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✽✤✳✤✰✂✪✤ ✵✤✦✤✢✧✯✦★✶✧★✢✤ ✦✱✭✱✧★ 

 
✤☞✕✙☎✍☛✠✜✡✕☛ ✕✖✏✌� ✁❄❉◗✿❊●❘❊● ❊❄❊✿❘❄■❁❂❊❃❂ ✧✁✂✕✩ [1✾3] ✾ ❏❈ ❁❈❉◗●❊❅ ❖❖❈✄

❍❈❊❂✁ ▼ ❀❉✿❖●❍❊❂❙ ❄❊P❆✿◗✿❖❊❂❙ ❊❄▼❃✿❖❂❙ ❍✢❈❉❈❆❄❙ ❍❆◆ ❀✿❇❊❄❘❈❊❊◆ ❊✿❖✿P✿

❃❆❄■▼ ❊❄❊✿❘❄■❁❂❊✿❃ ✧✂✕✩❅ ◆❃● ❈❋❈❃❁❂❖❊✿ ❀❈❉❈❁❖✿❉��❁✓ ❘❄■❁✿❁▼ ❆❄❇❈❉❊✿P✿ ❖❂✄
❀❉✿◗●❊�❖❄❊❊◆❅ ❄ ■❄◗❈ P❈❊❈❉▼�❁✓ ❍❉▼P▼ ✧✟✁✩❅ ❁❉❈❁� ✧✑✁✩ ❁❄ ❖❂☎● ✿❀❁❂❘❊● P❄❉✄

◗✿❊●❃❂✘ ✁✂✕ ✂ ❀❈❉■❀❈❃❁❂❖❊❂◗❂ ❍❆◆ ❇❄■❁✿■▼❖❄❊✓ ❖ ✿▲❆❄■❁● ❍✿■❆●❍✢❈❊❊◆ ▲●✿❆✿✄

P●❘❊❂❙ ✿▲✆✂❃❁●❖ ❇❄❖❍◆❃❂ ◗✿✢❆❂❖✿■❁● ❇◗●❊❂ ❍✿❖✢❂❊❂ ❙❖❂❆● ❇▲▼❍✢❈❊❊◆❅ ❖❂■✿❃✿❑

P❆❂▲❂❊❂ ❖●❇▼❄❆●❇❄❏●❑ ❇✿▲❉❄✢❈❊✓ [4] ❁❄ ❋✿❁✿■❁❄▲●❆✓❊✿■❁● ❍❆◆ ❍✿❖P✿❁❉❂❖❄❆❂❙ ■❀✿✄
■❁❈❉❈✢❈❊✓✘ ✑❄❃● ▲●✿❆✿P●❘❊● ◗❄❉❃❈❉❂ ❆❈P❃✿ ●❍❈❊❁❂❋●❃▼�❁✓■◆ ❇❄❖❍◆❃❂ ■❂P❊❄❆❄◗ ❑❙
✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❊❄ ❋✿❊● ❖●❍P▼❃▼ ❃✿◗❀✿❊❈❊❁●❖ ▲●✿❆✿P●❘❊❂❙ ❁❃❄❊❂❊ [5,6]. 

✓❄❇❖❂❘❄✁ ❈❋❈❃❁❂❖❊▼ P❈❊❈❉❄❏●� ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ✿❁❉❂◗▼�❁✓ ❖ ❊❈❆●❊●✁❊✿-
✿❀❁❂❘❊❂❙ ✧✂✆☎✩ ❃❉❂■❁❄❆❄❙ ❀❉❂ ❖❂❃✿❊❄❊❊● ▼◗✿❖ ❋❄❇✿❖✿P✿ ■❂❊❙❉✿❊●❇◗▼✘ ✔❊❄■❆●✄

❍✿❃ ■❂❆✓❊✿❑ ❍❂■❀❈❉■●❑ ❀✿❃❄❇❊❂❃●❖ ❇❄❆✿◗❆❈❊❊◆ ❁❄❃● ▼◗✿❖❂ ❖❂❃✿❊▼�❁✓■◆ ▼ ✂✆☎
❃❉❂■❁❄❆● ❆❂✛❈ ❖ ✿▲◗❈✢❈❊✿◗▼ ❍●❄❀❄❇✿❊● ❙❖❂❆✓ ❇▲▼❍✢❈❊❊◆ ❁❄ ❀❉❂ ❀❈❖❊❂❙ ✿❉●✂❊✄
❁❄❏●◆❙ ❃❉❂■❁❄❆❄ ● ❀✿❆◆❉❂❇❄❏●❑ ❆❄❇❈❉❊✿P✿ ❀▼❘❃❄ ❊❄❃❄❘❃❂✘ ☛❃☎✿ ❉✿❇◗●❉ ❇P❄❍❄❊❂❙
❃❉❂■❁❄❆●❖ ❊❈ ❀❈❉❈❖❂☎▼✂ ✿❍❊✿P✿ ◗●❃❉✿❊❄❅ ✿▲◗❈✢❈❊❊◆ ❘❈❉❈❇ ❊❈❖❂❃✿❊❄❊❊◆ ▼◗✿❖
❋❄❇✿❖✿P✿ ■❂❊❙❉✿❊●❇◗▼ ❇❊●◗❄�❁✓■◆ [7]❅ ❄ ❈❋❈❃❁❂ ❇❄❀●❇❊❈❊❊◆ ◗❄✁✢❈ ❊❈ ❖❀❆❂❖❄�❁✓
❊❄ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃, ✿■❃●❆✓❃❂ ❉✿❇◗●❉ ❁❂❀✿❖✿❑ ✂✕ ●■✄

❁✿❁❊✿ ◗❈❊✛❂✁ ❇❄ ❍✿❖✢❂❊▼ ❙❖❂❆● ❇▲▼❍✢❈❊❊◆✘ 
✔ ✿■❁❄❊❊● ❍❈❃●❆✓❃❄ ❉✿❃●❖ ❇❊❄❘❊✿ ❉✿❇✛❂❉��❁✓■◆ ◗❈✢● ❇❄■❁✿■▼❖❄❊❊◆ ❊✿❖●❁❊●❙

▲●✿❆✿P●❘❊❂❙ ◗❄❉❃❈❉●❖❅ ☎✿ ▲❄❇▼�❁✓■◆ ❊❄ ❈❋❈❃❁● P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃.  
✔❉✿▲❆❈◗❄ ❉❈❁❈❆✓❊✿❑ ❙❄❉❄❃❁❈❉❂❇❄❏●❑ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁ ✁✂✕ ❄▲✿

❊❄❊✿■❁❉▼❃❁▼❉ ❊❄ ❑❙ ✿■❊✿❖● ❇❄❉❄❇ ✂ ❍▼✢❈ ❄❃❁▼❄❆✓❊✿�✘ ✂❄ ❀❈❉✛❂❙ ❈❁❄❀❄❙ ❍✿■❆●✄
❍✢❈❊✓ P❄❉◗✿❊●✁❊❂❙ ✂✕ ✿■❊✿❖❊❂✁ ❄❃❏❈❊❁ ❉✿▲❂❖■◆ ❊❄ ❖❂❖❘❈❊❊● ❈❋❈❃❁❂❖❊✿■❁● P❈✄

❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ✧✁✟✁✩❅ ❄❆❈ ❇ ❘❄■✿◗ ❖ ❀❉❂❃❆❄❍❊❂❙ ❇❄❍❄❘❄❙ ❖❂❊❂❃❆❄ ❀✿✄

❁❉❈▲❄ ❖ ✿❁❉❂◗❄❊❊● ❖●❍P▼❃▼ ❊❄ ❘❄■❁✿❁❄❙ ❁❉❈❁✓✿❑ ✧✁✑✁✩ ❁❄ ❖❂☎❂❙ ✿❀❁❂❘❊❂❙ P❄❉◗✿✄

❊●❃❅ ☎✿ ❀✿❃❉❄☎▼✂ ❁✿❘❊●■❁✓ ●❍❈❊❁❂❋●❃❄❏●❑ ✁✂✕ ❊❄ ❋✿❊● ❖●❍P▼❃▼ ❃✿◗❀✿❊❈❊❁●❖ ▲●✿✄
❆✿P●❘❊❂❙ ❁❃❄❊❂❊✘  

✓ ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊✿❑ ❁✿❘❃❂ ❇✿❉▼ ❍✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● ✁✑✁ ✂ ▲●❆✓✛

■❃❆❄❍❊❂◗ ▼ ❀✿❉●❖❊◆❊❊● ❇ ❄❊❄❆✿P●❘❊❂◗ ❍❆◆ P❈❊❈❉❄❏●❑ ✟✁✘ ✂❄✁▲●❆✓✛ ✿❘❈❖❂❍❊❂✁

❀●❍❙●❍ ❇ ❖❂❃✿❉❂■❁❄❊❊◆◗ ◗❈❁✿❍❂❃❂ ◗▼❆✓❁❂❋✿❁✿❊❊✿❑ ◗●❃❉✿■❃✿❀●❑ ✿❃❉❈◗❂❙ ❊❄❊✿✄

❘❄■❁❂❊✿❃❅ ❃✿❆❂ ✿❍❊✿❘❄■❊✿ ❉❈✂■❁❉▼�❁✓■◆ ■❂P❊❄❆❂ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❁❄ ❆�◗●✄
❊❈■❏❈❊❏●❑❅ ❀✿❁❉❈▲▼✂ ▲❄P❄❁✿ ❘❄■▼ ❍❆◆ ❊❄▲✿❉▼ ■❁❄❁❂■❁❂❘❊❂❙ ❍❄❊❂❙❅ ❄ ✿❁❉❂◗❄❊● ❉❈✄

❇▼❆✓❁❄❁❂ ■❃❆❄❍❊✿ ❄❊❄❆●❇▼❖❄❁❂ ❘❈❉❈❇ ❊❈✿▲❙●❍❊●■❁✓ ▼❉❄❙▼❖❄❊❊◆ ✿❉●✂❊❁❄❏●❑ ✂✕ [8✾
10]. ✓❄❇❖❂❘❄✁ ❍❆◆ ❖❂❖❘❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● ✁✟✁ ❖❂❃✿❉❂■❁✿❖▼�❁✓ ◗❈❁✿❍❂❃▼           
P●❀❈❉❉❈❆❈❑❖■✓❃✿P✿ ❉✿❇■●�❖❄❊❊◆ ✧✁✌✌✝✟✁✩❅ ☎✿ ▲❄❇▼✂❁✓■◆ ❊❄ ❀✿❉●❖❊◆❊❊● ❖●❍P▼❃▼

✂✕ ❇ ❖●❍P▼❃✿◗ ❈❁❄❆✿❊❊❂❙ ◗✿❆❈❃▼❆ [11✾13]. ✟✿■❆●❍✢❈❊❊◆ ✁✌✌ ❊❄ ❘❄■❁✿❁● ✑✁

✧✁✌✌✝✑✁✩ ❇❊❄❘❊✿ ■❃❆❄❍❊●✛● ❁❄ ◗❈❊✛ ❀❉❈❏❂❇●✁❊❂◗ ❇ ❁✿❘❃❂ ❇✿❉▼ ❈❃■❀❈❉❂◗❈❊❁❄✄

❆✓❊✿P✿ ❖❀❉✿❖❄❍✢❈❊❊◆✘  
☞ ❉✿▲✿❁● ✿❀❂■❄❊✿ ❖❀❉✿❖❄❍✢❈❊▼ ◗❈❁✿❍❂❃▼ ■❃❄❊▼❖❄❊❊◆ ◗❈✢● ❉✿❇❍●❆▼ ❍❖✿❙ ■❈✄

❉❈❍✿❖❂☎ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✑✁ ✧✏✡✌✝✑✁✩ ❍❆◆ ❍✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● ✁✑✁

▼ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●◆❙ ✂✕ ✞✟✠✘ ✔❉✿❖❈❍❈❊✿ ❀✿❉●❖❊◆❊❊◆ ✿❁❉❂◗❄❊❂❙ ❉❈❇▼❆✓❁❄❁●❖

❇❄ ❇P❄❍❄❊✿� ◗❈❁✿❍❂❃✿� ❇ ❍❄❊❂◗❂ ❖❂◗●❉�❖❄❊✓ ❇❄ ◗❈❁✿❍❂❃❄◗❂ ✁✌✌✝✟✁ ❁❄

✁✌✌✝✑✁✘ 
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☞ ❉✿▲✿❁● ❀❉✿❖❈❍❈❊✿ ❍✿■❆●❍✢❈❊❊◆ ✂✕ ✞✟✠❅ ◆❃● ❈❋❈❃❁❂❖❊✿ P❈❊❈❉▼�❁✓ ■❂P❊❄❆❂
❍❉▼P✿❑ ❁❄ ❁❉❈❁✓✿❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ [14]✘ ☎■❁❄❊❊●◗ ❘❄■✿◗ ❖❂❊❂❃❆❄ ❇❄❍❄❘❄ ❇◗❈✄

❊✛❈❊❊◆ ❉✿❇◗●❉▼✂✕ ▲❈❇ ❇❊❄❘❊✿P✿ ❇◗❈❊✛❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● ✁✟✁ ❁❄ ✁✑✁✘ ✔●❍✿◗✿❅

☎✿ ❖ ❈❆❈❃❁❉✿❍❂❀✿❆✓❊✿◗▼ ❊❄▲❆❂✢❈❊❊● ●❊❁❈❊■❂❖❊●■❁✓ ❍❉▼P✿❑ ✿❀❁❂❘❊✿❑ P❄❉◗✿❊●❃❂

❇❉✿■❁❄✂ ◆❃ ❃❖❄❍❉❄❁ ✿▲�✂◗▼ ❊❄❊✿❃❉❂■❁❄❆●❖❅☎✿ ▲▼❆✿ ❀●❍❁❖❈❉❍✢❈❊❊✿ ❊❂❇❃✿� ❖❂◗●✄

❉�❖❄❊✓ ❈❋❈❃❁❂❖❊✿■❁● ✁✟✁ ▼ ❖✢❈ ❖●❍✿◗❂❙ ✁✂✕ [2,3]✘ ✓◗❈❊✛❈❊❊◆ ❉✿❇◗●❊●❖ ✂✕ 
❍❄■❁✓◗✿✢❆❂❖●■❁✓ ❇▲●❆✓✛❂❁❂ ❑❙ ❀❉✿❊❂❃❊▼ ❇❍❄❁❊●■❁✓ ❁❄ ❈❋❈❃❁❂❖❊●■❁✓ ❀✿❍❄❆✓✛✿P✿
❖❂❖❈❍❈❊❊◆ ❇ ✿❉P❄❊●❇◗▼. ✑✿◗▼ ❇❄❉❄❇ ❍▼✢❈ ❖❄✢❆❂❖❂◗ ✂ ■❁❖✿❉❈❊❊◆ ❁❄ ❙❄❉❄❃❁❈❉❂❇❄✄

