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ʚʘʟʠʨʣʠʛʠʥʠʥʛ 2026-ʡʠʣ 16-ʷʥʚʘʨʜʘʛʠ 11-
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ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʥʠʢʝʣʷ (Ni) ʚ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʢʨʝʤʥʠʠ (Si) ʩ ʜʠʩʣʦʢʘʮʠʦʥʥʳʤʠ ʩʢʦʧʣʝʥʠʷʤʠ, ʬʦʨʤʠʨʫʝʤʳʤʠ 

ʠʩʪʦʯʥʠʢʘʤʠ ʌʨʘʥʢʘïʈʠʜʘ. ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʣʝʛʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚʦʟʤʦʞʥʦ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʛʝʥʝʨʘʮʠʠ 

ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʧʝʪʝʣʴ ʜʘʞʝ ʚ ʠʩʭʦʜʥʦ ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʦʤ ʢʨʝʤʥʠʠ. 

ʇʨʝʜʣʦʞʝʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʢʦʣʴʮʝʚʳʭ ʧʨʠʤʝʩʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʢʘʢ 

ʨʝʟʫʣʴʪʘʪʘ ʦʩʘʞʜʝʥʠʷ ʤʝʞʜʦʫʟʝʣʴʥʳʭ ʘʪʦʤʦʚ ʥʠʢʝʣʷ ʠ ʠʭ ʢʣʘʩʪʝʨʦʚ ʥʘ 

ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʧʝʪʣʷʭ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʨʘʙʦʪʝ ʠʩʪʦʯʥʠʢʘ ʌʨʘʥʢʘïʈʠʜʘ. 

ʈʘʩʩʤʦʪʨʝʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʠʥʘʤʠʢʠ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʝʛʤʝʥʪʘ ʩ ʫʯʝʪʦʤ 

ʫʧʨʫʛʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚʷʟʢʦʛʦ ʪʦʨʤʦʞʝʥʠʷ ʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʘʢʪʠʚʘʮʠʠ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʢʦʧʣʝʥʠʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʘʣʴʥʝʡʰʫʶ 

ʛʝʥʝʨʘʮʠʶ ʧʝʪʝʣʴ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʫʪʦʯʥʠʪʴ ʤʝʭʘʥʠʟʤʳ 

ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠʤʝʩʥʦ-ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ, ʘ ʪʘʢʞʝ ʦʪʢʨʳʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʠ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʫʯʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʠ 

ʦʙʨʘʟʦʚʘʥʠʡ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ Si ̫ ʚʣʷʝʪʩʷ ʦʯʝʥʴ ʘʢʪʫʘʣʴʥʦʡ ʪʝʤʦʡ. 

ʇʦʚʝʜʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʩʝʡ, ʪʘʢʠʭ ʢʘʢ Ni, ʄn, Cu ʠ ʜʨ. ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ 

ʠʟʫʯʝʥʳ [l, 2, 3, 4]. ɼʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥʦ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ Ni ʧʦʩʢʦʣʴʢʫ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʚʚʝʜʝʥʥʳʭ ʘʪʦʤʦʚ 

ʵʪʦʡ ʧʨʠʤʝʩʠ ʥʘʭʦʜʷʪʩʷ ʚ ʵʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʚʠʜʝ ʨʘʟʣʠʯʥʳʭ ʢʣʘʩʪʝʨʦʚ 

ʠ ʜʝʬʝʢʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ʕʪʠ ʢʣʘʩʪʝʨʳ ʠ ʧʨʠʤʝʩʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʘʟʳʚʘʶʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ. ʚʳʩʪʫʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʛʝʪʪʝʨʠʨʫʶʱʠʭ ʮʝʥʪʨʦʚ ʚ ʭʦʜʝ ʨʘʟʣʠʯʥʳʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ [5]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʘ ʧʦʚʝʜʝʥʠʝ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ Ni ʚ ʧʨʦʮʝʩʩʝ ʧʦʩʣʝ 

ʜʠʬʬʫʟʠʦʥʥʦʡ ʥʠʟʢʦ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ. ɺʳʜʚʠʥʫʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʩ ʩʦʙʩʪʚʝʥʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Si. ʉʜʝʣʘʥʘ ʧʦʧʳʪʢʘ ʩʚʷʟʘʪʴ ʧʨʦʮʝʩʩʳ ʦʙʨʘʟʦʚʘʥʠʷ 

ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʧʝʪʝʣʴ, ʩʦʟʜʘʚʘʝʤʳʭ ʠʩʪʦʯʥʠʢʘʤʠ ʌʨʘʥʢʘ-ʈʠʜʘ, ʩ 
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I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 
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ʢʨʫʛʦʚʳʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ ʧʦʷʚʣʷʶʱʠʤʩʷ ʚ ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʦʤ Si ʚ ʭʦʜʝ 

ʧʦʩʣʝʜʠʬʬʫʟʠʥʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

2. ʕʢʩʧʝʨʠʤʝʥʪ 

ʇʨʠ ʥʠʟʢʦ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʝ ʦʙʨʘʟʮʦʚ Si ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʪʦʤʘʤʠ 

Ni ʥʘʙʣʶʜʘʝʪʩʷ ʦʩʝʜʘʥʠʝ ʧʨʠʤʝʩʥʳʭ ʧʨʝʮʠʧʠʪʘʪʦʚ ʥʘ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʣʠʥʠʷʭ [5, 

6] (ʨʠʩ.1) 

 

 

 

 

 

 

 

 

                                   ʘ)                                                                             ʙ)      

ʈʠʩ.1. ʀʂ ʩʥʠʤʢʠ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ 

ʉʦʛʣʘʩʥʦ [6] ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʦʚ Si(Ni) ʩ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩʣʦʢʘʮʠʡ ~104  

ʩʤ-2  ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 450-800Á ʉ ʚ ʪʝʯʝʥʠʠ 4 ʯʘʩʦʚ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʣʠʥʝʡʥʳʭ ʮʝʧʦʯʝʢ ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʨʠʩ.1.ʘ. ɸʚʪʦʨʳ ʧʦʣʘʛʘʶʪ, ʯʪʦ ʵʪʦ ʷʚʣʷʝʪʩʷ 

ʩʣʝʜʩʪʚʠʝʤ ʦʩʘʞʜʝʥʠʷ ʧʨʝʮʠʧʠʪʘʪʦʚ ʥʘ ʣʠʥʝʡʥʳʭ ʜʠʩʣʦʢʘʮʠʷʭ. ɸʚʪʦʨʳ [7] 

ʧʦʣʫʯʠʣʠ ʩʭʦʞʠʡ ʨʝʟʫʣʴʪʘʪ (ʨʠʩ.1.ʙ) ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ Si(Ni) 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 750Á ʉ ʚ ʪʝʯʝʥʠʠ 9 ʯʘʩʦʚ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.1 ʨʝʟʫʣʴʪʘʪʳ ʠʜʝʥʪʠʯʥʳ. 

ʅʘʙʣʶʜʘʝʤʫʶ ʢʘʨʪʠʥʫ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʦʩʝʜʘʥʠʝʤ ʧʨʠʤʝʩʥʳʭ 

ʧʨʝʮʠʧʠʪʘʪʦʚ(ʢʣʘʩʪʝʨʦʚ) ʥʘ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʣʠʥʠʷʭ. 

ʀʥʪʝʨʝʩʥʘʷ ʢʘʨʪʠʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʙʝʟ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʦʙʨʘʟʮʘʭ. ʇʦʩʣʝ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʚ ʥʠʭ ʦʙʨʘʟʫʶʪʩʷ ʧʨʠʤʝʩʥʳʝ ʩʢʦʧʣʝʥʠʷ ʦʯʝʥʴ ʠʥʪʝʨʝʩʥʦʡ 

ʬʦʨʤʳ(ʨʠʩ.2.). 

 

 

 

 

 

 

 

 

 

                                ʘ)                                                                                              ʙ) 

ʈʠʩ.2. ʀʂ ʩʥʠʤʢʠ ʙʝʟʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ɺ ʨʘʙʦʪʝ [5] ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʙʝʟ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʦʙʨʘʟʮʦʚ Si(Ni) ʧʨʠ 800Á ʉ ʚ 

ʪʝʯʝʥʠʠ 4 ʯʘʩʦʚ ʧʨʠʚʝʣʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʝʪʣʝʦʙʨʘʟʥʳʭ ʩʢʦʧʣʝʥʠʡ ʧʦʢʘʟʘʥʥʳʭ ʥʘ 

ʨʠʩ.2.ʘ. ʇʦʭʦʞʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦʣʫʯʝʥ ʠ ʘʚʪʦʨʘʤʠ [7](ʨʠʩ.2.ʙ). 

3. ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʝʩʪʴ ʧʦʧʳʪʢʘ ʦʙʲʷʩʥʠʪʴ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʩʘʤʫ ʬʦʨʤʫ 

ʥʘʙʣʶʜʘʝʤʳʭ ʩʢʦʧʣʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ, ʦʧʠʩʳʚʘʶʱʠʡ ʧʦʚʝʜʝʥʠʝ 
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ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʧʝʪʝʣʴ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʠʩʪʦʯʥʠʢʘʤʠ ʌʨʘʥʢʘ-ʈʠʜʘ, 

ʧʨʠʚʝʜʝʥʥʦʡ ʘʚʪʦʨʘʤʠ [7, 8]. 

ʇʦʜ ʥʘʟʚʘʥʠʝʤ ʙʝʟ ʜʠʩʣʦʢʘʮʠʦʥʥʳʡ ʧʦʜʨʘʟʫʤʝʚʘʶʪʩʷ ʦʙʨʘʟʮʳ Si ʩ ʠʟʥʘʯʘʣʴʥʦ 

ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʣʠʥʝʡʥʳʭ ʜʠʩʣʦʢʘʮʠʡ ʧʨʠʤʝʨʥʦ Ò10 ʩʤ-2 . ʅʦ ʢʘʢ ʠʟʚʝʩʪʥʦ 

ʜʠʩʣʦʢʘʮʠʠ ʤʦʛʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ ʚ ʧʨʦʮʝʩʩʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʅʘʣʠʯʠʝ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ Si ʨʘʟʣʠʯʥʳʭ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ, ʠʤʝʶʱʠʭ ʦʪʣʠʯʥʳʡ ʦʪ 

Si ʘʪʦʤʥʳʡ ʨʘʜʠʫʩ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʟʳʚʘʶʪ ʚʥʫʪʨʝʥʥʠʝ 

ʥʘʧʨʷʞʝʥʠʝ ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʧʦʩʦʙʩʪʚʫʶʪ ʛʝʥʝʨʘʮʠʠ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ 

ʜʠʩʣʦʢʘʮʠʡ ʠʩʪʦʯʥʠʢʘʤʠ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʠ ʌʨʘʥʢʘ-ʈʠʜʘ. ʃʶʙʦʡ 

ʟʘʢʨʝʧʣʝʥʥʳʡ ʩʝʛʤʝʥʪ ʜʠʩʣʦʢʘʮʠʠ, ʩʧʦʩʦʙʥʳʡ ʩʢʦʣʴʟʠʪʴ ʚ ʜʨʫʛʦʡ ʧʣʦʩʢʦʩʪʠ 

ʩʢʦʣʴʞʝʥʠʷ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʠʩʪʦʯʥʠʢʦʤ ʌʨʘʥʢʘ-ʈʠʜʘ. 

ɺ ʨʘʙʦʪʝ [7] ʧʨʝʜʣʦʞʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ 

ʩʢʦʧʣʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʠ ʠʩʪʦʯʥʠʢʘ ʌʨʘʥʢʘïʈʠʜʘ. ɺ ʨʘʤʢʘʭ 

ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʜʠʥʘʤʠʢʘ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʝʛʤʝʥʪʘ ʦʧʠʩʳʚʘʝʪʩʷ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ 

ʫʨʘʚʥʝʥʠʝʤ, ʫʯʠʪʳʚʘʶʱʠʤ ʚʷʟʢʦʝ ʪʦʨʤʦʞʝʥʠʝ ʜʚʠʞʝʥʠʷ, ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ, 

ʚʥʝʰʥʝʝ ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʘ ʪʘʢʞʝ ʢʨʠʚʠʟʥʫ ʣʠʥʠʠ ʜʠʩʣʦʢʘʮʠʠ. 

ɺ ʩʣʫʯʘʝ ʢʦʛʜʘ ʜʣʠʥʘ ʩʝʛʤʝʥʪʘ ʚ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ d ʥʘʤʥʦʛʦ ʙʦʣʴʰʝ 

ʩʤʝʱʝʥʠʷ ʪʦʯʝʢ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʝʛʤʝʥʪʘ S ʪʦ ʝʩʪʴ ʧʨʠ d>>S ʩʧʨʘʚʝʜʣʠʚʦ ʫʨʘʚʥʝʥʠʝ 

(1) 

ή‗ȟὸ В                       (1) 

ʛʜʝ q-ʫʩʠʣʠʝ ʩʦʟʜʘʚʘʝʤʦʝ ʨʘʥʝʝ ʠʩʧʫʱʝʥʥʳʤʠ ʠʩʪʦʯʥʠʢʦʤ 

ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʧʝʪʝʣʴ, ůyz  ʠ ůcr -ʩʫʤʤʠʨʫʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʪʦʯʢʝ ʩ 

ʢʦʦʨʜʠʥʘʪʘʤʠ (x,y) ʠ ʤʠʥʠʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ 

ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʧʝʪʣʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʦʤʧʦʥʝʥʪʘ ůyz ʦʧʨʝʜʝʣʷʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʠʩʣʦʢʘʮʠʡ ʚ ʧʣʦʩʢʦʩʪʠ 

ʩʢʦʣʴʞʝʥʠʷ.  

ʇʝʨʚʘʷ ʜʠʩʣʦʢʘʮʠʦʥʥʘʷ ʧʝʪʣʷ, ʦʙʨʘʟʦʚʘʥʥʘʷ ʠʩʪʦʯʥʠʢʦʤ, ʫʜʘʣʷʝʪʩʷ ʦʪ ʥʝʛʦ ʠ 

ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʦʧʨʝʜʝʣʸʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ. ʂʘʞʜʘʷ ʧʦʩʣʝʜʫʶʱʘʷ ʧʝʪʣʷ, ʧʨʠʙʣʠʞʘʷʩʴ 

ʢ ʧʨʝʜʳʜʫʱʝʡ, ʠʩʧʳʪʳʚʘʝʪ ʚʦʟʨʘʩʪʘʶʱʝʝ ʫʧʨʫʛʦʝ ʦʪʪʘʣʢʠʚʘʥʠʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʩʪʝʧʝʥʥʦʤʫ ʟʘʤʝʜʣʝʥʠʶ ʝʸ ʜʚʠʞʝʥʠʷ ʠ, ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ, ʢ ʦʩʪʘʥʦʚʢʝ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʬʦʨʤʠʨʫʝʪʩʷ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʩʢʦʧʣʝʥʠʝ, ʚ ʢʦʪʦʨʦʤ ʣʠʥʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʧʦʩʨʝʜʩʪʚʦʤ ʩʦʙʩʪʚʝʥʥʳʭ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ. 
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ʇʦ ʤʝʨʝ ʨʦʩʪʘ ʩʢʦʧʣʝʥʠʷ ʚʣʠʷʥʠʝ ʩʦʚʦʢʫʧʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 

ʫʩʠʣʠʚʘʝʪʩʷ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʨʘʙʦʪʝ ʠʩʪʦʯʥʠʢʘ. ɻʝʥʝʨʘʮʠʷ ʥʦʚʳʭ ʧʝʪʝʣʴ 

ʧʨʝʢʨʘʱʘʝʪʩʷ ʪʦʛʜʘ, ʢʦʛʜʘ ʩʫʤʤʘʨʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ð ʚʥʝʰʥʝʝ ʧʣʶʩ ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ 

ʩʢʦʧʣʝʥʠʝʤ ð ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ůcr , ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ 

ʘʢʪʠʚʘʮʠʠ ʠʩʪʦʯʥʠʢʘ. 

4. ɿʘʢʣʶʯʝʥʠʝ 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ.3 ʬʦʨʤʘ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʢʦʧʣʝʥʠʡ ʩʦʚʧʘʜʘʝʪ 

ʩ ʬʦʨʤʘʤʠ ʦʙʨʘʟʦʚʘʥʠʡ, ʧʦʢʘʟʘʥʥʳʭ ʥʘ ʨʠʩ.2. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʛʝʥʝʨʘʮʠʷ ʢʦʥʮʝʥʪʨʠʯʝʩʢʠʭ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ 

ʩʢʦʧʣʝʥʠʡ ʠʩʪʦʯʥʠʢʘʤʠ ʌʨʘʥʢʘ-ʈʠʜʘ. ʄʝʞʜʦʫʟʝʣʴʥʳʝ ʘʪʦʤʳ ʧʨʠʤʝʩʝʡ ʤʦʛʫʪ 

ʧʨʠʪʷʛʠʚʘʪʴʩʷ ʠ ʦʩʝʜʘʪʴ ʥʘ ʢʨʫʛʦʚʳʭ ʜʠʩʣʦʢʘʮʠʷʭ ʦʙʨʘʟʫʷ ʢʣʘʩʪʝʨʥʳʝ ʧʝʪʣʠ. 

ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʧʝʪʣʠ ʥʝ ʫʩʧʝʚʘʶʪ ʨʘʟʨʘʩʪʘʪʴʩʷ.  

ɼʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʟʣʠʯʥʳʭ ʜʝʬʝʢʪʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʘʪʦʤʘʤʠ ʧʨʠʤʝʩʠ ʧʦʟʚʦʣʠʪ ʚ ʜʘʣʴʥʝʡʰʝʤ ʣʫʯʰʝ ʫʧʨʘʚʣʷʪʴ ʩʚʦʡʩʪʚʘʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ 

ʠ ʧʨʠʙʦʨʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ.  
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ʍ.ʉ. ɼʘʣʠʝʚ1, ʀ.ʍ. ʍʘʤʠʜʞʦʥʦʚ2, ɽ.ɸ. ʂʘʨʠʤʙʘʝʚ2  
1ñʄʕʀ ʤʠʣʣʠʡ ʪʘʜϨʠϨʦʪ ʫʥʠʚʝʨʩʠʪʝʪʠò ʌʝʜʝʨʘʣ ʜʘʚʣʘʪ ʙʶʜʞʝʪʠ ʦʣʠʡ ʪʘʲʣʠʤ 

ʤʫʘʩʩʘʩʘʩʠʥʠʥʛ ʊʦʰʢʝʥʪ ʰʘϲʨʠʜʘʛʠ ʬʠʣʠʘʣʠ, ʊʦʰʢʝʥʪ, ɶʟʙʝʢʠʩʪʦʥ. 
2ɶʟʙʝʢʠʩʪʦʥ ʄʠʣʣʠʡ ʫʥʠʚʝʨʩʠʪʝʪʠ ϲʫʟʫʨʠʜʘʛʠ ʗʨʠʤ˄ʪʢʘʟʛʠʯʣʘʨ ʬʠʟʠʢʘʩʠ ʚʘ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʘ ʠʣʤʠʡ - ʪʘʜϨʠϨʦʪ ʠʥʩʪʠʪʫʪʠ, ʊʦʰʢʝʥʪ, ɶʟʙʝʢʠʩʪʦʥ. 

e-mail: islomjon_xx@mail.ru  

 

ʗʨʠʤ˄ʪʢʘʟʛʠʯ ʤʘʪʝʨʠʘʣʥʠʥʛ ʘʩʦʩʠʥʠ ʪʘʰʢʠʣ ʵʪʛʘʥ ʢʨʝʤʥʠʡʥʠʥʛ ʵʣʝʢʪʨʦʬʠʟʠʢ ʚʘ 

ʦʧʪʠʢ ʭʫʩʫʩʠʷʪʣʘʨʠʥʠ ʷʭʰʠʣʘʰʜʘ, ʷʨʠʤ˄ʪʢʘʟʛʠʯʣʠ ʘʩʙʦʙʣʘʨʥʠʥʛ ʪʝʤʧʝʨʘʪʫʨʘ ʚʘ 

ʨʘʜʠʘʮʠʷʛʘ ʯʠʜʘʤʣʠʣʠʛʠʥʠ ʦʰʠʨʠʰʜʘ ʢʨʝʤʥʠʡʥʠ ʥʦʜʠʨ ʝʨ ʵʣʝʤʝʥʪʣʘʨʠ ʙʠʣʘʥ ʣʝʛʠʨʣʘʰ 

ʤʫ״ʠʤ ʘ״ʘʤʠʷʪʛʘ ʵʛʘ. ʐʫʥʠʥʛʜʝʢ ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʘʜʘ ʥʦʜʠʨ ʝʨ ʵʣʝʤʝʥʪʣʘʨʠ ʙʠʣʘʥ 

ʣʝʛʠʨʣʘʥʛʘʥ ʤʘʪʝʨʠʘʣʣʘʨʜʘʥ ʬʦʡʜʘʣʘʥʠʰ ʠʩʪʠץʙʦʣʣʘʨʠʛʘ ʚʘ ʢʨʝʤʥʠʡʛʘ ʥʦʜʠʨ ʝʨ 

ʵʣʝʤʝʥʪʣʘʨʠʥʠʥʛ ʜʠʬʬʫʟʠʷʩʠʥʠ ˄ʨʛʘʥʠʰʛʘ ץʠʟʠץʠʰ ʢʫʥ ʩʘʡʠʥ ʦʨʪʠʙ ʙʦʨʤʦץʜʘ [1-4]. 

ʐʫʥʠʥʛ ʫʯʫʥ ״ʘʤ ʤʘʟʢʫʨ ʠʰʜʘ ʥʦʜʠʨ ʝʨ ʵʣʝʤʝʥʪʣʘʨʜʘʥ ʙʠʨʠ ʙ˄ʣʛʘʥ ʠʪʪʨʠʡ ʢʠʨʠʰʤʘ 

ʘʪʦʤʣʘʨʠʥʠʥʛ ʢʨʝʤʥʠʡʜʘʛʠ ʜʠʬʬʫʟʠʷ ʢʦʵʬʬʠʮʠʝʥʪʠʥʠ ʘʥʠץʣʘʰʛʘ ʙʘסʠʰʣʘʥʛʘʥ.  

ʊʘʜץʠץʦʪ ʫʯʫʥ, ʩʦʣʠʰʪʠʨʤʘ ץʘʨʰʠʣʠʛʠ 48 ʆʤÖʩʤ ʙ˄ʣʛʘʥ, ʏʦʭʨʘʣʴ ʫʩʫʣʠʜʘ 

˄ʩʪʠʨʠʣʛʘʥ ʨ-ʪʠʧʣʠ ʤʦʥʦʢʨʠʩʪʘʣʣ ʢʨʝʤʥʠʡʜʘʥ ʬʦʡʜʘʣʘʥʠʣʛʘʥ. ʂʠʨʠʰʤʘ ʵʣʝʤʝʥʪʠ 

ʩʠʬʘʪʠʜʘ, ʪʦʟʘʣʠʛʠ 99.9999 % ʙ˄ʣʛʘʥ ʠʪʪʨʠʡ ʵʣʝʤʝʥʪʠ ʦʣʠʥʛʘʥ. ʄʦʥʦʢʨʠʩʪʘʣʣ ʢʨʝʤʥʠʡ 

ʥʘʤʫʥʘʣʘʨʥʠʥʛ ˄ʣʯʘʤʠ 14ʭ7ʭ1 ʤʤ ʛʘ ʪʝʥʛ. ɼʠʬʬʫʟʠʷʜʘʥ ʦʣʜʠʥ ʤʦʥʦʢʨʠʩʪʘʣʣ ʢʨʝʤʥʠʡ 

ʥʘʤʫʥʘʣʘʨʠʛʘ ʤʝʭʘʥʠʢ ʚʘ ʢʠʤʸʚʠʡ ʠʰʣʦʚ ʙʝʨʠʣʛʘʥ. ʐʫ ʥʘʤʫʥʘʣʘʨ ʩʠʨʪʠʛʘ ɺʋʇ-5 

 .ʦʨʠ ʚʘʢʫʫʤ (10-6 ʤʤ. ʩʠʤ. ʫʩʪ.) ʦʩʪʠʜʘ ʧʫʨʢʘʣʜʠץʫʨʠʣʤʘʩʠ ʸʨʜʘʤʠʜʘ ʠʪʪʨʠʡ ʘʪʦʤʣʘʨʠ ʶץ

ʋʰʙʫ ʥʘʤʫʥʘʣʘʨ ʢʚʘʨʮ ʰʠʰʘʜʘʥ ʪʘʡʸʨʣʘʥʛʘʥ ʘʤʧʫʣʘʣʘʨʛʘ ʞʦʡʣʘʰʪʠʨʠʣʜʠ. ɸʤʧʫʣʘ 

ʠʯʠʜʘʛʠ ״ʘʚʦ ʩ˄ʨʠʙ ʦʣʠʥʠʜʠ ʚʘ ʶץʦʨʠ ʚʘʢʫʫʤ ״ʦʩʠʣ ץʠʣʠʥʜʠ. ɼʠʬʬʫʟʠʷ ʞʘʨʘʸʥʠ ʉʋʆʃ-4 

ʧʝʯʠ ʸʨʜʘʤʠʜʘ ʊ=1200°C ʪʝʤʧʝʨʘʪʫʨʘʜʘ t=20 ʩʦʘʪ ʚʘץʪ ʜʘʚʦʤʠʜʘ ʦʣʠʙ ʙʦʨʠʣʜʠ. 

ɼʠʬʬʫʟʠʷʜʘʥ ʢʝʡʠʥ, ʥʘʤʫʥʘʣʘʨ ʪʝʟ ʩʦʚʠʪʠʣʜʠ.  

ʀʪʪʨʠʡ ʘʪʦʤʠ ʨʘʜʠʫʩʠ ʢʨʝʤʥʠʡ ʘʪʦʤʠ ʨʘʜʠʫʩʠʜʘʥ ʢʘʪʪʘ ʙ˄ʣʛʘʥʣʠʛʠʥʠ ʠʥʦʙʘʪʛʘ ʦʣʛʘʥ 

 ʩʠʤʦʪʠʥʠ ˄ʨʛʘʥʠʰץʦʣʜʘ ʜʠʬʬʫʟʠʷʜʘʥ ʢʝʡʠʥ, ʠʪʪʨʠʡ ʘʪʦʤʣʘʨʠʥʠʥʛ ʢʨʝʤʥʠʡʜʘʛʠ ʪʘ״

ʙ˄ʡʠʯʘ ʪʘʜץʠץʦʪ ʦʣʠʙ ʙʦʨʠʣʜʠ. ʀʪʪʨʠʡ  ʢʠʨʠʰʤʘʩʠ ʫʯʫʥ ʜʠʬʬʫʟʠʷ ʢʦʵʬʬʠʮʠʝʥʪʠʥʠʥʛ 

ʪʝʤʧʝʨʘʪʫʨʘʛʘ ʙʦסʣʠץʣʠʛʠ ץʫʡʠʜʘʛʠ ʤʫʥʦʩʘʙʘʪ ʙʠʣʘʥ ʘʥʠץʣʘʰ ʤʫʤʢʠʥ [5]: 

Ὀ ψϽρπ ϽὩὼὴ ςȟω ̞ ȾˏὯὝ ̒ Ͻ̍̒   

ɼʠʬʬʫʟʠʷ ʪʝʤʧʝʨʘʪʫʨʘʩʠʥʠ 9000ʉ ʜʘʥ 13000ʉ ʛʘʯʘ  ˄ʟʛʘʨʪʠʨʠʙ, ʜʠʬʬʫʟʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʠʥʠ ץʠʡʤʘʪʠ ״ʠʩʦʙʣʘʙ ʯʠץʠʣʜʠ [6]. ɼʠʬʬʫʟʠʷ ʪʝʤʧʝʨʘʪʫʨʘʩʠʥʠʥʛ ʦʨʪʠʰʠ 

ʙʠʣʘʥ ʜʠʬʬʫʟʠʷ ʢʦʵʬʬʠʮʠʝʥʪʠ ״ʘʤ ʦʨʪʠʰʠ ʢʫʟʘʪʠʣʜʠ. ʂʨʝʤʥʠʡʜʘʛʠ ʠʪʪʨʠʡʥʠʥʛ ʜʠʬʬʫʟʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʠʥʠ ʪʝʤʧʝʨʘʪʫʨʘʛʘ ʙʦסʣʠץʣʠʛʠ ץʫʡʠʜʘ (1-ʨʘʩʤ) ʙʝʨʠʣʛʘʥ. 

ɼʠʬʬʫʟʠʷ ʢʦʵʬʬʠʮʠʝʥʪʠʥʠ ץʠʡʤʘʪʠ ʦʣʠʥʛʘʥ ʥʘʪʠʞʘʣʘʨʛʘ ʢ˄ʨʘ, 3,11Ö10-15 ̒ Ͻ̍̒  

ʜʘʥ 4,45Ö10-12 ̒ Ͻ̍̒  ʛʘʯʘ ˄ʟʛʘʨʠʰʠʥʠ ʢʫʟʘʪʠʰ ʤʫʤʢʠʥ. ɹʠʟ ˄ʪʢʘʟʛʘʥ ʪʘʜץʠץʦʪ ʫʯʫʥ, 

ʜʠʬʬʫʟʠʷ ʪʝʤʧʝʨʘʪʫʨʘʩʠ ʊ=1200ÁC ʚʘ ʜʠʬʬʫʟʠʷ ʚʘץʪʠ 20 ʩʦʘʪ ʙ˄ʣʛʘʥʜʘ ʜʠʬʬʫʟʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʠ  ץʠʡʤʘʪʠ 1,05Ö10-12 ̒ Ͻ̍̒  ʪʝʥʛ ʵʢʘʥʣʠʛʠ ʘʥʠץʣʘʥʜʠ. 

mailto:islomjon_xx@mail.ru


 

I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 

 

13 

 

 

1-ʨʘʩʤ. ʂʨʝʤʥʠʡʜʘʛʠ ʠʪʪʨʠʡʥʠʥʛ ʜʠʬʬʫʟʠʷ ʢʦʵʬʬʠʮʠʝʥʪʠʥʠ ʪʝʤʧʝʨʘʪʫʨʘʛʘ 

ʙʦסʣʠץʣʠʛʠ 

ʐʫʥʠʥʛʜʝʢ ʪʘʜץʠץʦʪ ʥʘʪʠʞʘʣʘʨʠ ʙ˄ʡʠʯʘ ʠʪʪʨʠʡʥʠʥʛ ʢʨʝʤʥʠʡʜʘʛʠ ʜʠʬʬʫʟʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʠʥʠ 900-1300ÁC ʪʝʤʧʝʨʘʪʫʨʘ ʠʥʪʝʨʚʘʣʠʜʘ ʥʘʟʘʨʠʡ ʚʘ 1100-1300°C 

ʪʝʤʧʝʨʘʪʫʨʘ ʠʥʪʝʨʚʘʣʠʜʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣ ץʠʡʤʘʪʣʘʨʠ ʦʣʠʥʜʠ. ʆʣʠʥʛʘʥ ʵʩʧʝʨʠʤʝʥʪʘʣ 

ʪʘʜʠץʠץʦʪʣʘʨʛʘ ʢ˄ʨʘ, ʢʨʝʤʥʠʡʜʘʛʠ ʠʪʪʝʨʠʡʥʠʥʛ ʜʠʬʬʫʟʠʷ ʢʦʵʬʬʠʮʝʥʪʠ  ʪʝʤʧʝʨʘʪʫʨʘ 

ʦʰʠʰʠ ʙʠʣʘʥ ʵʢʧʦʥʝʥʮʠʘʣ ץʦʥʫʥ ʘʩʦʩʠʜʘ ʦʰʠʰʠ ʢʫʟʘʪʠʣʜʠ. 

ʌʆʁɼɸʃɸʅʀʃɻɸʅ ɸɼɸɹʀɪʊʃɸʈ ʈɶʁʍɸʊʀ: 

1. ʅ.ɺ.ʃʘʪʫʭʠʥʘ, ɺ.ʄ.ʃʝʙʝʜʝʚ. ɼʠʬʬʫʟʠʦʥʥʦʝ ʣʝʛʠʨʦʚʘʥʠʝ ʢʨʝʤʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ 

ʵʣʝʤʝʥʪʘʤʠ. ʄʘʪʝʨʠʘʣʳ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ. 2011 ʛ. ˉ1. ʩ. 7-12.  

2. ʍ.ʉ. ɼʘʣʠʝʚ, ʐ.ɹ.ʋʪʘʤʫʨʘʜʦʚʘ, ʀ.ʍ.ʍʘʤʠʜʞʦʥʦʚ. ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ   

n-Si<Y>. ʌʠʟʠʢʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʘ. 2023 ʛ., ʊʦʤ 5, ɺʳʧ.5, ʩʪʨ. 8-15.  

3. ʍ.ʉ.ɼʘʣʠʝʚ, ʀ.ʍ.ʍʘʤʠʜʞʦʥʦʚ. ʂʨʝʤʥʠʡʜʘʛʠ ʠʪʪʨʠʡ ʘʪʦʤʣʘʨʠʥʠʥʛ  ʵʣʝʢʪʨʦʬʠʟʠʢ ʚʘ 

ʦʧʪʠʢ ʭʫʩʫʩʠʷʪʣʘʨʠ ʂʨʝʤʥʠʡʜʘʛʠ ʠʪʪʨʠʡ ʘʪʦʤʣʘʨʠʥʠʥʛ  ʵʣʝʢʪʨʦʬʠʟʠʢ ʚʘ ʦʧʪʠʢ 

ʭʫʩʫʩʠʷʪʣʘʨʠ. ñʗʨʠʤ˄ʪʢʘʟʛʠʯʣʠ ʦʧʪʦ ï ʚʘ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʘ, ʤʫץʦʙʠʣ ʵʥʝʨʛʠʷ ʤʘʥʙʘʣʘʨʠ 

 ʘʨʦ ʠʣʤʠʡ - ʘʤʘʣʠʡ ʘʥʞʫʤʘʥʠ. 2023 ʡʠʣץʙʦʣʣʘʨʠò ʤʘʚʟʫʩʠʜʘʛʠ ʭʘʣץʘʤʜʘ ʫʣʘʨʥʠʥʛ ʠʩʪʠ״

12-13 ʦʢʪʷʙʨʴ. 143-144 ʙʝʪʣʘʨ. 

