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ɺɺɽɼɽʅʀɽ 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ 

 

ʅʝʜʦʨʦʛʠʝ, ʯʠʩʪʳʝ ʠ ʚʦʟʦʙʥʦʚʣʷʝʤʳʝ ʠʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ 

ʯʝʣʦʚʝʯʝʩʪʚʘ ʚ ʫʩʣʦʚʠʷʭ ʩʦʢʨʘʱʝʥʠʷ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʠ ʧʝʨʝʭʦʜʘ ʦʪ ʪʦʧʣʠʚʥʦʡ 

ʵʥʝʨʛʝʪʠʢʠ ʢ ʘʣʴʪʝʨʥʘʪʠʚʥʳʤ ʠʩʪʦʯʥʠʢʘʤ. ʌʣʘʛʤʘʥʦʤ ʩʝʛʤʝʥʪʘ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ 

ʵʥʝʨʛʝʪʠʢʠ ʷʚʣʷʝʪʩʷ ʩʦʣʥʝʯʥʘʷ ʵʥʝʨʛʝʪʠʢʘ, ʝʞʝʛʦʜʥʳʡ ʧʨʠʨʦʩʪ ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʤʦʱʥʦʩʪʠ 

ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʠ ʛʠʛʘʚʘʪʪ ʠ ʠʤʝʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʝ ʩʦʣʥʝʯʥʳʝ ʧʘʥʝʣʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʝʯʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ (ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ, ʛʝʪʝʨʦʩʪʨʫʢʪʫʨʘʤʠ) ʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʤʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ 

ʩʪʨʫʢʪʫʨʘʤʠ CIGS, CdTe, ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʫʯʝʥʳʭ ʧʨʠʚʣʝʢʘʝʪ ʪʝʭʥʦʣʦʛʠʷ ʛʠʙʨʠʜʥʳʭ 

ʬʦʪʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʤʝʨʥʳʭ ʠ ʤʝʪʘʣʦ-ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʝʨʦʚʩʢʠʪʥʳʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ.  

ɻʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʛʠʙʨʠʜʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʜʣʷ 

ʬʦʪʦʚʦʣʴʪʘʠʢʠ ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʞʠʜʢʦʩʪʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʧʝʯʘʪʠ, ʠʥʪʝʛʨʘʮʠʷ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʬʦʨʤʘʪ ʨʫʣʦʥʥʦʛʦ ʥʘʥʝʩʝʥʠʷ[1]. 

ʆʨʛʘʥʠʯʝʩʢʘʷ ʬʦʪʦʚʦʣʴʪʘʠʢʘ ʥʘ ʜʘʥʥʦʤ ɻ ʪʘʧʝ ʨʘʟʚʠʪʠʷ ʜʦʩʪʠʛʣʘ ʧʦʢʘʟʘʪʝʣʝʡ ʂʇɼ ʙʦʣʝʝ 12 

%[2] ʙʣʘʛʦʜʘʨʷ ʧʨʦʛʨʝʩʩʫ ʚ ʨʘʟʨʘʙʦʪʢʝ ʩʪʘʙʠʣʴʥʳʭ ʬʦʪʦʧʦʛʣʦʱʘʶʱʠʭ ʜʦʥʦʨʥʳʭ 

ʧʦʣʠʤʝʨʦʚ ʩ ʥʠʟʢʠʤ ʧʦʣʦʞʝʥʠʝʤ ʚʳʩʰʝʡ ʟʘʧʦʣʥʝʥʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʦʨʙʠʪʘʣʠ (ɺɿʄʆ). ʅʦ 

ʥʘʠʙʦʣʝʝ ʤʥʦʛʦʦʙʝʱʘʶʱʝʡ ʪʝʭʥʦʣʦʛʠʝʡ ʧʝʯʘʪʥʳʭ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 

ʬʦʪʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʣʝʡ ʷʚʣʷʶʪʩʷ ʩʦʣʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʥʘ ʦʩʥʦʚʝ ʦʨʛʘʥʦ-ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʛʠʙʨʠʜʥʳʭ ʧʝʨʦʚʩʢʠʪʦʚ. ʄʝʥʝʝ ʯʝʤ ʟʘ 10 ʣʝʪ, ʢʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ (ʂʇɼ) 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚʳʨʦʩ ʜʦ ʧʦʢʘʟʘʪʝʣʷ 23.3 %[2], ʙʣʘʛʦʜʘʨʷ ʫʥʠʢʘʣʴʥʳʤ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤ ʩʚʦʡʩʪʚʘʤ ï ʙʦʣʴʰʠʤ ʜʣʠʥʘʤ ʧʨʦʙʝʛʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ʧʦʨʷʜʢʘ 1 

ʤʢʤ)[3], ʥʠʟʢʠʤ ʪʝʤʧʘʤ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ[4], ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʠ 

ʵʣʝʢʪʨʦʥʦʚ ʠ ʜʳʨʦʢ ʜʣʷ ʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʙʦʣʝʝ 10 ʩʤ2/ɺ*ʩ)[5] ʠ 

ʩʠʣʴʥʦʤʫ ʦʧʪʠʯʝʩʢʦʤʫ ʧʦʛʣʦʱʝʥʠ ʁʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʣʥʝʯʥʦʛʦ ʩʧʝʢʪʨʘ[6]. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʝʪʦʜʳ ʞʠʜʢʦʩʪʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʠ ʧʝʯʘʪʠ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʠ ʬʦʪʦʘʢʪʠʚʥʳʭ ʩʣʦʝʚ. ɺ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝʧʨʦʟʨʘʯʥʳʡ 

(ʟʘʜʥʠʡ) ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʵʣʝʢʪʨʦʜ ʥʘʥʦʩʠʪʩʷ ʤʝʪʦʜʦʤ ʪʝʨʤʦ-ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ 

ʚʘʢʫʫʤʝ, ʤʘʛʥʝʪʨʦʥʥʦʝ ʥʘʧʳʣʝʥʠʝ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ ʥʝ ʤʦʞʝʪ 

ʧʨʠʤʝʥʷʪʴʩʷ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʠ ʦʩʘʞʜʘʝʤʳʭ ʠʦʥʦʚ, ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʶʱʠʭ ʥʘ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʠ ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʪʨʫʢʪʫʨʳ. ɹʦʣʝʝ ʪʦʛʦ, ʚ ʨʷʜʝ 
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ʨʘʙʦʪ ʠ ʦʙʟʦʨʦʚ ʦʧʠʩʘʥʳ ʧʨʦʮʝʩʩʳ ʜʝʛʨʘʜʘʮʠʠ ʛʝʪʝʧʝʨʦʭʦʜʦʚ ʧʨʠ ʜʠʬʬʫʟʠʠ ʤʝʪʘʣʣʦʚ[7]ï

[9] ʚʛʣʫʙʴ ʦʙʲʸʤʘ ʫʩʪʨʦʡʩʪʚ (ʜʣʷ ʥʘʠʙʦʣʝʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ- Au, Ag, Al). ʇʦʵʪʦʤʫ 

ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʳʣʦ ʫʜʝʣʝʥʦ ʫʛʣʝʨʦʜʥʳʤ 

ʩʦʝʜʠʥʝʥʠʷʤ, ʬʦʨʤʠʨʫʶʱʠʤ ʩʪʘʙʠʣʴʥʳʡ ʠʥʪʝʨʬʝʡʩ ʠ ʧʝʨʝʭʦʜ ʩ ʪʨʘʥʩʧʦʨʪʥʳʤʠ ʩʣʦʷʤʠ 

ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʙʝʟʚʘʢʫʫʤʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘʥʝʩʝʥʠʷ 

ï ʧʝʯʘʪʠ ʠ ʣʘʤʠʥʘʮʠʠ. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ (ʤʥʦʛʦʩʪʝʥʥʳʝ 

ʠ ʦʜʥʦʩʪʝʥʥʳʝ) ʷʚʣʷʶʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʡ ʜʘʝʪ ʨʷʜ 

ʧʨʝʠʤʫʱʝʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʭʦʡ ʣʘʤʠʥʘʮʠʠ ʠʟ ʣʝʩʘ, ʧʦʣʥʫʶ ʘʜʛʝʟʠʶ, 

ʦʪʩʫʪʩʪʚʠʝ ʪʝʨʤʠʯʝʩʢʦʡ ʧʦʩʪ ʦʙʨʘʙʦʪʢʠ. ʉʦʦʙʱʘʝʪʩʷ ʦ ʂʇɼ > 15% ʜʣʷ ʫʩʪʨʦʡʩʪʚ n-i-p 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʋʅʊ ʵʣʝʢʪʨʦʜʦʚ[10]. ʆʜʥʘʢʦ, ʜʣʷ ʫʩʧʝʰʥʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʋʅʊ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʠʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʳʝ ʦʨʛʘʥʠʯʝʩʢʠʝ 

ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʣʦʠ, ʚ ʢʦʪʦʨʳʭ ʣʝʛʠʨʫʶʱʠʝ ʧʨʠʤʝʩʠ ̫ ʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ 

[11] ʠʣʠ ʪʦʥʢʠʝ ʪʝʨʤʠʯʝʩʢʠʝ ʠʩʧʘʨʝʥʥʳʝ ʦʢʩʠʜʥʳʝ ʩʣʦʠ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʣʦʞʝʥʠʷ 

ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʋʅʊ. ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʬʘʢʪʦʨʦʚ, ʥʝ ʧʦʟʚʦʣʷʶʱʠʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʋʅʊ ʚ 

