


2 
 

ʆɻʃɸɺʃɽʅʀɽ 

ɺɺɽɼɽʅʀɽ .................................................................................................................................6 

ɻʃɸɺɸ 1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ  .................................................................................. 17 

1.1. ʂʘʨʙʠʜʳ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ........................................................................................... 17 

1.1.1. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ .......................................................... 17 

1.1.2. ʆʢʠʩʣʠʪʝʣʴʥʘʷ ʠ ʘʙʣʷʮʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ  ............ 20 

1.1.3. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠ ̫ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ .................................................. 25 

1.1.3.1. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʦʚ ......................................................... 25 

1.1.3.2. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ...................................................... 30 

1.2. ʀʨʠʜʠʡ ........................................................................................................................... 40 

1.2.1. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ .......................................................... 40 

1.2.2. ʉʠʩʪʝʤʘ ʠʨʠʜʠʡ ï ʫʛʣʝʨʦʜ .................................................................................... 43 

1.2.3. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ  .......................................................... 48 

1.2.4. ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ  ..................................................................... 51 

1.3. ɿʘʢʣʶʯʝʥʠʝ .................................................................................................................... 55 

ɻʃɸɺɸ 2. ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ............................................. 56 

2.1. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ M ï C ï F (M = Hf, Ta) 56 

2.1.1. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Ta ï C ï F  ....................................... 58 

2.1.2. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Hf ï C ï F ........................................ 61 

2.1.3. ʉʨʘʚʥʝʥʠʝ ʩʠʩʪʝʤ Ta ï C ï F ʠ Hf ï C ï F ............................................................. 63 

2.2. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ M ï C ï Si ï O ï F (M = 

Hf, Ta) ............................................................................................................................... 64 

2.2.1. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F .......................... 65 

2.2.2. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F .......................... 68 

2.2.3. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʛʘʬʥʠʡ- ʠ ʪʘʥʪʘʣʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ ............................ 70 

ɻʃɸɺɸ 3. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ ..................................................................... 74 

3.1. ʀʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ ........................................................................................................ 74 

3.2. ʄʝʪʦʜʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ .............................................................................................. 74 

3.2.1. ʆʩʘʞʜʝʥʠʝ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ RCVD ʤʝʪʦʜʦʤ  ..................................... 74 

3.2.2. ʆʩʘʞʜʝʥʠʝ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ MO CVD ʤʝʪʦʜʦʤ  .......................................... 76 

3.2.3. ʈʝʘʢʮʠʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʥʘ 

ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʥʳʤ ʥʘ ʥʠʭ ʧʦʢʨʳʪʠʝʤ ʠʟ ʠʨʠʜʠʷ  76 



3 
 

3.2.4. ʊʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʨʠʜʠʷ ʩ ʢʘʨʙʠʜʘʤʠ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ .............. 78 

3.2.5. ʇʨʦʚʝʜʝʥʠʝ ʠʩʧʳʪʘʥʠʡ ʦʙʨʘʟʮʦʚ ʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʤ ʧʦʪʦʢʝ ʧʣʘʟʤʳ ............. 79 

3.3. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ................................................................. 80 

ɻʃɸɺɸ 4. ʂʆʄʇʃɽʂʉʅʓɽ ʇʆʂʈʓʊʀʗ ʅɸ ʋɻʃɽʈʆɼʅʓʍ ʇʆɼʃʆɾʂɸʍ, 

ʆʉɸɾɼɪʅʅʓɽ ɺ ʇʆʉʃɽɼʆɺɸʊɽʃʔʅʆʉʊʀ çRCVD ʇʆʂʈʓʊʀɽ ʀɿ 

ʊʋɻʆʇʃɸɺʂʀʍ ʉʆɽɼʀʅɽʅʀʁ ʇɽʈɽʍʆɼʅʓʍ ʄɽʊɸʃʃʆɺ (ɻɸʌʅʀʗ ʀ 

ʊɸʅʊɸʃɸ) ï ʀʈʀɼʀɽɺʆɽ ʇʆʂʈʓʊʀɽ, ʇʆʃʋʏɽʅʅʆɽ MOCVD ʄɽʊʆɼʆʄè ....... 84 

4.1. RCVD ʧʦʢʨʳʪʠʝ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʛʘʬʥʠʷ ʠ 

ʪʘʥʪʘʣʘ) ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ ............................................................................... 84 

4.1.1. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Hf ï C ï F ................................... 84 

4.1.2. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Hfï C ï Si ï O ï F ...................... 88 

4.1.3. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Ta ï C ï F ................................... 98 

4.1.4. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Taï C ï Si ï O ï F .................... 105 

4.1.5. ɺr ʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 4.1  .......................................................................................... 109 

4.2. ʂʦʤʧʣʝʢʩʥʳʝ ʧʦʢʨʳʪʠʷ çMOCVD ʠʨʠʜʠʡ/RCVD ʪʫʛʦʧʣʘʚʢʠʡ ʢʘʨʙʠʜè ʥʘ 

ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ  ................................................................................................ 110 

ɻʃɸɺɸ 5. ʂʆʄʇʃɽʉʅʓɽ ʇʆʂʈʓʊʀʗ ʅɸ ʋɻʃɽʈʆɼʅʓʍ ʇʆɼʃʆɾʂɸʍ, 

ʆʉɸɾɼɽʅʅʓɽ ɺ ʇʆʉʃɽɼʆɺɸʊɽʃʔʅʆʉʊʀ çʀʈʀɼʀɽɺʆɽ ʇʆʂʈʓʊʀɽ, 

ʇʆʃʋʏɽʅʅʆɽ MOCVD ʄɽʊʆɼʆʄ ï RCVD ʇʆʂʈʓʊʀɽ ʀɿ ʊʋɻʆʇʃɸɺʂʀʍ 

ʉʆɽɼʀʅɽʅʀʁ ɻɸʌʅʀʗ ʀ ʊɸʅʊɸʃɸè .......................................................................... 113 

5.1. MOCVD ʠʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ  ..................................... 113 

5.1.1. ʀʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʤʘʩʩʠʚʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ  .......................... 113 

5.1.2. ʀʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ  ................................................. 115 

5.2. ʂʦʤʧʣʝʢʩʥʳʝ ʧʦʢʨʳʪʠʷ çRCVD ʪʫʛʦʧʣʘʚʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʩʠʩʪʝʤ M 

ï C ï Si ï O ï F (M = Hf, Ta)/ MOCVD ʠʨʠʜʠʡè ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ  ......... 120 

5.3. ɺr ʚʦʜʳ ʧʦ ɻʣʘʚʝ 5 ....................................................................................................... 126 

ɻʃɸɺɸ 6. ʀʉʉʃɽɼʆɺɸʅʀɽ ʊɺɽʈɼʆʌɸɿʅʆɻʆ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ 

ʊʋɻʆʇʃɸɺʂʀʍ ʂɸʈɹʀɼʆɺ ʊɸʅʊɸʃɸ ʀ ɻɸʌʅʀʗ ʉ ʀʈʀɼʀɽʄ ........................... 128 

6.1. ʊʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʩʠʩʪʝʤʝ HfC ï Ir ................................................... 129 

6.2. ʊʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʩʠʩʪʝʤʝ TaC ï Ir ................................................... 136 

6.3. ɿʘʢʣʶʯʝʥʠʝ ʧʦ ɻʣʘʚʝ 6 ................................................................................................ 142 



4 
 

ɻʃɸɺɸ 7. ʆʂʀʉʃʀʊɽʃʔʅɸʗ ʀ ɸɹʃʗʎʀʆʅʅɸʗ ʋʉʊʆʁʏʀɺʆʉʊʔ Hf, Ir ï ʀ Ta, Ir ï 

ʉʆɼɽʈɾɸʑʀʍ ʄɸʊɽʈʀɸʃʆɺ ........................................................................................ 143 

7.1. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ Hf, Ir ʠ Ta, Ir ï ʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ........ 143 

7.2. ʀʟʫʯʝʥʠʝ ʘʙʣʷʮʠʦʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ Hf, Ir ʠ Ta, Ir ï ʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ .. 146 

7.2.1. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʘʬʥʠʡʩʦʜʝʨʞʘʱʝʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ 

ʘʙʣʷʮʠʠ  ............................................................................................................................. 147 

7.2.2. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʘʥʪʘʣʩʦʜʝʨʞʘʱʝʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ 

ʘʙʣʷʮʠʠ  ............................................................................................................................. 148 

7.3. ɺr ʚʦʜʳ ʧʦ ɻʣʘʚʝ 7 ....................................................................................................... 151 

ɺʓɺʆɼʓ ................................................................................................................................ 153 

ɿɸʂʃʖʏɽʅʀɽ ...................................................................................................................... 155 

ʉʇʀʉʆʂ ʃʀʊɽʈɸʊʋʈʓ ..................................................................................................... 157 

ʇʨʠʣʦʞʝʥʠʝ 1 ......................................................................................................................... 197 

ʇʨʠʣʦʞʝʥʠʝ 2 ......................................................................................................................... 204 

 

 

  



5 
 

ʉʧʠʩʦʢ ʦʩʥʦʚʥʳʭ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ 

ʂʊʈ ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ 

ʈʌɸ ï ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʉʕʄ ï ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʂʈ ï ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʕɼʉ ï ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ  

ɻʎʂ ï ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʢʫʙʠʯʝʩʢʘʷ (ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʸʪʢʘ) 

CVD ï chemical vapor deposition (ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ) 

MOCVD ï metalorganic chemical vapor deposition (ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʤʝʪʘʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ) 

RCVD ï reactive chemical vapor deposition (ʨʝʘʢʮʠʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ) 

ʋʋʂʄ ï ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ 
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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ. ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʢʘʨʙʠʜʦʚ, ʙʦʨʠʜʦʚ ʠ ʥʠʪʨʠʜʦʚ) ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʜʣʷ ʩʦʚʨʝʤʝʥʥʦʡ ʭʠʤʠʠ ʪʚʸʨʜʦʛʦ ʪʝʣʘ. ʆʜʥʦʡ ʠʟ ʧʨʠʯʠʥ ʷʚʣʷʝʪʩʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ɻ ʪʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʦʩʦʙʝʥʥʦ ʢʘʨʙʠʜʦʚ) ʩʦʜʝʨʞʘʪʴ ʚ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ ʙʦʣʴʰʦʝ 

ʯʠʩʣʦ ʚʘʢʘʥʩʠʡ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʤʝʥʷʶʪʩʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʝʱʝʩʪʚʘ ʠ ʝʛʦ 

ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ. ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚʢʣʶʯʘʝʪ, ʥʦ ʥʝ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʠʟʥʦʩʦʩʪʦʡʢʠʤʠ ʧʦʢʨʳʪʠʷʤʠ, ʢʦʤʧʦʥʝʥʪʘʤʠ ʚ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ 

ʩʧʣʘʚʘʭ, ʘ ʪʘʢʞʝ ʦʛʥʝʫʧʦʨʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ [1ï4]. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʪʫʛʦʧʣʘʚʢʠʝ 

ʢʘʨʙʠʜʳ (ʦʩʦʙʝʥʥʦ, ʪʘʥʪʘʣʘ, ʛʘʬʥʠʷ ʠ ʮʠʨʢʦʥʠʷ) ʠʟʫʯʘʶʪʩʷ ʢʘʢ ʧʦʪʝʥʮʠʘʣʴʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ [5ï10]. 

ʆʪʜʝʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦ ʨʘʟʚʠʚʘʶʱʝʡʩʷ ʦʙʣʘʩʪʴʶ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʘʪʝʨʠʘʣʦʚ 

ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʇʦʜ ʵʢʩʪʨʝʤʘʣʴʥʳʤʠ ʧʦʜʨʘʟʫʤʝʚʘʶʪ ʫʩʣʦʚʠʷ 

ʵʢʩʧʣʫʘʪʘʮʠʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʙʦʣʴʰʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ, ʩʚʝʨʭʚʳʩʦʢʠʭ (2000Áʉ ʠ 

ʚʳʰʝ) ʪʝʤʧʝʨʘʪʫʨ ʠ ʘʛʨʝʩʩʠʚʥʦʡ ʛʘʟʦʚʦʡ ʩʨʝʜ r[11ï15]. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʤʘʪʝʨʠʘʣʘ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʜʠʢʪʫʝʪ ʞʸʩʪʢʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʢʨʠʪʝʨʠʠ 

ʦʪʙʦʨʘ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʚʣʝʥʠʷ, ʪʚʸʨʜʦʩʪʠ ʠ ʧʨʦʯʥʦʩʪʠ, 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʪʝʨʤʦʵʤʠʩʩʠʦʥʥʳʤ ʩʚʦʡʩʪʚʘʤ, ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ, ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʠ ʵʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ, ʫʜʝʣʴʥʦʤʫ ʚʝʩʫ [16ï28]. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʠ ʦʜʥʦ ʠʟʚʝʩʪʥʦʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʭʠʤʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ 

ʥʝ ʩʧʦʩʦʙʥʦ ʧʦʣʥʦʩʪʴʶ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʚʩʝʤ ʢʨʠʪʝʨʠʷʤ ʦʜʥʦʚʨʝʤʝʥʥʦ.  

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʶʪ 

ʪʨʠ ʦʩʥʦʚʥʳʭ ʢʦʥʮʝʧʮʠʠ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ. ʆʜʥʦʡ ʠʟ ʢʦʥʮʝʧʮʠʡ, ʧʦʣʫʯʠʚʰʝʡ ʰʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ, ʩʪʘʣʘ 

ʢʦʥʮʝʧʮʠʷ ʩʘʤʦʟʘʣʝʯʠʚʘʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʜʣʘʛʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʯʘʱʝ ʚʩʝʛʦ ʚʳʩʪʫʧʘʶʪ 

ʢʦʤʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ HfB2 ï SiC ʠ ZrB2 ï SiC [29ï33]. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ 

ʦʢʠʩʣʝʥʠʷ ʪʘʢʠʭ ʢʦʤʧʦʟʠʮʠʡ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʦ 1800Áʉ ʬʦʨʤʠʨʫʝʪʩʷ ʦʢʩʠʜʥʳʡ ʩʣʦʡ, 

ʩʦʩʪʦʷʱʠʡ ʠʟ ʦʢʩʠʜʥʦʛʦ (ZrO2 ʠʣʠ HfO2) ʢʘʨʢʘʩʘ ʠ ʦʢʨʫʞʘʶʱʝʡ ʝʛʦ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʥʘ 

ʦʩʥʦʚʝ SiO2-B2O3 [34]. ʆʜʥʘʢʦ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 2000Áʉ ʠ ʚʳʰʝ 

ʧʨʦʠʩʭʦʜʠʪ ʘʢʪʠʚʥʦʝ ʠʩʧʘʨʝʥʠʝ ʩʪʝʢʣʦʬʘʟʳ ʟʘ ʩʯʸʪ ʦʙʨʘʟʦʚʘʥʠʷ ʣʝʪʫʯʠʭ ʦʢʩʠʜʦʚ SiO ʠ 

BOx [35ï37], ʠ ʦʩʪʘʸʪʩʷ ʭʨʫʧʢʠʡ ʧʦʨʠʩʪʳʡ ʢʘʨʢʘʩ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʦʚ ʩ ʤʘʣʦʡ 

ʩʢʦʨʦʩʪʴʶ ʠʩʧʘʨʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʪʝʨʠʘʣ ʩʪʘʥʦʚʠʪʩʷ ʥʝʩʪʘʙʠʣʴʥʳʤ ʧʨʠ 



7 
 

ʪʝʤʧʝʨʘʪʫʨʘʭ 2000Áʉ ʠ ʚʳʰʝ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʨʘʙʦʪʳ MB2 ï SiC (ʛʜʝ M = Zr, Hf) ʩʠʩʪʝʤ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚʚʦʜʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ï 

ʢʘʨʙʠʜʳ ʠ ʩʠʣʠʮʠʜʳ ʮʠʨʢʦʥʠʷ ʠ ʛʘʬʥʠʷ, ʙʦʨʠʜʳ ʠ ʩʠʣʠʮʠʜʳ ʪʘʥʪʘʣʘ, ʤʦʣʠʙʜʝʥʘ, 

ʚʦʣʴʬʨʘʤʘ, ʩʦʝʜʠʥʝʥʠʷ ʈɿʕ ʠ ʥʝʢʦʪʦʨʳʝ ʜʨʫʛʠʝ ʢʦʤʧʦʥʝʥʪʳ [38ï45]. ʄʝʭʘʥʠʟʤ 

ʚʦʟʜʝʡʩʪʚʠʷ ʪʘʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʜʚʦʷʢʠʡ ʠ ʦʩʥʦʚʘʥ ʥʘ (a) ʧʦʣʫʯʝʥʠʠ ʩʪʝʢʣʦʬʘʟ, 

ʩʪʘʙʠʣʴʥʳʭ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʝʤ SiO2 ï B2O3 (ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʣʠʢʚʠʜʫʩʘ ʠ ʚʷʟʢʦʩʪʠ ʩʪʝʢʣʘ, ʫʤʝʥʴʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠʩʧʘʨʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ 

ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʩʪʝʢʣʦʬʘʟʫ), (ʙ) ʥʘ ʫʤʝʥʴʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʠʣʠ ʠʩʢʣʶʯʝʥʠʠ 

ʫʛʣʝʨʦʜʘ ʢʘʢ ʢʦʤʧʦʥʝʥʪʘ ʚ ʤʘʪʝʨʠʘʣʝ, ʯʪʦʙʳ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʛʘʟʦʦʙʨʘʟʥʳʭ CO/CO2, ʠʤʝʶʱʠʭ ʚʳʩʦʢʦʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ [37,46ï48].  

ɺʪʦʨʘʷ ʢʦʥʮʝʧʮʠʷ ʦʩʥʦʚʘʥʘ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʠ ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ 

çʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʠʩʪʝʤè [49ï53]. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʡ 

ʢʦʥʮʝʧʮʠʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʚʸʨʜʳʝ ʨʘʩʪʚʦʨʳ ʙʦʨʠʜʦʚ, ʥʠʪʨʠʜʦʚ, ʢʘʨʙʠʜʦʚ ʠʣʠ 

ʢʘʨʙʦʙʦʨʠʜʦʚ, ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʨʝʰʝʪʢʝ ʢʦʪʦʨʳʭ ʩʦʜʝʨʞʠʪʩʷ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, 

ʯʝʪʳʨʝ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʘ ï ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠʟ ʨʷʜʘ Hf, Zr, Ti, Ta, Nb, V, Cr, Mo, 

W, ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ. ʋʚʝʣʠʯʝʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʘʢʠʭ ʬʘʟ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʠʥʘʨʥʳʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ M ï X (M ï ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ, X = B, C, N), 

ʦʙʲʷʩʥʷʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʦʡ ʵʥʪʨʦʧʠʠ ʩʤʝʰʝʥʠʷ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʠ 

ʦʢʠʩʣʝʥʠʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʙʫʜʫʪ ʬʦʨʤʠʨʦʚʘʪʴʩʷ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʪʫʛʦʧʣʘʚʢʠʝ 

ʦʢʩʠʜʥʳʝ ʬʘʟʳ, ʦʙʣʘʜʘʶʱʠʝ ʤʘʣʦʡ ʩʢʦʨʦʩʪʴʶ ʠʩʧʘʨʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 2000Áʉ 

[49ï53], ʘ ʪʘʢʞʝ ʦʢʩʠʢʘʨʙʠʜʥʳʝ ʬʘʟʳ ʪʠʧʘ MCxOy, ʠʛʨʘʶʱʠʝ ʨʦʣʴ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʙʘʨʴʝʨʘ ʜʣʷ ʢʠʩʣʦʨʦʜʘ [37,49,52,54ï58]. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʩʣʫʯʘʷʭ ʫʤʝʥʴʰʘʝʪʩʷ ʤʠʥʠʤʫʤ ʚ ~ 10 ʨʘʟ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʩʪʳʤʠ ʦʢʩʠʜʥʳʤʠ ʩʠʩʪʝʤʘʤʠ [37,49,52,54ï58]. 

ʊʨʝʪʴʷ ʢʦʥʮʝʧʮʠʷ, ʨʘʟʨʘʙʘʪʳʚʘʝʤʘʷ ʤʥʦʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤʠ ʛʨʫʧʧʘʤʠ, 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʝʱʝʩʪʚ, ʦʙʣʘʜʘʶʱʠʭ ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʨʝʮʝʩʩʠʠ ʚ 

ʢʠʩʣʦʨʦʜʝ. ʅʘʠʙʦʣʝʝ ʷʨʢʠʤ ʧʨʠʤʝʨʦʤ ʷʚʣʷʝʪʩʷ ʠʨʠʜʠʡ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʦʯʝʥʴ ʥʠʟʢʫʶ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʦ ʢʠʩʣʦʨʦʜʫ ʠ ʤʘʣʫʶ ʩʢʦʨʦʩʪʴ ʨʝʮʝʩʩʠʠ ʜʘʞʝ ʧʨʠ ʪʘʢʠʭ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʘʢ 2000 ï 2200Áʉ (ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʦ ʢʠʩʣʦʨʦʜʫ ʧʨʠ 2200Áʉ ʩʦʩʪʘʚʣʷʝʪ 

1Ā10-14 ʛ/ʩʤĀʩ, ʧʨʦʪʠʚ 1Ā10-9 ʛ/ʩʤĀʩ ʧʨʠ 1400Áʉ ʜʣʷ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʦʚ) [33,59ï61]. 

ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʠʨʠʜʠʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʡ 
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ʜʠʬʬʫʟʠʦʥʥʳʡ ʙʘʨʴʝʨ ʜʣʷ ʢʠʩʣʦʨʦʜʘ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. ɽʛʦ 

ʜʦʙʘʚʣʷʶʪ ʚ ʩʤʝʩʠ ʥʘ ʦʩʥʦʚʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ [12,62]; ʥʘ 

ʝʛʦ ʦʩʥʦʚʝ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʩʫʧʝʨʩʧʣʘʚʳ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʚ ʢʘʯʝʩʪʚʝ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʛʜʝ ʚʪʦʨʦʡ ʢʦʤʧʦʥʝʥʪ ï ʪʫʛʦʧʣʘʚʢʠʡ ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ: 

ʛʘʬʥʠʡ, ʮʠʨʢʦʥʠʡ, ʪʘʥʪʘʣ, ʥʠʦʙʠʡ ʠʣʠ ʚʦʣʴʬʨʘʤ) [63ï66]; ʩʦʟʜʘʶʪʩʷ ʧʦʢʨʳʪʠʷ ʜʣʷ 

ʟʘʱʠʪʳ ʫʛʣʝʨʦʜʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʦʢʠʩʣʝʥʠʷ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [67ï73]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʦʥʦʣʠʪʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʘ ʠʟ-ʟʘ ʠʭ ʥʠʟʢʦʡ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʠ ʥʠʟʢʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʢ ʪʝʨʤʦʰʦʢʫ [31,74ï77]. ɽʜʠʥʩʪʚʝʥʥʳʝ ʠʟ ʠʟʚʝʩʪʥʳʭ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʤʘʪʝʨʠʘʣʦʚ, ʩʧʦʩʦʙʥʳʝ ʨʝʰʘʪʴ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʟʘʜʘʯʠ ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ 

ʥʘʛʨʫʟʦʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʚʳʰʝ 2000Áʉ ʷʚʣʷʶʪʩʷ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʝ ʢʦʤʧʦʟʠʪʳ [78ï

92]. ʆʜʥʘʢʦ, ʚʚʠʜʫ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʤʘʣʦʡ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʪʦʡʢʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʧʦʠʩʢʘ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ. ɺʩʝ ʪʨʠ ʨʘʩʩʤʦʪʨʝʥʥʳʝ 

ʚʳʰʝ ʢʦʥʮʝʧʮʠʠ ʷʚʣʷʶʪʩʷ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʜʣʷ ʜʠʟʘʡʥʘ ʟʘʱʠʪʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʥʘ 

ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʂ ʩʦʞʘʣʝʥʠʶ, ʝʩʣʠ ʚ ʩʣʫʯʘʝ ʤʦʥʦʣʠʪʥʦʡ ʢʝʨʘʤʠʢʠ, 

ʤʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤʠ, ʪʦ ʚ ʩʣʫʯʘʝ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ 

ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʪʨʝʙʫʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠʥʳʭ ʧʦʜʭʦʜʦʚ, ʯʪʦ ʩʚʷʟʘʥʦ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʩ: ʘ) ï ʨʘʟʣʠʯʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʞʜʫ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʦʡ ʠ ʧʦʢʨʳʪʠʝʤ; ʙ) ï ʦʪʩʫʪʩʪʚʠʝʤ ʩʠʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʭʠʤʠʯʝʩʢʦʡ 

ʧʨʠʨʦʜʳ ʤʝʞʜʫ ʧʦʢʨʳʪʠʝʤ ʠ ʧʦʜʣʦʞʢʦʡ; ʚ) ï ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʬʦʨʤʠʨʦʚʘʪʴ ʧʦʢʨʳʪʠʷ 

ʥʘ ʧʦʜʣʦʞʢʘʭ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ 

ʨʝʰʘʝʪʩʷ ʢʦʤʧʣʝʢʩʥʳʤ ʧʦʜʭʦʜʦʤ. ɺ ʩʣʫʯʘʝ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʢʦʥʮʝʧʮʠʡ ʤʝʞʜʫ 

ʢʝʨʘʤʠʯʝʩʢʠʤ ʧʦʢʨʳʪʠʝʤ ʠ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ ʬʦʨʤʠʨʫʶʪ SiC ʩʣʦʡ, ʢʦʪʦʨʳʡ 

ʫʤʝʥʴʰʘʝʪ ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʂʊʈ, ʘ ʟʘʪʝʤ ʧʨʦʚʦʜʷʪ ʥʘʥʝʩʝʥʠʝ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʩʣʦʷ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ ʚʢʣʶʯʘʶʪ ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ, ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʝ ʨʘʩʧʳʣʝʥʠʝ, ʠʥʬʠʣʴʪʨʘʮʠʶ ʨʘʩʧʣʘʚʦʤ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʩʧʝʢʘʥʠʝ ʧʦʨʦʰʢʦʚʳʭ ʢʦʤʧʦʟʠʮʠʡ [52,78,93ï99] ʣʠʙʦ ʢʦʤʙʠʥʘʮʠʶ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ 

ʤʝʪʦʜʦʚ. ʄʝʪʦʜʳ ʠʥʬʠʣʴʪʨʘʮʠʠ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʨʦʰʢʦʚʳʭ 

ʢʦʤʧʦʟʠʮʠʡ ʷʚʣʷʶʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʵʥʝʨʛʦʟʘʪʨʘʪʥʳʤʠ, ʪʘʢ ʢʘʢ ʧʨʝʜʧʦʣʘʛʘʶʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ 1800 ï 2000Áʉ. ʄʝʪʦʜ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 
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ʥʘʧʳʣʝʥʠʷ ʠʤʝʝʪ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʜʣʦʞʝʢ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʠ 

ʨʘʟʤʝʨʘ ʠʩʧʦʣʴʟʫʝʤʳʭ ʯʘʩʪʠʮ. ʄʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʧʦʢʨʳʪʠʷ ʧʨʠ ʪʘʢʠʭ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʘʢ 1000 ï 1200Áʉ, ʦʜʥʘʢʦ ʪʦʣʱʠʥʘ 

ʧʦʢʨʳʪʠʡ ʥʝ ʧʨʝʚʳʰʘʝʪ ʜʝʩʷʪʢʠ ʤʠʢʨʦʤʝʪʨʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʝʪʴʝʡ ʢʦʥʮʝʧʮʠʠ ʜʣʷ 

ʜʠʟʘʡʥʘ ʟʘʱʠʪʥʳʭ ʩʠʩʪʝʤ ʩʦʧʨʷʞʝʥʦ ʩ ʧʨʦʙʣʝʤʦʡ ʧʦʠʩʢʘ ʧʦʜʭʦʜʷʱʝʛʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʩʣʦʷ ʤʝʞʜʫ ʠʨʠʜʠʝʤ ʠ ʫʛʣʝʨʦʜʦʤ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ, ʪʘʢ ʢʘʢ ʦʥ ʨʝʘʛʠʨʫʝʪ ʩ ʠʨʠʜʠʝʤ ʫʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1000Áʉ 

ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʣʝʛʢʦʧʣʘʚʢʠʭ ʧʨʦʜʫʢʪʦʚ [100]. ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʧʦʜʭʦʜʘ 

ʧʨʝʜʣʘʛʘʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʦʣʴʬʨʘʤʘ [68], ʨʝʥʠʷ [101,102] ʠ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ 

[85,103,104]. ʆʜʥʘʢʦ ʧʨʝʜʣʘʛʘʝʤʳʝ ʚʘʨʠʘʥʪʳ ʨʝʰʝʥʠʷ ʦʢʘʟʘʣʠʩʴ ʥʝʜʦʩʪʘʪʦʯʥʦ 

ʵʬʬʝʢʪʠʚʥʳ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʠʩʢ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʨʝʰʝʥʠʶ ʧʨʦʙʣʝʤʳ ʟʘʱʠʪʳ 

ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʦʢʠʩʣʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʚʝʨʭʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʚʢʣʶʯʘʶʱʠʭ 

ʚʳʙʦʨ ʧʦʜʭʦʜʷʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦʢʨʳʪʠʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʤ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤ ʠ 

ʩʪʨʦʛʠʤ ʢʨʠʪʝʨʠʷʤ ʦʪʙʦʨʘ, ʦʧʨʝʜʝʣʝʥʠʝ ʧʦʨʷʜʢʘ ʯʝʨʝʜʦʚʘʥʠʷ ʩʣʦʝʚ, ʠʭ ʪʦʣʱʠʥʳ, 

ʩʧʦʩʦʙʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ, ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ, ʤʦʨʬʦʣʦʛʠʠ, ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ.  

ɸʥʘʣʠʟ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʫʯʝʥʥʳʤ ʷʚʣʷʝʪʩʷ 

ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʠʨʠʜʠʷ. 

ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ Hf ï ʉ ï Ir ʠ Ta ï C ï Ir. ɺʳʙʦʨ ʵʪʠʭ ʩʠʩʪʝʤ ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʠʭ 

ʫʥʠʢʘʣʴʥʦʩʪʴʶ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʫʛʦʧʣʘʚʢʦʩʪʠ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʪʘʥʪʘʣ, ʛʘʬʥʠʡ, ʢʘʨʙʠʜʳ 

ʵʪʠʭ ʤʝʪʘʣʣʦʚ, ʫʛʣʝʨʦʜ, ʠʨʠʜʠʡ, ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʩ 

ʠʨʠʜʠʝʤ, ʦʢʩʠʜʳ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ʷʚʣʷʶʪʩʷ ʪʫʛʦʧʣʘʚʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʠ 

ʧʝʨʚʦʦʯʝʨʝʜʥʳʤʠ ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʣʦʞʝʥʠʡ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʥʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʠ ʧʝʨʩʧʝʢʪʠʚʫ, ʧʫʪʠ ʠ ʤʝʭʘʥʠʟʤʳ 

ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤʘʭ ʥʘ ʦʩʥʦʚʝ Hf ï ʉ ï Ir ʠ Ta ï C 

ï Ir ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʶʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʦʡ ʦʙʣʘʩʪʴʶ. ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʦʩʚʝʱʝʥʳ ʚʦʧʨʦʩʳ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʩʠʩʪʝʤ 

(ʢʘʨʙʠʜʦʚ ʊʘ ʠ Hf c ʠʨʠʜʠʝʤ) ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʩ ʫʯʘʩʪʠʝʤ 

ʪʨʘʥʩʧʦʨʪʥʳʭ ʘʛʝʥʪʦʚ, ʦʪʩʫʪʩʪʚʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʪʦʜʘ ʠ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ, ʦʪʩʫʪʩʪʚʫʝʪ 

ʧʦʥʠʤʘʥʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ ʩʚʷʟʠ çʩʦʩʪʘʚ ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʘè, ʜʦ ʥʘʩʪʦʷʱʝʛʦ 



10 
 

ʚʨʝʤʝʥʠ ʦʪʩʫʪʩʪʚʫʶʪ ʩʚʝʜʝʥʠʷ ʦʙ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʠ ʘʙʣʷʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ï ʵʪʠʭ 

ʚʘʞʥʝʡʰʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʄʝʞʜʫ ʪʝʤ, 

ʧʦʥʠʤʘʥʠʝ ʧʨʠʯʠʥ ʠ ʩʣʝʜʩʪʚʠʡ ʧʨʦʮʝʩʩʦʚ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ, ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ 

ʩʠʥʪʝʟʘ (ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ ʠ ʪ.ʜ.) ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʘʟʦʚʳʭ ʛʨʘʥʠʮ 

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʠ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʤʫ 

ʩʦʟʜʘʥʠʶ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ, ʦʪʚʝʯʘʶʱʠʤ ʩʪʨʦʛʠʤ ʢʨʠʪʝʨʠʷʤ ʦʪʙʦʨʘ ʜʣʷ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʕʪʠ ʟʘʜʘʯʠ ʚʭʦʜʪ̫ ʚ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ ʭʠʤʠʠ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ʪʘʢ ʢʘʢ ʠʭ ʨʝʰʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʤʘʥʠʶ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʬʘʟ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʩʠʩʪʝʤʘʭ ʛʘʬʥʠʡ ï ʫʛʣʝʨʦʜ ï ʠʨʠʜʠʡ ʠ ʪʘʥʪʘʣ ï ʫʛʣʝʨʦʜ ï ʠʨʠʜʠʡ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʚʦʧʨʦʩʦʤ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʣʦʞʝʥʠʡ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʳ 

ʧʨʠʢʣʘʜʥʳʤʠ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤʠ ʘʩʧʝʢʪʘʤʠ. 

 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʠʥʪʝʟ, ʢʦʤʧʣʝʢʩʥʦʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ ʩʠʩʪʝʤʘʭ Hf ï C ï Ir ʠ Ta ï C ï 

Ir, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

ï ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ M ï 

C ï F (M = Hf, Ta) ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ SiO2, ʢʘʢ ʤʘʪʝʨʠʘʣʘ ʨʝʘʢʪʦʨʘ, ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ (1000 ï 1600 

K ʩ ʰʘʛʦʤ ʚ 100 ʛʨʘʜʫʩʦʚ) ʠ ʜʘʚʣʝʥʠʡ (1 ï 1000 ʪʦʨʨ ʩ ʰʘʛʦʤ ʚ 1 ʧʦʨʷʜʦʢ); ʚʳʷʚʣʝʥʠʝ 

ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʧʦʣʫʯʝʥʠʶ ʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʥʘ 

ʫʛʣʝʨʦʜʝ; 

ï ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʦʙʨʘʟʦʚʘʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ (Hf, Ir)ï ʠ (Ta, Ir)ïʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ, ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ; ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʤʘʪʝʨʠʘʣʘ ʨʝʘʢʪʦʨʘ ʥʘ 

ʤʝʭʘʥʠʟʤʳ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ;   

ï ʠʟʫʯʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʪʚʝʨʜʦʬʘʟʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʩʠʩʪʝʤʘʭ ʠʨʠʜʠʡ ï

ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʠ ʠʨʠʜʠʡ ï ʢʘʨʙʠʜ ʪʘʥʪʘʣʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 1000 ï 1600Áʉ; 

ï ʠʟʫʯʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ (Hf, Ir)ï ʠ (Ta, Ir)ï ʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʫʩʣʦʚʠʷʭ ʚʦʟʜʝʡʩʪʚʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʧʦʪʦʢʦʚ ʧʣʘʟʤʳ; ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ 



11 
 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʵʣʝʤʝʥʪʥʦʛʦ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʤʘʪʝʨʠʘʣʦʚ ʜʦ ʠ ʧʦʩʣʝ 

ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʠʩʧʳʪʘʥʠʡ.  

ɺʳʧʦʣʥʝʥʠʝ ʧʦʩʪʘʚʣʝʥʥʳʭ ʟʘʜʘʯ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʪʚʸʨʜʳʭ ʬʘʟ ʚ ʩʠʩʪʝʤʘʭ Hf ï C ï Ir ʠ Ta ï C ï 

Ir (ʢʘʨʙʠʜʦʚ, ʫʛʣʝʨʦʜʘ, ʠʨʠʜʠʷ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ), ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʧʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʠʤʠʠ ʪʚʸʨʜʦʛʦ ʪʝʣʘ [105ï109].  

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ. 

ɺʧʝʨʚʳʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ 

ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ M ï C ï F ʠ M ï C ï Si ï O ï F (ʛʜʝ M = Hf, Ta) ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ (1000 ï 1600 K ʩ ʰʘʛʦʤ ʚ 100 ʛʨʘʜʫʩʦʚ) ʠ ʜʘʚʣʝʥʠʡ (1 ï 1000 ʪʦʨʨ 

ʩ ʰʘʛʦʤ ʚ 1 ʧʦʨʷʜʦʢ), ʪʝʦʨʝʪʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʵʪʠʭ ʩʠʩʪʝʤʘʭ, ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ SiO2, ʢʘʢ ʤʘʪʝʨʠʘʣʘ 

ʨʝʘʢʪʦʨʘ, ʥʘ ʧʨʦʮʝʩʩʳ ʦʩʘʞʜʝʥʠʷ, ʚʳʷʚʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʝʨʝʥʦʩʘ ʯʝʨʝʟ 

ʛʘʟʦʚʫʶ ʬʘʟʫ ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ ʥʘ ʫʛʣʝʨʦʜ.  

ʈʘʟʨʘʙʦʪʘʥʳ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʜʣʦʞʢʘʭ, ʥʘ ʦʩʥʦʚʝ (Hf, Ir)ï ʠ (Ta, Ir)ïʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʭ 1000Áʉ. 

ɺʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ (TaIr3 ʠ HfIrSi) ʧʦʩʨʝʜʩʪʚʦʤ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ (Ta ʠʣʠ Hf) ʥʘ ʠʨʠʜʠʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʥʠʞʝ 1000Áʉ.  

ɺʧʝʨʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ 

ʩʠʩʪʝʤʘʭ M ï C ï Si ï O ï F (M = Hf, Ta) ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʚʳʩʦʢʦʯʠʩʪʳʭ ʢʨʠʩʪʘʣʣʦʚ 

ʦʢʩʠʜʦʚ ʠ ʦʢʩʠʬʪʦʨʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʣʶʤʠʥʝʩʮʝʥʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ.  

ʇʨʦʚʝʜʝʥʦ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʠʩʪʝʤʘʭ MC ï Ir 

(ʛʜʝ M = Hf, Ta) ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1000 ï 1600Áʉ. ʋʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʚ 

ʩʠʩʪʝʤʘʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨ MIr3 ʩ ʦʙʣʘʩʪʷʤʠ ʛʦʤʦʛʝʥʥʦʩʪʠ 70.8 ï 

77.1 ʘʪ. % Ir ʜʣʷ HfIr3Ñx ʠ 74.1 ï 75.9 ʘʪ. % Ir ʜʣʷ TaIr3Ñx.  

ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ (Hf, Ir)ï ʠ (Ta, Ir)ïʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʠ ʘʙʣʷʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

2000Áʉ ʠ ʚʳʰʝ ʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʧʦʪʦʢʘʭ ʧʣʘʟʤʳ. 
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ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ.  

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ, ʩʦʜʝʨʞʘʱʝʡ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤ M ï C ï F ʠ M ï C ï Si ï O ï F (M = Hf, Ta) 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʦʣʫʯʝʥʠʷ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʩʠʥʪʝʟʘ ʩʠʩʪʝʤ ʄ ï ʉ ʠ M ï C ï Ir (M = Hf, Ta) ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʥʦʛʦʩʣʦʡʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʭ 

ʧʦʜʣʦʞʢʘʭ ʩʦ ʩʣʦʞʥʦʡ ʛʝʦʤʝʪʨʠʝʡ.  

ʈʘʟʨʘʙʦʪʘʥʘ ʠ ʟʘʧʘʪʝʥʪʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʢʣʠʥʥʦʛʦ 

HfO2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʜʣʷ ʩʠʩʪʝʤʳ Ta ï C ï Si ï O ï F ʤʦʛʫʪ 

ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ Ta2O5 ʠ ʦʢʩʠʬʪʦʨʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʪʘʥʪʘʣʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʚʦʩʪʨʝʙʦʚʘʥʳ ʚ ʦʧʪʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ.  

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʚ ʩʠʩʪʝʤʘʭ ʪʫʛʦʧʣʘʚʢʠʡ ʢʘʨʙʠʜ ï ʠʨʠʜʠʡ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʘʥʪʠʦʢʠʩʣʠʪʝʣʴʥʦʡ ʟʘʱʠʪʳ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ 

ʤʘʪʝʨʠʘʣʘ ʩ ʚʳʩʦʢʦʡ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (ʙʦʣʝʝ 

2000Áʉ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʝ) ʘʜʘʧʪʠʨʦʚʘʥʘ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ʈʘʟʨʘʙʦʪʘʥʳ ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʠʥʩʪʨʫʢʮʠʷ ʠ ɼʠʨʝʢʪʠʚʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ. 

ʇʦʣʫʯʝʥʦ ʅʦʫ-ʭʘʫ (2016 ʛ.). 

 

ʄʝʪʦʜʦʣʦʛʠʷ ʠ ʤʝʪʦʜʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʜʚʘ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʨʘʟʥʳʭ ʧʦʜʭʦʜʘ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩʠʩʪʝʤ M ï C ï Ir (M = Hf, Ta). ʇʝʨʚʳʡ ʧʦʜʭʦʜ ï ʦʩʘʞʜʝʥʠʝ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ. ɺ ʨʘʤʢʘʭ ʧʦʜʭʦʜʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ M ï C ï F ʠ M ï C ï Si ï O ï F (M = Hf, Ta). ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʠʨʠʜʠʷ 

ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʩʧʦʩʦʙʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʦʩʘʞʜʝʥʠʠ ʢʘʨʙʠʜʦʚ ʠʣʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʛʘʬʥʠʷ ʠʣʠ ʪʘʥʪʘʣʘ ʤʝʪʦʜʦʤ RCVD ʠ ʦʩʘʞʜʝʥʠʠ ʠʨʠʜʠʷ ʤʝʪʦʜʦʤ 

MOCVD ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ï ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ 

ʪʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ. ɼʣʷ ʜʦʩʪʦʚʝʨʥʦʡ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʨʘʙʦʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʢʦʤʧʣʝʢʩ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʚʢʣʶʯʘʶʱʠʡ: 
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ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʜʣʷ 

ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʬʘʟ ʥʘ ʦʩʥʦʚʝ ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤ; ʩʢʘʥʠʨʫʶʱʫʶ 

ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʉʕʄ) ʩ ʵʣʝʤʝʥʪʥʳʤ ʘʥʘʣʠʟʦʤ, 

ʧʨʦʚʦʜʠʤʳʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕɼʉ); 

ʩʧʝʢʪʨʦʩʢʦʧʠʶ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ). ʀʟʫʯʝʥʠʝ ʘʙʣʷʮʠʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʩʠʩʪʝʤ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʦʪʨʦʥʘ. 

 

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʧʦʣʦʞʝʥʠʷ: 

ï ɺ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʠʩʪʝʤʝ M ï C ï F (M = Hf, Ta) ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʦʜʥʦʩʪʦʨʦʥʥʠʡ 

ʭʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ ʚ ʬʦʨʤʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʯʝʨʝʟ ʛʘʟʦʚʫʶ 

ʬʘʟʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʥʦʡ ʬʘʟʳ MC, ʯʪʦ ʚʳʪʝʢʘʝʪ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʜʘʥʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ T = 

1100 ï 1600 K ʠ ʜʘʚʣʝʥʠʡ Pʦʙ ɦ= 1 ï 1000 ʪʦʨʨ;  

ï ʋʯʘʩʪʠʝ ʤʘʪʝʨʠʘʣʘ ʨʝʘʢʪʦʨʘ (SiO2) ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʚ ʩʠʩʪʝʤʝ M ï C ï 

Si ï O ï F (M = Hf, Ta) ʨʷʜʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ-ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʬʘʟ ʦʢʩʠʜʦʚ, 

ʦʢʩʠʬʪʦʨʠʜʦʚ ʠ ʩʠʣʠʮʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ;  

ï ʄʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʬʘʟ TaIr3, HfIrSi ʠ IrSi ʚ ʫʩʣʦʚʠʷʭ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤʘʭ M ï Ir ï C ï Si ï O ï F 

(M = Hf, Ta), ʧʨʝʜʣʦʞʝʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘ;  

ï ʊʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʨʠʜʠʷ ʩ ʪʫʛʦʧʣʘʚʢʠʤʠ ʢʘʨʙʠʜʘʤʠ ʛʘʬʥʠʷ ʠ 

ʪʘʥʪʘʣʘ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ MIr3Ñx (M =Hf, Ta) ʩ 

ʚʳʜʝʣʝʥʠʝʤ ʩʚʦʙʦʜʥʦʛʦ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʘ. ɻʨʘʥʠʮʳ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʩʦʩʪʘʚʣʷʶʪ ʜʣʷ HfIr3Ñx 70.8 ï 77.2 % ʘʪ. Ir, ʘ ʜʣʷ 

TaIr3Ñx 74.1 ï 75.9 % ʘʪ. Ir;  

ï ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ Hf, Ir ï ʠ Ta, Ir ï 

ʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ ʚ ʫʩʣʦʚʠʷʭ ʩʢʦʨʦʩʪʥʦʛʦ ʧʦʪʦʢʘ ʧʣʘʟʤʳ (T = 2000 ï 2200ÁC). 

 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. 
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ʇʦʠʩʢ, ʘʥʘʣʠʟ ʠ ʦʙʦʙʱʝʥʠʝ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʘʚʪʦʨʦʤ 

ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʩʠʩʪʝʤ, ʦʙʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ ʣʠʯʥʦ ʘʚʪʦʨʦʤ ʠʣʠ ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ʇʦʜʛʦʪʦʚʢʘ ʠ 

ʧʨʦʚʝʜʝʥʠʝ ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʭʠʤʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʣʠʯʥʦ ʘʚʪʦʨʦʤ ʠʣʠ 

ʧʨʠ ʝʛʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ. ʈʘʟʨʘʙʦʪʢʘ ʧʣʘʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʧʦʜʛʦʪʦʚʢʘ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ, ʬʦʨʤʫʣʠʨʦʚʢʘ ʚʳʚʦʜʦʚ 

ʚʳʧʦʣʥʝʥʳ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ. ʇʦʜʛʦʪʦʚʢʘ ʤʘʪʝʨʠʘʣʦʚ ʢ ʧʫʙʣʠʢʘʮʠʠ 

ʘʚʪʦʨʦʤ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʩʦʘʚʪʦʨʘʤʠ. 

 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, 

ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʥʘʫʯʥʳʭ ʩʝʤʠʥʘʨʘʭ ʀʍʊʊʄ ʉʆ ʈɸʅ, ʘ ʪʘʢʞʝ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: ʐʢʦʣʝ-ʢʦʥʬʝʨʝʥʮʠʠ, 

ʧʦʩʚʷʱʸʥʥʦʡ ʧʘʤʷʪʠ ʧʨʦʬ. ʉ.ɺ. ɿʝʤʩʢʦʚʘ (ʅʦʚʦʩʠʙʠʨʩʢ, 2013), LII ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʥʘʫʯʥʦʡ ʩʪʫʜʝʥʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʉʪʫʜʝʥʪ ʠ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʡ ʧʨʦʛʨʝʩʩè 

(ʅʦʚʦʩʠʙʠʨʩʢ, 2014), ɽʞʝʛʦʜʥʦʡ ʥʘʫʯ. ʂʦʥʬʝʨʝʥʮʠʠ ʀʍʊʊʄ ʉʆ ʈɸʅ ʥʘ ʢʦʥʢʫʨʩʝ ʨʘʙʦʪ 

ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ (ʅʦʚʦʩʠʙʠʨʩʢ, 2014), ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʧʨʠʤʝʥʝʥʠʶ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʥʘʫʢʝ ʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ INTERFINISH-2014 

(ʅʦʚʦʩʠʙʠʨʩʢ, 2014), 9 ʩʝʤʠʥʘʨʝ ʉʆ ʈɸʅ ï ʋʨʆ ʈɸʅ çʊʝʨʤʦʜʠʥʘʤʠʢʘ ʠ 

ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝè (ʅʦʚʦʩʠʙʠʨʩʢ,2014), 16-ʡ ʝʞʝʛʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ YUCOMAT-2014 

(Herceg-Novi, Montenegro, 2014), ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʥʘʫʯʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ 

çʅʘʫʢʘ ʊʝʭʥʦʣʦʛʠʠ ʀʥʥʦʚʘʮʠʠè (ʅʦʚʦʩʠʙʠʨʩʢ, 2014), Japan-Russia Joint Seminar 

ñAdvanced Materials Synthesis Process and Nanostructureò (Sendai, Japan, 2015), 

ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʠʝʨʘʨʭʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʜʣʷ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʥʘʜʸʞʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡè (ʊʦʤʩʢ, 2015), II ɺʩʝʨʦʩʩʠʡʩʢʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çɻʦʨʷʯʠʝ ʪʦʯʢʠ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ: 

ʤʝʭʘʥʠʟʤʳ ʪʚʝʨʜʦʬʘʟʥʳʭ ʧʨʦʮʝʩʩʦʚè (ʅʦʚʦʩʠʙʠʨʩʢ, 2015), X ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ çʋʛʣʝʨʦʜ: ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʫʢʠ, ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ, 

ʪʝʭʥʦʣʦʛʠʠè (ʊʨʦʠʮʢ, ʄʦʩʢʚʘ, 2016), ʦʙʲʝʜʠʥʸʥʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʍʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ï 2016 ʠ XI ʩʝʤʠʥʘʨʝ çʊʝʨʤʦʜʠʥʘʤʠʢʘ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝè 

(ɽʢʘʪʝʨʠʥʙʫʨʛ, 2016), Russia-Japan Conference ñAdvanced materials: Synthesis, Processing 

and Properties of Nanostructuresò (ʅʦʚʦʩʠʙʠʨʩʢ, 2016), XXI ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʏʝʨʥʷʝʚʩʢʦʡ 
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ʢʦʥʬʝʨʝʥʮʠʠ ʧʦ ʭʠʤʠʠ, ʘʥʘʣʠʪʠʢʝ ʠ ʪʝʭʥʦʣʦʛʠʠ ʧʣʘʪʠʥʦʚʳʭ ʤʝʪʘʣʣʦʚ (ɽʢʘʪʝʨʠʥʙʫʨʛ, 

2016), 4-ʤ ʩʝʤʠʥʘʨʝ ʧʦ ʧʨʦʙʣʝʤʘʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ 

çʂʫʟʥʝʮʦʚʩʢʠʝ ʯʪʝʥʠʷ-2017è (ʅʦʚʦʩʠʙʠʨʩʢ, 2017), XIV ʈʦʩʩʠʡʩʢʦʡ ʝʞʝʛʦʜʥʦʡ 

ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʥʘʫʯʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʘʩʧʠʨʘʥʪʦʚ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ 

çʌʠʟʠʢʦ-ʭʠʤʠʷ ʠ ʪʝʭʥʦʣʦʛʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚè (ʄʦʩʢʚʘ, 2017). 

 

ʇʫʙʣʠʢʘʮʠʠ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ. 

ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 26 ʨʘʙʦʪ. ʀʟ ʥʠʭ 7 ʩʪʘʪʝʡ ʚ ʨʦʩʩʠʡʩʢʠʭ ʠ 

ʟʘʨʫʙʝʞʥʳʭ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ, ʚʭʦʜʷʱʠʭ ʚ ʩʧʠʩʦʢ ɺɸʂ ʈʌ ʠ ʤʝʞʜʫʥʘʨʦʜʥʫʶ 

ʩʠʩʪʝʤʫ ʥʘʫʯʥʦʛʦ ʮʠʪʠʨʦʚʘʥʠʷ Web of Science, ʠ 19 ʪʝʟʠʩʦʚ ʠ ʩʪʘʪʝʡ ʚ ʩʙʦʨʥʠʢʘʭ ʪʨʫʜʦʚ 

ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ. ʇʦʣʫʯʝʥ ʧʘʪʝʥʪ ʈʌ ˉ 2631080 (ʧʨʠʦʨʠʪʝʪ 

24.03.2016) ʠ ʅʦʫ-ʍʘʫ (2016 ʛ.).  

 

ʉʪʝʧʝʥʴ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ.  

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ 

ʬʘʢʪʦʨʘʤʠ: 1) ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ ʠ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʩ ʜʘʥʥʳʤʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ; 2) 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʠʥʪʝʟʘ; 3) 

ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʜʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʣʫʯʝʥʥʳʭ ʥʝʟʘʚʠʩʠʤʳʤʠ ʩʦʚʨʝʤʝʥʥʳʤʠ 

ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ, ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʨʝʟʫʣʴʪʘʪʳ ʥʝ 

ʧʨʦʪʠʚʦʨʝʯʘʪ ʜʨʫʛ ʜʨʫʛʫ ʠ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʥʝʝ ʦʧʫʙʣʠʢʦʚʘʥʥʳʤʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʰʣʠ ʘʧʨʦʙʘʮʠʶ 

ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ. 

 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.21 ï ʭʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ.  

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧ. 1 çʈʘʟʨʘʙʦʪʢʘ ʠ ʩʦʟʜʘʥʠʝ ʤʝʪʦʜʦʚ 

ʩʠʥʪʝʟʘ ʪʚʝʨʜʦʬʘʟʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚè, ʧ. 2 çʂʦʥʩʪʨʫʠʨʦʚʘʥʠʝ ʥʦʚʳʭ ʚʠʜʦʚ ʠ 

ʪʠʧʦʚ ʪʚʝʨʜʦʬʘʟʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚè, ʧ. 3 çʀʟʫʯʝʥʠʝ ʪʚʝʨʜʦʬʘʟʥʳʭ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʢʠʥʝʪʠʢʠ ʠ ʪʝʨʤʦʜʠʥʘʤʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʪʚʝʨʜʳʭ ʬʘʟ, ʘ ʪʘʢʞʝ 



16 
 

ʪʦʧʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ ʘʢʪʠʚʠʨʦʚʘʥʠʷ ʪʚʝʨʜʦʬʘʟʥʳʭ ʨʝʘʛʝʥʪʦʚè, ʧ. 7 çʋʩʪʘʥʦʚʣʝʥʠʝ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ çʩʦʩʪʘʚ ï ʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʦè ʜʣʷ ʪʚʝʨʜʦʬʘʟʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ 

ʤʘʪʝʨʠʘʣʦʚè, ʧ. 8 çʀʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ, ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, 

ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʜʘʚʣʝʥʠʷ, ʦʙʣʫʯʝʥʠʷ ʠ ʜʨʫʛʠʭ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʭʠʤʠʯʝʩʢʠʝ 

ʠ ʭʠʤʠʢʦ-ʬʠʟʠʯʝʩʢʠʝ ʤʠʢʨʦ- ʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʦʬʘʟʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠ 

ʤʘʪʝʨʠʘʣʦʚè ʧʘʩʧʦʨʪʘ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 02.00.21 ïʭʠʤʠʷ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʸʤ ʨʘʙʦʪʳ. 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ ʠ ʩʝʤʠ ʛʣʘʚ (ʣʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ, 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ ʠ ʯʝʪʳʨʝ ʛʣʘʚʳ 

ʦʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ), ʚʳʚʦʜʦʚ ʧʦ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ, ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ 

ʣʠʪʝʨʘʪʫʨʳ, ʩʦʜʝʨʞʘʱʝʛʦ 437 ʥʘʠʤʝʥʦʚʘʥʠʡ, ʠ ʧʨʠʣʦʞʝʥʠʷ. ʈʘʙʦʪʘ ʠʟʣʦʞʝʥʘ ʥʘ 205 

ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 7 ʪʘʙʣʠʮ (ʚ ʪʦʤ ʯʠʩʣʝ 2 ʪʘʙʣʠʮ ʇʨʠʣʦʞʝʥʠʷ) ʠ 83 ʨʠʩʫʥʢʘ. 

 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʚ ʀʥʩʪʠʪʫʪʝ ʭʠʤʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʠ 

ʤʝʭʘʥʦʭʠʤʠʠ ʉʆ ʈɸʅ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤ ʟʘʜʘʥʠʝʤ, ʘ ʪʘʢʞʝ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ 16-33-00613 

çʤʦʣ_ʘè, ʛʨʘʥʪʘ ʈʅʌ ˉ 18-19-00075, ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʌ ʜʣʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ 

ʧʦʜʜʝʨʞʢʠ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʰʢʦʣ ʈʌ ˉ ʅʐ-2938.2014.3, ʧʨʦʛʨʘʤʤʳ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʆʪʜʝʣʝʥʠʷ ʭʠʤʠʠ ʠ ʥʘʫʢ ʦ ʤʘʪʝʨʠʘʣʘʭ ʈɸʅ ˉ ʀ-5.2.1, ʧʨʦʛʨʘʤʤʳ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʈɸʅ ˉ ʀ-38, ʜʦʛʦʚʦʨʦʚ ʤʝʞʜʫ ɸʆ çʎʅʀʀʉʄè ʠ 

ʀʍʊʊʄ ʉʆ ʈɸʅ ʰʠʬʨ "ʇʨʦʯʥʦʩʪʴ", ɸʆ çʎʅʀʀʉʄè ʠ ʀʍʊʊʄ ʉʆ ʈɸʅ ʰʠʬʨ 

çɹʫʨʴʷʥè. 
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ɻʃɸɺɸ 1. ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

1.1. ʂʘʨʙʠʜʳ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ 

ʂʘʨʙʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʦʩʦʙʝʥʥʦ ʤʦʥʦʢʘʨʙʠʜʳ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ, ʦʙʣʘʜʘʶʪ 

ʩʘʤʳʤʠ ʚʳʩʦʢʠʤʠ ʪʝʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʠʷ, ʩʨʝʜʠ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ 

ʩʦʝʜʠʥʝʥʠʡ [110]. ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʮʝʥʠʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʫʩʪʦʡʯʠʚʳʭ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʩʣʝʜʫʝʪ 

ʨʘʩʩʤʦʪʨʝʪʴ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʵʪʠʭ ʩʦʝʜʠʥʝʥʠʡ.  

 

1.1.1. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ ʩʠʩʪʝʤ Hf ï C (ʘ) ʠ Ta ï C (ʙ).  

 

  

ʈʠʩʫʥʦʢ 1. ʌʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ Hf ï C ʩʠʩʪʝʤʳ (ʘ) ʠ Ta ï C ʩʠʩʪʝʤʳ (ʙ) [111] 

 

ʉʦʛʣʘʩʥʦ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ (ʨʠʩʫʥʦʢ 1ʘ), ʚ ʩʠʩʪʝʤʝ ʛʘʬʥʠʡ ï ʫʛʣʝʨʦʜ 

ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʬʘʟʘ HfC, ʠʤʝʶʱʘʷ ʰʠʨʦʢʫʶ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ 

ʩʦʩʪʘʚʦʚ HfCy, ʛʜʝ y å 0.65 ï 1.00 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦ 500Áʉ ʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 2360Áʉ ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ ʩʤʝʱʘʝʪʩʷ ʜʦ y å 0.54. ʉʦʩʪʘʚ HfC1.0 ʷʚʣʷʝʪʩʷ 

ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ [111]. ʇʨʠ ʥʘʣʠʯʠʠ ʚ ʩʪʨʫʢʪʫʨʝ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ 

ʙʦʣʴʰʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ, ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʫʧʦʨʷʜʦʯʝʥʠʝ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʚʝʨʭʩʪʨʫʢʪʫʨ ʪʠʧʘ Hf6C5 ʠ Hf3C2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 750 ï 800Áʉ 
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[111ï113], ʧʨʠʯʸʤ ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʝʨʚʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʩʦʩʪʘʚʘ y å 

0.80 ï 0.87, ʘ ʚʪʦʨʦʡ y å 0.62 ï 0.71. ɺ ʧʨʝʜʝʣʘʭ y å 0.71 ï 0.80 ʠ y å 0.87 ï 0.95 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʬʘʟ Hf3C2 + Hf6C5 ʠ Hf6C5 + HfCy, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʉʠʩʪʝʤʘ ʪʘʥʪʘʣ ï ʫʛʣʝʨʦʜ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʠʩʪʝʤʳ ʛʘʬʥʠʡ ï ʫʛʣʝʨʦʜ ʥʘʣʠʯʠʝʤ ʥʘ 

ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ ʜʚʫʭ ʪʠʧʦʚ ʢʘʨʙʠʜʦʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ Ŭ-Ta2C ʠ ʢʫʙʠʯʝʩʢʦʛʦ TaCy ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 1150Áʉ (ʨʠʩʫʥʦʢ 1ʙ). ʊʘʢʞʝ, ʩʫʱʝʩʪʚʫʝʪ ʬʘʟʘ ɕ-Ta4C3-x, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷʩʷ ʦʯʝʥʴ ʫʟʢʦʡ ʦʙʣʘʩʪʴʶ ʛʦʤʦʛʝʥʥʦʩʪʠ (~ 38 ï 39 ʘʪ. % ʫʛʣʝʨʦʜʘ ) ʠ 

ʩʫʱʝʩʪʚʫʶʱʘʷ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1150 ï 2170Áʉ [111]. ʂʘʨʙʠʜ Ŭ-Ta2C ʠʤʝʝʪ ʦʙʣʘʩʪʴ 

ʛʦʤʦʛʝʥʥʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʦʚ ~ 33 ï 35 ʘʪ. %. ɺʳʰʝ 1550Áʉ Ŭ-Ta2C ʧʝʨʝʭʦʜʠʪ ʚ ʬʘʟʫ 

ɓ-Ta2C, ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶʩʷ ʙʦʣʝʝ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʴʶ ʛʦʤʦʛʝʥʥʦʩʪʠ (ʦʪ 26 ʜʦ 35 ʘʪ. %) 

ʧʨʠ 2830Áʉ, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʵʪʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʜʦʩʪʠʛʘʝʪ 3327Áʉ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫ ʥʠʟʰʝʛʦ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʩʫʱʝʩʪʚʫʝʪ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʥʝʢʦʪʦʨʘʷ ʦʙʣʘʩʪʴ 

ʥʘʜʩʪʝʭʠʦʤʝʪʨʠʠ ʧʦ ʫʛʣʝʨʦʜʫ, ʥʦ ʥʝ ʙʦʣʝʝ 2 ʘʪ. %. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʢʫʙʠʯʝʩʢʘʷ ʬʘʟʘ TaCy, 

ʠʤʝʶʱʘʷ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ NaCl, ʥʝ ʠʤʝʝʪ ʥʘʜʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʪʘʢʞʝ, ʢʘʢ ʠ 

ʘʥʘʣʦʛʠʯʥʘʷ ʬʘʟʘ HfCy. ʆʜʥʘʢʦ, ʦʙʣʘʩʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʤʦʥʦʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʧʨʠ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝʩʢʦʣʴʢʦ ʤʝʥʴʰʝ, ʯʝʤ ʫ ʘʥʘʣʦʛʘ (y = 0.82 ï 1.00) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦ 500Áʉ. 

