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çʂʀɰɺʉʔʂʀʁ ʇʆʃɯʊɽʍʅɯʏʅʀʁ ɯʅʉʊʀʊʋʊ 

ʽʤʝʥʽ ɯɻʆʈʗ ʉɯʂʆʈʉʔʂʆɻʆè 
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ʂʘʬʝʜʨʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʧʦʨʦʰʢʦʚʦʾ ʤʝʪʘʣʫʨʛʽʾ 
 

çʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫè 

ʋɼʂ ______________ 

çɼʦ ʟʘʭʠʩʪʫ ʜʦʧʫʱʝʥʦè 

ɿʘʚʽʜʫʚʘʯ ʢʘʬʝʜʨʠ 

__________ ʖ.ɯ. ɹʦʛʦʤʦʣ 

ç___è_____________2023 ʨ. 

 

 

ʄʘʛʽʩʪʝʨʩʴʢʘ ʜʠʩʝʨʪʘʮʽʷ  

ʥʘ ʟʜʦʙʫʪʪʷ ʩʪʫʧʝʥʷ ʤʘʛʽʩʪʨʘ 

çʅʘʥʦʪʝʭʥʦʣʦʛʽʾ ʪʘ ʢʦʤʧôʁ ʪʝʨʥʠʡ ʜʠʟʘʡʥ ʤʘʪʝʨʽʘʣʽʚè 

ʩʧʝʮʽʘʣʴʥʦʩʪʽ 132 çʄʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʦè 

ʥʘ ʪʝʤʫ: çɺʧʣʠʚ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ 

ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʟ ʨʦʟʯʠʥʫ ʚ ʨʦʟʧʣʘʚʽ ʟʘʣʽʟʘ» 
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ʊʫʨʢʝʚʠʯ ɺʦʣʦʜʠʤʠʨ ɿʽʥʦʚʽʡʦʚʠʯ   __________ 

ʂʦʥʩʫʣʴʪʘʥʪ ʟ ʨʦʟʜʽʣʫ ʦʭʦʨʦʥʠ ʧʨʘʮʽ 

ʪʘ ʙʝʟʧʝʢʘ ʚ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʷʭ: 

ʇʨʦʬʝʩʦʨ, ʜ. ʪ. ʥ. , ʧʨʦʬʝʩʦʨ 

ʃʝʚʯʝʥʢʦ ʆʣʝʛ ɻʨʠʛʦʨʦʚʠʯ   __________ 

ʈʝʮʝʥʟʝʥʪ: 

ʥʘʫʢʦʚʠʡ ʩʧʽʚʨʦʙʽʪʥʠʢ ʚʽʜʜʽʣʫ ʥʦʤʝʨ 1, ʜʦʢʪʦʨ ʬʽʣʦʩʦʬʽʾ, 

ʈʫʤʷʥʮʝʚʘ ʖʣʽʷ ʖʨʽʾʚʥʘ  __________ 
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ʟʘʧʦʟʠʯʝʥʴ ʟ ʧʨʘʮʴ ʽʥʰʠʭ ʘʚʪʦʨʽʚ ʙʝʟ ʚʽʜʧʦʚʽʜʥʠʭ 

ʧʦʩʠʣʘʥʴ. 

ʉʪʫʜʝʥʪ (-ʢʘ) _____________ 
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PEʌɽʈɸʊ 

ɿʚʽʪ ʧʨʦ ʅɼʈ - 108 ʩ, 59 ʨʠʩʫʥʢʽʚ, 10 ʪʘʙʣʠʮʷ, 129 ʜʞʝʨʝʣ 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʢʨʠʩʪʘʣʠ GʘN, ʩʧʣʘʚʠ-ʨʦʟʯʠʥʥʠʢʠ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ 

ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ.  

ʄʝʪʘ ʨʦʙʦʪʠ ï ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʷʢʽʩʥʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʫ ɸɺʊ ʪʠʧʫ 

çʪʦʨʦʾʜè ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ: SEM, XRD, ɯʏ-ʩʧʝʢʪʨʦʩʢʦʧ̔ ʷ, ʪʘ ʨʘʤʘʥʽʚʩʴʢʘ 

ʩʧʝʢʪʨʦʩʢʦʧʽʷ 

ɹʫʣʦ ʧʨʦʚʝʜʝʥʦ ʦʛʣʷʜ ʣʽʪʝʨʘʪʫʨʠ ʪʘ ʧʘʪʝʥʪʽʚ, ʱʦ ʩʪʦʩʫʶʪʴʩʷ ʤʝʪʦʜʽʚ 

ʦʪʨʠʤʘʥʥʷ GaN. ɹʫʣʠ ʨʦʟʛʣʷʥʫʪʽ ʩʫʯʘʩʥʽ ʤʝʪʦʜʠ ʦʪʨʠʤʘʥʥʷ ʢʨʠʩʪʘʣʽʚ GaN, 

ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʥʘ ʾʭ ʩʪʨʫʢʪʫʨʥʫ 

ʜʦʩʢʦʥʘʣʽʩʪʴ. ʅʘ ʦʩʥʦʚʽ ʚʽʜʦʤʦʩʪʝʡ ʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ 

ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘ ʩʢʣʘʜ ʩʧʣʘʚʫ-ʨʦʟʯʠʥʥʠʢʘ ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ 

ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN. 

ʇʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʠ ʟ ʚʠʨʦʱʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ GaN ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 1200, 1400 ʪʘ 1600 ÁC ʧʨʦʪʷʛʦʤ 55 ʭʚʠʣʠʥ, 14 ʛʦʜʠʥ ʽ 17 ʛʦʜʠʥ 

ʚʽʜʧʦʚʽʜʥʦ. ɹʫʚ ʚʠʚʯʝʥʠʡ ʚʧʣʠʚ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʠʩʢʫ, ʯʘʩʫ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʩʢʣʘʜʫ 

ʩʧʣʘʚʫ-ʨʦʟʯʠʥʥʠʢʘ ʥʘ ʩʪʨʫʢʪʫʨʥʫ ʜʦʩʢʦʥʘʣʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʢʨʠʩʪʘʣʽʚ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʽʚ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (SEM), ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ 

ʜʠʬʨʘʢʪʦʤʝʪʨʽʾ (XRD), ʽʥʬʨʘʯʝʨʚʦʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ (ɯʏ), ʦʧʪʠʯʥʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ 

ʪʘ ʨʘʤʘʥʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ. 

ɿʚʽʪ ʙʫʚ ʧʽʜʛʦʪʦʚʣʝʥʠʡ ʟʛʽʜʥʦ ʟ ʫʤʦʚʘʤʠ ʜʦʛʦʚʦʨʫ ʟ ɯʥʩʪʠʪʫʪʦʤ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʽʤ. ɺ.ʄ. ɹʘʢʫʣʷ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ, 

ʨʦʟʪʘʰʦʚʘʥʠʤ ʟʘ ʘʜʨʝʩʦʶ: ʚʫʣ. ɸʚʪʦʟʘʚʦʜʩʴʢʘ, 2, ʂʠʾʚ 04074. 
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ABSTRACT 

Thesis: 108 pages, 59 figures, 10 tables, 129 references. 

 

GALIUM NITRIDE, GROWING, PRESSURE, SINGLE CRYSTALS, 

SOLVENT ALLOY, TEMPERATURE. 

 

Object of research: GʘN crystals, solvent alloys based on iron for growing 

single crystals. 

Purpose: Obtaining high-quality GaN single crystals in AVT type "toroid" by 

the temperature gradient method. 

Research methods: SEM, XRD, IR spectroscopy, and Raman spectroscopy. 

Consequently, we examine contemporary techniques for obtaining GaN 

crystals and explore how the growth parameters of single crystals impact the structural 

integrity of GaN crystals. We conducted experiments cultivating GaN crystals at 

temperatures of 1200°C, 1400°C, and 1600°C for durations of 55 minutes, 14 hours, 

and 17 hours, respectively. Furthermore, we investigated the effects of temperature, 

pressure, crystallization time, and solvent alloy composition on the structural 

perfection of the resulting crystals utilizing SEM, XRD, IR spectroscopy, optical 

spectroscopy, and Raman spectroscopy methods. 
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ɿʄɯʉʊ 

 

ɺʉʊʋʇééééééééé.éééééééééééééééééééé..7 

1 ʃɯʊɽʈɸʊʋʈʅʀʁ ʆɻʃʗɼéééééééééééééééééééé.10 

1.1 ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʤʘʪʝʨʽʘʣʠ (SiC, Si, AlN, InN, GaN). ʂʣʘʩʠʬʽʢʘʮʽʷ, 

ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷééééééééééééééééééééé10 

1.2 ʇʨʦʙʣʝʤʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaNééé.13 

1.3 ɺʠʙʽʨ ʤʝʪʦʜʫ ʚʠʨʦʱʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ GaNééééééééééé.15 

1.4 ʊʝʭʥʦʣʦʛʽʷ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʪʘ 

ʪʠʩʢʽʚéééééééééééééééééééééééééééééé.16 

1.4.1 ʆʙʣʘʜʥʘʥʥʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚééééééééé..17 

1.4.2 ɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨ. ɺʧʣʠʚ ʪʠʩʢʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠééééééééééééééé..17 

1.5 ʄʝʪʦʜʠ ʢʦʥʪʨʦʣʶ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʪʘ ʩʪʨʫʢʪʫʨʥʦʾ ʜʦʩʢʦʥʘʣʦʩʪʽ 

ʤʦʥʦʢʨʠʩʪʘʣʽʚééééééééééééééééééééééééééé19                                                                             

1.5.1 ɯʏ-ʩʧʝʢʪʨʦʩʢʦʧʽʷééééééééééééééééé....éé...19 

1.5.2 ʈʘʤʘʥʽʚʩʴʢʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷéééééééééééééééé..21 

1.5.3 ʉʢʘʥʫʚʘʣʴʥʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷéééééééééééé22 

1.6 ʊʝʨʤʦʜʠʥʘʤʽʢʘ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ fe-ga ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʠʩʢʽʚéééééééééééééééééééééé.éé24 

1.7  ʇʦʰʫʢ ʣʽʪʝʨʘʪʫʨʥʠʭ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʪʝʦʨʝʪʠʯʥʠʭ) ʜʘʥʠʭ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʬʘʟ, ʱʦ ʽʩʥʫʶʪʴ ʚ ʩʠʩʪʝʤʽ FeïN ʟʘ 

ʥʦʨʤʘʣʴʥʠʭ ʫʤʦʚ ʪʘ ʟʘ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ ʪʘ ʪʝʤʧʝʨʘʪʫʨééééééé.27 

2 ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸ ʏɸʉʊʀʅɸééééééééééééééé30 

2.1 ʉʪʘʥ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ ʩʠʩʪʝʤʠ 

FeïNééééééééééééééééééééééééééééééé30 

2.2 ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN ʧʽʜ 

ʘʪʤʦʩʬʝʨʥʠʤ ʪʘ ʚʠʩʦʢʠʤʠ ʪʠʩʢʘʤʠéééééééééééééééééé31 

2.3 ʈʦʟʯʠʥʝʥʥʷ GaN ʫ ʟʘʣʽʟʽ ʧʨʠ ʪʠʩʢʫ 8,3 ɻʇʘééééééééé...é.36 
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2.4 ʈʦʟʯʠʥʝʥʥʷ GaN ʫ ʥʽʪʨʠʜʽ FexN ʧʨʠ ʪʠʩʢʫ 8,3 ɻʇʘéééééééé42 

2.5 ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ  ʟʨʘʟʢʫ 3 (ʢʨʠʩʪʘʣʠ GaN, 

ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʩʧʣʘʚʫʨʦʟʯʠʥʥʠʢʘ Fe-Ga-N (40 ʛʦʜʠʥ)ééééééééééééééééé45 

2.6 ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʢʨʠʩʪʘʣʽʚ GaN, ʦʪʨʠʤʘʥʠʭ 

ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʘʧʬʽʨʫ ʚ ʷʢʦʩʪʽ 

ʧʽʜʢʣʘʜʢʠééééééééééééééééééééééééééééé48 

3 ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺééééééééééééééé.51 

3.1 ʈʝʟʫʣʴʪʘʪʠ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʚ ɸɺʊ ʪʠʧʫ çʪʦʨʦʾʜè ʟʘ 
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ɺʉʊʋʇ 

ɿʥʘʯʥʘ ʯʘʩʪʠʥʘ ʩʫʯʘʩʥʦʛʦ ʨʠʥʢʫ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʚʣʘʩʥʽʩʪʶ 

ʢʨʝʤʥʽʶ ʪʘ ʢʘʨʙʽʜʦʢʨʝʤʥʽʶ. ʂʨʝʤʥʽʡ h ʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ 

ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʪʘʢʠʭ ʷʢ ʜʽʦʜʠ, ʩʚʽʪʣʦʜʽʦʜʠ, ʪʨʘʥʟʠʩʪʦʨʠ, ʚʠʧʨʷʤʣʷʯʽ ʪʘ 

ʽʥʪʝʛʨʘʣʴʥʽ ʩʭʝʤʠ (ʯʠʧʠ), ʘ ʪʘʢʦʞ ʩʦʥʷʯʥʽ ʝʣʝʤʝʥʪʠ. ʋ ʜʦʜʘʪʦʢ ʜʦ ʢʨʝʤʥʽʶ, 

ʪʘʢʦʞ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʝʣʝʤʝʥʪʠ, ʪʘʢʽ ʷʢ ʘʨʩʝʥʽʜ ʛʘʣʽʶ, ʘʨʩʝʥʽʜ 

ʘʣʶʤʽʥʽʶ, ʛʝʨʤʘʥʽʡ ʪʘ ʙʘʛʘʪʦ ʽʥʰʠʭ. ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʚʩʝ ʧʦʧʫʣʷʨʥʽʰʠʤʠ ʩʪʘʶʪʴ 

ʦʨʛʘʥʽʯʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ, ʥʘʧʨʠʢʣʘʜ, ʫ ʢʦʧʽʶʚʘʣʴʥʽʡ 

ʪʝʭʥʽʮʽ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʤʠ ʜʦʩʣʽʜʞʫʻʤʦ GaN ʷʢ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʚʘʨʽʘʥʪ ʫ 

ʛʘʣʫʟʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ. ʆʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʧʨʠʩʪʨʦʾʚ ʥʘ ʦʩʥʦʚʽ GaN ʧʦʨʽʚʥʷʥʦ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʧʨʠʣʘʜʘʤʠ ʥʘ ʦʩʥʦʚʽ ʢʨʝʤʥʽʶ ʚʢʣʶʯʘʶʪʴ: 

¶ ɿʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʽʚ ʧʨʠʩʪʨʦʾʚ ʪʘ ʟʤʝʥʰʝʥʥʷ ʚʘʨʪʦʩʪʽ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ 

ʟʘʚʜʷʢʠ ʙʽʣʴʰʽʡ ʰʚʠʜʢʦʜʽʾ ʪʘ ʤʝʥʰʠʤ ʪʝʧʣʦʚʪʨʘʪʘʤ ʧʨʦʚʽʜʥʠʢʽʚ ʥʘ ʦʩʥʦʚʽ 

GaN; 

¶ ɹ̔ ʣʴʰ ʚʠʩʦʢʽ ʯʘʩʪʦʪʠ ʧʝʨʝʤʠʢʘʥʥʷ ʧʨʠʩʪʨʦʾʚ ʪʘ ʚʠʱʽ ʨʦʙʦʯʽ ʪʝʤʧʝʨʘʪʫʨʠ, 

ʱʦ ʟʥʠʞʫʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʦʭʦʣʦʜʞʝʥʥʽ ʧʨʠʩʪʨʦʾʚ; 

¶ ʇʨʷʤʦʧʨʦʧʦʨʮʽʡʥʝ ʟʤʝʥʰʝʥʥʷ ʽʥʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʻʤʥʦʩʪʽ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʫ 

ʩʠʣʦʚʠʭ ʣʘʥʮʶʛʘʭ ʟʘ ʨʘʭʫʥʦʢ ʧʽʜʚʠʱʝʥʥʷ ʯʘʩʪʦʪʠ ʧʝʨʝʤʠʢʘʥʥʷ; 

¶ ɿʥʠʞʝʥʥʷ ʚʘʛʠ, ʦʙ'ʻʤʫ ʪʘ ʚʘʨʪʦʩʪʽ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʦʩʥʦʚʽ GaN. 

ʆʪʞʝ, ʭʦʯʘ GaN ʻ ʙʽʣʴʰ ʜʦʨʦʛʠʤ ʤʘʪʝʨʽʘʣʦʤ ʧʦʨʽʚʥʷʥʦ ʟ ʢʨʝʤʥʽʻʤ, ʡʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʻ ʧʦʪʝʥʮʽʘʣ ʟʤʝʥʰʠʪʠ ʨʦʟʤʽʨʠ ʪʘ ʨʽʚʝʥʴ ʰʫʤʫ ʧʨʠʣʘʜʽʚ ʥʘ ʡʦʛʦ 

ʦʩʥʦʚʽ, ʱʦ ʤʦʞʝ ʟʝʢʦʥʦʤʠʪʠ ʚʽʜ 10 ʜʦ 20% ʚʠʪʨʘʪ ʥʘ ʚʠʨʦʙʥʠʮʪʚʦ ʪʘ 

ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘʢʠʭ ʧʨʠʩʪʨʦʾʚ ʚ ʤʘʡʙʫʪʥʴʦʤʫ. ʎʝ ʨʦʙʠʪʴ ʚʠʨʦʱʫʚʘʥʥʷ 

ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʾʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʘʞʣʠʚʦʶ ʧʨʦʙʣʝʤʦʶ ʟ 

ʪʦʯʢʠ ʟʦʨʫ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

ʅʽʪʨʠʜ ʛʘʣʽʶ ï ʮʝ ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ, ʱʦ ʚ ʪʝʧʝʨʽʰʥʽʡ ʯʘʩ ʤʘʻ 

ʟʨʦʩʪʘʶʯʝ ʪʝʭʥʦʣʦʛʽʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ. ʊʘʢ, ʚ 2014 ʨ. ʟʘ ʚʠʥʘʭʽʜ ʝʬʝʢʪʠʚʥʠʭ 



8 
 

 

ʙʣʘʢʠʪʥʠʭ ʩʚʽʪʣʦʜʽʦʜʽʚ ʥʘ ʦʩʥʦʚʽ GaN, ʱʦ ʧʨʠʚʝʣʠ ʜʦ ʧʦʷʚʠ ʷʩʢʨʘʚʠʭ ʪʘ 

ʝʥʝʨʛʦʟʙʝʨʽʛʘʶʯʠʭ ʙʽʣʠʭ ʜʞʝʨʝʣ ʩʚʽʪʣʘ, ʧʨʠʩʫʜʞʝʥʦ ʅʦʙʝʣʽʚʩʴʢʫ ʧʨʝʤʽʶ ʟ 

ʬʽʟʠʢʠ. ɺʠʛʦʪʦʚʣʝʥʥʷ ʪʘʢʠʭ ʩʚʽʪʣʦʜʽʦʜʽʚ ʧʦʪʨʝʙʫʻ ʥʘʷʚʥʦʩʪʽ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʭ 

ʧʽʜʢʣʘʜʦʢ ʟ GaN ʜʣʷ ʾʭ ʝʧʽʪʘʢʩʽʘʣʴʥʦʛʦ ʥʘʨʦʱʫʚʘʥʥʷ. 

ʉʪʚʦʨʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʩʧʦʩʦʙʫ ʢʨʠʩʪʘʣʽʟʘʮʽʾ GaN ʻ ʘʢʪʫʘʣʴʥʠʤ ʧʠʪʘʥʥʷʤ, 

ʦʩʢʽʣʴʢʠ ʡʦʛʦ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʶʪʴʩʷ ʚʠʥʠʢʥʝʥʥʷʤ 

ʨʽʟʥʠʭ ʜʝʬʝʢʪʽʚ. ʉʝʨʝʜ ʤʝʪʦʜʽʚ ʚʠʨʦʱʫʚʘʥʥʷ GaN ʚʽʜʦʤʘ ʛʽʜʨʠʜʥʘ ʧʘʨʦʬʘʟʥʘ 

ʝʧʽʪʘʢʩʽʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʢʨʠʩʪʘʣʽʟʫʚʘʪʠ GaN ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʽ 1000 Áʉ ʟʽ ʰʚʠʜʢʽʩʪʶ ʙʽʣʷ 100 ʤʢʤ/ʛʦʜ. ʅʝʜʦʩʢʦʥʘʣʽʩʪʶ ʮʴʦʛʦ 

ʤʝʪʦʜʫ ʻ ʚʠʩʦʢʘ ʜʝʬʝʢʪʥʽʩʪʴ ʚʠʨʦʱʝʥʠʭ ʢʨʠʩʪʘʣʽʚ, ʱʦ ʚʠʥʠʢʘʻ ʚʥʘʩʣʽʜʦʢ 

ʟʘʣʠʰʢʦʚʦʛʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʷʢ ʚ ʢʨʠʩʪʘʣʘʭ, ʪʘʢ ʽ ʚ ʧʽʜʢʣʘʜʢʘʭ, 

ʥʘ ʷʢʠʭ ʚʦʥʠ ʟʨʦʩʪʘʶʪʴ. 

ɯʥʰʠʤ ʤʝʪʦʜʦʤ ʚʠʨʦʱʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ GaN ʻ ʘʤʦʥʦʪʝʨʤʽʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʥʘʜʢʨʠʪʠʯʥʦʛʦ ʘʤʽʘʢʫ (NH3) ʷʢ ʨʦʟʯʠʥʥʠʢʘ ʜʣʷ GaN ʧʨʠ ʪʠʩʢʫ 0,2ï0,3 ɻʇʘ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʽ 600ï800 Áʉ. ʉʝʨʡʦʟʥʠʤ ʥʝʜʦʣʽʢʦʤ ʮʴʦʛʦ ʤʝʪʦʜʫ ʻ ʥʘʜʟʚʠʯʘʡʥʦ 

ʥʠʟʴʢʘ ʰʚʠʜʢʽʩʪʴ ʨʦʩʪʫ (1ï2 ʤʢʤ/ʛʦʜ) ʪʘ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʘ ʯʠʩʪʦʪʘ ʚʠʨʦʱʝʥʠʭ 

ʢʨʠʩʪʘʣʽʚ. 

ʇʝʨʰʽ ʚʠʩʦʢʦʷʢʽʩʥʽ ʢʨʠʩʪʘʣʠ GaN, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ 

ʝʧʽʪʘʢʩʽʘʣʴʥʦʛʦ ʥʘʨʦʱʫʚʘʥʥʷ ʪʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʦʮʝʩʦʨʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1500 Áʉ ʽ ʪʠʩʢʫ ʘʟʦʪʫ 1 ɻʇʘ ʚ ʛʘʟʦʩʪʘʪʠʯʥʽʡ ʫʩʪʘʥʦʚʮʽ 

ʚ ɯʥʩʪʠʪʫʪʽ ʬʽʟʠʢʠ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ ʇʦʣʴʩʴʢʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ. 

ʅʦʚʠʤ ʧʽʜʭʦʜʦʤ ʚ ʦʪʨʠʤʘʥʥʽ ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʻ ʡʦʛʦ ʢʨʠʩʪʘʣʽʟʘʮʽʷ ʽʟ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʨʦʟʯʠʥ-ʨʦʟʧʣʘʚʥʦʾ ʩʠʩʪʝʤʠ FeïGaïN ʧʨʠ ʚʠʩʦʢʠʭ ʪʠʩʢʘʭ (~ 

6 ɻʇʘ) ʽ ʪʝʤʧʝʨʘʪʫʨʘʭ (~ 1800 Áʉ). ʆʩʥʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʧʨʠ ʨʦʟʨʦʙʮʽ ʢʦʤʽʨʦʢ 

ʜʦ ʘʧʘʨʘʪʽʚ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʻ ʢʦʥʩʪʨʫʶʚʘʥʥʷ ʩʭʝʤʠ ʾʾ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʽʚʫ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʻ ʥʝʦʙʭʽʜʥʠʡ ʨʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʨʦʩʪʦʚʦʤʫ ʦʙôʻʤʽ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʚʠʟʥʘʯʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʬʦʨʤ, ʩʢʣʘʜʽʚ ʪʘ ʨʦʟʤʽʨʽʚ ʥʘʛʨʽʚʘʯʽʚ ʽ 

ʝʣʝʤʝʥʪʽʚ ʪʝʧʣʦʽʟʦʣʷʮʽʾ ʢʦʤʽʨʢʠ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ (ʂɺʊ) ʻ ʥʘʜʟʚʠʯʘʡʥʦ 
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ʪʨʫʜʦʤʽʩʪʢʠʤ ʪʘ ʜʦʚʛʦʪʨʠʚʘʣʠʤ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʦʨʝʯʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʤʝʪʦʜʠ 

ʢʦʤʧôʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʫʯʘʩʥʽ ʦʙʯʠʩʣʶʚʘʣʴʥʽ 

ʤʝʪʦʜʠʢʠ, ʤʦʞʥʘ ʜʦʩʪʘʪʥʴʦ ʜʝʪʘʣʴʥʦ ʘʥʘʣʽʟʫʚʘʪʠ ʧʨʦʮʝʩ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʽʚʫ 

ʂɺʊ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚ ʥʽʡ ʝʬʝʢʪʠʚʥʠʭ ʫʤʦʚ ʢʨʠʩʪʘʣʽʟʘʮʽʾ GaN ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʪʝʨʤʦʙʘʨʠʯʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʧʨʦʚʽʜʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ, ʢʦʥʬʽʛʫʨʘʮʽʡ ʽ 

ʩʢʣʘʜʫ ʧʨʦʚʽʜʥʠʭ ʽ ʽʟʦʣʷʮʽʡʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʩʭʝʤ ʦʭʦʣʦʜʞʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ɸɺʊ, 

ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʨʦʩʪʦʚʦʛʦ ʦʙôʻʤʫ. 

ʊʦʞ ʦʜʥʠʤ ʽʟ ʟʘʚʜʘʥʴ ʮʽʻʾ ʨʦʙʦʪʠ ʻ ʨʦʟʚʠʥʝʥʥʷ ʤʝʪʦʜʽʚ ʯʠʩʝʣʴʥʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʽʚʫ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ ʂɺʊ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʢʨʠʩʪʘʣʽʟʘʮʽʾ GaN ʽʟ ʨʦʟʯʠʥ-

ʨʦʟʧʣʘʚʥʦʾ ʩʠʩʪʝʤʠ FeïGaïN. 

ɸʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʨʦʙʦʪʠ ʻ ʜʝʪʘʣʴʥʝ ʚʠʚʯʝʥʥʷ ʩʠʩʪʝʤʠ FeïGaïN ʪʘ 

ʚʩʪʘʥʦʚʣʝʥʥʷ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ, ʜʝ ʢʨʠʩʪʘʣʽʟʘʮʽʷ GaN ʚʽʜʙʫʚʘʣʘʩʷ ʙ ʤʘʢʩʠʤʘʣʴʥʦ 

ʝʬʝʢʪʠʚʥʦ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ. ʇʝʨʰʠʤ ʝʪʘʧʦʤ ʚʠʢʦʥʘʥʥʷ ʮʴʦʛʦ ʟʘʚʜʘʥʥʷ 

ʻ ʪʝʦʨʝʪʠʯʥʘ ʧʦʙʫʜʦʚʘ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN. 
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1 ʃɯʊɽʈɸʊʋʈʅʀʁ ʆɻʃʗɼ 

1.1 ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʤʘʪʝʨʽʘʣʠ (SiC, Si, AlN, InN, GaN). ʂʣʘʩʠʬʽʢʘʮʽʷ, 

ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʻ ʨʝʯʦʚʠʥʘʤʠ, ʱʦ ʤʘʶʪʴ ʧʨʦʤʽʞʥʫ ʚʝʣʠʯʠʥʫ ʧʠʪʦʤʦʾ 

ʧʨʦʚʽʜʥʦʩʪʽ ʤʽʞ ʧʨʦʚʽʜʥʠʢʘʤʠ ʪʘ ʜʽʝʣʝʢʪʨʠʢʘʤʠ. ʋ ʤʝʪʘʣʘʭ ʧʨʦʚʽʜʥʽʩʪʴ ʜʫʞʝ 

ʚʠʩʦʢʘ (ů > 105 ʉʤ/ʤ), ʪʦʜʽ ʷʢ ʫ ʜʽʝʣʝʢʪʨʠʢʽʚ ʚʦʥʘ ʥʠʟʴʢʘ (ů < 10ï10 ʉʤ/ʤ), ʧʨʠ 

ʮʴʦʤʫ ʚʝʣʠʯʠʥʘ ʧʨʦʚʽʜʥʦʩʪʽ ʚʠʤʽʨʶʻʪʴʩʷ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. 

ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʧʨʦʤʽʞʥʽʡ ʟʦʥʽ ʤʽʞ ʤʝʪʘʣʘʤʠ ʪʘ ʜʽʝʣʝʢʪʨʠʢʘʤʠ 

ʥʘ ʬʨʘʛʤʝʥʪʽ ʪʘʙʣʠʮʽ ʄʝʥʜʝʣʻʻʚʘ. ʎʷ ʟʦʥʘ ʚʠʜʽʣʝʥʘ ʞʠʨʥʦʶ ʣʽʥʽʻʶ. ɽʣʝʤʝʥʪʠ, 

ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ ʣʽʚʦʨʫʯ ʪʘ ʟʥʠʟʫ ʚʽʜ ʮʽʻʾ ʟʦʥʠ, ʻ ʤʝʪʘʣʘʤʠ, ʪʦʜʽ ʷʢ ʝʣʝʤʝʥʪʠ 

ʧʨʘʚʦʨʫʯ ʪʘ ʟʚʝʨʭʫ ʻ ʜʽʝʣʝʢʪʨʠʢʘʤʠ. 

  

ʈʠʩʫʥʦʢ 1.1 ï ʌʨʘʛʤʝʥʪ ʪʘʙʣʠʮʽ ʄʝʥʜʝʣʻʻʚʘ  

  

 ʍʘʨʘʢʪʝʨʥʦʶ ʨʠʩʦʶ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ, ʱʦ ʚʽʜʨʽʟʥʷʻ ʾʭ ʚʽʜ ʤʝʪʘʣʽʚ, ʻ 

ʟʨʦʩʪʘʥʥʷ ʧʨʦʚʽʜʥʦʩʪʽ (ů) ʟ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ (ʊ). ʗʢ ʧʨʘʚʠʣʦ, ʟʨʦʩʪʘʥʥʷ ů(ʊ) 

ʝʢʩʧʦʥʝʥʪʥʝ ʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ [1]:  

ů = ů0 ʝʭʨ(-Eg/2kɹʊ),  

ʜʝ Eg ï ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʝʣʝʢʪʨʦʥʽʚ, kɹ ï ʧʦʩʪʽʡʥʘ ɹʦʣʴʮʤʘʥʘ  

ɿ ʮʽʻʾ ʬʦʨʤʫʣʠ ʚʠʜʥʦ, ʱʦ ʢʦʣʠ ʪʝʤʧʝʨʘʪʫʨʘ ʟʥʘʭʦʜʠʪʴʩʷ ʧʦʙʣʠʟʫ 

ʘʙʩʦʣʶʪʥʦʛʦ ʥʫʣʷ (ʊå0), ʪʦ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʚʝʜʫʪʴ ʩʝʙʝ ʷʢ ʽʟʦʣʷʪʦʨʠ ʟ ʤʘʡʞʝ 

ʥʫʣʴʦʚʦʶ ʧʨʦʚʽʜʥʽʩʪʶ (ů å 0). ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʥʘ ʜʫʞʝ ʥʠʟʴʢʠʭ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ ʝʣʝʢʪʨʦʥʠ ʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʫ ʤʘʡʞʝ ʥʝ ʨʫʭʘʶʪʴʩʷ, ʦʩʢʽʣʴʢʠ ʾʭ ʨʫʭ 

ʦʙʤʝʞʝʥʠʡ ʢʨʠʩʪʘʣʽʯʥʦʶ ˇʨʘʪʢʦʶ. ʇʨʦʪʝ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʝʧʣʦʚʠʡ ʨʫʭ ʝʣʝʢʪʨʦʥʽʚ, ʷʢʠʡ ʨʦʟʨʠʚʘʻ ʟʚ'ʷʟʦʢ ʤʽʞ ʥʠʤʠ ʫ ˇʨʘʪʮʽ, 

ʪʦʤʫ ʧʝʚʥʘ ʢʽʣʴʢʽʩʪʴ ʝʣʝʢʪʨʦʥʽʚ ʩʪʘʻ ʚʽʣʴʥʠʤʠ ʥʦʩʽʷʤʠ ʟʘʨʷʜʫ. ʎʝ ʢʽʣʴʢʽʩʪʴ 

ʝʣʝʢʪʨʦʥʽʚ ʧʨʦʧʦʨʮʽʡʥʘ ʝʭʨ(ïEg/2kɹʊ), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʧʨʦʚʽʜʥʦʩʪʽ 

ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʎʝʡ ʝʬʝʢʪ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ 

ʪʝʤʧʝʨʘʪʫʨ. 

ʄʘʪʝʨʽʘʣʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʛʦ ʢʣʘʩʫ ʤʦʞʫʪʴ ʚʪʨʘʪʠʪʠ ʩʚʦʾ ʝʣʝʢʪʨʦʥʥʽ 

ʟʚ'ʷʟʢʠ ʥʝ ʪʽʣʴʢʠ ʯʝʨʝʟ ʪʝʧʣʦʚʠʡ ʨʫʭ, ʘʣʝ ʡ ʯʝʨʝʟ ʟʦʚʥʽʰʥʽ ʬʘʢʪʦʨʠ, ʪʘʢʽ ʷʢ ʩʚʽʪʣʦ, 

ʧʦʪʽʢ ʯʘʩʪʠʥʦʢ, ʝʣʝʢʪʨʠʯʥʽ ʧʦʣʷ ʪʘ ʽʥʰʽ. ɺʘʞʣʠʚʠʤ ʧʦʢʘʟʥʠʢʦʤ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ 

ʤʘʪʝʨʽʘʣ, ʻ ʰʠʨʠʥʘ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ (ʐɿ), ʷʢʘ ʚʠʟʥʘʯʘʻ ʢʽʣʴʢʽʩʪʴ ʝʥʝʨʛʽʾ, ʱʦ 

ʧʦʪʨʽʙʥʘ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ ʝʣʝʢʪʨʦʥʘ ʟ ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʚ ʟʦʥʫ ʧʨʦʚʽʜʥʦʩʪʽ. 

ɿʘʣʝʞʥʦ ʚʽʜ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʤʦʞʫʪʴ ʤʘʪʠ ʨʽʟʥʽ 

ʝʣʝʢʪʨʦʥʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʧʦʪʝʥʮʽʘʣ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʨʽʟʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ 

ʧʨʠʩʪʨʦʷʭ. 

ʆʪʞʝ, ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʢʣʘʩʠʬʽʢʫʶʪʴ ʟʘ ʥʘʩʪʫʧʥʠʤʠ ʦʟʥʘʢʘʤʠ: 

1) ɿʘ ʪʝʤʧʝʨʘʪʫʨʦʶ, ʚ ʷʢʽʡ ʤʘʪʝʨʽʘʣʠ ʚʠʷʚʣʷʶʪʴ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ï ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʽ, ʟʚʠʯʘʡʥʽ ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ 

2) ɿʘ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ï ʙʝʟʱʦʣʦʚʽ (ʚ ʷʢʠʭ ʰʠʨʠʥʘ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ (ʐɿ) = 0 ï Ŭ-Sn, HgTe, HgSi), ʚʫʟʴʢʦʟʦʥʥʽ (ʟ ʐɿ Ò2 ʝɺ ï InN, 

GaAs, CdTe ʪʘ ʽʥ), ʰʠʨʦʢʦʟʦʥʥʽ  (ʟ ʐɿÓ 3ʝɺ ï  GaN, AlN, ZnS ʪʘ ʽʥ.) ʪʘ ʟʚʠʯʘʡʥʽ 

(ʟ ʐɿ = 2ï3 ʝɺ ï AlP, ZnSe, MgTe ʪʘ ʽʥ.) 
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- 

ʈʠʩʫʥʦʢ 1.2 ï ɿʘʣʝʞʥʽʩʪʴ ʰʠʨʠʥʠ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʛʨʘʪʢʠ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ  

 

3) ɿʘ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ï ʦʨʛʘʥʽʯʥʽ ʪʘ ʥʝʦʨʛʘʥʽʯʥʽ 

4) ɿʘ ʩʪʨʫʢʪʫʨʦʶ ï ʢʨʠʩʪʘʣʽʯʥʽ, ʘʤʦʨʬʥʽ ʪʘ ʨʽʜʠʥʥʽ 

5)  ɿʘ ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ï ʤʦʥʦʝʣʝʤʝʥʪʥʽ  ʪʘ ʙʘʛʘʪʦʝʣʝʤʝʥʪʥʽ  

ɼʦ ʤʦʥʦʝʣʝʤʝʥʪʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʚʽʜʥʦʩʷʪʴ ʙʦʨ (ɺ) (ɯɯɯ ʛʨʫʧʘ 

ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʄʝʥʜʝʣʻʻʚʘ); ʛʝʨʤʘʥʽʡ (Ge) ʪʘ ʢʨʝʤʥʽʡ (Si) (ɯV ʛʨʫʧʘ 

ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʄʝʥʜʝʣʻʻʚʘ); ʬʦʩʬʦʨ (P), ʘʨʩʝʥ (As), ʩʫʨʤʫ (Sb) (V ʛʨʫʧʘ 

ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʄʝʥʜʝʣʻʻʚʘ); ʩʽʨʢʫ (S), ʩʝʣʝʥ (Se), ʪʝʣʫʨ (Te)  (VI  ʛʨʫʧʘ 

ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʄʝʥʜʝʣʻʻʚʘ); J (VII  ʛʨʫʧʘ). 

ɹʘʛʘʪʦʝʣʝʤʝʥʪʥʽ ʥʘʜʧʨʦʚʽʜʥʠʢʠ ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ ʨʽʟʥʽ ʪʠʧʠ ʭʽʤʽʯʥʠʭ 

ʩʧʦʣʫʢ, ʪʘʢʽ ʷʢ AIIIBV  (GaAs, GaN), AIIBVI , AIVBVl , AIVB  lV, ʧʦʪʨʽʡʥʽ ʩʧʦʣʫʢʠ 

ʪʘ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ. ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʧʦʜʽʣʷʶʪʴʩʷ ʥʘ ʜʚʘ ʪʠʧʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʤʝʭʘʥʽʟʤʫ ʧʨʦʚʽʜʥʦʩʪʽ: ʚʣʘʩʥʽ ʪʘ ʜʦʤʽʰʢʦʚʽ. ɺʣʘʩʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʘʙʦ 

ʥʝʣʝʛʦʚʘʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʻ ʯʠʩʪʠʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ, ʚ ʷʢʠʭ ʚʤʽʩʪ ʜʦʤʽʰʦʢ 

ʥʝ ʧʝʨʝʚʠʱʫʻ 10-8 é 10-9%. ʋ ʪʘʢʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʭ ʢʦʥʮʝʥʪʨʘʮʽʷ ʜʽʨʦʢ 

ʟʘʚʞʜʠ ʜʦʨʽʚʥʶʻ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʽʣʴʥʠʭ ʝʣʝʢʪʨʦʥʽʚ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʣʘʩʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʘʪʝʨʽʘʣʫ, ʪʘʢʠʤʠ ʷʢ ʪʝʨʤʽʯʥʦ ʟʙʫʜʞʝʥʽ ʥʦʩʽʾ, ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʪʘ 

ʚʣʘʩʥʽ ʜʝʬʝʢʪʠ [4]. ɺʚʝʜʝʥʥʷ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʟʘʟʚʠʯʘʡ ʩʧʨʠʯʠʥʶʻ ʥʘʜʣʠʰʦʢ 

ʝʣʝʢʪʨʦʥʽʚ (ʪʦʜʽ ʮʝ ʥʘʟʠʚʘʶʪʴ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ ʜʦʥʦʨʥʦʛʦ (ʘʙʦ n)-ʪʠʧʫ) ʘʙʦ 
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ʥʝʩʪʘʯʫ ʝʣʝʢʪʨʦʥʽʚ (ʪʦʜʽ ʮʝ ʥʘʟʠʚʘʶʪʴ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ ʘʢʮʝʧʪʦʨʥʦʛʦ (p) ʪʠʧʫ) 

ʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʦʤʫ ʤʘʪʝʨʽʘʣʽ (ʜʠʚ. ʨʠʩ. 1.3). 

