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ˀʬʹʨʭʨʲʰ 

 

ʬʸʯʪʨʴʮʵʳʰʲʬʩʰʨʴʰ (1D) ʴʨʴʵʳʨʹʨʲʨʯʨ ʻʴʰʱʨʲʻʸʰ, 

ʳʵ˂ʻʲʵʩʰʯʰ ʳʨʹʨʲʰʹʪʨʴ ʳʴʰˀʭʴʬʲʵʭʴʨʫ ʪʨʴʹˆʭʨʭʬʩʻʲʰ ʯʭʰʹʬʩʬʩʰ, 

ʪʨʴʶʰʸʵʩʬʩʻʲʰʨ ʳʨʯˀʰ ʮʬʫʨʶʰʸʻʲʰ ʨʺʵʳʬʩʰʹ ʹʰ˅ʨʸʩʰʯ 

ʳʵ˂ʻʲʵʩʰʯʯʨʴ  ˀʬʫʨʸʬʩʰʯ ʫʨ ʬʴʬʸʪʬʺʰʱʻʲʰ ʹʶʬʽʺʸʰʹ  ʨʸʹʬʩʰʯʰ 

ʳʵʫʰʼʰʱʨ˂ʰʰʯ, ʸʨ˂ ʴʨʴʵʮʵʳʬʩʰʹ ʳʰʾ˄ʬʭʰʹʨʹ ʳʨʹʨʲʨˀʰ ʨʾ˃ʸʻʲʰ 

ʱʭʨʴʺʻʸʰ ˀʬʮʾʻʫʭʬʩʰʯʨʨ ʪʨʳʵ˄ʭʬʻʲʰ. ʨʹʬʯ 1D ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰʹ 

ʴʨʰʸʹʨˆʬʵʩʨ ʼʨʸʯʵʨ ʫʨ ʳʵʰ˂ʨʭʹ ʴʨʴʵʳʨʭʯʻʲʬʩʹ, ʴʨʴʵʳʰʲʨʱʬʩʹ, 

ʴʨʴʵ˃ʬʲʬʩʹ, ʴʨʴʵʹʨʸʺʿʬʲʬʩʹ, ʴʨʴʵʹʶʰʸʨʲʬʩʹ, ʪʻʲʰ–ʪʨʸʹʰ ʺʰʶʰʹ 

ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʹ ʫʨ ʹˆʭ. ʳʨʯʰ ʪʨʴʰʭʱʭʬʯʰ ʴʨʴʵʳʬʺʸʬʩʰʹ ʸʰʪʰʹʨʨ, 

ˆʵʲʵ ʹʰʪʸ˃ʬ ˀʬʰ˃ʲʬʩʨ ʳʰʲʰʳʬʺʸʬʩʹʨ˂ ʱʰ ʨʾ˄ʬʭʫʬʹ. ʳ˂ʰʸʬ ʫʰʨʳʬʺʸʰʹ 

ʪʨʳʵ ʴʨʴʵʳʨʭʯʻʲʬʩˀʰ ʨʫʭʰʲʨʫ ˆʫʬʩʨ ʫʨ˃ʨʩʻʲʵʩʬʩʰʹ ʸʬʲʨʽʹʨ˂ʰʨ ʫʨ 

ʹʺʸʻʽʺʻʸʻʲʰ ʫʬʼʬʽʺʬʩʰʹ ʳʵʹʶʵʩʨ ʳʨʯʰ ʮʬʫʨʶʰʸʮʬ ʪʨʳʵʹʭʲʰʹ 

ʪʮʰʯ. ʨʳʰʹ ˀʬʫʬʪʨʫ  ʴʨʴʵʳʨʹʨʲʬʩʰ ˆʨʹʰʨʯʫʬʩʰʨʴ ʹʸʻʲʿʵʼʰʲʰ 

ʱʸʰʹʺʨʲʻʸʰ ʹʺʸʻʽʺʻʸʰʯ ʫʨ ʳʬʽʨʴʰʱʻʸʰ,  ʵʶʺʰʱʻʸʰ ʯʻ ʹˆʭʨ 

ʶʨʸʨʳʬʺʸʬʩʰʯ, ʸʵʳʲʬʩʰ˂ ʯʬʵʸʰʻʲʨʫ ʪʨʯʭʲʰʲ ʳʴʰˀʭʴʬʲʵʩʬʩʹ 

ʻʨˆʲʵʭʫʬʩʰʨʴ. ʨʾʴʰˀʴʻʲʹ ʬʳʨʺʬʩʨ 1D ʴʨʴʵʹʺʸʻʽʺʻʸʬʩˀʰ ʫʰʨʳʬʺʸʰʹ 

ˀʬʳ˂ʰʸʬʩʰʹ ʪʮʰʯ ʯʭʰʹʬʩʬʩʰʹ ʼʨʸʯʵ ʫʰʨʶʨʮʵʴˀʰ ˂ʭʲʰʲʬʩʰʹ 

ˀʬʹʨ˃ʲʬʩʲʵʩʨ. ʿʵʭʬʲʰʭʬ ʮʬʳʵʯʽʳʻʲʰʹ ʪʨʳʵ 1D ʴʨʴʵʳʨʹʨʲʬʩʰ ʫʾʬʹ 

ʪʨʴʰˆʰʲʬʩʰʨʴ, ʸʵʪʵʸ˂ ʿʭʬʲʨʮʬ ʶʬʸʹʶʬʽʺʰʻʲʰ ʴʨʴʵʳʨʹʨʲʬʩʰ ʳʵʳʨʭʲʰʹ 

ʴʨʴʵˆʬʲʹʨ˄ʿʵʬʩʰʹ ˀʬʹʨʽʳʴʬʲʨʫ.  

ʯʨʴʨʳʬʫʸʵʭʬ ʳʰʱʸʵʬʲʬʽʺʸʵʴʰʱʨ ʻʱʭʬ ʸʬʨʲʻʸʨʫʨʨ ʪʨʫʨʹʻʲʰ 7 

ʴʨʴʵʳʬʺʸʰʨʴ Si–ʹ ʴʨʴʵʳʨʭʯʻʲʰʨʴ ʺʸʨʴʮʰʹʺʵʸʬʩʮʬ ˀʬʳʵˆʭʬʻʲʰ 

ʹʨʱʬʯʰʯ (Wrap-gated FET), ʸʵʳʲʬʩˀʰʨ˂ ʴʨʴʵʳʨʭʯʻʲʰ 

ʼʵʺʵʲʰʯʵʪʸʨʼʰʯ ʳʮʨʫʫʬʩʨ. ʭʬʸʺʰʱʨʲʻʸ ʴʨʴʵʳʨʭʯʻʲʯʨ 

ʹʨʼʻ˃ʭʬʲʮʬ ˀʬʰʽʳʴʨ ʱʵʳʬʸ˂ʰʻʲʰ ʳʨʹʨʲʨ “Vantablack“ ʸʵʳʬʲʰ˂ 

ʫʨʹˆʰʭʬʩʻʲʰ ʹʰʴʨʯʲʰʹ  99,96% ˀʯʨʴʯʽʨʭʹ. ʸʬʨʲʻʸʰ ʹʨʼʻ˃ʭʲʰʯʨ ʯʻ 

ʳʿʰʫʭʬʲʯʨ ʳʰʮʰʫʭʰʹ ʳʰʮʴʰʯ ʻʨʳʸʨʭʰ ʹʨʽʵʴʲʰʹ ʯʨʭʹʨʸʯˀʰ ʪʭˆʭʫʬʩʨ 
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ʹʰʺʿʭʨ „ʴʨʴʵ“, ʸʨ˂ ʳʨʾʨʲʰ ˆʨʸʰʹˆʰʹʨ ʫʨ ʬʼʬʽʺʻʸʵʩʰʹ ʴʰˀʴʨʫ ʰʽ˂ʨ.  

ʽʭʬʿʴʫʬʩʨ ʳʸʨʭʨʲʰ ʶʻʩʲʰʱʨ˂ʰʨ ˂ʨʲʱʬʻʲ ʴʨʴʵʳʨʭʯʻʲʯʨ ʫʨ 

ʴʨʴʵʳʨʭʯʻʲʯʨ ʨʸʬʬʩʮʬ ʫʨʳʮʨʫʬʩʻʲ, ʻʴʰʱʨʲʻʸʰ ʶʨʸʨʳʬʺʸʬʩʰʹ ʳʽʵʴʬ 

ʨʰʸʰʹ ʹʬʴʹʵʸʬʩʮʬ, ʳʮʰʹ ʬʴʬʸʪʰʰʹ ʪʨʸʫʨʳʽʳʴʬʲʬʩʮʬ, 

ʼʵʺʵʫʬʺʬʽʺʵʸʬʩʮʬ. ʻʱʭʬ ʫʨ˄ʿʬʩʻʲʰʨ ʨʳ ʴʨʴʵˆʬʲʹʨ˄ʿʵʬʩʰʹ 

ʱʵʳʬʸ˂ʰʨʲʰʮʨ˂ʰʨ. 1D ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʿʭʬʲʨʮʬ ʶʵʶʻʲʨʸʻʲʰ 

˄ʨʸʳʵʳʨʫʪʬʴʬʲʰ ʳʨʰʴ˂ ʻʴʰʱʨʲʻʸʰ ʯʭʰʹʬʩʬʩʰʹ ʳʽʵʴʬ ʴʨˆˀʰʸʩʨʫʰʹ 

ʴʨʴʵʳʰʲʨʱʬʩʰʨ, ʸʵʳʬʲʯʨ ʬʸʯʰ ʪʸʨʳʰʹ ʼʨʹʰ 1500 ʫʵʲʨʸʰ ʰʿʵ 2000 

˄ʬʲʹ, ʫʾʬʹ ʱʰ ʺʬʽʴʵʲʵʪʰʰʹ ʳʬʫʳʰʭʰ ʫʨˆʭʬ˄ʰʹ ˀʬʫʬʪʨʫ 2 ʫʵʲʨʸʨʳʫʬ 

ˀʬʳ˂ʰʸʫʨ.  

ʨʾʴʰˀʴʻʲʰʫʨʴ ʪʨʳʵʳʫʰʴʨʸʬ, ʫʾʬʹ ˃ʨʲʮʬ ʨʽʺʻʨʲʻʸʰʨ ʨˆʨʲʰ 1D 

ʴʨʴʵʳʨʹʨʲʬʩʰʹʨ ʫʨ ʳʨʯʰ ʳʰʾʬʩʰʹ ʨˆʨʲʰ ʺʬʽʴʵʲʵʪʰʬʩʰʹ ˀʬʳʻˀʨʭʬʩʰʹ 

ʹʨʽʳʬ. ˆˀʰʸ ˀʬʳʯˆʭʬʭʨˀʰ ʻʴʰʱʨʲʻʸʰ ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʳʰʾʬʩʨ ʳˆʵʲʵʫ 

ʺʬʽʴʵʲʵʪʰʻʸʰ ʶʸʵ˂ʬʹʰʹ ʫʨˆʭʬ˄ʰʯʨ ʫʨ ʹʸʻʲʿʵʼʰʯ ˆʵʸ˂ʰʬʲʫʬʩʨ. 

ʨʳʰʹ ʴʨʯʬʲʰ ʳʨʪʨʲʰʯʰʨ  GaN-ʰʹ ʹʸʻʲʿʵʼʰʲʰ ʱʸʵʹʺʨʲʻʸʰ ʯˆʬʲʰ 

ʼʰʸʬʩʰʹ ʳʰʾʬʩʨ ʫʨ ʵʯʨˆʰʹ ʪʨʴʨʯʬʩʰʹʯʭʰʹ ʯʬʯʸʰ ʫʰʵʫʰʹ ˀʬʽʳʴʨ, ʸʨʹʨ˂ 

ʹʨʳʰ, ʫʾʬʹ ʻʱʭʬ ʴʵʩʬʲʰʹ ʶʸʬʳʰʰʹ ʲʨʻʸʬʨʺʰ ʰʨʶʵʴʬʲʰ ʳʬ˂ʴʰʬʸʰʹ 20 

˄ʲʰʹ ʺʬʽʴʵʲʵʪʰʻʸʰ ʱʭʲʬʭʨ ʫʨʹ˅ʰʸʫʨ. ʳˆʵʲʵʫ ʹ˄ʵʸʰ ʺʬʽʴʵʲʵʪʰʰʹ 

ˀʬʳʻˀʨʭʬʩʰʯ ʳʵˆʬʸˆʫʨ ʻʱʭʬ XXI ʹʨʻʱʻʴʰʹ ʫʨʹʨ˄ʿʰʹˀʰ ʹʺʸʻʽʺʻʸʻʲʨʫ 

ʹʸʻʲʿʵʼʰʲʰ ʰʴʫʰʻʳʰʹ ʴʰʺʸʰʫʰʹ ʳʰʾʬʩʨ ʫʨ ʳʰʹʰ ʨʱʸ˃ʨʲʻʲʰ ʮʵʴʰʹ 

ʫʨʫʪʬʴʨ. 

ʹʨʫʰʹʬʸʺʨ˂ʰʵ ʴʨˀʸʵʳʰʹ ˃ʰʸʰʯʨʫ ʳʰʮʨʴʹ ˄ʨʸʳʵʨʫʪʬʴʫʨ 1D 

ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰʹ ʪʨʹʨʮʸʫʬʲʨʫ ʨˆʨʲʰ, ʬʼʬʽʺʻʸʰ, ʫʨʩʨʲʺʬʳ-

ʶʬʸʨʺʻʸʻʲʰ, ʶʰʸʵʲʰʮʻʸʰ ʺʬʽʴʵʲʵʪʰʰʹ ˀʬʳʻˀʨʭʬʩʨ, ʳʰʾʬʩʻʲʰ 

ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʹʺʸʻʽʺʻʸʰʹ, ˀʬʫʪʬʴʰʲʵʩʰʹʨ ʫʨ ʯʭʰʹʬʩʬʩʰʹ ʱʭʲʬʭʨ ʫʨ 

ʳʨʯʰ ʶʸʨʽʺʰʱʻʲʰ ʪʨʳʵʿʬʴʬʩʰʹ ˀʬʼʨʹʬʩʨ.  ʨʾʴʰˀʴʻʲʰ ʳʰʮʴʰʹ ʳʰʹʨʾ˄ʬʭʨʫ 

ʫʨʰʹʨˆʨ, ʫʨ ˀʬʳʫʬʪ ʱʰ ʶʸʨʽʺʰʱʻʲʨʫ ʪʨʫʨʰ˅ʸʨ ˀʬʳʫʬʪʰ ʨʳʵ˂ʨʴʬʩʰ: 
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1. ʴʨʴʵʳʨʭʯʻʲʯʨ ʹʰʴʯʬʮʰʹ ʨˆʨʲʰ ʺʬʽʴʵʲʵʪʰʰʹ ˀʬʳʻˀʨʭʬʩʨ, 

ʸʵʳʬʲˀʰʨ˂ ʨʽʺʰʻʸʰ ʨʸʰʹ ʹʨˆʰʯ ʪʨʳʵʰʿʬʴʬʩʨ 3 ʳʵʲ.% ˄ʿʲʰʹ 

ˀʬʳ˂ʭʬʲʰ ˈʰʫʸʨʮʰʴʰʹ (N2H4) ʶʰʸʵʲʰʮʻʸʰ ʫʨˀʲʰʹ ʶʸʵʫʻʽʺʬʩʰ; 

2. ʪʬʸʳʨʴʰʻʳʰʹʨ ʫʨ ʰʴʫʰʻʳʰʹ ˄ʿʨʸʵʳʨʹʨʲʬʩʰʹ ˈʰʫʸʨʮʰʴʰʹ ʫʨˀʲʰʹ 

ʶʸʵʫʻʽʺʬʩˀʰ ʪʨʳʵ˄ʭʰʹʨʹ ʳʰʾʬʩʻʲʰ ʨʽʺʰʻʸʰ ʸʨʫʰʱʨʲʬʩʰʹ, 

ʨʽʸʵʲʨʫʰ ʱʵʳʶʵʴʬʴʺʬʩʰʹʨ ʫʨ ʹˆʭʨ ˄ʰʴʨʶʸʵʫʻʽʺʬʩʰʹ ʯʬʵʸʰʻʲʰ 

(ʯʬʸʳʵʽʰʳʰʻʸʰ) ʫʨ ʬʽʹʶʬʸʰʳʬʴʺʨʲʻʸʰ ʪʨʳʵʱʭʲʬʭʨ;  

3. Ge ʫʨ In–ʰʹ ʹʨʼʻ˃ʭʬʲʮʬ ʵʽʹʰʫʻʸʰ ʫʨ ʴʰʺʸʰʫʻʲʰ 1D 

ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʮʸʫʰʹ ʶʸʵ˂ʬʹʰʹ ˀʬʹ˄ʨʭʲʨ; 

4.  ʺʬʽʴʵʲʵʪʰʻʸʰ ʶʨʸʨʳʬʺʸʬʩʰʹ ʮʬʪʨʭʲʬʴʰʹ ʫʨʫʪʬʴʨ ʴʨʴʵʳʨʹʨʲʨʯʨ 

ʯʭʰʹʬʩʬʩʮʬ, ʳʵʸʼʵʲʵʪʰʨʮʬ, ʹʺʸʻʽʺʻʸʨʮʬ ʫʨ ʳʨʯʰ ʵʶʺʰʳʰʮʨ˂ʰʨ; 

5. ʹʰʴʯʬʮʰʸʬʩʻʲʰ In2O3-ʰʹ ʴʨʴʵʳʨʭʯʻʲʯʨ ʶʸʨʽʺʰʱʻʲʰ ʪʨʳʵʿʬʴʬʩʰʹ 

ʫʬʳʵʴʹʺʸʨ˂ʰʰʹ ʳʰʮʴʰʯ ʨʰʸʰʹ ʳʨʸʺʰʭʰ ʹʬʴʹʵʸʰʹ ʫʨʳʮʨʫʬʩʨ ʫʨ 

ʪʨʳʵ˂ʫʨ. 

