
●r♦✇t❤✱ str✉❝t✉r✐♥❣ ❛♥❞ ✐♥t❡r❢❛❝❡ ♠❛♥✐♣✉❧❛t✐♦♥ ♦❢

✉❧tr❛t❤✐♥ ♦①✐❞❡ ❛♥❞ s✐❧✐❝❛t❡ ✜❧♠s ♦♥ s✐❧✐❝♦♥

s✐♥❣❧❡ ❝r②st❛❧ s✉r❢❛❝❡s

❱♦♥ ❞❡r ❋❛❦✉❧tät ❢ür ▼❛t❤❡♠❛t✐❦ ✉♥❞ P❤②s✐❦
❞❡r ●♦tt❢r✐❡❞ ❲✐❧❤❡❧♠ ▲❡✐❜♥✐③ ❯♥✐✈❡rs✐tät ❍❛♥♥♦✈❡r

③✉r ❊r❧❛♥❣✉♥❣ ❞❡s ●r❛❞❡s

❉♦❦t♦r ❞❡r ◆❛t✉r✇✐ss❡♥s❝❤❛❢t❡♥

❉r✳ r❡r✳ ♥❛t✳

❣❡♥❡❤♠✐❣t❡ ❉✐ss❡rt❛t✐♦♥

✈♦♥

▼✳❙❝✳ ❙❤❛r✐❢✉❧ ■s❧❛♠

❣❡❜♦r❡♥ ❛♠ ✵✶✳ ▼är③ ✶✾✽✷

✐♥ ❈♦♠✐❧❧❛✱ ❇❛♥❣❧❛❞❡s❤

❍❛♥♥♦✈❡r

✶✺✳✵✻✳✷✵✶✺



❘❡❢❡r❡♥t✿ Pr♦❢✳ ❉r✳ ❍❡r❜❡rt P❢♥ür

❑♦r❡❢❡r❡♥t✿ Pr♦❢✳ ❉r✳ ❑❛r❧ ❘✳ ❍♦❢♠❛♥♥

❚❛❣ ❞❡r Pr♦♠♦t✐♦♥✿ ✷✸✳✵✼✳✷✵✶✺
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❆❜str❛❝t

■♥ s❡❛r❝❤ ♦❢ ❛♥ ❛❧t❡r♥❛t✐✈❡ ❣❛t❡ ♦①✐❞❡✱ t❤❡ str✉❝t✉r❛❧ ❛♥❞ ❡❧❡❝tr♦♥✐❝ ♣r♦♣❡rt✐❡s ♦❢ ♠✐①❡❞
❇❛❙r ♦①✐❞❡s✴s✐❧✐❝❛t❡s ❛♥❞ ❇❛r✐✉♠ s✐❧✐❝❛t❡ ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❜♦t❤ s♣❡❝tr♦s❝♦♣✐❝❛❧❧② ❛♥❞ ❜②
❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✐♥ ▼❖❙✲❞✐♦❞❡ str✉❝t✉r❡s ♦♥ ❙✐✭✵✵✶✮✳ ❲❡ st✉❞✐❡❞ t❤❡ ♦①✐❞❡ ❛♥❞
s✐❧✐❝❛t❡s ❡❧❛❜♦r❛t❡❧② ❜♦t❤ ♦♥ str✉❝t✉r❡❞ ❛♥❞ ✉♥str✉❝t✉r❡❞ ❙✐✭✵✵✶✮ s✉r❢❛❝❡ ❛❢t❡r ❞❡♣♦s✐t✐♥❣
❜♦t❤ ❛t r♦♦♠ ❛♥❞ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ✭650◦❈✮✳

❚❤❡ ❞✐❡❧❡❝tr✐❝✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡ ♣❧❛②s ❛ ✈❡r② ✐♠♣♦rt❛♥t r♦❧❡ ♦♥ t❤❡ ❣r♦✇t❤ ❝♦♥❞✐t✐♦♥
❛♥❞ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧✱ str✉❝t✉r❛❧ ❛♥❞ ❦✐♥❡t✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs✳ ❙♦♠❡ ✈❡r②
✐♠♣♦rt❛♥t ♣r♦♣❡rt✐❡s ❧✐❦❡ t❤❡ s❤❛r♣♥❡ss ♦❢ t❤❡ ✐♥t❡r❢❛❝❡✱ tr❛♣ ❞❡♥s✐t✐❡s ❛♥❞ ❜❛♥❞ ❛❧✐❣♥♠❡♥t
❛❧s♦ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❝❧❡❛♥❧✐♥❡ss ♦❢ s✉❜str❛t❡ s✉r❢❛❝❡✳ ❲❡ tr✐❡❞ P✐r❛♥❤❛✱ ❍❋✱ ❘❈❆✲✶ ❛♥❞
❘❈❆✲✷ ✐♥ ❞✐✛❡r❡♥t ✇❛②s t♦ ❣❡t ❝❧❡❛♥ s✐❧✐❝♦♥ s✉r❢❛❝❡ ✐♥s✐❞❡ ❝❧❡❛♥ r♦♦♠ ✇❤✐❝❤ ❡♥s✉r❡s ❜❡tt❡r
r❡s✉❧t ♦❢ ❝❧❡❛♥✐♥❣✳

■♥ ♦r❞❡r t♦ s♣❡❝✐❢② t❤❡ ❣r♦✇t❤✱ st♦✐❝❤✐♦♠❡tr②✱ st❛❜✐❧✐t②✱ ❜❛♥❞ ❣❛♣ ❛♥❞ ❜❛♥❞ ♦✛s❡t ♦❢ t❤❡s❡
♦①✐❞❡ ❛♥❞ s✐❧✐❝❛t❡s ✇❡ ✉s❡❞ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮ ❛♥❞ ❊❧❡❝tr♦♥ ❊♥❡r❣②
▲♦ss ❙♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮ r❡s♣❡❝t✐✈❡❧②✳ ❈r②st❛❧ str✉❝t✉r❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❜② ❙♣♦t
Pr♦✜❧❡ ❆♥❛❧②s✐s✲▲♦✇ ❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮✳ ❚♦ ♦❜s❡r✈❡ t❤❡ ❝r②st❛❧❧✐♥❡
❣r♦✇t❤✱ ❝r②st❛❧ ♦r✐❡♥t❛t✐♦♥ ❛♥❞ t❤✐❝❦♥❡ss ✇❡ ✉s❡❞ ❍✐❣❤ ❘❡s♦❧✉t✐♦♥ ❚r❛♥s♠✐ss✐♦♥ ❊❧❡❝tr♦♥
▼✐❝r♦s❝♦♣② ✭❍❘❚❊▼✮ ♠❡❛s✉r❡♠❡♥ts✳ ❲❡ ♣❡r❢♦r♠❡❞ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✭❈✲❱ ❛♥❞
■✲❱✮ ♦❢ t❤❡ ♦①✐❞❡ ❛♥❞ s✐❧✐❝❛t❡s ❛s ❛♥ ❛❧t❡r♥❛t❡ ❣❛t❡ ❞✐❡❧❡❝tr✐❝ ✐♥ ❛ ▼❖❙ ❞✐♦❞❡ t♦ st✉❞② t❤❡
❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✱ ❤②st❡r❡s✐s✱ ❝❛♣❛❝✐t❛♥❝❡ ❡q✉✐✈❛❧❡♥t t❤✐❝❦♥❡ss ✭❈❊❚✮✱ ✢❛t ❜❛♥❞ ✈♦❧t❛❣❡✱
❧❡❛❦❛❣❡ ❝✉rr❡♥t ❛♥❞ ❞✐❡❧❡❝tr✐❝✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡ ✐♥ ❞❡t❛✐❧✳

❉❡s♣✐t❡ ♦❢ ❛❧❧ ♣r♦♠✐s✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ❇❛✲❙r ♦①✐❞❡ ❛s ❣❛t❡ ♦①✐❞❡ ✐♥ ▼❖❙ ❞✐♦❞❡✱ ✇❤✐❝❤
❞✐s❝✉ss❡❞ ✐♥ t❤✐s ✇♦r❦ ❛♥❞ ❛❧s♦ ✐♥ ♦❧❞❡r ✇♦r❦ ✐♥ ♦✉r ❣r♦✉♣✱ t❤❡ ❧✐♠✐t❛t✐♦♥s ❛♣♣❡❛r ❝♦♥✲
❝❡r♥✐♥❣ t❤❡r♠❛❧ st❛❜✐❧✐t② ❛♥❞ ❤②❣r♦s❝♦♣✐❝✳ ❆t ❤✐❣❤ t❡♠♣❡r❛t✉r❡✱ ❛r♦✉♥❞ 450◦❈✱ t❤✐s ♦①✐❞❡
tr❛♥s❢♦r♠❡❞ ✐♥t♦ s✐❧✐❝❛t❡✳ ❲❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❝r②st❛❧❧✐♥❡ s✐❧✐❝❛t❡s ♦❢ ❜♦t❤ ❞♦✉❜❧❡ ♠❡t❛❧s
❬✭Ba0.8Sr0.2)2SiO4❪ ❛♥❞ s✐♥❣❧❡ ♠❡t❛❧ ✭Ba2SiO4✮✳ ❇❛r✐✉♠ s✐❧✐❝❛t❡ s❤♦✇❡❞ ❜❡tt❡r r❡s✉❧ts ✐♥
❝♦♠♣❛r✐s♦♥ t♦ ❇❛✴❙r s✐❧✐❝❛t❡✱ s♣❡❝✐❛❧❧② ✐♥ ❝❛s❡ ♦❢ ❧❡❛❦❛❣❡ ❝✉rr❡♥t✳ ❇❛r✐✉♠ s✐❧✐❝❛t❡ ❤❛s ❤✐❣❤
t❡♠♣❡r❛t✉r❡ st❛❜✐❧✐t② ✉♣t♦ ❞❡s♦r♣t✐♦♥ ✭∼ 720◦❈✮✱ ✐t ❤❛s ❛❧♠♦st ❛❧❧ t❤❡ ♥❡❝❡ss❛r② ♣r♦♣❡r✲
t✐❡s ❛s ❛❧t❡r♥❛t✐✈❡ ❣❛t❡ ❞✐❡❧❡❝tr✐❝✱ ❧✐❦❡✱ ❤✐❣❤ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ∼ 20✱ ✈❡r② ❧♦✇ ❤②st❡r❡s✐s
< 0.5mV ✱ ❜❛♥❞ ♦✛s❡t > 2eV ❛♥❞ s♦ ♦♥✱ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❇✉t t❤❡ ♦♥❧② ❧✐♠✐t❛t✐♦♥
❝❛♠❡ ❢r♦♠ ❤✐❣❤ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t✐❡s ✭Dit✮ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❇❛✴❙r ♦①✐❞❡✳

❑❡②✇♦r❞s

●❛t❡ ❞✐❡❧❡❝tr✐❝✱ ❉✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✱ ❙t♦✐❝❤✐♦♠❡tr②✱ ▲❡❛❦❛❣❡ ❝✉rr❡♥t✱ ❍②❣r♦s❝♦♣✐❝✱ ❈r②s✲
t❛❧❧✐♥❡✱ ❋❧❛t ❜❛♥❞ ✈♦❧t❛❣❡✱ ❍②st❡r❡s✐s✱ ❇❛r✐✉♠ s✐❧✐❝❛t❡s ✭Ba2SiO4✮

■■■



❩✉s❛♠♠❡♥❢❛ss✉♥❣

■♥ ❞✐❡s❡r ❆r❜❡✐t ✇❡r❞❡♥ ❇❛r✐✉♠✲❙✐❧✐❦❛t❡ s♦✇✐❡ ❣❡♠✐s❝❤t❡ ❇❛❙r✲❖①✐❞❡✴❙✐❧✐❦❛t❡ ❤✐♥s✐❝❤t❧✐❝❤
✐❤r❡r ❊✐❣♥✉♥❣ ❛❧s ❛❧t❡r♥❛t✐✈❡ ●❛t♦①✐❞❡ ✉♥t❡rs✉❝❤t✳ ■❤r❡ str✉❦t✉r❡❧❧❡♥ s♦✇✐❡ ❡❧❡❦tr♦♥✲
✐s❝❤❡ ❈❤❛r❛❦t❡r✐s✐❡r✉♥❣ ❡r❢♦❧❣t ❞✉r❝❤ s♣❡❦tr♦s❦♦♣✐s❝❤❡ s♦✇✐❡ ❡❧❡❦tr✐s❝❤❡ ▼❡ss✉♥❣❡♥ ❛♥
❡♥ts♣r❡❝❤❡♥❞❡♥ ▼❖❙✲❉✐♦❞❡♥ ❛✉❢ ❙✐✭✵✵✶✮✳ ❖①✐❞✲ ✉♥❞ ❙✐❧✐❦❛ts❝❤✐❝❤t❡♥ ✇❡r❞❡♥ s♦✇♦❤❧ ❜❡✐
❘❛✉♠✲ ❛❧s ❛✉❝❤ ❜❡✐ ❍♦❝❤t❡♠♣❡r❛t✉r ✭650 ◦❈✮ ❛✉❢ str✉❦t✉r✐❡rt❡♥ ✉♥❞ ✉♥str✉❦t✉r✐❡rt❡♥
❙✐✭✵✵✶✮ ❖❜❡r✢ä❝❤❡♥ ❞❡♣♦♥✐❡rt✳

❋ür ❡✐♥❡ ♦♣t✐♠❛❧❡ ❑♦♥tr♦❧❧❡ ❞❡r ❲❛❝❤st✉♠s❜❡❞✐♥❣✉♥❣❡♥ ✉♥❞ ❞❡r ❝❤❡♠✐s❝❤❡♥✱ str✉❦✲
t✉r❡❧❧❡♥ ✉♥❞ ❦✐♥❡t✐s❝❤❡♥ ❊✐❣❡♥s❝❤❛❢t❡♥ ❞❡r ❞✐❡❧❡❦tr✐s❝❤❡♥ ❙❝❤✐❝❤t❡♥✱ ✐st ❞✐❡ ❈❤❛r❛❦t❡r✲
✐s✐❡r✉♥❣ ❞❡r ●r❡♥③✢ä❝❤❡ ③✉♠ ❙✉❜str❛t ✈♦♥ ❜❡s♦♥❞❡r❡r ❇❡❞❡✉t✉♥❣✳ ❉❛ ✇✐❝❤t✐❣❡ ❊✐❣❡♥✲
s❝❤❛❢t❡♥ ❞❡r ●r❡♥③✢ä❝❤❡✱ ❜❡✐s♣✐❡❧s✇❡✐s❡ ✐❤r❡ rä✉♠❧✐❝❤❡ ❙❝❤är❢❡✱ ❞✐❡ ❙törst❡❧❧❡♥❞✐❝❤t❡ s♦✇✐❡
❞✐❡ ❇❛♥❞✈❡r❜✐❡❣✉♥❣ ✈♦♥ ❞❡r ❘❡✐♥❤❡✐t ❞❡r ❙✉❜str❛t♦❜❡r✢ä❝❤❡ ❛❜❤ä♥❣❡♥✱ ✇✉r❞❡♥ ✈❡rs❝❤✐❡❞❡♥❡
❱❡r❢❛❤r❡♥ ✭P✐r❛♥❤❛✱ ❍❋✱ ❘❈❆✲✶✱ ❘❈❆✲✷✮ ❛♥❣❡✇❡♥❞❡t ✉♠ ♠ö❣❧✐❝❤st ♦♣t✐♠❛❧❡ ❘❡✐♥✐✲
❣✉♥❣s❡r❣❡❜♥✐ss❡ ③✉ ❡r③✐❡❧❡♥✳

❉✐❡ ❈❤❛r❛❦t❡r✐s✐❡r✉♥❣ ❞❡s ❲❛❝❤st✉♠s ❞❡r ❙✐❧✐❦❛t❡ ✉♥❞ ❖①✐❞❡ ✇✐r❞ ♠✐t ❍✐❧❢❡ ✈♦♥ ❘ö♥t✲
❣❡♥♣❤♦t♦❡❧❡❦tr♦♥❡♥s♣❡❦tr♦s❦♦♣✐❡ ✭❳P❙✮ s♦✇✐❡ ❊❧❡❦tr♦♥❡♥❡♥❡r❣✐❡✈❡r❧✉sts♣❡❦tr♦s❦♦♣✐❡ ✭❊❊▲❙✮
❞✉r❝❤❣❡❢ü❤rt ✉♥❞ s♦ ❞✐❡ ❙tö❝❤✐♦♠❡tr✐❡✱ ❇❛♥❞❧ü❝❦❡ s♦✇✐❡ ❇❛♥❞✈❡r❜✐❡❣✉♥❣ ❜❡st✐♠♠t✳ ❉✐❡
❑r✐st❛❧❧str✉❦t✉r❡♥ ✇❡r❞❡♥ ♠✐t ❍✐❧❢❡ ♥✐❡❞❡r❡♥❡r❣❡t✐s❝❤❡r ❊❧❡❦tr♦♥❡♥❜❡✉❣✉♥❣ ✭❙P❆✲▲❊❊❉✮
✉♥t❡rs✉❝❤t✳ ❉❡s ❲❡✐t❡r❡♥ ❡r♠ö❣❧✐❝❤t ❞❡r ❊✐♥s❛t③ ✈♦♥ ❤♦❝❤❛✉✢ös❡♥❞❡r ❚r❛♥s♠✐ss✐♦♥s❡✲
❧❡❦tr♦♥❡♥♠✐❦r♦s❦♦♣✐❡ ✭❍❘❚❊▼✮ ❞✐❡ ❇❡♦❜❛❝❤t✉♥❣ ❞❡s ❲❛❝❤st✉♠s s♦✇✐❡ ❞✐❡ ❇❡st✐♠♠✉♥❣
❞❡r ❑r✐st❛❧❧♦r✐❡♥t✐❡r✉♥❣ ✉♥❞ ❙❝❤✐❝❤t❞✐❝❦❡♥✳ ❉✐❡ ❡❧❡❦tr✐s❝❤❡ ❈❤❛r❛❦t❡r✐s✐❡r✉♥❣ ❞❡r ❙✐❧✐❦❛t✲
✉♥❞ ❖①✐❞s❝❤✐❝❤t❡♥ ❡r❢♦❧❣t ❞✉r❝❤ ❞✐❡ ❆✉❢♥❛❤♠❡ ✈♦♥ ❑❛♣❛③✐tät✲❙♣❛♥♥✉♥❣s✲ s♦✇✐❡ ❙tr♦♠✲
❙♣❛♥♥✉♥❣s✲❑❡♥♥❧✐♥✐❡♥✳ ❍✐❡r❞✉r❝❤ ❦ö♥♥❡♥ P❛r❛♠❡t❡r ❞❡r ▼❖❙✲❉✐♦❞❡♥✱ ✇✐❡ ❜❡✐s♣✐❡❧s✇❡✐s❡
❞✐❡ ❞✐❡❧❡❦tr✐s❝❤❡ ❑♦♥st❛♥t❡✱ ❞✐❡ ❍②st❡r❡s❡ ♦❞❡r ❞✐❡ ❣❧❡✐❝❤✇❡rt✐❣❡ ❖①✐❞s❝❤✐❝❤t❞✐❝❦❡ ✭❈❊❚✮
❜❡st✐♠♠t ✇❡r❞❡♥✳

❚r♦t③ ❞❡r ✈✐❡❧✈❡rs♣r❡❝❤❡♥❞❡♥ ❊✐❣❡♥s❝❤❛❢t❡♥✱ ❞✐❡ ❇❛❙r✲❖①✐❞❡ ❛✉❢✇❡✐s❡♥✱ ❡rs❝❤✇❡rt ✐❤r❡
❧✐♠✐t✐❡rt❡ t❤❡r♠✐s❝❤❡ ❙t❛❜✐❧✐tät s♦✇✐❡ ✐❤r❡ ❍②❣r♦s❦♦♣✐❡ ❞❡♥ ❊✐♥s❛t③ ✐♥ ▼❖❙✲❉✐♦❞❡♥✳ ❇❡✐
❤♦❤❡♥ ❚❡♠♣❡r❛t✉r❡♥ ✭❡t✇❛ 450 ◦❈✮ ❣❡❤t ❞❛s ❖①✐❞ ✐♥ ❡✐♥ ❙✐❧✐❦❛t ü❜❡r✳ ❉❛❤❡r ✇❡r❞❡♥ ❞✐❡
❦r✐st❛❧❧✐♥❡♥ ❙✐❧✐❦❛t❡ (Ba0.8Sr0.2)2SiO4 ✉♥❞ Ba2SiO4 ✐♠ ❉❡t❛✐❧ ✉♥t❡rs✉❝❤t✳ ❍✐❡r❜❡✐ ❦♦♥♥t❡♥
s✐❣♥✐✜❦❛♥t ❜❡ss❡r❡ ❊r❣❡❜♥✐ss❡ ♠✐t ❞❡♥ ❇❛r✐✉♠✲❙✐❧✐❦❛t❡♥ ❡r③✐❡❧t ✇❡r❞❡♥✳ ◆❡❜❡♥ ❣❡r✐♥❣❡♥
▲❡❝❦strö♠❡♥ ③❡✐❝❤♥❡♥ s✐❡ s✐❝❤ ✉♥t❡r ❛♥❞❡r❡♠ ❞✉r❝❤ ❡✐♥❡ ❤♦❤❡ ❚❡♠♣❡r❛t✉rst❛❜✐❧✐tät ✭∼
720 ◦❈✮✱ ❡✐♥❡ ❤♦❤❡ ❉✐❡❧❡❦tr✐③✐täts❦♦♥st❛♥t❡ ✭∼ 20✮ s♦✇✐❡ ❣❡r✐♥❣❡ ❍②st❡r❡s❡♥ ✭< 0.5mV✮
❛✉s✳ ▼✐t ❆✉s♥❛❤♠❡ ❞❡r r❡❧❛t✐✈ ❤♦❤❡♥ ❙törst❡❧❧❡♥❞✐❝❤t❡♥ ❛♥ ❞❡r ❙✐✴❖①✐❞✲●r❡♥③✢ä❝❤❡
✐♠ ❱❡r❣❧❡✐❝❤ ③✉♠ ❇❛✴❙r✲▼✐s❝❤♦①✐❞ ❜❡s✐t③t ❞❛s ❇❛r✐✉♠s✐❧✐❦❛t ❞❛♠✐t ❢❛st ❛❧❧❡ ❡ss❡♥t✐❡❧❧❡♥
❊✐❣❡♥s❝❤❛❢t❡♥ ❡✐♥❡s ❛❧t❡r♥❛t✐✈❡♥ ●❛t❡✲❉✐❡❧❡❦tr✐❦✉♠s✳

❙❝❤❧❛❣✇ört❡r

●❛t❡❞✐❡❧❡❦tr✐❦✉♠✱ ❉✐❡❧❡❦tr✐③✐täts❦♦♥st❛♥t❡✱ ❙tö❝❤✐♦♠❡tr✐❡✱ ▲❡❝❦str♦♠✱ ❍②❣r♦s❦♦♣✐s❝❤✱ ❑r✐st❛❧❧✐♥✱
❋❧❛❝❤❜❛♥❞s♣❛♥♥✉♥❣✱ ❍②st❡r❡s❡✱ ❇❛r✐✉♠✲❙✐❧✐❝❛t❡ ✭Ba2SiO4✮

■❱
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✷ ❚❤❡♦r❡t✐❝❛❧ ❢r❛♠❡✇♦r❦ ♦❢ s♣❡❝tr♦s❝♦♣✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✸
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✷✳✶✳✶ ▼✉❧t✐♣❧❡ s♣❧✐tt✐♥❣ ♦❢ ❝♦r❡ ❧❡✈❡❧s ✭s❤❛❦❡ ✉♣✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺
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✷✳✶✳✸ ❙✉r❢❛❝❡ s❡♥s✐t✐✈✐t② ❛♥❞ ❝❤❡♠✐❝❛❧ ❜♦♥❞s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽
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✷✳✶✳✺ ❖t❤❡r ❳P❙ ♣❡❛❦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
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✷✳✷ ❊❧❡❝tr♦♥ ❊♥❡r❣② ▲♦ss ❙♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
✷✳✸ ❙♣♦t Pr♦✜❧❡ ❆♥❛❧②s✐s ✲ ▲♦✇ ❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮ ✳ ✳ ✳ ✶✼
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✸ ❚❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❡❧❡❝tr✐❝❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✷✺
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✸✳✶✳✶ ❈♦rr❡❝t✐♦♥ ♦❢ ❈✲❱ ♠❡❛s✉r❡♠❡♥ts ✉s✐♥❣ s❡r✐❡s r❡s✐st❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼
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✹ ❊①♣❡r✐♠❡♥t❛❧ ❙❡t✉♣ ✹✵
✹✳✶ Pr✐♥❝✐♣❧❡ ♦❢ ❛♥ ❡❧❡❝tr♦♥ ❜❡❛♠ ❡✈❛♣♦r❛t♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✹✳✷ ▼❛t❡r✐❛❧ ❤❛♥❞❧✐♥❣ ♦❢ ❞✐✛❡r❡♥t ❡✈❛♣♦r❛t♦rs ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
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1 Introduction

❚❤❡ ❢✉rt❤❡r r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ♠✐♥✐♠✉♠ tr❛♥s✐st♦r ❞✐♠❡♥s✐♦♥s ✐♥ ♠✐❝r♦❡❧❡❝tr♦♥✐❝s ✇❤✐❝❤ ✐s
❜❛s❡❞ ♦♥ s✐❧✐❝♦♥ r❡q✉✐r❡s t❤❡ s♦❧✉t✐♦♥ ♦❢ ♠❛t❡r✐❛❧ ♣r♦❜❧❡♠s ❛♣❛rt ❢r♦♠ t❤❡ ❢✉rt❤❡r ❞❡✈❡❧♦♣✲
♠❡♥t ♦❢ ❧✐t❤♦❣r❛♣❤✐❝ t❡❝❤♥✐q✉❡ ✇✐t❤ ❤✐❣❤ ♣r✐♦r✐t②✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐t ✇❛s ❡ss❡♥t✐❛❧ t♦ r❡♣❧❛❝❡
t❤❡ SiO2 t❤❛t ❤❛s ❜❡❡♥ ✉s❡❞ ♦✈❡r t❤❡ ②❡❛rs ❛s ❛ ❝❧❛ss✐❝❛❧ ❣❛t❡ ✐♥s✉❧❛t♦r ❜② ❛ ♠❛t❡r✐❛❧ ✇✐t❤
s✉❜st❛♥t✐❛❧❧② ❤✐❣❤❡r ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ❬✶❪✱ ❬✷❪✳ ❚❤❡ ♣❤②s✐❝s ♦❢ t❤❡ ✐♥s✉❧❛t✐♥❣ t❤✐♥ ✜❧♠
✐s r❡❧❛t❡❞ t♦ ♠❛♥② ❛♣♣❧✐❝❛t✐♦♥s ✐♥❝❧✉❞✐♥❣ ♠✐❝r♦❡❧❡❝tr♦♥✐❝s ❛♥❞ t❤✐s ❦✐♥❞ ♦❢ ✐♥✈❡st✐❣❛t✐♦♥
r❡❧❛t❡s t♦ ❛ ♠❡t❤♦❞ ♦❢ ♣r❡♣❛r✐♥❣ ❤✐❣❤❧② ✐♥s✉❧❛t✐♥❣ s✐♥❣❧❡ ❝r②st❛❧ ✜❧♠s ✐♥ ❛ ♠♦❧❡❝✉❧❛r ❜❡❛♠
❡♣✐t❛①✐❛❧ ❣r♦✇t❤ ❝❤❛♠❜❡r✳ ❋♦r ❡①❛♠♣❧❡✱ ♥♦✇ ❛ ❞❛②s ❛ ▼❖❙❋❊❚ ✇✐t❤ ❣❛t❡ ❧❡♥❣t❤ ❜❡✲
❧♦✇ ✺✵♥♠ ✇♦✉❧❞ ♥❡❡❞ SiO2 t❤✐❝❦♥❡ss ❧❡ss t❤❛♥ ✶♥♠ t♦ ❣❡t ♥❡❝❡ss❛r② ❝❛♣❛❝✐t❛♥❝❡✱ ❛t t❤✐s
t❤✐❝❦♥❡ss ✭✶♥♠✮ SiO2 ❤❛s ❡①tr❡♠❡❧② ❤✐❣❤ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❛♥❞ ❧❡❛❞s t♦ ✉♥❛❝❝❡♣t❛❜❧② ❤✐❣❤
♣♦✇❡r ❞✐ss✐♣❛t✐♦♥ ❬✸❪✱ ❬✹❪✳ ❚❤❡r❡❢♦r❡✱ ✐♥ r❡❝❡♥t ♣❛st ✇♦r❧❞✲✇✐❞❡ ✭❤✐❣❤ ❦✮ ❣❛t❡✲❞✐❡❧❡❝tr✐❝ r❡✲
s❡❛r❝❤ ♦❢ s✉✐t❛❜❧❡ ❛❧t❡r♥❛t✐✈❡ ❤✐❣❤ ǫr ✇❛s ❝♦♥s✐❞❡r❛❜❧② ✐♥t❡♥s✐✜❡❞ ♦♥ ♠✐❞❞❧❡ t♦ ❤✐❣❤ ✈❛❧✉❡
♦❢ ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s t♦ ❛❝❤✐❡✈❡ t❤❡ ♥❡❝❡ss❛r② ❣❛t❡ ❝❛♣❛❝✐t✐❡s✳ ❲✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❧❛r❣❡r
✐♥s✉❧❛t♦r t❤✐❝❦♥❡ss❡s t❤❡ ♣♦ss✐❜✐❧✐t② ♦❢ ❞✐r❡❝t t✉♥♥❡❧✐♥❣ ✇❛s s✉♣♣r❡ss❡❞✳

■♥s✉❧❛t♦rs ✇✐t❤ r❡❧❛t✐✈❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥ts ❛r♦✉♥❞ ✶✺ ✲ ✸✵✱ ❧❛r❣❡ ❜❛♥❞ ♦✛s❡ts >✶❡❱✱
❛t♦♠✐❝❛❧❧② s❤❛r♣ ✐♥t❡r❢❛❝❡✱ ❧♦✇ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts✱ ❧♦✇ ✐♥s✉❧❛t♦r tr❛♣ ❛♥❞ ✐♥t❡r❢❛❝❡ tr❛♣
❞❡♥s✐t✐❡s ❛r❡ r❡q✉✐r❡❞ ❢♦r t❤✐s ❦✐♥❞ ♦❢ ❛♣♣❧✐❝❛t✐♦♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ SiO2

❛t ✐♥t❡r❢❛❝❡ ❧❛②❡rs s❤♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞✱ s✐♥❝❡ ✐t ✐s ❛ ♠❛✐♥ s♦✉r❝❡ ♦❢ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✐✈❡
❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✳ ❯s✉❛❧❧② ❛ s✐♥❣❧❡ ❝r②st❛❧ s✉❜str❛t❡✱ ❙✐✭✵✵✶✮ ✐s ♣r♦✈✐❞❡❞ t♦ ❣r♦✇ t❤❡
❞❡s✐r❡❞ t❤✐❝❦♥❡ss ♦❢ t❤✐♥ ❞✐❡❧❡❝tr✐❝ ✜❧♠s ✇✐t❤ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❧❛tt✐❝❡ ♠❛t❝❤✳

❲❤❡t❤❡r t❤❡ r❡q✉✐r❡♠❡♥ts ♦❢ ❡①♣❡❝t❡❞ ♣r♦♣❡rt✐❡s ♦❢ ❤✐❣❤✲❦ ♠❛t❡r✐❛❧s ❝❛♥ ❜❡ ❢✉❧✜❧❧❡❞ ✐s
❛ ♠❛tt❡r ♦❢ q✉✐t❡ ✐♥tr✐❣✉✐♥❣ ✐♥t❡r❢❛❝❡ ♣r♦♣❡rt✐❡s ❜❡t✇❡❡♥ t❤❡ ♠❛t❡r✐❛❧s ✐♥ ❞✐r❡❝t ❝♦♥t❛❝t✳
❚❤❡s❡ ❛r❡ ♥♦t ♦♥❧② ❞❡♣❡♥❞ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧ st❛❜✐❧✐t② ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts ❢♦r♠✐♥❣ t❤❡ ✐♥t❡r✲
❢❛❝❡✱ ❜✉t ❛❧s♦ ♦♥ ❛❝t✐✈❛t✐♦♥ ❜❛rr✐❡rs ❢♦r ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥s✱ ✐♥t❡r❢❛❝❡ s②♠♠❡tr✐❡s✱ ❧❛tt✐❝❡
♠✐s♠❛t❝❤ ❛♥❞ st❛rt✐♥❣ ❝♦♥❞✐t✐♦♥s ♦❢ ❣r♦✇t❤✳

❈❧❡❛♥❧✐♥❡ss ♦❢ ♦①✐❞❡✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡ ♣❧❛②s ❛ ✈❡r② ✐♠♣♦rt❛♥t r♦❧❡ ♦♥ t❤❡ ❣r♦✇t❤ ❝♦♥✲
❞✐t✐♦♥ ♦❢ ♦①✐❞❡ ❛♥❞ ♦♥ t❤❡ ❝❤❡♠✐❝❛❧✱ str✉❝t✉r❛❧ ❛♥❞ t❤❡r♠♦❞②♥❛♠✐❝ ♣r♦♣❡rt✐❡s ♦❢ ❞✐❡❧❡❝tr✐❝
❧❛②❡rs✳ ❙♦♠❡ ✈❡r② ✐♠♣♦rt❛♥t ♣r♦♣❡rt✐❡s ❧✐❦❡ t❤❡ s❤❛r♣♥❡ss ♦❢ t❤❡ ✐♥t❡r❢❛❝❡✱ tr❛♣ ❞❡♥s✐t✐❡s
♦r ❜❛♥❞ ❛❧✐❣♥♠❡♥t ❛❧s♦ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❝❧❡❛♥❧✐♥❡ss ♦❢ t❤❡ s✉❜str❛t❡ s✉r❢❛❝❡✳

❚❤✐♥ ❧❛②❡rs ♦♥ s✐❧✐❝♦♥ ❛♥❞ ♦t❤❡r s❡♠✐❝♦♥❞✉❝t♦r s✉r❢❛❝❡s ❤❛✈❡ ❜❡❡♥ ❡①t❡♥s✐✈❡❧② ✐♥✈❡st✐✲
❣❛t❡❞ ✐♥ t❤❡ ♣❛st✳ ❇✐♥❛r② ♠❡t❛❧ ♦①✐❞❡s ✇❡r❡ ❡①♣❡❝t❡❞ t♦ ❜❡ t❤❡ ♠♦st ♣r♦♠✐s✐♥❣ ❝❛♥❞✐❞❛t❡s✱
❜✉t t❡r♥❛r② ❝♦♠♣♦✉♥❞s s✉❝❤ ❛s t✐t❛♥❛t❡s ♦r ❛❧✉♠✐♥❛t❡s ❛r❡ ❛❧s♦ ✐♥t❡r❡st✐♥❣✳ ❚❤❡ ♦✉t❝♦♠❡s
♦❢ t❤❡ ❛ss♦❝✐❛t❡❞ ❡✛♦rts ❛r❡ ♠❛♥② ❛♥❞ t✇♦ ♦❢ t❤❡♠ ❛r❡ HfO2 ❛♥❞ ZrO2 ✉s❡❞ ❜② ■♥t❡❧ ❛s
❣❛t❡ ❞✐❡❧❡❝tr✐❝s ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ♠❡t❛❧❧✐❝ ❡❧❡❝tr♦❞❡s ❬✺❪✱ ❬✻❪ ❛❧t❤♦✉❣❤ ✐t ✐s ❢❛r ❢r♦♠ ✐❞❡❛❧✳
❍✐❣❤ ❝❤❡♠✐❝❛❧ r❡❛❝t✐✈✐t② ❛♥❞ ✐♥s✉✣❝✐❡♥t t❤❡r♠❛❧ st❛❜✐❧✐t② ❛r❡ ❣❡♥❡r❛❧ ♣r♦❜❧❡♠s✳ ❚❤❡ ♠❛✲
t❡r✐❛❧s ✇❤✐❝❤ ❛r❡ ✉s❡❞ ❤❡r❡ ❛r❡ ❛♠♦r♣❤♦✉s ✜❧♠s✱ s✐♥❝❡ ✐t ✐s ❜❡❧✐❡✈❡❞ t❤❛t ✐♥ t❤✐s ✇❛② ✐t ✐s
♣♦ss✐❜❧❡ t♦ r❡❞✉❝❡ t❤❡ ❞❡❢❡❝t ❞❡♥s✐t② ❛t t❤❡ ✐♥t❡r❢❛❝❡ t♦ ❛ ❜❡❛r❛❜❧❡ ❛♠♦✉♥t✳ ❚❤❡ r❡❞✉❝t✐♦♥
♦❢ t❤❡ ❡✛❡❝t✐✈❡ ❡q✉✐✈❛❧❡♥t ♦①✐❞❡ t❤✐❝❦♥❡ss ✐s t❤❡r❡❢♦r❡ ✐♥❡✈✐t❛❜❧❡ ✭❛♥❞✴♦r t❤❡ ❡✛❡❝t✐✈❡ ǫr
✮ ❬✶❪ ✇❤✐❝❤ ✐s ♦♥❡ ♦❢ t❤❡ s❡✈❡r❛❧ ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ❣❛t❡ ❞✐❡❧❡❝tr✐❝s✳ ❚❤❡ ❝✉rr❡♥t❧②
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2 Theoretical framework of spectroscopic characterization

■♥ t❤✐s ❝❤❛♣t❡r t❤❡ t❤❡♦r❡t✐❝❛❧ ❢♦✉♥❞❛t✐♦♥s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞✱ ✇❤✐❝❤ ❛r❡ ❡ss❡♥t✐❛❧ ❢♦r t❤❡
✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤✐s ✇♦r❦✱ ♠❡❛s✉r❡♠❡♥t ❛♥❞ ❡✈❛❧✉❛t✐♦♥ ♠❡t❤♦❞s✳
❚❤❡ ❡①♣❡r✐♠❡♥ts t♦♦❦ ♣❧❛❝❡ ✐♥ ❛♥ ✉❧tr❛❤✐❣❤ ✈❛❝✉✉♠ ✭❯❍❱✮ s②st❡♠ ❛t ❛ ❜❛s❡ ♣r❡ss✉r❡

♦❢ 1 × 10−10 ♠❜❛r ❛❢t❡r ❜❛❦❡♦✉t✳ ❚❤❡ s②st❡♠ ✇❛s ❡q✉✐♣♣❡❞ ✇✐t❤ ❞✐✛❡r❡♥t ❤✐❣❤ r❡s♦❧✉✲
t✐♦♥ ✐♥str✉♠❡♥ts ❧✐❦❡ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮✱ ❙♣♦t Pr♦✜❧❡ ❆♥❛❧②s✐s ▲♦✇
❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮✱ ❯❧tr❛✈✐♦❧❡t P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❯P❙✮
❛♥❞ ❊❧❡❝tr♦♥ ❊♥❡r❣② ▲♦ss ❙♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮✳ ❋✐✈❡ s❡♣❛r❛t❡ ♠❡t❛❧ ❝r✉❝✐❜❧❡s ✇❡r❡ ✉s❡❞
✇✐t❤ ❡❧❡❝tr♦♥ ❜❡❛♠ ❤❡❛t❡r ❢♦r ❡✈❛♣♦r❛t✐♦♥ ♦❢ ♠❡t❛❧s✳ ❆ r❡tr❛❝t❛❜❧❡ ◗✉❛rt③ ❈r②st❛❧ ▼✐✲
❝r♦❜❛❧❛♥❝❡ ✭◗❈▼✮ ✇❛s ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ♠❛ss ✢✉① ❛t t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ ❛♥❞
t♦ ♣❡r❢♦r♠ t❤❡ ♦①✐❞❛t✐♦♥ ❡①♣❡r✐♠❡♥t✳ ❋♦r ♦①✐❞❛t✐♦♥ ♠♦❧❡❝✉❧❛r ♦①②❣❡♥ ✭✾✾✳✾✾✽✪ ♣✉r✐t②✮
✇❛s ✐♥tr♦❞✉❝❡❞ ❜② ❜❛❝❦ ✜❧❧✐♥❣ t❤❡ ❝❤❛♠❜❡r ❛✈♦✐❞✐♥❣ ❛♥② ❞✐r❡❝t ❣❛s ✢♦✇ ❢r♦♠ t❤❡ ❣❛s
✐♥❧❡t t♦ t❤❡ s❛♠♣❧❡✳ Pr❡ss✉r❡ ✇❛s ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛ ✇❡❧❧ ❞❡❣❛ss❡❞ ❡①tr❛❝t♦r ❣❛✉❣❡✳ ❆❧❧
t❤❡s❡ ❛rr❛♥❣❡♠❡♥ts ❡♥s✉r❡❞ t❤❡ ❝❧❡❛♥ ✐♥✲s✐t✉ s❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥
♦❢ t❤❡ s❛♠♣❧❡ ✐♥ ❛♥ ❛t♠♦s♣❤❡r❡ ❤❛✈✐♥❣ ❝♦♥t❛♠✐♥❛t✐♦♥ ❜❡❧♦✇ t❤❡ ❞❡t❡❝t✐♦♥ ❧✐♠✐t ♦❢ ♦✉r
s♣❡❝tr♦s❝♦♣✐❝ ✐♥str✉♠❡♥ts✳

2.1 X-ray Photoelectron Spectroscopy (XPS)

❳P❙ ✐s ❛ ✈❡r② ❡ss❡♥t✐❛❧ t♦♦❧ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡s✳
❚❤❡r❡❢♦r❡✱ ✐♥ ♦✉r ❯❍❱ s②st❡♠ ❛♥ ❳P❙ ✐s ✐♥st❛❧❧❡❞✳ ❚❤❡ ❳P❙ s♣❡❝tr✉♠ ✐s t❤❡ r❡♣r❡s❡♥✲
t❛t✐♦♥ ♦❢ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❛♥❞ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥t❡♥s✐t✐❡s✱ ♠❡❛♥s t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢
❞❡t❡❝t❡❞ ❡❧❡❝tr♦♥s ♦❢ ❞✐✛❡r❡♥t ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥ t❤❡ s❛♠♣❧❡✳ ■t ❝♦♥s✐sts ♦❢ ❛♥ ❳✲r❛②
❣✉♥ ❛♥❞ ❛ ❤❡♠✐s♣❤❡r✐❝❛❧ ❡♥❡r❣② ❛♥❛❧②③❡r ✳ ❚❤❡ ①✲ r❛② ❣✉♥ ❝❛♥ ♣r♦❞✉❝❡ ❞♦✉❜❧❡t ❳✲r❛②
r❛❞✐❛t✐♦♥ ❡✐t❤❡r ✇✐t❤ ❛♥ ▼❣Kα ✭✶✹✽✻✳✻ ❡❱✮ ♦r ❆❧Kα ✭✶✷✺✸✳✻ ❡❱✮ ❛♥♦❞❡✳ ❚❤❡ ♣❤♦t♦♥s
♣❡♥❡tr❛t❡ ✐♥t♦ t❤❡ s♦❧✐❞ ❜♦❞② ❛♥❞ ❡①❝✐t❡ ♦❝❝✉♣✐❡❞ ❡❧❡❝tr♦♥s ❢r♦♠ t❤❡✐r ❡♥❡r❣② ❧❡✈❡❧✱ t❤✉s
t❤❡ ❡①❝✐t❡❞ ❡❧❡❝tr♦♥s ♦✈❡r❝♦♠❡ t❤❡✐r ❜✐♥❞✐♥❣ ❡♥❡r❣② ✐♥ t❤❡ s♦❧✐❞ ❛♥❞ ❡❥❡❝t ♦✉t ❢r♦♠ t❤❡
s✉r❢❛❝❡✳ ❆s t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ ❡❛❝❤ ❡❧❡❝tr♦♥✐❝ ❧❡✈❡❧ ✐s ❞✐✛❡r❡♥t✱ s♦ t❤❡ ❡♥❡r❣② ♥❡❡❞❡❞ t♦
r❡❧❡❛s❡ ❡❧❡❝tr♦♥ ❢r♦♠ ✈❛r✐♦✉s s♦❧✐❞ s✉r❢❛❝❡ ✐s ❛❧s♦ ❞✐✛❡r❡♥t✳ ❚❤❛t✬s ✇❤② ✐♥t❡♥s✐t② ♣❡❛❦s ♦❢
❞✐st✐♥❝t ❡❧❡♠❡♥ts ✉s✉❛❧❧② ❛♣♣❡❛r ❛t ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥s ✐♥ t❤❡ ❳P❙ s♣❡❝tr✉♠✱ ✇❤✐❝❤ ❞✐r❡❝t❧②
s♣❡❝✐❢② t❤❡ ❡❧❡♠❡♥ts ♣r❡s❡♥t ✐♥ t❤❡ t♦♣ ♠♦st ❧❛②❡rs ♦❢ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳ ❆❧t❤♦✉❣❤ t❤❡
♣❡♥❡tr❛t✐♦♥ ❞❡♣t❤ ♦❢ t❤❡ ♣❤♦t♦♥s ❣♦❡s ❢❛r ✐♥t♦ t❤❡ ✈♦❧✉♠❡✱ t❤❡ ❳P❙ ✐s ❛ s✉r❢❛❝❡ s❡♥s✐t✐✈❡
❛♥❛❧②s✐s ♠❡t❤♦❞✱ s✐♥❝❡ t❤❡ ♠❡❛♥ ❢r❡❡ ♣❛t❤ ♦❢ t❤❡ r❡❧❡❛s❡❞ ❡❧❡❝tr♦♥s ✐s ✈❡r② ❧♦✇ ✭❁✶♥♠✮✳
❚❤✉s ❳P❙ ❡ss❡♥t✐❛❧❧② r❡✢❡❝ts t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❛♥❞ ❝❤❡♠✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ t♦♣ ✶✵
✲ ✶✺▼▲✳ ❈♦r❡ ❡❧❡❝tr♦♥s ❡❥❡❝t❡❞ ❞✉❡ t♦ ❳✲r❛② ♣❤♦t♦♥s ❢r♦♠ t❤❡ s♦❧✐❞ ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ❛♥❞
♣❛ss❡❞ t❤r♦✉❣❤ ❛ ❤❡♠✐s♣❤❡r✐❝❛❧ ❡♥❡r❣② ❛♥❛❧②③❡r✱ s❡♣❛r❛t❡❞ ❛♥❞ ❞❡t❡❝t❡❞ ❜② ❛ ❝❤❛♥♥❡❧tr♦♥
s✉❝❝❡ss✐✈❡❧②✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ❞❡t❡❝t❡❞ ❜② t❤❡ ❳P❙ ❛♥❛❧②③❡r ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡
s❛♠♣❧❡ ❝r♦ss s❡❝t✐♦♥✱ ❡①♣♦s❡❞ ❡❧❡♠❡♥ts ♦❢ s❛♠♣❧❡ ❜② ①✲r❛② ❛♥❞ s❛♠♣❧❡ ♦r✐❡♥t❛t✐♦♥❀ ❡❛❝❤ ♦❢
t❤❡ ❡❧❡♠❡♥ts ♣r♦✈✐❞❡s ❛ ❝❤❛r❛❝t❡r✐st✐❝s ♣❡❛❦ ✐♥ t❤❡ ♦✉t♣✉t s✐❣♥❛❧✳ ❚❤❡ t②♣❡ ♦r t❤❡ s❤❛♣❡
♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❳P❙ ♣❡❛❦s ✐s ✉s✉❛❧❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s✱
❢♦r ❡①❛♠♣❧❡ ❡❧❡❝tr♦♥s ❡❥❡❝t❡❞ ❢r♦♠ ❞✐✛❡r❡♥t ♦r❜✐t❛❧ ❝♦♥✜❣✉r❛t✐♦♥s ❧✐❦❡ ✶s✱ ✷s✱ ✷♣✱ ✸s✱ ❡t❝✳
✇✐t❤✐♥ t❤❡ ❛t♦♠s ♦❢ t❤❡ s❛♠♣❧❡ ❬✽❪✳
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✷✳✶ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮

❯s✉❛❧❧② ❛ ♣r❡❛♠♣❧✐✜❡r ❝♦♥✈❡rts t❤❡ ❝❤❛♥♥❡❧tr♦♥ ❝✉rr❡♥t s✐❣♥❛❧ ✐♥t♦ ❛ ❚r❛♥s✐st♦r✲tr❛♥s✐st♦r
❧♦❣✐❝ s✐❣♥❛❧ ✇❤✐❝❤ ✐s ❝♦✉♥t❡❞ ✈✐❛ ❛♥ ❡❧❡❝tr♦♥✐❝ ❝♦✉♥t❡r✳ ❚❤❡ ❡♥❡r❣② s❡♣❛r❛t✐♦♥ ✐s ❞♦♥❡ ❜②
❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐♥ t❤❡ ❤❡♠✐s♣❤❡r✐❝❛❧ ❛♥❛❧②③❡r✱ ✇❤✐❝❤ ❛❧❧♦✇s ♦♥❧② ❡❧❡❝tr♦♥s ♦❢ ❛ ❣✐✈❡♥ ❦✐✲
♥❡t✐❝ ❡♥❡r❣② t♦ ❡♥t❡r t❤❡ ❞❡t❡❝t♦r✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ♠❡❛s✉r❡ t❤❡ ❛t♦♠✐❝ ♣r♦♣♦rt✐♦♥ ♦❢
❞✐✛❡r❡♥t ❡❧❡♠❡♥ts ✐♥ ❛ ♣❛rt✐❝✉❧❛r s❛♠♣❧❡ ❢r♦♠ t❤❡✐r ♣❡❛❦ r❛t✐♦✳ ■♥ t❤✐s ❝❛s❡ ♦♥❡ ❤❛s t♦
❞✐✈✐❞❡ t❤❡ ♣❡❛❦ ✐♥t❡♥s✐t② ❜② t❤❡ ✧r❡❧❛t✐✈❡ s❡♥s✐t✐✈✐t② ❢❛❝t♦r✧ ✭❘❙❋✮✱ ❛♥❞ ❤❛s t♦ ♥♦r♠❛❧✐③❡
✇✐t❤ ❦♥♦✇♥ ❞❡♥s✐t✐❡s ♦❢ ❞❡t❡❝t❡❞ ❡❧❡♠❡♥ts✳ ❚❤❡ ❝❤❛♥❣❡ ♦❢ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ ❛ ❝❡rt❛✐♥
❡❧❡♠❡♥t ✇✐t❤ ✈❛r✐♦✉s ❝♦♠♣♦s✐t✐♦♥ ✐♥ ❞✐✛❡r❡♥t s❛♠♣❧❡ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞ ❢r♦♠ t❤❡ ❳P❙ ♣❡❛❦
s❤✐❢t✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❦♥♦✇ t❤❡ r❡❧❛t✐✈❡ r❛t✐♦ ♦❢ ❛ ❦♥♦✇♥ ❡❧❡♠❡♥t ✐♥ ❞✐✛❡r❡♥t s❛♠♣❧❡ ✇✐t❤
❞✐st✐♥❝t ❜✐♥❞✐♥❣ ❡♥❡r❣②✳ ❳P❙ ✐s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❜❛♥❞ ♦✛s❡ts ❛t t❤❡
✐♥t❡r❢❛❝❡s ♦❢ ❇❛✲s✐❧✐❝❛t❡ ❛♥❞ ♦t❤❡r ♦①✐❞❡s ✇✐t❤ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤
❊❊▲❙ ❬✾❪✳

❚❤❡ ✐♥✐t✐❛❧ ①✲r❛② ♣❤♦t♦♥ ❡♥❡r❣② E~ν ✱ ✇❤✐❝❤ ✐s ✐♠♣✐♥❣✐♥❣ ♦♥ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✱ ✐s
✉s✉❛❧❧② tr❛♥s❢❡rr❡❞ t♦ ❛♥ ❡❧❡❝tr♦♥✳ ❚♦ ❡s❝❛♣❡ ❢r♦♠ t❤❡ s♦❧✐❞ s✉r❢❛❝❡✱ ❛♥ ❡❧❡❝tr♦♥ ❤❛s t♦
♦✈❡r❝♦♠❡ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❛♥❞ t❤❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧✳ P❛rt ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❡♥❡r❣② ✐s
✉s❡❞ t♦ ♦✈❡r❝♦♠❡ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ t❤❡ ❡❧❡❝tr♦♥ ✐♥ t❤❡ ❛t♦♠✱ EBE ❛♥❞ ♣❛rt ♦❢ t❤❡
❡♥❡r❣② t♦ ♦✈❡r❝♦♠❡ t❤❡ s✉r❢❛❝❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ΦS✳ ■❢ ♥♦ ❢✉rt❤❡r ❡♥❡r❣② ✐s ❧♦st t❤r♦✉❣❤
s❝❛tt❡r✐♥❣ ♦r ♦t❤❡r ❡①❝✐t❛t✐♦♥ ♣r♦❝❡ss❡s✱ t❤❡♥ r❡st ♦❢ t❤❡ ❡♥❡r❣② ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ❣✐✈❡ t❤❡
❡❧❡❝tr♦♥ ❛ ❦✐♥❡t✐❝ ❡♥❡r❣② t♦ ♠♦✈❡ ♦✉t ♦❢ t❤❡ s✉r❢❛❝❡✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ ❡♥❡r❣②
❝♦♥s❡r✈❛t✐♦♥ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② EK ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❛❢t❡r ❡♠❡r❣✐♥❣ ❢r♦♠ t❤❡ s♦❧✐❞ s✉r❢❛❝❡
s❛t✐s✜❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❡♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ ❡q✉❛t✐♦♥✿

EK = E~ν − EBE − ΦS ✭✷✳✶✮

❇② ❛♣♣❧②✐♥❣ ❛ ✈❛r✐❛❜❧❡ ❡❧❡❝tr♦st❛t✐❝ ✜❡❧❞ ✐♥ ❢r♦♥t ♦❢ t❤❡ ❛♥❛❧②③❡r✱ s❝❛♥♥✐♥❣ ♦❢ ❞✐✛❡r❡♥t
❡♥❡r❣✐❡s ❝❛♥ ❜❡ ❞♦♥❡✳ ❚❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s ♠❡❛s✉r❡❞ ❜② t❤❡ ❤❡♠✐s♣❤❡r✐❝❛❧ ❡♥❡r❣② ❛♥❛✲
❧②③❡r ✇✐t❤ ❛ ❝♦♥st❛♥t ♣❛ss ❡♥❡r❣② ❛♥❞ t❤❡ ❝♦✉♥t ♣✉❧s❡s ❛r❡ tr❛♥s❢❡rr❡❞ t♦ t❤❡ ❝♦♠♣✉t❡r
s✐♠✉❧t❛♥❡♦✉s❧②✳ ❇② r❡❛rr❛♥❣✐♥❣ ❊q✳ ✷✳✶✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣②
❞✐r❡❝t❧② ❢r♦♠ t❤❡ ❦♥♦✇♥ ✈❛❧✉❡s ♦❢ ΦS✱ ✐♥❝✐❞❡♥t ♣❤♦t♦♥ ❡♥❡r❣② E~ν ❛♥❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞
✈❛❧✉❡ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣② EK ♦❢ t❤❡ ❡❧❡❝tr♦♥✿

EBE = E~ν − EK − ΦS ✭✷✳✷✮

❖♥❝❡ ✇❡ ❣❡t t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣②✱ ♦♥❡ ❝❛♥ ❝r♦ss ❝❤❡❝❦ t❤❡ ♦❜t❛✐♥❡❞ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❛♥❞
t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ ♠❛t❡r✐❛❧ ❢r♦♠ ❞✐✛❡r❡♥t ♣✉❜❧✐❝❛t✐♦♥s ✐♥ ❛ ✈❛r✐❡t② ♦❢ ❝❤❡♠✐❝❛❧ ❡♥✈✐r♦♥✲
♠❡♥ts✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❢♦✉♥❞ ♦♥ t❤❡ ✐♥t❡r♥❡t ❛s ❛ ❝♦❧❧❡❝t✐♦♥ ❬✽❪✳ ❇❡s✐❞❡s t❤✐s ♦♥❡ ❝❛♥ ❣❡t
t❤❡ ✐❞❡❛ ♦❢ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❢♦r ❛ ❝❡rt❛✐♥ s♣❡❝tr❛ ❢r♦♠ ❞✐✛❡r❡♥t ❞❛t❛❜❛s❡ ♦❢ s✉r❢❛❝❡ s♣❡❝tr♦✲
s❝♦♣❡s ✐♥ ❛ t❛❜✉❧❛r ❢♦r♠✱ ❛s ❬✶✵❪✳ ❋✉rt❤❡r♠♦r❡ ✐♥ ❳P❙ ❤❛♥❞❜♦♦❦ ♦♥❡ ❝❛♥ ✜♥❞ t❤❡ ❝❤❡♠✐❝❛❧
s❤✐❢ts ♦❢ ♣❡❛❦s ✐♥ ✈❛r✐♦✉s ❝❤❡♠✐❝❛❧ ❡♥✈✐r♦♥♠❡♥ts ❛♥❞ ❜♦✉♥❞ ✇✐t❤ t②♣✐❝❛❧ r❡❛❝t❛♥ts s✉❝❤
❛s ❈✱ ❖✱ ♦r ◆ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❦✐♥❞ ♦❢ ❛t♦♠s ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥✳
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2.1.1 Multiple splitting of core levels (shake up)

❋✐♥❛❧ st❛t❡ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ ❛♥ ❛t♦♠ ♠❛② ❝❤❛♥❣❡ ❞✉❡ t♦ t❤❡ r❡♠♦✈❛❧ ♦❢ ❛ ❝♦r❡ ❡❧❡❝tr♦♥ ❜②
t❤❡ ①✲r❛② ♣❤♦t♦♥✳ ❉✉❡ t♦ t❤✐s r❡❛s♦♥ ✇❡ ❣❡t ✐♥❞✐✈✐❞✉❛❧ s♣❡❝tr✉♠ ✇✐t❤ ❞✐✛❡r❡♥t ❜✐♥❞✐♥❣
❡♥❡r❣✐❡s ✐♥ ❞✐✛❡r❡♥t ❧✐♥❡s✳ ▼♦r❡ ♣r❡❝✐s❡❧②✱ ❞✉❡ t♦ ❡❧❡❝tr♦♥ s♣✐♥ ♦r❜✐t ❝♦✉♣❧✐♥❣ ♦❢ ♣❤♦t♦✐♦♥✲
✐③❡❞ ❛t♦♠✱ ♠✉❧t✐♣❧❡ s♣❧✐tt✐♥❣ ❝❛♥ ♦❝❝✉r ❬✶✶❪✳ ❚❤❡ s♣✐♥ ❝❛♥ ❜❡ ♦r✐❡♥t❡❞ ✉♣ ♦r ❞♦✇♥✱ ✐❢ t❤❡
❝♦r❡ ❡❧❡❝tr♦♥s ❜❡❧♦♥❣ t♦ ❛♥ ♦r❜✐t❛❧ ✇✐t❤ ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠ q✉❛♥t✉♠ ♥✉♠❜❡r l > 0 ✭✐✳❡✳
❡①❝❡♣t s✲❡❧❡❝tr♦♥s✮ ❛ ❞♦✉❜❧❡t ♦❝❝✉rs ❞✉❡ t♦ t❤❡ s♣✐♥✲♦r❜✐t ❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ s♣✐♥ ❛♥❞
t❤❡ ♦r❜✐t❛❧ ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠✳ ❚❤❡ t♦t❛❧ ❛♥❣✉❧❛r ♠♦♠❡♥t✉♠ r❡s✉❧ts✳ ■t ✐s ❛ ✈❡❝t♦r ✇✐t❤
q✉❛♥t✉♠ ♥✉♠❜❡r j = l±s✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣❛r❛❧❧❡❧ ♦r ❛♥t✐✲♣❛r❛❧❧❡❧ ♣♦s✐t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s
✭❢♦r s♣✐♥ 1/2✮✳ ❋♦r ❡①❛♠♣❧❡ t❤❡ t✇♦ ♥♦♥✲❞❡❣❡♥❡r❛t❡ st❛t❡s ❛r❡ j+ = l+1/2 ❛♥❞ j− = l−1/2
❛♥❞ ❛ ❞♦✉❜❧❡t ❞✉❡ t♦ s♣✐♥✲♦r❜✐t s♣❧✐tt✐♥❣ ✐s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr✉♠✳ ❆s
❛♥ ❡①❛♠♣❧❡✱ ✐t ❧❡❛❞s t♦ s♣❧✐tt✐♥❣ ♦❢ t❤❡ ♣✲♦r❜✐t❛❧ t♦ p1/2 ❛♥❞ p3/2 ♦r t❤❡ ❞✲♦r❜✐t❛❧ t♦ d3/2
❛♥❞ d5/2✳ ❚❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤✐s s♣❧✐tt✐♥❣ ❞❡♣❡♥❞s ❝r✉❝✐❛❧❧② ♦♥ t❤❡ s♣✐♥✲♦r❜✐t ❝♦✉♣❧✐♥❣
❝♦♥st❛♥t ξnl ✇❤✐❝❤ ❛❣❛✐♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❡①♣❡❝t❡❞ ✈❛❧✉❡ 〈1/r3〉 ♦❢ t❤❡ r❡s♣❡❝t✐✈❡ ♦r❜✐t❛❧✳
❚❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ △Ej ❜❡t✇❡❡♥ t✇♦ s♣❧✐t ♣❡❛❦s ❝❛♥ ❜❡ s❡✈❡r❛❧ ❡❱ ❛♥❞ ❣r♦✇s ❢♦r

✜①❡❞ n ❛♥❞ l ✇✐t❤ t❤❡ ❛t♦♠✐❝ ♥✉♠❜❡r ❩✳ ❚❤❡ ❡♥❡r❣② s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✜①❡❞ n
✐♥❝r❡❛s❡s✱ ❞✉❡ t♦ t❤❡ ❞❡❝r❡❛s❡ ♦❢ l ✈❛❧✉❡s✳ ❚❤❡ r❡❧❛t✐✈❡ ✐♥t❡♥s✐t✐❡s ♦❢ t❤❡ s♣❧✐t ♣❡❛❦s ❛r❡
❣✐✈❡♥ ❜② t❤❡✐r ❞❡❣❡♥❡r❛❝② (2j + 1)✳ ❚❤✐s ❧❡❛❞s✱ ❢♦r ❡①❛♠♣❧❡✱ ❜❡t✇❡❡♥ d3/2 ❛♥❞ d5/2 t♦ ❛
r❛t✐♦ ♦❢ ✷✿✸✳ ❯s✉❛❧❧②✱ ❢r♦♠ ❛ ♣❛rt✐❝✉❧❛r s✉❜✲s❤❡❧❧ ✐♥ t❤❡ ♣❤♦t♦❡♠✐ss✐♦♥ s♣❡❝tr✉♠ t❤❛t ♣❡❛❦
♦❢ t❤❡ ❝♦r❡ ❧❡✈❡❧ ❡❧❡❝tr♦♥ ✇✐t❤ t❤❡ ❧❛r❣❡r j ✐s ❢♦✉♥❞❡❞ ❛t ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣②✳ ❈❧❡❛r❧②✱ ❢♦r
s ❝♦r❡ ❧❡✈❡❧s ♥♦ s♣✐♥✲♦r❜✐t s♣❧✐tt✐♥❣ ♦❝❝✉rs ✐♥ t❤❡ ♣❤♦t♦❡♠✐ss✐♦♥✳

2.1.2 Excitation process of core level photoelectrons

❚❤❡ ♦♥❡ ♣❛rt✐❝❧❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞❡s❝r✐❜❡ t❤❡ ❡①❝✐t❛t✐♦♥ ♣r♦❝❡ss✳ ▲✐❦❡
s❤❛❦❡ ✉♣ ♣r♦❝❡ss✱ ♠❛♥② ❜♦❞② ♣r♦❝❡ss❡s s✉❝❤ ❛s ❡❧❡❝tr♦♥✲❡❧❡❝tr♦♥✱ ❡❧❡❝tr♦♥✲♣❤♦♥♦♥ ❛♥❞
❡❧❡❝tr♦♥✲♣❧❛s♠♦♥ ✐♥t❡r❛❝t✐♦♥s ❧❡❛❞ t♦ t❤❡ ❣❡♥❡r❛t✐♦♥ ♦❢ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s✱ ✇❤✐❝❤ ❝❛♥ ❜❡
s❡❡♥ ❝❧❡❛r❧② ✐♥ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ s♣❡❝tr✉♠ ❛s ❛ ❜❛❝❦❣r♦✉♥❞ s✐❣♥❛❧✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥ ✇✐t❤
❡❧❡❝tr♦♠❛❣♥❡t✐❝ r❛❞✐❛t✐♦♥ ❝❛♥ ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❍❛♠✐❧t♦♥✐❛♥ H ❛♥❞ t❤❡ ♣❡rt✉r❜❛t✐♦♥
H′ ✇❤✐❝❤ ❧❡❛❞s t♦ ❞✐♣♦❧❡ ❛♣♣r♦①✐♠❛t✐♦♥✳ ❚❤❡ ❍❛♠✐❧t♦♥ ♦♣❡r❛t♦r H0 ♦❢ t❤❡ ✉♥♣❡rt✉r❜❡❞
s②st❡♠ ❤❛s p = −i~▽ ❛s ♠♦♠❡♥t✉♠ ♦♣❡r❛t♦r ❛♥❞ V (~r) ❛s ❝r②st❛❧ ♣♦t❡♥t✐❛❧ ✇❤✐❝❤ ❤❛s
t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♣♣❡❛r❛♥❝❡✿

H =
1

2me

(p+
e

c
A)2 + eΦ + V (~r)

✇❤❡r❡

H0 =
p2

2me

+ V (~r) ✭✷✳✸✮

❍❡r❡ Φ ✐s t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥✳ ❚r❛♥s✐t✐♦♥ t♦ ❛ ❞✐st✉r❜❡❞ s②st❡♠ ❜② ❡❧❡❝tr♦♠❛❣♥❡t✐❝
r❛❞✐❛t✐♦♥ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ✇✐t❤ t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ p 7→ p− e ~A ✭ ~A✿ ✈❡❝t♦r ♣♦t❡♥t✐❛❧✱ ❡✿
❡❧❡❝tr♦♥ ❝❤❛r❣❡✮✳ ■❢ t❤❡ t❡r♠s ♦❢ ♦r❞❡r O ( ~A2) ❛r❡ ♥❡❣❧❡❝t❡❞✱ t❤❡ ❍❛♠✐❧t♦♥ ♦♣❡r❛t♦r ❊q✳
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✷✳✶ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮

✷✳✸ ❛❢t❡r t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ❧♦♦❦s ❧✐❦❡✿

H = H0 +H′

=
p2

2me

+ V (~r)− e

2me

(p ~A+ ~Ap) + eΦ

●❡♥❡r❛❧❧② p ~A ❂ i~▽ ~A ❂ ✵ ✭❈♦✉❧♦♠❜ ❝❛❧✐❜r❛t✐♦♥✮✳ ❆❧t❤♦✉❣❤ t❤❡ ✈❡❝t♦r ✜❡❧❞ ~A ♠❛②
✈❛r② s♣❛t✐❛❧❧② ♦♥ t❤❡ s✉r❢❛❝❡✱ s✉❝❤ ❡✛❡❝ts ❛r❡ s♠❛❧❧✱ ✇❤❡♥ t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ♣❤♦t♦♥s ✐s
♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ♣❧❛s♠♦♥ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s♦❧✐❞ ❜♦❞② ❬✶✷❪✳ ❚❤✐s s✐t✉❛t✐♦♥ ✐s ♣r❡✈❛❧❡♥t
✐♥ ❳✲r❛② ♣❤♦t♦❡♠✐ss✐♦♥ s♣❡❝tr♦s❝♦♣②✳
❇② ❝♦♥s✐❞❡r✐♥❣ s♦✉r❝❡ ❢r❡❡ s♣❛❝❡✱ ❛❞♦♣t✐♥❣ ❛♣♣r♦♣r✐❛t❡ ❣❛✉❣❡ tr❛♥s❢♦r♠❛t✐♦♥s ❛♥❞ ♥❡✲

❣❧❡❝t✐♥❣ ❤✐❣❤❡r ♦r❞❡rs ♦❢ ~A ✭✐✳❡✳✱ t❤❡ t❡r♠ ~A · ~A✱ ✇❤✐❝❤ r❡♣r❡s❡♥ts t✇♦ ♣❤♦t♦♥ ♣r♦❝❡ss❡s✮
❛♥❞ ✇✐t❤ t❤❡ ❈♦✉❧♦♠❜ ❝❛❧✐❜r❛t✐♦♥✱ t❤❡ ♣❡rt✉r❜❛t✐♦♥ ♦♣❡r❛t♦r H ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✿

H = − e

2me

~A · p ✭✷✳✹✮

❋✐❣✉r❡ ✷✳✶ ✲ ❊♥❡r❣② s❝❤❡♠❡
❢♦r t❤❡ ♣❤♦t♦❡♠✐ss✐♦♥ ♣r♦❝❡ss
✇✐t❤ ❝♦♥t❛❝t ♣♦t❡♥t✐❛❧s ❜❡t✇❡❡♥ ❛
♠❡t❛❧❧✐❝ s❛♠♣❧❡ ❛♥❞ t❤❡ ❛♥❛❧②③❡r✳

❆♥ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✇❛✈❡ ♦❢ t❤❡ ❢♦r♠ ~A(~r, t) ❂ ~ǫ(λ)A0 ei(
~k~r±ωt) ✐s ❛ss✉♠❡❞ ✐♥ t❤❡ ❝❛s❡

♦❢ ✐♥❝✐❞❡♥t ❳✲r❛②s ✭~ǫ(λ)✿ ❯♥✐t ✈❡❝t♦r ♦❢ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❞✐r❡❝t✐♦♥✮✳ ❲✐t❤ t❤❡ ✈❡❝t♦r ✜❡❧❞
~A✱ ❊q✳ ✷✳✹ ❝❤❛♥❣❡s ✐♥ t❤❡ ❣❡♥❡r❛❧ ❢♦r♠✱

H(t) = He±iωt, H = − eA0

2me

~ǫ(λ)ei
~k~rp ✭✷✳✺✮

✇❤❡r❡ H ❝♦rr❡s♣♦♥❞s t♦ t❤❡ t✐♠❡✲✐♥❞❡♣❡♥❞❡♥t ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♣❡rt✉r❜❛t✐♦♥ ♦♣❡r❛t♦r✳

✻
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■❢ t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ✐rr❛❞✐❛t❡❞ ❧✐❣❤t ✐s ♠✉❝❤ ❣r❡❛t❡r t❤❛♥ t❤❡ ❛t♦♠✐❝ r❛❞✐✉s λ ❂
2π

|~k|
≫ R = 10−10m✱ t❤❡♥ t❤❡ ❡①♣♦♥❡♥t ♦❢ t❤❡ ♣❧❛♥❡ ✇❛✈❡ ✐♥ t❤❡ ❡♥t✐r❡ ❛r❡❛ ✐♥ ✇❤✐❝❤ t❤❡

❡❧❡❝tr♦♥✐❝ st❛t❡ ✇❛✈❡ ❢✉♥❝t✐♦♥ ✐s ✈❡r② s♠❛❧❧ ~k~r ≤ |~k||~r| ≤ 2πR
λ

≈ 2π10−3 ❬✶✸❪✳ ■♥ t❤✐s ❝❛s❡✱
✐♥st❡❛❞ ♦❢ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❢✉♥❝t✐♦♥ ♦♥❧② t❤❡ ✜rst t❡r♠ ♦❢ t❤❡ s❡r✐❡s ❡①♣❛♥s✐♦♥ ❛r❡ ✉s❡❞✱
t❤❡ s♦✲❝❛❧❧❡❞ ❞✐♣♦❧❡ ❛♣♣r♦①✐♠❛t✐♦♥✿

ei
~k~r = 1 + i~k~r − (~k~r)2 + ...