❏●◆ ❊✿❖❂❙ ◗❄❆❈❊✓❃❂❙ ✁✂✕❅ ❖ ◆❃❂❙ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃

❀●❍❖❂☎▼✂❁✓■◆ ✛❆◆❙✿◗ ❋▼❊❃❏●✿❊❄❆●❇❄❏●❑ ❀✿❖❈❉❙❊●✘  
✑❄❃✿✢ ▼ ❉✿▲✿❁● ▲▼❆✿ ❍✿■❆●❍✢❈❊✿ ❃❉❂■❁❄❆❂ ❍❂P●❍❉✿❋✿■❋❄❁▼ ❃❄❆●� ✧✁✂✄✩❅ ☎✿

✂ ◗✿❍❈❆✓❊❂◗ ❀❉❈❍■❁❄❖❊❂❃✿◗ ■❈P❊❈❁✿❈❆❈❃❁❉❂❃●❖ ❁❄ ❀✿✛❂❉❈❊❂◗ ✂✆☎ ◗❄❁❈❉●❄✄

❆✿◗❅ ◆❃❂✁ ✛❂❉✿❃✿ ❖❂❃✿❉❂■❁✿❖▼✂❁✓■◆ ❖ ●❊❋✿❉◗❄❏●✁❊❂❙ ❁❈❙❊✿❆✿P●◆❙❅ ▼ ❆❄❇❈❉❊●✁
❋●❇❂❏● ❁❄ ❖ ❊❈❆●❊●✁❊●✁ ✿❀❁❂❏●✘ ☎■❊✿❖❊❂◗❂ ✁✿P✿ ❀❈❉❈❖❄P❄◗❂ ✂ ❖●❍❊✿■❊✿ ❀❉✿■❁❄ ❁❄
❍❈✛❈❖❄ ❁❈❙❊✿❆✿P●◆ ❖❂❉✿☎▼❖❄❊❊◆ ❇ ❖✿❍❊✿P✿ ❉✿❇❘❂❊▼❅ ❖❂■✿❃❂✁ ❀✿❉●P ❆❄❇❈❉❊✿P✿
❉▼✁❊▼❖❄❊❊◆ ❁❄ ◗✿✢❆❂❖●■❁✓ ■❁❖✿❉❈❊❊◆ ✛❂❉✿❃✿❄❀❈❉❁▼❉❊❂❙ ❈❆❈◗❈❊❁●❖ ❊❄ ✁✿P✿ ✿■✄
❊✿❖●✘  

✔❆❄■❁❂❖✿■❁● ❊✿◗●❊❄❆✓❊✿ ❘❂■❁❂❙ ❃❉❂■❁❄❆●❖ KDP ✛❂❉✿❃✿ ✿❙❄❉❄❃❁❈❉❂❇✿❖❄❊●❅
❁✿◗▼ ❏● ❃❉❂■❁❄❆❂ ❇ ❁❈✿❉❈❁❂❘❊✿❑ ❁❄ ❀❉❄❃❁❂❘❊✿❑ ❁✿❘✿❃ ❇✿❉▼ ◗❄�❁✓ ❀❈❉❈❖❄P▼ ❍❆◆

■❁❖✿❉❈❊❊◆ ❊✿❖●❁❊●❙ ❃✿◗❀✿❇❂❁❊❂❙ ◗❄❁❈❉●❄❆●❖. ☞ ❉✿▲✿❁● ❍✿■❆●❍✢❈❊✿ ◗✿❊✿❃❉❂■✄
❁❄❆❂ ✁✂✄:✑☎✠2 ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ❊❄❊✿❘❄■❁❂❊❃❄◗❂ ✑☎✠2,  KDP:✂☎� ❊❄❊✿❋●▲✄

❉❂❆❄◗❂ Al2O3✆n(H2O) ❊❄❊✿■❁❉▼❃❁▼❉✿❖❄❊✿P✿ ✿❃■❂P●❍❉✿❃■❂❍▼ ❄❆�◗●❊●� ✧✂☎�✩ ❁❄

❇ ❖❖❈❍❈❊❂◗❂ ◗✿❆❈❃▼❆❄◗❂ ✝-❄❉P●❊●❊▼✘ ✔✿❃❄❇❄❊✿❅ ☎✿ ●❊❃✿❉❀✿❉▼❖❄❊❊◆ ❊❄❊✿❘❄■❁❂✄
❊✿❃ ❍❄✂ ◗✿✢❆❂❖●■❁✓ ❀●❍■❂❆❂❁❂ ✂✆☎ ❖●❍P▼❃ ■❂■❁❈◗❂ ❁❄ ●■❁✿❁❊✿ ❀●❍❖❂☎❂❁❂ ❈❋❈✄

❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃✘ 
✽✝✞✟✠✞☞ ✟✞✡✞✕✌ ✠ ✠☎✙☞✞✝✌✏✌ ☛✟✞☞✟☎✏☎✏✌✌ ☛✍☎✠☎✏✌✌ ✕✖✏☎✏✌. ✟❂■❈❉❁❄✄

❏●✁❊❄ ❉✿▲✿❁❄ ❖❂❃✿❊▼❖❄❆❄■✓ ▼ ❖●❍❍●❆● ❊❈❆●❊●✁❊✿❑ ✿❀❁❂❃❂ ✄❊■❁❂❁▼❁▼ ❋●❇❂❃❂ ✂�✂

☞❃❉❄❑❊❂ ❖ ❉❄◗❃❄❙ ❊❄▼❃✿❖❂❙ ❁❈◗✄ ✡✍✗✚✜-12-✚✛❅ ✡✍✜✎✖-✜✙✚✗ ✏✌✿❇❉✿▲❃❄ ◗❈❁✿❍●❖

❊❈❆●❊●✁❊✿-✿❀❁❂❘❊✿❑ ❍●❄P❊✿■❁❂❃❂ ❃✿◗❀✿❇❂❁❊❂❙ ◗❄❁❈❉●❄❆●❖ ❍❆◆ ■✿❊◆❘❊✿❑ ❈❊❈❉P❈✄

❁❂❃❂✏ ✧✑ ❍❈❉✢✘ ❉❈✂■❁❉❄❏●❑✄ ✙✚✚✜✒✙✙✥✚✙✙❅ ✙✚✚✗✒✙✙★✥✖✙✩; ✟✒✒✟-✌✒✒✟ ✑

✒★✙✘✜✍✙✦✛ ✏✔●❍■❂❆❈❊❊◆ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❇❄✂◗✿❍●✁ ▼ ❁❖❈❉❍✿❁●❆✓❊❂❙ ❃✿◗❀✿✄

❇❂❁❊❂❙ ■❁❉▼❃❁▼❉❄❙ ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ❊❄❀●❖❀❉✿❖●❍❊❂❃✿❖❂◗❂ ❊❄❊✿❃❉❂■❁❄❆❄◗❂ ❖

▼◗✿❖❄❙ ❇❖�◆❇❄❊❂❙ ❈❆❈❃❁❉✿❊❊❂❙❅ ❃✿❆❂❖❄❆✓❊❂❙ ❁❄ ❋✿❁✿❊❊❂❙ ❉❈❇✿❊❄❊■●❖✏ ✧✑ ❍❈❉✢✘

❉❈✂■❁❉❄❏●❑ ✙✚✚✜✒✙✙★★★✗✩✓ ✂�✂☞-☞✂✑✁ ✑✚✜-★✦✖✥✍✙✦ ✏✂✿❖● ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊●
P❈❁❈❉✿P❈❊❊● ❋▼❊❃❏●✿❊❄❆✓❊● ◗❄❁❈❉●❄❆❂ ❍❆◆ ❋✿❁✿❊●❃❂ ❊❄ ✿■❊✿❖● ❍●❈❆❈❃❁❉❂❘❊✿❑ ◗❄✄

❁❉❂❏● ❇ ❖❃❆�❘❈❊❊◆◗❂ ❊❄❊✿❃❉❂■❁❄❆●❖ ◗❈❁❄❆✿✿❃■❂❍●❖✏ ✧✑ ❍❈❉✢✘ ❉❈✂■❁❉❄❏●❑✄

✙✚✙✦✒✙✙✎✖✗✚✩✓ ❏●❆✓✿❖❄ ❀❉✿P❉❄◗❂ ✔❉❈❇❂❍●❑ ✂�✂ ☞❃❉❄❑❊❂ ✚✘★✘ ✔✍✚✥✥ ✏✟✿■❆●✄

❍✢❈❊❊◆ ✿❀❁❂❘❊❂❙ ● ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁ ❊❄❀●❖❀❉✿❖●❍❊❂❃✿❖❂❙❅ ◗❈✄

❁❄❆❈❖❂❙ ● ◗❈❁❄❆✿✿❃■❂❍❊❂❙ ❊❄❊✿■❁❉▼❃❁▼❉ ● ❑❙ ❃✿◗❀✿❇❂❁●❖ ❇ ❍●❈❆❈❃❁❉❂❘❊❂◗❂ ◗❄❁✄

❉❂❏◆◗❂✏ ✧✑ ❍❈❉✢✘ ❉❈✂■❁❉❄❏●❑✄ ✙✚✚✗✒✙✙✚✥✥✛✩, ✡✍✗✙-2018 "✂❈❆●❊●✁❊✿-✿❀❁❂❘❊❄
❙❄❉❄❃❁❈❉❂❇❄❏●◆ P❄❉◗✿❊●✁❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃✄ ❀❉✿◆❖ ❖❀❆❂❖▼ ❉✿❇◗●❉▼❅ ❋✿❉◗❂ ❁❄
■❁❄❊▼ ❀✿❖❈❉❙❊●✔ ✧✑ ❍❈❉✢✘ ❉❈✂■❁❉❄❏●❑✄ 0118U001357). ✟❂■❈❉❁❄❊❁ ▲▼❖ ■❀●❖❖❂❃✿✄
❊❄❖❏❈◗ ❖❃❄❇❄❊❂❙ ❉✿▲●❁✘ 
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✴✖✕☎ ✜ ✠☎✝✎☎✠✠✟ ✎✞✡✍✜✎✂✖✠✠✟✘ ✡❈❁✿� ❍❂■❈❉❁❄❏●✁❊✿❑ ❉✿▲✿❁❂ ✂ ❍✿■❆●❍✢❈❊❊◆

✿❀❁❂❘❊❂❙ ❁❄ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ - ❊✿✄
❖✿P✿ ❃❆❄■▼ ▲●✿❆✿P●❘❊❂❙ ◗❄❉❃❈❉●❖❅ ❁❄ ❃✿◗❀✿❇❂❁●❖ ❊❄ ✿■❊✿❖● ◗✿❊✿❃❉❂■❁❄❆●❖ ✁✂✄ ❇

●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ❊❄❊✿❘❄■❁❂❊❃❄◗❂ ◗❈❁❄❆✿✿❃■❂❍●❖✘ 
✌❈❄❆●❇❄❏●◆ ❀✿■❁❄❖❆❈❊✿❑ ◗❈❁❂ ❀❈❉❈❍▲❄❘❄✂ ❉✿❇❖✆◆❇❄❊❊◆ ❁❄❃❂❙ ✠☎✙☞✞✝✌✘ ✠☎�

✝✎☎✠☛: 
1.  ✌✿❇❉✿▲❃❄ ✁ ❖❀❉✿❖❄❍✢❈❊❊◆ ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊❂❙ ◗❈❁✿❍●❖ ❍❆◆ ❍✿■❆●❍✢❈❊❊◆

❁❄ ✿❀❁❂◗●❇❄❏●❑ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❖ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿✄

❘❄■❁❂❊❃❄❙✘ 
2. ✔❂❖❘❈❊❊◆ ❉●❇❊❂❙ ❀●❍❙✿❍●❖ ❍❆◆ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ P❄❉◗✿❊●❃

✛❆◆❙✿◗ ❇◗●❊❂ ❉✿❇◗●❉●❖ ❁❄ ❋▼❊❃❏●✿❊❄❆●❇❄❏●❑ ❀✿❖❈❉❙❊●✘ 
3. ✟✿■❆●❍✢❈❊❊◆ ❖❀❆❂❖▼ ●❊❃✿❉❀✿❉▼❖❄❊❊◆ ❊❄❊✿❘❄■❁❂❊✿❃ ◗❈❁❄❆✿✿❃■❂❍●❖ ❖ ◗❄❁✄

❉❂❏� ✁✂✄ ❍❆◆ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ 
✱✡✞✁☞✕✞✏ ✎✞✡✍✜✎✂✖✠✠✟ ✂ ❖❈❆❂❃● ❊❄❊✿❘❄■❁❂❊❃❂ ✞✟✠ ✧✆ = 40-150 ❊◗✩ ✿❁❉❂✄

◗❄❊● ◗❈❁✿❍✿◗ ❍❉✿▲❆❈❊❊◆; ◗❄❆❈❊✓❃● ❊❄❊✿❘❄■❁❂❊❃❂ ✞✟✠ ✧✆ <10 ❊◗✩❅ ☎✿ ■❂❊❁❈❇✿✄
❖❄❊● ◗❈❁✿❍❄◗❂ ◗✿❃❉✿❑ ❙●◗●❑❅ ❄ ❁❄❃✿✢  ❖❈❆❂❃● ❊❄❊✿❘❄■❁❂❊❃❂ ✞✟✠ (✆ >100 ❊◗✩❅
❀✿❖❈❉❙❊◆ ◆❃❂❙ ❋▼❊❃❏●✿❊❄❆●❇✿❖❄❊❄ ◗❄❆❂◗❂ ✂✕ ✞✟✠✓ ◗✿❊✿❃❉❂■❁❄❆❂ ZnO ❇ ❉●❇✄
❊✿� ❍❈❋❈❃❁❊●■❁� Zn1✄xO1✄y: ZnO-II (x=✙✘✙✥✜❅ ☎✝✙✘✙✥✙) ❁❄ ZnO-III (x= ✙✘✙★✛❅

☎✝✙✘✙✖✚); ◗✿❊✿❃❉❂■❁❄❆❂ KDP:✑☎✠2 ❁❄ KDP✄✂☎� ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ✂✕ ✞☎✠2 ❁❄ 
❇ ❊❄❊✿❋●▲❉❂❆❄◗❂ ✂☎�❅ ❄ ❁❄❃✿✢  ❃❉❂■❁❄❆❂ KDP ❇ ❖❖❈❍❈❊❂◗❂ ◗✿❆❈❃▼❆❄◗❂ ✝-❄❉✄
P●❊●❊▼.  