ʢʘʯʝʩʪʚʝ ʧʦʣʥʦʮʝʥʥʦʡ ʟʘʤʝʥr ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʵʣʝʢʪʨʦʜʘʤ: 1) ʛʣʫʙʦʢʦʝ ʧʦʣʦʞʝʥʠʝ ʨʘʙʦʪʳ 

ʚʳʭʦʜʘ ʋʅʊ (-5.0 - -4.7 ʵɺ) ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʭ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ ʜʣʷ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢ ʢʘʢ ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʩʪʨʦʝʥʥʦʝ ʧʦʣʝ, ʚʳʟʚʘʥʥʦʝ 

ʨʘʟʥʦʩʪʴʶ ʨʘʙʦʪ ʚʳʭʦʜʘ ʩ ʧʨʦʟʨʘʯʥʳʤ ʵʣʝʢʪʨʦʜʦʤ ITO (Wf=-4.7 ɻ ɺ); 2) ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʦʤʠʯʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʫ ʵʣʝʢʪʨʦʥʥʦ ʪʨʘʥʩʧʦʨʪʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ 

(ʧʦʣʦʞʝʥʠʝ ʟʦʥʳ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʠʣʠ ʅʉʄʆ) ~ - 3.9 ʵɺ - -4.2 ʵɺ) ʩ ʋʅʊ; 3) ʙʦʣʴʰʦʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʋʅʊ ~ ʜʝʩʷʪʢʦʚ ʆʤ/ʢʚ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʥʠʟʢʦʝ 

ʢʦʥʪʘʢʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʩʦʣʥʝʯʥʦʤ ʵʣʝʤʝʥʪʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ 

ʵʣʝʢʪʨʦʜʘʤʠ.  

ɺ ʢʦʥʪʝʢʩʪʝ ʨʝʰʝʥʠʷ ʦʟʚʫʯʝʥʥʳʭ ʧʨʦʙʣʝʤ ʜʣʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʵʣʝʢʪʨʦʜʦʤ 

ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʦʚʝʨʰʝʥʥʦ ʥʝ ʠʟʫʯʝʥ ʧʦʜʭʦʜ, ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʶʱʠʡʩʷ ʜʣʷ ʩʪʨʫʢʪʫʨ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ ï ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ. ʀʦʥʥʳʡ ʟʘʪʚʦʨ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʣʦʡ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ (ʬʘʢʪʠʯʝʩʢʠ 

ʨʘʩʧʣʘʚ ʩʦʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ ʜʚʦʡʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʩʣʦʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʷʨʥʦʩʪʠ ʧʨʠʣʦʞʝʥʥʦʛʦ ʩʤʝʱʝʥʠʷ ʥʘ ʢʦʥʪʘʢʪʥʳʝ ʦʙʢʣʘʜʢʠ, ʧʨʠ 

ʵʪʦʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʦ ʧʝʨʝʩʪʨʘʠʚʘʥʠʝ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ 

ʘʢʢʫʤʫʣʷʮʠʠ/ʦʙʝʜʥʝʥʠʷ. ɺʘʞʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ 

ʷʚʣʷʪʁʩʷ ʚʦʟʤʦʞʥʦʩʪʠ ʞʠʜʢʦʩʪʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʥʠʟʢʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʚʳʩʪʨʘʠʚʘʥʠʷ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ (ʜʠʘʧʘʟʦʥ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʨʘʤʢʠ Ñ3 ɺ).  ʇʦʵʪʦʤʫ ʠʥʪʝʛʨʘʮʠʷ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʚ ʩʪʨʫʢʪʫʨʫ ʩʦʣʥʝʯʥʦʛʦ 

ʵʣʝʤʝʥʪʘ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʞʝʪ ʨʝʰʠʪʴ ʨʷʜ ʧʨʦʙʣʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʋʅʊ ʢʘʪʦʜʘ ʜʣʷ 
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ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʧʝʨʦʚʩʢʠʪʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʘʢʢʫʤʫʣʷʮʠʠ  n-ʪʠʧʘ ʜʣʷ ʩʥʠʞʝʥʠ ̫

ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʋʅʊ ʠ ʧʦʚʳʰʝʥʠ ̫ʧʦʣʦʞʝʥʠʷ ʫʨʦʚʥʷ ʌʝʨʤʠ ʩʦʙʩʪʚʝʥʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʤʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʩ ʵʣʝʢʪʨʦʜʦʤ. 

ɺ ʵʪʦʡ ʩʚʷʟʠ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʣʝʛʠʨʦʚʘʥʠʷ ʠ ʠʟʤʝʥʝʥʠʷ ʨʘʙʦʪʳ ʚʳʭʦʜʘ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʘ p-i-n ʘʨʭʠʪʝʢʪʫʨ ʩʦʣʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʪʨʝʙʫʝʪ ʠʟʫʯʝʥʠʷ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʠ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʬʠʟʠʢʠ ʨʘʙʦʪʳ ʩʪʨʫʢʪʫʨ. 

 

ʎʝʣʴ ʨʘʙʦʪʳ 

 

ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʦʡ ʘʨʭʠʪʝʢʪʫʨʳ p-i-n ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ 

ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʫʩʪʨʦʡʩʪʚ ʩ ʢʘʪʦʜʦʤ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʙʝʟ 

ʠʩʧʦʣʴʟʦʚʘʥʠ ̫ʚʘʢʫʫʤʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘʥʝʩʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ.  

 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ 

 

1. ʈʘʟʨʘʙʦʪʢʘ ʘʨʭʠʪʝʢʪʫʨʳ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʜʣʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ ʚ ʜʚʦʡʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ DEME-BF4. 

2. ʆʧʨʝʜʝʣʝʥʠʝ ʨʝʞʠʤʦʚ ʣʝʛʠʨʦʚʘʥʠʷ ʩʣʦʝʚ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʚ ʜʚʦʡʥʦʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʜʣʷ ʩʥʠʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. 

3. ɺʳʷʚʣʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʠʥʜʫʮʠʨʦʚʘʥʠʷ ʟʘʨʷʜʘ ʠ ʠʟʤʝʥʝʥʠʷ 

ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʨʫʢʪʫʨ ʜʠʦʜʦʚ ʐʦʪʪʢʠ ʦʨʛʘʥʠʯʝʩʢʠʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢ/ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʦʤ ʚ ʨʝʞʠʤʝ ʘʢʢʫʤʫʣʷʮʠʠ n-ʪʠʧʘ.  

4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʥʘ ʚʳʭʦʜʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ p-i-n ʧʝʨʦʚʩʢʠʪʥʦʛʦ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ 

ʵʣʝʢʪʨʦʥʥʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʝʤ ʥʘ ʦʩʥʦʚʝ ʬʫʣʣʝʨʝʥʦʚ. 

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʥʘ ʚʳʭʦʜʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ p-i-n ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʬʦʪʦ 

ʧʦʛʣʦʱʘʶʱʠʤʠ ʧʦʣʠʤʝʨʘʤʠ ʨʘʟʥʳʭ ʪʠʧʦʚ. 

6. ʀʟʫʯʝʥʠʝ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʛʦ ʧʝʨʝʭʦʜʘ n-ʪʨʘʥʩʧʦʨʪʥʳʡ ʩʣʦʡ/ ʋʅʊ 

ʢʘʪʦʜ ʜʣʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʪʘʥʜʝʤʥʦʛʦ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʦʙʱʠʤ ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ. 
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ʆʙʲʝʢʪʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥʳ ʩʦʣʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ p-i-n ʩʪʨʫʢʪʫʨ ʜʣʷ 

ʠʥʪʝʛʨʘʮʠʠ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʥʦʚʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʫʩʪʨʦʡʩʪʚʘ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʂʇɼ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʫʛʣʝʨʦʜʥʳʤ ʵʣʝʢʪʨʦʜʦʤ, ʥʘʥʝʩʝʥʥʳʤ 

ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʚʘʢʫʫʤʥʳʭ ʧʨʦʮʝʩʩʦʚ ʟʘ ʩʯʸʪ ʩʥʠʞʝʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʜʚʦʡʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ.  ɼʣʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʦʨʛʘʥʠʯʝʩʢʠʝ ʛʝʪʝʨʦʧʝʨʝʭʦʜʳ ʧʦʣʠʤʝʨʦʚ ʨ-ʪʠʧʘ P3HT, PTB7 ʩ ʤʘʣʦ 

ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʬʫʣʣʝʨʝʥʘʤʠ  n-ʪʠʧʘ PC60BM,ʉ60; ʧʣʘʥʘʨʥʳʝ  ʩʪʨʫʢʪʫʨʳ ʧʝʨʚʦʩʢʠʪʥʳʭ 

ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʬʦʪʦʘʢʪʠʚʥʳʤ ʩʣʦʝʤ CH3NH3PbI3 ʠ ʵʣʝʢʪʨʦʥʥʦ-ʪʨʘʥʩʧʦʨʪʥʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ C60, C70, PC60BM. ɻʦʨʠʟʦʥʪʘʣʴʥʳʡ ʠʦʥʥʳʡ ʟʘʪʚʦʨ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʣʦʠ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʚ ʤʥʦʛʦʩʪʝʥʥʳʭ ʠ ʦʜʥʦʩʪʝʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ), ʥʘʥʝʩʝʥʥʳʝ 

ʤʝʪʦʜʦʤ ʩʫʭʦʡ ʣʘʤʠʥʘʮʠʠ ʩ ʞʠʜʢʠʤ ʩʣʦʝʤ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ DEME- BF4. ɺʳʙʦʨ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʪʨʫʢʪʫʨ ʦʙʫʩʣʦʚʣʝʥ ʧʦʭʦʜʷʱʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʪʨʝʪʴʝʛʦ ʧʦʢʦʣʝʥʠʷ. ʇʦʣʠʤʝʨʥʳʝ ʠ 