❲✐t❤ t❤✐s ❛♣♣r♦①✐♠❛t✐♦♥✱ t❤❡ ♠❛tr✐① ❡❧❡♠❡♥t 〈f |H|i〉 ✐s ❛♣❛rt ❢r♦♠ ❝♦♥st❛♥t ❢❛❝t♦rs✿

〈f |▽|i〉 = i

~
〈f |p|i〉 ✭✷✳✻✮

■♥ ❳✲r❛② ♣❤♦t♦❡♠✐ss✐♦♥ s♣❡❝tr♦s❝♦♣②✱ t❤❡ ❛ss✉♠♣t✐♦♥s ♠❛❞❡ ❛❜♦✈❡ ❛r❡ ✈❛❧✐❞ ❛♥❞ t❤❡
❡rr♦r ✉♥❞❡r t❤❡s❡ ❝✐r❝✉♠st❛♥❝❡s ✐s ∼ 2% ❬✶✹❪ ❛t ♠♦st✳
❆ss✉♠✐♥❣ ❛ s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥ H✱ t❤❡ t✐♠❡✲❞❡♣❡♥❞❡♥t ♣❡rt✉r❜❛t✐♦♥ t❤❡♦r② r❡s✉❧ts ✐♥ ❛

✜rst ❛♣♣r♦①✐♠❛t✐♦♥✱ t❤❡ tr❛♥s✐t✐♦♥ r❛t❡ Pi→f , f 6= i ✭tr❛♥s✐t✐♦♥ ♣r♦❜❛❜✐❧✐t② ♣❡r ✉♥✐t t✐♠❡✮
❜② ❋❡r♠✐✬s ❣♦❧❞❡♥ r✉❧❡ ❢♦r t❤❡ ❡①❝✐t❛t✐♦♥ ❢r♦♠ |Ψi〉 t♦ 〈Ψf | ✇❤✐❝❤ st❛♥❞s ❢♦r t❤❡ ✐♥✐t✐❛❧
❛♥❞ t❤❡ ✜♥❛❧ st❛t❡s ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❡♥❡r❣② ❧❡✈❡❧s Ei ❛♥❞ Ef ✿

Pi→f =
2π

~
|〈Ψf |H|Ψi〉|2δ(Ef − Ei ± E~ω) ✭✷✳✼✮

❚❤❡ δ✲❢✉♥❝t✐♦♥ ✐♥ ❊q✳ ✷✳✼ ♦❜✈✐♦✉s❧② ❡①♣r❡ss❡s ❛ ❢♦r♠ ♦❢ ❡♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ ❧❛✇✳ ❚❤✉s
❢♦r ❡①❛♠♣❧❡✱ ✐♥❞✉❝❡❞ ❛❜s♦r♣t✐♦♥ ❛♥❞ ❡♠✐ss✐♦♥ ♦❢ ❛♥ ❛t♦♠ ✐s ♦♥❧② ♣♦ss✐❜❧❡ ✇❤❡♥ t❤❡ ✐rr❛✲
❞✐❛t❡❞ ❧✐❣❤t ❤❛s ❡①❛❝t❧② t❤❡ ❢r❡q✉❡♥❝② ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡
✜♥❛❧ ❛♥❞ t❤❡ ✐♥✐t✐❛❧ st❛t❡✳ ❚❤❡r❡❢♦r❡✱ ✉❧tr❛✈✐♦❧❡t ❧✐❣❤t ✐s r❡q✉✐r❡❞ ✭❯P❙✮✱ ❢♦r t❤❡ ❡①❝✐t❛t✐♦♥
♦❢ t❤❡ ❡❧❡❝tr♦♥s ✐♥ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞s✳ ❉✉❡ t♦ t❤❡ ❤✐❣❤ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ♦❢ t❤❡ ✐♥♥❡r s❤❡❧❧s✱
t❤❡ ❡①❝✐t❛t✐♦♥ ♦❢ t❤♦s❡ ❡❧❡❝tr♦♥s ❝❛♥ ❜❡ ❞♦♥❡ ❜② ❳✲r❛②s ✭❳P❙✮✳ ❇② t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t
t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ Φ ✭❡♥❡r❣❡t✐❝ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ EF ❛♥❞ t❤❡ ✈❛❝✉✉♠ ❧❡✈❡❧
EV ac✮ t❤❡ δ✲❢✉♥❝t✐♦♥ ✐♥ ❊q✳ ✷✳✼✱ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ❢♦❧❧♦✇s✿

E~ω = Ef − Ei = Ekin + EBE + Φ ✭✷✳✽✮

❍❡r❡✱ EBE ✐s t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② r❡❧❛t✐✈❡ t♦ EF ❛♥❞ Ekin ✐s t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡
♣❤♦t♦❡❧❡❝tr♦♥ ♦✉ts✐❞❡ ♦❢ t❤❡ s♦❧✐❞✳ ❍♦✇❡✈❡r✱ ❡①♣❡r✐♠❡♥t❛❧❧② ♠❡❛s✉r❡❞ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s
♥♦t Ekin✱ r❛t❤❡r t❤❡ ♠♦❞✐✜❡❞ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s Ekin✳ ❚❤❡ r❡❛s♦♥ ❤❡r❡ ✐s t❤❛t t❤❡ ❦✐♥❡t✐❝
❡♥❡r❣② ✐s ♠❡❛s✉r❡❞ ❜② ❛ s♣❡❝tr♦♠❡t❡r✱ ✇❤✐❝❤ ❤❛s ❛ ✇♦r❦ ❢✉♥❝t✐♦♥ ΦSpek✳ ❙♦ ✐♥st❡❛❞ ♦❢
❊q✳ ✷✳✽ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ✐s t❤❡♥

E~ω = Ef − Ei

= Ekin + EBE + ΦSpek ✭✷✳✾✮

✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✵✱✶✺❪✱ ❛t ✜❣✉r❡✲✷✳✶✱ ✐t ✐s ❛❧s♦ ❝❧❡❛r❧② ✈✐s✐❜❧❡✳

✼
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2.1.3 Surface sensitivity and chemical bonds

❳✲r❛②s ✇❤✐❝❤ ✐♥t❡r❛❝t ✇✐t❤ ♠❛tt❡r ✇❡❛❦❧② ❝❛♥ ♣❡♥❡tr❛t❡ ❞❡❡♣❧② ✐♥t♦ ❛ s♦❧✐❞ ✭✶✵✵✵ ♥♠ ♦r
♠♦r❡ ❛t ~ω ∼ ✶ ❦❡❱✮✱ ❛❣❛✐♥ t❤❡ ❡①❝✐t❡❞ ❡❧❡❝tr♦♥s ✇✐t❤ ❡♥❡r❣② ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✺✲✶✺✵✵ ❡❱ ❝❛♥
❣r❛❞✉❛❧❧② ❧♦s❡ t❤❡✐r ❡♥❡r❣② ❜② ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ✐♥s✐❞❡ t❤❡ ♠❛t❡r✐❛❧✳ ■♥ ❳P❙ ❡①♣❡r✐♠❡♥ts
✇❡ ❛r❡ ✐♥t❡r❡st❡❞ ✐♥ t❤♦s❡ ♣❤♦t♦❡❧❡❝tr♦♥s✱ ✇❤✐❝❤ ❞♦ ♥♦t s✉✛❡r ❢r♦♠ ❛♥② ❡♥❡r❣② ❧♦ss❡s✳ ❚❤❡
♣r♦❜❛❜✐❧✐t② ♦❢ ❛♥ ❡❧❡❝tr♦♥ t♦ tr❛✈❡❧ ❛ ❝❡rt❛✐♥ ❞✐st❛♥❝❡ ③ ✇✐t❤♦✉t ❧♦s✐♥❣ ❛♥② ❡♥❡r❣② ✐♥ t❤❡
s♦❧✐❞ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ❛♥ ❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛② ❬✶✻❪✿

P (z) ∝ e−
z
λe =⇒< z >=

∫

zP (z)dz = λe

❊❧❡❝tr♦♥s ✇❤✐❝❤ ❡①♣❡r✐❡♥❝❡ ❡♥❡r❣② ❧♦ss❡s ❛♥❞ ❛❧s♦ ❛❜❧❡ t♦ ❡s❝❛♣❡ ❢r♦♠ t❤❡ s✉r❢❛❝❡ ✐♥t♦
t❤❡ ✈❛❝✉✉♠✱ ✇✐❧❧ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❜❛❝❦❣r♦✉♥❞ s✐❣♥❛❧✱ ♥♦t t♦ t❤❡ ♠❛✐♥ ♣❤♦t♦❡♠✐ss✐♦♥ ❧✐♥❡✳
■❢ ✇❡ ❝♦♥s✐❞❡r t❤♦s❡ ❡❧❡❝tr♦♥s t❤❛t ❛r❡ ❡♠✐tt❡❞ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ s♦❧✐❞
s✉r❢❛❝❡✱ t❤❡♥ ❢♦r ❛ s♠❛❧❧ ❡❧❡♠❡♥t ♦❢ t❤✐❝❦♥❡ss ❞③✱ ❛t ❛ ❞✐st❛♥❝❡ ③ ❢r♦♠ t❤❡ s✉r❢❛❝❡ ✭s✉r❢❛❝❡
♣❧❛♥❡✱ ❛t ③ ❂ ✵ ✮ t❤❡ ♠❡❛s✉r❡❞ ✐♥t❡♥s✐t② ❞■ ✐s✿

dI ∝ e−
z
λe dz

❇② ✐♥t❡❣r❛t✐♥❣ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥ ❢r♦♠ ✵ t♦ t✱ t❤❡ t♦t❛❧ ✐♥t❡♥s✐t② ■ ✉♥❞❡r♥❡❛t❤ t❤❡
s✉r❢❛❝❡ ♦❢ ❛ t❤✐♥ ✜❧♠ ♦❢ t❤✐❝❦♥❡ss t ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s✿

I = I0[1− e−t/λe ]

■t ✐s ♦❢t❡♥ ❝♦♥s✐❞❡r❡❞ t❤❛t t❤❡ ✾✺✪ ♦❢ t❤❡ ♣❤♦t♦❡♠✐ss✐♦♥ ✐♥t❡♥s✐t② ♦❢ t❤❡ ❝♦r❡ ❧❡✈❡❧ ❧✐♥❡
❝♦♠❡s ❢r♦♠ t❤❡ ❞❡♣t❤ ♦❢ 3λe ❢r♦♠ t❤❡ ✉♣♣❡r s✉r❢❛❝❡ ♦❢ t❤❡ s❛♠♣❧❡✳

❖♥❡ ♦❢ t❤❡ ❦❡② t❛s❦s ✐♥ t❤❡ st✉❞② ✇✐t❤ ❳P❙ ✐s t❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦✉♥❞s✳
■♥ t❤❡ s♦❧✐❞ st❛t❡ ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢ ❛t♦♠s ❛r❡ ❜♦✉♥❞ t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤✐s ❝❛✉s❡s ❛ ♣♦t❡♥t✐❛❧
❝❤❛♥❣❡ t♦ t❤❡ ✐♥♥❡r ❝♦r❡ ❡❧❡❝tr♦♥s ♦❢ t❤❡ ❛t♦♠✐❝ s♣❡❝✐❡s✱ ✇❤✐❝❤ ❝❤❛♥❣❡s t❤❡✐r ❜✐♥❞✐♥❣
❡♥❡r❣✐❡s✳ ■♥ ♦r❞❡r t♦ ✐♥t❡r♣r❡t t❤❡ ❝❤❡♠✐❝❛❧ s❤✐❢ts✱ ♦❢t❡♥ t❤❡ ❝❤❛r❣❡ ♣♦t❡♥t✐❛❧ ♠♦❞❡❧ ✐s
✉s❡❞✿

Ei = E0
i + kqi + k

∑

i 6=j

qi
rij

[28] ✭✷✳✶✵✮

❍❡r❡ Ei ✐s t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ ❛ ❣✐✈❡♥ ❝♦r❡ ❧❡✈❡❧ ♦❢ t❤❡ ❛t♦♠ ✐✱ E0
i ✐s ❛ r❡❢❡r❡♥❝❡ ❡♥❡r❣②✱

qi ✐s t❤❡ ❝❤❛r❣❡ ♦❢ t❤❡ ❛t♦♠ ✐ ❛♥❞ t❤❡ s✉♠ ❛❞❞s t❤❡ ♣♦t❡♥t✐❛❧ ♦❢ ❛❧❧ t❤❡ s✉rr♦✉♥❞✐♥❣ ❛t♦♠s
❥ ❛t t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❛t♦♠ ✐✳

❲✐t❤ t❤❡ ❛♣♣r♦①✐♠❛t❡ ❛ss✉♠♣t✐♦♥ t❤❛t ❛t♦♠s ❤❛✈❡ ❛ s♣❤❡r✐❝❛❧ s❤❛♣❡ ❛♥❞ t❤❡ ❞✐str✐❜✉✲
t✐♦♥ ♦❢ ✈❛❧❡♥❝❡ ❝❤❛r❣❡s ♦♥ t❤❡ s✉r❢❛❝❡ ✐s ✉♥✐❢♦r♠✱ t❤❡ ❝❧❛ss✐❝❛❧ ♣♦t❡♥t✐❛❧ qi/rv ❛t ❛❧❧ ♣♦✐♥ts
✐♥s✐❞❡ t❤❡ s♣❤❡r❡ ✐s t❤❡ s❛♠❡✳ ❍❡r❡ rv ✐s t❤❡ ❛✈❡r❛❣❡ ✈❛❧❡♥❝❡ ♦r❜✐t❛❧ r❛❞✐✉s✳ ❆ ❝❤❛♥❣❡ ✐♥
t❤❡ ✈❛❧❡♥❝❡ ❝❤❛r❣❡ ❜② △ qi t❤✉s ❧❡❛❞s t♦ ❛ ❝❤❛♥❣❡ ✐♥ t❤❡ ♣♦t❡♥t✐❛❧ ✐♥ t❤❡ s♣❤❡r❡ ❜② △ qi/rv✳
❚❤✐s r❡s✉❧ts ✐♥ ❛ ❝❤❛♥❣❡ ♦❢ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ♦❢ ❛❧❧ ❝♦r❡ ❧❡✈❡❧s✳ ❋♦r ❧❛r❣❡r rv t❤❡ s❛♠❡ ❝❤❛♥❣❡
△ qi ✇♦✉❧❞ ❧❡❛❞ t♦ ❛ s❧✐❣❤t r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣②✳ ■❢ t❤❡ ❛❜❜r❡✈✐❛t✐♦♥✱ Vi ✉s❡❞
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❢♦r t❤❡ s✉♠♠❛t✐♦♥ ♣❛rt ♦❢ t❤❡ ❡q✉❛t✐♦♥ ✷✳✶✵✱ t❤❡ s❤✐❢t ♦❢ t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ ❛ ❣✐✈❡♥
❝♦r❡ ❧❡✈❡❧ ✐♥ t✇♦ ❞✐✛❡r❡♥t ❡♥✈✐r♦♥♠❡♥ts ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s ❢♦❧❧♦✇s✿

E
(1)
i − E

(2)
i = k(q

(1)
i − q

(2)
i ) + (V

(1)
i − V

(2)
i ) [15] ✭✷✳✶✶✮

❚❤❡ ✜rst t❡r♠ ♠❛❦❡s ✐t ❝❧❡❛r t❤❛t t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❜✐♥❞✐♥❣ ❡♥❡r❣② ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡
❞❡❝r❡❛s❡ ✐♥ ❡❧❡❝tr♦♥ ❞❡♥s✐t② ♦❢ ✈❛❧❡♥❝❡ ❡❧❡❝tr♦♥s ♦❢ t❤❡ ❛t♦♠ ✐✳ ❇♦t❤ ❡q✉❛t✐♦♥s ✷✳✶✵ ❛♥❞
✷✳✶✶ ♣r♦✈✐❞❡ ❛ s✐♠♣❧✐✜❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❜✐♥❞✐♥❣ ❡♥❡r❣②✳ ❚❤❡ str♦♥❣❡st s✐♠♣❧✐✜❝❛t✐♦♥ ❧✐❡s
✐♥ ♥❡❣❧❡❝t✐♥❣ t❤❡ r❡❧❛①❛t✐♦♥ ♣r♦❝❡ss❡s✱ s✉❝❤ ❛s t❤❡ ✐♥✢✉❡♥❝❡s ♦❢ t❤❡ ♥✉❝❧❡❛r ❝❤❛r❣❡ t♦ t❤❡
s✉rr♦✉♥❞✐♥❣ ❝❤❛r❣❡s ❬✶✺❪✳
❳P❙ s♣❡❝tr✉♠ ❝❛♥ ♠❡❛s✉r❡ ❞✐r❡❝t❧② t❤❡ ❝❤❡♠✐❝❛❧ s❤✐❢ts✳ ❚♦ s❡❡ ❛ s❤✐❢t ♦❢ t❤❡ ❡♥t✐r❡

♣❡❛❦✱ ❛❧♠♦st ❛❧❧ t❤❡ ❛t♦♠s ♦❢ ♦♥❡ t②♣❡ s❤♦✉❧❞ ❜♦✉♥❞ t♦❣❡t❤❡r ✐♥ t❤❡ s❛♠❡ ✇❛②✳ ■❢ ❛
❝❡rt❛✐♥ ❢r❛❝t✐♦♥ ♦❢ ❛t♦♠s ❛r❡ ❡♠❜❡❞❞❡❞ ✐♥ ❛ ❝❤❡♠✐❝❛❧❧② ❞✐✛❡r❡♥t ❡♥✈✐r♦♥♠❡♥t ❛ s♣❧✐tt✐♥❣
♦❢ t❤❡ ♣❡❛❦ ✐s s❡❡♥✳ ❆♥ ❡①❛♠♣❧❡ ✇♦✉❧❞ ❜❡ t❤❡ ❙✐✷♣✲♣❡❛❦ ♦❢ t❤❡ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✜❧♠✳ ❆s
s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✱ t❤✐s ♣❡❛❦ s♣❧✐ts ✐♥t♦ t✇♦ ♣❡❛❦s✳ ❖♥ ♦♥❡ ❤❛♥❞✱ t❤❡ ❧❛r❣❡ ♣❡❛❦ ❛t ✾✾✳✷❡❱
✐s ❛ttr✐❜✉t❡❞ t♦ ♣✉r❡ s✐❧✐❝♦♥ ❛♥❞ t❤❡ s❤♦✉❧❞❡r ♣❡❛❦ ❛t ✶✵✸✳✸❡❱ ✐♥❞✐❝❛t❡s t❤❡ ❜♦♥❞ ♦❢ s✐❧✐❝♦♥
✇✐t❤ ♦①②❣❡♥ ❛♥❞ ❜❛r✐✉♠ t♦ ❢♦r♠ Ba2SiO4✳

❋✐❣✉r❡ ✷✳✷ ✲ ❙♣❧✐tt✐♥❣ ♦❢ t❤❡ ❙✐✷♣
♣❡❛❦ ❞✉❡ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ s✐❧✐❝❛t❡
❜② ❛♥♥❡❛❧✐♥❣ ♦❢ BaO ❢♦r ✷✵♠✐♥✳ ✉♣ t♦
✼✵✵◦❈✳

❚❤❡ ❝❧❛ss✐✜❝❛t✐♦♥ ♦❢ s✉❝❤ s❤✐❢ts ✐s ♦❢t❡♥ ♥♦t s♦ ❡❛s②✳ ❳P❙ ❞❛t❛❜❛s❡s ❝❛♥ ❤❡❧♣ ❤❡r❡✳
❇✉t t❤❡ r❛r❡ ❜♦♥❞s ♦r t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ✇❤✐❝❤ ❛r❡ ✉♥❦♥♦✇♥✱ ❛r❡ ❞✐✣❝✉❧t t♦ ✜♥❞✳ ■♥
t❤✐s ❝❛s❡ t❤❡r❡ ✐s ♦♥❧② ♦♥❡ ♣♦ss✐❜✐❧✐t② t♦ ❣✉❡ss t❤❡ s❤✐❢ts ❜② ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ♦♥✲s✉r❢❛❝❡
♠❛t❡r✐❛❧s ❛♥❞ ❛rr❛♥❣❡♠❡♥ts✱ ❜✉t t❤✐s ❝❛♥ ❡❛s✐❧② ❧❡❛❞ t♦ ♠✐s✐♥t❡r♣r❡t❛t✐♦♥s✳ ❚❤❡♦r❡t✐❝❛❧
❝❛❧❝✉❧❛t✐♦♥s ❝❛♥ ❢✉rt❤❡r ❤❡❧♣ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡①♣❡❝t❡❞ ❡♥❡r❣✐❡s ♦❢ ❝❡rt❛✐♥ ❝♦♠❜✐♥❛t✐♦♥s✳
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2.1.4 Auger peaks

■♥st❡❛❞ ♦❢ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥s✱ ❆✉❣❡r ❡❧❡❝tr♦♥s ❛r❡ ❛❧s♦ ❡♠✐tt❡❞ ❞✉❡ t♦ r❡❧❛①❛t✐♦♥ ♦❢ t❤❡
❡♥❡r❣❡t✐❝ ✐♦♥s ❧❡❢t ❛❢t❡r ♣❤♦t♦❡♠✐ss✐♦♥ ✐♥ t❤❡ ♣❤♦t♦❡❧❡❝tr✐❝ ♣r♦❝❡ss ❛♥❞ ❛♣♣❡❛r ✐♥ t❤❡ ❳P❙
s♣❡❝tr✉♠✳ ❚❤❡ ♣r♦❝❡ss ♦❢ ❆✉❣❡r ❡❧❡❝tr♦♥ ❡♠✐ss✐♦♥ ♦❝❝✉rs ❛♣♣r♦①✐♠❛t❡❧② 10−16 s❡❝♦♥❞s ❛❢✲
t❡r t❤❡ ①✲r❛② ♣❤♦t♦❡❧❡❝tr✐❝ ❡✈❡♥t✳ ■♥ ❋✐❣✳ ✷✳✸ t❤✐s ♣r♦❝❡ss ✐s ✐❧❧✉str❛t❡❞ s❝❤❡♠❛t✐❝❛❧❧②✳ ❆♥
❡①❝✐t❡❞ ❡❧❡❝tr♦♥ ❧❡❛✈❡s ❛♥ ✉♥♦❝❝✉♣✐❡❞ ❧❡✈❡❧ ✐♥ ❛ ❞❡❡♣ s❤❡❧❧✳ ❲❤❡♥ t❤✐s st❛t❡ ✐s ♦❝❝✉♣✐❡❞ ❜②
❛♥ ❡❧❡❝tr♦♥ ❤❛✈✐♥❣ ❤✐❣❤❡r ❡♥❡r❣②✱ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ ❧❡✈❡❧s ✐s tr❛♥s✲
❢❡rr❡❞ t♦ ❛♥ ❡❧❡❝tr♦♥ ✇✐t❤ ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣② ✇✐t❤♦✉t ❛♥② ❢✉rt❤❡r r❛❞✐❛t✐✈❡ ❡♠✐ss✐♦♥✳
❚❤✐s ❡❧❡❝tr♦♥ ✐s t❤❡♥ ❡❥❡❝t❡❞ ❢r♦♠ t❤❡ s♦❧✐❞✳

❋✐❣✉r❡ ✷✳✸ ✲ ❘❡♣r❡s❡♥t❛t✐♦♥ ♦❢
t❤❡ ❆✉❣❡r ♣r♦❝❡ss ❜② ❛ r❛❞✐❛t✐♦♥
❧❡ss ✐♥tr❛✲❛t♦♠✐❝ tr❛♥s✐t✐♦♥ ✭❬✷✻❪✮✳
❋✐rst✱ ❛♥ ❡❧❡❝tr♦♥ ✭❤❡r❡ ❑ s❤❡❧❧✮
✐s ❡❥❡❝t❡❞✱ ❛♥♦t❤❡r ❢❛❧❧s ❢r♦♠ ❛
❤✐❣❤❡r s❤❡❧❧ ✭❤❡r❡ L1✮ ✐♥t♦ t❤✐s ✉♥✲
♦❝❝✉♣✐❡❞ st❛t❡✳ ❉✉❡ t♦ t❤❡ ❡♥✲
❡r❣② r❡❧❡❛s❡❞✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❡❧❡❝✲
tr♦♥ ✇✐t❤ ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣② ✐s
❡♠✐tt❡❞ ❢r♦♠ ❛ ❤✐❣❤❡r s❤❡❧❧ ✭❤❡r❡
L2,3✮✳

❚❤❡ ♥❛♠❡ ♦❢ t❤❡ ❡♠✐tt❡❞ ❡❧❡❝tr♦♥ r❡s✉❧ts ❢r♦♠ t❤❡ ❝❤❡♠✐❝❛❧ ♥❛♠❡s ♦❢ t❤❡ ❧❡✈❡❧s ✐♥✈♦❧✈❡❞✳
■♥ t❤❡ ❡①❛♠♣❧❡ ♦❢ ❋✐❣✳ ✷✳✸ t❤❡ ❧❡✈❡❧s ♦❢ ❑✱ L1 ❛♥❞ L2,3 ❛r❡ ✐♥✈♦❧✈❡❞✳ ■t ❢♦❧❧♦✇s t❤❡ ♥❛♠❡
❑L1L2,3 ❢♦r t❤❡ ❡♠✐tt❡❞ ❆✉❣❡r ❡❧❡❝tr♦♥ ❛♥❞ ✐ts ❡♥❡r❣② r❡s✉❧ts ❢r♦♠ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡
❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✳ ■♥ t❤✐s ❝❛s❡✱ ✐t ✐♥✐t✐❛❧❧② r❡❝❡✐✈❡s t❤❡ ❡♥❡r❣② EK ✲ EL1

✳ ❇❡s✐❞❡ t❤❛t ✐t ❛❧s♦
♥❡❡❞s t♦ ♦✈❡r❝♦♠❡ t❤❡ ❡♥❡r❣② E∗

L2,3
✐♥ ♦r❞❡r t♦ ❜❡ r❡❧❡❛s❡❞ ❢r♦♠ t❤❡ s♦❧✐❞✳ ❚❤❡ ❛st❡r✐s❦

r❡♣r❡s❡♥ts ❛ s❧✐❣❤t❧② s❤✐❢t❡❞ ❡♥❡r❣② ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ❤♦❧❡ ✐♥ t❤❡ st❛t❡ L1✳ ❚❤✐s ❣✐✈❡s ❛
❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ EKL1L2,3

❢♦r t❤❡ ❆✉❣❡r ❡❧❡❝tr♦♥✿

EKL1L2,3
= EK − EL1

− E∗
L2,3

− Φ [15] ✭✷✳✶✷✮

❚❤❡ ❡♥❡r❣② E∗
L2,3

✐s t❤❡ ❡♥❡r❣② ❛❢t❡r r❡♠♦✈❛❧ ♦❢ t❤❡ ❝♦r❡ ❡❧❡❝tr♦♥ ❢r♦♠ t❤❡ ❛t♦♠✱ t❤❡
❡q✉❛t✐♦♥ ✐s ✉s❡❢✉❧ ❢♦r ♠❛♥② ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❆✉❣❡r s♣❡❝tr♦s❝♦♣②✳ ❆ ♠♦r❡ ❣❡♥❡r❛❧ ✐♥❞✐❝❛t✐♦♥
♦❢ t❤❡ ❡♥❡r❣② ♦❢ ❛♥ ❡♠✐tt❡❞ ❆✉❣❡r ❡❧❡❝tr♦♥ ✇♦✉❧❞ ❜❡

EABC = EA − EB − EC − E(BC : x) +Rin
x +Rex

x [15] ✭✷✳✶✸✮
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✇❤❡r❡ E(BC : x) ✐s t❤❡ ✐♥t❡r❛❝t✐♦♥ ❡♥❡r❣② ❜❡t✇❡❡♥ t❤❡ ❤♦❧❡s ✐♥ ❇ ❛♥❞ ❈ ✐♥ t❤❡ ❛t♦♠✐❝
✜♥❛❧ st❛t❡ ①✱ ❛♥❞ Rx ✐s t❤❡ r❡❧❛①❛t✐♦♥ ❡♥❡r❣②✳ ▼♦st ♦❢ t❤❡ ❆✉❣❡r ❡❧❡❝tr♦♥s ❞♦ ♥♦t ❤❛✈❡
❡♥♦✉❣❤ ❡♥❡r❣② t♦ ❛♣♣❡❛r ✐♥ t❤❡ s♣❡❝tr✉♠✳ ■♠♣♦rt❛♥t ❆✉❣❡r ♣❡❛❦ s❡r✐❡s ✐♥ t❤❡ ①✲r❛②
s♣❡❝tr✉♠ ❛r❡ t❤❡ ❑▲▲✱ t❤❡ ▲▼▼ ❛♥❞ t❤❡ ▼◆◆ s❡r✐❡s✳

■♥ ❝♦♥tr❛st t♦ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ ♣❤♦t♦❡❧❡❝tr♦♥s ❆✉❣❡r ❡❧❡❝tr♦♥s ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢
t❤❡ ❡①❝✐t❛t✐♦♥ ❡♥❡r❣② ♦❢ t❤❡ ❳✲r❛② ♣❤♦t♦♥s✳ ❲❤❡♥ ❝❤❛♥❣✐♥❣ t❤❡ ❡①❝✐t❛t✐♦♥ ❡♥❡r❣② ❢r♦♠
AlKα t♦ MgKα t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ ♣❡❛❦s s❤✐❢t ❜② ∆Ehν = Ehν,Mg −Ehν,Al = 233eV ✐♥ t❤❡
♣❧♦t ♦❢ ✐♥t❡♥s✐t② ✈❡rs✉s ❦✐♥❡t✐❝ ❡♥❡r❣②✱ ✇❤❡r❡❛s t❤❡ ❆✉❣❡r ♣❡❛❦s ❞♦ ♥♦t s❤✐❢t ❛♥❞ r❡♠❛✐♥
❛t t❤❡✐r r❡s♣❡❝t✐✈❡ ♣♦s✐t✐♦♥s✳ ■❢ t❤❡ s♣❡❝tr✉♠ ✐s ♣❧♦tt❡❞ ❛❣❛✐♥st t❤❡ ❜✐♥❞✐♥❣ ❡♥❡r❣②✱ t❤❡
❜❡❤❛✈✐♦r ✐s ❡①❛❝t❧② ✈✐❝❡ ✈❡rs❛ ❬✶✺❪✳ ❆ ❤✉❣❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ❢r♦♠ t❤❡ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣
♣r♦❝❡ss❡s✱ s♦✲❝❛❧❧❡❞ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s ❛❧s♦ ❢♦r♠ t❤❡ ❆✉❣✉r ♣❡❛❦s✱ ✇❤✐❝❤ ✉s✉❛❧❧② ❛♣♣❡❛r
♦♥ ❛ ❤✐❣❤ ❜❛❝❦❣r♦✉♥❞✳

2.1.5 Other XPS peaks

❳✲r❛② ❡♠✐ss✐♦♥ s♣❡❝tr✉♠ r❡♣r❡s❡♥ts ♥♦t ♦♥❧② t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ①✲r❛②✱ ❜✉t s♦♠❡ ♠✐♥♦r
①✲r❛② ♣❡❛❦s ❛t ❤✐❣❤❡r ♣❤♦t♦♥ ❡♥❡r❣✐❡s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡✱ ❢♦r ❡❛❝❤ ①✲r❛② ♣❤♦t♦❡❧❡❝tr♦♥
kα ♣❡❛❦✱ t❤❡r❡ ✐s ❛ ❢❛♠✐❧② ♦❢ ♠✐♥♦r ♣❡❛❦s ❛t ❧♦✇❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✱ ✇❤✐❝❤ ✐s ❤❛✈✐♥❣ t❤❡
✐♥t❡♥s✐t② ❛♥❞ s♣❛❝✐♥❣ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ①✲r❛② ❛♥♦❞❡ ♠❛t❡r✐❛❧✱ ❦♥♦✇♥ ❛s ①✲r❛② s❛t❡❧❧✐t❡
♣❡❛❦✳ ■♥ ❛❞❞✐t✐♦♥ t♦ Kα1,2 ❧✐♥❡✱ ▼❣ ❛♥❞ ❆❧ t❛r❣❡ts ♣r♦❞✉❝❡ ✇❡❛❦❡r ❧✐♥❡s✳ ❚❤❡② ❛r❡
❢♦r♠❡❞ ❜② t❤❡ ❧❡ss ♣r♦❜❛❜❧❡ tr❛♥s✐t✐♦♥s✳ ❆ ❧✐st ♦❢ ♠❛❥♦r ❳✲r❛② s❛t❡❧❧✐t❡s ✇✐t❤ t❤❡✐r s❤✐❢ts
❛♥❞ t❤❡ r❡❧❛t✐✈❡ ✐♥t❡♥s✐t✐❡s ♦❢ t❤❡ Kα β ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡ ✷✳✶✳

α1,2 α3 α4 α5 α6 β

▼❣
❞✐s♣❧❛❝❡♠❡♥t✱ ❡❱ ✵ ✽✳✹ ✶✵✳✷ ✶✼✳✺ ✷✵✳✵ ✹✽✳✺
r❡❧❛t✐✈❡ ❤❡✐❣❤t ✶✵✵ ✽✳✵ ✹✳✶ ✵✳✺✺ ✵✳✹✺ ✵✳✺

❆❧
❞✐s♣❧❛❝❡♠❡♥t✱ ❡❱ ✵ ✾✳✽ ✶✶✳✽ ✷✵✳✶ ✷✸✳✹ ✻✾✳✼
r❡❧❛t✐✈❡ ❤❡✐❣❤t ✶✵✵ ✻✳✹ ✸✳✷ ✵✳✹ ✵✳✸ ✵✳✺✺

❚❛❜❧❡ ✷✳✶ ✲ ❳✲r❛② s❛t❡❧❧✐t❡ ❡♥❡r❣✐❡s ❛♥❞ ✐♥t❡♥s✐t✐❡s ❬✽❪✳

❙♦♠❡t✐♠❡s ①✲r❛❞✐❛t✐♦♥ ❢r♦♠ ❛ ❞✐✛❡r❡♥t ❡❧❡♠❡♥t r❛t❤❡r t❤❛♥ t❤❡ ①✲r❛② s♦✉r❝❡ ❛♥♦❞❡
♠❛t❡r✐❛❧ ❢❛❧❧s ✉♣♦♥ t❤❡ s❛♠♣❧❡✱❝❛✉s✐♥❣ s♦♠❡ s♠❛❧❧ ♣❡❛❦s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♠♦st ✐♥t❡♥s❡
s♣❡❝tr❛❧ ♣❡❛❦s✱ ❜✉t ❞✐s♣❧❛❝❡❞ ❜② ❛ ❝❤❛r❛❝t❡r✐st✐❝ ❡♥❡r❣② ✐♥t❡r✈❛❧ ❦♥♦✇♥ ❛s ①✲r❛② ❣❤♦st
♣❡❛❦s✱ ❛♥♦t❤❡r ❣r♦✉♣ ♦❢ s❛t❡❧❧✐t❡ ♣❡❛❦s✳ ❚❤❡② ❛r✐s❡ ❢♦r ❡①❛♠♣❧❡ ✐♥ ▼❣ ❳✲r❛② s♦✉r❝❡s ❛♥❞
❝❛♥ ❝♦♠❡ t❤r♦✉❣❤ t❤❡ t❤✐♥ ❆❧ ♠♦♥♦❝❤r♦♠❛t✐❝ ✇✐♥❞♦✇✱ t❤❡ ♣❤♦t♦♥s ❝❛♥ ❜❡ tr✐❣❣❡r❡❞ ❜②
t❤❡ s❡❝♦♥❞❛r② ❡❧❡❝tr♦♥s ❢r♦♠ t❤❡ s♦✉r❝❡✳ ❚❤✐s ❝❛♥ ❝❛✉s❡ t❤❡ s❤✐❢t ♦❢ ❣❤♦st ♣❡❛❦s ❜② 233eV
❤✐❣❤❡r ✐♥ ❦✐♥❡t✐❝ ❡♥❡r❣② ❝♦♠♣❛r❡❞ t♦ t❤❡ MgKα1,2✳ ❚❛❜❧❡ ✷✳✶ ✐♥❞✐❝❛t❡s ✇❤❡r❡ s✉❝❤ ♣❡❛❦s
❛r❡ ♠♦st ❧✐❦❡❧② t♦ ♦❝❝✉r✳ ❙✐♥❝❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❣❤♦st ❧✐♥❡s ❛r❡ r❛r❡✱ t❤❡② s❤♦✉❧❞ ♥♦t ❜❡
❝♦♥s✐❞❡r❡❞ ✐♥ s❛♠♣❧❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✉♥t✐❧ ❛❧❧ ♦t❤❡r ♣♦ss✐❜✐❧✐t✐❡s ❛r❡ ❡①❝❧✉❞❡❞✳

■t ✐s ♣♦ss✐❜❧❡ t❤❛t ✐♥ s♦♠❡ ♣❤♦t♦❡❧❡❝tr✐❝ ♣r♦❝❡ss ❛♥ ✐♦♥ ✇✐❧❧ ❜❡ ❧❡❢t ✐♥ ❛♥ ❡①❝✐t❡❞ st❛t❡✱ ❛
❢❡✇ ❡❧❡❝tr♦♥ ✈♦❧ts ❛❜♦✈❡ t❤❡ ❣r♦✉♥❞ st❛t❡ r❛t❤❡r t❤❛♥ ✐♥ t❤❡ ❣r♦✉♥❞ st❛t❡✳ ❑✐♥❡t✐❝ ❡♥❡r❣②
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✷✳✶ ❳✲r❛② P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮

♦❢ t❤❡ ♣❤♦t♦❡❧❡❝tr♦♥ ✐s r❡❞✉❝❡❞ ✐♥ t❤✐s ♣r♦❝❡ss✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ ❣r♦✉♥❞ st❛t❡ ❛♥❞ t❤❡ ❡①❝✐t❡❞ st❛t❡✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡ ❛ s❛t❡❧❧✐t❡ ♣❡❛❦ ❢♦r♠s ❛t
❛ ❢❡✇ ❡❧❡❝tr♦♥ ✈♦❧ts ❧♦✇❡r ✐♥ ❦✐♥❡t✐❝ ❡♥❡r❣② t❤❛♥ t❤❡ ♦r✐❣✐♥❛❧ ❝❤❛r❛❝t❡r✐st✐❝ ♣❡❛❦✱ ✇❤✐❝❤ ✐s
❦♥♦✇♥ ❛s s❤❛❦❡✲✉♣ ❧✐♥❡✳ ❚❤❡ ✈❛❧❡♥❝❡ ❡❧❡❝tr♦♥s ❛rr❛♥❣❡ t❤❡♠s❡❧✈❡s ❞✐✛❡r❡♥t❧②✱ ✇❤✐❝❤ ❧❡❛❞s
t♦ ❛♥ ❡①❝✐t❛t✐♦♥ ✐♥t♦ ❛ ❤✐❣❤❡r ✉♥✜❧❧❡❞ st❛t❡ ✭✧s❤❛❦❡✉♣✧✮✳ ❚❤❡ ♥❡❝❡ss❛r② ❡♥❡r❣② ✐s ♣r♦✈✐❞❡❞
❜② t❤❡ ♣❤♦t♦✲❡❧❡❝tr♦♥ ❛♥❞ t❤❛t ❧❡❛❞s t♦ ❛ ♣❡❛❦ ❛t ❧♦✇❡r ❦✐♥❡t✐❝ ❡♥❡r❣②✳ ❚❤❡ ♦❝❝✉rr✐♥❣
✐♥t❡♥s✐t✐❡s ❝❛♥ ❜❡ ✉♣ t♦ ✶✵✵✪ ♦❢ t❤❡ ♠❛✐♥ ♣❡❛❦ ❛t ❛ ♣❛rt✐❝✉❧❛r s②st❡♠✳ ❙❤❛❦❡✲♦✛ ♣r♦❝❡ss ✐s
s✐♠✐❧❛r t♦ t❤❡ s❤❛❦❡✲✉♣✱ ❤❡r❡ ❛❧s♦ ✜rst ✈❛❧❡♥❝❡ ❡❧❡❝tr♦♥s ✇✐❧❧ ❜❡ ✐♦♥✐③❡❞ ❝♦♠♣❧❡t❡❧②✳ ■♥ t❤✐s
❝❛s❡ ❛♥ ✐♦♥ ✐s ❧❡❢t ❜❡❤✐♥❞✱ ✇❤✐❝❤ ❧❡❛✈❡s ❛ ✈❛❝❛♥❝② ❜♦t❤ ✐♥ t❤❡ ❝♦r❡ ❛♥❞ ✐♥ ✈❛❧❡♥❝❡ st❛t❡✳
❚❤❡s❡ ❧❡❛❞ t♦ t❤❡ s❤❛❦❡✲♦✛ ♣❡❛❦s ✇❤✐❝❤✱ ❤♦✇❡✈❡r✱ ❛r❡ ❤❛r❞❧② ♥♦t✐❝❡❞ ❜❡❝❛✉s❡ t❤❡② ❤❛✈❡
❛ ❧❛r❣❡r ❡♥❡r❣② s❤✐❢t t❤❛♥ t❤❡ s❤❛❦❡✲✉♣ ♣❡❛❦s ❛♥❞ ✉s✉❛❧❧② ❞✐s❛♣♣❡❛r ✐♥ ❛ ❜r♦❛❞ ✐♥❡❧❛st✐❝
t❛✐❧ ❬✶✺❪✳

2.1.6 Quantitative analysis

❯s✐♥❣ ❳P❙ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ r❡❧❛t✐✈❡ ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ✈❛r✐♦✉s ❡❧❡♠❡♥ts ✐♥ t❤❡
s❛♠♣❧❡✳ ❚♦ q✉❛♥t✐❢② t❤❡ ❛♠♦✉♥t ♦❢ ❡❧❡♠❡♥ts ❢r♦♠ t❤❡ ❳P❙ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡ ♣❡❛❦ ❛r❡❛
s❡♥s✐t✐✈✐t② ❢❛❝t♦rs ❛♥❞ ♣❡❛❦ ❤❡✐❣❤t s❡♥s✐t✐✈✐t② ❢❛❝t♦rs ❤❛✈❡ ❜❡❡♥ ❞❡✈❡❧♦♣❡❞✳ ❚♦ ❛♥❛❧②③❡ t❤❡
✈♦❧✉♠❡ ♦❢ ❛ ❤♦♠♦❣❡♥❡♦✉s s❛♠♣❧❡✱ t❤❡ ♥✉♠❜❡r ♦❢ ♣❤♦t♦ ❡❧❡❝tr♦♥s ♣❡r s❡❝♦♥❞ ✐♥ ❛ ❝❡rt❛✐♥
s♣❡❝tr❛❧ ♣❡❛❦ ✐s ❣✐✈❡♥ ❜②✿

I = nfσθyλAT [Assumption : homogeneous sample(see 2.1.3)]

✇❤❡r❡ n ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❛t♦♠s ♦❢ t❤❡ ❡❧❡♠❡♥t ♣❡r cm3 ♦❢ s❛♠♣❧❡✱ f ✐s t❤❡ ①✲r❛② ✢✉①
✐♥ t❤❡ photons/cm2.sec✱ σ ✐s t❤❡ ♣❤♦t♦❡❧❡❝tr✐❝ ❝r♦ss s❡❝t✐♦♥ ❢♦r t❤❡ ❛t♦♠✐❝ ♦r❜✐t❛❧ ✐♥ cm2✱
θ ✐s ❛♥ ❛♥❣✉❧❛r ❡✣❝✐❡♥❝② ❢❛❝t♦r✱ y ✐s t❤❡ ❡✣❝✐❡♥❝② ✐♥ t❤❡ ♣❤♦t♦❡❧❡❝tr✐❝ ♣r♦❝❡ss ✱ λ ✐s t❤❡
♠❡❛♥ ❢r❡❡ ♣❛t❤ ♦❢ t❤❡ ♣❤♦t♦ ❡❧❡❝tr♦♥s ✐♥ t❤❡ s❛♠♣❧❡✱ A ✐s t❤❡ ❛r❡❛ ♦❢ t❤❡ s❛♠♣❧❡ ❛♥❞ T
✐s t❤❡ ❞❡t❡❝t✐♦♥ ❡✣❝✐❡♥❝② ❢♦r t❤❡ ❡❧❡❝tr♦♥s ❡♠✐tt❡❞ ❢r♦♠ t❤❡ s❛♠♣❧❡ ❬✶✼❪✳ ❋r♦♠ t❤❡ ❛❜♦✈❡
❡q✉❛t✐♦♥✿

n =
I

fσθyλAT
[17] ✭✷✳✶✹❛✮

❚❤❡ ❞❡♥♦♠✐♥❛t♦r ✐♥ ❡q✉❛t✐♦♥ ✷✳✶✹❛ ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❜② t❤❡ s②♠❜♦❧ S✱ ❦♥♦✇♥ ❛s t❤❡
❛t♦♠✐❝ s❡♥s✐t✐✈✐t② ❢❛❝t♦r✳ ❈♦♥s✐❞❡r✐♥❣ ❛ ♠❛✐♥ ♣❡❛❦ ❢r♦♠ ❡❛❝❤ ♦❢ t✇♦ ❡❧❡♠❡♥ts✱ ♦♥❡ ❝❛♥
✇r✐t❡✿

n1

n2

=
I1/S1

I2/S2

[17] ✭✷✳✶✹❜✮

■♥✐t✐❛❧❧② ✇❡ ❝❛♥ ✜t ❡❛❝❤ ♦❢ t❤❡ ♣❡❛❦s ♦❢ ❞✐✛❡r❡♥t s♣❡❝✐❡s ✇✐t❤ ❛ ✜tt✐♥❣ ♣r♦❣r❛♠✱ t❤❡
✐♥t❡❣r❛❧ ✐♥t❡♥s✐t② ♦❢ t❤❡ ♣❡❛❦s ❝❛♥ ❜❡ ❢♦✉♥❞ ❢r♦♠ t❤❡ ✜t ❞❛t❛ ❞✐r❡❝t❧② ❛♥❞ ❤❡♥❝❡ t❤❡ r❛t✐♦
♦❢ ❛♥ ❡❧❡♠❡♥t ✐♥t♦ ❞✐✛❡r❡♥t s❛♠♣❧❡ ✉s✐♥❣ t❤❡ s❡♥s✐t✐✈✐t② ❢❛❝t♦r✳ ❆ ❣❡♥❡r❛❧✐③❡❞ ❡①♣r❡ss✐♦♥
❢♦r ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ❛t♦♠ ❢r❛❝t✐♦♥ ♦❢ ❛♥② ❝♦♥st✐t✉❡♥t ✐♥ ❛ s❛♠♣❧❡✱ Cx✱ ❝❛♥ ❜❡ ✇r✐tt❡♥

✶✷



✷ ❚❍❊❖❘❊❚■❈❆▲ ❋❘❆▼❊❲❖❘❑ ❖❋ ❙P❊❈❚❘❖❙❈❖P■❈ ❈❍❆❘❆❈❚❊❘■❩❆❚■❖◆

❛s ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❡q✉❛t✐♦♥ ✷✳✶✹❜✿

Cx =
nx

∑

i

ni

=
Ix/Sx
∑

i

Ii/Si

[17]

❖♥❧② ❢♦r t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❞✐str✐❜✉t✐♦♥s ♦❢ ❛t♦♠s✳

✶✸



✷✳✷ ❊❧❡❝tr♦♥ ❊♥❡r❣② ▲♦ss ❙♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮

2.2 Electron Energy Loss Spectroscopy (EELS)

❆♥ ❛♥❛❧②t✐❝❛❧ ♠❡t❤♦❞ ♦❢ s❛♠♣❧❡ ♠❡❛s✉r❡♠❡♥t ✐s ❡❧❡❝tr♦♥ ❡♥❡r❣② ❧♦ss s♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮✱
✇❤✐❝❤ ♠❡❛s✉r❡s t❤❡ ❝❤❛♥❣❡ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ ❡❧❡❝tr♦♥s ❛❢t❡r t❤❡② ❤❛✈❡ ✐♥t❡r❛❝t❡❞ ❛♥❞
❞❡✢❡❝t❡❞ ❜❛❝❦ ❢r♦♠ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳ ❚❤❛t ♠❡❛♥s ❛ ❜❡❛♠ ♦❢ ❡❧❡❝tr♦♥s ✐s tr❛♥s♠✐tt❡❞
t❤r♦✉❣❤ ♦r r❡✢❡❝t❡❞ ❢r♦♠ ❛ ❝r②st❛❧ s✉r❢❛❝❡✱ ❤❡r❡ t❤❡ ❝❤❛♥❣❡ ✐♥ ❡♥❡r❣② ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥
♦❢ ❡❧❡❝tr♦♥s ❛r❡ ♠❡❛s✉r❡❞✳ ❚❤❡r❡ ❛r❡ t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❡❧❡❝tr♦♥s ❡❧❛st✐❝ ❛♥❞ ✐♥❡❧❛st✐❝✱
❜♦t❤ t②♣❡s ♦❢ ❡❧❡❝tr♦♥s ❝❛♥ ❜❡ s❝❛tt❡r❡❞ ❜❛❝❦ ❢r♦♠ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ❛♥❞ t❤❡ ❛♠♦✉♥t
♦❢ ❡♥❡r❣② ❧♦ss ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ✈✐❛ ❛♥ ❡❧❡❝tr♦♥ s♣❡❝tr♦♠❡t❡r ❛♥❞ ✐♥t❡r♣r❡t❡❞ ✐♥ t❡r♠s
♦❢ ✇❤❛t ❝❛✉s❡❞ t❤❡ ❡♥❡r❣② ❧♦ss ❬✶✽❪✳ ❚❤❡ ✐♥❡❧❛st✐❝❛❧❧② s❝❛tt❡r❡❞ ❡❧❡❝tr♦♥s ❤❛✈❡ ❛ s♠❛❧❧❡r
❡♥❡r❣② t❤❛♥ t❤❡ ❡❧❛st✐❝ ♦♥❡s✱ ❜❡❝❛✉s❡ t❤❡② ❤❛✈❡ ❣✐✈❡♥ s♦♠❡ ♦❢ t❤❡✐r ❡♥❡r❣② t♦ ❡①❝✐t❛t✐♦♥✳
❙♦♠❡ ❡①❛♠♣❧❡s ♦❢ ✐♥❡❧❛st✐❝ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ♣❤♦♥♦♥ ❡①❝✐t❛t✐♦♥s✱ ♣❧❛s♠♦♥ ❡①❝✐t❛t✐♦♥s✱ ✐♥t❡r
❛♥❞ ✐♥tr❛✲❜❛♥❞ tr❛♥s✐t✐♦♥s✱ ❈❡r❡♥❦♦✈ r❛❞✐❛t✐♦♥ ❛♥❞ ✐♥♥❡r s❤❡❧❧ ✐♦♥✐③❛t✐♦♥✳
❉✉r✐♥❣ ❊❊▲❙ ♠❡❛s✉r❡♠❡♥t t❤❡ s❛♠♣❧❡ ✐s ❜♦♠❜❛r❞❡❞ ❜② t❤❡ ❡❧❡❝tr♦♥s ♦❢ ✜①❡❞ ❡♥❡r❣②

✇❤✐❝❤ ❧✐❡s ✇✐t❤✐♥ ❛ ♥❛rr♦✇ r❛♥❣❡ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣✐❡s✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦♥
❜❡❛♠ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥s ✐♥ t❤❡ s❛♠♣❧❡ ✐s ❞✉❡ t♦ t❤❡ ❈♦✉❧♦♠❜ ♣♦t❡♥t✐❛❧✳ ■❢ t❤❡ ♣r✐♠❛r②
❡♥❡r❣② ♦❢ ❡❧❡❝tr♦♥ ✐s ❧♦✇❡r t❤❛♥ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s✉r❢❛❝❡✱ t❤❡ ✐♥t❡r❛❝t✐♥❣ ❡❧❡❝tr♦♥s
✇✐❧❧ ♥♦t ❤❛✈❡ s✉✣❝✐❡♥t ❡♥❡r❣② t♦ ❜❡ r❡❧❡❛s❡❞ ❢r♦♠ t❤❡ s♦❧✐❞ s✉r❢❛❝❡✳ ❚❤✉s✱ t❤❡ ♣♦ss✐❜❧❡
❡①❝✐t❛t✐♦♥s ❛r❡ s✐♠✐❧❛r t♦ t❤♦s❡ ✐♥ ❧✐❣❤t✲s❝❛tt❡r✐♥❣ s♣❡❝tr♦s❝♦♣② ♦r ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥✳ ❙✐♥❝❡
❊❊▲❙ ✐s ❜❛s❡❞ ♦♥ ❛♥ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ♣r♦❝❡ss✱ ❛❧❧ r❡❧❛t✐♦♥s❤✐♣s ❝♦♥❝❡r♥✐♥❣ ❝♦♥s❡r✈❛t✐♦♥
♦❢ ❡♥❡r❣② ❛♥❞ ♠♦♠❡♥t✉♠ ❛r❡ ✈❛❧✐❞ ❬✶✹❪✳ ❖♥❡ ❝❛♥ ✐♥✈❡st✐❣❛t❡ t❤❡ ✈✐❜r❛t✐♦♥❛❧ ♠♦❞❡s ♦♥ t❤❡
s✉r❢❛❝❡s ✐♥ ✈❛❝✉✉♠ ❛♥❞ ❛❧s♦ ❝❛♥ ♣r♦❜❡ ♣❤♦♥♦♥s ✐♥ t❤❡ ❡♥t✐r❡ ❇r✐❧❧♦✉✐♥ ③♦♥❡✳ ❚❤❡ ❡♥❡r❣②
r❡s♦❧✉t✐♦♥ ♦❢ ♣r❡s❡♥t✲❞❛② s♣❡❝tr♦♠❡t❡rs ✐s ❛s ❤✐❣❤ ❛s ✶♠❡❱✳ ❋✉rt❤❡r♠♦r❡✱ ❜② ✈❛r②✐♥❣ t❤❡
❡❧❡❝tr♦♥ ❡♥❡r❣②✱ ❞✐✛❡r❡♥t s❝❛tt❡r✐♥❣ ♠❡❝❤❛♥✐s♠s ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞✱ ❧❡❛❞✐♥❣ t♦ ❞✐✛❡r❡♥t
s❡❧❡❝t✐♦♥ r✉❧❡s ❢♦r t❤❡ ✐♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣ ❬✶✾❪✳

❋✐❣✉r❡ ✷✳✹ ✲ ❙✉r❢❛❝❡ ❡①❝✐t❛t✐♦♥ ❜② ✐♠✲
❛❣❡ ❝❤❛r❣❡ ❡✛❡❝ts ❞✉r✐♥❣ s❝❛tt❡r✐♥❣ ♦❢
❛♥ ❡❧❡❝tr♦♥ ❬✷✵❪✳ ❚❤❡ ♠✐rr♦r ❝❤❛r❣❡ ✐♥✲
s✐❞❡ t❤❡ s♦❧✐❞ ❜♦❞② ♠♦✈❡s ❛s t❤❡ ✐♥❝✐✲
❞❡♥t ❡❧❡❝tr♦♥✳

✶✹
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■♥✐t✐❛❧ st❛t❡s ❛r❡ ♦❝❝✉♣✐❡❞ ❛s ❝♦r❡✲❧❡✈❡❧✱ ✈❛❧❡♥❝❡ ❜❛♥❞ ♦r s✉r❢❛❝❡ st❛t❡ ❛♥❞ t❤❡ ✜♥❛❧ st❛t❡s
❛r❡ ✉♥♦❝❝✉♣✐❡❞ ❛s t❤❡ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ♦r ❛s ❛ s✉r❢❛❝❡ st❛t❡✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ♦❝❝✉♣② t❤❡
✉♥♦❝❝✉♣✐❡❞ st❛t❡s ❛♥❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ❜② ❊❊▲❙✳ ❚❤❡ ❡♥❡r❣② ❧♦ss ♦❢
♣r✐♠❛r② ❡❧❡❝tr♦♥s ❞❡♣❡♥❞s ♦♥ t❤❡ st❛t❡ t❤❡② st✐♠✉❧❛t❡✳ ❚❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❡❧❛st✐❝
♣❡❛❦ ❛♥❞ t❤❡ ❧♦ss ♣❡❛❦ ❞✐r❡❝t❧② ❣✐✈❡s t❤❡ ❡①❝✐t❛t✐♦♥ ❡♥❡r❣② ♦❢ t❤❡ st❛t❡✳
❚❤❡ ♣r♦❝❡ss❡s ♦❢ t❤❡ s❝❛tt❡r✐♥❣ ♦❢ ❡❧❡❝tr♦♥s ❛t t❤❡ s✉r❢❛❝❡ ❝❛♥ ❜❡st ❜❡ ❞❡s❝r✐❜❡❞ ❜② t❤❡

❝❧❛ss✐❝❛❧ ❞✐❡❧❡❝tr✐❝ t❤❡♦r② ❬✺✵❪✳ ❋❛r ❛✇❛② ❢r♦♠ t❤❡ s✉r❢❛❝❡✱ t❤❡ ✜❡❧❞ ♦❢ ❛♥ ✐♥❝♦♠✐♥❣ ❛♥❞
s❝❛tt❡r❡❞ ❡❧❡❝tr♦♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ♣♦✐♥t ❝❤❛r❣❡ ❜✉t ♥❡❛r t❤❡ s✉r❢❛❝❡ t❤❡ s✐t✉❛t✐♦♥
❝❤❛♥❣❡s✳ ❉✉❡ t♦ t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ♦❢ t❤❡ ❝r②st❛❧✱ ✐t ♣r♦❞✉❝❡s ❛♥ ✐♠❛❣❡ ❝❤❛r❣❡ ♦❢ ♦♣♣♦s✐t❡
s✐❣♥✳ ❚❤✐s ❛♣♣❧✐❡s str✐❝t❧② ♦♥❧② ❢♦r ✐❞❡❛❧ ✢❛t ♠❡t❛❧ s✉r❢❛❝❡s✳ ❚❤✐s ❞❡s❝r✐♣t✐♦♥ ✐s ✈❛❧✐❞
❛♥❞ ❛❧s♦ ❛ ❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r t❤❡ ✐♥s✉❧❛t♦rs ❛♥❞ s❡♠✐❝♦♥❞✉❝t♦rs ✇✐t❤ ❧❛r❣❡ ǫr✳ ❚❤❡
r❡s✉❧t❛♥t ✜❡❧❞ str❡♥❣t❤ ✐s ♦r✐❡♥t❡❞ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡ ❛♥❞ ❤❛s ❛♥ ❡①t❡♥s✐♦♥✱
✇❤✐❝❤ ❛♣♣r♦①✐♠❛t❡❧② ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐st❛♥❝❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥✳

❋✐❣✉r❡ ✷✳✺ ✲ ❆ ❝❧❛ss✐❝❛❧ ✭♣❛rt✐❝❧❡✮ ✈✐❡✇ ♦❢ ❡❧❡❝tr♦♥ s❝❛tt❡r✐♥❣ ❜② ❛ s✐♥❣❧❡ ❛t♦♠ ✭❝❛r❜♦♥✮✳ ✭❛✮
❊❧❛st✐❝ s❝❛tt❡r✐♥❣ ✐s ❝❛✉s❡❞ ❞✉❡ t♦ t❤❡ ❈♦✉❧♦♠❜ ❛ttr❛❝t✐♦♥ ♦❢ t❤❡ ♥✉❝❧❡✉s✳ ■♥❡❧❛st✐❝ s❝❛tt❡r✐♥❣
r❡s✉❧ts ❢r♦♠ ❈♦✉❧♦♠❜ r❡♣✉❧s✐♦♥ ❜② ✭❜✮ ✐♥♥❡r✲✱ ♦r ✭❝✮ ♦✉t❡r✲s❤❡❧❧ ❡❧❡❝tr♦♥s✱ ✇❤✐❝❤ ❛r❡ ❡①❝✐t❡❞ t♦
❛ ❤✐❣❤❡r ❡♥❡r❣② st❛t❡✳ ❚❤❡ r❡✈❡rs❡ tr❛♥s✐t✐♦♥s ✭❞❡✲❡①❝✐t❛t✐♦♥✮ ❛r❡ s❤♦✇♥ ❜② ❜r♦❦❡♥ ❛rr♦✇s ❛♥❞
❡♥❡r❣② ❧♦ss ❜② ∆E ❬✷✶❪✳

❙❝r❡❡♥✐♥❣ ❛♥❞ ❣❡♥❡r❛❧ r❡s♣♦♥s❡ t♦ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ❢r♦♠ ♦✉ts✐❞❡✿ ε(ω, k‖, k⊥)✳ ❚❤❡
❞✐♣♦❧❡ ♠♦♠❡♥ts ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡ ❝❛♥ ♦♥❧② ❜❡ ✐♥❞✉❝❡❞ ❜② t❤✐s ♦r✐❡♥t❛t✐♦♥ ✐♥
❝♦♥t✐♥✉✉♠ ❧✐♠✐t ✐✳❡✳ λ ≫ a✳ ❚❤✐s ❧❡❛❞s t♦ ❛ s♠❛❧❧ ♠♦♠❡♥t✉♠ tr❛♥s❢❡r ♣❛r❛❧❧❡❧ t♦ t❤❡
s✉r❢❛❝❡ ∆k‖ < 2π/d✳ ❚❤❡ ✐♥❡❧❛st✐❝❛❧❧② s❝❛tt❡r❡❞ ❡❧❡❝tr♦♥ ❞❡✈✐❛t❡s ❛ ❧✐tt❧❡ ❛t ❧♦✇ ❡♥❡r❣②
❛♥❞ ❛ ♠✐♥✐♠✉♠ ♠♦♠❡♥t✉♠ ❝❤❛♥❣❡ ♦❝❝✉rs ❢♦r t❤❡ ❞✐r❡❝t✐♦♥ ❝❤❛♥❣❡ ♦❢ ❞✐✛r❛❝t❡❞ ❡❧❡❝tr♦♥✳
❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝ s❝❛tt❡r✐♥❣ ❛♥❣❧❡

ΘE =
∆E

2E0

[20] ✭✷✳✶✺✮

✶✺



✷✳✷ ❊❧❡❝tr♦♥ ❊♥❡r❣② ▲♦ss ❙♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮

♦❢ t❤❡ ❞✐✛r❛❝t❡❞ ❜❡❛♠✱ ✇❤❡r❡ ∆E = ~ω s❤♦✉❧❞ ❜❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ♣r✐♠❛r② ❡♥❡r❣② E0✳
❚❤❡r❡ ✐s ❛ tr❛♥s❢❡r ♦❢ ♠♦♠❡♥t✉♠ ~∆k = ~(ki − kf ) ❛♥❞ ❛♥ ❡♥❡r❣② ❧♦ss ∆E✱ ❛s s❤♦✇♥ ✐♥
❋✐❣✳✷✳✺✳ ❬✷✵❪
❚❤❡ ❞✐❡❧❡❝tr✐❝ ❢✉♥❝t✐♦♥ ε(ω,k) = ε1(ω,k) + iε2(ω,k) ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ k ❛♥❞ q ❛♥❞

❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ❡❛❝❤ s♦❧✐❞✳ ❚❤❡ ❞✐❡❧❡❝tr✐❝ t❤❡♦r② ♦❢ ❞✐✛r❛❝t✐♦♥ ❝r♦ss s❡❝t✐♦♥ ✐s ❞✐r❡❝t❧②
r❡❧❛t❡❞ t♦ t❤❡ ❞✐❡❧❡❝tr✐❝ r❡s♣♦♥s❡ ♦❢ t❤❡ ❛ss♦❝✐❛t❡❞ s②st❡♠✳ ❲✐t❤✐♥ t❤❡ ❜✉❧❦ ♦❢ ❛ ❞✐❡❧❡❝tr✐❝
♠❡❞✐✉♠ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✜❡❧❞ ♦❢ ❛♥ ❡❧❡❝tr♦♥ ✐s s❝r❡❡♥❡❞ ❜② ❛ ❢❛❝t♦r ♦❢ 1/ε✱ t❤❡
✐♥t❡♥s✐t② ❜② ❛ ❢❛❝t♦r 1/ε2✳ ■❢ t❤❡ ✜❡❧❞ ♠♦✈❡s t❤r♦✉❣❤ ❛ ♠❡❞✐✉♠ t❤❡♥ ✐ts ❞❛♠♣✐♥❣ ✇✐❧❧ ❜❡
♣r♦♣♦rt✐♦♥❛❧ t♦ ε2 ❬✷✷❪✳ ❚❤✉s ❢♦r t❤❡ ❡♥❡r❣② ❧♦ss ♦♥❡ ♦❜t❛✐♥s

Wb(k, ω) ∝
ε2

| ε |2 = −Im{1
ε
} =

ε2
ε21 + ε22

[22]

❚❤❡ ❡♥❡r❣② ❧♦ss ❜② ❛ ♠♦✈✐♥❣ ❡❧❡❝tr♦♥ ♦♥ t❤❡ s✉r❢❛❝❡ ❤❛✈✐♥❣ ❞✐♣♦❧❡ ✐♥t❡r❛❝t✐♦♥ ❝❛♥ ❜❡
❞❡s❝r✐❜❡❞ ❜②

Wb(k, ω) ∼
ε2

| ε+ 1 |2 = −Im(
1

ε+ 1
) =

ε2
(ε1 + 1)2 + ε22

[22] ✭✷✳✶✻✮

❚❤❡ ❢✉♥❝t✐♦♥ −Im( 1
ε+1

) ✐s ❝❛❧❧❡❞ s✉r❢❛❝❡ ❧♦ss ❢✉♥❝t✐♦♥✳ ■t ❞❡s❝r✐❜❡s t❤❡ ❢✉♥❞❛♠❡♥t❛❧
str✉❝t✉r❡ ♦❢ t❤❡ ❧♦ss s♣❡❝tr❛✱ s✐♥❝❡ ✐t ❤❛s ❛❧❧ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❞✐❡❧❡❝tr✐❝ ❜❡❤❛✈✐♦r
♦❢ t❤❡ ♠❡❞✐✉♠✳ ❬✷✸❪
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2.3 Spot Profile Analysis - Low Energy Electron Diffraction (SPA-

LEED)

❙♣♦t ♣r♦✜❧❡ ❛♥❛❧②s✐s ❧♦✇ ❡♥❡r❣② ❡❧❡❝tr♦♥ ❞✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮ ✐s ❛ ✈❡r② ❡✛❡❝t✐✈❡ t♦♦❧
t♦ ♦❜s❡r✈❡ ❛♥❞ ❛♥❛❧②③❡ t❤❡ s✉r❢❛❝❡ str✉❝t✉r❡s ♦❢ ❝r②st❛❧❧✐♥❡ s❛♠♣❧❡✳ ❇② ♠❡❛s✉r✐♥❣ t❤❡
✐♥t❡♥s✐t② ♦❢ ❞✐✛r❛❝t❡❞ ❜❡❛♠s ♦♥❡ ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡ ❞✐✛r❛❝t✐♦♥ s♣♦t ♣r♦✜❧❡s ♦❢ ❛ s❛♠♣❧❡
✉s✐♥❣ ❙P❆✲▲❊❊❉ t❡❝❤♥✐q✉❡✳ ❊❧❡❝tr♦♥ ❞✐✛r❛❝t✐♦♥ s♣♦ts ❛r❡ ✈❡r② s❡♥s✐t✐✈❡ t♦ t❤❡ ♠♦r♣❤♦❧✲
♦❣② ♦❢ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✱ ❤❡♥❝❡ ❜② ❛♥❛❧②③✐♥❣ t❤❡ ❞✐✛r❛❝t❡❞ s♣♦ts ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐❞❡♥t✐❢②
t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ❝♦♥❞✐t✐♦♥✳ ❯s✐♥❣ ❙P❆✲▲❊❊❉ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ s✉r❢❛❝❡
r♦✉❣❤♥❡ss✱ s✉r❢❛❝❡ st❡♣s ♦r t❡rr❛❝❡ s✐③❡s q✉❛♥t✐t❛t✐✈❡❧② ❬✷✹❪✳ ❚❤❡ ❙♣♦t Pr♦✜❧❡ ❆♥❛❧②s✐s✲
▲❊❊❉ ✭❙P❆✲▲❊❊❉✮ ✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ t❤❡ ✼✵s ❛♥❞ ✽✵s ❜② M.Henzler ❛♥❞ ✇❛s ✐♥tr♦❞✉❝❡❞
❛t ✶✾✽✻ ✐♥ ❬✷✻❪ ❛s ❛♥ ✐♥❞❡♣❡♥❞❡♥t ❞❡✈✐❝❡✳

❚❤❡ ❞✐✛r❛❝t✐♦♥ ❢r♦♠ s✉r❢❛❝❡s ♠❛② ❜❡ ❞❡s❝r✐❜❡❞ ❛s s✉♠ ♦❢ ❡❧❡❝tr♦♥ ✇❛✈❡ ❢✉♥❝t✐♦♥s s❝❛t✲
t❡r❡❞ ❢r♦♠ t❤❡ ✐♥✐t✐❛❧ ✇❛✈❡ ✈❡❝t♦r ki ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ❡❧❡❝tr♦♥ t♦ t❤❡ ✜♥❛❧ ✇❛✈❡ ✈❡❝t♦r kf ✱
❜② ❛❧❧ t❤❡ s✉r❢❛❝❡ ❛t♦♠s ❛t ♣♦s✐t✐♦♥s r(n)

Ψ(K,ki) =
∑

n

f(n,K,ki)e
iKr(n) ✭✷✳✶✽✮

✇❤❡r❡ K = ki − kf ✐s t❤❡ s❝❛tt❡r✐♥❣ ✈❡❝t♦r ❛♥❞ f(n,K,ki) ✐s t❤❡ str✉❝t✉r❡ ❢❛❝t♦r
✇❤✐❝❤ ❞❡♣❡♥❞s ❜♦t❤ ♦♥ t❤❡ ✐♥✐t✐❛❧ ❡❧❡❝tr♦♥ ✇❛✈❡ ✈❡❝t♦r ki ❛♥❞ ✜♥❛❧ ✇❛✈❡ ✈❡❝t♦r kf ✳ ❚❤❡
str✉❝t✉r❡ ❢❛❝t♦r ❝♦♠❜✐♥❡s t❤❡ ❡❧❡❝tr♦♥ ✇❛✈❡ ❝♦♠✐♥❣ ❢r♦♠ t❤❡ s✉r❢❛❝❡ ❛t♦♠ ❛t r(n) ❛♥❞ ❛❧❧
✉♥❞❡r❧②✐♥❣ ❛t♦♠s ✐♥ t❤❡ ❝♦❧✉♠♥ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡✳

❚❤❡ ▲❊❊❉ ♠❡t❤♦❞ ✐s ✉s❡❞ t♦ st✉❞② t❤❡ str✉❝t✉r❡ ❛♥❞ ♠♦r♣❤♦❧♦❣② ♦❢ s✉r❢❛❝❡s✳ ❊❧❡❝tr♦♥
❡♥❡r❣✐❡s ♦❢ ❙P❆✲▲❊❊❉ ❝❛♥ ❜❡ ❜❡t✇❡❡♥ ✺ t♦ ✺✵✵❡❱ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡
❞❡t❡❝t♦r ❜✉t ♥♦t ♦♥ t♦ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳ ❚❤✐s ♠❡t❤♦❞ ✉s❡s t❤❡ ♣r♦♣❡rt② t❤❛t ❡❧❡❝tr♦♥s
❛r❡ ❛❧s♦ ❤❛✈✐♥❣ ✇❛✈❡ ♥❛t✉r❡✳ ❆❝❝♦r❞✐♥❣ t♦ deBroglie t❤❡ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ❡❧❡❝tr♦♥s
❝❛❧❝✉❧❛t❡❞ ✐♥ t❤✐s ❝❛s❡ ❛s λ = h/p✱ ✇❤❡r❡ p = mv ✭❤ ✐s P❧❛♥❝❦✬s ❝♦♥st❛♥t✱ ♠ ✐s t❤❡
❡❧❡❝tr♦♥ ♠❛ss✱ ✈ ✐s t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❡❧❡❝tr♦♥✮✱ ❧❛t❡r Davisson ✐♥ ❬✷✺❪ ❤❛s ♣r♦✈❡❞ t❤❡
❡❧❡❝tr♦♥ ❞✐✛r❛❝t✐♦♥ ✐♥ ♠❛tt❡r✳ ❆ ♠♦r❡ ❛♣♣r♦♣r✐❛t❡ ✇❛② ♦❢ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ✇❛✈❡❧❡♥❣t❤ ✐♥
➴ ✐s✿

λ(➴) =
√

150.4/E(eV ) [26] ✭✷✳✶✾✮

❊❧❡❝tr♦♥s ❝❛♥ ✐♥t❡r❢❡r❡ ❧✐❦❡ ❧✐❣❤t ♦r ✇❛t❡r ✇❛✈❡s ❞✉❡ t♦ t❤✐s ✇❛✈❡ ♥❛t✉r❡✳ ❇② ✈❛r②✐♥❣ t❤❡
❡♠✐tt❡❞ ❡❧❡❝tr♦♥ ❡♥❡r❣② ❛♥❞ ❛❧s♦ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❡❧✱ ♦♥❡ ❝❛♥ ♦❜s❡r✈❡ t❤❡ ❡♥t✐r❡ r❡❝✐♣r♦❝❛❧
s♣❛❝❡ ♦❢ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✉s✐♥❣ ❙P❆✲▲❊❊❉✳ ❍❡r❡ ✇❡ s❡❡ t❤❡ ❝♦♥✈♦❧✉t✐♦♥ ♦❢ ❞✐✛❡r❡❝t❡❞
❡❧❡❝tr♦♥s ❛s ❛♥ ♦✉t♣✉t ✐♠❛❣❡ ❜✉t ♥♦t t❤❡ ✐♥t❡r❢❡r❡ ♣❛tt❡r♥✳ ■♥ ❝❧❛ss✐❝❛❧ ▲❊❊❉ ❞✐✛❡r❡❝t❡❞
❡❧❡❝tr♦♥s ✐♥t❡r❢❡r❡ ♦♥ ❛ ✢✉♦r❡s❝❡♥❝❡ s❝r❡❡♥ ❛♥❞ ❢♦r♠ ❛ r❡❝✐♣r♦❝❛❧ ✐♠❛❣❡ ♦❢ t❤❡ s✉r❢❛❝❡
t❡①t✉r❡✳ ❆ r❡❛❧ s♣❛❝❡ ❞✐st❛♥❝❡ r ❝♦rr❡s♣♦♥❞s t♦ ❛ ❞✐st❛♥❝❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ ✶✴r ✐♥ r❡❝✐♣r♦❝❛❧
s♣❛❝❡✳ ■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ✐♥t❡♥s✐t② ♦❢ ❞✐✛r❛❝t✐♦♥ ♣❡❛❦s✱ t❤❡ ♣r♦✜❧❡s ❛♥❞ t❤❡ ♣♦s✐t✐♦♥s
❝♦♥t❛✐♥ ✐♠♣♦rt❛♥t ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ s✉r❢❛❝❡ ♠♦r♣❤♦❧♦❣②✳

❚❤❡ ▲❊❊❉ s♣♦t ♦❢ ❛ r♦✉❣❤ s✉r❢❛❝❡ ✐s ❝♦♠♣♦s❡❞ ♦❢ ❛ s❤❛r♣ ❝❡♥tr❛❧ s♣✐❦❡ ❛♥❞ ❛ ❜r♦❛❞❡♥❡❞

✶✼



✷✳✸ ❙♣♦t Pr♦✜❧❡ ❆♥❛❧②s✐s ✲ ▲♦✇ ❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮

♣❛rt ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ s❝❛tt❡r✐♥❣ ❝♦♥❞✐t✐♦♥ ❛♥❞ t❤❡ ✉♥✐t ❝❡❧❧ ❛rr❛♥❣❡♠❡♥t✳ ❚❤❡ ❝❡♥tr❛❧
s♣✐❦❡ ✐♥❝❧✉❞❡s ❛❧❧ ♦❢ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡ ❧❛②❡r ❞✐str✐❜✉t✐♦♥ θh✳ θh ✐s t❤❡ ❝♦✈❡r❛❣❡ ✐♥ t❤❡
hth ❧❛②❡r✳ ❚❤❡ ♥♦r♠❛❧✐③❡❞ ❝❡♥tr❛❧ s♣✐❦❡ ✐♥t❡♥s✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ t♦t❛❧ ❝♦✈❡r❛❣❡ θ ✐s
❣✐✈❡♥ ❜②

G(S, θ) =
∑

h

∑

l

phph−1 cos 2πSl ✭✷✳✶✼✮

Ph ✐s t❤❡ ✈✐s✐❜❧❡ ♣❛rt ♦❢ t❤❡ ❧❛②❡r h✿

Ph = (θh+1 − θh)

❚❤❡ ♣❤❛s❡ ❙ ✐s t❤❡ ✇❛✈❡❧❡♥❣t❤ ❞✐✛❡r❡♥❝❡ ♦❢ ❡❧❡❝tr♦♥s s❝❛tt❡r❡❞ ❢r♦♠ t❤❡ ♥❡✐❣❤❜♦r✐♥❣
t❡rr❛❝❡s ✇✐t❤ ♦♥❡ ❛t♦♠✐❝ st❡♣ ❤❡✐❣❤t d ✭Kz ✐s t❤❡ ♥♦r♠❛❧ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ s❝❛tt❡r✐♥❣
✈❡❝t♦r ❑✮✿

S =
dKz

2π

❚❤✐s ❛ss✉♠♣t✐♦♥ ✈❛❧✐❞ ❢♦r ✉♥✐❢♦r♠ ♠❛t❡r✐❛❧✱ ✇❤❡r❡ ❛❧❧ ❛t♦♠✐❝ s❝❛tt❡r✐♥❣ ❢❛❝t♦rs ❛r❡
✐❞❡♥t✐❝❛❧✳ ❍❡r❡ ❧♦♥❣ r❛♥❣❡ ♣❤❡♥♦♠❡♥❛ ❝♦♥s✐❞❡r❡❞ ❜✉t t❤❡ ♠✉❧t✐♣❧❡ s❝❛tt❡r✐♥❣ ♣❤❡♥♦♠❡♥❛
✐s ♥❡❣❧❡❝t❡❞✳

Different SPA-LEED units

❆ ❙P❆✲▲❊❊❉ ❝♦♥s✐sts ♦❢ ❢♦✉r ♠❛✐♥ ♣❛rts✿ ❛ ✜♥❡ ❢♦❝✉s❡❞ ❡❧❡❝tr♦♥ ❣✉♥✱ ❛♥ ❡♥tr❛♥❝❡ ❧❡♥s
❝❧♦s❡ t♦ t❤❡ s❛♠♣❧❡✱ ❛♥ ❡❧❡❝tr♦st❛t✐❝ ♦r ♠❛❣♥❡t✐❝ ❞❡✢❡❝t✐♦♥ ✉♥✐t✱ ❛♥❞ ❛ s♠❛❧❧ ❛♣❡rt✉r❡ ✐♥
❢r♦♥t ♦❢ ❛ s✐♥❣❧❡ ❡❧❡❝tr♦♥ ❝❤❛♥♥❡❧tr♦♥ ❞❡t❡❝t♦r✳

❋✐❣✉r❡ ✷✳✻ ✲ ❚❤❡ s✐❞❡ ✈✐❡✇ ♦❢ ❛ ❙P❆✲▲❊❊❉ ✇✐t❤ ❛♥ ❡❧❡❝tr♦♥ ❣✉♥✱ t❤❡ ❝❤❛♥♥❡❧tr♦♥ ❞❡t❡❝t♦r✱ t❤❡
❝♦♥✐❝❛❧ ♦❝t♦♣♦❧❡ ❡❧❡❝tr♦st❛t✐❝ ❞❡✢❡❝t✐♦♥ ✉♥✐t✱ t❤❡ ❡♥tr❛♥❝❡ ❧❡♥s ❛♥❞ ❛ s❛♠♣❧❡ ✐♥ ❢r♦♥t ♦❢ ❡♥tr❛♥❝❡
❧❡♥s ❬✷✵❪✳

