
ʊʨʘʥʩʤʠʩʠʦʥʥʘʪʘ ʝʣʝʢʪʨʦʥʥʘ 

ʤʠʢʨʦʩʢʦʧʠʷ

ʚ ʤʦʨʬʦʣʦʛʠʯʥʠʷ ʠ ʬʘʟʦʚ 

ʘʥʘʣʠʟ ʥʘ ʩʲʚʨʝʤʝʥʥʠʪʝ 

ʤʘʪʝʨʠʘʣʠ

ʜʦʮ. ʜ-ʨ ɼʘʥʠʝʣʘ ʂʘʨʘʰʘʥʦʚʘ, 

ʀʆʄʊ - ɹɸʅ



ʇʦʩʚʝʱʘʚʘ ʩʝ ʥʘ: 

ʤʝʞʜʫʥʘʨʦʜʥʘʪʘ ʛʦʜʠʥʘ ʥʘ 

ʢʨʠʩʪʘʣʦʛʨʘʬʠʷʪʘ

ʠ ʥʘ

145-ʪʘʪʘʛʦʜʠʰʥʠʥʘ ʦʪ ʦʩʥʦʚʘʚʘʥʝʪʦ ʥʘ 

ɹʲʣʛʘʨʩʢʘʪʘ ʘʢʘʜʝʤʠʷ ʥʘ ʥʘʫʢʠʪʝ



ʉʲʜʲʨʞʘʥʠʝ

Åʇʨʝʜʥʘʟʥʘʯʝʥʠʝ, ʫʩʪʨʦʡʩʪʚʦ ʠ ʧʨʠʥʮʠʧ ʥʘ ʜʝʡʩʪʚʠʝ 

ʥʘ ʊɽʄ

Åʀʩʪʦʨʠʯʝʩʢʠ ʙʝʣʝʞʢʠ - ʧʨʝʜʧʦʩʪʘʚʢʠ ʟʘ ʚʲʟʥʠʢʚʘʥʝʪʦ 

ʥʘ ʤʠʢʨʦʩʢʦʧʠʷʪʘ

Åʆʧʪʠʯʥʘ ʠ ʝʣʝʢʪʨʦʥʥʘ ʤʠʢʨʦʩʢʦʧʠʷ

Åɺʠʜʦʚʝ ʝʣʝʢʪʨʦʥʥʘ ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʤʠʢʨʦʩʢʦʧʠ

Åɺʠʜʦʚʝ ʤʘʪʝʨʠʘʣʠ ʟʘ ʠʟʩʣʝʜʚʘʥʝ ʚ ʊɽʄ

Åʇʦʜʛʦʪʦʚʢʘ ʥʘ ʦʙʨʘʟʮʠʪʝ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʚ ʊɽʄ

Åʇʦʣʫʯʘʚʘʥʝ ʥʘ ʢʘʯʝʩʪʚʝʥʘ ʠ ʢʦʣʠʯʝʩʪʚʝʥʘ 

ʠʥʬʦʨʤʘʮʠʷ ʦʪ ʊɽʄ ʘʥʘʣʠʟʘ 



ʇʨʝʜʥʘʟʥʘʯʝʥʠʝ ʥʘ ʊɽ ʤʠʢʨʦʩʢʦʧ

ɼʘ ʧʦʣʫʯʠ ʠ ʨʝʛʠʩʪʨʠʨʘ ʥʘʜʝʞʜʥʘ ʠʥʬʦʨʤʘʮʠʷ ʟʘ 

ʤʦʨʬʦʣʦʛʠʷʪʘ, ʩʪʨʫʢʪʫʨʘʪʘ, ʬʘʟʦʚʠʷ ʠ ʝʣʝʤʝʥʪʝʥ ʩʲʩʪʘʚ 

ʥʘ ʠʟʩʣʝʜʚʘʥʠʪʝ ʤʘʪʝʨʠʘʣʠ, ʚ ʨʝʟʫʣʪʘʪ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ ʠʤ ʩʲʩ ʩʥʦʧ ʫʩʢʦʨʝʥʠ ʝʣʝʢʪʨʦʥʠ.

ʇʨʦʚʝʞʜʘʥʝʪʦ ʥʘ ʚʠʩʦʢʦʢʘʯʝʩʪʚʝʥ ʘʥʘʣʠʟ ʚ ʊɽʄ 

ʦʩʠʛʫʨʷʚʘ ʨʘʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ 

ʤʝʪʦʜʠ ʟʘ ʩʠʥʪʝʟ ʥʘ ʥʦʚʠ ʤʘʪʝʨʠʘʣʠ.



ʂʘʢ ʠ ʟʘʱʦ ʩʘ ʩʲʟʜʘʜʝʥʠ ʧʲʨʚʠʪʝ 

ʤʠʢʨʦʩʢʦʧʠ?

ʏʦʚʝʰʢʦʪʦ ʣʶʙʦʧʠʪʩʪʚʦ ʠ 

ʠʥʪʝʨʝʩ ʢʲʤ ʥʝʠʟʚʝʩʪʥʦʪʦ

ʆʛʨʦʤʝʥ ʠʥʪʝʣʝʢʪ ʠ 

ʥʘʪʨʫʧʘʥʠ ʟʥʘʥʠʷ



ʈʘʟʤʝʨʲʪ ʥʘ ʤʠʢʨʦ-ʦʨʛʘʥʠʟʤʠʪʝ, ʥʘ ʧʦ-ʛʦʣʷʤʘʪʘ ʯʘʩʪ ʦʪ 

ʨʘʩʪʠʪʝʣʥʠʪʝ ʠ ʞʠʚʦʪʠʥʩʢʠʪʝ ʢʣʝʪʢʠ, ʥʷʢʦʠ ʢʨʠʩʪʘʣʠ ʠ ʜʨʫʛʠ 

ʝ ʤʥʦʛʦ ʧʦ-ʤʘʣʲʢ ʦʪ ʪʘʟʠ ʩʪʦʡʥʦʩʪ.

ʏʦʚʝʰʢʦʪʦ ʦʢʦ ʏʦʚʝʰʢʦʪʦ ʦʢʦ 

ʦʧʪʠʯʥʘ ʩʠʩʪʝʤʘ, ʩʲʩ ʩʧʝʮʠʬʠʯʥʘ ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ

(ʥʘʡ-ʤʘʣʢʦʪʦ ʨʘʟʩʪʦʷʥʠʝ ʤʝʞʜʫ ʜʚʘ ʦʙʝʢʪʘ 

ʠʣʠ ʤʝʞʜʫ ʝʣʝʤʝʥʪʠʪʝ ʥʘ ʥʘʙʣʶʜʘʚʘʥ ʦʙʝʢʪ, 

ʢʦʛʘʪʦ ʪʝ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ ʨʘʟʣʠʯʝʥʠ ʝʜʠʥ ʦʪ ʜʨʫʛ).

ʇʨ. ɿʘ ʥʦʨʤʘʣʥʦ ʦʢʦ ʧʨʠ ʨʘʟʩʪʦʷʥʠʝ ʜʦ ʦʙʝʢʪʘ D = 25 ʩʤ, 

ʩʨʝʜʥʘʪʘ ʩʪʦʡʥʦʩʪ ʥʘ ʨʘʟʜʝʣʠʪʝʣʥʘʪʘ ʩʧʦʩʦʙʥʦʩʪ ʝ 0,176 ʤʤ. 



ʀʩʪʦʨʠʯʝʩʢʠ ʙʝʣʝʞʢʠ
ɿʘ ʠʟʦʙʨʝʪʘʪʝʣʠ ʥʘ ʤʠʢʨʦʩʢʦʧʘʠʣʠ Ăʫʚʝʣʠʯʠʪʝʣʥʦʪʦ ʩʪʲʢʣʦñ, ʢʘʢʪʦ ʝ ʥʘʨʠʯʘʥ ʚ 

ʥʘʯʘʣʦʪʦ,ʩʝ ʧʨʠʝʤʘʪ ʭʦʣʘʥʜʩʢʠʪʝ ʤʘʡʩʪʦʨʠ ʥʘ ʦʯʠʣʘ ʁʦʭʘʥʝʩ ʠ ʍʘʥʩ ʗʥʩʝʥ, 

ʢʦʠʪʦ ʨʘʙʦʪʷʪ ʚ ʢʨʘʷ ʥʘ 16 ʚʝʢ.