ʤʝʪʘʣʣʦʦʨʛʘʥʠʯʝʩʢʠʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ (P3HT, PTB7, PC60BM, CH3NH3PbI3) ʥʘʥʦʩʠʣʠʩʴ 

ʤʝʪʦʜʦʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʷ (ʩʧʠʥ-ʢʦʘʪʠʥʛʦʤ), ʤʘʣʦʤʦʣʝʢʫʣʷʨʥʳʝ ʩʣʦʠ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ n-ʪʠʧʘ ʪʝʨʤʠʯʝʩʢʠʤ ʠʩʧʘʨʝʥʠʝʤ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʧʨʷʤʳʤ ʩʫʭʠʤ 

ʧʝʨʝʥʦʩʦʤ ʠʣʠ ʚʳʪʷʛʠʚʘʥʠʝʤ ʠʟ ʣʝʩʘ, ʟʘʪʚʦʨ ʠʟ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ ʥʘʥʦʩʠʣʩʷ ʩʤʘʯʠʚʘʥʠʝʤ 

ʩʣʦʝʚ ʋʅʊ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʦʙʲʝʤʦʤ ʟʘʧʦʣʥʝʥʠʷ. ʈʝʞʠʤʳ ʘʢʢʫʤʫʣʷʮʠʠ ʠ ʦʙʝʜʥʝʥʠʷ ʥʘ 

ʠʦʥʥʦʤ ʟʘʪʚʦʨʝ ʜʦʩʪʠʛʘʣʠʩʴ ʧʨʠ ʧʦʜʘʯʝ ʩʤʝʱʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʨʘʟʥʦʡ ʧʦʣʷʨʥʦʩʪʠ ʥʘ 

ʦʙʢʣʘʜʢʠ ʟʘʪʚʦʨʘ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʨʘʙʦʯʠʡ ʵʣʝʢʪʨʦʜ, ʩʦʚʤʝʱʝʥʥʳʡ ʩ ʢʘʪʦʜʦʤ 

ʫʩʪʨʦʡʩʪʚʘ ʠ ʢʦʥʪʨ-ʵʣʝʢʪʨʦʜ). ʇʨʦʮʝʩʩʳ ʚʳʩʪʨʘʠʚʘʥʠʷ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʜʣʷ 

ʠʥʜʫʮʠʨʦʚʘʥʠʷ ʟʘʨʷʜʦʚ ʥʘ ʵʣʝʢʪʨʦʜʝ ʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʣʦʷʭ ʫʩʪʨʦʡʩʪʚ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʚʦ 

ʚʨʝʤʝʥʥʳʭ ʧʨʦʤʝʞʫʪʢʘʭ ʥʘ ʧʨʝʜʤʝʪ ʟʘʨʷʜʢʠ/ʨʘʟʨʷʜʢʠ ʠʟʤʝʨʝʥʠʷʤʠ ʪʦʢʘ ʤʝʞʜʫ ʨʘʙʦʯʠʤ ʠ 

ʢʦʥʪʨ - ʵʣʝʢʪʨʦʜʦʤ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ. ʀʟʤʝʥʝʥʠʷ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

(ʦʧʪʠʯʝʩʢʦʛʦ ʧʦʛʣʦʱʝʥʠʷ) ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʚ ʨʝʞʠʤʘʭ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ p- ʠ n- ʪʠʧʘ ʠʟʤʝʨʷʣʠʩʴ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ. ɺʳʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʫʩʪʨʦʡʩʪʚ ʚʩʝʭ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʠʟʤʝʨʷʣʠʩʴ ʧʨʠ ʩʪʘʥʜʘʨʪʥʳʭ ʫʩʣʦʚʠʷʭ: 

ʩʧʝʢʪʨ ʩʚʝʪʘ 1.5 AM G, ʤʦʱʥʦʩʪʴ ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 100 ʤɺʪ/ʩʤ2. ʀʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʦʚ 

ʢʚʘʥʪʦʚʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚ ʨʘʟʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʠʟʤʝʨʷʣʠʩʴ ʚ 

ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʩʦʣʥʝʯʥʦʛʦ ʩʧʝʢʪʨʘ. ʈʘʙʦʪʘ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʟʘʪʚʦʨʘ 

ʦʩʥʦʚʘʥʘ ʥʘ ʚʳʩʪʨʘʠʚʘʥʠʠ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʥʘ ʨʘʙʦʯʠʡ ʠ ʢʦʥʪʨ- ʵʣʝʢʪʨʦʜʳ. ʀʟʤʝʥʝʥʠʷ ʚʳʭʦʜʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʨʘʙʦʪʝ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʩʚʷʟʘʥʳ ʩ ʧʨʦʮʝʩʩʘʤʠ 
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ʧʦʣʷʨʠʟʘʮʠʠ ʠ ʠʥʜʫʮʠʨʦʚʘʥʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʟʥʘʢʦʚ ʥʘ ʪʨʦʡʥʦʤ 

ʠʥʪʝʨʬʝʡʩʝ ʪʨʘʥʩʧʦʨʪʥʳʡ ʩʣʦʡ ʬʦʪʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ/ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ/ʠʦʥʥʘʷ 

ʞʠʜʢʦʩʪʴ DEME-BF4. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʫʣʴʪʠ-ʠʥʪʝʨʬʝʡʩʘ ʬʦʪʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤ ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ  ʣʝʛʠʨʦʚʘʥʠʷ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ ʠ ʨʝʛʫʣʠʨʦʚʢʫ ʨʘʙʦʪʳ ʚʳʭʦʜʘ 

ʵʣʝʢʪʨʦʜʘ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʝʥʘ ʧʨʦʚʝʜʝʥʠʝʤ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʥʦʚʳʭ ʧʦʜʭʦʜʘʭ ʢ ʨʘʟʨʘʙʦʪʢʝ ʘʨʭʠʪʝʢʪʫʨ ʩʦʣʥʝʯʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʭ ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʠ 

ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

 

½ ʄʝʪʦʜʳ ʩʥʠʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʵʣʝʢʪʨʦʜʘ ʠʟ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʚ ʜʚʦʡʥʦʤ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ; 

½ ʋʩʠʣʝʥʠʝ ʚʳʧʨʷʤʣʷʶʱʠʭ ʩʚʦʡʩʪʚ ʛʝʪʝʨʦʧʝʨʝʭʦʜʦʚ ʋʅʊ/ʦʨʛʘʥʠʯʝʩʢʠʡ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʥʘ ʦʩʥʦʚʝ ʬʫʣʣʝʨʝʥʦʚ ʚ ʨʝʞʠʤʘʭ ʘʢʢʫʤʫʣʷʮʠʠ ʥʘ ʠʦʥʥʦʤ ʟʘʪʚʦʨʝ; 

½ ʅʦʚʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʧʝʨʦʚʩʢʠʪʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ p-i-n ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ; 

½ ʇʦʚʳʰʝʥʠʝ ʂʇɼ ʧʝʨʦʚʩʢʠʪʥʳʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʨʘʙʦʪʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʛʦ 

ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʚ ʨʝʞʠʤʝ ʘʢʢʫʤʫʣʷʮʠʠ n-ʪʠʧʘ ʥʘ ʋʅʊ ʵʣʝʢʪʨʦʜʝ; 

½ ʇʦʚʳʰʝʥʠʝ ʂʇɼ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʨʘʙʦʪʝ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʛʦ 

ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʚ ʨʝʞʠʤʝ ʘʢʢʫʤʫʣʷʮʠʠ n-ʪʠʧʘ ʥʘ ʋʅʊ ʵʣʝʢʪʨʦʜʝ; 

½ ʅʦʚʘʷ ʘʨʭʠʪʝʢʪʫʨʘ ʪʘʥʜʝʤʥʦʛʦ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʦʙʱʠʤ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ 

 

½ ʋʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʧʨʦʮʝʩʩʘ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʘʢʢʫʤʫʣʷʮʠʠ ʟʘʨʷʜʦʚ ʚ ʜʚʦʡʥʦʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʣʦʝ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ DEME ï BF4 ʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʣʦʝʚ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʦʜʥʦʩʪʝʥʥʳʭ ʠ ʤʥʦʛʦʩʪʝʥʥʳʭ). ʄʘʢʩʠʤʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʚ 

ʜʠʘʧʘʟʦʥʝ Ñ2 ɺ ʢ ʨʘʙʦʯʝʤʫ ʠ ʢʦʥʪʨ- ʵʣʝʢʪʨʦʜʫ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ 
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ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʥʦʛʦʩʪʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩʥʠʞʘʝʪʩʷ ʥʘ ʙʦʣʝʝ ʯʝʤ 280 %, ʦʜʥʦʩʪʝʥʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʙʦʣʝʝ ʯʝʤ ʥʘ 150 %. 

½ ʆʧʨʝʜʝʣʝʥʘ ʚʨʝʤʝʥʥʘʷ ʜʠʥʘʤʠʢʘ ʧʨʦʮʝʩʩʦʚ ʟʘʨʷʜʢʠ/ʨʘʟʨʷʜʢʠ ʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʩ 

ʦʙʢʣʘʜʢʘʤʠ ʠʟ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. 

