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ȼ ˊŬɟɞɨůŬ ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ ŮəˊɞɜɐɗɖəŮ ůŰŬ ŮɟɔŬůŰɐɟɘŬ Űɞɡ ɇɞɛɏŬ ȽȽȽ, 

ȺˊɘůŰɐɛɖɠ əŬɘ ɇŮɢɜɘəɐɠ Űɤɜ Ɉɚɘəɩɜ, Űɖɠ Ɇɢɞɚɐɠ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥɗɜɘəɞɨ 

ɀŮŰůɞɓɑɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ əŬŰɎ Űɞ ŭɘɎůŰɖɛŬ 2008-2014. 

 

ȷɘůɗɎɜɞɛŬɘ Űɖɜ ŬɜɎɔəɖ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɧůɞɡɠ ůɡɜɏɓŬɚŬɜ ɛŮ ɞˊɞɘɞɜŭɐˊɞŰŮ Űɟɧˊɞ 

ůŰɖɜ ɡɚɞˊɞɑɖůɖ əŬɘ ɞɚɞəɚɐɟɤůɖ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ.  

 

ȽŭɘŬɑŰŮɟŬ ɗŬ ɐɗŮɚŬ ɜŬ ŮəűɟɎůɤ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ ɛɞɡ ůŰɞɡɠ: 

 

¶ ȹ.Ⱦ. ɈűŬɜŰɐ, ȾŬɗɖɔɖŰɐ Űɖɠ Ɇɢɞɚɐɠ Űɤɜ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ȺɀɄ, ɔɘŬ 

Űɖɜ ŬɜɎɗŮůɖ Űɞɡ ɗɏɛŬŰɞɠ, Űɘɠ əŬɗɞɟɘůŰɘəɏɠ ůɡɛɓɞɡɚɏɠ əŬɘ Űɖɜ ˊɞɚɨŰɘɛɖ 

ɡˊɞůŰɐɟɘɝɖ ůŮ ůɖɛŬɜŰɘəɎ ůɖɛŮɑŬ Űɖɠ ɏɟŮɡɜŬɠ. 

¶ Ƚ. ȷɜŬůŰŬůɞˊɞɨɚɞɡ, ȾŬɗɖɔɐŰɟɘŬ Űɖɠ Ɇɢɞɚɐɠ Űɤɜ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ 

ȺɀɄ, ɛɏɚɞɡɠ Űɖɠ ɆɡɛɓɞɡɚŮɡŰɘəɐɠ ȺˊɘŰɟɞˊɐɠ, ɔɘŬ Űɘɠ ˊɞɚɨŰɘɛŮɠ ůɡɛɓɞɡɚɏɠ 

Űɖɠ əŬŰɎ Űɖ ŭɘŮɝŬɔɤɔɐ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ. 

¶ ɀ. Ⱦɞɡɐ, ȾŬɗɖɔɐŰɟɘŬ Űɖɠ Ɇɢɞɚɐɠ Űɤɜ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ȺɀɄ, 

ɛɏɚɞɡɠ Űɖɠ ɆɡɛɓɞɡɚŮɡŰɘəɐɠ ȺˊɘŰɟɞˊɐɠ, ɔɘŬ Űɘɠ ˊɞɚɨŰɘɛŮɠ ůɡɛɓɞɡɚɏɠ Űɖɠ əŬŰɎ 

Űɖ ŭɘŮɝŬɔɤɔɐ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŬŰɟɘɓɐɠ. 

¶ ȹ. ȹɖɛɞŰɑəŬɚɖ, ȾŬɗɖɔɐŰɟɘŬ ȺɀɄ əŬɘ ɛɏɚɞɠ Űɖɠ ȺˊŰŬɛŮɚɞɨɠ ȺɝŮŰŬůŰɘəɐɠ 

ȺˊɘŰɟɞˊɐɠ, ɔɘŬ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ůŰɖɜ ŰŮɚɘəɐ ŭɘŬɛɧɟűɤůɖ Űɞɡ əŮɘɛɏɜɞɡ. 

¶ ɉ. Ɇ. ȾŬɟŬɔɘɎɜɜɖ, ȾŬɗɖɔɐŰɟɘŬ ȺɀɄ əŬɘ ɛɏɚɞɠ Űɖɠ ȺˊŰŬɛŮɚɞɨɠ ȺɝŮŰŬůŰɘəɐɠ 

ȺˊɘŰɟɞˊɐɠ, ɔɘŬ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ůŰɖɜ ŰŮɚɘəɐ ŭɘŬɛɧɟűɤůɖ Űɞɡ əŮɘɛɏɜɞɡ. 

¶ ũ. ɀˊŬŰɐ, ȾŬɗɖɔɖŰɐ ȺɀɄ əŬɘ ɛɏɚɞɠ Űɖɠ ȺˊŰŬɛŮɚɞɨɠ ȺɝŮŰŬůŰɘəɐɠ 

ȺˊɘŰɟɞˊɐɠ, ɔɘŬ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ůŰɖɜ ŰŮɚɘəɐ ŭɘŬɛɧɟűɤůɖ Űɞɡ əŮɘɛɏɜɞɡ. 

¶ ȷ. ȾŬɟŬɜŰɩɜɖ, Ⱥ́ ɘə. ȾŬɗɖɔɖŰɐ ȺɀɄ əŬɘ ɛɏɚɞɠ Űɖɠ ȺˊŰŬɛŮɚɞɨɠ ȺɝŮŰŬůŰɘəɐɠ 

ȺˊɘŰɟɞˊɐɠ, ɔɘŬ Űɖ ɓɞɐɗŮɘŬ Űɞɡ ůŰɖɜ ŰŮɚɘəɐ ŭɘŬɛɧɟűɤůɖ Űɞɡ əŮɘɛɏɜɞɡ. 

¶ ȷ. ɈűŬɜŰɐ, ɉɖɛɘəɧ ɀɖɢŬɜɘəɧ ȺɀɄ əŬɘ ȹɘŭɎəŰɤɟ ɀɖɢŬɜɘəɧɠ Űɞɡ 

ȸɟŬɜŭŮɓɞɨɟɔŮɘɞɡ ɄɞɚɡŰŮɢɜŮɑɞɡ Űɞɡ Cottbus, ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ ůɡɛɓɞɚɐ Űɞɡ 

ůŰŬ ŬɟɢɘəɎ ůɖɛŬɜŰɘəɎ ůŰɎŭɘŬ Űɖɠ ɏɟŮɡɜŬɠ. 

¶ Ɂ. ȹ. ɈűŬɜŰɐ, ɉɖɛɘəɧ ɀɖɢŬɜɘəɧ əŬɘ ȹɘŭɎəŰɞɟŬ Űɞɡ ȺɀɄ ɔɘŬ Űɖɜ ˊɞɚɨŰɘɛɖ 

ůɡɛɓɞɚɐ Űɞɡ ůŰɖ ŭɘŮɝŬɔɤɔɐ Űɖɠ ɏɟŮɡɜŬɠ. 

¶ ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ əŬɘ Űɞɜ Ʉ. ɄŬˊŬɜŭɟŮɧˊɞɡɚɞ, ɉɖɛɘəɧ 
ɀɖɢŬɜɘəɧ ȺɀɄ əŬɘ ȹɘŭɎəŰɞɟŬ Űɞɡ ȺɀɄ ɔɘŬ Űɖ ůɖɛŬɜŰɘəɐ ɓɞɐɗŮɘŬ Űɞɡ ůŰɖ 

ŭɘŮɝŬɔɤɔɐ ɞɟɘůɛɏɜɤɜ ɛŮŰɟɐůŮɤɜ əŬɘ Űɖɜ ɡˊɞůŰɐɟɘɝɖ Űɞɡ əŬɗô ɧɚɖ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ɏɟŮɡɜŬɠ. 

 

 

 

 

Ɇˊɡɟɑŭɤɜ Ƚ. ȾɎəɞɠ 
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ɩʀʍʚʇʂʕʂ 

 

ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ɛŮɚŮŰɐɗɖəŬɜ ŰŬ ŬɔɩɔɘɛŬ 

ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ɔɘŬ ŮűŬɟɛɞɔɏɠ ˊɟɞɖɔɛɏɜɖɠ ŰŮɢɜɞɚɞɔɑŬɠ ɧˊɤɠ ˊ.ɢ. ůŰɖɜ 

ɛŮŰŬŰɟɞˊɐ ŮˊɘűŬɜŮɘɩɜ. ȷɜŬˊŰɨɢɗɖəŮ ɛɏɗɞŭɞɠ ɛŮŰŬŰɟɞˊɐɠ ɛɖ Ŭɔɩɔɘɛɤɜ ŮˊɘűŬɜŮɘɩɜ 

ůŮ ŬɔɩɔɘɛŮɠ (ŮˊɘɛŮŰɎɚɚɤůɖ ɛɞɜɤŰɩɜ) ɛŮ ɢɟɐůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ. Ⱥɜ ůɡɜŮɢŮɑŬ ɖ 

ɛɏɗɞŭɞɠ ɛŮɚŮŰɐɗɖəŮ ɩůŰŮ ɜŬ ŮűŬɟɛɞůŰŮɑ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ Űɤɜ ɇɡˊɤɛɏɜɤɜ 

ȾɡəɚɤɛɎŰɤɜ əŬŰɎ Űɞ ůŰɎŭɘɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ (PTH ï Plating Through Hole). 

ȼ ɛŮɚɏŰɖ ˊŮɟɘɚɎɛɓŬɜŮ Űɖ ůɨɜɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, Űɖɜ ŬɜɎˊŰɡɝɖ ɛŮɗɧŭɤɜ 

ŬˊɧɗŮůɖɠ ɛŮŰɎɚɚɤɜ ůŮ ɛɞɜɤŰɏɠ əŬɘ Űɖɜ ŬɜɎɚɡůɖ Űɤɜ ɢɖɛɘəɩɜ ɛɖɢŬɜɘůɛɩɜ Űɖɠ 

ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ (copper electrodeposition) ůŰɖɜ Űɟɞˊɞˊɞɘɖɛɏɜɖ ɛŮ 

ˊɞɚɡˊɡɟɟɧɚɖ ŮˊɘűɎɜŮɘŬ ɛŮ ŰŮɚɘəɧ ůŰɧɢɞ Űɖɜ ŬɜɎˊŰɡɝɖ ɜɏɤɜ ɛŮɗɧŭɤɜ ɔɘŬ Űɖɜ 

ŮˊɘɛŮŰɎɚɚɤůɖ ɛɞɜɤŰɩɜ əŬɘ Űɖɜ əŬŰŬůəŮɡɐ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. 

 

ȼ əŬɘɜɞŰɧɛɞɠ ůɨɜɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ ɓŬůɑůŰɖəŮ ůŰɞɜ in situ ɢɖɛɘəɧ ˊɞɚɡɛŮɟɘůɛɧ 

Űɖɠ ˊɡɟɟɧɚɖɠ. ɇɞ ŰŮɚɘəɧ ˊɞɚɡɛŮɟɏɠ ˊɞɡ ˊŬɟɎɢɗɖəŮ ŮɛűɎɜɘɕŮ ɘŭɘɧŰɖŰŮɠ ɞɘ ɞˊɞɑŮɠ 

ŬˊɞŭŮɑɢɗɖəŬɜ əŬŰɎɚɚɖɚŮɠ ɔɘŬ ɛŮŰŬŰɟɞˊɏɠ ɛɞɜɤŰɘəɩɜ ɡˊɞůŰɟɤɛɎŰɤɜ ŬɚɚɎ əŬɘ ůŮ 

ɓɘɞɛɖɢŬɜɘəɏɠ ŮűŬɟɛɞɔɏɠ ɇɡˊɤɛɏɜɤɜ ȾɡəɚɤɛɎŰɤɜ (PCBs). 

 

ȼ ɛŮɚɏŰɖ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŮ ŰɟɑŬ ůɖɛŮɑŬ: 

¶ ɆŰɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

¶ ɆŰɖ ɢɟɐůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɘŬ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

(ŮˊɘɛŮŰɎɚɚɤůɖ ɛɞɜɤŰɩɜ) 

¶ ɆŰɖ ɢɟɐůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (PPy) ůŰɞ ůŰɎŭɘɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ (PTH 
ï Plating Through-Hole) ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ ɇɡˊɤɛɏɜɤɜ ȾɡəɚɤɛɎŰɤɜ (multi-

layer PCB). 

 

Ƀɘ əɨɟɘɞɘ ůŰɧɢɞɘ Űɖɠ ɏɟŮɡɜŬɠ ɐŰŬɜ ɖ ŬɜɎɚɡůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ŮˊɘűŬɜŮɘɩɜ ɛɞɜɤŰɩɜ əŬɘ ɞˊɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ, ɖ əŬŰŬɔɟŬűɐ Űɤɜ 

ˊŬɟŬɛɏŰɟɤɜ ŬɟɘůŰɞˊɞɑɖůɖɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ, ɖ ɏɟŮɡɜŬ ɔɘŬ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɖɠ əŬɘ 

ɖ ŬɜɎˊŰɡɝɖ ɛŮɗɧŭɤɜ ŮɘŭɘəɎ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɞˊɩɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ Űɡˊɤɛɏɜɤɜ 

əɡəɚɤɛɎŰɤɜ (plating through hole) ɞɘ ɞˊɞɑŮɠ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ŮűŬɟɛɞůŰɞɨɜ ůŮ 

ɓɘɞɛɖɢŬɜɘəɧ ŮˊɑˊŮŭɞ. 

 

ȷˊɞŭŮɑɢɗɖəŮ ɧŰɘ ɖ ˊɞɚɡˊɡɟɟɧɚɖ, ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŮ ɛŮ Űɖ ůɡɔəŮəɟɘɛɏɜɖ ɢɖɛɘəɐ 

ɛɏɗɞŭɞ, ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞ ŮɟɔŬůŰɐɟɘɞ ɛŬɠ, ɛˊɞɟŮɑ ŮˊɘŰɡɢɩɠ ɜŬ ŬˊɞŰŮɗŮɑ ůŮ 

ɛɞɜɤŰɘəɏɠ ŮˊɘűɎɜŮɘŮɠ ɐ ůŰŬ ŰɞɘɢɩɛŬŰŬ ɞˊɩɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ Űɡˊɤɛɏɜɤɜ 

əɡəɚɤɛɎŰɤɜ əŬɘ ɜŬ ɞŭɖɔɐůŮɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ɜɏɤɜ ɖɚŮəŰɟɞŭɑɤɜ (FR4/PPy, ABS/PPy 

electrodes) ɤɠ ɓɎůɖ ɔɘŬ Űɖ ɛŮŰɏˊŮɘŰŬ ŮˊɘɢɎɚəɤůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɐ Űɤɜ ɞˊɩɜ ŬɡŰɩɜ. 

ūɎɜɖəŮ ɧŰɘ ɞ ŬˊɞŰɘɗɏɛŮɜɞɠ ɡɛɏɜŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (PPy film) ɏɢŮɘ ŮˊŬɟəɐ 

ŬɔɤɔɘɛɧŰɖŰŬ ɔɘŬ Űɖɜ ɡˊɞůŰɐɟɘɝɖ Űɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ ŭɑɜɞɜŰŬɠ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ ɏɜŬ ůɡɜŮɢɏɠ əŬɘ ɞɛɞɘɧɛɞɟűɞ ůŰɟɩɛŬ ɢŬɚəɞɨ (ɢɤɟɑɠ ŬŰɏɚŮɘŮɠ ˊɞɡ ɗŬ 

ɐŰŬɜ ŬˊŬɔɞɟŮɡŰɘəɏɠ ɔɘŬ Űɖɜ Ůɛˊɞɟɘəɐ Űɞɡɠ ɢɟɐůɖ). ȼ ɛɏɗɞŭɞɠ ɐŰŬɜ ɘəŬɜɐ ɜŬ 

ɞŭɖɔɐůŮɘ ůŮ ˊɚɐɟɖ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɛɞɜɤŰɘəɩɜ ŮˊɘűŬɜŮɘɩɜ ɛɏůŬ ůŮ ŭɨɞ ɛɧɚɘɠ 

ɓɐɛŬŰŬ əŬɘ ɢɤɟɑɠ Űɖ ɢɟɐůɖ Űɞɝɘəɩɜ ɐ ŮˊɘɓɚŬɓɩɜ ɔɘŬ Űɞ ˊŮɟɘɓɎɚɚɞɜ ŭɘŬɚɡŰɩɜ, ɧˊɤɠ 

ůɡɛɓŬɑɜŮɘ ɛŮ ɎɚɚŮɠ ɓɘɞɛɖɢŬɜɘəɏɠ ɛŮɗɧŭɞɡɠ. 

 

ɇŬ ŭɞəɑɛɘŬ ˊɞɡ ŮˊɘɢŬɚəɩɗɖəŬɜ ŬɜŬɚɨɗɖəŬɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɞˊŰɘəɞɨ əŬɘ ɖɚŮəŰɟɞɜɘəɞɨ 

ɛɘəɟɞůəɞˊɑɞɡ ůɎɟɤůɖɠ (SEM) əŬɘ ůɎɟɤůɖ EDS. ɀŮŰɟɐɗɖəŮ ɖ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ 
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ŬˊɞŰɘɗɏɛŮɜɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ. ȷɜŬɚɨɗɖəŮ ɖ ˊɟɧůűɡůɖ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ ɧůɞ əŬɘ Űɞɡ ɢŬɚəɞɨ ˊɎɜɤ ůŰɞ ůŰɟɩɛŬ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ. ȹɘŮɝɐɢɗɖůŬɜ Ůˊɑůɖɠ ŬɜŬɚɨůŮɘɠ Űɤɜ ŭɞəɘɛɑɤɜ əŬɘ ůŮ ůɡɜŮɟɔŬůɑŬ ɛŮ 

Űɞ ŮɟɔŬůŰɐɟɘɞ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ Űɖɠ ŮŰŬɘɟɑŬɠ Intracom ɧůɞ əŬɘ ɛŮ 

ŮɝŮɘŭɘəŮɡɛɏɜɞ ůŮ ɇɡˊɤɛɏɜŬ ȾɡəɚɩɛŬŰŬ ŮɟɔŬůŰɐɟɘɞ ůŰɘɠ ȼɄȷ (Trace Laboratories). 

ɄɞŰŮɜůɘɞůŰŬŰɘəɏɠ ɛŮŰɟɐůŮɘɠ əŬŰɎ Űɖɜ Ůɝɏɚɘɝɖ Űɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŬˊɧɗŮůɖɠ Űɞɡ 

ɢŬɚəɞɨ ɞŭɐɔɖůŬɜ ůŮ ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ Űɖɠ ŬˊɧɗŮůɖɠ. ɇŬ 

ˊŮɘɟɎɛŬŰŬ ɏŭŮɘɝŬɜ Űɞ ůɖɛŬɜŰɘəɧ ɟɧɚɞ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

ůŰɖɜ ˊɟɧůűɡůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɜɤ ůŮ ŬɡŰɧ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɜŬűɞɟɘəɎ ɛŮ Űɞ 

ɛɖɢŬɜɘůɛɧ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɏŭŮɘɝŬɜ ˊɤɠ ɖ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ 

ŬəɞɚɞɡɗŮɑ ŬɔɩɔɘɛŬ ɛɞɜɞˊɎŰɘŬ ŭŮɜŭɟɘŰɘəɐɠ ŬɜɎˊŰɡɝɖɠ, ŬɚɚɎ Ŭɜ ŬɡɝɖɗŮɑ ɖ ŬɜɎŭŮɡůɖ 

ŬəɞɚɞɡɗŮɑŰŬɘ ŭɘŬŭɘəŬůɑŬ ɞɛɞɘɧɛɞɟűɖɠ ˊɡɟɐɜɤůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ 

Űɖɠ ɞˊɐɠ ɞŭɖɔɩɜŰŬɠ ůŮ ˊɞɘɞŰɘəɧŰŮɟɖ ŬˊɧɗŮůɖ. 

 

Ⱥˊɘˊɚɏɞɜ ɏɔɘɜŮ ŬɜɎˊŰɡɝɖ əŬɘ ŭɞəɘɛɐ ɛɘŬɠ ŮɜŬɚɚŬəŰɘəɐɠ ɛŮɗɧŭɞɡ ŬˊɧɗŮůɖɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ Űɤɜ PCB ɛŮ ŭɘŬŭɘəŬůɑŬ ɣŮəŬůɛɞɨ 

(spraying). ɇŬ ŬɟɢɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ɐŰŬɜ ŮɜɗŬɟɟɡɜŰɘəɎ, ˊŬɟɞɡůɘɎɕɞɜŰŬɠ ɤůŰɧůɞ 

əŬɘ ɞɟɘůɛɏɜŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɖɠ ɛŮɗɧŭɞɡ, ŰŬ ɞˊɞɑŬ ɢɟɐɕɞɡɜ ˊŮɟŬɘŰɏɟɤ ɛŮɚɏŰɖɠ. 

 

ɆɡɛˊŮɟŬůɛŬŰɘəɎ űŬɑɜŮŰŬɘ ɧŰɘ ɖ ɛɏɗɞŭɞɠ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ ŮɑɜŬɘ ɘəŬɜɐ ɔɘŬ 

ŮˊɘɛŮŰɎɚɚɤůɖ ɛɞɜɤŰɩɜ əŬɘ ɔɘŬ ɢɟɐůɖ ůŮ ɓɘɞɛɖɢŬɜɘəɧ ŮˊɑˊŮŭɞ. ȰɢŮɘ ˊɞɚɚɎ 

ˊɚŮɞɜŮəŰɐɛŬŰŬ ůɡɔəɟɘŰɘəɎ ɛŮ ɎɚɚŮɠ ůɡɛɓŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ, ɞɘ ɞˊɞɑŮɠ ɐŭɖ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŮ ɓɘɞɛɖɢŬɜɘəɧ ŮˊɑˊŮŭɞ. ȺɑɜŬɘ ˊŮɟɘůůɧŰŮɟɞ Ŭˊɚɐ, ˊɘɞ űŰɖɜɐ əŬɘ 

ˊɞɚɨ ˊɘɞ űɘɚɘəɐ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ. 
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Summary  

 

In the context of this thesis I investigated the use of conductive polymers of pyrrole in 

high-technology applications and more specifically in surface modification. We 

developed a method for the use of polypyrrole in the conversion of non-conductive 

surfaces to conductive (metallization of insulators). Then the same method was 

studied for its applicability to the Printed Circuit Board industry in the Through-Hole 

copper plating stage. 

 

The study included the development of the synthesis of polypyrrole, the development 

of methods to deposit metals on insulators' surfaces and the analysis of the 

electrochemical deposition mechanism of copper (copper electrodeposition) on 

polypyrrole-modified surface, with the ultimate goal of developing new methods for 

the metallization of insulators and the Through-Hole Plating during construction of 

printed circuit boards (PCB). 

 

An innovative composition of polypyrrole (based on the chemical polymerization of 

pyrrole) was developed. The final polymer produced had properties which proved 

suitable for use in the transformation of insulating substrates but also suitable for use 

in Printed Circuits (PCBs) industrial applications. 

 

The study focused on three major points: 

¶ The optimization of the properties of polypyrrole 

¶ The use of polypyrrole for modifying surfaces (plating insulators) 

¶ The use of polypyrrole (PPy) in the process of copper plating holes (PTH - 

Plating Through-Hole) of multilayer Printed Circuit Boards (multi-layer PCB). 

 

The experiments conducted showed that the deposited film of polypyrrole (PPy film) 

creates a new electrode (FR4/PPy, ABS / PPy electrodes) and has sufficient 

conductivity to allow the conversion of the surface of the insulator at a later stage. 

The research also showed that the polypyrrole which was prepared with the recipe 

developed by our laboratory can successfully be deposited on the walls of holes of 

multilayer printed circuit boards (usually a substrate made from the epoxy material 

known as FR4) and can support the subsequent copper plating of these holes. The 

method resulted to the full copper plating of the walls in just two steps, and with good 

quality (without any problems that could be prohibitive for commercial use). 

 

The specimens were analyzed with the help of optical and electronic microscope 

(SEM) and EDS scanning method. Measurements of the conductivity of the deposited 

polypyrrole and copper were also made. We analyzed the adhesion of the polypyrrole 

on the substrate (e.g. ABS, PCB FR4) and the adhesion of copper on the layer of 

polypyrrole. We conducted analysis of samples in collaboration with the laboratory of 

printed circuit boards company Intracom SA and with a specialized in PCB laboratory 

in the USA (Trace Laboratories). Potensiostatic measurements during the 

electrochemical deposition of copper led to conclusions about the mechanism of 

deposition. 

 

The experiments conducted showed the important role of chemical etching to the 

adhesion of the deposited copper on the FR4 substrate. The results regarding the 
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mechanism of copper plating the walls showed that the deposition of copper followed 

conductive paths (resulting in dendritic growth of the copper front) while if stirring 

was applied the mechanism changed to a more uniform nucleation mechanism, 

resulting in better copper deposition quality. 

 

Further development and testing for an alternative method of deposition of 

polypyrrole on the walls of the holes in the PCB process with spraying was 

conducted. The initial results were encouraging, albeit with some drawbacks of the 

method which call for further study. 

 

The main conclusion is that the method developed is sufficient to support the 

metallization of insulators. It has several advantages compared with other 

conventional methods already used at an industrial level. It is more simple, cheaper 

and more environmentally friendly. 
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ɢ. ɡɞɱɪɠɬɢɣɨ ɥɞɪɨɫ 

 

1. ɚɾʡɾʅʈɻ ɩʋʇʑʈʀʍʙ 

 

1.1 ɚɾʖɾʅʈʝʐʂʐɻ ʌʋʇʑʈʀʍʡʉ 

 

ȾŬŰɎ ɔŮɜɘəɧ əŬɜɧɜŬ ŰŬ ˊɞɚɡɛŮɟɐ ɡɚɘəɎ ůɡɛˊŮɟɘűɏɟɞɜŰŬɘ ɤɠ ɛɞɜɤŰɏɠ. ɄŬɟô ɧɚŬ 

ŬɡŰɎ ŬɜŬűɞɟɏɠ ɔɘŬ ŮɚŬűɟɩɠ ɖɛɘŬɔɩɔɘɛŬ (semi-conductive) ɐ əŬɘ ŬɔɩɔɘɛŬ 

(conductive) ˊɞɚɡɛŮɟɐ ɡɚɘəɎ ɡˊɎɟɢɞɡɜ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ Ůŭɩ əŬɘ ŭŮəŬŮŰɑŮɠ. ɇŬ 

ˊɞɚɡɛŮɟɐ ŬɡŰɎ ŬˊɞəŰɞɨɜ ɞɡůɘŬůŰɘəɎ  ŮɝŬɘɟŮŰɘəɧ ŮɜŭɘŬűɏɟɞɜ ɧŰŬɜ ŮɛɓɞɚɘɎɕɞɜŰŬɘ ɛŮ 

ŭɘɎűɞɟŬ ɘɧɜŰŬ, ŰŬ ɞˊɞɑŬ ŬɡɝɎɜɞɡɜ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡɠ (1). Ƀ ɄɑɜŬəŬɠ 1 ŭŮɑɢɜŮɘ Űɖɜ 

ŬɔɤɔɘɛɧŰɖŰŬ ɞɟɘůɛɏɜɤɜ ɔɜɤůŰɩɜ ˊɞɚɡɛŮɟɩɜ (2, 3). 

 

ɄɑɜŬəŬɠ 1 ïȷɔɤɔɘɛɧŰɖŰŬ ɄɞɚɡɛŮɟɩɜ 
ɄɞɚɡɛŮɟɏɠ ȷɔɤɔɘɛɧŰɖŰŬ (S/cm) 

ɄɞɚɡŬɘɗɡɚɏɜɘɞ 10-15 

ȾɡŰŬɟɟɘɜɞɨɢŬ ˊɞɚɡɛŮɟɐ 10-12 ï 10-16 

ɄɞɚɡŰŮŰɟŬűɗɞɟɞŬɘɗɡɚɏɜɘɞ 10-18 

ɄɞɚɡůŰɡɟɧɚɘɞ 10-17 ï 10-19 

ɄɞɚɡŮůŰŮɟɘəɎ ˊɞɚɡɛŮɟɐ 10-15 ï 106 

ȺˊɞɝŮɘŭɘəɎ ˊɞɚɡɛŮɟɐ 10-12 ï 10-17 

Ʉɞɚɡˊɡɟɟɧɚɖ 102 ï 104 

ɄɞɚɡűɗŬɚɞəɡŬɜɑɜɖ 10-10 ï 104 

 

ɆɐɛŮɟŬ ɖ ŮɟɛɖɜŮɑŬ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɤɜ ɞɟɔŬɜɘəɩɜ ˊɞɚɡɛŮɟɩɜ 

űŬɑɜŮŰŬɘ ɜŬ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ (4). ɇɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ŮɟɛɖɜŮɨŮŰŬɘ 

ŮˊŬɟəɩɠ Ŭɜ ɚɖűɗɞɨɜ ɡˊɧɣɖɜ ɞɘ ɛɞɟɘŬəɏɠ ŭɞɛɏɠ Űɤɜ ɡɚɘəɩɜ (ɆɢɐɛŬ 1). 

 

 
ɆɢɐɛŬ 1 ï ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ 
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ȷɜŬɚɡŰɘəɧŰŮɟŬ, ɞ Űɨˊɞɠ Űɞɡ ŭŮůɛɞɨ əŬŰɎ ɛɐəɞɠ Űɖɠ ŬɚɡůɑŭŬɠ ŭɘŬűɞɟŮŰɘəɩɜ 

ˊɞɚɡɛŮɟɩɜ əŬɗɞɟɑɕŮɘ Űɞɜ ŭɘŬűɞɟŮŰɘəɧ Űɟɧˊɞ ɡɓɟɘŭɘůɛɞɨ Űɤɜ ŬŰɧɛɤɜ ɎɜɗɟŬəŬ ůŰɞɡɠ 

ɢɖɛɘəɞɨɠ ŭŮůɛɞɨɠ (ů-ŭŮůɛɧɠ ɐ ˊ-ŭŮůɛɧɠ ɐ ůɡɜɨˊŬɟɝɖ əŬɘ Űɤɜ ŭɨɞ ůŰɞɡɠ ŭɘˊɚɞɨɠ 

ŭŮůɛɞɨɠ) (5), ŭɖɚŬŭɐ Űɖ ŭɘŬűɞɟŮŰɘəɐ ŭɘɎŰŬɝɖ ůŰɞ ɢɩɟɞ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ɎɜɗɟŬəŬ əŬɘ 

ɏɢŮɘ ɎɛŮůɖ ůɢɏůɖ ɛŮ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮŰŬŰɟɞˊɐɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŮ Ŭɔɩɔɘɛɞ (6). 

 

1.2 ɩʋʇʑɻʅʃʑʇʘʉʅʋ 

 

ɆŰɞ ˊɞɚɡŬɘɗɡɚɏɜɘɞ, Űɞ ɞˊɞɑɞ ŭŮɜ ŮɑɜŬɘ Ŭɔɩɔɘɛɞ, ɚɧɔɤ Űɞɡ ɡɓɟɘŭɘůɛɞɨ sp3, əŬŰɎ Űɞɜ 

ɞˊɞɑɞ ˊɟɞəɨˊŰɞɡɜ ŰɏůůŮɟŬ ŰɟɞɢɘŬəɎ, ˊɞɡ əŬŰŮɡɗɨɜɞɜŰŬɘ ůŰɘɠ ɘůɎɟɘɗɛŮɠ əɞɟɡűɏɠ 

Ůɜɧɠ əŬɜɞɜɘəɞɨ ŰŮŰɟŬɏŭɟɞɡ, ɧˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 2, əɎɗŮ ɎŰɞɛɞ ɎɜɗɟŬəŬ 

ůɢɖɛŬŰɑɕŮɘ ŰɏůůŮɟɘɠ əɞɟŮůɛɏɜɞɡɠ ů-ŭŮůɛɞɨɠ ɛŮ ŭɨɞ ˊɚŮɡɟɘəɏɠ ɞɛɎŭŮɠ (ŭɖɚŬŭɐ ɛŮ 

ŭɨɞ ɎŰɞɛŬ ɡŭɟɞɔɧɜɞɡ) əŬɘ ɛŮ ŭɨɞ ɎŰɞɛŬ ɎɜɗɟŬəŬ. 

 

 
ɆɢɐɛŬ 2 ï Yɓɟɘŭɘůɛɧɠ sp3 

 

 

ɆŮ əɎɗŮ ŰɏŰɞɘɞ ɢɖɛɘəɧ ŭŮůɛɧ ůɡɛɛŮŰɏɢɞɡɜ ŭɨɞ ɖɚŮəŰɟɧɜɘŬ əŬɘ ɖ ŬˊɧůˊŬůɖ Ůɜɧɠ Ŭˊô 

ŬɡŰɎ ŬˊŬɘŰŮɑ ůɖɛŬɜŰɘəɐ ŮɜɏɟɔŮɘŬ. ȺɑɜŬɘ űŬɜŮɟɧ ɧŰɘ ŭŮɜ ɡˊɎɟɢŮɘ ŮəŰŮŰŬɛɏɜɞ ůɨůŰɖɛŬ 

-́ŰɟɞɢɘŬəɩɜ ɛɖ ŮɜŰɞˊɘůɛɏɜɞ əŬŰɎ ɛɐəɞɠ Űɖɠ ŬɚɡůɑŭŬɠ. ȼ ů-ɖɚŮəŰɟɞɜɘəɐ ŭɞɛɐ Űɞɡ 

ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ ɞŭɖɔŮɑ ůŮ ɛɘŬ ŬˊŬɔɞɟŮɡɛɏɜɖ ŮɜŮɟɔŮɘŬəɐ ɕɩɜɖ (ɧɟɘɞ ɞˊŰɘəɐɠ 

Ŭˊɞɟɟɧűɖůɖɠ), ɖ ɞˊɞɑŬ ɓɟɑůəŮŰŬɘ ŬɜɎɛŮůŬ ůŮ ˊɚɐɟŮɘɠ əŬɘ əŮɜɏɠ ɖɚŮəŰɟɞɜɘəɏɠ 

əŬŰŬůŰɎůŮɘɠ ůŰɖɜ ŬɚɡůɑŭŬ Űɞɡ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ əŬɘ ɖ ɞˊɞɑŬ ɏɢŮɘ Ůɨɟɞɠ 8.5 eV 

ˊŮɟɑˊɞɡ, ˊɟɎɔɛŬ ˊɞɡ əŬɗɘůŰɎ ŬɡŰɧ Űɞ ɛɞɜɞɛŮɟɏɠ əŬɚɧ ɛɞɜɤŰɐ. ɄɞɚɡɛŮɟɐ ŬɡŰɞɨ Űɞɡ 

Űɨˊɞɡ ɞɜɞɛɎɕɞɜŰŬɘ əɞɟŮůɛɏɜŬ (saturated), ɚɧɔɤ Űɤɜ əɞɟŮůɛɏɜɤɜ ɢɖɛɘəɩɜ ŭŮůɛɩɜ 

ˊɞɡ ˊŮɟɘɏɢɞɡɜ əŬɘ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɔɑɜɞɡɜ ŬɔɩɔɘɛŬ. ŪŬ ˊɟɏˊŮɘ Ůŭɩ ɜŬ ůɖɛŮɘɤɗŮɑ 

ɧŰɘ ɖ ˊɟɞůɗɐəɖ ůŰɖ ɗɏůɖ Űɞɡ ɡŭɟɞɔɧɜɞɡ Űɞɡ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ Ɏɚɚɤɜ ˊɚŮɡɟɘəɩɜ 

ɞɛɎŭɤɜ, ɧˊɤɠ űŬɘɜɡɚɞɛɎŭŮɠ əŬɘ ɜɘŰɟɞɞɛɎŭŮɠ, ˊɞɡ ŭɘŬɗɏŰɞɡɜ ˊ-ŰɟɞɢɘŬəɎ, ŭŮɜ 

ˊŬɟɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ŮɛűɎɜɘůɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ, əŬɗɩɠ ɞɘ Ůɜ ɚɧɔɤ ˊ-əŬŰŬůŰɎůŮɘɠ 

ŮɑɜŬɘ ůŬűɩɠ ŮɜŰɞˊɘůɛɏɜŮɠ (1, 4, 6). 
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1.3 Trans-ʌʋʇʑɻʆʀʐʑʇʘʉʅʋ 

 

ɆŰɖɜ ŬɚɡůɑŭŬ Űɞɡ trans-ˊɞɚɡŬəŮŰɡɚŮɜɑɞɡ ˊŮɟɘɏɢɞɜŰŬɘ -́ŰɟɞɢɘŬəɎ ˊɞɡ ŮɑɜŬɘ ɛɖ 

ŮɜŰɞˊɘůɛɏɜŬ (ůɡɕŮɡɔɛɏɜŬ) əŬŰɎ ɛɐəɞɠ Űɖɠ ŬɚɡůɑŭŬɠ əŬɘ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɛŮ Űɞɜ 

əŬŰɎɚɚɖɚɞ ŮɛɓɞɚɘŬůɛɧ (ɖ ɛɏɗɞŭɞɠ Űɞɡ ŮɛɓɞɚɘŬůɛɞɨ ɗŬ ŬɜŬɚɡɗŮɑ ŮəŰŮɜɏůŰŮɟŬ 

ˊŬɟŬəɎŰɤ) ɜŬ ŮɛűŬɜɑůɞɡɜ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ. Ƀ ɡɓɟɘŭɘůɛɧɠ Űɞɡ ŬŰɧɛɞɡ 

ɎɜɗɟŬəŬ ŮɑɜŬɘ  Űɨˊɞɡ sp2. Aˊɧ ŬɡŰɧɜ ˊɟɞəɨˊŰɞɡɜ ŰɟɑŬ ŰɟɞɢɘŬəɎ, Űɤɜ ɞˊɞɑɤɜ ɞɘ 

ɎɝɞɜŮɠ əŮɑɜŰŬɘ ůŰɞ ɑŭɘɞ ŮˊɑˊŮŭɞ əŬɘ ůɢɖɛŬŰɑɕɞɡɜ ɛŮŰŬɝɨ Űɞɡɠ ɔɤɜɑŮɠ 120ɞ, Ůɜɩ Űɞ 

ŰɟɞɢɘŬəɧ pz Űɞɡ ɎɜɗɟŬəŬ, ˊɞɡ ŭŮ ůɡɛɛŮŰɏɢŮɘ ůŰɞɜ ɡɓɟɘŭɘůɛɧ, ŮəŰŮɑɜŮŰŬɘ ŮəŬŰɏɟɤɗŮɜ 

ŬɡŰɞɨ Űɞɡ Ůˊɘˊɏŭɞɡ ɛŮ Űɞɜ ɎɝɞɜɎ Űɞɡ əɎɗŮŰɞ ůŮ ŬɡŰɧ. ɇŬ ŰɟɑŬ ɡɓɟɘŭɘəɎ ŰɟɞɢɘŬəɎ 

ůɢɖɛŬŰɑɕɞɡɜ ŰɟŮɘɠ əɞɟŮůɛɏɜɞɡɠ ů-ŭŮůɛɞɨɠ. ɇŬ ŭɨɞ ŮɑɜŬɘ ɛŮ ɎɚɚŬ ɎŰɞɛŬ ɎɜɗɟŬəŬ, Űɞ 

ŰɟɑŰɞ ɛŮ ɏɜŬ ɎŰɞɛɞ ɡŭɟɞɔɧɜɞɡ, Ůɜɩ Űɞ ŰɟɞɢɘŬəɧ pz ůɢɖɛŬŰɑɕŮɘ ˊ-ŭŮůɛɞɨɠ ɛŮ ɧɛɞɘŬ 

ŰɟɞɢɘŬəɎ ɔŮɘŰɞɜɘəɩɜ ŬŰɧɛɤɜ ɎɜɗɟŬəŬ, əɎɗŮŰŬ ůŰɞ ŮˊɑˊŮŭɞ Űɤɜ ů-ŭŮůɛɩɜ. ȾŬɗɏɜŬ 

Ŭˊɧ ŰŬ pz ŰɟɞɢɘŬəɎ ɏɢŮɘ ɏɜŬ ɖɚŮəŰɟɧɜɘɞ, Ůɜɩ ɗŬ ɐŰŬɜ ˊɚɐɟŮɠ Ŭɜ ŮɑɢŮ ŭɨɞ. ȭȺŰůɘ ɞɘ ˊ-

ŭŮůɛɞɑ ŭŮɜ ŮɑɜŬɘ əɞɟŮůɛɏɜɞɘ əŬɘ ŰŬ ɖɚŮəŰɟɧɜɘŬ Űɤɜ ŰɟɞɢɘŬəɩɜ pz ɏɢɞɡɜ Űɖ 

ŭɡɜŬŰɧŰɖŰŬ ɜŬ ɛŮŰŬɓŬɑɜɞɡɜ Ŭˊɧ Űɞ ɏɜŬ ŰɟɞɢɘŬəɧ pz ůŰɞ Ɏɚɚɞ əŬŰɎ ɛɐəɞɠ Űɖɠ 

ŬɚɡůɑŭŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. Ⱥˊɞɛɏɜɤɠ ɏɢɞɡɛŮ ůɡɜɨˊŬɟɝɖ ů- ɛŮ ˊ-ŭŮůɛɧ ŬɜɎɛŮůŬ ůŰŬ 

ɎŰɞɛŬ Űɞɡ ɎɜɗɟŬəŬ, ŭɖɚŬŭɐ ɏɜŬ ŭɘˊɚɧ ŭŮůɛɧ ɞ ɞˊɞɑɞɠ ŭŮɜ ŮɑɜŬɘ ŮɜŰɞˊɘůɛɏɜɞɠ (5). 

ȷɡŰɧɠ ɞ ɛɖ ŮɜŰɞˊɘůɛɏɜɞɠ ŭŮůɛɧɠ ŮɑɜŬɘ ˊɞɡ ˊɟɞůŭɑŭŮɘ Űɖ ɛɘəɟɐ ŬɚɚɎ ɛŮɔɎɚɖ ˊɟɞɠ 

ŬɡŰɐ Űɞɡ ˊɞɚɡŬɘɗɡɚŮɜɑɞɡ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ trans-ˊɞɚɡŬəŮŰɡɚŮɜɑɞɡ, ɖ ɞˊɞɑŬ ɧɛɤɠ 

ɛˊɞɟŮɑ ɜŬ ŬɡɝɖɗŮɑ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɛŮɗɧŭɞɡ Űɞɡ ŮɛɓɞɚɘŬůɛɞɨ (2). 

ɇŬ ɞɟɔŬɜɘəɎ ˊɞɚɡɛŮɟɐ, ŰŬ ɞˊɞɑŬ ŭɘŬɗɏŰɞɡɜ ɛɖ ŮɜŰɞˊɘůɛɏɜŬ ˊ-ɖɚŮəŰɟɧɜɘŬ, 

ɞɜɞɛɎɕɞɜŰŬɘ ůɡɕɡɔɐ (conjugated) əŬɘ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɛŮŰŬŰɟŬˊɞɨɜ ůŮ ŬɔɩɔɘɛŬ ɛŮ 

Űɖɜ ˊɟɞůɗɐəɖ ˊɟɞůɛɑɝŮɤɜ, ɞɘ ɞˊɞɑŮɠ ŬűŬɘɟɞɨɜ ɐ ˊɟɞůɗɏŰɞɡɜ ɖɚŮəŰɟɧɜɘŬ (əɎŰɘ Űɞ 

ɞˊɞɑɞ ŮɑɜŬɘ Ůɨəɞɚɞ, əŬɗɩɠ ŰŬ ɛɖ ŮɜŰɞˊɘůɛɏɜŬ ˊ-ɖɚŮəŰɟɧɜɘŬ ŬűŬɘɟɞɨɜŰŬɘ ɐ 

ˊɟɞůŰɑɗŮɜŰŬɘ ŮɨəɞɚŬ) ůŰɘɠ ˊ-əŬŰŬůŰɎůŮɘɠ (1). ȼ ˊɟɞŬɜŬűŮɟɗŮɑůŬ ɛɏɗɞŭɞɠ Űɖɠ 

ˊɟɞůɗɐəɖɠ ˊɟɞůɛɑɝŮɤɜ əŬɚŮɑŰŬɘ ŮɛɓɞɚɘŬůɛɧɠ əŬɘ ŬɜŬɚɨŮŰŬɘ ˊŬɟŬəɎŰɤ. 

ɆɡɜŮɢɑɕɞɜŰŬɠ Űɖɜ ŬɜɎɚɡůɖ Űɞɡ trans-ˊɞɚɡŬəŮŰɡɚŮɜɑɞɡ ˊɟɏˊŮɘ ɜŬ ŮˊɘůɖɛŬɜɗɞɨɜ ŰŬ 

Ůɝɐɠ: Ⱥűɧůɞɜ Űɞ əŬɗɏɜŬ Ŭˊɧ ŰŬ  pz ŰɟɞɢɘŬəɎ űɏɟŮɘ ɏɜŬ ŬɜŰɑ ŭɨɞ pz ɖɚŮəŰɟɧɜɘŬ ɗŬ 

ˊŮɟɑɛŮɜŮ əŬɜŮɑɠ ɧŰɘ ŰŬ ˊ-ɖɚŮəŰɟɧɜɘŬ ɗŬ ɔɏɛɘɕŬɜ əŬŰɎ Űɞ ɛɘůɧ ɛɘŬ ŮɜŮɟɔŮɘŬəɐ ɕɩɜɖ, 

ɞˊɧŰŮ Űɞ trans-ˊɞɚɡŬəŮŰɡɚɏɜɘɞ ɗŬ ɏˊɟŮˊŮ ɜŬ ŮɛűŬɜɑɕŮɘ ɛŮŰŬɚɚɘəɐ ŮɜŭɞɔŮɜɐ 

ŬɔɤɔɘɛɧŰɖŰŬ ɢɤɟɑɠ ɜŬ ŬˊŬɘŰŮɑŰŬɘ ɖ ˊɟɞůɗɐəɖ ˊɟɞůɛɑɝŮɤɜ ůŮ ŬɡŰɧ. ȷɡŰɐ ɗŬ ɐŰŬɜ ɖ 

əŬŰɎůŰŬůɖ Ŭɜ ɞɘ ŭɘˊɚɞɑ ŭŮůɛɞɑ ɐŰŬɜ ŭɘɎɢɡŰɞɘ əŬɘ ŰŬ ɛɐəɖ Űɤɜ ŭŮůɛɩɜ Űɞɡ ɎɜɗɟŬəŬ 

ɐŰŬɜ ˊŬɜŰɞɨ ŰŬ ɑŭɘŬ. ȳɛɤɠ ɚɧɔɤ Űɖɠ ůɨɕŮɡɝɖɠ ɖɚŮəŰɟɞɜɑɞɡ-ˊɚɏɔɛŬŰɞɠ əɎŰɘ ŰɏŰɞɘɞ ŭŮ 

ůɡɛɓŬɑɜŮɘ (1, 4, 6). 

Ƀɘ ůɡɕŮɡɔɛɏɜŮɠ (conjugated) ɛɞɟɘŬəɏɠ ŬɚɡůɑŭŮɠ ŮɛűŬɜɑɕɞɡɜ ɛɘŬ ůɢŮŰɘəɎ ɛɘəɟɞɨ 

Ůɨɟɞɡɠ ŬˊŬɔɞɟŮɡɛɏɜɖ ɕɩɜɖ, ˊɞɡ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 1.5-3 eV ŬɜɎɚɞɔŬ ɛŮ Űɞ ˊɞɚɡɛŮɟɏɠ. 

ɆɡɜŮˊɩɠ ɞɘ ɛɖ ŮɜŰɞˊɘůɛɏɜŮɠ ˊ-əŬŰŬůŰɎůŮɘɠ Űɤɜ ˊɞɚɡɛŮɟɘəɩɜ Ŭɚɡůɑŭɤɜ (əŬɘ ɧɢɘ ɖ 

ŬəɞɟŮůŰɧŰɖŰŬ Űɤɜ Ůɜ ɚɧɔɤ ŭŮůɛɩɜ) ŮɑɜŬɘ ŬɡŰɏɠ ˊɞɡ ˊɟɞəŬɚɞɨɜ Űɘɠ ŬůɡɜɐɗɘůŰŮɠ əŬɘ 

ŮɝŬɘɟŮŰɘəɎ ŮɜŭɘŬűɏɟɞɡůŮɠ ɘŭɘɧŰɖŰŮɠ Űɤɜ Ŭɔɩɔɘɛɤɜ ˊɞɚɡɛŮɟɩɜ, əŬɗɩɠ ɖ ɛŮŰŬəɑɜɖůɖ 

ɖɚŮəŰɟɘəɩɜ űɞɟŰɑɤɜ ŮɑɜŬɘ ŮɡəɞɚɧŰŮɟɖ Ŭˊɧ Űɖ ůŰɘɔɛɐ ˊɞɡ ɞɘ ŭŮůɛɞɑ (ɎɟŬ əŬɘ ŰŬ 

ɖɚŮəŰɟɧɜɘɎ Űɞɡɠ) ŭŮɜ ŮɑɜŬɘ ɘůɢɡɟɎ ŮɜŰɞˊɘůɛɏɜɞɘ (1, 4). 

ȼ əɑɜɖůɖ Űɤɜ űɞɟɏɤɜ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ (ɞˊɩɜ ɐ ɖɚŮəŰɟɞɜɑɤɜ) ɡˊɧ Űɖɜ ŮˊɑŭɟŬůɖ 

ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ ˊɟɞɠ əŮɜɏɠ ŮɜŮɟɔŮɘŬəɏɠ ůŰɎɗɛŮɠ ɛˊɞɟŮɑ ɜŬ ŮɝɖɔɖɗŮɑ/ŬɜŬɚɡɗŮɑ ɛŮ 

Űɖ ɓɞɐɗŮɘŬ ŭɘŬűɧɟɤɜ ɛɞɜŰɏɚɤɜ ŬɔɤɔɘɛɧŰɖŰŬɠ. 
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1.4 ɩʋʇʑʌʑʍʍʝʇʂ 

 

ɄɟɩŰɞɠ ɞ Angeli Űɞ 1916 ˊŬɟɏɚŬɓŮ ɏɜŬ ɛŬɨɟɞ ɑɕɖɛŬ Ŭˊɧ ɧɝɘɜŬ ŭɘŬɚɨɛŬŰŬ ˊɞɡ 

ˊŮɟɘŮɑɢŬɜ ˊɡɟɟɧɚɖ (Py) əŬɘ ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ (ȼ2Ƀ2). ɇɞ ˊɟɞɥɧɜ ɐŰŬɜ 

ŬŭɘɎɚɡŰɞ ůŮ ɞɟɔŬɜɘəɞɨɠ ŭɘŬɚɨŰŮɠ əŬɘ ɞɜɞɛɎůŰɖəŮ ɛŬɨɟɖ ˊɡɟɟɧɚɖ (black pyrrole) (7). 

ȷɡŰɐ ŮɑɜŬɘ əŬɘ ɖ ˊɟɩŰɖ ŬɜŬűɞɟɎ ˊɞɡ ɡˊɎɟɢŮɘ ɔɘŬ ˊŬɟŬůəŮɡɐ (ɛɖ-ŮɛɓɞɚɘŬůɛɏɜɖɠ) 

ˊɞɚɡˊɡɟɟɧɚɖɠ. Ƀɘ McNeil et al ˊɟɩŰɞɘ ŬɜŬűɏɟɗɖəŬɜ ůŰɘɠ ɖɛɘŬɔɩɔɘɛŮɠ ɘŭɘɧŰɖŰŮɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ, Űɞ 1963 (8). ȼ ˊɞɚɡˊɡɟɟɧɚɖ ˊŬɟŬůəŮɡɎůŰɖəŮ ɔɘŬ ˊɟɩŰɖ űɞɟɎ 

ɖɚŮəŰɟɞɢɖɛɘəɎ Ŭˊɧ Űɞɡɠ Dallô Olio et al. Űɞ 1968 ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ 

ɗŮɘɥəɞɨ ɞɝɏɤɠ (9). 

ɇɞ ˊɞɚɡɛŮɟɏɠ ɚŬɛɓŬɜɧŰŬɜ ɤɠ ŬˊɧɗŮůɖ ɡˊɧ Űɖ ɛɞɟűɐ ůəɧɜɖɠ əŬɘ ŮˊɘŰŮɨɢɗɖəŮ 

ŬɔɤɔɘɛɧŰɖŰŬ 8 S/cm. ɇɞ 1979 ˊŬɟɐɢɗɖůŬɜ ɚŮˊŰɎ űɘɚɛ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ əŬɚɏɠ 

ɖɚŮəŰɟɘəɏɠ əŬɘ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ. Ƀɘ ŮɟɔŬůɑŮɠ ŬɡŰɏɠ ˊɟɞəɎɚŮůŬɜ ŰŮɟɎůŰɘɞ 

ŮɜŭɘŬűɏɟɞɜ ɧůɞɜ ŬűɞɟɎ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ. ȼ ˊɞɚɡˊɡɟɟɧɚɖ ɛˊɞɟɞɨůŮ ŮɨəɞɚŬ ɜŬ 

ˊŬɟŬɢɗŮɑ əŬɘ ˊɞɚɨ ɔɟɐɔɞɟŬ ɏɔɘɜŮ űŬɜŮɟɧ ɧŰɘ ɖ ɖɚŮəŰɟɞɢɖɛɘəɐ ɛɏɗɞŭɞɠ ŭɘŮɡəɧɚɡɜŮ 

Űɖɜ ŮɜůɤɛɎŰɤůɖ Ůɜɧɠ ůɖɛŬɜŰɘəɞɨ Ŭɟɘɗɛɞɨ ŬɜŰɘ-ɘɧɜŰɤɜ  (counterions) ɛɏůŬ ůŰɞ 

ˊɞɚɡɛŮɟɏɠ (ɞˊɧŰŮ ˊŬɟŬůəŮɡŬɕɧŰŬɜ ŮɛɓɞɚɘŬůɛɏɜɖ ˊɞɚɡˊɡɟɟɧɚɖ) (9). 

ȰəŰɞŰŮ ɖ ˊɞɚɡˊɡɟɟɧɚɖ ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ˊɚɏɞɜ Ůɡɟɏɤɠ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŬ ˊɞɚɡɛŮɟɐ 

ɧɢɘ ɛɧɜɞ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ, ŬɚɚɎ əŬɘ ůŮ Ɏɚɚɞɡɠ ŰɞɛŮɑɠ. 

 

ȼ ˊɞɚɡˊɡɟɟɧɚɖ (ɓɚ. ɆɢɐɛŬ 3) ŮɑɜŬɘ ɏɜŬ ˊɞɚɡɛŮɟɏɠ Űɞɡ ɞˊɞɑɞɡ ɖ əɨɟɘŬ ŬɚɡůɑŭŬ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɞɜɞɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ. ȼ ˊɡɟɟɧɚɖ ŮɑɜŬɘ ɏɜŬ ɞɟɔŬɜɘəɧ ɛɧɟɘɞ əŬɘ 

ŬɜɐəŮɘ ůŰɖɜ əŬŰɖɔɞɟɑŬ Űɤɜ ŮŰŮɟɞəɡəɚɘəɩɜ ŮɜɩůŮɤɜ ɛŮ ˊŮɜŰŬɛŮɚɐ ŭŬəŰɨɚɘɞ ˊɞɡ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰɏůůŮɟŬ ɎŰɞɛŬ ɎɜɗɟŬəŬ əŬɘ ɏɜŬ ɎŰɞɛɞ ŬɕɩŰɞɡ (10). 

 

 
ɆɢɐɛŬ 3 ï Ʉɞɚɡˊɡɟɟɧɚɖ 

 

 

ȼ ˊɞɚɡˊɡɟɟɧɚɖ ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ˊɘɞ ůŰŬɗŮɟɎ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ ɛŮ Ůɨəɞɚɖ ůɢŮŰɘəɎ 

ůɨɜɗŮůɖ. ȰɢŮɘ ɔɑɜŮɘ ŬɜŰɘəŮɑɛŮɜɞ ŮəŰŮŰŬɛɏɜɖɠ ɏɟŮɡɜŬɠ, ŮˊŮɘŭɐ ɞɘ Ŭɔɩɔɘɛɞɘ ɡɛɏɜŮɠ Űɖɠ 

ˊŬɟɞɡůɘɎɕɞɡɜ ˊɞɚɨ əŬɚɏɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ əŬɘ ɛŮɔɎɚɖ ůŰŬɗŮɟɧŰɖŰŬ ůŰɞɜ ŬɏɟŬ ůŮ 

ůɢɏůɖ ɛŮ ŰŬ ɡˊɧɚɞɘˊŬ ˊɞɚɡɛŮɟɐ, əŬɗɩɠ əŬɘ ŮˊŮɘŭɐ ŮɑɜŬɘ Ůɨəɞɚɖ ɖ ŬɜɎˊŰɡɝɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŮ ɛɞɟűɐ ɡɛɏɜŬ (űɘɚɛ/film). Ƀɘ ɡɛɏɜŮɠ ŬɡŰɞɑ ˊŬɟŬůəŮɡɎɕɞɜŰŬɘ ɛŮ 

ɞɝŮɘŭɤŰɘəɧ ˊɞɚɡɛŮɟɘůɛɧ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ Űɖɠ ˊɡɟɟɧɚɖɠ (11, 12). 

 

ɄɎɚɘ, ŮɝŬɘŰɑŬɠ Űɤɜ ɛɖ-ŮɜŰɞˊɘůɛɏɜɤɜ ˊ-ɖɚŮəŰɟɞɜɑɤɜ, Űɞ ˊɞɚɡɛŮɟɏɠ əŬɗɑůŰŬŰŬɘ 

Ŭɔɩɔɘɛɞ ɛŮ ŮɛɓɞɚɘŬůɛɧ. 
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1.4.1 ɞʈɼʋʇʅɻʎʈʝʏ ʐʂʏ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ȼ ɛɏɗɞŭɞɠ Űɞɡ ŮɛɓɞɚɘŬůɛɞɨ (doping) ůɡɜɑůŰŬŰŬɘ ůŰɖɜ ˊɟɞůɗɐəɖ ˊɟɞůɛɑɝŮɤɜ ůŮ ɏɜŬ 

ɡɚɘəɧ ɛŮ ŰŮɚɘəɧ ůŰɧɢɞ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŬɔɤɔɘɛɧŰɖŰɎɠ Űɞɡ. 

 

ɆŮ ɏɜŬ ůɡɜɖɗɘůɛɏɜɞ ɖɛɘŬɔɤɔɧ ɖ ˊɟɞůɗɐəɖ ɖɚŮəŰɟɞɜɑɞɡ ůŰɖ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ ɐ ɖ 

ŬˊɧůˊŬůɖ ɖɚŮəŰɟɞɜɑɞɡ Ŭˊɧ Űɖ ɕɩɜɖ ůɗɏɜɞɡɠ ŭŮɜ ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ 

ˊɚɏɔɛŬŰɞɠ Űɞɡ ɡɚɘəɞɨ. ȷˊɚɩɠ ŬɡɝɎɜŮɘ Űɞɜ Ŭɟɘɗɛɧ Űɤɜ ɖɚŮəŰɟɞɜɑɤɜ ɐ Űɤɜ ɞˊɩɜ 

ŬɜŰɑůŰɞɘɢŬ, ˊɞɡ ŮɑɜŬɘ ŭɘŬɗɏůɘɛŮɠ ɔɘŬ Űɞ űŬɘɜɧɛŮɜɞ Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ 

Űɖɜ Ůɜɑůɢɡůɖ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ. 

ȷɜŰɑɗŮŰŬ ɛŮ Űɞɡɠ ɖɛɘŬɔɤɔɞɨɠ, ɖ ŬˊɧůˊŬůɖ ɐ ɖ ˊɟɞůɗɐəɖ Ůɜɧɠ ɖɚŮəŰɟɞɜɑɞɡ ůŰɘɠ ˊ-

əŬŰŬůŰɎůŮɘɠ Ůɜɧɠ ůɡɕɡɔɞɨɠ ˊɞɚɡɛŮɟɞɨɠ, ŬɜŰɑ Ŭˊɚɩɠ ɜŬ ŭɖɛɘɞɡɟɔɐůŮɘ ɏɜŬɜ ŮɚŮɨɗŮɟɞ 

űɞɟɏŬ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ (ɖɚŮəŰɟɧɜɘɞ ɐ ɞˊɐ) ɛɏůŬ ůŰɖɜ ŬŭɘŬŰɎɟŬɢŰɖ ŬɚɡůɑŭŬ, 

ŮɑɜŬɘ ŮɜŮɟɔŮɘŬəɎ ˊɘɞ ůɡɛűɏɟɞɜ, Ŭűɞɨ ŭɖɛɘɞɡɟɔɐůŮɘ Űɞ ɜɏɞ űɞɟɏŬ, ůŰɖ ůɡɜɏɢŮɘŬ ɜŬ 

ˊŮɟɘɞɟɑůŮɘ Űɖ ŭɡɜŬŰɧŰɖŰŬ əɑɜɖůɐɠ Űɞɡ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɔɨɟɤ Űɞɡ ɛɘŬ 

ˊŬɟŬɛɞɟűɤɛɏɜɖ ˊŮɟɘɞɢɐ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ŮɚŮɨɗŮɟɞɡ űɞɟɏŬ ɜŬ 

ůɡɜɞŭŮɨŮŰŬɘ əŬɘ Ŭˊɧ ˊŬɟŬɛɧɟűɤůɖ Űɞɡ ɡɚɘəɞɨ. ȼ ˊŮɟɘɞɢɐ ŬɡŰɐ ŮəŰŮɑɜŮŰŬɘ ůŮ ɛɐəɞɠ 

ɛŮɟɘəɩɜ ɛɞɜɎŭɤɜ Űɖɠ ŬɚɡůɑŭŬɠ (1). Ƀ ɜɏɞɠ űɞɟɏŬɠ ŮɑɜŬɘ ŮɡəɑɜɖŰɞɠ əŬɘ ɓɞɖɗɎŮɘ Űɖ 

ŭɘɏɚŮɡůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ Ŭˊɧ Űɞ ˊɞɚɡɛŮɟɏɠ. 

 

Ƀɘ ˊɟɞůɛɑɝŮɘɠ (ɞɘ ɞˊɞɑŮɠ ŭŮ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖ ŭɞɛɐ Űɖɠ ŬɚɡůɑŭŬɠ, ŬɚɚɎ ŬˊɚɎ 

ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ŬɜɎɛŮůŬ ůŰɘɠ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ) Ŭˊɞůˊɞɨɜ ɐ ˊɟɞůűɏɟɞɡɜ 

ɖɚŮəŰɟɧɜɘŬ ůŰɘɠ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȼ ŭɖɛɘɞɡɟɔɑŬ ɞˊɩɜ ɔɑɜŮŰŬɘ ůɡɜɐɗɤɠ ɛŮ 

ˊɟɞůɛɑɝŮɘɠ, ˊɞɡ ŭɟɞɡɜ ɤɠ ɞɝŮɘŭɤŰɘəɎ ɛɏůŬ (ɞˊɧŰŮ ŬɡŰɏɠ ɞɘ ˊɟɞůɛɑɝŮɘɠ ŬɜŬűɏɟɞɜŰŬɘ 

ɤɠ ˊɟɞůɛɑɝŮɘɠ p-Űɨˊɞɡ), Ůɜɩ ɖ ˊɟɞůɗɐəɖ ɖɚŮəŰɟɞɜɑɞɡ ɔɑɜŮŰŬɘ ůɡɜɐɗɤɠ ɛŮ 

ˊɟɞůɛɑɝŮɘɠ, ˊɞɡ ŭɟɞɡɜ ɤɠ ŬɜŬɔɤɔɘəɎ ɛɏůŬ (ɞˊɧŰŮ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ɞɘ 

ˊɟɞůɛɑɝŮɘɠ ŬɜŬűɏɟɞɜŰŬɘ ɤɠ ˊɟɞůɛɑɝŮɘɠ n-Űɨˊɞɡ) (11). 
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ɆɢɐɛŬ 4 ï ȻɩɜŮɠ ŬɔɤɔɘɛɧŰɖŰŬɠ 

 

 

ȼ ˊŬɟŬɛɧɟűɤůɖ ŮɝŬɘŰɑŬɠ Űɤɜ ˊɟɞůɛɑɝŮɤɜ ůɡɜɑůŰŬŰŬɘ ůŰɖ ɛŮŰŬɓɞɚɐ Űɤɜ ɢɖɛɘəɩɜ 

ŭŮůɛɩɜ əŬɘ ɏɢŮɘ ɤɠ ůɡɜɏˊŮɘŬ Űɖɜ ŮɛűɎɜɘůɖ ůɡɔəŮəɟɘɛɏɜɤɜ ɜɏɤɜ ŮˊɘŰɟŮˊŰɩɜ 

ŮɜŮɟɔŮɘŬəɩɜ ůŰŬɗɛɩɜ ɛɏůŬ ůŰɞ ŮɜŮɟɔŮɘŬəɧ ɢɎůɛŬ (ɓɚ. ɆɢɐɛŬ 4). ȷɡŰɏɠ ɞɘ ůŰɎɗɛŮɠ 

ŮɜŰɞˊɑɕɞɜŰŬɘ ůŰɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŭɘŬŰŬɟŬɢɐɠ, Ŭˊɏɢɞɡɜ ůɢŮŭɧɜ Ůɝɑůɞɡ Ŭˊɧ Űɞɜ ˊɡɗɛɏɜŬ 

Űɖɠ ɕɩɜɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ əŬɘ Ŭˊɧ Űɖɜ əɞɟɡűɐ Űɖɠ ɕɩɜɖɠ ůɗɏɜɞɡɠ, Ůɜɩ ˊɟɞɏɟɢɞɜŰŬɘ 

Ŭˊɧ Űɖɜ ŬˊɧůˊŬůɖ ŮɜŮɟɔŮɘŬəɩɜ ůŰŬɗɛɩɜ Ŭˊɧ Űɘɠ ŬɜŰɑůŰɞɘɢŮɠ ɔŮɘŰɞɜɘəɏɠ ɕɩɜŮɠ (1, 6). 

ɀŮ Űɘɠ ɜɏŮɠ ůŰɎɗɛŮɠ ɔɑɜŮŰŬɘ ˊɟɞűŬɜɩɠ ˊŮɟɘůůɧŰŮɟɞ Ůɨəɞɚɖ ɖ ɛŮŰŬűɞɟɎ ɟŮɨɛŬŰɞɠ 

ŭɘŬɛɏůɞɡ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ (Ŭűɞɨ ŮɑɜŬɘ ˊɚɏɞɜ ˊɘɞ Ůɨəɞɚɖ ɖ ɛŮŰŬəɑɜɖůɖ Űɤɜ űɞɟɏɤɜ 

Űɞɡ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ ŮɝŬɘŰɑŬɠ Űɖɠ ŮɛűɎɜɘůɖɠ ɜɏɤɜ ŮˊɘŰɟŮˊŰɩɜ ŮɜŮɟɔŮɘŬəɩɜ 

ůŰŬɗɛɩɜ əɞɜŰɎ ůŰɖ ɕɩɜɖ ůɗɏɜɞɡɠ) (ɓɚ. ɆɢɐɛŬ 5). 
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ɆɢɐɛŬ 5 ï ȺɜŮɟɔŮɘŬəɏɠ ɕɩɜŮɠ ůŰŮɟŮɩɜ ůɤɛɎŰɤɜ 

 

 

1.4.2 ɩɻʍɻʎʆʀʑʙ ʐʂʏ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ȼ ˊɞɚɡˊɡɟɟɧɚɖ (Polypyrrole ï PPy) ˊŬɟɎɔŮŰŬɘ ɛŮ ŬɚɡůɤŰɧ ˊɞɚɡɛŮɟɘůɛɧ, ɞ ɞˊɞɑɞɠ 

ɛˊɞɟŮɑ ɜŬ ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ Űɧůɞ ɢɖɛɘəɎ (ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ), ɧˊɤɠ ůŰŬ ˊŮɘɟɎɛŬŰɎ Űɖɠ 

ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ, ɧůɞ əŬɘ ɖɚŮəŰɟɞɢɖɛɘəɎ. ȼ Ůɝɑůɤůɖ ˊɞɡ ˊŮɟɘɔɟɎűŮɘ Űɞɜ 

ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ ˊɡɟɟɧɚɖɠ ŮɑɜŬɘ ɖ Ŭəɧɚɞɡɗɖ : 

 

 

 

pC4H5N ­ (C4H5N)p + 2p*e- + 2p*H+  (ȷɜŰɑŭɟŬůɖ 1) 

 

ɄɞɚɡɛŮɟɘůɛɧɠ ˊɡɟɟɧɚɖɠ 

 

 

ɧˊɞɡ ópô ŮɑɜŬɘ ɞ Ŭɟɘɗɛɧɠ Űɤɜ ŮˊŬɜŬɚŬɛɓŬɜɧɛŮɜɤɜ ŭɞɛɘəɩɜ ɛɞɜɎŭɤɜ ˊɡɟɟɧɚɖɠ ˊɞɡ 

ŬɜŰɘŭɟɞɨɜ ɔɘŬ ɜŬ ŭɩůɞɡɜ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ (11). 

 

Ƀ ɛɖɢŬɜɘůɛɧɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɞ ˊŬɟŬəɎŰɤ ɆɢɐɛŬ 6. 
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ɆɢɐɛŬ 6 ï ɀɖɢŬɜɘůɛɧɠ ˊɞɚɡɛŮɟɘůɛɞɨ ˊɡɟɟɧɚɖɠ 

 

 

ɆŮ əɎɗŮ ůŰɎŭɘɞ ˊɟɞůɗɐəɖɠ Ůɜɧɠ ɜɏɞɡ ŭŬəŰɡɚɑɞɡ ˊɡɟɟɧɚɖɠ ůŰɖɜ ŬɚɡůɑŭŬ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ, ŬˊŮɚŮɡɗŮɟɩɜɞɜŰŬɘ ŭɨɞ ˊɟɤŰɧɜɘŬ, ŰŬ ɞˊɞɑŬ ˊɟɞəɨˊŰɞɡɜ Ŭˊɧ ŰŬ Ŭ, Ŭȭ-

ɡŭɟɞɔɧɜŬ Űɖɠ ˊɡɟɟɧɚɖɠ, əŬɗɩɠ əŬɘ ŭɨɞ ɖɚŮəŰɟɧɜɘŬ (2, 9). 

 

ɆŰɖ ɢɖɛɘəɐ ˊŬɟŬůəŮɡɐ ůŮ ŭɘɎɚɡɛŬ ˊɡɟɟɧɚɖɠ ˊɟɞůŰɑɗŮŰŬɘ ŭɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ ɡˊɧ 

ŬɜɎŭŮɡůɖ. ɇŬ ˊɘɞ ůɡɜɖɗɘůɛɏɜŬ ɎɚŬŰŬ ŮɑɜŬɘ Űɞɡ Űɟɘɢɚɤɟɘɞɨɢɞɡ ůɘŭɐɟɞɡ (FeCl3) əŬɘ 

ŰŬ ɡˊŮɟɗŮɘɥəɎ [(NH4)2S2O8]. ȼ ˊɞɚɡˊɡɟɟɧɚɖ ŬˊɞɛŬəɟɨɜŮŰŬɘ ɡˊɧ ŭɘɐɗɖůɖ ɛŮ Űɖ 

ɛɞɟűɐ ɛŬɨɟɞɡ ɘɕɐɛŬŰɞɠ (10). 

 

ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ɢɟɐůɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŮ ŮˊɘűɎɜŮɘŮɠ ɛɞɜɤŰɩɜ ɐ ůŮ ŰɡˊɤɛɏɜŬ 

əɡəɚɩɛŬŰŬ (PCBs), Űɞ ɡˊɧ ŮˊŮɝŮɟɔŬůɑŬ ɡˊɧůŰɟɤɛŬ (ŮˊɘűɎɜŮɘŬ ɛɞɜɤŰɐ ɐ PCB ɛŮ 

ɞˊɏɠ) ŰɞˊɞɗŮŰŮɑŰŬɘ ɛɏůŬ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ əŬɘ ɖ ˊɡɟɟɧɚɖ 

ˊɞɚɡɛŮɟɑɕŮŰŬɘ in situ ůŮ ˊɞɚɡˊɡɟɟɧɚɖ. 
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ȰɜŬɠ ůɖɛŬɜŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ, ˊɞɡ ŮˊɖɟŮɎɕŮɘ Űɖɜ Ůɘŭɘəɐ ŬɜŰɑůŰŬůɖ Űɤɜ film 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŮ ɅCȸ, ŮɑɜŬɘ Űɞ ŭɡɜŬɛɘəɧ ɞɝŮɑŭɤůɖɠ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ. ɄŬɟɎ Űɞ ɧŰɘ ɞ 

FeCl3 (ůɡɜɖɗɘůɛɏɜɞ ɞɝŮɘŭɤŰɘəɧ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɛŬɕɑ ɛŮ Űɞ 

(NH4)2S2O8 ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɛŮ ŮɛŮɑɠ) ŮɑɜŬɘ ɏɜŬ ɛɏŰɟɘɞ ɞɝŮɘŭɤŰɘəɧ ˊɞɡ ŭŮ ɗŬ 

ɞɝŮɘŭɩůŮɘ ɡˊŮɟɓɞɚɘəɎ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ, Űɞ ŭɡɜŬɛɘəɧ Űɞɡ ɛˊɞɟŮɑ ˊŮɟŬɘŰɏɟɤ ɜŬ 

ɛŮŰɟɘŬůɗŮɑ ůŮ ɛɘŬ ɎɟɘůŰɖ Űɘɛɐ, ɩůŰŮ ɜŬ ˊɎɟɞɡɛŮ Űɘɠ ˊɘɞ ŬɔɩɔɘɛŮɠ ŮˊɘəŬɚɨɣŮɘɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ Űɞ ɜŬ ŬɟɢɑůɞɡɛŮ Űɖɜ ŬɜŰɑŭɟŬůɖ ˊŬɟɞɡůɑŬ ɛŮɟɘəɩɜ ɘɧɜŰɤɜ Fe2+ 

(FeCl2). 

ȰɟŮɡɜŮɠ ɏŭŮɘɝŬɜ, ɧŰɘ ɔɘŬ ɑůɞɡɠ ɢɟɧɜɞɡɠ ˊɞɚɡɛŮɟɘůɛɞɨ ɞɘ ˊɘɞ ŬɔɩɔɘɛŮɠ ŮˊɘəŬɚɨɣŮɘɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɟɗɖəŬɜ, ɧŰŬɜ ɞ ɚɧɔɞɠ Fe3+/Fe2+ ɐŰŬɜ 10/1, ɛŮ ɏɜŬ Ŭɟɢɘəɧ ŭɡɜŬɛɘəɧ 

ůŰɞ ŭɘɎɚɡɛŬ ɑůɞ ɛŮ 0.53 V (ɓɚ. ɆɢɐɛŬ 7). 

ȷɡŰɧ Űɞ ŭɡɜŬɛɘəɧ ŮɑɜŬɘ 100 mV ɛɘəɟɧŰŮɟɞ Ŭˊɧ ɧŰɘ Űɞ Ŭɟɢɘəɧ ŭɡɜŬɛɘəɧ ůŮ ɏɜŬ 

ˊŬɟɧɛɞɘɞ ŭɘɎɚɡɛŬ, ˊɞɡ ŭŮɜ ˊŮɟɘɏɢŮɘ FeCl2
 (13). 

 

 
ɆɢɐɛŬ 7 

ȷɜŰɑůŰŬůɖ űɨɚɚɞɡ PPy ɤɠ ˊɟɞɠ ŭɡɜŬɛɘəɧ ɞɝŮɑŭɤůɖɠ ŭɘŬɚɨɛŬŰɞɠ (ɤɠ ˊɟɞɠ SCE) 

 

 

ȾŬŰɎ ˊŬɟɧɛɞɘɞ Űɟɧˊɞ, ůŰɖ ɛɏɗɞŭɞ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞ ŮɟɔŬůŰɐɟɘɞ ɛŬɠ əŬɘ ɖ 

ɞˊɞɑŬ ŬəɞɚɞɡɗŮɑŰŬɘ ůŰɞ ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ, ɛŬɕɑ ɛŮ Űɞ ɞɝŮɘŭɤŰɘəɧ [(NH4)2S2O8] 

ˊɟɞůŰɑɗŮŰŬɘ əŬɘ ɗŮɘɥəɧ ɞɝɨ (ɐŰɞɘ ɛŬɕɑ ɛŮ ŰŬ ɡˊŮɟɗŮɘɥəɎ ɘɧɜŰŬ ˊɟɞůŰɑɗŮɜŰŬɘ əŬɘ ɗŮɘɥəɎ, 

ɛɘŬ ˊɘɞ Ŭɜɖɔɛɏɜɖ ɛɞɟűɐ Űɤɜ ˊɟɩŰɤɜ) ɔɘŬ ɜŬ ɟɡɗɛɘůŰŮɑ Űɞ ŭɡɜŬɛɘəɧ ɞɝŮɑŭɤůɖɠ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ ˊɟɞɠ ɛɘŬ ɎɟɘůŰɖ Űɘɛɐ ɖ ɞˊɞɑŬ ŭɑɜŮɘ əŬɚɨŰŮɟɖ ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɐɠ. 

 

ɶ˂ʶˁˍˊˇ˔ʹ˃ʽˁʺ ˉʰˊʰˋˁʶˎʺ 

 

ȾŬŰɎ Űɖɜ ɖɚŮəŰɟɞɢɖɛɘəɐ ˊŬɟŬůəŮɡɐ, Űɞ ŭɘɎɚɡɛŬ ɓɟɑůəŮŰŬɘ ůŮ ɖɚŮəŰɟɞɚɡŰɘəɧ əŮɚɑ 

əŬɘ ɞ ɡɛɏɜŬɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ Ɏɜɞŭɞ (14). 

ȷɜŬɚɡŰɘəɧŰŮɟŬ, ɖ ˊɡɟɟɧɚɖ əŬɘ ɏɜŬ ɖɚŮəŰɟɞɚɡŰɘəɧ ɎɚŬɠ ŭɘŬɚɨɞɜŰŬɘ ůŮ əŬŰɎɚɚɖɚɞ 

ŭɘŬɚɨŰɖ əŬɘ Űɞ ŭɘɎɚɡɛŬ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ Ŭɜɞŭɘəɐ ɞɝŮɑŭɤůɖ. ȰɜŬ Ŭˊɧ ŰŬ 

ˊɚŮɞɜŮəŰɐɛŬŰŬ Űɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ɛŮɗɧŭɞɡ ŮɑɜŬɘ Űɞ ɧŰɘ ɞ ɟɡɗɛɧɠ ŬɜɎˊŰɡɝɖɠ əŬɘ Űɞ 

ˊɎɢɞɠ Űɞɡ űɘɚɛ ŮɚɏɔɢɞɜŰŬɘ ŮɨəɞɚŬ. Ƀ ɟɡɗɛɧɠ ŬɜɎˊŰɡɝɖɠ ŮɑɜŬɘ ŬɜɎɚɞɔɞɠ Űɖɠ 

ˊɡəɜɧŰɖŰŬɠ ɟŮɨɛŬŰɞɠ əŬɘ Űɞ ˊɎɢɞɠ ŮɝŬɟŰɎŰŬɘ Ŭˊɧ Űɞ ɞɚɘəɧ űɞɟŰɑɞ (ɢɟɧɜɞɠ 

ˊɞɚɡɛŮɟɘůɛɞɨ x ɏɜŰŬůɖ ɟŮɨɛŬŰɞɠ). ȰɜŬ ɛŮɘɞɜɏəŰɖɛŬ ŮɑɜŬɘ ɧŰɘ ɞɘ ɘŭɘɧŰɖŰŮɠ Űɖɠ 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   22 

ˊɞɚɡˊɡɟɟɧɚɖɠ ŮˊɖɟŮɎɕɞɜŰŬɘ Ŭˊɧ ɛŮɔɎɚɞ Ŭɟɘɗɛɧ ɛŮŰŬɓɚɖŰɩɜ (ˊ.ɢ. ůɨɜɗŮůɖ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ, ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ, ŮˊɘɓŬɚɚɧɛŮɜɖ ŰɎůɖ, ˊɡəɜɧŰɖŰŬ 

ɟŮɨɛŬŰɞɠ, ɗŮɟɛɞəɟŬůɑŬ Űɖɠ ˊŬɟŬůəŮɡɐɠ əŬɘ űɨůɖ Űɞɡ ɡɚɘəɞɨ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ). ȰɢŮɘ 

ɛŮɔɎɚɖ ůɖɛŬůɑŬ ɜŬ ˊŬɟŬɢɗŮɑ űɘɚɛ ɛŮ ŬɜŬˊŬɟŬɔɤɔɐůɘɛŮɠ ɘŭɘɧŰɖŰŮɠ, ɞɘ ɞˊɞɑŮɠ ɜŬ 

ɛˊɞɟɞɨɜ ɜŬ ůɡɔəɟɘɗɞɨɜ ŭɘŮɟɔŬůŰɖɟɘŬəɎ (1, 15). 

ɳʽˋʰʴ˖ʴʺ ˍ˖˄ ʽˈ˄ˍ˖˄ ʶ˃ʲˇ˂ʽʰˋ˃ˇˏ ˁʰʽ ˉ˖ˌ ʰˎˍʱ ʶˉʹˊʶʱʸˇˎ˄ ˍʹ ʵˇ˃ʺ ˁʰʽ ˍʽˌ 
ʽʵʽˈˍʹˍʶˌ ˍʹˌ ttȅ 

 

ɇɞ ŭɡɜŬɛɘəɧ ɞɝŮɑŭɤůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŮɑɜŬɘ ɢŬɛɖɚɧŰŮɟɞ Ŭˊɧ ŬɡŰɧ Űɞɡ 

ɛɞɜɞɛŮɟɞɨɠ əŬɘ Ůˊɞɛɏɜɤɠ Űɞ ˊɞɚɡɛŮɟɏɠ ŰŬɡŰɧɢɟɞɜŬ ɞɝŮɘŭɩɜŮŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ. Ⱥˊɞɛɏɜɤɠ ŰŬ ɘɧɜŰŬ ŮɛɓɞɚɘŬůɛɞɨ (ŰŬ ɞˊɞɑŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɞɜ 

ɖɚŮəŰɟɞɚɨŰɖ, Ŭɜ ɏɢɞɡɛŮ ɖɚŮəŰɟɞɢɖɛɘəɐ ˊŬɟŬůəŮɡɐ ɐ Ŭˊɧ Űɖɜ ɞɡůɑŬ ˊɞɡ 

ˊɟɞůɗɏŰɞɡɛŮ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ, Ŭɜ ɏɢɞɡɛŮ ɢɖɛɘəɐ ˊŬɟŬůəŮɡɐ) ŮɑɜŬɘ 

ŮɜůɤɛŬŰɤɛɏɜŬ ɛɏůŬ ůŰɞ ŬɜŬˊŰɡůůɧɛŮɜɞ ˊɞɚɡɛŮɟɏɠ ɔɘŬ ɜŬ ŭɘŬŰɖɟɖɗŮɑ ɖ ɖɚŮəŰɟɘəɐ 

ɞɡŭŮŰŮɟɧŰɖŰŬ (1). 

Ƀɘ ˊŬɟŬɔɧɛŮɜɞɘ ɡɛɏɜŮɠ ɚɞɘˊɧɜ ŬˊɞŰŮɚɞɨɜŰŬɘ ɞɡůɘŬůŰɘəɎ Ŭˊɧ çəŬŰɘɧɜŰŬè Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ əŬɘ ŬɜɘɧɜŰŬ (ŰŬ ɞˊɞɑŬ əŬɚɞɨɜŰŬɘ əŬɘ counter-ions) Űɞɡ ɛɏůɞɡ 

ŮɛɓɞɚɘŬůɛɞɨ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ClO4
-, ůɞɡɚűɞɜɘəɧ ɞɝɨ Űɖɠ ˊŬɟŬŰɞɚɞɡɧɚɖɠ (PTS 

ɐ ŬɜŬɚɡŰɘəɧŰŮɟŬ p-toluene sulfonate acid), SO4
-, TiF6

-2, ZrF6
-2, əŬɘ ɎɚɚŬ ɛŮ ŬɜŬɚɞɔɑŬ 

ɛɞɜɎŭɤɜ ˊɡɟɟɧɚɖɠ/ŬɜɘɧɜŰɤɜ ˊŮɟɑˊɞɡ 3/1 (ŭɖɚŬŭɐ ɖ Űɡˊɘəɐ ůɡɔəɏɜŰɟɤůɖ Űɤɜ mole 

Űɤɜ ŬɜŰɘɥɧɜŰɤɜ ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 20% ɛŮ 40%) (10). ȭȺŰůɘ ŮɑɜŬɘ ɚɞɔɘəɧ 

ɜŬ ŬɜŬɛɏɜŮŰŬɘ ɧŰɘ ɞɘ űɡůɘəɏɠ ɘŭɘɧŰɖŰŮɠ Űɞɡ ɡɚɘəɞɨ ɛˊɞɟɞɨɜ ɜŬ ŮˊɖɟŮŬůŰɞɨɜ Ŭˊɧ Űɖ 

űɨůɖ Űɤɜ ŮɜůɤɛŬŰɤɛɏɜɤɜ ŬɜŰɘɘɧɜŰɤɜ (15). 

Ƀ Ŭɟɘɗɛɧɠ Űɤɜ ŭŬəŰɡɚɑɤɜ Űɖɠ ˊɡɟɟɧɚɖɠ, ˊɞɡ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ɡˊɎɟɢɞɡɜ ůŮ ɛɘŬ ɗŮŰɘəɎ 

űɞɟŰɘůɛɏɜɖ əŬŰɎůŰŬůɖ (+1) (ŭɖɚŬŭɐ ɖ ɏəŰŬůɖ Űɖɠ ɞɝŮɑŭɤůɖɠ) ůɡɜɐɗɤɠ ŮɝɎɔŮŰŬɘ Ŭˊɧ 

Űɞ ɓŬɗɛɧ ŮɜůɤɛɎŰɤůɖɠ Űɞɡ ŬɜŰɘ-ɥɧɜŰɞɠ ůŰɞ ˊɞɚɡɛŮɟɏɠ (15). 

 

ɇŬ ɘɧɜŰŬ ŮɛɓɞɚɘŬůɛɞɨ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰŬ, ɩůŰŮ Űɞ ˊɞɚɡɛŮɟɏɠ ɜŬ ŮɑɜŬɘ Ŭɔɩɔɘɛɞ, əŬɗɩɠ 

ˊɟɞůɗɏŰɞɡɜ ɛɑŬ Ůˊɘˊɚɏɞɜ ɕɩɜɖ ŬɔɤɔɘɛɧŰɖŰŬɠ. 

 

ɆŰɖɜ ŬɜŰɑŭɟŬůɖ ˊɞɚɡɛŮɟɘůɛɞɨ, ˊɞɡ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ, ˊŬɟŬɓɚɏˊŮŰŬɘ ɖ 

ˊŬɟɎɚɚɖɚɖ ˊɟɞůɗɐəɖ ŬɜɘɧɜŰɤɜ ȷ-, ŰŬ ɞˊɞɑŬ ɓɟɑůəɞɜŰŬɘ ɛɏůŬ ůŰɞ ŭɘɎɚɡɛŬ 

ˊɞɚɡɛŮɟɘůɛɞɨ, ɤɠ ɛɏůŬ ŮɛɓɞɚɘŬůɛɞɨ əŬɘ ŮɘůɏɟɢɞɜŰŬɘ ůŰɖ ŭɞɛɐ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

ɛɧɜɞ ɧŰŬɜ ɡˊɎɟɢŮɘ ɖ ŭɖɛɘɞɡɟɔɑŬ ŮəŰŮŰŬɛɏɜɤɜ Ŭɚɡůɑŭɤɜ, ŭɖɚŬŭɐ ɧŰŬɜ Űɞ ópô ŰŮɑɜŮɘ 

ůŰɞ ɎˊŮɘɟɞ. ȰŰůɘ, ɧŰŬɜ ŮɛɓɞɚɘɎɕɞɡɛŮ Űɖɜ PPy, ɖ ȷɜŰɑŭɟŬůɖ 1 ɛˊɞɟŮɑ ɜŬ ɔɟŬűŰŮɑ 

ˊɚɖɟɏůŰŮɟŬ ɤɠ Ůɝɐɠ (16): 

 

 
ȷɜŰɑŭɟŬůɖ 2 ï Ʉɟɞůɗɐəɖ ɘɧɜŰɤɜ ŮɛɓɞɚɘŬůɛɞɨ ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ 

 

 

ɧˊɞɡ y ŮɑɜŬɘ ɞ ɓŬɗɛɧɠ ˊɟɞůɗɐəɖɠ ŬɜɘɧɜŰɤɜ əŬɘ p ɞ ɓŬɗɛɧɠ ˊɞɚɡɛŮɟɘůɛɞɨ. 
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Ƀɘ ˊɟɞůɛɑɝŮɘɠ ŬɡŰɏɠ (ŭɖɚŬŭɐ ŰŬ ŬɜɘɧɜŰŬ) ŭŮ ůɡɛɛŮŰɏɢɞɡɜ ůŰɖ ŭɞɛɐ Űɖɠ ŬɚɡůɑŭŬɠ, 

ŬɚɚɎ ŬˊɚɎ ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ŬɜɎɛŮůŬ ůŰɘɠ ŬɚɡůɑŭŮɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ əŬɘ Ŭˊɞůˊɞɨɜ ɐ 

ˊɟɞůűɏɟɞɡɜ ɖɚŮəŰɟɧɜɘŬ ůŮ ŬɡŰɏɠ, ŭɟɩɜŰŬɠ ŬɜŰɑůŰɞɘɢŬ ɤɠ ɞɝŮɘŭɤŰɘəɎ ɐ ŬɜŬɔɤɔɘəɎ 

ɛɏůŬ. ȼ ɞɝŮɑŭɤůɖ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ˊɟɞůɗɐəɖ ˊɟɧůɛɘɝɖɠ p-Űɨˊɞɡ əŬɘ ɖ ŬɜŬɔɤɔɐ ůŮ 

ˊɟɞůɗɐəɖ ˊɟɧůɛɘɝɖɠ n-Űɨˊɞɡ. ȼ ůɡɛˊŮɟɘűɞɟɎ Űɖɠ PPy əŬŰɎ Űɖɜ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ 

əŬɗɞɟɑɕŮɘ əŬɘ Űɖ ŭɘŬűɞɟɎ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŮ ůɢɏůɖ ɛŮ Űɞɡɠ ɖɛɘŬɔɤɔɞɨɠ, ɧˊɞɡ ɖ 

ˊɟɞůɗɐəɖ ˊɟɧůɛɘɝɖɠ ˊɟɞəŬɚŮɑ Ŭˊɚɐ ˊɟɞůɗɐəɖ ŬŰɧɛɤɜ ůŰɞ əɟɡůŰŬɚɚɘəɧ ˊɚɏɔɛŬ 

(ŬɜŰɑɗŮŰŬ ɛŮ Űɞɡɠ ɖɛɘŬɔɤɔɞɨɠ, ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ ɖ ˊɟɞůɗɐəɖ ŬɜɘɧɜŰɤɜ ˊɟɞəŬɚŮɑ 

Ůˊɘˊɚɏɞɜ əŬɘ ˊŬɟŬɛɧɟűɤůɖ Űɖɠ ŬɚɡůɑŭŬɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ) (11) əŬɘ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ 

ŮɡɟɨŰŮɟɖɠ ŭɞɛɐɠ. 