✲✟✖✎✏✖✕✞✏ ✎✞✡✍✜✎✂✖✠✠✟ ✂ ❃❖❄❍❉❄❁❂❘❊❂✁ ❁❄ ❃▼▲●❘❊❂✁ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊●
❖●❍P▼❃❂ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠ ❁❄ ◗✿❊✿❃❉❂■❁❄❆●❖ ✁✂✄ ❇ ●❊❃✿❉❀✿❉✿❖❄✄

❊❂◗❂ ❊❄❊✿❘❄■❁❂❊❃❄◗❂ ◗❈❁❄❆✿✿❃■❂❍●❖. 
✴✖✕✞✎✌ ✎✞✡✍✜✎✂✖✠✠✟✘ ✟❆◆ ❙❄❉❄❃❁❈❉❂❇❄❏●❑ ✿❀❁❂❘❊✿❑ ◆❃✿■❁● ❁❄ ❖❂❇❊❄❘❈❊❊◆ ✿❀✄

❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁ ❖❂❃✿❉❂■❁❄❊✿ ◗❈❁✿❍❂ ❍✿■❆●❍✢❈❊❊◆ ■❀❈❃❁❉●❖ ❀✿P❆❂❊❄❊❊◆ ❁❄
❋✿❁✿❆�◗●❊❈■❏❈❊❏●❑❅ ❄ ❁❄❃✿✢ ●❊❍❂❃❄❁❉❂■ ❀❉▼✢❊✿P✿ ✿❀❁❂❘❊✿P✿ ❉✿❇■●�❖❄❊❊◆✘ ✟❆◆
❖❂❇❊❄❘❈❊❊◆ ❋✿❁✿●❊❍▼❃✿❖❄❊❂❙ ❇◗●❊ ✿❀❁❂❘❊✿P✿ ❀✿P❆❂❊❄❊❊◆ ❁❄ ❀✿❃❄❇❊❂❃❄ ❇❄❆✿◗✄

❆❈❊❊◆ ❖❂❃✿❉❂■❁✿❖▼❖❄❆❄■✓ ◗❈❁✿❍❂❃❄ ■❄◗✿❖❀❆❂❖▼ ❆❄❇❈❉❊✿P✿ ❖❂❀❉✿◗●❊�❖❄❊❊◆

❀❉❂ ❊❈❀❈❉❈❉❖❊✿◗▼ ❁❄ ●◗❀▼❆✓■❊✿◗▼ ❀●❃✿■❈❃▼❊❍❊✿◗▼ (✟✠) ❆❄❇❈❉❊✿◗▼ ❇▲▼❍✢❈❊❊● 
❊❄ ❍✿❖✢❂❊❄❙ ❙❖❂❆✓ ✖✗✜ ❁❄ ✚✙✥★ ❊◗. ✟✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ✿❀❁❂✄
❘❊❂❙ P❄❉◗✿❊●❃ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●✁ ❊❄❊✿❘❄■❁❂❊✿❃ ❀❉✿❖✿❍❂❖■◆ ❇❄ ◗❈❁✿❍❂❃❄◗❂

P●❀❈❉❉❈❆❈❑❖■✓❃✿P✿ ❉✿❇■●�❖❄❊❊◆ ❀❉❂ ❇▲▼❍✢❈❊❊● ❋❈◗❁✿■❈❃▼❊❍❊❂◗❂ ●◗❀▼❆✓■❄◗❂

❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✛✙✙ ❊◗ ❁❄ ◗❈❁✿❍❂❃✿� ■❃❄❊▼❖❄❊❊◆ ❀✿❖❈❉❙❊● ❉✿❇❍●❆▼ ❍❖✿❙ ■❈❉❈✄

❍✿❖❂☎ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ ❀❉❂ ❇▲▼❍✢❈❊❊● ❊❄❊✿■❈❃▼❊❍❊❂◗❂ (✡✠) 
●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗✘ ✠❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿✄

❊●❃ ❖●❍ ✿❃❉❈◗✿❑ ❊❄❊✿❘❄■❁❂❊❃❂ ❍✿■❆●❍✢▼❖❄❆❄■✓ ❇❄ ❍✿❀✿◗✿P✿� ◗❈❁✿❍❂❃❂ ◗▼❆✓❁❂✄

❋✿❁✿❊❊✿❑ ◗●❃❉✿■❃✿❀●❑ ❀❉❂ ❇▲▼❍✢❈❊❊● ❋❈◗❁✿■❈❃▼❊❍❊❂◗❂ (☛✠) ❆❄❇❈❉❊❂◗❂ ●◗❀▼✄

❆✓■❄◗❂ ❖ ❍●❄❀❄❇✿❊● ❍✿❖✢❂❊ ❙❖❂❆✓ ✎✚✙-✚✗✙✙ ❊◗✘ 
✪☎✙☞✞✝☎ ✠✞✝✌✠✠☎ ✞✎✖✟✂☎✠✌✘ ✟✖✠✙✍☛✕☎✕✜✝✘ ☎■❊✿❖❊● ❉❈❇▼❆✓❁❄❁❂❅ ◆❃● ❖❂❇❊❄✄

❘❄�❁✓ ❊❄▼❃✿❖▼ ❊✿❖❂❇❊▼ ❍❂■❈❉❁❄❏●✁❊✿❑ ❉✿▲✿❁❂✄ 
1. ✔❀❈❉✛❈ ✿❁❉❂◗❄❊✿ ▼■❈❉❈❍❊❈❊▼ ❇❄ ✿❉●✂❊❁❄❏●✂� ❊❈❖❂❉✿❍✢❈❊▼ ❃▼▲●❘❊▼ ❊❈❆●✄

❊●✁❊✿-✿❀❁❂❘❊▼ ■❀❉❂✁❊◆❁❆❂❖●■❁✓ ❍❆◆ ✂✕ ✞✟✠ ❇ ❉✿❇◗●❉❄◗❂ ★✙✾✚✖✙ ❊◗ ◗❈❁✿❍✿◗
■❃❄❊▼❖❄❊❊◆ ◗❈✢● ❉✿❇❍●❆▼ ■❈❉❈❍✿❖❂☎. ✟✿■❆●❍✢❈❊✿ ❖❀❆❂❖ ❉✿❇◗●❉●❖ ✂✕ ❊❄ ❈❋❈❃✄

❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ P❄❉◗✿❊●❘❊❂◗❂ ❊❄❊✿❘❄■❁❂❊❃❄◗❂. 
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2. ✟✿■❆●❍✢❈❊✿ ❆●❊●✁❊❂✁❅ ❃❖❄❍❉❄❁❂❘❊❂✁ ❁❄ ❃▼▲●❘❊●✁ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊● ❖●❍✄
P▼❃❂ ■❂❊❁❈❇✿❖❄❊❂❙ ▼ ❉●❇❊❂❙ ❉✿❇❘❂❊❊❂❃❄❙ ✂✕ ✞✟✠ ❇ ❉✿❇◗●❉❄◗❂ ❍✿ ✚✙ ❊◗✘ ✔✿❉●❖✄

❊◆❊✿ ❖❀❆❂❖ ▼◗✿❖ ■❂❊❁❈❇▼ ❊❄ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❀❉❂

❋❈◗❁✿■❈❃▼❊❍❊✿◗▼ ❆❄❇❈❉❊✿◗▼ ❇▲▼❍✢❈❊❊● ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✛✙✙ ❊◗ ❁❄ ❀❉✿◆❖▼

◆❖❂☎ ■❄◗✿❖❀❆❂❖▼ ❀●❃✿■❈❃▼❊❍❊❂❙ ❆❄❇❈❉❊❂❙ ●◗❀▼❆✓■●❖ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗✘   
3✘ ✟❆◆ ❀✿◆■❊❈❊❊◆ ✂✆☎ ❖●❍P▼❃▼ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠ ❀❉✿❖❈❍❈❊✿ ❍●❄P❊✿■❁❂❃▼

✿▲✆✂◗❊❂❙ ◗✿❊✿❃❉❂■❁❄❆●❖ ✞✟✠ ❇ ❉●❇❊❂◗ ■❁▼❀❈❊❈◗ ❍❈❋❈❃❁❊✿■❁● ❁❄ ❍✿■❆●❍✢❈❊✿ ❉●✄

❇❊● ❁❂❀❂ ✿❀❁❂❘❊❂❙ ❖●❍P▼❃●❖ ✁✂✕ ✞✟✠✘ ✔❉✿❍❈◗✿❊■❁❉✿❖❄❊✿ ❃✿❉❈❆◆❏●� ◗●✢ ❖❈❆❂✄

❘❂❊❄◗❂ ❍●✁■❊✿❑ ❁❄ ▼◆❖❊✿❑ ❘❄■❁❂❊ ❃▼▲●❘❊✿❑ ✂✆☎ ■❀❉❂✁❊◆❁❆❂❖✿■❁● ❇ ❍❄❊❂◗❂ ❋✿✄

❁✿❆�◗●❊❈■❏❈❊❏●❑ ❁❄ ✄✕ ■❀❈❃❁❉✿■❃✿❀●❑ ❖ ✿▲❆❄■❁● ❍❈❋❈❃❁❊❂❙ ■◗▼P❅ ❄ ❁❄❃✿✢ ❈❋❈❃✄

❁❂❖❊✿■❁● ❀❉▼✢❊✿P✿ ✿❀❁❂❘❊✿P✿ ❉✿❇■●�❖❄❊❊◆ ✾ ❇ ❃✿❊❏❈❊❁❉❄❏●✂� ❖❆❄■❊❂❙ ❍❈❋❈❃✄

❁●❖✘ 
4. ✔❀❈❉✛❈ ❖❂❖❘❈❊✿ ■❀❈❃❁❉❂ ❇▲▼❍✢❈❊❊◆ ❍❉▼P✿❑ ❁❄ ❁❉❈❁✓✿❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃❅

❁❄ ❋✿❁✿❆�◗●❊❈■❏❈❊❏●❑ ✿❃❉❈◗❂❙ ✂✕ ✞✟✠ ❇❄ ◗❈❁✿❍❂❃✿� ◗▼❆✓❁❂❋✿❁✿❊❊✿❑ ◗●❃❉✿■✄

❃✿❀●❑ ❀❉❂ ❇▲▼❍✢❈❊❊● ☛✠ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❖ ■❀❈❃❁❉❄❆✓❊✿◗▼ ❍●❄❀❄❇✿❊● 710✾
✚✗✙✙ ❊◗✘ ✟✿■❆●❍✢❈❊✿ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ✂✕ ✞✟✠

( <100 ❊◗✩❅ ❀✿❖❈❉❙❊◆ ◆❃❂❙ ▲▼❆❄ ❋▼❊❃❏●✿❊❄❆●❇✿❖❄❊❄ ◗❄❆❂◗❂ ❃❉❂■❁❄❆●❘❊❂◗❂ ✂✕

ZnO ( �✚✙ ❊◗✩✘  
5. ✟✿■❆●❍✢❈❊✿ ❖❀❆❂❖ ●❊❃✿❉❀✿❉▼❖❄❊❊◆ ❖ ❃❉❂■❁❄❆❂ ✁✂✄ ❊❄❊✿❘❄■❁❂❊✿❃ TiO2, 

❊❄❊✿❋●▲❉❂❆ Al2O3✆n(H2✠✩ ❁❄ ❖❖❈❍❈❊❊◆ ◗✿❆❈❃▼❆ ✝-❄❉P●❊●❊▼✘ ✔❉✿❍❈◗✿❊■❁❉✿❖❄❊✿
❈❋❈❃❁ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❖ ❁❄❃❂❙ ❃✿◗❀✿❇❂✄
❁❄❙. 

✲✟☎☞✕✌✒✠✖ ✠✠☎✒✖✠✠✟ ✞✎✖✟✂☎✠✌✘ ✟✖✠✙✍☛✕☎✕✜✝� ✂●❆✓✛●■❁✓ ✿❁❉❂◗❄❊❂❙ ❉❈✄

❇▼❆✓❁❄❁●❖ ◗❄�❁✓ ❀❉❂❃❆❄❍❊❈ ❇❊❄❘❈❊❊◆✄ 
1. ✌✿❇❉✿▲❆❈❊✿ ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊❂✁ ❀❉✿❁✿❁❂❀ ❀❉❂❆❄❍▼ ❍❆◆ ❄❊❄❆●❇▼ ❀❈❉❈❉●❇▼

●❊❍❂❃❄❁❉❂■ ❀❉▼✢❊✿P✿ ❉✿❇■●�❖❄❊❊◆ ■❖●❁❆❄ ❀❉❂ ❊❈❀❈❉❈❉❖❊✿◗▼ ❆❄❇❈❉❊✿◗▼ ❇▲▼✄

❍✢❈❊❊●✘ ✔❉❂■❁❉●✁ ❄❀❉✿▲✿❖❄❊✿ ❊❄ ✛❂❉✿❃✿◗▼ ❃❆❄■● ✿▲✆✂❃❁●❖. ✓✿❃❉❈◗❄ ❍❆◆ ❊✿◗●❊❄✄
❆✓❊✿ ❘❂■❁❂❙ ◗✿❊✿❃❉❂■❁❄❆●❖ ✁✂✄ ❀✿❃❄❇❄❊✿❅ ☎✿ ❖❁❉❄❁❂ ❊❄ ❀❉▼✢❊❈ ✿❀❁❂❘❊❈ ❉✿❇✄

■●�❖❄❊❊◆ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗ ❀❈❉❈❖❂☎▼�❁✓ ❖●❍❀✿❖●❍❊● ❍❆◆ ❃❉❂■❁❄❆●❖

KDP:TiO2 ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ✂✕ ✞☎✠2 ❖❊❄■❆●❍✿❃ ◗❈❊✛✿❑ ❃✿❊❏❈❊❁❉❄❏●❑ ❊❈❃✿❊❁✄

❉✿❆✓✿❖❄❊❂❙ ❍✿◗●✛✿❃ ❖ ✿■❁❄❊❊✓✿◗▼✘ ✔■❁❄❊✿❖❆❈❊✿❅ ☎✿ ●■❊▼✂ ❃✿❉❈❆◆❏●◆ ◗●✢ ❖❁❉❄✄
❁❄◗❂ ❊❄ ✿❀❁❂❘❊❈ ❉✿❇■●�❖❄❊❊◆ ❖ ◗✿❊✿❃❉❂■❁❄❆● ✁✂✄✄✂☎� ❁❄ ❃✿❊❏❈❊❁❉❄❏●✂� ❊❄✄
❊✿❋●▲❉❂❆ ✂☎�✘ ✟❆◆ ◗✿❊✿❃❉❂■❁❄❆●❖ ✞✟✠ ❀✿❃❄❇❄❊✿ ❖❂■✿❃▼ ❘▼❁❆❂❖●■❁✓ ✿❀❁❂❘❊✿P✿