 

ʘ)                                              ʙ)                                              ʚ) 

ʈʠʩʫʥʦʢ  1.3 ï ʂʣʘʩʠʬʽʢʘʮʽʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʟʘ ʤʝʭʘʥʽʟʤʦʤ ʧʨʦʚʽʜʥʦʩʪʽ 

[5]:  

ʘ) ʚʣʘʩʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʟ ʥʝʟʥʘʯʥʠʤʠ ʜʦʤʽʰʢʘʤʠ  

ʙ) ʥʘʧ̔ʚʧʨʦʚʽʜʥʠʢʠ ʜʦʥʦʨʥʦʛʦ ʪʠʧʫ  (n-ʪʠʧʫ) 

ʚ) ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʢ̔ʠ ʘʢʮʝʧʪʦʨʥʦʛʦ ʪʠʧʫ (p-ʪʠʧʫ) 

ʊʦʤʫ, ʱʦ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʤʦʞʫʪʴ ʨʝʘʛʫʚʘʪʠ ʥʘ ʨʽʟʥʽ ʟʦʚʥʽʰʥʽ ʧʦʣʷ, ʪʘʢʽ 

ʷʢ ʝʣʝʢʪʨʠʯʥʽ, ʤʘʛʥʽʪʥʽ ʪʘ ʪʝʧʣʦʚʽ, ʚʦʥʠ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ 

ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ, ʪʘʢʠʭ ʷʢ ʪʝʨʤʽʩʪʦʨʠ, ʪʠʨʠʩʪʦʨʠ, ʨʝʟʠʩʪʦʨʠ ʪʦʱʦ. ʂʨʽʤ 

ʪʦʛʦ, ʧʦʻʜʥʘʥʥʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʪʠʧʫ p ʪʘ n, ʥʘʧʨʠʢʣʘʜ, ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʛʝʪʝʨʦʝʧʽʪʘʢʩʽʾ, ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʠʪʠ p-n ʧʝʨʝʭʽʜ ʪʘ ʟʘʩʪʦʩʫʚʘʪʠ ʪʘʢʽ ʤʘʪʝʨʽʘʣʠ ʚ 

ʦʧʪʦʝʣʝʢʪʨʦʥʽʮʽ, ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʣʘʟʝʨʽʚ, 

ʬʦʪʦʜʽʦʜʽʚ, ʬʦʪʦʝʣʝʤʝʥʪʽʚ, ʬʦʪʦʪʨʘʥʟʠʩʪʦʨʽʚ, ʚʠʧʨʦʤʽʥʶʚʘʯʽʚ ʪʦʱʦ. 

 

1.2 ʇʨʦʙʣʝʤʠ ʪʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN. 

ʉʫʯʘʩʥʠʡ ʨʠʥʦʢ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚ ʙʽʣʴʰʽʡ ʤʽʨʽ ʥʘʣʝʞʠʪʴ 

ʢʨʝʤʥʽʻʚʠʤ ʪʘ ʢʘʨʙʽʜʦʢʨʝʤʥʽʻʚʠʤ ʝʣʝʤʝʥʪʘʤ.  

 

ʊʘʙʣʠʮʷ 1.1 ï ɺʣʘʩʪʠʚʦʩʪʽ ʪʨʘʜʠʮʽʡʥʠʭ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ 

(SiC ʪʘ Si) [6]. ʪʘ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʽʪʨʠʜʽʚ 

3ʦʾ ʛʨʫʧʠ (GaN, AlN, InN) ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 300 K [7] 
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ɺʣʘʩʪʠʚʦʩʪʽ Si SiC GaN AlN InN 

EG(eV) 1,12 3.2 3.4 6.2 0.7 

ɻʫʩʪʠʥʘ, ʛ/ʩʤ3 2,33 3,95 6,15 3,26 6,81 

ʇʘʨʘʤʝʪʨʠ 

ʛʨʘʪʢʠ 

a (Å) 5,43 4,35 3.189 3.112 3.548 

b (Å)   5.185 4.982 5.760 

ʂʊʈ æa/a (ʂ-1) 2,6×106 3,8×106-

5,12×106 

3.17×10-6 4.2×10-

6 

3.8×10-6 

æb/b(ʂ-1) 5.59×10-6 5.3×10-

6 

2.9×10-6 

ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ(ɺʪ/ʩʤÅʂ) 1,3 25,5-

41,0 

1.3 2.85 0.45 

 

ʆʩʥʦʚʥʽ ʧʝʨʝʚʘʛʠ ʧʨʠʣʘʜʽʚ ʥʘ ʦʩʥʦʚʽ GaN ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʧʨʠʣʘʜʘʤʠ ʥʘ ʦʩʥʦʚʽ ʢʨʝʤʥʽʶ ʧʦʣʷʛʘʶʪʴ ʫ ʥʘʩʪʫʧʥʦʤʫ: 

1. ʅʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʥʘ ʦʩʥʦʚʽ GaN ʻ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤʠ 

ʧʦʨʽʚʥʷʥʦ ʟ ʢʨʝʤʥʽʻʚʠʤʠ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ ʟʘʚʜʷʢʠ ʙʽʣʴʰʽʡ ʐɿ ʪʘ 

ʤʝʥʰʠʤ ʪʝʧʣʦʚʪʨʘʪʘʤ. ʎʝ ʚ ʩʚʦʶ ʯʝʨʛʫ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʨʦʟʤʽʨʠ 

ʧʨʠʩʪʨʦʾʚ ʪʘ ʚʘʨʪʽʩʪʴ ʾʭ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. 

2. ʇʨʠʣʘʜʠ ʥʘ ʦʩʥʦʚʽ GaN ʤʘʶʪʴ ʙʽʣʴʰ ʚʠʩʦʢʽ ʯʘʩʪʦʪʠ 

ʧʝʨʝʤʠʢʘʥʥʷ ʪʘ ʤʦʞʫʪʴ ʧʨʘʮʶʚʘʪʠ ʧʨʠ ʚʠʱʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʨʽʚʥʷʥʦ ʟ 

ʢʨʝʤʥʽʻʚʠʤʠ ʧʨʠʣʘʜʘʤʠ. ʎʝ ʟʥʠʞʫʻ ʧʦʪʨʝʙʫ ʚ ʦʭʦʣʦʜʞʝʥʥʽ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʽ 

ʚʝʥʪʠʣʷʪʦʨʽʚ ʪʘ ʪʝʧʣʦʚʽʜʚʦʜʽʚ. 

3. ʇʽʜʚʠʱʝʥʥʷ ʯʘʩʪʦʪʠ ʧʝʨʝʤʠʢʘʥʥʷ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ 

ʽʥʜʫʢʪʠʚʥʽʩʪʴ ʪʘ ʻʤʥʽʩʪʴ ʢʦʥʜʝʥʩʘʪʦʨʽʚ ʫ ʩʠʣʦʚʠʭ ʣʘʥʮʶʛʘʭ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʟʥʠʞʝʥʥʷ ʚʘʛʠ, ʦʙôʻʤʫ ʪʘ ʚʘʨʪʦʩʪʽ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʦʩʥʦʚʽ GaN. 

ʆʪʞʝ, ʭʦʯʘ ʢʨʠʩʪʘʣʠ GaN ʻ ʜʦʨʦʞʯʠʤʠ ʟʘ Si, ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʦʞʝ 

ʧʨʠʟʚʝʩʪʠ ʜʦ ʟʥʠʞʝʥʥʷ ʨʦʟʤʽʨʫ ʪʘ ʚʘʨʪʦʩʪʽ ʧʨʠʩʪʨʦʾʚ, ʧʦʢʨʘʱʝʥʥʷ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʪʘ ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʰʫʤʫ, ʱʦ ʤʦʞʝ ʟʝʢʦʥʦʤʠʪʠ ʜʦ 20% ʥʘ 

ʚʠʨʦʙʥʠʮʪʚʦ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ. ʊʦʤʫ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʻ 
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ʚʘʞʣʠʚʦʶ ʧʨʦʙʣʝʤʦʶ. ɯ ʭʦʯʘ ʽʩʥʫʻ ʙʘʛʘʪʦ ʨʦʙʽʪ, ʱʦ ʧʨʠʩʚʷʯʝʥʽ ʜʦʩʣʽʜʞʝʥʥʶ 

ʚʣʘʩʪʠʚʦʩʪʝʡ GaN, ʦʩʥʦʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʮʠʭ ʢʨʠʩʪʘʣʽʚ ʱʝ ʥʝ ʙʫʣʠ ʚʠʟʥʘʯʝʥʽ 

ʦʜʥʦʟʥʘʯʥʦ, ʱʦ ʨʦʙʠʪʴ ʟʘʜʘʯʫ ʦʪʨʠʤʘʥʥʷ ʪʘ ʚʠʚʯʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ GaN ʮʽʢʘʚʦʶ 

ʟ ʪʦʯʢʠ ʟʦʨʫ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʥʘʫʢʠ. 

1.3 ɺʠʙʽʨ ʤʝʪʦʜʫ ʚʠʨʦʱʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ GaN. 

ɿʘʚʜʷʢʠ ʧʦʪʝʥʮʽʡʥʽʡ ʚʘʞʣʠʚʦʩʪʽ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN, ʩʴʦʛʦʜʥʽ ʜʦʩʪʫʧʥʠʭ 

ʜʝʢʽʣʴʢʘ ʤʝʪʦʜʽʚ ʜʣʷ ʾʭ ʦʪʨʠʤʘʥʥʷ, ʷʢʽ ʚʢʣʶʯʘʶʪʴ [18-25]: 

¶ HNPS Growth - ʢʨʠʩʪʘʣʽʟʘʮʽʷ GaN ʟ ʨʦʟʯʠʥʫ ʘʪʦʤʘʨʥʦʛʦ ʘʟʦʪʫ 

ʚ ʛʘʣʽʾ ʧʽʜ ʚʠʩʦʢʠʤ ʪʠʩʢʦʤ ʘʟʦʪʫ, ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʟʜʽʡʩʥʝʥʠʡ ʰʣʷʭʦʤ 

ʩʧʦʥʪʘʥʥʦʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʘʙʦ ʥʘ ʧʽʜʢʣʘʜʢʘʭ ʚ ʢʦʥʬʽʛʫʨʘʮʽʾ çmulti-feed-

seed»; 

¶ HVPE - ʢʨʠʩʪʘʣʽʟʘʮʽʷ ʟ ʛʘʟʦʚʦʾ ʬʘʟʠ ʫ ʚʽʜʢʨʠʪʽʡ ʭʣʦʨʠʜʥʽʡ 

ʩʠʩʪʝʤʽ; 

¶ ʂʨʠʩʪʘʣʽʟʘʮʽʷ ʤʝʪʦʜʦʤ Na-ʬʣʶʩʫ; 

¶ ɸʤʦʥʦʪʝʨʤʘʣʴʥʠʡ ʤʝʪʦʜ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʽʥʰʽ. 

ʂʦʞʝʥ ʟ ʟʘʟʥʘʯʝʥʠʭ ʤʝʪʦʜʽʚ ʤʘʻ ʩʚʦʾ ʧʝʨʝʚʘʛʠ ʪʘ ʥʝʜʦʣʽʢʠ. ʅʘʧʨʠʢʣʘʜ, 

ʤʝʪʦʜʠ ʩʧʦʥʪʘʥʥʦʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʻ ʜʦʩʠʪʴ ʰʚʠʜʢʠʤʠ, ʧʨʦʪʝ ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʦʪʨʠʤʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʜʦʩʪʘʪʥʴʦʛʦ ʨʦʟʤʽʨʫ. ʋ ʨʘʟʽ ʚʠʨʦʱʫʚʘʥʥʷ 

ʢʨʠʩʪʘʣʽʚ GaN ʥʘ ʧʽʜʢʣʘʜʢʘʭ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʽ ʟʨʘʟʢʠ, ʘʣʝ ʮʝ 

ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʜʝʬʝʢʪʥʦʩʪʽ ʢʨʠʩʪʘʣʽʚ GaN ʯʝʨʝʟ ʨʽʟʥʠʮʶ ʚ ʢʦʝʬʽʮʽʻʥʪʽ 

ʪʝʧʣʦʚʦʛʦ ʨʦʟʰʠʨʝʥʥʷ, ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʨʝʰʽʪʢʠ ʢʨʠʩʪʘʣʫ ʪʘ 

ʧʽʜʢʣʘʜʢʠ, ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʭʽʤʽʯʥʦʤʫ ʩʢʣʘʜʽ ʢʨʠʩʪʘʣʫ ʪʘ ʧʽʜʢʣʘʜʢʠ ʪʦʱʦ. 

ʂʨʠʩʪʘʣʽʟʘʮʽʷ ʦʙ'ʻʤʥʠʭ ʢʨʠʩʪʘʣʽʚ GaN ʤʝʪʦʜʘʤʠ ʏʦʭʨʘʣʴʩʴʢʦʛʦ ʘʙʦ 

ɹʨʽʜʞʤʝʥʘ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʚʠʩʦʢʦʶ ʝʥʝʨʛʽʻʶ ʟʚ'ʷʟʢʫ ʢʨʠʩʪʘʣʫ (8,92 ʝɺ/ʘʪʦʤ) ʪʘ 

ʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ (~2800 ʂ), ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʚʠʩʦʢʠʤ ʨʽʚʥʦʚʘʞʥʠʤ 

ʪʠʩʢʦʤ ʘʟʦʪʫ ʥʘʜ ʧʦʚʝʨʭʥʝʶ (6 ɻʇʘ). ʂʨʽʤ ʪʦʛʦ, ʦʪʨʠʤʘʥʥʷ ʢʨʠʩʪʘʣʽʚ GaN 

ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʙʣʠʟʴʢʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʤʦʥʦʢʨʠʩʪʘʣʫ GaN 
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ʪʘ ʡʦʛʦ ʩʢʣʘʜʦʚʠʭ (Ga+N2), ʱʦ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʜʝʩʪʘʙʽʣʽʟʘʮʽʾ GaN ʪʘ ʡʦʛʦ 

ʨʦʟʢʣʘʜʘʥʥʷ ʥʘ ʩʢʣʘʜʦʚʽ, ʘ ʩʘʤʝ ʛʘʣʽʡ (Ga) ʪʘ ʤʦʣʝʢʫʣʷʨʥʠʡ ʘʟʦʪ (N2). ʋ ʨʦʙʦʪʽ 

[27] ʙʫʣʦ ʚʠʟʥʘʯʝʥʦ ʪʝʦʨʝʪʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʚʠʨʦʱʫʚʘʥʥʷ ʟʽ ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ 

ʩʧʣʘʚʽʚ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʝʢʩʪʨʝʤʘʣʴʥʦ ʚʠʩʦʢʠʤ ʟʥʘʯʝʥʥʷʤ - 12 ɻʇʘ ʟʘ 

ʪʝʤʧʝʨʘʪʫʨʠ 4000 ʂ. 

 

 

                               ʘ)                                                                   ʙ) 

ʈʠʩʫʥʦʢ 1.4 ï ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʢʨʠʚʘ ʨʽʚʥʦʚʘʛʠ ʩʠʩʪʝʤʠ  

GaN ï (Ga + 1/2N2) (ʘ), ʘ ʪʘʢʦʞ ʦʙʣʘʩʪʴ ʤʦʞʣʠʚʦʛʦ 

ʧʣʘʚʣʝʥʥʷ ʯʠʩʪʦʛʦ GaN (ʙ) [27] 

 

1.4 ʊʝʭʥʦʣʦʛʽʷ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʠʩʢʽʚ. 

ʆʪʨʠʤʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʘ ʪʠʩʢʽʚ - ʮʝ ʩʢʣʘʜʥʠʡ 

ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ, ʱʦ ʻ ʚʘʞʣʠʚʦʶ ʥʘʫʢʦʚʦʶ ʟʘʜʘʯʝʶ. ɺʠʚʯʝʥʥʷ ʮʴʦʛʦ 

ʧʨʦʮʝʩʫ ʰʠʨʦʢʦ ʧʦʰʠʨʝʥʝ ʜʣʷ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʠʭ ʷʢ ʘʣʤʘʟ ʪʘ ʢʫʙʽʯʥʠʡ ʥʽʪʨʠʜ 

ʙʦʨʫ, ʘʣʝ ʜʦʩʣʽʜʞʝʥʥʷ ʜʣʷ ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʱʝ ʥʝ ʥʘʩʪʽʣʴʢʠ ʨʦʟʛʦʨʥʫʪʦ. ʊʦʤʫ ʜʘʥʘ 

ʯʘʩʪʠʥʘ ʧʨʠʩʚʷʯʝʥʘ ʚʠʙʦʨʫ ʪʝʭʥʦʣʦʛʽʾ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʚʠʨʦʱʫʚʘʥʥʷ ʥʽʪʨʠʜʫ ʛʘʣʽʶ 

ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʠʩʢʽʚ. 
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1.4.1 ʆʙʣʘʜʥʘʥʥʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ. 

ɸʧʘʨʘʪʠ ʜʘʥʦʛʦ ʪʠʧʫ ʧʨʦʩʪʽ ʽ ʟʨʫʯʥʽ ʚ ʨʦʙʦʪʽ, ʜʦʟʚʦʣʷʶʪʴ ʣʝʛʢʦ ʜʦʩʷʛʘʪʠ 

ʪʠʩʢ ʫ 8 ɻʇʘ ʽ ʙʽʣʴʰʝ. ɭ ʙʘʛʘʪʦ ʨʽʟʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ ʮʴʦʛʦ ʘʧʘʨʘʪʫ.  

ʂʦʥʩʪʨʫʢʮʽ ʾʦʩʥʦʚʥʠʭ ʪʠʧʠ ʘʧʘʨʘʪʽʚ  ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ (ɸɺʊ) 

ʟʦʙʨʘʞʝʥʽ ʨʠʩʫʥʢʫ 1.5. 

 

ʈʠʩʫʥʦʢ 1.5 ï ʆʩʥʦʚʥʽ ʪʠʧʠ ɸɺʊ ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʚ 

ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʠʩʢʽʚ: ʘ ï ʙʘʛʘʪʦ-

ʧʫʘʥʩʦʥʥʠʡ ʘʧʘʨʘʪ; ʙ ï ʘʧʧʘʨʘʪ ʪʠʧʫ çʙʝʣʪè; ʚ ï ʘʧʧʘʨʘʪ 

ʪʠʧʫ çʪʦʨʦʾʜè, ʛ ï ʘʧʘʨʘʪ ʪʠʧʫ çʙʘʨʩè 

 

ɺ ʨʘʤʢʘʭ ʮʽʻʾ ʨʦʙʦʪʠ ʙʫʣʦ ʚʠʙʨʘʥʦ ɸɺʊ ʪʠʧʫ "ʪʦʨʦʾʜ", ʦʩʢʽʣʴʢʠ ʪʘʢʠʡ 

ʘʧʘʨʘʪ ʤʘʻ ʜʝʢʽʣʴʢʘ ʧʝʨʝʚʘʛ. ʇʦ-ʧʝʨʰʝ, ʚʽʥ ʟʘʙʝʟʧʝʯʫʻ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʠʭ 

ʪʠʩʢʽʚ, ʱʦ ʧʝʨʝʚʠʱʫʶʪʴ ʪʠʩʢ, ʷʢʠʡ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʠʪʘʡʩʴʢʠʭ 

ʙʘʛʘʪʦʧʫʘʥʩʦʥʥʠʭ ʘʧʘʨʘʪʽʚ. ʇʦ-ʜʨʫʛʝ, ʚʥʫʪʨʽʰʥʷ ʢʦʤʽʨʢʘ ʘʧʘʨʘʪʫ ʜʦʟʚʦʣʷʻ 

ʧʽʜʚʦʜʠʪʠ ʪʝʨʤʦʧʘʨʫ ʪʘ ʜʘʪʯʠʢʠ ʚʩʝʨʝʜʠʥʫ ʢʦʤʽʨʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʤʽʨʶʚʘʪʠ 

ʪʠʩʢ ʪʘ ʪʝʤʧʝʨʘʪʫʨʫ ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ. ɯ, ʥʘʨʝʰʪʽ, ʟʙʽʨʢʘ 

ʚʥʫʪʨʽʰʥʴʦʾ ʢʦʤʽʨʢʠ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʻ ʚʽʜʥʦʩʥʦ ʧʨʦʩʪʦʶ, ʱʦ ʨʦʙʠʪʴ ʮʝʡ ʘʧʘʨʘʪ 

ʽʜʝʘʣʴʥʠʤ ʜʣʷ ʥʘʫʢʦʚʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

1.4.2 ɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨ. ɺʧʣʠʚ ʪʠʩʢʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʄʦʥʦʢʨʠʩʪʘʣʠ ʤʘʶʪʴ ʚʝʣʠʢʝ ʥʘʫʢʦʚʝ ʪʘ ʧʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ. ɺʦʥʠ 

ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʤʝʪʘʣʠ ʟ ʚʠʩʦʢʠʤ ʩʪʫʧʝʥʝʤ ʯʠʩʪʦʪʠ ʪʘ ʤʽʥʽʤʘʣʴʥʠʤʠ 
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ʩʪʨʫʢʪʫʨʥʠʤʠ ʥʝʜʦʣʽʢʘʤʠ. ʆʪʨʠʤʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʚʽʜʢʨʠʚʘʻ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʚʯʝʥʥʷ ʩʧʨʘʚʞʥʽʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʘʣʽʚ ʪʘ ʫʥʠʢʥʝʥʥʷ ʚʧʣʠʚʫ ʤʝʞ ʟʝʨʝʥ. 

ʄʦʥʦʢʨʠʩʪʘʣʠ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʘʪʨʘʚʦʢ ʘʙʦ 

ʩʧʦʥʪʘʥʥʦʛʦ ʚʠʨʦʩʪʘʥʥʷ. 

ʇʨʦʮʝʩ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ ʻ ʩʢʣʘʜʥʠʤ ʽ ʚʢʣʶʯʘʻ ʨʽʟʥʽ ʷʚʠʱʘ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ 

ʚʟʘʻʤʦʜʽʻʶ ʢʨʠʩʪʘʣʫ ʟ ʥʘʚʢʦʣʠʰʥʽʤ ʩʝʨʝʜʦʚʠʱʝʤ. ʎʽ ʷʚʠʱʘ ʚʢʣʶʯʘʶʪʴ 

ʟʘʭʦʧʣʝʥʥʷ ʪʘ ʚʽʜʰʪʦʚʭʫʚʘʥʥʷ ʜʦʤʽʰʦʢ, ʢʦʥʮʝʥʪʨʘʮʽʡʥʝ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ, ʪʠʩʢ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʚʠʜʽʣʝʥʥʷ ʪʝʧʣʘ ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʢʦʥʚʝʢʮʽʶ ʪʦʱʦ. ɺʩʽ ʮʽ ʯʠʥʥʠʢʠ 

ʤʘʶʪʴ ʚʝʣʠʢʠʡ ʚʧʣʠʚ ʥʘ ʬʦʨʤʫ, ʨʦʟʤʽʨ ʪʘ ʯʠʩʪʦʪʫ ʫʪʚʦʨʶʚʘʥʠʭ ʢʨʠʩʪʘʣʽʚ [33, 

34]. 

ʂʨʠʩʪʘʣʽʟʘʮʽʷ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʝʣʝʤʝʥʪʘʨʥʠʭ 

ʧʨʦʮʝʩʽʚ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʦʜʥʦʯʘʩʥʦ [35]: 

1) ɿʘʨʦʜʞʝʥʥʷ ʮʝʥʪʨʽʚ ʢʨʠʩʪʘʣʽʟʘʮʽʾ 

2) ʈʽʩʪ ʢʨʠʩʪʘʣʽʚ ʟ ʮʠʭ ʮʝʥʪʨʽʚ 

 ʅʘ ʝʪʘʧʽ ʧʝʨʰʦʾ ʩʪʘʜʽʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʚʠʨʽʰʘʣʴʥʠʤʠ ʬʘʢʪʦʨʘʤʠ ʻ ʥʘʷʚʥʽʩʪʴ 

ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ, ʥʝʨʽʚʥʽʩʪʴ ʧʦʚʝʨʭʥʽ ʪʘ ʩʪʫʧʽʥʴ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʷ ʨʦʟʧʣʘʚʫ. 

ɸʣʝ ʰʚʠʜʢʽʩʪʴ ʨʦʩʪʫ ʪʘ ʩʪʫʧʽʥʴ ʜʦʩʢʦʥʘʣʦʩʪʽ ʢʨʠʩʪʘʣʽʚ ʟʘʣʝʞʘʪʴ ʚʽʜ ʽʥʰʠʭ 

ʬʘʢʪʦʨʽʚ, ʪʘʢʠʭ ʷʢ ʚʝʣʠʯʠʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ, ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʘ 

ʦʨʽʻʥʪʘʮʽʷ ʟʘʪʨʘʚʦʢ ʪʘ ʱʽʣʴʥʽʩʪʴ ʫʧʘʢʦʚʢʠ. ʈʫʭʘʶʯʦʶ ʩʠʣʦʶ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʻ 

ʨʽʟʥʠʮʷ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ʤʽʞ ʨʽʜʢʠʤ ʪʘ ʪʚʝʨʜʠʤ ʩʪʘʥʦʤ ʤʘʪʝʨʽʘʣʫ. ʂʨʠʩʪʘʣʽʟʘʮʽʷ 

ʤʦʞʣʠʚʘ ʪʽʣʴʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʯʠʭ ʟʘ ʜʝʷʢʫ ʢʨʠʪʠʯʥʫ ʪʝʤʧʝʨʘʪʫʨʫ, ʷʢʘ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʥʢʨʝʪʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʈʽʩʪ ʢʨʠʩʪʘʣʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʽʣʴʢʠ ʪʦʜʽ, 

ʢʦʣʠ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʛʨʘʜʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨʠ ʙʽʣʷ ʧʦʚʝʨʭʥʽ ʢʨʠʩʪʘʣʫ, ʷʢʠʡ 

ʟʘʙʝʟʧʝʯʫʻ ʤʘʩʦʧʝʨʝʥʝʩʝʥʥʷ ʜʦ ʧʦʚʝʨʭʥʽ ʨʦʟʜʽʣʫ "ʢʨʠʩʪʘʣ-ʨʽʜʢʘ ʬʘʟʘ". 

ɿʙʽʣʴʰʝʥʥʷ ʛʨʘʜʽʻʥʪʫ ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʞʝ ʟʙʽʣʴʰʠʪʠ ʰʚʠʜʢʽʩʪʴ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ, 

ʘʣʝ ʪʘʢʦʞ ʤʦʞʝ ʟʙʽʣʴʰʠʪʠ ʟʘʭʚʘʪ ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ ʪʘ ʟʤʝʥʰʠʪʠ ʩʪʨʫʢʪʫʨʥʫ 

ʜʦʩʢʦʥʘʣʽʩʪʴ ʚʠʨʦʱʫʚʘʥʠʭ ʢʨʠʩʪʘʣʽʚ. ʋ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʤʠ ʚʠʨʦʱʫʻʤʦ 

ʤʦʥʦʢʨʠʩʪʘʣʠ ʨʝʯʦʚʠʥ, ʷʢʽ ʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʠʤʠ ʟʘ ʥʦʨʤʘʣʴʥʠʭ ʫʤʦʚ, 

ʢʦʥʪʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʠ ʻ ʦʩʥʦʚʥʦʶ ʫʤʦʚʦʶ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ 
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ʥʝʦʙʭʽʜʥʦʾ ʯʠʩʪʦʪʠ, ʨʦʟʤʽʨʫ ʪʘ ʬʦʨʤʠ. ʆʜʥʘʢ, ʜʝʷʢʽ ʨʝʯʦʚʠʥʠ, ʪʘʢʽ ʷʢ ʘʣʤʘʟ, 

ʥʽʪʨʠʜ ʛʘʣʽʶ ʪʘ ʙʦʨʘʟʦʥ, ʥʝʩʪʘʙʽʣʴʥʽ ʟʘ ʥʦʨʤʘʣʴʥʠʭ ʫʤʦʚ ʘʙʦ ʩʪʘʶʪʴ 

ʥʝʩʪʘʙʽʣʴʥʠʤʠ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ. ʑʦʙ ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʪʘʢʽ ʨʝʯʦʚʠʥʠ, 

ʧʦʪʨʽʙʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚʠʩʦʢʽ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʪʠʩʢ, ʱʦʙ ʩʪʚʦʨʠʪʠ ʨʽʜʢʫ ʬʘʟʫ 

ʪʘ ʘʢʪʠʚʫʚʘʪʠ ʧʨʦʮʝʩʠ ʪʝʧʣʦʤʘʩʦʧʝʨʝʥʦʩʫ ʜʣʷ ʧʦʯʘʪʢʫ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ. ʆʜʥʘʢ 

ʚʧʣʠʚ ʪʠʩʢʫ ʥʘ ʧʦʚʝʜʽʥʢʫ ʩʠʩʪʝʤʠ ʥʝ ʻ ʦʜʥʦʟʥʘʯʥʠʤ, ʦʩʢʽʣʴʢʠ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʦʛʦ 

ʪʠʩʢʫ ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʩʢʣʘʜʥʽ ʪʘ ʤʘʣʦʜʦʩʣʽʜʞʝʥʽ ʷʚʠʱʘ. ʊʦʤʫ, ʜʣʷ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘʢʠʭ ʨʝʯʦʚʠʥ, ʧʦʪʨʽʙʥʦ ʟʜʽʡʩʥʶʚʘʪʠ ʢʦʥʪʨʦʣʴ ʥʝ ʪʽʣʴʢʠ ʥʘʜ 

ʪʝʤʧʝʨʘʪʫʨʦʶ, ʘʣʝ ʽ ʥʘʜ ʪʠʩʢʦʤ. 

1.5 ʄʝʪʦʜʠ ʢʦʥʪʨʦʣʶ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʪʘ ʩʪʨʫʢʪʫʨʥʦʾ ʜʦʩʢʦʥʘʣʦʩʪʽ 

ʤʦʥʦʢʨʠʩʪʘʣʽʚ                                                                                   

ʇʽʩʣʷ ʚʠʪʨʘʚʣʶʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ  ʟ ʤʘʪʨʠʮʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʟʯʠʥʽʚ 

ʢʠʩʣʦʪ, ʧʦʚʝʨʭʥʶ ʪʘ ʚʣʘʩʪʠʚʦʩʪʽ ʢʨʠʩʪʘʣʽʚ GaN ʥʝʦʙʭʽʜʥʦ ʜʦʩʣʽʜʠʪʠ. ʆʪʞʝ, 

ʨʦʟʛʣʷʥʝʤʦ ʢʦʞʝʥ ʟ ʮʠʭ ʤʝʪʦʜʽʚ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦ.  

1.5.1 ɯʏ-ʩʧʝʢʪʨʦʩʢʦʧʽʷ [46] 

ɯʥʬʨʘʯʝʨʚʦʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʻ ʬʦʨʤʦʶ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʷʢʘ ʟʘʡʤʘʻ ʩʧʝʢʪʨʘʣʴʥʠʡ ʜʽʘʧʘʟʦʥ ʤʽʞ ʯʝʨʚʦʥʠʤ ʢʽʥʮʝʤ 

ʚʠʜʠʤʦʛʦ ʩʚʽʪʣʘ (ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʧʨʠʙʣʠʟʥʦ 0,74 ʤʽʢʨʦʤʝʪʨʘ) ʪʘ 

ʢʦʨʦʪʢʦʭʚʠʣʴʦʚʠʤ ʨʘʜʽʦʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ (ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ ʙʣʠʟʴʢʦ 1-2 

ʤʽʣʽʤʝʪʨʽʚ). ʂʦʣʠ ɯʏ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʨʝʯʦʚʠʥʫ, ʚʦʥʦ ʤʦʞʝ 

ʙʫʪʠ ʧʦʛʣʠʥʫʪʝ ʯʘʩʪʦʪʘʤʠ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʜʝʷʢʠʤ ʢʦʣʠʚʘʣʴʥʠʤ ʪʘ ʦʙʝʨʪʘʣʴʥʠʤ 

ʯʘʩʪʦʪʘʤ ʤʦʣʝʢʫʣ ʘʙʦ ʯʘʩʪʦʪʘʤ ʢʦʣʠʚʘʥʴ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʟʥʠʞʝʥʥʷ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ɯʏ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʥʘ ʮʠʭ ʯʘʩʪʦʪʘʭ, ʩʪʚʦʨʶʶʯʠ 

ʩʤʫʛʠ ʧʦʛʣʠʥʘʥʥʷ, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʫ 1.6. 

ʎʝ ʧʦʛʣʠʥʘʥʥʷ ʤʘʻ ʩʝʣʝʢʪʠʚʥʠʡ ʭʘʨʘʢʪʝʨ ʽ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʷʢ ʫʞʝ 

ʛʦʚʦʨʠʣʦʩʷ ʨʘʥʽʰʝ, ʥʘ ʪʠʭ ʯʘʩʪʦʪʘʭ, ʷʢʽ ʟʙʽʛʘʶʪʴʩʷ ʟ ʜʝʷʢʠʤʠ ʚʣʘʩʥʠʤʠ 

ʯʘʩʪʦʪʘʤʠ ʢʦʣʠʚʘʥʴ ʘʪʦʤʽʚ ʚ ʤʦʣʝʢʫʣʘʭ ʨʝʯʦʚʠʥʠ ʽ ʟ ʯʘʩʪʦʪʘʤʠ ʦʙʝʨʪʘʥʥʷ 

ʤʦʣʝʢʫʣ ʷʢ ʮʽʣʦʛʦ, ʘ ʚ ʨʘʟʽ ʢʨʠʩʪʘʣʽʯʥʦʛʦ ʨʝʯʦʚʠʥʠ ð ʟ ʯʘʩʪʦʪʘʤʠ ʢʦʣʠʚʘʥʴ 
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ʢʨʠʩʪʘʣʽʯʥʦʾ ʛʨʘʪʢʠ. ɯʥʬʨʘʯʝʨʚʦʥʽ ʩʧʝʢʪʨʠ ʧʦʛʣʠʥʘʥʥʷ ʚʠʥʠʢʘʶʪʴ ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʧʝʨʝʭʦʜʽʚ ʤʽʞ ʢʦʣʠʚʘʣʴʥʠʤʠ ʨʽʚʥʷʤʠ ʤʦʣʝʢʫʣʠ, ʷʢʽ ʻ ʚ ʦʩʥʦʚʥʦʤʫ ʝʣʝʢ-

ʪʨʦʥʥʦʤʫ ʩʪʘʥʽ. ʂʦʣʠʚʘʣʴʥʽ ʩʧʝʢʪʨʠ ʧʨʦʷʚʣʷʶʪʴʩʷ ʚ ɯʏ-ʜʽʘʧʘʟʦʥʽ ʝʣʝʢʪʨʦ-

ʤʘʛʥʽʪʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʷʢʫ ʧʦʜʽʣʷʶʪʴ ʥʘ ʪʨʠ ʜʽʣʷʥʢʠ: ʙʣʠʟʴʢʘ: (0,750ï

2,5_ʤʢʤ, 13000ï4000 ʩʤ-1), ʩʝʨʝʜʥʷ (ʦʩʥʦʚʥʘ): (2,5ï50 ʤʢʤ, 4000ï200  ʩʤ-1) 

ʜʘʣʝʢʘ: (50ï1000 ʤʢʤ, 200ï10 ʩʤ-1). ɺ ʩʝʨʝʜʥʴʦʤʫ ɯʏ-ʜʽʘʧʘʟʦʥʽ ʨʦʟʪʘʰʦʚʘʥʽ 

ʜʦʚʞʠʥʠ ʭʚʠʣʴ ʙʽʣʴʰʦʩʪʽ ʥʦʨʤʘʣʴʥʠʭ ʢʦʣʠʚʘʥʴ (ʛʨʫʧʦʚʽ ʯʘʩʪʦʪʠ ʪʘ çʚʽʜʙʠʪʢʠ 

ʧʘʣʴʮʽʚè). ɺ ʙʣʠʞʥʴʦʤʫ ɯʏ-ʜʽʘʧʘʟʦʥʽ ʨʦʟʪʘʰʦʚʘʥʽ ʦʙʝʨʪʦʥʠ ʥʦʨʤʘʣʴʥʠʭ 

ʢʦʣʠʚʘʥʴ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʨʫʪʠʥʥʦʛʦ ʘʥʘʣʽʟʫ ʭʘʨʯʦʚʠʭ ʧʨʦʜʫʢʪʽʚ ʪʘ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʩʫʤʽʰʝʡ. ɺ ʜʘʣʴʥʴʦʤʫ ɯʏ-ʜʽʘʧʘʟʦʥʽ ʨʦʟʪʘʰʦʚʘʥʽ ʯʘʩʪʦʪʠ, ʷʢʽ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʢʦʣʠʚʘʥʥʷʤ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ ʪʘ ʥʦʨʤʘʣʴʥʠʤ ʢʦʣʠʚʘʥʥʷʤ 

ʩʣʘʙʢʠʭ ʟʚôʷʟʢʽʚ ʽ ʟʚôʷʟʢʽʚ ʟ ʚʘʞʢʠʤʠ ʘʪʦʤʘʤʠ. ɺ ʮʶ ʦʙʣʘʩʪʴ ɯʏ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ 

ʧʦʪʨʘʧʣʷʶʪʴ ʧʨʘʢʪʠʯʥʦ ʪʽʣʴʢʠ ʢʦʣʠʚʘʥʥʷ ʟʚôʷʟʢʽʚ ʤʝʪʘʣ-ʢʘʨʙʦʥ. ʈʝʘʣʴʥʦ ʯʠʩʪʦ 

ʢʦʣʠʚʘʣʴʥʽ ʩʧʝʢʪʨʠ ʧʨʦʷʚʣʷʶʪʴʩʷ ʚ ʦʙʣʘʩʪʽ ʚʽʜ 10000- 100 ʩʤ-1 . ʄʦʣʝʢʫʣʘ ʤʦʞʝ 

ʧʦʛʣʠʥʘʪʠ ʢʚʘʥʪ ɯʏ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʣʠʰʝ ʚ ʪʦʤʫ ʚʠʧʘʜʢʫ, ʷʢʱʦ ʮʝ ʧʨʠʚʦʜʠʪʴ 

ʜʦ ʟʤʽʥʠ ʾʾ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʫ. ʅʝ ʤʦʞʫʪʴ ʧʦʛʣʠʥʘʪʠ ɯʏ ʩʧʝʢʪʨʠ ʤʦʣʝʢʫʣʠ ʟ 

ʢʦʚʘʣʝʥʪʥʠʤ ʟʚôʷʟʢʦʤ, ʮʝ ʅ2, N2, ʛʘʣʦʛʝʥʠ, ʤʦʣʝʢʫʣʘ ʉʆ2 ʟ ʩʠʤʝʪʨʠʯʥʦ 

ʚʘʣʝʥʪʥʠʤʠ ʢʦʣʠʚʘʥʥʷʤʠ ʘʪʦʤʽʚ. ɯʏ-ʩʧʝʢʪʨʠ ʟʜʝʙʽʣʴʰʦʛʦ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ ʊ(%)-n, cʤï1 , ʭʚʠʣʴʦʚʝ ʯʠʩʣʦ ʟʤʝʥʰʫʻʪʴʩʷ ʟʣʽʚʘ ʥʘʧʨʘʚʦ, ʘʙʦ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ ʊ(%)-l, ʥʤ, ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʣʽʚʘ ʥʘʧʨʘʚʦ (ʨʠʩ. 1.6) 

 

 

 

 

 

 

 

                                       ʘ)                                                         ʙ) 

ʈʠʩʫʥʦʢ 1.6 ï ʇʨʠʢʣʘʜ-ɯʏ ʩʧʝʢʪʨʫ (ʘ) ʪʘ ʩʭʝʤʘ ʝʥʝʨʛʝʪʠʯʥʠʭ ʨʽʚʥʽʚ ʚ ʤʦ-

ʣʝʢʫʣʽ, ʷʢʘ ʜʝʤʦʥʩʪʨʫʻ ʧʦʛʣʠʥʘʥʥʷ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ (ʙ). 
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1.5.2 ʈʘʤʘʥʽʚʩʴʢʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ [47] 

ʋ ʮʽʡ ʨʦʙʦʪʽ ʧʣʘʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʨʘʤʘʥʽʚʩʴʢʫ ʩʧʝʢʪʨʦʩʢʦʧʽʶ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʥʦʾ ʜʦʩʢʦʥʘʣʦʩʪʽ ʢʨʠʩʪʘʣʽʚ ʪʠʧʫ "ʪʦʨʦʾʜ", ʷʢʽ ʙʫʣʠ 

ʚʠʨʦʱʝʥʽ ʤʝʪʦʜʦʤ ɸɺʊ. ʎʝʡ ʤʝʪʦʜ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʚʠʤʽʨʶʚʘʥʥʽ ʟʤʽʥ ʫ ʜʦʚʞʠʥʽ 

ʭʚʠʣʴ (ʯʘʩʪʦʪ) ʩʚʽʪʣʘ, ʱʦ ʚʠʧʨʦʤʽʥʶʻʪʴʩʷ ʤʦʥʦʭʨʦʤʘʪʠʯʥʠʤ ʜʞʝʨʝʣʦʤ 

ʟʙʫʜʞʝʥʥʷ - ʣʘʟʝʨʦʤ. ʈʘʤʘʥʽʚʩʴʢʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʻ ʩʪʘʥʜʘʨʪʥʠʤ ʤʝʪʦʜʦʤ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ, ʦʩʢʽʣʴʢʠ ʚʦʥʘ ʤʘʻ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ. ɺʘʞʣʠʚʦ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʴʦʛʦ ʤʝʪʦʜʫ ʥʝ ʧʦʪʨʽʙʥʘ ʩʧʝʮʽʘʣʴʥʘ ʧʽʜʛʦʪʦʚʢʘ 

ʟʨʘʟʢʽʚ, ʪʦʤʫ ʱʦ ʨʘʤʘʥʽʚʩʴʢʠʡ ʝʬʝʢʪ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʨʦʟʩʽʷʥʦʤʫ ʩʚʽʪʣʽ ʚʽʜ 

ʟʨʘʟʢʘ, ʘ ʥʝ ʚ ʩʧʝʢʪʨʽ ʧʦʛʣʠʥʘʥʥʷ ʩʚʽʪʣʘ ʟʨʘʟʢʦʤ. 

ʇʨʠ ʨʦʟʛʣʷʜʘʥʥʽ ʨʘʤʘʥʽʚʩʴʢʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʤʦʞʥʘ ʩʢʦʨʠʩʪʘʪʠʩʷ 2ʤʘ 

ʤʝʪʦʜʘʤʠ: 

1) ʍʚʠʣʴʦʚʦʶ (ʢʣʘʩʠʯʥʦʶ) ʪʝʦʨʽʻʶ ʩʚʽʪʣʘ 

ʋ ʮʽʡ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʩʚʽʪʣʦ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʝ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʱʦ ʚʟʘʻʤʦʜʽʻ ʟ ʤʦʣʝʢʫʣʘʤʠ ʟʘʚʜʷʢʠ ʝʬʝʢʪʫ ʧʦʣʷʨʠʟʘʮʽʾ. 

