɚɤ ɞɥя ɨɛɪɚɡɰɚ №1 ɧɚɛɥɸɞɚɟɬɫя ɫɜɟɪɯ-
ɥɢɧɟɣɧɚя ɡɚɜɢɫɢɦɨɫɬɶ. ɉɨɥɨɫɚ ФɅ ɨɛɪɚɡɰɚ №1 ɫɧɚɱɚɥɚ ɫɢɥɶɧɨ ɫɞɜɢɝɚɟɬɫя ɨɬ 1139 ɧɦ (ɪɢɫ. 3, в) 
ɩɪɢ ɭɜɟɥɢɱɟɧɢɢ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя ɞɨ 20 ɤВɬ/ɫɦ2 ɜ ɤɨɪɨɬɤɨɜɨɥɧɨɜɭɸ ɫɬɨɪɨɧɭ ɞɨ 
1107 ɧɦ, ɤɚɤ ɧɚɛɥɸɞɚɥɨɫɶ, ɧɚɩɪɢɦɟɪ, ɜ [1], ɩɪɢ ɞɚɥɶɧɟɣɲɟɦ ɩɨɜɵɲɟɧɢɢ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя 
ɧɚɫɬɭɩɚɟɬ ɫɬɚɛɢɥɢɡɚɰɢя ɟɟ ɩɨɥɨɠɟɧɢя ɩɪɢɦɟɪɧɨ ɩɪɢ ɬɨɣ ɠɟ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɟɧɢя (20—
30 ɤВɬ/ɫɦ2), ɩɪɢ ɤɨɬɨɪɨɣ ɭɦɟɧɶɲɟɧɢɟ ɩɨɥɭɲɢɪɢɧɵ ɫɩɟɤɬɪɚ ɡɚɦɟɞɥяɟɬɫя (ɪɢɫ. 3, г). ɉɪɢ ɞɚɥɶɧɟɣ-
ɲɟɦ ɩɨɜɵɲɟɧɢɢ ɭɪɨɜɧя ɜɨɡɛɭɠɞɟɧɢя ɧɚɛɥɸɞɚɟɬɫя ɫɨɜɫɟɦ ɧɟɛɨɥɶɲɨɣ ɞɥɢɧɧɨɜɨɥɧɨɜɵɣ ɫɞɜɢɝ 
ɩɨɥɨɫɵ ɢɡɥɭɱɟɧɢя ɫɥɨя Cu(In,Ga)Se2 ɨɬ 1107 ɞɨ 1109 ɧɦ. Эɬɢ яɜɥɟɧɢя ɜ ɫɨɜɨɤɭɩɧɨɫɬɢ ɫɜɢɞɟ-
ɬɟɥɶɫɬɜɭɸɬ ɨ ɧɚɥɢɱɢɢ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɫɥɨɟ Cu(In,Ga)Se2 ɨɛɪɚɡɰɚ №1 ɩɪɢ ɜɨɡ-
ɛɭɠɞɟɧɢɢ ɢɡɥɭɱɟɧɢɟɦ ɚɡɨɬɧɨɝɨ ɥɚɡɟɪɚ. ɋɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ ɩɪɢ ɩɨɜɵɲɟɧɢɢ ɭɪɨɜɧя 
ɜɨɡɛɭɠɞɟɧɢя ɷɮɮɟɤɬɢɜɧɨ ɫɧɢɦɚɟɬ ɢɧɜɟɪɫɧɭɸ ɡɚɫɟɥɟɧɧɨɫɬɶ ɜ ɫɥɨɟ Cu(In,Ga)Se2, ɬɟɦ ɫɚɦɵɦ ɫɬɚ-
ɛɢɥɢɡɢɪɭя ɤɨɧɰɟɧɬɪɚɰɢɸ ɧɟɪɚɜɧɨɜɟɫɧɵɯ ɧɨɫɢɬɟɥɟɣ ɡɚɪяɞɚ (ɩɨɥɨɠɟɧɢɟ ɩɨɥɨɫɵ ɢ ɟɟ ɩɨɥɭɲɢɪɢ-
ɧɭ). ɇɚɫɤɨɥɶɤɨ ɧɚɦ ɢɡɜɟɫɬɧɨ, ɜ ɫɥɨяɯ Cu(In,Ga)Se2 ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡ-
ɥɭɱɟɧɢɟ ɪɚɧɟɟ ɧɟ ɧɚɛɥɸɞɚɥɨɫɶ. 

I ɢ
ɡɥ

, ɨ
ɬɧ

.ɟ
ɞ.

 

I ɢ
ɡɥ

, ɨ
ɬɧ

.ɟ
ɞ.