4. ʍ.ʉ.ɼʘʣʠʝʚ, ʐ.ɹ.ʋʪʘʤʫʨʘʜʦʚʘ, ʀ.ʍ.ʍʘʤʠʜʞʦʥʦʚ, ʉ.ʄ.ɸʙʜʫʨʘʠʤʦʚ. ʈʘʜʠʘʮʠʦʥʥʦʝ 

ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʢʨʝʤʥʠʠ, ʣʝʛʠʨʦʚʘʥʥʦʤ ʠʪʪʨʠʝʤ. ʄʘʪʝʨʠʘʣʳ II-ʤʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠ ʧʨʠʢʣʘʜʥʳʝ ʧʨʦʙʣʝʤʳ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, 

ʤʠʢʨʦ - ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʠè. ʊʘʰʢʝʥʪ. 27-28 ʦʢʪʷʙʨʷ 2023 ʛ.  ʩ.247-249. 

5. ɼ.ʕ.ʅʘʟʳʨʦʚ, ʄ.ʀ.ɹʘʟʘʨʙʘʝʚ, ɸ.ɸ.ʀʤʠʥʦʚ. ɼʠʬʬʫʟʠʷ ʠʪʪʨʠʷ ʚ ʢʨʝʤʥʠʠ. ʌʊʇ. 2006. ʪʦʤ 

40, ʚʳʧ. 7, ʩ.788-789. 

6. ʍ.ʉ.ɼʘʣʠʝʚ, ʀ.ʍ.ʍʘʤʠʜʞʦʥʦʚ. ʀʪʪʨʠʡ ʢʠʨʠʰʤʘ ʘʪʦʤʣʘʨʠʥʠʥʛ ʜʠʬʬʫʟʠʷ ʞʘʨʘʸʥʠʜʘ 

ʢʨʝʤʥʠʡʜʘʛʠ ʪʘץʩʠʤʦʪʠʥʠ ״ʠʩʦʙʣʘʰ ʜʘʩʪʫʨʠ. ɶʟʙʝʢʠʩʪʦʥ ʈʝʩʧʫʙʣʠʢʘʩʠ ʘʜʣʠʷ ʚʘʟʠʨʣʠʛʠ  

ˉDGU 27237. ɶʟʙʝʢʠʩʪʦʥ ʈʝʩʧʫʙʣʠʢʘʩʠʥʠʥʛ ɼʘʩʪʫʨʠʡ ʤʘ״ʩʫʣʦʪʣʘʨ ʜʘʚʣʘʪ ʨʘʡʠʩʪʝʨʠʜʘ 
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n-GaP BINAR BIRIKMASIDA TOK OóTISH MEXANIZMLARINING 

HARORATGA BOGᾶLIQLIGI 

 

A.S. Saidov1, Sh.N. Usmonov1,  H.Sh. Abdullayev1, O.Z. Turgóunov1, T.X. Jalilov2 
1OózR FA S.A. Azimov nomidagi Fizika-texnika instituti Toshkent shahri, Ch. Aytmatov 

koóchasi 2B. 
2Chirchiq davlat pedagogika universiteti Chirchiq shahri, Amir Temur ko'chasi 104 uy. 

E-mail: habibabdullayev04@gmail.com 

  

Yarimoótkazgichli qurilmalarni loyihalash va tayyorlashda materialning asosiy 

parametrlarini aniqlash, xususan, yarimoótkazgichli materiallarni tavsiflashda galvanomagnit 

oólchash usuli keng tarqalgan metodlardan biri hisoblanadi. Jumladan Xoll effektidan foydalanish 

namunaning elektrofizik parametrlari - solishtirma elektr oótkazuvchanligi (s), asosiy zaryad 

tashuvchilar konsentratsiyasi (ὲ) va harakatchanligini (А) yuqori aniqlikda oólchash imkonini 

beradi [1]. Mazkur omillarni inobatga olgan holda, Te bilan legirlangan n-turli GaP binar 

birikmasida zaryad tashuvchilarning transport mexanizmlari 80ï740 K harorat diapazonida tadqiq 

etildi. 

 Yarimoótkazgich namunalarining elektrofizik parametrlarini oôrganishda ularda omik 

kontaktlar olish juda muhim ahamiyat kasb etadi. Chunki omik kontaktlar oólchash jarayonida 

qoóshimcha parazit qarshilik va zararli potensiallar farqining paydo boólishining oldini olib, 

namuna elektr parametrlarining aniqroq qiymatlarini oólchash imkonini beradi [2]. Shu boisdan n-

GaP namunasida NiïAgïSnïGaP koóp qatlamli struktura asosida omik kontaktlar hosil qilindi. 

Namunaning solishtirma elektr qarshiligi hamda Xoll koeffitsiyentini aniqlash uchun toórt zondli 

Van der Pau usulidan foydalanildi.  

Namunalarning elektrofizik parametrlari HMS-7000 (ECOPIA, Janubiy Koreya) oólchash 

majmuasi yordamida 80-740 K harorat oraligóida tadqiq etildi.  

Oólchashlardan oldin namuna 5 daqiqa davomida distillangan suvda qaynatildi, hamda 473 

K haroratda azotli muhitda ushlab turildi. Mazkur ishlov namunaning sirt faolligini kamaytirish 

orqali oólchash natijalarining aniqligini oshirishga yordam beradi [3]. 
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1-rasm. n-GaP namunasida zaryad tashuvchilar konsentratsiyasining haroratga 

bogóliqligi. 

1-rasmda n-GaP namunasida zaryad tashuvchilar konsentratsiyasining haroratga bogliqlik 

grafigi keltirilgan. Ushbu rasmdan koórinib turibdiki harorat 80 K dan 740 K gacha ortganda n-
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GaP namunasida zaryad tashuvchilar konsentratsiyasi ~1Ö1015 cm-3 dan ~1.2Ö1018 cm-3 gacha 

monoton tarzda ortadi. 

1-rasmda keltirilgan grafik tahlili shuni koórsatadiki harorat 80 K dan 140 K gacha ortib 

borganda zaryad tashuvchilar konsentratsiyasi deyarli 100 marta, soóngra haroratning to 740 K 

gacha ortishida esa ~10 marta ortishi kuzatiladi. Demak 80 ï 140 K haroratlar oraligóida namunada 

tok oótish mexanizmida erkin elektronlarning faol termik generatsiyasi muhim rol oóynaydi. 

Haroratning 80 K dan 110 K oraligóida erkin elektronlar konsentratsiyasi (n)ning haroratga 

bogóliqligi eksponensial qonunga boóy sinadi: 

ὲ ὲὩ ,                                                   (1) 

bu yerda Ὁ ï nGaP da elektr oótkazuvchanlik turini aniqlab beruvchi sayoz sathli donor 

markazlarining energetik sathi, k ï Boltsman doimiysi, T ï absolyut harorat. Namuna Te bilan 

legirlanganligi boisidan Ὁ Te kirishma atomlarining ionlanishi energiyasi bilan bogóliq. 

Haqiqatdan ÌÎὲ ὪρȾὝ bogólanish grafigi 80 ï 110 K oraligóida aynan toógóri chiziq grafigi 

bilan juda yaxshi ekstrapolyatsiyalanadi. Ushbu toógóri chiziqning burchak koeffitsiyenti orqali 

hisoblab topilgan Ὁ ning qiymati 70 meV ni tashkil etdi. Demak Te atomlarining energetik 

sathlari GaP oótkazuvchanlik zonasi tubidan 70 meV pastda joylashar ekan.  

2-rasmda n-GaP namunasining solishtirma elektr oótkazuvchanligini haroratga bogóliqlik 

grafigi keltirilgan.  

 

   
2-rasm. n-GaP namunasining solishtirma elektr oótkazuvchanligini haroratga 

bogóliqligi. 

Grafikdan koórinib turibdiki harorat 80 K dan 320 K gacha ortganda namunaning solishtirma 

elektr oótkazuvchanligi monoton tarzda ortib boradi, soóngra 740 K gacha monoton tarzda kamayib 

boradi.  

3-rasmda n-GaP namunasida zaryad tashuvchilar harakatchanligining haroratga bogóliqlik 

grafigi keltirilgan. Grafik tahlili shuni koórsatadiki harorat 80 K dan 90 K gacha ortganda 

elektronlar harakatchanligining ortishi, soóngra 740 K gacha esa - monoton tarzda kamayishi 

kuzatiladi. Demak 90 K gacha erkin elektronlarning sochilishida ionlashgan kirishma atomlarining 

taôsiri, 90 K dan 740 K oraligóida esa - kristall panjara atomlari issiqlik tebranma harakatining 

taôsiri muhim rol oóynar ekan. 

Maôlumki, yarimoôtkazgich materiallarning elektr oótkazuvchanligi muayyan haroratda 

zaryad tashuvchilar konsetratsiyasi n ga va harakatchanligi ɛ ga bogóliq:   

„Ὕ ήὲὝАὝ,                                            (2) 
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3-rasm. n-GaP namunasida zaryad tashuvchilar harakatchanligining haroratga 

bogóliqligi. 

yaôni, harorat oózgarishi bilan namunada tok oótish maxanizmining oózgarishiga zaryad 

tashuvchilar konsentratsiyasining oózgarishi bilan bir vaqtda ular harakatchanlining oózgarishi 

ham taôsir qiladi. 

Demak, past haroratlarda 90 K gacha ὲ 'Á0ộ4ÅỚ namunasida tok oótish mexanizmida 

erkin elektronlarnning ionlashgan kirishma atomlarida sochilishi, 90 ï 320 K haroratlar oraligóida 

sayoz donor sathlaridan elektronlarning termik generatsiyasi, 320 ï 740 K oraligóida esa 

elektronlarning fononlarda sochilishi muhim rol oóynar ekan. 

Te bilan legirlangan n-GaP monokristall namunalarida 80ï740 K haroratlar oraligóida 

oótkazilgan eksperimental tadqiqotlar zaryad tashuvchilarning konsentratsiyasi va 

harakatchanligining haroratga bogóliqlik xususiyatlarini aniqlash imkonini berdi. Natijalar shuni 

koórsatdiki, harorat oshishi bilan zaryad tashuvchilar konsentratsiyasi ~1·1015 cm-3 dan ~1·1018 

cm-3 gacha ortadi, bu esa donor atomlarining termik ionlashuvi bilan bogóliq. Tadqiqot davomida 

donor sathining ionlanish energiyasi ~70 meV ga teng ekanligi aniqlandi. Elektronlar 

harakatchanligining tahlili esa past haroratlarda zaryad tashuvchilarning sochilishi asosan 

ionlashgan kirishmalar bilan, yuqori haroratlarda esa fononlar bilan bogóliq ekanligini koórsatdi. 

Olingan natijalar GaP asosidagi yarimoótkazgich materiallarda zaryad tashuvchilar transport 

jarayonlarining fizik mexanizmlarini chuqurroq tushunishga imkon beradi. Aniqlangan transport 

parametrlaridan GaP asosidagi optoelektron va yuqori harorat sharoitida ishlovchi 

yarimoótkazgich qurilmalar (masalan, yorugólik diodlari, yuqori haroratli sensorlar va elektron 

komponentlar)ni loyihalash hamda ularning ish rejimlarini optimallashtirishda foydalanish 

mumkin. Bu esa GaP asosidagi materiallarning zamonaviy mikroelektronika va optoelektronika 

texnologiyalarida qoóllanilish imkoniyatlarini kengaytirishga xizmat qiladi. 

Adabiyotlar : 
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characterization of semiconductor materials. Journal of Applied Physics, 60(8), 2860ï2865. 
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2. Saidova A. S., Usmonova Sh. N., Turgunova O. Z. Investigation of the Features of the 

Thermovoltaic Effect in GaSb, GaAs and GaP Binary Compounds // Applied Solar Energy. ï 

2023. ï Vol. 59. ï ˉ 4. ï P. 400ï409. 
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ed. ï Hoboken, New Jersey: John Wiley & Sons, Inc., 2006. ïP. 72. 

0 100 200 300 400 500 600 700 800
0

50

100

150

200

250

µ
 (

s
m

/V
s
)

T (K)

https://doi.org/10.1063/1.337071


 

I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 

 

17 

 

MARGANETS BILAN LEGIRLANGAN KREMNIYDA FAZAVIY VA 

STRUKTURAVIY OóZGARISHLAR 

 

Sh.B.Utamuradova, J.J.Hamdamov, H.J. Matchonov, F.J. Matchanova,  

F.R. Yoóldoshov, G. Nurmatova, E.A. Erkayeva 

Oózbekiston Milliy universiteti huzuridagi Yarimoótkazgichlar fizikasi va 

mikroelektronika ilmiy-tadqiqot instituti, Toshkent, Oózbekiston 

 

Kremniyni oótuvchi elementlar bilan legirlash funsional yarimoᾶtkazgich materiallar 

muhandisligining strategik muhim yoónalishi hisoblanadi. Bu yoónalish kremniyning elektron, 

magnit va issiqlik xossalari spektrini kengaytirishga qaratilgan. 3d-elementlarning keng doirasi 

orasida marganets alohida eôtiborni tortadi, chunki u barqaror silitsid fazalarini hosil qilish, 

shuningdek Si kristall panjarasida spinga bogóliq oótkazuvchanlik va kuchsiz ferromagnetizmni 

yuzaga keltirish xususiyatiga ega [1-2]. Kremniy-marganets (Si-Mn) tizimi murakkab ikki 

komponentli tizim boólib, oózgaruvchan tarkibli koóplab intermetall birikmalardan iborat boy 

fazaviy diagramma bilan tavsiflanadi. Eng koóp oórganilgan va amaliy ahamiyatga ega boólgan 

fazalar MnSi, Mn4Si7 va Mn11Si19 kabi kremniyga boyroq birikmalardir [3-4]. 

Si-Mn tizimi boóyicha sezilarli miqdordagi eksperimental va nazariy maôlumotlar mavjud 

boólishiga qaramay, bir qator muhim masalalar hali ham hal etilmagan. Termik ishlov berish 

jarayonida fazaviy oótishlarning mexanizmlari va harorat chegaralari toóliq aniqlanmagan. Termik 

ishlovning dastlabki bosqichlarida marganets atomlarining joylashuvi jumladan, tugunlararo va 

klaster holatlari noaniq qolmoqda. Mn4Si7 fazasining hosil boólish sharoitlari va uning keyingi 

termik ishlovda MnSi ga qayta oózgarishi ehtimoli yetarlicha oórganilmagan.  

Past haroratlarda silitsid hosil boólishining dastlabki bosqichlarini ishonchli aniqlash alohida 

qiyinchilik tugódiradi, chunki bu sharoitda Mn hali tartibsiz shaklda yoki a-Si da erigan atom 

koórinishida boólishi mumkin. Bunday holatlarni rentgen-difraksiya usullari bilan farqlash qiyin, 

biroq yuqori sezgirlikka ega tebranish spektroskopiyasi ayniqsa, Raman spektroskopiyasi 

yordamida qisman aniqlash mumkin [5-6]. Shunday qilib, Mn bilan legirlangan kremniyda 

marganets silitsidlarining faza hosil boólishi va faza barqarorligini termik ishlov berish 

sharoitlariga bogóliq ravishda oórganish qattiq jismlar fizikasi, materialshunoslik va amaliy 

nanotexnologiyalar kesishmasidagi dolzarb vazifa hisoblanadi. 

Dastlabki material sifatida solishtirma qarshiligi 1 dan 40 OmÖsm gacha boólgan 

monokristall p- va n-turdagi kremniy plastinkalari ishlatildi. Yuqori tozalikdagi (Ó 99,999 %) 

metall marganets bilan legirlash moysiz turbomolekulyar nasos tizimi yordamida taôminlangan 

yuqori vakuumli muhitda (P Ò 10-7-10-8 Torr) termovakuumli bugólatish usuli orqali amalga 

oshirildi. Marganets bilan legirlash yopiq vakuumli kvarts ampulalarda 600 dan 1200oC gacha 

boólgan haroratda 0,5 soatdan 10 soatgacha davom etgan yuqori haroratli diffuziya jarayoni 

amalga oshirildi. Diffuziyadan soóng, namunalar tez sovitish yoki sekin pechda sovitish usullarida 

sovutildi. Ushbu turli xil issiqlik yoónalishlari silitsid fazalarining morfologiyasiga va Si kristall 

panjarasida ichida Mn ning taqsimlanishiga sezilarli taôsir koórsatadigan kristallanish va fazaviy 

oózgarishlarning deyarli muvozanatli va metastabil holatlarini tadqiq qilish imkonini berdi [7-9]. 

Strukturaviy maôlumotlar koórsatadiki, issiqlik bilan ishlov berish MnSi nanofazalarining 

paydo boólishi va oósishiga olib keladi, hamda kremniy bilan yanada toóyinishi natijasida 

MnSiŸMn4Si7 oózgarishini yuzaga keltiradi. Bu oózgarish Mn ning qayta taqsimlanishi, elastik 

zoóriqishlarning ortishi va aniq ñsilitsid/Siò chegarasining shakllanishi kuzatiladi. Mn bilan 
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legirlangan kremniyda Ec-0,54 eV chuqur sath MnSi birikmalari qobigóidagi Mn bilan bogóliq 

komplekslar bilan oózaro bogóliqlikni koórsatadi. Ec-0,42 eV chuqur sath yuqori silitsid fazasi 

Mn4Si7 hosil boólishi va nomuvofiq dislokatsiyalar oósishi paytida oózining maksimal hissasiga 

erishadi. Ec-0,20 eV sayoz sathi ñsilitsid/Siò chegarasidagi interfeys tutqichlarining mavjudligini 

aks ettiradi, ularning hissasi birikmalarning yiriklashishi bilan ortib boradi. 

 
1-rasm. 1200oC haroratda termik ishlovdan soóng p-Si<Mn> namunasining 

kimyoviy Raman tasviri: signal jadalligi taqsimoti (rangli shkala, 3D), faza kontrast 

xaritasi (yuqori oóng burchakda) va tanlangan sohalardan olingan integrallangan spektrlar 

(pastki qismda). 

Olingan eksperimental maôlumotlar Si-Mn tizimida termodinamik va diffuziya omillari 

taôsirida bosqichma-bosqich fazaviy oózgarishlar sodir boólishini koórsatdi. Bu fazaviy 

oózgarishlar ham rentgen-strukturaviy tahlil, ham Raman kombinasion sochilish spektroskopiyasi 

yordamida tasdiqlandi. Ushbu usullar kimyoviy bogólar va kristall panjarasi simmetriyasi 

darajasidagi strukturaviy oózgarishlarni aks ettirdi.  

Rentgen nurlarining difraksiyasi boóyicha oótkazilgan tadqiqotlar Si-Mn tizimidagi faza 

tarkibining termodinamik ishlov berish haroratiga bogóliq ravishda kuzatish imkonini berdi. 

Issiqlik bilan ishlov berishning dastlabki bosqichida TÒ600oC difraktogrammalarda asosan keng 

va yaxshi ajralmagan difraksion maksimumlar kuzatiladi. Bu holat kristallanish darajasining 

pastligini, panjara nuqsonlarining sezilarli miqdorini va yuqori qatlamning qisman 

amorflashganligini koórsatadi. 2ɗ ning ~ 28-29o oraligóida keng maksimumlarning paydo boólishi, 

Mn atomlarining panjara oraligóidagi boóshliqlariga joylashishi natijasida kristall kremniy panjara 

parametrining kengayishi bilan bogóliq boólishi mumkin [10].  

Monokristall kremniy va Mn4Si7 hamda MnSi silitsid fazalariga mos keladigan difraksiya 

choóqqilari aniq koózga tashlanadi (111)Ŭ, (333)Ŭ aks etishlari, shuningdek ɓ-fazadan choóqqilar 

qayd etilgan boólib, bu koóp komponentli kristall tuzilmaning shakllanganligini koórsatadi. Harorat 

600-700oC ga koótarilganda, MnSi intermetall birikmasi uchun xos boólgan aniq difraksion 

choóqqilar shakllanadi. Eng kuchli akslanishlar 2ɗå31,6o, 36,1o, 47,3o va 55,5o burchaklarda 

kuzatildi. Shu bilan bir vaqtda, kremniy choóqqilari, ayniqsa (111)Ŭ va (220)Ŭ saqlanib qoldi. 

Raman spektroskopiyasi kremniy-marganets tizimidagi faza tarkibi oózgarishini bosqichma-

bosqich kuzatish imkonini berdi. Yuqori haroratda termik ishlov berishning dastlabki 



 

I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 

 

19 

 

bosqichlarida Mn4Si7 silitsid fazasining hosil boólishi va keyinchalik yuqori haroratlarda MnSi ga 

oótishi rentgen-difraksion maôlumotlar va ilmiy adabiyotlardagi manbalar [11-15] bilan muvofiq 

keladi. 

1200oC haroratda termik ishlov berilgan p-Si<Mn> namunasida faza va kimyoviy 

komponentlarning taqsimlanishini vizualizatsiya qilish kimyoviy Raman xaritalash usullari 

yordamida amalga oshirildi (1-rasm). Ushbu metodologiya yuqori aniqlikda fazoviy va 

spektroskopik maôlumotlarni bir vaqtning oózida olish imkonini beradi.  

Olib borilgan tadqiqotlar Si-Mn tizimida termik ishlov berish davomida fazalar 

shakllanishining aniq ketma-ketligini aniqlash imkonini berdi. Bu natijalar rentgen-difraksion 

tahlil va Raman kombinatsion sochilish spektroskopiyasi yordamida tasdiqlandi. 

Shunday qilib, olingan maôlumotlar Si-Mn tizimida faza hosil boólishining ishonchli 

eksperimental-nazariy sxemasini taôminlaydi hamda silitsidlarning oósishi va oózgarishining 

asosiy mexanizmlarini yoritib beradi. Bu, ayniqsa mikro- va nanoelektronika sohalarida, 

boshqariladigan faza tuzilishiga ega boólgan funksional kremniy tarkibli materiallarni loyihalashda 

amaliy ahamiyatga ega. 
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Tadqiqot doirasida monokristall kremniy (SiO2) asosi yuzasida litiy niobati (LiNbO3) yupqa 

plyonkalarini sintez qilish jarayoni yuqori chastotali (RF) magnetronli ion-plazmali purkash 

usulida amalga oshirildi, bu esa dielektrik materiallarni purkashda nishon sirtida zaryadlar 

toóplanishining oldini olib, plazma razryadining yuqori barqarorligini taôminladi. Eksperimentda 

nishon (target) sifatida tarkibi 99,99% yuqori tozalik darajasiga ega, diametri 50 mm va qalinligi 

5 mm oólchamli LiNbO3 keramik materialidan foydalanildi, bunda dielektrikning past issiqlik 

oótkazuvchanligini kompensatsiya qilish va issiqlik dissipatsiyasini optimallashtirish maqsadida 

nishonning teskari tomoniga mis (Cu) kontakti oórnatilib, tizimning uzluksiz suv sovitish konturi 

orqali issiqlik muvozanati saqlab turildi. 

Vakuum kamerasidagi qoldiq gazlar molekulyar nasos yordamida tozalanadi, plazma 

muhitini yaratish uchun 120 sccm oqim tezligida inert argon (Ar) gazi yuborilib, ishchi bosim 3 

Pa miqdorida turgóunlashtirildi, bu esa Ar+ ionlarining nishon sirtini samarali bombardimon qilishi 

va purkalanayotgan zarrachalarning oórtacha erkin yugurish yoóli davomida yetarli kinetik 

energiyani saqlab qolishi uchun zaruriy fizik sharoitni yaratdi. Plyonka kondensatsiyasi nishonga 

150 W miqdoridagi oózgaruvchan tok quvvati berish orqali amalga oshirildi, bu esa litiy va niobiy 

atomlarining barqaror stexiometrik oqimini shakllantirishga xizmat qildi, bunda nishon va silisiy 

taglik orasidagi masofaning 40 mm etib belgilanishi purkalanayotgan atomlarning sirt boóylab 

diffuzion harakatini faollashtirib, oósayotgan plyonka yuzasining yuqori energiyali ionlar bilan 

ortiqcha bombardimon qilinishining oldini olish imkonini berdi. 

Olingan LiNbO3/Si geterostrukturasining kristallik darajasini oshirish, amorf fazani trigonal 

strukturaga oótkazish va ichki mexanik kuchlanishlarni relaksatsiya qilish maqsadida namunalar 

havo muhitida ikki bosqichli differensial termik ishlovdan oótkazildi. Dastlabki bosqichda harorat 

5ÁC/min tezlik bilan 550ÁC gacha koótarilib, kristallik murtaklarining shakllanishi uchun 30 minut 

davomida izotermik ushlab turildi, shundan soóng faza shakllanish jarayonini yakunlash va 

donachalar chegarasini barqarorlashtirish uchun harorat 700°C gacha oshirilib, 45 minut davomida 

termik modifikatsiya qilindi. Jarayon yakunida kremniy va litiy niobati orasidagi termik kengayish 

https://doi.org/10.14704/nq.2025.07.02.407
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koeffisiyentlari farqi tufayli yuzaga kelishi mumkin boólgan destruktiv kuchlanishlarni 

minimallashtirish va mikro-yoriqlar hosil boólishining oldini olish maqsadida namunalar xona 

haroratigacha nazorat qilinadigan gradiyent bilan sekin sovitildi. 

Tadqiqot doirasida shakllantirilgan LiNbO3/Si geterostrukturalarining faza tarkibi, kristallik 

darajasi va strukturaviy simmetriyasini aniqlash maqsadida Raman spektroskopiyasi tahlili 

oótkazildi. Litiy niobati (LiNbO3) xona haroratida trigonal kristallik sistemasining R3c fazoviy 

guruhiga mansub boólib, ushbu simmetriya guruhi materialning barcha fundamental fizik, xususan, 

ferroelektrik va nolineer-optik xossalarini belgilab beradi [1,2]. R3c simmetriyasining 

fundamental xususiyati unda inversiya markazining (markaziy simmetriyaning) mavjud 

emasligidir, bu esa kristall panjarasida musbat va manfiy zaryadlar markazining siljishiga va 

natijada spontan qutblanishning vujudga kelishiga zamin yaratadi. Raman spektrlarining qiyosiy 

tahlili shuni koórsatadiki, termik ishlov berish jarayoni plyonkaning amorf holatdan aynan ushbu 

maqsadli R3c fazasiga oótishida hal qiluvchi rol oóynaydi[3,4]. 

Termik ishlov berilmagan namunaning Raman spektrida (qizil chiziq) fonon modalarining 

intensivligi oóta past boólib, spektr yoyilgan (broad) koórinishga ega ekanligi plyonkaning 

dastlabki holatda asosan tartibsiz amorf tuzilishga ega ekanligidan dalolat beradi. Ikki bosqichli 

termik ishlovdan soóng esa, spektrda oótkir va yuqori intensivlikdagi choóqqilarning paydo boólishi 

plyonkaning toóliq kristallanganini va R3c fazasiga xos boólgan trigonal strukturani 

shakllantirganini isbotlaydi. Nazariy jihatdan ushbu simmetriya guruhi uchun ruxsat etilgan 

7A1+13E optik tebranish modalaridan asosiylari eksperimental spektrda yaqqol namoyon boóladi.  

Spektrning 150-220 cm-1 sohasidagi past chastotali tebranishlari (E va A1 modalar) Li+ 

ionlarining kristall panjarasi ichidagi uzoq masofali harakati va Nb5+ ionlarining kislorod 

oktaedriga nisbatan siljishi bilan bogóliq boólib, ularning koók spektrda shakllanishi strukturaning 

c-oóqi boóylab tartiblanishini anglatadi. 

Yuqoridagi rasmda LiNbO3/Si geterostrukturalarining Raman spektrlari: (1) termik ishlov 

berilmagan namuna; (2) termik ishlov berilgan namuna. 

240-280 cm-1 sohasidagi kuchli tebranishlar (A1(TO) va E(TO) modalar) Nb-O bogólarining 

egilish tebranishlariga hamda Li-O bogólarining valent tebranishlariga tegishli boólib, ushbu 

choóqqilarning keskinligi litiy va kislorod atomlarining stexiometrik muvozanatda ekanligini 

tasdiqlaydi. Spektrning 320-370 cm-1 va 430-450 cm-1 sohasidagi modalar NbO6 oktaedrining 

deformatsiyasi va O-Nb-O burchaklarining tebranishlari natijasida yuzaga keladi. Xususan, 434 

cm-1 atrofidagi choóqqi litiy niobatining R3c fazasiga xos boólgan asosiy indikatorlardan biri 

boólib, namunada boshqa niobiy oksidi fazalari (masalan, Nb2O5 yoki LiNb3O8) mavjud emasligini 

isbotlaydi. 
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Spektrning 520.7 cm-1 sohasidagi dominant choóqqisi kremniy (Si) tagligining birinchi 

tartibli optik fonon (LO) modasiga mos keladi. Termik ishlovdan soóng ushbu choóqqi 

intensivligining ortishi LiNbO3 plyonkasining kristallanishi natijasida uning optik shaffofligi 

yaxshilanganini va lazer nurining taglikka qadar sochilmasdan yetib borishini koórsatadi. 600-680 

cm-1 sohasidagi keng va intensiv moda (A1(LO) va E(LO) esa NbO6 oktaedri ichidagi Nb-O 

bogólarining choózilishi (stretching) bilan bogóliq boólib, uning shakllanishi plyonkada 

ferroelektrik xossaga javob beruvchi oktaedrik karkasning toóliq vujudga kelganini anglatadi. 

Shuningdek, 800-900 cm-1 sohasidagi ikkinchi tartibli fonon modalarining aniqlanishi 

namunaning yuqori strukturaviy sifatga ega ekanligini yana bir bor tasdiqlaydi. Xulosa qilib 

aytganda, Raman spektrlarining qiyosiy tahlili LiNbO3/Si geterostrukturalarining barqaror R3c 

fazasi boóyicha shakllanishi faqatgina nazorat qilinadigan termik ishlovdan soóng yakunlanishini 

va barcha atomar bogólarning muvozanatli kristallografik nuqtalarga joylashishini ilmiy jihatdan 

asoslaydi. 
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ɺ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʧʦʠʩʢ ʥʦʚʳʭ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʳʭ ʠ ʥʝʜʦʨʦʛʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʜʣʷ ʬʦʪʦʚʦʣʴʪʘʠʢʠ ʧʨʠʚʝʣ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʠʥʪʝʨʝʩʫ ʢ ʯʝʪʚʝʨʥʳʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ 

ʩʦʝʜʠʥʝʥʠʷʤ [1]. ʉʨʝʜʠ ʥʠʭ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʤʘʪʝʨʠʘʣʳ ʪʠʧʘ ʢʝʩʪʝʨʠʪʘ, ʛʜʝ ʚ 

ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʤʝʥʘ ʜʝʬʠʮʠʪʥʳʭ ʠʣʠ ʪʦʢʩʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ 

ʙʦʣʝʝ ʜʦʩʪʫʧʥʳʝ ʘʥʘʣʦʛʠ. ʉʦʝʜʠʥʝʥʠʝ Cu2NiSn(S,Se)4 (CNTSSe) ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʧʦʛʣʦʱʘʶʱʠʤ ʩʣʦʝʤ ʙʣʘʛʦʜʘʨʷ ʦʧʪʠʤʘʣʴʥʦʡ ʰʠʨʠʥʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (å1.5 ʵɺ) ʠ 

ʚʳʩʦʢʦʤʫ ʢʦʵʬʬʠʮʠʝʥʪʫ ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ [2]. 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʦʩʥʦʚʝ CNTSSe ʚʦ ʤʥʦʛʦʤ 

ʟʘʚʠʩʠʪ ʦʪ ʢʘʯʝʩʪʚʘ ʛʝʪʝʨʦʧʝʨʝʭʦʜʘ ʩ ʧʨʦʚʦʜʷʱʠʤ ʦʢʩʠʜʥʳʤ ʩʣʦʝʤ (ZnO:Al  ʠʣʠ AZO), 

ʚʢʣʶʯʘʷ ʦʢʦʥʥʳʡ ʩʣʦʡ (ZnO). ʉʪʨʫʢʪʫʨʘ Cu2NiSn(S,Se)4/ZnO/ZnO:Al ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 



 

I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 

 

23 

 

ʤʥʦʛʦʩʣʦʡʥʫʶ ʩʠʩʪʝʤʫ, ʛʜʝ ʢʘʞʜʳʡ ʠʥʪʝʨʬʝʡʩ ʠʛʨʘʝʪ ʢʨʠʪʠʯʝʩʢʫʶ ʨʦʣʴ ʚ ʨʘʟʜʝʣʝʥʠʠ ʠ 

ʪʨʘʥʩʧʦʨʪʝ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [3]. 

ʆʜʥʘʢʦ, ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ð ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʤʦʨʬʦʣʦʛʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ð ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʷʪ ʦʪ ʧʨʠʨʦʜʳ ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʧʦʣʴʟʫʝʤʦʡ ʧʦʜʣʦʞʢʠ. ʇʦʜʣʦʞʢʘ ʥʝ ʪʦʣʴʢʦ ʩʣʫʞʠʪ ʬʠʟʠʯʝʩʢʦʡ ʦʧʦʨʦʡ, 

ʥʦ ʠ ʜʠʢʪʫʝʪ ʫʩʣʦʚʠʷ ʨʦʩʪʘ ʧʣʝʥʦʢ, ʚʣʠʷʝʪ ʥʘ ʨʘʟʤʝʨʳ ʟʝʨʝʥ ʠ ʧʣʦʪʥʦʩʪʴ ʜʝʬʝʢʪʦʚ ʥʘ 

ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʪʠʧʘ ʧʦʜʣʦʞʢʠ (ʥʘʧʨʠʤʝʨ, ʩʪʝʢʣʦ, ʪʠʪʘʥ, 

ʤʦʣʠʙʜʝʥ ʠʣʠ ʧʦʣʠʤʝʨʥʳʝ ʤʘʪʝʨʠʘʣʳ) ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ 

Cu2NiSn(S,Se)4/ZnO/ZnO:Al ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʵʪʘʧʦʤ ʥʘ ʧʫʪʠ ʢ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʘʥʥʳʭ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ [4]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʜʣʦʞʝʢ ʥʘ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʨʫʢʪʫʨʳ Cu2NiSn(S,Se)4/ZnO/ZnO:Al, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʩʠʥʪʝʟʘ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ 

ʬʦʪʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʩʣʦʝʚ. ʉʠʥʪʝʟ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ ʜʚʘ ʵʪʘʧʘ: ʥʘ ʧʝʨʚʦʤ 

ʵʪʘʧʝ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʥʘʥʦʩʠʣʠʩʴ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʨʝʢʫʨʩʦʨʳ, ʥʘ 

ʚʪʦʨʦʤ ð ʧʨʦʚʦʜʠʣʩʷ ʠʭ ʧʦʩʣʝʜʫʶʱʠʡ ʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʚ ʧʘʨʘʭ ʩʝʨʳ ʠ ʩʝʣʝʥʘ. ʇʣʝʥʢʠ 

ZnO ʠ ZnO:Al  ʦʩʘʞʜʘʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ. ʄʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʠʢʨʦʩʢʦʧʘ NT 

206 (Microtestmachines Co., ɹʝʣʘʨʫʩʴ). 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʨʝʭʤʝʨʥʳʝ (3D) ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʪʨʫʢʪʫʨʳ Cu2NiSn(S,Se)4/ZnO/ZnO:Al, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʧʦʜʣʦʞʢʘʭ: 

ʞʝʩʪʢʦʡ ʩʠʩʪʝʤʝ ʩʪʝʢʣʦ/Mo ʠ ʛʠʙʢʦʡ ʪʠʪʘʥʦʚʦʡ ʬʦʣʴʛʝ (Ti). 