ɼʰˍʰˋˍʱˋʶʽˌ ˇ˅ʶʾʵ˖ˋʹˌ ˍʹˌ ˉˇ˂ˎˉˎˊˊˈ˂ʹˌ 

 

ȼ ŮɛɓɞɚɘŬůɛɏɜɖ ˊɞɚɡˊɡɟɟɧɚɖ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɢŮɘ ůŮ ˊɞɚɚɎ ůŰɎŭɘŬ ɞɝŮɑŭɤůɖɠ. 

ɄŬɚŬɘɧŰŮɟŮɠ ɛŮɚɏŰŮɠ ɔɘŬ Űɖɜ PPy ɏɢɞɡɜ ŭŮɑɝŮɘ ɧŰɘ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ɛɘŬ ɓɎůɖ NaOH 

ˊŬɟɏɢŮɘ ɏɜŬ əŬŰɎ 25% ŮɛɓɞɚɘŬůɛɏɜɞ (ɜŰɞˊŬɟɘůɛɏɜɞ - doped) ɎɚŬɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, 

ɧˊɤɠ ˊ.ɢ. Űɞ ɎɚŬɠ PPy-ŰɞɚɞɡŮɜɞůɞɡɚűɞɜɘəɧ ɞɝɨ (PPy-toluenesulfonic acid / PPy-

TSA), ɛˊɞɟŮɑ ɜŬ ɡˊɞůŰŮɑ ŬˊɞˊɟɤŰɞɜɑɤůɖ (deprotonation)/ ŬˊŮɛɓɞɚɘŬůɛɧ (undoping) 

ˊɟɞɠ ŭɖɛɘɞɡɟɔɑŬ ɛɘŬɠ əŬŰɎ 25% ŬˊɞˊɟɤŰɞɜɘɤɛɏɜɖɠ ɓɎůɖɠ PPy (DP-PPy), ɧˊɤɠ 

ŬˊŮɘəɞɜɑɕŮŰŬɘ Ŭˊɧ Űɖ ɛŮŰŬɓɞɚɐ (a)Ÿ(b) ůŰɞ ɆɢɐɛŬ 8. ɇɞ ˊɞɚɡɛŮɟɏɠ ɛˊɞɟŮɑ ɜŬ 

ŮˊŬɜŮɛɓɞɚɘŬůŰŮɑ (redoped) ɛŮ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ɏɜŬ ɞɝɨ (ˊ.ɢ. HX, ɧˊɞɡ ɉ Űɞ ɘɧɜ 

ŮɛɓɞɚɘŬůɛɞɨ).  

 

 
ɆɢɐɛŬ 8 

ȺɜŬɚɚŬɔɐ ɛŮŰŬɝɨ Űɤɜ ŭɘɎűɞɟɤɜ ŮɜŭɞɔŮɜɩɜ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɩɜ ůŰŬŭɑɤɜ Űɖɠ PPy: 

(Ŭ) ɇɞ ɎɚŬɠ PPy-SA (PPy-Sulfonic Acid) (Űɞ XÁ ŭŮɑɢɜŮɘ Űɞ Ŭɜɘɧɜ toluene-sulfonate), 

(ɓ) DP-PPy əŬɘ 

(ɔ) PPyÁ 

 

 

ɇɞ ˊɚɐɟɤɠ Ŭɜɖɔɛɏɜɞ (reduced) film PPy (PPyÁ) ɛˊɞɟŮɑ ɜŬ ɚɖűɗŮɑ Ŭˊɧ Űɖɜ 

ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ŬˊɞˊɟɤŰɞɜɘɤɛɏɜɞɡ film ɛŮ ɡŭɟŬɕɑɜɖ (hydrazine), ɧˊɤɠ űŬɑɜŮŰŬɘ 

Ŭˊɧ Űɖ ɛŮŰŬɓɞɚɐ (b)Ÿ(c) ůŰɞ ɆɢɐɛŬ 8, Űɞ ɞˊɞɑɞ ŬˊŮɘəɞɜɑɕŮɘ ůɡɜɞˊŰɘəɎ Ŭˊɚɏɠ əŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɏɠ ɛŮɗɧŭɞɡɠ ɔɘŬ ŬɚɚŬɔɏɠ ůŰɘɠ ŮɜŭɞɔŮɜŮɑɠ əŬŰŬůŰɎůŮɘɠ ɞɝŮɑŭɤůɖɠ əŬɘ 

ůŰɞ ŮˊɑˊŮŭɞ ˊɟɤŰɞɜɑɤůɖɠ Űɖɠ PPy (17). 
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ʇˉʶˊˇ˅ʶʾʵ˖ˋʹ 

 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ɡɔɟɐɠ əŬɘ 

ŬɏɟɘŬɠ ɢɟɤɛŬŰɞɔɟŬűɑŬɠ ɏɢɞɡɜ ŬɜɘɢɜŮɡŰŮɑ əɎŰɤ Ŭˊɧ ŭɘɎűɞɟŮɠ ˊŮɘɟŬɛŬŰɘəɏɠ ůɡɜɗɐəŮɠ 

ŭɘŬɚɡŰɎ ˊŬɟŬˊɟɞɥɧɜŰŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, əŬŰɎ Űɖ ůɨɜɗŮůɖ ŬɡŰɐ Űɞ ɓŬůɘəɧ 

ˊŬɟŬˊɟɞɥɧɜ, ˊɞɡ ˊɟɞəɨˊŰŮɘ, ŬɜŬɔɜɤɟɑɕŮŰŬɘ ɤɠ ɘɛɑŭɘɞ Űɞɡ ɛɖɚŮɥɜɘəɞɨ ɞɝɏɞɠ 

(maleimide formation) əŬɘ ɖ ɛɞɟűɐ Űɞɡ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 9. 

 

 

 
ɆɢɐɛŬ 9 ï Ƚɛɑŭɘɞ Űɞɡ ɛɖɚŮɥɜɘəɞɨ ɞɝɏɞɠ 

 

Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɞɡ ɘɛɑŭɘɞɡ Űɞɡ ɛɖɚŮɥɜɘəɞɨ ɞɝɏɞɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůɡɜŮˊɎɔŮŰŬɘ Űɖɜ ɡˊɞɓɎɗɛɘůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ, ˊɞɡ 

ŮɑɜŬɘ ɔɜɤůŰɐ ɤɠ çɡˊŮɟɞɝŮɑŭɤůɖè (overoxidation). ȼ ɡˊŮɟɞɝŮɑŭɤůɖ ɗŮɤɟŮɑŰŬɘ (ɔɘŬ 

ɞɡŭɏŰŮɟŬ ɐ ɧɝɘɜŬ ɡŭŬŰɘəɎ ŭɘŬɚɨɛŬŰŬ Űɖɠ PPy) ɤɠ ˊɡɟɖɜɧűɘɚɖ ˊɟɞůɓɞɚɐ Űɖɠ 

əŬŰɘɞɜŰɘəɐɠ ˊɚŮɡɟɎɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ Ŭˊɧ Űɞ ɜŮɟɧ, ˊɞɡ ɞŭɖɔŮɑ ůŮ ůɢɖɛŬŰɘůɛɧ 

ɡŭɟɞɝɡɚɑɤɜ, ŰŬ ɞˊɞɑŬ ůŰɖ ůɡɜɏɢŮɘŬ ɏɢɞɡɜ Űɖ ŭɡɜŬŰɧŰɖŰŬ ɜŬ  ɞɝŮɘŭɤɗɞɨɜ ůŮ ɞɛɎŭŮɠ 

əŬɟɓɞɜɡɚɑɞɡ. ȷɡŰɐ ɖ ˊɟɞůɗɐəɖ əŬɟɓɞɜɡɚɑɞɡ ůŰɞ ˊɞɚɡɛŮɟɏɠ ɞŭɖɔŮɑ ůŮ ɗɟŬɨůŮɘɠ Űɖɠ 

ŬɚɡůɑŭŬɠ əŬɘ ůŮ ůɢɖɛŬŰɘůɛɧ ŭɡůŭɘɎɚɡŰɤɜ ˊɟɞɥɧɜŰɤɜ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ŮɑɜŬɘ Űɞ 

ɘɛɑŭɘɞ Űɞɡ ɛɖɚŮɥɜɘəɞɨ ɞɝɏɞɠ (1). 

ɇɞ ɘɛɑŭɘɞ Űɞɡ ɛɖɚŮɥɜɘəɞɨ ɞɝɏɞɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ůɢɖɛŬŰɘůɗŮɑ ůŮ ɡɣɖɚɏɠ 

ůɡɔəŮɜŰɟɩůŮɘɠ əŬɘ ɛŮɟɘəɏɠ űɞɟɏɠ ɛɎɚɘůŰŬ ɜŬ ɝŮˊŮɟɜɎŮɘ Űɞ 10% Űɞɡ Ŭɟɢɘəɞɨ ˊɞůɞɨ 

Űɖɠ ˊɡɟɟɧɚɖɠ. ȾŬŰô ŬɡŰɐ Űɖ ŭɘŬŭɘəŬůɑŬ Űɞ ˊŬɟŬɔɧɛŮɜɞ ˊɟɞɥɧɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ůŰɖɜ 

Ŭɟɢɐ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ůɨɜɗŮůɖɠ. Ƀ ɛɖɢŬɜɘůɛɧɠ ɡˊŮɟɞɝŮɑŭɤůɖɠ ŬˊɞŰŮɚŮɑŰŬɘ, ŬɟɢɘəɎ 

Ŭˊɧ ɛɘŬ ˊŮɟŬɘŰɏɟɤ ɞɝŮɑŭɤůɖ Űɖɠ ɗŮŰɘəɐɠ ɟɑɕŬɠ Űɞɡ əŬŰɘɧɜŰɞɠ (Űɖɜ ɞˊɞɑŬ ɚŬɛɓɎɜɞɡɛŮ 

əŬŰɎ Űɞ ˊɟɩŰɞ ůŰɎŭɘɞ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ˊŬɟŬůəŮɡɐɠ Űɖɠ PPy, ɧˊɤɠ ɏɢŮɘ ŬɜŬűŮɟɗŮɑ 

ˊɟɞɖɔɞɡɛɏɜɤɠ) ůŮ ŭɘəŬŰɘɧɜŰŬ (dications) əŬɘ əŬŰɎ ŭŮɨŰŮɟɞɜ Ŭˊɧ Űɖɜ ˊɡɟɖɜɧűɘɚɖ 

ˊɟɞůɓɞɚɐ ŬɡŰɩɜ Űɤɜ ŭɘəŬŰɘɧɜŰɤɜ Ŭˊɧ Űɞ ɜŮɟɧ. 

ũŮɜɘəɧŰŮɟŬ ɞ ˊɞɚɡɛŮɟɘůɛɧɠ Űɖɠ ˊɡɟɟɧɚɖɠ, ɞ ɞˊɞɑɞɠ ůɡɜɐɗɤɠ ɞŭɖɔŮɑ ůŮ ɛɎɚɚɞɜ 

ɡɣɖɚɎ ˊɞůɞůŰɎ ůɨɜɗŮůɖɠ, ŮɑɜŬɘ ɔɜɤůŰɧ ɧŰɘ ɞŭɖɔŮɑ ůŰɖɜ ˊŬɟŬɔɤɔɐ ɞɝŮɘŭɤɛɏɜɤɜ 

ˊɞɚɡˊɡɟɟɞɚɩɜ əŬɘ ɏɢŮɘ ɤɠ ˊɘɗŬɜɧ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŰŮɚɘəɐ ˊŬɟŬɔɤɔɐ 

ɡˊŮɟɞɝŮɘŭɤɛɏɜɤɜ ˊɟɞɥɧɜŰɤɜ (1, 18). 
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1.4.3 ɥʋʍʅɻʆʘʏ ɿʋʈʘʏ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ȺɝŮŰɎɕɞɜŰŬɠ Űɖɜ ŬɚɡůɑŭŬ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ɎɜɗɟŬəŬ Űɖɠ ˊɡɟɟɧɚɖɠ ˊŬɟŬŰɖɟɞɨɛŮ ɧŰɘ 

ɛˊɞɟŮɑ ɜŬ ˊɟɞəɨɣŮɘ ɛɘŬ ɛɞɟűɐ ɛŮůɞɛɏɟŮɘŬɠ, ˊɞɡ ɞɜɞɛɎɕŮŰŬɘ əɘɜɞŮɘŭɐɠ (quinoid) 

ɛɞɟűɐ (1,6). ȹɖɚŬŭɐ Űɞ ɛɧɟɘɞ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛˊɞɟŮɑ ɜŬ ɡűɑůŰŬŰŬɘ ůŮ ɏɜŬ 

ůɡɜŰɞɜɘůɛɧ ŭɞɛɩɜ (ɆɢɐɛŬ 10) əŬɘ ŮɑɜŬɘ ůŰŬɗŮɟɧŰŮɟɞ Ŭˊɧ əɎɗŮ ɛɘŬ Ŭˊɧ ŬɡŰɏɠ (5, 19). 

 

 

 
ɆɢɐɛŬ 10 ï ȾɘɜɞŮɘŭɐɠ ɛŮůɞɛɏɟŮɘŬ ˊɞɚɡˊɡɟɟɧɚɖɠ 

 

 

ȼ ŮɛűɎɜɘůɖ ŭŬəŰɡɚɑɤɜ əɘɜɞŮɘŭɞɨɠ ɛɞɟűɐɠ ŬɜŰɘůŰɞɘɢŮɑ ůŮ ɛŮɔŬɚɨŰŮɟɖ ŮɜɏɟɔŮɘŬ Űɖɠ 

ŬɚɡůɑŭŬɠ. ɇɞ ɔŮɔɞɜɧɠ ŬɡŰɧ ŮɝɖɔŮɑ ɔɘŬŰɑ ɞɘ ˊŬɟŬɛɞɟűɤɛɏɜŮɠ ˊŮɟɘɞɢɏɠ Űɖɠ ŬɚɡůɑŭŬɠ, 

ˊɞɡ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ɔɨɟɤ Ŭˊɧ ŰŬ ɖɚŮəŰɟɘəɎ űɞɟŰɑŬ ˊɞɡ ŮɘůɎɔɞɜŰŬɘ ɛŮ Űɘɠ ˊɟɞůɛɑɝŮɘɠ, 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ ŭŬəŰɡɚɑɞɡɠ ɛŮ əɘɜɞŮɘŭɐ ɛɞɟűɐ (1, 6). ɀŮ ɎɚɚŬ ɚɧɔɘŬ, Ŭɜ ůŰɞ ŭŬəŰɨɚɘɞ 

ɡˊɎɟɢŮɘ ˊɟɧůɛɘɝɖ ɘɧɜŰɞɠ, ŰɧŰŮ ŭɖɛɘɞɡɟɔŮɑŰŬɘ ŰɞˊɘəɎ ɖ əɘɜɞŮɘŭɐɠ (quinoid) ɛɞɟűɐ, 

əɡɟɑɤɠ ŮəŮɑ ˊɞɡ ɏɢɞɡɛŮ ˊŬɟŬɛɧɟűɤůɖ. ȳɛɤɠ, Ŭɜ əŬɘ ůŮ ɛɘŬ ɞɟɘůɛɏɜɖ ɢɟɞɜɘəɐ 

ůŰɘɔɛɐ əɎɗŮ ɛŮůɞɛŮɟɐɠ ɛɞɟűɐ əɡɟɘŬɟɢŮɑ ůŮ ɝŮɢɤɟɘůŰɧ ŰɛɐɛŬ Űɞɡ ɛɞɟɑɞɡ, ɡˊɎɟɢŮɘ 

ɛɘŬ ůɡɜŮɢɐɠ ŬɚɚŬɔɐ ŬɡŰɩɜ Űɤɜ ˊŮɟɘɞɢɩɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɏɢɞɡɛŮ Űɞɜ ůɡɜŰɞɜɘůɛɧ 

ˊɞɡ ˊŬɟɞɡůɘɎɕŮɘ Űɞ ɆɢɐɛŬ 10. ȰŰůɘ Űɞ ɧɚɞ ɛɧɟɘɞ ɗŬ ˊŬɟɘůŰɎɜŮŰŬɘ Ŭˊɧ Űɘɠ ŭɨɞ 

ɛɞɜɞɛŮɟŮɑɠ ɛɞɟűɏɠ, ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ˊŬɟŬˊɎɜɤ. 

 

ɆŮ ˊɟɧůűŬŰŮɠ ɏɟŮɡɜŮɠ əŬɘ ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ɏɢŮɘ ŭɘŬŰɡˊɤɗŮɑ ɖ Ɏˊɞɣɖ ɧŰɘ 

ŮɛűŬɜɑɕŮɘ ŭɨɞ ŭɞɛɏɠ (ɆɢɐɛŬ 11) (11):  

¶ ȼ ŬɚɡůɤŰɐ, ɢŬɟŬəŰɖɟɘɕɧɛŮɜɖ əŬɘ ɤɠ ɛɞɜɞŭɘɎůŰŬŰɖ (ŭŮůɛɞɑ ůŰɘɠ ɗɏůŮɘɠ Ŭ, Ŭȭ) 
əŬɘ  

¶ ȼ ɢŬɟŬəŰɖɟɘɕɧɛŮɜɖ ɤɠ ŭɘůŭɘɎůŰŬŰɖ (ŭŮůɛɞɑ ůŰɘɠ ɗɏůŮɘɠ Ŭ, ɓ).  
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ɆɢɐɛŬ 11 ï ɀɞɜɞŭɘɎůŰŬŰɖ əŬɘ ŭɘůŭɘɎůŰŬŰɖ ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (11) 

 

ɆŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ŮˊɘəɟŬŰŮɑ ɖ ůɨɜɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ ɖɚŮəŰɟɞɢɖɛɘəɧ 

ˊɞɚɡɛŮɟɘůɛɧ. ɄŬɟô ɧɚŬ ŰŬɨŰŬ, ɡˊɎɟɢɞɡɜ ˊɞɚɚɏɠ ŬɜŬűɞɟɏɠ ɔɘŬ ˊŬɟŬůəŮɡɐ ɛŮ ɢɖɛɘəɐ 

ɞɝŮɑŭɤůɖ (ɞ ˊɞɚɡɛŮɟɘůɛɧɠ ˊɞɡ ŬɜŬűɏɟɗɖəŮ ˊŬɟŬˊɎɜɤ), əŬɗɩɠ əŬɘ ɔɘŬ ůɡɜŭɡŬůɛɏɜɖ 

ɖɚŮəŰɟɞɢɖɛɘəɐ-ɢɖɛɘəɐ ɞɝŮɑŭɤůɖ ɛɞɜɞɛŮɟɩɜ ˊɡɟɟɧɚɖɠ ˊŬɟɞɡůɑŬ ŮɚŮɡɗɏɟɤɜ ɟɘɕɩɜ 

ɜɘŰɟɞůɡɚɑɞɡ (20). ɆɨɛűɤɜŬ ɛŮ Űɖ ɏɟŮɡɜŮɠ ɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɑɜŮŰŬɘ 

ŰɟɘůŭɘɎůŰŬŰɖ (ŬɜŬűɏɟŮŰŬɘ ůŬɜ ñcolumnarò) ɧŰŬɜ Űɞ ŭɡɜŬɛɘəɧ əŬŰɎ Űɖɜ 

ɖɚŮəŰɟɞɢɖɛɘəɐ ˊŬɟŬůəŮɡɐ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɞ Űɤɜ 0.8 V (V > 0.8V) (21). ȼ 

ɓɘɓɚɘɞɔɟŬűɑŬ Ůˊɑůɖɠ ŬɜŬűɏɟŮɘ ɧŰɘ ɖ ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ 

ŮɚɘəɞŮɘŭɐ ɧŰŬɜ ɏɢɞɡɛŮ ɏɜŬ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ (22). 

 

ȯɚɚŮɠ ɚŮˊŰɞɛɏɟŮɘŮɠ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɏɢɞɡɜ əŬŰɎ əŬɘɟɞɨɠ ɛŮɚŮŰɖɗŮɑ 

ɛŮ ůŰɧɢɞ Űɖ ɓŮɚŰɑɤůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɖɠ. ɃɟɘůɛɏɜŬ ŮɘŭɘəɎ ɗɏɛŬŰŬ Űɖɠ ɢɖɛŮɑŬɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬɝɨ Ɏɚɚɤɜ ˊŮɟɘɚŬɛɓɎɜɞɡɜ: 

¶ ɇɖɜ ŮˊɑŭɟŬůɖ ůɡɔəɏɜŰɟɤůɖɠ ɞɝɏɞɠ ůŰɖ ůɨɜɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɏɢŮɘ 
ɏɜŰɞɜŬ ɛŮɚŮŰɖɗŮɑ. ȼ ɞɛɎŭŬ Űɞɡ Van den Schoor ɏɢŮɘ ɞŭɖɔɖɗŮɑ ůŮ ɛŮɟɘəɎ 

ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ ɛŮ Űɘɠ ŮɝɘůɩůŮɘɠ ˊɞɡ ŭɘɏˊɞɡɜ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ 

ŰŮɚɘəɎ ˊŬɟŬůəŮɡŬůɛɏɜɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ůŮ ůɢɏůɖ ɛŮ Űɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ FeCl3 ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ 
(23, 24). 

¶ ɇɞ ˊɤɠ ɞɘ ŬˊɞˊɟɤŰɞɜɘɤɛɏɜŮɠ/ ŬɜɖɔɛɏɜŮɠ (reduced) ɛɞɟűɏɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

ůŮ ůɡɜŭɡŬůɛɧ ɛŮ ɏɜŰɞɜŬ əŬɗɞŭɘəɎ ɟŮɨɛŬŰŬ ɞŭɖɔɞɨɜ ůŮ ɛŮɔɎɚɖ ŬɔɤɔɘɛɧŰɖŰŬ 

ɚɧɔɤ Űɖɠ ˊŬɔɑŭŮɡůɖɠ ɘɧɜŰɤɜ ŮɛɓɞɚɘŬůɛɞɨ əŬŰɎ Űɖ ŭɘŬɛɧɟűɤůɖ Űɖɠ ŭɞɛɐɠ 

Űɞɡ ůŰɟɩɛŬŰɞɠ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɞɡ ɢŬɚəɞɨ (25). 

¶ ɆŮ ˊŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ ɛŮɚɏŰɖůŬ Űɖɜ ŮˊɑŭɟŬůɖ ŭɘŬűɧɟɤɜ ɘɧɜŰɤɜ 

ŮɛɓɞɚɘŬůɛɞɨ ůŰɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ ůŰɖ ɢɖɛɘəɐ Űɖɠ 

ůŰŬɗŮɟɧŰɖŰŬ əŬŰɎ Űɖ ɗŮɟɛɘəɐ ɔɐɟŬɜůɖ (9). 
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2Ȣ ɬʑʌʖʈʘʉɻ ɣʑʆʇʡʈɻʐɻ 

ɬʑʌʖʈʘʉɻ ɣʑʆʇʡʈɻʐɻ ɀ ɜʀʉʅʆʗ 

 

ɇŬ ɇɡˊɤɛɏɜŬ ȾɡəɚɩɛŬŰŬ (Printed Circuit Boards-PCBs) ŬˊɞŰŮɚɞɨɜ ɖɚŮəŰɟɞɜɘəɧ 

ɡɚɘəɧ ɡɣɖɚɐɠ ŰŮɢɜɞɚɞɔɑŬɠ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ɡɚɘəɧ (hardware) ůŮ ŭɘɎűɞɟŮɠ 

ůɡůəŮɡɏɠ əŬɘ əɡɟɑɤɠ ůŮ ůɡůŰɐɛŬŰŬ ɖɚŮəŰɟɞɜɘəɩɜ ɡˊɞɚɞɔɘůŰɩɜ. ȺɑɜŬɘ ɎəŬɛˊŰŮɠ 

ˊɚŬəɏŰŮɠ (boards) ŭɘŬűɧɟɤɜ ɛŮɔŮɗɩɜ, əŬŰŬůəŮɡŬůɛɏɜŮɠ Ŭˊɧ ŬɚɚŮˊɎɚɚɖɚŬ ůŰɟɩɛŬŰŬ 

ˊɞɚɡɛŮɟɩɜ ůɨɜɗŮŰɤɜ ɡɚɘəɩɜ, ůŰɘɠ ŮɝɤŰŮɟɘəɏɠ ŮˊɘűɎɜŮɘŮɠ Űɤɜ ɞˊɞɑɤɜ, ŬɚɚɎ əŬɘ ůŮ 

ŮůɤŰŮɟɘəɏɠ Űɞɡɠ ůŰɞɘɓɎŭŮɠ, ŰɡˊɩɜɞɜŰŬɘ ŭɘŬűɧɟɤɜ Ůɘŭɩɜ ɖɚŮəŰɟɞɜɘəɎ əɡəɚɩɛŬŰŬ. Ƀɘ 

Ŭɔɤɔɞɑ Űɞɡɠ ŮɑɜŬɘ, ɤɠ Ůˊɑ Űɞ ˊɚŮɑůŰɞɜ, ɢɎɚəɘɜɞɘ əŬɘ ɞɘ ůŰɟɩůŮɘɠ Űɤɜ əɡəɚɤɛɎŰɤɜ 

ůɡɜŭɏɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛɏůɤ Ůɘŭɘəɩɜ ɞˊɩɜ, (vias)  Űɤɜ boards, Űɞ ɛɏɔŮɗɞɠ əŬɘ ɖ 

ŭɘɎŰŬɝɖ Űɤɜ ɞˊɞɑɤɜ ŭɘŬűɏɟɞɡɜ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ əɡəɚɩɛŬŰɞɠ, ˊɞɡ ɗŬ 

ŬˊɞŰɡˊɤɗŮɑ ůŰɖɜ ˊɚŬəɏŰŬ (26). 

 

ɇŬ Ůɑŭɖ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ (PCBs) ŰŬɝɘɜɞɛɞɨɜŰŬɘ ɛŮ ŭɘɎűɞɟɞɡɠ Űɟɧˊɞɡɠ. 

ȸɎůŮɘ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ůŰɟɩůŮɤɜ əɡəɚɤɛɎŰɤɜ, ˊɞɡ ɏɢŮɘ əɎɗŮ board, ɏɢɞɡɜ 

ŭɘŬɛɞɟűɤɗŮɑ ŰɟŮɘɠ ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ PCBs (27, 28): 

¶ ɀɞɜɞůŰɟɤɛŬŰɘəɎ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ (single-sided PCBs). 

¶ ȹɘůŰɟɤɛŬŰɘəɎ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ (double-sided PCBs). 

¶ ɄɞɚɡůŰɟɤɛŬŰɘəɎ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ (multilayer PCBs). 

 

ɇŬ ɛɞɜɞůŰɟɤɛŬŰɘəɎ PCBs (single-sided) ɏɢɞɡɜ ɛɧɜɞ ɛɘŬ Űɡˊɤɛɏɜɖ ŭɘɎŰŬɝɖ 

əɡəɚɩɛŬŰɞɠ ůŮ ɛɘŬ ůŰɟɩůɖ əŬɘ ɖ ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ Űɞɡɠ ŮɑɜŬɘ Ŭˊɚɐ, 

ɡˊɞůɨɜɞɚɞ ŬɡŰɐɠ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ůŰŬ multilayer PCB. 

ɇŬ ŭɘůŰɟɤɛŬŰɘəɎ PCBs (double-sided boards), ŬˊɞŰŮɚɞɨɜŰŬɘ Ŭˊɧ ŭɨɞ 

ŬɚɚɖɚɞůɡɜŭŮɧɛŮɜŬ ůŰɟɩɛŬŰŬ ɢŬɚəɞɨ ˊɎɜɤ ůŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ŰɡˊɤɗŮɑ ŰŬ əɡəɚɩɛŬŰŬ. 

ɀŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ ˊŬɟŮɛɓɎɚɚŮŰŬɘ ɛɞɜɤŰɘəɐ ůŰɞɘɓɎŭŬ ŮˊɧɝŮɘ-ɟɖŰɑɜɖɠ 

Ůɜɘůɢɡɛɏɜɖɠ ůɡɜɐɗɤɠ ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ (ɡˊɧůŰɟɤɛŬ) əŬɘ ɖ ŮˊɘəɞɘɜɤɜɑŬ Űɤɜ 

əɡəɚɤɛɎŰɤɜ ŮˊɘŰɡɔɢɎɜŮŰŬɘ ɛŮ Űɖ ŭɘɎɜɞɘɝɖ əŬŰɎɚɚɖɚɤɜ ŮɔəɎɟůɘɤɜ ɞˊɩɜ. ȼ 

ŭɘŬŭɘəŬůɑŬ əŬŰŬůəŮɡɐɠ ŭɘůŰɟɤɛŬŰɘəɩɜ PCBs ŮɑɜŬɘ ɏɜŬ ɡˊɞůɨɜɞɚɞ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ ɔɘŬ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ (27). 

ɇŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ PCBs ˊŮɟɘɏɢɞɡɜ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ ŭɨɞ ůŰɟɩůŮɘɠ əɡəɚɤɛɎŰɤɜ 

(ɡˊɎɟɢŮɘ ŭɖɚŬŭɐ ŰɞɡɚɎɢɘůŰɞɜ ɏɜŬ ůŰɟɩɛŬ əɡəɚɩɛŬŰɞɠ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ ŮɝɤŰŮɟɘəɩɜ 

ůŰɟɩůŮɤɜ). ɇŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ (multilayer) PCBs ŮɑɜŬɘ ůɡɜɐɗɤɠ 4-10 ůŰɟɤɛɎŰɤɜ 
(27). 

 

ȳɚŬ ŰŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ PCBs ɢɟŮɘɎɕɞɜŰŬɘ ˊŮɟŬɘŰɏɟɤ ŮˊŮɝŮɟɔŬůɑŬ ŮˊɘɢɎɚəɤůɖɠ 

ɞˊɩɜ (through hole plating) ɔɘŬ ɜŬ əŬŰŬůŰŮɑ ŭɡɜŬŰɐ ɖ ɖɚŮəŰɟɘəɐ ŮˊɘəɞɘɜɤɜɑŬ ɛŮŰŬɝɨ 

Űɤɜ ŭɘŬűɧɟɤɜ ůŰɟɤɛɎŰɤɜ əŬɘ ɛɘŬ ɞɚɧəɚɖɟɖ ɓɘɞɛɖɢŬɜɑŬ ɏɢŮɘ ŮɝŮɚɘɢɗŮɑ ɛŮ ɓɎůɖ ŬɡŰɐ 

Űɖɜ ŬɜɎɔəɖ. EɔɔŮɜɩɠ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ, ɧˊɤɠ ɖ ˊɞɚɡŬɜɘɚɑɜɖ əŬɘ ɖ ˊɞɚɡˊɡɟɟɧɚɖ, 

ɏɢɞɡɜ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ Ŭˊɧ Űɖ ɓɘɞɛɖɢŬɜɑŬ PCB ˊɟɞɠ ŬɡŰɐ Űɖɜ əŬŰŮɨɗɡɜůɖ ɔɘŬ ˊɞɚɚɎ 

ɢɟɧɜɘŬ. ȼ ŮűŬɟɛɞɔɐ Űɞɡ Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŰɞɡɠ Űɞɑɢɞɡɠ Űɤɜ ɞˊɩɜ Űɞɡ PCB, 

ˊɞɡ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮˊɘɛŮŰɎɚɚɤůɖ Űɞɡɠ ůŮ ɛŮŰŬɔŮɜɏůŰŮɟɞ ůŰɎŭɘɞ (29), ŮɑɜŬɘ ɞ əɨɟɘɞɠ 

ůŰɧɢɞɠ Űɖɠ ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ (26). 

 

Ⱥˊɑůɖɠ ŰŬ PCBs ŰŬɝɘɜɞɛɞɨɜŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɞɜ Űɨˊɞ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ, ŭɖɚŬŭɐ Űɞɡ ɛɞɜɤŰɘəɞɨ ůɨɜɗŮŰɞɡ ɡɚɘəɞɨ, ˊɞɡ ˊŬɟŮɛɓɎɚɚŮŰŬɘ ɛŮŰŬɝɨ 
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Űɤɜ ůŰɞɘɓɎŭɤɜ, ˊɞɡ ŰɡˊɩɜɞɜŰŬɘ ŰŬ əɡəɚɩɛŬŰŬ. ȭȺŰůɘ ŭɘŬɛɞɟűɩɜɞɜŰŬɘ ˊɎɚɘ ŰɟŮɘɠ 

ɓŬůɘəɏɠ əŬŰɖɔɞɟɑŮɠ (27): 

¶ TŬ ɎəŬɛˊŰŬ PCBs. 

¶ ɇŬ ŮɨəŬɛˊŰŬ PCBs. 

¶ ɇŬ ɎəŬɛˊŰŬ-ŮɨəŬɛˊŰŬ PCBs. 

 

ɇŬ ɎəŬɛˊŰŬ PCBs əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ɡɚɘəɎ Ŭˊɧ ŮˊɧɝŮɘ-ɟɖŰɑɜɖ Ůɜɘůɢɡɛɏɜɖ ůɡɜɐɗɤɠ 

ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ, ŰŬ ɞˊɞɑŬ ŭɖɛɘɞɡɟɔɞɨɜ ɛɘŬ ɎəŬɛˊŰɖ ˊɚŬəɏŰŬ (board) ˊɎɢɞɡɠ 

ɚɘɔɧŰŮɟɞ Ŭˊɧ 0.1 in. 

ɇŬ ŮɨəŬɛˊŰŬ PCBs əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ɓɎůɖ ɡˊɞůŰɟɩɛŬŰŬ ˊɞɚɡŮůŰɏɟŬ, ˊɞɡ 

ˊŬɟŬɛɏɜɞɡɜ ŮɚŬůŰɘəɎ əŬɘ ŮɨəŬɛˊŰŬ ɛɏɢɟɘ Űɖ ŭɘŬɛɧɟűɤůɖ Űɞɡ ŰŮɚɘəɞɨ ˊɎɢɞɡɠ. 

ɇŬ ɎəŬɛˊŰŬ-ŮɨəŬɛˊŰŬ PCBs ŬˊɞŰŮɚɞɨɜ ɏɜŬ ůɡɜŭɡŬůɛɧ ɎəŬɛˊŰɤɜ əŬɘ ŮɨəŬɛˊŰɤɜ 

ˊɚŬəŮŰɩɜ, ɞɘ ɞˊɞɑŮɠ ůɡɛˊɘɏɕɞɜŰŬɘ əŬɘ ůɡɔəɞɚɚɞɨɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ əŬŰŬůəŮɡɐɠ Űɞɡɠ (27). 

2Ȣυ ɣɻʐɻʎʆʀʑʙ ɬʑʌʖʈʘʉʖʉ ɣʑʆʇʖʈʗʐʖʉ ɉɜʀʉʅʆʙ ʌʀʍʅɾʍɻʒʙɊ 

 

ɀɘŬ ˊɚŬəɏŰŬ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ "ŰɡˊɤɛɏɜŬ ɑɢɜɖ ɢŬɚəɞɨ" 

(traces ɐ tracks) ůŮ ɏɜŬ űɨɚɚɞ ɛɞɜɤŰɐ. Ƀ ɛɞɜɤŰɐɠ ɞɜɞɛɎɕŮŰŬɘ çɡˊɧůŰɟɤɛŬè. 

ɀŮɟɘəɏɠ ˊɚŬəɏŰŮɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ɔɑɜŮŰŬɘ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ ɘɢɜɩɜ ůŰɞ 

ɡˊɧůŰɟɤɛŬ. ȼ ůɡɜŰɟɘˊŰɘəɐ ˊɚŮɘɞɣɖűɑŬ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ŬˊɧɗŮůɖ (ɛɏůɤ 

cladding) Ůɜɧɠ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ ˊɎɜɤ ůŮ ɧɚɞ Űɞ ɡˊɧůŰɟɤɛŬ, ɛŮɟɘəɏɠ űɞɟɏɠ əŬɘ 

ůŰɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɞɡ, (ŭɖɛɘɞɡɟɔɩɜŰŬɠ ɏɜŬ "Űɡűɚɧ PCB"), əŬŰɧˊɘɜ ŬˊɞɛɎəɟɡɜůɖ Űɞɡ 

ŬɜŮˊɘɗɨɛɖŰɞɡ ɢŬɚəɞɨ, ŬűɐɜɞɜŰŬɠ ɛɧɜɞ ŰŬ ɑɢɜɖ ɢŬɚəɞɨ ˊɞɡ ɗɏɚɞɡɛŮ ɔɘŬ ɜŬ 

ůɢɖɛŬŰɑůɞɡɛŮ Űɞ çəɨəɚɤɛŬè. ɀŮɟɘəɎ PCBs ɏɢɞɡɜ ɏɜŬ ůŰɟɩɛŬ ɘɢɜɩɜ ɢŬɚəɞɨ ɛɏůŬ 

ůŰɞ PCB (çˊɞɚɚŬˊɚɩɜ ůŰɟɤɛɎŰɤɜè). ȷűɞɨ Űɞ əɨəɚɤɛŬ ɏɢŮɘ əŬŰŬůəŮɡŬůŰŮɑ, 

ŭɘɎűɞɟŬ ŮɝŬɟŰɐɛŬŰŬ ůɡɜŭɏɞɜŰŬɘ ɛŮ ŰŬ ɑɢɜɖ ɢŬɚəɞɨ ɛŮ ůɡɔəɧɚɚɖůɖ. ɈˊɎɟɢɞɡɜ ŰɟŮɘɠ 

əɞɘɜɏɠ ɛŮɗɧŭɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ Űɤɜ Űɡˊɤɛɏɜɤɜ 

əɡəɚɤɛɎŰɤɜ: ūɤŰɞɢŬɟŬəŰɘəɐ (photoengraving), ɖ ɢɟɐůɖ ɛɘŬɠ űɤŰɞɛɎůəŬɠ 

(photomask) əŬɘ ɖ ɢɖɛɘəɐ ɢɎɟŬɝɖ (chemical etching) ɔɘŬ ɜŬ ŬˊɞɛŬəɟɡɜɗŮɑ ɞ ɢŬɚəɧɠ 

Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ. ȼ űɤŰɞɛɎůəŬ ŮűŬɟɛɧɕŮŰŬɘ ůɡɜɐɗɤɠ ɛŮ photoplotter Ŭˊɧ ŰŬ 

ŭŮŭɞɛɏɜŬ ˊɞɡ ˊŬɟɎɔɞɜŰŬɘ Ŭˊɧ ɏɜŬɜ ŰŮɢɜɘəɧ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɚɞɔɘůɛɘəɞɨ ůɢŮŭɘŬůɛɞɨ 

PCB (30). 

 

ȼ ɔŮɜɘəɐ ɛɏɗɞŭɞɠ əŬŰŬůəŮɡɐɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŰŬ ɓɐɛŬŰŬ 

ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ. ɇŬ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ɛŮ ŭɨɞ 

ɓŬůɘəɏɠ ɛŮɗɧŭɞɡɠ: Űɖɜ ŬűŬɘɟŮŰɘəɐ əŬɘ Űɖɜ ˊɟɞůɗŮŰɘəɐ (27). 

 

ȹɨɞ Űɡˊɘəɏɠ ŬűŬɘɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 12. 
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ɆɢɐɛŬ 12 ï ȷűŬɘɟŮŰɘəɏɠ ɛɏɗɞŭɞɘ ŭɖɛɘɞɡɟɔɑŬɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ 

 

 

ȾŬŰɎ Űɖɜ ŬűŬɘɟŮŰɘəɐ ɛɏɗɞŭɞ, ɞ ɢŬɚəɧɠ ŬˊɞɛŬəɟɨɜŮŰŬɘ ŮˊɘɚŮəŰɘəɎ Ŭˊɧ ɏɜŬ 

əŬɚɡɛɛɏɜɞ ɛŮ ɢŬɚəɧ ɡɚɘəɧ (ɡˊɧůŰɟɤɛŬ ɟɖŰɑɜɖɠ) əŬɘ ŬɡŰɧɠ ˊɞɡ ŬˊɞɛɏɜŮɘ ůɢɖɛŬŰɑɕŮɘ 

Űɞ ɗɏɛŬ Űɞɡ əɡəɚɩɛŬŰɞɠ. ȼ ŬűŬɘɟŮŰɘəɐ ɛɏɗɞŭɞɠ ˊŮɟɘɚŬɛɓɎɜŮɘ ɛŮɜ əɎˊɞɘŬ 

ˊɟɞůɗŮŰɘəɎ ůŰɎŭɘŬ (ɧˊɤɠ ˊ.ɢ. ɖ ɖɚŮəŰɟɞɚɡŰɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ), ɤůŰɧůɞ ɖ ɓŬůɘəɐ 

ŭɘŬŭɘəŬůɑŬ ŭɘŬɛɧɟűɤůɖɠ Űɖɠ ŭɘɎŰŬɝɖɠ Űɞɡ əɡəɚɩɛŬŰɞɠ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ 

ɟɖŰɑɜɖɠ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ŬűŬɘɟɩɜŰŬɠ ɢŬɚəɧ (ɛŮ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ/ etching, 

ŬűŬɘɟɩɜŰŬɠ ŭɖɚŬŭɐ ɏɜŬ ˊɞɚɨ ɚŮˊŰɧ ůŰɟɩɛŬ ɛŮŰɎɚɚɞɡ) (27, 31). 

 

ȾŬŰɎ Űɖɜ ˊɟɞůɗŮŰɘəɐ ɛɏɗɞŭɞ Űɞ əɨəɚɤɛŬ ɛɞɟűɞˊɞɘŮɑŰŬɘ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ 

(board) ɛɏůɤ ŮˊɘɚŮəŰɘəɐɠ ŬˊɧɗŮůɖɠ ɛŮŰɎɚɚɞɡ ˊɎɜɤ ůŮ ŬɡŰɧ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ əŬŰɎ 

ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɏɜŬ ůŰɟɩɛŬ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ (circuit layer). ɆŰɖɜ ˊɚɐɟɤɠ 

ˊɟɞůɗŮŰɘəɐ ɛɏɗɞŭɞ ŭŮ ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬɜɏɜŬ ŬűŬɘɟŮŰɘəɧ ůŰɎŭɘɞ (etching). 

 

ȷəɧɛŬ, ɏɢɞɡɜ ŬɜŬˊŰɡɢɗŮɑ ɡɓɟɘŭɘəɏɠ ɛɏɗɞŭɞɘ, ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ɤɠ ɛŮɟɘəɩɠ 

ˊɟɞůɗŮŰɘəɏɠ (ɖɛɘ-ˊɟɞůɗŮŰɘəɏɠ) əŬɘ ɞɘ ɞˊɞɑŮɠ ůŰɖɜ ɞɡůɑŬ ŮɑɜŬɘ ŬűŬɘɟŮŰɘəɏɠ, ŬɚɚɎ ɞ 

ɢŬɚəɧɠ ˊɞɡ ŬűŬɘɟŮɑŰŬɘ Ŭˊɧ Űɘɠ ˊɚŬəɏŰŮɠ ŮɑɜŬɘ ɚɘɔɧŰŮɟɞɠ Ŭˊɧ ŮəŮɑɜɞɜ ˊɞɡ ŬűŬɘɟŮɑŰŬɘ 

əŬŰɎ Űɖɜ Ŭɛɘɔɩɠ ŬűŬɘɟŮŰɘəɐ ŭɘŬŭɘəŬůɑŬ (27). 

 

ɇŬ ˊŬɟŬˊɎɜɤ ɘůɢɨɞɡɜ ɔɘŬ ŰŬ ɛɞɜɞůŰɟɤɛŬŰɘəɎ PCB. ɇŬ ŭɘůŰɟɤɛŬŰɘəɎ PCB 

ŬˊŬɜŰɩɜŰŬɘ ˊɞɚɨ ůɡɢɜɎ əŬɘ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɞɡɠ ŬəɞɚɞɡɗɞɨɜŰŬɘ ɧɛɞɘŬ ɛŮ ŰŬ 

ˊɟɞŬɜŬűŮɟɗɏɜŰŬ ůŰɎŭɘŬ, ɛŮ Űɖɜ ˊɟɞůɗɐəɖ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ əŬɘ Űɖɠ əŬŰɎɚɚɖɚɖɠ 

ŮˊŮɝŮɟɔŬůɑŬɠ Űɤɜ ɞˊɩɜ ɞɘ ɞˊɞɑŮɠ ŮɝŬůűŬɚɑɕɞɡɜ Űɖɜ ŮˊɘəɞɘɜɤɜɑŬ Űɤɜ ŭɨɞ ŮəŬŰɏɟɤɗŮɜ 

ŮɝɤŰŮɟɘəɩɜ ůŰɟɤɛɎŰɤɜ Űɞɡ PCB ɛŮŰŬɝɨ Űɞɡɠ. 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   30 

 

 

ȹɘůŰɟɤɛŬŰɘəɎ PCB 

 

ɄŬɟŬəɎŰɤ ˊŬɟŬɗɏŰɞɜŰŬɘ ůɡɜɞˊŰɘəɎ ŰŬ ůŰɎŭɘŬ əŬŰŬůəŮɡɐɠ Űɤɜ ɎəŬɛˊŰɤɜ 

ŭɘůŰɟɤɛŬŰɘəɩɜ PCBs (ɓɚ. ɆɢɐɛŬ 13). Ƀɘ Ůˊɘɛɏɟɞɡɠ-Ůɘŭɘəɏɠ ŭɘŬŭɘəŬůɑŮɠ ɏɢɞɡɜ 

ɞɛŬŭɞˊɞɘɖɗŮɑ, ɩůŰŮ ɜŬ ˊŮɟɘɔɟŬűŮɑ ɛɘŬ ŬəɞɚɞɡɗɑŬ ůŰŬŭɑɤɜ, ˊɞɡ ɜŬ ŭɑɜŮɘ ɛɘŬ ɔŮɜɘəɐ 

ŮɘəɧɜŬ Űɖɠ ɛŮɗɧŭɞɡ. (32) 

 

 
ɆɢɐɛŬ 13 ï ɆŰɎŭɘŬ əŬŰŬůəŮɡɐɠ ŭɘůŰɟɤɛŬŰɘəɩɜ PCBs 

(double-sided PCBs) 

 

 

ɇɞ ɆɢɐɛŬ 14 ŭŮɑɢɜŮɘ ŰŬ ˊɟɩŰŬ ůŰɎŭɘŬ əŬŰŬůəŮɡɐɠ Ůɜɧɠ ɇɡˊɤɛɏɜɞɡ ȾɡəɚɩɛŬŰɞɠ (33). 

 

 
ɆɢɐɛŬ 14 ï ɇŬ ˊɟɩŰŬ ɓɐɛŬŰŬ əŬŰŬůəŮɡɐɠ Ůɜɧɠ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ (PCB) 

 

 

I . ȾŬŰŬůəŮɡɐ Űɞɡ ɈˊɞůŰɟɩɛŬŰɞɠ (Subtractive Process) 
 

ɇɞ ɡˊɧůŰɟɤɛŬ (Substrate) ŬˊɞŰŮɚŮɑ Űɞ ɡɚɘəɧ ˊɎɜɤ ůŰɞ ɞˊɞɑɞ ŬˊɞŰɑɗŮŰŬɘ ɞ ɢŬɚəɧɠ 

Űɞɡ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ. 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, Űɞ FR4 ŮɑɜŬɘ Űɞ ˊɘɞ əɞɘɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞ ɡˊɧůŰɟɤɛŬ ůŰŬ 

ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ. ȾŬŰŬůəŮɡɎɕŮŰŬɘ Ŭˊɧ ŮˊɧɝŮɘ ɟɖŰɑɜɖ ɛŮ ɡŬɚɞɓɎɛɓŬəŬ əŬɘ 

ŮɜɘůɢɡŰɘəɏɠ ɑɜŮɠ ɔɡŬɚɘɞɨ. ɆŮ ŬɡŰɧ ˊɟɞůŰɑɗŮŰŬɘ əŬɘ ŮˊɘɓɟŬŭɡɜŰɘəɧ əŬɨůɖɠ (fire 

retardant) ɩůŰŮ ɜŬ ɛˊɞɟɞɨɜ ɜŬ ɔɑɜɞɡɜ ůɡɔəɞɚɚɐůŮɘɠ (soldering) ŮˊɎɜɤ ůŮ ŬɡŰɧ ůŮ 

ɛŮŰɏˊŮɘŰŬ ůŰɎŭɘŬ. 

 

 

 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   31 

ɀŮɟɘəɎ ɎɚɚŬ ɡˊɞůŰɟɩɛŬŰŬ ŮɑɜŬɘ ŰŬ: 

 

¶ Ʉɞɚɡɥɛɑŭɘɞ/ fiberglass, Űɞ ɞˊɞɑɞ ɛˊɞɟŮɑ ɜŬ ŬɜŰɏɝŮɘ ɡɣɖɚɧŰŮɟŮɠ ɗŮɟɛɞəɟŬůɑŮɠ 
əŬɘ ŮɑɜŬɘ ˊɞɚɨ ˊɘɞ ůəɚɖɟɧ Ŭˊɧ Űɞ FR4 

¶ ūŬɘɜɞɚɘəɧ ɡɚɘəɧ/ ɢŬɟŰɑ əŬɚɡɛɛɏɜɞ ɛŮ ŮˊɘɓɟŬŭɡɜŰɘəɧ əŬɨůɖɠ FR2 (FR2-fire 

retardant coated phenolic/paper), ˊɞɡ ŮɑɜŬɘ űɗɖɜɧ əŬɘ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ 

ůŮ ɢŬɛɖɚɞɨ əɧůŰɞɡɠ ɖɚŮəŰɟɞɜɘəɎ Ůɑŭɖ ŮɡɟŮɑŬɠ əŬŰŬɜɎɚɤůɖɠ 

¶ ȺɨəŬɛˊŰŬ ɡɚɘəɎ (flex), ůɡɜɐɗɤɠ ˊɞɚɡŬɛɑŭɘŬ (ůŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ Ŭˊɧ 

ˊɞɚɡŮůŰɏɟŬ), ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ŬɡŰɞəɘɜɖŰɞɓɘɞɛɖɢŬɜɑŬ əŬɘ ɎɚɚŮɠ 

ŮűŬɟɛɞɔɏɠ ɧˊɞɡ ɞ ɢɩɟɞɠ əŬɘ Űɞ ɓɎɟɞɠ ŮɑɜŬɘ ɏɜŬɠ ˊŮɟɘɞɟɘůɛɧɠ. ɁɏŮɠ 

ŰŮɢɜɞɚɞɔɑŮɠ ŮˊɘŰɟɏˊɞɡɜ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŬəɧɛŬ ɚŮˊŰɧŰŮɟɤɜ ŮɨəŬɛˊŰɤɜ 

əɡəɚɤɛɎŰɤɜ. ɄɟɞɓɚɐɛŬŰŬ ˊɞɡ ˊɟɞəɨˊŰɞɡɜ əŬŰɎ Űɖɜ ˊŬɟŬɔɤɔɐ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ůɡɜɐɗɤɠ ɏɢɞɡɜ ɛɘəɟɧ ŬɜŰɑəŰɡˊɞ ůŰɖɜ ŭɡɜŬŰɧŰɖŰŬ ɔɘŬ 

ůɡɔəɧɚɚɖůɖ (solderability) əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ůɡɜŬɟɛɞɚɧɔɖůɖɠ SMT (33). 

 

ȿŮˊŰɞɛɏɟŮɘŮɠ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ Űɨˊɤɜ əɡəɚɤɛɎŰɤɜ/ɡɚɘəɩɜ 

 

ɇŬ ɢŬɛɖɚɐɠ ˊɞɘɧŰɖŰŬɠ əŬŰŬɜŬɚɤŰɘəɎ PCB əŬŰŬůəŮɡɎɕɞɜŰŬɘ Ŭˊɧ ɢŬɟŰɑ ŮɛˊɞŰɘůɛɏɜɞ 

ɛŮ űŬɘɜɞɚɘəɐ ɟɖŰɑɜɖ (paper impregnated with phenolic resin). ūɏɟɜɞɡɜ ɞɜɞɛŬůɑŮɠ 

ɧˊɤɠ XXXP, XXXPC əŬɘ FR-2. ɇɞ ɡɚɘəɧ ŮɑɜŬɘ űɗɖɜɧ, Ůɨəɞɚɞ ůŰɖ ŭɘɎŰɟɖůɖ əŬɘ 

ŭɘɎŰɛɖůɖ ɛŮ ɛɖɢŬɜɐ əŬɘ ˊɟɞəŬɚŮɑ ɚɘɔɧŰŮɟɖ űɗɞɟɎ ůŰŬ ŮɟɔŬɚŮɑŬ ɡˊɞůŰɟɩɛŬŰŬ 

Ůɜɘůɢɡɛɏɜɞ ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ. ɇŬ ɔɟɎɛɛŬŰŬ "FR" ůŰɖɜ ɞɜɞɛŬůɑŬ ɡˊɞŭŮɘəɜɨɞɡɜ Űɞ 

ɢŬɟŬəŰɖɟɘůɛɧ Fire Retardant (ŬɜɗŮəŰɘəɧ ůŮ űɤŰɘɎ). 

 

ɇŬ ɡɣɖɚɩɜ ˊɟɞŭɘŬɔɟŬűɩɜ (high-end) əŬŰŬɜŬɚɤŰɘəɩɜ əŬɘ ɓɘɞɛɖɢŬɜɘəɩɜ 

ŮűŬɟɛɞɔɩɜ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ ŰɡˊɘəɎ əŬŰŬůəŮɡɎɕɞɜŰŬɘ Ŭˊɧ ɏɜŬ ɡɚɘəɧ ˊɞɡ 

ɢŬɟŬəŰɖɟɑɕŮŰŬɘ ɤɠ FR-4. ȷɡŰɐ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɏɜŬ ɡűŬɜŰɧ ɡˊɧůŰɟɤɛŬ 

ɡŬɚɞɓɎɛɓŬəŬ (woven fiberglass) ŮɛˊɞŰɘůɛɏɜɞ ɛŮ ŬɜɗŮəŰɘəɐ ůŰɖ űɤŰɘɎ Ůˊɞɝɘəɐ 

ɟɖŰɑɜɖ. ɀˊɞɟŮɑ ɜŬ ŭɘŬŰɟɖɗŮɑ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɤɜ ɞˊɩɜ, ŬɚɚɎ ɚɧɔɤ Űɤɜ ɘɜɩɜ 

ɔɡŬɚɘɞɨ ˊɞɡ ˊŮɟɘɏɢŮɘ ŬˊŬɘŰŮɑ ŮɟɔŬɚŮɑŬ Ŭˊɧ əŬɟɓɑŭɘɞ Űɞɡ ɓɞɚűɟŬɛɑɞɡ ɔɘŬ ɛŮɔɎɚɖ 

ˊŬɟŬɔɤɔɐ. ȿɧɔɤ Űɞɡ ɞˊɚɘůɛɞɨ fiberglass, Űɞ ɡɚɘəɧ ŬɡŰɧ ɏɢŮɘ ˊŮɟɑˊɞɡ ˊɏɜŰŮ űɞɟɏɠ 

ɡɣɖɚɧŰŮɟɖ ŬɜŰɞɢɐ əɎɛɣɖɠ əŬɘ ŬɜŰɑůŰŬůɖ ůŮ ɟɤɔɛɏɠ Ŭˊɧ űŬɘɜɞɚɘəɞɨɠ Űɨˊɞɡɠ ɡɚɘəɩɜ 

ɓŬůɘůɛɏɜɞɡɠ ůŮ ɢŬɟŰɑ (paper-phenolic types), Ŭɜ əŬɘ ɛŮ ɡɣɖɚɧŰŮɟɞ əɧůŰɞɠ. 

 

ɆŮ PCB ɔɘŬ ŮűŬɟɛɞɔɏɠ ɡɣɖɚɐɠ ɟŬŭɘɞůɡɢɜɧŰɖŰŬɠ (RF) ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ˊɚŬůŰɘəɎ 

ɛŮ ɢŬɛɖɚɐ ŭɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ (ŭɘŬˊŮɟŬŰɧŰɖŰŬ - permittivity) əŬɘ ůɡɜŰŮɚŮůŰɐ 

ŭɘɎɢɡůɖɠ, ɧˊɤɠ ŰŬ RogersÈ 4000, Rogers DuroidÈ, DuPontÈ TeflonÈ (Űɨˊɞɘ GT əŬɘ 

GX), ˊɞɚɡŬɛɑŭɘŬ, ˊɞɚɡůŰɡɟɏɜɘɞ əŬɘ cross-linked ˊɞɚɡůŰɡɟɏɜɘɞ. Ɇɡɜɐɗɤɠ ɏɢɞɡɜ 

ɢŮɘɟɧŰŮɟŮɠ ɛɖɢŬɜɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ŬɚɚɎ ŬɡŰɧ ɗŮɤɟŮɑŰŬɘ ŬˊɞŭŮəŰɧ ŮɜɧɣŮɘ Űɖɠ ŬɜɩŰŮɟɖɠ 

ɖɚŮəŰɟɘəɐɠ Űɞɡɠ Ŭˊɧŭɞůɖɠ. 

PCBs ˊɞɡ ɏɢɞɡɜ ůɢŮŭɘŬůŰŮɑ ɔɘŬ ɢɟɐůɖ ůŮ əŮɜɧ ɐ ůŮ ůɡɜɗɐəŮɠ ɛɖŭŮɜɘəɐɠ ɓŬɟɨŰɖŰŬɠ, 

ɧˊɤɠ ůŮ ŭɘŬůŰɖɛɘəɧ ůəɎűɞɠ, ŭŮɜ ŮɑɜŬɘ ůŮ ɗɏůɖ ɜŬ ɓŬůɑɕɞɜŰŬɘ ůŰɖɜ ŬˊŬɔɤɔɐ Űɖɠ 

ɗŮɟɛɧŰɖŰŬɠ əŬɘ ɏɢɞɡɜ ůɡɢɜɎ ˊɡəɜɞɨɠ ˊɡɟɐɜŮɠ Ŭˊɧ ɢŬɚəɧ ɐ Ŭɚɞɡɛɑɜɘɞ ɔɘŬ ɜŬ 

ŬˊɞɛŬəɟɨɜɞɡɜ Űɖ ɗŮɟɛɧŰɖŰŬ Ŭˊɧ ŰŬ ɖɚŮəŰɟɘəɎ ŮɝŬɟŰɐɛŬŰŬ.  

ȹŮ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɧɚŬ ŰŬ əɡəɚɩɛŬŰŬ ɎəŬɛˊŰŬ ɡɚɘəɎ. ɀŮɟɘəɎ ɏɢɞɡɜ ůɢŮŭɘŬůŰŮɑ ɜŬ 

ŮɑɜŬɘ ŮɜŰŮɚɩɠ ŮɨəŬɛˊŰŬ ɐ ɛŮɟɘəɩɠ ŮɨəŬɛˊŰŬ, ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ űɘɚɛ ˊɞɚɡɥɛɘŭɑɞɡ 

KaptonÈ Űɖɠ ÈDuPont əŬɘ ɎɚɚŬ. ȷɡŰɐ ɖ əŬŰɖɔɞɟɑŬ Űɤɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ, 

ˊɞɡ ɛŮɟɘəɏɠ űɞɟɏɠ ɞɜɞɛɎɕŮŰŬɘ ŮɨəŬɛˊŰŬ əɡəɚɩɛŬŰŬ (flex circuits) ɐ ɛŮɟɘəɩɠ 

ŮɨəŬɛˊŰŬ əɡəɚɩɛŬŰŬ (rigid-flex), ŬɜŰɑůŰɞɘɢŬ, ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ŭɖɛɘɞɡɟɔɖɗɞɨɜ ŬɚɚɎ 

ɏɢɞɡɜ ˊɞɚɚɏɠ ŮűŬɟɛɞɔɏɠ. ɀŮɟɘəɏɠ űɞɟɏɠ ŰŬ əɡəɚɩɛŬŰŬ əŬŰŬůəŮɡɎɕɞɜŰŬɘ ŮɨəŬɛˊŰŬ 
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ɔɘŬ ɜŬ ɢɤɟɎɜŮ ůŮ ɛɘəɟɧ ɢɩɟɞ (PCBs ɛɏůŬ ůŮ əɎɛŮɟŮɠ əŬɘ ŬəɞɡůŰɘəɎ ɓŬɟɖəɞȶŬɠ 

ůɢŮŭɧɜ ˊɎɜŰŬ əŬŰŬůəŮɡɎɕɞɜŰŬɘ Ŭˊɧ ŮɨəŬɛˊŰŬ ï flex ï əɡəɚɩɛŬŰŬ ɏŰůɘ ɩůŰŮ ɜŬ 

ɛˊɞɟŮɑ ɜŬ ŭɘˊɚɤɗŮɑ ɔɘŬ ɜŬ ɢɤɟɏůɞɡɜ ůŰɞɜ ˊŮɟɘɞɟɘůɛɏɜɞ ŭɘŬɗɏůɘɛɞ ɢɩɟɞ). ɀŮɟɘəɏɠ 

űɞɟɏɠ, Űɞ ŮɨəŬɛˊŰɞ ŰɛɐɛŬ Űɞɡ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ ůŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɤɠ ɏɜŬ əŬɚɩŭɘɞ ɐ ůŬɜ ɛɘŬ əɘɜɞɨɛŮɜɖ ůɨɜŭŮůɖ ɛŮ ɏɜŬ Ɏɚɚɞ ůəɎűɞɠ ɐ 

ůɡůəŮɡɐ. ȰɜŬ ŰɏɚŮɘɞ ˊŬɟɎŭŮɘɔɛŬ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ ŮűŬɟɛɞɔɐɠ ŮɑɜŬɘ Űɞ əŬɚɩŭɘɞ ˊɞɡ 

ůɡɜŭɏŮŰŬɘ ɛŮ Űɖɜ əŮűŬɚɐ ůŮ ɏɜŬɜ ŮəŰɡˊɤŰɐ inkjet ˊɞɡ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 15 (30). 

 

 
ɆɢɐɛŬ 15 ï ȺɘəɧɜŬ əŮűŬɚɐɠ ŮəŰɡˊɤŰɐ inkjet ɛŮ Űɡˊɤɛɏɜɞ ŮɨəŬɛˊŰɞ əɨəɚɤɛŬ 

 

 

ɇŬ ůŰɎŭɘŬ əŬŰŬůəŮɡɐɠ Ůɜɧɠ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ. 

 

ȽI. ɆɢŮŭɑŬůɖ Űɞɡ ɇɡˊɤɛɏɜɞɡ ȾɡəɚɩɛŬŰɞɠ (PCB Design) 

 

Ɇɡɜɐɗɤɠ ɏɜŬɠ ɖɚŮəŰɟɞɚɧɔɞɠ ɛɖɢŬɜɘəɧɠ ůɢŮŭɘɎɕŮɘ Űɞ əɨəɚɤɛŬ əŬɘ ɏɜŬɠ ŰŮɢɜɘəɧɠ 

ůɢŮŭɘɎɕŮɘ Űɞ PCB. ɈˊɎɟɢɞɡɜ ˊɞɚɡɎɟɘɗɛŮɠ ŰŮɢɜɘəɏɠ əŬɘ ˊɟɧŰɡˊŬ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ɜŬ ůɢŮŭɘɎůɞɡɜ ɛɘŬ ˊɚŬəɏŰŬ. ɇɞ ˊɚɎŰɞɠ əŬɘ ɖ ŬˊɧůŰŬůɖ Űɤɜ 

Ŭɔɤɔɩɜ ůŮ ɛɘŬ ˊɚŬəɏŰŬ PCB ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɧ. ȺɎɜ ɞɘ Ŭɔɤɔɞɑ (ɑɢɜɖ Űɞɡ ɢŬɚəɞɨ) 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ PCB ŮɑɜŬɘ ˊɎɟŬ ˊɞɚɨ əɞɜŰɎ, ɖ ůɡɔəɧɚɚɖůɖ ŮɝŬɟŰɖɛɎŰɤɜ ůŮ ŬɡŰɧ 

ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ Űɖ ɓɟŬɢɡəɨəɚɤůɖ ŭɨɞ ɔŮɘŰɞɜɘəɩɜ ɘɢɜɩɜ ɢŬɚəɞɨ əŬɘ Űɞ PCB ɗŬ 

ŮɑɜŬɘ ɛŮŰɎ ŭɨůəɞɚɞ ɜŬ ŬˊɞəŬŰŬůŰŬɗŮɑ. ȺɎɜ ŮɑɜŬɘ ɡˊŮɟɓɞɚɘəɎ ɛŬəɟɘɎ, ɖ əŬŰŬůəŮɡɐ 

Űɞɡ PCB ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɡˊŮɟɓɞɚɘəɎ ŭŬˊŬɜɖɟɐ (əŬɘ Űɞ board ɛŮɔɎɚɞ ůŮ ŭɘŬůŰɎůŮɘɠ). 

ȷűŬɑɟŮůɖ ɛŮɔɎɚɤɜ ˊŮɟɘɞɢɩɜ Űɞɡ ɢŬɚəɞɨ ŭɖɛɘɞɡɟɔŮɑ ŬˊɧɓɚɖŰŬ Ŭˊɧ Űɞ ŭɘŬɓɟɤŰɘəɧ 

əŬɘ ŬɡɝɎɜŮɘ Űɖ ɟɨˊŬɜůɖ. Ⱥˊɑůɖɠ ɏɜŬ PCB ɢŬɟɎɕŮŰŬɘ ɛŮ ɛŮɔŬɚɨŰŮɟɖ ɞɛɞɘɞɛɞɟűɑŬ Ŭɜ 

ɧɚŮɠ ɞɘ ŮˊɘűɎɜŮɘŮɠ ɏɢɞɡɜ Űɖɜ ɑŭɘŬ ɛɏůɖ ŬɜŬɚɞɔɑŬ ˊɎɢɞɡɠ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ˊɟɞɠ 

ˊɎɢɞɠ ɡˊɞůŰɟɩɛŬŰɞɠ. ȷɜɞɛɞɘɞɛɞɟűɑŬ ůŮ ŬɡŰɎ ŰŬ ˊɎɢɖ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ 

ˊɟɞɓɚɐɛŬŰŬ ůŰɘɠ ůɡɜŭɏůŮɘɠ Űɞɡ əɡəɚɩɛŬŰɞɠ ŬɚɚɎ əŬɘ ɜŬ ŬűɐůŮɘ ɛŮɛɞɜɤɛɏɜŮɠ 

ˊŮɟɘɞɢɏɠ ɛŮ ɢŬɚəɧ ˊɞɡ ŭŮɜ ůɡɜŭɏɞɜŰŬɘ ɛŮ ɎɚɚŮɠ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. 

 

ɇŬ ˊŮɟɘůůɧŰŮɟŬ PCB ɏɢɞɡɜ Ŭˊɧ 1 ɏɤɠ 16 ŬɔɩɔɘɛŬ ůŰɟɩɛŬŰŬ ŮɜɤɛɏɜŬ ɛŬɕɑ ůɡɜɐɗɤɠ 

ɛŮ ɗŮɟɛɞɛɖɢŬɜɘəɐ ůɡɔəɧɚɚɖůɖ (laminated/ glued together). ȺɛŮɑɠ ɢɟɖůɘɛɞˊɞɘɐůŬɛŮ 

16-ůŰɟɤɛŬŰɘəɎ PCB ůŰŬ ˊŮɟɘůůɧŰŮɟŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŭɘŮɝɐɔŬɛŮ. ɆŰŬ ˊɘɞ ˊŮɟɑˊɚɞəŬ 

PCB, ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ Ŭˊɧ ŰŬ ůŰɟɩɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ˊŬɟɞɢɐ ɔŮɑɤůɖɠ 

əŬɘ ɘůɢɨɞɠ ůŰɞ ɡˊɧɚɞɘˊɞ əɨəɚɤɛŬ. ȺɘŭɘəɎ ŰɛɐɛŬŰŬ Űɞɡ əɡəɚɩɛŬŰɞɠ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůˊɑůɖɠ ɔɘŬ ɜŬ ŭɘŬɢɏɞɡɜ Űɖ ɗŮɟɛɧŰɖŰŬ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ. 
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ɇŬ ˊɞɚɡůŰɟɤɛŬŰɘəɎ PCB ɏɢɞɡɜ Ůˊɑůɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡɠ ůɖɛɎŭɘŬ ŮɡɗɡɔɟɎɛɛɘůɖɠ 

(alignment marks) əŬɘ ɞˊɏɠ (fiducials) ɔɘŬ Űɖɜ ŮɡɗɡɔɟɎɛɛɘůɖ Űɤɜ ůŰɟɤɛɎŰɤɜ ɛŮŰŬɝɨ 

Űɞɡɠ ɏŰůɘ ɩůŰŮ ɜŬ ɛˊɞɟɏůŮɘ ɜŬ ɔɑɜŮɘ ɖ ŮɜůɤɛɎŰɤůɖ ŮɝŬɟŰɖɛɎŰɤɜ (solder 

components) ůŮ ɛɘŬ ŬɡŰɞɛŬŰɞˊɞɘɖɛɏɜɖ ɔɟŬɛɛɐ ˊŬɟŬɔɤɔɐɠ. ɆŮ ɛŮɟɘəɏɠ ˊŮɟɘˊŰɩůŮɘɠ 

ŰŬ ůɖɛɎŭɘŬ ŬɡŰɎ ŬűŬɘɟɞɨɜŰŬɘ ˊɟɘɜ Űɖɜ ŮɜůɤɛɎŰɤůɖ Űɤɜ ŮɝŬɟŰɖɛɎŰɤɜ. ɇŬ ůŰɟɩɛŬŰŬ 

ŮɜɩɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɞɡɠ ɛɏůɤ ŮˊɘɢŬɚəɤɛɏɜɤɜ ɞˊɩɜ (vias) (ɐ ɞˊɩɜ ůŰɘɠ ɞˊɞɑŮɠ 

ŮɘůɏɟɢŮŰŬɘ əɎˊɞɘɞ Ŭɔɩɔɘɛɞ ɛŮŰŬɚɚɘəɧ ŰɛɐɛŬ). ɀŮɟɘəɏɠ Ŭˊɧ ŬɡŰɏɠ Űɘɠ ɞˊɏɠ ɛˊɞɟŮɑ ɜŬ 

ŮɑɜŬɘ çŰɡűɚɏɠè (blind vias), ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ɞɟŬŰɏɠ ɛɧɜɞ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɐ çɗŬɛɛɏɜŮɠè 

ɞˊɏɠ (buried vias), ɞɘ ɞˊɞɑŮɠ Ůɜɩɜɞɡɜ ŮůɤŰŮɟɘəɎ ůŰɟɩɛŬŰŬ (ŬɡŰɏɠ ɞɘ ɞˊɏɠ ɛˊɞɟŮɑ ɜŬ 

ŮɑɜŬɘ ɞɟŬŰɏɠ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ ɐ ɧɢɘ əŬɘ ŮɑɜŬɘ ˊɞɚɨ ŭɨůəɞɚɞ ɜŬ ŮˊɘɗŮɤɟɖɗɞɨɜ ɛŮŰɎ 

Űɖɜ əŬŰŬůəŮɡɐ Űɞɡ əɡəɚɩɛŬŰɞɠ). 

 

ȽȽI. ȹɘɎɜɞɘɝɖ ɞˊɩɜ 

 

ȼ ŭɘɎɜɞɘɝɖ Űɤɜ ɞˊɩɜ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ ůɡɜɐɗɤɠ laser ɓɎůŮɘ ŬɟɢŮɑɤɜ 

ůɢŮŭɘŬůɛɞɨ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ŰŬ ɞˊɞɑŬ ˊŮɟɘɔɟɎűɞɡɜ Űɖ ɗɏůɖ ɧɚɤɜ Űɤɜ ɞˊɩɜ 

(numerically controlled drill  ï NCD ï files) (30, 32, 33). ɆŰɖ ůɡɜɏɢŮɘŬ ŭɘɎűɞɟŬ 

ŮɝŬɟŰɐɛŬŰŬ ŬɜŬɟŰɩɜŰŬɘ ůŰɞ Űɡˊɤɛɏɜɞ əɨəɚɤɛŬ (ůŰɘɠ ɞˊɏɠ Űɞɡ ɐ ɛŮ ůɡɔəɧɚɚɖůɖ). 

 

ȽV. ȺəŰɨˊɤůɖ Űɞɡ ůɢŮŭɑɞɡ 

 

ȼ ŮəŰɨˊɤůɖ Űɞɡ ůɢŮŭɑɞɡ Űɞɡ əɡəɚɩɛŬŰɞɠ ŬˊɞŰŮɚŮɑ Űɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ. ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ŬɜɎɚɞɔŬ ɛŮ Űɞ Ŭɜ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ˊɟɞůɗŮŰɘəɐ 

ɐ ɖ ŬűŬɘɟŮŰɘəɐ ɛɏɗɞŭɞɠ ŬəɞɚɞɡɗɞɨɜŰŬɘ ŭɨɞ ŭɘŬűɞɟŮŰɘəɎ ɛɞɜɞˊɎŰɘŬ. 

 

ɆŰɖɜ ˊɟɞůɗŮŰɘəɐ ɛɏɗɞŭɞ ŬˊɞŰɑɗŮŰŬɘ ɢŬɚəɧɠ ŬˊŮɡɗŮɑŬɠ ˊɎɜɤ ůŮ ɛɘŬ ŮˊɘűɎɜŮɘŬ (ˊɞɡ 

ŭŮɜ ɏɢŮɘ ɢŬɚəɧ) ɔɘŬ Űɖɜ ŮəŰɨˊɤůɖ Űɞɡ ůɢŮŭɑɞɡ ˊɎɜɤ ůŮ ŬɡŰɐ. 

 

ɆŰɖɜ ŬűŬɘɟŮŰɘəɐ ɛɏɗɞŭɞ ɛɘŬ ŮɘəɧɜŬ Űɞɡ əɡəɚɩɛŬŰɞɠ ɛŮŰŬűɏɟŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

ɛɏůɤ Ůɜɧɠ ɡɛɏɜŬ ˊɞɡ ŮɑɜŬɘ ŬɜɗŮəŰɘəɧɠ ůŮ UV ŬəŰɘɜɞɓɞɚɑŬ (UV photoresist film) ɐ 

ɛɏůɤ ɛɘŬɠ ŭɘŬŭɘəŬůɑŬɠ ink screening. ɆŰɖ ŭɘŬŭɘəŬůɑŬ UV, ŬˊŬɘŰŮɑŰŬɘ ɏɜŬ ɜɏɞ ůŰɎŭɘɞ 

ɔɘŬ Űɖɜ ŬűŬɑɟŮůɖ Űɞɡ űɤŰɞŬɜɗŮəŰɘəɞɨ ɡɛɏɜŬ. ȼ ɛɖ əŬɚɐ ŬűŬɑɟŮůɖ ŬɡŰɞɨ Űɞɡ ɡɚɘəɞɨ 

ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ ˊɟɞɓɚɐɛŬŰŬ ůŰɖ ůɡɔəɧɚɚɖůɖ ŮɝŬɟŰɖɛɎŰɤɜ ŬɟɔɧŰŮɟŬ. ȼ ɛɖ 

ˊɚɐɟɖɠ ŬűŬɑɟŮůɖ Űɞɡ Ůɜ ɚɧɔɤ ɡɚɘəɞɨ ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ əŬɘ ˊɟɞɓɚɐɛŬŰŬ ůŰɖ 

ůɨɜŭŮůɖ Űɖɠ ůɡɔəɧɚɚɖůɖɠ ɛŮ ŰŬ ɑɢɜɖ Űɞɡ ɢŬɚəɞɨ Űɖɠ ˊɚŬəɏŰŬɠ (32, 33). 

 

V. ȺˊɘɢɎɚəɤůɖ ɞˊɩɜ 

 
ȼ ɢɖɛɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ əɡɟɑɤɠ ɔɘŬ Űɖ ŭɘŬůɨɜŭŮůɖ ŭɘŬűɧɟɤɜ 

ůŰɟɤɛɎŰɤɜ Űɤɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ɛɏůɤ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ɞˊɩɜ Űɞɡ 

(through-hole plating stage) (13, 34, 35, 36). ɀŮ Űɖɜ əɚŬůɘəɐ ɛɏɗɞŭɞ, ˊŮɟɑˊɞɡ 0.0000150 - 

0.000020 in ɢŬɚəɞɨ ŬˊɞŰɑɗŮɜŰŬɘ ɢɖɛɘəɎ (electroless plating) ůŰɘɠ ɞˊɏɠ əŬɘ ŬɡŰɐ ɖ 

ŮˊɘɢɎɚəɤůɖ ŮˊɘŰɟɏˊŮɘ əŬɘ Űɖ ɛŮŰɏˊŮɘŰŬ ɖɚŮəŰɟɞɢɖɛɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ. ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɖɠ ɛŮɗɧŭɞɡ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞ ŮɟɔŬůŰɐɟɘɞ ɛŬɠ ɖ ˊɞɚɡˊɡɟɟɧɚɖ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ŬɜŰɑ ɔɘŬ Űɞ ɢɖɛɘəɎ ŬˊɞŰɘɗɏɛŮɜɞ ɢŬɚəɧ (ɓɚ. ɆɢɐɛŬ 16) (32, 33). 
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ɆɢɐɛŬ 16 ï ɇŬ ůŰɎŭɘŬ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ ůŰɞ PCB 

 

 

ɆŮ ŮˊɧɛŮɜɞ ɓɐɛŬ ɢŬɚəɧɠ ˊɎɢɞɡɠ 0.0010 - 0.0020 in ŬˊɞŰɑɗŮŰŬɘ ɖɚŮəŰɟɞɢɖɛɘəɎ ůŰɘɠ 

ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ɏɢɞɡɜ ɐŭɖ ŰɟɞˊɞˊɞɘɖɗŮɑ ɛŮ ɢɖɛɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ. ȰɜŬ Ůˊɘˊɚɏɞɜ 

ůŰɟɩɛŬ əŬůůɑŰŮɟɞɡ ɐ ɛɧɚɡɓŭɞɡ (Tin/lead) ŬˊɞŰɑɗŮŰŬɘ ɔɘŬ ɜŬ ˊɟɞůŰŬŰŮɨůŮɘ Űɞ ɢŬɚəɧ 

ŬɡŰɧ Ŭˊɧ Űɖɜ ɞɝŮɑŭɤůɖ ůŰɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ˊɞɡ ŭɘŮɜŮɟɔŮɑŰŬɘ 

ɔɘŬ Űɖɜ ŬˊɞəɎɚɡɣɖ Űɞɡ ůɢŮŭɑɞɡ ˊɞɡ ŮɑɢŮ ŮəŰɡˊɤɗŮɑ ůŰɖɜ ŮˊɘűɎɜŮɘŬ (ůŮ ˊɟɞɔŮɜɏůŰŮɟɞ 

ůŰɎŭɘɞ) (33). 

 

ɆŰɖ ůɡɜɏɢŮɘŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɖ ɢɖɛɘəɐ ŬűŬɑɟŮůɖ (etch off) Űɞɡ ɡɚɘəɞɨ ˊɞɡ ŮɑɢŮ 

ŬˊɞŰŮɗŮɑ ˊɟɘɜ (UV űɤŰɞŬɜɗŮəŰɘəɧ ɡɚɘəɧ) ɔɘŬ Űɖɜ ŮəŰɨˊɤůɖ Űɞɡ ůɢŮŭɑɞɡ (ɆɢɐɛŬ 17). 

ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ŬˊɞəŬɚɨˊŰŮŰŬɘ ˊɎɚɘ ɞ ɢŬɚəɧɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əɡəɚɩɛŬŰɞɠ. 

ɆŰɖ ůɡɜɏɢŮɘŬ ŬűŬɘɟŮɑŰŬɘ əŬɘ ɞ əŬůůɑŰŮɟɞɠ/ ɛɧɚɡɓŭɞɠ, ˊɞɡ ŮɑɢŮ ŬˊɞŰŮɗŮɑ ůŰɘɠ 

ŮˊɘűɎɜŮɘŮɠ Űɤɜ ɞˊɩɜ ůŮ ˊɟɞɖɔɞɨɛŮɜɞ ůŰɎŭɘɞ (32, 33). 

 

 
ɆɢɐɛŬ 17 ï ɇŬ ŰŮɚɘəɎ ůŰɎŭɘŬ ˊŬɟŬɔɤɔɐɠ Ůɜɧɠ PCB 
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VI. ɄɟɞůŰŬŰŮɡŰɘəɐ ŭɘŬŭɘəŬůɑŬ (Protective Process) 

 

ȷűɞɨ ŬűŬɘɟŮɗŮɑ əŬɘ ɞ əŬůůɑŰŮɟɞɠ Űɞ əɨəɚɤɛŬ ŮɑɜŬɘ ɞɚɞəɚɖɟɤɛɏɜɞ. ɀŮŰɎ Űɖɜ 

əŬŰŬůəŮɡɐ ůŰɞ əɨəɚɤɛŬ ŬˊɞŰɑɗŮŰŬɘ ɛɘŬ ˊɟɞůŰŬŰŮɡŰɘəɐ ɛɎůəŬ (solder mask), ɖ ɞˊɞɑŬ 

ŮɑɜŬɘ ɏɜŬ ˊɚŬůŰɘəɧ ůŰɟɩɛŬ ˊɞɡ ŮɛˊɞŭɑɕŮɘ Űɖ ŭɘŬɓɟɞɢɐ (wetting) Űɞɡ ɡɚɘəɞɨ 

ůɡɔəɧɚɚɖůɖɠ (solder), ˊɞɡ ɏɢŮɘ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ůŰɖɜ ˊɚŬəɏŰŬ (ɞ ɧɟɞɠ "bead up" 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ ŬɡŰɐ Űɖ ŭɘŬɓɟɞɢɐ) əŬɘ ŮɛˊɞŭɑɕŮɘ Űɘɠ ŭɘɎűɞɟŮɠ ɜɖůɑŭŮɠ 

ůɡɔəɞɚɚɖŰɘəɞɨ ɡɚɘəɞɨ ɜŬ Ůɜɤɗɞɨɜ. Ⱥˊɘˊɚɏɞɜ ˊɟɞůŰŬŰŮɨŮɘ Ŭˊɧ Űɖ ŭɘɎɓɟɤůɖ əŬɘ Űɖ 

űɗɞɟɎ. ɇŬ ˊŮɟɘůůɧŰŮɟŬ ɡɚɘəɎ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɤɠ ˊɟɞůŰŬŰŮɡŰɘəɏɠ ɛɎůəŮɠ ŮɑɜŬɘ 

ˊɟɎůɘɜŬ ůŮ ɢɟɩɛŬ (Ůɝô ɞɡ əŬɘ Űɞ ˊɟɎůɘɜɞ ɢɟɩɛŬ Űɤɜ motherboard Űɤɜ ɡˊɞɚɞɔɘůŰɩɜ - 

ɆɢɐɛŬ 18) (33). 

 

 
ɆɢɐɛŬ 18 ï ɇɡˊɤɛɏɜɞ əɨəɚɤɛŬ ɛŮ ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ (ůŮ ŬɡŰɧ ɞűŮɑɚŮŰŬɘ Űɞ 

ˊɟɎůɘɜɞ ɢɟɩɛŬ), Űɞ ɞˊɞɑɞ ˊɟɞůŰŬŰŮɨŮɘ Űɘɠ ůɡɔəɞɚɚɐůŮɘɠ (ɧˊɤɠ ŬɡŰɐ Űɞɡ əŬɚɤŭɑɞɡ 

ˊɞɡ űŬɑɜŮŰŬɘ) Ŭˊɧ űɗɞɟɎ  

 

PCBs ˊɞɡ ˊɟɞɞɟɑɕɞɜŰŬɘ ɔɘŬ ɢɟɐůɖ ůŮ ŬəɟŬɑŬ ˊŮɟɘɓɎɚɚɞɜŰŬ ˊɟɞůŰŬŰŮɨɞɜŰŬɘ Ŭˊɧ ɏɜŬ 

ɡɛɏɜŬ ˊɟɞůŰŬŰŮɡŰɘəɞɨ ɡɚɘəɞɨ ɛɏůɤ ɣŮəŬůɛɞɨ. ȷɟɢɘəɎ əŮɟɑ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ɔɘŬ 

ŬɡŰɧ Űɞ ůəɞˊɧ, Ůɜɩ ŰɩɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ŭɘŬɚɨɛŬŰŬ ˊɚŬůŰɘəɞɨ ůɘɚɘəɧɜɖɠ ɐ ŮˊɧɝŮɘ 

(dilute solutions of silicone rubber or epoxy) (30). ȼ ŮűŬɟɛɞɔɐ Űɞɡ ɡɚɘəɞɨ ɔɑɜŮŰŬɘ ɛŮ 

ɛŮɗɧŭɞɡɠ ɧˊɤɠ ɖ Hot Air  Surface Leveling (HASL). ɇɞ ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ 

ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɏɜŬɠ ɡɛɏɜŬɠ ůŰŮɟŮɐɠ ɐ ɡɔɟɐɠ ɛɞɟűɐɠ. ȾŬɘ ŰŬ ŭɨɞ ɛˊɞɟɞɨɜ ɜŬ 

ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ űɤŰɞɚɘɗɞɔɟŬűɑŬ əŬɘ ŬˊŬɘŰɞɨɜ ˊɞɚɨ əŬɗŬɟɧ ˊŮɟɘɓɎɚɚɞɜ. ȷűɞɨ 

ˊɟɞůŰŮɗŮɑ Űɞ ůŰɟɩɛŬ (solder mask) ůŮ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ, ŬɜɗŮəŰɘəɧ ůŮ ŬəŰɘɜɞɓɞɚɑŬ 

UV ɡɚɘəɧ ŬˊɞŰɑɗŮŰŬɘ ůŰŬ ůɖɛŮɑŬ ˊɞɡ ůŰɖ ůɡɜɏɢŮɘŬ ɗɏɚɞɡɛŮ ɜŬ ŬűŬɘɟɏůɞɡɛŮ Űɞ 

ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ ɔɘŬ ɜŬ ŮɜůɤɛŬŰɩůɞɡɛŮ ůŰɞ Űɡˊɤɛɏɜɞ əɨəɚɤɛŬ ŮɝŬɟŰɐɛŬŰŬ. 

 

Ⱥɜ ůɡɜŮɢŮɑŬ ŬəŰɘɜɞɓɞɚɑŬ UV ŮűŬɟɛɧɕŮŰŬɘ əŬɘ ɧɚɖ ɖ ŮˊɘűɎɜŮɘŬ ůəɚɖɟɨɜŮŰŬɘ ɛɏůɤ 

ˊɞɚɡɛŮɟɘůɛɞɨ, ɔɘŬ ɜŬ ˊɟɞůŰŬŰɏɣŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ əɡəɚɩɛŬŰɞɠ Ŭˊɧ űɗɞɟɏɠ. ɇŬ 

ůɖɛŮɑŬ ˊɞɡ ŮɑɢŬɜ ŮəŰɡˊɤɗŮɑ ɛŮ ŬɜɗŮəŰɘəɧ ůŮ UV ŬəŰɘɜɞɓɞɚɑŬ ɡɚɘəɧ ˊŬɟŬɛɏɜɞɡɜ 

ɛŬɚŬəɎ. ɇɞ ɡɚɘəɧ ŬɡŰɧ ŬűŬɘɟŮɑŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ ɜŮɟɧ (high pressure water spray) 

ůŮ ɛɘŬ ɛɖɢŬɜɐ ˊɞɡ əŬɚŮɑŰŬɘ developer. ɀŮŰɎ Űɞ əɨəɚɤɛŬ ɗŮɟɛŬɑɜŮŰŬɘ ɔɘŬ Űɖɜ ŰŮɚɘəɐ 

ůŰŬɗŮɟɞˊɞɑɖůɖ Űɞɡ ˊɟɞůŰŬŰŮɡŰɘəɞɨ ůŰɟɩɛŬŰɞɠ ůŰɖɜ ŰŮɚɘəɐ Űɞɡ ɛɞɟűɐ. ɆŮ ŮˊɧɛŮɜɞ 

ůŰɎŭɘɞ ŰŬ əɡəɚɩɛŬŰŬ ˊɟɏˊŮɘ ɜŬ əŬɚɡűɗɞɨɜ ɛŮ ɏɜŬ ŬəɧɛŬ ˊɟɞůŰŬŰŮɡŰɘəɧ ůŰɟɩɛŬ 

ˊɞɡ ɗŬ ŬˊɞŰɟɏɣŮɘ Űɖɜ ɞɝŮɑŭɤůɖ Űɞɡ ɢŬɚəɞɨ. 
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2Ȣφ ɫʐʗɿʅʋ Through -Hole Plating  

 

ũŮɜɘəɎ 

 

ɇɞ ůŰɎŭɘɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ɞˊɩɜ Űɤɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ (plating through-

hole ï PTH) ŮɑɜŬɘ ɏɜŬ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ůŰɎŭɘɞ, ŭŮŭɞɛɏɜɞɡ ɧŰɘ ŬɡŰɧ ŭɘŬůűŬɚɑɕŮɘ Űɖ 

ůɤůŰɐ ɖɚŮəŰɟɘəɐ ŮˊɘəɞɘɜɤɜɑŬ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɧɟɤɜ ůŰɟɤɛɎŰɤɜ Űɞɡ əɡəɚɩɛŬŰɞɠ. 

ȺˊŮɘŭɐ Űɞ ůŰɎŭɘɞ ŬɡŰɧ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮəŰŮɚŮůŰŮɑ ɛŮ ɗŮɟɛɞɛɖɢŬɜɘəɐ ŮˊɘɛŮŰɎɚɚɤůɖ 

(copper cladding) ɧˊɤɠ ɖ əŬŰŬůəŮɡɐ Űɞɡ ůɩɛŬŰɞɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ, ŬɚɚɎ ˊɟɏˊŮɘ 

ɜŬ ŮəŰŮɚŮůŰŮɑ ɛŮ ɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ, ɞɘ ŰŮɢɜɞɚɞɔɘəɏɠ ŬˊŬɘŰɐůŮɘɠ əŬɘ ɞɘ ŭɡůəɞɚɑŮɠ 

ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟŮɠ. 