17 ʚʝʢ

1605 ʛ. ʁʦʭʘʥʝʩ ʂʝʧʣʝʨ ʨʘʟʛʘʜʘʚʘ ʜʝʡʩʪʚʠʝʪʦ ʥʘ ʯʦʚʝʰʢʘʪʘ ʨʝʪʠʥʘ ʠ ʧʨʝʟ 1611ʛ. 

ʧʨʝʜʣʘʛʘ ʥʘʯʠʥ ʟʘ ʧʦʩʪʨʦʷʚʘʥʝ ʥʘ Ăʩʣʦʞʝʥñ ʤʠʢʨʦʩʢʦʧ. 

ɻʘʣʠʣʝʦ ɻʘʣʠʣʝʡ

1655 ʛ. ʈʦʙʲʨʪ ʍʫʢ ʠʟʧʦʣʟʚʘ ʩʲʟʜʘʜʝʥʠʷ ʚʝʯʝ ʤʠʢʨʦʩʢʦʧ ʠ ʦʧʠʩʚʘ ʥʘʙʣʶʜʘʚʘʥʠʪʝ 

ʧʦʨʠ ʚ ʩʨʝʟ ʦʪ ʜʲʨʚʝʩʠʥʘʪʘ ʥʘ ʢʦʨʢʦʚ ʜʲʙ, ʢʦʠʪʦ ʥʘʨʠʯʘ Ăʢʣʝʪʢʠñ. 

1674 ʛ. ɸʥʪʦʥʠ ʚʘʥʃʴʦʚʝʥʭʫʢ ʩʲʦʙʱʘʚʘ ʟʘ ʦʪʢʨʠʚʘʥʝʪʦ ʥʘ ʝʜʥʦʢʣʝʪʲʯʝʥ 

ʦʨʛʘʥʠʟʲʤ (ʧʨʦʪʦʟʦʘ), ʘ9 ʛʦʜʠʥʠ ʧʦ-ʢʲʩʥʦ ʟʘ ʧʲʨʚʠ ʧʲʪ ʥʘʙʣʶʜʘʚʘ ʙʘʢʪʝʨʠʷ. 



19 ʚʝʢ

Å 1876ʛ.ɽʨʥʩʪ ɸʙʙʝʘʥʘʣʠʟʠʨʘ ʜʠʬʨʘʢʮʠʦʥʥʠʪʝ ʝʬʝʢʪʠ 

ʧʨʠ ʬʦʨʤʠʨʘʥʝʪʦ ʥʘ ʠʟʦʙʨʘʞʝʥʠʝʪʦ ʚ ʤʠʢʨʦʩʢʦʧʘ ʠ 

ʧʨʝʜʣʘʛʘ ʥʘʯʠʥ ʟʘ ʦʧʪʠʤʠʟʠʨʘʥʝ ʥʘ ʥʝʛʦʚʠʷ ʜʠʟʘʡʥ.

ʊʦʡ ʧʨʝʜʧʦʣʘʛʘ, ʯʝ ʩʧʦʩʦʙʥʦʩʪʪʘ ʜʘ ʩʝ ʨʘʟʣʠʯʠ ʜʝʪʘʡʣ ʦʪ 

ʜʘʜʝʥ ʦʙʝʢʪ ʝ ʦʛʨʘʥʠʯʝʥʘ ʦʪ ʜʲʣʞʠʥʘʪʘ ʥʘ ʚʲʣʥʘʪʘ ʥʘ 

ʠʟʧʦʣʟʚʘʥʘʪʘ ʟʘ ʚʠʟʫʘʣʠʟʠʨʘʥʝ ʩʚʝʪʣʠʥʘ. ʀʤʝʥʥʦ ʪʦʚʘ 

ʦʛʨʘʥʠʯʘʚʘ ʨʝʟʦʣʶʮʠʷʪʘ ʥʘ ʦʧʪʠʯʝʩʢʠʷ ʤʠʢʨʦʩʢʦʧ ʜʦ 

ʥʷʢʦʣʢʦ ʩʪʦʪʠʥ ʥʘʥʦʤʝʪʨʘ ʠ ʤʘʢʩʠʤʘʣʥʦʪʦ ʤʫ 

ʫʚʝʣʠʯʝʥʠʝ ʝ ~ 2000 ʧʲʪʠ.  

Å ʈʘʟʨʘʙʦʪʚʘʥʝʪʦ ʥʘ ʤʠʢʨʦʩʢʦʧʠ ʩ ʫʣʪʨʘʚʠʦʣʝʪʦʚʠ

ʠʟʪʦʯʥʠʮʠ ʦʪ ʂʴʦʣʝʨ ʠ ʈʦʨ, ʚʦʜʠ ʜʦ ʫʚʝʣʠʯʝʥʠʝ ʥʘ 

ʨʘʟʜʝʣʠʪʝʣʥʘʪʘ ʩʧʦʩʦʙʥʦʩʪ ʜʚʘ ʧʲʪʠ, ʥʦ ʝ ʪʚʲʨʜʝ 

ʩʢʲʧʦ, ʟʘʨʘʜʠ ʥʝʦʙʭʦʜʠʤʦʩʪʪʘ ʦʪ ʠʟʧʦʣʟʚʘʥʝ ʥʘ 

ʢʚʘʨʮʦʚʠ ʦʧʪʠʯʥʠ ʝʣʝʤʝʥʪʠ. 

ʄʠʢʨʦʩʢʦʧ ʥʘ

ʂʘʨʣ ʎʘʡʩ ʦʪ 1879 ʛ. 

ʩ ʦʧʪʠʢʘ ʥʘ ɸʙʙʝ

Å1858 ʛ. ʇʣʶʢʝʨ ʫʩʪʘʥʦʚʷʚʘ ʚʲʟʤʦʞʥʦʩʪʪʘ ʜʘ ʩʝ ʦʪʢʣʦʥʷʚʘʪ ʪ.ʥʘʨ. Ăʢʘʪʦʜʥʠ 

ʣʲʯʠñ (ʝʣʝʢʪʨʦʥʠ) ʩ ʤʘʛʥʠʪʥʦ ʧʦʣʝ. ʊʦʟʠ ʝʬʝʢʪ ʝ ʠʟʧʦʣʟʚʘʥ ʟʘ ʩʲʟʜʘʚʘʥʝʪʦ ʦʪ 

ʌʝʨʜʠʥʘʥʜ ɹʨʘʫʥ ʧʨʝʟ 1897 ʛ. ʥʘ ʧʨʠʤʠʪʠʚʝʥ ʦʩʮʠʣʦʩʢʦʧ ʩ ʢʘʪʦʜʥʠ ʣʲʯʠ 

(ʆʂʃ).

Åʇʨʝʟ 1891 ʛ. ʈʠʢʝ (Riecke) ʫʩʪʘʥʦʚʷʚʘ, ʯʝ ʢʘʪʦʜʥʠʪʝ ʣʲʯʠ ʤʦʛʘʪ ʜʘ ʙʲʜʘʪ 

ʬʦʢʫʩʠʨʘʥʠ ʩ ʧʦʤʦʱʪʘ ʥʘ ʤʘʛʥʠʪʥʠ ʧʦʣʝʪʘ ʠ ʢʦʥʩʪʨʫʠʨʘ ʧʨʦʩʪʘ 

ʝʣʝʢʪʨʦʩʪʘʪʠʯʥʘ ʣʝʱʘ.