 
ʘ) 

 
ʙ) 

ʈʠʩ. 1. ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ Cu2NiSn(S,Se)4/ZnO/ZnO:Al , 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʦʜʣʦʞʢʘʭ: (ʘ) ʩʪʝʢʣʦ/Mo ʠ (ʙ) ʪʠʪʘʥʦʚʘʷ ʬʦʣʴʛʘ (Ti). 

 

 

ʉʪʨʫʢʪʫʨʘ ʥʘ ʧʦʜʣʦʞʢʝ ʩʪʝʢʣʦ/Mo xʘʨʘʢʪʝʨʠʟʫʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʟʝʨʝʥ ʠ ʩʛʣʘʞʝʥʥʳʤ ʨʝʣʴʝʬʦʤ. ʉʨʝʜʥʝʘʨʠʬʤʝʪʠʯʝʩʢʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ 

ʩʦʩʪʘʚʣʷʝʪ Ra=44.9 ʥʤ, ʘ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʥʘʷ ð Rq=57.2 ʥʤ. ʊʘʢʘʷ ʤʦʨʬʦʣʦʛʠʷ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʫʧʘʢʦʚʢʠ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʯʪʦ ʙʣʘʛʦʧʨʠʷʪʥʦ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʯʝʩʪʚʝʥʥʦʛʦ p-n ʧʝʨʝʭʦʜʘ ʩ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ ZnO. ʇʣʸʥʢʠ Cu NiSn(S,Se)  
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ʥʘ ʧʦʜʣʦʞʢʝ Ti ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʨʝʟʢʦʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɿʥʘʯʝʥʠʷ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʚʦʟʨʘʩʪʘʶʪ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ: Ra=117.9 ʥʤ ʠ Rq=148.9 ʥʤ. 

ʅʘʙʣʶʜʘʶʪʩʷ ʚʳʨʘʞʝʥʥʳʝ ʧʠʢʠ ʠ ʘʛʣʦʤʝʨʘʪʳ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ 

ʨʘʟʣʠʯʠʷʤʠ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʞʜʫ ʪʠʪʘʥʦʤ ʠ Cu NiSn(S,Se) , 

ʘ ʪʘʢʞʝ ʠʟʥʘʯʘʣʴʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʦʣʴʛʠ. 

ɺʳʩʦʢʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ, ʥʘʙʣʶʜʘʝʤʘʷ ʥʘ ʪʠʪʘʥʦʚʦʡ ʧʦʜʣʦʞʢʝ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʫʶ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʧʦʛʣʦʱʘʶʱʠʤ ʩʣʦʝʤ ʠ ʙʫʬʝʨʦʤ, ʯʪʦ 

ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʦʩʪʫ ʪʦʢʘ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ (Iʢʟ). ʆʜʥʘʢʦ, ʟʥʘʯʠʪʝʣʴʥʳʝ 

ʧʝʨʝʧʘʜʳ ʚʳʩʦʪ (ʜʦ 930.3 ʥʤ ʧʦ ʦʩʠ Z ʥʘ Ti ʧʨʦʪʠʚ 484.0 ʥʤ ʥʘ Mo) ʩʦʟʜʘʶʪ ʨʠʩʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʰʫʥʪʠʨʫʶʱʠʭ ʧʫʪʝʡ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ ʪʦʥʢʦʤ ʙʫʬʝʨʥʦʤ 

ʩʣʦʝ ZnO. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʜʣʦʞʢʠ ʩʪʝʢʣʦ/Mo ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʫʯʝʥʠʝ ʙʦʣʝʝ 

ʧʣʘʥʘʨʥʳʭ ʠʥʪʝʨʬʝʡʩʦʚ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʪʨʫʢʪʫʨʳ ʥʘ Ti-ʬʦʣʴʛʝ ʪʨʝʙʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʪʦʣʱʠʥʳ ʧʦʩʣʝʜʫʶʱʠʭ ʩʣʦʝʚ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʦʢʦʣʦʚ ʠ ʩʥʠʞʝʥʠʷ 

ʪʦʢʦʚ ʫʪʝʯʢʠ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʌʦʥʜʘ ʬʠʥʘʥʩʠʨʦʚʘʥʠʷ ʥʘʫʢʠ ʠ ʠʥʥʦʚʘʮʠʡ 

ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ (ʛʨʘʥʪ ˉ FL-8824063350) ʠ ɹʝʣʦʨʫʩʩʢʦʛʦ ʨʝʩʧʫʙʣʠʢʘʥʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʛʨʘʥʪ ˉ ʌ25ʋɿɹ-097). 
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ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʚʦʡʩʪʚʘ ʢʦʥʪʘʢʪʦʚ ʤʝʪʘʣʣïʧʦʣʫʧʨʦʚʦʜʥʠʢ ʠʤʝʶʪ ʚʘʞʥʦʝ 

ʟʥʘʯʝʥʠʝ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ɼʠʦʜʳ 

ʐʦʪʪʢʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʙʣʘʛʦʜʘʨʷ ʥʠʟʢʦʤʫ ʪʦʢʫ ʦʙʨʘʪʥʦʡ ʫʪʝʯʢʠ ʠ ʙʳʩʪʨʦʤʫ 

ʚʨʝʤʝʥʠ ʦʪʢʣʠʢʘ. ʆʜʥʘʢʦ ʚ ʢʣʘʩʩʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʘʭ ʐʦʪʪʢʠ ʤʝʭʘʥʠʟʤ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ʚ 

ʦʩʥʦʚʥʦʤ ʦʙʫʩʣʦʚʣʝʥ ʪʝʨʤʦʵʣʝʢʪʨʦʥʥʦʡ ʵʤʠʩʩʠʝʡ, ʧʨʠ ʵʪʦʤ ʧʨʠ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʪʦʢʘ 

ʚʦʟʥʠʢʘʶʪ ʦʛʨʘʥʠʯʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʠ ʢʘʯʝʩʪʚʦʤ 

ʠʥʪʝʨʬʝʡʩʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʪʨʫʢʪʫʨʘ ʜʠʦʜʘ ʐʦʪʪʢʠ Au/(n-Si)/Ni ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʥʘ ʢʨʝʤʥʠʠ, 

ʣʝʛʠʨʦʚʘʥʥʦʤ ʣʶʪʝʮʠʝʤ (Lu), ʧʨʠ ʵʪʦʤ ʚʳʷʚʣʝʥʳ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʣʝʛʠʨʦʚʘʥʠʷ, ʠ ʜʘʥʦ ʠʭ ʬʠʟʠʯʝʩʢʦʝ ʦʙʲʷʩʥʝʥʠʝ. 

ʈʠʩ. 1. ɺʦʣʴʪïʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʦʜʘ ʐʦʪʪʢʠ Au/(n-Si)/Ni 

ʅʘ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʦʣʴʪïʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʦʜʘ ʐʦʪʪʢʠ ʩʦ 

ʩʪʨʫʢʪʫʨʦʡ Au/(n-Si)/Ni ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 K. ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʦʙʣʘʜʘʝʪ 

ʚʳʨʘʞʝʥʥʳʤʠ ʚʳʧʨʷʤʣʷʶʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʦ ʝʩʪʴ ʪʦʢ ʩʫʱʝʩʪʚʝʥʥʦ ʟʘʚʠʩʠʪ ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʙʘʨʴʝʨʘ 

ʐʦʪʪʢʠ ʥʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣïʧʦʣʫʧʨʦʚʦʜʥʠʢ. 

ɺ ʦʙʣʘʩʪʠ ʦʙʨʘʪʥʦʛʦ ʩʤʝʱʝʥʠʷ (V < 0) ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʦʩʪʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʙʣʠʟʢʠʤ ʢ 

ʥʫʣʶ. ɼʘʞʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʧʦʨʷʜʢʘ ï1000 ʤɺ ʟʘʤʝʪʥʦʛʦ ʪʦʢʘ ʫʪʝʯʢʠ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɺ 

ʩʣʫʯʘʝ ʥʝʢʘʯʝʩʪʚʝʥʥʦ ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʢʦʥʪʘʢʪʘ ʦʙʨʘʪʥʳʡ ʪʦʢ ʙʳʣ ʙʳ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ. 

ɺ ʦʙʣʘʩʪʠ ʧʨʷʤʦʛʦ ʩʤʝʱʝʥʠʷ (V > 0) ʨʦʩʪ ʪʦʢʘ ʧʨʦʷʚʣʷʝʪʩʷ ʧʦʵʪʘʧʥʦ. ɺ ʠʥʪʝʨʚʘʣʝ ʦʪ 

0 ʜʦ ʧʨʠʤʝʨʥʦ 0,3ï0,4 ɺ ʪʦʢ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʤʝʜʣʝʥʥʦ. ʅʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʵʣʝʢʪʨʦʥʳ ʥʘʯʠʥʘʶʪ 

ʧʨʝʦʜʦʣʝʚʘʪʴ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʥʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣïʧʦʣʫʧʨʦʚʦʜʥʠʢ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʛʨʘʬʠʢʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʦʙʱʠʡ ʚʳʚʦʜ, ʯʪʦ ʜʠʦʜ Au/(n-Si)/Ni ʦʙʣʘʜʘʝʪ 

ʭʦʨʦʰʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʚʳʧʨʷʤʣʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʠʟʢʠʤ ʦʙʨʘʪʥʳʤ ʪʦʢʦʤ ʫʪʝʯʢʠ ʠ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʦʪʯʝʪʣʠʚʳʡ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʨʦʩʪ ʪʦʢʘ ʚ ʦʙʣʘʩʪʠ ʧʨʷʤʦʛʦ ʩʤʝʱʝʥʠʷ. 
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ʈʠʩ. 2. ɺʦʣʴʪïʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʪʨʫʢʪʫʨʳ Au/(n-Si)/Ni ʥʘ 

ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʣʶʪʝʮʠʝʤ (Lu) 

ʅʘ ʜʘʥʥʦʤ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʦʣʴʪïʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʪʨʫʢʪʫʨʳ Au/(n-

Si)/Ni ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʣʶʪʝʮʠʝʤ (Lu), ʠʟʤʝʨʝʥʥʘʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 

K. ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʥʘ ʠʥʪʝʨʬʝʡʩʝ ʤʝʞʜʫ ʤʝʪʘʣʣʦʤ ʠ ʢʨʝʤʥʠʝʤ, ʣʝʛʠʨʦʚʘʥʥʳʤ Lu, 

ʙʘʨʴʝʨ ʐʦʪʪʢʠ ʥʝ ʩʬʦʨʤʠʨʦʚʘʣʩʷ. 

ʕʪʦ ʷʚʣʝʥʠʝ ʧʨʝʞʜʝ ʚʩʝʛʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʘʪʦʤʳ ʣʶʪʝʮʠʷ (Lu) ʚ ʢʨʝʤʥʠʠ 

ʧʨʦʷʚʣʷʶʪ ʘʢʮʝʧʪʦʨʥʳʝ ʩʚʦʡʩʪʚʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʭʦʜʥʳʡ n-ʪʠʧ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʯʘʩʪʠʯʥʦ 

ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʠ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ p-ʪʠʧʫ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʥʝ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʳʡ 

ʙʘʨʴʝʨ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦʪʦʢʘ ʵʣʝʢʪʨʦʥʦʚ ʤʝʞʜʫ ʤʝʪʘʣʣʦʤ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʢʦʥʪʘʢʪ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʢʘʢ ʦʙʳʯʥʳʡ ʤʝʪʘʣʣʠʯʝʩʢʠʡ, 

ʪʦ ʝʩʪʴ ʧʨʠʦʙʨʝʪʘʝʪ ʦʤʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʵʣʝʢʪʨʦʥʳ ʩʚʦʙʦʜʥʦ ʧʝʨʝʤʝʱʘʶʪʩʷ ʤʝʞʜʫ ʤʝʪʘʣʣʠʯʝʩʢʠʤ 

ʧʦʢʨʳʪʠʝʤ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʩʣʦʝʤ. ʕʪʦ ʩʚʷʟʘʥʦ ʩʦ ʚʪʦʨʳʤ ʬʘʢʪʦʨʦʤ: ʣʝʛʠʨʦʚʘʥʠʝ Lu 

ʧʦʚʳʰʘʝʪ ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, ʧʦʵʪʦʤʫ ʙʘʨʴʝʨ ʐʦʪʪʢʠ ʥʝ ʦʙʨʘʟʫʝʪʩʷ. 

ʇʨʠ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠʤʝʩʠ ʠʣʠ ʧʨʠ ʝʸ ʥʘʢʦʧʣʝʥʠʠ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪ 

ʩʪʘʥʦʚʠʪʩʷ ʦʤʠʯʝʩʢʠʤ. 

ɺ ʦʙʣʘʩʪʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠʤʝʨʥʦ ʧʨʠ ï1000 ʤɺ, ʪʦʢ ʜʦʩʪʠʛʘʝʪ 

ʟʥʘʯʝʥʠʡ ʧʦʨʷʜʢʘ ï3éï4 ʤɸ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʦʙʨʘʪʥʳʡ ʪʦʢ ʠʤʝʝʪ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʚʝʣʠʯʠʥʫ, ʘ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ ʥʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣïʧʦʣʫʧʨʦʚʦʜʥʠʢ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʝʥ ʠʣʠ ʦʪʩʫʪʩʪʚʫʝʪ. 

ɺ ʦʙʣʘʩʪʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʪʦʢ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠʤʝʨʥʦ ʜʦ +4é+5 ʤɸ, ʠ 

ʛʨʘʬʠʢ ʩʦʭʨʘʥʷʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ. ʍʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʜʠʦʜʘ ʐʦʪʪʢʠ 

ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʦʙʣʘʩʪʴ ʨʦʩʪʘ ʪʦʢʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʯʸʪʢʦ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɽʩʣʠ ʙʳ ʚ 

ʩʪʨʫʢʪʫʨʝ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʪʨʘʜʠʮʠʦʥʥʳʡ ʙʘʨʴʝʨ ʐʦʪʪʢʠ, ʚ ʜʠʘʧʘʟʦʥʝ 0,2ï0,4 ɺ 

ʥʘʙʣʶʜʘʣʦʩʴ ʙʳ ʨʝʟʢʦʝ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʪʦʢʘ. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ 

ʟʘʚʠʩʠʤʦʩʪʴ ʪʦʢïʥʘʧʨʷʞʝʥʠʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʚʦʡʩʪʚʘ, ʙʣʠʟʢʠʝ ʢ ʦʤʠʯʝʩʢʦʤʫ ʢʦʥʪʘʢʪʫ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʘ Au/(n-Si)/Ni ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ Lu, ʥʝ 

ʧʨʦʷʚʣʷʝʪ ʢʣʘʩʩʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʠʦʜʘ ʐʦʪʪʢʠ. ɺʦʣʴʪïʘʤʧʝʨʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʠʤʝʝʪ ʧʦʯʪʠ ʣʠʥʝʡʥʳʡ ʚʠʜ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʭʦʜ ʢʦʥʪʘʢʪʘ ʢ ʦʤʠʯʝʩʢʦʤʫ ʪʠʧʫ 

ʧʨʦʚʦʜʠʤʦʩʪʠ. 
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ʌʆʈʄʀʈʆɺɸʅʀɽ ʇʈʀʄɽʉʅʓʍ ʉʂʆʇʃɽʅʀʁ ɺ ʆɹʈɸɿʎɸʍ n-Si<Ni> 

 

ʅ.ɸ. ʊʫʨʛʫʥʦʚ1,2, ʈ.ʄ. ʊʫʨʤʘʥʦʚʘ1, ʅ.ɹ. ʍʘʡʪʠʤʤʝʪʦʚ1  
1ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʧʨʠ ʅʋʋʟ, ʊʘʰʢʝʥʪ 
2ɸʢʘʜʝʤʠʷ ʄɺɼ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ʀʟʫʯʝʥʠʝ ʧʨʠʨʦʜʳ, ʤʦʨʬʦʣʦʛʠʠ (ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʨʘʟʤʝʨʦʚ) ʧʨʠʤʝʩʥʳʭ 

ʩʢʦʧʣʝʥʠʡ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʣʠ ʚ ʦʙʲʝʤʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ[1-3].  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ 

ʢʨʝʤʥʠʡ ʤʘʨʢʠ Kʕʌ, ʚʳʨʘʱʝʥʥʳʡ ʧʦ ʤʝʪʦʜʫ ʏʦʭʨʘʣʴʩʢʦʛʦ, ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, 

ɟ=0,3 ʆʤĿʩʤ. ɼʠʬʬʫʟʠʶ ʵʣʝʤʝʥʪʦʚ ʥʠʢʝʣʷ ʚ ʢʨʝʤʥʠʡ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T=1473 

ʂ ʚ ʧʝʯʠ ʉʋʆʃ-4ʄ. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʜʠʬʬʫʟʠʠ ʩʦʩʪʘʚʣʷʣʦ 5 ʯʘʩʦʚ. ʊʝʤʧʝʨʘʪʫʨʫ 

ʜʠʬʬʫʟʠʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʧʣʘʪʠʥʦ-ʧʣʘʪʠʥʦʚʦʡ ʪʝʨʤʦʧʘʨʳ. ʇʦʩʣʝ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʦʪʞʠʛʘ ʦʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠ ʤʝʪʦʜʦʤ ʙʳʩʪʨʦʛʦ (ɡʦʭʣ= 200 ʂ/ʩ) ʠ ʤʝʜʣʝʥʥʦʛʦ 

(ɡʦʭʣ= 1 ʂ/ʩ) ʦʭʣʘʞʜʝʥʠʷ. ʉ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʤʘʨʢʠ JSM-

IT200 ʠʟʫʯʘʣʠʩʴ ʩʪʨʫʢʪʫʨʥʦʝ ʩʪʨʦʝʥʠʝ, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ ʘʪʦʤʦʚ ʚ 

ʦʙʨʘʟʮʘʭ n-Si<Ni>. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ ʥʠʢʝʣʷ ʚ 

ʢʨʝʤʥʠʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ ʥʠʢʝʣʷ, ʚ ʦʩʥʦʚʥʦʤ, 

ʟʘʚʠʩʷʪ ʦʪ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʠ ʜʠʬʬʫʟʠʠ, ʘ ʪʘʢʞʝ ʦʪ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʦʪʞʠʛʘ.   

ʂʘʢ ʧʦʢʘʟʘʣʠ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʧʦʩʣʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʦʪʞʠʛʘ, ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʦʚ Si<Ni> 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠʤʝʩʥʳʝ ʩʢʦʧʣʝʥʠʠ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʠ ʨʘʟʤʝʨʦʚ (ʨʠʩ.1.).  
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ʈʠʩ.1. ʇʨʠʤʝʩʥʳʝ ʩʢʦʧʣʝʥʠʠ ʥʠʢʝʣʷ ʚ ʢʨʝʤʥʠʠ, ʚ ʦʙʨʘʟʮʘʭ: ʘï ʩ ʙʳʩʪʨʳʤ 

ʦʭʣʘʞʜʝʥʠʝʤ (ɡʦʭʣ=200 ʂ/ʩ); ʙï ʩ ʤʝʜʣʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ (ɡʦʭʣ=1 ʂ/ʩ). 

ʇʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ (ɡʦʭʣ=200 ʂ/ʩ), ʚ ʦʩʥʦʚʥʦʤ, ʦʙʨʘʟʫʶʪʩʷ 

ʩʢʦʧʣʝʥʠʷ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʣʢʠʤʠ ʨʘʟʤʝʨʘʤʠ (d<10-6 ʤ), ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʠʛʣʦʦʙʨʘʟʥʫʶ, 

ʜʠʩʢʦʦʙʨʘʟʥʫʶ, ʣʠʥʟʦʦʙʨʘʟʥʫʶ ʠ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ (ʨʠʩ.1 (ʘ)). ɺ ʦʙʲʝʤʝ ʦʙʨʘʟʮʦʚ ʩ 

ʤʝʜʣʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ (ɡʦʭʣ=1 ʂ/ʩ) ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠʤʝʩʥʳʝ ʩʢʦʧʣʝʥʠʷ ʩ ʨʘʟʤʝʨʘʤʠ ʜʦ 

ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ, ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ (ʨʠʩ.1 (ʙ)). 

ʅʘ ʨʠʩ. 2.  ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʣʠʥʟʦʦʙʨʘʟʥʦʛʦ 

ʧʨʠʤʝʩʥʦʛʦ ʩʢʦʧʣʝʥʠʷ ʨʘʟʤʝʨʦʤ ~ 700 ʥʤ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʚ ʦʙʲʝʤʝ ʙʳʩʪʨʦ ʦʭʣʘʞʜʝʥʥʦʛʦ 

ʦʙʨʘʟʮʘ n-Si<Ni> ʧʦʩʣʝ ʜʠʬʬʫʟʠʠ. ʂʘʢ ʚʠʜʥʦ, ʧʨʦʮʝʥʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʘʪʦʤʦʚ Ni ʚ ʦʙʲʝʤʝ 

ʩʢʦʧʣʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 23,23%, ʘʪʦʤʳ Si - 75,42%, ʘʪʦʤʦʚ Fe - 0,26%, ʘʪʦʤʳ Cr - 0,31%, 

ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ - 0,43%, ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ - 0,35%. ʂʘʢ ʦʢʘʟʘʣʦʩʴ, ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʜʘʥʥʦʛʦ 

ʩʢʦʧʣʝʥʠʷ ʵʪʠ ʧʨʠʤʝʩʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦʯʪʠ ʨʘʚʥʦʤʝʨʥʦ. 

 
ʈʠʩ.2. ʇʦʣʥʳʡ ʩʧʝʢʪʨ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʣʠʥʟʦʦʙʨʘʟʥʦʛʦ ʧʨʠʤʝʩʥʦʛʦ 

ʩʢʦʧʣʝʥʠʷ ʨʘʟʤʝʨʦʤ ~700 ʥʤ ʚ ʙʳʩʪʨʦ ʦʭʣʘʞʜʝʥʥʦʤ ʦʙʨʘʟʮʝ n-Si<Ni>. 

ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʧʨʦʚʝʜʝʥʥʳʭ ʥʘ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʝʥʥʳʭ 

ʦʙʨʘʟʮʘʭ Si<Ni>, ʧʦʟʚʦʣʠʣʠ ʦʧʨʝʜʝʣʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʬʝʨʠʯʝʩʢʦʛʦ 

ʧʨʠʤʝʩʥʦʛʦ ʩʢʦʧʣʝʥʠʷ, ʨʘʟʤʝʨ ʢʦʪʦʨʦʛʦ ʜʦʩʪʠʛʘʝʪ ~2 ʤʢʤ. ʂʘʢ ʦʢʘʟʘʣʦʩʴ, ʚ ʝʛʦ ʦʙʲʝʤʝ, 

ʨʷʜʫ ʩ ʘʪʦʤʘʤʠ Si ʠ Ni, ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʘʢʞʝ ʘʪʦʤʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ, ʪʘʢʠʭ ʢʘʢ 

ʞʝʣʝʟʦ, ʭʨʦʤ, ʢʠʩʣʦʨʦʜ ʠ ʫʛʣʝʨʦʜ (ʨʠʩ. 3).  
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ʈʠʩ.3. ʇʦʣʥʳʡ ʩʧʝʢʪʨ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʩʬʝʨʠʯʝʩʢʠʭ ʧʨʠʤʝʩʥʳʭ 

ʩʢʦʧʣʝʥʠʡ ʨʘʟʤʝʨʦʤ ~2 ʤʢʤ ʚ ʤʝʜʣʝʥʥʦ ʦʭʣʘʞʜʝʥʥʦʤ ʦʙʨʘʟʮʝ n-Si<Ni>. 

ɸʥʘʣʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʵʪʦʛʦ ʩʢʦʧʣʝʥʠʷ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʦʮʝʥʪʥʦʝ ʩʦʜʝʨʞʘʥʠʝ 

ʘʪʦʤʦʚ Ni ʚ ʝʛʦ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 52,58%, ʘʪʦʤʳ Si - 45,38%, ʘʪʦʤʳ ʞʝʣʝʟʘ - 

0,42%, ʘʪʦʤʳ ʭʨʦʤʘ - 0,31%, ʘʪʦʤʳ ʢʠʩʣʦʨʦʜʘ - 0,73%, ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ - 0,58%. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʨʝʞʠʤ 

ʦʭʣʘʞʜʝʥʠʷ ʧʦʩʣʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʤʦʨʬʦʣʦʛʠʶ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʧʦ ʦʙʲʝʤʫ ʩʢʦʧʣʝʥʠʡ. ʇʨʠ ʚʳʩʦʢʦʡ 

ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ï ʦʢʦʣʦ 200 ʂ/ʩ, ʚ ʦʙʲʸʤʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʢʨʝʤʥʠʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʬʦʨʤʠʨʫʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʣʢʠʝ ʧʨʠʤʝʩʥʳʝ ʩʢʦʧʣʝʥʠʷ ʚ 

ʥʘʥʦʤʝʪʨʦʚʦʤ ʜʠʘʧʘʟʦʥʝ. ʊʘʢʞʝ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʧʨʠ ʤʝʜʣʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 

ʧʦʨʷʜʢʘ 1 ʂ/ʩ ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʢʨʫʧʥʝʥʠʝ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʯʝʛʦ ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠʤʝʩʥʳʝ ʩʢʦʧʣʝʥʠʷ ʨʘʟʤʝʨʘʤʠ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ. 
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Yarimoôtkazgichli yupqa qatlamlar  noyob elektr, optik, mexanik va termal xususiyatlarga 

ega boôlib, ular yordamida yangi ilgôor texnologiyalar yaratilmoqda. ZnxCd1-xS shunday yupqa 

qatlamlardan biri boôlib, uni turli xil tagliklarda, turli sharoitlarda oôstirilib, kerakli fotoelementlar 

olish mumkin. ZnxCd1-xS  tuzulmasi ZnS va CdS ning turli xil nisbatda birikishidan hosil 
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boôladigan IIïVI guruhiga mansub yarimoótkazgich materialdir. Bu yerda x ð ruxning mol ulushi 

boólib, 0 Ò x Ò 1 oraligóida oózgaradi. Tarkibiy nisbati x ni oózgartirib materialning fizik, elektron 

va optik xususiyatlarini keng diapazonda boshqarish mumkin. Shu sababli, Zn Cd S zamonaviy 

optoelektronika va fotonika sohalarida katta ilmiy va amaliy ahamiyatga ega. Bunda ZnS keng 

taqiqlangan sohaga ega yarimoótkazgich, uda Eg taxminan 3,6 eV ni tashkil etadi, CdS esa nisbatan 

tor taqiqlangan sohaga ega boólib, uning Eg qiymati ~2,4 eV ga teng [1,2]. Ushbu ikki material 

asosida hosil boólgan Zn Cd S qattiq eritmasida energiya oraligói x qiymatiga bogóliq holda 

uzluksiz ravishda oózgaradi: 

 CdS: Eg= 2.42 eV; ZnS: Eg= 3.6ï3.7 eV 

Zn Cd S uchun: Eg(x) = xEZnS + (1-x)ECdS - b·x(1-x) 

bu yerda b ð egilish  parametri (odatda 0.3ï0.6 eV). 

Natijada ushbu materialning optik yutilish chegarasi ultrabinafsha sohasidan koórinadigan 

yorugólik diapazonigacha sozlanishi mumkin. Bu xususiyat Zn Cd S ni spektral sezgir qurilmalar 

uchun istiqbolli materialga aylantiradi. 

 Yuqoridagilardan kelib chiqgan holda, biz molibden tagligida Zn Cd S yupqa qatlamini 

oôstirdik, uning fotoelektrik xususiyatlarini yaxshilash maqsadida ustiga ITO shaffof pardasini 

qopladik.  

ITO qoplamasi In2O3 vaSnO2 komponentlaridan tashkil topgan maxsus yupqa qatlam boôlib, 

elektr tokini va yorugôlikni (koôrinadigan yorugôlikning 85-90 % ini) yaxshi oôtkazadi. Elektr 

oôtkazuvchanligi metallga yaqin, unda o'tkazuvchanlik sohasining joylashuvi elektronlarni oson 

harakatlanishi uchun qulaydir. Indiy qalay oksidining taqiqlangan soha oraligôi keng boôlib, 

3ͯ,5-4 eV ga teng va taxminan 10 sm-3 zaryad tashuvchining maksimal konsentratsiyasiga ega. 

Elektronlarning chiqish ishi ͯ 4,5-5 eV. ITO substratlarda yaxshi yotadi, ham qattiq, ham 

kimyoviy juhatdan inert hisoblanadi. Bu xususiyatlari tufayli u koôp hollarda shaffof qatlam 

sifatida turli tagliklar, yupqa qatlamlar ustiga qoplanadi [3]. 

 
1-rasm. ITO va ZnxCd1-xS ning energiya zonalari diogrammasi:  

Ec- oôtkazuvchanlik zonasi, Ev- Valent zona, Ef-Fermi sathi, Eg- taqiqlangan soha 

kengligi, ꜚ -chiqish ishi, ЎἏἫ- oôtkazuvchanlik zonasi siljishi, Ў Ev- valent zona siljishi 

Zn Cd S yupqa qatlami yarimoôtkazgich qatlamlarni gaz tashish usulida oôstiruvchi 

qurulmada Molibden taglik ustida harorati 650oC taglik va 940oC manbaa sharoitida oôstirildi. 

Olingan tuzulmaga 10-3 Tor. bosim va 20 W quvvat ostida t=40 min. davomida ITO (In2O3 =95%, 

SnO2=5%) qoplamasi yotqizildi, qalinligi d=200nm. 
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ITO va Zn Cd S n-tipli oôtkazuvchanlikga ega boôlib, ikkalasi tutashganda ularning 

energiya zonalari moslashadi, elektronlar yuqori konsentratsiyali ITO dan Zn Cd S tomon 

harakatlanadi. Fermi sathlari tenglashib, zonalar egiladi (1-rasm) va natijada Omik aloqa hosil 

boôladi. Tuzulma elektr manbaaga ulanganda, toôgôri va teskari yoônalishda tok yuzaga keladi. 

Kelgusidagi ishlarimizda yuqoridagilardan kelib chiqgan holda, Mo-ZnxCd1-xS/ITO 

birikmasining sirt morfologiyasi va elektrofizik xususiyatlari tadqiq qilinadi. 
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ʂʨʝʤʥʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʚʨʝʤʝʥʥʦʡ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʪʝʭʥʠʢʠ. ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ ʚ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʘʣʠʯʠʝʤ ʧʨʠʤʝʩʝʡ ʠ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʸʪʢʠ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʨʠʤʝʩʠ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ 

ʩʧʦʩʦʙʥʳ ʩʦʟʜʘʚʘʪʴ ʛʣʫʙʦʢʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʚ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʝ ʢʨʝʤʥʠʷ ʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʧʨʦʮʝʩʩʳ ʛʝʥʝʨʘʮʠʠ ʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 

ʂ ʯʠʩʣʫ ʥʘʠʙʦʣʝʝ ʠʟʫʯʝʥʥʳʭ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʪʥʦʩʷʪʩʷ ʤʘʨʛʘʥʝʮ (Mn), 

ʢʦʙʘʣʴʪ (Co) ʠ ʭʨʦʤ (Cr). ʕʪʠ ʵʣʝʤʝʥʪʳ ʦʙʣʘʜʘʶʪ ʩʣʦʞʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʠ 

ʤʦʛʫʪ ʬʦʨʤʠʨʦʚʘʪʴ ʚ ʢʨʝʤʥʠʠ ʨʘʟʣʠʯʥʳʝ ʜʝʬʝʢʪʥʳʝ ʮʝʥʪʨʳ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʯʥʳʭ 

ʜʦʥʦʨʥʳʭ ʠ ʘʢʮʝʧʪʦʨʥʳʭ ʧʨʠʤʝʩʝʡ, ʧʝʨʝʭʦʜʥʳʝ ʵʣʝʤʝʥʪʳ ʩʦʟʜʘʶʪ ʛʣʫʙʦʢʠʝ ʫʨʦʚʥʠ ʚ 

ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ, ʢʦʪʦʨʳʝ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ [1-3].  

ɺ ʥʘʩʪʦʷʱʝʤ ʦʙʟʦʨʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʦʣʴ ʩʦʩʪʦʷʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʨʝʤʥʠʷ, ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʧʝʨʝʭʦʜʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ T-ʠʦʥʦʚ (ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠʤʝʩʝʡ Mn, Co ʠ Cr) 

ʩʦ ʩʚʷʟʘʥʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ ʢʨʝʤʥʠʷ. ɸʥʘʣʠʟ 

ʚʳʧʦʣʥʝʥ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ 

(DLTS) ʠ ʠʥʬʨʘʢʨʘʩʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʀʂ) [1]. 

https://www.sciencedirect.com/journal/thin-solid-films
https://www.sciencedirect.com/journal/thin-solid-films/vol/502/issue/1
https://www.sciencedirect.com/journal/thin-solid-films/vol/502/issue/1
mailto:gulayimtursinbaeva.1707@gmail.com
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ɺ ʢʨʝʤʥʠʠ, ʚʳʨʘʱʝʥʥʦʤ ʤʝʪʦʜʦʤ ʏʦʭʨʘʣʴʩʢʦʛʦ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʢʠʩʣʦʨʦʜʘ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ. 

ʇʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʦʙʨʘʙʦʪʢʘʭ ʢʠʩʣʦʨʦʜ ʤʦʞʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʩʚʷʟʘʥʥʳʝ 

ʩʦʩʪʦʷʥʠʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ ʢʨʝʤʥʠʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʠʮ 

ʚʪʦʨʦʡ ʬʘʟʳ, ʪʘʢʠʭ ʢʘʢ SiO  ʠ SiO . ʕʪʠ ʩʪʨʫʢʪʫʨʳ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʧʨʦʮʝʩʩʳ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʢʨʝʤʥʠʝʤ [1].  

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʯʘʩʪʠ ʩʪʘʪʴʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʢʨʝʤʥʠʷ, ʚ ʢʦʪʦʨʳʝ 

ʧʨʦʚʦʜʠʣʘʩʴ ʜʠʬʬʫʟʠʷ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ð Mn, Co ʠ Cr ð ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

900ï1200 ÁC ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. ɼʣʷ ʘʥʘʣʠʟʘ ʠʟʤʝʥʝʥʠʡ ʧʨʠʤʝʥʷʣʠʩʴ ʠʥʬʨʘʢʨʘʩʥʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ (ʀʂ), DLTS-ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʈʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʠʟʤʝʨʝʥʠʝ 

ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ. ʊʘʢʦʡ ʢʦʤʧʣʝʢʩ ʤʝʪʦʜʦʚ 

ʧʦʟʚʦʣʠʣ ʦʮʝʥʠʪʴ ʢʘʢ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʢʠʩʣʦʨʦʜʘ, ʪʘʢ ʠ ʚʣʠʷʥʠʝ ʧʝʨʝʭʦʜʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʥʘ ʩʧʝʢʪʨ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʝʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʜʝʬʝʢʪʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ [1]. 

ʆʩʥʦʚʥʦʡ ʨʝʟʫʣʴʪʘʪ ʩʪʘʪʴʠ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʢʨʝʤʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʧʨʠʤʝʨʥʦ 

ʥʘ 10ï30%, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʷʤʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ T-ʠʦʥʦʚ ʩ ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ. ʆʜʥʘʢʦ 

ʝʱʸ ʙʦʣʝʝ ʩʠʣʴʥʳʡ ʵʬʬʝʢʪ ʜʘʸʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʦʙʨʘʙʦʪʢʘ: ʧʦʩʣʝ 

ʦʪʞʠʛʘ ʧʨʠ 1100 ÁC ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʧʪʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʫʤʝʥʴʰʘʝʪʩʷ ʫʞʝ ʥʘ 45ï

50% ʚʩʣʝʜʩʪʚʠʝ ʦʩʘʞʜʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʯʘʩʪʠʮ SiO  [1]. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʧʝʨʝʭʦʜʥʳʝ ʵʣʝʤʝʥʪʳ ʥʝ ʧʨʦʩʪʦ ʩʦʟʜʘʶʪ ʩʦʙʩʪʚʝʥʥʳʝ ʛʣʫʙʦʢʠʝ ʮʝʥʪʨʳ, ʥʦ ʠ ʘʢʪʠʚʥʦ 

ʚʢʣʶʯʘʶʪʩʷ ʚ ʧʨʦʮʝʩʩʳ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ ʚʥʫʪʨʠ ʢʨʠʩʪʘʣʣʘ.  

ʇʝʨʝʭʦʜʥʳʝ ʵʣʝʤʝʥʪʳ ʚʣʠʷʶʪ ʥʘ ʢʨʝʤʥʠʡ ʥʝ ʪʦʣʴʢʦ ʟʘ ʩʯʸʪ ʦʙʨʘʟʦʚʘʥʠʷ ʛʣʫʙʦʢʠʭ 

ʫʨʦʚʥʝʡ ʚ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʝ, ʥʦ ʠ ʯʝʨʝʟ ʠʟʤʝʥʝʥʠʝ ʦʙʱʝʡ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʘ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʲʸʤʝ ʢʨʝʤʥʠʷ ʚ ʚʠʜʝ ʯʘʩʪʠʮ SiO  ʚʦʟʨʘʩʪʘʝʪ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʣʫʙʦʢʠʭ ʮʝʥʪʨʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʘʪʦʤʘʤʠ Mn, Co ʠ Cr. ɽʩʣʠ 

ʞʝ SiO  ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʚʠʜʝ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʸʥʢʠ, ʝʸ ʥʘʣʠʯʠʝ, ʥʘʧʨʦʪʠʚ, ʟʘʪʨʫʜʥʷʝʪ 

ʜʠʬʬʫʟʠʶ ʧʝʨʝʭʦʜʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʲʸʤ ʦʙʨʘʟʮʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʣʠʷʥʠʝ ʦʜʥʦʛʦ ʠ ʪʦʛʦ 

ʞʝ ʧʝʨʝʭʦʜʥʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘ ʩʚʦʡʩʪʚʘ ʢʨʝʤʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʝʛʦ ʧʨʠʨʦʜʦʡ, ʥʦ ʠ 

ʬʘʟʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ ʢʠʩʣʦʨʦʜʘ, ʘ ʪʘʢʞʝ ʫʩʣʦʚʠʷʤʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ. 

ʅʘ ʦʩʥʦʚʝ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʩʪʘʪʴʠ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʨʦʣʴ ʧʝʨʝʭʦʜʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʢʨʝʤʥʠʠ ʥʦʩʠʪ ʩʣʦʞʥʳʡ ʠ ʤʥʦʛʦʛʨʘʥʥʳʡ ʭʘʨʘʢʪʝʨ. ʇʨʝʞʜʝ ʚʩʝʛʦ, ʦʥʠ 

ʬʦʨʤʠʨʫʶʪ ʛʣʫʙʦʢʠʝ ʫʨʦʚʥʠ ʚ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʂʨʦʤʝ ʪʦʛʦ, ʧʝʨʝʭʦʜʥʳʝ 

ʵʣʝʤʝʥʪʳ ʘʢʪʠʚʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠ ʜʨʫʛʠʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ 

ʧʨʠʤʝʩʷʤʠ. ʀʭ ʧʦʚʝʜʝʥʠʝ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʝʞʫʟʝʣʴʥʳʤ 

ʧʦʣʦʞʝʥʠʝʤ, ʟʘʨʷʜʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ ʠ ʫʩʣʦʚʠʷʤʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʊʘʢʞʝ ʦʥʠ 

ʩʧʦʩʦʙʥʳ ʠʥʠʮʠʠʨʦʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʢʣʘʩʪʝʨʦʚ ʠ ʚʪʦʨʠʯʥʳʭ ʬʘʟ. ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʵʪʦ 

ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʧʝʨʝʭʦʜʥʳʝ ʵʣʝʤʝʥʪʳ ʢʘʢ ʚʘʞʥʳʡ ʬʘʢʪʦʨ ʫʧʨʘʚʣʝʥʠʷ ʜʝʬʝʢʪʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʢʨʝʤʥʠʷ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʢʘʢ ʠʩʪʦʯʥʠʢ ʩʣʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʢʦʪʦʨʳʝ 

ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʩʦʟʜʘʥʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. 
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ʌʆʈʄʀʈʆɺɸʅʀɽ ʇʈʀʄɽʉʅʓʍ ʉʂʆʇʃɽʅʀʁ Ni ʠ Fe ɺ Si 

ʅ.ɸ. ʊʫʨʛʫʥʦʚ1,2, ʅ.ɹ. ʍʘʡʪʠʤʤʝʪʦʚ1 
1ʅʀʀ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʧʨʠ ʅʘʮʠʦʥʘʣʴʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ 

ʋʟʙʝʢʠʩʪʘʥʘ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 
2ɸʢʘʜʝʤʠʷ ʄɺɼ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ, ʊʘʰʢʝʥʪ, ʋʟʙʝʢʠʩʪʘʥ 

 

ʂʘʢ ʠʟʚʝʩʪʥʦ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʫʪʸʤ ʣʝʛʠʨʦʚʘʥʠʷ ʠʭ ʨʘʟʣʠʯʥʳʤʠ ʧʨʠʤʝʩʷʤʠ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ɺʚʝʜʝʥʠʝ ʜʦʥʦʨʥʳʭ ʠ ʘʢʮʝʧʪʦʨʥʳʭ 

ʧʨʠʤʝʩʥʳʭ ʚ ʦʙʲʝʤ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʘʪʦʤʦʚ ʧʦʟʚʦʣʷʝʪ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ 

ʠʟʤʝʥʷʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʠ ʪʠʧ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʧʦʣʦʞʝʥʠʝ 

ʫʨʦʚʥʷ ʌʝʨʤʠ ʠ ʜʨʫʛʠʝ ʚʘʞʥʝʡʰʠʝ ʧʘʨʘʤʝʪʨʳ ʤʘʪʝʨʠʘʣʘ. ʂʨʦʤʝ ʵʪʦʛʦ, ʦʙʲʝʤʥʳʝ 

ʩʢʦʧʣʝʥʠʷ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʚʝʜʝʥʠʠ ʘʪʦʤʦʚ ʧʨʠʤʝʩʠ ʚ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʤʘʪʝʨʠʘʣ, ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʦʧʨʝʜʝʣʷʶʪ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ [1,2]. ʇʨʠʨʦʜʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʠʤʝʩʥʳʭ ʜʝʬʝʢʪʦʚ 

ʧʨʠ ʜʠʬʬʫʟʠʦʥʥʦʤ ʣʝʛʠʨʦʚʘʥʠʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʠʨʦʜʦʡ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ, ʤʝʭʘʥʠʟʤʦʤ ʜʠʬʬʫʟʠʠ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʧʨʠʤʝʩʠ ʩ 

ʩʦʙʩʪʚʝʥʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʢʨʠʩʪʘʣʣʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʥʘʯʘʣʴʥʳʭ ʩʪʘʜʠʡ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʢʦʧʣʝʥʠʡ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ ʥʠʢʝʣʷ ʚ ʢʨʝʤʥʠʠ ʚ ʧʨʦʮʝʩʩʝ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (T>1273 K) ʠ ʧʨʦʮʝʩʩʦʚ ʠʭ ʨʦʩʪʘ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʣʠʯʠʝ ʩʠʣʴʥʦʛʦ ʧʨʠʪʦʢʘ ʘʪʦʤʦʚ ʧʨʠʤʝʩʠ Ni ʠ Fe ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʟʦʥʫ ʚʦʢʨʫʛ 

ʚʘʢʘʥʩʠʦʥʥʳʭ ʧʦʨ, ʜʠʩʣʦʢʘʮʠʡ ʠ ʤʠʢʨʦʪʨʝʱʠʥ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʝ Si [3], ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʠʣʠʮʠʜʦʚ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ ʢʘʢ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʡ 

ʬʘʟʳ. ʇʦ ʤʝʨʝ ʧʨʦʜʦʣʞʝʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠʪʦʢ ʘʪʦʤʦʚ ʧʨʠʤʝʩʝʡ Ni  ʠ Fe ʚ 

ʵʪʫ ʟʦʥʫ ʧʨʦʜʦʣʞʘʝʪʩʷ, ʠ, ʙʣʘʛʦʜʘʨʷ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʵʪʠʭ ʬʘʟ, ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʘʙʠʣʴʥʦʛʦ ʩʣʦʷ ʚʦ ʚʥʫʪʨʝʥʥʝʡ ʦʙʣʘʩʪʠ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʩʥʦʚʥʳʤ 
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ʬʘʢʪʦʨʦʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʪʘʢʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ, ʷʚʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ 

ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʜʠʬʬʫʟʠʠ. ʏʝʤ ʚʳʰʝ ʝʛʦ ʟʥʘʯʝʥʠʝ (ɡʦʭʣ Ó 200 ʂ/ʩ), ʪʝʤ ʤʝʥʴʰʝ 

ʨʘʟʤʝʨ ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ, ʢʦʪʦʨʳʝ, ʚ ʦʩʥʦʚʥʦʤ, ʠʤʝʶʪ ʦʜʥʦʩʣʦʡʥʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʪ.ʝ. ʩʦʩʪʦʷʪ ʠʟ ʩʠʣʠʮʠʜʦʚ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ. ʈʘʟʤʝʨʳ ʪʘʢʠʭ ʩʢʦʧʣʝʥʠʡ ʧʨʠʤʝʩʥʳʭ 

ʘʪʦʤʦʚ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ. ʇʦʵʪʦʤʫ ʠʭ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ 

ʧʨʠʤʝcʥʳʤʠ ʥʘʥʦʩʢʦʧʣʝʥʠʷʤʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʠʧʘ ʦʙʨʘʟʮʦʚ Si<Ni,Fe>, 

ʢʦʣʠʯʝʩʪʚʝʥʥʘʷ ʜʦʣʷ ʘʪʦʤʦʚ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʩʢʦʧʣʝʥʠʡ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʠʭ ʦʙʲʝʤʝ ʥʝ ʧʨʝʚʳʰʘʝʪ ~35% ʠ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʠ ʬʦʨʤʳ 

ʤʠʢʨʦʩʢʦʧʣʝʥʠ.̫ ɺ ʦʙʲʝʤʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʢʦʧʣʝʥʠʡ ʢʦʣʠʯʝʩʪʚʘ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ 

ʟʘʚʠʩʠʪ ʦʪ ʠʭ ʩʣʦʝʚ, ʠ ʠʤʝʝʪ ʨʘʟʣʠʯʥʳʝ ʟʥʘʯʝʥʠʷ. 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ 

ʣʠʥʟʦʦʙʨʘʟʥʳʭ ʥʘʥʦʩʢʦʧʝʥʠʡ ʚ ʙʳʩʪʨʦ ʦʭʣʘʞʜʝʥʥʳʭ (ɡʦʭʣ Ó 200 K/ʩ) ʦʙʨʘʟʮʘʭ. 

 

ʈʠʩ. 1. ʉʭʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʦʙʨʘʟʦʚʘʥʠʷ ʣʠʥʟʦʦʙʨʘʟʥʳʭ ʧʨʠʤʝʩʥʳʭ 

ʥʘʥʦʩʢʦʧʣʝʥʠʡ ʚ ʦʙʨʘʟʮʘʭ Si<Ni,Fe>. 

ʀʟʤʝʥʝʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʘ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʧʨʠʤʝʩʥʳʭ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʩʢʦʧʣʝʥʠʡ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ ʦʙʲʝʤʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʨʝʤʥʠʷ, ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʨʘʟʥʦʩʪʠ ʜʘʚʣʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ʤʦʥʦʢʨʠʩʪʘʣʣʘ Si ʠ ʧʨʠʤʝʩʥʦʛʦ ʩʢʦʧʣʝʥʠʷ, 

ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʛʨʘʥʠʮʝ ʧʨʠʤʝʩʥʦʛʦ ʩʢʦʧʣʝʥʠʷ ʠ ʙʘʟʦʚʦʛʦ ʢʨʠʩʪʘʣʣʘ Si. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʥʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʬʘʢʪʦʨʦʤ, 

ʚʣʠʷʶʱʠʤ ʥʘ ʨʘʟʤʝʨʳ ʠ ʬʦʨʤʳ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ ʚ ʢʨʝʤʥʠʠ, ʷʚʣʷʝʪʩʷ 

ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʜʠʬʬʫʟʠʠ. ʏʝʤ ʚʳʰʝ ʝʛʦ ʟʥʘʯʝʥʠʝ (ɡʦʭʣ Ó 200 ʂ/ʩ), 

ʪʝʤ ʤʝʥʴʰʝ ʨʘʟʤʝʨ ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠʤʝʩʥʳʭ ʩʢʦʧʣʝʥʠʡ.  
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Soónggi yillarda yarimoótkazgich va optoelektronikaning asosiy materiali boólgan kremniy 

(Si) xususiyatlarini modifikatsiya qilish va uning qoóllanish sohasini kengaytirish uchun turli 

elementlar bilan legirlab, ularning optik va elektrofizik xususiytlarini oórganish boóyicha koóplab 

tadqiqot ishlari olib borilmoqda. Ushbu elementlar orasida Sirkoniy kirishmasi muhim ahamiyatga 

ega [1-4].  

Bunday kirishmalar kremniyning elektroótkazuvchanligi, mexanik mustahkamligi va boshqa 

muhim xususiyatlarini oózgartirish imkonini beradi. Yuqori temperaturda Sirkoniy (Zr) atomlari 

bilan legirlangan monokristall kremniyning nuqsonli tarkibiga taósirini Raman spektroskopiya 

yordamida oórganish natijalari keltirilgan. Tadqiqot uchun Choxralskiy usulida oóstirilgan  va 

solishtirma qarshiligi 35 OmĿsm boólgan n-tipli monokristall kremniydan foydalanildi.  

Sirkoniy atomlari bilan legirlash jarayoni 1200°C temperaturda 12 soat davomida 

vakuumlangan kvarts ampulalarda diffuziya usuli bilan amalga oshirildi hamda diffuziyadan soóng 

namunalar tez  sovitildi. 

Sirkoniy bilan legirlangan kremniy namunalarining Raman spektrlari oólchab, kirishma va 

termik ishlovning kristall strukturasi taôsiri aniqlandi. Dastlabki kirishmasiz (etalon) namunaning 

Raman spektrlarining tahlili 1-rasmda keltirilgan va unda quydagi choóqqilar aniqlandi. 127,16 

cm-1, 180,07 cm-1, 311,89 cm-1, 523,93 cm-1, 952,38 cm-1. Bu choôqqilar monakristall kremniydagi 

akustik TA, LA va optik TO, LO piklar hamda molekulyar bogólanishlarni beradi. Asosan 127,16 

cm-1, 180,07 cm-1 choóqqi  TA akustik sohani beradi, bu sohada nuqsonlar amorf hususiyatni 

koórsatadi. 311,89 cm-1 da 2LA akustik soha deyiladi bu joyda ham Si-P2 bilan kuchsiz boógólanish 

hosil boóladi va bu amorf sohaga tegishli [2-3].  
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1-Rasm. KEF-35 Om·cm. Dastlabki kirishmasiz (etalon) namuna. 

523,93 cm-1 dagi choóqqi Si-Si kimyoviy bogólanishni beradi, bu optik soha deyiladi. 952 

cm-1 choóqqi hosil boólishi optik soha deyiladi 2TO sohaga mos keladi. 

n-Si ga Sirkoniy atomlarini 1200°C da 12 soat  davomida diffuziya qilindi va Sirkoniy bilan 

legirlangan namunalari ham Raman spektrometrida oólchandi.  
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2-Rasm. KEF-35 Om·cm. Dastlabki kirishmasiz (etalon) namuna, 2. n-Si<Zr > 

T=1473 K, t=12 soat, tez sovutilgan. 

Sirkoniy (Zr) bilan legirlangan namunalardagi oózgarishlarni 2-rasmda kuzatish mumkin. 

Bunda akustik, amorf, optik sohalarda koórish mumkin. Grafikda 0-200 cm-1 oraliqda amof soha 

kamayib bormoqda bu Zr atomlari kristall panjarada nuqsonlarni tartiblanishiga hissa qoóshgan 

hamda 180 cm-1 dagi pik yoóqolganligini koórish mumkin. Sirkoniy atomlari kremniy atomlari 

oólchamidan katta boólganligi namunani hosil qiladigan kristal panjarada egilish markazlarini hosil 

qilmoqda [3].  

Zr atom diffuziyalanish natijasida namunaga ichkarishiga kirib borib kristal panjaralarni 

maôlum darajada deformatsilamoqda buni natijasini 309 cm-1 da Si-P2 molekulyar bogólanishdagi 

pik markazi 311 cm-1 siljishi orqali tushuntirish mumkin. 2-grafikda hosil boólgan koópgina 

piklarda bunday holat kuzatilgan. Undan tashqari 429 cm-1 da yangi pik payda boólmoqda bu 

albatta Zr atomlariga tegishli deyish mumkin [1].  

Optik sohaga tegishli boólgan 523 cm-1 choóqqimizda ham intensivlik pasayganligini koórish 

mumkin. Zr atomlari hisobiga kremniy kristal panjarasida tugunlar markazida joylashib, 

nuqsonlarni qisman ortishiga hissa qoóshmoqda degan xulosa qilish mumkin [3]. 
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Kremniyni termik oksidlash yarimoótkazgich asboblari ishlab chiqarish texnologiyasida 

asosiy jarayonlardan biridir. Si/SiO  chegara sirtining sifati va oksid qatlamining tuzilishi MDYa 

(metall-dielektrik-yarimoótkazgich) strukturalarining elektrofizik xarakteristikalarini belgilaydi 

[1]. Infraqizil Furye-spektroskopiyasi Si-O-Si bogólarining tebranish modalarini tadqiq etish va 

oksid plyonkalaridagi lokal nuqsonlarni aniqlash uchun keng qoóllaniladi [2, 3]. Quruq kislorodda 

va suv bugóida oóstirilgan oksidlarning xususiyatlarini solishtirish, vodorod va gidroksil guruhlar 

mavjudligi oksidning va uning kremniy bilan chegarasining tuzilishiga jiddiy taôsir koórsatadi [3, 

4]. 

Tajribani bajarish uchun n-tipli monokristallik kremniydan foydalanildi. Namunalarni 

tayorlashda kremniy slidkalar tayorlandi, namunalarga birinchi boólib mexanik ishlov berilib 

hamma tomonida 30 mkr olib tashlandi, bunda M-28 makkali kukundan M-8 gacha oólchamda 

boólgan kremniy karbit kukunidan jilvirlash orqali amalga oshirildi. Mexanik ishlov berilgan 

namunalrimiz bir xil 1700 mkr oólchamda boólishi taminlandi hamda ular kimyoviy tozalash 

bosqichidan oótkazildi. 

n-Si sirtida oksid qatlam oóstirishda ikki usuldan foydalanildi va ular orasidagi farqlar tahllil 

qilindi. Birinchi usulda n-Si namunamiz quruq kislorad muhitida, ikkinchi usulda suv bugói 

muhitida oksid qatlam oóstirish amalga oshirildi. Ikkala tajriba ham bir xil sharoitda 1100  da 1 

soat davomida amalga oshirildi.  

 
1-Rasm. 1-dastlabki namuna; 2-quruq kislorod muhitida  oksid qatlam oóstirilgan  

namuna; 3-suv bugói orqali  oksid qatlam oóstirilgan  namuna. 

Barcha namunalarning IQ spektrlarida Si-O-Si bogólarining turli tebranish modalariga mos 

keluvchi xarakteristik yutilish polosalari kuzatiladi. Dastlabki namunada Si-O-Si bogólar 1125 cm-

1 asimmetrik tebranishlariga mos keluvchi intensiv yutilish polosasini kuzatish. Quruq kislorod 

muhitida oksid qatlam hosil qilingan namunada Si-O-Si bogóning pik markazi 1098 cm-1 ga siljidi 

hamda suv bugóida oksid qatlam hosil qilingan namunada esa 1080 cm-3 siljiganligini 1-rasmda 

mailto:yolqinmardiyev96@gmail.com
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mumkin. Bunda siljishlarga mos ravishda optik faol kislorod konsentratsiyasida ham oózgarishlar 

kuzatildi, dastlabki namunada kislorod konsentratsiyasi 8,5 Ὴ 1016 cm-3, quruq kislorod muhitida 

osidlagan namunamida kislorod konsentratsiyasi  2,5 Ὴ 1017 cm-3, suv bugóida oksid qatlam hosil 

qilingan namunada esa  kislorod konsentratsiyasi  9 Ὴ 1017 cm-3 tashkil qildi. Olingan natijalrda 

optk faol kislorod konsentratsiyasini ortishi va pik markazlarining siljishi namuna sirtida oksid 

qatlamni zichlashib borishi va plyonka qalinligini ortishini 5-20 nm gacha koórsatadi [5]. 

IQ spektri natijalarida quruq muhit va suv bugói orqali oksid oóstirgan mamunalrimizda 

qoóshimcha yangi piklarni 460 cm-1 hosil boólganligini koórsatmoqda. Bu 450ï470 cm ĭ sohada 

SiïOïSi bogóining mayatniksimon tebranishi kuzatiladi. 612 cm ĭ dagi choóqqilar uglerod Si-C 

bogólarini koórsatmoqda.  Bundan tshqari barcha namunalarda 737 cm-1 pik markazi kuzatilgan bu 

O-C bogólari sifatida, 817-886 cm-1 piklar esa Si-O sifatida adabiyotlarda koórish mumkin [6]  

Oótkazilgan IQ tadqiqotlari n-tipli kremniyni termik oksidlash sharoitlari hosil boóluvchi 

oksid plyonkalari tuzilishiga jiddiy taôsir koórsatishini koórsatdi. Suv bugóida oksidlash quruq 

kislorodda oksidlashga nisbatan (2,4Ŀ10ĭ  sm į) yuqoriroq optik faol markazlar konsentratsiyasiga 

(9Ŀ10ĭ  sm į) ega oksid hosil boólishiga olib keladi. Bu Si-O-Si-H tipidagi gidroksillangan 

komplekslar hosil boólishi va tuzilishning yuqori defektliligi bilan bogóliq. Olingan natijalar 

mikroelektronika asboblarida dielektrik qatlamlarni shakllantirishning texnologik rejimlarini 

optimallashtirish uchun ishlatilishi mumkin. 
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  CdTe uchun taqiqlangan soha kengligi xona temperaturasida E=1.45 eV. Erish 

temperaturasi Cd uchun T=321oC, Te uchun T=450oC va CdTe uchun T=1092oC ni tashkil qiladi. 

Kremniyning taqiqlangan soha kengligi Eg=1.12 eV va erish temperaturasi esa T=1414oC ni 

tashkil qiladi. Soónggi yillarda Si va yupqa CdTe oórtasidagi geterostrukturani yaratish boóyicha  

tadqiqot ishlari amalga oshirilmoqda, chunki bu materiallarga asoslangan geterostrukturalar 

quyosh energiyasini elektr energiyasiga aylantirish uchun  va namlikni qayd etuvchi detektorlarda 

yuqori effektivlikga ega boôlgan qurilmalar ishlab chiqarish  mumkin[1]. Shu bilan birga, yuqori 

sifatli Si- CdTe birikmalarni ishlab chiqarish qiyin, chunki Si va CdTe  ning panjara parametrlari 

10-15% ga farq qiladi, bu Si/CdTe yuzasida sirt nuqsonlarining yuqori zichligi shakllanishiga olib 

keladi [2]. n-Si/p-CdTe geterostrukturasida bufer vazifasini bajaradigan oraliq oótish qatlamini 

shakllantirish orqali sirt nuqsonlarining past zichligi bilan yuqori sifatli Si ï CdTe birikmalarni 

ishlab chiqarish mumkinligini koórsatdi. Ushbu ishning maqsadi Si tagliklarida kompozitsion 

darajali CdTe yupqa qatlamlarni oóstirish, qatlamlarning tarkibini ularning qalinligi funksiyasi 

sifatida aniqlash [2]. Maôlumki, turli xil tagliklarda yupqa CdTe yupqa qatlamlari turli xil 

texnikalar bilan oóstirilishi mumkin. Yarimoôtkazgichli yupqa qatlamlarni kimyoviy usuli bilan 

oôstiruvchi qurilma asosida Si va yupqa CdTe geterostruktura oôstirildi. Vodorod oqimida gazni 

tashish usuli bilan oôstirish jarayonida vodorod oqimi tezligiga, substrat harorati TP va bug'lanish 

moslamasining harorati TI ga qarab CdTe plyonkalarining tuzilishi, morfologiyasi va tarkibini 

o'rganadi. ñYarimoôtkazgichli yupqa qatlamli kimyoviy molekulyar dasta usuli bilan oôstiruvchi 

qurilmasiò yordamida teksturali Si ning ustiga yupqa qatlamli CdTe oôstirtildi. Bunda n-Si tipli va 

p-CdTe tipli qilib tanlandi.CdTe namunasi - m=150 mg; Manba harorati TI=~750-800̄ ʉ; TI 

=Substrat harorati  TP= 350-400̄ ʉ; Vodorod oqimi tezligi 1 L/soat; [2]. Yupqa n qatlamning atom 

tarkibi mTe/mCd = 49,65/50,35; Oósish tezligi,  ~350-400̄ ʉ da, PCdTe = 300 mm/h; CdTe qalinligi 

= 20 ÷ 50 mm; Oósish vaqti 30 min [2]. 
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1-rasm. n-Si va p-CdTe getrostrukturaning yorugôlikda olingan volt ïamper 

xarakteristikasi. 

   

Al n-Si/p-CdTe Ni strukturada orqa kontakt sifatida Al n-Si ustiga va oldi kontakt sifatida 

esa Ni p-CdTe qilingan. n-Si/p-CdTe geterotuzilmasining yorugólik ostidagi volt-amper 
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xarakteristikasi tadqiq qilindi. Oólchash natijalari strukturaning diod xatti-harakatini namoyon 

qilishini koórsatdi. Toógóri yoónalishda tokning eksponensial ortishi geterop-n oótish hosil 

boólganini tasdiqlaydi. Teskari yoónalishda tokning kichik qiymatlari oótishning yuqori sifatini 

bildiradi. Yorugólik ostida olingan IïV xarakteristika fotovoltaik effekt mavjudligini koórsatadi. 

Grafikdan ochiq zanjir kuchlanishi U = 0.1 - 0.2 V deb baholandi. Qisqa tutashuv toki kichik boólib, 

bu interfeys rekombinatsiyasi va kontakt yoóqotishlari bilan tushuntiriladi.  
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2-rasm. n-Si/p-CdTe getrostrukturaning qorongôulikda olingan VAX xarakteristikasi. 

Toógóri yoónalishda tokning (mA) tartibida oósishi strukturaning, past ketma-ket qarshilikka 

ega ekanini koórsatadi. Olingan natijalar n-Si/p-CdTe geterotuzilmasi asosida fotovoltaik 

qurilmalar yaratish mumkinligini koórsatadi. Fotovoltaik parametrlarni yaxshilash uchun kremniy 

yuzasini teksturalash va interfeys sifatini oshirish muhim ahamiyatga ega.  Shottki yoki p-n oótish 

mavjud boôladi [3]. Strukturada elektron oótish uchun baróyer mavjud. Diodga xos eksponensial 

oósish kuzatiladi. Struktura bir tomonlama oótkazuvchi xususiyatga ega. Kuchlanish oshgan sari 

tashuvchi injeksiyasi kuchayadi. 

 n-Si/p-CdTe geterotuzilmasining qorongóidagi volt-amper xarakteristikasi oórganildi. 

Oólchash natijalari strukturaning aniq diod xarakteristikasini namoyon qilishini koórsatdi. Toógóri 

yoónalishda tokning eksponensial ortishi geteropoótish hosil boólganini koôrsatadi. U=2ï4 V 

oraligóida tokning eksponensial oósishi diffuzion mexanizm ustunligini bildiradi. Teskari 

yoónalishda tokning juda kichik qiymatlari oótishning yuqori sifatini koórsatadi. Bu natija interfeys 

nuqsonlarining kamligi va sirt oqish toklarining pastligi bilan tushuntiriladi. U=5 V da tokning 

(mA) tartibiga yetishi strukturaning past ketma-ket qarshilikka ega ekanini bildiradi. Olingan 

natijalar n-Si/p-CdTe geterotuzilmasida sifatli pïn oótish hosil boôlganini koôrsatadi [3]. Bu esa 

mazkur struktura asosida fotovoltaik qurilmalar yaratish imkoniyatini koórsatadi. 
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Bugungi kunda kremniy (Si) eng keng qoóllaniladigan asosiy yarimoótkazgich materiali 

sifatida yetakchi oórinni egallaydi. Kremniy kristallari yuqori integratsiyalashgan sxemalar, yuqori 

tezlikdagi fotodiodlar, radiatsiyaga chidamli detektorlar, xotira elementlari, shuningdek, quyosh 

batareyalari va boshqa koóplab elektron qurilmalarni ishlab chiqarishda qoóllaniladi. Bunday 

qurilmalarning ishonchliligi va barqarorligini belgilovchi asosiy omillardan biri bu materialdagi 

ichki va tashqi nuqsonlar tabiatidir [1-3]. Ushbu ishda p-tipli monokristalli kremniy (p-Si) 

namunalariga yuqori haroratli diffuziya usulida volfram (W) kiritishning materialning elektr, 

tarkibiy va strukturaviy xossalariga taᾷsiri kompleks tadqiq qilindi. Namunalar asosan 1150-1573 

K haroratlar oraligᾶida 5-15 soat davomida diffuziya qilinib, tez va sekin sovutish rejimlarida 

tayyorlandi. Solishtirma qarshilikning qatlam-qatlam oᾶlchovlari, Raman spektroskopiyasi, EDX 

(energiya dispersiv rentgen fluorescent) va FTIR (infraqizil spektroskopiya) usullari yordamida 

tahlillar olib borildi. 

Natijalar shuni koᾶrsatdiki, volfram atomlari p-Si monokristal namunada oótkazuvchanlik 

turini n-tipga oózgartirdi. Tajriba davomida p-Si namunaga  volfram atomlarini 1200  haroatda 

10 soat davomida diffuziya qilinganda dastlabki namunaning solishtirma qarshiligi ɟ = 0.35 ÝĿcm 

dan ortib ketdi yani p-Si<W> namunalarida solishtirma qarshilikning sirtda ɟ = 0.47 ÝĿcm  ga ega 

boóldi. p-Si<W> namunani sirt qatlamidan bosqichma bosqich 15 ɛ olib borilganda solishtirma 

qarshilik ɟ = 0.36 ÝĿcm ga oózgardi. Bu holat adabiyotlarda keltirilgan volframning kremniydagi 

donorlik xususiyati haqidagi maᾷlumotlar bilan mos tushadi [4]. 