 

ɇɞ ɡˊɧůŰɟɤɛŬ ŮˊɧɝŮɘ-ɟɖŰɑɜɖɠ (Ůɜɘůɢɡɛɏɜɖɠ ɛŮ ɑɜŮɠ ɔɡŬɚɘɞɨ) Űɤɜ PCBs ŮɑɜŬɘ ɛɖ 

Ŭɔɩɔɘɛɞ. ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡ ɗŬ ˊɟɏˊŮɘ ˊɟɩŰŬ ɖ ŮˊɘűɎɜŮɘŬ ɜŬ ɔɑɜŮɘ 

Ŭɔɩɔɘɛɖ (ɖ ŮˊɘűɎɜŮɘŬ Űɤɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ůɡɜɐɗɤɠ ŮɑɜŬɘ ŮˊɘɢŬɚəɤɛɏɜɖ ɛŮ 

ɗŮɟɛɞɛɖɢŬɜɘəɐ ůɡɔəɧɚɚɖůɖ űɨɚɚɤɜ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ) əŬɘ 

ůŰɖ ůɡɜɏɢŮɘŬ ɜŬ ɡˊɎɟɝŮɘ ůɨɜŭŮůɖ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ ůŰɟɤɛɎŰɤɜ/Ůˊɘˊɏŭɤɜ ɢŬɚəɞɨ 

Űɖɠ ˊɚŬəɏŰŬɠ ɛŮ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɞˊɩɜ. ȷɜŬɚɡŰɘəɧŰŮɟŬ, ůɡɜɐɗɤɠ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ 

ɞˊɩɜ əŬɗɑůŰŬɜŰŬɘ ŬɟɢɘəɎ ŬɔɩɔɘɛŬ ɛŮ ɛɘŬ ɛɖ ɖɚŮəŰɟɞɚɡŰɘəɐ ɛɏɗɞŭɞ ŬˊɧɗŮůɖɠ 

əɎˊɞɘɞɡ Ŭɔɩɔɘɛɞɡ ɡɚɘəɞɨ (ˊ.ɢ. ˊɞɚɡˊɡɟɟɧɚɖɠ) əŬɘ ŬəɞɚɞɡɗŮɑŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ 

ŮˊɘɚŮəŰɘəɐɠ ɖɚŮəŰɟŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ůŮ ɞɟɘůɛɏɜɞ ˊɎɢɞɠ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

ŬɚɚɖɚɞůɨɜŭŮůɖɠ Űɤɜ ůŰɟɤɛɎŰɤɜ (layers). ɄɟɏˊŮɘ ɤůŰɧůɞ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ, Ŭɜ 

ŬɟɢɘəɎ ɖ ŮůɤŰŮɟɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ ɞˊɩɜ ŭŮɜ ŮˊɘůŰɟɤɗŮɑ ɛŮ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɏɢŮɘ əŬɚɐ 

ˊɟɧůűɡůɖ ůŰɖ ɟɖŰɑɜɖ əŬɘ ɘəŬɜɞˊɞɘɖŰɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ, ŰɧŰŮ ŭŮɜ ŮɑɜŬɘ ŭɡɜŬŰɐ ɖ 

ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɢɎɚəɤůɖ Űɞɡ ŮˊɧɛŮɜɞɡ ůŰŬŭɑɞɡ (37). 

 

ɆŰɞ ůŰɎŭɘɞ ŬɡŰɧ ɏɢɞɡɜ ŮˊɘəŮɜŰɟɤɗŮɑ ɞɘ ˊɟɞůˊɎɗŮɘŮɠ ˊɞɡ ɏɔɘɜŬɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ 

ˊŬɟɞɨůɖɠ ɏɟŮɡɜŬɠ ɔɘŬ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɖɠ ůɢŮŰɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ. 

 

ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ɞˊɩɜ (through-hole plating stage ï PTH) 

ˊŮɟɘɚŬɛɓɎɜŮɘ ŭɨɞ ůŰɎŭɘŬ: 

¶ ɇɖɜ ŮűŬɟɛɞɔɐ Ůɜɧɠ ůŰɟɩɛŬŰɞɠ (precoat) ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ ɔɘŬ ɜŬ ŰŬ 

əɎɜŮɘ ŬɔɩɔɘɛŬ əŬɘ 

¶ ɇɖɜ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɞˊɩɜ ɛɏůɤ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ. 

 

ȹɨɞ Ŭˊɧ Űɘɠ ˊɘɞ əɞɘɜɎ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ ɞɡůɑŮɠ ɔɘŬ ˊɟɞəŬŰŮɟɔŬůɑŬ ŮɑɜŬɘ ɞ ɔɟŬűɑŰɖɠ 

(graphite) əŬɘ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ (conductive polymers) ɧˊɤɠ ɖ ˊɞɚɡˊɡɟɟɧɚɖ 

(polypyrrole), Űɖɜ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɑɖůŬɛŮ ůŰɖɜ ɏɟŮɡɜŬ ŬɡŰɐ. Ɉɓɟɘŭɘəɏɠ ɛɏɗɞŭɞɘ 

ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖ ɢɖɛɘəɐ ŬˊɧɗŮůɖ Ůɜɧɠ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ ůŰɞ FR-4 əŬɘ Űɖ 

ɛŮŰɏˊŮɘŰŬ ɖɚŮəŰɟɞɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɞˊɩɜ Űɞɡ PCB ɛɏɢɟɘ ɜŬ ŮˊɘŰŮɡɢɗŮɑ Űɞ 

ŮˊɘɗɡɛɖŰɧ ˊɎɢɞɠ (26). 

 

ɀɏɗɞŭɞɘ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ 

 

ɀɏɢɟɘ ˊɟɧůűŬŰŬ ɔɘŬ Űɖɜ ŬˊŮɡɗŮɑŬɠ ŮˊɘɛŮŰɎɚɚɤůɖ Űɤɜ ɞˊɩɜ ŮűŬɟɛɞɕɧŰŬɜ ůɢŮŭɧɜ 

ŬˊɞəɚŮɘůŰɘəɎ ɖ ɢɖɛɘəɐ (ɛɖ ɖɚŮəŰɟɞɚɡŰɘəɐ) ŬˊɧɗŮůɖ ɢŬɚəɞɨ (electroless copper) 

ůŰɖɜ ŮˊɧɝŮɘ ŮˊɘűɎɜŮɘŬ. ɆŰɖ ɛɏɗɞŭɞ ŬɡŰɐ ɧɛɤɠ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ űɞɟɛŬɚŭŮɒŭɖ ɤɠ 

ŬɜŬɔɤɔɘəɧ ɛɏůɞ, ɖ ɞˊɞɑŬ ɗŮɤɟŮɑŰŬɘ əŬɟəɘɜɞɔɧɜɞɠ əŬɘ ɔɘŬ ŬɡŰɧ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ 

ŮɜŬɚɚŬəŰɘəɏɠ ɚɨůŮɘɠ ɏɜŬɜŰɘ Űɖɠ ɢɖɛɘəɐɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ. 
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Ƀɘ ŮɜŬɚɚŬəŰɘəɏɠ ˊɟɞŰɎůŮɘɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ ɛŮɗɧŭɞɡɠ ɓŬůɘůɛɏɜŮɠ ůŮ ˊŬɚɚɎŭɘɞ 

(palladium-based systems), ůŮ ůɡůŰɐɛŬŰŬ ɎɜɗɟŬəŬ/ɖɚŮəŰɟɞɔɟŬűɑŰɖ, ůŰɖ ɛɖ 

ɖɚŮəŰɟɞɚɡŰɘəɐ (ɢɖɛɘəɐ) ˊɟɞŬˊɧɗŮůɖ ɜɘəŮɚɑɞɡ, ůŰɖ ɢɟɖůɘɛɞˊɞɑɖůɖ Ŭɔɩɔɘɛɞɨ 

ˊɞɚɡɛŮɟɞɨɠ ŬɚɚɎ əŬɘ ůŰɖ ɢɖɛɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ ɢɤɟɑɠ Űɖ ɢɟɐůɖ űɞɟɛŬɚŭŮɦŭɖɠ. ɆŮ 

ɛŮɔɎɚɞ ˊɞůɞůŰɧ ůŰɖɜ əŬŰŬůəŮɡɐ PCB ŮűŬɟɛɧɕŮŰŬɘ ɖ ɛɏɗɞŭɞɠ Űɖɠ ɢɖɛɘəɐɠ (ɛɖ 

ɖɚŮəŰɟɞɚɡŰɘəɐɠ) ŮˊɘɢɎɚəɤůɖɠ, Ůɜɩ ůŮ ˊɞɚɨ ɛɘəɟɧŰŮɟɞ ˊɞůɞůŰɧ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ŮɜŬɚɚŬəŰɘəɏɠ ɛɏɗɞŭɞɘ ɓŬůɘůɛɏɜŮɠ ůŮ ůɡůŰɐɛŬŰŬ ˊŬɚɚŬŭɑɞɡ əŬɘ 

ɎɜɗɟŬəŬ/ɖɚŮəŰɟɞɔɟŬűɑŰɖ. ȼ ɛɏɗɞŭɞɠ ɎɜɗɟŬəŬ/ɖɚŮəŰɟɞɔɟŬűɑŰɖ ŮűŬɟɛɧɕŮŰŬɘ ůɡɢɜɎ 

ůŰɖɜ Ůɚɚɖɜɘəɐ ɓɘɞɛɖɢŬɜɑŬ. ɆŰɞ ɆɢɐɛŬ 19 űŬɑɜɞɜŰŬɘ ɞɘ ŮɜŬɚɚŬəŰɘəɏɠ ɚɨůŮɘɠ ɔɘŬ ɜŬ 

əŬŰŬůŰɞɨɜ ɞɘ ɞˊɏɠ ŬɔɩɔɘɛŮɠ (27). 

 

 
ɆɢɐɛŬ 19 ï ȺɜŬɚɚŬəŰɘəɏɠ ɛɏɗɞŭɞɘ ɩůŰŮ ɜŬ əŬŰŬůŰɞɨɜ ɞɘ ɞˊɏɠ ŬɔɩɔɘɛŮɠ ůŮ 

ˊɞɚɡůŰɟɤɛŬŰɘəɧ Űɡˊɤɛɏɜɞ əɨəɚɤɛŬ (multilayer PCB) 

 

 

ɆɡɜɞɣɑɕɞɜŰŬɠ, ůŰɖ ɓɘɞɛɖɢŬɜɑŬ əŬŰŬůəŮɡɐɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ (PCB-Printed 

Circuit Boards) ŬɟɢɑɕɞɡɛŮ Ŭˊɧ ɏɜŬ ɡˊɧůŰɟɤɛŬ (ˊ.ɢ. ABS, FR2, FR4 əɚˊ) ɛŮ ɢŬɚəɧ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ, ŭɘŬɜɞɑɔɞɜŰŬɘ ůŮ ŬɡŰɧ ɞˊɏɠ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ɞɘ ɞˊɏɠ ŬɡŰɏɠ 

ŮˊɘəŬɚɨˊŰɞɜŰŬɘ ɛŮ ɢŬɚəɧ ɛŮ ŰɏŰɞɘɞ Űɟɧˊɞ ɩůŰŮ ŰŮɚɘəɎ, ɛŮŰɎ Ŭˊɧ ɞɟɘůɛɏɜŮɠ ŬəɧɛŬ 

ŭɘŬŭɘəŬůɑŮɠ ŮˊŮɝŮɟɔŬůɑŬɠ, ɜŬ ˊŬɟŬɢɗŮɑ Űɞ ŮˊɘɗɡɛɖŰɧ ɚŮɘŰɞɡɟɔɘəɧ Űɡˊɤɛɏɜɞ əɨəɚɤɛŬ 
(17, 38). 
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ũŮɜɘəɎ, ɖ ŮˊɘɢɎɚəɤůɖ ŬɡŰɐ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮ Űɞɡɠ ˊŬɟŬəɎŰɤ ŭɨɞ ɓŬůɘəɞɨɠ Űɟɧˊɞɡɠ 
(28, 39): 

¶ ȺˊɘɢɎɚəɤůɖ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ (electroless copper plating). 

¶ ȼɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɢɎɚəɤůɖ (electrolytic copper plating). 

 

ȳɚŮɠ ɞɘ ɛɏɗɞŭɞɘ ˊɞɡ ˊɟɞŬɜŬűɏɟɗɖəŬɜ ɏɢɞɡɜ ɞɟɘůɛɏɜŬ əɞɘɜɎ ůŰɎŭɘŬ, ŰŬ ɞˊɞɑŬ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰŬ ɔɘŬ Űɖɜ ŮˊɘŰɡɢɐ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ɇŬ ůŰɎŭɘŬ ŬɡŰɎ ŮɑɜŬɘ ŰŬ 

Ůɝɐɠ: 

 

¶ ȾŬɗŬɟɘůɛɧɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ: ȼ ŮˊɘűɎɜŮɘŬ əŬɗŬɟɑɕŮŰŬɘ Ŭˊɧ ɞɟɔŬɜɘəɏɠ əŬɘ 

ŬɜɧɟɔŬɜŮɠ ŬəŬɗŬɟůɑŮɠ ɏŰůɘ ɩůŰŮ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ ůŰɖ ůɡɜɏɢŮɘŬ ɖ ŬˊɧɗŮůɖ Űɞɡ 

ɢŬɚəɞɨ. 

¶ ɉɖɛɘəɐ ˊɟɞůɓɞɚɐ (etching) Űɖɠ ŮˊɘűɎɜŮɘŬɠ: ȼ ŮˊɘűɎɜŮɘŬ Űɖɠ ɞˊɐɠ 

əŬŰŮɟɔɎɕŮŰŬɘ ɛŮ əŬŰɎɚɚɖɚŬ ɢɖɛɘəɎ (ˊ.ɢ. CrO3, H2SO4), ɏŰůɘ ɩůŰŮ ɜŬ ŬɡɝɖɗŮɑ 

ɖ ŰɟŬɢɨŰɖŰɎ Űɖɠ əŬɘ ɜŬ ŬɡɝɖɗŮɑ ɖ ˊɟɧůűɡůɖ Űɞɡ ɢŬɚəɞɨ, ˊɞɡ ɗŬ ŬˊɞŰŮɗŮɑ ůŰɖ 

ůɡɜɏɢŮɘŬ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. 

¶ (ɉɖɛɘəɐ) ȺɜŮɟɔɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ: ȼ ŮˊɘűɎɜŮɘŬ əŬɗɑůŰŬŰŬɘ Ŭɔɩɔɘɛɖ ɐ 

əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɐ ɏŰůɘ, ɩůŰŮ ɜŬ ɛˊɞɟŮɑ ůŰɖ ůɡɜɏɢŮɘŬ ɜŬ ɔɑɜŮɘ ɖ 

ɖɚŮəŰɟɞɚɡŰɘəɐ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ŭɖɛɘɞɡɟɔŮɑŰŬɘ ˊɎɜɤ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŮɑŰŮ ɏɜŬ film Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ (ˊ.ɢ. ˊɞɚɡˊɡɟɟɧɚɖ), ŮɑŰŮ 

ɞɟɘůɛɏɜŮɠ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɏɠ ˊŮɟɘɞɢɏɠ (ˊɡɟɐɜŮɠ Pd), ɞɘ ɞˊɞɑŮɠ ŮˊɘŰɟɏˊɞɡɜ 

Űɖɜ Ůɜ ůɡɜŮɢŮɑŬ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ˊɎɜɤ Űɖɠ. 

¶ ȷˊɧɗŮůɖ ɢŬɚəɞɨ: ɆŰɖ ůɡɜɏɢŮɘŬ ŬˊɞŰɑɗŮŰŬɘ ɢɖɛɘəɎ ɐ ɖɚŮəŰɟɞɚɡŰɘəɎ ɢŬɚəɧɠ 

ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. 

 

ɄŬɟŬəɎŰɤ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ Űɧůɞ ɞɘ Űɡˊɘəɏɠ ɛɏɗɞŭɞɘ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ, ɧůɞ əŬɘ ɖ 

ɛɏɗɞŭɞɠ Űɖɠ ɞɛɎŭɞɠ ɛŬɠ. 

 

2ȢςȢρ ɯʂʈʅʆʙ ʌʍʋʎɼʋʇʙ ʐʖʉ ʋʌʡʉ ʐʖʉ 0#"Ó 

 

ȾŬŰɎ Űɖɜ əŬŰŬůəŮɡɐ ŭɘůŰɟɤɛŬŰɘəɩɜ PCBs, ŬɟɢɘəɎ ŭɖɛɘɞɡɟɔŮɑŰŬɘ Űɞ əŬŰɎɚɚɖɚɞ 

əɨəɚɤɛŬ ůŰɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɞɡ ɡɚɘəɞɨ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ Űɖ ɓɎůɖ ɔɘŬ Űɞ PCB ɛŮ Űɖɜ 

əŬŰɎɚɚɖɚɖ ŬˊɧɗŮůɖ ɢŬɚəɞɨ. ɆŰɖ ůɡɜɏɢŮɘŬ əŬɘ ɛɏůɤ ɞˊɩɜ, ɞɘ ɞˊɞɑŮɠ ŭɘŬɜɞɑɔɞɜŰŬɘ, ŰŬ 

ŭɨɞ ŬɡŰɎ əɡəɚɩɛŬŰŬ Ůˊɘəɞɘɜɤɜɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ. 

ɋůŰɧůɞ, əŬŰɎ Űɖ ŭɘɎɜɞɘɝɖ Űɤɜ ɞˊɩɜ ŭɖɛɘɞɡɟɔɞɨɜŰŬɘ ůŰŬ ŰɞɘɢɩɛŬŰɎ Űɞɡɠ 

ɡˊɞɚŮɑɛɛŬŰŬ (smear), ŰŬ ɞˊɞɑŬ ˊɟɞɏɟɢɞɜŰŬɘ Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŭɘɎɜɞɘɝɐɠ Űɞɡɠ. 

ȰŰůɘ ůŰɖ ůɡɜɏɢŮɘŬ ɔɑɜŮŰŬɘ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ (etching) ůŰɘɠ ɞˊɏɠ ŬɡŰɏɠ, ɖ ɞˊɞɑŬ 

ˊɟɞůɓɞɚɐ ɏɢŮɘ ŭɘˊɚɧ ůəɞˊɧ. ȷűô Ůɜɧɠ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ˊɟɞŬɜŬűŮɟɗɏɜŰɤɜ 

ɡˊɞɚŮɘɛɛɎŰɤɜ Ŭˊɧ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ɞˊɐɠ (desmear) əŬɘ Ŭűô ŮŰɏɟɞɡ Űɖ ŭɘŮɡəɧɚɡɜůɖ 

Űɖɠ ɛŮŰɏˊŮɘŰŬ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ɞˊɩɜ ŬɡŰɩɜ. ȼ ŮˊɘɢɎɚəɤůɖ ŬɡŰɐ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ 

ɔɘŬ Űɞ əɚŮɑůɘɛɞ Űɞɡ ɧɚɞɡ əɡəɚɩɛŬŰɞɠ Űɞɡ PCB (27). 

 

ȹɨɞ əɡɟɑɤɠ ŭɘŬŭɘəŬůɑŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖ ŭɘŬŭɘəŬůɑŬ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

(etching) Űɤɜ ɞˊɩɜ: ɖ etchback əŬɘ ɖ Plasma desmear/etchback, ɞɘ ɞˊɞɑŮɠ ɛŬɕɑ ɛŮ 

ɛŮɟɘəɏɠ ɎɚɚŮɠ ɗŬ ŬɜŬɚɡɗɞɨɜ ůŰɖ ůɡɜɏɢŮɘŬ. 

 

ȼ ŮˊɘűɎɜŮɘŬ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ ŮˊɘɢŬɚəɤɗŮɑ ůɡɜɐɗɤɠ ŮɑɜŬɘ ŬɟəŮŰɎ ɚŮɑŬ ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɞ ɡɛɏɜŬɠ (film) Űɞɡ ɢŬɚəɞɨ, ˊɞɡ ŬˊɞŰɑɗŮŰŬɘ ůŮ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ, ɜŬ ɛɖɜ 

ɏɢŮɘ Űɖɜ ŬˊŬɟŬɑŰɖŰɖ ˊɟɧůűɡůɖ ɛŮ ŬɡŰɐɜ. 
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ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (etching) ɏɢŮɘ Űɞ ůŰɧɢɞ ɜŬ ŬɡɝɐůŮɘ Űɖɜ 

ŰɟŬɢɨŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ɏŰůɘ ɩůŰŮ ɜŬ əŬŰŬůŰŮɑ ŮɡəɞɚɧŰŮɟɖ ɖ ɛŮŰɏˊŮɘŰŬ ŬˊɧɗŮůɖ 

Űɞɡ ɢŬɚəɞɨ ˊɎɜɤ ůŮ ŬɡŰɐɜ, ŬɚɚɎ əŬɘ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ˊɟɧůűɡůɖ ŬɡŰɞɨ Űɞɡ 

ůŰɟɩɛŬŰɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ (27). ȼ ůɖɛŬůɑŬ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ əŬɘ ɖ ŮˊɑŭɟŬůɖ 

ůŰɖɜ ˊɟɧůűɡůɖ Űɞɡ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ˊɞɡ ŮˊɘɛŮŰŬɚɚɩɜŮŰŬɘ, 

űŬɑɜŮŰŬɘ əŬɘ Ŭˊɧ ˊŮɘɟŬɛŬŰɘəɎ ŭŮŭɞɛɏɜŬ. ũɘŬ ˊŬɟɎŭŮɘɔɛŬ, ɞɘ S. Gottesfeld, F.A. Uribe 

əŬɘ S.P. Armes ŮűŬɟɛɧɕɞɜŰŬɠ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ůŰɞ ŭɞəɑɛɘɞ ˊɟɘɜ Űɞɜ ŮˊɘűŬɜŮɘŬəɧ 

ˊɞɚɡɛŮɟɘůɛɧ ɛˊɧɟŮůŬɜ ůŮ ˊɞɚɚɏɠ ˊŮɟɘˊŰɩůŮɘɠ ɜŬ Ŭɡɝɐůɞɡɜ Űɖ ŭɨɜŬɛɖ ˊɟɧůűɡůɖɠ 

(peel strength) ɢŬɚəɞɨ/ˊɞɚɡɛŮɟɞɨɠ ɡˊɞůŰɟɩɛŬŰɞɠ ůŮ ˊŮɟɑˊɞɡ 1158 N/m, Ůɜɩ Űɞ peel 

strength Űɞɡ ɢŬɚəɞɨ, ˊɞɡ ŬˊɞŰɑɗŮŰŬɘ ůŮ ɅCȸ əŬɚɡɛɛɏɜɞ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ɢɤɟɑɠ 

etching, ŮɑɜŬɘ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 200 Ɂ/m (40). ȹɖɚŬŭɐ ɖ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ 

ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ˊɟɞəɎɚŮůŮ ɛɘŬ Ŭɨɝɖůɖ ůŰɖ ŭɨɜŬɛɖ ˊɟɧůűɡůɖɠ Űɖɠ ŰɎɝɖɠ Űɞɡ 

579%. 

 

ȹȹɘɘŬŬŭŭɘɘəəŬŬůůɑɑŬŬ  EEttcchhbbaacckk  

 

ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ etchback ŮəŰɧɠ Űɞɡ əŬɗŬɟɘůɛɞɨ Űɤɜ ɞˊɩɜ Ŭˊɧ Űɘɠ ŬəŬɗŬɟůɑŮɠ, 

ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŬɜ əŬŰɎ Űɖ ŭɘɎɜɞɘɝɐ Űɞɡɠ, Űɞ ɡɚɘəɧ ˊɞɡ ɡˊɎɟɢŮɘ ɛŮŰŬɝɨ Űɤɜ ŭɨɞ 

ŮɝɤŰŮɟɘəɩɠ ŮˊɘűŬɜŮɘɩɜ ɢŬɚəɞɨ çŰɟɩɔŮŰŬɘè. Ƀ ůŰɧɢɞɠ ŮɑɜŬɘ ɜŬ ŬűŬɘɟŮɗŮɑ ˊŮɟɑˊɞɡ 0.5 

mm ɡɚɘəɞɨ, ɏŰůɘ ɩůŰŮ ɞ ɢŬɚəɧɠ ˊɞɡ ɡˊɎɟɢŮɘ ŬɜɎɛŮůŬ ůŰɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ɜŬ ŮɝɏɢŮɘ ɛɏůŬ ůŰɞ ŰɞɑɢɤɛŬ Űɖɠ ŰɟɨˊŬɠ. ȷɡŰɧ ŭɖɛɘɞɡɟɔŮɑ ŰɟŮɘɠ ŮˊɘűɎɜŮɘŮɠ 

ˊɎɜɤ ůŰɘɠ ɞˊɞɑŮɠ ɛˊɞɟŮɑ ɜŬ ŬɟɢɑůŮɘ ɖ ɛŮŰɏˊŮɘŰŬ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ ŰɞɑɢɤɛŬ Űɖɠ 

ɞˊɐɠ (three-point connection), ŭɘŮɡəɞɚɨɜɞɜŰŬɠ ɏŰůɘ Űɖɜ ŬˊɧɗŮůɖ ŬɡŰɐ. 

Ƀɘ ɞɡůɑŮɠ (etchants), ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ ŬɡŰɐ Űɖ ŭɘŬŭɘəŬůɑŬ, ˊŮɟɘɚŬɛɓɎɜɞɡɜ 

Űɞ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ, Űɞ űɗɞɟɘɞɨɢɞ Ŭɛɛɩɜɘɞ (ammonium bifluoride) əŬɘ Űɞ 

ɡŭɟɞűɗɞɟɘəɧ ɞɝɨ (Ŭɜ əŬɘ ŬɡŰɧ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůˊɎɜɘŬ). ɇɞ etchback ɛˊɞɟŮɑ ɜŬ 

ˊɟŬɔɛŬŰɞˊɞɘɖɗŮɑ əŬɘ ɛŮ ˊɚɎůɛŬ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ŰŬ əŬŰɎɚɚɖɚŬ ŬɜŰɘŭɟɩɜŰŬ ŬɏɟɘŬ 

ůŰɖɜ əŬŰɎɚɚɖɚɖ ŬɜŬɚɞɔɑŬ (27). 

 

ɹΦ ʋʹ˃ʽˁʷˌ ˃ʷʻˇʵˇʽ ˉˊˇˋʲˇ˂ʺˌ 

 

ȼ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (etching) ůɡɜɐɗɤɠ ɔɑɜŮŰŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ 

ɢɖɛɘəɩɜ ŮɜɩůŮɤɜ, ɞɘ ɞˊɞɑŮɠ ŮɟɢɧɛŮɜŮɠ ůŮ ŮˊŬűɐ ɛŮ Űɖɜ ɡˊɧ əŬŰŮɟɔŬůɑŬ ŮˊɘűɎɜŮɘŬ 

ŬɡɝɎɜɞɡɜ Űɖɜ ŰɟŬɢɨŰɖŰɎ Űɖɠ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ŬɜɤɛŬɚɑŮɠ ůŮ ŬɡŰɐɜ (ɓɚ. ɆɢɐɛŬ 20). 

 

ɇŬ ůɡɜɖɗɏůŰŮɟŬ ɢɖɛɘəɎ, ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ etching ŮˊɘűŬɜŮɘɩɜ, ŮɑɜŬɘ ŰŬ 

Ůɝɐɠ: 

 

¶ ȹɘɎɚɡɛŬ ɢɟɤɛɞɗŮɘɥəɩɜ CrO3 əŬɘ H2SO4 
(41). 

¶ ŪŮɘɥəɧ ɞɝɨ (H2SO4)-ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ (H2O2) (Űɞ ɞˊɞɑɞ ˊŮɟɘɏɢŮɘ 5% 

ɗŮɘɥəɧ ɞɝɨ əŬɘ 1-3% ɡˊŮɟɞɝŮɑŭɘɞ) (27). 

¶ ŪŮɘɥəɧ ɞɝɨ-ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ əŬɚɑɞɡ (ɐ Űɞɡ ɜŬŰɟɑɞɡ) [sulfuric acid-

potassium/sodium persulfate] (5% ɗŮɘɥəɧ ɞɝɨ, 8 ɛŮ 16 ɞɡɔɔɘɏɠ ɞɝɏɞɠ/ɔŬɚɧɜɘ 

ɡˊŮɟɞɝŮɘŭɑɞɡ) (27). 

¶ ɈˊŮɟɞɝŮɑŭɘɞ Űɞɡ Ŭɛɛɤɜɑɞɡ (ammonium persulfate) (27). 
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ɆɢɐɛŬ 20 

ȺˊɑŭɟŬůɖ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (etching) ůŮ ŮˊɘűɎɜŮɘŬ ABS 

(Ŭ) ȺˊɘűɎɜŮɘŬ ABS ˊɟɘɜ Űɞ etching, 

(ɓ) ȺˊɘűɎɜŮɘŬ ABS ɛŮŰɎ Űɞ etching əŬɘ 

(ɔ) ȺˊɘűɎɜŮɘŬ ABS ɛŮŰɎ Ŭˊɧ ɡˊŮɟɓɞɚɘəɧ etching (over-etching), Űɞ ɞˊɞɑɞ ɞŭɖɔŮɑ ůŮ 

ŬˊɞŭɡɜɎɛɤůɖ Űɖɠ ŭɞɛɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ABS 

 

 

Ʉɡəɜɧ ɗŮɘɥəɧ ɞɝɨ 

 

To ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ (sulfuric acid) [ůɡɜɐɗɤɠ 93%] ɓɟɑůəŮŰŬɘ ŬəɧɛŬ ůŮ ɢɟɐůɖ, ŬɚɚɎ 

ɔŮɜɘəɎ ɞɘ ŭɘŬŭɘəŬůɑŮɠ ˊɞɡ Űɞ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŬˊŬɘŰɞɨɜ ɏɜŬ Ůˊɘˊɚɏɞɜ ůŰɎŭɘɞ 

ŮˊŮɝŮɟɔŬůɑŬɠ ɛŮ ɎɚŬɠ ɡˊŮɟɛŬɔɔŬɜɘəɞɨ ɞɝɏɞɠ ɔɘŬ Űɞ ŰŮɚɘəɧ əŬɗɎɟɘůɛŬ Űɤɜ ɞˊɩɜ. 

ȷɡŰɧ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ ɖ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɜŬ ŮɑɜŬɘ əŬɘ ˊɘɞ ɢɟɞɜɞɓɧɟŬ əŬɘ ˊɘɞ 

Ŭəɟɘɓɐ Ŭˊɧ Űɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ɛɧɜɞ Űɞ ɎɚŬɠ ɡˊŮɟɛŬɔɔŬɜɘəɞɨ ɞɝɏɞɠ.  

Ⱥˊɘˊɚɏɞɜ, ɖ ŭɘŬɢŮɑɟɘůɖ əŬɘ ɞ ɏɚŮɔɢɞɠ Űɞɡ ˊɡəɜɞɨ ɞɝɏɞɠ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ 

ˊɟɞɓɚɖɛŬŰɘəɧɠ ůŮ ˊɞɚɚɎ ŮɟɔɞůŰɎůɘŬ. ɇɞ ˊɞůɧ Űɞɡ ɡɚɘəɞɨ ˊɞɡ ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛŮ Űɞ 
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etching ŮɚɏɔɢŮŰŬɘ ɛŮ ůŰŮɜɐ ˊŬɟŬəɞɚɞɨɗɖůɖ Űɞɡ ɢɟɧɜɞɡ ˊŬɟŬɛɞɜɐɠ ɛɏůŬ ůŰɞ ɗŮɘɥəɧ 

ɞɝɨ (27). 

 

ɄɚŮɞɜɏəŰɖɛŬ Űɖɠ ɛŮɗɧŭɞɡ ɛŬɠ: ɇɞ ůŰɎŭɘɞ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ŭɘŬɟəŮɑ ˊɞɚɨ ɚɑɔɞ 

ɢɤɟɑɠ ŬˊŬɘŰɐůŮɘɠ ɝŮɢɤɟɘůŰɞɨ ůŰŬŭɑɞɡ əŬɗŬɟɘůɛɞɨ. ɉɟɖůɘɛɞˊɞɘɞɨɛŮ ɗŮɘɥəɧ ɞɝɨ ůŮ 

ɏɜŬ ɓɐɛŬ, ɢɤɟɑɠ Ůˊɘˊɚɏɞɜ ůŰɎŭɘɞ əŬɗŬɟɘůɛɞɨ (desmear) ɛŮŰɎ əŬɘ ɖ ŭɘŬŭɘəŬůɑŬ 

ˊɟɞɢɤɟɎŮɘ ɛŮ ˊɞɚɨ əŬɚɎ ŬˊɞŰŮɚɏůɛŬŰŬ ï ŰŮɚɘəɎ ɏɢɞɡɛŮ ɚɘɔɧŰŮɟŬ ůŰɎŭɘŬ əŬɘ 

ɛŮɔŬɚɨŰŮɟɖ ŬˊɚɧŰɖŰŬ ɛŮɗɧŭɞɡ. 

 

ɹɹΦ ɳ˄ʰ˂˂ʰˁˍʽˁʷˌ ˃ʷʻˇʵˇʽ ˉˊˇˋʲˇ˂ʺˌ ̱ ˖˄ ˇˉ˗˄ 

 

ɈˊɎɟɢɞɡɜ ˊɞɚɚɏɠ ŮɜŬɚɚŬəŰɘəɏɠ ɛɏɗɞŭɞɘ ɔɘŬ Űɖ ŭɘŬŭɘəŬůɑŬ əŬɗŬɟɘůɛɞɨ (desmear) əŬɘ 

etching Űɤɜ ɞˊɩɜ. 

 

Ʉɟɞůɓɞɚɐ ɛŮ Laser 

 

ɇɞ etching ɛɘŬɠ ŮˊɘűɎɜŮɘŬɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɔɑɜŮɘ əŬɘ ɛŮ Űɖ ɓɞɐɗŮɘŬ laser, Űɞ ɞˊɞɑɞ 

ˊɟɞůɓɎɚɚŮɘ Űɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ŬɡɝɎɜŮɘ Űɖɜ ŰɟŬɢɨŰɖŰɎ Űɖɠ əŬŰɎ Űɞɜ ŮˊɘɗɡɛɖŰɧ ɓŬɗɛɧ 
(42). 

 

Plasma Desmear/ Etchback 

 

ȼ ɢɟɖůɘɛɞˊɞɑɖůɖ ˊɚɎůɛŬŰɞɠ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ŬɜŮˊɘɗɨɛɖŰɤɜ ɡˊɞɚŮɘɛɛɎŰɤɜ 

Ŭˊɧ Űɘɠ ɞˊɏɠ ɛˊɞɟŮɑ ɜŬ əŬŰŬɟɔɐůŮɘ Űɖ ɢɟɐůɖ ɟŮɡůŰɩɜ ŭɘŬɚɡɛɎŰɤɜ ŬɜŰɘŭɟɩɜŰɤɜ ůŰɖ 

ŭɘŬŭɘəŬůɑŬ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɤɜ ɢɖɛɘəɩɜ ŬˊɞɓɚɐŰɤɜ, Űɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɞɡ ɜŮɟɞɨ əŬɘ Űɞɡ əɧůŰɞɡɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůŬɜ ůɨɜɞɚɞ. ɇŬɡŰɧɢɟɞɜŬ 

ɛŮɘɩɜŮɘ əŬɘ ŰŬ ŮɟɔŬŰɘəɎ əɧůŰɖ ɛɘŬ əŬɘ ŭŮɜ ɡˊɎɟɢɞɡɜ ˊɘŬ ɚɞɡŰɟɎ, ŰŬ ɞˊɞɑŬ ˊɟɏˊŮɘ ɜŬ 

ŮˊɘŰɖɟɞɨɜŰŬɘ əŬɘ ɜŬ ŮɚɏɔɢɞɜŰŬɘ. 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ, Űɞ ɡɚɘəɧ ŮɘůɏɟɢŮŰŬɘ ůŮ ɏɜŬɜ ɗɎɚŬɛɞ əŮɜɞɨ, 

ůŰɞɜ ɞˊɞɑɞ ůŰɖ ůɡɜɏɢŮɘŬ ŮɘůɎɔŮŰŬɘ əŬŰɎɚɚɖɚɞ Ŭɏɟɘɞ, Űɞ ɞˊɞɑɞ ɛŮŰɎ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ 

ˊɚɎůɛŬ ɛŮ Űɖ ɓɞɐɗŮɘŬ Ůəəɏɜɤůɖɠ. ɇɞ ˊɚɎůɛŬ ŬɜŰɘŭɟɎ ɛŮ Űɞ ɡˊɧ ŮˊŮɝŮɟɔŬůɑŬ ɡɚɘəɧ 

əŬɘ ŰŬ ɡˊɞɚŮɑɛɛŬŰŬ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ Ŭˊɧ ŬɜŰɚɑŬ əŮɜɞɨ. ȼ ˊɟɞůɗɐəɖ ŬŭɟŬɜɞɨɠ 

ŬŮɟɑɞɡ, ɧˊɤɠ ŬɕɩŰɞɡ ɐ Ŭɟɔɞɨ, ůŰŬɗŮɟɞˊɞɘŮɑ Űɞ ˊɚɎůɛŬ əŬɘ ŮɚɏɔɢŮŰŬɘ ɞ ɟɡɗɛɧɠ 

ɘɞɜɘůɛɞɨ Űɞɡ ŬŮɟɑɞɡ. ɇŬ ɎŰɞɛŬ ɞɝɡɔɧɜɞɡ ŭɟɞɡɜ ɤɠ ŬɜŬɔɤɔɘəɞɑ ˊŬɟɎɔɞɜŰŮɠ 

ɞɝŮɘŭɩɜɞɜŰŬɠ Űɘɠ ɞɟɔŬɜɘəɏɠ ŬəŬɗŬɟůɑŮɠ Űɤɜ ɞˊɩɜ, ŭɖɛɘɞɡɟɔɩɜŰŬɠ ˊŰɖŰɘəɎ ˊɟɞɥɧɜŰŬ, 

ŰŬ ɞˊɞɑŬ ŬˊɞɛŬəɟɨɜɞɜŰŬɘ Ŭˊɧ Űɖɜ ŬɜŰɚɑŬ əŮɜɞɨ. Ƀ ɟɡɗɛɧɠ etching ŬɡɝɎɜŮŰŬɘ ɛŮ Űɖɜ 

ˊɟɞůɗɐəɖ ˊŮɟɘůůɧŰŮɟɞ ŮɜŮɟɔɩɜ ɢɖɛɘəɩɜ ɞɡůɘɩɜ, ɧˊɤɠ F2, CF4 ɐ CHF2 
(27). 

 

ȹɘŬŭɘəŬŭɑŬ Plate forward 

 

ȼ ŭɘŬŭɘəŬůɑŬ ŬɡŰɐ ɏɢŮɘ ɛɘəɟɏɠ ŮűŬɟɛɞɔɏɠ (ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɧɜɞ ɔɘŬ PCB 4 

ůŰɟɤɛɎŰɤɜ ɛŮ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ ɔŮɑɤůɖɠ), ŬˊɞŰŮɚŮɑ ɤůŰɧůɞ ɛɘŬ ůɖɛŬɜŰɘəɐ 

ɛɏɗɞŭɞ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ PCBs. ũɘŬ ɜŬ ŭɘŬůűŬɚɘůŰŮɑ ɖ 

ɖɚŮəŰɟɘəɐ ŮˊŬűɐ ɛŮŰŬɝɨ Űɤɜ ůŰɟɤɛɎŰɤɜ, ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ ŮˊɘɢŬɚəɩɜɞɜŰŬɘ 

ɖɚŮəŰɟɞɚɡŰɘəɎ ɛŬɕɑ ɛŮ Űɖɜ ɡˊɧɚɞɘˊɖ ŮˊɘűɎɜŮɘŬ. ɆŰɖ ůɡɜɏɢŮɘŬ, ɛŮŰɎ Űɞ etching Űɤɜ 

ŰɞɘɢɤɛɎŰɤɜ ŬɡŰɩɜ, ŬɡŰɎ ŮˊɘɢŬɚəɩɜɞɜŰŬɘ ˊɎɚɘ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ. 

ȷɡŰɐ ɖ ŭɘŬŭɘəŬůɑŬ çŭɘˊɚɐɠè ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ɞˊɩɜ ɞŭɖɔŮɑ ůŮ ˊɘɞ ɚŮɑŮɠ ŮˊɘűɎɜŮɘŮɠ 

Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ ɞˊɩɜ ůŮ ůɨɔəɟɘůɖ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ etchback, ůŰɖɜ ɞˊɞɑŬ ɖ 

ŰɟŬɢɨŰɖŰŬ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ ŮɑɜŬɘ Ŭɡɝɖɛɏɜɖ (27). 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   42 

 

ȹɘŬŭɘəŬůɑŬ Condensed desmear/Metallization 

 

ȼ ɛɏɗɞŭɞɠ ŬɡŰɐ ůɡɜŭɡɎɕŮɘ Űɞɜ əŬɗŬɟɘůɛɧ (desmear) əŬɘ Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ 

ŮˊɘɛŮŰɎɚɚɤůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ ɞˊɩɜ ůŮ ɏɜŬ ůŰɎŭɘɞ. ȷɜŬɚɡŰɘəɧŰŮɟŬ, ɖ Ůɜ ɚɧɔɤ 

ŭɘŬŭɘəŬůɑŬ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɑŬ ɛɧɜɞ ŭŮɝŬɛŮɜɐ əŬɘ əɎˊɞɘŮɠ ŭŮɝŬɛŮɜɏɠ ɝŮˊɚɨɛŬŰɞɠ 

əŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘɎ Űɖɠ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ əŬɗŬɟɑɕɞɜŰŬɘ əŬɘ ŰŬɡŰɧɢɟɞɜŬ 

ŮɡŬɘůɗɖŰɞˊɞɘɞɨɜŰŬɘ əŬɘ ɡˊɧəŮɘɜŰŬɘ ůŮ microetching (ɔɘŬ Űɖ ɛŮŰɏˊŮɘŰŬ ŮˊɘɢɎɚəɤůɖ). 

ȼ ɛŮɑɤůɖ Űɤɜ ŬˊŬɘŰɞɨɛŮɜɤɜ ŭŮɝŬɛŮɜɩɜ ɛŮɘɩɜŮɘ Űɞ ɚŮɘŰɞɡɟɔɘəɧ əɧůŰɞɠ Űɖɠ ɧɚɖɠ 

ŭɘŬŭɘəŬůɑŬɠ. ȺɟɔɞůŰɎůɘŬ ůŰɖɜ Ⱥɡɟɩˊɖ əŬɘ Űɖɜ ȷůɑŬ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜ ŬɡŰɐ Űɖɜ 

ŰŮɢɜɘəɐ, ŬɜŬűɏɟɞɡɜ ɎɟɘůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ (8, 27). 

 

ȷɡŰɐ Űɖ ŭɘŬŭɘəŬůɑŬ ŬəɞɚɞɡɗɞɨɛŮ əŬɘ ůŰɖ ůɡɔəŮəɟɘɛɏɜɖ ɏɟŮɡɜŬ, ůŰɖɜ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɏɜŬ ŭɘɎɚɡɛŬ ŮˊɘŰɡɔɢɎɜɞɡɛŮ Űɧůɞ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ ˊɡɟɟɧɚɖɠ 

ɧůɞ əŬɘ Űɖ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. 

 

2ȢςȢς ɬʀʔʉʅʆʘʏ ʀʌʅʔʗʇʆʖʎʂʏ ʋʌʡʉ ɉ4ÈÒÏÕÇÈ-Hole Plating)  

 

ɄŬɟŬəɎŰɤ ˊŮɟɘɔɟɎűɞɜŰŬɘ ɞɟɘůɛɏɜŮɠ ɛɏɗɞŭɞɘ (ˊŬŰɏɜŰŮɠ - patents) ŮˊɘɢɎɚəɤůɖɠ 

ɛɞɜɤŰɩɜ (copper plating of insulators) ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ 
(43). 

I. ʋʹ˃ʽˁʺ 

 

ɀɏɗɞŭɞɘ ɢɖɛɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ (electroless plating) ɢɟɖůɘɛɞˊɞɘɞɨɜ ɡŭŬŰɘəɎ 

ŭɘŬɚɨɛŬŰŬ, ŰŬ ɞˊɞɑŬ ˊŮɟɘɏɢɞɡɜ, Űɧůɞ ɏɜŬ ɘɧɜŰŬ ɛɏŰŬɚɚɤɜ, ɧůɞ əŬɘ ɏɜŬɜ ŬɜŬɔɤɔɘəɧ 

ˊŬɟɎɔɞɜŰŬ (reducing agent) ɔɘŬ Űɖɜ ŬɜŬɔɤɔɐ Űɤɜ ɘɧɜŰɤɜ ɢŬɚəɞɨ ůŮ ɢŬɚəɧ. ȷɡŰɧ Űɞ 

ŭɘɎɚɡɛŬ ɞŭɖɔŮɑ Űɖɜ ŬˊɧɗŮůɖ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛŮ Űɖ ɓɞɐɗŮɘŬ əŬɘ Ůɜɧɠ 

əŬŰŬɚɨŰɖ. ɋůŰɧůɞ ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ ŭɘŬɚɨɛŬŰŬ ŮɑɜŬɘ ŬůŰŬɗɐ əŬɘ ɛˊɞɟɞɨɜ ɜŬ 

ɞŭɖɔɐůɞɡɜ ůŰɖɜ ŬˊɧɗŮůɖ ɛŮŰɎɚɚɞɡ əŬɘ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ŮɔəŬŰŬůŰɎůŮɤɜ 

ˊŬɟŬɔɤɔɐɠ. Ⱥˊɘˊɚɏɞɜ, ŰɏŰɞɘɞɡ Ůɑŭɞɡɠ ŭɘŬɚɨɛŬŰŬ ɢɟɖůɘɛɞˊɞɘɞɨɜ ůɡɛˊɚɞəɞˊɞɘɖŰɘəɏɠ 

ɞɡůɑŮɠ (complexing agent) ɔɘŬ ɜŬ əɟŬŰɐůɞɡɜ Űɞ ɛɏŰŬɚɚɞ ŭɘŬɚɡɛɏɜɞ ůŰɞ ŭɘɎɚɡɛŬ. ɇŬ 

ŬˊɧɓɚɖŰŬ Űɤɜ ůɡɛˊɚɞəɞˊɞɘɖŰɩɜ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ŭɘŬɢŮɘɟɘůŰɞɨɜ. ɇɏɚɞɠ ɞ 

ŬɜŬɔɤɔɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ŮɑɜŬɘ ůɡɜɐɗɤɠ ɖ űɞɟɛŬɚŭŮɒŭɖ (formaldehyde) ɖ ɞˊɞɑŬ əŬɘ 

ŬɡŰɐ ˊŬɟɎɔŮɘ ŮˊɘəɑɜŭɡɜŬ ɔɘŬ Űɞ ˊŮɟɘɓɎɚɚɞɜ ŬˊɧɓɚɖŰŬ (43).  

 

ȼ ɛɏɗɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮ ˊŬɚɚɎŭɘɞ əŬɘ SnCl2 ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ŭɨɞ ɓŬůɘəɎ ůŰɎŭɘŬ: 

ŬɟɢɘəɎ ŬˊɞŰɑɗŮŰŬɘ ˊŬɚɚɎŭɘɞ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɢɚɤɟɘɞɨɢɞɡ əŬůůɑŰŮɟɞɡ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ 

ɞ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰŬɘ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɢɖɛɘəɎ.  

 

ȷɜŬɚɡŰɘəɧŰŮɟŬ ŰŬ ůŰɎŭɘŬ Űɖɠ ɛŮɗɧŭɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

(iύ ɼʰʻʰˊʽˋ˃ˈˌκʵʽʰ˃ˈˊ˒˖ˋʹ 

 

ɇɞ ůŰɎŭɘɞ əŬɗŬɟɘůɛɞɨ ŬɟɢɑɕŮɘ ɛŮ əŬŰɎɚɚɖɚɞ ŭɘɎɚɡɛŬ əŬɗŬɟɘůɛɞɨ-ŭɘŬɛɧɟűɤůɖɠ 

(cleaner-conditioner) ůŰɖɜ ɡˊɧ ŮˊŮɝŮɟɔŬůɑŬ ŮˊɘűɎɜŮɘŬ ɛŮ ůəɞˊɧ Űɖɜ ŬűŬɑɟŮůɖ Ŭˊɧ 

Űɖɜ ŮˊɘűɎɜŮɘŬ ŮɜŬˊɞɛŮɘɜɞɡůɩɜ ɞɟɔŬɜɘəɏɠ ɞɡůɑŮɠ əŬɘ ɜŬ Űɖ ŭɘŬɛɞɟűɩůŮɘ  ɔɘŬ Űɖɜ 

ŮˊŮɟɢɧɛŮɜɖ ɚɐɣɖ Űɞɡ əŬŰŬɚɨŰɖ. ɀŮŰɎ Ŭˊɧ ŬɡŰɧ ŬəɞɚɞɡɗŮɑ ɏɜŬ ɓɐɛŬ microetch. Ƀɘ 
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ɞɡůɑŮɠ əŬɗŬɟɘůɛɞɨ-ŭɘŬɛɧɟűɤůɖɠ (cleaners-conditioners) ŬˊɞŰŮɚɞɨɜŰŬɘ ůɡɜɐɗɤɠ Ŭˊɧ 

əɞɘɜɎ ŬɚəŬɚɘəɎ ŭɘŬɚɨɛŬŰŬ (27).  

ɆŰɖ ɓɘɞɛɖɢŬɜɑŬ ˊŬɟŬɔɤɔɐɠ PCB əŬɘ ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ ůŰɖ ɔɟŬɛɛɐ Űɖɠ ŬˊɞɡůɑŬɠ 

ɟŮɨɛŬŰɞɠ (electroless) ŮˊɘɢɎɚəɤůɖɠ, Űɖɠ ɞɝŮɑŭɤůɖɠ (oxide line), Űɖɠ ůɢŮŭɘŬůŰɘəɐɠ 

ŮˊɘɛŮŰɎɚɚɤůɖɠ (pattern plate) ɐ ůŰɖ ɔɟŬɛɛɐ ɢɖɛɘəɞɨ əŬɗŬɟɘůɛɞɨ, ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɢŮɘ 

əŬɘ ɏɜŬ ɓɐɛŬ microetch (ˊɟɘɜ Ŭˊɧ əɎɗŮ ɛɘŬ Ŭˊɧ ŬɡŰɏɠ Űɘɠ ŭɘŬŭɘəŬůɑŮɠ). 

 

ũɘŬ Űɞ ɓɐɛŬ ŬɡŰɧ ɡˊɎɟɢɞɡɜ ˊɞɚɚɏɠ ɢɖɛɘəɏɠ ŮɜŬɚɚŬəŰɘəɏɠ ɚɨůŮɘɠ(27).  

¶ ɇɞ ɗŮɘɥəɧ ɞɝɨ-ɡˊŮɟɞɝŮɑŭɘɞ Űɞɡ ɡŭɟɞɔɧɜɞɡ (sulfuric acid-hydrogen peroxide) 

(ŬˊɞŰŮɚɞɨɛŮɜɞ Ŭˊɧ 5% ɗŮɘɥəɧ ɞɝɨ əŬɘ 1%-3% ɡˊŮɟɞɝŮɑŭɘɞ) (Űɞ ˊɘɞ əɞɘɜɧ), 

¶ ɇɞ ɗŮɘɥəɧ ɞɝɨ-ɡˊŮɟɗŮɘɥəɧ əɎɚɘɞ (sulfuric acid-persulfate potassium) (ɐ 

ɡˊŮɟɗŮɘɥəɧ ɜɎŰɟɘɞ [persulfate sodium]) (5% ɗŮɘɥəɧ ɞɝɨ, 8 ɛŮ 16 ɞɡɔɔɘɏɠ/ɔŬɚɧɜɘ 

ɡˊŮɟɗŮɘɥəɧ əɎɚɘɞ/ɜɎŰɟɘɞ) əŬɘ 

¶ ɇɞ ɡˊŮɟɗŮɘɥəɧ Ŭɛɛɩɜɘɞ (ammonium persulfate). 

 

ɆŮ əɎɗŮ ˊŮɟɑˊŰɤůɖ, Űɞ ɚɞɡŰɟɧ microetch ŬəɞɚɞɡɗŮɑŰŬɘ Ŭˊɧ ɛɘŬ ŮɛɓɎˊŰɘůɖ ůŮ ɗŮɘɥəɧ 

ɞɝɨ, ɖ ɞˊɞɑɞ ɢɟɖůɘɛŮɨŮɘ ɔɘŬ ɜŬ ŬűŬɘɟŮɗŮɑ ɞˊɞɘɞŭɐˊɞŰŮ ɡˊɧɚɞɘˊɞ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ (27). 

(iiύ ɳˎʰʽˋʻʹˍˇˉˇʾʹˋʹ 

 

Ƀ Cu ŬˊɞŰɑɗŮŰŬɘ ůŮ əŬŰŬɚɡŰɘəɎ ŮɜŮɟɔɏɠ ŮˊɘűɎɜŮɘŮɠ ɞɘ ɞˊɞɑŮɠ ůɡɜɐɗɤɠ ůɡɜɑůŰŬɜŰŬɘ ůŮ 

ˊɡɟɐɜŮɠ ˊŬɚɚɎŭɘɞɡ ˊɞɡ ŬˊɞŰɏɗɖəŬɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Ŭˊɧ əŬŰɎɚɚɖɚɞ ŭɘɎɚɡɛɎ Űɞɡ (17). 

ɀɘŬ ŭɘŬŭɘəŬůɑŬ ŭɨɞ ůŰŬŭɑɤɜ, ˊɞɡ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɖ ŭɘŬŭɞɢɘəɐ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ 

ŬɟŬɘɎ ŭɘŬɚɨɛŬŰŬ SnCl2  əŬɘ PdCl2, ɛˊɞɟŮɑ ɜŬ ŮˊɘŰɨɢŮɘ Űɖ ŭɖɛɘɞɡɟɔɑŬ ŬɡŰɩɜ Űɤɜ 

əŬŰŬɚɡŰɘəɩɜ ˊŮɟɘɞɢɩɜ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ (17). 

ɀɘŬ ŭɘŬŭɘəŬůɑŬ Ůɜɧɠ ůŰŬŭɑɞɡ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑ ɏɜŬ ɛɘəŰɧ ŭɘɎɚɡɛŬ SnCl2-PdCl2,  ɏɢŮɘ 

Ůˊɑůɖɠ ˊɟɞŰŬɗŮɑ (17). 

ȾŬɘ ůŰɘɠ ŭɨɞ ˊŮɟɘˊŰɩůŮɘɠ, Űɞ SnCl2  ŬˊŬɘŰŮɑŰŬɘ ɤɠ ŮɡŬɘůɗɖŰɞˊɞɘɧɠ ɞɡůɑŬ (sensitizer) / 

ŬɜŬɔɤɔɘəɧ ɔɘŬ Űɖɜ ˊɟɞŬɔɤɔɐ Űɖɠ Ŭˊɞɟɟɧűɖůɖɠ Űɞɡ əŬŰŬɚɨŰɖ (Pd) ůŰɖɜ ŮˊɘűɎɜŮɘŬ, 

ɚɧɔɤ Űɖɠ ŬŭɟɎɜŮɘŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ˊŮɟɘůůɧŰŮɟɤɜ ůɡɛɓŬŰɘəɩɜ ˊɞɚɡɛŮɟɩɜ. 

ȷɜŬɚɡŰɘəɧŰŮɟŬ, ŰŬ ɘɧɜŰŬ Sn+2 ɞɝŮɘŭɩɜɞɜŰŬɘ ˊɟɞɠ ɘɧɜŰŬ Sn4+ əŬɘ ŬˊɞűɞɟŰɑɕɞɡɜ ŰŬ 

ɘɧɜŰŬ Pd+2 ůŮ Pd (ɐŰɞɘ ŰŬ ɘɧɜŰŬ ˊŬɚɚŬŭɑɞɡ ŬɜɎɔɞɜŰŬɘ), ŰŬ ɞˊɞɑŬ ɏŰůɘ ŬˊɞŰɑɗŮɜŰŬɘ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ (27). 

ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ŬˊɞŰɑɗŮŰŬɘ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞ ˊŬɚɚɎŭɘɞ (Pd) Ŭˊɧ ŭɘɎɚɡɛŬ 

PdCl2. Ƀɘ ˊŮɟɘɞɢɏɠ ůŰɘɠ ɞˊɞɑŮɠ ɏɢŮɘ ˊɟɞůɟɞűɖɗŮɑ Űɞ ˊŬɚɚɎŭɘɞ ŮɑɜŬɘ əŬɘ ŬɡŰɏɠ ůŰɘɠ 

ɞˊɞɑŮɠ ŬɟɢɑɕŮɘ ɜŬ ŬˊɞŰɑɗŮŰŬɘ ɞ ɢŬɚəɧɠ ůŰɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, əŬɗɩɠ 

Űɞ ˊŬɚɚɎŭɘɞ ŮɑɜŬɘ əŬŰŬɚɨŰɖɠ Űɖɠ ŬˊɧɗŮůɖɠ ŬɡŰɐɠ (ɓɚ. ɛɏɟɞɠ (iii) Űɞɡ ˊŬɟɧɜŰɞɠ 

ɡˊɞəŮűŬɚŬɑɞɡ). 

 

ȯɚɚŮɠ ɛɏɗɞŭɞɘ ŮɜŮɟɔɞˊɞɑɖůɖɠ 

ɄɟɧůűŬŰŬ ˊɟɞŰɎɗɖəŮ ɖ ˊŬɟɎəŬɛɣɖ Űɞɡ ůŰŬŭɑɞɡ Űɖɠ ŮɡŬɘůɗɖŰɞˊɞɑɖůɖɠ ɛŮ SnCl2 ɛŮ 

ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ˊɚɎůɛŬ ɐ ɛŮ UV-laser ůŮ ŬŰɛɧůűŬɘɟŬ ˊɞɡ 

ˊŮɟɘɏɢŮɘ ɎɕɤŰɞ (ɡˊɧ ɛɞɟűɐ Ɂ2 ɐ NH3). ȼ ɛɏɗɞŭɞɠ ɓŬůɑɕŮŰŬɘ ůŰɖɜ ɘůɢɡɟɐ ůɡɔɔɏɜŮɘŬ 

Űɞɡ ˊŬɚɚɎŭɘɞɡ ˊɟɞɠ Űɞ ɎɕɤŰɞ: Űɞ ɎɕɤŰɞ ˊɞɡ ˊɟɞůɟɞűɎŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɓɞɖɗɎŮɘ Űɖ 

ɛŮŰɏˊŮɘŰŬ ˊɟɞůɟɧűɖůɖ əŬɘ Űɞɡ ˊŬɚɚŬŭɑɞɡ ˊɎɜɤ ůŮ ŬɡŰɐ (17). 

Ⱥˊɞɛɏɜɤɠ ɔɘŬ ŰŬ ˊɞɚɡɛŮɟɐ, ˊɞɡ ŭɘŬɗɏŰɞɡɜ ŮɜŮɟɔɏɠ ŮˊɘűɎɜŮɘŮɠ ŬɕɩŰɞɡ, ɧˊɤɠ ɖ 

ˊɞɚɡˊɡɟɟɧɚɖ (polypyrrole) əŬɘ ɖ ˊɞɚɡŬɜɘɚɑɜɖ (polyaniline), Űɞ ɓɐɛŬ ŬɜŬɔɤɔɐɠ 

(çŮɡŬɘůɗɖŰɞˊɞɑɖůɖɠè) ɛŮ SnCl2 əɟɑɜŮŰŬɘ ˊŮɟɘŰŰɧ.  ɄɟɎɔɛŬŰɘ, ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ɧŰɘ 

ˊɞɚɚɎ ˊɞɚɡɛŮɟɐ, ɧˊɤɠ ɖ ˊɞɚɡˊɡɟɟɧɚɖ əŬɘ ɖ ˊɞɚɡŬɜɘɚɑɜɖ ɛŮ Űɞ Ůɡɟɨ űɎůɛŬ Űɤɜ 

ŮɜŭɞɔŮɜɩɜ ůŰŬŭɑɤɜ ɞɝŮɑŭɤůɖɠ Űɞɡɠ, ɛˊɞɟɞɨɜ ɜŬ ɡˊɞɓɚɖɗɞɨɜ Űɖɜ ŬɡɗɧɟɛɖŰɖ 
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ˊɟɞůɟɧűɖůɖ Pd ɛɏůɤ Űɖɠ ŬˊɞűɧɟŰɘůɖɠ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ˊŬɚɚŬŭɑɞɡ (Pd2+), ˊɞɡ 

ɓɟɑůəɞɜŰŬɘ ůŮ ŭɘɎɚɡɛŬ ɞɝɏɞɠ Űɞɡ ˊŬɚɚŬŭɑɞɡ ůŰɖ ůŰɞɘɢŮɘɩŭɖ ɛɞɟűɐ Űɞɡɠ (Pd) (17). ȼ 

ɢɟɐůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ electroless ŬˊɧɗŮůɖ ɢŬɚəɞɨ ůɡɕɖŰŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ ůŮ 

ˊŬɟŬəɎŰɤ ɡˊɞəŮűɎɚŬɘɞ. 

ȼ ŬˊŬɚɞɘűɐ Űɞɡ ůŰŬŭɑɞɡ ŮɜŮɟɔɞˊɞɑɖůɖɠ ɛŮ SnCl2 ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ Űɤɜ ɟŮɡůŰɩɜ 

ŬˊɞɓɚɐŰɤɜ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ, ɖ ɞˊɞɑŬ ɏŰůɘ ɔɑɜŮŰŬɘ űɘɚɘəɧŰŮɟɖ ˊɟɞɠ Űɞ ˊŮɟɘɓɎɚɚɞɜ (17). 

 

ȿŮˊŰɞɛɏɟŮɘŮɠ ɓɘɞɛɖɢŬɜɑŬɠ əŬŰŬůəŮɡɐɠ PCB 

ɆŰɖ ɓɘɞɛɖɢŬɜɑŬ əŬŰŬůəŮɡɐɠ PCB, ɖ ŮɜŮɟɔɞˊɞɑɖůɖ ɛɏůɤ Űɖɠ ɢɟɐůɖɠ Ůɜɧɠ əŬŰŬɚɨŰɖ 

ɔɑɜŮŰŬɘ Ŭˊɧ ŭɨɞ ŭŮɝŬɛŮɜɏɠ (27). ȷɟɢɘəɎ ɔɑɜŮŰŬɘ ɛɘŬ ˊɟɞ-ŮɛɓɎˊŰɘůɖ ɔɘŬ Űɖɜ ˊɟɞůŰŬůɑŬ 

Űɞɡ Ŭəɟɘɓɞɨ ɚɞɡŰɟɞɨ ŮɜŮɟɔɞˊɞɑɖůɖɠ (Ůˊɑůɖɠ ŬˊɞəŬɚɞɨɛŮɜɞɡ ɚɞɡŰɟɞɨ əŬŰŬɚɨŰɖ) ůŮ 

ŭŮɝŬɛŮɜɐ, ˊɞɡ ˊŮɟɘɏɢŮɘ ůɡɜɐɗɤɠ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ əŬɘ ŮɜŭŮɢɞɛɏɜɤɠ ɢɚɤɟɘɞɨɢɞ 

əŬůůɑŰŮɟɞ ɐ ɢɚɤɟɘɞɨɢɞ ɜɎŰɟɘɞ (27). ȷɡŰɧ əŬɗô ŬɡŰɧ Űɞ ɚɞɡŰɟɧ ŮɜŮɟɔɞˊɞɑɖůɖɠ 

ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɡŭɟɞɢɚɤɟɘəɧ ɞɝɨ, ɢɚɤɟɑŭɘɞ əŬůůɑŰŮɟɞɡ əŬɘ ɢɚɤɟɑŭɘɞ ˊŬɚɚɎŭɘɞɡ. ɇŬ 

ɘɧɜŰŬ Sn+2 ŬˊɞűɞɟŰɑɕɞɡɜ ŰŬ ɘɧɜŰŬ Pd+2 ůŮ Pd, ŰŬ ɞˊɞɑŬ ŬˊɞŰɑɗŮɜŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. 

(iiiύ ɮˉˈʻʶˋʹ ˍˇˎ ˔ʰ˂ˁˇˏ 

 

ɇŬ ŬɜŰɘŭɟŬůŰɐɟɘŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ əɡɟɑɤɠ ůŰɖ ɢɖɛɘəɐ (electroless) ŬˊɧɗŮůɖ 

ɢŬɚəɞɨ ŮɑɜŬɘ Űɞ ɡŭɟɞɝŮɑŭɘɞ Űɞɡ ɜŬŰɟɑɞɡ, ɖ űɞɟɛŬɚŭŮɦŭɖ, Űɞ EDTA (ɐ Ɏɚɚɞɠ 

ůɡɛˊɚɞəɞˊɞɘɖŰɐɠ [chelator]), əŬɘ ɏɜŬ ɎɚŬɠ ɢŬɚəɞɨ (27). ȾŬŰɎ Űɖ ɛɏɗɞŭɞ ŬɡŰɐ, ůŰɖ 

ůɨɜɗŮŰɖ ŬɜŰɑŭɟŬůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (ɓɚ. ŬɜŰɑŭɟŬůɖ 3), ɖ ɞˊɞɑŬ əŬŰŬɚɨŮŰŬɘ Ŭˊɧ Űɞ 

ˊŬɚɚɎŭɘɞ, ɖ űɞɟɛŬɚŭŮɦŭɖ ŬˊɞűɞɟŰɑɕŮɘ ŰŬ ɘɧɜŰŬ ɢŬɚəɞɨ ůŮ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ, Ůɜɩ 

ŬɡŰɐ ɡűɑůŰŬŰŬɘ ɞɝŮɑŭɤůɖ əŬɘ ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ɛɡɟɛɖəɘəɧ ɞɝɨ. 

 

 

Cu2+ + 2HCHO + 4OH- Ÿ CuÁ + H2 + 2H2O + 2HCO2
-  (3) 

 

ȾŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ, ɖ űɞɟɛŬɚŭŮɦŭɖ (ˊɞɡ ɞɝŮɘŭɩɜŮŰŬɘ), Űɞ ɡŭɟɞɝŮɑŭɘɞ Űɞɡ ɜŬŰɟɑɞɡ 

(ˊɞɡ ŭɘŬůˊɎŰŬɘ), əŬɘ ɞ ŬˊɞŰɘɗɏɛŮɜɞɠ ɢŬɚəɧɠ (ˊɞɡ ŬɜɎɔŮŰŬɘ) ˊɟɏˊŮɘ ɜŬ ŬɜŬɜŮɩɜɞɜŰŬɘ 

ůŰɞ ŭɘɎɚɡɛŬ ůɡɢɜɎ (27). 

 

ɇŬ ɚɞɡŰɟɎ ɢŬɚəɞɨ ɛˊɞɟɞɨɜ ɜŬ ŭɘŬɘɟŮɗɞɨɜ ůŮ ŭɨɞ Űɨˊɞɡɠ: ɓŬɟɘɎ ɚɞɡŰɟɎ ŬˊɧɗŮůɖɠ 

(ɛŮ ůəɞˊɧ ɜŬ ˊŬɟɎɔɞɡɜ 75 ɏɤɠ 125 ɛin ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ) əŬɘ ŮɚŬűɟɘɎ ɚɞɡŰɟɎ 

ŬˊɧɗŮůɖɠ (20 ɏɤɠ 40 ɛɘəɟɞɥɜŰůŮɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ) (27). 

ɆŰɖ ɓɘɞɛɖɢŬɜɑŬ ˊŬɟŬɔɤɔɐɠ PCB ɖ ŮɚŬűɟɘɎ ŬˊɧɗŮůɖ ŮűŬɟɛɧɕŮŰŬɘ ůŬɜ ˊɟɞůŰɎŭɘɞ 

ˊɟɘɜ Ŭˊɧ Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɢɎɚəɤůɖ. ȷɜŰɑɗŮŰŬ, ɖ ˊɘɞ ůɡɢɜɎ ŮűŬɟɛɞɕɧɛŮɜɖ 

ɓŬɟɘɎ ŬˊɧɗŮůɖ ɛˊɞɟŮɑ ɜŬ ŮˊɘɕɐůŮɘ Űɖɠ ŮɝɤŰŮɟɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ çɢɎɟŬɝɖɠè (etching) 

Űɞɡ ŮˊɘɗɡɛɖŰɞɨ ůɢŮŭɑɞɡ ɖɚŮəŰɟɘəɞɨ əɡəɚɩɛŬŰɞɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. ɆŰɖ ŭŮɨŰŮɟɖ ŬɡŰɐ 

ˊŮɟɑˊŰɤůɖ ŬəɞɚɞɡɗŮɑ ˊɎɚɘ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɢɎɚəɤůɖ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ 

əŬŰŬůəŮɡɐɠ Űɞɡ PCB (27). 

ɆŰŬ ˊŮɟɘůůɧŰŮɟŬ ɓŬɟɘɎ ɚɞɡŰɟɎ ŬˊɧɗŮůɖɠ ɖ ŬɜŬɜɏɤůɖ ŬɡŰɐ ɔɑɜŮŰŬɘ ŬɡŰɧɛŬŰŬ ɛŮ 

ŭɘŬŭɘəŬůɑŮɠ ŮˊŬɜŬˊɚɐɟɤůɖɠ ɛŮ ɢɟɤɛŬŰɧɛŮŰɟŬ (colorimeters) Ůɚɏɔɢɞɡ ɛɏůŬ ůŰɘɠ 

ŭŮɝŬɛŮɜɏɠ. Ƀɘ ŭɘŬŭɘəŬůɑŮɠ ŮɚŬűɟɘɎɠ ŬˊɧɗŮůɖɠ ɛˊɞɟɞɨɜ ɜŬ ŮɚŮɔɢɗɞɨɜ ɛŮ ůɡɜŮɢɐ 

ɢɖɛɘəɐ ŬɜɎɚɡůɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ. ȼ űɞɟɛŬɚŭŮɦŭɖ ŮɑɜŬɘ ˊŬɟɞɨůŬ ůŰŬ ŮɚŬűɟɘɎ ɚɞɡŰɟɎ 

ŬˊɧɗŮůɖɠ ůŮ ɛɘŬ ůɡɔəɏɜŰɟɤůɖ 3 ɏɤɠ 5 g/l əŬɘ ˊŮɟɑˊɞɡ 10 g/l ůŰŬ ɓŬɟɘɎ ɚɞɡŰɟɎ 

ŬˊɧɗŮůɖɠ (27).  

ȳŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ɖ ŮɚŬűɟɘɎ ŬˊɧɗŮůɖ, Űɞ ŮˊɧɛŮɜɞ ɓɐɛŬ ůŰɖ ŭɘŬŭɘəŬůɑŬ ˊɟɏˊŮɘ ɜŬ 

ŮɑɜŬɘ ɖ ɖɚŮəŰɟɞɚɡŰɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ. ȹɖɚŬŭɐ, ŬɜŰɑ ɜŬ ɔɑɜŮɘ ɛɘŬ ˊɚɐɟɖɠ 
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ŮˊɘɢɎɚəɤůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Ŭˊɧ Űɖɜ Ŭɟɢɐ (ɧˊɞɡ ůɡɜɐɗɤɠ ŬˊɞŰɑɗŮŰŬɘ 1 mm ɢŬɚəɞɨ 

Űɧůɞ ůŰɘɠ ɞˊɏɠ Űɞɡ PCB ɧůɞ əŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ), ɔɑɜŮŰŬɘ ɛɘŬ ůŰɘɔɛɘŬɑŬ (flash) 

ŮˊɘɢɎɚəɤůɖ ůɢŮŭɘŬůɛɏɜɖ ɛɧɜɞ ɔɘŬ ɜŬ ˊɟɞůɗɏůŮɘ ŬɟəŮŰɧ ɢŬɚəɧ ůŰɘɠ oˊɏɠ ɔɘŬ ɜŬ 

çŮˊɘɕɐůŮɘ ɖ ŮˊɘűɎɜŮɘɎ Űɞɡɠ (Űɤɜ ɞˊɩɜ) Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŬˊŮɘəɧɜɘůɖɠ/çɢɎɟŬɝɖɠè Űɞɡ 

ůɢŮŭɑɞɡ Űɞɡ ɖɚŮəŰɟɞɜɘəɞɨ əɡəɚɩɛŬŰɞɠ. Ƀɘ əŬɚɡɛɛɏɜŮɠ ɛŮ ůŰɘɔɛɘŬɑŬ ŮˊɘəɎɚɡɣɖ 

ŮˊɘűɎɜŮɘŮɠ ŮˊɘůŰɟɏűɞɡɜ ůŰɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɛŮŰɎɚɚɤůɖ ɢŬɚəɞɨ ɛŮŰɎ Ŭˊɧ Űɖɜ 

ŬˊŮɘəɧɜɘůɖ ɔɘŬ ɜŬ əŬɚɡűɗɞɨɜ ɛŮ ɢŬɚəɧ ɛɏɢɟɘ Űɞ ŬˊŬɟŬɑŰɖŰɞ ˊɎɢɞɠ. ȷɡŰɧ Űɞ ŭɘˊɚɧ 

ɓɐɛŬ ŮˊɘɢɎɚəɤůɖɠ əŬɘ Űɞ ůɡɜŮˊŬɔɧɛŮɜɞ ɡɣɖɚɧŰŮɟɞ əɧůŰɞɠ ůŮ ɢɟɧɜɞ əŬɘ ɢɟɐɛŬ ɏɢŮɘ 

əɎɜŮɘ Űɖ ɓŬɟɘɎ ŬˊɧɗŮůɖ Űɖɜ ˊɘɞ əɞɘɜɐ electroless ŭɘŬŭɘəŬůɑŬ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ (27). 

 

Ƀɘ ɢɖɛɘəɏɠ ŬɜŰɘŭɟɎůŮɘɠ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ ůŰɞ ŭɘɎɚɡɛŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ.  
 

 

Cu(s) + H2SO4(aq) Ÿ Cu2+(aq) + SO4
2-(aq) + H2(g)  (4) 

 

 

 

H2(g) Ÿ 2H+ (5) 

 

 

ȹɡɜŬŰɧŰɖŰŮɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɐ ŭɘŮɟŮɨɜɖůɖ: Ȳůɤɠ ɖ ŬɚɚŬɔɐ Űɞɡ pH ŬɚɚɎɝŮɘ ŮɡɜɞɥəɎ əŬɘ 

Űɖɜ ɘůɞɟɟɞˊɑŬ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ. 

 

 

2ȼ+ + 2e- Ÿ H2(g)  (6) 

 

ȹɡɜŬŰɧŰɖŰŮɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɐ ŭɘŮɟŮɨɜɖůɖ: ɄɘɗŬɜɧ ˊɟɧɓɚɖɛŬ əŬɗɩɠ Űɞ Ŭɏɟɘɞ ũ2 

ˊŬɟŮɛˊɞŭɑɕŮɘ Űɖɜ ŬˊɧɗŮůɖ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ əŬɚɐɠ ˊɟɧůűɡůɖɠ ï ŮɛűŬɜɑɕŮŰŬɘ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ ɛŮɔɎɚɖɠ ɏɜŰŬůɖɠ ɟŮɨɛŬŰɞɠ. 

 

ɀɘŬ Ɏɚɚɖ ŬɜŰɑŭɟŬůɖ ɖ ɞˊɞɑŬ ŬɜŬűɏɟŮŰŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ ɧŰɘ ɚŬɛɓɎɜŮɘ ɢɩɟŬ ŮɑɜŬɘ 

ɖ ŬɜŬɔɤɔɐ Űɞɡ ɞɝɡɔɧɜɞɡ (44), ɧˊɞɡ ŬɜŬűɏɟŮŰŬɘ ɖ ɢɟɐůɖ Űɖɠ Kelvinprobe ɔɘŬ ɜŬ ŭŮɘ 

əŬɜŮɑɠ Űɖɜ Ůɝɏɚɘɝɖ Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ, ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬɠ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ. ɆɨɛűɤɜŬ ɛŮ ŬɡŰɐ Űɖɜ ˊɖɔɐ, ɖ ɛŮɑɤůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

Űɖɠ ŬɜŬɔɤɔɐɠ Űɞɡ ɞɝɡɔɧɜɞɡ ɛŮɘɩɜŮɘ Űɖɜ ŬɜɎˊŰɡɝɖ ɢɖɛɘəɩɜ ɞɡůɘɩɜ, ˊɞɡ 

ˊŬɟŮɛɓŬɑɜɞɡɜ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ ŮˊɧɝŮɘ əŬɘ ˊɞɚɡɛŮɟɞɨɠ. 

ɆɆɢɢɖɖɛɛŬŬŰŰɘɘůůɛɛɧɧɠɠ  ˊ́ɡɡɟɟɐɐɜɜɤɤɜɜ  CCuu22OO  

 

Ƀɟɘůɛɏɜɞɘ ŮɟŮɡɜɖŰɏɠ ŬɜŬűɏɟɞɡɜ ˊɤɠ ɞ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰŬɘ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ ɛŮ 

ɛɘŬ ŭɘŬŭɘəŬůɑŬ ˊɡɟɐɜɤůɖɠ. ɄɟɎɔɛŬŰɘ əŬɘ ůŮ ŭɘəɎ ɛŬɠ ˊŮɘɟɎɛŬŰŬ ˊŬɟŬŰɖɟɐůŬɛŮ Űɖ 

ŭɖɛɘɞɡɟɔɑŬ ˊŬɟɧɛɞɘɤɜ ˊɡɟɐɜɤɜ ůŰɖɜ Ŭɟɢɐ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŮˊɘɢɎɚəɤůɖɠ (əɡɟɑɤɠ ůŮ 

ˊŮɟɘˊŰɩůŮɘɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮ ŬɜɎŭŮɡůɖ, Ůɜɩ ŬˊɞɡůɑŬ ŬɜɎŭŮɡůɖɠ ɐŰŬɜ ˊɘɞ ɏɜŰɞɜɞɠ ɞ 

ůɢɖɛŬŰɘůɛɧɠ ŭŮɜŭɟɘŰɘəɩɜ ŭɞɛɩɜ Űɞɡ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ï ɓɚ. ˊŬɟŬəɎŰɤ). 
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Ƀɘ Nawafune et al. ɏɢɞɡɜ ŬɜŬűɏɟŮɘ Űɞ ůɢɖɛŬŰɘůɛɧ Cu2Ƀ ůŰɞ ɖɚŮəŰɟɞɚɡŰɘəɧ ůŰɟɩɛŬ 

ɢŬɚəɞɨ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɛŮ ɓɎůɖ ˊŬɟŬŰɖɟɐůŮɘɠ ŮɑɜŬɘ ŭɡɜŬŰɧ ɜŬ ɔɑɜŮɘ ŬˊɞŭŮəŰɧɠ ɞ 

ůɢɖɛŬŰɘůɛɧɠ Cu2O əɞɜŰɎ ůŰɞ ɛŮŰŬɜŬůŰŮɨɞɜ ɛɏŰɤˊɞ Űɞɡ ɢŬɚəɞɨ (45). 

 

Oɘ ŬɘŰɑŮɠ Űɞɡ ůɢɖɛŬŰɘůɛɞɨ Űɤɜ ɛɞɟɑɤɜ Cu2O əŬɘ Űɖɠ ɛŮŰɏˊŮɘŰŬ Ŭɨɝɖůɖɠ Űɤɜ 

əɟɡůŰɎɚɚɤɜ Űɞɡ ɢŬɚəɞɨ ˊɎɜɤ ůŮ ŬɡŰɎ ŮɑɜŬɘ ɞɘ Ůɝɐɠ:  ȳŰŬɜ ɖ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ 

ůɡɛˊɚɧəɞɡ Űɞɡ Cu2+ ŮɑɜŬɘ ůɢŮŰɘəɎ ɢŬɛɖɚɐ, Űɞ Cu2O ɛˊɞɟŮɑ ɜŬ ůɢɖɛŬŰɘůŰŮɑ ˊŬɟɞɡůɑŬ 

Cu+1 ůŮ ɏɜŬ ŬɚəŬɚɘəɧ ŭɘɎɚɡɛŬ. ɇŬ ɘɧɜŰŬ Cu+1 ůɢɖɛŬŰɑɕɞɜŰŬɘ ˊŬɟɞɡůɑŬ ɛɘŬɠ 

ŬɜŬɔɤɔɘəɐɠ ɞɡůɑŬɠ (Red). Ƀɘ ˊɡɟɐɜŮɠ ɢŬɚəɞɨ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮ ɓɎůɖ 

Űɘɠ ˊŬɟŬəɎŰɤ ŬɜŰɘŭɟɎůŮɘɠ. 

 

 

Cu2+L4
2- Ÿ Cu2+ + 4L-2  (71) 

 

 

Cu2+ + Red Ÿ Cu1+ + Ox  (8) 

 

 

Cu1+ + 2OH- Ÿ Cu2O + H2O  (9) 

 

 

4Cu(s) + O2(g) Ÿ 2Cu2O(s)  (10) 

 

 

ɆŰɖ ůɡɜɏɢŮɘŬ, ɖ ŬɜŰɑŭɟŬůɖ ɛˊɞɟŮɑ ɜŬ ˊɟɞɢɤɟɐůŮɘ ɧˊɤɠ ˊɟɞŰŮɑɜŮŰŬɘ Ŭˊɧ Űɞɜ Lukes, 

ɤɠ Ůɝɐɠ: 

 

 

Cu2O + H2O Ÿ Cu + Cu2+ + 2OH-  (ȷɜŰɑŭɟŬůɖ 11) (13) 

                                           
1 ɇɞ ɔɟɎɛɛŬ ñLò (Ligant)  ŭŮɑɢɜŮɘ ɧŰɘ ɞ ɢŬɚəɧɠ ɓɟɑůəŮŰŬɘ ɡˊɧ Űɖ ɛɞɟűɐ 

ůɡɛˊɚɧəɞɡ. 
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ɆɢɐɛŬ 21 ï ȹɘɎɔɟŬɛɛŬ Pourbaix ɔɘŬ Űɞɜ ɢŬɚəɧ (46) 

 

 

 

ȼ ŰŮɚɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ ŮɑɜŬɘ ɛɑŬ ŬɜŬɔɤɔɐ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ˊɟɞɠ ŬŰɞɛɘəɧ ɢŬɚəɧ. 

 

 

Cu2+  + 2e- ź CuÁ (EÁ = +0,340 V)  (ȷɜŰɑŭɟŬůɖ 12) (13) 

 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ɛˊɞɟŮɑ ɜŬ ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬɘ ɖ ŬɜŰɑŭɟŬůɖ 

ɛŮŰŬɝɨ CuO əŬɘ ŬŮɟɑɞɡ ɡŭɟɞɔɧɜɞɡ ˊɟɞɠ ŬŰɞɛɘəɧ ˊɎɚɘ ɢŬɚəɧ. 

 

 

CuO(s) + H2(g) Ÿ Cu(s) + H2O(g)  (ȷɜŰɑŭɟŬůɖ 13) 

 

ʋˊʺˋʹ ʵʽʰ˂ˏ˃ʰˍˇˌ ʶˉʽˍʱ˔ˎ˄ˋʹˌ 

 

ɀŮ Űɖ ɛɏɗɞŭɞ ŬɡŰɐ, ɞ əŬůůɑŰŮɟɞɠ ŬűŬɘɟŮɑŰŬɘ Ŭˊɧ ŰŬ ɛɧɟɘŬ Űɞɡ əŬŰŬɚɨŰɖ Pd/Sn ɛŮ 

ŮɛɓɎˊŰɘůɖ ůŮ ɏɜŬ ŭɘɎɚɡɛŬ ŮˊɘŰɎɢɡɜůɖɠ (accelerating solution), ˊɞɡ ˊŮɟɘɏɢŮɘ ɘɧɜŰŬ 

ɢŬɚəɞɨ. ȰŰůɘ ŰŬ ɘɧɜŰŬ Űɞɡ ɢŬɚəɞɨ ŬɜɎɔɞɜŰŬɘ ˊɟɞɠ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ (ɞ ɞˊɞɑɞɠ 
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ŬˊɞŰɑɗŮŰŬɘ ɛŬɕɑ ɛŮ Űɞ ˊŬɚɚɎŭɘɞ), Ůɜɩ ŰŬɡŰɧɢɟɞɜŬ ŰŬ ŬɜŮˊɘɗɨɛɖŰŬ ɘɧɜŰŬ Sn2+ 

ɞɝŮɘŭɩɜɞɜŰŬɘ ůŮ Sn4+. 

 

ɇŬ ˊŬɟŬɛɏɜɞɜŰŬ ůŰɞ ŭɘɎɚɡɛŬ ɘɧɜŰŬ Sn+2 əŬɘ Sn+4 ŬűŬɘɟɞɨɜŰŬɘ ŮˊɘɚŮəŰɘəɎ Ŭˊɧ Űɖɜ 

ŮˊɘűɎɜŮɘŬ Ŭˊɧ Űɞɜ ŮˊɘŰŬɢɡɜŰɐ (accelerator) (Ůˊɑůɖɠ ŬˊɞəŬɚɞɨɛŮɜɞ ɛŮŰŬ-

ŮɜŮɟɔɞˊɞɘɖŰɐ post-activator) ŭɖɛɘɞɡɟɔɩɜŰŬɠ əɞɚɚɞŮɘŭɏɠ ŭɘɎɚɡɛŬ ɛŮ ŬɡŰɎ. ɇɞ 

űɗɞɟɞɓɞɟɘəɧ ɞɝɨ ŮɑɜŬɘ ɏɜŬɠ əɞɘɜɧɠ ŮˊɘŰŬɢɡɜŰɐɠ, ɧˊɤɠ ŮɑɜŬɘ ɎɚɚɤůŰŮ əŬɘ Űɞ ɗŮɘɥəɧ 

ɞɝɨ ɛŮ Űɖɜ ɡŭɟŬɕɑɜɖ (27). ȼ ŬˊɞɛɎəɟɡɜůɖ ŬɡŰɩɜ Űɤɜ ɘɧɜŰɤɜ ɔɑɜŮŰŬɘ ŭɘɧŰɘ ŰŬ ɘɧɜŰŬ 

Sn2+ ŭɖɛɘɞɡɟɔɞɨɜ əɞɚɚɞŮɘŭɏɠ Sn(OH)2 ɛŮ ŰŬ ɘɧɜŰŬ Ƀȼ
- Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ŮˊɘɢɎɚəɤůɖɠ, 

əɎŰɘ ˊɞɡ ŰŮɚɘəɎ ɛŮɘɩɜŮɘ Űɖɜ ŰŬɢɨŰɖŰŬ Űɖɠ ɧɚɖɠ ŬɜŰɑŭɟŬůɖɠ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ 

(əŬɗɩɠ ŰŬ ɘɧɜŰŬ OH- ɓɟɑůəɞɜŰŬɘ ůŰɞ ŬɟɘůŰŮɟɧ ůəɏɚɞɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ ŬˊɧɗŮůɖɠ 

ɢŬɚəɞɨ əŬɘ ɛŮɑɤůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɐɠ Űɞɡɠ əŬŰŮɡɗɨɜŮɘ Űɖɜ ŬɜŰɑŭɟŬůɖ ˊɟɞɠ ŰŬ 

çŬɟɘůŰŮɟɎè, ɐŰɞɘ ˊɟɞɠ ŰŬ ˊɟɞɥɧɜŰŬ Űɖɠ). 

 

ɆŰɖɜ ˊɟɎɝɖ, ůɡɜɐɗɤɠ ɛŮŰɎ Ŭˊɧ Űɞ ɓɐɛŬ Űɖɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ, ɖ ŮˊɘűɎɜŮɘŬ ɝŮˊɚɏɜŮŰŬɘ 

ɛŮ əŬɡůŰɘəɧ ɜɎŰɟɘɞ (accelerator ɐ enhancer). 

 

ȷɡŰɐ ɖ ɛɏɗɞŭɞɠ ŬɜŬűɏɟɗɖəŮ ŬɟɢɘəɎ Ŭˊɧ Űɞɜ Okabayashi. ȼ ŭɘŬŭɘəŬůɑŬ ŮˊɘŰŬɢɨɜŮɘ 

ŮɜŰɡˊɤůɘŬəɎ Űɖ ŭɘɎŭɞůɖ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ ŬˊɧɗŮůɖɠ ɛŮŰɎɚɚɤɜ ɛŮ ɎɛŮůɖ 

ŮˊɘɛŮŰɎɚɚɤůɖ. ũɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ, ůɨɛűɤɜŬ ɛŮ Űɞɜ Dietz, 

ɗŮɤɟŮɑŰŬɘ ɧŰɘ ɛŮ Űɖɜ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ ŮˊɘŰɎɢɡɜůɖɠ Űɞ ɞˊɞɑɞ ˊŮɟɘɏɢŮɘ ɘɧɜŰŬ 

ɢŬɚəɞɨ, ɞ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰŬɘ ůŰɞɜ əŬŰŬɚɨŰɖ (Pd), əŬɘ ɧŰɘ ɞ əŬŰŬŰŮɗŮɘɛɏɜɞɠ ŬɡŰɧɠ 

(əŬŰɎ Űɞ ɓɐɛŬ Űɖɠ ŮˊɘŰɎɢɡɜůɖɠ) ɢŬɚəɧɠ ɓŮɚŰɘɩɜŮɘ ŬəɧɛŬ ˊŮɟɘůůɧŰŮɟɞ Űɖɜ 

ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɖɜ ɞɛɞɘɞɛɞɟűɑŬ Űɖɠ ŭɘɎŭɞůɖɠ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ 

ɢŬɚəɞɨ. ȺɜŰɞɨŰɞɘɠ, ŭŮɜ ɡˊɎɟɢŮɘ əŬɜɏɜŬ ɎɛŮůɞ ůŰɞɘɢŮɑɞ ˊɞɡ ɜŬ ɡˊɞůŰɖɟɑɕŮɘ Űɞ 

ɛɖɢŬɜɘůɛɧ ŬɡŰɧ ɛɏůɤ Űɖɠ ɚŮˊŰɞɛŮɟɞɨɠ ˊŬɟŬŰɐɟɖůɖɠ Űɖɠ ŭɞɛɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ˊɞɡ 

ˊŬɟɎɔŮŰŬɘ ɛŮŰɎ Ŭˊɧ əɎɗŮ ɓɐɛŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ. ɀɘŬ Ůɝɐɔɖůɖ ůŰɖɜ ŬɝɘɞˊɟɧůŮəŰɖ 

ŮˊɑŭɟŬůɖ Űɤɜ ɘɧɜŰɤɜ ɢŬɚəɞɨ, ˊɞɡ ˊɟɞůŰɏɗɖəŬɜ ůŰɞ ŭɘɎɚɡɛŬ ŮˊɘŰɎɢɡɜůɖɠ ůŰɖɜ 

ŰŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ Űɞɡ ɛŮŰɩˊɞɡ ŮˊɘɢɎɚəɤůɖɠ, ŮɝɖɔɐɗɖəŮ Ŭˊɧ ɏɜŬɜ Űɟɞˊɞˊɞɘɖɛɏɜɞ 

ɛɖɢŬɜɘůɛɧ ůŰŬŭɘŬəɐɠ ŭɘɎŭɞůɖɠ Űɞɡ ɛŮŰɩˊɞɡ ɛɏůɤ Űɤɜ ŭɘŬůəɞɟˊɘůɛɏɜɤɜ ŬŰɧɛɤɜ 

ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. ȼ ˊɟɞɜɞɛɘŬəɐ ŬˊɧɗŮůɖ ŬŰɧɛɤɜ ɢŬɚəɞɨ əɞɜŰɎ ůŰŬ ɐŭɖ 

ŬˊɞŰŮɗŮɘɛɏɜŬ (əŬŰɎ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ) ɎŰɞɛŬ ɢŬɚəɞɨ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ůɡɜŭɏŮŰŬɘ ɛŮ Űɞ 

ůɢɖɛŬŰɘůɛɧ ˊɡɟɐɜɤɜ Cu2O, ɞɘ ɞˊɞɑɞɘ ŮɜŮɟɔɞɨɜ ɤɠ ˊŮɟɘɞɢɐ ɏɜŬɟɝɖɠ Űɖɠ ŬˊɧɗŮůɖɠ 

Űɞɡ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ (45). 