½ ɼʣʷ ʩʪʨʫʢʪʫʨ (ʢʦʥʪʘʢʪ ʐʦʪʪʢʠ) ʋʅʊ/ ʬʦʪʦʧʦʛʣʦʱʘʶʱʠʝ ʧʦʣʠʤʝʨʳ ʨ-ʪʠʧʘ ( P3HT, 

PTB7) ʠ ʋʅʊ/ʦʨʛʘʥʠʯʝʩʢʠʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ n-ʪʠʧʘ (PC60BM; C60, C70) ʩ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ 

ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ ʚʳʷʚʣʝʥ ʧʝʨʝʭʦʜ ʚ ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʪ ʣʠʥʝʡʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʠ ʢ ʚʳʧʨʷʤʣʷʶʱʝʡ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʢʦʥʪʨ- ʵʣʝʢʪʨʦʜʝ (ʟʘʪʚʦʨʝ) Uʟ >1.25 ɺ. 

½ ʈʘʟʨʘʙʦʪʘʥ ʠʥʚʝʨʪʠʨʦʚʘʥʥʳʡ ʧʝʨʦʚʩʢʠʪʥʳʡ (CH3NH3PbI3) ʩʦʣʥʝʯʥʳʡ ʵʣʝʤʝʥʪ ʩ 

ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤ ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ ʠ ʪʦʣʩʪʳʤ ʩʣʦʝʤ (200-300 ʥʤ) ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʵʣʝʢʪʨʦʥʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʣʦʷ ʉ60/ʉ70 ʠ ʵʣʝʢʪʨʦʜʦʤ ʥʘ ʦʩʥʦʚʝ ʋʅʊ. ʂʇɼ ʩʦʣʥʝʯʥʦʛʦ 

ʵʣʝʤʝʥʪʳ ʙʳʣ ʫʚʝʣʠʯʝʥ ʩ 2.2 % ʜʦ >11 % ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʞʠʤʦʚ ʘʢʢʫʤʫʣʷʮʠʠ n-

ʪʠʧʘ ʥʘ ʠʥʪʝʛʨʠʨʦʚʘʥʥʦʤ ʠʦʥʥʦʤ ʟʘʪʚʦʨʝ ʧʨʠ ʧʦʚʳʰʝʥʠʠ Uʟ ʜʦ 2,0 ɺ. ɹʳʣʘ ʦʧʨʝʜʝʣʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥ ʚʳʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʉʕ (ʂʇɼ, Vxx, Jʢʟ ʠ ʌɿ) ʢ ʪʠʧʫ ʠ 

ʪʦʣʱʠʥʝ ʵʣʝʢʪʨʦʥʥʦ-ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʉ60 ʠ 

ʉ70. 

½ ɼʣʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʬʦʪʦʧʦʛʣʦʱʘʶʱʠʤʠ ʧʦʣʠʤʝʨʘʤʠ ʨ-ʪʠʧʘ 

P3HT, PTB7 ʠ ɻʣʝʢʪʨʦʜʦʤ ʠʟ ʋʅʊ ʧʦʢʘʟʘʥ ʨʦʩʪ Uxx ʦʪ 0 ɺ ʜʦ 0.69 ɺ, ʘ ʪʘʢʞʝ Jʢʟ ;ʌʘʢʪʦʨʘ 

ʟʘʧʦʣʥʝʥʠʷ ʠ ʂʇɼ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʠʦʥʥʦʤ ʟʘʪʚʦʨʝ ʚ ʜʠʘʧʘʟʦʥʝ Uʟ = +0é2ɺ. 

ɺʳʷʚʣʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʦʩʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʦʣʷ ʚ ʫʩʪʨʦʡʩʪʚʝ, ʚʳʟʚʘʥʥʳʡ ʩʥʠʞʝʥʠʝʤ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʘ ʩ ʋʅʊ ʥʘ ʚʝʣʠʯʠʥʫ 

ʧʦʨʷʜʢʘ 0.4 ʵɺ ʧʨʠ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤ ʣʝʛʠʨʦʚʘʥʠʠ ʚ ʨʝʞʠʤʝ ʘʢʢʫʤʫʣʷʮʠʠ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ ʧʨʠ ʩʤʝʱʝʥʠʠ Uʟ = +0é2ɺ. ɼʣʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ  ʬʦʪʦʧʦʛʣʦʱʘʶʱʠʤʠ 

ʧʦʣʠʤʝʨʘʤʠ ʨ-ʪʠʧʘ P3HT, PTB7, ʦʧʨʝʜʝʣʝʥʦ ʦʧʪʠʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʟʘʪʚʦʨʝ ʜʣʷ 

ʜʦʩʪʠʞʝʥʠʷ ʧʠʢʦʚʳʭ ʚʳʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

½ ʈʘʟʨʘʙʦʪʘʥʘ ʘʨʭʠʪʝʢʪʫʨʘ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚʳʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʪʘʥʜʝʤʥʦʛʦ ʩʦʣʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʦʙʱʠʤ ʠʦʥʥʳʤ ʟʘʪʚʦʨʦʤ ʥʘ ʦʩʥʦʚʝ ʬʦʪʦʧʦʛʣʦʱʘʶʱʠʭ 

ʧʦʣʠʤʝʨʦʚ ʨ-ʪʠʧʘ P3HT ʠ PTB7. 

 

ʇʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ: 

½ ʈʘʟʨʘʙʦʪʘʥ ʧʨʦʮʝʩʩ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʝʨʦʚʩʢʠʪʥʳʭ ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ 

ʣɻʝʤʝʥʪʦʚ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʚʘʢʫʫʤʥʳʭ ʧʨʦʮʝʩʩʦʚ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʵʣʝʢʪʨʦʜʦʚ; 

½ ʈʘʟʨʘʙʦʪʘʥʘ ʘʨʭʠʪʝʢʪʫʨʘ ʧʝʨʝʩʪʨʘʠʚʘʝʤʳʭ ʫʩʪʨʦʡʩʪʚ ʩ ʠʥʪʝʛʨʠʨʦʚʘʥʥʳʤ ʠʦʥʥʳʤ 

ʟʘʪʚʦʨʦʤ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʨʝʞʠʤʘʭ ʘʢʢʫʤʫʣʷʮʠʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʂʇɼ ʦʨʛʘʥʠʯʝʩʢʠʭ (>4.5 
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%), ʧʝʨʦʚʩʢʠʪʥʳʭ (>11.2 %) ʠ ʪʘʥʜʝʤʥʳʭ (>2.4 %) ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʵʣʝʢʪʨʦʜʦʤ ʠʟ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ.  

½ ʆʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʞʠʤʳ ʨʘʙʦʪʳ p-i-n ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʣʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ 

ʧʨʠ ʩʤʝʱʝʥʠʠ ʧʦʪʝʥʮʠʘʣʘ ʥʘ ʟʘʪʚʦʨʝ ʩ ʨʦʩʪʦʤ ʚʳʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ Uxx, Jʢʟ, ʌɿ, ʂʇɼ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʠʝʩʷ ʠʟʤʝʥʝʥʠʝʤ ʚʠʜʘ ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪ ʣʠʥʝʡʥʦʡ ʜʦ 

ʚʳʧʨʷʤʣʷʶʱʝʡ. 

 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

 

ɺ ʜʠʩʩʝʨʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʳʧʦʣʥʝʥʥʳʭ ʣʠʯʥʦ ʘʚʪʦʨʦʤ 

ʥʘ ʢʘʬʝʜʨʝ ʇʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʣɻʝʢʪʨʦʥʠʢʠ ʠ ʬʠʟʠʢʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʣʘʙʦʨʘʪʦʨʠʠ 

ʇʝʨʩʧʝʢʪʠʚʥʦʡ ʩʦʣʥʝʯʥʦʡ ʥɻʝʨʛʝʪʠʢʠ, ʅʆʎ çʕʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴè ʅʀʊʋ çʄʀʉʠʉè, ʘ 

ʪʘʢʞʝ ʚ ʠʥʩʪʠʪʫʪʝ ʅʘʥʦʪʝʢ ʋʥʠʚʝʨʩʠʪʝʪʘ ʊʝʭʘʩʘ ʚ ɼʘʣʣʘʩʝ (ʉʐɸ). ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ ʚ 

ʥʘʩʪʦʷʱʫʶ ʨʘʙʦʪʫ ʩʦʩʪʦʠʪ ʚ ʧʦʩʪʘʥʦʚʢʝ ʮʝʣʝʡ ʠ ʟʘʜʘʯ, ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢʠ ʧʦʜʛʦʪʦʚʢʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ, ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʙʨʘʙʦʪʢʝ, ʘʥʘʣʠʟʝ ʠ ʦʙʦʙʱʝʥʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. 

 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʪʝʭʥʠʯʝʩʢʦʛʦ ʢʦʥʬʝʨʝʥʮʠʠ ʚ ʛ. ʄʘʨʩʝʣʴ (ʌʨʘʥʮʠʷ) çPVTC ï Photovoltaic 

Technical Conference 2016è, VIII ʢʦʥʬʝʨʝʥʮʠʠ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʦʙʱʝʩʪʚʘ ʦʧʪʠʢʠ ʠ 

ʬʦʪʦʥʠʢʠ çSPIE Nanotechnologyè ʚ ʛ. ɹʘʨʩʝʣʦʥʘ (ʀʩʧʘʥʠʷ),  ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

ç3rd International Conference on Organic and Inorganic Chemistryè ʚ ʛ. ʏʠʢʘʛʦ (ʉʐɸ). 

 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 9 ʩʪʘʪʝʡ ʠ ʪʝʟʠʩʦʚ 3 ʜʦʢʣʘʜʦʚ. 