Raman spektroskopiyasi tahlilida ~244 sm ĭ va ~429 sm ĭ chastotalarda yangi, intensiv 

piklarning paydo boᾶlishi kremniy yuzasida volfram silitsidi (WSi ) fazasi shakllanganligini 

tasdiqladi buni 1-rasmda koórish mumkin. Adabiyot maᾷlumotlariga koᾶra, volfram silitsidining 

xarakterli Raman piklari aynan shu chastotalar oraligᾶida kuzatiladi [5]. Shuningdek, 2TA fonon 

piki markazining ~308 sm ĭ dan ~319 sm ĭ ga siljishi panjarada kuchli siquvchi mexanik 

kuchlanishlar hosil boᾶlganligidan dalolat beradi [6]. Bu holat katta oᾶlchamli volfram 

atomlarining kremniy panjarasiga kirib borishi natijasida yuzaga keladi [7]. 
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1-rasm. Namunalarning Raman spektrlari: 

1. Qora chiziq boshlangᾶich p-Si; 2. Qizil chiziq termik ishlov berilgan p-Si (nazorat); 3. 

Koók chiziq volfram bilan legirlangan p-Si<W>. 

EDX-8100 spektrometri yordamida oᾶtkazilgan element tahlili diffuziya harorati 1100  

dan 1250  gacha ortishi bilan volfram miqdori 1.375% dan 1.500% gacha oshishini koᾶrsatdi. Bu 

diffuviya qonunlariga mos keladi va diffuziya koeffitsientining haroratga bogᾶliqligi bilan 

izohlanadi [8,9]. Sekin sovutilgan namunalarda W miqdori tez sovutilganlarga nisbatan yuqori 

ekanligi aniqlandi, bu muvozanat holatida volframning eruvchanligi yuqori ekanligini bildiradi 

[8]. Yuqori haroratlarda (1250ÁC) WSi  dan tashqari W Si  fazasining hosil boᾶlish ehtimoli 

kuzatildi, bu adabiyotlarda keltirilgan maᾷlumotlar bilan mos keladi [10,11]. 

IQ spektroskopiyasi natijalariga koᾶra, termik ishlov va volfram diffuziyasi natijasida optik 

faol kislorod va uglerod konsentratsiyasining kamayishi aniqlandi. Sekin sovutilgan p-

Si<W> namunasida kislorod konsentratsiyasi 7,7Ŀ10ĭ  sm į dan 2,37Ŀ10ĭ  sm į gacha, uglerod 

konsentratsiyasi esa 8,4Ŀ10ĭ  sm į dan 2,21Ŀ10ĭ  sm į gacha pasaygan (2-rasm, 1-jadval). Natijada 

kremniy monokristali hajmida volfram atomlarining mavjudligi ushbu atomlarning kislorod va 

uglerod bilan oᾶzaro taᾷsirlashuvi natijasida kremniy tarkibidagi optik faol markazlar miqdorini 

kamaytirishi bilan izohlash mumkin [12]. Spektrlarda 611 sm ĭ (Si-C), 737 sm ĭ (O-C), 818 sm ĭ 

(Si-O), 891 sm ĭ (Si-OH) va 1107 sm ĭ (Si-O-Si) tebranish modalari qayd etildi [12]. 

 
2 Rasm. 1. Dastlabki namuna, 2. Nazorat namuna t=1250 , t=15 s, sekin 

sovutilgan, 3. p-Si<W> t=1250 , t=15 s, sekin sovutilgan. 
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1-jadval 

Namuna nomi Optik faol kislorod 

konsentratsiyasi 

(cm-3) 

Optik faol uglerod 

konsentratsiyasi 

(cm-3) 

Dastlabki namuna (p-Si) 7,7 Ὴ1017 8,4 Ὴ1017 

Nazorat namuna (p-Si, t=1200 ,            

t=15 s, sekin sovutilgan) 

4,77 Ὴ1017 7,6 Ὴ1017 

p-Si<W> namuna (t=1200 

, t=15 s, sekin sovutilgan) 

2,37Ὴ1016 2,21 Ὴ1017 

 

 

Olingan natijalar volfram bilan legirlash kremniyning nafaqat elektr xossalarini, balki uning 

tarkibiy va strukturaviy xususiyatlarini ham tubdan oᾶzgartirishini, yangi barqaror faza-volfram 

silitsidi (WSi ) hosil boᾶlishini va panjarada kuchlanish maydonlari vujudga kelishini koᾶrsatadi. 

Bu esa mikroelektronika qurilmalari, xususan, integral mikrosxemalar va kontakt tizimlari uchun 

istiqbolli material yaratish imkoniyatini beradi. 
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ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ ʪʫʛʦʧʣʘʚʢʠʝ ʤʝʪʘʣʣʳ ʠ ʠʭ ʩʠʣʠʮʠʜʳ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʠʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ, ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʂʦʥʪʘʢʪʳ  ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣ - 

ʢʨʝʤʥʠʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʦʤʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ, ʙʘʨʴʝʨʦʚ ʐʦʪʪʢʠ, 

ʟʘʪʚʦʨʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠʟ-ʟʘ ʠʭ ʥʠʟʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ 

ʚʳʩʦʢʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ [2].  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʧʦʜʚʠʞʥʦʩʪʴ, 

ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʚʨʝʤʷ ʞʠʟʥʠ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ, ʵʥʝʨʛʠʷ ʠʦʥʠʟʘʮʠʠ 

ʧʨʠʤʝʩʝʡ, ʥʘʯʘʣʦ ʩʦʙʩʪʚʝʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ [3]. ʇʫʪʝʤ  ʥʘʧʳʣʝʥʠʷ ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʝʤʥʠʷ, ʥʘʤʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʢʦʥʪʘʢʪʳ ʪʘʥʪʘʣ-ʢʨʝʤʥʠʡ. 

ʕʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʪʠʭ ʢʦʥʪʘʢʪʦʚ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʵʬʬʝʢʪʘ 

ʍʦʣʣʘ ʩ ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʘ Ecopia HMS-7000.   
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ʈʠʩ.1.  ɿʘʚʠʩʠʤʦʩʪʴ ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ:                                        

1- n-Si; 2- Ta/n-Si 

 

 
 

ʈʠʩ. 2.  ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʘʪʠʚʣʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ : 1- n-Si; 2- 

Ta/n-Si 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʣʝʛʠʨʦʚʘʥʠʝ n-Si ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʘʪʠʚʣʝʥʠʝʤ 

10 ʆʤ³ʩʤ ʧʨʠʤʝʩʴʶ ʪʘʥʪʘʣʘ (Ta) ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʀʟ ʩʨʘʚʥʝʥʠʷ ʨʠʩʫʥʢʦʚ 1 ʠ 2 ʩʣʝʜʫʝʪ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʧʨʠʤʝʩʠ ʪʘʥʪʘʣʘ ʚ n-Si 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʪʠʧʘ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʫʤʝʥʴʰʝʥʠʶ ʧʦʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, 

ʫʚʝʣʠʯʝʥʠʶ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʘ. ʀʟ ʘʥʘʣʠʟʘ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩʣʝʜʫʝʪ, 

ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʧʦʜʚʠʞʥʦʩʪʠ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʣʝʛʠʨʫʶʱʘʷ ʧʨʠʤʝʩʴ ʚʳʩʪʫʧʘʝʪ ʚ ʨʦʣʠ 

ʮʝʥʪʨʦʚ ʨʘʩʩʝʷʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. 
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Yarimoᾶtkazgichli materiallar orqali zamonavi qurulmalar tayorlash texnologiyasida 

kremniy monokristallarini volfram bilan legirlash muhim ahamiyat kasb etadi. Volfram kremniy 

bilan kimyoviy birikmalar-silisidlar hosil qilish xususiyatiga ega boᾶlib, bu birikmalar integral 

mikrosxemalar va kontakt tizimlarida keng foydalaniladi [1]. p-tipli kremniy (p-Si) 

monokristallariga volfram diffuziya qilish jarayonida sirt qatlamida sodir boᾶladigan oᾶzgarishlar, 

xususan silisid fazalarining hosil boᾶlishida ishtirok etatadigan volfram atomlarini foyizini EDX-

8100 energiya dispersiv rentgen fluorescent spektrometri yordamida tahlil qilindi. 

Tadqiqot obᾷekti qilib (111) orientatsiyali, solishtirma qarshiligi 10 ÝĿcm boᾶlgan p-tipli 

kremniy monokristallari tanlangan. Namunalar birinchi boólib mexanik ishlov berilib sirtidan 30 

mkr olib tashlandi, keyingi bosqichda kimyoviy ishlov berildi [1]. Tayorlangan namunalrni 

(Magnetron Sputtering Machine Price) uch nishonli magnetron orqali (W) volfram atomlaridan 

tashkil topgan qatlam hosil qilindi. Barcha namunalatni diffuziyon pechda 1150-1250  harorat 

oraligóida vakum sharoatda, 15 saot diffuziya amalga oshirilda, tez va sekin sovutildi. [1]. 

Diffuziya amaliyotini yakunlangandan soóng barcha namunalarni EDX-8100 (Energiya 

dispersiv rentgen fluorescent) qurulmasi orqali sirt qalamini taxminiy 3-15 mkr qalinlikkacha 

boólgan qismidagi atomlar ulushi aniqlandi EDX-8100 qurilmasi yuqori samarali SDD (Silicon 

Drift Detector) detektori bilan jihozlangan boᾶlib, u elektron sovutish tizimiga ega va suyuq azotni 

talab qilmaydi [3-4]. Qurilmaning energiya 140 eV dan kichik, elementlarni aniqlash diapazoni 

esa ugleroddan (C6) urangacha (U92) ni tashkil etadi [5]. Rentgen trubkasidan chiqqan yuqori 

energiyali rentgen nurlari namunaga yoᾶnaltirilganda, namuna tarkibidagi atomlarning ichki 

elektron qobiqlaridan elektronlarni urib chiqaradi. Xususan, K-qobiqdan elektron urib 

chiqarilganda, yuqori energiyali L yoki M qobiqlardan elektronlar K-qobiqdagi boᾶsh oᾶringa 

oᾶtadi va bu oᾶtish jarayonida elementga xos boᾶlgan xarakterli rentgen nurlanishi ï fluorescens 

nurlanish hosil boᾶladi [7-8]. Har bir kimyoviy element oᾶziga xos elektron tuzilishga ega boᾶlgani 

uchun, hosil boᾶlgan nurlanishning energiyasi ham shu element uchun xarakterli boᾶladi. 

Dastlabki namunaning tarkibi: Si ï 99.964%, Pb ï 0.017%, Cu ï 0.010%, Fe ï 0.005%, Rb 

ï 0.004% ni tashkil etgan. Volfram diffuziyasi 1150°C, 1200°C va 1250°C haroratlarda 15 soat 

davomida amalga oshirilgan. Sovutish tezligining taᾷsirini oᾶrganish maqsadida namunalarning bir 

qismi tez, ikkinchi qismi esa sekin sovutilgan. Barcha namunalar EDX-8100 spektrometrida tahlil 

qilingan. 
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Volfram diffuziya qilingan namunalarda W miqdori 1.37% dan 1.50% gacha boᾶlgan 

oralikda aniqlangan. Eng yuqori qiymat (1.500%) 1200°C da sekin sovutilgan namunada, eng past 

qiymat (1.375%) esa 1150°C da tez sovutilgan namunada kuzatilgan.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Namuna 

nomi 

Foyizi 

% 

Harorati 

 

Sovutish 

tezligi 

line 

(p-Si) 97.536   SiLa 

p-Si<W> 97.817 

(Si) 

1150 Tez SiKa 

1.375 

(W) 

1150 Tez WLa 

p-Si<W> 97.536 

(Si) 

1150 Sekin SiKa 

1.476 

(W) 

1150 Sekin WLa 

p-Si<W> 97.682 

(Si) 

1200 Tez SiKa 

1.433 

(W) 

1200 Tez WLa 

p-Si<W> 97.553 

(Si) 

1200 Sekin SiKa 

1.500 

(W) 

1200 Sekin WLa 

p-Si<W> 97.338 

(Si) 

1250 Tez SiKa 

1.482 

(W) 

1250 Tez WLa 

p-Si<W> 97.424 

(Si) 

1250 Sekin SiKa 

1.462 

(W) 

1250 Sekin WLa 
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Harorat ortishi bilan W miqdorining biroz oshishi diffuziya koeffitsientining haroratga 

bogᾶliqligi bilan izohlanadi.  

Volfram va kremniy orasidagi oᾶzaro taᾷsir natijasida bir necha xil silisid fazalari hosil 

boᾶlishi mumkin. Adabiyot maᾷlumotlariga koᾶra, W-Si sistemasida asosan ikki turdagi silisidlar: 

WSi  va W Si  mavjud [9]. Tadqiqotlar shuni koᾶrsatadiki, 680ï800ÁC harorat oraligᾶida volfram 

va kremniy orasidagi reaksiya natijasida tetragonal WSi  fazasi hosil boᾶladi [6]. Ushbu ishda 

qoᾶllanilgan haroratlar (1150ï1250ÁC) esa WSi  hosil boᾶlish haroratidan ancha yuqori boᾶlib, bu 

sharoitda silisid hosil boᾶlish jarayoni jadal kechishi kerak [2]. 

Yuqori haroratlarda (1300ï1350ÁC) esa WSi  dan tashqari W Si  fazasi ham hosil boᾶlishi 

mumkin [9]. W Si  odatda WSi /W chegarasida yoki WSi  sirtida kuzatiladi. Ushbu fazaning hosil 

boᾶlishi WSi  ning yuqori haroratda qisman parchalanishi va undan kremniyning ajralib chiqishi 

bilan bogᾶliq. Bizning tajribamizda 1250ÁC da W miqdorining biroz pasayishi (1.482% dan 

1.462% ga) va S, Ca kabi elementlarning miqdori ortishi W Si  fazasining hosil boᾶlish ehtimolini 

koᾶrsatadi. 

Volfram bilan legirlangan p-Si monokristallarini EDX-8100 usulida tahlil qilish quyidagi 

xulosalarni chiqarishga imkon beradi: 

1. Volfram diffuziyasi natijasida kremniy sirt qatlamida silisid fazalari ï asosan WSi  va qisman 

W Si  hosil boᾶladi. Bu fazalarning hosil boᾶlishi EDX spektrlarida W va Si intensivliklarining 

oᾶzgarishi bilan namoyon boᾶladi. 

2. Diffuziya haroratining ortishi (1150°C dan 1250°C gacha) bilan volfram miqdori 1.375% dan 

1.500% gacha oshadi, bu Arrhenius qonuniyatiga mos keladi. 

3. Sekin sovutilgan namunalarda volfram miqdori tez sovutilganlarga nisbatan yuqori, bu 

muvozanat holatida W ning eruvchanligi yuqori ekanligini koᾶrsatadi. 
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Yarimoótkazgich materiallar orqali turli xil elektronika qurulmalari uchun materiallarni 

ishlab chiqish va takomillashtirish zamonaviy fan va texnikaning asosiy yoónalishlari boólib 

qolmoqda [1]. Yarimoótkazgichli qurilmalar uchun asosiy material boólgan kremniy oóziga xos 

xususiyatlarga ega. Biroq, uni yanada takomillashtirish uchun turli xil element tomlarini qoóshish 

kerak. Kremniy kristall panjarasiga boshqa elementlarning atomlarini kiritish uning 

xususiyatlarini sezilarli darajada oózgartirish va yuqori samarali elektron qurilmalarni yaratish 

uchun yangi imkoniyatlar ochish imkonini beradi [2]. 

Kremniyga har xil turdagi nodir yer elementlarni legirlash orqali yangi slisid, slikad 

fazalarini hosil boólish, namunalarda molekulyay bogólanishlarni, nuqsonlani, amorf qatlamlarni 

oóganishda  Raman spektroskopiyasi  asosiy oórindi egallamoqda. Kremniy (Si) uchun 520 sm ĭ 

atrofidagi birinchi tartibli optik fonon choᾶqqisi asosiy hisoblanadi. Ammo haqiqiy namunalarda, 

termik ishlov berilganda, boshqa elementlarni diffuziy qilinganda, qoᾶshimcha choᾶqqilar paydo 

boᾶladi [1(3)]. 

Tajribani bajarish uchun n-Si (KEF-35 om·cm) namuna tanlab olindi. Dastlab namuna 

mexanik ishlov berilib sirt qatlamidan notekis qatlamlar olib tashlandi, kimyoviy tozalash 

bosqichlardan oótkazildi. Tayyor holatga keltirilgan namunalar sirtida VUP-4 qurulmasida yuqori 

vakum ostida Lantan atonlari bilan qoplaplandi. Namunalarni kvars ampulada vakum sharoitida 

1300 ᴈ haroratda 5 soat davomida diffuziya amalyoti olib borildi hamda namunalar tez sovutildi. 

Lantan bilan legirlangan kremniy namunalarining Raman spektrlari oólchab, kirishmalarni 

kristall strukturasi taôsiri aniqlandi. Dastlabki kirishmasiz (etalon) namunaning Raman 

spektrlarining tahlili 1-rasmda keltirilgan va unda quydagi choóqqilar aniqlandi. 131,23 cm-1, 

311,89 cm-1, 523,93 cm-1, 952,38 cm-1. Bu choôqqilar monakristall kremniydagi akustik TA, LA 

va optik TO, LO piklar hamda molekulyar bogólanishlarni beradi. 131,23 cm-1 keng pik - bu 

https://instrument.com.cn/
https://mass.co.jp/
https://analysis.org.cn/
https://instrument.com.cn/
mailto:jonibek.uzmu@gmail.com


 

I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 

 

50 

 

choᾶqqi odatda kremniyning akustik fononlari bilan bogᾶliq ikkinchi tartibli sochilish (2TA) yoki 

amorf fazaning mavjudligidan dalolat beradi. Kengligi esa tartibsizlikni koᾶrsatadi. Adabiyotlarda 

amorf kremniy (n-Si) da 150 cm ĭ gacha boᾶlgan keng pik kuzatiladi [4]. 311,89 cm-1 da 2LA 

akustik soha deyiladi bu joyda ham Si-P2 bilan kuchsiz boógólanish hosil boóladi va bu amorf 

sohaga tegishli [4].  

523,93 cm-1 dagi choóqqi Si-Si kimyoviy bogólanishni beradi, bu optik soha deyiladi. 952 

cm-1 choóqqi hosil boólishi optik soha deyiladi 2TO sohaga mos keladi [5-6]. 

 
1-Rasm. Dastlabki namuna (KEF-35 om·cm) 

Lantan (La) bilan legirlangan namunalardagi oózgarishlarni 2-rasmda kuzatish mumkin. 

Bunda amorf, akustik, optik sohalarda oózgarishlarni koórish mumkin. Raman spektrometrida 

aniqalangan piklar 118,9 cm-1, 256,4 cm-1, 311,89 cm-1, 374,54 cm-1, 463,2 cm-1, 523,93 cm-1, 

661,43 cm-1, 952,4 cm-1. 118,97 cm-1 past chastotali bu choᾶqqi lantan atomlarining kremniy 

panjarasidagi lokal tebranishlarini hosil qilgan. Ogᾶir atomlar (La atom massasi ~139) panjarada 

qoᾶshimcha past chastotali modlar hosil qiladi. Baᾷzi tadqiqotlarda La bilan bogᾶliq past chastotali 

modlar 100ï150 sm ĭ oraligᾶida kuzatilgan [7]. 256,4 cm-1 choᾶqqi lantan silitsidi (LaSi ) yoki 

lantan oksidi (La O ) ga tegishli. LaSi  ning Raman spektri boᾶyicha adabiyotlarda 200ï300 cm-1 

oraligᾶida bir necha choᾶqqilar qayd etilgan [8]. Xususan, 260 cm ĭ atrofidagi pik LaSi  ning Eg 

rejimiga mos keladi. 311,89 cm-1 yuqorida aytilganidek, Si ning 2TA piki. Bu pikning mavjudligi 

La diffuziyasi Si ning fonon spektrini oᾶzgartirmagan. 374,54 cm-1 choᾶqqi ham LaSi  yoki La O  

bilan bogᾶliq. La O  uchun 370-400 cm-1 oraligᾶida bir necha Raman faol modlar mavjud [8]. 

Shuningdek, kremniy substratidagi oksid qatlamlari (SiO ) da 430-450 cm-1 atrofida pik beradi, 

ammo 374 unga mos kelmaydi. 463,2 cm-1 choᾶqqi SiO  ning (kristobalit yoki kvarts) asosiy 

Raman choᾶqqisiga juda yaqin. Masalan, Ŭ-kvarsda 464 cm-1 da kuchli pik bor [9]. Bu esa diffuziya 

jarayonida vakuumda boᾶlsa ham, sirtda oksidlanish hisobidan sodir boᾶlgan. 661,43 cm-1 lantan 

oksidi (La O ) ning yuqori chastotali modlaridan biri [8].  
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2-Rasm. n-Si<La> Lantan diffuziya qilingan namuna grafigi 

n-Si va n-Si<La> namunalarining Raman spektrlari tahlili shuni koᾶrsatdiki, lantan 

diffuziyasi kremniy spektriga sezilarli taᾷsir koᾶrsatgan. Yangi choᾶqqilar (119, 256, 375, 463, 661 

cm-1) lantanning kremniy bilan oᾶzaro taᾷsiri natijasida yuzaga kelgan. Ular asosan lantan silitsidi, 

lantan oksidi va kremniy oksidi bilan bogᾶliq. Shu bilan birga, kremniyning asosiy fonon choᾶqqisi 

(524 sm 1) saqlanib qolgan, bu esa kristall tuzilishning asosiy qismi buzilmaganligini koᾶrsatadi. 
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Yarimoótkazgich materiallarning fizik xossalarini boshqarishning eng samarali usullaridan 

biri bu ularni turli kirishma atomlari bilan legirlash hisoblanadi. Soónggi yillarda oótuvchi 

elementlar bilan legirlangan kremniy asosidagi materiallar mikro- va optoelektronika qurilmalarini 

yaratishda keng qoóllanilmoqda. Xususan, titan (Ti) atomlarini kremniy kristall panjarasiga kiritish 

natijasida panjara parametrlari oózgarishi, lokal elastik kuchlanishlar hosil boólishi hamda 
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nuqsonlar zichligining ortishi kuzatiladi. 

Mazkur strukturaviy oózgarishlar materialning fonon spektriga bevosita taôsir koórsatadi. 

Shu sababli kristall panjarada yuz berayotgan deformatsion jarayonlarni aniqlashda Raman 

spektroskopiya usuli yuqori sezuvchanlikka ega boólgan nomanfiy diagnostik metod sifatida keng 

qoóllaniladi. 

Ushbu ishda titan bilan legirlangan n-tipli kremniy monokristallarining kristall tuzilishida 

yuz beruvchi oózgarishlarni Raman spektroskopiyasi yordamida tadqiq etildi. Tajriba uchun 

boshlangóich solishtirma qarshiligi ɟ=2.1÷2.5 ɋẗcm oraligóida boólgan nazorat n-Si namunalari 

tanlab olindi. Titan elementi bilan legirlash jarayoni termik diffuziya usuli yordamida amalga 

oshirildi. Namunalar dastlab kimyoviy tozalashdan oótkazildi hamda sirtidagi oksid qatlamini olib 

tashlash maqsadida HF eritmasi bilan ishlov berildi. Soóngra Ti (99.999% tozalikka ega) yuqori 

vakuum sharoitida (10-6÷10-7 Torr) ɺʋʇ-4 qurilmasida Si sirtiga termik purkaldi. Namunalar 

1200°C haroratda 15 soat davomida kvars vakuumli ampulada diffuziya qilindi. 

Raman spektroskopik oólchovlar xona haroratida 785 nm lazer manbaiga ega QE Pro High-

Sensitivity Spectrometer yordamida 0ï1200 cm ĭ toólqin sonlari oraligóida amalga oshirildi 

(1-rasm). 

1-rasmda dastlabki (n-Si), nazorat (n-Sinaz.) hamda titan bilan legirlangan (n-Si<Ti>) 

namunalarining Raman spektrlari keltirilgan. Raman spektrlarining tahlili natijasida kremniyga 

xos (Si-Si) boólgan birinchi tartibli TO fonon choóqqisi dastlabki n-Si namunasida ɜTO=522.72 cm-

1 da kuzatildi. n-Sinaz. ushbu choóqqining ɜTO=523.88 cmī1gacha siljishi kristall panjarada issiqlik 

ishlovi natijasida yuzaga kelgan qoldiq elastik kuchlanishlarning mavjudligini koórsatadi. Titan 

bilan legirlangan n-Si<Ti> namunasida esa TO fonon choóqqisining yanada yuqori toólqin sonlari 

tomon siljib, ɜTO=524.23 cmī1 ga teng boólishi aniqlangan. Ushbu siljish titan atomlarining 

kremniy kristall panjarasiga diffuziyalanishi natijasida panjara parametrlarining oózgarishi hamda 

elastik siqilish kuchlanishlarining ortishi bilan izohlandi. 

 

 
1-rasm. n-Si va n-Si<Ti> namunalarning Raman spektri. 

Shuningdek, legirlangan namunada pik kengligining ortishi: FWHM=29.04 cmī1 

fononlarning sochilish ehtimoli ortganligini hamda kristall panjarada strukturaviy nuqsonlar 

zichligining oshganligini koórsatadi. Integral kenglik (I.Breadth) qiymatining ham ortishi  

(28.28 Ÿ 30.92) materialda panjara tartibsizligining kuchayganligini tasdiqlaydi (1-jadval). 
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Titan atomlarining diffuziyasi natijasida kristall panjarada strukturaviy nuqsonlar va lokal 

deformatsiyalar hosil boólgan, bu esa fononlarning sochilish ehtimolini oshirib, Raman 

choóqqisining integral kengligining ortishiga olib kelgan. 

1-jadval.  

Namunalarining Raman TO fonon choóqqisi parametrlari 

Namuna Center, ɜTO (cm ĭ) Area Height FWHM (cm ĭ) I.Breadth 

n-Si 522.7248201 343330 12137.9 26.5727 28.2858 

n-Sinaz. 523.8844257 160870 5547.05 27.2447 29.0011 

n-Si<Ti>  524.2349317 331844 10731.9 29.0485 30.9212 

Raman spektroskopik tahlil natijalari titan atomlarining n-tipli  kremniy kristall panjarasiga 

diffuziyalanishi natijasida strukturaviy deformatsiyalar yuzaga kelganligini koórsatdi. n-Si<Ti> 

namunasida TO fonon choóqqisining yuqori toólqin sonlari tomon siljishi kristall panjarada elastik 

siqilish kuchlanishlari hosil boólganligini bildiradi. Pik kengligi (FWHM) va integral kenglik 

(I.Breadth) qiymatlarining ortishi esa titan kirishmasi taôsirida materialda strukturaviy nuqsonlar 

zichligining oshganligini hamda fononlarning panjara boóylab erkin tarqalalish ehtimoli 

kuchayganligini tasdiqlaydi. 
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ʊʦʥʢʠʝ ʧʣʝʥʢʠ ZrO  ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ, 

ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʫʥʠʢʘʣʴʥʳʤ ʦʧʪʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ[1-4].ʉʚʦʡʩʪʚʘ 

ʧʣʝʥʦʢ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʷʪ ʦʪ ʫʩʣʦʚʠʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʦʩʦʙʝʥʥʦ ʦʪ ʩʨʝʜʳ (ʚʘʢʫʫʤ ʠʣʠ 

ʢʠʩʣʦʨʦʜ) ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʜʥʦʩʣʦʡʥʦʡ ʠʣʠ 

ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ.[5-7] ʎʝʣʴʶ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʚʦʣʶʮʠʠ ʦʧʪʠʯʝʩʢʠʭ ʠ 

ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ZrO-ʧʣʝʥʦʢ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʝ ʚ ʨʘʟʣʠʯʥʳʭ 

ʩʨʝʜʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʣʠʧʩʦʤʝʪʨʠʠ, ʘ ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʚʷʟʠ ʤʝʞʜʫ ʪʦʣʱʠʥʦʡ 

ʧʣʝʥʢʠ, ʧʣʦʪʥʦʩʪʴʶ, ʚʥʫʪʨʝʥʥʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʠ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. 

ɺ ʪʦʥʢʠʭ ʧʣʸʥʢʘʭ ZrO  ʪʦʣʱʠʥʦʡ Ò 600 ʥʤ, ʥʘʛʨʝʚʘʝʤʳʭ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʩʨʝʜʝ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʦʞʥʘʷ ʵʚʦʣʶʮʠʷ ʪʦʣʱʠʥʳ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʝʥʥʘʷ ʤʝʪʦʜʦʤ ʵʣʣʠʧʩʦʤʝʪʨʠʠ (Ɋ, ȹ). ɺ 

ʧʨʦʮʝʩʩʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʦʜʥʦʩʣʦʡʥʘʷ ʩʪʨʫʢʪʫʨʘ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ 

ʤʥʦʛʦʩʣʦʡʥʫʶ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʫ ZrO /ZrO-x/Si(111), ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʧʝʢʪʨʘʣʴʥʳʤ 

ʩʜʚʠʛʦʤ Ɋ ʠ ȹ, ʦʪʨʘʞʘʶʱʠʤ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ. ʉ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʠʬʬʫʟʠʷ ʢʠʩʣʦʨʦʜʘ ʫʩʢʦʨʷʝʪʩʷ ʧʦ ʟʘʢʦʥʫ ɸʨʨʝʥʠʫʩʘ, ʫʩʠʣʠʚʘʷ 

ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʨʝʘʢʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʠʥʪʝʨʬʝʡʩʘʭ. ʊʦʣʱʠʥʘ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʨʘʩʪʸʪ ʧʦ 

ʧʘʨʘʙʦʣʠʯʝʩʢʦʡ ʢʠʥʝʪʠʢʝ, ʘ ʝʛʦ ʙʦʣʴʰʠʡ ʤʦʣʷʨʥʳʡ ʦʙʲʸʤ ʚʳʟʳʚʘʝʪ ʦʙʲʸʤʥʦʝ ʨʘʩʰʠʨʝʥʠʝ 

ʠ ʫʚʝʣʠʯʝʥʠʝ ʦʙʱʝʡ ʦʧʪʠʯʝʩʢʦʡ ʪʦʣʱʠʥʳ ʧʣʸʥʢʠ. 

ʇʘʨʘʣʣʝʣʴʥʦ ʦʩʥʦʚʥʦʡ ZrO-ʩʣʦʡ ʧʦʜʚʝʨʛʘʝʪʩʷ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʜʝʥʩʬʠʢʘʮʠʠ, ʯʪʦ 

ʩʥʠʞʘʝʪ ʧʦʨʠʩʪʦʩʪʴ ʠ ʩʣʝʛʢʘ ʫʤʝʥʴʰʘʝʪ ʬʠʟʠʯʝʩʢʫʶ ʪʦʣʱʠʥʫ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʚʦʣʶʮʠʷ 

ʪʦʣʱʠʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʥʢʫʨʝʥʮʠʝʡ ʧʨʦʮʝʩʩʦʚ: ʫʧʣʦʪʥʝʥʠʝ ʦʩʥʦʚʥʦʛʦ ʩʣʦʷ (dŹ) ʠ 

ʘʢʪʠʚʥʳʡ ʨʦʩʪ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ (dŷ), ʧʨʠ ʵʪʦʤ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʩʨʝʜʝ ʦʙʳʯʥʦ ʧʨʝʦʙʣʘʜʘʝʪ ʨʦʩʪ 

ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʦʙʱʫʶ ʦʧʪʠʯʝʩʢʫʶ ʪʦʣʱʠʥʫ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʦʢʩʠʜʥʦʛʦ 

ʩʣʦʷ ʩʦʟʜʘʸʪ ʤʥʦʛʦʩʣʦʡʥʫʶ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ, ʩʜʚʠʛ ʤʘʢʩʠʤʫʤʦʚ 

ʠʥʪʝʨʬʝʨʝʥʮʠʠ, ʩʥʠʞʝʥʠʝ ʘʤʧʣʠʪʫʜʳ ʠ ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʚʳʟʳʚʘʶʪ ʚʠʟʫʘʣʴʥʦʝ 

çʚʳʙʝʣʠʚʘʥʠʝè ʮʚʝʪʘ ʧʣʸʥʢʠ. 

ɺ ʚʘʢʫʫʤʥʦʡ ʩʨʝʜʝ ʦʢʠʩʣʝʥʠʝ ʧʦʯʪʠ ʦʪʩʫʪʩʪʚʫʝʪ, ʧʣʸʥʢʘ ʩʦʭʨʘʥʷʝʪ ʦʜʥʦʩʣʦʡʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ZrO /Si(111). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʨʘʩʪʘʝʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ 

ʧʦʜʚʠʞʥʦʩʪʴ ʘʪʦʤʦʚ, ʧʨʦʠʩʭʦʜʠʪ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʠ ʨʦʩʪ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʜʝʬʝʢʪʳ ʥʘ 

ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ ʫʤʝʥʴʰʘʶʪʩʷ, ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʬʘʟʳ ʩʪʘʙʠʣʠʟʠʨʫʶʪʩʷ, ʤʘʪʝʨʠʘʣ 

ʫʧʣʦʪʥʷʝʪʩʷ ʠ ʧʣʦʪʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʬʠʟʠʯʝʩʢʘʷ ʪʦʣʱʠʥʘ ʩʣʝʛʢʘ 

ʫʤʝʥʴʰʘʝʪʩʷ, ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ n ʚʦʟʨʘʩʪʘʝʪ, ʘ ʦʧʪʠʯʝʩʢʘʷ ʜʣʠʥʘ ʧʫʪʠ nĿd 

ʠʟʤʝʥʷʝʪʩʷ ʤʝʜʣʝʥʥʦ. 

ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (~1200 ÁC) ʧʨʦʜʦʣʞʘʝʪʩʷ ʨʦʩʪ ʟʝʨʝʥ ʠ ʨʝʣʘʢʩʘʮʠʷ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠ ʵʪʦʤ ʯʨʝʟʤʝʨʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʦʨʠʩʪʦʩʪʠ 

ʤʦʞʝʪ ʫʩʠʣʠʪʴ ʨʘʩʩʝʷʥʠʝ. ʆʜʥʘʢʦ ʦʙʱʘʷ ʦʧʪʠʯʝʩʢʘʷ ʪʦʣʱʠʥʘ ʦʩʪʘʸʪʩʷ ʧʦʯʪʠ ʥʝʠʟʤʝʥʥʦʡ 

ʠʣʠ ʩʣʝʛʢʘ ʫʤʝʥʴʰʘʝʪʩʷ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʢʠʩʣʦʨʦʜʥʦʡ ʩʨʝʜʳ. ɺ ʚʘʢʫʫʤʝ ʵʚʦʣʶʮʠʷ ʪʦʣʱʠʥʳ ʠ 

ʦʧʪʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʬʠʟʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ 

(ʜʝʥʩʬʠʢʘʮʠʷ, ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʨʝʣʘʢʩʘʮʠʷ ʥʘʧʨʷʞʝʥʠʡ) ʙʝʟ ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ, 
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I ʐɶʒɹɸ. ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ ʌʀɿʀʂɸʉʀ ɺɸ ʗʈʀʄɶʊʂɸɿɻʀʏʃɸʈ 

ʄɸʊɽʈʀɸʃʐʋʅʆʉʃʀɻʀ ʄʋɸʄʄʆʃɸʈʀ 

 

55 

 

ʦʙʝʩʧʝʯʠʚʘʷ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʦʜʥʦʩʣʦʡʥʦʡ ʤʦʜʝʣʠ ʚ ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʦʤ ʘʥʘʣʠʟʝ. 

 ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ ZrO  ʧʦʜʚʝʨʛʘʣʠʩʴ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʚʘʢʫʫʤʝ ʠ ʢʠʩʣʦʨʦʜʥʦʡ ʩʨʝʜʝ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʥʘʙʣʶʜʘʣʠʩʴ ʠʟʤʝʥʝʥʠʷ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (Eg) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʜʣʠʥʳ ʚʦʣʥʳ (ɚg) ʧʣʝʥʦʢ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʩʣʦʚʠʡ ʩʨʝʜʳ (ʊʘʙʣʠʮʘ 1). 

  
ʈʠʩ. 1. ʕʣʣʠʧʩʦʤʝʪʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ZrO  ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʚʘʢʫʫʤʝ ʠ ʢʠʩʣʦʨʦʜʥʦʡ ʩʨʝʜʝ. 

ɺ ʚʘʢʫʫʤʝ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʣʝʥʦʢ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʘ ʚʥʝʰʥʝʝ 

ʦʢʠʩʣʝʥʠʝ ʤʠʥʠʤʘʣʴʥʦ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʥʘʯʝʥʠʝ Eg ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 4,95 ʵɺ ʧʨʠ 600 ÁC 

ʜʦ 5,05 ʵɺ ʧʨʠ 1200ÁC. ʕʪʦʪ ʨʦʩʪ ʦʙʲʷʩʥʷʝʪʩʷ ʫʧʣʦʪʥʝʥʠʝʤ ʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʤʘʪʝʨʠʘʣʘ, 

ʧʨʠʚʦʜʷʱʠʤʠ ʢ ʙʦʣʝʝ ʧʣʦʪʥʦʤʫ ʨʘʩʧʦʣʦʞʝʥʠʶ ʘʪʦʤʦʚ, ʩʥʠʞʝʥʠʶ ʧʦʨʠʩʪʦʩʪʠ ʠ 

ʫʣʫʯʰʝʥʠʶ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʝʣʦʤʣʝʥʠʷ ʩʣʝʛʢʘ 

ʧʦʚʳʰʘʶʪʩʷ, ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʤʠʥʠʤʘʣʴʥʳ, ʘ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʮʚʝʪʘ ʧʨʦʷʚʣʷʶʪʩʷ 

ʷʨʢʦ ʠ ʥʘʩʳʱʝʥʥʦ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ɚg ʚ ʚʘʢʫʫʤʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 250ï255 ʥʤ (ʈʠʩ. 1). 

ʇʨʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʚ ʢʠʩʣʦʨʦʜʥʦʡ ʩʨʝʜʝ ʧʦʚʝʨʭʥʦʩʪʴ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ZrO  

ʦʢʠʩʣʷʝʪʩʷ, ʬʦʨʤʠʨʫʷ ʤʥʦʛʦʩʣʦʡʥʳʡ ʦʢʩʠʜʥʳʡ ʩʣʦʡ. ʇʦʷʚʣʝʥʠʝ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ 

ʫʚʝʣʠʯʠʚʘʝʪ ʛʨʘʜʠʝʥʪ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʫʩʠʣʠʚʘʝʪ ʦʧʪʠʯʝʩʢʦʝ ʧʦʛʣʦʱʝʥʠʝ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ Eg ʩʥʠʞʘʝʪʩʷ ʩ 4,85 ʵɺ ʧʨʠ 600 ÁC ʜʦ 4,75 ʵɺ ʧʨʠ 

1200 ÁC. ɺʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʛʣʦʱʝʥʠʷ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ, ʤʥʦʛʦʩʣʦʡʥʳʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʳʝ ʵʬʬʝʢʪʳ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʷʩʥʷʶʪ ʨʘʟʤʳʪʠʝ ʮʚʝʪʦʚ ʠ 

ʩʥʠʞʝʥʠʝ ʦʪʨʘʞʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ. ʉʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʜʣʠʥʘ ʚʦʣʥʳ ɚg ʚʘʨʴʠʨʫʝʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ 255ï260 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʤʝʥʴʰʝʥʠʶ Eg. 

ʊʘʙʣʠʮʘ 1. ɿʘʚʠʩʠʤʦʩʪʴ Eg ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʣʠʥʳ ʚʦʣʥʳ ɚg ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ZrO  ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʨʝʜʳ. 

ʊʝʤʧʝʨʘ-

ʪʫʨʘ (ÁC) 

Eg ʚ 

ʚʘʢʫʫʤʝ 

(ʵɺ) 

ɚg ʚ 

ʚʘʢʫʫʤʝ 

(ʥʤ) 

Eg ʚ 

ʢʠʩʣʦʨʦʜʝ 

(ʵɺ) 

ɚg ʚ 

ʢʠʩʣʦʨʦʜʝ 

(ʥʤ) 

ʇʨʠʤʝʯʘʥʠʝ 

600 4,95 250 4,85 255 

ɺ ʚʘʢʫʫʤʝ ʭʠʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʘ; ʚ ʢʠʩʣʦʨʦʜʝ 

ʥʘʯʘʣʴʥʦʝ ʦʢʠʩʣʝʥʠʝ 

900 5,00 248 4,80 258 
ɺ ʚʘʢʫʫʤʝ ʫʧʣʦʪʥʝʥʠʝ; 

ʚ ʢʠʩʣʦʨʦʜʝ ʨʦʩʪ 
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ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ, 

ʩʥʠʞʝʥʠʝ Eg 

1200 5,05 246 4,75 260 

ɺ ʚʘʢʫʫʤʝ 

ʤʘʢʩʠʤʘʣʴʥʦʝ 

ʫʧʣʦʪʥʝʥʠʝ; ʚ 

ʢʠʩʣʦʨʦʜʝ 

ʤʥʦʛʦʩʣʦʡʥʳʡ ʦʢʩʠʜ ʠ 

ʫʩʠʣʝʥʠʝ ʧʦʛʣʦʱʝʥʠʷ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʚʦʣʶʮʠʷ Eg ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʨʝʜʳ ʩʣʫʞʠʪ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʦʧʪʠʯʝʩʢʠʤ ʠʥʜʠʢʘʪʦʨʦʤ ʩʪʨʫʢʪʫʨʥʳʭ, ʭʠʤʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ 

ʠʟʤʝʥʝʥʠʡ ʚ ʧʣʝʥʢʘʭ ZrO . ɺʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ Eg ʚ ʚʘʢʫʫʤʝ ʦʪʨʘʞʘʶʪ ʭʠʤʠʯʝʩʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʧʨʝʦʙʣʘʜʘʥʠʝ ʯʠʩʪʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ, ʪʦʛʜʘ ʢʘʢ ʩʥʠʞʝʥʠʝ Eg ʚ ʢʠʩʣʦʨʦʜʝ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʦʢʠʩʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʫʩʠʣʝʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ. 
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n-tipli kremniy (n-Si) asosida qalay (Sn) va germaniy (Ge) atomlari termodiffuziya usuli 
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elektrofizik xossalari volt-amper xarakteristikalari (VAX), volt-farad (C-V) oólchovlari hamda 

sigóimli chuqur sathlar spektroskopiyasi (DLTS) metodlari yordamida kompleks tarzda tadqiq 

etildi [1]. Oólchovlar keng harorat oraligóida olib borilib, diffuziya qilingan izovalent kirishmalar 

elektr maydon taqsimoti, tashuvchilar konsentratsiyasi va nuqsonlar energetik spektriga 

koórsatgan taôsiri chuqur tahlil qilindi. n-Si<Sn> tuzilmalarida xona haroratida (300 K) ichki 

potensial qiymati Vbi å 0,75 V, past haroratda (77 K) esa Vbi å 1,05 V ga teng ekani aniqlangan 

(1-rasm). 

 
1-rasm. 1100 °C haroratda olingan n-Si<Sn> namunalarining voltïfarad 

xarakteristikalari (1/C² ïV): (a) T = 300 K, Vbi = 0,75 V; (b) T = 77 K, Vbi = 1,05 V. 

 Bir xil teskari siljish sharoitida kambagóallanish (depletion) qatlamining kengligi W ning n-

Si<Ge> tuzilmalariga nisbatan sezilarli darajada kichik boólishi donor kirishmalarining yuqori 

darajada faollashuvi, erkin tashuvchilar konsentratsiyasining ortishi hamda Debay uzunligining 

qisqarishi bilan izohlanadi. Xususan, n-Si<Sn> tuzilmalarida Debay uzunligi LD å 0,095 mkm ga 

teng boólib, bu elektrostatik potensialning sirtga yaqin sohalarda tez soónishini va çqattiqè 

elektrostatik profil shakllanishini koórsatadi [2]. Aksincha, n-Si<Ge> tuzilmalarida ichki 

potensiallar 300 K va 77 K haroratlarda mos ravishda Vbi å 0,42 V va Vbi å 0,80 V ni tashkil etib, 

kambagóallanish sohasi sezilarli darajada kengroq (W å 2,2-7,5 mkm) boólishi aniqlangan (2-

rasm).  

 
2-rasm. 1000 °C da olingan n-Si<Ge> strukturalarining volt -farad xarakteri (1/C²ï

V): (a) T = 300 K, Vbi = 0,42 V; (b) T = 77 K, Vbi = 0,80 V. 

Bunda Debay uzunligi LD å 0,362 mkm gacha oshgani kuzatilib, bu donor faollashuvining 

nisbatan pastligi hamda zaryad zichligining fazoda sekinroq oózgarishini bildiradi [3]. Natijada, 

Ge bilan legirlangan tuzilmalarda elektr maydon taqsimoti nisbatan kamroq boólib, 

tashuvchilarning fazoviy taqsimlanishida sirtga yaqin sohalardan chuqurroq hududlargacha 

sezilarli oózgarish kuzatiladi. DLTS tahlillari n-Si<Sn> namunalarida tutish kesimi ů å 4,7 Ĭ 10 ĭ  

smĮ boólgan Ec - 0,35 eV energiya sathiga mos keluvchi chuqur markazlar mavjudligini koórsatdi. 

Ushbu energetik sath taqiqlangan zonaning oórtasiga yaqin joylashgan boólib, ularning 

rekombinatsiya jarayonlarida faol ishtirok etishi ehtimolini oshiradi. n-Si<Ge> tuzilmalarida esa 
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å 202-208 K harorat oraligóida kuzatilgan ů å 3,7 Ĭ 10 ĭ  smĮ tutish kesimiga ega Ec - 0,33 eV 

energetik sath aniqlanib, bu sath ham chuqur markazlar toifasiga kirishi koórsatildi [4]. Bunday 

markazlarning mavjudligi tashuvchilar umrining qisqarishiga hamda noideal rekombinatsiya 

jarayonlarining kuchayishiga olib keladi. Olingan natijalarga koóra, qalay (Sn) atomlarining 

diffuziyasi natijasida n-Si asosida nisbatan tezroq elektrostatik profil shakllanadi, yaôni 

kambagóallanish qatlamining torligi va ichki elektr maydonning yuqori gradiyenti kuzatiladi. 

Biroq, bunday strukturada taqiqlangan zona oórtasiga yaqin joylashgan ~0,35 eV chuqur 

markazlarning hosil boólishi qayd etilib, ular ShockleyïReadïHall (SRH) mexanizmi boóyicha 

rekombinatsiya jarayonlarini faollashtirishi mumkin. Germaniy (Ge) atomlarining diffuziyasi esa 

donorlarning faollashuv darajasi nisbatan past boólishi, shuningdek, ~0,33 eV chuqur 

markazlarning mavjudligi tufayli SRH mexanizmi orqali rekombinatsiya yoóqotishlarining 

kuchayishiga olib kelishi aniqlandi [5]. Natijada, Ge bilan legirlangan tuzilmalarda zaryad tashish 

samaradorligi pasayishi hamda volt amper  xususiyatlari kuchayishi ehtimoli ortadi. Maôlumki, 

kremniy zamonaviy mikro- va optoelektronika sanoatining asosiy materiali hisoblanadi. Biroq 

uning çtozaè holatdagi xossalari, xususan, bevosita boólmagan zonalararo oótish, nisbatan past 

tashuvchi harakatchanligi hamda tashish jarayonlarining murakkab mexanizmlari tezkorlik, 

spektral qamrov va energiya samaradorligi boóyicha ortib borayotgan talablarni har doim ham 

toóliq qondira olmaydi [6]. Shu sababli, kremniy xossalarini muhandislik yoóli bilan 

boshqarishning muqobil usullari, jumladan, izovalent legirlash yondashuvlariga boólgan qiziqish 

ortib bormoqda. Klassik legirlashda donor va akseptor kirishmalari orqali tashuvchilar 

konsentratsiyasi va solishtirma qarshilik boshqarilgan boólsa, IV-guruh elementlari (C, Ge, Sn, Pb) 

bilan izovalent legirlash texnologik va funksional nuqtayi nazardan tobora katta amaliy ahamiyat 

kasb etmoqda. Ushbu elementlar kremniyga izoelektron boólib, kristall panjara tugunlarini 

almashtirgan holda, birinchi yaqinlashuvda taqiqlangan zonada aniq donor yoki akseptor sathlarini 

hosil qilmaydi. Biroq ular zonali strukturani, elastik-deformatsiya holatini, lokal mexanik 

zoóriqishlarni hamda kremniyda mavjud nuqsonlar podsistemasini nozik tarzda qayta sozlaydi. 

Mazkur taôsirlar natijasida kremniy asosida çkuchlanishlar injeneriyasiè (strain engineering) va 

«qotishma injeneriyasi» (alloy engineering) konsepsiyalarini amalga oshirish imkoniyati yuzaga 

keladi. Jumladan, Si/SiGe, SiïSn, SiGeSn kabi koóp komponentli tizimlar hosil qilish orqali 

zonalararo energetik tafovutni boshqarish, tashuvchilar harakatchanligini oshirish, optik yutilish 

spektrini kengaytirish hamda qurilmalarning funksional samaradorligini oshirish mumkin [7]. Shu 

jihatdan, izovalent legirlash kremniy texnologiyasining keyingi rivojlanish bosqichida muhim 

ilmiy va amaliy yoónalish sifatida qaralmoqda. 
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QUYOSH ELEMENTI FOTOELEKTRIK QUVVATIGA YORUGôLIK 

INTENSIVLIGINING TAôSIRI 

 

M.A. Alinazarova1, H.A. Mamajanova2 

1Namangan viloyati PMM, Aniq va tabiiy fanlar metodikasi kafedrasi mudiri, dotsent 
2Namangan davlat texnika universiteti tayanch doktoranti 

 

Bugungi kunda dunyo miqyosida, xususan, Oᾶzbekistonda qayta tiklanuvchi energiya 

manbalaridan samarali foydalanish strategik ahamiyat kasb etmoqda. Anôanaviy yoqilgói 

resurslarining cheklanganligi, ekologik muammolarning kuchayishi hamda energiya isteômolining 

ortib borishi quyosh energetikasini rivojlantirishni dolzarb masalaga aylantirmoqda. Quyosh 

elementlari asosida ishlovchi fotoelektrik tizimlar ekologik toza va barqaror energiya manbai 

sifatida keng qoóllanilmoqda. 

Quyosh elementining chiqish quvvati bevosita yorugólik intensivligiga bogóliq boólib, 

atmosferadagi oózgarishlar, kunning turli vaqtlari, mavsumiy omillar hamda changlanish darajasi 

kabi tashqi taôsirlar natijasida intensivlik doimiy ravishda oózgarib turadi. Shu sababli fotoelektrik 

quvvatning yorugólik intensivligiga bogóliqligini modellashtirish va matematik jihatdan hisoblash 

quyosh panellarining real ish sharoitidagi samaradorligini aniqlash uchun muhimdir. 

Mazkur mavzuning dolzarbligi shundaki, modellashtirish orqali quyosh elementining volt-

amper xarakteristikasini, maksimal quvvat nuqtasini va foydali ish koeffitsientini turli yorugólik 

sharoitlarida oldindan prognoz qilish imkoniyati yaratiladi. Bu esa energiya tizimlarini 

loyihalashda, optimal ish rejimini tanlashda hamda avtomatik boshqaruv tizimlarini ishlab 

chiqishda ilmiy-amaliy asos boólib xizmat qiladi. 

Shuningdek, zamonaviy raqamli va hisoblash texnologiyalaridan foydalanib fizik 

jarayonlarni modellashtirish taôlim va ilmiy tadqiqot jarayonida ham katta ahamiyatga ega. 

Shuning uchun quyosh elementi fotoelektrik quvvatiga yorugólik intensivligining taôsirini 

modellashtirish orqali hisoblash mavzusi ilmiy, amaliy va energetik nuqtai nazardan dolzarb 

hisoblanadi. 

Ushbu ishda quyosh elementining fotoelektrik quvvatiga yorugólik intensivligining taôsiri 

nazariy va amaliy jihatdan modellashtirish asosida tahlil qilindi. Tadqiqot jarayonida 

yarimoótkazgichli pïn oótishli quyosh elementi modeli asosida yorugólik intensivligining ortishi 

natijasida hosil boóladigan fototok, diod noideallik faktori va maksimal quvvat nuqtasining 

oózgarishi aniqlandi.  

Yarimoótkazgichli QElarining harakteristikalarini va asosiy fotoelektrik parametrlarini 

modellashtirish turli dasturiy mahsulotlar yoki interfaol raqamli platformalardan foydalaniladi. 

Masalan ñPVLighthousò tizimi turli materiallar (Si, Poly-Si, a-Si, Ge, GaAs va h.k.) asosida hosil 

qilingan p-n-oótishli QElarining fotoelektrik harakteristikalarini olishga imkon beradi [1]. Uning 

yordamida QEning alohida elementlarining fizik parametrlarini (legirlash darajasi, kirishma turi), 

konstruksion elementlar (baza, emitter, izotip qatlam, sirtiy optic qatlam, metal elektrod kabi) 
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geometric parametrlarini (qalinlik, kenglik kabi) va boshqa (material turi) parametrlarini 

oózgartirib, QElarining spectral (optic) harakteristikalarini va VAHni hisoblash hamda natijalarni 

jadvallar yoki grafiklar koórinishida olish mumkin.  

ñSentaurus TCADò dasturiy tizimidan foydalanib, yuqoridagidek imkoniyatlarni yanada 

kengaytirish mumkin [2]. Jumladan bu tizimda 4 turdagi zaryad koóchish, 3 turdagi 

rekombinatshiya mexanizmlarini, hamda rekombinatsiya jarayonida issiqlik ajralishini eôtiborga 

olib, QEning barcha harakteristikalarini va asosiy fotoelektrik parametrlarini hisoblash mumkin. 

Bu tizim [3] asbob-texnologik modellashtirish usuli boólib, uning yordamida virtual tajribalar 

oótkazish mumkin. Tizimning 14ta kutubhonasiga kiritʰlgan maôlumotlar bazasidagi har qanday 

ifodalar va raqamli maôlumotlardan avtomat tarzda foydalanish koózda tutilgan.  

Fotovoltaikada keng qoóllanilishi mumkin boólgan modellashtirish usuli sifatida ñPythonò 

dasturiy tizimini koórish mumkin [4]. Bu dastur juda yuqori darajali dasturlash imkoniyatlarini 

beradi. Shuning uchun undan turli jarayonlarni avtomatlashtirishda, yangi saytlar yaratishda, 

maôlumotlarni visuallashtirishda keng foydalaniladi. ñPythonò dasturiy tizimi turli xil aniq 

obôektlarga qaratilib, kodlarni tizimlashtirishga va yengil oóqilishiga, jarayonlarni nisbatan oson 

tushunilishiga olib keladi. Kodlarni yozib ishga tushirishda hatoliklarni oson va tez topishga va 

uni bartaraf qilishga imkoniyat kengroqdir. Bunday dasturiy tizimning koóplab kutubhona turidagi 

instrumentlari va xizmat paketlari mavjud. Alohida vizuallashtirish, grafik va diagrammalar 

qurish, maôlumotlar bazasi yaratish, tezkor prototiplar ishlab chiqarish kabi imkoniyatlari bu 

dasturning qoóllash sohasini kengaytirib bormoqda.  

Quyosh elementining chiqish xususiyatlarining diod noideallik faktori va yorugôlik 

intensivligiga bogôliq oózgarish jarayonini Python dasturlash tili yordamida modellashtirish 

amalga oshirildi. Buning uchun quyosh elementning ñSinton Instrument Suns-Vocò qurilmasida 

olingan boshlangôich parametrlaridan foydalanildi.  

Maôlumki, real quyosh elementining VAX tenglamasi 
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koórinishga ega, bu yerda k=1.38Ö10-23 J/K - Boltsman doimiysi, T=300 K, q=1,6Ö10-19 Kl, 

n - noideallik koeffitsiyenti, IL - fototok, Is - toóyinish toki, Rs - ketma-ket qarshilik, Rp - parallel 

qarshilik. 

ñPythonò dasturi imkoniyatlaridan foydalangan holda Quyosh elementi ishlab chiqargan 

fotoelektrik quvvatiga  yorugôlik intensivligining bogôlanishi aniqlandi. Xususan, nurlanish 

intensivligining va diod noideallik faktorining oózgarishini QE tomonidan ishlab chiqilayotgan 

fotoelektrik energiya quvvatiga taôsiri modellashtirish orqali hisoblandi. Natijalar 1 - rasmdagi 

grafik shaklida ifodalandi.  
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1 - rasm. Quyosh elementi ishlab chiqqan fotoelektrik quvvatining yoritish 

intensivligi va noideallik koeffitsiyentiga bogôlanish grafigi. 

1 - rasmdagi 3 oólchamli grafikdan koórishimiz mumkinki, yorugôlik intensivligining va diod 

noideallik faktorining ortishi bilan QE tomonidan ishlab chiqilayotgan maksimal quvvat kamayib 

boradi.  

Xulosa qilib shuni aytishimiz mumkinki, Maksimal quvvatning nur intensivligiga bogôliqligi 

diod noideallik faktoriga nisbatan keskinroqdir. Yuqori nur intensivligida diod noideallik faktori 

ham chiqish quvvatiga kuchliroq taôsir etadi.  

Olingan natijalar quyosh panellarini samarali ishlatish, ularning optimal ish rejimini tanlash 

hamda energetik koórsatkichlarini prognozlashda muhim ahamiyat kasb etadi. 

Mazkur tadqiqot qayta tiklanuvchi energiya manbalaridan foydalanish samaradorligini 

oshirishga, xususan, fotoelektrik tizimlarning nazariy asoslarini tahlil qilishga xizmat qiladi. 
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ʈɸʄɸʅ-ʉʇɽʂʊʈʆʉʂʆʇʀʗ ʄʆʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʆɻʆ ʂʈɽʄʅʀʗ p-ʊʀʇɸ 

ʇʆʉʃɽ ɼʀʌʌʋɿʀʀ ʉɽʈɽɹʈɸ 

 

ʉ. ɸʙʜʫʨʘʠʤʦʚ 

ʅʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʠ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʧʨʠ 

ʅʘʮʠʦʥʘʣʴʥʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ ʋʟʙʝʢʠʩʪʘʥʘ ʋʟʙʝʢʠʩʪʘʥ, 100057, ʊʘʰʢʝʥʪ,  

ʫʣ. ʗʥʛʠ ɸʣʤʘʟʘʨ, 20 

samaraabduraimov4@gmail.com 

 

ʇʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʳ ʢʨʝʤʥʠʡïʩʝʨʝʙʨʦ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʈʘʤʘʥ-ʩʧʝʢʪʨʦʤʝʪʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ 785 ʥʤ. ʀʟʥʘʯʘʣʴʥʦ 

ʩʧʝʢʪʨʘʣʴʥʦʤʫ ʘʥʘʣʠʟʫ ʙʳʣ ʧʦʜʚʝʨʛʥʫʪ ʭʠʤʠʯʝʩʢʠ ʦʯʠʱʝʥʥʳʡ ʦʙʨʘʟʝʮ ʢʨʝʤʥʠʷ p-ʪʠʧʘ 

(ʩʤ. ʨʠʩʫʥʦʢ 1). 

 
ʈʠʩʫʥʦʢ 1. ʈʘʤʘʥʦʚʩʢʠʡ ʩʧʝʢʪʨ ʠʩʭʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʩ ʧʨʦʚʦʜʠʤʦʩʪʴʶ  

ů = 0.45 ʆʤ ĭÅʩʤ ĭ. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʨʝʤʥʠʝʤ ʠ ʩʝʨʝʙʨʦʤ ʪʘʢʞʝ ʙʳʣ ʧʦʣʫʯʝʥ 

ʈʘʤʘʥʦʚʩʢʠʡ ʩʧʝʢʪʨ ʦʙʨʘʟʮʘ ʢʨʝʤʥʠʷ ʩ ʚʥʝʜʨʸʥʥʳʤ ʩʝʨʝʙʨʦʤ (ʨʠʩʫʥʦʢ 2). ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ. 

 
ʈʠʩʫʥʦʢ 2. ʉʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʘ ʢʨʝʤʥʠʷ p-ʪʠʧʘ ʩ 

ʜʠʬʬʫʟʠʨʦʚʘʥʥʳʤ ʩʝʨʝʙʨʦʤ ʧʦʩʣʝ 2 ʯʘʩʦʚ ʜʠʬʬʫʟʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T = 1373 ʂ. 
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ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʨʘʟʣʠʯʠʡ ʤʝʞʜʫ ʠʩʭʦʜʥʳʤ ʦʙʨʘʟʮʦʤ ʠ ʦʙʨʘʟʮʘʤʠ ʩ ʜʠʬʬʫʟʠʨʦʚʘʥʥʳʤ 

ʩʝʨʝʙʨʦʤ ʠʭ ʩʧʝʢʪʨʳ ʙʳʣʠ ʥʘʣʦʞʝʥʳ ʜʨʫʛ ʥʘ ʜʨʫʛʘ, ʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʫʯʘʩʪʢʠ ʩʧʝʢʪʨʦʚ 

ʫʚʝʣʠʯʝʥʳ (ʨʠʩʫʥʢʠ 3a, 3b, 3c ʠ 3d). 

 
 

ʈʠʩʫʥʦʢ 3a. ʅʘʣʦʞʝʥʠʝ ʧʦʣʥʳʭ 

ʈʘʤʘʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʠʩʭʦʜʥʦʛʦ ʠ ʦʙʨʘʟʮʘ ʩ 

ʜʠʬʬʫʟʠʨʦʚʘʥʥʳʤ ʩʝʨʝʙʨʦʤ. 

ʈʠʩʫʥʦʢ 3b. ʋʚʝʣʠʯʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʜʦ 

400 ʩʤ ĭ. 

  
ʈʠʩʫʥʦʢ 3c. ʋʚʝʣʠʯʝʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʦʪ 400 ʩʤ ĭ ʜʦ 600 ʩʤ ĭ. 

ʈʠʩʫʥʦʢ 3d. ʋʚʝʣʠʯʝʥʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʦʪ 

600 ʩʤ ĭ ʜʦ 1150 ʩʤ ĭ. 

ʕʪʠ ʠʟʤʝʥʝʥʠʷ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʚʥʝʜʨʝʥʠʝ ʩʝʨʝʙʨʘ ʚ ʢʨʝʤʥʠʡ p-ʪʠʧʘ ʧʨʠʚʦʜʠʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʘʤʦʨʬʥʦʡ ʦʙʣʘʩʪʠ ʠ ʩʥʠʞʝʥʠʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʚʦʜʠʤʦʩʪʴ 

ʠʟʤʝʥʠʣʘʩʴ ʩ 0,4 ʜʦ 0,56 ʆʤ ĭÅʩʤ ĭ. ʍʦʪʷ ʫʚʝʣʠʯʝʥʠʝ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʢʨʝʤʥʠʠ ʤʦʞʝʪ 

ʚʳʟʳʚʘʪʴ ʦʧʨʝʜʝʣʸʥʥʳʝ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʵʬʬʝʢʪʳ, ʦʥʦ ʪʘʢʞʝ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʧʨʝʠʤʫʱʝʩʪʚ, 

ʦʩʦʙʝʥʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʦʥʢʨʝʪʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʠ ʫʩʪʨʦʡʩʪʚʘʭ. 

ʅʠʞʝ ʧʨʠʚʝʜʝʥʳ ʥʝʢʦʪʦʨʳʝ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʫʚʝʣʠʯʝʥʥʦʡ ʘʤʦʨʬʥʦʡ 

ʦʙʣʘʩʪʠ: ʅʠʟʢʘʷ ʩʪʦʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɸʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʜʝʰʝʚʣʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ, ʯʝʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ, ʧʦʩʢʦʣʴʢʫ ʥʝ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠʣʠ ʩʣʦʞʥʦʡ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʕʪʘ ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʦʩʦʙʝʥʥʦ ʚʘʞʥʘ ʜʣʷ ʤʘʩʩʦʚʳʭ ʧʨʠʤʝʥʝʥʠʡ, ʪʘʢʠʭ ʢʘʢ 

ʙʘʟʦʚʳʝ ʩʦʣʥʝʯʥʳʝ ʧʘʥʝʣʠ ʠ ʩʝʥʩʦʨʳ [1]. ɻʠʙʢʦʩʪʴ. ɸʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ. ɽʛʦ ʛʠʙʢʘʷ ʧʨʠʨʦʜʘ ʜʝʣʘʝʪ ʝʛʦ ʧʦʜʭʦʜʷʱʠʤ 

ʜʣʷ ʠʟʛʠʙʘʝʤʳʭ ʫʩʪʨʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʛʠʙʢʠʝ ʩʦʣʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʠ ʜʠʩʧʣʝʠ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʞʸʩʪʢʦʛʦ ʠ ʭʨʫʧʢʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ, ʘʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ 

ʢʦʥʩʪʨʫʢʮʠʠ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʬʦʨʤ. ɺʳʩʦʢʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʧʦʛʣʦʱʝʥʠʶ 

ʩʚʝʪʘ. ɸʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʦʙʣʘʜʘʝʪ ʩʠʣʴʥʳʤʠ ʩʚʝʪʦʧʦʛʣʦʱʘʶʱʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, 

ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʵʬʬʝʢʪʠʚʥʳʤ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ. ɺ ʪʦʥʢʦʧʣʸʥʦʯʥʳʭ 

ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʷʭ ʩʦʣʥʝʯʥʳʡ ʩʚʝʪ ʵʬʬʝʢʪʠʚʥʦ ʧʦʛʣʦʱʘʝʪʩʷ ʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʚ 
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ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

ʅʠʟʢʠʝ ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ. ʇʨʦʠʟʚʦʜʩʪʚʦ ʘʤʦʨʬʥʦʛʦ ʢʨʝʤʥʠʷ ʪʨʝʙʫʝʪ ʤʝʥʴʰʝ 

ʵʥʝʨʛʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʢʨʝʤʥʠʝʤ, ʯʪʦ ʚʘʞʥʦ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʳʭ ʪʝʭʥʦʣʦʛʠʡ. ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʩʚʝʪʫ. ɹʣʘʛʦʜʘʨʷ 

ʵʬʬʝʢʪʠʚʥʦʤʫ ʧʦʛʣʦʱʝʥʠʶ ʩʚʝʪʘ ʘʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʬʦʪʦʜʝʪʝʢʪʦʨʘʭ ʠ 

ʬʦʪʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʛʜʝ ʦʥ ʧʦʚʳʰʘʝʪ ʩʚʝʪʦʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠ ʩʢʦʨʦʩʪʴ ʦʪʢʣʠʢʘ. 

ʇʨʦʩʪʦʪʘ ʠ ʰʠʨʦʪʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ɸʤʦʨʬʥʳʡ ʢʨʝʤʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʧʦʚʩʝʜʥʝʚʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʪʘʢʠʭ ʢʘʢ ɾʂ-ʜʠʩʧʣʝʠ, ʙʘʟʦʚʳʝ ʩʦʣʥʝʯʥʳʝ 

ʧʘʥʝʣʠ, ʩʚʝʪʦʜʠʦʜʥʳʝ ʩʠʩʪʝʤʳ ʠ ʜʨʫʛʠʝ ʦʩʚʝʪʠʪʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʙʣʘʛʦʜʘʨʷ ʣʸʛʢʦʩʪʠ ʝʛʦ 

ʠʥʪʝʛʨʘʮʠʠ [2]. ʇʨʦʩʪʦʪʘ ʩʦʟʜʘʥʠʷ ʩʣʦʞʥʳʭ ʩʪʨʫʢʪʫʨ. ɽʛʦ ʤʦʞʥʦ ʣʝʛʢʦ ʥʘʥʦʩʠʪʴ ʤʝʪʦʜʘʤʠ 

ʨʘʩʧʳʣʝʥʠʷ ʠʣʠ ʧʦʢʨʳʪʠʷ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ ʢʨʫʧʥʦʨʘʟʤʝʨʥʳʝ ʩʪʨʫʢʪʫʨʳ. ʍʦʪʷ 

ʝʛʦ ʥʠʟʢʠʡ ʘʪʦʤʥʳʡ ʧʦʨʷʜʦʢ ʦʛʨʘʥʠʯʠʚʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʥʝʢʦʪʦʨʳʭ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʢʨʝʤʥʠʝʤ, ʝʛʦ ʵʢʦʥʦʤʠʯʥʦʩʪʴ, ʛʠʙʢʦʩʪʴ ʠ 

ʵʢʦʣʦʛʠʯʥʦʩʪʴ ʜʝʣʘʶʪ ʝʛʦ ʦʩʦʙʝʥʥʦ ʧʦʜʭʦʜʷʱʠʤ ʜʣʷ ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ, ʛʠʙʢʦʡ 

ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʣʸʛʢʠʭ ʪʝʭʥʦʣʦʛʠʡ. 