 

ɄɘɗŬɜɞɑ ɛɖɢŬɜɘůɛɞɑ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ 

 

Ȱɢɞɡɜ ˊɟɞŰŬɗŮɑ ŭɘɎűɞɟɞɘ ɛɖɢŬɜɘůɛɞɑ ɔɘŬ Űɖɜ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, 

ɛŮɟɘəɞɑ Ŭˊɧ Űɞɡɠ ɞˊɞɑɞɡɠ ŬɜŬɚɨɞɜŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ. 

 

(i) ɀɖɢŬɜɘůɛɧɠ Űɤɜ Weng əŬɘ Landau 

Ƀɘ Weng əŬɘ Landau ˊɟɧŰŮɘɜŬɜ ɏɜŬ ůŰŬŭɘŬəɧ ɛɖɢŬɜɘůɛɧ ŭɘɎŭɞůɖɠ Űɞɡ çɛŮŰɩˊɞɡè 

Űɞɡ ɢŬɚəɞɨ ˊɞɡ ŬˊɞŰɑɗŮŰŬɘ, ůŰɞɜ ɞˊɞɑɞ ɞɘ ˊɡɟɐɜŮɠ ˊŬɚɚɎŭɘɞɡ ɗŮɤɟɞɨɜŰŬɘ Ŭˊɚɩɠ ɤɠ 

çůəŬɚɞˊɎŰɘŬè, ŰŬ ɞˊɞɑŬ ɢɟɖůɘɛŮɨɞɡɜ ɤɠ ŭɘŬŭɞɢɘəɩɠ ŮɜŮɟɔɞˊɞɘɖɛɏɜŬ 

ɛɘəɟɞɖɚŮəŰɟɧŭɘŬ: ŭɖɚŬŭɐ, ɞɘ ŭɘŬůəɞɟˊɘůɛɏɜɞɘ ˊɡɟɐɜŮɠ ˊŬɚɚɎŭɘɞɡ çŰɟŬɓɞɨɜè Űɖɜ 

Ɏəɟɖ Űɞɡ ɛŮŰɩˊɞɡ ŬˊɧɗŮůɖɠ ɛˊɟɞůŰɎ, ŭɘŬɛɞɟűɩɜɞɜŰŬɠ Űɖɜ Ŭɘɢɛɖɟɐ ɔŮɤɛŮŰɟɑŬ 

Ŭəɑŭɤɜ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ. ȷɡŰɧɠ ɞ ɛɖɢŬɜɘůɛɧɠ ŮɝɖɔŮɑ ŮˊŬɟəɩɠ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ɎɛŮůɖɠ ŮˊɘɢɎɚəɤůɖɠ, ɧˊɤɠ əɎɜɞɡɜ əŬɘ Ɏɚɚɞɘ ɛɖɢŬɜɘůɛɞɑ ˊɞɡ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ ɔɘŬ Űɘɠ 

ˊŮɟɘˊŰɩůŮɘɠ, ˊɞɡ ɖ ŮˊɘűɎɜŮɘŬ əŬɚɨˊŰŮŰŬɘ ɛŮ ˊŬɚɚɎŭɘɞ ɐ ɎɚɚŬ ŬɔɩɔɘɛŬ ɡɚɘəɎ ɡˊɧ 

ɛɞɟűɐ ˊɡɟɐɜɤɜ. ɆŮ ŬɡŰɞɨɠ ůɡɛˊŮɟɘɚŬɛɓɎɜɞɜŰŬɘ ɞ ɛɖɢŬɜɘůɛɧɠ, ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ 
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ˊɟɞɜɞɛɘŬəɐ ŭɡɜŬŰɧŰɖŰŬ ˊɟɧůɓŬůɖɠ Űɞɡ ɢŬɚəɞɨ, ˊɞɡ ɓɟɑůəŮŰŬɘ ůŰɞ ŭɘɎɚɡɛŬ ůŰɖɜ 

Ŭɘɢɛɖɟɐ Ɏəɟɖ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ŬɚɚɎ əŬɘ ɞ ɛɖɢŬɜɘůɛɧɠ ˊɞɡ ɓŬůɑɕŮŰŬɘ ůŰɖɜ 

əɘɜɖŰɘəɐ Űɖɠ ŭɘɎŭɞůɖɠ Űɖɠ Ɏəɟɖɠ Űɞɡ ɛŮŰɩˊɞɡ (45). 

 

(ii) ɀɖɢŬɜɘůɛɧɠ Űɤɜ Bladon et al. 

Ƀɘ Bladon et al. ˊɟɞŰŮɑɜɞɡɜ Űɞ ɛɖɢŬɜɘůɛɧ Űɖɠ çůŰŬŭɘŬəɐɠ ŭɘɎŭɞůɖɠ ɛŮ ůɡɜŮɢɐ 

ɨˊŬɟɝɖ ŬɔɤɔɘɛɧŰɖŰŬɠè. ɈˊɞůŰɐɟɘɝŬɜ ɧŰɘ ŰŬ ůŰŬɗŮɟɎ ɛɧɟɘŬ Űɞɡ ɗŮɘɞɨɢɞɡ ˊŬɚɚɎŭɘɞɡ 

ɛŮ ŭɘɎɛŮŰɟɞ 4.5 nm ůŮ ŮˊŬűɐ ɛŮŰŬɝɨ Űɞɡɠ, ŭɘŬɛɞɟűɩɜɞɜŰŬɘ Ŭˊɧ Űɖɜ ŮɛɓɎˊŰɘůɖ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ůŮ ŭɘɎɚɡɛŬ ɗŮɘɞɨɢɞɡ ˊŬɚɚŬŭɑɞɡ əŬɘ Űɖɜ əŬɚɨˊŰɞɡɜ ɞɚɧəɚɖɟɖ, 

ˊŬɟɏɢɞɜŰŬɠ ɛŮ ŬɡŰɧɜ Űɞɜ Űɟɧˊɞ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ. Ⱥɜ ůɡɜŮɢŮɑŬ ɞ ɢŬɚəɧɠ 

ŬˊɞŰɑɗŮŰŬɘ ˊɎɜɤ ůŮ ŬɡŰɧ Űɞ Ŭɔɩɔɘɛɞ ůŰɟɩɛŬ. Ƀɘ ɑŭɘɞɘ ŮɟŮɡɜɖŰɏɠ ɗŮɤɟɞɨɜ Ůˊɑůɖɠ 

ůɖɛŬɜŰɘəɐ Űɖɜ ŬɚɚŬɔɐ Űɞɡ ŭɡɜŬɛɘəɞɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɘɎŭɞůɖɠ 

Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ, əɎŰɘ Űɞ ɞˊɞɑɞ ŮˊɖɟŮɎɕŮɘ Űɖɜ ŰŬɢɨŰɖŰŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (45). 

 

(iii) ɀɖɢŬɜɘůɛɧɠ Űɤɜ Yang et al. 

Ƀɟɘůɛɏɜɞɘ ŮˊɘůŰɐɛɞɜŮɠ ɗŮɤɟɞɨɜ ɧŰɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɎɛŮůɖɠ ŮˊɘɢɎɚəɤůɖɠ ŭŮɜ 

ɛˊɞɟŮɑ ɜŬ ŮɝɖɔɖɗŮɑ Ŭˊɚɩɠ Ŭˊɧ Űɖɜ Ɏˊɞɣɖ Űɖɠ ŬɚɚŬɔɐɠ ůŰɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ (ɐŰɞɘ ɧŰɘ ɖ Ŭɡɝɖɛɏɜɖ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɚɧɔɤ ɨˊŬɟɝɖɠ Űɞɡ Pd, 

ɓɞɖɗɎŮɘ Űɖ ɛŮŰɏˊŮɘŰŬ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ), əŬɗɩɠ Ŭɜ əŬɘ ɖ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ 

Ŭɔɩɔɘɛɞɡ film ˊɞɚɡɛŮɟɞɨɠ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ɎɛŮůɖ ŮˊɘɢɎɚəɤůɖ ɤɠ 

ŮɜŬɚɚŬəŰɘəɧɠ Űɟɧˊɞɠ ɜŬ ˊŬɟŬůɢŮɗŮɑ ɖ ŬɔɤɔɘɛɧŰɖŰŬ ůŰɞ ɡˊɧůŰɟɤɛŬ, ŮɑɜŬɘ ˊɞɚɨ 

ɡɣɖɚɧŰŮɟɖ Ŭˊɧ ŬɡŰɐ Űɞɡ ɡɛɏɜŬ (film) Űɞɡ ɗŮɘɞɨɢɞɡ ˊŬɚɚɎŭɘɞɡ, Űɞ ˊɟɩŰɞ 

ˊŬɟɞɡůɘɎɕŮɘ ˊɞɚɨ ˊɘɞ ɛɘəɟɧ ɟɡɗɛɧ ŮˊɘɢɎɚəɤůɖɠ Ŭˊɧ Űɞ ŰŮɚŮɡŰŬɑɞ. Ƀɘ Yang et al. 

ŮɝɐɔɖůŬɜ Űɞ ɛŮɔɎɚɞ ɟɡɗɛɧ ŮˊɘɢɎɚəɤůɖɠ ůŰɞ ůɨůŰɖɛŬ Űɞɡ ɗŮɘɞɨɢɞɡ ˊŬɚɚɎŭɘɞɡ Ŭˊɧ 

Űɖ ŭɡɜŬŰɧŰɖŰŬ ˊɞɡ ɏɢŮɘ Űɞ ɗŮɑɞ ɜŬ ˊŬɑɕŮɘ Űɞ ɟɧɚɞ çɔɏűɡɟŬɠè ɛŮŰŬɝɨ Űɤɜ ɘɧɜŰɤɜ 

ˊŬɚɚɎŭɘɞɡ əŬɘ ɢŬɚəɞɨ, əɎŰɘ Űɞ ɞˊɞɑɞ ˊɟɞəŬɚŮɑ Űɖɜ ŮˊɘŰɎɢɡɜůɖ Űɖɠ ŬˊɞűɧɟŰɘůɖɠ Űɤɜ 

ɘɧɜŰɤɜ ɢŬɚəɞɨ, ɧŰŬɜ ŮűŬɟɛɧɕŮŰŬɘ ɟŮɨɛŬ ůŰɞ ůɨůŰɖɛŬ (45). 

 

(iv) ɀɖɢŬɜɘůɛɧɠ Űɤɜ S. Ono, K. Naitoh and T. Osaka 

ȰɜŬ ůɢɖɛŬŰɘəɧ ɛɞɜŰɏɚɞ Űɞɡ Ŭɟɢɘəɞɨ ůŰŬŭɑɞɡ ŭɘɎŭɞůɖɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮ ɓɎůɖ Űɞ 

ɛɖɢŬɜɘůɛɧ ˊɞɡ ˊɟɧŰŮɘɜŬɜ ɞɘ Ono, Naitoh əŬɘ Osaka ŭɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 22 (45). 

ɀŮŰɎ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ, ŰŬ ˊɟɞůɟɞűɖɛɏɜŬ ɛɧɟɘŬ əŬŰŬɚɨŰɖ Pd, 

ˊŮɟɑˊɞɡ 2 nm ůŰɞ ɛɏɔŮɗɞɠ əŬɘ ŰŬ ɞˊɞɑŬ ůɡɜɗɏŰɞɡɜ ůɡůŰɞɘɢɑŮɠ 20-50 nm ůŰɞ ɛɏɔŮɗɞɠ, 

əŬɚɨˊŰɞɡɜ ɏɜŬ ɛŮɔɎɚɞ ŰɛɐɛŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɤɜ ɡˊɞůŰɟɤɛɎŰɤɜ ɛŮŰɎ Ŭˊɧ Űɖɜ 

Ůɘ́ŰɎɢɡɜůɖ (ɆɢɐɛŬ 22Ŭ). 

ȾŬŰɎ Űɞ ůŰɎŭɘɞ Űɖɠ ŮˊɘŰɎɢɡɜůɖɠ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɎŰɞɛŬ ɞɝŮɘŭɑɞɡ Űɞɡ ɢŬɚəɞɨ (Cu2O) 

ůŰɖ ůɡůŰɎŭŬ Űɞɡ əŬŰŬɚɨŰɖ Pd Ŭəɟɘɓɩɠ ˊɟɘɜ Ŭˊɧ Űɖ ŭɘɎŭɞůɖ Űɞɡ ɢŬɚəɞɨ (ɆɢɐɛŬ 

22ɓ). ɄɎɜɤ ůŮ ŬɡŰɎ ŰŬ ɎŰɞɛŬ Cu2O ůɢɖɛŬŰɑɕŮŰŬɘ ɢŬɚəɧɠ əŬŰɎ Űɞ ɑŭɘɞ ůŰɎŭɘɞ (Űɖɠ 

ŮˊɘŰɎɢɡɜůɖɠ). ɇŬ ɘɧɜŰŬ Cu+1 ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ŭɘŬɛɞɟűɩɜɞɜŰŬɘ Ŭˊɧ Űɖɜ 

ɖɚŮəŰɟɞɢɖɛɘəɐ ŬˊɞűɧɟŰɘůɖ Űɤɜ ɘɧɜŰɤɜ Cu2+ ɡˊɧ Űɖɜ ɘŭɘŬɑŰŮɟŬ ˊɞɚɤɛɏɜɖ 

əŬŰɎůŰŬůɖ, ˊɞɡ ŮˊɘəɟŬŰŮɑ ůŰɞ ŭɘɎɚɡɛŬ Űɖɠ ɖɚŮəŰɟɧɚɡůɖɠ ɐ/əŬɘ ˊɘɗŬɜɩɠ Ŭˊɧ Űɖɜ 

Ůˊɘɟɟɞɐ Ɏɚɚɤɜ ůɨɜɗŮŰɤɜ ŮɜɩůŮɤɜ. 
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ɆɢɐɛŬ 22 ï ɆɢɖɛŬŰɘəɐ ŬɜŬˊŬɟɎůŰŬůɖ Űɖɠ Ŭɟɢɘəɐɠ ŭɘŬŭɘəŬůɑŬɠ ŭɘɎŭɞůɖɠ Űɞɡ 

ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ůŮ ɡˊɧůŰɟɤɛŬ ɟɖŰɑɜɖɠ, (Ŭ) ˊɟɞůɟɞűɖɛɏɜŮɠ əɞɚɚɞŮɘŭŮɑɠ 

ůɡůŰɞɘɢɑŮɠ Pd ˊɞɡ ŭɘŬɛɞɟűɩɜɞɜŰŬɘ ɛŮŰɎ Ŭˊɧ Űɖɜ ŮˊɘŰɎɢɡɜůɖ, (ɓ) ŭɖɛɘɞɡɟɔɑŬ 

əɡɓɘəɩɜ ɛɞɟɑɤɜ Cu2O ˊɟɘɜ Ŭˊɧ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, (ɔ) ɞɘ Ŭɟɢɘəɏɠ 

ŬˊɞɗɏůŮɘɠ ɢŬɚəɞɨ ɔɑɜɞɜŰŬɘ ɛŮŰŬɝɨ Űɤɜ əɡɓɘəɩɜ ɛɞɟɑɤɜ Cu2O, (ŭ) ȼ ŬˊɧɗŮůɖ Cu 

ŮɜůɤɛŬŰɩɜŮɘ ŰŬ ɎŰɞɛŬ Cu2O ɛŮŰŬɝɨ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ɢŬɚəɞɨ 

 

 

ɀŮŰɎ Ŭˊɧ Űɞ ůɢɖɛŬŰɘůɛɧ Űɤɜ əɟɡůŰɎɚɚɤɜ Cu2O ůŰɘɠ ůɡůŰɞɘɢɑŮɠ Űɞɡ Pd, ɞ 

ɛŮŰŬɚɚɘəɧɠ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰŬɘ ůɨɛűɤɜŬ ɛŮ Űɖɜ Cu2O + H2O Ÿ Cu + Cu2+ + 2OH-  

(ȷɜŰɑŭɟŬůɖ 11. ȷɛɏůɤɠ ɛŮŰɎ Űɞ ɛɏŰɤˊɞ ɢŬɚəɞɨ ˊɟɞɤɗŮɑŰŬɘ ɔɘŬ ɜŬ əŬɚɨɣŮɘ ɧɚɞ Űɞ 

ɛɧɟɘɞ Cu2O ɛŮ ɔɟɐɔɞɟɖ ɖɚŮəŰɟŬˊɧɗŮůɖ (ɢŬɚəɞɨ). ȼ ŭɘŬŭɘəŬůɑŬ ŮˊɘŰɎɢɡɜůɖɠ 

(acceleration) ˊŬɟɞɡůɑŬ ɘɧɜŰɤɜ ɢŬɚəɞɨ űŬɑɜŮŰŬɘ ɜŬ ˊŬɟɏɢŮɘ ˊŮɟɘɞɢɏɠ ŮɜŮɟɔɞˊɞɑɖůɖɠ 

ɔɘŬ Űɞ ůɢɖɛŬŰɘůɛɧ űɨŰɟɤɜ Cu2Ƀ ůŰɞ ůŰɟɩɛŬ Űɤɜ əŬŰŬɚɡŰɩɜ. Ƀɘ əɟɨůŰŬɚɚɞɘ Cu2O 

űŬɑɜŮŰŬɘ ɜŬ ŭɟɞɡɜ ůŬɜ ŬˊɞɚɨŰɤɠ ŬˊɞŰŮɚŮůɛŬŰɘəɞɑ əŬŰŬɚɨŰŮɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, ɛŬɕɑ 

ɛŮ Űɞɜ əŬŰŬɚɨŰɖ Pd (45). 

Ƀ ůɢɖɛŬŰɘůɛɧɠ Űɤɜ ɛɞɟɑɤɜ Cu2O ŬəɞɚɞɡɗŮɑŰŬɘ Ŭɛɏůɤɠ Ŭˊɧ Űɖɜ ŮˊɑˊŮŭɖ ŬˊɧɗŮůɖ 

Űɞɡ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ (ůŰɎŭɘɞ ŮˊɘɢɎɚəɤůɖɠ), ˊŮɟɑˊɞɡ ɚɘɔɧŰŮɟɞ Ŭˊɧ 30 nm ůŰɞ 

ˊɎɢɞɠ, Űɞ ɞˊɞɑɞ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ ɛɘəɟɞəɟɡůŰɎɚɚɞɡɠ 10-20 nm ůŰɞ ɛɏɔŮɗɞɠ (ɆɢɐɛŬ 

22ɔ) (45). ȷɡŰɧ Űɞ Ŭɟɢɘəɧ ůŰɟɩɛŬ ɢŬɚəɞɨ ŮɛűŬɜɑɕŮŰŬɘ ɜŬ ŮɑɜŬɘ ɛŬɨɟɞ ɚɧɔɤ Űɖɠ 

əɓŬɜŰɘəɐɠ ŮˊɑŭɟŬůɖɠ Űɞɡ ɛŮɔɏɗɞɡɠ Űɞɡɠ ůŰɞ ɖɚŮəŰɟɞɜɘəɧ ɛɘəɟɞůəɧˊɘɞ. ȳŰŬɜ Űɞ 

ůŰɟɩɛŬ ɢŬɚəɞɨ ɔɑɜŮŰŬɘ ˊŬɢɨŰŮɟɞ Ŭˊɧ Űɞ ˊɎɢɞɠ Űɤɜ ɛɞɟɑɤɜ Cu2O, Űɞ ɢɟɩɛŬ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ ŬɚɚɎɕŮɘ ˊɟɞɠ Űɞ ɛŮŰŬɚɚɘəɧ ɢɟɩɛŬ Űɞɡ ɢŬɚəɞɨ. 

ȳŰŬɜ ɞɚɧəɚɖɟɖ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ əŬɚɨˊŰŮŰŬɘ ɛŮ ɢŬɚəɧ, ɏɜŬ ŮɜŭŮɘəŰɘəɧ 

ˊɎɢɞɠ Űɞɡ ůŰɟɩɛŬŰɞɠ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 2.5 ɛm, ɛŮ Űɞ ɟɡɗɛɧ ŬˊɧɗŮůɖɠ ɜŬ ŮɑɜŬɘ 

ŮɜŭŮɘəŰɘəɎ ɑůɞɠ ɛŮ 1.25 x 10-4 mm/s (45). 

 

Ƀɘ Ono, Naitoh əŬɘ Osaka (45) ɓɟɐəŬɜ ɧŰɘ ɞ ɟɡɗɛɧɠ ˊɚŮɡɟɘəɐɠ ŭɘɎŭɞůɖɠ ŮɑɜŬɘ 10.000 

űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɞɠ Ŭˊɧ Űɞ ɟɡɗɛɧ əɎɗŮŰɖɠ Ŭɨɝɖůɖɠ Űɞɡ ɢŬɚəɞɨ. ɆŮ ˊŮɘɟɎɛŬŰŬ ˊɞɡ 

ŭɘŮɝɐɔŬɔŬɜ ɞɘ Weng et al., ɞ ɟɡɗɛɧɠ ˊɚŮɡɟɘəɐɠ ŭɘɎŭɞůɖɠ ɐŰŬɜ 80 űɞɟɏɠ ɛŮɔŬɚɨŰŮɟɞɠ 

Ŭˊɧ Űɞ ɟɡɗɛɧ əɎɗŮŰɖɠ Ŭɨɝɖůɖɠ. 
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ȷɜ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɤɜ ˊɟɧůɗŮŰɤɜ ɞɡůɘɩɜ (ɐŰɞɘ ŰŬ ɘɧɜŰŬ Cu2+ ɛɏůŬ ůŰɞ ŭɘɎɚɡɛŬ 

ŮˊɘŰɎɢɡɜůɖɠ/acceleration) ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ůŰɖɜ ˊŬɟɞɨůŬ ˊŮɟɑˊŰɤůɖ, ŮɑɜŬɘ 

ŭɨůəɞɚɞ ɜŬ ŮɝɖɔɖɗŮɑ ɖ ɡɣɖɚɧŰŮɟɖ ŰŬɢɨŰɖŰŬ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ɛɧɜɞ Ŭˊɧ Űɘɠ 

ˊɟɧůɗŮŰŮɠ ŬɡŰɏɠ ɞɡůɑŮɠ, əŬɗɩɠ ŬɡŰɏɠ ŭŮɜ ŮɑɜŬɘ ɏɜŬɠ ɞɡůɘŬůŰɘəɧɠ ˊŬɟɎɔɞɜŰŬɠ ůŰɖɜ 

ŰŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ, ůɨɛűɤɜŬ ɛŮ Űɞɜ Weng (45). 

ɀŮ ɎɚɚŬ ɚɧɔɘŬ, ɖ ɛŮɔɎɚɖ ŰŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ŮɑɜŬɘ ŭɨůəɞɚɞ 

ɜŬ ŮɝɖɔɖɗŮɑ ɛɧɜɞ Ŭˊɧ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. 

 

ȰɜŬɠ ɛɖɢŬɜɘůɛɧɠ ůŰŬŭɘŬəɐɠ ŭɘɎŭɞůɖɠ Űɞɡ ɛŮŰɩˊɞɡ, ůŰɞɜ ɞˊɞɑɞ ɧɚŬ ŰŬ ˊŬɟŬˊɎɜɤ 

ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ, ɗŬ ŮɑɜŬɘ ɏɜŬɠ ɛɖɢŬɜɘůɛɧɠ ůŰɞɜ ɞˊɞɑɞ Űɧůɞ ɞɘ əɟɨůŰŬɚɚɞɘ Cu2O, 

ɧůɞ əŬɘ ɞ əŬŰŬɚɨŰɖɠ Pd əŬɘ ŰŬ ŭɘŬůəɞɟˊɘůɛɏɜŬ ůŰɞ ůŰɟɩɛŬ Űɞɡ əŬŰŬɚɨŰɖ ɛɧɟɘŬ 

ɢŬɚəɞɨ, ŭɘŬŭɟŬɛŬŰɑɕɞɡɜ ɏɜŬɜ əɟɑůɘɛɞ ɟɧɚɞ ɔɘŬ Űɖɜ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ (45). 

 

ɹɹΦ ɽˇʽˉʷˌ ˃ʷʻˇʵˇʽ 

 

ũɘŬ ɚɧɔɞɡɠ Ŭˊɚɞˊɞɑɖůɖɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ əŬɘ ɛŮɑɤůɖɠ Űɤɜ ŬˊɞɓɚɐŰɤɜ, ɏɢɞɡɜ ɔɑɜŮɘ 

ˊɟɞůˊɎɗŮɘŮɠ ɜŬ ŮűŬɟɛɞůŰŮɑ ɖ ɎɛŮůɖ ŭɘŬŭɘəŬůɑŬ ŮˊɘɛŮŰɎɚɚɤůɖɠ (direct plating 

process), ɧˊɞɡ ɏɜŬ ɛɏŰŬɚɚɞ ɛˊɞɟŮɑ ɜŬ ŬˊɞŰɑɗŮŰŬɘ Ŭˊô ŮɡɗŮɑŬɠ ˊɎɜɤ ůŮ ɏɜŬ ɖɚŮəŰɟɘəɎ 

ɛɖ-Ŭɔɩɔɘɛɞ ɡˊɧůŰɟɤɛŬ əŬɗɘůŰɩɜŰŬɠ Űɞ ɖɛɘ-Ŭɔɩɔɘɛɞ. ȼ ɛɏɗɞŭɞɠ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ 

əŬŰŮɟɔŬůɑŬ Űɖɠ ɛɖ-Ŭɔɩɔɘɛɖɠ ŮˊɘűɎɜŮɘŬɠ ɛŮ ɏɜŬ əɞɚɚɞŮɘŭɏɠ ŭɘɎɚɡɛŬ ˊŬɚɚŬŭɑɞɡ 

(palladium colloid) ˊɞɡ ůɢɖɛŬŰɑɕŮɘ ɏɜŬ ɖɛɘ-Ŭɔɩɔɘɛɞ űɘɚɛ Űɤɜ əɞɚɚɞŮɘŭɩɜ 

ůɤɛŬŰɘŭɑɤɜ Űɞɡ ˊŬɚɚŬŭɑɞɡ ˊɎɜɤ ůŰɖ ɛɖ Ŭɔɩɔɘɛɖ ŮˊɘűɎɜŮɘŬ (43). 

 

ȯɚɚŮɠ ɛɏɗɞŭɞɘ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ ŬˊŮɡɗŮɑŬɠ ŬˊɧɗŮůɖ ˊɡɟɐɜɤɜ ɛŮŰɎɚɚɞɡ ɛŮ 

ŮɛɓɎˊŰɘůɖ Űɖɠ ɛɖ-Ŭɔɩɔɘɛɖɠ ŮˊɘűɎɜŮɘŬɠ ůŮ ɏɜŬ əɞɚɚɞŮɘŭɏɠ ŭɘɎɚɡɛŬ əŬůůɘŰɏɟɞɡ-

ˊŬɚɚŬŭɑɞɡ, Űɖ ɢɟɐůɖ ɏɜɧɠ əŬŰŬɚɨŰɖ ɞ ɞˊɞɑɞɠ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ɏɜŬ 

ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ Ůɜɧɠ ɢŬɚəɞɔɧɜɞɡ (chalcogenide) [ɧˊɤɠ ɛŮ ɗŮɘɥəɧ Űɞɡ ŭɘɎɚɡɛŬ] ɔɘŬ 

ɜŬ ɛŮŰŬŰɟɏɣŮɘ Űɖɜ əŬŰŬɚɡŰɘəɐ ŮˊɘűɎɜŮɘŬ ŮˊɘəŬɚɨˊŰɞɜŰŬɠ Űɖɜ ɛŮ ɢŬɚəɞɔɧɜɞ ɩůŰŮ ɜŬ 

ŮˊɘŰŮɡɢɗɞɨɜ ŰŬɢɨŰŮɟɞɘ ɟɡɗɛɞɑ ŮˊɘɛŮŰɎɚɚɤůɖɠ ɐ Űɖ ɢɟɐůɖ Ůɜɧɠ ůŰŬɗŮɟɞɨ 

əɞɚɚɞŮɘŭɞɨɠ ŭɘŬɚɨɛŬŰɞɠ Ůɜɧɠ ˊɟɞůɢɖɛŬŰɘůɛɏɜɞɡ əŬŰŬɚɡŰɘəɞɨ ɢŬɚəɞɔɧɜɞɡ ůŰɖɜ ɡˊɧ 

ŮˊɘɢɎɚəɤůɖ ŮˊɘűɎɜŮɘŬ. ɆŮ ŮˊɧɛŮɜŬ ůŰɎŭɘŬ ɖ ɛɖ-Ŭɔɩɔɘɛɖ ŮˊɘűɎɜŮɘŬ ɛˊɞɟŮɑ ɜŬ 

ŮˊɘɢŬɚəɤɗŮɑ ɖɚŮəŰɟɞɢɖɛɘəɎ (electroplated) (43). 
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2.2.3 ɬʀʔʉʅʆʘʏ Through -Hole Plating  ʈʀ ɩʋʇʑʌʑʍʍʝʇʂ 

 

ɇŬ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ Űɤɜ ɛŮɗɧŭɤɜ ɢɖɛɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɞ ˊŬɟɧɜ ɡˊɞəŮűɎɚŬɘɞ. 

ɹΦ ʃˇ˂ˎˉˎˊˊˈ˂ʹ ˁʰʽ ˉʰ˂˂ʱʵʽˇ ʰˉˇˎˋʾʰ ˊʶˏ˃ʰˍˇˌ 

 

ȼ ŮˊɘɛŮŰɎɚɚɤůɖ ɛɖ-Ŭɔɩɔɘɛɤɜ ŮˊɘűŬɜŮɘɩɜ ɛŮ ɢŬɚəɧ ɛˊɞɟŮɑ Ůˊɑůɖɠ ɜŬ ŮˊɘŰŮɡɢɗŮɑ 

ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ (electrolessly), ɛɏůɤ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ Ůɜɧɠ ůŰɟɩɛŬŰɞɠ (film) 

Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ, ɧˊɤɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (PPy) ɐ ˊɞɚɡŬɜɘɚɑɜɖɠ, ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

əŬɘ Űɖɠ Ůɜ ůɡɜŮɢŮɑŬ ŮˊɘɛŮŰɎɚɚɤůɖɠ ŬɡŰɞɨ Űɞɡ film ˊɞɚɡɛŮɟɞɨɠ ɛɏůɤ Űɖɠ ŭɘŬŭɞɢɘəɐɠ 

Ůˊɏɜŭɡůɖɠ Űɞɡ ɛŮ ˊŬɚɚɎŭɘɞ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ ɢŬɚəɧ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ, ŬˊɞɡůɑŬ 

Űɞɡ ɓɐɛŬŰɞɠ ŮɡŬɘůɗɖŰɞˊɞɑɖůɖɠ ɛŮ SnCl2 
(17). ɄŬɟŬəɎŰɤ ŬɜŬɚɨŮŰŬɘ ɖ ˊŮɟɑˊŰɤůɖ Űɖɠ 

ɢɟɐůɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɛŮ ˊŬɚɚɎŭɘɞ ŬˊɞɡůɑŬ Űɞɡ ɓɐɛŬŰɞɠ 

ŮɡŬɘůɗɖŰɞˊɞɑɖůɖɠ ɛŮ SnCl2. 

ʅˍʱʵʽʰ ˍʹˌ ˃ʶʻˈʵˇˎ 

(iύ ʅˏ˄ʻʶˋʹ ˍˇˎ film PPy 

 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ůŰɖɜ Ŭɟɢɐ Űɖɠ ˊŬɟɞɨůŬɠ ɛŮɚɏŰɖɠ, ɖ ˊɞɚɡˊɡɟɟɧɚɖ (polypyrrole-

PPy) ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ ŮəŰŮɜɏůŰŮɟŬ ɛŮɚŮŰɖɛɏɜŬ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ, ɚɧɔɤ Űɖɠ ɡɣɖɚɐɠ 

ɖɚŮəŰɟɘəɐɠ ŬɔɤɔɘɛɧŰɖŰɎɠ Űɖɠ, Űɖɠ əŬɚɐɠ ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ Űɖɠ ůŰŬɗŮɟɧŰɖŰŬɠ, Űɘɠ 

ŮɜŭɘŬűɏɟɞɡůŮɠ ɞɝŮɘŭɞŬɜŬɔɤɔɘəɏɠ ɘŭɘɧŰɖŰŮɠ, ˊɞɡ ůɡɜŭɏɞɜŰŬɘ ɛŮ ŰŬ ŮŰŮɟɞɎŰɞɛŬ ůŰɖɜ 

ŬɚɡůɑŭŬ Űɖɠ əŬɘ Űɖɠ ŮɡəɞɚɑŬɠ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ ɛŮ ɢɖɛɘəɏɠ ɐ ɖɚŮəŰɟɞɢɖɛɘəɏɠ 

ɛŮɗɧŭɞɡɠ. 

ȼ ˊɞɚɡˊɡɟɟɧɚɖ ɛˊɞɟŮɑ ɜŬ ˊŬɟŬůəŮɡŬůŰŮɑ ɛŮ ŭɘɎűɞɟɞɡɠ Űɟɧˊɞɡɠ. ȷɜ əŬɘ ɞɘ ɢɖɛɘəɏɠ 

əŬɘ ɞɘ ɖɚŮəŰɟɞɢɖɛɘəɏɠ ɛɏɗɞŭɞɘ ůɨɜɗŮůɖɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůɡɜɐɗɤɠ ůŰɞ ŮɟɔŬůŰɐɟɘɞ 

ɛŮ Űɖɜ ɑŭɘŬ ůɡɢɜɧŰɖŰŬ, ɖ ɖɚŮəŰɟɞɢɖɛɘəɐ ɛɏɗɞŭɞɠ ůɨɜɗŮůɖɠ ɏɢŮɘ ɏɜŬ ɘŭɘŬɑŰŮɟɞ 

ˊɚŮɞɜɏəŰɖɛŬ, ɤɠ ˊɟɞɠ Űɖ ɢɖɛɘəɐ ɛɏɗɞŭɞ ŭŮŭɞɛɏɜɞɡ ɧŰɘ ŰŬ ɡɚɘəɎ ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɟŬɢɗɞɨɜ Ůˊɑ Űɧˊɞɡ (in situ) ůŰɞ ɖɚŮəŰɟɧŭɘɞ ɛŮ ɛɞɟűɐ film ɢɤɟɑɠ ɜŬ ɡˊɎɟɢŮɘ 

ŬɜɎɔəɖ ɔɘŬ ŮɜŭɘɎɛŮůɖ ŮˊŮɝŮɟɔŬůɑŬ. ȼ ɖɚŮəŰɟɞɢɖɛɘəɐ ɛɏɗɞŭɞɠ, Ůˊɞɛɏɜɤɠ, ŮɑɜŬɘ ɛɘŬ 

Ŭˊɚɐ ɛɏɗɞŭɞɠ ɔɘŬ Űɖɜ ˊŬɟŬɔɤɔɐ Űɤɜ ɘŭɘŬɑŰŮɟŬ Ŭɔɩɔɘɛɤɜ film PPy (17). ɋůŰɧůɞ ɖ 

ɖɚŮəŰɟɞɢɖɛɘəɐ ɛɏɗɞŭɞɠ ˊŬɟŬůəŮɡɐɠ ŭŮɜ ɛˊɞɟŮɑ űɡůɘəɎ ɜŬ ŬəɞɚɞɡɗɖɗŮɑ ůŰɖɜ 

ˊŮɟɑˊŰɤůɖ Űɖɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ ɛɞɜɤŰɩɜ, əŬɗɩɠ ŰɧŰŮ Űɞ ɡˊɧůŰɟɤɛŬ ŭŮɜ ŮɑɜŬɘ 

Ŭɔɩɔɘɛɞ əŬɘ ŭŮɜ ŮˊɘŰɟɏˊŮɘ Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ ŬˊɧɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ. 

 

(iiύ ɮˉˇˉˊ˖ˍˇ˄ʾ˖ˋʹ ˁʰʽ ʰ˄ʰʴ˖ʴʺ ˍ˖˄ film PPy 

 

ȳˊɤɠ ŬɜŬűɏɟɗɖəŮ ůŰɞ ȾŮűɎɚŬɘɞ 2 (Ʉɞɚɡˊɡɟɟɧɚɖ), ɖ ŮɛɓɞɚɘŬůɛɏɜɖ ˊɞɚɡˊɡɟɟɧɚɖ 

ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɢŮɘ ůŮ ˊɞɚɚɎ ůŰɎŭɘŬ ɞɝŮɑŭɤůɖɠ. 

 

ȰɢŮɘ ŭɘŬˊɘůŰɤɗŮɑ ɧŰɘ ɛɧɜɞ Űɞ ˊɚɐɟɤɠ Ŭɜɖɔɛɏɜɞ film PPy ɛˊɞɟŮɑ ɜŬ ŬˊɞűɞɟŰɑůŮɘ ŰŬ 

ɘɧɜŰŬ ˊŬɚɚɎŭɘɞɡ ůŮ ɛɏŰŬɚɚɞ ˊŬɚɚɎŭɘɞɡ (Pd) ůŮ ůɖɛŬɜŰɘəɏɠ ˊɞůɧŰɖŰŮɠ, Ŭˊɧ 

ŭɘŬɚɨɛŬŰŬ Pd(NO3)2 ɐ PdCl2 
(17). ȰŰůɘ, ŰŬ film Űɖɠ ɜŰɞˊŬɟɘůɛɏɜɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

ŬˊɞűɞɟŰɑɕɞɜŰŬɘ ˊɚɐɟɤɠ ɔɘŬ ɜŬ ɛˊɞɟɏůɞɡɜ ɜŬ ɓɞɖɗɐůɞɡɜ ůŰɖ ɛŮŰɏˊŮɘŰŬ Ŭˊɞɟɟɧűɖůɖ 

ˊŬɚɚŬŭɑɞɡ ˊɎɜɤ Űɞɡɠ.  ȼ ɑŭɘŬ ŭɘŬŭɘəŬůɑŬ ɛˊɞɟŮɑ ɜŬ ŮűŬɟɛɞůŰŮɑ əŬɘ ůŮ ɛɖ 
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ŮɛɓɞɚɘŬůɛɏɜɖ ˊɞɚɡˊɡɟɟɧɚɖ, ɖ ɞˊɞɑŬ Ůˊɑůɖɠ ŮɑɜŬɘ ůŮ Ŭɜɖɔɛɏɜɖ əŬŰɎůŰŬůɖ (Űɞ 

ɛɞɜɞɛŮɟɏɠ Űɖɠ ˊɡɟɟɧɚɖɠ ɞɝŮɘŭɩɜŮŰŬɘ əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ ˊɞɚɡɛŮɟɘůɛɞɨ). 

 

ɄɟŬəŰɘəɎ əŬɘ ɧůɞɜ ŬűɞɟɎ ŰŬ film PPy-TSA, ŬɡŰɎ ŬˊɞˊɟɤŰɞɜɘɩɜɞɜŰŬɘ 

(ŬˊɞɜŰɞˊŬɟɑɕɞɜŰŬɘ/ ŬˊŮɛɓɞɚɘɎɕɞɜŰŬɘ) ɛŮ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ 1 ɀ NaOH ɔɘŬ 18 h. ɀŮŰɎ 

Ŭˊɧ Űɖɜ ŬˊɞˊɟɤŰɞɜɑɤůɖ, ŰŬ film ˊɚɏɜɞɜŰŬɘ ɛŮ ɎűɗɞɜŬ ˊɞůɎ ŬˊɞůŰŬɔɛɏɜɞɡ ɜŮɟɞɨ ɔɘŬ 

ɜŬ ŬˊŬɚɚŬɔɞɨɜ Ŭˊɧ ɡˊɧɚɞɘˊŬ Űɞɡ NaOH əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɝɖɟŬɑɜɞɜŰŬɘ ɡˊɧ ɛŮɘɤɛɏɜɖ 

ˊɑŮůɖ (17). ũɘŬ ɜŬ ɚɖűɗɞɨɜ ɞɘ ˊɚɐɟɤɠ ŬɜɖɔɛɏɜŮɠ (reduced) ŮˊɘűɎɜŮɘŮɠ PPy, ŰŬ film 

ŮˊŮɝŮɟɔɎɕɞɜŰŬɘ ɛŮ ˊŮɟɑůůŮɘŬ ɡŭɟŬɕɑɜɖɠ (hydrazine) ɔɘŬ 1h. ɆŰɖ ůɡɜɏɢŮɘŬ ŰŬ film 

ˊɚɏɜɞɜŰŬɘ ɛŮ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ əŬɘ ɝɖɟŬɑɜɞɜŰŬɘ ɡˊɧ ɛŮɘɤɛɏɜɖ ˊɑŮůɖ. 

ȹŮŭɞɛɏɜɞɡ ɧŰɘ ŰŬ ŬɜɖɔɛɏɜŬ film PPy ŮɑɜŬɘ ŮɡŬɑůɗɖŰŬ ůŰɞ ɞɝɡɔɧɜɞ, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɔɘŬ Űɖɜ ˊɟɞůɟɧűɖůɖ ˊŬɚɚɎŭɘɞɡ əŬɘ Űɖɜ Ůɜ ůɡɜŮɢŮɑŬ ŮˊɘɢɎɚəɤůɖ ˊɞɚɨ ůɨɜŰɞɛŬ ɛŮŰɎ 

Ŭˊɧ Űɖɜ ˊɟɞŮŰɞɘɛŬůɑŬ Űɞɡɠ (17). 

 

(iiiύ ʃˊˇˋˊˈ˒ʹˋʹ ˉʰ˂˂ʱʵʽˇˎ 

 

ɀŮŰɎ Űɖɜ ŬˊɞűɧɟŰɘůɖ Űɞɡ film Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɖ ŮˊɘűɎɜŮɘŬ ɓɡɗɑɕŮŰŬɘ ůŮ 

əŬŰɎɚɚɖɚɞ ŭɘɎɚɡɛŬ, ˊɞɡ ˊŮɟɘɏɢŮɘ ɘɧɜŰŬ ˊŬɚɚŬŭɑɞɡ. ɇɞ ˊŬɚɚɎŭɘɞ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɞ ɔɘŬ 

Űɖɜ əŬŰɎɚɡůɖ Űɖɠ Ůɜ ůɡɜŮɢŮɑŬ ŮˊɘɢɎɚəɤůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ 

(ɤůŰɧůɞ ɖ ɛɏɗɞŭɞɠ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ɛŬɠ ŭŮ ɢɟɖůɘɛɞˊɞɘŮɑ əŬɗɧɚɞɡ ˊŬɚɚɎŭɘɞ, Űɞ 

ɞˊɞɑɞ ŬˊɞŰŮɚŮɑ ɛɘŬ ŮɝŬɘɟŮŰɘəɎ ɓɚŬɓŮɟɐ ɔɘŬ Űɞ ˊŮɟɘɓɎɚɚɞɜ ɞɡůɑŬ). 

 

ȼ ɨˊŬɟɝɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɘɠ ŭɘɎűɞɟŮɠ ŮɜŬɚɚɎɝɘɛŮɠ ŮɜŭɞɔŮɜŮɑɠ əŬŰŬůŰɎůŮɘɠ 

ɞɝŮɑŭɤůɖɠ ˊɞɡ ˊɟɞŬɜŬűɏɟɗɖəŬɜ, ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ 

ɔɘŬ Űɖɜ ŬˊɧɗŮůɖ ˊŬɚɚŬŭɑɞɡ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ABS. ȷɜŬɚɡŰɘəɧŰŮɟŬ, ɖ ŬɡɗɧɟɛɖŰɖ 

əŬɘ ůɡɜŮɢɐɠ ŬˊɞűɧɟŰɘůɖ ɘɧɜŰɤɜ Pd2+, Ŭˊɧ Űɞ ɧɝɘɜɞ ŭɘɎɚɡɛɎ Űɞɡɠ ůŰɖ ůŰɞɘɢŮɘɩŭɖ 

ɛɞɟűɐ Űɞɡɠ (Pd) ůɡɜŭɏŮŰŬɘ ɛŮ ɛɘŬ Ŭɨɝɖůɖ Űɖɠ ŮɜŭɞɔŮɜɞɨɠ əŬŰɎůŰŬůɖɠ ɞɝŮɑŭɤůɖɠ Űɞɡ 

ˊɞɚɡɛŮɟɞɨɠ əŬɘ ɛŮ ɛɘŬ ŰŬɡŰɧɢɟɞɜɖ ŮˊŬɜŬˊɟɤŰɞɜɑɤůɖ (reprotonation) Űɞɡ 

ɞɝŮɘŭɤɛɏɜɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŰɞ ɧɝɘɜɞ ŭɘɎɚɡɛŬ (17). 

 

ȼ ŬˊɞűɧɟŰɘůɖ (ŬɜŬɔɤɔɐ) Űɤɜ ɘɧɜŰɤɜ Pd+2 (ůŮ ɧɝɘɜɞ ŭɘɎɚɡɛŬ) ůŮ Pd ˊɎɜɤ ůŰɞ film 

Űɖɠ PPy, ůɡɜɞŭŮɨŮŰŬɘ Ŭˊɧ ɛɘŬ ŰŬɡŰɧɢɟɞɜɖ Ŭɨɝɖůɖ ůŰɖɜ ŮɜŭɞɔŮɜɐ əŬŰɎůŰŬůɖ 

ɞɝŮɑŭɤůɖɠ əŬɘ Űɞɡ Ůˊɘˊɏŭɞɡ ŮɛɓɞɚɘŬůɛɞɨ (doping level) Űɞɡ film Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 
(17). ȼ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ˊŬɟɧɛɞɘŬ ɔɘŬ ɧɚŬ ŰŬ Ůɑŭɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, Ŭɜ əŬɘ ɛɘəɟɏɠ 

ŭɘŬűɞɟɏɠ ŮɑɜŬɘ ŭɡɜŬŰɧɜ ɜŬ ɡˊɎɟɝɞɡɜ ɛŮŰŬɝɨ Űɤɜ ŭɘŬűɧɟɤɜ Ůɘŭɩɜ PPy. ɀŮ ɎɚɚŬ 

ɚɧɔɘŬ ɖ Ŭɨɝɖůɖ ůŰɖɜ ŮɜŭɞɔŮɜɐ əŬŰɎůŰŬůɖ ɞɝŮɑŭɤůɖɠ Űɞɡ film ůɡɜɞŭŮɨŮŰŬɘ ɛŮ Űɖɜ 

ŰŬɡŰɧɢɟɞɜɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŬˊɞűɧɟŰɘůɖɠ (ŬɜŬɔɤɔɐɠ) ˊŬɚɚɎŭɘɞɡ Ŭˊɧ Pd+2 ůŮ Pd. 

ɀɧɜɞ ɖ ˊɚɐɟɤɠ Ŭɜɖɔɛɏɜɖ (reduced) ˊɞɚɡˊɡɟɟɧɚɖ (PPy0) ɛˊɞɟŮɑ ɜŬ ˊɟɞəŬɚɏůŮɘ Űɖɜ 

ŬˊɞűɧɟŰɘůɖ ɛɘŬɠ ɛŮɔɎɚɖɠ ˊɞůɧŰɖŰŬɠ ɘɧɜŰɤɜ Pd+2 ůŮ ɛŮŰŬɚɚɘəɐ ɛɞɟűɐ. ɇɞ ɑŭɘɞ Űɞ 

film Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɞɝŮɘŭɩɜŮŰŬɘ ůŰɖ ŭɘŬŭɘəŬůɑŬ (17). 

 

ũɘŬ ˊŬɟɎŭŮɘɔɛŬ ɔɘŬ Űɖɜ ˊɟɞůɟɧűɖůɖ ˊŬɚɚŬŭɑɞɡ Ŭˊɧ film ˊɞɚɡˊɡɟɟɧɚɖɠ 

ɜŰɞˊŬɟɘůɛɏɜɖɠ ɛŮ TSA ɞɘ Lim, Kang əŬɘ Neoh (17) ɢɟɖůɘɛɞˊɞɑɖůŬɜ ŭɘɎɚɡɛŬ ɜɘŰɟɘəɩɜ 

ŬɚɎŰɤɜ ˊŬɚɚɎŭɘɞɡ (ˊɞɡ ˊŮɟɘɏɢŮɘ 1000 mg*dm-3 Pd2+ ůŮ 0,5 ɀ HNO3), ŬɟŬɘɤɛɏɜɞ 10 

űɞɟɏɠ ɛŮ 0.5 ɀ HNO3 əŬɘ ŭɘɎɚɡɛŬ ɢɚɤɟɘŭɑɞɡ Űɞɡ ˊŬɚɚɎŭɘɞɡ (ˊɞɡ ˊŮɟɘɏɢŮɘ 5% ə.ɓ. 

PdCl2 ůŮ ŭɘɎɚɡɛŬ 10% ə.ɓ. HCl), ɞɛɞɑɤɠ ŬɟŬɘɤɛɏɜɞ ůŮ 100 mg*dm-3 Pd2+ ůŮ 0.5 M 

HCl. ɆŰɖ ůɡɜɏɢŮɘŬ ɖ ɜŰɞˊŬɟɘůɛɏɜɖ əŬɘ ˊɚɐɟɤɠ Ŭɜɖɔɛɏɜɖ PPy ɓɡɗɑɕŮŰŬɘ ůŮ 10ml Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ ɔɘŬ ɏɜŬ ˊɟɞəŬɗɞɟɘůɛɏɜɞ ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ. ɀŮŰɎ Ŭˊɧ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ 

Űɤɜ ɡˊɧ əŬŰŮɟɔŬůɑŬ ŮˊɘűŬɜŮɘɩɜ Ŭˊɧ Űɞ ɘɞɜŰɘəɧ ŭɘɎɚɡɛŬ ˊŬɚɚɎŭɘɞɡ, ɝŮˊɚɏɜɞɜŰŬɘ 
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ŮɜŭŮɚŮɢɩɠ ɛŮ ŬˊɞůŰŬɔɛɏɜɞ ɜŮɟɧ. ɇŬ film PPy ˊɞɡ ŮˊɘəŬɚɨűɗɖəŬɜ ɛŮ ˊŬɚɚɎŭɘɞ ɛŮ 

Űɖɜ ˊŬɟŬˊɎɜɤ ŭɘŬŭɘəŬůɑŬ ŮɑɜŬɘ ˊɚɏɞɜ ɏŰɞɘɛŬ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɐ Űɞɡɠ ŬˊɞɡůɑŬ 

ɟŮɨɛŬŰɞɠ (electroless copper plating) (17). 

 

όƛǾύ ɮˉˈʻʶˋʹ ˔ʰ˂ˁˇˏ ʰˉˇˎˋʾʰ ˊʶˏ˃ʰˍˇˌ 

 

ɀŮŰɎ Űɖɜ ŬˊɧɗŮůɖ ˊŬɚɚŬŭɑɞɡ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ŬɡŰɐ ɓɡɗɑɕŮŰŬɘ ůŮ əŬŰɎɚɚɖɚɞ ɚɞɡŰɟɧ 

ŮˊɘɢɎɚəɤůɖɠ. ȺəŮɑ, ŰŬ ɘɧɜŰŬ ɢŬɚəɞɨ ˊɞɡ ɡˊɎɟɢɞɡɜ ɛɏůŬ ůŰɞ ŭɘɎɚɡɛŬ ŬˊɞűɞɟŰɑɕɞɜŰŬɘ 

ˊɟɞɠ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ, ɞ ɞˊɞɑɞɠ ŬˊɞŰɑɗŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ. 

 

ȼ ůɡɜɞɚɘəɐ ŭɘŬŭɘəŬůɑŬ ŮˊɘɢɎɚəɤůɖɠ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ ˊŮɟɘɔɟŬűŮɑ Ŭˊɧ 

Űɖɜ ˊŬɟŬəɎŰɤ ŬɜŰɑŭɟŬůɖ:  

 

 

 

Cu2+ + 2HCHO + 4OH- Ÿ CuÁ + H2 + 2H2O + 2HCO2
-  (ȷɜŰɑŭɟŬůɖ 14) 

 

 

ɖ ɞˊɞɑŬ, ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, əŬŰŬɚɨŮŰŬɘ Ŭˊɧ Űɞ ˊŬɚɚɎŭɘɞ. ȷɜŬɚɡŰɘəɧŰŮɟŬ, əŬŰɎ 

Űɖɜ ŬɜŰɑŭɟŬůɖ ŬɡŰɐ ɖ űɞɟɛŬɚŭŮɦŭɖ (HCHO) ɞɝŮɘŭɩɜŮŰŬɘ ˊɟɞɠ ɛɡɟɛɖəɘəɧ ɞɝɨ 

(HCOOH), Űɞ ɞˊɞɑɞ Ůɜ ůɡɜŮɢŮɑŬ ŭɘŬůˊɎŰŬɘ əŬɘ ŭɑɜŮɘ ɡŭɟɞɔɧɜɞ (ũ2), Űɞ ɞˊɞɑɞ 

ŮəɚɨŮŰŬɘ əŬŰɎ Űɖɜ ŬɜŰɑŭɟŬůɖ. ɇɖɜ ɑŭɘŬ ůŰɘɔɛɐ, ŰŬ ɘɧɜŰŬ Űɞɡ ɢŬɚəɞɨ (Cu2+) ŬɜɎɔɞɜŰŬɘ 

ˊɟɞɠ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ, ɞ ɞˊɞɑɞɠ ɏŰůɘ ŬˊɞŰɑɗŮŰŬɘ ˊɎɜɤ ůŰɖɜ ɡˊɧ ŮˊŮɝŮɟɔŬůɑŬ 

Ů́ ɘűɎɜŮɘŬ. 

 

ɀɘŬ ɢŬɟŬəŰɖɟɘůŰɘəɐ ůɨɜɗŮůɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, Űɖɜ ɞˊɞɑŬ 

ɢɟɖůɘɛɞˊɞɑɖůŬɜ ɞɘ Lim, Kang əŬɘ Neoh (17), ŮɑɜŬɘ ɖ Ŭəɧɚɞɡɗɖ:  0.7 % ə.ɓ. CuSO4-

5H2Ƀ, 2.5% ə.ɓ. Űɟɡɔɘəɧ (tartrate) əɎɚɘɞ ɜɎŰɟɘɞ, 0.4% ə.ɓ. ɡŭɟɞɝŮɑŭɘɞ ɜŬŰɟɑɞɡ əŬɘ 1% 

ə.ɓ. űɞɟɛŬɚŭŮɦŭɖ. 

ȼ ŭɘŬŭɘəŬůɑŬ ŮˊɘɢɎɚəɤůɖɠ ɛŮŰɎ Ŭˊɧ Űɞ ɓɐɛŬ ɚɐɣɖɠ ˊŬɚɚɎŭɘɞɡ ŮɝŬɟŰɎŰŬɘ ɏɜŰɞɜŬ Ŭˊɧ 

Űɖɜ ŬɜŬɚɞɔɑŬ [Pd]/[N] ůŰɞ film. ɀɏůɤ ɛŮŰɟɐůŮɤɜ űŬůɛŬŰɞůəɞˊɑŬɠ XPS (X-Ray 

Photoelectron Spectroscopy/ ūŬůɛŬŰɞůəɞˊɑŬ űɤŰɞɖɚŮəŰɟɞɜɑɤɜ ŬəŰɑɜɤɜ ɉ) əŬɘ 

űŬůɛŬŰɞůəɞˊɑŬɠ űɤŰɞɖɚŮəŰɟɞɜɑɤɜ Auger, ɏɢŮɘ ˊɟɞŰŬɗŮɑ Ŭˊɧ ŮɟŮɡɜɖŰɏɠ ɧŰɘ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ ŬɡŰɐɠ Űɖɠ electroless ŭɘŬŭɘəŬůɑŬɠ ŮˊɘɢɎɚəɤůɖɠ, ŰŬ ɘɧɜŰŬ Cu2+ 

ŬˊɞűɞɟŰɑɕɞɜŰŬɘ ŬɟɢɘəɎ ůŮ Cu+1 ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ film Űɖɠ PPy ˊɟɘɜ Ŭˊɧ Űɖɜ ˊɚɐɟɖ 

ŬˊɞűɧɟŰɘůɐ Űɞɡɠ ůŮ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ Űɖɠ ŰŮɚɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ (17). 

 

ȼ ɛɏɗɞŭɞɠ ɛŬɠ ŮˊɘɢŮɑɟɖůŮ ɜŬ ŬɜŰɘəŬŰŬůŰɐůŮɘ Űɖ ɛɏɗɞŭɞ ŬɡŰɐ. 

 

ɹɹΦ ɾʶ ˉˇ˂ˎˉˎˊˊˈ˂ʹ ˔˖ˊʾˌ ˉʰ˂˂ʱʵʽˇ 

 

ȼ ɛɏɗɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ ɛŮ Űɖ ɢɟɐůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊŮɟɘɔɟɎűŮŰŬɘ Ůŭɩ (13, 47, 48, 

49, 50). ȼ ŬɜŬɚɡŰɘəɐ ˊŮɟɘɔɟŬűɐ Űɖɠ ůɡɔəŮəɟɘɛɏɜɖɠ ɛŮɗɧŭɞɡ Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ ɛŬɠ 

ï ɖ ɞˊɞɑŬ ŭɘŬűɏɟŮɘ ŮɑɜŬɘ ɓŮɚŰɑɤůɖ ŬɡŰɐɠ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŮ ŬɡŰɧ Űɞ 

ɡˊɞəŮűɎɚŬɘɞ əŬɘ ɖ ˊɟɩŰɖ ůɢŮŰɘəɐ ɛɏɗɞŭɞɠ ˊɞɡ ŬɜŬˊŰɨůůŮŰŬɘ ůŰɖɜ Ⱥɚɚɖɜɘəɧ 

ɢɩɟɞ ï ɚŬɛɓɎɜŮɘ ɢɩɟŬ ůŰɞ ˊŮɘɟŬɛŬŰɘəɧ ɛɏɟɞɠ ˊŬɟŬəɎŰɤ. 
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ɱʶ˄ʽˁʱ 

 

Ƀɘ ŰɟɏɢɞɡůŮɠ ɓɘɞɛɖɢŬɜɘəɏɠ ŰŮɢɜɞɚɞɔɑŮɠ, ˊɞɡ ɡɘɞɗŮŰɞɨɜŰŬɘ ɔɘŬ Űɖɜ ŮˊɘɛŮŰɎɚɚɤůɖ Űɤɜ 

Űɡˊɤɛɏɜɤɜ ˊɘɜɎəɤɜ əɡəɚɤɛɎŰɤɜ, (PCBs) ɢɟɖůɘɛɞˊɞɘɞɨɜ əɞɚɚɞŮɘŭɐ ŭɘŬɚɨɛŬŰŬ 

ˊɞɚɨŰɘɛɤɜ ɛŮŰɎɚɚɤɜ (ˊ.ɢ. Pd ɐ Pt) əŬɘ ɔɜɤůŰɏɠ əŬɟəɘɜɞɔɧɜŮɠ ɞɡůɑŮɠ, ɧˊɤɠ ɖ 

űɞɟɛŬɚŭŮɦŭɖ. ȼ ɢɟɐůɖ ŬɡŰɩɜ Űɤɜ ŮˊɘɓɚŬɓɩɜ ɢɖɛɘəɩɜ ɞɡůɘɩɜ (ŮɘŭɘəɎ Űɖɠ 

űɞɟɛŬɚŭŮɒŭɖɠ) əŬɘ ɖ ŬˊŬɑŰɖůɖ ɔɘŬ Ŭəɟɘɓɞɨɠ ɛŮŰŬɚɚɘəɞɨɠ əŬŰŬɚɨŰŮɠ ŮɑɜŬɘ 

ɛŮɘɞɜŮəŰɐɛŬŰŬ Űɖɠ ůɖɛŮɟɘɜɐɠ ŰŮɢɜɞɚɞɔɑŬɠ ɢɖɛɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ. ȾŬŰɎ ůɡɜɏˊŮɘŬ, ɔɘŬ 

ɞɘəɞɜɞɛɘəɞɨɠ əŬɘ ˊŮɟɘɓŬɚɚɞɜŰɘəɞɨɠ ɚɧɔɞɡɠ ɡˊɎɟɢŮɘ ɘŭɘŬɑŰŮɟɞ ŮɜŭɘŬűɏɟɞɜ ɔɘŬ Űɖɜ 

ŬɜɎˊŰɡɝɖ ŮɜŬɚɚŬəŰɘəɩɜ çəŬɗŬɟɩɜè ŰŮɢɜɞɚɞɔɘɩɜ ɔɘŬ ŰɏŰɞɘŮɠ ŭɘŬŭɘəŬůɑŮɠ (37). 

ɇŬ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ ŮɑɜŬɘ ŮɛˊɞɟɘəɎ ŭɘŬɗɏůɘɛŬ ɔɘŬ ɢɟɧɜɘŬ, ŬɚɚɎ ɛɧɜɞ Űɞ ɏɜŬ (ɖ 

ˊɞɚɡˊɡɟɟɧɚɖ) ɏɢŮɘ ɡɘɞɗŮŰɖɗŮɑ ŮɡɟɨŰŮɟŬ ɤɠ ŮɜŬɚɚŬəŰɘəɐ ɛɏɗɞŭɞɠ ɔɘŬ ɜŬ əŬŰŬůŰɐůŮɘ 

ŮˊɘűɎɜŮɘŮɠ (əŬɘ ŮɘŭɘəɎ Űɘɠ ɞˊɏɠ, ůŰɖ ɓɘɞɛɖɢŬɜɑŬ əŬŰŬůəŮɡɐɠ PCB) ŬɔɩɔɘɛŮɠ. ȼ 

ˊɞɚɡˊɡɟɟɧɚɖ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŬɟɢɘəɎ ůŰɖɜ Ⱥɡɟɩˊɖ, ŮɑɜŬɘ ˊɞɚɨ əŬŰɎɚɚɖɚɖ ɔɘŬ 

ɞɟɘɕɧɜŰɘŬ ŭɘŬŭɘəŬůɑŬ ɛŮ ɘɛɎɜŰŬ ɛŮŰŬűɞɟɎɠ. ɆŰɖɜ ˊɟŬɔɛŬŰɘəɧŰɖŰŬ, əɎɗŮ ŭŮɨŰŮɟɞ 

əŬŰŬɜŬɚɤŰɘəɧ ɖɚŮəŰɟɞɜɘəɧ Űɞ ɞˊɞɑɞ ˊŬɟɎɔŮŰŬɘ ůŰɖɜ Ⱥɡɟɩˊɖ ˊŮɟɘɏɢŮɘ ˊɞɚɡˊɡɟɟɧɚɖ 
(11). 

Ƀɘ ŬˊŬɘŰɐůŮɘɠ ɩůŰŮ ɖ ɜɏŬ ŰŮɢɜɞɚɞɔɑŬ ɜŬ ɔɑɜŮɘ ˊɟɞůɘŰɐ ŮɑɜŬɘ: ɄɟɩŰɞɜ ɖ ŭɘŬŭɘəŬůɑŬ 

ŮˊɘɛŮŰɎɚɚɤůɖɠ ɛŮ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ ɜŬ ɛɖɜ ŮɜɏɢŮɘ ŮˊɘɓɚŬɓŮɑɠ-Űɞɝɘəɏɠ ɞɡůɑŮɠ. 

ȹŮɨŰŮɟɞɜ ɖ ŭɘŬŭɘəŬůɑŬ ŮˊɘəɎɚɡɣɖɠ Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ ɜŬ ŮɑɜŬɘ Ŭˊɚɐ əŬɘ ɜŬ 

ˊŬɟɎɔŮɘ ɏɜŬ əŬɚɎ ˊɟɞůűɡɧɛŮɜɞ ůŰɞ ɡˊɧůŰɟɤɛŬ Űɞɡ ɛɞɜɤŰɐ film ˊɞɚɡɛŮɟɞɨɠ. 

ɇɟɑŰɞɜ, Űɞ ˊɟɞŮˊɘəŬɚɡɛɏɜɞ ˊɞɚɡɛŮɟɏɠ ɜŬ ŮɑɜŬɘ ŬɟəŮŰɎ Ŭɔɩɔɘɛɞ ɩůŰŮ ɜŬ ŮɑɜŬɘ ŭɡɜŬŰɐ 

ŬɟɔɧŰŮɟŬ ɖ ɖɚŮəŰɟŬˊɧɗŮůɖ ɢŬɚəɞɨ. ɇɏŰŬɟŰɞɜ, ɖ ŭɨɜŬɛɖ ˊɟɧůűɡůɖɠ (peel strength), 

ˊɞɡ ɛŮŰɟɎŰŬɘ ɔɘŬ ɚɤɟɑŭŮɠ ɛŮŰɎɚɚɞɡ (metal strip), ˊɞɡ ŬˊɞŰɏɗɖəŬɜ ŮˊɎɜɤ Ŭˊɧ Űɞ 

Ŭɔɩɔɘɛɞ ˊɞɚɡɛŮɟɏɠ, ɜŬ ŮɑɜŬɘ ɘəŬɜɞˊɞɘɖŰɘəɐ. ɄɏɛˊŰɞɜ, ɜŬ ŮɑɜŬɘ ŮűɘəŰɐ ɖ 

ŮˊɘɛŮŰɎɚɚɤůɖ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ ɞˊɩɜ (through hole plating), əɎŰɘ Űɞ ɞˊɞɑɞ ŮɑɜŬɘ ˊɞɚɨ 

ůɖɛŬɜŰɘəɧ ɔɘŬ Űɖɜ əŬŰŬůəŮɡɐ PCB (ɔɘŬ Űɖɜ ŭɘŬůɨɜŭŮůɖ Űɤɜ ŭɘŬűɞɟŮŰɘəɩɜ 

ůŰɟɤɛɎŰɤɜ/Ůˊɘˊɏŭɤɜ Űɞɡ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ) (40). 

 

ʅˍʱʵʽʰ ˍʹˌ ˃ʶʻˈʵˇˎ 

ɹΦ ʋʹ˃ʽˁʺ ˋˏ˄ʻʶˋʹ ˉˇ˂ˎˉˎˊˊˈ˂ʹˌ  

 

ȰɜŬɠ ɚŮˊŰɧɠ ɡɛɏɜŬɠ (film) Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ ŬˊɞŰɑɗŮŰŬɘ ŬɟɢɘəɎ ŮˊɎɜɤ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ, ˊɞɡ ŮˊɘɛŮŰŬɚɚɩɜŮŰŬɘ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɖ ŬˊɧɗŮůɖ 

ŮˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ůɡɜɐɗɤɠ ɔɑɜŮŰŬɘ ɛɏůɤ ŭɨɞ ůŰŬŭɑɤɜ ɢɖɛɘəɐɠ ůɨɜɗŮůɖɠ ůŰɖɜ 

ɞˊɞɑŬ, ŮɑŰŮ Űɞ ɛɞɜɞɛŮɟɏɠ Űɖɠ ˊɡɟɟɧɚɖɠ, ŮɑŰŮ Űɞ ɞɝŮɘŭɤŰɘəɧ ɓɟɑůəŮŰŬɘ 

(ˊɟɞůɟɞűɖɛɏɜɞ) ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɛŮŰɎ Ŭˊɧ ɏɜŬ ɓɐɛŬ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬɠ. ȷɡŰɐ ɖ 

ŮˊŮɝŮɟɔŬůɛɏɜɖ ŮˊɘűɎɜŮɘŬ ɓɡɗɑɕŮŰŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ůŮ ɏɜŬ ŭɘɎɚɡɛŬ, ˊɞɡ ˊŮɟɘɏɢŮɘ Űɞ 

Ɏɚɚɞ ŬɜŰɘŭɟŬůŰɐɟɘɞ əŬɘ ɞ ˊɟɞəɨˊŰɤɜ ˊɞɚɡɛŮɟɘůɛɧɠ ɔɑɜŮŰŬɘ ůɢŮŭɧɜ Ůɝ ɞɚɞəɚɐɟɞɡ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ (37, 40, 51, 52, 53). 

 

ʁ˅ʶʽʵ˖ˍʽˁʺ ˉˊˇ-ʶˉʶ˅ʶˊʴʰˋʾʰ 
 

ɆɨɛűɤɜŬ ɛŮ Űɖ ɛɏɗɞŭɞ ɛɏɗɞŭɞɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ ˊɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ ůŰɖɜ 

ŭɖɛɞůɘŮɡɛɏɜɖ ŬɑŰɖůɖ PCT Ɂɞ. 89/00204, ɖ ŮˊɘűɎɜŮɘŬ Ůɜɧɠ ɡˊɞůŰɟɩɛŬŰɞɠ 

ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬ (pretreatment) ɛŮ ɏɜŬ ŭɘɎɚɡɛŬ ˊɞɡ ɏɢŮɘ ɞɝŮɘŭɤŰɘəɐ 

ɘəŬɜɧŰɖŰŬ, ŬˊɞɛŬəɟɨɜŮŰŬɘ Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ əŬɘ ɝŮˊɚɏɜŮŰŬɘ, ŮɘůɎɔŮŰŬɘ ɛɏůŬ ůŮ ɏɜŬ 

ŭɘɎɚɡɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ɏɜŬ ɛɞɜɞɛŮɟɏɠ (ɧˊɤɠ ɖ ˊɡɟɟɧɚɖ, Űɞ űɞɡɟɎɜɘɞ [furane], Űɞ 
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ɗŮɘɞűŬɑɜɘɞ [thiophene] ɐ ˊŬɟɎɔɤɔŬ Űɞɡ) əŬɘ ůɢɖɛŬŰɑɕŮŰŬɘ ŮˊɘəɎɚɡɣɖ ˊɎɜɤ ůŰɞ 

ɡˊɧůŰɟɤɛŬ (Űɞ ˊɚŮɞɜɎɕɞɜ ŭɘɎɚɡɛŬ ŬˊɞɛŬəɟɨɜŮŰŬɘ ɛŮ ɝɏˊɚɡɛŬ) Űɞ ɞˊɞɑɞ ˊɚɏɞɜ ɏɢŮɘ 

əŬŰŬůŰŮɑ ɖɛɘ-Ŭɔɩɔɘɛɞ əŬɘ ŮɑɜŬɘ ˊɚɏɞɜ ŭɡɜŬŰɐ ɖ ŮɡɗŮɑŬɠ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɛŮŰɎɚɚɤůɖ 

Űɞɡ. 

 

ɇɞ ŭɘɎɚɡɛŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɝŮɘŭɤŰɘəɐ ˊɟɞ-ŮˊŮɝŮɟɔŬůɑŬ ˊŮɟɘɏɢŮɘ ɎɚŬŰŬ 

ɡˊŮɟɛŬɔɔŬɜɘəɞɨ, ɛŬɔɔŬɜɘəɧ, ɡˊŮɟɘɤŭɘəɧ əŬɘ / ɐ ŭɖɛɖŰɟɑɞɡ IV (salts of permanganate, 

manganate, periodate and/or cerium IV). 

ɇɞ ŭɘɎɚɡɛŬ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ŮɜŮɟɔɞˊɞɑɖůɖ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ ɛˊɞɟŮɑ ɜŬ 

ˊŮɟɘɏɢŮɘ ɛɑŬ ɞɝŮɘŭɤŰɘəɐ ɞɡůɑŬ ɧˊɤɠ ɡˊŮɟɗŮɘɥəɧ ŭɘɎɚɡɛŬ ŬɚəŬɚɘəɞɨ ɛŮŰɎɚɚɞɡ (alkali 

metal persulfate), ɡˊŮɟɞɝɡŭɘɗŮɘɥəɧ ŭɘɎɚɡɛŬ ŬɚəŬɚɘəɞɨ ɛŮŰɎɚɚɞɡ (alkali metal 

peroxydisulfate), ɡˊŮɟɞɝŮɑŭɘɞ ɡŭɟɞɔɧɜɞɡ (hydrogen peroxide), ɎɚŬɠ ůɘŭɐɟɞɡ ɧˊɤɠ 

ɢɚɤɟɘɞɨɢɞɠ ůɑŭɖɟɞɠ (ferric chloride), ɡˊŮɟɘɤŭɘəɏɠ ɐ ˊŬɟɧɛɞɘŮɠ ŮɜɩůŮɘɠ ŬɚəŬɚɘəɞɨ 

ɛŮŰɎɚɚɞɡ ůŮ ɧɝɘɜɞ ŭɘɎɚɡɛŬ. ȰɜŬ ŭɘɎɚɡɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ ɏɜŬ ŭɟŬůŰɘəɧ ˊŬɟɎɔɞɜŰŬ 

ɞɝŮɑŭɤůɖɠ ůŮ ɛɑŬ ˊɞůɧŰɖŰŬ Ŭˊɧ 25 ɏɤɠ 75 ɔɟŬɛɛɎɟɘŬ ŬɜɎ ɚɑŰɟɞ (g/l) ŭɘŬɚɨɛŬŰɞɠ 

ɗŮɤɟŮɑŰŬɘ ɘəŬɜɞˊɞɘɖŰɘəɧ. 

 

ɇɞ ɛɞɜɞɛŮɟɏɠ ˊŮɟɘɏɢŮŰŬɘ ůŮ ɏɜŬɜ əŬŰɎɚɚɖɚɞ ŭɘŬɚɨŰɖ ůŮ ɛɑŬ ˊɞůɧŰɖŰŬ Ŭˊɧ 5% ɏɤɠ 

35% əŬŰɎ ɓɎɟɞɠ. ɇɞ ɡˊɧůŰɟɤɛŬ ɓɡɗɑɕŮŰŬɘ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ ɔɘŬ ɏɜŬ 

ɢɟɞɜɘəɧ ŭɘɎůŰɖɛŬ ˊɞɡ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ ŬɟəŮŰɎ ŭŮɡŰŮɟɧɚŮˊŰŬ ɏɤɠ 20 ɚŮˊŰɎ ůŮ 

ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ. 

 

ȼ ŮˊŮɝŮɟɔŬůɑŬ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ůŮ ɗŮɟɛɞəɟŬůɑŬ ŭɤɛŬŰɑɞɡ ɛŮ ɢɟɧɜɞɡɠ ŮɛɓɎˊŰɘůɖɠ Ŭˊɧ 

1 ɏɤɠ 10 ɚŮˊŰɎ əŬɘ ɖ ŮˊŮɝŮɟɔŬůɑŬ ɏɢŮɘ ɞɚɞəɚɖɟɤɗŮɑ ɧŰŬɜ ɏɜŬɠ ůəɞɨɟɞɠ əŬűɏ ɐ 

ɛŬɨɟɞɠ ɢɟɤɛŬŰɘůɛɧɠ ůɢɖɛŬŰɑɕŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ȹɡůɢɏɟŮɘŮɠ ɛŮ 

ŬɡŰɐ Űɖ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɖɜ Ůɚɚɘˊɐ əɎɚɡɣɖ Űɤɜ ɘɜɩɜ ɡɎɚɞɡ ɐ Űɞɡ 

ŮˊɞɝŮɘŭɑɞɡ (FR4 ɐ Ɏɚɚɞɘ Űɨˊɞɘ) (ŮɝŬɘŰɑŬɠ Űɞɡ ɧŰɘ Űɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ 

ŬűŬɘɟŮɑŰŬɘ ˊɟɘɜ Űɖɜ ˊɟɞůɗɐəɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ɛɞɜɞɛŮɟɞɨɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ ɏɢŮɘ 

ɛŮɑɜŮɘ ɛɘəɟɐ ˊɞůɧŰɖŰŬ Űɞɡ ŭɘŬɗɏůɘɛɖ Űɖɠ ŮˊɘűɎɜŮɘŬ Űɤɜ ˊɟɞɠ ŮˊɘəɎɚɡɣɖ 

ŮˊɘűŬɜŮɘɩɜ), ˊɞɡ ɛˊɞɟŮɑ ɜŬ ɞŭɖɔɐůŮɘ ůŮ ŬůɡɜɏɢŮɘŮɠ ůŰɖɜ ŮˊɘəɎɚɡɣɖ əŬɘ ɖ ɢɟɐůɖ 

ˊŰɖŰɘəɩɜ ɞɟɔŬɜɘəɩɜ ŮɜɩůŮɤɜ ůŰɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ ŮɜŭɏɢŮŰŬɘ ɜŬ ŮɑɜŬɘ Űɞɝɘəɏɠ. (43) 

 

ɇɞ ˊŬɟŬˊɎɜɤ ˊɟɧɓɚɖɛŬ Űɖɠ ɛɖ ŮˊŬɟəɞɨɠ ŮˊɘəɎɚɡɣɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɞˊɐɠ ŭŮɜ 

ŮɑɜŬɘ ˊɟɧɓɚɖɛŬ ɛŮ Űɖ ŭɑəɖ ɛŬɠ ɛɏɗɞŭɞ, ůŰɖɜ ɧˊɞɘŬ ɏɢɞɡɛŮ ˊɚɐɟɖ əɎɚɡɣɖ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ FR4 (ɓɚ. ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ). 

 

Lƴ ǎƛǘǳ ˉˇ˂ˎ˃ʶˊʽˋ˃ˈˌ 
 

ɀɘŬ Űɟɞˊɞˊɞɑɖůɖ Űɖɠ ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɞɡ ˊŮɟɘɔɟɎűŮŰŬɘ Ŭˊɧ Űɞɡɠ Gottsfield et al. (40). 

ȾŬŰɎ Űɖɜ Űɟɞˊɞˊɞɘɖɛɏɜɖ ŬɡŰɐ ɛɏɗɞŭɞ Űɞ ɡˊɧůŰɟɤɛŬ ˊɞɡ ˊɟɧəŮɘŰŬɘ ɜŬ 

ŮˊɘɛŮŰŬɚɚɤɗŮɑ ɓɡɗɑɕŮŰŬɘ ŬˊŮɡɗŮɑŬɠ ɛɏůŬ ůŮ ɏɜŬ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ əŬɘ Űɞ 

ɛɞɜɞɛŮɟɏɠ ůŰɖ ůɡɜɏɢŮɘŬ ˊɟɞůŰɑɗŮŰŬɘ ůŰɞ ŭɘɎɚɡɛŬ ɔɘŬ ɜŬ ˊɟɞəŬɚɏůŮɘ in situ 

ůɢɖɛŬŰɘůɛɧ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ˊŬɟɞɡůɑŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ɀŮɘɞɜŮəŰɐɛŬŰŬ ůŰɖ 

ɛɏɗɞŭɞ ŬɡŰɐ ˊŮɟɘɚŬɛɓɎɜɞɡɜ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŮ ɧɚŮɠ Űɘɠ ŮˊɘűɎɜŮɘŮɠ 

ˊɞɡ ɏɟɢɞɜŰŬɘ ůŮ ŮˊŬűɐ ɛŮ Űɞ ŭɘɎɚɡɛŬ, ŭɖɚŬŭɐ, ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ŭɞɢŮɑɞɡ əŬɗɩɠ əŬɘ 

Űɞ ɡˊɧůŰɟɤɛŬ, ɖ ˊŮɟɘɞɟɘůɛɏɜɖ ŭɘɎɟəŮɘŬ ɕɤɐɠ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ŮˊŮɝŮɟɔŬůɑŬɠ əŬɘ 

ˊɘɗŬɜɐ ŰɞɝɘəɧŰɖŰŬ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ (43). 
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ɇɞ ˊɟɧɓɚɖɛŬ Űɖɠ ŭɖɛɘɞɡɟɔɑŬɠ ˊɞɚɡɛŮɟɞɨɠ ůŮ ɧɚŮɠ Űɘɠ ŮˊɘűɎɜŮɘŮɠ ˊɞɡ ɏɟɢɞɜŰŬɘ ůŮ 

ŮˊŬűɐ ɛŮ ŰŬ ŭɘŬɚɨɛŬŰŬ ɚɨɜŮŰŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ ɣŮəŬůɛɞɨ Űɖɜ ɞˊɞɑŬ ŭɞəɘɛɎůŬɛŮ 

ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ (ɓɚ. ˊŬɟŬəɎŰɤ). 

 

ɆŰɖ ŭɘəɐ ɛŬɠ ɛɏɗɞŭɞ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɡˊŮɟɗŮɘɥəɎ ɘɧɜŰŬ ŬɜŰɑ ɔɘŬ Űɟɘɢɚɤɟɘɞɨɢɞ 

ůɑŭɖɟɞ ɤɠ ɞɝŮɘŭɤŰɘəɐ ɞɡůɑŬ. 

 

ʅˏ˄ʻʶˋʹ ˍʹˌ ˉˇ˂ˎˉˎˊˊˈ˂ʹˌ 

 

Ƀɘ ˊŮɟɘůůɧŰŮɟŮɠ ɢɖɛɘəɏɠ ůɡɜɗɏůŮɘɠ Ŭɔɩɔɘɛɤɜ ˊɞɚɡɛŮɟɩɜ, ˊɞɡ ˊŮɟɘɔɟɎűɞɜŰŬɘ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ, ˊɟŬɔɛŬŰɞˊɞɘɞɨɜŰŬɘ ɡˊɧ  ɛɖ-ůŰɞɘɢŮɘɞɛŮŰɟɘəɏɠ ůɡɜɗɐəŮɠ ɛŮ Űɞ 

ɛɞɜɞɛŮɟɏɠ ůɡɜɐɗɤɠ ɜŬ ŮɑɜŬɘ ůŮ ˊŮɟɑůůŮɘŬ ůɡɔəɟɘŰɘəɎ ɛŮ Űɞ ɞɝŮɘŭɤŰɘəɧ. 

ȷɡŰɐ ɖ ɛɏɗɞŭɞɠ ɗŮɤɟŮɑŰŬɘ ɧŰɘ ɛŮɘɩɜŮɘ Űɖɜ ˊɘɗŬɜɧŰɖŰŬ ɡˊŮɟɞɝŮɑŭɤůɖɠ 

(overoxidation) Űɞɡ ˊŬɟŬɢɗɏɜŰɞɠ Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ (37, 54). 

 

ɋůŰɧůɞ ɛŮɟɘəɞɑ ŮɟŮɡɜɖŰɏɠ (37) ɔŮɜɘəɎ ůɡɜɗɏŰɞɡɜ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ, ɧˊɤɠ ɖ 

ˊɞɚɡˊɡɟɟɧɚɖ (polypyrrole) əŬɘ ɖ ˊɞɚɡŬɜɘɚɑɜɖ (polyaniline), ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ 

ůŰɞɘɢŮɘɞɛŮŰɟɘəɏɠ Ŭɟɢɘəɏɠ ŬɜŬɚɞɔɑŮɠ mole ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ (ˊ.ɢ. 2.33:1 ɔɘŬ 

Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ ˊɡɟɟɧɚɖɠ Ŭˊɧ FeCl3). ȷɡŰɏɠ ɞɘ ůɡɜɗɐəŮɠ ŬɜŰɑŭɟŬůɖɠ ŮˊɘɚɏɔɞɜŰŬɘ 

ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŮɚŬɢɘůŰɞˊɞɘɖɗŮɑ ɞ ɟɡɗɛɧɠ ˊɞɚɡɛŮɟɘůɛɞɨ (ˊɞɡ ŬɡɝɎɜŮŰŬɘ əŬɘ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ əŬɘ ɛŮ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ 

ɛɞɜɞɛŮɟɞɨɠ) ɔɘŬ ɛɘŬ ŭŮŭɞɛɏɜɖ  ˊŬɟŬɔɤɔɐ  Űɞɡ Ŭɔɩɔɘɛɞɡ ˊɞɚɡɛŮɟɞɨɠ. ȺɎɜ ɞ ɟɡɗɛɧɠ 

ˊɞɚɡɛŮɟɘůɛɞɨ ŮɑɜŬɘ ˊɎɟŬ ˊɞɚɨ ɡɣɖɚɧɠ ŭŮɜ ůɢɖɛŬŰɑɕɞɜŰŬɘ ůŰŬɗŮɟɎ əɞɚɚɞŮɘŭɐ əŬɘ Űɞ 

Ŭɔɩɔɘɛɞ ˊɞɚɡɛŮɟɏɠ ɚŬɛɓɎɜŮŰŬɘ ŬɜŰɑ ŬɡŰɞɨ, ɤɠ ɛɖ-ŮˊŮɝŮɟɔɎůɘɛɞ ɛŬəɟɞůəɞˊɘəɧ 

ɑɕɖɛŬ (37). 

 

Ȱɢɞɡɜ ɡˊɎɟɝŮɘ ůɢŮŰɘəɎ ɚɑɔŮɠ ɛŮɚɏŰŮɠ Űɖɠ ůɨɜɗŮůɖɠ Ŭɔɩɔɘɛɤɜ ˊɞɚɡɛŮɟɩɜ ɛŮ 

ŬɜŬɚɞɔɑŮɠ ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ  ˊŬɟŬˊɎɜɤ Ŭˊɧ ŰŬ ˊɞůɎ ˊɞɡ ŭɑɜɞɜŰŬɘ Ŭˊɧ ŬɡŰɐ 

Űɖ ůŰɞɘɢŮɘɞɛŮŰɟɑŬ. Ƀ Myers ɐŰŬɜ ɞ ˊɟɩŰɞɠ ˊɞɡ ŮˊɘůɐɛŬɜŮ ɧŰɘ ɞɘ ɡɣɖɚɏɠ Ŭɟɢɘəɏɠ 

ŬɜŬɚɞɔɑŮɠ mole ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ ɐŰŬɜ ŮˊɘɗɡɛɖŰɏɠ ɔɘŬ Űɖ ůɨɜɗŮůɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŮ ɞɟɘůɛɏɜɞɡɠ ɛɖ ɡŭŬŰɘəɞɨɠ ŭɘŬɚɨŰŮɠ. 

Ƀɘ Saurin əŬɘ Armes (37) ɡˊɞůŰɖɟɑɕɞɡɜ Űɖɜ Ɏˊɞɣɖ, ˊɞɡ ŮəűɟɎɕŮŰŬɘ əŬɘ Ŭˊɧ Űɞɡɠ 

Nicholau et al., ɧŰɘ ŬɜŮɝɎɟŰɖŰŬ Ŭˊɧ Űɞ ŭɘŬɚɨŰɖ, ŰɏŰɞɘŮɠ ůɡɜɗɏůŮɘɠ ɛɎɚɚɞɜ 

əŬŰŬůŰɏɚɚɞɡɜ Űɞ  ůɢɖɛŬŰɘůɛɧ ŭɘŬɚɡŰɩɜ ɞɚɘɔɞɛŮɟɩɜ Űɖɠ ˊɡɟɟɧɚɖɠ əŬɘ Ůɡɜɞɞɨɜ Űɞ 

ůɢɖɛŬŰɘůɛɧ ŬŭɘɎɚɡŰɞɡ əŬɘ ɡɣɖɚɞɨ ɛɞɟɘŬəɞɨ ɓɎɟɞɡɠ ˊɞɚɡɛŮɟɞɨɠ. 

ɄɟɧůűŬŰŬ, ůŮ ɛɑŬ ˊɟɞůˊɎɗŮɘŬ ɜŬ Ůɚɏɔɝɞɡɜ ŬɡŰɐɜ Űɖɜ ɡˊɧɗŮůɖ, ɞɘ ŮɟŮɡɜɖŰɏɠ Saurin 

əŬɘ Armes (37) ůɡɜɏɗŮůŬɜ ˊɞɚɡˊɡɟɟɧɚɖ ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɡˊŮɟɗŮɘɥəɧ Ŭɛɛɩɜɘɞ ůŬɜ 

ɞɝŮɘŭɤŰɘəɧ (Űɞ ɑŭɘɞ ɢɟɖůɘɛɞˊɞɘŮɑ ɖ ɛɏɗɞŭɞɠ ɛŬɠ) ůŮ ŰɟŮɘɠ ůɡɔəŮɜŰɟɩůŮɘɠ, ɞɘ ɞˊɞɑŮɠ 

ŬɜŰɘůŰɞɘɢɞɨůŬɜ ůŮ ˊŮɟɑůůŮɘŬ, ůŰɞɘɢŮɘɞɛŮŰɟɘəɐ ŬɜŬɚɞɔɑŬ əŬɘ ɛɘəɟɧŰŮɟɖ Űɖɠ 

ůŰɞɘɢŮɘɞɛŮŰɟɘəɐɠ ŬɜŬɚɞɔɑŬɠ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɤɠ ˊɟɞɠ Űɞ ɛɞɜɞɛŮɟɏɠ. ɇŬ ŭɘŬɚɨɛŬŰŬ 

ˊɞɡ ˊŬɟŮɚɐűɗɖůŬɜ ɛŮŰɎ Ŭˊɧ əɎɗŮ ɏɜŬɜ Ŭˊɧ ŬɡŰɞɨɠ Űɞɡɠ ˊɞɚɡɛŮɟɘůɛɞɨɠ 

ŮɝŮŰɎůŰɖəŬɜ Ŭˊɧ UV/ɞɟŬŰɐ űŬůɛŬŰɞůəɞˊɑŬ Ŭˊɞɟɟɧűɖůɖɠ əŬɘ ˊŬɟŬŰɖɟɐɗɖəŮ ɛɘŬ 

ɛŮɑɤůɖ ůŰɖɜ Ŭˊɞɟɟɧűɖůɖ ůŰɘɠ əɞɟɡűɏɠ Űɞɡ ɞɚɘɔɞɛŮɟɞɨɠ Űɖɠ ˊɡɟɟɧɚɖɠ ŰŬɡŰɧɢɟɞɜŬ 

ɛŮ Űɖɜ ŬɡɝŬɜɧɛŮɜɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ. ȾŬŰɎ ůɡɜɏˊŮɘŬ ŬɡŰɎ ŰŬ ˊŮɘɟɎɛŬŰŬ 

ɏŭŮɘɝŬɜ ɧŰɘ ɞ ůɢɖɛŬŰɘůɛɧɠ ɞɚɘɔɞɛŮɟɩɜ ɛˊɞɟŮɑ ˊɟɎɔɛŬŰɘ ɜŬ əŬŰŬůŰŬɚŮɑ ɛŮ Űɖ 

ɢɟɖůɘɛɞˊɞɑɖůɖ ɡɣɖɚɧŰŮɟɤɜ Ŭɟɢɘəɩɜ ŬɜŬɚɞɔɘɩɜ mole ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ ɔɘŬ 

Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ ˊɡɟɟɧɚɖɠ (37). 
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ȳůɞɜ ŬűɞɟɎ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ, ɞɘ ɑŭɘɞɘ ŮɟŮɡɜɖŰɏɠ ůɖɛŮɑɤůŬɜ ɛɘŬ ɏɜŰɞɜɖ ɛŮɑɤůɖ Űɖɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ (< 10-5 ɋ-1Åcm-1) ůŮ ůəɧɜŮɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ˊɞɡ ŮɚɐűɗɖůŬɜ Ŭˊɧ 

ůɡɜɗɏůŮɘɠ ɛŮ ůŰɞɘɢŮɘɞɛŮŰɟɘəɐ ůɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ. ũŮɜɘəɧŰŮɟŬ, ɔɘŬ ɛŮɟɘəɎ 

ɞɝŮɘŭɤŰɘəɎ ɖ ɢɟɐůɖ ɡɣɖɚɩɜ (ɐ ŬəɧɛŬ əŬɘ ůŰɞɘɢŮɘɞɛŮŰɟɘəɩɜ) ŬɜŬɚɞɔɘɩɜ 

ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ ŮɑɜŬɘ ɛɖ ˊɟŬəŰɘəɐ ɔɘŬ Űɖ ůɨɜɗŮůɖ ɡɣɖɚɐɠ ˊɞɘɧŰɖŰŬɠ 

Ŭɔɩɔɘɛɤɜ ˊɞɚɡɛŮɟɩɜ (37). 