˄ʨʸʳʵʫʪʬʴʰʲʰ ʴʨˀʸʵʳʰʹ ʳʬ˂ʴʰʬʸʻʲʰ ʹʰʨˆʲʬ ʳʫʪʵʳʨʸʬʵʩʹ ˀʬʳʫʬʪˀʰ: 

1. ʶʰʸʭʬʲʨʫʨʨ ˀʬʹ˄ʨʭʲʰʲʰ ʪʬʸʳʨʴʰʻʳʰʹʨ ʫʨ ʰʴʫʰʻʳʰʹ ʮʬʫʨʶʰʸʬʩʮʬ 

ˈʰʫʸʨʮʰʴʰʹ ʶʰʸʵʲʰʮʻʸʰ ʫʨˀʲʰʹ ʶʸʵʫʻʽʺʬʩʯʨʴ ʳʰʳʫʰʴʨʸʬ 

ʶʸʵ˂ʬʹʬʩʰ, ʸʵʳʲʬʩʰ˂ ˄ʰʴ ʻʹ˄ʸʬʩʬʴ ʴʨʴʵʳʨʭʯʻʲʯʨ ʮʸʫʨʹ ʫʨ 

ˀʬʳʻˀʨʭʬʩʻʲʰʨ ʴʨʴʵʳʨʭʯʻʲʯʨ ʪʨʮʸʫʰʹ ʨˆʨʲʰ ʫʨʩʨʲʺʬʳʶʬʸʨʺʻ-

ʸʻʲʰ ʺʬʽʴʵʲʵʪʰʨ; 

2. ʪʨʳʵʱʭʲʬʻʲʰʨ ʰʹ ʯʬʸʳʵʽʰʳʰʻʸʰ ʹʨʼʻ˃ʭʲʬʩʰ, ʸʵʳʲʬʩʰ˂ Ge ʫʨ In–

ʰʹ ˄ʿʨʸʵʹ ʪʨʳʵ˄ʭʰʹʨʹ ˄ʨʸʳʵʽʳʴʰʨʴ ˇʬʸ ʨʽʸʵʲʨʫ ʹʻʩʵʽʹʰʫʬʩʹ, 

ˆʵʲʵ ˀʬʳʫʬʪ ʱʰ ʰ˄ʭʬʭʬʴ ʴʨʴʵʳʨʭʯʻʲʯʨ ʹʰʴʯʬʮʹ; 

3. ʫʨʫʪʬʴʰʲʰʨ ʰʹ ʺʬʳʶʬʸʨʺʻʸʻʲʰ ʰʴʺʬʸʭʨʲʬʩʰ, ʸʵʳʲʬʩˀʰʨ˂ Ge3N4–

ʹʨ In2O3-ʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʹʰʴʯʬʮʰʹʨʹ ˆʫʬʩʨ ʮʸʫʰʹ ʳʬʽʨʴʰʮʳʰʹ 

˂ʭʲʨ ʵʸʯʽʲʰ–ʹʰʯˆʬ–ʳʿʨʸʰʫʨʴ ʵʸʯʽʲʰ–ʳʿʨʸ ʳʬʽʨʴʰʮʳʮʬ. ʨʪʸʬʯʭʬ 

ʫʨʫʪʰʴʫʨ ʰʹ ʺʬʳʶʬʸʨʺʻʸʨ, ʸʵʳʬʲʮʬ˂ Ge+In ʱʵʳʩʰʴʰʸʬʩʻʲʰ 

˄ʿʨʸʵʫʨʴ ʰʮʸʫʬʩʨ InN–ʰʹ ʴʨʴʵʴʨ˄ʰʲʨʱʬʩʰʯ ʫʬʱʵʸʰʸʬʩʻʲʰ 

In2Ge2O7 ʴʨʴʵʳʨʭʯʻʲʬʩʰ. 
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ʱʭʲʬʭʰʹ ʶʰʸʭʬʲ ʵʩʰʬʽʺʹ ˄ʨʸʳʵʨʫʪʬʴʹ ʴʨʴʵʹʺʸʻʽʺʻʸʨʯʨ 

ʹʰʴʯʬʮʰʹ ʺʬʽʴʵʲʵʪʰʨ ʫʨ ʳʰʹʰ ʺʬʽʴʵʲʵʪʰʻʸʰ ʶʨʸʨʳʬʺʸʬʩʰ (˄ʿʨʸʵʹʨ 

ʫʨ ʼʻ˃ʬˀʸʰʹ ʺʬʳʶʬʸʨʺʻʸʨ, ʶʸʵ˂ʬʹʰʹ ˆʨʴʪʸ˃ʲʰʭʵʩʨ, ˈʰʫʸʨʮʰʴʰʹ 

ʱʵʴ˂ʬʴʺʸʨ˂ʰʨ ʫʨ ʹˆʭ.). ʱʭʲʬʭʰʹ ʹˆʭʨ ʵʩʰʬʽʺʬʩʹ ˀʬʨʫʪʬʴʫʴʬʴ 

ʹʰʴʯʬʮʰʸʬʩʻʲʰ ʴʨʴʵʳʨʭʯʻʲʬʩʰ, ʸʵʳʬʲʯʨ ʨʴʨʲʰʮʰʹʯʭʰʹ 

ʪʨʳʵʭʰʿʬʴʬʯ ˀʬʳʫʬʪʰ ʳʬʯʵʫʬʩʰ: ʸʨʹʺʸʻʲʰ ʫʨ ʺʸʨʴʹʳʰʹʰʻʲʰ 

ʬʲʬʽʺʸʵʴʻʲʰ ʳʰʱʸʵʹʱʵʶʰʨ; ʸʬʴʺʪʬʴʻʲʰ ʫʰʼʸʨʽ˂ʰʨ; ʨʺʵʳʻʸ–

˃ʨʲʻʸʰ ʫʨ ʵʶʺʰʱʻʸʰ ʳʰʱʸʵʹʱʵʶʰʨ; ʬʲʬʽʺʸʵʴʯʨ ʫʰʼʸʨʽ˂ʰʨ; 

ʪʸʨʭʰʳʬʺʸʰʨ; ˀʬʫʪʬʴʰʲʵʩʰʹ ʨʴʨʲʰʮʰ ʬʲʬʽʺʸʵʴʯʨ ʹˆʰʭʰʯ ʨʾ˃ʸʻʲʰ 

ʳʨˆʨʹʰʨʯʬʩʬʲʰ ʸʬʴʺʪʬʴʻʲʰ ʪʨʳʵʹˆʰʭʬʩʰʯ; 

ʴʨˀʸʵʳʰʹ ˃ʰʸʰʯʨʫʰ ˀʬʫʬʪʬʩʰ ˀʬʳʫʬʪˀʰ ʳʫʪʵʳʨʸʬʵʩʹ: 

1. ˀʬʳʻˀʨʭʬʩʻʲʰʨ ʨˆʨʲʰ, ʫʨʩʨʲʺʬʳʶʬʸʨʺʻʸʻʲʰ ʺʸʽʴʵʲʵʪʰʨ, 

ʸʵʳʬʲʰ˂ ʬʳʿʨʸʬʩʨ ˈʰʫʸʨʮʰʴʰʹ ʶʰʸʵʲʰʮʻʸʰ ʫʨˀʲʰʹ 

ʶʸʵʫʻʽʺʬʩʰʹ ʨʸʬˀʰ ʴʨʴʵʳʨʭʯʻʲʯʨ ʹʰʴʯʬʮʹ; 

2.  Ge, In ʫʨ ʱʵʳʩʰʴʰʸʬʩʻʲʰ Ge+In ˄ʿʨʸʵʬʩʰʹ ʪʨʳʵʿʬʴʬʩʰʯ ʹʰʴʯʬʮʰʸʬ-

ʩʻʲʰʨ  ʪʬʸʳʨʴʰʻʳʰʹ ʴʰʺʸʰʫʰʹʨ, ʰʴʫʰʻʳʰʹ ʵʽʹʰʫʰʹʨ ʫʨ 

ʪʬʸʳʨʴʰʻʳʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰ, ʨʪʸʬʯʭʬ InN–ʰʯ ʫʬʱʵʸʰʸʬʩʻʲʰ 

In2Ge2O7–ʰʹ ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰ; 

3. ˀʬʹ˄ʨʭʲʰʲʰʨ ʳʨʯʰ ʮʸʫʰʹ ʶʸʵ˂ʬʹʰ, ˀʬʫʪʬʴʰʲʵʩʨ, ʳʵʸʼʵʲʵʪʰʨ ʫʨ 

ʹʺʸʻʽʺʻʸʨ, ʨʪʸʬʯʭʬ ʨʳ ʳʨˆʨʹʰʨʯʬʩʲʬʩʰʹ ʫʨʳʵʱʰʫʬʩʻʲʬʩʨ 

ʺʬʽʴʵʲʵʪʰʻʸ ʶʨʸʨʳʬʺʸʬʩʮʬ; 

4. In2O3-ʰʹ ʴʨʴʵʳʨʭʯʻʲʯʨ ʨʸʰʹ ʹʨʼʻ˃ʭʬʲʮʬ ʫʨʳʮʨʫʬʩʻʲʰʨ ʨʳʰʨʱʰʹ 

ʹʬʴʹʵʸʰ ʫʨ ʴʨˁʭʬʴʬʩʰʨ, ʸʵʳ ʳʰʹʰ ʳʪʸ˃ʴʵʩʰʨʸʵʩʨ ʹʨʱʳʨʸʰʹʰʨ ʸʨʯʨ 

ʹʬʴʹʵʸʳʨ ʳʰʲʰʵʴ ˈʨʬʸʰʹ ʳʵʲʬʱʻʲʨˀʰ ˀʬʸʬʻʲʰ ʬʸʯʰ ʨʳʰʨʱʰʹ 

ʳʵʲʬʱʻʲʨ ʰʪʸ˃ʴʵʹ.  

ʴʨˀʸʵʳʰʹ ʶʸʨʽʺʰʱʻʲ ʾʰʸʬʩʻʲʬʩʨʹ ʪʨʴʹʨʮʾʭʸʨʭʹ ʰʹ, ʸʵʳ 

ʴʨʴʵʹʺʸʻʽʺʻʸʨʯʨ ʹʰʴʯʬʮʰʹ ˀʬʳʻˀʨʭʬʩʻʲʰ ʺʬʽʴʵʲʵʪʰʨ ʪʨʳʵʰʸˁʬʭʨ 

ʬʼʬʽʺʻʸʵʩʰʯ ʫʨ ʹʨˀʻʨʲʬʩʨʹ ʰ˃ʲʬʭʨ ˀʬʭʨʳ˂ʰʸʵʯ ʮʸʫʰʹ ʺʬʳʶʬʸʨʺʻʸʨ 

ʲʰʺʬʸʨʺʻʸʨˀʰ ʨʾ˄ʬʸʰʲ ʨʴʨʲʵʪʬʩʯʨʴ ˀʬʫʨʸʬʩʰʯ. ʳʨʪʨʲʰʯʨʫ, Ge3N4–
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ʰʹ ʴʨʴʵʳʨʭʯʻʲʯʨ ˀʬʳʯˆʭʬʭʨˀʰ ʮʸʫʰʹ ʺʬʳʶʬʸʨʺʻʸʨ ˀʬʳ˂ʰʸʫʨ 350C–

ʰʯ, ˆʵʲʵ In2Ge2O7–ʰʹʨ ʫʨ  InN–ʰʹ ʹʰʴʯʬʮʰʹʨʹ, ˀʬʹʨʩʨʳʰʹʨʫ 150 ʫʨ 50C–

ʰʯ. ʪʨʸʫʨ ʨʳʰʹʨ, ʨˆʨʲʰ ʳʬʯʵʫʰʯʨʨ ʹʰʴʯʬʮʰʸʬʩʻʲʰ ʼʨʸʯʵʮʵʴʰʨʴʰ 

(Eg=4.3 ʬʭ) ʴʨˆʬʭʨʸʪʨʳʺʨʸʻʲʰ  ʳʨʹʨʲʨ In2Ge2O7, ʸʵʳʬʲʰ˂ ʮʸʫʰʹ 

ʶʸʵ˂ʬʹˀʰʭʬ, ʰʳʨʭʬ ʺʬʽʴʵʲʵʪʰʻʸ ˂ʰʱʲˀʰ ʰʼʨʸʬʩʨ  InN–ʰʹ 

ʴʨʴʵʴʨ˄ʰʲʨʱʬʩʰʯ. ʨʹʬʯʰ ʫʬʱʵʸʰʸʬʩʻʲʰ ʴʨʴʵʳʨʹʨʲʨ ʻʲʺʸʨʰʰʹʼʬʸʰ 

ʼʵʺʵʫʬʺʬʽʺʵʸʬʩʹʨ ʫʨ ʨʰʸʰʹ ʹʬʴʹʵʸʬʩˀʰ ʳʰʹʰ ʪʨʳʵʿʬʴʬʩʰʹ ʱʨʸʪ 

ʶʬʸʹʶʬʽʺʰʭʬʩʹ ʹʨˆʨʭʹ. In2O3-ʰʹ ʴʨʴʵʳʨʭʯʻʲʯʨ ʹʨʼʻ˃ʭʬʲʮʬ ʫʨʳʮʨʫʫʨ 

ʨʳʰʨʱʰʹ ʹʬʴʹʵʸʰ, ʸʵʳʲʹʨ˂ ppm ʫʵʴʰʹ  ʳʪʸ˃ʴʵʩʰʨʸʵʩʨ ʪʨʨˁʴʰʨ.  

ʴʨˀʸʵʳʰʹ ˀʬʫʬʪʬʩʰʹ ʨʶʸʵʩʨ˂ʰʨ ˁʨʺʨʸʫʨ ˀʬʳʫʬʪ ʱʵʴʼʬʸʬʴ˂ʰʬʩʮʬ: 

ICANM––2013,2014, 2015, 2016. International conference & exhibition on 

advanced and nanomaterials, Canada, 2013–2016; International Conference 

NANO-2012, 2014, Georgia, 2012, 2014; Nuclear Radiation Nanosensors and 

Nanosensory Systems. Iinternational Conference, Georgia, 2014;  2nd Training 

Event and Final Meeting. EC Funded GEO RECAP Project (N266155), Georgia, 

2012; 21st International Crimean Conference “Microwave and telecommunication 

Technology” (CriMiCo’2011), 2011, Ukraine; The European Future Tachnologies 

Conference and Exhibition-FET11, Hungary, 2011; International Scientific 

Conference - Modern Issues of Applied Physics, Georgia, 2011; Modern ecological 

problems and Caucasus. The International Conference ECO, Georgia, 2010; 1st 

International Conference on Nanochemistry and Nanotechnologies, Georgia, 

2010; International Semiconductor Conference CAS-2009, Romania, 2009; The 

International Conference For NanoTechnology Industries ( NANO Conference 

2009, King Saud University), Saudi Arabia, 2009;  

ʶʻʩʲʰʱʨ˂ʰʬʩʰ.  ʴʨˀʸʵʳʰʹ ˃ʰʸʰʯʨʫʰ ˀʬʫʬʪʬʩʰ ʪʨʳʵʽʭʬʴʬʩʻʲʰʨ 14 

ʹʨʳʬ˂ʴʰʬʸʵ ʶʻʩʲʰʱʨ˂ʰʨˀʰ ʸʵʳʬʲʯʨ ʹʰʨ ʳʵʿʭʨʴʰʲʰʨ ʨʭʺʵʸʬʼʬʸʨʺʰʹ 

ʩʵʲʵˀʰ. ʳʰʾʬʩʻʲʰʨ ʹʨʽʨʸʯʭʬʲʵʹ ʬʸʯʰ ʶʨʺʬʴʺʰ. 
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ˀʬʹʨʭʨʲʰ 

 

ˀʬʹʨʭʨʲʰ ʬ˃ʾʭʴʬʩʨ ʬʸʯʪʨʴʮʵʳʰʲʬʩʰʨʴʰ ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰʹ 

(ʴʨʴʵʳʨʭʯʻʲʬʩʰ, ʴʨʴʵ˃ʬʲʬʩʰ, ʴʨʴʵʹʨʸʺʿʬʲʬʩʰ, ʴʨʴʵʳʰʲʨʱʬʩʰ ʫʨ ʹˆʭ.) 

ʻʴʰʱʨʲʻʸ, ʳʵ˂ʻʲʵʩʰʯʰ ʳʨʹʨʲʬʩʰʹʪʨʴ ʳʴʰˀʭʴʬʲʵʭʴʨʫ ʪʨʴʹˆʭʨʭʬʩʻʲ 

˃ʰʸʰʯʨʫ ʯʭʰʹʬʩʬʩʹ ʫʨ ʳʨʯ ʪʨʳʵʳ˄ʭʬʭ ʳʰʮʬʮʬʩʹ, ʱʬʸ˃ʵʫ ʮʬʫʨʶʰʸʰʹ 

ʯʭʰʹʬʩʬʩʰʹ ʫʵʳʰʴʰʸʬʩʨʹ ʫʨ ʱʭʨʴʺʻʸʰ ˀʬʮʾʻʫʭʬʩʰʹ ˀʬʫʬʪʨʫ 

ʪʨʫʨ˄ʿʵʩʰʲ ʬʴʬʸʪʬʺʰʱʻʲ ʹʶʬʽʺʸʹ. ʨʾʴʰˀʴʻʲʰʨ 1D ʴʨʴʵʹʺʸʻʽ-

ʺʻʸʬʩʰʹ ʸʬʬʨʲʻʸ ˆʬʲʹʨ˄ʿʵʬʩˀʰ, ʪʨʴʹʨʱʻʯʸʬʩʰʯ ʱʰ ʳʰʱʸʵ– ʫʨ 

ʴʨʴʵʬʲʬʽʺʸʵʴʰʱʨˀʰ, ʨʪʸʬʯʭʬ ʹʬʴʹʵʸʻʲ ʺʬʽʴʰʱʨˀʰ ʪʨʳʵʿʬʴʬʩʰʹ  

˃ʰʸʰʯʨʫʰ ʶʬʸʹʶʬʽʺʰʭʬʩʰ. ʪʨʴˆʰʲʻʲʰʨ ʰʹ ʨʽʺʻʨʲʻʸʰ ʹʨʱʰʯˆʬʩʰ, ʸʨ˂ 

ʹʨʫʾʬʰʹʵʫʨʨ ʫʨʹʨˆʻʲʰ 1D ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʹʰʴʯʬʮʰʹʨ ʯʻ ʶʸʨʽʺʰʱʻʲʰ 

ʪʨʳʵʿʬʴʬʩʰʹ ʳʰʳʨʸʯʻʲʬʩʰʯ. 