ɿʜʘʪʥʽʩʪʴ ʜʦ ʧʦʣʷʨʠʟʘʮʽʾ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʣʘʩʪʠʚʽʩʪʶ ʝʣʝʢʪʨʦʥʥʦʾ ʭʤʘʨʠ 

ʚʟʘʻʤʦʜʽʷʪʠ ʟ ʝʣʝʢʪʨʦʥʥʠʤ ʧʦʣʝʤ: ʣʝʛʢʽ ʤʦʣʝʢʫʣʠ (ʥʘʧʨʠʢʣʘʜ, ʙʝʥʟʠʥ) ʛʘʨʥʦ 

ʨʦʟʩʽʶʶʪʴ ʨʘʤʘʥʽʚʩʴʢʝ ʩʚʽʪʣʦ, ʘ ʚʘʞʢʽ (ʥʘʧʨʠʢʣʘʜ, ʚʦʜʘ) ï ʛʽʨʰʝ. 

2) ʂʚʘʥʪʦʚʦʶ ʪʝʦʨʽʻʶ 

ʋ ʮʽʡ ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʩʚʽʪʣʦ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʥʘʙʽʨ ʬʦʪʦʥʽʚ, ʷʢʽ ʨʦʟʩʽʶʶʪʴʩʷ 

ʧʨʠ ʟʽʪʢʥʝʥʥʽ ʟ ʤʦʣʝʢʫʣʦʶ. ʆʪʞʝ, ʢʽʣʴʢʽʩʪʴ ʨʦʟʩʽʷʥʠʭ ʬʦʪʦʥʽʚ ʧʨʦʧʦʨʮʽʡʥʘ ʩʠʣʽ 

ʟʚôʷʟʢʫ: ʤʦʣʝʢʫʣʠ ʟ ʩʠʣʴʥʠʤʠ ʟʚôʷʟʢʘʤʠ (ʥʘʧʨʠʢʣʘʜ, ʙʝʥʟʠʥ) ʨʦʟʩʽʶʶʪʴ ʙʽʣʴʰʝ 

ʬʦʪʦʥʽʚ, ʘ ʤʦʣʝʢʫʣʠ ʟʽ ʩʣʘʙʢʠʤʠ ʟʚôʷʟʢʘʤʠ (ʥʘʧʨʠʢʣʘʜ, ʚʦʜʘ) ʧʦʛʘʥʦ ʨʦʟʩʽʶʶʪʴ 

ʨʘʤʘʥʽʚʩʴʢʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʇʨʠ ʚʟʘʻʤʦʜʽʾ ʬʦʪʦʥʫ ʟ ʨʝʯʦʚʠʥʦʶ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʟʙʫʜʞʝʥʥʷ ʤʦʣʝʢʫʣʠ ʪʘ ʾʾ ʧʝʨʝʭʽʜ ʫ ʚʽʨʪʫʘʣʴʥʠʡ ʩʪʘʥ. ʇʨʠ ʮʴʦʤʫ ʚʟʘʻʤʦʜʽʷ ʤʦʞʝ 

ʚʽʜʙʫʪʠʩʷ 3-ʤʘ ʦʩʥʦʚʥʠʤʠ ʰʣʷʭʘʤʠ, ʱʦ ʟʦʙʨʘʞʝʥʽ ʥʘ ʜʽʘʛʨʘʤʽ ʗʙʣʦʥʩʴʢʦʛʦ (ʨʠʩ. 

1.7): 
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1) ʄʦʣʝʢʫʣʘ ʤʦʞʝ ʧʦʚʝʨʥʫʪʠʩʷ ʜʦ ʦʩʥʦʚʥʦʛʦ ʩʪʘʥʫ ʪʘ ʚʠʧʨʦʤʝʥʠʪʠ 

ʬʦʪʦʥ ʟ ʝʥʝʨʛʽʻʶ, ʷʢʘ ʜʦʨʽʚʥʶʻ  ʝʥʝʨʛʽʾ ʬʦʪʦʥʘ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ (ʈʝʣʝʻʚʩʴʢʝ 

ʨʦʟʩʽʶʚʘʥʥʷ) 

2) ʄʦʣʝʢʫʣʘ ʤʦʞʝ ʧʝʨʝʡʪʠ ʜʦ ʬʦʥʦʥʥʦʛʦ ʩʪʘʥʫ ʪʘ ʚʠʧʫʩʪʠʪʠ ʬʦʪʦʥ ʟ 

ʝʥʝʨʛʽʻʶ, ʷʢʘ ʤʝʥʰʝ ʟʘ ʝʥʝʨʛʽʶ ʬʦʪʦʥʘ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ (ʩʪʦʢʩʦʚʝ ʨʦʟʩʽʶʚʘʥʥʷ)   

3) ʄʦʣʝʢʫʣʘ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʬʦʥʦʥʥʦʤʫ ʩʪʘʥʽ, ʟʙʫʜʞʫʻʪʴʩʷ ʪʘ 

ʚʠʧʨʦʤʽʥʶʻ ʬʦʪʦʥ ʟ ʝʥʝʨʛʽʻʶ, ʷʢʘ ʙʽʣʴʰʝ ʟʘ ʝʥʝʨʛʽʶ ʬʦʪʦʥʘ ʧʘʜʘʶʯʦʛʦ ʩʚʽʪʣʘ 

(ʘʥʪʠʩʪʦʢʩʦʚʝ ʨʦʟʩʽʶʚʘʥʥʷ) 

 

ʈʠʩʫʥʦʢ 1.7 ï ɼ̔ ʘʛʨʘʤʘ ʗʙʣʦʥʩʢʦʛʦ, ʥʘ ʷʢʽʡ ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʨʦʮʝʩʠ ʟʤʽʥʠ 

ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʩʪʘʥʫ ʧʨʠ ʨʦʟʩʽʶʚʘʥʥʷʭ ʈʝʣʝʷ ʪʘ ʈʘʤʘʥʘ 

(ʩʪʦʢʩʦʚʝ ʪʘ ʘʥʪʠʩʪʦʢʩʦʚʝ ʨʦʟʩʽʶʚʘʥʥʷ) 

ʂʨʽʤ ʪʦʛʦ ʨʘʤʘʥʽʚʩʴʢʽ ʩʧʝʢʪʨʦʤʝʪʨʠ ʦʩʥʘʱʫʶʪʴʩʷ ʜʝʪʝʢʪʨʦʨʘʤʠ, 

ʬʽʣʴʪʨʘʤʠ, ʦʧʪʦʚʦʣʦʢʦʥʥʠʤʠ ʜʘʪʯʠʢʘʤʠ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʯʫʪʣʠʚʦʩʪʽ, 

ʪʦʯʥʦʩʪʽ, ʟʤʝʥʰʝʥʥʷ ʧʦʭʠʙʦʢ.  

1.5.3 ʉʢʘʥʫʚʘʣʴʥʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ [48] 

ʉʢʘʥʫʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ ʤʘʻ ʜʝʢʽʣʴʢʘ ʧʝʨʝʚʘʛ. ʇʝʨʰ ʟʘ ʚʩʝ, ʮʝ 

ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʪʠ ʜʝʪʘʣʴʥʫ ʪʨʠʚʠʤʽʨʥʫ ʢʘʨʪʠʥʫ ʪʘ ʪʦʧʦʛʨʘʬʽʯʥʫ 

ʚʽʟʫʘʣʽʟʘʮʽʶ. ɼʘʥʘ ʤʝʪʦʜʠʢʘ ʪʘʢʦʞ ʜʫʞʝ ʫʥʽʚʝʨʩʘʣʴʥʘ, ʦʩʢʽʣʴʢʠ ʜʝʪʝʢʪʦʨʠ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʩʪʫʧ ʜʦ ʨʽʟʥʦʾ ʽʥʬʦʨʤʘʮʽʾ. ʉʢʘʥʫʶʯʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ 

ʜʫʞʝ ʧʨʦʩʪʠʡ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ, ʽ ʧʨʠ ʧʨʘʚʠʣʴʥʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʨʫʯʥʠʡ ʜʣʷ ʢʦʨʠʩʪʫʚʘʯʽʚ. ʂʨʽʤ ʪʦʛʦ, ʮʝʡ ʤʝʪʦʜ ʜʫʞʝ ʰʚʠʜʢʠʡ. 

ʈʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʥʘʙʘʛʘʪʦ ʚʠʱʘ, ʥʽʞ 
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ʨʦʟʜʽʣʴʥʘ ʟʜʘʪʥʽʩʪʴ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʘ, ʯʝʨʝʟ ʪʝ, ʱʦ ʚʟʘʻʤʦʜʽʷ ʝʣʝʢʪʨʦʥʥʦʛʦ 

ʧʫʯʢʘ ʟ ʤʘʪʝʨʽʘʣʦʤ ʜʘʻ ʥʘʙʘʛʘʪʦ ʙʽʣʴʰʫ ʨʦʟʜʽʣʴʥʫ ʟʜʘʪʥʽʩʪʴ, ʥʽʞ ʚʟʘʻʤʦʜʽʷ ʧʫʯʢʘ 

ʩʚʽʪʣʘ ʟ ʤʘʪʝʨʽʘʣʦʤ. ʇʨʦʮʝʩ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: ʫ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ 

ʢʦʣʦʥʠ ʛʝʥʝʨʫʶʪʴʩʷ ʝʣʝʢʪʨʦʥʠ, ʷʢʽ ʧʨʠʩʢʦʨʶʶʪʴʩʷ ʚʥʠʟ ʽ ʧʨʦʭʦʜʷʪʴ ʯʝʨʝʟ ʣʽʥʟʠ 

ʪʘ ʦʪʚʦʨʠ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʩʬʦʢʫʩʦʚʘʥʦʛʦ ʧʫʯʢʘ ʝʣʝʢʪʨʦʥʽʚ, ʷʢʠʡ ʧʦʪʽʤ ʧʘʜʘʻ ʥʘ 

ʧʦʚʝʨʭʥʶ ʟʨʘʟʢʽʚ (ʨʠʩ. 1.8 ʘ). 

 

                                 

 

 

 

 

 

 

ʘ)                                                   ʙ) 

ʈʠʩʫʥʦʢ 1.8 ï  ɹʫʜʦʚʘ ʩʢʘʥʫʚʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ (ʉɽʄ) (ʘ) 

ʪʘ ʩʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʦʙʣʘʩʪʽ ʛʝʥʝʨʘʮʽʾ ʪʘ 

ʧʨʦʩʪʦʨʦʚʦʾ ʨʦʟʜʽʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ ʫ ʚʽʜʙʠʪʠʭ, ʚʪʦʨʠʥʥʠʭ 

ʝʣʝʢʪʨʦʥʘʭ, ʨʝʥʪʛʝʥʽʚʩʴʢʦʤʫ ʚʠʧʨʦʤʽʥʶʚʘʥʥʽ ʪʘ ʦʞʝï

ʝʣʝʢʪʨʦʥʘʭ (ʙ) 

 

ʆʪʞʝ, ʨʦʟʛʣʷʥʝʤʦ ʢʦʞʥʠʡ ʢʨʦʢ ʙʽʣʴʰ ʜʝʪʘʣʴʥʦ. 

ɯ ʋ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʢʘʤʝʨʠ ʻ ʜʞʝʨʝʣʦ ʝʣʝʢʪʨʦʥʽʚ, ʷʢʝ ʛʝʥʝʨʫʻ ʧʦʪʽʢ 

ʝʣʝʢʪʨʦʥʽʚ ʟʘʚʜʷʢʠ ʥʘʛʨʽʚʫ (ʪʝʨʤʦʝʣʝʢʪʨʦʥʘ ʝʤʽʩʩʽʷ) ʇʦʪʽʤ ʮʽ ʟʛʝʥʝʨʦʚʘʥʽ 

ʝʣʝʢʪʨʦʥʠ ʧʨʠʩʢʦʨʶʶʪʴʩʷ ʟʘ ʥʘʧʨʫʛʠ 1-40 ʢɺ ʪʘ ʬʦʢʫʩʫʶʪʴʩʷ ʫ ʚʫʟʴʢʠʡ ʧʫʯʦʢ. 

ɯʩʥʫʻ 3 ʯʘʩʪʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʭ ʪʠʧʫ ʜʞʝʨʝʣʘ ʝʣʝʢʪʨʦʥʽʚ: 

1) ɺʦʣʴʬʨʘʤʦʚʘ ʥʠʪʢʘ (ʥʘʡʙʽʣʴʰ ʨʦʟʧʦʚʩʶʜʞʝʥʦ) 

2) ʊʚʝʨʜʦʪʽʣʴʥʠʡ ʢʨʠʩʪʘʣ (CeB6 ʘʙʦ LaB6) (ʤʘʶʪʴ ʥʘʙʘʛʘʪʦ ʜʦʚʰʠʡ 

ʪʝʨʤʽʥ ʝʢʩʧʣʫʘʪʘʮʽʾ) 
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3) ɺʠʧʨʦʤʽʥʶʶʯʘ  ʝʣʝʢʪʨʦʥʥʘ ʧʫʰʢʘ 

ɼʫʞʝ ʚʘʞʣʠʚʠʤ ʻ ʩʪʚʦʨʝʥʥʷ ʚʘʢʫʫʤʫ ʚʩʝʨʝʜʠʥʽ ʢʘʤʝʨʠ ʤʽʢʨʦʩʢʦʧʘ ʜʣʷ 

ʙʝʟʧʝʨʝʰʢʦʜʥʦʛʦ ʧʨʦʭʦʜʫ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ. ɿ ʮʽʻʾ ʧʨʠʯʠʥʠ ʩʢʘʥʫʶʯʽ 

ʝʣʝʢʪʨʦʥʥʽ ʤʽʢʨʦʩʢʦʧʠ ʦʙʣʘʜʥʘʥʽ ʩʠʩʪʝʤʘʤʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʘʢʫʫʤʫ (ʥʘʡʯʘʩʪʽʰʝ 

ʚʘʢʫʫʤ ʚʩʝʨʝʜʠʥʽ ʢʘʤʝʨʠ ʩʪʚʦʨʶʻʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʜʥʦʛʦ ʘʙʦ ʜʝʢʽʣʴʢʘ ʥʘʩʦʩʽʚ) 

ɯɯ ʉʝʨʽʷ ʢʦʥʜʝʥʩʘʪʦʨʥʠʭ ʣʽʥʟ ʬʦʢʫʩʫʻ ʝʣʝʢʪʨʦʥʥʠʡ ʧʨʦʤʽʥʴ, ʢʦʣʠ ʚʽʥ 

ʨʫʭʘʻʪʴʩʷ ʚʽʜ ʜʞʝʨʝʣʘ ʚʥʠʟ ʧʦ ʢʦʣʦʥʮʽ.  

III ʋ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʤʽʢʨʦʩʢʦʧʫ ʽʩʥʫʻ ʥʘʙʽʨ ʢʘʪʫʰʦʢ ʜʣʷ ʚʽʜʭʠʣʝʥʥʷ 

ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʨʦʤʝʥʶ ʚʽʜ ʧʦʯʘʪʢʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ 

ʇʽʩʣʷ ʧʦʪʨʘʧʣʷʥʥʷ ʥʘ ʧʦʚʝʨʭʥʶ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ ʧʦʯʠʥʘʻʪʴʩʷ 

ʚʟʘʻʤʦʜʽʷ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʽʟ ʤʘʪʝʨʽʘʣʦʤ ʟʨʘʟʢʘ. 

1.6 ʊʝʨʤʦʜʠʥʘʤʽʢʘ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ fe-ga ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʠʩʢʽʚ 

ɸʥʘʣʽʟ ʜʘʥʠʭ, ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʫ [62, 63], ʧʦʢʘʟʘʚ, ʱʦ ʚ ʩʠʩʪʝʤʽ çʟʘʣʽʟʦ-ʛʘ-

ʣʽʡè ʽʩʥʫʶʪʴ ʥʠʟʴʢʦ- ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʤʦʜʠʬʽʢʘʮʽʾ ʟʘʣʽʟʘ ʟ ʆʎʂ ʽ ɻʑʋ-

ʩʪʨʫ-ʢʪʫʨʘʤʠ ʚʽʜʧʦʚʽʜʥʦ. ʆʜʥʘʢ, ʢʦʣʠ ʪʝʤʧʝʨʘʪʫʨʠ ʟʥʠʞʫʶʪʴʩʷ ʜʦ ʜʝʷʢʠʭ 

ʟʥʘʯʝʥʴ, ʤʦ0-ʜʠʬʽʢʘʮʽʷ ɻʎʂ-ʟʘʣʽʟʘ ʧʦʚʝʨʪʘʻʪʴʩʷ ʜʦ ʩʪʨʫʢʪʫʨʠ BCC.  ɼʣʷ ʦʧʠʩʫ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʣʴ-ʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʟʦʪʫ ʚ ʟʘʣʽʟʽ BCC, FCC ʪʘ 

HCP ʙʫʣʘ ʚʠʢʦʨʠʩʪʘʥʘ ʤʦʜʝʣʴ ʟ ʜʚʦʤʘ ʧʽʜʨʝʰʽʪʢʘʤʠ. ɯʟʦʙʘʨʥʦ-ʽʟʦʪʝʨʤʽʯʥʠʡ 

ʧʦʪʝʥʮʽʘʣ Fe4N ʧʨʝʜ-ʩʪʘʚʣʝʥʠʡ ʝʥʝʨʛʝʪʠʯʥʠʤ ʬʦʨʤʘʣʽʟʤʦʤ ʩʧʦʣʫʢ 

CEF [64]. ɼʣʷ ʦʧʠʩʫ ʟʘʣʝʞʥʦʩʪʽ ʚʽʣʴ-ʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʟʦʪʫ ʚ 

ʨʽʜʢʦʤʫ ʟʘʣʽʟʽ ʚʠʢʦʨʠʩʪʘʥʦ ʤʦʜʝʣʴ ʩʫʙʨʝʛʫʣʷʨʥʠʭ ʨʦʟʯʠʥʽʚ. ʇʘʨʘʤʝʪʨʠ ʤʦʜʝʣʽ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʬʘʟʦʚʦʾ ʜʽʘʛʨʘʤʠ FeïGa ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤʫ ʪʠʩʢʫ ʚʟʷʪʦ ʟ [65]. 

1. ɺʠʩʦʢʽ ʪʠʩʢʠ ʚʠʢʣʠʢʘʶʪʴ ʟʙʽʣʴʰʝʥʥʷ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʜʣʷ ʢʦʞʥʦʾ 

ʬʘʟʠ ʥʘ ʚʝʣʠʯʠʥʫ ʦʨVmphdp, , ʜʝ Vmphï ʤʦʣʷʨʥʠʡ ʦʙôʻʤ ʬʘʟʠ ʟ Ph. 

ʩʪʨʫʢʪʫʨʦʶ. ʄʦʜʫʣʽ ʦʙôʻʤʫ, ʾʭ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʪʠʩʢʫ, ʢʦʝʬʽʮʽʻʥʪʠ 

ʪʝʧʣʦʚʦʛʦ ʨʦʟʰʠʨʝʥʥʷ (ʂʊʈ), ʤʦʣʷʨʥʽ ʦʙôʻʤʠ ʜʣʷ ʪʚʝʨʜʠʭ ʪʽʣ ʚʟʷʪʽ ʟ 

ʣʽʪʝʨʘʪʫʨʠ, ʫʟʘʛʘʣʴʥʝʥʦʾ ʚ ʧʫʙʣʽʢʘʮʽʾ [66]. ʆʙ'ʻʤ ʨʽʜʢʦʾ ʬʘʟʠ ʦʧʠʩʫʚʘʣʠ 

ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ.  
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2. ɿʘʣʝʞʥʽʩʪʴ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʚʽʜ ʪʠʩʢʫ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʚ ʥʘʙʣʠʞʝʥʥʽ 

[67]. ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʙʝʟ 

ʪʠʩʢʫ ʜʣʷ ʬʘʟ ʩʠʩʪʝʤʠ FeïN, ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 1.2. 

ʊʘʙʣʠʮʷ 1.2 ï ʇʘʨʘʤʝʪʨʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʬʘʟ ʚ ʩʠʩʪʝʤʽ FeïGa [62-63,68-

73]  

 

ʌʘʟʘ 

ʄʦʣʷʨʥʽ 

 ʦʙ'ʻʤʠ, 

ʤ 3 /ʤʦʣʴ 

ʆʙ'ʻʤʥʠʡ 

ʤʦʜʫʣʴ,  

ɻʇʘ 

ɿʘʣʝʞʥʽʩʪʴ ʦʙôʻʤʥʦʛʦ 

ʤʦʜʫʣʷ ʚʽʜ ʢʦʝʬʽʮʽʻʥ-ʪʘ 

ʪʠʩʢʫ 

 

ʂʊʈ, ʂ -1 

ʆʎʂ-Fe 7.05·10 -6 158.8 5.16 73,0·10 -6 

ɻʎʂ-Fe 7,0·10 -6 158.8 5.16 73,0·10 -6 

ɻʑʋ-Fe 8,15·10 -6 129.9 5.3 22,9·10 -6 

ʈʽʜʢʝ Fe 6,8·10 -6 132.4 6.6 73,0·10 -6 

ʈʽʜʠʥʘ 

Ga 

11,85·10 -

6 

48,0 9.1 +114·10 -6 ï

22·10 -08 Ŀʊ 

Fe 3 Ga 30,5·10 -6 172,0 6.6 52,8·10 -6 

Fe 6 Ga 5 87,99·10 -

6 

172,0 6.6 52,8·10 -6 

Fe 3 Ga 4 58,51·10 -

6 

172,0 6.6 52,8·10 -6 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʘʥʽ ʪʘʙʣʠʮʽ 1.2, ʧʽʩʣʷ ʤʦʜʝʣʶʚʘʥʥʷ 

ʧʦʚʝʜʽʥʢʠ ʩʠʩʪʝʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ ʧʘʢʝʪʘ Thermocalc [74], ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʥʘʩʪʫʧʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʧʦʢʘʟʘʥʽ ʥʘ ʨʠʩ. 1.1.  
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a) ʙ) 

 

 

 

ʚ) ʛ) 

ʈʠʩʫʥʦʢ 1.1. ï ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Fe ï Ga  ʟʘ ʫʤʦʚ ʘʪʤʦʩʬʝʨʥʦʛʦ (ʘ) ʪʘ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ (ʙ 

ï ʟʘ ʪʠʩʢʫ 3 ɻʇʘ, ʚ ï ʟʘ ʪʠʩʢʫ 5 ɻʇʘ, ʛ ï ʟʘ ʪʠʩʢʫ 7 ɻʇʘ) 

 

ʊʦʧʦʣʦʛʽʷ ʬʘʟʦʚʦʾ ʜʽʘʛʨʘʤʠ Fe ï Ga ʟʤʽʥʶʻʪʴʩʷ ʥʝʟʥʘʯʥʦ ʧʨʠ ʥʘʢʣʘʜʘʥʥʽ 

ʪʠʩʢʽʚ.  ɯʥʪʝʨʤʝʪʘʣʽʯʥʽ ʩʧʦʣʫʢʠ Fe 3 Ga, Fe 6 Ga 5 , Fe 3 Ga 4 ʪʘ FeGa 3 ʟʘʣʠʰʘʶʪʴʩʷ 

ʩʪʘʙʽʣʴʥʠʤʠ ʧʨʠ ʪʠʩʢʫ ʜʦ 7 ɻʇʘ. ʉʪʘʙʽʣʽʟʘʮʽʷ ʨʽʚʥʦʚʘʛʠ Fe4N ʟ ʨʽʜʢʦʶ ʬʘʟʦʶ ʧʨʠ 

ʚʠʩʦʢʠʭ ʪʠʩʢʘʭ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, ʱʦ Fe4N ʤʦʞʝ ʙʫʪʠ ʢʦʥʢʫʨʫʶʯʦʶ ʬʘʟʦʶ ʧʨʠ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ GaN ʟ ʨʦʟʧʣʘʚʫ ʩʠʩʪʝʤʠ Fe ï Ga ï N. ʇʦʜʽʙʥʠʡ ʝʬʝʢʪ ʤʘʻ ʤʽʩʮʝ ʚ 
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Fe ï Co ï C ʽ Fe ï Ni ï C, ʜʝ ʮʝʤʝʥʪʠʪ ʻ ʢʦʥʢʫʨʫʶʯʦʶ ʬʘʟʦʶ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʘʣʤʘʟʫ 

ʟ ʨʦʟʯʠʥʫ ʚ ʨʦʟʧʣʘʚʽ [75]. ɼʣʷ ʧʨʦʷʩʥʝʥʥʷ ʩʠʪʫʘʮʽʾ ʪʘ ʤʦʞʣʠʚʦʾ ʦʧʪʠʤʽʟʘʮʽʾ 

ʧʨʦʮʝʩʫ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʥʝʦʙʭʽʜʥʦ ʧʦʙʫʜʫʚʘʪʠ ʬʘʟʦʚʫ ʜʽʘʛʨʘʤʫ 

ʩʠʩʪʝʤʠ FeïGaïN ʧʨʠ ʪʠʩʢʘʭ 6ï7 ɻʇʘ, ʱʦ ʧʣʘʥʫʻʪʴʩʷ ʟʨʦʙʠʪʠ ʥʘ ʦʩʪʘʥʥʴʦʤʫ 

ʨʦʮʽ ʚʠʢʦʥʘʥʥʷ ʧʨʦʻʢʪʫ. 

1.7  ʇʦʰʫʢ ʣʽʪʝʨʘʪʫʨʥʠʭ (ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʪʝʦʨʝʪʠʯʥʠʭ) ʜʘʥʠʭ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʬʘʟ, ʱʦ ʽʩʥʫʶʪʴ ʚ ʩʠʩʪʝʤʽ FeïN ʟʘ 

ʥʦʨʤʘʣʴʥʠʭ ʫʤʦʚ ʪʘ ʟʘ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ ʪʘ ʪʝʤʧʝʨʘʪʫʨ 

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʧʽʜʭʦʜʫ ɻʽʣʣʝʨʪʘ-ʉʪʘʬʘʥʩʦʥʘ [114-116] (ʪʘʢ ʟʚʘʥʠʡ 

ʬʦʨʤʘʣʽʟʤ ʝʥʝʨʛʽʾ ʩʧʦʣʫʢʠ), ʤʦʣʴʥʘ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʜʣʷ ʬʘʟʠ ű ʤʦʞʝ ʙʫʪʠ 

ʟʘʧʠʩʘʥʘ ʪʘʢʠʤ ʚʠʨʘʟʦʤ: 

 

 

,                                                                                           (2.1) 

 

ʜʝ ʧʨʝʜʩʪʘʚʣʷʻ ʤʦʣʴʥʫ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʯʠʩʪʦʛʦ ʟʘʣʽʟʘ,  ʽ ï 

ʤʦʣʴʥʽ ʝʥʝʨʛʽʾ ʟʘʣʽʟʘ, ʚ ʷʢʦʤʫ ʚʩʽ ʤʽʞʘʪʦʤʥʽ ʧʦʨʦʞʥʠʥʠ ʦʢʫʧʦʚʘʥʽ ʘʪʦʤʘʤʠ ʘʟʦʪʫ 

ʪʘ ʚʫʛʣʝʮʶ. ɺʝʣʠʯʠʥʠ  ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʟʥʘʯʝʥʥʷ ʥʘʜʣʠʰʢʦʚʦʾ 

ʝʥʝʨʛʽʾ ʪʘ ʚʥʝʩʢʫ ʟʘ ʨʘʭʫʥʦʢ ʤʘʛʥʽʪʥʦʾ ʝʥʝʨʛʽʾ ʚʽʜʧʦʚʽʜʥʦ. ɺʠʨʘʟ ʜʣʷ ʚʝʣʠʯʠʥʠ 

 ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʦʜʝʣʽ, ʧʨʠʡʥʷʪʦʾ ʜʣʷ ʦʧʠʩʫ ʢʦʞʥʦʾ ʬʘʟʠ. ɿʤʽʥʥʽ 

 ʦʧʠʩʫʶʪʴ ʜʦʣʶ ʘʟʦʪʫ, ʚʫʛʣʝʮʶ ʪʘ ʚʘʢʘʥʩʽʡ ʫ ʧʽʜʛʨʘʪʢʘʭ ʢʦʞʥʦʾ 

ʟ ʬʘʟ. 

ɼʣʷ ʬʝʨʠʪʫ ʚʝʣʠʯʠʥʘ ʜʦʨʽʚʥʶʻ ʥʫʣʶ ʦʩʢʽʣʴʢʠ ʮʝ ʽʜʝʘʣʴʥʠʡ ʪʚʝʨʜʠʡ 

ʨʦʟʯʠʥ ʚʥʘʩʣʽʜʦʢ ʤʘʣʦʾ ʢʽʣʴʢʦʩʪʽ ʘʟʦʪʫ ʪʘ ʚʫʛʣʝʮʶ ʫ ʮʽʡ ʬʘʟʽ. ɼʣʷ ʘʫʩʪʝʥʽʪʫ 

ʟʘʩʪʦʩʦʚʘʥʘ ʤʦʜʝʣʴ ʨʝʛʫʣʷʨʥʠʭ ʨʦʟʯʠʥʽʚ, ʷʢʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʩʪʫʧʥʦʛʦ ʚʠʨʘʟʫ: 

 

(2.2) 
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ɼʣʷ ʦʧʠʩʫ  ɔô-ʬʘʟʠ ʟʘʩʪʦʩʦʚʘʥʘ ʤʦʜʝʣʴ ʩʫʙʨʝʛʫʣʷʨʥʠʭ ʨʦʟʯʠʥʽʚ: 

 

.                     (2.3) 

 

ɼʣʷ Ů-ʬʘʟʠ ʟʘʩʪʦʩʦʚʘʥʘ ʤʦʜʝʣʴ ʩʫʙʨʝʛʫʣʷʨʥʠʭ ʨʦʟʯʠʥʽʚ ʫ ʪʦʤʫ ʚʠʛʣʷʜʽ, ʷʢ 

ʮʝ ʟʨʦʙʣʝʥʦ ʚ ʨʦʙʦʪʽ [113]: 

 

. (2.4) 

 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʠ ʨʦʟʛʣʷʜʽ ʣʠʰʝ ʙʽʥʘʨʥʠʭ ʝʣʝʤʝʥʪʽʚ ʩʠʩʪʝʤʠ FeïN, 

ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʜʣʷ ʬʘʟʠ ʦʪʨʠʤʫʻʪʴʩʷ ʧʦʜʽʙʥʦ ʜʦ ʚʠʨʘʟʫ (81). ʎʝ ʧʨʦʩʪʦ 

ʦʪʨʠʤʫʻʪʴʩʷ, ʥʝʭʪʫʶʯʠ ʚʥʝʩʢʘʤʠ, ʧʦʚôʷʟʘʥʠʤʠ ʟ ʧʨʠʩʫʪʥʽʩʪʶ C. ʅʘʧʨʠʢʣʘʜ, 

ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ Ů ʫ ʧʦʜʚʽʡʥʽʡ ʩʠʩʪʝʤʽ FeïN ʚʠʨʘʞʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 

 

 

.                                                                (2.5) 

 

ɼʣʷ ʧʦʜʚʽʡʥʦʾ ʩʠʩʪʝʤʠ Fe-N ʬʘʟʘ ɔ ǋ ʤʘʻ ʩʪʨʫʢʪʫʨʫ FCC (ʷʢ ɔ-ʬʘʟʘ) ʟ ʦʜʥʠʤ 

ʦʢʪʘʝʜʨʠʯʥʠʤ ʤʽʩʮʝʤ, ʟʘʡʥʷʪʠʤ N ʥʘ ʦʜʠʥʠʮʶ ʢʦʤʽʨʢʠ. ʄʘʢʩʠʤʫʤ ʚʤʽʩʪʫ N ʫ ɔ 

ǋ ʚʽʜʧʦʚʽʜʘʻ ʩʪʝʭʽʦʤʝʪʨʠʯʥʽʡ ʬʦʨʤʽ Fe4N. ɯʟ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʽʞ 

ɔ ʽ ɔ ǋ, ʧʘʨʘʤʝʪʨ  ʦʪʨʠʤʫʻʪʴʩʷ ʷʢ ʫ ʧʦʩʠʣʘʥʥʽ [85] ʟʘ ʥʘʩʪʫʧʥʠʤ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ: 

.                                                           (2.6) 

 

ɼʣʷ Ů ʪʘ ɔ ʬʘʟ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʫʩʽʭ ʨʝʛʫʣʷʨʥʠʭ ʪʘ ʩʫʙʨʝʛʫʣʷʨʥʠʡ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʠʡʤʘʻʪʴʩʷ ʪʘʢ ʩʘʤʦ, ʷʢ ʽ ʚ ʨʦʙʦʪʘʭ [85,113]. ɼʣʷ 

ʬʘʟʠ ɔ ʧʘʨʘʤʝʪʨʠ  ʪʘ  ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʷʢ ʫ ʧʦʩʠʣʘʥʥʽ 

[85]. 
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ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ, ʚʠʢʦʨʠʩʪʘʥʽ ʚ ʧʨʦʮʝʩʽ ʦʧʪʠʤʽʟʘʮʽʾ ʥʘʚʝʜʝʥʦ ʫ 

ʧʦʩʠʣʘʥʥʷʭ [88ï92]. ɺʦʥʠ ʪʘʢʽ ʞ, ʷʢ ʽ ʚ ʧʦʧʝʨʝʜʥʴʦʤʫ ʦʮʽʥʶʚʘʥʥʷ [85]. ʑʦʜʦ 

ʛʨʘʥʠʮʴ ʬʘʟ, ʮʽ ʜʘʥʽ ʻ ʜʫʞʝ ʙʣʠʟʴʢʠʤʠ ʜʦ ʦʪʨʠʤʘʥʠʭ ʫ ʧʦʩʠʣʘʥʥʽ [109]. 

ʋ ʨʦʙʦʪʽ [108] ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʚʤʽʩʪ N ʚ Ŭ-ʬʘʟʽ ʚ ʢʦʥʪʘʢʪ ʽʟ ʛʘʟʦʚʦʶ 

ʩʫʤʽʰʰʶ (NH3/H2) ʰʚʠʜʰʝ ʚʽʜʧʦʚʽʜʘʚ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʩʪʘʥʫ, ʘ ʥʝ ʩʪʘʥʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʨʽʚʥʦʚʘʛʠ (ʟʘ ʨʘʭʫʥʦʢ ʧʨʦʮʝʩʫ ʜʝʥʽʪʨʠʬʽʢʘʮʽʾ). ʋ ʮʴʦʤʫ 

ʧʦʩʠʣʘʥʥʽ ʙʫʚ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʤʝʪʦʜ ʜʣʷ ʪʦʛʦ, ʱʦʙ ʚʠʟʥʘʯʠʪʠ ʨʽʚʥʦʚʘʞʥʫ 

ʨʦʟʯʠʥʥʽʩʪʴ N ʫ Ŭ. 
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2 ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸ ʏɸʉʊʀʅɸ 

2.1 ʉʪʘʥ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ 

ʩʠʩʪʝʤʠ FeïN 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʦʧʠʩ ʩʠʩʪʝʤ FʝïN ʤʘʻ ʚʝʣʠʢʠʡ ʥʘʫʢʦʚʠʡ ʽ ʧʨʘʢʪʠʯʥʠʡ 

ʽʥʪʝʨʝʩ. ʎʝ ʦʩʦʙʣʠʚʦ ʚʽʨʥʦ, ʨʦʟʛʣʷʜʘʶʯʠ ʜʝʷʢʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ ʷʢ, 

ʥʘʧʨʠʢʣʘʜ, ʘʟʦʪʫʚʘʥʥʷ ʽ ʥʽʪʨʦʢʘʨʙʦʥʽʟʘʮʽʶ ʟʘʣʽʟʥʠʭ ʩʧʣʘʚʽʚ, ʜʝ ʪʝʨʤʦʜʠʥʘʤʽʯʥʝ 

ʦʙʯʠʩʣʝʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʝ, ʱʦʙ ʧʝʨʝʜʙʘʯʠʪʠ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʘʟʦʪʦʚʘʥʦʛʦ ʽ ʥʽʪʨʦʢʘʨʙʦʥʽʟʦʚʘʥʦʛʦ ʰʘʨʽʚ. 

ʇʨʦʮʝʩ ʥʽʪʨʦʢʘʨʙʦʥʽʟʘʮʽʾ ʚʢʣʶʯʘʻ ʜʠʬʫʟʫʚʘʥʥʷ ʘʟʦʪʫ ʪʘ ʚʫʛʣʝʮʶ ʚ ʟʘʣʽʟʦ 

ʪʘ ʩʧʣʘʚʠ ʥʘʡʯʘʩʪʽʰʝ ʟ ʛʘʟʦʧʦʜʽʙʥʦʾ ʩʫʤʽʰʽ. ʅʽʪʨʦʢʘʨʙʦʥʦʚʘʥʠʡ ʰʘʨ ʤʽʩʪʠʪʴ 

ʟʦʥʫ ʜʠʬʫʟʽʾ ʪʘ ʰʘʨ ʩʧʦʣʫʢ. ɿʦʥʘ ʜʠʬʫʟʽʾ ʚ ʦʩʥʦʚʥʦʤʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʬʝʨʠʪʫ ʪʘ N 

ʽ C ʫ ʪʚʝʨʜʦʤʫ ʨʦʟʯʠʥʽ. ʐʘʨ ʩʧʦʣʫʢ, ʷʢ ʧʨʘʚʠʣʦ, ʩʢʣʘʜʘʻʪʴʩʷ ʟ ɔǋ- ʥʽʪʨʠʜʫ, Ů-

ʢʘʨʙʦ-ʥʽʪʨʠʜʫ, ʘ ʪʘʢʦʞ ɗ-ʢʘʨʙʽʜʫ (ʮʝʤʝʥʪʠʪ) [81]. 

ʋ ʤʠʥʫʣʦʤʫ ʩʠʩʪʝʤʘ FeïN ʙʫʣʘ ʦʮʽʥʝʥʘ ʪʘ ʧʝʨʝʦʮʽʥʶʚʘʥʘ ʢʽʣʴʢʘ ʨʘʟʽʚ [82-

87]. ʆʜʥʘʢ ʙʽʣʴʰʽʩʪʴ ʮʠʭ ʦʮʽʥʦʢ ʙʫʣʠ ʟʨʦʙʣʝʥʽ ʥʘ ʦʩʥʦʚʽ ʚʽʜʥʦʩʥʦ ʩʪʘʨʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʦʙʽʪ [88ï103]. 

ɺ ʦʩʪʘʥʥʽ ʨʦʢʠ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʥʦʚʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ [104ï

112]. ʎʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʦʙʦʪʠ ʥʘʜʘʣʠ ʧʦʜʘʣʴʰʽ ʨʦʟ'ʷʩʥʝʥʥʷ ʱʦʜʦ ʟʚ'ʷʟʢʫ ʤʽʞ 

ʬʘʟʘʤʠ ʪʘ ʾʭ ʩʢʣʘʜʦʤ. ɼʽʡʩʥʦ, ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʜʝʷʢʽ ʥʝʟʤʽʥʥʽ ʨʝʘʢʮʽʾ ʽ ʚʠʟʥʘʯʝʥʽ 

ʪʦʯʥʽʰʽ ʟʥʘʯʝʥʥʷ ʚʤʽʩʪʫ ʢʦʤʧʦʥʝʥʪʽʚ ʥʘ ʤʝʞʽ ʬʘʟ. ʎʝ ʜʦʟʚʦʣʠʣʦ, ʩʝʨʝʜ ʽʥʰʦʛʦ, 

ʚʩʪʘʥʦʚʠʪʠ ʟʚô̫ ʟʦʢ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʰʘʨʫ ʩʧʦʣʫʢ ʪʘ ʩʢʣʘʜʫ ʘʪʤʦʩʬʝʨʠ. 

ʅʘ ʦʩʥʦʚʽ ʮʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʦʙʽʪ ʧʨʦʚʝʜʝʥʦ ʥʦʚʫ ʧʝʨʝʦʮʽʥʢʫ 

ʩʠʩʪʝʤʠ FeïN ʚ ʜʦʚʽʜʥʠʢʫ [113]. ʆʜʠʥ ʟ ʥʘʡʮʽʢʘʚʽʰʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʦʩʪʘʥʥʴʦʾ 

ʦʮʽʥʢʠ ʻ ʪʝʤʧʝʨʘʪʫʨʠ ʽʥʚʘʨʽʘʥʪʥʠʭ ʨʝʘʢʮʽʡ ʷʢʽ ʜʫʞʝ ʙʣʠʟʴʢʽ ʜʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʭʽʜʦʢ. ʆʜʥʘʢ ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʜʝʷʢʽ ʧʦʢʨʘʱʝʥʥʷ, 

ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʧʝʨʝʜʥʴʦʶ ʦʮʽʥʢʦʶ, ʜʝʷʢʽ ʤʝʞʽ ʬʘʟ ʙʫʣʠ ʱʝ ʥʝʜʦʩʪʘʪʥʴʦ 

ʫʟʛʦʜʞʝʥʽ [113]. 