ʈʝʟʫʣʴʪʘʪʳ ʈʘʤʘʥ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ: ʈʘʤʘʥ-ʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ ʚʥʝʜʨʝʥʠʝ 

ʘʪʦʤʦʚ ʩʝʨʝʙʨʘ ʚ ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʝʤʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʝʨʝʙʨʦʤ ʧʦʷʚʠʣʠʩʴ 

ʥʦʚʳʝ ʧʠʢʠ, ʫʢʘʟʳʚʘʶʱʠʝ ʥʘ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʢʨʝʤʥʠʡ-ʩʝʨʝʙʨʷʥʦʡ ʢʦʤʧʦʟʠʮʠʠ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʝ ʦʯʠʱʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʝʤʥʠʷ ʠ ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʡ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʩʝʨʝʙʨʦʤ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ: ɺʳʩʦʢʦʦʯʠʱʝʥʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʝʤʥʠʷ ʩʦʟʜʘʸʪ 

ʙʣʘʛʦʧʨʠʷʪʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʘʪʦʤʥʦʡ ʜʠʬʬʫʟʠʠ ʩʝʨʝʙʨʘ; ʈʘʤʘʥ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʦʢʘʟʘʣʘʩʴ 

ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʢʨʝʤʥʠʝʤ ʠ ʩʝʨʝʙʨʦʤ, 

ʧʦʜʪʚʝʨʜʠʚ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ ʬʘʟ. 

ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʷʚʣʷʶʪʩʷ ʟʥʘʯʠʤʳʤʠ ʜʣʷ ʫʛʣʫʙʣʸʥʥʦʛʦ ʧʦʥʠʤʘʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʤʝʞʜʫ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʢʨʝʤʥʠʝʤ ʠ ʤʝʪʘʣʣʘʤʠ ʚ ʦʙʣʘʩʪʠ ʵʣʝʢʪʨʦʥʠʢʠ ʠ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ [3]. 
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Samples subjected to high-temperature pre-annealing exhibit a stable increase in oxygen 

precipitation, which depends on the annealing time and temperature. Measurements of the density 

of oxygen precipitates indicate that oxygen deposition within the wafer is non-uniform, reaching 
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peaks near the surfaces and a minimum in some regions of the sample. High annealing 

temperatures lead to the formation of defects that serve as precursors for the subsequent nucleation 

and growth of oxygen precipitates [6,7]. Previous studies [1] have shown that the suitable 

temperature range for the growth of oxygen precipitates is from 870 to 1100°C, since in this range 

the formation and dissolution of oxygen precipitate nuclei is minimized [2]. 

In this work, we studied the process of enhancing the kinetics of oxygen precipitation due to 

vacancy injection at high temperatures in polished silicon wafers with a resistance in the range of 

ɟ = 10-20 ɋ cm . The initial concentration of interstitial oxygen in the sample was measured using 

a Fourier transform infrared spectrometer and was found to be 7.7Ĭ10ĭ  at cm į. The sample was 

subjected to rapid thermal annealing in an argon atmosphere at temperatures from 850 to 1250°C 

for times from 1 to 45 s, depending on the temperature.  

 

Fig. 1. Dependence of the density of precipitates on the time of heat treatment at  

1250°C for 45 s in an argon atmosphere. 

Cooling rates of about 55°C/s were used. Samples treated by the rapid thermal annealing 

method were subjected to a two-stage treatment consisting of 5 h at 850°C and 18 h at 1150°C in 

an argon atmosphere. The residual oxygen concentration and the oxygen precipitate density were 

measured by etching cleaved cross-sections of the samples with an etching solution. The 

dependence of the percipitated oxygen concentration on the pre-annealing time at different 

temperatures was recorded by counting defects under an optical microscope at 800x magnification 

[3,6,7]. Typical oxygen precipitate density depth profiles for three different annealing times at 

1250°C are shown in Fig. 1. A significant increase in oxygen precipitation was observed with 

increasing heat treatment time. This increase also strongly depends on the relative value of the 

heat treatment temperature. Cross-section etching showed that this increase in oxygen precipitation 

is not uniform throughout the entire thickness of the sample: the precipitation density increases 

throughout the entire thickness of the wafer, and density peaks are observed near each of the 

surfaces. 

The data in Fig. 1 show that short heat treatment times above 1050 °C are extremely effective 

in increasing oxygen precipitation during subsequent treatment at 850/1150 °C. Subsequent 

annealing at 900 °C for 4 hours and at 1100 °C for 16 hours prevents additional crystal nucleation 

and, under normal conditions, has an effect solely on the growth of existing nuclei (Fig. 2). Thus, 

we can state that high-temperature heat treatment creates a new type of defects that can be, at least 

partially, stabilized as oxygen precipitate nuclei during treatment at 850/1150 °C. We will refer to 

these defects as high-temperature nuclei to clearly distinguish them from the nuclei into which 
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they transform, as well as from the nuclei formed at a lower temperature and themselves 

precipitated [4,5,8]. 

 

Fig. 2. Precipitate density distribution profile by depth after heat treatment at 1250°C 

for 45 s in an argon atmosphere. 

Currently, the nature of these defects is not fully understood; there is experimental data 

indicating a correlation with the argon environment during high-temperature processing. It is 

known that many of the observed phenomena of oxygen kinetics in silicon can be described within 

the framework of the classical theory of homogeneous nucleation [1,2] and diffusion-limited 

growth [3,4]. However, recently, numerous heterogeneous effects on oxygen nucleation have been 

observed: high concentrations of dopants, as well as the concentration of carbon or a silicon layer 

on the back side of the wafers, can significantly affect the kinetics of oxygen precipitation. 

Increased oxygen precipitation has also been observed near surfaces with a high density of 

oxidation-induced stacking faults. In all these situations, the role of internal point defects appears 

to be significant. 

Thus, this study experimentally investigated the distribution of oxygen precipitation density 

in silicon wafers subjected to rapid thermal annealing in an argon atmosphere at temperatures 

ranging from 850 to 1250°C. It was determined that the precipitation density increases throughout 

the entire sample thickness, with density peaks observed near each surface and a significant 

increase in oxygen precipitation, unevenly distributed throughout the sample thickness, with 

increasing heat treatment time. 
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Soónggi yillarda aralashmalarning oózaro taôsirini oórganish yarimoótkazgichlardagi chuqur 

markazlar fizikasining eng muhim muammolaridan biri hisoblanadi. Kremniyning taqiqlangan 

zonasida chuqur energetik holatlarni hosil qiluvchi aralashmalarning oózaro taôsiri 

yarimoótkazgichning elektr va fotoelektrik xossalarining sezilarli darajada oózgarishiga, turli 

klasterlar va ikkinchi faza ajratmalari shakllanishiga olib kelishi mumkin [1]. 

Yarimoótkazgichli materiallar, xususan, kremniy tarkibidagi chuqur sathlarni (CHS) 

oórganish zamonaviy mikroelektronikaning dolzarb masalalaridan biridir. Chuqur sathlarning 

asosiy parametrlari - ionlanish energiyasi (Ὁ) va tutish kesimi („) hisoblanib, ularni aniqlashda 

Arrenius grafigi usuli eng ishonchli yechim hisoblanadi [2]. 

Arrenius tenglamasi DLTS (Deep Level Transient Spectroscopy) uchun   

                                          Ὡ ‎ὝÅØÐ 
Ў

 
                               (1) 

-  kB bolsman doimiysi; 

- en emmissiya tezligi;  

- ‎     materialga xos doimiy koeffitsiyent; 

- ЎE aktivlanish energiyasi (oótkazuvchanlik zonasi tubiga nisbatan chuqurligi); 

- T2 bu yerda kvant-mexanik hisoblar tufayli qoóshimcha harorat koeffitsienti mavjud. 

Yuqoridagi (1) ï formulani logarifimlasak formula quyidagicha boóladi.  

ὰὲ ὰὲὃ 
Ў

 
                     (2) 

Bunda y ordinata oóqiga ὰὲ  ni, x absissa oóqiga  deb olsak Toógóri chiziq hosil boóladi. 

Bu grafik arrenius grafigi deyiladi. Eksperiment davomida olingan natijalar asosida ln(ὩȾὝ)ning 

1000/T ga bogóliqlik grafigi chiziladi (1-chizma). Hosil boólgan toógóri chiziqning qiyaligi 

(tangens burchagi) toógóridan-toógóri nuqsonning ionlanish energiyasini (Ea) beradi. 1- chizma 

misolida ñEksperimental Arrenius grafiklariò keltirilgan. Arrenius grafigida ordinata oóqi (Y) 

sifatida -lg(—)ning tanlanishi bejiz emas. Bu fizik jarayonning chuqur sathlarga (tuzoqlarga) 

bogóliqligini koórsatadi. Yarimoótkazgichlarda — - bu erkin tashuvchilar konsentratsiyasining 

tuzoqlarda tutilgan tashuvchilar konsentratsiyasiga nisbatini ifodalovchi parametrdir.  

Yaôni:                       —                                                                 (3) 

Harorat koótarilishi bilan tuzoqlardagi elektronlar termik energiya hisobiga ozod elektronga 

aylanadi.  

—  koeffitsienti haroratga eksponentsial bogóliq, 

                               — ὅ Ὡὼὴ 
Ў

                                                  (4) 
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1-chizma. Yarimoótkazgichdagi chuqur sathlarning emissiya koeffitsientining 

haroratga bogóliqligi. 

Yuqoridagi nazariy hisoblarimizni hisobga olish uchun 1-chizmada tajriba grafiklaridan 

koórish mumkin. 1 - chizmada yarimoótkazgichdagi chuqur sathlarning emissiya koeffitsientining 

haroratga bogóliqligi koórsatilgan. Grafikda ikki xil boólmagan tuzoqlar uchun Arrenius bogóliqligi 

uchun A va B markazlari mavjud ular A chiziqi (koók) va B chizigói (qizil). Ushbu grafikdagi 

chiziqning ogóish burchagi (qiyaligi) bizga chuqur sathning energiyasini (Et) beradi. Chiziq 

qanchalik tik boólsa, sath shunchalik chuqur boóladi. 

A chiziqi (koók): Bu sathning aktivlanish energiyasi Ea = Ec-0.23 eVga teng. Bu sath 

nisbatan ñsayozò boólib, oótkazuvchanlik zonasiga yaqin. 

B chizigói (qizil): Bu sath uchun aktivlanish energiya yuqoriroqda -Ea = Ec-0.39 eVga 

tengligini koórishimiz mumkun [3]. 

Tajriba natijalarining Arrenius grafigidagi tahlili shuni koórsatadiki, oórganilayotgan 

namunalarda ikki xil chuqur sath mavjud. Grafikning qiyaligi boóyicha hisoblangan ionlanish 

energiyalari Ec - 0.23 eV va Ec - 0.39 eV ga teng. Toógóri chiziqlarning chiziqlilik darajasi 

yuqoriligi ushbu markazlarning termik aktivlanish xarakteriga ega ekanligini va Arrenius 

qonuniyatiga toóliq boóysunishini isbotlaydi [3].  

Yuqoridagi chizmadan koórinadiki Arrenius garfigi taqiqlangan zonadagi chuqur sathlarning 

joylashuvi, nuqsonning tabiati, rekombinatsion markazni va namuna tipini (p,n) aniqlashda 

yordam beradi. 
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Solar energy is increasingly becoming an important renewable and environmentally friendly 

source of energy in modern energy systems. Factors such as environmental pollution, global 

warming, and the depletion of traditional fuel resources are increasing the need for sustainable 

technologies in energy production. From this perspective, photovoltaic technologies have great 

potential to ensure energy security, reduce carbon footprints, and increase economic efficiency. 

[1]. 

However, the actual efficiency of solar panels depends on a number of external factors, 

among which dust accumulation on the surface is noted as one of the most serious problems. 

According to scientific sources, the layer of dust on the surface of the panels acts as an optical 

barrier, significantly reducing the amount of light reaching the photovoltaic elements. This, in turn, 

leads to a decrease in the useful work coefficient in photovoltaic plants [2].  

Studies have shown that dust accumulation can reduce the output power of a panel by 5-30% 

within a few days, and this figure is likely to be even higher for panels that have not been cleaned 

for a long time. Especially in regions with dry and windy climates, the level of dust accumulation 

increases sharply, further reinforcing the need for regular maintenance of photovoltaic 

installations. Therefore, monitoring, detecting and developing effective cleaning methods for dust 

accumulation on the surface of solar panels is one of the most relevant scientific and technical 

directions in the field of photovoltaics. In this regard, the possibility of assessing the efficiency of 

panels in real time is expanding through the use of optoelectronic methods, spectral analysis 

methods and automated monitoring systems. 

A single-wave two-channel optoelectronic device was developed to control dust 

accumulation on the surface of solar panels. Its operation is based on the comparison of optical 

radiation intensities passing through a transparent glass placed next to the panel and an open space..  

The photoelectric module is an optoelectronic device designed to detect dust on the surface 

(Fig. 1), which includes a generator 1, two infrared emitting diodes (LED1, LED2) and 

photodiodes (FD1, FD2), comparators 2 and 3, a photoelectric signal processing unit 4, an 

indicator 5 and a transparent glass 6. 

During the research, the proposed single-wavelength, two-channel optoelectronic device for 

detecting dust accumulation on the surface of solar panels was tested in laboratory and natural 

lighting conditions. The measurements were carried out by comparing the radiation flux passing 

through transparent glass and the reference radiation intensities received directly in the open air. 

The experimental results showed that the difference between the signals received from the 

photodiodes increases with the formation of a dust layer on the glass surface. In cases where the 

amount of dust is small, the values of the signals of both channels are close to each other, and the 

difference is kept to a minimum. As a result of the increase in the dust layer on the surface, the 

radiation intensity recorded by the photodiode under the transparent glass decreases significantly. 
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Figure 1. Block diagram of the optoelectronic device for detecting dust on the 

photovoltaic module surface. 

 According to the measurement results, it was observed that the relative difference between 

the photoelectric signals increases proportionally with the increase in the level of dust on the 

surface. This confirms that the device is capable of accurately and stably recording dust 

accumulation. The results obtained show that the proposed optoelectronic method is effective in 

monitoring dust on the surface of solar panels. The proposed two-channel optoelectronic method 

is a convenient and reliable solution for real-time monitoring of dust accumulation on the surface 

of solar panels. The main advantage of the method is the ability to reduce the influence of external 

lighting changes by comparing the radiation transmitted through transparent glass with the 

reference radiation flux in the open space. 

Compared to traditional methods, the proposed device allows to achieve high accuracy based 

on relatively simple elements, without requiring complex spectral analysis equipment. Also, the 

use of infrared light-emitting diodes increases the stability to external influences and ensures 

repeatability of measurements. The important point is that this optoelectronic method is maximally 

approximated to the constructive glass surface of solar panels, and the measurement results 

correspond to practical operating conditions. This allows for timely planning of cleaning work, 

reducing operating costs and increasing the overall energy efficiency of photovoltaic systems. At 

the same time, in the future, it is possible to further expand the possibilities of integrating the 

device with automatic cleaning systems. 

 Based on the principle of comparison of radiation intensities measured through transparent 

glass and in open space, the proposed device made it possible to record the dust level in a reliable 

and stable manner. The obtained results confirmed that the device has high accuracy in practical 

operating conditions and is an effective solution for increasing the efficiency of solar panels and 

organizing cleaning processes in a timely manner.. 
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Ushbu ishda suyuq fazali epitaksiya usuli bilan olingan (Si2)1-x(GaP)x epitaksial 

plyonkalarida solishtirma elektr oótkazuvchanlikning temperaturaga bogóliqligi tadqiq qilindi. 

Tajriba Van der Pauw [1] metodi orqali HMS 7000 Hall effect measurments system qurilmasida 

80 K dan 750 K gacha boólgan itervalda olib borildi (1-a) rasm). Namunaga omik kontakt material 

sifatida Ag va kontaktni mexanik taôsirlardan himoya qilish uchun Ni ishlatildi. Yarimoótkazgich 

materiallarda elektr oótkazuvchanlikning temperaturaga bogóliqligi zaryad tashuvchilarning 

konsentratsiyasi va ularning harakatchanligi bilan belgilanadi. Shu sababli temperaturaning 

oózgarishi materialdagi zaryad tashish mexanizmlariga sezilarli taôsir koórsatadi. Xususan 

yarimoótkazgichlarda elektr oótkazuvchanlikning temperaturaga bogôliqligidan 

oótkazuvchanlikning aktivlanish energiyasini aniqlash mumkin [2]. Tajriba natijalari elektr 

oótkazuvchanlikning temperaturaga bogóliqligi keng 71emperature intervalida aktivatsion 

xarakterga ega ekanligini koórsatdi. Aktivatsion mexanizm yaqinlashuvida elektr oótkazuvchanlik 

quyidagi eksponensial bogólanish bilan ifodalanadi 

„ „ÅØÐ Ὁ ὯὝϳ                                                             (1) 

bu yerda ů  ï temperaturaga chiziqli bogóliq boólmagan koeffitsient, Ea ï aktivlanish 

energiyasi, k ï Boltsman doimiysi, T ï 71emper 71emperature. 
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1-rasm. (Si2)1-x(GaP)x namunasi solishtirma elektr oótkazuvchanligini haroratga 

bogóliqligi a) ï logarifimik va 1000/T oóqlarda, b) ï grafikning chiziqli 

ekstrapolyasiyalangan qismi. 

Elektr oótkazuvchanlikning aktivlanish energiyasini aniqlash uchun Arrenius 

koordinatalarida ů = f(1/T) funksiya grafigi yasaladi (1-b) rasm). Grafikning chiziqli qismi elektr 

oótkazuvchanlik bitta asosiy aktivatsion mexanizm bilan aniqlanadigan  temperatura intervaliga 

mos keladi. Mazkur chiziqli qismning qiyaligidan aktivlanish energiyasi hisoblab topildi. 

Hisoblash natijalariga koóra epitaksial qatlam uchun aktivlanish energiyasi Ea å 32 meV ga teng 

ekanligi aniqlandi. Ushbu qiymat donor aralashma markazlarining ionlanish energiyasiga mos 

keladi. Bu holat tadqiq etilayotgan plyonkada elektron tipdagi oótkazuvchanlik mavjudligini 

koórsatadi. Past temperaturalar sohasida donor markazlarining bir qismi ionlashmagan holatda 
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boólib, bunda zaryad tashuvchilar konsentratsiyasi kichik qiymatga ega boóladi. Temperatura 

ortishi bilan donor atomlari asta-sekin ionlashadi va erkin elektronlar konsentratsiyasi ortadi, 

natijada elektr oótkazuvchanlik ham ortadi. Shunday qilib, olingan natijalar (Si2)1-x(GaP)x 

epitaksial plyonkalarida elektr oótkazuvchanlikning temperaturaga bogóliqligi donor 

markazlarning termik ionlanishi bilan belgilanishini koórsatadi. Aniqlangan aktivlanish energiyasi 

materialdagi asosiy donor sathining energetik chuqurligini tavsiflaydi va yarimoótkazgichning past 

hamda oórta temperatura sohalaridagi elektr xossalarini tushuntirishga imkon beradi. 
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 Hozirgi kunda sunôiy yoritish sharoitida oósimliklarni yetishtirish zamonaviy agrar va 

biotexnologik rivojlanishning muhim yoónalishlaridan biri hisoblanadi. Ushbu yoónalish koóplab 

mamlakatlarda haydaladigan yer maydonlarining kamayib borishi va iqlim omillarining oózgarishi 

sharoitida oziq-ovqat xavfsizligini taôminlash hamda barqaror qishloq xoójaligi mahsulotlarini 

ishlab chiqarishini yoólga qoóyishning strategik vositasi sifatida qaralmoqda [1]. 

 Himoyalangan yer sharoitida oósimliklarni yetishtirish samaradorligini belgilab beruvchi 

eng muhim parametrlardan biri yoritish tizimi hisoblanadi. Yorugólik nafaqat fotosintez uchun 

asosiy energiya manbai, balki oósimliklarning morfogenezi, biokimyoviy jarayonlari va 

mahsuldorligini boshqaruvchi muhim omil hisoblanadi. Soónggi oón yilliklarda LED 

texnologiyalarining jadal rivojlanishi kuzatilmoqda. Bu esa anôanaviy yoritish manbalari 

(choógólanma lampalar, natriy va lyuminessent lampalar)dan energiya tejamkor, nurlanish 

spektrini boshqarish imkoniyatiga ega boólgan tizimlarga oótishga olib keldi. Yangi avlod 

svetodiodli fitonurlantirgichlar fotosintetik faol radiatsiya diapazonida (400ï700 nm) spektrni aniq 

shakllantirish imkonini beradi va bu fotosintez, oósimliklarning vegetativ oósishi hamda gullashi 

uchun optimal sharoitlarni taôminlaydi [2]. 

Oózbekiston Respublikasi sharoitida issiqxonalar qishloq xoójaligining ustuvor va jadal 

rivojlanayotgan tarmoqlaridan biri hisoblanadi. Tarmoq statistikasi maôlumotlariga koóra, 

mamlakatdagi issiqxonalarning umumiy maydoni taxminan 6,5 ming gektarni tashkil etadi. 

Ularning taxminan 1,1 ming gektari (17 %) gidroponika qurilmalariga, 4,9 ming gektari (83 %) 

esa tuproq substratiga asoslangan issiqxonalarga toógóri keladi. Bu koórsatkichlar tarmoqning 

yuqori intensivlikda rivojlanayotganini koórsatadi va mikroiqlimni boshqarish hamda sunôiy 

yoritish tizimlari bilan integratsiyalashgan energiya tejamkor komplekslarini ishlab chiqish 

zarurligini tasdiqlaydi [3]. 
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Shu sababli, qayta tiklanuvchi energiya manbalaridan foydalanish bilan birga issiqxonalarda 

yoritish parametrlarini takomillashtirish Oózbekistonda agroinjenerlik texnologiyalarini 

rivojlantirishning ustuvor yoónalishlaridan biri hisoblanadi. 

Ishlab chiqilgan fitonurlantirgich pomidorlarni fotosintetik yoritish uchun moóljallangan. 

Qurilma konstruksiyasi korpusdan (1) iborat boólib, uning ichida turli spektral diapazonda 

nurlanuvchi yorugólik diodlar majmuasi joylashtirilgan. Bu nurlanish 410-800 nm diapazonida 

uzluksiz spektrni shakllantirib, fotosintetik faol radiatsiya sohasiga mos keladi. 

Fitonurlatgich tarkibiga quyidagilar kiradi: 

¶ koók yorugólik diodlar (2) - nurlanish toólqin uzunligi 410ï500 nm; 

¶ qizil yorugólik diodlar (3) - 600-650 nm diapazonda; 

¶ chuqur qizil yorugólik diodlar (4) ï 650-700 nm diapazonda; 

¶ uzoq qizil yorugólik diodlar (5) ï 700-800 nm diapazonda; 

¶ lyuminoforli koók yorugólik diodlar (6) - qayta nurlanish maksimumi spektrning 

yashil sohasida (500-600 nm). Qurilmaning elektr taôminoti quyosh fotoelektr moduli (7) orqali 

zaryad kontrolleri (8) va akkumulyator batareyasi (9) yordamida amalga oshiriladi. Bu esa 

markazlashgan elektr taôminoti mavjud boólmagan sharoitlarda tizimning avtonom va mavsumiy 

barqaror ishlashini taôminlaydi. Ekspluatatsiya jarayonida parametrlarni barqarorlashtirish uchun 

yorugólik diod drayveri (10) qoóllaniladi. U doimiy harorat rejimida ishlab, yoritish 

parametrlarining uzoq muddat barqarorligini taôminlaydi. 

Mikrokontroller (11) oósimliklarning oósish va rivojlanish bosqichiga qarab har bir spektral 

guruh yorugólik diodlarining nurlanish intensivligini ±2 % aniqlikda boshqaradi. 

1-rasmda yorugólik diodli fitonurlantirgichning blok-sxemasi keltirilgan. 

 
1. Yorugólik diodli fitonurlantirgichning blok -sxemasi 

 Oótkazilgan tadqiqotlar natijasida issiqxona sharoitida oósimliklarni samarali yoritish 

uchun moóljallangan energiya tejamkor yorugólik diodli fitonurlantirgich ishlab chiqildi. Taklif 

etilgan qurilma fotosintetik faol radiatsiya diapazonida (410ï800 nm) nurlanishni taôminlovchi 

koóp spektrli yorugólik diodlar majmuasidan tashkil topgan boólib, oósimliklarning fotosintez 

jarayonini faollashtirish, vegetativ oósishini tezlashtirish va mahsuldorligini oshirishga xizmat 

qiladi. Qurilmada koók, qizil, chuqur qizil va uzoq qizil diapazondagi svetodiodlarning birgalikda 

qoóllanilishi oósimliklarning biologik ehtiyojlariga mos spektral tarkibni shakllantirish imkonini 
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beradi. Tizimning quyosh fotoelektr moduli, zaryad kontrolleri va akkumulyator batareyasi orqali 

taôminlanishi uni avtonom va energiya tejamkor holda ishlashini taôminlaydi.  

Shu tariqa, ishlab chiqilgan fitonurlantirgich issiqxona oósimlikchiligida sunôiy yoritishning 

energiya tejamkor, boshqariladigan va yuqori samarali tizimini yaratish imkonini beradi hamda 

Oózbekiston sharoitida zamonaviy agroinjenerlik texnologiyalarini rivojlantirishga xizmat qiladi. 
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This study considered  numerical modeling study of a field-effect transistor (FET) with an 

array of quantum dots (QDs) forming a channel. Utilizing the Coulomb blockade effect and the 

density of states in the QD array, we investigate how quantum dot size distribution affects the 

current-voltage characteristics. Simulations show how the accuracy of distribution is improved by 

increasing the number of particles in an array and how it affects device characteristics. This model 

can be used in the development of future nanoelectronic devices. 

Field-effect transistors (FETs) with quantum dot channels have attracted significant attention 

due to their potential applications in nanoelectronics. Quantum dots (QDs) are nanoscale 

semiconductor particles with discrete energy levels. QDs have the ability to exhibit quantized 

transport effects and Coulomb blockade when placed in an array between source and drain 

electrodes. These effects have a significant impact on the characteristics of the device. 

This study focuses on modeling the transport properties of a FET with a QD array channel. 

The main objective is to understand how QD size distribution affects the current-voltage (IïV) 

characteristics and electron occupation numbers, providing insights for future device optimization. 

We consider a series of quantum dots placed between electrodes without interactions among them. 

The size distribution of the dots is the primary factor affecting transport. The distance between 

electrodes is fixed, so the effective barrier width ύ depends on the QD size ὥ: 

ύ
Ὠ ὥ

ς
ȟ ‌ Ὢύ (delta-barrier parameter) 

The size distribution can be modeled using a Gaussian (normal) distribution: 
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The density of states for a quantum dot with broadening ‎ is: 
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The Fermi functions at source (Ὢ) and drain (Ὢ) are: 
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The tunneling current through the QD array is given by: 

Ὅὠ
Ὡ

ς†
Ὀ Ὁ ὟױὪὉ ὪὉ  ὨὉױ

Here, † ‎Ⱦςᴐ and Ὗ includes Coulomb interaction: 

Ὗ
ρ

ς
Ὡὠ Ὗɝὔȟ ɝὔ ὔ ὔ  

The calculation algorithm involves the following steps: 

1. Compute Ὗ and ὔ  for a given QD radius Ὑ: 

Ὗ
πȢσ

Ὑ
 eVĿnmȟ ὔ ὈὉὪὉὨὉ 

2. Apply voltage ὠ and solve for ɝὔ using Newtonôs method: 

Ὃὼȡ ὼ ὔ
ρ

ς
Ὀ Ὁ

ρ

ς
Ὡὠ Ὗὼ ὪὉ ὪὉ ὨὉ π 

3. Iterative scheme: 

ὼ ὼ
Ὃὼ

ЋὋ
Ћὼ
ὼ

 

4. Stop when ȿὼ ὼȿ ρπ or maximum iterations reached. 

 

 

 

 

 

 

 

 

 

Figure 1:Quantum dot size distribution, ╝  particles. 
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Figure 2:Quantum dot size distribution, ╝  particles. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3:IïV characteristics for QD array FET with different ╪ values. 

 

Figures 1 and 2 show the size distribution for ὔparticlesυππ and ὔparticlesυππππ. 

Increasing the number of particles improves the symmetry and accuracy of the distribution, 

illustrating the law of large numbers. 

Figures 1 and 2 demonstrate the statistical behavior of the quantum dot (QD) size 

distribution for two different ensemble sizes. For ὔ υππ, noticeable fluctuations appear in the 

histogram, indicating insufficient statistical averaging. There is a possibility that such deviations 

may lead to unintended anomalies in the calculated density of states and transport characteristics. 

Meanwhile, the profile obtained for ὔ υππππ represents a smooth Gaussian-like shape, 

indicating that we are approaching the expected theoretical distribution. This result emphasizes 

the importance of having large ensemble sizes for reliable numerical modeling of QD arrays. The 

electrical transport characteristics shown in Fig. 3 clearly reveal the influence of the average QD 

size ὥ on device performance. As ὥ increases from 3.5 nm to 5 nm, the drain current increases 

significantly.  

In this work, a theoretical model describing the density of states in a quantum dot array was 

developed by incorporating realistic size distribution and level broadening effects. The proposed 

method makes it possible to accurately model the electronic transport characteristics of QD-based 

field-effect transistors.The numerical findings show that increasing the number of particles 

significantly improves the statistical accuracy of the size distribution, which leads to more precise 

transport simulations. The calculated IïV characteristics reveal a strong dependence of device 

performance on the average quantum dot size. An increase in ὥ reduces quantum confinement 

energy and Coulomb blockade effects, thereby enhancing carrier transport through the QD array. 
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Toshkent, Oôzbekiston. 

 

Jahonda yarimoótkazgichlar fizikasi sohasida olimlar sanoat hamkorlari bilan birgalikda 

litiy -ion batareyalari uchun yangi turdagi anodlarni ishlab chiqishga qaratilgan tadqiqotlarni keng 

doirada oótkazmoqdalar [1]. 

Xususan,  Baden-Vyurtemberg Quyosh energiyasi va vodorod texnologiyalari markazi 

(ZSW) olimlari FACILE loyihasining sanoat hamkorlari bilan birgalikda litiy-ion batareyalari 

uchun yangi turdagi anodlarni ishlab chiqdilar. Asosiy góoya - anóanaviy grafitni zaryaddan bir 

necha barobar koóproq saqlashga qodir boólgan kremniy tolalar va notoóqima tuzilmalar bilan 

almashtirish. 

Grafit zamonaviy Li-ion akkumulyatorlari uchun standart boólib qolmoqda (1-rasm), ammo 

cheklangan xususiy sigóimga ega - taxminan 370 mAÖsoat/g. Olimlar nazariy jihatdan 1000 

mAÖsoat/g va undan yuqori boólgan kremniy tolali anodlardan foydalanishni taklif qilmoqdalar. 

 
1-Rasm. L itiy -ionli batareyaning tuzilishi  

 

Kremniy anodlar uchun uzoq vaqtdan beri istiqbolli material hisoblangan, ammo zaryadlash 

paytida uning hajmli kengayishi strukturaning buzilishiga olib kelgan. 

Hozirgi kunda jaxon miqyosida jadal rivojlanayotgan energiya tejamkor materiallarni 

olishga qaratilgan soxada góovakli yarimoótkazgichlar va yarimoótkazgichli birikmalarni litiy-ionli 

batareyalarning (ularni yuqori bashorat kilinayotgan quvvat koórsatkichlariga (3600-4140 
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mAÖsoat/gacha) ega bulishligi mumkinligini inobatga olib) anodlari uchun material sifatida 

koóllashga qaratilgan faol tadqiqotlar olib borilmoqda. Góovakli yarimoótkazgichli materiallarni 

olishning istiqbolli usullaridan biri bu gidroflorik kislotaning suvli eritmalariga asoslangan 

elektrolitlar tarkibida monokristalli yarimoótkazgich plastinalargp anodli elektrokimyoviy ishlov 

berish texnologiyasi. Hozirgacha asosiy material sifatida monokristalli kremniy qoóllanilmoqda. 

Ushbu loyihada mavjud sanoat akkumulyatorlarining quvvatini oshirish va ñzaryad-razryadò 

siklini 1000 ga yetkazish maqsadida mualliflar monokristalli kremniydan tashqari litiy-ionli 

batareyalar anodi sifatida foydalanishi mumkin boólgan istiqbolli turli xil fazali góovakli 

kremniyga asoslangan materiallardan foydalanishni rejalashtirishmoqda. 

Góovakli kremniy, turli fazalarga ega kremniy qotishmalarining qatlamlarini olish uchun 

elektrokimyoviy hujayra ishlab chiqilishi zarur. Olinadigan góovakli materiallarni litiy-ionli 

batareyalarda mavjud boólgan grafit anodini oórniga anod materiallari sifatida istiqbolli qoóllash 

imkoniyatini tekshirishga oid izlanishlarni olib borish istiqbolli yoónalishlardan biri hisoblanadi. 

Buning natijasida materialning solishtirma hajmining moslashuvchan kengayishi va tiklanishi 

tufayli batareyaning ñzaryad-razryadò siklini 1000 gacha oshirishga erishish mumkin boôladi. 