 

ʊʝʟʠʩʳ ʢʦʥʬʝʨʝʥʮʠʡ: 

[1] A.A. Zakhidov, R. Haroldson, D. Saranin, P. Martinez, A. Ishteev, Carbon nanotube charge 

collectors for nanoimprinted hybrid perovskite photovoltaics (Conference Presentation), in: 

I.M. Tiginyanu (Ed.), International Society for Optics and Photonics, 2017: p. 102480M. 

doi:10.1117/12.2267057. 

[2] D. Saranin, A.S. Chernykh, S. Yurchuk, O. Rabinovich, S. Didenko, M. Orlova, A. 

Panichkin, D. Kuznetsov, I. Borzykh, Perovskite solar cell efficiency improvements: New 
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device simulation, in: Proc. Int. Conf. Numer. Simul. Optoelectron. Devices, NUSOD, 

IEEE Computer Society, 2018: pp. 75ï76. doi:10.1109/NUSOD.2018.8570236. 

[3] Semitransparent perovskite solar cell with increased stability of top laminated carbon 

nanotube composite, (n.d.). https://www.longdom.org/proceedings/semitransparent-

perovskite-solar-cell-with-increased-stability-of-top-laminated-carbon-nanotube-

composite-37701.html (accessed March 26, 2020). 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʸʤ ʨʘʙʦʪʳ 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 5 ʛʣʘʚ, ʚʳʚʦʜʦʚ ʠ ʩʧʠʩʢʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ 

ʠʟ 175 ʥʘʠʤʝʥʦʚʘʥʠʡ, ʠʟʣʦʞʝʥʘ ʥʘ 162 ʩʪʨʘʥʠʮʘʭ, ʚʢʣʶʯʘʷ 139 ʨʠʩʫʥʢʦʚ ʠ 15 ʪʘʙʣʠʮ. 
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ɻʣʘʚʘ I. ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 

 

1.1 ʀʦʥʥʳʝ ʞʠʜʢʦʩʪʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʠ 

ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʷ 

 

ʀʦʥʥʳʝ ʞʠʜʢʦʩʪʠ (ʀɾ) ʦʧʨʝʜʝʣʷʶʪʩʷ, ʢʘʢ ʩʦʝʜʠʥʝʥʠʷ, ʢʦʪʦʨʳʝ ʧʦʣʥʦʩʪʴʶ ʩʦʩʪʦʷʪ 

ʠʟ ʠʦʥʦʚ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ ʥʠʞʝ 100 Áʉ. ʕʪʦ ʚʘʞʥʦʝ ʩʚʦʡʩʪʚʦ ʜʝʣʘʝʪ ʜʘʥʥʳʡ ʢʣʘʩʩ 

ʚʝʱʝʩʪʚ ʦʩʦʙʝʥʥʦ ʠʥʪʝʨʝʩʥʳʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ 

ʧʨʠʙʦʨʘʭ, ʧʦ ʧʨʠʯʠʥʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʜʣʷ 

ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ʀʦʥʥʳʝ ʞʠʜʢʦʩʪʠ ʠ ʠʦʥʥʳʝ ʛʝʣʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʟʘʤʝʥʳ ʦʢʩʠʜʥʳʤ ʜʠʵʣʝʢʪʨʠʢʘʤ ʠ ʵʣʝʢʪʨʦʣʠʪʘʤ 

ʙʣʘʛʦʜʘʨʷ ʙʳʩʪʨʦʡ ʠʦʥʥʦʡ ʧʦʜʚʠʞʥʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ 

ʩʣʫʯʘʝʚ ʠʦʥʥʳʝ ʞʠʜʢʦʩʪʠ ʩʦʩʪʦʷʪ ʠʟ ʘʟʦʪʩʦʜʝʨʞʘʱʠʭ ʦʨʛʘʥʠʯʝʩʢʠʝ ʢʘʪʠʦʥʦʚ ʠ 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʘʥʠʦʥʦʚ ʩ ʚʳʩʦʢʦʡ ʠʦʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ (~1021 ʩʤ-3). ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʥʳʤʠ ʠʦʥʘʤʠ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʣʘʙʳʤ, ʧʦʵʪʦʤʫ 

ʠʦʥʥʳʝ ʞʠʜʢʦʩʪʠ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʠʦʥʥʫ  ʁ ʧʨʦʚʦʜʠʤʦʩʪʴ. ʊʠʧʠʯʥʳʝ ʟʥʘʯʝʥʠʷ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1,0 ʤʉʤ/ʩʤ ʜʦ 10,0 ʤʉʤ/ʩʤ [12], [13]. ʉʦʦʙʱʘʝʪʩʷ 

ʦ ʩʧʝʮʠʘʣʴʥʳʭ ʩʦʩʪʘʚʘʭ ʠʦʥʥrʭ ʞʠʜʢʦʩʪʝʡ ʩ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʚʳʰʝ 20 ʤʉʤ/ʩʤ ʥʘ 

ʦʩʥʦʚʝ ʢʘʪʠʦʥʘ ʠʤʠʜʘʟʦʣʘ [14]. ʆʙʳʯʥʦ ʦʥʠ ʜʝʣʷʪʩʷ ʥʘ ʯʝʪʳʨʝ ʪʠʧʘ ʥʘ ʦʩʥʦʚʝ ʠʭ 

ʢʘʪʠʦʥʥʦʛʦ ʩʝʛʤʝʥʪʘ: ʘʣʢʠʣʘʤʤʦʥʠʡ-, ʜʠʘʣʢʠʣʠʤʠʜʘʟʦʣʠʡ-, ʬʦʩʬʦʥʠʡ, N-

ʘʣʢʠʣʧʠʨʠʜʠʥʠʷ, ʩʭʝʤʳ ʢʘʪʠʦʥʦʚ ʩʪʘʥʜʘʨʪʥʳʭ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʘ ʪʘʢʞʝ ʘʥʠʦʥʥʳʡ ʨʷʜ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

  

ʈʠʩʫʥʦʢ 1 ï ʉʪʨʦʝʥʠʝ ʢʘʪʠʦʥʥr ʭ ʠ ʘʥʠʦʥʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ  

 

ɺʦʟʤʦʞʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʫʪʝʤ ʤʦʜʠʬʠʢʘʮʠʠ ʢʘʪʠʦʥʘ 

ʠʣʠ ʘʥʠʦʥʘ ʚ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʷʭ ʷʚʣʷʶʪʩʷ ʦʧʨʝʜʝʣʷʶʱʠʤʠ ʬʘʢʪʦʨʘʤʠ ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. ʆʙʱʠʤʠ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʭ ʠʭ ʫʥʠʢʘʣʴʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʥʳʭ ʦʙʣʘʩʪʷʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʶʪʩʷ: ʞʠʜʢʦʝ 
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ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 100 Áʉ; ʥʠʟʢʦʝ ʜʘʚʣʝʥʠʝ ʧʘʨʘ (~100 ʧʇʘ); ʩʧʦʩʦʙʥʦʩʪʴ 

ʨʘʩʪʚʦʨʷʪʴ ʢʘʢ ʦʨʛʘʥʠʯʝʩʢʠʝ, ʪʘʢ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʜʣʷ ʚʚʦʜʘ ʧʨʠʤʝʩʝʡ; 

ʚʳʩʦʢʘʷ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ (ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʟʣʦʞʝʥʠʷ ~ 300ï500 ęC); ʚʳʩʦʢʘʷ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ (ʜʦ 10 ʤʉʤ /ʩʤ); ʰʠʨʦʢʦʝ ʦʢʥʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ~4,5-

5 ɺ (ʜʠʘʧʘʟʦʥ ʧʦʪʝʥʮʠʘʣʘ ʚʥʝʰʥʝʛʦ ʩʤʝʱʝʥʠʷ); ʚʦʟʤʦʞʥʦʩʪʴ ʘʥʠʦʥʠʨʦʚʘʥʠʷ ʩ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ (ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ, ʧʨʦʷʚʣʝʥʠʝ 

ʩʦʨʙʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ); ʧʨʦʷʚʣʝʥʠʝ ʤʝʞʠʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ (ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʘʷ 

ʧʦʣʷʨʠʟʘʮʠʷ); ʢʘʪʘʣʠʪʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ; ʚʳʩʦʢʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʝʤʢʦʩʪʴ. ʆʩʥʦʚʥʘ ̫

ʢʦʥʮʝʧʮʠʷ ʧʨʠʤʝʥʝʥʠʷ ʀɾ ʚ ʵʣʝʢʪʨʦʥʠʢʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʳ 

ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʢ ʤʘʪʝʨʠʘʣʫ, 

ʥʘʭʦʜʷʱʝʤʫʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʨʘʩʧʣʘʚʘ. ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʀɾ ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʝʩʪʨʘʠʚʘʝʤʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʙʠʣʴʥʳʭ ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʪʘʢʠʤʠ 

ʵʬʬʝʢʪʘʤʠ, ʢʘʢ ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʝ, ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ, 

ʧʝʨʝʭʦʜ ʚ ʩʦʩʪʦʷʥʠʝ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʠ. 