ɺr ʰʝ 2000Áʉ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ ʩʠʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʧʨʠ 3327Áʉ ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ 

ʤʦʞʝʪ ʩʤʝʱʘʪʴʩʷ ʜʦ y å 0.58, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ~ 37 ʘʪ% ʫʛʣʝʨʦʜʘ. ɺ ʙʦʣʝʝ ʨʘʥʥʠʭ 

ʨʘʙʦʪʘʭ [3,114ï116] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʥʠʞʥʷʷ ʛʨʘʥʠʮʘ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʫ ʢʘʨʙʠʜʘ 

ʪʘʥʪʘʣʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʜʦ y = 0.68 ï 0.74. ɺʝʨʦʷʪʥʦ, ʵʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʢʠʥʝʪʠʯʝʩʢʠʤʠ 

ʟʘʪʨʫʜʥʝʥʠʷʤʠ ʧʨʠ ʨʘʩʧʘʜʝ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʩʦʩʪʘʚʘ TaCy. ʕʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʪʘʢʞʝ 

ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴ ʧʦʣʫʯʝʥʠʝ ɕ-Ta4C3-x ʬʘʟʳ ʠ ʝʸ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, 

ʦʜʥʘʢʦ ʘʚʪʦʨʳ ʚ ʨʘʙʦʪʘʭ [116ï118] ʧʦʣʘʛʘʶʪ, ʯʪʦ ʬʘʟʘ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʦʡ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 300 ï 2400 ʂ. ɸʚʪʦʨʳ [111,117ï119] 

ʧʦʜʯʸʨʢʠʚʘʶʪ, ʯʪʦ ɕ-Ta4C3-x ʥʝ ʷʚʣʷʝʪʩʷ ʚʘʨʠʘʥʪʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʣʷ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʛʦ TaCy, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ HfCy, ʫ TaCy ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 1150Áʉ 

ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʪʠʧʘ Ta6C5. ɼʨʫʛʠʭ ʪʠʧʦʚ 

ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʇʦʷʚʣʝʥʠʝ ʜʚʫʭʬʘʟʥʦʡ ʟʦʥʳ Ta6C5 + TaCy 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʨʠ ʩʤʝʱʝʥʠʠ ʩʦʩʪʘʚʘ y ʜʦ 0.98 ʠ ʥʠʞʝ. ɸ ʥʠʞʝ 0.92 ʠ ʜʦ ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ 

ʛʦʤʦʛʝʥʥʦʩʪʠ Ta6C5 ʫʧʦʨʷʜʦʯʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪʚʝʥʥʦʡ. ʅʠʞʝ, ʚʧʣʦʪʴ ʜʦ y 
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= 0.55 ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʥʘʣʠʯʠʝ ʜʚʫʭʬʘʟʥʦʡ ʦʙʣʘʩʪʠ Ŭ-Ta2C + Ta6C5, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʪʘʢʦʡ 

ʩʦʩʪʘʚ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʤ, ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ [111].  

ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʥʦʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʩʭʦʞʘʷ. ɸʪʦʤʳ 

ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʦʙʨʘʟʫʶʪ ɻʎʂ ʧʦʜʨʝʰʸʪʢʫ. ʉʪʨʫʢʪʫʨʥʳʡ ʪʠʧ B1 (NaCl), ʧʘʨʘʤʝʪʨʳ 

ʨʝʰʸʪʢʠ HfC ʠ TaC ʟʘʚʠʩʷʪ ʦʪ ʩʦʩʪʘʚʘ (ʩʪʝʭʠʦʤʝʪʨʠʯʥʦʩʪʠ) ʦʙʨʘʟʮʦʚ ʠ ʤʝʥʷʶʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ 4,606 ï 4,641 ¡ [113] ʠ 4,410 ï 4,457 ¡ [114] ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʌʘʢʪʠʯʝʩʢʠ, 

ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʠ ʤʦʥʦʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʪʚʸʨʜʳʝ 

ʨʘʩʪʚʦʨʳ ʚʳʯʠʪʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ MC (M = Hf, Ta). ʉʣʝʜʫʝʪ, ʦʜʥʘʢʦ, ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘʣʠʯʠ ̫ ʠʣʠ ʦʪʩʫʪʩʪʚʠ ̫ ʩʚʝʨʭʩʪʨʫʢʪʫʨʥʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ ʚ 

ʤʦʥʦʢʘʨʙʠʜʘʭ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʪʨʠʚʠʘʣʴʥʫʶ ʟʘʜʘʯʫ [112,120]. 

ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʩʚʝʨʭʩʪʨʫʢʪʫʨʥʳʝ ʨʝʬʣʝʢʩʳ ʦʙʣʘʜʘʶʪ ʯʨʝʟʚʳʯʘʡʥʦ ʤʘʣʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʠ ʥʝʡʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʠ 

ʤʘʣʦʵʬʬʝʢʪʠʚʥʦ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʚʠʜʫ ʩʠʣʴʥʦʛʦ ʧʦʛʣʦʱʝʥʠʷ ʥʝʡʪʨʦʥʦʚ ʪʷʞʸʣʳʤʠ ʘʪʦʤʘʤʠ 

Ta ʠ Hf [112]. ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʝʪ ʩʣʦʞʥʦʩʪʴ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ ʗʄʈ. ɸʚʪʦʨʳ ʨʘʙʦʪ 

[112,120] ʧʨʝʜʣʦʞʠʣʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʘ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ, ʢʘʢ ʥʘʠʙʦʣʝʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʛʦ ʢ ʩʦʩʪʘʚʫ ʠ ʩʪʨʫʢʪʫʨʥʦʤʫ ʫʧʦʨʷʜʦʯʝʥʠʶ.  

ʄʦʥʦʢʘʨʙʠʜʳ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʦʪʥʦʩʷʪʩʷ ʢ ʤʝʪʘʣʣʦʧʦʜʦʙʥʳʤ 

ʩʦʝʜʠʥʝʥʠʷʤ, ʫ ʢʦʪʦʨʳʭ ʧʨʦʷʚʣʷʶʪʩʷ ʩʚʦʡʩʪʚʘ, ʭʘʨʘʢʪʝʨʥʳʝ ʢʘʢ ʜʣʷ ʤʝʪʘʣʣʦʚ (ʚʳʩʦʢʠʝ 

ʵʣʝʢʪʨʦ- ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ), ʪʘʢ ʠ ʜʣʷ çʢʝʨʘʤʠʢʠè (ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʠ 

ʪʚʸʨʜʦʩʪʴ). ʆʩʥʦʚʥʘʷ ʧʨʠʯʠʥʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʤʝʪʘʣʣʦʧʦʜʦʙʥʳʝ ʩʚʦʡʩʪʚʘ, 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʣʠʯʠʠ ʩʚʷʟʠ ʤʝʪʘʣʣ ï ʤʝʪʘʣʣ, ʥʘʨʷʜʫ ʩʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʪʘʣʣ ï 

ʫʛʣʝʨʦʜ [121]. ʉʦʛʣʘʩʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʶ, ʚʳʩʢʘʟʘʥʥʦʤʫ ʚ [122,123], ʚ ʢʘʨʙʠʜʘʭ ʤʝʪʘʣʣʦʚ 

IV ʛʨʫʧʧʳ ʩʚʷʟʴ ʤʝʪʘʣʣ-ʫʛʣʝʨʦʜ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʠʣʴʥʦʡ, ʯʝʤ ʤʝʪʘʣʣ-ʤʝʪʘʣʣ; ʘ ʚ ʢʘʨʙʠʜʘʭ 

ʤʝʪʘʣʣʦʚ V ʛʨʫʧʧʳ ʦʙʝ ʩʚʷʟʠ ʠʤʝʶʪ ʩʠʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠ ʨʘʩʯʸʪʥʳʤʠ ʜʘʥʥʳʤʠ [121,124,125]. 

ʉʣʝʜʫʝʪ ʦʩʦʙʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʢʘʨʙʠʜʦʚ ʤʦʛʫʪ ʟʘʤʝʪʥʦ ʤʝʥʷʪʴʩʷ ʦʪ ʩʦʩʪʘʚʘ. 

ʊʘʢ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ 4 ʨʘʟʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ 

ʦʪ HfC0,62 ʜʦ HfC0,98. ʄʠʥʠʤʘʣʴʥʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʣʷ ʩʦʩʪʘʚʘ HfC0,98 (39 

ʤʢʆʤĀʩʤ [3]) ʩʨʘʚʥʠʤʦ ʩ ʪʘʢʦʚʳʤ ʜʣʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʛʘʬʥʠʷ (32.2 ʤʢʆʤĀʩʤ [126]). 

ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʦʥʦʢʘʨʙʠʜʦʚ ʵʪʠʭ ʤʝʪʘʣʣʦʚ ʪʘʢʞʝ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ: 

ʜʣʷ TaC ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦʯʪʠ ʚ 2 ʨʘʟʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ ʦʪ TaC0,7 ʜʦ TaC0,97 [3,127]. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʤʦʥʦʢʘʨʙʠʜʳ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʦʙʣʘʜʘʶʪ ʪʠʧʠʯʥʳʤʠ ʜʣʷ ʢʝʨʘʤʠʢʠ 
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ʩʚʦʡʩʪʚʘʤʠ. ʆʥʠ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʪʚʸʨʜʦʩʪʴ, ʢʦʪʦʨʘʷ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ 25 ɻʇʘ (ʧʦ 

ɺʠʢʢʝʨʩʫ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʭʨʫʧʢʦʩʪʴʶ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʘ ʠʟʫʯʝʥʘ ʤʠʢʨʦʪʚʸʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʢʘʨʙʠʜʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʦʩʪʘʚʘ. ʊʘʢ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʩʪʘʚʘ ʦʪ HfC0,62 ʜʦ HfC0,98 ʤʠʢʨʦʪʚʸʨʜʦʩʪʴ ʤʝʥʷʝʪʩʷ ʦʪ 18 

ʜʦ 28.3 ɻʇʘ. ɺ ʩʣʫʯʘʝ TaCy ʤʠʢʨʦʪʚʸʨʜʦʩʪʴ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ 24 ɻʇʘ (TaC0.85), ʘ ʢ ʛʨʘʥʠʮʘʤ 

ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʧʘʜʘʝʪ ʜʦ ~20 ɻʇʘ ʜʣʷ  ʩʦʩʪʘʚʦʚ TaC0.7 ï TaC1.0 [3,118,127].  

ʊʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʢʫʙʠʯʝʩʢʠʭ ʢʘʨʙʠʜʥʳʭ ʬʘʟ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʜʠʥ ʠʟ 

ʩʘʤʳʭ ʜʠʩʢʫʩʩʠʦʥʥʳʭ ʚʦʧʨʦʩʦʚ. ɺʩʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʩʭʦʜʷʪʩʷ ʚʦ ʤʥʝʥʠʠ, ʯʪʦ ʠʤʝʥʥʦ 

ʤʦʥʦʢʘʨʙʠʜʳ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ, ʘ ʪʘʢʞʝ ʠʭ ʢʦʤʧʦʟʠʮʠʠ ʷʚʣʷʶʪʩʷ ʩʘʤʳʤʠ ʪʫʛʦʧʣʘʚʢʠʤʠ 

ʚʝʱʝʩʪʚʘʤʠ ʠʟ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ. ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [3,127ï137], 

ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʧʣʘʚʣʝʥʠʷ ʚʘʨʴʠʨʫʪʁʩʷ ʜʣʷ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʚ ʧʨʝʜʝʣʘʭ 3750 ï 

3960Áʉ, ʘ ʜʣʷ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ: 3768 ï 3984Áʉ. ʊʝʤʧʝʨʘʪʫʨʳ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ ʧʣʘʚʣʝʥʠʷ 

ʦʮʝʥʠʚʘʪʁʩʷ ʚ 3180Áʉ (HfC ï C) ʠ 3400 ï 3445Áʉ (TaC ï C) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [111,123,134].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʥʦʢʘʨʙʠʜʳ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ (T = 2000Áʉ ʠ ʙʦʣʝʝ) ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ 

ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ.  

 

1.1.2. ʆʢʠʩʣʠʪʝʣʴʥʘʷ ʠ ʘʙʣʷʮʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ 

ɺʘʞʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʤʠ ʧʨʠʤʝʥʠʤʦʩʪʴ ʤʦʥʦʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ 

ʛʘʬʥʠʷ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʷʚʣʷʶʪʩʷ ʜʘʥʥʳʝ ʦʙ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʠ 

ʘʙʣʷʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʩʧʘʨʝʥʠʝ ʢʘʨʙʠʜʦʚ ʧʨʦʪʝʢʘʝʪ ʩ ʟʘʤʝʪʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 2000Áʉ ʠ ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ [135]. ʊʘʢ, ʜʣʷ 

HfCy ʥʘʙʣʶʜʘʝʤʘʷ ʨʘʚʥʦʚʝʩʥʘʷ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʩʠʣʴʥʦ ʨʘʩʪʸʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ (ʚ ʧʨʝʜʝʣʘʭ 2000 ï 2400Áʉ ʩʢʦʨʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 2 ï 3 ʧʦʨʷʜʢʘ). 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʩʦʩʪʘʚʘ ʢʘʨʙʠʜʘ ʢ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ, 

ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʢʘʨʙʠʜʘ ʥʝʤʥʦʛʦ ʫʤʝʥʴʰʘʝʪʩʷ: ʧʨʠ 2400Áʉ, HfC0.62 ï 6,8Ā10-7 ʛ/ʩʤ2Āʩ, 

ʘ HfC1.0 ï 1,8Ā10-7 ʛ/ʩʤ2Āʩ, ʪ.ʝ. ʚ ~ 4 ʨʘʟʘ [135]. ʆʜʥʘʢʦ, TaCy ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 2000 

ï 2400Áʉ ʠʩʧʘʨʷʝʪʩʷ ʤʝʜʣʝʥʥʝʝ, ʯʝʤ HfCy. ʊʘʢ, ʧʨʠ 2400Áʉ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʜʣʷ 

ʢʘʨʙʠʜʘ ʩ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ ʩʦʩʪʘʚʦʤ Taʉ0,94 ʩʦʩʪʘʚʣʷʝʪ 4,0Ā10-8 ʛ/ʩʤ2Āʩ [135]. ʅʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ HfCy ʠʩʧʘʨʷʝʪʩʷ ʢʦʥʛʨʫʵʥʪʥʦ ʚ ʜʠʘʧʘʟʦʥʝ ʚʩʝʡ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʧʦ 

ʨʝʘʢʮʠʠ 1: 

Hfʉy(ʪʚ) Ÿ Hf(ʛ) + y C(ʛ)   (1) 
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ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩʦʩʪʘʚ TaCy ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʠʩʧʘʨʝʥʠʷ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ 

ʜʦʩʪʠʛʥʝʪ ʥʝʠʟʤʝʥʥʦʛʦ ʧʝʨʠʦʜʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ. ʇʦʩʣʝ ʯʝʛʦ, ʠʩʧʘʨʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʢʦʥʛʨʫʵʥʪʥʦ ʧʦ ʨʝʘʢʮʠʠ, ʘʥʘʣʦʛʠʯʥʦʡ ʨʝʘʢʮʠʠ 1. ʕʪʦʪ ʧʨʝʜʝʣ ʩʤʝʱʘʝʪʩʷ ʢ 

ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ TaCy ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ (ʜʣʷ ʩʨʘʚʥʝʥʠʷ, 

ʧʨʠ 2200Áʉ ʢʦʥʛʨʫʵʥʪʥʦ ʠʩʧʘʨʷʶʱʠʡʩʷ ʩʦʩʪʘʚ ʙʫʜʝʪ TaC0.874, ʘ ʧʨʠ 2400Áʉ ï TaC0.735) 

[135]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2700 ï 3100ÁC ʢʦʥʛʨʫʵʥʪʥʦ ʠʩʧʘʨʷʶʱʠʡʩʷ ʩʦʩʪʘʚ ʩʦʩʪʘʚʣʷʝʪ 

TaC0.71 ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ. ʅʘʧʨʦʪʠʚ, ʢʘʨʙʠʜ Ta2C ʠʩʧʘʨʷʝʪʩʷ ʢʦʥʛʨʫʵʥʪʥʦ ʚ 

ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʦʚ TaC0.47 ï TaC0.53 ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ~3100ÁC (ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ 

ʥʝ ʧʨʝʚʳʰʘʝʪ 1,0Ā10-4 ʛ/ʩʤ2Āʩ) [135].  

ʀʟʫʯʝʥʠʝ ʘʙʣʷʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʢʘʨʙʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʚ ʩʨʝʜʘʭ, 

ʩʦʜʝʨʞʘʱʠʭ ʢʠʩʣʦʨʦʜ, ʦʩʣʦʞʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʧʘʨʘʣʣʝʣʴʥʦ ʧʨʦʮʝʩʩʫ ʘʙʣʷʮʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʦʢʠʩʣʝʥʠʝ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʚʥʝʰʥʝʛʦ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ 

ʙ·ʣʴʰʫʶ ʤʦʣʷʨʥʫʶ ʤʘʩʩʫ, ʯʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʢʘʨʙʠʜ, ʧʦ ʨʝʘʢʮʠʷʤ 2 ʠ 3 (T > 2000ÁC).  

Hfʉ(ʪʚ) + 2O2(ʛ) Ÿ HfO2(ʪʚ) + CO2(ʛ)    (2) 

4Taʉ(ʪʚ) + 9O2(ʛ) Ÿ 2Ta2O5(ʞ) + 4CO2(ʛ)   (3) 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʦʢʩʠʜʦʚ HfO2 (ʊʧʣ = 2799Áʉ) ʠ Ta2O5 (ʊʧʣ = 

1877Áʉ) ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʩʘʤʳʭ ʥʝʣʝʪʫʯʠʭ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʘʢ, ʧʨʠ 

2027Áʉ ʨʘʚʥʦʚʝʩʥʘʷ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ HfO2(ʪʚ) ʩʦʩʪʘʚʣʷʝʪ 2,33Ā10-7 ʛ/ʩʤ2Āʩ, ʘ Ta2O5(ʞ) ï 

3,83Ā10-5 ʛ/ʩʤ2Āʩ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ, ʯʝʤ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʘʨʙʠʜʦʚ (ʥʘ 2 ʠ 4 

ʧʦʨʷʜʢʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) [138]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʪʫʨʘʭ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ 

ʥʘʜ HfO2 ʩʦʜʝʨʞʘʪʩʷ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʯʘʩʪʠʮʳ HfO ʠ O, ʘ ʥʘʜ Ta2O5 ï TaO2 ʠ TaO. 

ʆʢʠʩʣʝʥʠʝ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʠʟʫʯʘʣʘʩʴ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ. ɺ ʨʘʙʦʪʝ [139] ʠʟʫʯʘʣʠ 

ʦʢʠʩʣʝʥʠʝ ʢʘʨʙʠʜʘ ʩʦʩʪʘʚʘ HfC0.952, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʜʫʛʦʚʦʡ ʧʣʘʚʢʠ. ʆʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ʧʨʠ PO2 = 11.5 ʪʦʨʨ ʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1517 ʠ 1617Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʛʘʟʦʚ CO 

ʠ CO2 ʚ ʤʦʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʧʨʠʤʝʨʥʦ 1:1, ʘ ʪʘʢʞʝ ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʨʠʩʪʦʛʦ HfO2 [139]. 

ɺ ʨʘʙʦʪʝ [140] ʦʙʨʘʟʮʳ HfC, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʩ ʧʦʨʠʩʪʦʩʪʴʶ 

ʤʝʥʝʝ 1%, ʦʢʠʩʣʷʣʠ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 500 ï 

1200Áʉ. ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʤʘʩʩʳ ʠ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600 ï 700Áʉ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ 700Áʉ ʥʘʙʣʶʜʘʣʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʬʘʟ ʤʦʥʦʢʣʠʥʥʦʛʦ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ HfO2, ʘ ʪʘʢʞʝ HfN ʟʦʣʦʪʠʩʪʦʛʦ 

ʮʚʝʪʘ, ʢʦʪʦʨʳʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 900Áʉ ʠʩʯʝʟʘʣ [140]. ʇʨʦʜʫʢʪ ʦʢʠʩʣʝʥʠʷ ʠʤʝʣ 

ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʬʘʟʘ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ HfO2 ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ 
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ʩʚʦʙʦʜʥʳʤ ʫʛʣʝʨʦʜʦʤ, ʚʳʜʝʣʷʶʱʠʤʩʷ ʚ ʧʨʦʮʝʩʩʝ ʦʢʠʩʣʝʥʠʷ. ʊʘʢʞʝ, ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʜʘʥʥʳʭ ʈʌɸ ʠ ʠʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʸʨʜʦʩʪʠ ʘʚʪʦʨʳ ʧʨʝʜʧʦʣʦʞʠʣʠ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʬʘʟʳ ʦʢʩʠʢʘʨʙʠʜʘ ʛʘʬʥʠʷ [140]. ʆʢʠʩʣʝʥʠʝ ʧʣʸʥʦʢ ʩʦʩʪʘʚʘ HfC0,5, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ CVD, ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ʩʦʜʝʨʞʘʥʠʝ O2 ï 7 %, T = 

1400 ï 2060ÁC, t = 240 ï 2400 c) ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʚ ʨʘʙʦʪʘʭ [54,55,141]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʚ ʧʨʦʮʝʩʩʝ ʦʢʠʩʣʝʥʠʷ ʬʦʨʤʠʨʦʚʘʣʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ ʤʝʞʜʫ HfC ʠ HfO2, 

ʩʦʜʝʨʞʘʱʠʡ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʠʩʣʦʨʦʜʘ ʠ ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʫʛʣʝʨʦʜʘ. ɸʚʪʦʨʳ 

ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ ʧʝʨʝʭʦʜʥʳʡ ʩʣʦʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʢʩʠʢʘʨʙʠʜ ʩʦʩʪʘʚʘ HfO2-xCx. 

ɹʦʣʝʝ ʧʦʟʜʥʠʝ ʨʘʙʦʪʳ [142ï145] ʧʦ ʦʢʠʩʣʝʥʠʶ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ HfC ʠ ʧʦʨʦʰʢʘ ʚ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ (PO2 = 0.08 ï 80 ʢʇʘ, T = 500 ï 1500ÁC) ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ 

ʦʢʠʩʣʝʥʠʷ ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʝʭʦʜʥʘʷ ʟʦʥʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʦʢʩʠʢʘʨʙʠʜʘ ʛʘʬʥʠʷ HfC1-xOx ʩ 

ʢʫʙʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʦʡ. ʅʘ ʛʨʘʥʠʮʝ HfC-ʦʢʩʠʢʘʨʙʠʜ ʦʢʠʩʣʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʪʚʦʨʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʚ ʬʘʟʝ HfC1-xOx. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ x~0.4 

ʧʨʦʠʩʭʦʜʠʪ ʚʳʜʝʣʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ HfO2. ɼʘʣʴʥʝʡʰʝʝ 

ʦʢʠʩʣʝʥʠʝ ʫʛʣʝʨʦʜʘ ʜʦ CO2 ʥʘ ʛʨʘʥʠʮʝ ʦʢʩʠʢʘʨʙʠʜ-HfO2 ʧʨʦʠʩʭʦʜʠʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʚʩʣʝʜʩʪʚʠʝ ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʪʨʝʱʠʥʳ ʠ ʧʦʨʳ ʚ HfO2.  

ʆʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʢʘʨʙʠʜʥʦʡ ʬʘʟʳ ʧʨʠʚʦʜʠʪ ʢ ʟʘʤʝʜʣʝʥʠʶ ʧʨʦʮʝʩʩʦʚ ʦʢʠʩʣʝʥʠʷ 

ʚʩʣʝʜʩʪʚʠʝ ʪʦʛʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʵʪʦʡ ʬʘʟʝ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ, 

ʯʝʤ ʚ HfO2, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʘʣʠʯʠʝ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʡ 

ʬʘʢʪʦʨ [55,79,110]. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʧʦʨʳ ʠ 

ʪʨʝʱʠʥʳ ʚ ʩʣʦʝ HfO2 ʢ ʦʢʩʠʢʘʨʙʠʜʥʦʤʫ ʩʣʦʶ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʘʤʝʜʣʝʥʠʷ ʦʢʠʩʣʝʥʠ,̫ 

ʧʦʣʫʯʘʶʪ ʢʝʨʘʤʠʢʫ Hfʉ ï 30 % ʦʙ SiC, ʢʦʪʦʨʳʡ ʚ ʧʨʦʮʝʩʩʝ ʦʢʠʩʣʝʥʠʷ ʧʨʠ 2000ÁC ʠ ʚʳʰʝ 

ʬʦʨʤʠʨʫʝʪ ʞʠʜʢʫʶ ʬʘʟʫ SiO2, ʟʘʧʦʣʥʷʶʱʫʶ ʜʝʬʝʢʪʳ ʚ HfO2-ʢʘʨʢʘʩʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʫʜʘʸʪʩʷ ʜʦʙʠʪʴʩʷ ʩʪʘʙʠʣʴʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 2800Áʉ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ ʚ ʪʝʯʝʥʠʝ 1800 ʩʝʢʫʥʜ [146]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʦʣʱʠʥʘ ʦʢʠʩʣʝʥʥʦʛʦ ʩʣʦʷ 

ʧʨʠ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʜʦʩʪʠʛʘʣʘ 260 ʤʢʤ ʚ ʩʨʝʜʥʝʤ. ʂ ʩʦʞʘʣʝʥʠʶ, ʦʙʨʘʟʝʮ, ʠʟʛʦʪʦʚʣʝʥʥʳʡ 

ʚ ʚʠʜʝ ʪʘʙʣʝʪʢʠ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ, ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʨʘʩʪʨʝʩʢʠʚʘʣʩʷ.  

ʆʢʠʩʣʝʥʠʝ TaC ʚ ʚʠʜʝ ʧʦʨʦʰʢʘ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ~10 ʤʢʤ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 600Áʉ (ʧʦʩʣʝ 25 ʯ ʚʳʜʝʨʞʢʠ) ʥʘ ʚʦʟʜʫʭʝ [147]. ʆʜʥʘʢʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʧʨʠ 700Áʉ ʧʦʩʣʝ 1 ʯ ʥʘʙʣʶʜʘʶʪʩʷ 

ʪʦʣʴʢʦ ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʝ ʨʝʬʣʝʢʩʳ TaC ʥʘ ʬʦʥʝ ʦʩʥʦʚʥʦʛʦ ʧʨʦʜʫʢʪʘ (ɓ-Ta2O5 ʩ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ). ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 
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ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʥʦʤʫ ʠʩʯʝʟʥʦʚʝʥʠʶ ʨʝʬʣʝʢʩʦʚ TaC [147]. ɺ ʨʘʙʦʪʝ [148] ʧʨʦʚʦʜʠʣʦʩʴ 

ʠʟʫʯʝʥʠʝ ʦʢʠʩʣʝʥʠʷ ʦʙʨʘʟʮʦʚ TaC ʠ Ta2C, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ 

(ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ 98%), ʚ ʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʫʩʣʦʚʠʷʭ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 

800Áʉ ʦʢʠʩʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʣʠʥʝʡʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ, ʘ ʧʨʠ 850Áʉ ʚ ʪʝʯʝʥʠʝ 5 ʯ 

ʦʙʨʘʟʝʮ TaC ʧʦʣʥʦʩʪʴʶ ʦʢʠʩʣʷʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɓ-Ta2O5 [148]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʜʣʷ 

ʦʙʨʘʟʮʘ Ta2C ʥʘʙʣʶʜʘʣʠ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʩʣʦʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ Ta2O5 ï 

Ta2C, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʦʢʠʩʣʝʥʠʝ Ta2C ʧʨʦʠʩʭʦʜʠʪ ʤʝʜʣʝʥʥʝʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Taʉ. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʠʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʸʨʜʦʩʪʠ, ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʈʌɸ, ʙʳʣʦ ʩʜʝʣʘʥʦ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʧʝʨʝʭʦʜʥʘʷ ʬʘʟʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʢʩʠʢʘʨʙʠʜ ʥʘ ʦʩʥʦʚʝ 

ʩʪʨʫʢʪʫʨʳ Ta2C[148]. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʦʙʨʘʟʫʶʱʠʡʩʷ Ta2O5 ʠʤʝʝʪ ʭʦʨʦʰʫʶ 

ʘʜʛʝʟʠʶ ʢ ʢʘʨʙʠʜʥʦʤʫ ʩʣʦʶ ʠ ʩʪʦʣʙʯʘʪʫʶ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʥʝ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʧʨʦʥʠʢʥʦʚʝʥʠʶ O2 ʢ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʠ ʜʠʬʬʫʟʠʠ ʛʘʟʦʦʙʨʘʟʥʦʛʦ CO ʥʘʨʫʞʫ.  

ʆʢʠʩʣʠʪʝʣʴʥʘʷ ʩʪʦʡʢʦʩʪʴ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ 

ʤʥʦʛʦʩʣʦʡʥʦʡ C-TaC ʠʥʪʝʨʬʘʟʦʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 700 ï 1400Áʉ (ʚʨʝʤʷ ʦʢʠʩʣʝʥʠʷ 2 ï 60 

ʤʠʥ) ʠʟʫʯʘʣʘʩʴ ʚ ʨʘʙʦʪʝ [149]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 ï 800 Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʯʘʩʪʠʯʥʦʝ 

ʦʢʠʩʣʝʥʠʝ ʠʥʪʝʨʬʘʟʳ TaC ʜʦ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ŭ-Ta2O5 ʬʘʟʳ. ʇʨʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ (900 ï 1300Áʉ) TaC ʦʢʠʩʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʜʦ ɓ-Ta2O5 ʬʘʟʳ ʧʦ ʚʩʝʤʫ ʦʙʲʸʤʫ 

ʤʘʪʝʨʠʘʣʘ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʧʨʦʜʫʢʪ ʦʢʠʩʣʝʥʠʷ ʧʦʨʠʩʪʳʡ ʠ ʥʝ ʧʨʝʧʷʪʩʪʚʫʝʪ 

ʜʘʣʴʥʝʡʰʝʡ ʜʝʛʨʘʜʘʮʠʠ ʫʛʣʝʨʦʜʥʦʛʦ ʢʘʨʢʘʩʘ [149]. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 

1400Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭ ʟʦʥ: ʦʢʠʩʣʝʥʥʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʩʣʦʷ ɓ-Ta2O5 ʠ 

ʥʝʦʢʠʩʣʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʝʨʝʭʦʜʝ ʤʝʭʘʥʠʟʤʘ ʦʢʠʩʣʝʥʠʷ ʦʪ 

ʦʙʲʸʤʥʦʛʦ ʢ ʜʠʬʬʫʟʠʦʥʥʦ-ʢʦʥʪʨʦʣʠʨʫʝʤʦʤʫ. ʅʝʩʤʦʪʨʷ ʥʘ ʥʠʟʢʫʶ ʦʢʠʩʣʠʪʝʣʴʥʫʶ 

ʩʪʦʡʢʦʩʪʴ, ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (T ~ 2000Áʉ ʠ ʚʳʰʝ) TaC ʦʙʝʩʧʝʯʠʚʘʝʪ ʭʦʨʦʰʫʶ 

ʟʘʱʠʪʫ ʦʪ ʦʢʠʩʣʝʥʠʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʥʠʷ ʞʠʜʢʦʡ ʬʘʟʳ Ta2O5, ʢʦʪʦʨʘʷ ʠʟʦʣʠʨʫʝʪ 

ʧʦʚʝʨʭʥʦʩʪʴ ʦʪ ʚʥʝʰʥʝʡ ʩʨʝʜʳ, ʠ ʜʘʣʴʥʝʡʰʝʝ ʦʢʠʩʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʨʝʜʩʪʚʦʤ 

ʨʘʩʪʚʦʨʝʥʠʷ ʠ ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʞʠʜʢʫʶ ʬʘʟʫ [150ï152]. ɼʘʣʴʥʝʡʰʝʝ 

ʦʭʣʘʞʜʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʞʠʜʢʦʩʪʠ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʬʘʟ ʪʨʠʢʣʠʥʥʦʡ Ŭ-

Ta2O5 ʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ɓ-Ta2O5. ɺʢʣʶʯʝʥʠʝ ʚ ʩʦʩʪʘʚ ʧʦʢʨʳʪʠʡ ʠ ʤʘʪʝʨʠʘʣʦʚ SiC 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʞʠʜʢʦʡ ʬʘʟʳ Ta2O5-SiO2, ʪʘʢʞʝ ʠʤʝʶʱʝʡ ʭʦʨʦʰʠʝ ʟʘʱʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ [153,154].  

ʀʟʫʯʝʥʠʝ ʘʙʣʷʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜ-

ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʠ ʩʦʜʝʨʞʘʱʠʭ HfC ʚ ʢʦʣʠʯʝʩʪʚʝ 3,5 ï 11,5 % (ʤʘʩʩ.) ʚ 
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ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʫʩʣʦʚʠʷʭ (ʛʦʨʝʣʢʘ ʩ ʦʢʩʠʘʮʝʪʠʣʝʥʦʚʳʤ ʧʣʘʤʝʥʝʤ) ʧʦʢʘʟʘʣʦ, ʯʪʦ ʤʘʩʩʦʚʘʷ 

ʩʢʦʨʦʩʪʴ ʨʝʮʝʩʩʠʠ ʤʘʪʝʨʠʘʣʘ ʩʦʩʪʘʚʣʷʝʪ ~1 ï 2Ā10-4 ʛ/ʩʤ2Āʩ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ 1900 ï 2200Áʉ [155]. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʘʚʪʦʨʳ ʧʨʝʜʧʦʣʘʛʘʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʧʦʩʪʦʷʥʥʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʤʝʥʠ (3000Áʉ), ʨʘʩʩʪʦʷʥʠʝ ʜʦ 

ʧʦʚʝʨʭʥʦʩʪʠ (10 ʤʤ) ʠ ʚʨʝʤʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʷ (60 ʩ), ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʝʥʷʣʘʩʴ ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʦʙʨʘʟʮʘ [155]. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʧʦʪʝʨʠ ʤʘʩʩʳ ʤʘʪʝʨʠʘʣʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʙʣʷʮʠʠ ʚʳʰʝ, ʯʝʤ 

ʨʘʚʥʦʚʝʩʥʘʷ ʩʢʦʨʦʩʪʴ ʠʩʧʘʨʝʥʠʷ ʜʣʷ HfO2 ʠ HfC. ʆʜʥʘʢʦ ʜʣʷ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʙʝʟ HfC ʩʢʦʨʦʩʪʴ ʘʙʣʷʮʠʠ ʙʦʣʴʰʝ ʚ 30 ʨʘʟ [155].  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʷʜʘ ʨʘʙʦʪ ʧʦ ʘʙʣʷʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ HfC ʧʦʢʨʳʪʠʡ ʠ ʫʛʣʝʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʩʦʜʝʨʞʘʱʠʭ HfC, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʘʙʣʷʮʠʦʥʥʘʷ ʩʢʦʨʦʩʪʴ ʧʨʠ 

ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʘʥʘʣʦʛʠʯʥʳʭ ʦʧʠʩʘʥʥʳʤ ʚʳʰʝ, ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ ~1Ā10-4 ʜʦ 2Ā10-3 

ʛ/ʩʤ2Āʩ [81,89,97,156ï159]. ʈʘʟʣʠʯʠʝ ʚ ʩʢʦʨʦʩʪʠ ʘʙʣʷʮʠʠ ʦʙʫʩʣʦʚʣʝʥʦ ʚʣʠʷʥʠʝʤ 

ʥʝʩʢʦʣʴʢʠʭ ʬʘʢʪʦʨʦʚ, ʥʘʧʨʠʤʝʨ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʥʘʣʠʯʠʝ ʚ ʩʦʩʪʘʚʝ 

ʤʘʪʝʨʠʘʣʘ SiC (HfC-SiC ʢʝʨʘʤʠʢʘ) ʠ ʪ.ʜ.  

ɼʣʷ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ, ʩʦʜʝʨʞʘʱʠʭ TaC, ʩʢʦʨʦʩʪʠ ʧʦʪʝʨʠ ʤʘʩʩʳ ʩʨʘʚʥʠʤʳ ʩ 

ʪʘʢʦʚʳʤʠ ʜʣʷ HfC, ʦʜʥʘʢʦ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʩʧʳʪʘʥʠʡ ʥʝʩʢʦʣʴʢʦ ʤʝʥʴʰʝ. 

ʊʘʢ, ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʧʦʢʨʳʪʠʷ TaC-SiC ʩʢʦʨʦʩʪʴ ʧʦʪʝʨʠ ʤʘʩʩʳ ʧʨʠ 60 ʩ ʠʩʧʳʪʘʥʠʷ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ 2000Áʉ ʩʦʩʪʘʚʣʷʝʪ ~7Ā10-4 ʛ/ʩʤ2Āʩ [160]. ɼʣʷ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ 

ʧʦʢʨʳʪʠʷ TaC ʥʘ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʩʢʦʨʦʩʪʴ ʘʙʣʷʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʚ 

ʧʨʝʜʝʣʘʭ 5Ā10-5 ï 3Ā10-4 ʛ/ʩʤ2Āʩ (Tʧʣʘʤʝʥʠ = 2800Áʉ, ʚʨʝʤʷ ʠʩʧʳʪʘʥʠʷ 60 ʩ) [150].  

ʆʜʥʘʢʦ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʚʤʝʩʪʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʩʦʩʪʘʚʝ ʧʦʢʨʳʪʠʡ HfC ʠ 

TaC ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʟʘʱʠʪʝ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʢʨʳʪʠʷʤʠ ʥʘ ʦʩʥʦʚʝ HfC. ʊʘʢ, ʚ ʨʘʙʦʪʝ [90] ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʜʣʷ 

ʧʦʢʨʳʪʠʷ HfCïHf(Ta)C ʩʢʦʨʦʩʪʴ ʧʦʪʝʨʠ ʤʘʩʩʳ ʦʙʨʘʟʮʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʤʝʥʠ 3000Áʉ 

ʚ ʪʝʯʝʥʠʝ 60 ʩ ʩʦʩʪʘʚʣʷʝʪ ~1Ā10-5 ʛ/ʩʤ2Āʩ. ʉʨʘʚʥʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʢʨʳʪʠʝʤ HfC, 

ʧʦʣʫʯʝʥʥʳʤ ʠ ʠʩʧʳʪʘʥʥʳʤ ʘʚʪʦʨʘʤʠ ʚ ʨʘʙʦʪʝ [58], ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʧʦʪʝʨʠ ʤʘʩʩʳ ʙʳʣʘ 

-5Ā10-5 ʛ/ʩʤ2Āʩ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʳʩʪʨʦʤ ʦʢʠʩʣʝʥʠʠ ʠ ʧʨʠʨʦʩʪʝ ʤʘʩʩʳ ʟʘ ʩʯʸʪ HfO2. 

ʋʣʫʯʰʝʥʠʝ ʟʘʱʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʢʨʳʪʠʷ HfCïHf(Ta)C ʦʙʲʷʩʥʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʞʠʜʢʦʡ 

ʬʘʟʳ Hf6Ta2O17, ʢʦʪʦʨʘʷ ʟʘʧʦʣʥʷʝʪ ʧʦʨʳ ʠ ʪʨʝʱʠʥʳ, ʧʨʝʧʷʪʩʪʚʫʷ ʜʘʣʴʥʝʡʰʝʤʫ 

ʦʢʠʩʣʝʥʠʶ [90]. ɸʥʘʣʦʛʠʯʥʦ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ HfC-
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TaC-SiC ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠ ʤʘʣʫʶ ʩʢʦʨʦʩʪʴ ʧʦʪʝʨʠ ʤʘʩʩʳ (3Ā10-6 ʛ/ʩʤ2Āʩ ʧʨʠ T = 1930Áʉ, t 

= 60 ʩ) [96].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʘʨʙʠʜʳ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʫʩʧʝʰʥʦ 

ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ ʜʣʷ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʆʜʥʘʢʦ, ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʥʝʜʦʩʪʘʪʢʦʚ, 

ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʧʨʠʤʝʥʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ ʠʟ ʢʘʨʙʠʜʦʚ. ʆʜʥʠʤ ʠʟ ʥʠʭ 

ʷʚʣʷʝʪʩʷ ʤʘʣʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢʘʨʙʠʜʦʚ ʢ ʪʝʨʤʦʰʦʢʫ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. ɺ ʩʣʫʯʘʝ HfC ʚʦʟʥʠʢʘʝʪ ʩʣʦʞʥʦʩʪʴ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʛʘʟʦʧʣʦʪʥʦʛʦ ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʧʨʝʧʷʪʩʪʚʫʶʱʝʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʢʠʩʣʦʨʦʜʘ ʠ ʘʢʪʠʚʥʦʤʫ ʦʢʠʩʣʝʥʠʶ ʢʘʨʙʠʜʘ. ɺ ʩʣʫʯʘʝ 

TaC ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 2000Áʉ ʠ ʚʳʰʝ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʜʚʠʞʥʘʷ ʞʠʜʢʘ ̫ʦʢʩʠʜʥʘʷ ʬʘʟʘ, 

ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠ ʪʝʤʧʝʨʘʪʫʨʫ ʵʢʩʧʣʫʘʪʘʮʠʠ.  

  

1.1.3. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ 

1.1.3.1. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʦʚ 

 

ɸ. ʂʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʂʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʦʢʩʠʜʦʚ ï ʦʜʠʥ ʠʟ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʭ 

ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [3,122,123,161ï

163]. ɺʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (1500 ï 

2000Áʉ) ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʜʦʨʦʜʘ ʣʠʙʦ ʚ ʚʘʢʫʫʤʝ ʧʦ ʨʝʘʢʮʠʠ 4: 

MxOy + (x+y) C Ÿ x MC + y COŷ   (4) 

ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʘʥ [3].  

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʜʠʦʢʩʠʜʘ ʛʘʬʥʠʷ ʩ ʫʛʣʝʨʦʜʦʤ ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ ʧʨʦʤʝʞʫʪʦʯʥʫʶ 

ʩʪʘʜʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʩʠʢʘʨʙʠʜʘ ʩʣʦʞʥʦʛʦ ʩʦʩʪʘʚʘ HfCxOy [164]. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, 

ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʠʟʙʳʪʦʢ ʫʛʣʝʨʦʜʘ, ʯʪʦʙʳ 

ʧʦʣʫʯʠʪʴ ʧʨʦʜʫʢʪ, ʥʝ ʩʦʜʝʨʞʘʱʠʡ ʢʠʩʣʦʨʦʜʘ. ʏʪʦʙʳ ʫʚʝʣʠʯʠʪʴ ʚʳʭʦʜ ʨʝʘʢʮʠʠ 

ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ (ʦʙʨʘʟʦʚʘʥʠʝ HfCxOy) ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(1600Áʉ), ʚ ʨʘʙʦʪʝ [165] ʧʨʝʜʣʦʞʠʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝʙʦʣʴʰʠʝ ʜʦʙʘʚʢʠ ʢʨʝʤʥʠʷ (ʜʦ 5 

ʤʦʣʴ. %). ʂʘʢ ʧʦʢʘʟʘʣʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʢʩʠʢʘʨʙʠʜʘ, ʚʝʨʦʷʪʥʦ, 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ HfO ʠ CO [164,165]. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʩʦʛʣʘʩʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʨʘʙʦʪʳ [166], ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ HfC ʜʦʩʪʘʪʦʯʥʘ 
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ʪʝʤʧʝʨʘʪʫʨʘ ~ 1930ÁC ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʧʘʨʮʠʘʣʴʥʳʭ ʜʘʚʣʝʥʠʡ CO (20 ï 700 ʪʦʨʨ). 

ʊʘʢʞʝ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ~1830 ï 2330ÁC ʠ ʜʘʚʣʝʥʠʡ CO 20 ï 700 

ʪʦʨʨ ʬʦʨʤʠʨʫʝʪʩʷ ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʘ ʙʣʠʟʢʠʤ ʢ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤʫ.  

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ Ta2O5 ʩ ʫʛʣʝʨʦʜʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʤʝʥʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʝʤ ʚ 

ʩʣʫʯʘʝ HfO2. ɺʧʝʨʚʳʝ ʤʦʥʦʢʘʨʙʠʜ ʪʘʥʪʘʣʘ ʧʦʣʫʯʠʣʠ ʧʦ ʨʝʘʢʮʠʠ Ta2O5 ʩ ʫʛʣʝʨʦʜʦʤ ʚ 

ʨʘʩʧʣʘʚʝ Na2CO3 ʧʨʠ 1500Áʉ [123]. ʂʘʢ ʦʪʤʝʯʘʝʪʩʷ ʚ ʨʘʙʦʪʝ [123], ʧʨʦʜʫʢʪʳ ʩʠʩʪʝʤʳ Ta 

ï C ʧʨʦʱʝ ʦʩʚʦʙʦʜʠʪʴ ʦʪ ʧʨʠʤʝʩʝʡ ʢʠʩʣʦʨʦʜʘ, ʯʝʤ ʧʨʦʜʫʢʪʳ ʩʠʩʪʝʤʳ M (IV) ï C (M = Ti, 

Zr, Hf). ɺ ʨʘʙʦʪʝ [167] ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʥʘʛʨʝʚ ʜʣʷ ʨʝʘʢʮʠʠ 

ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1500Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʩʦʜʝʨʞʘʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʢʠʩʣʦʨʦʜʘ 

ʚ ʧʨʦʜʫʢʪʝ ʨʝʘʢʮʠʠ Ta2O5 ʩ ʫʛʣʝʨʦʜʦʤ ʩʦʩʪʘʚʣʷʝʪ 20 ʤʘʩʩ. %. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʩʣʝʜʩʪʚʠʝ 

ʤʝʜʣʝʥʥʦʡ ʜʠʬʬʫʟʠʠ ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʜʫʢʪʝ, ʧʦʣʫʯʠʪʴ ʦʜʥʦʨʦʜʥʳʡ ʧʦ ʩʦʩʪʘʚʫ ʧʨʦʜʫʢʪ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʟʘʪʨʫʜʥʠʪʝʣʴʥʳʤ [123]. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [168] ʧʨʝʜʣʘʛʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʤʝʪʦʜʘ SPS (spark plasma sintering, ʵʣʝʢʪʨʦʠʩʢʨʦʚʦʝ ʩʧʝʢʘʥʠʝ) ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʦʜʥʦʨʦʜʥʦʛʦ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Ta0.8Hf0.2C. ɼʣʷ ʵʪʦʛʦ ʩʤʝʩʴ ʦʢʩʠʜʦʚ (HfO2 ʠ Ta2O5) ʠ ʩʘʞʠ 

ʩʤʝʰʠʚʘʣʠ ʚ ʤʝʣʴʥʠʮʝ, ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʠʟ WC, ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. ɼʘʣʝʝ, ʠʟ ʧʦʣʫʯʝʥʥʦʡ 

ʩʤʝʩʠ ʬʦʨʤʠʨʦʚʘʣʠ ʪʘʙʣʝʪʢʠ ʠ ʧʨʦʚʦʜʠʣʠ ʩʧʝʢʘʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1600 ï 2200Áʉ ʚ 

ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʩʦ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ 100Áʉ/ʯ ʚ ʚʘʢʫʫʤʝ.  

ʆʨʠʛʠʥʘʣʴʥʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʦʚ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ IV ʠ V ʛʨʫʧʧ 

ʧʦʩʨʝʜʩʪʚʦʤ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʦʧʠʩʘʥ ʚ [3]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ 

ʤʝʪʘʣʣʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʩʧʦʣʴʟʫʶʪ ʛʠʜʨʠʜʳ. ɻʠʜʨʠʜʳ ʩʤʝʰʠʚʘʶʪ ʩ ʩʘʞʝʡ 

ʨʘʩʯʸʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʚ ʚʠʜʝ ʙʨʠʢʝʪʦʚ ʦʧʫʩʢʘʶʪ ʚ ʘʣʫʥʜʦʚʳʝ ʪʠʛʣʠ ʩ ʨʘʩʧʣʘʚʘʤʠ 

ʬʪʦʨʠʜʦʚ, ʭʣʦʨʠʜʦʚ ʠʣʠ ʢʘʨʙʦʥʘʪʦʚ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ. ʈʝʘʢʮʠʶ ʦʩʫʱʝʩʪʚʣʷʶʪ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 850 ï 950Áʉ. ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʩʤʝʩʴ ʦʙʨʘʙʘʪʳʚʘʶʪ ʚʦʜʦʡ ʜʣʷ ʫʜʘʣʝʥʠʷ 

ʨʘʩʪʚʦʨʠʤʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ.  

 

ɹ. ʄʝʪʘʣʣʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ɺ ʨʘʙʦʪʝ [169] ʧʨʦʚʦʜʠʣʠ ʧʦʣʫʯʝʥʠʝ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʤʝʪʘʣʣʦʪʝʨʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ 

ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʩʘʞʠ. ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʦʩʥʦʚʘʥ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʪʘʥʪʘʣʘ ʠʟ ʭʣʦʨʠʜʘ 

ʘʢʪʠʚʥʳʤ ʤʝʪʘʣʣʦʤ (ʣʠʪʠʡ, ʤʘʛʥʠʡ ʠʣʠ ʢʘʣʴʮʠʡ), ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ 

ʩ ʫʛʣʝʨʦʜʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʧʦ ʙʨʫʪʪʦ-ʨʝʘʢʮʠʷʤ 5-6.  
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TaCl5 + C + 5Li  Ÿ TaC + 5LiCl     (5) 

2TaCl5 + 2C + 5M Ÿ 2TaC + 5MCl2 (M = Mg, Ca) (6) 

 

ʇʨʦʮʝʩʩ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 275Áʉ (M = Li ) ʠ 600ÁC (M 

= Mg, Ca). ʇʦʩʣʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʜʫʢʪ ʧʨʦʤʳʚʘʣʠ ʚʦʜʦʡ ʠ ʧʦʜʚʝʨʛʘʣʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʦʙʨʘʙʦʪʢʝ, ʟʘʪʝʤ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ. ɼʣʷ ʫʜʘʣʝʥʠʷ ʛʠʜʨʦʢʩʠʜʦʚ Ca ʠ Mg ʩʫʩʧʝʥʟʠʶ 

ʦʙʨʘʙʘʪʳʚʘʣʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ (15.8 N). ɼʘʣʝʝ ʦʙʨʘʟʮʳ ʧʨʦʤʳʚʘʣʠ 

ʵʪʘʥʦʣʦʤ ʠ ʩʫʰʠʣʠ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ [169]. ɸʚʪʦʨʳ ʨʘʙʦʪʳ [169] ʦʪʤʝʯʘʶʪ, 

ʯʪʦ ʜʘʥʥʳʤ ʩʧʦʩʦʙʦʤ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʡ ʢʘʨʙʠʜ TaC. ʆʜʥʘʢʦ, ʥʝ ʠʩʢʣʶʯʝʥʦ 

ʥʘʣʠʯʠʝ ʧʨʠʤʝʩʝʡ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʬʘʟ, Ta ʠ Ta2C.  

ɺ ʨʘʙʦʪʝ [170] ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ HfC ʤʝʪʘʣʣʦʪʝʨʤʠʯʝʩʢʠʤ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ ʯʘʩʪʠʯʥʦ ʛʠʜʨʦʣʠʟʦʚʘʥʥʦʛʦ HfCl4 ʤʘʛʥʠʝʤ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʫʛʣʝʨʦʜʘ. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʚ ʧʣʘʥʝʪʘʨʥʦʡ 

ʤʝʣʴʥʠʮʝ ʚ ʪʝʯʝʥʠʝ 2-ʭ ʯʘʩʦʚ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʩ ʜʘʣʴʥʝʡʰʝʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʪʘʢʞʝ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ. ʀʩʩʣʝʜʦʚʘʪʝʣʠ 

ʦʪʤʝʯʘʶʪ, ʯʪʦ ʚ ʧʦʣʫʯʝʥʥʦʤ ʪʘʢʠʤ ʤʝʪʦʜʦʤ ʦʙʨʘʟʮʝ ʩʦʜʝʨʞʠʪʩʷ ʪʦʣʴʢʦ HfC ʠ 28 % ʚʝʩ. 

MgO. ʆʯʠʱʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ ʦʪ MgO ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ.  

 

ɺ. ɿʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ 

ɿʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠʣʠ ʪʘʥʪʘʣʘ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ [32,131,171]. ʉʫʪʴ ʤʝʪʦʜʘ, ʥʘ 

ʧʨʠʤʝʨʝ ʪʘʥʪʘʣʘ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʪʘʥʪʘʣ-ʫʛʣʝʨʦʜ ʩʦʜʝʨʞʘʱʝʛʦ ʛʝʣʷ ʧʫʪʸʤ 

ʛʠʜʨʦʣʠʟʘ ʘʣʢʦʢʩʠʜʦʚ ʪʘʥʪʘʣʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʬʝʥʦʣʬʦʨʤʘʣʴʜʝʛʠʜʥʦʡ ʩʤʦʣʳ ʚ ʵʪʠʣʦʚʦʤ 

ʩʧʠʨʪʝ [171]. ʇʦʣʫʯʝʥʠʝ ʘʣʢʦʢʩʠʜʘ ʪʘʥʪʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʸʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʝʥʪʘʭʣʦʨʠʜʘ ʪʘʥʪʘʣʘ ʩ 1-ʧʝʥʪʘʥʦʣʦʤ (ʥ-ʘʤʠʣʦʚʳʤ ʩʧʠʨʪʦʤ) ʧʦ ʨʝʘʢʮʠʷʤ 7 ʠ 8 [171]: 

 

TaCl5(ʪʚ) + 3C5H11OH(ʞ) = Ta(OC5H11)3Cl2(ʨ-ʨ) + 3HCl(ʛ)    (7) 

Ta(OC5H11)3Cl2(ʨ-ʨ) + 2ʉ5H11OH + 2NH3(ʛ) = Ta(OC5H11)5(ʨ-ʨ) + 2NH4Cl(ʪʚ) (8) 

 

ɻʠʜʨʦʣʠʟ ʧʨʦʚʦʜʷʪ 5%-ʤ ʨʘʩʪʚʦʨʦʤ ʚʦʜʳ ʚ ʵʪʘʥʦʣʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʬʝʥʦʣʬʦʨʤʘʣʴʜʝʛʠʜʥʦʡ ʩʤʦʣʳ ʃɹʉ-1, ʨʘʩʪʚʦʨʸʥʥʦʡ ʚ ʵʪʘʥʦʣʝ. ɿʘʪʝʤ, ʧʦʣʫʯʝʥʥʳʡ ʛʝʣʴ 
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ʩʫʰʘʪ ʠ ʧʦʜʚʝʨʛʘʶʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ 400 ï 450Áʉ ʚ ʫʩʣʦʚʠʷʭ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʘʢʫʫʤʘ, ʘ ʧʦʪʦʤ ʧʨʦʚʦʜʷʪ ʩʠʥʪʝʟ ʢʘʨʙʠʜʘ ʧʨʠ 850 ï 1200Áʉ ʚ ʚʘʢʫʫʤʝ 

[171]. ʇʦʩʣʝʜʥʷʷ ʩʪʘʜʠʷ ʧʨʦʮʝʩʩʘ, ʧʦ ʩʫʪʠ, ʷʚʣʷʝʪʩʷ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʠʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ 

ʦʢʩʠʜʘ ʪʘʥʪʘʣʘ, ʥʦ ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʠʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ ʷʚʣʷʶʪʩʷ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ, 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʨʦʭʦʜʠʪ ʧʨʠ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʘʢʠʤ ʤʝʪʦʜʦʤ 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʝ ʧʦʨʦʰʢʠ ʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠʣʠ ʛʘʬʥʠʷ. ʉʣʝʜʫʝʪ, 

ʦʜʥʘʢʦ, ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʚ ʨʘʙʦʪʝ [131] ʦʪʜʝʣʴʥʦ ʦʪʤʝʯʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʩʫʪʩʪʚʠʷ 

ʜʦ 5% ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʬʘʟ, ʢʦʪʦʨʳʝ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʦʙʥʘʨʫʞʝʥʳ ʤʝʪʦʜʦʤ ʈʌɸ. 

ɸʥʘʣʦʛʠʯʥʳʤ ʩʧʦʩʦʙʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʨʙʠʜʳ ʛʘʬʥʠʷ, ʪʘʥʪʘʣʘ-ʛʘʬʥʠʷ, ʮʠʨʢʦʥʠʷ ʠ 

ʪ.ʜ.[32].  

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʩʧʦʩʦʙ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ ʨʘʙʦʪʝ [172] ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ C/C ï TaC. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʘʚʪʦʨʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ TaF5-ʩʦʜʝʨʞʘʱʫʶ ʩʤʦʣʫ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʚ ʧʨʦʮʝʩʩʝ ʩʫʰʢʠ ʧʨʠ 100Áʉ 

ʧʨʦʠʩʭʦʜʠʣ ʛʠʜʨʦʣʠʟ ʧʝʥʪʘʬʪʦʨʠʜʘ ʜʦ TaO2F ʧʦ ʨʝʘʢʮʠʠ 9: 

 

2TaF5(ʪʚ) + 4H2O(ʛ) = 2TaO2F(ʪʚ) + 8HF(ʛ) (9) 

 

ɺ ʧʨʦʮʝʩʩʝ ʛʠʜʨʦʣʠʟʘ ʧʨʦʠʩʭʦʜʠʣʦ ʟʘʪʚʝʨʜʝʚʘʥʠʝ ʩʤʦʣʳ. ɺ ʧʨʦʮʝʩʩʝ ʜʘʣʴʥʝʡʰʝʡ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʚʘʢʫʫʤʝ ʧʨʠ 800Áʉ ʧʨʦʠʩʭʦʜʠʣʦ ʨʘʟʣʦʞʝʥʠʝ TaO2F ʜʦ Ta2O5 ʠ 

TaF5 ʧʦ ʨʝʘʢʮʠʠ 10:  

 

5TaO2F(ʪʚ) = 2Ta2O5(ʪʚ) + TaF5(ʛ)   (10) 

 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ ʧʨʦʮʝʩʩʦʤ ʧʨʦʠʩʭʦʜʠʣʘ ʢʘʨʙʦʥʠʟʘʮʠʷ ʩʤʦʣʳ. ʂʦʥʝʯʥʳʡ 

ʧʨʦʜʫʢʪ TaC ʧʦʣʫʯʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1000Áʉ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ Ta2O5 ʫʛʣʝʨʦʜʦʤ [172].  

ʅʝʦʙʭʦʜʠʤʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʦʧʠʩʘʥʥʳʝ ʩʧʦʩʦʙʳ ʧʨʝʜʧʦʣʘʛʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʯʝʤ ʧʨʦʩʪʦʝ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʦʢʩʠʜʦʚ. ɹʦʣʝʝ ʪʦʛʦ, ʤʝʪʦʜ ʫʜʦʙʝʥ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʦʣʦʢʦʥ ʠʟ ʢʘʨʙʠʜʦʚ. ɺ ʨʘʙʦʪʝ [173] 

ʧʦʢʘʟʘʥ ʩʠʥʪʝʟ HfC ʠ TaC ʚʦʣʦʢʦʥ ʠʟ ʛʝʣʷ, ʩʦʜʝʨʞʘʱʝʛʦ ʘʣʢʦʢʩʠʜ r(Hf(i-OC3H7)4 ʠʣʠ 

Ta(OC2H5)5) ʠ ʘʮʝʪʘʪ ʮʝʣʣʶʣʦʟʳ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʜʫʢʪ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʩʦʜʝʨʞʘʱʠʡ ʧʨʠʤʝʩʥʳʭ ʦʢʩʠʜʦʚ, ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʧʨʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ 
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1600Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʚ ʠʥʝʨʪʥʦʡ ʩʨʝʜʝ (Ar). ɸʥʘʣʦʛʠʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʚ 

ʨʘʙʦʪʝ [174]. ɸʚʪʦʨʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʥʦʛʦʩʪʘʜʠʡʥʳʡ ʩʠʥʪʝʟ, ʚ ʢʦʪʦʨʦʤ ʠʟ HfCl4 ʧʦʣʫʯʘʣʠ 

Hf(i-OC3H7)4, ʟʘʪʝʤ ʩʤʝʰʠʚʘʣʠ ʧʨʦʜʫʢʪ ʩ ʠʟʙʳʪʢʦʤ ʘʮʝʪʠʣʘʮʝʪʦʥʘ. ʇʦʣʫʯʝʥʥʳʡ ʧʨʦʜʫʢʪ 

ʛʠʜʨʦʣʠʟʦʚʘʣʠ ʨʘʩʪʚʦʨʦʤ HNO3 ʧʨʠ 45Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ, ʚʳʩʫʰʠʚʘʣʠ ʠ ʧʨʦʢʘʣʠʚʘʣʠ ʧʨʠ 

ʨʘʟʣʠʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (800 ï 1600Áʉ) ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʨʝʬʣʝʢʩʳ HfO2 ʧʦʣʥʦʩʪʴʶ ʠʩʯʝʟʘʶʪ ʧʨʠ 1600Áʉ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ ʚ̫ʣʷʪʁʩʷ ʨʘʟʥʦʦʙʨʘʟʠʝ 

ʧʦʜʭʦʜʦʚ ʢ ʩʦʟʜʘʥʠʶ ʧʨʝʢʫʨʩʦʨʦʚ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʧʦʨʦʰʢʠ 

ʪʫʛʦʧʣʘʚʢʠʭ ʢʘʨʙʠʜʦʚ.  

 

ɻ. ʉʠʥʪʝʟ ʠʟ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʦʚ ʙʝʟ ʩʣʝʜʦʚ ʢʠʩʣʦʨʦʜʘ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʳʭ ʩʤʝʩʝʡ ʧʦʨʦʰʢʠ ʤʝʪʘʣʣʦʚ ʠ ʩʘʞʫ. ʇʨʠ ʵʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʤʝʥʪʦʚ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʥʘʧʨʷʤʫʶ ʚ ʞʸʩʪʢʠʭ ʫʩʣʦʚʠʷʭ, ʣʠʙʦ ʧʦʩʨʝʜʩʪʚʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ ʨʘʩʧʣʘʚ ʠʣʠ ʛʘʟʦʚʫʶ ʬʘʟʫ. ʅʘʧʨʷʤʫʶ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʚ ʫʩʣʦʚʠʷʭ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ) ï ʛʦʨʝʥʠʝ 

ʩʤʝʩʠ M + C ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ, ʘ ʪʘʢʞʝ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʩʤʝʩʠ ʟʘʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ 

1600-1900Áʉ ʠ ʜʘʚʣʝʥʠʠ 160 ʘʪʤʦʩʬʝʨ [3]. ɸʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʜʚʦʡʥʦʛʦ ʢʘʨʙʠʜʘ ʩʦʩʪʘʚʘ Ta4HfC5 ʚ ʨʘʙʦʪʝ [175]. ʉʪʝʭʠʦʤʝʪʨʠʯʝʩʢʫʶ ʩʤʝʩʴ 

ʠʟ ʤʝʪʘʣʣʦʚ ʠ ʫʛʣʝʨʦʜʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʠʨʦʣʠʟʦʤ ʘʮʝʪʠʣʝʥʘ, ʩʤʝʰʠʚʘʣʠ ʚ ʤʝʣʴʥʠʮʝ ʚ 

ʪʝʯʝʥʠʝ 24 ʯʘʩʦʚ. ɺ ʜʘʣʴʥʝʡʰʝʤ, ʩʤʝʩʴ ʥʘʛʨʝʚʘʣʠ ʜʦ 2100Áʉ ʩʦ ʩʢʦʨʦʩʪʴʶ 100Áʉ/ʤʠʥ ʠ 

ʜʘʚʣʝʥʠʠ 20 ʄʇʘ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 2100Áʉ ʚ ʪʝʯʝʥʠʝ 20 

ʤʠʥ ʧʨʠ ʜʘʚʣʝʥʠʠ 60 ʄʇʘ. ɺ ʥʝʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ ʢʘʨʙʠʜʦʚ 

TaC ʠ HfC ʠʟ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ 

ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʚ ʤʝʣʴʥʠʮʝ ʠ ʜʘʣʴʥʝʡʰʠʤ ʧʨʦʛʨʝʚʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800 ï 1500Áʉ, 

ʣʠʙʦ ʚ ʤʝʣʴʥʠʮʘʭ ʧʨʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ, 

ʚʟʨʳʚʥʦʡ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ) [176ï178].  

 

ɼ. ʇʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ 

ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʦʩʥʦʚʘʥ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ 

ʛʘʟʦʚʳʤʠ ʩʤʝʩʷʤʠ (CH4 + H2) ʛʘʣʦʛʝʥʧʨʦʠʟʚʦʜʥʳʭ (ʭʣʦʨʠʜʦʚ, ʨʝʞʝ ʬʪʦʨʠʜʦʚ, 

ʢʦʤʧʣʝʢʩʥʳʭ ʬʪʦʨʠʜʥʳʭ ʩʦʣʝʡ, ʥʘʧʨʠʤʝʨ, K2TaF7), ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʫʛʣʝʨʦʜʦʨʦʜʦʚ ʠ 
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ʚʦʜʦʨʦʜʘ, ʚ ʜʫʛʦʚʦʡ ʘʨʛʦʥʦʚʦʡ ʠʣʠ ʘʨʛʦʥʦ-ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʝ [3,162]. ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʟʤʳ ʜʦʩʪʠʛʘʝʪ 2600 ï 3300Áʉ. ɼʣʷ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʩʦʩʪʘʚ ʧʦʨʦʰʢʦʚ ʚʘʨʴʠʨʫʝʪʩʷ ʚ 

ʜʠʘʧʘʟʦʥʝ TaC0.81 ï TaC0.92 [3]. 

 

ɺʩʝ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʤʝʪʦʜʳ ʠʤʝʶʪ ʥʝʢʦʪʦʨʳʝ ʥʝʜʦʩʪʘʪʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʛʨʘʥʠʯʝʥʠʷʤ ʚ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʠ. ʆʩʥʦʚʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ ʙʦʣʴʰʠʥʩʪʚʘ ʤʝʪʦʜʦʚ 

ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʛʠʛʨʦʩʢʦʧʠʯʥʳʭ ʠ 

ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ (ʘʣʢʦʢʩʠʜʳ ʠ/ʠʣʠ ʛʘʣʦʛʝʥʠʜʳ, 

ʱʝʣʦʯʥʳʝ ʠ ʱʝʣʦʯʥʦʟʝʤʝʣʴʥʳʝ ʤʝʪʘʣʣʳ). ʈʘʙʦʪʘ ʩ ʪʘʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ ʪʨʝʙʫʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʢʩʦʚ ʩ ʠʥʝʨʪʥʦʡ ʩʨʝʜʦʡ. ʈʷʜ ʤʝʪʦʜʦʚ (ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʦʢʩʠʜʦʚ, ʩʠʥʪʝʟ ʠʟ ʧʨʦʩʪʳʭ ʚʝʱʝʩʪʚ, ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ) ʪʨʝʙʫʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʞʸʩʪʢʠʭ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ (1600 ï 2000Áʉ ʠ ʚʳʰʝ, ʜʘʚʣʝʥʠʝ) ʠ 

ʩʧʝʮʠʬʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʯʪʦ ʜʝʣʘʝʪ ʪʘʢʠʝ ʤʝʪʦʜʳ ʵʥʝʨʛʦʟʘʪʨʘʪʥʳʤʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʚʦʟʥʠʢʘʝʪ ʧʨʦʙʣʝʤʘ ʚ ʧʦʣʫʯʝʥʠʠ ʧʨʦʜʫʢʪʦʚ, ʦʜʥʦʨʦʜʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʠ ʥʝ 

ʩʦʜʝʨʞʘʱʠʭ ʧʨʠʤʝʩʥʳʭ ʦʢʩʠʢʘʨʙʠʜʥʳʭ ʠ ʦʢʩʠʜʥʳʭ ʬʘʟ. ʅʘʢʦʥʝʮ, ʤʥʦʛʠʝ ʤʝʪʦʜʳ 

ʷʚʣʷʶʪʩʷ ʤʥʦʛʦʩʪʘʜʠʡʥʳʤʠ ʠ ʜʣʠʪʝʣʴʥʳʤʠ. ʅʝʜʦʩʪʘʪʢʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʤʝʪʦʜʦʚ 

ʧʦʣʫʯʝʥʠʷ ʩʦʟʜʘʶʪ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʧʦʣʫʯʝʥʠʠ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʜʣʦʞʢʘʭ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʨʘʟʚʠʪʠʠ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ 

ʢʘʨʙʠʜʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʦʢʨʳʪʠʡ.  

 

1.1.3.2. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ 

 

ɸ. ʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

ʄʥʦʛʦʦʙʨʘʟʠʝ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 

ʬʠʟʠʯʝʩʢʠʝ, ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ. ɼʣʷ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʥʘʥʝʩʝʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʠʩʧʦʣʴʟʫʶʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʤʠʰʝʥʴ ʠʟ ʢʘʨʙʠʜʘ, ʢʦʪʦʨʳʡ 

ʥʝʦʙʭʦʜʠʤʦ ʥʘʥʝʩʪʠ ʥʘ ʧʦʜʣʦʞʢʫ. ʆʜʠʥ ʠʟ ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ ʬʠʟʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ï ʵʪʦ ʨʘʩʧʳʣʝʥʠʝ ʩ ʧʦʤʦʱʴʶ ʧʣʘʟʤʳ ʚ ʚʘʢʫʫʤʝ [179,180]. ʈʘʩʧʳʣʝʥʠʝ 

ʧʨʦʚʦʜʠʪʩʷ ʚ ʩʪʘʣʴʥʦʡ ʢʘʤʝʨʝ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ (P = 26.6 ʢʇʘ). ʇʦʨʦʰʢʠ ʢʘʨʙʠʜʦʚ 

ʧʦʜʘʶʪʩʷ ʚ ʩʦʧʣʦ ʠ ʟʘʪʝʤ ʨʘʩʧʳʣʷʶʪʩʷ ʧʣʘʟʤʦʡ. ʇʣʘʟʤʘ ʩʦʟʜʘʸʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʢʘʪʦʜʘ (U = 33 ʢɺ) ʚ ʛʘʟʦʚʦʡ ʩʤʝʩʠ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʘʨʛʦʥʘ ʠ ʚʦʜʦʨʦʜʘ ʚ 

ʦʙʲʸʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 70:1. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʦʣʫʯʝʥʥʫʶ ʟʘʛʦʪʦʚʢʫ ʧʨʦʛʨʝʚʘʶʪ ʧʨʠ 
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ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 2000Áʉ ʚ ʚʘʢʫʫʤʝ ʜʣʷ ʩʧʝʢʘʥʠʷ ʯʘʩʪʠʮ ʢʘʨʙʠʜʘ ʠ ʫʤʝʥʴʰʝʥʠʷ 

ʧʦʨʠʩʪʦʩʪʠ (ʧʣʦʪʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 95%). ɼʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʫʤʝʥʴʰʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ 

ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ ʛʦʨʷʯʝʛʦ ʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ʘʨʛʦʥʘ 200 ʄʇʘ (~ 2000 ʘʪʤ). ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ ʧʣʦʪʥʦʩʪʴ ʜʦ 98%. ʄʝʪʦʜ 

ʧʨʠʛʦʜʝʥ ʜʣʷ ʩʠʥʪʝʟʘ ʧʦʢʨʳʪʠʡ ʙʦʣʴʰʦʡ ʪʦʣʱʠʥʳ, ʦʜʥʘʢʦ ʜʘʣʴʥʝʡʰʝʝ ʩʧʝʢʘʥʠʝ ʪʨʝʙʫʝʪ 

ʩʫʱʝʩʪʚʝʥʥʳʭ ʵʥʝʨʛʦʟʘʪʨʘʪ. ɸʥʘʣʦʛʠʯʥʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ, ʚ ʢʦʪʦʨʦʤ ʧʦʨʦʰʢʠ ʢʘʨʙʠʜʦʚ ʨʘʟʛʦʥʷʶʪʩʷ ʚ ʩʦʧʣʝ ʚʟʨʳʚʥʦʡ ʚʦʣʥʦʡ [181ï

183].  

ɸʣʴʪʝʨʥʘʪʠʚʥʳʡ ʤʝʪʦʜ ï ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ [184]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʠʰʝʥʠ ʠʟ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠʣʠ ʪʘʥʪʘʣʘ. ʆʩʘʞʜʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʚ 

ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ (ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʛʘʟʘ 10 ʩʤ3/ʤʠʥ, ʦʙʱʝʝ ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ 0.4 ʇʘ). 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ ʩʦʩʪʘʚʣʷʝʪ 500 ï 700Áʉ. ɼʝʨʞʘʪʝʣʴ ʧʦʜʣʦʞʢʠ ʚʨʘʱʘʣʩʷ ʩ ʯʘʩʪʦʪʦʡ 

1 ɻʮ ʠ ʥʘʧʨʷʞʝʥʠʠ ʩʤʝʱʝʥʠʷ ʜʦ -100 ɺ. ʇʦʣʫʯʘʝʤʳʝ ʧʦʢʨʳʪʠʷ ʠʤʝʶʪ ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʧʦ 

ʩʦʩʪʘʚʫ x = 0.66 ï 0.76 ʜʣʷ HfCx (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʰʝʥʠ HfC0.89) ʠ x = 0.61 ï 0.81 ʜʣʷ 

TaCx ʩ ʥʝʙʦʣʴʰʦʡ ʜʦʣʝʡ Ta2C (ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʰʝʥʠ TaC0.97) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʤʝʱʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʜʣʷ ʧʦʢʨʳʪʠʡ ʘʚʪʦʨʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ Si ʠ Al 2O3, ʘ ʪʘʢʞʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ Al 2O3. 

ʆʜʥʘʢʦ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʦʣʫʯʘʝʤʳʝ ʧʦʢʨʳʪʠʷ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ, ʢʦʪʦʨʳʝ ʧʦʜʨʘʟʫʤʝʚʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʜʣʦʞʝʢ ʠʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ. ɼʣʷ ʵʪʦʛʦ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʧʦʨʦʰʢʦʚ ʧʦʣʫʯʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥ ʧʨʠ 2400Áʉ ʩʦ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ 

20Áʉ/ʤʠʥ [184]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʦʩʪʘʚ ʤʘʪʝʨʠʘʣʘ ʧʦʢʨʳʪʠʡ HfCx ʦʩʪʘʸʪʩʷ 

ʥʝʠʟʤʝʥʥʳʤ, ʚ ʪʦʞʝ ʚʨʝʤʷ ʩʦʩʪʘʚ TaCx ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʝʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʫʛʣʝʨʦʜʘ. ʈʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʤʦʥʦʛʨʘʬʠʠ [135] ʧʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʠʩʧʘʨʝʥʠʶ ʢʘʨʙʠʜʦʚ TaCx ʠ HfCx.  

 

ɹ. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

ɼʘʥʥʘʷ ʫʩʣʦʚʥʘʷ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ ʩʦʜʝʨʞʠʪ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʧʦʜʭʦʜ ʢ ʩʠʥʪʝʟʫ 

ʧʦʢʨʳʪʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [185] ʧʨʦʚʦʜʠʣʦʩʴ ʦʩʘʞʜʝʥʠʝ ʧʦʢʨʳʪʠʡ HfCx (x = 0.16 ï 

0.98) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ, ʦʜʥʘʢʦ ʚ ʢʘʯʝʩʪʚʝ ʤʠʰʝʥʠ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʛʘʬʥʠʡ. ʆʩʘʞʜʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʚ ʘʪʤʦʩʬʝʨʝ Ar + CH4 ʧʨʠ 

ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 0.8 ʇʘ ʠ ʧʦʪʦʢʘʭ ʛʘʟʘ Ar 70 ʩʤ3/ʤʠʥ, CH4 2 ï 30 ʩʤ3/ʤʠʥ. ʅʘʧʨʷʞʝʥʠʝ 
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ʩʤʝʱʝʥʠʷ ʩʦʩʪʘʚʠʣʦ -150 ɺ. ʊʦʣʱʠʥʘ ʧʦʣʫʯʘʝʤʳʭ ʧʦʢʨʳʪʠʡ ʩʦʩʪʘʚʠʣʘ 2 ï 3 ʤʢʤ. ɺ 

ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ Si ʥʘ ʢʦʪʦʨʳʡ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʥʘʥʦʩʠʣʠ ʩʣʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʛʘʬʥʠʷ ʪʦʣʱʠʥʦʡ ~ 100 ʥʤ. ɸʥʘʣʦʛʠʯʥʳʡ ʤʝʪʦʜ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʨʘʙʦʪʝ [186] ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʢʨʳʪʠʡ TaC, HfC ʠ (Ta, Hf)C. ʄʝʪʦʜ 

ʦʪʣʠʯʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ ï ʪʚʸʨʜʦʡ ʫʛʣʝʨʦʜʥʦʡ 

ʤʠʰʝʥʠ. 

 

ɺ. ʍʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

 

(1) ʍʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD). 

ʄʝʪʦʜ ʦʩʘʞʜʝʥʠʷ ʢʘʨʙʠʜʦʚ ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD) ʦʩʥʦʚʘʥ 

ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʛʘʣʦʛʝʥʠʜʦʚ ʤʝʪʘʣʣʘ (ʯʘʱʝ ʚʩʝʛʦ ʭʣʦʨʠʜʳ, ʥʘʧʨʠʤʝʨ, 

HfCl4, TaCl5) ʚʦʜʦʨʦʜʦʤ ʠ ʫʛʣʝʨʦʚʦʜʦʨʦʜʘʤʠ [3,131,187ï192]. ʇʘʨʳ ʛʘʣʦʛʝʥʠʜʘ ʧʦʜʘʶʪʩʷ 

ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʢʘʤʝʨʫ ʧʦʪʦʢʦʤ ʛʘʟʘ-ʥʦʩʠʪʝʣʷ, ʛʜʝ ʠ ʧʨʦʠʩʭʦʜʠʪ ʢʦʥʪʨʦʣʠʨʫʝʤʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʤʝʪʘʣʣʘ ʥʘ ʥʘʛʨʝʚʘʝʤʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ (ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ 

ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 850 ʜʦ 1300Áʉ). ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʢʘʨʙʠʜ ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ 

ʛʨʘʬʠʪʦʚʦʤ ʩʫʙʩʪʨʘʪʝ ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʛʘʟʘ ʩ 

ʛʘʣʦʛʝʥʠʜʦʤ ʤʝʪʘʣʣʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʦʡ ʧʨʘʢʪʠʢʝ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʣʷ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʝʪʦʜ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʯʸʪʥʳʭ ʜʘʥʥʳʭ ʤʦʞʥʦ 

ʜʝʣʘʪʴ ʚʳʚʦʜʳ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʳʙʨʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʠ ʠʩʭʦʜʥʳʭ 

ʨʝʘʛʝʥʪʦʚ, ʧʨʝʜʧʦʣʘʛʘʪʴ ʚʝʨʦʷʪʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʦʮʝʩʩʘ. ʅʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʝ [188] 

ʧʨʦʚʝʜʝʥʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʩʠʩʪʝʤ ZrHal4 (Hal = F, Cl, Br, I) ï (CH4, ʉ2H2 ʠʣʠ 

C3H6) ï H2 ï Ar ʩ ʮʝʣʴʶ ʠʟʫʯʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ZrC. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ZrCl4 ʛʘʟʦʚʦʡ ʩʤʝʩʴʶ, ʩʦʜʝʨʞʘʱʝʡ 

ʚʦʜʦʨʦʜ, ʘʨʛʦʥ ʠ ʧʨʦʧʘʥ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ CVD 

ʧʨʦʮʝʩʩʘ, ʦʧʨʝʜʝʣʸʥʥʳʭ ʧʦ ʜʘʥʥʳʤ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɺ ʨʘʙʦʪʝ [189] 

ʧʨʦʚʝʜʝʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ Hf ï Cl ï C ï H ʩ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʠʪʴ ʚʣʠʷʥʠʝ CVD ʧʘʨʘʤʝʪʨʦʚ (ʪʝʤʧʝʨʘʪʫʨʘ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʠ ʩʦʩʪʘʚ ʚʭʦʜʷʱʝʛʦ 

ʛʘʟʘ) ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʨʙʠʜʥʦʡ ʬʘʟʳ ʠ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ HfCx, 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʩʘʞʜʝʥʠʷ, ʩʦʩʪʘʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠ ʁʚʳʭʦʜʥʦʛʦ ʛʘʟʘ.  
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ɺ ʨʘʙʦʪʝ [193] ʧʨʦʚʝʜʝʥʦ ʦʩʘʞʜʝʥʠʝ ʤʝʪʦʜʦʤ CVD, ʚ ʢʦʪʦʨʦʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 

ʪʘʥʪʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʘʩʢʘʣʸʥʥʫʶ ʜʦ 2200Áʉ ʪʘʥʪʘʣʦʚʫʶ ʥʠʪʴ. ʇʘʨʳ ʪʘʥʪʘʣʘ ʚ ʢʘʤʝʨʝ 

ʨʝʘʛʠʨʦʚʘʣʠ ʩ CH4, ʢʦʪʦʨʳʡ ʧʦʜʘʚʘʣʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ 300 ʩʤ3/ʤʠʥ. ɼʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ 

ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 25 ʜʦ 100 ʪʦʨʨ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ 850 ï 950Áʉ.  

 

(2) ʍʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ (MOCVD). 

ʈʘʟʥʦʚʠʜʥʦʩʪʴʶ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʷʚʣʷʝʪʩʷ MOCVD ʤʝʪʦʜ ï ʧʦʣʫʯʝʥʠʝ 

ʧʦʢʨʳʪʠʡ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ-

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ. ɺ ʨʘʙʦʪʝ [194] ʥʘ ʦʩʥʦʚʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʢʘʟʘʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ HfC ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ɓ-

ʜʠʢʝʪʦʥʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʠʚʘʣʦʠʣʪʨʠʬʪʦʨʘʮʝʪʦʥʘʪʘ ʛʘʬʥʠʷ (IV) Hf(ptac)4 (ptac = 2,2-

ʜʠʤʝʪʠʣ-6,6,6-ʪʨʠʬʪʦʨ-3,5-ʛʝʢʩʘʥʜʠʦʥʘʪʦ) ʚ ʧʦʪʦʢʝ ʛʘʟʘ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ï ʚʦʜʦʨʦʜʘ. 

ɹʳʣʘ ʨʘʩʩʯʠʪʘʥʘ CVD-ʜʠʘʛʨʘʤʤʘ ʩʠʩʪʝʤʳ Hf ï C ï O ï F ï H (Hf(ptac)4 ï H2) ʚ ʠʥʪʝʨʚʘʣʝ 

ʪʝʤʧʝʨʘʪʫʨ 300 ï 1500K, ʜʘʚʣʝʥʠʡ 0,1 ï 10 ʪʦʨʨ (ʨʠʩʫʥʦʢ 2). ɸʚʪʦʨʘʤʠ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʚʠʜ 

CVD-ʜʠʘʛʨʘʤʤʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʩʦʝʜʠʥʝʥʠʷ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ. ʀʟ 

ʜʠʘʛʨʘʤʤʳ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʨʠ ʈʦʙʱ. = 1 ʪʦʨʨ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 900Áʉ ʠ ʚʳʰʝ 

ʤʦʞʝʪ ʦʩʘʞʜʘʪʴʩʷ ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʠ ʫʛʣʝʨʦʜ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʘʚʣʝʥʠʷ ʚ 10 ʨʘʟ ʥʠʞʥʷʷ 

ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʛʨʘʥʠʮʘ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʚʦʟʨʘʩʪʘʝʪ ʥʘ 100Áʉ. ʂ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʫʧʨʘʚʣʷʝʤʦʩʪʴ ʠ ʥʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʠʥʪʝʟʘ. ʉʫʱʝʩʪʚʝʥʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʤʘʣʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚ ʚʦʜʦʨʦʜʘ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ. 
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ʈʠʩʫʥʦʢ 2. CVD-ʜʠʘʛʨʘʤʤʘ ʩʠʩʪʝʤʳ Hf(ptac)4 ï H2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʪʦʢʘ ʚʦʜʦʨʦʜʘ ʠ 

ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ [194]. 

ɺ ʨʘʙʦʪʘʭ [195,196] ʧʨʦʚʝʜʝʥʦ ʦʩʘʞʜʝʥʠʝ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

Hf(CH2Si(CH3)3)4 ʠ (CH3)3CCH=Ta(CH2C(CH3)3)3 ʚ ʢʘʯʝʩʪʚʝ ʩʦʝʜʠʥʝʥʠʡ-

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʧʠʨʦʣʠʟʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 650 ï 850Áʉ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʨʘʟʥʦʦʙʨʘʟʠʝ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʟʚʦʣʷʝʪ 

ʫʩʧʝʰʥʦ ʧʦʣʫʯʘʪʴ ʢʘʨʙʠʜʥʳʝ ʧʦʢʨʳʪʠʷ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʩʪʴ ʠ ʤʥʦʛʦʩʪʘʜʠʡʥʦʩʪʴ 

ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʵʢʟʦʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ. 

 

(3) ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ 

ʇʦʢʨʳʪʠʷ ʠʟ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʫʪʸʤ ʵʣʝʢʪʨʦʣʠʟʘ ʨʘʩʧʣʘʚʘ ʩʤʝʩʠ, 

ʩʦʩʪʦʷʱʝʡ ʠʟ (Li,Na,K)F ʠ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʮʝʥʪʦʚ K2TaF7 ʠ K2CO3 [197,198]. ʇʨʠ ʵʪʦʤ ʥʘ 

ʥʠʢʝʣʝʚʦʤ ʵʣʝʢʪʨʦʜʝ ʩʦʦʩʘʞʜʘʶʪʩʷ ʪʘʥʪʘʣ ʠ ʫʛʣʝʨʦʜ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʢʘʨʙʠʜ ʪʘʥʪʘʣʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 750 ï 900Áʉ. ɼʦʙʘʚʣʝʥʠʝ ʢʘʨʙʦʥʘʪʘ ʥʝʦʙʷʟʘʪʝʣʴʥʦ, ʝʩʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ ʵʣʝʢʪʨʦʜ ʠʟ ʛʨʘʬʠʪʘ, ʩʪʝʢʣʦʫʛʣʝʨʦʜʘ ʠʣʠ ʫʛʣʝʨʦʜʥʦʛʦ 

ʚʦʣʦʢʥʠʩʪʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʥʘ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʛʝʧʪʘʬʪʦʨʪʘʥʪʘʣʘʪ-

ʘʥʠʦʥʘ ʜʦ ʤʝʪʘʣʣʘ (ʨʠʩʫʥʦʢ 3) [198].  
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ʈʠʩʫʥʦʢ 3. ʉʭʝʤʘ ʛʘʣʴʚʘʥʠʯʝʩʢʦʡ ʷʯʝʡʢʠ (+)C/TaCx/LiF-NaF-K2TaF7/Ta( ) [198]  

 

ʇʨʦʮʝʩʩ ʧʦʣʫʯʝʥʠʷ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 22 

ʯʘʩʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʧʦʢʨʳʪʠʝ TaC + Ta2C.  

ʈʝʘʢʮʠʠ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʛʘʣʴʚʘʥʠʯʝʩʢʦʡ ʷʯʝʡʢʝ, ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʫʨʘʚʥʝʥʠʷʤʠ (11 ï 

13): 

 

( ) Ta + 7 F- = TaF7
2- + 5 e-    (11) 

(+) TaF7
2- + x C + 5 e- = TaCx + 7 F-  (12) 

Ta + x C = TaCx      (13) 

 

ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ ʢʘʨʙʦʥʘʪ ʢʘʣʠʷ K2CO3, 

ʦʙʨʘʟʦʚʘʥʠʝ ʫʛʣʝʨʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʘʥʦʜʝ ʧʦ ʨʝʘʢʮʠʠ 14 [197]: 

 

CO3
2- + 4e- = C + 3O2-     (14) 

ɺ ʨʘʙʦʪʝ [199] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʧʦʙʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ, ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʢʘʨʙʦʥʘʪʘ ʢʘʣʠʷ, ʦʙʨʘʟʫʪʁʩʷ Li2O, Ta2O5, LiTaO3 ʠ Li3TaO4. 

ɸʥʘʣʦʛʠʯʥʳʡ ʧʦʜʭʦʜ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʠ ʦʩʘʞʜʝʥʠʠ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʥʘ ʛʨʘʬʠʪʦʚʳʡ 

ʘʥʦʜ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʚ ʢʘʯʝʩʪʚʝ ʛʘʬʥʠʡ-ʩʦʜʝʨʞʘʱʝʛʦ ʩʳʨʴʷ ʠʩʧʦʣʴʟʦʚʘʣʠ K2HfF6 ʠʣʠ 

HfO2 [200ï202]. 

 

(4) ʄʝʪʦʜ ʨʘʩʪʚʦʨʘ-ʨʘʩʧʣʘʚʘ 

ɺ ʨʘʙʦʪʝ [162] ʦʧʠʩʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʦʤ 

ʤʘʪʝʨʠʘʣʝ ʧʫʪʸʤ ʧʦʛʨʫʞʝʥʠʷ ʧʦʩʣʝʜʥʝʛʦ ʚ ʨʘʩʧʣʘʚ ʣʝʛʢʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ-ʨʘʩʪʚʦʨʠʪʝʣʷ 
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(Mg, Al , Sn ʠʣʠ ʤʝʪʘʣʣʦʚ ʛʨʫʧʧʳ ʞʝʣʝʟʘ), ʚ ʢʦʪʦʨʦʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩʪʚʦʨʸʥ 

ʪʫʛʦʧʣʘʚʢʠʡ ʤʝʪʘʣʣ IV ʠʣʠ V ʛʨʫʧʧʳ. ʊʘʢ ʥʘʟʳʚʘʝʤʳʡ ʧʨʦʮʝʩʩ ʨʘʩʪʚʦʨʘ-ʨʘʩʧʣʘʚʘ 

ʧʨʦʚʦʜʷʪ ʚ ʛʨʘʬʠʪʦʚʦʤ ʪʠʛʣʝ, ʧʨʠ 1300 ï 1500ʂ ʧʦʜ ʵʢʨʘʥʠʨʫʶʱʠʤ ʧʦʪʦʢʦʤ ʠʥʝʨʪʥʦʛʦ 

ʛʘʟʘ ʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʫʪ, ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ. ʇʨʠ ʠʟʫʯʝʥʠʠ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʝ Ta ï Mg ï C ʙʳʣʦ ʩʜʝʣʘʥʦ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʥʝʩʪʘʙʠʣʴʥʳʝ ʢʘʨʙʠʜʳ ʤʘʛʥʠʷ MgC2 

ʠ Mg2C3, ʚʥʘʯʘʣʝ ʦʙʨʘʟʫʶʱʠʝʩʷ, ʘ ʟʘʪʝʤ ʚ ʧʨʦʮʝʩʩʝ ʥʘʛʨʝʚʘʥʠʷ ʜʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ʨʘʟʣʘʛʘʶʱʠʝʩʷ (873 ʠ 1013 ï 1033ʂ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʩ ʚʳʜʝʣʝʥʠʝʤ ʘʢʪʠʚʥʦʛʦ ʫʛʣʝʨʦʜʘ, 

ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʠ ʨʝʘʛʠʨʫʝʪ ʩ ʨʘʩʪʚʦʨʸʥʥʳʤ ʚ ʨʘʩʧʣʘʚʝ ʪʘʥʪʘʣʦʤ [162]. ʇʦ ʟʘʚʝʨʰʝʥʠʠ 

ʧʨʦʮʝʩʩʘ ʠʟʜʝʣʠʝ ʦʙʨʘʙʘʪʳʚʘʶʪ ʨʘʩʪʚʦʨʦʤ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ ʜʣʷ ʫʜʘʣʝʥʠʷ ʤʝʪʘʣʣʘ-

ʨʘʩʪʚʦʨʠʪʝʣʷ.  

ʀʥʦʛʜʘ ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʜʣʷ ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʵʚʪʝʢʪʠʯʝʩʢʘʷ ʣʝʛʢʦʧʣʘʚʢʘʷ ʩʤʝʩʴ ʩʦʣʝʡ ʛʘʣʦʛʝʥʠʜʦʚ (ʚ ʦʩʥʦʚʥʦʤ, ʭʣʦʨʠʜʦʚ) ʱʝʣʦʯʥʳʭ 

ʤʝʪʘʣʣʦʚ [203ï205], ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʤʝʪʘʣʣʘ ï ʧʦʨʦʰʦʢ ʪʫʛʦʧʣʘʚʢʦʛʦ ʤʝʪʘʣʣʘ, ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ ï ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʠ ʪ.ʜ. 

ʇʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 850 ï 1200Áʉ ʚ 

ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ. ʂʘʢ ʦʪʤʝʯʝʥʦ ʚ ʨʘʙʦʪʝ [203], ʪʫʛʦʧʣʘʚʢʠʡ ʤʝʪʘʣʣ ʨʘʩʪʚʦʨʷʝʪʩʷ 

ʚ ʩʦʣʝʚʦʡ ʚʘʥʥʝ ʚ ʥʝʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ ʠ ʧʝʨʝʥʦʩʠʪʩʷ ʥʘ ʫʛʣʝʨʦʜ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʢʘʨʙʠʜʘ. ʇʦʩʣʝ ʩʠʥʪʝʟʘ, ʚʦʣʦʢʥʘ ʩ ʢʘʨʙʠʜʥʳʤ ʧʦʢʨʳʪʠʝʤ ʢʠʧʷʪʠʣʠ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʝ ʜʣʷ ʫʜʘʣʝʥʠʷ ʩʦʣʝʡ, ʟʘʪʝʤ ʩʫʰʠʣʠ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʧʨʠ 80Áʉ. ʄʝʭʘʥʠʟʤ 

ʨʘʩʪʚʦʨʝʥʠʷ ʤʝʪʘʣʣʘ ʚ ʩʦʣʝʚʦʡ ʚʘʥʥʝ ʥʝ ʠʟʫʯʝʥ, ʦʜʥʘʢʦ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʨʘʩʪʚʦʨʝʥʠʝ 

ʠ ʧʝʨʝʥʦʩ ʤʝʪʘʣʣʘ ʥʘ ʫʛʣʝʨʦʜ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʤʧʣʝʢʩʦʚ ʘʪʦʤʦʚ ʣʠʙʦ 

ʢʣʘʩʪʝʨʦʚ ʤʝʪʘʣʣʘ ʩ ʭʣʦʨʠʜ-ʘʥʠʦʥʘʤʠ [203]. ʉʣʝʜʫʝʪ, ʦʜʥʘʢʦ, ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʘʙʦʪʝ [206] 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠ ʦʙʨʘʟʦʚʘʥʠʝ TaC ʠ Ta2C ʚ ʨʘʩʧʣʘʚʝ ʩʦʣʝʡ LuCl3 ʠʣʠ YCl3 ʚ ʪʘʥʪʘʣʦʚʦʤ 

ʢʦʥʪʝʡʥʝʨʝ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʛʨʘʬʠʪʘ (ʤʦʣʷʨʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʭʣʦʨʠʜʘ ʢ ʛʨʘʬʠʪʫ 1:1). 

ʀʩʩʣʝʜʦʚʘʪʝʣʠ ʦʪʤʝʯʘʣʠ, ʯʪʦ ʧʨʦʮʝʩʩ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʨʦʠʩʭʦʜʠʪ ʚʩʣʝʜʩʪʚʠʝ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʫʛʣʝʨʦʜʘ ʯʝʨʝʟ ʨʘʩʧʣʘʚ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʨʘʟʦʚʘʥʠʷ Lu2Cl2C2-x 

ʩʦʝʜʠʥʝʥʠʷ. ʊʘʥʪʘʣ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʚ ʨʘʩʧʣʘʚʝ ʥʝ ʨʘʩʪʚʦʨʷʣʩʷ. ɺ ʨʘʙʦʪʝ [207] 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʛʘʣʦʛʝʥʠʜʳ ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʥʠʢʝʣʴ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʠʟ Ta2O5 ʠ ʫʛʣʝʨʦʜʘ. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʚ ʩʭʦʞʠʭ ʫʩʣʦʚʠʷʭ. 

ʆʙʨʘʟʫʶʱʠʡʩʷ TaCy ʠʤʝʣ ʬʦʨʤʫ ʥʠʪʝʚʠʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

(y = 0.907 ï 0.943).  
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(5) ʄʝʪʦʜ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (RCVD) 

ʄʝʪʦʜ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (RCVD) ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʨʙʠʜʥʦʡ ʬʘʟʳ ʟʘ ʩʯʸʪ ʪʨʘʥʩʧʦʨʪʘ 

ʨʝʘʛʝʥʪʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʧʨʦʪʝʢʘʶʱʠʭ ʥʘ ʛʨʘʥʠʮʝ ʪʚʸʨʜʦʝ-ʛʘʟ 

[208]. ʉʭʝʤʘʪʠʯʝʩʢʠ ʤʝʭʘʥʠʟʤ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4 ʠ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʠʩʪʦʯʥʠʢʘʭ [209ï213].  

 

 

 

ʈʠʩʫʥʦʢ 4. ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ [209,213] 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʚʠʞʫʱʝʡ ʩʠʣʦʡ ʧʨʦʮʝʩʩʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʷʚʣʷʝʪʩʷ 

ʛʨʘʜʠʝʥʪ ʭʠʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʟʦʥʘʤʠ I ʠ II. ʏʘʱʝ ʚʩʝʛʦ, ʛʨʘʜʠʝʥʪ ʭʠʤʠʯʝʩʢʠʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʩʦʟʜʘʸʪʩʷ ʨʘʟʥʦʩʪʴʶ ʪʝʤʧʝʨʘʪʫʨ, ʥʦ ʚ ʩʣʫʯʘʝ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʵʪʦ 

ʥʝʦʙʷʟʘʪʝʣʴʥʦ: ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʥʦʩʪʠ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʚʝʱʝʩʪʚ ʚ ʟʦʥʘʭ I (ʠʩʪʦʯʥʠʢ) 

ʠ II  (ʦʩʘʞʜʝʥʠʝ) ʭʠʤʠʯʝʩʢʠʡ ʧʝʨʝʥʦʩ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʠ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. 

ʅʘ ʨʠʩʫʥʢʝ 6 ʚ ʧʨʦʮʝʩʩʝ ʩʫʱʝʩʪʚʫʶʪ ʜʚʘ ʧʦʪʦʢʘ: ʧʝʨʚʳʡ ï ʧʦʪʦʢ AB ʠʟ ʟʦʥʳ I ʚ ʟʦʥʫ II, ʘ 

ʚʪʦʨʦʡ ï ʧʦʪʦʢ B ʠʟ ʟʦʥʳ II ʚ ʟʦʥʫ I.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʘʭ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʭʦʜʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ A ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʘʣʣ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʨʝʘʛʝʥʪʘ B ï ʛʘʣʦʛʝʥ, ʣʠʙʦ 

ʛʘʣʦʛʝʥʩʦʜʝʨʞʘʱʠʡ ʛʘʟ [208,213ï223]. ɺ ʨʘʙʦʪʘʭ [213,215ï217] ʦʧʠʩʘʥʦ ʧʦʣʫʯʝʥʠʝ 

ʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ RCVD ʤʝʪʦʜʦʤ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Cl. ʇʨʦʮʝʩʩ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʷʤ (15-18) ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʚʘʨʠʘʥʪ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, 

ʚ ʢʦʪʦʨʦʤ ʪʨʘʥʩʧʦʨʪʥʦʡ ʧʘʨʦʡ ʷʚʣʷʝʪʩʷ TaCln (n < 5) / TaCl5: 

 

2 Ta + 5 Cl2 Ÿ 2 TaCl5                                 (15) 
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(5-n) Ta + n TaCl5 Ÿ 5 TaCln    (16) 

5 TaCln + (5-n) C Ÿ (5-n) TaC + n TaCl5    (17) 

5 TaCln + (5-n) TaC Ÿ (5-n) Ta2C + n TaCl5  (18) 

 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ ʘʥʘʣʦʛʠʯʥʦ ʨʘʙʦʪʘʶʪ ʠ ʚ ʩʣʫʯʘʝ ʪʘʢʠʭ 

ʤʝʪʘʣʣʦʚ, ʢʘʢ ʚʘʥʘʜʠʡ, ʥʠʦʙʠʡ, ʪʠʪʘʥ, ʮʠʨʢʦʥʠʡ ʠ ʛʘʬʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʟʘʤʝʥʝ ʭʣʦʨʘ 

ʥʘ ʬʪʦʨ ʠʣʠ ʠʦʜ. ɺ ʨʘʙʦʪʝ [213] ʦʧʠʩʘʥʦ, ʯʪʦ ʧʝʨʝʥʦʩ ʪʘʥʪʘʣʘ, ʪʠʪʘʥʘ, ʮʠʨʢʦʥʠʷ ʠ ʛʘʬʥʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʝ, ʚ ʢʦʪʦʨʦʡ ʥʘʭʦʜʷʪʩʷ ʚ ʨʘʟʥʳʭ ʢʦʥʮʘʭ ʨʝʘʢʪʦʨʘ ʤʝʪʘʣʣ-

ʠʩʪʦʯʥʠʢ ʠ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʳʡ ʫʛʣʝʨʦʜ (ʛʨʘʬʠʪ, ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʠ ʪ.ʜ.).  

ɺ ʨʘʙʦʪʝ [223] ʦʧʠʩʘʥʦ ʧʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʡ SiC, TiC, ZrC, VC, Cr3C2, Ta2C/TaC, WC 

ʥʘ ʘʣʤʘʟʘʭ ʪʦʣʱʠʥʦʡ 1 ï 6 ʤʢʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ï 

ʧʨʠʨʦʜʥʳʝ ʠʣʠ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʘʣʤʘʟʳ, ʤʝʪʘʣʣʳ ʠ Br2. ɼʘʚʣʝʥʠʝ ʛʘʣʦʛʝʥʘ ʚ ʨʝʘʢʪʦʨʝ 

ʩʦʩʪʘʚʣʷʣʦ 100 ʪʦʨʨ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʨʦʮʝʩʩʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʠʩʪʝʤʳ ʩʦʩʪʘʚʣʷʣʘ 900 ï 

1400Áʉ, ʚʨʝʤʷ ʦʪ 6 ʜʦ 24 ʯʘʩʦʚ. ɺ ʨʘʙʦʪʝ [222] ʠʟʫʯʝʥʦ ʦʩʘʞʜʝʥʠʝ ʪʘʥʪʘʣʘ ʥʘ ʛʨʘʬʠʪ ʚ 

ʩʠʩʪʝʤʝ Ta ï C ï I. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʧʦʜʣʦʞʢʝ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʧʦʢʨʳʪʠʷ 

ʩʝʨʦʛʦ ʮʚʝʪʘ, ʩʦʜʝʨʞʘʱʝʛʦ Ta2C ʠ TaC ʬʘʟr. ʊʝʤʧʝʨʘʪʫʨʘ ʧʨʦʮʝʩʩʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ 

ʧʨʝʜʝʣʘʭ 800 ï 1200Áʉ, ʦʜʥʘʢʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʦʧʪʠʤʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʦʩʘʞʜʝʥʠʷ ʷʚʣʷʶʪʩʷ 1000Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʀʩʧʦʣʴʟʫʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ, ʘʚʪʦʨʳ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʚʳʛʦʜʥʳʝ ʨʝʘʢʮʠʠ ï ʵʪʦ ʨʝʘʢʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʠʟʰʠʭ ʠʦʜʠʜʦʚ ʩ ʫʛʣʝʨʦʜʦʤ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ TaI5 [222].  

ɺ ʨʘʙʦʪʝ [208] ʦʧʠʩʳʚʘʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʢʘʨʙʠʜʦʚ SiC, TiC ʠ B4C ʥʘ ʫʛʣʝʨʦʜʥʳʭ 

ʚʦʣʦʢʥʘʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʩʤʝʩʠ H2 / ʕClx (ʕ = B, Si, Ti). 

ʌʘʢʪʠʯʝʩʢʠ, ʦʧʠʩʘʥʥʳʡ ʧʨʦʮʝʩʩ ʥʝ ʷʚʣʷʝʪʩʷ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, 

ʧʦʩʢʦʣʴʢʫ ʧʨʦʠʩʭʦʜʠʪ ʥʝʧʨʝʨʳʚʥʘʷ ʧʦʜʘʯʘ ʩʤʝʩʠ ʛʘʟʦʚ ʚ ʧʦʪʦʢʝ ʘʨʛʦʥʘ ʠ ʫʜʘʣʝʥʠʝ 

ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʙʝʟ ʧʨʠʩʫʪʩʪʚʠʷ ʟʦʥʳ-ʠʩʪʦʯʥʠʢʘ, ʥʦ ʷʚʣʷʝʪʩʷ ʨʝʘʢʮʠʦʥʥʳʤ 

ʦʩʘʞʜʝʥʠʝʤ, ʧʦʩʢʦʣʴʢʫ ʧʦʜʣʦʞʢʘ (ʫʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʩʪʫʧʘʝʪ ʚ 

ʨʝʘʢʮʠʶ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ. ɸʚʪʦʨʳ ʵʪʦʡ ʨʘʙʦʪʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʚʧʝʨʚʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʪʝʨʤʠʥ ʨʝʘʢʮʠʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʧʦʣʫʯʘʣʠ TiC ʠ 

Ti3SiC2 ʚ ʨʘʙʦʪʘʭ [219ï221].  

ʈʝʘʢʮʠʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʩ ʫʯʘʩʪʠʝʤ ʭʠʤʠʯʝʩʢʠʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʨʝʘʢʮʠʡ ʪʘʢʞʝ 

ʚʦʟʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʚ ʨʝʘʢʪʦʨʘʭ ʧʨʦʪʦʯʥʦʛʦ ʪʠʧʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [213]. ɺ ʨʘʙʦʪʝ 
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ʦʩʘʞʜʘʣʠ TaC ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʚ ʧʦʪʦʢʝ CF4, ʦʜʥʘʢʦ, ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʝʥʦʩʯʠʢʦʚ ʥʘ 

ʫʛʣʝʨʦʜ ʪʘʥʪʘʣʘ ʚʳʩʪʫʧʘʣʘ ʪʨʘʥʩʧʦʨʪʥʘʷ ʧʘʨʘ TaF4 / TaF5. ɺ ʟʦʥʝ ʦʩʘʞʜʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʥʝ ʪʦʣʴʢʦ ʛʨʘʬʠʪʦʧʦʜʦʙʥʳʝ ʧʦʜʣʦʞʢʠ, ʥʦ ʠ SiC, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ [213]. 

ɻʣʘʚʥʳʝ ʜʦʩʪʦʠʥʩʪʚʘ ʤʝʪʦʜʘ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʦʷʪ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ 

ʠʥʠʮʠʘʮʠʠ ʧʨʦʮʝʩʩʘ, ʠʜʫʱʝʛʦ ʧʦ ʪʠʧʫ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʧʦʪʝʥʮʠʘʣʴʥʦ ʙʝʟʦʧʘʩʥʳʝ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʛʘʣʦʛʝʥʩʦʜʝʨʞʘʱʠʝ ʠʩʪʦʯʥʠʢʠ, 

ʪʘʢʠʝ ʢʘʢ CF4, I2 ʠ ʪ.ʜ. ʊʘʢʞʝ, ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʚʦʜʠʪʴ ʧʨʦʮʝʩʩ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 900 ï 1100Áʉ.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʝʪʦʜʦʤ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚʦʟʤʦʞʥʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʨʙʠʜʘ ʧʦʩʨʝʜʩʪʚʦʤ ʧʝʨʝʥʦʩʘ ʫʛʣʝʨʦʜʘ ʥʘ ʤʝʪʘʣʣ ʠʣʠ ʦʢʩʠʜ. ʂʘʢ 

ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [209,224], ʧʨʦʮʝʩʩ ʦʩʫʱʝʩʪʚʣʷʶʪ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʜʦʨʦʜʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ~2000ÁC. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʢʘʨʙʠʜʳ TiC, ZrC, HfC, NbC ʠ 

TaC.  

ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ, ʠʟʫʯʝʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʧʝʨʝʥʦʩʘ 

ʚʝʱʝʩʪʚʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʦʩʘʞʜʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ, ʪʘʢ ʢʘʢ ʚ ʧʨʦʮʝʩʩʝ ʚʦʟʤʦʞʥʦ ʧʨʦʪʝʢʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ 

ʧʘʨʘʣʣʝʣʴʥʦ-ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ [194,225]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʥʬʦʨʤʘʮʠʠ 

ʠʩʧʦʣʴʟʫʶʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩʠʩʪʝʤʳ, ʝʩʣʠ ʠʟʚʝʩʪʥʳ ʫʯʘʩʪʚʫʶʱʠʝ ʚ ʨʝʘʢʮʠʷʭ 

ʚʝʱʝʩʪʚʘ, ʠʟʚʝʩʪʥʳ ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʧʨʦʜʫʢʪʳ ʠ ʦʧʨʝʜʝʣʝʥʳ ʠʟ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ [194,225]. ɺ ʜʘʥʥʦʤ ʤʝʪʦʜʝ ʨʝʘʢʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʴ ʨʘʚʥʦʚʝʩʥʳʭ ʨʝʘʢʮʠʡ.  

 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʦʚʝʜʸʥʥʦʛʦ ʦʙʟʦʨʘ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʤʥʦʛʦʦʙʨʘʟʠʝ ʩʧʦʩʦʙʦʚ 

ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʘʨʙʠʜʦʚ ʢʘʢ ʚ ʚʠʜʝ ʧʦʨʦʰʢʘ, ʪʘʢ ʠ ʚ ʚʠʜʝ ʧʦʢʨʳʪʠʡ. ʆʩʥʦʚʥʳʤʠ 

ʧʨʦʙʣʝʤʘʤʠ ʠʟʚʝʩʪʥʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ ʧʦʜʭʦʜʦʚ ʢ ʧʦʣʫʯʝʥʠ ʁʢʘʨʙʠʜʦʚ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ 

ʷʚʣʷʶʪʩʷ ʩʣʦʞʥʦʩʪʴ ʚ ʧʦʣʫʯʝʥʠʠ ʧʨʦʜʫʢʪʘ ʙʝʟ ʧʨʠʤʝʩʠ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ 

ʩʦʝʜʠʥʝʥʠʡ (ʦʢʩʠʜʦʚ ʠ ʦʢʩʠʢʘʨʙʠʜʦʚ) ʠ ʥʝʦʜʥʦʟʥʘʯʥʦʩʪʴ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʧʦʣʫʯʘʝʤʦʛʦ ʢʘʨʙʠʜʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʳʭ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʜʣʦʞʢʘʭ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʛʦ ʠʟʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʢʨʳʪʠʡ 

ʠʨʠʜʠʡ-ʪʫʛʦʧʣʘʚʢʠʡ ʢʘʨʙʠʜ ʚ ʢʘʯʝʩʪʚʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʥʘʤʠ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʩʠʥʪʝʟ ʧʨʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚʘ, ʥʝ 
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ʩʦʜʝʨʞʘʱʠʝ ʢʠʩʣʦʨʦʜ, ʘ ʪʘʢʞʝ ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʦʩʪʘʚ ʢʘʨʙʠʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ 

ʩʠʥʪʝʟʘ. ʆʜʥʘʢʦ, ʩʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʚʚʠʜʫ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʭʠʤʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʠ ʥʘ ʛʨʘʥʠʮʝ ʪʚʸʨʜʦʝ-ʛʘʟ ʢ ʧʘʨʘʤʝʪʨʘʤ ʩʠʩʪʝʤʳ (ʪʝʤʧʝʨʘʪʫʨʘ, 

ʜʘʚʣʝʥʠʝ, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ) ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʦʣʦʛʠʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ CVD-

ʧʨʦʮʝʩʩʦʚ [194,209,211,225].  

 

1.2. ʀʨʠʜʠʡ 

1.2.1. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

 

ɸ. ʌʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʀʨʠʜʠʡ ï ʩʝʨʝʙʨʠʩʪʦ-ʙʝʣʳʡ ʪʫʛʦʧʣʘʚʢʠʡ ʤʝʪʘʣʣ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʛʨʫʧʧʝ ʪʷʞʸʣʳʭ 

ʧʣʘʪʠʥʦʚʳʭ ʤʝʪʘʣʣʦʚ. ɽʛʦ ʩʦʜʝʨʞʘʥʠʝ ʚ ʟʝʤʥʦʡ ʢʦʨʝ ʦʮʝʥʠʚʘʝʪʩʷ ʢʘʢ 10-7% (ʤʘʩʩ.) [226]. 

ɺ ʧʨʠʨʦʜʝ ʚʩʪʨʝʯʘʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʚ ʤʠʥʝʨʘʣʘʭ ʥʝʚʴʷʥʩʢʠʪ, ʩʳʩʝʨʪʩʢʠʪ ʠ ʘʫʨʦʩʤʠʨʠʜ 

[226]. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʸʪʢʘ ʠʨʠʜʠʷ ï ʛʨʘʥʝʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʢʫʙʠʯʝʩʢʘʷ (ɻʎʂ) ʩ 

ʧʘʨʘʤʝʪʨʦʤ a = 3,8387¡ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ Fm-3m, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ 

ʨʘʚʥʘ 2443Áʉ [226ï228].  

ʅʘʨʷʜʫ ʩ ʚʳʩʦʢʦʡ ʪʫʛʦʧʣʘʚʢʦʩʪʴʶ, ʠʨʠʜʠʡ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʘʣʦʣʝʪʫʯʠʤ 

ʤʝʪʘʣʣʦʤ. ʊʘʢ, ʚ ʪʦʯʢʝ ʧʣʘʚʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʝ ʜʘʚʣʝʥʠʝ ʧʘʨʘ ʥʘʜ ʯʠʩʪʳʤ ʠʨʠʜʠʝʤ 

ʩʦʩʪʘʚʣʷʝʪ 9,85Ā10-6 ʘʪʤ [138]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʤʝʪʘʣʣʦʚ ʩ ɻʎʂ 

ʨʝʰʸʪʢʦʡ, ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʴʶ, ʠʨʠʜʠʡ ï ʭʨʫʧʢʠʡ ʤʝʪʘʣʣ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʯʪʦ ʦʩʣʦʞʥʷʝʪ ʧʦʣʫʯʝʥʠʝ ʠ ʦʙʨʘʙʦʪʢʫ ʠʟʜʝʣʠʡ ʠʟ ʥʝʛʦ. ɺ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 700 ï 1000Áʉ ʚ ʥʸʤ ʧʨʦʠʩʭʦʜʠʪ ʭʨʫʧʢʦ-ʚʷʟʢʠʡ ʧʝʨʝʭʦʜ, ʠ 

ʤʝʪʘʣʣ ʩʪʘʥʦʚʠʪʩʷ ʧʣʘʩʪʠʯʥʳʤ [227,229]. ʈʘʟʨʫʰʝʥʠʝ ʯʠʩʪʦʛʦ ʙʝʩʧʨʠʤʝʩʥʦʛʦ ʠʨʠʜʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʚʥʫʪʨʠʟʸʨʝʥʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. ʆʜʥʘʢʦ ʧʨʠ ʥʘʣʠʯʠʠ ʧʨʠʤʝʩʝʡ ʨʘʟʨʫʰʝʥʠʝ 

ʧʝʨʝʭʦʜʠʪ ʥʘ ʤʝʞʟʸʨʝʥʥʳʡ ʤʝʭʘʥʠʟʤ [227]. ʀʨʠʜʠʡ ʠʤʝʝʪ ʦʯʝʥʴ ʚʳʩʦʢʫʶ ʧʣʦʪʥʦʩʪʴ 

(22,56 ʛ/ʩʤ3), ʫʩʪʫʧʘʶʱʫʶ ʪʦʣʴʢʦ ʦʩʤʠʶ, ʘ ʪʘʢʞʝ ʧʨʦʯʥʦʩʪʴ, ʪʚʸʨʜʦʩʪʴ ʠ ʧʨʝʜʝʣ 

ʪʝʢʫʯʝʩʪʠ, ʟʥʘʯʝʥʠʷ ʢʦʪʦʨʳʭ ʚʳʰʝ, ʯʝʤ ʫ ʜʨʫʛʠʭ ʤʝʪʘʣʣʦʚ ʩ ɻʎʂ ʨʝʰʸʪʢʦʡ [227,230ï

232]. ʆʥ ʠʤʝʝʪ ʙʦʣʴʰʦʡ ʤʦʜʫʣʴ ʖʥʛʘ (538,3 ɻʇʘ) ʠ ʦʙʲʸʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ (366 

ɻʇʘ) [227,228]. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʦʙʲʸʤʥʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʠʨʠʜʠʷ 

ʣʠʰʴ ʥʘ 17% ʤʝʥʴʰʝ ʪʘʢʦʚʦʡ ʜʣʷ ʘʣʤʘʟʘ (442 ɻʇʘ) ï ʥʝʟʘʤʝʥʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠ 

ʩʦʟʜʘʥʠʠ ʷʯʝʝʢ ʚʳʩʦʢʦʛʦ ʠ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ.  
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ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʦʩʪʘʚʣʷʝʪ 

147 ɺʪ/ʤĀʂ [126,228], ʯʪʦ ʙʦʣʝʝ ʯʝʤ ʚ 6 ʨʘʟ ʚʳʰʝ, ʯʝʤ ʫ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʛʘʬʥʠʷ ʠ ʚ 2,5 

ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʫ ʪʘʥʪʘʣʘ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʧʦʥʠʞʘʝʪʩʷ, 

ʦʜʥʘʢʦ ʜʘʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1700 ï 2000Áʉ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʥʠʞʝ 100 ɺʪ/ʤĀʂ [228]. 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩʦʩʪʘʚʣʷʝʪ 6,3 ï 6,5Ā10-6 ʂ-1 [126,228,233]. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʊʈ 

ʨʘʩʪʸʪ ʠ ʧʨʠ 2000Áʉ ʜʦʩʪʠʛʘʝʪ 12 ï 13,6Ā10-6 ʂ-1, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ 

ʚʝʣʠʯʠʥʦʡ ʩʨʝʜʠ ʤʝʪʘʣʣʦʚ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʥʘʠʤʝʥʴʰʠʤ ʂʊʈ ʩʨʝʜʠ ʤʝʪʘʣʣʦʚ ʦʙʣʘʜʘʝʪ 

ʚʦʣʴʬʨʘʤ (ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ï 4,5Ā10-6 ʂ-1, ʧʨʠ 2000Áʉ ʚʝʣʠʯʠʥʘ ʩʦʩʪʘʚʣʷʝʪ 

5,4Ā10-6 ʂ-1, ʘ ʧʨʠ 3000Áʉ ï 6,6Ā10-6 ʂ-1) [126], ʘ ʥʘʠʙʦʣʴʰʠʤ ï ɦ ʝʣʦʯʥʳʝ ʤʝʪʘʣʣʳ: ʫʞʝ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʥʘʧʨʠʤʝʨ, ʂʊʈ ʥʘʪʨʠʷ ï 71Ā10-6 ʂ-1.  

ʀʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ ʠʟʫʯʝʥʘ ʤʘʣʦ. ʀʟʚʝʩʪʥʦ, ʯʪʦ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʣʠʥʳ ʚʦʣʥʳ ʦʪ 0,5 ʤʢʤ ʜʦ 14 ʤʢʤ 

ʩʧʝʢʪʨʘʣʴʥʘʷ ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ~15 ʨʘʟ (ʦʪ 0,37 ʜʦ 0,024) [234]. 