✶✽



✷ ❚❍❊❖❘❊❚■❈❆▲ ❋❘❆▼❊❲❖❘❑ ❖❋ ❙P❊❈❚❘❖❙❈❖P■❈ ❈❍❆❘❆❈❚❊❘■❩❆❚■❖◆

■♥ ❝♦♥tr❛st t♦ ❝♦♥✈❡♥t✐♦♥❛❧ ▲❊❊❉ ❜♦t❤ t❤❡ ✐♥❝✐❞❡♥❝❡ ❛♥❞ r❡✢❡❝t✐♦♥ ❛♥❣❧❡ ♦❢ t❤❡ ❡❧❡❝✲
tr♦♥s ✈❛r✐❡❞ ✐♥ ❙P❆✲▲❊❊❉✳ ❚❤✐s ✐s ❞♦♥❡ ❜② t❤❡ ❞❡✢❡❝t✐♦♥ ✈♦❧t❛❣❡ ❛♣♣❧✐❡❞ ✐♥ ① ❛♥❞ ②
❞✐r❡❝t✐♦♥s ✉s✐♥❣ t❤❡ ♣❧❛t❡s ♦❢ t❤❡ ♦❝t♦♣♦❧❡ ✈✐❛ ❛ r❡s✐st♦r ♥❡t✇♦r❦✳ ❚❤❡ ♦❝t♦♣♦❧❡ ❞❡✢❡❝t✐♦♥
✉♥✐t ♦❢ ❙P❆✲▲❊❊❉ ❝♦♥s✐sts ♦❢ t❤r❡❡ r♦✇s ♦❢ ❡❧❡❝tr♦st❛t✐❝ ❞❡✢❡❝t✐♦♥ ♣❧❛t❡s✳ ❈♦rr❡s♣♦♥❞✐♥❣
♣❛♥❡❧s ✐♥ t❤❡ ❢r♦♥t ❛♥❞ r❡❛r ♦❝t♦♣♦❧❡ ❤❛✈❡ ♦♣♣♦s✐t❡ ♣♦❧❛r✐t②✳ ❚❤✐s ❞❡✢❡❝t✐♦♥ ♣❧❛t❡s ❜❡♥❞s
t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ✐♥ ❛♥ ❙✲s❤❛♣❡❞ ❢❛s❤✐♦♥ ❛♥❞ ❝❤❛♥❣❡ ✐ts ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡ ❜② ❦❡❡♣✐♥❣ t❤❡
♣♦s✐t✐♦♥ ♦❢ ✐♥❝✐❞❡♥❝❡ ✜①❡❞ ♦♥ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳ ❙✐♥❝❡ t❤❡ ❞❡t❡❝t♦r ✐s ♠♦✉♥t❡❞ r✐❣❤t
♥❡①t t♦ t❤❡ ❡❧❡❝tr♦♥ ❣✉♥✱ ✐t ♠❡❛♥s t❤❛t t❤❡ ❡❧❡❝tr♦♥s ✉♥❞❡r❣♦ t❤❡ s❛♠❡ ❞❡✢❡❝t✐♦♥ ♣❛t❤ ♦♥
t❤❡ r❡t✉r♥ tr✐♣✳ ❉✐✛r❛❝t✐♦♥ ✐♠❛❣❡ ✈❛r✐❡s ❜❛s❡❞ ♦♥ t❤❡ ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥s✳

2.3.1 Different surface configurations

❆♥ ✐❞❡❛❧✐③❡❞ ✐♥t❡r❢❛❝❡ s❤♦✉❧❞ t❛❦❡ t❤❡ ❛t♦♠✐❝ ❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ ✈♦❧✉♠❡✳ ❊♥❡r❣❡t✐❝❛❧❧②
t❤✐s ✐s ♥♦t ❛❧✇❛②s tr✉❡✳ ❚❤❡ ❛t♦♠s r❡❧❛① ❛♥❞ r❡♦r❣❛♥✐③❡ ♦✈❡r t❤❡ ❜❛s❡✳ ■❢ t❤✐s ✐s ❞♦♥❡ ✐♥
❛ ♣❡r✐♦❞✐❝ ♠❛♥♥❡r✱ t❤✐s ✐s ❝❛❧❧❡❞ ❛ s✉♣❡rstr✉❝t✉r❡✳ ❚❤❡✐r ♥❛♠❡s r❡s✉❧t ❢r♦♠ t❤❡ ❢❛❝t♦rs
✇❤✐❝❤ ❞❡s❝r✐❜❡✱ ❤♦✇ ♠❛♥② t✐♠❡s t❤❡ ♥❡✇ ♣❡r✐♦❞✐❝✐t② ❤❛s ❝❤❛♥❣❡❞ ✐♥ t❤❡ ①✲❛♥❞ ②✲❞✐r❡❝t✐♦♥
r❡❧❛t✐✈❡ t♦ t❤❡ ❡❛r❧✐❡r ♣❡r✐♦❞✐❝✐t②✳
❚❤❡ ❢♦r♠ ❛♥❞ ♥❛t✉r❡ ♦❢ s✉❝❤ ❛ s✉♣❡r✲❧❛tt✐❝❡ str✉❝t✉r❡ ✐s ✐♥✢✉❡♥❝❡❞ ❜② ♠❛♥② ❡✛❡❝ts✳

❉❡❢❡❝ts ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡✳ P♦✐♥t ❞❡❢❡❝ts ❛r❡ ❦♥♦✇♥ ❛s ③❡r♦ ❞✐♠❡♥s✐♦♥❛❧ ❞❡❢❡❝ts t❤❛t
♦❝❝✉r ♦♥❧② ❛t ❛ s✐♥❣❧❡ ❧❛tt✐❝❡ ♣♦✐♥t✳ ❆ ✈❛❝❛♥❝② ❞❡❢❡❝t s♦♠❡t✐♠❡s ❝❛❧❧❡❞ ❛ ❙❝❤♦tt❦② ❞❡❢❡❝t
✐s ✉s✉❛❧❧② ❛ ❧❛tt✐❝❡ s✐t❡✳ ❲❤❡♥ ❛♥ ✐♦♥ ♠♦✈❡s ✐♥t♦ ❛♥ ✐♥t❡rst✐t✐❛❧ s✐t❡ ❛ ✈❛❝❛♥❝② ✐s ❝r❡❛t❡❞✱
✇❤✐❝❤ ♦❢t❡♥ ❝❛❧❧❡❞ ❛ ❋r❡♥❦❡❧ ❞❡❢❡❝t✳ ▲✐♥❡❛r ❞❡❢❡❝ts ❛r❡ ❦✐♥❞ ♦❢ ❞✐s❧♦❝❛t✐♦♥s ❛r♦✉♥❞ ✇❤✐❝❤
s♦♠❡ ♦❢ t❤❡ ❛t♦♠s ♦❢ t❤❡ ❝r②st❛❧ ❧❛tt✐❝❡ ❛r❡ ♠✐s❛❧✐❣♥❡❞✳ ❚❤❡r❡ ❛r❡ t✇♦ ❞✐✛❡r❡♥t ❦✐♥❞s ♦❢
❞✐s❧♦❝❛t✐♦♥s✱ t❤❡ ❡❞❣❡ ❞✐s❧♦❝❛t✐♦♥ ❛♥❞ t❤❡ s❝r❡✇ ❞✐s❧♦❝❛t✐♦♥✳
■♥ ♠❛♥② ❝❛s❡s✱ st❡♣ ❡❞❣❡s ♦♥ t❤❡ s✉r❢❛❝❡ ❝❛♥ ❜❡ ❞♦♠❛✐♥ ❜♦✉♥❞❛r✐❡s✳ ❆❞❛t♦♠s ❛♥❞ ❞❡✲

❢❡❝ts ❧❡❛❞ t♦ ❞✐s♦r❞❡r ♦r ❡✈❡♥ ❛t ❤✐❣❤❡r ❝♦♥❝❡♥tr❛t✐♦♥s t♦ t❤❡ ❞❡str✉❝t✐♦♥ ♦r r❡❛rr❛♥❣❡♠❡♥t
♦❢ t❤❡ ♣❡r✐♦❞✐❝ s✉♣❡rstr✉❝t✉r❡✳ ❋❛❝❡ts ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛✈❡r❛❣❡ s✉r❢❛❝❡ ✐♥❝❧✐♥❡❞ ♣♦r✲
t✐♦♥s t❤❛t r❡s✉❧t ✐♥ ❛❞❞✐t✐♦♥❛❧ ❞✐✛r❛❝t✐♦♥ ❡✛❡❝ts✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ❝❡rt❛✐♥
s✉r❢❛❝❡s ❛rr❛♥❣❡♠❡♥ts ❛♥❞ ❞❡❢❡❝ts ❛r❡ ❞✐s❝✉ss❡❞ ❛♥❞ s♦♠❡ ❡①❛♠♣❧❡s ❛r❡ s❤♦✇♥✳

2.3.2 Diffraction conditions and Ewald sphere formation

❚❤❡ ❞✐✛r❛❝t✐♦♥ ♣❤❡♥♦♠❡♥❛ ✇✐t❤ t❤❡ ❞✐✛r❛❝t✐♦♥ s♣♦t ✐♥t❡♥s✐t② ❛r❡ ♠❛✐♥❧② ❞❡t❡r♠✐♥❡❞ ❜②
t❤❡ s❝❛tt❡r✐♥❣ ❝r♦ss s❡❝t✐♦♥✱ ✐✳❡✳ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ str✉❝t✉r❡ ❢❛❝t♦r✱ f(n,K,ki) ❛s✿

I(K,ki) =| Ψ(K,ki) |2 ✭✷✳✷✵✮

=
∑

n,m

f(n,K,ki)f
∗(m,K,ki)e

iK(r(n)−r(m)) [26] ✭✷✳✷✶✮

❲❤❡r❡ K = ki − kf ✐s t❤❡ ❞✐✛r❛❝t✐♦♥ ✈❡❝t♦r ❛♥❞ f(n,K,ki) ✐s t❤❡ str✉❝t✉r❡ ❢❛❝t♦r✱
t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡ s❝❛tt❡r✐♥❣ ❜❡❤❛✈✐♦r ♦❢ t❤❡ ❛t♦♠s ❛r❡ ❞❡s❝r✐❜❡❞✳
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❋✐❣✉r❡ ✷✳✼ ✲ ❊✇❛❧❞ ❝♦♥✲
str✉❝t✐♦♥ ❛t t❤❡ r❡❝✐♣r♦✲
❝❛❧ ❧❛tt✐❝❡ r♦❞s ❬✷✼❪✳ ■♥✲
t❡rs❡❝t✐♦♥s ♦❢ t❤❡ ❊✇❛❧❞
s♣❤❡r❡ ✇✐t❤ t❤❡ r♦❞s ❧❡❛❞
t♦ ▲❊❊❉ r❡✢❡①❡s✳

❆♥ ❡①tr❡♠❡ ❡①❛♠♣❧❡ ✐s ❳✲r❛② r❛❞✐❛t✐♦♥ ✇✐t❤ t❤❡✐r ❧♦✇ ✐♥t❡r❛❝t✐♦♥ ❛♥❞ ❤✐❣❤ ♣❡♥❡tr❛t✐♦♥
❞❡♣t❤✳ ❚❤✐s ❧❡❛❞s t♦ ✇❡❧❧✲❞❡✜♥❡❞ ✸❉ ❇r❛❣❣ ❝♦♥❞✐t✐♦♥s ✇❤✐❝❤ ❞❡s❝r✐❜❡ t❤❡ ♣❡r✐♦❞✐❝✐t② ♦❢
❛ s✐♥❣❧❡ ❝r②st❛❧✳ ❚❤❡ s❡❧❡❝t✐♦♥ r✉❧❡ ❢♦r K⊥ ❧❡❛❞s t♦ ✇❡❧❧✲❞❡✜♥❡❞ ♣♦✐♥ts ✐♥ t❤❡ r❡❝✐♣r♦❝❛❧
❧❛tt✐❝❡ r❡♣r❡s❡♥t❛t✐♦♥ ✇✐t❤ t❤❡ ❞✐s♣❡rs✐♦♥ ✐♥ K⊥ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ♦t❤❡r ❡①tr❡♠❡ ❡①❛♠♣❧❡
✇♦✉❧❞ ❜❡ ❍❡ ❛t♦♠s✳ ❚❤❡② ♦♥❧② ❡♥❝♦✉♥t❡r t❤❡ s✉r❢❛❝❡ ❛♥❞ ❞♦ ♥♦t ♣❡♥❡tr❛t❡ ✐♥t♦ t❤❡ s♦❧✐❞✳
❙♦ ✇❡ ❛r❡ t❛❧❦✐♥❣ ♦♥❧② ❛❜♦✉t t❤❡ ✜rst ❛t♦♠✐❝ ❧❛②❡r ❛♥❞ ✐ts str✉❝t✉r❡ ❢❛❝t♦r✳ ❚❤❡ ❧❛❝❦ ♦❢
♣❡r✐♦❞✐❝✐t② ✐♥ t❤❡ ③✲❞✐r❡❝t✐♦♥ ❧❡❛❞s t♦ ❛ ❝♦♠♣❧❡t❡ ❛❜s❡♥❝❡ ♦❢ s❡❧❡❝t✐♦♥ r✉❧❡s ❢♦r K⊥✳ ❚❤✐s
❝♦rr❡s♣♦♥❞s t♦ s✉r❢❛❝❡ ❧❛tt✐❝❡ r♦❞s ✐♥ t❤❡ r❡❝✐♣r♦❝❛❧ ❧❛tt✐❝❡ r❡♣r❡s❡♥t❛t✐♦♥✱ ❛s ❝❛♥ ❜❡ s❡❡♥
✐♥ ❋✐❣✳✷✳✼✳ ❚❤❡ ❞✐✛r❛❝t✐♦♥ ♦❢ ❡❧❡❝tr♦♥s ❢♦r♠s ❛ s✐t✉❛t✐♦♥ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❍❡ ❛t♦♠s✳ ❚❤❡②
s❝❛tt❡r ❡❧❛st✐❝❛❧❧② ❢r♦♠ t❤❡ ✜rst ❢❡✇ ❧❛②❡rs ❜② ❡❧❡❝tr♦♥✲❡❧❡❝tr♦♥ ✐♥t❡r❛❝t✐♦♥✳ ■♥✢✉❡♥❝❡ ♦❢
❞✐✛❡r❡♥t ♣❡r✐♦❞✐❝✐t② ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ s✉r❢❛❝❡ r❡s✉❧ts ✐♥ ❧❛tt✐❝❡ r♦❞s✱ ❛s ❛❧♠♦st ❛♥②
✈❛❧✉❡ ♦❢ K⊥ ✐s ♣♦ss✐❜❧❡✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❍❡ ❛t♦♠s✱ ✐t ✐s✱ ❤♦✇❡✈❡r✱ ♠❛❥♦r ✈❛r✐❛t✐♦♥s ♦❢
t❤❡ ✐♥t❡♥s✐t② ❛❧♦♥❣ t❤❡ ❣r❛t✐♥❣ r♦❞s ❛♥❞ ❝❛♥ ❣♦ ❞♦✇♥ t♦ ③❡r♦✳
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❋✐❣✉r❡ ✷✳✽ ✲ ❊✇❛❧❞ ❝♦♥str✉❝t✐♦♥
❜② ❙P❆✲▲❊❊❉✿ t✐❧t✐♥❣ ♦❢ t❤❡ ❊✇❛❧❞
s♣❤❡r❡ ❜② ❛♥❣❧❡ ❝❤❛♥❣❡ α ❜❡t✇❡❡♥ t❤❡
✐♥❝✐❞❡♥t ❜❡❛♠ ❛♥❞ t❤❡ s❛♠♣❧❡ ❛♥❞ ❜②
✜①❡❞ ❛♥❣❧❡ β0 ❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t
❜❡❛♠✱ ki ❛♥❞ t❤❡ ❞✐✛r❛❝t❡❞ ❜❡❛♠ kf

❬✷✻❪

❯s✐♥❣ t❤❡s❡ ❣r✐❞ r♦❞s✱ t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❞✐✛r❛❝t✐♦♥ ♣❡❛❦s ❝❛♥ ❜❡ ❞❡r✐✈❡❞ ✇✐t❤ t❤❡ s♦✲
❝❛❧❧❡❞ ❊✇❛❧❞ ❝♦♥str✉❝t✐♦♥✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ❛ ❝✐r❝❧❡ ✐s ❞r❛✇♥ ❛t t❤❡ ♣♦✐♥t ✭✵✵✮ ♦♥ t❤❡
r♦❞ ✇✐t❤ t❤❡ r❛❞✐✉s ♦❢ t❤❡ ✐♥❝✐❞❡♥t ✈❡❝t♦r ki ✐♥ t❤❡ r❡❝✐♣r♦❝❛❧ ❧❛tt✐❝❡ r❡♣r❡s❡♥t❛t✐♦♥✳ ❚❤❡
✐♥❝✐❞❡♥t ✈❡❝t♦r ✐s ♥♦✇ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❝✐r❝❧❡ ✐♥ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ ♦❢
t❤❡ ❡❧❡❝tr♦♥s ✐♥s❡rt❡❞ ❢r♦♠ t❤❡ s✉r❢❛❝❡ t♦ t❤❡ ❝✐r❝❧❡ ✐♥ t❤❡ ✐♠❛❣❡✳ ■♥ ❋✐❣✳✷✳✽ t❤❡ ❡❧❡❝tr♦♥
❜❡❛♠ ❢❛❧❧s ✈❡rt✐❝❛❧❧② ♦♥ t❤❡ s❛♠♣❧❡✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛♥❣❧❡ ♦❢ ♠♦st ❝❧❛ss✐❝❛❧ ▲❊❊❉
❛♣♣❛r❛t✉s✳ ❈♦♥str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡ t❛❦❡s ♣❧❛❝❡ ❛t ♣♦✐♥ts ✇❤❡r❡ t❤❡ ❝✐r❝❧❡ ✐♥t❡rs❡❝ts t❤❡
❜❛rs✱ ❜❡❝❛✉s❡ t❤❡ ✷❉ ❇r❛❣❣ ❝♦♥❞✐t✐♦♥ ✐s s❛t✐s✜❡❞ t❤❡r❡✳ ❚❤❡ ❞✐✛r❛❝t✐♦♥ ✈❡❝t♦r K ✐s ♥♦✇
❞r❛✇♥ ❢r♦♠ t❤❡ t✐♣ ♦❢ ki t♦ ❛♥ ✐♥t❡rs❡❝t✐♦♥✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❞✐✛r❛❝t✐♦♥ ✈❡❝t♦r
❛♥❞ t❤❡ ✐♥❝✐❞❡♥t ✈❡❝t♦r ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐✛r❛❝t❡❞ ✈❡❝t♦r kf ✳

❚♦ ♣❡r❢♦r♠ ❡❧❡❝tr♦♥ ❞✐✛r❛❝t✐♦♥✱ ❙P❆✲▲❊❊❉ ♥❡❡❞s t❤r❡❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts✳ ❋✐rst ♦❢ ❛❧❧
♦♥❡ ♥❡❡❞s ❛ ❣♦♦❞ s♦✉r❝❡ ♦❢ ❡❧❡❝tr♦♥✱ ✇❤✐❝❤ ❝❛♥ ❡♠✐t ❡❧❡❝tr♦♥s ♦❢ ❛❧♠♦st s❛♠❡ ❡♥❡r❣② ❛t ❛
t✐♠❡ t♦ ♣❡r❢♦r♠ ❛ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ ❡❧❡❝tr♦♥ ❞✐✛r❛❝t✐♦♥ ✇❤❡r❡ t❤❡ s✐❣♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦ ✐s ❤✐❣❤✳
■♥ t❤❡ ❝❧❛ss✐❝❛❧ ▲❊❊❉ t❤❡r❡ ✐s ❛ ✜①❡❞ ❧✉♠✐♥❡s❝❡♥t s❝r❡❡♥✳ ❚❤❡ ❡♥t✐r❡ s❝r❡❡♥ ✐s ❛✈❛✐❧❛❜❧❡
t♦ ❛❝❝♦♠♠♦❞❛t❡ t❤❡ ❞✐✛❡r❡❝t❡❞ ❡❧❡❝tr♦♥s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♣❤♦t♦❣r❛♣❤❡❞ ♦r r❡❝♦r❞❡❞ ❜②
❛ ✈✐❞❡♦ ❝❛♠❡r❛✳ ■♥ ❝❛s❡ ♦❢ ❙P❆✲▲❊❊❉✱ t❤❡r❡ ✐s ♥♦ s❝r❡❡♥✳ ❍❡r❡ ❞✉r✐♥❣ s❝❛♥♥✐♥❣ t❤❡
❛♥❣❧❡ ♦❢ ✐♥❝✐❞❡♥❝❡ Θ ♦❢ t❤❡ ❡❧❡❝tr♦♥s ❝❤❛♥❣❡s✱ t❤❡ ✐♥❝♦♠✐♥❣ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ♠❡❛s✉r❡❞
❜② ❛ ❝❤❛♥♥❡❧tr♦♥ ✇❤✐❝❤ ❤❛✈❡ ❛ ✜①❡❞ ❛♥❣❧❡ β0 t♦ t❤❡ ✐♥❝✐❞❡♥t ❜❡❛♠ ❛♥❞ ✐t ✐s ✐♥ ❛ ✜①❡❞
❧♦❝❛t✐♦♥ ❛t t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡ ❡❧❡❝tr♦♥ ❣✉♥✳ ■❢ t❤❡ ❛♥❣❧❡ Θ ❜❡t✇❡❡♥ ki ❛♥❞ t❤❡ s✉r❢❛❝❡ ✐s
❝❤❛♥❣❡❞ ❜② α✱ t❤✐s r❡s✉❧ts ✐♥ t✐❧t✐♥❣ ♦❢ t❤❡ ❡♥t✐r❡ ❊✇❛❧❞ s♣❤❡r❡ ❜② t❤❡ ❛♥❣❧❡ α✱ ❛s s❤♦✇♥
✐♥ ❋✐❣✳✷✳✽✳ ❚❤✉s✱ t❤❡ r❡❝✐♣r♦❝❛❧ s♣❛❝❡ ✐s s❝❛♥♥❡❞ ✐♥ ♦♥❡ ❞✐r❡❝t✐♦♥ ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ Θ✳ ❆
♣❛rt ♦❢ t❤❡ r❡❝✐♣r♦❝❛❧ s♣❛❝❡ ❝❛♥ t❤✉s ❜❡ s❝❛♥♥❡❞ ❜② ❝❤❛♥❣✐♥❣ t❤❡ ✐♥❝✐❞❡♥t ❛♥❣❧❡ Θ ❛♥❞
❛ ✜①❡❞ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ✐♥❝✐❞❡♥t ❛♥❞ ❡♠❡r❣❡♥t ❜❡❛♠ β0✳ ❉✉❡ t♦ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡
❙P❆✲▲❊❊❉ t❤❡ ❛♥❣❧❡ β0 ❡①❛❝t❧② ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦♥ ❣✉♥ ❛♥❞

✷✶



✷✳✸ ❙♣♦t Pr♦✜❧❡ ❆♥❛❧②s✐s ✲ ▲♦✇ ❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮

❝❤❛♥♥❡❧tr♦♥✭✉s✉❛❧❧② ❛❜♦✉t ✼◦✮✳
❚❤❡ ✉s❡❞ s❛♠♣❧❡ s❤♦✉❧❞ ❜❡ ❝♦♥❞✉❝t✐✈❡✱ ♦t❤❡r✇✐s❡ ❝❤❛r❣✐♥❣ ❡✛❡❝t ✇✐❧❧ ❛♣♣❡❛r✱ ✇❤✐❝❤

♠✐❣❤t r❡s✉❧t ✐♥ ❞✐st♦rt❡❞ ✐♠❛❣❡ ♦r ♥♦ ✐♠❛❣❡ ❝❛s❡✳ ❆❣❛✐♥ t❤❡ s❛♠♣❧❡ ✉♥❞❡r ✐♥✈❡st✐❣❛t✐♦♥
s❤♦✉❧❞ ❤❛✈❡ s♦♠❡ ❧♦♥❣✲r❛♥❣❡ ♦r❞❡r✱ ❜❡❝❛✉s❡ ❛♠♦r♣❤♦✉s s❛♠♣❧❡s ❛r❡ ♥♦t s✉✐t❛❜❧❡ ❢♦r ❙P❆✲
▲❊❊❉ ✐♥✈❡st✐❣❛t✐♦♥✳ ❚❤❡ ♠❡❛♥ ❢r❡❡ ♣❛t❤✱ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ✭∆E✮✱ ❝❤❛♥❣❡ ♦❢ ❛♥❣❧❡
✭∆θ✮✱ ❜❡❛♠ s✐③❡ ♦❢ t❤❡ ❡❧❡❝tr♦♥s s❤♦✉❧❞ ❜❡ ❛❞❥✉st❡❞ ♣r♦♣❡r❧② t♦ tr❛✈❡❧ ❢r♦♠ t❤❡ s♦✉r❝❡ t♦
t❤❡ ❞❡t❡❝t♦r ✈✐❛ t❤❡ s❛♠♣❧❡✳

2.3.3 Diffraction from rough surfaces

❚❤❡ ❡✛❡❝ts ♦❢ r❡❣✉❧❛r s✉r❢❛❝❡ ❞❡❢❡❝ts ✐♥ t❤❡ ▲❊❊❉ ✐♠❛❣❡ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✱
❜❡❝❛✉s❡ t❤❡ ❞✐✛r❛❝t✐♦♥ ❛t ❛ r♦✉❣❤ s✉r❢❛❝❡ ✐s ♥♦t s❛♠❡ ❛s t❤❡ ❞✐✛r❛❝t✐♦♥ ❛t s♠♦♦t❤ ♦r
❞❡❢❡❝t ❢r❡❡ s✉r❢❛❝❡✱ ❤❡♥❝❡ s♦♠❡ ❞❡✈✐❛t✐♦♥s ✐♥ str✉❝t✉r❡ ❢❛❝t♦r ✈❛❧✉❡s ❛r❡ ❡①♣❡❝t❡❞✳ ■❢ t❤❡
s✉r❢❛❝❡ ✐s ♥♦t ♣❡r❢❡❝t❧② ♣❧❛♥❡✱ ❜✉t ✐t ❝♦♥s✐sts ♦❢ s❡✈❡r❛❧ t❡rr❛❝❡s s❡♣❛r❛t❡❞ ❜② st❡♣s✱ t❤❡
❞✐✛r❛❝t❡❞ ❡❧❡❝tr♦♥ ✇❛✈❡s ♦❢ ❞✐✛❡r❡♥t ♣❤❛s❡ ✇✐❧❧ s✉♣❡r✐♠♣♦s❡✳ ❚✇♦ ❡❧❡❝tr♦♥ ✇❛✈❡s r❡❢r❛❝t❡❞
r❡s♣❡❝t✐✈❡❧② ❢r♦♠ t✇♦ ♣❧❛♥❡s s❡♣❛r❛t❡❞ ❜② ❛ ❞✐st❛♥❝❡ d ❛r❡ s✉♣❡r✐♠♣♦s❡❞ ❛t K‖ = 0✱ ✐✳❡✳
❛t ✭✵✵✮ s♣♦t ✐♥ t❤❡ ▲❊❊❉ ✐♠❛❣❡ ❛♥❞ ❛ ❝♦♥str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡ ✇✐❧❧ ♦❝❝✉r ✇❤❡♥ t❤❡ ❇r❛❣❣
❝♦♥❞✐t✐♦♥ ❢♦r ❡❧❡❝tr♦♥ ❡♥❡r❣②

S = 2d cosϑ
√

E(eV )/150.4 ✭✷✳✷✷❛✮

♦r ❡❧❡❝tr♦♥ ✇❛✈❡❧❡♥❣t❤

S = 2d cosϑ/λelectron = n ✭✷✳✷✷❜✮

s❛t✐s✜❡s✳ ■♥ t❤✐s ❝❛s❡✱ S = K⊥d/2π ✐s t❤❡ ❞✐s♣❡rs✐♦♥ ♣❤❛s❡✱ ❢♦r ❝♦♥str✉❝t✐✈❡ ✐♥t❡r❢❡r❡♥❝❡
t❤✐s s❤♦✉❧❞ ❜❡ ❛ ❞✐♠❡♥s✐♦♥❧❡ss ✐♥t❡❣❡r ✭♥✮ ✈❛❧✉❡✳ ❚❤✐s ✐s t❤❡ s♦✲❝❛❧❧❡❞ ✧✐♥✲♣❤❛s❡✧ ❝♦♥❞✐t✐♦♥✳
❋♦r t❤❡ ✧♦✉t✲♦❢✲♣❤❛s❡✧ ❝♦♥❞✐t✐♦♥✱ t❤❡ ❡❧❡❝tr♦♥s ✐♥t❡r❢❡r❡ ❞❡str✉❝t✐✈❡❧②✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡
❡①t✐♥❝t✐♦♥ ♦❢ t❤❡ ✭✵✵✮✲s♣♦t ❛♥❞ ❛ ❞✐✛✉s❡ ❜❛❝❦❣r♦✉♥❞ ❜❡s✐❞❡s t❤❡ s❤❛r♣ s♣♦t✳ ❚❤❡ s❤❛♣❡
❛♥❞ t❤❡ ♣r♦✜❧❡ ♦❢ s✉❝❤ ❛ s♣♦t ✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❧❛tt✐❝❡ ❢❛❝t♦r G(K)✳ ■t ✐s ❝♦♠♣♦s❡❞ ♦❢
t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ♠❡❛s✉r❡❞ ♣❡❛❦s Iij✱ ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ ✐♥t❡❣r❛❧ ✐♥t❡♥s✐t② ♦❢ t❤❡ t♦t❛❧
s♣♦ts ✐♥❝❧✉❞✐♥❣ t❤❡ ❞✐✛✉s❡ ❜❛❝❦❣r♦✉♥❞✿

G(K) =
Iij(K)

∫

dK‖Iij(K‖)

[26] ✭✷✳✷✸✮

■❢ t❤❡ ❇r❛❣❣ ❝♦♥❞✐t✐♦♥ ❢✉❧✜❧❧s t❤❡♥ ●✭❑✮❂✶✱ ✐♥ t❤❡ ✧♦✉t✲♦❢✲♣❤❛s❡✧ ❝♦♥❞✐t✐♦♥ ●✭❑✮❂✵✳
❲✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❧❛tt✐❝❡ ❢❛❝t♦r ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❣✐✈❡ ❛ st❛t❡♠❡♥t ❛❜♦✉t t❤❡ r♦✉❣❤♥❡ss

♦❢ ❛ s✉r❢❛❝❡✳ ❚❤✐s ❣r❛t✐♥❣ ❢❛❝t♦r ✐s ♣❧♦tt❡❞ ❛❣❛✐♥st t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❡❧❡❝tr♦♥s ♦r
❛❣❛✐♥st t❤❡ s❝❛tt❡r✐♥❣ ♣❤❛s❡ S✱ ❛ s♦ ❝❛❧❧❡❞ G(S) ♣❧♦t✳ ■♥ ❛♥ ✐❞❡❛❧ s②st❡♠✱ ●❛✉ss✐❛♥ ❧✐❦❡
❝✉r✈❡s ❛r✐s❡ ✇✐t❤ ♠❛①✐♠❛ ❢♦r S = n ❛♥❞ ♠✐♥✐♠❛ ❢♦r S = n + 1/2 ✇❤❡r❡ ✬♥✬ ✐s ❛♥ ✐♥t❡❣❡r
♥✉♠❜❡r✳ ❚❤❡ ❤❛❧❢ ✇✐❞t❤ ♦❢ t❤❡ ❝✉r✈❡ ❣✐✈❡s t❤❡ s♦ ❝❛❧❧❡❞ ❘▼❙ r♦✉❣❤♥❡ss ✈❡rt✐❝❛❧ t♦ t❤❡
s✉r❢❛❝❡✳ ❱❛r✐♦✉s ❢❛❝t♦rs ♠❛❦❡ t❤❡ ❝✉r✈❡s ❢♦r ♦t❤❡r s②st❡♠s ♥♦t s♦ ✐❞❡❛❧✳ ❋♦r ❡①❛♠♣❧❡✱
✈❛r②✐♥❣ ❢♦r♠ ❢❛❝t♦rs ♦r ✈❛r✐♦✉s t②♣❡s ♦❢ ❞✐s♦r❞❡r ♠❛❦❡ t❤❡ ❡✈❛❧✉❛t✐♦♥ s✐❣♥✐✜❝❛♥t❧② ♠♦r❡

✷✷
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❝♦♠♣❧✐❝❛t❡❞ ❛♥❞ ❞✐✣❝✉❧t✳ ❉❡t❛✐❧s ♦♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ G(S)✱ r♦✉❣❤♥❡ss ♦❢ ❞✐✣❝✉❧t s②st❡♠s
❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✸✸❪ ❛♥❞ ✇✐❧❧ ♥♦t ❜❡ ❢✉rt❤❡r ❞✐s❝✉ss❡❞ ❤❡r❡✳

✭❛✮ ❉✐✛r❛❝t✐♦♥ ♣❛tt❡r♥ ❢r♦♠ ❛ ✈✐❝✐♥❛❧ s✉r✲
❢❛❝❡ ✇✐t❤ ❛ r❡❣✉❧❛r st❡♣ tr❛✐♥✳ ❆❧❧ ▲❊❊❉
s♣♦ts s❤♦✇ ❛ s♣♦t s♣❧✐tt✐♥❣ ❞✉❡ t♦ t❤❡ ❧✐♥✲
❡❛r ♣❤❛s❡ ❣r✐❞ ♦❢ st❡♣s✳ ❚❤❡ s♣♦ts ♠♦✈❡ ✐♥
❛❝❝♦r❞❛♥❝❡ t♦ t❤❡ ✐♥❝❧✐♥❛t✐♦♥ ♦❢ t❤❡ ✈✐❝✐✲
♥❛❧ s✉r❢❛❝❡✳

✭❜✮ ❉✐✛r❛❝t✐♦♥ ♣❛tt❡r♥ ❢r♦♠ ❛ s✉r❢❛❝❡
✇✐t❤ ❧♦✇ ✐♥❞❡① ❢❛❝❡ts✳ ❊❛❝❤ ❢❛❝❡t ❝♦♥✲
tr✐❜✉t❡s ✇✐t❤ ❛ ❝♦♠♣❧❡t❡ s❡t ♦❢ ❞✐✛r❛❝t✐♦♥
r♦❞s t♦ t❤❡ ♣❛tt❡r♥✳ ❆❧❧ s♣♦ts ♠♦✈❡ ✇✐t❤
❡❧❡❝tr♦♥ ❡♥❡r❣② ✇✐t❤ r❡s♣❡❝t t♦ t❤❡ ♠❛❝r♦✲
s❝♦♣✐❝ s✉r❢❛❝❡ ♦❢ t❤❡ s❛♠♣❧❡✳

❋✐❣✉r❡ ✷✳✾ ✲ ❘❡❝✐♣r♦❝❛❧ ❙♣❛❝❡ ▼❛♣♣✐♥❣ ♦♥ str✉❝t✉r❡s ✇✐t❤ ❞✐✛❡r❡♥t ♣❡r✐♦❞✐❝ ❞❡❢❡❝ts✳

❚❤❡ ▲❊❊❉ ✐♠❛❣❡ ❛❧s♦ ✐❞❡♥t✐✜❡s ❝❧❡❛r❧② r❡❣✉❧❛r st❡♣s ♦♥ t❤❡ s✉r❢❛❝❡s✳ ■❢✱ ❢♦r ❡①❛♠♣❧❡✱
❛ ❙✐ ✭✵✵✶✮ ✐s ❝✉t ❛t ❛ s♠❛❧❧ ❛♥❣❧❡ ♦✛ t❤❡ ❬✵✵✶❪ ❞✐r❡❝t✐♦♥✱ t❤✐s ❧❡❛❞s t♦ ❛ r❡❣✉❧❛r ❛rr❛② ♦❢
st❡♣s✱ ✇❤✐❝❤ r❡♣r❡s❡♥t ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣❡r✐♦❞✐❝ s✉♣❡r✲❧❛tt✐❝❡ ❤❛✈✐♥❣ ❛♥ ❛✈❡r❛❣❡ ✇✐❞t❤ Γ✳
❚❤❡ ♣❡r✐♦❞✐❝✐t② ❧❡♥❣t❤ ✐s t❤❡ t❡rr❛❝❡ ✇✐❞t❤ Γ✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ s♣❧✐tt✐♥❣ ♦❢ t❤❡ s♣♦ts t♦
∆k = 2π/Na0 = 2π/Γ ✇❤❡r❡ N ✐s ❛♥ ✐♥t❡❣❡r ❛♥❞ a0 ✐s t❤❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t✱ ❛s s❤♦✇♥ ✐♥
✜❣✳✷✳✾❛✳ ❋✐❣✳ ✷✳✾❜ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❡♥❡r❣② ❞❡♣❡♥❞❡♥t s❝❛♥s ♦❢ ❢❛❝❡ts ♣r❡s❡♥t ♦♥ t❤❡
s✉r❢❛❝❡✳ ❋r♦♠ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ s♣❧✐tt✐♥❣ ♦❢ ❛ s♣♦t ✐♥ t❤❡ ▲❊❊❉ ✐♠❛❣❡✱ t❤❡ ❛✈❡r❛❣❡ ✇✐❞t❤
♦❢ t❡rr❛❝❡s ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✳ ❙♣❧✐tt✐♥❣ ♦❢ t❤❡ s♣♦ts ❝❛❧❧❡❞ ✧r❡❝✐♣r♦❝❛❧ s♣❛❝❡ ♠❛♣♣✐♥❣✧
❞❡♣❡♥❞s ♦♥ t❤❡ ❛♣♣❧✐❡❞ ❡♥❡r❣②✱ ✇❤✐❝❤ ❛r❡ t✐❧t❡❞ ❊✇❛❧❞ r♦❞s ❛♥❞ ✈✐s✐❜❧❡ ❛s

A(k) =
sin2(N

2
K⊥a0)

sin2(1
2
K⊥a0)

[26] ✭✷✳✷✹✮
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♠♦❞✉❧❛t❡❞ ✐♥ ✐♥t❡♥s✐t②✳ ❋♦r K⊥ = 2π/a0 t❤❡s❡ r♦❞s ❤❛✈❡ t❤❡✐r ♠❛①✐♠✉♠✱ ❛s ❝❛♥ ❜❡
s❡❡♥ ❢r♦♠ t❤❡ ❡q✉❛t✐♦♥ ✷✳✷✹✳ ❚❤❡ t✐❧t✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ r♦❞s ♣r♦✈✐❞❡ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t
t❤❡ ❛♥❣❧❡ ♦❢ t❤❡ ♣❡r✐♦❞✐❝ s✉♣❡rstr✉❝t✉r❡ t♦ t❤❡ ❛❝t✉❛❧ str✉❝t✉r❡✳ ■♥ ❝❛s❡ ♦❢ ❛ ❧❡ss ✐♥❝❧✐♥❡❞
s❛♠♣❧❡✱ t❤❡ t✐❧t✐♥❣ ❛♥❣❧❡ ❝❛♥ ❜❡ r❡❛❞ ❛t t❤❡ ❝♦rr❡❝t s❝❛❧❡ ❞✐r❡❝t❧②✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ❤❡✐❣❤t
♦❢ t❤❡ st❡♣s ❝❛♥ ❛❧s♦ ❜❡ r❡❛❞ ❜② ❞❡t❡r♠✐♥✐♥❣ t❤❡ s❝❛tt❡r✐♥❣ ♣❤❛s❡ ❛t t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡
♠❛①✐♠❛✳ ❚❤❡ s❝❛tt❡r✐♥❣ ♣❤❛s❡ ✐s ❣✐✈❡♥ ❜② S = K⊥d/2π ❛♥❞ t❤❡ ♠❛①✐♠❛ ❛tK⊥ = n.2π/a0✳
❚❤✐s ②✐❡❧❞s S = n.d

a0
✳ ❉♦✉❜❧❡ st❡♣s ✇♦✉❧❞ t❤✉s ❞✉❡ t♦ d = 2a0 ❜❡ ❢✉❧✜❧❧❡❞✱ ❛s S = 2.n

✇♦✉❧❞ ❜❡ t✇✐❝❡ ❛s ❧❛r❣❡✳

❋✉rt❤❡r ♦♣♣♦rt✉♥✐t✐❡s ♦❢ ❛♥❛❧②s✐s ❛♥❞ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢ ▲❊❊❉ ♦r ❙P❆✲▲❊❊❉ ✐♠❛❣❡s
✇✐❧❧ ♥♦t ❜❡ ❞✐s❝✉ss❡❞ ❤❡r❡✱ ✐♥ ♦r❞❡r ♥♦t t♦ ❡①❝❡❡❞ t❤❡ s❝♦♣❡ ♦❢ t❤✐s ✇♦r❦✳ ❋✉rt❤❡r ❞❡t❛✐❧s
❢♦r ✐♥t❡r❡st❡❞ r❡❛❞❡rs ❛r❡ ❛✈❛✐❧❛❜❧❡ ✐♥ t❤✐s r❡❢❡r❡♥❝❡ ❬✷✻❪✳
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3 Theoretical background of electrical characterization

❲❡ ✉s❡❞ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ✭■✲❱✮ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡✲✈♦❧t❛❣❡ ✭❈✲❱✮ ♠❡❛s✉r❡♠❡♥ts t♦ ❝❤❛r❛❝✲
t❡r✐③❡ t❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♦✉r s❛♠♣❧❡✳ ❚♦ ♣❡r❢♦r♠ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ✇❡ ❛♣♣❧✐❡❞
❛ ✈♦❧t❛❣❡ ❜❡t✇❡❡♥ t❤❡ ❣❛t❡ ❛♥❞ t❤❡ s✉❜str❛t❡ ❛♥❞ ♠❡❛s✉r❡❞ t❤❡ ❝✉rr❡♥t ✢♦✇✐♥❣ t❤r♦✉❣❤
t❤❡ s❛♠♣❧❡✳ ❉✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ ♦✉r s❛♠♣❧❡✱ ✇❡ ✉s❡❞ ❛ t✇♦
❡❧❡♠❡♥t ♠♦❞❡❧✱ ✇❤✐❝❤ ✐s ♣❛rt✐❛❧❧② ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡ ▼❖❙ ❞✐♦❞❡ ✇✐t❤♦✉t ❛♥② ❜❛❝❦ ❝♦♥✲
t❛❝t r❡s✐st❛♥❝❡✳ ▲❛t❡r t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ✇❛s ❝♦rr❡❝t❡❞ ✉s✐♥❣ t❤❡ t❤r❡❡ ❡❧❡♠❡♥t ♠♦❞❡❧
❝♦♥s✐❞❡r✐♥❣ t❤❡ ❜❛❝❦ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ✈❛❧✉❡✳

3.1 Capacitance-Voltage measurements (C-V)

❈❛♣❛❝✐t❛♥❝❡✲❱♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥t ♦r ❈❱ ♠❡❛s✉r❡♠❡♥t ✐s ❛ t❡❝❤♥✐q✉❡ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡
❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s❡♠✐❝♦♥❞✉❝t♦r ♠❛t❡r✐❛❧s ❛♥❞ ❞❡✈✐❝❡s ❛♥❞ ❛❧s♦ t❤❡ q✉❛❧✐t② ♦❢ t❤❡
✐♥t❡r❢❛❝❡s✳ ■♥ ❣❡♥❡r❛❧✱ t❤❡ ❈❱ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❞♦♥❡ ✉s✐♥❣ t✇♦ ❞✐✛❡r❡♥t ♠❡t❤♦❞s✱ q✉❛s✐
st❛t✐❝ ❛♥❞ ❤✐❣❤ ❢r❡q✉❡♥❝②✳ ❚❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ✐s ✉s❡❞ t♦ ♣❧♦t ❛ ❈❱ ❝✉r✈❡ ✇❤✐❝❤ ❣r❛♣❤✐❝❛❧❧②
❞✐s♣❧❛②s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♣❡r ✉♥✐t ❛r❡❛ ♦❢ ▼❖❙ ❞✐♦❞❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❜✐❛s ✈♦❧t❛❣❡✳
❖♥❡ ❝❛♥ ❣❡t t❤❡ q✉❛❧✐t❛t✐✈❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ✐♥s✉❧❛t♦r ❢r♦♠ t❤❡ ❈❱ ♠❡❛s✉r❡♠❡♥ts✱

❧✐❦❡ ♠♦❜✐❧❡ ❝❤❛r❣❡ ❞❡♥s✐t②✱ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✱ ✜①❡❞ ❝❤❛r❣❡s ❛♥❞ ❞❡❢❡❝ts ❛t t❤❡ ❜✉❧❦ ❛♥❞
✐♥t❡r❢❛❝❡✳ ◗✉❛♥t✐t❛t✐✈❡ ✐♥❢♦r♠❛t✐♦♥ ❧✐❦❡ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t②✱ t❤❡ ❝❤❛r❣❡ ❝❛rr✐❡r ❞❡♥s✐t✐❡s
❛t t❤❡ ✐♥t❡r❢❛❝❡ ❝❛♥ ❛❧s♦ ❜❡ ❢♦✉♥❞ ❢r♦♠ t❤❡ ❈❱ ♠❡❛s✉r❡♠❡♥ts ❬✸✺✱✸✻❪✳

❋✐❣✉r❡ ✸✳✶ ✲ ❙❝❤❡♠❛t✐❝ ♦❢ ▼❖❙ ❞✐♦❞❡ ✇✐t❤ ❛♣♣❧✐❡❞ r❡✈❡rs❡ ❜✐❛s ✈♦❧t❛❣❡ ❬✸✵❪✳

▲❡t ✉s ❝♦♥s✐❞❡r ❛ ▼❖❙ ❞✐♦❞❡ ❛s ✐♥ ❋✐❣✳ ✸✳✶ ✇✐t❤ t♦♣ ♠❡t❛❧❧✐❝ ❣❛t❡ ❛♥❞ ❖①✐❞❡✴❞✐❡❧❡❝tr✐❝✳
❆ s♣❛❝❡✲❝❤❛r❣❡ r❡❣✐♦♥ ♦❢ ✇✐❞t❤ W ❢♦r♠❡❞ ❛❢t❡r ❛♣♣❧②✐♥❣ ❛ r❡✈❡rs❡ ❉❈ ❜✐❛s ✈♦❧t❛❣❡✱ V ✱
✐♥s✐❞❡ t❤❡ ♣✲t②♣❡ s❡♠✐❝♦♥❞✉❝t♦r ✇✐t❤ ❞♦♣✐♥❣ ❞❡♥s✐t② NA✳ ❚❤❡ ❞✐✛❡r❡♥t✐❛❧ ♦r t❤❡ s♠❛❧❧
s✐❣♥❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❜②

C =
dQm

dV
= −dQs

dV
[35] ✭✸✳✶✮

✇❤❡r❡ Qm ❛♥❞ Qs ❛r❡ t❤❡ ♠❡t❛❧ ❛♥❞ s❡♠✐❝♦♥❞✉❝t♦r ❝❤❛r❣❡s✳ ❚❤❡ ❝❤❛r❣❡ ✐♥❝r❡♠❡♥t dQm

♥❡❡❞ t♦ ❜❡ ❜❛❧❛♥❝❡❞ ❜② ❛♥ ❡q✉❛❧ s❡♠✐❝♦♥❞✉❝t♦r ❝❤❛r❣❡ ✐♥❝r❡♠❡♥t dQs✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡
❜♦✉♥❞ ✐♥t❡r❢❛❝❡ ❝❤❛r❣❡s Qit t♦ ♠❛✐♥t❛✐♥ t❤❡ ♦✈❡r❛❧❧ ❝❤❛r❣❡ ♥❡✉tr❛❧✐t②✳ ❚❤❡ s❡♠✐❝♦♥❞✉❝t♦r

✷✺



✸✳✶ ❈❛♣❛❝✐t❛♥❝❡✲❱♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ✭❈✲❱✮

❝❤❛r❣❡ ✐s ❣✐✈❡♥ ❜②

Qs = qA

W
∫

0

(p− n+N+
D −N−

A )dx ≈ −qA

W
∫

0

NAdx ✭✸✳✷✮

✇❤❡r❡ t❤❡ ❛♣♣r♦①✐♠❛t✐♦♥ ✐s ♦❜t❛✐♥❡❞ ❜② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❞❡♣❧❡t✐♦♥ ❛♣♣r♦①✐♠❛t✐♦♥ ❛s
ND = 0 ❛♥❞ p ≈ n ≈ 0 ❛♥❞ ❛❧❧ t❤❡ ❛❝❝❡♣t♦rs ❛r❡ ✐♦♥✐③❡❞✳ ❉✉r✐♥❣ t❤❡ ❈❱ ♠❡❛s✉r❡♠❡♥t✱
❛ s♠❛❧❧ ❆❈ ✈♦❧t❛❣❡ s✐❣♥❛❧ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ ▼❖❙ ❞✐♦❞❡✱ ✇❤✐❝❤ ❝❤❛♥❣❡s t❤❡ t❤❡ ❛♠♦✉♥t ♦❢
❝❤❛r❣❡ ✐♥ t❤❡ ❝❛♣❛❝✐t♦r ❬✸✺❪✳ ❚❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ✐s t❤❡r❡❜② ❞✐✈✐❞❡❞ ♣❛rt❧② ♦♥ t❤❡ ♦①✐❞❡
❛♥❞ ♣❛rt❧② ♦♥ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r✱ t❤✉s ✐♥❝r❡❛s✐♥❣ t❤❡ ❣❛t❡ ✈♦❧t❛❣❡ V ❛s t❤❡ s✉♠ ♦❢ t❤❡
♦①✐❞❡ ✈♦❧t❛❣❡ Vox✱ t❤❡ ✢❛t ❜❛♥❞ ✈♦❧t❛❣❡ VFB ❛♥❞ t❤❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧ φs ❝❛♥ ❜❡ ✇r✐tt❡♥
❛s✿

VG = Vox + VFB + φs ✭✸✳✸✮

❚❤❡ ✢❛t ❜❛♥❞ ✈♦❧t❛❣❡ VFB ❝♦♠❡s ❢r♦♠ t❤❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❣❛t❡
♠❡t❛❧ ❛♥❞ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r✳ ❉✉❡ t♦ t❤✐s ♣♦t❡♥t✐❛❧ ❞✐✛❡r❡♥❝❡✱ t❤❡r❡ ✇✐❧❧ ❜❡ ❜❛♥❞ ❜❡♥❞✐♥❣
✐♥ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r ♥❡❛r t❤❡ ✐♥t❡r❢❛❝❡ ✇✐t❤♦✉t ❛♥② ❡①t❡r♥❛❧ ✈♦❧t❛❣❡✳ ❖♥❧② ❜② ❛♣♣❧②✐♥❣
t❤❡ ✢❛t ❜❛♥❞ ✈♦❧t❛❣❡ ❢r♦♠ t❤❡ ♦✉ts✐❞❡✱ t❤❡ ❜❛♥❞ ❜❡♥❞✐♥❣ ❝❛♥ ❜❡ ❝❛♥❝❡❧❡❞✱ ❛♥❞ t❤❡ ✢❛t ❜❛♥❞
❝❛s❡ ❜❡ s❡t✳ ❚❤❡ ✢❛t ❜❛♥❞ ✈♦❧t❛❣❡ ❞♦❡s ♥♦t ❝♦♥tr✐❜✉t❡ ❞✐r❡❝t❧② t♦ t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡✱
❜✉t s✐♠♣❧② s❤✐❢t t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❈❱ ❝✉r✈❡ ♦♥ t❤❡ ✈♦❧t❛❣❡ ❛①✐s ✐♥ t❤❡ ❛♣♣r♦♣r✐❛t❡
❞✐r❡❝t✐♦♥✳ ❚❤❡ ✐♥✈❡rs❡ ♦❢ t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❝❛♥ ❜❡ t❤❡ s✉♠ ♦❢ t❤❡ ✐♥✈❡rs❡ ♦❢ ✐♥❞✐✈✐❞✉❛❧
❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

1

C
=

1

Cox

+
1

Cs

✭✸✳✹✮

✇❤❡r❡✐♥ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r Cs ✐s t❤❡ s✉♠ ♦❢ Qs✱ t❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡
✐♥❞✐✈✐❞✉❛❧ t②♣❡s ♦❢ ❝❤❛r❣❡s✱ ❞✐✈✐❞❡❞ ❜② t❤❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧ ✐♥ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r✱ ❝♦♠✲
♣r✐s❡❞ ♦❢✿

Cs = −dQs

dφs

= −dQp + dQb + dQn + dQit

dφs

[35] ✭✸✳✺✮

❍❡r❡ Qn ❛♥❞ Qp ❛r❡ t❤❡ ❝❤❛r❣❡s ♦❢ ❡❧❡❝tr♦♥s ♦r ❤♦❧❡s ❛♥❞ t❤❡ Qb ❝❤❛r❣❡ ❝❛✉s❡❞ ❜② t❤❡
s♣❛❝❡✲❝❤❛r❣❡ r❡❣✐♦♥ ✐♥ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r✳
❖①✐❞❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ s✉♠ ♦❢ ❝❤❛r❣❡s ✐♥s✐❞❡ s❡♠✐❝♦♥❞✉❝t♦r Qs ❛♥❞

✐♥t❡r❢❛❝❡ tr❛♣ ❝❤❛r❣❡s Qit t♦ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣ ❛❝r♦ss t❤❡ ♦①✐❞❡✿

Cox = −dQs + dQit

dVox

[35] ✭✸✳✻✮

❚❤❡ ❞✐✛❡r❡♥t ❝❤❛r❣❡ st❛t❡s ♦❢ t❤❡ ▼❖❙ ❞✐♦❞❡✱ ♥❛♠❡❧② t❤❡ ❛❝❝✉♠✉❧❛t✐♦♥✱ t❤❡ ❞❡♣❧❡t✐♦♥
❛♥❞ t❤❡ ✐♥✈❡rs✐♦♥ ❝❤❛r❣❡ ❛♥❞ ❡✈❡♥ t❤❡ str❡♥❣t❤ ♦❢ s♠❛❧❧ ❛❧t❡r♥❛t✐♥❣ ✈♦❧t❛❣❡ ♣❧❛② s❡♣❛r❛t❡
r♦❧❡ ❞✉r✐♥❣ t❤❡ ❈❱ ♠❡❛s✉r❡♠❡♥t✳

❋♦r ❛ ❤✐❣❤❧② ❞♦♣❡❞ ♣✲s✉❜str❛t❡ ✐♥ ❛❝❝✉♠✉❧❛t✐♦♥✱ ✐✳❡✳ ❛t ♥❡❣❛t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡✱ ❙✐ ✐s

✷✻



✸ ❚❍❊❖❘❊❚■❈❆▲ ❇❆❈❑●❘❖❯◆❉ ❖❋ ❊▲❊❈❚❘■❈❆▲ ❈❍❆❘❆❈❚❊❘■❩❆❚■❖◆

❤✐❣❤❧② ❝♦♥❞✉❝t✐♥❣✱ s♦ t❤❛t ♦♥❡ ❝❛♥ ❛ss✉♠❡ ❛ s❤♦rt ❝✐r❝✉✐t ❛❝r♦ss t❤❡ ❝❛♣❛❝✐t♦r Cs✳ ❚❤✐s
♠❛❦❡s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r Cs = ∞✱ ❜❡❝❛✉s❡ t❤❡ ❝❤❛r❣❡ ✐♥ t❤❡ ❝❛s❡ ♦❢
s❤♦rt ❝✐r❝✉✐t ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❛r❜✐tr❛r✐❧② ✐♥ s♠❛❧❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ♣♦t❡♥t✐❛❧✳ ❚❤✐s ✐s ❝❧❡❛r
❢r♦♠ ❡q✉❛t✐♦♥✲✸✳✹ t❤❛t t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ ❝❛s❡ ♦❢ ❛❝❝✉♠✉❧❛t✐♦♥✿

C = Cox ✭✸✳✼✮

❋♦r t❤❡ s❛♠❡ ❝❛s❡ ❛t ❧♦✇ ♣♦s✐t✐✈❡ ✈♦❧t❛❣❡s✱ ✐✳❡✳ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ ❞❡♣❧❡t✐♦♥✱ t❤❡ ❝❤❛r❣❡s
♦❢ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ ③♦♥❡ Qb = −qNAW ❬✸✺❪✱ ❛♥❞ ❛❧s♦ t❤❡ ✜①❡❞ ✐♥t❡r❢❛❝❡ ❝❤❛r❣❡s✱ Qit

❞♦♠✐♥❛t❡✳ ❙♦ ❢♦r t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ ❞❡♣❧❡t✐♦♥ ❝❛♥ ❜❡ ✇r✐tt❡♥✿

1

C
=

1

Cox

+
1

Cit + Cb

✭✸✳✽✮

❋♦r ✐♥✈❡rs✐♦♥✱ ♦♥❡ ♠✉st ❞✐st✐♥❣✉✐s❤ t✇♦ ❝❛s❡s✳ ❚❤❡ ❛♣♣❧✐❡❞ ❢r❡q✉❡♥❝② ♦❢ t❤❡ s♠❛❧❧ ❆❈
s✐❣♥❛❧ ❤❡r❡ ♣❧❛②s ❛ ❞❡❝✐s✐✈❡ r♦❧❡ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ■♥ ❝❛s❡ ♦❢ ❧♦✇ ❢r❡q✉❡♥❝✐❡s✱ t❤❡
❜❡❤❛✈✐♦r ✐s ❧✐❦❡ ❛❝❝✉♠✉❧❛t✐♦♥✱ ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr♦♥s ◗♥✱ t❤❛t ❢♦r♠s ❛
s❤♦rt✲❝✐r❝✉✐t ♣❛t❤✳ ❋♦r s♠❛❧❧ ❢r❡q✉❡♥❝✐❡s ✐♥ ✐♥✈❡rs✐♦♥ ♦①✐❞❡ ❝❛♣❛❝✐t❛♥❝❡ r❡❢❡rs t♦ t❤❡ t♦t❛❧
❝❛♣❛❝✐t❛♥❝❡✿

C = Cox ✭✸✳✾✮

❋♦r ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s ✐t ✐s r❛t❤❡r ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞✳ ❍✐❣❤ ❢r❡q✉❡♥❝✐❡s ♠❡❛♥✱ t❤❡ ❢r❡q✉❡♥✲
❝✐❡s ✇❤✐❝❤ t❤❡ ✐♥✈❡rs✐♦♥ ❝❤❛r❣❡s Qn ❝❛♥ ♥♦t ❢♦❧❧♦✇✳ ■♥ t❤✐s ❝❛s❡ Qb ❞♦♠✐♥❛t❡s ❛♥❞ ✐t ✐s
♦❜t❛✐♥❡❞ ❢♦r t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ ✐♥✈❡rs✐♦♥ ❛t ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳

1

C
=

1

Cox

+
1

Cb

✭✸✳✶✵✮

✇❤❡r❡ Cb = ǫrsǫ0/Winv ✇✐t❤ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥ ✇✐❞t❤ ✐♥ ✐♥✈❡rs✐♦♥ Winv ❛♥❞ ❞✐✲
❡❧❡❝tr✐❝ ❝♦♥st❛♥t ♦❢ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r ǫrs✳ ❚❤❡ t②♣✐❝❛❧ ❈❱ ♠❡❛s✉r❡♠❡♥ts ✉s✉❛❧❧② t❛❦❡
♣❧❛❝❡ ❛t s✉✣❝✐❡♥t❧② ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✳ ❚❤❡ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ ✐♥✈❡rs✐♦♥ ✐s s♠❛❧❧❡r
t❤❛♥ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ ❛❝❝✉♠✉❧❛t✐♦♥✳ ❚❤✐s ❢❛❝t ❝❛♥ ❡❛s✐❧② s❡❡♥ ❜② t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡
t✇♦ ❡q✉❛t✐♦♥s ✭✸✳✼✮ ❛♥❞ ✭✸✳✶✵✮✱ s✐♥❝❡ t❤❡ t♦t❛❧ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ ✐♥✈❡rs✐♦♥✱ Cb

❜❡❝♦♠❡s s♠❛❧❧❡r ❜② t❤❡ ❢r❛❝t✐♦♥ ♦❢ s♣❛❝❡ ❝❤❛r❣❡ ③♦♥❡✳ ❘❡❛rr❛♥❣✐♥❣ ❡q✉❛t✐♦♥✲✸✳✶✵ t♦ C✱
❛♥❞ ❢❛❝t♦r✐♥❣ ♦✉t Cox ♠❛❦❡s t❤❡ s✐t✉❛t✐♦♥ ❝❧❡❛r ❛❣❛✐♥✿

C = Cox
1

1 + Cox

CB

✭✸✳✶✶✮

■♥ t❤❡ ❝❛s❡ ♦❢ ✐♥✈❡rs✐♦♥ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s t❤❡r❡❢♦r❡ s♠❛❧❧❡r ❜② ❛ ❢❛❝t♦r ♦❢ (1+ Cox

CB
) t❤❛♥

✐♥ ❛❝❝✉♠✉❧❛t✐♦♥✳

3.1.1 Correction of C-V measurements using series resistance

❆ s✐♠♣❧✐✜❡❞ ♠♦❞❡❧ ♦❢ t❤❡ ❡❧❡❝tr♦♥✐❝ ♠❡❛s✉r✐♥❣ s②st❡♠ ✐s t❤❡ ✧t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧✧✱ ✇❤✐❝❤
✐s ✉s❡❞ ✐♥ t❤❡ ❈❱ ♠❡❛s✉r❡♠❡♥t✱ ❜✉t ❞♦❡s ♥♦t ❣✐✈❡ t❤❡ ❝♦rr❡❝t r❡s✉❧ts✳ ❚❤❡ ♠❡❛s✉r❡❞
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✸✳✶ ❈❛♣❛❝✐t❛♥❝❡✲❱♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ✭❈✲❱✮

❛❝❝✉♠✉❧❛t✐♦♥ ❝❛♣❛❝✐t❛♥❝❡ ❜❛s❡❞ ♦♥ ✧t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧✧ ✐s ❧❡ss t❤❛♥ ✭❋✐❣✳ ✸✳✸✮ t❤❡ ❛❝t✉❛❧
❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❝❛♣❛❝✐t♦r✳ ❚❤❛t ♠❡❛♥s ✧t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧✧ ✐s ♥♦t s✉✣❝✐❡♥t t♦ ♠❡❛s✉r❡
t❤❡ ❛❝t✉❛❧ ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❡r❡❢♦r❡ t♦ ♦❜t❛✐♥ ❛❝t✉❛❧ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ ❝❛♣❛❝✐t♦r✱ t❤❡
♠❡❛s✉r❡❞ ✈❛❧✉❡s ✇❡r❡ ❝♦rr❡❝t❡❞ ❜② ❛ ✧t❤r❡❡ ❡❧❡♠❡♥t ♠♦❞❡❧✧✱ ❛s ✐♥ ❬✹✷❪✳ ❚❤✐s ♠♦❞❡❧
❤❛s ❜❡❡♥ ✉s❡❞ s✉❝❝❡ss❢✉❧❧② ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ t♦ ❞❡s❝r✐❜❡ t❤❡ s✐t✉❛t✐♦♥ ♦❢ t❤❡ ▼❖❙ ❞✐♦❞❡
♣r♦♣❡r❧② ✇✐t❤ t❤❡ t❤✐♥ ✐♥s✉❧❛t✐♥❣ ✜❧♠ ❛♥❞ ❛ ❧♦✇ r❡s✐st❛♥❝❡ ♦❢ t❤❡ s✉❜str❛t❡ ❛♥❞ t❤❡ ♦①✐❞❡
❧❛②❡r ❬✹✸✱ ✹✹❪✳ ❚❤❡ r❡s✉❧t ♦❢ t❤❡ ❝♦rr❡❝t✐♦♥ ✐s ✉s✉❛❧❧② ❤✐❣❤❡r ❛♥❞ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ r❡♠❛✐♥s
❝♦♥st❛♥t ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ ❛❝❝✉♠✉❧❛t✐♦♥✱ ❛s ❡①♣❡❝t❡❞ ❢♦r ❛ r❡❛❧ ❝❛♣❛❝✐t♦r✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣
❡①♣❧❛✐♥s ❤♦✇ t❤❡ ❝♦rr❡❝t✐♦♥ ✐s ❝❛rr✐❡❞ ♦✉t ❛♥❞ t❤❡ ❜❛s❡ ♦❢ t❤❡✐r ❢♦✉♥❞❛t✐♦♥ ✐s ❞❡s❝r✐❜❡❞
❜❡❧♦✇✳

❚❤❡ ✧t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧✧✱ t❤❛t ✇❛s ✉s❡❞ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t✱ ✐s t❤❡ ❡q✉✐✈❛❧❡♥t
❝✐r❝✉✐t ❞✐❛❣r❛♠ ❢♦r ❞❡s❝r✐❜✐♥❣ t❤❡ ▼❖❙ ❞✐♦❞❡ ❜② ❛ ♣❛r❛❧❧❡❧ ❝✐r❝✉✐t ♦❢ ❛ ❝❛♣❛❝✐t❛♥❝❡ C0

❛♥❞ ❛ r❡s✐st❛♥❝❡ R0✳ ❈♦rr❡s♣♦♥❞✐♥❣ ❝♦♥❞✉❝t❛♥❝❡ Gm ❛♣♣❡❛rs ❞✉❡ t♦ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t
t❤r♦✉❣❤ t❤❡ ♦①✐❞❡✱ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✷✭❛✮✳

❋✐❣✉r❡ ✸✳✷ ✲ ❊q✉✐✈❛❧❡♥t ❝✐r❝✉✐ts ♦❢ ▼❖❙✲❈ ✭❛✮ ✧t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧✧ ✇✐t❤ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐✲
t❛♥❝❡ (Cm) ❛♥❞ ❝♦♥❞✉❝t❛♥❝❡ (Gm) ✐♥ ♣❛r❛❧❧❡❧ ✭❜✮ ✧t❤r❡❡ ❡❧❡♠❡♥t ♠♦❞❡❧✧ ✇✐t❤ s❡r✐❡s r❡s✐st❛♥❝❡
(Rs)✱ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t❛♥❝❡ ❛t ❛❝❝✉♠✉❧❛t✐♦♥ (Cma) ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ (Gp)❀ ✭❝✮ s✐♠♣❧✐✜❡❞
✈❡rs✐♦♥ ♦❢ ✭❜✮ ✇✐t❤ ❛❝❝✉♠✉❧❛t✐♦♥ ❝❛♣❛❝✐t❛♥❝❡ (CA) ❛♥❞ s❡r✐❛❧ r❡s✐st❛♥❝❡ Rs ❬✺✹❪✳

❚❤❡ ♣r♦❜❧❡♠ ✐♥ t❤✐s ♠♦❞❡❧ ✐s t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❛♣♣❛r❡♥t ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡ ♦❢
t❤❡ r❡s✐st❛♥❝❡✳❚❤❡ s❤❛♣❡ ❛♥❞ ❤❡✐❣❤t ♦❢ t❤❡ ❝✉r✈❡ ❝❤❛♥❣❡ ❛t ❛❝❝✉♠✉❧❛t✐♦♥ ✐♥ t❤✐s ♠♦❞❡❧ ❛s ❛
❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❬✹✷❪✳ ❚♦ ❣❡t r✐❞ ♦❢ t❤✐s ♥♦♥✲♣❤②s✐❝❛❧ ❞❡♣❡♥❞❡♥❝❡✱ ❛ ♥❡✇ ❡q✉✐✈❛❧❡♥t
❝✐r❝✉✐t ✇✐t❤ t❤r❡❡ ❡❧❡♠❡♥ts ✐s ✉s❡❞ ✐♥ ✇❤✐❝❤ ❛♥ ❛❞❞✐t✐♦♥❛❧ r❡s✐st♦r ❘s ✐s ❝♦♥♥❡❝t❡❞ ✐♥
s❡r✐❡s✱ ✐♥ ❋✐❣✳ ✸✳✷ ✭❜✮✳ ■♥ ❝❛s❡ ♦❢ ✈❡r② ❤✐❣❤ ❛♣♣❧✐❡❞ ❆❈ ❢r❡q✉❡♥❝② ❛t str♦♥❣ ❛❝❝✉♠✉❧❛t✐♦♥✱
t❤❡ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t✐♦♥ (Gp) ✐s ♥❡❣❧✐❣✐❜❧❡ ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❛❝❝✉♠✉❧❛t✐♦♥ ❝❛♣❛❝✐t❛♥❝❡✱
(CA >> Gp) ❛♥❞ ❝❛♥ ❜❡ ❡❛s✐❧② ✐❣♥♦r❡❞✳ ❋✐❣✳ ✸✳✷ ✭❝✮ s❤♦✇s t❤❡ s✐♠♣❧✐✜❡❞ ✈❡rs✐♦♥ ♦❢ ✧t❤r❡❡
❡❧❡♠❡♥t ♠♦❞❡❧✧ ❛t ❛❝❝✉♠✉❧❛t✐♦♥✳
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❚♦ ♠❡❛s✉r❡ t❤❡ Rs✱ t❤❡ ▼❖❙ ❝❛♣❛❝✐t♦r ✐s ❜✐❛s❡❞ ✐♥t♦ str♦♥❣ ❛❝❝✉♠✉❧❛t✐♦♥✱ ❋✐❣✳✲✸✳✷ ✭❛✮✳
❈♦♥s✐❞❡r✐♥❣ t❤❡ t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧✱ t❤❡ ♠❡❛s✉r❡❞ ✐♠♣❡❞❛♥❝❡ Zm ❛t str♦♥❣ ❛❝❝✉♠✉❧❛t✐♦♥
✐♥ t❡r♠s ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t❛♥❝❡ Cm ❛♥❞ ❡q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡Gm ❜❡❝♦♠❡s✱

Zm = Gm +
1

jωCm

✭✸✳✶✷✮

❙❡r✐❡s r❡s✐st❛♥❝❡ ✐s t❤❡ r❡❛❧ ♣❛rt ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡ Zm = 1
Ym

✳ ❚❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡
❜❛❝❦ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ♦❢ t❤❡ ✇❛❢❡r✱ Rs t❤❡ t✇♦ ❡❧❡♠❡♥t ♠♦❞❡❧ ❝♦♥✈❡rts ✐♥t♦ t❤r❡❡ ❡❧❡♠❡♥t
♠♦❞❡❧ ❬❋✐❣✳ ✸✳✷✭❜✮❪ ❛♥❞ t❤❡ ✐♠♣❡❞❛♥❝❡ ♦❢ t❤❡ ♠♦❞✐✜❡❞ ❝✐r❝✉✐t ✇♦✉❧❞ ❜❡✿

Zm = Rs + Zp = Rs +

[

Gp +
1

(jωCma)

]

✭✸✳✶✸✮

❈♦♠♣❛r✐♥❣ t❤❡ r❡❛❧ ❛♥❞ ✐♠❛❣✐♥❛r② ♣❛rts ♦❢ t❤❡ t✇♦ ❛♥❞ t❤r❡❡ ❡❧❡♠❡♥t ♠♦❞❡❧✱ ♦♥❡ ❝❛♥ ❣❡t
t❤❡ r❡❧❛t✐♦♥ ♦❢ ❜❛❝❦ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ Rs ✇✐t❤ t❤❡ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ Gp ❛♥❞ ♠❡❛s✉r❡❞
❝❛♣❛❝✐t❛♥❝❡ ❛t ❛❝❝✉♠✉❧❛t✐♦♥ Cma ❛t s✉✣❝✐❡♥t❧② ❤✐❣❤ ❢r❡q✉❡♥❝② ω ❛s✿

Rs =
Gp

G2
p + ω2C2

ma

✭✸✳✶✹✮

❈♦rr❡❝t❡❞ ❝❛♣❛❝✐t❛♥❝❡✿

Cc =
(G2

m + ω2C2
m)Cm

a2 + ω2C2
m

✭✸✳✶✺✮

❛♥❞

Gc =
(G2

m + ω2C2
m)a

a2 + ω2C2
m

✭✸✳✶✻✮

❍❡r❡✱ a = Gm − (G2
m + ω2C2

m)Rs✱ Cm ❛♥❞ Gm ❛r❡ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ t❤❡ ❡q✉✐✈❛❧❡♥t
♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ♠❡❛s✉r❡❞ ❛❝r♦ss t❤❡ t❡r♠✐♥❛❧s ♦❢ t❤❡ ▼❖❙ ❝❛♣❛❝✐t♦r✳
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✸✳✶ ❈❛♣❛❝✐t❛♥❝❡✲❱♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ✭❈✲❱✮

❋✐❣✉r❡ ✸✳✸ ✲ ▼❡❛s✉r❡❞ (Cma) ❛♥❞ ❝♦rr❡❝t❡❞ ❝❛♣❛❝✐t❛♥❝❡ (Cc) ❛❝❝♦r❞✐♥❣ t♦ t❤r❡❡ ❡❧❡♠❡♥t ♠♦❞❡❧
❛t ✶ ▼❍③ ✐♥❝❧✉❞✐♥❣ s❡r✐❡s ❜❛❝❦ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ (Rs)✳ ❊q✉✐✈❛❧❡♥t ♣❛r❛❧❧❡❧ ♠❡❛s✉r❡❞ ❝♦♥❞✉❝t❛♥❝❡
(Gma) ❛❧s♦ s❤♦✇♥ ✐♥ r✐❣❤t ❛①✐s✳ ❬✹✷❪✳

■♥ ❋✐❣✳ ✸✳✸ ✇❡ ❝❛♥ s❡❡ ❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❝♦rr❡❝t❡❞ ❈❱ ❝✉r✈❡ ✉s✐♥❣ t❤r❡❡ ❡❧❡♠❡♥t
♠♦❞❡❧✳ ▼❡❛s✉r✐♥❣ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ✐♠♣❡❞❛♥❝❡ ❛t ❞✐✛❡r❡♥t ♣♦✐♥ts ♦❢ t❤❡ ❈❱ ❝✉r✈❡
✐♥ ❛❝❝✉♠✉❧❛t✐♦♥✱ ♦♥❡ ❝❛♥ ❣❡t t❤❡ ✐❞❡❛ ♦❢ ❢r❡q✉❡♥❝② ❞✐s♣❡rs✐♦♥ ❛♥❞ ❤❡♥❝❡ t❤❡ ✐❞❡❛ ♦❢ t❤❡
q✉❛❧✐t② ♦❢ s❛♠♣❧❡✳ ❇② ♣r♦❝❡❡❞✐♥❣ ✐♥ ❛ s✐♠✐❧❛r ♠❛♥♥❡r t♦ t❤❡ r❡❛❧ ♣❛rts ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡✱
♦♥❡ ❝❛♥ ♦❜t❛✐♥ ❛❧s♦ t❤❡ ❛❝t✉❛❧ ✈❛❧✉❡s ♦❢ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t r❡s✐st❛♥❝❡✳

3.1.2 Practical realization of the C-V measurements

■♥ ♣r❛❝t✐❝❡✱ ♦✉r ▼❖❙ ❞✐♦❞❡s ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✇✐t❤ ❤✐❣❤✲❢r❡q✉❡♥❝② ❈❱ ♠❡❛s✉r❡♠❡♥ts✱
✇❤♦s❡ ❢r❡q✉❡♥❝② t②♣✐❝❛❧❧② ❢❛❧❧s ✐♥ t❤❡ r❛♥❣❡ ♦❢ ✶✵✵❍③ t♦ ✶▼❍③✳ ❲✐t❤ t❤❛t ♦♥❡ ❝❛♥ st❛②
✐♥ t❤❡ s✉✣❝✐❡♥t❧② ❤✐❣❤ ❢r❡q✉❡♥❝② r❛♥❣❡✱ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✶✳✶✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t
♠❡❛s✉r✐♥❣ ❛rr❛♥❣❡♠❡♥t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✸✳✹✳ ❍❡r❡✱ ✐♥ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ❈ ❝♦rr❡s♣♦♥❞s
t♦ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ ● ✐s t❤❡ ❝♦♥❞✉❝t❛♥❝❡ ♦❢ t❤❡ ▼❖❙ ❞✐♦❞❡✳ ❚❤❡ ✐❧❧✉str❛t✐♦♥ ✐s s❤♦✇♥
❤❡r❡ ✐♥ ❛ ♣❛r❛❧❧❡❧ ❝✐r❝✉✐t ♦❢ ✧t✇♦✲❡❧❡♠❡♥t ♠♦❞❡❧✧✳ ❇✉t t❤❡ ❛❝t✉❛❧ s✐t✉❛t✐♦♥ ♦❢ ❛ ▼❖❙
❞✐♦❞❡ ✇✐t❤ ❛ t❤✐♥ ❣❛t❡ ♦①✐❞❡ ❝❛♥ ♥♦t ❜❡ ❡①♣❧❛✐♥❡❞ ♣r♦♣❡r❧② ❢♦r ❛❧❧ ✈♦❧t❛❣❡ r❛♥❣❡s ❜② t❤✐s
❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳
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❋✐❣✉r❡ ✸✳✹ ✲ ▼❡❛s✉r✐♥❣ s❡t✉♣ ♦❢ ❈❱
♠❡❛s✉r❡♠❡♥ts ❜② t❤❡ ✧t✇♦ ❡❧❡♠❡♥t
♠♦❞❡❧✧ ✐♥ ❛ ♣❛r❛❧❧❡❧ ❝✐r❝✉✐t ❛rr❛♥❣❡✲
♠❡♥t ✭ ❬✸✺❪✮✳