 

I ʯʨʭʰ  

I ʯʨʭʰ ˄ʨʸʳʵʨʫʪʬʴʹ ʰʳ ʲʰʺʬʸʨʺʻʸʰʹ ʳʰʳʵˆʰʲʭʨʹ, ʸʵʳʬʲʰ˂ 

ʫʨʱʨʭˀʰʸʬʩʻʲʰʨ ʸʵʪʵʸ˂ 1D ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰʹ ʮʵʪʨʫ 

ʫʨˆʨʹʰʨʯʬʩʨʹʯʨʴ, ʰʹʬ ʳʨʯʰ ʳʰʾʬʩʰʹ ʺʬʽʴʵʲʵʪʰʨʹʯʨʴ ʫʨ ʱʵʴʱʸʬʺʻʲ 

ʪʨʳʵʿʬʴʬʩʨʹʯʨʴ. ʬʹ ʯʨʭʰ ʹʨʳʰ ʽʭʬʯʨʭʰʹʪʨʴ ˀʬʫʪʬʩʨ. 

1.1. ʽʭʬʯʨʭˀʰ ʨʾ˄ʬʸʰʲʰʨ ʴʨʴʵʳʨʭʯʻʲʯʨ ʯʭʰʹʬʩʬʩʰ ʫʨ ʰʹ 

ʳʬʽʨʴʰʮʳʬʩʰ, ʸʵʳʲʬʩʰ˂ ʮʵʳʬʩʰʹ ˀʬʳ˂ʰʸʬʩʰʹʨʹ ʰ˄ʭʬʭʬʴ ʴʨʴʵʳʨʹʨʲʨˀʰ 

ʨˆʨʲʰ, ʻʴʰʱʨʲʻʸʰ ʯʭʰʹʬʩʬʩʰʹ ˄ʨʸʳʵʽʳʴʨʹ. 

ʬʸʯʪʨʴʮʵʳʰʲʬʩʰʨʴʰ ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰ ʳʰʬʱʻʯʭʴʬʩʰʨʴ ʰʳ 

ʳʨʹʨʲʬʩʹ, ʸʵʳʬʲʯʨ˂  ʳˆʵʲʵʫ ʬʸʯʰ ʳʨʱʸʵʪʨʴʮʵʳʰʲʬʩʨ, ʱʬʸ˃ʵʫ 

ʹʰʪʸ˃ʬ ʪʨʨˁʴʰʨʯ. ʫʨʸˁʬʴʰʲʰ ʵʸʰ ʪʨʴʮʵʳʰʲʬʩʨ ʱʰ  100 ʴʨʴʵʳʬʺʸʮʬ 

ʳ˂ʰʸʬ ʹʰʫʰʫʰʹʨʨ. 

ʴʨʴʵʳʨʭʯʻʲʬʩʰʹʨʫʳʰ ʫʰʫ ʳʬ˂ʴʰʬʸʻʲ ʰʴʺʬʸʬʹʹ ʪʨʴʹʨʮʾʭʸʨʭʹ 

ʻʶʰʸʭʬʲʬʹʨʫ ʳʨʯʰ ʹʸʻʲʿʵʼʰʲʰ, ʶʸʨʽʺʰʱʻʲʨʫ ʻʫʬʼʬʽʺʵ 

ʱʸʰʹʺʨʲʻʸʰ ʹʺʸʻʽʺʻʸʨ, ʸʨ˂ ʳʰʰʾ˄ʬʭʨ ʳʨʯˀʰ ʳʬʽʨʴʰʱʻʸʰ 
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ʫʨ˃ʨʩʻʲʵʩʬʩʰʹ ʪʨʨʫʭʰʲʬʩʻʲʰ ʸʬʲʨʽʹʨ˂ʰʰʯ, ʸʨʫʪʨʴ ʫʨ˃ʨʩʻʲʵʩʨ 

˃ʨʲʮʬ ʳ˂ʰʸʬ ʳʵ˂ʻʲʵʩʨʹ ʳʵʰ˂ʨʭʹ. ʰʪʰʭʬ ʰʯʽʳʰʹ ʭʨʱʨʴʹʰʬʩʮʬ˂, 

ʸʵʳʲʬʩʰ˂ ʴʨʴʵʳʨʭʯʻʲʬʩˀʰ ʶʸʨʽʺʰʱʻʲʨʫ ʨʸ ʪʭˆʭʫʬʩʰʨʴ, ʸʨʫʪʨʴ ʳʨʯ 

ʸʨʳʵʫʬʴʰʳʬ ʳʬʹʸʰʹ ʶʨʸʨʳʬʺʸʰʹ ʪʨʭʲʨ ʫʨ ʮʬʫʨʶʰʸʮʬ ʪʨʳʵʹʭʲʨ ʯʭʰʯ 

ʮʸʫʰʹ ʶʸʵ˂ʬʹˀʰʨ˂ ʱʰ ʨʫʭʰʲʨʫ ˀʬʻ˃ʲʰʨʯ. ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʻʴʰʱʨʲʻʸ,  

ʯʭʰʹʬʩʬʩʹ ʪʨʴʹʨʮʾʭʸʨʭʹ ʮʬʫʨʶʰʸʮʬ ʪʨʴʯʨʭʹʬʩʻʲ ʨʺʵʳʯʨ ʫʰʫʰ 

ʸʰ˂ˆʭʰ ʫʨ, ˀʬʹʨʩʨʳʰʹʨʫ ʮʬʫʨʶʰʸʻʲʰ ʯʭʰʹʬʩʬʩʰʹ ʫʵʳʰʴʰʸʬʩʨ. 

ʴʨˆʬʭʨʸʪʨʳʺʨʸʻʲ ʫʨ ʫʰʬʲʬʽʺʸʰʱʻʲ ʴʨʴʵʳʨʹʨʲʬʩˀʰ ʨʳʨʹ ʬʳʨʺʬʩʨ 

ʴʨʴʵʮʵʳʬʩʰʯ ʪʨʳʵ˄ʭʬʻʲʰ ˃ʨʲʮʬ ˃ʲʰʬʸʰ ʱʭʨʴʺʻʸʰ ˀʬʮʾʻʫʭʬʩʰ, 

ʸʵʳʲʬʩʰ˂ ʳʯʲʰʨʴʨʫ ˂ʭʲʰʨʴ ʬʴʬʸʪʬʺʰʱʻʲ ʹʶʬʽʺʸʹ. 

ʴʨˆʬʭʨʸʪʨʳʺʨʸʻʲʰ ʱʸʰʹʺʨʲʰʹ ʮʵʳʬʩʰʹ ~10 ʴʳ-ʮʬ ʫʨʩʲʨ 

ˀʬʳ˂ʰʸʬʩʰʹʨʹ ʳʴʰˀʭʴʬʲʵʭʴʨʫ ʱʲʬʩʻʲʵʩʹ ʹʨʭʨʲʬʴʺʵ ʬʲʬʽʺʸʵʴʯʨ 

ʹʨʬʸʯʵ ʸʨʵʫʬʴʵʩʨ, n, ʸʨ˂ ʰ˄ʭʬʭʹ ʫʵʴʬʬʩʹ ˀʵʸʰʹ ʰʴʺʬʸʭʨʲʬʩʰʹ ʮʸʫʨʹ:  

                                           
n

E
E

F

C

3

4
     

ʹʨʫʨ˂  EF - ʼʬʸʳʰʹ ʬʴʬʸʪʰʨʨ. ʪʨʸʫʨ ʫʵʴʬʬʩʹ ˀʵʸʰʹ ʰʴʺʬʸʭʨʲʰʹʨ, 

ʰʮʸʫʬʩʨ ʨʪʸʬʯʭʬ ʨʱʸ˃ʨʲʻʲʰ ʮʵʴʰʹ ʹʰʪʨʴʬʬʩʰ˂, ʸʨ˂ ʨʾʰ˄ʬʸʬʩʨ 

ʼʵʸʳʻʲʰʯ: 

∆𝐸𝑔 = 3.9𝑑0௡ (𝑑௠𝑑0 )௡[ଶ௡+5] ଷ⁄  

ʹʨʫʨ˂ dm – ʴʨʴʵʱʸʵʹʺʨʲʰʹ ʫʰʨʳʬʺʸʰʨ; d0 –ʬʽʹʰʺʵʴʰʹ ʩʵʸʰʹ ʸʨʫʰʻʹʰʨ 

(ʪʬʸʳʨʴʰʻʳʰʹʯʭʰʹ 22 ʴʳ, Si-ʯʭʰʹ 5ʴʳ), n =1.22  Ge ʫʨ Si-ʯʭʰʹ; 

ʮʵʪʨʫʨʫ ʨʳ ʳʵʭʲʬʴʨʹ ʱʭʨʴʺʻʸʰ ˀʬʮʾʻʫʭʨ (Quantum confinement) 

ʬ˄ʵʫʬʩʨ ʫʨ ʰʹ ʳʵʽʳʬʫʬʩʹ ʴʨʴʵʳʨʹʨʲʰʹ ʬʲʬʽʺʸʻʲ, ʵʶʺʰʱʻʸ, ʳʨʪʴʰʺʻʸ, 

ʽʰʳʰʻʸ, ʯʬʸʳʻʲ, ʳʬʽʨʴʰʱʻʸ ʯʭʰʹʬʩʬʩʮʬ. ʶʸʨʽʺʰʱʻʲʨʫ ʴʨʴʵʳʨʹʨʲʰʹ 

ʿʭʬʲʨ ʶʨʸʨʳʬʺʸʰ ʰ˂ʭʲʬʩʨ ʮʵʳʨʹʯʨʴ ʬʸʯʨʫ. ʨˆʨʲʰ ʯʭʰʹʬʩʬʩʰ ʱʰ  ʨˆʨʲʰ, 

ʻʴʰʱʨʲʻʸʰ ʶʨʸʨʳʬʺʸʬʩʰʹ ʳʽʵʴʬ ˆʬʲʹʨ˄ʿʵʬʩʰʹ ˀʬʽʳʴʰʹ ʹʨˀʻʨʲʬʩʨʹ 

ʰ˃ʲʬʭʨ, ʸʨ˂ ʴʨʴʵʺʬʽʴʵʲʵʪʰʰʹ  ʻʳʯʨʭʸʬʹ ʳʰʮʨʴʹ ˄ʨʸʳʵʨʫʪʬʴʹ.    
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1D ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰʹ ʳʴʰˀʭʴʬʲʵʭʨʴ ʻʶʰʸʨʺʬʹʵʩʨʹ 0D 

ʴʨʴʵʱʸʰʹʺʨʲʬʩʯʨʴ ˀʬʫʨʸʬʩʰʯ ˄ʨʸʳʵʨʫʪʬʴʹ ʰʹ, ʸʵʳ ʫʰʨʳʬʺʸʰʹ ʳ˂ʰʸʬ, 

100 ʴʳ–ʮʬ ʴʨʱʲʬʩʰ ʹʰʫʰʫʰʹ ʳʰʻˆʬʫʨʭʨʫ, ʳʨʯʰ ʹʰʪʸ˃ʬʩʰ 

ʳʨʱʸʵʹʱʵʶʻʲʰ, ʬ.ʰ. „ˆʬʲˀʬʹʨˆʬʩʰ“ ʮʵʳʰʹʨʨ, ʸʨ˂ ʨʨʫʭʰʲʬʩʹ ʳʨʯ 

ʳʨʴʰʶʻʲʰʸʬʩʨʹ, ʳʵ˄ʬʹʸʰʪʬʩʻʲ ʪʨʴʲʨʪʬʩʨʹ, ʯʭʰʯʨ˄ʿʵʩʨʹ ʫʨ 

ˆʬʲʹʨ˄ʿʵˀʰ ʳʰʬʸʯʬʩʨʹ ʹʨ˅ʰʸʵ ʨʫʪʰʲʮʬ. 

1.2. ʽʭʬʯʨʭˀʰ ʪʨʴˆʰʻʲʰʨ 1D ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʵʸʯʽʲʰʹ ʼʨʮʰʫʨʴ 

ʮʸʫʰʹ ʹʨʱʰʯˆʬʩʰ.  ʻʶʰʸʭʬʲʬʹʨʫ ʳʵʿʭʨʴʰʲʰʨ ʳʵʴʨ˂ʬʳʬʩʰ 

ʴʨʴʵʳʨʭʯʻʲʯʨ ʵʸʯʽʲʰ–ʹʰʯˆʬ–ʳʿʨʸʰ (ʵʹʳ) ʳʬʯʵʫʰʯ ʪʨʮʸʫʨʹʯʨʴ 

ʫʨʱʨʭˀʰʸʬʩʰʯ. ʬʹ ʳʬʯʵʫʰ ˇʬʸ ʱʰʫʬʭ ˄ʰʴʨ ʹʨʻʱʻʴʰʹ 60–ʰʨʴ ˄ʲʬʩˀʰ ʰʿʵ 

ˀʬʳʻˀʨʭʬʩʻʲʰ. ʰʹ ʬʳʿʨʸʬʩʨ ʬʭʺʬʽʺʰʱʻʸ ʴʨʬʸʯˀʰ ʼʨʮʨʯʨ ˄ʵʴʨʹ˄ʵʸʵʩʰʹ 

ʱʨʴʵʴʬʩʹ. ʳʨʪʨʲʰʯʰʹʯʭʰʹ ʪʨʴˆʰʲʻʲʰʨ ʵʽʸʵ–ʪʬʸʳʨʴʰʻʳʰʹ ʹʰʹʺʬʳʨ, 

ʸʵʳʬʲʰ˂ ʴʨˆ. 1 ʨ–ʮʬʨ ʳʵʿʭʨʴʰʲʰ.  

ʨʳ ʹʰʹʺʬʳʨˀʰ ˂ʨʲʱʬʻʲʰ ʱʵʳʶʵʴʬʴʺʬʩʰʹ ʫʴʵʩʰʹ ʺʬʳʶʬʸʨʺʻʸʨ 

ʳʨʾʨʲʰʨ (Ge-938C, Au-1064C), ʳʨʪʸʨʳ ʬʭʺʬʽʺʰʱʻʸ ˄ʬʸʺʰʲˀʰ, ʸʵʳʬʲʰ˂ 

28 ʨʺ.% Ge–ʹ ˀʬʳ˂ʭʬʲʵʩʰʹʨʹ ʳʰʰʾʬʩʨ, ʫʴʵʩʰʹ ʺʬʳʶʬʸʨʺʻʸʨ ʳʱʭʬʯʸʨʫ 

ʬ˂ʬʳʨ 360C–ʫʬ. ʨʹʬʯʰ ʬʭʺʬʽʺʰʱʻʸʰ ʴʨʫʴʵʩʰʹ ʪʨʳʫʰʫʸʬʩʨ 

ʪʬʸʳʨʴʰʻʳʰʯ, ʨʴʻ ʳʰʹʰ ʪʨʫʨˇʬʸʬʩʨ ʪʨʳʵʰ˄ʭʬʭʹ ʹʰʯˆʬˀʰ ʳʿʨʸʰ 

ʪʬʸʳʨʴʰʻʳʰʹ ˄ʨʸʳʵʽʳʴʨʹ. ʹ˄ʵʸʬʫ ʨʳ ʬʼʬʽʺʹ ʬʳʿʨʸʬʩʨ ʵʹʳ ʳʬʯʵʫʰ. 

ʹʨ˄ʿʰʹ ʬʺʨʶʮʬ, ʳʨʪʨʲʰʯʨʫ ʹʰʲʰ˂ʰʻʳʰʹ ʼʻ˃ʬˀʸʬʮʬ ˇʬʸ ʽʳʴʰʨʴ 

ʵʽʸʵʹ ʴʨʴʵʴʨ˄ʰʲʨʱʬʩʹ, ʸʵʳʬʲʯʨ˂ ʱʨʺʨʲʰʮʨʺʵʸʬʩʹ ʻ˄ʵʫʬʩʬʴ. ˀʬʳʫʬʪ 

ʼʻ˃ʬˀʸʬʹ ʨˆʻʸʬʩʬʴ ʬʭʺʬʽʺʰʱʻʸʮʬ ʵʫʴʨʭ ʳʨʾʨʲ ʺʬʳʶʬʸʨʺʻʸʨʮʬ ʫʨ 

ʳʨʹʮʬ ʳʰʳʨʸʯʨʭʬʴ Ge–ʹ ʵʸʯʽʲʰʹ ʴʨʱʨʫʹ, ʸʵʳʬʲʰ˂  ʫʰʼʻʴʫʰʸʬʩʹ ʳʿʨʸʰ 

ʵʽʸʵʹ ʴʨʴʵʴʨ˄ʰʲʨʱʰʹ ʮʬʫʨʶʰʸˀʰ ʫʨ ʸʵ˂ʨ ʳʰʹʰ ʲʵʱʨʲʻʸʰ 

ʱʵʴ˂ʬʴʺʸʨ˂ʰʨ 28 ʨʺ.%–ʹ ʳʰʨʾ˄ʬʭʹ ʱʨʺʨʲʰʮʨʺʵʸʰ ʫʴʬʩʨ ʫʨ ʴʨʴʵʮʵʳʰʹ 

ʬʭʺʬʽʺʰʱʻʸ ˄ʭʬʯʨʫ ʰʽ˂ʬʭʨ. ʱʨʺʨʲʰʮʨʺʵʸˀʰ ʵʸʯʽʲʰʹ ˀʬʳʫʪʵʳʰ 

ʪʨˆʹʴʰʹʨʹ ʵʽʸʵ ʪʨʫʨˇʬʸʫʬʩʨ ʪʬʸʳʨʴʰʻʳʰʯ ʫʨ ʳʰʹʪʨʴ  ʪʨʳʵʰʿʵʼʨ 

ʶʰʸʭʬʲʰ ʳʿʨʸʰ ʪʬʸʳʨʴʰʻʳʰ. ʪʨʳʵʿʵʼʰʹ ʬʹ ʶʸʵ˂ʬʹʰ ʳʨʴʨʳ ʪʨʪʸ˃ʬʲʫʬʩʨ, 
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ʹʨʴʨʳ ʰʨʸʹʬʩʬʩʹ Ge–ʹ ʵʸʯʽʲʰʹ ʴʨʱʨʫʰ, ʸʨ˂ ʪʨʳʵʰ˄ʭʬʭʹ Ge–ʹ 

ʴʨʴʵʳʨʭʯʻʲʰʹ ʪʨʮʸʫʨʹ.  