ʇʨʠ ʵʪʦʤ, ʦʪʨʘʞʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʨʝʟʢʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʧʨʠ ɚ > 2,5 ʤʢʤ ʩʦʩʪʘʚʣʷʝʪ 

R > 90% [228]. ʉʫʱʝʩʪʚʫʶʪ ʦʛʨʘʥʠʯʝʥʥʳʝ ʜʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʣʫʯʘʪʝʣʴʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʘʢ, ʩʦʛʣʘʩʥʦ ʠʩʪʦʯʥʠʢʫ [228], ʩʧʝʢʪʨʘʣʴʥʘʷ ʠʟʣʫʯʘʪʝʣʴʥʘʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʠʨʠʜʠʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʠʟʣʫʯʝʥʠʶ ʩ ʜʣʠʥʘʤʠ ʚʦʣʥ 0,66, 1 ʠ 2 ʤʢʤ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ~2100Áʉ ʩʦʩʪʘʚʣʷʝʪ 0,215, 0,24 ʠ 0,19 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʨʘʙʦʪʝ [23,24] 

ʠʟʫʯʘʣʘʩʴ ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʧʦʢʨʳʪʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʢʨʳʪʠʷ ʚʠʜʘ Ir/HfO2 ʠʤʝʶʪ ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʠʟʣʫʯʘʪʝʣʴʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʥʝ ʙʦʣʝʝ 0,6 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~2450Áʉ. ʉʦʛʣʘʩʥʦ ʥʝʜʘʚʥʠʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷʤ, ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ 

ʠʨʠʜʠʷ (Ir-X, X = Cr, Al) ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ʠʨʠʜʠʝʤ: 0,433 ʠ 

0,465 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 0,017 [235]. ʊʘʢʞʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʧʦʩʣʝ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʢʠʩʣʝʥʠʷ, ʠʟʣʫʯʘʪʝʣʴʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʢʨʳʪʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (Cr2O3 

ï 0.723, Al 2O3 ï 0.759, ZrO2 ï 0.547, Ta2O5 ï 0.57) [235]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ 

ʜʠʘʧʘʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 2,5 ï 25 ʤʢʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʟʥʘʯʝʥʠʷ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʜʣʷ ʦʢʠʩʣʝʥʥʳʭ ʦʙʨʘʟʮʦʚ (ʢʨʦʤʝ ʪʝʭ, ʢʦʪʦʨʳʝ 

ʠʤʝʶʪ ʩʣʦʡ Al 2O3) ʤʝʥʴʰʝ, ʯʝʤ ʩʧʨʘʚʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʜʣʷ ʦʢʩʠʜʦʚ [234,236].  

ʊʝʨʤʦʵʤʠʩʩʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʠʨʠʜʠʷ ʪʘʢʞʝ ʠʟʫʯʝʥʳ ʩʣʘʙʦ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ 

[228,237,238], ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʠʨʠʜʠʷ ʩʦʩʪʘʚʣʷʝʪ 4,83 ï 5,8 ʵɺ ʚ 
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ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʛʨʘʥʠ, ʯʪʦ ʙʦʣʴʰʝ ʥʘ 1,5 ï 2 ʵɺ ʟʥʘʯʝʥʠʡ ʜʣʷ ʢʘʨʙʠʜʦʚ ʠ ʙʦʨʠʜʦʚ Zr, Hf ʠ 

Ta [3,237], ʘ ʜʣʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ ʨʝʢʦʤʝʥʜʫʝʤʘʷ ʚʝʣʠʯʠʥʘ ʩʦʩʪʘʚʣʷʝʪ 4,7 

ʵɺ [237]. ʆʜʥʘʢʦ, ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʤʦʣʠʙʜʝʥʘ ʜʦ 30 % ʘʪ. ʨʘʙʦʪʘ ʚʳʭʦʜʘ ʧʦʥʠʞʘʝʪʩʷ ʜʦ 

4,33 ʵɺ, ʘ ʜʦʙʘʚʣʝʥʠʝ ʈɿʕ (ʜʦ 12 % ʘʪ.) ʠʣʠ ʪʦʨʠʷ (ʜʦ 2 % ʘʪ.) ʧʦʥʠʞʘʝʪ ʨʘʙʦʪʫ ʚʳʭʦʜʘ ʥʘ 

2 ï 2,5 ʵɺ [228,237]. ɺ ʨʘʙʦʪʝ [239] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ (ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʧʦʨʷʜʦʢ ʚʝʣʠʯʠʥʳ) ʪʦʢʘ ʪʝʨʤʦʵʤʠʩʩʠʠ ʚ ʩʤʝʩʠ ZrC ï 10% 

ʚʝʩ. Ir ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ZrC ʧʨʠ 1400Áʉ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʤʝʥʴʰʝʥʠʠ 

ʨʘʙʦʪʳ ʚʳʭʦʜʘ. ʂ ʩʦʞʘʣʝʥʠʶ, ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʥʘʙʣʶʜʘʝʤʦʛʦ ʵʬʬʝʢʪʘ 

ʧʨʠʚʦʜʠʪʩʷ ʙʝʟ ʫʯʸʪʘ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʘʨʙʠʜʦʤ ʠ ʠʨʠʜʠʝʤ.  

 

ɹ. ʍʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ʀʨʠʜʠʡ ï ʩʪʦʡʢʠʡ ʢ ʘʛʨʝʩʩʠʚʥʳʤ ʩʨʝʜʘʤ ʤʝʪʘʣʣ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 100Áʉ ʩ ʥʠʤ 

ʥʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʚʩʝ ʠʟʚʝʩʪʥʳʝ ʢʠʩʣʦʪʳ ʠ ʠʭ ʩʤʝʩʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʮʘʨʩʢʘʷ ʚʦʜʢʘ 

[226,228]. ʇʨʠ ʧʨʦʢʘʣʠʚʘʥʠʠ ʧʦʨʦʰʢʘ ʤʝʪʘʣʣʘ ʚ ʧʦʪʦʢʝ ʢʠʩʣʦʨʦʜʘ ʧʨʠ 600 ï 1000Áʉ 

ʦʙʨʘʟʫʝʪʩʷ IrO2 ʯʝʨʥʦʛʦ ʮʚʝʪʘ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ (ʊ > 1100Áʉ) ʦʢʩʠʜ ʠʨʠʜʠʷ 

ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ ʵʣʝʤʝʥʪʳ. ɺ ʨʘʙʦʪʝ [240] ʨʘʩʩʯʠʪʳʚʘʣʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ 

IrO2 ʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʫʞʝ 1200Áʉ ʜʘʚʣʝʥʠʝ ʢʠʩʣʦʨʦʜʘ ʜʦʣʞʥʦ ʙʳʪʴ 

ʙʦʣʴʰʝ 1000 ʪʦʨʨ. ʇʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚʳʰʝ 1200Áʉ ʚ ʢʠʩʣʦʨʦʜʝ ʠʨʠʜʠʡ ʠʩʧʘʨʷʝʪʩʷ ʚ ʚʠʜʝ 

IrO3 [60,61,138,241ï243]. ʆʜʥʘʢʦ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ IrO3 ʤʘʣʘ ʜʘʞʝ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʚʧʣʦʪʴ ʜʦ ʊ ʧʣʘʚʣʝʥʠʷ ʤʝʪʘʣʣʘ) ʠ ʨʘʚʥʦʚʝʩʠʝ ʨʝʘʢʮʠʡ 19 ʠ 20 

ʩʤʝʱʝʥʦ ʚ ʩʪʦʨʦʥʫ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ [37,60,243ï250]. ʂʦʥʩʪʘʥʪʳ ʨʘʚʥʦʚʝʩʠʷ ʨʝʘʢʮʠʡ 19 

ʠ 20, ʦʧʨʝʜʝʣʸʥʥʳʝ ʚ ʨʘʙʦʪʝ [250], ʧʨʠ 2000Áʉ ʨʘʚʥʳ 2,9Ā10-4 ʠ 1,3Ā10-3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

 

Ir(ʪʚ) + O2(ʛ) = IrO2(ʛ)  (19) 

2Ir(ʪʚ) + 3O2(ʛ) = 2IrO3(ʛ)  (20) 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ, ʩʢʦʨʦʩʪʴ ʨʝʮʝʩʩʠʠ ʠʨʠʜʠʷ ʤʘʣʘ ʠ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠ 2260Áʉ ʠ ʜʘʚʣʝʥʠʠ 

ʚʦʟʜʫʭʘ 1 ʘʪʤ ʦʢʦʣʦ 5Ā10-6 ʩʤ/ʩ [61,229]. ɺ ʩʨʝʜʝ ʯʠʩʪʦʛʦ ʢʠʩʣʦʨʦʜʘ ʩʢʦʨʦʩʪʴ ʨʝʮʝʩʩʠʠ 

ʠʨʠʜʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʝ ʙʦʣʝʝ, ʯʝʤ ʚ 10 ʨʘʟ. ʅʘʨʷʜʫ ʩ ʵʪʠʤ, ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠʨʠʜʠʷ ʧʦ 

ʢʠʩʣʦʨʦʜʫ ʧʨʠ 2200Áʉ ʩʦʩʪʘʚʣʷʝʪ, ʧʦ ʨʘʟʥʳʤ ʜʘʥʥʳʤ, 1Ā10-14 ï 1Ā10-18 ʛ/ʩʤĀʩ, ʧʨʦʪʠʚ 1Ā10-

9 ʛ/ʩʤĀʩ ʧʨʠ 1400Áʉ ʜʣʷ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʦʚ [33,235,251]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʨʠʜʠʡ ʤʦʞʝʪ 
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ʧʨʠʤʝʥʷʪʴʩʷ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʥʝ ʪʦʣʴʢʦ ʚ ʢʘʯʝʩʪʚʝ ʩʪʦʡʢʦʛʦ ʢ 

ʦʢʠʩʣʝʥʠʶ ʤʘʪʝʨʠʘʣʘ, ʥʦ ʠ ʢʘʢ ʜʠʬʬʫʟʠʦʥʥʳʡ ʙʘʨʴʝʨ ʜʣʷ ʢʠʩʣʦʨʦʜʘ.  

ɺ ʨʘʙʦʪʝ [252] ʠʟʫʯʘʣʘʩʴ ʢʠʥʝʪʠʢʘ ʘʜʩʦʨʙʮʠʠ-ʜʝʩʦʨʙʮʠʠ ʢʠʩʣʦʨʦʜʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʨʠʜʠʷ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʢʠʩʣʦʨʦʜ ʩʦʨʙʠʨʫʝʪʩʷ ʥʘ ʠʨʠʜʠʠ ʚ ʘʪʦʤʘʨʥʦʤ ʚʠʜʝ, ʘ ʜʝʩʦʨʙʠʨʫʝʪʩʷ ʚ ʚʠʜʝ ʤʦʣʝʢʫʣ O2, 

ʯʪʦ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʢʘʪʘʣʠʪʠʯʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ. ʅʝʦʙʭʦʜʠʤʦ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʨʠʜʠʡ ʠ ʝʛʦ ʩʦʝʜʠʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ ʜʣʷ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʠ ʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ [253ï256]. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʩʦʙʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ ʦʢʠʩʣʝʥʠʶ ʫʛʣʝʨʦʜʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʠʨʠʜʠʷ [255ï

259] ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʢʦʤʙʠʥʘʮʠʠ ʘʪʦʤʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʘ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʠʟʫʯʝʥʳ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 1800Áʉ ʜʣʷ ʘʪʦʤʦʚ ʘʟʦʪʘ ʢʦʵʬʬʠʮʠʝʥʪ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʨʠʜʠʷ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,5 [260], ʘ ʜʣʷ ʢʠʩʣʦʨʦʜʘ 

ʢʦʵʬʬʠʮʠʝʥʪ ʩʦʩʪʘʚʣʷʝʪ 0,65 ʧʨʠ 1200Áʉ [235,252]. ɺ ʨʘʙʦʪʝ [235] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʢʦʤʙʠʥʘʮʠʠ ʜʣʷ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ 

ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʯʠʩʪʦʛʦ ʠʨʠʜʠʷ. ʊʘʢ, ʜʣʷ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʢʨʳʪʠʷ Ir-Al  ʟʥʘʯʝʥʠʝ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʝʢʦʤʙʠʥʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 0,004 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1400Áʉ ʟʥʘʯʝʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 0,47, ʯʪʦ, ʪʝʤ ʥʝ ʤʝʥʝʝ, ʤʝʥʴʰʝ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ʯʠʩʪʦʛʦ ʠʨʠʜʠʷ (0,65 ʧʨʠ 1200Áʉ). ʇʨʠ ʠʟʫʯʝʥʠʠ ʢʘʪʘʣʠʪʠʯʥʦʩʪʠ 

ʦʢʠʩʣʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʨʝʢʦʤʙʠʥʘʮʠʠ ʜʣʷ Ir-Al 2O3 [235]. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ P = 20 ʇʘ. 

 

1.2.2.ʉʠʩʪʝʤʘ ʠʨʠʜʠʡ ï ʫʛʣʝʨʦʜ 

ɸ. ʀʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʢʘʢ ʩʧʦʩʦʙ ʟʘʱʠʪʳ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʪ ʦʢʠʩʣʝʥʠʷ.  

 

ʆʜʥʠʤʠ ʠʟ ʧʝʨʚʳʭ ʟʘʠʥʪʝʨʝʩʦʚʘʥʥʦʩʪʴ ʚ ʠʨʠʜʠʠ, ʢʘʢ ʤʘʪʝʨʠʘʣʝ ʩʦ ʩʚʦʡʩʪʚʘʤʠ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ, ʧʨʦʷʚʠʣʠ ʉʐɸ ʝʱʸ ʚ 1964 ʛʦʜʫ [59,67,251,261ï263]. ɺ ʪʦ ʚʨʝʤʷ 

ʥʘʯʘʣʩʷ ʠʥʪʝʥʩʠʚʥʳʡ ʧʦʠʩʢ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʡ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ 

ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ [264]. ʋʞʝ ʪʦʛʜʘ ʩʪʘʣʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ 

ʠʨʠʜʠʡ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʘʩʪʚʦʨʷʝʪ ʫʛʣʝʨʦʜ ʚʧʣʦʪʴ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʵʚʪʝʢʪʠʢʠ (2298Áʉ), ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʘʣʣʘ ʚ ʢʘʯʝʩʪʚʝ ʜʚʫʩʪʦʨʦʥʥʝʛʦ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ (ʢʠʩʣʦʨʦʜʘ 
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ʚʥʫʪʨʴ ʠ ʫʛʣʝʨʦʜʘ ʥʘʨʫʞʫ) [261,265ï267]. ɹʳʣ ʨʘʟʨʘʙʦʪʘʥ ʧʘʪʝʥʪ ʥʘ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ 

ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʛʨʘʬʠʪʝ, ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʛʦ ʧʨʠ 2000Áʉ[67]. ɺ ʧʨʦʮʝʩʩʝ 

ʪʝʩʪʠʨʦʚʘʥʠʷ ʩʢʦʨʦʩʪʴ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʦʢʩʠʘʮʝʪʠʣʝʥʦʚʦʛʦ ʧʣʘʤʝʥʠ ʜʦʩʪʠʛʘʣʘ 

ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʚʝʣʠʯʠʥ [59,67]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʥʪʝʥʩʠʚʥʦ ʠʟʫʯʘʶʪʩʷ ʠʨʠʜʠʝʚʳʝ 

ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ ʠ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʚ 

ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʮʠʷʭ: ʙʝʟ ʠʣʠ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʪʘʢʠʭ ʤʝʪʘʣʣʦʚ ʢʘʢ W, Re; ʚʘʨʴʠʨʫʶʪʩʷ 

ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ [68,69,101,102,235,242,268ï270]. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʫʛʣʝʨʦʜʥʳʭ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʝʨʝʜ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʥʘ ʦʩʥʦʚʝ MB2-SiC ̫ ʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʠʡ ʫʜʝʣʴʥʳʡ 

ʚʝʩ ʥʘʨʷʜʫ ʩ ʠʩʢʣʶʯʠʪʝʣʴʥʦʡ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴʶ ʠ ʧʨʦʯʥʦʩʪʴʶ.  

ʈʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʪʨʝʪʴʝʡ ʢʦʥʮʝʧʮʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʘʥʪʠʦʢʠʩʣʠʪʝʣʴʥʦʡ 

ʟʘʱʠʪʳ ï ʧʨʠʤʝʥʝʥʠʝ ʠʨʠʜʠʷ ʢʘʢ ʧʦʢʨʳʪʠʷ ʜʣʷ ʫʛʣʝʨʦʜʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʙʳʣʘ ʧʦʢʘʟʘʥʘ ʤʥʦʛʠʤʠ ʘʚʪʦʨʘʤʠ [59,67,251,261ï263]. ʆʜʥʘʢʦ, ʧʨʘʢʪʠʯʝʩʢʠ 

ʚ ʪʦ ʞʝ ʚʨʝʤʷ (1964-67 ʛʛ.) ʥʘʯʘʣʠ ʠʩʩʣʝʜʦʚʘʪʴʩʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ 

ʢʘʨʙʠʜʦʚ, ʙʦʨʠʜʦʚ ʠ ʩʠʣʠʮʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʩʦʜʝʨʞʘʱʠʝ ʠ ʥʝ ʩʦʜʝʨʞʘʱʠʝ 

ʠʨʠʜʠʡ [271ï278]. ʇʨʠʯʠʥʘʤʠ, ʧʦʩʣʫʞʠʚʰʠʤʠ ʜʘʣʴʥʝʡʰʝʤʫ ʠʟʫʯʝʥʠʶ ʩʠʩʪʝʤ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʥʝ ʩʦʜʝʨʞʘʱʠʤ ʠʨʠʜʠʷ, ʩʪʘʣʠ: ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʠʨʠʜʠʷ ʢʘʢ ʙʣʘʛʦʨʦʜʥʦʛʦ 

ʤʝʪʘʣʣʘ, ʦʪʩʫʪʩʪʚʠʝ ʩʚʷʟʝʡ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʤʝʞʜʫ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ ʠ 

ʠʨʠʜʠʝʤ. [70ï72].  

ʆʪʜʝʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʶʪ ʨʘʙʦʪʳ [85] ʠ [87]. ɺ ʧʝʨʚʦʡ [85] ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʧʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʷ ʠʟ ʩʤʝʩʠ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʠ ʠʨʠʜʠʷ, ʢʦʪʦʨʳʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʦʙʨʘʟʫʶʪ HfIr3 ʬʘʟʫ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʷʚʣʷʝʪʩʷ ʭʠʤʠʯʝʩʢʠ 

ʩʦʚʤʝʩʪʠʤʳʤ ʩ ʫʛʣʝʨʦʜʦʤ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʫʚʝʣʠʯʠʪʴ ʧʨʦʯʥʦʩʪʴ ʩʚʷʟʠ ʧʦʢʨʳʪʠʝ-ʧʦʜʣʦʞʢʘ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʛʘʬʥʠʡ-ʩʦʜʝʨʞʘʱʝʛʦ ʩʦʝʜʠʥʝʥʠʷ ʦʙʨʘʟʫʝʪʩʷ ʜʠʦʢʩʠʜ 

ʛʘʬʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʠʩʧʘʨʝʥʠʷ ʠʨʠʜʠʷ [229]. 

ʆʜʥʘʢʦ, ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʩʪʦʣʢʥʫʣʠʩʴ ʩ ʪʝʤ, ʯʪʦ ʢʦʥʪʘʢʪ ʧʦʢʨʳʪʠʝ-ʧʦʜʣʦʞʢʘ ʦʩʪʘʸʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʩʣʘʙʳʤ, ʪʘʢ ʢʘʢ ʫ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʦʪʩʫʪʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʥʘʜʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʫʛʣʝʨʦʜʫ. ʊʘʢʞʝ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʠʨʠʜʠʷ ʩ ʢʘʨʙʠʜʦʤ ʛʘʬʥʠʷ ʦʙʨʘʟʫʝʪʩʷ ʧʦʨʠʩʪʳʡ ʧʨʦʜʫʢʪ, ʫʷʟʚʠʤʳʡ ʜʣʷ ʦʢʠʩʣʝʥʠʷ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ.  

ɺ ʨʘʙʦʪʝ [87] ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʠʥʘʷ ʢʦʥʮʝʧʮʠʷ. ʇʨʦʙʣʝʤʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʳ 

ʠʨʠʜʠʡ-ʫʛʣʝʨʦʜ ʨʝʰʘʣʘʩʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ, ʘ ʟʘʪʝʤ ʥʘ ʠʨʠʜʠʡ ʥʘʥʦʩʠʣʩʷ ʩʣʦʡ La2Hf2O7 
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ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʵʨʦʟʠʠ ʠ ʠʩʧʘʨʝʥʠʷ ʠʨʠʜʠʝʚʦʛʦ ʟʘʱʠʪʥʦʛʦ ʩʣʦʷ. ʋʧʨʦʯʥʝʥʠʝ ʢʦʥʪʘʢʪʘ 

ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ ʠʨʠʜʠʡ-ʫʛʣʝʨʦʜ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦʩʨʝʜʩʪʚʦʤ ʤʦʜʠʬʠʢʘʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ (ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ). 

ʈʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʪʨʠ ʧʦʜʭʦʜʘ: ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ (ʧʣʘʟʤʘ Ar:O2 = 50:50, P = 10-2 ʪʦʨʨ), 

ʘʥʦʜʥʦʝ ʦʢʠʩʣʝʥʠʝ ʚ ʨʘʟʙʘʚʣʝʥʥʦʡ ʩʝʨʥʦʡ ʢʠʩʣʦʪʝ ʠ ʪʝʨʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʥʘ ʚʦʟʜʫʭʝ 

ʧʨʠ 500 ï 550Áʉ. ʀʩʩʣʝʜʦʚʘʪʝʣʠ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ 

ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʪʝʨʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ, ʪʘʢ ʢʘʢ ʧʨʦʠʩʭʦʜʠʪ 

ʩʝʣʝʢʪʠʚʥʦʝ ʦʢʠʩʣʝʥʠʝ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʩ 

ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʛʣʫʙʠʥʦʡ 10 ï 100 ʤʢʤ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʦʢʠʩʣʝʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ [87].  

ʂ ʩʦʞʘʣʝʥʠʶ, ʦʢʠʩʣʠʪʝʣʴʥʳʝ ʪʝʩʪʳ ʧʦʣʫʯʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

2000Áʉ ʚ ʨʘʙʦʪʘʭ ʥʝ ʧʨʦʚʦʜʠʣʠʩʴ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʳ ʧʨʠ 

ʪʝʩʪʠʨʦʚʘʥʠʠ ʙʳʣʘ 1600Áʉ. ʆʜʥʘʢʦ ʦʙʝ ʢʦʥʮʝʧʮʠʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʥʝ ʧʦʣʫʯʠʣʠ ʨʘʟʚʠʪʠʷ.  

 

ɹ. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʩʠʩʪʝʤʝ ʠʨʠʜʠʡ ï ʫʛʣʝʨʦʜ.  

 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʷʜʘ ʨʘʙʦʪ ʧʦ ʠʟʫʯʝʥʠʶ ʩʠʩʪʝʤʳ Ir ï C ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʦʜʥʘ ʵʚʪʝʢʪʠʢʘ (ʨʠʩʫʥʦʢ 5) ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʫʛʣʝʨʦʜʘ ~20.4 ï 20.8 % ʘʪ 

(ʦʢʦʣʦ 1.6% ʤʘʩʩ.) [251,266,279ï286]. ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ~2285 ï 2295Áʉ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʢʠʧʝʥʠʷ 

ʠʨʠʜʠʷ (ʊʢʠʧ = 4428Áʉ) ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʫʛʣʝʨʦʜʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 2.8% ʚʝʩ. (~31.6 % ʘʪ.) 

[279].  
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ʈʠʩʫʥʦʢ 5. ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ Ir-C [285].  

 

ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʫʛʣʝʨʦʜʘ ʚ ʪʚʸʨʜʦʤ ʠʨʠʜʠʠ ʤʘʣʘ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʵʚʪʝʢʪʠʢʠ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʦʮʝʥʠʚʘʝʪʩʷ ʚ ~ 1,5 ï 3 % ʘʪ, ʥʦ ʧʨʠ ʧʦʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʟʢʦ ʧʘʜʘʝʪ: ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1300 ï 1900Áʉ ʩʦʜʝʨʞʘʥʠʝ ʫʛʣʝʨʦʜʘ 

ʦʮʝʥʠʚʘʝʪʩʷ ʚ ~0,7% ʘʪ [251,267,282,284,287]. ʇʨʦʥʠʮʘʝʤʦʩʪʴ ʠʨʠʜʠʷ ʜʣʷ ʫʛʣʝʨʦʜʘ 

ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ P = AĀe-E/RT ʛ/ʩʤĀʩ (A = 2.75Ā10-4 ʛ/ʩʤĀʩ, E = 56400 ʢʘʣ/ʤʦʣʴ) ʠ ʜʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ 2200Áʉ ʩʦʩʪʘʚʣʷʝʪ ~3,1Ā10-9 ʛ/ʩʤĀʩ [251]. ʉʪʦʣʴ ʤʘʣʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʠ 

ʥʠʟʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʫʛʣʝʨʦʜʘ ʜʣʷ ʪʚʝʨʜʦʛʦ ʠʨʠʜʠʷ ʜʘʸʪ ʦʩʥʦʚʘʥʠʷ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʤʝʪʘʣʣ 

ʷʚʣʷʝʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʤ ʙʘʨʴʝʨʦʤ ʜʣʷ ʫʛʣʝʨʦʜʘ.  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [238,288ï294], ʫʛʣʝʨʦʜ ʥʝ ʨʘʩʪʚʦʨʝʪʩʷ ʚ ʠʨʠʜʠʠ 

ʜʘʞʝ ʙʫʜʫʯʠ ʚ ʘʪʦʤʘʨʥʦʤ ʩʦʩʪʦʷʥʠʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ~1700ÁC, ʘ ʩʨʘʟʫ ʬʦʨʤʠʨʫʝʪ ʦʩʪʨʦʚʢʠ 

ʛʨʘʬʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʝʦʨʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʦʮʝʥʢʝ ʵʥʝʨʛʠʠ 

ʚʥʝʜʨʝʥʠʷ ʫʛʣʝʨʦʜʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʸʪʢʫ ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʫ 

ʠʨʠʜʠʷ ʥʘʠʙʦʣʴʰʘʷ ʧʦʣʦʞʠʪʝʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʵʥʝʨʛʠʠ ʚʥʝʜʨʝʥʠʷ ʩʨʝʜʠ ʚʩʝʭ ʙʣʘʛʦʨʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ (ʦʢʦʣʦ +6 ʵɺ) [295]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ 

ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʦʞʠʜʘʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʚʥʝʜʨʝʥʠʷ ʫʛʣʝʨʦʜʘ ʚ 

ʠʨʠʜʠʠ ʥʝ ʩʣʝʜʫʝʪ. 
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ɺʦʧʨʦʩ ʦ ʧʨʠʨʦʜʝ ʚʦʟʤʦʞʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʫʛʣʝʨʦʜʦʤ ʠ ʠʨʠʜʠʝʤ, ʪʝʤ ʥʝ ʤʝʥʝʝ, 

ʦʩʪʘʸʪʩʷ ʜʠʩʢʫʩʩʠʦʥʥʳʤ. ɺ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪʘʭ [288,292ï

294,296ï302] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʚʷʟʴ ʤʝʞʜʫ ʠʨʠʜʠʝʤ ʠ ʛʨʘʬʝʥʦʚʳʤ ʩʣʦʝʤ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ɺʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʳʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤʠ ʩ ʥʝʙʦʣʴʰʦʡ 

ʜʦʣʝʡ ʭʠʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ (ʩʣʘʙʘʷ ʢʦʚʘʣʝʥʪʥʘʷ), ʧʦʷʚʣʷʶʱʝʡʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʩʨʘʚʥʠʤʳʭ ʩ ʢʦʤʥʘʪʥʦʡ. ʉʦʚʨʝʤʝʥʥʳʝ ʨʘʙʦʪʳ ʦʪʤʝʯʘʶʪ ʪʘʢʞʝ ʚʝʨʦʷʪʥʦʝ ʚʣʠʷʥʠʝ 

ʵʬʬʝʢʪʘ ʂʘʟʠʤʠʨʘ (ʵʬʬʝʢʪ ʚʟʘʠʤʥʦʛʦ ʧʨʠʪʷʞʝʥʠʷ ʧʨʦʚʦʜʷʱʠʭ ʥʝʟʘʨʷʞʝʥʥʳʭ ʪʝʣ, 

ʠʤʝʶʱʠʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ) ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʛʨʘʬʝʥʘ ʠ/ʠʣʠ ʛʨʘʬʠʪʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʝʪʘʣʣʘ [303ï306].  

ʆʪʩʫʪʩʪʚʠʝ ʩʠʣʴʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʠʨʠʜʠʝʤ ʠ ʫʛʣʝʨʦʜʦʤ 

ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 1000Áʉ ʠʨʠʜʠʡ ʬʦʨʤʠʨʫʝʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʫʛʣʝʨʦʜʘ ʢʘʧʣʝʦʙʨʘʟʥʳʝ ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʵʬʬʝʢʪʝ ʥʝʩʤʘʯʠʚʘʝʤʦʩʪʠ 

[69ï72,257]. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [307] ʫʛʦʣ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʛʨʘʬʠʪʘ ʠʨʠʜʠʝʤ 

ʜʦ 950Áʉ ʙʦʣʴʰʝ 90Á, ʥʦ ʧʨʠ ʧʨʦʛʨʝʚʝ ʚ ʚʦʜʦʨʦʜʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 965Áʉ ʠ ʚʳʰʝ ʫʛʦʣ 

ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʫʤʝʥʴʰʘʝʪʩʷ ʚʧʣʦʪʴ ʜʦ 60 ï 70Á, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʦʣʴʰʠʭ 

ʘʜʛʝʟʠʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ çʯʠʩʪʢʠè 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ ʦʪ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʧʘʜʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʚʦʜʦʨʦʜʘ ʥʘ ʘʪʦʤʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʠʨʠʜʠʷ [307]. ʇʨʠ ʵʪʦʤ ʢʘʢʠʭ-ʣʠʙʦ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚʦʜʦʨʦʜ ʩ ʠʨʠʜʠʝʤ ʧʨʠ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝ ʦʙʨʘʟʫʝʪ, ʘ ʪʘʢʞʝ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʤʝʪʘʣʣʝ (~10-5 % ʘʪ ʧʨʠ 1100ÁC ʠ ʜʘʚʣʝʥʠʠ 0,1 ʄʇʘ) [286]. ɹʦʣʴʰʘʷ 

ʧʦʜʚʠʞʥʦʩʪʴ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʠʨʠʜʠʝʚʳʭ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʘ ʧʨʠ ʪʘʢʠʭ 

ʤʘʣʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʲʷʩʥʷʝʪʩʷ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʊʘʤʤʘʥʘ ʜʣʷ ʠʨʠʜʠʷ, ʢʦʪʦʨʘʷ 

ʩʦʩʪʘʚʣʷʝʪ 1110Áʉ [258,307,308].  

ɺʚʠʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʭ ʵʬʬʝʢʪʦʚ ʠ ʧʨʦʚʝʜʸʥʥʳʭ ʦʮʝʥʦʯʥʳʭ 

ʨʘʩʯʸʪʦʚ, ʩʣʝʜʫʝʪ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʘʜʛʝʟʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ ʛʨʘʥʠʮʝ C ï Ir 

ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢʦ, ʥʦ ʥʝ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ 

ʦʙʨʘʟʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʢʘʨʙʠʜʥʳʭ ʬʘʟ. ʆʙʲʸʤʥʳʝ ʢʘʨʙʠʜʳ ʠʨʠʜʠʷ ʧʦ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʥʝʠʟʚʝʩʪʥʳ, ʦʜʥʘʢʦ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʩ ʧʦʤʦʱʴʶ ʤʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʦʙʥʘʨʫʞʝʥʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʯʘʩʪʠʮ ʪʠʧʘ IrCx, ʛʜʝ x = 1 ï 4 [134,135,309]. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ [134], ʚ 

ʩʠʩʪʝʤʝ C ï Ir ʢʦʥʮʝʥʪʨʘʮʠʷ ʯʘʩʪʠʮ IrC ʧʨʝʚʳʰʘʝʪ ʢʦʥʮʝʥʪʨʘʮʠʶ Ir ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʦʣʴʰʝ 2110Áʉ, ʦʜʥʘʢʦ ʦʙʱʝʝ ʨʘʚʥʦʚʝʩʥʦʝ ʜʘʚʣʝʥʠʝ ʥʘʜ ʩʠʩʪʝʤʦʡ C ï Ir 

ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 1Ā10-6 ʘʪʤ.  
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ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʨʠʚʦʜʷʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʚʦʟʤʦʞʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʨʙʠʜʦʚ ʠʨʠʜʠʷ [310ï312]. ʊʘʢ, ʩʦʛʣʘʩʥʦ DFT ʨʘʩʯʸʪʘʤ, IrC ʚ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʦʥʥʦʝ ʩʦʝʜʠʥʝʥʠʝ 

Ir+C-, ʦʪʣʠʯʘʶʱʝʝʩʷ ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʤʦʜʫʣʷ ʚʩʝʩʪʦʨʦʥʥʝʛʦ ʩʞʘʪʠʷ. ʆʜʥʘʢʦ 

ʧʨʦʚʝʨʠʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. 

 

1.2.3. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ 

ʉʦʚʦʢʫʧʥʦʩʪʴ ʤʝʪʦʜʦʚ ʥʘʥʝʩʝʥʠʷ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʤʦʞʥʦ ʫʩʣʦʚʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ 

ʜʚʝ ʙʦʣʴʰʠʭ ʛʨʫʧʧʳ: ʬʠʟʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ.  

ɸ. ʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 

ɻʨʫʧʧʘ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʧʦʢʨʳʪʠʡ ʦʙʲʝʜʠʥʷʝʪ ʩʧʦʩʦʙʳ ʥʘʥʝʩʝʥʠʷ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ ʙʝʟ ʭʠʤʠʯʝʩʢʠʭ ʧʨʝʚʨʘʱʝʥʠʡ. ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠʟʚʝʩʪʝʥ 

ʩʧʦʩʦʙ ʥʘʥʝʩʝʥʠʷ ʧʣʘʚʣʝʥʠʝʤ [313]. ʇʨʠ ʵʪʦʤ ʧʦʨʦʰʦʢ ʠʨʠʜʠʷ ʧʝʨʝʥʦʩʠʪʩʷ ʧʦʪʦʢʦʤ 

ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʠ ʩʧʝʢʘʝʪʩʷ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʟʮʘ, ʧʦʧʘʜʘʷ ʚ ʬʦʢʫʩ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ 

ʚʳʩʦʢʦʡ ʤʦʱʥʦʩʪʠ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʧʣʘʚʣʝʥʠʠ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʟʘʪʚʝʨʜʝʚʘʥʠʠ 

ʤʝʪʘʣʣʘ ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʧʦʨʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ. ʄʝʪʦʜ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʧʣʦʪʥʦʝ ʧʦʢʨʳʪʠʝ [313]. 

ʄʝʪʦʜʳ ʬʠʟʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (PVD) ʦʙʲʝʜʠʥʷʶʪ ʪʝʨʤʠʯʝʩʢʦʝ 

ʠʩʧʘʨʝʥʠʝ ʤʝʪʘʣʣʘ ʚ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ ʦʩʘʞʜʝʥʠʝ ʝʛʦ ʥʘ ʦʙʨʘʟʝʮ. ʆʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ (electron beam vapor deposition, EBVD) 

ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʪʦʥʢʠʭ ʧʦʢʨʳʪʠʡ ʥʘ ʟʝʨʢʘʣʘ ʜʣʷ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʪʝʣʝʩʢʦʧʘ 

[313]. ʊʘʢʞʝ ʠʟʫʯʘʣʦʩʴ ʠʩʧʘʨʝʥʠʝ ʠʨʠʜʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʥʦʛʦ ʣʘʟʝʨʥʦʛʦ 

ʠʟʣʫʯʝʥʠʷ [313]. ʐʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣ ʤʝʪʦʜ ʨʘʜʠʦʯʘʩʪʦʪʥʦʛʦ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʠʨʠʜʠʝʚʦʡ ʤʠʰʝʥʠ (r.f. magnetron sputtering) ʠ ʨʘʩʧʳʣʝʥʠʝ 

ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ (d.c. sputtering) [70,72,73,313,314]. ʅʘʧʨʠʤʝʨ, ʨʘʜʠʦʯʘʩʪʦʪʥʦʝ 

ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ ʜʘʚʣʝʥʠʠ ~1 ʇʘ. 

ʀʩʧʦʣʴʟʫʝʤʘʷ ʤʦʱʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 200 ɺʪ. ʇʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 1 

ʥʤ/ʩ [72]. ʅʘʥʝʩʝʥʠʝ ʥʘ ʧʦʜʣʦʞʢʫ ʤʝʪʘʣʣʘ ʧʨʦʚʦʜʠʪʩʷ ʩ ʤʠʰʝʥʠ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʠʨʠʜʠʡ. ʇʦʩʣʝ ʨʘʩʧʳʣʝʥʠʷ ʧʨʦʚʦʜʷʪ ʧʨʦʛʨʝʚ ʦʙʨʘʟʮʘ ʧʨʠ 1700Áʉ ʚ 

ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ. 

 

ɹ. ʍʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ 
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(1) ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʨʠʜʠʷ 

ʕʣʝʢʪʨʦʣʠʟʦʤ ʠʟ ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ ʤʦʞʥʦ ʥʘʥʝʩʪʠ ʧʦʢʨʳʪʠʷ ʜʦ 25 ʤʢʤ ʪʦʣʱʠʥʦʡ. ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʫʶʪ ʨʘʩʪʚʦʨʳ ʭʣʦʨʠʜʘ ʠʨʠʜʠʷ (III) ʩ 

ʩʫʣʴʬʘʤʠʥʦʚʦʡ ʢʠʩʣʦʪʦʡ, ʙʨʦʤʠʜʘ ʠʨʠʜʠʷ (III), ʭʣʦʨʦʠʨʠʜʘʪʦʚ (III) ʣʠʙʦ ʙʨʦʤʦʠʨʠʜʘʪʦʚ 

(III) ʱʝʣʦʯʥʳʭ ʤʝʪʘʣʣʦʚ. ʆʜʥʘʢʦ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʷ ʙʦʣʝʝ ʯʝʤ ʚ 

ʥʝʩʢʦʣʴʢʦ ʤʢʤ ʥʘʯʠʥʘʶʪ ʧʦʷʚʣʷʪʴʩʷ ʪʨʝʱʠʥʳ [87,313].  

ʕʣʝʢʪʨʦʦʩʘʞʜʝʥʠʝ ʠʟ ʨʘʩʧʣʘʚʘ ʩʦʣʝʡ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʢʨʳʪʠʷ ʠʟ ʠʨʠʜʠʷ, 

ʪʦʣʱʠʥʦʡ ʜʦ 0,4 ʤʤ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪ ʨʘʩʧʣʘʚ ʩʤʝʩʠ ʩʦʣʝʡ NaCl-KCl-CsCl-IrCl3 ʚ 

ʤʦʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 30:24,5:45:0,5. ʀʨʠʜʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʚʠʜʝ ʵʣʝʢʪʨʦʜʦʚ, ʢʦʪʦʨʳʝ ʚ 

ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʣʠʟʘ ʨʘʩʪʚʦʨʷʶʪʩʷ ʩ ʧʝʨʝʭʦʜʦʤ ʤʝʪʘʣʣʘ ʚ ʨʘʩʧʣʘʚ. ʕʣʝʢʪʨʦʣʠʟ 

ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 575 ï 590Áʉ ʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 10 ï 30 ʤA/ʩʤ2. ʆʜʥʠʤ ʠʟ 

ʥʝʜʦʩʪʘʪʢʦʚ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʜʘʥʥʘʷ ʩʤʝʩʴ ʦʯʝʥʴ 

ʛʠʛʨʦʩʢʦʧʠʯʥʘ [87,101,313ï315]. ʂʨʦʤʝ ʪʦʛʦ, ʛʣʘʚʥʦʡ ʧʨʦʙʣʝʤʦʡ ʚʩʝʭ ʤʝʪʦʜʦʚ 

ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʩʦʣʝʡ ʚ ʧʦʜʣʦʞʢʫ, ʯʪʦ ʷʚʣʷʝʪʩʷ 

ʥʝʞʝʣʘʪʝʣʴʥʳʤ ʧʨʦʮʝʩʩʦʤ.  

 

(2) ʍʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. 

ʅʘʠʙʦʣʝʝ ʦʙʰʠʨʥʫʶ ʢʘʪʝʛʦʨʠʶ ʚ ʛʨʫʧʧʝ ʭʠʤʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʧʨʦʮʝʩʩʳ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD). ʕʪʠ ʧʨʦʮʝʩʩʳ ʦʩʥʦʚʘʥʳ ʥʘ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʣʠʙʦ ʨʘʟʣʦʞʝʥʠʠ ʩʦʝʜʠʥʝʥʠʷ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʛʘʟʦʚʦʡ 

ʬʘʟʝ, ʜʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʥʝʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ-

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ʠʩʧʦʣʴʟʫʶʪ ʢʘʨʙʦʥʠʣʴʥʳʝ ʢʦʤʧʣʝʢʩʳ ʠʨʠʜʠʷ IrCl2(CO)2 ʠ Ir4(CO)12 

[59,67], ʛʠʜʨʠʜʦ-ʪʨʠʬʪʦʨʬʦʩʬʠʥʦʚʳʡ ʢʦʤʧʣʝʢʩ ʠʨʠʜʠʷ (IrH(PF3)4) [316], ʛʘʣʦʛʝʥʠʜʳ 

ʠʨʠʜʠʷ: IrCl3, IrCl4, IrF6, IrBr3 [317]; ʢʦʪʦʨʳʝ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʚʦʜʦʨʦʜʦʤ ʠʣʠ ʜʨʫʛʠʤʠ 

ʩʦʝʜʠʥʝʥʠʷʤʠ ʜʦ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ. ʇʨʦʮʝʩʩ ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 

700Áʉ. ɼʣʷ ʨʘʟʣʦʞʝʥʠʷ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ, ʥʘʧʨʠʤʝʨ, IrCl3 ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ ʣʘʟʝʨʥʦʝ 

ʠʟʣʫʯʝʥʠʝ [318]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʬʦʪʦʣʠʪʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʧʦ ʨʝʘʢʮʠʠ 

21: 

IrCl3 Ÿ Ir(ʪʚ) + 3 Cl(ʛ) (21) 

 

(3) ʍʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ.  
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ʄʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ (MOCVD) ʧʦʣʫʯʠʣ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʙʣʘʛʦʜʘʨʷ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʪʦʣʱʠʥʫ ʠ ʪʝʢʩʪʫʨʫ ʠʨʠʜʠʝʚʳʭ 

ʧʦʢʨʳʪʠʡ, ʧʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʧʨʠʨʦʜʳ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʣʠʛʘʥʜʘ, ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʦʚ 

ʧʨʦʮʝʩʩʘ ï ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʛʘʟʘ-ʨʝʘʛʝʥʪʘ (H2 ʠʣʠ O2). ʉ ʧʦʤʦʱʴʶ MOCVD 

ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʨʘʚʥʦʤʝʨʥʳʝ ʧʣʦʪʥʳʝ ʧʦʢʨʳʪʠʷ. ʆʩʘʞʜʘʪʴ ʠʨʠʜʠʡ ʤʦʞʥʦ ʥʘ ʧʦʜʣʦʞʢʠ 

ʣʶʙʦʛʦ ʪʠʧʘ ï ʧʨʦʚʦʜʷʱʠʝ ʦʙʨʘʟʮʳ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʠʣʠ ʜʠʵʣʝʢʪʨʠʢʠ. ɼʘʥʥʳʤ ʤʝʪʦʜʦʤ 

ʤʦʞʥʦ ʥʘʥʦʩʠʪʴ ʧʦʢʨʳʪʠʷ ʜʘʞʝ ʥʘ ʧʦʨʠʩʪʳʝ ʧʦʜʣʦʞʢʠ, ʪʘʢʠʝ ʢʘʢ ʧʫʯʢʠ ʫʛʣʝʨʦʜʥʳʭ 

ʚʦʣʦʢʦʥ. ɻʘʟʦʦʙʨʘʟʥʳʝ ʨʝʘʛʝʥʪʳ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʘʚʣʝʥʠʠ ʧʨʦʥʠʢʘʶʪ ʚʥʫʪʨʴ 

ʧʦʨʠʩʪʦʡ ʧʦʜʣʦʞʢʠ ʥʘ ʜʦʩʪʘʪʦʯʥʦ ʜʘʣʝʢʠʝ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʨʘʚʥʦʤʝʨʥʦʩʪʴ. ɹʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ ʭʠʤʠʠ ʣʝʪʫʯʠʭ ʩʦʝʜʠʥʝʥʠʡ ʤʝʪʘʣʣʦʚ, ʚʢʣʶʯʘʷ 

ʠʨʠʜʠʡ, ʩ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʣʠʛʘʥʜʘʤʠ ʚʥʝʩʣʘ ʰʢʦʣʘ, ʩʣʦʞʠʚʰʘʷʩʷ ʚ ʀʥʩʪʠʪʫʪʝ 

ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɸ.ɺ. ʅʠʢʦʣʘʝʚʘ ʉʆ ʈɸʅ (ʛ. ʅʦʚʦʩʠʙʠʨʩʢ). ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʠ 

ʨʘʟʨʘʙʦʪʘʥʳ ʵʬʬʝʢʪʠʚʥʳʝ ʧʦʜʭʦʜʳ ʢ ʚʳʙʦʨʫ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʠ 

ʫʩʪʘʥʦʚʣʝʥʳ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʧʦʢʨʳʪʠʡ ʤʝʪʦʜʦʤ MOCVD, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ [319ï325].  

ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ ʠʨʠʜʠʷ (III), ʨʝʞʝ ʠʨʠʜʠʷ (I). ɺ ʩʦʩʪʘʚʝ ʩʦʝʜʠʥʝʥʠʷ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ʤʦʛʫʪ 

ʙʳʪʴ ɓ-ʜʠʢʝʪʦʥʘʪʥʳʝ, ʢʘʨʙʦʥʠʣʴʥʳʝ, ʘʣʣʠʣʴʥʳʝ, ʮʠʢʣʦʦʢʪʘʜʠʝʥʠʣʴʥʳʝ ʣʠʛʘʥʜʳ, ʘ ʪʘʢʞʝ 

ʵʪʠʣʝʥ ʠ ʜʨ. [257,319ï321,326ï328]. ɼʘʚʣʝʥʠʝ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʦʪ ʚʘʢʫʫʤʘ, ʜʦ 

ʘʪʤʦʩʬʝʨʥʦʛʦ, ʪʝʤʧʝʨʘʪʫʨʘ ʦʩʘʞʜʝʥʠʷ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʦʪ ʢʦʤʥʘʪʥʦʡ ʜʦ 700Áʉ, ʚ ʢʘʯʝʩʪʚʝ 

ʛʘʟʘ-ʨʝʘʛʝʥʪʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ H2 ʠʣʠ O2. ɼʠʘʧʘʟʦʥ ʩʢʦʨʦʩʪʝʡ ʦʩʘʞʜʝʥʠʷ ʧʦʢʨʳʪʠʷ 

ʦʯʝʥʴ ʰʠʨʦʢ ï ʦʪ 1,7 ʧʤ/ʩ ʜʦ 7 ʥʤ/ʩ. ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʠʝ ʩʢʦʨʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʧʦʢʨʳʪʠʷ 

ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ï ʘʮʝʪʠʣʘʮʝʪʦʥʘʪʘ ʠʨʠʜʠʷ 

(III) [194,313,317,320,321,324,325,329,330].  

ɺʩʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʥʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʷ ʧʨʠ 

ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʤʝʥʴʰʝ 1000Áʉ). ʆʜʥʘʢʦ, ʪʦʣʱʠʥʘ ʧʦʣʫʯʘʝʤʦʛʦ 

ʧʦʢʨʳʪʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʧʨʝʚʳʰʘʝʪ ~50 ʤʢʤ [314].  

 

ɺ. ʇʦʣʫʯʝʥʠʝ ʤʘʩʩʠʚʥʳʭ ʧʦʢʨʳʪʠʡ ʢʦʤʧʣʝʢʩʥʳʤ ʤʝʪʦʜʦʤ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʤʘʩʩʠʚʥʳʭ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʘʚʪʦʨʘʤʠ [67] ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ 

ʢʦʤʧʣʝʢʩʥʳʡ ʩʧʦʩʦʙ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʪʨʸʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʪʘʜʠʷʭ. ʇʝʨʚʘʷ ʩʪʘʜʠʷ 
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ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʥʝʩʝʥʠʠ ʤʘʩʩʠʚʥʦʛʦ ʩʣʦʷ ʤʝʪʦʜʦʤ ʥʘʥʝʩʝʥʠʷ ʩʫʩʧʝʥʟʠʡ (ʰʣʠʢʝʨʥʳʡ 

ʤʝʪʦʜ, slurry). ɺʥʘʯʘʣʝ ʘʚʪʦʨʳ ʠʩʧʦʣʴʟʫʶʪ ʩʫʩʧʝʥʟʠʶ ʠʨʠʜʠʷ, ʧʨʠʛʦʪʦʚʣʝʥʥʫʶ 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʣʴʯʝʥʠʷ ʧʦʨʦʰʢʘ ʤʝʪʘʣʣʘ ʚ ʢʩʠʣʦʣʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʮʠʢʣʦʧʝʥʪʘʜʠʝʥʦʚʦʡ ʩʤʦʣʳ ʚ ʢʘʯʝʩʪʚʝ ʜʝʬʣʦʢʫʣʷʥʪʘ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʚ ʪʝʯʝʥʠʝ 2-ʭ 

ʯʘʩʦʚ. ʇʦʣʫʯʝʥʥʫʶ ʩʫʩʧʝʥʟʠʶ ʥʘʥʦʩʷʪ ʥʘ ʛʨʘʬʠʪʦʚʫʶ ʧʦʜʣʦʞʢʫ ʩʣʦʝʤ ʪʦʣʱʠʥʦʡ ʜʦ 80 

ʤʢʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ, ʟʘʛʦʪʦʚʢʫ ʥʘʛʨʝʚʘʶʪ ʩʦ ʩʢʦʨʦʩʪʴʶ 100Áʉ/ʯ ʜʦ 400Áʉ ʠ ʚʳʜʝʨʞʠʚʘʶʪ 

ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ɼʘʥʥʦʝ ʜʝʡʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʫʜʘʣʝʥʠʷ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʫʩʧʝʥʟʠʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʧʨʦʛʨʝʚʘʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʢʦʣʦ 2000Áʉ ʜʣʷ ʩʧʝʢʘʥʠʷ ʯʘʩʪʠʮ 

ʧʦʨʦʰʢʘ ʠ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʦʛʦ ʩʣʦʷ. ɼʣʷ ʟʘʧʦʣʥʝʥʠʷ ʦʩʪʘʚʰʠʭʩʷ ʧʦʨ ʧʨʠʤʝʥʷʝʪʩʷ 

ʤʝʪʦʜ CVD (ʚʪʦʨʘʷ ʩʪʘʜʠʷ) [67]. ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʘʝʤʦʛʦ ʵʪʠʤ ʤʝʪʦʜʦʤ, ʤʦʞʝʪ 

ʜʦʩʪʠʛʘʪʴ 15 ʤʢʤ. ɼʘʣɹʥʝʡʰʝʝ ʫʧʣʦʪʥʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ (ʪʨʝʪʴʷ ʩʪʘʜʠʷ) 

ʧʨʦʚʦʜʠʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʦʣʠʟʘ ʠʟ ʨʘʩʧʣʘʚʘ ʩʤʝʩʠ ʩʦʣʝʡ NaCN ʠ KCN. ɸʚʪʦʨʳ 

ʫʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʠʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ ʥʘ ʛʨʘʬʠʪʝ, ʧʦʣʫʯʝʥʥʦʝ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ, ʟʘʱʠʱʘʝʪ 

ʤʘʪʝʨʠʘʣ ʦʪ ʦʢʠʩʣʝʥʠʷ ʧʨʠ 2000Áʉ. ʊʝʩʪʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʣʘʤʝʥʠ ʥʘ ʦʩʥʦʚʝ ʩʤʝʩʠ O2 + CH4 ʩ ʠʟʙʳʪʢʦʤ ʢʠʩʣʦʨʦʜʘ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ.  

 

1.2.4. ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ  

ɸ. ʉʪʨʫʢʪʫʨʘ ʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

 

ʂʘʢ ʨʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʚ ʢʘʯʝʩʪʚʝ ʫʣʫʯʰʝʥʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʘʥʪʠʦʢʠʩʣʠʪʝʣʴʥʦʡ ʟʘʱʠʪʳ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ, ʘʢʪʫʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷʝʪʩʷ 

ʧʝʨʝʭʦʜ ʦʪ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ ʢ ʩʧʣʘʚʘʤ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʤ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. ʆʩʥʦʚʥʦʝ 

ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʶʪ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩʦ ʩʪʨʫʢʪʫʨʦʡ L12 

(ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ P m-3m, ʩʪʨʫʢʪʫʨʥʳʡ ʪʠʧ Cu3Au, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ MIr3, ʛʜʝ 

M = Ti, Zr, Hf, V, Nb, Ta), ʦʙʨʘʟʫʶʱʠʝʩʷ ʚ ʩʤʝʩʷʭ ʠʨʠʜʠʡ ï ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ IV ʠʣʠ V 

ʛʨʫʧʧʳ [64,331,332]. ʕʪʠ ʬʘʟʳ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʪʚʸʨʜʦʩʪʴ, ʧʨʦʯʥʦʩʪʴ, ʧʣʘʚʷʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ, ʯʝʤ 2000Áʉ (ʈʠʩʫʥʦʢ 6), ʘ ʪʘʢʞʝ ʩʨʝʜʠ ʦʩʪʘʣʴʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ 

ʦʙʣʘʜʘʶʪ ʥʘʠʙʦʣʴʰʝʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ, ʨʘʟʣʠʯʥʳʝ 

ʘʚʪʦʨʳ [63ï66,333ï336] ʧʨʝʜʧʦʣʘʛʘʶʪ ʧʨʠʤʝʥʝʥʠʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

MIr 3, ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʦʥʝʥʪʦʚ ʩʫʧʝʨʩʧʣʘʚʦʚ ʪʠʧʘ L12 (MIr3)/ fcc (Ir), ʢʦʪʦʨʳʝ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʘʥʘʣʦʛʦʚ ʘʚʠʘʮʠʦʥʥʳʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʷ ʩʦ 
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ʩʪʨʫʢʪʫʨʦʡ ɔ`(Ni3Al)/ɔ(Ni). ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ ʪʠʧʘ MIr3 ʪʘʢʞʝ ʠʤʝʶʪ ʥʘʟʚʘʥʠʝ ʬʘʟ ʕʥʛʝʣʷ-

ɹʨʶʵʨʘ, ʧʦʩʢʦʣʴʢʫ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʦʥʠ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʦʜʥʦʠʤʸʥʥʦʤʫ 

ʵʤʧʠʨʠʯʝʩʢʦʤʫ ʧʨʘʚʠʣʫ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʩʪʨʫʢʪʫʨʘ ʚʝʱʝʩʪʚʘ ʩʚʷʟʘʥʘ ʩ ʵʣʝʢʪʨʦʥʥʳʤ 

ʩʪʨʦʝʥʠʝʤ. ʕʪʘ ʪʝʦʨʠʷ ʙʳʣʘ ʚʳʩʢʘʟʘʥʘ ʚʧʝʨʚʳʝ ʅ. ʕʥʛʝʣʝʤ ʚ 1949 ʛʦʜʫ ʠ ʧʦʟʞʝ 

ʨʘʩʰʠʨʝʥʘ ʃ. ɹʨʶʵʨʦʤ [337ï347].  

ʆʪʣʠʯʠʪʝʣʴʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʪʠʧʘ MIr3 ï ʚʳʩʦʢʘʷ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʨʷʜʝ ʨʘʙʦʪ [85,103,104,251,345,347ï

352]. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʪʫʛʦʧʣʘʚʢʦʛʦ ʢʘʨʙʠʜʘ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ, 

ʪʘʢʦʛʦ ʢʘʢ ʛʘʬʥʠʡ ʠʣʠ ʪʘʥʪʘʣ, ʩ ʠʨʠʜʠʝʤ, ʦʙʨʘʟʫʝʪʩʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜ ʪʦʣʴʢʦ ʦʜʥʦʛʦ 

ʩʦʩʪʘʚʘ ï MIr3 ʠ ʚʳʜʝʣʷʝʪʩʷ ʫʛʣʝʨʦʜ ʚ ʩʚʦʙʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʨʠʩʫʥʦʢ 7). ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ 

ʨʠʩʫʥʢʘ 6, ʚ ʩʠʩʪʝʤʘʭ Ir ï Hf ʠ Ir ï Ta ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʜʨʫʛʦʛʦ 

ʩʦʩʪʘʚʘ, ʦʪʣʠʯʥʦʛʦ ʦʪ MIr3. ʏʪʦʙʳ ʦʙʲʷʩʥʠʪʴ ʥʘʙʣʶʜʘʝʤʦʝ ʷʚʣʝʥʠʝ, ʧʨʦʚʦʜʠʣʩʷ ʨʘʩʯʸʪ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʚ ʢʘʨʙʠʜʝ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʬʘʟʘʭ [85,345,348,351]. ɹr ʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

HfIr 3 ʠ TaIr3, ʘʢʪʠʚʥʦʩʪʴ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ ʤʝʥʴʰʝ, 

ʯʝʤ ʚ ʤʦʥʦʢʘʨʙʠʜʘʭ (ʧʨʠ 2200ʂ). ʊʘʢʞʝ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʠʢʘʢʠʭ ʪʨʦʡʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʩʠʩʪʝʤʘʭ ʪʫʛʦʧʣʘʚʢʠʡ ʢʘʨʙʠʜ ï ʠʨʠʜʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʥʘʨʫʞʝʥʦ ʥʝ 

ʙʳʣʦ, ʭʦʪʷ ʚ ʨʘʙʦʪʝ [353] ʧʨʠʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʢʘʨʙʠʜʦʚ ʚʠʜʘ Ir3MC, ʛʜʝ M = Ti, Zr, Nb ʠ Ta, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠʪʘʥʳ 

ʥʝʢʦʪʦʨʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʘʢʠʭ ʢʘʨʙʠʜʦʚ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʘʥʪʠʧʝʨʦʚʩʢʠʪʘ. 

 

  

ʈʠʩʫʥʦʢ 6. ʌʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ Hf ï Ir (ʘ) [332] ʠ Ir ï Ta (ʙ) [285]. ʎʚʝʪʦʤ ʚʳʜʝʣʝʥʳ 

ʦʙʣʘʩʪʠ MIr3 (M = Hf, Ta). 
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ʈʠʩʫʥʦʢ 7. ʌʘʟʦʚʘʷ ʜʠʘʛʨʘʤʤʘ ʩʠʩʪʝʤʳ M ï Ir ï C ʧʦ ʜʘʥʥʳʤ ʍ. ʍʦʣʣʝʢʘ [349,350]. 

ʀʟʦʪʝʨʤʠʯʝʩʢʦʝ ʩʝʯʝʥʠʝ ʧʨʠ 1500Áʉ. 

 

ʉʦʛʣʘʩʥʦ ʬʘʟʦʚʳʤ ʜʠʘʛʨʘʤʤʘʤ ʙʠʥʘʨʥʳʭ ʩʠʩʪʝʤ (ʨʠʩʫʥʦʢ 6), ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ ʪʠʧʘ MIr 3 ʦʙʣʘʜʘʶʪ ʦʙʣʘʩʪʴʶ ʛʦʤʦʛʝʥʥʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʩʦʩʪʘʚʦʚ ~73 ï 79% 

ʘʪ. ʠʨʠʜʠʷ ʜʣʷ HfIr3 [354,355] ʠ ~70 ï 75% ʘʪ. ʜʣʷ TaIr3 [356]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʦʩʦʙʝʥʥʦʩʪʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʫʛʦʧʣʘʚʢʠʭ ʢʘʨʙʠʜʦʚ ʠ ʠʨʠʜʠʷ, ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʟʤ ʧʨʦʮʝʩʩʘ ʧʦʜʨʦʙʥʦ ʥʝ 

ʠʟʫʯʘʣʠʩʴ.  