■♥ t❤❡ ❝✐r❝✉✐t ✐t ✐s s❤♦✇♥ t❤❛t ❛♥ ❆❈ ✈♦❧t❛❣❡ Ui ✐s ❛♣♣❧✐❡❞✱ ✇❤✐❝❤ ✐s s❧♦✇❧② ✐♥❝r❡❛s❡❞ ❢r♦♠
10mV t♦ 30mV ✳ ❊❛❝❤ s♠❛❧❧ st❡♣ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❛ ♠❡❛s✉r❡♠❡♥t
♣♦✐♥t ✐♥ t❤❡ ❈✲❱ ♠❡❛s✉r✐♥❣ ❝✉r✈❡✳
❚❤❡ ✈♦❧t❛❣❡ Va ✐s ♠❡❛s✉r❡❞✱ ✈✐❛ t❤❡ r❡s✐st♦r R✳ ■♥ ❋✐❣✳ ✸✳✹ ❛ s✐♠♣❧❡ r❡❧❛t✐♦♥s❤✐♣ ❡①✐sts

❜❡t✇❡❡♥ t❤❡ ✈♦❧t❛❣❡s Ui ❛♥❞ Va

Va = IR =
R

Z
Ui [35] ✭✸✳✶✼✮

✇✐t❤ t❤❡ ❝♦♠♣❧❡① ✐♠♣❡❞❛♥❝❡ Z✱ ❢♦r t❤❡ ❛❧t❡r♥❛t✐♥❣ ❝✉rr❡♥t ♦❢ t❤❡ ✇❤♦❧❡ s②st❡♠✳ ❚❤❡
✐♠♣❡❞❛♥❝❡ ❝♦♥s✐sts ♦❢ ❛ ♣❛r❛❧❧❡❧ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝♦♥❞✉❝t❛♥❝❡ G ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ C ✭❜②
✐♥✈❡rs❡ ❛❞❞✐t✐♦♥ ♦❢ r❡s✐st❛♥❝❡✮ t♦❣❡t❤❡r ✇✐t❤ t❤❡ r❡s✐st❛♥❝❡ R ✐♥ s❡r✐❡s✿

Z = R +
1

G+ iωC
[35] ✭✸✳✶✽✮

❲❡ ❝❛♥ ❣❡t ❛ s❧✐❣❤t❧② ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞ ❡①♣r❡ss✐♦♥ ❜② s✉❜st✐t✉t✐♥❣ ❩ ✐♥ ❊q✳ ✭✸✳✶✼✮✱ ❛♥❞
♠♦❞✐❢②✐♥❣ ✐t ❛ ❧✐tt❧❡ ❛s ❜❡❧♦✇

Va =
RG(1 +RG) + (ωRC)2 + iωRC

(1 +RG)2 + (ωRC)2
Ui [35] ✭✸✳✶✾✮

❯♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥s RG ≪ 1 ❛♥❞ (ωRC)2 ≪ RG ✇❡ s✐♠♣❧✐❢② t❤❡ ❢♦r♠✉❧❛ t♦ t❤❡
❡①♣r❡ss✐♦♥

Va ≈ (RG+ iωRC) · Ui [35] ✭✸✳✷✵✮

■♥ t❤❡ r❡❛❧ ♣❛rt ♦♥❡ ❝❛♥ ✜♥❞ t❤❡ ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ✐♥ ✐♠❛❣✐♥❛r② ♣❛rt t❤❡ ❝❛♣❛❝✐t❛♥❝❡
♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❝✐r❝✉✐t✳ ❇② ♠❡❛s✉r✐♥❣ t❤❡ ♦✉t♣✉t ✈♦❧t❛❣❡ Va ✇✐t❤ ❛ ♣❤❛s❡✲s❡♥s✐t✐✈❡
❞❡t❡❝t♦r✱ ♦♥❡ ❝❛♥ ❞❡t❡r♠✐♥❡ t❤❡ ❝♦♥❞✉❝t❛♥❝❡ ● ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡ C✱ ❜② ❦♥♦✇✐♥❣ t❤❡ ✈❛❧✉❡
♦❢ r❡s✐st❛♥❝❡ R ❛♥❞ t❤❡ ❢r❡q✉❡♥❝② ω✳ ❚❤❡ r❡s✐st♦r R ✐s t♦ ❜❡ ❝❤♦s❡♥ s♦ t❤❛t t❤❡ ❛❜♦✈❡
♠❡♥t✐♦♥❡❞ ❛ss✉♠♣t✐♦♥s ❢♦r t❤❡ ❛❝❝✉r❛❝② ♦❢ ❊q✳ ✭✸✳✷✵✮ ❛r❡ ✈❛❧✐❞✳
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3.1.3 Qualitative analysis of different defects from C-V measurements

❋r♦♠ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❈❱ ❝✉r✈❡✱ ♦♥❡ ❝❛♥ ❣❡t s❡✈❡r❛❧ q✉❛❧✐t❛t✐✈❡ ❜✐ts ♦❢ ✐♥❢♦r♠❛t✐♦♥ ❜❛s❡❞
♦♥ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ✐♥s✉❧❛t✐♥❣ ❧❛②❡r✳ ❉✐✛❡r❡♥t t②♣❡s ♦❢ ❞❡❢❡❝ts ②✐❡❧❞ t❤❡✐r ♦✇♥ ❞✐st✐♥❝t✐✈❡
❝❤❛r❛❝t❡r✐st✐❝s ✐♥ t❤❡ ❈❱ ❝✉r✈❡✳ ❚②♣✐❝❛❧ ❢❡❛t✉r❡s ✐♥❝❧✉❞❡ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❈❱ ❝✉r✈❡✱ t❤❡
♣♦s✐t✐♦♥ ♦❢ t❤❡ ✢❛t✲❜❛♥❞ ✈♦❧t❛❣❡ ♦♥ t❤❡ ✈♦❧t❛❣❡ ❛①✐s✱ ♦r ❛ ❤②st❡r❡s✐s ❛♣♣❡❛r✐♥❣ ✐♥ t❤❡
♠❡❛s✉r❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ ❢♦r✇❛r❞ ❛♥❞ r❡✈❡rs❡ ❜✐❛s ❛t ❞❡♣❧❡t✐♦♥ r❡❣✐♦♥✳

3.2 Current-Voltage measurements (I-V)

❈✉rr❡♥t tr❛♥s♣♦rt ♠❡❝❤❛♥✐s♠s

❚♦ ❡①♣❧❛✐♥ t❤❡ ❝✉rr❡♥t ❝♦♥❞✉❝t✐♦♥ ♥❛t✉r❡ ♦❢ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s✱ ♠❛♥② ❝♦♥❞✉❝✲
t✐♦♥ ♠❡❝❤❛♥✐s♠s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞✱ s♦♠❡ ♦❢ t❤♦s❡ ♠❡❝❤❛♥✐s♠s ❛r❡ ❛s ❢♦❧❧♦✇s ❬✺✼❪✿

✶✳ ❞✐r❡❝t t✉♥♥❡❧✐♥❣ ✭❉❚✮✱

✷✳ ❋♦✇❧❡r✲◆♦r❞❤❡✐♠✭❋◆✮ t✉♥♥❡❧✐♥❣✱

✸✳ P♦♦❧❡✲❋r❡♥❦❡❧ ✭P❋✮ ❡✛❡❝t✱

✹✳ tr❛♣✲❛ss✐st❡❞ t✉♥♥❡❧✐♥❣✱

✺✳ ❤♦♣♣✐♥❣ ♦❢ t❤❡r♠❛❧❧② ❡①❝✐t❡❞ ❡❧❡❝tr♦♥s✱

✻✳ ✜❡❧❞ ✐♦♥✐③❛t✐♦♥ ♦❢ tr❛♣♣❡❞ ❡❧❡❝tr♦♥s✱

✼✳ s❤❛❧❧♦✇ tr❛♣✲❛ss✐st❡❞ t✉♥♥❡❧✐♥❣✱ ❛♥❞

✽✳ s♣❛❝❡ ❝❤❛r❣❡ ❧✐♠✐t❡❞ ❝✉rr❡♥t ✭❙❈▲❈✮✳

❋♦r ❛ t❤✐♥ ✜❧♠ ♦❢ ❣♦♦❞ ❞✐❡❧❡❝tr✐❝✱ t❤❡ ❝✉rr❡♥t ❝♦♥❞✉❝t✐♦♥ ✉s✉❛❧❧② ❤❛♣♣❡♥s ❜② P❋ ❛♥❞ ❋◆
❝✉rr❡♥ts ❛♥❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ ✉❧tr❛✲t❤✐♥ ✭❁✸ ♥♠✮ ♦①✐❞❡ ❜② ❉❚ ❝✉rr❡♥t✳ ❚r❛♣✲❛ss✐st❡❞ ❝♦♥✲
❞✉❝t✐♦♥✱ ❤♦♣♣✐♥❣ ❛♥❞ s♣❛❝❡ ❝❤❛r❣❡ ❧✐♠✐t❡❞ ❝♦♥❞✉❝t✐♦♥ t❛❦❡ ♣❧❛❝❡ ✐♥ ❝❛s❡ ♦❢ t❤✐♥ ✐♥s✉❧❛t♦rs
✇✐t❤ ❤✐❣❤ tr❛♣ ❞❡♥s✐t②✳ ❇❛♥❞ ♦✛s❡t ✭❡✐t❤❡r ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ♦r ✈❛❧❡♥❝❡ ❜❛♥❞✮ ❜❡t✇❡❡♥ t❤❡
s✐❧✐❝♦♥ s✉❜str❛t❡ ❛♥❞ t❤❡ ❞✐❡❧❡❝tr✐❝ ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ❝♦♥❞✉❝t✐♦♥ ♠❡❝❤❛♥✐s♠ s✉❝❤
❛s ❋◆✱ P❋ ❛♥❞ ❉❚✳ ❉✉❡ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ s♦♠❡ ♥❛♥♦✲ ♦r ♠✐❝r♦✲ ❝r②st❛❧❧✐t❡s ✐♥ ❞✐✛❡r❡♥t
♠♦❞✐✜❝❛t✐♦♥s ♦❢ ❤✐❣❤✲❦ ♠❛t❡r✐❛❧s✱ t❤❡ ❜❛♥❞ ♦✛s❡t ♦❢ ✈❛r✐♦✉s s❛♠♣❧❡ ✇✐❧❧ ❜❡ ❞✐✛❡r❡♥t ❡✈❡♥
❢♦r t❤❡ s❛♠❡ ❣❛t❡ ❡❧❡❝tr♦❞❡✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❝✉rr❡♥t ❝♦♥❞✉❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ❛♥❞
r❡❝♦r❞❡❞ ❝✉rr❡♥t ❧❡✈❡❧s ✐♥ t❤❡ ❤✐❣❤✲❦ ♠❛t❡r✐❛❧s ❛r❡ ❛✛❡❝t❡❞ ❜② t❤❡ ✜❧♠ ♣r♦♣❡rt✐❡s ❛♥❞ t❤❡
♠❛t❡r✐❛❧ ♣❛r❛♠❡t❡rs✳
■t s❡❡♠s t❤❛t t❤❡ ❝♦♥❞✉❝t✐♦♥ ♠❡❝❤❛♥✐s♠s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ ❛r❡ ♥♦t s✉✣❝✐❡♥t t♦ ❞❡s❝r✐❜❡

t❤❡ ❝♦♥❞✉❝t✐♦♥ t❤r♦✉❣❤ ✐♦♥✐❝ ✭❤❡t❡r♦♣♦❧❛r✮ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝s✳ ❚❤✉s ❢♦r t❤❡ ✐♦♥✐❝ ❤✐❣❤✲
❦ ♠❛t❡r✐❛❧s ✇❤✐❝❤ ❛r❡ ❧♦❝❛❧❧② ❝r②st❛❧❧✐③❡❞ ❛♥❞ ♣♦ss❡ss ❤✐❣❤✲tr❛♣ ❞❡♥s✐t②✱ t❤❡ ❢♦❧❧♦✇✐♥❣
❝♦♥❞✉❝t✐♦♥ ♠❡❝❤❛♥✐s♠s ❛r❡ ❛❧s♦ ✐♠♣♦rt❛♥t ❬✺✽❪✿

✸✷
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✶✳ ❣r❛✐♥ ❜♦✉♥❞❛r② ❝♦♥❞✉❝t✐♦♥✱

✷✳ ♣❤♦♥♦♥✲❛ss✐st❡❞ t✉♥♥❡❧✐♥❣✱ ❛♥❞

✸✳ P♦♦❧❡✲❋r❡♥❦❡❧ ✇✐t❤ ♠✉❧t✐✲♣❤♦♥♦♥ tr❛♣ ✐♦♥✐③❛t✐♦♥✳

❍♦✇❡✈❡r✱ s❡✈❡r❛❧ ❢❛❝t♦rs ♣❧❛② ✐♠♣♦rt❛♥t r♦❧❡ ❢♦r t❤❡ ❡✛❡❝t✐✈❡ ❜❛rr✐❡r ❤❡✐❣❤t ❛♥❞ t❤❡
✐♥❥❡❝t✐♦♥ ♦❢ ❝❛rr✐❡r ❢r♦♠ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ ✐♥t♦ t❤❡ ❞✐❡❧❡❝tr✐❝✳ ❆❝❝♦r❞✐♥❣ t♦ ●❛✉ss✬s
❧❛✇✱ ✇❤❡♥ ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ✐s ❛♣♣❧✐❡❞ ❛❝r♦ss ❛ ❤✐❣❤✲❦ st❛❝❦✱ ♥❡❛r❧② ❛❧❧ t❤❡ ✈♦❧t❛❣❡ ❞r♦♣s
❛❝r♦ss t❤❡ ❧❛②❡r ♦❢ s♠❛❧❧ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ✭✐✳❡✳ SiO2✮❀ t❤❡ ✐♥t❡r❢❛❝❡ ❜❛rr✐❡r ✐s r❡❞✉❝❡❞
❢♦r t❤✐s r❡❛s♦♥✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ❡✛❡❝t✐✈❡ ❜❛rr✐❡r ❤❡✐❣❤t ❞❡♣❡♥❞s ♦♥ s❡✈❡r❛❧ ♣❛r❛♠❡t❡rs ❧✐❦❡
❞✐❡❧❡❝tr✐❝✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡✱ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✱ ❛♥❞ t❤❡ t❤✐❝❦♥❡ss ♦❢ ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs ❬✺✾❪✳

❉✐✛❡r❡♥t tr❛♣✲❛ss✐st❡❞ ❝♦♥❞✉❝t✐♦♥✱ P♦♦❧❡✲❋r❡♥❦❡❧ ❝♦♥❞✉❝t✐♦♥✱ s♣❛❝❡✲❝❤❛r❣❡ ❧✐♠✐t❡❞ ❝✉r✲
r❡♥t ❛♥❞ t❤❡ ❧♦❝❛❧ ❡❧❡❝tr✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥s ❛r❡ ❛✛❡❝t❡❞ ❜② t❤❡ tr❛♣ ❞❡♥s✐t② ✐♥ t❤❡ ❞✐✲
❡❧❡❝tr✐❝ ✜❧♠✳ ❈♦♠♣❛r❡❞ t♦ s✐❧✐❝♦♥ ❞✐♦①✐❞❡✱ ❤✐❣❤✲❦ ♠❡t❛❧ ♦①✐❞❡s ❤❛✈❡ ❤✐❣❤❡r tr❛♣ ❧❡✈❡❧s✱
❜❡❝❛✉s❡ ♦❢ t❤❡✐r ✐♦♥✐❝ ♥❛t✉r❡ ❛♥❞ s♠❛❧❧❡r st❛❜✐❧✐t② ❬✻✵❪✳ ❚❤❡ ♣r✐♠❛r② s♦✉r❝❡ ♦❢ ♦①✐❞❡ tr❛♣s
❛r❡ t❤❡ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ♦①②❣❡♥ ✈❛❝❛♥❝✐❡s✭❖❱✮✳ ❉✉❡ t♦ ✐♥❞✉str✐❛❧ ♣r♦❝❡ss✐♥❣ t❡♠♣❡r❛✲
t✉r❡ ♦❢ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝ ✭< 700◦C✮✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐♥❝♦r♣♦r❛t❡ ❞❡❢❡❝ts ❛♥❞ ✐♥❝♦♠♣❧❡t❡
♦①✐❞❛t✐♦♥✱ ✇❤✐❝❤ ❧❡❛❞s t♦ ❛ ❤✐❣❤❡r ❛♠♦✉♥t ♦❢ tr❛♣ ❞❡♥s✐t✐❡s✳

■❢ t❤❡ ❛♣♣❧✐❡❞ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛❝r♦ss t❤❡ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝ ❧❛②❡r ✐s ❧♦✇❡r t❤❛♥ ✽ ▼❱✴❝♠✱ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ❝✉rr❡♥t ❝♦♥❞✉❝t✐♦♥ ✐s tr❛♣✲❛ss✐st❡❞ ❝✉rr❡♥t✳ ❚❤❛t ♠❡❛♥s t❤❡ ❝♦♥❞✉❝t✐♦♥
❤❛♣♣❡♥s ❞✉❡ t♦ t❤❡ ❡❧❡❝tr♦♥s t✉♥♥❡❧✐♥❣ ✐♥t♦ t❤❡ s❤❛❧❧♦✇ tr❛♣s ♦❢ t❤❡ ❤✐❣❤✲❦ ✐♥s✉❧❛t♦r✳
■♥ ❝❛s❡ ♦❢ ❤✐❣❤❡r ❡❧❡❝tr✐❝ ✜❡❧❞✱ t❤❛t ♠❡❛♥s ❣r❡❛t❡r t❤❛♥ ✶✵ ▼❱✴❝♠✱ t❤❡ ❝♦♥❞✉❝t✐♦♥ ✐s
♠❛✐♥❧② ❞✉❡ t♦ t❤❡ ❋♦✇❧❡r✲◆♦r❞❤❡✐♠✭❋◆✮ t✉♥♥❡❧✐♥❣ ❛♥❞ ❛❧s♦ ❞❡♣❡♥❞s ♦♥ t❤❡ ♣r❡♣❛r❛t✐♦♥
❝♦♥❞✐t✐♦♥s ♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ ❧❛②❡rs✳ ❇✉t ✐❢ t❤❡ ❛♣♣❧✐❡❞ ✜❡❧❞ ✐s ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ ♠♦❞❡r❛t❡✲
✜❡❧❞✱ ❜♦t❤ t❤❡ ❋◆ ❝✉rr❡♥t ❛♥❞ ❞✐r❡❝t t✉♥♥❡❧✐♥❣ ♠❡❝❤❛♥✐s♠ ♦❢ ❡❧❡❝tr♦♥s ❝❛♥ t❛❦❡✲♣❛rt t♦
✜❧❧✲✉♣ t❤❡ tr❛♣s✱ ❛s ❛ r❡s✉❧t ❛ q✉❛s✐✲s❛t✉r❛t✐♦♥ r❡❣✐♦♥ ❛♣♣❡❛rs ✐♥ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t✳

3.2.1 Determination of charge carrier densities at the interface

■♥ ♦r❞❡r t♦ ❛♥❛❧②③❡ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ♠❡❝❤❛♥✐s♠ ❛♥❞ t♦ ❣❡t ❢✉rt❤❡r ✐♥s✐❣❤t ✐♥t♦ t❤❡
❞❡t❛✐❧s ❝❤❛r❣❡ tr❛♥s♣♦rt ♠❡❝❤❛♥✐s♠ t❤r♦✉❣❤ t❤❡ ❞✐❡❧❡❝tr✐❝ ♠❡❞✐✉♠✱ ✐t ✐s ❡ss❡♥t✐❛❧ t♦ ❞❡t❡r✲
♠✐♥❡ t❤❡ ❞❡♥s✐t② ♦❢ tr❛♣ st❛t❡s ❛t t❤❡ ✐♥t❡r❢❛❝❡ ♦❢ s❡♠✐❝♦♥❞✉❝t♦r✴✐♥s✉❧❛t♦r✳ ❚❤❡ ❛ttr✐❜✉t❡
♦❢ ❞❛♥❣❧✐♥❣ ❜♦♥❞s ❛t t❤❡ ✐♥t❡r❢❛❝❡ ♦❢ s❡♠✐❝♦♥❞✉❝t♦r✴✐♥s✉❧❛t♦r ✐s ❦♥♦✇♥ ❛s ✐♥t❡r❢❛❝❡ tr❛♣s
♦r st❛t❡s✳ ❚❤❡s❡ ✐♥t❡r❢❛❝❡ tr❛♣s ❝♦♥tr♦❧ t❤❡ q✉❛❧✐t② ♦❢ t❤✐♥ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝ ✜❧♠s ❣r♦✇♥
♦♥ t♦♣ ♦❢ t❤❡ s✉❜str❛t❡✳ ❚❤❡r❡ ❛r❡ ❢❡✇ ❢❛♠♦✉s ♠❡t❤♦❞s ♦❢ s❝❛♥♥✐♥❣ t❤❡ ❡♥❡r❣② ❣❛♣ ✉s✐♥❣
s✐♠♣❧❡ ❈✲❱ ✭❝❛♣❛❝✐t❛♥❝❡✲✈♦❧t❛❣❡✮ ❛♥❞ ■✲❱ ✭❝✉rr❡♥t✲✈♦❧t❛❣❡✮ ♠❡❛s✉r❡♠❡♥ts ♦❢ ▼❖❙ ❞✐♦❞❡
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ✐♥t❡r❢❛❝❡ st❛t❡s ♥❡❛r t❤❡ ❝♦♥❞✉❝t✐♦♥ ❛♥❞ ✈❛❧❡♥❝❡ ❜❛♥❞
❡❞❣❡s✳ ❚❤r❡❡ ♦❢ t❤❡ ♠♦st ❢❛♠♦✉s ♠❡t❤♦❞s ❛r❡ ❞✐s❝✉ss❡❞ ❜❡❧♦✇✿
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Terman method

❖♥❡ ♦❢ t❤❡ ✜rst ♠❡t❤♦❞s ❢♦r ❞❡t❡r♠✐♥✐♥❣ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t② ✇❛s t❤❡ ❚❡r♠❛♥
♠❡t❤♦❞✳ ■t ✐s ❛ ❤✐❣❤✲❢r❡q✉❡♥❝② ❝❛♣❛❝✐t❛♥❝❡ ♠❡t❤♦❞ ❛t r♦♦♠✲t❡♠♣❡r❛t✉r❡ ❬✺✸❪✳ ❚❤❡ ❤✐❣❤
❢r❡q✉❡♥❝② ❝❛♣❛❝✐t❛♥❝❡ t❡❝❤♥✐q✉❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ s✉r❢❛❝❡ st❛t❡ ❝❤❛r❣❡ ❜② ❝♦♠♣❛r✐♥❣
❛ ❤✐❣❤ ❢r❡q✉❡♥❝② ❈✲❱ ❝✉r✈❡ ✭✵✳✶✲✶✳✵ ▼❍③✮ ✇✐t❤ ❛♥ ✐❞❡❛❧ ❈✲❱ ❝✉r✈❡✳ ■♥ t❤✐s ❤❢ ❈✲❱
♠❡❛s✉r❡♠❡♥t ♠❡t❤♦❞✱ t❤❡ ❛♣♣❧✐❡❞ ❢r❡q✉❡♥❝② ✐s s✉✣❝✐❡♥t❧② ❤✐❣❤ t♦ ❢r❡❡③❡ t❤❡ r❡s♣♦♥s❡
✭t♦ ❝❤❛r❣❡ ❛♥❞ ❞✐s❝❤❛r❣❡✮ ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣s ✇❤✐❝❤ t❤❡r❡❢♦r❡✱ ❞♦ ♥♦t ❝♦♥tr✐❜✉t❡ t♦ t❤❡
❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❛t ♠❡❛♥s t❤❡r❡ ✐s ♥♦ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t r❡s♣♦♥s❡ ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣
❝❤❛r❣❡s ❜✉t ♦♥❧② ❛♣♣❧✐❡❞ ❜✐❛s ✈♦❧t❛❣❡✳

❋✐❣✉r❡ ✸✳✺ ✲ ❇❛♥❞ ❞✐❛❣r❛♠ ♦❢ s❡♠✐❝♦♥❞✉❝t♦r s❤♦✇s t❤❡ ❡✛❡❝t ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣s✱ ✭❛✮ VG = 0✱ ✭❜✮
VG > 0✱ ✭❝✮ VG < 0✳ ❙♠❛❧❧ ❤♦r✐③♦♥t❛❧ ❤❡❛✈② ❧✐♥❡s ✐♥❞✐❝❛t❡ t❤❡ ♦❝❝✉♣✐❡❞ ✐♥t❡r❢❛❝❡ st❛t❡s ❛♥❞ r❡st
❛r❡ ✉♥♦❝❝✉♣✐❡❞✳

❚❤❡ ♥❛t✉r❡ ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣s ❛t ❞✐✛❡r❡♥t ❜✐❛s ❝♦♥❞✐t✐♦♥ s❤♦✇♥ ✐♥ ✜❣✉r❡✲✸✳✺✳ ❇❡❧♦✇ Ei✱
st❛t❡s ❛ttr✐❜✉t❡ ❧✐❦❡ ❞♦♥♦r ✭❉✮ ❛♥❞ ❛❜♦✈❡ Ei ❧✐❦❡ ❛❝❝❡♣t♦r ✭❆✮✱ ❛s s❤♦✇♥ ✐♥ ✜❣✳ ✸✳✺✭❛✮✳
❙t❛t❡s ✇✐t❤✐♥ ❡♥❡r❣② r❛♥❣❡ EF < E < Ei ❛r❡ ✉♥♦❝❝✉♣✐❡❞ ❞♦♥♦rs ❛♥❞ ❤❡♥❝❡ ♣♦s✐t✐✈❡✳
❉♦♥♦r ✐♥t❡r❢❛❝❡ st❛t❡s ❜❡❧♦✇ EF ❛r❡ ♦❝❝✉♣✐❡❞ ❜② ❡❧❡❝tr♦♥s✱ ❛❣❛✐♥ ❛❜♦✈❡ Ei ❛r❡ ✉♥♦❝❝✉♣✐❡❞
❛❝❝❡♣t♦r st❛t❡s ❛♥❞ ❤❡♥❝❡ ❜♦t❤ ❛r❡ ♥❡✉tr❛❧✳ ■❢ ✇❡ ❛♣♣❧② ♣♦s✐t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡ ✭✜❣✳ ✸✳✺✭❜✮✮
❢❡✇ ❛❝❝❡♣t♦r st❛t❡s ❣♦❡s ❜❡❧♦✇ EF ❛♥❞ s❤♦✇ ❛ ♥❡t ♥❡❣❛t✐✈❡ ❝❤❛r❣❡✳ ■♥ ❝❛s❡ ♦❢ ♥❡❣❛t✐✈❡
❣❛t❡ ✈♦❧t❛❣❡ ✭✜❣✳ ✸✳✺✭❝✮✮✱ t❤❡r❡ ❛r❡ ♠♦r❡ ✉♥♦❝❝✉♣✐❡❞ ❞♦♥♦r st❛t❡s ❛♥❞ s❤♦✇ ♥❡t ♣♦s✐t✐✈❡
❝❤❛r❣❡✳ ❍❡r❡ ✐♥t❡r❢❛❝❡ tr❛♣s r❡s♣♦♥❞ ♦♥❧② t♦ t❤❡ s❧♦✇❧② ✈❛r②✐♥❣ ❉❈ ❣❛t❡ ✈♦❧t❛❣❡ ❛♥❞ t❤❡
r❡s✉❧t ✐s t❤❡ str❡t❝❤ ♦✉t ♦❢ t❤❡ ❤❢ ❈✲❱ ❝✉r✈❡ ❛❧♦♥❣ t❤❡ ❣❛t❡ ✈♦❧t❛❣❡ ❛①✐s ❛s t❤❡ ✐♥t❡r❢❛❝❡
tr❛♣ st❛t❡ ♦❝❝✉♣❛♥❝② ✈❛r✐❡s ✇✐t❤ t❤❡ ❣❛t❡ ❜✐❛s ✈♦❧t❛❣❡ ❋✐❣✳ ✸✳✻✭❛✮✳
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✭❛✮

✭❜✮

❋✐❣✉r❡ ✸✳✻ ✲ ✭❛✮ ❚❤❡♦r❡t✐❝❛❧ ❤✐❣❤✲❢r❡q✉❡♥❝② ❈✲❱ ❝✉r✈❡ ♦❢ ❛ ▼❖❙ ❞✐♦❞❡✱ ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t
✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t② (Dit)✱ ✭❜✮ ❇❛♥❞ ❞✐❛❣r❛♠ ♦❢ ❛ ▼❖❙ ❞✐♦❞❡ ❬✷✾❪✳

❚❤❡ ❣❛t❡ ✈♦❧t❛❣❡ ❞r♦♣ ♣❛rt✐❛❧❧② ❛❝r♦ss t❤❡ ♦①✐❞❡ ❛♥❞ ♣❛rt✐❛❧❧② ❛❝r♦ss t❤❡ s❡♠✐❝♦♥❞✉❝t♦r✱
❤❡♥❝❡ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ s♣❧✐ts ✐♥s✐❞❡ t❤❡ ▼❖❙ ❞✐♦❞❡ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡✲ ✸✳✻✭❜✮✳ ■♥
❝❛s❡ ♦❢ ❛ ▼❖❙✲❈ ✐♥ ❞❡♣❧❡t✐♦♥ ♦r ✐♥✈❡rs✐♦♥✱ ❛♣♣❧✐❡❞ ❣❛t❡ ✈♦❧t❛❣❡ (VG) ✐♥❞✉❝❡s ❛❞❞✐t✐♦♥❛❧
s❡♠✐❝♦♥❞✉❝t♦r ❝❤❛r❣❡s ❧✐❦❡ s♣❛❝❡ ❝❤❛r❣❡ (Qb)✱ ❞♦♣✐♥❣ ❝❤❛r❣❡ (Qn)✱ ✐♥t❡r❢❛❝❡ ❝❤❛r❣❡ (Qit)✱
✇❤❡r❡ QG = −(Qb +Qn +Qit)✳

VG = VFB + φs + Vox = VFB + φs +QG/Cox [35] ✭✸✳✷✶✮

❲❤❡r❡✱ VFB ✐s t❤❡ ✢❛t❜❛♥❞ ✈♦❧t❛❣❡✱ Vox t❤❡ ♦①✐❞❡ ✈♦❧t❛❣❡✱ ❛♥❞ φs t❤❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧✳
❋♦r ❛ ❣✐✈❡♥ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧ φs✱ ✈❛r✐❛t✐♦♥ ✐♥ ❣❛t❡ ✈♦❧t❛❣❡ ❝r❡❛t❡s ❛ str❡t❝❤✲♦✉t ✐♥ ❈✲❱
❝✉r✈❡ ✭❋✐❣✳ ✸✳✻✭❛✮✮✱ ✇❤✐❝❤ ♣r♦❞✉❝❡s ❛ ♥♦♥ ♣❛r❛❧❧❡❧ s❤✐❢t ♦❢ ❈✲❱ ❝✉r✈❡✳ ❇✉t ✐♥ ❝❛s❡ ♦❢
♣❡❛❦❡❞ ❞✐str✐❜✉t✐♦♥s ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣s✱ ❈✲❱ ❝✉r✈❡s ♣r♦❞✉❝❡ ♠♦r❡ ❛❜r✉♣t ❞✐st♦rt✐♦♥s✳

■♥ t❤✐s ♠❡t❤♦❞ ❛t ✜rst ♦♥❡ ❤❛s t♦ ✜♥❞ t❤❡ φs ❢♦r ❛ ❣✐✈❡♥ Chf ❢r♦♠ t❤❡ t❤❡ ✐❞❡❛❧ ❈✲❱
❝✉r✈❡✱ t❤❡♥ VG ❤❛s t♦ ❜❡ ❢♦✉♥❞ ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❝✉r✈❡ ❢♦r t❤❡ s❛♠❡ Chf ✳ ❘❡♣❡❛t✐♥❣
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t❤❡ s❛♠❡ ♣r♦❝❡ss ♦♥❡ ❤❛s t♦ ❞r❛✇ ❛ φs ✈❡rs✉s VG ❝✉r✈❡✳ ❚❤❡ r❡❧❡✈❛♥t ✐♥t❡r❢❛❝❡ tr❛♣
✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤✐s φs − VG ❝✉r✈❡ ❬✺✹❪✳

Dit =
Cox

q2

(

dVG

dφs

− 1

)

− Cs

q2
=

Cox

q2
d∆VG

dφs

[30] ✭✸✳✷✷✮

❍❡r❡ ∆VG = VG−VG(ideal) ✐s t❤❡ s❤✐❢t ♦❢ ✈♦❧t❛❣❡ ❜❡t✇❡❡♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ t❤❡ ✐❞❡❛❧
❝✉r✈❡✱ ❛♥❞ VG ✐s t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❣❛t❡ ✈♦❧t❛❣❡✳

▲✐♠✐t❛t✐♦♥s ♦❢ t❤❡ ❚❡r♠❛♥ ♠❡t❤♦❞

❚❤❡ ❚❡r♠❛♥ ♠❡t❤♦❞ ✇♦r❦s ✇❡❧❧ ❢♦r ♠❡❛s✉r✐♥❣ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t✐❡s ♦❢ 1010 cm−2eV −1

❛♥❞ ❛❜♦✈❡ ❬✺✺❪✱ ❜✉t ❤❛s ❜❡❡♥ ✇✐❞❡❧② ❝r✐t✐❝✐③❡❞ ❢♦r ❧♦✇❡r tr❛♣ ❞❡♥s✐t✐❡s✳ ❋♦r t❤✐♥♥❡r ♦①✲
✐❞❡s✱ t❤❡ ✈♦❧t❛❣❡ s❤✐❢t ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣s ❛❧s♦ ❞❡❝r❡❛s❡s✳ ❙✐♠✉❧❛t✐♦♥s ❤❛✈❡
s❤♦✇♥ t❤❛t t❤❡ ✐♥t❡r❢❛❝❡ st❛t❡ ❝❛♣❛❝✐t❛♥❝❡ ✐s s♠❛❧❧ ❜✉t ♥♦t ♥❡❣❧✐❣✐❜❧❡✱ ❝♦♠♣❛r❡❞ t♦ t❤❡
✈♦❧t❛❣❡ str❡t❝❤ ♦✉t ♦❢ t❤❡ t❤✐♥ ❞✐❡❧❡❝tr✐❝s ❬✺✻❪✳ ❋♦r t❤✐❝❦❡r ❞✐❡❧❡❝tr✐❝s✱ t❤❡ ✐♥t❡r❢❛❝❡ st❛t❡
❝❛♣❛❝✐t❛♥❝❡ ✐s s❛♠❡✱ ❜✉t t❤❡ ✈♦❧t❛❣❡ str❡t❝❤ ♦✉t ✐♥❝r❡❛s❡s✳ ❙✐♥❝❡ ❜♦t❤ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣
❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ t❤❡ ✈♦❧t❛❣❡ str❡t❝❤ ♦✉t s❝❛❧❡ ✇✐t❤ Dit✱ ❛♥❞ t❤✐s ♠❡t❤♦❞ ❜❡❝♦♠❡s q✉❡st✐♦♥✲
❛❜❧❡ ❢♦r t❤✐♥ ♦①✐❞❡s✳ ❆❣❛✐♥ ♦♥❡ ♥❡❡❞s t♦ ❦♥♦✇ ❡①❛❝t❧② t❤❡ ❞♦♣✐♥❣ ❞❡♥s✐t② ♦❢ t❤❡ s✉❜str❛t❡
t♦ ❝♦♠♣❛r❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❝✉r✈❡ ✇✐t❤ t❤❡♦r❡t✐❝❛❧ ♦♥❡✳ ❆♥② ♣✐❧❡❞ ✉♣ ❞♦♣❛♥t ♦r ❞✐✛✉s✐♦♥
❝❛♥ ✐♥tr♦❞✉❝❡ ❛♥ ❡rr♦r✳ ❙✉r❢❛❝❡ ♣♦t❡♥t✐❛❧ ✢✉❝t✉❛t✐♦♥s ❝❛♥ ❝❛✉s❡ ✜❝t✐t✐♦✉s ✐♥t❡r❢❛❝❡ tr❛♣
♣❡❛❦s ♥❡❛r t❤❡ ❜❛♥❞ ❡❞❣❡s✳ ❙♦♠❡t✐♠❡s ✐❢ t❤❡ ❛♣♣❧✐❡❞ ❢r❡q✉❡♥❝② ✐s ♥♦t s✉✣❝✐❡♥t❧② ❡♥♦✉❣❤✱
t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣s ❞♦ ♥♦t ❢♦❧❧♦✇ t❤❡ ❛❝ ♣r♦❜❡ ❢r❡q✉❡♥❝② ♠❛② ♥♦t ❜❡
s❛t✐s✜❡❞ ❢♦r t❤❡ s✉r❢❛❝❡ ♣♦t❡♥t✐❛❧s ♥❡❛r ✢❛t❜❛♥❞ ❛♥❞ t♦✇❛r❞s ❛❝❝✉♠✉❧❛t✐♦♥✳

Gray-Brown method

❆♥♦t❤❡r ♠❡t❤♦❞ ♦❢ ❞❡t❡r♠✐♥✐♥❣ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t② ✐s t❤❡ ●r❛②✲❇r♦✇♥ ♠❡t❤♦❞✳ ❆❝✲
❝♦r❞✐♥❣ t♦ t❤✐s ♠❡t❤♦❞ t❤❡ ❤✐❣❤ ❢r❡q✉❡♥❝② ❝❛♣❛❝✐t❛♥❝❡ ✐s ♠❡❛s✉r❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❡♠✲
♣❡r❛t✉r❡ ❬✺✷❪✳ ❇② ♠♦♥✐t♦r✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ✢❛t❜❛♥❞ ✈♦❧t❛❣❡ ♦❢ ❤✐❣❤
❢r❡q✉❡♥❝② ❈✲❱ ❝✉r✈❡ ✐♥ ♣r✐♥❝✐♣❧❡ ♦♥❡ ❝❛♥ ❞❡t❡❝t s❧♦✇ tr❛♣s✱ ❛s s❧♦✇ ❛s ✶s ❬✺✾❪✳ ❆t ❧♦✇❡r
t❡♠♣❡r❛t✉r❡s t❤❡ ❋❡r♠✐ ❧❡✈❡❧ s❤✐❢t t♦✇❛r❞s t❤❡ ♠❛❥♦r✐t② ❝❛rr✐❡r ❜❛♥❞ ❡❞❣❡ ❛♥❞ t❤❡ ✐♥✲
t❡r❢❛❝❡ tr❛♣ t✐♠❡ ❝♦♥st❛♥t τit ❛❧s♦ ✐♥❝r❡❛s❡s✳ ❆t ❧♦✇ t❡♠♣❡r❛t✉r❡s ✐t ✐s ❞✐✣❝✉❧t ❢♦r t❤❡
✐♥t❡r❢❛❝❡ tr❛♣s ♥❡❛r t❤❡ ❜❛♥❞ ❡❞❣❡s t♦ r❡s♣♦♥❞ t♦ t②♣✐❝❛❧ ❛❝ ♣r♦❜❡ ❢r❡q✉❡♥❝✐❡s ✇❤❡r❡❛s
t❤❡② ❝❛♥ ❡❛s✐❧② r❡s♣♦♥❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❙♦ t❤✐s ♠❡t❤♦❞ ❝♦✉❧❞ ❜❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡
t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣s Dit ♥❡❛r t❤❡ ♠❛❥♦r✐t② ❝❛rr✐❡r ❜❛♥❞ ❡❞❣❡ ❬✸✵❪ ❬✹✶❪✳

❚❤❡ t②♣✐❝❛❧ ❤❢ ❈❱ ❝✉r✈❡s ❛r❡ ✉s✉❛❧❧② ♠❡❛s✉r❡❞ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛t ❧✐q✉✐❞
♥✐tr♦❣❡♥ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ♠❡❛s✉r❡❞ ✢❛t✲❜❛♥❞ ✈♦❧t❛❣❡s ❛t t❤♦s❡ t✇♦ t❡♠♣❡r❛t✉r❡s ❛r❡
✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t②✳ ▲✐❦❡ t❤❡ ●r❛②✲❇r♦✇♥ ♠❡t❤♦❞✱ t❤❡ ❚❡r♠❛♥
♠❡t❤♦❞ ❞❡t❡❝ts t❤❡ ♦❝❝✉♣❛♥❝② r❛t❤❡r t❤❛♥ t❤❡ ❆❈ r❡s♣♦♥s❡ ♦❢ tr❛♣s ❛♥❞✱ t❤❡r❡❢♦r❡✱ ✐t ✐s ♥♦t
❧✐♠✐t❡❞ ❜② t❤❡ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❆❈ s✐❣♥❛❧✳ ❍♦✇❡✈❡r✱ ❜♦t❤ ♠❡t❤♦❞s ❢❛❝❡ t❤❡ s❛♠❡ ❞✐✣❝✉❧t②
t♦ ♦❜t❛✐♥ ✐❞❡❛❧ ❤✐❣❤ ❢r❡q✉❡♥❝② ❈✲❱ ❝✉r✈❡s ✇✐t❤♦✉t s✐❣♥✐✜❝❛♥tDit ✐♥❞✉❝❡❞ ❞✐st♦rt✐♦♥s✳ ▲✐❦❡
t❤❡ ❚❡r♠❛♥ ♠❡t❤♦❞ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣ ♦❝❝✉♣❛♥❝② ❛❧s♦ ❝❤❛♥❣❡s ❤❡r❡ ❜✉t ♥♦t ❞✉❡ t♦ t❤❡
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❝❤❛♥❣❡ ♦❢ ❣❛t❡ ✈♦❧t❛❣❡ r❛t❤❡r t❤❡ ❝❤❛♥❣❡s ♦❢ t❡♠♣❡r❛t✉r❡✳ ❋r♦♠ t❤❡ ❛♥❛❧②③❡❞ ✐♥t❡r❢❛❝❡
tr❛♣ ♦❝❝✉♣❛♥❝② t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ Dit ❝❛♥ ❜❡ ❡①tr❛❝t❡❞ ✉s✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳

Conductance method

❚❤❡ ❝♦♥❞✉❝t❛♥❝❡ ♠❡t❤♦❞ ✇❛s ❡st❛❜❧✐s❤❡❞ ❢♦r t❤❡ ✜rst t✐♠❡ ❜② ◆✐❝♦❧❧✐❛♥ ❛♥❞ ●♦❡t③❜❡r❣❡r
♣r❡s❡♥t❡❞ ✐♥ ❛ s❤♦rt ♣❛♣❡r ✐♥ ✶✾✻✺ ❬✸✾❪✳ ❆ ❞❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤✐s ♠❡t❤♦❞ ✇❛s ♣✉❜✲
❧✐s❤❡❞ ❜② t❤❡ s❛♠❡ ❛✉t❤♦rs ✐♥ ✶✾✻✼ ❬✹✵❪✳ ❯♥❧✐❦❡ t❤❡ ❚❡r♠❛♥ ❛♥❞ t❤❡ ●r❛②✲❇r♦✇♥ ♠❡t❤♦❞
❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ ✐♥ t❤✐s ♠❡t❤♦❞ t❤❡ ✐♥t❡r❢❛❝❡ st❛t❡ ❞❡♥s✐t② ✐s ♥♦t ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡
❈❱ ❝✉r✈❡s✱ ❜✉t ❢r♦♠ t❤❡ ❝♦♥❞✉❝t❛♥❝❡✲✈♦❧t❛❣❡ ❝✉r✈❡ ✭●✲❱✮✳ ❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s
s❡❝t✐♦♥✱ t❤❡r❡ ❛r❡ s♦♠❡ ❧✐♠✐t❛t✐♦♥s ✐♥ t❤❡ ❚❡r♠❛♥ ♠❡t❤♦❞ ❬✸✽❪✱ ❜✉t t❤♦s❡ ❛r❡ ♥♦t ❝♦♠✐♥❣
✐♥t♦ ♣❧❛② ❤❡r❡✳ ❚❤❡ ♠❛✐♥ ❞✐✣❝✉❧t② ✐♥ ❚❡r♠❛♥ ♠❡t❤♦❞ ✐s t❤❡ ❡①tr❛❝t✐♦♥ ♦❢ ✐♥t❡r❢❛❝❡ ❝❛♣❛❝✲
✐t❛♥❝❡ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t❛♥❝❡✱ ✇❤✐❝❤ ❛❞❞✐t✐♦♥❛❧❧② ❝♦♥s✐sts ♦❢ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ♦❢
t❤❡ ♦①✐❞❡ ❛♥❞ ❞❡♣❧❡t✐♦♥ ③♦♥❡✳ ■♥ ❝♦♥❞✉❝t❛♥❝❡ ♠❡t❤♦❞ ♠❡t❤♦❞ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✐♥t❡r❢❛❝❡
tr❛♣ ❞❡♥s✐t② ✐s ❢✉❧❧② ❜❛s❡❞ ♦♥ ♠❡❛s✉r❡❞ ❞❛t❛ ❛♥❞ ❤❡♥❝❡ ❢✉❧❧② r❡❧✐❛❜❧❡ ❛♥❞ ❣✐✈❡s t❤❡ ❡①❛❝t
✈❛❧✉❡ ♦❢ Dit✳

❚♦ ♠❡❛s✉r❡ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣ ❧❡✈❡❧ ❞❡♥s✐t② ❛s ❛ ❢✉♥❝t✐♦♥s ♦❢ ❣❛t❡ ❜✐❛s ❛♥❞ ✐♥t❡r❢❛❝❡ tr❛♣
t✐♠❡ ❝♦♥st❛♥t ❞✐s♣❡rs✐♦♥✱ ❛❞♠✐tt❛♥❝❡ ♠✉st ❜❡ ♠❡❛s✉r❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❜♦t❤ ❣❛t❡ ❜✐❛s
❛♥❞ ❢r❡q✉❡♥❝②✳

❋✐❣✉r❡ ✸✳✼ ✲ ❊q✉✐✈❛❧❡♥t ❝✐r❝✉✐t ♦❢
▼❖❙ ❞✐♦❞❡ ✇✐t❤ ✐♥t❡r❢❛❝❡ tr❛♣s✳

❚❤❡ ❝♦♥❞✉❝t❛♥❝❡ ❝♦♠❡s ♦♥❧② ❢r♦♠ t❤❡ ❝❤❛r❣✐♥❣ ❛♥❞ ❞✐s❝❤❛r❣✐♥❣ ♦❢ t❤❡ ✐♥t❡r❢❛❝❡ st❛t❡s
❛♥❞ t❤❛t s❤♦✉❧❞ ❛❧❧♦✇ ❛ ♠✉❝❤ ♠♦r❡ ❞✐r❡❝t ❛♥❛❧②s✐s✳

〈Gp〉
ω

=
qDit

2ωτit
ln

[

1 + (ωτit)
2
]

✭✸✳✷✸✮

❚❤❡ ❡q✉✐✈❛❧❡♥t ▼❖❙ ❞✐♦❞❡ ✐♥❝❧✉❞✐♥❣ ✐♥t❡r❢❛❝❡ tr❛♣s ✐s s❡❡♥ ✐♥ ✜❣✉r❡✲✸✳✼✱ ❤❡r❡ τit =
RitCit = ✐♥t❡r❢❛❝❡ tr❛♣ t✐♠❡ ❝♦♥st❛♥t✳ ■❢ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ t♦ t❤❡ ❝✐r❝✉✐t ✐s ❡q✉❛❧ t♦
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✸✳✷ ❈✉rr❡♥t✲❱♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ✭■✲❱✮

✢❛t❜❛♥❞ ✈♦❧t❛❣❡✱ t❤❡r❡ ✇✐❧❧ ❜❡ ♥♦ ❜✐❛s ✈♦❧t❛❣❡ ❞r✐✈❡♥ ❝♦♥❞✉❝t❛♥❝❡ t❤r♦✉❣❤ t❤❡ ❞✐♦❞❡✳ ❆t
t❤✐s ♣❛rt✐❝✉❧❛r ❝❛s❡ ■❢ ✇❡ ❣r❛❞✉❛❧❧② ✐♥❝r❡❛s❡ ♦♥❧② t❤❡ ❢r❡q✉❡♥❝② ♦❢ ❛♣♣❧✐❡❞ ❆❈ s✐❣♥❛❧ ❢r♦♠
❧♦✇❡r ✭✶✵✵❍③✮ t♦ ❤✐❣❤❡r ✭✶▼❍③✮ ✈❛❧✉❡✱ ✇❡ ❣❡t ❢r❡q✉❡♥❝② ❞r✐✈❡♥ ❝♦♥❞✉❝t❛♥❝❡✳ ❇✉t ❛t ❛
❝❡rt❛✐♥ ❢r❡q✉❡♥❝② (ω ≈ 2/τit) ✇❤❡♥ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣s ❝♦♠❡ ✐♥t♦ r❡s♦♥❛♥❝❡ ✇✐t❤ ❛♣♣❧✐❡❞
❢r❡q✉❡♥❝② ✇❡ ❣❡t t❤❡ ♠❛①✐♠✉♠ ❝♦♥❞✉❝t❛♥❝❡ t❤r♦✉❣❤ t❤❡ ❞✐♦❞❡ ✭✜❣✳ ✸✳✽✮✳ ❚❤✐s ❝♦♥❞✉❝t✐♦♥
♦r ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✐s ♦♥❧② ❞✉❡ t♦ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣s ❛♥❞ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ❞❡♥s✐t②
♦❢ ✐♥t❡r❢❛❝❡ tr❛♣s✳

◆♦✇ ✇❡ ❝❛♥ ✇r✐t❡ ❛♥ ❛♣♣r♦①✐♠❛t❡ ❡①♣r❡ss✐♦♥ ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t② ❜② s✉❜st✐t✉t✐♥❣
t❤❡ ✈❛❧✉❡ ♦❢ ω ✐♥ t❤❡ ❛❜♦✈❡ ❡q✉❛t✐♦♥✱ ✐♥ t❡r♠s ♦❢ ♠❛①✐♠✉♠ ♠❡❛s✉r❡❞ ❝♦♥❞✉❝t❛♥❝❡ ❛s✿

Dit ≈
2.5

q

(

Gp

ω

)

max
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❚❤❡ ♠❡❛s✉r❡❞ ❛❞♠✐tt❛♥❝❡ ♦❢ ▼❖❙✲❈ ❢r♦♠ ✜❣✉r❡✲ ✸✳✷✭❛✮ ✐s (Gm + jωCm)✱ ✇❤❡r❡ Cm ✐s
t❤❡ ♠❡❛s✉r❡❞ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ t❤❡ ♠❡❛s✉r❡❞ ♣❛r❛❧❧❡❧ ❡q✉✐✈❛❧❡♥t ❝♦♥❞✉❝t❛♥❝❡ ✐s Gm✳ ❇②
❝♦♥✈❡rt✐♥❣ t❤❡ ❛❞♠✐tt❛♥❝❡ t♦ ✐♠♣❡❞❛♥❝❡✱ s✉❜tr❛❝t✐♥❣ t❤❡ r❡❛❝t❛♥❝❡ ♦❢ ♦①✐❞❡ ❝❛♣❛❝✐t❛♥❝❡
❢r♦♠ ✐t✱ ✇❡ ❝♦♥✈❡rt t❤❡ ✐♠♣❡❞❛♥❝❡ ❛❣❛✐♥ ✐♥t♦ ❛❞♠✐tt❛♥❝❡✳ ◆♦✇ ✉s✐♥❣ t❤❡ r❡❛❧ ♣❛rt ♦❢
❛❞♠✐tt❛♥❝❡ ❛♥❞ t❤❡ ❛❜♦✈❡ r❡❧❛t✐♦♥ ♦❢ < Gp > /ω✱ ✇❡ ❣❡t✿

〈Gp〉
ω

=
ωC2

oxGm

G2
m + ω2(Cox − Cm)2

✭✸✳✷✺✮

❍❡r❡ ♦①✐❞❡ ❝❛♣❛❝✐t❛♥❝❡ (Cox) ✐s ♠❡❛s✉r❡❞ ✐♥ str♦♥❣ ❛❝❝✉♠✉❧❛t✐♦♥ ♦❢ t❤❡ ❝❛♣❛❝✐t♦r✱ ω =
❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ❂ 2πf ✱ ✇❤❡r❡ f ✐s t❤❡ ❛♣♣❧✐❡❞ ❢r❡q✉❡♥❝②✳

❋✐❣✉r❡ ✸✳✽ ✲ < Gp > /ω ✈❡rs✉s ❧♦❣
❢r❡q✉❡♥❝② ❝✉r✈❡✱ ✇❤❡r❡ fp ✐s t❤❡ ♣❡❛❦
✈❛❧✉❡ ♦❢ < Gp > /ω ❬✷✾❪✳

❋✐❣✉r❡ ✸✳✽ s❤♦✇s ❛ t②♣✐❝❛❧ < Gp > /ω ✈❡rs✉s ❧♦❣ ❢r❡q✉❡♥❝② ❝✉r✈❡ ❢r♦♠ ✇❤✐❝❤ ♠❛①✐♠✉♠
❝♦♥❞✉❝t❛♥❝❡ ✐s t♦ ❜❡ ❞❡t❡r♠✐♥❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t②✳ ■❢ t❤❡ ❛❞♠✐tt❛♥❝❡
✐s ♠❡❛s✉r❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❢r❡q✉❡♥❝② ✇✐t❤ ❣❛t❡ ❜✐❛s ❛s ♣❛r❛♠❡t❡r✱ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡
♦❢ < Gp > /ω ✇✐❧❧ ❜❡ ❛t ❛ ❧♦✇❡r ❢r❡q✉❡♥❝②✱ ❜✉t ✐❢ t❤❡ ❛❞♠✐tt❛♥❝❡ ✐s ♠❡❛s✉r❡❞ ❛s ❛ ❢✉♥❝t✐♦♥
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✢❛t❜❛♥❞s ❬✺✹❪✳
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4 Experimental Setup

❆ ♣❛rt ♦❢ ♦✉r s❛♠♣❧❡ ❝❧❡❛♥✐♥❣✱ ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s ❞❡♣♦s✐t✐♦♥ ♦♥ s✉❜str❛t❡ ❛♥❞ s♣❡❝tr♦✲
s❝♦♣✐❝ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ♦✉r ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡ ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ ❛♥ ❯❍❱ ❝❤❛♠❜❡r ❛❧❧
✐♥✲s✐t✉✳ ❖✉r ❯❍❱ s②st❡♠ ✇❛s ❡q✉✐♣♣❡❞ ✇✐t❤ s❡✈❡r❛❧ s♣❡❝tr♦s❝♦♣✐❝ ❢❛❝✐❧✐t✐❡s ❧✐❦❡ ❳✲r❛② P❤♦✲
t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❳P❙✮✱ ❯❧tr❛✈✐♦❧❡t P❤♦t♦❡❧❡❝tr♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❯P❙✮✱ ❙♣♦t Pr♦✲
✜❧❡ ❆♥❛❧②s✐s ✲ ▲♦✇ ❊♥❡r❣② ❊❧❡❝tr♦♥ ❉✐✛r❛❝t✐♦♥ ✭❙P❆✲▲❊❊❉✮ ❛♥❞ ❊❧❡❝tr♦♥ ❊♥❡r❣② ▲♦♦s❡
❙♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮✳ ❚❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ♦①✐❞❡s (i.e.BaO✱ SrO✱ Ba0.7Sr0.3O)
❛♥❞ s✉❜s❡q✉❡♥t ❢♦r♠❛t✐♦♥ ♦❢ s✐❧✐❝❛t❡s (i.e.Ba2SiO4✱ Sr2SiO4✱ ❛♥❞ (Ba0.8Sr0.2)2SiO4) ✇❡r❡
❝❛rr✐❡❞ ♦✉t ✐♥ t❤✐s ❯❍❱ s②st❡♠✳ ❚❤❡ s②st❡♠ ✐s ❛ ❝♦♠♠❡r❝✐❛❧❧② ❛✈❛✐❧❛❜❧❡ ❯❍❱ ❝❤❛♠❜❡r
❢r♦♠ t❤❡ ❝♦♠♣❛♥② ▲❡②❜♦❧❞✲❍❡r❛❡✉s✱ ✇❤✐❝❤ ❤❛s ❜❡❡♥ ✉♣❞❛t❡❞ ♦✈❡r t❤❡ ②❡❛rs s✐♥❝❡ ✐t ✇❛s
♣✉r❝❤❛s❡❞ ✇✐t❤ s❡✈❡r❛❧ ❡①t❡♥s✐♦♥s✳ ❚❤❡ ❯❍❱ ❝❤❛♠❜❡r ❝♦♥s✐sts ❡ss❡♥t✐❛❧❧② ♦❢ t❤r❡❡ ♣❛rts✿
t❤❡ ♠❛✐♥ ❝❤❛♠❜❡r ✇✐t❤ ❛ ❜❛s❡ ♣r❡ss✉r❡ ♦❢ 4×10−11 ♠❜❛r✱ t❤❡ ♠❛✐♥✲❧♦❛❞✲❧♦❝❦ ✭∼ 5×10−10

♠❜❛r✮ ❛♥❞ t❤❡ ♣r❡✲❧♦❛❞✲❧♦❝❦ ✭∼ 1× 10−6 ♠❜❛r✮✳ ❚❤r♦✉❣❤ t❤❡ t✇♦ ❧♦❛❞✲❧♦❝❦ s②st❡♠s ♦♥❡
❝❛♥ ❣r❛❞✉❛❧❧② tr❛♥s❢❡r t❤❡ s❛♠♣❧❡ ❢r♦♠ t❤❡ ♣r❡✲❧♦❛❞✲❧♦❝❦ s②st❡♠ t♦ t❤❡ ♠❛✐♥ ❝❤❛♠❜❡r
✇✐t❤♦✉t ✈❡♥t✐♥❣ t❤❡ ✈❛❝✉✉♠✳ ❚❤❡r❡ ❛r❡ ♣❛r❦✐♥❣ ♣♦s✐t✐♦♥s ❢♦r s❛♠♣❧❡s ✐♥ t❤❡ ♠❛✐♥ ❧♦❛❞✲
❧♦❝❦ s②st❡♠✱ ✇❤❡r❡ ♦♥❡ ❝❛♥ ♣❛r❦ ✉♣t♦ t❤r❡❡ s❛♠♣❧❡s ❛♥❞ ✉s❡ t❤❡♠ ✇❤❡♥❡✈❡r ♥❡❝❡ss❛r② ❢♦r
♠❡❛s✉r❡♠❡♥t ♣✉r♣♦s❡✳ ❲❤✐❝❤ ♦❢ ❝♦✉rs❡ s❛✈❡ t❤❡ t✐♠❡ ♦❢ ✈❡♥t✐❧❛t✐♦♥ ❛♥❞ ♣✉♠♣✐♥❣ ❞♦✇♥
t❤❡ ♣r❡ss✉r❡ ✐♥ t❤❡ ❝❤❛♠❜❡r✳

■t ✐s ♣♦ss✐❜❧❡ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝❛❧✱ ❝❤❡♠✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s
♦❢ t❤❡ s❛♠♣❧❡ ✉s✐♥❣ ✈❛r✐♦✉s ✐♥str✉♠❡♥ts ✐♥ ♦✉r ❯❍❱ ❝❤❛♠❜❡r✳ ❋♦r ❡①❛♠♣❧❡ ♦♥❡ ❝❛♥
✉s❡ ♣❤♦t♦❡❧❡❝tr✐❝ s♣❡❝tr♦s❝♦♣② ♠❡t❤♦❞s ❧✐❦❡ ❳P❙ ❛♥❞ ❯P❙ t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ❝❤❡♠✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ t❤❡ s❛♠♣❧❡✳ ❚♦ ❞❡t❡r♠✐♥❡ t❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s✱ ❧✐❦❡ ❝r②st❛❧❧✐♥✐t② ❛♥❞
❧❛tt✐❝❡ ❝♦♥st❛♥t ✇❡ ✉s❡ ❡❧❡❝tr♦♥ ❞✐✛r❛❝t✐♦♥ t❡❝❤♥✐q✉❡s ❧✐❦❡ ❙P❆✲▲❊❊❉✱ ✇❤✐❝❤ ✐s ✈❡r②
s✉r❢❛❝❡ s❡♥s✐t✐✈❡ ❞✉❡ t♦ ❧♦✇ ❡❧❡❝tr♦♥ ❡♥❡r❣②✳ ❚♦ ❞❡t❡r♠✐♥❡ s♦♠❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s
❧✐❦❡ ❜❛♥❞ ❣❛♣ ❛♥❞ ❜❛♥❞ ♦✛s❡t ♦❢ ❛♥ ✐♥s✉❧❛t♦r ✜❧♠ ✇❡ ✉s❡❞ ❊❊▲❙✱ ✇❤❡r❡ ❧♦♦s❡ ❡♥❡r❣②
s♣❡❝tr♦s❝♦♣② ♦❢ ❡①❝✐t❡❞ st❛t❡s ❝❛♥ ❜❡ ♠❡❛s✉r❡❞ ❜② t❤❡ ❞❡t❡❝t✐♦♥ ♦❢ ❡♥❡r❣② ❧♦♦s❡ ♦❢ ✐♥❝✐❞❡♥t
❡❧❡❝tr♦♥ ❛❢t❡r ❜♦♠❜❛r❞♠❡♥t ✇✐t❤ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳

❲❤❡♥ t❤❡ ♣r❡ss✉r❡ ♦❢ t❤❡ ❝❤❛♠❜❡r ❣♦❡s ❤✐❣❤ ❢♦r s♦♠❡ r❡❛s♦♥s✱ ✐t ✐s ❡ss❡♥t✐❛❧ t♦ ❝❤❡❝❦
t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ r❡s✐❞✉❛❧ ❣❛s ✐♥ t❤❡ ❯❍❱ s②st❡♠ t♦ ❣❡t ❛♥ ✐❞❡❛ ❛❜♦✉t t❤❡ ♣♦ss✐❜❧❡
r❡❛s♦♥ ♦❢ t❤❡ ❡❧❡✈❛t❡❞ ♣r❡ss✉r❡✱ ✇❤✐❝❤ ✇❛s ✉s✉❛❧❧② ❞♦♥❡ ❜② ❛ ♠❛ss s♣❡❝tr♦♠❡t❡r✱ ❛❧s♦
✐♥st❛❧❧❡❞ ✐♥ ♦✉r ❯❍❱ ❝❤❛♠❜❡r✳ ■❢ ✐t ✐s ❢♦✉♥❞ t❤❛t t❤❡ ❞❡t❡❝t❡❞ ❣❛s❡s ❛r❡ ♠♦st❧② ❢r♦♠ ❛✐r
♦r ✇❛t❡r✱ ✐t ✐s ♦❜✈✐♦✉s t❤❛t ❧❡❛❦ ❛♣♣❡❛rs ♦♥ t❤❡ s②st❡♠✳ ❍❡❧✐✉♠ ❣❛s ✇❛s ✉s❡❞ ❛❧♦♥❣ ✇✐t❤
t❤❡ ♠❛ss s♣❡❝tr♦s❝♦♣② t♦ ✜♥❞ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❧❡❛❦ ✐♥ t❤❡ ❯❍❱ s②st❡♠

4.1 Principle of an electron beam evaporator

❚♦ ❞❡♣♦s✐t t❤❡ ✐♥s✉❧❛t✐♥❣ ❧❛②❡r ♦♥ t❤❡ s✉❜str❛t❡✱ t❤❡ s②st❡♠ ✇❛s ❡q✉✐♣♣❡❞ ✇✐t❤ s❡✈❡r❛❧
❡✈❛♣♦r❛t♦rs✱ ❧✐❦❡ ❇❛r✐✉♠ ✭❇❛✮✱ ❙tr♦♥t✐✉♠ ✭❙r✮✱ ❆❧✉♠✐♥✉♠ ✭❆❧✮✱ ❙✐❧✐❝♦♥ ✭❙✐✮ ❛♥❞ ●♦❧❞
✭❆✉✮✳ ■♥st❡❛❞ ♦❢ s✐❧✐❝♦♥ ❡✈❛♣♦r❛t♦r ❛❧❧ ♦t❤❡r ❡✈❛♣♦r❛t♦rs ✇❡r❡ ♠❛♥✉❢❛❝t✉r❡❞ ✐♥ ♦✉r ■♥✲
st✐t✉t❡ ✇♦r❦s❤♦♣✳ ❚❤❡s❡ ❛r❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ❡✈❛♣♦r❛t♦rs ❛♥❞ t❤❡ ❡✈❛♣♦r❛t✐♥❣ ♠❛t❡r✐❛❧ ✐s
♣❧❛❝❡❞ ✐♥ ❛ ❝♦♥❞✉❝t✐✈❡ ❝r✉❝✐❜❧❡ ♦r ❡♥❝❧♦s❡❞ t❤❡ ❝r✉❝✐❜❧❡ ❜② ❛ ❝♦♥❞✉❝t✐✈❡ ♠❛t❡r✐❛❧✱ ❧✐❦❡
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t✉♥❣st❡♥ ✇✐r❡ ♦r t❤✐♥ ❚❛ ♦r ▼♦ ♣❧❛t❡✳

❋✐❣✉r❡ ✹✳✶ ✲ ❉✐❛❣r❛♠ s❤♦✇s ❤♦✇ ❡❧❡❝tr♦♥s ❞✐s✲
❝❤❛r❣❡ ❢r♦♠ ❛ ❤❡❛t❡❞ ✜❧❛♠❡♥t ❞✉❡ t♦ ❊❞✐s♦♥
❘✐❝❤❛r❞s♦♥ ❡✛❡❝t✳ ❚❤❡s❡ ❛r❡ ❛❝❝❡❧❡r❛t❡❞ ❜② t❤❡
❤✐❣❤ ✈♦❧t❛❣❡ t♦ t❤❡ ❝r✉❝✐❜❧❡ ❛♥❞ ❤❡❛t t❤❡ ❝r✉❝✐❜❧❡
✉♣✳

❆ s❝❤❡♠❛t✐❝ ❞✐❛❣r❛♠ ♦❢ ❛♥ ❡❧❡❝tr♦♥ ❜❡❛♠ ❡✈❛♣♦r❛t♦r ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✹✳✶✳ ❚❤❡r❡ ✐s
❛ ❝r✉❝✐❜❧❡ ❛tt❛❝❤❡❞ ✇✐t❤ t❤❡ ❝❡♥t❡r r♦❞ ❛♥❞ ❛ t✉♥❣st❡♥ ✇✐r❡ ♦❢ ❞✐❛♠❡t❡r ✵✳✵✼✺✲✵✳✶✷✺♠♠
✉s✉❛❧❧② ❝❧❛♠♣❡❞ ❛r♦✉♥❞ t❤❡ ❝r✉❝✐❜❧❡ ✇✐t❤ t✇♦ ❡❧❡❝tr✐❝❛❧ ❝♦♥t❛❝ts ❛t ❛ ❞✐st❛♥❝❡ ♦❢ ❛❜♦✉t
✹✲✺♠♠✳ ❖♥❝❡ ✇❡ ♣❛ss ❝✉rr❡♥t t❤r♦✉❣❤ t❤❡ ✇✐r❡ ✭∼ ✷❆✴✹❱✮✱ ✐t ❜❡❣✐♥s t♦ ❣❧♦✇✳ ■❢ ✇❡ ❛♣♣❧②
❛ ♣♦s✐t✐✈❡ ✈♦❧t❛❣❡ ♦❢ ✹✺✵✲✶✵✵✵❱ ❜❡t✇❡❡♥ t❤❡ ✜❧❛♠❡♥t ❛♥❞ t❤❡ ❝r✉❝✐❜❧❡✱ t❤❡ ❡❧❡❝tr♦♥s ❛r❡
❡♠✐tt❡❞ ❢r♦♠ t❤❡ ✜❧❛♠❡♥t ❞✉❡ t♦ t❤❡ ❊❞✐s♦♥ ❘✐❝❤❛r❞s♦♥ ❡✛❡❝t ❬✸✵❪✳ ❚❤❡s❡ ❡♠❡r❣❡❞ ❡❧❡❝✲
tr♦♥s ❤✐t t❤❡ ❝r✉❝✐❜❧❡ ❛♥❞ t❤❡✐r ❦✐♥❡t✐❝ ❡♥❡r❣② tr❛♥s❢♦r♠s ✐♥t♦ ❤❡❛t ❛♥❞ ✇❛r♠ t❤❡ ❝r✉❝✐❜❧❡
✉♣✳ ■♥ t❤✐s ✇❛② ♠❛t❡r✐❛❧s ✐♥ t❤❡ ❝r✉❝✐❜❧❡ ✇❡r❡ ❤❡❛t❡❞ ✉♣ ❛♥❞ ❛r❡ ❡✈❡♥t✉❛❧❧② ❡✈❛♣♦r❛t❡❞
❢r♦♠ t❤❡ ❝r✉❝✐❜❧❡ ♦♥ t♦ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳ ❚❤❡r❡ ❛r❡ ♠❛♥② ♠❛t❡r✐❛❧s ✇❤✐❝❤ s✉❜❧✐♠❛t❡
❞✐r❡❝t❧② ❢r♦♠ t❤❡ ❝r✉❝✐❜❧❡ ❞✉❡ t♦ t❤❡ ✈❡r② ❧♦✇ ♣r❡ss✉r❡ ✐♥s✐❞❡ ❯❍❱✳ ■❢ ❡✈❛♣♦r❛t✐♦♥ ❜②
s✉❜❧✐♠❛t✐♦♥ ✐s s✉✣❝✐❡♥t t❤❡ ❧✐q✉✐❞ ♣❤❛s❡ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ✐♥s✐❞❡ ❝r✉❝✐❜❧❡ ❞♦❡s ♥♦t ❡①✐st✱ s♦
✐t ✐s ♣♦ss✐❜❧❡ t♦ ♠♦✉♥t t❤❡ ❡✈❛♣♦r❛t♦rs ❢♦r s✉❝❤ ♠❛t❡r✐❛❧s ✐♥ ❛ ❤♦r✐③♦♥t❛❧ ♣♦s✐t✐♦♥✳ ❚❤❡
❞❡♣♦s✐t✐♦♥ r❛t❡s ❞❡♣❡♥❞ ✈❡r② str♦♥❣❧② ♦♥ t❤❡ ❤❡❛t✐♥❣ ♣♦✇❡r ❛♥❞ t❤❡ ✉s❡❞ ♠❛t❡r✐❛❧✳ ❇❛s❡❞
♦♥ t❤❡ ✈❛♣♦r ♣r❡ss✉r❡ ♦♥❡ ❝❛♥ ❤❛✈❡ ❛ r♦✉❣❤ ❣✉✐❞❡❧✐♥❡ ❢♦r t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ ❞❡♣♦s✐t✐♦♥
r❛t❡s✱ ❡s♣❡❝✐❛❧❧② ❜② ❝♦♠♣❛r✐♥❣ t✇♦ ♠❛t❡r✐❛❧s✳ ❚❤❡ ❤✐❣❤❡r t❤❡ ✈❛♣♦r ♣r❡ss✉r❡ ❛t t❤❡ s❛♠❡
t❡♠♣❡r❛t✉r❡ ✐s✱ t❤❡ ❤✐❣❤❡r t❤❡ ❡✈❛♣♦r❛t✐♦♥ r❛t❡ ✇✐❧❧ ❜❡✳ ❙✉❝❤ t❛❜❧❡s ❛♥❞ ❣r❛♣❤s ❢♦r ✈❛♣♦r
♣r❡ss✉r❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ❢♦r ❡①❛♠♣❧❡ ✐♥ ❬✷✵✱✸✶❪✳

4.2 Material handling of different evaporators

❇❛ ❛♥❞ ❙r ❛r❡ ✈❡r② ❤②❣r♦s❝♦♣✐❝ ♠❡t❛❧s ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ❆❧✱ ❆✉ ♦r ❙✐✳ ■❢ t❤❡② ❛r❡ ❜r♦✉❣❤t
✐♥ ❝♦♥t❛❝t ✇✐t❤ ❛✐r✱ t❤❡② r❡❛❝t ✇✐t❤ t❤❡ ❤✉♠✐❞✐t② ♦❢ ❛✐r ❛♥❞ ✇✐t❤✐♥ ❛ ❢❡✇ s❡❝♦♥❞ t❤❡ s✉r❢❛❝❡
♦❢ t❤❡ ♠❡t❛❧s ❝♦♥✈❡rts ✐♥t♦ ❤②❞r♦①✐❞❡s✳ ❲✐t❤✐♥ ❢❡✇ ♠✐♥✉t❡s t❤❡s❡ ♠❛t❡r✐❛❧s ❝♦♠♣❧❡t❡❧②
❞✐s✐♥t❡❣r❛t❡ ✐♥t♦ ✇❤✐t❡ ♣♦✇❞❡r ♣✐❡❝❡s ♦❢ ❢❡✇ ♠♠ ✐♥ ❞✐❛♠❡t❡r✳ ■♥ ❞✐r❡❝t ❝♦♥t❛❝t ✇✐t❤ ✇❛t❡r✱
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✹✳✷ ▼❛t❡r✐❛❧ ❤❛♥❞❧✐♥❣ ♦❢ ❞✐✛❡r❡♥t ❡✈❛♣♦r❛t♦rs

t❤❡ r❡❛❝t✐♦♥ ✐s s♦ ✈✐♦❧❡♥t t❤❛t str♦♥❣ ❡♠✐ss✐♦♥ ♦❢ r❡❧❛t✐✈❡❧② ❧❛r❣❡ ❛♠♦✉♥ts ♦❢ ❣❛s ✐♥ t❤❡
❢♦r♠ ♦❢ ❜✉❜❜❧❡s ✐s ♦❜s❡r✈❡❞✳ ❚❤❡ r❡❛❝t✐♦♥ t❤❛t ♦❝❝✉rs ❤❡r❡ ✐s ❛s ❢♦❧❧♦✇s✿

2Ba(s) +O2(g) → 2BaO(s)

3Ba(s) +N2(g) → Ba3N2(s) [32]

Ba(s) + 2H2O(g) → Ba(OH)2(aq) +H2(g)

❇❡❝❛✉s❡ ♦❢ t❤✐s r❡❛❝t✐✈✐t② ♦❢ t❤❡ ♣✉r❡ ❇❛✴❙r ♠❡t❛❧✱ r❡♣❛✐r✐♥❣ ♦r r❡✜❧❧✐♥❣ ♦❢ t❤❡ ❇❛✴❙r
❡✈❛♣♦r❛t♦r ✐s ❛ ♠❛tt❡r ♦❢ ❣r❡❛t ❡✛♦rt✳ ■♥ ❜♦t❤ ❝❛s❡s✱ t❤❡ ♠❡t❛❧s ♠✉st ❜❡ ♣r♦t❡❝t❡❞ ❢r♦♠
t❤❡ ❝♦♥t❛❝t ✇✐t❤ ✇❛t❡r ❛♥❞ ❛❧s♦ ❢r♦♠ t❤❡ ❛✐r ♦❢ ❡♥✈✐r♦♥♠❡♥t✳

❚❤❡r❡❢♦r❡ t❤❡ ❝r✉❝✐❜❧❡s ✇❡r❡ ✜❧❧❡❞ ✉♥❞❡r ❝♦♥st❛♥t ✢♦✇ ♦❢ ♥✐tr♦❣❡♥ ❣❛s ✐♥ ❛ ❣❧♦✈❡ ❜❛❣✱ ❛
❦✐♥❞ ♦❢ tr❛♥s♣❛r❡♥t ♣❧❛st✐❝ ❜❛❣ ✇✐t❤ ❧❛r❣❡ ❣❧♦✈❡ ♣♦rts ♦♥ t❤❡ s✐❞❡✳ ❋♦r t❤✐s✱ ❛t ✜rst t❤❡ ❇❛
♦r ❙r ✇❛s ❜r♦❦❡♥ ✇✐t❤ s♠❛❧❧ ❝✉tt✐♥❣ ♣❧✐❡rs ✐♥t♦ ❛❜♦✉t ✶✲✸♠♠ s♠❛❧❧ ❝❤✉♥❦s✳ ❚❤❡s❡ ♣✐❡❝❡s
✇❡r❡ ✐♥s❡rt❡❞ ❞✐r❡❝t❧② ✐♥t♦ ❛ ▼♦ ❝r✉❝✐❜❧❡ ♦❢ ❇❛ ❡✈❛♣♦r❛t♦r ✇✐t❤ t❤❡ ❛✐❞ ♦❢ ❛ ❝❡r❛♠✐❝ r♦❞
❛♥❞ ❛ ❤❛♠♠❡r t♦ ❝♦♠♣r❡ss t❤❡ ♠❛t❡r✐❛❧✳