ʀʩʪʦʨʠʷ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ (ʠ ʙʣʠʟʢʦʨʦʜʩʪʚʝʥʥʳʭ ʩʦʣʝʡ ʨʘʩʧʣʘʚʘ) ʠʤʝʝʪ ʥʘʯʘʣʦ ʚ 

19 ʚʝʢʝ (ʧʝʨʚʳʝ ʩʦʦʙʱʝʥʠʷ ʧʨʠʚʦʜʷʪʩʷ ʜʘʞʝ ʚ 1888 ʛʦʜʫ ʥʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʷ 

ʘʥʪʨʘʮʝʥʦʚ[15]), ʭʦʪʷ ʵʪʦ ʯʘʱʝ ʚʩʝʛʦ ʜʘʪʠʨʫʶʪʩʷ 1914 ʛʦʜʦʤ ʚ ʩʦʦʙʱʝʥʠʠ ʇʦʣʘ ʋʦʣʜʝʥʘ ʦ 

ʵʪʠʣ ʘʤʤʦʥʠʡ ʥʠʪʨʘʪʝ, ʦʜʥʘʢʦ ʚ ʪʦ ʚʨʝʤʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʩʧʣʘʚʦʚ ʩʦʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʙʳʣʦ ʥʝ ʚʦʩʪʨʝʙʦʚʘʥʦ ʧʦ ʧʨʠʯʠʥʝ ʥʝʜʦʩʪʘʪʦʯʥʦʛʦ ʨʘʟʚʠʪʠʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʚ ʮʝʣʦʤ[16]. ʇʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʣʠʪʦʚ ʚ ʵʣʝʢʪʨʦʥʠʢʝ 

ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ ʩʦ ʚʨʝʤʝʥʠ ʠʟʦʙʨʝʪʝʥʠʷ  ʧʝʨʚʳʭ ʪʨʘʥʟʠʩʪʦʨʦʚ. ɺ 1946 ʛʦʜʫ ɹʨʘʪʪʝʥ ʠ 

ɼʞʠʥʣʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʢʦʥʩʪʨʫʢʮʠʶ ʛʝʨʤʘʥʠʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʩ ʚʚʦʜʦʤ 

ʵʣʝʢʪʨʦʣʠʪʘ[17] ʚ ʥʘʜ ʟʘʪʚʦʨʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʜʣʷ ʢʦʥʪʨʦʣʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʦʪʝʢʘʥʠ ̫

ʪʦʢʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʆʜʥʘʢʦ ʜʘʣʝʝ ʛʨʫʧʧʘ ʫʯʝʥʳʭ ʐʦʢʣʠ, ɹʘʨʜʠʥ ʠ ɹʨʘʪʪʝʥ ʜʦʨʘʙʦʪʘʣʠ 

ʪʨʘʥʟʠʩʪʦʨʳ ʢʘʢ ʧʦʣʥʦʩʪʴʶ ʪʚʝʨʜʦʪʝʣʴʥʳʝ ʫʩʪʨʦʡʩʪʚʘ, ʠ ʧʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʣʠʪʦʚ 

ʦʢʘʟʘʣʦʩʴ ʥʝʘʢʪʫʘʣʴʥʳʤ. ʈʘʩʮʚʝʪ ʨʘʟʨʘʙʦʪʦʢ ʩʪʨʫʢʪʫʨ ʤʝʪʘʣʣ-ʠʟʦʣʷʪʦʨ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ 

ʜʣʷ ʤʦʜʫʣʷʮʠʠ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ʚ ʧʦʣʝʚʳʭ ʪʨʘʥʟʠʩʪʦʨʘʭ (MISFET) ʧʨʠʰʝʣʩʷ ʧʨʠʤʝʨʥʦ ʥʘ 

1970ʝ, ʚ ʵʪʦʪ ʧʝʨʠʦʜ ʙʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʨʘʙʦʪʘ ɹʝʨʛʚʝʣʴʜʘ ʧʦ ʟʘʤʝʥʝ ʵʣʝʢʪʨʦʜʘ 

ʟʘʪʚʦʨʘ ʇʊ ʠ ʧʦʛʨʫʞʝʥʠʷ ʫʩʪʨʦʡʩʪʚʘ ʚ ʞʠʜʢʦʩʪʴ[18].  ɺ ʪʘʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʫʩʪʨʦʡʩʪʚʘ 

ʧʨʦʚʦʜʠʤʦʩʪʴ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʠʟʤʝʥʷʝʪʩʷ ʠʦʥʘʤʠ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʚ ʠʟʦʣʠʨʫʶʱʠʡ 

ʩʣʦʡ ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ. ʀʤʝʥʥʦ ʵʪʫ ʨʘʙʦʪʫ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʢʘʢ ʦʪʧʨʘʚʥʫʶ ʪʦʯʢʫ ʜʣʷ 

ʪʨʘʥʟʠʩʪʦʨʦʚ ʩ ʢʘʥʘʣʦʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʢ ʠʦʥʘʤ (ISFET). ʉ ʪʝʭ ʧʦʨ ʧʦʣʝʚʳʝ 

ʪʨʘʥʟʠʩʪʦʨʳ ʥʘʯʘʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʠʦʥʥʳʭ ʜʘʪʯʠʢʦʚ. ʊʘʨʜʝʣʣʘ ʠ ʐʘʟʘʣʴʚʠʣʴ ʚ 

1985 ʛʦʜʫ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʠʦʥʝʨʩʢʫʶ ʨʘʙʦʪʫ [19] ʧʦ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʜʚʦʡʥʦʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ ʥʘ ʨʘʙʦʪʫ ʇʊ. ʆʥʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʙʝʟʚʦʞʝʥʥʳʝ ʵʣʝʢʪʨʦʣʠʪʳ ʩʦʣʝʡ 
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ʧʝʨʭʣʦʨʘʪʘ ʪʝʪʨʘʙʫʪʠʣʘʤʤʦʥʠʷ ʚ ʘʮʝʪʦʥʠʪʨʠʣʝ ʜʣʷ ʘʢʢʫʤʫʣʷʮʠʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʦ 1013 ʩʤī2 ʠ ʧʨʦʚʝʣʠ ʤʦʜʫʣʷʮʠʶ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʨʝʤʥʠʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ 

ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʟʘʪʚʦʨʝ. ʕʣʝʢʪʨʦʣʠʪʳ ð ʵʪʦ ʠʦʥʥʳʝ ʧʨʦʚʦʜʥʠʢʠ, ʥʦ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʚʠʜʝ 

ʷʚʣʷʶʪʩʷ ʠʟʦʣʷʪʦʨʘʤʠ. ɼʚʠʞʝʥʠʝ ʢʘʪʠʦʥʦʚ ʠ ʘʥʠʦʥʦʚ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʤʦʞʝʪ 

ʩʦʟʜʘʚʘʪʴ ʩʠʣʴʥʦʝ ʥʘʢʦʧʣʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʟʘʨʷʜʦʚ ʥʘ ʧʝʨʝʭʦʜʘʭ 

ʵʣʝʢʪʨʦʣʠʪ/ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʠʣʠ ʵʣʝʢʪʨʦʣʠʪ/ʤʝʪʘʣʣ, ʚ ʬʦʨʤʝ ʜʚʦʡʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʣʦʷ 

(EDL ʠʣʠ ɼʕʉ), ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʠʟʚʝʩʪʥʦʛʦ ʢʘʢ ʩʣʦʡ ɻʝʣʴʤʛʦʣʴʮʘ (ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 

2).  

 

 

ʈʠʩʫʥʦʢ 2 ï ʇʝʨʚʘʷ ʤʦʜʝʣʴ ɼʕʉ ʧʨʝʜʣʦʞʝʥʥʘʷ ɻʝʣʴʤʛʦʣʴʮʝʤ 

 

ɺ ʤʦʜʝʣʠ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʚ 1853 ʛʦʜʫ, ɼʕʉ ʦʧʠʩʳʚʘʝʪʩʷ ʢʘʢ ʧʨʦʩʪʘʷ 

ʧʘʨʘʣʣʝʣʴʥʘʷ ʧʣʘʩʪʠʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘ ʩ ʧʨʝʜʧʦʣʦʞʝʥʠʝʤ, ʯʪʦ ʚʩʪʨʝʯʥʳʡ ʟʘʨʷʜ ʠʦʥʦʚ 

ʦʙʨʘʟʫʝʪ ʚʪʦʨʫʶ ʧʣʘʩʪʠʥʫ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʩ ʟʘʨʷʜʦʤ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʧʝʨʚʦʡ ʦʙʢʣʘʜʢʝ. 

ʅʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʪʚʝʨʜʦʝ ʪʝʣʦ-ʞʠʜʢʦʩʪʴ ɼʕʉ ʤʦʞʝʪ ʜʝʡʩʪʚʦʚʘʪʴ ʢʘʢ ʥʘʥʦ ʨʘʟʤʝʨʥʳʡ 

ʢʦʥʜʝʥʩʘʪʦʨ (ʨʠʩʫʥʦʢ 3). ʕʪʦʪ ʢʦʥʜʝʥʩʘʪʦʨ ʤʦʞʝʪ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʝʤʢʦʩʪʠ ʠ 

ʩʦʟʜʘʚʘʪʴ ʙʦʣʴʰʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ. 

 

 

ʈʠʩʫʥʦʢ 3 ï ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʦʥʜʝʥʩʘʪʦʨʘ ï ɼʕʉ ʥʘ ʛʨʘʥʠʮʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢ- ʵʣʝʢʪʨʦʣʠʪ 

 



15 

 

 ʕʬʬʝʢʪ ʘʢʢʫʤʫʣʷʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ ʠʣʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʧʠʨʘʶʱʠʭ 

ʦʙʝʜʥʝʥʥʳʭ ʦʙʣʘʩʪʝʡ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʥʘ ʛʨʘʥʠʮʝ ʩ ɼʕʉ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʧʨʠʥʮʠʧʠʘʣʴʥʳʤ ʷʚʣʝʥʠʝʤ ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʤ ʧʨʠʤʝʥʝʥʠʝ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʠ 

ʵʣʝʢʪʨʦʣʠʪʦʚ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʵʣʝʢʪʨʦʥʠʢʠ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʅɿ, 

ʠʟʤʝʥʝʥʠʝ ʨʘʙʦʪʳ ʚʳʭʦʜʘ ʵʣʝʢʪʨʦʥʦʚ ʠʟ ʵʣʝʢʪʨʦʜʦʚ ʠ ʠʥʞʝʢʮʠʷ ʅɿ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ. 