ʇʨʠʤʝʥʠʤʦʩʪʴ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʪʠʧʘ MIr 3 ʢʘʢ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʨʘʟʣʠʯʥʳʤʠ ʘʚʪʦʨʘʤʠ 

[85,235,333,334,357]. ʊʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʪʘʢʠʝ ʢʘʢ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʂʊʈ 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚ ʨʘʙʦʪʝ [335]. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ TaIr3 

ʠ HfIr3 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700ÁC ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʘ ʠ ʩʦʩʪʘʚʣʷʝʪ ~70 ɺʪ/ʤĀʂ, ʯʪʦ 

ʤʝʥɹh ʝ, ʯʝʤ ʫ ʠʨʠʜʠʷ (125 ɺʪ/ʤĀʂ ʧʨʠ 700Áʉ) [228,335]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʩʨʘʚʥʠʤ ʩ ʪʘʢʦʚʳʤ ʜʣʷ ʠʨʠʜʠʷ ʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 500Áʉ ʩʦʩʪʘʚʣʷʝʪ 8,2Ā10-6 K-1 (HfIr3), 7.6Ā10-6 K-1 (TaIr3), 7.5Ā10-6 K-1 (Ir) 

[228,335]. ʂʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (2000 ï 

2500Áʉ) ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚ ʨʘʙʦʪʝ [357]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~2200ÁC 

ʣʠʥʝʡʥʘʷ ʩʢʦʨʦʩʪʴ ʨʝʮʝʩʩʠʠ ʜʣʷ TaIr3 ʠ HfIr3 ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 25 ʤʢʤ/ʤʠʥ ʚ ʪʘʢʠʭ 

ʩʨʝʜʘʭ, ʢʘʢ 6,5% ʦʙ. F2; 10% ʦʙ. HF; 6,5% ʦʙ. F2 + 5,5% ʦʙ. O2; 10% ʦʙ. HF + 2,3% ʦʙ. O2. 

ɸʚʪʦʨʳ ʪʘʢʞʝ ʧʨʦʚʦʜʠʣʠ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʦʚ HfC, TaC; ʙʦʨʠʜʦʚ 
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ZrB2, HfB2 ʠ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ HfB2-SiC ʠ ZrB2-SiC. ʉʦʛʣʘʩʥʦ ʠʩʩʣʝʜʦʚʘʥʠʷʤ, 

ʣʠʥʝʡʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʪʝʨʠ ʤʘʩʩʳ ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʚ 2 ʠ ʙʦʣʝʝ ʨʘʟ ʚʳʰʝ, ʯʝʤ ʜʣʷ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ HfIr3 ʠ TaIr3 [357]. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʘʚʪʦʨʳ ʦʙʨʘʪʠʣʠ ʦʩʦʙʦʝ 

ʚʥʠʤʘʥʠʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʳ ʵʚʪʝʢʪʠʢʠ ʩʤʝʩʝʡ MIr3-MC-C (M = Hf, Ta) ʠ ʧʨʝʜʧʦʣʦʞʠʣʠ, ʯʪʦ 

ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ (2000Áʉ ʠ ʚʳʰʝ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʝ) 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ ʩʠʩʪʝʤ ʷʚʣʷʝʪʩʷ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʠ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʵʚʪʝʢʪʠʢʠ ~2300ÁC (ʩʠʩʪʝʤʘ ʩ ʛʘʬʥʠʝʤ) ʠ ~2500ÁC (ʩʠʩʪʝʤʘ ʩ ʪʘʥʪʘʣʦʤ) [357].  

 

ɹ. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ. 

ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ ʷʚʣʷʶʪʩʷ 

ʤʘʣʦʯʠʩʣʝʥʥʳʤʠ.  

 

(1) ʄʝʪʦʜ ʧʨʷʤʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʪʘʣʣʦʚ.  

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʤʝʪʦʜʦʤ 

ʧʦʣʫʯʝʥʠʷ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʉʠʥʪʝʟ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʩʧʣʘʚʣʝʥʠʝ ʚ ʜʫʛʦʚʦʡ ʧʝʯʠ) 

[332,334,355]. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʦʚʦʜʠʪʩʷ ʜʣʠʪʝʣʴʥʳʡ ʦʪʞʠʛ ʧʨʠ ʩʨʝʜʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʦʤʦʛʝʥʥʦʛʦ ʩʦʩʪʘʚʘ (ʚ ʪʝʯʝʥʠʝ ʥʝʜʝʣʠ), ʣʠʙʦ ʤʥʦʛʦʢʨʘʪʥʦʝ ʠʟʤʝʣʴʯʝʥʠʝ 

ʠ ʧʦʚʪʦʨʥʦʝ ʩʧʝʢʘʥʠʝ ʚ ʧʣʘʟʤʝʥʥʦʡ ʜʫʛʝ. ʄʝʪʦʜ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʦʟʘʪʨʘʪʥʳʤ, ʥʦ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʟʘʤʝʥʠʤʳʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʣʘʚʦʚ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ.  

 

(2) ʄʝʪʦʜ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʨʙʠʜʦʚ ʩ ʠʨʠʜʠʝʤ. 

ɺ ʨʷʜʝ ʨʘʙʦʪ [85,348,349,352] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʨʠʜʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ 

ʢʘʨʙʠʜʘʤʠ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ 

ʨʷʜʝ ʩʣʫʯʘʝʚ, ʢʦʥʝʯʥʳʤ ʧʨʦʜʫʢʪʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʚʣʷʝʪʩʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜ ʩʦʩʪʘʚʘ MIr3, 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. ɺ ʨʘʙʦʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʧʦʣʫʯʘʣʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ, 

ʦʧʠʩʳʚʘʝʪʩʷ, ʯʪʦ ʩʠʥʪʝʟ ʧʨʦʠʩʭʦʜʠʣ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1500 ï 2000Áʉ.  

 

(3) ʄʝʪʦʜ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. 

ɺ ʨʘʙʦʪʝ [254] ʦʧʠʩʘʥʦ ʧʦʣʫʯʝʥʠʝ ɻʎʂ ʩʧʣʘʚʘ Hf-Ir ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʸʪʢʠ 3,97¡ 

ʧʨʠ ʨʘʩʧʳʣʝʥʠʠ ʤʠʰʝʥʝʡ ʠʦʥʘʤʠ Ar+. ɺ ʨʘʙʦʪʝ ʥʝ ʦʧʠʩʳʚʘʝʪʩʷ, ʷʚʣʷʝʪʩʷ ʣʠ ʵʪʘ ʬʘʟʘ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʤ, ʦʜʥʘʢʦ ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʩʦʦʪʥʦʰʝʥʠʝ ʦʙʲʸʤʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʠʨʠʜʠʷ 
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ʢ ʛʘʬʥʠʶ ʩʦʩʪʘʚʣʷʝʪ Ir:Hf = 3:1. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʦ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʸʪʢʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ HfIr3 (3.935¡) ʠ ʯʠʩʪʦʛʦ ʠʨʠʜʠʷ (3,840¡) ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʘʚʪʦʨʳ ʧʦʣʫʯʠʣʠ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʳʡ ʪʚʸʨʜʳʡ ʨʘʩʪʚʦʨ ʥʘ ʦʩʥʦʚʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʸʪʢʠ HfIr3. ɸʥʘʣʦʛʠʯʥʳʡ ʤʝʪʦʜ ʙʳʣ ʧʨʠʤʝʥʸʥ ʚ ʦʪʥʦʰʝʥʠʠ ʩʠʩʪʝʤʳ Ir-Ta. ɺ ʨʘʙʦʪʝ 

[358] ʧʨʦʚʦʜʠʣʠ ʦʩʘʞʜʝʥʠʝ Ir-Ta ʧʦʢʨʳʪʠʷ ʥʘ ʥʠʢʝʣʝʚʫʶ ʧʦʜʣʦʞʢʫ ʤʝʪʦʜʦʤ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. ʄʝʪʦʜʦʤ ʈʌɸ ʘʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʪʘʥʪʘʣʘ 

16,2 ï 23,9% ʘʪ. ʚ Ir-Ta ʧʦʢʨʳʪʠʠ ʬʦʨʤʠʨʫʝʪʩʷ ʪʦʣʴʢʦ ʦʜʥʘ ʬʘʟʘ TaIr3. ɼʣʷ ʩʦʩʪʘʚʘ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ ʪʘʥʪʘʣʘ 23,9% ʘʪ. ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ ʩʦʩʪʘʚʠʣ a = 3.882¡.  

 

1.3. ɿʘʢʣʶʯʝʥʠʝ 

ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

¶ ʊʫʛʦʧʣʘʚʢʠʝ ʢʘʨʙʠʜʳ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʢʘʥʜʠʜʘʪʘʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ. 

ʉʫʱʝʩʪʚʫʱʠʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʢʘʨʙʠʜʦʚ ʧʨʠʤʝʥʠʤʳ, ʚ ʪʦʤ ʯʠʩʣʝ, ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʭ ʤʝʪʦʜʦʚ 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ.  

¶ ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʨʠʜʠʷ ʧʦʟʚʦʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʝʛʦ ʢʘʢ 

ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚʘʞʥʳʡ ʢʦʤʧʦʥʝʥʪ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʱʠʪʥʳʭ 

ʩʠʩʪʝʤ. ʇʨʠʤʝʥʝʥʠʝ ʠʨʠʜʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʢʨʳʪʠʷ ʦʛʨʘʥʠʯʠʚʘʝʪ ʝʛʦ ʭʠʤʠʯʝʩʢʘʷ 

ʠʥʝʨʪʥʦʩʪʴ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʫʛʣʝʨʦʜʫ.  

¶ ʉʠʥʪʝʟ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ ʠ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ (ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ) ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ 

ʪʨʝʪʴʝʡ ʢʦʥʮʝʧʮʠʠ ʘʥʪʠʦʢʠʩʣʠʪʝʣʴʥʦʡ ʟʘʱʠʪʳ. ʆʜʥʘʢʦ ʪʨʝʙʫʝʪʩʷ ʨʘʟʚʠʪʠʝ 

ʧʦʜʭʦʜʦʚ ʢ ʩʠʥʪʝʟʫ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ.  

¶ ɺ ʣʠʪʝʨʘʪʫʨʝ ʠʥʬʦʨʤʘʮʠʷ ʧʦ ʪʨʦʡʥʳʤ ʩʠʩʪʝʤʘʤ M ï C ï Ir (M = Hf, Ta) 

ʦʛʨʘʥʠʯʝʥʘ. ʉʫʱʝʩʪʚʫʶʪ ʝʜʠʥʠʯʥʳʝ ʜʘʥʥʳʝ ʦ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʠ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʦʜʥʘʢʦ, ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʩʚʝʱʝʥʳ ʚʦʧʨʦʩʳ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʤʝʭʘʥʠʟʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝʤ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʦʚʝʜʝʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʚ ʩʠʩʪʝʤʘʭ Hf ï C ï Ir ʠ Ta ï C ï Ir, ʠʭ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ 

ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʠʭ ʦʩʥʦʚʝ, ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ.  
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ɻʃɸɺɸ 2. ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ 

2.1. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ M ï C ï F (M = 

Hf , Ta) 

 

ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʢʨʳʪʠʡ ʠʟ ʢʘʨʙʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʫʜʦʙʥʳʭ ʤʝʪʦʜʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠʥʮʠʧ ʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʜʣʷ ʧʝʨʝʥʦʩʘ ʵʣʝʤʝʥʪʘ (ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ) ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʦʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (ʢʘʨʙʠʜʘ). ʆʜʥʘʢʦ, ʧʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʧʨʝʜʧʦʣʘʛʘʶʪ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʧʨʦʪʝʢʘʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʧʘʨʘʣʣʝʣʴʥʦ-ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ 

ʨʝʘʢʮʠʡ ʢʘʢ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʪʘʢ ʠ ʥʘ ʛʨʘʥʠʮʝ çʪʚʸʨʜʦʝ-ʛʘʟè, ʯʪʦ ʜʝʣʘʝʪ ʦʯʝʥʴ ʩʣʦʞʥʳʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʳʤ ʨʝʰʝʥʠʝ ʧʦʣʥʦʛʦ 

ʫʨʘʚʥʝʥʠʷ ʤʘʩʩʦʦʙʤʝʥʘ [209,211,225]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʦʮʝʥʢʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ 

ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʥʘ ʛʨʘʥʠʮʝ 

çʪʚʸʨʜʦʝ-ʛʘʟè, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʜʝʥʠʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʦʥʥʳʭ ʩʠʩʪʝʤ 

[209,211,225].  

ɼʣʷ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʢʘʨʙʠʜʦʚ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ ʥʘ ʫʛʣʝʨʦʜʝ ʥʘʤʠ 

ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩʠʩʪʝʤʳ M ï C ï F (M = Ta, Hf). ɺ ʢʘʯʝʩʪʚʝ ʙʝʟʦʧʘʩʥʦʛʦ 

ʬʪʦʨʩʦʜʝʨʞʘʱʝʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʨʝʘʛʝʥʪʘ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʪʝʪʨʘʬʪʦʨʤʝʪʘʥ (CF4). ʂʘʢ 

ʩʣʝʜʫʝʪ ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, CF4 ʤʦʞʝʪ ʙʳʪʴ ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ʛʘʣʦʛʝʥʘ ʜʣʷ ʨʝʘʢʮʠʡ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ [213]. ɺʚʝʜʝʥʠʝ ʚ ʩʠʩʪʝʤʫ 

ʬʪʦʨʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʠ 

ʠʥʝʨʪʥʦʩʪʴʶ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, ʥʦ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʟʘʧʫʩʢʘʶʱʠʭ ʧʨʦʮʝʩʩʳ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠ ʙʝʟʦʧʘʩʥʳʤ ʚʘʨʠʘʥʪʦʤ. ʆʜʥʘʢʦ, ʜʦ 

ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʦʩʪʘʚʘʣʠʩʴ ʥʝʧʦʥʷʪʥʳ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʢʘʨʙʠʜʦʚ ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʧʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ 

ʘʥʘʣʦʛʠʯʥʦ ʭʣʦʨʠʜʥʳʤ ʠ ʠʦʜʠʜʥʳʤ ʩʠʩʪʝʤʘʤ [213,217,222].  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʛʝʪʝʨʦʬʘʟʥʳʭ 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ M ï C ï 

F (M = Ta, Hf). ʈʘʩʯʸʪ ʧʨʦʚʦʜʠʣʠ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʚʩʝ ʬʪʦʨʩʦʜʝʨʞʘʱʠʝ ʢʦʤʧʦʥʝʥʪʳ 

ʥʘʭʦʜʷʪʩʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʘ ʢʦʣʠʯʝʩʪʚʦ ʚʚʦʜʠʤʦʛʦ ʚ ʩʠʩʪʝʤʫ ʬʪʦʨʘ 4 ʤʦʣʴ (1 ʤʦʣʴ CF4). 
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ʇʨʝʜʧʦʣʘʛʘʣʠ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ M ï C ï F ʥʘʭʦʜʠʣʠʩʴ ʟʦʥʳ-ʠʩʪʦʯʥʠʢʠ ʤʝʪʘʣʣʘ (ñMò) ʠ 

ʫʛʣʝʨʦʜʘ (ñCò). ʄʝʪʘʣʣ ʚ ʟʦʥʝ ñMò ʠ ʫʛʣʝʨʦʜ ʚ ʟʦʥʝ ñCò ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʠʟʙʳʪʢʝ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢʦ ʬʪʦʨʫ. ʉʦʛʣʘʩʥʦ ʧʨʘʚʠʣʫ ʬʘʟ ɻʠʙʙʩʘ, ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʤʦʛʫʪ 

ʥʘʭʦʜʠʪʴʩʷ ʜʚʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʯʸʪʳ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘʜ ʧʨʝʜʧʦʣʘʛʘʝʤʳʤʠ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʤʠ M + MC ʚ ʟʦʥʝ ñMò 

ʠ MC + C ʚ ʟʦʥʝ ñCò. ʇʦʣʘʛʘʣʠ, ʯʪʦ ʢʘʨʙʠʜʥʳʝ ʬʘʟʳ ʷʚʣʷʶʪʩʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤʠ. ʅʘʜ 

ʢʘʞʜʦʡ ʟʦʥʦʡ ʨʘʩʩʯʠʪʳʚʘʣʠ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʨʘʚʥʦʚʝʩʠʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʙʳʩʪʨʦ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʛʘʟʦʚʦʡ ʬʘʟʳ ʫʯʠʪʳʚʘʣʦ ʥʘʣʠʯʠʝ: F, 

F2, CFx (x = 1 ï 4), C2Fy (y = 1 ï 6), Ci (i = 1 ï 5), ʘ ʪʘʢʞʝ Ta, TaFn (n = 1 ï 5) ʚ ʩʣʫʯʘʝ ʪʘʥʪʘʣʘ 

ʠʣʠ Hf, HfFn (n = 1 ï 4) ʚ ʩʣʫʯʘʝ ʛʘʬʥʠʷ.  

ʇʨʠ ʨʘʩʩʤʦʪʨʝʥʠʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʫʩʣʦʚʥʦ 

ʜʝʣʠʣʠʩʴ ʥʘ ʪʨʠ ʛʨʫʧʧʳ. ʆʩʥʦʚʥʦʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʪʝ ʯʘʩʪʠʮʳ, 

ʧʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠʷ ʢʦʪʦʨʳʭ ʧʨʝʚʳʰʘʣʠ 10-8 ʪʦʨʨ ʚʦ ʚʩʸʤ ʨʘʩʩʯʠʪʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡ. ʅʝ ʫʯʠʪʳʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʯʘʩʪʠʮ, ʧʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠʷ ʢʦʪʦʨʳʭ 

ʩʦʩʪʘʚʣʷʣʠ ʤʝʥʝʝ 10-8 ʪʦʨʨ ʚʦ ʚʩʸʤ ʨʘʩʩʯʠʪʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʫʩʣʦʚʠʡ. ɺʳʙʦʨ ʛʨʘʥʠʮʳ 10-

8 ʪʦʨʨ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʵʪʦ ʟʥʘʯʝʥʠʝ ʷʚʣʷʝʪʩʷ ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʝʡ ʜʣʷ ʩʚʝʨʭʚʳʩʦʢʦʛʦ 

ʚʘʢʫʫʤʘ (ʢʦʥʮʝʥʪʨʘʮʠ ̫ ~107 ʯʘʩʪʠʮ ʚ 1 ʩʤ3) [359]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʧʦ 

ʤʦʣʝʢʫʣʷʨʥʦʤʫ ʩʦʩʪʘʚʫ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘʜ ʨʘʟʣʠʯʥʳʤʠ ʟʦʥʘʤʠ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ 

ʢʦʥʩʪʘʥʪʳ ʨʘʚʥʦʚʝʩʠʷ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʦʮʝʥʠʚʘʪʴ ʚʝʨʦʷʪʥʦʝ ʩʦʧʨʷʞʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, ʚ ʢʦʪʦʨʳʭ ʫʯʘʩʪʚʫʶʪ ʦʩʥʦʚʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʪʘʢ ʢʘʢ ʚ ʫʩʣʦʚʠʷʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʩʧʨʘʚʝʜʣʠʚʦ ʨʘʚʝʥʩʪʚʦ (1): 

 

Ў►╖  ╡╣ἴἶ╚▬    (1) 

 

ɻʜʝ ЎὋ ï ʠʟʦʙʘʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ɻʠʙʙʩʘ ʜʣʷ ʨʝʘʢʮʠʠ, R ï 

ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ, T ï ʘʙʩʦʣʶʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʚ K, ὑ  ï ʢʦʥʩʪʘʥʪʘ 

ʨʘʚʥʦʚʝʩʠʷ (ʚ ʘʪʤʦʩʬʝʨʘʭ). ɺ ʨʘʙʦʪʝ ʨʘʩʯʸʪʳ ʢʦʥʩʪʘʥʪʳ ʨʘʚʥʦʚʝʩʠʷ ʨʘʩʩʯʠʪʘʥʳ ʚ ʘʪʤ, 

ʧʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠ ̫ʢʦʤʧʦʥʝʥʪʦʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠʚʦʜʷʪʩʷ ʚ ʪʦʨʨ (760 ʪʦʨʨ = 1 ʘʪʤ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʚʦʟʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʷʚʣʝʥʠʷ ʠ ʦʧʨʝʜʝʣʠʪʴ ʦʧʪʠʤʘʣʴʥʳʝ 
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ʧʘʨʘʤʝʪʨʳ ʩʠʩʪʝʤʳ (ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʦʙʱʝʝ ʜʘʚʣʝʥʠʝ) ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ.  

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʩʝʭ ʩʠʩʪʝʤ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 1000 ï 1600Áʉ ʩ ʰʘʛʦʤ ʚ 100 ʛʨʘʜʫʩʦʚ ʠ ʜʘʚʣʝʥʠʡ 1 ï 1000 ʪʦʨʨ ʩ ʰʘʛʦʤ ʚ 1 

ʧʦʨʷʜʦʢ. ʄʝʪʦʜ ʨʘʩʯʸʪʘ ʦʩʥʦʚʘʥ ʥʘ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʠ ʠʟʦʙʘʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʩʠʩʪʝʤʳ [194]. ʈʘʩʯʸʪ ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɹʘʥʢʘ ʜʘʥʥʳʭ ʧʦ 

ʩʚʦʡʩʪʚʘʤ ʤʘʪʝʨʠʘʣʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ (ʉʄʕʊ) ʠ ʧʨʠʢʣʘʜʥʦʡ ʧʨʦʛʨʘʤʤʳ, 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ ʀʥʩʪʠʪʫʪʝ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɸ.ɺ. ʅʠʢʦʣʘʝʚʘ ʉʆ ʈɸʅ [194]. 

ɹʘʥʢ ʜʘʥʥʳʭ ʉʄʕʊ ʨʘʟʨʘʙʘʪʳʚʘʣʩʷ ʥʘ ʦʩʥʦʚʝ ʩʦʛʣʘʩʦʚʘʥʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ, ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʚ ʩʧʨʘʚʦʯʥʳʭ ʠʟʜʘʥʠʷʭ [360,361]. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʜʘʥʥʳʝ 

ʛʘʟʦʦʙʨʘʟʥʳʭ ʬʪʦʨʠʜʦʚ ʤʝʪʘʣʣʦʚ ʙʳʣʠ ʚʟʷʪʳ ʠʟ ʨʘʙʦʪʳ [362]. ʈʝʟʫʣʴʪʘʪʳ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ M ï C ï F ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ 

[363ï370].  

 

2.1.1. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Ta ï C ï F  

 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʸʪ ʩʠʩʪʝʤʳ Ta ï C ï F ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

(1000 ï 1500 ʂ) ʠ ʜʘʚʣʝʥʠʡ (1 ï 1000 ʪʦʨʨ) ʧʦʜʪʚʝʨʜʠʣ, ʯʪʦ ʚ ʟʦʥʝ-ʠʩʪʦʯʥʠʢʝ ʪʘʥʪʘʣʘ 

ʨʘʚʥʦʚʝʩʥʳʤʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʷʚʣʷʶʪʩʷ ʜʚʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ Ta (ʦʩʥʦʚʥʘʷ ʬʘʟʘ) ʠ 

Ta2C. ʆʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘʜ ʟʦʥʦʡ ñTaò ʚ ʩʦʩʪʦʷʥʠʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʷʚʣʷʝʪʩʷ TaF5 (ʨʠʩʫʥʦʢ 8). ʆʩʥʦʚʥʳʝ ʥʠʟʰʠʝ ʬʪʦʨʠʜʳ 

TaF4 ʠ TaF3, ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʳʭ ʥʘ ʧʦʨʷʜʢʠ ʤʝʥʴʰʝ TaF5. ʉʦʜʝʨʞʘʥʠʝ TaF2 ʠ TaF ʚ 

ʛʘʟʦʚʦʡ ʬʘʟʝ ʧʨʝʥʝʙʨʝʞʠʤʦ ʤʘʣʦ ʜʘʞʝ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ.  
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ʈʠʩʫʥʦʢ 8. ʈʘʚʥʦʚʝʩʥʦʝ ʩʦʜʝʨʞʘʥʠʝ TaFn (n = 1 ï 5) ʠ F ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚ ʟʦʥʝ ñTaò ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. 

ɺ ʟʦʥʝ-ʠʩʪʦʯʥʠʢʝ ʫʛʣʝʨʦʜʘ, ʩʦʛʣʘʩʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʨʘʩʯʸʪʘʤ, 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʳʤʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʷʚʣʷʶʪʩʷ C ʠ TaC. ɺ ʛʘʟʦʚʦʡ ʬʘʟʝ 

ʦʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ TaF5, ʧʨʠʯʸʤ ʝʛʦ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʚʳʰʝ, 

ʯʝʤ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʥʘʜ ʟʦʥʦʡ ñTaò. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʚ 

ʩʦʜʝʨʞʘʥʠʠ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʚ ʟʦʥʘʭ ñTaò ʠ ñCò. ʊʘʢ, ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 1000 ʪʦʨʨ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1500 ʂ ʧʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠʷ TaF4 ʠ TaF3 ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʥʘʜ TaC + C ʥʘ 1 ʠ 

2 ʧʦʨʷʜʢʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʝʥʴʰʝ, ʯʝʤ ʚ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʥʘʜ Ta + Ta2C (ʨʠʩʫʥʦʢ 9). 

ʈʘʟʣʠʯʠʝ ʚ ʧʘʨʮʠʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ ʤʝʞʜʫ ʟʦʥʘʤʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʧʦʪʦʢʘ 

ʚʝʱʝʩʪʚʘ ʠʟ ʟʦʥʳ ñTaò ʚ ʟʦʥʫ ñCò ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʝʥʦʩʯʠʢʘʤʠ ʪʘʥʪʘʣʘ ʷʚʣʷʶʪʩʷ ʥʠʟʰʠʝ 

ʬʪʦʨʠʜʳ TaFn, n Í 5, ʩ ʜʦʣʝʡ TaF4 99.7 ʦʙ.% (ʧʨʠ 1500 ʂ ʠ 1 ʪʦʨʨ).  
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ʈʠʩʫʥʦʢ 9. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʜʝʨʞʘʥʠ ̫TaF4 ʠ TaF3 ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚ ʟʦʥʝ 

ñTaò (1) ʠ ʚ ʟʦʥʝ ñCò (2). 

 

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʣʝʢʫʣʷʨʥʦʛʦ 

ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʦʩʥʦʚʥʳʝ ʨʝʘʢʮʠʠ (22 ï 24), ʧʨʦʠʩʭʦʜʷʱʠʝ ʥʘ ʛʨʘʥʠʮʝ çʪʚʸʨʜʦʝ-

ʛʘʟè ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʫʢʘʟʘʥ ʜʠʘʧʘʟʦʥ Kp ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ 1000 ï 1500 

ʂ): 

 

ñTaò Ta(ʪʚ) + 4TaF5(ʛ) = 5TaF4(ʛ)   KpI =  5.4Ā10-26 õ 1.3Ā10-17  (22) 

ñʉò ʉ(ʪʚ) + 5TaF4(ʛ) = TaC(ʪʚ) + 4TaF5(ʛ) KpII =  4.2Ā1037 õ 5.9Ā1021  (23) 

 Ta(ʪʚ) + C(ʪʚ) = TaC(ʪʚ)   KpI KpII = 2.3Ā1012 õ 7.7Ā104 (24) 

 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʙʨʫʪʪʦ-ʧʨʦʮʝʩʩ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʨʝʘʢʮʠʝʡ 24, ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ.  

ʅʘ ʦʩʥʦʚʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʯʸʪʘ ʚʦʟʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ. ʉʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʧʘʨʮʠʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʩʦʝʜʠʥʝʥʠʡ-ʧʝʨʝʥʦʩʯʠʢʦʚ (ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ) ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ [209,211,225]. ʂʘʢ 

ʧʦʢʘʟʳʚʘʶʪ ʨʘʩʯʸʪʳ, ʥʘʠʙʦʣʴʰʝʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʥʦʩʯʠʢʦʚ 
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ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ 1500ʂ ʠ 1000 ʪʦʨʨ. ʆʜʥʘʢʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʦʛʨʘʥʠʯʝʥʳ 

ʪʝʤʧʝʨʘʪʫʨʦʡ 1000 ï 1100Áʉ (~ 1300 ʂ), ʪʘʢ ʢʘʢ ʚʳʰʝ 1100Áʉ ʧʨʠ ʜʣʠʪʝʣʴʥʦʤ ʥʘʛʨʝʚʘʥʠʠ 

ʢʚʘʨʮʝʚʦʝ ʩʪʝʢʣʦ ï ʤʘʪʝʨʠʘʣ ʨʝʘʢʪʦʨʘ, ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Ŭ-ʢʨʠʩʪʦʙʘʣʠʪʘ, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʩʣʝʜʫʶʱʝʤʫ ʨʘʟʨʫʰʝʥʠʶ [371]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ ʚ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ ʦʛʨʘʥʠʯʝʥʘ 1300ʂ. ʇʨʠ 1300ʂ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʪʘʥʪʘʣʘ ʚ ʟʦʥʝ ñTaò ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

~5.98Ā10-2 ʪʦʨʨ (~0,00598 ʦʙ. %) ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 1000 ʪʦʨʨ. ɼʦʣʷ TaF4 ʩʦʩʪʘʚʣʷʝʪ 

99,99 ʦʙ. %.  

 

2.1.2. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Hf ï C ï F  

 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʸʪ ʩʠʩʪʝʤʳ Hf ï C ï F ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

(1200 ï 1600 ʂ) ʠ ʜʘʚʣʝʥʠʡ (1 ï 1000 ʪʦʨʨ) ʧʦʜʪʚʝʨʜʠʣ, ʯʪʦ ʚ ʟʦʥʝ ñHfò ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʨʘʚʥʦʚʝʩʥʳʤʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʷʚʣʷʶʪʩʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ Hf (ʦʩʥʦʚʥʘʷ ʬʘʟʘ) ʠ HfC. 

ʆʩʥʦʚʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

ʷʚʣʷʶʪʩʷ ʬʪʦʨʠʜʳ ʛʘʬʥʠʷ, ʦʩʥʦʚʥʳʤʠ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ HfF4 ʠ HfF3 (ʨʠʩʫʥʦʢ 10). 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ, ʩʦʦʪʥʦʰʝʥʠʝ ʤʦʣʴʥʳʭ ʜʦʣʝʡ HfF3 ʠ HfF4 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ.  

 

ʈʠʩʫʥʦʢ 10. ʇʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠʷ ʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʟʦʥʳ ñHfò. 
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ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʸʪʦʚ ʚ ʟʦʥʝ ñCò ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʳʤʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʷʚʣʷʶʪʩʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ C 

(ʦʩʥʦʚʥʘʷ ʬʘʟʘ) ʠ HfC (ʨʘʩʩʯʠʪʘʥʥʘʷ). ʆʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʛʘʟʦʚʦʡ ʬʘʟʳ ʪʘʢʞʝ 

ʷʚʣʷʝʪʩʷ HfF4, ʧʨʠʯʸʤ ʝʛʦ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ 

ʟʦʥʳ ñHfò (ʈʠʩʫʥʦʢ 11). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʚ ʩʦʜʝʨʞʘʥʠʠ ʥʠʟʰʠʭ 

ʬʪʦʨʠʜʦʚ ʥʘʜ HfC + C ʠ Hf + HfC. ʊʘʢ, ʧʨʠ ʈʦʙʱ. = 1000 ʪʦʨʨ ʠ ʊ = 1600 ʂ ʧʘʨʮʠʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ HfF3 ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʥʘʜ HfC + C ʥʘ ʦʜʠʥ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʛʘʟʦʚʦʡ ʬʘʟʦʡ 

ʥʘʜ Hf + HfC (ʨʠʩʫʥʦʢ 11). 

 

ʈʠʩʫʥʦʢ 11. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʜʝʨʞʘʥʠʝ HfF4 ʠ HfF3 ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚ ʟʦʥʝ 

ñHfò (1) ʠ ʚ ʟʦʥʝ ñCò (2). 

 

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʩʥʦʚʥʳʝ 

ʨʝʘʢʮʠʠ (25 ï 27), ʧʨʦʠʩʭʦʜʷʱʠʝ ʥʘ ʛʨʘʥʠʮʝ çʪʚʸʨʜʦʝ-ʛʘʟè ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ (ʫʢʘʟʘʥ ʜʠʘʧʘʟʦʥ Kp ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ 1200 ï 1600 ʂ): 

 

ñHfò Hf(ʪʚ) + 3HfF4(ʛ) = 4HfF3(ʛ)   KpI =  5.9Ā10-10 õ 3.3Ā10-5  (25) 

ñʉò ʉ(ʪʚ) + 4HfF3(ʛ) = HfC(ʪʚ) + 3HfF4(ʛ) KpII =  1.2Ā1017 õ 2.3Ā1010  (26) 

 Hf(ʪʚ) + C(ʪʚ) = HfC(ʪʚ)   KpI KpII = 7.1Ā107 õ 7.6Ā105  (27) 
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ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʙʨʫʪʪʦ-ʧʨʦʮʝʩʩ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʨʝʘʢʮʠʝʡ 27, ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ. ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ Ta ï C ï F, ʙʳʣʘ ʦʮʝʥʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʷ ʩʦʝʜʠʥʝʥʠʡ-

ʧʝʨʝʥʦʩʯʠʢʦʚ ʛʘʬʥʠʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʧʨʠ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. 

ʇʨʠ 1300 ʂ ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ ʚ ʟʦʥʝ ñHfò 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ~10.7 ʪʦʨʨ (~ 1.07 ʦʙ. %) ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 1000 ʪʦʨʨ. ɼʦʣʷ HfF3 

ʩʦʩʪʘʚʣʷʝʪ ~99,997 ʦʙ. %. 

 

2.1.3. ʉʨʘʚʥʝʥʠʝ ʩʠʩʪʝʤ Ta ï C ï F ʠ Hf ï C ï F. 

 

ʀʟ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ M ï C ï F (M = Ta, Hf) ʤʦʞʥʦ 

ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

¶ ʍʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʤʝʪʘʣʣʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʥʘ ʫʛʣʝʨʦʜ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʥʳʭ ʬʘʟ ʚʦʟʤʦʞʝʥ ʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʥʠʟʰʠʭ 

ʬʪʦʨʠʜʦʚ. ʆʩʥʦʚʥʳʤ ʧʝʨʝʥʦʩʯʠʢʦʤ ʚ ʩʠʩʪʝʤʝ ʩ ʪʘʥʪʘʣʦʤ ʷʚʣʷʝʪʩʷ TaF4, ʘ ʚ ʩʠʩʪʝʤʝ 

ʩ ʛʘʬʥʠʝʤ HfF3. ɼʚʠʞʫʱʝʡ ʩʠʣʦʡ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʤʝʞʜʫ ʟʦʥʘʤʠ ñMò ʠ ñCò.  

¶ ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ 

ʜʦʣʷ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩʫʥʦʢ 12; ʇʨʠʣʦʞʝʥʠʝ 1). 

ʆʜʥʘʢʦ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʫʤʝʥʴʰʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʩʦʜʝʨʞʘʥʠʷ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʢʦʤʧʝʥʩʠʨʫʝʪʩʷ ʨʝʟʢʠʤ ʨʦʩʪʦʤ ʧʘʨʮʠʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ-ʧʝʨʝʥʦʩʯʠʢʦʚ (ʨʠʩʫʥʢʠ 9 ʠ 11), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʚʳʭʦʜʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ [209]. ʉʣʝʜʫʝʪ ʦʩʦʙʦ ʧʦʜʯʝʨʢʥʫʪʴ, 

ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ-ʧʝʨʝʥʦʩʯʠʢʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚ ʟʦʥʝ 

ñHfò ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʟʦʥʝ ñTaò. 

¶ ʆʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʦʙʝʠʭ ʩʠʩʪʝʤ ʩ ʫʯʸʪʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ: ʪʝʤʧʝʨʘʪʫʨʘ ʩʦʩʪʘʚʣʷʝʪ 1300 ʂ, ʦʙʱʝʝ ʜʘʚʣʝʥʠʝ 

ʚ ʩʠʩʪʝʤʝ ï 1000 ʪʦʨʨ. ʇʨʠ ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʮʝʩʩʘ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300 

ʂ ʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 1000 ʪʦʨʨ) ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʩʦʝʜʠʥʝʥʠʡ-ʧʝʨʝʥʦʩʯʠʢʦʚ 

ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʤʝʞʜʫ ʟʦʥʘʤʠ ñHfò ʠ ñCò ʚ 190 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʤʝʞʜʫ ʟʦʥʘʤʠ ñTaò 
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ʠ ñCò. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ɻ ʬʬʝʢʪʠʚʥʦʩʪʴ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ (ʧʦʪʦʢ ʚʝʱʝʩʪʚʘ ʢ 

ʟʦʥʝ ñCò, ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʠ ʚʳʭʦʜ) ʚ ʩʠʩʪʝʤʝ Hf ï C ï F ʚʳʰʝ. 

 

  

ʈʠʩʫʥʦʢ 12. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ (ʚ %) ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʜʣʷ 

ʩʠʩʪʝʤ Ta ï C ï F (ʘ) ʠ Hf ï C ï F (ʙ). 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ, ʯʪʦ ʬʪʦʨʩʦʜʝʨʞʘʱʠʝ ʩʠʩʪʝʤʳ M ï C ï F (M = Hf, Ta) ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ ʦʛʨʘʥʠʯʠʚʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʜʦ 1300ʂ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʙʝʟ 

ʫʯʸʪʘ ʚʦʟʤʦʞʥʦʛʦ ʚʣʠʷʥʠʷ ʤʘʪʝʨʠʘʣʘ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ ʥʘ ʭʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ.  

 

2.2. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ M ï C ï Si ï O ï 

F (M = Hf , Ta) 

 

ʏʪʦʙʳ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (ʤʘʪʝʨʠʘʣʘ ʨʝʘʢʪʦʨʘ) ʥʘ ʧʨʦʮʝʩʩʳ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʠʩʪʝʤ M ï C ï 

Si ï O ï F (M = Ta, Hf). ʈʘʥʝʝ ʦʪʤʝʯʘʣʦʩʴ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʪʦʨʩʦʜʝʨʞʘʱʝʡ 

ʩʠʩʪʝʤ r ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ Ta2O5 ʥʘ ʢʘʨʙʠʜʥʦʤ ʧʦʢʨʳʪʠʠ ʚʩʣʝʜʩʪʚʠʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʘʪʝʨʠʘʣʦʤ ʨʝʘʢʪʦʨʘ ï ʢʚʘʨʮʝʤ [213], ʦʜʥʘʢʦ ʠʟʫʯʝʥʠʝ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ 

ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʧʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ ʘʥʘʣʦʛʠʯʥʦ ʨʘʥʝʝ 

ʧʨʦʚʝʜʸʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʧʦ ʭʣʦʨ- ʠ ʠʦʜʩʦʜʝʨʞʘʱʠʤ ʩʠʩʪʝʤʘʤ [213,218,372], ʚ 
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ʢʦʪʦʨʳʭ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʭʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʢʨʝʤʥʠʷ ʠ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ 

ʥʘ ʪʘʥʪʘʣ ʧʦʩʨʝʜʩʪʚʦʤ TaOCl3 (TaOI3) ʠ SiCl4 (SiI4) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Ta2O5 ʠ Ta2Si. 

ɺʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ TaOF3 ʚ ʨʝʘʢʮʠʠ TaF5 ʩ SiO2 ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʙʳʣʘ ʧʦʢʘʟʘʥʘ 

ʚ ʨʘʙʦʪʝ [373]. 

ʏʪʦʙʳ ʫʯʝʩʪʴ ʚʣʠʷʥʠʝ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʙʳʣ ʧʨʦʚʝʜʸʥ ʨʘʩʯʸʪ 

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩʠʩʪʝʤʳ C ï Si ï O ï F, ʧʨʝʜʧʦʣʘʛʘʷ, ʯʪʦ ʚʥʘʯʘʣʝ ʚ 

ʩʠʩʪʝʤʝ ʥʘʭʦʜʠʣʩʷ CF4 ʚ ʢʦʣʠʯʝʩʪʚʝ 1 ʤʦʣʴ, ʘ ʩʦʦʪʥʦʰʝʥʠʝ Si:O = 1:2 (SiO2) ʠ ʥʘʭʦʜʷʪʩʷ 

ʚ ʠʟʙʳʪʢʝ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 1000 ï 1600 ʂ ʠ ʜʘʚʣʝʥʠʡ 1 ï 1000 

ʪʦʨʨ ʨʘʚʥʦʚʝʩʥʳʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʦʦʪʥʦʰʝʥʠʶ SiF4:CO2 = 1:1. ɹʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʩʦʜʝʨʞʘʥʠʝ O2 ʠ CO ʤʦʣʝʢʫʣ 

ʨʘʩʪʸʪ ʠ ʜʦʩʪʠʛʘʝʪ 0,26 ʠ 0,53 % ʦʙ. ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠ 1600 ʂ ʠ 1 ʪʦʨʨ. ʉʦʦʪʥʦʰʝʥʠʝ 

ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʜʘʸʪ ʦʩʥʦʚʘʥʠʝ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʧʨʦʪʝʢʘʝʪ ʧʨʦʮʝʩʩ ʯʘʩʪʠʯʥʦʡ 

ʪʝʨʤʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʠ CO2 ʥʘ CO ʠ O2. ʆʜʥʘʢʦ ʥʘ ʦʙʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ 

Si:F:C:O ʵʪʦʪ ʧʨʦʮʝʩʩ ʚʣʠʷʥʠʷ ʥʝ ʦʢʘʟʳʚʘʝʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʫʯʠʪʳʚʘʥʠʷ Si ʠ O ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤ M ï C ï Si ï O ï F ʚ ʢʘʯʝʩʪʚʝ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ 

ʬʘʟʳ ʩʣʝʜʫʝʪ ʧʨʠʥʷʪʴ ʤʦʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ Si:F:C:O = 1:4:1:2.  

ɼʘʣʝʝ ʨʘʩʩʯʠʪʳʚʘʣʠ ʨʘʚʥʦʚʝʩʥʳʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘʜ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʤʠ 

ʟʦʥʘʤʠ ñMò, ñCò ʠ ʥʦʚʦʡ ʟʦʥʦʡ ñSiO2ò. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʦʚʦʜʠʣʩʷ ʫʯʸʪ 

ʚʣʠʷʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʯʘʩʪʠʮ: Sik (k = 1 ï 3), Oj (j = 1 ï 3), C3O2, C2O, CO2, CO, Si2C, 

SiC, SiC2, COF, COF2, OF, OF2, SiO, SiO2, SiOF2, SiFm (m = 1 ï 4), ʘ ʪʘʢʞʝ ʦʢʩʠʜʳ ʠ 

ʦʢʩʠʬʪʦʨʠʜʳ ʤʝʪʘʣʣʦʚ TaO, TaO2, TaOF, TaO2F, TaOF2, TaOF3 ʚ ʩʣʫʯʘʝ ʪʘʥʪʘʣʘ ʠʣʠ HfO, 

HfO2, HfOF, HfOF2 ʚ ʩʣʫʯʘʝ ʛʘʬʥʠʷ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʧʦ ʛʘʟʦʦʙʨʘʟʥʳʤ 

ʬʪʦʨʠʜʘʤ ʠ ʦʢʩʠʬʪʦʨʠʜʘʤ ʙʳʣʠ ʚʟʷʪʳ ʠʟ ʠʩʪʦʯʥʠʢʘ [362]. ʊʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʬʘʟ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʦʢʩʠʜʳ ʠ ʩʠʣʠʮʠʜʳ ʤʝʪʘʣʣʦʚ. 

ʈʝʟʫʣʴʪʘʪʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ M ï C ï Si ï O ï F ʙʳʣʠ 

ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [367,374ï378]. 

 

2.2.1. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F 

 

ʆʩʥʦʚʥʦʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ñTaò ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 13. ʉʦʛʣʘʩʥʦ 

ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ (1100 ï 1600 ʂ) ʠ ʜʘʚʣʝʥʠʡ 

(1 ï 1000 ʪʦʨʨ), ʚ ʨʘʚʥʦʚʝʩʠʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʚ ʟʦʥʝ ñTaò ʥʘʭʦʜʷʪʩʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ 
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ʬʘʟʳ Ta, TaO, Ta2C, Ta9Si2. ʆʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ñTaò ʚʦ ʚʩʝʤ 

ʨʘʩʩʯʠʪʘʥʥʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ SiF4 (ʙʦʣʝʝ 90% ʦʙ.). 

Cʦʜʝʨʞʘʥʠʝ TaF5 ʚ 10 ʨʘʟ ʤʝʥʴʰʝ ʩʦʜʝʨʞʘʥʠʷ SiF4. ʄʘʢʩʠʤʘʣʴʥʘʷ ʜʦʣʷ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ 

TaFn (n Í 5) ʩʦʩʪʘʚʣʷʝʪ 0,014% (ʦʩʥʦʚʥʦʡ ʢʦʤʧʦʥʝʥʪ ï TaF4 ʩ ʜʦʣʝʡ 98,8 %) ʧʨʠ ʊ = 1600 

ʂ ʠ ʈ = 1 ʪʦʨʨ. ʇʨʠ ʵʪʦʤ, ʩʦʜʝʨʞʘʥʠʝ TaOF3 ʜʦʩʪʠʛʘʝʪ ~9,3Ā10-4 % (ʦʙ.).  

 

 

ʈʠʩʫʥʦʢ 13. ʆʩʥʦʚʥʦʡ (Pi > 10-8 ʪʦʨʨ) ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ñTaò ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. 

 

ɺ ʟʦʥʝ ñCò ʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤ ʨʘʚʥʦʚʝʩʠʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʥʘʭʦʜʷʪʩʷ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ TaC ʠ C. ʇʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʚ ʟʦʥʝ ñCò ʥʘ 1 ï 2 

ʧʦʨʷʜʢʘ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʟʦʥʝ ñTaò. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʝʥʦʩʯʠʢʦʚ ʪʘʥʪʘʣʘ 

ʚʳʩʪʫʧʘʶʪ ʥʠʟʰʠʝ ʬʪʦʨʠʜʳ. ʀʟ ʨʠʩʫʥʢʘ 13 ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʨʘʚʥʦʚʝʩʥʦʡ ʩ ʪʘʥʪʘʣʦʤ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʘʢʞʝ ʦʢʩʠʬʪʦʨʠʜ ʪʘʥʪʘʣʘ TaOF3. 

ɺ ʟʦʥʝ ñCò ʨʘʚʥʦʚʝʩʥʦʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ TaOF3 ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʟʦʥʦʡ ñTaò, ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦʜʝʨʞʘʥʠʝ ʉʆ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʥʘʜ ʫʛʣʝʨʦʜʦʤ 

ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩʫʥʦʢ 14). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʢʩʠʬʪʦʨʠʜʳ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, TaOF3) 

ʫʯʘʩʪʚʫʶʪ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʥʦʩʘ ʤʝʪʘʣʣʘ ʥʘ ʫʛʣʝʨʦʜ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʘ ʠ CO.  
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ʈʠʩʫʥʦʢ 14. ʇʘʨʮʠʘʣʴʥʳʝ ʜʘʚʣʝʥʠʷ TaOF3 ʠ CO ʚ ʟʦʥʘʭ ñTaò ʠ ñCò ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. 

 

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʩʥʦʚʥʳʝ 

ʨʝʘʢʮʠʠ (28 ï 30), ʧʨʠʚʦʜʷʱʠʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʘʨʙʠʜʘ ʠ ʧʨʦʠʩʭʦʜʷʱʠʝ ʥʘ ʛʨʘʥʠʮʝ 

çʪʚʸʨʜʦʝ-ʛʘʟè, ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ (ʫʢʘʟʘʥ ʜʠʘʧʘʟʦʥ Kp ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ 

1100 ï 1600 ʂ): 

 

ñTaò Ta(ʪʚ) + 4TaF5(ʛ) = 5TaF4(ʛ)   KpI =  2.4Ā10-27 õ 5.9Ā10-16  (28) 

ñʉò ʉ(ʪʚ) + 5TaF4(ʛ) = TaC(ʪʚ) + 4TaF5(ʛ) KpII =  2.0Ā1046 õ 6.3Ā1019  (29) 

 Ta(ʪʚ) + C(ʪʚ) = TaC(ʪʚ)   KpI KpII = 4.8Ā1019 õ 3.7Ā104 (30) 

 

ʆʙʨʘʟʦʚʘʥʠʝ ʚ ʩʠʩʪʝʤʝ TaOF3 ʠ ʫʯʘʩʪʠʝ ʚ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʠ ʤʦʞʥʦ ʦʧʠʩʘʪʴ 

ʨʝʘʢʮʠʷʤʠ (31 ï 36), ʧʨʠʚʝʜʸʥʥʳʤʠ ʥʠʞʝ: 

 

ñSiO2ò SiO2(ʪʚ) + 2TaF5(ʛ) = SiF4(ʛ) + 2TaOF3(ʛ)  KpIV = 3.7Ā10-1 õ 9.7Ā101 (31) 

  5TaOF3(ʛ) = Ta2O5(ʪʚ) + 3TaF5(ʛ)   KpV =  6.1Ā108 õ 1.7Ā101 (32) 

ñʉò 7ʉ(ʪʚ) + 5TaOF3(ʛ) = 2TaC(ʪʚ) + 3TaF5(ʛ) + 5CO(ʛ) KpVI = 3.0Ā1023 õ 1.3Ā107 (33) 
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ñTaò ʉO(ʛ) + 3Ta (ʪʚ) = Ta2C(ʪʚ) + TaO(ʪʚ)  KpVII = 1,4Ā106 õ 2,2Ā104  (34) 

 5TaO(ʪʚ) + 3TaF5(ʛ) = 3Ta(ʪʚ) + 5TaOF3(ʛ)  KpVIII  = 7.8Ā10-46 õ 1.8Ā10-26 (35) 

 7C + 12Ta = 2TaC + 5Ta2C  KpVIĀ(KpVII )5ĀKpVIII  = 1.1Ā109 õ 1.2Ā103 (36) 

 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʥʮʝʥʪʨʘʮʠʷ 

TaOF3 ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʪʸʪ, ʪʘʢ ʢʘʢ ʢʦʥʩʪʘʥʪʘ ʨʘʚʥʦʚʝʩʠʷ 

ʨʝʘʢʮʠʠ ʨʘʟʣʦʞʝʥʠʷ (32) ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʤ 

ʧʨʦʪʝʢʘʥʠʠ ʨʝʘʢʮʠʡ (33 ï 35), ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʧʨʠʚʦʜʷʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʘʨʙʠʜʦʚ, ʦʜʥʘʢʦ 

ʚ ʢʘʯʝʩʪʚʝ ʩʦʝʜʠʥʝʥʠʷ-ʧʝʨʝʥʦʩʯʠʢʘ ʪʘʥʪʘʣʘ ʚʳʩʪʫʧʘʝʪ TaOF3. ɹr ʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ 

ʙʨʫʪʪʦ-ʧʨʦʮʝʩʩ (ʨʝʘʢʮʠʷ 36) ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ, ʢʘʢ ʠ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʨʝʘʢʮʠʝʡ 30.  

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʧʨʠ ʧʝʨʝʥʦʩʝ ʠʟ ʟʦʥʳ ñSiO2ò ʚ ʟʦʥʫ ñCò 

TaOF3 ʤʦʞʝʪ ʨʘʟʣʘʛʘʪʴʩʷ ʧʦ ʨʝʘʢʮʠʷʤ 37 ʠ 38 ʩ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʴʶ, ʩʨʘʚʥʠʤʦʡ ʩ 

ʪʘʢʦʚʦʡ ʜʣʷ ʨʝʘʢʮʠʠ 33 (Kp ʨʘʩʯʠʪʘʥʳ ʜʣʷ T = 1100 ï 1600 K). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ 

ʦʞʠʜʘʪʴ ʭʠʤʠʯʝʩʢʠʡ ʧʝʨʝʥʦʩ ʢʠʩʣʦʨʦʜʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Ta2O5 ʠ TaO2F.  

 

ñCò 2TaOF3(ʛ) = TaO2F(ʪʚ) + TaF5(ʛ)  Kp = 1,4Ā109 õ 2,0Ā107 (37) 

5TaOF3(ʛ) = Ta2O5(ʪʚ) + 3TaF5(ʛ)  Kp = 1,3Ā1021 õ 1,5Ā1017 (38) 

 

ʇʨʠ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (1300ʂ, 1000 ʪʦʨʨ) 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʠ ʦʢʩʠʬʪʦʨʠʜʦʚ ʪʘʥʪʘʣʘ ʚ ʟʦʥʝ 

ñTaò ʩʦʦʪʚʝʪʩʪʚʫʝʪ ~9.2Ā10-3 ʪʦʨʨ (~ 9.2Ā10-4 %). ɼʦʣʷ TaF4 ʩʦʩʪʘʚʣʷʝʪ ~99,79 %, ʜʦʣʷ 

TaOF3 ï 0.19%. 

 

2.2.2. ʈʘʩʯʸʪ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʘʚʥʦʚʝʩʠʡ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F  

 

ʉʦʛʣʘʩʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʚ ʟʦʥʝ ñHfò ʨʘʚʥʦʚʝʩʥʳʤʠ ʩ 

ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʷʚʣʷʶʪʩʷ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ Hf, HfO2, HfSi ʠ HfC. ʆʩʥʦʚʥʦʡ ʩʦʩʪʘʚ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠʚʝʜʸʥ ʥʘ ʨʠʩʫʥʢʝ 15 ʠ ʩʦʩʪʦʠʪ ʠʟ ʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ. ʆʙʱʝʝ ʩʦʜʝʨʞʘʥʠʝ 

ʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʧʨʝʚʳʰʘʝʪ 99.999 ʦʙ.% ʚʦ ʚʩʸʤ ʨʘʩʩʯʠʪʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ 
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ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡ. ʈʘʩʪʚʦʨʠʤʦʩʪʴ ʛʘʬʥʠʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ (HfFn, n Í 4). 

 

 

ʈʠʩʫʥʦʢ 15. ʆʩʥʦʚʥʦʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ñHfò ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ.  

ɺ ʟʦʥʝ ñCò ʨʘʚʥʦʚʝʩʥʳʤʠ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʦʢʘʟʘʣʠʩʴ ʪʦʣʴʢʦ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʝ C ʠ 

HfC. ʆʩʥʦʚʥʦʡ ʩʦʩʪʘʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩʦʩʪʦʠʪ ʪʦʣʴʢʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ HfF4 ʠ HfF3. ʈʘʟʣʠʯʠʷ 

ʚ ʧʘʨʮʠʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʤʝʞʜʫ ʟʦʥʘʤʠ ñHfò ʠ ñCò ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʥʘʣʠʯʠʠ ʧʦʪʦʢʘ ʚʝʱʝʩʪʚʘ ʠʟ ʦʜʥʦʡ ʟʦʥʳ ʚ ʜʨʫʛʫʶ, ʚ ʢʦʪʦʨʦʤ ʦʩʥʦʚʥʳʤʠ ʧʝʨʝʥʦʩʯʠʢʘʤʠ 

ʛʘʬʥʠʷ ʷʚʣʷʶʪʩʷ ʥʠʟʰʠʝ ʬʪʦʨʠʜʳ.  

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʩʥʦʚʥʳʝ 

ʨʝʘʢʮʠʠ (39 ï 41), ʧʨʦʠʩʭʦʜʷʱʠʝ ʥʘ ʛʨʘʥʠʮʝ çʪʚʸʨʜʦʝ-ʛʘʟè ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ (ʫʢʘʟʘʥ ʜʠʘʧʘʟʦʥ Kp ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ 1100 ï 1600 ʂ): 

 

ñHfò Hf(ʪʚ) + 3HfF4(ʛ) = 4HfF3(ʛ)   KpI =  1.0Ā10-11 õ 3.3Ā10-5  (39) 

ñʉò ʉ(ʪʚ) + 4HfF3(ʛ) = HfC(ʪʚ) + 3HfF4(ʛ) KpII =  4.7Ā1019 õ 2.2Ā1010  (40) 

 Hf(ʪʚ) + C(ʪʚ) = HfC(ʪʚ)   KpI KpII = 4.7Ā108 õ 7.3Ā105  (41) 
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ɺ ʩʠʩʪʝʤʝ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ HfOF2, ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʦ ʨʝʘʢʮʠʠ ʪʨʘʚʣʝʥʠʷ SiO2 

ʪʝʪʨʘʬʪʦʨʠʜʦʤ ʛʘʬʥʠʷ (ʨʝʘʢʮʠʷ 42). ʆʜʥʘʢʦ, ʦʥ ʥʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʚ 

ʛʘʟʦʚʦʡ ʬʘʟʝ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʨʦʮʝʩʩ 

ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʟʦʥʝ ñCò, ʪʘʢ ʢʘʢ ʦʙʣʘʜʘʝʪ ʤʘʣʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʙʳʩʪʨʦ 

ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ ʜʠʦʢʩʠʜ ʠ ʪʝʪʨʘʬʪʦʨʠʜ ʛʘʬʥʠʷ ʚ ʟʦʥʝ ñSiO2ò ʧʦ ʨʝʘʢʮʠʠ 43: 

 

ñSiO2ò SiO2(ʪʚ) + 2HfF4(ʛ) = SiF4(ʛ) + 2HfOF2(ʛ)  KpIV = 1.1Ā10-23 õ 6.7Ā10-15 (42) 

  2HfOF2(ʛ) = HfO2(ʪʚ) + HfF4(ʛ)   KpV =  1.1Ā1025 õ 1.4Ā1014 (43) 

  SiO2(ʪʚ) + HfF4(ʛ) = HfO2(ʪʚ) + SiF4(ʛ) KpIVĀKpV = 1.2Ā102 õ 9.3Ā10-1 (44) 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʙʨʫʪʪʦ-ʧʨʦʮʝʩʩ ʧʦ ʨʝʘʢʮʠʠ 44, 

ʦʧʠʩʳʚʘʶʱʠʡ ʪʨʘʚʣʝʥʠʝ SiO2, ʠʤʝʝʪ ʤʘʣʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʧʨʠ ʙʦʣʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ HfOF2 ʚ ʟʦʥʝ ñSiO2ò ʤʝʥɹh ʝ, ʯʝʤ ʚ ʟʦʥʝ ñHfò ʚ 2 ï 10 ʨʘʟ ʚʦ ʚʩʝʤ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʠʟ ʟʦʥʳ 

ñSiO2ò ʭʠʤʠʯʝʩʢʠʡ ʧʝʨʝʥʦʩ HfOF2 ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʆʙʨʘʟʦʚʘʥʠʝ HfOF2 ʚ ʟʦʥʝ ñHfò 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʧʦʩʪʫʧʣʝʥʠʷ ʯʘʩʪʠʮ SiOF2 ʠʟ ʟʦʥʳ ñSiO2ò (ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ñSiO2ò), ʢʦʪʦʨʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʛʘʬʥʠʝʤ ʧʦ ʨʝʘʢʮʠʠ 45. ʆʜʥʘʢʦ ʦʢʩʠʬʪʦʨʠʜ ʪʘʢʞʝ ʥʝ ʩʪʘʥʦʚʠʪʩʷ 

ʦʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ñHfò ʪʘʢ ʢʘʢ ʙʳʩʪʨʦ ʨʘʩʧʘʜʘʝʪʩʷ ʧʦ ʨʝʘʢʮʠʠ 

46.  

 

ñHfò SiOF2(ʛ) + 2Hf(ʪʚ) = HfSi(ʪʚ) + HfOF2(ʛ)  KpVI = 5.9Ā107 õ 4.9Ā105 (45) 

 2HfOF2(ʛ) = HfO2(ʪʚ) + HfF4(ʛ)   KpVII = 1.1Ā1025 õ 1.4Ā1014 (46) 

 

ʇʨʠ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (1300ʂ, 1000 ʪʦʨʨ) 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʠ ʦʢʩʠʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ ʚ ʟʦʥʝ 

ñHfò ʩʦʦʪʚʝʪʩʪʚʫʝʪ ~10.7 ʪʦʨʨ (~ 1.07 %) ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 1000 ʪʦʨʨ. ɼʦʣʷ HfF3 ʩʨʝʜʠ 

ʩʦʝʜʠʥʝʥʠʡ-ʧʝʨʝʥʦʩʯʠʢʦʚ ʩʦʩʪʘʚʣʷʝʪ ~99,997 %, ʜʦʣʷ HfOF2 ~ 10-6 %. 

 

2.2.3. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʛʘʬʥʠʡ- ʠ ʪʘʥʪʘʣʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ  

 



71 
 

ʀʟ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ M ï C ï Si ï O ï F (M = Ta, Hf) 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

¶ ʍʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʤʝʪʘʣʣʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʥʘ ʫʛʣʝʨʦʜ ʚʦʟʤʦʞʝʥ ʠ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʠ ʦʢʩʠʬʪʦʨʠʜʦʚ. ʆʩʥʦʚʥʳʤ 

ʧʝʨʝʥʦʩʯʠʢʦʤ ʚ ʩʠʩʪʝʤʝ ʩ ʪʘʥʪʘʣʦʤ ʷʚʣʷʝʪʩʷ TaF4, ʘ ʚ ʩʠʩʪʝʤʝ ʩ ʛʘʬʥʠʝʤ HfF3. 

ɼʚʠʞʫʱʝʡ ʩʠʣʦʡ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʩʦʝʜʠʥʝʥʠʡ-

ʧʝʨʝʥʦʩʯʠʢʦʚ ʤʝʞʜʫ ʟʦʥʘʤʠ ñMò ʠ ñCò.  