ʇʲʨʚʠʷʪ ʊɽʄ ʝ 

ʠʟʣʦʞʝʥ ʚ ʤʫʟʝʷ ʚ 

ʛʨ. ʄʶʥʭʝʥ, ɻʝʨʤʘʥʠʷ

Å1931 ʛ. ɻʨʫʧʘʪʘ ʫʩʧʝʰʥʦ ʩʲʟʜʘʚʘ ʫʚʝʣʠʯʝʥʦ 

ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʤʠʢʨʦʩʢʦʧʩʢʘ ʤʨʝʞʠʯʢʘ, ʧʦʩʪʘʚʝʥʘ ʚ 

ʙʣʠʟʦʩʪ ʜʦ ʘʥʦʜʥʘʪʘ ʘʧʝʨʪʫʨʘ. ʋʩʪʨʦʡʩʪʚʦʪʦ, ʢʦʝʪʦ 

ʠʟʧʦʣʟʚʘʪ ʟʘ ʮʝʣʪʘ ʠʤʘ 2 ʤʘʛʥʠʪʥʠ ʣʝʱʠ ʠ ʝ ʧʲʨʚʠʷʪ 

ʝʣʝʢʪʨʦʥʝʥ ʤʠʢʨʦʩʢʦʧ. 

Åʇʲʨʚʠʷʪ ʊɽʄ ʩ ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ, ʧʦ-ʛʦʣʷʤʘ ʦʪ 

ʪʘʟʠ ʥʘ ʦʧʪʠʯʥʠʷ ʤʠʢʨʦʢʦʧ ʝ ʩʲʟʜʘʜʝʥ ʧʨʝʟ 1933 ʛ., ʘ 

ʧʲʨʚʠʷʪ ʪʲʨʛʦʚʩʢʠ TEM - ʧʨʝʟ1939.

Å1986 ʛ. ɽʨʥʩʪ ʈʫʩʢʘ ʧʦʣʫʯʘʚʘ ʅʦʙʝʣʦʚʘ ʥʘʛʨʘʜʘʧʦ 

ʬʠʟʠʢʘ

Åɺ 1928 ʛ. ɺ ʊʝʭʥʠʯʝʩʢʠʷ ʫʥʠʚʝʨʩʠʪʝʪ ʥʘ ɹʝʨʣʠʥ, 

ɸʜʦʣʬ ʄʘʪʠʘʩ, ʧʨʦʬʝʩʦʨ ʧʦ ʚʠʩʦʢʦʚʦʣʪʦʚʠ 

ʪʝʭʥʦʣʦʛʠʠ ʠ ʝʣʝʢʪʨʠʯʝʩʢʠ ʠʥʩʪʘʣʘʮʠʠ, ʥʘʝʤʘ ʄʘʢʩ 

ʅʦʣ, ʟʘ ʜʘ ʨʲʢʦʚʦʜʠ ʝʢʠʧ ʦʪ ʠʟʩʣʝʜʦʚʘʪʝʣʠ ʟʘ 

ʧʦʜʦʙʨʷʚʘʥʝ ʜʠʟʘʡʥʘ ʥʘ ʆʂʃ. ʂʦʣʝʢʪʠʚʲʪ ʩʝ ʩʲʩʪʦʠ ʦʪ 

ʥʷʢʦʣʢʦ ʜʦʢʪʦʨʘʥʪʘ, ʤʝʞʜʫ ʢʦʠʪʦ ɽʨʥʩʪ ʈʫʩʢʘ. ʊʝ ʩʝ 

ʟʘʣʘʚʷʪ ʩʲʩ ʟʘʜʘʯʘʪʘ ʜʘ ʢʦʥʩʪʨʫʠʨʘʪ ʣʝʱʘ ʟʘ ʜʘ 

ʧʦʜʦʙʨʷʪ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʦʩʮʠʣʦʩʢʦʧʘ.



ʆʧʪʠʯʥʠʆʧʪʠʯʥʠ

ʆʪʨʘʞʘʪʝʣʥʠ ʊʨʘʥʩʤʠʩʠʦʥʥʠ



ʝʣʝʢʪʨʦʥʥʠʝʣʝʢʪʨʦʥʥʠ

ʆʪʨʘʞʘʪʝʣʥʠ 

(ʆɽʄ)

ʆʪʨʘʞʘʪʝʣʥʠ 

(ʆɽʄ)

ʉʢʘʥʠʨʘʱʠ 

(ʉɽʄ)

ʉʢʘʥʠʨʘʱʠ 

(ʉɽʄ)

ʊʨʘʥʩʤʠʩʠʦʥʥʠ 

(ʊɽʄ)

ʊʨʘʥʩʤʠʩʠʦʥʥʠ 

(ʊɽʄ)

ʉʢʘʥʠʨʘʱʠ ʪʨʘʥʩʤʠʩʠʦʥʥʠ 

(ʉʊɽʄ)

ʉʢʘʥʠʨʘʱʠ ʪʨʘʥʩʤʠʩʠʦʥʥʠ 

(ʉʊɽʄ)

ʅʷʢʦʠ ʦʪ ʥʘʡ-ʠʟʚʝʩʪʥʠʪʝ ʚ ʩʚʝʪʘ ʬʠʨʤʠ,ʧʨʦʠʟʚʝʞʜʘʱʠ ɽʄ:

JEOL ïʗʧʦʥʠʷ

Philips/FEI- ʉɸʑ

Hitachiïʗʧʦʥʠʷ

TESCAN ïʏʝʭʠʷïSEM, FIB.



ʊʨʘʥʩʤʠʩʠʦʥʥʠ ʝʣʝʢʪʨʦʥʥʠ ʤʠʢʨʦʩʢʦʧʠ (ʊɽʄ)

JEOL JEM 2100 FEI TITAN



HVEMs: 3 MV Hitachi, 

ʨʘʟʜʝʣʠʪʝʣʥʘ ʩʧʦʩʦʙʥʦʩʪ= 0.04nm



ɺʲʟʤʦʞʥʦʩʪʠ ʠ ʧʨʝʜʠʤʩʪʚʘ ʥʘ 

ʊɽʄ
ʉʧʦʤʦʱʪʘʥʘʊɽʄʤʦʞʝʜʘʩʝʧʦʣʫʯʠ:

Åʧʲʣʥʦʤʦʨʬʦʣʦʛʠʯʥʦʠʟʩʣʝʜʚʘʥʝ- ʨʘʟʤʝʨʥʘʟʲʨʥʘʪʘ,

ʤʝʞʜʫʟʲʨʥʦʚʠʛʨʘʥʠʮʠʠʧʦʚʲʨʭʥʦʩʪʠ,ʚʪʦʨʠʯʥʠʬʘʟʠʠ

ʨʘʟʧʨʝʜʝʣʝʥʠʝʪʦʠʤ,ʜʝʬʝʢʪʠʠʪʷʭʥʘʪʘʧʨʠʨʦʜʘʠʜʨ.,

Åʢʨʠʩʪʘʣʦʛʨʘʬʩʢʦʦʭʘʨʘʢʪʝʨʠʟʠʨʘʥʝ,

Åʠʥʬʦʨʤʘʮʠʷʟʘʘʪʦʤʥʘʪʘʩʪʨʫʢʪʫʨʘ,

Åʘʥʘʣʠʪʠʯʥʘʠʥʬʦʨʤʘʮʠʷïʭʠʤʠʯʝʥʩʲʩʪʘʚʚnm ʩʢʘʣʘ,

ʚʨʲʟʢʠ(ʨʘʟʩʪʦʷʥʠʷʠ ʲʛʣʠ),ʝʣʝʢʪʨʦʥʥʘʩʪʨʫʢʪʫʨʘ,

ʢʦʦʨʜʠʥʘʮʠʦʥʥʠʯʠʩʣʘ

TEM ʝʝʬʠʢʘʩʥʘʠʫʜʦʙʥʘʪʝʭʥʠʢʘʟʘʮʷʣʦʩʪʥʦʩʪʨʫʢʪʫʨʥʦ

ʦʭʘʨʘʢʪʝʨʠʟʠʨʘʥʝʥʘʩʲʚʨʝʤʝʥʥʠʪʝʤʘʪʝʨʠʘʣʠ.