ȷűô ŮŰɏɟɞɡ, ɖ ɞɛɎŭŬ Űɞɡ Martin ɏɢŮɘ ŬɜŬűɏɟŮɘ ɧŰɘ, ˊŬɟŬŭɧɝɤɠ, ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɟŬůəŮɡŬůŰɞɨɜ ˊɞɚɨ əŬɚɐɠ ˊɞɘɧŰɖŰŬɠ ůəɧɜŮɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ ŬɜŬɚɞɔɑŮɠ 

ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ Űɧůɞ ɡɣɖɚɏɠ ɧůɞ əŬɘ 50:1, ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɐˊɘŬ ɞɝŮɘŭɤŰɘəɎ, ɧˊɤɠ FeCl3. 

 

ȼ ˊŬɟŬˊɎɜɤ ŬɜɎɚɡůɖ ɓŬůɑɕŮŰŬɘ ůŮ ŭɨɞ ůɡɜŰŬɔɏɠ ˊŬɟŬůəŮɡɐɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ˊɞɡ 

ŬɜŬűɏɟɞɜŰŬɘ Ŭˊɧ Űɞɜ Saurin: Űɖ ůɡɜŰŬɔɐ ñLos Alamosò əŬɘ Űɖ ůɡɜŰŬɔɐ ñSussexò (37). 

ɆŰɖ ůɡɜŰŬɔɐ ñLos Alamosò ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůɢŮŭɧɜ ůŰɞɘɢŮɘɞɛŮŰɟɘəɐ ŬɜŬɚɞɔɑŬ 

ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ 2.40:1, Ůɜɩ ůŰɖ ůɡɜŰŬɔɐ ñSussexò ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɛɘŬ 

ˊɞɚɨ ɡɣɖɚɧŰŮɟɖ Ŭɟɢɘəɐ ŬɜŬɚɞɔɑŬ ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ ɑůɖ ɛŮ 61:1. ɇŬ ɑŭɘŬ 

ɤůŰɧůɞ ůɡɛˊŮɟɎůɛŬŰŬ ɘůɢɨɞɡɜ ɔŮɜɘəɎ əŬɘ ɔɘŬ ɧɚŮɠ Űɘɠ ɎɚɚŮɠ, ˊŬɟɧɛɞɘŮɠ ɛŮɗɧŭɞɡɠ 

ˊŬɟŬůəŮɡɐɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɞɡ ɡˊɎɟɢɞɡɜ (37, 40, 53). 

 

ȼ ɛɏɗɞŭɞɠ ɛŬɠ ŮˊɘɢŮɑɟɖůŮ ɜŬ ɓŮɚŰɘɩůŮɘ Űɖɜ Ůɜ ɚɧɔɤ ɛɏɗɞŭɞ. 

 

ɹɹΦ ɶ˂ʶˁˍˊʰˉˈʻʶˋʹ ˍˇˎ ˔ʰ˂ˁˇˏ 

 

ɀɧɚɘɠ ŭɘŬɛɞɟűɤɗŮɑ Űɞ ɖɚŮəŰɟɘəɎ Ŭɔɩɔɘɛɞ ůŰɟɩɛŬ PPy, Űɞ ɜɏɞ ɖɚŮəŰɟɧŭɘɞ ˊɞɡ 

ŭɖɛɘɞɡɟɔɐɗɖəŮ (ABS/PPy) ɛˊɞɟŮɑ ɜŬ ŮˊɘɛŮŰŬɚɚɤɗŮɑ ůŰɖ ůɡɜɏɢŮɘŬ ɛŮ ůɡɛɓŬŰɘəɏɠ 

ŰŮɢɜɞɚɞɔɑŮɠ ɖɚŮəŰɟɞɚɡŰɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ (40, 53, 54). 

  

ɮˉˇˊˊˈ˒ʹˋʹ ˔ʰ˂ˁˇˏ ˋʶ ˉˇ˂ˎˉˎˊˊˈ˂ʹ 

ɾʶˍˊʺˋʶʽˌ ·t{ 

 

ɄŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ (55) ŮɑɢŬɜ ŭŮɑɝŮɘ ɧŰɘ ɞ ɢŬɚəɧɠ ŭɘŬɢɏŮŰŬɘ ɛɏůŬ ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ 

əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ. 

ũɘŬ Űɖɜ əŬɚɨŰŮɟɖ əŬɘ ˊɘɞ ŮɛˊŮɟɘůŰŬŰɤɛɏɜɖ ŬɜɎɚɡůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ 

ŮˊɘɛŮŰɎɚɚɤůɖɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ ˊɞɚɡˊɡɟɟɧɚɖɠ, ˊŬɟŬůəŮɡɎůŰɖəŬɜ əŬɘ ŮɝŮŰɎůŰɖəŬɜ 

ˊɏɜŰŮ ŭŮɑɔɛŬŰŬ (ɛŮ Űɖɜ ɞɜɞɛŬůɑŬ ABS 1 ɏɤɠ əŬɘ ABS 5) ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ 

űŬůɛŬŰɞůəɞˊɑŬɠ űɤŰɞɖɚŮəŰɟɞɜɑɤɜ ŬəŰɑɜɤɜ ɉ (XPS). 

ɆŰɞ ɆɢɐɛŬ 23 űŬɑɜɞɜŰŬɘ ŰŬ űɎůɛŬŰŬ XPS Űɞɡ C1s ɔɘŬ əɎɗŮ ůŰɎŭɘɞ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ: 

ABS 1 (ŭɞəɑɛɘɞ ŬɜŬűɞɟɎɠ), ABS 2 (ɛŮŰɎ Űɖɜ ˊɟɞůɓɞɚɐ Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ), ABS 3 (ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ PPy), ABS 4 (ɛŮŰɎ Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ 

ŮˊɘɢɎɚəɤůɖ), ABS 5 (ɛŮŰɎ Űɖ ɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ). 
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ɆɢɐɛŬ 23 ï XPS ŬɜɎɚɡůɖ ŭɞəɘɛɑɤɜ ŮˊɘɢŬɚəɤɛɏɜɤɜ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ 

ɛŮ ɢŬɚəɧ: ABS 1 (ŭɞəɑɛɘɞ ŬɜŬűɞɟɎɠ), ABS 2 (ɛŮŰɎ Űɖɜ ˊɟɞůɓɞɚɐ Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ 

Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ), ABS 3 (ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ PPy), ABS 4 (ɛŮŰɎ Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ 

ŮˊɘɢɎɚəɤůɖ), ABS 5 (ɛŮŰɎ Űɖ ɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ) 

 

ɆŰɞ ŭɘɎɔɟŬɛɛŬ C1s Űɞɡ ABS 3 ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ɖ ˊŬɟɞɡůɑŬ Űɖɠ PPy ůŮ ŮɜɏɟɔŮɘŬ 

ŭŮůɛɞɨ 284.7 eV. ɋůŰɧůɞ, ˊŬɟɎ Űɖɜ ɨˊŬɟɝɖ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ Űɧůɞ ůŰɞ ŭŮɑɔɛŬ Űɞɡ 

űɎůɛŬŰɞɠ 4 (ɖɚŮəŰɟɞɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ) ɧůɞ əŬɘ ůŰɞ ŭŮɑɔɛŬ Űɞɡ űɎůɛŬŰɞɠ 5 

(ɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ), ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ ɖ ˊŬɟɞɡůɑŬ Űɖɠ PPy ůɡɜŮɢɑɕŮɘ ɜŬ ŭɑɜŮɘ Űɖɜ 

ŬɜŰɑůŰɞɘɢɖ əɞɟɡűɐ ůŰŬ 284.7 eV ůŰŬ űɎůɛŬŰŬ ABS 4 əŬɘ ABS 5 (56). 

 

ɇŬ űɎůɛŬŰŬ ABS 4 əŬɘ 5 ŭŮɑɢɜɞɡɜ ˊŬɟɞɡůɑŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (ůŰŬ 284.7 eV) Ŭűɞɨ 

Űɞ ŭŮɑɔɛŬ ɏɢŮɘ ŮˊɘɢŬɚəɤɗŮɑ. ȷɜ ɞ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰɞ ɛɧɜɞ ŮˊɎɜɤ Ŭˊɧ Űɖɜ 

ˊɞɚɡˊɡɟɟɧɚɖ ɛɘŬ ŰɏŰɞɘŬ əɞɟɡűɐ ŭŮɜ ɗŬ ɐŰŬɜ ŭɡɜŬŰɧɜ ɜŬ űŬɑɜŮŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ 

XPS. ȷɡŰɐ ɖ ˊŬɟŬŰɐɟɖůɖ ɛŬɠ ɞŭɖɔŮɑ ůŰɞ ɜŬ ůɡɛˊŮɟɎɜɞɡɛŮ ɧŰɘ Űɞ ˊŬɟŬˊɎɜɤ 

ŬˊɞŰɏɚŮůɛŬ ˊɘɗŬɜɧɜ ɞűŮɑɚŮŰŬɘ ůŰɖ ŭɘɎɢɡůɖ ŬŰɧɛɤɜ ɢŬɚəɞɨ ŮɜŰɧɠ Űɖɠ PPy. ɀŮ ɎɚɚŬ 

ɚɧɔɘŬ, ŭɘŬˊɘůŰɩɜŮŰŬɘ ɧŰɘ əŬŰɎ ˊɎůŬ ˊɘɗŬɜɧŰɖŰŬ ɞ ɢŬɚəɧɠ ŬɟɢɘəɎ ŬˊɞŰɑɗŮŰŬɘ ɛɏůŬ 

ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ (ˊɘɗŬɜɧŰŬŰŬ ɛɏůŬ ůŮ ˊɧɟɞɡɠ Űɖɠ) əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɖ ŮˊɘɢɎɚəɤůɖ 

ˊɟɞɤɗŮɑŰŬɘ ˊɟɞɠ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ. 

 

ȷɡŰɧ Űɞ ŬˊɞŰɏɚŮůɛŬ ɏɟɢŮŰŬɘ ůŮ ˊɚɐɟɖ ůɡɛűɤɜɑŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ 

ˊŮɘɟŬɛɎŰɤɜ Űɤɜ Hepel et al., ɞɘ ɞˊɞɑɞɘ ŮɜŰɧˊɘůŬɜ ɛŮ TEM ɛɧɟɘŬ ɢŬɚəɞɨ ŰŬ ɞˊɞɑŬ 

ˊŬɔɘŭŮɨŰɖəŬɜ ůŮ ɛɐŰɟŬ ˊɞɚɡˊɡɟɟɧɚɖɠ/ ůɞɡɚűɞɜɘəɞɨ ˊɞɚɡůŰɡɟŮɜɑɞɡ 

(polystyrenesulphonate) əŬŰɎ Űɖɜ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɢɎɚəɤůɐ Űɖɠ ŰŮɚŮɡŰŬɑŬɠ. ȷɡŰɧ 
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Űɞɡɠ ɞŭɐɔɖůŮ ůŰɞ ɜŬ ůɡɛˊŮɟɎɜɞɡɜ ɧŰɘ ɖ ŬˊɧɗŮůɖ Űɞɡ ɛŮŰɎɚɚɞɡ ɔɑɜŮŰŬɘ, ŰɞɡɚɎɢɘůŰɞɜ 

ŬɟɢɘəɎ, ɛɏůŬ ůŰɞɡɠ ˊɧɟɞɡɠ Űɞɡ film Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ŰŬ 

ɖɚŮəŰɟɧɜɘŬ ɎɔoɜŰŬɘ ɛɏůŬ Ŭˊɧ Űɞ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ, ˊɞɡ ŭɖɛɘɞɡɟɔɐɗɖəŮ ɛɏůŬ ůŰɞɡɠ 

ˊɧɟɞɡɠ. 

 

ɋůŰɧůɞ, ˊɟɏˊŮɘ ɜŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ŭŮɜ ůɡɛűɤɜɞɨɜ ɧɚŬ ŰŬ ˊŮɘɟŬɛŬŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

ɛŮ ŬɡŰɎ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ. Ƀɘ Scienza əŬɘ Thomson (51) ůŮ ŬɜŬɚɨůŮɘɠ ŮˊɘɢɎɚəɤůɖɠ 

ɛŮ Űɖ ɓɞɐɗŮɘŬ ˊɞɚɡˊɡɟɟɧɚɖɠ, ŭŮɜ ɓɟɐəŬɜ əŬɜɏɜŬ ůŰɞɘɢŮɑɞ ŬˊɞɗɏůŮɤɜ ɛŮŰŬɚɚɘəɞɨ 

ɢŬɚəɞɨ ɛɏůŬ ůŰɞ film Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɘɠ ŮɘəɧɜŮɠ Űɤɜ ŭɘŬŰɞɛɩɜ Űɤɜ ŭɞəɘɛɑɤɜ 

ˊɞɡ ŮɝŮŰɎůŬɜŮ. Ʉɟɞɠ ŭɘŮɟŮɨɜɖůɖ Űɞɡ Űɘ ˊɟŬɔɛŬŰɘəɎ ůɡɛɓŬɑɜŮɘ əŬɘ ɔɘŬ ɜŬ ɓɟŮɗŮɑ Ŭɜ 

ˊɟɎɔɛŬŰɘ ɞ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰŬɘ əŬɘ ɛɏůŬ ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ ɐ ɧɢɘ, ˊɟɏˊŮɘ ɜŬ ɔɑɜɞɡɜ 

ˊŮɟɘůůɧŰŮɟŬ ˊŮɘɟɎɛŬŰŬ. (9). 

 

ȷɜɎɚɡůɖ ŭɞəɘɛɑɤɜ PCB ɛŮ SEM ɏŭŮɘɝŮ ˊɎɜŰɤɠ ˊŬɟɧɛɞɘŬ ŬˊɞŰŮɚɏůɛŬŰŬ, ɐŰɞɘ ɧŰɘ ɞ 

ɢŬɚəɧɠ ˊɟɎɔɛŬŰɘ ŮɜůɤɛŬŰɩɜŮŰŬɘ ůŰɖ ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (ɓɚ. ɄŮɘɟŬɛŬŰɘəɧ 

ɀɏɟɞɠ - ȾŮűɎɚŬɘɞ 4 - ȷɜɎɚɡůɖ ɛŮ SEM əŬɘ EDS) 
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ɢɢȢ ɩɞɢɪɚɥɚɬɢɣɨ ɥɞɪɨɫ 
 

1. ɩʀʅʍɻʈɻʐʅʆʝʏ ʎʔʀɿʅɻʎʈʝʏ 

 

Ƀ ˊŮɘɟŬɛŬŰɘəɧɠ ůɢŮŭɘŬůɛɧɠ Űɖɠ ɏɟŮɡɜŬɠ ˊŮɟɘɚɎɛɓŬɜŮ ɛɘŬ ɞɛɎŭŬ Ŭɟɢɘəɩɜ 

ˊŮɘɟŬɛɎŰɤɜ ɔɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɓŬůɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ əŬɘ ůŰɖ ůɡɜɏɢŮɘŬ ɛɘŬ ůŮɘɟɎ 

Ŭˊɧ ɞɛɎŭŮɠ ˊŮɘɟŬɛɎŰɤɜ ˊɞɡ ůŬɜ ůŰɧɢɞ ŮɑɢŬɜ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ ŭɘŬűɧɟɤɜ ůŰŬŭɑɤɜ 

Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŮˊɘɢɎɚəɤůɖɠ. 

 

ɇŬ ˊɟɩŰŬ ˊŮɘɟɎɛŬŰŬ ůɢŮŭɘɎůŰɖəŬɜ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŭɘŮɟŮɡɜɖɗɞɨɜ ɞɘ əɟɑůɘɛŮɠ 

ˊŬɟɎɛŮŰɟɞɘ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɛɞɜɤŰɩɜ əŬɘ ŰŬ ˊŮɘɟɎɛŬŰŬ ůŮ 

ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ ůŰɧɢɞ ŮɑɢŬɜ ɜŬ ůɡɔəŮəɟɘɛŮɜɞˊɞɘɐůɞɡɜ Űɖ ɛɏɗɞŭɞ ůŰɞɜ ŰɞɛɏŬ 

Űɤɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. ɆŰɞ ˊɚŬɑůɘɞ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŬɡŰɩɜ ɛŮɚŮŰɐɗɖəŮ ɞ 

ɛɖɢŬɜɘůɛɧɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ əŬɘ ɖ ŮˊɑŭɟŬůɖ ŭɘŬűɧɟɤɜ ˊŬɟŬɔɧɜŰɤɜ ůŰɖɜ ˊɞɘɧŰɖŰŬ 

Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ əŬɘ ůŰɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ. 

 

ɆŰŬ ˊɚŬɑůɘŬ Űɖɠ ɏɟŮɡɜŬɠ ɏɔɘɜŬɜ ˊŮɘɟɎɛŬŰŬ ˊɟɩŰŬ ůŮ ŮˊɘűɎɜŮɘŮɠ ɛɞɜɤŰɩɜ əŬɘ Ůɜ 

ůɡɜŮɢŮɑŬ ůŮ ɞˊɏɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. 

ςȢ ɚʍʅʎʐʋʌʋʚʂʎʂ ʐʂʏ ɿʅɻɿʅʆɻʎʚɻʏ ʀʌʅʔʗʇʆʖʎʂʏ 

 
ȼ ɏɟŮɡɜŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖɜ Ŭɝɘɞɚɧɔɖůɖ ˊɞɚɚŬˊɚɩɜ ˊŬɟŬɛɏŰɟɤɜ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɖ 

ŭɘŬŭɘəŬůɑŬ ŮˊɘɢɎɚəɤůɖɠ ɛŮ ůŰɧɢɞ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɖɠ. ɆŰɞ ˊɚŬɑůɘɞ ŬɡŰɐɠ Űɖɠ 

ɏɟŮɡɜŬɠ ɏɔɘɜŮ ŭɘŮɟŮɨɜɖůɖ ɛŮɗɧŭɤɜ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ əɎɗŮ ůŰŬŭɑɞɡ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

(ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ Űɞɡ ŭɞəɘɛɑɞɡ, ˊɞɚɡɛŮɟɘůɛɧɠ Űɖɠ ˊɡɟɟɧɚɖɠ, ŬˊɧɗŮůɖ ɢŬɚəɞɨ). 

φȢυ ɩɻʍʗʈʀʐʍʋʅ ɼʀʇʐʅʎʐʋʌʋʚʂʎʂʏ ʈʀʃʝɿʋʑ ʀʌʅʔʗʇʆʖʎʂʏ ʈʋʉʖʐʡʉ ʈʀ 
ʔʍʙʎʂ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ȼ ˊɞɘɧŰɖŰŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ŮˊɘűŬɜŮɘɩɜ ɛɞɜɤŰɩɜ ɐ ɞˊɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ 

ŮɝŬɟŰɩɜŰŬɘ Ŭˊɧ ˊɞɚɚɏɠ ˊŬɟŬɛɏŰɟɞɡɠ, ɞɘ ɞˊɞɑŮɠ ůɡɜŭɏɞɜŰŬɘ əɡɟɑɤɠ ɛŮ Űɖ ɛɘəɟɞŭɞɛɐ 

Űɤɜ ŮˊɘűŬɜŮɘɩɜ Űɤɜ ɖɚŮəŰɟɞŭɑɤɜ ɛɞɜɤŰɐɠ/PPy əŬɘ ɛɞɜɤŰɐɠ/PPy/Cu. Ƀɘ ɓŬůɘəɏɠ Ŭˊɧ 

ŬɡŰɏɠ Űɘɠ ˊŬɟŬɛɏŰɟɞɡɠ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 24 (57). 

 

 
 

ɆɢɐɛŬ 24 ï ȸŬůɘəɞɑ ˊŬɟɎɔɞɜŰŮɠ ˊɞɡ ŮˊɖɟŮɎɕɞɡɜ Űɞ ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ɛɞɜɤŰɩɜ (57) 
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ȷɜŬɚɡŰɘəɎ, ɞɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ Ůˊɘŭɟɞɨɜ ůŰɖɜ ˊɞɘɧŰɖŰŬ ˊɞɡ ŰŮɚɘəɎ ɗŬ ɏɢŮɘ ɛɑŬ 

ŮˊɘɢŬɚəɤɛɏɜɖ ŮˊɘűɎɜŮɘŬ (ɧˊɤɠ ɏɜŬ ˊɞɚɡůŰɟɤɛŬŰɘəɧ Űɡˊɤɛɏɜɞ əɨəɚɤɛŬ Űɞ ɞˊɞɑɞ 

əŬŰŬůəŮɡɎɕŮŰŬɘ Ŭˊɧ ŮˊɘɢŬɚəɤɛɏɜŬ ůŰɟɩɛŬŰŬ FR4) ˊŮɟɘɔɟɎűɞɜŰŬɘ ˊŬɟŬəɎŰɤ 

(ɄɑɜŬəŬɠ 2). 

 

ɄɑɜŬəŬɠ 2 ï ɄŬɟɎɛŮŰɟɞɘ ˊɞɡ Ůˊɘŭɟɞɨɜ ůŰɖɜ ˊɞɘɧŰɖŰŬ Ůɜɧɠ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ 

ɄŬɟɎɛŮŰɟɞɠ ɆŮ Űɘ Ů́ɘŭɟɎ 

Ⱥɑŭɞɠ ɞɝŮɘŭɤŰɘəɞɨ ȷɔɤɔɘɛɧŰɖŰŬ PPy(13) 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ ȷɔɤɔɘɛɧŰɖŰŬ PPy 

ɆɨɜɗŮůɖ ɚɞɡŰɟɞɨ etching Ʉɟɧůűɡůɖ PPy ůŰɞ ɡˊɧůŰɟɤɛŬ 

ɉɟɧɜɞɠ ˊŬɟŬɛɞɜɐɠ ůŰɞ ɚɞɡŰɟɧ 

etching 

Ʉɟɧůűɡůɖ PPy ůŰɞ ɡˊɧůŰɟɤɛŬ 

ɆɡɔəɏɜŰɟɤůɖ ˊɡɟɟɧɚɖɠ ȷɔɤɔɘɛɧŰɖŰŬ PPy 

Ƚɧɜ ŮɛɓɞɚɘŬůɛɞɨ ˊɞɚɡˊɡɟɟɧɚɖɠ ȷɔɤɔɘɛɧŰɖŰŬ PPy, ɄɎɢɞɠ film PPy(13), ɀɞɟűɞɚɞɔɑŬ 

PPy(13) Ÿ Ʉɟɧůűɡůɖ ɢŬɚəɞɨ ůŰɖɜ PPy, Ʉɟɧůűɡůɖ 

PPy ůŰɞ ɡˊɧůŰɟɤɛŬ (ŭŮůɛɞɑ PPy əŬɘ ůŰɞɘɢŮɑɤɜ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ) 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȷɔɤɔɘɛɧŰɖŰŬ PPy, ɀɞɟűɞɚɞɔɑŬ PPy(13) Ÿ 

Ʉɟɧůűɡůɖ ɢŬɚəɞɨ ůŰɖɜ PPy 

ɆɨɜɗŮůɖ ɚɞɡŰɟɞɨ ˊɞɚɡɛŮɟɘůɛɞɨ ȹɞɛɐ ˊɞɚɡˊɡɟɟɧɚɖɠ(9), ɀɞɟűɞɚɞɔɑŬ film 

ˊɞɚɡˊɡɟɟɧɚɖɠ(13), ɄɡɟɐɜŮɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ(13) Ÿ 

Ʉɟɧůűɡůɖ ɢŬɚəɞɨ ůŰɖɜ PPy, ȷɚɚŬɔɐ əŬŰɎůŰŬůɖɠ 

ɞɝŮɑŭɤůɖɠ PPy(13) 

ȹɡɜŬɛɘəɧ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ 

ˊɞɚɡɛŮɟɘůɛɞɨ (ɤɠ ˊɟɞɠ SCE) 

ȷɔɤɔɘɛɧŰɖŰŬ PPy(13) 

ɉɟɧɜɞɠ ˊŬɟŬɛɞɜɐɠ ůŰɞ ɚɞɡŰɟɧ 

ˊɞɚɡɛŮɟɘůɛɞɨ 

ɄɎɢɞɠ film PPy(13), ɀɞɟűɞɚɞɔɑŬ film PPy(13) Ÿ 

Ʉɟɧůűɡůɖ ɢŬɚəɞɨ ůŰɖɜ PPy, ɄɎɢɞɠ ŬˊɞŰɘɗɏɛŮɜɞɡ 

ɢŬɚəɞɨ(13) 

ŪŮɟɛɞəɟŬůɑŬ ˊɞɚɡɛŮɟɘůɛɞɨ Py ȹŮɜ ŮɝŮŰɎůŰɖəŮ ŬɡŰɐ ɖ ˊŬɟɎɛŮŰɟɞɠ ůŰɖɜ ˊŬɟɞɨůŬ 

ɏɟŮɡɜŬ 

ɆɨɜɗŮůɖ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ɇŬɢɨŰɖŰŬ ŮˊɘɢɎɚəɤůɖɠ(13), Ʉɟɧůűɡůɖ ɢŬɚəɞɨ ůŰɖɜ 

PPy(13) 

pH Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȷˊɧŭɞůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ɄɡəɜɧŰɖŰŬ ɟŮɨɛŬŰɞɠ ŮˊɘɢɎɚəɤůɖɠ ɄɎɢɞɠ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ(13), ɇŬɢɨŰɖŰŬ 

ŮˊɘɢɎɚəɤůɖɠ(13) 

ɄɟɞəŬŰŮɟɔŬůɑŬ ɡˊɞůŰɟɩɛŬŰɞɠ  Ʉɟɧůűɡůɖ ɢŬɚəɞɨ ůŮ ɡˊɧůŰɟɤɛŬ. 

ȿɞɘˊɏɠ ůɡɜɗɐəŮɠ (ˊ.ɢ. ȷɜɎŭŮɡůɖ ůŰɞ 

ɚɞɡŰɟɧ ŮˊɘɢɎɚəɤůɖɠ) 

ȷˊɧɗŮůɖ ɢŬɚəɞɨ ůŰŬ ŰɞɘɢɩɛŬŰŬ 

 

Ƀɘ Űɘɛɏɠ ˊɞɡ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ɛŮ ɏɜŰɞɜŬ ɔɟɎɛɛŬŰŬ ɛŮɚŮŰɐɗɖəŬɜ əŬɘ 

ŬɟɘůŰɞˊɞɘɐɗɖəŬɜ Ŭˊɧ Űɖɜ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ɩůŰŮ ɜŬ ŮˊɘŰŮɡɢɗŮɑ Űɞ əŬɚɨŰŮɟɞ ŭɡɜŬŰɧ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮ ɢɟɐůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ. 
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φȢφ ɥʘʃʋɿʋʏ ʀʌʅʔʗʇʆʖʎʂʏ ʈʋʉʖʐʡʉȟ ʌʋʑ ɻʉɻʌʐʞʔʐʂʆʀ ʆɻʅ 
ɻʍʅʎʐʋʌʋʅʙʃʂʆʀ ʆɻʐʗ ʐʂʉ ʌɻʍʋʞʎɻ ʘʍʀʑʉɻ ɀ ɜʀʉʅʆʙ ɩʀʍʅɾʍɻʒʙ 

 

Ƀ ůŰɧɢɞɠ Űɖɠ ɏɟŮɡɜŬɠ ˊɞɡ ɏɔɘɜŮ ɐŰŬɜ ɜŬ ŬɜŬˊŰɡɢɗŮɑ ɛɘŬ ɧůɞ Űɞ ŭɡɜŬŰɧɜ ˊɘɞ Ŭˊɚɐ əŬɘ 

űŰɖɜɐ ŬˊɞŰŮɚŮůɛŬŰɘəɐ ɛɏɗɞŭɞɠ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɛɞɜɤŰɩɜ ɛŮ Űɖ ɢɟɐůɖ 

ˊɞɚɡˊɡɟɟɧɚɖɠ. 

 

ȼ ɛɏɗɞŭɞɠ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ əŬɘ ŬɟɘůŰɞˊɞɘɐɗɖəŮ əŬŰɎ Űɖɜ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ 

ůɡɜɑůŰŬŰŬɘ ůɡɜɞˊŰɘəɎ ůŰŬ Ůɝɐɠ ůŰɎŭɘŬ: 

 

1. ȾŬɗŬɟɘůɛɧɠ ŮˊɘűɎɜŮɘŬɠ. 

2. ɉɖɛɘəɐ ˊɟɞůɓɞɚɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. 

3. ȷˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ˊɟɞɠ ůɢɖɛŬŰɘůɛɧ 
ɖɚŮəŰɟɞŭɑɞɡ (ˊ.ɢ. FR4/PPy). ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ɛŮ ŭɨɞ ɓŬůɘəɏɠ ɛŮɗɧŭɞɡɠ 

ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ: 

A. ȺɛɓɎˊŰɘůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ůŮ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ Űɖɠ ˊɡɟɟɧɚɖɠ Űɖɠ 
ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɜɤ ůŰɖɜ Ůɜ ɚɧɔɤ ŮˊɘűɎɜŮɘŬ 

B. ȹɘŬŭɘəŬůɑŬ ɣŮəŬůɛɞɨ (spraying) ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ (ɐ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ ůŰŬ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ) 

4. ȼɚŮəŰɟɞɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ. 

  

ɇŬ ŮˊɘɢŬɚəɤɛɏɜŬ ŭɞəɑɛɘŬ ŰŬ ɞˊɞɑŬ ŬɜŬɚɨɗɖəŬɜ ůŰɞ ˊŬɟɧɜ ŭɘŭŬəŰɞɟɘəɧ, 

ˊŬɟŬůəŮɡɎůŰɖəŬɜ ɛŮ ůɡɔəŮəɟɘɛɏɜɖ ɛŮɗɞŭɞɚɞɔɑŬ, ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűŮŰŬɘ 

ŬɜŬɚɡŰɘəɧŰŮɟŬ ˊŬɟŬəɎŰɤ. ȷɜŬɚɡŰɘəɧŰŮɟŬ, ŬɟɢɘəɎ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ŬɜŰɘŭɟŬůŰɐɟɘŬ 

ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŰŬ ˊŮɘɟɎɛŬŰŬ əŬɘ ˊŬɟŬəɎŰɤ ˊŮɟɘɔɟɎűɞɜŰŬɘ ŰŬ ůŰɎŭɘŬ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ ŮˊɘəɎɚɡɣɖɠ Űɤɜ ŭŮɘɔɛɎŰɤɜ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ. ɇɏɚɞɠ ŭɑɜɞɜŰŬɘ ɞɘ ůɡɜɗɐəŮɠ 

ŮˊɘɢɎɚəɤůɖɠ ŬɡŰɩɜ Űɤɜ ŭɞəɘɛɑɤɜ. 

 

ςȢςȢρ ɚʉʐʅɿʍɻʎʐʙʍʅɻ 

 

ȼ ůɨɜɗŮůɖ Űɤɜ ŭɘŬɚɡɛɎŰɤɜ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖɜ ŮˊɘəɎɚɡɣɖ Űɤɜ ŭɞəɘɛɑɤɜ 

ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ŮɑɜŬɘ ɖ Ůɝɐɠ: 

 

¶ ȹɘɎɚɡɛŬ ˊɡɟɟɧɚɖɠ: 100 ml H2O + 3.6 ml ˊɡɟɟɧɚɖɠ (Py) + 4.41 g PTS + 1 ml 

H2SO4. 

¶ ȹɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ: 150 ml H2O + 2.5 g (NH4)2S2O8. 

¶ ȹɘɎɚɡɛŬ ŮˊɘɢɎɚəɤůɖɠ: 150 g CuSO4*5H2O + 50 g H2SO4 + 50 g ŬɘɗŬɜɧɚɖ 

(ȺtɃȼ), ŬɟŬɘɤɛɏɜŬ ɏɤɠ Űɞ 1 l ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ. 

 

ςȢςȢς ɣʗʇʑʕʂ ʐʖʉ ɿʋʆʅʈʚʖʉ ʈʀ ʌʋʇʑʌʑʍʍʝʇʂ 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ŭɨɞ ɛɏɗɞŭɞɘ ŬɜŬˊŰɨɢɗɖəŬɜ ɔɘŬ Űɖɜ əɎɚɡɣɖ Űɤɜ ɛɞɜɤŰɩɜ ɛŮ 

ˊɞɚɡˊɡɟɟɧɚɖ: 

1. ɀŮ ŮɛɓɎˊŰɘůɖ ůŮ ŭɘɎɚɡɛŬ 

2. ɀŮ ɣŮəŬůɛɧ 
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ɾʷʻˇʵˇˌ ʶ˃ʲʱˉˍʽˋʹˌ 

 
ɇŬ ŭɞəɑɛɘŬ ɛɞɜɤŰɩɜ əŬɚɨűɗɖəŬɜ ɛŮ ɏɜŬɜ ɡɛɏɜŬ (film) ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ Űɖɜ Ůɝɐɠ 

ŭɘŬŭɘəŬůɑŬ: 

 

¶ ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑɕŮŰŬɘ əŬɘ ˊŬɟŬɛɏɜŮɘ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɔɘŬ 4ȭ - 

8ȭ (ˊŬɟŬɚɚŬɔɏɠ Űɞɡ ɢɟɧɜɞɡ ŮɛɓɎˊŰɘůɖɠ ŮɝŮŰɎůŰɖəŬɜ, ɤůŰɧůɞ űɎɜɖəŮ ɧŰɘ 

ɛŮɔɎɚɖ Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ Ŭˊɧ ɏɜŬ ůɖɛŮɑɞ əŬɘ ɛŮŰɎ ŭŮ ůɡɜŮɘůűɏɟŮɘ ůŰɖɜ 

Ŭɨɝɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ). ɇɞ ůŰɎŭɘɞ ŬɡŰɧ, ŮəŰɧɠ Ŭˊɧ Űɞ ɟɧɚɞ ˊɞɡ ˊŬɑɕŮɘ ůŰɖ 

ɛŮŰɏˊŮɘŰŬ ŬˊɧɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ŮəŰŮɚŮɑ ɢɟɏɖ əŬɘ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

(etching) Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡˊɧ ŮˊŮɝŮɟɔŬůɑŬ ŭɞəɘɛɑɞɡ. 

¶ ɆŰɖ ůɡɜɏɢŮɘŬ ˊɟɞůŰɑɗŮŰŬɘ ůŰɞ ˊɟɞɖɔɞɨɛŮɜɞ ŭɘɎɚɡɛŬ Űɞ ŭɘɎɚɡɛŬ Űɖɠ 

ˊɡɟɟɧɚɖɠ. ɇɞ ŭɞəɑɛɘɞ ˊŬɟŬɛɏɜŮɘ ůŮ ŬɡŰɧ Űɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ɔɘŬ ɎɚɚŬ 4ȭ - 8ȭ 

ɡˊɧ ŬɜɎŭŮɡůɖ (ˊŬɟŬɚɚŬɔɏɠ Űɞɡ ɢɟɧɜɞɡ ŮɝŮŰɎůŰɖəŬɜ əŬɘ ɔɘŬ ŬɡŰɧ Űɞ ůŰɎŭɘɞ). 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɞɨ Űɞɡ ɓɐɛŬŰɞɠ ɖ ˊɡɟɟɧɚɖ, ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ, ɡűɑůŰŬŰŬɘ ŬɚɡůɤŰɧ ˊɞɚɡɛŮɟɘůɛɧ (ɓɚ. ȷɜŰɑŭɟŬůɖ 1) əŬɘ 

ɛŮŰŬŰɟɏˊŮŰŬɘ ůŮ ˊɞɚɡˊɡɟɟɧɚɖ, ɖ ɞˊɞɑŬ ˊɟɞůəɞɚɚɎŰŬɘ ˊɎɜɤ ůŰɞ ŭŮɑɔɛŬ. 

¶ ȷəɞɚɞɡɗŮɑ ɏəˊɚɡůɖ ɛŮ ɜŮɟɧ əŬɘ ɝɐɟŬɜůɖ Űɞɡ ŭŮɑɔɛŬŰɞɠ ɔɘŬ ˊŮɟɑˊɞɡ 5ȭ ůŮ 
űɞɨɟɜɞ ůŰɞɡɠ 100ɞC. ȺɝŮŰɎůŰɖəŮ əŬɘ ɖ ˊɘɗŬɜɧŰɖŰŬ ɛɖ ɏəˊɚɡůɖɠ ŬɚɚɎ 

Ŭˊɞɓɞɚɐɠ Űɖɠ ˊɚŮɞɜɎɕɞɡůŬɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ űɨůɖɛŬ. 

 

ɾʷʻˇʵˇˌ ˕ʶˁʰˋ˃ˇˏ 

 

ũɘŬ ɓɘɞɛɖɢŬɜɘəɐ ŮűŬɟɛɞɔɐ Űɖɠ ɛŮɗɧŭɞɡ (Űɧůɞ ůŮ ŮˊɘűɎɜŮɘŮɠ ɧůɞ əŬɘ ůŮ ɞˊɏɠ 

Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ) ŮɝŮŰɎůŰɖəŮ ɖ ɛɏɗɞŭɞɠ Űɞɡ ɣŮəŬůɛɞɨ. ȾŬŰɎ Űɖ ɛɏɗɞŭɞ 

ɣŮəŬůɛɞɨ, ɖ ŮˊɘűɎɜŮɘŬ ɐ ɞɘ ɞˊɏɠ Űɞɡ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ ɣŮəɎɕɞɜŰŬɜ 

ŰŬɡŰɧɢɟɞɜŬ ɛŮ Űɞ ɞɝŮɘŭɤŰɘəɧ ŭɘɎɚɡɛŬ əŬɘ ɛŮ Űɞ ŭɘɎɚɡɛŬ Űɖɠ ˊɡɟɟɧɚɖɠ. ɆŰɖɜ 

ˊŮɟɑˊŰɤůɖ ɞˊɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ɞ ɣŮəŬůɛɧɠ ɛˊɞɟɞɨůŮ ɜŬ ɔɑɜŮɘ ŰŬɡŰɧɢɟɞɜŬ 

Ŭˊɧ Űɘɠ ŭɨɞ ˊɚŮɡɟɏɠ Űɤɜ ɞˊɩɜ. ȷɡŰɧ ŮɑɢŮ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɞɜ in situ ˊɞɚɡɛŮɟɘůɛɧ 

Űɖɠ ˊɡɟɟɧɚɖɠ ůŰɞ ůɖɛŮɑɞ ˊɞɡ ŰŬ ŭɨɞ ŭɘŬɚɨɛŬŰŬ ˊɟɞůɏɓŬɚŬɜ ŬɛűɑˊɚŮɡɟŬ Űɖɜ 

ŮˊɘűɎɜŮɘŬ ɐ Űɞ ŮůɤŰŮɟɘəɧ Űɤɜ ɞˊɩɜ. 

 

ςȢςȢσ ɞʌʅʔʗʇʆʖʎʂ 

 

ȼ ɖɚŮəŰɟɞɚɡŰɘəɐ ŮˊɘɢɎɚəɤůɖ ɏɔɘɜŮ ůŮ əɡəɚɘəɧ ŭɞɢŮɑɞ ŭɘŬɛɏŰɟɞɡ 8 cm. 

ɉɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɑŬ ˊɚɎəŬ ɢŬɚəɞɨ ůŰɖɜ Ɏɜɞŭɞ ŭɘŬůŰɎůŮɤɜ 5x3cm (ɖ ɞˊɞɑŬ ŬˊŮɑɢŮ 

3 cm Ŭˊɧ Űɖ ɓɎůɖ Űɞɡ ŭɞɢŮɑɞɡ), ŬˊɏɜŬɜŰɘ Ŭˊɧ Űɖɜ ɞˊɞɑŬ ŰɞˊɞɗŮŰɞɨɜŰŬɜ Űɞ ŭɞəɑɛɘɞ 

ˊɞɡ ŮˊɘɢŬɚəɤɜɧŰŬɜ. 

 

ɇŬ əŬɚɡɛɛɏɜŬ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ŭŮɑɔɛŬŰŬ (ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ɛŮŰŬŰɟŬˊŮɑ ůŮ ɖɚŮəŰɟɧŭɘŬ 

Űɨˊɞɡ ɀɞɜɤŰɐɠ/ PPy) ůŰɖ ůɡɜɏɢŮɘŬ ŮˊɘɢŬɚəɩɜɞɜŰŬɘ ɛŮ Űɖɜ Ůɝɐɠ ŭɘŬŭɘəŬůɑŬ: 

¶ ɆŮ ɖɚŮəŰɟɞɚɡŰɘəɧ əŮɚɑ, ɞ ŬɟɜɖŰɘəɧɠ ˊɧɚɞɠ ŬˊɞŰŮɚŮɑŰŬɘ Ŭˊɧ Űɞ ˊɟɞɠ 

ŮˊɘɢɎɚəɤůɖ ŭɞəɑɛɘɞ əŬɘ ɞ ɗŮŰɘəɧɠ ˊɧɚɞɠ Ŭˊɧ ɏɜŬ ɖɚŮəŰɟɧŭɘɞ ɢŬɚəɞɨ (ɆɢɐɛŬ 

25). 

¶ ȺűŬɟɛɧɕŮŰŬɘ ůŰŬɗŮɟɐ ŰɎůɖ 0.3 V (ɛŮ ɐ ɢɤɟɑɠ ŬɜɎŭŮɡůɖ). 

¶ ɀŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, Űɞ ŮˊɘɢŬɚəɤɛɏɜɞ ˊɚɏɞɜ ŭŮɑɔɛŬ ˊɚɏɜŮŰŬɘ ɛŮ 
Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ɝɖɟŬɑɜŮŰŬɘ ɔɘŬ ˊŮɟɑˊɞɡ 5ȭ ůŰɞɡɠ 100ɞC. 
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ɆɢɐɛŬ 25 

ɆɢɖɛŬŰɘəɐ ŬˊŮɘəɧɜɘůɖ Űɖɠ ŭɘɎŰŬɝɖɠ ŮˊɘɢɎɚəɤůɖɠ ɛɞɜɤŰɘəɩɜ ŮˊɘűŬɜŮɘɩɜ (ˊ.ɢ. FR4) 

 

ũɘŬ Űɘɠ ŬɜɎɔəŮɠ Űɖɠ ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɤɠ ɡˊɞůŰɟɩɛŬŰŬ: 

¶ ȹɞəɑɛɘŬ ABS 

¶ ȹɞəɑɛɘŬ FR4 

¶ ȹɞəɑɛɘŬ PCB ŭɘˊɚɐɠ ůŰɟɩůɖɠ əŬɘ 

¶ ȹɞəɑɛɘŬ PCB ˊɞɚɚŬˊɚɩɜ ůŰɟɤɛɎŰɤɜ (35) Ŭˊɧ Űɖɜ ŮŰŬɘɟɑŬ ȽɁɇɅȷȾɃɀ 

 

ɇŬ ˊɟɩŰŬ ŭɨɞ Ůɑŭɖ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɔɘŬ Űɖ ɛŮɚɏŰɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ŮˊɘűŬɜŮɘɩɜ. 

ɇŬ ŭɞəɑɛɘŬ PCB ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ɩůŰŮ ɜŬ ɛˊɞɟɏůɞɡɛŮ ɜŬ ŭɘŬˊɘůŰɩůɞɡɛŮ Ŭɜ ɖ 

ŭɘŬŭɘəŬůɑŬ ŮˊɘɢɎɚəɤůɖɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŮˊɘŰɟɏˊŮɘ Űɖɜ ŮˊɘɢɎɚəɤůɖ 

ɞˊɩɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ɓɘɞɛɖɢŬɜɘəɩɜ ˊɟɞŭɘŬɔɟŬűɩɜ. 

 

φȢχ ɚʍʅʎʐʋʌʋʚʂʎʂ ʐʂʏ ɿʅɻɿʅʆɻʎʚɻʏ 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ŰŬ ůŰɞɘɢŮɑŬ ˊɞɡ ŮɝŮŰɎůŬɛŮ əŬɘ ˊɟɞůˊŬɗɐůŬɛŮ ɜŬ 

ɓŮɚŰɘɩůɞɡɛŮ / ŬɟɘůŰɞˊɞɘɐůɞɡɛŮ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŬɡŰɐɠ Űɖɠ ɏɟŮɡɜŬɠ ŮɑɜŬɘ ŰŬ Ůɝɐɠ: 

 

¶ Ʉɟɧůűɡůɖ Űɖɠ PPy ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ (FR4 ɐ ABS). 

¶ ȷɔɤɔɘɛɧŰɖŰŬ ŬˊɞŰɘɗɏɛŮɜɖɠ PPy. 

¶ ȷɔɤɔɘɛɧŰɖŰŬ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ɐ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ 
ɞˊɩɜ. 

¶ ɄɎɢɞɠ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ. 

¶ ɆɡɜŮəŰɘəɧŰɖŰŬ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ. 

¶ ɄɞɘɧŰɖŰŬ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ (ůɡɜɞɢɐ, ɞɛɞɘɞɛɞɟűɑŬ, ɏɚɚŮɘɣɖ ŬŰŮɚŮɘɩɜ). 

 

ɇŬ ůŰɎŭɘŬ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ˊɞɡ ŬəɞɚɞɡɗŮɑŰŬɘ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɛɘŬɠ Űɡˊɘəɐɠ 

ŭɘŬŭɘəŬůɑŬɠ ɢɖɛɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ï ɧˊɤɠ ŬɡŰɐ ɏɢŮɘ ŭɘŬɛɞɟűɤɗŮɑ 
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Ŭˊɧ Űɞ ŮɟɔŬůŰɐɟɘɞ ɛŬɠ ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ˊŬɟɞɨůŬɠ ɏɟŮɡɜŬɠ ï ˊŮɟɘɔɟɎűŮŰŬɘ 

ˊŬɟŬəɎŰɤ əŬɘ ůŮ əɎɗŮ ůɖɛŮɑɞ ŬɜŬűɏɟɞɜŰŬɘ ŰŬ ůɖɛŮɑŬ ŰŬ ɞˊɞɑŬ ɏɢɟɘɕŬɜ ɓŮɚŰɑɤůɖɠ. 

 

ςȢσȢρ ɯʂʈʅʆʙ ʌʍʋʎɼʋʇʙ ʆɻʅ ʌʍʋʆɻʐʀʍɾɻʎʚɻ ʐʋʑ ʑʌʋʎʐʍʡʈɻʐʋʏ 

 

ȼ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ˊɟɧůűɡůɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɜɤ ůŮ ŬɡŰɧ. ɇɞ ɡˊɧůŰɟɤɛŬ ɡˊɞɓɎɚɚŮŰŬɘ ůŮ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ɛɏůɤ 

ŮɛɓɎˊŰɘůɖɠ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ (ɔɘŬ Űɖɜ ɑŭɘŬ ŭɘŬŭɘəŬůɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ɎɚɚŬ ŭɘŬɚɨɛŬŰŬ ůŮ ɎɚɚŮɠ ɛŮɗɧŭɞɡɠ ï ˊ.ɢ. ŭɘŬɚɨɛŬŰŬ ɗŮɘɥəɞɨ ɞɝɏɞɠ). ɀŮ Űɞɜ Űɟɧˊɞ 

ŬɡŰɧ Űɞ ɡˊɧůŰɟɤɛŬ ŬˊɞəŰɎ Űɖɜ əŬŰɎɚɚɖɚɖ ŰɟŬɢɨŰɖŰŬ ɔɘŬ Űɖ ɛŮŰɏˊŮɘŰŬ ŬˊɧɗŮůɖ PPy 

ˊɎɜɤ Űɞɡ. 

ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ůŰɖ ɛɏɗɞŭɞ ˊɞɡ ŬɜŬˊŰɨɢɗɖəŮ Ŭˊɧ Űɞ ŮɟɔŬůŰɐɟɘɞ ɛŬɠ əŬɘ ɖ ɞˊɞɑŬ 

ŬəɞɚɞɡɗŮɑŰŬɘ ůŰɞ ɄŮɘɟŬɛŬŰɘəɧ ɀɏɟɞɠ, ɛŬɕɑ ɛŮ Űɞ ɞɝŮɘŭɤŰɘəɧ [(NH4)2S2O8] 

ˊɟɞůŰɑɗŮŰŬɘ əŬɘ ɗŮɘɥəɧ ɞɝɨ (ɐŰɞɘ ɛŬɕɑ ɛŮ ŰŬ ɡˊŮɟɗŮɘɥəɎ ɘɧɜŰŬ ˊɟɞůŰɑɗŮɜŰŬɘ əŬɘ ɗŮɘɥəɎ, 

ɛɘŬ ˊɘɞ Ŭɜɖɔɛɏɜɖ ɛɞɟűɐ Űɤɜ ˊɟɩŰɤɜ) ɔɘŬ ɜŬ ɟɡɗɛɘůŰŮɑ Űɞ ŭɡɜŬɛɘəɧ ɞɝŮɑŭɤůɖɠ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ ˊɟɞɠ ɛɘŬ ɎɟɘůŰɖ, Űɘɛɐ ɖ ɞˊɞɑŬ ŭɑɜŮɘ əŬɚɨŰŮɟɖ ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ 

(ɓɚ. ˊŬɟŬəɎŰɤ). ȼ Ůɜ ɚɧɔɤ ˊɟɞůɗɐəɖ ŬɡɝɎɜŮɘ əŬɘ Űɖ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ əŬɗɩɠ ŰŬ 

ŮˊɧɝŮɘ ɡɚɘəɎ ɏɢɞɡɜ ɢŬɛɖɚɐ ŬɜŰɑůŰŬůɖ ůŰɖ ŭɘɎɓɟɤůɖ Űɤɜ ůŰŬ ɞɝɏŬ (58). 

 

ȹɡɜŬŰɧŰɖŰŮɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ 

¶ ȼ ŮɨɟŮůɖ Űɞɡ əŬŰɎɚɚɖɚɞɡ ɡɚɘəɞɨ ɔɘŬ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ əŬɘ ɖ ŮɨɟŮůɖ Űɞɡ 
ɎɟɘůŰɞɡ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ. 

¶ ȼ ŮɨɟŮůɖ Űɖɠ əŬŰɎɚɚɖɚɖɠ ŭɘɎɟəŮɘŬɠ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ 
Űɖɠ ˊɟɧůűɡůɖɠ. 

¶ ȺˊɑŭɟŬůɖ Űɞɡ əŬɗŬɟɘůɛɞɨ (desmearing) Űɤɜ ɞˊɩɜ. 

 

2.3Ȣς ɩʋʇʑʈʀʍʅʎʈʝʏ ʐʂʏ ʌʑʍʍʝʇʂʏ 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ ɖ ˊɞɚɡˊɡɟɟɧɚɖ ˊŬɟɎɔŮŰŬɘ ɛŮ ŬɚɡůɤŰɧ ˊɞɚɡɛŮɟɘůɛɧ, ɞ ɞˊɞɑɞɠ 

ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ ɢɖɛɘəɎ (ɞɝŮɘŭɞŬɜŬɔɤɔɘəɎ). 

 

ȹɡɜŬŰɧŰɖŰŮɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ 

¶ ȾŬŰɎɚɚɖɚɖ ɛŮŰŬɓɞɚɐ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ (ŬɡŰɧ 

ŭɘŮɟŮɡɜɐɗɖəŮ əŬɘ ůŮ ˊŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ) (9) ɐ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɛˊɞɟŮɑ ɜŬ 

ɏɢŮɘ ŮɡɜɞɥəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ůŰɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ PPy. 

¶ ȼ ŬɚɚŬɔɐ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ (ŬɡŰɧ ŭɘŮɟŮɡɜɐɗɖəŮ ůŮ ˊŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ 
Űɞɡ ŮɟɔŬůŰɖɟɑɞɡ) (9). 

¶ ɄɞɚɡɛŮɟɘůɛɧɠ in situ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɣŮəŬůɛɞɨ (ůŰɘɔɛɘŬɑŬ ŮˊŬűɐ Űɤɜ 

ŭɘŬɚɡɛɎŰɤɜ ɞɝŮɘŭɤŰɘəɞɨ əŬɘ ˊɞɚɡɛŮɟɞɨɠ). 

¶ Ʉɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ɔɘŬ ɜŬ ˊɎɟɞɡɛŮ Űɖɜ ˊɚɐɟɤɠ 
Ŭɜɖɔɛɏɜɖ ɛɞɟűɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ. 
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ɳˉʽˉ˂ʷˇ˄ ˁʰˍʶˊʴʰˋʾʰ 

 

ȼ Ůˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ Űɞɡ əŬɚɡɛɛɏɜɞɡ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ɡˊɞůŰɟɩɛŬŰɞɠ ɛˊɞɟŮɑ ɜŬ 

ɓɞɖɗɐůŮɘ Űɖɜ ŮˊɘɢɎɚəɤůɖ. ȺɜŭŮɘəŰɘəɎ ɛŮɟɘəɏɠ Ŭˊɧ Űɘɠ ɛŮɗɧŭɞɡɠ Ůˊɘˊɚɏɞɜ 

ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɔɘŬ Űɖɜ ɡˊɞɓɞɐɗɖůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ŮɑɜŬɘ: 

1. ȷɚɚŬɔɐ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɞɨŰɤɠ ɩůŰŮ ɜŬ ŬɡɝɖɗŮɑ ɖ 

ŭɡɜŬŰɧŰɖŰŬ Űɖɠ ɜŬ ŬɜŬɔɎɔŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ ůŮ ŬŰɞɛɘəɧ ɢŬɚəɧ. 

2. ȺˊɑůŰɟɤůɖ Űɤɜ ŮˊɘűŬɜŮɘɩɜ ɐ Űɤɜ ŰɞɘɢɤɛɎŰɤɜ Űɤɜ ɞˊɩɜ PCB ɛŮ Ŭɔɩɔɘɛɞ 

ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɗŬ ŮˊɘŰŬɢɨɜŮɘ Űɖɜ ɛŮŰɏˊŮɘŰŬ ŮˊɘɢɎɚəɤůɖ. 

 

ȹɡɜŬŰɧŰɖŰŮɠ ˊɞɡ ŭɘŮɟŮɡɜɐɗɖəŬɜ: 

¶ ȺɛɓɎˊŰɘůɖ Űɞɡ əŬɚɡɛɛɏɜɞɡ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ŭɞəɘɛɑɞɡ ůŮ ŭɘɎɚɡɛŬ AgNO3
(59). 

 

ςȢσȢσ ɧʙʍɻʉʎʂ ʐʋʑ ɿʋʆʅʈʚʋʑ 

 

ɇɞ ŭɞəɑɛɘɞ ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɝɖɟŬɑɜŮŰŬɘ, Ŭűɞɨ ˊɟɩŰŬ 

ŬˊɞɛŬəɟɡɜɗɞɨɜ ŰŬ ɡˊɞɚŮɑɛɛŬŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ Ŭˊɧ Űɘɠ ɞˊɏɠ ɛŮ űɨůɖɛŬ ɐ ɛŮ 

ɝɏˊɚɡɛŬ. ȷɡŰɧ ɓɞɖɗɎŮɘ ůŰɖɜ Ŭɨɝɖůɖ Űɖɠ ůɡɜɞɢɐɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɞ FR4 əŬɘ 

ŮˊɘŰɟɏˊŮɘ Űɖ ɛŮŰɏˊŮɘŰŬ ŮˊɘɢɎɚəɤůɖ Űɞɡ. ɀŮŰɎ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŭɘŮɝɐɢɗɖůŬɜ 

űɎɜɖəŮ ˊɤɠ ɖ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ɡˊɞɚŮɘɛɛɎŰɤɜ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɑɜŮŰŬɘ 

ŬˊɞŰŮɚŮůɛŬŰɘəɧŰŮɟŬ ɛŮ űɨůɖɛŬ əŬɘ ɧɢɘ ɛŮ Ŭˊɚɧ ɝɏˊɚɡɛŬ ˊɞɡ ŮűŬɟɛɞɕɧŰŬɜ ůŰŬ 

ŬɟɢɘəɎ ˊŮɘɟɎɛŬŰŬ, əŬɗɩɠ Űɞ ŰŮɚŮɡŰŬɑɞ ŬˊɞɛŬəɟɨɜŮɘ əŬɘ ˊɞɚɚɐ ˊɞůɧŰɖŰŬ 

ˊɞɚɡˊɡɟɟɧɚɖɠ Ŭˊɧ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ɞˊɐɠ. ɂɐɟŬɜůɖ Űɞɡ ŭɞəɘɛɑɞɡ ɚŬɛɓɎɜŮɘ ɢɩɟŬ əŬɘ 

ɛŮŰɎ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ. 

 

ȹɡɜŬŰɧŰɖŰŮɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ 

¶ ȼ ŮˊɑŭɟŬůɖ Űɞɡ űɡůɐɛŬŰɞɠ Űɤɜ ɞˊɩɜ ˊɟɘɜ Űɖɜ ŬˊɧɗŮůɖ ɢŬɚəɞɨ, ɢɤɟɑɠ ɜŬ 
ɔɑɜŮŰŬɘ ɏəˊɚɡůɖ Űɞɡ ŭɞəɘɛɑɞɡ. 

ςȢσȢτ ɠʇʀʆʐʍɻʌʝʃʀʎʂ ʔɻʇʆʋʞ 

 

ɇɞ ŮˊɧɛŮɜɞ ůŰɎŭɘɞ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŮɑɜŬɘ ɖ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ˊɎɜɤ ůŰɖɜ 

Űɟɞˊɞˊɞɘɖɛɏɜɖ ŮˊɘűɎɜŮɘŬ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ. ũɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ 

ˊɞɘɧŰɖŰŬɠ Űɖɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ɞɟɘůɛɏɜŮɠ ˊɟŬəŰɘəɏɠ ɚɨůŮɘɠ ˊŮɟɘɚŬɛɓɎɜɞɡɜ: 

¶ ɆɡɜŮɢɐɠ ŬˊɞɛɎəɟɡɜůɖ Űɤɜ ůŬɗɟɩɜ ŮˊɘəŬɚɨɣŮɤɜ ɢŬɚəɞɨ Ŭˊɧ Űɖɜ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ŭɞəɘɛɑɞɡ, ɛŮ ůɡɜŮɢɏɠ ɐˊɘɞ Űɟɑɣɘɛɞ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ 

Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (35) 

¶ ɆɡɜŮɢɐ ŬɜɎŭŮɡůɖ (ŭɘŮɟŮɡɜɐɗɖəŮ ůŰŬ ˊɚŬɑůɘŬ Űɞɡ ˊŬɟɧɜŰɞɠ ŭɘŭŬəŰɞɟɘəɞɨ) 

 

ȹɘɎɢɡůɖ ɢŬɚəɞɨ 

 

ũɘŬ Űɖ ůɨɔəɟɘůɖ ɛŮŰŬɝɨ Űɤɜ ŭɞəɘɛɑɤɜ ˊɞɡ ˊŬɟŬůəŮɡɎůŰɖəŬɜ əŬŰɎ Űɖɜ Ůəˊɧɜɖůɖ 

ŬɡŰɐɠ Űɖɠ ɏɟŮɡɜŬɠ ɛŮ ŰŬ ŬɜŰɑůŰɞɘɢŬ ŮɛˊɞɟɘəɎ ŭŮɑɔɛŬŰŬ ŮˊɘɢŬɚəɤɛɏɜɤɜ FR4, 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŬɟɢɘəɎ Ůɛˊɞɟɘəɧ ŭŮɑɔɛŬ Ŭˊɧ űɨɚɚŬ ŮˊɘɢŬɚəɤɛɏɜɞɡ FR4 (ɆɢɐɛŬ 

26). ɇɞ Ůɛˊɞɟɘəɧ ŭŮɑɔɛŬ ŮˊɘɢŬɚəɤɛɏɜɞɡ FR4 ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŬˊɞŰŮɚŮɑ Űɞ ˊɘɞ 

ůɨɜɖɗŮɠ ɡɚɘəɧ Űɞ ɞˊɞɑɞ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŬɜ ɓɎůɖ ɔɘŬ Űɖ ŭɖɛɘɞɡɟɔɑŬ PCB. 
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ɆɖɛŮɘɩɜŮŰŬɘ ɧŰɘ ŰŬ ŭɞəɑɛɘŬ ˊɎɜɤ ůŰŬ ɞˊɞɑŬ ŰɡˊɩɜŮŰŬɘ Űɞ ůɢɏŭɘɞ Űɞɡ ɇɡˊɤɛɏɜɞɡ 

ȾɡəɚɩɛŬŰɞɠ ŭŮɜ Ůɑɢɞɡɜ ŮˊɘɛŮŰŬɚɚɤɗŮɑ ɢɖɛɘəɎ ŬɚɚɎ ɏɢɞɡɜ əŬɚɡűɗŮɑ ɛŮ ɢŬɚəɧ ɛɏůɤ 

ɗŮɟɛɞɛɖɢŬɜɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ (copper cladding). ȷɡŰɧ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ ɖ 

ůɨɔəɟɘůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɤɜ ŭɘəɩɜ ɛŬɠ ŮˊɘəŬɚɨɣŮɤɜ ůŰɘɠ ɞˊɏɠ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ ŬɡŰɧ 

Űɞ ŭŮɑɔɛŬ ɜŬ ɛɖɜ ɞŭɖɔŮɑ ůŮ ŬůűŬɚɐ ůɡɛˊŮɟɎůɛŬŰŬ. ɋůŰɧůɞ ɏɢɞɜŰŬɠ ŬɡŰɧ Űɞ ŭɞəɑɛɘɞ 

ůŬɜ ŭɞəɑɛɘɞ ŬɜŬűɞɟɎɠ ɔɘŬ Űɖ ɛɏɔɘůŰɖ ˊɟɧůűɡůɖ ˊɞɡ ɛˊɞɟŮɑ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɛŮŰŬɝɨ 

ɢŬɚəɞɨ əŬɘ ɡˊɞůŰɟɩɛŬŰɞɠ, ɛˊɞɟɞɨɛŮ ɜŬ ɓɔɎɚɞɡɛŮ əɎˊɞɘŬ ŬɟɢɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ ɔɘŬ 

Űɖɜ ŬˊɞŰŮɚŮůɛŬŰɘəɧŰɖŰŬ Űɖɠ ɛŮɗɧŭɞɡ ˊɞɡ ŬɜŬˊŰɨɝŬɛŮ ɔɘŬ Űɖɜ ŮˊɘɛŮŰɎɚɚɤůɖ 

ŮˊɘűŬɜŮɘɩɜ ɛɞɜɤŰɩɜ ɛŮ Űɖ ɢɟɐůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ. ɆŮ ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ 

ˊŬɟŬŰɖɟŮɑŰŬɘ ŭɘɎɢɡůɖ Űɞɡ ɢŬɚəɞɨ ɛɏůŬ ůŰɞ ɡˊɧůŰɟɤɛŬ (57). ɇɞ ɑŭɘɞ ˊŬɟŬŰɖɟɐůŬɛŮ 

əŬɘ ŮɛŮɑɠ ɛŮɚŮŰɩɜŰŬɠ ɛŮ ɛɘəɟɞůəɧˊɘɞ Űɖ ŭɘŬŰɞɛɐ Ůɜɧɠ Ůɛˊɞɟɘəɞɨ ŮˊɘɢŬɚəɤɛɏɜɞɡ 

ŭɞəɘɛɑɞɡ FR4. 
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ɆɢɐɛŬ 26 ï ūɤŰɞɔɟŬűɑŮɠ SEM ŭɘŬŰɞɛɐɠ Ůɛˊɞɟɘəɞɨ ŭɞəɘɛɑɞɡ ŮˊɘɢŬɚəɤɛɏɜɞɡ FR4. 

ȹɘŬəɟɑɜŮŰŬɘ ɖ ŭɘɎɢɡůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ ɡˊɧůŰɟɤɛŬ [ɛŮɔɏɗɡɜůɖ x500, x2000] 

 

 

ɆŮ ŮɘəɧɜŮɠ ɛɘəɟɞůəɞˊɑɞɡ ŬɡŰɞɨ Űɞɡ ŭɞəɘɛɑɞɡ űŬɑɜŮŰŬɘ ɛɎɚɘůŰŬ ɧŰɘ ɞ ɢŬɚəɧɠ ɏɢŮɘ 

ŭɘŬɢɡɗŮɑ ůŰɞ ŮůɤŰŮɟɘəɧ Űɞɡ ŮˊɧɝŮɘ ɡɚɘəɞɨ (ůɖɛŮɑŬ ůɖɛŮɘɤɛɏɜŬ ɛŮ ɓɏɚɖ). ɄŬɟɧɛɞɘŮɠ 

ˊŬɟŬŰɖɟɐůŮɘɠ əɎɜŬɛŮ əŬɘ ŮɛŮɑɠ ůŮ ŭɘəɎ ɛŬɠ ˊŮɘɟɎɛŬŰŬ. ɄŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ ůŰŬ 

ˊɚŬɑůɘŬ ŬɡŰɞɨ Űɞɡ ŭɘŭŬəŰɞɟɘəɞɨ ŭŮɑɢɜɞɡɜ ɧŰɘ ˊɟɎɔɛŬŰɘ ɑůɤɠ ɞ ɢŬɚəɧɠ ɜŬ ŭɘŬɢɏŮŰŬɘ 

ŬəɧɛŬ əŬɘ ɛɏůŬ ůŰɞ ɡˊɧůŰɟɤɛŬ, ɧˊɤɠ ŭŮɑɢɜŮɘ Űɞ ɆɢɐɛŬ 27. 
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ɆɢɐɛŬ 27 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ ũ4. ȹɘŬəɟɑɜɞɜŰŬɘ 

ɑɢɜɖ ŭɘɎɢɡůɖɠ Űɞɡ ɢŬɚəɞɨ ůŰɞ ɡˊɧůŰɟɤɛŬ Űɞɡ FR4. [ɛŮɔɏɗɡɜůɖ x3,000] 

 

 

ɆŰɞ ŭɞəɑɛɘɞ ȹ1 (ɆɢɐɛŬ 29) ˊŬɟŬŰɖɟɞɨɜŰŬɘ Ůˊɑůɖɠ ŰŬ ɑŭɘŬ ɑɢɜɖ ŭɘɎɢɡůɖɠ ɢŬɚəɞɨ ɛɏůŬ 

ůŰɞ FR4 ɧˊɤɠ əŬɘ ůŰɞ Ůɛˊɞɟɘəɧ ŭɞəɑɛɘɞ (ɆɢɐɛŬ 28). 

 

 
ɆɢɐɛŬ 29 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ ȹ1. ȹɘŬəɟɑɜŮŰŬɘ Űɞ 

ůŰɟɩɛŬ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬɝɨ FR4 (ůŰɞ ˊɎɜɤ ɛɏɟɞɠ Űɖɠ űɤŰɞɔɟŬűɑŬɠ) əŬɘ ɢŬɚəɞɨ 

(əɎŰɤ ɛɏɟɞɠ Űɖɠ űɤŰɞɔɟŬűɑŬɠ), ɧˊɤɠ əŬɘ ŰŬ ɑɢɜɖ ŭɘɎɢɡůɖɠ Űɞɡ ɢŬɚəɞɨ ůŰɞ FR4. 

[ɛŮɔɏɗɡɜůɖ x3,000] 
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ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɎ ůɡɛűɤɜɞɨɜ ɛŮ ˊŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ ˊɞɡ ŮɑɢŬɛŮ əɎɜŮɘ əŬɘ ůŰɘɠ 

ɞˊɞɑŮɠ űɎɜɖəŮ ɧŰɘ ɞ ŬˊɞŰɘɗɏɛŮɜɞɠ ɢŬɚəɧɠ ŬˊɞɟɟɞűɎŰŬɘ ɛɏůŬ ůŰɖ ŭɞɛɐ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ (ɓɚ. ŪŮɤɟɖŰɘəɧ ɀɏɟɞɠ ï ȾŮűɎɚŬɘɞ 4 çȷˊɞɟɟɧűɖůɖ ɢŬɚəɞɨ ůŮ 

ˊɞɚɡˊɡɟɟɧɚɖè) (13). 

 

ȹɡɜŬŰɧŰɖŰŮɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ 

¶ ȼ ɏɜŰŬůɖ Űɞɡ ɖɚŮəŰɟɘəɞɨ ɟŮɨɛŬŰɞɠ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ůŰɞ ɛɖɢŬɜɘůɛɧ Űɖɠ 
ŮˊɘɢɎɚəɤůɖɠ. 

¶ ȼ ŮˊɑŭɟŬůɖ Ɏɚɚɤɜ ˊŬɟŬɔɧɜŰɤɜ (ˊ.ɢ. Űɖɠ ŬɜɎŭŮɡůɖɠ) ůŰɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ. 

 

 

φȢψ ɠ ʀʊʘʇʅʊʂ ʐʖʉ ʔʂʈʅʆʡʉ ʎʑʉʃʘʎʀʖʉ 

 

ɀŮ Űɖɜ ˊɎɟɞŭɞ Űɞɡ ɢɟɧɜɞɡ, Űɖ ŭɘŮɜɏɟɔŮɘŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ, Űɖɜ ŬɜɎɚɡůɖ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɞɡɠ əŬɘ Űɖ ůɡɜŮɢɐ ɓŮɚŰɑɤůɖ Űɞɡɠ, ɖ ɢɖɛɘəɐ ůɨɜɗŮůɖ Űɤɜ 

ŭɘŬɚɡɛɎŰɤɜ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɎɚɚŬɕŮ. ȼ Ůɝɏɚɘɝɖ ŬɡŰɐ Űɤɜ ůɡɜɗɏůŮɤɜ ˊɞɡ 

ŮűŬɟɛɧůŰɖəŬɜ ɔɘŬ Űɖɜ Űɟɞˊɞˊɞɑɖůɖ ɛɞɜɤŰɘəɩɜ ŮˊɘűŬɜŮɘɩɜ, űŬɑɜŮŰŬɘ ˊŬɟŬəɎŰɤ. 

 

ȸŬůɘəɐ ůɨɜɗŮůɖ 

 

ȼ ůɨɜɗŮůɖ ŬɡŰɐ ŮɑɜŬɘ ɓŬůɘəɐ ůɨɜɗŮůɖ ɔɘŬ ŮˊɘɢɎɚəɤůɖ ɛɞɜɤŰɩɜ. ȷˊɞŰɏɚŮůŮ Űɖ ɓɎůɖ 

ɔɘŬ Űɖɜ ɛŮŰɏˊŮɘŰŬ ɛŮɚɏŰɖ Űɖɠ ɛŮɗɧŭɞɡ əŬɘ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŮˊɘɢɎɚəɤůɖɠ. 

 

ȹɘŬɚɨɛŬŰŬ ɛŮɗɧŭɞɡ 

¶ ȹɘɎɚɡɛŬ ˊɡɟɟɧɚɖɠ: 100 ml H2O + 3.6 ml ˊɡɟɟɧɚɖɠ (Py) + 4.41 g PTS + 1 ml 

H2SO4. 

¶ ȹɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ: 150 ml H2O + 2.5 g (NH4)2S2O8. 

¶ ȹɘɎɚɡɛŬ ŮˊɘɢɎɚəɤůɖɠ: 150 g CuSO4*5H2O + 50 g H2SO4 + 50 g ŬɘɗŬɜɧɚɖ 

(EtOH), ŬɟŬɘɤɛɏɜŬ ɤɠ Űɞ 1 lt ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ. 

 

 

ɆŰɎŭɘŬ Űɖɠ ɛŮɗɧŭɞɡ 

 

1. ȺɛɓɎˊŰɘůɖ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɔɘŬ 30 ɚŮˊŰɎ. 

2. Ʉɟɞůɗɐəɖ əŬɘ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ Űɖɠ ˊɡɟɟɧɚɖɠ əŬɘ ˊŬɟŬɛɞɜɐ Űɞɡ ŭɞəɘɛɑɞɡ ɔɘŬ 8 
ɚŮˊŰɎ ɡˊɧ ŬɜɎŭŮɡůɖ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɡ ˊɟɞɏəɡɣŮ Ŭˊɧ Űɖ ɛɑɝɖ Űɤɜ ŭɨɞ 

ŭɘŬɚɡɛɎŰɤɜ. 

3. Ȱəˊɚɡůɖ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ɝɐɟŬɜůɖ ůŮ űɞɨɟɜɞ ůŰɞɡɠ 100oC ɔɘŬ 

ˊŮɟɑˊɞɡ 30 ɚŮˊŰɎ. 

4. ȺˊɘɢɎɚəɤůɖ ůŮ ɖɚŮəŰɟɞɚɡŰɘəɧ əŮɚɑ ɛŮ ŮűŬɟɛɞɔɐ ůŰŬɗŮɟɐɠ ŰɎůɖɠ 0.3 V ɢɤɟɑɠ 

ŬɜɎŭŮɡůɖ. 

5. Ȱəˊɚɡůɖ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ɝɐɟŬɜůɖ Űɞɡ ŰŮɚɘəɞɨ ŭɞəɘɛɑɞɡ ůŮ űɞɨɟɜɞ 

ůŰɞɡɠ 100oC ɔɘŬ ˊŮɟɑˊɞɡ 15 ɚŮˊŰɎ. 
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ȷɟɘůŰɞˊɞɘɖɛɏɜɖ ɓŬůɘəɐ ůɨɜɗŮůɖ ï ɀŮ ŮɛɓɎˊŰɘůɖ 

 

ȹɘŬɚɨɛŬŰŬ ɛŮɗɧŭɞɡ 

¶ ȹɘɎɚɡɛŬ ˊɡɟɟɧɚɖɠ: 100 ml H2O + 3.6 ml ˊɡɟɟɧɚɖɠ (Py) + 4.41 g PTS + 1 ml 

H2SO4. 

¶ ȹɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ: 150 ml H2O + 2.25 g (NH4)2S2O8. (+ 15 ml KOH ůŰɞ 

ŰŮɚɘəɧ ŭɘɎɚɡɛŬ) 

¶ ȹɘɎɚɡɛŬ ŮˊɘɢɎɚəɤůɖɠ: 150 g CuSO4*5H2O + 50 g H2SO4 + 50 g ŬɘɗŬɜɧɚɖ 

(EtOH), ŬɟŬɘɤɛɏɜŬ ɤɠ Űɞ 1 lt ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ. 

 

ɆŰɎŭɘŬ Űɖɠ ɛŮɗɧŭɞɡ 

 

1. ȺɛɓɎˊŰɘůɖ Űɞɡ ŭɞəɘɛɑɞɡ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɔɘŬ 4 ɚŮˊŰɎ. 

2. Ʉɟɞůɗɐəɖ əŬɘ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ Űɖɠ ˊɡɟɟɧɚɖɠ əŬɘ ˊŬɟŬɛɞɜɐ Űɞɡ ŭɞəɘɛɑɞɡ ɔɘŬ 4 

ɚŮˊŰɎ ɡˊɧ ŬɜɎŭŮɡůɖ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɡ ˊɟɞɏəɡɣŮ Ŭˊɧ Űɖ ɛɑɝɖ Űɤɜ ŭɨɞ 

ŭɘŬɚɡɛɎŰɤɜ. 

3. ūɨůɖɛŬ Űɤɜ ɞˊɩɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 
(ɧɢɘ ɏəˊɚɡůɖ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ) əŬɘ ɝɐɟŬɜůɖ ůŮ űɞɨɟɜɞ ůŰɞɡɠ 90oC ɔɘŬ 

Ů́ɟɑˊɞɡ 10 ɚŮˊŰɎ. 

4. ȺˊɘɢɎɚəɤůɖ ůŮ ɖɚŮəŰɟɞɚɡŰɘəɧ əŮɚɑ ɛŮ ŮűŬɟɛɞɔɐ ůŰŬɗŮɟɐɠ ŰɎůɖɠ 0.3 V ɛŮ 

ŬɜɎŭŮɡůɖ. 

5. Ȱəˊɚɡůɖ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ɝɐɟŬɜůɖ Űɞɡ ŰŮɚɘəɞɨ ŭɞəɘɛɑɞɡ ůŮ űɞɨɟɜɞ 
ůŰɞɡɠ 90oC ɔɘŬ ˊŮɟɑˊɞɡ 5 ɚŮˊŰɎ. 

 

ȷɟɘůŰɞˊɞɘɖɛɏɜɖ ɓŬůɘəɐ ůɨɜɗŮůɖ ï ɀŮ ɣŮəŬůɛɧ 

 

ȹɘŬɚɨɛŬŰŬ ɛŮɗɧŭɞɡ 

¶ ȹɘɎɚɡɛŬ ˊɡɟɟɧɚɖɠ: 100 ml H2O + 3.6 ml ˊɡɟɟɧɚɖɠ (Py) + 4.41 g PTS + 1 ml 

H2SO4. 

¶ ȹɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ: 150 ml H2O + 2.25 g (NH4)2S2O8. 

¶ ȹɘɎɚɡɛŬ ŮˊɘɢɎɚəɤůɖɠ: 150 g CuSO4*5H2O + 50 g H2SO4 + 50 g ŬɘɗŬɜɧɚɖ 

(EtOH), ŬɟŬɘɤɛɏɜŬ ɤɠ Űɞ 1 lt ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ. 

 

ɆŰɎŭɘŬ Űɖɠ ɛŮɗɧŭɞɡ 

  

1. ɊŮəŬůɛɧɠ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮ ŰŬ ŭɨɞ ŭɘŬɚɨɛŬŰŬ (ŮəŬŰɏɟɤɗŮɜ ɛŮ Űɞ əɎɗŮ ɏɜŬ Ŭɜ 
ˊɟɧəŮɘŰŬɘ ɔɘŬ ɞˊɏɠ, ŰŬɡŰɧɢɟɞɜŬ Ŭɜ ˊɟɧəŮɘŰŬɘ ɔɘŬ ŮˊɘűɎɜŮɘŬ). 

2. ūɨůɖɛŬ Űɤɜ ɞˊɩɜ ɔɘŬ Űɖɜ ŬˊɞɛɎəɟɡɜůɖ Űɖɠ ˊŮɟɑůůŮɘŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 
(ɧɢɘ ɏəˊɚɡůɖ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ) əŬɘ ɝɐɟŬɜůɖ ůŮ űɞɨɟɜɞ ůŰɞɡɠ 90oC ɔɘŬ 

ˊŮɟɑˊɞɡ 10 ɚŮˊŰɎ. 

3. ȺˊɘɢɎɚəɤůɖ ůŮ ɖɚŮəŰɟɞɚɡŰɘəɧ əŮɚɑ ɛŮ ŮűŬɟɛɞɔɐ ůŰŬɗŮɟɐɠ ŰɎůɖɠ 0.3 V ɛŮ 

ŬɜɎŭŮɡůɖ. 

4. Ȱəˊɚɡůɖ ɛŮ Ŭˊɘɞɜɘůɛɏɜɞ ɜŮɟɧ əŬɘ ɝɐɟŬɜůɖ Űɞɡ ŰŮɚɘəɞɨ ŭɞəɘɛɑɞɡ ůŮ űɞɨɟɜɞ 
ůŰɞɡɠ 90oC ɔɘŬ ˊŮɟɑˊɞɡ 5 ɚŮˊŰɎ. 
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φȢω ɥʘʃʋɿʋʅ ɚʉʗʇʑʎʂʏ 

 

ɇŬ ŮˊɘɢŬɚəɤɛɏɜŬ ŭɞəɑɛɘŬ, ˊɞɡ ˊɟɞɏəɡɣŬɜ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ, 

ŬɜŬɚɨɗɖəŬɜ ɤɠ ˊɟɞɠ ɞɟɘůɛɏɜŬ ˊɞɘɞŰɘəɎ ɢŬɟŬəŰɖɟɘůŰɘəɎ Űɞɡɠ ɛŮ Űɖ ɓɞɐɗŮɘŬ Űɤɜ Ůɝɐɠ 

ŮɟɔŬůŰɖɟɘŬəɩɜ ɛŮɗɧŭɤɜ ŬɜɎɚɡůɖɠ: 

 

¶ ȷɜɎɚɡůɖ Űɞɡ ŭɡɜŬɛɘəɞɨ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɢɖɛɘəɐɠ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ 
(44), ɧˊɞɡ ŬɜŬűɏɟŮŰŬɘ ɖ ɢɟɐůɖ Űɖɠ Kelvinprobe ɔɘŬ ɜŬ ŭŮɘ əŬɜŮɑɠ Űɖɜ Ůɝɏɚɘɝɖ 

Űɤɜ ŬɜŰɘŭɟɎůŮɤɜ ˊɞɡ ɚŬɛɓɎɜɞɡɜ ɢɩɟŬ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

 

¶ ɀɏŰɟɖůɖɠ Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɖɠ PPy (ɛŮ ɛɏɗɞŭɞ 4 ůɖɛŮɑɤɜ ɧˊɤɠ ɞ van den 

Schoor ɐ ɛŮ Űɖ ɛɏɗɞŭɞ ASTM D-257(60)) ɐ Űɖɠ ŬɜŰɑůŰŬůɖɠ Űɤɜ ɞˊɩɜ ŬɜɎ 

ɛɞɜɎŭŬ ɛɐəɞɡɠ. 

 

¶ ɀɏŰɟɖůɖ Űɞɡ ˊɎɢɞɡɠ Űɖɠ ŬˊɞŰɘɗɏɛŮɜɖɠ PPy (ɛɏůɤ Űɖɠ ŭɘŬűɞɟɎɠ Űɞɡ ɓɎɟɞɡɠ 

Űɞɡ ŭɞəɘɛɑɞɡ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ ŮˊɘəɎɚɡɣɖ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ). 

 

¶ ɀɏŰɟɖůɖ Űɞɡ ˊɎɢɞɡɠ Űɞɡ ɢŬɚəɞɨ ˊɞɡ ŬˊɞŰɏɗɖəŮ (ɛŮ ˊŬɢɨɛŮŰɟɞ ɐ ɛɏůɤ Űɖɠ 
ŭɘŬűɞɟɎɠ Űɞɡ ɓɎɟɞɡɠ Űɞɡ ŭɞəɘɛɑɞɡ ˊɟɘɜ əŬɘ ɛŮŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ). 

 

¶ ɀɏŰɟɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ Űɞɡ ɢŬɚəɞɨ ůŰɖɜ PPy (ůŮ ŮˊɘűɎɜŮɘŬ FR4 əŬɚɡɛɛɏɜɖ 

ɛŮ PPy) ŬɚɚɎ əŬɘ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɜɤ ůŰɞ FR4 ɛŮ ˊɟɧŰɡˊŮɠ ɛŮɗɧŭɞɡɠ. 

 

¶ ȷɜɎɚɡůɖ XPS Űɤɜ ˊŬɟŬůəŮɡŬɕɧɛŮɜɤɜ ŭɞəɘɛɑɤɜ ůŮ ɧɚŬ ŰŬ ŮɜŭɘɎɛŮůŬ ůŰɎŭɘŬ 

Űɖɠ ŭɘŬŭɘəŬůɑŬɠ: Ʉɟɞůŭɘɞɟɘůɛɧɠ ŭɞɛɐɠ əŬɘ ůɨůŰŬůɖɠ Űɖɠ PPy əŬɘ Űɖɠ 

ŭɘŮˊɘűɎɜŮɘŬɠ PPy ɛŮ ŰŬ ɎɚɚŬ ɡɚɘəɎ (49). 

 

¶ ɃˊŰɘəɧ ɛɘəɟɞůəɧˊɘɞ: ȷɜɎɚɡůɖ Űɤɜ ŮˊɘɢŬɚəɤɛɏɜɤɜ ŭɞəɘɛɑɤɜ ɛŮ Űɖ ɓɞɐɗŮɘŬ 
ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ. 

 

¶ SEM/TEM: ȷɜɎɚɡůɖ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ PPy/FR4 əŬɘ PPy/Cu. ȷɜɎɚɡůɖ Űɞɛɐɠ 

ɞˊɐɠ ɔɘŬ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɖ ɛɞɟűɞɚɞɔɑŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (1D / 2D) + 

ȷɜɎɚɡůɖ Űɤɜ əŬŰŮɡɗɨɜůŮɤɜ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɖɠ PPy ˊɟɞɠ Űɘɠ ɞˊɞɑŮɠ ŮɑɜŬɘ 

Ŭɡɝɖɛɏɜɖ ɖ ŬɔɤɔɘɛɧŰɖŰŬ (ŮɜŰɞˊɑɕɞɜŰŬɠ Űɖɜ əŬŰŮɨɗɡɜůɖ ˊɟɞɠ Űɖɜ ɞˊɞɑŬ ɏɢɞɡɜ 

ŭɖɛɘɞɡɟɔɖɗŮɑ ˊŮɟɘůůɧŰŮɟɞɘ ˊɡɟɐɜŮɠ Cu). 

 

¶ EDS: ũɘŬ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɖ ŭɡɜŬŰɧŰɖŰŬ ŮűŬɟɛɞɔɐɠ Űɖɠ ɛŮɗɧŭɞɡ Űɖɠ ɞɛɎŭŬɠ 

ɛŬɠ ůŰɖ ɓɘɞɛɖɢŬɜɑŬ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ŬɜŬɚɨɗɖəŮ ɖ ˊɞɘɧŰɖŰŬ Űɞɡ 

ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ɛŮ SEM/EDS. 

 

ȷəɞɚɞɡɗŮɑ ɛɘŬ ůɨɜŰɞɛɖ ˊŮɟɘɔɟŬűɐ Űɤɜ ɛŮɗɧŭɤɜ ŬɜɎɚɡůɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ. 
 

Micr osection Analysis 

ȼ ɞˊŰɘəɐ ŬɜɎɚɡůɖ (ɛŮ Űɖ ɓɞɐɗŮɘŬ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ) ɛɘəɟɞŰɞɛɩɜ Űɤɜ ŭɞəɘɛɑɤɜ 

ɓɞɐɗɖůŮ ůŰɖɜ ŮɨɟŮůɖ ŬŰŮɚŮɘɩɜ ůŰɖ ůɨɜŭŮůɖ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ əŬɘ 

ɡˊɞůŰɟɩɛŬŰɞɠ ɧˊɤɠ əŬɘ ɛŮŰŬɝɨ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ əŬɘ Űɞɡ ɢŬɚəɞɨ Űɤɜ 

ŮɜŭɘɎɛŮůɤɜ ůŰɟɤɛɎŰɤɜ Űɞɡ PCB. ȼ ɑŭɘŬ ŬɜɎɚɡůɖ ɛˊɞɟŮɑ ɜŬ ŭŮɑɝŮɘ ŬŰɏɚŮɘŮɠ ůŰɞ ɑŭɘɞ 

Űɞ ůŰɟɩɛŬ Űɞɡ ɢŬɚəɞɨ, ɧˊɤɠ ˊɟɞɓɚɐɛŬŰŬ ɞɛɞɘɞɔɏɜŮɘŬɠ ɐ ŬůɡɜɏɢŮɘŮɠ. ȼ ůɨɜŭŮůɖ Űɞɡ 
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ɢŬɚəɞɨ ɛŮ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮɝŮŰŬůŰŮɑ ɞˊŰɘəɎ əŬɗɩɠ ɞ ɢŬɚəɧɠ 

ŮɜůɤɛŬŰɩɜŮŰŬɘ ůŰɖ ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (ɓɚ. 3.2.3). ȺůɤŰŮɟɘəɏɠ ŬɜɤɛŬɚɑŮɠ ɗŬ 

ɛˊɞɟɞɨůŬɜ ɜŬ ůɡɛɓɎɚɞɡɜ ůŰɖɜ ŬůŰɞɢɑŬ Űɞɡ ɇɡˊɤɛɏɜɞɡ ȾɡəɚɩɛŬŰɞɠ əŬɘ ɖ ɞˊŰɘəɐ 

ŬɜɎɚɡůɖ ŮɑɜŬɘ ɓŬůɘəɐ ůŰɞɜ ŮɜŰɞˊɘůɛɧ Űɞɡɠ. 

 

ȾɞɜŰɘɜɏɠ űɤŰɞɔɟŬűɑŮɠ ɛˊɞɟɞɨɜ ɜŬ ŬˊŬɜŰɐůɞɡɜ ůŰŬ ŬəɧɚɞɡɗŬ ŮɟɤŰɐɛŬŰŬ: 

1. ɄɞɘŮɠ ˊŮɟɘɞɢɏɠ ɏɢɞɡɜ ˊɟɧɓɚɖɛŬ; 

2. ɈˊɎɟɢɞɡɜ ůɡɔəŮəɟɘɛɏɜŮɠ ůɡɜɗɐəŮɠ ˊɞɡ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ůɡɛɓɎɚɞɡɜ ůŰɖ 

ŭɖɛɘɞɡɟɔɑŬ Űɞɡ ˊɟɞɓɚɐɛŬŰɞɠ ŮəŮɑ; 

3. ɀɐˊɤɠ ɧɚŬ ŰŬ ŭŮɑɔɛŬŰŬ ˊŬɟɞɡůɘɎɕɞɡɜ Űɖɜ ɑŭɘŬ əŬŰɎůŰŬůɖ; 

4. Ʉɧůɞ  ŮˊɖɟŮɎɕɞɜŰŬɘ ɎɚɚŮɠ ˊŮɟɘɞɢɏɠ; 

5. ɀɞɟűɞɚɞɔɑŬ Űɖɠ ŬŰɏɚŮɘŬɠ (ůɢɐɛŬ, ɛɏɔŮɗɞɠ, ə.ɚˊ.). (61) 

 

Ȱɢɞɡɜ ˊŬɟɗŮɑ ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɏɠ űɤŰɞɔɟŬűɑŮɠ ˊɞɡ ŭŮɑɢɜɞɡɜ Űɖ ɔŮɜɘəɐ ŮůɤŰŮɟɘəɐ 

ŭɞɛɐ Űɤɜ ɡˊɞɓɚɖɗɏɜŰɤɜ ŭŮɘɔɛɎŰɤɜ. 