 

˂ˆʨʫʰʨ, ʸʵʳ ʴʨʴʵʳʨʭʯʻʲʰʹ ʫʰʨʳʬʺʸʹ ʪʨʴʨʶʰʸʵʩʬʩʹ ʱʨʺʨʲʰʮʨʺʵ-

ʸʰʹ ʮʵʳʨ, ˆʵʲʵ ʯʭʰʯ ʱʨʺʨʲʰʮʨʺʵʸʰ ʮʸʫʰʹ ʶʸʵ˂ʬʹˀʰ ʨʸ ʰˆʨʸˇʬʩʨ. 

ʱʨʺʨʲʰʮʨʺʵʸʨʫ ˀʬʰ˃ʲʬʩʨ ʪʨʳʵʿʬʴʬʩʻʲʰ ʰʽʴʨʹ ʹˆʭʨʫʨʹˆʭʨ ʳʨʹʨʲʨ, 

ʳʨʪʨʲʰʯʨʫ: Fe, Ni, Ag, Cu ʫʨ ʹˆʭ. ʳʯʨʭʨʸʰ ʱʸʰʺʬʸʰʻʳʰ ʰʹʨʨ, ʸʵʳ ʳʨʴ 

ʻʴʫʨ ˀʬʽʳʴʨʹ ʬʭʺʬʽʺʰʱʻʸʰ ʴʨʬʸʯʰ ʪʨʹʨʮʸʫʬʲ ʳʨʹʨʲʨʹʯʨʴ. 

ʴʨʴʵʳʨʭʯʻʲʯʨ ʫʰʨʳʬʺʸʹ ʪʨʴʹʨʮʾʭʸʨʭʹ ʨʸʨ ʳʨʸʺʵ ʱʨʺʨʲʰʮʨʺʵʸʰʹ 

ʮʵʳʨ, ʨʸʨʳʬʫ ʰʹʰ˂, ʯʻ ʸʵʪʵʸʰʨ ʫʨʹʭʬʲʬʩʨʫʵʩʨ, ʸʵʳʲʰʹ ʳ˂ʰʸʬ ʳʴʰˀ-

ʭʴʬʲʵʩʨʹ ʨʹʬʭʬ ʳ˂ʰʸʬ ʴʨʴʵʳʨʭʯʻʲʰʹ ʫʰʨʳʬʺʸʰ ˀʬʬʹʨʩʨʳʬʩʨ.  ʴʨʴʵʳʨʭ-

ʯʻʲʯʨ ʮʸʫʰʹ ʶʸʰʵʸʰʺʬʺʻʲ ʳʰʳʨʸʯʻʲʬʩʨʹ ˆˀʰʸʨʫ ʪʨʴʹʨʮʾʭʸʨʭʹ 

ʱʵʴʱʸʬʺʻʲʰ ʺʬʽʴʵʲʵʪʰʻʸʰ ʶʰʸʵʩʬʩʰ, ʼʻ˃ʬˀʸʬ, ˀʬʸˁʬʻʲʰ 

ʱʨʺʨʲʰʮʨʺʵʸʰ ʫʨ ʹˆʭ. 

               

ʴʨˆ.1. Au -Ge ʬʭʺʬʽʺʰʱʻʸʰ ʫʰʨʪʸʨʳʨ (ʨ); ʵʽʸʵʹ ʱʨʺʨʲʰʮʨʺʵʸʰʹ 

ʴʨʴʵʴʨ˄ʰʲʨʱʬʩʰ (ʩ); ʵʹʳ  ʮʸʫʰʹ ʶʸʵ˂ʬʹʰʹ ʯʨʴʨʳʰʳʫʬʭʸʵʩʨ. 
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ʨʳʨʭʬ ʯʨʭˀʰʨ ʪʨʴˆʰʲʻʲʰ ʴʨʴʵʳʨʭʯʻʲʯʨ ʮʸʫʨ ʵʸʯʽʲʰ–ʳʿʨʸʰ (ʵʳ) 

ʳʬʯʵʫʰʯ, ʸʵʳʬʲʰ˂ ʪʻʲʰʹˆʳʵʩʹ ʴʨʴʵʳʨʭʯʻʲʯʨ ʹʰʴʯʬʮʹ ʸʬʨʪʬʴʺʬʩʰʹ 

ʻˀʻʨʲʵʫ ʵʸʯʽʲʰʹ ʼʨʮʰʫʨʴ ʳʿʨʸ ʼʨʮʨˀʰ ʪʨʫʨʹʭʲʰʯ. ʳʵʿʭʨʴʰʲʰʨ ʨʳ 

ʳʨʯʵʫʰʯ ʴʨʴʵʳʨʭʯʻʲʯʨ ʪʨʮʸʫʰʹ ʳʨʪʨʲʰʯʬʩʰ ʫʨ ʴʨˁʭʬʴʬʩʰʨ, ʸʵʳ 

ʳʬʯʵʫʰ ʵʹʳ–ʳʬʽʨʴʰʮʳʯʨʴ ˀʬʫʨʸʬʩʰʯ ʻʼʸʵ ʬʴʬʸʪʵʺʬʭʨʫʰʨ, ʸʨʫʪʨʴ 

ʪʨʸʫʨ ʵʸʯʽʲʰʹ ˀʬʽʳʴʰʹʯʭʰʹ ʫʨˆʨʸˇʻʲʰ ʬʴʬʸʪʰʰʹʨ ʰʹ ʳʵʰʯˆʵʭʹ 

ʹʰʴʯʬʮʰʹ ʳʨʾʨʲ ʺʬʳʶʬʸʨʺʻʸʨʹʨ˂.  

1.3. ʽʭʬʯʨʭˀʰ ʪʨʴˆʰʲʻʲʰʨ ʴʰʺʸʰʫʻʲʰ ʫʨ ʵʽʹʰʫʻʸʰ 

ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʹʰʴʯʬʮʰʹ ʨʽʺʻʨʲʻʸʰ ʹʨʱʰʯˆʬʩʰ. ʿʻʸʨʫʾʬʩʨ 

ʪʨʳʨˆʭʰʲʬʩʻʲʰʨ ʼʨʸʯʵʮʵʴʰʨʴʰ III ˇʪʻʼʰʹ  ʴʰʺʸʰʫʬʩʮʬ (GaN, AlN, InN 

ʫʨ ʹˆʭ.). ʬʹ ʳʨʹʨʲʬʩʰ ʫʨ ʳʨʯʰ ʬʸʯʳʨʴʬʯʯʨʴ ˀʬʽʳʴʰʲʰ ʹʨʳʳʨʪʰ ʯʻ 

ʵʯˆʳʨʪʰ ʴʨʬʸʯʬʩʰ ʪʨʳʵʰʸˁʬʭʰʨʴ  ʶʰʸʫʨʶʰʸʰ ʫʨ ˆˀʰʸʨʫ ʼʨʸʯʵ, 3 ʬʭ–ʮʬ 

ʫʰʫʰ ʨʱʸ˃ʨʲʻʲʰ ʮʵʴʰʯ, ʸʨ˂ ʳʨʯ ʶʸʨʽʺʰʱʻʲ ʪʨʳʵʿʬʴʬʩʨʹ ʻ˄ʿʵʩʹ ˆʬʲʹ. 

ʳʬʹʨʳʬ ʫʨ ʳʬˆʻʯʬ ˇʪʻʼʰʹ ʬʲʬʳʬʴʺʬʩʹ ˀʵʸʰʹ ʬʲʬʽʺʸʵʻʨʸʿʵʼʰʯʵʩʰʹ 

ʫʰʫʰ ʹˆʭʨʵʩʨ (Al = 1.18, Ga = 1.13, In = 0.99, N = 3.1) ʰ˄ʭʬʭʹ ˃ʲʰʬʸʰ ʩʳʬʩʰʹ 

˄ʨʸʳʵʽʳʴʹ. ʸʵʪʵʸ˂ ˄ʬʹʰ ʬʹ ʳʨʹʨʲʬʩʰ ʱʸʰʹʺʨʲʫʬʩʰʨʴ ʹʺʨʩʰʲʻʸ 

ʭʰʻʸʺ˂ʰʺʻʲ ʼʨʮʨˀʰ (ʬ.˄. β–ʼʨʮʨ). III ˇʪʻʼʰʹ ʴʰʺʸʰʫʬʩʰʹ ʳʬʹʬʸʹ ʨʸ 

ʪʨʨˁʴʰʨ ʹʰʳʬʺʸʰʰʹ ˂ʬʴʺʸʰ ʫʨ ʰʹʰʴʰ ʶʵʲʨʸʻʲ ʱʸʰʹʺʨʲʬʩʹ 

ʳʰʬʱʻʯʭʴʬʩʰʨʴ. ʨʳʰʹ ʪʨʳʵ ʳʨʯ ʻˁʴʫʬʩʨʯ ʰʹʬʯʰ ʳʴʰˀʭʴʬʲʵʭʨʴʰ 

ʯʭʰʹʬʩʬʩʰ, ʸʵʪʵʸʬʩʰ˂ʨʨ ʶʰʬʮʵʬʲʬʽʺʸʵʩʨ, ʶʰʸʵʬʲʬʽʺʸʵʩʨ ʫʨ ʹˆʭ. 

ʶʵʲʨʸʰʮʨ˂ʰʨ ˄ʨʸʳʵʰʽʳʴʬʩʨ ʭʰʻʸʺ˂ʰʺʰʹ [0001] ʫʨ ʯʻʯʰʰʹ ʹʻʲʼʰʫʰʹ 

[111] ʾʬʸ˃ʬʩʰʹ ʪʨʹ˄ʭʸʰʭ. ʬʹ ʹʰʩʸʺʿʬʬʩʰ ʬʸʯʳʨʴʬʯʰʹ ʬʽʭʰʭʨʲʬʴʺʻʸʰʨ, 

ʸʨ˂ III–V ˇʪʻʼʰʹ  ʴʨʴʵʳʨʹʨʲʬʩˀʰ ʨʳ ʵʸʰ ʼʨʮʰʹ ʳʵʴʨ˂ʭʲʬʵʩʨʹʨ˂ ʱʰ 

ʰ˄ʭʬʭʹ ˆʵʲʳʬ. 

 ʴʰʺʸʰʫʬʩʰʹ ʳʰʹʨʾʬʩʨʫ ʿʭʬʲʨʮʬ ˆˀʰʸʨʫ ʨʳʰʨʱʰ ʪʨʳʵʰʿʬʴʬʩʨ, 

ʸʵʳʲʰʹ ʹʰʹʻʼʯʨʭʬʹʨ˂ ʫʰʫʰ ʳʴʰˀʭʴʬʲʵʩʨ ʬʴʰ˅ʬʩʨ. ʳʨʪʸʨʳ III  ˇʪʻʼʰʹ 

ʴʰʺʸʰʫʬʩʰʹ ʼʰʸʬʩʰʹ ʳʰʾʬʩʰʹ ʹʨʽʳʬˀʰ ʻʫʰʫʬʹʰ ʶʸʵʩʲʬʳʨʨ ʹʨʯʨʴʨʫʵ 

ʼʻ˃ʬˀʸʬʬʩʰʹ ʨʸʽʵʴʨ, ʸʵʳʲʬʩʮʬ˂ ˀʬʰ˃ʲʬʩʵʫʨ ʳʨʯʰ ʪʨʮʸʫʨ. ʳʬʹʸʰʹ 

ʶʨʸʨʳʬʺʸʬʩʰʹ ˀʬʻʯʨʴˆʳʬʩʲʵʩʨ ʫʬʼʬʽʺʬʩʰʹ, ʻʳʯʨʭʸʬʹʨʫ 



13 

 

ʫʰʹʲʵʱʨ˂ʰʬʩʰʹ ʹʰʳʱʭʸʰʭʬʹ  ʳʴʰˀʭʴʬʲʵʭʴʨʫ ʮʸʫʰʹ, ʸʵʳʬʲʰ˂ 1010 ʹʳ2 

ʹʰʫʰʫʬʹʨ˂ ʱʰ ʨ˅ʨʸʩʬʩʹ. ʹ˄ʵʸʬʫ ʨʽ ˁʴʫʬʩʨ ʶʸʵʩʲʬʳʰʹ ʪʨʫʨʹʨ˄ʿʭʬʺʨʫ 

ʴʨʴʵʳʨʭʯʻʲʯʨ ʬʸʯ–ʬʸʯʰ ʻʶʰʸʨʺʬʹʵʩʰʹ ʪʨʳʵʿʬʴʬʩʰʹ ʶʬʸʹʶʬʽʺʰʭʨ. 

ʸʵʪʵʸ˂ ʮʬʭʰʯ ʨʾʭʴʰˀʴʬʯ, ʫʨ˃ʨʩʻʲʵʩʬʩʰ ʴʨʴʵʳʨʭʯʻʲʬʩˀʰ ʨʫʭʰʲʨʫ 

ʸʬʲʨʽʹʰʸʬʩʬʴ, ʸʨ˂ III  ˇʪʻʼʰʹ ʴʰʺʸʰʫʬʩʰʹ ʻʫʬʼʬʽʺʵ ʹʺʸʻʽʺʻʸʰʹ 

ʳʽʵʴʬ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʳʰʾʬʩʰʹ ʹʨˀʻʨʲʬʩʨʹ ʰ˃ʲʬʭʨ. 

ʩʵʲʵ ʫʸʵʹ ʪʨʴʹʨʱʻʯʸʬʩʻʲ ʿʻʸʨʫʾʬʩʨʹ ʰʳʹʨˆʻʸʬʩʬʴ ʵʽʹʰʫʻʸʰ  

ʼʨʸʯʵʮʵʴʰʨʴʰ 1D ʴʨʴʵʳʨʹʨʲʬʩʰ. ʰʹʰʴʰ ʳʴʰˀʭʴʬʲʵʭʨʴʴʰ ʨʸʰʨʴ   ʰʹʬʯʰ 

ʹʼʬʸʵʬʩʰʹʯʭʰʹ, ʸʵʪʵʸʬʩʰ˂ʨʨ ˃ʨʲʵʭʨʴʰ ʫʨ ʳʨʾʨʲʺʬʳʶʬʸʨʺʻʸʻʲʰ 

ʬʲʬʽʺʸʵʴʰʱʨ, ʬʲʬʽʺʸʵʨʭʺʵʳʵʩʰʲʬʩʰʹ ʱʭʬʩʰʹ ˄ʿʨʸʵʬʩʰ, 

ʳʨʾʨʲʬʴʬʸʪʬʺʰʱʻʲʰ ʲʨʮʬʸʬʩʰ, ʳʱʨ˂ʸ ʶʰʸʵʩʬʩˀʰ ʳʵʳʻˀʨʭʬ, ʨʪʸʬʯʭʬ  

ʩʰʵʲʵʪʰʻʸʰ ʫʨ ʵʶʺʰʱʻʸʰ ʪʨʸʫʨʳʽʳʴʬʲʬʩʰ,   ʨʴʨʲʰʺʰʱʻʸʰ 

ˆʬʲʹʨ˄ʿʵʬʩʰ ʫʨ ʹʬʴʹʵʸʬʩʰ,  ʻʲʺʸʨʰʰʹʼʬʸʰ ʹˆʰʭʬʩʰʹ ʫʬʺʬʽʺʰʸʬʩʨ, 

ʪʨʸʬʳʵʹʫʨ˂ʭʰʯʰ ˆʬʲʹʨ˄ʿʵʬʩʰ ʫʨ ʹˆʭ.  ʳʵ˂ʬʳʻʲ ʽʭʬʯʨʭˀʰ ʳʵʱʲʬʫʨʨ 

ʪʨʴˆʰʲʻʲʰ ʵʽʹʰʫʻʸʰ 1D ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʪʨʳʵʿʬʴʬʩʰʹ ʹʨʱʰʯˆʬʩʰ ʨʰʸʰʹ 

ʹʬʴʹʵʸʬʩʰʹ ʫʨʳʮʨʫʬʩʰʹ ʹʨʽʳʬˀʰ. ʪʨʴˆʰʲʻʲʰʨ ʴʨʴʵʳʨʭʯʻʲʰʨʴʰ ʨʰʸʰʹ 

ʹʬʴʹʵʸʬʩʰʹ ʺʰʶʬʩʰ ʫʨ ʳʨʯʰ ʳʵʽʳʬʫʬʩʰʹ ʼʰʮʰʱʻʸʰ ʹʨʼʻ˃ʭʲʬʩʰ. 