¶ ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʜʦʣʷ 

ʩʦʝʜʠʥʝʥʠʡ-ʧʝʨʝʥʦʩʯʠʢʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩʫʥʦʢ 16). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʜʣʷ ʩʠʩʪʝʤʳ Ta ï C ï Si ï O ï F ʜʦʣʷ ʧʝʨʝʥʦʩʯʠʢʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ (ʚ 6.5 ʨʘʟ), ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʩʪʝʤʦʡ Ta ï C ï F ʠ ʧʦʯʪʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʦʙʱʝʛʦ 

ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ (ʨʠʩʫʥʦʢ 16ʘ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʜʦʣʷ ʧʝʨʝʥʦʩʯʠʢʦʚ ʚ ʩʠʩʪʝʤʝ Hf ï C 

ï Si ï O ï F ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʝʪ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʜʣʷ ʩʠʩʪʝʤʳ Hf ï C ï F (ʨʠʩʫʥʦʢ 

16ʙ). 

¶ ɺ ʩʠʩʪʝʤʘʭ ʚʦʟʤʦʞʝʥ ʭʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʫʛʣʝʨʦʜʘ ʠʟ ʟʦʥʳ ñCò ʚ ʟʦʥʫ ñMò. 

ʇʝʨʝʥʦʩ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʦʝʜʠʥʝʥʠʝʤ CO, ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʝʪʩʷ ʚ ʟʦʥʝ ñCò ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʦʢʩʠʬʪʦʨʠʜʦʚ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, TaOF3 ʠʣʠ HfOF2) ʩ ʫʛʣʝʨʦʜʦʤ.  

¶ ʆʧʪʠʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʚʝʜʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʜʣʷ ʦʙʝʠʭ ʩʠʩʪʝʤ 

ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ M ï C ï F (M = Hf, Ta): 

1300 ʂ ʠ 1000 ʪʦʨʨ. ʇʨʠ ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʮʝʩʩʘ (ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1300 ʂ ʠ 

ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 1000 ʪʦʨʨ) ʛʨʘʜʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʝʞʜʫ ʟʦʥʘʤʠ ñHfò ʠ ñCò ʙʦʣʝʝ 

ʯʝʤ ʚ 1000 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʤʝʞʜʫ ʟʦʥʘʤʠ ñTaò ʠ ñCò. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F ʚʳʰʝ. 
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ʈʠʩʫʥʦʢ 16. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ (ʚ %) ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʜʣʷ 

ʩʠʩʪʝʤ Ta ï C ï Si ï O ï F (ʘ) ʠ Hf ï C ï Si ï O ï F (ʙ). 

 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʩʠʩʪʝʤʘʭ M ï C ï F (M = Hf, Ta) ʚʦʟʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʭʠʤʠʯʝʩʢʠʡ ʪʨʘʥʩʧʦʨʪ ʯʝʨʝʟ 

ʛʘʟʦʚʫʶ ʬʘʟʫ ʥʘ ʫʛʣʝʨʦʜ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʫʛʦʧʣʘʚʢʦʛʦ ʢʘʨʙʠʜʘ. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʙʨʘʟʦʚʘʥʠʝ ʢʘʨʙʠʜʦʚ TaC ʠ HfC ʥʘ ʫʛʣʝʨʦʜʝ ʚʦʟʤʦʞʥʦ ʚ ʰʠʨʦʢʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡ (T = 1100 ï 1600 ʂ, P = 1 ï 1000 ʪʦʨʨ). ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʢʘʨʙʠʜʦʚ ʦʩʫʱʝʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʤʝʪʘʣʣʦʚ 

(ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ TaF4 ʠʣʠ HfF3) ʩ ʫʛʣʝʨʦʜʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚʳʩʰʝʛʦ ʬʪʦʨʠʜʘ ʠ ʢʘʨʙʠʜʘ. 

ʉʭʝʤʘʪʠʯʝʩʢʠ, ʧʨʦʮʝʩʩ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʩʠʩʪʝʤʝ M ï C ï F ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ 

ʨʠʩʫʥʢʝ 17ʘ.  

ʇʦʩʢʦʣʴʢʫ ʧʨʦʮʝʩʩʳ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʟʘʯʘʩʪʫʶ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚ 

ʨʝʘʢʪʦʨʘʭ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ, ʙʳʣʦ ʦʩʫʱʝʩʪʚʣʝʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ M ï C ï Si ï O ï F ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʠʪʴ ʚʦʟʤʦʞʥʦʝ ʚʣʠʷʥʠʝ 

ʤʘʪʝʨʠʘʣʘ ʨʝʘʢʪʦʨʘ ʥʘ ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ. ʄʝʪʦʜʦʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʧʦʷʚʣʷʶʪʩʷ Si ï ʠ O ï ʩʦʜʝʨʞʘʱʠʝ ʢʦʤʧʦʥʝʥʪʳ, ʢʦʪʦʨʳʝ ʫʯʘʩʪʚʫʶʪ ʚ 

ʧʨʦʮʝʩʩʘʭ ʧʝʨʝʥʦʩʘ ʠ ʚʣʠʷʶʪ ʥʘ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʝ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ ʩ 

ʪʘʥʪʘʣʦʤ ʦʢʘʟʘʣʘʩʴ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʡ ʢ ʧʨʠʩʫʪʩʪʚʠʶ SiO2, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʩʥʠʞʝʥʠʶ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʥʠʞʝʥʠʠ 

ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʟʦʥʫ ñCò ʥʝ ʪʦʣʴʢʦ ʚʩʣʝʜʩʪʚʠʝ ʫʤʝʥʴʰʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʩʦʝʜʠʥʝʥʠʡ-ʧʝʨʝʥʦʩʯʠʢʦʚ ʤʝʞʜʫ ʟʦʥʘʤʠ ñTaò ʠ ñCò, ʥʦ ʠ ʦʙʱʝʛʦ ʩʥʠʞʝʥʠ ̫ʨʘʚʥʦʚʝʩʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʢʘʞʜʦʡ ʟʦʥʳ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʠʩʪʝʤʘ ʩ 

ʛʘʬʥʠʝʤ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʚʣʠʷʥʠʶ SiO2 ʥʘ ʧʨʦʮʝʩʩʳ ʧʝʨʝʥʦʩʘ. 
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ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ SiO2 ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ ʭʠʤʠʯʝʩʢʠʡ 

ʧʝʨʝʥʦʩ ʫʛʣʝʨʦʜʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʧʦʩʨʝʜʩʪʚʦʤ ʦʙʨʘʟʦʚʘʥʠʷ CO ʚ ʟʦʥʝ ñCò. ɹʳʣʘ 

ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʘʨʙʠʜʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʫʛʣʝʨʦʜʦʤ ʦʢʩʠʬʪʦʨʠʜʦʚ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ TaOF3 ʠ HfOF2). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʮʝʩʩʳ 

ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʩ ʫʯʘʩʪʠʝʤ ʦʢʩʠʬʪʦʨʠʜʦʚ ʠʤʝʶʪ ʤʝʩʪʦ, ʦʜʥʘʢʦ ʚʥʦʩʷʪ ʟʘʤʝʪʥʳʡ 

ʚʢʣʘʜ ʪʦʣʴʢʦ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F, ʪʘʢ ʢʘʢ ʚ ʩʠʩʪʝʤʝ ʩ ʛʘʬʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʦʢʩʠʬʪʦʨʠʜʦʚ ʥʝʟʥʘʯʠʪʝʣʴʥʘ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʦʩʥʦʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʧʨʦʪʝʢʘʶʱʘʷ ʚ 

ʩʠʩʪʝʤʘʭ M ï C ï Si ï O ï F (ʨʠʩʫʥʦʢ 17ʙ).  

 

   

ʈʠʩʫʥʦʢ 17. ʉʭʝʤʳ ʦʩʥʦʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ 

ʩʠʩʪʝʤʘʭ M ï C ï F (ʘ) ʠ M ï C ï Si ï O ï F (ʙ). 
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ɻʃɸɺɸ 3. ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

3.1. ʀʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ 

 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʨʝʘʢʪʠʚʳ ʠ ʤʘʪʝʨʠʘʣʳ: 

1. ʄʝʪʘʣʣʳ: ʪʘʥʪʘʣ ʧʨʫʪʢʦʚʳʡ ʤʘʨʢʠ ʊɺʏ-1 (ʊʋ 95.234-74) ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʦʩʥʦʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʙʦʣʝʝ 99,68% ʠ ʩʪʨʫʞʢʘ, ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʠʟ ʧʨʫʪʢʘ; ʛʘʬʥʠʡ 

ʠʦʜʠʜʥʳʡ ʤʘʨʢʠ ɻʌʀ-1 (ɻʆʉʊ 22517-77) (ʩʦʜʝʨʞʘʥʠʝ Hf ʥʝ ʤʝʥʝʝ 98,8%) ʠ 

ʩʪʨʫʞʢʘ, ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʠʟ ʧʨʫʪʢʘ, ʠʨʠʜʠʡ ʧʦʨʦʰʦʢ ʤʘʨʢʠ ʀɸ-1 (ɻʆʉʊ 12338-81) 

ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʠʨʠʜʠʷ ʥʝ ʤʝʥʝʝ 99,96%.  

2. ʊʝʪʨʘʬʪʦʨʤʝʪʘʥ (ʍʣʘʜʦʥ-14), ɻʆʉʊ 301-14-78-92, ʦʙʲʸʤʥʘʷ ʜʦʣʷ CF4 ʥʝ 

ʤʝʥʝʝ 99.3%.  

3. ʋʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ: ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʤʘʨʢʠ ʋʂʅ-5000 (ɻʆʉʊ 28008-

88) ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʘ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʨʘʙʦʪʘʥʥʳʝ ʦʪ ʘʧʧʨʝʪʘ ʚ 

ʩʤʝʩʠ ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʵʪʘʥʦʣ/ʘʮʝʪʦʥ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ 50:50 ʠ ʧʨʦʛʨʝʪʳ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 700Áʉ ʚ ʚʘʢʫʫʤʝ; ʫʛʣʝʨʦʜʥʳʡ ʚʦʣʦʢʥʠʩʪʳʡ ʤʘʪʝʨʠʘʣ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʫʛʣʝʨʦʜʘ ʥʝ ʤʝʥʝʝ 99% (ɻʆʉʊ 28005-88); ʬʦʣʴʛʘ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ 

ʤʘʨʢʠ ɻʌ-200-0,3/1,0-400 (ʊʋ 5728-003-93978201-2008) ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʘ 

ʥʝ ʤʝʥʝʝ 99,5%.  

4. ʊʨʫʙʳ ʢʚʘʨʮʝʚʳʝ (ʊʋ 5932-014-00288679-01).  

5. ʂʘʨʙʠʜʳ: ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʢʚʘʣʠʬʠʢʘʮʠʠ ʏ (ʊʋ 6-09-03-361-78), ʢʘʨʙʠʜ 

ʪʘʥʪʘʣʘ ʢʚʘʣʠʬʠʢʘʮʠʠ ʍʏ (ʊʋ 6-09-03-443-77).  

 

3.2. ʄʝʪʦʜʠʢʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

3.2.1. ʆʩʘʞʜʝʥʠʝ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ RCVD ʤʝʪʦʜʦʤ 

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʨʝʘʢʮʠʦʥʥʦʤʫ ʦʩʘʞʜʝʥʠʶ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʢʘʨʙʠʜʦʚ ʛʘʬʥʠʷ ʠ 

ʪʘʥʪʘʣʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ ʟʘʤʢʥʫʪʦʤ ʨʝʘʢʪʦʨʝ ʚ ʜʚʫʭ ʚʘʨʠʘʥʪʘʭ (ʨʠʩʫʥʦʢ 18 ʘ, ʙ). ɺ 

ʧʝʨʚʦʤ ʚʘʨʠʘʥʪʝ (ʨʠʩʫʥʦʢ 18 ʘ) ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʞʢʘ ʧʣʦʪʥʦ ʫʧʘʢʦʚʳʚʘʝʪʩʷ ʚ ʮʠʣʠʥʜʨ 

ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʦʣʴʛʠ, ʢʦʪʦʨʳʡ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʦʤʝʱʘʣʠ ʚ ʮʠʣʠʥʜʨ ʠʟ 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. ɼʣʠʥʘ ʮʠʣʠʥʜʨʘ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʩʦʩʪʘʚʣʷʣʘ 

~ 50 ʩʤ. ʇʦʜʣʦʞʢʠ ʜʣʷ ʦʩʘʞʜʝʥʠʷ (ʫʛʣʝʨʦʜʥʳʡ ʚʦʣʦʢʥʠʩʪʳʡ ʤʘʪʝʨʠʘʣ) ʧʦʤʝʱʘʣʠ ʚʥʫʪʨʴ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʮʠʣʠʥʜʨʘ ʩʦ ʩʪʨʫʞʢʦʡ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʘʥʪʘʣ ʠʣʠ 
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ʛʘʬʥʠʡ. ʂʦʘʢʩʠʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʮʠʣʠʥʜʨʳ ʧʦʤʝʱʘʣʠ ʚ ʮʝʥʪʨʘʣʴʥʫʶ ʯʘʩʪʴ 

ʪʨʫʙʯʘʪʦʛʦ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ ʜʣʠʥʦʡ 1 ʤʝʪʨ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʮʠʣʠʥʜʨ ʠʟ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʦʣʴʛʠ ʥʘʭʦʜʠʣʩʷ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʟʦʥʝ (~12 ʩʤ). ʈʝʘʢʪʦʨ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʠ ʧʨʦʛʨʝʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʝ ʤʝʥʝʝ 3 

ʯʘʩʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʘʛʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʘʟʦʦʙʨʘʟʥʳʡ CF4. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1250 ʂ ʚ ʪʝʯʝʥʠʝ 6, 12, 24 ʠ 36 ʯʘʩʦʚ ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ 

CF4 760 ʪʦʨʨ.  

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

(ʛʣʘʚʘ 2) ʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʦ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʚʳʩʰʠʭ ʬʪʦʨʠʜʦʚ 

ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ [379ï381] ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʦʧʠʩʘʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ 

ʧʦʟʚʦʣʷʝʪ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʧʦʧʘʜʘʥʠʝ O-ʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʟʦʥʫ 

ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʣʦʚʠʷ, ʧʨʠʙʣʠʞʝʥʥʳʝ ʢ ʫʩʣʦʚʠʷʤ M ï C ï F (M = Hf, Ta) ʩʠʩʪʝʤʳ.  

ɺʪʦʨʦʡ ʚʘʨʠʘʥʪ (ʨʠʩʫʥʦʢ 18 ʙ) ʟʘʢʣʶʯʘʣʩʷ ʚ ʪʦʤ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʮʠʣʠʥʜʨ 

ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʧʦʤʝʱʘʣʩʷ ʚ ʢʚʘʨʮʝʚʫʶ ʘʤʧʫʣʫ. ɿʘʪʝʤ, ʘʤʧʫʣʫ 

ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʠ ʧʨʦʛʨʝʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1273 ʂ ʩ ʚʳʜʝʨʞʢʦʡ ʥʝ ʤʝʥʝʝ 3 ʯʘʩʦʚ. 

ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ, ʘʤʧʫʣʫ ʟʘʧʦʣʥʷʣʠ CF4 ʜʦ ʜʘʚʣʝʥʠʷ 200 ʪʦʨʨ, ʟʘʧʘʠʚʘʣʠ ʠ ʧʦʤʝʱʘʣʠ ʚ 

ʚʝʨʪʠʢʘʣʴʥʫʶ ʧʝʯʴ. ʀʟʦʪʝʨʤʠʯʝʩʢʘʷ ʟʦʥʘ ʩʦʚʧʘʜʘʣʘ ʩ ʨʘʟʤʝʨʦʤ ʘʤʧʫʣʳ. ʕʢʩʧʝʨʠʤʝʥʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1273 ʂ ʚ ʪʝʯʝʥʠʝ 24 ʠ 48 ʯʘʩʦʚ. ʇʦʩʢʦʣʴʢʫ ʢʚʘʨʮʝʚʘʷ 

ʘʤʧʫʣʘ ʧʦʣʥʦʩʪʴʶ ʥʘʭʦʜʠʪʩʷ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʟʦʥʝ, ʬʪʦʨʠʜʳ ʤʝʪʘʣʣʦʚ ʤʦʛʫʪ 

ʙʝʩʧʨʝʧʷʪʩʪʚʝʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩʦ ʩʪʝʥʢʦʡ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ. ʆʙʨʘʟʫʶʱʠʝʩʷ Si- 

ʠ O-ʢʦʤʧʦʥʝʥʪʳ ʜʠʬʬʫʥʜʠʨʫʶʪ ʚ ʨʝʘʢʮʠʦʥʥʳʡ ʮʠʣʠʥʜʨ ʠ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ ʧʨʦʮʝʩʩʳ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʷ ʫʩʣʦʚʠʷ M ï C ï Si ï O ï F ʩʠʩʪʝʤʳ. 
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ʈʠʩʫʥʦʢ 18. ʂʦʥʬʠʛʫʨʘʮʠʷ ʨʝʘʢʪʦʨʦʚ ʜʣʷ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ: ʘ ï ʩʠʩʪʝʤʘ M ï C ï F, ʙ ï ʩʠʩʪʝʤʘ M ï C ï Si ï O ï F; 1 ï ʮʠʣʠʥʜʨ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʦʣʴʛʠ, ʩʦʜʝʨʞʘʱʠʡ ʩʪʨʫʞʢʫ ʠ ʫʛʣʝʨʦʜʥʳʡ ʦʙʨʘʟʝʮ ʚ ʮʝʥʪʨʝ, 2 ï ʮʠʣʠʥʜʨ ʠʟ 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ; 3 ï ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ ʩ ʭʦʣʦʜʥʳʤʠ ʩʪʝʥʢʘʤʠ (ʘ) / 

ʢʚʘʨʮʝʚʘʷ ʘʤʧʫʣʘ (ʙ), 4 ï ʪʨʫʙʯʘʪʘʷ ʧʝʯʴ, 5 ï ʬʣʘʥʮʳ.  

 

3.2.2. ʆʩʘʞʜʝʥʠʝ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ MO CVD ʤʝʪʦʜʦʤ 

 

ɼʣʷ ʦʩʘʞʜʝʥʠʷ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʪʨʠʩ-ʘʮʝʪʠʣʘʮʝʪʦʥʘʪ 

ʠʨʠʜʠʷ (III ) Ir(acac)3, ʧʦʣʫʯʝʥʥʳʡ ʧʦ ʦʨʠʛʠʥʘʣʴʥʦʡ ʤʝʪʦʜʠʢʝ ʚ ʀʅʍ ʉʆ ʈɸʅ ʠʟ ʧʦʨʦʰʢʘ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ [330]. ʆʩʘʞʜʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʠ ʥʘ 

ʧʦʜʣʦʞʢʠ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʢʨʳʪʠʝ ʢʘʨʙʠʜʥʳʤ ʩʣʦʝʤ ʧʦ ʤʝʪʦʜʫ ʨʝʘʢʮʠʦʥʥʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ. ʇʨʦʮʝʩʩʳ ʦʩʘʞʜʝʥʠʷ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʠʟ ʧʘʨʦʚ Ir(acac)3 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʫʩʪʘʥʦʚʢʝ (ʨʝʘʢʪʦʨ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʪʠʧʘ ʩ ʭʦʣʦʜʥʳʤʠ ʩʪʝʥʢʘʤʠ) ʧʨʠ 

ʜʘʚʣʝʥʠʠ 760 ʪʦʨʨ. ɺ ʢʘʯʝʩʪʚʝ ʛʘʟʘ-ʨʝʘʛʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʚʦʜʦʨʦʜ (2 ʣ/ʯ), ʛʘʟʘ-ʥʦʩʠʪʝʣʷ 

ï ʘʨʛʦʥ (1 ʣ/ʯ). ʇʨʠ ʦʩʘʞʜʝʥʠʠ ʠʨʠʜʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ 

ʦʩʘʞʜʝʥʠʷ ʠ ʦʙʱʝʝ ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ. ɺʨʝʤʷ ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʘʚʠʣʦ 2 ʯʘʩʘ.  

 

3.2.3. ʈʝʘʢʮʠʦʥʥʦʝ ʦʩʘʞʜʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʥʘ 

ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʥʳʤ ʥʘ ʥʠʭ ʧʦʢʨʳʪʠʝʤ ʠʟ ʠʨʠʜʠʷ 

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʩʘʞʜʝʥʠʶ ʠʨʠʜʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʤʝʪʦʜʦʤ MOCVD 

ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜ.ʭ.ʥ. ʅ.ɹ. ʄʦʨʦʟʦʚʦʡ (ʀʅʍ ʉʆ ʈɸʅ). ʏʘʩʪʴ ʦʙʨʘʟʮʦʚ ʩ ʠʨʠʜʠʝʚʳʤ 



77 
 

ʧʦʢʨʳʪʠʝʤ (ʊʘʙʣʠʮʘ 1) ʜʘʣʝʝ ʧʦʜʚʝʨʛʘʣʘʩʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʚ 

ʚʘʢʫʫʤʝ ʧʨʠ 1600Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʩʦʩʪʘʚʣʷʣʘ 640Áʉ/ʯ, ʩʢʦʨʦʩʪʴ 

ʦʭʣʘʞʜʝʥʠʷ 300Áʉ/ʯ. ɿʘʪʝʤ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 

3.2.1 (ʨʠʩ. 18 ʙ), ʧʨʦʚʦʜʠʣʠ ʦʩʘʞʜʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʪʘʥʪʘʣʘ ʠʣʠ ʛʘʬʥʠʷ 

ʤʝʪʦʜʦʤ RCVD ʥʘ ʠʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ (1000ÁC, 48 ʯʘʩʦʚ). 

 

ʊʘʙʣʠʮʘ 1. ʊʠʧʳ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʩ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʝʥʥʳʤ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ 

 

ʀʩʭʦʜʥʘʷ 

ʧʦʜʣʦʞʢʘ 
ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ, ʊ, Áʉ ʉʠʩʪʝʤʘ RCVD 

ʆʙʦʟʥʘʯʝʥʠʝ 

ʦʙʨʘʟʮʦʚ 

Ir/ ʋʄ 1600Áʉ Hf ï C ï Si ï O ï F M-1 

Ir/ ʋʄ ʅʝʪ Hf ï C ï Si ï O ï F M-2 

Ir/ ʋʄ 1600Áʉ Ta ï C ï Si ï O ï F M-3 

Ir/ ʋʄ ʥʝʪ Ta ï C ï Si ï O ï F M-4 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʚʦʢʫʧʥʦʩʪʴ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚʘʨʠʘʥʪʦʚ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʦʩʘʞʜʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ 

ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʩʭʝʤʦʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 19. 

 

 

ʈʠʩʫʥʦʢ 19. ʉʦʚʦʢʫʧʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚʘʨʠʘʥʪʦʚ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʦʩʘʞʜʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ. 
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ʇʫʪʴ I  ʦʪʨʘʞʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʢʨʳʪʠʡ: 

ʫʛʣʝʨʦʜʥʘʷ ʧʦʜʣʦʞʢʘ ï RCVD ʧʦʢʨʳʪʠʝ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ (ʛʘʬʥʠʷ ʠʣʠ ʪʘʥʪʘʣʘ) ï ʠʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ, ʧʦʣʫʯʝʥʥʦʝ MOCVD ʤʝʪʦʜʦʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ɻʣʘʚʝ 4 ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 

ʇʫʪʴ II  ʦʪʨʘʞʘʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʢʨʳʪʠʡ: 

ʫʛʣʝʨʦʜʥʘʷ ʧʦʜʣʦʞʢʘ ï ʠʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ, ʧʦʣʫʯʝʥʥʦʝ MOCVD ʤʝʪʦʜʦʤ ï RCVD 

ʧʦʢʨʳʪʠʝ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʛʘʬʥʠʷ ʠʣʠ ʪʘʥʪʘʣʘ). 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ɻʣʘʚʝ 5 ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ. 

 

3.2.4. ʊʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʨʠʜʠʷ ʩ ʢʘʨʙʠʜʘʤʠ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ 

ʀʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ 

ʀʩʭʦʜʥʳʡ ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʨʘʩʪʠʨʘʣʠ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥʫʪ. ɿʘʪʝʤ, 

ʠʩʭʦʜʥʳʡ ʢʘʨʙʠʜ ʛʘʬʥʠʷ ʠ ʨʘʩʪʸʨʪʳʡ ʚ ʩʪʫʧʢʝ ʙʳʣʠ ʫʧʘʢʦʚʘʥʳ ʚ ʬʦʣʴʛʫ ʠʟ 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʠ ʧʨʦʛʨʝʪʳ ʧʨʠ 1600Áʉ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʘʢʫʫʤʥʦʡ 

ʧʝʯʠ ʉʅɺʕ-1,7.3.1,7/20 (ñʇʈʀɿʄɸò, ʈʦʩʩʠʷ). ʅʘʛʨʝʚ ʧʨʦʚʦʜʠʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 640Áʉ/ʯ. 

ɼʣʠʪʝʣʴʥʦʩʪʴ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʦʩʪʘʚʠʣʘ 4 ʯʘʩʘ. ʆʭʣʘʞʜʝʥʠʝ ʧʝʯʠ ʧʨʦʚʦʜʠʣʦʩʴ 

ʩʦ ʩʢʦʨʦʩʪʴʶ 300Áʉ/ʯ. ʀʩʭʦʜʥʳʡ ʧʦʨʦʰʦʢ ʠʨʠʜʠʷ ʙʳʣ ʧʦʜʚʝʨʛʥʫʪ ʘʥʘʣʦʛʠʯʥʦʡ 

ʦʙʨʘʙʦʪʢʝ (ʨʘʩʪʠʨʘʥʠʝ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ ʠ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠ 1600Áʉ).  

 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʦʥʦʢʘʨʙʠʜʦʚ HfC ʠ TaC ʩ ʠʨʠʜʠʝʤ.  

ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʥʦʢʘʨʙʠʜʦʚ ʩ ʠʨʠʜʠʝʤ ʙʳʣʦ 

ʧʨʠʛʦʪʦʚʣʝʥʦ ʥʝʩʢʦʣʴʢʦ ʩʤʝʩʝʡ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ MC ï Ir (M = Hf, Ta), ʢʦʪʦʨʳʝ ʟʘʪʝʤ 

ʧʨʦʰʣʠ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʦʜʫʢʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʩʠʩʪʝʤʘʭ MC ï Ir ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ, ʚʨʝʤʝʥʠ, ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ (MC:Ir = 1:1 ʠʣʠ 1:3) ʠ ʪʠʧʘ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʩ ʠʣʠ ʙʝʟ ʨʘʩʪʠʨʘʥʠʷ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʚ ʘʛʘʪʦʚʦʡ ʩʪʫʧʢʝ). 

ʉʤʝʩʠ ʙʳʣʠ ʫʧʘʢʦʚʘʥʳ ʚ ʬʦʣʴʛʫ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʠ ʧʨʦʛʨʝʪʳ ʚ ʚʘʢʫʫʤʝ 

10-5 ʪʦʨʨ ʩʦ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ 640Áʉ/ʯ. ʊʝʤʧʝʨʘʪʫʨʘ ʠ ʚʨʝʤʷ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

ʩʤʝʩʝʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 2.  
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ʊʘʙʣʠʮʘ 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʤʝʩʠ 

ʧʦʨʦʰʢʦʚ ʤʦʥʦʢʘʨʙʠʜʘ ʤʝʪʘʣʣʘ ʠ ʠʨʠʜʠʷ.  

T, ÁC 1000 1100 1200 1300 1400 1500 1600 

Ű, ʯ 1 1 1 1 1 1 1, 2, 3, 4 

 

3.2.5. ʇʨʦʚʝʜʝʥʠʝ ʠʩʧʳʪʘʥʠʡ ʦʙʨʘʟʮʦʚ ʚ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʤ ʧʦʪʦʢʝ ʧʣʘʟʤʳ  

 

ɼʣʷ ʠʩʧʳʪʘʥʠʡ ʘʙʣʷʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʩʠʩʪʝʤ M ï Ir ï C (M ï Hf, Ta), ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʢʦʤʧʘʢʪʥʳʝ ʦʙʨʘʟʮʳ. ɼʣʷ ʵʪʦʛʦ, ʧʦʨʦʰʢʠ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʰʠʚʘʣʠʩʴ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʩʤʝʩʠ ʩ ʤʦʣʴʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʢ ʠʨʠʜʠʶ ʢʘʢ 1:1.2. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚ ʩʤʝʩʴ ʙʳʣʦ ʜʦʙʘʚʣʝʥʦ ʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʨʝʤʥʠʷ (~ 15 ʦʙ. %) ʚ ʢʘʯʝʩʪʚʝ 

ʩʧʝʢʘʶʱʝʡ ʜʦʙʘʚʢʠ. ʉʧʝʢʘʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʧʨʠ 1600Áʉ. 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʩʦʩʪʘʚʠʣʘ 640Áʉ/ʯ, ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ 300Áʉ/ʯ.  

ɸʙʣʷʮʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʦʙʨʘʟʮʦʚ ʪʝʩʪʠʨʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʘʪʨʦʥʘ 

ʕɼɻ-200ʄ (ɸʆ çʎʅʀʀʉʄè, ʛ. ʍʦʪʴʢʦʚʦ). ɼʠʘʧʘʟʦʥ ʩʠʣʳ ʪʦʢʘ ʩʦʩʪʘʚʠʣ 120 ï 400 ɸ, 

ʥʘʧʨʷʞʝʥʠʝ ʚ ʧʣʘʟʤʘʪʨʦʥʝ ʨʘʚʥʷʣʦʩʴ 120 ɺ. ʉʢʦʨʦʩʪʴ ʩʪʨʫʠ ʩʦʩʪʘʚʣʷʣʘ 300 ʤ/ʩ. ʆʙʨʘʟʮʳ 

ʟʘʢʨʝʧʣʷʣʠʩʴ ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʦʤ ʩʪʝʥʜʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʪʦʢʫ ʚ ʜʝʨʞʘʪʝʣʝ ʠʟ 

ʩʠʣʠʮʠʨʦʚʘʥʥʦʛʦ ʋʋʂʄ (ʨʠʩʫʥʦʢ 20). ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʜʦʩʪʠʛʘʣʘ 

2200Áʉ, ʚʨʝʤʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʙʦʣʝʝ 1000 ʩ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

 

 

ʈʠʩʫʥʦʢ 20. ʉʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ ʘʙʣʷʮʠʦʥʥʳʭ ʠʩʧʳʪʘʥʠʡ. 

 

3.3. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ  
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ʄʦʨʬʦʣʦʛʠʷ ʠ ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ  

 

ʄʦʨʬʦʣʦʛʠʷ ʦʙʨʘʟʮʦʚ ʠʟʫʯʘʣʘʩʴ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʉʕʄ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʘʥʠʨʫʶʱʠʭ ʤʠʢʨʦʩʢʦʧʦʚ TM-1000 (Hitachi Ltd., ʗʧʦʥʠʷ) ʠ 

MIRA 3 LMU (TESCAN, ʏʝʭʠʷ). ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʥʘ ʦʙʨʘʟʮʳ ʥʘʧʳʣʷʣʠ ʩʣʦʡ ʭʨʦʤʘ. ʄʠʢʨʦʩʢʦʧʳ ʦʩʥʘʱʝʥʳ 

ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ (ʕɼʉ, energy dispersive X-

ray spectroscopy, EDS) SwiftED-TM ʠ INCA Energy 450 XMax 80 (Oxford Instruments 

Analytical Ltd., ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ 

ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʰʣʠʬʳ ʦʙʨʘʟʮʦʚ. ʆʙʨʘʟʮʳ ʬʠʢʩʠʨʦʚʘʣʠ ʚ ʵʧʦʢʩʠʜʥʦʡ ʩʤʦʣʝ, 

ʨʘʟʨʝʟʘʣʠ ʠ ʰʣʠʬʦʚʘʣʠ ʘʣʤʘʟʥʦʡ ʩʫʩʧʝʥʟʠʝʡ (MonoSyn Duo, Synercon, ɻʝʨʤʘʥʠʷ). 

ʂʦʵʬʬʠʮʠʝʥʪ ʚʘʨʠʘʮʠʠ ʜʣʷ ʕɼʉ ʘʥʘʣʠʟʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʦʜʥʦʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ, ʦʮʝʥʠʚʘʝʪʩʷ ~ 1% ʚ ʩʣʫʯʘʝ ʩʦʜʝʨʞʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʙʦʣʝʝ 10%.  

 

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ  

ʈʝʛʠʩʪʨʘʮʠʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ ʧʦʨʦʰʢʦʚʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ D8 

Advance (Bruker AXS, ɻʝʨʤʘʥʠʷ) ʚ ʛʝʦʤʝʪʨʠʠ Ū ï Ū ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʣʫʯʝʥʠʷ CuKŬ (ɚ1 

= 1.54056 ¡, ɚ2 = 1.54439 ¡). ɼʠʬʨʘʢʪʦʤʝʪʨ ʦʩʥʘʱʸʥ ʦʜʥʦʤʝʨʥʳʤ ʜʝʪʝʢʪʦʨʦʤ Lynx-Eye 

ʠ Kɓ ʬʠʣʴʪʨʦʤ. ʉʲʸʤʢʘ ʦʙʟʦʨʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 2Ū = 10 ï 90Á. 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʩʤʝʩʷʭ ʤʦʥʦʢʘʨʙʠʜʦʚ ʩ ʠʨʠʜʠʝʤ ʩʲʸʤʢʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 2Ū = 30 ï 130Á. ʌʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʧʦʤʦʱʠ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ DIFFRACplus ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʘʟʳ ʜʘʥʥʳʭ ICDD PDF 2 (2010 

ʛ). ʋʪʦʯʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʠ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʨʦʚʦʜʠʣʠ ʧʦ 

ʧʦʣʥʦʧʨʦʬʠʣʴʥʦʤʫ ʤʝʪʦʜʫ ʈʠʪʚʝʣʴʜʘ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ TOPAS 4.2. ɼʘʥʥʳʝ ʦ 

ʩʪʨʫʢʪʫʨʘʭ ʬʘʟ ʙʳʣʠ ʚʟʷʪʳ ʠʟ ʙʘʟr ʜʘʥʥʳʭ ICSD (1998 ʛ). ʀʥʩʪʨʫʤʝʥʪʘʣʴʥʳʡ ʚʢʣʘʜ ʙʳʣ 

ʨʘʩʩʯʠʪʘʣ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ [382].  

ʉʦʩʪʘʚ ʢʘʨʙʠʜʦʚ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʧʨʘʚʠʣʫ ɺʝʛʘʨʜʘ [383], ʧʨʝʜʧʦʣʘʛʘʷ ʚʳʧʦʣʥʝʥʠʝ 

ʣʠʥʝʡʥʦʛʦ ʟʘʢʦʥʘ. ʇʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [114,115] ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʸʪʢʠ TaCx, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʤʦʩʪʴ ʦʙʲʸʤʘ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ Ta2Cx. ʦʪ 

ʩʦʩʪʘʚʘ (x). ɼʣʷ HfCx ʧʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [113] ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʧʘʨʘʤʝʪʨʘ ʨʝʰʸʪʢʠ HfCx ʦʪ ʝʛʦ ʩʦʩʪʘʚʘ ʜʣʷ ʦʙʣʘʩʪʝʡ x = 0.83(0) ï 1.00 ʠ x = 0.62 ï 0.83, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʩʪʨʦʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʙʳʣʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ 
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ʧʨʷʤʳʤʠ y = A + BĀx ʧʦ ʤʝʪʦʜʫ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. ɼʘʣʝʝ, ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ TOPAS 4.2 ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ 

ʢʘʨʙʠʜʦʚ. ʀʟ ʫʨʘʚʥʝʥʠʡ ʟʘʚʠʩʠʤʦʩʪʠ y = A + BĀx ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʥʘʯʝʥʠʷ x ʜʣʷ 

ʢʘʨʙʠʜʥʳʭ ʬʘʟ.  

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʦ ʧʘʨʘʤʝʪʨʘʭ ʨʝʰʸʪʢʠ ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ MIr3Ñx (M = Hf, Ta) ʠ 

ʜʨ. ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʩʦʩʪʘʚʳ. ɼʣʷ ɻʎʂ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʦʙʲʸʤ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ 

ʬʦʨʤʫʣʝ 2:  

ὠ̞̠  τ “Ὕ  ̓  (2) 

ɺ ʬʦʨʤʫʣʝ: k ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʘʢʦʚʢʠ, Vʵ ̫ï ʦʙʲʸʤ ɻʎʂ ʷʯʝʡʢʠ, Rʘʪ ï ʘʪʦʤʥʳʡ 

ʨʘʜʠʫʩ. ʂʦʵʬʬʠʮʠʝʥʪ ʫʧʘʢʦʚʢʠ ʜʣʷ ɻʎʂ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʝʪ 
Ѝ

πȢχτȢ ʆʙʲʸʤ 

ʵʣʝʤʝʥʪʘʨʥʦʡ ʢʫʙʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʨʘʚʝʥ a3, ʛʜʝ a ï ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ. ɼʣʷ ʠʨʠʜʠʷ ʤʦʞʥʦ 

ʨʘʩʩʯʠʪʘʪʴ ʦʙʲʸʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ (V1) ʧʦ ʬʦʨʤʫʣʝ 2, ʠʩʧʦʣʴʟʫʷ ʨʘʜʠʫʩ 

ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʘʪʦʤʘ (Rʘʪ = 1.80 ¡), ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʣʷʝʪ 131.963 ¡3. ʀʟ ʜʘʥʥʳʭ ʦ 

ʧʘʨʘʤʝʪʨʝ ʷʯʝʡʢʠ (a = 3.840¡), ʦʙʲʸʤ ɻʎʂ ʨʝʰʸʪʢʠ ʠʨʠʜʠʷ (V2) ʨʘʩʩʯʠʪʘʥ ʢʘʢ 56.623¡3. 

ʂʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ (q) ʜʣʷ ɻʎʂ ʨʝʰʸʪʢʠ ʠʨʠʜʠʷ ʩʦʩʪʘʚʣʷʝʪ V2/V1 = 0.429.  

ɸʥʘʣʦʛʠʯʥʦ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ, ʠʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʨʘʜʠʫʩʦʚ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʚ 2.08 

¡ ʠ 1.80 ¡ ʜʣʷ ʛʘʬʥʠʷ ʠ ʠʨʠʜʠʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʙʲʸʤ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ HfIr3, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʣʷʝʪ 149.878¡3 (ʬʦʨʤʫʣʘ 3). 

ὠ ὌὪὍὶ τ
Ȣ
“πȢςυὙ πȢχυὙ ρτωȢψχψ B   (3) 

ʀʟ ʜʘʥʥʳʭ ʦ ʧʘʨʘʤʝʪʨʝ ʷʯʝʡʢʠ (a = 3.935¡) ʜʣʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ HfIr3, ʦʙʲʸʤ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʩʦʩʪʘʚʣʷʝʪ 60.390 ¡3. ʂʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ (q) ʜʣʷ ʬʘʟʳ 

HfIr 3 ʨʘʚʝʥ 0.407.  

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʜʘʥʥʳʝ ʦ ʤʘʢʩʠʤʘʣʴʥʦʤ ʠ ʤʠʥʠʤʘʣʴʥʦʤ ʧʘʨʘʤʝʪʨʝ ʨʝʰʸʪʢʠ 

ʜʣʷ HfIr3Ñx ʬʘʟʳ (3.961 and 3.921 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʦʚ 

ʧʦ ʬʦʨʤʫʣʝ (4): 

ὠ̞ Ὄ̠ὪὍὶ πȢτπχτ
Ȣ
“ πȢςυὼὙ πȢχυὼὙ  (4) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʠʘʧʘʟʦʥ ʩʦʩʪʘʚʦʚ ʜʣʷ ʬʘʟʳ HfIr3Ñx ʤʝʥʷʝʪʩʷ ʦʪ HfIr2.43 ʜʦ HfIr3.39 (70.8 

ʘʪ. % ʠ 77.2 ʘʪ. % ʠʨʠʜʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʩʦʩʪʘʚ Ir(Hf) ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (ʬʦʨʤʫʣʘ 5). 
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ὠ̞ Ὅ̠ὶὼὌὪ πȢτςωτ
Ȣ
“ ὼὙ ρ ὼὙ    (5) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʛʘʬʥʠʷ ʚ ʠʨʠʜʠʠ ʩʦʩʪʘʚʣʷʝʪ 1.3 ʘʪ. % 

(ʤʘʢʩʠʤʘʣʴʥʳʡ ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ 3,849¡) ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. ɼʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʝʜʝʣʴʥʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʫʛʣʝʨʦʜʘ ʚ ʠʨʠʜʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʟʘʤʝʱʝʥʠʷ Ir(C) ʚ ʬʦʨʤʫʣʝ 4 ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʜʠʫʩʳ 

ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʠ ʠʨʠʜʠʷ (0,67¡ ʠ 1,80¡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʫʛʣʝʨʦʜʘ ʚ ʠʨʠʜʠʠ ʩʦʩʪʘʚʣʷʝʪ 1.4 ʘʪ. % 

(ʤʠʥʠʤʘʣʴʥʳʡ ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ 3,823¡). ʈʘʩʯʸʪʳ ʜʣʷ ʩʠʩʪʝʤʳ TaC ï Ir ʧʨʦʚʦʜʠʣʠ 

ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʫʷ ʨʘʜʠʫʩ ʠʟʦʣʠʨʦʚʘʥʥʦʛʦ ʘʪʦʤʘ ʪʘʥʪʘʣʘ 2.00¡, ʧʘʨʘʤʝʪʨ 

ʨʝʰʸʪʢʠ TaIr3 ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ a = 3.886¡ [356]. 

 

ʉʧʝʢʪʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʘʥʘʣʠʟʘ  

ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʠʚʘʥʠʷ (ʂʈ) ʟʘʧʠʩʳʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʧʝʢʪʨʦʤʝʪʨʘ RFS 100/S (Bruker), ʦʩʥʘʱʸʥʥʳʡ Nd-YAG ʣʘʟʝʨʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 1064 ʥʤ. 

ʄʦʱʥʦʩʪʴ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ 100 ʤɺʪ. ʆʙʨʘʟʮʳ ʧʦʨʦʰʢʦʚ ʩʦʩʪʘʚʦʚ MC:Ir (Hf,Ta) = 1:3 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʤʝʰʠʚʘʣʠʩʴ ʩ KBr ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:50. ʆʙʨʘʙʦʪʢʘ ʩʧʝʢʪʨʦʚ 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Fityk 0.9.8 [384]. ʇʠʢʠ 

ʦʧʠʩʳʚʘʣʠʩʴ ʧʨʦʬʠʣʷʤʠ ʬʫʥʢʮʠʡ ɺʦʡʪʘ [385,386]. ʅʘʢʦʧʣʝʥʠʝ ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʦʩʴ 7 

ʯʘʩʦʚ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʩʠʛʥʘʣ/ʰʫʤ. 

 

ʀʟʤʝʨʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦʣʦʢʦʥ 

ʀʟʤʝʨʝʥʠʝ ʜʠʘʤʝʪʨʘ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʦʚʦʜʠʣʦʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʣʘʟʝʨʥʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʘʩʥʦʛʦ ʣʘʟʝʨʘ ʩ 

ɚ = 650 ʥʤ. ɺʳʙʦʨʢʘ ʚʦʣʦʢʦʥ ʜʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʠʣʘ ʥʝ ʤʝʥʝʝ 120 ʰʪʫʢ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʜʠʘʤʝʪʨʘ ʥʝ ʧʨʝʚʳʰʘʣʘ 0,7 ï 1 %. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʠʟʤʝʨʠʪʴ ʧʨʦʯʥʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ 

ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʠʩʧʳʪʘʪʝʣʴʥʳʡ ʢʦʤʧʣʝʢʩ Instron 5944. ʆʙʨʘʟʮʳ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ 

ʚʢʣʝʠʚʘʣʠʩʴ ʚ ʙʫʤʘʞʥʳʝ ʨʘʤʢʠ ʠ ʟʘʢʨʝʧʣʷʣʠʩʴ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 21. ʀʩʧʳʪʫʝʤʘʷ 

ʜʣʠʥʘ ʩʦʩʪʘʚʣʷʣʘ 10 ʤʤ. ʉʢʦʨʦʩʪʴ ʨʘʩʪʷʞʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 1 ʤʤ/ʤʠʥ.  
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ʈʠʩʫʥʦʢ 21. ʉʭʝʤʘ ʟʘʢʨʝʧʣʝʥʠʷ ʙʫʤʘʞʥʦʡ ʨʘʤʢʠ ʩ ʚʦʣʦʢʥʦʤ ʚ ʟʘʞʠʤʘʭ ʫʩʪʘʥʦʚʢʠ 

Instron 5944.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʧʨʦʯʥʦʩʪʠ ʦʜʠʥʦʯʥʳʭ ʚʦʣʦʢʦʥ ʙʳʣʠ ʦʙʨʘʙʦʪʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʤʦʜʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ɺʝʡʙʫʣʣʘ 

ʠʩʧʦʣʴʟʫʝʪ ʤʦʜʝʣʴ ʥʘʠʩʣʘʙʝʡʰʝʛʦ ʟʚʝʥʘ [387]. ɹʠʤʦʜʘʣʴʥʳʡ ʟʘʢʦʥ ʧʦ ʬʦʨʤʫʣʝ 6 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʘʣʠʯʠʝ ʜʚʫʭ ʪʠʧʦʚ ʥʝʟʘʚʠʩʠʤʳʭ (ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ) ʩʦʚʦʢʫʧʥʦʩʪʝʡ 

ʜʝʬʝʢʪʦʚ [387,388],  

 

ὖὼ Ὢρ ÅØÐ ρ Ὢ ρ ÅØÐ   (6) 

 

ɻʜʝ P ï ʚʝʨʦʷʪʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ, ů1 ʠ ů2 ï ʧʘʨʘʤʝʪʨʳ ʤʘʩʰʪʘʙʘ (ʥʘʧʨʷʞʝʥʠʝ 

(ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ), ʧʨʠ ʢʦʪʦʨʦʡ ʨʘʟʨʫʰʝʥʠʝ ʙʫʜʝʪ ʩʦʩʪʘʚʣʷʪʴ 63,2%), m1 ʠ 

m2 ï ʧʘʨʘʤʝʪʨʳ ʬʦʨʤʳ (ʤʦʜʫʣʠ ɺʝʡʙʫʣʣʘ), f ï ʜʦʣʷ ʚʦʣʦʢʦʥ ʚ ʚʳʙʦʨʢʝ, ʩʦʜʝʨʞʘʱʠʝ 

ʩʦʚʦʢʫʧʥʦʩʪʴ ʜʝʬʝʢʪʦʚ ʪʦʣʴʢʦ ʦʜʥʦʛʦ ʪʠʧʘ.  
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ɻʃɸɺɸ 4. ʂʆʄʇʃɽʂʉʅʓɽ ʇʆʂʈʓʊʀʗ ʅɸ ʋɻʃɽʈʆɼʅʓʍ ʇʆɼʃʆɾʂɸʍ, 

ʆʉɸɾɼɪʅʅʓɽ ɺ ʇʆʉʃɽɼʆɺɸʊɽʃʔʅʆʉʊʀ çRCVD ʇʆʂʈʓʊʀɽ ʀɿ 

ʊʋɻʆʇʃɸɺʂʀʍ ʉʆɽɼʀʅɽʅʀʁ ʇɽʈɽʍʆɼʅʓʍ ʄɽʊɸʃʃʆɺ (ɻɸʌʅʀʗ ʀ 

ʊɸʅʊɸʃɸ) ï ʀʈʀɼʀɽɺʆɽ ʇʆʂʈʓʊʀɽ, ʇʆʃʋʏɽʅʅʆɽ MOCVD ʄɽʊʆɼʆʄè  

 

ʂʘʢ ʫʧʦʤʠʥʘʣʦʩʴ ʨʘʥʝʝ, ʦʜʥʦʡ ʠʟ ʢʦʥʮʝʧʮʠʡ ʟʘʱʠʪʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ 

ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ 

ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [85,103,104]. ʆʩʥʦʚʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʤʥʦʛʦʩʣʦʡʥʦʡ ʟʘʱʠʪʳ 

ʷʚʣʷʝʪʩʷ ʠʨʠʜʠʡ ʠʣʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, ʢʦʪʦʨʳʝ ʩʦʯʝʪʘʶʪ ʩʚʦʡʩʪʚʘ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ ʜʣʷ ʢʠʩʣʦʨʦʜʘ ʠ ʫʛʣʝʨʦʜʘ, ʘ ʪʘʢʞʝ ʠʤʝʶʪ ʥʠʟʢʫʶ ʩʢʦʨʦʩʪʴ 

ʨʝʮʝʩʩʠʠ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʝ. ʂ ʩʦʞʘʣʝʥʠʶ, ʠʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʠʤʝʶʪ ʩʣʘʙʫʶ 

ʘʜʛʝʟʠʶ ʢ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʜʝʣʘʤʠʥʘʮʠʠ ʧʦʢʨʳʪʠʡ ʦʪ 

ʫʛʣʝʨʦʜʥʦʛʦ ʩʫʙʩʪʨʘʪʘ (ʨʘʟʜʝʣ 1.2.2). ɺ ʨʘʙʦʪʝ [389] ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʙʱʠʝ ʧʦʜʭʦʜʳ ʢ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʶ ʜʝʣʘʤʠʥʘʮʠʠ ʧʦʢʨʳʪʠʡ, ʢʦʪʦʨʳʝ ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 1) 

ʤʠʥʠʤʠʟʘʮʠʷ ʨʘʟʣʠʯʠʡ ʂʊʈ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʝ ʥʘʢʦʧʣʝʥʠʷ ʥʝʩʢʦʤʧʝʥʩʠʨʦʚʘʥʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʧʦʢʨʳʪʠʝ ï ʧʦʜʣʦʞʢʘ; 2) ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʦʢʨʳʪʠʡ ʤʘʣʦʡ ʪʦʣʱʠʥʳ; 3) ʜʦʩʪʠʞʝʥʠʝ ʧʨʦʯʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʧʦʢʨʳʪʠʝʤ ʠ ʧʦʜʣʦʞʢʦʡ. 

ɺ ʢʘʯʝʩʪʚʝ ʚʦʟʤʦʞʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ 

ʩʣʦʷ ʠʟ ʪʫʛʦʧʣʘʚʢʦʛʦ ʢʘʨʙʠʜʘ [85,103,104,389]. ʍʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʥʘ ʛʨʘʥʠʮʘʭ 

MC/C ʠ MC/MIr3, ʠʟʫʯʝʥʥʘʷ ʥʘ ʧʨʠʤʝʨʝ ʩʦʝʜʠʥʝʥʠʡ ʛʘʬʥʠʷ, ʩʧʦʩʦʙʩʪʚʦʚʘʣʘ ʨʘʟʚʠʪʠʶ 

ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʚ ʥʝʩʢʦʣʴʢʠʭ ʨʘʙʦʪʘʭ (ʨʘʟʜʝʣ 1.2.4). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʚʘʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ, ʨʘʩʩʤʦʪʨʝʥʥʘʷ ʥʘʤʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʣʝʢʩʥʳʭ ʧʦʢʨʳʪʠʡ, ʙʳʣʘ 

çRCVD ʧʦʢʨʳʪʠʝ ʠʟ ʢʘʨʙʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ï ʠʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ, ʧʦʣʫʯʝʥʥʦʝ 

ʤʝʪʦʜʦʤ MOCVDè. 

4.1. RCVD ʧʦʢʨʳʪʠʝ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (ʛʘʬʥʠʷ ʠ 

ʪʘʥʪʘʣʘ) ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ  

4.1.1. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Hf ï C ï F  

 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʨʘʟʜʝʣ 3.2.1, ʨʠʩʫʥʦʢ 18ʘ) ʠʩʭʦʜʥʳʝ ʚʝʱʝʩʪʚʘ ʤʝʥʷʣʠ ʮʚʝʪ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʦʪʝʢʘʥʠʠ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ɻʘʬʥʠʝʚʘʷ ʩʪʨʫʞʢʘ ʧʦʯʝʨʥʝʣʘ ʠ 

ʩʪʘʣʘ ʭʨʫʧʢʦʡ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ, ʦʩʥʦʚʥʦʡ ʩʦʩʪʘʚ ʩʪʨʫʞʢʠ ï ʤʦʥʦʢʘʨʙʠʜ ʛʘʬʥʠʷ 

(86 ʤʘʩʩ. %). ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 16, ʚ ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʠʤʝʩʥʳʭ ʬʘʟ ʥʘ 
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ʩʪʨʫʞʢʝ ʦʙʥʘʨʫʞʝʥʳ HfO2 ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʠ Hf ʚ ʢʦʣʠʯʝʩʪʚʝ 6 ʠ 8 ʤʘʩʩ. % 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʨʝʤʥʠʡʩʦʜʝʨʞʘʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʦʪʩʫʪʩʪʚʫʶʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʜʦʩʪʘʪʦʯʥʦʡ ʠʟʦʣʷʮʠʠ ʩʪʝʥʦʢ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ. ʆʙʨʘʟʦʚʘʥʠʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʭ 

ʢʦʣʠʯʝʩʪʚ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2 ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʦʩʪʘʪʦʯʥʦʛʦ 

ʢʠʩʣʦʨʦʜʘ ʠ ʧʘʨʦʚ ʚʦʜʳ ʩ ʤʝʪʘʣʣʦʤ ʚ ʧʨʦʮʝʩʩʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ ʠ 

ʧʨʦʛʨʝʚʘ.  

 

 

ʈʠʩʫʥʦʢ 22. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʛʘʬʥʠʝʚʦʡ ʩʪʨʫʞʢʠ ʧʦʩʣʝ 24 ʯ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

 

ʋʛʣʝʨʦʜʥʘʷ ʧʦʜʣʦʞʢʘ, ʧʦʤʝʱʸʥʥʘʷ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʟʦʥʫ ʤʝʥʷʝʪ ʮʚʝʪ ʩ ʯʸʨʥʦʛʦ ʥʘ 

ʩʝʨʝʙʨʠʩʪʦ-ʩʝʨʳʡ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ, ʧʦʢʨʳʪʠʝ ʩʝʨʝʙʨʠʩʪʦ-ʩʝʨʦʛʦ ʮʚʝʪʘ ʥʘ 

ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʘʨʙʠʜ ʛʘʬʥʠʷ (ʨʠʩʫʥʦʢ 23). ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʚʨʝʤʝʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ 24 ʜʦ 36 ʯ ʩʦʩʪʘʚ ʧʦʢʨʳʪʠʷ ʠʟʤʝʥʷʝʪʩʷ ʦʪ HfC0.98 ʜʦ HfC0.80. 

(ʨʠʩʫʥʦʢ 23).  
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ʈʠʩʫʥʦʢ 23. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʝʢ ʜʦ ʠ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. 

 

ɺ ʭʦʣʦʜʥʳʭ ʟʦʥʘʭ ʨʝʘʢʪʦʨʘ ʦʩʘʞʜʘʣʩʷ ʢʦʥʜʝʥʩʘʪ ʚ ʚʠʜʝ ʙʝʣʦʛʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʥʘʣʸʪʘ, ʫʩʪʦʡʯʠʚʳʡ ʥʘ ʚʦʟʜʫʭʝ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 24), ʢʦʥʜʝʥʩʘʪ ʩʦʩʪʦʠʪ 

ʠʟ ʤʦʥʦʢʣʠʥʥʦʡ (87 %) ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ (13 %) ʤʦʜʠʬʠʢʘʮʠʡ HfF4. ʄʘʣʦʠʥʪʝʥʩʠʚʥʳʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʨʝʬʣʝʢʩʳ (2 Ū å 21.9, 27.2, 27.8, 35.2, 35.7Á) ʤʦʛʫʪ ʦʪʥʦʩʠʪʴʩʷ ʢ HfOF2, 

ʦʙʨʘʟʫʶʱʝʤʫʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʘʩʪʠʯʥʦʛʦ ʛʠʜʨʦʣʠʟʘ ʪʝʪʨʘʬʪʦʨʠʜʘ ʛʘʬʥʠʷ [390]. ʉʣʝʜʫʝʪ 

ʦʩʦʙʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʥʘʣʠʯʠʝ ʚ ʩʦʩʪʘʚʝ ʢʦʥʜʝʥʩʘʪʘ ʪʝʪʨʘʬʪʦʨʠʜʘ ʛʘʬʥʠʷ, ʘ ʪʘʢʞʝ 

ʦʪʩʫʪʩʪʚʠʝ ʩʠʣʠʮʠʜʦʚ ʛʘʬʥʠʷ ʚ ʟʦʥʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʛʘʬʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʜʦʩʪʘʪʦʯʥʦʡ ʠʟʦʣʷʮʠʠ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ.  
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ʈʠʩʫʥʦʢ 24. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʢʦʥʜʝʥʩʘʪʘ ʧʦʩʣʝ 24 ʯ ɻʢʩʧʝʨʠʤʝʥʪʘ. 

ɼʘʥʥʳʝ ʧʦ HfOF2 ʚʟʷʪʳ ʠʟ ʨʘʙʦʪʳ [390] 

 

ʆʙʨʘʟʦʚʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʡ ʚ ʨʘʟʣʠʯʥʳʭ ʯʘʩʪʷʭ ʨʝʘʢʪʦʨʘ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ 

ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʌʦʨʤʠʨʦʚʘʥʠʝ HfC ʚ ʟʦʥʝ ñHfò 

ʩʚʷʟʘʥʦ ʩ ʥʘʯʘʣʴʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ CF4 ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʛʘʬʥʠʝʤ ʧʦ ʨʝʘʢʮʠʠ 47 (ʂʨ 

ʫʢʘʟʘʥʘ ʜʣʷ 1300ʂ ʠ ʨʘʩʩʯʠʪʘʥʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ɻʣʘʚʳ 2): 

Hf(ʪʚ) + CF4(ʛ) = HfC(ʪʚ) +HfF4(ʛ)   Kp ~1Ā1025 (47) 

ɼʘʣʴʥʝʡʰʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ HfF4 ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʛʘʬʥʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ ʩ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʦʥʦʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʠ HfF4 ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʨʝʘʢʮʠʷʤʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ ʨʘʟʜʝʣʝ 2.1.2. (ʨʝʘʢʮʠʠ 25 ʠ 26).  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʧʦʢʨʳʪʠʷ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʥʦ ʩʦʩʪʦʠʪ ʠʟ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʨʘʟʤʝʨʦʤ 100 ï 200 ʥʤ ʚʳʪʷʥʫʪʳʭ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ 

(ʨʠʩʫʥʦʢ 25 ʘ,ʙ). ʅʘ ʥʝʢʦʪʦʨʳʭ ʫʯʘʩʪʢʘʭ ʧʦʢʨʳʪʠʷ ʵʪʠ ʢʨʠʩʪʘʣʣʳ ʩʦʙʨʘʥʳ ʚ ʜʦʚʦʣʴʥʦ 

ʢʨʫʧʥʳʝ ʘʛʨʝʛʘʪʳ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ ʨʘʟʤʝʨʦʤ 1 ï 2 ʤʢʤ (ʨʠʩʫʥʦʢ 25 ʘ). ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ 
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ʩʦʩʪʘʚʣʷʝʪ ~ 800 ʥʤ. ɸʥʘʣʠʟ ʩʝʯʝʥʠʷ ʧʦʢʨʳʪʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʥʦ ʙʝʩʧʦʨʠʩʪʦʝ (ʨʠʩʫʥʦʢ 

25 ʙ).  

ʇʦ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʩʝʪʢʠ ʪʨʝʱʠʥ. ʇʦʷʚʣʝʥʠʝ ʪʨʝʱʠʥ ʚ 

ʢʘʨʙʠʜʥʦʤ ʧʦʢʨʳʪʠʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʨʘʟʣʠʯʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ (~7Ā10-6 ʂ-1) ʠ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ (~2Ā10-6 ʂ-1) [3,87]. ʇʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʚ ʢʘʨʙʠʜʥʦʤ ʧʦʢʨʳʪʠʠ ʚʦʟʥʠʢʘʶʪ ʥʘʧʨʷʞʝʥʠʷ ʨʘʩʪʷʞʝʥʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ 

ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ.  

 

  

ʈʠʩʫʥʦʢ 25. ʄʦʨʬʦʣʦʛʠʷ HfC ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ: ʘ ï 

ʧʦʚʝʨʭʥʦʩʪʴ, ʙ ï ʩʝʯʝʥʠʝ. 

ʈʝʟʫʣʴʪʘʪʳ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [364,365,367ï369]. 