ɼʣʷ ʘʥʘʣʠʟʘ ʬʠʟʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʶ ɼʕʉ ʚ ʢʦʥʪʘʢʪʝ ʩ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ ʜʘʣʝʝ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥ r ʧʨʠʥʮʠʧʳ ʨʘʙʦʪ r ʠʦʥʥʳʭ ʟʘʪʚʦʨʦʚ ʚ 

ʫʩʪʨʦʡʩʪʚʘʭ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʧʦʣʝʚʳʭ ʵʬʬʝʢʪʘʭ. 

 

1.1.1 ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʜʣʷ ʘʢʢʫʤʫʣʷʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ 

ɼʕʉ 

 

ʉʨʝʜʠ ʨʘʟʣʠʯʥʳʭ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʧʨʠʤʝʥʝʥʠʝ ʀɾ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ. ɼʣʷ 

ʧʦʥʠʤʘʥʠʷ ʬʫʥʢʮʠʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʢʦʪʦʨʳʡ 

ʷʚʣʷʝʪʩʷ ʨʘʩʧʣʘʚʦʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʧʨʠʙʦʨʳ, 

ʨʘʙʦʪʘʶʱʠʝ ʥʘ ʵʬʬʝʢʪʘʭ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ. ʀʦʥʥʳʝ ʞʠʜʢʦʩʪʠ ʦʩʦʙʝʥʥʦ 

ʧʝʨʩʧʝʢʪʠʚʥʳ ʚ ʢʘʯʝʩʪʚʝ ʟʘʪʚʦʨʥʳʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʦʣʝʚʳʭ 

ʪʨʘʥʟʠʩʪʦʨʦʚ (FET), ʢʦʪʦʨʳʝ ʠʛʨʘʶʪ ʜʦʤʠʥʠʨʫʶʱʫʶ ʨʦʣʴ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ 

ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʦʧʪʠʢʠ. ʍʠʤʠʯʝʩʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ, ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʪʨʘʜʠʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ 

ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʚ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ (Si; A IIIBV; 

AIIBVI ʠ ʧʨ.) ʠʤʝʝʪ ʨʷʜ ʥʝʛʘʪʠʚʥʳʭ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʘʢʫʫʤʥʳʭ 

ʧʨʦʮʝʩʩʦʚ, ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʘʢʪʠʚʘʮʠʠ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ ʠ ʚʳʩʦʢʠʝ ʵʥʝʨʛʠʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʣʝʛʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʦʵʪʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ 

ʤʝʪʦʜʦʚ ʦʛʨʘʥʠʯʝʥʦ ʜʣʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʦʙʣʘʩʪʝʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʥʘ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ 

ʛʠʙʨʠʜʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ï ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʧʝʨʦʚʩʢʠʪʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ.  

ʇʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʚ ʘʢʢʫʤʫʣʷʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ ʧʦʟʚʦʣʷʝʪ 

ʠʥʞʝʢʪʠʨʦʚʘʪʴ ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʠʟʤʝʥʷʪʴ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʚʘʢʫʫʤʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ. 

ɺʳʙʦʨ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʟʘʪʚʦʨʘ ʢʨʠʪʠʯʝʩʢʠ ʟʘʚʠʩʠʪ ʦʪ ʩʪʦʠʤʦʩʪʠ, 

ʜʦʣʛʦʚʝʯʥʦʩʪʠ, ʩʢʦʨʦʩʪʠ ʨʘʙʦʪʳ, ʠʤʧʝʜʘʥʩʘ ʠ ʢʨʫʪʠʟʥʳ ʚʦʣʴʪʘʤʧʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʜʣʷ ʚʳʙʨʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʅʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʜʣʷ ʜʠʵʣʝʢʪʨʠʢʦʚ ʟʘʪʚʦʨʘ 

ʷʚʣʷʝʪʩʷ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ ʢʦʣʠʯʝʩʪʚʦ ʥʦʩʠʪʝʣʝʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 
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ʠʥʜʫʮʠʨʦʚʘʥʳ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʘʥʘʣʘʭ ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ (ʇʊ) ʧʨʠ ʟʘʜʘʥʥʦʤ 

ʥʘʧʨʷʞʝʥʠʠ ʟʘʪʚʦʨʘ. 

ʅʘʢʦʧʣʝʥʥʳʡ ʟʘʨʷʜ Q ʚ ʢʦʥʜʝʥʩʘʪʦʨʝ ʩ ʧʘʨʘʣʣʝʣʴʥʦʡ ʧʣʘʩʪʠʥʦʡ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʝʜʩʪʘʚʣʝʥ ʫʨʘʚʥʝʥʠʝʤ 1: 

 

ὗ ὅὠȟ        (1) 

ʛʜʝ ʉ- ʝʤʢʦʩʪʴ (ʌ);  

V- ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ (ɺ).  

 

ʊʦʢ ʠʩʪʦʢ-ʠʩʪʦʢ ʚ ʥʘʩʳʱʝʥʥʦʡ ʦʙʣʘʩʪʠ ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ Iʥʘʩɿ, ʚʳʨʘʞʘʝʪʩʷ 

ʫʨʘʚʥʝʥʠʝʤ 2: 

 

 

Ὅ̎́̒
˔ ὠ̝ ὠ̐̏ ,̑     (2) 

 

ʛʜʝ ʉ- ʝʤʢʦʩʪʴ (ʌ);  

V- ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ (ɺ);  

L- ʜʣʠʥʘ ʢʘʥʘʣʘ (ʤ); 

W - ʰʠʨʠʥʘ ʢʘʥʘʣʘ (ʤ); 

Õ - ʧʦʜʚʠʞʥʦʩʪʴ (ʩʤ2/(ɺ*ʩ)); 

Vɿ ï ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʟʘʪʚʦʨʝ (ɺ); 

Vʧʦʨ ï ʥʘʧʨʷʞʝʥʠʝ ʧʦʨʦʛʘ ʦʪʢʨʳʪʠʷ ʢʘʥʘʣʘ (ɺ); 

 

ʋʨʘʚʥʝʥʠʷ (1) ʠ (2) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʚʳʩʦʢʦʡ ʝʤʢʦʩʪʠ ʤʘʪʝʨʠʘʣʘ 

ʚʦʟʤʦʞʥʘ ʘʢʢʫʤʫʣʷʮʠʷ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʧʨʠ 

ʥʠʟʢʦʤ ʪʦʢʝ ʚʢʣʶʯʝʥʠʷ ʠ ʥʠʟʢʦʤ ʥʘʧʨʷʞʝʥʠʠ ʧʝʨʝʢʣʶʯʝʥʠʷ. ɽʤʢʦʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʘ ʩ 

ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ ʤʦʞʝʪ ʙʳʪʴ ʪʘʢʞʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʨʘʚʥʝʥʠʝʤ 3: 

˞ ȟ       (3) 

ʛʜʝ ‐-ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚ ʚʘʢʫʫʤʝ;  

‐- ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ;  

A- ʧʣʦʱʘʜʴ ʧʣʘʩʪʠʥ (ʤ2); 

d ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ (ʤ). 

 

 ʍʦʪʷ ʚʝʣʠʯʠʥʳ ‐  ʜʣʷ ʠʦʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 1-10, ʠʦʥʥʳʝ ʞʠʜʢʦʩʪʠ 

ʤʦʛʫʪ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ ʝʤʢʦʩʪʴʶ ʧʦʨʷʜʢʘ 10 ʤʢʌ*ʩʤ-2 ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʜʚʦʡʥʳʭ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʣʦʝʚ (ɼʕʉ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʢʦʪʦʨʳʝ ʩʦʩʪʦʷʪ ʠʟ ʧʘʨ 

ʜʳʨʦʢ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ ʠ ʘʥʠʦʥʦʚ ʚ ʵʣʝʢʪʨʦʣʠʪʝ ʠ ʥʘʦʙʦʨʦʪ (ʩʤ. ʨʠʩʫʥʦʢ 4). 
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(ʘ)    (ʙ) 

ʈʠʩʫʥʦʢ 4 ï ʉʭʝʤʘʪʠʯʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʨʘʙʦʪ rʠʦʥʥʦʛʦ ʟʘʪʚʦʨʘ ʚ ʩʪʨʫʢʪʫʨʝ 

ʧʦʣʝʚʦʛʦ ʪʨʘʥʟʠʩʪʦʨʘ ʜʣʷ ʘʢʢʫʤʫʣʷʮʠʠ p ï ʪʠʧʘ (ʘ) ʠ n ï ʪʠʧʘ (ʙ) 

 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɼʕʉ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʟʘʪʚʦʨʦʤ ʚʦʟʤʦʞʥʦ ʜʦʩʪʠʞʝʥʠʝ ʫʨʦʚʥʷ 

ʠʥʞʝʢʮʠʠ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʢʦʪʦʨʘ ̫ʚʳʰʝ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʜʠʵʣʝʢʪʨʠʢʦʤ ʟʘʪʚʦʨʘ SiO2. ɼʣʷ ʧʨʠʤʝʨʘ ʩʣʦʡ SiO2 ʪʦʣʱʠʥʦʡ 