❆ ❣❧♦ss② ❝❛r❜♦♥ ❝r✉❝✐❜❧❡ ✇❛s ✉s❡❞ t♦ ❡✈❛♣♦r❛t❡ ❙r✳ ●❧♦ss② ❝❛r❜♦♥ ✐s ❤✐❣❤ ♣✉r✐t② ❝❛r❜♦♥
♣r❡ss❡❞ ✉♥❞❡r ❤✐❣❤ ♣r❡ss✉r❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❤✐❣❤ ♣✉r✐t② ❝❛r❜♦♥ ✇✐t❤ t❤❡
♥❛♠❡ ♦❢ SIGRADURr ❛♥❞ ♦✛❡r❡❞ ❜② t❤❡ ❝♦♠♣❛♥② ❍❚❲ ❍♦❝❤ ❚❡♠♣❡r❛t✉r ❲❡r❦st♦✛❡
●♠❜❍ ❬✸✸❪✳ ■t ✐s ❤✐❣❤ t❡♠♣❡r❛t✉r❡ r❡s✐st❛♥t ✉♣ t♦ ✸✵✵✵◦❈ ❛♥❞ ❤❛s ❛ ✈❡r② ❧♦✇ ✇❡tt❛❜✐❧✐t②
❢♦r ❛ ❧❛r❣❡ ❣r♦✉♣ ♦❢ ♠❛t❡r✐❛❧s✳ ❚❤❡ ❞✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s ♠❛t❡r✐❛❧ ✐s ✐ts ❤✐❣❤ ❜r✐tt❧❡♥❡ss✱ s♦
✉♥❧✐❦❡ ❇❛✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❤❛♠♠❡r t❤❡ ♠❛t❡r✐❛❧ ❞✐r❡❝t❧② ✐♥t♦ t❤❡ ❝r✉❝✐❜❧❡✳ ❖♥❡ ♦❢ t❤❡
s♦❧✉t✐♦♥s ✐s t♦ ❢♦r♠ s♠❛❧❧ ♣✐❧❧s ♦❢ ❙r ♦❢ s❛♠❡ ❞✐❛♠❡t❡r ❛s t❤❡ ❝r✉❝✐❜❧❡✱ ✇❤✐❝❤ ❝❛♥ ❞✐r❡❝t❧② ❜❡
✐♥s❡rt❡❞ ✐♥t♦ t❤❡ ❝r✉❝✐❜❧❡✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ❛ ❝②❧✐♥❞r✐❝❛❧ str✉❝t✉r❡ ✇❛s ♣r❡♣❛r❡❞ ✭♠❛❞❡
♦❢ ❱✹❆✮✱ ✇✐t❤ ✇❤✐❝❤ ✐t ✇❛s ♣♦ss✐❜❧❡ t♦ ❤❛♠♠❡r ❙r ✇✐t❤ ❛ ❤♦❧❞✐♥❣ ❞❡✈✐❝❡ ❛♥❞ t♦ ❢♦r♠
s♠❛❧❧ ♣✐❧❧s ♦r t❛❜❧❡ts ♦❢ ❙r✳ ❚❤❡s❡ ❛r❡ t❤❡♥ ♣✉t ✐♥t♦ t❤❡ ❣❧❛ss② ❝❛r❜♦♥ ❝r✉❝✐❜❧❡ ✇✐t❤ ❛
♣❛✐r ♦❢ t✇❡❡③❡rs✳ ❉✉r✐♥❣ t❤❡ ❡♥t✐r❡ t✐♠❡ ❛❢t❡r ✜❧❧✐♥❣✱ ❢r♦♠ ♠♦✉♥t✐♥❣ t♦ ✐♥st❛❧❧❛t✐♦♥ ✐♥ t❤❡
❯❍❱ t❤❡ ❝♦♥t❡♥ts ♦❢ t❤❡ ❝r✉❝✐❜❧❡ ✐s ♣r♦t❡❝t❡❞ ❜② ❛ ❧❛②❡r ♦❢ ♥✲❤❡①❛♥❡ ♦♥ t♦♣✱ ✇❤✐❝❤ ❤❛s ❛
♣❛rt✐❝✉❧❛r❧② ❧♦✇ ♣r♦♣♦rt✐♦♥ ♦❢ ✇❛t❡r ✭≤ 0.004%H2O ❬✸✹❪✮✳ ❚❤❡ ✐♥st❛❧❧❡❞ ❡✈❛♣♦r❛t♦r✱ ❤❛s t♦
❜❡ ❞r✐③③❧❡❞ ✐♥ s❤♦rt ✐♥t❡r✈❛❧s ✇✐t❤ ❞r✐❡❞ ❤❡①❛♥❡ t♦ ❛✈♦✐❞ t❤❡ r❡❛❝t✐♦♥ ✇✐t❤ ✇❛t❡r ✐♥ ❛♠❜✐❡♥t
❛✐r✳ ❲✐t❤✐♥ ❛ ❢❡✇ ♠✐♥✉t❡s✱ t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ ❡✈❛♣♦r❛t♦r ❤❛s t♦ ❜❡ ❝♦♠♣❧❡t❡❞ ✐♥ ♦r❞❡r
t♦ ♣r♦t❡❝t ✐t ❢r♦♠ t❤❡ ❢✉rt❤❡r ✐♥✢✉❡♥❝❡ ♦❢ ♠♦✐st✉r❡ ✐♥ ❛✐r ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❡✈❛❝✉❛t✐♦♥
♣r♦❝❡ss✳
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❋✐❣✉r❡ ✹✳✷ ✲ ❙tr✉❝t✉r❡ ♦❢ t❤❡
❡✈❛♣♦r❛t♦r ❧♦❛❞ ❧♦❝❦✳ ❚❤❡ ❡✈❛♣♦✲
r❛t♦r ❝❛♥ r❡t✐r❡ ❛♥❞ s❡♣❛r❛t❡ ❢r♦♠
t❤❡ ♠❛✐♥ ❝❤❛♠❜❡r ✇✐t❤ t❤❡ ❤❡❧♣
♦❢ ❣❛t❡ ✈❛❧✈❡✱ ✇❤✐❝❤ ❤❡❧♣s ✈❡♥t✐♥❣
❛♥❞ ❡✈❛❝✉❛t✐♦♥ ♦❢ t❤❡ ♣❛rt ✇✐t❤✲
♦✉t ✈❡♥t✐♥❣ t❤❡ ♠❛✐♥ ❝❤❛♠❜❡r✳

❚❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ❛ s❡♣❛r❛❜❧❡ ❡✈❛♣♦r❛t♦r ❜r❛♥❝❤ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✳ ❖♥❡ ❝❛♥
❛❝❝❡ss t❤❡ ♠❛✐♥ ❝❤❛♠❜❡r t❤r♦✉❣❤ ❛ s❡❛❧❡❞ ❣❛t❡ ✈❛❧✈❡✳ ■t ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ♠❛✐♥ ❧♦❛❞
❧♦❝❦ ✈✐❛ ❛ ❢✉rt❤❡r ✈❛❧✈❡✳ ❆❢t❡r ♦♣❡♥✐♥❣ t❤✐s ✈❛❧✈❡✱ t❤❡ ❡✈❛♣♦r❛t♦r ❝❛♥ ❜❡ ✈❡♥t❡❞ ✈✐❛ t❤❡
❧♦❛❞ ❧♦❝❦ ❛♥❞ ❛❧s♦ ❡✈❛❝✉❛t❡❞ ❧❛t❡r✳ ❚❤✐s ❝♦♥str✉❝t✐♦♥ ❛❧❧♦✇s t♦ r❡♣❛✐r ❛♥❞ r❡✲✜❧❧ t❤❡ s✐♥❣❧❡
❡✈❛♣♦r❛t♦r ✇✐t❤♦✉t ✈❡♥t✐♥❣ t❤❡ ♠❛✐♥ ❝❤❛♠❜❡r✳

4.3 Types of sample holders and their use

❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ t✇♦ t②♣❡s ♦❢ s❛♠♣❧❡ ❤♦❧❞❡rs ✇❡r❡ ✉s❡❞ t♦ ❤♦❧❞ t❤❡ s❛♠♣❧❡
✐♥ t❤❡ ❯❍❱✳ ❉r❛✇✐♥❣s ♦❢ t❤❡ s✐❞❡ ❛♥❞ ♣❧❛♥ ✈✐❡✇ ♦❢ t✇♦ t②♣❡s✱ r❡s♣❡❝t✐✈❡❧②✱ ❛r❡ s❤♦✇♥ ✐♥
❋✐❣✳✹✳✸ ❛♥❞ ✹✳✹✳ ■♥ ♣r✐♥❝✐♣❧❡ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♥♥❡❝t ✉♣ t♦ s✐① ❡❧❡❝tr✐❝❛❧ ❝♦♥t❛❝ts ♦♥ t❤❡
♠❛♥✐♣✉❧❛t♦r ❛r♠ ✐♥ ❜♦t❤ t②♣❡s ♦❢ s❛♠♣❧❡ ❤♦❧❞❡r✳ ❋♦✉r ♦❢ t❤❡s❡ ❝♦♥t❛❝ts ❛r❡ ❝❛rr✐❡❞ ♦✉t
❜② t❤❡ ▼♦ ❥❛✇s ✇❤✐❝❤ ❛r❡ ❡❧❡❝tr✐❝❛❧❧② ✐s♦❧❛t❡❞ ❢r♦♠ ❡❛❝❤ ♦t❤❡r ❜✉t ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡
s❛♠♣❧❡✳ ❚✇♦ ❢✉rt❤❡r ❝♦♥t❛❝ts✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ❜❛❝❦s✐❞❡ ♦❢ t❤❡ ❤♦❧❞❡r✱ s❡r✈❡
t♦ ♠❡❛s✉r❡ t❡♠♣❡r❛t✉r❡ ✈✐❛ t❤❡r♠♦❝♦✉♣❧❡s✳ ❋♦r t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✐♥ ❋✐❣✳✹✳✸ ♥♦ t❤❡r♠❛❧
❝♦♥t❛❝ts ❛r❡ ❝✉rr❡♥t❧② ✐♥ ✉s❡ ❜✉t t❤✐s ♦♣t✐♦♥❛❧ ✉♣❣r❛❞❡ ❝♦✉❧❞ ❜❡ ❞♦♥❡ ✐❢ ♥❡❝❡ss❛r②✳

❯♥str✉❝t✉r❡❞ s❛♠♣❧❡s ❤❛✈❡ ❜❡❡♥ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ❞✐✛❡r❡♥t s❛♠♣❧❡ ♣r♦♣❡rt✐❡s ✉s✐♥❣
❳P❙✱ ❊❊▲❙ ♦r ❙P❆✲▲❊❊❉✳ ❘❡s✐st✐✈❡ ❤❡❛t✐♥❣ ✐s ✉s❡❞ t♦ ❤❡❛t t❤❡ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s
❜② ♣❛ss✐♥❣ ❝✉rr❡♥t t❤r♦✉❣❤ t❤❡♠ ✭s❡❡ ❋✐❣✳✹✳✸✮✳ ❚❤❡ s❛♠♣❧❡ ✐s ♠♦✉♥t❡❞ ♦♥ t✇♦ ❚✐ ❝♦♥✲
t❛❝ts ❢♦r t❤❡ ♣❛ss❛❣❡ ♦❢ ❝✉rr❡♥t ❛♥❞ ❝❧❛♠♣❡❞ ❜② ♠❡❛♥s ♦❢ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ s✉st❛✐♥❛❜❧❡
♠♦❧②❜❞❡♥✉♠ ❝❧❛♠♣s ❛♥❞ s❝r❡✇s✳ ❍✐❣❤❧② ❞♦♣❡❞ ❙✐✱ s♦✲❝❛❧❧❡❞ s♣❛❝❡rs ❛r❡ ♣❧❛❝❡❞ ♦♥ t❤❡
t✇♦ ❝♦♥t❛❝t s✉r❢❛❝❡s ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ t❤❡ s❛♠♣❧❡ ❢♦r ❛♥ ✐❞❡❛❧ ❡❧❡❝tr✐❝❛❧ ❝♦♥t❛❝t✳ ❚♦ ❛✈♦✐❞
t❤❡r♠❛❧ ❣r❛❞✐❡♥ts ❞✉❡ t♦ ❞✐✛❡r❡♥t ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ♦♥ t❤❡ s❛♠♣❧❡✱ ✐t ✐s ✐♠♣♦rt❛♥t t❤❛t
t❤❡ s❛♠♣❧❡ ❝♦♥t❛❝t ✐s ✉♥✐❢♦r♠ ♦✈❡r t❤❡ ❡♥t✐r❡ ✇✐❞t❤ ♦❢ t❤❡ s✉♣♣♦rt s✉r❢❛❝❡✱ ❞✉r✐♥❣ t❤❡
✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡✳
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✹✳✸ ❚②♣❡s ♦❢ s❛♠♣❧❡ ❤♦❧❞❡rs ❛♥❞ t❤❡✐r ✉s❡

❋✐❣✉r❡ ✹✳✸ ✲ ❉r❛✇✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✉s❡❞ ❢♦r r❡s✐st✐✈❡ ❤❡❛t✐♥❣ ♦❢ t❤❡ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s✳

❚♦ ♣r❡♣❛r❡ t❤❡ str✉❝t✉r❡❞ s❛♠♣❧❡s ❛♥♦t❤❡r t②♣❡ ♦❢ s❛♠♣❧❡ ❤♦❧❞❡r ✐s ✉s❡❞✱ ✇❤✐❝❤ ✐s
♥♦t ❤❡❛t❡❞ r❡s✐st✐✈❡❧② ❜✉t ✐♥❞✐r❡❝t❧②✳ ❋♦r t❤✐s s❛♠♣❧❡ ❤♦❧❞❡r✱ ❛ ❜♦r♦♥ ♥✐tr✐❞❡ ❤❡❛t❡r ✭❇◆
❤❡❛t❡r✮ ❢r♦♠ t❤❡ ❝♦♠♣❛♥② t❡❝tr❛ ✐s ✉s❡❞ ❛s s❤♦✇♥ ✐♥ ❋✐❣✳✹✳✹✳

❋✐❣✉r❡ ✹✳✹ ✲ ❉r❛✇✐♥❣ ♦❢ ❇◆ s❛♠♣❧❡ ❤♦❧❞❡r ✉s❡❞ ❢♦r ✐♥❞✐r❡❝t ❤❡❛t✐♥❣ ♦❢ ❛ str✉❝t✉r❡❞ s❛♠♣❧❡ ✇✐t❤
❛ ❲ ♠❛s❦✳ ❱✐❛ ▼♦ ❝❧❛♠♣s✱ t❤❡ s❛♠♣❧❡ ✐s ✜①❡❞ ✇✐t❤ s❝r❡✇s ❛❢t❡r s❛♠♣❧❡ ❛♥❞ ♠❛s❦ ✇❡r❡ ❛❧✐❣♥❡❞
✇✐t❤ ❡❛❝❤ ♦t❤❡r ✉♥❞❡r ❛ st❡r❡♦ ♠✐❝r♦s❝♦♣❡✳

❚❤❡ ❤❡❛t❡r ✐ts❡❧❢ ❤❡❛t❡❞ ❜② r❡s✐st✐✈❡ ❤❡❛t✐♥❣ ♦❢ t❤❡ ✇✐r❡s ✇✐t❤✐♥ t❤❡ ❇◆ ♠❛t❡r✐❛❧✳ ❊❧❡❝✲
tr✐❝❛❧ ❝♦♥t❛❝ts ❛r❡ ❝♦♥♥❡❝t❡❞ ✐♥ ❡❛❝❤ ❝❛s❡ ✈✐❛ ❛ ♠♦✉♥t✐♥❣ s❝r❡✇ ♦♥ ❜♦t❤ s✐❞❡s✱ ✐♥st❡❛❞ ♦❢
t❤❡ ✉♣♣❡r s❛♠♣❧❡ ❤♦❧❞❡r ❥❛✇s✳ ❚❤❡ str✉❝t✉r❡❞ s❛♠♣❧❡ ✐s ♠♦✉♥t❡❞ ♦♥ t❤✐s ❤❡❛t❡r t♦❣❡t❤❡r
✇✐t❤ ❛♥ ❡❧❡❝tr✐❝❛❧❧② ✐s♦❧❛t❡❞ ❲ ♠❛s❦ ❛♥❞ ♠♦❧②❜❞❡♥✉♠ ❝❧❛♠♣s✱ ❛♥❞ ❤❡❛t❡❞ ✐♥❞✐r❡❝t❧② ♦♥
t❤❡ ❤♦t ♣❧❛t❡✳ ❚❤❡ ❝❧❛♠♣s ❛r❡ ❝❤♦s❡♥ ✐♥ s✉❝❤ ❛ s✐③❡ ❛♥❞ s❤❛♣❡ s♦ t❤❛t ❛r❡❛s ♦❢ t❤❡ ❇◆

✹✹



✹ ❊❳P❊❘■▼❊◆❚❆▲ ❙❊❚❯P

❤❡❛t❡r t❤❛t ❛r❡ ♥♦t ❝♦✈❡r❡❞ ❜② t❤❡ s❛♠♣❧❡✱ ❛r❡ ❝♦✈❡r❡❞ ❜② t❤❡ ❝❧❛♠♣s✳ ❚❤❡r❡❜② ✉♥✇❛♥t❡❞
❡✈❛♣♦r❛t✐♦♥ ♦♥ t❤❡s❡ ❛r❡❛s ✐s ♣r❡✈❡♥t❡❞✳ ❚❤✐s ✐s ✐♠♣♦rt❛♥t✱ ♦t❤❡r✇✐s❡ ♥❡①t t✐♠❡ ❞✉r✐♥❣
✐♥❞✐r❡❝t ❤❡❛t✐♥❣✱ t❤❡ ♠❛t❡r✐❛❧ ✇❤❛t ✇❛s ❡✈❛♣♦r❛t❡❞ ♦♥ t❤❡s❡ ✉♥♥❡❝❡ss❛r② ❛r❡❛s ✇♦✉❧❞
❡✈❛♣♦r❛t❡ ❛❣❛✐♥ ❛♥❞ ❝♦♥t❛♠✐♥❛t❡ t❤❡ s❛♠♣❧❡✳

❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❇◆ ❤❡❛t❡r ✐s ♠❡❛s✉r❡❞ ❜② ❛ ◆✐✴◆✐❈r t❤❡r♠♦❝♦✉♣❧❡ ✇✐r❡ t❤❛t ✐s
♣❧✉❣❣❡❞ ✐♥t♦ ❛ ❤♦❧❡ ✭✵✳✺♠♠ ✐♥ ❞✐❛♠❡t❡r ❛♥❞ ❛❜♦✉t ✺♠♠ ❞❡❡♣✮ ❛t ♦♥❡ s✐❞❡ ♦❢ t❤❡ ❇◆ ❤❡❛t❡r✳
❱✐❛ t❤❡r♠❛❧ ❝♦♥t❛❝ts ❛t t❤❡✐r ❜❛❝❦ ♦❢ t❤❡ ❤♦❧❞❡r ✐t ✐s ❝♦♥♥❡❝t❡❞ ✇✐t❤ ♦t❤❡r t✇♦ ❝♦♥t❛❝ts
♦♥ t❤❡ ♠❛♥✐♣✉❧❛t♦r✱ ✇❤✐❝❤ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ t❤❡r♠♦❝♦✉♣❧❡ ✇✐r❡s ❛r❡ r♦✉t❡❞ ♦✉t ♦❢ t❤❡
❯❍❱ s②st❡♠✳ ■t ✐s ❡♥s✉r❡❞ t❤❛t ♥♦ ❢✉rt❤❡r ❝♦♥t❛❝t ✈♦❧t❛❣❡ t❤r♦✉❣❤ ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥
♦❢ ♠❛t❡r✐❛❧s ♦♥ t❤❡ ✇❛② ♦✉t ♦❢ t❤❡ ❝❤❛♠❜❡r✱ ❝❛♥ ❝♦♠❡ t♦ ❞✐st♦rt t❤❡ ♠❡❛s✉r❡♠❡♥t✳ ❚❤❡
❝♦♥tr♦❧ ♦❢ t❤❡ t❡♠♣❡r❛t✉r❡ ✐s ❛❝❤✐❡✈❡❞ ✈✐❛ ❛ P■❉ ❝♦♥tr♦❧❧❡r ❜♦① t❡❝tr❛ ❍❈✸✺✵✵✱ ❞❡s✐r❡❞
t❡♠♣❡r❛t✉r❡ ✈❛❧✉❡ ♣❛ss❡s ♠❛♥✉❛❧❧② ✈✐❛ ♠❡❝❤❛♥✐❝❛❧ s✇✐t❝❤❡s ♦r ❜② ❘❙✲✷✸✷ ❝❛❜❧❡ ❢r♦♠
t❤❡ P❈✳ ❚❤✐s t❤❡♥ ❤❡❛ts t❤❡ ❇◆ s❛♠♣❧❡ ❤♦❧❞❡r ✈✐❛ t❤❡ ♣♦✇❡r ❝♦♥t❛❝ts ✉♥t✐❧ t❤❡ ❞❡s✐r❡❞
t❡♠♣❡r❛t✉r❡ ✐s r❡❛❝❤❡❞✳ ❋♦r ♣r♦♣❡r ❤❡❛t✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ t❤❡ ❝♦rr❡❝t s❡tt✐♥❣ ♦❢ t❤❡ P■❉
✈❛❧✉❡s ✐♥ t❤❡ ❝♦♥tr♦❧ ✐s ❛ ♣r❡r❡q✉✐s✐t❡ t♦ ❛✈♦✐❞ ♦✈❡rs❤♦♦t ♦r ❛ t♦♦ s❧♦✇ ❛♣♣r♦❛❝❤ ♦r ❞r✐❢t✐♥❣
❢r♦♠ t❤❡ t❛r❣❡t ✈❛❧✉❡✳

❚❤❡ r❡❛s♦♥ ❢♦r t❤❡ ✉s❡ ♦❢ ❇◆✲❤❡❛t❡r ✐s t❤❡ ✉s❡ ♦❢ ❛ ♠❛s❦ s②st❡♠✳ ❋♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢
❞❡t❛❝❤❡❞ ▼❖❙ ❞✐♦❞❡s ❛ t✉♥❣st❡♥ ♠❛s❦ ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✺ ✐s ✉s❡❞✱ ✇❤✐❝❤ ✇❛s ♣✉t ❞♦✇♥
♦♥ t❤❡ ♣❛tt❡r♥❡❞ ❛r❡❛s ♦❢ t❤❡ s❛♠♣❧❡✱ ❞✉r✐♥❣ t❤❡ ❡✈❛♣♦r❛t✐♦♥ ♦❢ BaO✱ Ba0.7Sr0.3O ❛♥❞ ♦❢
❛ s✉❜s❡q✉❡♥t ❆❧✴❆✉ ❧❛②❡r t❤r♦✉❣❤ t❤❡ ✇✐♥❞♦✇s ♦❢ t❤❡ ♠❛s❦✳ ■♥ t❤✐s ✇❛② ❛t t❤❡ s❛♠❡ t✐♠❡
✹✺ ❞❡t❛❝❤❡❞ ▼❖❙ ❞✐♦❞❡s ❝❛♥ ❜❡ ♣r❡♣❛r❡❞✱ ✇❤✐❝❤ ❛r❡ ♣❤②s✐❝❛❧❧② ❛♥❞ ❡❧❡❝tr✐❝❛❧❧② s❡♣❛r❛t❡❞
❢r♦♠ ❡❛❝❤ ♦t❤❡r✱ ❛❢t❡r r❡♠♦✈❛❧ ♦❢ t❤❡ ♠❛s❦✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ♦✈❡r❧❛♣♣✐♥❣ ❛r❡❛s ♦♥ t❤❡ SiO2

✈❛r✐❡s ❜② ✜✈❡ ❞✐✛❡r❡♥t ✇✐♥❞♦✇ s✐③❡s ♦♥ t❤❡ ♠❛s❦✱ t❤❡r❡❜② ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢
♦✈❡r❧❛♣♣✐♥❣ ❛r❡❛ ♦♥ t❤❡ r❡s✉❧ts ♦❢ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✐s ♣♦ss✐❜❧❡ ❛♥❞ ❞♦♥❡✱ ✇❤✐❝❤ ✐s
s✉❜tr❛❝t❡❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡ ❛❢t❡r ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ✉♥str✉❝t✉r❡❞ r❡❣✐♦♥s ♦❢ t❤❡
s❛♠♣❧❡ ✐♥ t❤❡ ✇✐♥❞♦✇s ♦❢ t❤❡ r✐❣❤t♠♦st ❝♦❧✉♠♥ ✐♥ ❋✐❣✳✹✳✺ ❛❧❧♦✇ t♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❡❧❡❝tr✐❝❛❧
✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♦✈❡r❧❛♣♣✐♥❣ r❡❣✐♦♥✳ ❙✐♥❝❡ t❤❡r❡ ✐s ♥♦ ❡t❝❤❡❞ ❛r❡❛s ❤❡r❡✱ s♦ t❤❡ ❡❧❡❝tr✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ t❤❡ t❤✐❝❦ SiO2 ❧❛②❡r ✇✐t❤♦✉t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ t❤✐♥ ❛❝t✐✈❡ Ba2SiO4 ❞✐♦❞❡
❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞✳

❋✐❣✉r❡ ✹✳✺ ✲ ❚✉♥❣st❡♥ ♠❛s❦ ✭❧✐❣❤t
❣r❛②✮ ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❞✐s❝r❡t❡
▼❖❙ str✉❝t✉r❡s✳ ❚❤❡ s✐❞❡ ❧❡♥❣t❤ ♦❢
t❤❡ ✇✐♥❞♦✇ ✈❛r✐❡s ❜❡t✇❡❡♥ ✵✳✹ ❛♥❞
✶♠♠ ✳ ❯♥❞❡r♥❡❛t❤ ✐s t❤❡ str✉❝✲
t✉r❡❞ ❙✐ s❛♠♣❧❡ ✭❞❛r❦ ❣r❛②✮ ✇✐t❤ t❤❡
(0.2 × 0.2) t♦ (0.8 × 0.8)mm2 ❧❛r❣❡
❙✐ ✇✐♥❞♦✇s ✐♥s✐❞❡ t❤❡ SiO2 ✭♠❡❞✐✉♠
❣r❛②✮✳

❖♥❡ ♦❢ t❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡s ♦❢ t❤❡ ❇◆ ❤❡❛t❡r ✐s t❤❛t ✐t ❝❛♥ ❜❡ ❝♦♥tr♦❧❧❡❞ ❜② ❛ ❝♦♠♣✉t❡r
♣r♦❣r❛♠✳ ❲✐t❤ t❤❡ ❤❡❧♣ ♦❢ t❤❡ ▲❛❜✈✐❡✇ ♣r♦❣r❛♠ t❤❡ t❡♠♣❡r❛t✉r❡ ✈❛❧✉❡s ❛r❡ ♣❛ss❡❞ t♦ t❤❡
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✹✳✹ ❈✲❱ ❛♥❞ ■✲❱ ♠❡❛s✉r❡♠❡♥t ♣r♦❜❡ st❛t✐♦♥

t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡r t❡❝tr❛ ❍❈✸✺✵✵✳ ❚❤❡ s✐♠✉❧t❛♥❡♦✉s r❡❛❞✐♥❣ ♦❢ t❤❡ ❛❝t✉❛❧ ♣r❡ss✉r❡
❝❛♥ ❜❡ ❛✉t♦♠❛t❡❞ ✇✐t❤ t❤❡ r✉♥♥✐♥❣ ✢❛s❤ ❝②❝❧❡s ♦❢ t❤❡ ♣r♦❣r❛♠✳ ▲✐♠✐ts ❝❛♥ ❜❡ s❡t ❢♦r
t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣r❡ss✉r❡✱ ❛t ✇❤✐❝❤ t❤❡ ✢❛s❤ ❝②❝❧❡ s❤♦✉❧❞ st❛rt ♦r ❜❡ ✐♥t❡rr✉♣t❡❞ ❛❣❛✐♥✳
■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ♣r♦❣r❛♠ ❛❧❧♦✇s t♦ s❡t ❛ ♠✐♥✐♠✉♠ t✐♠❡ ❜❡t✇❡❡♥ t✇♦ ✢❛s❤ ❝②❝❧❡s✳

❋✉rt❤❡r♠♦r❡✱ ♦♥❡ ❝❛♥ ✉s❡ t❤✐s ♣r♦❣r❛♠ t♦ ✜① t❤❡ t❡♠♣❡r❛t✉r❡ ❛t ❛ ❝❡rt❛✐♥ ✈❛❧✉❡ ❛♥❞
♠❛✐♥t❛✐♥ ✐t ♦✈❡r♥✐❣❤t ❢♦r ♦✉t✲❣❛ss✐♥❣ t❤❡ ♥❡✇❧② ✐♥st❛❧❧❡❞ s❛♠♣❧❡✳ ❚♦ ❛✈♦✐❞ ❛❝❝✐❞❡♥ts✱ ❤❡r❡
❛ ♠❛①✐♠✉♠ ♣r❡ss✉r❡ ✐s s❡t ✇❤✐❝❤ ♠✉st ♥♦t ❜❡ ❡①❝❡❡❞❡❞✳ ■t ♠❛② ❤❛♣♣❡♥ s✉❞❞❡♥❧② ❞✉❡ t♦
❝♦♥t❛❝t ♣r♦❜❧❡♠s✱ t❤❛t t❤❡ ♠❡❛s✉r❡❞ t❡♠♣❡r❛t✉r❡ ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ ♦r✐❣✐♥❛❧ t❡♠♣❡r❛t✉r❡
❞✉r✐♥❣ t❤❡ ♦✉t✲❣❛ss✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❡❧❡❝tr♦♥✐❝s ✇♦✉❧❞ tr② t♦ ❤❡❛t ✉♣
t❤❡ s❛♠♣❧❡ ♠♦r❡✱ ✐♥ ♦r❞❡r t♦ ❛❞❥✉st t❤❡ ✧r✐❣❤t✧ t❡♠♣❡r❛t✉r❡✳ ❚❤✐s ❝❛♥ ❧❡❛❞ t♦ ✈❡r② ♣♦♦r
♣r❡ss✉r❡ ✐♥ t❤❡ ❝❤❛♠❜❡r ❛♥❞ ✐♥ t❤❡ ✇♦rst ❝❛s❡ ❞✉❡ t♦ t❤❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡✱ t❤❡ s❛♠♣❧❡
❤♦❧❞❡r ❝❛♥ ♠❡❧t t♦❣❡t❤❡r ✇✐t❤ t❤❡ ♠❛♥✐♣✉❧❛t♦r ❛t t❤❡ ❝♦♥t❛❝t s✉r❢❛❝❡✳ ❆t t❤✐s ♣♦✐♥t✱
t❤❡ s②st❡♠ ✇✐❧❧ s✇✐t❝❤ ♦✛ t❤❡ ❤❡❛t✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡ ✇❤❡♥ t❤❡ s❡t ♠❛①✐♠✉♠ ♣r❡ss✉r❡ ✐s
❡①❝❡❡❞❡❞✳ ❋✉rt❤❡r ❤❡❛t✐♥❣ ✐♥ t❤✐s ❝❛s❡ ✇♦✉❧❞ ❤❛✈❡ t♦ ❜❡ t✉r♥❡❞ ♦♥ ♠❛♥✉❛❧❧② ❛❣❛✐♥✳ ❆t ❛❧❧
st❛❣❡s ✐t ✐s ❛❧✇❛②s ♣♦ss✐❜❧❡ t♦ ❞♦ t❤❡ ✇❤♦❧❡ ♣r♦❝❡ss ♠❛♥✉❛❧❧② ❛♥❞ ❝♦♥tr♦❧ ❝❛r❡❢✉❧❧② ❡❛❝❤
♦❢ t❤❡ st❡♣s ❛♥❞ ❤❡♥❝❡ t♦ ♣r❡♣❛r❡ t❤❡ ❡①♣❡❝t❡❞ q✉❛❧✐t② s❛♠♣❧❡✳

❚❤❡r❡ ❛r❡ ❛❧s♦ ❞✐s❛❞✈❛♥t❛❣❡s ♦❢ t❤❡ ✉s❡ ♦❢ t❤❡ ❇◆ ❤❡❛t❡r ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ♦t❤❡r
s♣❡❝✐♠❡♥ ❤♦❧❞❡r✳ ❚❤❡ s❛♠♣❧❡s ❝❛♥♥♦t ❜❡ ❤❡❛t❡❞ ❛s q✉✐❝❦❧② ❛s ✇✐t❤ t❤❡ ♦t❤❡r s❛♠♣❧❡
❤♦❧❞❡r ✇✐t❤ r❡s✐st✐✈❡ ❤❡❛t✐♥❣✳ ❆❧t❤♦✉❣❤ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❤❡❛t t❤❡ s❛♠♣❧❡ ❛❞❞✐t✐♦♥❛❧❧②
✉♣ t♦ ✶✷✵✵◦❈ ✇✐t❤ t❤✐s ❤❡❛t❡r✱ t❤❡ ♣r❡ss✉r❡ ♦❢ t❤❡ ❝❤❛♠❜❡r✱ ❡✈❡♥ ✇✐t❤♦✉t ❛ ❝❧❛♠♣❡❞
s❛♠♣❧❡✱ ✇✐❧❧ r✐s❡ t♦♦ ♠✉❝❤ ✭❛❜♦✉t 1 − 5 × 10−7 ♠❜❛r✮ s♦ t❤❛t t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❤✐❣❤
q✉❛❧✐t② s❛♠♣❧❡ ✐s ♥♦t ♣♦ss✐❜❧❡✳ ■♥ ♣r❛❝t✐❝❡✱ ✢❛s❤ ❝②❝❧❡s ✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥❧② ✉♣ t♦ ✽✺✵◦❈
❢♦r ✶✲✷s✳ ❚❤✐s ♣r♦❜❧❡♠ ✐s ❝❛✉s❡❞ ❜② t❤❡ ✐♥❡rt✐❛ ♦❢ ❤❡❛t✐♥❣ ♦❢ t❤❡ ❇◆ ❤❡❛t❡r ❛♥❞ t❤❡
t❡♠♣❡r❛t✉r❡ ❝♦♥tr♦❧❧❡r✱ ✇✐t❤ t❤❡ ❝♦♥s❡q✉❡♥❝❡ t❤❛t t❤❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ✭✽✵✵✲✶✷✵✵◦❈✮
❝❛♥ ♥♦t ❜❡ r❡❛❝❤❡❞ ❛s q✉✐❝❦❧② ❛s ✇✐t❤ t❤❡ s❛♠♣❧❡ ❤♦❧❞❡r ✇✐t❤ ❞✐r❡❝t r❡s✐st✐✈❡ ❤❡❛t✐♥❣✳ ❚❤❡
s✉rr♦✉♥❞✐♥❣s t❤❡r❡❢♦r❡ ❤❡❛t ✉♣ ✉♥♥❡❝❡ss❛r✐❧② ❛♥❞ ❝❛✉s❡ ❛ ❞❡t❡r✐♦r❛t✐♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ✐♥
t❤❡ ❯❍❱ ❝❤❛♠❜❡r✳

❆♥♦t❤❡r ❞✐s❛❞✈❛♥t❛❣❡ ✐s t❤❡ ✐♥❛❜✐❧✐t② ♦❢ ❞✐r❡❝t ❝♦♥tr♦❧ ♦❢ t❤❡ s❛♠♣❧❡ q✉❛❧✐t②✳ ❇❡❝❛✉s❡ ♦❢
t❤❡ ♠❛s❦ ❛♥❞ t❤❡ str✉❝t✉r✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡✱ ♦✉r r❡s❡❛r❝❤ ♠❡t❤♦❞s ❳P❙✱ ▲❊❊❉ ❛♥❞ ❊❊▲❙
❝❛♥ ♥♦t ❜❡ ✉s❡❞ ❜❡❝❛✉s❡ t❤❡② ♥❡❡❞ ❛♥ ❛r❡❛ ♦❢ s❡✈❡r❛❧ mm2✱ ❛ ❧❛r❣❡ s♣❛t✐❛❧ ❛r❡❛ ♦♥ t❤❡
s❛♠♣❧❡ s✉r❢❛❝❡ ❛♥❞ t❤❡r❡❢♦r❡ ♥♦ s♣❡❝✐✜❝ ❡①❛♠✐♥❛t✐♦♥ ❝❛♥ ❜❡ ❞♦♥❡ ✇✐t❤✐♥ t❤❡ str✉❝t✉r❡s✳
❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ r❡❝✐♣❡s ♦❢ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ✜❧♠s ❛r❡ ✜rst t❡st❡❞ ♦♥ ✉♥str✉❝t✉r❡❞
s❛♠♣❧❡s ❛♥❞ ✈❡r✐✜❡❞ ✇✐t❤ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡t❤♦❞s t♦ ♠❛✐♥t❛✐♥ t❤❡ q✉❛❧✐t②✳ ❚❤❡♥ t❤❡s❡
❛r❡ ✐♠♣❧❡♠❡♥t❡❞ ♦♥ t❤❡ str✉❝t✉r❡❞ s❛♠♣❧❡s ❧❛t❡r✳

4.4 C-V and I-V measurement probe station

❚❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ▼❖❙✲❞✐♦❞❡s ❛r❡ ✐♥✈❡st✐❣❛t❡❞ ❜② ♠❡❛s✉r❡♠❡♥ts ♦❢ ❝✉rr❡♥t✲
✈♦❧t❛❣❡ ✭■✲❱✮ ❛♥❞ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ❝❛♣❛❝✐t❛♥❝❡✲✈♦❧t❛❣❡ ✭❈✲❱✮✱ ❝♦♥❞✉❝t❛♥❝❡✲✈♦❧t❛❣❡
✭●✲❱✮ ❬✷✾❪ ❝❤❛r❛❝t❡r✐st✐❝s ✉s✐♥❣ ❆❈ ✐♠♣❡❞❛♥❝❡ ❝❛♣❛❝✐t❛♥❝❡ ♠❡t❡rs ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳
❚❤❡ ♠❡❛s✉r❡♠❡♥t r❛♥❣❡ ♦❢ s❡♠✐❝♦♥❞✉❝t♦r ❈✲❱ ♠❡❛s✉r❡♠❡♥t ❢♦r r❡s✐st♦rs ✐s ❢r♦♠< 0.1Ω t♦
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✹ ❊❳P❊❘■▼❊◆❚❆▲ ❙❊❚❯P

100MΩ ❛♥❞ ❝❛♣❛❝✐t♦rs ❢r♦♠ < 10fF t♦ 1µF ✳ ❚❤❡ ❝♦♥t❛♠✐♥❛t✐♦♥ ✐♥ t❤❡ ❞✐❡❧❡❝tr✐❝ r❛♥❣✐♥❣
❢r♦♠ r♦✉❣❤❧② 5×109 ✐♦♥s t♦ ❛❜♦✉t 1×1013 ✐♦♥s ♣❡r sq✉❛r❡ ❝❡♥t✐♠❡t❡r ❛♥❞ ✐♥t❡r❢❛❝❡ tr❛♣s
r❛♥❣✐♥❣ ❢r♦♠ ❛❜♦✉t 1×1010cm−2eV −1 t♦ ❛❜♦✉t 1×1013cm−2eV −1 ❝❤❛r❣❡s ✐s ❛❧s♦ ♣♦ss✐❜❧❡
t♦ ❞❡t❡❝t ❬✹✾❪✳

❚❤❡ ❆❈ ✐♠♣❡❞❛♥❝❡ ♠❡t❡r ❛❧s♦ ❦♥♦✇♥ ❛s ❛♥ ▲❈❘ ♠❡t❡r ✭✐✳❡✳ ✐♥❞✉❝t❛♥❝❡ ❬▲❪✱ ❝❛♣❛❝✐t❛♥❝❡
❬❈❪✱ r❡s✐st❛♥❝❡ ❬❘❪✮✱ ✉s✉❛❧❧② ♠❡❛s✉r❡s t❤❡ ❝♦♠♣❧❡① ✐♠♣❡❞❛♥❝❡ ✐♥ ❝♦♠❜✐♥❛t✐♦♥ ✇✐t❤ ❛♥ ❛✉t♦
❜❛❧❛♥❝❡❞ ❜r✐❞❣❡ ♠❛✐♥t❛✐♥✐♥❣ ❆❈ ✈✐rt✉❛❧ ❣r♦✉♥❞ ❛t t❤❡ s❡♥s❡ s✐❞❡ ♦❢ t❤❡ ❝❛♣❛❝✐t♦r✳ ■t ✐s
✉s❡❞ t♦ ♠❡❛s✉r❡ ❈✲❱ ❛♥❞ ■✲❱ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❚❤❡ ♠❡t❡r ❤❛s ❛ ❢r❡q✉❡♥❝② r❛♥❣❡ ❢r♦♠
✶✵✵❍③ t♦ ✶✵▼❍③✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✹✳✻ ✲ ✭❛✮ ❆♥ ❆❈ ✐♠♣❡❞❛♥❝❡ ♠❡t❡r✱ ✭❜✮ ❈✲❱ ✫ ■✲❱ ♣r♦❜❡ st❛t✐♦♥ ❬✹✾❪✳

❚❤❡ ♦♣❡r❛t✐♥❣ ❝✐r❝✉✐t ❞✐❛❣r❛♠ ♦❢ t❤❡ ♣r♦❜❡ st❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✹✳✻✳ ■t ♠❡❛s✉r❡s
❆❈ ✐♠♣❡❞❛♥❝❡ ❜② s✉♣♣❧②✐♥❣ ❛♥ ❆❈ ✈♦❧t❛❣❡ ♦✉t ♦❢ t❤❡ ❤✐❣❤ ❝✉rr❡♥t t❡r♠✐♥❛❧ ✭❍❈❯❘✮✳
❚❤❡ ❝✉rr❡♥t t❤r♦✉❣❤ t❤❡ ❞❡✈✐❝❡ ✐s ♠❡❛s✉r❡❞ ❜② t❤❡ ❧♦✇ ❝✉rr❡♥t t❡r♠✐♥❛❧ ✭▲❈❯❘✮✱ ❛♥❞ t❤❡
✈♦❧t❛❣❡ ❛❝r♦ss t❤❡ ❞❡✈✐❝❡ ✐s ♠❡❛s✉r❡❞ ❜② t❤❡ ❤✐❣❤ ❛♥❞ ❧♦✇ ♣♦t❡♥t✐❛❧ t❡r♠✐♥❛❧s ✭❍P❖❚ ❛♥❞
▲P❖❚✮✳ ❚❤❡ ✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t ❛r❡ ♠❡❛s✉r❡❞ ✐♥ ❛ ♣❤❛s❡✲❧♦❝❦❡❞ ♠❛♥♥❡r t❤❛t ♣r❡❝✐s❡❧②
✐❞❡♥t✐✜❡s t❤❡ ♣❤❛s❡ ❛♥❣❧❡ ❜❡t✇❡❡♥ t❤❡♠✳ ❇② ❦♥♦✇✐♥❣ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ ♣❤❛s❡ ❛♥❣❧❡✱ ✐t
✐s ♣♦ss✐❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ ❛♥② ❞❡s✐r❡❞ ❆❈ ✐♠♣❡❞❛♥❝❡ ♣❛r❛♠❡t❡r✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✹✳✼ ✲ ❇❛s✐❝ ❆❈ ✐♠♣❡❞❛♥❝❡ ♣❛r❛♠❡t❡rs ✭❛✮ ❙❡r✐❡s ❛♥❞ ♣❛r❛❧❧❡❧ ✐♠♣❡❞❛♥❝❡ ♠♦❞❡❧s✱ ✭❜✮
❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ✐♠♣❡❞❛♥❝❡ ✭❩✮ ❛♥❞ ♣❤❛s❡ ❆♥❣❧❡ ✭θ✮ ❬✹✾❪✳
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✹✳✹ ❈✲❱ ❛♥❞ ■✲❱ ♠❡❛s✉r❡♠❡♥t ♣r♦❜❡ st❛t✐♦♥

❚❤❡r❡ ❛r❡ t✇♦ ❝♦♠♠♦♥ ❆❈ ✐♠♣❡❞❛♥❝❡ ♠♦❞❡❧s ❬✜❣✉r❡ ✹✳✼✭❛✮❪✱ t❤❡ ♣❛r❛❧❧❡❧ ♠♦❞❡❧ ❛♥❞
t❤❡ s❡r✐❡s ♠♦❞❡❧✳ ■♥ t❤❡ ♣❛r❛❧❧❡❧ ♠♦❞❡❧✱ r❡s✉❧ts ❛r❡ ❡①♣r❡ss❡❞ ❛s t❤❡ ♣❛r❛❧❧❡❧ ❝❛♣❛❝✐t❛♥❝❡
✭Cp✮ ❛♥❞ t❤❡ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ✭Gp✮✳ ■♥ t❤❡ s❡r✐❡s ♠♦❞❡❧✱ r❡s✉❧ts ❛r❡ ❡①♣r❡ss❡❞ ❛s
t❤❡ s❡r✐❡s ❝❛♣❛❝✐t❛♥❝❡ ✭Cs✮ ❛♥❞ t❤❡ s❡r✐❡s r❡s✐st❛♥❝❡ ✭Rs✮✳ ▼❡❛s✉r✐♥❣ ❆❈ ✐♠♣❡❞❛♥❝❡
♣❛r❛♠❡t❡rs ♠❡❛♥s ♠❡❛s✉r✐♥❣ t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡ ✐♠♣❡❞❛♥❝❡✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞
❛s |Z| =

√
R2 +X2 ❛♥❞ ✐♠♣❡❞❛♥❝❡✱ Z = |Z|exp(jθ)✳ ❲❡ ❛❧s♦ ❤❛✈❡ t♦ ❦♥♦✇ t❤❡ ♣❤❛s❡

❛♥❣❧❡ ✭θ✮ ❜❡t✇❡❡♥ t❤❡ ❝✉rr❡♥t ❛♥❞ t❤❡ ✈♦❧t❛❣❡ ❬✜❣✉r❡ ✹✳✼✭❜✮❪✳ ❍❡♥❝❡ ✇❡ ❝❛♥ r❡♣r❡s❡♥t t❤❡
✐♠♣❡❞❛♥❝❡ ❩ ❛s ❘ ♣❧✉s jX✱ ✇❤❡r❡ ❘ r❡♣r❡s❡♥ts t❤❡ r❡❛❧✱ ♦r ✐♥✲♣❤❛s❡ ✐♠♣❡❞❛♥❝❡ ✈❡❝t♦r✱
R = |Z|cosθ ✇❤✐❧❡ jX r❡♣r❡s❡♥ts t❤❡ ✐♠❛❣✐♥❛r②✱ ♦r ✾✵◦ ♦✉t ♦❢ ♣❤❛s❡ ✐♠♣❡❞❛♥❝❡ ✈❡❝t♦r✱
X = |Z|sinθ ✇❤✐❝❤ ✐s ❛❧s♦ t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✈❡❝t♦r✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♥✈❡rt t❤❡ ♣♦❧❛r ❛♥❞
r❡❝t❛♥❣✉❧❛r ❢♦r♠s ♠❛t❤❡♠❛t✐❝❛❧❧② ✐♥t♦ ❛❝t✉❛❧ ❝❛♣❛❝✐t❛♥❝❡ ❛♥❞ r❡s✐st❛♥❝❡ ✈❛❧✉❡s✳

❚❤❡ r❛t✐♦ ♦❢ t❤❡ r❡❛❧ ✐♠♣❡❞❛♥❝❡ t♦ t❤❡ ✐♠❛❣✐♥❛r② ✐♠♣❡❞❛♥❝❡ ✐s ❝❛❧❧❡❞ t❤❡ ❞✐ss✐♣❛t✐♦♥
❢❛❝t♦r ✭❉✮ ♦r t❤❡ ♠❡❛s✉r❡ ♦❢ ❡♥❡r❣② ❧♦ss✲r❛t❡✳ ■t ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s D = Gp/ωCp✱ ✇❤❡r❡
Gp ❛♥❞ Cp ❛r❡ t❤❡ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡✱ r❡s♣❡❝t✐✈❡❧②✱ ❛♥❞ ω ✐s t❤❡ ❛♥❣✉❧❛r
❢r❡q✉❡♥❝②✳ ■♥ ❜♦t❤ ❦✐♥❞s ♦❢ ❆❈ ✐♠♣❡❞❛♥❝❡ ♠♦❞❡❧✱ t❤❡ ❞✐ss✐♣❛t✐♦♥ ❢❛❝t♦r ❝❛♥ ❛❧✇❛②s ❜❡
❡❛s✐❧② ❝❛❧❝✉❧❛t❡❞✳

✹✽
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5 Unstructured and structured samples preparation

❋♦r ❛ ❞❡t❛✐❧❡❞ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡ ♦①✐❞❡ ❧❛②❡rs ✇✐t❤ ❳P❙✱ ❙P❆✲▲❊❊❉ ❛♥❞ ❊❊▲❙✱ t❤❡ ♦①✐❞❡
✜❧♠s ❛r❡ ♣r♦❞✉❝❡❞ ♦♥ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s✳ ❚♦ ❛❝❤✐❡✈❡ ❝r②st❛❧❧✐♥❡ ❣r♦✇t❤ ♦❢Ba2SiO4 ❛♥❞
(Ba0.8Sr0.2)2SiO4✱ s❡✈❡r❛❧ st❡♣s ❛r❡ ♥❡❝❡ss❛r②✱ ✇❤✐❝❤ ❛r❡ ❞❡s❝r✐❜❡❞ ❜r✐❡✢② ❜❡❧♦✇✳ ❉❡t❛✐❧❡❞
✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❣r♦✇t❤ ♦❢ ❝r②st❛❧❧✐♥❡ Ba0.7Sr0.3O ✜❧♠s ❛r❡ ❣✐✈❡♥ ✐♥ ❬✸✻✱✸✼❪✳

5.1 Cleaning of the unstructured Si(001) wafer

❚❤❡ ❝❧❡❛♥✐♥❣ ♦❢ t❤❡ s✉❜str❛t❡ ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ♦♥ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♦①✐❞❡ ✜❧♠s✳
❋♦r ❛ s✉❝❝❡ss❢✉❧ ❝r②st❛❧❧✐♥❡ ❣r♦✇t❤ ♦❢ s✐❧✐❝❛t❡ ❛ ✇❡❧❧ ❞❡✜♥❡❞ ✐♥✐t✐❛❧ str✉❝t✉r❡ ✐s ♥❡❝❡ss❛r②✳
❚❤❡ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ✭s✐③❡ 10 × 15♠♠✮ ❛r❡ tr❡❛t❡❞ ✇✐t❤ ✇❡t ❝❤❡♠✐❝❛❧s ♣r✐♦r t♦
✐♥st❛❧❧❛t✐♦♥ ✐♥t♦ ❯❍❱✳ ❋✐rst ❛ ♣r❡✲❝❧❡❛♥✐♥❣ ✇✐t❤ ♣❡tr♦❧❡✉♠ ❜❡♥③❡♥❡✱ ❛❝❡t♦♥❡ ❛♥❞ ■s♦✲
♣r♦♣❛♥♦❧ t♦♦❦ ♣❧❛❝❡ ✐♥ ❛♥ ✉❧tr❛s♦♥✐❝ ❜❛t❤ ❛❜♦✉t ✶✵♠✐♥ ❢♦r ❡❛❝❤ s♦❧✈❡♥t✳ ❚♦ r❡♠♦✈❡ t❤❡
♠❡t❛❧❧✐❝ ❝♦♥t❛♠✐♥❛t✐♦♥ ❢r♦♠ t❤❡ s✐❧✐❝♦♥ s✉r❢❛❝❡ ❛ ❘❈❆ ❝❧❡❛♥✐♥❣ st❡♣ ✐s ♣❡r❢♦r♠❡❞✳ ❋♦r t❤❡
r❡♠♦✈❛❧ ♦❢ t❤❡ ♦①✐❞❡ ❢r♦♠ t❤❡ s✐❧✐❝♦♥ s✉r❢❛❝❡✱ ❛ ❍❋ ❞✐♣ ❢♦r ✺✵ s❡❝♦♥❞ ✐♥ ✶✪ ❍❋ s♦❧✉t✐♦♥
❢♦❧❧♦✇❡❞ ❜② r✐♥s✐♥❣ ✇✐t❤ ❞❡✐♦♥✐③❡❞ ✇❛t❡r ✐s ♣❡r❢♦r♠❡❞✳ ❚❤❡ ❤②❞r♦♣❤♦❜✐❝ ❜❡❤❛✈✐♦r ♦❢ t❤❡
❤②❞r♦❣❡♥✲t❡r♠✐♥❛t❡❞ ❙✐ s✉r❢❛❝❡ ✐s ❝❤❡❝❦❡❞ t♦ ❛ss✉r❡ t❤❡ ❝❧❡❛♥❧✐♥❡ss ♦❢ t❤❡ s✐❧✐❝♦♥ s✉r❢❛❝❡✳
❚❤❡ ❝♦♠♣❧❡t❡ r❡♠♦✈❛❧ ♦❢ ✇❛t❡r ❢r♦♠ t❤❡ s✉r❢❛❝❡ ❜② s❦✐❞❞✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥❞✐❝❛t❡s t❤❛t t❤❡
s✐❧✐❝♦♥ ♦①✐❞❡ ✐s ❝♦♠♣❧❡t❡❧② r❡♠♦✈❡❞ ❛♥❞ ❛ ❤②❞r♦❣❡♥✲t❡r♠✐♥❛t✐♦♥ ❤❛s ❢♦r♠❡❞✳ ❆❢t❡r t❤❛t✱
✇✐t❤✐♥ ✺✲✶✵♠✐♥ t❤❡ s❛♠♣❧❡ ✐s tr❛♥s❢❡rr❡❞ ✐♥t♦ t❤❡ ❯❍❱ ❝❤❛♠❜❡r✳ ❲✐t❤✐♥ t❤✐s t✐♠❡ t❤❡
❤②❞r♦❣❡♥ t❡r♠✐♥❛t✐♦♥ r❡♠❛✐♥s ❧❛r❣❡❧② ✐♥t❛❝t ❬✸✺❪✳

❆t t❤❡ ♥❡①t st❡♣ t❤❡ s❛♠♣❧❡ ✐s ♦✉t✲❣❛ss❡❞ ❢♦r ❛r♦✉♥❞ ✶✷ ❤♦✉rs ❛t ❛❜♦✉t ✺✺✵◦❈✳ ❈♦♦❧❡❞
❝♦♠♣r❡ss❡❞ ❛✐r ✐s ♣❛ss❡❞ t❤r♦✉❣❤ t❤❡ ♠❛♥✐♣✉❧❛t♦r ❞✉r✐♥❣ t❤❡ ♦✉t✲❣❛ss✐♥❣ ✐♥ ♦r❞❡r t♦
❤❡❛t✐♥❣ ♦❢ t❤❡ ♠❛♥✐♣✉❧❛t♦r ❛♥❞ ❛♥ ✐♥t♦❧❡r❛❜❧❡ r✐s❡ ♦❢ ♣r❡ss✉r❡ ✐♥ t❤❡ ❝❤❛♠❜❡r✳

❆❢t❡r ♦✉t✲❣❛ss✐♥❣ ✇❡ ❝♦♦❧❡❞ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❧✐q✉✐❞ ♥✐tr♦❣❡♥ ❢♦r 1.5 ❤♦✉rs✳ ❚❤❡ t❡♠✲
♣❡r❛t✉r❡ ♦❢ t❤❡ s❛♠♣❧❡ t❤❡♥ r❡❛❝❤❡❞ ❛❜♦✉t −80◦C✳ ❚❤✐s ❝♦♦❧✐♥❣ ✐s ♥❡❝❡ss❛r② ❢♦r t❤❡
s✉❜s❡q✉❡♥t ✢❛s❤ ❝②❝❧❡✳ ❲❤✐❧❡ ✢❛s❤✐♥❣✱ t❤❡ s❛♠♣❧❡ ✐s ❜r✐❡✢② ❤❡❛t❡❞ ❛t 1100◦C ❢♦r ✶✲✷s✳ ■♥
t❤✐s ♣r♦❝❡ss✱ ✇✐t❤♦✉t t❤❡ ❝♦✉♥t❡r✲❝♦♦❧✐♥❣ t❤❡ s✉rr♦✉♥❞✐♥❣ ✇♦✉❧❞ ❤❡❛t ✉♣ t♦♦ ♠✉❝❤ ❛♥❞
t❤❡ ♣r❡ss✉r❡ ✐♥ t❤❡ ❝❤❛♠❜❡r ✇♦✉❧❞ r✐s❡✱ ❤❡♥❝❡ t❤❡ s❛♠♣❧❡ q✉❛❧✐t② ✇♦✉❧❞ s✉✛❡r✳ ❚❤❡ ♣r❡s✲
s✉r❡ ❞✉r✐♥❣ t❤❡ ✢❛s❤ ♣r♦❝❡ss s❤♦✉❧❞ ♥❡✈❡r ❜❡ ❤✐❣❤❡r t❤❛♥ 5× 10−9♠❜❛r✱ t♦ ❜❡ ♦♥ t❤❡ s❛❢❡
s✐❞❡✱ ✐t s❤♦✉❧❞ ♥♦t ❡①❝❡❡❞ ❡✈❡♥ ❜❡tt❡r ✐❢ 1× 10−9 ♠❜❛r✱ ✐♥ ♦r❞❡r t♦ ❡♥s✉r❡ ❛ ❣♦♦❞ q✉❛❧✐t②
♦❢ s❛♠♣❧❡✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ s❛♠♣❧❡ ✐s ✜rst ✧tr❛✐♥❡❞✧ ❜② r❡♣❡❛t❡❞❧② ❤❡❛t✐♥❣ ❜❡t✇❡❡♥
✽✵✵ ✲ ✽✺✵◦❈ ❢♦r 1 − 2♠✐♥ ✇✐t❤♦✉t ❡①❝❡❡❞✐♥❣ t❤❡ ♣r❡ss✉r❡ ♦❢ 1 × 10−9 ♠❜❛r✳ ❚❤❡ ❛❝t✉❛❧
✢❛s❤ ❝②❝❧❡ t♦ 1100◦C ❛❢t❡r t❤❡ ✧tr❛✐♥✐♥❣✧ ✐s r❡♣❡❛t❡❞ 3− 4 t✐♠❡s ❛♥❞ t❤❡ ❝❧❡❛♥❧✐♥❡ss ❛♥❞
❝r②st❛❧❧✐♥❡ ♣❛tt❡r♥ ♦❢ t❤❡ s❛♠♣❧❡ ✐s t❤❡♥ ❝❤❡❝❦❡❞ ✉s✐♥❣ t❤❡ ❳P❙ ❛♥❞ ❙P❆✲▲❊❊❉✳

❖♥ ❛ ❝❧❡❛♥ ❙✐✭✵✵✶✮ s❛♠♣❧❡ ♦♥❧② t❤❡ Si2p ❛♥❞ Si2s P❡❛❦s s❤♦✉❧❞ ❜❡ ✈✐s✐❜❧❡ ✐♥ t❤❡ ❳P❙✳
❚❤❡ O1s ❛♥❞ O(KLL) ❛✉❣❡r ♣❡❛❦ ♦❢ ♦①②❣❡♥ ❛♥❞ t❤❡ C1s ♣❡❛❦ ♦❢ t❤❡ ❝❛r❜♦♥ ♠❛② ♥♦ ❧♦♥❣❡r
❜❡ ✈✐s✐❜❧❡ ♦♥ ❛♥ ✐❞❡❛❧ s❛♠♣❧❡ s✉r❢❛❝❡✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ❝♦♠♣❧❡t❡ r❡♠♦✈❛❧ ♦❢ ❝❛r❜♦♥ ❢r♦♠
t❤❡ s✉r❢❛❝❡ ✐s ❛ ♠❛❥♦r ❝❤❛❧❧❡♥❣❡ ❜❡❝❛✉s❡ t❤❡ ❈ ❛t♦♠s ❡①❝❡♣t ❝❛r❜✐❞❡ ❝❛♥ ♦♥❧② ❜❡ r❡♠♦✈❡❞
❛t ✈❡r② ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ❛r♦✉♥❞ ✶✵✵✵◦❈ ❢r♦♠ t❤❡ s✉r❢❛❝❡✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ♣r❡ss✉r❡ ✐♥ t❤❡
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✺✳✷ ▼❡t❛❧ ❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r ❞✐♦❞❡ ❢❛❜r✐❝❛t✐♦♥

❝❤❛♠❜❡r✱ s✉❝❤ t❡♠♣❡r❛t✉r❡s ❝❛♥ ♦♥❧② ❜❡ ❛❝❤✐❡✈❡❞ ❢♦r ❛ ✈❡r② s❤♦rt t✐♠❡ (1−2s)✳ ❚❤❡r❡❢♦r❡
r❡s✐❞✉❡s ♦❢ ❈ ❛r❡ ♥♦t ❡①❝❧✉❞❡❞✳ ■❢ ♥❡❝❡ss❛r②✱ t❤❡ ✢❛s❤ ❝②❝❧❡ ✐s r❡♣❡❛t❡❞ ♦♥❡ ♠♦r❡ t✐♠❡✳
❉✉❡ t♦ t❤✐s ♣r♦❜❧❡♠ ✐t ✐s ♠❛❞❡ s✉r❡ t❤❛t ❛ ❧❛r❣❡ ♣❛rt ♦❢ t❤❡ C ❝♦♥t❛♠✐♥❛t✐♦♥ ✐s r❡♠♦✈❡❞
❜② ✇❡t ❝❤❡♠✐❝❛❧ ❝❧❡❛♥✐♥❣ ❜❡❢♦r❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡✳ ❇② ❝❤❡❝❦✐♥❣ t❤❡ ❈ ❛♥❞ ♦t❤❡r
❝♦♥t❛♠✐♥❛♥ts ♦❢ ❞✐✛❡r❡♥t Si s❛♠♣❧❡ ✉s✐♥❣ ❳P❙ ✇❡ ❤❛✈❡ ❢♦✉♥❞ t❤❛t t❤❡ ❘❈❆ ❝❧❡❛♥✐♥❣
❤❡❧♣s t♦ ✐♠♣r♦✈❡ t❤❡ s❛♠♣❧❡ q✉❛❧✐t② ❜② ❛ ❢❛❝t♦r ♦❢ 2− 3 ❜② r❡♠♦✈✐♥❣ ♠❡t❛❧ ❝♦♥t❛♠✐♥❛♥ts✳

❖♥ ❛ ❝❧❡❛♥ ❙✐✭✵✵✶✮ s✉r❢❛❝❡ ❞✉❡ t♦ t❤❡ ❞❛♥❣❧✐♥❣ ❜♦♥❞s ❛ (2×1) s✉♣❡rstr✉❝t✉r❡ ✐s ❢♦r♠❡❞✱
✐♥ ✇❤✐❝❤ ❛❞❥❛❝❡♥t ❛t♦♠s ❢♦r♠ ❞♦✉❜❧❡ r♦✇s✳ ❚❤✐s str✉❝t✉r❡ ❝❛♥ ❜❡ s❡❡♥ ✇✐t❤ t❤❡ ❙P❆✲
▲❊❊❉✳ ■♥ ▲❊❊❉ ✐♠❛❣❡ str❡❛❦② str✉❝t✉r❡s ♦r ❢r❛②❡❞ ❞✐✛r❛❝t✐♦♥ ♣❡❛❦s✱ ✐♥❞✐❝❛t❡ ❛ ♣♦♦r❧②
♣r❡♣❛r❡❞ s✉r❢❛❝❡✱ ♦♥ ✇❤✐❝❤ ❢♦r ❡①❛♠♣❧❡ ❢❛❝❡ts ❤❛✈❡ ❜❡❡♥ ❢♦r♠❡❞✳

5.2 Metal Oxide Semiconductor diode fabrication

▼❡t❛❧ ❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r ✭▼❖❙✮ ❞✐♦❞❡s ❛r❡ ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❯❍❱ ❝❤❛♠❜❡r ♦♥ ♣r❡✲
♣❛tt❡r♥❡❞ SiO2/Si s❛♠♣❧❡s ✉s✐♥❣ ❛ ❲ ♠❛s❦✳ ❆ s❛♠♣❧❡ ❤❛✈✐♥❣ ✺✵ ❡❧❡❝tr✐❝❛❧❧② ✐♥❞❡♣❡♥❞❡♥t
❞✐♦❞❡s ✐s ♣r♦❞✉❝❡❞ ✐♥ t❤❡ ❝❤❛♠❜❡r ❢♦❧❧♦✇✐♥❣ t❤❡ ♠❛♥✉❢❛❝t✉r✐♥❣ ♣r♦❝❡ss ❛♥❞ ❧❛t❡r ❡❧❡❝tr✐❝❛❧
♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ✐♥❞✐✈✐❞✉❛❧❧②✳ ❚❤❡ str✉❝t✉r✐♥❣ ♦❢ t❤❡ s❛♠♣❧❡s ❛♥❞ t❤❡
s✉❜s❡q✉❡♥t ❣r♦✇t❤ ♣r♦❝❡ss ✐s ❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✳

5.2.1 Structuring of Si(001) samples

❋♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ❢r❡❡✲st❛♥❞✐♥❣ ▼❖❙ ❞✐♦❞❡s ✜rst ❛ ♣❛tt❡r♥❡❞ t❤✐❝❦ SiO2 ❧❛②❡r ✭❛❜♦✉t
150 − 200♥♠✮ ✐s r❡q✉✐r❡❞ ♦♥ Si(001)✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ♣r♦❝❡ss❡❞ ✐♥ t❤❡ ❯❍❱ ❝❤❛♠❜❡r s✉❜✲
s❡q✉❡♥t❧②✳ ❲❡ str✉❝t✉r❡❞ t❤❡s❡ s❛♠♣❧❡s ✐♥ t❤❡ ❝❧❡❛♥ r♦♦♠ ♦❢ ▲❛❜♦r❛t♦r✐✉♠ ❢ür ◆❛♥♦
✉♥❞ ◗✉❛♥t❡♥❡♥❣✐♥❡❡r✐♥❣ ✭▲◆◗❊✮ ✐♥ ❝♦♦♣❡r❛t✐♦♥ ✇✐t❤ t❤❡ ■♥st✐t✉t ❢ür ▼❛t❡r✐❛❧✐❡♥ ✉♥❞
❇❛✉❡❧❡♠❡♥t❡ ❞❡r ❊❧❡❦tr♦♥✐❦ ✭▼❇❊✮✳ ❚❤❡② s❡r✈❡ ❛s st❛rt✐♥❣ ♠❛t❡r✐❛❧ ❢♦r t❤❡ ♣r♦❞✉❝t✐♦♥
♦❢ ▼❖❙ ❞✐♦❞❡s✳ ❋✐rst✱ t❤❡ ✇❛❢❡r ✐s s✉❜❥❡❝t❡❞ t♦ ❛ ❍❋✲❞✐♣ ✭❞✐♣♣✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥ 1.0%
❤②❞r♦✢✉♦r✐❝ ❛❝✐❞ ❢♦r ✺✵s ✉♥❞❡r ❝♦♥t✐♥✉♦✉s st✐rr✐♥❣✮ ❛♥❞ ✐s t❤❡♥ r✐♥s❡❞ ✇✐t❤ DI ✇❛t❡r✳
❚❤❡♥ ✐t ✐s tr❛♥s❢❡rr❡❞ ✐♥t♦ ❛ ❢✉r♥❛❝❡ ❢♦r ✇❡t ♦①✐❞❛t✐♦♥ ❛♥❞ ✐s tr❡❛t❡❞ t❤❡r❡ ❛t 700◦C ❢♦r
✺❤r ✇✐t❤ ✇❛t❡r ✈❛♣♦r✳ ■♥ t❤✐s ♣r♦❝❡ss✱ ❛ ✷✵✵♥♠ t❤✐❝❦ SiO2 ❧❛②❡r ✐s ❢♦r♠❡❞ ♦♥ t❤❡ s✐❧✐❝♦♥
s✉r❢❛❝❡✳ ❚♦ ❝❧❡❛♥ t❤❡ s✉r❢❛❝❡ ❛♥❞ t♦ r❡♠♦✈❡ t❤❡ ✇❛t❡r✱ t❤❡ ✇❛❢❡r ✐s tr❛♥s❢❡rr❡❞ t♦ ❛♥♦t❤❡r
❢✉r♥❛❝❡ ❛t 150◦C ❢♦r ✶✵♠✐♥ ❛♥❞ tr❡❛t❡❞ ✇✐t❤ ❍▼❉❙✭❍❡①❛♠❡t❤②❧❞✐s✐❧❛③❛♥❡✮ s♦❧✉t✐♦♥ ❛♥❞
t❤❡♥ ♣✉r❣❡❞ ✇✐t❤ ♥✐tr♦❣❡♥ ❣❛s✳
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❋✐❣✉r❡ ✺✳✶ ❙t❡♣s ♦❢ ❯❱✲▲✐t❤♦❣r❛♣❤② ♦♥ ❙✐✭✵✵✶✮ ✇❛❢❡r✳

❚❤❡♥ ❢♦r str✉❝t✉r✐♥❣ ♣♦s✐t✐✈❡ ♣❤♦t♦✲r❡s✐st ✭❙✶✽✵✵✮ ✐s s♣✉♥ ♦♥t♦ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ s♣✐♥♥❡r
✭✹✵✵✵ ❯ ✴ ♠✐♥ ❢♦r ✶ ♠✐♥✮✱ ❛❢t❡r t❤❛t t❤❡ ✇❛❢❡r ✐s ❤❡❛t❡❞ ❢♦r ✶♠✐♥ ♦♥ ❛ ❤♦t ♣❧❛t❡ ❛t 110◦C✳
■t ❢♦❧❧♦✇s t❤❡ ❛❧✐❣♥♠❡♥t ♦❢ t❤❡ ❧✐t❤♦❣r❛♣❤② ♠❛s❦ t♦ t❤❡ ✇❛❢❡r ❛♥❞ t❤❡ ♣❤♦t♦✲r❡s✐st ✐s
❡①♣♦s❡❞ ❢♦r ✽s t❤r♦✉❣❤ t❤✐s ♠❛s❦✳ ▲❛t❡r ✇✐t❤ ❛ ❞❡✈❡❧♦♣❡r ✭❆❩✼✷✻✵✮✱ t❤❡ ❡①♣♦s❡❞ ❛r❡❛s
♦❢ t❤❡ ♣❤♦t♦✲r❡s✐st ❛r❡ r❡♠♦✈❡❞ ✇✐t❤✐♥ ✻✵s✳ ❚❤❡ ❛❝t✉❛❧ str✉❝t✉r❡ ✐s t❤❡♥ ❡t❝❤❡❞ ✐♥t♦ t❤❡
SiO2 ❧❛②❡r ✇✐t❤ ❛♠♠♦♥✐✉♠ ✢✉♦r✐❞❡ ❛❧❧ t❤❡ ✇❛② ❞♦✇♥ t♦ t❤❡ ✉♥♦①✐❞✐③❡❞ ❙✐✳ ❍❡r❡✱ t❤❡ t✐❧t
❛♥❣❧❡ ♦❢ t❤❡ SiO2 s✐❞❡✇❛❧❧s ✐s ❛♣♣r♦①✐♠❛t❡❧② 60◦ r❡❧❛t✐✈❡ t♦ t❤❡ ❙✐ s✉r❢❛❝❡ ✭❋✐❣✉r❡✲✺✳✷✮✱
✇❤✐❝❤ ✐s ✈❡r✐✜❡❞ ❜② ❝♦♥❢♦❝❛❧ ♠✐❝r♦s❝♦♣② ❛♥❞ s❝❛♥♥✐♥❣ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭❙❊▼✮✳ ❚❤✐s
❛♥❣❧❡ ✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ t❡♠♣❡r❛t✉r❡✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ ❛♠♠♦♥✐✉♠ ✢✉♦r✐❞❡
❛♥❞ ❡t❝❤✐♥❣ t✐♠❡✳

❋✐❣✉r❡ ✺✳✷ ✲ ❊t❝❤❡❞ s✐❧✐❝♦♥ ❞✐♦①✐❞❡ ✭SiO2✮
str✉❝t✉r❡ ❬✹✹❪✳

❋♦r ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts✱ ✐t ✐s ✐♠♣♦rt❛♥t t❤❛t t❤❡ ❜❛❝❦ ♦❢ t❤❡ s❛♠♣❧❡ ❢♦r♠s ❛♥ ♦❤♠✐❝
❝♦♥t❛❝t ✇✐t❤ t❤❡ st❛✐♥❧❡ss st❡❡❧ ♦❢ t❤❡ ♠❡❛s✉r✐♥❣ ❛♣♣❛r❛t✉s✳ ❋♦r t❤✐s✱ t❤❡ ❜❛❝❦s✐❞❡ ♦❢ t❤❡
✇❛❢❡r ✐s ❤✐❣❤❧② ❞♦♣❡❞ ✇✐t❤ ❛♥ ✐♠♣❧❛♥t❡r✳ ❋♦r ♥✲❙✐ ■♥❞✐✉♠ ✇❛s ✉s❡❞ ❛s ❜❛❝❦ ❝♦♥t❛❝t ❛♥❞
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✺✳✷ ▼❡t❛❧ ❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r ❞✐♦❞❡ ❢❛❜r✐❝❛t✐♦♥

❢♦r ♣✲❙✐✱ ♠❡t❛❧ ❚❛♥t❛❧✉♠ ✭❚❛✮ ❛♥❞ ❚❛♥t❛❧✉♠ ♥✐tr✐❞❡ ✭❚❛◆✮ s♣✉tt❡r❡❞ ❛♥❞ ❜❛❝❦ s♣❛tt❡r❡❞
s✉❜s❡q✉❡♥t❧② ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❛r❣♦♥ ❣❛s ❢♦r ✺ ❤♦✉rs ❛t ✹✵❦❡❱ ✐♥ ❛♥ ♦✈❡♥✱ ❞✉r✐♥❣ t❤✐s ♣r♦❝❡ss
s♣❛tt❡r❡❞ ❛t♦♠s ❛r❡ r❡❛❝❤❡❞ ❛t ✶✵✵✵◦❈✳ ❆❢t❡r t❤✐s ♣r♦❝❡ss t❤❡ ❞♦♣✐♥❣ ❝♦♥❝❡♥tr❛t✐♦♥ ❛t t❤❡
❜❛❝❦ ✐s 5 × 1015cm−3✱ ❛❝❝♦r❞✐♥❣ t♦ ♠❛❝❤✐♥❡ ♠❛♥✉❛❧✳ ❇♦t❤ ❢♦r ♥✲ ❛♥❞ ♣✲t②♣❡ ❙✐ s❛♠♣❧❡s✱
t❤❡ ♦❤♠✐❝ ❜❡❤❛✈✐♦r ❢♦r t❤❡ ❜❛❝❦s✐❞❡ ❝♦♥t❛❝t ✇❛s ❝♦♥✜r♠❡❞ ❜② t❡st ♠❡❛s✉r❡♠❡♥ts✳ ❇❡❢♦r❡
✐♠♣❧❛♥t❛t✐♦♥ ❛♥❞ t❤❡ s♣✉tt❡r✐♥❣ ♣r♦❝❡ss✱ t❤❡ ❢r♦♥t s✐❞❡s ♦❢ t❤❡ s❛♠♣❧❡s ❛r❡ ❝♦✈❡r❡❞ ❜②
♣❤♦t♦✲r❡s✐st t♦ ♣r♦t❡❝t ✐t ❢r♦♠ ❝♦♥t❛♠✐♥❛t✐♦♥✳ ❚❤❡♥ t❤❡ s❛♠♣❧❡s ❛r❡ ❝✉t t♦ ❛♥ ❛♣♣r♦♣r✐❛t❡
s✐③❡ ♦❢ 15mm× 10mm✳