ɹʽʣʴʰʝ ʪʦʛʦ, ʜʝʷʢʽ ʨʦʟʨʘʭʫʥʢʠ, ʧʨʦʚʝʜʝʥʽ  ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ DICTRA ʚʠʷʚʠʣʠ, ʱʦ ʤʦʜʝʣʶʚʘʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʰʘʨʫ ʜʫʞʝ 
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ʯʫʪʣʠʚʝ ʜʦ ʚʠʢʦʨʠʩʪʘʥʦʾ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ ʙʘʟʠ ʜʘʥʠʭ. ɯʩʥʫʶʯʽ ʙʘʟʠ ʜʘʥʠʭ, 

ʚʢʣʶʯʘʶʯʠ ʥʘʡʥʦʚʽʰʽ [113], ʥʝ ʜʘʶʪʴ ʧʦʚʥʠʭ ʟʘʜʦʚʽʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

ɺ ʨʦʙʦʪʽ [114]  ʧʝʨʝʦʮʽʥʝʥʽ ʷʢ ʩʠʩʪʝʤʘ FeïN, ʪʘʢ ʽ FeïNïC ʟ ʤʝʪʦʶ 

ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʧʦʧʝʨʝʜʥʽʭ ʦʮʽʥʦʢ. ɺ ʮʽʡ ʨʦʙʦʪʽ ʥʘʜʘʥʦ ʭʦʨʦʰʝ ʫʷʚʣʝʥʥʷ ʧʨʦ 

ʽʥʚʘʨʽʘʥʪʥʽ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʘʢ ʽ ʩʢʣʘʜ ʤʝʞ ʬʘʟ. ʇʦʣʽʧʰʝʥʥʷ ʦʮʽʥʢʠ ʧʨʠʟʚʝʣʦ ʜʦ 

ʧʦʢʨʘʱʝʥʥʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʥʽʪʨʦʢʘʨʙʦʥʦʚʘʥʦʛʦ ʰʘʨʫ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʨʤʦʢʽʥʝʪʠʯʥʦʾ ʧʨʦʛʨʘʤʠ DICTRA. 

2.2 ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʨʦʟʨʘʭʫʥʦʢ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN ʧʽʜ 

ʘʪʤʦʩʬʝʨʥʠʤ ʪʘ ʚʠʩʦʢʠʤʠ ʪʠʩʢʘʤʠ 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʚʠʟʥʘʯʘʣʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʥʘʡʤʝʥʰʠʭ 

ʢʚʘʜʨʘʪʽʚ, ʨʝʘʣʽʟʦʚʘʥʦʤʫ ʚ ʧʨʦʛʨʘʤʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ Thermocalc (ʤʦʜʫʣʴ 

PARROT). ɼʘʥʽ ʚʚʦʜʷʪʴʩʷ ʚ ʤʦʜʫʣʴ PARROT ʷʢ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʨʽʚʥʦʚʘʛʠ. 

ɺʥʝʩʦʢ ʜʝʷʢʠʭ ʨʽʚʥʦʚʘʛ ʚ ʧʨʦʮʝʩ ʦʧʪʠʤʽʟʘʮʽʾ ʙʽʣʴʰʠʡ ʟʘ ʽʥʰʽ. ʆʪʞʝ ʾʤ ʙʫʣʘ 

ʧʨʠʟʥʘʯʝʥʘ ʙʽʣʴʰʘ ʚʘʛʘ. 

ɺʩʽ ʥʝʦʙʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʦʧʠʩʫ ʜʣʷ ʩʠʩʪʝʤʠ FeïN ʪʘ 

ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 2.1. 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN ʧʽʜ ʘʪʤʦʩʬʝʨʥʠʤ 

ʪʠʩʢʦʤ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 2.1. ɺ ʧʨʠʥʮʠʧʽ ʜʽʘʛʨʘʤʘ ʘʥʘʣʦʛʽʯʥʘ ʧʨʝʜʩʪʘʚʣʝʥʽʡ 

ʚ ʨʦʙʦʪʽ [114]. 

ɺʠʩʦʢʽ ʪʠʩʢʠ ʟʙʽʣʴʰʫʶʪʴ ʚʽʣʴʥʫ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʬʘʟʠ ʥʘ ʚʝʣʠʯʠʥʫ 

 

ὋὖȟὝ ὋὝ ᷿ὠὖȟὝὨὖ.                                                      (2.7) 

 

 

ʊʘʙʣʠʮʷ 2.1 ï ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʩʠʩʪʝʤʠ FeïN ʧʽʜ 

ʘʪʤʦʩʬʝʨʥʠʤ ʪʠʩʢʦʤ 

____________________________________________________________________
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ʈʠʩʫʥʦʢ 2.1 ï ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN ʧʽʜ ʘʪʤʦʩʬʝʨʥʠʤ ʪʠʩʢʦʤ 

 

ʋ ʥʘʙʣʠʞʝʥʥʽ ʄʫʨʥʘʛʘʥʘ [115]  ʙʘʨʠʯʥʠʡ ʚʥʝʩʦʢ ʚʠʛʣʷʜʘʻ ʥʘʩʪʫʧʥʠʤ 

ʯʠʥʦʤ: 
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ʜʝ V0
i ï ʤʦʣʴʥʠʡ ʦʙôʻʤ ʬʘʟʠ i ʧʨʠ 0 ʂ, ʂ0 = 1/ɺ0 ï ʢʦʝʬʽʮʽʻʥʪ ʩʪʠʩʥʝʥʥʷ ʧʨʠ ʊ=0 

ʂ, ʂ1 ʽ ʂ2 ï ʢʦʝʬʽʮʽʻʥʪʠ ʟʘʣʝʞʥʦʩʪʽ ʩʪʠʩʥʝʥʥʷ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, n ï ʢʦʝʬʽʮʽʻʥʪ 

ʟʘʣʝʞʥʦʩʪʽ ʤʦʜʫʣʷ ʩʪʠʩʥʝʥʥʷ ʚʽʜ ʪʠʩʢʫ B = B0 + nP,  Ŭ0, Ŭ1, Ŭ2 ï ʢʦʝʬʽʮʽʻʥʪʠ 

ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʽ ʽ ʡʦʛʦ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. ʂʦʝʬʽʮʽʻʥʪʠ ʂ1 ʪʘ ʂ2, 

Ŭ1 ʪʘ Ŭ2 ʜʣʷ ʚʩʽʭ ʬʘʟ ʙʫʣʠ ʧʨʠʡʥʷʪʠ ʨʽʚʥʠʤʠ ʥʫʣʶ. 

ɺ ʪʘʙʣ. 2.2 ʥʘʚʝʜʝʥʽ ʧʝʨʝʣʽʯʝʥʽ ʚʝʣʠʯʠʥʠ ʜʣʷ ʬʘʟ ʩʠʩʪʝʤʠ FeïN. 

ʈʝʟʫʣʴʪʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN 

ʧʨʠ 2,5; 4 ʪʘ 6 ɻʇʘ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 2.2. 
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ʊʘʙʣʠʮʷ 2.2 ï ʂʦʝʬʽʮʽʻʥʪʠ ʙʘʨʠʯʥʦʛʦ ʚʥʝʩʢʫ ʫ ʚʽʣʴʥʫ ʝʥʝʨʛʽʶ ɻʽʙʙʩʘ ʬʘʟ ʩʠʩʪʝʤʠ 

FeïN 

ʌʘʟʘ V0·106, 

ʤ3/ʤʦʣʴ 

ʂ0·1012, 

1/ʇʘ 

n Ŭ0·106, 

1/K 

BCC 

GFe:Va 

GFe:N 

 

7.05 

3.6 

 

5.88 

5.88 

 

6.2 

6.2 

 

36.0 

36.0 

FCC 

GFe:Va 

GFe:N 

 

7.05 

3.5 

 

6.83 

5.0 

 

5.25 

9.0 

 

45.0 

45.0 

F4N (ɔô) 

GFe:Va 

GFe:N 

 

7.05 

41.25 

 

6.83 

5.0 

 

5.0 

9.0 

 

45.0 

45.0 

FHN (Ů) 

GFe:Va 

GFe:N 

 

7.05 

49.8 

 

5.88 

5.0 

 

6.2 

9.0 

 

45.0 

45.0 

LIQUID GFe 7.09 6.66 4.0 45.0 

 

ʈʠʩʫʥʦʢ 2.2 (ʧʦʯʘʪʦʢ) ï ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeïN ʧʨʠ 2,5 (ʘ), 4(ʙ) ʽ 6 ɻʇʘ (ʚ) 
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ʚ 

ʈʠʩʫʥʦʢ 2.2 (ʟʘʢʽʥʯʝʥʥʷ) 
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2.3  ʈʦʟʯʠʥʝʥʥʷ GaN ʫ ʟʘʣʽʟʽ ʧʨʠ ʪʠʩʢʫ 8,3 ɻʇʘ 

ʋ ʧʝʨʰʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ ʨʦʟʯʠʥʝʥʥʷ GaN ʫ Fe ʢʦʥʩʪʨʫʢʮʽʷ ʢʦʤʽʨʢʠ ɺʊ 

ʧʝʨʝʜʙʘʯʘʣʘ ʥʝʩʠʤʝʪʨʠʯʥʝ ʩʢʣʘʜʘʥʥʷ ʚʠʭʽʜʥʠʭ ʟʨʘʟʢʽʚ ʫ ʧʦʨʦʞʥʠʥʽ ʢʘʧʩʫʣʠ ʟ 

ʧʨʝʩʦʚʘʥʠʭ ʜʝʪʘʣʝʡ (ʚʪʫʣʢʘ, ʜʥʦ ʡ ʥʘʢʨʠʚʢʘ), ʱʦ ʧʦʧʝʨʝʜʥʴʦ ʚʠʛʦʪʦʚʣʷʣʠʩʴ 

ʧʨʝʩʫʚʘʥʥʷʤ ʩʫʤʽʰʽ CsCl + 10 ʤʘʩ. % ZrO2  ʫ ʩʪʘʣʴʥʠʭ ʧʨʝʩʬʦʨʤʘʭ ʜʦ 

ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʾ ʛʫʩʪʠʥʠ. ɼʽʘʤʝʪʨ ʦʪʚʦʨʫ ʜʣʷ ʟʨʘʟʢʽʚ ʫ ʢʘʧʩʫʣʽ ʩʪʘʥʦʚʠʚ 8 

ʤʤ, ʩʫʤʘʨʥʘ ʚʠʩʦʪʘ ʟʨʘʟʢʽʚ ʜʦʨʽʚʥʶʚʘʣʘ 4,4 ʤʤ. ɿʨʘʟʦʢ  ʟ ʟʘʣʽʟʘ ʤʘʨʢʠ çʘʨʤʢʦè 

ʧʽʩʣʷ ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ ʤʘʚ ʪʦʚʱʠʥʫ 3 ʤʤ. ʅʘʜ ʟʨʘʟʢʦʤ ʨʦʟʤʽʱʫʚʘʣʠ 

ʧʦʜʨʽʙʥʝʥʠʡ ʜʦ ʬʨʘʢʮʽʾ ï315 ʤʝʰ ʧʦʨʦʰʦʢ GaN (HVPE), ʫʱʽʣʴʥʶʚʘʣʠ 

ʚʽʙʨʘʮʽʻʶ, ʪʘ ʣʝʛʢʠʤ ʪʨʘʤʙʫʚʘʥʥʷʤ ʯʝʨʝʟ ʥʘʢʨʠʚʢʫ. 

ʆʜʝʨʞʘʥʠʡ ʤʦʜʫʣʴ ʟʽ ʟʨʘʟʢʘʤʠ ʨʦʟʤʽʱʫʚʘʣʠ ʫ ʂɺʊ, ʷʢ ʮʝ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 3.1. ʇʝʨʝʜ ʩʢʣʘʜʘʥʥʷʤ ʂɺʊ ʚʠʢʦʥʫʚʘʣʠ ʧʨʝʮʠʟʽʡʥʝ ʚʠʤʽʨʶʚʘʥʥʷ ʤʘʩʠ 

ʚʠʭʽʜʥʠʭ ʟʨʘʟʢʽʚ, ʪʘ ʢʦʥʪʨʦʣʶʚʘʣʠ ʤʘʩʫ GaN ʥʘ ʧʝʚʥʠʭ ʦʧʝʨʘʮʽʷʭ ʚ ʨʘʟʽ 

ʤʦʞʣʠʚʠʭ ʚʪʨʘʪ. 

ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ɸɺʊʊ-30 ʫ ʟʨʘʟʢʫ ʩʪʚʦʨʶʚʘʣʠ ʪʠʩʢ 8,3 ɻʇʘ (ʪʠʩʢ ʤʘʩʣʘ ʫ 

ʧʣʫʥʞʝʨʥʽʡ ʩʠʩʪʝʤʽ ʧʨʝʩʫ ɼʆ 043 ʩʪʘʥʦʚʠʚ 1050 ʘʪ., ʟʫʩʠʣʣʷ ʦʩʴʦʚʦʛʦ ʩʪʠʩʢʘʥʥʷ 

ʙʣʦʢ-ʤʘʪʨʠʮʴ ~1750 ʪ). ʇʦ ʜʦʩʷʛʥʝʥʥʽ ʚʢʘʟʘʥʦʛʦ ʪʠʩʢʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʝʛʫʣʷʪʦʨʘ 

ʩʠʩʪʝʤʠ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʫʧʨʘʚʣʽʥʥʷ ʥʘʛʨʽʚʦʤ ʟʨʘʟʢʘ ʧʦʚʽʣʴʥʦ, ʥʘ ʧʨʦʪʷʟʽ 20 ʩ, 

ʧʽʜʽʡʤʘʣʠ ʧʦʪʫʞʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʫ ʥʘʛʨʽʚʥʠʢʫ ʂɺʊ ʜʦ ʥʝʦʙʭʽʜʥʦʛʦ 

ʨʽʚʥʷ. ɺʠʪʨʠʤʢʘ ʧʨʠ ʧʦʩʪʽʡʥʽʡ ʧʦʪʫʞʥʦʩʪʽ ʩʪʨʫʤʫ ʩʪʘʥʦʚʠʣʘ 180 ʩ, ʧʽʩʣʷ ʯʦʛʦ ʾʾ 

ʟʤʝʥʰʫʚʘʣʠ ʜʦ ʥʫʣʴʦʚʦʛʦ ʨʽʚʥʷ ʥʘ ʧʨʦʪʷʟʽ 10 ʩ. ʉʪʘʙʽʣʴʥʽʩʪʴ ʧʽʜʪʨʠʤʘʥʥʷ 

ʨʝʛʫʣʷʪʦʨʦʤ ʪʠʩʢʫ (ʨ), ʪʘ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ï ʧʦʪʫʞʥʽʩʪʴ ʩʪʨʫʤʫ (W), 

ʥʘʧʨʫʛʘ (V), ʩʪʨʫʤ (I), ʦʧʽʨ (R) ʥʘ ʧʨʦʪʷʟʽ ʧʦʚʥʦʛʦ ʮʠʢʣʫ ʪʝʨʤʦʙʘʨʠʯʥʽʡ ʜʽʾ 

ʜʝʤʦʥʩʪʨʫʻ ʨʠʩ. 2.3. 
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ʈʠʩʫʥʦʢ 2.3 ï ʂʦʥʩʪʨʫʢʮʽʷ ʂɺʊ (ʘ) ʪʘ ʚʘʨʽʘʥʪʠ ʨʦʟʤʽʱʝʥʥʷ ʟʨʘʟʢʽʚ Me ʫ ʩʦʣʽ ʧʨʠ 

ʚʠʚʯʝʥʥʽ ʧʣʘʚʣʝʥʥʷ (ʙ, ʚ) ʪʘ ʨʦʟʯʠʥʝʥʥʷ GaN ʫ ʨʦʟʧʣʘʚʘʭ Me (ʛ, ʜ): 1 ï ʧʨʝʩʦʚʘʥʘ 

ʚʪʫʣʢʘ ʟ CsCl + 10 ʤʘʩ. % ZrO2  (h=9,5 ʤʤ; Å18ʭ15 ʤʤ); 2 ï ʥʘʛʨʽʚʥʠʢ ʟʽ ʰʪʫʯʥʦʛʦ 

ʛʨʘʬʽʪʫ (r=1,71 ʛ/ʩʤ3; h=9,5 ʤʤ; Å15ʭ12 ʤʤ); 3 ï ʪʝʨʤʦʛʨʘʬʝʥʽʪ ʊʄɻ r@1 ʛ/ʩʤ3; 

h=0,5 ʤʤ; Å18 ʤʤ); 4 ï ʧʽʨʦʬʽʣʣʽʪ ʧʨʝʩʦʚʘʥʠʡ (hʤʘʢʩ= 4,1 ʤʤ; Å18ʭ10 ʤʤ); 5 ï 

ʦʩʴʦʚʠʡ ʥʘʛʨʽʚʥʠʢ, ʧʨʝʩʦʚʘʥʠʡ ʟ ʤʘʣʦʟʦʣʴʥʦʛʦ ʛʨʘʬʽʪʫ ɻʉʄ + 40 ʦʙ.% ZrO2 

(hʤʘʢʩ= 4,63 ʤʤ; Å10 ʤʤ); 6 ï ʜʠʩʢ ʢʦʥʪʘʢʪʥʠʡ ʟ ʧʨʝʩʦʚʘʥʦʛʦ ʤʘʣʦʟʦʣʴʥʦʛʦ 

ʛʨʘʬʽʪʫ ɻʉʄ (h=1,1 ʤʤ; Å 12 ʤʤ); 7 ï ʢʘʧʩʫʣʘ ʟ ʧʨʝʩʦʚʘʥʠʭ ʜʝʪʘʣʝʡ (ʚʪʫʣʢʘ, ʜʥʦ 

ʡ ʥʘʢʨʠʚʢʘ) ʟ CsCl + 10 ʤʘʩ. % ZrO2  (ʛʘʙʘʨʠʪʥʽ ʨʦʟʤʽʨʠ h=7,3 ʤʤ; Å12 ʤʤ); 8 ï 

ʧʦʨʦʞʥʠʥʘ (S) ʜʣʷ ʨʦʟʤʽʱʝʥʥʷ ʟʨʘʟʢʽʚ (h=4,4 ʤʤ; Å 8 ʤʤ); ʙ ï ʦʜʥʦʧʦʟʠʮʽʡʥʝ 

ʨʦʟʤʽʱʝʥʥʷ ʫ ʧʦʨʦʞʥʠʥʽ (8) ʤʝʪʘʣʽʯʥʠʭ ʟʨʘʟʢʽʚ ʜʣʷ ʾʭ ʧʣʘʚʣʝʥʥʷ ʫ ʭʣʦʨʠʩʪʠʭ 

ʩʦʣʷʭ (9): AgCl, NaCl ʘʙʦ CsCl; ʚ ï ʜʚʦʧʦʟʠʮʽʡʥʝ ʨʦʟʤʽʱʝʥʥʷ ʫ ʧʦʨʦʞʥʠʥʽ (8) 

ʨʽʟʥʠʭ ʤʝʪʘʣʽʚ ʜʣʷ ʾʭ ʧʣʘʚʣʝʥʥʷ ʫ ʭʣʦʨʠʩʪʠʭ ʩʦʣʷʭ (9): AgCl, NaCl ʘʙʦ CsCl; ʛ, ʜ 

ï ʚʽʜʧʦʚʽʜʥʦ ʥʝʩʠʤʝʪʨʠʯʥʝ ʽ ʩʠʤʝʪʨʠʯʥʝ ʩʢʣʘʜʘʥʥʷ ʟʨʘʟʢʽʚ ʫ ʧʦʨʦʞʥʠʥʽ (8) ʧʨʠ 

ʚʠʚʯʝʥʥʷ ʨʦʟʯʠʥʥʦʩʪʽ GaN ʫ ʨʦʟʧʣʘʚʘʭ ʤʝʪʘʣʽʚ 

 

S 

 ͋  ͍

 ͎  ͒

GaN 

Me 

GaN 

Me 

GaN 

9 Me Me Me 9 

S S 

S S 

 ͊
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ʈʠʩʫʥʦʢ 2.4 ï ʇʨʠʢʣʘʜ ʪʠʧʦʚʦʾ ʨʝʻʩʪʨʘʮʽʾ ʩʠʩʪʝʤʦʶ ʫʧʨʘʚʣʽʥʥʷ ʧʨʦʮʝʩʦʤ ʪʠʩʢʫ 

(ʨ) ʪʘ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ï ʧʦʪʫʞʥʦʩʪʽ (4600 W),  ʥʘʧʨʫʛʠ (V), ʩʪʨʫʤʫ 

(I) ʪʘ ʦʧʦʨʫ (R) ʥʘ ʧʨʦʪʷʟʽ ʚʩʴʦʛʦ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ ɸɺʊʊ-30 

 

ʊʝʨʤʦʙʘʨʠʯʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʟ ʨʦʟʯʠʥʝʥʥʷ GaN ʫ Fe ʧʦ ʩʠʤʝʪʨʠʯʥʽʡ ʩʭʝʤʽ 

ʩʢʣʘʜʘʥʥʷ ʟʨʘʟʢʽʚ ʚʠʢʦʥʘʥʽ ʫ ʜʽʘʧʘʟʦʥʽ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʜʝ 

ʧʣʘʚʣʝʥʥʷ ʯʠʩʪʦʛʦ Fe ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʘʣʝ ʤʦʞʣʠʚʝ ʢʦʥʪʘʢʪʥʝ ʧʣʘʚʣʝʥʥʷ ʥʘ 

ʤʽʞʬʘʟʥʽʡ ʛʨʘʥʠʮʽ GaNïFe. ʇʦʪʫʞʥʦʩʪʽ ʩʪʨʫʤʫ ʥʘʛʨʽʚʫ ʫ ʜʽʘʧʘʟʦʥʽ 4600ï5450 

ɺʪ, ʟʛʽʜʥʦ ʛʨʘʜʫʶʚʘʥʥʷ, ʚʠʟʥʘʯʘʶʪʴ ʜʽʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ 1435ï1764 ̄ ʉ. ʇʽʩʣʷ 

ʟʘʚʝʨʰʝʥʥʷ ʮʠʢʣʫ ʪʝʨʤʦʙʘʨʠʯʥʦʾ ʜʽʾ ʟʨʘʟʢʠ ʚʠʣʫʯʘʣʠ ʟ ʂɺʊ ʪʘ ʟʚʽʣʴʥʷʣʠ ʚʽʜ 

ʟʘʣʠʰʢʽʚ ʢʘʧʩʫʣʠ ʨʦʟʯʠʥʝʥʥʷʤ CsCl ʫ ʚʦʜʽ (ʨʠʩ. 2.4). 

ɼʦʜʘʪʢʦʚʦ ʟʨʘʟʢʠ ʧʽʜʜʘʚʘʣʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʤʫ ʢʘʚʽʪʘʮʽʡʥʦʤʫ ʦʯʠʱʝʥʥʽ ʫ 

ʚʦʜʽ, ʘ ʧʦʪʽʤ ʚ ʽʟʦʧʨʦʧʠʣʦʚʦʤʫ ʩʧʠʨʪʽ ʥʘ ʧʨʦʪʷʟʽ 3 ʭʚʠʣʠʥ ʥʘ ʢʦʞʥʽʡ ʦʧʝʨʘʮʽʾ. 

ʇʽʩʣʷ ʚʠʩʫʰʫʚʘʥʥʷ ʨʝʪʝʣʴʥʦ ʚʠʤʽʨʷʣʠ ʤʘʩʫ ʚʩʴʦʛʦ ʟʨʘʟʢʘ, ʪʘ ʦʢʨʝʤʦ 

ʚʽʜʰʘʨʦʚʘʥʦʾ ʯʘʩʪʠʥʠ ʩʧʝʯʝʥʦʛʦ GaN (ʪʘʙʣ. 2.3). 

ʆʯʝʚʠʜʥʦ, ʦʩʢʽʣʴʢʠ ʢʽʣʴʢʽʩʪʴ ʟʘʣʽʟʘ ʥʘ ʟʤʽʥʶʻʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʪʝʨʤʦʙʘʨʠʯʥʦʾ 

ʜʽʾ, ʟʥʘʭʦʜʠʣʠ ʡʦʛʦ ʯʘʩʪʢʫ ʚ ʟʨʘʟʢʫ ʙʝʟ ʚʽʜʰʘʨʦʚʘʥʦʛʦ ʩʧʝʯʝʥʦʛʦ GaN. ʈʝʰʪʘ 

ʧʨʠʧʘʜʘʻ ʥʘ ʨʦʟʯʠʥʝʥʠʡ Ga+N, ʧʨʠʯʦʤʫ ʥʝ ʦʙʦʚôʷʟʢʦʚʦ ʫ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ (ʪʘʙʣ. 2.4).  
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ɿʘʫʚʘʞʠʤʦ, ʱʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʯʠʩʪʦʛʦ Fe ʧʨʠ 8,3 ɻʇʘ, ʩʪʘʥʦʚʠʪʴ 

1827 ʉ̄. ʊʘʢʠʤ ʯʠʥʦʤ,  ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʨʦʟʯʠʥʝʥʥʷ GaN ʫ Fe, 

ʧʦʯʠʥʘʶʯʠ ʟ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠʙʣʠʟʥʦ 1400 ʉ̄, ʧʦʚôʷʟʘʥʝ ʟ ʧʨʦʮʝʩʘʤʠ 

ʢʦʥʪʘʢʪʥʦʛʦ ʧʣʘʚʣʝʥʥʷ ʥʘ ʤʽʞʬʘʟʥʽʡ ʛʨʘʥʠʮʽ. 

 

 

ʘ                                                    ʙ 

ʈʠʩʫʥʦʢ 2.5 ï ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʟʨʘʟʢʽʚ ʧʘʨʠ GaNïFe, ʱʦ ʦʜʝʨʞʘʥʽ ʧʨʠ ʨʽʟʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ: ʘ ï 1528 ̄ʉ; ʙ ï 1679 ̄ʉ. ɿʚʝʨʭʫ ï ʟʘʣʠʰʢʦʚʠʡ ʩʧʝʯʝʥʠʡ GaN, ʱʦ 

ʥʝ ʙʨʘʚ ʫʯʘʩʪʽ ʫ ʨʦʟʯʠʥʝʥʥʽ: ʚʽʜʰʘʨʫʚʘʥʥʷ ʚʥʘʩʣʽʜʦʢ ʪʝʨʤʦ- ʽ ʙʘʨʦʧʨʫʞʥʠʭ 

ʥʘʧʨʫʛ, ʚʠʥʠʢʘʶʯʠʭ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʪʘ ʜʝʢʦʤʧʨʝʩʽʾ ʟʨʘʟʢʘ. ɿʥʠʟʫ ï ʤʦʨʬʦʣʦʛʽʷ 

ʧʦʚʝʨʭʦʥʴ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʇʨʠ ʩʠʤʝʪʨʠʯʥʦʤʫ ʩʢʣʘʜʘʥʥʽ ʟʨʘʟʢʽʚ (GaNïFeïGaN) ʩʠʪʫʘʮʽʷ ʟ 

ʨʦʟʯʠʥʝʥʥʷʤ GaN ʫ ʤʝʪʘʣʽ ʤʦʞʝ ʩʫʪʪʻʚʦ ʟʤʽʥʠʪʠʩʷ ʚ ʧʣʘʥʽ ʢʽʥʝʪʠʢʠ ʧʨʦʮʝʩʫ ʫ 

ʥʘʧʨʷʤʢʫ ʙʽʣʴʰ ʰʚʠʜʢʦʛʦ ʥʘʩʠʯʝʥʥʷ ʨʦʟʧʣʘʚʫ Fe ʛʘʣʽʻʤ ʽ ʘʟʦʪʦʤ ʟ ʜʦʩʷʛʥʝʥʥʷʤ 

ʨʽʚʥʦʚʘʞʥʦʛʦ ʩʪʘʥʫ ʟʘ ʢʦʥʮʝʥʪʨʘʮʽʷʤʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʝʚʥʠʤ ʧʘʨʘʤʝʪʨʘʤ 

ʪʝʨʤʦʙʘʨʠʯʥʦʾ ʜʽʾ ʟʘ ʪʠʩʢʦʤ ʽ ʪʝʤʧʝʨʘʪʫʨʦʶ. 

ʗʢ ʽ ʚ ʨʘʟʽ ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʘʥʥʷ, ʪʠʧʦʚʠʤ ʻ ʫʪʚʦʨʝʥʥʷ ʩʧʝʯʝʥʦʛʦ 

ʟʘʣʠʰʢʦʚʦʛʦ GaN. ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʤʘʻʤʦ ʜʚʽ ʧʣʘʩʪʠʥʠ ï ʟʚʝʨʭʫ ʽ ʟʥʠʟʫ 

ʤʝʪʘʣʝʚʦʛʦ ʟʨʘʟʢʘ (ʨʠʩ. 2.5, ʘ). 

 

GaN 

Fe(Gax+Ny)  
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ʊʘʙʣʠʮʷ 2.3 ï ɺʠʭʽʜʥʽ ʜʘʥʽ ʧʨʦ ʤʘʩʫ ʟʨʘʟʢʽʚ ʪʘ ʾʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʦ ʽ ʧʽʩʣʷ 

ʪʝʨʤʦʙʘʨʠʯʥʦʾ ʜʽʾ (ʅʈ-ʅʊ) ʧʨʠ ʨ = 8,3 ɻʇʘ, t = 180 c ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʟʽ 

ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʘʥʥʷ ʂɺʊ ʟ GaN ʽ Fe (ʜʠʚ. ʨʠʩ. 3.1, ʛ) 

ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 

ʄʘʩʠ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʟʨʘʟʢʽʚ, ʛ 

ʇʨʠ ʨʦʟʤʽʱʝʥʥʽ ʟʨʘʟʢʽʚ ʫ ʂɺʊ ʇʽʩʣʷ HP-HT 

Fe 

(1) 

GaN 

(2) 

Fe+GaN 

(3) 

ɿʨʘʟʦʢ 

ʮʽʣʢʦʤ 

(4) 

ɺʽʜʰʘʨʦʚʘʥʠʡ 

ʩʧʝʯʝʥʠʡ GaN 

(5) 

1435 0,963 0,53 1,493 1,476 0,487 

1528  0,967 0,53 1,497 1,487 0,432 

1601  0,963 0,53 1,493 1,478 0,393 

1679  0,968 0,53 1,498 1,477 0,311 

1764  0,964 0,53 1,494 1,481 0,292 

 

ʊʘʙʣʠʮʷ 2.4  ï ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʚʤʽʩʪʫ Ga+N ʫ Fe, ʱʦ ʨʦʟʯʠʥʠʣʠʩʷ ʫ ʤʝʪʘʣʽ  

ʧʨʠ ʨ = 8,3 ɻʇʘ, t = 180 c ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʟʽ ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʘʥʥʷ 

ʂɺʊ (ʟʘ ʜʘʥʠʤʠ ʪʘʙʣ. 3.1) 

ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 

ʄʘʩʘ ʟʘʣʽʟʘ ʟ 

ʨʦʟʯʠʥʝʥʠʤ 

GaN, ʛ 

(6)=(4)ï(5) 

ʏʘʩʪʢʘ ʟʘʣʽʟʘ ʚ 

ʟʨʘʟʢʫ ʧʦ 

ʝʢʩʧʝʨʠʤʝʥʪʽ, 

ʤʘʩ. % 

(7)=(1) / (6) 

ʏʘʩʪʢʘ Ga+N 

ʨʦʟʯʠʥʝʥʘ ʚ 

ʟʘʣʽʟʽ, ʤʘʩ. % 

100ï(7) 

ʇʝʨʝʨʘʭʫʥʦʢ 

ʥʘ 

ʨʦʟʯʠʥʥʽʩʪʴ 

ʘʟʦʪʫ (aʪ.%) 

1435 0,989 97,371 2,629 1,738 

1528 1,055 91,659 8,341 5,413 

1601 1,085 88,756 11,244 7,229 

1679 1,166 83,019 16,981 10,718 

1764 1,189 81,077 18,923 11,872 
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                                            ʘ                                         ʙ 

ʈʠʩʫʥʦʢ 2.6 ï ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʟʨʘʟʢʽʚ ʪʨʠʧʣʝʪʫ GaN-Fe(Gax+Ny)-GaN, ʱʦ 

ʦʜʝʨʞʘʥʽ ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (t = 180 ʩ): ʘ ï 1679 ʉ̄, ʟʚʝʨʭʫ ʽ ʟʥʠʟʫ 

ʤʝʪʘʣʝʚʦʛʦ ʟʨʘʟʢʘ ʧʦʢʘʟʘʥʽ ʚʽʜʰʘʨʦʚʘʥʽ ʧʣʘʩʪʠʥʢʠ ʩʧʝʯʝʥʦʛʦ GaN; ʙ ï 1844 ̄ʉ, 

ʟʚʝʨʭʫ ʚʥʠʟ ï ʥʘʛʨʽʚʥʠʢ, ʢʘʧʩʫʣʘ, ʟʨʘʟʦʢ, ʷʢʽ ʚʠʣʫʯʝʥʽ ʟ ʂɺʊ (ʥʘ ʮʠʣʽʥʜʨʠʯʥʽʡ 

ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʫʪʚʦʨʠʣʘʩʷ ʢʘʚʝʨʥʘ) 

 

ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʥʘ ʟʨʘʟʢʘʭ ʦʜʝʨʞʘʥʠʭ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʜʦʚʦʣʽ ʯʘʩʪʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʢʘʚʝʨʥ, ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʟʘ ʨʦʟʤʽʨʦʤ, 

ʬʦʨʤʦʶ ʪʘ ʣʦʢʘʣʽʟʘʮʽʻʶ. ʇʨʠʯʠʥʘ ʾʭ ʧʦʷʚʠ ʦʩʪʘʪʦʯʥʦ ʥʝ ʚʩʪʘʥʦʚʣʝʥʘ. ʄʦʞʣʠʚʦ, 

ʘʣʝ ʤʘʣʦʡʤʦʚʽʨʥʦ ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʠʩʢʽʚ, ʢʘʚʝʨʥʠ ʚʠʥʠʢʘʶʪʴ ʯʝʨʝʟ ʚʠʜʽʣʝʥʥʷ 

ʛʘʟʽʚ ʚ ʧʨʦʮʝʩʽ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʨʦʟʧʣʘʚʫ. ɹʽʣʴʰ ʧʨʘʚʜʦʧʦʜʽʙʥʘ ʚʝʨʩʽʷ, ʱʦ ʚʠʪʽʢʘʻ ʟʽ 

ʩʧʦʩʪʝʨʝʞʝʥʴ, ʧʦʚôʷʟʘʥʘ ʟ ʚʽʜʭʠʣʝʥʥʷʤ ʚʽʜ ʫʤʦʚ ʢʚʘʟʽʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʩʪʠʩʢʘʥʥʷ 

ʟʨʘʟʢʘ ʧʨʠ ʣʦʢʘʣʴʥʦʤʫ ʧʦʨʫʰʝʥʥʽ ʩʫʮʽʣʴʥʦʩʪʽ ʜʝʪʘʣʝʡ ʧʨʠ ʜʝʬʦʨʤʫʚʘʥʥʽ, 

ʟʦʢʨʝʤʘ ʛʨʘʬʽʪʦʚʦʛʦ ʥʘʛʨʽʚʥʠʢʘ (ʨʠʩ. 2.6, ʙ), ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʚʠʥʠʢʘʻ ʝʢʩʪʨʫʟʽʡʥʝ 

ʧʝʨʝʥʝʩʝʥʥʷ ʤʘʩʠ (ʧʝʨʝʤʽʰʫʚʘʥʥʷ), ʦʩʦʙʣʠʚʦ ʟ ʧʦʷʚʦʶ ʚ ʩʠʩʪʝʤʽ ʨʽʜʢʦʾ ʬʘʟʠ. 

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʟ ʨʦʟʯʠʥʝʥʥʷ GaN ʚ ʟʘʣʽʟʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʩʠʤʝʪʨʠʯʥʦʤʫ ʩʢʣʘʜʘʥʥʽ ʟʨʘʟʢʽʚ  ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 2.5 ̔  2.6. 
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ʊʘʙʣʠʮʷ 2.5  ï ɺʠʭʽʜʥʽ ʜʘʥʽ ʧʨʦ ʤʘʩʫ ʟʨʘʟʢʽʚ ʪʘ ʾʭ ʢʦʤʧʦʥʝʥʪʽʚ ʜʦ ʽ ʧʽʩʣʷ 

ʪʝʨʤʦʙʘʨʠʯʥʦʾ ʜʽʾ (ʅʈ-ʅʊ) ʧʨʠ ʨ = 8,3 ɻʇʘ, t = 180 c ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʟʽ 

ʩʠʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʘʥʥʷ ʟʨʘʟʢʽʚ (GaNïFeïGaN) ʫ ʂɺʊ  

ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 

ʄʘʩʠ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʟʨʘʟʢʽʚ, ʛ 

ʇʨʠ ʨʦʟʤʽʱʝʥʥʽ ʟʨʘʟʢʽʚ ʫ ʂɺʊ ʇʽʩʣʷ HP-HT 

Fe 

(1) 

GaN 

(2) 

Fe+GaN 

(3) 

ɿʨʘʟʦʢ 

ʮʽʣʢʦʤ 

 (4) 

ɺʽʜʰʘʨʦʚʘʥʠʡ 

ʩʧʝʯʝʥʠʡ GaN 

(5) 

1679 0,968 0,52 1,488 1,488 0,196 

1844 0,965 0,52 1,485 1,473 0,138 

1926 0,927 0,524 1,451 1,428 0,144 

2008 0,927 0,523 1,45 1,437 0,136 

 

ʊʘʙʣʠʮʷ 2.6  ï ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʚʤʽʩʪʫ Ga+N ʫ Fe,  ʱʦ ʨʦʟʯʠʥʠʣʠʩʷ ʫ 

ʤʝʪʘʣʽ ʧʨʠ ʨ = 8,3 ɻʇʘ, t = 180 c ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʟʽ ʩʠʤʝʪʨʠʯʥʦʛʦ 

ʩʢʣʘʜʘʥʥʷ ʟʨʘʟʢʽʚ (GaNïFeïGaN) ʫ ʂɺʊ (ʟʘ ʜʘʥʠʤʠ ʪʘʙʣ. 2.5) 

ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 

ʄʘʩʘ ʟʘʣʽʟʘ ʟ 

ʨʦʟʯʠʥʝʥʠʤ 

GaN, ʛ 

(6)=(4)ï(5) 

ʏʘʩʪʢʘ ʟʘʣʽʟʘ ʚ 

ʟʨʘʟʢʫ ʧʦ 

ʝʢʩʧʝʨʠʤʝʥʪʽ, 

ʤʘʩ. % 

(7)=(1) / (6) 

ʏʘʩʪʢʘ Ga+N 

ʨʦʟʯʠʥʝʥʘ ʚ 

ʟʘʣʽʟʽ, ʤʘʩ. % 

100ï(7) 

1679 1,292 74,923 25,077 

1844 1,335 72,285 27,715 

1926 1,284 72,196 27,804 

2008 1,301 71,253 28,747 

 

 

2.4 ʈʦʟʯʠʥʝʥʥʷ GaN ʫ ʥʽʪʨʠʜʽ FexN ʧʨʠ ʪʠʩʢʫ 8,3 ɻʇʘ 
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ɿʘ ʤʝʪʦʜʠʢʦʶ ʧʨʠʡʦʤʠ ʩʢʣʘʜʘʥʥʷ ʂɺʊ, ʧʨʦʚʝʜʝʥʥʷ  ʝʢʩʧʝʨʠʤʝʥʪʽʚ, 

ʧʽʜʛʦʪʦʚʢʘ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʥʘʚʝʜʝʥʠʭ ʫ 

ʧʽʜʨʦʟʜ. 3.1. ɭʜʠʥʘ ʚʽʜʤʽʥʥʽʩʪʴ ʢʨʠʻʪʴʩʷ ʫ ʩʧʦʩʦʙʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʨʦʰʢʫ FexN, 

ʘ ʪʘʢʦʞ ʡʦʛʦ ʭʘʨʘʢʪʝʨʠʟʘʮʽʾ. ɺ ʨʦʙʦʪʽ [58] ʩʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ ʧʨʠ ʥʦʨʤʘʣʴʥʠʭ 

ʪʠʩʢʘʭ ʚ ʩʠʩʪʝʤʽ FeïN ʽʩʥʫʻ ʨʷʜ ʥʽʪʨʠʜʽʚ: a¡-Fe(x²8)N,  g¡-Fe4N, e-Fx(2 < x ¢ 3)N, z-

Fe2N, ʢʫʙʽʯʥʽ ʬʘʟʠ ʟʘ ʪʠʧʦʤ g¡¡-ZnS ʽ g¡¡¡-NaCl ʟʽ ʩʪʝʭʽʦʤʝʪʨʽʻʶ, ʷʢʘ ʥʘʙʣʠʞʘʻʪʴʩʷ 

ʜʦ FeN. g¡-Fe4N ʽ e-Fx(2 < x ¢ 3)N ʚʽʜʦʤʽ ʷʢ ʬʘʟʠ ʟ ʥʝʧʝʨʝʩʽʯʥʠʤʠ ʪʨʠʙʦʣʦʛʽʯʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʦ ʧʦʨʦʰʦʢ ʥʽʪʨʠʜʫ ʟʘʣʽʟʘ ʩʢʣʘʜʫ Fe2ï4N 

ʚʠʨʦʙʥʠʮʪʚʘ Alfa Aesar GmbH ʜʠʩʧʝʨʩʥʽʩʪʶ -325 ʤʝʰ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ 

ʨʝʟʫʣʴʪʘʪʽʚ ʥʘʰʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʟʘ ʨʝʥʪʛʝʥʦʬʘʟʦʚʠʤ ʘʥʘʣʽʟʦʤ ʚʠʭʽʜʥʠʡ ʧʦʨʦʰʦʢ 

ʤʽʩʪʠʪʴ Fe4N (53 %) ʽ Fe3N, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʟʥʠʭ 

ʧʨʦʩʪʦʨʦʚʠʭ ʛʨʫʧ P6322 ʽ P312 ʫ ʧʨʠʙʣʠʟʥʦ ʨʽʚʥʠʭ ʢʽʣʴʢʦʩʪʷʭ.  