 

4.1.2. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Hfï C ï Si ï O ï F 

ʇʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʷ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ 

 

ɺ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʦʩʫʱʝʩʪʚʣʸʥʥʦʛʦ ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʢʦʪʦʨʘʷ ʦʧʠʩʘʥʘ ʚ 

ʨʘʟʜʝʣʝ 3.2.1 ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 18ʙ, ʫʛʣʝʨʦʜʥʘʷ ʧʦʜʣʦʞʢʘ ʤʝʥʷʝʪ ʮʚʝʪ ʥʘ 

ʩʝʨʝʙʨʠʩʪʦ-ʩʝʨʳʡ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩʠʩʪʝʤʳ Hf ï C ï F. ʇʦ ʜʘʥʥʳʤ ʈʌɸ ʥʘ ʧʦʜʣʦʞʢʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʢʨʳʪʠʝ, ʩʦʩʪʦʷʱʝʝ ʠʟ HfC ʬʘʟʳ (ʨʠʩʫʥʦʢ 26).  
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ʈʠʩʫʥʦʢ 26. ʈʌɸ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ ʩ HfC ʧʦʢʨʳʪʠʝʤ 

 

ɻʘʬʥʠʝʚʘʷ ʩʪʨʫʞʢʘ ʧʦʩʣʝ ʨʝʘʢʮʠʠ ʧʨʠʦʙʨʝʪʘʝʪ ʪʸʤʥʦ-ʩʝʨʳʡ ʮʚʝʪ ʠ ʩʪʘʥʦʚʠʪʩʷ 

ʭʨʫʧʢʦʡ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʘʥʥʳʤʠ ʈʌɸ ʥʘ ʥʝʡ ʦʙʥʘʨʫʞʝʥʳ ʬʘʟʳ HfSi (90% ʠ ʙʦʣʝʝ), 

HfC ʠ HfO2 ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ (ʨʠʩʫʥʦʢ 27). ʇʨʠʩʫʪʩʪʚʠʝ ʬʘʟʳ HfC ʥʘ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʞʢʝ ʦʙʲʷʩʥʷʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠʩʭʦʜʥʦʛʦ ʛʘʟʦʦʙʨʘʟʥʦʛʦ CF4 ʩ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʛʘʬʥʠʝʤ ʧʦ ʨʝʘʢʮʠʠ, ʘʥʘʣʦʛʠʯʥʦʡ ʨʝʘʢʮʠʠ 47. ʌʦʨʤʠʨʦʚʘʥʠʝ ʩʠʣʠʮʠʜʘ ʠ 

ʜʠʦʢʩʠʜʘ ʛʘʬʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʭʠʤʠʯʝʩʢʦʤ ʪʨʘʥʩʧʦʨʪʝ ʢʨʝʤʥʠʷ ʠ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ 

ʛʘʟʦʚʫʶ ʬʘʟʫ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʨʘʟʜʝʣ 2.2.2 ʠ ʇʨʠʣʦʞʝʥʠʝ 1). ɹʨʫʪʪʦ-ʨʝʘʢʮʠʶ 42, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʚ 

ʨʘʟʜʝʣʝ 2.2.2, ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ, ʢʘʢ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ-ʧʘʨʘʣʣʝʣʴʥʳʝ ʩʦʧʨʷʞʸʥʥʳʝ 

ʨʝʘʢʮʠʠ 48 ï 50. ʆʙʨʘʟʫʶʱʠʝʩʷ ʯʘʩʪʠʮʳ SiF4 ʠ SiOF2 ʜʠʬʬʫʥʜʠʨʫʶʪ ʢ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ 

ʛʘʬʥʠʶ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ ʚʩʪʫʧʘʶʪ ʚ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ 45,46 (ʨʘʟʜʝʣ 2.2.2) ʠ 51. 

ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ HfO2 ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F ʧʨʦʠʩʭʦʜʠʪ 

ʚʩʣʝʜʩʪʚʠʝ ʨʘʩʧʘʜʘ ʤʘʣʦʫʩʪʦʡʯʠʚʦʛʦ HfOF2 (ʨʝʘʢʮʠʠ 43 ʠ 46). 

 

SiO2(ʪʚ) + HfF4(ʛ) = SiOF2(ʛ) + HfOF2(ʛ)   Kp = 1.5Ā10-16 (48) 

SiOF2(ʛ) +HfF4(ʛ) = SiF4(ʛ) + HfOF2(ʛ)   Kp ~ 103  (49) 

2SiOF2(ʛ) = SiF4(ʛ) + SiO2(ʪʚ)    Kp = 3.3Ā1013  (50) 
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Hf(ʪʚ) + SiF4(ʛ) = HfSi(ʪʚ) + HfF4(ʛ)    Kp = 1.1Ā109  (51) 

 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʜʠʦʢʩʠʜʘ ʛʘʬʥʠʷ ʧʨʠ ʪʘʢʠʭ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʘʢ 1000Áʉ ʩʦʦʙʱʘʣʦʩʴ ʨʘʥʝʝ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ [391ï393] 

ʇʦʣʘʛʘʶʪ, ʯʪʦ ʩʪʘʙʠʣʠʟʘʮʠʷ ʵʪʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴʩʷ ʤʘʣʳʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ.  

 

 

ʈʠʩʫʥʦʢ 27. ʈʌɸ ʧʨʦʜʫʢʪʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʥʘ ʤʝʩʪʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʛʘʬʥʠʷ ʧʦʩʣʝ 

ʨʝʘʢʮʠʠ. 

 

ʄʦʨʬʦʣʦʛʠʷ ʧʦʢʨʳʪʠʷ ʩʭʦʞʘ ʩ ʪʘʢʦʚʦʡ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʩʠʩʪʝʤʝ Hf ï 

C ï F (ʨʠʩʫʥʦʢ 28). ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʬʦʨʤʠʨʫʶʪʩʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʥʝʧʦʨʠʩʪʳʝ ʩʣʦʠ ʢʘʨʙʠʜʘ (ʨʠʩʫʥʦʢ 28 ʘ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʦʪʩʣʦʝʥʠʝ ʧʦʢʨʳʪʠʷ (ʨʠʩʫʥʦʢ 23 ʙ,ʚ). ʊʦʣʱʠʥʘ ʩʣʦʷ ʜʦʩʪʠʛʘʝʪ 1 ʤʢʤ.  
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ʈʠʩʫʥʦʢ 28. ʄʦʨʬʦʣʦʛʠʷ HfC ʧʦʢʨʳʪʠʷ ʧʦʩʣʝ 24 ʯ (ʘ) ʠ 48 ʯ (ʙ) ʵʢʩʧʝʨʠʤʝʥʪʘ; ʚ ï 

ʨʘʩʩʣʦʝʥʠʝ ʧʦʢʨʳʪʠʷ. 

 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʦʩʘʞʜʝʥʠʝ ʙʝʣʦʛʦ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʦʥʜʝʥʩʘʪʘ ʥʘ ʩʪʝʥʢʘʭ 

ʘʤʧʫʣʳ. ʇʨʠ ʵʪʦʤ, ʢʦʥʜʝʥʩʘʪ çʧʨʦʨʘʩʪʘʝʪè ʚ ʩʪʝʥʢʠ ʘʤʧʫʣʳ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ 

ʘʢʪʠʚʥʳʭ ʧʨʦʮʝʩʩʘʭ ʪʨʘʚʣʝʥʠʷ (ʨʠʩʫʥʦʢ 29 ʘ). ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 29 ʙ), 

ʢʦʥʜʝʥʩʘʪ ʩʦʩʪʦʠʪ ʠʟ HfO2 ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ (~33%) ʠ HfSiO4 (~67%). 

ʆʙʨʘʟʦʚʘʥʠʝ HfO2 ʠ ʩʠʣʠʢʘʪʘ ʛʘʬʥʠʷ ʧʦʜʪʚʝʨʞʜʘʝʪ ʨʝʟʫʣʴʪʘʪʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠ,̫ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʇʨʠʣʦʞʝʥʠʠ 1. 
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ʈʠʩʫʥʦʢ 29. ʉʕʄ (ʘ) ʠ ʈʌɸ (ʙ) ʢʦʥʜʝʥʩʘʪʘ, ʬʦʨʤʠʨʫʶʱʝʛʦʩʷ ʥʘ ʢʚʘʨʮʝʚʦʤ ʩʪʝʢʣʝ.  

 

 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ m-HfO2 ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F 

 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʤʝʞʜʫ ʩʪʝʥʢʘʤʠ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʳ ʠ ʧʘʪʨʦʥʦʤ ʠʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʛʘʬʥʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2. ʂʨʠʩʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʟʨʘʯʥʳʝ 

ʙʝʩʮʚʝʪʥʳʝ ʧʣʘʩʪʠʥʢʠ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 150 ʤʢʤ, ʜʦʩʪʠʛʘʶʱʠʝ ʚ ʜʣʠʥʫ ʜʦ 2 ʩʤ (ʨʠʩʫʥʦʢ 

30).  

 

 

ʈʠʩʫʥʦʢ 30. ʌʦʪʦʛʨʘʬʠʷ ʧʨʦʟʨʘʯʥʦʛʦ ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʢʨʠʩʪʘʣʣʘ ʤʦʥʦʢʣʠʥʥʦʛʦ ʜʠʦʢʩʠʜʘ ʛʘʬʥʠʷ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F.  
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ʉʦʛʣʘʩʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʦʙʨʘʟʦʚʘʥʠʝ HfO2 ʚ ʟʦʥʘʭ ñSiO2ò 

ʠ ñHfò ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʩʧʘʜʦʤ ʦʢʩʠʬʪʦʨʠʜʘ HfOF2 ʥʘ HfO2 ʠ HfF4 ʧʦ ʨʝʘʢʮʠʷʤ 43 ʠ 46, 

ʠʤʝʶʱʠʤ ʦʜʠʥʘʢʦʚʫʶ ʚʝʣʠʯʠʥʫ Kp.  

ʈʌɸ ʨʘʩʪʸʨʪʳʭ ʧʣʘʩʪʠʥʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʥʠ ʩʦʩʪʦʷʪ ʠʟ ʬʘʟʳ 

ʤʦʥʦʢʣʠʥʥʦʛʦ ʜʠʦʢʩʠʜʘ ʛʘʬʥʠʷ (ʨʠʩʫʥʦʢ 31ʘ). ʈʦʩʪ ʧʣʘʩʪʠʥʦʢ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ [001] (ʨʠʩʫʥʦʢ 31ʙ). ʉʲʸʤʢʘ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʤ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ (ʧʨʦʚʝʜʝʥʦ ʚ ʀʅʍ ʉʆ ʈɸʅ ʇʠʨʷʟʝʚʳʤ ɼ.ɸ.) ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʣʘʩʪʠʥʯʘʪʳʝ 

ʢʨʠʩʪʘʣʣʳ ʠʤʝʶʪ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ (ʨʠʩʫʥʦʢ 31 ʚ) 

 

  

 

ʈʠʩʫʥʦʢ 31. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ m-HfO2: 

(a) ï ʧʦʨʦʰʦʢ ʨʘʩʪʸʨʪʳʭ ʧʣʘʩʪʠʥʦʢ; (ʙ) ï ʧʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʩʥʷʪʘʷ 

ʧʨʠ ʚʨʘʱʝʥʠʠ ʦʙʨʘʟʮʘ; (ʚ) ï ʣʘʫʵʛʨʘʤʤʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ 30 ʢɺ, 50 ʤɸ. ɿʝʣʸʥʳʝ ʢʨʫʞʢʠ 

ï ʧʦʟʠʮʠʠ ʨʝʬʣʝʢʩʦʚ hk3 ʜʣʷ m-HfO2.  
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ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʷʚʣʷʝʪʩʷ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ 

ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʤʦʥʦʢʣʠʥʥʦʡ, ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʠ ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʡ ʜʠʦʢʩʠʜʘ 

ʛʘʬʥʠʷ [394]. ʂʈ ʩʧʝʢʪʨʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 32. ɺʩʝ ʥʘʙʣʶʜʘʝʤʳʝ ʯʘʩʪʦʪʳ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʦʣʦʩʘʤ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2, ʦʧʠʩʘʥʥʳʤ ʚ ʣʠʪʝʨʘʪʫʨʝ [395ï397].  

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʜʘʥʥʳʭ ʈʉɸ ʠ ʂʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ 

ʠʤʝʶʪ ʦʜʥʦʨʦʜʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʷʚʣʷʶʪʩʷ ʤʦʥʦʢʨʠʩʪʘʣʣʘʤʠ.  

 

 

ʈʠʩʫʥʦʢ 32. ʂʈ ʩʧʝʢʪʨʳ ʧʣʘʩʪʠʥʦʢ HfO2. ɼʣʠʥʘ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 

1064 ʥʤ ʠ 488 ʥʤ. 

 

ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʤʘʩʩ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʣʘʟʝʨʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʠʦʥʦʚ (ʕʄɸʃ-2, ʀʅʍ ʉʆ ʈɸʅ), ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʳ 

ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʯʠʩʪʦʪʫ ʥʝ ʤʝʥʝʝ 99,99%. ʆʩʥʦʚʥʳʤʠ ʧʨʠʤʝʩʷʤʠ ʷʚʣʷʶʪʩʷ: C (7Ā10-4 %), 

F (2Ā10-3 %), Na (2Ā10-3 %), Mg (1Ā10-3 %), Si (5Ā10-3 % (ʤʘʩʩ.)). ʇʦʷʚʣʝʥʠʝ ʥʘʪʨʠʷ ʠ ʤʘʛʥʠʷ 

ʚ ʩʦʩʪʘʚʝ ʢʨʠʩʪʘʣʣʦʚ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʦʥʠ ʚʭʦʜʷʪ ʚ ʩʦʩʪʘʚ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ, ʢʦʪʦʨʦʝ 

ʧʨʠʥʠʤʘʝʪ ʫʯʘʩʪʠʝ ʚ ʨʝʘʢʮʠʷʭ ʧʝʨʝʥʦʩʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ. ʆʨʠʝʥʪʠʨʦʚʘʥʥʳʝ 
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ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2 ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ ʧʨʠ ʪʘʢʦʡ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʢʘʢ 

1000Áʉ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚʧʝʨʚʳʝ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʘʪʝʥʪʦʤ ʈʌ ˉ2631080 [398].  

ʆʩʦʙʝʥʥʦʩʪʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʢʣʠʥʥʦʛʦ ʜʠʦʢʩʠʜʘ ʛʘʬʥʠʷ ʤʦʞʥʦ ʧʨʦʩʣʝʜʠʪʴ, 

ʠʟʫʯʘʷ ʤʦʨʬʦʣʦʛʠʶ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʘʢ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ ʷʚʣʷʝʪʩʷ 

ʨʘʟʚʠʪʦʡ, ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʪʫʧʝʥʠ ʨʦʩʪʘ (ʨʠʩʫʥʦʢ 33). ʉʪʫʧʝʥʠ ʨʦʩʪʘ ʨʘʩʧʦʣʘʛʘʶʪʩʷ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʧʘʨʘʣʣʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʶ [001] ʠ ʥʝ ʠʤʝʶʪ ʯʝʪʢʦʡ ʬʦʨʤʳ. ɺʝʨʦʷʪʥʦ, 

ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʦʩʪʘ, ʥʘ ʢʦʪʦʨʳʡ ʚʣʠʷʶʪ ʧʨʠʤʝʩʠ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʚ ʥʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʦʙʣʘʩʪʝʡ ʩʧʠʨʘʣʴʥʦʛʦ ʨʦʩʪʘ (ʧʨʠʟʥʘʢʦʚ ʫʯʘʩʪʠʷ 

ʚʠʥʪʦʚʳʭ ʜʠʩʣʦʢʘʮʠʡ). ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʨʦʩʪ ʧʣʘʩʪʠʥʯʘʪʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʨʠʩʦʝʜʠʥʝʥʠʝʤ ʘʪʦʤʦʚ ʢ ʩʪʫʧʝʥʷʤ ʨʦʩʪʘ 

[399]. ʊʘʢʞʝ, ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʛʨʘʥʷʭ ʢʨʠʩʪʘʣʣʘ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ, ʪʘʢ 

ʥʘʟr ʚʘʝʤʳʝ, ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ ʚʦʣʥʳ ï ʚʦʣʥʳ ʧʣʦʪʥʦʩʪʠ ʩʪʫʧʝʥʝʡ (ʨʠʩʫʥʦʢ 33 ʙ). 

ʉʦʛʣʘʩʥʦ ʩʦʚʨʝʤʝʥʥʳʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ ʦ ʨʦʩʪʝ ʢʨʠʩʪʘʣʣʦʚ, ʥʘʙʣʶʜʝʥʠʝ ʚʦʣʥ ʧʣʦʪʥʦʩʪʠ 

ʩʪʫʧʝʥʝʡ ʨʦʩʪʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ [399,400]. ʂʠʥʝʤʘʪʠʯʝʩʢʠʝ 

ʚʦʣʥʳ ʦʩʦʙʝʥʥʦ ʦʪʯʸʪʣʠʚʦ ʚʠʜʥʳ ʚ ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʩʚʝʪʝ (ʈʠʩʫʥʦʢ 34).  

 

  

ʈʠʩʫʥʦʢ 33. ʉʕʄ ʩʥʠʤʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ m-HfO2: ʘ ï ʩʪʫʧʝʥʠ ʨʦʩʪʘ, ʙ ï 

ʢʠʥʝʤʘʪʠʯʝʩʢʠʝ ʚʦʣʥʳ. ʆʨʠʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [001]. 

 



96 
 

  

ʈʠʩʫʥʦʢ 34. ʆʧʪʠʯʝʩʢʠʝ ʩʥʠʤʢʠ ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʩʚʝʪʝ. 

 

ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʣʘʩʪʠʥʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, 

ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʠʤʝʶʪ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʫʶ ʧʨʦʟʨʘʯʥʦʩʪʴ ʚ ʜʠʘʧʘʟʦʥʝ ~ 250 ï 800 ʥʤ 

(ʨʠʩʫʥʦʢ 35). ɺ ʦʙʣʘʩʪʠ 210 ï 230 ʥʤ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʩʠʣʴʥʦʝ ʧʦʛʣʦʱʝʥʠʝ, ʯʪʦ ʩʚʷʟʘʥʦ 

ʩ ʥʘʣʠʯʠʝʤ ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ. ʄʝʪʦʜʦʤ ʊʘʫʢʘ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʜʚʘ ʪʠʧʘ ʧʝʨʝʭʦʜʦʚ ï 

ʧʨʷʤʦʡ ʨʘʟʨʝʰʸʥʥʳʡ (direct allowed) ʧʨʠ 5,89 ʵɺ ʠ ʥʝʧʨʷʤʦʡ ʨʘʟʨʝʰʸʥʥʳʡ (indirect 

allowed) 5,54 ʵɺ [401ï404]. 

 

 

ʈʠʩʫʥʦʢ 35. ʉʧʝʢʪʨ ʧʨʦʧʫʩʢʘʥʠʷ ʚ ʚʠʜʠʤʦʡ ʠ ʋʌ ʦʙʣʘʩʪʠ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ m-HfO2 ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ [001]. 
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ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2 ʷʚʣʷʝʪʩʷ 

ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ ʚ ʚʠʜʠʤʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʋʌ 

ʠʟʣʫʯʝʥʠʝʤ (ʨʠʩʫʥʦʢ 36). ʆʪʤʝʯʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʨʠ 

~ 2.7 ɻ ɺ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʩʠʥʝʤʫ ʩʚʝʪʫ, ʚ ʩʣʫʯʘʝ ʚʦʟʙʫʞʜʝʥʠʷ ʋʌ ʠʟʣʫʯʝʥʠʝʤ ʩ ʜʣʠʥʦʡ 

ʚʦʣʥʳ 4,43 ɻ ɺ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʵʥʝʨʛʠʠ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʜʦ 5,17 ʵɺ, ʢʨʠʩʪʘʣʣʳ 

ʥʘʯʠʥʘʶʪ ʩʚʝʪʠʪʴʩʷ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʩ ʥʘʠʙʦʣʴʰʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʧʨʠ ~2.0 

ʵɺ.  

 

  

 

ʈʠʩʫʥʦʢ 36. ʃʶʤʠʥʝʩʮʝʥʮʠʷ ʢʨʠʩʪʘʣʣʦʚ m-HfO2: ʘ ï ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʋʌ ʩʚʝʪʦʤ ʩ 

ʜʣʠʥʦʡ ʚʦʣʥʳ 4.43 ʵɺ, ʙ ï ʧʨʠ ʚʦʟʙʫʞʜʝʥʠʠ ʋʌ ʩʚʝʪʦʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 5.17 ʵɺ. 

 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʯʸʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʙʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʦʙʲʷʩʥʝʥʠʝ ʥʘʙʣʶʜʘʝʤʦʤʫ ʷʚʣʝʥʠʶ. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʟʘ ʩʚʝʯʝʥʠʝ ʚ ʩʠʥʝʡ 

ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʦʪʚʝʪʩʪʚʝʥʥʳ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʦʜʥʦʟʘʨʷʞʝʥʥʳʝ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ 

[405]. ʉʚʝʯʝʥʠʝ ʚ ʢʨʘʩʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʭʦʜʦʤ ʠʟ 1D ʚ 3P 

ʩʦʩʪʦʷʥʠʝ ʘʪʦʤʘʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ, ʢʦʪʦʨʳʡ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʤʦʞʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ ʠʣʠ ʚ ʤʝʞʜʦʫʟʣʠʷʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʦʙʣʫʯʝʥʠʠ 

ʞʸʩʪʢʠʤ ʋʌ ʩʚʝʪʦʤ [406,407].  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ [328,367,375ï378], ʘ ʪʘʢʞʝ ʙʳʣ ʧʦʣʫʯʝʥ 

ʧʘʪʝʥʪ ʈʌ ˉ 2631080 çʉʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2è [398]. 

 

4.1.3. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Taï C ï F 
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ʇʦʣʫʯʝʥʠʝ ʧʦʢʨʳʪʠʷ ʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ 

 

ɺ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʦʩʫʱʝʩʪʚʣʝʥʥʦʛʦ ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 

3.2.1 ʠ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 18 ʘ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʞʢʘ 

ʧʦʤʝʥʷʣʘ ʮʚʝʪ ʥʘ ʟʦʣʦʪʠʩʪʳʡ ʩ ʯʸʨʥʳʤʠ ʚʢʨʘʧʣʝʥʠʷʤʠ ʠ ʩʪʘʣʘ ʭʨʫʧʢʦʡ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʦʪʝʢʘʥʠʠ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ʉʦʛʣʘʩʥʦ ʈʌɸ, ʩʪʨʫʞʢʘ ʩʦʩʪʦʠʪ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʠʟ TaC (>90%). ʊʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʡ ʪʘʥʪʘʣ. 

ʂʨʝʤʥʠʡʩʦʜʝʨʞʘʱʠʝ ʢʦʤʧʦʥʝʥʪʳ ʦʪʩʫʪʩʪʚʫʶʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʜʦʩʪʘʪʦʯʥʦʡ 

ʠʟʦʣʷʮʠʠ ʢʚʘʨʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ ʠ ʧʨʠʙʣʠʞʝʥʠʠ ʫʩʣʦʚʠʡ ʢ ʩʠʩʪʝʤʝ Ta ï C ï F.  

ʋʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʪʘʢʞʝ ʤʝʥʷʶʪ ʮʚʝʪ ʩ ʯʸʨʥʦʛʦ ʥʘ ʟʦʣʦʪʠʩʪʳʡ ʠʣʠ 

ʩʝʨʝʙʨʠʩʪʳʡ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 

37ʘ), ʚ ʩʦʩʪʘʚʝ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʧʨʠ 12 ʠ 24 ʯʘʩʘʭ ʵʢʩʧʦʟʠʮʠʠ ʥʘʨʷʜʫ ʩ TaC 

ʧʨʠʩʫʪʩʪʚʫʝʪ Ta2C, ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʨʠʜʘʸʪ ʧʦʢʨʳʪʠʷʤ ʩʝʨʝʙʨʠʩʪʦ-ʩʝʨʳʡ ʮʚʝʪ. ʉʦʩʪʘʚ 

ʤʦʥʦʢʘʨʙʠʜʘ ʙʳʣ ʦʮʝʥʝʥ ʜʣʷ 6, 12, 24 ʠ 36 ʯʘʩʦʚ ʢʘʢ TaC0.96, TaC0.87, TaC0.86, TaC1.0, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʩʤ. ʨʘʟʜʝʣ 3.3.2 ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ). ʉʣʝʜʫʝʪ ʥʘʧʦʤʥʠʪʴ, ʯʪʦ ʩʦʩʪʘʚ 

ʧʦʢʨʳʪʠʡ ʠʟ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʪʘʢʞʝ ʩʜʚʠʛʘʣʩʷ ʢ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʵʢʩʧʦʟʠʮʠʠ (ʨʘʟʜʝʣ 4.1.1). ʆʙʨʘʟʝʮ ʜʣʷ 36 ʯʘʩʦʚ ʵʢʩʧʦʟʠʮʠʠ 

ʚʳʙʠʚʘʝʪʩʷ ʠʟ ʨʷʜʘ, ʯʪʦ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʧʦʪʝʨʝʡ ʧʝʥʪʘʬʪʦʨʠʜʘ ʪʘʥʪʘʣʘ ʚʩʣʝʜʩʪʚʠʝ 

ʦʩʘʞʜʝʥʠʷ ʥʘ ʭʦʣʦʜʥʳʭ ʢʦʥʮʘʭ ʨʝʘʢʪʦʨʘ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ SiO2 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ TaOF3, 

ʯʪʦ ʥʘʨʫʰʘʝʪ ʠ ʟʘʤʝʜʣʷʝʪ ʪʨʘʥʩʧʦʨʪʥʳʡ ʧʨʦʮʝʩʩ ʠ ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʚʥʠʚʘʥʠʶ ʩʦʩʪʘʚʘ ʜʦ 

ʚʝʨʭʥʝʡ ʛʨʘʥʠʮʳ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʚʩʣʝʜʩʪʚʠʝ ʜʠʬʬʫʟʠʠ ʪʘʥʪʘʣʘ ʚʛʣʫʙʴ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʠ.  

ʉʥʠʤʢʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʨʠʩʫʥʦʢ 37 ʙ) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʧʦʣʫʯʘʶʱʠʝʩʷ ʢʘʨʙʠʜʥʳʝ ʧʦʢʨʳʪʠʷ ʩʦʩʪʦʷʪ ʠʟ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʆʪʜʝʣʴʥʦ 

ʥʘʙʣʶʜʘʶʪʩʷ ʛʣʦʙʫʣʳ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʨʙʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʪʘʢʞʝ ʬʦʨʤʠʨʫʶʪʩʷ ʩʝʪʢʠ 

ʪʨʝʱʠʥ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩʠʩʪʝʤ ʩ ʛʘʬʥʠʝʤ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʨʘʟʥʠʮʝʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ ʠ ʢʘʨʙʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ.  
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ʈʠʩʫʥʦʢ 37. ʈʌɸ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ (ʘ) ʠ ʜʝʪʘʣʠ ʤʦʨʬʦʣʦʛʠʠ ʢʘʨʙʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ 

(ʙ). 

 

ʅʘ ʭʦʣʦʜʥʳʭ ʯʘʩʪʷʭ ʨʝʘʢʪʦʨʘ ʦʩʘʞʜʘʣʩʷ ʢʦʥʜʝʥʩʘʪ ʥʝʩʢʦʣʴʢʠʭ ʨʘʟʥʳʭ ʪʠʧʦʚ. ʅʘ 

ʨʘʩʩʪʦʷʥʠʠ ʧʨʠʤʝʨʥʦ 40 ʩʤ ʦʪ ʮʝʥʪʨʘ (ʚ ʥʘʠʙʦʣʝʝ ʭʦʣʦʜʥʦʡ ʦʙʣʘʩʪʠ) ʥʘʙʣʶʜʘʣʦʩʴ 

ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʫʧʥʳʭ ʧʨʦʟʨʘʯʥʳʭ ʙʝʩʮʚʝʪʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʢʦʪʦʨʳʝ, ʧʦʩʣʝ ʚʩʢʨʳʪʠʷ 

ʨʝʘʢʪʦʨʘ, ʥʘʯʠʥʘʣʠ ʤʝʜʣʝʥʥʦ çʨʘʩʧʣʳʚʘʪʴʩʷè ʥʘ ʚʦʟʜʫʭʝ (ʨʠʩʫʥʦʢ 38). ʅʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʢʨʠʩʪʘʣʣʦʚ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʠʥʪʝʥʩʠʚʥʳʭ ʫʟʢʠʭ ʨʝʬʣʝʢʩʦʚ ʚ 

ʤʘʣʳʭ ʫʛʣʘʭ 2 Ū (11.0, 19.8, 20,5, 21,6 ʠ 22,2Á), ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʦʪʥʝʩʝʥʳ ʢ ʬʘʟʝ TaF5. 

ʀʥʪʝʥʩʠʚʥʳʝ ʫʰʠʨʝʥʥʳʝ ʨʝʬʣʝʢʩʳ 17,3 ʠ 24,6Á ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʚʦʟʤʦʞʥʦʤ ʯʘʩʪʠʯʥʦʤ 

ʛʠʜʨʦʣʠʟʝ TaF5, ʢʦʪʦʨʳʡ, ʩʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [408] ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 

ʥʘʙʣʶʜʝʥʠʷʤ, ʙʳʩʪʨʦ ʧʨʦʪʝʢʘʝʪ ʥʘ ʚʦʟʜʫʭʝ.  
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ʈʠʩʫʥʦʢ 38. ʈʌɸ ʢʦʥʜʝʥʩʘʪʘ ʚ ʚʠʜʝ ʙʝʩʮʚʝʪʥʳʭ ʧʨʦʟʨʘʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ 

 

ʉʦʛʣʘʩʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʤʫ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʦʙʨʘʟʦʚʘʥʠʝ TaF5 ʧʨʦʠʩʭʦʜʠʪ 

ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ CF4 ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʘʥʪʘʣʦʤ ʧʦ ʨʝʘʢʮʠʠ 52. Kp ʨʝʘʢʮʠʠ 

ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʚʝʣʠʯʠʥʫ, ʪʘʢ ʢʘʢ ʚ ʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʷ CF4 ʚ ʟʦʥʝ ñTaò 

ʥʝ ʧʨʝʚʳʰʘʝʪ 10-27 ʪʦʨʨ ʧʨʠ 1300 ʂ ʠ 1000 ʪʦʨʨ. 

14Ta(ʪʚ) + 5CF4(ʛ) = 5Ta2C(ʪʚ) +4TaF5(ʛ)  Kp ~10150 (52) 

ɼʘʣʴʥʝʡʰʠʡ ʧʨʦʮʝʩʩ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʨʝʘʢʮʠʷʤʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ ʨʘʟʜʝʣʝ 2.1.1 (ʨʝʘʢʮʠʠ 22 ʠ 23). ʉʦʛʣʘʩʥʦ ʨʝʘʢʮʠʷʤ, ʧʝʥʪʘʬʪʦʨʠʜ 

ʪʘʥʪʘʣʘ ʯʘʩʪʠʯʥʦ ʨʝʘʛʠʨʫʝʪ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʪʘʥʪʘʣʦʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʠʟʰʠʭ ʬʪʦʨʠʜʦʚ, 

ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʜʠʬʬʫʥʜʠʨʫʶʪ ʢ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʥʝʡ, ʦʙʨʘʟʫʷ ʤʦʥʦʢʘʨʙʠʜ.  

ʆʩʦʙʝʥʥʦʩʪʠ RCVD ʧʨʦʮʝʩʩʘ ʚ ʩʠʩʪʝʤʝ Ta ï C ï F  

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʩʦʧʨʦʚʦʞʜʘʶʪ RCVD 

ʧʨʦʮʝʩʩʳ ʚ ʩʠʩʪʝʤʝ Ta ï C ï F. ʅʘ ʩʪʝʥʢʘʭ ʨʝʘʢʪʦʨʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʝ 400 ï 800Áʉ 
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ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʣʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʙʝʣʦʛʦ ʥʘʣʸʪʘ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ 

(ʨʠʩʫʥʦʢ 39), ʥʘʣʸʪ ʩʦʩʪʦʠʪ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʠʟ TaO2F (~61%), ʘ ʪʘʢʞʝ Ta3O7F (10%) ʠ 

Ta2O5 ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ (29%).  

 

 

ʈʠʩʫʥʦʢ 39. ʈʌɸ ʢʦʥʜʝʥʩʘʪʘ ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʥʘ ʩʪʝʥʢʘʭ ʨʝʘʢʪʦʨʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʦʥʝ 

400 ï 800Áʉ. 

 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʥʘ ʮʠʣʠʥʜʨʝ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʦʙʣʘʩʪʠ 900 ï 950Áʉ ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʤʝʣʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʩʠʥʝʛʦ ʮʚʝʪʘ (ʨʠʩʫʥʦʢ 

40ʘ). ʉʦʛʣʘʩʥʦ ʈʌɸ (ʨʠʩʫʥʦʢ 40ʙ), ʦʥʠ ʩʦʩʪʦʷʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ Ta3O7F. ʊʘʢʞʝ, ʚ 

ʢʘʯʝʩʪʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʬʘʟʳ ʧʨʠʩʫʪʩʪʚʫʝʪ Ta2O5, ʦʜʥʘʢʦ ʝʛʦ ʨʝʬʣʝʢʩʳ ʠʤʝʶʪ ʥʘʤʥʦʛʦ 

ʤʝʥʴʰʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʰʠʨʝʥʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʬʣʝʢʩʘʤʠ Ta3O7F.  

ɼʘʥʥʳʝ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʩʥʠʤʢʠ ʩ ʦʧʪʠʯʝʩʢʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ ʧʦʢʘʟʘʣʠ (ʨʠʩʫʥʦʢ 40 ʚ,ʛ), ʯʪʦ ʢʨʠʩʪʘʣʣʳ ʩʪʦʣʙʯʘʪʳʝ, ʠʤʝʶʪ ʩʣʦʞʥʫʶ 

ʦʛʨʘʥʢʫ ʠ ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʥʥʦ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. 

ʄʝʪʦʜ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʡ ʜʠʬʨʘʢʮʠʠ (ʧʨʦʚʝʜʝʥʦ ʚ ʀʅʍ ʉʆ ʈɸʅ ʇʠʨʷʟʝʚʳʤ ɼ.ɸ.) ʩ 

ʦʙʨʘʟʮʘ ʨʘʟʤʝʨʦʤ ~50 ʤʢʤ (ʨʠʩʫʥʦʢ 41ʘ) ʧʦʢʘʟʘʣ, ʯʪʦ ʠʟ 110 ʨʝʬʣʝʢʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ 

ʣʘʫʵʛʨʘʤʤʝ, 73 ʨʝʬʣʝʢʩʘ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʬʘʟʝ Ta3O7F (ʨʠʩʫʥʦʢ 41ʙ). ʆʢʩʠʬʪʦʨʠʜ ʠʤʝʝʪ 
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ʦʨʪʦʨʦʤʙʠʯʝʩʢʫʶ ʷʯʝʡʢʫ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʸʪʢʠ a = 6,42 (7) ¡, b = 10,58 (13) ¡, c = 3,97 

(4) ¡, ʯʪʦ ʥʘʭʦʜʠʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʜʘʥʥʳʤʠ [409]. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʦʢʩʠʬʪʦʨʠʜ 

ʠʤʝʝʪ ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ (ʨʠʩʫʥʦʢ 41 ʚ). ʇʨʠ ʦʙʣʫʯʝʥʠʠ ʦʙʨʘʟʮʘ ʋʌ-ʠʟʣʫʯʝʥʠʝʤ 

(ɚ = 300 ʥʤ) ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʠʟʣʫʯʝʥʠʝ ʚ ʟʝʣʸʥʦʡ ʦʙʣʘʩʪʠ ʩʧʝʢʪʨʘ (ʧʨʦʚʝʜʝʥʦ ʚ ʀʅʍ ʉʆ 

ʈɸʅ ʢ.ʬ.-ʤ.ʥ. ɹʝʨʸʟʠʥʳʤ ɸ.ʉ.).  

 

  

  

ʈʠʩʫʥʦʢ 40. ʌʦʪʦʛʨʘʬʠʷ ʢʨʠʩʪʘʣʣʦʚ ʩʠʥʝʛʦ ʮʚʝʪʘ (ʘ); ʜʘʥʥʳʝ ʈʌɸʢʦʥʜʝʥʩʘʪʘ (ʙ); (ʚ,ʛ) ï 

ʉʕʄ-ʩʥʠʤʢʠ ʢʨʠʩʪʘʣʣʦʚ ʩʠʥʝʛʦ ʮʚʝʪʘ ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. 
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ʈʠʩʫʥʦʢ 41. ʌʦʪʦʛʨʘʬʠʷ ʢʨʠʩʪʘʣʣʘ ʩ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʧʦʣʫʯʝʥʥʘʷ ʚ 

ʧʦʣʷʨʠʟʦʚʘʥʥʦʤ ʩʚʝʪʝ (ʘ) ʠ ʣʘʫʵʛʨʘʤʤʘ ʦʙʨʘʟʮʘ (ʙ); ʬʦʪʦʛʨʘʬʠʷ ʣʶʤʠʥʝʩʮʝʥʮʠʠ 

ʢʨʠʩʪʘʣʣʦʚ Ta3O7F ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ, ʧʦʣʫʯʝʥʥʘʷ ʧʨʠ 

ʦʙʣʫʯʝʥʠʠ ʦʙʨʘʟʮʘ ʋʌ-ʠʟʣʫʯʝʥʠʝʤ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ɚ = 300 ʥʤ (ʚ). 

 

ʆʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʬʪʦʨʠʜʦʚ TaO2F, Ta3O7F ʠ ʧʝʥʪʘʦʢʩʠʜʘ ʪʘʥʪʘʣʘ, ʚʝʨʦʷʪʥʦ, ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ TaF5 ʩ ʢʚʘʨʮʝʤ ʚ ʭʦʣʦʜʥʳʭ ʯʘʩʪʷʭ ʨʝʘʢʪʦʨʘ ʧʦ ʨʝʘʢʮʠʷʤ (31, 

53 ï 55). ʉʦʛʣʘʩʥʦ ʩʧʨʘʚʦʯʥʳʤ ʜʘʥʥʳʤ [226], ʨʝʘʢʮʠʠ 53 ï 55 ʧʨʦʠʩʭʦʜʷʪ ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 400 ï 900Áʉ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʦʩʪʠ 

TaF5 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ HfF4 ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ.  

 

2TaOF3(ʛ) = TaO2F(ʪʚ) + TaF5(ʛ)   T~ 400ÁC (53) 

7TaO2F(ʪʚ) = 2Ta3O7F(ʪʚ) + TaF5(ʛ)  T~ 500ÁC (54) 

5Ta3O7F(ʪʚ) = 7Ta2O5(ʪʚ) + TaF5(ʛ)   T~ 900ÁC (55) 

 

ʈʘʟʣʦʞʝʥʠʝ ʦʢʩʠʬʪʦʨʠʜʦʚ TaOF3, TaO2F ʠ Ta3O7F (Ta2O5ĀTaO2F) ʧʦ ʨʝʘʢʮʠʷʤ 53 ï 

55 ʧʨʦʪʝʢʘʝʪ ʩʪʫʧʝʥʯʘʪʦ ʦʙʨʘʟʦʚʘʥʠʝʤ TaF5 [226], ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʦʟʤʦʞʥʦʩʪʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʦʩʨʝʜʩʪʚʦʤ ʧʘʨʳ TaOF3/TaF5. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ Ta ï C ï Si ï O ï 

F, ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʨʷʜ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ 56 ï 58, ʧʨʦʠʩʭʦʜʷʱʠʭ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʦʢʩʠʬʪʦʨʠʜʦʚ ʠ Ta2O5 ʚ ʜʠʘʧʘʟʦʥʝ 1100 ï 1600ʂ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠʭ ʢʦʥʩʪʘʥʪʳ 

ʨʘʚʥʦʚʝʩʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʘʢʮʠʦʥʥʦʡ ʟʦʥʳ.  
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2TaOF3(ʛ) = TaO2F(ʪʚ) + TaF5(ʛ)    (56) 

5TaOF3(ʛ) = Ta2O5(ʪʚ) + 3TaF5(ʛ)    (57) 

7TaOF3(ʛ) = Ta3O7F(ʪʚ) + 4TaF5(ʛ)    (58) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚ ʦʧʠʩʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʩʠʩʪʝʤʝ Ta ï C ï F ʣʠʰʴ ʦʪʯʘʩʪʠ ʠ ʩʦʙʣʶʜʘʝʪʩ̫ ʪʦʣʴʢʦ ʚ ʩʘʤʦʡ ʛʦʨʷʯʝʡ ʟʦʥʝ ʨʝʘʢʪʦʨʘ. 

ʅʘʙʣʶʜʘʝʤʳʝ ʦʪʢʣʦʥʝʥʠʷ (ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʬʪʦʨʠʜʦʚ ʠ ʧʝʥʪʘʦʢʩʠʜʘ ʪʘʥʪʘʣʘ) ʥʘʭʦʜʷʪ 

ʨʘʟʫʤʥʦʝ ʦʙʲʷʩʥʝʥʠʝ, ʝʩʣʠ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʫʯʘʩʪʠʝ ʢʚʘʨʮʘ (ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ) ʚ 

ʧʨʦʮʝʩʩʘʭ ʧʝʨʝʥʦʩʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ.  

ʈʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [363,365ï367,369,370,374,377].  

ʇʦʣʫʯʝʥʠʝ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ Ta2O5 ʥʘ ʧʦʜʣʦʞʢʘʭ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ 

ʊʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ ʩ ʪʘʥʪʘʣʦʤ ʙʳʣʠ ʧʦʜʪʚʝʨʞʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ɺ ʠʟʦʪʝʨʤʠʯʝʩʢʫʶ ʟʦʥʫ ʨʝʘʢʪʦʨʘ ʙʳʣʠ ʧʦʤʝʱʝʥʳ: ʧʦʣʦʩʳ ʠʟ 

ʪʘʥʪʘʣʦʚʦʡ ʬʦʣʴʛʠ, ʨʘʟʜʨʦʙʣʝʥʥʦʝ ʢʚʘʨʮʝʚʦʝ ʩʪʝʢʣʦ ʠ ʢʨʠʩʪʘʣʣʳ HfO2, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʘʟʜʝʣʝ 4.1.2. ʊʝʤʧʝʨʘʪʫʨʘ ʚ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʟʦʥʝ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ 940Áʉ ʚ ʪʝʯʝʥʠʝ 24 

ʯʘʩʦʚ. ʈʝʘʢʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʘʪʤʦʩʬʝʨʝ CF4 ʧʨʠ P ~10 ʪʦʨʨ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʨʝʘʢʪʦʨ ʚʘʢʫʫʤʠʨʦʚʘʣʠ (P ~ 10-2 ʪʦʨʨ) ʠ ʧʨʦʛʨʝʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 980Áʉ 

ʚ ʪʝʯʝʥʠʝ 1,5 ʯʘʩʦʚ.  

ʇʦʩʣʝ ʨʝʘʢʮʠʠ ʧʦʚʝʨʭʥʦʩʪʴ ʪʘʥʪʘʣʦʚʦʡ ʬʦʣʴʛʠ ʠ ʢʨʠʩʪʘʣʣʦʚ HfO2 ʩʪʘʣʠ ʤʘʪʦʚʳʤʠ. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʥʪʘʣʦʚʦʡ ʬʦʣʴʛʠ ʩʦʜʝʨʞʠʪʩʷ TaC ʠ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʡ Ta2O5 (ʨʠʩʫʥʦʢ 42ʘ). ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ HfO2 ʪʘʢʞʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʦʨʪʦʨʦʤʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ Ta2O5 (ʨʠʩʫʥʦʢ 42ʙ). ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ 

ʉʕʄ, ʥʘ ʪʘʥʪʘʣʦʚʦʡ ʧʦʜʣʦʞʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ Ta2O5 ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʧʦʜʣʦʞʢʝ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʥʘ ʧʣʘʩʪʠʥʢʝ HfO2 ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʡ ʨʦʩʪ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʘʨʘʣʣʝʣʴʥʦʤ ʧʦʜʣʦʞʢʝ. ʆʩʦʙʝʥʥʦʩʪʴ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʨʦʩʪʘ (ʵʧʠʪʘʢʩʠʷ) ʩʚʷʟʘʥʘ ʩ ʚʣʠʷʥʠʝʤ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʧʦʜʣʦʞʢʠ.  
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ʈʠʩʫʥʦʢ 42. ʈʌɸ ʧʦʨʦʰʢʦʚʳʭ ʦʙʨʘʟʮʦʚ ʪʘʥʪʘʣʦʚʦʡ ʬʦʣʴʛʠ (ʘ) ʠ ʢʨʠʩʪʘʣʣʦʚ HfO2 (ʙ) 

ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʈʝʬʣʝʢʩʳ TaC ʦʪʤʝʯʝʥʳ (*). ʉʕʄ-ʩʥʠʤʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʥʪʘʣʦʚʦʡ 

ʬʦʣʴʛʠ (ʚ) ʠ ʧʣʘʩʪʠʥʳ HfO2 (ʛ) ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ 

Ta2O5. 

 

4.1.4. ʇʨʦʮʝʩʩʳ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Taï C ï Si ï O ï F 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʚ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʟʜʝʣʝ 3.2.1 ʠ 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 18ʙ. ʇʦʩʣʝ 24 ʯʘʩʦʚ ʵʢʧʦʟʠʮʠʠ ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʦʥʦʢʘʨʙʠʜʘ ʪʘʥʪʘʣʘ (ʨʠʩʫʥʦʢ 43). ʊʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʝ ʨʝʬʣʝʢʩʳ Ta2O5. ʈʝʬʣʝʢʩʳ Ta2C ʦʪʩʫʪʩʪʚʫʶʪ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʝʝ 

ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʧʨʦʮʝʩʩʘ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ. ʇʦʩʣʝ 48 ʯʘʩʦʚ ʵʢʩʧʦʟʠʮʠʠ ʨʝʬʣʝʢʩʳ 

ʬʘʟʳ Ta2C ʧʨʦʷʚʣʷʶʪʩʷ. ʇʨʠʩʫʪʩʪʚʠʝ Ta2O5 ʚ ʩʦʩʪʘʚʝ ʧʦʢʨʳʪʠʷ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʚ 

ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚ ʟʦʥʝ ʫʛʣʝʨʦʜʘ ʢʦʥʮʝʥʪʨʘʮʠʷ TaOF3 ʙʳʣʘ ʚʳʰʝ ʨʘʚʥʦʚʝʩʥʦʡ 
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(ʨʘʟʜʝʣ 2.2.1), ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʦʩʘʞʜʝʥʠʶ Ta2O5 ʧʦ ʨʝʘʢʮʠʠ 57. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʚ ʟʦʥʝ 

ʫʛʣʝʨʦʜʘ ʨʘʚʥʦʚʝʩʠʝ ʨʝʘʢʮʠʠ 57 ʩʠʣʴʥʦ ʩʤʝʱʝʥʦ ʚ ʩʪʦʨʦʥʫ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ.  

 

 

ʈʠʩʫʥʦʢ 43. ʈʌɸ ʢʘʨʙʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʧʦʩʣʝ 24 ʯʘʩʦʚ 

ʵʢʩʧʦʟʠʮʠʠ. 

 

ɹr ʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʪʘʥʪʘʣʦʚʘʷ ʩʪʨʫʞʢʘ, ʠʩʧʦʣʴʟʫʝʤʘʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʩʪʘʣʘ 

ʤʘʪʦʚʦʡ. ʉʦ ʩʪʨʫʞʢʠ ʦʪʰʝʣʫʰʠʚʘʣʩʷ ʥʝʙʦʣʴʰʦʡ ʩʣʦʡ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ. ʉʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 44), ʚ ʩʦʩʪʘʚʝ ʧʨʦʜʫʢʪʘ ʧʨʠʩʫʪʩʪʚʫʶʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, TaO 

(~31%), Ta2C (22%), ʦʨʪʦʨʦʤʙʠʯʝʩʢʠʡ Ta2O5 (29%), Ta2Si (12%) ʠ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ ʪʘʥʪʘʣʘ (6%). ʇʨʠʩʫʪʩʪʚʠʝ ʟʥʘʯʠʪʝʣʴʥʳʭ ʢʦʣʠʯʝʩʪʚ ʢʠʩʣʦʨʦʜ- ʠ 

ʢʨʝʤʥʠʡʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʦʥʝʥʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʘʢʪʠʚʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩʦ 

ʩʪʝʥʢʘʤʠ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʳ. ʀʭ ʧʦʷʚʣʝʥʠʝ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʧʨʦʪʝʢʘʥʠʝʤ ʨʝʘʢʮʠʡ 

28,29,33-35, 57 ʘ ʪʘʢʞʝ ʨʝʘʢʮʠʡ 59 ï 61.  

 

2SiOF2 + 7Ta = 2Ta2Si + 2TaO + TaF4  Kp = 8,4Ͻ1027  (59) 

SiF4 + 3Ta = TaF4 + Ta2Si    Kp = 7,8Ͻ10-7  (60) 

3TaF4 + TaOF3 = TaO + 3TaF5   Kp = 9,7Ͻ1024  (61) 
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ʇʨʝʜʧʦʣʘʛʘʝʤʳʝ ʨʝʘʢʮʠʠ, ʦʧʠʩʳʚʘʶʱʠʝ ʧʨʦʮʝʩʩʳ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ, ʧʨʝʜʣʦʞʝʥʳ 

ʥʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʩʯʸʪʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ 

ʬʘʟʳ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F ʚ ʟʦʥʝ ñTaò (ʨʘʟʜʝʣ 2.2.1). ʂʦʥʩʪʘʥʪʳ ʨʘʚʥʦʚʝʩʠʷ (Kp) 

ʨʘʩʩʯʠʪʘʥʳ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ 1300ʂ. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʤʳʝ ʨʝʘʢʮʠʠ 

ʘʥʘʣʦʛʠʯʥʳ ʪʘʢʦʚʳʤ, ʧʨʝʜʣʦʞʝʥʥʳʤ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ 

ʩʠʩʪʝʤʘʭ Ta ï C ï Si ï O ï Cl ʠ Taï C ï Si ï O ï I, ʠʟʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [213,218].  

ʆʙʨʘʟʦʚʘʥʠʝ SiF4 ʚ ʩʠʩʪʝʤʝ ʦʙʲʷʩʥʷʝʪʩʷ ʦʩʫʱʝʩʪʚʣʝʥʠʝʤ ʨʝʘʢʮʠʠ ʪʨʘʚʣʝʥʠʷ SiO2, 

ʢʦʪʦʨʘʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʠ 31. ʆʜʥʘʢʦ, ʨʝʘʢʮʠʷ 31 ʷʚʣʷʝʪʩʷ ʙʨʫʪʪʦ-ʧʨʦʮʝʩʩʦʤ, ʚ 

ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʨʘʟʣʦʞʝʥʠʝ SiOF2 ʧʦ ʨʝʘʢʮʠʷʤ 62 ʠ 63. 

 

SiO2(ʪʚ) + TaF5(ʛ) = TaOF3(ʛ) + SiOF2(ʛ)   Kp = 7,8Ͻ10-7  (62) 

2SiOF2(ʛ) = SiF4(ʛ) + SiO2(ʪʚ)    Kp = 1,0Ͻ1013  (63) 

 

 

ʈʠʩʫʥʦʢ 44. ʈʌɸ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʥʘ ʪʘʥʪʘʣʝ. 

 

ʅʘ ʉʕʄ ʩʥʠʤʢʘʭ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʚʠʜʥʦ (ʨʠʩʫʥʦʢ 45 ʘ), 

ʯʪʦ ʧʦʢʨʳʪʠʝ ʦʜʥʦʨʦʜʥʦʝ ʠ ʩʦʩʪʦʠʪ ʠʟ ʤʝʣʢʠʭ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʄʦʨʬʦʣʦʛʠʷ ʧʦʢʨʳʪʠʷ 
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ʩʭʦʞʘʷ ʩ ʪʘʢʦʚʦʡ ʜʣʷ ʩʠʩʪʝʤʳ Ta ï C ï F. ɼʦʧʦʣʥʠʪʝʣʴʥʦ, ʚʩʪʨʝʯʘʶʪʩʷ ʦʛʨʘʥʸʥʥʳʝ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʦʚʘʥʠʷ, ʚʝʣʠʯʠʥʦʡ ʚ 2 ï 4 ʤʢʤ (ʨʠʩʫʥʦʢ 45 ʙ) ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʘʨʙʠʜʥʦʛʦ ʩʣʦʷ. ʆʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʨʠʩʪʘʣʣʠʪʳ Ta2O5, ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʨʙʠʜʥʦʛʦ ʩʣʦʷ ʧʦ ʨʝʘʢʮʠʠ 57.  

 

  

ʈʠʩʫʥʦʢ 45. ʉʕʄ ʩʥʠʤʢʠ ʢʘʨʙʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ (ʘ) ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ (ʙ) 

 

ʆʪ ʩʪʝʥʢʠ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʳ ʦʪʩʣʘʠʚʘʣʩʷ ʢʦʥʜʝʥʩʘʪ ʚ ʚʠʜʝ ʙʝʣʦʡ, ʭʨʫʧʢʦʡ ʧʣʸʥʢʠ. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 46ʘ), ʚ ʩʦʩʪʘʚʝ ʧʣʸʥʢʠ ʧʨʠʩʫʪʩʪʚʫʝʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, 

ʢʨʠʩʪʦʙʘʣʠʪ (~86%), ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʚʘʨʮʘ (12%) ʠ ʥʝʙʦʣʴʰʘʷ ʧʨʠʤʝʩʴ Ta2O5 

(ʦʢʦʣʦ 2 %). ʀʟ ʉʕʄ-ʩʥʠʤʢʦʚ ʚʠʜʥʦ, ʯʪʦ ʢʦʥʜʝʥʩʘʪ ʩʦʩʪʦʠʪ ʠʟ ʩʨʦʩʰʠʭʩʷ ʦʛʨʘʥʸʥʥʳʭ 

ʢʨʠʩʪʘʣʣʠʪʦʚ (ʨʠʩʫʥʦʢ 46 ʙ). ʇʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ SiO2 ʦʙʲʷʩʥʷʝʪʩʷ ʨʝʘʢʮʠʝʡ ʨʘʟʣʦʞʝʥʠʷ 

SiOF2 ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʧʨʦʠʩʭʦʜʷʱʝʡ ʧʦ ʨʝʘʢʮʠʠ 63. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʚʩʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʭʦʨʦʰʝʤ ʩʦʛʣʘʩʠʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ.  
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ʈʠʩʫʥʦʢ 46. ʉʕʄ-ʩʥʠʤʦʢ (ʘ) ʠ ʈʌɸ (ʙ) ʢʦʥʜʝʥʩʘʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ʩʪʝʥʢʘʭ ʢʚʘʨʮʝʚʦʡ 

ʘʤʧʫʣʳ 

 

ʈʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [367,374,377]. 

 

4.1.5. ɺr ʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 4.1 

¶ ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʛʘʬʥʠʷ ʠ 

ʪʘʥʪʘʣʘ ʚ ʩʠʩʪʝʤʘʭ M ï C ï F ʠ M ï C ï Si ï O ï F (M = Hf, Ta) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʢʘʨʙʠʜʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʜʥʦʨʦʜʥʳʭ, ʟʝʨʥʠʩʪʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʠ. ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʡ ʜʦʩʪʠʛʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ ʉʦʩʪʘʚ 

ʢʘʨʙʠʜʦʚ HfCx ʠ TaCx ʩʤʝʱʘʝʪʩʷ ʢ ʥʠʞʥʝʡ ʛʨʘʥʠʮʝ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩʘ. ɺ ʩʠʩʪʝʤʝ Ta ï C ï F ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʨʘʟʦʚʘʥʠʝ Ta2C.  

¶ ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F ʧʘʨʘʣʣʝʣʴʥʦ ʧʨʦʮʝʩʩʫ 

ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʨʦʩʪ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʤʦʥʦʢʣʠʥʥʦʛʦ HfO2 ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʦʞʝʥʠʷ HfOF2. ɺ ʩʠʩʪʝʤʘʭ 

Ta ï C ï F ʠ Ta ï C ï Si ï O ï F ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ TaO2F ʠ Ta3O7F, 

ʘ ʪʘʢʞʝ Ta2O5 ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʨʝʘʢʪʦʨʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʦʞʝʥʠʷ TaOF3.  

¶ ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘʭʦʜʷʪʩʷ ʚ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʤ ʩʦʛʣʘʩʠʠ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʋʩʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʘʭ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʨʠʥʠʤʘʶʪ ʫʯʘʩʪʠʝ ʬʪʦʨʠʜʳ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ. 
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ʍʠʤʠʯʝʩʢʠʡ ʧʝʨʝʥʦʩ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ ʟʦʥʳ ñMò ʚ ʟʦʥʫ ñCò. ɺ 

ʩʠʩʪʝʤʘʭ M ï C ï Si ï O ï F (M = Hf, Ta) ʧʘʨʘʣʣʝʣʴʥʦ ʧʨʦʮʝʩʩʘʤ 

ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʭʠʤʠʯʝʩʢʠʡ ʧʝʨʝʥʦʩ ʤʝʪʘʣʣʘ ʠʟ ʟʦʥʳ ñMò ʚ ʟʦʥʫ 

ñSiO2ò ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʥʦʩ ʢʨʝʤʥʠʷ ʠ ʢʠʩʣʦʨʦʜʘ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʚ 

ʟʦʥʫ ñMò ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʠʣʠʮʠʜʦʚ ʠ ʦʢʩʠʜʦʚ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʞʢʝ.  

¶ ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ 

ʩʠʥʪʝʟʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʦʚ, ʦʢʩʠʜʦʚ ʠ 

ʦʢʩʠʬʪʦʨʠʜʦʚ ʛʘʬʥʠʷ ʠ ʪʘʥʪʘʣʘ.  

 

4.2. ʂʦʤʧʣʝʢʩʥʳʝ ʧʦʢʨʳʪʠ ̫çMOCVD  ʠʨʠʜʠʡ/RCVD ʪʫʛʦʧʣʘʚʢʠʡ ʢʘʨʙʠʜè ʥʘ 

ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ  

 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʫʛʦʧʣʘʚʢʦʛʦ ʧʦʢʨʳʪʠʷ ʙʳʣʦ ʦʩʫʱʝʩʪʚʣʝʥʦ 

ʧʦʩʣʦʡʥʦʝ ʦʩʘʞʜʝʥʠʝ ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ ʩʥʘʯʘʣʘ ʢʘʨʙʠʜʥʦʛʦ ʩʣʦʷ (RCVD 

ʤʝʪʦʜʦʤ), ʘ ʟʘʪʝʤ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ. ʆʩʘʞʜʝʥʠʝ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ (MOCVD) ʚ ʀʥʩʪʠʪʫʪʝ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ ʠʤ. ɸ.ɺ. 

ʅʠʢʦʣʘʝʚʘ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʜ.ʭ.ʥ. ʅ.ɹ. ʄʦʨʦʟʦʚʦʡ.  

ʅʘ ʨʠʩʫʥʢʝ 47 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʕʄ ʩʥʠʤʢʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ ʠʨʠʜʠʡ/MC (M 

= Ta, Hf). ʅʘʙʣʶʜʘʝʪʩʷ ʭʦʨʦʰʘʷ ʘʜʛʝʟʠʷ ʤʝʞʜʫ ʠʨʠʜʠʝʤ ʠ ʢʘʨʙʠʜʥʳʤ ʧʦʢʨʳʪʠʝʤ. 

ɻʨʘʥʠʮʘ ʤʝʞʜʫ ʩʣʦʷʤʠ ʚ ʩʣʫʯʘʝ Ir/TaC ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʤʝʪʥʘ (ʨʠʩʫʥʦʢ 47ʘ,ʙ), ʠ ʩʣʦʡ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʳʤ. ɺ ʩʣʫʯʘʝ Ir/HfC (ʨʠʩʫʥʦʢ 47 

ʚ,ʛ) ʥʘʙʣʶʜʘʝʪʩʷ ʛʨʘʥʠʮʘ ʤʝʞʜʫ ʟʝʨʥʠʩʪʳʤ ʠʨʠʜʠʝʚʳʤ ʩʣʦʝʤ ʠ ʙʦʣʝʝ ʧʣʦʪʥʳʤ 

ʢʘʨʙʠʜʥʳʤ ʩʣʦʝʤ. ʇʨʠ ʧʦʜʛʦʪʦʚʢʝ ʩʝʯʝʥʠʷ ʧʦʢʨʳʪʠʝ ʦʪʩʣʘʠʚʘʝʪʩʷ ʦʪ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʣʘʙʳʭ ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣʘʭ ʥʘ ʛʨʘʥʠʮʝ çʢʘʨʙʠʜ-

ʫʛʣʝʨʦʜè. ʈʘʩʩʣʘʠʚʘʥʠʝ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ çʠʨʠʜʠʡ-ʢʘʨʙʠʜè ʥʝ ʧʨʦʠʩʭʦʜʠʪ. 

ʄʝʪʦʜʦʤ ʈʌɸ ʙʳʣʦ ʧʦʢʘʟʘʥʦ (ʨʠʩʫʥʦʢ 48), ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʩʘʞʜʝʥʠʷ ʠʨʠʜʠʝʚʳʭ 

ʧʦʢʨʳʪʠʡ ʥʘ ʢʘʨʙʠʜ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʥʝ ʧʨʦʠʩʭʦʜʠʪ.  
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ʈʠʩʫʥʦʢ 47. ʉʕʄ ʩʥʠʤʢʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ Ir/MC ʥʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ 

(ʦʙʱʠʡ ʚʠʜ ʠ ʩʝʯʝʥʠʝ ʧʦʢʨʳʪʠʷ): ʘ, ʙ ï Ir/TaC; ʚ, ʛ ï Ir/HfC. 