5.2.2 Wet chemical cleaning of structured samples

❚♦ ✉s❡ t❤❡ str✉❝t✉r❡❞ s❛♠♣❧❡ ✜rst ✇❡ ❤❛✈❡ t♦ r❡♠♦✈❡ t❤❡ ♣❤♦t♦✲r❡s✐st ❜② ❛ ♣❤♦t♦✲r❡s✐st
r❡♠♦✈❡r ✭▼✐❝r♦♣♦s✐t ❘❡♠♦✈❡r ✶✶✻✺✮✱ ✇❤✐❝❤ ✇❡ ❛♣♣❧✐❡❞ t♦ ♣r♦t❡❝t t❤❡ str✉❝t✉r❡❞ ❛r❡❛ ♦❢
s✐❧✐❝♦♥ s✉❜str❛t❡✳ ❚♦ ❝❧❡❛♥ ♣❤♦t♦✲r❡s✐st r❡s✐❞✉❡ ❛♥❞ ♦t❤❡r ♦r❣❛♥✐❝ ❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛t✐♦♥
❢r♦♠ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✱ ✇❡ ✉s❡❞ ♣✐r❛♥❤❛ s♦❧✉t✐♦♥✱ ✇❤✐❝❤ ✐s ❛ ✹✿✶✿✹ ♠✐①t✉r❡ ♦❢ ✾✻✪ s✉❧❢✉r✐❝
❛❝✐❞ ✭H2SO4✮ ✇✐t❤ ✸✺✪ ❤②❞r♦❣❡♥ ♣❡r♦①✐❞❡✭H2O2✮ ❛♥❞ ❞❡✐♦♥✐③❡❞ ✭❉■✮ ✇❛t❡r ❬✹✺❪✳ P✐✲
r❛♥❤❛ s♦❧✉t✐♦♥ r❡♠♦✈❡s ♠♦st ♦❢ t❤❡ ♦r❣❛♥✐❝ ♠❛tt❡rs✳ ■t ✇✐❧❧ ❛❧s♦ ♠❛❦❡ t❤❡ s✉r❢❛❝❡ ❤✐❣❤❧②
❤②❞r♦♣❤✐❧✐❝ ✭✇❛t❡r ❝♦♠♣❛t✐❜❧❡✮✳ ❚❤❡ ❞✐ss♦❝✐❛t❡❞ ✐♦♥s ♦❢ ♣✐r❛♥❤❛ s♦❧✉t✐♦♥ ❛r❡ s❤♦✇♥ ❛s
❢♦❧❧♦✇s✿

H2SO4 +H2O2 → H3O
+ +HSO−

4 +O

❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ r❡❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ♦❢ ♣✐r❛♥❤❛ s♦❧✉t✐♦♥ ✇✐t❤ ❝❛r❜♦♥ r❡s✐❞✉❡s✿

❚❤❡ ❘❈❆✴❙❈✲✶ ❝❧❡❛♥✐♥❣ st❡♣ ✐s ♣❡r❢♦r♠❡❞ t♦ r❡♠♦✈❡ ♦r❣❛♥✐❝ ❛♥❞ ✐♦♥✐❝ ✭♠❡t❛❧❧✐❝✮ ❝♦♥✲
t❛♠✐♥❛♥ts ✇✐t❤ ❛ ✸✵✪ ❛♠♠♦♥✐✉♠ ❤②❞r♦①✐❞❡✱ ❞❡✐♦♥✐③❡❞ ✇❛t❡r ❛♥❞ ✸✺✪ ❤②❞r♦❣❡♥ ♣❡r♦①✐❞❡
(NH4OH : DI−H2O : H2O2) s♦❧✉t✐♦♥ ♦❢ r❛t✐♦ ✺✿✶✿✶✳ ■♥ t❤❡ ♣r♦❝❡ss✱ ✐t ♦①✐❞✐③❡s t❤❡ s✐❧✐❝♦♥
❛♥❞ ❧❡❛✈❡s ❛ t❤✐♥ ♦①✐❞❡ ♦♥ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ✇❛❢❡r✳ ❙♦ ✐❢ t❤❡r❡ ✐s ❛♥② ♠❡t❛❧ ❝♦♥t❛♠✐♥❛✲
t✐♦♥ ✇✐t❤✐♥ t❤❡ t♦♣ ♠♦st ❧❛②❡rs ♦❢ t❤❡ ✇❛❢❡r ✐t ✇✐❧❧ ❜❡ ♦①✐❞✐③❡❞ ❛♥❞ ✇✐❧❧ ❝♦♠❡ ✇✐t❤✐♥ t❤❡
♦①✐❞✐③❡❞ r❡❣✐♦♥ ❛♥❞ ❛ s✉❜s❡q✉❡♥t ❍❋ ❞✐♣ ✇✐❧❧ ❞♦ t❤❡ r❡st✳
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✺ ❯◆❙❚❘❯❈❚❯❘❊❉ ❆◆❉ ❙❚❘❯❈❚❯❘❊❉ ❙❆▼P▲❊❙ P❘❊P❆❘❆❚■❖◆

❋✐❣✉r❡ ✺✳✸ ❈❧❡❛♥✐♥❣ st❡♣s ♦❢ t❤❡ str✉❝t✉r❡❞ ❙✐✭✵✵✶✮ s❛♠♣❧❡✳

❚♦ r❡♠♦✈❡ s✐❧✐❝♦♥ ❞✐♦①✐❞❡ ✭SiO2✮ ❢r♦♠ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ✇❛❢❡r ✇❡ ❞✐♣♣❡❞ ♦✉r ✇❛❢❡r ✐♥t♦
✶✪ ❤②❞r♦✢✉♦r✐❝ ✭❍❋✮ ❛❝✐❞ s♦❧✉t✐♦♥ ❢♦r ✺✵s❡❝✳ ❚❤❡ r❡❛❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ♦❢ ❍❋ ✇✐t❤ SiO2

✐s s❤♦✇♥ ❛s ❢♦❧❧♦✇s✿

SiO2 + 4HF → SiF4(g) + 2H2O

SiO2 + 6HF → H2SiF6 + 2H2O

❍②❞r♦✢✉♦r✐❝ ❛❝✐❞ ❛tt❛❝❦s t❤❡ s✐❧✐❝♦♥ ❞✐♦①✐❞❡ t♦ ❢♦r♠ ❣❛s❡♦✉s ♦r ✇❛t❡r✲s♦❧✉❜❧❡ s✐❧✐❝♦♥
✢✉♦r✐❞❡s ❬✹✻❪ ❛♥❞ ❧❡❛✈❡s ❛ ❤②❞r♦❣❡♥ t❡r♠✐♥❛t❡❞ ❤②❞r♦♣❤♦❜✐❝ s✐❧✐❝♦♥ s✉r❢❛❝❡✳ ❲✐t❤✐♥ ❢❡✇
♠✐♥✉t❡s ❛❢t❡r t❤❡ ❍❋ ❞✐♣ ✇❡ ✐♥st❛❧❧❡❞ ♦✉r s❛♠♣❧❡ ✐♥t♦ t❤❡ ❯❍❱ ❝❤❛♠❜❡r✳ ❚❤❡ s❛♠♣❧❡
✐s ♠♦✉♥t❡❞ ✐♥s✐❞❡ t❤❡ ❝❧❡❛♥ r♦♦♠ ♦♥ t❤❡ ❇◆ ❤❡❛t❡r ✭s❡❡ ❋✐❣✳✹✳✹✮✳ ■♥ t❤✐s ✇❛② ✇❡ ❤❛✈❡
r❡❞✉❝❡❞ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝❛r❜♦♥ r❡s✐❞✉❡s t♦ ❛ ♠✐♥✐♠✉♠ ✭❥✉st ❛❜♦✈❡ t❤❡ ❞❡t❡❝t✐♦♥ ❧✐♠✐t ♦❢
❳P❙ ♦❢ ❛❜♦✉t ✶✪✮ ❛♠♦✉♥t✳ ❆ t✉♥❣st❡♥ ✭❲✮ ♠❛s❦ ✇✐t❤ sq✉❛r❡ ♦♣❡♥✐♥❣s ♦❢ ❞✐✛❡r❡♥t s✐③❡s
✭s❡❡ ❋✐❣✉r❡ ✹✳✺✮ ✐s ❛❞❥✉st❡❞ ♦♥t♦ t❤❡ ✇✐♥❞♦✇s ✐♥ t❤❡ s❛♠♣❧❡✳ ❋♦r tr❛♥s♣♦rt✱ t❤❡ s❛♠♣❧❡
✇❛s ♣✉t ♦♥t♦ t❤❡ ♠❛♥✐♣✉❧❛t♦r✱ ✇❤✐❝❤ ✐♥ t✉r♥ ✇❛s ♠♦✉♥t❡❞ ♦♥t♦ t❤❡ ♣r❡✲❧♦❛❞ ❧♦❝❦ s②st❡♠✳
❈❧♦s✐♥❣ t❤❡ ❣❛t❡ ✈❛❧✈❡✱ t❤❡ s❛♠♣❧❡ ❝♦✉❧❞ ♥♦t ❣❡t ✐♥t♦ ❝♦♥t❛❝t ✇✐t❤ ❞✉st ❢r♦♠ ♦✉ts✐❞❡
t❤❡ ❝❧❡❛♥ r♦♦♠✳ ❆❢t❡r ♠♦✉♥t✐♥❣ ✐t ✇✐t❤ t❤❡ ❯❍❱ ❝❤❛♠❜❡r ✐t t❛❦❡s t②♣✐❝❛❧❧② ✶✺♠✐♥ t♦
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✺✳✷ ▼❡t❛❧ ❖①✐❞❡ ❙❡♠✐❝♦♥❞✉❝t♦r ❞✐♦❞❡ ❢❛❜r✐❝❛t✐♦♥

❝♦♠♣❧❡t❡ t❤❡ ❡✈❛❝✉❛t✐♦♥✳ ❉✉r✐♥❣ t❤✐s t✐♠❡✱ t❤❡ ❤②❞r♦❣❡♥ t❡r♠✐♥❛t✐♦♥ s❤♦✉❧❞ ♠♦st❧② ✭✽✵✪
✲ ✾✵✪ ❝♦✈❡r❛❣❡✮ s✉st❛✐♥ ❛♥❞ ♦♥❧② ❛ ✈❡r② ❧♦✇ ❝♦✈❡r❛❣❡ ♦❢ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ SiO2−x ✇✐❧❧
❢♦r♠ ❬✸✺❪

5.2.3 Further cleaning and film deposition in UHV

❚♦ r❡♠♦✈❡ t❤❡ s✉❜st♦✐❝❤✐♦♠❡tr✐❝ r❡s✐❞✉❛❧ ♦①✐❞❡ ❛♥❞ ❤②❞r♦❣❡♥✲t❡r♠✐♥❛t✐♦♥ ❢r♦♠ t❤❡ s❛♠♣❧❡
s✉r❢❛❝❡ ✇❡ ♥❡❡❞ t♦ ✢❛s❤ t❤❡ s❛♠♣❧❡ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡✳ ❆ ♠❛❥♦r ❞✐✛❡r❡♥❝❡ ♦❢ t❤❡
♣r❡♣❛r❛t✐♦♥ ♦❢ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ✐s ✐♥ t❤❡ t❤❡r♠❛❧ ❝❧❡❛♥✐♥❣ ♣r♦❝❡ss✳ ❆ ❝❤❡♠✐❝❛❧ s✉r❢❛❝❡
❛♥❛❧②s✐s ✭❳P❙✮ ❢r♦♠ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ✇✐t❤ t❤❡ s❛♠❡ ♣r❡tr❡❛t♠❡♥t s❤♦✇s t❤❛t t❤❡
t❡♠♣❡r❛t✉r❡ ♦❢ ✽✺✵◦❈ ✐s s✉✣❝✐❡♥t t♦ r❡♠♦✈❡ t❤❡ ❍ t❡r♠✐♥❛t✐♦♥✱ ❛s ✇❡❧❧ ❛s ❡①✐st✐♥❣ SiO2−x

r❡s✐❞✉❡s✳

❚❤❡ ❇◆ s❛♠♣❧❡ ❤♦❧❞❡r ✐♥ s❡❝t✐♦♥✲✹✳✸✱ ♠❛❞❡ t❤✐s t❡♠♣❡r❛t✉r❡ tr❡❛t♠❡♥t ♣♦ss✐❜❧❡ ❞❡s♣✐t❡
t❤❡ ❲ ♠❛s❦ ♦♥ t❤❡ s❛♠♣❧❡✳

■♥ t❤❡ ❯❍❱ ❝❤❛♠❜❡r✱ t❤❡ ♦①✐❞❡ ❧❛②❡rs ❛r❡ ❣r♦✇♥ ♦♥ t❤❡ str✉❝t✉r❡❞ s❛♠♣❧❡s✳ ❚❤❡ ❛❝t✉❛❧
❣r♦✇t❤ ♣r♦❝❡ss ♦❢ ❇❛✴❙r ♦①✐❞❡s ❞♦❡s ♥♦t ❞✐✛❡r ❢r♦♠ t❤❡ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ❛s ❞❡s❝r✐❜❡❞
✐♥ ❝❤❛♣t❡r✲✻✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ t✉♥❣st❡♥ ♠❛s❦✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ ❤❡r❡ t♦ ❝❤❡❝❦ t❤❡ q✉❛❧✐t②
♦❢ t❤❡ ❧❛②❡rs ✇✐t❤ ▲❊❊❉✱ ❳P❙ ♦r ❊❊▲❙✳ ❋♦r t❤✐s r❡❛s♦♥✱ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ❛s ♦♥
t❤❡ ❇◆ ❤❡❛t❡r ❛r❡ ♣r♦❞✉❝❡❞ ✇✐t❤ t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs ❛♥❞ t❤❡✐r ❝❤❡♠✐❝❛❧ ❛♥❞ str✉❝t✉r❛❧
♣r♦♣❡rt✐❡s ❤❛✈❡ ❜❡❡♥ ❝❤❡❝❦❡❞✳ ■❢ ♦♥❡ ❢♦❧❧♦✇s t❤❡ s❛♠❡ ♣r❡♣❛r❛t✐♦♥ st❡♣s ✐♥ t❤❡ str✉❝t✉r❡❞
s❛♠♣❧❡s✱ ✐t ❝❛♥ ❜❡ ❛ss✉♠❡❞ t❤❛t t❤❡ s❛♠❡ ❤✐❣❤ q✉❛❧✐t② ✜❧♠ ✐s ❛❝❤✐❡✈❡❞✳ ❚❤❡ ✜♥✐s❤❡❞ ▼❖❙
str✉❝t✉r❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✺✳✹ ✇✐t❤ ♥✴♣✲❙✐ s✉❜str❛t❡✳

✭❛✮ ❙✐❞❡ ✈✐❡✇ ♦❢ t❤❡ ✜❡❧❞ ✭❜✮ ❚♦♣ ✈✐❡✇ ♦❢ t❤❡ ✜❡❧❞

❋✐❣✉r❡ ✺✳✹ ✲ ✭❛✮ ❋✐♥✐s❤❡❞ ▼❖❙ str✉❝t✉r❡ ❛❢t❡r ❞❡♣♦s✐t✐♦♥✳ ❚❤❡ ❛rr♦✇s ❢r♦♠ ❛❜♦✈❡ ✐♥❞✐❝❛t❡ t❤❡
❡✈❛♣♦r❛t✐♦♥ ❞✐r❡❝t✐♦♥ t❤r♦✉❣❤ t❤❡ ❲ ♠❛s❦✳ ❚❤❡ ✐♥❞✐✈✐❞✉❛❧ ❧❛②❡rs ❛r❡ ♥♦t ❞r❛✇♥ t♦ s❝❛❧❡✳ ❍❡r❡
♦♥❧② t❤❡ st❛❝❦✐♥❣ s❡q✉❡♥❝❡s ♦❢ t❤❡ ✜♥❛❧ ▼❖❙ ❞✐♦❞❡ ❛r❡ ♣r❡s❡♥t❡❞✳ ✭❜✮ t♦♣ ✈✐❡✇ ♦❢ t❤❡ s❛♠♣❧❡
❛❢t❡r ♣r❡♣❛r❛t✐♦♥✳

❋♦r t❤❡ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts t❤❡ s❛♠♣❧❡ ❤❛s t♦ ❜❡ t❛❦❡♥ ♦✉t ❢r♦♠ t❤❡ ❯❍❱ ❝❤❛♠❜❡r✳
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✺ ❯◆❙❚❘❯❈❚❯❘❊❉ ❆◆❉ ❙❚❘❯❈❚❯❘❊❉ ❙❆▼P▲❊❙ P❘❊P❆❘❆❚■❖◆

■♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❝❤❡♠✐❝❛❧ r❡❛❝t✐♦♥ ✇✐t❤ t❤❡ ✇❛t❡r ❝♦♥t❡♥ts ♦❢ t❤❡ ❛♠❜✐❡♥t ❛✐r✱ t❤❡ ♦①✐❞❡
✜❧♠ ❤❛s t♦ ❜❡ ♣r♦t❡❝t❡❞ ✇✐t❤ ❛ ♠❡t❛❧ ❧❛②❡r✳ ❆❢t❡r t❤❡ ❣r♦✇t❤ ♦❢ ♦①✐❞❡✱ ❛ ❣♦❧❞ ❧❛②❡r ♦❢
✶✺✵✲✷✵✵♥♠ t❤✐❝❦ ✐s ❡✈❛♣♦r❛t❡❞ ♦♥ t❤❡ s❛♠♣❧❡ ❢r♦♠ ❛♥ ❡❧❡❝tr♦♥ ❜❡❛♠ ❡✈❛♣♦r❛t♦r ✐♥s✐❞❡ t❤❡
♠❛✐♥ ❧♦❝❦ ♦❢ ❯❍❱ s②st❡♠✳ ❚❤✐s ❧❛②❡r ❛❧s♦ s❡r✈❡s ❛s ❛ ❣❛t❡ ❡❧❡❝tr♦❞❡ ❢♦r t❤❡ ▼❖❙ str✉❝t✉r❡✳
❊①♣❡r✐❡♥❝❡ ❤❛s s❤♦✇♥ t❤❛t ❆✉ ✐s ♥♦t ✇❡tt✐♥❣ t❤❡ ♦①✐❞❡ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ♣r♦t❡❝t✐✈❡ ❧❛②❡r
❞❡❣r❛❞❡s ❡❛s✐❧②✳ ■♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ ❛❞❤❡s✐♦♥✱ ❛ ✶▼▲ ♦❢ ❆❧ ✐s ❡✈❛♣♦r❛t❡❞ ❛s ❛♥
✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r ❛❢t❡r t❤❡ ❣r♦✇t❤ ♦❢ ♦①✐❞❡✳ ❚❤❡ ❛❞❤❡s✐♦♥ ❝♦✉❧❞ ❜❡ s✐❣♥✐✜❝❛♥t❧② ✐♠♣r♦✈❡❞
❜② t❤✐s ❣r♦✇t❤ st❡♣✳
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6 Growth of oxide and silicate on Si(001) substrate

❚❤❡ ✐♠♣♦rt❛♥t st❡♣s ♦❢ s✉❜str❛t❡ str✉❝t✉r✐♥❣ ❛♥❞ t❤❡ ❣r♦✇t❤ ♦❢ s✐❧✐❝❛t❡s✱ ❧✐❦❡ Ba2SiO4✱
(Ba0.8Sr0.2)2SiO4 ❛♥❞ ♦①✐❞❡s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳

6.1 Optimization and deposition of dielectrics

■♥✐t✐❛❧❧② ✇❡ ✇♦r❦❡❞ ✇✐t❤ t❤❡ ♦①✐❞❡✱ ❢♦r♠❡❞ ❢r♦♠ ❛❧❦❛❧✐♥❡ ❡❛rt❤ ♠❡t❛❧s ♥❛♠❡❧② ❙tr♦♥t✐✉♠
❛♥❞ ❇❛r✐✉♠✱ ❞❡♣♦s✐t❡❞ ♦♥ ❙✐✭✵✵✶✮✳ ❆❧❧ ❡①♣❡r✐♠❡♥ts ❞❡s❝r✐❜❡❞ ❤❡r❡ ❛r❡ ❝❛rr✐❡❞ ♦✉t ✐♥ ❯❍❱
✇✐t❤♦✉t ❡①♣♦s✐♥❣ t❤❡ s❛♠♣❧❡s t♦ ❛✐r ❡①❝❡♣t ❢♦r t❤❡ st❛❜✐❧✐t② t❡st ♦❢ t❤❡ s❛♠♣❧❡✳ Pr❡ss✉r❡
♦❢ t❤❡ ❝❤❛♠❜❡r ✐s ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛ ✇❡❧❧ ❞❡❣❛ss❡❞ ❡①tr❛❝t♦r ❣❛✉❣❡✳ ❖①✐❞❡ ❧❛②❡rs ❛r❡
♣r❡♣❛r❡❞ ❡✐t❤❡r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ♦r ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ❝r②st❛❧❧✐♥❡ q✉❛❧✐t②✱
st♦✐❝❤✐♦♠❡tr② ❛♥❞ ❜❛♥❞❣❛♣ ❛r❡ ❝❤❡❝❦❡❞ ♦♥ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ✉s✐♥❣ ❙P❆✲▲❊❊❉✱ ❳P❙✱
❛♥❞ ❊❊▲❙✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❞❡♣♦s✐t✐♦♥ ✐s ❞♦♥❡ ❜② ❡✲❜❡❛♠ ❡✈❛♣♦r❛t✐♦♥✳ ❚❤❡ ❞❡♣♦s✐t✐♦♥
r❛t❡ ❛♥❞ t❤❡ ❧❛②❡r t❤✐❝❦♥❡ss ✐s ♠♦♥✐t♦r❡❞ ❜② ❛ q✉❛rt③ ♠✐❝r♦✲❜❛❧❛♥❝❡ ✭✻▼❍③✮✳ ❇② ❝♦♥tr♦❧✲
❧✐♥❣ t❤❡ ✜❧❛♠❡♥t ❝✉rr❡♥t ❛♥❞ t❤❡ ❡♠✐ss✐♦♥ ❝✉rr❡♥t ♦♥❡ ❝❛♥ ❝♦♥tr♦❧ t❤❡ ❤❡❛t✐♥❣ ♣♦✇❡r ❛♥❞
t❤❡ ✐♦♥ ✢✉① ♦✉t ♦❢ t❤❡ ❝r✉❝✐❜❧❡✳ ❯s✉❛❧❧② ✐t t❛❦❡s s❡✈❡r❛❧ ♠✐♥✉t❡s t♦ ❛❝❤✐❡✈❡ ❛ ❝♦♥st❛♥t
❡♠✐ss✐♦♥ s❡t✉♣ ♦❢ t❤❡ ❡✈❛♣♦r❛t♦r ❡❧❡❝tr♦♥✐❝s ❛♥❞ t❤❡ ❡♠✐ss✐♦♥ r❛t❡ ✐s ❝♦♥tr♦❧❧❡❞ ✇✐t❤ t❤❡
❤❡❧♣ ♦❢ ❛ q✉❛rt③ ❝r②st❛❧ ♠✐❝r♦✲❜❛❧❛♥❝❡✳ ▼♦❧❡❝✉❧❛r ♦①②❣❡♥ ♦❢ ♣✉r✐t② 99.998% ✐s ✐♥❥❡❝t❡❞
✐♥t♦ t❤❡ ❝❤❛♠❜❡r ❢♦r ♦①✐❞❛t✐♦♥ ❜② ❜❛❝❦✲✜❧❧✐♥❣ ✐t ✉♣ t♦ ♦✉r ❞❡s✐r❡❞ ♣r❡ss✉r❡✳ ❈❛r❡ ✐s t❛❦❡♥
t♦ ❛✈♦✐❞ ❛♥② ❞✐r❡❝t ❣❛s ✢♦✇ ❢r♦♠ t❤❡ ❣❛s ✐♥❧❡t t♦ t❤❡ s❛♠♣❧❡✳ ❚♦ ❣r♦✇ ❝r②st❛❧❧✐♥❡ ❇❛❙r❖
✇❡ ✐♥✐t✐❛❧❧② ❞❡♣♦s✐t❡❞ ❛ Sr ♠♦♥♦✲❧❛②❡r ❛t t❤❡ ✐♥t❡r❢❛❝❡ ✐♥ ♦r❞❡r t♦ ♣r❡✈❡♥t ♦①✐❞❛t✐♦♥ ♦❢
Si✳ ❆ ❝❛r❡❢✉❧ ❛❞❥✉st♠❡♥t ♦❢ ✢✉①❡s ❛♥❞ t❤❡ ♦①②❣❡♥ ♣r❡ss✉r❡ ✐s r❡q✉✐r❡❞ t♦♦✱ ❛s ❞❡s❝r✐❜❡❞
✐♥ ❞❡t❛✐❧ ✐♥ ❬✸✼❪✳

❚❤❡ ♠❡t❛❧s ❛r❡ ❡✈❛♣♦r❛t❡❞ ❢r♦♠ t❤❡ ❡❧❡❝tr♦♥ ❜❡❛♠ ❡✈❛♣♦r❛t♦rs ✭s❡❡ ❝❤❛♣✳✹✳✷✮✳ ❆❧❧ ♦❢
♦✉r ❡✈❛♣♦r❛t♦rs ❡①❝❡♣t ❆✉ ❡✈❛♣♦r❛t♦r✱ ❛r❡ ❛❧✐❣♥❡❞ t♦ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❝❤❛♠❜❡r✱ ✇❤❡r❡
t❤❡ s❛♠♣❧❡ ✐s ♣♦s✐t✐♦♥❡❞ ❢♦r t❤❡ ✈❛♣♦r ❞❡♣♦s✐t✐♦♥✳ ❚❤❡ ❞❡♣♦s✐t✐♦♥ r❛t❡ ♦❢ ♠❛t❡r✐❛❧s ♦♥ t❤❡
s❛♠♣❧❡ s✉r❢❛❝❡ ✐s ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ ❤❡❧♣ ♦❢ ❛ q✉❛rt③ ❝r②st❛❧ ♠✐❝r♦❜❛❧❛♥❝❡✳ ❚❤❡ q✉❛rt③
♠✐❝r♦✲❜❛❧❛♥❝❡ ✐s ❝♦♦❧❡❞ ❜② ✇❛t❡r ❛❧❧ t❤❡ t✐♠❡ t♦ ♠✐♥✐♠✐③❡ ❞r✐❢t ❞✉r✐♥❣ ❡✈❛♣♦r❛t✐♦♥✱ ✇❤✐❝❤
♠✐❣❤t ✐♥✢✉❡♥❝❡ t❤❡ ❢r❡q✉❡♥❝② r❛t❡ ♦❢ ♠✐❝r♦❜❛❧❛♥❝❡ ❛♥❞ ❤❡♥❝❡ ♦✉r ♠❡❛s✉r❡❞ ❞❛t❛✳ ❉✉r✐♥❣
❞❡♣♦s✐t✐♦♥✱ q✉❛rt③ ♠✐❝r♦✲❜❛❧❛♥❝❡ ✐s ♣♦s✐t✐♦♥❡❞ ❥✉st ❜❡❧♦✇ t❤❡ s❛♠♣❧❡✱ s♦ t❤❡ r❛t❡ ♦❢ ❞❡♣♦s✐✲
t✐♦♥ ♠❡❛s✉r❡❞ ❜② ♠✐❝r♦❜❛❧❛♥❝❡ ✐s ♥♦t t❤❡ s❛♠❡ ❛s ♦♥ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✭✉s✉❛❧❧② ✶✺✲✷✵✪✮✳
❚♦ s♦❧✈❡ t❤✐s ♣r♦❜❧❡♠✱ ✐♥✐t✐❛❧❧② ✇❡ ♠❡❛s✉r❡❞ t❤❡ ❞❡♣♦s✐t✐♦♥ r❛t❡ ❛t s❛♠♣❧❡ ♣♦s✐t✐♦♥ ❛♥❞
❧❛t❡r ❛t ❜❛❧❛♥❝❡ ♣♦s✐t✐♦♥ ❛♥❞ ❝❛❧❝✉❧❛t❡❞ t❤❡ ❣❡♦♠❡tr✐❝❛❧ ❢❛❝t♦r✱ ❜❡❢♦r❡ st❛rt✐♥❣ t❤❡ ❛❝t✉❛❧
❞❡♣♦s✐t✐♦♥✳ ❚❤❡ ❛❝t✉❛❧ ❞❡♣♦s✐t✐♦♥ r❛t❡ ♠❡❛s✉r❡❞ ✐♥ r❡❛❧ t✐♠❡ ❛t t❤❡ s❛♠♣❧❡ ✐s ❝♦rr❡❝t❡❞
❢r♦♠ t❤❡ r❛t❡ ♦❢ t❤❡ q✉❛rt③ ❜② ✉s✐♥❣ t❤❡ ❣❡♦♠❡tr✐❝ ❢❛❝t♦r✳ ❯s✐♥❣ ❛ ▲❛❜✈✐❡✇ ♣r♦❣r❛♠ t❤❡
r❛t❡ ✐s ♠♦♥✐t♦r❡❞✳ ❉✉r✐♥❣ t❤❡ ❡✈❛♣♦r❛t✐♦♥ t❤✐s ♣r♦❣r❛♠ ❝❛♥ ❞✐s♣❧❛② s✐♠✉❧t❛♥❡♦✉s❧② t❤❡
❧❛②❡r t❤✐❝❦♥❡ss ✐♥ ▼▲ ❛♥❞ ♥♠ ❛♥❞ t❤❡ r❛t❡s ♦✈❡r t✐♠❡ ❣r❛♣❤✐❝❛❧❧② t♦ ♦❜s❡r✈❡ t❤❡ ♣r♦❣r❡ss
♦❢ ❞❡♣♦s✐t✐♦♥✳ ❲✐t❤ t❤✐s ♣r♦❣r❛♠✱ t❤❡ ❡♥t✐r❡ ❞❡♣♦s✐t✐♦♥ ♣r♦❝❡ss ✐s ♠♦♥✐t♦r❡❞✳

❆ t❤✐♥ ♠❡t❛❧❧✐❝ ✇❡tt✐♥❣ ❧❛②❡r ✐s ♥❡❝❡ss❛r② t♦ ❣r♦✇ ❝r②st❛❧❧✐♥❡ Ba0.7Sr0.3O ♦♥ ❙✐✭✵✵✶✮✳ ■t
✐s ♣♦ss✐❜❧❡ t♦ ✉s❡ ❡✐t❤❡r ❙r ♦r ❇❛ ♦❢ t❤✐❝❦♥❡ss ✶✲✶✳✷ ▼▲ ❛s ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r✳ ❉❡♣♦s✐t✐♦♥
♦❢ t❤✐s ❧❛②❡r ✐s ❞♦♥❡ ❛t ❛❜♦✉t ✻✺✵◦❈✳ ❋✉rt❤❡r ✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤✐s ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡rs ❛♥❞
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✻ ●❘❖❲❚❍ ❖❋ ❖❳■❉❊ ❆◆❉ ❙■▲■❈❆❚❊ ❖◆ ❙■✭✵✵✶✮ ❙❯❇❙❚❘❆❚❊

❛❜♦✉t t❤❡ ♣♦ss✐❜❧❡ ♦✉t❝♦♠❡s ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❞❡t❛✐❧ ✐♥ ❬✸✻✱ ✸✼❪✳ ❚❤❡ ✜❧♠ Ba0.7Sr0.3O ✐s
❣r♦✇♥ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ ❛❢t❡r t❤❡ ❞❡♣♦s✐t✐♦♥ ♦❢ t❤❡ ♠❡t❛❧❧✐❝ ✐♥t❡r❧❛②❡r✳ ❆❞❥✉st✐♥❣ t❤❡
❝♦rr❡❝t r❛t✐♦ ♦❢ ❇❛❖ ✭aBaO ❂ ✺✳✺✹ ➴✮ ❛♥❞ ❙r❖ ✭aSrO ❂ ✺✳✶✻ ➴✮ ✐s ✈❡r② ✐♠♣♦rt❛♥t ❤❡r❡✳
❇❡❝❛✉s❡ t❤❡ ❧❛tt✐❝❡✲♠❛t❝❤❡❞ ❣r♦✇t❤ r❡❞✉❝❡s t❤❡ ✐♥t❡r❢❛❝❡ str❡ss❡s✱ s♦ ❝r②st❛❧❧✐♥❡ ❣r♦✇t❤
✐s ❢❛✈♦r❡❞✳ ❆t ❛ r❛t✐♦ ♦❢ ✼✵✪ ❇❛❖ ❛♥❞ ✸✵✪ ❙r❖ t❤❡ ❛✈❡r❛❣❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t ❝♦rr❡s♣♦♥❞s
♣r❡tt② ♠✉❝❤ t♦ t❤❛t ♦❢ t❤❡ ❙✐✭✵✵✶✮ s✉r❢❛❝❡ ✭aSi(001) ❂ ✺✳✹✸ ➴✮ ❛s✿ ✵✳✼ · ✭✺✳✺✹ ➴✮ ✰ ✵✳✸ ·
✭✺✳✶✻ ➴✮ ❂ ✺✳✹✷✻ ➴✳

❋✐❣✉r❡ ✻✳✶ ❈r②st❛❧❧✐♥❡ ❜❛r✐✉♠✲str♦♥t✐✉♠ ♠✐①❡❞ ♦①✐❞❡ (Ba0.7Sr0.3O) ❢♦r♠❡❞ ❢r♦♠ ❛♠♦r♣❤♦✉s
❜❛r✐✉♠ ♦①✐❞❡ (BaO) ❛♥❞ str♦♥t✐✉♠ ♦①✐❞❡ (SrO) ❬✸✼❪✳

❚❤❡ ♠❛ss r❛t✐♦ ♦❢ ❇❛ ❛♥❞ ❙r ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ q✉✐t❡ ❡❛s✐❧② ❢r♦♠ t❤❡ ❛t♦♠✐❝ r❛t✐♦
♦❢ ✼✵✪✿✸✵✪ ❜② t❤❡ ❛t♦♠✐❝ ♠❛ss❡s ♦❢ t❤❡ ♠❡t❛❧s ❛s: (0.7 × mmol,Ba)/(0.3 × mmol,Sr) =
(0.7 × 137.3g)/(0.3 × 87.6g) = 3.66✳ ❚❤❡ r❛t✐♦ ♦❢ t❤❡ r❛t❡s ♦❢ t✇♦ ♠❡t❛❧s ♠✉st t❤❡r❡❢♦r❡
❜❡ ✸✳✻✻✳ ❚❤❡ q✉❛rt③ ❝r②st❛❧ ♠✐❝r♦❜❛❧❛♥❝❡ ♠❡❛s✉r❡s t❤❡ ♠❛ss r❛t✐♦ ♦❢ t✇♦ ❡✈❛♣♦r❛t❡❞
♠❛t❡r✐❛❧s✳ ❏✉st ❜❡❢♦r❡ st❛rt✐♥❣ t❤❡ ❞❡♣♦s✐t✐♦♥ ♣r♦❝❡ss✱ ✇❡ ❛❞❥✉st❡❞ t❤❡ r❛t✐♦ ♦❢ Ba ❛♥❞
Sr t♦ ♠❛❦❡ s✉r❡ t❤❛t ✇❡ ❛r❡ ❣r♦✇✐♥❣ t❤❡ ✜❧♠ ♦❢ ♦✉r ❞❡s✐r❡❞ st♦✐❝❤✐♦♠❡tr②✳ ❚❤❡ ✢♦✇ ♦❢
❡✈❛♣♦r❛t✐♦♥ r❛t❡s ❛r❡ r❡❣✉❧❛t❡❞ ❜② ❛❞❥✉st✐♥❣ t❤❡ ✜❧❛♠❡♥t ❝✉rr❡♥t ♠❛♥✉❛❧❧② t♦ t❤❡ ❞❡s✐r❡❞
r❛t✐♦✱ ❜② ❝❤❡❝❦✐♥❣ t❤❡ ❡✈❛♣♦r❛t✐♦♥ r❛t❡ s❡♣❛r❛t❡❧② ❢r♦♠ ❜♦t❤ ♦❢ t❤❡ ❡✈❛♣♦r❛t♦rs ♦♥ t❤❡
♠✐❝r♦❜❛❧❛♥❝❡✳ ❉✉r✐♥❣ t❤✐s r❛t❡ ❛❞❥✉st♠❡♥t t✐♠❡ t❤❡ s❛♠♣❧❡ ✐s ♣r♦t❡❝t❡❞ ❢r♦♠ ❞❡♣♦s✐t✐♦♥
❜② t✉r♥✐♥❣ ✐t t♦ ❛♥♦t❤❡r ❞✐r❡❝t✐♦♥✳ ❇❡❢♦r❡ ♦♣❡♥✐♥❣ t❤❡ s❤✉tt❡r ♦❢ t❤❡ ❡✈❛♣♦r❛t♦rs ✇❡ t✉r♥
♦♥ t❤❡ ♦①②❣❡♥ ✢♦✇ ✇✐t❤ ❛♥ ♦①②❣❡♥✭O2✮ ❜❛❝❦❣r♦✉♥❞ ♣r❡ss✉r❡ ♦❢ 3 × 10−7♠❜❛r ❛♥❞ ❧❛t❡r
♠❡t❛❧s ❛r❡ ❞❡♣♦s✐t❡❞ s✐♠✉❧t❛♥❡♦✉s❧② t♦ ❣r♦✇ Ba0.7Sr0.3O ✜❧♠✳ ❚❤❡ ♦①②❣❡♥ ♣r❡ss✉r❡ ✐s
❞❡t❡r♠✐♥❡❞ ❛s ❛♥ ♦♣t✐♠❛❧ ♣r❡ss✉r❡ ✐♥ ❬✸✻❪✱ ❜❡❝❛✉s❡ ❛t t❤✐s ♣r❡ss✉r❡ t❤❡ ✜❧♠ ✐s ❣r♦✇♥ ✇✐t❤
♣❡r❢❡❝t ♠❛t❝❤ t♦ ❙✐✳ ❚❤❡ ♦①②❣❡♥ ✐s ✐♥tr♦❞✉❝❡❞ t❤r♦✉❣❤ ❛ ✜♥❡ ♣r❡❝✐s✐♦♥ ✈❛❧✈❡ ✐♥t♦ t❤❡ ♠❛✐♥
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✻✳✷ ❍✐❣❤ t❡♠♣❡r❛t✉r❡ ✐♥st❛❜✐❧✐t② ♦❢ ❇❛❙r❖ ❛♥❞ s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥

❝❤❛♠❜❡r ❛♥❞ ❝❛♥ ❜❡ s❡t ❡①❛❝t❧② ✐♥ t❤❡ ♣r❡ss✉r❡ r❛♥❣❡ ✉♣ t♦ ±0.2× 10−7 ♠❜❛r✳

6.2 High temperature instability of BaSrO and silicate formation

■♥ ♦r❞❡r t♦ t❡st t❤❡ t❡♠♣❡r❛t✉r❡ st❛❜✐❧✐t② ♦❢ ♦✉r ▼❖❙ ❞✐♦❞❡✱ ✇❡ ♣❡r❢♦r♠❡❞ t❡♠♣❡r❛t✉r❡
❞❡♣❡♥❞❡♥t st❛❜✐❧✐t② ❡①♣❡r✐♠❡♥ts ❜♦t❤ ♦♥ t❤✐♥ ❛♥❞ t❤✐❝❦ Sr0.3Ba0.7O ✜❧♠s ✉s✐♥❣ ❳P❙✱
❙P❆✲▲❊❊❉ ❛♥❞ ❊❊▲❙ ♠❡❛s✉r❡♠❡♥ts✳ ❲❡ ✉s❡❞ ❜♦t❤ str✉❝t✉r❡❞ ❛♥❞ ✉♥str✉❝t✉r❡❞ ❙✐✭✵✵✶✮
s✉❜str❛t❡s ✐♥ ♦✉r ❡①♣❡r✐♠❡♥ts✳ ❲❡ ❤❛✈❡ ❣r♦✇♥ ❛ ❤✐❣❤✲❦ ♦①✐❞❡ ✜❧♠ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡
✭❘❚✮ ❛♥❞ ♦❜s❡r✈❡❞ ▲❊❊❉ ♣❛tt❡r♥✱ ✇❤✐❝❤ ❝♦♥✜r♠❡❞ ❝r②st❛❧❧✐♥❡ ❣r♦✇t❤ ♦❢ t❤❡ ♦①✐❞❡✳ ■♥
❝❛s❡ ♦❢ t❤✐♥ ✜❧♠ ✇❡ ❣r❡✇ ❜♦t❤ ✷▼▲ ❛♥❞ ✸▼▲ ✜❧♠ ♦♥ ❛ ❙✐✭✵✵✶✮ s✉❜str❛t❡✳ ❆❢t❡r✇❛r❞s ✇❡
❛♥♥❡❛❧❡❞ t❤❡ ♦①✐❞❡ ❛t ❞✐✛❡r❡♥t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡s ❢♦r t❡♥ ♠✐♥✉t❡s ❛♥❞ t♦♦❦ ❳P❙ ❛♥❞
❊❊▲❙ ♠❡❛s✉r❡♠❡♥ts ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❲❡ r❡♣❡❛t❡❞ t❤❡s❡ st❡♣s ✉♣ t♦ t❤❡ t❡♠♣❡r❛t✉r❡
♦❢ ❞❡s♦r♣t✐♦♥ ♦❢ t❤❡ ♦①✐❞❡ ✜❧♠s✳ ❲❤✐❧❡ t❡st✐♥❣ t❤❡ t❤❡r♠❛❧ st❛❜✐❧✐t② ♦❢ ❝r②st❛❧❧✐♥❡ ❇❛❙r❖✱
✇❡ ❡♥❞❡❞ ✉♣ ✐♥ ❛ ♥❡✇ ♣❤❛s❡ ♦❢ ❛♠♦r♣❤♦✉s s✐❧✐❝❛t❡✱ ✇❤✐❝❤ s❤♦✇❡❞ ❛ ❝❡rt❛✐♥ st♦✐❝❤✐♦♠❡tr②
❜♦t❤ ❢♦r t❤✐♥ ❛♥❞ t❤✐❝❦ ❧❛②❡rs ❛❝❝♦r❞✐♥❣ t♦ ❳P❙ ♠❡❛s✉r❡♠❡♥ts✳

❚❤❡ ❤❡❛t✐♥❣ ✐♥t❡r✈❛❧s ❤❛♣♣❡♥❡❞ ✐♥ st❡♣s ♦❢ ✷✵ ♦r ✺✵◦❈✳ ❊❛❝❤ ♦❢ t❤❡s❡ t❡♠♣❡r❛t✉r❡ st❡♣s
✐♥❝❧✉❞✐♥❣ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❳P❙✱ ❊❊▲❙ ❛♥❞ ❙P❆✲▲❊❊❉ ♠❡❛s✉r❡♠❡♥ts t♦♦❦ ❛♣♣r♦①✐✲
♠❛t❡❧② t✇♦ ❤♦✉rs✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❧♦♥❣ ❞✉r❛t✐♦♥ ♦❢ ♠❡❛s✉r❡♠❡♥t ✇❡ ❞✐❞ ♥♦t ✉s❡ ❛❧❧ t❤r❡❡
♠❡t❤♦❞s ♦♥ ❛ s✐♥❣❧❡ s❛♠♣❧❡✳ ❙♦♠❡t✐♠❡s ✇❡ ♣❡r❢♦r♠❡❞ ❳P❙ ♠❡❛s✉r❡♠❡♥ts ❛❧♦♥❣ ✇✐t❤
❊❊▲❙ ♦r s♦♠❡t✐♠❡s ❳P❙ ✇✐t❤ ❙P❆✲▲❊❊❉✳

❍❡r❡ ✇❡ ❝♦♠♣❛r❡ t❤❡ r❡s✉❧ts ♦❢ t❤❡r♠❛❧ st❛❜✐❧✐t② ♦❜t❛✐♥❡❞ ♦♥ ❛♥ ✐♥✐t✐❛❧❧② ✈❡r② t❤✐♥ ✭2−3
▼▲ t❤✐❝❦✮ Sr0.3Ba0.7O ❧❛②❡r ✇✐t❤ t❤♦s❡ ♦❢ ❛ ✺✺ ▼▲ t❤✐❝❦ ❧❛②❡r✳ ❚❤✐s ❝❤♦✐❝❡ ♦❢ t❤✐❝❦♥❡ss❡s
❛❧❧♦✇s ❜♦t❤ t♦ ♠♦♥✐t♦r ♠♦❞✐✜❝❛t✐♦♥s ❛t t❤❡ ✐♥t❡r❢❛❝❡ ❞✉r✐♥❣ t❤❡r♠❛❧ tr❡❛t♠❡♥ts✱ ✇❤✐❝❤ ✐s
st✐❧❧ ✈✐s✐❜❧❡ ✐♥ ❳P❙ ♦❢ ✸▼▲ ♦①✐❞❡✳ ■♥ ♦r❞❡r t♦ st✉❞② t❤❡ ♣r♦♣❡rt✐❡s ♦❢ ❜✉❧❦ ♦①✐❞❡ ♠❛t❡r✐❛❧✱
t❤❡ ✺✺ ▼▲ ♦①✐❞❡ ❧❛②❡rs ❛r❡ ✐♥✈❡st✐❣❛t❡❞✱ ❢♦r t❤❡ ✐♥t❡r❢❛❝❡ ♣r♦♣❡rt✐❡s ❛r❡ ♥♦t ✈✐s✐❜❧❡ ❛♥②
♠♦r❡✱ ✇✐t❤ ▲❊❊❉ ❛♥❞ ❳P❙✳ ❚❤❡ ♠❛❥♦r ❝❤❡♠✐❝❛❧ ❝❤❛♥❣❡s ❛♣♣❡❛r ❛t t❤❡ ❙✐ ✷♣ ❛♥❞ ❖ ✶s
♣❡❛❦s✳ ❋r♦♠ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡ s♣❡❝tr❛ ✇❡ ❝❛♥ s❡❡✱ ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ♦❢ t❡♠♣❡r❛t✉r❡
t❤❡ ♦①✐❞❡ ✭EB = 529.6 ❡❱✮ ❝♦♥✈❡rts ✐♥t♦ s✐❧✐❝❛t❡ ✭EB = 531.6 ❡❱✮ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
❝❤❡♠✐❝❛❧ ❝❤❛♥❣❡s ❛r❡ ✐❞❡♥t✐✜❛❜❧❡ ❝❧❡❛r❧② ❢r♦♠ t❤❡ ❳P❙ s♣❡❝tr❛ ✭✜❣✉r❡✲✻✳✷✮✳

❊✈❡♥ ❛❢t❡r ❡①t❡♥❞❡❞ ❛♥♥❡❛❧✐♥❣ ✉♣ t♦ 400◦C t❤❡ ❧❛②❡rs t✉r♥ ♦✉t t♦ ❜❡ st❛❜❧❡✱ ✇❤❡r❡❛s
❛t ❤✐❣❤❡r ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ❛ tr❛♥s❢♦r♠❛t✐♦♥ s❡ts ✐♥✱ ✇❤✐❝❤ ✐s ♦❜✈✐♦✉s ❢r♦♠ t❤❡
❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ♥❡✇ O1s ♣❡❛❦ ❛t ✺✸✶✳✻ ❡❱✳ ❚❤✐s tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❝♦♠♣❧❡t❡ ❛❢t❡r ❛♥♥❡❛❧✐♥❣
t❤✐s ❧❛②❡r ❛t 580◦C✳ ❋✉rt❤❡r ❛♥♥❡❛❧✐♥❣ st❡♣s ✉♣ t♦ 800◦C s❤♦✇❡❞ t❤❛t t❤❡ ❧❛②❡r r❡♠❛✐♥s
✉♥❝❤❛♥❣❡❞ ✉♣ t♦ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ♦❢ 720◦C✳

❚❤❡ ❳P❙ r❡s✉❧ts ❢♦r t❤❡ ❛s✲❣r♦✇♥ s❛♠♣❧❡s ❛♥❞ ❛❢t❡r t❤♦s❡ ❛♥♥❡❛❧✐♥❣ st❡♣s✱ ✇❤✐❝❤ s❤♦✇s
❝❧❡❛r❧② ✈✐s✐❜❧❡ ❝❤❛♥❣❡s ✐♥ t❤❡ s♣❡❝tr❛✱ ❛r❡ s❤♦✇♥ ❢♦r t❤❡ ❖✶s ❡♠✐ss✐♦♥ ✐♥ ✜❣✉r❡✲✻✳✷ ❛♥❞ ❢♦r
t❤❡ ❙✐✷♣ ❡♠✐ss✐♦♥ ✐♥ ✜❣✉r❡✲✻✳✸✳ ❚❤❡ ❖✶s ♣❡❛❦ ❢r♦♠ t❤❡ ✸▼▲ ♦①✐❞❡ ✭s❡❡ ✜❣✉r❡ ✻✳✷✭❛✮✮ ❛❢t❡r
❣r♦✇t❤ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ s❤♦✇s t❤❡ ✇❡❧❧✲❦♥♦✇♥ t❤r❡❡ ♣❡❛❦s str✉❝t✉r❡✳ ❚❤❡ ❞♦♠✐♥❛♥t
♣❡❛❦ ❛t ✺✷✾✳✻ ❡❱ ❜✐♥❞✐♥❣ ❡♥❡r❣② ✐s ❞✉❡ t♦ t❤❡ ❜✉❧❦ ♦①✐❞❡✱ ❛s s❡❡♥ ❜② ❝♦♠♣❛r✐s♦♥ ✇✐t❤ t❤❡
t❤✐❝❦ ♦①✐❞❡ ✜❣✉r❡ ✻✳✷✭❜✮✮✳ ❚❤❡ ♦t❤❡r t✇♦ ♣❡❛❦s ❛t ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s ♦❢ ✺✸✶✳✷ ❛♥❞ ✺✸✷✳✾ ❡❱
❛r❡ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ✐♥t❡r❢❛❝❡ ❢♦r♠❛t✐♦♥ ✇✐t❤ t❤❡ ❙✐ s✉r❢❛❝❡✱ ❛♥❞ ❤❛✈❡ ❜❡❡♥ ❛ttr✐❜✉t❡❞ t♦

✺✽



✻ ●❘❖❲❚❍ ❖❋ ❖❳■❉❊ ❆◆❉ ❙■▲■❈❆❚❊ ❖◆ ❙■✭✵✵✶✮ ❙❯❇❙❚❘❆❚❊

♠✐①❡❞ ❙✐✲❖✲❙r✭❇❛✮ ❛♥❞ ❙✐✲❖ ❜♦♥❞s ❬✸✼❪ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✉s✱ SiO2 ❢♦r♠❛t✐♦♥ ✐s ❝♦♠♣❧❡t❡❧②
❛✈♦✐❞❡❞ ✉♥❞❡r t❤❡ ❝❤♦s❡♥ ❣r♦✇t❤ ❝♦♥❞✐t✐♦♥s✱ ✇❤✐❝❤ ❜❡❝♦♠❡s ❡✈❡♥ ♠♦r❡ ♦❜✈✐♦✉s ❛s ❝❛♥ ❜❡
s❡❡♥ ❢r♦♠ ❙✐✷♣ s♣❡❝tr❛ ✭s❡❡ ❜❡❧♦✇✮ ❬✸✽❪✳

❋✐❣✉r❡ ✻✳✷✲ O1s s❛♠♣❧❡ ❳P❙ s♣❡❝tr❛ ♦❢ ❛♥ ✐♥✐t✐❛❧❧② ✸ ▼▲ t❤✐❝❦ Sr0.3Ba0.7O ✜❧♠ ✭❛✮ ❛♥❞ ♦❢
❛♥ ✐♥✐t✐❛❧❧② ✺✺ ▼▲ t❤✐❝❦ Sr0.3Ba0.7O ✜❧♠ ✭❜✮✳ ❚❡♠♣❡r❛t✉r❡s ✐♥❞✐❝❛t❡ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s✳
▼❡❛s✉r❡♠❡♥ts ❛r❡ t❛❦❡♥ ❝❧♦s❡ t♦ r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❚❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ❢r♦♠ t❤❡ ♦①✐❞❡ ✭EB ❂
✺✷✾✳✻ ❡❱✮ t♦ t❤❡ s✐❧✐❝❛t❡ ✭ EB ❂ ✺✸✶✳✻ ❡❱✮ ✐s ❝♦♠♣❧❡t❡❞ ❢♦r ✸ ▼▲ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t 580◦C✱ ❛♥❞
❢♦r t❤❡ t❤✐❝❦❡r ♦①✐❞❡ ❛t ❛♥ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ♦❢ 750◦C ❬✸✽❪✳

❚❤❡ s❛♠❡ tr❛♥s❢♦r♠❛t✐♦♥ ✐s ♦❜s❡r✈❡❞ ❢♦r t❤❡ t❤✐❝❦ ♦①✐❞❡ ✜❧♠s✱ ❜✉t t❤❡ tr❛♥s❢♦r♠❛t✐♦♥
❜❡❝♦♠❡s ✈✐s✐❜❧❡ ♦♥❧② ❛t ❤✐❣❤❡r ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s✱ s❡❡ ✜❣✉r❡ ✻✳✷✭❜✮✱ ❛♥❞ t❤❡ ♥❡✇
♣❡❛❦ ✐s s❤✐❢t❡❞ t♦ ✺✸✷✳✵ ❡❱✳ ❚❤❡ ❤✐❣❤❡r ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ r❡q✉✐r❡❞ ❤❡r❡ ✐s ❞✉❡ t♦
❛ ❦✐♥❡t✐❝ ❡✛❡❝t✱ ✇❤✐❝❤ ✐s ♦❜✈✐♦✉s ❢r♦♠ t❤❡ ♦❜s❡r✈❛t✐♦♥s ♦❢ ❙✐✷♣ ❡♠✐ss✐♦♥ ✭s❡❡ ❜❡❧♦✇✮✱
s✐♥❝❡ t❤✐s tr❛♥s❢♦r♠❛t✐♦♥ r❡q✉✐r❡s ❞✐✛✉s✐♦♥ ♦❢ ❙✐ ❢r♦♠ t❤❡ ❙✐ ❜✉❧❦ t❤r♦✉❣❤ t❤❡ ♦①✐❞❡
❧❛②❡r ✐♥ ♦r❞❡r t♦ ❜❡❝♦♠❡ ✈✐s✐❜❧❡ ✇✐t❤ ❳P❙✳ ❚❤❡r❡❢♦r❡✱ t❤✐s tr❛♥s❢♦r♠❛t✐♦♥ ✐s ❢♦✉♥❞ t♦ ❜❡
❝♦♠♣❧❡t❡❞ ♦♥❧② ❝❧♦s❡ t♦ 750◦C ❢♦r t❤❡ t❤✐❝❦ ♦①✐❞❡ ❧❛②❡r✳ ❆t ❤✐❣❤❡r ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s✱
❞❡s♦r♣t✐♦♥ ♦❢ t❤❡ tr❛♥s❢♦r♠❡❞ ❧❛②❡r ❜❡❝♦♠❡s ♦❜✈✐♦✉s ❡✈❡♥ ❢♦r t❤❡ t❤✐❝❦ ❧❛②❡rs✳ ❋♦r t❤❡ t❤✐♥
❧❛②❡r✱ ❞❡s♦r♣t✐♦♥ ✐s ✈✐s✐❜❧❡ ❛❧r❡❛❞② ❜❡t✇❡❡♥ 720 ❛♥❞ 740◦C✳ ❚❤❡ t❤✐❝❦ ❧❛②❡r ✐s ❝♦♠♣❧❡t❡❧②
r❡♠♦✈❡❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ❛t 900◦C✳ ❚❤❡ s♠❛❧❧ ❞✐✛❡r❡♥❝❡s ✐♥ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡✱ ✇❤❡r❡
✇❡ s❡❡ t❤❡ s❛♠❡ ❜❡❤❛✈✐♦r✱ ❛r❡ ♠♦st ❧✐❦❡❧② ❝❛✉s❡❞ ❜② t❤❡ ❤✐❣❤❡r s❡♥s✐t✐✈✐t② ♦❢ t❤❡ t❤✐♥
❧❛②❡r✳ ❙✐♥❝❡ st❛❜✐❧✐t② ♦❢ t❤✐♥ ❛♥❞ t❤✐❝❦ ❧❛②❡rs ❛r❡ ✈❡r② ❝♦♠♣❛r❛❜❧❡✱ t❤✐s ❝❛♥ ❜❡ t❛❦❡♥ ❛s
❛♥ ✐♥❞✐❝❛t✐♦♥ ❢♦r ❝♦♠♣❧❡t❡ ✇❡tt✐♥❣ ❛❧s♦ ♦❢ t❤❡ tr❛♥s❢♦r♠❡❞ ❧❛②❡rs✳

▼♦r❡ ❞❡t❛✐❧s ♦❢ t❤✐s tr❛♥s❢♦r♠❛t✐♦♥ ❛r❡ s❡❡♥ ❢r♦♠ t❤❡ ❙✐ ✷♣ ♣❡❛❦✳ ❆❢t❡r ❢♦r♠❛t✐♦♥ ♦❢
t❤❡ ✸ ▼▲ t❤✐❝❦ ♦①✐❞❡✱ t❤❡ s♣❡❝tr✉♠ ✐s ❞♦♠✐♥❛t❡❞ ❜② t❤❡ Si ❜✉❧❦ ♣❡❛❦ ❛t ✾✾✳✾ ❡❱✱ ✇❤✐❝❤
❛♣♣❡❛rs t♦❣❡t❤❡r ✇✐t❤ ❛ s❤♦✉❧❞❡r ❛t ✶✵✶✳✹ ❡❱✱ ❝❤❛r❛❝t❡r✐st✐❝ ❢♦r t❤❡ ❜♦♥❞s ❜❡t✇❡❡♥ ❙✐ ❛♥❞
t❤❡ ♦①✐❞❡ ❧❛②❡r ❬✸✼❪✳
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✻✳✷ ❍✐❣❤ t❡♠♣❡r❛t✉r❡ ✐♥st❛❜✐❧✐t② ♦❢ ❇❛❙r❖ ❛♥❞ s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥

❋✐❣✉r❡ ✻✳✸✲ ❙✐ ✷♣ s❛♠♣❧❡ s♣❡❝tr❛✱ s✐♠✐❧❛r t♦ ✜❣✉r❡ ✻✳✷ ❢♦r ❛♥ ✐♥✐t✐❛❧ ♦①✐❞❡ t❤✐❝❦♥❡ss ♦❢ ✸▼▲ ✭❛✮
❛♥❞ ♦❢ ✺✺▼▲ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ t♦ t❤❡ t❡♠♣❡r❛t✉r❡s ✐♥❞✐❝❛t❡❞✳ ❚❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛t❡ ♣❡❛❦
❛t ✶✵✷✳✷ ❡❱ ❝❛♥ ❜❡ ❝❧❡❛r❧② s❡❡♥✳ ❚❤❡ s❤✐❢t ♦❢ t❤❡ ✐♥✐t✐❛❧ ❜✉❧❦ ❙✐ ♣❡❛❦ ❢r♦♠ ✾✾✳✾ t♦ ✾✾✳✺ ❡❱ ✐♥ ✭❛✮
✐s ❛ttr✐❜✉t❡❞ t♦ ❜❛♥❞ ❜❡♥❞✐♥❣✱ ✇❤❡r❡❛s t❤❡ ❢✉rt❤❡r s❤✐❢t ✐♥ ✭❜✮ ❛❢t❡r ❞❡s♦r♣t✐♦♥ ♦❢ ♠♦st ♦❢ t❤❡
s✐❧✐❝❛t❡ ❛t ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡s ❜❡t✇❡❡♥ ✽✺✵ ❛♥❞ ✾✵✵◦❈ ✐s ✐♥❞✐❝❛t✐✈❡ ♦❢ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❇❛
s✐❧✐❝✐❞❡ ❬✸✽❪✳

❆s ♠❡♥t✐♦♥❡❞✱ ♥♦ tr❛❝❡s ♦❢ ❛ SiO2 ♣❡❛❦✱ ❡①♣❡❝t❡❞ ❛t ✶✵✸✳✸ ❡❱ ❬✶✵❪✱ ❛r❡ ✈✐s✐❜❧❡✳ ■ts
♣♦s✐t✐♦♥ ✐s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ ❧❡❢t ❛rr♦✇ ✐♥ ✜❣✉r❡ ✻✳✸✭❛✮✳ ❊✈❡♥ ❛❢t❡r ❡①t❡♥❞❡❞ ❛♥♥❡❛❧✐♥❣ ✉♣
t♦ ❞❡s♦r♣t✐♦♥ t❡♠♣❡r❛t✉r❡s ♦❢ t❤❡ ✜❧♠✱ ♥♦ ✐♥t❡♥s✐t② ✐s ❡✈❡r ❞❡t❡❝t❡❞ ❛t t❤✐s ❜✐♥❞✐♥❣ ❡♥❡r❣②❀
✐✳❡✱ ❢♦r♠❛t✐♦♥ ♦❢ SiO2 ❝❛♥ ❜❡ ❡①❝❧✉❞❡❞ ✉♥❞❡r ❛❧❧ ❝♦♥❞✐t✐♦♥s ❢r♦♠ t❤❡s❡ ♠✐①❡❞ ♦①✐❞❡ ❧❛②❡rs✳

❍❡❛t✐♥❣ t♦ 440◦C ❢♦r ✺ ♠✐♥ r❡s✉❧ts ✐♥ t❤❡ ❛♣♣❡❛r❛♥❝❡ ♦❢ ❛ ♥❡✇ ♣❡❛❦✱ ✜rst ❛t ✶✵✷✳✻ ❡❱✱
✇❤✐❝❤ s❤✐❢ts ✇✐t❤ ❣r♦✇✐♥❣ ✐♥t❡♥s✐t② t♦ ✶✵✷✳✷ ❡❱✳ ❚❤✐s ♣❡❛❦ ✐♥ ♣❤♦t♦✲❡♠✐ss✐♦♥ ❝♦✐♥❝✐❞❡s ✈❡r②
✇❡❧❧ ✇✐t❤ t❤❛t ❢♦✉♥❞ ❞✉r✐♥❣ ♦①✐❞❛t✐♦♥ ♦❢ ❙r ♦♥ ❙✐✭✵✵✶✮ ❛t 500◦C ❬✸✾❪✱ ✇❤✐❝❤ ✐s ❛s❝r✐❜❡❞
t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛ s✐❧✐❝❛t❡✳ ❙✐♠✐❧❛r ❡①♣❡r✐♠❡♥ts ✇✐t❤ Ba ❡✈❛♣♦r❛t✐♦♥ ✐♥ ❛♥ ♦①②❣❡♥
❛t♠♦s♣❤❡r❡ ❛t t❤❡s❡ t❡♠♣❡r❛t✉r❡s r❡s✉❧t❡❞ ✐♥ Ba2SiO4 ❢♦r♠❛t✐♦♥ ❬✹✵❪✳ ❚❤❡r❡❢♦r❡✱ t❤✐s
❳P❙ r❡s✉❧t s❤♦✇s✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤♦s❡ ❥✉st ♠❡♥t✐♦♥❡❞✱ t❤❛t ❛t ❡❧❡✈❛t❡❞ t❡♠♣❡r❛t✉r❡s
❛r♦✉♥❞ ♦r ❛❜♦✈❡ 500◦C✱ s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ t❛❦❡s ♣❧❛❝❡✳ ❚❤✐s ♣r♦❝❡ss ♦❝❝✉rs ❜② ❞✐✛✉s✐♦♥ ♦❢
❙✐ ❛t♦♠s ❛t t❤❡ ✐♥t❡r❢❛❝❡ ❛♥❞ ✐ts ❢✉rt❤❡r ♣r♦♣❛❣❛t✐♦♥ ♦r ❞✐✛✉s✐♦♥ ✐♥t♦ t❤❡ ♦①✐❞❡✳ ❚❤❛t✬s
✇❤② ✇❡ ❝❛♥ s❡❡ ❛ ❧❛②❡r t❤✐❝❦♥❡ss ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝♦♥✈❡rs✐♦♥✱ ✇❤✐❝❤ ✇❡ ❝❤❡❝❦❡❞ ❛t
t❤❡ ❞✐✛❡r❡♥t ❝♦♥✈❡rs✐♦♥ t❡♠♣❡r❛t✉r❡s ❛♥❞ ❛❧s♦ ♦♥ ✈❛r✐♦✉s ✐♥s✉❧❛t♦r ✜❧♠ t❤✐❝❦♥❡ss❡s✳ ❚❤❡
s❤✐❢t ♦❢ t❤❡ s✐❧✐❝❛t❡ ♣❡❛❦ ❢r♦♠ ✶✵✷✳✻ t♦ ✶✵✷✳✷ ❡❱ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ s❤✐❢t ♦❢ t❤❡ ❜✉❧❦ ❙✐
♣❡❛❦ ❢r♦♠ ✾✾✳✾ t♦ ✾✾✳✺ ❡❱✱ ❛♥❞ ♠❛②✱ t❤❡r❡❢♦r❡✱ ❜❡ ❝❛✉s❡❞ ❜② ❜❛♥❞ ❜❡♥❞✐♥❣ ❞✉r✐♥❣ t❤❡
tr❛♥s❢♦r♠❛t✐♦♥✳
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6.2.1 Stoichiometry of newly formed silicate

❲❡ ✜rst ❞❡t❡r♠✐♥❡❞ t❤❡ r❡❧❛t✐✈❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤✐❝❦ s✐❧✐❝❛t❡ ❧❛②❡rs ✉s✐♥❣ t❤❡ r❡❧❛t✐✈❡
✐♥t❡♥s✐t✐❡s✱ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✻✳✹✱ ❛t t❤❡ ❝♦♠♣❧❡t✐♦♥ ♦❢ s✐❧✐❝❛t❡ tr❛♥s❢♦r♠❛t✐♦♥ ❜❡t✇❡❡♥
✼✺✵◦ ❛♥❞ ✽✵✵◦❈ t♦❣❡t❤❡r ✇✐t❤ ♦✉r ♠❡❛s✉r❡❞ ❳P❙ ♣❤♦t♦❡♠✐ss✐♦♥ ✐♥t❡♥s✐t✐❡s ♦❢ ❇❛✱ ❙r✱
❖ ❛♥❞ ❙✐ ❢♦r t❤❡ t❤✐❝❦ Sr0.3Ba0.7O ❧❛②❡r ❛♥❞ ❢♦r t❤❡ ❝❧❡❛♥ ❙✐✭✶✵✵✮ s✉r❢❛❝❡✱ r❡s♣❡❝t✐✈❡❧②✱
❢♦r ✇❤✐❝❤ ❛❜s♦❧✉t❡ ❞❡♥s✐t✐❡s ♦❢ t❤❡s❡ ❡❧❡♠❡♥ts ❛r❡ ❦♥♦✇♥✳ ❍❡r❡ ✇❡ ❤❛✈❡ t♦ ❛ss✉♠❡ ❛
❤♦♠♦❣❡♥❡♦✉s ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ s✐❧✐❝❛t❡ t❤r♦✉❣❤♦✉t t❤❡ s✐❧✐❝❛t❡ ❧❛②❡r✳ ❲✐t❤✐♥ ❛♥ ❡rr♦r ❧✐♠✐t
♦❢ ✶✵✪ ✇❡ ♦❜t❛✐♥❡❞ r❛t✐♦s ✭❇❛✰❙r✮✿❖ ♦❢ ✵✳✺✱ ✭❇❛✰❙r✮✿❙✐ s❧✐❣❤t❧② ❜❡❧♦✇ ✷✱ ❛♥❞ ❇❛✿❙r ❂ ✹✳
❚❤❡s❡ ✈❛❧✉❡s ❛r❡ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ st♦✐❝❤✐♦♠❡tr② ♦❢ (Ba0.8Sr0.2)2SiO4✳

❋✐❣✉r❡ ✻✳✹ ✲ P❡❛❦ ✐♥t❡♥s✐t✐❡s ❛s ❛
❢✉♥❝t✐♦♥ ♦❢ ❛♥♥❡❛❧✐♥❣ t❡♠♣❡r❛t✉r❡ ❢♦r
✺✺▼▲ Sr0.3Ba0.7O✳ P❡❛❦s ❛r❡ ♥♦r♠❛❧✲
✐③❡❞ t♦ t❤❡ ✈❛❧✉❡ ❛t t❤❡ ❧♦✇❡st ❛♥♥❡❛❧✲
✐♥❣ t❡♠♣❡r❛t✉r❡ ❢♦r ❇❛✱ ❙r ❛♥❞ ❖✳ ■♥
❝♦♥tr❛st✱ t❤❡ ❙✐ ♣❡❛❦s ❛r❡ s❡t t♦ ✉♥✐t②
❛t t❤❡✐r ❤✐❣❤❡st ✐♥t❡♥s✐t✐❡s ❬✸✽❪✳

❚❤✐s st♦✐❝❤✐♦♠❡tr② ✐s ❢✉rt❤❡r ❝♦rr♦❜♦r❛t❡❞ ❜② ❛ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❝r②st❛❧❧♦❣r❛♣❤✐❝ ❞❛t❛
❬✹✼✱ ✹✽❪ ❢♦r t❤✐s ❝♦♠♣♦✉♥❞✳ ❋r♦♠ t❤❡s❡ ❞❛t❛✱ ❡✳❣✳✱ ❛♥ ❛❜s♦❧✉t❡ ❞❡♥s✐t② ♦❢ ♦①②❣❡♥ ✐♥ t❤❡
♠✐①❡❞ ❇❛❙r s✐❧✐❝❛t❡ ♦❢ 3.70 × 1022cm3 ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞✱ ✇❤✐❝❤ ❡①❛❝t❧② ❝♦rr❡s♣♦♥❞s t♦
t❤❡ ♦❜s❡r✈❡❞ ✺✵✪ ✐♥❝r❡❛s❡ ♦❢ ❖✶s s✐❣♥❛❧ ✐♥ ❳P❙ r❡❧❛t✐✈❡ t♦ t❤❡ Sr0.3Ba0.7O ❧❛②❡r ♦❜s❡r✈❡❞
❜② ✉s ✭s❡❡ ✜❣✉r❡ ✻✳✹✮✳ ❚❤❡r❡❢♦r❡✱ t❤✐s ♠❡❛s✉r❡❞ ✐♥❝r❡❛s❡ ♦❢ ♦①②❣❡♥ ❞❡♥s✐t② ✐s ♥♦t ❛♥
❛rt✐❢❛❝t✱ ❜✉t ♠❡❛♥s t❤❛t t❤❡ ❡✛❡❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss ♠✉st s❤r✐♥❦ ❛❝❝♦r❞✐♥❣❧② ❞✉r✐♥❣ t❤❡
tr❛♥s❢♦r♠❛t✐♦♥ t♦ s✐❧✐❝❛t❡✳ ❚❤❡ t❤❡r♠❛❧ tr❡❛t♠❡♥t✱ ♦♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧❡❛❞s t♦ ♣r❡❢❡r❡♥t✐❛❧
❞❡s♦r♣t✐♦♥ ♦❢ ❙r s♦ t❤❛t t❤❡ ♦r✐❣✐♥❛❧ ♠❡t❛❧ ❝♦♠♣♦s✐t✐♦♥ ✐s ❝❤❛♥❣❡❞ ❛♥❞ t❤❡ ❙r ❝♦♥t❡♥t ✐s
r❡❞✉❝❡❞✳ ❋✉rt❤❡r ❞❡s❝r✐♣t✐♦♥ ❛❜♦✉t t❤✐s s✐❧✐❝❛t❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ❛t ❬✸✽❪✳

6.3 Formation and spectroscopic observation of Ba2SiO4

❲❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✭Ba2SiO4✮ ❢♦r♠❛t✐♦♥ ❜♦t❤ ♦♥ str✉❝t✉r❡❞ ❛♥❞ ✉♥str✉❝✲
t✉r❡❞ s❛♠♣❧❡s✳ ❚❤❡ s✉❜str❛t❡ str✉❝t✉r✐♥❣✱ ❝❧❡❛♥✐♥❣ ❛♥❞ ❞❡♣♦s✐t✐♦♥ ❝♦♥❞✐t✐♦♥s ❛r❡ s✐♠✐❧❛r
t♦ Sr0.3Ba0.7O✱ ❛s ❞❡s❝r✐❜❡❞ ❛❜♦✈❡ ✭s❡❝t✐♦♥ ✺✮✳

❆❢t❡r ✇❡t ❝❤❡♠✐❝❛❧ ❝❧❡❛♥✐♥❣ ♦❢ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡✱ ✇❡ ✐♥st❛❧❧❡❞ ✐t ✐♥s✐❞❡ ❯❍❱ ❛♥❞
❞❡❣❛ss❡❞ t❤❡ s❛♠♣❧❡ ❛t t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ ✺✺✵◦❈ ♦✈❡r♥✐❣❤t ✭ ✶✷ ❤r✮✳ ❆❢t❡r t❤❛t ✇❡ ❝♦♦❧❡❞
t❤❡ s❛♠♣❧❡ ✇✐t❤ ❧✐q✉✐❞ ♥✐tr♦❣❡♥ ❢♦r ✶✳✺ ❤♦✉rs ❛♥❞ s✉❜s❡q✉❡♥t❧② st❛rt❡❞ t❤❡ ✢❛s❤✐♥❣ ♣r♦❝❡ss
♦❢ t❤❡ s❛♠♣❧❡ ❛t ❛❜♦✉t ✶✵✻✵◦❈ t♦ r❡♠♦✈❡ t❤❡ ❤②❞r♦❣❡♥ t❡r♠✐♥❛t✐♦♥✱ ♥❛t✐✈❡ ♦①✐❞❡s ❛♥❞
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❝❛r❜♦♥ ❝♦♥t❛♠✐♥❛♥ts✳ ◆❡①t ✇❡ ♦❜s❡r✈❡❞ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✇✐t❤ ❳P❙ t♦ ❝♦♥✜r♠ t❤❛t
t❤❡ ❝❛r❜♦♥ ❛♥❞ ♦①✐❞❡ ❝♦♠♣♦✉♥❞s ❛r❡ ❝♦♠♣❧❡t❡❧② r❡♠♦✈❡❞ ❢r♦♠ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳ ❚♦
❝❤❡❝❦ t❤❡ ❝r②st❛❧❧✐♥✐t② ✇❡ ✉s❡❞ ❙P❆✲▲❊❊❉ ❛♥❞ ❤❛✈❡ s❡❡♥ ✭2×1✮ r❡❝♦♥str✉❝t✐♦♥ ♦❢ ❙✐✭✵✵✶✮
s✉r❢❛❝❡✳

❋✐❣✉r❡ ✻✳✺ ✲ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ♦❢
✭✷×✶✮ r❡❝♦♥str✉❝t❡❞ ❙✐✭✵✵✶✮ s✉r❢❛❝❡✳

❆t t❤✐s st❛❣❡✱ ✇❡ r♦t❛t❡❞ t❤❡ s❛♠♣❧❡ ♠❛♥✐♣✉❧❛t♦r ❛♥❞ ❦❡♣t ✐t ❛✇❛② ❢r♦♠ t❤❡ ❡✈❛♣♦r❛t♦rs
t♦ ♣r♦t❡❝t t❤❡ s❛♠♣❧❡ ❢r♦♠ ❛♥② ✉♥❡①♣❡❝t❡❞ ❡✈❛♣♦r❛t✐♦♥ ♦♥ ✐t✳ ❲❡ t✉r♥❡❞ ♦♥ t❤❡ ❡✈❛♣♦r❛✲
t✐♦♥ ♦♥ q✉❛rt③ ♠✐❝r♦❜❛❧❛♥❝❡ t♦ ❞❡t❡r♠✐♥❡ ❛ ❞❡♣♦s✐t✐♦♥ r❛t❡ ♦❢ ❜❛r✐✉♠ ❛♥❞ t♦ ❛❞❥✉st t❤❡
❣❡♦♠❡tr✐❝❛❧ ❢❛❝t♦r✳ ❖♥❝❡ ✜♥✐s❤❡❞✱ ✇❡ r♦t❛t❡❞ t❤❡ s❛♠♣❧❡ t♦ t❤❡ ♣♦s✐t✐♦♥ ♦❢ ❡✈❛♣♦r❛t✐♦♥✱
❦❡❡♣✐♥❣ t❤❡ s❤✉tt❡rs ♦❢ t❤❡ ❡✈❛♣♦r❛t♦rs ❝❧♦s❡❞✳ ❚❤❡ ❛❝t✉❛❧ ❧❛②❡r ❞❡♣♦s✐t✐♦♥ ♣r♦❝❡ss ❝❛♥
♥♦✇ ❜❡❣✐♥✳