ʇʨʠ ʥʝʩʠʤʝʪʨʠʯʥʦʤʫ ʩʢʣʘʜʘʥʥʽ ʢʘʧʩʫʣʠ ʧʦʧʝʨʝʜʥʴʦ ʨʦʟʨʘʭʦʚʘʥʽ ʥʘʚʘʞʢʠ 

ʧʦʨʦʰʢʽʚ FexN ʽ GaN ʫʱʽʣʴʥʶʚʘʣʠ ʚʽʙʨʘʮʽʻʶ ʪʘ ʣʝʛʢʠʤ ʪʨʘʤʙʫʚʘʥʥʷʤ 

ʧʫʘʥʩʦʥʦʤ ʫ ʩʪʘʣʴʥʽʡ ʧʨʝʩʬʦʨʤʽ, ʜʝ ʟʨʘʟʢʠ ʙʫʣʠ ʨʦʟʤʽʱʝʥʽ ʦʜʠʥ ʥʘʜ ʦʜʥʠʤ 

ʪʘʢʠʤ ʯʠʥʦʤ ʱʦʙ ʤʽʞʬʘʟʥʘ ʧʦʚʝʨʭʥʷ ʙʫʣʘ ʤʘʢʩʠʤʘʣʴʥʦ ʨʽʚʥʦʶ. ʇʽʩʣʷ ʮʴʦʛʦ 

ʟʨʘʟʢʠ ʚʠʰʪʦʚʭʫʚʘʣʠ ʚ ʢʘʧʩʫʣʫ 7 ʟʘ ʩʭʝʤʦʶ ʨʠʩ. 2.7, ʛ. 

ʗʢ ʧʦʧʝʨʝʜʥʴʦ ʚʩʪʘʥʦʚʣʝʥʦ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʅɼʈ ɯʅʄ, ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ ʯʠʩʪʦʛʦ FexN ʧʨʠ 8,3 ɻʇʘ ʩʪʘʥʦʚʠʪʴ 1518 ʉ̄. ʊʝʨʤʦʙʘʨʠʯʥʽ 

ʝʢʩʧʝʨʠʤʝʥʪʠ ʚʠʢʦʥʘʥʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1144, 1287, 1435, 1601 ʽ 1764 ʉ̄. 

ʆʩʪʘʥʥʽ ʪʨʠ ʟʨʘʟʢʠ ʟʙʝʨʽʛʘʣʠ  ʮʽʣʴʥʽʩʪʴ ʧʽʩʣʷ ʚʠʣʫʯʝʥʥʷ ʟ ʂɺʊ. ɺʽʟʫʘʣʴʥʦ ʤʦʞʥʘ 

ʙʫʣʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʛʨʘʥʠʮʶ ʧʦʜʽʣʫ ʚʠʭʽʜʥʠʭ ʧʦʨʦʰʢʽʚ GaN ʽ FexN, ʚ ʪʦʡ ʯʘʩ ʷʢ ʥʘ 

ʧʝʨʰʠʭ ʜʚʦʭ ʟʨʘʟʢʘʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʰʘʨʫʚʘʥʥʷ ʚʟʜʦʚʞ ʮʽʻʾ ʛʨʘʥʠʮʽ (ʨʠʩ. 3.5). 

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʟ ʨʦʟʯʠʥʝʥʥʷ GaN ʚ FexN ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʥʝʩʠʤʝʪʨʠʯʥʦʤʫ ʩʢʣʘʜʘʥʥʽ ʟʨʘʟʢʽʚ (ʜʠʚ. ʨʠʩ. 2.7, ʛ) ʥʘʚʝʜʝʥʦ ʚ 

ʪʘʙʣ. 2.7 ʽ 2.8. 
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                      ʘ                      ʙ                         ʚ                    ʛ                      ʜ 

ʈʠʩʫʥʦʢ 2.7 ï ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʟʨʘʟʢʽʚ ʧʘʨʠ FexNïGaN, ʱʦ ʦʜʝʨʞʘʥʽ ʧʨʠ 8,3 ɻʇʘ 

ʽ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (t = 180 c): ʘ ï 1114; ʙ ï 1287; ʚ ï 1435; ʛ ï 1601 ʽ ʜ ï 1764 

ʉ̄ 

 

ʊʘʙʣʠʮʷ 2.7 ï ɺʠʭʽʜʥʽ ʜʘʥʽ ʧʨʦ ʤʘʩʫ ʟʨʘʟʢʽʚ ʽ ʢʦʤʧʦʥʝʥʪʽʚ ʜʦ ʽ ʧʽʩʣʷ 

ʪʝʨʤʦʙʘʨʠʯʥʦʾ ʜʽʾ (ʅʈ-ʅʊ) ʧʨʠ ʨ = 8,3 ɻʇʘ, t = 180 c ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ 

ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʘʥʥʷ ʂɺʊ ʟ GaN ʽ FexN (ʜʠʚ. ʨʠʩ. 3, ʛ) 

ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 

ʄʘʩʠ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʟʨʘʟʢʽʚ, ʛ 

ʇʨʠ ʨʦʟʤʽʱʝʥʥʽ ʟʨʘʟʢʽʚ  ʫ ʂɺʊ ʇʽʩʣʷ HP-HT 

FexN 

(1) 

GaN 

(2) 

FexN+GaN 

(3) 

ɿʨʘʟʦʢ 

ʮʽʣʢʦʤ 

 (4) 

ɺʽʜʰʘʨʦʚʘʥʠʡ 

ʩʧʝʯʝʥʠʡ GaN 

(5) 

1144 0,46 0,574 1,034 0,956 0,494 

1287 0,49 0,53 1,02 0,997 0,472 

1435 0,49 0,53 1,02 0,982 ʎʽʣʠʡ ʟʨʘʟʦʢ  

1601 0,49 0,53 1,02 0,984 ʎʽʣʠʡ ʟʨʘʟʦʢ 

1764 0,49 0,53 1,02 0,964 ʎʽʣʠʡ ʟʨʘʟʦʢ 
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ʊʘʙʣʠʮʷ 2.8 ï ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʚʤʽʩʪʫ Ga+N ʫ FexN, ʱʦ ʨʦʟʯʠʥʠʚʩʷ ʫ 

ʥʽʪʨʠʜʽ ʧʨʠ ʨ = 8,3 ɻʇʘ, t = 180 c ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʨʘʟʽ ʥʝʩʠʤʝʪʨʠʯʥʦʛʦ 

ʩʢʣʘʜʘʥʥʷ ʂɺʊ (ʟʘ ʜʘʥʠʤʠ ʪʘʙʣ. 3.5) 

ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 
ʄʘʩʘ FexN ʟ 

ʨʦʟʯʠʥʝʥʠʤ 

GaN, ʛ 

(6)=(4)ï(5) 

ʏʘʩʪʢʘ FexN ʚ 

ʟʨʘʟʢʫ ʧʦ 

ʝʢʩʧʝʨʠʤʝʥʪʽ, 

ʤʘʩ. % 

(7)=(1) / (6) 

ʏʘʩʪʢʘ Ga+N 

ʨʦʟʯʠʥʝʥʘ ʚ 

FexN, ʤʘʩ. % 

100ï(7) 

1144 0,462 99,567 0,433 

1287 0,525 93,333 6,666 

1435 ï ï ï 

1601 ï ï ï 

1764 ï ï ï 

 

2.5 ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ  ʟʨʘʟʢʫ 3 (ʢʨʠʩʪʘʣʠ GaN, 

ʦʪʨʠʤʘʥʽ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʩʧʣʘʚʫʨʦʟʯʠʥʥʠʢʘ Fe-Ga-N (40 ʛʦʜʠʥ) 

ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʨʦʚʦʜʠʣʠ ʥʘ ʰʣʽʬʽ, ʱʦ ʙʫʚ ʧʨʠʛʦʪʦʚʘʥʠʡ ʥʘ 

ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ. ʇʦʚʝʨʭʥʷ ʰʣʽʬʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʨʠʩʪʘʣʽʯʥʦʛʦ 

ʩʢʣʷʥʦʛʦ ʮʝʥʪʨʫ ʪʘ ʤʝʪʘʣʽʯʥʦʛʦ ʢʽʣʴʮʷ (ʨʦʩʪʦʚʝ ʩʝʨʝʜʦʚʠʱʝ) ʥʘʚʢʦʣʦ ʥʴʦʛʦ. 

ɺʠʷʚʠʪʠ ʢʨʠʩʪʘʣʠ GaN ʚ ʮʝʥʪʨʽ ʟʨʘʟʢʘ ʩʢʣʘʜʥʦ, ʦʩʢʽʣʴʢʠ ʩʚʽʪʣʦʚʠʡ ʧʨʦʤʽʥʴ ʥʝ 

ʚʽʜʙʠʚʘʻʪʴʩʷ ʚʽʜ ʩʢʣʷʥʦʾ ʧʦʚʝʨʭʥʽ, ʘ ʧʦʛʣʠʥʘʻʪʴʩʷ.   

ʂʨʠʩʪʘʣʠ GaN ʙʽʣʴʰ ʯʽʪʢʦ ʚʠʷʚʠʪʠ ʚʜʘʣʦʩʴ ʫ ʤʝʪʘʣʽʯʥʦʤʫ ʨʦʩʪʦʚʦʤʫ 

ʩʝʨʝʜʦʚʠʱʽ ʥʘʚʢʦʣʦ ʩʢʣʷʥʦʛʦ ʮʝʥʪʨʫ. ʅʘ ʥʘʚʝʜʝʥʠʭ ʥʠʞʯʝ ʟʦʙʨʘʞʝʥʥʷʭ 

ʢʨʠʩʪʘʣʠ ʤʘʶʪʴ ʩʽʨʠʡ (ʧʨʦʤʽʞʥʠʡ) ʢʦʣʽʨ, ʤʝʪʘʣʽʯʥʝ ʨʦʩʪʦʚʝ ʩʝʨʝʜʦʚʠʱʝ - 

ʩʚʽʪʣʠʡ ʙʽʣʠʡ ʢʦʣʽʨ, ʧʦʨʠ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʽʚ - ʪʝʤʥʠʡ ʯʦʨʥʠʡ ʢʦʣʽʨ. 

ʍʘʨʘʢʪʝʨʥʠʡ ʚʠʛʣʷʜ ʢʨʠʩʪʘʣʽʚ GaN, ʱʦ ʨʦʩʪʫʪʴ ʚ ʮʝʥʪʨʽ ʪʘ ʩʢʨʘʶ ʟʨʘʟʢʘ 

ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.8. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ.2.8 (ʛ) ʢʨʠʩʪʘʣʠ GaN ʫʪʚʦʨʶʶʪʴ ʥʘ ʧʦʚʝʨʭʥʽ 

ʩʢʣʘ ʩʫʮʽʣʴʥʫ ʧʣʽʚʢʫ, ʥʘ ʧʦʚʝʨʭʥʽ ʷʢʦʾ ʚʠʜʥʦ ʟʘʨʦʜʢʠ ʢʨʠʩʪʘʣʽʚ, ʱʦ ʨʦʩʪʫʪʴ. 
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ʈʦʟʤʽʨ ʢʨʠʩʪʘʣʽʚ-ʮʝʥʪʨʽʚ ʨʦʩʪʫ, ʱʦ ʧʦʤʽʪʥʦ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ ʟ GaN, ʧʝʨʝʚʘʞʥʦ 

ʩʪʘʥʦʚʠʪʴ  3- 5 ʤʢʤ, ʨʽʜʢʽʰʝ - 10 ʤʢʤ. ɺ ʤʝʪʘʣʽʯʥʽʡ ʤʘʪʨʠʮʽ ʢʨʫʧʥʽ ʢʨʠʩʪʘʣʠ 

ʨʦʩʪʫʪʴ ʰʣʷʭʦʤ ʟʙʣʠʞʝʥʥʷ ʪʘ ʢʦʘʛʫʣʷʮʽʾ ʟʘ ʨʘʭʫʥʦʢ ʜʨʽʙʥʠʭ ʚʢʣʶʯʝʥʴ ʢʨʠʩʪʘʣʽʚ 

GaN, ʧʦʚʝʨʭʥʷ ʷʢʠʭ ʤʘʻ ʙʽʣʴʰʫ ʰʦʨʩʪʢʽʩʪʴ.  

ʈʦʟʤʽʨ ʢʨʫʧʥʠʭ ʢʨʠʩʪʘʣʽʚ ʩʪʘʥʦʚʠʪʴ  ʚʽʜ 80 ʜʦ 200 ʤʢʤ. ʄʦʞʥʘ ʟʨʦʙʠʪʠ 

ʚʠʩʥʦʚʦʢ, ʱʦ ʩʢʣʷʥʘ ʧʦʚʝʨʭʥʷ  ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʩʪʫ ʪʘ ʩʫʮʽʣʴʥʦʩʪʽ 

ʧʣʽʚʢʠ ʟ  GaN.  
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ʘ)  ʙ)  

     

 ʚ)  ʛ)  

     

 ʜ)  ʞ)  

ʈʠʩʫʥʦʢ 2.8 - ɿʦʙʨʘʞʝʥʥʷ ʢʨʠʩʪʘʣʽʚ GaN, ʱʦ ʨʦʩʪʫʪʴ ʚ ʤʝʪʘʣʽʯʥʽʡ ʨʦʩʪʦʚʽʡ 

ʩʠʩʪʝʤʽ (ʘ, ʚ, ʜ) ʪʘ ʥʘ ʩʢʣʷʥʽʡ ʧʦʚʝʨʭʥʽ (ʙ, ʛ, ʞ) ʦʪʨʠʤʘʥʽ ʥʘ ʦʧʪʠʯʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ 

XUM-102 ʧʨʠ ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʥʷʭ: Ĭ200 (ʘ, ʙ),  Ĭ500 (ʚ,ʛ) ʪʘ Ĭ 800 (ʜ, ʞ).  
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2.6 ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʢʨʠʩʪʘʣʽʚ GaN, ʦʪʨʠʤʘʥʠʭ 

ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʘʧʬʽʨʫ ʚ ʷʢʦʩʪʽ 

ʧʽʜʢʣʘʜʢʠ 

ɺʽʜʦʤʦ, ʱʦ ʧʣʽʚʢʠ ʥʽʪʨʠʜ ʛʘʣʽʶ ʯʘʩʪʦ ʚʠʨʦʱʫʶʪʴ ʥʘ ʧʽʜʢʣʘʜʘʭ ʟ ʢʘʨʙʽʜʫ 

ʢʨʝʤʥʽʶ ʪʘ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ [118-120], ʦʩʢʽʣʴʢʠ ʜʘʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʩʧʦʣʫʢʠ 

ʤʘʶʪʴ ʤʽʥʽʤʘʣʴʥʫ ʨʽʟʥʠʮʶ ʂʊʈ ʚ ʰʠʨʦʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʟ 

ʥʽʪʨʠʜʦʤ ʛʘʣʽʶ ʪʘ ʩʭʦʞʫ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʫ ʛʨʘʪʢʫ ʱʦ ʜʦʟʚʦʣʷʻ ʾʭ ʝʬʝʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʚ ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʦʢ ʜʣʷ ʚʠʨʦʱʫʚʘʥʥʷ GaN. ʅʘ ʧʦʚʝʨʭʥʽ 

ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ ʰʣʽʬ ʥʝ ʛʦʪʫʚʘʚʩʷ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʩʧʽʢʘʥʥʽ ʥʘ ʧʦʚʝʨʭʥʽ ʩʘʧʬʽʨʫ 

ʦʢʨʝʤʠʤ ʰʘʨʦʤ ʩʬʦʨʤʫʚʘʣʘʩʴ ʧʣʽʚʢʘ ʪʝʤʥʦ-ʢʦʨʠʯʥʝʚʦʛʦ ʢʦʣʴʦʨʫ, ʱʦ ʤʘʻ  

ʨʝʣʴʻʬʥʫ ʧʦʚʝʨʭʥʶ. ʊʦʤʫ ʧʦʧʝʨʝʜʥʴʦ ʙʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʟʣʘʤ ʟʨʘʟʢʘ ʟ ʤʝʪʦʶ 

ʚʠʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʧʣʽʚʢʠ, ʧʦʚʝʨʭʥʷ ʷʢʦʾ ʚʽʜʦʙʨʘʞʘʻ ʥʘʧʨʷʤʦʢ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ 

GaN. ɿʦʙʨʘʞʝʥʥʷ ʟʣʘʤʫ ʦʪʨʠʤʘʥʽ ʚ ʦʧʪʠʯʥʠʡ ʤʽʢʨʦʩʢʦʧ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ Ĭ 100 

ʨʘʟʽʚ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.9.  

 

ʈʠʩʫʥʦʢ 2.9 ï ɿʦʙʨʘʞʝʥʥʷ ʟʣʘʤʫ ʟʨʘʟʢʘ ʟ ʚʠʤʽʨʷʥʦʶ ʰʠʨʠʥʦʶ ʧʣʽʚʢʠ, ʱʦ 

ʩʬʦʨʤʫʚʘʣʘʩʴ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ GaN ʥʘ ʩʘʧʬʽʨʽ.    

  

ɿ ʥʘʚʝʜʝʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʚʠʜʥʦ, ʱʦ ʩʬʦʨʤʦʚʘʥʘ ʧʣʽʚʢʘ ʥʝ ʧʦʚʪʦʨʶʻ 

ʛʝʦʤʝʪʨʽʶ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʘ ʩʘʧʬʽʨʫ, ʘ ʤʘʻ ʩʚʦʶ ʙʫʜʦʚʫ, ʚʽʜʤʽʥʥʫ ʚʽʜ ʦʩʥʦʚʠ. 

ʐʠʨʠʥʘ ʩʬʦʨʤʦʚʘʥʦʛʦ ʰʘʨʫ ʦʜʥʘʢʦʚʘ ʧʦ ʧʝʨʠʤʝʪʨʫ ʟʨʘʟʢʘ ʪʘ ʩʪʘʥʦʚʠʪʴ 280 
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ʤʢʤ. ʊʦʤʫ ʩʬʦʨʤʦʚʘʥʠʡ ʨʝʣʴʻʬ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʙʫʜʦʚʫ 

ʧʦʣʽʢʨʠʩʪʘʣʫ GaN, ʱʦ ʩʬʦʨʤʫʚʘʚʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ. ʍʘʨʘʢʪʝʨʥʝ 

ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.10, ʟʙʽʣʴʰʝʥʥʷ  ʭ 100, 

ʥʝʪʨʘʚʣʝʥʠʡ ʟʨʘʟʦʢ.   

ɸ)  

                 ɹ)  

ʈʠʩʫʥʦʢ 2.10 ï ɿʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʧʣʽʚʢʠ, ʱʦ ʩʬʦʨʤʫʚʘʣʘʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ GaN  ʥʘ ʧʽʜʢʣʘʜʮʽ ʩʘʧʬʽʨʫ, ʟʙʽʣʴʰʝʥʥʷ Ĭ100 (ʘ) ʪʘ Ĭ200 (ʙ) 

ʨʘʟʽʚ.  

ɺʠʜʥʦ, ʱʦ ʢʨʠʩʪʘʣʠ ʤʘʶʪʴ ʛʝʢʩʘʛʦʥʘʣʴʥʫ ʬʦʨʤʫ, ʙʘʟʠʩʥʽ ʛʨʘʥʽ ʷʢʠʭ 

(ʧʝʨʝʚʘʞʥʦ ʰʝʩʪʠʢʫʪʥʦʾ ʬʦʨʤʠ) ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ, ʘ ʙʦʢʦʚʽ ʛʨʘʥʽ 

ʧʨʷʤʦʢʫʪʥʦʾ ʬʦʨʤʠ ʨʦʩʪʫʪʴ, ʧʨʦ ʱʦ ʩʚʽʜʯʘʪʴ ʧʣʦʱʠʥʠ ʨʦʩʪʫ, ʷʢʽ ʤʦʞʥʘ 
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ʩʧʦʩʪʝʨʽʛʘʪʠ ʥʘ ʟʦʙʨʘʞʝʥʥʽ (ʨʠʩ. 2.10, ʙ). ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʟʝʨʝʥ 

ʩʪʘʥʦʚʠʪʴ 215 ʤʢʤ, ʾʭ ʨʦʟʧʦʜʽʣ ʟʘ ʨʦʟʤʽʨʘʤʠ ʨʽʚʥʦʤʽʨʥʠʡ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ.2.11.  

  

 

ʈʦʟʤʽʨ ʟʝʨʝʥ, ʤʢʤ 

  

ʈʠʩʫʥʦʢ 2.11 ï ʈʦʟʧʦʜʽʣ ʟʝʨʝʥ ʟʘ ʨʦʟʤʽʨʘʤʠ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ, ʱʦ 

ʩʬʦʨʤʫʚʘʣʘʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ GaN  ʥʘ ʧʽʜʢʣʘʜʮʽ ʩʘʧʬʽʨʫ  
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3 ʆɹɻʆɺʆʈɽʅʅʗ ʈɽɿʋʃʔʊɸʊɯɺ 

3.1 ʈʝʟʫʣʴʪʘʪʠ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʚ ɸɺʊ ʪʠʧʫ 

çʪʦʨʦʾʜè ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ ʚ ʽʥʪʝʨʚʘʣʽ ʪʠʩʢʽʚ 

3-5 ɻʇʘ.  

ʆʪʞʝ, ʷʢ ʚʽʜʦʙʨʘʞʝʥʦ ʚ ʧʝʨʰʦʤʫ ʨʦʟʜʽʣʽ ʜʘʥʦʾ ʨʦʙʦʪʠ, ʪʝʦʨʝʪʠʯʥʽ 

ʧʝʨʝʜʙʘʯʝʥʥʷ ʟ'ʻʜʥʫʚʘʣʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ ʨʝʘʣʽʟʘʮʽʶ ʪʨʴʦʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʫ 

ɯʥʩʪʠʪʫʪʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʽʚ ʽʤʝʥʽ ɺ.ʄ. ɹʘʢʫʣʷ ʟ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN 

ʚ ɸɺʊ ʪʠʧʫ çʪʦʨʦʾʜè. 

ʇʽʜ ʯʘʩ ʧʨʦʧʫʩʢʘʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʚ ʢʦʤʽʨʮʽ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʘʢʪʠʚʫʻ ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ ʪʘ ʩʧʨʠʷʻ ʧʝʨʝʤʽʱʝʥʥʶ 

ʘʪʦʤʽʚ ʛʘʣʽʶ ʪʘ ʘʟʦʪʫ ʯʝʨʝʟ ʨʦʟʧʣʘʚ Fe-Ga-N, ʢʦʣʠ ʜʦʩʷʛʘʻʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ. ɿʚʘʞʘʶʯʠ ʥʘ ʪʝ, ʱʦ ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʘʡʙʽʣʴʰ 

ʽʥʪʝʥʩʠʚʥʦ ʫ ʨʽʜʢʽʡ ʬʘʟʽ, ʘʣʝ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʨʽʜʢʦʾ ʬʘʟʠ ʦʙʤʝʞʝʥʘ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ɸɺʊ, ʷʢʘ ʥʝ ʤʦʞʝ ʧʨʘʮʶʚʘʪʠ ʟʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʱʝ 2000 , ʟʘʜʘʯʘ ʧʦʣʷʛʘʻ ʚ ʤʽʥʽʤʽʟʘʮʽʾ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ 

ʩʧʣʘʚʫ Fe-Ga-N. ʆʜʥʘʢ, ʜʣʷ ʝʬʝʢʪʠʚʥʦʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ GaN ʥʝʦʙʭʽʜʥʦ ʟʙʽʣʴʰʠʪʠ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʘʪʦʤʽʚ Ga ʪʘ N, ʱʦ ʚʠʩʪʫʧʘʶʪʴ ʷʢ ʙʫʜʽʚʝʣʴʥʠʡ ʤʘʪʝʨʽʘʣ ʜʣʷ ʨʦʩʪʫ 

ʢʨʠʩʪʘʣʽʚ GaN. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘ ʦʩʥʦʚʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ Fe-Ga (ʨʠʩ. 3.1) [106], 

ʙʫʣʦ ʦʙʨʘʥʦ ʣʠʪʠʡ ʩʧʣʘʚ ʩʢʣʘʜʫ 80 ʘʪ. % Fe ï 20 ʘʪ. % Ga, ʷʢʠʡ ʜʦʜʘʪʢʦʚʦ 

ʥʘʩʠʯʫʚʘʚʩʷ 2 ʘʪ. % N. 

 

       ʈʠʩʫʥʦʢ 3.1 ï ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ  Fe-Ga ʟʘ ʫʤʦʚʠ ʘʪʤʦʩʬʝʨʥʦʛʦ ʪʠʩʢʫ 
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ʉʪʨʫʢʪʫʨʫ ʪʘ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʩʧʣʘʚʫ ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʩʢʘʥʫʚʘʣʴʥʦʛʦ ʝʣʝʢʪʨʦʥʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʩʪʨʫʢʪʫʨʫ, 

ʭʘʨʘʢʪʝʨʥʫ ʜʣʷ ʣʠʪʠʭ ʩʧʣʘʚʽʚ, ʛʦʤʦʛʝʥʥʽʩʪʴ ʩʪʨʫʢʪʫʨʠ ʪʘ ʚʽʜʩʫʪʥʽʩʪʴ 

ʜʦʤʽʰʢʦʚʠʭ ʘʪʦʤʽʚ (ʘʥʘʣʽʟ ʘʪʦʤʥʦʛʦ ʚʤʽʩʪʫ ʧʦʢʘʟʘʚ, ʱʦ ʚʤʽʩʪ ʟʘʣʽʟʘ ʩʢʣʘʜʘʚ 

79_%, ʛʘʣʽʶ ï 19 %, ʘʟʦʪʫ ï 2 % ) (ʨʠʩ. 3.2).  

 

ʈʠʩʫʥʦʢ 3.2 ï  ʉʪʨʫʢʪʫʨʘ ʣʠʪʦʛʦ ʩʧʣʘʚʫ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN 

 

ɺʩʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʠʩʢʫ ʚ ʢʘʤʝʨʽ 4,5 ɻʇʘ, ʷʢʠʡ ʚʚʘʞʘʚʩʷ 

ʤʽʥʽʤʘʣʴʥʦ ʥʝʦʙʭʽʜʥʠʤ ʜʣʷ ʩʪʘʙʽʣʴʥʦʛʦ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ GaN ʟʛʽʜʥʦ ʟ 

ʪʝʦʨʝʪʠʯʥʠʤʠ ʧʝʨʝʜʙʘʯʝʥʥʷʤʠ, ʱʦ ʙʫʣʠ ʚʠʢʣʘʜʝʥʽ ʚ ʧʦʧʝʨʝʜʥʽʭ ʨʦʟʜʽʣʘʭ. ɿ 

ʦʜʥʦʛʦ ʙʦʢʫ, ʜʣʷ ʟʘʪʨʘʚʣʝʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʢʨʠʩʪʘʣʠ GaN ʥʝʧʨʘʚʠʣʴʥʦʾ 

ʬʦʨʤʠ ʨʦʟʤʽʨʦʤ 500 ʤʢʤ, ʘ ʟ ʽʥʰʦʛʦ - ʧʦʨʦʰʦʢ (ʜʞʝʨʝʣʦ) GaN. ʇʽʩʣʷ ʮʴʦʛʦ ʩʧʣʘʚ 

Fe-Ga-N ʨʘʟʦʤ ʟ ʟʘʪʨʘʚʦʯʥʠʤʠ ʢʨʠʩʪʘʣʘʤʠ ʪʘ ʜʞʝʨʝʣʦʤ ʙʫʚ ʟʘʧʨʝʩʦʚʘʥʠʡ ʫ 

ʢʘʧʩʫʣʽ ʟ ʩʦʣʽ ʭʣʦʨʠʜʫ ʮʝʟʽʶ CsCl, ʷʢʠʡ ʟʘ ʮʠʭ ʫʤʦʚ ʟʘʣʠʰʘʻʪʴʩʷ ʩʪʘʙʽʣʴʥʠʤ ʽ ʥʝ 

ʨʝʘʛʫʻ ʟ ʢʨʠʩʪʘʣʘʤʠ GaN. ʉʭʝʤʘ ʟʙʽʨʢʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʫ 3.3. ʇʽʩʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʚ ɸɺʊ ʪʠʧʫ çʪʦʨʦʾʜè, ʦʙʠʜʚʘ ʟʨʘʟʢʠ 

ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʚʘʣʴʥʦʾ ʦʧʪʠʯʥʦʾ ʪʘ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. 
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ʈʠʩʫʥʦʢ 3.3 ï  ʉʭʝʤʘ ʚʥʫʪʨʽʰʥʴʦʾ ʯʘʩʪʠʥʠ ʟʙʽʨʢʠ ʚ ɸɺʊ ʪʠʧʫ çʪʦʨʦʾʜè 

 

ʇʦʯʘʪʢʦʚʠʡ ʦʛʣʷʜ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʽʚ ʧʦʢʘʟʘʚ ʥʘʷʚʥʽʩʪʴ ʜʝʷʢʦʾ ʧʦʨʠʩʪʦʩʪʽ ʪʘ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʩʧʣʘʚʫ Fe-Ga-N (ʨʠʩ. 3.4, ʚ), ʱʦ  ʤʦʞʝ ʙʫʪʠ ʧʦʚôʷʟʘʥʦ ʟ 

ʘʢʪʠʚʥʠʤʠ ʢʦʥʚʝʢʮʽʡʥʠʤʠ ʧʨʦʮʝʩʘʤʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʫ ʢʦʤʽʨʮʽ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ 

ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ .  

 

                  ʘ)                               ʙ)                                          ʚ)  

ʈʠʩʫʥʦʢ  3.4  ï ɿʘʛʘʣʴʥʠʡ ʚʠʜ ʟʨʘʟʢʽʚ ʧʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

 

ʇʦʧʝʨʝʜʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʯʘʩʪʠʥʠ ʟʨʘʟʢʫ, ʜʝ ʙʫʣʠ ʚʩʪʘʥʦʚʣʝʥʽ 

ʤʦʥʦʢʨʠʩʪʘʣʠ (ʨʠʩ. 3.5) ʧʦʢʘʟʘʣʠ ʚʽʜʩʫʪʥʽʩʪʴ ʨʦʟʯʠʥʝʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN, 

ʱʦ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʝʢʩʧʝʨʠʤʝʥʪʠ ʚʽʜʙʫʚʘʣʠʩʷ ʚ ʦʙʣʘʩʪʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦʾ 

ʩʪʘʙʽʣʴʥʦʩʪʽ GaN ʪʘ ʚʢʘʟʫʻ ʥʘ ʢʦʨʝʢʪʥʽʩʪʴ ʪʝʦʨʝʪʠʯʥʠʭ ʧʝʨʝʜʙʘʯʝʥʴ ʜʦʩʣʽʜʥʠʢʽʚ 

ʫ ʨʦʙʦʪʘʭ [84, 85]. 
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                   ʘ)                                         ʙ)                                            ʚ)  

ʈʠʩʫʥʦʢ 3.5 ï SEM-ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʥʠʞʥʴʦʾ ʯʘʩʪʠʥʠ ʟʨʘʟʢʫ (ʘ), ʘ       

ʪʘʢʦʞ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN ʚ ʤʘʪʨʠʮʽ ʩʧʣʘʚʫ Fe-Ga-N (ʙ. ʚ) 

ʇʽʜ ʯʘʩ ʧʝʨʰʦʛʦ ʜʦʩʣʽʜʫ ʙʫʣʘ ʟʘʬʽʢʩʦʚʘʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʫ ʢʦʤʽʨʮʽ ʥʘ ʨʽʚʥʽ 

1200 ʦʉ ʧʨʦʪʷʛʦʤ 1 ʛʦʜʠʥʠ. ʇʦʧʝʨʝʜʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʮʴʦʛʦ ʟʨʘʟʢʘ ʥʝ ʧʦʢʘʟʘʣʠ 

ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ GaN, ʘʣʝ ɺɸʍ ʘʧʘʨʘʪʫ "ʪʦʨʦʾʜ" ʧʦʢʘʟʘʚ ʥʝʟʥʘʯʥʠʡ ʩʪʨʠʙʦʢ 

ʥʘʧʨʫʛʠ ʥʘ 55-ʡ ʭʚʠʣʠʥʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʱʦ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ ʧʦʯʘʪʦʢ ʨʦʩʪʫ 

ʢʨʠʩʪʘʣʽʚ GaN. ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʮʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʽ ʜʦʩʚʽʜʫ ʚʠʨʦʱʫʚʘʥʥʷ 

ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʘʣʤʘʟʫ ʙʫʣʦ ʚʠʨʽʰʝʥʦ ʟʙʽʣʴʰʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʽ ʯʘʩ ʚʠʨʦʱʫʚʘʥʥʷ 

ʢʨʠʩʪʘʣʽʚ GaN. ʋ ʜʨʫʛʦʤʫ ʜʦʩʣʽʜʽ ʯʘʩ ʚʠʨʦʱʫʚʘʥʥʷ ʙʫʣʦ ʟʙʽʣʴʰʝʥʦ ʜʦ 14 ʛʦʜʠʥ, 

ʘ ʪʝʤʧʝʨʘʪʫʨʫ ʧʽʜʚʠʱʝʥʦ ʜʦ 1400 ʦʉ. ʇʽʩʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʦʪʨʠʤʘʥʦʛʦ ʟʨʘʟʢʘ, 

ʷʢʠʡ ʙʫʚ ʨʦʟʨʽʟʘʥʠʡ ʚʟʜʦʚʞ ʯʝʨʚʦʥʦʾ ʣʽʥʽʾ (ʨʠʩ. 3.6 ʙ), ʤʝʪʦʜʘʤʠ ʦʧʪʠʯʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʢʨʠʩʪʘʣʠ GaN ʫʪʚʦʨʠʣʠʩʴ ʥʝ ʣʠʰʝ ʥʘ ʟʘʪʨʘʚʦʯʥʠʭ 

ʢʨʠʩʪʘʣʘʭ, ʘʣʝ ʽ ʙʽʣʷ ʜʞʝʨʝʣʘ, ʱʦ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ ʥʝʜʦʩʪʘʪʥʶ ʚʝʣʠʯʠʥʫ 

ʛʨʘʜʽʻʥʪʫ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʧʝʨʝʚʘʞʘʥʥʷ ʧʨʦʮʝʩʽʚ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʥʘʜ ʧʨʦʮʝʩʘʤʠ 

ʜʠʬʫʟʽʾ ʚ ʟʦʥʽ ʜʞʝʨʝʣʘ GaN. ʎʝ ʚʢʘʟʫʻ ʥʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʜʘʣʴʰʦʛʦ ʟʙʽʣʴʰʝʥʥʷ 

ʯʘʩʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʨʦʱʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ. ʆʩʪʘʥʥʽʡ ʜʦʩʣʽʜ ʧʨʦʚʦʜʠʣʠ 

ʚʧʨʦʜʦʚʞ 17 ʛʦʜʠʥ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 1600 ʦʉ, ʘ ʦʪʨʠʤʘʥʠʡ ʟʨʘʟʦʢ ʙʫʚ ʜʦʩʣʽʜʞʝʥʠʡ 

ʘʥʘʣʦʛʽʯʥʠʤ ʯʠʥʦʤ (ʨʠʩ. 3.6 ʚ). 
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                        ʘ)                                          ʙ)                                  ʚ)       

ʈʠʩʫʥʦʢ 3.6  ï  ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ  ʟʨʘʟʢʫ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟ ʚʠʨʦʱʫʚʘʥʥʷ 

GaN (ʈ=4,5 ɻʇʘ, ʊ=1400 ʦʉ, t=14 ʛʦʜ) (ʘ). ʪʘ ʡʦʛʦ 

ʜʽʘʤʝʪʨʘʣʴʥʦʛʦ ʧʝʨʝʨʽʟʫ (ʙ) ʪʘ ʟʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʜʽʘʤʝʪ-

ʨʘʣʴʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟʨʘʟʢʫ ʟ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟ ʚʠʨʦʱʫʚʘʥʥʷ 

GaN (ʈ=4,5 ɻʇʘ, ʊ=1600 ʦʉ, t=17 ʛʦʜ)  (ʚ) 

 

ʇʽʩʣʷ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʦʪʨʠʤʘʥʦʛʦ ʟʨʘʟʢʫ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʴ ʩʧʦʥʪʘʥʥʦʛʦ ʟʘʨʦʜʢʦʫʪʚʦʨʝʥʥʷ ʙʽʣʷ ʜʞʝʨʝʣʘ GaN (ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 3.7). ʆʜʥʘʢ, ʘʥʘʣʽʟ ʟʘʪʨʘʚʦʯʥʦʾ ʯʘʩʪʠʥʠ ʟʨʘʟʢʫ ʚʠʷʚʠʚ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʯʘʩʫ ʚʠʨʦʱʫʚʘʥʥʷ ʧʨʠʚʝʣʦ ʜʦ ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʦʾ ʩʧʦʥʪʘʥʥʦʾ 

ʧʦʣʽʢʨʠʩʪʘʣʽʟʘʮʽʾ GaN. ɼʦʩʣʽʜʞʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʭʽʤʽʯʥʦʛʦ ʩʧʣʘʚʫ-

ʨʦʟʯʠʥʥʠʢʘ Fe-Ga-N ʚʢʘʟʘʣʦ ʥʘ ʟʤʽʥʫ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʛʘʣʽʶ 

ʪʘ ʘʟʦʪʫ, ʱʦ ʧʦʚ'ʷʟʘʥʝ ʟ ʜʠʬʫʟʽʡʥʠʤʠ ʧʨʦʮʝʩʘʤʠ ʘʪʦʤʽʚ Ga ʪʘ N ʟ ʜʞʝʨʝʣʘ GaN 

ʢʨʽʟʴ ʤʝʪʘʣ-ʨʦʟʯʠʥʥʠʢ. ʎʝ ʧʨʠʟʚʝʣʦ ʜʦ ʟʤʽʥʠ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʟ Fe ï 78 at.%, Ga 

ï 20 at.% i N ï 2 at.% ʥʘ Fe ï 68 at.%, Ga ï 17,5 at.% i N ï 14,5 at.%. ɼʦʜʘʪʢʦʚʦ, 

ʟʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʘʟʦʪʫ ʧʨʠʟʚʝʣʦ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ. 
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                                     ʘ)                                                                    ʙ) 

 

                          ʚ) 

ʈʠʩʫʥʦʢ 3.7 ï ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ ʟʘʪʨʘʚʦʯʥʦʾ ʯʘʩʪʠʥʠ ʟʨʘʟʢʽʚ, ʦʪʨʠʤʘʥʠʭ 

ʧʽʜ ʯʘʩ ʜʨʫʛʦʛʦ (ʈ=4,5 ɻʇʘ, ʊ=1400 ʦʉ, t=14 ʛʦʜ.) (ʘ) ʪʘ 

ʪʨʝʪʴʦʛʦ (ʈ=4,5 ɻʇʘ, ʊ=1600 ʦʉ, t=17 ʛʦʜ.) (ʙ) 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʚʠʨʦʱʫʚʘʥʥʷ GaN (ʘ). ʉʪʨʫʢʪʫʨʘ ʣʠʪʦʛʦ 

ʩʧʣʘʚʫ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ 

ʚʠʨʦʱʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN, ʧʽʩʣʷ ʚʠʢʦʥʘʥʥʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ (ʚ) 

 

3.2 ʂʦʥʪʨʦʣʴ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʦʪʨʠʤʘʥʠʭ ʢʨʠʩʪʘʣʽʚ 

ʆʩʢʽʣʴʢʠ GaN ï ʭʽʤʽʯʥʦ ʽʥʝʨʪʥʠʡ ʤʘʪʝʨʽʘʣ ʜʦ ʜʽʾ ʢʠʩʣʦʪ ʪʘ ʣʫʛʽʚ, ʪʦ 

ʦʪʨʠʤʘʥʽ ʥʘ ʧʦʧʝʨʝʜʥʴʦʤʫ ʝʪʘʧʽ ʢʨʠʩʪʘʣʠ GaN, ʙʫʣʠ ʚʠʪʨʘʚʣʝʥʽ ʟ ʤʝʪʘʣʝʚʦʾ 

ʤʘʪʨʠʮʽ ʟʘ ʜʦʧʦʤʦʛʦʶ çʮʘʨʩʴʢʦʾ ʚʦʜʢʠè ʟ ʤʝʪʦʶ ʧʨʦʚʝʜʝʥʥʷ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ. ɿʨʘʟʢʠ ʥʽʪʨʠʜʫ ʛʘʣʽʶ, ʦʪʨʠʤʘʥʽ ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʦʩʪʘʥʥʴʦʛʦ 

ʝʢʩʧʝʨʠʤʝʥʪʫ (ʈ=4,5 ɻʇʘ, ʊ=1600 ʦʉ, t=17 ʛʦʜ) ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʨʘʤʘʥʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ. ʆʪʨʠʤʘʥʽ ʢʨʠʩʪʘʣʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʥʝʧʨʘʚʠʣʴ-
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ʥʦʶ ʬʦʨʤʦʶ ʚ (ʨʠʩ. 3.8 ), ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʥʝʧʨʘʚʠʣʴʥʦʶ ʬʦʨʤʦʶ ʟʘʪʨʘʚʦʯʥʠʭ 

ʢʨʠʩʪʘʣʽʚ, ʘ ʪʘʢʦʞ ʟ ʥʝʨʽʚʥʦʚʘʞʥʠʤʠ ʫʤʦʚʘʤʠ ʢʨʠʩʪʘʣʽʟʘʮʽʾ. 