 

ɄɞŰŮɜůɘɞůŰŬŰɘəɐ ŬɜɎɚɡůɖ 

ȼ ˊɞɟŮɑŬ Űɖɠ Űɘɛɐɠ Űɖɠ ɏɜŰŬůɖɠ Űɞɡ ɟŮɨɛŬŰɞɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ɛŮɚŮŰɐɗɖəŮ ɡˊɧ ůŰŬɗŮɟɐ ŰɎůɖ. ȼ ˊɟɧɞŭɞɠ Űɖɠ ɏɜŰŬůɖɠ Űɞɡ ɟŮɨɛŬŰɞɠ ŭɑɜŮɘ ůŰɞɘɢŮɑŬ 

ɔɘŬ Űɞ ɛɖɢŬɜɘůɛɧ ˊɞɡ ŬəɞɚɞɡɗŮɑ ɖ ŮˊɘɢɎɚəɤůɖ (ŭɘɎɢɡůɖ). 

 

SEM/ TEM - EDS 

ȼ ŬɜɎɚɡůɖ ɛŮ Scanning Electron Microscopy / Energy (Dispersive X-Ray 

Spectroscopy [SEM/ EDS] Analysis) ɓɞɐɗɖůŮ ůŰɖ ůŰɞɘɢŮɘŬəɐ ŬɜɎɚɡůɖ Űɤɜ ŭɘŬŰɞɛɩɜ 

Űɤɜ ŭɞəɘɛɑɤɜ. ɀŮ ŬɡŰɧ Űɞɜ Űɟɧˊɞ ɛˊɞɟɏůŬɛŮ ɜŬ ŭɞɨɛŮ Ŭɜ əŬɘ əŬŰɎ ˊɧůɞ ɖ ŭɞɛɐ Űɞɡ 

ɢŬɚəɞɨ ŮɘůɏɟɢŮŰŬɘ ůŰɖ ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɧˊɤɠ əŬɘ Ŭɜ ɖ ˊɞɚɡˊɡɟɟɧɚɖ 

ŮɘůɏɟɢŮŰŬɘ ůŰɞ ɡˊɧůŰɟɤɛŬ (FR4). ȼ Ŭɡɝɖɛɏɜɖ ŭɘŬəɟɘŰɘəɐ ɘəŬɜɧŰɖŰŬ Űɞɡ SEM ɛŬɠ 

ŮˊɏŰɟŮɣŮ ɜŬ ˊŬɟŬŰɖɟɐůɞɡɛŮ əŬɚɨŰŮɟŬ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ 

əŬɘ ɜŬ ɓɔɎɚɞɡɛŮ ůɡɛˊŮɟɎůɛŬŰŬ ůɢŮŰɘəɎ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ. 

 

ɃˊŰɘəɐ ɀɘəɟɞůəɞˊɑŬ 

ȹɘŬŰɞɛɏɠ ŭɞəɘɛɑɤɜ ŬɜŬɚɨɗɖəŬɜ ůŮ ɛŮɔɎɚɖ ŬɜɎɚɡůɖ ɛŮ ɞˊŰɘəɐ ɛɘəɟɞůəɞˊɑŬ ɞɨŰɤɠ 

ɩůŰŮ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ŬˊɧɗŮůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ Űɞɡ ɢŬɚəɞɨ. 

 

ɀɏŰɟɖůɖ ˊɟɧůűɡůɖɠ 

ȼ ˊɟɧůűɡůɖ ɛŮŰɟɐɗɖəŮ ɛŮ ɓɎůɖ ˊɟɧŰɡˊŮɠ ɛŮɗɧŭɞɡɠ ASTM ɔɘŬ ɜŬ ŭɘŬˊɘůŰɤɗŮɑ Űɧůɞ 

ɖ Űɘɛɐ Űɖɠ ɧůɞ əŬɘ Űɞ ůɖɛŮɑɞ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ FR4/PPy/Cu Űɞ ɞˊɞɑɞ ɞŭɖɔŮɑ ůŮ 

ŬůŰɞɢɑŮɠ. ȼ ŬɜɎɚɡůɖ ɏɔɘɜŮ Űɧůɞ ɛŮ Űɖ ɛɏɗɞŭɞ ASTM D 3359 (ñCross-Cut Tape 

Testò) (ɓɚ. ˊɟɞɖɔɞɨɛŮɜɞ əŮűɎɚŬɘɞ) ɧůɞ əŬɘ ɛŮ Űɖ ɛɏɗɞŭɞ IPC-TM-650 Ŭˊɧ ŰŬ Trace 

Laboratories, ŮɝŮɘŭɘəŮɡɛɏɜŬ ŮɟɔŬůŰɐɟɘŬ ůŰɘɠ ȼɄȷ ɔɘŬ ŬɜɎɚɡůɖ ɇɡˊɤɛɏɜɤɜ 

ȾɡəɚɤɛɎŰɤɜ. 

 

ɀɏŰɟɖůɖ ŬɜŰɑůŰŬůɖɠ 

ȼ ɛɏŰɟɖůɖ Űɖɠ ŬɜŰɑůŰŬůɖɠ ɏɔɘɜŮ ɛŮ Űɖ ɢɟɐůɖ ˊɞɚɨɛŮŰɟɞɡ ŮˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ. 
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3. ɩʀʅʍʗʈɻʐɻ ɻʍʅʎʐʋʌʋʚʂʎʂ ɿʅɻɿʅʆɻʎʚɻʏ ʀʌʅʔʗʇʆʖʎʂʏ ʈʋʉʖʐʡʉ 
 

ɈˊɎɟɢɞɡɜ ˊɞɚɚɏɠ ɓɘɞɛɖɢŬɜɘəɏɠ ŮűŬɟɛɞɔɏɠ ˊɞɡ ŬˊŬɘŰɞɨɜ Űɖ ɢɟɐůɖ ŰŮɢɜɘəɩɜ 

ɛŮŰŬŰɟɞˊɐɠ ŮˊɘűŬɜŮɘɩɜ ɛɞɜɤŰɩɜ. 

 

Ƀɘ ɛɞɜɤŰɏɠ ŬˊɞŰŮɚɞɨɜ ˊɞɚɚɏɠ űɞɟɏɠ Űɖ ɓɎůɖ əɡəɚɤɛɎŰɤɜ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɛɘŬ 

ŰŮɢɜɘəɐ Űɟɞˊɞˊɞɑɖůɖɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡɠ (ŮˊɘɛŮŰɎɚɚɤůɖɠ) ɜŬ ŮɑɜŬɘ ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ 

ɓɘɞɛɖɢŬɜɘəɏɠ ŮűŬɟɛɞɔɏɠ. ȯɚɚŮɠ ŮűŬɟɛɞɔɏɠ ŭɘŬəɞůɛɖŰɘəɞɨ ɢŬɟŬəŰɐɟŬ ŬˊŬɘŰɞɨɜ 

Ůˊɑůɖɠ Űɖɜ ŮˊɘɛŮŰɎɚɚɤůɖ ˊɚŬůŰɘəɩɜ (ˊ.ɢ. Ůˊɘɢɟɤɛɑɤůɖ) ɔɘŬ Űɖɜ ŮɛűɎɜɘůɖ 

ɛŮŰŬɚɚɘəɐɠ ɡűɐɠ ůŮ ŬɜŰɘəŮɑɛŮɜŬ. 

 

ȼ ɛŮŰŬŰɟɞˊɐ ɛɞɜɤŰɩɜ ŬˊŬɘŰŮɑ ŰɟɑŬ ɓŬůɘəɎ ůŰɎŭɘŬ: 

 

1. ȾŬɗŬɟɘůɛɧ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

2. ɄɟɞəŬŰŮɟɔŬůɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ ɔɘŬ ɜŬ ŬˊɞəŰɖɗŮɑ ɛɘŬ ŮɚɎɢɘůŰɖ ŬɔɤɔɘɛɧŰɖŰŬ 

ůŰɖɜ ŮˊɘűɎɜŮɘŬ ˊɞɡ ɗŬ ŮˊɘŰɟɏɣŮɘ Űɖ ɛŮŰɏˊŮɘŰŬ ŮˊɘɛŮŰɎɚɚɤůɖ Űɖɠ 

3. ȼɚŮəŰɟɞɢɖɛɘəɐ ŮˊɘɛŮŰɎɚɚɤůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 

 

ɇɞ ɓŬůɘəɧ Ŭˊɧ ŰŬ ůŰɎŭɘŬ ŬɡŰɎ ŮɑɜŬɘ Űɞ ŭŮɨŰŮɟɞ. ɆŮ ŬɡŰɧ ůɡɜɐɗɤɠ Űɞ ůŰɎŭɘɞ ŮɑɜŬɘ ˊɞɡ 

ɖ ŭɘŬŭɘəŬůɑŬ ɛˊɞɟŮɑ ɜŬ ɔɑɜŮɘ ˊŮɟɑˊɚɞəɖ ɐ ɜŬ ŮɛűŬɜɑůŮɘ ŭɡůəɞɚɑŮɠ, ɞɘ ɞˊɞɑŮɠ 

əŬɗɘůŰɞɨɜ ŬˊŬɔɞɟŮɡŰɘəɐ ɛɑŬ ɛɏɗɞŭɞ ŮˊɘɛŮŰɎɚɚɤůɖɠ ɔɘŬ Űɖ ɓɘɞɛɖɢŬɜɑŬ. ɇŬ ůŰɎŭɘŬ 

Űɞɡ əŬɗŬɟɘůɛɞɨ əŬɘ Űɖɠ ɖɚŮəŰɟɞɢɖɛɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ ŮɑɜŬɘ ˊɘɞ ŰɡˊɞˊɞɘɖɛɏɜŬ əŬɘ 

ŭŮɜ ɛˊɞɟŮɑ əŬɜŮɑɠ ɜŬ ɔɑɜŮɘ ˊɞɚɨ ŭɖɛɘɞɡɟɔɘəɧɠ ůŮ ŬɡŰɎ. 
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3Ȣυ ɩʀʅʍʗʈɻʐɻ ɿʅʀʍʀʞʉʂʎʂʏ ʌɻʍɻʈʘʐʍʖʉ ʀʌʅʔʗʇʆʖʎʂʏ 

3.1.1 ɫʀʅʍʗ ʌʀʅʍɻʈʗʐʖʉ ɚ 

 

ȼ Ŭɟɢɘəɐ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ (ɆŮɘɟɎ ȷ) ŮɑɢŮ ůŬɜ ůŰɧɢɞ Űɖ ŭɘŮɟŮɨɜɖůɖ ɓŬůɘəɩɜ 

ůŰɞɘɢŮɑɤɜ Űɖɠ ɛŮɗɧŭɞɡ, ɧˊɤɠ ŰŬ ŮˊɘɚŮɔɛɏɜŬ ɘɧɜŰŬ ŮɛɓɞɚɘŬůɛɞɨ, Űɖɜ Űɘɛɐ Űɞɡ 

ŮˊɘɓŬɚɚɧɛŮɜɞɡ ɟŮɨɛŬŰɞɠ ɐ Űɖɜ ɝɐɟŬɜůɖ ɐ ɛɖ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ. ɇŬ ŭɘŭɎɔɛŬŰŬ Ŭˊɧ Űɖ ɓŬůɘəɐ ŬɡŰɐ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ 

ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ůŬɜ ɓɎůɖ ɔɘŬ ɧɚŬ ŰŬ ŮˊɧɛŮɜŬ ˊŮɘɟɎɛŬŰŬ əŬɘ ůŰɞ ɓŬůɘəɧ ůŰɐůɘɛɞ 

Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ɞˊɩɜ Űɤɜ PCB. 

 

Ƀ ɄɑɜŬəŬɠ 3 əŬŰŬɔɟɎűŮɘ ˊŮɟɘɚɖˊŰɘəɎ ůŮɘɟɏɠ ŬɡŰɩɜ Űɤɜ Ŭɟɢɘəɩɜ ˊŮɘɟŬɛɎŰɤɜ. 

 

ɄɑɜŬəŬɠ 3 ï ɆŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ȷ 

ɄŮɑɟŬɛŬ ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰŮɚɏůɛŬŰŬ 

ȷ1 
Ⱥˊɘɓɞɚɐ ɛŮɔɎɚɖɠ ŰɎůɖɠ ɟŮɨɛŬŰɞɠ ůŰɖɜ 

ŮˊɘɢɎɚəɤůɖ 

Ʉɞɚɨ əŬəɐ ˊɞɘɧŰɖŰŬ ɢŬɚəɞɨ - 

ȷˊɞŰɡɢɑŬ 

ȷ2 
ȳɢɘ ɝɐɟŬɜůɖ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ 

PPy 
ȾŬəɐ ˊɞɘɧŰɖŰŬ ɢŬɚəɞɨ - ȷˊɞŰɡɢɑŬ 

ȷ3 ȷɟɢɘəɐ əɚŬůɘəɐ ůɡɜŰŬɔɐ ȾŬɚɐ ˊɞɘɧŰɖŰŬ ŮˊɘɢɎɚəɤůɖɠ 

ȷ4 ȷɚɚŬɔɏɠ ůŰŬ ɘɧɜŰŬ ŮɛɓɞɚɘŬůɛɞɨ ȷɚɚŬɔɐ ůŰɖɜ ŬɔɤɔɘɛɧŰɖŰŬ (9) 

ȷ5 Ʉɟɞůɗɐəɖ AgNO3 ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ȺˊɘŰɎɢɡɜůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (13) 

 

ȼ ɛɖ ɝɐɟŬɜůɖ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɞŭɐɔɖůŮ ůŮ 

ɢŬɛɖɚɐ ˊɞɘɧŰɖŰŬ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ. ȼ ɢɟɐůɖ ɡɣɖɚɐɠ Űɘɛɐɠ ɟŮɨɛŬŰɞɠ (ˊɎɜɤ Ŭˊɧ 

1V) ɞŭɐɔɖůŮ ůŮ ˊɞɚɨ əŬəɐ ˊɞɘɧŰɖŰŬ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ. 

 

Ɇɨɜɞɣɖ ɓŬůɘəɩɜ ŭɘŭŬɔɛɎŰɤɜ 

¶ ȼ ɝɐɟŬɜůɖ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮ Űɖɜ ŮˊɘəɎɚɡɣɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŮɑɜŬɘ 

ŬˊŬɟŬɑŰɖŰɖ ɔɘŬ Űɖɜ ŮˊɘŰɡɢɐ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

¶ Ɉɣɖɚɐ ŰɎůɖ ɟŮɨɛŬŰɞɠ ɞŭɖɔŮɑ ůŮ əŬəɐ ˊɞɘɧŰɖŰŬ ŬˊɧɗŮůɖɠ 
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3.1.2 ɫʀʅʍʗ ʌʀʅʍɻʈʗʐʖʉ ɛ 

 

ȼ ŭŮɨŰŮɟɖ ɞɛɎŭŬ ˊŮɘɟŬɛɎŰɤɜ (ɄɑɜŬəŬɠ 4) ɏɔɘɜŮ əŬɘ ŬɡŰɐ ɔɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ 

ɓŬůɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ. 

 

ɄɑɜŬəŬɠ 4 ï ɆŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ȸ 

ɄŮɑɟŬɛŬ 

ɆɡɜŰŬɔɐ ɆŰɎŭɘŬ ˊŬɟŬɔɤɔɐɠ 

ɃɝŮɘŭɤ

-Űɘəɧ 
PTS 

KOH 

(ml) 

ȺɛɓɎˊŰɘůɖ 

ůŰɞ 

ŭɘɎɚɡɛŬé 

ɊŮəŬůɛɧɠ 

ɛŮ Űɞ 

ŭɘɎɚɡɛŬé 

ɂɐɟŬɜůɖ 

ůŮ űɞɨɟɜɞ 

ůŰɞɡɠ 

100oC 

ɂɐɟŬɜůɖ 

ɛŮ ɗŮɟɛɧ 

ŬɏɟŬ 

(min) 

ȺˊɘɢɎɚəɤ-

ůɖ ůŰŬ 0.3V 

(min) 

ȸ0 2,25 4,41 0 Űɞɡ PTS 
Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ 
 1 30 

ȸ1 2,25 4,41 10 
Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ 
Űɞɡ PTS 5  30 

ȸ2 2,25 4,41 10 Űɞɡ PTS 
Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ 
5 1 30 

ȸ3 2,25 4,41 10 Űɞɡ PTS 
Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ 
 1 30 

ȸ4 2,25 4,41 0 Űɞɡ PTS 
Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ 
5  30 

ȸ5 2,25 4,41 0 Űɞɡ PTS 
Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ 
 1 30 

 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŮ ŬɡŰɎ ŰŬ ˊŮɘɟɎɛŬŰŬ (ɄɑɜŬəŬɠ 4) əŬŰŬɔɟɎűɖəŮ ɖ ˊɟɧɞŭɞɠ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ ɛŮ Űɖ ɛɏŰɟɖůɖ Űɖɠ Űɘɛɐɠ Űɞɡ ŭɡɜŬɛɘəɞɨ əŬɘ Űɖɠ Űɘɛɐɠ Űɞɡ ɟŮɨɛŬŰɞɠ əŬɘ 

ɏɔɘɜŮ ɛɘŬ Ŭɟɢɘəɐ ŮəŰɑɛɖůɖ ɔɘŬ Űɖɜ ŮˊɑŭɟŬůɖ ŬɚɚŬɔɩɜ ůŰɖ ŭɘŬŭɘəŬůɑŬ. 

 

Ƀɘ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ɐŰŬɜ: 

¶ ȷɚɚŬɔɐ ůŰɖ ůŮɘɟɎ ŮɛɓɎˊŰɘůɖɠ ůŰŬ ŭɘŬɚɨɛŬŰŬ 

¶ ȷɚɚŬɔɐ ůŰɖ ɢɟɞɜɘəɐ ŭɘɎɟəŮɘŬ Űɖɠ ɝɐɟŬɜůɖɠ. 

 

ɀŮ ŰŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ɖ ŮɛɓɎˊŰɘůɖ ˊɟɩŰŬ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ PTS 

ɞŭɖɔŮɑ ůŮ ɛŮɘɤɛɏɜɖ ˊɞɘɧŰɖŰŬ ŮˊɘɢɎɚəɤůɖɠ. ȷɡŰɧ űŬɑɜŮŰŬɘ ɜŬ ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ ŭŮɜ 

ˊɟɞɖɔŮɑŰŬɘ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ˊɟɘɜ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ ˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ, ɛŮ 

ŬˊɞŰɏɚŮůɛŬ ɜŬ ɛɖɜ ɡˊɎɟɢŮɘ əŬɚɐ ˊɟɧůűɡůɖ Űɖɠ ˊɟɩŰɖɠ ůŰɖɜ ŰŮɚŮɡŰŬɑŬ. ȼ 

ŮɛɓɎˊŰɘůɖ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ŮɑɜŬɘ əŬɑɟɘŬɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖ ůɤůŰɐ 

ɛŮŰɏˊŮɘŰŬ ŮˊɘɢɎɚəɤůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ. Ƀɘ ŬɚɚŬɔɏɠ ůŰɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɝɐɟŬɜůɖɠ ŭŮɜ 

ɏŭŮɘɝŬɜ ɜŬ ɏɢɞɡɜ əɎˊɞɘŬ ůɖɛŬɜŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ. ȼ ɝɐɟŬɜůɖ ɛŮ 

ɗŮɟɛɧ ŬɏɟŬ ɔɘŬ 1 min (ŬɜŰɑ ɔɘŬ ɝɐɟŬɜůɖ ůŮ űɞɨɟɜɞ ɔɘŬ 5 min) ŮɑɢŮ ŰŬ ɑŭɘŬ əŬɚɎ 

ŬˊɞŰŮɚɏůɛŬŰŬ. 
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3Ȣφ ɩʀʅʍʗʈɻʐɻ ɻʍʅʎʐʋʌʋʚʂʎʂʏ ɿʅɻɿʅʆɻʎʚɻʏ 

 

ũɘŬ ɜŬ ŮˊɘŰŮɡɢɗŮɑ ɖ ŬɟɘůŰɞˊɞɑɖůɖ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ŮˊɘɢɎɚəɤůɖɠ ɛɞɜɤŰɘəɩɜ 

ŮˊɘűŬɜŮɘɩɜ, ŬɜŬɚɨɗɖəŬɜ ŭɘɎűɞɟŮɠ ˊŬɟɎɛŮŰɟɞɘ ɔɘŬ əɎɗŮ ɏɜŬ Ŭˊɧ ŰŬ ɓŬůɘəɎ ůŰɎŭɘŬ 

Űɖɠ ŭɘŬŭɘəŬůɑŬɠ. ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ŰŬ ˊŮɘɟɎɛŬŰŬ əŬɘ ŰŬ ůɢŮŰɘəɎ 

ůɡɛˊŮɟɎůɛŬŰŬ ɤɠ ˊɟɞɠ əɎɗŮ ůŰɎŭɘɞ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɟɞˊɞˊɞɑɖůɖɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ. 

 

ȼ ůɨɔəɟɘůɖ Űɤɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ˊɞɡ ɏɔɘɜŬɜ ɤɠ ˊɟɞɠ ŭɘɎűɞɟŮɠ 

ˊŬɟŬɛɏŰɟɞɡɠ ŭŮɑɢɜŮɘ ˊɘɞ ɝŮəɎɗŬɟŬ ŰŬ ůɖɛŮɑŬ ŰŬ ɞˊɞɑŬ ɛˊɞɟɞɨɜ  ɜŬ ɓŮɚŰɘɩůɞɡɜ Űɞ 

ŬˊɞŰɏɚŮůɛŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ï ŬɜŬűɞɟɘəɎ ɛŮ Űɞ ɢɟɧɜɞ əŬɘ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ. ɇŬ 

ˊŮɘɟɎɛŬŰŬ ŰŬ ɞˊɞɑŬ ŭɘŮɝɐɢɗɖůŬɜ ɔɘŬ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ ŮˊɘɢɎɚəɤůɖɠ, ɧˊɤɠ ɖ ŭɘɎɟəŮɘŬ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (etching) əŬɘ ɖ 

ůɨɜɗŮůɖ Űɤɜ ŭɘŬɚɡɛɎŰɤɜ (ˊ.ɢ. ŮɝŮŰɎůŰɖəŮ ɖ ɢɟɐůɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ 

ˊɞɚɡɛŮɟɘůɛɞɨ əŬɘ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ůŰɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ) əŬŰŬɔɟɎűɞɜŰŬɘ 

ˊŬɟŬəɎŰɤ. 

 

ɆŰŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ (ůŮɘɟɏɠ ˊŮɘɟŬɛɎŰɤɜ ũ, ȹ, Ⱥ) ɖ ˊŬɟŬɛɞɜɐ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ ɐŰŬɜ 30', ɖ ˊŬɟŬɛɞɜɐ ůŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ 15' ɛŮ ɘůɢɡɟɐ ŬɜɎŭŮɡůɖ əŬɘ ɖ 

ɝɐɟŬɜůɖ Űɞɡ əŬɚɡɛɛɏɜɞɡ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ŭɞəɘɛɑɞɡ ɔɘɜɧŰŬɜ ɔɘŬ 8' ůŰɞɡɠ 100oC, 

ŮəŰɧɠ Ŭɜ ŬɜŬűɏɟŮŰŬɘ ŭɘŬűɞɟŮŰɘəɎ (ˊ.ɢ. ůŰɞ ˊŮɑɟŬɛŬ ũ1 ɖ ˊŬɟŬɛɞɜɐ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ ɐŰŬɜ 15' əŬɘ ɧɢɘ 30'). 

 

Ƀ ɄɑɜŬəŬɠ 5 ˊŮɟɘɚŬɛɓɎɜŮɘ ˊŮɟɘɚɖˊŰɘəɎ Űɘɠ ůɡɜɗɐəŮɠ ˊɞɡ ŮˊɘɓɚɐɗɖəŬɜ. 

 

ɄɑɜŬəŬɠ 5 ï ɆɡɜɗɐəŮɠ ˊŮɘɟŬɛɎŰɤɜ ŭɘŮɟŮɨɜɖůɖɠ ˊŬɟŬɛɏŰɟɤɜ 

Ɇɡɜɗɐəɖ ɇɘɛɐ 

ɄŬɟŬɛɞɜɐ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ 30ȭ 

ɄŬɟŬɛɞɜɐ ůŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ 15ȭ 

ɂɐɟŬɜůɖ Űɞɡ əŬɚɡɛɛɏɜɞɡ ɛŮ PPy ŭŮɑɔɛŬŰɞɠ  8ȭ 

 

ȷɜŬűɞɟɘəɎ ɛŮ Űɖ ɔŮɤɛŮŰɟɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɛɧɜɞ ɏɜŬ 

ɖɚŮəŰɟɧŭɘɞ ɢŬɚəɞɨ, Űɞ ɞˊɞɑɞ ɐŰŬɜ ŰɞˊɞɗŮŰɖɛɏɜɞ ŬˊɏɜŬɜŰɘ Ŭˊɧ Űɞ ŭɞəɑɛɘɞ. ȼ 

ŮˊɘɢɎɚəɤůɖ ɚɎɛɓŬɜŮ ɢɩɟŬ ůŮ əɡɚɘɜŭɟɘəɧ ŭɞɢŮɑɞ (əɎŰɘ ˊɞɡ ˊɘɗŬɜɧɜ ŮɑɢŮ ŮˊɑˊŰɤůɖ 

ůŰɖɜ ŮˊɘɢɎɚəɤůɖ, ɛŮ Űɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ ŭɞəɘɛɑɞɡ ɜŬ ŮˊɘɢŬɚəɩɜŮŰŬɘ ˊɟɩŰɖ ůŮ 

ɞɟɘůɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ) 

 

ȾŬŰɎ Űɖɜ ˊŬɟŬɛɞɜɐ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ŭŮɜ ŮűŬɟɛɧůŰɖəŮ ŬɜɎŭŮɡůɖ. ȾŬŰɎ 

Űɖɜ ˊŬɟŬɛɞɜɐ ůŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŮűŬɟɛɧůŰɖəŮ ɏɜŰɞɜɖ ŬɜɎŭŮɡůɖ 

(ɔɘŬ Űɖɜ Ŭˊɞűɡɔɐ ŬˊɧɗŮůɖɠ ůŬɗɟɞɨ ůŰɟɩɛŬŰɞɠ ˊɞɚɡˊɡɟɟɧɚɖɠ). 
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3.2.1 ɫʀʅʍʗ ʌʀʅʍɻʈʗʐʖʉ ɜ 

 

ɆŰɖ ůŮɘɟɎ ˊŮɘɟɛɎŰɤɜ ũ ɏɔɘɜŮ ɖ ŭɘŮɟŮɨɜɖůɖ Űɤɜ ɓŬůɘəɩɜ ˊŬɟŬɛɏŰɟɤɜ ɔɘŬ Űɖ 

ŭɘŮɜɏɟɔŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. 

 

Ƀ ɄɑɜŬəŬɠ 6 ˊŬɟɞɡůɘɎɕŮɘ ůɡɜɞˊŰɘəɎ Űɖ ůɢŮŰɘəɐ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ. 
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ɄɑɜŬəŬɠ 6 ï ɄŮɘɟɎɛŬŰŬ ũ: ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ 

 

ɄŮɑɟŬɛŬ ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰɏɚŮůɛŬ ˊŮɘɟɎɛŬŰɞɠ 

ũ1 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ 4,66 g   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ  \ 

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

 

ȯɚɚŬ ůɢɧɚɘŬ: Etching 15'  

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ1 

ũ2 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ 4,66 g 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ 

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ2 

ũ3 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ 

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ3 

ũ4 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ 

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ4 

ũ5 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ  

    

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 5 ml KOH (O,1 N)  

  

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ5 
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ɄŮɑɟŬɛŬ ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰɏɚŮůɛŬ ˊŮɘɟɎɛŬŰɞɠ 

ũ6 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

 

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ, Ŭűɞɨ ŮɑɢŮ ŮˊɘəŬɚɡűɗŮɑ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ əŬɘ ɝɖɟŬɜɗŮɑ, 

ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ŭɘɎɚɡɛŬ AgNO3 0,2M ɔɘŬ 10'. ɀŮŰɎ Űɞ ŭɞəɑɛɘɞ ŰɞˊɞɗŮŰɐɗɖəŮ 

ŬˊŮɡɗŮɑŬɠ - ɛŮ ɛɘŬ Ŭˊɚɐ ɏəˊɚɡůɖ əŬɘ ɢɤɟɑɠ ɝɐɟŬɜůɖ - ůŰɞ ɚɞɡŰɟɧ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ6 

ũ7 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,36 g 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ 

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ7 

ũ8 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,43 g 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ 

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ8 

ũ9 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůɘəɐ ůɡɜŰŬɔɐ   

  

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ, Ŭűɞɨ ŮɑɢŮ ŮˊɘəŬɚɡűɗŮɑ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ əŬɘ ɝɖɟŬɜɗŮɑ, 

ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ŭɘɎɚɡɛŬ AgNO3 0,1M ɔɘŬ 10'. ɀŮŰɎ Űɞ ŭɞəɑɛɘɞ ŰɞˊɞɗŮŰɐɗɖəŮ 

ŬˊŮɡɗŮɑŬɠ - ɛŮ ɛɘŬ Ŭˊɚɐ ɏəˊɚɡůɖ əŬɘ ɢɤɟɑɠ ɝɐɟŬɜůɖ - ůŰɞ ɚɞɡŰɟɧ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ9 

ũ10 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

    

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 10 ml KOH (O,1 N) 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ10 
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ɄŮɑɟŬɛŬ ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰɏɚŮůɛŬ ˊŮɘɟɎɛŬŰɞɠ 

ũ11 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ  

    

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 15 ml KOH (O,1 N)  

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ11 

ũ12 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ  

    

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 5 ml KOH (O,1 N). Ⱥˊɘˊɚɏɞɜ Űɞ 

ŭɞəɑɛɘɞ, Ŭűɞɨ ŮɑɢŮ ŮˊɘəŬɚɡűɗŮɑ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ əŬɘ ɝɖɟŬɜɗŮɑ, ŮɛɓŬˊŰɑůŰɖəŮ ůŮ 

ŭɘɎɚɡɛŬ AgNO3 0,1M ɔɘŬ 10'. ɀŮŰɎ Űɞ ŭɞəɑɛɘɞ ŰɞˊɞɗŮŰɐɗɖəŮ ŬˊŮɡɗŮɑŬɠ - ɛŮ ɛɘŬ 

Ŭˊɚɐ ɏəˊɚɡůɖ əŬɘ ɢɤɟɑɠ ɝɐɟŬɜůɖ - ůŰɞ ɚɞɡŰɟɧ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ũ12 
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ȷɜɎɚɡůɖ ˊɟɞɧŭɞɡ ŮˊɘɢɎɚəɤůɖɠ 

 

ȰɔɘɜŮ əŬŰŬɔɟŬűɐ Űɖɠ Űɘɛɐɠ Űɞɡ ɟŮɨɛŬŰɞɠ (ɟɡɗɛɧɠ ŮˊɘɢɎɚəɤůɖɠ) ůɡɜŬɟŰɐůŮɘ Űɞɡ 

ɢɟɧɜɞɡ. 

 

 

ɄɑɜŬəŬɠ 7 ï ɅŮɨɛŬ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ1 

 Volt Ampere t 

16:27 1 0,23 0:00 

16:33 1 0,34 0:06 

16:36 1 0,45 0:09 

16:42 1 0,61 0:15 

16:45 1 0,77 0:18 

16:49 1 0,91 0:22 

16:58 1 1,19 0:31 

17:09 1 1,45 0:42 

17:15 1 1,53 0:48 

17:18 1 1,6 0:51 

    
 

 

 
ɄŮɑɟŬɛŬ ũ1 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ2 

 Volt Ampere t 

18:36 1 0,19 0:00 

18:41 1 0,22 0:05 

18:46 1 0,33 0:10 

18:52 1 0,49 0:16 

19:05 1 0,82 0:29 

19:10 1 0,88 0:34 

19:11 1 0,91 0:35 
 

    

    

    

    

    

    

    

    
 

 

 
ɄŮɑɟŬɛŬ ũ2 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ3 

 Volt Ampere t 

20:43 1 0,23 0:00 

20:51 1 0,34 0:08 

20:58 1 0,57 0:15 

21:03 1 0,84 0:20 

21:10 1 1,14 0:27 

21:16 1 1,48 0:33 

21:20 1 1,56 0:37 

21:25 1 1,64 0:42 

21:32 1 1,64 0:49 

 

 

 

 
ɄŮɑɟŬɛŬ ũ3 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ4 

 Volt Ampere t 

20:39 1 0,27 0:00 

20:51 1 0,46 0:12 

20:56 1 0,63 0:17 

21:01 1 0,81 0:22 

21:03 1 0,92 0:24 

21:05 1 1 0:26 

 

 

 

 
ɄŮɑɟŬɛŬ ũ4 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ5 

 Volt Ampere t 

19:48 1 0,26 0:00 

19:53 1 0,34 0:05 

19:57 1 0,47 0:09 

20:03 1 0,73 0:15 

20:10 1 1,07 0:22 

20:12 1 1,11 0:24 

 

 

 

 
ɄŮɑɟŬɛŬ ũ5 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ6 

 Volt Ampere t 

21:43 1 0,27 0:00 

21:49 1 0,36 0:06 

21:52 1 0,55 0:09 

21:55 1 0,7 0:12 

21:57 1 0,81 0:14 

22:03 1 1,09 0:20 

22:09 1 1,19 0:26 

 

 

 

 
ɄŮɑɟŬɛŬ ũ6 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ7 

 Volt Ampere t 

18:30 1 0,24 0:00 

18:36 1 0,34 0:06 

18:39 1 0,53 0:09 

18:43 1 0,77 0:13 

18:46 1 0,94 0:16 

18:52 1 1,14 0:22 

18:54 1 1,16 0:24 
 

 

 
ɄŮɑɟŬɛŬ ũ7 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ8 

 Volt Ampere t 

21:22 1 0,27 0:00 

21:31 1 0,51 0:09 

21:35 1 0,79 0:13 

 

 

 

 
ɆɢɐɛŬ 47 ï ɄŮɑɟŬɛŬ ũ8 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ9 

 Volt Ampere t 

18:12 1 0,21 0:00 

18:15 1 0,23 0:03 

18:21 1 0,61 0:09 

18:24 1 0,87 0:12 

18:27 1 1,06 0:15 

18:34 0,7 1,12 0:22 

18:37 0,7 1,13 0:25 
 

 

 
ɄŮɑɟŬɛŬ ũ9 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ10 

 Volt Ampere t 

21:03 1 0,31 0:00 

21:09 1 0,32 0:06 

21:11 1 0,37 0:08 

21:13 1 0,45 0:10 

21:17 1 0,51 0:14 

21:22 1 0,64 0:19 

21:30 1 0,84 0:27 

21:37 1 1,1 0:34 

21:44 1 1,19 0:41 

21:49 1 1,33 0:46 

 

 

 

 
ɄŮɑɟŬɛŬ ũ10 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   87 

 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ11 

 Volt Ampere t 

21:52 1 0,3 0:00 

21:57 1 0,46 0:05 

21:58 1 0,54 0:06 

21:59 1 0,66 0:07 

22:01 1 0,82 0:09 

22:02 1 1,01 0:10 

22:03 1 1,1 0:11 
 

 

 
ɄŮɑɟŬɛŬ ũ11 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ũ12 

 Volt Ampere t 

22:43 1 0,32 0:00 

22:47 1 0,54 0:04 

22:50 1 0,9 0:07 

22:52 1 1,03 0:09 

22:56 1 1,27 0:13 

 

 

 

 
ɄŮɑɟŬɛŬ ũ12 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ūɤŰɞɔɟŬűɑŮɠ Ŭɧ́ ŭɞəɑɛɘŬ ˊɞɡ ŮůŰɎɚɖůŬɜ ůŰɞ ŮɟɔŬůŰɐɟɘɞ Trace Laboratories ůŰɘɠ 

ȼɄȷ, Űɞ ɞˊɞɑɞ ŮɘŭɘəŮɨŮŰŬɘ ůŮ ŬɜŬɚɨůŮɘɠ ɇɡˊɤɛɏɜɤɜ ȾɡəɚɤɛɎŰɤɜ ɔɘŬ ɗɏɛŬŰŬ 

ŮˊɘɢɎɚəɤůɖɠ, űŬɑɜɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

 

Ƀɘ űɤŰɞɔɟŬűɑŮɠ ŬˊŮɘəɞɜɑɕɞɡɜ Űɖɜ ˊŮɟɘɞɢɐ Űɖɠ ŭɘŮˊɘűɎɜŮɘŬɠ ɛŮŰŬɝɨ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ (ɛɞɜɤŰɘəɐ ŮˊɘűɎɜŮɘŬ) əŬɘ Űɞɡ ɢŬɚəɞɨ ˊɞɡ ŬˊɞŰɏɗɖəŮ ůŮ ŬɡŰɧ. 

 

 

 
ɆɢɐɛŬ 30 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ũ3. Ɉɣɖɚɐ Űɘɛɐ ɟŮɨɛŬŰɞɠ ɞŭɖɔŮɑ 

ůŮ əŬəɐ ˊɞɘɧŰɖŰŬ ŮˊɘɢɎɚəɤůɖɠ [ɛŮɔɏɗɡɜůɖ x500] 
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(Ŭ) 

 

 
(ɓ) 

ɆɢɐɛŬ 31 ï ūɤŰɞɔɟŬűɑŮɠ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɤɜ ŭɞəɘɛɑɤɜ (Ŭ) ũ4 (ɓ) ũ6 

. ȹɘŬəɟɑɜɞɜŰŬɘ ɞɘ ŬˊɞɗɏůŮɘɠ ɢŬɚəɞɨ ˊɎɜɤ ůŰɞ ůŰɟɩɛŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

[ɛŮɔɏɗɡɜůɖ x3000] 

 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   90 

 
(Ŭ) 

 

 
(ɓ) 

 

ɆɢɐɛŬ 32 ï ūɤŰɞɔɟŬűɑŮɠ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɤɜ ŭɞəɘɛɑɤɜ (Ŭ) ũ8 (ɓ) ũ10 
ȾŬəɐ ˊɞɘɧŰɖŰŬ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ɚɧɔɤ ɡɣɖɚɐɠ Űɘɛɐɠ ɟŮɨɛŬŰɞɠ əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ 

(ɏɜŰɞɜɖ ŬɜɎˊŰɡɝɖ ůɡɔəŮəɟɘɛɏɜɤɜ ˊɡɟɐɜɤɜ ɢŬɚəɞɨ ŬɜŰɑ ɔɘŬ ɞɛɞɘɧɛɞɟűɖ ŬˊɧɗŮůɖ) 

[ɛŮɔɏɗɡɜůɖ x500] 

 

 

ȼ ˊɡɟɐɜɤůɖ ŮɑɜŬɘ ŮɛűŬɜɐɠ ˊɎɜɤ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ɋůŰɧůɞ ůŮ 

ŭɞəɑɛɘŬ ɧˊɞɡ ɡˊɐɟɢŮ ɡɣɖɚɐ ɏɜŰŬůɖ ɟŮɨɛŬŰɞɠ, ɖ ˊɡɟɐɜɤůɖ ˊɟɞɢɩɟɖůŮ ɏɜŰɞɜŬ əŬɘ 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 
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ŭŮɜ ɎűɖůŮ ˊŮɟɘɗɩɟɘŬ ůŰɖɜ ŬɜɎˊŰɡɝɖ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ŭɞəɘɛɑɞɡ, ɛŮ ŬˊɞŰɏɚŮůɛŬ əŬəɧ ŬˊɞŰɏɚŮůɛŬ ŮˊɑůŰɟɤůɖɠ. 

 

ɇŬ ˊŮɘɟɎɛŬŰŬ ɛŮ ɎɚɚŬ ɚɧɔɘŬ ɏŭŮɘɝŬɜ ˊɤɠ ɖ Ŭɨɝɖůɖ Űɞɡ ɟɡɗɛɞɨ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ 

ɛŮɘɩɜŮɘ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ŬˊɧɗŮůɖɠ ˊɘɗŬɜɧɜ ŮɝŬɘŰɑŬɠ Űɞɡ ɧŰɘ ŭŮɜ ɡˊɎɟɢŮɘ ɢɟɧɜɞɠ ɔɘŬ 

ɜŬ ɔɑɜŮɘ ɖ ŭɘɎɢɡůɖ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɢŬɚəɞɨ ůŰɖɜ ŮˊɘűɎɜŮɘŬ əŬɘ ɖ ŬˊɧɗŮůɖ ɔɑɜŮŰŬɘ ůŰŬ 

ˊɘɞ ŮɨəɞɚŬ ˊɟɞůɓɎůɘɛŬ ůɖɛŮɑŬ ï ŮəŮɑ ɧˊɞɡ ŮɑɢŬɜ ŭɖɛɘɞɡɟɔɖɗŮɑ ɞɘ Ŭɟɢɘəɞɑ ˊɡɟɐɜŮɠ 

Űɞɡ ɢŬɚəɞɨ. 

 

Ɉˊɞɚɞɔɘůɛɞɑ ŬɜŰɑůŰŬůɖɠ 
 

ȼ ŬɜŰɑůŰŬůɖ ůŮ ŭɞəɑɛɘŬ ɡˊɞɚɞɔɑůŰɖəŮ ɛŮ Űɖ ɓɞɐɗŮɘŬ ˊɞɚɡɛɏŰɟɞɡ ůŮ ŮˊɑˊŮŭɖ 

ŮˊɘɢŬɚəɤɛɏɜɖ ŮˊɘűɎɜŮɘŬ. 

 

ɄɑɜŬəŬɠ 8 ï Ɉˊɞɚɞɔɘůɛɞɑ ŬɜŰɑůŰŬůɖɠ 

 
ȹɞəɑɛɘɞ R (ɋ) 

ũ1 13,2 

ũ2 13,3 

ũ3 13,2 

ũ4 13 

ũ5 12,7 

ũ6 12,8 

ũ7 13,3 

ũ8 16,2 

 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŰŬ ŭɞəɑɛɘŬ ũ1 ï ũ8 ɏɔɘɜŬɜ ɡˊɞɚɞɔɘůɛɞɑ ɛŮ Űɖ ɓɞɐɗŮɘŬ 

ˊɞɚɡɛɏŰɟɞɡ Űɞɡ ɞˊɞɑɞɡ ɞɘ ŭɨɞ ŬəɑŭŮɠ ŰɞˊɞɗŮŰɐɗɖəŬɜ ůŮ ŭɨɞ ůɖɛŮɑŬ ŬˊɧůŰŬůɖɠ 

ˊŮɟɑˊɞɡ 1 Ůə. (1 cm) ɖ ɛɑŬ Ŭˊɧ Űɖɜ Ɏɚɚɖ. ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ əŬŰŬɔɟɎűɞɜŰŬɘ 

(ɄɑɜŬəŬɠ 8) ŮɑɜŬɘ ůŮ ɋ. 
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Ɉˊɞɚɞɔɘůɛɞɑ ˊɎɢɞɡɠ 

 

ɇɞ ˊɎɢɞɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮŰɟɐɗɖəŮ ɛŮ Űɖ ɓɞɐɗŮɘŬ ɛɘəɟɞɛɏŰɟɞɡ (ɄɑɜŬəŬɠ 9). 

 

 

ɄɑɜŬəŬɠ 9 ï Ɉˊɞɚɞɔɘůɛɞɑ ˊɎɢɞɡɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ 
 ɈˊɧůŰɟɤɛŬ 

(FR4) 

ũ1 ũ2 ũ3 ũ4 ũ5 ũ6 ũ7 ũ8 ũ9 ũ10 ũ11 ũ12 

 1,444 1,754 1,647 1,64 1,68 1,606 1,63 1,615 1,7 1,664 1,722 1,648 1,627 

 1,51 1,775 1,657 1,642 1,692 1,61 1,554 1,63 1,698 1,653 1,777 1,652 1,648 

 1,5 1,724 1,621 1,607 1,678 1,621 1,624 1,597 1,685 1,704 1,785 1,625 1,661 

 1,492 1,759 1,634 1,599 1,682 1,59 1,589 1,589 1,698 1,735 1,768 1,641 1,665 

 1,489 1,771 1,633 1,631 1,66 1,635 1,658 1,621 1,69 1,693 1,753 1,644 1,665 

              

ɀ.Ƀ. 1,487 1,7566 1,6384 1,6238 1,6784 1,6124 1,611 1,6104 1,6942 1,6898 1,761 1,642 1,6532 

 

 

ɇɞ ˊɎɢɞɠ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ůŰɞɜ ˊŬɟŬˊɎɜɤ ˊɑɜŬəŬ ŭɑɜŮŰŬɘ ůŮ mm. 

ɇɞ ˊɎɢɞɠ ˊɞɡ ɛŮŰɟɘɏŰŬɘ ˊŬɟŬˊɎɜɤ ŮɑɜŬɘ Űɞ ˊɎɢɞɠ Űɞɡ ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ əŬɘ Ŭˊɧ Űɘɠ ŭɨɞ ˊɚŮɡɟɏɠ.  
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ɀŬəɟɞůəɞˊɘəɐ ŮɝɏŰŬůɖ Űɖɠ ˊɞɟŮɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ 

 

ȼ ɛŬəɟɞůəɞˊɘəɐ ŮɝɏŰŬůɖ Űɖɠ ˊɞɟŮɑŬɠ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ůŮ ˊŮɘɟɎɛŬŰŬ ˊɞɡ 

əɎɜŬɛŮ ŭŮɑɢɜŮɘ ɧŰɘ ɞ ɢŬɚəɧɠ ŬˊɞŰɑɗŮŰŬɘ ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɞ ůɖɛŮɑɞ Űɖɠ ɖɚŮəŰɟɘəɐɠ 

ŮˊŬűɐɠ əŬɘ ůɡɜŮɢɑɕŮɘ ɜŬ ŬˊɞŰɑɗŮŰŬɘ ŮˊŮəŰŮɑɜɞɜŰŬɠ ŰŬ ɧɟɘŬ Űɖɠ ɐŭɖ ŮˊɘɢŬɚəɤɛɏɜɖɠ 

ŮˊɘűɎɜŮɘŬɠ (ɆɢɐɛŬ 33). 

 

 

 

ɆɢɐɛŬ 33 ï ūɤŰɞɔɟŬűɑŬ ŭɞəɘɛɑɞɡ FR4 əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ 

ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. ɇɞ ɛɏŰɤˊɞ Űɞɡ ɢŬɚəɞɨ ˊɟɞɢɤɟɎŮɘ Ŭˊɧ Űɞ ůɖɛŮɑɞ Űɖɠ ɖɚŮəɟɘəɐɠ 

ŮˊŬűɐɠ ˊɟɞɠ Űɞ ɡˊɧɚɞɘˊɞ ŭɞəɑɛɘɞ (Űɞ ɛŬɨɟɞ ɢɟɩɛŬ ɞűŮɑɚŮŰŬɘ ůŰɖɜ ŬˊɧɗŮůɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ) 

 

 

ȷɡŰɧ ŭŮɑɢɜŮɘ ɧŰɘ ɞ ɢŬɚəɧɠ ˊɟɞŰɘɛɎ ɜŬ ŬˊɞŰɑɗŮŰŬɘ ůŰɖɜ Ŭɔɩɔɘɛɖ ŮˊɘűɎɜŮɘŬ ˊɞɡ ŮɑɜŬɘ 

ɐŭɖ ŮˊɘɢŬɚəɤɛɏɜɖ əŬɘ ɧɢɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ˊɞɡ ŮɑɜŬɘ ŬˊɚɎ əŬɚɡɛɛɏɜɖ ɛŮ 

ˊɞɚɡˊɡɟɟɧɚɖ (62), ɖ ɞˊɞɑŬ Ŭɜ əŬɘ Ŭɔɩɔɘɛɖ, ŭŮɜ ŮɑɜŬɘ Űɧůɞ Ŭɔɩɔɘɛɖ ɧůɞ ɞ ɛŮŰŬɚɚɘəɧɠ 

ɢŬɚəɧɠ. 

 

Ƀ ɛɖɢŬɜɘůɛɧɠ Űɖɠ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ ŮˊɘɢɎɚəɤůɖɠ ŮɟŮɡɜɐɗɖəŮ əŬɘ Ŭˊɧ Űɞɡɠ Lim, 

Kang əŬɘ Neoh (17) ɛŮ ɛŮŰɟɐůŮɘɠ XPS ůŮ ŭɨɞ ɑŭɘɞɡɠ ɡɛɏɜŮɠ PPyÁ (əɎɗŮ ɏɜŬ ɛŮ 

ŮˊɘűɎɜŮɘŬ 1cm x 1cm) ˊɞɡ ɏɢɞɡɜ ŮɜŮɟɔɞˊɞɘɖɗŮɑ ůŮ 10ml ŭɘŬɚɨɛŬŰɞɠ  Pd(NO3)2 ɔɘŬ 5 

ɚŮˊŰɎ (ɛŮ [Pd]/[N] = 3.3 əŬɘ [Pd]/[N] = 3.0 ŬɜŰɑůŰɞɘɢŬ) əŬɘ ɏˊŮɘŰŬ ɓɡɗɑůŰɖəŬɜ ůŮ 10 

ml Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ɔɘŬ 30 s. 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŬɜɎɚɡůɖɠ XPS ŭŮɑɢɜɞɡɜ ɧŰɘ ɖ ŬˊɞɡůɑŬ ɟŮɨɛŬŰɞɠ ŮˊɘɢɎɚəɤůɖ 

Űɤɜ ɡɛɏɜɤɜ PPyÁ/Pd ˊɟɞɢɤɟɎŮɘ ŬɟɢɘəɎ ɛɏůɤ Űɖɠ ŬˊɞűɧɟŰɘůɖɠ Űɤɜ ɘɧɜŰɤɜ Cu2+ ůŮ 

Cu+1 ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɤɜ film. ɇŬ ɘɧɜŰŬ Cu+1 ůŰɖ ůɡɜɏɢŮɘŬ ŬˊɞűɞɟŰɑɕɞɜŰŬɘ 

ˊŮɟŬɘŰɏɟɤ ůŮ ɛŮŰŬɚɚɘəɧ ɢŬɚəɧ (Cu(0)). Ƀ ɛɖɢŬɜɘůɛɧɠ ŬɡŰɧɠ ˊŮɟɘɔɟɎűɖəŮ ˊɘɞ 

ŬɜŬɚɡŰɘəɎ ůŰɞ ŪŮɤɟɖŰɘəɧ ɀɏɟɞɠ Űɖɠ ˊŬɟɞɨůɖɠ ŮɟɔŬůɑŬɠ. 

 

ɄŮɘɟɎɛŬŰŬ ůŮ ɞˊɏɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ï ɓɚ. ŮˊɧɛŮɜɞ əŮűɎɚŬɘɞ ï ɏŭŮɘɝŬɜ ɧŰɘ ɖ 

Ůˊɘɓɞɚɐ ŬɜɎŭŮɡůɖɠ əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɛˊɞɟŮɑ ɜŬ ŬɚɚɎɝŮɘ ŬɡŰɧɜ Űɞɜ ɛɖɢŬɜɘůɛɧ. 
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ɀɘəɟɞůəɞˊɘəɐ ŬɜɎɚɡůɖ Űɖɠ ŮˊɘűɎɜŮɘŬɠ 
 

ɇŬ ˊŬɟŬˊɎɜɤ ŮɡɟɐɛŬŰŬ ŮɜɘůɢɨɞɜŰŬɘ əŬɘ Ŭˊɧ Űɖ ɛɘəɟɞůəɞˊɘəɐ ŬɜɎɚɡůɖ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Ůɜɧɠ ŭɞəɘɛɑɞɡ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. 

 

 

 
 

                                                (Ŭ)                                         (ɓ) 

 

ɆɢɐɛŬ 34 - ūɤŰɞɔɟŬűɑŮɠ ɞˊŰɘəɞɨ ɛɘəɟɞůəɞˊɑɞɡ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ŭɞəɘɛɑɤɜ 

əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ Űɞɡɠ (Ŭ) ɀŮɔɏɗɡɜůɖ x50 (ɓ) ɀŮɔɏɗɡɜůɖ x100 

 

 

ɆŰɘɠ ŮɘəɧɜŮɠ ŬɡŰɏɠ ˊŬɟŬŰɖɟɞɨɛŮ Űɖɜ ˊɟɧɞŭɞ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ Ŭˊɧ ŰŬ ŭŮɝɘɎ 

ˊɟɞɠ ŰŬ ŬɟɘůŰŮɟɎ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŭɞəɘɛɑɞɡ. ȾŬɘ ůŰɘɠ ŭɨɞ ŮɘəɧɜŮɠ ˊŬɟŬŰɖɟɞɨɛŮ 

ůɖɛŮɑŬ ˊɡɟɐɜɤůɖɠ ŬŰɧɛɤɜ ɢŬɚəɞɨ (ɆɢɐɛŬ 34). 

 

ȾŬŰɎ ůɡɜɏˊŮɘŬ űŬɑɜŮŰŬɘ ɧŰɘ ɏɜŬɠ ůɡɜŭɡŬůɛɧɠ ˊɡɟɐɜɤůɖɠ əŬɘ ˊɟɞɩɗɖůɖɠ Űɞɡ 

ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ ɛɏůɤ ɞŭɩɜ ɡɣɖɚɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ŮɑɜŬɘ ɑůɤɠ ɖ əŬɚɨŰŮɟɖ 

Ůɝɐɔɖůɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŮˊɘɢɎɚəɤůɖɠ Űɤɜ ŮˊɘűŬɜŮɘɩɜ. 
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3.2.2 ɫʀʅʍʗ ʌʀʅʍɻʈʗʐʖʉ ɝ 

 

ɆŮ ŬɡŰɐ Űɖ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ (ɄɑɜŬəŬɠ 10) ŮűŬɟɛɧůŰɖəŬɜ ɞɘ ɓɏɚŰɘůŰŮɠ ɓŬůɘəɏɠ 

ˊŬɟɎɛŮŰɟɞɘ (ŮűŬɟɛɞɕɧɛŮɜɞ ŭɡɜŬɛɘəɧ, ůɡɜŰŬɔɐ), ˊɞɡ ɓɟɏɗɖəŬɜ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ 

ˊŮɘɟɎɛŬŰŬ əŬɘ ɏɔɘɜŮ ɛɘŬ ŬɜɎɚɡůɖ Űɤɜ ɡˊɧɚɞɘˊɤɜ ˊŬɟŬɛɏŰɟɤɜ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůŮ ɛɘŬ 

ˊɟɞůˊɎɗŮɘŬ ɜŬ ɓŮɚŰɘůŰɞˊɞɘɖɗɞɨɜ ɎɚɚŬ ůɖɛŮɑŬ. 

 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŰɧɢɞɠ ɐŰŬɜ ɜŬ ɓɟŮɗŮɑ Űɘ ɛˊɞɟŮɑ ɜŬ ɓŮɚŰɘůŰɞˊɞɘɐůŮɘ Űɖɜ 

ˊɟɧůűɡůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ ɡˊɧůŰɟɤɛŬ əŬɘ ɜŬ ɛŮɘɩůŮɘ ŰŬɡŰɧɢɟɞɜŬ Űɞ ůɡɜɞɚɘəɧ ɢɟɧɜɞ 

ŮˊɘɢɎɚəɤůɖɠ. 
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ɄɑɜŬəŬɠ 10 ï ɆŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ȹ: ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ 

Ⱦɤŭɘəɧɠ (Ŭ/Ŭ) ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰŮɚɏůɛŬŰŬ 

ȹ1 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 15 ml KOH (O,1 N) 

 

ȺűŬɟɛɧůŰɖəŮ ɛɘəɟɧŰŮɟɖ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ (0,3V ŬɜŰɑ ɔɘŬ 1V ˊɞɡ ŮűɎɟɛɞɕŬ ůŰŬ ũ 

ˊŮɘɟɎɛŬŰŬ), ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ŬˊɞŰɘɗɏɛŮɜɞ film ɢŬɚəɞɨ ɜŬ ŮɑɜŬɘ əŬɚɨŰŮɟɖɠ ˊɞɘɧŰɖŰŬɠ. ɆŰŬ 

ŭɞəɑɛɘŬ ũ ŭŮɜ ɔɘɜɧŰŬɜ ɜŬ ɛŮŰɟɖɗŮɑ Űɞ peel strength ŮɝŬɘŰɑŬɠ Űɖɠ əŬəɐɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ.  

Peel strength: 0,12 lb/in (Peel strength Ůɛˊɞɟɘəɞɨ ŭɞəɘɛɑɞɡ 

ŮˊɘɢŬɚəɤɛɏɜɞɡ FR4: 10,56 lb/in) 

ȹ2 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 15 ml KOH (O,1 N). ɇɞ ŭɞəɑɛɘɞ ɡˊɏůŰɖ 

ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ɔɡŬɚɧɢŬɟŰɞ KW-FL-LATEX P150 ɔɘŬ Ŭɨɝɖůɖ Űɖɠ ŰɟŬɢɨŰɖŰŬɠ Űɞɡ. 

ɇɞ ˊŮɑɟŬɛŬ ŬˊɏŰɡɢŮ. ȼ ŮˊɘɢɎɚəɤůɖ ŭŮɜ əŬŰɏůŰɖ ŭɡɜŬŰɐ əŬɗɩɠ 

ɞ ɢŬɚəɧɠ ŭŮɜ ɛˊɞɟɞɨůŮ ɜŬ ŬˊɞŰŮɗŮɑ ɞɛɞɘɧɛɞɟűŬ ˊɎɜɤ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ. 

ȹ3 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 15 ml KOH (O,1 N). ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑůŰɖəŮ 

ůŮ ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 15 ɚŮˊŰɎ ˊɟɘɜ ŰɞˊɞɗŮŰɖɗŮɑ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɔɘŬ ɜŬ 

ŬɟɢɑůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɞɡ ůɨɛűɤɜŬ ɛŮ Űɖɜ əɚŬůɘəɐ ůɡɜŰŬɔɐ. 

ɇɞ ˊŮɑɟŬɛŬ ɞɚɞəɚɖɟɩɗɖəŮ ɛŮ Űɖ ɛɑŬ ˊɚŮɡɟɎ ɜŬ ɏɢŮɘ 

ŮˊɘɢŬɚəɤɗŮɑ əŬɚɎ. Ʉɘɞ ɔɟɐɔɞɟŬ ŮˊɘɢŬɚəɩɗɖəŮ ɖ əŬɜɞɜɘəɐ (ɖ 

ŬˊɏɜŬɜŰɘ Ŭˊɧ Űɞ ɖɚŮəŰɟɧŭɘɞ Űɞɡ ɢŬɚəɞɨ) ˊɚŮɡɟɎ. 
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Ⱦɤŭɘəɧɠ (Ŭ/Ŭ) ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰŮɚɏůɛŬŰŬ 

ȹ4 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 1.5 ɚŮˊŰɧ (90 sec) ˊɟɘɜ 

ŬɟɢɑůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. ɇɞ ŭɞəɑɛɘɞ ɤůŰɧůɞ ŭŮɜ ŮɛɓŬˊŰɑůŰɖəŮ ŬɟɢɘəɎ ɔɘŬ 

30 ɚŮˊŰɎ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ etching (ŭɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ), ŬɚɚɎ əŬŰŮɡɗŮɑŬ ůŰɞɜ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɘŬ 15 ɚŮˊŰɎ. 

Peel strength (lb/in): 0,29 

(Peel strength Ůɛˊɞɟɘəɞɨ ŭɞəɘɛɑɞɡ ŮˊɘɢŬɚəɤɛɏɜɞɡ FR4: 10,56 

lb/in) 

 

Ʉɘɞ ɔɟɐɔɞɟŬ ŮˊɘɢŬɚəɩɗɖəŮ ɖ əŬɜɞɜɘəɐ (ɖ ŬˊɏɜŬɜŰɘ Ŭˊɧ Űɞ 

ɖɚŮəŰɟɧŭɘɞ Űɞɡ ɢŬɚəɞɨ) ˊɚŮɡɟɎ: ɆŮ ɧɚŬ ŰŬ ˊɟɞɖɔɞɨɛŮɜŬ 

ˊŮɘɟɎɛŬŰŬ ũ1 - ũ13 əŬɘ ůŰɞ ȹ1 ŮˊɘɢŬɚəɤɜɧŰŬɜ ˊɟɩŰŬ ɖ ɛɖ-

əŬɜɞɜɘəɐ (Ŭˊɧ ˊɑůɤ) ˊɚŮɡɟɎ. ȷɜŰɑɗŮŰŬ ůŰŬ ȹ2, ȹ3, ȹ4 əŬɘ ȹ5 

ŮˊɘɢŬɚəɩɗɖəŮ ˊɟɩŰŬ ɖ əŬɜɞɜɘəɐ ˊɚŮɡɟɎ. 

ȹ5 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 2.5 ɚŮˊŰɎ (150 sec) ˊɟɘɜ 

ŬɟɢɑůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. ɇɞ ŭɞəɑɛɘɞ ɤůŰɧůɞ ŭŮɜ ŮɛɓŬˊŰɑůŰɖəŮ ŬɟɢɘəɎ ɔɘŬ 

30 ɚŮˊŰɎ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ etching (ŭɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ), ŬɚɚɎ əŬŰŮɡɗŮɑŬ ůŰɞɜ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɘŬ 15 ɚŮˊŰɎ. 

ȸɚ. ȹɘɎɔɟŬɛɛŬ ȹ5 

ȹ6 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 20 sec ˊɟɘɜ ŰɞˊɞɗŮŰɖɗŮɑ 

ŬɟɢɑůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. ɇɞ ŭɞəɑɛɘɞ ɤůŰɧůɞ ŭŮɜ ŮɛɓŬˊŰɑůŰɖəŮ ŬɟɢɘəɎ ɔɘŬ 

30 ɚŮˊŰɎ ůŰɞ ŭɘɎɚɡɛŬ Űɞɡ etching (ŭɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ), ŬɚɚɎ əŬŰŮɡɗŮɑŬ ůŰɞɜ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɔɘŬ 15 ɚŮˊŰɎ. 

ȺˊɘɢŬɚəɩɗɖəŮ ˊɘɞ ɔɟɐɔɞɟŬ ɖ Ŭˊɧ ˊɑůɤ ˊɚŮɡɟɎ. 

 

Peel strength (lb/in): 0,09 (Peel strength Ůɛˊɞɟɘəɞɨ ŭɞəɘɛɑɞɡ 

ŮˊɘɢŬɚəɤɛɏɜɞɡ FR4: 10,56 lb/in) 
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ȷɜɎɚɡůɖ ˊɟɞɧŭɞɡ ŮˊɘɢɎɚəɤůɖɠ 

 

ɄɑɜŬəŬɠ 11 ï ȰɜŰŬůɖ ɟŮɨɛŬŰɞɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ (ɄŮɘɟɎɛŬŰŬ ȹ) 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ȹ1 

 Volt Ampere t 

20:01 0,3 0,08 0:00 

20:12 0,3 0,09 0:11 

20:19 0,3 0,11 0:18 

20:29 0,3 0,17 0:28 

20:40 0,3 0,2 0:39 

20:52 0,3 0,25 0:51 

21:00 0,3 0,27 0:59 

21:11 0,3 0,3 1:10 

21:27 0,3 0,32 1:26 

21:43 0,3 0,34 1:42 

22:02 0,3 0,34 2:01 

22:13 0,3 0,34 2:12 

22:20 0,3 0,31 2:19 

22:26 0,3 0,32 2:25 

22:31 0,3 0,33 2:30 

22:39 0,3 0,32 2:38 

22:49 0,3 0,33 2:48 

    
 

 

 

 
ɄŮɑɟŬɛŬ ȹ1 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 

 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ȹ2 

t Volt Ampere 

18:31 0,3 0,07 

18:47 0,3 0,08 

18:58 0,3 0,12 

19:08 0,3 0,15 

19:18 0,3 0,18 

19:31 0,3 0,22 

19:49 0,3 0,25 

19:59 0,3 0,27 

20:09 0,3 0,28 

   
 

 

 
ɄŮɑɟŬɛŬ ȹ2 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ȹ3 

 Volt Ampere t 

20:11 0,3 0,06 0:00 

20:30 0,3 0,07 0:19 

20:40 0,3 0,1 0:29 

20:49 0,3 0,13 0:38 

21:03 0,3 0,17 0:52 

21:12 0,3 0,19 1:01 

21:23 0,3 0,22 1:12 

21:50 0,3 0,28 1:39 

21:59 0,3 0,29 1:48 

22:18 0,3 0,3 2:07 
 

 

 
ɄŮɑɟŬɛŬ ȹ3 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ȹ4 

 Volt Ampere t (min) 

0 0,3 0,05 0 

4 0,3 0,04 4 

9 0,3 0,05 9 

25 0,3 0,08 25 

28 0,3 0,09 28 

33 0,3 0,11 33 

43 0,3 0,14 43 

45 0,3 0,15 45 

57 0,3 0,17 57 

63 0,3 0,18 63 

75 0,3 0,2 75 

82 0,3 0,21 82 

93 0,3 0,23 93 

106 0,3 0,23 106 

114 0,3 0,23 114 

    
 

 

 
ɄŮɑɟŬɛŬ ȹ4 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ȹ5 

 Volt Ampere t 

19:02 0,3 0,06 0:00 

19:10 0,3 0,06 0:08 

19:23 0,3 0,07 0:21 

19:38 0,3 0,12 0:36 

19:47 0,3 0,17 0:45 

19:52 0,3 0,2 0:50 

19:57 0,3 0,21 0:55 

20:09 0,3 0,24 1:07 

20:17 0,3 0,25 1:15 

20:26 0,3 0,27 1:24 

20:31 0,3 0,27 1:29 

    
 

 

 
ɄŮɑɟŬɛŬ ȹ5 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ ȹ6 

 Volt Ampere t 

20:33 0,3 0,06 0:00 

20:53 0,3 0,13 0:20 

21:03 0,3 0,19 0:30 

21:10 0,3 0,23 0:37 

21:22 0,3 0,28 0:49 

21:31 0,3 0,3 0:58 

21:39 0,3 0,31 1:06 

21:56 0,3 0,31 1:23 

22:02 0,3 0,31 1:29 

22:13 0,3 0,31 1:40 

  

 

 
ɄŮɑɟŬɛŬ ȹ6 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 

 

 

ɇŬ ˊŬɟŬˊɎɜɤ ˊŮɘɟɎɛŬŰŬ ŮˊɘɓŮɓŬɑɤůŬɜ Űɞ ɧŰɘ Ŭˊɧ ɏɜŬ ůɖɛŮɑɞ əŬɘ ɛŮŰɎ ɖ ŭɘɎɢɡůɖ Űɞɡ 

ɢŬɚəɞɨ ŬɜŬɚŬɛɓɎɜŮɘ Űɞɜ ɏɚŮɔɢɞ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɞ ˊɚŬŰɩ ˊɞɡ 

ˊŬɟŬŰɖɟŮɑŰŬɘ Ŭˊɧ ɏɜŬ ůɖɛŮɑɞ əŬɘ ɛŮŰɎ ůŰɖɜ ɏɜŰŬůɖ Űɞɡ ɟŮɨɛŬŰɞɠ. 
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ɆɢɐɛŬ 35 ï ȹɞəɑɛɘɞ ȹ4 ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (Űɞ ɛɖ ŮˊɘɢŬɚəɤɛɏɜɞ ŰɛɐɛŬ 

ŮɑɜŬɘ Űɞ ŰɛɐɛŬ ˊɞɡ ɓɟɘůəɧŰŬɜ ŮəŰɧɠ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ŮˊɘɢɎɚəɤůɖɠ) 

 

 

 
ɆɢɐɛŬ 36 ï ūɤŰɞɔɟŬűɑŬ SEM ŮˊɘɢŬɚəɤɛɏɜɖɠ ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4 

[ɛŮɔɏɗɡɜůɖ x100] 
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ɆɢɐɛŬ 37 ï ūɤŰɞɔɟŬűɑŬ SEM ŮˊɘɢŬɚəɤɛɏɜɖɠ ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4 

[ɛŮɔɏɗɡɜůɖ x100] 

 

 
ɆɢɐɛŬ 38 ï ūɤŰɞɔɟŬűɑŬ SEM ɚŮˊŰɞɛɏɟŮɘŬɠ ŮˊɘɢŬɚəɤɛɏɜɖɠ ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4. 

ɆŮ ɞɟɘůɛɏɜŬ ůɖɛŮɑŬ ɞ ɢŬɚəɧɠ ɏɢŮɘ ŬˊɞŰŮɗŮɑ ˊɎɜɤ ůŰɘɠ ɑɜŮɠ ɡɎɚɞɡ [ɛŮɔɏɗɡɜůɖ x700] 
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ɆɢɐɛŬ 39 ï ūɤŰɞɔɟŬűɑŬ SEM ɚŮˊŰɞɛɏɟŮɘŬɠ ŮˊɘɢŬɚəɤɛɏɜɖɠ ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4. 

ȹɘŬəɟɑɜŮŰŬɘ Űɞ ŮɜŭɘɎɛŮůɞ ůŰɟɩɛŬ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬɝɨ FR4 əŬɘ ɢŬɚəɞɨ əŬɘ ɞɘ ɑɜŮɠ 

Űɞɡ FR4 ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɖɠ ŮɘəɧɜŬɠ [ɛŮɔɏɗɡɜůɖ x700] 

 

 

 
ɆɢɐɛŬ 40 ï ȹɞəɑɛɘɞ ȹ6 ɛŮŰɎ Űɞ ˊɏɟŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (Űɞ ɛɖ ŮˊɘɢŬɚəɤɛɏɜɞ ŰɛɐɛŬ 

ŮɑɜŬɘ Űɞ ŰɛɐɛŬ ˊɞɡ ɓɟɘůəɧŰŬɜ ŮəŰɧɠ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ ŮˊɘɢɎɚəɤůɖɠ) 
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ɆɢɐɛŬ 41 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ6. ȹɘŬəɟɑɜŮŰŬɘ Űɞ ůŰɟɩɛŬ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬɝɨ ɢŬɚəɞɨ əŬɘ FR4 [ɛŮɔɏɗɡɜůɖ x150] 

 

 
ɆɢɐɛŬ 42 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ6 ï ȺˊɘŰɡɢɐɠ ŮˊɘɢɎɚəɤůɖ 

[ɛŮɔɏɗɡɜůɖ x150] 
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ɆɢɐɛŬ 43 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ6. ȹɘŬəɟɑɜŮŰŬɘ Űɞ ůŰɟɩɛŬ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬɝɨ ɢŬɚəɞɨ əŬɘ FR4 [ɛŮɔɏɗɡɜůɖ x300] 

 

 
ɆɢɐɛŬ 44 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ ȹ6 

[ɛŮɔɏɗɡɜůɖ x300] 

 

 

ȼ ŮˊɘɢɎɚəɤůɖ ůŰŬ ŭɞəɑɛɘŬ ɏɔɘɜŮ ŮˊɘŰɡɢɩɠ əŬɘ ɛŮ əŬɚɐ ˊɞɘɧŰɖŰŬ. ȼ ŬɜɎɚɡůɖ Űɖɠ 

ŭɘŬŰɞɛɐɠ Űɤɜ ŮˊŮɝŮɟɔŬůɛɏɜɤɜ ŮˊɘűŬɜŮɘɩɜ (ɆɢɐɛŬ 36 - ɆɢɐɛŬ 44) ɏŭŮɘɝŮ əŬɚɐ 

ůɡɜɞɢɐ Űɞɡ ɢŬɚəɞɨ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ ɢɤɟɑɠ ŮɛűŬɜŮɑɠ ŬŰɏɚŮɘŮɠ. 
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3.2.3 ɫʀʅʍʗ ʌʀʅʍɻʈʗʐʖʉ ɞ 

 

ɆŰŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ ˊɟɞůŰɏɗɖəŮ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ɔɘŬ ɜŬ ɛŮɚŮŰɖɗŮɑ 

Űɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ ˊɞɡ ɗŬ ŮˊɘűɏɟŮɘ ɖ ŬɚɚŬɔɐ Űɖɠ ɞɝŮɘŭɤŰɘəɐɠ əŬŰɎůŰŬůɖɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ. ɀŮɚŮŰɐɗɖəŮ Ůˊɑůɖɠ ɖ ŬɚɚŬɔɐ Űɞɡ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ůŰɖɜ 

ŰŮɚɘəɎ ŮˊɘŰɡɔɢŬɜɧɛŮɜɖ ˊɟɧůűɡůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ ɡˊɧůŰɟɤɛŬ. 

 

Ƀ ɄɑɜŬəŬɠ 12 əŬŰŬɔɟɎűŮɘ ŰŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɐɠ Űɖɠ ůŮɘɟɎɠ. 
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ɄɑɜŬəŬɠ 12 ï ɄŮɘɟɎɛŬŰŬ Ⱥ: ȹɘŬŭɘəŬůɑŬ ˊŬɟŬɔɤɔɐɠ 

Ⱦɤŭɘəɧɠ (Ŭ/Ŭ) ɄŬɟɎɛŮŰɟɞɘ ˊŮɘɟɎɛŬŰɞɠ ȷˊɞŰŮɚɏůɛŬŰŬ 

Ⱥ1 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 1,5 min ˊɟɘɜ ŬɟɢɑůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 15 ml KOH (O,1 N) 

Peel strength (lb/in): 0,35 

Ⱥ2 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ  2,25 g   

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ 

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ PPy  ɃɉȽ   

Ⱥˊɘˊɚɏɞɜ əŬŰŮɟɔŬůɑŬ ŭŮɑɔɛŬŰɞɠ ɃɉȽ   

ɆɨůŰŬůɖ Űɞɡ ɚɞɡŰɟɞɨ ŮˊɘɢɎɚəɤůɖɠ ȾɚŬůůɘəɐ ůɡɜŰŬɔɐ     

 

ȯɚɚŬ ůɢɧɚɘŬ: ɇɞ ŭɞəɑɛɘɞ ŮɛɓŬˊŰɑůŰɖəŮ ůŮ ˊɡəɜɧ ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 3 min ˊɟɘɜ ŬɟɢɑůŮɘ ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ Űɞɡ. ɆŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ ˊɟɞůŰɏɗɖəŬɜ 15 ml KOH (O,1 N) (ɖ ˊɟɞůɗɐəɖ Űɞɡ ȾɃȼ ɏɔɘɜŮ 

Űɖ ůŰɘɔɛɐ Ŭəɟɘɓɩɠ ˊɞɡ ŰŬ ŭɨɞ ŭɘŬɚɨɛŬŰŬ - Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ əŬɘ Űɖɠ ˊɡɟɟɧɚɖɠ - ŮɜɩɗɖəŬɜ). 

Peel strength (lb/in): 0,9 

 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 

ȺɀɄ, Ɇɢɞɚɐ ɉɖɛɘəɩɜ ɀɖɢŬɜɘəɩɜ, 2014                                                   
108 

ɄŮɘɟɎɛŬŰŬ Ⱥ - ȷɜɎɚɡůɖ ˊɟɞɧŭɞɡ ŮˊɘɢɎɚəɤůɖɠ 

 

ɄɑɜŬəŬɠ 13 ï ȰɜŰŬůɖ ɟŮɨɛŬŰɞɠ ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ (ɄŮɘɟɎɛŬŰŬ Ⱥ) 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ Ⱥ1 

 Volt Ampere t 

15:42 0,3 0,14 0:00 

15:50 0,3 0,15 0:08 

16:15 0,3 0,18 0:33 

16:23 0,3 0,19 0:41 

16:28 0,3 0,2 0:46 

16:53 0,3 0,26 1:11 

17:05 0,3 0,28 1:23 

17:17 0,3 0,31 1:35 

17:30 0,3 0,33 1:48 

17:49 0,3 0,39 2:07 

18:57 0,3 0,49 3:15 

19:15 0,3 0,49 3:33 
 

 

 
ɄŮɑɟŬɛŬ Ⱥ1 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 
 

ɄɅɃɃȹɃɆ ɄȺȽɅȷɀȷɇɃɆ Ⱥ2 

 Volt Ampere t 

19:18 0,3 0,13 0:00 

19:41 0,3 0,15 0:23 

20:01 0,3 0,19 0:43 

20:08 0,3 0,22 0:50 

20:29 0,3 0,3 1:11 

20:58 0,3 0,41 1:40 

21:16 0,3 0,45 1:58 

21:31 0,3 0,48 2:13 

 

 

 

 
ɄŮɑɟŬɛŬ Ⱥ2 ï Ʉɟɧɞŭɞɠ ŮˊɘɢɎɚəɤůɖɠ 

 

 

ɆŰŬ ŭɞəɑɛɘŬ Ⱥ ˊɟɞůŰɏɗɖəŮ ˊɞůɧŰɖŰŬ KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ əŬɘ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ ɖ ˊɞɘɧŰɖŰŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ŬɡɝɐɗɖəŮ ˊɞɚɨ ůŮ ůɢɏůɖ ɛŮ ŰŬ 

ˊɟɞɖɔɞɨɛŮɜŬ ˊŮɘɟɎɛŬŰŬ, ɧˊɤɠ űŬɑɜŮŰŬɘ əŬɘ ůŰɘɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ ɞˊŰɘəɐɠ 

ɛɘəɟɞůəɞˊɑŬɠ Űɖɠ ŭɘŬŰɞɛɐɠ FR4/PPy/Cu (ɆɢɐɛŬ 45 ï ɆɢɐɛŬ 54). 
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ȺɘəɧɜŮɠ ˊŮɘɟɎɛŬŰɞɠ Ⱥ1 

 

 
ɆɢɐɛŬ 45 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ⱥ1. Ƀɛɞɘɧɛɞɟűɖ 

ŬˊɧɗŮůɖ ɢŬɚəɞɨ ɢɤɟɑɠ ŬŰɏɚŮɘŮɠ ɐ ŬůɡɜɏɢŮɘŮɠ [ɛŮɔɏɗɡɜůɖ x70] 

 

 
ɆɢɐɛŬ 46 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ1 [ɛŮɔɏɗɡɜůɖ x100] 
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ɆɢɐɛŬ 47 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ1 [ɛŮɔɏɗɡɜůɖ x100] 

 

 
ɆɢɐɛŬ 48 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ1 [ɛŮɔɏɗɡɜůɖ x200] 

 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 
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ɆɢɐɛŬ 49 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ1- ɚŮˊŰɞɛɏɟŮɘŬ ůŰɟɩɛŬŰɞɠ 

ɢŬɚəɞɨ ˊɞɡ ɏɢŮɘ ŬˊɞŰŮɗŮɑ ˊɎɜɤ ůŰɘɠ ɑɜŮɠ ɡɎɚɞɡ Űɞɡ FR4 [ɛŮɔɏɗɡɜůɖ x200] 

 

ȺɘəɧɜŮɠ ˊŮɘɟɎɛŬŰɞɠ Ⱥ2 

 

 
ɆɢɐɛŬ 50 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɞɡ ŭɞəɘɛɑɞɡ Ⱥ2. Ƀɛɞɘɧɛɞɟűɖ 

ŬˊɧɗŮůɖ ɢŬɚəɞɨ ɢɤɟɑɠ ŬŰɏɚŮɘŮɠ [ɛŮɔɏɗɡɜůɖ x50] 
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ɆɢɐɛŬ 51 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ2 ï ɚŮˊŰɞɛɏɟŮɘŬ Űɖɠ ŬˊɧɗŮůɖɠ 

ɢŬɚəɞɨ [ɛŮɔɏɗɡɜůɖ x150] 

 

 
ɆɢɐɛŬ 52 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ2. ȹɘŬəɟɑɜŮŰŬɘ Űɞ ůŰɟɩɛŬ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮŰŬɝɨ FR4 əŬɘ ɢŬɚəɞɨ [ɛŮɔɏɗɡɜůɖ x150] 

 

 



ȷɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ Űɖɠ ˊɡɟɟɧɚɖɠ ï ȺűŬɟɛɞɔɏɠ ůŰɖɜ Űɟɞˊɞˊɞɑɖůɖ ŮˊɘűŬɜŮɘɩɜ 
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ɆɢɐɛŬ 53 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ2 [ɛŮɔɏɗɡɜůɖ x200] 

 

 
ɆɢɐɛŬ 54 ï ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ Ⱥ2 [ɛŮɔɏɗɡɜůɖ x300] 
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3.3 ɫʑʉʋʇʅʆʗ ʎʑʈʌʀʍʗʎʈɻʐɻ ʌʀʅʍɻʈʗʐʖʉ  

 

Ƀɘ ŰɟŮɘɠ ˊŬɟŬˊɎɜɤ ůŮɘɟɏɠ ˊŮɘɟŬɛɎŰɤɜ (ůŮɘɟɏɠ ˊŮɘɟŬɛɎŰɤɜ ũ, ȹ, Ⱥ) ɞŭɐɔɖůŬɜ ůŮ ɛɘŬ 

ůŮɘɟɎ ůɡɛˊŮɟŬůɛɎŰɤɜ. ɆŮ ŬɡŰɧ Űɞ ůɖɛŮɑɞ ůɡɜɞɣɑɕɞɜŰŬɘ ŰŬ ɓŬůɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

Űɤɜ ˊŬɟŬˊɎɜɤ ˊŮɘɟŬɛɎŰɤɜ, ŬɜŬűɞɟɘəɎ ɛŮ Űɘɠ ůɡɜɗɐəŮɠ ŮˊɘɢɎɚəɤůɖɠ əŬɘ Űɘɠ 

ůɡɜɏˊŮɘŮɠ ˊɞɡ ŬɡŰɏɠ ɏɢɞɡɜ ɔɘŬ Űɞ ŰŮɚɘəɧ ŬˊɞŰɏɚŮůɛŬ. 

 

ɇŬ ůɡɛˊŮɟɎůɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ Ůɝɐɠ: 

 

1. ɄɟɏˊŮɘ ɜŬ ɔɑɜŮŰŬɘ əŬɚɐ ŬɜɎŭŮɡůɖ ɧɚɤɜ Űɤɜ ŭɘŬɚɡɛɎŰɤɜ ˊɟɘɜ Űɖ ɢɟɐůɖ Űɞɡɠ. 

 

2. ɇŬ əɟɞəɞŭŮɘəɎəɘŬ ˊɞɡ ůɡɔəɟŬŰɞɨɜ ŰŬ ɖɚŮəŰɟɧŭɘŬ ˊɟɏˊŮɘ ɜŬ ɛˊŬɑɜɞɡɜ ɛɏůŬ ůŰɞ 

ɚɞɡŰɟɧ əŬɘ ɧɢɘ ɜŬ ŮɑɜŬɘ ŮəŰɧɠ ŬɡŰɞɨ. 

 

3. Ƀ əŬɚɨŰŮɟɞɠ ůɡɜŭɡŬůɛɧɠ ɏɜŬɟɝɖɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ŮɑɜŬɘ: 1V əŬɘ 0,23A. 

 

4. ȼ ˊɑůɤ ˊɚŮɡɟɎ ŮɑɜŬɘ ŬɡŰɐ ˊɞɡ ŮˊɘɢŬɚəɩɜŮŰŬɘ ˊɟɩŰɖ. ũɘŬ ŬɡŰɧ ɖ ˊɑůɤ ˊɚŮɡɟɎ ŮɑɜŬɘ 

ŬɡŰɐ ˊɞɡ ɚŬɛɓɎɜɞɡɛŮ ɡˊɧɣɖ ɔɘŬ ɜŬ ɡˊɞɚɞɔɑůɞɡɛŮ Űɞ ˊɧŰŮ ɞɚɞəɚɖɟɩɗɖəŮ ɖ 

ŮˊɘɢɎɚəɤůɖ. ȷɡŰɧ ɛɎɚɚɞɜ ɞűŮɑɚŮŰŬɘ ůŰɞ ɧŰɘ ɖ ŮˊɘɢɎɚəɤůɖ ɔɑɜŮŰŬɘ ɛɏůŬ ůŮ əɡəɚɘəɐɠ 

ŭɘŬŰɞɛɐɠ ɔɡɎɚɘɜɞ ŭɞɢŮɑɞ, ɛŮ ŬˊɞŰɏɚŮůɛŬ ɞɘ ŭɡɜŬɛɘəɏɠ ɔɟŬɛɛɏɠ Űɞɡ ɖɚŮəŰɟɘəɞɨ 

ˊŮŭɑɞɡ ɜŬ ŮɑɜŬɘ əɡəɚɘəɏɠ əŬɘ ɜŬ ˊɖɔŬɑɜɞɡɜ - ŬəɞɚɞɡɗɩɜŰŬɠ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ŭɞɢŮɑɞɡ 

- əŬŰŮɡɗŮɑŬɜ ůŰɖɜ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ ɡˊɧ ŮˊŮɝŮɟɔŬůɑŬ ŭɞəɘɛɑɞɡ FR4. 

 

5. ȷɟəɞɨɜ 15' ˊŬɟŬɛɞɜɐɠ ůŰɞ ŰŮɚɘəɧ ŭɘɎɚɡɛŬ (ŭɘɎɚɡɛŬ ɞɝŮɘŭɤŰɘəɞɨ + ŭɘɎɚɡɛŬ 

ˊɡɟɟɧɚɖɠ). 

 

6. ȼ ˊɟɞůɗɐəɖ ȾɃȼ ɓɞɖɗɎŮɘ ˊɞɚɨ Űɖɜ ŮˊɘɢɎɚəɤůɖ. 

 

7. ɀŮɔɎɚɖ Ŭɟɢɘəɐ Űɘɛɐ ɟŮɨɛŬŰɞɠ (ˊ.ɢ. Ŭɜ ŰŬ ɖɚŮəŰɟɧŭɘŬ ŮɑɜŬɘ ɞɚɧəɚɖɟŬ ɛɏůŬ ůŰɞ 

ŭɘɎɚɡɛŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ), əŬŰŬɚɐɔŮɘ ůŮ ˊɟɞɓɚɖɛŬŰɘəɐ ŮˊɘɢɎɚəɤůɖ. 

 

8. ȼ əŬɚɐ ŬɜɎŭŮɡůɖ Űɞɡ ŰŮɚɘəɞɨ ŭɘŬɚɨɛŬŰɞɠ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɐ ɔɘŬ Űɖɜ ŮˊɘŰɡɢɑŬ 

Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

 

9. ɆŮ ɧɚŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ŮˊɘɢŬɚəɩɜŮŰŬɘ ˊɟɩŰŬ ɖ ˊɑůɤ ˊɚŮɡɟɎ Űɞɡ ŭɞəɘɛɑɞɡ, ŮəŰɧɠ Ŭˊɧ 

ŰŬ ˊŮɘɟɎɛŬŰŬ ɛŮ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ AgNO3, ɧˊɞɡ ŮˊɘɢŬɚəɩɜŮŰŬɘ ˊɟɩŰŬ ɖ ɛˊɟɞůŰɘɜɐ 

ˊɚŮɡɟɎ. 
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τȢ ɚʌʋʐʀʇʘʎʈɻʐɻ ʌʀʅʍɻʈʗʐʖʉ ɀ ɫʞʉʃʀʎʂ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ɇŬ ɓŬůɘəɎ ůŰɞɘɢŮɑŬ ˊɞɡ ɏɔɘɜŮ ˊɟɞůˊɎɗŮɘŬ ɜŬ ŬɟɘůŰɞˊɞɘɖɗɞɨɜ ůɢŮŰɘəɎ ɛŮ Űɖ ůɨɜɗŮůɖ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ŮɑɜŬɘ: 

 

¶ ȼ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ ŰŮɚɘəɎ ˊŬɟŬɔɧɛŮɜɞɡ ɡɛɏɜŬ (film) ˊɞɚɡˊɡɟɟɧɚɖɠ 

¶ ȼ ɢɖɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

¶ ȼ ɞɝŮɘŭɤŬɜŬɔɤɔɘəɐ Űɖɠ ŭɡɜŬŰɧŰɖŰŬ ɜŬ ŬɜɎɔŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ 

 

ɇŬ ŭɨɞ ˊɟɩŰŬ ŭɘŮɟŮɡɜɐɗɖəŬɜ ůŰŬ ˊɚŬɑůɘŬ ˊŬɚŬɘɧŰŮɟɤɜ ŮɟŮɡɜɩɜ (ůɡɜɏɢŮɘŬ Űɤɜ 

ɞˊɞɑɤɜ ŮɑɜŬɘ ɖ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ). ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɡŰɩɜ Űɤɜ ŮɟŮɡɜɩɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ Ůŭɩ ɝŬɜɎ ůɡɜɞˊŰɘəɎ ɞɨŰɤɠ ɩůŰŮ ɜŬ ɡˊɎɟɝŮɘ ɛɘŬ ůɨɜŭŮůɖ Űɞɡɠ ɛŮ Űɖ 

ůɡɜŰŬɔɐ ůɨɜɗŮůɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ Űɤɜ 

ɛɞɜɤŰɩɜ. ȼ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ɞɝŮɘŭɤŬɜŬɔɤɔɘəɐɠ ŭɡɜŬŰɧŰɖŰŬɠ Űɖɠ PPy ŮɑɢŮ ɔɑɜŮɘ əŬɘ ůŮ 

ˊŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ ŬɚɚɎ ŭɘŮɟŮɡɜɐɗɖəŮ ŮˊɘůŰŬɛɏɜŬ əŬɘ ůŰŬ ˊɚŬɑůɘŬ ŬɡŰɐɠ Űɖɠ 

ɏɟŮɡɜŬɠ. 

ψȢυ ɚʍʅʎʐʋʌʋʚʂʎʂ ɻɾʖɾʅʈʝʐʂʐɻʏ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ũɘŬ Űɖɜ ŬɟɘůŰɞˊɞɑɖůɖ Űɖɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŭɘŮɝɐɢɗɖůŬɜ ɛɘŬ ůŮɘɟɎ 

ˊŮɘɟŬɛɎŰɤɜ, ˊɞɡ ůŰɧɢɞ ŮɑɢŬɜ Űɖ ɛŮɚɏŰɖ Űɞɡ əŬŰɎ ˊɧůɞ ɖ ŬɚɚŬɔɐ Űɖɠ ůɨɜɗŮůɖɠ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ ˊɞɚɡɛŮɟɘůɛɞɨ ɛˊɞɟŮɑ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ŮɜŭɞɔŮɜɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ ɛɞɟɑɞɡ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ. 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ŮɚɏɔɢɗɖəŮ Űɞ əŬŰɎ ˊɧůɞ ɖ ŬɚɚŬɔɐ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ 

ɞɝŮɘŭɤŰɘəɞɨ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ ˊɡɟɟɧɚɖɠ ɛˊɞɟŮɑ ɜŬ 

ŬɡɝɐůŮɘ Űɖɜ ŰŮɚɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ. 