❆❢t❡r t❤❡ ❞❡♣♦s✐t✐♦♥ ✇❛s ❞♦♥❡✱ ✇❡ ♦❜s❡r✈❡❞ t❤❡ s❛♠♣❧❡ ❜② ❳P❙✱ ❛❧❧ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝
♣❡❛❦s ✇❡r❡ ♣r❡s❡♥t ❛♥❞ ❜② ❙P❆✲▲❊❊❉ ✇❡ ♦❜s❡r✈❡❞ ♥♦ ❝r②st❛❧❧✐♥❡ str✉❝t✉r❡✱ ♠❡❛♥s t❤❡
❣r♦✇♥ ♦①✐❞❡ ✇❛s ❛♠♦r♣❤♦✉s✳ ❆❢t❡r✇❛r❞s ✇❡ st❛rt❡❞ ❤❡❛t✐♥❣ t❤❡ s❛♠♣❧❡ t♦ t❡♠♣❡r❛t✉r❡s
❜❡t✇❡❡♥ ✻✺✵◦✲✼✵✵◦❈ ❢♦r ✹✺♠✐♥ ❛♥❞ t✉r♥❡❞ ♦✛ t❤❡ ❤❡❛t✐♥❣✳ ❖♥❝❡ t❤❡ s❛♠♣❧❡ r❡❛❝❤❡❞
r♦♦♠ t❡♠♣❡r❛t✉r❡ ✇❡ ✐♥✈❡st✐❣❛t❡❞ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡ ✇✐t❤ ❙P❆✲▲❊❊❉ ❛❣❛✐♥ ❛♥❞ s❛✇ ❛
❝r②st❛❧❧✐♥❡ str✉❝t✉r❡ ♦❢ Ba2SiO4 ✭s❡❡ ❜❡❧♦✇ ❢♦r ❞❡t❛✐❧s✮✳ ❚❤❡ ❢♦r♠❛t✐♦♥ ♠❡❝❤❛♥✐s♠ ♦❢
t❤✐s s✐❧✐❝❛t❡ ✐s s✐♠✐❧❛r t♦ (Ba0.8Sr0.2)2SiO4 ❛s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ ❤❡r❡ ❛❧s♦ s✐❧✐❝♦♥ ❞✐✛✉s❡❞
❢r♦♠ t❤❡ s✉❜str❛t❡ ✐♥t♦ t❤❡ ♦①✐❞❡ ❛♥❞ ❢♦r♠❡❞ ❜❛r✐✉♠ s✐❧✐❝❛t❡✳ ❆t t❤✐s st❛❣❡ t❤❡ ♣r♦❝❡ss ♦❢
s❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥ ✐s ❝♦♠♣❧❡t❡❞ ❛♥❞ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ s❛♠♣❧❡ ✐s ❝❤❡❝❦❡❞ ❜② ❳P❙✱ ❊❊▲❙
❛♥❞ ❙P❆✲▲❊❊❉ ✐♥✲s✐t✉✳
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✭❛✮ ✭❜✮

❋✐❣✉r❡ ✻✳✻ ✲ ✭❛✮ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ✐♥t❡r❢❛❝✐❛❧ ❛t♦♠s ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ♦♥ r❡❝♦♥str✉❝t❡❞
❙✐✭✵✵✶✮ s✉r❢❛❝❡✳ ✭❜✮ t✇♦ ❢❛✈♦r❛❜❧❡ ❞♦♠❛✐♥ ♦r✐❡♥t❛t✐♦♥s ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡✳

❆ ✇❡❧❧ tr❛♥s❢♦r♠❡❞ Ba2SiO4 s❛♠♣❧❡ ✐s ❝r②st❛❧❧✐♥❡ ♦♥ t❤❡ s✐❧✐❝♦♥ s✉r❢❛❝❡✱ ❛s ✇❡ ❤❛✈❡
s❡❡♥ ❢r♦♠ ❙P❆✲▲❊❊❉ ♠❡❛s✉r❡♠❡♥ts✳ ■t ❢♦r♠s ❛♥ ♦rt❤♦r❤♦♠❜✐❝ ❝r②st❛❧❧✐♥❡ str✉❝t✉r❡ ❛t
t❤❡ ✭✷×✶✮ r❡❝♦♥str✉❝t❡❞ ❙✐ s✉r❢❛❝❡ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✻✳✻✳ ■♥ t❤✐s ✜❣✉r❡ t❤❡ ❣r❛② ❞♦ts
r❡♣r❡s❡♥t t❤❡ ❞✐✛r❛❝t✐♦♥ s♣♦ts ❢r♦♠ s✐❧✐❝♦♥ ❛t♦♠s ❛♥❞ ♦r❛♥❣❡ ❞♦ts ❛r❡ ❢r♦♠ Ba2SiO4✳ ■♥
s❡❝♦♥❞ ✐♠❛❣❡ ✇❡ ❝❛♥ s❡❡ t✇♦ ♣♦ss✐❜❧❡ ❞♦♠❛✐♥s ♦❢ s✐❧✐❝❛t❡ ♦♥ s✐❧✐❝♦♥ s✉r❢❛❝❡✱ ✇❤✐❝❤ ❛r❡
♣❡r♣❡♥❞✐❝✉❧❛r t♦ ❡❛❝❤ ♦t❤❡r✳ ❇② ❝♦♠♣❛r✐♥❣ t❤❡ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ♦❢ ❇❛r✐✉♠ ❙✐❧✐❝❛t❡ ❛♥❞
r❡❝♦♥str✉❝t❡❞ ❙✐✭✵✵✶✮ s✉r❢❛❝❡✱ ✇❡ ❞❡t❡r♠✐♥❡❞ t❤❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t ♦❢ Ba2SiO4✳

❚♦ ♦❜s❡r✈❡ t❤❡ ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ♥❡✇❧② tr❛♥s❢♦r♠❡❞ ❜✉❧❦ s✐❧✐❝❛t❡ ✇❡ t♦♦❦
❳P❙ ♠❡❛s✉r❡♠❡♥ts✳ ❲❡ ✉s❡❞ ❳P❙ t♦ ♦❜s❡r✈❡ t❤❡ ❡①♣❡❝t❡❞ ♣❡❛❦ ♣♦s✐t✐♦♥s ♦❢ ❜❛r✐✉♠✱
♦①②❣❡♥ ❛♥❞ s✐❧✐❝♦♥ ❛t♦♠s ✐♥ t❤❡ ♦✈❡r✈✐❡✇ s♣❡❝tr✉♠✳ ■♥ ❝❛s❡ ♦❢ t❤✐♥ ❧❛②❡rs ✭< 20ML✮✱ t❤❡
❙✐ ♣❡❛❦s ❢r♦♠ t❤❡ ✐♥t❡r❢❛❝❡ ❛r❡ ❛❧s♦ ✈✐s✐❜❧❡✳ ❉❡t❛✐❧❡❞ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤✐s ❳P❙ s♣❡❝tr✉♠
❛r❡ ❞✐s❝✉ss❡❞ ✐♥ ❧❛st ❝❤❛♣t❡r ❜❡❧♦✇✳ ❚❤❡r❡ s❤♦✉❧❞ ♥♦t ❜❡ ❛♥② ♦t❤❡r ♣❡❛❦s ❧✐❦❡ ❈✶s✱ ✇❤✐❝❤
✇♦✉❧❞ ✐♥❞✐❝❛t❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❞✐rt ♦r ✐♠♣✉r✐t② ❝❛✉s❡❞ ❜② ✐♥s✉✣❝✐❡♥t ❣♦♦❞ ♣r❡ss✉r❡ ✐♥ t❤❡
❝❤❛♠❜❡r✳ ❇❛❞ ♣r❡ss✉r❡ ❝❛♥ ❛r✐s❡ ❞✉❡ t♦ ✐♥s✉✣❝✐❡♥t ❞❡❣❛ss✐♥❣ ♦❢ t❤❡ ❡✈❛♣♦r❛t♦rs ♦r ❞✉❡
t♦ ❧❡❛❦ ✐♥ t❤❡ ❯❍❱ ❝❤❛♠❜❡r✳

6.4 Protecting dielectrics from ambient atmosphere

❆❢t❡r r❡♠♦✈❛❧ ♦❢ t❤❡ ✜♥✐s❤❡❞ str✉❝t✉r❡❞ s❛♠♣❧❡ ❢r♦♠ t❤❡ ❯❍❱✱ t❤❡r❡ ❤❛✈❡ ❛❧✇❛②s ❜❡❡♥
♣r♦❜❧❡♠s r❡❣❛r❞✐♥❣ t❤❡ st❛❜✐❧✐t② ♦❢ t❤❡ ✜❧♠s✳ ❚❤❡ Ba0.7Sr0.3O ✜❧♠s ❛r❡ ♠♦r❡ ❤②❣r♦s❝♦♣✐❝
❛♥❞ ❤✐❣❤❧② r❡❛❝t✐✈❡ ✐♥ ❝♦♥t❛❝t ✇✐t❤ ✇❛t❡r ❝♦♠♣❛r❡❞ t♦ Ba2SiO4✳

❋♦r ♣r♦t❡❝t✐♦♥✱ t❤❡r❡❢♦r❡✱ ❢♦r ♣r♦t❡❝t✐♦♥ t❤❡ s❛♠♣❧❡s ❛r❡ ❝♦✈❡r❡❞ ✇✐t❤ ❛ ❆✉ ❧❛②❡r ❜❡❢♦r❡
❜❡✐♥❣ t❛❦❡♥ ♦✉t ♦❢ t❤❡ ❯❍❱✳ ❍♦✇❡✈❡r✱ t❤❡ ♣r♦t❡❝t✐♦♥ ♦❢ t❤❡ ✜❧♠s ✇❛s ♥♦t ♣♦ss✐❜❧❡ ✐♥
♠❛♥② ❝❛s❡s ♦❢ Ba0.7Sr0.3O✱ ♦r ✇❛s ♦♥❧② ♣♦ss✐❜❧❡ ❢♦r ❛ ✈❡r② s❤♦rt t✐♠❡ ✭✶♠✐♥✳ t♦ ❛ ❢❡✇
❤♦✉rs✮✳ ❱✐s✉❛❧❧②✱ t❤❡ ✐♥st❛❜✐❧✐t② ♦❢ t❤❡ ▼❖❙ ❞✐♦❞❡ ✐s s❡❡♥ ❢r♦♠ t❤❡ ✈✐♦❧❡♥t ❡①♦t❤❡r♠✐❝
❡①♣❧♦s✐✈❡ r❡❛❝t✐♦♥ t❤r♦✉❣❤ t❤❡ ❆✉ ✜❧♠✱ ❛s ✐t ✐s ❝❧❡❛r❧② s❡❡♥ ✐♥ ❋✐❣✳✻✳✼✭❛✮✱ ✇❤✐❝❤ ♠✐❣❤t ❜❡
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✻✳✹ Pr♦t❡❝t✐♥❣ ❞✐❡❧❡❝tr✐❝s ❢r♦♠ ❛♠❜✐❡♥t ❛t♠♦s♣❤❡r❡

❞✉❡ t♦ t❤❡ ♣❡♥❡tr❛t✐♦♥ ♦❢ ✇❛t❡r t❤r♦✉❣❤ t❤❡ ❆✉ ❧❛②❡r ❛♥❞ t❤❡ s✉❜s❡q✉❡♥t r❡❛❝t✐♦♥ ♦❢ t❤❡
♦①✐❞❡ t♦ ❤②❞r♦①✐❞❡✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❡ ✻✳✼ ✲ ✭❛✮ ❊✛❡❝t ♦❢ ❞✐rt ♦♥ s✉❜str❛t❡✱ ✭❜✮ ❲✐t❤ t❤✐♥ ❣♦❧❞ ❧❛②❡r ❛♥❞ ✭❝✮ ✇✐t❤ s✉✣❝✐❡♥t❧②
t❤✐❝❦ ❣♦❧❞ ❧❛②❡r✳

❖♥❡ ❝❛✉s❡ ♦❢ ✐♥st❛❜✐❧✐t② ✐s t❤❡ ♣♦♦r ❛❞❤❡s✐♦♥ ♦❢ ❆✉ t♦ ♦①✐❞❡✳ ❚❤r♦✉❣❤ t❤❡ ❣❛♣ ❜❡t✇❡❡♥
❞✐❡❧❡❝tr✐❝ ❛♥❞ ❆✉✱ ✇❛t❡r ❝❛♥ r❡❛❝❤ t♦ t❤❡ ♦①✐❞❡ ♠♦r❡ ❡❛s✐❧②✳ ❉✉❡ t♦ ❧♦✇ s✉r❢❛❝❡ ❡♥❡r❣② ♦❢
♦①✐❞❡s ❝♦♠♣❛r❡❞ ✇✐t❤ ❆✉✱ t❤❡r❡ ✇♦✉❧❞ ❜❡ ✇❡❛❦ ❜✐♥❞✐♥❣ ❜❡t✇❡❡♥ ❆✉ ❛♥❞ t❤❡ ♦①✐❞❡✳ ❙♦
t❤❡ ❛♠♦✉♥t ♦❢ ✶▼▲ ❆❧ ✐s ✐♥tr♦❞✉❝❡❞ ❛t t❤❡ ✐♥t❡r❧❛②❡r✱ t♦ ✐♠♣r♦✈❡ t❤❡ ❛❞❤❡s✐♦♥✳ ❚❤❡ ✐❞❡❛
✐s t❤❛t t❤❡ ❆❧ ♦♥ t❤❡ ♦①✐❞❡ ❤❛s ❛ r❡❞✉❝✐♥❣ ❡✛❡❝t✱ ❛♥❞ t❤❡r❡❜② ❢♦r♠s ❛ ❜♦♥❞✳ ■♥ ❛❞❞✐t✐♦♥✱
❆✉ ❢♦r♠s ❛♥ ❛❧❧♦② ✇✐t❤ ❆❧✱ ✇❤✐❝❤ ❝♦♥♥❡❝ts t❤❡ ❣❛t❡ ♠❡t❛❧ t♦ ♦①✐❞❡✳ ■♥ ❢❛❝t✱ ❛ ❤✐❣❤❡r ②✐❡❧❞
♦❢ st❛❜❧❡ ▼❖❙ ❞✐♦❞❡s ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞ ❜② t❤❡ ✐♥tr♦❞✉❝t✐♦♥ t❤✐s ✐♥t❡r♠❡❞✐❛t❡ ❧❛②❡r✳

❚❤❡ ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞❡❢❡❝ts ✐♥ ❋✐❣✳✻✳✼ ✭❛✮ s❤♦✇s t❤❛t ❛❧t❤♦✉❣❤ t❤❡r❡ ❛r❡ ❞❡❢❡❝ts
✐♥ t❤❡ ❝❡♥t❡r ❛r❡❛ ♦❢ t❤❡ ♣❛❞s✱ t❤❡ ❣r❡❛t❡st ❝♦♥❝❡♥tr❛t✐♦♥ ✐s ❢♦✉♥❞ ❛t t❤❡ ❡❞❣❡ r❡❣✐♦♥s✳
❖♥❡ ♣♦ss✐❜❧❡ r❡❛s♦♥ ❢♦r t❤❡ ✐♥❝r❡❛s❡❞ ❞❡♥s✐t② ♦❢ ❞❡❢❡❝ts ✐♥ t❤❡ ♣❡r✐♣❤❡r❛❧ r❡❣✐♦♥✱ ✇❤✐❝❤ ❤❛s
♣r♦✈❡♥ t♦ ❜❡ ♠♦st ❧✐❦❡❧②✱ ✐s ❛ ♣r♦❜❧❡♠ ♦❢ ❝♦♥t❛♠✐♥❛t✐♦♥ ♣r✐♦r t♦ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡
✐♥t♦ t❤❡ ❯❍❱✳ ❉✉r✐♥❣ ❝❤❡♠✐❝❛❧ ❝❧❡❛♥✐♥❣ ❜② st✐❧❧ ♥♦t t♦t❛❧❧② ❝❧❡❛♥ ❝❤❡♠✐❝❛❧s ❛♥❞ ❜❡❛❦❡rs✱
✐♠♣✉r✐t✐❡s ❛♣♣❡❛r t♦ r❡♠❛✐♥ ♦♥ t❤❡ s✉r❢❛❝❡✱ ✇❤✐❝❤ ❛❝❝✉♠✉❧❛t❡ ✐♥ t❤❡ ❡❞❣❡ r❡❣✐♦♥s✳ ❖♥
t❤❡ ♦♥❡ ❤❛♥❞✱ t❤❡s❡ ✐♠♣✉r✐t✐❡s ✐♥t❡r❢❡r❡ ✇✐t❤ t❤❡ ❣r♦✇t❤ ♦❢ t❤❡ ♦①✐❞❡ ✜❧♠✱ ❛♥❞ ♦♥ t❤❡
♦t❤❡r ❤❛♥❞ t❤❡② ♠❛❦❡ ✐t ❞✐✣❝✉❧t t♦ ❣❡t ❣♦♦❞ ❛❞❤❡s✐♦♥ ❛♥❞ t❤✉s ❛ ❝❧♦s❡❞ ✜❧♠ ❣r♦✇t❤ ♦❢
t❤❡ ♦①✐❞❡✴❞✐❡❧❡❝tr✐❝✳ ❚❤❡ ✐♥st❛❜✐❧✐t② ♦❢ t❤❡ s❛♠♣❧❡ s❡❡♠s t♦ ❜❡ ✈❡r② r❛♥❞♦♠✳ ❙♦♠❡t✐♠❡s✱
♠♦st ♦❢ t❤❡ ♣❛❞s ♦❢ t❤❡ s❛♠♣❧❡ ❛r❡ st❛❜❧❡ ❛♥❞ ♦t❤❡rs ❛r❡ ♥♦t✱ ✇❤✐❝❤ ✐s ❛♥ ✐♥❞✐❝❛t✐♦♥ t❤❛t
✐t ✐s ❛❝t✉❛❧❧② ❛ ♠❛tt❡r ♦❢ ♣✉r✐t② ♦❢ t❤❡ s❛♠♣❧❡✳ ❖t❤❡r ❡✛❡❝ts✱ s✉❝❤ ❛s t❤❡ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡
♦r t❤❡ ❛❞❤❡s✐♦♥ ❜❡t✇❡❡♥ ❆✉✴♦①✐❞❡✱ ❛r❡ ♦❢ ❧❡ss ♦r ♥♦ ✐♠♣♦rt❛♥❝❡✳

■♥ ❝♦♥❝❧✉s✐♦♥ ✐t ❝❛♥ ❜❡ st❛t❡❞ t❤❛t ✇❡ ❤❛✈❡ ❢♦✉♥❞ t❤❡ ❝❛✉s❡s ♦❢ t❤❡ ✐♥st❛❜✐❧✐t② ♦❢ t❤❡
s❛♠♣❧❡s ❛♥❞ t❤♦s❡ ♣r♦❜❧❡♠s ❛r❡ ♠♦st❧② ❡❧✐♠✐♥❛t❡❞✳ ❚❤❡ st❛❜✐❧✐t② ✇❛s s✐❣♥✐✜❝❛♥t❧② ✐♠✲
♣r♦✈❡❞ ❜② ✈❛r✐♦✉s ♠❡❛s✉r❡s✳ ❚❤❡ ♠❛✐♥ ✐♠♣r♦✈❡♠❡♥t s❡❡♠s t❤❛t ✇❡ ❤❛✈❡ t❛❦❡♥ s♣❡❝✐❛❧
❛tt❡♥t✐♦♥ t♦ ❛ ❤✐❣❤ ❝❧❡❛♥❧✐♥❡ss ♦❢ ❝❤❡♠✐❝❛❧s ❛♥❞ ❜❡❛❦❡rs ✐♥ t❤❡ ❝❧❡❛♥✐♥❣ st❡♣s ♣r✐♦r t♦ t❤❡
✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ ✐♥ ❯❍❱✱ ❛♥❞ t❤❡ ✐♥tr♦❞✉❝t✐♦♥ ♦❢ ♣✐r❛♥❤❛ ❛♥❞ RCA1 ❝❧❡❛♥✐♥❣

✻✹



✻ ●❘❖❲❚❍ ❖❋ ❖❳■❉❊ ❆◆❉ ❙■▲■❈❆❚❊ ❖◆ ❙■✭✵✵✶✮ ❙❯❇❙❚❘❆❚❊

st❡♣ ✭s❡❡ s❡❝t✐♦♥ ✺✳✷✳✷✮✳ ❳P❙ ♠❡❛s✉r❡♠❡♥ts ♦♥ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ❤❛✈❡ s❤♦✇♥ t❤❛t
t❤❡ ❝❛r❜♦♥ ❝♦♥t❡♥t ✇❛s r❡❞✉❝❡❞ ❛❧♠♦st t♦ t❤❡ ❧✐♠✐t ♦❢ ❞❡t❡❝t✐♦♥✳

❆ ♣r♦♣❡r❧② ❝❧❡❛♥ s❛♠♣❧❡ ✇✐t❤ ❛ t❤✐♥ ❣♦❧❞ ❧❛②❡r ♦♥ t♦♣✱ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ✜❣✳ ✻✳✼✭❜✮✱
t❤❡ s❝r❛t❝❤ ✐s ❢r♦♠ t❤❡ ❤✐❣❤ ✈♦❧t❛❣❡ ♥❡❡❞❧❡ ♦❢ ❝✉rr❡♥t✲✈♦❧t❛❣❡✭■✲❱✮ ♠❡❛s✉r✐♥❣ st❛t✐♦♥
❛♥❞ ❤❛♣♣❡♥❡❞ ❞✉r✐♥❣ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥t✳ ❇② ❝❧♦s❡ ✐♥s♣❡❝t✐♦♥ ♦♥❡ ❝❛♥ s❡❡ t❤❛t t❤❡
❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧ st❛rts t♦ r❡❛❝t ✇✐t❤ ❛✐r t❤r♦✉❣❤ t❤❡ s❝r❛t❝❤✳ ❚❤✐s ♣r♦❜❧❡♠ ✐s s♦❧✈❡❞ ❜②
❞❡♣♦s✐t✐♥❣ ❛ t❤✐❝❦ ✭∼ 150♥♠✮ ❆✉ ❧❛②❡r ♦♥ t♦♣ ♦❢ t❤❡ ♦①✐❞❡ ✜❣✳ ✻✳✼✭❝✮✳
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7 Ba0.7Sr0.3O and Ba2SiO4 as alternate gate dielectric in MOS diodes

▼❖❙ t❡st ❝❛♣❛❝✐t♦rs ✇✐t❤ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝s ❝❛♥ ❜❡ ❢❛❜r✐❝❛t❡❞ ♦♥ ✹✐♥✳ ♣✲t②♣❡ ❙✐✭✵✵✶✮
✇❛❢❡rs✳ ❚❤❡ ✇❛❢❡r s✉r❢❛❝❡ ✐s ❝♦✈❡r❡❞ ✇✐t❤ ❛ t❤❡r♠❛❧❧② ❣r♦✇♥ t❤✐❝❦ ✜❡❧❞ ♦①✐❞❡ ✭SiO2✮
♦❢ ❛❜♦✉t ✷✵✵♥♠✱ ✇❡ ❤❛✈❡ ✇r✐tt❡♥ t❤❡ str✉❝t✉r❡ ❜② ♦♣t✐❝❛❧ ❧✐t❤♦❣r❛♣❤② ❛♥❞ ❤❛✈❡ ❞♦♥❡
s✉❜s❡q✉❡♥t ✇❡t ❝❤❡♠✐❝❛❧ ❡t❝❤✐♥❣ t♦ ♦❜t❛✐♥ ❛❝t✐✈❡ ✇✐♥❞♦✇s ✇✐t❤ ❞✐✛❡r❡♥t ❛r❡❛s✳ ❖❤♠✐❝
❜❛❝❦ ❝♦♥t❛❝t ✐s ♣r♦❞✉❝❡❞ ❜② ✐♠♣❧❛♥t❛t✐♦♥ ♦❢ ♣❤♦s♣❤♦r✉s✱ t❤❡r♠❛❧ ❛♥♥❡❛❧✐♥❣ ❛♥❞ s♣✉tt❡r✐♥❣
♦❢ t❛♥t❛❧✉♠ ❛♥❞ t❛♥t❛❧✉♠ ♥✐tr✐t❡✳

❚❤❡ ❡①♣❡r✐♠❡♥ts t♦♦❦ ♣❧❛❝❡ ✐♥ ❛♥ ✉❧tr❛❤✐❣❤ ✈❛❝✉✉♠ ✭❯❍❱✮ s②st❡♠ ❛s ❞✐s❝✉ss❡❞ ✐♥
❝❤❛♣t❡r✲✺ ❛❜♦✈❡✳ ■♥ t❤✐s s❡❝t✐♦♥ t❤❡ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♦❜t❛✐♥❡❞ r❡s✉❧ts ❛r❡
❣♦✐♥❣ t♦ ❜❡ ❞✐s❝✉ss❡❞ ✜rst✳

❲❡ ✉s❡❞ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✭❈✲❱ ❛♥❞ ■✲❱✮ t♦ ❦♥♦✇ ❛❜♦✉t t❤❡ ❞❡❢❡❝ts ❛t ❜✉❧❦
❛s ✇❡❧❧ ❛s ❛t t❤❡ ❞✐❡❧❡❝tr✐❝✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡✳ ❆❢t❡r ❛♣♣r♦♣r✐❛t❡ ❝♦rr❡❝t✐♦♥s ✭✸ ❡❧❡♠❡♥t
♠♦❞❡❧ ❛♥❞ ❜❛❝❦ ❝♦♥t❛❝t r❡s✐st❛♥❝❡✮ ♦❢ ♠❡❛s✉r❡❞ ❞❛t❛ ✭❈✲❱ ❛♥❞ ■✲❱✮✱ ✇❡ ❤❛✈❡ ❞❡t❡r♠✐♥❡❞
t❤❡ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ❧✐❦❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t✱ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t✐❡s ✭Dit✮✱
❝❛♣❛❝✐t❛♥❝❡ ❡q✉✐✈❛❧❡♥t t❤✐❝❦♥❡ss ✭❈❊❚✮✱ ❡t❝✳

7.1 Some properties of Ba0.7Sr0.3O

❚♦ ✉s❡ t❤❡ ✉❧tr❛✲t❤✐♥✱ ❤✐❣❤✲❦ ♦①✐❞❡✴❞✐❡❧❡❝tr✐❝ ✐♥ ▼❖❙❋❊❚ t❡❝❤♥♦❧♦❣②✱ t❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣✲
❡rt✐❡s ♦❢ t❤❡s❡ ✜❧♠s ❛r❡ ✈❡r② ✐♠♣♦rt❛♥t t♦ ❦♥♦✇✳ ❋✐rst ♦❢ ❛❧❧ t❤❡ t❤❡♦r❡t✐❝❛❧❧② ❡①♣❡❝t❡❞
✈❛❧✉❡ ♦❢ ❤✐❣❤ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ♦❢ t❤✐s ♦①✐❞❡✴❞✐❡❧❡❝tr✐❝ s❤♦✉❧❞ ❜❡ ❝♦♥✜r♠❡❞ ❜② ❈❱ ♠❡❛✲
s✉r❡♠❡♥ts✳ ■♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ♣♦✇❡r ❧♦ss ♦❢ s✉❝❤ tr❛♥s✐st♦rs ❛t ❛ ❧♦✇❡r ❧❡✈❡❧✱ ❤✐❣❤ ❧❡❛❦❛❣❡
❝✉rr❡♥ts t❤r♦✉❣❤ t❤❡ ❞✐❡❧❡❝tr✐❝ s❤♦✉❧❞ ❜❡ ❛✈♦✐❞❡❞✳ ❚♦ ❢✉❧✜❧❧ t❤✐s r❡q✉✐r❡♠❡♥t✱ t❤❡ ❝♦♥❝❡♥✲
tr❛t✐♦♥ ♦❢ ❞❡❢❡❝t st❛t❡s ❛t ❜✉❧❦ ❞✐❡❧❡❝tr✐❝ ❛♥❞ ♥❡❛r t❤❡ ✐♥t❡r❢❛❝❡s s❤♦✉❧❞ ❜❡ s♠❛❧❧ ❡♥♦✉❣❤
t♦ ❞✐s❢❛✈♦r ❛♥② ❦✐♥❞ ♦❢ ❧❡❛❦❛❣❡ t✉♥♥❡❧✐♥❣ ❝✉rr❡♥t ✭✐✳❡✳ ❤♦♣♣✐♥❣ ❝♦♥❞✉❝t✐♦♥✮ t❤r♦✉❣❤ t❤❡
❞✐❡❧❡❝tr✐❝✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ✈❛❧❡♥❝❡ ❛♥❞ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ ✐♥t❡r❢❛❝❡
♥❡❡❞ t♦ ❜❡ ❛❞❥✉st❡❞ s♦ t❤❛t t❤❡ ❜❛♥❞ ♦✛s❡ts ♦❢ t❤❡ ✈❛❧❡♥❝❡ ❛♥❞ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞s ❜❡t✇❡❡♥
t❤❡ ❞✐❡❧❡❝tr✐❝ ❛♥❞ s✉❜str❛t❡ ❛r❡ ❧❛r❣❡r t❤❛♥ t❤❡ t❡❝❤♥♦❧♦❣✐❝❛❧❧② r❡q✉✐r❡❞ ♠✐♥✐♠✉♠ ✈❛❧✉❡
♦❢ ✶ ❡❱ ❬✹✶❪✳ ■❢ t❤❡ ❜❛♥❞ ♦✛s❡ts ❛r❡ ❧♦✇❡r t❤❛♥ ✶❡❱✱ t❤❡r♠❛❧ ❡①❝✐t❛t✐♦♥ ♦❢ t❤❡ ❡❧❡❝tr♦♥s
♦r ❤♦❧❡s ❝♦✉❧❞ ❞✐r❡❝t❧② ♦❝❝✉r ❢r♦♠ t❤❡ s❡♠✐❝♦♥❞✉❝t♦r ✐♥t♦ t❤❡ ❝♦♥❞✉❝t✐♦♥ ♦r ✈❛❧❡♥❝❡ ❜❛♥❞
♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝ ❛♥❞ ❝❛♥ ❝❛✉s❡ ❤✐❣❤ ❧❡❛❦❛❣❡ ❝✉rr❡♥t✱ ✐♥ s♣✐t❡ ♦❢ t❤❡ ❤✐❣❤ q✉❛❧✐t② ♦❢ ❜✉❧❦
♦①✐❞❡✳

❚❤❡ ❡❧❡❝tr✐❝❛❧ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ t❤❡ ✉❧tr❛✲t❤✐♥ Ba0.7Sr0.3O ❛♥❞ Ba2SiO4 ✜❧♠s ✇❛s
♣❡r❢♦r♠❡❞ ✐♥ t❤❡ ▼❖❙ ❞✐♦❞❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❙✐✴❞✐❡❧❡❝tr✐❝✴❆✉ ❧❛②❡r s②st❡♠s✳ ❚❤❡ ♣r❡♣❛✲
r❛t✐♦♥ ♦❢ t❤❡s❡ ✜❧♠s ✇❛s ❛❧r❡❛❞② ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥s ✺ ❛♥❞ ✻✳ ❚❤❡ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ✐s
♠❛❞❡ ❡ss❡♥t✐❛❧❧② ❢r♦♠ t❤❡ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ✭■✲❱✮ ❛♥❞ ❝❛♣❛❝✐t❛♥❝❡✲✈♦❧t❛❣❡ ✭❈✲❱✮ ♠❡❛s✉r❡✲
♠❡♥ts✳ ❋r♦♠ t❤❡s❡ ❝✉r✈❡s q✉❛❧✐t❛t✐✈❡ st❛t❡♠❡♥ts ❛❜♦✉t t❤❡ s❛♠♣❧❡ q✉❛❧✐t② ❝❛♥ ❜❡ ❞✐r❡❝t❧②
♠❛❞❡✳ ■♥ t❤✐s ❝❤❛♣t❡r t❤❡ r❡s✉❧ts ❛♥❞ t❤❡ ❢✉rt❤❡r ❡✈❛❧✉❛t✐♦♥s ♦❢ t❤❡ r❡s✉❧ts ❛r❡ ♣r❡s❡♥t❡❞
❛♥❞ ❞✐s❝✉ss❡❞ ❛❝❝♦r❞✐♥❣❧②✳ ❙♦♠❡ r❡s✉❧ts ❢r♦♠ t❤✐s ❝❤❛♣t❡r ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ♣✉❜❧✐s❤❡❞
✐♥ ❬✸✽❪ ❛♥❞ ❬✹✷❪✳

✻✻



✼ ❇❆✵✳✼❙❘✵✳✸❖ ❆◆❉ ❇❆✷❙■❖✹ ❆❙ ❆▲❚❊❘◆❆❚❊ ●❆❚❊ ❉■❊▲❊❈❚❘■❈ ■◆ ▼❖❙
❉■❖❉❊❙

7.1.1 Quality of bulk dielectric

▼❖❙ ❞✐♦❞❡s ✇❡r❡ ❢❛❜r✐❝❛t❡❞ ❤❡r❡ ✇✐t❤ Ba0.7Sr0.3O✱ t❤✐❝❦♥❡ss❡s ❜❡t✇❡❡♥ ✺♥♠ ❛♥❞ ✶✻♥♠
❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✇✐t❤♦✉t ❢✉rt❤❡r ❛♥♥❡❛❧✐♥❣✳ ❚♦ ❝❤❡❝❦ t❤❡ ❜❡❤❛✈✐♦r ♦❢ ▼❖❙ ❞✐♦❞❡
❛♥❞ t♦ ❦♥♦✇ ❛❜♦✉t t❤❡ ❜✉❧❦ ❞❡❢❡❝ts ♦❢ t❤❡ ♦①✐❞❡✱ ✇❡ ♣❡r❢♦r♠❡❞ ❝❛♣❛❝✐t❛♥❝❡✲✈♦❧t❛❣❡ ✭❈✲❱✮
♠❡❛s✉r❡♠❡♥ts✱ ❜② ❛♣♣❧②✐♥❣ t❤❡ ♥❡❣❛t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡ ✭VG✮ ✉♣ t♦ ❝♦♥st❛♥t ❛❝❝✉♠✉❧❛t✐♦♥
❛♥❞ ♣♦s✐t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡ ✉♣ t♦ t❤❡ ❝♦♥st❛♥t ✐♥✈❡rs✐♦♥ ♦❢ t❤❡ ▼❖❙ ❞✐♦❞❡ ✇✐t❤ ❛ ❝♦♥st❛♥t
s✇❡❡♣ r❛t❡ ♦❢ ±0.2❱✴s✳ ❈✲❱ ❝✉r✈❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✶ ✇❛s ♦❜t❛✐♥❡❞ ❜② s✇❡❡♣✐♥❣ t❤❡ ✈♦❧t✲
❛❣❡ ❜❡t✇❡❡♥ ✐♥✈❡rs✐♦♥ ❛♥❞ ❛❝❝✉♠✉❧❛t✐♦♥ r❡❣✐♦♥s ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳ ❆ ♥❡❣❛t✐✈❡ s❤✐❢t ✐s
✈✐s✐❜❧❡ ❜♦t❤ ❢♦r ❈✲❱ ❛♥❞ ●✲❱ ❝✉r✈❡s✳ ❚❤❡ ❈✲❱ ❤②st❡r❡s✐s ❧♦♦♣ ✐s ♠❡❛s✉r❡❞ ❝♦✉♥t❡r❝❧♦❝❦✲
✇✐s❡✳ ❆❢t❡r ♦❜t❛✐♥✐♥❣ t❤❡ ❈✲❱ ♠❡❛s✉r❡♠❡♥t ❜♦t❤ ❢♦r ❢♦r✇❛r❞ ❛♥❞ r❡✈❡rs❡ ❜✐❛s✱ ✇❡ ❤❛✈❡
♠❡❛s✉r❡❞ t❤❡ ❤②st❡r❡s✐s ♦❢ t❤❡ ❞✐♦❞❡ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❈✲❱ ❝✉r✈❡ ✭✜❣✉r❡✲✼✳✶✮✳

❋✐❣✉r❡ ✼✳✶✲ ❍②st❡r❡s✐s ♦❢ ✺♥♠ Ba0.7Sr0.3O✱ ❢r♦♠ ❈✲❱ ♠❡❛s✉r❡♠❡♥t ♦❢ 1.6 × 10−3cm2 ▼❖❙
❞✐♦❞❡ ❛t ✶✵✵❦❍③ ❢r❡q✉❡♥❝②✳

❚❤❡ ❈❱ ❝✉r✈❡s ♦❢ ▼❖❙ ❞✐♦❞❡ ✇✐t❤ ✺♥♠ ❇❛❙r❖✱ s❤♦✇ ❡①tr❡♠❡❧② s♠❛❧❧ ❤②st❡r❡s✐s✱ ✇❤✐❝❤
✐♥ ❛❧❧ ❝❛s❡s ✐s ❜❡❧♦✇ ✶✵♠❱✱ ❛♥❞ s♦♠❡t✐♠❡s ❜❛r❡❧② ❞❡t❡❝t❛❜❧❡ ✭✜❣✳✼✳✶✮✳ ❚❤✐s ❞❡♠♦♥str❛t❡s
t❤❛t t❤❡ ❞❡♥s✐t② ♦❢ r❡❝❤❛r❣❡❛❜❧❡ tr❛♣s ✭♥❡❛r ✐♥t❡r❢❛❝❡✮ ✐♥ t❤❡ ♦①✐❞❡ ✐s ❡①tr❡♠❡❧② ❧♦✇✳ ❚❤✐s
✐s ❛ ♣r❡r❡q✉✐s✐t❡ ❢♦r ❛♥② ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧ ❢♦r ▼❖❙ ❞✐♦❞❡ ❛♣♣❧✐❝❛t✐♦♥✳

❚♦ ❣❡t t❤❡ q✉❛♥t✐t❛t✐✈❡ ✈❛❧✉❡ ♦❢ ❧❡❛❦❛❣❡ ❝✉rr❡♥t t❤r♦✉❣❤ t❤✐s ❞✐♦❞❡ ✇❡ ❤❛✈❡ ❞♦♥❡ ■✲❱
♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ✈s✳ ✈♦❧t❛❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ▼❖❙ ❞✐♦❞❡ ✇✐t❤ ✺♥♠
❇❛❙r❖ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✷✳ ❚❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts ✐s ❤✐❣❤❡r ❛t ♥❡❣❛t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡s
❝♦♠♣❛r❡❞ t♦ ♣♦s✐t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡✱ ✇❤✐❝❤ ✐s t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ▼❖❙ ❞✐♦❞❡ ✇✐t❤ ♣✲t②♣❡
s✐❧✐❝♦♥ s✉❜str❛t❡✳ ❆t ✢❛t ❜❛♥❞ ✈♦❧t❛❣❡ ✭VF = 0.094V ✮ ✐❢ ✇❡ ❛♣♣❧② ♥❡❣❛t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡
t❤❡ ▼❖❙ ❞✐♦❞❡ s❡ts ✐♥t♦ ❢♦r✇❛r❞ ❜✐❛s ❝♦♥❞✐t✐♦♥ ❛♥❞ r❡❛❝❤❡s ❛t ❛❝❝✉♠✉❧❛t✐♦♥ ❛t ❛r♦✉♥❞
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−0.64V ❣❛t❡ ✈♦❧t❛❣❡ ✭✜❣✳ ✼✳✶✮✳ ❍❡♥❝❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❛t ♥❡❣❛t✐✈❡ ❜✐s❡ ✐s ❤✐❣❤❡r ❝♦♠♣❛r❡❞
t♦ ♣♦s✐t✐✈❡ ❜✐❛s ✈♦❧t❛❣❡✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t t❤✐s ✐s ❛♥ ❡✛❡❝t ♦❢ t❤❡ ❙✐ s✉❜str❛t❡✳

❋✐❣✉r❡ ✼✳✷ ✲ ▲❡❛❦❛❣❡ ❝✉r✲
r❡♥t ♦❢ ✹♥♠ ❇❛❙r❖ ❢r♦♠ t❤❡
❝✉rr❡♥t✲✈♦❧t❛❣❡ ✭■✲❱✮ ❝✉r✈❡✳

❆t ♣♦s✐t✐✈❡ ❜✐❛s t❤❡ ❞✐♦❞❡ s❡ts ✐♥t♦ r❡✈❡rs❡ ❜✐❛s ❝♦♥❞✐t✐♦♥ ❛♥❞ r❡❛❝❤❡s ✐♥t♦ ✐♥✈❡rs✐♦♥
r❡❣✐♦♥✳ ❉✉❡ t♦ t❤❛t r❡❛s♦♥ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✐s ❧♦✇❡r✳ ❆❧t❤♦✉❣❤ t❤❡r❡ ❛r❡ ❝♦♥s✐❞❡r❛❜❧❡
✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❛t t❤❡ s❛♠❡ ♦①✐❞❡ t❤✐❝❦♥❡ss✱ t❤❡ ❧♦✇❡st ❧❡❛❦❛❣❡ ❝✉rr❡♥t
❞❡♥s✐t✐❡s ❢♦r t❤❡ t❤✐♥♥❡st ♦①✐❞❡ ✭✹♥♠✮ t✉r♥❡❞ ♦✉t t♦ ❜❡ ✵✳✵✸ mA/cm2 ❛t −1V ❛❜♦✈❡ t❤❡
✢❛t❜❛♥❞ ✈♦❧t❛❣❡ ✐♥ ❛❝❝✉♠✉❧❛t✐♦♥ ✜❣✳✼✳✷✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜t❛✐♥❡❞ ❧❡❛❦❛❣❡ ❝✉rr❡♥t
✈❛❧✉❡s ❛r❡ ❜② ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❧♦✇❡r t❤❛♥ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts ♦❢ SiO2 ❛♥❞ ❛❧s♦ ✐♥ t❤❡
r❛♥❣❡ ♦❢ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❞❡♥s✐t✐❡s ♦❢ ♦t❤❡r ❤✐❣❤✲❦ ❣❛t❡ ❞✐❡❧❡❝tr✐❝ ♠❛t❡r✐❛❧s ❛t ❝♦rr❡s♣♦♥❞✐♥❣
❈❊❚ ✈❛❧✉❡s ❬✻✺❪✳

7.1.2 Capacitive equivalent thickness and dielectric constant of BaSrO

❚❤❡ ❈❛♣❛❝✐t❛♥❝❡ ❊q✉✐✈❛❧❡♥t ❚❤✐❝❦♥❡ss ✭❈❊❚✮ ✐s t❤❡ t❤✐❝❦♥❡ss t❤❛t ❛ s✐❧✐❝♦♥ ❞✐♦①✐❞❡ ✜❧♠
♣r♦✈✐❞❡s ✇✐t❤ t❤❡ s❛♠❡ ❝❛♣❛❝✐t❛♥❝❡ ❛s ✉s❡❞ ❤✐❣❤✲❦ ❞✐❡❧❡❝tr✐❝✱ ✇❤✐❝❤ ❤❛s ❤✐❣❤❡r ♣❤②s✐❝❛❧
t❤✐❝❦♥❡ss ❝♦♠♣❛r❡❞ t♦ SiO2 ✐♥ t❤❡ ▼❖❙ ❞✐♦❞❡✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t t❤❡ ❞✐❡❧❡❝tr✐❝
❝♦♥st❛♥t ✈❛❧✉❡ ♦❢ ❞✐❡❧❡❝tr✐❝ ✜❧♠ ❢r♦♠ t❤❡ ❈❊❚ ✈s ♣❤②s✐❝❛❧ t❤✐❝❦♥❡ss ♣❧♦t ♦❢ t❤❡ ❞✐❡❧❡❝tr✐❝
✜❧♠✳ ❲❡ ❤❛✈❡ ✉s❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ❢♦r♠✉❧❛ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❈❊❚ ❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ✈❛❧✉❡
♦❢ ❝❛♣❛❝✐t❛♥❝❡✳

CET =
ǫ0 · ǫSiO2

Cacc

❲❤❡r❡ ǫ0 ✐s t❤❡ ✈❛❝✉✉♠ ♣❡r♠✐tt✐✈✐t②✱ ǫSiO2
✐s t❤❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ♦❢ s✐❧✐❝♦♥ ❞✐♦①✐❞❡

❛♥❞ Cacc ✐s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❛t ❛❝❝✉♠✉❧❛t✐♦♥✳

❲❡ ❞❡t❡r♠✐♥❡❞ t❤❡ ❛❝t✐✈❡ ▼❖❙ ❞✐♦❞❡ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ str♦♥❣ ❛❝❝✉♠✉❧❛t✐♦♥ ❛❢t❡r ❝♦rr❡❝✲
t✐♦♥ ❢♦r s❡r✐❡s r❡s✐st❛♥❝❡ ❛♥❞ ♣❛r❛❧❧❡❧ ❝♦♥❞✉❝t❛♥❝❡ ✇✐t❤ ❛ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ✸✲❡❧❡♠❡♥t
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♠♦❞❡❧ ❛♥❞ ❛❢t❡r s✉❜tr❛❝t✐♦♥ ♦❢ t❤❡ ❣❛t❡ ♠❡t❛❧✴✜❡❧❞ ♦①✐❞❡ ♦✈❡r❧❛♣ ❝❛♣❛❝✐t❛♥❝❡ ❢♦r ❞✐✛❡r❡♥t
✇✐♥❞♦✇ ❛r❡❛s ❛♥❞ s❡✈❡r❛❧ s❛♠♣❧❡s✳ ❚❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡s ❢♦r ❡❛❝❤ t❤✐❝❦♥❡ss ❛r❡ ♣❧♦tt❡❞ ❛s
❈❊❚ ✈❡rs✉s ♦①✐❞❡ t❤✐❝❦♥❡ss ✐♥ ❋✐❣✳ ✼✳✸ ✳ ❊rr♦r ❜❛rs ❛r❡ ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ s❝❛tt❡r ♦❢
t❤❡ ❞❛t❛ ❛♥❞ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ 3σ ✈❛❧✉❡s ♦❢ t❤❡ ❛✈❡r❛❣❡✳

❋✐❣✉r❡ ✼✳✸ ✲ ❊q✉✐✈❛❧❡♥t ♦①✐❞❡
t❤✐❝❦♥❡ss ✭❈❊❚✮ ✈❡rs✉s ❡✈❛♣♦✲
r❛t❡❞ ♦①✐❞❡ t❤✐❝❦♥❡ss✳ ❋r♦♠ t❤❡
s❧♦♣❡ ♦❢ t❤❡ str❛✐❣❤t ❧✐♥❡ t❤r♦✉❣❤
t❤❡ ❞❛t❛ ǫ = 21.8±0.2 ✐s ❞❡❞✉❝❡❞✳
❚❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ t❤✐s ❧✐♥❡ ✇✐t❤
t❤❡ ①✲❛①✐s ❛t 0.5 ♥♠✳

❆s s❡❡♥✱ t❤❡ ❞❛t❛ ❢❛❧❧ ♥✐❝❡❧② ♦♥ ❛ str❛✐❣❤t ❧✐♥❡✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❡q✉✐✈❛❧❡♥t ♦①✐❞❡ t❤✐❝❦✲
♥❡ss ✭❈❊❚✮ ❢♦r t❤❡ t❤✐♥♥❡st ❧❛②❡r ✐s ❛❜♦✉t ✵✳✼✺ ♥♠ ✭✜❣✳ ✼✳✸✮ ❛♥❞ ❢✉❧✜❧❧s ✇❡❧❧ t❤❡ ❝r✐t✐❝❛❧
❧✐♠✐ts ♦❢ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts ❢♦r ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❬✹✸❪✳ ❋r♦♠ t❤❡ s❧♦♣❡ ✇❡ ❞❡t❡r♠✐♥❡❞ t❤❡
r❡❧❛t✐✈❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ǫ ♦❢ t❤❡ ♠✐①❡❞ ❝r②st❛❧❧✐♥❡ ♦①✐❞❡ t♦ ❜❡ ǫ = 21.8± 0.2✳ ❆❧t❤♦✉❣❤
✇✐t❤✐♥ ❛♥ ❡①♣❡❝t❡❞ r❛♥❣❡✱ t❤✐s ✈❛❧✉❡ ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ t❤❛t ♦❜t❛✐♥❡❞ ❢r♦♠ ❧✐♥❡❛r
✐♥t❡r♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❜✉❧❦ ✈❛❧✉❡s (ǫBaO = 34✱ ǫSrO = 14.5) ✉s✐♥❣ t❤❡ r❡❧❛t✐✈❡ ❝♦♥❝❡♥tr❛t✐♦♥s
♦❢ Ba ❛♥❞ Sr (2 : 1) ✐♥ t❤❡ ♦①✐❞❡✳ ❙✐♥❝❡ t❤✐♥♥❡r ❧❛②❡rs t❤❛♥ ✺♥♠ ❝❛♥ ❡❛s✐❧② ❜❡ ♣r♦❞✉❝❡❞✱
✐t ✐s ♦❜✈✐♦✉s t❤❛t ❈❊❚s ❛r♦✉♥❞ ✵✳✺♥♠ ❛r❡ ❢❡❛s✐❜❧❡✳

❊✈❡♥ ♠♦r❡ r❡♠❛r❦❛❜❧❡ ✐s t❤❡ ♣♦s✐t✐✈❡ ✐♥t❡r❝❡♣t ♦❢ t❤❡ str❛✐❣❤t ❧✐♥❡ ✐♥ t❤✐s ✜❣✉r❡ ✇✐t❤ t❤❡
dox✲❛①✐s ❛t ❛❜♦✉t +0.5♥♠ ♦①✐❞❡ t❤✐❝❦♥❡ss✳ ❲✐t❤✐♥ ❡rr♦r ❜❛rs✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛
♥❡❣❛t✐✈❡ dox ✐♥t❡r❝❡♣t✱ ✇❤✐❝❤ ✇♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ ❛ ♣♦s✐t✐✈❡ ❈❊❚✲❛①✐s ✐♥t❡r❝❡♣t ❡①♣❡❝t❡❞
❢♦r t❤❡ ✜♥✐t❡ s❡♠✐❝♦♥❞✉❝t♦r ❝❛♣❛❝✐t❛♥❝❡✳ ❚❤❡r❡❢♦r❡✱ ✇❡ t❡♥t❛t✐✈❡❧② ❡①♣❧❛✐♥ t❤✐s ✜♥❞✐♥❣ ❜②
t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛♥ ✐♥t❡r❢❛❝❡ ❧❛②❡r ❜❡t✇❡❡♥ s✐❧✐❝♦♥ ❛♥❞ ♦①✐❞❡ ✇✐t❤ ❛ ♠✉❝❤ ❤✐❣❤❡r ❞✐❡❧❡❝tr✐❝
❝♦♥st❛♥t t❤❛♥ t❤❡ ❜✉❧❦ ♦①✐❞❡✳ ■♥ ❢❛❝t✱ t❤❡ ✐♥t❡r❝❡♣t ✇✐t❤ t❤❡ dox✲❛①✐s ❛t ❛❜♦✉t +0.5♥♠
②✐❡❧❞s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤✐s ✐♥t❡r❧❛②❡r ❢♦r ǫinterlayer → ∞✱ ✇❤✐❝❤ ✐s ❛ ❧♦✇❡r ❜♦✉♥❞❛r② ❢♦r ✐ts
t❤✐❝❦♥❡ss ❛t ✜♥✐t❡ ǫinterlayer✳ ❚❤✐s ✜♥❞✐♥❣ ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❜♦♥❞✐♥❣ ❝♦♥✜❣✉r❛t✐♦♥s
♦❢ ♠❡t❛❧ ❛♥❞ ♦①②❣❡♥ ✐♦♥s ❛t t❤❡ ✐♥t❡r❢❛❝❡✱ ✐♥ ♣❛rt✐❝✉❧❛r ♦①②❣❡♥ ❤❛s t♦ ❢♦r♠ ❜♦♥❞s ❜♦t❤ t♦
t❤❡ ❙✐ ❛♥❞ t♦ t❤❡ ♠❡t❛❧ ✐♦♥s ❬✻✶❪✳
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❋✐❣✉r❡ ✼✳✹✲ ❖①✐❞❡✲s✉❜str❛t❡ ✐♥t❡r❢❛❝❡
❜❡❤❛✈✐♦r ❬✻✶❪✳

❆ s✐♠✐❧❛r ❡①❛♠♣❧❡ ♦❢ t❤❡ ❛❜♦✈❡ ♠❡♥t✐♦♥❡❞ ♣❤❡♥♦♠❡♥♦♥ ❝❛♥ ❜❡ s❡❡♥ ❛t ✜❣✉r❡✲✼✳✹✱ ✇❤❡r❡
t❤❡ str♦♥t✐✉♠ t✐t❛♥❛t❡ ❞❡♣♦s✐t❡❞ ♦♥ t♦♣ ♦❢ s✐❧✐❝♦♥ s✉r❢❛❝❡✳ ❚❤❡ ❜✉❧❦ ♦①✐❞❡ ✐s ❤♦♠♦❣❡♥♦✉s
❛♥❞ st❛❜❧❡ ❜✉t ❛t t❤❡ ✐♥t❡r❢❛❝❡ t❤❡ ❝♦♥❞✐t✐♦♥ ✐s ❞✐✛❡r❡♥t✳ ❆t ❜✉❧❦ ❛♥ ♦①②❣❡♥ ❛t♦♠ ❢♦r♠s
❛ st❛❜❧❡ ❜♦♥❞ ✇✐t❤ ❚✐ ❛t♦♠s ❢r♦♠ t❤❡ ❜♦t❤ s✐❞❡s ❜✉t ❛t t❤❡ ✐♥t❡r❢❛❝❡ ✐♥ ♦♥❡ s✐❞❡ ✐t ✐s
❝♦♥♥❡❝t❡❞ ✇✐t❤ s✐❧✐❝♦♥ ❛t♦♠ ❛♥❞ ❛t t❤❡ ♦t❤❡r s✐❞❡ ✇✐t❤ str♦♥t✐✉♠ ❛t♦♠ t❤❛t ♠❛❦❡s ❛♥
✉♥st❛❜❧❡ ✐♥t❡r❢❛❝❡✱ ✇❤✐❝❤ ❝❛♥ ❡❛s✐❧② ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❛♣♣❧✐❡❞ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❲❤✐❧❡
❛♣♣❧②✐♥❣ ❡❧❡❝tr✐❝ ✜❡❧❞ t❤❡ ❡❧❡❝tr♦♥s ❝❧♦✉❞ ❛t t❤❡ ✐♥t❡r❢❛❝❡ ✇✐❧❧ r❡s♣♦♥❞ ✐♠♠❡❞✐❛t❡❧② ❛♥❞
t❤❡ r❡s✉❧t❛♥t ✇❡ ❛r❡ s❡❡✐♥❣ ❛t ✜❣✉r❡✲✼✳✸✳

7.1.3 Temperature dependent leakage current of BaSrO film

❆rr❤❡♥✐✉s ♣❧♦ts ♦❢ ❇❛❙r❖ ▼❖❙ ❞✐♦❞❡ ❛r❡ s❡❡♥ ✐♥ ✜❣✉r❡✲✼✳✺✳ ❍❡r❡ t❤❡ t❡♠♣❡r❛t✉r❡ ❞❡✲
♣❡♥❞❡♥t ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❢♦r t❤❡ ❆✉✴❆❧✴❇❛❙r❖✴♣✲❙✐ s❛♠♣❧❡ ✇✐t❤ ✻♥♠ t❤✐❝❦♥❡ss ✐s ♣❧♦tt❡❞
❢♦r Ba0.7Sr0.3O✳ ■♥ t❤❡ ✷✺✸✲✸✸✵ ❑ t❡♠♣❡r❛t✉r❡ r❛♥❣❡ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❝✉rr❡♥t
❞❡♥s✐t②✱ ❏ ❛♥❞ ✐♥✈❡rs❡ ♦❢ t❡♠♣❡r❛t✉r❡ ✶✵✵✵✴❚ ✐s ❝❧❡❛r❧② ❧✐♥❡❛r✳ ❆t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡
t❤❡ t❤❡r♠❛❧❧② ❣❡♥❡r❛t❡❞ ❝❛rr✐❡rs ✐♥❝r❡❛s❡ ❛♥❞ ❤❡♥❝❡ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t✳ ❙♦ ❧♦✇❡r ✈♦❧t❛❣❡
✐s s✉✣❝✐❡♥t t♦ ✜❧❧ ✉♣ ❛❧❧ t❤❡ tr❛♣ ❧❡✈❡❧s ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡✳ ❚❤❛t✬s ✇❤② ✇❡ ❝❛♥ s❡❡
❛ ❝♦♥✈❡r❣✐♥❣ t❡♥❞❡♥❝② ♦❢ ❛❧❧ t❤❡ ❧✐♥❡s ❛t ❧❡❢t s✐❞❡ ♦❢ ✜❣✉r❡✲✼✳✺ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡✳ ❋♦r
❢♦r✇❛r❞ ❜✐❛s✱ ❛❝t✐✈❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡✿ ❛s ✇❡ ❛r❡ s❛♠♣❧✐♥❣ ❞✐✛❡r❡♥t r❡❣✐♦♥s
♦❢ t❤❡ ❡①❝✐t❛t✐♦♥ s♣❡❝tr✉♠ ❜✉t ❢♦r r❡✈❡rs❡ ❜✐❛s t❤❡ ❛♣♣❧✐❡❞ ❡❧❡❝tr✐❝ ✜❡❧❞ ❞♦❡s ♥♦t ❤❡❧♣ t♦
♦✈❡r❝♦♠❡ ❛❝t✐✈❛t✐♦♥ ❜❛rr✐❡rs ✐♥ t❤❡ ♦①✐❞❡ ✭✜❣✳ ✼✳✻✮✳
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❋✐❣✉r❡ ✼✳✺✲ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥t ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✐♥ ❢♦r✇❛r❞ ❜✐❛s ❝♦♥❞✐t✐♦♥✳

❚❤✐s ❦✐♥❞ ♦❢ ❆rr❤❡♥✐✉s ♣❧♦t ✐♥❞✐❝❛t❡s ❛ ❝♦♥❞✉❝t✐♦♥ ♠❡❝❤❛♥✐s♠ ❝♦♥tr♦❧❧❡❞ ❜② P♦♦❧❡✲
❋r❡♥❦❡❧ ✭P❋✮ ❡♠✐ss✐♦♥✳ ❚❤❡ P❋ ♠❡❝❤❛♥✐s♠ ✐s ❜✉❧❦✲❧✐♠✐t❡❞ ❛♥❞ r❡❧✐❡s ♦♥ t❤❡ tr❛♣s ✐♥
t❤❡ ✐♥s✉❧❛t♦r✳ ❚❤❡ P❋ ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ✜❡❧❞✲❡♥❤❛♥❝❡❞ t❤❡r♠❛❧ ❡①❝✐t❛t✐♦♥ ♦❢ ❝❤❛r❣❡
❝❛rr✐❡rs ❢r♦♠ tr❛♣s✳ ❆s ✐s s❤♦✇♥ ✐♥ t❤❡ ✜❣✉r❡✱ t❤❡ s❧♦♣❡s ♦❢ t❤❡ ❧✐♥❡s ❞♦ ♥♦t ✈❛r② ❛♣♣r❡❝✐❛❜❧②
✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ ❝♦♥❞✉❝t✐♦♥ t❛❦❡s ♣❧❛❝❡ t❤r♦✉❣❤ ❛♥ ❛❝t✐✈❛t❡❞
♣r♦❝❡ss ❤❛✈✐♥❣ ❛ s✐♥❣❧❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣②✱ Ea✱ ✇❤✐❝❤ ❢♦❧❧♦✇s t❤❡ r❡❧❛t✐♦♥

J = J0 · exp− (Ea/kBT )

❚❤❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ✈❛❧✉❡s ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❡❛❝❤ ♦❢ t❤❡ ❧✐♥❡s ❛r❡ s❤♦✇♥ ✐♥ ❛❜♦✈❡ ♣❧♦t✳
❚❤❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ✈❛❧✉❡s ♦❢ t❤❡ s❛♠♣❧❡ s❝❛tt❡r ❜❡t✇❡❡♥ ✵✳✵✾ ❛♥❞ ✵✳✺✹ ❡❱✱ ✐♥❞✐❝❛t✐♥❣
t❤❛t ♦t❤❡r ❞✐✛❡r❡♥t ♠❡❝❤❛♥✐s♠s ♦❢ tr❛♥s♠✐ss✐♦♥ t❛❦❡ ♣❧❛❝❡ ❛s ✇❡❧❧✱ ❛♥❞ s♦ t❤❡ ❝♦♠❜✐♥❛t✐♦♥
♦❢ ❛❧❧ ♦❢ t❤❡♠ ❛r❡ ❞❡t❡❝t❡❞✳ ❚❤❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ♣❧♦t
❧♥✭❏✮ ✈s✳ ✶✴❚✳
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❋✐❣✉r❡ ✼✳✻✲ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥t ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✐♥ r❡✈❡rs❡ ❜✐❛s ❝♦♥❞✐t✐♦♥✳

■♥ ❝❛s❡ ♦❢ r❡✈❡rs❡ ❜✐❛s ❝♦♥❞✐t✐♦♥✱ ✇❡ ♦♥❧② s❡❡ s❝❛tt❡r ✐♥ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥t ❧❡❛❦❛❣❡
❝✉rr❡♥t ♣❧♦t✳ ❍❡r❡ t❤❡ s✐t✉❛t✐♦♥ ❤❛s ❝❤❛♥❣❡❞✱ t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞ ❝❤❛r❣❡s ❛r❡ ❛❝❝❡❧❡r❛t❡❞
♦♥❝❡ ❡①✐t❡❞✳ ❍❡r❡ ✐♥ ❝❛s❡ ♦❢ r❡✈❡rs❡ ❜✐❛s t❤❡ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t ♦♥❡ ❝❛♥♥♦t ♣❛rt✐❛❧❧② ✜❧❧
tr❛♣s✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❣❡t ❛ ✉♥✐q✉❡ ❛♥s✇❡r ❢r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t✳

❆s ❞✐s❝✉ss❡❞ ❛❜♦✈❡✱ ❢♦r ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥t ♣✉r♣♦s❡s ✇❡ ♥❡❡❞ ♠❡t❛❧❧✐❝ ❜❛❝❦ ❝♦♥t❛❝t
✐♥ ♦✉r ❙✐✭✵✵✶✮ s✉❜str❛t❡✳ ❇❛❝❦s✐❞❡ ♦❢ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r ✐s s♣❛tt❡r ❜② t❛♥t❛❧✉♠ ❛♥❞ t❛♥t❛❧✉♠
♥✐tr✐❞❡ r❡s♣❡❝t✐✈❡❧② t♦ ♠❛❦❡ ♦❤♠✐❝ ♠❡t❛❧❧✐❝ ❜❛❝❦ ❝♦♥t❛❝t✱ ✜❣✉r❡ ✼✳✼✭❛✮✳ ❚♦ ❝♦♥✜r♠ ❛❜♦✉t
t❤❡ ♣r♦♣❡r ♠❡t❛❧✐③❛t✐♦♥ ♦❢ ❜❛❝❦ ❝♦♥t❛❝t ♦❢ ♦✉r s✐❧✐❝♦♥ ✇❛❢❡r ✇❡ ❤❛✈❡ ♠❡❛s✉r❡❞ t❤❡ ❝♦♥t❛❝t
r❡s✐st❛♥❝❡ ✜rst✱ t❤❡ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ✐s ♠❡❛s✉r❡❞ ❢r♦♠ ■✲❱ ♠❡❛s✉r❡♠❡♥t✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✼✲ ▼❡t❛❧❧✐❝ ❜❛❝❦s✐❞❡ ♦❢ s✐❧✐❝♦♥ ✇❛❢❡r ✭❛✮ ❜❡❢♦r❡ s❝r❛t❝❤✐♥❣ ✭❜✮ ❛❢t❡r s❝r❛t❝❤✐♥❣✳

❆❢t❡r ❜❡✐♥❣ s❛t✐s✜❡❞ ❛❜♦✉t t❤❡ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ✭∼ 5−10mΩ·cm✮✱ ✇❡ ✇❛♥t❡❞ t♦ ❦♥♦✇
t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ r❛♥❣❡ ✉♣t♦ ✇❤✐❝❤ t❤❡ ❜❛❝❦ ❝♦♥t❛❝t s❤♦✇s ♠❡t❛❧❧✐❝ ❜❡❤❛✈✐♦r✳ ❚♦ ❞♦ s♦
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✇❡ ♠❛❞❡ ❛ s❝r❛t❝❤✱ s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✼✭❜✮✱ ❛t t❤❡ ❜❛❝❦ s✐❞❡ ♦❢ t❤❡ ✇❛❢❡r ❛♥❞ r❡♠♦✈❡❞ t❤❡
✐♠♣❧❛♥t❡❞ ♠❡t❛❧ ❝♦♠♣❧❡t❡❧②✳ ◆❡①t ✇❡ ♣❧❛❝❡❞ t✇♦ ❡❧❡❝tr♦❞❡s ♦♥ t✇♦ s✐❞❡s ♦❢ t❤❡ s❝r❛t❝❤
❛♥❞ ❛ ✈♦❧t❛❣❡ s✇❡❡♣ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞✳ ❚❤❡ ❝✉rr❡♥t ♣❛t❤ ❢r♦♠ ♦♥❡ ❡❧❡❝tr♦❞❡ t♦ t❤❡ ♦t❤❡r
❤❛s t♦ ❝r♦ss t❤❡ ♠❡t❛❧✲s✐❧✐❝♦♥ ✐♥t❡r❢❛❝❡ t✇✐❝❡✳ ❲❡ ♦❜t❛✐♥❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ■❱✲❝✉r✈❡✱ s❤♦✇♥
✐♥ ❋✐❣✲✼✳✽✳

❋✐❣✉r❡ ✼✳✽ ✲ ❈✉rr❡♥t✲✈♦❧t❛❣❡
✭■✲❱✮ ♠❡❛s✉r❡♠❡♥t ❛t t❤❡ ❜❛❝❦✲
s✐❞❡ ♠❡t❛❧ ❝♦♥t❛❝t ♦❢ s✐❧✐❝♦♥
✇❛❢❡r t♦ ❝❤❡❝❦ t❤❡ ❝♦♥❞✉❝t✐♦♥
♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❜❛❝❦ ❝♦♥t❛❝t✳

❋r♦♠ t❤✐s ■✲❱ ♣❧♦t ✇❡ ❝❛♥ s❡❡ t❤❛t t❤❡ ❜❛❝❦ ♠❡t❛❧❧✐❝ ❝♦♥t❛❝t s❤♦✇s ❛ str❛✐❣❤t ❧✐♥❡ t❤❛t
♠❡❛♥s ❖❤♠✐❝ ❜❡❤❛✈✐♦r ❜❡t✇❡❡♥ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ r❛♥❣❡ ❢r♦♠+3❱ t♦−2.5❱✳ ❇✉t ♦✉ts✐❞❡
♦❢ t❤✐s ✈♦❧t❛❣❡ r❛♥❣❡✱ t❤❡ ■✲❱ ❝✉r✈❡ s❤♦✇s ❙❝❤♦tt❦② ❜❡❤❛✈✐♦r✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ♦r❞❡r t♦ ❡♥s✉r❡
t❤❛t t❤❡r❡ ✐s ♥♦ ❙❝❤♦tt❦② ✐♥✢✉❡♥❝❡ ❢♦r ❜❛❝❦ ❝♦♥t❛❝t ✐♥ ♦✉r ❈✲❱ ❛♥❞ ■✲❱ ♠❡❛s✉r❡♠❡♥ts ♦❢
▼❖❙ ❞✐♦❞❡✱ ✇❡ ♣❡r❢♦r♠❡❞ ♦✉r ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤✐♥ t❤❡ ❖❤♠✐❝ r❛♥❣❡ ♦❢ +3❱
t♦ −2.5❱✳

❖♥❝❡ ✇❡ ❛♥♥❡❛❧❡❞ ♦✉r ❇❛❙r❖ ♦♥ ❙✐✭✵✵✶✮ s✉❜str❛t❡ ❛t t❡♠♣❡r❛t✉r❡s ❛r♦✉♥❞ 650◦C✱
t❤❡ ♦①✐❞❡ tr❛♥s❢♦r♠❡❞ ✐♥t♦ ❜❛r✐✉♠✲str♦♥t✐✉♠ s✐❧✐❝❛t❡ [(Ba0.8Sr0.2)2SiO4] ❛s ❞❡s❝r✐❜❡❞ ✐♥
s❡❝t✐♦♥✲✻✳✷✳ ❲❡ ❤❛✈❡ ❢♦✉♥❞ t❤❛t t❤❡ s✐❧✐❝❛t❡ ✐s ❝r②st❛❧❧✐♥❡ ❜✉t ❧❡❛❦❛❣❡ ❝✉rr❡♥ts ❛r❡ ✈❡r②
❤✐❣❤✱ ❛s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✾✳

✼✸



✼✳✶ ❙♦♠❡ ♣r♦♣❡rt✐❡s ♦❢ ❇❛✵✳✼❙r✵✳✸❖

❋✐❣✉r❡ ✼✳✾✲ ▲❡❛❦❛❣❡ ❝✉rr❡♥t
♦❢ ✺♥♠ (Ba0.8Sr0.2)2SiO4

❢r♦♠ t❤❡ ❈✉rr❡♥t✲❱♦❧t❛❣❡ ✭■✲❱✮
❝✉r✈❡✳

❚♦ ♠✐♥✐♠✐③❡ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✇❡ ❤❛✈❡ ❣r♦✇♥ t❤❡ s✐❧✐❝❛t❡ [(Ba0.8Sr0.2)2SiO4] ❛t
❤✐❣❤ t❡♠♣❡r❛t✉r❡ ✭650◦C✮ ❜✉t ♥♦ s✐❣♥✐✜❝❛♥t ✐♠♣r♦✈❡♠❡♥t r❡❣❛r❞✐♥❣ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❤❛s
❜❡❡♥ ♦❜s❡r✈❡❞✳ ❚♦ ♠✐♥✐♠✐③❡ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✇❡ ❞❡❝✐❞❡❞ t♦ ❣r♦✇ s✐♥❣❧❡ ♠❡t❛❧ s✐❧✐❝❛t❡
✭Ba2SiO4✮ ✐♥st❡❛❞ ♦❢ ❞♦✉❜❧❡ ♠❡t❛❧ s✐❧✐❝❛t❡ [(Ba0.8Sr0.2)2SiO4]✳

❆t ❛♠❜✐❡♥t ❛t♠♦s♣❤❡r❡ s✐❧✐❝❛t❡ ❛❜s♦r❜s ❝r②st❛❧ ✇❛t❡r ❬✸✽❪ ❛♥❞ t❤❡ ❡✛❡❝t ♦❢ t❤❛t ✐s s❡❡♥
✐♥ ✜❣✉r❡✲✼✳✶✵✳

❋✐❣✉r❡ ✼✳✶✵✲ ❈❤❛♥❣❡ ♦❢
❧❡❛❦❛❣❡ ❝✉rr❡♥t t❤r♦✉❣❤ ✻♥♠
(Ba0.8Sr0.2)2SiO4 ✇✐t❤ t✐♠❡
❢r♦♠ t❤❡ ❈✉rr❡♥t✲❱♦❧t❛❣❡ ✭■✲
❱✮ ♠❡❛s✉r❡♠❡♥ts✳

❲❡ ♦❜s❡r✈❡❞ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t t❤r♦✉❣❤ ❛ ✻♥♠ s✐❧✐❝❛t❡ s❛♠♣❧❡ st♦r❡❞ ✐♥ ❝❧❡❛♥✲r♦♦♠
❛♥❞ ✐♥ ❛♠❜✐❡♥t ❛t♠♦s♣❤❡r❡ ❢♦r ✾✵ ❞❛②s✳ ❲❡ ❝❛♥ s❡❡ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❞❡❝❛② ♦❢ ❧❡❛❦❛❣❡
❝✉rr❡♥t✱ ✇❤✐❝❤ ♠✐❣❤t ❜❡ ❞✉❡ t♦ t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ❝r②st❛❧ ✇❛t❡r✳ ❆t t❤❡ s❛♠❡ t✐♠❡ ✇❡
♠❡❛s✉r❡❞ t❤❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ❢r♦♠ ❈✲❱ ♠❡❛s✉r❡♠❡♥ts✳ ❈♦♥❝♦♠✐t❛♥t ✇✐t❤ t✐♠❡ t❤❡
❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ❢❛❧❧s r❛♣✐❞❧② ❞♦✇♥ t♦ ǫ ≈ 3.8✳

✼✹
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7.2 Growth and characterization of barium silicate

❲❡ ❤❛✈❡ ❢♦❧❧♦✇❡❞ t✇♦ ❞✐✛❡r❡♥t ✇❛②s ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✭Ba2SiO4✮ ❢♦r♠❛t✐♦♥✱ s✐♠✐❧❛r t♦
(Ba0.8Sr0.2)2SiO4✱ ✜rst ✭■✮ ❙✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❜② ♣♦st ❛♥♥❡❛❧✐♥❣ ❛♥❞ s❡❝♦♥❞ ✭■■✮ ❙✐❧✐❝❛t❡
❢♦r♠❛t✐♦♥ ❞✉r✐♥❣ ❞❡♣♦s✐t✐♦♥✳

✭■✮ ❙✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❜② ♣♦st ❛♥♥❡❛❧✐♥❣✿ ■♥ t❤✐s ♠❡t❤♦❞ ✇❡ ❤❛✈❡ ❞❡♣♦s✐t❡❞ ❛
❝❡rt❛✐♥ ❦♥♦✇♥ t❤✐❝❦♥❡ss ♦❢ BaO ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✭❘❚✮ ♦♥ t♦♣ ♦❢ ❙✐✭✵✵✶✮ s✉r❢❛❝❡
✐♥ ❯❍❱✱ ✇❤✐❝❤ ✐s ❛♠♦r♣❤♦✉s ♦①✐❞❡ ❋✐❣✉r❡✲✼✳✶✶✭❛✮✳ ▲❛t❡r ✇❡ ❤❡❛t❡❞ t❤❡ s❛♠♣❧❡ ✐♥✲s✐t✉
❜❡t✇❡❡♥ 650◦ − 700◦C ❢♦r ❛❜♦✉t ✹✺ ♠✐♥ ❋✐❣✉r❡✲✼✳✶✶✭❜✮✳ ❉✉r✐♥❣ t❤❡ t✐♠❡ ♦❢ ❤❡❛t✐♥❣✱
s✐❧✐❝♦♥ ❢r♦♠ t❤❡ s✉❜str❛t❡ ❞✐✛✉s❡s ✐♥t♦ t❤❡ ♦①✐❞❡ ❛♥❞ r❡❛❝ts ✇✐t❤ BaO ❛♥❞ ✐s tr❛♥s❢♦r♠❡❞
✐♥t♦ Ba2SiO4 ✭✜❣✉r❡✲✼✳✶✶✭❝✮✮✳ ❉❡t❛✐❧s ♦❢ t❤❡ ❞✐✛✉s✐♦♥ ♠❡❝❤❛♥✐s♠ ❛♥❞ t❤❡ s✐♠✐❧❛r ❦✐♥❞ ♦❢
s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✸✽❪✳

✭❛✮ ✭❜✮ ✭❝✮

❋✐❣✉r❡ ✼✳✶✶✲ ❙✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❜② ♣♦st ❛♥♥❡❛❧✐♥❣ ✭❛✮ ❞❡♣♦s✐t✐♥❣ ❛ ❝❡rt❛✐♥ t❤✐❝❦♥❡ss ♦❢ ❛♠♦r✲
♣❤♦✉s ❇❛❖ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✭❜✮ ❤❡❛t✐♥❣ t❤❡ ♦①✐❞❡ ❜❡t✇❡❡♥ 650◦ − 700◦C ❢♦r ✹✺ ♠✐♥ ✭❝✮
❢♦r♠❛t✐♦♥ ♦❢ Ba2SiO4