ʊɽʄ ʘʥʘʣʠʟʠ ʦʩʥʦʚʥʠ ʨʝʞʠʤʠ ʥʘ 

ʤʠʢʨʦʩʢʦʧʘ

Åɺʠʟʫʘʣʠʟʘʮʠʷ: BF, DF TEM, STEM ïʚʩʠʯʢʠ 

ʚʠʜʦʚʝ ʦʙʨʘʟʮʠ, ʥʘ ʥʘʥʦʨʘʟʤʝʨʥʦ ʥʠʚʦ

Åɼʠʬʨʘʢʮʠʦʥʝʥ ʘʥʘʣʠʟ: SAED, CBED, NBD ï

ʩʪʨʫʢʪʫʨʘ ïʢʨʠʩʪʘʣʥʠ ʦʙʨʘʟʮʠ, ʪʲʥʢʠ

Åɽʣʝʤʝʥʪʝʥ ʘʥʘʣʠʟ: EDSʧʨʠʩʪʘʚʢʘ ïʚʩʠʯʢʠ 

ʚʠʜʦʚʝ ʤʘʪʝʨʠʘʣʠ, ʙʝʟ ʣʝʢʠʪʝ ʝʣʝʤʝʥʪʠ

Åɽʣʝʢʪʨʦʥʥʘ ʩʪʨʫʢʪʫʨʘ: EELSʧʨʠʩʪʘʚʢʘ ï

ʚʢʣʶʯʠʪʝʣʥʦ ʠ ʟʘ ʣʝʢʠʪʝ ʝʣʝʤʝʥʪʠ



ʋʩʪʨʦʡʩʪʚʦ ʥʘ 

ʊɽʄ

ʉʠʩʪʝʤʘ ʟʘ ʦʩʚʝʪʷʚʘʥʝ:

Åʀʟʪʦʯʥʠʢ ʥʘ ʝʣʝʢʪʨʦʥʠ ï

ʝʣʝʢʪʨʦʥʥʘ ʧʫʰʢʘ

Åʂʦʥʜʝʥʟʦʨʥʘ ʣʝʱʘ

Åʂʦʥʜʝʥʟʦʨʥʘ ʘʧʝʨʪʫʨʘ

ʦʙʝʢʪʠʚʥʘ ʘʧʝʨʪʫʨʘ

ʦʙʝʢʪʠʚʥʘ ʣʝʱʘ

ʜʠʬʨʘʢʮʠʦʥʥʘ ʣʝʱʘ

ʤʝʞʜʠʥʥʘ ʣʝʱʘ

ʧʨʦʝʢʪʦʨʥʘ ʣʝʱʘ

ʬʣʫʦʨʝʩʮʝʥʪʝʥ ʝʢʨʘʥ

ɿʘʧʠʩʚʘʱʘ ʩʠʩʪʝʤʘ

ʝʣʝʢʪʨʦʥʥʘ ʧʫʰʢʘ

ʢʦʥʜʝʥʟʦʨʥʘ ʘʧʝʨʪʫʨʘ

ʢʦʥʜʝʥʟʦʨʥʘ ʣʝʱʘ

ʤʝʞʜʠʥʥʘ 

(ʜʠʬʨʘʢʮʠʦʥʥʘ) 

ʘʧʝʨʪʫʨʘ

ʜʲʨʞʘʪʝʣ ʥʘ ʦʙʨʘʟʝʮʘ

ʦʧʪʠʯʝʥ ʤʠʢʨʦʩʢʦʧ 



ʦʙʝʢʪʠʚʥʘ ʘʧʝʨʪʫʨʘ

ʦʙʝʢʪʠʚʥʘ ʣʝʱʘ

ʜʠʬʨʘʢʮʠʦʥʥʘ ʣʝʱʘ

ʤʝʞʜʠʥʥʘ ʣʝʱʘ

ʧʨʦʝʢʪʦʨʥʘ ʣʝʱʘ

ʬʣʫʦʨʝʩʮʝʥʪʝʥ ʝʢʨʘʥ

ɿʘʧʠʩʚʘʱʘ ʩʠʩʪʝʤʘ

ʝʣʝʢʪʨʦʥʥʘ ʧʫʰʢʘ

ʢʦʥʜʝʥʟʦʨʥʘ ʘʧʝʨʪʫʨʘ

ʢʦʥʜʝʥʟʦʨʥʘ ʣʝʱʘ

ʤʝʞʜʠʥʥʘ 

(ʜʠʬʨʘʢʮʠʦʥʥʘ) 

ʘʧʝʨʪʫʨʘ

ʜʲʨʞʘʪʝʣ ʥʘ ʦʙʨʘʟʝʮʘ

ʦʧʪʠʯʝʥ ʤʠʢʨʦʩʢʦʧ 

ʋʩʪʨʦʡʩʪʚʦ ʥʘ 

ʊɽʄ

ʉʠʩʪʝʤʘ ʟʘ ʬʦʨʤʠʨʘʥʝ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʝʪʦ:

Åʆʙʝʢʪʠʚʥʘ ʣʝʱʘ

Åʆʙʝʢʪʠʚʥʘ ʘʧʝʨʪʫʨʘ

Åɼʠʬʨʘʢʮʠʦʥʥʘ ʣʝʱʘ

Åɼʠʬʨʘʢʮʠʦʥʥʘ ʘʧʝʨʪʫʨʘ

Åʄʝʞʜʠʥʥʘ ʣʝʱʘ

Åʇʨʦʝʢʪʦʨʥʘ ʣʝʱʘ



ʦʙʝʢʪʠʚʥʘ ʘʧʝʨʪʫʨʘ

ʦʙʝʢʪʠʚʥʘ ʣʝʱʘ

ʜʠʬʨʘʢʮʠʦʥʥʘ ʣʝʱʘ

ʤʝʞʜʠʥʥʘ ʣʝʱʘ

ʧʨʦʝʢʪʦʨʥʘ ʣʝʱʘ

ʬʣʫʦʨʝʩʮʝʥʪʝʥ ʝʢʨʘʥ

ɿʘʧʠʩʚʘʱʘ ʩʠʩʪʝʤʘ

ʝʣʝʢʪʨʦʥʥʘ ʧʫʰʢʘ

ʢʦʥʜʝʥʟʦʨʥʘ ʘʧʝʨʪʫʨʘ

ʢʦʥʜʝʥʟʦʨʥʘ ʣʝʱʘ

ʤʝʞʜʠʥʥʘ 

(ʜʠʬʨʘʢʮʠʦʥʥʘ) 

ʘʧʝʨʪʫʨʘ

ʜʲʨʞʘʪʝʣ ʥʘ ʦʙʨʘʟʝʮʘ

ʦʧʪʠʯʝʥ ʤʠʢʨʦʩʢʦʧ 

ʋʩʪʨʦʡʩʪʚʦ ʥʘ 

ʊɽʄ

ʉʠʩʪʝʤʘ ʟʘ ʨʝʛʠʩʪʨʠʨʘʥʝ ʠ 

ʟʘʧʠʩʚʘʥʝ ʥʘ ʠʟʦʙʨʘʞʝʥʠʝʪʦ:

Åʌʣʫʦʨʝʩʮʝʥʪʝʥ ʝʢʨʘʥ

Åʌʦʪʦʧʣʘʢʠ / CCD ʢʘʤʝʨʘ



(EELS)

ʊʲʥʲʢ, ʧʨʦʟʨʘʯʝʥ ʟʘ ʝʣʝʢʪʨʦʥʠʪʝ ʦʙʨʘʟʝʮ

ʧʘʜʘʱ 

ʝʣʝʢʪʨʦʥʝʥ 

ʩʥʦʧ

ʚʪʦʨʠʯʥʠ 

ʝʣʝʢʪʨʦʥʠ 

(SEM, AEM)

oʙʨʘʪʥʦ 

ʨʘʟʩʝʷʥʠ 

ʝʣʝʢʪʨʦʥʠ 

(SEM, AEM)