❉✿❇■●�❖❄❊❊◆ ❍✿ ❖◗●■❁▼ ❍❈❋❈❃❁●❖ ❘❈❉❈❇ ❖❂■✿❃▼ ❀✿❆◆❉❂❇✿❖❊●■❁✓ ❍❈❋❈❃❁❊❂❙ ■❁❄❊●❖

❁❄ ❈❋❈❃❁❂❖❊❂✁ ❉❈❋❉❄❃❁❂❖❊❂✁ ❖●❍P▼❃ ❋✿❁✿●❊❍▼❃✿❖❄❊❂❙ ❍❈❆✿❃❄❆●❇✿❖❄❊❂❙ ❊✿■●❑❖✘ 
2. ✌❈❄❆●❇✿❖❄❊✿ ◗❈❁✿❍❂❃▼ ❍✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿✄

❊●❃❂ ❖●❍ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●✁ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ◗❈❁✿❍✿◗ ■❃❄❊▼❖❄❊❊◆

❀✿❖❈❉❙✿❊✓ ❉✿❇❍●❆▼ ❃✿◗●❉❃❂ ❇ ❏❂❉❃▼❆◆❏●✂� ❃✿❆✿❑❍❊✿P✿ ❉✿❇❘❂❊▼ ▼ ❊❄❀❉◆◗❃▼ ❉✿❇✄

❀✿❖■�❍✢❈❊❊◆ ❀▼❘❃❄ ❊❄❃❄❘❃❂✘ ✔❂◗●❉◆❊✿ ▼■❈❉❈❍❊❈❊▼ ❇❄ ✿❉●✂❊❁❄❏●✂� ❊❈❖❂❉✿✄

❍✢❈❊▼ ❃▼▲●❘❊▼ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊▼ ■❀❉❂✁❊◆❁❆❂❖●■❁✓ ✝✁✞☛✄☎
✒✆✟

✠✡☞✌✁
✍✎✏ ✍✑  ~ 10✄10 

✿❍✘ ✏✁✏✠ ❍❆◆ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠ ❇ ■❈❉❈❍❊●◗❂ ❉✿❇◗●❉❄◗❂ ★✙✾✚✖✙ ❊◗✘  
3. ✔❉✿❍❈◗✿❊■❁❉✿❖❄❊✿ ❖❂■✿❃▼ ❘▼❁❆❂❖●■❁✓ ❉❈❋❉❄❃❁❂❖❊✿P✿ ❁❄ ❄▲■✿❉▲❏●✁❊✿P✿

✂✆☎ ❖●❍P▼❃●❖ ✂✕ ❍✿ ❁❂❀▼ ❉✿❇❘❂❊❊❂❃❄❅ ☎✿ ❖❂❃✿❉❂■❁✿❖▼❖❄❖■◆ ❍❆◆ ■❂❊❁❈❇▼ ✂✕ 
ZnO ❁❄ ❖❀❆❂❖❄❖ ❊❄ ❀❉✿❏❈■ ■❁❖✿❉❈❊❊◆ ✿▲✿❆✿❊❃❂ ❀❉❂ ❋✿❉◗▼❖❄❊❊● ◆❍❉❄ ✂✕. ✁❈✁
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❀●❍❙●❍ ◗✿✢❊❄ ❖❂❃✿❉❂■❁❄❁❂ ❍❆◆ ◗✿❊●❁✿❉❂❊P▼ ◆❃✿■❁● ■❂❊❁❈❇✿❖❄❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃✘
✑❄❃✿✢ ❀❉✿❍❈◗✿❊■❁❉✿❖❄❊✿❅ ☎✿ ❁❄❃❈ ■❁❖✿❉❈❊❊◆ ❀✿❖❈❉❙❊❈❖❂❙ ✛❄❉●❖ ❊❄❖❃✿❆✿ ◗❄✄

❆❈❊✓❃❂❙ ✂✕ ❄ ❁❄❃✿✢ ❋▼❊❃❏●✿❊❄❆●❇❄❏●◆ ❀✿❖❈❉❙❊●  ❖❈❆❂❃❂❙ ✂✕ ❖❀❆❂❖❄✂ ❊❄ ❈❋❈❃✄

❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❀❉❂ ❇▲▼❍✢❈❊❊● ☛✠ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂, 
☎✿ ✂ ❖❄✢❆❂❖❂◗ ❍❆◆ ■❁❖✿❉❈❊❊◆ ❖❂■✿❃✿❈❋❈❃❁❂❖❊❂❙ ▲●✿❆✿P●❘❊❂❙ ◗❄❉❃❈❉●❖.  

4. ☎❁❉❂◗❄❊✿ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖ ❃❉❂■❁❄✄

❆❄❙✁✂✄✄✞☎✠2 ❊❄ ✥✙� ❁❄ ✗✖� ❍❆◆ ❀●❉❄◗●❍❄❆✓❊✿P✿✍❀❉❂❇◗❄❁❂❘❊✿P✿ ■❈❃❁✿❉●❖ ❉✿■❁▼

❀❉❂ ❇▲▼❍✢❈❊❊● ☛✠ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✛✙✙ ❊◗✘ ✑❄❃✿✢ ✿❁❉❂✄

◗❄❊✿ ❇❉✿■❁❄❊❊◆ ❊❄ ❀✿❉◆❍✿❃ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖

✁✂✄✄✂☎� ❖ ❀✿❉●❖❊◆❊❊● ❇ ❊✿◗●❊❄❆✓❊✿ ❘❂■❁❂◗ ❃❉❂■❁❄❆✿◗ ✁✂✄ ❀❉❂ ❇▲▼❍✢❈❊❊●

❊❄❊✿■❈❃▼❊❍❊❂◗❂ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗ 
✲✙✡✍✜☞☎✂✜✁ ✕☎ ✞✡✞✡✌✡✕✌✆ ✝✠✖✡✞☞ ✠✎✞✡✙✝☎✒☎� ☎■❊✿❖❊● ❉❈❇▼❆✓❁❄❁❂ ❍✿■❆●✄

❍✢❈❊✓❅ ☎✿ ❀❉✿❖✿❍❂❆❂■✓ ❖ ❉❄◗❃❄❙ ❍❂■❈❉❁❄❏●✁❊✿❑ ❉✿▲✿❁❂❅ ❖●❍✿▲❉❄✢❈❊✿ ▼ 10 ❊❄▼✄
❃✿❖❂❙ ❀▼▲❆●❃❄❏●◆❙ ▼ ❀❉✿❖●❍❊❂❙ ❋❄❙✿❖❂❙ ✢▼❉❊❄❆❄❙ [1*-10✄☎❅ ❇✿❃❉❈◗❄✄  

✂❄❖❈❍❈❊✿ ❀❉❂❃❆❄❍ ❇❄■❁✿■▼❖❄❊❊◆ ◗❈❁✿❍❂❃❂ ■❄◗✿❖❀❆❂❖▼ ❆❄❇❈❉❊✿P✿ ❖❂❀❉✿◗●✄

❊�❖❄❊❊◆ ❍❆◆ ❄❊❄❆●❇▼ ❉●❇❊❂❙ ❀●❍❙✿❍●❖ ❍❆◆ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● ■▼❘❄■❊❂❙     
✿❃■❂✿❉❁✿■❂❆●❃❄❁●❖ ✝✆✠✄ ❇❄◗●☎❈❊❊◆ ❄❁✿◗●❖ ✝✝ ❊❄ ❄❁✿◗❂ ✞✟ ❁❄ ❖❖❈❍❈❊❊◆◗ ❄❁✿◗●❖

Ce [1*]. 
✔❉✿❖❈❍❈❊✿ ❍✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖ ◗✿❊✿❃✄

❉❂■❁❄❆❄❙ ✁✂✄ ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ❊❄❊✿❋●▲❉❂❆❄◗❂ ❊❄❊✿■❁❉▼❃❁▼❉✿❖❄❊✿P✿ ✿❃■❂✄

P●❍❉✿❃■❂❍▼ ❄❆�◗●❊●� ✠✜✄☎ ❁❄ ❊✿❊✿❘❄■❁❂❊❃❄◗❂ ❍●✿❃■❂❍▼ ❁❂❁❄❊▼ [6*]. 
✔❉✿❖❈❍❈❊● ❖❂◗●❉�❖❄❊❊◆ ❁❄ ❀❉✿❄❊❄❆●❇✿❖❄❊✿ ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊● ❍❄❊● ✂✆☎ ❖●❍✄

P▼❃▼ ✿❃■❂❍✿❖❄❊❂❙ ❃❄❉▲✿❊✿❖❂❙ ◗❄❁❈❉●❄❆●❖ ❊❂✢❘❈ ❀✿❉✿P▼ ❄▲❆◆❏●❑ ❖ ❉✿▲✿❁● ✠✗✄☎. 
✟✿■❆●❍✢❈❊✿ ●❊❍❂❃❄❁❉❂■❂ ❀❉▼✢❊✿P✿ ✿❀❁❂❘❊✿P✿ ❉✿❇■●�❖❄❊❊◆ ❖ ❊❄❊✿■❁❉▼❃❁▼✄

❉✿❖❄❊❂❙ ❀❆●❖❃❄❙ ❃❉❈◗❊●� ✠★✄☎✘ 
✔❉✿❖❈❍❈❊✿ ❖❂◗●❉�❖❄❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖ ❃✿❆✿❑❍✄

❊❂❙ ■▼■❀❈❊❇●◆❙ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠ ❇ ❉✿❇◗●❉❄◗❂ �✚✙ ❊◗ ✠✖✄☎✘ 
✔ ❉✿▲✿❁● ✠✎✄☎ ❍✿■❆●❍✢❈❊✿ ❀❈❉■❀❈❃❁❂❖❂ ❇❄■❁✿■▼❖❄❊❊◆ ❃❉❂■❁❄❆●❖ ✁✂✄ ❇ ❖❖❈❍❈✄

❊❂◗❂ ◗✿❆❈❃▼❆❄◗❂ ✝-❄❉P●❊●❊▼ ❍❆◆ ❀❈❉❈❁❖✿❉❈❊❊◆ ❘❄■❁✿❁❂ ❆❄❇❈❉❊✿P✿ ❖❂❀❉✿◗●❊�✄

❖❄❊❊◆✘ 
✔❀❉✿❖❄❍✢❈❊✿ ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊▼ ◗❈❁✿❍❂❃▼ ❍❆◆ ❍✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁●

P❈❊❈❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ ❖ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●◆❙ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃

✞✟✠ ✠✛✄☎ ❁❄ ❀❉✿❖❈❍❈❊✿ ❀✿❉●❖❊◆❊❊◆ ❉❈❇▼❆✓❁❄❁●❖ ❇ ◗❈❁✿❍❂❃✿� P●❀❈❉❉❈❆❈❑❖■✓❃✿P✿

❉✿❇■●�❖❄❊❊◆ ✠✚✙✄☎✘ 
✟✿■❆●❍✢❈❊✿ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂✁ ❖●❍P▼❃ ❁❄ ✿❀❁❂❘❊▼ ◆❃●■❁✓ ◗✿❊✿❃❉❂■❁❄❆●❖

✞✟✠ ❇❉●❇❊✿� ❃✿❊❏❈❊❁❉❄❏●✂� ❍❈❋❈❃❁●❖ ❍❆◆ ❄❊❄❆●❇▼ ❖●❍P▼❃▼ ❖●❍ ✿❃❉❈◗❂❙ ❊❄❊✿❘❄✄

■❁❂❊✿❃ ✞✟✠ [9*]. 
✓❍✿▲▼❖❄❘❈◗ ❀❉✿❖❈❍❈❊● ❖■● ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊● ❍✿■❆●❍✢❈❊❊◆❅ ☎✿ ❇P❄❍❄❊✿ ❖❂☎❈, 

❀❉✿❄❊❄❆●❇✿❖❄❊● ✿❁❉❂◗❄❊● ❉❈❇▼❆✓❁❄❁❂✘ ✔●❊ ▲❉❄❖ ▼❘❄■❁✓ ❖ ✿▲P✿❖✿❉❈❊❊● ❁❄ ●❊❁❈❉❀✄
❉❈❁❄❏●❑ ❉❈❇▼❆✓❁❄❁●❖❅ ❊❄❀❂■❄❊❊● ❁❄ ✿❋✿❉◗❆❈❊❊● ❖❃❄❇❄❊❂❙ ❉✿▲●❁ ■❀●❆✓❊✿ ❇ ❊❄▼❃✿✄

❖❂◗ ❃❈❉●❖❊❂❃✿◗ ❁❄ ■❀●❖❄❖❁✿❉❄◗❂✘ 
✤☛✟✞✡☎✂✜✟ ✟✖✠✙✍☛✕☎✕✜✝ ✎✌✡✖✟✕☎✂✜✁. ☎■❊✿❖❊● ❉❈❇▼❆✓❁❄❁❂ ❍❂■❈❉❁❄❏●❑ ❍✿❀✿❖●❍❄✄

❆❂■✓ ❊❄ ■❈◗●❊❄❉❄❙ ❖●❍❍●❆▼ ❊❈❆●❊●✁❊✿❑ ✿❀❁❂❃❂ ✄❊■❁❂❁▼❁▼ ❋●❇❂❃❂ ✂�✂ ☞❃❉❄❑❊❂❅

■❈◗●❊❄❉● ❆❄▲✿❉❄❁✿❉●❑ ✆✡☛☛☞ ❖ ▼❊●❖❈❉■❂❁❈❁● ✏❄❖✿✁◆ ✡✿❊▲❆❄❊ ✧◗✘�❊■●❅ ✒❉❄❊✄

❏●◆✩❅ ❄ ❁❄❃✿✢ ❀❉❈❍■❁❄❖❆❈❊● ❊❄ ▲❄P❄❁✓✿❙ ◗●✢❊❄❉✿❍❊❂❙ ● ❖●❁❘❂❇❊◆❊❂❙ ❊❄▼❃✿❖❂❙
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❃✿❊❋❈❉❈❊❏●◆❙❅ ❇✿❃❉❈◗❄✄ �✟✁✘ ✆✝✂✂✄☎ ✆✆✝✞✞✟ ✠✡☛✟✞✁✄✆✝✟✞✟✞☞✌✄ ✍☎✞✂ ✍✝✟✟☛✂✄✟✁☛✟