ʴʨʴʵʳʨʭʯʻʲʬʩʰʨʴʰ ʨʰʸʰʹ ʹʬʴʹʵʸʬʩʰ ˃ʰʸʰʯʨʫʨʫ ʪʨʳʰʮʴʻʲʴʰ ʨʸʰʨʴ 

ʨʺʳʵʹʼʬʸʻʲ ʶʰʸʵʩʬʩˀʰ ʹʨʳʻˀʨʵʫ. ʨʳʰʺʵʳ ʳʨʯʰ ʮʬʫʨʶʰʸʰ ʸʵʪʵʸ˂ ˄ʬʹʰ 

ˈʨʬʸʰʫʨʴ ʽʬʳʵʹʵʸʩʰʸʬʩʻʲʰ ʷʨʴʪʩʨʫʰʯʨʨ ʫʨʼʨʸʻʲʰ, ʸʵʳʬʲʰ˂ ʰʬʸʯʬʩʹ 

ʬʲʬʽʺʸʵʴʬʩʹ ʴʨʴʵʳʨʭʯʻʲʰʹ ʨʱʸ˃ʨʲʻʲʰ ʮʵʴʰʫʨʴ (n-ʺʰʶʰʹ 

ʴʨʴʵʳʨʭʯʻʲʰʹ ˀʬʳʯˆʭʬʭʨˀʰ) ʸʨ˂ ʳʰʹʰ ˄ʰʴʨʾʵʩʰʹ ʪʨʮʸʫʨʹ ʰ˄ʭʬʭʹ. 

ʹʨʨʴʨʲʰʮʵ ʨʰʸʰʹ ʨʫʹʵʸʩ˂ʰʰʹʨʹ, ʻʳʬʺʬʹ ˀʬʳʯˆʭʬʭʨˀʰ ˆʫʬʩʨ 

ʻʸʯʰʬʸʯʽʳʬʫʬʩʨ ʷʨʴʪʩʨʫʯʨʴ ʫʨ ʸʬʨʽ˂ʰʰʹ ˀʬʫʬʪʨʫ ʬʲʬʽʺʸʵʴʬʩʰ ʱʭʲʨʭ 

ʴʨʴʵʳʨʭʯʻʲʹ ʻʩʸʻʴʫʬʩʨ, ʸʨ˂ ʳʰʹ ˄ʰʴʨʾʵʩʨʹ ʨʳ˂ʰʸʬʩʹ. ʨʳ ʵʸʰ ˄ʰʴʨʾʵʩʰʹ 

ʼʨʸʫʵʩʨʹ ʬ˄ʵʫʬʩʨ ʹʬʴʹʵʸʰʹ ʳʪʸ˃ʴʵʩʰʨʸʵʩʨ.  

ʷʨʴʪʩʨʫʰʹ ʨʫʹʵʸʩ˂ʰʨʹ ʯʨʴ ʨˆʲʨʭʹ n-ʺʰʶʰʹ ʴʨʴʵʳʨʭʯʻʲʰʹ 

ʮʬʫʨʶʰʸʮʬ ʶʵʺʬʴ˂ʰʨʲʰʹ (VS) ˂ʭʲʰʲʬʩʨ ʫʨ ʹʰʾʸʳʬˀʰ W ʹʰʪʨʴʰʹ 

ʪʨʾʨʸʰʩʬʩʻʲʰ ʼʬʴʰʹ ˄ʨʸʳʵʽʳʴʨ: 
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                                  𝑠ܸ = 𝑞𝑁𝑠2ଶ𝜖𝑁𝐵                    ܹ = √ଶ𝜖𝑉𝑆𝑞𝑁𝐵  

ʹʨʫʨ˂: q -ʬʲʬʽʺʸʵʴʰʹ ʳʻˆʺʰʨ; NS – ʰʵʴʰʮʰʸʬʩʻʲʰ ʮʬʫʨʶʰʸʻʲʰ 

ʳʫʪʵʳʨʸʬʵʩʬʩʰʹ ʹʰʳʱʭʸʰʭʬ; NB – ʳʨʺʨʸʬʩʬʲʯʨ ʹʰʳʱʭʸʰʭʬ ʳʵ˂ʻʲʵʩʨˀʰ;  

– ʫʰʬʲʬʽʺʸʰʱʻʲʰ ˀʬʾ˄ʬʭʨʫʵʩʨ. ʸʨ˂ ʳʬʺʰʨ ʪʨʾʨʸʰʩʬʩʻʲʰ ʼʬʴʰʹ ʹʰʹʽʬ, 

ʸʵʳʬʲʰ˂ ʳʨʹʨʲʰʹ ʪʭʨʸʬʩʨʮʬʨ ʫʨʳʵʱʰʫʬʩʻʲʰ (, NB ), ʳʰʯ ʳʬʺʰʨ 

ʹʬʴʹʵʸʰʹ ʳʪʸ˃ʴʵʩʰʨʸʵʩʨ. ʲʰʺʬʸʨʺʻʸʰʹ ʳʰʳʵˆʰʲʭʨʳ ʪʭʰˁʭʬʴʨ, ʸʵʳ 

ʵʽʸʵʹ ʨʴ ʹˆʭʨ ʲʰʯʵʴʰʰʹ ʴʨʴʵʴʨ˄ʰʲʨʱʬʩʰʯ ʴʨʴʵʳʨʭʯʻʲʰʹ 

ʫʬʱʵʸʰʸʬʩʰʹʨʹ ʲʵʱʨʲʻʸʨʫ ʰʮʸʫʬʩʨ ʪʨʾʨʸʰʩʬʩʻʲʰ ʼʬʴʰʹ ʹʰʹʽʬ ʫʨ 

ʹʬʴʹʵʸʰ ʪʨ˂ʰʲʬʩʰʯ ʳʪʸ˃ʴʵʩʰʨʸʬ ˆʫʬʩʨ. 

ʺʬʳʶʬʸʨʺʻʸʰʹ ʳʵʳʨʺʬʩʰʹʨʹ ʰʮʸʫʬʩʨ ʮʬʫʨʶʰʸʰʹ ʫʨʷʨʴʪʭʰʹ ʹʰˁʽʨʸʬ 

ʫʨ ʸʬʨʽ˂ʰʰʹ ʰʴʺʬʴʹʰʵʩʨ, ʨʳʰʺʵʳ ʸʵʪʵʸ˂ ˄ʬʹʰ ʨʰʸʰʹ ʴʨʴʵʳʨʭʯʻʲʰʨʴʰ 

ʹʬʴʹʵʸʰʹ ʹʨʳʻˀʨʵ ʺʬʳʶʬʸʨʺʻʸʨ 200–300C–ʹ ˀʬʨʫʪʸʴʹ, ʯʻʳ˂ʨ ʮʵʪʰʬʸʯʰ 

ʳʨʯʪʨʴʰ, ʳʨʪʨʲʰʯʨʫ In2O3-ʴʨʴʵʳʨʭʯʻʲʬʩʮʬ ˀʬʽʳʴʰʲʰ ʹʬʴʹʵʸʬʩʰ, 

ʵʯʨˆʰʹ ʺʬʳʶʬʸʨʺʻʸʨʮʬ˂ ʱʨʸʪʨʫ ʳʻˀʨʵʩʬʴ. 

ʴʨʴʵʳʨʭʯʻʲʬʩʰʨʴʰ ʹʬʴʹʵʸʬʩʰʹ ʳʰʳʨʸʯ ʰʴʺʬʸʬʹʰ ˃ʨʲʮʬ ʫʰʫʰʨ, 

ʸʨʫʪʨʴ ʰʹʰʴʰ ʪʨʳʵʰʸˁʬʭʰʨʴ ʳ˂ʰʸʬ ʳʵˆʳʨʸʬʩʻʲʰ ʹʰʳ˃ʲʨʭʸʰʯ,  ʳʨʾʨʲʰ 

ʹʨʰʳʬʫʵʵʩʰʯʨ ʫʨ ʳ˂ʰʸʬ  ʸʬʨʪʰʸʬʩʰʹ ʫʸʵʰʯ (ʬʸʯʬʻʲʰ ˄ʨʳʬʩʰ), 

ʶʵʸʺʨʺʻʲʵʩʰʯ, ʫʨ ʸʨ˂ ʳʯʨʭʨʸʰʨ ʳʨʾʨʲʰ ʳʪʸ˃ʴʵʩʰʨʸʵʩʰʯ, ʸʵʳʬʲʰ˂ 

ppb ʫʵʴʬʬʩʹʨ˂ ʱʰ ʨʾ˄ʬʭʹ. ʫʾʬʹʫʾʬʵʩʰʯ ʳʯʬʲʹ ʳʹʵʼʲʰʵˀʰ 

ʳʰʳʫʰʴʨʸʬʵʩʹ ʰʴʺʬʴʹʰʻʸʰ ʱʭʲʬʭʨ ʨʰʸʰʹ ʹʬʴʹʵʸʬʩʰʹʯʭʰʹ ʨˆʨʲʰ 

ʴʨʴʵʳʨʹʨʲʬʩʰʹʨ ʫʨ ʳʨʯʰ ʳʰʾʬʩʰʹ ʨˆʨʲʰ ʺʬʽʴʵʲʵʪʰʬʩʰʹ ˀʬʽʳʴʰʹ 

ʳʰʳʨʸʯʻʲʬʩʰʯ, ʸʨ˂ ˄ʨʸʳʵʫʪʬʴʰʲʰ ʹʨʫʰʹʬʸʺʨ˂ʰʵ ʴʨˀʸʵʳʰʹ ʳʰʮʴʬʩʹʨ˂ 

ʬʯʨʴʨʫʬʩʨ. 

 

ʳʬʵʸʬ ʯʨʭʰ 

 

ʳʬʵʸʬ ʯʨʭˀʰ ʨʾ˄ʬʸʰʲʰʨ ʰʹ ʺʬʽʴʵʲʵʪʰʻʸʰ ʫʨ ʨʴʨʲʰʺʰʱʻʸʰ 

ʳʬʯʵʫʬʩʰ, ʸʵʳʲʬʩʰ˂ ʪʨʳʵʿʬʴʬʩʻʲʰ ʰʿʵ ʹʨʫʰʹʬʸʺʨ˂ʰʵ ʴʨˀʸʵʳˀʰ 
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ʴʨʴʵʳʨʭʯʻʲʯʨ ʪʨʹʨʮʸʫʬʲʨʫ ʫʨ ʳʨʯʰ ˀʬʫʪʬʴʰʲʵʩʰʹ, ʳʵʸʼʵʲʵʪʰʰʹʨ  

ʫʨ ʹʺʸʻʽʺʻʸʰʹ ˀʬʹʨʹ˄ʨʭʲʨʫ. ʨʾ˄ʬʸʰʲʰ ʴʨʴʵʳʨʭʯʻʲʯʨ ʪʨʹʨʮʸʫʬʲʨʫ 

ʨ˄ʿʵʩʰʲʰ ʭʨʱʻʻʳʻʸʰ ʫʨʴʨʫʪʨʸʬʩʰʹ ʮʵʪʨʫʰ ʹʽʬʳʨ, ʳʨʯʰ 

ʼʻʴʽ˂ʰʵʴʨʲʻʸʰ ˀʬʹʨ˃ʲʬʩʲʵʩʬʩʰ ʫʨ ʳʵʽʳʬʫʬʩʰʹ ʶʸʵʴ˂ʰʶʬʩʰ, 

ʳʰʱʸʵʪʸʨʭʰʳʬʺʸʰʰʹʯʭʰʹ ʪʨʴʱʻʯʭʴʰʲʰ ʳʨʱʩʬʰʴʰʹ ʳʰʱʸʵʹʨʹ˄ʵʸʰ. ʪʨʸʫʨ 

ʨʳʰʹʨ, ʳʵʱʲʬʫʨʨ ʨʾ˄ʬʸʰʲʰ ʸʨʹʺʸʻʲʰ ʫʨ ʺʸʨʴʹʳʰʹʰʻʲʰ 

ʬʲʬʽʺʸʵʴʻʲʰ ʳʰʱʸʵʹʱʵʶʰʰʹ (ʸʬʳ ʫʨ ʺʬʳ) ʳʬʯʵʫʬʩʰ,  ʨʺʵʳʻʸ–˃ʨʲʻʸʰ 

ʳʰʱʸʵʹʱʵʶʰʨ, ʨʪʸʬʯʭʬ ʸʬʴʺʪʬʴʵ ʼʨʮʻʸʰ ʨʴʨʲʰʮʰʹ ʳʬʯʵʫʰ, ʸʵʳʲʬʩʰ˂ 

ʴʨʴʵʳʨʭʯʻʲʯʨ ˀʬʫʪʬʴʲʵʩʰʹʨ ʫʨ ʹʺʸʻʽʺʻʸʰʹ ˀʬʹʨʹ˄ʨʭʲʨʫ ʰʿʵ 

ʪʨʳʵʿʬʴʬʩʻʲʰ. ʨʳ ʯʨʭˀʰ ʳʵʿʭʨʴʰʲʰʨ ʨʪʸʬʯʭʬ ʰʹ ʱʵʳʶʰʻʺʬʸʻʲʰ 

ʶʸʵʪʸʨʳʬʩʰ, ʸʵʳʲʬʩʰ˂ ˁʭʬʴ ʪʨʳʵʭʰʿʬʴʬʯ ʹˆʭʨʫʨʹˆʭʨ ʺʬʳʶʬʸʨʺʻʸʬʩʮʬ  

ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʯʬʸʳʵʫʰʴʨʳʰʱʻʸʰ ʶʨʸʨʳʬʺʸʬʩʰʹ ʪʨʳʵʹʨʯʭʲʬʲʨʫ 

(ʶʸʵʪʸʨʳʨ HSC Chemistry 5.0) ʫʨ ʨʺʵʳʨʸʻʲʰ ʪʨʸˁʬʭʰʹʻʴʨʸʰʨʴʵʩʰʹ ʺʬʳ 

ʹʻʸʨʯʬʩʰʹ ʹ˄ʸʨʼʰ ʼʻʸʰʬ ʨʴʨʲʰʮʰʹʯʭʰʹ (ʶʸʵʪʸʨʳʨ  Image-J.)   

 

  ʳʬʹʨʳʬ ʯʨʭʰ 

 

ʳʬʹʨʳʬ ʯʨʭʰ ʬ˃ʾʭʴʬʩʨ ʬʽʹʶʬʸʰʳʬʴʺʬʩʰʹ ˀʬʫʬʪʬʩʹʨ ʫʨ ʳʨʯ ʪʨʴʹˇʨʹ. 

ʶʰʸʭʬʲʨʫ ʪʨʴˆʰʲʻʲʰʨ ʫʨʩʨʲʺʬʳʶʬʸʨʺʻʸʻʲʰ ʺʬʽʴʵʲʵʪʰʰʹʯʭʰʹ 

ʨʻ˂ʰʲʬʩʬʲʰ ʨʽʺʰʻʸʰ ˄ʰʴʨʶʸʵʫʻʽʺʬʩʰʹ ˄ʨʸʳʵʽʳʴʰʹ ʹʨʱʰʯˆʰ. 

 ʨʳʰʨʱʰʹʨ ʫʨ ˈʰʫʸʨʮʰʴʰʹ ʯʬʸʳʵʽʰʳʰʻʸʰ ʶʨʸʨʳʬʺʸʬʩʰʹ ˀʬʫʨʸʬʩʨʳ 

ʪʭʰˁʭʬʴʨ, ʸʵʳ ʨʳʰʨʱʰʹ ʶʰʸʵʲʰʮʻʸ ʫʨˀʲʨʹ ʫʨ  ʬʸʯʰ NH2 ʸʨʫʰʱʨʲʰʹ 

ʳʰʾʬʩʨʹ ʯʰʯʽʳʰʹ ʵʸˇʬʸ ʳʬʺʰ ʬʴʬʸʪʰʨ ʹ˅ʰʸʫʬʩʨ ʭʰʫʸʬ ʰʪʰʭʬ ʵʸʰ  

ʸʨʫʰʱʨʲʰʹ ʳʰʾʬʩʨʹ ˈʰʫʸʨʮʰʴʰʫʨʴ, ʨʳʨʴ ʱʰ ʳʴʰˀʭʴʬʲʵʭʴʨʫ ʻʴʫʨ 

ʪʨʮʨʸʫʰʹ ʴʰʺʸʰʫʰʹ ʪʨʳʵʹʨʭʨʲʰ ʫʨˀʬʨʳ˂ʰʸʵʹ ʴʰʺʸʰʫʰʫ ʹʰʴʯʬʮʰʹ 

ʺʬʳʶʬʸʨʺʻʸʨ. ʪʨʸʫʨ ʨʳʰʹʨ, ˈʰʫʸʨʮʰʴʰʹ ʫʨˀʲʰʹ ˀʻʨʲʬʫʻʸ 

ʶʸʵʫʻʽʺʬʩʹ ˄ʨʸʳʵʨʫʪʬʴʬʴ NH ʸʨʫʰʱʨʲʬʩʰ, ʨʺʵʳʨʸʻʲʰ ʨʮʵʺʰ ʫʨ 

˄ʿʨʲʩʨʫʰ, ʸʵʳʲʬʩʰ˂ ʨʹʬʭʬ ʳʬʺʨʫ ʨʽʺʰʻʸʴʰ ʨʸʰʨʴ. ˁʭʬʴʹ ʳʰʬʸ 

ʪʨʳʵʿʬʴʬʩʻʲʰ ˈʰʫʸʨʮʰʴʰ ˀʬʰ˂ʨʭʫʨ 3 ʳʵʲ.% ˄ʿʨʲʹ, ʸʵʳʬʲʰ˂, ʸʵʪʵʸ˂ 
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ʽʭʬʳʵʯ ʰʽʴʬʩʨ ʴʨˁʭʬʴʬʩʰ, ʳʴʰˀʭʴʬʲʵʭʨʴ ʸʵʲʹ ʯʨʳʨˀʵʩʹ ʨʽʸʵʲʨʫʰ 

ʹʻʩʵʽʹʰʫʬʩʰʹ ˄ʨʸʳʵʽʳʴʨˀʰ ʫʨ ˄ʿʨʸʵʳʨʹʨʲʰʹ ˀʬʳʨʫʪʬʴʬʲʰ ʨʺʵʳʬʩʰʹ 

ʴʨʴʵʳʨʭʯʻʲʯʨ ʹʰʴʯʬʮʰʹ ʨʫʪʰʲʮʬ ʪʨʫʨʺʨʴʨˀʰ.  