ʨʝʥʪʛʝʥʦʚʦ 

ʣʲʯʝʥʠʝ 

(SEM, AEM,

EDS)

ʥʝʝʣʘʩʪʠʯʥʦ 

ʦʪʨʘʟʝʥʠ 

ʝʣʝʢʪʨʦʥʠ

(AEM , EELS)

ʝʣʘʩʪʠʯʥʦ 

ʦʪʨʘʟʝʥʠ 

ʝʣʝʢʪʨʦʥʠ 

(SAED, CBED, 

NBD, HRTEM )

ʧʨʝʤʠʥʘʣʠ 

ʝʣʝʢʪʨʦʥʠ 

(ʊEM, BF, DF, 

HRTEM )

ʤʘʣʲʢ ʲʛʲʣ

ʛʦʣʷʤ ʲʛʲʣ

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ ʝʣʝʢʪʨʦʥʠʪʝ ʩ 

ʢʦʥʜʝʥʟʠʨʘʥʘʪʘ ʤʘʪʝʨʠʷ



ʌʦʨʤʠʨʘʥʝ ʥʘ ʠʟʦʙʨʘʞʝʥʠʝʪʦ

1. ʀʟʦʙʨʘʞʝʥʠʝ ʩ ʜʠʬʨʘʢʮʠʦʥʝʥ ʢʦʥʪʨʘʩʪ  

Åʩʚʝʪʣʦʧʦʣʝʚʘ (BF TEM) - ʩʘʤʦ ʧʨʝʤʠʥʘʣʠʪʝ ʝʣʝʢʪʨʦʥʠ 

Åʪʲʤʥʦʧʦʣʝʚʘ(DF TEM)ʤʠʢʨʦʩʢʦʧʠʷ - ʩʘʤʦ 

ʜʠʬʨʘʢʪʠʨʘʣʠʪʝ ʣʲʯʠ

2. ʀʟʦʙʨʘʞʝʥʠʝ ʩ ʬʘʟʦʚ ʢʦʥʪʨʘʩʪ

Åʊɽʄ ʩ ʚʠʩʦʢʦ ʨʘʟʜʝʣʷʥʝ(HRTEM) - ʚʩʠʯʢʠ ʧʦʣʫʯʝʥʠ 

ʣʲʯʠ ïʧʨʝʤʠʥʘʣʠ ʧʨʝʟ ʦʙʨʘʟʝʮʘ  ʠ ʜʠʬʨʘʢʪʠʨʘʣʠ



ʉʚʝʪʣʦʧʦʣʝʚʘ ʠ ʪʲʤʥʦʧʦʣʝʚʘ ʊɽʄ ïʜʠʬʨʘʢʮʠʦʥʝʥ ʢʦʥʪʨʘʩʪ

DDF CDF

T-ʧʨʝʤʠʥʘʣʠ ʝʣ.

D-ʜʠʬʨʘʢʪʠʨʘʣʠ

ʘʤʦʨʬʝʥ C-ʬʠʣʤ

ʢʨʠʩʪʘʣ

D

T

ʉʚʝʪʣʦʧʦʣʝʚʘ (BF)

C-ʬʠʣʤ

ʢʨʠʩʪʘʣ

D

T

C-ʬʠʣʤ

ʢʨʠʩʪʘʣ

ʊʲʤʥʦʧʦʣʝʚʘ (DF)

ʜʠʬʨʘʢʮʠʦʥʝʥ+ ʢʦʥʪʨʘʩʪ ʤʘʩʘ-ʜʝʙʝʣʠʥʘ

ʦʙʝʢʪʠʚʥʘ 
ʙʣʝʥʜʘ

ʅʘʢʣʦʥʝʥ 
ʩʥʦʧ

ʦʙʝʢʪʠʚʥʘ 
ʙʣʝʥʜʘ (ʆɹ)

ʆʪʚʦʨ ʥʘ Oɹ

Oɹ Oɹ

http://www.feic.com/support/tem/dfimage.htm
http://www.feic.com/support/tem/dfimage.htm
http://www.feic.com/support/tem/dfimage.htm


ɼʠʬʨʘʢʮʠʦʥʝʥ, ʤʘʩʦʚ ʠ ʢʦʥʪʨʘʩʪ ʥʘ ʜʝʙʝʣʠʥʘʪʘ

ʦʙʨʘʟʝʮ

ʜʝʙʝʣʠʥʘ

ʧʦ-ʪʲʥʢʘ ʯʘʩʪʧʦ-ʜʝʙʝʣʘ ʯʘʩʪ

1

2

3

4
5

6

7
8

ʄʝʞʜʫʟʲʨʥʝʩʪʘ 

ʛʨʘʥʠʮʘ

ʩʠʣʥʘ 

ʜʠʬʨʘʢʮʠʷ

ʩʣʘʙʘ ʜʠʬʨʘʢʮʠʷ

8-ʪʝʦʙʣʘʩʪʠ ʩʘ ʩ ʨʘʟʣʠʯʥʘ ʦʨʠʝʥʪʘʮʠʷ ʠʣʠ 
ʟʘ ʪʷʭ ʩʘ ʠʟʧʲʣʥʝʥʠ ʨʘʟʣʠʯʥʠ 
ʜʠʬʨʘʢʮʠʦʥʥʠ ʫʩʣʦʚʠʷ

ʀʚʠʮʠ ʥʘ ʝʜʥʘʢʚʘ 
ʜʝʙʝʣʠʥʘ

ʉʚʝʪʣʦʧʦʣʝʚʘ ʊɽʄ (BF)

. ... . . . .. . .. ... .... .... ..
High
mass

Low
mass

T TS S
S

Bright Dark

ʤʘʩʘ



ʧʘʜʘʱ ʣʲʯ

ʦʙʨʘʟʝʮ

ʧʨʝʤʠʥʘʣ ʣʲʯ

ʜʠʬʨʘʢʪʠʨʘʣʣʲʯ

ʆʙʝʢʪʠʚʥʘ ʙʣʝʥʜʘ

ʦʪʚʦʨ ʥʘ ʦʙʝʢʪʠʚʥʘʪʘ 
ʙʣʝʥʜʘ (10-100mm)

ʇʨʠʩʚʝʪʣʦʧʦʣʝʚʘʪʘ
ʊɽʄ ʩʘʤʦ
ʧʨʝʤʠʥʘʣʠʪʝʧʨʝʟ
ʦʙʨʘʟʝʮʘʣʲʯʠʩʝ
ʧʨʦʧʫʩʢʘʪʧʨʝʟ
ʦʙʝʢʪʠʚʥʘʪʘʙʣʝʥʜʘ
ʠʬʦʨʤʠʨʘʪ
ʠʟʦʙʨʘʞʝʥʠʝʪʦ.

BF

DF

DF

ʇʨʠ ʪʲʤʥʦʧʦʣʝʚʘʪʘ

ʊɽʄ ʩʘʤʦ ʜʠʬʨʘʢʪʠ 

ʨʘʣʠʪʝ ʦʪ ʜʘʜʝʥʘ 

ʨʘʚʥʠʥʘ ʣʲʯʠ ʩʝ 

ʧʨʦʧʫʩʢʘʪ ʧʨʝʟ 

ʦʙʝʢʪʠʚʥʘʪʘ ʙʣʝʥʜʘ ʠ 

ʬʦʨʤʠʨʘʪ 

ʠʟʦʙʨʘʞʝʥʠʝʪʦ.

ʏʘʩʪʠʮʠ ʚ Al-Cu ʩʧʣʘʚ.

ʉʚʝʪʣʦʧʦʣʝʚʘ (BF) ʠ ʪʲʤʥʦʧʦʣʝʚʘ(DF) ʊɽʄ 

http://www.feic.com/support/tem/alpart.htm
http://www.feic.com/support/tem/alpart.htm
http://www.feic.com/support/tem/alpart.htm
http://www.feic.com/support/tem/alpart.htm
http://www.feic.com/support/tem/alpart.htm
http://www.feic.com/support/tem/alpart.htm


ʌʘʟʦʚ ʢʦʥʪʨʘʩʪ ïʊɽʄ ʩ 
ʚʠʩʦʢʦ ʨʘʟʜʝʣʷʥʝ(HRʊEM)

ʀʟʧʦʣʟʚʘ ʩʝ ʰʠʨʦʢʘ 

ʦʙʝʢʪʠʚʥʘ ʙʣʝʥʜʘ!