✎✄✏✄☛☎✆✝ ✁✞ �✟✟✞✑☛✁☎✞✟✏✔❅ ✡☛☎✄✂✆✝✄❅ ☛☎☞✞✑✄ ✒✒☎☛☎✟✄ ✧✜✙✚★❅ ✜✙✚✎✩✓ �✟✁✄☎✟☛✁☎✞✟☛✟

Conference "Nanotechnologies and Nanomaterials", Lviv, Chernivtsi, Kyiv, Ukraine 
(2015, 2016, 2017, 2018); Porous Semiconductors - Science and Technology , 
Alicante-Benidorm, Spain; (2014); The Fifth International Workshop on Advanced 
✆✓✄✆✁☎✞✏✆✞✓✌ ☛✟✟ ✠✓✁☎✆☛✟ ☛☛✁✄☎☎☛✟✏❅ ✞✟☛✔✏✒❅ ✄✞✟☛✟✟❅ ✧✜✙✚✖✩✓ ✝✒☛✂☞✞✎ ✜✙✚✖✘

Tartu, Estonia, (2015). 
✶✕✟✙☞✕✙✟☎ ✕☎ ✞✡✡✟☞ ✎✌✡✖✟✕☎✂✜✁� ✟❂■❈❉❁❄❏●◆ ■❃❆❄❍❄✂❁✓■◆ ❇● ❇◗●■❁▼❅ ❖■❁▼❀▼❅

❀✆◆❁❂ ❉✿❇❍●❆●❖❅ ❖❂■❊✿❖❃●❖❅ ■❀❂■❃▼ ❖❂❃✿❉❂■❁❄❊❂❙ ❍✢❈❉❈❆❅ ☎✿ ◗●■❁❂❁✓ 180 ❊❄✁◗❈✄
❊▼❖❄❊✓✘ ✔✿❖❊❂✁ ✿▲■◆P ❍❂■❈❉❁❄❏●❑ ■❁❄❊✿❖❂❁✓ 145 ■❁✿❉●❊✿❃❅ ❇ ❊❂❙ ■❀❂■✿❃ ❖❂❃✿❉❂✄
■❁❄❊❂❙ ❍✢❈❉❈❆ ❇❄✁◗❄✂ 16 ■❁✿❉●❊✿❃✘ 

 
✱✶✪✱✣✪★✫ ✽✴✮✶✧ ✦✱✭✱✧★ 

✬ ✝✡✕✙☛✜ ❖❂■❖●❁❆❈❊✿ ❀❉✿▲❆❈◗❄❁❂❃▼❅ ❖❂❇❊❄❘❈❊✿ ✿▲✆✂❃❁ ❁❄ ❊❄❀❉◆◗❃❂ ❍✿■❆●✄

❍✢❈❊❊◆❅ ✿▲✕❉▼❊❁✿❖❄❊✿ ❄❃❁▼❄❆✓❊●■❁✓ ❁❄ ❊❄▼❃✿❖▼ ❊✿❖❂❇❊▼ ❉✿▲✿❁❂❅ ■❋✿❉◗▼❆✓✿❖❄❊✿

◗❈❁▼ ✁ ❇❄❖❍❄❊❊◆❅ ❖❂❇❊❄❘❈❊✿ ◗❈❁✿❍❂ ❍✿■❆●❍✢❈❊❊◆❅ ✿❃❉❈■❆❈❊✿ ❀❉❄❃❁❂❘❊▼ ❏●❊❊●■❁✓

✿❍❈❉✢❄❊❂❙ ❉❈❇▼❆✓❁❄❁●❖ ❁❄ ❋✿❉◗❂ ❑❙❊✓✿❑ ❄❀❉✿▲❄❏●❑✘ 

✬ ☛✖✟✖✞✏✙ ✦✞✠✎✜✍✜ ❀❉✿❄❊❄❆●❇✿❖❄❊✿ ❆●❁❈❉❄❁▼❉❊● ❍✢❈❉❈❆❄ ☎✿❍✿ ✿❀❁❂❘❊❂❙ ❁❄
❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ❁❄ ❃✿◗❀✿❇❂❁●❖ ❊❄
✿■❊✿❖● ◗✿❊✿❃❉❂■❁❄❆●❖ ✁✂✄✘ ✂❄❖❈❍❈❊✿ ❆●❁❈❉❄❁▼❉❊● ❍❄❊● ■❁✿■✿❖❊✿ ❈❋❈❃❁❂❖❊✿■❁●

P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❖ ❊❄❊✿❘❄■❁❂❊❃❄❙ ❉●❇❊✿P✿ ❁❂❀▼ ❁❄ ✿❀❂■❄❊✿ ❀●❍❙✿❍❂
❍❆◆ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ P❄❉◗✿❊●❃ ✛❆◆❙✿◗ ❋▼❊❃❏●✿❊❄❆●❇❄❏●❑ ❀✿✄

❖❈❉❙❊●✘ ✔❉✿❄❊❄❆●❇✿❖❄❊✿✛❆◆❙❂ ❀●❍❖❂☎❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● ❀❈❉❈❁❖✿❉❈❊❊◆ ❘❄■❁✿❁❂
◗✿❊✿❃❉❂■❁❄❆❄◗❂ ✁✂✄, ■❁❖✿❉��❘❂ ❃✿◗❀✿❇❂❁❂ ❊❄ ❑❙ ✿■❊✿❖●✘  

✬ ✦✞✠✎✜✍✜ ✗ ✿❀❂■❄❊● ◗❈❁✿❍❂❃❂ ❖❂P✿❁✿❖❆❈❊❊◆ ◗❄❆❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠

✧�✚✙❊◗✩ ❇ ❖❂❃✿❉❂■❁❄❊❊◆◗ ❉●❇❊❂❙ ❉✿❇❘❂❊❊❂❃●❖ ❊❄ ❈❁❄❀● ■❂❊❁❈❇▼✘ ✑❄❃✿✢ ✿❀❂■❄❊✿

◗❈❁✿❍❂❃❂ ❀●❍P✿❁✿❖❃❂ ❇❉❄❇❃●❖ ✧❍❂❖✘ ✌❂■✘✚✩ ❍❆◆ ❖❂◗●❉�❖❄❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈✄
❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ ❁❄ ❍❆◆ ◗▼❆✓❁❂❋✿❁✿❊❊✿❑ ◗●❃❉✿■❃✿❀●❑✘  

✂❄❖❈❍❈❊✿ ◗❈❁✿❍❂❃❂❅ ☎✿ ❖❂❃✿❉❂■❁✿❖▼❖❄❆❂■✓ ❍❆◆ ❍✿■❆●❍✢❈❊❊◆ ✿❀❁❂❘❊❂❙ ❁❄

❊❈❆●❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁ ✿▲�✂❃❁●❖✘ ✓✿❃❉❈◗❄ ✿❀❂■❄❊● ❈❃■❀❈❉❂◗❈❊❁❄❆✓❊●

▼■❁❄❊✿❖❃❂❅ ☎✿ ❇❄■❁✿■✿❖▼❖❄❆❂■✓ ❍❆◆ ✿❀❁❂❘❊✿❑ ❙❄❉❄❃❁❈❉❂❇❄❏●❑ ❇❉❄❇❃●❖ ✧■❀❈❃❁❉❂

❀✿P❆❂❊❄❊❊◆ ❁❄ ❋✿❁✿❆�◗●❊❈■❏❈❊❏●❑✩ ❁❄ ❍✿■❆●❍✢❈❊❊◆ ❃▼▲●❘❊✿P✿ ✂✆☎ ❖●❍P▼❃▼ ❖

❉●❇❊❂❙ ❉❈✢❂◗❄❙ ❇▲▼❍✢❈❊❊◆✘ 

 

✦✌✡. 1✘ ✑❂❀✿❖● ✔☞☛ ❇✿▲❉❄✢❈❊❊◆ ✧☛✩ ✞✟✠✚❅ ✧▲✩ ✞✟✠✜❅ ✧❖✩ ✞✟✠✗ ❖ ❈❁❄❊✿❆●✘ 
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✬ ✦✞✠✎✜✍✜ � ❀❉❈❍■❁❄❖❆❈❊✿ ❉❈❇▼❆✓❁❄❁❂ ❙❄❉❄❃❁❈❉❂❇❄❏●❑ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑

❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ ❖ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●◆❙ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠✘ 
✟✿■❆●❍✢❈❊✿ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄✄

❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ ❇❄ ❖❀❉✿❖❄❍✢❈✄

❊✿� ◗❈❁✿❍❂❃✿� ■❃❄❊▼❖❄❊❊◆ ❀✿❖❈❉✄

❙✿❊✓ ❉✿❇❍●❆▼ ▼ ❊❄❀❉◆◗❃▼ ❉✿❇❀✿❖■�✄

❍✢❈❊❊◆ ❀▼❘❃❄ ❊❄❃❄❘❃❂ ❍❆◆ ❃✿❆✿❑❍❊❂❙

■▼■❀❈❊❇●✁ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂✄

❊✿❃ ✞✟✠ ❀❉❂ ❇▲▼❍✢❈❊❊● ❊❄❊✿■❈❃▼❊❍✄

❊❂◗❂ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✄

✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗✘ ✔❂❃✿❉❂■❁✿❖▼✄

�❘❂ ❈❁❄❆✿❊❊● ❍❄❊● ❍❆◆ ❃❖❄❉❏▼❅ ✿❍❈❉✄

✢❄❊✿ ▼■❈❉❈❍❊❈❊▼ ❇❄ ✿❉●✂❊❁❄❏●✂� ❙❄✄

❉❄❃❁❈❉❂■❁❂❘❊▼ ❊❈❖❂❉✿❍✢❈❊▼ ❃▼▲●❘❊▼

❊❈❆●❊●✁❊✿-✿❀❁❂❘❊▼ ■❀❉❂✁❊◆❁❊●■❁✓

✝✁✞☛✄☎
✒✆✟

✠✡☞ ✌ ☞ ✁ ☞ ✁ ☞✌✁✎ ~ 10✄10 
✿❍✘ ✏✁✏✠ ❍❆◆ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠ ❇

■❈❉❈❍❊●◗❂ ❉✿❇◗●❉❄◗❂ ★✙✾150  ❊◗ ✧❍❂❖✘ ❁❄▲❆✘✚✩✘ ✔✿❃❄❇❄❊✿❅ ☎✿ ❈❋❈❃❁❂❖❊●■❁✓ P❈✄

❊❈❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂ ❇❉✿■❁❄✂ ❇● ❇▲●❆✓✛❈❊❊◆◗ ❉✿❇◗●❉●❖ ✂✕ ● ❍✿■◆P❄✂ ❆●❁❈❉❄✄

❁▼❉❊❂❙ ❍❄❊❂❙ ❍❆◆ ✿▲✆✂◗❊❂❙ ❃❉❂■❁❄❆●❖ ✞✟✠✘  
✔❉✿❖❈❍❈❊✿ ❀✿❉●❖❊◆❊❊◆ ❉❈❇▼❆✓❁❄❁●❖ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃❂

❇❄ ◗❈❁✿❍❂❃✿� ■❃❄❊▼❖❄❊❊◆ ❀✿❖❈❉❙✿❊✓ ❉✿❇❍●❆▼ ❇ ❖●❍❀✿❖●❍❊❂◗❂ ❍❄❊❂◗❂❅ ✿❁❉❂◗❄✄

❊❂◗❂ ❀❉❂ ❉❈✂■❁❉❄❏●❑ P●❀❈❉❉❈❆❈❑❖■✓❃✿P✿ ❉✿❇■●�❖❄❊❊◆ ❊❄ ❘❄■❁✿❁● ❁❉❈❁✓✿❑ P❄❉◗✿✄

❊●❃❂ ▼ ❊❄❀❉◆◗❃▼, ❀❈❉❀❈❊❍❂❃▼❆◆❉❊✿◗▼ ❍✿ ✿■● ❀▼❘❃❄ ❊❄❃❄❘❃❂✘ ✟❆◆ ✿▲✿❙ ❈❃■❀❈❉❂✄

◗❈❊❁❄❆✓❊❂❙ ◗❈❁✿❍❂❃ ❖❈❆❂❘❂❊❂ ✝✞☛✂✄
✒✆✟

✎ ❍✿▲❉❈ ▼❇P✿❍✢▼�❁✓■◆ ◗●✢ ■✿▲✿� ❁❄ ❖●❍❀✿✄

❖●❍❄�❁✓ ❍❄❊❂◗ ❍❆◆ ✿▲☎✂◗❊✿P✿ ✞✟✠✘  
✓❄❀❉✿❀✿❊✿❖❄❊▼ ◗❈❁✿❍❂❃▼ ◗✿✄

✢❊❄ ❇❄■❁✿■▼❖❄❁❂ ▼ ❊❈❉▼✁❊●❖❊●✁

❈❃■❀❉❈■-❍●❄P❊✿■❁❂❏● ❊❄❊✿❘❄■❁❂❊✿❃
❍❆◆ ❙❄❉❄❃❁❈❉❂❇▼❖❄❊❊◆ ❑❙❊●❙ ❊❈❆●✄

❊●✁❊✿-✿❀❁❂❘❊❂❙ ❖❆❄■❁❂❖✿■❁❈✁❅ ❖❂✄

❖❘❈❊❊◆ ❖❀❆❂❖▼ ❊❄ ❊❂❙ ❉✿❇◗●❉●❖ ●

❋✿❉◗❂ ❊❄❊✿❘❄■❁❂❊✿❃❅ ❄ ❁❄❃✿✢ ❀✿✄

❍❄❆✓✛✿P✿ ❀●❍❖❂☎❈❊❊◆ ❑❙❊✓✿❑ ❈❋❈❃✄

❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ P❄❉◗✿❊●❃✘ 
✟✿■❆●❍✢❈❊✿ ■❀❈❃❁❉❂ ❇▲▼❍✢❈❊❊◆