ˈʰʫʸʨʮʰʴʰʹ ʫʨˀʲʰʹ ʶʸʵʫʻʽʺʬʩʰʹʨ ʫʨ ʪʬʸʳʨʴʰʻʳʰʹ 

ʻʸʯʰʬʸʯʽʳʬʫʬʩʰʹ ˀʬʹʨʹ˄ʨʭʲʨʫ ʪʨʳʵʭʰʿʬʴʬʯ ʳʨʱʩʬʰʴʰʹ ʱʭʨʸ˂ʰʹ 

ʹʶʰʸʨʲʰʨʴʰ ʳʰʱʸʵʹʨʹ˄ʵʸʰ. ˂ʫʬʩʳʨ ʪʭʰˁʭʬʴʨ, ʸʵʳ 500C–ʫʬ 

ʺʬʳʶʬʸʨʺʻʸʨʳʫʬ ʪʬʸʳʨʴʰʻʳʯʨʴ ʻʸʯʰʬʸʯʵʩʨˀʰ ʯʨʭʹ ʰˁʬʴʬʴ ʳˆʵʲʵʫ 

˄ʿʲʰʹ ʳʵʲʬʱʻʲʬʩʰ, ʸʵʳʲʬʩʰ˂ ʰ˄ʭʬʭʬʴ ʮʬʫʨʶʰʸʰʹ ˃ʲʰʬʸ ʬʸʵʮʰʨʹ ʫʨ 

(111) ʮʬʫʨʶʰʸʰʹʯʭʰʹ ʫʨʳʨˆʨʹʰʨʯʬʩʬʲ ʹʨʳʱʻʯˆʨ ʨʳʵ˅ʳʰʹ ʼʰʪʻʸʬʩʹ 

ʺʵʭʬʩʬʴ ʴʰʳʻˀʮʬ.  ʶʸʵ˂ʬʹʰʹ ʨʽʺʰʭʨ˂ʰʰʹ ʬʴʬʸʪʰʰʹ ʹʰʫʰʫʬʳ (EA=201 

ʱˇ/ʳʵʲ) ʫʨʨʹʨʩʻʯʨ, ʸʵʳ ʨʳʵ˅ʳʨ ˆʵʸ˂ʰʬʲʫʬʩʨ  ʨʽʸʵʲʨʫʰ GeO  

ʳʵʲʬʱʻʲʬʩʰʹ ˄ʨʸʳʵʽʳʴʰʯ. 

 500C–ʮʬ Ge–ʹ ʪʨʳʵ˄ʭʰʹʨʹ ˈʰʫʸʨʮʰʴˀʰ ʫʨʰʳʮʰʸʬʩʵʫʨ ʴʵʳʻˀʰʹ 

(Ge-ʹ ˄ʿʨʸʵʹ) ʳʨʹʰʹ ʳʨʺʬʩʨ, 

ʸʨ˂ ʳʰʹ ʮʬʫʨʶʰʸʮʬ ʳʰʳʫʰ-

ʴʨʸʬ ʮʸʫʰʹ ʶʸʵ˂ʬʹʮʬ 

ʳʰʻʯʰʯʬʩʫʨ. ʸʬʳ ʫʨ ʺʬʳ 

ʨʴʨʲʰʮʳʨ, ʨʪʸʬʯʭʬ ʬʲʬʽ-

ʺʸʵʴʯʨ ʫʰʼʸʨʽ˂ʰʨʳ ʪʭʰˁ-

ʭʬʴʨ, ʸʵʳ ʳʰʰʾʬʩʵʫʨ 

ʱʸʰʹʺʨʲʻʸʰ, – ʳʵʫʰ-

ʼʰʱʨ˂ʰʰʹ ʪʬʸʳʨʴʰʻʳʰʹ 

ʴʰʺʸʰʫʰʹ  ʴʨʴʵʳʨʭʯʻʲʬ-

ʩʰ, ʸʵʳʲʬʩʰ˂ ˄ʿʨʸʵʮʬ 

ʰʮʸʫʬʩʵʫʴʬʴ ʵʹʳ ʳʬʽʨ-

ʴʰʮʳʰʯ Ge–ʹ ʯʭʰʯʱʨʺʨʲʰ-

ʮʨʺʵʸʰʹ ˄ʭʬʯʰʫʨʴ (ʴʨˆ.2 

ʨ,ʩ). ʪʬʸʳʨʴʰʻʳʰʹ ʪʨʫʨʺʨʴʨ 

 

ʴʨˆ.2.  500C–ʮʬ ʵʹʳ ʳʬʯʵʫʰʯ ʪʨʮʸʫʰʲʰ  

-Ge3N4 ʴʨʴʵʳʨʭʯʻʲʰʹ ʺʬʳ ʪʨʳʵʹʨˆʻʲʬʩʨ 

ʫʨ ˀʬʹʨʩʨʳʰʹʰ ʬʲʬʽʺʸʵʴʯʨ ʫʰʼʸʨʽ˂ʰʰʹ 

ʹʻʸʨʯʰ (ʨ,ʩ); 520C–ʮʬ ʵʳ ʳʬʯʵʫʰʯ 

ʪʨʮʸʫʰʲʰ ʴʨʴʵʹʨʸʺʿʬʲʰʹ ʺʬʳ ʹʻʸʨʯʰ 

ʫʨ ʳʰʹʰ ʹ˄ʸʨʼʰ ʼʻʸʰʬ ʪʨʸʫʨʽʳʴʨ (ʪ,ʫ). 
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ʮʸʫʰʹ ʼʸʵʴʺʮʬ ˆʵʸ˂ʰʬʲʫʬʩʵʫʨ ʨʽʸʵʲʨʫʰ GeO  ʳʵʲʬʱʻʲʬʩʰʯ, 

ˆʵʲʵ ʴʰʺʸʰʫʰ  ˄ʨʸʳʵʰʽʳʴʬʩʵʫʨ ʳʨʯʰ ʻʸʯʰʬʸʯʽʳʬʫʬʩʰʯ NH ʫʨ NH2 

ʸʨʫʰʱʨʲʬʩʯʨʴ.  ʯʬʸʳʵʽʰʳʰʻʸʳʨ ʪʨʯʭʲʬʩʳʨ ʪʭʰˁʭʬʴʨ, ʸʵʳ Ge–ʹ ˄ʿʨʸʵʹ 

ˀʬʳʯˆʭʬʭʨˀʰ ʯʬʸʳʵʫʰʴʨʳʰʱʻʸʨʫ ʪʨ˂ʰʲʬʩʰʯ ʳʵʳʪʬʩʰʨʴʰʨ ʴʰʺʸʰʫʰʹ 

˄ʨʸʳʵʽʳʴʨ ʸʨʫʪʨʴ ʪʨʳʵʰʿʵʼʨ 1774 ʱˇ/ʳʵʲ ʬʴʬʸʪʰʨ, ʭʰʫʸʬ ʪʬʸʳʨʴʰʻʳʰʹ 

ʫʰʵʽʹʰʫʰʹʨ, ʹʨʫʨ˂  ʯʨʭʰʹʻʼʲʫʬʩʨ ʳˆʵʲʵʫ 322 ʱˇ/ʳʵʲ. 

520C–ʮʬ ˄ʿʨʸʵʮʬ ʳʰʾʬʩʻʲʰ ʴʨʴʵʳʨʹʨʲʨ ˄ʨʸʳʵʨʫʪʬʴʫʨ –Ge3N4-ʰʹ 

ʴʨʴʵʹʨʸʺʿʬʲʬʩʹ (ʴʨˆ.2ʪ,ʫ), ʸʵʳʲʬʩʰ˂ ʰʮʸʫʬʩʵʫʴʬʴ ʵʳ ʳʬʯʵʫʰʯ, 

ʸʨʫʪʨʴ ʳʨʯ ʯʨʭʮʬ ʱʨʺʨʲʰʮʨʺʵʸʰʹ ˄ʭʬʯʬʩʰ ʨʸ ʫʨʰʳʮʰʸʬʩʵʫʨ. 500–

520C ʰʴʺʬʸʭʨʲˀʰ ʪʨʮʸʫʰʲʰ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʫʨ ʴʨʴʵʹʨʸʺʿʬʲʬʩʰʹ 

ʮʸʫʰʹ  ʳʰʳʨʸʯʻʲʬʩʨ˂ ʨʪʸʬʯʭʬ  [01–1] ʰʿʵ. 

ʺʬʳʶʬʸʨʺʻʸʰʹ ˀʬʳʫʪʵʳʰ ʳʵʳʨʺʬʩʨ 580C–ʫʬ ʰ˄ʭʬʭʫʨ ʳʹˆʭʰʲʰ, 

ʳʰʱʸʵʴʬʩʰʹ ʮʵʳʰʹ Ge3N4–ʰʹ ʱʸʰʹʺʨʲʬʩʰʹ ʪʨˁʬʴʨʹ, ʸʵʳʲʬʩʹʨ˂ 

ˈʬʽʹʨʪʵʴʨʲʻʸʰ, ʳʵʪʸ˃ʵ ˈʨʩʰʺʻʹʰ ʪʨʨˁʴʫʨʯ. 

ʫʬʺʨʲʻʸʳʨ ʺʬʳ ʱʭʲʬʭʬʩʳʨ ʪʭʰˁʭʬʴʨ, ʸʵʳ ʮʸʫʰʹ ʹʨ˄ʿʰʹ ʬʺʨʶʮʬ 

ˁʨʴʨʹʨˆʬʩʯʨʴ ʿʨʲʰʩʫʬʩʨ ʸʵʪʵʸ˂ – ʰʹʬ β ʼʨʮʰʹ Ge3N4. ʵʹʺʭʨʲʫʰʹ 

ʼʨʮʨʯʨ ˄ʨʸʳʵʽʳʴʰʹ ʱʨʴʵʴʰʹ ˀʬʹʨʩʨʳʰʹʨʫ, ʰʳʰʹ ʪʨʳʵ, ʸʵʳ   ʼʨʮʰʹ 

ˁʨʴʨʹʨˆʰʹ ˄ʨʸʳʵʽʳʴʨ ʫʨ ʮʸʫʨ ʪʨ˂ʰʲʬʩʰʯ ʹ˄ʸʨʼʨʫ ˆʵʸ˂ʰʬʲʫʬʩʨ, 

ʮʸʫʨʹ ʹ˄ʵʸʬʫ ʨʳ ʼʨʮʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰ ʨˆʬʸˆʬʩʬʴ, ʸʨ˂ ˂ʫʬʩʰʯʨ˂ 

ʫʨʫʨʹʺʻʸʫʨ.  

ʵʹʳ ʳʨʯʵʫʰʯ ʪʨʮʸʫʰʲ ʴʨʴʵʳʨʭʯʻʲʯʨ ʱʨʺʨʲʰʮʨʺʵʸʰʹ ˄ʭʬʯˀʰ, 

ʸʵʳʲʰʹ ʫʰʨʳʬʺʸʰ˂ 12 ʴʳ–ʮʬ ʴʨʱʲʬʩʰ ʰʿʵ, ʫʨʰʳʮʰʸʬʩʵʫʨ ʺʬʺʸʨ-

ʪʵʴʨʲʻʸʰ Ge–ʹ ʼʨʮʰʹ ˁʨʳʵʿʨʲʰʩʬʩʨ. ˂ʴʵʩʰʲʰʨ, ʸʵʳ ʬʹ ʬʪʮʵʺʰʱʻʸʰ, 

ʳʱʭʸʰʭʰ ʼʨʮʨ, 12 ʨʺʵʳʰʯ ʬʲʬʳʬʴʺʨʸʻʲ ʻˇʸʬʫˀʰ,  ʳʰʰʾʬʩʨ ʳˆʵʲʵʫ 

ʳʨʾʨʲ, 1.5 ʪʶʨ ʸʰʪʰʹ ˄ʴʬʭʬʩʮʬ. ʸʵʪʵʸ˂ ʱʭʲʬʭʬʩʳʨ ʪʭʰˁʭʬʴʨ ʬʹ ʼʨʮʨ 

ʿʨʲʰʩʫʬʩʨ ʪʨ˂ʰʭʬʩʰʹʨʹ, ʸʵʫʬʹʨ˂ ˇʬʸ ʪʨʳʿʨʸʫʬʩʨ ʱʨʺʨʲʰʮʨʺʵʸʰʹ  

GeOx ʽʬʸʽʰ, ˆʵʲʵ ˀʬʳʫʬʪ ˀʬʽʳʴʰʲ ʼʰʽʹʰʸʬʩʻʲ ʳʵ˂ʻʲʵʩʨˀʰ ʳʿʨʸʫʬʩʨ  

ʯˆʬʭʨʫʰ ʪʬʸʳʨʴʰʻʳʰʹ ʪʻʲʰ. 
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3 ʳʵʲ.% ˄ʿʲʰʹ ˀʬʳ˂ʭʬʲ ˈʰʫʸʨʮʰʴˀʰ ʪʬʸʳʨʴʰʻʳʰʹ ˄ʿʨʸʵʹ ʪʨʳʵ˄ʭʰʯ 

ʳʰʾʬʩʻʲʳʨ ˀʬʫʬʪʬʩʳʨ ʹʨˀʻʨʲʬʩʨ ʳʵʪʭ˂ʨ ʫʨʪʭʬʹʱʭʴʨ, ʸʵʳ ʨʳ ˀʬʳʯˆʭʬʭʨˀʰ 

ʹʸʻʲʨʫ ʳʷʾʨʭʴʫʬʩʨ ʹʨʸʬʨʽ˂ʰʵ ʨʸʰʹ ʳʨʴʰʺʸʰʸʬʩʬʲʰ ʨʽʺʰʭʵʩʨ ʫʨ 

˄ʿʨʸʵʮʬ ʳʰʰʾʬʩʨ ʹʸʻʲʿʵʼʰʲʰ ʱʸʰʹʺʨʲʻʸʰ ʹʺʸʻʽʺʻʸʰʹ ʳʽʵʴʬ, 

ʹʺʬʽʰʵʳʬʺʸʻʲʰ ʪʬʸʳʨʴʰʻʳʰʹ ʴʰʺʸʰʫʰʹ ʴʨʴʵʹʺʸʻʽʺʻʸʬʩʰ, 

ʫʨ˄ʿʬʩʻʲʰ ʴʨʴʵʳʨʭʯʻʲʬʩʰʫʨʴ ʫʨ ʴʨʴʵʹʨʸʺʿʬʲʬʩʰʫʨʴ, ʭʰʫʸʬ 

ʳʰʱʸʵʱʸʰʹʺʨʲʰʺʬʩʨʳʫʬ. ˀʬʳʻˀʨʭʬʩʻʲʰ ʺʬʽʴʵʲʵʪʰʰʯ ʪʬʸʳʨʴʰʻʳʰʹ 

ʴʰʺʸʰʫʰʹ ʴʨʴʵʳʨʹʨʲʨ ʳʰʰʾʬʩʵʫʨ 500C–ʮʬ, ʸʨ˂ 350C–ʰʯ ʴʨʱʲʬʩʰʨ, 

ʭʰʫʸʬ ʲʰʺʬʸʨʺʻʸʨˀʰʨ ʨʾ˄ʬʸʰʲʰ ʨʳʰʨʱʰʫʨʴ ʨʴʨʲʵʪʰʻʸʰ ʳʨʹʨʲʰʹ  

ʹʰʴʯʬʮʰʹʨʯʭʰʹ. 

ʹʸʻʲʰʨʫ ʪʨʴʹˆʭʨʭʬʩʻʲʰ ˀʬʫʬʪʬʩʰ ʳʵʪʭ˂ʨ ʰʳʨʭʬ ˈʰʫʸʨʮʰʴʰʹ ʨʸʬˀʰ 

ʰʴʫʰʻʳʰʹ ˄ʿʨʸʵʹ ʪʨʳʵ˄ʭʨʳ ʫʨ ʹʻʩʲʰʳʰʸʬʩʻʲʰ ʶʸʵʫʻʽʺʰʫʨʴ  400–

440C ʺʬʳʶʬʸʨʺʻʸʻʲ ʰʴʺʬʸʭʨʲˀʰ ʪʨˆʻʸʬʩʻʲ Si–ʹ ʼʻ˃ʬˀʸʬʮʬ 

ʳʰʾʬʩʻʲʰ ʴʨʴʵʳʨʹʨʲʰʹ ʨʴʨʲʰʮʳʨ.  

˂ʴʵʩʰʲʰʨ, ʸʵʳ ʰʴʫʰʻʳʰ ʫʴʬʩʨ ʻʱʭʬ 157C–ʮʬ, ʯʻʳ˂ʨ ʳʰʹʰ 

ʫʻʾʰʲʰʹ ʺʬʳʶʬʸʨʺʻʸʨ ʹʨʱʳʨʵʫ ʳʨʾʨʲʰʨ ʫʨ 2074C–ʹ ʨʾ˄ʬʭʹ. ʨʳʰʺʵʳ 

ʻʶʰʸʭʬʲʬʹ ʿʵʭʲʰʹʨ ʪʨʭʨʸʱʭʰʬʯ,  ʯʻ ʰʴʫʰʻʳʰʹ ʸʨ ʨʽʸʵʲʨʫʰ 

ʶʸʵʫʻʽʺʬʩʰʹ ʹʰʴʯʬʮʰ ʰʿʵ ˀʬʹʨ˃ʲʬʩʬʲʰ ˄ʿʲʰʨʴʰ N2H4-ʰʹ ʫʨˀʲʰʹ 

ʶʸʵʫʻʽʺʬʩʰʹ ʪʨʳʵʿʬʴʬʩʰʯ. ʨʴʨʲʰʮʳʨ ʪʭʰˁʭʬʴʨ, ʸʵʳ ˁʭʬʴʹ ˀʬʳʯˆʭʬʭʨˀʰ 

In–ʰʹ ʬʸʯʨʫʬʸʯʰ ʨʽʸʵʲʨʫ ʶʸʵʫʻʽʺʰ ʻʴʫʨ ʿʵʼʰʲʰʿʵ ʳʰʹʰ 

ʹʻʩʵʽʹʰʫʰ In2O. ʰʹ ʳʰʰʾʬʩʵʫʨ In–ʰʹ ʮʬʫʨʶʰʸʮʬ ˄ʿʲʰʹ ʳʵʲʬʱʻʲʬʩʰʹ 

ʫʰʹʵ˂ʰʨʺʰʻʸʰ ʨʫʹʵʸʩ˂ʰʹʨʯʨ ʫʨ ʫʨʷʨʴʪʭʰʹ ˀʫʬʪʨʫ ˇʬʸ In2O3–ʰʹ 

˄ʨʸʳʵʽʳʴʰʯ, ˆʵʲʵ ˀʬʳʫʬʪ ʱʰ ʳʰʹʰ ˄ʿʨʲʩʨʫʰʯ, NH ʫʨ NH2 

ʸʨʫʰʱʨʲʬʩʰʯ ʨʾʫʪʬʴʰʹ ˀʬʫʬʪʨʫ.  