 

 

ʈʠʩʫʥʦʢ 3.8  ï ʄʦʨʬʦʣʦʛʽʷ ʢʨʠʩʪʘʣʽʚ GaN ʧʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʘʤʘʥʽʚʩʴʢʦʾ ʩʧʝʢʪʨʦʩʢʦʧʽʾ  ʧʦʢʘʟʘʣʦ, 

ʱʦ ʫʩʽ ʦʪʨʠʤʘʥʽ ʥʦʚʽ ʢʨʠʩʪʘʣʠ GaN ʜʝʤʦʥʩʪʨʫʶʪʴ ʩʧʝʢʪʨʠ ʈʘʤʘʥʘ, ʪʠʧʦʚʽ ʜʣʷ 

ʚʶʨʮʠʪʥʦʛʦ ʪʠʧʫ GaN (ʨʠʩ. 3.9).  
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ʈʠʩʫʥʦʢ 3.9  ï ʈʘʤʘʥʽʚʩʴʢʽ ʩʧʝʢʪʨʠ ʦʪʨʠʤʘʥʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN     

(ʈ=4,5_ɻʇʘ, ʊ=1600 ʦʉ, t=17 ʛʦʜ.) 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʬʦʥʦʥʥʦʾ ʛʫʩʪʠʥʠ (ʨʠʩ. 3.10) ʦʪʨʠʤʘʥʠʭ ʟʨʘʟʢʽʚ ʢʨʠʩʪʘʣʽʚ 

GaN ʧʦʢʘʟʘʣʦ ʥʘʷʚʥʽʩʪʴ ʩʣʘʙʢʠʭ ʬʦʥʦʚʠʭ ʩʤʫʛ, ʱʦ ʤʦʞʫʪʴ ʙʫʪʠ ʥʘʩʣʽʜʢʦʤ 

ʚʧʣʠʚʫ ʬʦʥʦʥʥʦʾ ʛʫʩʪʠʥʠ ʩʪʘʥʽʚ ʥʘ ʢʨʠʩʪʘʣʽʯʥʫ ʛʨʘʪʢʫ GaN. ʇʨʦʪʝ ʰʠʨʠʥʘ 

ʬʦʥʦʥʥʠʭ ʩʤʫʛ ʮʠʭ ʟʨʘʟʢʽʚ ʙʫʣʘ ʙʽʣʴʰʦʶ, ʥʽʞ ʫ ʢʨʠʩʪʘʣʽʚ GaN, ʦʪʨʠʤʘʥʠʭ 

ʤʝʪʦʜʘʤʠ HNPS ʪʘ HVPE (ʩʧʝʢʪʨʠ ʪʘʢʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʙʫʣʠ ʚʟʷʪʽ ʟ ʙʘʟ ʜʘʥʠʭ 

ʨʘʤʘʥʽʚʩʴʢʠʭ ʩʧʝʢʪʨʽʚ). ʈʦʟʰʠʨʝʥʥʷ ʬʦʥʦʥʥʠʭ ʩʤʫʛ ʚʽʜʙʫʚʘʣʦʩʷ ʯʝʨʝʟ ʜʝʬʝʢʪʠ 
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ʦʪʨʠʤʘʥʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ, ʟʦʢʨʝʤʘ, ʤʦʞʣʠʚʦ ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ ʢʦʤʧʣʝʢʩʽʚ ʟʘʣʽʟʘ 

ʚʥʘʩʣʽʜʦʢ ʚʝʣʠʢʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʮʴʦʛʦ ʝʣʝʤʝʥʪʫ. ʂʨʽʤ ʪʦʛʦ, ʙʫʣʦ ʚʠʷʚʣʝʥʦ 

ʫʰʠʨʝʥʥʷ ʩʤʫʛʠ ʬʦʪʦʣʶʤʽʥʽʩʮʝʥʮʽʾ, ʷʢʝ, ʡʤʦʚʽʨʥʦ, ʧʦʚôʷʟʘʥʝ ʟ 

ʨʝʢʦʤʙʽʥʘʮʽʡʥʠʤʠ ʧʨʦʮʝʩʘʤʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʽʜ ʯʘʩ ʧʨʦʥʠʢʥʝʥʥʷ ʘʪʦʤʽʚ ʟʘʣʽʟʘ 

ʫ ʢʨʠʩʪʘʣʽʯʥʫ ʛʨʘʪʢʫ GaN. 
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ʈʠʩʫʥʦʢ 3.10 ï ʇʦʨʽʚʥʷʥʥʷ ʪʠʧʦʚʦʛʦ ʨʘʤʘʥʽʚʩʴʢʦʛʦ ʩʧʝʢʪʨʫ ʥʦʚʦʛʦ 

ʤʦʥʦʢʨʠʩʪʘʣʫ GaN ʟ ʪʠʧʦʚʠʤʠ ʨʘʤʘʥʽʚʩʴʢʠʤʠ 

ʩʧʝʢʪʨʘʤʠ ʤʦʥʦʢʨʠʩʪʘʣʽʚ GaN, ʦʪʨʠʤʘʥʠʤʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʽʥʰʠʭ ʤʝʪʦʜʽʚ 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ɯʏ ʚʥʫʪʨʽʰʥʴʦʮʝʥʪʨʦʚʦ ʾʬʦʪʦʣʶʤʽʥʽʩʮʝʥʮʽʾ 

(ʨʠʩ. 3.11), ʧʦʢʘʟʘʣʦ ʚʽʜʩʫʪʥʽʩʪʴ ʚʠʨʘʞʝʥʠʭ ʧʽʢʽʚ (ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʩʪʨʫʢʪʫʨʥʦ 

ʜʦʩʢʦʥʘʣʠʭ ʤʦʥʦʢʨʠʩʪʘʣʽʚ, ʱʦ ʡʤʦʚʽʨʥʦ ʧʦʚôʷʟʘʥʦ ʟ ʚʝʣʠʢʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻ ʁ

ʟʘʣʽʟʘ ʪʘ ʜʝʬʝʢʪʥʽʩʪʶ ʟʨʘʟʢʽʚ. 
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ʈʠʩʫʥʦʢ 3.11 ï ʉʧʝʢʪʨʠ ʟʨʘʟʢʽʚ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ɯʏ 

ʬʦʪʦʣʶʤʽʥʝʩʮʝʥʮʽʾ 

 

ʄʝʪʦʜ ʦʮʽʥʢʠ ʰʚʠʜʢʦʩʪʽ ʨʦʩʪʫ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʥʽʪʨʠʜʫ ʛʘʣʽʶ, ʷʢʠʡ ʙʫʚ 

ʚʠʢʦʨʠʩʪʘʥʠʡ, ʧʦʣʷʛʘʻ ʚ ʦʙʨʘʭʫʥʢʫ ʟʤʽʥʠ ʤʘʩʠ ʟʘʪʨʘʚʦʯʥʠʭ ʢʨʠʩʪʘʣʽʚ. ʎʝʡ ʤʝʪʦʜ 

ʧʦʢʘʟʘʚ, ʱʦ ʢʨʠʩʪʘʣʠ ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʨʦʩʣʠ ʟʽ ʰʚʠʜʢʽʩʪʶ 80 ʤʢʤ/ʛʦʜ. ʊʘʢʘ 

ʰʚʠʜʢʽʩʪʴ ʨʦʩʪʫ ʻ ʜʦʩʠʪʴ ʚʠʩʦʢʦʶ ʽ ʨʦʙʠʪʴ ʤʝʪʦʜ ʚʠʨʦʱʫʚʘʥʥʷ GaN ʫ ɸɺʊ 

ʢʦʥʢʫʨʝʥʪʥʦʟʜʘʪʥʠʤ. ʊʘʢʠʤ ʯʠʥʦʤ, ʮʝʡ ʤʝʪʦʜ ʤʦʞʝ ʙʫʪʠ ʝʬʝʢʪʠʚʥʠʤ ʜʣʷ 

ʤʘʩʰʪʘʙʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʥʽʪʨʠʜʫ ʛʘʣʽʶ. 

3.3 ʂʦʤʧôʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʦʣʽʚ ʚ ʂɺʊ 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʝʣʝʢʪʨʦʥʘʛʨʽʚʫ ʢʦʤʽʨʢʠ ɸɺʊ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ. ɺʽʜʦʤʽ ʙʝʟʣʽʯ ʨʦʙʽʪ, ʧʨʠʩʚʷʯʝʥʠʭ 

ʨʦʟʨʘʭʫʥʢʫ ʧʦʣʽʚ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʽ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ɸɺʊ ʨʽʟʥʠʭ ʪʠʧʽʚ [74-

79]. ɺʠʜʽʣʠʤʦ, ʟʦʢʨʝʤʘ, ʨʦʙʦʪʫ [80], ʚ ʷʢʽʡ ʨʦʟʨʘʭʦʚʘʥʽ ʪʝʧʣʦʚʽ ʨʝʞʠʤʠ ʚ ɸɺʊ 

ʪʠʧʫ «ʙʝʣʪ» ʟ ʤʝʪʦʶ ʦʮʽʥʢʠ ʛʨʘʜʽʻʥʪʽʚ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʨʦʩʪʦʚʦʤʫ ʦʙôʻʤʽ ʜʣʷ 

ʨʝʘʣʽʟʘʮʽʾ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʤʘʩʦʧʝʨʝʥʦʩʫ ʚ ʧʨʦʮʝʩʽ ʚʠʨʦʱʫʚʘʥʥʷ ʢʨʠʩʪʘʣʽʚ 

ʥʽʪʨʠʜʫ ʛʘʣʽʶ. 
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ʄʝʪʦʶ ʜʘʥʦ ʾʨʦʙʦʪʠ ʙʫʣʦ ʧʨʦʚʝʜʝʥʥ ̫ʨʦʟʨʘʭʫʥʢʫ ʝʣʝʢʪʨʦʥʘʛʨʽʚʫ ʢʦʤʽʨʢʠ 

ɸɺʊ ʪʠʧʫ «ʪʦʨʦʜʾ» ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʟʯʠʥʥʦʩʪʽ ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʚ ʟʘʣʟ̔ʽ. ʅʘʛʨʽʚ 

ɸɺʊ ʧʨʦʚʦʜʷʪʴ ʧʨʷʤʠʤ ʧʨʦʧʫʩʢʘʥʥʷʤ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ, ʘ ʟʘʜʘʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ ʚ ʢʦʤʽʨʮʽ ʜʦʩʷʛʘʻʪʴʩʷ ʙʘʣʘʥʩʦʤ ʧʦʪʫʞʥʦʩʪʽ ʜʞʝʨʝʣ 

ʜʞʦʫʣʝʚʦʛʦ ʪʝʧʣʘ ʽ ʪʝʧʣʦʚʽʜʚʦʜʦʤ ʚ ʩʠʩʪʝʤʽ ʦʭʦʣʦʜʞʝʥʥʷ ʘʧʘʨʘʪʘ. ʊʝʧʣʦʚʠʡ 

ʩʪʘʥ ʢʦʤʽʨʢʠ ʚ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʤʦʜʝʣʶʻʪʴʩʷ ʨʦʟʚôʷʟʘʥʥʷʤ ʟʚ'ʷʟʘʥʦ ʾ ʟʘʜʘʯ ̔

ʝʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʷʢʘ ʜʣʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʚʠʧʘʜʢʫ ʚ ʧʨʠʧʫʱʝʥʥʽ ʧʨʦ 

ʚʽʜʩʫʪʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʠʭ ʟʘʨʷʜʽʚ ʦʧʠʩʫʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ: 

 

div[g(T)gradj] = 0,      (3.1) 

 

div[l(T)gradT] + g(T)|gradj|2 = 0,     (3.2) 

 

ʜʝ g ï ʢʦʝʬʽʮʽʻʥʪ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, T ï ʪʝʤʧʝʨʘʪʫʨʘ, j ï ʧʦʪʝʥʮʘ̔ʣ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ, l ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦʚʜ̔ʥʦʩʪ,̔ g(T)|gradj|2 ï ʧʠʪʦʤʘ 

ʧʦʪʫʞʥʽʩʪʴ ʜʞʝʨʝʣ ʜʞʦʫʣʝʚʦʛʦ ʪʝʧʣʘ. ʈʽʚʥʷʥʥʷ (3.1, 3.2) ʜʦʧʦʚʥʶʶʪʴʩʷ 

ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʨʦʜʫ (ʥʘ ʧʦʚʝʨʭʥʷʭ Sj, Sʊ ʪʘ Si, Sh 

ʚʽʜʧʦʚʽʜʥʦ), ʘ ʪʘʢʦʞ ʫʤʦʚʦʶ ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʥʘ ʧʦʚʝʨʭʥʽ Sa (Sj + Si 

= = Sʊ + Sh + Sa): 

 

j
j=j

S ,        (3.3) 

iS
iT -=jgÖ grad)(n ,      (3.4) 

TS
TT = ,        (3.5) 

hS
hTT -=lÖ grad)(n ,      (3.6) 

)(grad)( q-a-=lÖ
a

TTT
S

n ,     (3.7) 

ʜʝ 
iSi ʠ hSh ï ʱʽʣʴʥʽʩʪʴ ʩʪʨʫʤʫ ʽ ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ ʧʦ ʥʦʨʤʘʣʽ n ʜʦ ʧʦʚʝʨʭʦʥʴ, 

a
a

S ï 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ, q ï ʪʝʤʧʝʨʘʪʫʨʘ ʟʦʚʥʽʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 
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ʉʠʩʪʝʤʫ ʟʚ'ʷʟʘʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ (3.1)ï(3.7) ʚʠʨʽʰʫʚʘʣʠ ʤʝʪʦʜʦʤ 

ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʧʨʠ ʧʦʢʨʦʢʦʚʽʡ ʢʦʨʝʢʮʽʾ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ ʽ 

ʜʦʩʷʛʥʝʥʥ ̔ʟʘʜʘʥʦʛʦ ʢʨʠʪʝʨʽʶ ʟʙʽʞʥʦʩʪʽ. ɺ ʷʢʦʩʪʽ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʚʣʘʩʥʫ ʨʦʟʨʦʙʢʫ [78] ʪʘ ʧʘʢʝʪ ANSYS, ʱʦ ʟʘʙʝʟʧʝʯʫʚʘʣʦ 

ʜʦʩʪʦʚʽʨʥʽʩʪʴ ʨʦʟʨʘʭʫʥʢʽʚ. 

ʈʦʟʨʘʭʫʥʢʦʚʘ ʩʭʝʤʘ ɸɺʊ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.12 ɿ ʦʛʣʷʜʫ ʥʘ ʦʩʴʦʚʫ ʩʠʤʝʪʨʽ ʁ

ʨʦʟʛʣʷʜʘʣʠ 1/2 ʯʘʩʪʠʥʫ ʘʧʘʨʘʪʘ. ʉʽʪʢʘ ʝʣʝʤʝʥʪʽʚ ʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʧʨʝʜʩʪʘʚʣʝʥʽ 

ʥʘ ʨʠʩ. 3.13. ɺʽʜʟʥʘʯʠʤʦ, ʱʦ ʥʘ ʧʦʚʝʨʭʥʷʭ 23, 45, 67 ʟʘʜʘʶʪʴʩʷ ʫʤʦʚʠ 

ʢʦʥʚʝʢʪʠʚʥʦʛʦ ʪʝʧʣʦʦʙʤʽʥʫ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʧʦʚʽʪʨʷʤ, ʘ ʥʘ ʧʦʚʝʨʭʥʷʭ 34, 56 ï 

ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʚʦʜʦʶ. 

ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʩʪʘʮʽʦʥʘʨʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʦʣ̔ʚ ʚ ʨʽʟʥʠʭ ʟʦʥʘʭ 

ɸɺʊ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.14-3.16. ʄʝʪʦʶ ʨʦʟʨʘʭʫʥʢʫ ʙʫʣʦ ʦʪʨʠʤʘʥʥʷ ʚ ʮʝʥʪʨʽ 

ʢʦʤʽʨʢʠ ʪʝʤʧʝʨʘʪʫʨʠ 1800 ʉ̄ ʽʟ ʦʜʥʦʯʘʩʥʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷʤ ʷʢʦʤʦʛʘ ʤʝʥʰʦʛʦ 

ʧʝʨʝʧʘʜʫ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʟʦʥʽ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ GaN ʽ Fe (ʚʽʜʧʦʚʽʜʥʦ 

ʝʣʝʤʝʥʪʠ 2 ʽ 1 ʥʘ ʨʠʩ. 3.12). ɺ ʧʝʨʰʦʤʫ ʚʘʨʽʘʥʪʽ ʨʦʟʨʘʭʫʥʢʽʚ, ʢʦʣʠ ʧʘʜʽʥʥʷ 

ʥʘʧʨʫʛʠ ʤʽʞ ʧʽʜʢʣʘʜʥʠʤʠ ʧʣʠʪʘʤʠ ɸɺʊ ʩʪʘʥʦʚʠʣʦ 3, 65 ɺ, ʤʘʢʩʠʤʘʣʴʥʠʡ 

ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʟʨʘʟʢʘʭ ʩʪʘʥʦʚʠʚ 30 ʉ̄ (ʜʠʚ. ʨʠʩ. 3.14, ʚ). ʋ ʜʨʫʛʦʤʫ 

ʚʘʨʽʘʥʪʽ (ʧʨʠ ʥʘʧʨʫʟʽ 3, 46 ɺ) ʤʘʢʩʠʤʘʣʴʥʠʡ ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʘʥʦʚʠʚ 28 ʉ̄ 

(ʜʠʚ. ʨʠʩ. 3.15). ɯ ʪʽʣʴʢʠ ʧʨʠ ʥʘʧʨʫʟʽ 3,4 ɺ ʤʠ ʦʪʨʠʤʘʣʠ ʷʢ ʙʘʞʘʥʝ ʟʥʘʯʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ (1800 ʉ̄) ʚ ʮʝʥʪʨʽ ʢʦʤʽʨʢʠ, ʪʘʢ ʽ ʤʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʝʨʝʧʘʜʫ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʦʙôʻʤʽ ʟʨʘʟʢʽʚ GaN ̔  Fe (25 ̄ ʉ) (ʜʠʚ. ʨʠʩ. 

3.16, ʙ). 
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ʘ      ʙ 

ʈʠʩʫʥʦʢ 3.12 ï ʈʦʟʨʘʭʫʥʢʦʚʘ ʩʭʝʤʘ ɸɺʊ ʪʠʧʫ «ʪʦʨʦʜʾ» (ʘ) ʽ ʢʦʤʽʨʢʠ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʚʠʟʥʘʯʝʥʥʷ ʨʦʟʯʠʥʥʦʩʪʽ ʥʽʪʨʠʜʫ ʛʘʣʽʶ ʫ ʨʦʟʧʣʘʚʽ 

ʟʘʣʽʟʘ (ʙ) : 1 ï ʟʘʣʽʟʦ, 2 ï GaN, 3 ï CzCl + ZrO2, 4 ï ʛʨʘʬʽʪ ʄɻ-1, 5 ï ʛʨʘʬʽʪ+ZrO2, 

6 ï ʧʽʨʦʬʽʣʽʪ, 7 ï ʣʽʪʦʛʨʘʬʩʴʢʠʡ ʢʘʤʽʥʴ 

 

 

ʈʠʩʫʥʦʢ 3.13 ï ʉʢʽʥʯʝʥʥʦʝʣʝʤʝʥʪʥʘ ʩʽʪʢʘ ʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʜʣʷ ʟʘʜʘʯʽ ʝʣʝʢʪʨʦ- ʽ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ: ű12 = (3,65; 3,46; 3,40) ɺ, ű78 = 0 ɺ, ʊ12 = T78 = 40 ̄ C, a23 = a45 = 

a67 = = 50 ɺʪ/(ʤ2ȪC), a34 = a56 = 7500 ɺʪ/(ʤ2ȪC), q = 20 ̄ C 
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ʘ 

ʙ 

ʈʠʩʫʥʦʢ 3.14 (ʧʦʯʘʪʦʢ) ï ʊʝʤʧʝʨʘʪʫʨʥʽ ʧʦʣʷ ʚ ɸɺʊ (ʘ), ʢʦʤʽʨʮʽ (ʙ) ʽ ʟʦʥʽ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ ʢʦʤʽʨʢʠ (ʚ) ʟʘ ʧʘʜʽʥʥʷ ʥʘʧʨʫʛʠ ʚ 3,65 ɺ 
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(ʚ) 

ʈʠʩʫʥʦʢ 1.17 (ʟʘʢʽʥʯʝʥʥʷ) 

 

ʈʠʩʫʥʦʢ3.15 ï ʊʝʤʧʝʨʘʪʫʨʥʝ ʧʦʣʝ ʚ ʟʦʥʽ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ ʢʦʤʽʨʢʠ ʟʘ 

ʧʘʜʽʥʥʷ ʥʘʧʨʫʛʠ ʚ 3,46 ɺ 
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ʘ 

 

ʙ 

ʈʠʩʫʥʦʢ 3.16  ï ʊʝʤʧʝʨʘʪʫʨʥʽ ʧʦʣʷ ʚ ʢʦʤʽʨʮʽ (ʘ) ʽ ʟʦʥʽ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ 

ʢʦʤʽʨʢʠ (ʙ) ʟʘ ʧʘʜʽʥʥʷ ʥʘʧʨʫʛʠ ʚ 3,4 ɺ 

 

ʆʪʞʝ, ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʨʦʟʨʘʭʫʥʢʫ ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ʢʦʤʽʨʢʠ ɸɺʊ 

ʜʦʟʚʦʣʷʻ ʜʦʩʪʘʪʥʴʦ ʤʘʢʩʠʤʘʣʴʥʦ ʰʚʠʜʢʦ ʦʪʨʠʤʫʚʘʪʠ ʨʦʟʧʦʜʽʣʠ ʪʝʤʧʝʨʘʪʫʨʠ ʚ 

ʥʽʡ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʧʨʦʚʽʜʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
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ʤʘʪʝʨʽʘʣʽʚ, ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʨʽʟʥʠʭ ʪʠʧʽʚ, ʩʢʣʘʜʥʦʩʪʽ ʬʦʨʤ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʽ ʾʭ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʩʢʣʘʜʫ. 

3.4 ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʢʨʠʩʪʘʣʽʚ GaN, 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʘʧʬʽʨʫ ʚ 

ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʢʠ 

ɺʽʜʦʤʦ, ʱʦ ʧʣʽʚʢʠ ʥʽʪʨʠʜ ʛʘʣʽʶ ʯʘʩʪʦ ʚʠʨʦʱʫʶʪʴ ʥʘ ʧʽʜʢʣʘʜʘʭ ʟ ʢʘʨʙʽʜʫ 

ʢʨʝʤʥʽʶ ʪʘ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ [101ï104], ʦʩʢʽʣʴʢʠ ʜʘʥʽ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʩʧʦʣʫʢʠ 

ʤʘʶʪʴ ʤʽʥʽʤʘʣʴʥʫ ʨʽʟʥʠʮʶ ʂʊʈ ʚ ʰʠʨʦʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʟ 

ʥʽʪʨʠʜʦʤ ʛʘʣʽʶ ʪʘ ʩʭʦʞʫ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʫ ʛʨʘʪʢʫ ʱʦ ʜʦʟʚʦʣʷʻ ʾʭ ʝʬʝʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʅʘ ʧʦʚʝʨʭʥʽ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ ʰʣʽʬ ʥʝ ʛʦʪʫʚʘʚʩʷ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʩʧʽʢʘʥʥʽ 

ʥʘ ʧʦʚʝʨʭʥʽ ʩʘʧʬʽʨʫ ʦʢʨʝʤʠʤ ʰʘʨʦʤ ʩʬʦʨʤʫʚʘʣʘʩʴ ʧʣʽʚʢʘ ʪʝʤʥʦ-ʢʦʨʠʯʥʝʚʦʛʦ 

ʢʦʣʴʦʨʫ, ʱʦ ʤʘʻ  ʨʝʣʴʻʬʥʫ ʧʦʚʝʨʭʥʶ. ʊʦʤʫ ʧʦʧʝʨʝʜʥʴʦ ʙʫʣʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʟʣʘʤ ʟʨʘʟʢʘ ʟ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ ʰʠʨʠʥʠ ʧʣʽʚʢʠ, ʧʦʚʝʨʭʥʷ ʷʢʦʾ ʚʽʜʦʙʨʘʞʘʻ 

ʥʘʧʨʷʤʦʢ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ GaN. ɿʦʙʨʘʞʝʥʥʷ ʟʣʘʤʫ ʦʪʨʠʤʘʥʽ ʚ ʦʧʪʠʯʥʠʡ 

ʤʽʢʨʦʩʢʦʧ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ Ĭ 100 ʨʘʟʽʚ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.17. 

 

 

ʈʠʩʫʥʦʢ 3.17 ï ɿʦʙʨʘʞʝʥʥʷ ʟʣʘʤʫ ʟʨʘʟʢʘ ʟ ʚʠʤʽʨʷʥʦʶ ʰʠʨʠʥʦʶ ʧʣʽʚʢʠ, 

ʱʦ ʩʬʦʨʤʫʚʘʣʘʩʴ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ GaN ʥʘ ʩʘʧʬʽʨʽ.   
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ɿ ʥʘʚʝʜʝʥʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʚʠʜʥʦ, ʱʦ ʩʬʦʨʤʦʚʘʥʘ ʧʣʽʚʢʘ ʥʝ ʧʦʚʪʦʨʶʻ 

ʛʝʦʤʝʪʨʽʶ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʘ ʩʘʧʬʽʨʫ, ʘ ʤʘʻ ʩʚʦʶ ʙʫʜʦʚʫ, ʚʽʜʤʽʥʥʫ ʚʽʜ ʦʩʥʦʚʠ. 

ʐʠʨʠʥʘ ʩʬʦʨʤʦʚʘʥʥʦʛʦ ʰʘʨʫ ʦʜʥʘʢʦʚʘ ʧʦ ʧʝʨʠʤʝʪʨʫ ʟʨʘʟʢʘ ʪʘ ʩʪʘʥʦʚʠʪʴ 280 

ʤʢʤ. ʊʦʤʫ ʩʬʦʨʤʦʚʘʥʠʡ ʨʝʣʴʻʬ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʙʫʜʦʚʫ 

ʧʦʣʽʢʨʠʩʪʘʣʫ GaN, ʱʦ ʩʬʦʨʤʫʚʘʚʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ. 

ʍʘʨʘʢʪʝʨʥʝ ʟʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3,18, 

ʟʙʽʣʴʰʝʥʥʷ                ʭ 100, ʥʝʪʨʘʚʣʝʥʠʡ ʟʨʘʟʦʢ.  

ɸ)  

ɹ)  
 

ʈʠʩʫʥʦʢ 3.18 ï ɿʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʽ ʤʘʪʝʨʽʘʣʫ ʧʣʽʚʢʠ, ʱʦ ʩʬʦʨʤʫʚʘʣʘʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ GaN  ʥʘ ʧʽʜʢʣʘʜʮʽ ʩʘʧʬʽʨʫ, ʟʙʽʣʴʰʝʥʥʷ Ĭ100 (ʘ) ʪʘ Ĭ200 (ʙ) 

ʨʘʟʽʚ. 
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ɺʠʜʥʦ, ʱʦ ʢʨʠʩʪʘʣʠ ʤʘʶʪʴ ʛʝʢʩʘʛʦʥʘʣʴʥʫ ʬʦʨʤʫ, ʙʘʟʠʩʥʽ ʛʨʘʥʽ ʷʢʠʭ 

(ʧʝʨʝ-ʚʘʞʥʦ ʰʝʩʪʠʢʫʪʥʦʾ ʬʦʨʤʠ) ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ, ʘ ʙʦʢʦʚʽ ʛʨʘʥʽ 

ʧʨʷʤʦʢʫʪʥʦʾ ʬʦʨʤʠ ʨʦʩʪʫʪʴ, ʧʨʦ ʱʦ ʩʚʽʜʯʘʪʴ ʧʣʦʱʠʥʠ ʨʦʩʪʫ, ʷʢʽ ʤʦʞʥʘ 

ʩʧʦʩʪʝʨʽʛʘʪʠ ʥʘ ʟʦʙ-ʨʘʞʝʥʥʽ (ʨʠʩ. 3.18, ʙ). ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʟʝʨʝʥ 

ʩʪʘʥʦʚʠʪʴ 215 ʤʢʤ, ʾʭ ʨʦʟʧʦʜʽʣ ʟʘ ʨʦʟʤʽʨʘʤʠ ʨʽʚʥʦʤʽʨʥʠʡ, ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ.3.19. 

 

 

ʈʠʩʫʥʦʢ 3.19 ï ʈʦʟʧʦʜʽʣ ʟʝʨʝʥ ʟʘ ʨʦʟʤʽʨʘʤʠ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʽʚʢʠ, ʱʦ 

ʩʬʦʨʤʫʚʘʣʘʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʩʧʽʢʘʥʥʷ GaN  ʥʘ ʧʽʜʢʣʘʜʮʽ ʩʘʧʬʽʨʫ 
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3.5 ʄʝʪʘʣʦʛʨʘʬʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʟ ʢʨʠʩʪʘʣʘʤʠ gan, ʦʪʨʠʤʘʥʠʭ 

ʚ ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʠʩʢʽʚ  

ʆʪʞʝ, ʚʨʘʭʦʚʫʶʯʠ ʥʘʜʘʥʽ ʚ ʜʨʫʛʦʤʫ ʨʦʟʜʽʣʽ ʨʝʢʦʤʝʥʜʘʮʽʾ, ʥʘ ʜʘʥʦʤʫ ʝʪʘʧʽ 

ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʟʨʘʟʢʠ ʟʘ ʨʽʟʥʠʭ ʪʝʨʤʦʙʘʨʠʯʥʠʭ ʫʤʦʚ ʪʘ ʚ ʨʽʟʥʠʭ ʨʦʩʪʦʚʠʭ 

ʩʠʩʪʝʤʘʭ (ʪʘʙʣ. 3.1). ʆʯʽʢʫʚʘʣʦʩʷ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʠʩʦʢʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʟ ʦʜʥʦʯʘʩʥʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʫ ʚʠʨʦʱʫʚʘʥʥʷ (ʥʘʧʨʠʢʣʘʜ,  

ʚʽʜʦʤʦ, ʱʦ ʟʤʝʥʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʥʘʛʨʽʚʫ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ  ʜʦʟʚʦʣʷʻ ʤʽʥʽʤʽʟʫʚʘʪʠ 

ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʪʝʧʣʦʚʦʛʦ ʧʦʣʷ) ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʚʩʝʨʝʜʠʥʽ  ʂɺʊ. ʊʘʙʣʠʮʷ 3.1. ɼʦʩʣʽʜʥʽ ʟʨʘʟʢʠ  

ˉ ʧ.ʧ. 

ʟʨʘʟʢʘ  

ʆʧʠʩ  ʈʝʞʠʤ ʩʧʽʢʘʥʥʷ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ  

1  GaN ʥʘ Ag, ʨʦʩʪʦʚʘ 

ʩʠʩʪʝʤʘ Fe-Co (30 %)  

ʊʠʩʢ ï 4 ɻʇʘ, ʪʝʤʧʝʨʘʪʫʨʘ ï 1600 Áʉ, ʪʨʠʚʘʣʽʩʪʴ 

ʚʠʪʨʠʤʢʠ - 63 ʛʦʜʠʥʠ  

2  GaN  ʊʠʩʢ ï 4,5 ɻʇʘ, ʪʝʤʧʝʨʘʪʫʨʘ ï 1600 Áʉ, 

ʪʨʠʚʘʣʽʩʪʴ ʚʠʪʨʠʤʢʠ - 55 ʛʦʜʠʥ, ʯʘʩ ʥʘʛʨʽʚʫ ʪʘ  

ʦʭʦʣʦʜʞʝʥʥʷ ~ 3 ʛʦʜʠʥʠ  

3  GaN24  ʊʠʩʢ ï 4,2 ɻʇʘ, ʪʝʤʧʝʨʘʪʫʨʘ ï 1600 Áʉ, 

ʪʨʠʚʘʣʽʩʪʴ ʚʠʪʨʠʤʢʠ - 40 ʛʦʜʠʥ, ʰʚʠʜʢʠʡ 

ʥʘʛʨʽʚ ʪʘ ʦʭʦʣʦʜʞʝʥʥʷ   

4  GaN28 ʥʘ ʩʘʧʬʽʨʽ  ʊʨʠʚʘʣʽʩʪʴ ʚʠʪʨʠʤʢʠ - 41 ʛʦʜʠʥʘ  

  

ʅʘ ʧʦʚʝʨʭʥʽ ʜʦʩʣʽʜʥʠʭ ʟʨʘʟʢʽʚ ʛʦʪʫʚʘʚʩʷ ʰʣʽʬ, ʷʢʠʡ ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʥʘ 

ʦʧʪʠʯʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ XUM-102 ʧʨʠ ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʥʷʭ. ɿʦʙʨʘʞʝʥʥʷ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨ ʦʪʨʠʤʫʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʘʤʝʨʠ-ʚʽʜʝʦʦʢʫʣʷʨʘ Levenhuk 14000 

PLUS, ʘʥʘʣʽʟ ʟʦʙʨʘʞʝʥʴ ʧʨʦʚʦʜʠʚʩʷ ʚ ʧʨʦʛʨʘʤʽ LevenhukLite.  

ʍʘʨʘʢʪʝʨʥʽ ʟʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨ ʤʘʪʝʨʽʘʣʽʚ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.20.   

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʥʽʪʨʠʜ ʛʘʣʽʶ GaN ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʥʘ ʬʦʪʦʛʨʘʬʽʷʭ ʫ 

ʩʽʨʦʤʫ (ʧʨʦʤʽʞʥʦʤʫ) ʢʦʣʴʦʨʽ, ʩʚʽʪʣʠʤ ʢʦʣʴʦʨʦʤ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʤʝʪʘʣʝʚʘ 

ʟʚôʷʟʫʶʯʠ ʬʘʟʘ (ʘʙʦ ʨʦʩʪʦʚʽ ʩʠʩʪʝʤʠ ʥʘ ʦʩʥʦʚʽ Fe), ʪʝʤʥʠʤ ʢʦʣʴʦʨʦʤ 
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ʚʽʜʦʙʨʘʞʘʶʪʴʩʷ ʜʝʬʝʢʪʠ - ʧʦʨʠ ʪʘ ʪʨʽʱʠʥʠ. ʅʘ ʜʝʷʢʠʭ ʟʦʙʨʘʞʝʥʥʷʭ ʤʦʞʥʘ 

ʧʦʤʽʪʠʪʠ ʙʽʣʽ ʷʩʢʨʘʚʽ ʦʢʨʫʛʣʦʾ ʬʦʨʤʠ ʚʢʣʶʯʝʥʥʷ - ʩʣʽʜʠ ʘʣʤʘʟʥʦʾ ʧʦʣʽʨʫʚʘʣʴʥʦʾ 

ʧʘʩʪʠ, ʱʦ ʥʝ ʚʜʘʣʦʩʴ ʚʠʣʫʯʠʪʠ ʟ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʽʚ.  

     

 a)  ʙ)  

     

 ʚ)  ʛ)  

ʈʠʩʫʥʦʢ 3.20- ʍʘʨʘʢʪʝʨʥʽ ʟʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʢʣʶʯʝʥʥʷʤʠ 

ʟʝʨʝʥ GaN: ʘ- ʟʨʘʟʦʢ 1, ʙ- ʟʨʘʟʦʢ 2, ʚ- ʟʨʘʟʦʢ 3, ʛ- ʟʨʘʟʦʢ 4, ʜ ï ʟʨʘʟʦʢ ɿʦʙʨʘʞʝʥʥʷ 

ʦʪʨʠʤʘʥʽ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ Ĭ500.  

  

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 3.20 ʬʦʨʤʘ ʢʨʠʩʪʘʣʽʚ GaN  ʟʤʽʥʶʻʪʴʩʷ ʟʽ ʟʤʽʥʦʶ ʨʦʩʪʦʚʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʪʘ ʤʘʪʝʨʽʘʣʘ ʟʘʪʨʘʚʢʠ. ʊʦʤʫ ʥʘʜʘʣʽ ʙʫʜʫʪʴ ʥʘʚʝʜʝʥʦ ʙʽʣʴʰ 

ʨʦʟʛʦʨʥʫʪʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦ ʢʦʞʥʦʤʫ ʦʢʨʝʤʦʤʫ ʟʨʘʟʢʫ.   

3.20 ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʨʘʟʢʫ 1 (ʢʨʠʩʪʘʣʠ GaN ʚ 

ʤʘʪʨʠʮʽ  ʩʧʣʘʚʫ-ʨʦʟʯʠʥʥʠʢʘ Fe-Co (30 %) ʟ ʜʦʜʘʚʘʥʥʷʤ Ag)  
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ɿʘʛʘʣʴʥʠʡ ʚʠʛʣʷʜ  ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʟʙʽʣʴʰʝʥʥʷ ʭ100 (ʨʠʩ 3.21)  

  

 ʘ)  ʙ)  

ʈʠʩʫʥʦʢ 3.21 - ɺʠʛʣʷʜ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʦʪʨʠʤʘʥʦ ʥʘ ʦʧʪʠʯʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ 

XUM-102 ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ 100 ʨʘʟʽʚ: ʘ ï ʚʝʨʭ; ʙ ï ʦʩʥʦʚʘ.  

  

ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʨʦʚʦʜʠʣʠ ʟʽ ʩʪʦʨʦʥʠ ʦʩʥʦʚʠ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ 

(ʧʣʦʩʢʘ ʧʦʚʝʨʭʥʷ ʜʦʟʚʦʣʠʣʘ ʦʪʨʠʤʫʚʘʪʠ ʟʦʙʨʘʞʝʥʥʷ ʟ ʯʽʪʢʠʤʠ ʝʣʝʤʝʥʪʘʤʠ), ʘ 

ʧʦʚʝʨʭʥʷ ʨʦʩʪʫ ʤʘʻ ʨʝʣʴʻʬ, ʱʦ ʫʥʝʤʦʞʣʠʚʣʶʻ ʜʦʩʣʽʜʞʝʥʥʷ ʾʾ ʚ ʦʧʪʠʯʥʠʡ 

ʤʽʢʨʦʩʢʦʧ.   

ɿʦʙʨʘʞʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ (ʦʩʥʦʚʘ) ʦʪʨʠʤʘʥʘ ʚ 

ʦʧʪʠʯʥʠʡ ʤʽʢʨʦʩʢʦʧ XUM-102 ʧʨʠ ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʥʷʭ (ʨʠʩ. 3.22, ʨʠʩ.3.23).  

 

ʈʠʩʫʥʦʢ 3.22 - ɿʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʘ, ʟʙʽʣʴʰʝʥʥʷ Ĭ 200  
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ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ 3.22 ʢʨʠʩʪʘʣʠ GaN ʥʝʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʽ ʚ ʩʪʨʫʢʪʫʨʽ 

ʟʨʘʟʢʘ, ʧʝʨʝʨʽʟʠ ʟʝʨʝʥ ʤʘʶʪʴ ʨʽʟʥʫ ʬʦʨʤʫ ʪʘ ʨʦʟʤʽʨʠ (ʨʠʩ. 3.23).  

 

ʈʠʩʫʥʦʢ 3.23 - ɿʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʘ, ʟʙʽʣʴʰʝʥʥʷ Ĭ 500  

  

ʉʚʽʪʣʽ ʚʢʣʶʯʝʥʥʷ- ʮʝ ʟʘʣʠʰʢʠ ʘʣʤʘʟʽʚ, ʱʦ ʟʘʣʠʰʠʣʠʩʷ ʚ ʩʪʨʫʢʪʫʨʽ 

ʚʥʘʩʣʽʜʦʢ ʧʦʣʽʨʫʚʘʥʥʷ ʘʣʤʘʟʥʦʶ ʧʘʩʪʦʶ ʦʩʥʦʚʠ ʟʨʘʟʢʘ. ʂʨʠʩʪʘʣʠ GaN (ʩʽʨʠʤ 

ʢʦʣʴʦʨʦʤ ʚʠʜʽʣʷʶʪʴʩʷ ʟ ʧʦʤʽʞ ʽʥʰʦʾ ʩʪʨʫʢʪʫʨʠ) ʨʽʟʥʦʾ ʬʦʨʤʠ ʧʝʨʝʨʽʟʫ, ʧʨʦ ʱʦ 
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ʩʚʽʜʯʘʪʴ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 3.4 ʭʘʨʘʢʪʝʨʥʽ ʟʦʙʨʘʞʝʥʥʷ. ʇʨʠʩʫʪʥʽ ʢʨʠʩʪʘʣʠ GaN 

ʥʝʚʠʟʥʘʯʝʥʦʾ ʬʦʨʤʠ, ʧʨʦʪʝ ʧʦʤʽʪʥʦ, ʱʦ ʚʦʥʠ ʫʪʚʦʨʝʥʽ ʙʽʣʴʰ ʜʨʽʙʥʠʤʠ 

ʢʨʠʩʪʘʣʘʤʠ ʟ ʧʨʷʤʦʢʫʪʥʦʶ ʪʘ ʪʨʠʢʫʪʥʦʶ ʬʦʨʤʦʶ ʧʝʨʝʨʽʟʽʚ. ʇʨʠ ʨʦʩʪʽ ʟʝʨʥʘ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʦʥʛʣʦʤʝʨʘʮʽʷ ʤʝʥʰʠʭ ʟʘ ʨʦʟʤʽʨʘʤʠ ʟʝʨʝʥ ʪʘ ʢʦʘʛʫʣʷʮʽʷ ʚ ʙʽʣʴʰ 

ʢʨʫʧʥʝ ʟʝʨʥʦ, ʧʨʠ ʮʴʦʤʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘʭʚʘʪ ʦʢʨʝʤʠʭ ʯʘʩʪʠʥ ʤʘʪʝʨʽʘʣʫ ʨʦʩʪʦʚʦʾ 

ʩʠʩʪʝʤʠ.  

ʈʦʟʤʽʨ ʟʝʨʝʥ ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 10 ʜʦ 150 ʤʢʤ.  