ȺɚɏɔɢɗɖəŮ Ůˊɑůɖɠ əŬɘ ɖ ŮˊɑŭɟŬůɖ ˊɞɡ ɏɢɞɡɜ ŰŬ ɘɧɜŰŬ ŮɛɓɞɚɘŬůɛɞɨ (ůŰɖɜ ɏɟŮɡɜŬ 

ɢɟɖůɘɛɞˊɞɑɖůŬ PTS ï ɓɚ. ɆɢɐɛŬ 55) ůŰɖɜ ŰŮɚɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

 

 

 
ɆɢɐɛŬ 55 ï PTS 

 

 

ɆŰŬ ˊɚŬɑůɘŬ ˊŬɚŬɘɧŰŮɟɤɜ ŮɟŮɡɜɩɜ(9) ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɞɡ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ 

ůŰɖɜ ŰŮɚɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ. ȰɔɘɜŬɜ ˊɞɚɚɎ ˊŮɘɟɎɛŬŰŬ ˊɞɡ 

əŬŰɏɚɖɝŬɜ ůŮ ůɡɔəŮəɟɘɛɏɜŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŬɜŬűɞɟɘəɎ ɛŮ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ ɤɠ ˊɟɞɠ 

Űɞ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ, ŰŬ ɞ́ɞɑŬ ɚɐűɗɖůŬɜ ɡ́ô ɧɣɘɜ əŬŰɎ Űɞ ůɢŮŭɘŬůɛɧ Űɤɜ 

Ů́ɘɟŬɛɎŰɤɜ. 
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Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŮ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ ˊŬɚŬɘɧŰŮɟŬ Ŭˊɧ Űɖɜ ɞɛɎŭŬ ɛŬɠ (9), ɞ 

ɛɏůɞɠ ɧɟɞɠ Ŭɟɢɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ ɔɘŬ əɎɗŮ ɡɚɘəɧ ŮɛɓɞɚɘŬůɛɞɨ ˊɞɡ ɛŮɚŮŰɐɗɖəŮ 

əŬŰŬɔɟɎűŮŰŬɘ ˊŬɟŬəɎŰɤ. 

 

¶ PPy-Si : 41.896 S/cm 

¶ PPy-P : 35.783 S/cm 

¶ PPy-Ti : 35.352 S/cm 

¶ PPy-Zr : 31.553 S/cm 

¶ PPy-B : 22.409 S/cm 

 

ȸɟɏɗɖəŮ ŭɖɚŬŭɐ ɧŰɘ ŰŬ ŭŮɑɔɛŬŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ˊɞɡ ŮɑɜŬɘ ŮɛɓɞɚɘŬůɛɏɜɖ ɛŮ 

SiF6
2- ŮɛűŬɜɑɕɞɡɜ ɛŮɔŬɚɨŰŮɟɖ Ŭɟɢɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ (əŬŰɎ ɛɏůɞ ɧɟɞ), Ůɜɩ ŰŬ ŭŮɑɔɛŬŰŬ 

ŰŬ ŮɛɓɞɚɘŬůɛɏɜŬ ɛŮ BF4
- ˊŬɟɞɡůɘɎɕɞɡɜ Űɖɜ ɢŬɛɖɚɧŰŮɟɖ (əŬŰɎ ɛɏůɞ ɧɟɞ) Ŭɟɢɘəɐ 

ŬɔɤɔɘɛɧŰɖŰŬ (9). 

 

ȼ ɞɛɎŭŬ ɛŬɠ ŮɑɢŮ ˊŬɚŬɘɧŰŮɟŬ əŬŰɞɟɗɩůŮɘ ɜŬ ˊŬɟŬůəŮɡɎůŮɘ ˊɞɚɡˊɡɟɟɧɚɖ ɛŮ 

ŬɔɤɔɘɛɧŰɖŰŬ ɏɤɠ əŬɘ 67 S/cm ɛŮ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ Űɖ ůɞɡɚűɞɜɘəɐ ɞɛɎŭŬ Űɞɡ 

ˊŬɟŬŰɞɚɞɡɞɚɑɞɡ.  (ȷ.ȹ.ɈűŬɜŰɐɠ) (63). ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ əŬɘ ŮˊɘɚɏɢɗɖəŮ ŰŮɚɘəɎ Űɞ 

PTS ɤɠ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ ɔɘŬ Űɖ ŭɘŮɝŬɔɤɔɐ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ŮˊɘɢɎɚəɤůɖɠ ɛɞɜɤŰɩɜ. 

 

 

ȷɔɤɔɘɛɧŰɖŰŬ ɖɚŮəŰɟɞŭɑɤɜ FR4/PPy 

 

ɀŮɚŮŰɐɗɖəŮ Ůˊɑůɖɠ ɖ ŬɔɤɔɘɛɧŰɖŰŬ Űɤɜ ɖɚŮəŰɟɞŭɑɤɜ FR4/PPy. ȼ ŬɜŰɑůŰŬůɖ Űɤɜ 

ɞˊɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ əŬɚɡɛɛɏɜɤɜ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ ɓɟɏɗɖəŮ ɑůɖ ɛŮ 0.650-

0.750 Mɋhm ɔɘŬ ɛɘŬ ɞˊɐ ŭɘŬɛɏŰɟɞɡ 1 mm əŬɘ ɛɐəɞɡɠ 1 mm (26). ȼ ɓɘɓɚɘɞɔɟŬűɑŬ 

ŬɜŬűɏɟŮɘ ˊɤɠ ɖ Ŭɨɝɖůɖ Űɖɠ ɝɐɟŬɜůɖɠ Űɤɜ ŭɞəɘɛɑɤɜ ɛˊɞɟŮɑ ˊɘɗŬɜɧɜ ɜŬ ɞŭɖɔɐůŮɘ ůŮ 

ɛŮɔŬɚɨŰŮɟɖ ŬɔɤɔɘɛɧŰɖŰŬ (64), ɤůŰɧůɞ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ɏɟŮɡɜŬɠ əɎŰɘ ŰɏŰɞɘɞ ŭŮ 

ŭɘŬˊɘůŰɩɗɖəŮ. 

 

ψȢφ ɚʍʅʎʐʋʌʋʚʂʎʂ ʔʂʈʅʆʙʏ ʎʐɻʃʀʍʝʐʂʐɻʏ ʌʋʇʑʌʑʍʍʝʇʂʏ 

 

ȼ ɢɖɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɏɢŮɘ ŭɘŮɟŮɡɜɖɗŮɑ ˊŬɚŬɘɧŰŮɟŬ ůŰŬ ˊɚŬɑůɘŬ 

Űɤɜ ŮɟŮɡɜɖŰɘəɩɜ ˊɟɞůˊŬɗŮɘɩɜ Űɖɠ ɞɛɎŭŬɠ ɛŬɠ (9) əŬɘ ŰŬ ůɢŮŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ 

ˊŬɟŬŰɑɗŮɜŰŬɘ ˊŮɟɘɚɖˊŰɘəɎ ůŰɞ əŮűɎɚŬɘɞ ŬɡŰɧ. 

 

ɄŬɟŬəɎŰɤ əŬŰŬɔɟɎűŮŰŬɘ ɖ ůŮɘɟɎ ůŰŬɗŮɟɧŰɖŰŬɠ Űɤɜ ɡɚɘəɩɜ ˊɞɡ ŬɜŬɚɨɗɖəŬɜ ůŰŬ 

ˊɚŬɑůɘŬ Űɖɠ ŭɘˊɚɤɛŬŰɘəɐɠ ŮɟɔŬůɑŬɠ ɛɞɡ (9), ɝŮəɘɜɩɜŰŬɠ Ŭˊɧ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ, ɖ 

ɞˊɞɑŬ ŭɑɜŮɘ ŰŬ ůŰŬɗŮɟɧŰŮɟŬ ŭŮɑɔɛŬŰŬ əŬɘ əŬŰŬɚɐɔɞɜŰŬɠ ůŰɖɜ ˊɞɚɡˊɡɟɟɧɚɖ, ˊɞɡ ŭɑɜŮɘ 

ŰŬ ŬůŰŬɗɏůŰŮɟŬ ŭŮɑɔɛŬŰŬ (ůŮ ˊŬɟɏɜɗŮůɖ əŬŰŬɔɟɎűŮŰŬɘ Űɞ ˊɞůɞůŰɧ Űɖɠ Ŭɟɢɘəɐɠ 

ŬɔɤɔɘɛɧŰɖŰŬɠ, Űɞ ɞˊɞɑɞ ɏɢŮɘ çˊŬɟŬɛŮɑɜŮɘè ůŰɞ ɡɚɘəɧ, ɛŮŰɎ Ŭˊɧ ɗŮɟɛɘəɐ əŬŰŬˊɧɜɖůɖ 

100 ɤɟɩɜ) (9) : 

 

¶ ɆŰɞɡɠ 80oC : PPy-P (36.319 %), PPy-Ti (34.568 %), PPy-Si (22.899 %), PPy-

B (15.094 %), PPy-Zr (11.294 %). 

¶ ɆŰɞɡɠ 100oC : PPy-P (15.294 %), PPy-Si (9.622 %), PPy-B (8.515 %), PPy-

Ti (5.132 %), PPy-Zr (4.585 %). 
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¶ ɆŰɞɡɠ 120oC : PPy-Zr (2.43 %), PPy-B (1.472 %), PPy-P (0.424 %), PPy-Si 

(0.351 %), PPy-Ti (0.00229 %). 

¶ ɆŰɞɡɠ 140oC : PPy-B (0.549 %), PPy-Ti (0.316755 %), PPy-Zr (0.296 %), 

PPy-P (0.00098 %), PPy-Si (ŮəŰɧɠ ɞɟɑɤɜ ɞɟɔɎɜɞɡ). 

 

ȹɖɚŬŭɐ: 

¶ ũɘŬ ɗŮɟɛɞəɟŬůɑŮɠ ɛɏɢɟɘ əŬɘ 100oC ɛŮɔŬɚɨŰŮɟɖ ůŰŬɗŮɟɧŰɖŰŬ ˊŬɟɞɡůɘɎɕŮɘ ɖ 

ˊɞɚɡˊɡɟɟɧɚɖ ŮɛɓɞɚɘŬůɛɏɜɖ ɛŮ PF6
-, ůŰɞɡɠ 120ɞC ˊŮɟɘůůɧŰŮɟɞ ůŰŬɗŮɟɐ ŮɑɜŬɘ 

ɖ PPy-Zr, Ůɜɩ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ ɡɣɖɚɧŰŮɟŮɠ Űɤɜ 120ɞC  ɛŮɔŬɚɨŰŮɟɖ 

ůŰŬɗŮɟɧŰɖŰŬ ˊŬɟɞɡůɘɎɕŮɘ ɖ ˊɞɚɡˊɡɟɟɧɚɖ ɖ ŮɛɓɞɚɘŬůɛɏɜɖ ɛŮ BF4
-. ũŮɜɘəɎ 

ɧɛɤɠ ɛˊɞɟɞɨɛŮ ɜŬ ˊɞɨɛŮ ɧŰɘ ɖ PPy-BF4
- ŮɑɜŬɘ ɖ ůŰŬɗŮɟɧŰŮɟɖ PPy ůŮ ɡɣɖɚɏɠ 

(ɗ > 100ɞC) ɗŮɟɛɞəɟŬůɑŮɠ. 

¶ ɀŮŰɎ Ŭˊɧ ɗŮɟɛɘəɐ əŬŰŬˊɧɜɖůɖ 100 h ůŰɞɡɠ 140ɞC, ɧɚŬ ŰŬ ɡɚɘəɎ ɏɢɞɡɜ 

ŬˊɞɚɏůŮɘ ůɢŮŭɧɜ ɧɚɖ Űɖɜ Ŭɟɢɘəɐ ŬɔɤɔɘɛɧŰɖŰɎ Űɞɡɠ. ȹɖɚŬŭɐ ůŮ ŬɡŰɐ Űɖ 

ɗŮɟɛɞəɟŬůɑŬ, ŭŮɜ ɏɢŮɘ ɜɧɖɛŬ  ɜŬ ɔɑɜŮŰŬɘ ůɡɕɐŰɖůɖ ɔɘŬ çůŰŬɗŮɟɧŰŮɟɞè ɡɚɘəɧ, 

əŬɗɩɠ ɖ ŭɘŬűɞɟɎ Űɞɡ ˊɞůɞůŰɞɨ ŬˊɩɚŮɘŬɠ Űɖɠ Ŭɟɢɘəɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ Űɞɡ 

ůŰŬɗŮɟɧŰŮɟɞɡ Ŭˊɧ Űɞ ŬůŰŬɗɏůŰŮɟɞ ɡɚɘəɧ ŮɑɜŬɘ ɛɘəɟɐ (ˊɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ Ůɜ 

ɚɧɔɤ ŭɘŬűɞɟɎ ŮɑɜŬɘ ˊŮɟɑˊɞɡ 0.5482 %) (9). 

 

ȳˊɤɠ űŬɑɜŮŰŬɘ Ŭˊɧ ŬɜŬɚɨůŮɘɠ, ɞɘ ŮˊɘəŬɚɨɣŮɘɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŮ ɛɞɜɤŰɘəɏɠ 

ŮˊɘűɎɜŮɘŮɠ ˊŬɟɞɡůɘɎɕɞɡɜ ɢɟɞɜɘəɐ ůŰŬɗŮɟɧŰɖŰŬ. ȼ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɤɜ 

ŮˊɘəŬɚɨɣŮɤɜ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ˊɞɡ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ɘŭɘɧŰɖŰŬ ɔɘŬ ŮűŬɟɛɞɔɏɠ ɅCȸ, 

ŮɑɜŬɘ Ůˊɑůɖɠ ɘəŬɜɞˊɞɘɖŰɘəɐ (53). 

Ƀɘ ɛŮɚɏŰŮɠ ˊɞɡ ɏɢɞɡɛŮ ŭɘŮɝɎɔŮɘ ůɢŮŰɘəɎ ɛŮ Űɖ ɢɖɛɘəɐ əŬɘ ɗŮɟɛɘəɐ ůŰŬɗŮɟɧŰɖŰŬ Űɞɡ 

ɛɞɟɑɞɡ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŮɑɜŬɘ ɎɛŮůŬ ůɡɜɡűŬůɛɏɜŮɠ ɛŮ Űɖɜ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ, 

ŭŮŭɞɛɏɜɞɡ ɧŰɘ ɖ ˊɞɚɡˊɡɟɟɧɚɖ, ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŰŬ ɇɡˊɤɛɏɜŬ ȾɡəɚɩɛŬŰŬ, 

ɡˊɧəŮɘŰŬɘ ůŮ ŬɡɝɖɛɏɜŮɠ ɗŮɟɛɞəɟŬůɑŮɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɤɜ 

ůɢŮŰɘəɩɜ ɖɚŮəŰɟɞɜɘəɩɜ ŮɝŬɟŰɖɛɎŰɤɜ ůŰŬ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ. ȼ Ŭɡɝɖɛɏɜɖ 

ůŰŬɗŮɟɧŰɖŰŬ, ˊɞɡ ŭɘŬˊɘůŰɩɗɖəŮ ɧŰɘ ŭɘŬɗɏŰŮɘ ɖ ˊɞɚɡˊɡɟɟɧɚɖ, ŮɝŬůűŬɚɑɕŮɘ ɧŰɘ ŭŮɜ 

ˊɟɧəŮɘŰŬɘ ɜŬ ŬˊɞəɞɚɚɖɗŮɑ Ŭˊɧ Űɞ ɡˊɧůŰɟɤɛŬ ˊɎɜɤ ůŰɞ ɞˊɞɑɞ ɏɢŮɘ ŬˊɞŰŮɗŮɑ, 

ŭɘŬŰɖɟɩɜŰŬɠ ɏŰůɘ Űɖ ɓŬůɘəɐ ŭɞɛɐ Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ FR4/PPy/Cu ůŰŬɗŮɟɐ (9). 

 

ψȢχ ɚʍʅʎʐʋʌʋʚʂʎʂ ʅʆɻʉʝʐʂʐɻʏ ʌʋʇʑʌʑʍʍʝʇʂʏ ʉɻ ɻʉʗɾʀʅ ʅʝʉʐɻ ʔɻʇʆʋʞ 

 

ɀŮɚŮŰɐɗɖəŮ Ůˊɑůɖɠ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŬɚɚŬɔɐ Űɖɠ əŬŰɎůŰŬůɖɠ ɞɝŮɑŭɤůɖɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ ɘəŬɜɧŰɖŰŬ Űɖɠ ɜŬ ŬɜɎɔŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ ůŮ ŬŰɞɛɘəɧ ɢŬɚəɧ, ɛɏůɤ 

Űɖɠ ɛŮɚɏŰɖɠ Űɖɠ ˊɟɞůɗɐəɖɠ ȾɃȼ ůŮ ŭɘɎűɞɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ ůŰɞ ŭɘɎɚɡɛŬ 

ˊɞɚɡɛŮɟɘůɛɞɨ. 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ ɖ ˊɞɚɡˊɡɟɟɧɚɖ ɛˊɞɟŮɑ ɜŬ ɡˊɎɟɢŮɘ ůŮ ˊɞɚɚɏɠ əŬŰŬůŰɎůŮɘɠ 

ɞɝŮɑŭɤůɖɠ. ȼ ˊɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊŬɟŬůəŮɡɐɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŬɚɚɎɕŮɘ 

Űɖɜ əŬŰɎůŰŬůɖ ɞɝŮɑŭɤůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɚɚŬɔɐ Űɖɠ 

ŭɡɜŬŰɧŰɖŰŬɠ ˊɞɡ ŭɘŬɗɏŰŮɘ ɜŬ ŬˊɞűɞɟŰɑɕŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ ˊɟɞɠ ɞɡŭɏŰŮɟɞ ŬŰɞɛɘəɧ 

ɢŬɚəɧ. ȰɔɘɜŮ ɛŮɚɏŰɖ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ ɛŮ əŬɘ ɢɤɟɑɠ ˊɟɞůɗɐəɖ 

ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ. ȹɘŮɝɐɢɗɖůŬɜ ˊŮɘɟɎɛŬŰŬ əŬɘ ɛŮɚŮŰɐɗɖəŮ ɖ 

ˊɞɘɧŰɖŰŬ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ɔɘŬ ɜŬ ŭɘŮɟŮɡɜɖɗŮɑ Űɞ əŬŰɎ ˊɧůɞ ɖ ŬɚɚŬɔɛɏɜɖ 

əŬŰɎůŰŬůɖ ɞɝŮɑŭɤůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɞŭɖɔŮɑ ůŮ Ŭɨɝɖůɖ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɞɡ 

ůŰɟɩɛŬŰɞɠ Űɞɡ ɢŬɚəɞɨ ˊɞɡ ŬˊɞŰɑɗŮŰŬɘ ůŰɞ ɡˊɧůŰɟɤɛŬ. 
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ɀŮɑɤůɖ Űɞɡ ɟɧɚɞɡ Űɖɠ ŭɘɎɢɡůɖɠ ɔɘŬ Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ Űɖɠ ŬɜŰɑŭɟŬůɖɠ 

 

ȰɜŬɠ ˊɘɗŬɜɧɠ ɛɖɢŬɜɘůɛɧɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ əŬŰɎ Űɖ ɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ (copper 

deposition mechanism) ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ŭɘɎɢɡůɖ ɘɧɜŰɤɜ ɢŬɚəɞɨ Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ ˊɟɞɠ 

Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ FR4 (65, 66). 

 

ȼ ɛŮŰŬɓɞɚɐ Űɞɡ ɟŮɨɛŬŰɞɠ ˊɞɡ ŭɘŬˊŮɟɜɎŮɘ Űɞ ɖɚŮəŰɟɞɢɖɛɘəɧ əŮɚɑ ŮˊɘɢɎɚəɤůɖɠ əŬŰɎ 

Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ Űɞɡ FR4 űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 56 ɔɘŬ Űɞ ŭŮɑɔɛŬ ȹ6. 

 

 
ɆɢɐɛŬ 56 ï ȰɜŰŬůɖ ɟŮɨɛŬŰɞɠ (A) ï ɉɟɧɜɞɠ ɔɘŬ Űɞ ŭŮɑɔɛŬ ȹ6 

 

ɇɞ ɆɢɐɛŬ 56 ŭŮɑɢɜŮɘ ɧŰɘ Űɞ ɟŮɨɛŬ ŬɟɢɘəɎ ŬɡɝɎɜŮŰŬɘ ɛŮ ɛŮɔɎɚɞ ɟɡɗɛɧ əŬɘ ŰŮɚɘəɎ 

űŰɎɜŮɘ ůŮ ɏɜŬ ɧɟɘɞ (Űɞ ˊɚɎŰɤɛŬ ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰɞ ŭɘɎɔɟŬɛɛŬ) ɧŰŬɜ Űɞ 

ɛŮɔŬɚɨŰŮɟɞ ɛɏɟɞɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɏɢŮɘ ŮˊɘɢŬɚəɤɗŮɑ. ȷɡŰɧ 

ɡˊɞŭɖɚɩɜŮɘ ɧŰɘ ɞ ɛɖɢŬɜɘůɛɧɠ ŮˊɘɢɎɚəɤůɖɠ ɏɢŮɘ ůŬɜ ɓɟŬŭɨŰŮɟɞ ůŰɎŭɘɞ Űɖ ŭɘɎɢɡůɖ 

Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɢŬɚəɞɨ (Cu2+) Ŭˊɧ Űɞ ŭɘɎɚɡɛŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. 

ȳŰŬɜ ůŰɖɜ Ŭɟɢɐ ɖ ŭɘŬűɞɟɎ ůɡɔəɏɜŰɟɤůɖɠ ɢŬɚəɞɨ ɛŮŰŬɝɨ ŭɘŬɚɨɛŬŰɞɠ-ŮˊɘűɎɜŮɘŬɠ 

FR4 ŮɑɜŬɘ ɛŮɔɎɚɖ, ɖ ŮˊɘɢɎɚəɤůɖ ˊɟɞɢɤɟɎŮɘ ɛŮ ɛŮɔɎɚɞ ɟɡɗɛɧ. ȾŬɗɩɠ ɖ ŮˊɘűɎɜŮɘŬ 

ŮˊɘɢŬɚəɩɜŮŰŬɘ, ŬɡŰɐ ɖ ŭɘŬűɞɟɎ ůɡɔəɏɜŰɟɤůɖɠ ɛŮɘɩɜŮŰŬɘ ɛŮ ŬˊɞŰɏɚŮůɛŬ əŬɘ Űɖ 

ɛŮɑɤůɖ Űɖɠ Ŭɨɝɖůɖɠ Űɞɡ ɟɡɗɛɞɨ ŮˊɘɢɎɚəɤůɖɠ (ɐŰɞɘ Űɖɠ Űɘɛɐɠ Űɞɡ ɟŮɨɛŬŰɞɠ, ˊɞɡ 

ŭɘŬˊŮɟɜɎŮɘ Űɞ ɖɚŮəŰɟɞɢɖɛɘəɧ əŮɚɑ). ɄŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ ůŮ ɎɚɚŬ ŭɞəɑɛɘŬ ŬɚɚɎ əŬɘ 

ˊŬɚŬɘɧŰŮɟŮɠ ɏɟŮɡɜŮɠ ɛŬɠ (13) Ůɜɘůɢɨɞɡɜ ŰŬ ˊŬɟŬˊɎɜɤ ůɡɛˊŮɟɎůɛŬŰŬ. 

 

ɋůŰɧůɞ ɖ ˊɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ɐ ɖ Ŭɡɝɖɛɏɜɖ ɢɖɛɘəɐ 

ˊɟɞůɓɞɚɐ űŬɑɜŮŰŬɘ ɧŰɘ ɛŮɘɩɜŮɘ Űɞ ɟɧɚɞ Űɖɠ ŭɘɎɢɡůɖɠ ůŰɞ ɛɖɢŬɜɘůɛɧ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ. ȷɡŰɧ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ˊɞɘɧŰɖŰŬɠ Űɞɡ 

ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ (57). ȷˊɧ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŭɘŮɝɐɢɗɖůŬɜ ůŮ ŭɞəɑɛɘŬ ˊɟɞɏəɡɣŬɜ ɞɘ 

əŬɛˊɨɚŮɠ ɟŮɨɛŬŰɞɠ-ɢɟɧɜɞɡ ˊɞɡ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 57 əŬɘ ůŰɞ ɆɢɐɛŬ 58. 
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ɆɢɐɛŬ 57 

i (A) vs. t (mins) 

ȹɞəɑɛɘɞ ȹ3 (ɢɟɐůɖ 15 ml KOH + 15ô H2SO4) 

 

 

 
ɆɢɐɛŬ 58 

i (A) vs. t (mins) 

ȹɞəɑɛɘɞ ȹ4 (1.5ô H2SO4) 

 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ɡˊɞŭŮɘəɜɨɞɡɜ ɧŰɘ ɖ ˊɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ɐ 

ɖ Ŭɡɝɖɛɏɜɖ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɞŭɖɔɞɨɜ ůŮ ɛŮɑɤůɖ Űɞɡ ɟɧɚɞɡ Űɖɠ 

ŭɘɎɢɡůɖɠ ůŰɞ ɛɖɢŬɜɘůɛɧ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

 

ȷɡŰɎ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Ɏɚɚɤɜ ŮɟŮɡɜɖŰɩɜ 

ŬɜŬűɞɟɘəɎ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. Ƀɘ Scharifker and Hills, ˊɟɞŰŮɑɜɞɡɜ 

ɏɜŬɜ 3-ŭɘɎůŰŬŰɞ ɛɖɢŬɜɘůɛɧ ˊɡɟɐɜɤůɖɠ ɞ ɞˊɞɑɞɠ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖ ŭɘɎɢɡůɖ. (67) ɇɞ ɧŰɘ 

ɖ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ɔɑɜŮŰŬɘ ɛŮ ɏɜŬɜ 3-ŭɘɎůŰŬŰɞ ɛɖɢŬɜɘůɛɧ ˊɡɟɐɜɤůɖɠ ˊɟɞŰŮɑɜŮŰŬɘ 

əŬɘ Ŭˊɧ Ɏɚɚɞɡɠ ŮɟŮɡɜɖŰɏɠ (68, 69). ȼ ŭɘɎɢɡůɖ ˊŬɑɕŮɘ ɟɧɚɞ əɚŮɘŭɑ əŬɘ ůŮ ŬɡŰɧɜ Űɞɜ 

ɛɖɢŬɜɘůɛɧ (26, 69). ɁŬ ůɖɛŮɘɤɗŮɑ ɧŰɘ ɖ ŬɜɎŭŮɡůɖ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ɏɢŮɘ Ůˊɑůɖɠ ůŬɜ ŬˊɞŰɏɚŮůɛŬ Űɖɜ ŬɚɚŬɔɐ Űɞɡ ɛɖɢŬɜɘůɛɞɨ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ (26). 
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ȰɜŰŬůɖ ɟŮɨɛŬŰɞɠ əŬɘ ˊɡɟɐɜɤůɖ 

 

ɀŮŰɎ Űɖɜ ŬɜŬɔɤɔɐ Űɤɜ ɘɧɜŰɤɜ ɢŬɚəɞɨ (Cu2+) ůŮ ɢŬɚəɧ (Cu) ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ, ɖ ŮˊɘɢɎɚəɤůɖ űŬɑɜŮŰŬɘ ɜŬ ˊɟɞɢɤɟɎŮɘ ɛŮ ɛɖɢŬɜɘůɛɧ ˊɡɟɐɜɤůɖɠ. 

ȷɡɝŬɜɞɛɏɜɖɠ Űɖɠ ɏɜŰŬůɖɠ ɟŮɨɛŬŰɞɠ, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ˊɡɟɐɜɤůɖɠ űŬɑɜɞɜŰŬɘ 

ˊɞɚɨ ɏɜŰɞɜŬ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ. 

 

ȷɟɢɘəɎ ŮˊɘɢŮɘɟɐɗɖəŮ ɖ ŮˊɘɢɎɚəɤůɖ ŭɞəɘɛɑɤɜ ŮˊɘɓɎɚɚɞɜŰŬɠ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ ɑůɖ 

ɛŮ 1 Volt. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ əŬɘ ɔɘŬ ŰŬ ŭɞəɑɛɘŬ ũ3 əŬɘ ũ8, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ űŬɑɜɞɜŰŬɘ ůŰɘɠ ˊŬɟŬəɎŰɤ ŮɘəɧɜŮɠ (ɆɢɐɛŬ 59, ɆɢɐɛŬ 60). 

 

 
ɆɢɐɛŬ 59 

ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ũ3. Ƀ ɢŬɚəɧɠ ɏɢŮɘ ŬˊɞŰŮɗŮɑ ůŮ ˊɡɟɐɜŮɠ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ ɢɤɟɑɠ ůɡɜɞɢɐ, ŮɝŬɘŰɑŬɠ Űɖɠ ɛŮɔɎɚɖɠ ɏɜŰŬůɖɠ Űɞɡ ɟŮɨɛŬŰɞɠ əŬŰɎ Űɖ 

ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ [ɛŮɔɏɗɡɜůɖ x500] 

 

 
ɆɢɐɛŬ 60 

ūɤŰɞɔɟŬűɑŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ũ8. ȺɛűŬɜŮɑɠ ŬŰɏɚŮɘŮɠ ůŰɖɜ ŬˊɧɗŮůɖ Űɞɡ 

ɢŬɚəɞɨ ɚɧɔɤ ɛŮɔɎɚɖɠ ɏɜŰŬůɖɠ ɟŮɨɛŬŰɞɠ əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ [ɛŮɔɏɗɡɜůɖ x500] 
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Ƀɘ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŮɠ ɡˊɞŭɖɚɩɜɞɡɜ ɧŰɘ ŰŬ ɎŰɞɛŬ Űɞɡ ɢŬɚəɞɨ ŬˊɞŰɑɗŮɜŰŬɘ ɛŮ ɏɜŬɜ 

ɛɖɢŬɜɘůɛɧ ˊɡɟɐɜɤůɖɠ ˊɎɜɤ ůŰɞ ɡˊɧůŰɟɤɛŬ, ɧˊɤɠ ɏɢɞɡɛŮ ŭɘŬˊɘůŰɩůŮɘ əŬɘ ůŮ ɎɚɚŬ 

ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɢɞɡɜ ŭɘŮɝɎɔŮɘ (48). ȾŬɗɩɠ ůŰɖɜ ˊŮɟɑˊŰɤůɖ Űɞɡ ŭɞəɘɛɑɞɡ ũ3 əŬɘ Űɞɡ 

ŭɞəɘɛɑɞɡ ũ8 ɖ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ ɐŰŬɜ ɛŮɔɎɚɖ, ŰŬ ɎŰɞɛŬ Űɞɡ ɢŬɚəɞɨ ɞɡůɘŬůŰɘəɎ 

ůɡɜɏɢɘůŬɜ ɜŬ ŬˊɞŰɑɗŮɜŰŬɘ ŮˊɎɜɤ ůŰɞɡɠ ɚɑɔɞɡɠ Ŭɟɢɘəɞɨɠ ˊɡɟɐɜŮɠ ɢŬɚəɞɨ ˊɞɡ 

ŭɖɛɘɞɡɟɔɐɗɖəŬɜ ůŰɞ FR4 ï ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ŮˊɘűɎɜŮɘŬ əŬɘ Űɤɜ ŭɨɞ ɜŬ ɛɖɜ 

ŮˊɘɢŬɚəɤɗŮɑ ŮˊŬɟəɩɠ (ɓɚ. ˊŬɟŬˊɎɜɤ ůɢɐɛŬ)(70). ȳŰŬɜ ůŰɖ ůɡɜɏɢŮɘŬ ŮˊɘɢŮɘɟɐůŬɛŮ ɜŬ 

ŮˊɘɢŬɚəɩůɞɡɛŮ ɏɜŬ ŭɞəɑɛɘɞ ŮˊɘɓɎɚɚɞɜŰŬɠ ɛɘəɟɧŰŮɟɖ ŭɘŬűɞɟɎ ŭɡɜŬɛɘəɞɨ ɑůɖ ɛŮ 0.3 

Volt, ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ űŬɑɜɞɜŰŬɘ ˊŬɟŬəɎŰɤ (ɆɢɐɛŬ 61 - ɆɢɐɛŬ 63) ɔɘŬ Űɞ ŭɞəɑɛɘɞ 

ȹ4. 

 

 
ɆɢɐɛŬ 61 

ȺɘəɧɜŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4. ȼ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ŮɑɜŬɘ ůɡɜŮɢɐɠ əŬɘ ɢɤɟɑɠ 

ŬŰɏɚŮɘŮɠ. ȹɘŬəɟɑɜɞɜŰŬɘ ɞɘ ɑɜŮɠ ɡɎɚɞɡ ůŰɞ ůɩɛŬ Űɞɡ FR4 

 

 
ɆɢɐɛŬ 62 

ȺɘəɧɜŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4, ɛŮ ŮɛűŬɜŮɑɠ Űɘɠ ŭɘŬůŰɟɤɛŬŰɩůŮɘɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ-ɢŬɚəɞɨ [ɛŮɔɏɗɡɜůɖ x700] 
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ɆɢɐɛŬ 63 

ȺɘəɧɜŬ SEM ŭɘŬŰɞɛɐɠ ŭɞəɘɛɑɞɡ ȹ4. ɆŮ ɞɟɘůɛɏɜŬ ůɖɛŮɑŬ ɖ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ 

ɔɑɜŮŰŬɘ ɛŮ ŮɚɎɢɘůŰɖ ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ ŬˊŮɡɗŮɑŬɠ ˊɎɜɤ ůŰɘɠ ɑɜŮɠ ɡɎɚɞɡ Űɞɡ FR4 

[ɛŮɔɏɗɡɜůɖ x700] 

 

ȷˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ ŮɘəɧɜŮɠ űŬɑɜŮŰŬɘ ɧŰɘ ůŰɖɜ ˊŮɟɑˊŰɤůɖ ŬɡŰɐ ŰŬ ɎŰɞɛŬ Űɞɡ ɢŬɚəɞɨ 

ŮɑɢŬɜ Űɞ ɢɟɧɜɞ ɜŬ ŬˊɞŰŮɗɞɨɜ ɞɛŬɚɎ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ŮɝŬɘŰɑŬɠ Űɖɠ 

ɛɘəɟɧŰŮɟɖɠ ŮˊɘɓŬɚɚɧɛŮɜɖɠ ŭɘŬűɞɟɎɠ ŭɡɜŬɛɘəɞɨ. 

 

ȰɔɘɜŮ ŬɜɎɚɡůɖ SEM/EDS ŭɨɞ ɞɛɎŭɤɜ ŭɞəɘɛɑɤɜ FR4 ŰɟɞˊɞˊɞɘɖɛɏɜŬ ɛŮ ɡɛɏɜŬ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡɠ: 

¶ ɃɛɎŭŬ ȷ (ŭɞəɑɛɘŬ ȼ): ɢɤɟɑɠ ˊɟɞůɗɐəɖ KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ. 

¶ ɃɛɎŭŬ B (ŭɞəɑɛɘŬ T): ɛŮ ˊɟɞůɗɐəɖ KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ. 

 

ɃɛɎŭŬ ȷ ï ɉɤɟɑɠ ȾɃȼ 

 

 
ɆɢɐɛŬ 64 

ȹɞəɑɛɘŬ ɃɛɎŭŬɠ A: ūɤŰɞɔɟŬűɑŬ SEM ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐɠ ŭɘŬŰɞɛɐɠ. ȹɘŬəɟɑɜɞɜŰŬɘ Űɞ 

FR4 ůŰɞ əɎŰɤ ɛɏɟɞɠ Űɖɠ űɤŰɞɔɟŬűɑŬɠ, Űɞ ůŰɟɩɛŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ ɖ ŬˊɧɗŮůɖ 

Űɞɡ ɢŬɚəɞɨ [ɛŮɔɏɗɡɜůɖ x3000] 

PP y 

FR4 

Cop p er 
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ɆŰŬ ŭɞəɑɛɘŬ Űɖɠ ɃɛɎŭŬɠ ȷ ɞ ɡɛɏɜŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ŭŮɜ ɏɢŮɘ ɞɛɞɘɧɛɞɟűɖ ŭɘŬŰɞɛɐ 

əŬɘ Űɞ ˊɎɢɞɠ Űɞɡ əɡɛŬɑɜŮŰŬɘ Ŭˊɧ 4.5 ɛm ɏɤɠ əŬɘ 9.65 ɛm (ɆɢɐɛŬ 64). ɆŰɞ ɆɢɐɛŬ 65 

ˊŬɟɞɡůɘɎɕŮŰŬɘ ɖ ŬɜɎɚɡůɖ EDS Ůɜɧɠ ŭɞəɘɛɑɞɡ Űɖɠ ɃɛɎŭŬɠ ȷ (70, 71). 

 

 
ɆɢɐɛŬ 65 ï ȷɜɎɚɡůɖ EDS ŭɞəɘɛɑɞɡ Űɖɠ ɃɛɎŭŬɠ ȷ 

 

 

 

ɃɛɎŭŬ ȸ ï ɀŮ ȾɃȼ 

 

 
ɆɢɐɛŬ 66 

ȹɞəɑɛɘɞ ɃɛɎŭŬɠ ȸ: ȺɘəɧɜŬ SEM ŬɜŰɘˊɟɞůɤˊŮɡŰɘəɐɠ ŭɘŬŰɞɛɐɠ. ȹɘŬəɟɑɜŮŰŬɘ ɖ 

ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ əɎŰɤ ɛɏɟɞɠ, Űɞ ůŰɟɩɛŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ Űɞ FR4 

[ɛŮɔɏɗɡɜůɖ x3000] 

 

 

FR4 

Co ppe r 

PPy 
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ȳˊɤɠ űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 66, ůŰŬ ŭɞəɑɛɘŬ Űɖɠ ɃɛɎŭŬɠ ȸ ɞ ɡɛɏɜŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

ŮɑɢŮ ɞɛɞɘɧɛɞɟűɖ ŭɘŬŰɞɛɐ əŬɘ ˊɎɢɞɠ ɑůɞ ɛŮ 1.88 ɛm. ȼ ŬɜɎɚɡůɖ EDS Űɞɡ ŭɞəɘɛɑɞɡ 

űŬɑɜŮŰŬɘ ůŰɞ ɆɢɐɛŬ 67 (70, 71). 

 

 
ɆɢɐɛŬ 67 ï ȷɜɎɚɡůɖ EDS ŭɞəɘɛɑɞɡ Űɖɠ ɃɛɎŭŬɠ ȸ 

 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŬɜɎɚɡůɖɠ EDS (ɆɢɐɛŬ 65, ɆɢɐɛŬ 67) ŭŮɑɢɜɞɡɜ ɝŮəɎɗŬɟŬ ɧŰɘ ɖ 

ˊɟɞůɗɐəɖ Űɞɡ KOH  ɛŮɘɩɜŮɘ Űɖɜ ŬˊɧɗŮůɖ Űɞɡ ɢŬɚəɞɨ. ɇɞ ŬˊɞŰɏɚŮůɛŬ ɏɟɢŮŰŬɘ ůŮ 

ˊɚɐɟɖ ůɡɛűɤɜɑŬ ɛŮ Űɞ ɛŮɘɤɛɏɜɞ ˊɎɢɞɠ ůŰɟɩɛŬŰɞ ɢŬɚəɞɨ, ˊɞɡ ˊŬɟŬŰɖɟŮɑŰŬɘ ůŰŬ 

ŭɞəɑɛɘŬ Űɖɠ ɃɛɎŭŬɠ ȸ ɛŮ Űɖ ɢɟɐůɖ SEM (70, 71). 

 

ɋůŰɧůɞ ɖ ˊɟɞůɗɐəɖ ȾɃȼ űŬɑɜŮŰŬɘ ɜŬ ŬɡɝɎɜŮɘ Űɖɜ ɞɛɞɘɞɛɞɟűɑŬ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɞɡ 

ɢŬɚəɞɨ. ȷɡŰɧ ɞűŮɑɚŮŰŬɘ əŬŰɎ ˊɎůŬ ˊɘɗŬɜɧŰɖŰŬ ůŰɞ ɧŰɘ ɖ Ŭɨɝɖůɖ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɜŬ ŬɜɎɔŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ ůŮ ɢŬɚəɞɨ ɞŭɖɔŮɑ ůŮ ɛɘŬ ˊɘɞ ɔɟɐɔɞɟɖ 

ŬˊɧɗŮůɖ ɢɤɟɑɠ ɜŬ ˊɟɞɚŬɓŬɑɜɞɡɜ ɜŬ ůɢɖɛŬŰɑɕɞɜŰŬɘ ɛŮɔɎɚɞɘ ˊɡɟɐɜŮɠ ɢŬɚəɞɨ ůŰɖɜ 

ŮˊɘűɎɜŮɘŬ (ɞɘ ɞˊɞɑɞɘ ɛˊɞɟɞɨɜ ɜŬ ɞŭɖɔɐůɞɡɜ ůŮ ŬɜɞɛɞɘɞɛɞɟűɑŮɠ ůŰɞ ŬˊɞŰɘɗɏɛŮɜɞ 

ůŰɟɩɛŬ ɢŬɚəɞɨ). 
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Ʉɟɞůɗɐəɖ  KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ əŬɘ ˊɟɧůűɡůɖ 
 

ȼ ˊɟɞůɗɐəɖ ůŰɎɔŭɖɜ 6% w/v KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ɏɢŮɘ ůŬɜ ŬˊɞŰɏɚŮůɛŬ 

ɛɘŬ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɖɠ ŭɨɜŬɛɖɠ ˊɟɧůűɡůɖɠ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ Ŭˊɧ 0.29 

lb/in (50.78 N/m) ůŮ 0.35 lb/in (61.29 N/m) (ɆɢɐɛŬ 68) (70, 71). 

 

 
ɆɢɐɛŬ 68 ï ȷɨɝɖůɖ ŬɜŰɞɢɐɠ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ ɛŮ ˊɟɞůɗɐəɖ ȾɃȼ 

 

 

ȼ ˊɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ ɏɢŮɘ ŬˊɞŭŮɘɢɗŮɑ ˊɤɠ ůɡɛɓɎɚɚŮɘ ůŰɖɜ 

ŬˊɞˊɟɞŰɤɜɑɤůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (deprotonation/undoping of the polypyrrole) (13). 

ȷɡŰɧ, ɧˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ɛˊɞɟŮɑ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ɘəŬɜɧŰɖŰŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɜŬ 

ŬɜɎɔŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ Cu2+ ůŮ Cu. ɋůŰɧůɞ ŬɡŰɧ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮɝɖɔɐůŮɘ ɔɘŬŰɑ ɖ 

ˊɟɞůɗɐəɖ ȾɃȼ ŬɡɝɎɜŮɘ Űɖɜ ˊɟɧůűɡůɖ. ȷˊŬɘŰŮɑŰŬɘ ŭɘŮɟŮɨɜɖůɖ ɔɘŬ ɜŬ ɓɟŮɗŮɑ Ŭɜ Űɞ 

ȾɃȼ ŬɚɚɎɕŮɘ Űɖ ɢɖɛŮɑŬ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ FR4 Űɧůɞ ɩůŰŮ ɜŬ ŬɡɝɐůŮɘ Űɞɡɠ ɢɖɛɘəɞɨɠ 

ŭŮůɛɞɨɠ ɛŮŰŬɝɨ Űɖɠ ŮˊɧɝŮɘ ŮˊɘűɎɜŮɘŬɠ əŬɘ Űɤɜ ɛɞɟɑɤɜ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ (72). 

 

ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ ˊɞɡ ɏɢɞɡɛŮ ɏɤɠ ŰɩɟŬ ɤůŰɧůɞ ŭŮɑɢɜɞɡɜ ɧŰɘ Űɞ KOH ŭŮɜ ŬɚɚɎɕŮɘ 

ůɖɛŬɜŰɘəɎ Űɖ ɢɖɛŮɑŬ ůŰɖɜ ŭɘŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ (FR4) əŬɘ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ 

(PPy) (ŮɚɎɢɘůŰŮɠ ŬɚɚŬɔɏɠ ůŰɘɠ ɛŮŰɟɐůŮɘɠ ɛˊɞɟɞɨɜ ɜŬ Ŭˊɞŭɞɗɞɨɜ ůŰŬ ˊŮɟɘɗɩɟɘŬ 

ůűɎɚɛŬŰɞɠ Űɖɠ ɛŮɗɧŭɞɡ SEM/EDS). 

 

ȼ ŬˊɞˊɟɤŰɞɜɑɤůɖ ɛŮ KOH ɞŭɖɔŮɑ ůŮ ɛŮɑɤůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɤɜ ɘɧɜŰɤɜ 

ŮɛɓɞɚɘŬůɛɞɨ ůŰɞ ůɩɛŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ. ɀˊɞɟŮɑ ɜŬ ˊɟɞŰŬɗŮɑ ɧŰɘ ɖ 

ŬˊɞˊɟɞŰɤɜɑɤůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮɘɩɜŮɘ Űɖɜ ŬˊɧůŰŬůɖ ɛŮŰŬɝɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ əŬɘ 

Űɞɡ ˊɞɚɡɛŮɟɞɨɠ Űɖɠ ˊɡɟɟɧɚɖɠ, əɎŰɘ ˊɞɡ ɑůɤɠ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ɞŭɖɔɐůŮɘ əŬɘ ůŮ 

Ŭɨɝɖůɖ Űɞɡ Ŭɟɘɗɛɞɨ Űɤɜ ŭŮůɛɩɜ ɛŮŰŬɝɨ Űɞɡɠ. ȺɟŮɡɜɖŰɏɠ ɗŮɤɟɞɨɜ ɧŰɘ ŬɡŰɧ ɛˊɞɟŮɑ 

ɜŬ ˊɟɞəŬɚɏůŮɘ Ŭɨɝɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ (73, 74). ȼ ɓɘɓɚɘɞɔɟŬűɑŬ Ůˊɑůɖɠ ŬɜŬűɏɟŮɘ ˊɤɠ ɖ 

ɛŮɑɤůɖ Űɤɜ Ůˊɘˊɚɏɞɜ ɡɚɘəɩɜ, ˊɞɡ ˊŬɟŮɛɓɎɚɚɞɜŰŬɘ ɛŮŰŬɝɨ ˊɞɚɡɛŮɟɞɨɠ əŬɘ 

ɡˊɞůŰɟɩɛŬŰɞɠ, ɛˊɞɟŮɑ ɜŬ ŬɡɝɐůŮɘ Űɖɜ ˊɟɧůűɡůɖ. ɆŰɖɜ ɑŭɘŬ ˊɖɔɐ ŬɜŬűɏɟŮŰŬɘ ɧŰɘ ɖ 

ɨˊŬɟɝɖ ɛɞɟɑɤɜ Űɞɡ ŭɘŬɚɨŰɖ, Űɞɡ əŬŰŬɚɨŰɖ əɚˊ əŬɘ ɖ ɨˊŬɟɝɖ ŭɘŬůɡɜŭɏůŮɤɜ 

(crosslinking), ɛˊɞɟŮɑ ɜŬ ɛŮɘɩůŮɘ Űɖɜ ŰŮɚɘəɐ ˊɟɧůűɡůɖ (75). 
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ψȢψ ɚʞʊʂʎʂ ʔʂʈʅʆʙʏ ʎʑɾɾʘʉʀʅɻʏ ɀ ɝʑʉɻʐʝʐʂʐʀʏ ɾʅɻ ʈʀʇʇʋʉʐʅʆʙ ɿʅʀʍʀʞʉʂʎʂ 

 

Ƀɘ ˊɟɞɞˊŰɘəɏɠ Űɖɠ ɏɟŮɡɜŬɠ ɔɘŬ Űɖ ɓŮɚŰɑɤůɖ Űɖɠ ůɨɜɗŮůɖɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ 

ŬɜŬűɞɟɘəɎ ɛŮ ŮűŬɟɛɞɔɏɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ ɛɞɜɤŰɩɜ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ɏɢɞɡɜ ůɢɏůɖ ɛŮ 

Űɖɜ Ŭɨɝɖůɖ Űɖɠ ɢɖɛɘəɐɠ ůɡɔɔɏɜŮɘŬɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ Űɞ ɡˊɧůŰɟɤɛŬ. 

 

ɆŰɞ ˊɚŬɑůɘɞ ŬɡŰɧ ɗŬ ɛˊɞɟɞɨůŬɜ ɜŬ ɛŮɚŮŰɖɗɞɨɜ ŰŬ Ůɝɐɠ: 

 

¶ ȼ ɓɘɓɚɘɞɔɟŬűɑŬ ŬɜŬűɏɟŮɘ ɧŰɘ ɛɘŬ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ ɞɛɎŭɤɜ ɧˊɤɠ 
Ƀȼ, Ɂȼ2 or COOH ɞŭɖɔŮɑ ůŮ ɛɘŬ Ŭɨɝɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ Űɞɡ ˊɞɚɡɛŮɟɞɨɠ ɛŮ 

Űɞ ŮˊɧɝŮɘ ɡɚɘəɧ (73, 74). ɀɘŬ ŰɏŰɞɘŬ Ůɝɐɔɖůɖ ɗŬ ɛˊɞɟɞɨůŮ ɜŬ ŮɑɜŬɘ ůɢŮŰɘəɐ ɛŮ 

Űɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ɛŬɠ. 

¶ ȯɚɚɞɘ ŮɟŮɡɜɖŰɏɠ ɞŭɖɔɞɨɜ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ ůŮ ɡˊŮɟɞɝŮɑŭɤůɖ ůŮ ɏɜŬ ɓŬɗɛɧ 

ɔɘŬ ŭɖɛɘɞɡɟɔɑŬ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ ɛŮŰŬɝɨ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ ŮˊɧɝŮɘ (9, 13). 

¶ ȯɚɚɞɘ ŮɟŮɡɜɖŰɏɠ ˊɟɞŰŮɑɜɞɡɜ ɧŰɘ ɖ ɢŬɛɖɚɧŰŮɟɖ ůŰɞɘɢŮɘɞɛŮŰɟɘəɐ ŬɜŬɚɞɔɑŬ 

ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ ɞŭɖɔŮɑ ůŮ ɛɞɜɞŭɘɎůŰŬŰɖ ŭɞɛɐ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ 

ɎɟŬ əŬɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ˊŮɟɘůůɧŰŮɟɤɜ ŭŮůɛɩɜ ɡŭɟɞɔɧɜɞɡ Ɂ-ȼ (13). Ⱥˊɑůɖɠ Űɞ 

ɛɘəɟɧ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ ɞŭɖɔŮɑ ůŮ ɛɘəɟɐ ˊŬɟŬɛɧɟűɤůɖ Űɖɠ ŬɚɡůɑŭŬɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɜŬ əɡɟɘŬɟɢŮɑ ɞ ŬɟɤɛŬŰɘəɧɠ Űɨˊɞɠ əŬɘ ɜŬ 

ɏɢɞɡɛŮ ŮɜŰɞɜɧŰŮɟɞɘ ŭŮůɛɞɑ ɡŭɟɞɔɧɜɞɡ (13). 
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υȢ ɚʌʋʐʀʇʘʎʈɻʐɻ ʌʀʅʍɻʈʗʐʖʉ ɀ ɝʅɻɿʅʆɻʎʚɻ ʀʌʅʔʗʇʆʖʎʂʏ 

5.1 ɜʀʖʈʀʐʍʚɻ ʐʂʏ ʀʌʅʔʗʇʆʖʎʂʏ       
     

ȼ ɔŮɤɛŮŰɟɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ˊŬɑɕŮɘ ˊɞɚɨ ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɞ ˊɤɠ ŬɡŰɐ ɚŬɛɓɎɜŮɘ 

ɢɩɟŬ. ɆŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ, ɏɜŬ ŭɞəɑɛɘɞ ˊɟɞɠ ŮˊɘɢɎɚəɤůɖ ŰɞˊɞɗŮŰɞɨɜŰŬɜ 

ŬˊɏɜŬɜŰɘ Ŭˊɧ ɛɑŬ ˊɚɎəŬ ɢŬɚəɞɨ. 

 

ȼ ɔŮɤɛŮŰɟɘəɐ ŭɘɎŰŬɝɖ Űɞɡ ˊŮɘɟɎɛŬŰɞɠ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɐŰŬɜ ɖ Ůɝɐɠ (ɆɢɐɛŬ 69): 

 

 

 

 

ɆɢɐɛŬ 69 ï ũŮɤɛŮŰɟɘəɐ ŭɘɎŰŬɝɖ ˊŮɘɟɎɛŬŰɞɠ 

 

 

ɃɟɘůɛɏɜŬ Ŭˊɧ ŰŬ ůɡɛˊŮɟɎůɛŬŰŬ ˊɞɡ ŮɝɐɢɗɖůŬɜ Ŭˊɧ ŰŬ ˊŬɟŬˊɎɜɤ ˊŮɘɟɎɛŬŰŬ ŮɑɜŬɘ: 

     

1. ɆŮ ɧɚŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ũ1 ɏɤɠ əŬɘ ũ9, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ɏɜŬ ɖɚŮəŰɟɧŭɘɞ ɢŬɚəɞɨ. 

ɇɞˊɞɗŮŰɞɨůŬ Űɞ ŭɞəɑɛɘɞ ɛŮ Űɖ ɛŮɔɎɚɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ŬˊɏɜŬɜŰɘ ůŰɖ ɛŮɔɎɚɖ ŮˊɘűɎɜŮɘŬ 

Űɞɡ ɖɚŮəŰɟɞŭɑɞɡ Űɞɡ ɢŬɚəɞɨ. ɆŬɜ ŬˊɞŰɏɚŮůɛŬ, ŮˊɘɢŬɚəɤɜɧŰŬɜ ˊɟɩŰŬ ɖ ˊɑůɤ 

ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ. ȷɡŰɧ ɛɎɚɚɞɜ ůɡɜɏɓŬɘɜŮ ŮˊŮɘŭɐ ɞɘ ŭɡɜŬɛɘəɏɠ ɔɟŬɛɛɏɠ Űɞɡ 

ɖɚŮəŰɟɘəɞɨ ˊŮŭɑɞɡ (ɎɟŬ əŬɘ ŰŬ ɘɧɜŰŬ Űɞɡ ɢŬɚəɞɨ) ŬəɞɚɞɡɗɞɨůŬɜ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ 

ɔɡɎɚɘɜɞɡ ůəŮɨɞɡɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ůŬɜ ŭɞɢŮɑɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (ɆɢɐɛŬ 70). 
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ɆɢɐɛŬ 70 ï ɆɡɛˊŮɟɘűɞɟɎ ŮˊɘɢɎɚəɤůɖɠ ůŮ əɡɚɘɜŭɟɘəɧ ŭɞɢŮɑɞ 

 

 

2. ɆŮ ɧɚŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ũ1 ɏɤɠ əŬɘ ũ8, ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɜ ŭɞəɑɛɘŬ ŰŮŰɟŬɔɤɜɘəɐɠ 

ɔŮɤɛŮŰɟɑŬɠ. ɋůŰɧůɞ ɧŰŬɜ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ŭɞəɑɛɘɞ ˊŬɟŬɚɚɖɚɧɔɟŬɛɛɖɠ ɔŮɤɛŮŰɟɑŬɠ 

ůŰɞ ˊŮɑɟŬɛŬ ũ9 (ɆɢɐɛŬ 71), ɡˊɐɟɢŮ ˊɞɚɨ ɛŮɔŬɚɨŰŮɟɞɠ ɟɡɗɛɧɠ Ŭɨɝɖůɖɠ Űɖɠ ɏɜŰŬůɖɠ 

Űɞɡ ɟŮɨɛŬŰɞɠ ůŰɞ ˊŮɑɟŬɛŬ. ɀɎɚɚɞɜ ŬɡŰɧ ɞűŮɘɚɧŰŬɜ ůŰɞ ɧŰɘ ɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ 

ŭɞəɘɛɑɞɡ ŰŬɡŰɘɕɧŰŬɜ əŬɚɨŰŮɟŬ ɛŮ Űɖɜ Ůˊɑůɖɠ ˊŬɟŬɚɚɖɚɧɔɟŬɛɛɖ ɔŮɤɛŮŰɟɑŬ Űɞɡ 

ɖɚŮəŰɟɞŭɑɞɡ Űɞɡ ɢŬɚəɞɨ. 

 

 
 

ɆɢɐɛŬ 71 ï ũŮɤɛŮŰɟɘəɐ ŭɘɎŰŬɝɖ ˊŮɘɟɎɛŬŰɞɠ ŮˊɘɢɚŬəəɤůɖɠ (ŬɜŰɘəɟɡůŰɎ ŭɞəɑɛɘŬ 

ˊŬɟɎɚɚɖɚɖɠ ɔŮɤɛŮŰɟɑŬɠ ůŮ əɡɚɘɜŭɟɘəɧ ŭɞɢŮɑɞ) 
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ȼ ɑŭɘŬ ůɡɛˊŮɟɘűɞɟɎ ˊŬɟŬŰɖɟɐɗɖəŮ əŬɘ ůŰŬ ŭɞəɑɛɘŬ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ˊɞɡ 

ŮˊɘɢŬɚəɩůŬɛŮ. 

 

ɋůŰɧůɞ Ůɜɩ ůŮ ɧɚŬ ŰŬ ˊŮɘɟɎɛŬŰŬ ũ1 - ũ13 əŬɘ ůŰɞ ȹ1 ŮˊɘɢŬɚəɤɜɧŰŬɜ ˊɟɩŰŬ ɖ ɛɖ-

əŬɜɞɜɘəɐ (Ŭˊɧ ˊɑůɤ) ˊɚŮɡɟɎ, ŬɜŰɑɗŮŰŬ ůŰŬ ȹ2, ȹ3, ȹ4 əŬɘ ȹ5 ŮˊɘɢŬɚəɩɗɖəŮ ˊɟɩŰŬ ɖ 

əŬɜɞɜɘəɐ ˊɚŮɡɟɎ Ŭɜ əŬɘ Űɞ ůɢɐɛŬ Űɞɡɠ ɐŰŬɜ ˊŬɟɧɛɞɘɞ. ȷɡŰɧ ŮˊɘɓŮɓŬɘɩɜŮɘ ɧŰɘ ɖ 

ŭɘɎŰŬɝɖ Űɤɜ ɖɚŮəŰɟɞŭɑɤɜ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ˊŬɑɕŮɘ ůɖɛŬɜŰɘəɧ ɟɧɚɞ əŬɘ ɢɟɑɕŮɘ 

ˊŮɟŮŰŬɑɟɤ ŬɜɎɚɡůɖɠ, əŬɗɩɠ ɛɘəɟɏɠ ŬɚɚŬɔɏɠ ůŰɞ ˊɤɠ ŰɞˊɞɗŮŰŮɑŰŬɘ Űɞ ɏɜŬ ŬˊɏɜŬɜŰɘ 

ůŰɞ Ɏɚɚɞ ɛˊɞɟŮɑ ɜŬ ŮˊɘűɏɟŮɘ ɛŮɔɎɚŮɠ ŬɚɚŬɔɏɠ ůŰɞ ˊɤɠ ŮɝŮɚɑůůŮŰŬɘ ɖ ŭɘŬŭɘəŬůɑŬ. 

 

ɄŬɟŬəɎŰɤ (ɆɢɐɛŬ 72 - ɆɢɐɛŬ 76) ˊŬɟŬŰɑɗŮɜŰŬɘ űɤŰɞɔɟŬűɑŮɠ Ŭˊɧ ŭɞəɑɛɘŬ ˊɞɡ 

ŮˊɘɢŬɚəɩɗɖəŬɜ (əŬŰɎ Űɖ ůŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ ȼ ï ɔɘŬ ɚŮˊŰɞɛɏɟŮɘŮɠ Űɖɠ Ůɜ ɚɧɔɤ ůŮɘɟɎɠ 

ˊŮɘɟŬɛɎŰɤɜ ɓɚ. ȾŮűɎɚŬɘɞ 6.2). 
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ɆɢɐɛŬ 72 ï ȹɞəɑɛɘɞ ȼ2-1: ȼ Ůɝɏɚɘɝɖ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ (Ůɛˊɟɧɠ əŬɘ ˊɑůɤ ˊɚŮɡɟɎ) 

 

ɆŰɞ ɆɢɐɛŬ 72 űŬɑɜŮŰŬɘ ɖ Ůɝɏɚɘɝɖ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ Űɞɡ ŭɞəɘɛɑɞɡ ȼ2-1. ȼ ŬɜɎˊŰɡɝɖ Űɞɡ ɛŮŰɩˊɞɡ ɝŮəɘɜɎŮɘ Ŭˊɧ Űɖɜ 

ŮˊŬűɐ ɛŮ Űɞ çəɟɞəɞŭŮɘɚɎəɘè əŬɘ ůɡɜŮɢɑɕŮŰŬɘ ɛɏɢɟɘɠ ɧŰɞɡ əŬɚɨɣŮɘ ɧɚɖ Űɖɜ ŮˊɘűɎɜŮɘŬ. 
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ɆɢɐɛŬ 73 ï ȹɞəɑɛɘɞ ȼ2-2: ūɤŰɞɔɟŬűɑŮɠ Űɖɠ Ůɝɏɚɘɝɖɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ɇɞ ɛɏŰɤˊɞ Űɞɡ ɢŬɚəɞɨ ɛŮŰŬŭɑŭŮŰŬɘ ůŰŬŭɘŬəɎ Ŭˊɧ Űɘɠ 

ŮˊɘɢŬɚəɤɛɏɜŮɠ ˊŮɟɘɞɢɏɠ ˊɟɞɠ Űɖɜ ɡˊɧɚɞɘˊɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ. 
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ȼ Ůɝɏɚɘɝɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ əŬɘ ůŰɞ ŭɞəɑɛɘɞ ȼ2-2 (ɆɢɐɛŬ 73) ŭŮɑɢɜŮɘ ˊɤɠ Ŭˊɧ Űɖ ůŰɘɔɛɐ ˊɞɡ ɞ ɢŬɚəɧɠ ɗŬ ɓɟŮɘ ɛɘŬ ˊɟɧůűɞɟɖ ɞŭɧ ɔɘŬ Űɖɜ 

ˊɟɞɩɗɖůɖ Űɞɡ ɛŮŰɩˊɞɡ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, ɗŬ ůɡɜŮɢɑůŮɘ ůŮ ŬɡŰɐ ɏɤɠ ɧŰɞɡ ŬɡŰɐ ɞɚɞəɚɖɟɤɗŮɑ. 

 

 
ɆɢɐɛŬ 74 ï ȹɞəɑɛɘɞ ȼ2-4: ūɤŰɞɔɟŬűɑŮɠ Űɖɠ Ůɝɏɚɘɝɖɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 
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ɆɢɐɛŬ 75 ï ȹɞəɑɛɘɞ ȼ3-1: Ⱥɝɏɚɘɝɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ȹɘŬəɟɑɜŮŰŬɘ ɖ ŭɘɎŭɞůɖ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ Ŭˊɧ Űɞ ůɖɛŮɑɞ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŮˊŬűɐɠ. 
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ɆɢɐɛŬ 76 ï ȹɞəɑɛɘɞ ȼ3-2: Ⱥɝɏɚɘɝɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ.  ȼ ˊɑůɤ ˊɚŮɡɟŬ ŮˊɘɢŬɚəɩɗɖəŮ ˊɘɞ ɔɟɐɔɞɟŬ ŮɝŬɘŰɑŬɠ Űɖɠ ɔŮɤɛŮŰɟɑŬɠ Űɖɠ ŭɘɎŰŬɝɖɠ.
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ɇŬ ˊŬɟŬˊɎɜɤ ŮˊɘɓŮɓŬɘɩɜɞɡɜ Űɞ ɧŰɘ Űɞ ɛɏŰɤˊɞ Űɞɡ ɢŬɚəɞɨ ˊɟɞɤɗŮɑŰŬɘ ůŰŬŭɘŬəɎ Ŭˊɧ 

ŰŬ ůɖɛŮɑŬ Űɖɠ ɖɚŮəŰɟɘəɐɠ ŮˊŬűɐɠ ɛɏůɤ ɞŭɩɜ ɡɣɖɚɐɠ ŬɔɤɔɘɛɧŰɖŰŬɠ. 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ, ɖ ˊɑůɤ ɧɣɖ ˊɞɚɚɏɠ űɞɟɏɠ ŮˊɘɢŬɚəɩɜŮŰŬɘ ˊɘɞ ɔɟɐɔɞɟŬ ŮɝŬɘŰɑŬɠ 

Űɖɠ ɔŮɤɛŮŰɟɘəɐɠ ŭɘŬɛɧɟűɤůɖɠ Űɖɠ ŭɘɎŰŬɝɖɠ ŮˊɘɢɎɚəɤůɖɠ. 
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5.2 ɚʍʅʎʐʋʌʋʚʂʎʂ ʎʐɻɿʚʋʑ ʌʍʋʆɻʐʀʍɾɻʎʚɻʏ ʑʌʋʎʐʍʡʈɻʐʋʏ 

 

ȼ ˊɟɞəŬŰŮɟɔŬůɑŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ (Űɖɠ ɡˊɧ ŮˊɘɛŮŰɎɚɚɤůɖ ŮˊɘűɎɜŮɘŬɠ) ˊŬɑɕŮɘ 

ůɖɛŬɜŰɘəɧ ɟɧɚɞ ůŰɖɜ ŮˊɘŰɡɢɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ȹɘɎűɞɟŮɠ ˊŬɟɎɛŮŰɟɞɘ ŬɡŰɞɨ Űɞɡ 

ůŰŬŭɑɞɡ ŬɜŬɚɨɗɖəŬɜ. 

 

Ƚ. ȷɚɚŬɔɏɠ ůŰɞ ɚɞɡŰɟɧ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

 

ȹɞəɘɛɎůŰɖəŬɜ ŭɘɎűɞɟŮɠ ŬɚɚŬɔɏɠ ůŰɘɠ ˊŬɟŬɛɏŰɟɞɡɠ Űɞɡ ɚɞɡŰɟɞɨ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ: 

¶ ɞɝŮɘŭɤŰɘəɧ ůŮ ŭɘɎűɞɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

¶ ŬɚɚŬɔɐ ŭɘɎɟəŮɘŬɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

¶ ɗŮɘɥəɧ ɞɝɨ ůŮ ŭɘɎűɞɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

¶ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ ůŮ ŭɘɎűɞɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

 

ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ɏɟŮɡɜŬɠ ˊɞɡ ɏɔɘɜŮ ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ůɨůŰŬůɖɠ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ ɛŮ Űɞ ɞˊɞɑɞ ɔɑɜŮŰŬɘ ɖ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ (etching) Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ůŰɞɜ 

ůɡɜɞɚɘəɧ ɢɟɧɜɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ɇŬ ˊŮɘɟɎɛŬŰŬ ɏŭŮɘɝŬɜ ɧŰɘ ɖ ɓŮɚŰɑɤůɖ Űɞɡ ɓɐɛŬŰɞɠ 

Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ï ŮɑŰŮ ɛŮ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ŮɑŰŮ ɛŮ 

ɢɟɐůɖ ˊɡəɜɞɨ ɗŮɘɥəɞɨ ɞɝɏɞɠ ůŬɜ ŭɘɎɚɡɛŬ ˊɟɞůɓɞɚɐɠ ï ɞŭɖɔŮɑ ɔŮɜɘəɎ əŬɘ ɛɏɢɟɘɠ ɏɜŬ 

ůɖɛŮɑɞ ůŮ ɛŮɑɤůɖ Űɞɡ ůɡɜɞɚɘəɞɨ ɢɟɧɜɞɡ ŮˊɘɢɎɚəɤůɖɠ. 

 

Ƀɘ ŬɚɚŬɔɏɠ ůŰɖɜ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ŬɜŬɚɨɗɖəŬɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ 

ŬɜŬəŬɚɨɣŮɘ Ŭɜ ɖ ˊŬɟɎɛŮŰɟɞɠ ŮˊɖɟŮɎɕŮɘ Űɖ ůɡɜɞɚɘəɐ ŭɘŬŭɘəŬůɑŬ ŮˊɘɛŮŰɎɚɚɤůɖɠ 

(ɄɑɜŬəŬɠ 14). 

 

 

ɆɡɔəɏɜŰɟɤůɖ ɞɝŮɘŭɤŰɘəɞɨ ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 
 

ɄɑɜŬəŬɠ 14 ï ɃɝŮɘŭɤŰɘəɧ vs. ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 

ȹɞəɑɛɘɞ ũ3 ũ7 ũ8 ũ4 (əɚŬůůɘəɐ) 

ɄɞůɧŰɖŰŬ ɞɝŮɘŭɤŰɘəɞɨ (g) 

(ɛŮ 4,41g PTS) 
2,25 2,36 2,43 2,5 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 49 24 13 26 

 

 

ɀɘŬ ɎɟɘůŰɖ Űɘɛɐ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ˊŬɟŬŰɖɟɐɗɖəŮ (ɆɢɐɛŬ 77), əɞɜŰɎ 

ɤůŰɧůɞ ůŰɖɜ Űɘɛɐ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɖɜ ɏɟŮɡɜŬ. ȷˊŬɘŰŮɑŰŬɘ ˊŮɟŬɘŰɏɟɤ 

ŭɘŮɟŮɨɜɖůɖ ɔɘŬ ɜŬ ɓɟŮɗŮɑ Ŭɜ ŬɡŰɐ ɖ ŬɟɘůŰɞˊɞɑɖůɖ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ. 
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ɆɢɐɛŬ 77: ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) ï Ʉɟɞůɗɐəɖ ɞɝŮɘŭɤŰɘəɞɨ ůŰɞ ŭɘɎɚɡɛŬ (ml) 

 

 

Ƀ ɢɟɧɜɞɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ŮɑɜŬɘ ɛɑŬ ˊɞɚɨ ɓŬůɘəɐ ˊŬɟɎɛŮŰɟɞɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ, Ŭɜ 

ŬɡŰɐ ˊɟɧəŮɘŰŬɘ ɜŬ ŮűŬɟɛɞůŰŮɑ ůŮ ɓɘɞɛɖɢŬɜɘəɧ ŮˊɑˊŮŭɞ. ȳˊɤɠ ŭŮɑɢɜɞɡɜ əŬɘ ŰŬ 

ˊŬɟŬəɎŰɤ ˊŮɘɟɎɛŬŰŬ, ɛŮɚŮŰɐɗɖəŮ ɖ ŮˊɑŭɟŬůɖ ŭɘŬűɧɟɤɜ ˊŬɟŬɛɏŰɟɤɜ ůŰɞɜ ɢɟɧɜɞ 

ŮˊɘɢɎɚəɤůɖɠ. 

 

ȼ Ŭɡɝɖɛɏɜɖ ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ ɞŭɐɔɖůŮ ůŮ ˊɘɞ ɏɜŰɞɜɖ ˊɟɞůɓɞɚɐ Űɖɠ 

ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ (ABS ɐ FR4). ȷɡŰɧ ˊɟɞůɗɏŰŮɘ ŮɜŭŮɢɞɛɏɜɤɠ 

ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘɞɢɏɠ ˊɡɟɐɜɤůɖɠ ˊɞɡ ɞŭɖɔɞɨɜ ůŮ ɛŮɘɤɛɏɜɞɡɠ ɢɟɧɜɞɡɠ 

ŮˊɘɢɎɚəɤůɖɠ. ȼ ŮˊɑŭɟŬůɖ ŬɡŰɐ ɤůŰɧůɞ űŬɑɜŮŰŬɘ ɜŬ ɏɢŮɘ ɏɜŬ ɧɟɘɞ, ˊɏɟŬ Ŭˊɧ Űɞ ɞˊɞɑɞ 

ɖ ˊŮɟŬɘŰɏɟɤ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɖɠ ɞˊɐɠ ŭŮ ɓŮɚŰɘɩɜŮɘ Űɞ ɢɟɧɜɞ 

ŮˊɘɢɎɚəɤůɖɠ. 

 

ȼ ɓŮɚŰɑɤůɖ Űɞɡ ɢɟɧɜɞɡ ŮˊɘɢɎɚəɤůɖɠ ůɡɜŭɏŮŰŬɘ ɛɎɚɚɞɜ ɛŮ Űɞ ɧŰɘ ɖ ŮˊɘɢɎɚəɤůɖ 

ɝŮəɘɜɎŮɘ Ŭˊɧ ůɖɛŮɑŬ ˊɞɡ ɡˊɎɟɢɞɡɜ ŬŰɏɚŮɘŮɠ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ɞˊɐɠ, ŰŬ ɞˊɞɑŬ 

ŬˊɞŰŮɚɞɨɜ ůɖɛŮɑŬ ɧˊɞɡ ɖ ˊɡɟɐɜɤůɖ ɛˊɞɟŮɑ ɜŬ ɝŮəɘɜɐůŮɘ ˊɘɞ ŮɨəɞɚŬ (26). 

 

Ⱥˊɘˊɚɏɞɜ, ɖ ŮˊɑŭɟŬůɖ Űɖɠ ˊɞɚɨ ɢŬɛɖɚɐɠ ůɡɔəɏɜŰɟɤůɖɠ ɛɞɜɞɛŮɟɞɨɠ űŬɑɜŮŰŬɘ ɜŬ 

ŮˊɖɟŮɎɕŮɘ Űɖɜ ˊɞɘɧŰɖŰŬ Űɖɠ ŬˊɞŰɘɗɏɛŮɜɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ï ɧˊɤɠ ŬɜŬűɏɟŮŰŬɘ əŬɘ ůŰɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ. Ⱥɜ ˊɟɞəŮɘɛɏɜɤ, ŬɝɑɕŮɘ ɜŬ ŬɜŬűŮɟɗŮɑ ɧŰɘ ɞɘ ˊɟɞůˊɎɗŮɘŮɠ Űɤɜ Saurin əŬɘ 

Armes ɜŬ Ŭɡɝɐůɞɡɜ Űɖɜ ŬɜŬɚɞɔɑŬ mole ɞɝŮɘŭɤŰɘəɞɨ-ɛɞɜɞɛŮɟɞɨɠ Űɖɠ ůɡɜŰŬɔɐɠ ñLos 

Alamosò (ŬˊɚɎ ŭɘŬŰɖɟɩɜŰŬɠ Űɖɜ Ŭɟɢɘəɐ ůɡɔəɏɜŰɟɤůɖ FeCl3 əŬɘ ɛŮɘɩɜɞɜŰŬɠ Űɖ 

ůɡɔəɏɜŰɟɤůɖ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ Űɖɠ ˊɡɟɟɧɚɖɠ əŬŰɎ ɏɜŬɜ ˊŬɟɎɔɞɜŰŬ 10 əŬɘ ɧɢɘ ɛŮ Űɖɜ 

Ŭɨɝɖůɖ Űɞɡ ɞɝŮɘŭɤŰɘəɞɨ 5 űɞɟɏɠ əŬɘ ŰŬɡŰɧɢɟɞɜŬ Űɖ ɛŮɑɤůɖ Űɞɡ ɛɞɜɞɛŮɟɞɨɠ 5 űɞɟɏɠ, 

ɧˊɤɠ ɏəŬɜŬɜ ˊɟɘɜ) ˊŬɟɐɔŬɔŮ ɛɧɜɞ ɞɟɘůɛɏɜŬ ˊɞɚɨ ŬůɡɜŮɢɐ ŮˊɘůŰɟɩɛŬŰŬ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɞɚɨ ɡɣɖɚɐɠ ŬɜŰɑůŰŬůɖɠ (105 ï 106 ɋ ŬɜɎ 4 cm2) ɛŮ ɢɟɧɜɞɡɠ 

ŮɛɓɎˊŰɘůɖɠ 20 ɚŮˊŰɎ. Ƀɘ Saurin əŬɘ Armes ˊɘůŰŮɨɞɡɜ ɧŰɘ ŬɡŰɐ ɖ əŬəɐ ˊɞɘɧŰɖŰŬ Űɞɡ 

ŮˊɘůŰɟɩɛŬŰɞɠ PPy ɞűŮɑɚŮŰŬɘ ůŰɞɜ ˊɞɚɨ ɛŮɘɤɛɏɜɞ ɟɡɗɛɧ ˊɞɚɡɛŮɟɘůɛɞɨ, ˊɞɡ 

ɚŬɛɓɎɜŮŰŬɘ ůŮ ŬɡŰɐɜ Űɖ ɢŬɛɖɚɐ ůɡɔəɏɜŰɟɤůɖ ɛɞɜɞɛŮɟɞɨɠ (37). 
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ȷɚɚŬɔɐ ŭɘɎɟəŮɘŬɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 
 

ȼ Ŭɨɝɖůɖ Űɖɠ ŭɘɎɟəŮɘŬɠ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɞŭɐɔɖůŮ ůŮ 

ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ɞɚɞəɚɐɟɤůɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ (13, 48). 

 

Ƀɘ ŬɚɚŬɔɏɠ ůŰɞ ɢɟɧɜɞ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɖɚŮəŰɟɞŭɑɤɜ ABS / PPy ůŮ 

ůɢɏůɖ ɛŮ Űɞ ɢɟɧɜɞ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ Űɞɡɠ űŬɑɜɞɜŰŬɘ ˊŬɟŬəɎŰɤ (ɄɑɜŬəŬɠ 15) (48). 

 

 

ɄɑɜŬəŬɠ 15 ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ ɤɠ ˊɟɞɠ Űɞ ɢɟɧɜɞ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

(ŮˊɘɢɎɚəɤůɖ ŭɞəɘɛɑɤɜ ABS ɛŮ 0.022 A/cm2 ï ŮˊɘűɎɜŮɘŬ ŭɞəɘɛɑɞɡ: 1256 mm2) 
ɉɟɧɜɞɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (min) ɉɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰɐɗɖəŮ ɔɘŬ ŮˊɘɢɎɚəɤůɖ 

15ȭ 5:29ȭ 

30ȭ 2:11ȭ 

45ȭ 1:29ȭ 

 

 

 
ɆɢɐɛŬ 78 ï ɉɟɧɜɞɠ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ ŮˊɘɢɎɚəɤůɖ - ɉɟɧɜɞɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

 

 

ȳˊɤɠ ɛˊɞɟɞɨɛŮ ɜŬ ŭɞɨɛŮ Ŭˊɧ Űɞɜ ˊɑɜŬəŬ, ɖ Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ 

ɞŭɖɔŮɑ ůŮ ɛɘŬ ůɢŮŰɘəɐ ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ ˊɞɡ ŬˊŬɘŰŮɑŰŬɘ ɔɘŬ Űɖɜ ŮˊɘɛŮŰɎɚɚɤůɖ, 

ɛɏɢɟɘ ɏɜŬ ɞɟɘůɛɏɜɞ ůɖɛŮɑɞ (ɆɢɐɛŬ 78). ɀŮŰɎ Ŭˊɧ ŬɡŰɧ Űɞ ɞɟɘůɛɏɜɞ ůɖɛŮɑɞ, ɖ 

ŮˊɑŭɟŬůɖ Űɞɡ ɢɟɧɜɞɡ etching ůŰɞ ůɡɜɞɚɘəɧ ɢɟɧɜɞ Űɖɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ əŬɗɑůŰŬŰŬɘ 

ɚɘɔɧŰŮɟɞ ůɖɛŬɜŰɘəɐ. 

 

ȺɘŭɘəɧŰŮɟŬ, ɞ ŭɘˊɚŬůɘŬůɛɧɠ Űɞɡ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ Ŭˊɧ 15 min ůŮ 30 min 

ɏɢŮɘ ɤɠ ŬˊɞŰɏɚŮůɛŬ Űɖ ɛŮɑɤůɖ Űɞɡ ůɡɜɞɚɘəɞɨ ɢɟɧɜɞɡ ŮˊɘɢɎɚəɤůɖɠ ůŮ ɚɘɔɧŰŮɟɞ Ŭˊɧ 

Űɞ ɛɘůɧ (ɄɑɜŬəŬɠ 15). ȳŰŬɜ ˊɟɞůˊŬɗɐůŬɛŮ ɜŬ ŬɡɝɐůɞɡɛŮ ɧɛɤɠ ˊŮɟŬɘŰɏɟɤ Űɞ ɢɟɧɜɞ 

Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ɔɘŬ ŬəɧɛŬ 15 min (ůŮ 45 min ůɡɜɞɚɘəɎ), ɖ ɛŮɑɤůɖ ůŰɞ 

ůɡɜɞɚɘəɧ ɢɟɧɜɞ ŮˊɘɛŮŰɎɚɚɤůɖɠ ɐŰŬɜ ɛɘəɟɧŰŮɟɖ Ŭˊɧ ɧ,Űɘ ɗŬ ˊŮɟɑɛŮɜŮ əŬɜŮɑɠ Ŭɜ ɖ 

ůɢɏůɖ {ɢɟɧɜɞɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ - ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ} ɐŰŬɜ ɔɟŬɛɛɘəɐ. ȷɡŰɧ 

ɡˊɞŭŮɘəɜɨŮɘ ɧŰɘ ɡˊɎɟɢŮɘ ɏɜŬ ɧɟɘɞ ůŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ, ɛŮŰɎ Űɞ ɞˊɞɑɞ ŭŮɜ ɡˊɎɟɢŮɘ ůɖɛŬɜŰɘəɐ ˊŮɟŬɘŰɏɟɤ ɛŮŰŬɓɞɚɐ Űɖɠ 
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ɛɞɟűɞɚɞɔɑŬɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ȸɟɏɗɖəŮ ɧŰɘ ɞ ɓŮɚŰɘůŰɞˊɞɘɖɛɏɜɞɠ 

ɢɟɧɜɞɠ etching ɐŰŬɜ 30 min ůŮ ɡŭŬŰɘəɧ ŭɘɎɚɡɛŬ ˊɞɡ ˊŮɟɘɏɢŮɘ 8% (NH4)2S2O8. 

 

ɁɏŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŭɘŮɝɐɢɗɖůŬɜ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ˊŬɟɞɨůɖɠ ɏɟŮɡɜŬɠ ŮˊɘɓŮɓŬɑɤůŬɜ 

əŬɘ ŬɡŰɎ ɧŰɘ ɛɘŬ Ŭɨɝɖůɖ Űɞɡ ɢɟɧɜɞɡ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ɞŭɖɔŮɑ ůŮ ůŬűɐ ɛŮɑɤůɖ 

Űɞɡ ůɡɜɞɚɘəɞɨ ɢɟɧɜɞɡ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

 

 

ɄɑɜŬəŬɠ 16 ï ɉɖɛɘəɐ ˊɟɞůɓɞɚɐ vs ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 
ȹɞəɑɛɘɞ ũ1 ũ2 

 ɉɟɧɜɞɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (min) 15 30 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 51 35 

 

 

 
ɆɢɐɛŬ 79 ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ vs. ɉɟɧɜɞɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (ŭɞəɑɛɘŬ ũ1, ũ2) 
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ɉɟɐůɖ ɗŮɘɥəɞɨ ɞɝɏɞɠ ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 
 

ȼ ŮˊŮɝŮɟɔŬůɑŬ Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ ɗŮɘɥəɧ ɞɝɨ űɎɜɖəŮ ɜŬ ŮˊɖɟŮɎɕŮɘ Ůˊɑůɖɠ Űɞ ɢɟɧɜɞ Űɖɠ 

ŭɘŬŭɘəŬůɑŬɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ɇŬ ůɢŮŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ 

ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

 

 

ɄɑɜŬəŬɠ 17 ï ȺˊŮɝŮɟɔŬůɑŬ ɛŮ H2SO4 əŬɘ ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (ɄŮɘɟɎɛŬŰŬ ȹ) 

ȹɞəɑɛɘɞ ȹ6 ȹ4 ȹ5 

ȺˊŮɝŮɟɔŬůɑŬ ɛŮ H2SO4 (min) 

(ɛŮ 2,25g ɞɝŮɘŭɤŰɘəɞɨ, 0,3V) 
0,25 1,5 2,5 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 100 114 89 

Peel strength (lb/in) 0,09 0,29  

 

 

 
ɆɢɐɛŬ 80 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ - ȺˊŮɝŮɟɔŬůɑŬ ɛŮ ɗŮɘɥəɧ ɞɝɨ 

(ŭɞəɑɛɘŬ ȹ6, ȹ4, ȹ5) 

 

 

ȼ ɢɟɐůɖ H2SO4 ůŬɜ ɛɏůɞ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ŬɡɝɎɜŮɘ Űɖɜ ˊɟɧůűɡůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ 

ɡˊɧůŰɟɤɛŬ ɛɏɢɟɘ 0.90 lb/in (ɄɑɜŬəŬɠ 17) (70, 71), (ɓɚ. ˊŬɟŬəɎŰɤ ůŰɖɜ ŬɜɎɚɡůɖ Űɖɠ 

ˊɟɧůűɡůɖɠ) 
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ɄɑɜŬəŬɠ 18 ï ȺˊŮɝŮɟɔŬůɑŬ ɛŮ H2SO4 əŬɘ ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (ɄŮɘɟɎɛŬŰŬ Ⱥ) 

[ɃɝŮɘŭɤŰɘəɧ 2,25 / Voltage: 0,3V] 

ȹɞəɑɛɘɞ ȹ1 Ⱥ1 Ⱥ2 ȹ3 

Ʉɟɞůɗɐəɖ KOH [0,1N] (ml) 15 15 15 15 

+ ȺˊŮɝŮɟɔŬůɑŬ ɛŮ H2SO4 (min) 0 1,5 3 15 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 168 213 133 127 

Peel strength (lb/in) 0,12 0,35 0,9  

 

 

 
ɆɢɐɛŬ 81 ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ vs. ȹɘɎɟəŮɘŬ ŮˊŮɝŮɟɔŬůɑŬɠ ɛŮ ɗŮɘɥəɧ ɞɝɨ 

 

 

ȼ ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ ŮˊɘɢɎɚəɤůɖɠ ŮɝŬɘŰɑŬɠ Űɖɠ Ŭɨɝɖůɖɠ Űɞɡ ɢɟɧɜɞɡ etching (ɆɢɐɛŬ 

80, ɆɢɐɛŬ 81) ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɞ ɔŮɔɞɜɧɠ ɧŰɘ ɖ ŮˊɘɛŮŰɎɚɚɤůɖ ˊɟŬɔɛŬŰɞˊɞɘŮɑŰŬɘ 

ɛŮ ɏɜŬ ɛɖɢŬɜɘůɛɧ ˊɡɟɐɜɤůɖɠ Ůˊɑ Űɖɠ ŮˊɘűŬɜŮɑŬɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ. ȼ Ŭɡɝɖɛɏɜɖ 

ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ŭɖɛɘɞɡɟɔŮɑ ˊŮɟɘůůɧŰŮɟŮɠ ˊŮɟɘɞɢɏɠ ɧˊɞɡ ŰŬ ɎŰɞɛŬ Űɞɡ ɢŬɚəɞɨ 

ɛˊɞɟɞɨɜ ɜŬ ůɢɖɛŬŰɑůɞɡɜ ɛŮɔɎɚŮɠ ŬˊɞɗɏůŮɘɠ ˊɡɟɐɜɤɜ - ŬɡɝɎɜɞɜŰŬɠ ɏŰůɘ Űɖɜ 

ŰŬɢɨŰɖŰŬ ŭɘɎŭɞůɖɠ Űɞɡ ɛŮŰɩˊɞɡ Űɞɡ ɢŬɚəɞɨ. 

 

ɇŬ ŮɡɟɐɛŬŰŬ ŬɡŰɎ ŮɑɜŬɘ ůŮ ůɡɛűɤɜɑŬ ɛŮ ˊɟɞɖɔɞɨɛŮɜŮɠ ɏɟŮɡɜŮɠ Űɖɠ ŮɟŮɡɜɖŰɘəɐ 

ɞɛɎŭŬ ɛŬɠ ůɢŮŰɘəɎ ɛŮ Űɞ ɛɖɢŬɜɘůɛɧ ɛŮ Űɞɜ ɞˊɞɑɞ ɞ ɢŬɚəɧɠ ŭɘŬŭɑŭŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ 

Űɖɠ ɛɞɜɤŰɘəɐɠ ŮˊɘűɎɜŮɘŬɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɢɖɛɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ (48). 
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ȷɟɘůŰɞˊɞɑɖůɖ ŬɜŰɞɢɐɠ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ (peel strength) ɢŬɚəɞɨ-ˊɞɚɡˊɡɟɟɧɚɖɠ-

ɡˊɞůŰɟɤɛŬŰɞɠ 
 

ȼ ˊɟɧůűɡůɖ Űɞɡ ɢŬɚəɞɨ ůŰɞ ɡˊɧůŰɟɤɛŬ ŮɑɜŬɘ ɛɑŬ ůɖɛŬɜŰɘəɐ ɘŭɘɧŰɖŰŬ ˊɞɡ ɏɢŮɘ 

ůɖɛŬůɑŬ ůŰŬ ˊɚŬɑůɘŬ Űɖɠ ɓɘɞɛɖɢŬɜɑŬɠ əŬŰŬůəŮɡɐɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. 

ȷˊɞŰɡɢɑŬ ˊɟɧůűɡůɖɠ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɡˊɞůŰɟɩɛŬŰɞɠ-ɢŬɚəɞɨ (FR4-Cu) ɛˊɞɟŮɑ ɜŬ 

ɞŭɖɔɐůŮɘ ůŮ ɛŮɟɘəɐ ɐ ɞɚɘəɐ əŬŰŬůŰɟɞűɐ Űɞɡ əɡəɚɩɛŬŰɞɠ. ɆŰɞ ˊɚŬɑůɘɞ Űɖɠ ɏɟŮɡɜŬɠ 

ŬɡŰɐɠ ˊɞɚɚɞɑ ˊŬɟɎɔɞɜŰŮɠ ŮɝŮŰɎůŰɖəŬɜ ˊɟɞəŮɘɛɏɜɞɡ ɜŬ ŬɟɘůŰɞˊɞɘɖɗŮɑ ɖ ˊɟɧůűɡůɖ 

Űɞɡ ɢŬɚəɞɨ ůŰɞ ɛɞɜɤŰɘəɧ ɡˊɧůŰɟɤɛŬ. 

 

ȺɜŰɞˊɘůɛɧɠ ˊɟɞɓɚɐɛŬŰɞɠ 

 

ȳˊɤɠ ŭɘŬˊɘůŰɩɗɖəŮ Ŭˊɧ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ, Űɞ ˊɟɧɓɚɖɛŬ Űɖɠ ˊɟɧůűɡůɖɠ 

ɓɟɑůəŮŰŬɘ ůŰɖ ŭɘŮˊɘűɎɜŮɘŬ ɛŮŰŬɝɨ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ FR4. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɖ 

ˊɟɧůűɡůɖ (adhesion) ŬˊɞɗɏůŮɤɜ ɢŬɚəɞɨ ŮɚɏɔɢɗɖəŮ ɛŮ Űɖ ɛɏɗɞŭɞ ASTM D 3359, 

method B (ñCross-Cut Tape Testò). ɆŮ ŭɨɞ ŭɞəɑɛɘŬ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ, ůŰɞ ˊɟɩŰɞ Űɞ 

42% Űɞɡ ɢŬɚəɞɨ ŬűŬɘɟɏɗɖəŮ Ůɜɩ ůŰɞ Ɏɚɚɞ Űɞ ˊɞůɞůŰɧ Űɞɡ ɢŬɚəɞɨ ˊɞɡ ŬűŬɘɟɏɗɖəŮ 

ɏűŰŬůŮ Űɞ 66%. ūɤŰɞɔɟŬűɑŮɠ Ŭˊɧ ŰŬ ŭɞəɑɛɘŬ ŬɡŰɎ űŬɑɜɞɜŰŬɘ ůŰɞ ɆɢɐɛŬ 82 (48). 