❍❉▼P✿❑ ❁❄ ❁❉❈❁✓✿❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿✄

❊●❃❅ ❁❄ ❋✿❁✿❆�◗●❊❈■❏❈❊❏●❑ ✿❃❉❈✄

◗❂❙ ✂✕ ✞✟✠ ✧❍❂❖✘ ✌❂■✘ 5✩ ❇❄ ◗❈❁✿✄
❍❂❃✿� ◗▼❆✓❁❂❋✿❁✿❊❊✿❑ ◗●❃❉✿■❃✿✄

❀●❑ ❀❉❂ ❇▲▼❍✢❈❊❊● ☛✠ ❆❄❇❈❉❊❂◗❂
●◗❀▼❆✓■❄◗❂ ❖ ■❀❈❃❁❉❄❆✓❊✿◗▼ ❍●❄✄

❀❄❇✿❊● ✆ex = 710✝✚✗✙✙ ❊◗✘ ✟❆◆ ✂✕

✞✟✠ ❇ ❉✿❇◗●❉✿◗ ✞✚✖✙ ❊◗ ❀✿❃❄❇❄❊✿❅

✧☎✡✍✌✂✟ ✟✠ ✔✿❉●❖❊◆❊❊◆ ✿❉●✂❊❁❄❏●✁❊✿-
▼■❈❉❈❍❊❈❊❂❙ ❇❊❄❘❈❊✓ ❃▼▲●❘❊✿❑ ■❀❉❂✁✄

❊◆❁❆❂❖✿■❁● ❍❆◆ ✂✕ ✞✟✠ ❇ ❉●❇❊❂◗❂ ❉✿❇✄

◗●❉❄◗❂❅ ◆❃● ✿❁❉❂◗❄❊● ❇❄ ❍✿❀✿◗✿P✿� ◗❈✄

❁✿❍❂❃ ✏✡✌ ❁❄ ✁✌✌ 

✓❉❄❇✿❃ 
d, 
❊◗ 

✝✞☛✄☎
✒✆✟

✎, ✡☞✍✏✎  

✿❍✘ ✏✁✏✠ 

✏✡✌ ✁✌✌ 

ZnO1 145 ✜✘✥ ✏ ✙✘✜ ✚✘✚✏✙✘★ 

ZnO2 100 ✜✘✜ ✏ ✙✘✜ ✚✘★✏✙✘✥ 

ZnO3 40 ✚✘✗ ✏ ✙✘✗ ✙✘✥✏✙✘✗ 

 
✦✌✡� ✑ ✂✿❉◗✿❖❄❊● ■❀❈❃❁❉❂ ❇▲▼❍✢❈❊❊◆

❍❉▼P✿❑ ❁❄ ❁❉❈❁✓✿❑ P❄❉◗✿❊●❃ ❄ ❁❄❃✿✢ ❀●❃▼

❆�◗●❊❈■❏❈❊❏●❑ ✧❏❈❊❁❉ ❀●❃▼ ❊❄ ✗✎✛ ❊◗✩ ❖●❍

❍✿❖✢❂❊❂ ❙❖❂❆● ❊❄❃❄❘❃❂✘  
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☎✿ ●■❊▼✂ ❁❉❂ ❍●❄❀❄❇✿❊❂ ❇▲▼❍✢❈❊❊◆ ❇ ❊❄✁▲●❆✓✛ ❙❄❉❄❃❁❈❉❊❂◗ ❀❈❖❊❂◗ ❁❂❀✿◗ ❖●❍✄

P▼❃▼✄ ✆ex � ✛✙✙ ❊◗ ❍❆◆ ✟✁❅ ✛✙✙ � ✆ex � ✦✖✙ ❊◗ ❍❆◆ ✒✆❅ ❁❄ ✦✖✙ � ✆ex � ✚✜✙✙ ❊◗ ❍❆◆

✑✁✘ ✓▲▼❍✢❈❊❊◆ ✂✕ ❖ ✿❍❊✿◗▼ ❇ ❏❂❙ ❍●❄❀❄❇✿❊●❖ ❍❄✂ ◗✿✢❆❂❖●■❁✓ ❀❉❄❏�❖❄❁❂ ❀❈❉❈✄

❖❄✢❊✿ ❇ ✿❍❊❂◗ ❁❂❀✿◗ ❖●❍P▼❃●❖, ❀●❍❖❂☎▼�❘❂ ❁✿❘❊●■❁✓ ●❍❈❊❁❂❋●❃❄❏●❑ ✂✕ ❖ ▲●✿❆✿✄

P●❘❊❂❙ ❁❃❄❊❂❊❄❙✘  

✬ ✦✞✠✎✜✍✜ � ❀❉❈❍■❁❄❖❆❈❊✿ ❉❈❇▼❆✓❁❄❁❂ ❙❄❉❄❃❁❈❉❂❇❄❏●❑ ❉●❇❊❂❙ ❁❂❀●❖ ◗❄❁❈❉●❄❆●❖

❊❄ ✿■❊✿❖● ✞✟✠ ❋▼❊❃❏●✿❊❄❆●❇✿❖❄❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ❇ ❉●❇❊❂◗❂ ❉✿❇◗●❉❄◗❂❅ ❄ ❁❄❃✿✢ 
✿▲✆✂◗❊❂❙ ❃❉❂■❁❄❆●❖ ❇ ❉●❇❊❂◗ ❉●❖❊❈◗ ❍❈❋❈❃❁❊✿■❁●✘ 

✔❉✿❖❈❍❈❊✿ ❙❄❉❄❃❁❈❉❂❇❄❏●� ❇❄ ◗❈❁✿❍❂❃✿� ■❄◗✿❖❀❆❂❖▼ ✟✠ ❆❄❇❈❉❊❂❙ ●◗❀▼❆✓■●❖
❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗ ■❂❊❁❈❇✿❖❄❊❂❙ ✂✕ ✞✟✠❅ ✿❁❉❂◗❄❊❂❙ ◗❈❁✿❍✿◗ ◗✿❃❉✿❑

❙●◗●❑ ❇ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●✁ ❉●❇❊❂❙ ■❀❂❉❁●❖✘ ✔✿❃❄❇❄❊✿❅ ☎✿ ❈❋❈❃❁❂❖❊✿■❁● ❉❈❋❉❄✄

❃❁❂❖❊✿P✿ ✎✄✧✂(3)
✩ ❁❄ ❄▲■✿❉▲❏●✁❊✿P✿ �✂✧✂

(3)
✩ ✂✆☎ ❖●❍P▼❃●❖ ❇❄❆❈✢❄❁✓ ❖●❍ ❁❂❀▼ ❉✿❇✄

❘❂❊❊❂❃❄❅ ☎✿ ❖❂❃✿❉❂■❁✿❖▼❖❄❖■◆ ❍❆◆ ■❂❊❁❈❇▼ ✂✕✘ ✔❉✿❍❈◗✿❊■❁❉✿❖❄❊✿ ❃✿❉❈❆◆❏●�

◗●✢ ❖❈❆❂❘❂❊✿� �✂✧✂
(3)
✩ ❁❄ ❀❆✿☎❈� ■◗▼P❂ ✒✆ ▲❆❂❇✓❃✿ ✜✘✗★✾✜✘★✚ ❈✔❅ ◆❃❄ ❖●❍❀✿✄

❖●❍❄✂ ❖●❍P▼❃▼ ❖❄❃❄❊■●✁ ❃❂■❊� ❖ ✞✟✠✘  
✟✿■❆●❍✢❈❊✿ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖ ■❂❊❁❈❇✿❖❄❊❂❙ ✂✕

✞✟✠ ❀❉❂ ☛✠ ❆❄❇❈❉❊✿◗▼ ❇▲▼❍✢❈❊❊● ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✛✙✙ ❊◗✘ ✔✿❃❄❇❄❊✿❅ ☎✿ ❖ ❍●✄
❄❀❄❇✿❊● ●❊❁❈❊■❂❖❊✿■❁● ✚✙✾✚✗ ✁✔✍■◗2 ❈❋❈❃❁❂❖❊❂✁ ❀✿❉◆❍✿❃ p ✂✆☎ ❖●❍P▼❃▼ I2✁ ✄ 
(I✁)p ■❁❄❊✿❖❂❁✓ ✚✘✎ ❍❆◆ ❖❈❆❂❃❂❙(~150 ❊◗✩ ❃✿◗❈❉❏●✁❊❂❙ ✂✕ ✞✟✠ ● ■❂❊❁❈❇✿❖❄❊❂❙

❖ ❈❁❄❊✿❆●;❍❆◆ ■❂❊❁❈❇✿❖❄❊❂❙ ❖ ●❇✿❀❉✿❀❄❊✿❆● ✾ 1.9. ✁◆ ●❊❋✿❉◗❄❏●◆ ✂ ❖❄✢❆❂❖✿� ❍❆◆
❀❉❄❃❁❂❘❊❂❙ ❇❄■❁✿■▼❖❄❊✓ ❖ ✿▲❆❄■❁● ▲●✿◗❄❉❃▼❖❄❊❊◆✘  

✔❉❈❍■❁❄❖❆❈❊● ❉❈❇▼❆✓❁❄❁❂ ❍✿■❆●❍✢❈❊❊◆ ❖●❍P▼❃●❖ ❖●❍ ✿❃❉❈◗❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ✂

■❃❆❄❍❊❂◗❂ ❍❆◆ ❄❊❄❆●❇▼ ✁ ◗✿❍❈❆�❖❄❊❊◆✘ ✟❆◆ ❁✿P✿❅☎✿▲ ❃❉❄☎❈ ❇❉✿❇▼◗●❁❂ ❀❉❂❉✿❍▼

❀❉✿❏❈■●❖ P❈❊❈❉❄❏●❑ P❄❉◗✿❊●❃ ❖ ✂✕ ZnO ❊❄ ❉●❇❊❂❙ ❍✿❖✢❂❊❄❙ ❙❖❂❆✓❅ ▲▼❆✿ ❀❉✿❖❈✄

❍❈❊✿ ✂✆☎ ❍●❄P❊✿■❁❂❃▼ ✿▲✆✂◗❊❂❙ ◗✿❊✿❃❉❂■❁❄❆●❖ ✞✟✠ ❇ ❉●❇❊❂◗ ■❁▼❀❈❊❈◗ ❍❈❋❈❃✄

❁❊✿■❁●✘ ✟❆◆ ❏❂❙ ❃❉❂■❁❄❆●❖ ❀❉✿❄❊❄❆●❇✿❖❄❊✿ ■❀❈❃❁❉❂ ✒✆ ✧❍❂❖✘ ✌❂■✘ ✥❄) ❁❄ ✄✕ ■❀❈✄

❃❁❉✿■❃✿❀●❑ ❖ ✿▲❆❄■❁● ❍❈❋❈❃❁❊❂❙ ■◗▼P❅ ❍✿■❆●❍✢❈❊✿ ❈❋❈❃❁❂ ■❄◗✿❖❀❆❂❖▼ ❆❄❇❈❉❊✿P✿

 

✦✌✡� ☎ (a) ✔✿❉●❖❊◆❊❊◆ ■❀❈❃❁❉●❖ ✒✆ ❍❆◆ ❃❉❂■❁❄❆●❖ ZnO-II ❁❄ ZnO-III ❀❉❂
❇▲▼❍✢❈❊❊● ❊❄ ★✘✛ ❈✔❅ ❄ ❁❄❃✿✢ ❉✿❇❃❆❄❍ ❊❄ ❙❄❉❄❃❁❈❉❊● ❀●❃❂❅ ☎✿ ✿❁❉❂◗❄❊● ❇

❄❊❄❆●❇▼ ✒✆ ❖ ❃❉❂■❁❄❆● ZnO-III. ✧▲✩ ❋✿❁✿●❊❍▼❃✿❖❄❊● ❇◗●❊❂ ❀❉❂✿■✓✿❖✿P✿ ❁❄

❀✿❖❊✿P✿ ❀❉✿❀▼■❃❄❊❊◆ ❃❉❂■❁❄❆●❖ ZnO-II ❁❄ ZnO-III ❀❉❂ ❀●❃✿c❈❃▼❊❍❊✿◗▼
❆❄❇❈❉❊✿◗▼ ❇▲▼❍✢❈❊❊● ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✖✗✜ ❊◗✘  
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❖❂❀❉✿◗●❊�❖❄❊❊◆ ✧❍❂❖✘ ❉❂■✘ ✥▲✩ ❁❄ ❈❋❈❃❁❂❖❊✿■❁● ❀❉▼✢❊✿P✿ ✿❀❁❂❘❊✿P✿ ❉✿❇■●�✄

❖❄❊❊◆ ✧❍❂❖✘ ❉❂■✘ ✜✩ ❁❄ ✿❀❂■❄❊✿ ❃✿❉❈❆◆❏●❑ ◗●✢ ✿❀❁❂❘❊❂◗❂ ❀❄❉❄◗❈❁❉❄◗❂ ❁❄ ❃✿❊❏❈✄

❊❁❉❄❏●✂� ❍❈❋❈❃❁●❖✘ 

✔❉✿❖❈❍❈❊✿ ❄❊❄❆●❇ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❃✿◗❈❉❏●✁❊❂◗❂

✂✕ ✞✟✠ ✧✞✚✖✙ ❊◗✩❅ ❀✿❖❈❉❙❊◆ ◆❃❂❙ ▲▼❆❄ ❋▼❊❃❏●✿❊❄❆●❇✿❖❄❊❄ ◗❄❆❂◗❂ ❃❉❂■❁❄❆●❘✄

❊❂◗❂ ✂✕ ✞✟✠ ✧�✚✙ ❊◗✩ ◗❈❁✿❍✿◗ P❄❇✿❋❄❇❊✿❑ ❈❀●❁❄❃■●❑❑ ❖ ▼◗✿❖❄❙ ❀●❍❖❂☎❈❊❂❙ ❁❈✄

◗❀❈❉❄❁▼❉ ❁❄ ❁❂■❃▼✘ ✔✿❃❄❇❄❊✿❅ ☎✿ ❁❄❃❄ ❋▼❊❃❏●✿❊❄❆●❇❄❏●◆ ❇ ❖❂❃✿❉❂■❁❄❊❊◆◗

❍❂❈❁❂❆❄❊●❆●❊▼ ❖ ❀❉✿❏❈■● ❋✿❉◗▼❖❄❊❊◆ ✂✕ ❉✿❇✛❂❉�✂ ■❀❈❃❁❉❂ ❇▲▼❍✢❈❊❊◆ ❍❉▼P✿❑

❁❄ ❁❉❈❁✓✿❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃✘  

 ✬ ✦✞✠✎✜✍✜ ✑ ❍✿■❆●❍✢▼�❁✓■◆ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❖

❃✿◗❀✿❇❂❁❊❂❙ ◗❄❁❈❉●❄❆❄❙ ❊❄ ✿■❊✿❖● ◗✿❊✿❃❉❂■❁❄❆▼ ✁✂✄ ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ❊❄✄