300 ʥʤ ʠʤʝʝʪ ʝʤʢʦʩʪʴ 10 ʥʌ*ʩʤ-2, ʪʘʢ ʯʪʦ ʪʠʧʠʯʥʘʷ ʧʣʦʪʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ, 

ʜʦʩʪʠʛʘʝʤʘʷ ʚ ʢʘʥʘʣʝ ʪʨʘʥʟʠʩʪʦʨʘ, ʙʫʜʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʨʘʡʦʥʝ ʚʝʣʠʯʠʥ ~1013 ʩʤ-2. ʍʦʪʷ, ʧʨʠ 

ʵʪʠʭ ʟʥʘʯʝʥʠʷʭ ʚʦʟʤʦʞʥʦ ʚ ʥʝʢʦʪʦʨʦʡ ʩʪʝʧʝʥʠ ʜʦʩʪʠʞʝʥʠʝ ʤʦʜʫʣʷʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʥʦ, ʚʩʝ ʝʱʸ ʥʝʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʚʳʟʚʘʪʴ ʨʝʟʢʠʝ ʠʟʤʝʥʝʥʠʷ ʚ 

ʵʣʝʢʪʨʦʥʥʳʭ ʠ / ʠʣʠ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚʘʭ ʤʘʪʝʨʠʘʣʘ, ʪʘʢʠʝ ʢʘʢ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ ʠ 

ʩʝʛʥʝʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʠʟ-ʟʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʦʙʦʷ ʜʠʵʣʝʢʪʨʠʢʦʚ ʟʘʪʚʦʨʦʚ ʧʨʠ 

ʙʦʣʴʰʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʩʤʝʱʝʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ɼʕʉ ʚ ʩʪʨʫʢʪʫʨʝ 

ʟʘʪʚʦʨʘ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʤʦʞʝʪ ʨʝʰʠʪʴ ʵʪʠ ʟʘʜʘʯʠ, ʧʦʩʢʦʣʴʢʫ ʚʦʟʤʦʞʥʦ 

ʜʦʩʪʠʞʝʥʠʝ ʫʨʦʚʥʷ ʧʣʦʪʥʦʩʪʠ ʠʥʞʝʢʮʠʠ ~1015 ʩʤ-2. 

 

1.1.2 ʌʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʥʘ ʧʝʨʝʭʦʜʝ ɼʕʉ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ - ʧʦʣʫʧʨʦʚʦʜʥʠʢ 

 

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʙʫʜʫʪ ʦʧʠʩʘʥʳ ʦʩʥʦʚʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ɼʕʉ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʩʪʨʫʢʪʫʨʝ ʟʘʪʚʦʨʘ ʠ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. ɺ ʥʘʫʯʥʦʡ 

ʣʠʪʝʨʘʪʫʨʝ ʧʨʝʜʣʦʞʝʥʦ ʩʨʘʟʫ ʥʝʩʢʦʣʴʢʦ ʤʦʜʝʣʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ ʠʥʪʝʨʬʝʡʩʘʭ. ʄʦʜʝʣʴ 

ɻʝʣʴʤʛʦʣʴʮʘ ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʘʣʠʯʠʝ ɼʕʉ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʦʜʥʠʤ ʠʦʥʥʳʤ ʩʣʦʝʤ ʚ 

ʵʣʝʢʪʨʦʣʠʪʝ, ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʤ ʥʘ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʟʘʨʷʜʦʚ ʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʝ, ʢʘʢ 

ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 5 (ʘ). ʕʪʘ ʤʦʜʝʣʴ ɼʕʉ ï ʧʦʣʫʧʨʦʚʦʜʥʠʢ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʘ 

ʤʘʪʝʤʘʪʠʯʝʩʢʠ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʚʠʜʝ ʧʨʦʩʪʦʛʦ ʢʦʥʜʝʥʩʘʪʦʨʘ. ɺ ʤʦʜʝʣʠ ɻʫʠ - ʏʘʧʤʵʥʘ 

ʚʚʦʜʠʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʜʠʬʬʫʟʠʦʥʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ɼʕʉ (ʨʠʩʫʥʦʢ 5 (ʙ)), ʚ ʢʦʪʦʨʦʡ 

ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʘʩʩʪʦʷʥʠʝʤ ʦʪ ʠʥʪʝʨʬʝʡʩʘ ʢ 

ʦʙʲʝʤʫ ʩʣʦʷ ʠʦʥʥʦʡ ʞʠʜʢʦʩʪʠ, ʥʦ ʵʪʘ ʤʦʜʝʣʴ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ ʧʨʦʮʝʩʩʳ ʜʣʷ ʚʳʩʦʢʦ 

ʟʘʨʷʞʝʥʥʳʭ ɼʕʉ. ɼʣʷ ʨʝʰʝʥʠʷ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ɻʫʠ-ʏʝʧʤʝʥʘ-
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ʐʪʝʨʥʘ (ʩʭʝʤʘ 5 (ʚ)); ʵʪʘ ʤʦʜʝʣʴ ʩʦʯʝʪʘʝʪ ʤʦʜʝʣʠ ɻʝʣʴʤʛʦʣʴʮʘ ʠ ɻʫʠ-ʏʝʧʤʝʥʘ. ɺ ʥʝʡ 

ʦʧʠʩʳʚʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʥʫʪʨʝʥʥʝʛʦ ʩʣʦʡ ʉʪʝʨʥʘ (ʩʣʦʡ ɻʝʣʴʤʛʦʣʴʮʘ) ʠ ʚʥʝʰʥʝʛʦ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ (ʩʣʦʡ ɻʫʠ-ʏʝʧʤʝʥʘ). ʈʠʩʫʥʦʢ 5 (ʛ) ʧʦʢʘʟʳʚʘʝʪ ʤʥʦʛʦʩʣʦʡʥʫʶ ʤʦʜʝʣʴ 

ʜʣʷ ʦʧʠʩʘʥʠʷ ʨʘʩʧʣʘʚʣʝʥʥʳʭ ʩʦʣʝʡ. ʕʪʘ ʤʦʜʝʣʴ ʧʨʝʜʧʦʣʘʛʘʝʪ ʙʦʣʴʮʤʘʥʦʚʩʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʘʢʘʥʩʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ, ʢʦʪʦʨʦʝ ʩʦʟʜʘʝʪ ʧʦʣʷʨʠʟʘʮʠʶ ʠʟ-ʟʘ 

ʜʝʬʦʨʤʘʮʠʠ ʠʦʥʥʳʭ ʟʘʨʷʜʦʚ ʚ ʤʥʦʛʦʩʣʦʡʥʦʡ ʩʪʨʫʢʪʫʨʝ. ʄʥʦʛʦʩʣʦʡʥʘʷ ʤʦʜʝʣʴ ʜʘʝʪ ʣʫʯʰʝʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʤʦʜʝʣʷʤʠ, ʥʦ 

ʥʠ ʦʜʥʘ ʠʟ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʦ ʩʠʭ ʧʦʨ ʤʦʜʝʣʝʡ ʥʝ ʤʦʞʝʪ ʧʦʣʥʦʩʪʴʶ ʚʦʩʧʨʦʠʟʚʝʩʪʠ 

ʦʩʦʙʝʥʥʦʩʪʠ ʩʠʩʪʝʤʳ ʨʘʩʧʣʘʚʣʝʥʥʦʡ ʩʦʣʠ. 

 

         

           

ʈʠʩʫʥʦʢ 5 ï ʄʦʜʝʣʠ ʦʙʨʘʟʦʚʘʥʠʷ ɼʕʉ, (ʘ) ɻʝʣʴʤʛʦʣʴʮʘ; (ʙ) ɻʫʠ ï ʏʵʧʤʘʥʘ; (ʚ) ɻʫʠ ï 

ʏʵʧʤʘʥʘ- ʉʪʝʨʥʘ; (ʛ) ʄʫʣʴʪʠʩʣʦʡʥʘʷ 

 

ɺ ʨʷʜʝ ʨʘʙʦʪ ʧʦʢʘʟʘʥʦ [20], [21], ʯʪʦ ʠʦʥʳ ʦʙʨʘʟʫʶʪ ʩʣʦʡ ɻʝʣʴʤʛʦʣʴʮʘ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʠ ʫʤʝʥʴʰʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʠʘʧʘʟʦʥʝ 3-5 ¡ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ. 

ʂʨʦʤʝ ʪʦʛʦ, çʜʚʫʭʩʣʦʡʥʘʷè ʩʪʨʫʢʪʫʨʘ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ; ʚ 

ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʦʪʝʥʮʠʘʣʘ ʘʥʠʦʥʳ ʘʜʩʦʨʙʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ ʢʘʪʠʦʥ r

ʦʨʠʝʥʪʠʨʫʶʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʂʦʛʜʘ ʩʤʝʱʝʥʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʝ, ʢʘʪʠʦʥʳ 

ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ, ʠ ʘʥʠʦʥʳ ʫʜʘʣʷʶʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʠ.  

ʄʦʜʝʣʴ ɻʝʣʴʤʛʦʣʴʮʘ ʫʢʘʟʳʚʘʝʪ, ʯʪʦ ʝʩʣʠ ʠʦʥʥʘʷ ʞʠʜʢʦʩʪʴ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ 

ʵʣʝʢʪʨʦʜʦʤ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ, ʪʦ ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʥʠʤʠ ʬʦʨʤʠʨʫʝʪ ɼʕʉ ʥʘ 

ʧʝʨʝʭʦʜʝ ʞʠʜʢʦʩʪʴ - ʪʚʝʨʜʦʪʝʣʴʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ. ʇʦʵʪʦʤʫ ʧʘʜʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ 

(

ʘ) 
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