 

 

 
ɆɢɐɛŬ 82 

ȹɞəɘɛɐ əŬŰɎ ASTM D 3359, method B test ůŮ ɖɚŮəŰɟɧŭɘŬ ABS/PPy. 

 

 

ȼ ŬůŰɞɢɑŬ Űɞɡ ɢŬɚəɞɨ űŬɑɜŮŰŬɘ ˊɤɠ ɞűŮɘɚɧŰŬɜ ůŰɖɜ ɧɢɘ Űɧůɞ əŬɚɐ ˊɟɧůűɡůɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ŭɞəɘɛɑɞɡ ABS. (ɞ ɢŬɚəɧɠ ˊɞɡ ɝŮəɧɚɚɖůŮ űŬɑɜŮŰŬɘ 

ɜŬ ɏɢŮɘ ɛŮɑɜŮɘ əɞɚɚɖɛɏɜɞɠ ɛŮ Űɖɜ ˊɞɚɡˊɡɟɟɧɚɖ) (13, 26, 48, 49). 

 

ȷɚɚŬɔɐ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ï ȺˊɑŭɟŬůɖ ůŰɖɜ ˊɟɧůűɡůɖ 

 

ȼ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ (etching) Űɤɜ ŭɞəɘɛɑɤɜ ɛŮ H2SO4 ˊɟɘɜ Űɞɜ ˊɞɚɡɛŮɟɘůɛɧ Űɖɠ 

ˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɞŭɖɔŮɑ ůŮ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ ůŰɖ 

ŭɘŮˊɘűɎɜŮɘŬ ABS/PPy. ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ ŬˊɞŭɞɗŮɑ ůŰɖ ɢŬɛɖɚɐ ŬɜŰɑůŰŬůɖ Űɤɜ 

ˊɚŬůŰɘəɩɜ / ŮˊɧɝŮɘ ɛɞɜɤŰɘəɩɜ ɡɚɘəɩɜ ůŮ ŭɡɜŬŰɎ ɞɝɏŬ (58), ɖ ɞˊɞɑŬ ɞŭɐɔɖůŮ ůŰɖ 

ŭɖɛɘɞɡɟɔɑŬ ˊɞɚɚɩɜ ɗɏůŮɤɜ çŬɔəɨɟɤůɖɠè Űɞɡ ɡɛɏɜŬ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɎɜɤ ůŰɞ 

ŰɞɑɢɤɛŬ Űɖɠ ɞˊɐɠ. 

 

ɆŮ ɛɘŬ ˊɟɞɖɔɞɨɛŮɜɖ ŮɟɔŬůɑŬ ɖ ɞɛɎŭŬ ɛŬɠ ŮɑɢŮ ŮɚɏɔɝŮɘ Űɖɜ ˊɟɧůűɡůɖ Űɞɡ ůŰɟɩɛŬŰɞɠ 

ɢŬɚəɞɨ ůŮ ŭɞəɑɛɘŬ ABS ɛŮ Űɖɜ ˊɟɧŰɡˊɖ ɛɏɗɞŭɞ ASTM D 3359, method B (ñCross-

Cut Tape Testò) (49). ɇŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ ŭɞəɘɛɐɠ ɏŭŮɘɝŬɜ ɧŰɘ ɖ ŬůŰɞɢɑŬ əŬŰɎ Űɖ 
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ŭɞəɘɛɐ ɞűŮɘɚɧŰŬɜ ůŮ ɢŬɛɖɚɐ ˊɟɧůűɡůɖ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɞ ABS 
(76) (ɧˊɤɠ ɏɢɞɡɛŮ ŭŮɑɝŮɘ ůŮ ɎɚɚŬ ˊŮɘɟɎɛŬŰŬ, ɞ ɢŬɚəɧɠ ɞɡůɘŬůŰɘəɎ ŮɜůɤɛŬŰɩɜŮŰŬɘ ůŰɖ 

ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɛŮ ŬˊɞŰɏɚŮůɛŬ ɖ ˊɟɧůűɡůɖ ɢŬɚəɞɨ-ˊɞɚɡˊɡɟɟɧɚɖɠ ɜŬ ŮɑɜŬɘ 

ˊɞɚɨ ɡɣɖɚɐ). ũɘŬ ŬɡŰɧ Űɞɜ ɚɧɔɞ ŮˊɘɢŮɘɟɐůŬɛŮ ɜŬ ŬɡɝɐůɞɡɛŮ Űɖɜ ˊɟɧůűɡůɖ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ (PPy) ůŰɞ ɡˊɧůŰɟɤɛŬ (FR4) ɛŮ (Ŭ) ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ (etching) Űɤɜ 

ŭɞəɘɛɑɤɜ ɛŮ H2SO4 əŬɘ (ɓ) ˊɟɞůɗɐəɖ KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ (70, 71). 

 

ɇɞ ɆɢɐɛŬ 83 ŭŮɑɢɜŮɘ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŭɨɜŬɛɖɠ ˊɟɧůűɡůɖɠ Űɞɡ ɢŬɚəɞɨ (peel strength) 

(lb/in) ůɡɜŬɟŰɐůŮɘ Űɞɡ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ Űɤɜ ŭɞəɘɛɑɤɜ (min) (70, 71). 

 

 
ɆɢɐɛŬ 83 ï ȷɜŰɞɢɐ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ ɢŬɚəɞɨ ůŮ ɡˊɧůŰɟɤɛŬ FR4 (lb/in) ůɡɜŬɟŰɐůŮɘ 

Űɞɡ ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (min) [ȹɞəɑɛɘŬ ȹ6, ȹ4] 

 

 
ɆɢɐɛŬ 84 ï ȹɨɜŬɛɖ ˊɟɧůűɡůɖɠ ɢŬɚəɞɨ ůŮ ɡˊɧůŰɟɤɛŬ FR4 (lb/in) ůɡɜŬɟŰɐůŮɘ Űɞɡ 

ɢɟɧɜɞɡ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ (min) [ȹɞəɑɛɘŬ ȹ1, Ⱥ1, Ⱥ2] 

 

 

ȼ Ŭɨɝɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ ɚɧɔɤ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ ɛŮ ɗŮɘɥəɧ ɞɝɨ ůɡɛɓŬɑɜŮɘ ŮɝŬɘŰɑŬɠ 

Űɞɡ ɧŰɘ ˊŮɟɘůůɧŰŮɟɖ ŮˊŮɝŮɟɔŬůɑŬ ˊɟɞəŬɚŮɑ ɛŮɔŬɚɨŰŮɟŮɠ ŬŰɏɚŮɘŮɠ ůŰɘɠ ŮˊɘűɎɜŮɘŮɠ, ɞɘ 
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ɞˊɞɑŮɠ ŬŰɏɚŮɘŮɠ Ůɜ ůɡɜŮɢŮɑŬ ŭɟɞɡɜ ɤɠ ůɖɛŮɑŬ ŬɔəɑůŰɟɤůɖɠ Űɖɠ ŬˊɧɗŮůɖɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɞ ɡˊɧůŰɟɤɛŬ. 

 

ȹɨɜŬɛɖ ˊɟɧůűɡůɖɠ ɑůɖ ɛŮ 0.90 lb/in ŮˊɘŰŮɨɢɗɖəŮ ɛŮŰɎ Ŭˊɧ ɢɖɛɘəɐ ˊɟɞůɓɞɚɐ ɛŮ 

ɗŮɘɥəɧ ɞɝɨ ɔɘŬ 3 ɚŮˊŰɎ (ɆɢɐɛŬ 113). ȼ Ŭɨɝɖůɖ Űɖɠ ɢɖɛɘəɐɠ ˊɟɞůɓɞɚɐɠ ɛŮ ɗŮɘɥəɧ ɞɝɨ 

ˊŬɟŬŰɖɟɐɗɖəŮ ɧŰɘ ůɡɜŮˊɎɔŮŰŬɘ əŬɘ ɛŮɔɎɚɖ Ŭɨɝɖůɖ Űɖɠ ˊɟɧůűɡůɖɠ. ȷɡŰɧ ɛˊɞɟŮɑ ɜŬ 

ŬˊɞŭɞɗŮɑ ůŰɖ ɢŬɛɖɚɐ ŬɜŰɞɢɐ Űɞɡ ŮˊɧɝŮɘ ɡɚɘəɞɨ Űɞɡ FR4 ůŰɞ ɞɝɨ, əɎŰɘ ˊɞɡ ɏɢŮɘ ůŬɜ 

ŬˊɞŰɏɚŮůɛŬ Űɖ ůɖɛŬɜŰɘəɐ Ŭɨɝɖůɖ Űɖɠ ŮˊɘűŬɜŮɘŬəɐɠ ŰɟŬɢɨŰɖŰŬɠ Űɞɡ (70, 71). 

 

ɄɟɞəŬŰŮɟɔŬůɑŬ Űɞɡ ŭɞəɘɛɑɞɡ ɛŮ ɜɘŰɟɘəɧ Ɏɟɔɡɟɞ 
 

ȼ ˊɟɞəŬŰŮɟɔŬůɑŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ɜɘŰɟɘəɧ Ɏɟɔɡɟɞ (AgNO3) ɏŭŮɘɝŮ ɜŬ ɏɢŮɘ 

ɗŮŰɘəɐ ŮˊɑŭɟŬůɖ ůŰɖ ɛŮɑɤůɖ Űɞɡ ůɡɜɞɚɘəɞɨ ɢɟɧɜɞɡ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ɆŮ ɞɟɘůɛɏɜŮɠ 

ˊŮɟɘˊŰɩůŮɘɠ ɞ ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ ɛŮɘɩɗɖəŮ ůɢŮŭɧɜ ůŰɞ ɛɘůɧ Űɞɡ ɢɟɧɜɞɡ ˊɞɡ 

ŬˊŬɘŰɞɨɜŰŬɜ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ɡˊɧ Űɘɠ ɑŭɘŮɠ ůɡɜɗɐəŮɠ ŬɚɚɎ ɢɤɟɑɠ Űɖɜ 

ˊɟɞəŬŰŮɟɔŬůɑŬ (48, 70, 71). 

 

ɄɑɜŬəŬɠ 19 ï Ʉɟɞůɗɐəɖ AgNO3 əŬɘ ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 

ȹɞəɑɛɘɞ ũ6 ũ9 

Ʉɟɞůɗɐəɖ AgNO3 

(ɛŮ 2,25g ɞɝŮɘŭɤŰɘəɞɨ) 
0,2M / 10' 0,1M / 10' 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 26 25 

 

Ƀ Ɏɟɔɡɟɞɠ ˊɞɡ ŬˊɞŰɑɗŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ ŭɑɜŮɘ ŰŬ əŬŰɎɚɚɖɚŬ ůɖɛŮɑŬ ˊɡɟɐɜɤůɖɠ ɔɘŬ 

Űɞɜ ŬˊɞŰɘɗɏɛŮɜɞ ɢŬɚəɧ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖ ůɖɛŬɜŰɘəɐ ɛŮɑɤůɖ Űɞɡ ɢɟɧɜɞɡ 

ŮˊɘɢɎɚəɤůɖɠ. ɀŮ Űɖɜ ɏɜɜɞɘŬ ŬɡŰɐ, ɖ Ůɜ ɚɧɔɤ ŭɘŬŭɘəŬůɑŬ ɏɢŮɘ ˊɞɚɚɏɠ ɞɛɞɘɧŰɖŰŮɠ ɛŮ 

Űɖ ŭɘŬŭɘəŬůɑŬ ˊɟɞůɗɐəɖɠ ˊŬɚɚŬŭɑɞɡ, ɖ ɞˊɞɑŬ ˊŮɟɘɔɟɎűɖəŮ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ 

əŮűɎɚŬɘŬ. ɋůŰɧůɞ əŬɘ ˊɎɚɘ ɛɘŬ ŰɏŰɞɘŬ ˊɟɞůɗɐəɖ ɗŬ ŭɖɛɘɞɡɟɔɞɨůŮ ˊɟɞɓɚɐɛŬŰŬ 

ˊŮɟɘɓŬɚɚɞɜŰɘəɐɠ ŭɘŬɢŮɑɟɘůɖɠ Űɤɜ ŬˊɞɓɚɐŰɤɜ, ŰŬ ɞˊɞɑŬ ůŰɧɢɞɠ ŮɑɜŬɘ ɜŬ ɛŮɘɩůɞɡɛŮ 

əŬŰɎ Űɞ ŭɡɜŬŰɧɜ. 

 

ūŬɑɜŮŰŬɘ ɤůŰɧůɞ ɧŰɘ ɖ ŮˊɑŭɟŬůɖ ŬɡŰɐɠ Űɖɠ əŬŰŮɟɔŬůɑŬɠ ɏɢŮɘ əɎˊɞɘɞ ɧɟɘɞ, əŬɗɩɠ ɞ 

ŭɘˊɚŬůɘŬůɛɧɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ AgNO3 ŭŮɜ ŮˊɘűɏɟŮɘ ŬɜɎɚɞɔɖ ɛŮɑɤůɖ Űɞɡ 

ɢɟɧɜɞɡ ŮˊɘɢɎɚəɤůɖɠ. ɉŬɟŬəŰɖɟɘůŰɘəɎ ŬɜŬűɏɟɞɜŰŬɘ ŰŬ ˊŬɟŬəɎŰɤ ɕŮɨɔɖ ˊŮɘɟŬɛɎŰɤɜ 

ɛŮ əŬɘ ɢɤɟɑɠ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ AgNO3 (ɄɑɜŬəŬɠ 20, ɄɑɜŬəŬɠ 21): 

 

 

ɄɑɜŬəŬɠ 20 ï ȺˊŮɝŮɟɔŬůɑŬ ɛŮ AgNO3 əŬɘ ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (ɛŮ ˊɟɞůɗɐəɖ ȾɃȼ) 

[ɃɝŮɘŭɤŰɘəɧ 2,25 / Voltage: 0,3V] 

ȹɞəɑɛɘɞ ũ5 ũ12 

Ʉɟɞůɗɐəɖ KOH [0,1N] (ml) 5 5 

ȺˊŮɝŮɟɔŬůɑŬ ůŮ AgNO3 0,1M (min) 0 10 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 24 13 
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ɄɑɜŬəŬɠ 21 ï ȺˊŮɝŮɟɔŬůɑŬ ɛŮ AgNO3 əŬɘ ɢɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (ɢɤɟɑɠ ˊɟɞůɗɐəɖ 

ȾɃȼ) [ɃɝŮɘŭɤŰɘəɧ 2,25 / Voltage: 0,3V] 

ȹɞəɑɛɘɞ ũ3 ũ6 ũ9 

ȺˊŮɝŮɟɔŬůɑŬ ůŮ AgNO3 ɔɘŬ 10 min n/a 0,2M 0,1M 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 49 26 25 

 

 

ȷɜɎɚɞɔŮɠ ŬɜŬűɞɟɏɠ ɡˊɎɟɢɞɡɜ əŬɘ ůŰɖ ɓɘɓɚɘɞɔɟŬűɑŬ (59). ȼ ɛŮɑɤůɖ ŬɡŰɐ ˊɘɗŬɜɧŰŬŰŬ 

ɞűŮɑɚŮŰŬɘ ůŰɖ ŭɖɛɘɞɡɟɔɑŬ ˊɞɚɚɩɜ ɜɏɤɜ ɗɏůŮɤɜ ˊɡɟɐɜɤůɖɠ Űɤɜ ŬŰɧɛɤɜ Űɞɡ ɢŬɚəɞɨ 

ˊɟɞɠ Űɞ ůɢɖɛŬŰɘůɛɧ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ȳˊɤɠ ɏɢŮɘ ˊɟɞŰŬɗŮɑ əŬɘ Ŭˊɧ Űɖ 

ɓɘɓɚɘɞɔɟŬűɑŬ (13) əŬɘ Ŭˊɧ ɎɚɚŮɠ ŭɖɛɞůɘŮɨůŮɘɠ Űɖɠ ɞɛɎŭŬɠ ɛŬɠ (48), ɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ ˊɟɞɢɤɟɎŮɘ ɛŮ Űɞ ɢŬɚəɧ ɜŬ ŬˊɞŰɑɗŮŰŬɘ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ ůɢɖɛŬŰɑɕɞɜŰŬɠ ˊɡɟɐɜŮɠ, ɞɘ ɞˊɞɑɞɘ ůŰɖ ůɡɜɏɢŮɘŬ ŬˊɞŰŮɚɞɨɜ ŰŬ ůɖɛŮɑŬ 

ɧˊɞɡ ŮɡɜɞŮɑŰŬɘ ˊŮɟɘůůɧŰŮɟɞ ɖ ůɡɜɏɢɘůɖ Űɖɠ ŬˊɞűɧɟŰɘůɖɠ Űɤɜ ɘɧɜŰɤɜ Cu2+. 

 

 

ȽȽ. ȷɚɚŬɔɐ ůɨɜɗŮůɖɠ ɚɞɡŰɟɞɨ ˊɞɚɡɛŮɟɘůɛɞɨ 
 

ȹɞəɘɛɎůŰɖəŬɜ: 

¶ ˊɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ 

¶ ɘɧɜ ŮɛɓɞɚɘŬůɛɞɨ ɔɘŬ ŭɘɎűɞɟŮɠ ůɡɔəŮɜŰɟɩůŮɘɠ 

 

ɄɟɞəŬŰŮɟɔŬůɑŬ ɡˊɞůŰɟɩɛŬŰɞɠ ɛŮ ˊɟɞůɗɐəɖ ȾɃȼ 

 

ɆɨɛűɤɜŬ ɛŮ ɛŮɚɏŰŮɠ əŬɘ ůɨɛűɤɜŬ ɛŮ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ŭɘŮɝɐɔŬɛŮ əŬɘ ŮɛŮɑɠ, ɖ ˊɚɐɟɤɠ 

Ŭɜɖɔɛɏɜɖ ˊɞɚɡˊɡɟɟɧɚɖ (ɛŮ ŮˊŮɝŮɟɔŬůɑŬ ɛŮ ɡŭɟŬɕɑɜɖ (13), ɞŭɖɔŮɑ ůŮ əŬɚɨŰŮɟɖ 

ŬˊɞűɧɟŰɘůɖ ɢŬɚəɞɨ ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɨɝɖůɖ Űɖɠ ŰŬɢɨŰɖŰŬɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ůŰɞ 

ůɨɜɞɚɞ Űɖɠ (ɄɑɜŬəŬɠ 22). 

 

ɄɑɜŬəŬɠ 22 ï ȾɃȼ vs. ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 

ȹɞəɑɛɘɞ ũ3 ũ5 ũ10 ũ11 

Ʉɟɞůɗɐəɖ KOH [0,1N] (ml) 

(ɛŮ 2,25g ɞɝŮɘŭɤŰɘəɞɨ) 
0 5 10 15 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 49 24 46 11 
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ɆɢɐɛŬ 85 ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ vs. ml KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ 

 

 

ȼ ˊɟɞůɗɐəɖ ȾɃȼ ɓɞɖɗɎŮɘ ůŰɖɜ ˊŬɟŬɔɤɔɐ Ŭɜɖɔɛɏɜɖɠ ɛɞɟűɐɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɖ 

ɞˊɞɑŬ Ůɜ ůɡɜŮɢŮɑŬ ɛˊɞɟŮɑ ɜŬ ɞɝŮɘŭɤɗŮɑ ŮɡəɞɚɧŰŮɟŬ (əŬɘ ŰŬɡŰɧɢɟɞɜŬ ɜŬ ɓɞɖɗɐůŮɘ ˊɘɞ 

ɏɜŰɞɜŬ Űɖɜ ŬɜŬɔɤɔɐ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɢŬɚəɞɨ ˊɟɞɠ ŬŰɞɛɘəɧ ɢŬɚəɧ). 

 

ȷɡŰɧ ŭŮɑɢɜŮɘ ɧŰɘ Űɞ ůŰɎŭɘɞ Űɖɠ ŬˊɞűɧɟŰɘůɖɠ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɢŬɚəɞɨ (Cu2+) ˊɟɞɠ 

ŬŰɞɛɘəɧ ɢŬɚəɧ (Cu) ŮɑɜŬɘ ɏɜŬ Ŭˊɧ ŰŬ əŬɗɞɟɘůŰɘəɎ ůŰɎŭɘŬ Űɖɠ ɢɖɛɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ 

(ɧɢɘ ɧɛɤɠ Űɞ ɓɟŬŭɨŰŮɟɞ əŬɗɩɠ ɧˊɤɠ ŭŮɑɢɜɞɡɜ ŰŬ ŬˊɞŰŮɚɏůɛŬŰŬ Űɖɠ 

ˊɞŰŮɜůɘɞůŰŬŰɘəɐɠ ŬɜɎɚɡůɖɠ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ, Űɞ ɓɟŬŭɨŰŮɟɞ ůŰɎŭɘɞ ˊɘɗŬɜɧŰŬŰŬ ŮɑɜŬɘ 

ɖ ŭɘɎɢɡůɖ Űɤɜ ɘɧɜŰɤɜ Űɞɡ ɢŬɚəɞɨ ˊɟɞɠ Űɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ). 

 

ɄɑɜŬəŬɠ 23 ï Ʉɟɞůɗɐəɖ ȾɃȼ əŬɘ ŬɜŰɞɢɐ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ 

ȹɞəɑɛɘɞ ȹ4 Ⱥ1 

ȺˊŮɝŮɟɔŬůɑŬ ɛŮ H2SO4 (min) 

(ɛŮ 2,25g ɞɝŮɘŭɤŰɘəɞɨ, 0,3V) 
1,5 1,5 

Ʉɟɞůɗɐəɖ KOH [0,1N] (ml) 0 15 

Peel strength (lb/in) 0,29 0,35 
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ɆɢɐɛŬ 86 ï ȷɜŰɞɢɐ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ vs. ml KOH ůŰɞ ŭɘɎɚɡɛŬ ˊɞɚɡɛŮɟɘůɛɞɨ 

 

 

ɄŬɟŬˊɎɜɤ (ɄɑɜŬəŬɠ 23) űŬɑɜŮŰŬɘ əŬɘ ɧŰɘ ɖ ˊɟɞůɗɐəɖ ȾɃȼ ůŰɞ ŭɘɎɚɡɛŬ 

ˊɞɚɡɛŮɟɘůɛɞɨ ŬɡɝɎɜŮɘ əŬɘ ŬɡŰɐ Űɖɜ ˊɟɧůűɡůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ/ɢŬɚəɞɨ ůŰɞ 

ɡˊɧůŰɟɤɛŬ. ȼ ɓŮɚŰɑɤůɖ Űɖɠ ŭɡɜŬŰɧŰɖŰŬɠ Űɖɠ Ŭɜɖɔɛɏɜɖɠ (ɚɧɔɤ Űɞɡ ȾɃȼ) 

ˊɞɚɡˊɡɟɟɧɚɖɠ ɜŬ ŬɜŬɔɎɔŮɘ ɘɧɜŰŬ ɢŬɚəɞɨ ˊɟɞɠ ŬŰɞɛɘəɧ ɢŬɚəɧ ˊɘɗŬɜɧɜ ŬɡɝɎɜŮɘ Űɖɜ 

ŮɜůɤɛɎŰɤůɖ Űɤɜ ɘɧɜŰɤɜ ŬɡŰɩɜ ůŰɖ ŭɞɛɐ Űɖɠ, ɛŮ ŬˊɞŰɏɚŮůɛŬ Űɖɜ Ŭɡɝɖɛɏɜɖ 

ˊɟɧůűɡůɖ (ɆɢɐɛŬ 86). 

 

ɆɡɔəɏɜŰɟɤůɖ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ï ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 
 

ɄɑɜŬəŬɠ 24 ï PTS vs. ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 

ɆɡɔəɏɜŰɟɤůɖ PTS (g) ũ3 ũ2 

(ɛŮ 2,25g ɞɝŮɘŭɤŰɘəɞɨ) 4,41 4,66 

ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ (min) 49 35 

 

 

ɆɢɐɛŬ 116 - PTS vs. ɉɟɧɜɞɠ ŮˊɘɢɎɚəɤůɖɠ 
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ȼ ŮˊɑŭɟŬůɖ Űɖɠ ŬɚɚŬɔɐɠ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɘɧɜŰɞɠ ŮɛɓɞɚɘŬůɛɞɨ ŭŮɜ 

ŭɘŮɟŮɡɜɐɗɖəŮ ŮəŰŮɜɩɠ ůŰɖɜ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ əŬɘ ŭŮɜ ɛˊɞɟɞɨɜ ɜŬ ŮɝŬɢɗɞɨɜ ůɢŮŰɘəɎ 

ůɡɛˊŮɟɎůɛŬŰŬ. ɋůŰɧůɞ űɎɜɖəŮ (ɄɑɜŬəŬɠ 24, ɆɢɐɛŬ 106) ɧŰɘ ɖ ŮˊɘɚŮɔɛɏɜɖ 

ůɡɔəɏɜŰɟɤůɖ ŮɑɜŬɘ ˊɘɗŬɜɧɜ ɜŬ ɞŭɖɔŮɑ ůŮ ɓɏɚŰɘůŰɖ ŬɔɤɔɘɛɧŰɖŰŬ ï ˊɘɗŬɜɧɜ ŮˊŮɘŭɐ ɖ 

ɛŮɔɎɚɖ Ŭɨɝɖůɖ Űɖɠ ůɡɔəɏɜŰɟɤůɖɠ Űɞɡ ɘɧɜŰɞɠ ůŰɖ ŭɞɛɐ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ ɜŬ 

ŭɖɛɘɞɡɟɔŮɑ Űɧůɞ ɛŮɔɎɚŮɠ ŭɘŬŰŬɟŬɢɏɠ ɞɘ ɞˊɞɑŮɠ ɜŬ ŭɟɞɡɜ ůŬɜ Ůˊɘˊɚɏɞɜ űɟŬɔɛɞɑ ůŰɖ 

ɛŮŰŬəɑɜɖůɖ űɞɟŰɑɤɜ ůŮ ŬɡŰɐɜ. 

 

5.3 ɚʍʅʎʐʋʌʋʚʂʎʂ ʎʐɻɿʚʋʑ ɻʌʝʃʀʎʂʏ ʔɻʇʆʋʞ 

 

ɄɞɚɚɎ ˊɟɞɓɚɐɛŬŰŬ ůŰɖ ɓɘɞɛɖɢŬɜɘəɐ ŮűŬɟɛɞɔɐ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɛɞɜɤŰɩɜ 

ˊɟɞəŬɚɞɨɜŰŬɘ Ŭˊɧ ŬůŰɞɢɑŮɠ ŮɝŬɘŰɑŬɠ ˊɟɞůɛɑɝŮɤɜ (H, F, O) əŬɘ ŬəŬɗŬɟůɘɩɜ ůŰɞɜ 

ŬˊɞŰɘɗɏɛŮɜɞ ɢŬɚəɧ (57, 77). ȼ ɛɏɗɞŭɞɠ ɛŬɠ ŭŮɜ ɏɢŮɘ ůŰɎŭɘŬ ŰŬ ɞˊɞɑŬ ˊɟɞůɗɏŰɞɡɜ 

ˊɟɞůɛɑɝŮɘɠ ůŰɞɜ ŬˊɞŰɘɗɏɛŮɜɞ ɢŬɚəɧ. ȷɡŰɧ Űɞ ůɡɛˊɏɟŬůɛŬ ŬˊɞŭŮɘəɜɨŮŰŬɘ əŬɘ Ŭˊɧ Űɖɜ 

ɡɣɖɚɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ ɢŬɚəɞɨ, ɧˊɤɠ ŭɘŬˊɘůŰɩɗɖəŮ Ŭˊɧ ˊŮɘɟɎɛŬŰŬ ˊɞɡ 

ŭɘŮɝɐɢɗɖůŬɜ. 

 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɛŮŰɟɐůŬɛŮ Űɖɜ ɖɚŮəŰɟɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ Űɞɡ ůŰɟɩɛŬŰɞɠ Űɞɡ 

ɢŬɚəɞɨ əŬɘ Űɖ ɓɟɐəŬɛŮ ɑůɖ ɛŮ  1.83 ɛɋ cm [ɛɏŰɟɖůɖ Ŭˊɧ Trace laboratories]. ȷɡŰɐ ɖ 

ŬɔɤɔɘɛɧŰɖŰŬ ŮɑɜŬɘ əŬɚɨŰŮɟɖ Ŭˊɧ Űɖɜ ŬɔɤɔɘɛɧŰɖŰŬ Ɏɚɚɤɜ Ůɛˊɞɟɘəɩɜ ŭɞəɘɛɑɤɜ (ɧˊɤɠ 

ŰŬ űɨɚɚŬ copper-clad FR4 ˊɞɡ ŬɜŬɚɨůŬɛŮ), ŭŮɑɢɜɞɜŰŬɠ ɧŰɘ ɖ ŭɘŬŭɘəŬůɑŬ ˊɞɡ 

ŬɜŬˊŰɨɝŬɛŮ ɞŭɖɔŮɑ ůŮ ŮˊɘɢŬɚəɤɛɏɜŬ ŭɞəɑɛɘŬ ˊɞɡ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŰɖ 

ɓɘɞɛɖɢŬɜɑŬ ˊ.ɢ. Űɤɜ ɇɡˊɤɛɏɜɤɜ ȾɡəɚɤɛɎŰɤɜ. 

 

ȼ ɖɚŮəŰɟŬˊɧɗŮůɖ (electrodeposition) ˊɟɏˊŮɘ ɜŬ ŮɚɏɔɢŮŰŬɘ Ŭˊɧ Űɖɜ əɘɜɖŰɘəɐ (kinetic 

control) ɔɘŬ ɜŬ ŮɝŬůűŬɚɘůŰŮɑ əŬɚɐ ˊɞɘɧŰɖŰŬ ɢŬɚəɞɨ. (ŬɡŰɧ ɔɑɜŮŰŬɘ ɛŮ Űɖɜ ˊɟɞůɗɐəɖ 

ȾɃȼ ɐ ɛŮ Űɖɜ ŬɜɎŭŮɡůɖ; - ɓɚ. Ʉɤɠ ŬɚɚɎɕŮɘ Űɞ ŭɘɎɔɟŬɛɛŬ Űɞɡ ŭɡɜŬɛɘəɞɨ ůŮ ŬɡŰɐ Űɖɜ 

ˊŮɟɑˊŰɤůɖ) . ȼ ɓɘɓɚɘɞɔɟŬűɑŬ ˊŮɟɘɏɢŮɘ ˊɞɚɚɏɠ ɏɟŮɡɜŮɠ ůɢŮŰɘəɎ ɛŮ Űɞ ˊɤɠ ɛˊɞɟɞɨɛŮ ɜŬ 

ŭɘŬůűŬɚɑůɞɡɛŮ Űɞ ˊŬɟŬˊɎɜɤ əŬɘ ɜŬ ŬˊɞűɨɔɞɡɛŮ ˊ.ɢ. Űɞɜ ɏɚŮɔɢɞ Űɖɠ ŬɜŰɑŭɟŬůɖɠ Ŭˊɧ 

Űɖ ŭɘɎɢɡůɖ (57). 
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6Ȣ ɚʍʅʎʐʋʌʋʚʂʎʂ ɿʅɻɿʅʆɻʎʚɻʏ ʀʌʅʔʗʇʆʖʎʂʏ ʋʌʡʉ ʐʑʌʖʈʘʉʖʉ 
ʆʑʆʇʖʈʗʐʖʉ 

6Ȣυ ɩɻʍʗʈʀʐʍʋʅ ʘʍʀʑʉɻʏ ʎʐɻ ɬʑʌʖʈʘʉɻ ɣʑʆʇʡʈɻʐɻ 

 

ȳˊɤɠ ˊɟɞŬɜŬűɏɟɗɖəŮ ůŰɖ ɛɘəɟɞɖɚŮəŰɟɞɜɘəɐ ŰŬ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖ ůŰɐɟɘɝɖ əŬɘ Űɖɜ ɖɚŮəŰɟɘəɐ ŭɘŬůɨɜŭŮůɖ ɖɚŮəŰɟɞɜɘəɩɜ 

ŮɝŬɟŰɖɛɎŰɤɜ ɛɏůɤ Ŭɔɩɔɘɛɤɜ ɘɢɜɩɜ Ŭˊɧ ɢŬɚəɧ. ɈˊɎɟɢɞɡɜ ˊɞɚɚɎ Ůɑŭɖ Űɡˊɤɛɏɜɤɜ 

əɡəɚɤɛɎŰɤɜ (Printed Circuit Boards ï PCB), ɛŮ Űɞ ˊɘɞ ŭɘŬŭŮŭɞɛɏɜɞ ɜŬ ŬˊɞŰŮɚŮɑŰŬɘ 

Ŭˊɧ ɡˊɧůŰɟɤɛŬ ŮˊɞɝŮɘŭɘəɐɠ ɟɖŰɑɜɖɠ Ůɜɘůɢɡɛɏɜɖɠ ɛŮ ɑɜŮɠ ɡɎɚɞɡ (FR4), ůŰɞ ɞˊɞɑɞ ɏɢŮɘ 

ŬˊɞŰŮɗŮɑ ɢŬɚəɧɠ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ɗŮɟɛɞɛɖɢŬɜɘəɐɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ (cladding). ɇŬ 

ˊŮɟɘůůɧŰŮɟŬ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ ɏɢɞɡɜ ɛɏɢɟɘ əŬɘ 20 ŮˊɑˊŮŭŬ əɡəɚɩɛŬŰɞɠ (Multi -

layer PCBs), ŰŬ ɞˊɞɑŬ Ůˊɘəɞɘɜɤɜɞɨɜ ɛŮŰŬɝɨ Űɞɡɠ ɛɏůɤ ŮˊɘɢŬɚəɤɛɏɜɤɜ ɞˊɩɜ (29). 

 

ȼ əŬŰŬůəŮɡɐ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ ɛŮ ŭɨɞ ɐ ˊŮɟɘůůɧŰŮɟŬ ůŰɟɩɛŬŰŬ ŮɑɜŬɘ ŮűɘəŰɐ 

ɛɧɜɞ ɛŮŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɞˊɩɜ, ˊɞɡ ŬɡŰɎ ŰŬ əɡəɚɩɛŬŰŬ ŭɘŬɗɏŰɞɡɜ ɔɘŬ Űɖɜ 

ŮˊɘəɞɘɜɤɜɑŬ Űɤɜ ůŰɟɤɛɎŰɤɜ ɛŮŰŬɝɨ Űɞɡɠ. ɋůŰɧůɞ ɞɘ ɏɤɠ ŰɩɟŬ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜŮɠ 

ɛɏɗɞŭɞɘ ɏɢɞɡɜ ɞɟɘůɛɏɜŬ ɛŮɘɞɜŮəŰɐɛŬŰŬ, ŰŬ ɞˊɞɑŬ ɏɢɞɡɜ ŮəŰŮɗŮɑ ˊŮɟɘɚɖˊŰɘəɎ 

ˊŬɟŬˊɎɜɤ (78). 

 

ɆŰŬ ˊɟɞɖɔɞɨɛŮɜŬ əŮűɎɚŬɘŬ (ɓɚ. ŪŮɤɟɖŰɘəɧ ɀɏɟɞɠ) ˊŮɟɘɔɟɎűɖəŮ ɞ ůɡɛɓŬŰɘəɧɠ 

Űɟɧˊɞɠ ɔɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ ŬɡŰɩɜ Űɤɜ ɞˊɩɜ (through-hole plating - PTH), ɞ ɞˊɞɑɞɠ 

ɢɟɖůɘɛɞˊɞɘŮɑ ˊŬɚɚɎŭɘɞ (Pd) ɔɘŬ ɜŬ əŬŰŬůŰŮɑ ɖ ŮˊɘűɎɜŮɘŬ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ Ŭɔɩɔɘɛɖ, 

ŮɑɜŬɘ ˊɞɚɨˊɚɞəɞɠ, ŭŬˊŬɜɖɟɧɠ əŬɘ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɖ ɢɟɐůɖ ˊɞɚɚɩɜ ɓɚŬɓŮɟɩɜ ɔɘŬ Űɞ 

ˊŮɟɘɓɎɚɚɞɜ ɢɖɛɘəɩɜ. ȺəŰɧɠ Ŭˊɧ Űɞ ˊŬɚɚɎŭɘɞ ɖ ɢɖɛɘəɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ ŬˊŬɘŰŮɑ ɏɜŬɜ 

ŬɜŬɔɤɔɘəɧ ˊŬɟɎɔɞɜŰŬ. ȼ űɞɟɛŬɚŭŮɒŭɖ, ɖ ˊɚɏɞɜ ɢɟɖůɘɛɞˊɞɘɞɨɛŮɜɖ ŬɜŬɔɤɔɘəɐ 

ɏɜɤůɖ, ŮɑɜŬɘ ɓɚŬɓŮɟɐ ɔɘŬ Űɞ ˊŮɟɘɓɎɚɚɞɜ. Ⱥˊɘˊɚɏɞɜ ŰŬ ɚɞɡŰɟɎ ɢɖɛɘəɐɠ ŮˊɘɢɎɚəɤůɖɠ 

ŮɑɜŬɘ ŬůŰŬɗɐ əŬɘ ŬˊŬɘŰɞɨɜ ůɡɜŮɢɐ ŮˊɘŰɐɟɖůɖ. Ƀ ɏɚŮɔɢɞɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ɔɑɜŮŰŬɘ 

ŬəɧɛŬ ˊɘɞ ŭɨůəɞɚɞɠ ɧŰŬɜ ůŰŬ ŭɘŬɚɨɛŬŰŬ Űɖɠ ˊɟɞůŰɑɗŮɜŰŬɘ əŬɘ ˊŬɟɎɔɞɜŰŮɠ ɧˊɤɠ 

əɡŬɜɘɞɨɢŮɠ ŮɜɩůŮɘɠ (cyanide) əŬɘ ůɢɖɛŬŰɑɕɞɜŰŮɠ ɢɖɚɘəɏɠ ŮɜɩůŮɘɠ ɞɡůɑŮɠ (chelating 

agents), ɞɘ ɞˊɞɑŮɠ ŮɑɜŬɘ ŭɨůəɞɚɞ ɜŬ ŬűŬɘɟŮɗɞɨɜ Ŭˊɧ Űɞ ɟŮɨɛŬ Űɤɜ ŬˊɞɓɚɐŰɤɜ (78). 

 

ȺəŰɧɠ Űɤɜ ˊŬɟŬˊɎɜɤ ˊŮɟɘɓŬɚɚɞɜŰɘəɩɜ ˊɟɞɓɚɖɛɎŰɤɜ, ɖ ɢɖɛɘəɐ ŮˊɘɢɎɚəɤůɖ ŮɑɜŬɘ ɛɑŬ 

ˊŮɟɑˊɚɞəɖ ŭɘŬŭɘəŬůɑŬ 8-10 ɓɖɛɎŰɤɜ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ɞˊɞɑŬɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ 

ˊɞɚɚɎ Ŭəɟɘɓɏɠ ŮɜɩůŮɘɠ, ɧˊɤɠ Űɞ PdCl2. ȺəŰɧɠ ɧɛɤɠ ŬɡŰɐɠ Űɖɠ ŭɘŬŭɘəŬůɑŬɠ ɡˊɎɟɢɞɡɜ 

ŰŮɢɜɞɚɞɔɑŮɠ, ɞɘ ɞˊɞɑŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜ ɔɟŬűɑŰɖ ɐ ŬɔɩɔɘɛŬ ˊɞɚɡɛŮɟɐ ɔɘŬ ɜŬ ŮˊɘŰɨɢɞɡɜ 

Űɖɜ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɞˊɩɜ Űɤɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ (7, 46). ȾŬɘ ŬɡŰɏɠ ɤůŰɧůɞ ɞɘ 

ɛɏɗɞŭɞɘ ŬɜŰɘɛŮŰɤˊɑɕɞɡɜ ɞɟɘůɛɏɜŬ ˊɟɞɓɚɐɛŬŰŬ (ɧˊɤɠ ɖ ɢɟɐůɖ əɞɚɚɞŮɘŭɩɜ 

ŭɘŬɚɡɛɎŰɤɜ, ɖ ɛɖ əŬɚɐ ŬˊɧɗŮůɖ ɢŬɚəɞɨ ůŰŬ ŰɞɘɢɩɛŬŰŬ əɚˊ ï ɓɚ. ˊŬɟŬˊɎɜɤ). Ʉɟɞɠ 

ŬɜŰɘəŬŰɎůŰŬůɖ Űɖɠ ˊŬɟŬˊɎɜɤ ɛŮɗɧŭɞɡɠ ɏɢɞɡɜ ˊɟɞŰŬɗŮɑ ˊɞɚɚɏɠ ɎɚɚŮɠ, ɞɘ ɞˊɞɑŮɠ 

ˊŮɟɘɔɟɎűɖůŬɜ ůŰŬ ˊɟɞɖɔɞɨɛŮɜŬ əŮűɎɚŬɘŬ. ȼ ŭɘəɐ ɛŬɠ ɛɏɗɞŭɞɠ ŮɑɜŬɘ ŬˊɚɞɨůŰŮɟɖ 

Ŭˊɧ Űɘɠ ˊŬɟŬˊɎɜɤ əŬɘ Űɞ ɑŭɘɞ ŬˊɞŰŮɚŮůɛŬŰɘəɐ, ŬˊɞŰŮɚɩɜŰŬɠ Űɖɜ ˊɟɩŰɖ Ŭɛɘɔɩɠ 

Ůɚɚɖɜɘəɐ ˊɟɞůˊɎɗŮɘŬ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ ˊɞɚɡůŰɟɤɛŬŰɘəɩɜ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ 

ɛŮ Űɖ ɢɟɐůɖ Ŭɔɩɔɘɛɤɜ ˊɞɚɡɛŮɟɩɜ Űɖɠ ˊɡɟɟɧɚɖɠ. 

 

ɆŰɖɜ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ ɛŮɚŮŰɐɗɖəŬɜ ˊɞɚɡůŰɟɤɛŬŰɘəɎ PCB ɓŬůɘůɛɏɜŬ ůŮ FR4, ɛŮ 

ůŰɧɢɞ Űɖɜ ŮɨɟŮůɖ ɛɘŬɠ ɛŮɗɧŭɞɡ ˊɞɡ ɗŬ ŮɑɜŬɘ ˊɘɞ Ŭˊɚɐ əŬɘ űɘɚɘəɧŰŮɟɖ ůŰɞ ˊŮɟɘɓɎɚɚɞɜ 

Ŭˊɧ ŬɡŰɏɠ ˊɞɡ ɐŭɖ ˊŮɟɘɔɟɎűɖəŬɜ. 
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6ȢρȢρ ɩʍʋɿʅɻɾʍɻʒʘʏ ɬʑʌʖʈʘʉʖʉ ɣʑʆʇʖʈʗʐʖʉ 

 

Ƀ ɄɑɜŬəŬɠ 25 ˊŮɟɘɏɢŮɘ Űɡˊɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. ȸɎůɖ ŬɡŰɩɜ 

Űɤɜ ˊɟɞŭɘŬɔɟŬűɩɜ ɏɔɘɜŮ ɖ ˊŬɟɞɨůŬ ɏɟŮɡɜŬ, ɛŮ ůŰɧɢɞ Űɖɜ əɎɚɡɣɖ Űɞɡɠ ɛŮ Űɞɜ 

ŬˊɚɞɨůŰŮɟɞ ŭɡɜŬŰɧ Űɟɧˊɞ (ŮɚŬɢɘůŰɞˊɞɑɖůɖ Űɤɜ ŬˊŬɟŬɑŰɖŰɤɜ ɓɖɛɎŰɤɜ). 

 

ɄɑɜŬəŬɠ 25 ï ɇɡˊɘəɏɠ ˊɟɞŭɘŬɔɟŬűɏɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ 

ɄɟɞŭɘŬɔɟŬűɐ ɇɘɛɐ 

ɄɎɢɞɠ ɡˊɞůŰɟɩɛŬŰɞɠ FR-4 0.6 ï 3.2 mm(79), 0.8 mm(80), 0.059-0.062ȭȭ(57) 

ȺɚɎɢɘůŰɞ ŭɘɎəŮɜɞ ɛŮŰŬɝɨ ɔɟŬɛɛɩɜ Űɞɡ 

əɡəɚɩɛŬŰɞɠ (track to track) 
0.10 mm(80), 0.10 mm(81), 0.006ȭȭ(57) 

ȺɚɎɢɘůŰɞ ŭɘɎəŮɜɞ ɛŮŰŬɝɨ ɔɟŬɛɛɩɜ Űɞɡ 

əɡəɚɩɛŬŰɞɠ əŬɘ Űɖɠ Ɏəɟɖɠ Űɞɡ ɡˊɞůŰɟɩɛŬŰɞɠ 

(track to pad) 

0.10 mm(80) 

ȹɘɎɛŮŰɟɞɠ ɞˊɩɜ 
0.30 mm (0.0118ȭȭ) (single sided)(80) / 0.15 mm (0.0059ȭȭ) 

(PHT/,multilayer)(80), 0.23 mm (0.008ȭȭ)(81), 0.010ȭȭ(57) 

ȳɟɘɞ ɚɧɔɞɡ ŭɘŬɛɏŰɟɞɡ ɞˊɩɜ / ˊɎɢɞɠ 

ɡˊɞůŰɟɩɛŬŰɞɠ ˊɟɘɜ Űɖɜ ŮɛűɎɜɘůɖ ˊɟɞɓɚɐɛŬŰɞɠ 

ůŰɖɜ ŮˊɘɛŮŰɎɚɚɤůɖ 

7:1 (0.0135ȭȭ ŭɘɎɛŮŰɟɞɠ ɞˊɐɠ ůŮ ɡˊɧůŰɟɤɛŬ ˊɎɢɞɡɠ 

0.093ȭȭ)(34), blind microvias: 0.5:1 (ŭɘɎɛŮŰɟɞɠ ɞˊɩɜ 

0.006ȭȭ)(34) 

ȷɜŰɑůŰŬůɖ ɞˊɩɜ <700 mohms(34) 

ɄɎɢɞɠ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ 

{0.5, 1 ɐ 2} oz(79), {1, 2, 3, 4} oz(82), {0.5, 1, 2} oz(80), 

0.001ȭȭ (0.025 mm) ï 0.0028ȭȭ (0.0457 mm)(81), {1, 1.5, 

2.5} oz(57) 

ɄɎɢɞɠ ŮˊɘɛŮŰɎɚɚɤůɖɠ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɤɜ ɞˊɩɜ 
ȸɚ. IPC-6016 standards: >10 microns (0.4 mil) Cu / 1 mm 
(83) 

ȷˊɞɟɟɧűɖůɖ ɡɔɟŬůɑŬɠ (moisture absorption) < 0.02%(84) 

Flexural strength (PSI əŬɘ N/mm2) ɉ > 276, Ɉ > 241(84) 

ȷɜŰɞɢɐ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ (Peel strength) 

ŮˊɘűɎɜŮɘŬɠ ɢŬɚəɞɨ (lbs/inch ɐ N/mm2) 
12 lbs/inch (= 2.1 N/mm2)(84), 1158 N/m(13) 

ȷɜŰɞɢɐ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ ɞˊɩɜ PCB ȷɜŰɞɢɐ ůŮ stress tests əŬŰɎ IPC 

ɆɡɜŰŮɚŮůŰɐɠ ɗŮɟɛɘəɐɠ ŭɘŬůŰɞɚɐɠ 

Z-ppm (25-250oC): 70(84) 

% (25-250oC): 1.7(84) 

X-Y ppm (50-150oC): 9-12(84) 

ȹɘɖɚŮəŰɟɘəɐ ůŰŬɗŮɟɎ (Dielectric constant) 3.20 Ñ 0.05 ůŰŬ 10 GHz(84) 

ɆɡɜŰŮɚŮůŰɐɠ ŭɘɎŭɞůɖɠ (Dissipation factor) 0.003 ůŰŬ 10 GHz(84) 

ȺˊɘəɎɚɡɛŬ ŮˊɘűɎɜŮɘŬɠ (űɘɜɑɟɘůɛŬ) 
Sn-Pb, Au (ŬˊɞɡůɑŬ ɟŮɨɛůŰɞɠ, ɖɚŮəŰɟɞɚɡŰɘəɎ)(80), 

Organic(80) 

ȺˊɘˊŮŭɧŰɖŰŬ ȸɚ. IPC-A-600 standards (85) 

ɆɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ 

ŪŮɟɛɞəɟŬůɑŬ: -15oC ï 75oC(86) 

ɈɔɟŬůɑŬ: 0 ï 95%(86) 

Shock: 30g peak for 11 ms(86) 

Vibration (sine): 10g (peak) 5 Hz to 2 kHz(86) 

Vibration (random): 0.1 g2/Hz at 15 Hz to 2 kHz(86) 

 

Ƀɘ ˊɟɞŭɘŬɔɟŬűɏɠ, ɞɘ ɞˊɞɑŮɠ ɛŬɠ ŮɜŭɘŬűɏɟɞɡɜ, ŮɑɜŬɘ əɡɟɑɤɠ ɖ ˊɞɘɧŰɖŰŬ Űɞɡ 

ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ (ɢɤɟɑɠ ŮɚŬŰŰɩɛŬŰŬ) , ɖ ɖɚŮəŰɟɘəɐ ŬɜŰɑůŰŬůɖ əŬɘ ɖ ˊɟɧůűɡůɖ 

(ɖ ɞˊɞɑŬ ɛŮŰɟɎŰŬɘ ɛŮ Űɖɜ ŬɜŰɞɢɐ ůŰɖɜ Ŭˊɞűɚɞɑɤůɖ - peel strength) Űɞɡ ůŰɞ 

ɡˊɧůŰɟɤɛŬ. ȼ ɏɟŮɡɜŬ ŬűɞɟɎ ɛɧɜɞ Űɞ ůŰɎŭɘɞ Űɖɠ through-hole ŮˊɘɢɎɚəɤůɖɠ Űɞɡ 

ɡˊɞůŰɟɩɛŬŰɞɠ FR4 ɐ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ůɡɔəŮəɟɘɛɏɜɤɜ ůɖɛŮɑɤɜ ˊɞɡ ŭŮ ɔɑɜŮŰŬɘ ɜŬ 

ŮˊɘɢŬɚəɤɗɞɨɜ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ Űɞɡ copper cladding ï əŬɘ ɧɢɘ ŰŬ ɡˊɧɚɞɘˊŬ ůŰɎŭɘŬ 

əŬŰŬůəŮɡɐɠ Űɡˊɤɛɏɜɤɜ əɡəɚɤɛɎŰɤɜ. 
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6ȢρȢς ɩʅʃɻʉʗ ʌʍʋɼʇʙʈɻʐɻ ʀʌʅʔʗʇʆʖʎʂʏ ʋʌʡʉ ɀ ɩɻʍɻɿʀʚɾʈɻʐɻ 

 

ũɘŬ Űɖɜ ŮˊɘɢɎɚəɤůɖ Űɤɜ ɞˊɩɜ əŬɘ Űɖɜ ˊɞɘɧŰɖŰŬ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ůŰŬ ŰɞɘɢɩɛŬŰŬ 

Űɞɡɠ ůŰɟɩɛŬŰɞɠ ɢŬɚəɞɨ, ɡˊɎɟɢɞɡɜ ůɡɔəŮəɟɘɛɏɜŮɠ ˊɟɞŭɘŬɔɟŬűɏɠ. ɄŬɟŬəɎŰɤ 

əŬŰŬɔɟɎűɞɜŰŬɘ ɞɘ ɓŬůɘəɧŰŮɟŮɠ Ŭˊɧ ŬɡŰɏɠ (87). 

 

ȾŮɜɎ (Voids) 

 

Ƀɘ ˊɟɞŭɘŬɔɟŬűɏɠ ˊɞɡ ɡˊɎɟɢɞɡɜ ɔɘŬ ŰŬ əŮɜɎ ɏɢɞɡɜ ɤɠ Ůɝɐɠ (ɆɢɐɛŬ 87): 

 

 

 
ɆɢɐɛŬ 87 ï ȾŮɜɎ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ ůŮ PCB 

 

ȹŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ ˊŬɟŬˊɎɜɤ Ŭˊɧ 3 əŮɜɎ ŬɜɎ ɞˊɐ ůŮ ˊŬɟŬˊɎɜɤ Ŭˊɧ Űɞ 2% Űɤɜ ɞˊɩɜ 

Űɞɡ ůɡɜɞɚɘəɞɨ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ. ȼ ůɡɜɞɚɘəɐ ŮˊɘűɎɜŮɘŬ Űɤɜ əŮɜɩɜ ŭŮɜ ˊɟɏˊŮɘ 

ɜŬ ɝŮˊŮɟɜɎŮɘ Űɞ 5% Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ ŰɞɘɢɩɛŬŰɞɠ Űɖɠ ɞˊɐɠ. ȹŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ əŮɜɎ 

ůŰɞ ůɖɛŮɑɞ Űɖɠ ůɨɜŭŮůɖɠ Űɖɠ ɞˊɐɠ ɛŮ Űɖɜ ŮˊɘűɎɜŮɘŬ. ȼ ŭɘŬɟɟŬɔɐ Űɖɠ ɞˊɐɠ ŭŮɜ ˊɟɏˊŮɘ 

ɜŬ ŮɑɜŬɘ ůɡɜŮɢɐɠ ɔɘŬ ˊŮɟɘůůɧŰŮɟŮɠ Ŭˊɧ 90ɞ. (ˊɟɞŭɘŬɔɟŬűɐ PERFAG 3C) 

 

 

ɄɟɞŮɝɞɢɏɠ (Nodules) 

 

 
ɆɢɐɛŬ 88 ï ɄɟɞŮɝɞɢɏɠ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ ůŮ ŰɞɘɢɩɛŬŰŬ ɞˊɩɜ PCB 

 

ȺɑɜŬɘ ŬˊɞŭŮəŰɏɠ ɛŮ Űɖɜ ˊɟɞɦˊɧɗŮůɖ ɧŰɘ: 

¶ ɇɞ ŰɞɑɢɤɛŬ Űɖɠ ɞˊɐɠ ˊŬɟɞɡůɘɎɕŮɘ ɛɘŬ əŬŰɎ ŰŬ ɎɚɚŬ ɞɛɞɘɞɔŮɜɐ əŬɘ ůɡɛˊŬɔɐ 

ŭɞɛɐ. (A)  

¶ ȹŮɜ ɡˊɎɟɢɞɡɜ ůɖɛɎŭɘŬ ɟɤɔɛɩɜ əɞɜŰɎ ůŰɘɠ ˊɟɞŮɝɞɢɏɠ. (B)  

¶ ȽəŬɜɞˊɞɘŮɑŰŬɘ ɖ ŬˊŬɑŰɖůɖ ɔɘŬ ŮɚɎɢɘůŰɞ ˊɎɢɞɠ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ. 

(ɆɢɐɛŬ 88) 
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Ʌɤɔɛɏɠ (Cracks) 

 
ɆɢɐɛŬ 89 ï Ʌɤɔɛɏɠ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ůŮ ŮˊɘűɎɜŮɘŬ ɐ ɞˊɐ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ 

 

ȼ ɨˊŬɟɝɖ ɟɤɔɛɩɜ ŭŮɜ ŮɑɜŬɘ ŬˊɞŭŮəŰɐ ˊɟɘɜ ɐ ɛŮŰɎ Űɖ ŭɘŮɜɏɟɔŮɘŬ ɗŮɟɛɘəɩɜ ŭɞəɘɛɩɜ, 

ŮəŰɧɠ Ŭˊɧ Űɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɟɤɔɛɩɜ əɞɜŰɎ ůŰɞ ɢŮɑɚɞɠ Űɖɠ ɞˊɐɠ ɞɘ ɞˊɞɑŮɠ ɧɛɤɠ ŭŮ 

ŭɘŬˊŮɟɜɞɨɜ ɧɚɞ ɢŮɑɚɞɠ Űɖɠ ŮˊɘɢŬɚəɤɛɏɜɖɠ ɞˊɐɠ (D)(C). (ˊɟɞŭɘŬɔɟŬűɐ IPC-A-600 E) 

 

ȯɚɚŮɠ Űɡˊɘəɏɠ ɟɤɔɛɏɠ ŮɑɜŬɘ ɞɘ Ůɝɐɠ: 

¶ (E),(F) Ʌɤɔɛɏɠ ůŰɞ ŰɞɑɢɤɛŬ ˊɞɡ ŭŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ ˊɟɘɜ ɐ ɛŮŰɎ Űɞ ɗŮɟɛɘəɧ ůɞə. 

¶ (G) Ʌɤɔɛɐ ůŰɞ ŮůɤŰŮɟɘəɧ ůŰɟɩɛŬ Űɞɡ ɢŬɚəɞɨ ˊɞɡ ŭŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ ˊɟɘɜ ɐ 
ɛŮŰɎ Űɞ ɗŮɟɛɘəɧ ůɞə. 

¶ (H) Foil-crack ŮˊɘŰɟɏˊŮŰŬɘ ɛŮŰɎ Ŭˊɧ ɗŮɟɛɘəɧ ůɞə ɛɧɜɞ (ˊɟɞŭɘŬɔɟŬűɐ IPC-A-

600 E) (ɆɢɐɛŬ 89) 

 

 

ȺɝɞɔəɩɛŬŰŬ (Burrs) 

 
ɆɢɐɛŬ 90 ï ȺɝɞɔəɩɛŬŰŬ ŬˊɧɗŮůɖɠ ɢŬɚəɞɨ ůŮ ŮˊɘűɎɜŮɘŬ ɐ ɞˊɐ Űɡˊɤɛɏɜɞɡ 

əɡəɚɩɛŬŰɞɠ 

 

Ƀ ɢŬɚəɧɠ ůŰŬ ɧɟɘŬ Űɖɠ ɞˊɐɠ ŭŮɜ ˊɟɏˊŮɘ ɜŬ ɏɢŮɘ ŮɝɞɔəɩɛŬŰŬ ˊɎɢɞɡɠ ɛŮɔŬɚɨŰŮɟɞɡ Űɞɡ 

50% Űɞɡ ˊɎɢɞɡɠ Űɞɡ ɢŬɚəɞɨ Űɖɠ ŮˊɘűɎɜŮɘŬɠ Űɞɡ PCB, ˊɎɢɞɠ Űɞ ɞˊɞɑɞ ůŮ əŬɛɑŬ 

ˊŮɟɑˊŰɤůɖ ŭŮɜ ɛˊɞɟŮɑ ɜŬ ŮɑɜŬɘ ɛŮɔŬɚɨŰŮɟɤɜ Űɤɜ 25 ɛɘəɟɩɜ. (ɆɢɐɛŬ 90) 

(ˊɟɞŭɘŬɔɟŬűɐ PERFAG 3C) 
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ȹɘŬɢɤɟɘůɛɧɠ ŮˊɘɢɎɚəɤůɖɠ (Plating separation) 

 

ȹɘŬɢɤɟɘůɛɧɠ Űɖɠ ŬˊɧɗŮůɖɠ Űɞɡ ɢŬɚəɞɨ əŬɘ Űɞɡ ŰɞɘɢɩɛŬŰɞɠ Űɖɠ ɞˊɐɠ ŮɑɜŬɘ ŬˊɞŭŮəŰɧɠ 

Ůűɧůɞɜ ŮəŰŮɑɜŮŰŬɘ ůŮ ɚɘɔɧŰŮɟɞ Ŭˊɧ Űɞ 40% Űɞɡ ˊɎɢɞɡɠ Űɞɡ PCB (t). (ˊɟɞŭɘŬɔɟŬűɐ 

PERFAG 3C) (ɆɢɐɛŬ 90) 

 

Ƀ ŭɘŬɢɤɟɘůɛɧɠ ŬɡŰɧɠ ɛˊɞɟŮɑ ɜŬ ɚɎɓŮɘ ɢɩɟŬ Ŭɜ 

¶ ȼ ɟɖŰɑɜɖ ɡˊɞɢɤɟɐůŮɘ ɔɨɟɤ Ŭˊɧ Űɞ ŰɞɑɢɤɛŬ Űɖɠ ɞˊɐɠ (C). 

¶ Ƀ ŬˊɞŰɘɗɏɛŮɜɞɠ ɢŬɚəɧɠ ŬˊɞɛŬəɟɡɜɗŮɑ Ŭˊɧ Űɞ ŰɞɑɢɤɛŬ Űɖɠ ɞˊɐɠ (D). 

 

 

ȹɘŬɢɤɟɘůɛɧɠ ŮɜŭɘɎɛŮůɤɜ ůŰɟɤɛɎŰɤɜ (Inter  plane separation) 

 

 
ɆɢɐɛŬ 91 ï ȹɘŬɢɤɟɘůɛɧɠ ŮɜŭɘɎɛŮůɤɜ ůŰɟɤɛɎŰɤɜ ůŮ ˊɞɚɡůŰɟɤɛŬŰɘəɧ PCB 

 

ȹŮɜ ŮˊɘŰɟɏˊŮŰŬɘ. (IPC-A-600 E) (ɆɢɐɛŬ 91) 

 

ɆɡůŰɟɞűɐ Űɖɠ ŮˊɘűɎɜŮɘŬɠ (Pad rotation) (A) 

 

 
ɆɢɐɛŬ 92 ï ɄŮɟɘˊŰɩůŮɘɠ (ȷ) ɆɡůŰɟɞűɐɠ Űɖɠ ŮˊɘűɎɜŮɘŬɠ (ȸ) ȺůɤŰŮɟɘəɞɨ 

ŭɘŬɢɤɟɘůɛɞɨ ɢŬɚəɞɨ əŬɘ FR4 (C) Ⱥɘůɢɩɟɖůɖɠ Űɖɠ ɑɜŬɠ ɡɎɚɞɡ ůŰɞ ɢŬɚəɧ Űɤɜ 

ŰɞɘɢɤɛɎŰɤɜ Űɖɠ ɞˊɐɠ (D) ɈˊŮɟɨɣɤůɖɠ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ 

 

ȺˊɘŰɟɏˊŮŰŬɘ. (ɆɢɐɛŬ 92) 
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Ʌɞɕ ŭŬəŰɨɚɘɞɠ [ȺůɤŰŮɟɘəɧɠ ŭɘŬɢɤɟɘůɛɧɠ] (Pink ring) 

 

ȺˊɘŰɟɏˊŮŰŬɘ. (ˊɟɞŭɘŬɔɟŬűɐ IPC-RB-276) (ɆɢɐɛŬ 92ȸ) 

 

 

Ⱥɘůɢɩɟɖůɖ ɑɜŬɠ ɡɎɚɞɡ (Glassfibre protrusion) 

 

ȺˊɘŰɟɏˊŮŰŬɘ Ŭɜ ŭŮ ɛŮɘɩɜŮɘ Űɖ ŭɘɎɛŮŰɟɞ Űɖɠ ɞˊɐɠ ɐ Űɞ ˊɎɢɞɠ Űɞɡ ŬˊɞŰɘɗɏɛŮɜɞɡ ɢŬɚəɞɨ 

əɎŰɤ Ŭˊɧ Űɘɠ ŮɚɎɢɘůŰŮɠ ŬˊŬɘŰɐůŮɘɠ IPC-RB-276. (ɆɢɐɛŬ 92C) 

 

 

ɈˊŮɟɨɣɤůɖ ɢŬɚəɞɨ (Lifted  land) 

 

ȺˊɘŰɟɏˊŮŰŬɘ ɛɧɜɞ Ŭɜ ˊɟɞəɨɣŮɘ ɛŮŰɎ Ŭˊɧ ɗŮɟɛɘəɐ əŬŰŬˊɧɜɖůɖ ɐ ŮˊŮɝŮɟɔŬůɑŬ Űɞɡ 

Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ. (ˊɟɞŭɘŬɔɟŬűɐ IPC-RB-276) (ɆɢɐɛŬ 92D) 

 

 

Ⱥɘůɢɩɟɖůɖ ɢŬɚəɞɨ ůŮ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ (Wicking) 

 

 
ɆɢɐɛŬ 93 ï ɄŮɟɘˊŰɩůŮɘɠ Ůɘůɢɩɟɖůɖɠ ɢŬɚəɞɨ ůŮ ŮɜŭɘɎɛŮůŬ ůŰɟɩɛŬŰŬ Űɞɡ Űɡˊɤɛɏɜɞɡ 

əɡəɚɩɛŬŰɞɠ 

 

ȺˊɘŰɟɏˊŮŰŬɘ Ŭɜ ŭŮɜ ɝŮˊŮɟɜɎŮɘ ŰŬ 100 ɛɘəɟɎ (A) (ˊɟɞŭɘŬɔɟŬűɐ IPC-A-600 E class) 2) 

əŬɘ ŭŮ ɛŮɘɩɜŮɘ Űɖɜ ŮɚɎɢɘůŰɖ ŬˊɧůŰŬůɖ ŭɘŬɢɤɟɘůɛɞɨ Űɤɜ ŮɜŭɘɎɛŮůɤɜ ůŰɟɤɛɎŰɤɜ (B). 

(ˊɟɞŭɘŬɔɟŬűɐ IPC-A-600 E class 2) (ɆɢɐɛŬ 93) 
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ȹɘɎɓɟɤůɖ Űɞɡ ŮˊɧɝŮɘ-ɡɚɘəɞɨ (Epoxy smear) 

 

ȷŰɏɚŮɘŮɠ ɛŮŰŬɝɨ Űɞɡ ɢŬɚəɞɨ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ ɞˊɐɠ əŬɘ Űɞɡ ɢŬɚəɞɨ Űɤɜ 

ŮůɤŰŮɟɘəɩɜ ůŰɟɤɛɎŰɤɜ (ɆɢɐɛŬ 94, ɆɢɐɛŬ 95) ŭŮɜ ŮˊɘŰɟɏˊɞɜŰŬɘ. (ˊɟɞŭɘŬɔɟŬűɐ 

Perfag 3C) 

 

 
ɆɢɐɛŬ 94 ï ȷŰɏɚŮɘŮɠ ŭɘŮˊŬűɐɠ ɛŮŰŬɝɨ ɢŬɚəɞɨ ŰɞɘɢɤɛɎŰɤɜ ɞˊɐɠ əŬɘ ŮůɤŰŮɟɘəɩɜ 

ůŰɟɤɛɎŰɤɜ Űɞɡ PCB 

 

 

 
ɆɢɐɛŬ 95 ï ȷŰɏɚŮɘŬ Űɨˊɞɡ çȾŮűɎɚɘ əŬɟűɘɞɨè əŬɘ çȾŮűŬɚɐ ɓɏɚɞɡɠè 

 

 

ȾŮűɎɚɘ əŬɟűɘɞɨ (Nail heading) 

 

ȺˊɘŰɟɏˊŮŰŬɘ Ŭɜ ŭŮɜ ɡˊɎɟɢŮɘ ŭɘŬɢɤɟɘůɛɧɠ. (ˊɟɞŭɘŬɔɟŬűɐ IPC-A-600 E) (ɆɢɐɛŬ 95) 

 

 

ȾŮűŬɚɐ ɓɏɚɞɡɠ (Arrow  heading) 

 

ȺˊɘŰɟɏˊŮŰŬɘ Ŭɜ ŭŮɜ ɡˊɎɟɢŮɘ ŭɘŬɢɤɟɘůɛɧɠ. (ɆɢɐɛŬ 95) 
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ɆɢɐɛŬ 96 ï ɄŮɟɘˊŰɩůŮɘɠ (ȷ) ɆəɑŬůɖɠ (ȸ) ŪŮŰɘəɐɠ ŭɘɎɓɟɤůɖɠ (ũ) ȷɟɜɖŰɘəɐɠ 

ŭɘɎɓɟɤůɖɠ əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ PCB 

 

ɆəɑŬůɖ (Shadowing) 

 

ȺˊɘŰɟɏˊŮŰŬɘ. (ɆɢɐɛŬ 96ȷ) 

 

ŪŮŰɘəɐ ŭɘɎɓɟɤůɖ ŮůɤŰŮɟɘəɞɨ ůŰɟɩɛŬŰɞɠ (Positive etchback) 

 

ȹɘɎɓɟɤůɖ Űɞɡ ŭɘɖɚŮəŰɟɘəɞɨ ɡɚɘəɞɨ: Űɞ ɛɏɔɘůŰɞ 80 ɛm. (ˊɟɞŭɘŬɔɟŬűɐ IPC-A-600 E) 

(ɆɢɐɛŬ 96ȸ) 

 

ȷɟɜɖŰɘəɐ ŭɘɎɓɟɤůɖ ŮůɤŰŮɟɘəɞɨ ůŰɟɩɛŬŰɞɠ (Negative etchback) 

 

ȺˊɘŰɟɏˊŮŰŬɘ ɛɏɢɟɘ 25 ɛm. (ˊɟɞŭɘŬɔɟŬűɐ IPC-A-600 E) (ɆɢɐɛŬ 96ũ) 

 

ȾŬɛɏɜɖ ŮˊɑůŰɟɤůɖ (Burned plating) 

 

ȹŮɜ ŮˊɘŰɟɏˊŮŰŬɘ ɜŬ ɡˊɎɟɢɞɡɜ ɏɜŰɞɜŬ əŬɛɏɜŮɠ ŮˊɘűɎɜŮɘŮɠ. 

 

ȹɘɎűɞɟɞɘ ɞɟɔŬɜɘůɛɞɑ ɏɢɞɡɜ ŮəŭɩůŮɘ Űɘɠ ŭɘəɏɠ Űɞɡɠ ˊɟɞŭɘŬɔɟŬűɏɠ ɔɘŬ ŰŬ ŰɡˊɤɛɏɜŬ 

əɡəɚɩɛŬŰŬ, ɧˊɤɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɖ ůŰɟŬŰɘɤŰɘəɐ ˊɟɞŭɘŬɔɟŬűɐ MILïPRFï55110G 
(88) ɐ ɖ MILïPRFï31032 ɖ ɞˊɞɑŬ Űɖɜ ŬɜŰɘəŬŰɏůŰɖůŮ. ȼ ɛɖ ɨˊŬɟɝɖ ŬŰŮɚŮɘɩɜ ŮɑɜŬɘ 

ŮɝŬɘɟŮŰɘəɎ ůɖɛŬɜŰɘəɐ ůŰŬ ŰɡˊɤɛɏɜŬ əɡəɚɩɛŬŰŬ, əŬɗɩɠ ŬəɧɛŬ əŬɘ ɛɑŬ ŬŰɏɚŮɘŬ 

ɛˊɞɟŮɑ ɜŬ əŬŰŬůŰɐůŮɘ ŰŮɚŮɑɤɠ ɎɢɟɖůŰɞ əŬɘ ɛɖ ɚŮɘŰɞɡɟɔɘəɧ ɧɚɞ Űɞ əɨəɚɤɛŬ. ȳˊɤɠ 

ŭɘŬˊɘůŰɩɗɖəŮ Ŭˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ˊɞɡ ɏɔɘɜŬɜ, ŰŬ ŭɞəɑɛɘŬ ˊɞɡ ˊŬɟŬůəŮɡɎůŬɛŮ ŭŮɜ 

ˊŬɟɞɡůɑŬůŬɜ ŰŬ ˊŬɟŬˊɎɜɤ ˊɟɞɓɚɐɛŬŰŬ. 
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6.2 ɩʀʅʍʗʈɻʐɻ ʎʀ ʌʋʇʑʎʐʍʖʈɻʐʅʆʗ PCB 

6.2.1 ɫʀʅʍʗ ʌʀʅʍɻʈʗʐʖʉ ɟ 

 

ȼ ůŮɘɟɎ ŬɡŰɩɜ Űɤɜ ˊŮɘɟŬɛɎŰɤɜ ɏɔɘɜŮ ɔɘŬ Űɖ ŭɘŮɟŮɨɜɖůɖ Űɖɠ ŮˊɑŭɟŬůɖɠ ŭɘŬűɧɟɤɜ ˊŬɟŬɔɧɜŰɤɜ ˊɞɡ ůɢŮŰɑɕɞɜŰŬɘ ɛŮ Űɖ ŭɘŬŭɘəŬůɑŬ əŬɘ Űɖ ŭɘɎŰŬɝɖ 

ŮˊɘɢɎɚəɤůɖɠ (ŬɜɎŭŮɡůɖ əŬŰɎ Űɖɜ ŮˊɘɢɎɚəɤůɖ, əŬɗŬɟɘůɛɧɠ ɞˊɩɜ ˊɟɘɜ Űɖɜ ŮˊɘɢɎɚəɤůɖ, ŭɘɎŰŬɝɖ ɣŮəŬůɛɞɨ). 

 

ɆŰŬ ˊŮɘɟɎɛŬŰŬ ŬɡŰɎ ɛŮɚŮŰɐɗɖəŬɜ Ůˊɑůɖɠ ůɡɔəɟɘŰɘəɎ ɖ ɛɏɗɞŭɞɠ ɣŮəŬůɛɞɨ əŬɘ ɖ ɛɏɗɞŭɞɠ ŮɛɓɎˊŰɘůɖɠ (ɄɑɜŬəŬɠ 26). 

 

ɄɑɜŬəŬɠ 26 ï ȹɘŬŭɘəŬůɑŬ ˊŬɟŬůəŮɡɐɠ ŭɞəɘɛɑɤɜ - ɆŮɘɟɎ ˊŮɘɟŬɛɎŰɤɜ Z 

ȷ/ȷ ɆɡɜŰŬɔɐ ɆŰɎŭɘŬ ˊŬɟŬɔɤɔɐɠ ȷˊɞŰɏɚŮůɛŬ 

ɄŮɑɟŬɛŬ ɃɝŮɘŭɤŰɘəɧ PTS 
KOH 

(ml) 

ȺɛɓɎˊŰɘůɖ ůŰɞ 

ŭɘɎɚɡɛŬ Űɞɡé 

ɊŮəŬůɛɧɠ ɛŮ Űɞ 

ŭɘɎɚɡɛŬ Űɞɡé 
ȹɘɎŰŬɝɖ ɣŮəŬůɛɞɨ 

ɉɟɧɜɞɠ 

ɣŮəŬůɛɞɨ 

(sec) 

Ȱəˊɚɡůɖ 

ɆŰɎŭɘɞ 

ɞ́ɚɡɛŮɟɘ-

ůɛɞɨ (sec) 

ɂɐɟŬɜůɖ 

ůŰɞɡɠ 

100oC 

ȺˊɘɢɎɚəɤůɖ 

ůŰŬ 0.3V 

(min) 

 

Ȼ1 2,25 4,41 0 PTS ɔɘŬ 5 min ɃɝŮɘŭɤŰɘəɞɨ 

ɇɞ ŭɞəɑɛɘɞ ůŮ 

əɎɗŮŰɖ ŮɚŮɨɗŮɟɖ 

Ŭɘɩɟɖůɖ ůŮ 

ŬˊɧůŰŬůɖ 10 cm. 

10 ɁŬɘ 20 5  ȺˊɘŰɡɢɐɠ ŮˊɘɢɎɚəɤůɖ 

Ȼ2 2,25 4,41 0 PTS ɔɘŬ 5 min ɃɝŮɘŭɤŰɘəɞɨ 

ɇɞ ŭɞəɑɛɘɞ ůŮ 

əɎɗŮŰɖ ŮɚŮɨɗŮɟɖ 

Ŭɘɩɟɖůɖ ůŮ 

ŬˊɧůŰŬůɖ 10 cm. 

25 ɁŬɘ 20 5  

ȷˊɞŰɡɢɑŬ ŮˊɘɢɎɚəɤůɖɠ. 

Ƀ ɛŮɔɎɚɞɠ ɢɟɧɜɞɠ 

ɣŮəŬůɛɞɨ ɛɎɚɚɞɜ 

ŬˊɞɛɎəɟɡɜŮ Űɞ ŭɘɎɚɡɛŬ 

ˊɟɘɜ ˊɟɞɚɎɓŮɘ ɜŬ ɔɑɜŮɘ ɞ 

ˊɞɚɡɛŮɟɘůɛɧɠ 

Ȼ3 2,25 4,41 0 PTS ɔɘŬ 5 min ɃɝŮɘŭɤŰɘəɞɨ 

ɇɞ ŭɞəɑɛɘɞ ůŮ 

əɎɗŮŰɖ ŮɚŮɨɗŮɟɖ 

Ŭɘɩɟɖůɖ ůŮ 

ŬˊɧůŰŬůɖ 10 cm. 

10 

ȳɢɘ. 

ɀɧɜɞ 

űɨůɖɛŬ. 

20 5  ȺˊɘŰɡɢɐɠ ŮˊɘɢɎɚəɤůɖ 

Ȼ4 2,25 4,41 0 PTS ɔɘŬ 5 min ɃɝŮɘŭɤŰɘəɞɨ 

ɇɞ ŭɞəɑɛɘɞ ůŮ 

əɎɗŮŰɖ ŮɚŮɨɗŮɟɖ 

Ŭɘɩɟɖůɖ ůŮ 

ŬˊɧůŰŬůɖ 10 cm. 

10 

ȳɢɘ. 

ɀɧɜɞ 

űɨůɖɛŬ. 

20 5  
ɀŮɟɘəɐ ŮˊɘŰɡɢɑŬ: ɀɑŬ 

ɞˊɐ ŮˊɘɢŬɚəɩɗɖəŮ 
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ȷ/ȷ ɆɡɜŰŬɔɐ ɆŰɎŭɘŬ ˊŬɟŬɔɤɔɐɠ ȷˊɞŰɏɚŮůɛŬ 

ɄŮɑɟŬɛŬ ɃɝŮɘŭɤŰɘəɧ PTS 
KOH 

(ml) 

ȺɛɓɎˊŰɘůɖ ůŰɞ 

ŭɘɎɚɡɛŬ Űɞɡé 

ɊŮəŬůɛɧɠ ɛŮ Űɞ 

ŭɘɎɚɡɛŬ Űɞɡé 
ȹɘɎŰŬɝɖ ɣŮəŬůɛɞɨ 

ɉɟɧɜɞɠ 

ɣŮəŬůɛɞɨ 

(sec) 

Ȱəˊɚɡůɖ 

ɆŰɎŭɘɞ 

ɞ́ɚɡɛŮɟɘ-

ůɛɞɨ (sec) 

ɂɐɟŬɜůɖ 

ůŰɞɡɠ 

100oC 

ȺˊɘɢɎɚəɤůɖ 

ůŰŬ 0.3V 

(min) 

 

Ȼ5 2,25 4,41 0 PTS ɔɘŬ 5 min ɃɝŮɘŭɤŰɘəɞɨ 

ɇɞ ŭɞəɑɛɘɞ ůŮ 

əɎɗŮŰɖ ŮɚŮɨɗŮɟɖ 

Ŭɘɩɟɖůɖ ůŮ 

ŬˊɧůŰŬůɖ 10 cm. 

10 ɁŬɘ 20 5  

ȷˊɞŰɡɢɑŬ (ɇɞ ŭɞəɑɛɘɞ 

ŮɑɢŮ ˊɞɚɨ ɛɘəɟɏɠ ɞˊɏɠ 

ˊɞɡ ɛˊɚɞəɎɟŬɜŮ) 

Ȼ6 2,25 4,41 0 PTS ɔɘŬ 5 min ɃɝŮɘŭɤŰɘəɞɨ 

ɇɞ ŭɞəɑɛɘɞ ůŮ 

əɎɗŮŰɖ ŮɚŮɨɗŮɟɖ 

Ŭɘɩɟɖůɖ ůŮ 

ŬˊɧůŰŬůɖ 30 cm. 

Ɂɏɞɠ ŬŮɟɞɔɟɎűɞɠ. 

10 

ȳɢɘ. 

ɀɧɜɞ 

űɨůɖɛŬ. 

10 5  ȺˊɘŰɡɢɐɠ ŮˊɘɢɎɚəɤůɖ 

Ȼ7 2,25 4,41 0 

ɊŮəŬůɛɧɠ 

ŰŬɡŰɧɢɟɞɜŬ ɛŮ 

ŭɨɞ 

ŬŮɟɞɔɟɎűɞɡɠ 

ŬɜŰɘəɟɘůŰɎ 

ɊŮəŬůɛɧɠ ůŮ 

ŭɘŬűɞɟŮŰɘəɏɠ 

ŬˊɞůŰɎůŮɘɠ, ɛŮ 

ŭɨɞ ŬŮɟɞɔɟɎűɞɡɠ 

ŬɜŰɘəɟɘůŰɎ 

 10 

ȳɢɘ. 

ɀɧɜɞ 

űɨůɖɛŬ. 

20 5  

ȷˊɞŰɡɢɑŬ ŮˊɘɢɎɚəɤůɖɠ, 

ɛɎɚɚɞɜ ŮɝŬɘŰɑŬɠ Űɞɡ ɧŰɘ 

ŭŮɜ ɡˊɐɟɢŮ ůŰŬɗŮɟɐ 

ŬˊɧůŰŬůɖ Űɤɜ ŭɨɞ 

ŬŮɟɞɔɟɎűɤɜ 

Z8 2,25 4,41 0 
ɃɝŮɘŭɤŰɘəɞɨ ɔɘŬ 

5 min 

Ʉɟɞůɗɐəɖ Űɞɡ 

ŭɘŬɚɨɛŬŰɞɠ Űɞɡ 

PTS 

5 min ɛŮ əŬɚɐ 

ŬɜɎŭŮɡůɖ 

ȳɢɘ. ɀɧɜɞ 

űɨůɖɛŬ. 
5 30 5   
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ūɤŰɞɔɟŬűɑŮɠ Ŭˊɧ ɞɟɘůɛɏɜŬ Ŭˊɧ ŰŬ ˊŬɟŬˊɎɜɤ ŭɞəɑɛɘŬ ˊŬɟɞɡůɘɎɕɞɜŰŬɘ ˊŬɟŬəɎŰɤ. 

 

 
ɆɢɐɛŬ 97 ï ūɤŰɞɔɟŬűɑŬ ɞˊɐɠ ŭɞəɘɛɑɞɡ Ȼ1 əŬŰɎ Űɖ ŭɘŬŭɘəŬůɑŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ȼ 

ɞˊɐ ŮɑɜŬɘ ɛŮɟɘəɩɠ ŮˊɘɢŬɚəɤɛɏɜɖ 

 

 

 
ɆɢɐɛŬ 98 ï ūɤŰɞɔɟŬűɑŬ ɞˊɐɠ ŭɞəɘɛɑɞɡ Ȼ2 ɛŮ ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ ˊɟɘɜ Űɖɜ 

ɏɜŬɟɝɖ Űɖɠ ŭɘŬŭɘəŬůɑŬ ŮˊɘɢɎɚəɤůɖɠ 
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ɆɢɐɛŬ 99 ï ūɤŰɞɔɟŬűɑŬ ŭɞəɘɛɑɞɡ Ȼ3 əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. ɇŬ 

ŰɞɘɢɩɛŬŰŬ Űɖɠ ɞˊɐɠ ɏɢɞɡɜ ŮˊɘɢŬɚəɤɗŮɑ ɛŮɟɘəɩɠ ɛŮ Űɞ ɡˊɧɚɞɘˊɞ ŰɛɐɛŬ ɜŬ ŮɑɜŬɘ 

ŮˊɘəŬɚɡɛɛɏɜɞ ɛŮ ˊɞɚɡˊɡɟɟɧɚɖ 

 

 

 
ɆɢɐɛŬ 100 ï ūɤŰɞɔɟŬűɑŬ ŮˊɘɢŬɚəɤɛɏɜɖɠ ɞˊɐɠ ŭɞəɘɛɑɞɡ Ȼ4. ȺɛűŬɜŮɑɠ ŬˊɞɗɏůŮɘɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ ɞɘ ɞˊɞɑŮɠ ɗŬ ˊɟɏˊŮɘ ɜŬ 

ŬűŬɘɟŮɗɞɨɜ ɛŮ Ůˊɘˊɚɏɞɜ ŮˊŮɝŮɟɔŬůɑŬ 
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ɆɢɐɛŬ 101 ï ūɤŰɞɔɟŬűɑŬ űɟŬɔɛɏɜɖɠ ɞˊɐɠ ŭɞəɘɛɑɞɡ Ȼ5 ŮɝŬɘŰɑŬɠ ɛɖ ŬűŬɑɟŮůɖɠ 

ŬˊɞɗɏůŮɤɜ ˊɞɚɡˊɡɟɟɧɚɖɠ ˊɟɘɜ Űɖɜ ŮˊɘɢɎɚəɤůɖ 

 

 

ȷˊɧ ŰŬ ˊŮɘɟɎɛŬŰŬ ɓɟɏɗɖəŮ ɧŰɘ ɞ Ůɚɚɘˊɐɠ əŬɗŬɟɘůɛɧɠ Űɤɜ ɞˊɩɜ ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ 

Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɞŭɖɔŮɑ ůŮ űɟɎɝɘɛɞ Űɤɜ ɞˊɩɜ (ɆɢɐɛŬ 101). 

 

ũɘŬ ŬɡŰɧ Űɞ ɚɧɔɞ ɖ ɓɏɚŰɘůŰɖ ŭɘŬŭɘəŬůɑŬ ˊŮɟɘɚŬɛɓɎɜŮɘ Űɞɜ əŬɗŬɟɘůɛɧ Űɤɜ ɞˊɩɜ ɛŮŰɎ 

Űɖɜ ŬˊɧɗŮůɖ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ, ɛŮ ɟŮɨɛŬ ŬɏɟŬ. ɀŮ ŬɡŰɐ Űɖ ɛɏɗɞŭɞ ɞŭɖɔɞɨɛŬůŰŮ ůŮ 

ˊɞɚɨ əŬɚɎ ŬˊɞŰŮɚɏůɛŬŰŬ ŮˊɘɢɎɚəɤůɖɠ ɞˊɩɜ (ɆɢɐɛŬ 103). 
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ɆɢɐɛŬ 102 ï ūɤŰɞɔɟŬűɑŬ ɞˊɐɠ ŭɞəɘɛɑɞɡ Ȼ6 ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŮˊŮɝŮɟɔŬůɑŬɠ Űɞɡ 

 

 

 
ɆɢɐɛŬ 103 ï ūɤŰɞɔɟŬűɑŬ ŮˊɘɢŬɚəɤɛɏɜɖɠ ɞˊɐɠ Űɞɡ ŭɞəɘɛɑɞɡ Ȼ6 əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ 

ŮˊɘɢɎɚəɤůɖɠ. ȹɘŬəɟɑɜɞɜŰŬɘ ˊŮɟɘɞɢɏɠ ůŰɖɜ ŮˊɘűɎɜŮɘŬ Űɞɡ Űɡˊɤɛɏɜɞɡ əɡəɚɩɛŬŰɞɠ 

ɧˊɞɡ ɡˊɎɟɢɞɡɜ ŬˊɞɗɏůŮɘɠ ˊɞɚɡˊɡɟɟɧɚɖɠ. ɆŮ ɛŮŰɏˊŮɘŰŬ ůŰɎŭɘɞ ŮˊŮɝŮɟɔŬůɑŬɠ ŬɡŰɏɠ ɞɘ 

ŬˊɞɗɏůŮɘɠ ˊɟɏˊŮɘ ɜŬ ŬűŬɘɟŮɗɞɨɜ 
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ɆɢɐɛŬ 104 ï ūɤŰɞɔɟŬűɑŬ ŭɞəɘɛɑɞɡ Ȼ6 əŬŰɎ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ. 

ȹɘŬəɟɑɜŮŰŬɘ ɖ ŭɘŬŰɞɛɐ ɛɘŬɠ ŬŰŮɚɩɠ ŮˊɘɢŬɚəɤɛɏɜɖɠ ɞˊɐɠ 

 

 

 
ɆɢɐɛŬ 105 ï ūɤŰɞɔɟŬűɑŬ ŭɘŬŰɞɛɐɠ ŮˊɘɢŬɚəɤɛɏɜɖɠ ɞˊɐɠ Űɞɡ ŭɞəɘɛɑɞɡ Ȼ6. 

ȹɘŬəɟɑɜɞɜŰŬɘ ɞɘ ŭɘŬůŰɟɤɛŬŰɩůŮɘɠ Űɖɠ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ Űɞɡ ɢŬɚəɞɨ. ȺɛűŬɜŮɑɠ ɞɘ 

ɑɜŮɠ ɡɎɚɞɡ Űɞɡ FR4 ́ ɞɡ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ. 
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ȷˊɧ ŰŬ ˊŬɟŬˊɎɜɤ ˊŮɘɟɎɛŬŰŬ ŮˊɘɓŮɓŬɘɩɜŮŰŬɘ ˊɤɠ Űɞ ɛɏŰɤˊɞ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ 

ˊɟɞɢɤɟɎŮɘ Ŭˊɧ Űɞ ɢŮɑɚɞɠ Űɖɠ ɞˊɐɠ (Ŭˊɧ Űɖɜ ˊɚŮɡɟɎ ˊɞɡ ɝŮəɑɜɖůŮ ɖ ŮˊɘɢɎɚəɤůɖ) ˊɟɞɠ 

Űɞ ŮůɤŰŮɟɘəɧ Űɖɠ (ɆɢɐɛŬ 104). 

 

 
ɆɢɐɛŬ 106 ï ūɤŰɞɔɟŬűɑŬ ɞˊɐɠ ɛɘəɟɐɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ ŭɞəɘɛɑɞɡ Ȼ7 ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ 

ˊɞɚɡˊɡɟɟɧɚɖɠ ůŰŬ ŰɞɘɢɩɛŬŰŬ Űɖɠ 

 

 
ɆɢɐɛŬ 107 ï ūɤŰɞɔɟŬűɑŬ ɞˊɐɠ ɛŮɔɎɚɖɠ ŭɘŬɛɏŰɟɞɡ Űɞɡ ŭɞəɘɛɑɞɡ Ȼ7 ɛŮŰɎ Űɖɜ 

ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ 
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ɆɢɐɛŬ 108 ï ūɤŰɞɔɟŬűɑŬ ŭɞəɘɛɑɞɡ Ȼ7. ȼ ɛɖ ŬűŬɑɟŮůɖ Űɞɡ ŭɘŬɚɨɛŬŰɞɠ Űɖɠ 

ˊɞɚɡˊɡɟɟɧɚɖɠ Ŭˊɧ Űɘɠ ɞˊɏɠ ˊɟɘɜ Űɖɜ ɏɜŬɟɝɖ Űɖɠ ŮˊɘɢɎɚəɤůɖɠ ɞŭɖɔŮɑ ůŮ ŬˊɧűɟŬɝɖ 

Űɞɡɠ, ŮɘŭɘəɎ Ŭɜ ˊɟɧəŮɘŰŬɘ ɔɘŬ ɞˊɏɠ ɛɘəɟɐɠ ŭɘŬɛɏŰɟɞɡ 

 

 

 
ɆɢɐɛŬ 109 ï ūɤŰɞɔɟŬűɑŬ ŭɞəɘɛɑɞɡ Ȼ8 ɛŮŰɎ Űɖɜ ŬˊɧɗŮůɖ ˊɞɚɡˊɡɟɟɧɚɖɠ əŬɘ ˊɟɘɜ Űɖɜ 

ŮˊɘɢɎɚəɤůɖ 

 


















































