❊✿❘❄■❁❂❊❃❄◗❂ ◗❈❁❄❆✿✿❃■❂❍●❖✘ ✔✿❃❄❇❄❊✿❅ ☎✿ ❍❆◆ ❊✿◗●❊❄❆✓❊✿ ❘❂■❁❂❙ ◗✿❊✿❃❉❂■✄
❁❄❆●❖ ✁✂✄ ❖❁❉❄❁❂ ❊❄ ❀❉▼✢❊❈ ✿❀❁❂❘❊❈ ❉✿❇■●�❖❄❊❊◆ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗

 

✦✌✡� 7. ❄✩ ✒✿❁✿●❊❍▼❃✿❖❄❊● ❇◗●❊❂ ❀❉❂✿■✓✿❖✿P✿ ❀❉✿❀▼■❃❄❊❊◆ ✞-❇❉●❇●❖ ❇ ❀●❉❄◗●✄
❍❄❆✓❊✿P✿ ■❈❃❁✿❉▼ ❉✿■❁▼ ❊✿◗●❊❄❆✓❊✿ ❘❂■❁❂❙ ❃❉❂■❁❄❆●❖ KDP (1) ❁❄ ✁✂✄✄✂☎�  
10-5 ◗❄■✘� (2) ❁❄ 10-4 ◗❄■✘� (3)✘ ▲✩ ✏❂P❊❄❆ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖ ❊✿◗●❊❄❆✓❊✿ ❘❂✄
■❁❂❙ ❃❉❂■❁❄❆❄❙ ✁✂✄ ❁❄ ✁✂✄✄✂☎�❅ ☎✿ ✿❁❉❂◗❄❊● ❇ ❀●❉❄◗●❍❄❆✓❊✿P✿ ✧❊❈❇❄✛❁❉❂✄

❙✿❖❄❊●✩ ❁❄ ❀❉❂❇◗❄❁❂❘❊✿P✿ ✧❇❄✛❁❉❂❙✿❖❄❊●✩ ■❈❃❁✿❉●❖ ❉✿■❁▼✘ 

✧☎✡✍✌✂✟ ✗� ✔❁❉❄❁❂ ❊❄ ❉✿❇■●�❖❄❊❊◆ ✁scat ❍❆◆ ◗✿❊✿❃❉❂■❁❄❆●❖ ✁✂✄ ❇ ●❊❃✿❉❀✿✄

❉✿❖❄❊❂◗❂ ❊❄❊✿❋●▲❉❂❆❄◗❂ ✂☎� ❀❉❂ �✂ ❆❄❇❈❉❊✿◗▼ ❇▲▼❍✢❈❊❊● ❊❄ ✖✗✜ ❊◗✘

✟●✁■❊❄ ❁❄ ▼◆❖❊❄ ❘❄■❁❂❊❂ ❃▼▲●❘❊✿❑ ❊❈❆●❊●✁❊✿-✿❀❁❂❘❊✿❑ ■❀❉❂✁❊◆❁❆❂❖✿■❁● ✂(3) 
❀❉❂ ❀●❃✿■❈❃▼❊❍❊✿◗▼ ❆❄❇❈❉❊✿◗▼ ❇▲▼❍✢❈❊❊● ✧✄ ✝ ✖✗✜ ❊◗✩✘ ✔ ✾ ❀●❉❄◗●❍❄❆✓❊❂✁
■❈❃❁✿❉❅ ✔❉ ✾ ❀❉❂❇◗❄❁❂❘❊❂✁ ■❈❃❁✿❉ ❉✿■❁▼✘ 

✓❉❄❇✿❃ 

✞✿❊❏✘

✂☎� ▼
❉✿❇❘✘❅

◗❄■✘� 

✞✿❊❏✘ ☎✟

▼ ❃❉❂■❁✘, 
10-4 ◗❄■✘� 

✁scat, % 
✎✄✧✂

(3)), 10-10 
✿❍✘✏✁✏✠ 

�✂✧✂
(3)), 10-13 

✿❍✘✏✁✏✠ 

✔ ✍ ✔❉ - 1.0 / 1.0 0.7 / 1.1 -3.0 / 1.0 -3.2 / 1.1 

✔✖ ✍ ✔❉✖ 10-5 2.0 / 1.5 0.6 / 1.5  1.3 / -0.3 -0.5 / 0.4 

✔★ ✍ ✔❉★ 10-4 2.0 / 3.0 0.6 / 3.3 3.7 / 0.1 -0.6 / -0.1 
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❀❈❉❈❖❂☎▼�❁✓ ❖●❍❀✿❖●❍❊● ❖❁❉❄❁❂ ❍❆◆ ❃❉❂■❁❄❆●❖✁✂✄✄✞☎✠2 ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ✂✕
TiO2 ❖❊❄■❆●❍✿❃ ◗❈❊✛✿❑ ❃✿❊❏❈❊❁❉❄❏●❑ ❊❈❃✿❊❁❉✿❆✓✿❖❄❊❂❙ ❍✿◗●✛✿❃ ❖ ✿■❁❄❊❊✓✿◗▼✘ 

✔❉✿❍❈◗✿❊■❁❉✿❖❄❊✿ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖

❃❉❂■❁❄❆❄❙ ✁✂✄✄✞☎✠2  ❊❄ ✥✙� ❍❆◆ ❀●❉❄◗●❍❄❆✓❊✿P✿ ■❈❃❁✿❉❄ ❉✿■❁▼ ❁❄ ❊❄ ✗✖� ❍❆◆

❀❉❂❇◗❄❁❂❘❊✿P✿ ❖ ❀✿❉●❖❊◆❊❊● ❇ ❊✿◗●❊❄❆✓❊✿ ❘❂■❁❂◗ ❃❉❂■❁❄❆✿◗ ❀❉❂ ❇▲▼❍✢❈❊❊● ☛✠ 
❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✛✙✙ ❊◗✘  

 ✟❆◆ ❃❉❂■❁❄❆●❖ ✁✂✄✄✂☎� ❇ ●❊❃✿❉❀✿❉✿❖❄❊❂◗❂ ❊❄❊✿❋●▲❉❂❆❄◗❂ ❊❄❊✿■❁❉▼❃❁▼✄
❉✿❖❄❊✿P✿ ✿❃■❂P●❍❉✿❃■❂❍▼ ❄❆�◗●❊●�☎✟2O3✆n(H2✠✩ ❀✿❃❄❇❄❊✿ ❃✿❉❈❆◆❏●� ❖❁❉❄❁ ✿❀✄

❁❂❘❊✿P✿ ❀❉▼✢❊✿P✿ ❉✿❇■●�❖❄❊❊◆ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✖✗✜ ❊◗ ❇ ❃✿❊❏❈❊❁❉❄❏●✂� ❊❄✄

❊✿❋●▲❉❂❆ ✧❍❂❖✘ ❁❄▲❆✘ ✜✩✘ ✔❂☎● ❇❊❄❘❈❊❊◆ ❖❁❉❄❁ ❊❄ ❉✿❇■●�❖❄❊❊◆ ❖ ❀❉❂❇◗❄❁❂❘❊✿P✿
■❈❃❁✿❉▼ ❉✿■❁▼ ❀✿◆■❊❈❊✿ ❃❉❄☎❂◗ ❖❙✿❍✢❈❊❊◆◗ ❊❄❊✿❋●▲❉❂❆ ▼ ❇P❄❍❄❊✿◗▼ ■❈❃❁✿❉●✘ 

 ☎❁❉❂◗❄❊✿ ❇❉✿■❁❄❊❊◆ ❊❄ ❀✿❉◆❍✿❃ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❖
✁✂✄✄✂☎� ❖ ❀✿❉●❖❊◆❊❊● ❇ ❊✿◗●❊❄❆✓❊✿ ❘❂■❁❂◗ ❃❉❂■❁❄❆✿◗✁✂✄ ✧❍❂❖✘ ✌❂■✘ ✛.▲) ❀❉❂
❇▲▼❍✢❈❊❊● ❊❄❊✿■❈❃▼❊❍❊❂◗❂ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗. 
✁❈ ❃✿❉❈❆�✂ ❇ ❀❉✿◆❖✿◗ ❈❋❈❃❁❂❖❊❂❙ ❋✿❁✿●❊❍▼❃✿❖❄❊❂❙ ❇◗●❊ ❀✿❃❄❇❊❂❃❄ ❇❄❆✿◗✄

❆❈❊❊◆ | ✁n | ~10-4 ❀❉❂ ■❄◗✿❖❀❆❂❖● ✟✠ ❆❄❇❈❉❊❂❙ ●◗❀▼❆✓■●❖ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆●

532 ❊◗ ✧❍❂❖✘ ✌❂■✘ ✎). 
✟❆◆ ◗❄❁❉❂❏● ✁✂✄ ❇ ❖❖❈❍❈❊❂◗❂ ◗✿❆❈❃▼❆❄◗❂ ✝-❄❉P●❊●❊▼ ❀✿❃❄❇❄❊✿ ❀●❍■❂❆❈❊❊◆

❉❈❋❉❄❃❁❂❖❊✿P✿ ✂✆☎ ❖●❍P▼❃▼ ❊❄ ❀✿❉◆❍✿❃ ❁❄ ❇◗●❊▼ ❇❊❄❃▼ ❊❄ ■❄◗✿❋✿❃▼■▼❖❄❊❊◆ ❖

❀✿❉●❖❊◆❊❊● ❇ ■❄◗✿❍❈❋✿❃▼■▼❖❄❊❊❊◆◗❅ ☎✿ ❙❄❉❄❃❁❈❉❊❈ ❍❆◆ ❊✿◗●❊❄❆✓❊✿ ❘❂■❁✿P✿

❃❉❂■❁❄❆▼✁✂✄✘ ✁❈✁ ❈❋❈❃❁ ◗✿✢❈ ❇❄▲❈❇❀❈❘❂❁❂ ❀●❍■❂❆❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑

✿❀❁❂❘❊❂❙ P❄❉◗✿❊●❃ ❖❊❄■❆●❍✿❃ ❆✿❃❄❆●❇❄❏●❑ ❆❄❇❈❉❊✿P✿ ❖❂❀❉✿◗●❊�❖❄❊❊◆✘  
 

✣✌✡✠✞✝☞✌ 
☎■❊✿❖❊❂◗❂ ❉❈❇▼❆✓❁❄❁❄◗❂ ❍❂■❈❉❁❄❏●✁❊✿❑ ❉✿▲✿❁❂ ✂: 

1. ✔❀❉✿❖❄❍✢❈❊✿ ◗❈❁✿❍❂❃▼ ❍✿■❆●❍✢❈❊❊◆ ❈❋❈❃❁❂❖❊✿■❁● P❈❊❈❉❄❏●❑ ❁❉❈❁✓✿❑ P❄❉✄
◗✿❊●❃❂ ❖●❍ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●✁ P❄❉◗✿❊●❘❊❂❙ ❊❄❊✿❘❄■❁❂❊✿❃ ◗❈❁✿❍✿◗ ■❃❄❊▼✄

❖❄❊❊◆ ❀✿❖❈❉❙✿❊✓ ❉✿❇❍●❆▼ ❃✿◗●❉❃❂ ❇ ❏❂❉❃▼❆◆❏●✂� ❃✿❆✿❑❍❊✿P✿ ❉✿❇❘❂❊▼ ▼ ❊❄❀❉◆✄

◗❃▼ ❉✿❇❀✿❖■�❍✢❈❊❊◆ ❀▼❘❃❄ ❊❄❃❄❘❃❂✘ ✔❂◗●❉◆❊✿ ▼■❈❉❈❍❊❈❊▼ ❇❄ ✿❉●✂❊❁❄❏●✂� ❊❈✄

❖❂❉✿❍✢❈❊▼ ❃▼▲●❘❊▼ ✂✆☎ ■❀❉❂✁❊◆❁❆❂❖●■❁✓ ✝✁✞☛�✂
✒✆✟

✠✡☞ ✌ ☞ ✁ ☞ ✁ ☞✌✁✎ ~             
10✄10 ✿❍✘ ✏✁✏✠ ❍❆◆ ❊❄❊✿❘❄■❁❂❊✿❃ ✞✟✠ ❇ ■❈❉❈❍❊●◗❂ ❉✿❇◗●❉❄◗❂ ★✙✾✚✖✙ ❊◗✘ ✔✿❃❄✄
❇❄❊✿❅☎✿ ❈❋❈❃❁❂❖❊●■❁✓ ✁✑✁ ❇❉✿■❁❄✂ ❇● ❇▲●❆✓✛❈❊❊◆◗ ❉✿❇◗●❉●❖ ✂✕ ❁❄ ❍✿■◆P❄✂ ❆●❁❈✄

❉❄❁▼❉❊❂❙ ❍❄❊❂❙ ❍❆◆ ❃❉❂■❁❄❆●❖ ✞✟✠. ☎❁❉❂◗❄❊● ❉❈❇▼❆✓❁❄❁❂ ❍✿▲❉❈ ▼❇P✿❍✢▼�❁✓■◆

❇ ❍❄❊❂◗❂ ❄❊❄❆●❇▼ P●❀❈❉❉❈❆❈❑❖■✓❃✿P✿ ❉✿❇■●�❖❄❊❊◆ ❁❄ ❍❄❊❂◗❂ ❍❆◆ ✿▲✆✂◗❊❂❙ ❃❉❂■✄

❁❄❆●❖ ✞✟✠✘ 

2. ✔❉✿❖❈❍❈❊✿ ❙❄❉❄❃❁❈❉❂❇❄❏●� ✧❍✿■❆●❍✢❈❊✿ ■❀❈❃❁❉❂ ❀✿P❆❂❊❄❊❊◆ ❁❄ ❋✿❁✿❆�✄

◗●❊❈■❏❈❊❏●❑❅ ●❊❍❂❃❄❁❉❂■❂ ❀❉▼✢❊✿P✿ ✿❀❁❂❘❊✿P✿ ❉✿❇■●�❖❄❊❊◆❅ ❈❋❈❃❁❂ ■❄◗✿❖❀✄

❆❂❖▼ ❆❄❇❈❉❊✿P✿ ❖❂❀❉✿◗●❊�❖❄❊❊◆❅ P❈❊❈❉❄❏●� ❍❉▼P✿❑ P❄❉◗✿❊●❃❂ ❁❄ ●❊✘) ■❂❊❁❈❇✿❖❄✄
❊❂❙ ✂✕ ✞✟✠❅ ◆❃● ✿■❄❍✢❈❊● ❇ ❃✿❆✿❑❍❊❂❙ ■▼■❀❈❊❇●✁ ❉●❇❊❂❙ ■❀❂❉❁●❖❅ ❇❄ ◗❈❁✿❍❂❃✿�

■❄◗✿❖❀❆❂❖▼ ✟✠ ❆❄❇❈❉❊❂❙ ●◗❀▼❆✓■●❖ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✚✙✥★ ❊◗✘ ☎❏●❊❈❊✿ ❈❋❈❃❁❂✄
❖❊✿■❁● ❉❈❋❉❄❃❁❂❖❊✿P✿ ❁❄ ❄▲■✿❉▲❏●✁❊✿P✿ ✂✆☎ ❖●❍P▼❃●❖ ✂✕❅☎✿ ❇❄❆❈✢❄❁✓ ❖●❍ ❁❂❀▼
❉✿❇❘❂❊❊❂❃❄, ❖❂❃✿❉❂■❁❄❊✿P✿ ❍❆◆ ■❂❊❁❈❇▼ ✂✕✘ ✑❄❃✿✢ ❀❉✿❍❈◗✿❊■❁❉✿❖❄❊✿❅ ☎✿ ❉●✄

❇❊● ❁❂❀❂ ❉✿❇❘❂❊❊❂❃●❖ ❖❀❆❂❖❄�❁✓ ❊❄ ❈❋❈❃❁❂❖❊●■❁✓ P❈❊❈❉❄❏●❑ ❍❉▼P✿❑ P❄❉◗✿❊●❃❂

❀❉❂ ❇▲▼❍✢❈❊❊● ✟✠ ❆❄❇❈❉❊❂◗❂ ●◗❀▼❆✓■❄◗❂ ❊❄ ❍✿❖✢❂❊● ❙❖❂❆● ✛✙✙ ❊◗✘ 
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3. ✟❆◆ ❀✿❉●❖❊◆❆✓❊✿P✿ ❄❊❄❆●❇▼ ❉●❇❊✿P✿ ❁❂❀▼ ✿❀❁❂❘❊❂❙ ❖●❍P▼❃●❖ ✂✕ ✞✟✠ ❀❉✿✄
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1*. Photoinduced refractive index variation within picosecond laser pulses excitation 
as the indicator of oxyorthosilicates single crystals composition modification / 
Uklein A. V., Popov A. S., Multian V. V., Brodyn M. S., Kononets V. V., Sidletskiy 
O. T., Gayvoronsky V. Ya. // Nanoscale Research Letters. ✾ 2015. ✾ Vol. 10., No. 1  
✾ P. 102 (7pp). 
2*. Nonlinear optical response of nanocomposites based on KDP single crystal with 
incorporated Al2O3*nH2O nanofibriles under CW and pulsed laser irradiation at 
532nm / Popov A. S., Uklein A. V., Multian V. V., Dantec R., Pritula I. M., 
Gayvoronsky V. Ya., Kostenyukova E. I., Bezkrovnaya O. N. // Optics 
Communications. ✾ 2016. ✾ Vol. 379. ✾ P. 45✾53. 
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3*. Characterization of oxidized carbon materials with photoinduced absorption 
response / Uklein A. V., Multian V. V., Diyuk V. E., Grishchenko L. M., 
Lisnyak V. V., Gayvoronsky V. Ya., Kozhanov V. O., Boldyrieva O. Y. // Applied 
Physics B. ✾ 2016. ✾ Vol. 122. ✾ P. 287-295. 
4*. Optical properties of thin nanosilicon films / Buchenko V. V., Multian V. V., 
Rodionova T. V., Goloborodko A. A., Uklein A. V., Gayvoronsky V. Ya., Sutyagina 
A. S. // Optical Materials. ✾ 2016. ✾ Vol. 62. ✾ P. 612✾620. 
5*. Synthesis, characterization, luminescent and nonlinear optical responses of 
nanosized ZnO / Multian V. V., Uklein A. V., Zaderko A. N., Kozhanov V. O., 
Lisnyak V. V., Gayvoronsky V. Ya., Boldyrieva O. Y., Linnik R. P. // Nanoscale 
Research Letters. ✾ 2017. ✾ Vol. 12, No. 1. ✾ P. 164 (8pp). 
6*. Nonlinear optical response of the KDP single crystals with incorporated TiO2 
nanoparticles in visible range: effect of the nanoparticles concentration / Popov A. 
S., Uklein A. V., Multian V. V., Pritula I. M., Khasanov O., Gayvoronsky V. Ya., 
Budnyk P. I. // Functional Materials. ✾ 2017. ✾ Vol. 24. ✾ P. 5✾10. 
7*. Effect of L-arginine additive on the growth and physical properties of potassium 
dihydrogen phosphate single crystals / Kostenyukova E. I., Uklein A. V., Multian V. 
V., Pritula I. M., Bezkrovnaya O. N., Doroshenko A. G., Khimchenko S. V., Fedorov 
A. G., Levchenko A. N., Starikov A. I., Gayvoronsky V. Ya. // Functional materials. 
✾ 2018. ✾ Vol. 25. ✾ P. 246✾257. 
8*. Multian V.V., Dantec R., Gayvoronsky V.Ya., Characterization of colloidal 
nanoparticle suspensions using the third harmonic generation at interfaces // 
Ukrainian Journal of Physical Optics. ✾ 2018. ✾ Vol. 19. ✾ P. 92✾98. 
9*. Nonlinear optical response of bulk ZnO crystals with different content of intrinsic 
defects / Uklein A. V., Multian V. V.❅ ✁✝�✆✂☎✆✝✄✑☛ G. M., Linnik R. P., Lisnyak V. 
V., Popov A. I., Gayvoronsky V. Ya. // Optical Materials. ✾ 2018. ✾ Vol. 84. ✾ 
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1. The effect of sintering temperature on linear and nonlinear optical properties of 
YAG nanoceramics. Nanocomposites, Nanophotonics / Gayvoronsky V.Ya., Popov 
A.S., Brodyn M.S., Uklein A.V., Multian V.V., ✆✝✝✟✆�✝✄✟✒✞ ✠.O. // 
Nanobiotechnology, and Applications, Eddition Springer Proceedings in Physics 
156, Chapter: 13, Publisher: Springer International Publishing Switzerland 2015, 
Eds: O. Fesenko, L. Yatsenko, 2014. ✾ P.147-164. 
2. New evidence of non-Rayleigh type of light scattering in silicon nanowire 
arrays formed by metal-assisted chemical etching / Efimova A. I., Tkachev A.V., 
Gonchar K.A., Osminkina L.A., Multian V.V., Gayvoronsky V.Ya. // Porous 
Semiconductors - Science and Technology ✾ Alicante-Benidorm (Spain) 
2014. ✾ P. 40. 
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3. Nonlinear optical characterization of the KDP single crystals with incorporated 
titania, alumina and zirconia nanoparticles / Uklein A.V., Popov A.S., Multian V.V., 
Dantec R., Brodyn M.S., Gayvoronsky V.Ya. // NANO-2014, ✾ Yaremche, Lviv 
(Ukraine) 2014. ✾ P. 45.  
4. Impact of point defects concentration in bulk-ZnO single crystals on self-action 
of picosecond laser pulses / Gayvoronsky V.Ya., Uklein A.V., Multian V.V., 
✁✝�✆✂☎✆✝✄✑☛ ✞.M., Moskina A., Eglitis R.I. // The Fifth International Workshop on 
Advanced Spectroscopy and Optical Materials ✾ ✞✟☛✔✏✒ (Poland) 2015. ✾ P. 108.  
5. Self-action effects manifestation in harmonic nanoparticles colloids / Multian 
V.V., Uklein A.V., Dantec R., Mugnier Y., Brodyn M.S., Gayvoronsky V.Ya. //  
NANO-2015 ✾ Lviv (Ukraine) 2015. ✾ P. 337.  
6. Effect of Aluminum Oxyhydroxide Nanoparticles Incorporation on Nonlinear 
Optical Response of the KDP Single Crystals / Popov A.S., Uklein A.V., Multian 
V.V., Pritula I.M., Brodyn M.S., Gayvoronsky V.Ya. // NANO-2015, ✾ Lviv 
(Ukraine) 2015. ✾ P. 349.  
7. Nonlinear optical response of ZnO scintillator crystals under picosecond laser 
excitation / Uklein A.V., Multian V.V.❅✁✝�✆✂☎✆✝✄✑☛ ✞.M., Popov A.I., Moskina A., 
Gayvoronsky V.Ya. // LUMDETR 2015 ✾ Tartu (Estonia) 2015. ✾ P. We-P-15.  
8. Characterization of the nonlinear optical properties of harmonic nanoparticles / 
Multian V.V., Uklein A.V., Dantec R., Mugnier Y., Brodyn M.S., Gayvoronsky 
V.Ya. // NANO-2016 ✾ Lviv (Ukraine) 2016. ✾ P. 389.  
9. Nonlinear optical characterization of the KDP single crystals with incorporated 
titania nanoparticles of different crystallographic modifications / Popov A.S., 
Multian V.V., Uklein A.V.❅ ✁✝�✆✂☎✆✝✄✑☛ ✞.M., Pritula I.M., Gayvoronsky V.Ya. // 
NANO-2016 ✾ Lviv (Ukraine) 2016. ✾ P. 403.  
10. The correlation of photoinduced total transmission with the degree of the 
surface functionalization of carbons obtained from natural renewable sources / Diyuk 
V.E., Grishchenko L.M., Kozhanov V.O., Lisnyak V.V., Uklein A.V., Multian V.V., 
Gayvoronsky V.Ya. // Ukr. J. Phys. 61, 2016. ✾ P. 863-872. 
11. Nonlinear optical analysis of bulk oxidized carbonaceous materials response / 
Uklein A.V., Multian V.V., Grishchenko L.M., Diyuk V.E., Lisnyak V.V., 
Gayvoronsky V.Ya. // CAOL *2016 ✾ Odessa (Ukraine) 2016. ✾ P. 51.  
12. Third-order nonlinear susceptibility of ZnO nanoparticles using third-harmonic 
generation at interfaces / Multian V.V., Riporto J., Mugnier Y., Dantec R., 
Gayvoronsky V.Ya. // NANO-2017 ✾ Migove-Chernivtsi region (Ukraine) 2017. ✾ 
P. 52.  
13. The optical properties and nonlinear optical response of nanosized ZnO / Uklein 
A.V., Multian V.V., Boldyrieva O., Lisnyak V.V., Gayvoronsky V.Ya. // NANO-
2017 ✾ Chernivtsi (Ukraine) 2017. ✾ P. 33. 
14. Surface Response of Brominated Carbon Media on Laser and Thermal 
Excitation: Optical and Thermal Analysis Study / Multian V.V., Kinzerskyi F.E., 
Mischanchuk O.V., Kozhanov V.O., Lisnyak V.V., Gayvoronsky V.Ya. // Nanoscale 
Research Letters. ✾2017. ✾Vol. 12, No. 1. ✾P. 146. (8pp). 
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15. Impact of water adsorption on nonlinear optical properties of functionalized 
porous silicon / Uklein A.V., Multian V.V., Oliinyk B.V., Doroshchuk V.V., 
Alekseev S.A., Lysenko V.V., Brodyn M.S., Gayvoronsky V.Ya. // Nanoscale 
Research Letters. � 2017. � Vol. 12, No. 1. � P. 69 (10pp). 
16. Multian V.V., Dantec R., Mugnier Y., Gayvoronsky V.Ya., Characterization of 
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ABSTRACT 
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In this work the analysis was performed of optical and nonlinear-optical proper-
ties of harmonic nanoparticles - a new class of biological markers, and composites 
based on KDP single crystals with incorporated metal oxide nanoparticles under CW 
and pulsed laser excitation. 

Third harmonic generation (THG) efficiency measurements within interface scan-
ning technique for the ZnO NPs colloidal suspensions under ns range laser pulses 
excitation at 1064 nm were performed. For the ZnO NPs with mean sizes 40✾150 nm 

it was obtained characteristic spatially averaged  ✝✆☛✄☎
✒✆✟

✎  ~10-10 esu. It was shown that 
obtained THG efficiencies are increasing with growth of NPs size and exceeding 
values for bulk ZnO; estimated data are in a good agreement with data from hyper-
Rayleigh scattering measurements technique and with the reference data for bulk 
ZnO. The proposed technique can be applied for nondestructive express diagnostics 
of NPs colloidal suspensions after synthesis stage in order to characterize the nonlin-
ear optical properties of harmonic nanoparticles, studying the impact of their size and 
shape.  

Characterization of synthesized ZnO NPs, which was deposited from colloidal 
suspensions of various solvents, was carried out by the self-action of ps laser pulses 
at 1064 nm. It was shown that the efficiency of the refractive and absorptive NLO 
responses depends on the type of solvent used for the synthesis of NPs. It was demon-
strated that different types of solvents used for the NPs synthesis change the second-
harmonic generation (SHG) efficiency under fs laser pulses excitation at 800 nm. 

For the analysis of NLO response enhancement mechanisms of ZnO NPs, spectral 
analysis was performed and the NLO properties of ZnO single crystals with a differ-
ent defect content were studied. It was shown that there is a correlation between the 
values of the real and imaginary parts of the cubic NLO susceptibility with the data 
of PL and IR spectroscopy in the area of defective bands, the efficiency of elastic 
optical scattering - with the concentration of defects. 

The efficiency of SHG in KDP single crystals with incorporated metal oxides NPs 
has been studied. In particular, it was shown that the incorporation of TiO2 nanopar-
ticles increases the efficiency of SHG in KDP:TiO2 crystals by 60% and 35% for 
pyramidal/prismatic growth sectors under fs laser excitation at 800 nm. In KDP:NOA 
with a nanostructured oxyhydroxide of aluminum (NOA) nanofibers, an increase in 
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the order of magnitude of SHG efficiency was obtained in comparison with a nomi-
nally pure KDP crystal under ns pulsed excitation at 1064 nm. 

The prototype of the device for analyzing the cross section of the elastic optical 
scattering indicatrices under continuous laser excitation was designed. The device 
was tested on a wide class of objects, in particular for nominally pure KDP single 
crystals, it was shown that the elastic optical scattering losses at 1064 nm is lower 
than for KDP:TiO2 crystals with incorporated TiO2 NPs due to the lower concentra-
tion of uncontrolled impurities. It was shown that optical scattering losses in a 
KDP:NOA single crystal depends on NOA nanofibers concentration. For ZnO single 
crystals, high optical scattering sensitivity to defect content was shown due to high 
polarizability of defective states and an effective refractive response of photoinduced 
delocalized carriers. 

Keywords: second and third optical harmonics generation; zinc oxide; harmonic 
nanoparticles; laser radiation self-action effects; elastic optical scattering; KDP; laser 
radiation frequency conversion efficiency enhancement. 

 