Adabiyotlar : 

1. ʂʫʣʦʚʘ ʊ. ʃ., ʉʢʫʥʜʠʥ ɸ. ʄ. ʕʣʝʢʪʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷʪʦʨʦʚ 

ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ // ʕʣʝʢʪʨʦʭʠʤʠʷ. 2012. ʊ. 48, ˉ 3. ʉ. 362368. 
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QUYOSH ELEMENTLARI  UCHUN KREMNIY  ASOSIDAGI OKSID 

GETEROTUZILMALARINING  ELEKTR  XUSUSIYATLARINI  TAQQOSLASH  

 

Sh.X. Daliev, F.A. Saparov 

M. Ulugóbek nomidagi OózMU huzuridagi Yarim oótkazgichlar fizikasi va 

mikroelektronika ilmiy-tadqiqot instituti, Oózbekiston, 100057, Toshkent,  

Yangi Olmazor koóchasi, 20 

e-mail: sfa@inbox.ru  

 

Quyosh elementlari texnologiyasida oksid qatlamlari muhim funksional rol oóynaydi. Ular 

yarim oótkazgich yuzasini passivatsiya qilish, elektr transport jarayonlarini barqarorlashtirish 

hamda optik xususiyatlarni yaxshilash orqali qurilmaning umumiy samaradorligiga taôsir 

koórsatadi. Shu sababli kremniy asosidagi geterotuzilmalarda turli oksid qatlamlarining fizik va 

elektr xususiyatlarini taqqoslab oórganish muhim ilmiy ahamiyatga ega. Metall bilan legirlangan 

Kremniydan farqli ravishda, ZnAlO va CdO oksid plyonkalari magnetron purkash usuli bilan 

taglik qizdirilmasdan choóktirilganda asosan yaxlit plyonka hosil boólish mexanizmi boóyicha 

shakllanadi. Sirt diffuziyasining pastligi, bogólanishlarning ion xarakteri hamda amorf SiO  ostki 

qatlamining mavjudligi nanoklasterlar yoki yoónaltirilgan nanostrukturalar hosil boólishini 

cheklaydi. pïSi/SiO /ZnAlO tuzilmasida SiO  qatlami kremniy va yuqori oksid qatlami oórtasida 

bufer vazifasini bajaradi va epitaksial moslashuvni kamaytiradi.  

 

1-rasm. Qorongóu sharoitdagi IïV (yarim logarifmik) xarakteristika va aniqlangan 

samarali idealilik koeffitsienti n 

Tokïkuchlanish (IïU) xarakteristikalarining tahlili pïSi/SiO /ZnAlO va pïSi/SiO /CdO 

geterotuzilmalari oórtasida sezilarli farqlar mavjudligini koórsatadi. Grafik natijalariga koóra, CdO 

qatlamli tuzilmalarda tok qiymatlari yuqoriroq boólib, tokning kuchlanishga bogóliqligi I ~ UŴ 

qonuniyatiga yaqin va n å 16.4 ga teng. ZnAlO qatlamida esa bu koórsatkich n å 8.8 boólib, tokning 

oósishi nisbatan sustroq ekanligi kuzatiladi. Bundan tashqari, elektr xarakteristikalarning tahlili 

shuni koórsatadiki, pïSi/SiO /ZnAlO tuzilmasi elektr jihatdan maôlum darajada metallïdielektrikï

yarim oótkazgich (MDYa) strukturasiga oóxshash xatti-harakatni namoyon qiladi. Bunda SiO  
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qatlami dielektrik rolini bajarib, zaryad tashuvchilar transportini cheklaydi va tokning 

kuchlanishga bogóliqligi nisbatan sust oósish bilan xarakterlanadi. Fotovoltayk qurilmalarda esa 

samarali ishlash uchun zaryad tashuvchilarning erkin transporti va yuqori elektr oótkazuvchanlik 

talab qilinadi. 

1-jadval 

ZnAlO va CdO oksid qatlamlarining elektr va fotoelektrik parametrlarini taqqoslash 

Parametr ZnAlO  CdO 

Toógóri siljishda tok Pastroq Yuqoriroq 

Teskari siljishda sizib chiqish toki Yuqoriroq Pastroq 

Fotojavob (Light ï Dark) Oórtacha Kuchliroq ifodalangan 

VAX (Volt -amper xarakteristika) 

simmetriyasi 

Yomonroq Yaxshiroq 

U > 2 V da I(U) ning tikligi Kichikroq Kattaroq 

Grafik tahlilidan koórinib turibdiki, ZnAlO qatlamli tuzilmalarda tok qiymatlarining pastligi 

va transport jarayonlarining cheklanganligi ushbu materialning fotovoltayk qurilmalarda faol 

qatlam sifatida qoóllanishini maôlum darajada cheklaydi. Shunday qilib, oótkazilgan taqqoslama 

tahlil CdO asosidagi oksid qatlamlari elektr transport xususiyatlari jihatidan samaraliroq ekanligini 

koórsatadi. Olingan natijalar kremniy asosidagi oksid geterotuzilmalarini optimallashtirish hamda 

quyosh elementlari texnologiyasida mos materiallarni tanlash uchun muhim ilmiy asos boólib 

xizmat qilishi mumkin. 

 

KREMNIY ASOSLI QUYOSH ELEMENTLARINING ELEKTROFIZIK 

XOSSALARIGA KIRISHMA ATOMLAR KLASTERLARINING TAôSIRI 

 

Q.A. Ismaylov, Z.T. Kenjayev, J.O. Jalgóasov  

Berdaq nomidagi Qoraqalpoq davlat universiteti 

 

Ushbu tezisda kremniy (Si) asosli quyosh elementlarida samaradorlikni belgilovchi asosiy 

elektrofizik koórsatkichlar ð zaryad tashuvchilar konsentratsiyasi (n, p), harakatchanlik (ɛ), hayot 

davomiyligi (Ű) hamda rekombinatsiya markazlarining energetik spektri ð kirishma atomlar 

(xususan, Ni) klasterlari bilan bogóliq mexanizmlar asosida tahlil qilinadi. Ni atomlarining 

diffuziyasi, termik ishlov berish va nurlanish omillari taôsirida Si panjarasida klasterlashuv 

jarayonlari kompensatsiyalanish darajasi, getterlash, rekombinatsiya kanallariga olib kelishi 

koórsatib beriladi. 

Kremniy fotoelementlarida foydali ish koeffitsiyentini cheklovchi asosiy omillar ichida 

materialning elektrofizik sifati (Ű, ɛ, n/p, rekombinatsiya spektri) hal qiluvchi oórin tutadi [1-3]. 

Ayniqsa, yuqori samarali arxitekturalar (TOPCon/HJT/back-contact) kontakt va sirt 

rekombinatsiyasini keskin pasaytirgani sababli, hajmiy nuqsonlar, chuqur sathlar va klasterlarning 

taôsiri yanada sezilarli boólib bormoqda. ITRPV va sanoat tahlillarida p-type PERCôdan n-type 

texnologiyalarga oótish kuchaygani qayd etiladi, bu esa n-type plastina sifati, gettering va defekt 

injiniringiga talabni oshiradi.  

2. Elektrofizik parametrlarni belgilovchi fundamental omillar 

Quyosh elementlarining elektr parametrlarini (Voc, Jsc, FF) materialning quyidagi uch 

ñichkiò koórsatkichi boshqaradi [1]: 

(i) Zaryad tashuvchilar konsentratsiyasi (n, p) ð legirlash va kompensatsiyalanish natijasi. 
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Kuchli kompensatsiya holatida Fermi sathi siljiydi, elektr neytrallik sharoitlari oózgaradi va chuqur 

sathlar zaryad holatlari rekombinatsiya tezligiga bevosita taôsir qiladi. 

(ii) Harakatchanlik (ɛ) ð fonon sochilishi bilan birga, aralashma atomlari, dislokatsiyalar 

va donachalar chegaralari (polikristall Siôda) hisobiga kamayadi. Bu ketma-ket qarshilik 

komponentlarini va tok yoóqotishlarini oshiradi. 

(iii) Hayot davomiyligi (Ű) ð ShockleyïReadïHall (SRH) rekombinatsiyasi asosan chuqur 

sathlar (kirishmalar, komplekslar, klaster-atrofi defektlari) bilan belgilanadi; Ű pasayishi Voc va 

Jscôni cheklaydi. 

Harorat omili ham Eg va rekombinatsiya parametrlarini oózgartiradi; Gulyamov va 

hammualliflar kremniy oótkazuvchanligining haroratga bogóliq xatti-harakatlari orqali energetik 

taqsimlanish haqida xulosalar berishni koórsatadi.  

3. Ni kirishma atomlari klasterlarining taôsiri  

Ni kremniyda tez diffuziyalanuvchi kirishma boólib, u yakka holatda ham, kompleks/klaster 

holatida ham chuqur energetik sathlarni shakllantirishi mumkin [4-8]. Muhim jihat shundaki, 

Niôning maôlum termodinamik sharoitlarda oóz-oózidan yigóilishi kuzatiladi; klasterlarning 

oólchami va konsentratsiyasi diffuziya harorati hamda sovitish tezligiga bogóliqligi IR-

spektroskopiya asosida koórsatilgan.  

Klasterlashuv ikki xil ñqarama-qarshiò natija berishi mumkin: 

1. Getterlash effekti: klaster/komplekslar zararli rekombinatsion kirishmalarni ñtortib olishò 

va ularni elektr faol boólmagan holatga oótkazish orqali Ű ni oshiradi. Mualliflar [4,5] Ni bilan 

legirlashdan soóng kremniyli quyosh elementlarida fotoelektrik koórsatkichlarning yaxshilanishini, 

umumiy samaradorlikning oshishini koórsatgan.  

2. Chuqur rekombinatsion markazlar: agar klasterlar zichligi va energetik spektri SRH 

rekombinatsiyasini kuchaysa, Ű pasayadi va Voc cheklanadi. Shu sababli ñklaster parametrlarini 

boshqarishò (TIB rejimi, sovitish tezligi, kislorod/uglerod bilan oózaro taôsir) asosiy ilmiy vazifaga 

aylanadi. 

Ilmiy tadqiqotlarda [6-8] bilan legirlangan kremniyda termik ishlovning elektr 

oótkazuvchanlikka sezilarli taôsirini koórsatib, termik ishlov berish jarayonida holatlarning qayta 

taqsimlanishi (qattiq eritmaning parchalanishi, komplekslanish) elektrofizik parametrlarni 

oózgartirishini taôkidlaydi.  

Bunday jarayonlarda materialning kompensatsiyalanishi ortishi mumkin: solishtirma 

qarshilikning oósishi, ñyarim izolyatoròga yaqin holat, impuls rejimdagi barqarorlikka taôsir 

qiluvchi mexanizmlar yuzaga chiqadi. Kompensatsiyalangan tizimlarda past haroratlarda hopping 

conduction (chuqur sathlar orasida zaryad tashuvchining sakrab oótishi) ustunlashishi ehtimoli 

yuqori boólib, bu hodisa elektrofizik diagnostikada (ů(T), IïV nolinearligi) alohida belgilar beradi. 

Ni legirlangan kremniyda ɔ-nurlanish rekombinatsion xossalarga qanday taôsir qilishini 

oórganish radiatsion defektlar va Ni bilan bogóliq komplekslar oózaro raqobatini tushunishga 

xizmat qiladi. Mualliflar [7,8] tizimida rekombinatsion/fotoelektrik xossalarning nurlanishga 

bogóliq oózgarishilarni aniqlashgan.  

Mazkur yoónalish amaliy jihatdan ham muhim: PV tizimlar odatda kuchli radiatsiya 

muhitida ishlamasa-da, ñdefekt injiniringò nuqtai nazaridan nurlanish sinovlari rekombinatsiya 

spektrini aniqlash va klasterlarning stabilizatsiya rolini baholash uchun qulay usuldir. 

Ni diffuziyasi orqali kremniy quyosh elementlari samaradorlikni 20-25% oshirishga olib 

kelishi koórsatilgan [4-6]. Ni kirishma atomlari klasterlari shakillanish mexanizmlari va fizik 

asoslari ochib berilgan. Shuningdek, Ni klasterlari tuzilishi va migratsiyasi boóyicha alohida ilmiy 

ishlar mavjud boólib, unda klaster parametrlarini termodinamik sharoitlar orqali boshqarish 
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mumkinligi muhokama qilinadi.  

Xulosa 

1. Kremniyda kirishma atomlar klasterlari (xususan Ni) elektrofizik xossalarga ikkiyoqlama taôsir 

koórsatadi: maôlum sharoitda gettering orqali Ű ni oshirishi, boshqa sharoitda esa chuqur 

rekombinatsiya markazlarini kuchaytirishi mumkin.  

2. Termik ishlov va sovitish rejimi klasterlashuvning asosiy boshqaruv parametrlari boólib, 

kompensatsiyalanish darajasi, ɟ(T) va rekombinatsiya spektrini aniqlaydi.  

3. Yuqori samarali n-type arxitekturalar (TOPCon/HJT/back-contact)ga oótish fonida 

klaster/defektlarni nazorat qilish materialshunoslik darajasidagi eng muhim vazifalardan biri 

boólib qoladi.  

4. IR/FTIR, DLTS, PL xaritalash kabi metodlar klasterlarning energetik ñiziniò aniqlash va 

texnologik rejimlarni optimallashtirishda asosiy diagnostika vositalari sifatida qoóllanadi.  
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ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʣʫʯʝʚʦʡ ʩʪʦʡʢʦʩʪʠ ʟʘʧʠʩʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ 
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ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʦʚ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ 

ʨʘʩʰʠʨʠʪʴ ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ ʤʦʱʥʦʩʪʝʡ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚ ʀʂ-ʩʠʩʪʝʤʘʭ. 

ɹʨʵʛʛʦʚʩʢʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ, ʭʘʣʴʢʦʛʝʥʠʜʥʳʝ ʩʪʝʢʣʦʦʙʨʘʟʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, 

As2Se3, ʫʛʣʦʚʦʝ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʝ, ʜʠʥʘʤʠʯʝʩʢʠʡ ʜʠʘʧʘʟʦʥ, ʣʫʯʝʚʘʷ ʩʪʦʡʢʦʩʪʴ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʟʘʜʘʯʠ ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʪʨʝʙʫʶʪ ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢʪʠʚʥʳʭ ʠ 

ʤʘʣʦʛʘʙʘʨʠʪʥʳʭ ʩʨʝʜ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʣʘʟʝʨʥʳʭ ʧʫʯʢʦʚ. ʍʘʣʴʢʦʛʝʥʠʜʥʳʝ ʩʪʝʢʣʦʦʙʨʘʟʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ 

(ʍʉʇ), ʚ ʯʘʩʪʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʝ As2Se3, ʧʨʝʜʩʪʘʚʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʙʣʘʛʦʜʘʨʷ 

ʘʥʦʤʘʣʴʥʦ ʚʳʩʦʢʦʤʫ ʧʦʢʘʟʘʪʝʣʶ ʧʨʝʣʦʤʣʝʥʠʷ (nå2.8), ʧʨʦʟʨʘʯʥʦʩʪʠ ʚ ʰʠʨʦʢʦʤ ʀʂ-

ʜʠʘʧʘʟʦʥʝ ʠ ʚʳʨʘʞʝʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʬʦʪʦʩʪʨʫʢʪʫʨʥʳʤ ʧʨʝʚʨʘʱʝʥʠʷʤ [4]. ʄʝʪʦʜ 

ʫʛʣʦʚʦʛʦ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʷ ʚ ʜʘʥʥʳʭ ʩʨʝʜʘʭ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ 

ʤʥʦʛʦʢʘʥʘʣʴʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʥʘ ʝʜʠʥʦʡ ʧʣʝʥʦʯʥʦʡ ʧʦʜʣʦʞʢʝ. 

ɿʘʧʠʩʴ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʨʝʰʝʪʦʢ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʫʪʝʤ 

ʧʨʝʮʠʟʠʦʥʥʦʛʦ ʚʘʨʴʠʨʦʚʘʥʠʷ ʫʛʣʘ ʧʘʜʝʥʠʷ ʦʧʦʨʥʦʛʦ ʧʫʯʢʘ q. ʉʦʛʣʘʩʥʦ ʪʝʦʨʠʠ ʩʚʷʟʘʥʥʳʭ 

ʚʦʣʥ ʂʦʛʝʣʴʥʠʢʘ [1], ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ɖ ʜʣʷ ʦʙʲʝʤʥʦʡ ʬʘʟʦʚʦʡ ʨʝʰʝʪʢʠ ʚ 

ʧʨʦʭʦʜʷʱʝʤ ʩʚʝʪʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

– ÓÉÎ
pDὲὨ

‗ÃÏÓ—
 

ʛʜʝ ȹn ð ʘʤʧʣʠʪʫʜʘ ʤʦʜʫʣʷʮʠʠ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ, d ð ʪʦʣʱʠʥʘ 

ʬʦʪʦʨʝʬʨʘʢʪʠʚʥʦʛʦ ʩʣʦʷ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʣʝʥʦʢ As2Se3 (då5 ʤʢʤ) ʧʨʠ ʩʯʠʪʳʚʘʥʠʠ ʥʘ 

ɚ=633 ʥʤ ʧʦʜʪʚʝʨʜʠʣʠ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʫʛʣʦʚʦʛʦ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʪʢʣʠʢʘ ʪʠʧʘ sinc2. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ ʩʨʝʜʳ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʝʘʣʠʟʘʮʠʶ ʨʝʞʠʤʘ 

ɹʨʵʛʛʘ ʜʘʞʝ ʚ ʤʠʢʨʦʥʥʳʭ ʩʣʦʷʭ. ʐʠʨʠʥʘ ɹʨʵʛʛʦʚʩʢʦʛʦ ʧʠʢʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ ʩʦʩʪʘʚʠʣʘ 

FWHMå1.5Á, ʯʪʦ ʦʙʦʩʥʦʚʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʣʦʪʥʦʡ ʤʫʣʴʪʠʧʣʝʢʩʥʦʡ ʟʘʧʠʩʠ ʩ ʰʘʛʦʤ 2Á 

ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʫʨʦʚʥʝ ʧʝʨʝʢʨʝʩʪʥʳʭ ʧʦʤʝʭ. 

ɼʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ N ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʭ ʢʘʥʘʣʦʚ ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʠʘʧʘʟʦʥʘ (M-number) [3] ʧʨʠʤʝʥʝʥ ʘʣʛʦʨʠʪʤ ʨʝʢʫʨʩʠʚʥʦʛʦ 

ʨʘʩʯʝʪʘ ʚʨʝʤʝʥʠ ʵʢʩʧʦʟʠʮʠʠ tk:  

ὸ
†

Ὧ #
 

ʛʜʝ Ű ð ʭʘʨʘʢʪʝʨʥʦʝ ʚʨʝʤʷ ʨʝʣʘʢʩʘʮʠʠ ʬʦʪʦʦʪʢʣʠʢʘ, k ð ʥʦʤʝʨ ʵʢʩʧʦʟʠʮʠʠ. ʕʪʦ 

ʧʦʟʚʦʣʠʣʦ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʜʝʛʨʘʜʘʮʠʶ ʨʘʥʝʝ ʟʘʧʠʩʘʥʥʳʭ ʨʝʰʝʪʦʢ ʚ ʧʨʦʮʝʩʩʝ 

ʧʦʩʣʝʜʫʶʱʠʭ ʵʢʩʧʦʟʠʮʠʦʥʥʳʭ ʮʠʢʣʦʚ. 

ɸʥʘʣʠʟ ʫʩʪʦʡʯʠʚʦʩʪʠ ʛʦʣʦʛʨʘʤʤ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʠʥʪʝʥʩʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʨʦʛ ʠʭ ʪʝʨʤʠʯʝʩʢʦʡ ʜʝʛʨʘʜʘʮʠʠ ʣʠʤʠʪʠʨʦʚʘʥ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʪʝʢʣʦʚʘʥʠʷ 

ʤʘʪʝʨʠʘʣʘ (Tgå180ÁC). ʇʨʠ ʧʣʦʪʥʦʩʪʷʭ ʤʦʱʥʦʩʪʠ ʩʚʳʰʝ 50 ɺʪ/ʩʤĮ ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ 

ʦʧʪʠʯʝʩʢʦʛʦ ʦʪʞʠʛʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʤʝʪʘʩʪʘʙʠʣʴʥʦʩʪʴʶ ʘʤʦʨʬʥʦʡ ʩʝʪʢʠ ʍʉʇ [2]. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʤʝʪʦʜ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʮʠʠ (T=100° 

C) ʦʙʝʩʧʝʯʠʣ ʨʝʣʘʢʩʘʮʠʶ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʩʪʨʫʢʪʫʨʳ. ʕʪʦ ʧʨʠʚʝʣʦ ʢ ʨʦʩʪʫ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʨʝʩʫʨʩʘ ʛʦʣʦʛʨʘʤʤ ʥʘ 40% ʠ ʧʦʚʳʰʝʥʠʶ ʧʦʨʦʛʘ ʦʧʪʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʜʦ 100 ɺʪ/ʩʤĮ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʨʝʞʠʤʳ ʫʛʣʦʚʦʛʦ ʤʫʣʴʪʠʧʣʝʢʩʠʨʦʚʘʥʠʷ ʚ ʧʣʝʥʢʘʭ As2Se3 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʦʟʜʘʥʠʝ ʩʝʣʝʢʪʠʚʥʳʭ ʦʧʪʠʯʝʩʢʠʭ ʬʠʣʴʪʨʦʚ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ 

ʤʦʜʫʣʷʪʦʨʦʚ ʩ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ. ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʵʬʬʝʢʪʳ ʪʝʨʤʦ-

ʦʧʪʠʯʝʩʢʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʦʪʢʨʳʚʘʶʪ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʳʭ ʩʨʝʜ ʚ ʢʘʯʝʩʪʚʝ 
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ʥʘʜʝʞʥʳʭ ʬʦʪʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʩʠʩʪʝʤ ʘʜʘʧʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʣʘʟʝʨʥʳʤ 

ʠʟʣʫʯʝʥʠʝʤ ʠ ʛʦʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ. 
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QUYOSH ELEMENTLARI SAMARADORLIGINI OSHIRISHNING YANGI 

USULLARI: STRUKTURAVIY OPTIMALLASHTIRISH YONDASHUVI  

 

Q.A. Ismaylov, Z.T. Kenjayev, X.X. Bauetdinova  

Qoraqalpoq davlat universiteti 

 

Ushbu tezisda quyosh elementlari samaradorligini oshirishning aynan strukturaviy 

optimallashtirish yoónalishidagi eng yangi texnologik yechimlari tahlil qilinadi. Asosiy eôtibor 

kristalli kremniy (c-Si) fotoelementlarida rekombinatsiya yoóqotishlarini kamaytirish, kontakt 

yoóqotishlarini pasaytirish va optik yutilishni oshirishga qaratilgan: passivatsiyalangan kontaktlar 

(TOPCon), kremniy geterooótishli (SHJ/HJT), orqa kontaktli arxitekturalar (IBC/HBC) hamda 

perovskitïkremniy tandem tuzilmalari. Ilmiy manbalardagi tasdiqlangan rekord koórsatkichlar va 

sanoat trendlariga tayangan holda, yaqin istiqbolda yuqori samaradorlikka olib keluvchi 

yoónalishlar asoslab beriladi. 

Kremniy quyosh elementlarida Foydali ish koeffitsientini (FIK) cheklovchi omillar ichida 

strukturaviy nuqtai nazardan eng muhimlari [1-4]: 

¶ sirt va hajmiy rekombinatsiya (zaryad tashuvchilar ñyoóqolishiò), 

¶ kontakt rekombinatsiyasi va kontakt qarshiligi (Rs), 

¶ parazitik optik yutilish (ayniqsa kontakt qatlamlari va metallizatsiyada), 

¶ yorugólikni tutib qolish darajasining yetarli emasligi. 

Soónggi 3ï5 yildagi texnologik sakrashlar aynan shu yoóqotishlarni ñkontakt darajasida 

passivatsiyaò va ñarxitekturaò orqali kamaytirishga qaratildi. Sanoat road-mapôlarida ham p-type 

PERCdan n-type platformalarga oótish asosiy trend sifatida koórsatilmoqda.  

TOPCon konsepsiyasi ñklassik metallïkremniy kontaktiòni ultra-yupqa SiO  tunnel oksid + 

doplangan poli-Si qatlamlari bilan almashtirib, bir vaqtning oózida: 

¶ sirt rekombinatsiyasini kamaytiradi (yaxshi passivatsiya), 

¶ kontakt selektivligini oshiradi (elektron/kovakni ajratish), 

¶ metall kontakt ostidagi yoóqotishlarni pasaytiradi. 

TOPCon texnologiyali panellar samaradorligi 25.6% darajasiga [2] yetganini takidlash 

joyiz. Shuningdek, sanoat yoónalishida TOPCon jarayonlari (jumladan LECO kabi kontakt 

optimallashtirish yondashuvlari) ulushi tez oósishi prognoz qilinadi.  

Ammo, TOPCon samaradorligi koópincha ñpoli-Si qalinligiò, ñparazitik yutilishò va 
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ñmetallizatsiya bilan moslashuvò bilan cheklanadi. Shu sababli poli-Si qatlam qalinligini 

optimallashtirish ham alohida tadqiqot yoónalishiga aylangan.  

HJT texnologiyasi c-Si plastinasi yuzasida amorf kremniy (a-Si:H) passivatsiya qatlamlari 

va shaffof oótkazuvchi oksidlar (TCO) yordamida juda past rekombinatsiyaga erishadi. Bu 

arxitektura ayniqsa yuqori Voc (ochiq zanjir kuchlanishi) bilan ajralib turadi. Maôlumot uchun  

n-type HBC (orqa kontaktli geterooótishli) kremniy elementida 27.3% rekord qayd etgan [2] ð bu 

sof kremniy texnologiyalari uchun juda yuqori natijadir.  

Amaliy tomondan HJTning muhim muammolaridan biri ð metallizatsiya va interkonekt 

(ayniqsa Ag sarfi) boólib, soónggi yillarda ñkam-kumushò va ñmisga oótishò tadqiqotlari kuchaydi.  

IBC (Interdigitated Back Contact) va HBC (heterojunction back contact) konsepsiyalarining 

asosiy góoyasi ð old (yorugólik kiradigan) yuzada metall panjarani minimal qilish yoki butunlay 

olib tashlash. Buning natijasida: 

¶ soyalanish yoóqotishlari kamayadi, 

¶ optik yutilish ortadi, 

¶ old yuzani passivatsiya qilish osonlashadi. 

Olimlar [3,4] orqa kontaktli yondashuvlar modul darajasida ham yuqori natijalarga olib 

kelayotganini koórsatadi (masalan, IBC modul samaradorligi boóyicha +27% yuqori koórsatkichlar 

bergan).  

Yuqori samaradorlik texnologiyalari (TOPCon, HJT, BC) sanoatlashtirilganda asosiy 

cheklovlardan biri ð metallizatsiya narxi va barqarorligi. Shu sababli ilmiy-amaliy yoónalishda 

[5-7]: 

¶ Ag pastalarini optimallashtirish, 

¶ Ag miqdorini kamaytirish, 

¶ Cu (mis) asosida metallizatsiya/elektroplating kabi yechimlar jadallashdi. 

Masalan, TOPConôda Agôni qisqartirish va Cu metallizatsiya strategiyalariga bagóishlangan 

ilmiy ishlar koópaymoqda [6]. Bundan tashqari, mis kontaktli mini-modullarning qarish sinovlari 

boóyicha ham sanoat miqyosida natijalar bor. Metallizatsiya boóyicha bir qator xulosalarda ham 

ekranli bosma usul hanuz ustunligi saqlanayotgan boólsa-da, Cu ulushi ortib borayotgani 

taôkidlanadi [6,7].  

Bir-birini ñtoóldiruvchiò spektral yutilishga ega boólgan ikki qatlamni ketma-ket ulash 

(tandem) nazariy chegarani oshiradi. Shu yoónalishda perovskitïSi tandem soónggi yillarda eng 

tez oósayotgan platforma boólib, tasdiqlangan rekordlar (+33%) ham mavjud. Xususan, 1 sm² 

maydonda 2-terminal perovskit/kremniy tandem uchun 34.85% samaradorlikka erishilgan [3]. Bu 

natija strukturaviy optimallashtirishning (yaôni faqat sovitish/tozalash emas) ñyangi avlodiò 

sifatida qaraladi. 

Xulosa 

Strukturaviy optimallashtirish boóyicha soónggi texnologik trendlar quyidagi ketma-ketlikda 

umumlashtiriladi: 

1. n-type platformalar (kam degradatsiya va yuqori potensial)ga oótish,  

2. Rekombinatsiyani keskin kamaytiruvchi passivatsiyalangan kontaktlar (TOPCon) va HJT/SHJ 

yechimlarini kengaytirish,  

3. Optik yoóqotishlarni kamaytiruvchi orqa kontaktli (BC) arxitekturalarning ulushini oshirish,  

4. Texnologiyani arzonlashtiruvchi va barqarorlashtiruvchi Cu metallizatsiya yoónalishlari,  

uzoq muddatli istiqbolda esa samaradorlik sakrashini beruvchi perovskitïkremniy tandem 

strukturalar. 

Foydalanilgan adabiyotlar: 
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Introduction: The Mach-Zehnder interferometer is used to detect changes in the phase shift 

between two collimated beams separated from a light source. The operating principle of the 

interferometer is based on measuring the phase shifts between two beams caused by changes in 

the sample or the optical path length. This optical device is named after Ludwig Mach (son of 

Ernst Mach) and Ludwig Zehnder. In 1891, Zehnder described this interferometer, and based on 

his proposal, Mach developed the optical device in 1892. 

The Mach-Zehnder interferometer is a modern variant of interferometric methods and plays 

a significant role in magneto-optics. It can be used as a magnetic sensor to detect magnetic fields. 

Magneto-optics is a scientific field that studies the influence of magnetic fields on optical 

properties, with one of its key principles being the Faraday effect. This effect is related to the 

refractive index and transmission coefficients of a material. It is crucial for magneto-optical 

research and technologies, such as the development of sensors and lasers [1]. 

This article analyzes the application of Mach-Zehnder interferometry in magneto-optics, 

highlighting its advantages and practical significance. 
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Figure 1. Schematic of the Mach-Zehnder Interferometer 

In Figure 1, P1 represents the projection screen, S is the laser source, M1 and M2 are plane mirrors, 

P1 and P2 are polarizers, EM is electromagnetic field while D1and D2 are beam-splitting prisms. 

Application of the Mach-Zehnder Interferometer in Magneto-Optics 

The Mach-Zehnder interferometer is widely used in magneto-optics. This interferometric 

method enables highly accurate measurement of changes in magnetic fields. With the help of 

Mach-Zehnder interferometry, the following magneto-optical phenomena can be studied: 

Faraday Effect: This interferometer allows detecting and measuring the influence of 

magnetic fields on light waves, which is particularly useful for analyzing optical materials and 

structures [2]. Depending on the strength and direction of the magnetic field, the optical response 

of materials (such as the polarization angle) changes. The Faraday effect is employed to study 

magneto-optical properties in nanostructures, such as quantum dots, nanotubes, and other 

nanomaterials. 

Additionally, by modifying the Faraday geometry within the interferometer, it is also 

possible to investigate the Kerr Effect. 

Advantages of Mach-Zehnder Interferometry 

Due to its structural features and operational principles, the Mach-Zehnder interferometer 

differs from other interferometers. This interferometer utilizes two primary optical elements: a 

beam splitter and a beam combiner. The application of the Mach-Zehnder interferometer in 

magneto-optics offers several advantages: 

Sensitivity: One of the most significant advantages of the Mach-Zehnder interferometer is 

its ability to detect extremely weak magnetic fields. This interferometer can measure magnetic 

fields as low as 10 nT (nanotesla). Compared to other interferometric systems, this level of 

sensitivity is approximately 10 times higher [3]. Thus, the ability to observe and measure small 

magnetic field variations makes this method highly valuable for magneto-optical research [4]. 

Precision: The results obtained using Mach-Zehnder interferometry have very high accuracy, 

with measurement repeatability less than 0.1%. This high precision minimizes unexpected errors 

in measurements and ensures the reliability of results in scientific experiments [5]. Therefore, this 

interferometric method is widely used in delicate research fields, such as the study of micro- and 

nanomagnetism. 

High Efficiency: Mach-Zehnder interferometry demonstrates high efficiency in analyzing 

optical changes. This interferometer, for instance, can perform 1,000 measurements within 1.5 

milliseconds. Such speed and efficiency allow real-time monitoring in laboratory settings, 

facilitating fast and effective measurements in practical research [6]. This capability is particularly 

useful for dynamically studying magnetic fields. 

Conclusion 

Due to its multi-directional, symmetrical, and precisely controllable design, the Mach-

Zehnder interferometer stands out from other interferometers, such as Michelson, Fabry-Perot, and 

Jamin interferometers. The benefits of this interferometer are closely linked to its extensive 

applications in optical systems and quantum technologies, as it enables precise interference 

measurements and provides high sensitivity in controlling optical properties. 

In particular, magnetic sensors based on the Mach-Zehnder interferometer allow studying 

the Faraday effect, the Kerr effect, and other magneto-optical phenomena in ferromagnets, 

semiconductors, and nanocomposites. This enables the investigation of interactions between 

magnetic and optical properties, the dynamics of electronic and magnetic moments, and the 

emergence of new effects in nanostructures. 
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Thus, the Mach-Zehnder interferometer plays a crucial role in magneto-optics and various 

branches of physics, significantly contributing to the study of ferromagnetic nanostructures, 

materials science, and the advancement of new technologies. 
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Ag2S is a semiconductor with a moderate band gap of approximately 1 eV and a relatively 

high optical absorption coefficient, which makes it a promising material for photovoltaic 

applications. It has showed that reducing the nanocrystal size to around 3 nm increases the band 

gap to at least 1.1 eV (1120 nm), as a result of weak quantum confinement effects [1,2]. This effect 

becomes particularly significant when the radius of these species is smaller than the exciton Bohr 

radius [3]. Nevertheless, the nonlinear optical properties of Ag2S quantum dots in thin-film form 

have not yet investigated. Due to above reasons, we decided to study the nonlinear optical 

properties of Ag2S quantum dots (QDs) thin film. Firstly, we measured absorption, fluorescence 

spectr of a 30 mm thick film. The QDs film showed a fluorescence peak centered at 970 nm, 

covering the near-infrared spectral range from 800 to 1200 nm when excited at 462 nm. The 

morphology of the sample was studied using a JEOL JEM-2100 transmission electron microscopy 

(TEM). Their average particle size was found to be 3.6 nm. We used a femtosecond laser (Jasper 

20, Fluence Technology) with a wavelength of 1030 nm, a pulse duration of 200 fs, a repetition 

rate of 300 Hz and standard Z-scan method for determination nonlinear optical properties the film.  

TSA+TPA (z) =  (1 ī q(z) / 2ã 2) × (1 + I0/Isat ((z/z0)
2 + 1))                                 (1) 

Here q(z) = I0ɓLeff / (1+ (z/z0)
2), I0 is a laser peak intensity at focus (z = 0), ɓ is the nonlinear 

absorption coefficient attributed to TPA, z0 = k(w0)
2/2 is a Rayleigh length, k = 2p/l is a wave 

number, Leff = (1 - exp(-a0L))/a0 is an effective length of samples, a0 is a linear absorption 

coefficient, L is a thickness of the studied film, and Isat is a saturation intensity of the sample. The 
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