400C–ʮʬ ʪʨʮʸʫʰʲʰ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʸʬʳ ʹʻʸʨʯʰ ʫʨ 

ʸʬʴʺʪʬʴʻʲʰ ʫʰʼʸʨʽ˂ʰʰʹ ʹʶʬʽʺʸʰ ʴˁʭʬʴʬʩʰʨ ʴʨˆ.3ʨ,ʫ–ʮʬ. ʳʨʯ ʪʨʨˁʴʰʨʯ 

ʳʰʱʸʵʳʬʺʸʬʩʨʳʫʬ ʮʵʳʰʹ ʰʴʫʰʻʳʰʹ ʯʭʰʯʱʨʺʨʲʰʮʨʺʵʸʰʹ ʪʨʳʿʨʸʬʩʻʲʰ 

˄ʭʬʯʰ, ʸʵʳʬʲʰ˂ In-ʰʹ ˀʬʹʨʩʨʳʰʹ ʶʰʱʬʩʹ ʰ˃ʲʬʭʨ ʹʶʬʽʺʸˀʰ ʴʨˆ.3ʫ–ʮʬ, ʫʨ 

ʳʵ˂ʻʲʵʩʨ–˂ʬʴʺʸʰʸʬʩʻʲʰ ʱʻʩʻʸʰ ʹʺʸʻʽʺʻʸʰʹ, ʳʱʭʬʯʸʨʫ ʱʵʴʻʹʻʸʰ 
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In2O3–ʰʹ ʹˆʬʻʲʰ.  ʸʨʰʳʬ ʹˆʭʨ ʱʸʰʹʺʨʲʻʸʰ ʼʨʮʰʹ ʨʸʹʬʩʵʩʨ ʨʸ 

ʫʨʫʨʹʺʻʸʫʨ ʨʪʸʬʯʭʬ ʬʲʬʽʺʸʵʴʯʨ ʫʰʼʸʨʽ˂ʰʰʯʨ˂. In–ʰʹ ˄ʭʬʯʰʹ ʪʨˁʬʴʨ 

ʳʰʻʯʰʯʬʩʹ ʰʳʨʹʨ˂, ʸʵʳ ˂ʰʭ ʮʵʴʨˀʰ ʳʵʯʨʭʹʬʩʻʲ ʼʻ˃ʬˀʸʬʮʬ  

ˈʰʫʸʨʮʰʴˀʰ ˆʫʬʩʨ ʨʽʸʵʲʨʫʰ In2O–ʹ ʬʼʬʽʺʻʸʰ ʨʾʫʪʬʴʨ ʹʻʼʯʨ 

ʰʴʫʰʻʳʨʳʫʬ. ʱʨʺʨʲʰʮʨʺʵʸʰʹ ʳʨˆʲʵʩʲʨʫ ʴʨʴʵʳʨʭʯʻʲʰʹ ʫʰʨʳʬʺʸʰ 

ʨʹʬʻʲ ʴʨʴʵʳʬʺʸʹ ˀʬʨʫʪʬʴʹ, ʹʨ˄ʰʴʨʨʾʳʫʬʪʵ ʳˆʨʸʬʹ ʱʰ ʨʯʬʻʲ ʴʨʴʵʳʨʺʸʹ. 

ʱʵʴʻʹʻʸʵʩʨ ʪʨʳʵ˄ʭʬʻʲʰʨ ʮʸʫʰʹ ʶʸʵ˂ʬʹʰʹ ʳʹʭʭʲʬʲʵʩʰʹʨʹ In2O–ʹ 

ʴʨʱʨʫʰʹ ʳʻʫʳʰʭʰ ʳʨʺʬʩʰʯ, ʸʵʳʬʲʰ˂ ʨʾʫʪʬʴʰʹ ˀʬʳʫʬʪ  ʳʻʫʳʰʭʨʫ 

ʮʸʫʰʹ ʱʨʺʨʲʰʮʨʺʵʸʰʹ ʫʰʨʳʬʺʸʹ, ʫʨ ˀʬʹʨʩʨʳʰʹʨʫ ʴʨʴʵʳʨʭʯʻʲʰʹ 

ʫʰʨʳʬʺʸʹ. ʨʳʸʰʪʨʫ, 400C–ʮʬ  In2O3–ʰʹ ʴʨʴʵʳʨʭʯʻʲʰʹ ʮʸʫʰʹ ʹʰˁʽʨʸʬ 

ʳ˂ʰʸʬʨ ʫʨ ʱʨʺʨʲʰʮʨʺʵʸʰʫʨʴ  ʶʸʬ˂ʰʶʰʺʰʸʬʩʻʲʰ In–ʰʹ ʸʨʵʫʬʴʵʩʨ 

ˁʨʳʵʸˁʬʩʨ ʳʨʹˀʰ ʳʵʹʻʲ In–ʰʹ ʸʨʵʫʬʴʵʩʨʹ, ʸʨ˂ ʰ˄ʭʬʭʹ ʫʰʴʨʳʰʻʸʰ 

˄ʵʴʨʹ˄ʵʸʵʩʰʹ ʫʨʸʾʭʬʭʨʹʨ ʫʨ ʴʨʴʵʳʨʭʯʻʲʰʹ ʳʱʭʬʯʸ ʱʵʴʻʹʻʸʵʩʨʹ.  ʬʹ 

˄ʵʴʨʹ˄ʵʸʵʩʨ ʨʾʫʪʬʩʨ ʻʱʭʬ 420C–ʮʬ, ʸʨʫʪʨʴ ʨʳ ʺʬʳʶʬʸʨʺʻʸʨʮʬ 

ʹʰʴʯʬʮʰʸʬʩʻʲ ʴʨʴʵʳʨʭʯʻʲʬʩʹ ʪʨ˂ʰʲʬʩʰʯ ʳ˂ʰʸʬ, ʹʨˀʻʨʲʵʫ 70 ʴʳ 

ʫʰʨʳʬʺʸʰʹ ʱʨʺʨʲʰʮʨʺʵʸʰ ʫʨ ʹʰʪʸ˃ʰʹ ʳʰˆʬʫʭʰʯ ʬʸʯʪʭʨʸʵʭʨʴʰ, 

ʹʨˀʻʨʲʵʫ 40 ʴʳ ʫʰʨʳʬʺʸʰʹ In2O3–ʰʹ ʹˆʬʻʲʰ ʪʨʨˁʴʰʨʯ (ʴʨˆ.3 ʩ).  

440C–ʮʬ ˆʫʬʩʨ ʮʸʫʰʹ ʳʬʽʨʴʰʮʳʰʹ ˂ʭʲʰʲʬʩʨ ʵʹʳ–ʫʨʴ ʵʳ–ʮʬ, 

ʱʨʺʨʲʰʮʨʺʵʸʰʹ ˄ʭʬʯʬʩʰ ʻʱʭʬ ʨʾʨʸ ʫʨʰʳʮʰʸʬʩʨ ʫʨ ʴʨʴʵʳʨʭʯʻʲʰ˂ 

ʹʰʹʽʰʯ ʬʸʯʪʭʨʸʵʭʨʴʰʨ. ʨʳ ʺʬʳʶʬʸʨʺʻʸʨʮʬ ʻʱʭʬ In2O3–ʰʹ ˁʨʴʨʹʨˆʬʩʰʹ 

ʪʨˁʬʴʨ ʫʨ ʰʴʺʬʴʹʰʻʸʰ ʮʸʫʨ  ʳʰʳʫʰʴʨʸʬʵʩʹ ʶʰʸʫʨʶʰʸʰ ʽʰʳʰʻʸʰ 

ʸʬʨʽ˂ʰʬʩʰʯ. ʸʬʨʽ˂ʰʬʩʰʹ ʹʰˁʽʨʸʰʹ ʮʸʫʨ ʰ˄ʭʬʭʹ ʴʨʴʵʳʨʭʯʻʲʯʨ 

ʫʰʨʳʬʺʸʰʹ ʳ˂ʰʸʬ ʳʨʺʬʩʨʹ ʫʨ ʳʨʯʰ ʹʨˀʻʨʲʵ ʳʴʰˀʭʴʬʲʵʩʨ 50 ʴʳ–ʫʬ 

ʰʮʸʫʬʩʨ (ʴʨˆ.3 ʪ), ʸʨ˂ ʨʺʵʳʻʸ–˃ʨʲʻʸʰ ʳʰʱʸʵʹʱʵʶʰʰʯ ʰʿʵ ʫʨʫʨʹʺʻ-

ʸʬʩʻʲʰ. 
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ʨʳʸʰʪʨʫ 400–440C ʺʬʳʶʬʸʨʺʻʸʻʲ ʰʴʺʬʸʭʨʲˀʰ In–ʰʹ ˄ʿʨʸʵʹ 

ˈʰʫʸʨʮʰʴˀʰ ʪʨʳʵ˄ʭʰʹ ˀʬʫʬʪʨʫ  ʭʾʬʩʻʲʵʩʯ ʰʴʫʰʻʳʰʹ ʵʽʹʰʫʰʹ 

ʴʨʴʵʳʨʭʯʻʲʬʩʹ, ʸʵʳʲʬʩʰ˂ 420C ʺʬʳʶʬʸʨʺʻʸʨʳʫʬ ʵʹʳ ʳʬʯʵʫʰʯ 

ʰʮʸʫʬʩʰʨʴ, ˆʵʲʵ 440C–ʮʬ ʵʳ ʳʬʯʵʫʰʯ. ˈʰʫʸʨʮʰʴʰʹ ʶʰʸʵʲʰʮʻʸʰ 

ʫʨˀʲʰʹ ʶʸʵʫʻʽʺʬʩʰʹ ʳʨʾʨʲʰ ʳʨʴʰʺʸʰʸʬʩʬʲʰ ʩʻʴʬʩʨ, ʸʨ˂ ʪʨʳʵʭʲʰʴʫʨ 

Ge-ʹ ˄ʿʨʸʵʹ ʴʰʺʸʰʸʬʩʰʹʨʹ, ʹʸʻʲʰʨʫ ʴʰʭʬʲʰʸʬʩʻʲʰʨ In–ʰʹ ˄ʿʨʸʵʹ 

ˀʬʳʯˆʭʬʭʨˀʰ. ʨʽ ˄ʰʴʨ ʶʲʨʴʮʬ ʪʨʳʵʫʰʹ ˄ʿʲʰʹ ʳʨʾʨʲʰ ʫʨʳʷʨʴʪʭʬʲʰ 

ʯʭʰʹʬʩʬʩʰ, ʯʻʳ˂ʨ ʼʻ˃ʬˀʸʬʮʬ ʳʵʹʻʲʰ ʨʽʸʵʲʨʫʰ In2O –ʰʹ ʰʴʫʰʻʳʨʳʫʬ 

ʨʾʫʪʬʴʨˀʰ ˀʬʰʳˁʴʬʭʨ ʨʮʵʺʰʹ ʳʵʴʵˈʰʫʸʰʫʰʹ (NH) ʫʨ ʨʳʰʴʵ 

ʸʨʫʰʱʨʲʬʩʰʹ (NH2) ʪʨʭʲʬʴʨ. 

ˁʨʺʨʸʬʩʻʲʳʨ ʱʭʲʬʭʬʩʳʨ ʪʭʰˁʭʬʴʨ, ʸʵʳ ˈʰʫʸʨʮʰʴʰʹ ʫʨˀʲʰʹ 

ʶʸʵʫʻʽʺʬʩʹ ˀʬʻ˃ʲʰʨʯ ʪʨʳʵʨʭʲʰʴʵʴ ʪʨʴʹˆʭʨʭʬʩʻʲʰ ʩʻʴʬʩʨ ʰʳʰʹ ʫʨ 

ʳʰˆʬʫʭʰʯ, ʯʻ ʸʨ ˄ʿʨʸʵ–ʳʨʹʨʲʨʹ ʪʨʳʵʭʰʿʬʴʬʩʯ. ʨʾʴʰˀʴʻʲʰʹ 

ʪʨʯʭʨʲʰʹ˄ʰʴʬʩʰʯ ʫʨʰʹʭʨ ʨʳʵ˂ʨʴʨ, ʸʵʳ ʪʨʪʭʬʸʱʭʰʨ, ʯʻ ʸʨ ʸʵʲʹ 

           

ʴʨˆ. 3. 400C–ʮʬ ʵʹʳ ʳʬʯʵʫʰʯ ʪʨʮʸʫʰʲʰ In2O3-ʰʹ ʱʵʴʻʹʻʸʰ ʴʨʴʵ-

ʳʨʭʯʻʲʬʩʰʹ ʸʬʳ ʹʻʸʨʯʰ (ʨ) ʫʨ ʸʬʴʺʪʬʴʻʲʰ ʫʰʼʸʨʽ˂ʰʰʹ ʹʶʬʽʺʸʰ 

(ʫ);  420C–ʮʬ ʪʨʮʸʫʰʲʰ ʬʸʯʪʭʨʸʵʭʨʴʰ ʹʰʹʽʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰ (ʩ); 

440C–ʮʬ ʵʳ ʳʬʯʵʫʰʯ ʪʨʮʸʫʰʲʰ In2O3-ʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰ (ʪ). 
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ˀʬʨʹʸʻʲʬʩʫʨ ˈʰʫʸʨʮʰʴʰ ʰʴʫʰʻʳʰʹʨ ʫʨ ʪʬʸʳʨʴʰʻʳʰʹ ˄ʿʨʸʵʬʩʰʹ 

ʬʸʯʫʸʵʻʲʰ ʪʨʳʵʿʬʴʬʩʰʹʨʹ.  

ʯʬʸʳʵʽʰʳʰʻʸʰ ʸʬʨʽ˂ʰʬʩʰʹ ʨʴʨʲʰʮʳʨ ʪʭʰˁʭʬʴʨ, ʸʵʳ Ge–ʹʨ ʫʨ In–ʰʹ 

˄ʿʨʸʵʬʩʰʫʨʴ ʹʻʩʲʰʳʰʸʬʩʻʲʰ GeO ʫʨ In2O ˄ʰʴʨʶʸʵʫʻʽʺʬʩʰʹ Si 

ʼʻ˃ʬˀʸʬʮʬ ʱʵʴʫʬʴʹʨ˂ʰʰʹʨʹ ʯʬʸʳʵʫʰʴʨʳʰʱʻʸʨʫ ˆʬʲʹʨʿʸʬʲʰʨ 

ʪʬʸʳʨʴʰʻʳʰʹ ʨʾʫʪʬʴʨ ʫʨ ʨʽʸʵʲʨʫʰ In2O–ʫʨʴ In2O3–ʰʹ ˄ʨʸʳʵʽʳʴʨ 

ʸʬʨʽ˂ʰʰʯ: 

          In2O(g)+2GeO=In2O3+2Ge        G= 286 ʱˇ/ʳʵʲ                      

  ʨʾʴʰˀʴʻʲʰ ʸʬʨʽ˂ʰʰʹ ˀʬʫʬʪʨʫ 420C ʼʻ˃ʬˀʸʰʹ ʺʬʳʶʬʸʨʺʻʸʨʮʬ 

ʳʰʭʰʾʬʯ ʨʲʳʨʹʰʹ ʹʺʸʻʽʺʻʸʰʹ ʳʽʵʴʬ ʪʬʸʳʨʴʰʻʳʰʹʨ ʫʨ ʱʻʩʻʸʰ In2O3–ʰʹ 

ʴʨʴʵʳʨʭʯʻʲʯʨ ʴʨʸʬʭʰ, ʸʨ˂ ʫʨʫʨʹʺʻʸʫʨ ʸʵʪʵʸ˂ ʸʬʴʺʪʬʴʻʲʰ 

ʫʰʼʸʨʽ˂ʰʰʹ, ʰʹʬ ʺʬʳ ʨʴʨʲʰʮʰʯʨ ʫʨ ʬʲʬʽʺʸʵʴʯʨ ʫʰʼʸʨʽ˂ʰʰʹ 

ʳʬʯʵʫʬʩʰʯ. ʬʹ ʱʰ ʴʰˀʴʨʭʹ, 

ʸʵʳ ʨʾʴʰˀʴʻʲ 

ʺʬʳʶʬʸʨʺʻʸʨʮʬ ʭʲʰʴʫʬʩʨ 

˄ʿʲʰʨʴʰ ˈʰʫʸʨʮʰʴʰʹ 

ʫʨʳʷʨʴʪʭʬʲʰ ʯʭʰʹʬʩʬʩʰ. 