ʌʘʟʠʪʝ ʠ ʠʥʪʝʥʟʠʪʝʪʠʪʝ ʥʘ 

ʜʠʬʨʘʢʪʠʨʘʣʠʪʝ ʠ 

ʧʨʝʤʠʥʘʣʠʪʝ ʣʲʯʠ ʩʝ 

ʢʦʤʙʠʥʠʨʘʪ, ʟʘ ʜʘ ʩʝ ʧʦʣʫʯʠ 

ʬʘʟʦʚ ʢʦʥʪʨʘʩʪ.

TD

Si

ʆʙʝʢʪʠʚʥʘ 

ʙʣʝʥʜʘ

BN



ɽʣʝʢʪʨʦʥʥʘ ʜʠʬʨʘʢʮʠʷ ʦʪ 

ʠʟʙʨʘʥʘ ʦʙʣʘʩʪ (SAED)

T D

ʦʙʨʘʟʝʮ

qe-

L   2q

r

dhkl

[hkl] ʜʠʬʨʘʢʮʠʦʥʥʘ ʢʘʨʪʠʥʘ

L ïʜʲʣʞʠʥʘ ʥʘ ʢʘʤʝʨʘʪʘ

r ïʨʘʟʩʪʦʷʥʠʝ ʤʝʞʜʫ T ʠDʣʲʯ

1/dïʨʝʮʠʧʨʦʯʥʘ ʩʪʦʡʥʦʩʪ ʥʘ 

ʤʝʞʜʫʧʣʦʩʢʦʩʪʥʦʪʦ ʨʘʟʩʪʦʷʥʠʝ (Å-1)

ɻʝʦʤʝʪʨʠʷ ʧʨʠ 

ʝʣʝʢʪʨʦʥʥʘ ʜʠʬʨʘʢʮʠʷ

ɿʘʢʦʥ ʥʘ ɹʨʷʛ: ɚ= 2dsinq

ɚ = 0.037Å (ʧʨʠ100kV)

q=0.26oʧʨʠd=4Å

r/L = tg2q~ sin2q
as q­ 0

r/L = 2q

r/L = ɚ /d ʠʣʠ

r = ɚ L x

ɚ= 2dq

1

d

hkl

ʆʙʨʘʪʥʘ 

ʨʝʰʝʪʢʘ



ɼʠʬʨʘʢʮʠʷ ʩʲʩ ʩʠʣʥʦ ʩʚʠʪ ʩʥʦʧ (NBD)



ʍʦʜ ʥʘ ʣʲʯʠʪʝ ʧʨʠ ʬʦʨʤʠʨʘʥʝ ʥʘ CBED 

ʜʠʬʨʘʢʮʠʦʥʥʘ ʢʘʨʪʠʥʘ. 

Å ɽʣʝʢʪʨʦʥʥʠʷʪ ʣʲʯ ʝ ʩʚʠʪʜʦ 

ʜʠʘʤʝʪʲʨ ʦʪ ʧʦʨʷʜʲʢʘ ʥʘ 0.1 

nmʠ ʤʦʞʝ ʜʘ ʧʨʦʣʲʯʠ ʤʥʦʛʦ 

ʤʘʣʲʢ ʦʙʝʤ ʦʪ ʤʘʪʝʨʠʘʣʘ.

Å ʊʘʢʘ ʦʙʨʘʟʫʚʘʥʠʷʪ ʩʠʣʥʦ 

ʩʭʦʜʷʱ ʩʥʦʧ ʚʦʜʠ ʜʦ 

ʧʦʣʫʯʘʚʘʥʝ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʘ 

ʢʘʨʪʠʥʘ ʚ ʟʘʜʥʘʪʘ ʬʦʢʘʣʥʘ 

ʨʘʚʥʠʥʘ ʥʘ ʜʦʣʥʘʪʘ 

ʦʙʝʢʪʠʚʥʘ ʣʝʱʘ, ʩʲʩʪʘʚʝʥʘ ʥʝ 

ʦʪ ʦʪʜʝʣʥʠ ʪʦʯʢʠ, ʘ ʦʪ 

ʜʠʩʢʦʚʝ.

ɼʠʬʨʘʢʮʠʷ ʚ ʩʭʦʜʷʱ ʩʥʦʧ (CBED)



ʉʨʘʚʥʝʥʠʝ ʥʘ ʜʠʬʨʘʢʮʠʦʥʥʠʪʝ 

ʢʘʨʪʠʥʠ ʦʪ SAED ʠ CBED

ʀʟʩʣʝʜʚʘʥ ʦʙʨʘʟʝʮ: ʪʲʥʢʘ ʤʦʥʦʢʨʠʩʪʘʣʥʘ 

ʧʣʘʩʪʠʥʘ ʦʪ Si ʩ ʦʨʠʝʥʪʘʮʠʷ <111>.

ɼʠʬʨʘʢʮʠʦʥʥʘʪʘ ʢʘʨʪʠʥʘ ʚ CBED ʝ ʦʪ ʤʥʦʛʦ 

ʧʦ-ʤʘʣʢʘ ʦʙʣʘʩʪ ʚ ʦʙʨʘʟʝʮʘ ʠ ʩʣʝʜʦʚʘʪʝʣʥʦ 

ʠʤʘ ʤʥʦʛʦ ʧʦ-ʜʦʙʨʘ ʨʘʟʜʝʣʠʪʝʣʥʘ 

ʩʧʦʩʦʙʥʦʩʪ. 

ʊʷ ʩʲʜʲʨʞʘ ʤʥʦʛʦ ʧʦ-ʜʝʪʘʡʣʥʘ ʠʥʬʦʨʤʘʮʠʷ. 

ʊʲʤʥʠʪʝ ʧʝʪʥʘ ʚ ʮʝʥʪʨʘʣʥʠʷ ʜʠʩʢ, ʢʘʢʪʦ ʠ 

ʂʠʢʫʯʠ ʣʠʥʠʠʪʝ, ʩʘ ʨʝʟʫʣʪʘʪ ʦʪ ʝʬʝʢʪʠʪʝ ʚ 

ʃʘʫʝ ʟʦʥʠʪʝ ʦʪ ʧʦ-ʚʠʩʦʢ ʧʦʨʷʜʲʢ.



ʉ ʮʝʣ ʜʘ ʩʝ ʝʣʠʤʠʥʠʨʘʪ ʥʝʝʣʘʩʪʠʯʥʠʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʢʦʠʪʦ ʩʝ ʷʚʷʚʘʪ 

ʢʘʪʦ ʬʦʥ ʚ ʜʠʬʨʘʢʮʠʦʥʥʘʪʘ ʢʘʨʪʠʥʘ ʠ ʧʨʝʯʘʪ ʥʘ ʠʟʦʙʨʘʞʝʥʠʝʪʦ.

ʇʦʜʦʙʨʷʚʘ ʩʝ ʢʦʥʪʨʘʩʪʘ.

ʌʠʣʪʨʠʨʘʥʝ ʧʦ ʝʥʝʨʛʠʠ ïEFTEM, 

ʧʨʠʤʝʨ CBED

CBED ʜʠʬʨʘʢʮʠʦʥʥʘ ʢʘʨʪʠʥʘ ʦʪ ʜʝʙʝʣʘ Siʧʣʘʩʪʠʥʘ. ɸ ïʙʝʟ ʬʠʣʪʨʠʨʘʥʝ ʧʦ 

ʝʥʝʨʛʠʠ, B ïʩʣʝʜ ʦʪʩʪʨʘʥʷʚʘʥʝ ʥʘ ʥʝʝʣʘʩʪʠʯʥʦ ʨʘʟʩʝʷʥʠʪʝ ʝʣʝʢʪʨʦʥʠ.