 



 237

                        а                                                                   ɛ 

0 20 40 60 80 100
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4

       0 20 40 60 80 100
0

4000

8000

  Iɜɨɡɛ, ɤВɬ/ɫɦ
2
 

                              в                                                                   г 

0 20 40 60 80 100

1060

1080

1100

1120

1140

       
0 20 40 60 80 100

0

20

40

60

80

 

 Iɜɨɡɛ, ɤВɬ/ɫɦ2

 
Ɋɢɫ. 3. Зɚɜɢɫɢɦɨɫɬɶ ɢɧɬɟɝɪɚɥɶɧɨɣ (а) ɢ ɩɢɤɨɜɨɣ (ɛ) ɢɧɬɟɧɫɢɜɧɨɫɬɢ, ɚ ɬɚɤɠɟ ɩɨɥɨɠɟɧɢя ɦɚɤɫɢɦɭɦɚ (в)  

ɢ ɩɨɥɭɲɢɪɢɧɵ (г) ɩɨɥɨɫɵ ɢɡɥɭɱɟɧɢя ɨɛɪɚɡɰɨɜ № 1 ɢ 2 ɨɬ ɢɧɬɟɧɫɢɜɧɨɫɬɢ ɜɨɡɛɭɠɞɚɸɳɟɝɨ  
ɢɡɥɭɱɟɧɢя (N2-ɥɚɡɟɪ,  = 337.1 ɧɦ, F = 525 Ƚɰ,  = 8 ɧɫ) 

Заɤɥючɟɧɢɟ 
Вɩɟɪɜɵɟ ɩɨɥɭɱɟɧɨ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ ɜ ɫɜɟɬɨɩɨɝɥɨɳɚɸɳɟɦ ɫɥɨɟ Cu(In,Ga)Se2 

ɫɨɥɧɟɱɧɨɝɨ ɷɥɟɦɟɧɬɚ ɩɪɢ ɜɨɡɛɭɠɞɟɧɢɢ ɮɨɬɨɥɸɦɢɧɟɫɰɟɧɰɢɢ ɢɦɩɭɥɶɫɚɦɢ ɢɡɥɭɱɟɧɢя ɚɡɨɬɧɨɝɨ 
ɥɚɡɟɪɚ ɧɚɧɨɫɟɤɭɧɞɧɨɣ ɞɥɢɬɟɥɶɧɨɫɬɢ. Иɡɭɱɟɧɢɟ ɫɬɢɦɭɥɢɪɨɜɚɧɧɨɝɨ ɢɡɥɭɱɟɧɢя ɜ ɫɜɟɬɨɩɨɝɥɨ-
ɳɚɸɳɢɯ ɫɥɨяɯ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ ɦɨɠɟɬ ɛɵɬɶ ɩɨɥɟɡɧɨ ɞɥя ɜɵяɜɥɟɧɢя ɭɫɥɨɜɢɣ ɨɫɚɠɞɟɧɢя 
ɦɚɥɨɞɟɮɟɤɬɧɵɯ ɫɥɨɟɜ ɫ ɰɟɥɶɸ ɩɨɜɵɲɟɧɢя ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɫɨɥɧɟɱɧɵɯ ɷɥɟɦɟɧɬɨɜ. 

Бɥаɝɨɞаɪɧɨɫɬɢ 

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɱɚɫɬɢɱɧɨɣ ɩɨɞɞɟɪɠɤɟ Ȼɟɥɨɪɭɫɫɤɨɝɨ ɪɟɫɩɭɛɥɢɤɚɧɫɤɨɝɨ ɮɨɧɞɚ ɮɭɧ-
ɞɚɦɟɧɬɚɥɶɧɵɯ ɢɫɫɥɟɞɨɜɚɧɢɣ. 
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Stimulated Emission in Cu(In,Ga)Se2 Solar Cell Thin Films 

I. E. Svitenkov a, V. N. Pavlovskii a, E. V. Lutsenko a, G. P. Yablonskii a, A. V. Mudryi b 
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B. I. Stepanov Institute of Physics, National Academy of Sciences of Belarus,  

 Minsk, Belarus; e-mail: v.pavlovskii@ifanbel.bas-net.by  
b 
Scientific-Practical Materials Research Centre of National Academy of Sciences of Belarus, 

Minsk, Belarus 
 

The paper presents the results of a study of emission spectra of Cu(In,Ga)Se2 solar cell thin films excited 
by a nanosecond pulsed N2 laser radiation with intensities in the range from 2 to 100 kW/cm2 at a temperature of 
20 K. A sharp narrowing of the spectrum, superlinear dependence of the emission intensity on excitation 
intensity, as well as stabilization of the band position and the half-width of the emission spectrum of the 
Cu(In,Ga)Se2 layer with increasing excitation intensity are characteristic for stimulated emission in 
semiconductor materials. 

Keywords: Cu(In,Ga)Se2,photoluminescence, solar cell, thin film. 
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