Si-ʹ ʼʻ˃ʬˀʸʰʹ 

ʺʬʳʶʬʸʨʺʻʸʰʹ 440C–ʫʬ 

ʳʵʳʨʺʬʩʨʳ ʪʨʳʵʰ˄ʭʰʨ ʵʸʰ 

ʪʨʴʹˆʭʨʭʬʩʻʲʰ 

ʹʺʸʻʽʺʻʸʰʹ ʴʨʴʵʳʨʹʨʲʰʹ 

ʹʰʴʯʬʮʰ. ʳʰʾʬʩʻʲʰ 

ʳʨʹʨʲʨ ˄ʨʸʳʵʨʫʪʬʴʫʨ 

ʳʵʴʵʱʲʰʴʻʸʰ (ʺʵʸʺʭʬʰʺʰʺʰʹ) ʹʺʸʻʽʺʻʸʰʹ ʳʽʵʴʬ, ʼʨʸʯʵʮʵʴʰʨʴ 

(Eg=4.3 ʬʭ) In2Ge2O7 ʴʨʴʵʳʨʭʯʻʲʬʩʹ ʹʨˀʻʨʲʵ ʫʰʨʳʬʺʸʰʯ 100ʴʳ, 

ʸʵʳʲʬʩʰ˂ ʫʬʱʵʸʰʸʬʩʻʲʰ ʰʿʵ 20 ʴʨʴʵʳʬʺʸʨʳʫʬ ʫʰʨʳʬʺʸʰʹ 

ʭʰʻʸʺ˂ʰʺʰʹ ʹʺʸʻʽʺʻʸʰʹ ʳʽʵʴʬ ʰʴʫʰʻʳʰʹ ʴʰʺʸʰʫʰʹ 

ʴʨʴʵʱʸʰʹʺʨʲʬʩʰʯ. ʴʨˆ.4–ʮʬ ʴʨˁʭʬʴʬʩʰʨ ʸʵʪʵʸ˂ ʨʳ ʴʨʴʵʳʨʹʨʲʰʹ ʺʬʳ 

 

ʴʨˆ.4. 440C–ʮʬ ʹʰʴʯʬʮʰʸʬʩʻʲʰ InN–ʰʯ 

ʫʬʱʵʸʰʸʬʩʻʲʰ In2Ge2O7–ʰʹ ʴʨʴʵʳʨʭʯʻ-

ʲʰʹ ʺʬʳ ʹʻʸʨʯʰ (ʨ);InN–ʰʹ ʴʨʴʵʴʨ˄ʰʲʨ-

ʱʬʩʰʹ ʫʨ In2Ge2O7–ʰʹ ʬʲʬʽʺʸʵʴʯʨ 

ʫʰʼʸʨʽ˂ʰʰʹ ʹʻʸʨʯʰ (ʩ) ʫʨ (ʫ). 
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ʹʻʸʨʯʰ, ʰʹʬ ʳʨʹʰ ˀʬʳʨʫʪʬʴʬʲʰ In2Ge2O7–ʹʨ ʫʨ InN–ʰʹ ʬʲʬʽʺʸʵʴʯʨ 

ʫʰʼʸʨʽ˂ʰʰʹ ʹʻʸʨʯʬʩʰ. ʨʳʸʰʪʨʫ, 440C–ʮʬ ʭʲʰʴʫʬʩʨ ˄ʿʲʰʨʴʰ 

ˈʰʫʸʨʮʰʴʨʹ ʸʵʪʵʸ˂ ʫʨʳʷʨʴʪʭʬʲʰ ʩʻʴʬʩʨ, ʸʨʹʨ˂ ʨʹʨʩʻʯʬʩʹ In2Ge2O7–ʰʹ 

ʹʰʴʯʬʮʰʯ, ʰʹʬ ʳʨʴʰʺʸʰʸʬʩʬʲʰ ʨʽʺʰʭʵʩʨ, ʸʨ˂  InN–ʰʹ ʹʰʹʴʯʬʮʰʯ 

ʫʨʹʺʻʸʫʬʩʨ. ʨʾʹʨʴʰˀʴʨʭʰʨ, ʸʵʳ ˈʰʫʸʨʮʰʴʰʹ ʺʬʽʴʵʲʵʪʰʰʹ 

ʪʨʳʵʿʬʴʬʩʰʯ InN–ʰʹ ʴʨʴʵʳʨʹʨʲʨ ʳʰʾʬʩʻʲʰʨ 100–150C–ʰʯ ʻʼʸʵ ʴʨʱʲʬʩ 

ʺʬʳʶʬʸʨʺʻʸʨʮʬ, ʭʰʫʸʬ ʬʹ ʵʸʯʽʲʰʹ ʼʨʮʰʫʨʴ ʹʰʴʯʬʮʰʸʬʩʻʲʰ 

ʰʴʫʰʻʳʰʹ ʴʰʺʸʰʫʰʹʯʭʰʹʨʨ ʲʰʺʬʸʨʺʻʸʨˀʰʨ ʨʾ˄ʬʸʰʲʰ. 

 

ʫʨʹʱʭʴʬʩʰ 

1. ʬʸʯʪʨʴʮʵʳʰʲʬʩʰʨʴʰ ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʪʨʹʨʮʸʫʬʲʨʫ ˀʬʳʻˀʨʭʫʨ 

ʨˆʨʲʰ ʺʬʽʴʵʲʵʪʰʨ, ʸʵʳʬʲˀʰ˂ ʨʽʺʰʻʸ ʨʰʸʨʫ  ʪʨʳʵʿʬʴʬʩʻʲʰʨ 

ˈʰʫʸʨʮʰʴʰʹ (N2H4) ʶʰʸʵʲʰʮʻʸʰ ʫˀʲʰʹ ʶʸʵʫʻʽʺʬʩʰ ʫʨ ʳʨʹˀʰ 

ˀʬʸʬʻʲʰ 3 ʳʵʲ.% ˄ʿʨʲʰ; 

2. ˀʬʳʻˀʨʭʬʩʻʲʰ ʺʬʽʴʵʲʵʪʰʨ ʹʨˀʻʨʲʬʩʨʹ ʰ˃ʲʬʭʨ ʳʰʭʰʾʵʯ 

ʪʬʸʳʨʴʰʻʳʰ ʴʰʺʸʰʫʰ 350, ˆʵʲʵ ʰʴʫʰʻʳʰʫ ʴʰʺʸʰʫʰ 150C –ʰʯ 

ʻʼʸʵ ʴʨʱʲʬʩ ʺʬʳʶʬʸʨʺʻʸʨʮʬ, ʭʰʫʸʬ ʬʹ ʲʰʺʬʸʨʺʻʸʨˀʰʨ ʨʾ˄ʬʸʰʲʰ 

ʨʳʨʭʬ ʴʨʴʵʳʨʹʨʲʬʩʰʹ ʹʰʴʯʬʮʰʹʨʯʭʰʹ; 

3. ʫʨʫʪʬʴʰʲʰʨ ʰʹ ʨʽʺʰʻʸʰ  ˄ʰʴʨʶʸʵʫʻʽʺʬʩʰ, ʸʵʳʲʬʩʰ˂ ˈʰʫʸʨʮʰʴʰʹ 

ʶʰʸʵʲʰʮʻʸʰ ʫʨˀʲʰʹ ˀʬʫʬʪʨʫ ʳʰʰʾʬʩʨ ʫʨ ʰʹ ʨʽʸʵʲʨʫʰ 

ʳʵʲʬʱʻʲʬʩʰ (GeO ʫʨ In2O), ʸʵʳʬʲʯʨ˂ ˀʬʻ˃ʲʰʨʯ Ge ʫʨ  In–ʰʹ 

ʨʺʵʳʬʩʰʹ ʪʨʫʨʺʨʴʨ ʴʨʴʵʳʨʭʯʻʲʯʨ ʮʸʫʰʹ ʼʸʵʴʺʨʳʫʬ; 

4. ʴʨʶʵʭʴʰʨ, ʸʵʳ Ge–ʹ ˄ʿʨʸʵʫʨʴ Ge3N4–ʰʹ ʹʰʴʯʬʮʰʹʨʹ 500C–ʮʬ ʵʹʳ 

ʳʬʯʵʫʰʯ ʰʮʸʫʬʩʰʨʴ ʴʨʴʵʳʨʭʯʻʲʬʩʰ, 520C–ʮʬ ʮʸʫʰʹ ʳʬʽʨʴʰʮʳʰ 

ʰ˂ʭʲʬʩʨ ʵʳ–ʮʬ ʫʨ ʳʰʰʾʬʩʨ ʴʨʴʵʹʨʸʺʿʬʲʬʩʰ, ˆʵʲʵ 540C–ʮʬ 

ʹʰʴʯʬʮʰʸʫʬʩʨ ʪʬʸʳʨʴʰʻʳʰʹ ʴʰʺʸʰʫʰʹ ʱʸʰʹʺʨʲʯʨ ʳʰʱʸʵʩʲʵʱʬʩʰ. 

ʿʭʬʲʨ ˁʨʳʵʯʭʲʰʲ ʴʨʴʵʳʨʹʨʲʨʹ ʨʽʭʹ –Ge3N4–ʰʹ ʹʺʸʻʽʺʻʸʨ. 

ʿʭʬʲʨʮʬ ʳ˂ʰʸʬ ʴʨʴʵʳʨʭʯʻʲʰʹ ʫʰʨʳʬʺʸʰ 3 ʴʳ–ʹ ˀʬʨʫʪʬʴʫʨ, 

ʴʨʴʵʹʨʸʺʿʬʲʰʹ ʹʰʹʽʬ ʱʰ ʵʸ ʳʵʴʵʼʬʴʨʹ; 
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5. In–ʰʹ ˄ʿʨʸʵʹ ʪʨʳʵ˄ʭʰʯ ˈʰʫʸʨʮʰʴˀʰ 400C–ʮʬ ʳʰʭʰʾʬʯ ˇʬʸ In–ʰʹ 

ʱʨʺʨʲʰʮʨʺʵʸʰʫʨʴ ʵʹʳ ʳʬʯʵʫʰʯ ʪʨʮʸʫʰʲʰ ʱʵʴʻʹʻʸʰ In2O3–ʰʹ 

ʴʨʴʵʳʨʭʯʻʲʬʩʰ, ˀʬʳʫʬʪ  ʬʸʯʪʭʨʸʵʭʨʴʰ ʫʰʨʳʬʺʸʰʹ ʳʽʵʴʬ In2O3–ʰʹ 

ʴʨʴʵʳʨʭʯʻʲʬʩʰ, ˆʵʲʵ 440C–ʮʬ ʵʳ ʳʬʯʵʫʰʯ ʪʨʮʸʫʰʲʰ 

ʰʴʫʰʻʳʰʹ ʵʽʹʰʫʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰ; 

6. In–ʰʹʨ ʫʨ Ge–ʹ ˄ʿʨʸʵʹ ʬʸʯʫʸʵʻʲʰ ʪʨʳʵ˄ʭʰʯ 420C–ʮʬ ʳʰʭʰʾʬʯ 

ʨʲʳʨʹʰʹ ʺʰʶʰʹ Ge–ʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹʨ ʫʨ ʵʹʳ ʳʬʯʵʫʰʯ ʪʨʮʸʫʰʲʰ 

ʱʻʩʻʸʰ In2O3–ʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʴʨʸʬʭʰ, ʸʨʫʪʨʴ ˆʫʬʩʵʫʨ GeO 

ʳʵʲʬʱʻʲʬʩʰ ʨʾʫʬʪʴʨ ʰʴʫʰʻʳʰʹ ʹʻʩʵʽʹʰʫʰʯ, ʸʵʳʬʲʰ˂ ʯʨʭʰʹ 

ʳˆʸʰʭ In2O3–ʫʬ ʰʷʨʴʪʬʩʵʫʨ; 

7. 440C–ʮʬ ʱʵʳʩʰʴʰʸʬʩʻʲʰ In+Ge–ʹ ˄ʿʨʸʵʹ ʪʨʳʵ˄ʭʰʯ ˈʰʫʸʨʮʰʴˀʰ 

ʳʰʭʰʾʯʬʯ ʼʨʸʯʵʮʵʴʰʨʴʰ In2Ge2O7–ʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰ, ʸʵʳʲʬʩʰ˂ 

ʫʬʱʵʸʰʸʬʩʻʲʰ ʰʿʵ InN–ʰʹ ʴʨʴʵʴʨ˄ʰʲʨʱʬʩʰʯ; 

8. ʫʨʫʪʰʴʫʨ, ʸʵʳ Ge–ʹ ˄ʿʨʸʵʹ ˀʬʳʯˆʭʬʭʨˀʰ ʭʲʰʴʫʬʩʨ ˈʰʫʸʨʮʰʴʰʹ 

ʶʰʸʵʲʰʮʻʸʰ ʫʨˀʲʰʹ ʶʸʵʫʻʽʺʬʩʰʹ ʳʨʾʨʲʰ ʳʨʴʰʺʸʰʸʬʩʬʲʰ 

ʯʭʰʹʬʩʬʩʰ, In–ʰʹ ˄ʿʨʸʵʹ ˀʬʳʯˆʭʬʭʨˀʰ ʱʰ ʳʨʾʨʲʰ ʫʨʳʷʨʴʪʭʬʲʰ 

ʩʻʴʬʩʨ. ʱʵʳʩʰʴʰʸʬʩʻʲʰ Ge+In ˄ʿʨʸʵʹ ˀʬʳʯˆʭʬʭʨˀʰ ʱʰ ʵʸʰʭʬ – 

ʸʵʪʵʸ˂ ʫʨʳʷʨʴʪʭʬʲʰ, ʰʹʬ ʴʰʺʸʰʫʰʹ ˄ʨʸʳʵʳʽʳʴʬʲʰ ʩʻʴʬʩʨ; 

9. 440C–ʮʬ ʹʰʴʯʬʮʰʸʬʩʻʲʰ In2O3–ʰʹ ʴʨʴʵʳʨʭʯʻʲʬʩʰʹ ʨʸʰʹ 

ʹʨʼ˃ʭʬʲʮʬ ʫʨʭʨʳʮʨʫʬʯ ʳʨʸʺʰʭʰ ʨʰʸʰʹ ʹʬʴʹʵʸʰ, ʸʵʳʲʰʹ 

ʳʪʸ˃ʴʵʩʰʨʸʵʩʨʳʨ˂ ʨʳʰʨʱʰʹ ʳʰʳʨʸʯ 1 ppm ʫʵʴʬʹ ʳʰʨʾ˄ʰʨ. 

 

Summary 

Synthesis and study of one-dimensional nanostructures 

 

The thesis was aimed at the development of a low-temperature pyrolytic 

technology for the growth of one-dimensional (1D) nanostructures and 

investigation of their morphology, composition, and structure.       
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The first chapter was devoted to the unique properties of 1D nanostructures 

that arise due to their low dimensionality, increased influence of surface related 

properties and quantum confinement processes. The well established and widely 

used Vapor-Liquid-Solid (VLS) growth method was considered and the main 

achievements of this technology were outlined. The modern problems of nanowire 

growth from the vapor phase were presented. The prospects for the application of 

1D nanomaterials were considered and the problems that arise in the fields of the 

synthesis and applications of 1D nanostructures were discussed.  

In the second chapter the experimental methods that were used for the 

analysis of nanowire morphology, composition and structure were described. 

Besides, the developed vacuum technological equipment was considered, which 

served for the pyrolytic decomposition of hydrazine (N2H4) and growth of 

different nanowires.  

The third chapter is devoted to results and discussions. The growth of Ge3N4 

nanowires on the surface of a crystalline Ge source is discussed in the first 

paragraph. At first the active precursors, which appear after pyrolytic 

decomposition of hydrazine are evaluated. The advantage of  hydrazine over 

ammonia is a low energy for its decomposition and the ability to produce active 

intermediary radicals –NH and NH2. These radicals play a significant role in the 

nitride formation and also in the reduction of oxides. As a result of reduction the 

pure Ge mamoparticles were produced on the Ge source surface, which then 

served as self-catalysts for the VLS growth of Ge3N4 nanowires.  

Ge3N4- nanowires were synthesized in the temperature range of 480–580C. 

It was found that at 480C only water etching of Ge surface proceeds, while at 

500C the spherical GeOx clusters were formed at the surface, followed by the 

nucleation of Ge catalyst particles. Gradualy the catalyst tips were oversaturated 

with incoming nitrogen precursors, causing the precipitation of a solid Ge3N4 and 

and the growth of nitride nanowire. In the range of 510–520C the VLS and 

Vapor-Solid (VS) grown nanowires were simultaneously growing on Ge source. 
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The nanobelts were formed at through the VS process at  530C, while the large 

micrometer sized crystalline Ge3N4 blocks were synthesized at  580C. All 

nanowires have the structure of  α-Ge3N4 polymorph, however some β phase 

inclusions were observed near the roots of nanowires. This phase was overtaken by 

rapidly growing α-Ge3N4 shortly after the growth. The lowest diameter of 

nanowires was estimated to be 3 nm, while the lengths vary in the range of several 

micrometers.  These nanowires were synthesized at temperatures that were by 

300C lower then those, produced in ammonia. 

The growth of In2O3 nanowires from In source was studied in paragraph 3.2.  

In contrast to Ge3N4 nanowires, which were growing on the source surface, the 

In2O3 nanowires were growing only on the surface of Si substrate, located just 2 cm 

above the source. It was found that the volatile In suboxide (In2O) molecules were 

the only species that were able to perform the mass transfer of In to the substrate. 

The suboxides were effectively reduced to pure indium by means of hydrogen, NH 

and NH2 radicals. At 400C the strongly tapered nanowires were produced with 

micrometer sized In catalyst ball tips. These tips proved the VLS growth of 

nanowires. The flux of In into catalyst was exceeding the amount of indium that 

solidified to form the nanowire, causing the taperin.  

At 420C the In2O3 nanowires were growing in conditions when the dinamis 

equilibrium was achieved between the growth rate of nanowires and the amount 

of incoming In atoms. As a result the nanowires with uniform diameters were 

obtained. 440C was a high enough temperature for the direct synthesis of In2O3 

from the vapor and nanowires were growing through the VS method. Their 

diameters were in the range of 55 nm. These results were obtained using AFM.  

The nitriding ability of hydrazine decomposition products were completely 

suppressed when In was used as a source, while the oxidizing ability of water 

molecules diluted in hydrazine manifested themselves, causing the growth of pure 

In2O3 nanowires.   
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The growth of nanowires using the combined In+Ge source was studied in 

paragraph 3.3. At 440C the In2Ge2O7 nanowires were formed on Si substrate. The 

trunk of this nanowire was covered with 5-20 nm diameter spherical, crystalline 

InN. In2Ge2O7 nanowires were grown at temperature, which is by 100C lower 

than that, described in literature.  

In a short paragraph 3.4, we have presented the preliminary results on  the 

fabrication, performance and parameters of a In2O3 nanowire network based 

ammonia sensor, which showed the ppm level sensitivity. At the end of a chapter 

the conclusions of the performed work are presented together with a list of 

references. 
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