ɸʥʘʣʠʪʠʯʥʠ 

ʤʝʪʦʜʠ ʚ ʊɽʄ -

EDS
ɽʥʝʨʛʝʪʠʯʥʦ ïʜʠʩʧʝʨʩʠʦʥʥʘʪʘ 

ʩʧʝʢʨʦʩʢʦʧʠʷ ʠʣʠ ʨʝʥʪʛʝʥʦʚʠʷʪ 

ʤʠʢʨʦʘʥʘʣʠʟ (EDS) ʩʝ ʦʩʲʱʝʩʪʚʷʚʘ, 

ʙʣʘʛʦʜʘʨʝʥʠʝ ʥʘ ʪʦʚʘ, ʯʝ ʚ ʨʝʟʫʣʪʘʪ 

ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ ʧʘʜʘʱʠʷ ʩʥʦʧ 

ʝʣʝʢʪʨʦʥʠ ʩ ʠʟʩʣʝʜʚʘʥʦʪʦ ʚʝʱʝʩʪʚʦ 

ʩʝ ʠʟʣʲʯʚʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦ 

ʨʝʥʪʛʝʥʦʚʦ ʣʲʯʝʥʠʝ. ʅʝʛʦʚʠʷʪ 

ʩʧʝʢʪʲʨ ʨʘʟʢʨʠʚʘ ʭʠʤʠʯʥʠʷ ʩʲʩʪʘʚ 

ʥʘ ʧʨʦʙʘʪʘ.



www.ceriumlabs.com



ʉʧʝʢʨʦʩʢʦʧʠʷʪʘ ʥʘ ʝʥʝʨʛʝʪʠʯʥʠ 

ʟʘʛʫʙʠ (EELS) ʩʝ ʦʩʥʦʚʘʚʘ ʥʘ 

ʬʘʢʪʘ, ʯʝ ʝʣʝʢʪʨʦʥʠʪʝ ʛʫʙʷʪ 

ʝʥʝʨʛʠʷ, ʚ ʨʝʟʫʣʪʘʪ ʥʘ 

ʥʝʝʣʘʩʪʠʯʥʠʪʝ ʩʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʩ ʤʘʪʝʨʠʷʪʘ.

ɸʥʘʣʠʪʠʯʥʠ 

ʤʝʪʦʜʠ ʚ ʊɽʄ -

EELS



ɽʥʝʨʛʠʷʪʘ ʥʘ ʧʘʜʘʱʠʷ ʩʥʦʧ 

ʝʣʝʢʪʨʦʥʠ ʝ ʠʟʚʝʩʪʥʘ: Ei.

ɺ ʨʝʟʫʣʪʘʪ ʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʪʦ, 

ʯʘʩʪ ʦʪ ʪʘʟʠ ʝʥʝʨʛʠʷ ʩʝ ʧʨʝʜʘʚʘ ʥʘ 

ʝʣʝʢʪʨʦʥʥʠʪʝ ʩʪʨʫʢʪʫʨʠ ʚ ʤʘʪʝʨʠʘʣʘ 

ʥʘ ʦʙʨʘʟʝʮʘ ʠ ʩʝ ʦʪʯʠʪʘ ʥʘʤʘʣʝʥʠʝ 

ʥʘ ʠʟʭʦʜʥʘʪʘ ʝʥʝʨʛʠʷ ʩʲʩ ʩʪʦʡʥʦʩʪ 

ȹE, ʢʦʷʪʦ ʝ ʤʷʨʢʘ ʟʘ ʥʝʝʣʘʩʪʠʯʥʦʪʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʥʘ ʝʣʝʢʪʨʦʥʠʪʝ ʦʪ 

ʝʣʝʢʪʨʦʥʥʠʪʝ ʦʙʚʠʚʢʠ ʥʘ ʘʪʦʤʘ. ʊʷ 

ʤʦʞʝ ʜʘ ʙʲʜʝ ʠʟʯʠʩʣʝʥʘ ʠ ʜʘ ʩʝ 

ʠʜʝʥʪʠʬʠʮʠʨʘ ʝʣʝʤʝʥʪʘ, ʦʪ ʢʦʡʪʦ ʝ 

ʠʟʛʨʘʜʝʥ ʠʟʩʣʝʜʚʘʥʠʷ ʦʙʨʘʟʝʮ. 

ʉʧʝʢʪʲʨ ʥʘ ʝʥʝʨʛʝʪʠʯʥʠʪʝ 

ʟʘʛʫʙʠ ʟʘ ʦʙʨʘʟʝʮ ʦʪ GeS (001) Wikipedia 2006



ɺʠʜʦʚʝ ʤʘʪʝʨʠʘʣʠ, ʢʦʠʪʦ ʤʦʛʘʪ ʜʘ ʩʝ 

ʠʟʩʣʝʜʚʘʪ ʩ ʊɽʄ

Åʅʝʤʘʛʥʠʪʥʠ

Åʇʨʦʚʦʜʥʠʮʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʮʠ ʠ ʜʠʝʣʝʢʪʨʠʮʠ

Åʅʝʦʨʛʘʥʠʯʥʠ ʠ ʦʨʛʘʥʠʯʥʠ ʤʘʪʝʨʠʘʣʠ

Åɹʠʦʣʦʛʠʯʥʠʠ ʭʠʜʨʘʪʠʨʘʥʠ ʦʙʝʢʪʠ

Åʊʚʲʨʜʠ (ʯʫʧʣʠʚʠ ʠʣʠ ʧʣʘʩʪʠʯʥʠ) ʠ ʤʝʢʠ

Åʇʨʘʭʦʦʙʨʘʟʥʠ ʠ ʪʲʥʢʠ ʬʠʣʤʠ

ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʪʦʚʘ ʢʘʢʲʚ ʧʦ ʪʠʧ ʠ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣ ʩʝ 

ʠʟʩʣʝʜʚʘ, ʧʨʠʛʦʪʚʝʥʠʷʪ ʟʘ ʥʘʙʣʶʜʝʥʠʝ ʚ ʊɽʄ ʦʙʨʘʟʝʮ ʪʨʷʙʚʘ 

ʜʘ ʠʤʘ ʠʩʪʠʥʩʢʘʪʘ ʩʪʨʫʢʪʫʨʘ, ʤʦʨʬʦʣʦʛʠʷ ʠ ʭʠʤʠʯʝʥ ʩʲʩʪʘʚ ï

ʪʝʟʠ ʥʘ ʠʟʭʦʜʥʠʷ ʤʘʪʝʨʠʘʣ.



ʇʦʜʛʦʪʦʚʢʘ ʥʘ ʦʙʨʘʟʮʠʪʝ ʟʘ ʊɽʄï

ʚʘʞʝʥ ʝʪʘʧ ʦʪ ʘʥʘʣʠʟʘ

Åʦʧʨʝʜʝʣʝʥʠ ʛʝʦʤʝʪʨʠʯʥʠ 

ʨʘʟʤʝʨʠ 

Åʬʠʢʩʠʨʘʥeʚʲʨʭʫ 

ʩʪʘʥʜʘʨʪʥʘ 3 ʤʤ ʤʨʝʞʠʯʢʘ 

ʟʘ ʊɽʄ 

Åʜʝʙʝʣʠʥʘ ʦʪ 10 ʜʦ 200 ʥʤ, ʚ 

ʟʘʚʠʩʠʤʦʩʪ ʦʪ ʪʦʚʘ ʢʘʢʚʠ 

ʘʥʘʣʠʟʠ ʱʝ ʤʫ ʙʲʜʘʪ 

ʥʘʧʨʘʚʝʥʠ.