3.6  ʈʝʟʫʣʴʪʘʪʠ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʨʘʟʢʫ 2 ʢʨʠʩʪʘʣʽʚ GaN, 

ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʽʻʥʪʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʩʧʣʘʚʫʨʦʟʯʠʥ-ʥʠʢʘ Fe-Ga-N (55 ʛʦʜʠʥ)  

ʅʘ ʜʦʩʣʽʜʥʦʤʫ ʟʨʘʟʢʫ ʛʦʪʫʚʘʚʩʷ ʰʣʽʬ ʟ 2-ʭ ʩʪʦʨʽʥ: ʥʠʟ ʪʘ ʚʝʨʭ ʟʨʘʟʢʘ. 

ʇʨʠʛʦʪʦʚʘʥʽ ʰʣʽʬʠ ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʥʘ ʦʧʪʠʯʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ XUM-102 ʧʨʠ 

ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʥʷʭ. ʍʘʨʘʢʪʝʨʥʽ ʟʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʧʨʠ ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʥʷʭ 

ʥʘʚʝʜʝʥʦ  ʥʘ ʨʠʩ. 3.24. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 3.24 (ʘ) ʪʘ ʨʠʩ 3.24 (ʙ) ʬʦʨʤʘ ʧʝʨʝʨʽʟʽʚ 

ʟʝʨʝʥ GaN ʚ ʦʩʥʦʚʽ ʟʨʘʟʢʘ ʪʘ ʟʚʝʨʭʫ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ, ʤʦʞʣʠʚʦ ʮʝ 

ʦʙʫʤʦʚʣʝʥʦ ʥʘʷʚʥʽʩʪʶ ʚ ʦʩʥʦʚʽ(ʥʠʟ) ʟʨʘʟʢʘ ʤʘʪʝʨʽʘʣʫ ʟʘʪʨʘʚʢʠ, ʷʢʘ ʚʧʣʠʚʘʻ ʥʘ 

ʥʘʧʨʷʤʦʢ ʨʦʩʪʫ ʢʨʠʩʪʘʣʽʚ.  ʂʨʠʩʪʘʣʠ GaN, ʱʦ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʦʩʥʦʚʽ ʟʨʘʟʢʘ 

ʦʙôʻʜʥʫʶʪʴʩʷ ʚ ʢʦʥʛʣʦʤʝʨʘʪʠ ʪʘ ʫʪʚʦʨʶʶʪʴ ʙʽʣʴʰ ʢʨʫʧʥʽ ʢʨʠʩʪʘʣʠ, ʷʢʽ 

ʟʨʦʩʪʘʶʪʴʩʷ (ʨʠʩ. 3.24, ʜ), ʽ, ʷʢ ʨʝʟʫʣʴʪʘʪ - ʢʨʫʧʥʽʰʽ ʩʫʮʽʣʴʥʽ ʟʝʨʥʘ  ʟʚʝʨʭʫ 

ʟʘʛʦʪʦʚʢʠ (ʨʠʩ. 3.24, ʞ).  

ʌʦʨʤʘ ʧʝʨʝʨʽʟʽʚ ʟʝʨʝʥ ʚ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʟʨʘʟʢʘ ʩʚʽʜʯʠʪʴ ʧʨʦ ʫʪʚʦʨʝʥʥʷ 

ʢʨʠʩʪʘʣʽʚ ʟ ʛʝʢʩʘʛʦʥʘʣʴʥʦʶ ʩʠʥʛʦʥʽʻʶ. ʋ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ  ʟʨʘʟʢʘ ʟʝʨʥʘ GaN 

ʥʘʙʫʚʘʶʪʴ ʙʽʣʴʰ ʦʢʨʫʛʣʦʾ ʬʦʨʤʠ.  

ʉʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʟʝʨʝʥ ʫ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʟʨʘʟʢʘ ʙʽʣʴʰʠʡ (320 ʤʢʤ), ʯʠʤ ʫ 

ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʟʨʘʟʢʘ (250 ʤʢʤ), ʧʨʦʪʝ ʫ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʟʨʘʟʢʘ ʨʦʟʧʦʜʽʣ ʟʝʨʝʥ 

ʟʘ ʨʦʟʤʽʨʘʤʠ ʙʽʣʴʰ ʥʝʦʜʥʦʨʽʜʥʠʡ, ʦʩʢʽʣʴʢʠ ʧʦʤʽʞ ʦʢʨʝʤʠʭ ʢʨʫʧʥʠʭ ʘʛʣʦʤʝʨʘʪʽʚ 

(ʨʦʟʤʽʨ ʜʦ 800 ʤʢʤ) ʫʪʚʦʨʶʻʪʴʩʷ ʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʟʥʘʯʥʦ ʤʝʥʰʠʭ ʟʘ ʨʦʟʤʽʨʘʤʠ 
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ʦʢʨʝʤʠʭ ʟʝʨʝʥ. ʅʠʞʯʝ ʥʘʚʝʜʝʥʦ ʨʦʟʧʦʜʽʣʠ ʟʝʨʝʥ ʟʘ ʨʦʟʤʽʨʘʤʠ ʫ ʚʝʨʭʥʽʡ ʪʘ 

ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ (ʨʠʩ. 3.24).  

    

ʘ)  ʙ) 

     

ʚ)  ʛ) 

    

ʜ)   ʞ) 

ʈʠʩʫʥʦʢ 3.24 - ɿʦʙʨʘʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʘ, ʦʪʨʠʤʘʥʽ ʥʘ ʰʣʽʬʽ ʟʽ ʩʪʦʨʦʥʠ 

ʥʠʟʫ (ʘ,ʚ,ʜ) ʪʘ ʟʚʝʨʭʫ (ʙ,ʛ,ʞ)  ʧʨʠ ʟʙʽʣʴʰʝʥʥʷʭ Ĭ100 (ʘ,ʙ), Ĭ200 (ʚ,ʛ), Ĭ500 (ʜ,ʞ).  
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ʈʠʩʫʥʦʢ 3.25 ï ʇʦʨʽʚʥʷʣʴʥʠʡ ʨʦʟʧʦʜʽʣ ʟʝʨʝʥ ʟʘ ʨʦʟʤʽʨʘʤʠ  

  

 

3.7 ɸʥʘʣʽʟ ʝʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ ʝʣʝʤʝʥʪʽʚ 

ʂɺʊ 

ɼʣʷ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʝʟʠʩʪʠʚʥʦʛʦ ʥʘʛʨʽʚʫ ʂɺʊ 

ʥʝʦʙʭʽʜʥʦ ʟʥʘʪʠ ʝʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʦʚʠʭ 

ʝʣʝʤʝʥʪʽʚ ʘʧʘʨʘʪʘ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ (ɸɺʊ). 

ʅʘ ʨʠʩ. 3.26ï3.38 ʥʘʚʝʜʝʥʦ ʪʝʤʧʝʨʘʪʫʨʥ ̔ ʟʘʣʝʞʥʦʩʪʽ ʢʦʝʬʽʮʽʻʥʪʽʚ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʽ ʝʣʝʢʪʨʦʦʧʦʨʫ ʤʘʪʝʨʽʘʣʽʚ ʩʢʣʘʜʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ɸɺʊ, ʱʦ ʙʫʣʠ 

ʦʪʨʠʤʘʥʽ ʘʧʨʦʢʩʠʤʘʮʽʻʶ ʪʘʙʣʠʯʥʠʭ ʜʘʥʠʭ ʽʟ ʜʦʩʪʫʧʥʠʭ ʜʞʝʨʝʣ ʽʥʬʦʨʤʘʮʽʾ. 

ɸʥʘʣʽʟʫʶʯʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʛʨʘʬʽʢʠ ʟʤʽʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ, 

ʤʦʞʥʘ ʢʦʥʩʪʘʪʫʚʘʪʠ ʥʘʩʪʫʧʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ. ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʘʨʤʢʦ-ʟʘʣʽʟʘ ʫ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪ ʁʣʝʛʦʚʘʥʦʾ ʩʪʘʣʽ (ʜʠʚ. ʨʠʩ. 3.26 ʽ 3.28 ʚʽʜʧʦʚʽʜʥʦ) 

ʟʥʘʯʥʦ ʙʽʣʴʰʘ ʟʘ ʨʘʭʫʥʦʢ ʚʽʜʩʫʪʥʦʩʪʽ ʚʫʛʣʝʮʶ ʽ ʣʝʛʫʶʯʠʭ. ɿ ʧʽʜʚʠʱʝʥʥʷʤ 

ʪʝʤʧʝʨʘʪʫʨʠ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʟʘʣʽʟʦʚʤʽʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʤʝʥʰʫʻʪʴʩʷ ʚʥʘʩʣʽʜʦʢ 

ʟʥʘʯʥʦʛʦ ʚʧʣʠʚʫ ʩʪʨʫʢʪʫʨʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʽ ʧʣʘʚʣʝʥʥʷ [71]. 

ɿʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪ̔ ʛʨʘʬʽʪʫ (ʜʠʚ. ʨʠʩ. 3.30), ʪʚʝʨʜʦʛʦ 

ʩʧʣʘʚʫ ɺʂ15 (ʜʠʚ. ʨʠʩ. 3.32), ʥʽʪʨʠʜʫ ʛʘʣʽʶ (ʜʠʚ. ʨʠʩ.3.34), ʣʽʪʦʛʨʘʬʩʴʢʦʛʦ 
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ʢʘʤʝʥʶ (ʜʠʚ. ʨʠʩ. 3.35 ), ʭʣʦʨʠʜʫ ʮʝʟʽʶ (ʜʠʚ. ʨʠʩ. 3.37) ʟ ʧʽʜʚʠʱʝʥʥʷʤ 

ʪʝʤʧʝʨʘʪʫʨʠ ʟʤʝʥʰʫʪʁʴʩʷ, ʥʘʪʦʤʽʩʪʴ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ï ʟʙʽʣʴʰʫʶʪʴʩʷ (ʜʠʚ. 

ʨʠʩ. 3.36 ). ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʫ ɺʂ6 (ʜʠʚ. ʨʠʩ. 3.32) ʤʘʻ 

ʢʦʣʠʚʘʣʴʥʫ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. 

ɽʣʝʢʪʨʦʦʧʽʨ ʟʘʣʽʟʦʚʤʽʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʜʠʚ. ʨʠʩ. 3.27, 3.29), ʪʚʝʨʜʠʭ ʩʧʣʘʚʽʚ 

(ʜʠʚ. ʨʠʩ. 3.33) ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ ʽʟʦʣʷʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ïʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ (ʜʠʚ. ʨʠʩ 3.37) ʽ ʭʣʦʨʠʜʫ ʮʝʟʽʶ (ʜʠʚ. ʨʠʩ 3.39) ï 

ʥʘʚʧʘʢʠ ʟʤʝʥʰʫʻʪʴʩʷ. ɺ [72] ʚʽʜʤʽʯʘʶʪʴ, ʱʦ ʝʣʝʢʪʨʦʦʧʽʨ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʟ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 25 ʉ̄ ʩʪʘʥʦʚʠʪʴ 105ï107 ʆʤĿʤ, ʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 2000 ʉ̄ ʚʽʥ 

ʟʤʝʥʰʫʻʪʴʩʷ ʜʦ 10-2 ʆʤĿʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʤʫ ʩʪʘʥʫ ʤʘʪʝʨʽʘʣʫ. 

 

ʈʠʩʫʥʦʢ 3.26 ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʘʨʤʢʦ-ʟʘʣʽʟʘ [59] 
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ʈʠʩʫʥʦʢ 3.27  ï ɽʣʝʢʪʨʦʦʧʽʨ ʘʨʤʢʦ-ʟʘʣʽʟʘ [60] 

 

ʈʠʩʫʥʦʢ 3.28  ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʩʪʘʣʽ 30ʍɻʉɸ [61] 
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ʈʠʩʫʥʦʢ 3.29 ï ɽʣʝʢʪʨʦʦʧʽʨ ʩʪʘʣʽ 30ʍ [60] 

 

ʈʠʩʫʥʦʢ 3.30 ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʛʨʘʬʽʪʫ ʤʘʨʦʢ Mɻ-1 (1) ʪʘ ɻʄɿ (2) [62] 
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ʈʠʩʫʥʦʢ  3.31 ï ɽʣʝʢʪʨʦʦʧʽʨ ʛʨʘʬʽʪʫ ʤʘʨʦʢ Mɻ-1 (1)  ̔ɻʄɿ (2) ʟʘ ʘʪʤʦʩʬʝʨʥʦʛʦ 

ʪʠʩʢʫ [62] ʪʘ ɻʉʄ-1 ʟʘ ʪʠʩʢʫ 6 ɻʇʘ (3) [63] 

 

ʈʠʩʫʥʦʢ 3.32  ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʚʝʨʜʠʭ ʩʧʣʘʚʽʚ ɺʂ6 (1) ʪʘ ɺʂ15 (2) [64] 
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ʈʠʩʫʥʦʢ 3.33  ï ɽʣʝʢʪʨʦʦʧʽʨ ʪʚʝʨʜʠʭ ʩʧʣʘʚʽʚ ɺʂ6 (1) ʪʘ ɺʂ15 (2) [64] 

 

ʈʠʩʫʥʦʢ 3.34 ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʥʽʪʨʠʜʫ ˇʘʣʽʶ [65] 
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ʈʠʩʫʥʦʢ 3.35  ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʦʯʝʥʦʛʦ (1) ʪʘ ʧʨʝʩʦʚʘʥʦʛʦ (2) ʣʽʪʦʛʨʘʬʩʴʢʦʛʦ 

ʢʘʤʝʥʶ [66] 

 

ʈʠʩʫʥʦʢ 3.36 ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ [67] 
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ʈʠʩʫʥʦʢ 3.37 ï ɽʣʝʢʪʨʦʦʧʽʨ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ [68] 

  

ʈʠʩʫʥʦʢ 3.38 ï ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʭʣʦʨʠʜʫ ʮʝʟʽʶ [69] 
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ʈʠʩʫʥʦʢ 3.39 ï ɽʣʝʢʪʨʦʦʧʽʨ ʭʣʦʨʠʜʫ ʮʝʟʽʶ [70] 

 

ɽʣʝʢʪʨʦʦʧʽʨ ʛʨʘʬʽʪʫ (ʜʠʚ. ʨʠʩ 3.31) ʟʤʝʥʰʫʻʪʴʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ~500 ʉ̄, 

ʧʦʪʽʤ ï ʤʦʥʦʪʦʥʥʦ ʟʙʽʣʴʰʫʻʪʴʩʷ. ʅʽʪʨʠʜ ʘ̌ʣ̔ʶ ï ʮʝ ʰʠʨʦʢʦʩʤʫʛʦʚʠʡ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ ʟ ʰʠʨʠʥʦʶ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ 3,6 ʝɺ ʽ ʚʽʜʧʦʚʽʜʥʠʤ ʚʠʩʦʢʠʤ 

ʝʣʝʢʪʨʦʦʧʦʨʦʤ 4Ŀ106 OʤĿʤ [73]. ɽʣʝʢʪʨʦʦʧʽʨ ʣʽʪʦʛʨʘʬʩʴʢʦʛʦ ʢʘʤʝʥʶ ʧʨʠʡʤʘʣʠ 

ʨʽʚʥʠʤ 1Ŀ105 OʤĿʤ. 

ɽʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪ ̔ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʝʣʝʤʝʥʪʽʚ 

ʂɺʊ (ʛʨʘʬʽʪ + ʦʢʩʠʜ ʮʠʨʢʦʥʽʷ, ʭʣʦʨʠʜ ʮʝʟʽʷ + ʦʢʩʠʜ ʮʠʨʢʦʥʽʷ) ʚʠʟʥʘʯʘʣʠ ʟʘ 

ʪʝʦʨʽʻ  ʁʩʪʦʭʘʩʪʠʯʥʠʭ ʥʝʦʜʥʦʨʽʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ [74]. ʊʘʢʠʡ ʧʽʜʭʽʜ ʻ ʜʦʩʪʘʪʥʴʦ 

ʚʠʧʨʘʚʜʘʥʠʤ ʟ ʦʛʣʷʜʫ ʥʘ ʧʦʧʝʨʝʜʥʽʡ ʜʦʩʚʽʜ ʟ ʤʦʜʝʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʦʣʽʚ 

ʚ ɸɺʊ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʪʝʭʥʦʣʦʛʽʡ ʦʪʨʠʤʘʥʥʷ ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ 

ʚʠʨʦʙʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ [74ï79]. ɿʛʽʜʥʦ ʟ ʮʽʻʶ ʤʦʜʝʣʣʶ ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ 

N-ʢʦʤʧʦʥʝʥʪʥʦʾ ʩʫʤʽʰʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 
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ʜʝ ï ʦʙôʻʤʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ i-ʾ ʬʘʟʠ, li ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ i-ʾ ʬʘʟʠ, 

. ɽʬʝʢʪʠʚʥʝ ʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ ʢʦʤʧʦʟʠʪʘ 

ʧʽʜʨʘʭʦʚʫʻʪʴʩʷ ʷʢ ʦʙʝʨʥʝʥʝ ʟʥʘʯʝʥʥʶ ʡʦʛʦ ʧʠʪʦʤʦʾ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ r*=1/g*, 

ʜʝ 

 

. 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʟ ʝʣʝʢʪʨʦ- ʽ 

ʪʝʧʣʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ɸɺʊ, ʟʘʩʚʽʜʯʠʚ ʾʭ 

ʩʫʪʪʻʚʫ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝʞʥʽʩʪʴ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ 

ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ʢʦʤʽʨʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʨʦʟʯʠʥʥʦʩʪʽ ʥʽʪʨʠʜʫ ʛʘʣʽʶ. 
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ʈʆɿɼɯʃ 4 ʆʍʆʈʆʅɸ ʇʈɸʎɯ ʊɸ ɹɽɿʇɽʂɸ ɺ ʅɸɼɿɺʀʏɸʁʅʀʍ 

ʉʀʊʋɸʎɯʗʍ  

ʆʭʦʨʦʥʘ ʧʨʘʮʽ ʻ ʦʜʥʽʻʶ ʟ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʫʤʦʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʫ ʪʘ 

ʙʝʟʧʝʯʥʫ ʪʨʫʜʦʚʫ ʜʽʷʣʴʥʽʩʪʴ. ʆʭʦʨʦʥʘ ʧʨʘʮʽ ï ʩʠʩʪʝʤʘ ʧʨʘʚʦʚʠʭ, ʩʦʮʽʘʣʴʥʦ-

ʝʢʦʥʦʤʽʯʥʠʭ, ʦʨʛʘʥʽʟʘʮʽʡʥʦ-ʪʝʭʥʽʯʥʠʭ, ʩʘʥʽʪʘʨʥʦ-ʛʽʛʽʻʥʽʯʥʠʭ ʽ ʣʽʢʫʚʘʣʴʥʦ-

ʧʨʦʬʽʣʘʢʪʠʯʥʠʭ ʟʘʭʦʜʽʚ ʪʘ ʟʘʩʦʙʽʚ, ʩʧʨʷʤʦʚʘʥʠʭ ʥʘ ʟʙʝʨʝʞʝʥʥʷ ʞʠʪʪʷ, ʟʜʦʨʦʚ'ʷ ʽ 

ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʣʶʜʠʥʠ ʚ ʧʨʦʮʝʩʽ ʪʨʫʜʦʚʦʾ ʜʽʷʣʴʥʦʩʪʽ.  

ʋʤʦʚʠ ʚʠʢʦʥʘʥʥʷ ʥʘʫʢʦʚʦ-ʜʦʩʣʽʜʥʦʾ ʨʦʙʦʪʠ ʧʦʚʠʥʥʽ ʛʘʨʘʥʪʫʚʘʪʠ 

ʙʝʟʧʝʯʥʽʩʪʴ ʫʤʦʚ ʧʨʘʮʽ ʽʥʞʝʥʝʨʘ-ʜʦʩʣʽʜʥʠʢʘ. ʉʫʯʘʩʥʽ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ 

ʦʙʣʘʜʥʘʥʥʷ ʥʘʫʢʦʚʠʭ ʣʘʙʦʨʘʪʦʨʽʡ ʧʦʚʠʥʥʽ ʚʠʢʣʶʯʘʪʠ ʤʦʞʣʠʚʽʩʪʴ ʪʨʘʚʤʫʚʘʥʥʷ 

ʨʦʙʽʪʥʠʢʽʚ, ʩʪʚʦʨʶʚʘʪʠ ʥʦʨʤʘʣʴʥʽ ʫʤʦʚʠ ʧʨʘʮʽ, ʫʩʫʚʘʪʠ ʚʧʣʠʚ ʰʢʽʜʣʠʚʠʭ 

ʬʘʢʪʦʨʽʚ, ʱʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʧʨʦʬʝʩʽʡʥʠʭ ʭʚʦʨʦʙ [121].  

ʄʝʪʦʶ ʨʦʟʜʽʣʫ çʆʭʦʨʦʥʘ ʧʨʘʮʽ ʪʘ ʙʝʟʧʝʢʘ ʚ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʷʭè ʻ 

ʘʥʘʣʽʟ ʥʝʙʝʟʧʝʯʥʠʭ ʪʘ ʰʢʽʜʣʠʚʠʭ ʯʠʥʥʠʢʽʚ ʚ ʧʨʦʮʝʩʽ ʦʜʝʨʞʘʥʥʷ ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ 

ʤʝʪʘʣʦʢʝʨʘʤʽʯʥʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘ ʪʘʢʦʞ ʨʦʟʨʦʙʢʘ ʟʘʭʦʜʽʚ ʪʘ ʟʘʩʦʙʽʚ 

ʧʦ ʾʭ ʫʩʫʥʝʥʥʶ.  

4.1 ɸʥʘʣʽʟ ʰʢʽʜʣʠʚʠʭ ʽ ʥʝʙʝʟʧʝʯʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʬʘʢʪʦʨʽʚ 

ʇʨʠ ʚʠʢʦʥʘʥʥʽ ʜʘʥʦʾ ʨʦʙʦʪʠ ʦʩʥʦʚʥʠʤʠ ʧʨʦʮʝʩʘʤʠ, ʱʦ ʥʝʩʫʪʴ ʚ ʩʦʙʽ 

ʧʦʪʝʥʮʽʡʥʫ ʥʝʙʝʟʧʝʢʫ, ʻ:  

ự ɼʦʟʫʚʘʥʥʷ ʪʘ ʟʤʽʰʫʚʘʥʥʷ ʧʦʨʦʰʢʽʚ;  

ự ʇʨʝʩʫʚʘʥʥʷ ʟʘʛʦʪʦʚʦʢ;  

ự ʉʫʰʢʘ ʟʨʘʟʢʽʚ;  

ự ʉʧʽʢʘʥʥʷ ʟʨʘʟʢʽʚ;  

ự ʄʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ;  

ɼʦʟʫʚʘʥʥʷ ʧʦʨʦʰʢʽʚ ʥʽʦʙʽʶ, ʪʠʪʘʥʫ ʪʘ ʘʣʶʤʽʥʽʶ ʪʘ ʾʭ ʟʤʽʰʫʚʘʥʥʷ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʠʪʘ, ʷʚʣʷʻ ʩʦʙʦʶ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ ʧʦʨʦʰʢʦʚʠʭ 

ʯʘʩʪʠʥʦʢ ʷʢʽ ʣʝʛʢʦ ʦʩʽʜʘʶʪʴ ʥʘ ʙʫʜʴ-ʷʢʠʭ ʧʦʚʝʨʭʥʷʭ. ʂʦʥʪʘʢʪ ʟ ʧʦʨʦʰʢʦʤ 

ʫʩʫʚʘʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʫʤʦʚʠʭ ʨʫʢʘʚʠʯʦʢ, ʨʝʩʧʽʨʘʪʦʨʘ, ʩʧʝʮʽʘʣʴʥʠʭ 

ʟʘʭʠʩʥʠʭ ʦʢʫʣʷʨʽʚ ʪʘ ʦʜʷʛʫ, ʱʦ ʟʘʧʦʙʽʛʘʻ ʧʦʪʨʘʧʣʷʥʥʶ ʧʦʨʦʰʠʥʦʢ ʚ ʜʠʭʘʣʴʥʽ 

ʰʣʷʭʠ, ʥʘ ʰʢʽʨʫ ʪʘ ʩʣʠʟʦʚʫ ʦʙʦʣʦʥʢʫ.  
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ʅʘʩʪʫʧʥʠʤ ʢʨʦʢʦʤ ʻ ʟʘʤʽʰʫʚʘʥʥʷ ʧʦʨʦʰʢʫ. ʎʝʡ ʧʨʦʮʝʩ ʚʢʣʶʯʘʻ ʚ ʩʝʙʝ 

ʢʦʥʪʘʢʪ ʦʧʝʨʘʪʦʨʘ ʟ ʨʽʟʥʠʤʠ ʨʽʜʠʥʘʤʠ ï ʧʣʘʩʪʠʬʽʢʘʪʦʨʘʤʠ. ɺ ʨʦʣʽ ʨʦʟʯʠʥʥʠʢʘ 

ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʙʝʥʟʠʥ ʚ ʨʽʜʢʦʤʫ ʩʪʘʥʽ. ʇʘʨʠ ʙʝʥʟʠʥʫ, ʱʦ ʚʠʥʠʢʘʶʪʴ 

ʧʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʦʧʝʨʘʮʽʡ ʻ ʪʦʢʩʠʯʥʠʤ ʽ ʚʠʢʣʠʢʘʶʪʴ ʥʝʙʝʟʧʝʢʫ ʚʠʥʠʢʥʝʥʥʷ 

ʧʦʞʝʞʽ. ɹʝʥʟʠʥʠ, ʙʫʜʫʯʠ ʪʦʢʩʠʯʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʟʜʘʪʥʽ ʧʨʦʥʠʢʘʪʠ ʚ ʦʨʛʘʥʽʟʤ 

ʯʝʨʝʟ ʦʨʛʘʥʠ ʜʠʭʘʥʥʷ, ʰʢʽʨʫ ʽ ʪʨʘʚʥʠʡ ʪʨʘʢʪ. ʂʦʥʮʝʥʪʨʘʮʽʷ ʧʘʨʽʚ ʙʝʥʟʠʥʫ ʚ 

ʧʦʚʽʪʨʽ ʥʝ ʧʦʚʠʥʥʘ ʧʝʨʝʚʠʱʫʚʘʪʠ 0,3 ʤʛ/ʣ. ʇʽʜ ʯʘʩ ʥʝʪʨʠʚʘʣʦʛʦ ʚʜʠʭʘʥʥʷ ʧʦʚʽʪʨʷ, 

ʱʦ ʤʽʩʪʠʪʴ ʙʝʥʟʠʥ ʚ ʢʽʣʴʢʦʩʪʽ ʚʽʜ 5 ʤʛ/ʣ ʜʦ 10 ʤʛ/ʣ, ʥʘʩʪʘʻ ʛʦʩʪʨʝ ʦʪʨʫʻʥʥʷ, 

ʭʘʨʘʢʪʝʨʥʠʤʠ ʦʟʥʘʢʘʤʠ ʷʢʦʛʦ ʻ ʛʦʣʦʚʥʠʡ ʙʽʣʴ, ʥʝʧʨʠʻʤʥʽ ʚʽʜʯʫʪʪʷ ʚ ʛʦʨʣʽ, 

ʢʘʰʝʣʴ, ʧʦʜʨʘʟʥʝʥʥʷ ʩʣʠʟʦʚʦʾ ʦʙʦʣʦʥʢʠ ʥʦʩʘ ʽ ʦʯʝʡ, ʥʝʩʪʽʡʢʘ ʭʦʜʘ, 

ʟʘʧʘʤʦʨʦʯʝʥʥʷ, ʟʙʫʜʞʝʥʥʷ. ɼʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʮʠʭ ʥʝʙʝʟʧʝʢ ʟʘʩʪʦʩʦʚʫʶʪʴ ʨʝʟʠʥʦʚʽ 

ʨʫʢʘʚʠʮʽ ʪʘ ʨʝʩʧʽʨʘʪʦʨ ʜʣʷ ʫʥʠʢʥʝʥʥʷ ʧʦʪʨʘʧʣʷʥʥʷ ʧʘʨʽʚ ʚ ʜʠʭʘʣʴʥʽ ʰʣʷʭʠ ʪʘ 

ʰʢʽʨʫ ʟʛʽʜʥʦ ʟ ɼʉʊʋ EN 4202017  ʪʘ ɼʉʊʋ EN 175-2001 [122, 123].  

ʇʽʜ ʯʘʩ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʨʫʯʥʠʡ ʤʝʭʘʥʽʯʥʠʡ 

ʛʽʜʨʘʚʣʽʯʥʠʡ ʧʨʝʩ. ʇʨʠ ʧʨʝʩʫʚʘʥʥʽ ʟʘʛʦʪʦʚʦʢ ʦʩʥʦʚʥʦʶ ʥʝʙʝʟʧʝʢʦʶ ʷʚʣʷʻʪʴʩʷ ʪʝ 

ʱʦ ʧʨʠ ʚʠʩʦʢʠʭ ʪʠʩʢʘʭ ʧʨʝʩʫʚʘʥʥʷ ʤʦʞʣʠʚʝ ʨʫʡʥʫʚʘʥʥʷ ʤʘʪʨʠʮʽ ʧʨʝʩ-ʬʦʨʤʠ ʪʘ 

ʧʫʘʥʩʦʥʽʚ. ʎʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʽʜʩʢʦʢʦʤ ʫʣʘʤʢʽʚ ʪʘ ʥʘʥʝʩʝʥʥʷʤ ʫʰʢʦʜʞʝʥʴ 

ʦʧʝʨʘʪʦʨʫ. ʊʘʢʦʞ ʥʝʙʝʟʧʝʢʘ ʨʫʭʦʤʠʭ ʯʘʩʪʠʥ ʧʦʣʷʛʘʻ ʫ ʤʦʞʣʠʚʦʩʪʽ ʧʦʪʨʘʧʣʷʥʥʷ 

ʯʘʩʪʠʥ ʦʜʷʛʫ ʯʠ ʚʦʣʦʩʩʷ ʫ ʥʝʟʘʢʨʠʪʽ ʤʝʭʘʥʽʟʤʠ ʧʨʝʩʫ. ɼʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʪʘʢʠʭ 

ʥʝʙʝʟʧʝʢ ʧʨʝʩ ʦʩʥʘʱʝʥʠʡ ʟʘʭʠʩʥʠʤ ʢʦʞʫʭʦʤ, ʜʣʷ ʽʟʦʣʷʮʽʾ ʟʦʥʠ ʧʨʝʩʫʚʘʥʥʷ.  

ʉʫʰʢʘ ʟʨʘʟʢʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʩʫʰʠʣʴʥʽʡ ʰʘʬʽ ʉʅʆʃ 20/350. ʇʽʜ ʯʘʩ ʮʽʻʾ 

ʦʧʝʨʘʮʽʾ ʦʧʝʨʘʪʦʨ ʧʽʜʜʘʻʪʴʩʷ ʚʧʣʠʚʫ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, ʘ ʪʘʢʦʞ 

ʜʽʾ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʉʫʰʠʣʴʥʽ ʰʘʬʠ ʦʩʥʘʱʝʥʥʽ ʟʘʭʠʩʥʦʶ ʦʙʦʣʦʥʢʦʶ, ʘ 

ʪʘʢʦʞ ʩʠʩʪʝʤʦʶ, ʱʦ ʥʝ ʜʘʻ ʫʚʽʤʢʥʫʪʠ ʥʘʛʨʽʚʥʽ ʝʣʝʤʝʥʪʠ ʰʘʬʠ ʜʦʢʠ ʜʚʝʨʮʷʪʘ ʥʝ 

ʙʫʜʫʪʴ ʟʘʯʠʥʝʥʽ. ɼʽʩʪʘʚʘʥʥʷ ʟʘʛʦʪʦʚʦʢ ʧʨʦʚʦʜʠʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʚʦʛʥʝʪʨʠʚʢʠʭ ʨʫʢʘʚʠʮʴ ʪʘ ʩʧʝʮʽʘʣʴʥʦʛʦ ʱʫʧʘ.  

ʉʧʽʢʘʥʥʷ ʧʨʦʚʦʜʠʪʴʩʷ ʥʘ ʫʩʪʘʥʦʚʮʽ çʂʨʠʩʪʘʣ 206è. ʇʨʠ ʩʧʽʢʘʥʥʽ ʟʨʘʟʢʽʚ 

ʪʝʤʧʝʨʘʪʫʨʠ ʜʦʩʷʛʘʶʪʴ 2000 ęʉ ʚ ʟʦʥʽ ʥʘʛʨʽʚʫ. ɼʣʷ ʫʥʠʢʥʝʥʥʷ ʥʝʙʝʟʧʝʢʠ 

ʥʝʦʙʭʽʜʥʦ ʯʽʪʢʦ ʩʣʽʜʫʚʘʪʠ ʧʨʘʚʠʣʘʤ ʨʦʙʦʪʠ ʟ ʜʘʥʦʶ ʫʩʪʘʥʦʚʢʦʶ ʧʨʦʚʽʨʷʪʠ 
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ʟʘʟʝʤʣʝʥʥʷ ʪʘ ʩʧʨʘʚʥʽʩʪʴ ʝʣʝʤʝʥʪʽʚ ʫʩʪʘʥʦʚʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʟʘʭʠʩʥʠʡ ʦʜʷʛ, 

ʨʫʢʘʚʠʮʽ.  

ʄʝʭʘʥʽʯʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʨʽʟʘʥʥʷ ʟʨʘʟʢʽʚ ʪʘ ʰʣʽʬʫʚʘʥʥʷ ʽ ʟʘʯʠʱʝʥʥʷ 

ʧʦʚʝʨʭʥʽ. ʇʨʠ ʨʽʟʘʥʥʽ ʪʘ ʰʣʽʬʫʚʘʥʥʽ ʤʘʪʝʨʽʘʣʫ ʨʫʯʥʠʤ ʤʝʪʦʜʦʤ ʤʘʶʪʴ ʤʽʩʮʝ 

ʚʽʜʩʢʦʢʠ ʜʨʽʙʥʠʭ ʯʘʩʪʠʥʦʢ ʚʽʜ ʧʦʚʝʨʭʥʽ, ʷʢʽ ʤʦʞʫʪʴ ʥʘʥʝʩʪʠ ʧʦʰʢʦʜʞʝʥʥʷ 

ʦʧʝʨʘʪʦʨʫ ʫʩʪʘʥʦʚʢʠ. ʇʨʠ ʨʦʙʦʪʽ ʦʧʝʨʘʪʦʨʫ ʥʝʦʙʭʽʜʥʦ ʟʥʘʭʦʜʠʪʠʩʷ ʥʘ ʙʝʟʧʝʯʥʽʡ 

ʚʽʜʩʪʘʥʽ ʚʽʜ ʩʪʘʥʢʘ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʢʦʥʪʨʦʣʶʚʘʪʠ ʧʨʦʮʝʩ ʪʘ ʫʥʝʤʦʞʣʠʚʠʪʴ ʰʘʥʩ 

ʥʘʥʝʩʝʥʥʷ ʧʦʰʢʦʜʞʝʥʴ.  

. 4.1.1 ɸʥʘʣʽʟ ʦʩʚʽʪʣʝʥʦʩʪʽ ʧʨʠʤʽʱʝʥʥʷ  

ʆʩʚʽʪʣʝʥʥʷ ʧʦʜʽʣʷʻʪʴʩʷ ʥʘ 3 ʚʠʜʠ: ʧʨʠʨʦʜʥʝ, ʰʪʫʯʥʝ, ʩʫʤʽʱʝʥʝ.  

ʇʨʠʨʦʜʥʝ ʦʩʚʽʪʣʝʥʥʷ ï ʦʩʚʽʪʣʝʥʥʷ ʧʨʠʤʽʱʝʥʴ ʩʚʽʪʣʦʤ ʱʦ ʧʦʪʨʘʧʣʷʻ ʯʝʨʝʟ 

ʩʚʽʪʣʦʚʽ ʧʨʦʨʽʟʠ ʚ ʟʦʚʥʽʰʥʽʭ ʦʛʦʨʦʜʞʫʚʘʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʷʭ. ɿʘ ʩʚʦʾʤ 

ʩʧʝʢʪʨʘʣʴʥʠʤ ʩʢʣʘʜʦʤ ʚʦʥʦ ʻ ʥʘʡʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʠʤ. ʇʨʠʨʦʜʥʝ ʦʩʚʽʪʣʝʥʥʷ 

ʤʦʞʝ ʙʫʪʠ: ʙʽʯʥʠʤ, ʚʝʨʭʥʽʤ ʽ ʢʦʤʙʽʥʦʚʘʥʠʤ. ʇʨʠʨʦʜʥʝ ʦʩʚʽʪʣʝʥʥʷ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʨʠʨʦʜʥʦʾ ʦʩʚʽʪʣʝʥʦʩʪʽ ʂʇʆ. 

ʐʪʫʯʥʝ ʦʩʚʽʪʣʝʥʥʷ ʙʫʚʘʻ: ʟʘʛʘʣʴʥʝ ʽ ʢʦʤʙʽʥʦʚʘʥʝ. ɿʘʛʘʣʴʥʝ ʦʩʚʽʪʣʝʥʥʷ ï ʮʝ 

ʦʩʚʽʪʣʝʥʥʷ, ʧʨʠ ʷʢʦʤʫ ʩʚʽʪʠʣʴʥʠʢʠ ʨʦʟʤʽʱʫʶʪʴʩʷ ʫ ʚʝʨʭʥʽʡ ʟʦʥʽ ʧʨʠʤʽʱʝʥʥʷ 

ʨʽʚʥʦʤʽʨʥʦ, ʘʙʦ ʟʘ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʫʩʪʘʪʢʫʚʘʥʥʷ. ʂʦʤʙʽʥʦʚʘʥʝ ʦʩʚʽʪʣʝʥʥʷ ï ʮʝ 

ʦʩʚʽʪʣʝʥʥʷ, ʧʨʠ ʷʢʦʤʫ ʜʦ ʟʘʛʘʣʴʥʦʛʦ ʦʩʚʽʪʣʝʥʥʷ ʜʦʜʘʻʪʴʩʷ ʤʽʩʮʝʚʝ. ʄʽʩʮʝʚʝ ï ʮʝ 

ʜʦʜʘʪʢʦʚʝ ʜʦ ʟʘʛʘʣʴʥʦʛʦ ʦʩʚʽʪʣʝʥʥʷ ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʩʚʽʪʠʣʴʥʠʢʘʤʠ ʽ ʢʦʥʮʝʥʪʨʫʻ 

ʩʚʽʪʣʦʚʠʡ ʧʦʪʽʢ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʨʦʙʦʯʠʭ ʤʽʩʮʷʭ.  

ʉʫʤʽʱʝʥʝ ʦʩʚʽʪʣʝʥʥʷ ï ʮʝ ʦʩʚʽʪʣʝʥʥʷ, ʧʨʠ ʷʢʦʤʫ ʥʝʜʦʩʪʘʪʥʻ ʟʘ ʥʦʨʤʘʤʠ 

ʧʨʠʨʦʜʥʝ ʦʩʚʽʪʣʝʥʥʷ ʜʦʧʦʚʥʶʻʪʴʩʷ ʰʪʫʯʥʠʤ. 

ʅʝʜʦʩʪʘʪʥʻ ʦʩʚʽʪʣʝʥʥʷ ʨʦʙʦʯʠʭ ʤʽʩʮʴ ʻ ʦʜʥʽʻʶ ʟ ʧʨʠʯʠʥ ʥʠʟʴʢʦʾ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʧʨʘʮʽ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʦʯʽ ʧʨʘʮʽʚʥʠʢʘ ʩʠʣʴʥʦ ʥʘʧʨʫʞʝʥʽ, ʚʘʞʢʦ 

ʨʦʟʨʽʟʥʷʶʪʴ ʦʙʨʦʙʣʶʚʘʥʽ ʧʨʝʜʤʝʪʠ, ʫ ʣʶʜʠʥʠ ʟʥʠʞʫʻʪʴʩʷ ʪʝʤʧ ʽ ʷʢʽʩʪʴ ʨʦʙʦʪʠ, 

ʧʦʛʽʨʰʫʻʪʴʩʷ ʟʘʛʘʣʴʥʠʡ ʩʪʘʥ. ʅʘʜʤʽʨʥʘ ʦʩʚʽʪʣʝʥʽʩʪʴ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʘʩʣʽʧʣʶʚʘʥʦʩʪʽ, ʷʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʨʽʟʢʦʶ ʧʦʜʨʘʟʥʶʚʘʣʴʥʦʶ ʜʽʻʶ ʽ ʨʽʟʟʶ ʚ 
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ʦʯʘʭ, ʧʨʠ ʮʴʦʤʫ ʦʯʽ ʧʨʘʮʽʚʥʠʢʘ ʰʚʠʜʢʦ ʚʪʦʤʣʶʶʪʴʩʷ ʽ ʟʦʨʦʚʝ ʩʧʨʠʡʤʘʥʥʷ 

ʧʦʛʽʨʰʫʻʪʴʩʷ. 

ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʩʧʨʠʷʪʣʠʚʠʭ ʫʤʦʚ ʟʦʨʦʚʦʾ ʨʦʙʦʪʠ ʨʽʚʝʥʴ ʦʩʚʽʪʣʝʥʦʩʪʽ 

ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʤʘʻ ʚʽʜʧʦʚʽʜʘʪʠ ʛʽʛʽʻʥʽʯʥʠʤ ʥʦʨʤʘʤ ʜʣʷ ʜʘʥʦʛʦ ʚʠʜʫ ʨʦʙʦʪʠ, 

ʘ ʩʘʤʝ: 

ï ʦʩʚʽʪʣʝʥʽʩʪʴ ʥʘ ʨʦʙʦʯʽʡ ʧʦʚʝʨʭʥʽ ʽ ʚ ʤʝʞʘʭ ʥʘʚʢʦʣʠʰʥʴʦʛʦ 

ʧʨʦʩʪʦʨʫ ʧʦʚʠʥʥʘ ʨʦʟʧʦʜʽʣʷʪʠʩʴ ʧʦ ʤʦʞʣʠʚʦʩʪʽ ʨʽʚʥʦʤʽʨʥʦ; 

ï ʥʘ ʨʦʙʦʯʽʡ ʧʦʚʝʨʭʥʽ ʥʝ ʧʦʚʠʥʥʦ ʙʫʪʠ ʨʽʟʢʠʭ ʪʽʥʝʡ; 

ï ʙʣʠʩʢ ʧʦʚʠʥʝʥ ʙʫʪʠ ʚʽʜʩʫʪʥʽʤ ʚ ʧʦʣʽ ʟʦʨʫ; 

ï ʦʩʚʽʪʣʝʥʽʩʪʴ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʝʦʙʭʽʜʥʠʡ ʩʧʝʢʪʨʘʣʴʥʠʡ 

ʩʢʣʘʜ ʩʚʽʪʣʘ ʜʣʷ ʧʨʘʚʠʣʴʥʦʾ ʢʦʣʴʦʨʦʧʝʨʝʜʘʯʽ.  

ɺ ʣʘʙʦʨʘʪʦʨʽʾ ʧʨʦʚʦʜʷʪʴʩʷ ʟʦʨʦʚʽ ʨʦʙʦʪʠ ʩʝʨʝʜʥʴʦʾ ʪʦʯʥʦʩʪʽ (ʨʦʟʨʷʜ 

ʟʦʨʦʚʦʾ ʨʦʙʦʪʠ IV), ʧʽʜʨʦʟʨʷʜ ʟʦʨʦʚʦʾ ʨʦʙʦʪʠ çʚ». 

ʋ ʣʘʙʦʨʘʪʦʨʽʾ, ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʩʠʩʪʝʤʘ ʩʫʤʽʩʥʦʛʦ ʦʩʚʽʪʣʝʥʥʷ ï

ʦʩʚʽʪʣʝʥʥʷ, ʧʨʠ ʷʢʦʤʫ ʚ ʩʚʽʪʣʠʡ ʯʘʩ ʜʦʙʠ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠʨʦʜʥʝ ʪʘ ʰʪʫʯʥʝ 

ʦʩʚʽʪʣʝʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʥʦʨʤʘʤ ʦʩʚʽʪʣʝʥʥʷ ʟʛʽʜʥʦ ɼɹʅ ɺ.2.5-28-2006 [124].  

4.1.2 ɸʥʘʣʽʟ ʚʧʣʠʚʫ ʰʫʤʫ ʪʘ ʚʽʙʨʘʮʽʾ  

ɻʦʣʦʚʥʠʤ ʰʫʤʦʚʠʤ ʘʛʨʝʛʘʪʦʤ ʻ ʨʦʙʦʪʘ ʩʫʰʠʣʴʥʘ ʰʘʬʘ.  

ʍʘʨʘʢʪʝʨ ʰʫʤʫ ʪʦʥʘʣʴʥʠʡ. ʉʫʰʠʣʴʥʘ ʰʘʬʘ ʧʨʘʮʶʻ ʮʽʣʦʜʦʙʦʚʦ.   

ʌʘʢʪʠʯʥʠʡ ʰʫʤ ʩʢʣʘʜʘʻ 30 ɼɹɸ. ɿʛʽʜʥʦ ʮʠʭ ʥʦʨʤ ʟʘʛʘʣʴʥʠʡ ʨʽʚʝʥʴ ʰʫʤʫ 

ʚ ʧʨʠʤʽʱʝʥʥʽ ʣʘʙʦʨʘʪʦʨʽʾ ʥʝ ʧʦʚʠʥʝʥ ʧʝʨʝʚʠʱʫʚʘʪʠ 75 ɼɹɸ. ʆʩʢʽʣʴʢʠ ʰʫʤ ʚ 

ʣʘʙʦʨʘʪʦʨʽʾ ʥʝ ʧʝʨʝʚʠʱʫʻ ʚʩʪʘʥʦʚʣʝʥʽ ʥʦʨʤʠ, ʪʦ ʰʢʽʜʣʠʚʦʛʦ ʚʧʣʠʚʫ ʥʘ ʣʶʜʠʥʫ 

ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ. ʇʨʠ ʦʜʥʦʯʘʩʥʽʡ ʨʦʙʦʪʽ ʚʩʴʦʛʦ ʫʩʪʘʪʢʫʚʘʥʥʷ ʨʽʚʝʥʴ ʰʫʤʫ ʤʦʞʝ 

ʧʝʨʝʚʠʱʫʚʘʪʠ ʜʦʧʫʩʪʠʤʽ ʥʦʨʤʠ ɼʉʅ 3.3.6.037-99, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʥʠʢʥʝʥʥʷ 

ʧʨʦʬʟʘʭʚʦʨʶʚʘʥʴ [125]. 

4.1.3 ɸʥʘʣʽʟ ʟʘʙʨʫʜʥʝʥʦʩʪʽ ʧʦʚʽʪʨʷ  

ɺʧʣʠʚ ʧʠʣʫ ʥʘ ʦʨʛʘʥʽʟʤ ʣʶʜʠʥʠ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʢʣʘʜʫ ʧʠʣʫ ʪʘ ʡʦʛʦ 

ʧʦʭʦʜʞʝʥʥʷ. ʅʝʪʦʢʩʠʯʥʠʡ ʧʠʣ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʧʦʜʨʘʟʥʝʥʥʷ ʰʢʽʨʠ, ʧʨʠ ʮʴʦʤʫ 
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ʤʦʞʝ ʚʠʥʠʢʥʫʪʠ ʟʘʭʚʦʨʶʚʘʥʥʷ ʰʢʽʨʠ ï ʜʝʨʤʘʪʠʪ. ʗʢʱʦ ʧʠʣ ʧʨʦʥʠʢʘʻ ʚ ʣʝʛʝʥʽ, 

ʪʦ ʚʽʥ ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʪʘʢʝ ʧʨʦʬʝʩʽʡʥʝ ʟʘʭʚʦʨʶʚʘʥʥʷ, ʷʢ ʧʥʝʚʤʦʢʦʥʽʦʟ.   

ʏʠʩʪʦʪʘ ʧʦʚʽʪʨʷ ʚ ʣʘʙʦʨʘʪʦʨʽʾ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʤʽʩʪʦʤ ʧʠʣʫ ʽ ʰʢʽʜʣʠʚʠʭ 

ʨʝʯʦʚʠʥ. ɺ ʧʦʚʽʪʨʽ ʨʦʙʦʯʦʾ ʟʦʥʠ ʧʝʨʽʦʜʠʯʥʦ ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʚʤʽʩʪ ʰʢʽʜʣʠʚʠʭ 

ʨʝʯʦʚʠʥ ʚ ʧʦʚʽʪʨʽ ʣʘʙʦʨʘʪʦʨʽʾ.   

ɼʣʷ ʟʘʭʠʩʪʫ ʦʨʛʘʥʽʚ ʜʠʭʘʥʥʷ ʚʽʜ ʧʦʧʘʜʘʥʥʷ ʚ ʥʠʭ ʧʠʣʫ ʚ ʜʘʥʽʡ ʨʦʙʦʪʽ ʩʣʽʜ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʨʦʪʠʧʠʣʦʚʽ ʨʝʩʧʽʨʘʪʦʨʠ. ɼʣʷ ʣʦʢʘʣʽʟʘʮʽʾ ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ 

ʪʘʢʦʞ ʚʩʪʘʥʦʚʣʝʥʘ ʤʝʭʘʥʽʯʥʘ ʚʠʪʷʞʥʘ ʚʝʥʪʠʣʷʮʽʷ ʤʘʨʢʠ ʉ4.70 ï 3.2. 

4.2 3ʘʙʝʧʝʯʝʥʥʷ ʥʘʣʝʞʥʠʭ ʫʤʦʚ ʧʨʘʮʽ   

4.2.1 ɸʥʘʣʽʟ ʧʘʨʘʤʝʪʨʽʚ ʧʨʠʤʽʱʝʥʥʷ  

ɼʦʩʣʽʜʞʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʟʨʘʟʢʽʚ ʧʨʦʚʦʜʠʣʦʩʷ ʚ ʜʦʩʣʽʜʥʠʮʴʢʽʡ 

ʣʘʙʦʨʘʪʦʨʽʾ ʽʥʩʪʠʪʫʪʫ ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʤ. ɺ.ʄ. ɹʘʢʫʣʷ (ʨʠʩ. 4.1). 

  

 

1 ï ʨʦʙʦʯʝ ʤʽʩʮʝ ʟ ʇʂ; 2 ï ʨʦʙʦʯʝ ʤʽʩʮʝ ʟʽ ʩʢʘʥʫʚʘʣʴʥʠʤ ʝʣʝʢʪʨʦʥʥʠʤ 

ʤʽʢʨʦʩʢʦʧʦʤ; 3 ï ʨʦʙʦʯʠʡ ʩʪʽʣ; 4 ï ʩʫʰʠʣʴʥʘ ʰʘʬʘ; 5 ï ʨʦʙʦʯʝ ʤʽʩʮʝ ʟ ʇʂ 

ʈʠʩʫʥʦʢ 4.1 ï ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʜʦʩʣʽʜʥʠʮʴʢʦʾ ʣʘʙʦʨʘʪʦʨʽʾ ʚ ʽʥʩʪʠʪʫʪʽ 

ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
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ɼʦʩʣʽʜʥʠʮʴʢʘ ʣʘʙʦʨʘʪʦʨʽʷ ʟʘʡʤʘʻ ʧʣʦʱʫ 48ʤ2 ʥʘ ʷʢʽʡ ʧʨʘʮʶʶʪʴ 2 ʣʶʜʠʥʠ. 

ʅʘ ʢʦʞʥʦʛʦ ʨʦʙʽʪʥʠʢʘ ʧʨʠʧʘʜʘʻ 24 ʤ2 . 

ʂʘʪʝʛʦʨʽʷ ʚʘʞʢʦʩʪʽ ʨʦʙʽʪ ʷʢʽ ʚʠʢʦʥʫʶʪʴʩʷ ʚ ʮʝʭʘʭ ʻ ɯʙ ï ʣʝʛʢʘ, ʪʦʤʫ, ʱʦ 

ʨʦʙʦʪʘ ʚʠʢʦʥʫʻʪʴʩʷ ʩʠʜʷʯʠ ʽ ʥʝ ʧʦʪʨʝʙʫʻ ʬʽʟʠʯʥʦʛʦ ʥʘʧʨʫʞʝʥʥʷ. ʇʘʨʘʤʝʪʨʠ 

ʤʽʢʨʦʢʣʽʤʘʪʫ ʫ ʣʘʙʦʨʘʪʦʨʽʷʭ ʽ ʮʝʭʘʭ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʟʘ ʪʘʢʠʭ ʟʥʘʯʝʥʴ: 

ʪʝʤʧʝʨʘʪʫʨʘ ï (10 ï 20) 0ʉ ʚ ʭʦʣʦʜʥʠʡ ʧʝʨʽʦʜ ʪʘ (19 ï 25) 0ʉ ï ʚ ʪʝʧʣʠʡ ʧʝʨʽʦʜ 

ʨʦʢʫ; ʚʦʣʦʛʽʩʪʴ ï (40 ï 60) %; ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʧʦʚʽʪʨʷ ʥʝ ʙʽʣʴʰʝ 0,2 ʤ/ʩ. 

ɿʥʘʯʝʥʥʷ ʧʦʢʘʟʥʠʢʽʚ ʪʝʤʧʝʨʘʪʫʨʠ, ʚʽʜʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽ ʪʘ ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ 

ʧʦʚʽʪʨʷ ʜʣʷ ʣʝʛʢʦʾ Iʙ ʢʘʪʝʛʦʨʽʾ ʨʦʙʽʪ ʫ ʣʘʙʦʨʘʪʦʨʽʷʭ ʽ ʮʝʭʘʭ ʥʝ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʦʧʪʠʤʘʣʴʥʠʤ ʚʠʤʦʛʘʤ, ʘʣʝ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʦʙʣʘʩʪʽ ʜʦʧʫʩʪʠʤʠʭ ʜʣʷ ʥʝʧʦʩʪʽʡʥʦʛʦ 

ʨʦʙʦʯʦʛʦ ʤʽʩʮʷ ʚ ʭʦʣʦʜʥʠʡ ʪʘ ʪʝʧʣʠʡ ʧʝʨʽʦʜ ʨʦʢʫ, ʦʢʨʽʤ, ʟʚʽʩʥʦ, ʟʥʘʯʝʥʴ 

ʪʝʤʧʝʨʘʪʫʨʠ ʫ ʭʦʣʦʜʥʠʡ ʧʝʨʽʦʜ ʨʦʢʫ, ʱʦ ʻ ʥʝʜʦʧʫʩʪʠʤʦ ʥʠʟʴʢʠʤʠ. 

ʇʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʽʥʜʠʚʽʜʫʘʣʴʥʠʭ ʥʘʛʨʽʚʘʯʽʚ ʧʦʚʽʪʨʷ ʫ ʙʝʟʧʦʩʝʨʝʜʥʽʡ 

ʟʦʥʽ ʥʘʡʯʘʩʪʽʰʦʛʦ ʨʦʙʦʯʦʛʦ ʤʽʩʮʷ ʧʨʘʮʽʚʥʠʢʘ ʘʞ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʜʦʧʫʩʪʠʤʠʭ 

ʟʥʘʯʝʥ.ɹ 

4.2.2 ɽʣʝʢʪʨʦʙʝʟʧʝʢʘ  

ɾʠʚʣʝʥʥʷ ʚʩʴʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚ ʣʘʙʦʨʘʪʦʨʽʾ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚʽʜ ʤʝʨʝʞʽ ʟ 

ʥʘʧʨʫʛʦʶ 220 ɺ. ʄʽʢʨʦʩʢʦʧ ʤʘʻ ʧʽʜʩʠʣʝʥʫ ʽʟʦʣʷʮʽʶ, ʢʦʤʧôʶʪʝʨʠ ʜʣʷ ʦʙʨʦʙʢʠ 

ʽʥʬʦʨʤʘʮʽʾ ʪʘʢʦʞ ʤʘʶʪʴ ʧʽʜʚʠʱʝʥʫ ʽʟʦʣʷʮʽʶ, ʘ ʪʘʢʦʞ ʟʘʢʨʠʪʽ ʢʦʨʧʫʩʠ, ʱʦ 

ʟʘʭʠʱʘʶʪʴ ʾʭ ʚʽʜ ʧʦʪʨʘʧʣʷʥʥʷ ʧʠʣʫ. ʃʘʙʦʨʘʪʦʨʽʷ ʚ ʽʥʩʪʠʪʫʪʽ ʥʘʜʪʚʝʨʜʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʢʘʪʝʛʦʨʽʾ  ʧʨʠʤʽʱʝʥʴ ʙʝʟ ʧʽʜʚʠʱʝʥʦʾ ʥʝʙʝʟʧʝʢʠ.  

ɽʣʝʢʪʨʦʙʝʟʧʝʢʘ ʣʶʜʝʡ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʦʣʦʛʦʩʪʽ ʽ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʚʽʪʨʷ ʫ ʧʨʠʤʽʱʝʥʥʽ, ʩʪʫʧʝʥʷ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʧʽʜʣʦʛʠ ʽ ʩʪʽʥ, 

ʥʘʷʚʥʦʩʪʽ ʚ ʧʦʚʽʪʨʽ ʭʽʤʽʯʥʠʭ ʨʝʯʦʚʠʥ ʡ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʛʦ ʧʠʣʫ ʪʦʱʦ.  

ɹʝʟʧʝʢʘ ʝʢʩʧʣʫʘʪʘʮʽʾ ʨʦʙʦʪʠ ʝʣʝʢʪʨʦʫʩʪʘʪʢʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʥʘʩʪʫʧʥʠʤʠ ʟʘʭʠʩʥʠʤʠ ʟʘʭʦʜʘʤʠ: ʧʝʨʽʦʜʠʯʥʦʶ ʧʝʨʝʚʽʨʢʦʶ ʩʪʘʥʫ ʽʟʦʣʷʮʽʾ ʪʘ 

ʥʝʜʦʩʪʫʧʥʽʩʪʶ ʩʪʨʫʤʦʚʝʜʫʯʠʭ ʯʘʩʪʠʥ. ʅʘ ʜʽʶ ʝʣʝʢʪʨʠʯʥʦʛʦ ʫʨʘʞʝʥʥʷ ʚʧʣʠʚʘʻ 

ʨʷʜ ʬʘʢʪʦʨʽʚ: ʚʝʣʠʯʠʥʘ ʩʪʨʫʤʫ (1 ʤɸ), ʨʽʜ ʩʪʨʫʤʫ (ʩʪʨʫʤ ʧʝʨʝʤʽʥʥʠʡ), ʯʘʩʪʦʪʘ 
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ʩʪʨʫʤʫ (50 ɻʮ), ʰʣʷʭ ʩʪʨʫʤʫ ʚ ʦʨʛʘʥʽʟʤʽ, ʪʨʠʚʘʣʽʩʪʴ ʜʽʾ ʩʪʨʫʤʫ, ʩʪʘʥ ʦʨʛʘʥʽʟʤʫ, 

ʚʠʨʦʙʥʠʯʝ ʩʝʨʝʜʦʚʠʱʝ.  

ɺʝʣʠʯʠʥʘ ʩʪʨʫʤʫ, ʱʦ ʧʨʦʪʽʢʘʻ ʯʝʨʝʟ ʙʫʜʴ-ʷʢʫ ʜʽʣʷʥʢʫ ʪʽʣʘ. ʇʨʠ ʨʦʟʨʦʙʮʽ 

ʟʘʭʠʩʥʠʭ ʟʘʭʦʜʽʚ, ʚʚʘʞʘʶʪʴ ʥʝʙʝʟʧʝʯʥʠʤ ʩʪʨʫʤ ʫ 25 ʤɸ, ʧʨʠ ʷʢʦʤʫ ʚʘʞʢʦ 

ʩʘʤʦʩʪʽʡʥʦ ʚʽʜʽʨʚʘʪʠʩʴ ʚʽʜ ʧʨʦʚʽʜʥʠʢʘ, ʘ ʩʪʨʫʤ ʚʝʣʠʯʠʥʦʶ 100 ʤɸ ʤʦʞʝ 

ʧʨʠʟʚʝʩʪʠ ʜʦ ʩʤʝʨʪʝʣʴʥʦʛʦ ʥʘʩʣʽʜʢʫ.  

ʋ ʣʘʙʦʨʘʪʦʨʽʾ, ʜʝ ʧʨʦʚʦʜʠʣʠʩʷ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʘʚʠʣʴʥʦ ʚʠʢʦʥʘʥʝ ʟʘʭʠʩʥʝ 

ʟʘʟʝʤʣʝʥʥʷ ʢʦʨʧʫʩʽʚ, ʝʣʝʢʪʨʦʫʩʪʘʪʢʫʚʘʥʥʷ ʽ ʧʨʠʣʘʜʽʚ. ʈʦʟʪʘʰʫʚʘʥʥʷ ʨʦʙʦʯʠʭ 

ʤʽʩʮʴ ʪʘʢʝ, ʱʦ ʚʠʢʣʶʯʘʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʦʜʥʦʯʘʩʥʦʛʦ ʜʦʪʦʨʢʘʥʥʷ ʜʦ ʢʦʨʧʫʩʽʚ, 

ʝʣʝʢʪʨʦʫʩʪʘʪʢʫʚʘʥʥʷ ʽ ʧʨʠʣʘʜʽʚ.  

ʄʦʞʣʠʚʠʤʠ ʚʠʧʘʜʢʘʤʠ ʫʨʘʞʝʥʥʷ ʝʣʝʢʪʨʠʯʥʠʤ ʩʪʨʫʤʦʤ ʫ ʜʘʥʽʡ 

ʣʘʙʦʨʘʪʦʨʽʾ ʻ ʫʨʘʞʝʥʥʷ ʧʨʠ ʧʦʰʢʦʜʞʝʥʥʽ ʽʟʦʣʷʮʽʾ ʽ ʟʘʟʝʤʣʝʥʥʷ ʤʽʢʨʦʩʢʦʧʫ ʪʘ 

ʝʣʝʢʪʨʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʘʙʦ ʧʨʠ ʧʦʰʢʦʜʞʝʥʥʽ ʨʦʟʝʪʢʠ. ɽʣʝʢʪʨʦʪʝʭʥʽʯʥʽ 

ʚʠʨʦʙʠ ʟ ʪʦʯʢʠ ʟʦʨʫ ʙʝʟʧʝʢʠ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʤʦʛʘʤ ʇʋɽ-2017 [127].  

4.3 ʈʦʟʨʘʭʫʥʦʢ ʽʥʞʝʥʝʨʥʦʛʦ ʨʽʰʝʥʥʷ  

ʂʦʥʩʪʨʫʢʮʽʷ ʤʽʩʮʝʚʠʭ ʚʽʜʩʤʦʢʪʫʚʘʯʽʚ ʚʠʙʠʨʘʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʠʜʫ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ, ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʦʩʥʘʱʝʥʥʷ. ɺʦʥʘ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʥʝʦʙʭʽʜʥʫ ʯʠʩʪʦʪʫ ʧʦʚʽʪʨʷ ʥʘ ʨʦʙʦʯʦʤʫ ʤʽʩʮʽ ʧʨʠ ʤʽʥʽʤʘʣʴʥʠʭ ʚʠʪʨʘʪʘʭ ʧʦʚʽʪʨʷ, 

ʷʢʝ ʚʠʜʘʣʷʻʪʴʩʷ, ʟʘʧʦʙʽʛʘʪʠ ʨʦʟʧʦʚʩʶʜʞʝʥʥʶ ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ ʧʦ ʦʙôʻʤʫ 

ʧʨʠʤʽʱʝʥʥʷ, ʥʝ ʟʘʚʘʞʘʪʠ ʚʠʢʦʥʘʥʥʶ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ. ʇʨʠʚôʷʟʢʘ 

ʚʽʜʩʤʦʢʪʫʚʘʯʽʚ ʜʦ ʦʙʣʘʜʥʘʥʥʷ ʧʦʚʠʥʥʘ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʛʦ ʧʨʠʙʣʠʞʝʥʥʷ ʡʦʛʦ ʜʦ ʜʞʝʨʝʣʘ ʰʢʽʜʣʠʚʠʭ ʚʠʜʽʣʝʥʴ [8].  

ɿʘ ʥʘʷʚʥʦʩʪʽ ʜʘʥʠʭ ʧʨʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʜʽʣʝʥʥʷ ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ ʚ 

ʘʪʤʦʩʬʝʨʫ ʧʨʠʤʽʱʝʥʥʷ ʧʦʚʽʪʨʦʦʙʤʽʥ ʚ ʟʘʛʘʣʴʥʠʭ ʚʠʧʘʜʢʘʭ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ 

ʬʦʨʤʫʣʦʶ:  

  

 L=1000ɓV/Cʛʜʢ,  (4.1)  
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ʜʝ V ï ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʜʽʣʝʥʥʷ ʰʢʽʜʣʠʚʦʾ ʨʝʯʦʚʠʥʠ ʚ ʦʜʠʥʠʮʶ ʯʘʩʫ ʛ/ʛʦʜ; ɓ ï 

ʢʦʝʬʽʮʽʻʥʪ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ ʚ ʦʙôʻʤʽ ʧʨʠʤʽʱʝʥʥʷ;  

Cʛʜʢ ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʰʢʽʜʣʠʚʦʾ ʨʝʯʦʚʠʥʠ ʚ ʧʦʚʽʪʨʽ ʨʦʙʦʯʦʾ ʟʦʥʠ, ʤʛ/ʤ3.  

ʆʩʢʽʣʴʢʠ ʚ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʤʘʣʦʪʦʢʩʠʯʥʽ ʨʝʯʦʚʠʥʠ, ʨʦʟʨʘʭʫʥʦʢ 

ʧʨʦʚʦʜʠʪʴʩʷ ʟʘ ʟʘʛʘʣʴʥʦʶ ʬʦʨʤʫʣʦʶ:  

  

   L=1000 Ĭ1,2/2=600 ʤ3/ʛʦʜ.  

ʊʘʢʠʤ ʯʠʥʦʤ ʦʙôʻʤ ʧʦʚʽʪʨʷ, ʥʝʦʙʭʽʜʥʦʛʦ ʜʣʷ ʚʝʥʪʠʣʶʚʘʥʥʷ ʙʫʜʝ ʩʪʘʥʦʚʠʪʠ  

600 ʤ3/ʛʦʜ.  

 

4.4 ɺʠʤʦʛʠ ʙʝʟʧʝʢʠ ʚ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʷʭ  

ɼʦ ʚʠʜʽʚ ʥʝʙʝʟʧʝʢʠ, ʱʦ ʤʦʞʫʪʴ ʩʪʘʪʠʩʷ ʥʘ ʚʠʨʦʙʥʠʮʪʚʽ, ʥʘʣʝʞʘʪʴ: ʧʦʞʝʞʘ; 

ʚʠʙʫʭ (ʫʩʝʨʝʜʠʥʽ ʦʙʣʘʜʥʘʥʥʷ, ʙʫʜʽʚʣʷʭ ʘʙʦ ʥʘʚʢʦʣʠʰʥʴʦʤʫ ʩʝʨʝʜʦʚʠʱʽ); ʨʦʟʨʠʚ 

ʘʙʦ ʟʨʫʡʥʫʚʘʥʥʷ ʦʙʣʘʜʥʘʥʥʷ; ʚʠʢʠʜ ʰʢʽʜʣʠʚʠʭ ʨʝʯʦʚʠʥ; ʩʧʦʣʫʯʝʥʥʷ 

ʧʝʨʝʣʽʯʝʥʠʭ ʚʠʜʽʚ ʥʝʙʝʟʧʝʢʠ. ɿ ʤʝʪʦʶ ʟʘʧʦʙʽʛʘʥʥʷ ʚʠʥʠʢʥʝʥʥʶ ʪʘ ʣʽʢʚʽʜʘʮʽʾ 

ʥʘʜʟʚʠʯʘʡʥʠʭ (ʘʚʘʨʽʡʥʠʭ) ʩʠʪʫʘʮʽʡ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʽ ʤʘʻ ʙʫʪʠ ʧʣʘʥ ʣʦʢʘʣʽʟʘʮʽʾ ʪʘ 

ʣʽʢʚʽʜʘʮʽʾ ʘʚʘʨʽʡʥʠʭ ʩʠʪʫʘʮʽʡ ʽ ʘʚʘʨʽʡ ʫ ʚʽʜʧʦʚʽʜʥʦʩʪʽ ʜʦ ʧʦʣʦʞʝʥʥʷ. ʇʽʜ ʯʘʩ 

ʘʥʘʣʽʟʫ ʥʝʙʝʟʧʝʢʠ ʧʽʜʧʨʠʻʤʩʪʚʘ (ʦʙ'ʻʢʪʘ) ʧʦʪʨʽʙʥʦ ʚʠʟʥʘʯʠʪʠ ʚʩʽ ʤʦʞʣʠʚʽ 

ʘʚʘʨʽʡʥʽ ʩʠʪʫʘʮʽʾ ʽ ʘʚʘʨʽʾ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʡ ʤʘʣʦʡʤʦʚʽʨʥʽ, ʟ ʢʘʪʘʩʪʨʦʬʽʯʥʠʤʠ 

ʥʘʩʣʽʜʢʘʤʠ ʷʢʽ ʤʦʞʫʪʴ ʚʠʥʠʢʘʪʠ ʥʘ ʧʽʜʧʨʠʻʤʩʪʚʽ, ʨʦʟʛʣʷʥʫʪʠ ʩʮʝʥʘʨʽʾ ʾʭʥʴʦʛʦ 

ʨʦʟʚʠʪʢʫ ʽ ʦʮʽʥʠʪʠ ʥʘʩʣʽʜʢʠ. ɺʠʷʚʣʝʥʥʷ ʤʦʞʣʠʚʦʩʪʝʡ ʽ ʫʤʦʚ ʚʠʥʠʢʥʝʥʥʷ ʘʚʘʨʽʡ 

ʤʘʻ ʚʠʢʦʥʫʚʘʪʠʩʴ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʦʙʦʪʠ ʷʢ ʦʢʨʝʤʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ (ʘʧʘʨʘʪʽʚ, ʤʘʰʠʥ ʪʦʱʦ), ʪʘʢ ʽ ʾʭ ʛʨʫʧʠ (ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʙʣʦʢʽʚ), ʘ 

ʪʘʢʦʞ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʥʝʙʝʟʧʝʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʝʯʦʚʠʥ ʽ ʤʘʪʝʨʽʘʣʽʚ 

(ʚʠʙʫʭʦʧʦʞʝʞʦʥʝʙʝʟʧʝʯʥʠʭ ʪʘ ʰʢʽʜʣʠʚʠʭ), ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ 

ʚʠʨʦʙʥʠʮʪʚʽ. ʇʨʠ ʮʴʦʤʫʩʣʽʜ ʚʨʘʭʦʚʫʚʘʪʠ ʧʘʨʘʤʝʪʨʠ ʩʪʘʥʫ ʨʝʯʦʚʠʥ 

(ʪʝʤʧʝʨʘʪʫʨʘ, ʪʠʩʢ, ʘʛʨʝʛʘʪʥʠʡ ʩʪʘʥ ʪʦʱʦ) ʽ ʩʪʘʥ ʦʙʣʘʜʥʘʥʥʷ, ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʷʢ 

ʥʦʨʤʘʣʴʥʦʤʫ ʪʝʭʥʦʣʦʛʽʯʥʦʤʫ ʨʝʞʠʤʫ, ʪʘʢ ʽ ʨʝʞʠʤʘʤ, ʷʢʽ 

ʤʦʞʣʠʚʽ ʧʨʠ ʥʘʩʪʘʥʥʽ ʡ ʨʦʟʚʠʪʢʫ ʘʚʘʨʽʾ 
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4.4.1 ʇʦʞʝʞʥʘ ʙʝʟʧʝʢʘ  

ɺʠʤʦʛʠ ʱʦʜʦ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʪʘ ʧʣʘʥʫʚʘʣʴʥʠʭ ʨʽʰʝʥʴ ʧʨʦʤʠʩʣʦʚʠʭ 

ʦʙ'ʻʢʪʽʚ, ʘ ʪʘʢʦʞ ʽʥʰʠʭ ʧʠʪʘʥʴ ʟʘʙʝʟʧʝʯʝʥʥʷ ʾʭʥʴʦʾ ʧʦʞʝʞʦ- ʪʘ ʚʠʙʫʭʦʙʝʟʧʝʢʠ 

ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʶʪʴʩʷ ʢʘʪʝʛʦʨʽʻʶ ʧʨʠʤʽʱʝʥʴ ʪʘ ʙʫʜʽʚʝʣʴ ʟʘ 

ʚʠʙʫʭʦʧʦʞʝʞʥʦʶ ʪʘ ʧʦʞʝʞʥʦʶ ʥʝʙʝʟʧʝʢʦʶ. ɺʠʟʥʘʯʝʥʥʷ ʢʘʪʝʛʦʨʽʾ ʧʨʠʤʽʱʝʥʥʷ 

ʧʨʦʚʦʜʠʪʴʩʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʢʘʟʥʠʢʽʚ ʧʦʞʝʞʦʚʠʙʫʭʦʥʝʙʝʟʧʝʯʥʦʩʪʽ ʨʝʯʦʚʠʥ ʪʘ 

ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʪʘʤ ʟʥʘʭʦʜʷʪʴʩʷ (ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ) ʪʘ ʾʭ ʢʽʣʴʢʦʩʪʽ. ɺʽʜʧʦʚʽʜʥʦ 

ʜʦ ɼʉʊʋ ɹ ɺ.1.1-36:2016. ʧʨʠʤʽʱʝʥʥʷ ʟʘ ʚʠʙʫʭʦʧʦʞʝʞʥʦʶ ʪʘ ʧʦʞʝʞʥʦʶ 

ʥʝʙʝʟʧʝʢʦʶ ʧʦʜʽʣʷʶʪʴʩʷ ʥʘ ʧ'ʷʪʴ ʢʘʪʝʛʦʨʽʡ (ɸ, ɹ, ɺ, ɻ, ɼ) [129]  . 

ɿʛʽʜʥʦ ʟ ʢʘʪʝʛʦʨʽʷʤʠ ʧʨʠʤʽʱʝʥʴ ʽ ʙʫʜʽʚʝʣʴ ʧʦ ʚʠʙʫʭʦʧʦʞʝʞʥʽʡ ʥʝʙʝʟʧʝʮʽ 

ʣʘʙʦʨʘʪʦʨʽʾ ʥʘʣʝʞʘʪʴ ʜʦ ʪʘʢʠʭ ʢʘʪʝʛʦʨʽʡ: 

ɼ ï ʣʘʙʦʨʘʪʦʨʽʷ ʜʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʩʫʤʽʰʝʡ, ʣʘʙʦʨʘʪʦʨʽʷ ʜʣʷ 

ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ. ʊʦʤʫ ʱʦ ʚ ʧʨʠʤʽʱʝʥʥʽ ʟʥʘʭʦʜʷʪʴʩʷ ʥʝʛʦʨʶʯʽ ʤʘʪʝʨʽʘʣʠ, 

ʪʘʢʽ ʷʢ ʧʦʨʦʰʢʠ GaN. 

ɺ ï ʣʘʙʦʨʘʪʦʨʽʷ, ʜʝ ʟʥʘʭʦʜʠʪʴʩʷ ʘʧʘʨʘʪʠ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ, ʚʘʢʫʫʤʥʽ ʧʝʯʽ ʪʘ 

ʜʨʦʙʘʨʢʠ. ʊʦʤʫ ʱʦ ʚ ʧʨʠʤʽʱʝʥʥʽ ʟʥʘʭʦʜʷʪʴʩʷ ʥʝʛʦʨʶʯʽ ʧʦʨʦʰʢʠ ʫ ʨʦʟʞʘʨʝʥʦʤʫ 

ʩʪʘʥʽ, ʧʨʦʮʝʩ ʦʙʨʦʙʢʠ ʷʢʠʭ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʠʜʽʣʝʥʥʷʤ ʪʝʧʣʘ; ʛʦʨʶʯʠʡ ʛʘʟ, 

ʪʘʢʠʡ ʷʢ ʚʦʜʝʥʴ, ʱʦ ʩʧʘʣʶʶʪʴ ʽ ʫʪʠʣʽʟʫʶʪʴ, ʷʢ ʧʘʣʠʚʦ. 

ʉʠʩʪʝʤʘ ʧʦʞʝʞʥʦʾ ʩʠʛʥʘʣʽʟʘʮʽʾ ï ʩʫʢʫʧʥʽʩʪʴ ʪʝʭʥʽʯʥʠʭ ʟʘʩʦʙʽʚ, 

ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʚʠʷʚʣʝʥʥʷ ʧʦʞʝʞʽ, ʦʙʨʦʙʢʠ, ʧʝʨʝʜʘʯʽ ʚ ʟʘʜʘʥʦʤʫ ʚʠʛʣʷʜʽ 

ʧʦʚʽʜʦʤʣʝʥʥʷ ʧʨʦ ʧʦʞʝʞʫ, ʩʧʝʮʽʘʣʴʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʪʘ ʚʠʜʘʯʽ ʢʦʤʘʥʜ ʥʘ 

ʚʢʣʶʯʝʥʥʷ ʘʚʪʦʤʘʪʠʯʥʠʭ ʫʩʪʘʥʦʚʦʢ ʧʦʞʝʞʦʛʘʩʽʥʥʷ ʽ ʚʢʣʶʯʝʥʥʷ ʚʠʢʦʥʘʚʯʠʭ 

ʫʩʪʘʥʦʚʦʢ ʩʠʩʪʝʤ ʧʨʦʪʠʜʠʤʥʦʛʦ ʟʘʭʠʩʪʫ, ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʪʘ ʽʥʞʝʥʝʨʥʦʛʦ 

ʦʙʣʘʜʥʘʥʥʷ, ʘ ʪʘʢʦʞ ʽʥʰʠʭ ʧʨʠʩʪʨʦʾʚ ʧʨʦʪʠʧʦʞʝʞʥʦʛʦ ʟʘʭʠʩʪʫ. 

ʇʦʞʝʞʥʘ ʩʠʛʥʘʣʽʟʘʮʽʷ ʪʘ ʧʨʠʤʽʱʝʥʥʷ, ʚ ʷʢʠʭ ʚʦʥʘ ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ, 

ʧʨʠʚʝʜʝʥʽ ʚ ʽʥʩʪʨʫʢʮʽʾ ɺʇʉʅ-61-78, ʜʝ ʟʘʣʝʞʥʦ ʚʽʜ ʩʭʝʤʠ ʚʢʣʶʯʝʥʥʷ 

ʩʧʦʚʽʱʫʚʘʯʽʚ ʩʠʛʥʘʣʽʟʘʮʽʡʥʽ ʧʦʞʝʞʥʽ ʩʠʩʪʝʤʠ ʜʽʣʷʪʴ ʥʘ ʧʨʦʤʝʥʝʚʽ ʪʘ ʢʽʣʴʮʝʚʽ. 

ɺʦʥʠ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʦʜʥʦʪʠʧʥʠʭ ʝʣʝʤʝʥʪʽʚ: ʧʨʠʡʤʘʣʴʥʦʾ ʩʪʘʥʮʽʾ, ʧʨʦʚʽʜʥʠʢʽʚ, 

ʦʧʦʚʽʱʫʚʘʯʽʚ. 



94 
 

 

ʇʦʟʠʪʠʚʥʘ ʷʢʽʩʪʴ ʧʨʦʤʝʥʝʚʦʾ ʩʠʩʪʝʤʠ ï ʥʘʜʽʡʥʽʩʪʴ, ʥʝʜʦʣʽʢ ï ʚʝʣʠʢʘ 

ʢʽʣʴʢʽʩʪʴ ʧʨʦʚʦʜʽʚ. 

ʇʦʟʠʪʠʚʥʘ ʷʢʽʩʪʴ ʢʽʥʮʝʚʦʾ ʩʠʩʪʝʤʠ ï ʤʝʥʰʘ ʢʽʣʴʢʽʩʪʴ ʧʨʦʚʦʜʽʚ, ʘ ʥʝʜʦʣʽʢ ï 

ʤʝʥʰʘ ʥʘʜʽʡʥʽʩʪʴ. 

ɼʽʷ ʩʧʦʚʽʱʫʚʘʯʽʚ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʚʧʣʠʚʽ ʜʠʤʫ, ʪʝʧʣʘ ʽ ʩʚʽʪʣʘ ʥʘ ʯʫʪʣʠʚʽ 

ʝʣʝʤʝʥʪʠ ʩʧʦʚʽʱʫʚʘʯʽʚ. ʾʭ ʧʦʜʽʣʷʶʪʴ ʥʘ ʪʝʧʣʦʚʽ, ʜʠʤʦʚʽ, ʩʚʽʪʣʦʚʽ, ʢʦʤʙʽʥʦʚʘʥʽ. ɺ 

ʷʢʦʩʪʽ ʯʫʪʣʠʚʦʛʦ ʝʣʝʤʝʥʪʘ ʚ ʥʠʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʙʽʤʝʪʘʣʠ, ʪʝʨʤʦʧʘʨʠ, 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʠ ʪʘ ʽʥ.  

ʂʦʞʥʘ ʣʘʙʦʨʘʪʦʨʽʷ ʤʘʻ ʩʭʝʤʫ ʝʚʘʢʫʘʮʽʾ ʣʶʜʝʡ ʧʽʜ ʯʘʩ ʧʦʞʝʞʽ (ʨʠʩ 4.2). 

ʈʠʩʫʥʦʢ 4.2 ï ʇʣʘʥ ʝʚʘʢʫʘʮʽʾ 

ʋ ʟʚôʷʟʢʫ ʟ ʪʠʤ, ʱʦ ʚ ɯʥʩʪʠʪʫʪʽ ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽʤ. ɺ.ʄ. ɹʘʢʫʣʷ 

ʅɸʅʋ ʋʢʨʘʾʥʠ ʙʽʣʴʰʘ ʯʘʩʪʠʥʘ ʦʙʣʘʜʥʘʥʥʷ ʻ ʝʣʝʢʪʨʠʯʥʠʤ, ʦʩʥʦʚʥʠʤ ʟʘʩʦʙʦʤ 

ʛʘʩʽʥʥʷ ʧʦʞʝʞʽ ʻ ʚʦʛʥʝʛʘʩʥʠʢ ʆʋ-2. ɼʣʷ ʚʠʷʚʣʝʥʥʷ ʧʦʞʝʞ ʫ ʣʘʙʦʨʘʪʦʨʽʷʭ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʘʚʪʦʤʘʪʠʯʥʘ ʧʦʞʝʞʥʘ ʩʠʛʥʘʣʽʟʘʮʽʷ. ʊʠʧ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʜʘʪʯʠʢʘ 

ʧʣʘʚʢʠʡ. 

4.4.2 ʇʣʘʥ ʜʽʡ ʫ ʥʘʜʟʚʠʯʘʡʥʠʭ ʩʠʪʫʘʮʽʷʭ 

ʇʣʘʥ ʜʽʡ ʫ ʝʢʩʪʨʝʥʥʠʭ ʩʠʪʫʘʮʽʷʭ ʥʘ ʚʠʨʦʙʥʠʮʪʚʽ ʧʦʚʠʥʝʥ ʙʫʪʠ 

ʨʦʟʨʦʙʣʝʥʠʡ ʟʘʟʜʘʣʝʛʽʜʴ ʪʘ ʤʽʩʪʠʪʠ ʯʽʪʢʽ ʢʨʦʢʠ, ʷʢʽ ʥʝʦʙʭʽʜʥʦ ʚʞʠʪʠ ʫ ʨʘʟʽ 