 

  

ʈʠʩʫʥʦʢ 48. ʈʌɸ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ Ir/MC ʥʘ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʝ: ʘ ï Ir/TaC, ʙ ï Ir/HfC. 
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ʆʜʥʦ ʠʟ ʚʦʟʤʦʞʥʳʭ ʦʙʲʷʩʥʝʥʠʡ ʩʣʘʙʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʢʘʨʙʠʜʦʤ ʠ 

ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ ï ʵʪʦ ʦʪʩʫʪʩʪʚʠʝ ʥʘʜʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʫʛʣʝʨʦʜʫ ʜʣʷ 

ʢʘʨʙʠʜʦʚ. ʅʘ ʨʠʩʫʥʢʝ 49 ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠʨʠʜʠʷ, 

ʢʘʨʙʠʜʦʚ (ʂʊʈ HfC ʠ TaC ~ 6.5 ï 7.0 Ĭ 10-6 ʂ-1 [410,411]) ʠ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ. ʂʘʢ 

ʩʣʝʜʫʝʪ ʠʟ ʨʠʩʫʥʢʘ, ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʠʨʠʜʠʷ ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ ʧʨʠ 500Áʉ (ʪʦʯʢʘ 

ɸ) ʦʭʣʘʞʜʝʥʠʝ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʦʧʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʡ 

ʨʘʩʪʷʞʝʥʠʷ ʚ ʧʦʢʨʳʪʠʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʢ ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ ʠ ʜʝʣʘʤʠʥʘʮʠʠ ʧʦʢʨʳʪʠʷ. 

ʆʩʘʞʜʝʥʠʝ ʢʘʨʙʠʜʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ ʧʨʠ 1000Áʉ (ʪʦʯʢʘ ɹ) ʪʘʢʞʝ 

ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʦʧʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʘʨʙʠʜʥʦʤ ʧʦʢʨʳʪʠʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ, ʚʩʣʝʜʩʪʚʠʝ ʤʘʣʦʡ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʢʘʨʙʠʜʦʚ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʦʩʣʘʙʣʝʥʠʶ ʢʦʥʪʘʢʪʘ ʢʘʨʙʠʜ-ʧʦʜʣʦʞʢʘ. ɽʩʣʠ ʠʨʠʜʠʡ ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʢʘʨʙʠʜʥʳʡ ʩʣʦʡ 

(ʪʦʯʢʘ B), ʪʦ ʜʘʣʴʥʝʡʰʝʝ ʦʭʣʘʞʜʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʣʠʯʠʷʤ ʚ ʧʦʚʝʜʝʥʠʠ 

ʢʘʨʙʠʜʥʦʛʦ ʩʣʦʷ ʠ ʠʨʠʜʠʷ, ʪʘʢ ʢʘʢ ʂʊʈ ʠʨʠʜʠʷ ʠ ʢʘʨʙʠʜʦʚ TaC ʠ HfC ʠʤʝʶʪ ʤʝʥʴʰʝʝ 

ʨʘʟʣʠʯʠʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʛʣʝʨʦʜʦʤ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʢʦʥʪʘʢʪ ʢʘʨʙʠʜ-ʠʨʠʜʠʡ ʥʝ 

ʦʩʣʘʙʣʷʝʪʩʷ.  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ [328]. 

 

ʈʠʩʫʥʦʢ 49. ʉʨʘʚʥʝʥʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠʨʠʜʠʷ, TaC, HfC ʠ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʠ. ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï ʥʘʧʨʷʞʝʥʠʷ ʚ ʠʨʠʜʠʝʚʦʤ ʠ ʢʘʨʙʠʜʥʦʤ ʧʦʢʨʳʪʠʷʭ ʠ 

ʦʭʣʘʞʜʝʥʠʠ.  
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ɻʃɸɺɸ 5. ʂʆʄʇʃɽʉʅʓɽ ʇʆʂʈʓʊʀʗ ʅɸ ʋɻʃɽʈʆɼʅʓʍ ʇʆɼʃʆɾʂɸʍ, 

ʆʉɸɾɼɽʅʅʓɽ ɺ ʇʆʉʃɽɼʆɺɸʊɽʃʔʅʆʉʊʀ çʀʈʀɼʀɽɺʆɽ ʇʆʂʈʓʊʀɽ, 

ʇʆʃʋʏɽʅʅʆɽ MOCVD ʄɽʊʆɼʆʄ ï RCVD ʇʆʂʈʓʊʀɽ ʀɿ ʊʋɻʆʇʃɸɺʂʀʍ 

ʉʆɽɼʀʅɽʅʀʁ ɻɸʌʅʀʗ ʀ ʊɸʅʊɸʃɸè 

 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʦ ʩʚʦʡʩʪʚʘʭ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʥʘ 

ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ ʚ ʫʩʣʦʚʠʷʭ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʷ [70,71], ʘ ʪʘʢʞʝ ʦ ʩʧʦʩʦʙʘʭ 

ʫʚʝʣʠʯʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʩʮʝʧʣʝʥʠʷ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ ʠ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ [87], 

ʙʳʣʦ ʚʳʜʚʠʥʫʪʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʩʮʝʧʣʝʥʠʝ ʤʝʞʜʫ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ ʠ 

ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʤʦʞʥʦ ʫʚʝʣʠʯʠʪʴ, ʝʩʣʠ ʧʨʦʚʦʜʠʪʴ ʧʦʣʫʯʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ 

ʧʦʢʨʳʪʠʡ ʚ ʦʙʨʘʪʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ, ʪ.ʝ. çMOCVD ʠʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ ï RCVD 

ʧʦʢʨʳʪʠʝ ʠʟ ʩʦʝʜʠʥʝʥʠʡ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚè).  

 

5.1. MOCVD  ʠʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʠʨʠʜʠʡ-ʫʛʣʝʨʦʜ ʚ ʨʘʙʦʪʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ 

ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʧʘʨʦʚ ʤʝʪʘʣʣʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ-ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ. 

ʈʘʥʝʝ, ʚ ʨʘʙʦʪʘʭ ʀ.ʂ. ʀʛʫʤʝʥʦʚʘ, ʅ.ɹ. ʄʦʨʦʟʦʚʦʡ ʠ ʜʨ. [319ï321,324,330,412] ʙʳʣʠ 

ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʠʟʫʯʝʥʳ ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʪʦʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ Ir(acac)3. ʈʘʟʣʦʞʝʥʠʝ ʩʦʝʜʠʥʝʥʠʷ-ʧʨʝʜʰʝʪʚʝʥʥʠʢʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ 

ʘʪʤʦʩʬʝʨʝ ʚʦʜʦʨʦʜʘ ʠʣʠ ʢʠʩʣʦʨʦʜʘ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʜʘʚʣʝʥʠʷ ʥʘʩʳʱʝʥʥʦʛʦ ʧʘʨʘ ʥʘʜ Ir(acac)3, ʧʦʣʫʯʝʥʥʘʷ ʧʦ ʤʝʪʦʜʫ ʂʥʫʜʩʝʥʘ ʚ ʠʥʪʝʨʚʘʣʝ 

110 ï 160Áʉ, ʩʦʩʪʘʚʣʷʝʪ ln (P, ʘʪʤ) = 27.0 ï 15701/(T, K) [412]. ʇʨʝʠʤʫʱʝʩʪʚʘ ʤʝʪʦʜʘ: 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʧʨʠ ʪʘʢʠʭ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʘʢ 500Áʉ; ʚ ʧʨʦʮʝʩʩʝ 

ʦʩʘʞʜʝʥʠʷ ʧʦʣʫʯʘʶʪʩʷ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʳʝ, ʦʜʥʦʨʦʜʥʳʝ ʧʦʢʨʳʪʠʷ.  

 

5.1.1. ʀʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʤʘʩʩʠʚʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ 

 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʩʘʞʜʝʥʠʶ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʚ ʀʅʍ ʉʆ ʈɸʅ. ʅʘ ʨʠʩʫʥʢʝ 50 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʕʄ ʩʥʠʤʢʠ ʜʝʪʘʣʝʡ 

ʤʦʨʬʦʣʦʛʠʠ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ. ɺ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʫʯʘʶʪʩʷ ʦʜʥʦʨʦʜʥʳʝ 

ʟʝʨʥʠʩʪʳʝ ʧʦʢʨʳʪʠʷ. ʈʘʟʤʝʨʳ ʟʸʨʝʥ ʜʦʩʪʠʛʘʶʪ 1 ʤʢʤ. ʊʘʢʞʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ 
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ʥʘʙʣʶʜʘʶʪʩʷ ʩʨʦʩʪʢʠ ʟʸʨʝʥ, ʪʨʝʱʠʥʳ ʠ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, ʦʪʩʣʘʠʚʘʥʠʷ ʠ ʧʦʨʳ. 

ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ ʦʮʝʥʠʚʘʝʪʩʷ ~500 ʥʤ.  

 

  

ʈʠʩʫʥʦʢ 50. ʀʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ ʥʘ ʧʣʦʩʢʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ: ʘ ï ʦʙʱʠʡ ʚʠʜ, ʙ ï 

ʩʨʦʩʪʢʠ ʟʸʨʝʥ. 

 

ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [59,67,70], ʯʪʦʙʳ ʫʩʠʣʠʪʴ ʢʦʥʪʘʢʪ ʠʨʠʜʠʝʚʦʛʦ 

ʧʦʢʨʳʪʠʷ ʠ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʦʨ ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʦʚʦʜʠʪʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʦʙʨʘʙʦʪʢʫ ʧʦʣʫʯʝʥʥʳʭ ʧʦʢʨʳʪʠʡ. ʇʦʩʢʦʣʴʢʫ ʧʦʢʨʳʪʠʷ 

ʚ ʤʝʪʦʜʝ MO CVD ʦʩʘʞʜʘʶʪʩʷ ʧʨʠ ʪʘʢʠʭ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʢʘʢ 500 ï 550Áʉ, 

ʧʦʣʫʯʝʥʥʳʝ ʠʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʙʳʣʠ ʧʨʦʛʨʝʪʳ ʧʨʠ 1600Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʉʥʠʤʢʠ ʩʦ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 51. ʅʘʙʣʶʜʘʝʪʩʷ 

ʫʢʨʫʧʥʝʥʠʝ ʠ ʢʦʘʣʝʩʮʝʥʮʠʷ ʠʨʠʜʠʝʚʳʭ ʯʘʩʪʠʮ ʚ ʘʛʨʝʛʘʪʳ ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ. ʊʘʢʞʝ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʨʫʛʣʳʭ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʦʪʦʨʳʭ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʩʪʫʧʝʥʠ ʨʦʩʪʘ. ʅʘʙʣʶʜʘʝʤʳʝ ʷʚʣʝʥʠʷ ʦʙʲʷʩʥʷʶʪʩʷ 

ʥʝʩʤʘʯʠʚʘʝʤʦʩʪʴʶ ʫʛʣʝʨʦʜʘ ʠʨʠʜʠʝʤ, ʪʘʢ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʙʦʪʢʠ ʧʨʝʚʳʰʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʫ ʊʘʤʤʘʥʘ (1100Áʉ) [227,258,308].  
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ʈʠʩʫʥʦʢ 51. ʀʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ ʥʘ ʧʣʦʩʢʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʧʦʩʣʝ 1600Áʉ: ʘ ï 

ʦʙʱʠʡ ʚʠʜ, ʙ ï ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ ʧʦʩʣʝ ʢʦʘʣʝʩʮʝʥʮʠʠ ʠʨʠʜʠʝʚʳʭ ʟʸʨʝʥ 

 

5.1.2. ʀʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ  

 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ, ʘʜʛʝʟʠʷ ʠʨʠʜʠʷ ʢ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ 

ʩʣʘʙʘʷ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʦʡ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʠʨʠʜʠʝʚʳʤ 

ʧʦʢʨʳʪʠʝʤ. ʆʜʥʠʤ ʠʟ ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ 

ʠʨʠʜʠʷ ʩ ʫʛʣʝʨʦʜʦʤ ʷʚʣʷʝʪʩʷ ʥʘʥʝʩʝʥʠʝ ʠʨʠʜʠʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʫʛʣʝʨʦʜʥʳʡ 

ʚʦʣʦʢʥʠʩʪʳʡ ʢʘʨʢʘʩ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʤʝʭʘʥʠʯʝʩʢʦʝ ʩʮʝʧʣʝʥʠʝ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ ʩ 

ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ [87]. ʂ ʩʦʞʘʣʝʥʠʶ, ʚʣʠʷʥʠʝ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʨʘʥʝʝ ʥʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ. ʆʜʥʘʢʦ, ʜʘʥʥʳʝ ʷʚʣʷʶʪʩʷ ʥʝʦʙʭʦʜʠʤʳʤʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʮʝʣʦʩʪʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʢʨʳʪʠʝʤ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ.  

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʠʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ ʥʘ 

ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʦʙʱʝʛʦ ʜʘʚʣʝʥʠʷ ʚ ʢʘʤʝʨʝ ʦʩʘʞʜʝʥʠʷ. ʋʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʉʕʄ, ʪʦʣʱʠʥʘ ʧʦʢʨʳʪʠʡ ʦʮʝʥʠʚʘʝʪʩʷ ʜʣʷ Ir-1 ʦʢʦʣʦ 20 ʥʤ, ʜʣʷ 

ʦʙʨʘʟʮʦʚ Ir-2 ʠ Ir-3 ʦʢʦʣʦ 100 ï 150 ʥʤ, ʘ ʜʣʷ Ir-4: 200 ï 250 ʥʤ. ʅʘ ʨʠʩʫʥʢʝ 52 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʥʠʤʢʠ ʠʩʭʦʜʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʠ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ. 
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ʇʦʢʨʳʪʠʝ ʦʜʥʦʨʦʜʥʦ ʧʦ ʜʣʠʥʝ ʚʦʣʦʢʥʘ, ʩʦʩʪʦʠʪ ʠʟ ʤʝʣʢʠʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʟʸʨʝʥ. ɺ 

ʥʝʢʦʪʦʨʳʭ ʤʝʩʪʘʭ ʥʘʙʣʶʜʘʶʪʩʷ ʪʨʝʱʠʥʳ ʠ ʦʪʩʣʘʠʚʘʥʠʝ ʧʦʢʨʳʪʠʷ.  

 

ʊʘʙʣʠʮʘ 3. ʋʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ ʠʨʠʜʠʝʚʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ 

ʆʙʨʘʟʝʮ Ir-1 Ir-2 Ir-3 Ir-4 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʦʩʘʞʜʝʥʠʷ, Áʉ 
550 550 600 500 

ɼʘʚʣʝʥʠʝ ʚ 

ʨʝʘʢʪʦʨʝ, ʪʦʨʨ 
10 760 760 760 

 

  

ʈʠʩʫʥʦʢ 52. ʋʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ ʠʩʭʦʜʥʦʝ (ʘ) ʠ ʩ ʠʨʠʜʠʝʚʳʤ (Ir-2) ʧʦʢʨʳʪʠʝʤ (ʙ). 

 

ʇʨʠ ʠʟʤʝʨʝʥʠʠ ʜʠʘʤʝʪʨʦʚ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʤʝʪʦʜʦʤ 

ʣʘʟʝʨʥʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʩʨʝʜʥʠʤ ʜʠʘʤʝʪʨʦʤ 

ʚʦʣʦʢʥʘ ʩ ʧʦʢʨʳʪʠʝʤ ʠ ʦʧʨʝʜʝʣʸʥʥʦʡ ʤʝʪʦʜʦʤ ʉʕʄ ʪʦʣʱʠʥʦʡ ʧʦʢʨʳʪʠʷ. ʀʩʢʣʶʯʝʥʠʝ 

ʩʦʩʪʘʚʣʷʝʪ ʦʙʨʘʟʝʮ Ir-1, ʪʘʢ ʢʘʢ ʤʘʣʘʷ ʪʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ (20 ʥʤ) ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 

ʦʰʠʙʢʠ ʠʟʤʝʨʝʥʠʷ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʠ.  

ʄʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʪʘʪʠʩʪʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʦʡ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʥʘʣʠʯʠʝ ʜʝʬʝʢʪʦʚ ʚ ʩʪʨʫʢʪʫʨʝ, 

ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʟʘ ʨʘʟʨʫʰʝʥʠʝ, ʠ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢ ʩʢʘʞʝʪʩʷ ʥʘʣʠʯʠʝ ʧʦʢʨʳʪʠʷ ʥʘ ʩʚʦʡʩʪʚʘ 

ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ. ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʧʳʪʘʥʠʷ ʠ ʩʪʘʪʠʩʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʨʝʟʫʣʴʪʘʪʦʚ 

ʠʟʤʝʨʝʥʠʡ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ ʨʘʟʜʝʣʝ 3.3.4. ʀʩʭʦʜʥʳʤ ʦʙʲʝʢʪʦʤ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʙʝʟ ʧʦʢʨʳʪʠʷ, ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʡ 

ʧʨʦʯʥʦʩʪʴʶ. ɺ ʚʳʙʦʨʢʝ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʧʨʠʩʫʪʩʪʚʫʝʪ ʜʚʘ ʪʠʧʘ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ 
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ʤʦʛʫʪ ʙʳʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠ ʦʧʨʝʜʝʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʠʤʦʜʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ɺʝʡʙʫʣʣʘ ʜʣʷ ʥʝʧʝʨʝʩʝʢʘʶʱʠʭʩʷ ʩʦʚʦʢʫʧʥʦʩʪʝʡ ʜʝʬʝʢʪʦʚ [387,388]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʨʘʟʥʠʮʘ ʚ ʢʨʠʪʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʤʝʞʜʫ ʜʚʫʤʷ ʪʠʧʘʤʠ ʜʝʬʝʢʪʦʚ, ʚ ʩʨʝʜʥʝʤ, 25% 

(ʊʘʙʣʠʮʘ 4).  

 

ʊʘʙʣʠʮʘ 4. ɿʥʘʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʜʠʘʤʝʪʨʘ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʚ ʚʳʙʦʨʢʝ (dʩʨ), 

ʧʘʨʘʤʝʪʨʳ ʤʦʜʫʣʴ (m) ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ (ů) ʬʫʥʢʮʠʠ ʙʠʤʦʜʘʣʴʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ɺʝʡʙʫʣʣʘ, f ï ʜʦʣʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʚʦʣʦʢʦʥ. ʆʙʨʘʟʝʮ Cf ï ʫʛʣʝʨʦʜʥʳʝ 

ʚʦʣʦʢʥʘ ʙʝʟ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ (ʦʙʨʘʟʝʮ ʩʨʘʚʥʝʥʠʷ). 

ʆʙʨʘʟʝʮ dʩʨ, ʤʢʤ ů1, ɻʇʘ m1 ů2, ɻʇʘ m2 f 

Cf 8,01 Ñ 0,06 3,07 Ñ 0,02 6,0 Ñ 0,2 2,308 Ñ 0,008 10,7 Ñ 0,6 0,69 Ñ 0,03 

Ir-1 7,96 Ñ 0,06 2,77 Ñ 0,02 3,77 Ñ 0,08 1,980 Ñ 0,007 10,6 Ñ 0,7 0,74 Ñ 0,02 

Ir-2 8,2 Ñ 0,1 2,87 Ñ 0,02 3,43 Ñ 0,05 2,28 Ñ 0,01 7,9 Ñ 0,4 0,70 Ñ 0,02 

Ir-3 8,15 Ñ 0,06 2,87 Ñ 0,01 3,82 Ñ 0,06 2,00 Ñ 0,02 11 Ñ 2 0,87 Ñ 0,01 

Ir-4 8,47 Ñ 0,06 3,18 Ñ 0,07 6,2 Ñ 0,7 2,25 Ñ 0,02 6,4 Ñ 0,2 0,47 Ñ 0,06 

 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʩ ʠʨʠʜʠʝʚʳʤ 

ʧʦʢʨʳʪʠʝʤ, ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʚʦʣʦʢʦʥ ʩ ʪʦʥʢʠʤ ʧʦʢʨʳʪʠʝʤ (Ir-1) 

ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ 10-14% (ʊʘʙʣʠʮʘ 4, ʨʠʩʫʥʦʢ 53 ʘ). ʇʨʠ ʵʪʦʤ, ʤʦʜʫʣʴ ɺʝʡʙʫʣʣʘ ʜʣʷ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʜʝʬʝʢʪʦʚ ʩ ʚʳʩʦʢʠʤ ʢʨʠʪʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ 

40%. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʤʦʜʫʣʴ ɺʝʡʙʫʣʣʘ ʜʣʷ ʜʝʬʝʢʪʦʚ ʩ ʥʠʟʢʠʤ ʢʨʠʪʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 

ʥʝ ʤʝʥʷʝʪʩʷ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʘʛʘʪʴ, ʯʪʦ ʜʝʬʝʢʪʳ ʩ ʚʳʩʦʢʠʤ 

ʢʨʠʪʠʯʝʩʢʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʷʚʣʷʶʪʩʷ ʤʘʣʳʤʠ ʧʦ ʨʘʟʤʝʨʫ ʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ, 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʦʢʦʥ [413]. ʆʩʘʞʜʝʥʠʝ ʪʦʥʢʦʛʦ ʠʨʠʜʠʝʚʦʛʦ 

ʧʦʢʨʳʪʠʷ ʧʨʠʚʦʜʠʪ ʢ ʙʦʣʴʰʝʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʤʝʥʴʰʝʤʫ ʤʦʜʫʣʶ 

ɺʝʡʙʫʣʣʘ ʜʣʷ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʚʦʣʦʢʦʥ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʝʬʝʢʪʳ ʩ ʥʠʟʢʠʤ ʢʨʠʪʠʯʝʩʢʠʤ 

ʥʘʧʨʷʞʝʥʠʝʤ ʷʚʣʷʶʪʩʷ ʢʨʫʧʥʳʤʠ ʦʙʨʘʟʦʚʘʥʠʷʤʠ ï ʥʘʜʨʝʟʘʤʠ, ʨʘʢʦʚʠʥʘʤʠ, ʦʙʨʳʚʘʤʠ ʠ 

ʧʝʪʣʷʤʠ ʬʠʙʨʠʣ ʠ ʪ.ʧ. [413], ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʪʦʨʳʭ ʦʩʘʞʜʝʥʠʝ ʪʦʥʢʦʛʦ ʠʨʠʜʠʝʚʦʛʦ 

ʧʦʢʨʳʪʠʷ ʚʣʠʷʥʠʷ ʥʝ ʦʢʘʟʳʚʘʝʪ. 

ɹʦʣʝʝ ʤʘʩʩʠʚʥʳʝ ʧʦʢʨʳʪʠʷ Ir-2 ʠ Ir-3 ʦʢʘʟʳʚʘʶʪ ʯʫʪʴ ʤʝʥʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʚʳʩʦʢʦʧʨʦʯʥʳʝ ʚʦʣʦʢʥʘ (ʫʤʝʥʴʰʝʥʠʝ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 7%). ʆʜʥʘʢʦ, ʜʣʷ ʦʙʨʘʟʮʘ Ir-3 ʜʦʣʷ 

ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʚʦʣʦʢʦʥ (f) ʚ ʚʳʙʦʨʢʝ ʥʘ ~20% ʙʦʣʴʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʦʤ 
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ʩʨʘʚʥʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʦʙʨʘʟʮʘ Ir-3 ʩʠʣʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʪʠʮ ʠʨʠʜʠʷ ʚ ʧʦʢʨʳʪʠʠ ʙʦʣʴʰʝ, ʯʝʤ ʧʦʢʨʳʪʠʷ ʩ ʧʦʜʣʦʞʢʦʡ, ʚ ʦʪʣʠʯʠʝ 

ʦʪ ʦʙʨʘʟʮʘ Ir-2 ʧʨʠ ʩʨʘʚʥʠʤʦʡ ʪʦʣʱʠʥʝ ʧʦʢʨʳʪʠʡ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʫʩʣʦʚʠʷʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘ (ʪʝʤʧʝʨʘʪʫʨʘ ʦʩʘʞʜʝʥʠʷ Ir-2 ï 550Áʉ, ʘ Ir-3 ï 600ÁC). ɼʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʷ (Ir-4) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʯʥʦʩʪʴ 

ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ.  

ʇʨʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1000Áʉ (90% ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʊʘʤʤʘʥʘ ï ʜʣʷ ʠʨʠʜʠʷ 1110Áʉ [258]) ʚ 

ʬʦʨʚʘʢʫʫʤʝ (~10-2 ʪʦʨʨ) ʥʘʙʣʶʜʘʝʪʩʷ ʩʠʣʴʥʦʝ ʧʘʜʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʥʘ 75% ʚ ʩʨʝʜʥʝʤ (ʜʣʷ 

ʦʙʨʘʟʮʘ Ir-2: 0.73Ñ0.03 ɻʇʘ ʧʨʦʪʠʚ 2.87Ñ0.01 ɻʇʘ ʜʣʷ ʥʝʧʨʦʛʨʝʪʦʛʦ, ʨʠʩʫʥʦʢ 53ʙ). ʅʘ 

ʨʠʩʫʥʢʝ 54 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʥʠʤʢʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʧʦʩʣʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ 1000Áʉ ʠ 1400Áʉ. ʋʞʝ ʧʨʠ 1000Áʉ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʠ ʢʦʘʣʝʩʮʝʥʮʠʷ ʠʨʠʜʠʝʚʳʭ ʟʸʨʝʥ ʚ ʢʨʫʧʥʳʝ ʘʛʣʦʤʝʨʘʪʳ. ɺ ʧʦʢʨʳʪʠʠ 

ʦʙʨʘʟʫʶʪʩʷ ʧʦʨʳ, ʧʦʷʚʣʷʶʪʩʷ ʫʯʘʩʪʢʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ, ʥʝ ʧʦʢʨʳʪʳʝ ʠʨʠʜʠʝʤ, ʚ ʪʦ 

ʞʝ ʚʨʝʤʷ ʪʨʝʱʠʥʳ ʠ ʦʪʩʣʦʝʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ. 

 

  

ʈʠʩʫʥʦʢ 53. ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦʷʪʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʦʪ ʧʨʦʯʥʦʩʪʠ (ʘ) 

ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʩ ʪʦʥʢʠʤ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ (Ir-1) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʧʦʢʨʳʪʳʤ 

ʚʦʣʦʢʥʦʤ (Cf). ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʨʦʷʪʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʦʪ ʧʨʦʯʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ 

ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ (Ir-2) ʜʦ ʠ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ (ʙ). 
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ʈʠʩʫʥʦʢ 54. ʉʕʄ ʩʥʠʤʢʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʩ 

ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ: ʘ ï 1000Áʉ, ʙ ï 1400Áʉ 

 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʥʘʙʣʶʜʘʝʤʦʛʦ ʵʬʬʝʢʪʘ ʥʘ ʨʠʩʫʥʢʝ 55 ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʂʊʈ 

ʜʣʷ ʠʨʠʜʠʷ (~ 6.5 Ĭ 10-6 ʂ-1) ʠ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ (~ 2 Ĭ 10-6 ʂ-1 ʧʦʩʣʝ 700Áʉ) ʧʦ ʜʘʥʥʳʤ 

[87,233,414]. ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʠʨʠʜʠʷ ʥʘ ʫʛʣʝʨʦʜʥʫʶ ʧʦʜʣʦʞʢʫ (ʪʝʤʧʝʨʘʪʫʨʘ 500-600Áʉ) ʚ 

ʠʨʠʜʠʝʚʦʤ ʧʦʢʨʳʪʠʠ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʥʘʧʨʷʞʝʥʠʷ (ʪʦʯʢʘ ɸ, ʨʠʩʫʥʦʢ 46). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʦʭʣʘʞʜʝʥʠʷ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠʨʠʜʠʝʚʦʝ ʧʦʢʨʳʪʠʝ ʩʞʠʤʘʝʪʩʷ ʙʳʩʪʨʝʝ, ʯʝʤ 

ʧʦʜʣʦʞʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʦʧʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʡ ʨʘʩʪʷʞʝʥʠʷ ʚ ʧʦʢʨʳʪʠʠ ʠ 

ʦʙʨʘʟʦʚʘʥʠʶ ʪʨʝʱʠʥ ʠ ʫʯʘʩʪʢʦʚ ʦʪʩʣʘʠʚʘʥʠ ̫ʦʪ ʧʦʜʣʦʞʢʠ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʥʘʛʨʝʚʝ ʜʦ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (ɹ ï 1000Áʉ, ɻ ï 1400Áʉ, ɽ ï 1600Áʉ) ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʮʝʩʩʦʚ 

ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʢʦʘʣʝʩʮʝʥʮʠʠ ʠʨʠʜʠʝʚʳʭ ʟʸʨʝʥ ʧʨʦʠʩʭʦʜʠʪ ʦʪʞʠʛ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʠʨʠʜʠʠ (ɺ, ɼ ʠ ɾ). ɺ ʨʝʟʫʣʴʪʘʪʝ, ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʦʢʨʳʪʠʠ 

ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʠʝ ʥʘʧʨʷʞʝʥʠʷ ʨʘʩʪʷʞʝʥʠʷ. ʊʘʢ ʢʘʢ ʪʨʝʱʠʥ ʠ 

ʦʪʩʣʘʠʚʘʥʠʡ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʩʣʝʜʫʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʷ ʥʝ 

ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʘʜʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʚʦʣʦʢʦʥ ʩ ʧʦʢʨʳʪʠʝʤ ʧʨʠ 

ʠʩʧʳʪʘʥʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ [257,415ï417].  
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ʈʠʩʫʥʦʢ 55. ʉʨʘʚʥʝʥʠʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠʨʠʜʠʷ (ʩʠʥʷʷ ʣʠʥʠʷ) ʠ ʫʛʣʝʨʦʜʥʦʡ 

ʧʦʜʣʦʞʢʠ (ʯʸʨʥʘʷ ʣʠʥʠʷ). ʇʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ï ʥʘʧʨʷʞʝʥʠʷ ʚ ʠʨʠʜʠʝʚʦʤ ʧʦʢʨʳʪʠʠ ʧʨʠ 

ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ. 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʠʨʠʜʠʡ-ʫʛʣʝʨʦʜ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦʣʫʯʘʝʤʳʝ 

ʤʝʪʦʜʦʤ MOCVD ʧʦʢʨʳʪʠʷ ʦʜʥʦʨʦʜʥʳ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʶʪ ʥʘ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʦʙʨʘʙʦʪʢʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʠʨʠʜʠʝʚʦʤ ʧʦʢʨʳʪʠʠ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤʳ ʩʫʱʝʩʪʚʝʥʥʦ ʜʝʛʨʘʜʠʨʫʶʪ. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ 

ʜʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʦʥʠʤʘʥʠʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʜʠʟʘʡʥʘ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʱʠʪʥʳʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʠʨʠʜʠʷ. 

 

5.2. ʂʦʤʧʣʝʢʩʥʳʝ ʧʦʢʨʳʪʠʷ çRCVD ʪʫʛʦʧʣʘʚʢʠʝ ʩʦʝʜʠʥʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʩʠʩʪʝʤ 

M ï C ï Si ï O ï F (M = Hf , Ta)/ MOCVD  ʠʨʠʜʠʡè ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ 

 

ɺ ʩʠʩʪʝʤʘʭ M ï Ir ï C ï Si ï O ï F (M = Hf, Ta) ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ 

ʨʝʘʢʮʠʦʥʥʦʤʫ ʦʩʘʞʜʝʥʠʶ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʧʨʠ 1000Áʉ ʪʘʥʪʘʣʘ ʠ ʛʘʬʥʠʷ ʥʘ ʫʛʣʝʨʦʜʥʳʝ 

ʧʦʜʣʦʞʢʠ, ʧʦʢʨʳʪʳʝ ʠʨʠʜʠʝʤ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 
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ʢʦʥʬʠʛʫʨʘʮʠʶ ʨʝʘʢʪʦʨʘ, ʦʧʠʩʘʥʥʫʶ ʚ ʨʘʟʜʝʣʝ 3.2.1 ʠ ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʥʘ ʨʠʩʫʥʢʝ 18ʙ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥʠʷ ʩʠʩʪʝʤʳ ʩ ʫʯʸʪʦʤ Si- ʠ O-ʢʦʤʧʦʥʝʥʪ ʛʘʟʦʚʦʡ ʬʘʟʳ 

ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ-ʩʠʣʠʮʠʜʦʚ ʩʠʩʪʝʤ Ir ï Si, Ir ï Si ï C, Hf ï Ir ï Si ʠ Ta ï Ir ï Si [100,418ï420]. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʨʘʩʧʣʘʚʳ, ʩʦʜʝʨʞʘʱʠʝ ʢʨʝʤʥʠʡ ʠ ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ ʩʤʘʯʠʚʘʶʪ 

ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ [421]. ʉʤʘʯʠʚʘʥʠʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʦʙʨʘʟʦʚʘʥʠʶ 

ʙʦʣʝʝ ʧʨʦʯʥʦʛʦ ʢʦʥʪʘʢʪʘ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ ʧʦʢʨʳʪʠʝ ï ʧʦʜʣʦʞʢʘ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ, 

ʯʪʦ ʚ ʩʠʩʪʝʤʘʭ Hf ï Ir ï C ʠ Ta ï Ir ï C ʬʦʨʤʠʨʫʶʪʩʷ ʪʫʛʦʧʣʘʚʢʠʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ ʪʠʧʘ MIr3, ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ (ʨʘʟʜʝʣ 

1.2.4). ɼʣʷ ʩʨʘʚʥʝʥʠʷ, ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʫʛʣʝʨʦʜʥʳʝ ʧʦʜʣʦʞʢʠ ʩ ʦʩʘʞʜʸʥʥʳʤ ʤʝʪʦʜʦʤ 

MOCVD ʠʨʠʜʠʝʚʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʠ 550Áʉ (ʄ-2 ʠ ʄ-4, ʪʘʙʣʠʮʘ 2, ʨʘʟʜʝʣ 3.2.3) ʠ 

ʧʦʜʣʦʞʢʠ ʩ ʧʦʢʨʳʪʠʝʤ, ʧʨʦʰʝʜʰʠʝ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʧʨʠ 1600Áʉ (ʄ-1 ʠ ʄ-3, 

ʪʘʙʣʠʮʘ 2, ʨʘʟʜʝʣ 3.2.3).  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 56) ʥʘ ʫʛʣʝʨʦʜʥʳʭ ʧʦʜʣʦʞʢʘʭ, ʧʦʢʨʳʪʳʭ ʠʨʠʜʠʝʤ 

(ʄ-1 ʠ ʄ-2) ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʦʚʳʭ ʬʘʟ: HfIrSi ʠ 

HfC ʚ ʩʦʦʪʥʦʰʝʥʠʠ 77 ʠ 23 % (ʄ-1); HfC, HfIrSi ʠ IrSi ʚ ʩʦʦʪʥʦʰʝʥʠʠ 52, 33 ʠ 15 % 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʄ-2). ʐʠʨʦʢʠʡ ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʡ ʨʝʬʣʝʢʩ ʥʘ 2Ū ~ 26Á ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ. ʈʌɸ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʥʘ ʤʝʪʘʣʣʘʭ, ʠ 

ʢʦʥʜʝʥʩʘʪʘ, ʦʩʘʞʜʸʥʥʦʛʦ ʥʘ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ, ʟʘʬʠʢʩʠʨʦʚʘʣ ʦʪʩʫʪʩʪʚʠʝ ʠʨʠʜʠʡ-

ʩʦʜʝʨʞʘʱʠʭ ʧʨʦʜʫʢʪʦʚ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʠʨʠʜʠʷ ʯʝʨʝʟ ʛʘʟʦʚʫʶ ʬʘʟʫ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʈʘʟʣʠʯʠʝ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʦʚ ʄ-1 

ʠ ʄ-2 ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʦʙʨʘʟʝʮ ʄ-1 ʙʳʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʛʨʝʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1600Áʉ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʢʦʘʣʝʩʮʝʥʮʠʠ ʠʨʠʜʠʝʚʳʭ ʟʸʨʝʥ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ 

ʩʫʙʩʪʨʘʪʘ. ɼʘʣʴʥʝʡʰʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʛʘʟʦʚʦʡ ʬʘʟʦʡ ʠʨʠʜʠʝʚʳʭ ʯʘʩʪʠʮ ʧʨʦʪʝʢʘʣʦ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʨʦʮʝʩʩʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ ʩ ʥʠʟʰʠʤʠ ʬʪʦʨʠʜʘʤʠ 

ʛʘʬʥʠʷ ʧʦ ʨʝʘʢʮʠʠ 40 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ HfC, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʙʦʣʴʰʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ HfC ʚ 

ʧʦʢʨʳʪʠʠ ʄ-1. ʌʦʨʤʠʨʦʚʘʥʠʝ HfIrSi ʠ IrSi ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʘ 

ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʚ ʩʠʩʪʝʤʝ ʧʨʦʠʩʭʦʜʠʪ ʵʬʬʝʢʪʠʚʥʳʡ 

ʧʝʨʝʥʦʩ ʢʨʝʤʥʠʷ. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʠʩʪʝʤʳ Hf ï C ï Si ï 

O ï F ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʦʩʥʦʚʥʳʝ ʨʝʘʢʮʠʠ 64 ʠ 65, ʦʧʠʩʳʚʘʶʱʠʝ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ 

ʧʝʨʝʥʦʩʯʠʢʘʤʠ ʢʨʝʤʥʠʷ ʷʚʣʷʶʪʩʷ ʥʠʟʰʠʝ ʬʪʦʨʠʜʳ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, SiF2. ʅʠʟʰʠʝ 

ʬʪʦʨʠʜʳ ʢʨʝʤʥʠʷ ʠ ʛʘʬʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʠʨʠʜʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ IrSi ʠ HfIrSi. 
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ʆʙʨʘʟʦʚʘʥʠʝ ʢʘʨʙʠʜʘ ʛʘʬʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʝʘʢʮʠʠ 40. ʅʘʣʠʯʠʝ IrSi ʚ ʩʦʩʪʘʚʝ ʧʦʢʨʳʪʠʷ 

ʥʘ ʦʙʨʘʟʮʝ ʄ-2 ʪʘʢʞʝ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʪʝʤ, ʯʪʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

HfIrSi ʩ ʫʛʣʝʨʦʜʦʤ ʧʦ ʨʝʘʢʮʠʠ 66.  

 

2SiF2(ʛ) + Ir(ʪʚ) = IrSi(ʪʚ) + SiF4(ʛ)   (64) 

4HfF3(ʛ) + IrSi = HfIrSi(ʪʚ) + HfF4(ʛ)  (65) 

HfIrSi(ʪʚ) + C(ʪʚ) = IrSi(ʪʚ) + Hfʉ(ʪʚ)  (66) 

 

 

  

ʈʠʩʫʥʦʢ 56. ʈʌɸ ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʫʛʦʧʣʘʚʢʦʛʦ ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʠʩʪʝʤʝ Hf ï C ï 

Si ï O ï F: ʘ ï ʧʦʜʣʦʞʢʘ ʩʦ ʩʚʝʞʝʦʩʘʞʜʸʥʥʳʤ ʠʨʠʜʠʝʚʳʤ ʩʣʦʝʤ (ʄ-2), ʙ ï ʧʦʜʣʦʞʢʘ ʩ 

ʠʨʠʜʠʝʤ, ʧʨʦʰʝʜʰʠʤ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʧʨʠ 1600Áʉ (ʄ-1) 

 

ʅʘ ʨʠʩʫʥʢʝ 57 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʕʄ ʩʥʠʤʢʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 

ʩʠʩʪʝʤʝ Hf ï Ir ï C ï Si ï O ï F. ɺʠʜʥʳ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʟʸʨʝʥ 

ʨʘʟʤʝʨʦʤ ʥʝ ʙʦʣʝʝ 200 ï 400 ʥʤ. ʄʦʨʬʦʣʦʛʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʧʦʜʣʦʞʢʘʭ ʄ-1 ʠ ʄ-2 ʩʭʦʞʘʷ. 

ʆʢʨʫʛʣʳʝ ʦʙʨʘʟʦʚʘʥʠʷ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʥʘ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʩʦ ʩʪʦʨʦʥʳ, 

ʧʦʢʨʳʪʦʡ ʠʨʠʜʠʝʤ.  
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ʈʠʩʫʥʦʢ 57. ʉʕʄ ʩʥʠʤʢʠ ʚ ʨʝʞʠʤʝ SE ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʫʛʦʧʣʘʚʢʦʛʦ ʧʦʢʨʳʪʠʷ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F: ʘ ï ʧʦʜʣʦʞʢʘ ʩʦ ʩʚʝʞʝʦʩʘʞʜʸʥʥʳʤ 

ʠʨʠʜʠʝʚʳʤ ʩʣʦʝʤ (ʄ-2), ʙ ï ʧʦʜʣʦʞʢʘ ʩ ʠʨʠʜʠʝʤ, ʧʨʦʰʝʜʰʠʤ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ 

ʧʨʠ 1600Áʉ (ʄ-1). 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʩʘʞʜʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F ʥʘ ʧʦʜʣʦʞʢʘʭ ʄ-3 ʠ ʄ-4, 

ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 58), ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʦʚʳʭ ʬʘʟ: TaC ʠ TaIr3 ʚ 

ʩʦʦʪʥʦʰʝʥʠʠ 94 ʠ 5 % (ʄ-3), ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʝ 

ʨʝʬʣʝʢʩʳ IrSi (ʤʝʥʝʝ 1 %); TaC, Ta2C ʠ TaIr3 ʚ ʩʦʦʪʥʦʰʝʥʠʠ 65, 23 ʠ 12 % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

(ʄ-4). ʐʠʨʦʢʠʡ ʨʝʬʣʝʢʩ ʥʘ 2Ū ~ 26Á ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʝ. ʅʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʧʨʠʩʫʪʩʪʚʫʝʪ ʨʝʬʣʝʢʩ ʧʨʠ 2Ū ~ 22,7 ï 22,8Á, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ 

ʩʦʦʪʥʝʩʸʪ ʩ ʬʘʟʦʡ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʛʦ Ta2O5 (PDF# 25-0922, 40-13-9608), ʦʙʨʘʟʦʚʘʥʠʝ 

ʢʦʪʦʨʦʛʦ ʨʘʥʝʝ ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F (ʨʘʟʜʝʣ r4.1.3, 4.1.4). ʄʝʪʦʜʦʤ 

ʈʌɸ ʠʩʩʣʝʜʦʚʘʥʳ ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ, ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʤ ʪʘʥʪʘʣʝ, ʘ 

ʪʘʢʞʝ ʢʦʥʜʝʥʩʘʪ, ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ ʥʘ ʩʪʝʥʢʘʭ ʘʤʧʫʣʳ. ʅʠʢʘʢʠʭ ʠʨʠʜʠʡ-ʩʦʜʝʨʞʘʱʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʦʙʥʘʨʫʞʝʥʦ ʥʝ ʙʳʣʦ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʠʨʠʜʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ. ʆʙʨʘʟʦʚʘʥʠʝ IrSi ʦʙʲʷʩʥʷʝʪʩʷ 

ʥʘʣʠʯʠʝʤ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ ʬʪʦʨʠʜʦʚ ʢʨʝʤʥʠʷ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʭʠʤʠʯʝʩʢʦʤʫ ʪʨʘʥʩʧʦʨʪʫ 

ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʩʠʣʠʮʠʜʦʚ. ʆʜʥʘʢʦ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ, ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ ʙʦʣʴʰʝʝ ʧʘʨʮʠʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ ʬʪʦʨʠʜʦʚ ʢʨʝʤʥʠʷ, ʯʝʤ ʚ ʩʠʩʪʝʤʝ Hf ï C ï Si ï O ï F, ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
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ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ TaIrSi. ʆʪʩʫʪʩʪʚʠʝ ʜʚʦʡʥʦʛʦ ʩʠʣʠʮʠʜʘ ʪʘʥʪʘʣʘ-ʠʨʠʜʠʷ ʠ ʤʘʣʦʝ 

ʢʦʣʠʯʝʩʪʚʦ IrSi ʚ ʧʨʦʜʫʢʪʘʭ ʨʝʘʢʮʠʠ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ TaIr3 ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʙʦʣʝʝ ʩʪʘʙʠʣʝʥ, ʯʝʤ HfIr3. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ TaIr3, ʥʘ ʦʩʥʦʚʘʥʠʠ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ Ta ï C ï Si ï O ï F, ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ 

ʨʝʘʢʮʠʷʤʠ 67 ï 69. 

 

5TaF4(ʛ) + Ir(ʪʚ) = TaIr3(ʪʚ) + 4TaF5(ʛ)  (67) 

2SiF2(ʛ) + Ir(ʪʚ) = IrSi(ʪʚ) + SiF4(ʛ)   (68) 

TaF4(ʛ) + IrSi(ʪʚ) = TaIr3(ʪʚ) + SiF4(ʛ)  (69) 

 

ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʩʭʦʞʝʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ ʩ ʪʘʥʪʘʣʦʤ ʠ ʩʠʩʪʝʤʳ ʩ 

ʛʘʬʥʠʝʤ ʚ ʩʣʫʯʘʝ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʦʙʨʘʟʮʘʭ ʄ-1 ʠ ʄ-3, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʨʦʛʨʝʪʳʭ 

ʧʨʠ 1600Áʉ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʙʦʣʴʰʦʝ ʩʦʜʝʨʞʘʥʠʝ TaC ʚ ʧʦʢʨʳʪʠʠ ʄ-3, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʧʨʦʮʝʩʩʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩ ʠʨʠʜʠʝʚʳʤʠ ʯʘʩʪʠʮʘʤʠ ʠ 

ʦʪʢʨʳʪʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʦʡ. ʆʙʨʘʟʦʚʘʥʠʝ TaC ʬʘʟʳ ʧʨʦʠʩʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʧʦ ʨʝʘʢʮʠʠ 26. ʉʫʱʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʧʦʜʣʦʞʢʝ ʄ-4 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʨʦʮʝʩʩʘ ʧʨʦʠʩʭʦʜʠʣʦ ʬʦʨʤʠʨʦʚʘʥʠʝ TaIr3 

ʧʦʩʨʝʜʩʪʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʘʟʦʚʦʡ ʬʘʟʳ ʩ ʠʨʠʜʠʝʤ ʧʦ ʨʝʘʢʮʠʷʤ 67-69. ʆʪʩʫʩʪʩʪʚʠʝ 

ʩʠʣʠʮʠʜʘ ʠʨʠʜʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʠʨʠʜʠʷ ʤʝʥʴʰʝ ʠ ʜʘʣʴʥʝʡʰʝʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ IrSi ʩ ʬʪʦʨʠʜʘʤʠ ʪʘʥʪʘʣʘ ʧʨʦʪʝʢʘʝʪ ʙʳʩʪʨʝʝ.  
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ʈʠʩʫʥʦʢ 58. ʈʌɸ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʫʛʦʧʣʘʚʢʦʛʦ ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 

ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F: ʘ ï ʧʦʜʣʦʞʢʘ ʩʦ ʩʚʝʞʝʦʩʘʞʜʸʥʥʳʤ ʠʨʠʜʠʝʚʳʤ ʩʣʦʝʤ (M-4), 

ʙ ï ʧʦʜʣʦʞʢʘ ʩ ʠʨʠʜʠʝʤ, ʧʨʦʰʝʜʰʠʤ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʧʨʠ 1600Áʉ (M-3). 

ʈʝʬʣʝʢʩ, ʩʦʦʪʥʝʩʸʥʥʳʡ ʩ ʬʘʟʦʡ o-Ta2O5, ʦʪʤʝʯʝʥ (*). 

ʅʘ ʨʠʩʫʥʢʝ 59 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʕʄ ʩʥʠʤʢʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 

ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F. ɺʠʜʥʳ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʟʸʨʝʥ ʠ 

ʢʨʠʩʪʘʣʣʦʚ ʠʛʦʣʴʯʘʪʦʡ ʬʦʨʤʳ ʨʘʟʤʝʨʦʤ ʥʝ ʙʦʣʝʝ 200 ï 400 ʥʤ. ʄʦʨʬʦʣʦʛʠʷ ʦʙʨʘʟʮʦʚ ʥʘ 

ʧʦʜʣʦʞʢʘʭ ʄ-3 ʠ ʄ-4 ʩʭʦʞʘʷ.  

  

ʈʠʩʫʥʦʢ 59. ʉʕʄ ʩʥʠʤʢʠ ʚ ʨʝʞʠʤʝ SE ʢʦʤʧʣʝʢʩʥʦʛʦ ʪʫʛʦʧʣʘʚʢʦʛʦ ʧʦʢʨʳʪʠʷ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʠʩʪʝʤʝ Ta ï C ï Si ï O ï F: ʘ ï ʧʦʜʣʦʞʢʘ ʩʦ ʩʚʝʞʝʦʩʘʞʜʸʥʥʳʤ 

ʠʨʠʜʠʝʚʳʤ ʩʣʦʝʤ (M-4), ʙ ï ʧʦʜʣʦʞʢʘ ʩ ʠʨʠʜʠʝʤ, ʧʨʦʰʝʜʰʠʤ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ 

ʧʨʠ 1600Áʉ (M-3). 
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ɺ ʟʘʢʣʶʯʝʥʠʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʩʠʩʪʝʤʝ M ï Ir ï C ï Si ï O 

ï F (M = Hf, Ta) ʧʨʦʪʝʢʘʝʪ ʧʦ ʩʭʦʞʠʤ ʤʝʭʘʥʠʟʤʘʤ, ʯʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʜʩʪʘʚʠʪʴ 

ʧʨʦʮʝʩʩ ʩʭʝʤʘʪʠʯʝʩʢʠ ʚ ʦʙʱʝʤ ʚʠʜʝ (ʨʠʩʫʥʢʝ 60). ʆʪʣʠʯʠʝ ʩʠʩʪʝʤʳ ʩ ʪʘʥʪʘʣʦʤ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʘʨʘʣʣʝʣʴʥʦ ʧʨʦʮʝʩʩʫ ʦʩʘʞʜʝʥʠʷ ʧʨʦʪʝʢʘʝʪ ʨʝʘʢʮʠʷ ʨʘʟʣʦʞʝʥʠʷ 

TaOF3 ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Ta2O5 (ʨʝʘʢʮʠʷ 57). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʩʦʝʜʠʥʝʥʠʷ ʠʨʠʜʠʷ HfIrSi ʠ TaIr3 ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ 

ʬʘʟʳ ʚʧʝʨʚʳʝ. ʈʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [422ï424].  

 

 

ʈʠʩʫʥʦʢ 60. ʆʙʱʘʷ ʩʭʝʤʘ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʝ M ï Ir ï C ï Si ï O ï F (M = Hf, Ta). 

SiFx ï ʥʠʟʰʠʝ ʬʪʦʨʠʜʳ ʢʨʝʤʥʠʷ, x Í 4. 

 

5.3. ɺr ʚʦʜʳ ʧʦ ɻʣʘʚʝ 5 

¶ ʀʨʠʜʠʝʚʳʝ ʧʦʢʨʳʪʠʷ, ʧʦʣʫʯʘʝʤʳʝ ʤʝʪʦʜʦʤ MOCVD ʥʘ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʜʣʦʞʢʘʭ ʦʜʥʦʨʦʜʥʳʝ ʠ ʩʦʩʪʦʷʪ ʠʟ ʟʸʨʝʥ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʙʣʠʟʢʠʭ ʠʣʠ ʚʳʰʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʊʘʤʤʘʥʘ (1110Áʉ), ʧʨʦʠʩʭʦʜʠʪ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʦʢʨʳʪʠʷ ʠ 

ʢʦʘʣʝʩʮʝʥʮʠʷ ʠʨʠʜʠʝʚʳʭ ʟʸʨʝʥ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʩʤʘʯʠʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʘ 

ʠʨʠʜʠʝʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʷʚʣʝʥʠʶ ʫʛʣʝʨʦʜʥʦʡ ʧʦʜʣʦʞʢʠ. 
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¶ ʊʦʣʱʠʥʘ ʠʨʠʜʠʝʚʦʛʦ ʧʦʢʨʳʪʠʷ ʚʣʠʷʝʪ ʥʘ ʧʨʦʯʥʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʝʬʝʢʪʦʚ ʚ ʚʳʙʦʨʢʝ. ʉʦʚʦʢʫʧʥʦʩʪʴ ʜʘʥʥʳʭ ʧʦ ʧʨʦʯʥʦʩʪʠ ʚʦʣʦʢʦʥ 

ʦʧʠʩʳʚʘʶʪʩʷ ʙʠʤʦʜʘʣʴʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ɺʝʡʙʫʣʣʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʟʜʝʣʠʪʴ 

ʜʝʬʝʢʪʳ ʧʦ ʚʝʣʠʯʠʥʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʤʝʣʢʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʠ 

ʢʨʫʧʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ.  

¶ ʄʝʪʦʜʦʤ ʨʝʘʢʮʠʦʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚʧʝʨʚʳʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʢʦʤʧʣʝʢʩʥʳʝ ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠʨʠʜʠʷ TaIr3 ʠ HfIrSi. ʆʩʦʙʝʥʥʦʩʪʠ 

ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʧʦʣʫʯʘʶʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤ M ï C ï Si ï O ï F (M= Hf, Ta).  
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ɻʃɸɺɸ 6. ʀʉʉʃɽɼʆɺɸʅʀɽ ʊɺɽʈɼʆʌɸɿʅʆɻʆ ɺɿɸʀʄʆɼɽʁʉʊɺʀʗ 

ʊʋɻʆʇʃɸɺʂʀʍ ʂɸʈɹʀɼʆɺ ʊɸʅʊɸʃɸ ʀ ɻɸʌʅʀʗ ʉ ʀʈʀɼʀɽʄ 

 

ʂʘʨʙʠʜʳ, ʙʦʨʠʜʳ ʠ ʥʠʪʨʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 4-6 ʛʨʫʧʧ, ʘ ʪʘʢʞʝ ʪʫʛʦʧʣʘʚʢʠʝ 

ʦʢʩʠʜʳ ʷʚʣʷʶʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ [425]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʥʦʛʠʝ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ ʩʨʘʚʥʠʤʳ ʧʦ 

ʪʝʤʧʝʨʘʪʫʨʝ ʧʣʘʚʣʝʥʠʷ ʩ ʪʫʛʦʧʣʘʚʢʦʡ ʢʝʨʘʤʠʢʦʡ (ʨʠʩʫʥʦʢ 61), ʘ ʪʘʢʠʝ ʩʚʦʡʩʪʚʘ, ʢʘʢ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʢʝʨʘʤʠʢʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʠʨʠʜʠʷ (ʚ ʯʘʩʪʥʦʩʪʠ HfIr3 ʠ TaIr3) ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (2000Áʉ ʠ ʚʳʰʝ) [357]. ɺ 

ʨʘʙʦʪʘʭ [85,103,104] ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ HfC-HfIr3 ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʧʦʢʨʳʪʠʷ ʜʣʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʂ ʩʦʞʘʣʝʥʠʶ, ʘʚʪʦʨʳ ʥʝ ʩʤʦʛʣʠ 

ʧʦʣʫʯʠʪʴ ʛʘʟʦʧʣʦʪʥʦʝ ʧʦʢʨʳʪʠʝ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʦʙʲʸʤʥʦʤʫ ʦʢʠʩʣʝʥʠʶ ʦʙʨʘʟʮʦʚ[85].  

 

 

 

ʈʠʩʫʥʦʢ 61. ʀʟʙʨʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ [425]. ʇʫʥʢʪʠʨʦʤ 

ʚʳʜʝʣʝʥʳ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʢʠʝ ʩʦʝʜʠʥʝʥʠʷ. ʅʘ ʚʩʪʘʚʢʝ ʜʠʘʛʨʘʤʤʘ çʫʜʝʣʴʥʳʡ ʚʝʩ ï 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷè ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʛʨʫʧʧ ʚʝʱʝʩʪʚ. 
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ʀʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʙʳʣʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʪʫʛʦʧʣʘʚʢʠʝ ʢʘʨʙʠʜʳ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ ʨʘʟʣʘʛʘʶʪʩʷ ʠʨʠʜʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

[349,350]. ʇʨʠ ʵʪʦʤ, ʪʘʢʠʝ ʢʘʨʙʠʜʳ, ʢʘʢ HfC ʠ TaC ʦʙʨʘʟʫʶʪ ʩ ʠʨʠʜʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ 

ʪʦʣʴʢʦ ʦʜʥʦʛʦ ʪʠʧʘ ï MIr3 (M = Hf, Ta) ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʜʝʪʘʣʴʥʦ ʦʩʦʙʝʥʥʦʩʪʠ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʘʨʙʠʜʦʚ HfC ʠ TaC ʩ 

ʠʨʠʜʠʝʤ ʨʘʥʝʝ ʥʝ ʙʳʣʠ ʠʟʫʯʝʥʳ.  

 

6.1. ʊʚʝʨʜʦʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚ ʩʠʩʪʝʤʝ HfC ï Ir   

 

ʅʘ ʨʠʩʫʥʢʘʭ 62 ʠ 63 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʈʌɸ ʩʤʝʩʝʡ HfC ʠ Ir ʚ ʩʦʦʪʥʦʰʝʥʠʷʭ 

1:1 ʠ 1:3, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ 1000 

ï 1600Áʉ. ʇʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 62), ʚ ʧʨʦʜʫʢʪʝ, ʧʦʣʫʯʝʥʥʦʤ ʚ ʩʤʝʩʠ 1:1, ʩʦʜʝʨʞʘʪʩʷ 

ʬʘʟʳ: ʠʥʪʝʨʤʝʪʘʣʣʠʜ HfIr3, HfC ʠ Ir. ɼʨʫʛʠʭ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ, ʩʫʱʝʩʪʚʫʶʱʠʭ ʚ 

ʙʠʥʘʨʥʦʡ ʩʠʩʪʝʤʝ ʛʘʬʥʠʡ ï ʠʨʠʜʠʡ [354,355], ʦʙʥʘʨʫʞʝʥʦ ʥʝ ʙʳʣʦ. ʇʝʨʚʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʘ 

ʧʦʷʚʣʝʥʠʷ ʬʘʟʳ HfIr3 ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʫʞʝ ʧʨʠ 1100Áʉ (ʨʠʩʫʥʦʢ 62 ʘ).  
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ʈʠʩʫʥʦʢ 62. ɼʘʥʥʳʝ ʈʌɸ ʩʤʝʩʝʡ HfC:Ir ʩʦʩʪʘʚʘ 1:1 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ: ʘ ï 

ʧʦʷʚʣʝʥʠʝ ʨʝʬʣʝʢʩʘ 111, ʠʤʝʶʱʝʛʦ ʤʘʢʩʠʤʘʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʣʷ ʩʪʨʫʢʪʫʨʳ HfIr3; 

ʙ ï ʨʘʩʝɦʧʣʝʥʠʝ ʨʝʬʣʝʢʩʘ 331 ʜʣʷ ʬʘʟʳ HfIr3Ñx ʚʩʣʝʜʩʪʚʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʪʚʸʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʦʞʝʥʠʶ ʧʠʢʘ HfIr3 ʩʪʝʭʠʦʤʝʪʨʠʯʥʦʛʦ 

ʩʦʩʪʘʚʘ (ʧʘʨʘʤʝʪʨ ʨʝʰʸʪʢʠ 3,935 ¡ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʙʦʪʦʡ [354]); ʚ ï KŬ1 ʠ KŬ2 

ʢʦʤʧʦʥʝʥʪ rʨʝʬʣʝʢʩʘ 222 ʜʣʷ ʬʘʟʳ HfC ʠ ʩʤʝʱʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʘ 220 ʠʨʠʜʠʷ ʚ 

ʦʙʣʘʩʪʴ ʤʝʥʴʰʠʭ ʫʛʣʦʚ 2Ū. 

 

ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʨʝʬʣʝʢʩʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʬʘʟʝ HfIr3 ʠʤʝʶʪ ʩʣʦʞʥʫʶ 

ʩʪʨʫʢʪʫʨʫ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʬʣʝʢʩʳ ʬʘʟʳ HfIr 3 ʨʘʩʱʝʧʣʷʪʁʩʷ (ʨʠʩʫʥʦʢ 

62ʙ). ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦʡ ʧʨʠʯʠʥʦʡ ʥʘʙʣʶʜʘʝʤʳʭ ʠʟʤʝʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ 

ʪʚʸʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʳ HfIr3. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʦʞʝʥʠʷ 

ʨʝʬʣʝʢʩʦʚ HfC ʥʝ ʤʝʥʷʶʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ (ʨʠʩʫʥʦʢ 62 ʚ). ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʠʨʠʜʠʡ ʥʝ ʨʘʩʪʚʦʨʷʝʪʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ HfC ʚʦ ʚʩʸʤ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ. ʅʘʧʨʦʪʠʚ, ʧʦʣʦʞʝʥʠʷ ʨʝʬʣʝʢʩʦʚ ʠʨʠʜʠʷ ʩʜʚʠʛʘʶʪʩʷ ʚ 
























































































































