ʇʦʜʛʦʪʦʚʢʘʪʘ ʟʘʚʠʩʠ ʦʪ ʚʠʜʘ, ʩʚʦʡʩʪʚʘʪʘ ʠ ʨʘʟʤʝʨʠʪʝ ʥʘ ʦʙʨʘʟʮʠʪʝ. ʅʘʡ-ʯʝʩʪʦ 

ʩʨʝʱʘʥʠʪʝ ʩʣʫʯʘʠ ʩʘ:

1. ʇʨʘʭʦʚʝʪʝ ʦʪ ʥʘʥʦʯʘʩʪʠʮʠ ïʠʟʛʦʪʚʷʪ ʩʝ ʩʫʩʧʝʥʟʠʠ ʠ ʩʝ ʥʘʢʘʧʚʘʪ ʚʲʨʭʫ 

ʧʨʦʟʨʘʯʥʘ ʤʝʤʙʨʘʥʘ ïʬʠʣʤ ʦʪ ʘʤʦʨʬʝʥ ʚʲʛʣʝʨʦʜ, ʬʦʨʤʚʘʨ ʠ ʜʨ.

2. ɼʝʙʝʣʠʪʝ ʦʙʨʘʟʮʠ ʩʝ ʠʟʪʲʥʷʚʘʪ ïʥʘʙʦʨ ʦʪ ʧʨʝʧʘʨʘʪʠʚʥʠ ʪʝʭʥʠʢʠ.

3. ʄʝʢʠʪʝ ʩʝ ʬʠʢʩʠʨʘʪ ʚ ʩʤʦʣʘ ʠ ʩʝ ʨʝʞʘʪ ʥʘ ʪʲʥʢʠ ʩʝʢʮʠʠ.

4. ʊʲʥʢʠʪʝ ʩʣʦʝʚʝ ʩʝ ʦʪʜʝʣʷʪ ʦʪ ʧʦʜʣʦʞʢʠʪʝ ʠʣʠ ʩʝ ʧʨʘʚʷʪ ʨʝʧʣʠʢʠ.



ʄʝʪʘʣʠ

ʪʨʠʲʛʲʣʥʠ ʠ ʭʝʢʩʘʛʦʥʘʣʥʠ 

Au ʥʘʥʦʯʘʩʪʠʮʠ
ʤʝʪʘʣʥʠʥʘʥʦʯʘʩʪʠʮʠ ʩ 

ʨʘʟʣʠʯʥʘ ʬʦʨʤʘwww.springerimages.com





ʅʘʥʦʨʘʟʤʝʨʝʥ ʢʘʪʘʣʠʟʘʪʦʨCo@Pt/Cʦʪ ʪʠʧ ʷʜʨʦ-ʦʙʚʠʚʢʘ ʩ 

ʧʦʜʦʙʨʝʥʘ ʘʢʪʠʚʥʦʩʪ ʟʘ ʦʢʠʩʣʝʥʠʝ ʥʘ ʤʝʪʘʥʦʣ



ʆʢʩʠʜʠ

(a) ʊɽʄ ʠʟʦʙʨʘʞʝʥʠʝʠ (b) HRTEM+SAED ʥʘ 

ʥʘʥʦʣʝʥʪʠ ʦʪ ZnO. 

Z. L. Wang, Annual Review of Physical Chemistry, Vol. 55: 159-196 



SiO2

ʥʘʥʦʯʘʩʪʠʮʠ

Al 2O3

ʥʘʥʦʯʘʩʪʠʮʠ



ɺʲʛʣʝʨʦʜ ʠ ʚʲʛʣʝʨʦʜʥʠ ʤʘʪʝʨʠʘʣʠ

ɽʜʥʦʩʪʝʥʥʠ ʠ ʤʥʦʛʦʩʪʝʥʥʠ ʚʲʛʣʝʨʦʜʥʠ ʥʘʥʦʪʨʲʙʠʯʢʠ



Graphene at 80kV 

ʌʫʣʝʨʝʥʦʚʠ (C60) ʥʘʥʦʢʨʠʩʪʘʣʠ, 

ʧʦʣʫʯʝʥʠ ʧʨʠ ʛʨʫʧʠʨʘʥʝ ʥʘ 

ʤʦʣʝʢʫʣʠ ʚʲʚ ʚʦʜʘ ʠ

ʛʨʘʬʝʥʦʚ ʢʨʠʩʪʘʣ 



6 ʩʪʲʧʢʠ ʟʘ ʬʦʨʤʠʨʘʥʝʪʦ ʥʘ ʬʫʣʝʨʝʥ ʦʪ 

ʛʨʘʬʝʥ



ʅʠʪʨʠʜʠ ʠ ʩʫʣʬʠʜʠ

ɼʚʫʤʝʨʥʠ ʥʘʥʦʯʘʩʪʠʮʠ, ʧʦʣʫʯʝʥʠ ʯʨʝʟ ʝʢʩʬʦʣʠʘʮʠʷ ʚ 

ʪʝʯʥʦʩʪ ʥʘ ʩʣʦʠʩʪʠ ʩʪʨʫʢʪʫʨʠ



ʂʝʨʘʤʠʯʥʠ ʩʣʦʝʚʝ

ʄʠʢʨʦʚʲʣʥʦʚʠ ʜʠʝʣʝʢʪʨʠʯʥʠ ʢʝʨʘʤʠʯʥʠ ʩʣʦʝʚʝ 

ʩ ʧʨʠʣʦʞʝʥʠʝ ʚ ʤʦʙʠʣʥʠʪʝ ʢʦʤʫʥʠʢʘʮʠʠ



ɹʠʦʣʦʛʠʯʥʠ ʦʙʨʘʟʮʠ

Image courtesy of Dr. Eduardo Rosa-Molinar, 

Biological Imaging Group.

DAB ʠʤʫʥʦ-ʭʠʤʠʯʝʩʢʠ 

ʦʮʚʝʪʝʥʠ ʥʝʚʨʦʥʠ
ʂʨʠʦ-ʊɽʄ ʥʘ ʥʝʚʨʦ-

ʤʫʩʢʫʣʥʘ ʪʲʢʘʥ ʦʪ ʤʠʰʢʘ



ɼʝʬʝʢʪʠ ʚ ʩʪʨʫʢʪʫʨʘʪʘ

ʀʟʦʙʨʘʞʝʥʠʝ ʥʘ ʜʠʩʣʦʢʘʮʠʠʪʝ ʚ ʤʦʥʦʢʨʠʩʪʘʣ NiAl -0.5Zr, 

ʧʦʨʦʜʝʥʠ ʦʪ ʜʝʬʦʨʤʘʮʠʷʪʘ ʧʨʠ ʧʦʚʠʰʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ.



ɼʠʨʝʢʪʥʦ ʦʧʨʝʜʝʣʷʥʝ ʥʘ 

ʚʝʢʪʦʨʘ ʥʘ ɹʶʨʛʝʨ



ʈʝʥʪʛʝʥʦʚ ʤʠʢʨʦʘʥʘʣʠʟ ʥʘ ʥʘʥʦʥʠʚʦ

ʉʧʣʘʚ ʦʪ Ni ʠ Al, ʧʦʣʫʯʝʥʘ ʯʨʝʟ ʩʲʫʪʘʷʚʘʥʝ.



ʇʨʠʤʝʨʠ ʦʪ ʃʊɽʄ -ʀʆʄʊ

ɺʠʩʦʢʦ ʨʘʟʜʝʣʷʥʝ ʠ 

ʜʠʬʨʘʢʮʠʷ ʦʪ Ag

ʥʘʥʦʯʘʩʪʠʮʘ



ʇʨʠʤʝʨʠ ʦʪ ʃʊɽʄ -ʀʆʄʊ

In-situ ʠʟʨʘʩʪʚʘʥʝ 

ʥʘ Ag

ʤʦʥʦʢʨʠʩʪʘʣʠ



ʇʨʠʤʝʨʠ ʦʪ ʃʊɽʄ -ʀʆʄʊ

Fe2O3ʥʘʥʦʯʘʩʪʠʮʠ



ʇʨʠʤʝʨʠ ʦʪ ʃʊɽʄ -ʀʆʄʊ

ʌʫʣʝʨʝʥʦʚ ʩʣʦʡ