■❢ t❤❡ ✐♥✐t✐❛❧ BaO t❤✐❝❦♥❡ss ✐s ❧❡ss✱ ❧✐❦❡ ❛r♦✉♥❞ ✷♥♠✱ t❤❡ tr❛♥s❢♦r♠❡❞ s✐❧✐❝❛t❡ ✐s ❛❧♠♦st
❤♦♠♦❣❡♥♦✉s ❛♥❞ ❢✉❧❧② ❝r②st❛❧❧✐♥❡✱ ✇❤✐❝❤ ✇❡ ♦❜s❡r✈❡❞ ❜② ❳P❙✱ ❙P❆✲▲❊❊❉ ❛♥❞ ❚❊▼✳
❇✉t ✇✐t❤ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ♦①✐❞❡ t❤✐❝❦♥❡ss t❤❡ ❢♦r♠❡❞ s✐❧✐❝❛t❡ ❜❡❝♦♠❡ ❧❡ss ❤♦♠♦❣❡♥♦✉s
❛♥❞ ❝r②st❛❧❧✐♥✐t② ✐s ❧❡ss ♦❜s❡r✈❛❜❧❡✳ ❚❤❡ r❡❛s♦♥ ✐s ♦①✐❞❡ t❤✐❝❦♥❡ss ❞❡♣❡♥❞❡♥t s❡❧❢ ❧✐♠✐t✐♥❣
❞✐✛✉s✐♦♥ ♦❢ s✐❧✐❝♦♥ t❤r♦✉❣❤ t❤❡ ♦①✐❞❡ ❛♥❞ t❤❡ ❤❡♥❝❡ t❤❡ ♣❛rt✐❛❧ ❢♦r♠❛t✐♦♥ ♦❢ ❝r②st❛❧❧✐♥❡
s✐❧✐❝❛t❡ ❛♥❞ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♠♦r♣❤♦✉s BaO ❛t t❤❡ t♦♣ ♦①✐❞❡ s✉r❢❛❝❡✳

✭■■✮ ❙✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❞✉r✐♥❣ ❞❡♣♦s✐t✐♦♥✿ ❆♥♦t❤❡r ♠❡t❤♦❞ ♦❢ s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥
✐s ❞❡♣♦s✐t✐♥❣ BaO ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✶✷ ✲ ❙✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❞✉r✐♥❣ ❞❡♣♦s✐t✐♦♥ ✭❛✮ ❞❡♣♦s✐t✐♥❣ ✵✳✺♥♠ ♦❢ BaO ❛t ❘❚ ✭❜✮
❢♦r♠❛t✐♦♥ ♦❢ Ba2SiO4
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

■♥ t❤✐s ♠❡t❤♦❞✱ ❛t ✜rst ✇❡ ❤❛✈❡ ❞❡♣♦s✐t❡❞ ❛❜♦✉t ✵✳✺♥♠ ♦❢ BaO ❬❋✐❣✳✲ ✼✳✶✷✭❛✮❪ ❛t ❘❚
❛♥❞ t❤❡♥ ✇❡ t✉r♥ ♦♥ t❤❡ ❤❡❛t✐♥❣ ❛t ❛r♦✉♥❞ 650◦C ❛♥❞ ❝♦♥t✐♥✉❡ t❤❡ ❞❡♣♦s✐t✐♦♥ ✉♣ t♦ ♦✉r
❞❡s✐r❡❞ t❤✐❝❦♥❡ss✳ ❆❢t❡r ❝♦♠♣❧❡t✐♥❣ t❤❡ ❞❡♣♦s✐t✐♦♥ ✇❡ ❦❡❡♣ ❤❡❛t✐♥❣ t❤❡ s❛♠♣❧❡ ❢♦r ❛♥♦t❤❡r
✹✺ ♠✐♥ t♦ ❡♥s✉r❡ t❤❡ ♠❛①✐♠✉♠ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ BaO ✐♥ t♦ Ba2SiO4✳ ❚❤❡ ❛❞✈❛♥t❛❣❡
♦❢ ❤❡❛t✐♥❣ t❤❡ s❛♠♣❧❡ ✇❤✐❧❡ ❞❡♣♦s✐t✐♥❣ ✐s✱ t❤❡ s✐❧✐❝♦♥ ✇❤✐❝❤ ✐s ❞✐✛✉s✐♥❣ ✐♥ t♦ t❤❡ ♦①✐❞❡
❝❛♥ ❣❡t t❤❡ ♥❡❝❡ss❛r② ❛♠♦✉♥t ♦❢ ♠❡t❛❧ ❜❛r✐✉♠ ❛♥❞ ♦①②❣❡♥ ❣❛s t♦ tr❛♥s❢♦r♠ ✐♥t♦ s✐❧✐❝❛t❡✳
❆s ❛ r❡s✉❧t t❤❡ s✐❧✐❝❛t❡ ✜❧♠ ❜❡❝♦♠❡s ♠♦r❡ ❤♦♠♦❣❡♥♦✉s ❛♥❞ ♠♦r❡ ❞❡❢❡❝t ❢r❡❡✳ ❋♦r t❤❡
s❛♠❡ ❛♠♦✉♥t ♦❢ ❇❛ ❞❡♣♦s✐t❡❞✱ t❤❡ t❤✐❝❦♥❡ss ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✐s 25% ❤✐❣❤❡r t❤❛♥ ❇❛❖✳
❲❡ ❝❤❡❝❦❡❞ t❤❡ ❧❡❛❦❛❣❡ ❝✉rr❡♥t t❤r♦✉❣❤ ❜♦t❤ t②♣❡s ♦❢ s✐❧✐❝❛t❡ ❛♥❞ ❢♦✉♥❞ t❤❛t t❤❡ ✜rst
♣r♦❝❡ss ❤❛s ❤✐❣❤❡r ❧❡❛❦❛❣❡ ❝✉rr❡♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ s❡❝♦♥❞ ♦♥❡✳ ❚❤❡ r❡❛s♦♥ s❡❡♠s t♦ ❜❡
t❤❛t t❤❡ ✜rst ♣r♦❝❡ss ✐s ❢♦r♠✐♥❣ ♠♦r❡ ❞❡❢❡❝ts ✐♥s✐❞❡ t❤❡ s✐❧✐❝❛t❡ ❛♥❞ ❛❧s♦ t❤❡r❡ ♠✐❣❤t ❜❡
♠✐❝r♦ ❝r❛❝❦s ✐♥s✐❞❡ t❤❡ s✐❧✐❝❛t❡ ❞✉❡ t♦ t❤❡ ✇❛② ✐ts ❢♦r♠❡❞✳ ❈♦♠♣❛r✐♥❣ t❤❡ t✇♦ ♣r♦❝❡ss❡s✱
✇❡ ❞❡❝✐❞❡ t♦ ❢♦❧❧♦✇ t❤❡ s❡❝♦♥❞ ♦♥❡ t♦ ❢♦r♠ ♦✉r ❞❡s✐r❡❞ s✐❧✐❝❛t❡✳

❙❡❝♦♥❞❛r② ■♦♥ ▼❛ss ❙♣❡❝tr♦♠❡tr② ✭❙■▼❙✮ ♦❢ ❇❛✷❙✐❖✹

❚♦ ♦❜s❡r✈❡ t❤❡ ❞❡t❛✐❧❡❞ st♦✐❝❤✐♦♠❡tr② ♦❢ s✐❧✐❝❛t❡✱ st❛rt✐♥❣ ❢r♦♠ t❤❡ t♦♣ ♦❢ t❤❡ ❧❛②❡r ✉♣ t♦
t❤❡ ✐♥t❡r❢❛❝❡ ✇❡ ❤❛✈❡ ❞♦♥❡ s❡❝♦♥❞❛r② ✐♦♥ ♠❛ss s♣❡❝tr♦♠❡tr② ✭❙■▼❙✮✳ ■t ✐s ❛ t❡❝❤♥✐q✉❡ t♦
❛♥❛❧②③❡ t❤❡ ♠❛t❡r✐❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤✐♥ ✜❧♠s ❛♥❞ s♦❧✐❞ s✉r❢❛❝❡s ❜② s♣✉tt❡r✐♥❣ t❤❡ s✉r❢❛❝❡
♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❛ ❢♦❝✉s❡❞ ✐♦♥ ✭❤❡r❡ O2✮ ❜❡❛♠ ❛♥❞ t❤❡♥ ❝♦❧❧❡❝t✐♥❣ ❛♥❞ ❛♥❛❧②③✐♥❣ t❤❡
❡❥❡❝t❡❞ s❡❝♦♥❞❛r② ✐♦♥s t♦ ❣❡t ❛♥ ✐❞❡❛ ❛❜♦✉t t❤❡ ❞❡♣t❤ ♣r♦✜❧❡ ♦❢ t❤❡ s❛♠♣❧❡✳ ❯s✉❛❧❧② ❙■▼❙
✐s ❛ q✉❛❧✐t❛t✐✈❡ t❡❝❤♥✐q✉❡ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♠❛ss✴❝❤❛r❣❡ r❛t✐♦s ♦❢ t❤❡ s♣✉tt❡r❡❞ ✐♦♥s ❜② ❛
♠❛ss s♣❡❝tr♦♠❡t❡r t♦ ✜♥❞ t❤❡ ❡❧❡♠❡♥t❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ s✉r❢❛❝❡✳

❋✐❣✉r❡ ✼✳✶✸ ✲ ❙❡❝♦♥❞❛r② ■♦♥ ▼❛ss ❙♣❡❝✲
tr♦♠❡tr② ✭❙■▼❙✮ ♦❢ ✶✷✳✺♥♠ ❇❛r✐✉♠✲❙✐❧✐❝❛t❡
✭Ba2SiO4✮
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✼ ❇❆✵✳✼❙❘✵✳✸❖ ❆◆❉ ❇❆✷❙■❖✹ ❆❙ ❆▲❚❊❘◆❆❚❊ ●❆❚❊ ❉■❊▲❊❈❚❘■❈ ■◆ ▼❖❙
❉■❖❉❊❙

❚❤❡ ❙■▼❙ ♠❡❛s✉r❡♠❡♥t ♦❢ ✶✷✳✺♥♠ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✶✸ ✐♥ ✐♥t❡♥s✐t②
✈s✳ t✐♠❡ s❝❛❧❡✳ ❍❡r❡ t❤r❡❡ ❡❧❡♠❡♥ts ✭✐✳❡✳ ❙✐✱ ❖✱ ❇❛✮ ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥ t❤r❡❡ ❞✐✛❡r❡♥t
❝♦❧♦rs✳ ■t ✐s ♠♦r❡ ♠❡❛♥✐♥❣❢✉❧ t♦ ❝♦♥s✐❞❡r t❤❡ t✐♠❡ ❛①✐s ❛s ❛ s✐❧✐❝❛t❡ ❞❡♣t❤ ♣r♦✜❧❡✳ ❲❤❡r❡
t❤❡ ③❡r♦ s❡❝♦♥❞ r❡♣r❡s❡♥ts t❤❡ t♦♣ s✉r❢❛❝❡ ♦❢ t❤❡ s✐❧✐❝❛t❡ ❛♥❞ ❛r♦✉♥❞ ✶✼✵✵ s❡❝♦♥❞ ✭❞❛r❦
✈❡rt✐❝❛❧ ❧✐♥❡✮ ✐s t❤❡ ✐♥t❡r❢❛❝❡ ♦❢ s✐❧✐❝♦♥ ❛♥❞ s✐❧✐❝❛t❡ ❧❛②❡r✳ ■t t♦♦❦ ✷✽✳✸♠✐♥ t♦ s♣✉tt❡r ✶✷✳✺♥♠
s✐❧✐❝❛t❡✱ ♠❡❛♥s ✵✳✹✹♥♠ ♣❡r ♠✐♥✳ ❖♥❡ ❝❛♥ s❡❡ ❛t t❤✐s ♣♦✐♥t ❜♦t❤ ♦❢ t❤❡ ❜❛r✐✉♠ ❛♥❞ ♦①②❣❡♥
✐♥t❡♥s✐t✐❡s ❛r❡ s❤❛r♣❧② ❢❛❧❧✐♥❣ ❞♦✇♥ ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ♦❢ s✐❧✐❝♦♥ st❛rts t♦ ✐♥❝r❡❛s❡ ✈❡r②
r❛♣✐❞❧②✳ ❉✉r✐♥❣ s♣✉tt❡r✐♥❣ s♦♠❡ s✐❧✐❝❛t❡ ♠✐❣❤t ✇❡♥t ✐♥s✐❞❡ t❤❡ s✉❜str❛t❡✱ ❞✉❡ t♦ t❤❛t
r❡❛s♦♥✱ ❧♦✇ s✐❣♥❛❧s ♦❢ ❇❛ ❛♥❞ ❖ ❛r❡ ✈✐s✐❜❧❡ ❥✉st ❜❡❧♦✇ t❤❡ ✐♥t❡r❢❛❝❡✳

❲❡ ❝❛♥ ❣❡t ❛♥ ✐❞❡❛ ♦❢ s✐❧✐❝♦♥ ❞✐✛✉s✐♦♥ ✐♥s✐❞❡ t❤❡ ♦①✐❞❡ ❢r♦♠ t❤❡s❡ ✐♥t❡♥s✐t✐❡s✳ ■t ✐s ✈✐s✐❜❧❡
t❤❛t t❤❡ ✐♥t❡♥s✐t✐❡s ♦❢ ❜❛r✐✉♠ ❛♥❞ ♦①②❣❡♥ r❡♠❛✐♥ ❝♦♥st❛♥t ❢r♦♠ t❤❡ ✐♥t❡r❢❛❝❡ ✉♣ t♦ ♥❡❛r
t❤❡ t♦♣ s✉r❢❛❝❡ ✭✷✵✵ s❡❝✮ ♦❢ t❤❡ ♦①✐❞❡✱ ❜✉t t❤❡ ✐♥t❡♥s✐t② ♦❢ s✐❧✐❝♦♥ ✐s ♥♦t ❛s ❝♦♥st❛♥t ❛s t❤❛t
♦❢ ♦t❤❡r t✇♦✱ r❛t❤❡r t❤❡ ✐♥t❡♥s✐t② s❤♦✇s ❛ ❣r❛❞✐❡♥t✳ ■t ✐s ❛❧s♦ ✈✐s✐❜❧❡ t❤❛t ✐♥ t❤✐s ✶✷✳✺♥♠
s✐❧✐❝❛t❡✱ s✐❧✐❝♦♥ ❞✐✛✉s❡❞ ♠♦r❡ t❤❛♥ t❤r❡❡ q✉❛rt❡r ✭❛r♦✉♥❞ ✽♥♠ ♦r ✺✵✵s❡❝ ✐♥ ❛❜♦✈❡ ✜❣✉r❡✮
♦❢ t❤❡ ♦①✐❞❡ t❤✐❝❦♥❡ss ❛♥❞ ❢r♦♠ t❤❡ ♠✐❞❞❧❡ ✭✽✺✵s❡❝✮ ♦❢ t❤❡ s✐❧✐❝❛t❡✱ s✐❧✐❝♦♥ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s
❛❧♠♦st ❝♦♥st❛♥t ✉♣ t♦ t❤❡ ✐♥t❡r❢❛❝❡✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s ❛ ❤♦♠♦❣❡♥♦✉s ❣r♦✇t❤ ♦❢ t❤❡ s✐❧✐❝❛t❡
♥❡❛r t❤❡ ✐♥t❡r❢❛❝❡✳

7.2.1 Spectroscopic (XPS) observation of barium silicate

❚♦ ❜❡ s✉r❡ ❛❜♦✉t t❤❡ ❝❤❡♠✐❝❛❧ ✉♥✐❢♦r♠✐t② ♦❢ s✐❧✐❝❛t❡ ❧❛②❡r ✇❡ ♠❡❛s✉r❡❞ ❛♥❞ ♦♣t✐♠✐③❡❞
t❤❡ s✐❣♥❛❧ ♦❢ ❖✶s✱ ❇✸❞ ❛♥❞ ❙✐✷♣ ✉s✐♥❣ t❤❡ ❳P❙ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ♦❜t❛✐♥❡❞ s♣❡❝tr❛ ♦❢
Ba2SiO4 ❧❛②❡rs ❛r❡ ❝♦♠♣❛r❡❞ ❧❛t❡r ♦♥ ✇✐t❤ t❤♦s❡ ♦❜t❛✐♥❡❞ ❡❛r❧✐❡r ❬✸✽❪✳

❚❤❡ s❛♠♣❧❡ s♣❡❝tr❛ ♦❢ ❙✐✷♣✱ ❖✶s✱ ❇❛✸❞ ❛♥❞ ❇❛✹❞ s✐❣♥❛❧s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✶✹ ❛♥❞
❋✐❣✳ ✼✳✶✺✳ ❇② ❝♦♠♣❛r✐♥❣ t❤❡ s♣❡❝tr✉♠ ♦❢ ❝❧❡❛♥ ❙✐✭✵✵✶✮✱ t❤❡ ♣❡❛❦ ❛♣♣❡❛r✐♥❣ ❛t ❛ ❜✐♥❞✐♥❣
❡♥❡r❣② ♦❢ ✶✵✶✳✻ ❡❱ ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛t❡ ✭✜❣✳ ✼✳✶✹✭❛✮✮✳ ❉✉❡ t♦
t❤❡ ✐♥❝r❡❛s❡ ♦❢ s✐❧✐❝❛t❡ t❤✐❝❦♥❡ss t❤❡ ❙✐ ♣❡❛❦ ❛t ✾✾✳✷ ❡❱ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❙✐ s❛♠♣❧❡ ✐s
❞❛♠♣❡❞ ❛❝❝♦r❞✐♥❣❧②✳ ❚❤❡ s♣❡❝tr✉♠ ♦❜t❛✐♥❡❞ ✇✐t❤ ✸▼▲ ❇❛❖ s❤♦✇s ♥♦t ♦♥❧② t❤❡ ❞❛♠♣❡❞
❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❙✐ s✉❜str❛t❡✱ ✐t ❝♦♥t❛✐♥s ❛❧s♦ ❛ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❙✐✲❖ ❢♦r♠❛t✐♦♥ ❛t
t❤❡ ✐♥t❡r❢❛❝❡ t❤❛t ❤❛s ❜❡❡♥ ❛♥❛❧②③❡❞ ✐♥ ❞❡t❛✐❧ ♣r❡✈✐♦✉s❧② ❬✸✼❪✳ ❆❢t❡r tr❛♥s❢♦r♠❛t✐♦♥ ✐♥t♦
s✐❧✐❝❛t❡ ✉♣♦♥ ❛♥♥❡❛❧✐♥❣ ❛t ✻✺✵◦❈ t❤❡ s❛♠❡ ♣❡❛❦s ❛r❡ ♦❜s❡r✈❡❞ ❛s t❤♦s❡ ♦❜t❛✐♥❡❞ ❢♦r s✐❧✐❝❛t❡
❢♦r♠❡❞ ❛t ✻✺✵◦❈✳

❲❡ ❛❧s♦ ♥♦t❡ t❤❛t ♥♦ s✐❧✐❝♦♥ ❞✐♦①✐❞❡ ✐s ❢♦r♠❡❞✳ ❚❤✐s ✐s t♦ ❜❡ ❡①♣❡❝t❡❞ s✐♥❝❡ ❡✈❡♥ t❤❡
r❡❛❝t✐♦♥ ♦❢ ❇❛❖ ❛♥❞ SiO2 ✐s ❡①♦t❤❡r♠✐❝✱ ❛s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ r❡s♣❡❝t✐✈❡ ❡♥t❤❛❧♣✐❡s ♦❢
❢♦r♠❛t✐♦♥ ❬✻✻❪✳ ❊♥t❤❛❧♣② ♦❢ Me2SiO4 ✐s ❜❡t✇❡❡♥ −210 t♦ −220 ❑❏✴♠♦❧❡✳
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✶✹ ✲ ✭❛✮ ❙✐✷♣ ♣❡❛❦s✱ ✇✐t❤♦✉t ♦①✐❞❡✱ ✇✐t❤ ✸▼▲ ♦①✐❞❡ ❛♥❞ ✇✐t❤ t❤✐♥ ✭✸▼▲✮ ❛♥❞ t❤✐❝❦
✭✹♥♠✮ s✐❧✐❝❛t❡ ♦♥ t♦♣ ♦❢ ✐t ✭❜✮ ❖✶s ♣❡❛❦s ♦❢ ♣✉r❡ ❇❛❖ ❛♥❞ ❢r♦♠ t❤✐♥ ✭✸▼▲✮ ❛♥❞ t❤✐❝❦ ✭✹♥♠✮
❜❛r✐✉♠ s✐❧✐❝❛t❡✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✶✺ ✲ ✭❛✮ ❇❛✸❞ ♣❡❛❦s✱ ✇✐t❤ ✸▼▲ ♦①✐❞❡ ❛♥❞ ✇✐t❤ t❤✐♥ ✭✸▼▲✮ ❛♥❞ t❤✐❝❦ ✭✹♥♠✮ s✐❧✐❝❛t❡
♦♥ t♦♣ ♦❢ ✐t ✭❜✮ ❇❛✹❞ ♣❡❛❦s ♦❢ ♣✉r❡ ❇❛❖ ❛♥❞ ❢r♦♠ t❤✐♥ ✭✸▼▲✮ ❛♥❞ t❤✐❝❦ ✭✹♥♠✮ ❜❛r✐✉♠ s✐❧✐❝❛t❡✳
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❉■❖❉❊❙

7.2.2 Structural (LEED) observation of barium silicate

❚❤❡ s❝❤❡♠❛t✐❝ ❞✐❛❣r❛♠ ♦❢ ❞✐✛r❛❝t❡❞ ✐♠❛❣❡ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ♦♥ t♦♣ ♦❢ ❙✐✭✵✵✶✮ s✉r❢❛❝❡ ✐s
s❤♦✇♥ ✐♥ ❙❡❝t✐♦♥✲✻✳✸✳ ❚❤❡ ❝r②st❛❧ ♦r✐❡♥t❛t✐♦♥ ♦❢ s✐❧✐❝❛t❡ ❤❛s ❛♥ ❛♥❣❧❡ ♦❢ 45◦ ✇✐t❤ t❤❛t ♦❢
❙✐✭✵✵✶✮ ♦r ❙✐✭✵✶✵✮ ❞✐r❡❝t✐♦♥✳ ❙P❆✲▲❊❊❉ ✐♠❛❣❡s ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✶✻✳
❍❡r❡ ✇❡ ❤❛✈❡ s❤♦✇♥ ❛♥ ❡①❛♠♣❧❡ ♦❢ ✷✳✺♥♠ t❤✐❝❦ ❇❛ s✐❧✐❝❛t❡ ✜❧♠✱ t♦❣❡t❤❡r ✇✐t❤ ✉♥✐t ❝❡❧❧
♠❛r❦✐♥❣ ♦♥ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ❢♦r ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣✳ ❚❤❡ ✜❧♠ t❤✐❝❦♥❡ss ✐s ❝❛❧✐❜r❛t❡❞
✉s✐♥❣ ❚❊▼✱ s❡❡ ❜❡❧♦✇✳ ❆s s❡❡♥ ❤❡r❡✱ t✇♦ ♦r❞❡r❡❞ r❡❝t❛♥❣✉❧❛r ❝r②st❛❧❧✐♥❡ ❞♦♠❛✐♥s ❝❛♥
❜❡ ❞✐s❝r✐♠✐♥❛t❡❞✱ ✇❤✐❝❤ ❛r❡ ❛❧✐❣♥❡❞ ❛❧♦♥❣ t❤❡ [110] ❛♥❞ [110] ❞✐r❡❝t✐♦♥s ♦❢ t❤❡ ❙✐✭✶✵✵✮
s✉r❢❛❝❡✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✶✻✲ ✭❛✮ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ♦❢ ✷✳✺♥♠ ❝r②st❛❧❧✐♥❡ Ba2SiO4 ❛t ✼✵ ❡❱✱ ✭❜✮ ✐♥✈❡rs❡ ❧❛tt✐❝❡
❝♦♥st❛♥ts ♦❢ r❡❛❧ ❧❛tt✐❝❡ ❝♦♥st❛♥ts ✧❛✧ ❛♥❞ ✧❜✧ ♦❢ Ba2SiO4 ✉♥✐t ❝❡❧❧ ❛r❡ ♠❛r❦❡❞ ✐♥ ❞✐✛r❛❝t❡❞
❙P❆✲▲❊❊❉ ✐♠❛❣❡

❋r♦♠ t❤❡ ❙P❆✲▲❊❊❉ ♠❡❛s✉r❡♠❡♥ts ✇❡ ❝❛♥ s❡❡ t❤❡ t✇♦ ❛①✐s❡s ✭♥❛♠❡❧② ✧❛✧ ❛♥❞ ✧❜✧✮
♦❢ ❝r②st❛❧❧✐♥❡ ♦rt❤♦r❤♦♠❜✐❝ s✐❧✐❝❛t❡ ❜✉t t❤❡ ❧❛r❣❡st ❛①✐s ♦❢ t❤❡ ♦rt❤♦r❤♦♠❜✐❝ Ba2SiO4

str✉❝t✉r❡ ✐s ♥♦r♠❛❧ t♦ t❤✐s ♣r♦❥❡❝t✐♦♥✱ ❤❡♥❝❡ ♥♦t ✈✐s✐❜❧❡ ❤❡r❡✱ ✇❤✐❝❤ ✐s ✈✐s✐❜❧❡ ❢r♦♠ t❤❡
❚r❛♥s♠✐ss✐♦♥ ❊❧❡❝tr♦♥ ▼✐❝r♦s❝♦♣❡ ✭❚❊▼✮ ✐♠❛❣❡ ❜❡❧♦✇✳ ❚❤❡ s❤♦rt❡r ❛①✐s ✐♥ r❡❝✐♣r♦❝❛❧
s♣❛❝❡ ❝♦✐♥❝✐❞❡s ✇✐t❤✐♥ ❡rr♦r ♠❛r❣✐♥s ✇✐t❤ t❤❡ ×2 s♣♦ts ♦❢ t❤❡ ✭✷ × ✶✮ r❡❝♦♥str✉❝t✐♦♥ ♦❢
t❤❡ ❝❧❡❛♥ ❙✐✭✵✵✶✮ s✉r❢❛❝❡✱ ✇❤✐❧❡ t❤❡ ♦t❤❡r ♦♥❡ ✐s ♦♥❡ t❤✐r❞ ❧♦♥❣❡r✳ Pr❡❝✐s❡ ❡✈❛❧✉❛t✐♦♥ ❛♥❞
tr❛♥s❢♦r♠❛t✐♦♥ t♦ r❡❛❧ s♣❛❝❡ ♦❢ t❤❡s❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜t❛✐♥❡❞ ❞✐✛r❛❝t✐♦♥ s♣♦ts ❬✜❣✉r❡✲
✼✳✶✻✭❜✮❪ ②✐❡❧❞s ❧❛tt✐❝❡ ❝♦♥st❛♥ts ♦❢ |−→a | ❂ ✺✳✼✼ ± ✵✳✵✸➴ ❛♥❞ |−→b | ❂ ✼✳✻✶ ± ✵✳✵✸➴✱ ✇❤✐❝❤
❛r❡ ✐♥ ❝❧♦s❡ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ❬✹✵❪✱ ✇❤✐❝❤ st❛t❡s
♦rt❤♦r❤♦♠❜✐❝ ❜✉❧❦ ❧❛tt✐❝❡ ♣❛r❛♠❡t❡rs ♦❢ Ba2SiO4 ❛r❡ ❛ ❂ ✺✳✽✶➴✱ ❜ ❂ ✼✳✺✶➴ ❛♥❞ ❝ ❂
✶✵✳✷✶➴✳ ❋r♦♠ t❤❡ ❧❛tt✐❝❡ ❝♦♥st❛♥ts ❞❡t❡r♠✐♥❡❞ ❤❡r❡ ✐t ✐s ♦❜✈✐♦✉s t❤❛t t❤❡ ❝✲❛①✐s ❢♦r t❤❡
❝r②st❛❧❧✐t❡s s❡❡♥ ❤❡r❡ ✐s ♦r✐❡♥t❡❞ ♥♦r♠❛❧ t♦ t❤❡ s✉r❢❛❝❡✱ ✇❤❡r❡❛s t❤❡r❡ ✐s ❡♣✐t❛①✐❛❧ ❣r♦✇t❤
✇✐t❤ ✬❛✬ ❛♥❞ ✬❜✬ ❛①✐s ❛❧✐❣♥❡❞ ❛❧♦♥❣ [110] ❛♥❞ ❡q✉✐✈❛❧❡♥t ❞✐r❡❝t✐♦♥s✳ ✇❡ ❝❛♥ ❛❧s♦ s❡❡ t❤❛t t❤❡
❧❡♥❣t❤ ♦❢ ✬❜✬ ❛①✐s ♦❢ s✐❧✐❝❛t❡ ✐s ❛❧♠♦st t✇✐❝❡ t❤❛t ♦❢ s✐❧✐❝♦♥ ❧❛tt✐❝❡ ❝♦♥st❛♥t✱ b ≈ 2× 3.84➴
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

✭Si = 3.84➴✮✳

❈r②st❛❧❧✐♥❡ ❣r♦✇t❤ ❛♥❞ s✐♠✐❧❛r ✈❛❧✉❡s ♦❢ ❧❛tt✐❝❡ ♣❛r❛♠❡t❡rs ✭❛ ❂ ✺✳✽✶➴✱ ❜ ❂ ✼✳✺✶➴✱ ❝
❂ ✶✵✳✷✶➴✮ ❤❛✈❡ ❛❧s♦ ❜❡❡♥ ♦❜t❛✐♥❡❞ ✐♥ ❛ ♣r❡✈✐♦✉s ❝♦♠❜✐♥❡❞ ❘❍❊❊❉ ❛♥❞ ①✲r❛② ❞✐✛r❛❝t✐♦♥
st✉❞② ♦♥ ❙r ❛♥❞ ❇❛ s✐❧✐❝❛t❡ ✜❧♠s ❣r♦✇♥ ❛t ❝♦♠♣❛r❛❜❧❡ t❡♠♣❡r❛t✉r❡s ❬✹✵❪✳

❋✐❣✉r❡ ✼✳✶✼ ✲ ❙❝❤❡♠❛t✐❝
❞✐✛r❛❝t❡❞ ✐♠❛❣❡ ♦❢ ❜❛r✐✉♠ s✐❧✐✲
❝❛t❡✱ ✇❤✐❝❤ ✐❧❧✉str❛t❡s t❤❡ s♣♦ts
♦❢ t✇♦ ❞♦♠❛✐♥s ♦❢ t❤❡ ❙✐ ♣✭✷×✶✮
✭❞❛r❦ s♣♦ts✮✱ ❝♦✐♥❝✐❞❡ ✇✐t❤ t❤♦s❡
♦❢ t❤❡ t✇♦ r❡❝t❛♥❣✉❧❛r ✉♥✐t ❝❡❧❧s
♦❢ Ba2SiO4 ❞♦♠❛✐♥s ❛♥❞ ♣r♦❞✉❝❡
❛❞❞✐t✐♦♥❛❧ s♣♦ts ✭r❡❞✮✳

❚❤❡ s❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ❛t ❋✐❣✳✲✼✳✶✻ s❤♦✇s ❛t ✜❣✉r❡✲✼✳✶✼✱
❢♦r ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❞✐✛r❛❝t❡❞ ♣❛tt❡r♥ ♦❢ ❝r②st❛❧❧✐♥❡ ❜❛r✐✉♠ s✐❧✐❝❛t❡✳ ❚❤❡ t✇♦
❢❛✈♦r❛❜❧❡ ❣r♦✇t❤ ❞✐r❡❝t✐♦♥ ♦❢ s✐❧✐❝❛t❡ ✉♥✐t ❝❡❧❧ ❛r❡ s❤♦✇♥ ✐♥ t❤❡ s❝❤❡♠❛t✐❝✳ ❋r♦♠ t✇♦ ❞✐❢✲
❢❡r❡♥t t❤✐❝❦♥❡ss ♦❢ t❤✐♥ ✜❧♠ ✇❡ ❤❛✈❡ s❡❡♥ t❤❛t t❤❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t ✬❛✬ ❛❣r❡❡s ✇✐t❤ t❤❡ ❜✉❧❦
❧❛tt✐❝❡ ❝♦♥st❛♥t ✇✐t❤✐♥ ❡rr♦r ❜❛rs ❜✉t ❧❛tt✐❝❡ ❝♦♥st❛♥t ✬❜✬ ❞❡✈✐❛t❡s ✐♥ ♦♣♣♦s✐t❡ ❞✐r❡❝t✐♦♥s✳
❲❡ ❝❛♥♥♦t ❣✐✈❡ ❛ ❞✐r❡❝t r❡❛s♦♥ ❢♦r t❤✐s ❞✐s❝r❡♣❛♥❝②✱ ✐t ♠✐❣❤t ❜❡ ❞✉❡ t♦ s❧✐❣❤t ❞✐✛❡r❡♥❝❡s ✐♥
st♦✐❝❤✐♦♠❡tr② ✇✐t❤✐♥ t❤❡ ✜❧♠s✳ ❚❤❛t s✉❝❤ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ❡①❛❝t st♦✐❝❤✐♦♠❡tr② ♦❝❝✉r
✐s ❛❧♠♦st t♦ ❜❡ ❡①♣❡❝t❡❞✱ s✐♥❝❡ t❤❡ ❙✐ s♣❡❝✐❡s ❞✉r✐♥❣ s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥ ❤❛s t♦ ❞✐✛✉s❡ ✐♥t♦
❛♥❞ t❤r♦✉❣❤ t❤❡ s✐❧✐❝❛t❡ ✜❧♠s ❛❧r❡❛❞② ♣r❡s❡♥t ❬✸✽❪✳ ❚❤✐s ♣r♦❝❡ss t♦ ❜❡ ❡✛❡❝t✐✈❡ r❡q✉✐r❡s
❛ ✜♥✐t❡ ❣r❛❞✐❡♥t ♦❢ ❙✐ ❝♦♥❝❡♥tr❛t✐♦♥ ✇✐t❤✐♥ t❤❡ ✜❧♠✱ ❛♥❞ t❤✉s ❛ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ❡①❛❝t
st♦✐❝❤✐♦♠❡tr②✳ ❚❤✐s ✜♥❞✐♥❣ ✐s ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ ♦❜s❡r✈❛t✐♦♥ ♦❢ r❡❞✉❝❡❞ ❝r②st❛❧❧✐♥❡
q✉❛❧✐t② ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ✜❧♠ t❤✐❝❦♥❡ss ✭s❡❡ ❜❡❧♦✇✮✳
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✼ ❇❆✵✳✼❙❘✵✳✸❖ ❆◆❉ ❇❆✷❙■❖✹ ❆❙ ❆▲❚❊❘◆❆❚❊ ●❆❚❊ ❉■❊▲❊❈❚❘■❈ ■◆ ▼❖❙
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❋✐❣✉r❡ ✼✳✶✽✲ ❖rt❤♦r❤♦♠❜✐❝ ✉♥✐t ❝❡❧❧
♦❢ Ba2SiO4

❚❤❡ ♦rt❤♦r❤♦♠❜✐❝ ✉♥✐t ❝❡❧❧ ♦❢ Ba2SiO4 s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✶✽ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
✈❛❧✉❡s ♦❢ ❧❛tt✐❝❡ ❝♦♥st❛♥ts a = 5.77➴✱ b = 7.44➴ ❛♥❞ c = 10.20➴ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
❧✐t❡r❛t✉r❡ ❬✹✵❪✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✶✾✲ ✭❛✮ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ♦❢ ❝r②st❛❧❧✐♥❡ Ba2SiO4 str✉❝t✉r❡ ❛t ✼✵ ❡❱✱ ✭❜✮ ❙♣♦ts ❛r♦✉♥❞
❝❡♥t❡r s♣♦t ✭✵✱✵✮ ♠❛r❦❡❞ ✇✐t❤ ❝✐r❝❧❡s✳

■♥ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ✇❡ ❝❛♥ s❡❡ ❢♦✉r ❛❞❞✐t✐♦♥❛❧ s♣♦ts ✭✜❣✉r❡✲✼✳✶✾✮ ❛r♦✉♥❞ t❤❡ ❝❡♥t❡r
✭✵✱✵✮ s♣♦t✳ ❲❤✐❝❤ ❛r❡ ♥♦t r❡♣❡❛t✐♥❣ ❛♥②✇❤❡r❡ ✐♥ t❤❡ ❞✐✛r❛❝t❡❞ ✐♠❛❣❡✳ ❚♦ ❣❡t ❢✉rt❤❡r
❞❡t❛✐❧❡❞ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡s❡ s♣♦ts ✇❡ ❤❛✈❡ t❛❦❡♥ ✶❉ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ❛❧♦♥❣ t❤❡ r❡❞
❧✐♥❡ ♦❢ t❤❡ ✷❉ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ✭✜❣✉r❡✲✼✳✷✵✭❛✮✮✳
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✷✵✲ ✭❛✮ ❘❡❞ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡ s❝❛♥ ❞✐r❡❝t✐♦♥ ✐♥ ✷❉ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ✭❜✮ ✶❉ ❙P❆✲
▲❊❊❉ ✐♠❛❣❡ ♦❢ s✐❧✐❝❛t❡ ❝r②st❛❧ s✉r❢❛❝❡

❚❤❡ ✶❉ ❙P❆✲▲❊❊❉ ✐♠❛❣❡ ♦❢ ✸▼▲ Ba2SiO4 ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✷✵✭❜✮✳ ❚❤❡ ❢♦✉r s♣♦ts
❛r♦✉♥❞ t❤❡ ❝❡♥t❡r ✭✵✱✵✮ s♣♦t ❛r❡ ❛t ♣♦s✐t✐♦♥ k2✱ ✇❤✐❝❤ ✐s ❡q✉❛❧ t♦ t❤❡ s✉❜tr❛❝t✐♥❣ ❞✐st❛♥❝❡
♦❢ k1 ❛♥❞ k0✱ t❤❛t ✐s k2 = k1 − k0 ♦r k2 + k0 = k1✳ ❇✉t K0 ❛♥❞ k1 ❜❡❧♦♥❣ t♦ ❞✐✛❡r❡♥t
❝r②st❛❧❧✐t❡ ♦r✐❡♥t❛t✐♦♥✱ ✇❤✐❝❤ s❤♦✉❧❞ ♥♦t ❜❡ ❛❜❧❡ t♦ ✐♥t❡r❢❡r❡✱ s♦ t❤❛t t❤✐s ✈❡❝t♦r ❛❞❞✐t✐♦♥
✐s ❢♦rt✉✐t♦✉s✳ ❋r♦♠ t❤✐s r❡❧❛t✐♦♥ ✐t s❡❡♠s t❤❡ s♣♦t ❛t k2 ✐s ♥♦t r❡♣r❡s❡♥t✐♥❣ ❛♥② r❡❛❧ ❧❛tt✐❝❡
♣♦✐♥t ♦❢ s✐❧✐❝❛t❡ ❝r②st❛❧✱ r❛t❤❡r ✐t ❛♣♣❡❛rs ❞✉❡ t♦ t❤❡ ❝♦♥✈♦❧✉t✐♦♥ ♦❢ t❤❡ str✉❝t✉r❡✳ ❚❤❡
r❡❛❧ ✐♥t❡♥s✐t② ♦❢ t❤❡ s♣♦t k2 ✐s ♥♦t ✈❡r② ❤✐❣❤ ♦r ✇❡❛❦ ❜✉t ❞✉❡ t♦ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡ ✐t ✐s
s✐❣♥✐✜❝❛♥t❧② ✈✐s✐❜❧❡ ✐♥ t❤❡ ❞✐✛r❛❝t❡❞ ✐♠❛❣❡✳

7.2.3 Silicate layer observation using TEM

■♥ ♦r❞❡r t♦ ❣❡t ♠♦r❡ ✐♥s✐❣❤t ✐♥t♦ t❤❡ ❞❡t❛✐❧ ♦❢ t❤❡ ❣r♦✇t❤ ♠❡❝❤❛♥✐s♠ ❛♥❞ t❤❡ ✐♥t❡r❢❛❝❡
♣r♦♣❡rt✐❡s ❛t t❤❡ ❛t♦♠✐❝ s❝❛❧❡✱ ✇❡ ♣❡r❢♦r♠❡❞ ❝r♦ss s❡❝t✐♦♥❛❧ ❚r❛♥s♠✐ss✐♦♥ ❊❧❡❝tr♦♥ ▼✐✲
❝r♦s❝♦♣② ✭❚❊▼✮ ✐♥✈❡st✐❣❛t✐♦♥s✳ ❚❤❡ ❚❊▼ r❡s✉❧ts ❛r❡ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s s❡❝t✐♦♥✳ ❚❤❡
Ba2SiO4 ❧❛②❡r ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ ❛❜♦✉t ✺♥♠ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✷✶✳ ❚❤❡ s✐❧✐❝❛t❡ ❧❛②❡r
s❤♦✇♥ ❞✐❛❣♦♥❛❧❧② ✐♥ t❤❡ ✜❣✉r❡ ❞✉❡ t♦ t❤❡ t❡❝❤♥✐❝❛❧ r❡❛s♦♥✳

✽✷



✼ ❇❆✵✳✼❙❘✵✳✸❖ ❆◆❉ ❇❆✷❙■❖✹ ❆❙ ❆▲❚❊❘◆❆❚❊ ●❆❚❊ ❉■❊▲❊❈❚❘■❈ ■◆ ▼❖❙
❉■❖❉❊❙

❋✐❣✉r❡ ✼✳✷✶ ✲ ❍❘❚❊▼ ✐♠❛❣❡ ♦❢ ✺♥♠
s✐❧✐❝❛t❡✳

❚❤❡ ✜❣✉r❡s✲✼✳✷✷ ❜❡❧♦✇ s❤♦✇ t❤❡ s❛♠❡ s❛♠♣❧❡ ❛r❡❛ ✇✐t❤ ❜r✐❣❤t✲✜❡❧❞ ❛♥❞ ✐♥ t❤❡ ❞❛r❦ ✜❡❧❞
❝♦♥tr❛st✳ ❚❤❡ t✇♦ ❞❛r❦✲✜❡❧❞ ✐♠❛❣❡s s❤♦✇ t❤❡ ❝r♦ss s❡❝t✐♦♥ ♦❢ s❛♠♣❧❡ ♠❛t❡r✐❛❧✳ ■♥ t❤❡s❡
✐♠❛❣❡s t❤❡ ❧❛②❡r ♦❢ Ba2SiO4 ❝❛♥ ❜❡ r❡❝♦❣♥✐③❡❞ ❜② t❤❡ ❜r✐❣❤t ❝♦♥tr❛st✳ ❋r♦♠ t❤❡ ♦✈❡r❛❧❧
♦❜s❡r✈❛t✐♦♥ t❤❡s❡ ❛r❡❛s ✐♥❞✐❝❛t❡ ❝②st❛❧❧✐t❡s ✇✐t❤ ❞✐✛❡r❡♥t ♦r✐❡♥t❛t✐♦♥s ♦r ✐♥ s♦♠❡ ❝❛s❡s t❤❡
✜❧♠s ❝❛♥ ❜❡ ♣♦❧②❝r②st❛❧❧✐♥❡✳ ■♥ ❛❞❞✐t✐♦♥✱ ❜♦t❤ ❞❛r❦✲✜❡❧❞ ✐♠❛❣❡s s❤♦✇ ❞✐✛❡r❡♥t ❝r②st❛❧❧✐t❡s
✇✐t❤ ❤✐❣❤ ✐♥t❡♥s✐t✐❡s ✇❤✐❝❤ s✉❣❣❡sts t❤❛t ✇❡ ❛r❡ ♥♦t ❞❡❛❧✐♥❣ ✇✐t❤ ❡♣✐t❛①✐❛❧ ❣r♦✇t❤ ❜✉t t❤❡
❣r♦✇t❤ ✇✐t❤ ♣r❡❢❡rr❡❞ ♦r✐❡♥t❛t✐♦♥s✳ ❋r♦♠ t❤❡s❡ st✐❧❧ s♦♠❡✇❤❛t q✉❛❧✐t❛t✐✈❡ ✐♠❛❣❡s✱ ✇❡ ❝❛♥
✐❞❡♥t✐❢② ❛ s❤❛r♣ ✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ s✐❧✐❝❛t❡ ❛♥❞ s✐❧✐❝♦♥✳ ❲❡ ❝❛♥ s❡❡ ✉♥✐❢♦r♠❧② t❤✐❝❦ s✐❧✐❝❛t❡
✜❧♠ ♦♥ s✐❧✐❝♦♥ s✉❜str❛t❡✳

❋✐❣✉r❡ ✼✳✷✷ ✲ ❇r✐❣❤t ✜❡❧❞ ❛♥❞ ❞❛r❦ ✜❡❧❞ ❚❊▼ ✐♠❛❣❡ ♦❢ ✺♥♠ Ba2SiO4 ❢r♦♠ t❤❡ s❛♠❡ s❛♠♣❧❡
❛r❡❛✳ ❆r❡❛s ✇✐t❤ ❧✐❣❤t ❝♦♥tr❛st ✐♥ t❤❡ ❞❛r❦✲✜❡❧❞ ✐♠❛❣❡s s❤♦✇ ❛ ♣♦❧②❝r②st❛❧❧✐♥❡ ❝❤❛r❛❝t❡r ♦❢
Ba2SiO4 ❧❛②❡r✳ ❉✐✛❡r❡♥t ❝r②st❛❧❧✐t❡s ♦❢ s❛♠❡ ♦r✐❡♥t❛t✐♦♥ ❛r❡ ✈✐s✐❜❧❡ ✇✐t❤ ❤✐❣❤ ✐♥t❡♥s✐t✐❡s✳

■♥ ❚❊▼ ❞❛r❦✲✜❡❧❞ ✐♠❛❣❡s✱ ❛ ❝❡rt❛✐♥ ♦r✐❡♥t❛t✐♦♥ ♦❢ ❝r②st❛❧ s❤♦✇s ❜r✐❣❤t s♣♦t ❝♦♠♣❛r❡❞ t♦
♦t❤❡rs✳ ❉✉r✐♥❣ t❤❡ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣✐❝ ♦❜s❡r✈❛t✐♦♥ ♦❢ t❤✐❝❦ ✭❃ ✺♥♠✮ s✐❧✐❝❛t❡ ❧❛②❡r✱ t❤❡r❡
❛r❡ ❛❧s♦ ❛r❡❛s t❤❛t s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t ❤✐❣❤❡r ❛♠♦r♣❤♦✉s ❝♦♥t❡♥t ✇✐t❤✐♥ t❤❡ Ba2SiO4
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

❧❛②❡r✳ ❇r✐❣❤t ✜❡❧❞ ✐♠❛❣❡ ❤❡r❡ ❞♦❡s ♥♦t ❣✐✈❡ ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❝r②st❛❧❧✐♥❡ s✐❧✐❝❛t❡✱
❜✉t t❤❡s❡ ❛r❡ s❤♦✇♥ ❜❡❧♦✇ ✇✐t❤ ❤✐❣❤❡r ♠❛❣♥✐✜❝❛t✐♦♥ ✐♥ ❞❡t❛✐❧✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✷✸ ✲ ✭❛✮ ❋❊✲❚❊▼ ❜r✐❣❤t ✜❡❧❞ ✐♠❛❣❡ ♦❢ ✶✵♥♠ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✭❜✮ ❍❘❚❊▼✲ ✐♠❛❣❡

❚❤❡ ❋❊✲❚❊▼ ❜r✐❣❤t ✜❡❧❞ ✐♠❛❣❡ ♦❢ Ba2SiO4 ❧❛②❡r ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ ❛❜♦✉t ✶✵♥♠ ✐s
s❤♦✇♥ ✐♥ ✜❣✉r❡✲✼✳✷✸✭❛✮✳ ❚❤❡ s❡❧❡❝t❡❞ s❛♠♣❧❡ ❛r❡❛ s❤♦✇♥ ✐♥ t❤❡ ✜❣✉r❡✲✼✳✷✸✭❛✮ ✐s s❤♦✇♥ ✐♥
❤✐❣❤❡r ♠❛❣♥✐✜❝❛t✐♦♥ ✐♥ ✜❣✉r❡✲✼✳✷✸✭❜✮✳ ❚❤❡ ❛✈❡r❛❣❡ ❧❛t❡r❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❝r②st❛❧❧✐t❡s ✐s
❛❜♦✉t ✶✺♥♠✳

❚❤❡ r✐❣❤t ✜❣✉r❡ s❤♦✇s t❤❡ ❝r②st❛❧❧✐♥❡ str✉❝t✉r❡s ♦❢ t❤❡ s✐❧✐❝❛t❡ ❧❛②❡rs✳ ❚❤❡ ❧❛②❡r s❤♦✇s
❝r②st❛❧❧✐♥❡ str✉❝t✉r❡s ❛❧❧ ♦✈❡r t❤❡ ✐♥t❡r❢❛❝❡✳ ❚❤❡ ❝r②st❛❧❧✐♥❡ r❡❣✐♦♥s ✇✐t❤✐♥ t❤❡ ❧❛②❡r ❝❛♥
❜❡ s❡❡♥ ❛s ❞❛r❦ s♣♦t✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞ ❜② t❤❡ ♣❛rt✐❛❧❧② ✈✐s✐❜❧❡ ❧❛tt✐❝❡ ♣❧❛♥❡s✳ ❍❡r❡
♦♥❡ ❝❛♥ s❡❡ t❤❡ ❙✐✭✶✶✵✮ s✉r❢❛❝❡ ✐♥ t❤❡ ✉♣♣❡r ❧❡❢t ♣❛rt ♦❢ t❤❡ ✐♠❛❣❡ ❛♥❞ t❤❡ ❣r♦✇t❤ ♦❢
s✐❧✐❝❛t❡ ❛t ❧♦✇❡r ❧❡❢t s✐❞❡✳ ❙✐♥❝❡ t❤❡ str✉❝t✉r❡ ✐s ❝❡♥t❡r❡❞ r❡❝t❛♥❣✉❧❛r✱ ✇❡ ❛❧✇❛②s s❡❡ s♦♠❡
♣r♦❥❡❝t✐♦♥✱ ❛♥❞ t❤❡ ♦♥❡ ✇✐t❤ t❤❡ ❧♦♥❣ ♥❛rr♦✇ str✐♣❡s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✭✶✵✵✮ ♣r♦❥❡❝t✐♦♥✱
✇❤✐❝❤ s❤♦✇s ❤❛❧❢ ♦❢ t❤❡ ❧❛tt✐❝❡ ❝♦♥st❛♥t ✧❛✧✱ s✐♠✐❧❛r❧② ✇❡ s❡❡ ✐♥ ♦t❤❡r ♣❛rts t❤❡ ✭✵✶✵✮
♣r♦❥❡❝t✐♦♥ ✇✐t❤ ❧❛tt✐❝❡ ❝♦♥st❛♥t ✧❜✧ ❬✜❣✉r❡✲✼✳✶✻✭❜✮❪✳ ■♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ▲❊❊❉ r❡s✉❧ts
s❤♦✇♥ ❛❜♦✈❡✱ t❤❡ ♠❛✐♥ ❝r②st❛❧❧♦❣r❛♣❤✐❝ ♦r✐❡♥t❛t✐♦♥s ♦❢ ❇❛ s✐❧✐❝❛t❡ ❛r❡ ❛❧♦♥❣ t❤❡ ❬✶✶✵❪
❞✐r❡❝t✐♦♥s ♦❢ ❙✐✱ ❛♥❞ ❝r②st❛❧❧✐t❡s ✇✐t❤ ❜♦t❤ t②♣❡s ♦❢ ♦r✐❡♥t❛t✐♦♥s [100]Ba2SO4

‖ [110]Si(100)
❛♥❞ [010]Ba2SO4

‖ [110]Si(100) ✭❞❛r❦❡r s❡❝t✐♦♥s✮ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞✳
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✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✷✹ ✲ ✭❛✮ ❋❊✲❚❊▼ ❜r✐❣❤t ✜❡❧❞ ✐♠❛❣❡ ♦❢ ✶✵♥♠ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✭❜✮ ❍❘❚❊▼✲ ✐♠❛❣❡

❲❡ ❝❛♥ s❡❡ ❛♥♦t❤❡r ❚❊▼ ✐♠❛❣❡ ♦❢ ✶✵♥♠ ❝r②st❛❧❧✐♥❡ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✭✜❣✉r❡✲✼✳✷✹✮✱ ✇❤❡r❡
t❤❡ ❡♥❧❛r❣❡❞ ✈✐❡✇ ♦❢ ❋❊✲❚❊▼ ✐♠❛❣❡ ✭❛✮ ✐s s❤♦✇♥ ❛s ❍❘❚❊▼ ✐♠❛❣❡ ❛t ✭❜✮✳ ❆t ✐♠❛❣❡
✭❜✮ ✐♥ s♦♠❡ ❧♦❝❛t✐♦♥s ❛♥ ✐♥t❡♥s✐t② ♠♦❞✉❧❛t✐♦♥ ♥♦r♠❛❧ t♦ t❤❡ ✐♥t❡r❢❛❝❡ ✇✐t❤ ❛ ♣❡r✐♦❞ ♦❢
✶✳✵ ♥♠ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❧❛tt✐❝❡ ❝♦♥st❛♥t ✬❝✬ ♦❢ t❤❡ ❝r②st❛❧❧✐t❡s✳ ❚❤❡
t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ s✐❧✐❝❛t❡ ✐s ✶✵♥♠ ❛♥❞ ✇❡ ❝❛♥ s❡❡ t❤❡ ♠❛①✐♠✉♠ ❣r♦✇t❤ ♦❢ ❝r②st❛❧❧✐♥❡
s✐❧✐❝❛t❡ ✐s ❛❧♠♦st ✽♥♠ t❤✐❝❦✳ ❆❧t❤♦✉❣❤ t❤❡ t❤✐❝❦♥❡ss ♦❢ ❝r②st❛❧ ❣r♦✇t❤ ✐s ♥♦t ✉♥✐❢♦r♠ ❜✉t
t❤❡ ❣r♦✇t❤ ✐s ❝♦♥t✐♥✉♦✉s ❛❧❧ ♦✈❡r t❤❡ ✐♥t❡r❢❛❝❡✱ ✇❤✐❝❤ ❛❧s♦ s✉♣♣♦rt t❤❡ ❡✈✐❞❡♥❝❡ ♦❢ ❝❧♦s❡
❝r②st❛❧❧✐♥❡ s✐❧✐❝❛t❡ ❣r♦✇t❤ ❛t t❤❡ ✐♥t❡r❢❛❝❡ ❢r♦♠ ❊❉❳ ♠❡❛s✉r❡♠❡♥ts ❛t ✜❣✉r❡✲ ✼✳✷✽✳

❚❤❡ ✜❣✉r❡s ❜❡❧♦✇ ✭✜❣✳ ✼✳✷✺✮ s❤♦✇ t❤❡ Ba2SiO4 ❧❛②❡r ✇✐t❤ ❛ t❤✐❝❦♥❡ss ♦❢ ❛❜♦✉t ✺♥♠
❛t ❞✐✛❡r❡♥t ♠❛❣♥✐✜❝❛t✐♦♥s✳ ■♥ t❤✐s ❝❛s❡ t❤❡ ♦✈❡r❛❧❧ ❝r②st❛❧❧✐♥✐t② ♦❢ t❤❡ ✜❧♠ ✐s ✐♠♣r♦✈❡❞
❝♦♥s✐❞❡r❛❜❧②✱ s✐♥❝❡ ❝r②st❛❧❧✐♥❡ r❡❣✐♦♥s ♥♦✇ ❡①t❡♥❞ ✉♣ t♦ t❤❡ ❢✉❧❧ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❆♣❛rt
❢r♦♠ ❡①t❡♥❞❡❞ ❝r②st❛❧❧✐t❡s ✇✐t❤ t❤❡ s❛♠❡ ♦r✐❡♥t❛t✐♦♥ ❛♥❞ ❛❧s♦ ❛ s✐♠✐❧❛r ❛✈❡r❛❣❡ s✐③❡ ❛s
❞❡s❝r✐❜❡❞ ❢♦r t❤❡ ✶✵♥♠ ✜❧♠✱ ❛ ♠✐♥♦r✐t② s♣❡❝✐❡s ♦❢ ♠✉❝❤ s♠❛❧❧❡r ♥❛♥♦❝r②st❛❧❧✐t❡s ✇✐t❤
♦t❤❡r ♦r✐❡♥t❛t✐♦♥s ❛r❡ ✈✐s✐❜❧❡ ❛t ✜❣✉r❡✲✼✳✷✺✭❜✮✱ s❤♦✇♥ ❜② t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ❛rr♦✇s✳
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✼✳✷✺ ✲ ✭❛✮ ❚❊▼ ❜r✐❣❤t ✜❡❧❞ ✐♠❛❣❡ ♦❢ ✺♥♠ ❇❛r✐✉♠ ❙✐❧✐❝❛t❡ ✭❜✮ ❍❘❚❊▼✲ ✐♠❛❣❡✱ ♠✐❞❞❧❡
❛rr♦✇ s❤♦✇s t❤❡ ❝r②st❛❧❧✐t❡s ✇✐t❤ s❛♠❡ ♦r✐❡♥t❛t✐♦♥✱ t❤❡ t♦♣ ❛♥❞ ❜♦tt♦♠ ❛rr♦✇s s❤♦✇ ♥❛♥♦❝r②s✲
t❛❧❧✐t❡s ✇✐t❤ ♦t❤❡r ♦r✐❡♥t❛t✐♦♥s

❋r♦♠ t❤❡ ❍❘❚❊▼ ✐♠❛❣❡s✱ ✇❡ ❞♦ ♥♦t s❡❡ ❛♥② ❝❧❡❛r ❡✈✐❞❡♥❝❡ ♦❢ ❛ ✉♥✐❞✐r❡❝t✐♦♥❛❧ ❡♣✐t❛①✐❛❧
❣r♦✇t❤ ♦❢ s✐❧✐❝❛t❡ ❝r②st❛❧ ♦♥ t❤❡ s✐❧✐❝♦♥ ✇❛❢❡r✳ ❘❛t❤❡r ✇❡ ♦❜s❡r✈❡ t❤❛t t❤❡ ♠❛❥♦r✐t② ♦❢
❝r②st❛❧❧✐t❡s ❝❧✉st❡rs ❤❛✈❡ t❤❡ ♦r✐❡♥t❛t✐♦♥s ❛❧s♦ s❡❡♥ ✐♥ ▲❊❊❉✳ ❙♦♠❡ ♦❢ t❤❡s❡ ❝❧✉st❡rs ♠❛②
❡✈❡♥ st✐❧❧ ❜❡ ❛♠♦r♣❤♦✉s✱ s✐♥❝❡ ♥♦ s✐❣♥❛❧ ❛❜♦✈❡ t❤❡ ❞✐✛✉s❡ ❜❛❝❦❣r♦✉♥❞ ✐s ❞❡t❡❝t❛❜❧❡ ✇✐t❤
❙P❆✲▲❊❊❉✳ ❋r♦♠ ❚❊▼ ✐t ✐s ♥♦t ❝❧❡❛r t❤❛t t❤❡ ✧❝r②st❛❧❧✐t❡s ✇✐t❤ ♦t❤❡r ♦r✐❡♥t❛t✐♦♥s✧ ❛r❡
r❡❛❧❧② ❝r②st❛❧❧✐♥❡✳ ■❢ t❤❡② ❛r❡ ❛♠♦r♣❤♦✉s ♦r ❡①tr❡♠❡❧② s♠❛❧❧ ✭❛r♦✉♥❞ ✶ ♥♠✮✱ ▲❊❊❉ ✇♦✉❧❞
♥♦t s❡❡ t❤❡♠✳ ❚❤❡ r❡❧❛t✐✈❡ ❛♠♦✉♥t ♦❢ ❝r②st❛❧❧✐♥❡ ❛♥❞ ❛♠♦r♣❤♦✉s s✐❧✐❝❛t❡ ✐s ❞❡♣❡♥❞❡♥t ♦♥
t❤❡ ❞❡t❛✐❧❡❞ ❣r♦✇t❤ ❝♦♥❞✐t✐♦♥s✱ ✇❤✐❝❤✱ ❤♦✇❡✈❡r✱ ❛r❡ ♥♦t ✈❛r✐❡❞ s②st❡♠❛t✐❝❛❧❧② ❡♥♦✉❣❤ ✐♥
t❤✐s st✉❞② t♦ ❞r❛✇ ❛♥② q✉❛♥t✐t❛t✐✈❡ ❝♦♥❝❧✉s✐♦♥s✳

❍❡r❡ s✐❧✐❝❛t❡ ❣r♦✇s ✉♥❞❡r r❡❛❝t✐✈❡ ❣r♦✇t❤ ❝♦♥❞✐t✐♦♥s✳ ❆s s✐❧✐❝♦♥ ❞✐✛✉s✐♦♥ t❤r♦✉❣❤ t❤❡
♦①✐❞❡ ✐s t❤❡ ♠♦st ❝r✉❝✐❛❧ st❡♣ ❢♦r t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❇❛ s✐❧✐❝❛t❡✱ ✐t ✐s ♥♦t s✉r♣r✐s✐♥❣ t❤❛t
t❤❡ ✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ s✐❧✐❝♦♥ ❛♥❞ s✐❧✐❝❛t❡ ✐s q✉✐t❡ r♦✉❣❤✱ ❡✈❡♥ ♦♥ t❤❡ ❛t♦♠✐❝ s❝❛❧❡✱ ❛s
❞❡♠♦♥str❛t❡❞ ✐♥ t❤❡ ❡♥❧❛r❣❡❞ ✜❣✉r❡s✲✼✳✷✹ ❛♥❞ ✼✳✷✺ ❢♦r ✶✵♥♠ ❛♥❞ ✺♥♠ s✐❧✐❝❛t❡ ✜❧♠s✱ r❡✲
s♣❡❝t✐✈❡❧②✳ ❇✉t t❤❡ s✐❧✐❝♦♥✲s✐❧✐❝❛t❡ ✐♥t❡r❢❛❝❡ r❡♠❛✐♥s ❛t♦♠✐❝❛❧❧② s❤❛r♣✱ ❛s s❡❡♥ ❢r♦♠ t❤❡s❡
✐♠❛❣❡s✳ ❲❡ ❝❛♥ ♥♦t s❡❡ ❛♥② ❡✈✐❞❡♥❝❡ ❢♦r ❢♦r♠❛t✐♦♥ ♦❢ ❛♥② ❦✐♥❞ ♦❢ ✐♥t❡r❢❛❝❡ ❧❛②❡r ✇✐t❤
❛ ❞✐✛❡r❡♥t ❝♦♠♣♦s✐t✐♦♥ ♦r ❢♦r♠❛t✐♦♥ ♦❢ ❛ s✐❧✐❝✐❞❡ ❛t t❤❡ ✐♥t❡r❢❛❝❡✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱
t❤❡r❡ ✐s ❡✈✐❞❡♥❝❡ ❢♦r ❛♥ ❡♥❤❛♥❝❡❞ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ str✉❝t✉r❛❧ ❞❡❢❡❝ts ❛t t❤❡ ✐♥t❡r❢❛❝❡ ✐♥
t❤❡s❡ ✐♠❛❣❡s✱ ✇❤✐❝❤ ❛❧s♦ ♠❛② ❤❛✈❡ ❝♦♥s❡q✉❡♥❝❡s ♦♥ t❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ✭s❤♦✇♥ ❜❡✲
❧♦✇✮✳ ❚❤❡s❡ str✉❝t✉r❛❧ ✐♥t❡r❢❛❝❡ ❞❡❢❡❝ts ❛r❡ ♥❡❝❡ss❛r✐❧② ❝♦✉♣❧❡❞ ✇✐t❤ ❧♦❝❛❧ ❝♦♠♣♦s✐t✐♦♥❛❧
✢✉❝t✉❛t✐♦♥s ♦♥ t❤❡ ❛t♦♠✐❝ s❝❛❧❡✳

7.2.4 Studying elemental distributions in silicate using EDXS

❚❤❡ ❞❛r❦ ✜❡❧❞ ❙❚❊▼ ✐♠❛❣❡ s❤♦✇s t❤❡ s❛♠♣❧❡ ♠❛t❡r✐❛❧ ✐♥ t❤❡ ❝r♦ss s❡❝t✐♦♥ ✭❋✐❣✳ ✼✳✷✻✮✳
❚❤❡ ❧❛②❡r ♦❢ Ba2SiO4 ✐s ✐❞❡♥t✐✜❛❜❧❡ ❜② t❤❡ ❜r✐❣❤t ❝♦♥tr❛st✳ ❲❡ ♣❡r❢♦r♠❡❞ ❊❉❳❙ ♠❡❛✲
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s✉r❡♠❡♥t ♦♥ t❤✐s s❛♠♣❧❡ ❛♥❞ t❤❡ ♦✉t❝♦♠❡s ❛r❡ ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳

❋✐❣✉r❡ ✼✳✷✻ ✲ ❉❛r❦✲✜❡❧❞ ❙❚❊▼
✐♠❛❣❡ ♦❢ ✶✵♥♠ Ba2SiO4 ♦♥
❙✐✭✵✵✶✮✱ t❤❡ ❛r❡❛ ✇❤✐❝❤ ✇❛s ❧❛t❡r
❛♥❛❧②③❡❞ ❜② ❊❉❳❙

❆❝❝♦r❞✐♥❣ t♦ t❤❡ s❛♠♣❧❡ ♠❛t❡r✐❛❧s t❤❡ ❡❧❡♠❡♥ts ❝❛r❜♦♥✱ ♦①②❣❡♥✱ s✐❧✐❝♦♥ ❛♥❞ ❜❛r✐✉♠
❛r❡ ❞❡t❡❝t❡❞ ✐♥ t❤❡ ❊♥❡r❣② ❉✐s♣❡rs✐✈❡ ❳✲r❛② ❙♣❡❝tr♦s❝♦♣② ✭❊❉❳❙✮ s♣❡❝tr✉♠ ✭✜❣✳ ✼✳✷✼✮✳
Pr♦❜❛❜❧② ❞✉❡ t♦ ✐♠♣✉r✐t✐❡s t❤❡ ❡❧❡♠❡♥t ❝❤❧♦r✐♥❡ ✐s ❛❧s♦ ❢♦✉♥❞✱ ✇❤✐❝❤ ❝❛♠❡ ❢r♦♠ t❤❡ s❛♠♣❧❡
♣r❡♣❛r❛t✐♦♥ st❡♣s ❢♦r ❚❊▼ ♠❡❛s✉r❡♠❡♥ts✳

❋✐❣✉r❡ ✼✳✷✼✲ ❊❉❳❙ ♦❢ ✶✵♥♠ Ba2SiO4 s❤♦✇✐♥❣ t❤❡ ❞✐✛❡r❡♥t ❡❧❡♠❡♥ts ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ s❛♠♣❧❡
s❡❣♠❡♥t s❤♦✇♥ ❛t ✜❣✉r❡✲✼✳✷✺✳
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

❉✉❡ t♦ ❛♥ Ar+ ✐♦♥ s♣✉tt❡r✐♥❣ ♣r♦❝❡ss ❞✉r✐♥❣ s❛♠♣❧❡ ♣r❡♣❛r❛t✐♦♥✱ t❤❡ ❡❧❡♠❡♥t ❛r❣♦♥ ✐s
❞❡t❡❝t❡❞ ✐♥ t❤❡ s❛♠♣❧❡ ♠❛t❡r✐❛❧ ❛t ❛ ❧♦✇ ❝♦♥❝❡♥tr❛t✐♦♥✳ ❚❤❡ ❈✉ ❛♥❞ ❈r s✐❣♥❛❧s ❛r❡ ❢r♦♠
s❛♠♣❧❡ ❤♦❧❞❡r ❞✉❡ t♦ ♣❛rt✐❛❧ ❤✐t ❜② ♠❡❛s✉r❡♠❡♥t ❜❡❛♠✱ ❜✉t ♥♦t ❢r♦♠ t❤❡ s❛♠♣❧❡ ✉♥❞❡r
❡①❛♠✐♥❛t✐♦♥✳

❋✐❣✉r❡ ✼✳✷✽ ✲ ❊❉❳❙ ♦❢ ✶✵♥♠ Ba2SiO4 s❤♦✇✐♥❣ t❤❡ ❇❛✱ ❙✐ ❛♥❞ ❖ ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ s❛♠♣❧❡
✇✐t❤✐♥ ✶✼✵♥♠ s♣❛t✐❛❧ r❛♥❣❡✳

❚❤❡ ❊❉❳ s♣❡❝tr✉♠ ♦❢ ❜❛r✐✉♠ ✭❇❛✮✱ s✐❧✐❝♦♥ ✭❙✐✮ ❛♥❞ ♦①②❣❡♥ ✭❖✮ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡✲
✼✳✷✽✳ ❍❡r❡ ❜② ✜①✐♥❣ t❤❡ ❞❡t❡❝t✐♦♥ ❡♥❡r❣② ❛t ❛ ❝❡rt❛✐♥ s♠❛❧❧ r❛♥❣❡✱ t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥
❞✐str✐❜✉t✐♦♥ ✐♠❛❣❡ ♦❢ t❤❛t ❝❡rt❛✐♥ ❡❧❡♠❡♥t ✐♥ t❤❛t s❝❛♥♥❡❞ ❛r❡❛ ✐s ♦❜t❛✐♥❡❞✳ ❲❡ st❛rt
✇✐t❤ ❛♥ ❡❧❡♠❡♥t❛❧ ❛♥❛❧②s✐s ❝❛rr✐❡❞ ♦✉t ✇✐t❤ ❊❉❳ ❛♥❛❧②s✐s ❛t t❤❡ Kα1 ❡❞❣❡s ♦❢ ♦①②❣❡♥ ❛♥❞
❙✐✱ ❛♥❞ t❤❡ Lα1 ❡❞❣❡ ♦❢ ❇❛✱ r❡s♣❡❝t✐✈❡❧②✱ ❢♦r ❛ ♥♦♠✐♥❛❧❧② ✶✵♥♠ t❤✐❝❦ s✐❧✐❝❛t❡ ✜❧♠✳ ❋r♦♠ t❤❡
❞✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❡❧❡♠❡♥ts✱ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❝❤❡♠✐❝❛❧ ❝♦♠♣♦s✐t✐♦♥ ♦❢ Ba2SiO4 ❧❛②❡r
❝❛♥ ❜❡ s❡❡♥✳ ❍❡r❡ t❤❡ ❡♣♦①② r❡s✐♥ ✐s ❛t t♦♣ ❛♥❞ s✐❧✐❝♦♥ s✉❜str❛t❡ ✐s ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡
✐♠❛❣❡✳ ❍❡r❡ ❞❡t❡❝t❡❞ ❡❧❡♠❡♥ts ❛r❡ s❤♦✇♥ ✐♥ ❜r✐❣❤t ♦r ✇❤✐t❡ ❝♦❧♦r✳ ■♥ ❝❛s❡ ♦❢ ❙✐❧✐❝♦♥✱ ✐t
❞❡t❡❝ts s✐❧✐❝♦♥ ❜♦t❤ ✐♥ s✐❧✐❝❛t❡ ❧❛②❡r ❛♥❞ ❛❧s♦ ✐♥ s✉❜str❛t❡✱ s♦ ✇❡ ❝❛♥ s❡❡ ❜♦tt♦♠ ♦❢ t❤❡
♠✐❞❞❧❡ ✐♠❛❣❡ ✐s ❝♦♠♣❧❡t❡❧② ❜r✐❣❤t✳ ❲✐t❤✐♥ t❤❡ r❡s♦❧✉t✐♦♥ ♦❢ t❤✐s ♠❡t❤♦❞ ♦❢ ❛❜♦✉t ✷♥♠✱
✇❡ ❝❛♥ ❞✐r❡❝t❧② ♦❜s❡r✈❡ t❤❡ ❤♦♠♦❣❡♥❡♦✉s ❝♦♥❝❡♥tr❛t✐♦♥s ♦❢ ✬❇❛✬ ❛♥❞ ♦①②❣❡♥ ✇✐t❤✐♥ t❤❡
❧❛②❡r✱ ✇❤✐❧❡ t❤❡ ❙✐ s✐❣♥❛❧ ❢❛❞❡s ♦✉t ❛t t❤❡ ❡❞❣❡ t♦ t❤❡ ❡♣♦①② ❧❛②❡r✱ ❛s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡
❛r❣✉♠❡♥ts ❣✐✈❡♥ ❛❜♦✈❡ ❢r♦♠ ❚❊▼ ♦❜s❡r✈❛t✐♦♥s✳ ❆s ❛ ❝♦♥s❡q✉❡♥❝❡ t♦ t❤✐s ❝♦♥❝❡♥tr❛t✐♦♥
❣r❛❞✐❡♥t ♦❢ ❙✐✱ t❤❡ ✶✵♥♠ t❤✐❝❦ ✜❧♠ ✐s ♦♥❧② ❝r②st❛❧❧✐♥❡ ❝❧♦s❡ t♦ t❤❡ ❙✐✲s✐❧✐❝❛t❡ ✐♥t❡r❢❛❝❡✱ ❜✉t
❧❛❝❦s ❝r②st❛❧❧✐♥✐t② ✐♥ ❛❜♦✉t ❤❛❧❢ ♦❢ t❤❡ t❤✐❝❦♥❡ss✱ ❛s s❡❡♥ ✐♥ t❤❡ ❋✐❣✳ ✼✳✷✸✳

7.2.5 Band offset of dielectric layers on Si(001) substrate

❚♦ ❣❡t t❤❡ ❜❛♥❞ ♦✛s❡t ❜❡t✇❡❡♥ s✐❧✐❝❛t❡ ❛♥❞ s✐❧✐❝♦♥✱ ✇❡ ✉s❡❞ ①✲r❛② ♣❤♦t♦✲❡❧❡❝tr♦♥ s♣❡❝✲
tr♦s❝♦♣② ✭❳P❙✮ ♦♥ ❛♥ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡✳ ❆t ✜rst ✇❡ ❞❡t❡r♠✐♥❡❞ t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥s
♦❢ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡s ♦♥ ❜❛r❡ ❙✐✱ s✉❝❝❡ss✐✈❡❧② ✉s✐♥❣ ♦♥ ✉❧tr❛✲t❤✐♥ ✭✷▼▲✮ ❛♥❞ t❤✐❝❦ ✭>✺
♥♠✮ s✐❧✐❝❛t❡ ❧❛②❡rs✱ ✇❤✐❝❤ ❛r❡ ❞❡♣♦s✐t❡❞ ♦♥ t♦♣ ♦❢ ❙✐✲s✉❜str❛t❡✳ ❇② ❢♦❧❧♦✇✐♥❣ t❤❡ ♠❡t❤♦❞
♦❢ ❲❛❧❞r♦♣ ❡t ❛❧✳ ✜❣✉r❡ ✼✳✷✾ ❬✻✹❪✱ ✇❡ ❤❛✈❡ ❞❡❞✉❝❡❞ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ♦✛s❡t✳ ❚❤✐s ♠❡t❤♦❞
✐s ❜❛s❡❞ ♦♥ ❳P❙ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛r❜✐tr❛r② ❝♦r❡ ❧✐♥❡s ❛♥❞
✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡s ♦❢ ❜✉❧❦ ♠❛t❡r✐❛❧s ♦❢ t❤❡ s✐❧✐❝❛t❡ ❛♥❞ ♦❢ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡✳ ❚❤❡
❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s❛♠❡ ❝♦r❡ ❧✐♥❡s ❢♦r t❤❡ s✐❧✐❝♦♥✴s✐❧✐❝❛t❡ ❤❡t❡r♦❥✉♥❝t✐♦♥s✱ ❛s
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s❝❤❡♠❛t✐❝❛❧❧② s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✷✾✳ ❚❤✐s ♠❡t❤♦❞ ❛❧❧♦✇s ❜♦t❤ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❜❛♥❞
❛❧✐❣♥♠❡♥t ❛♥❞ ❛❞s♦r❜❛t❡ ✐♥❞✉❝❡❞ ❜❛♥❞ ❜❡♥❞✐♥❣✳ ❋r♦♠ t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ❞❡t❡r♠✐♥❡❞
❜❛♥❞ ❣❛♣✱ t❤❡ ❞❡❞✉❝t✐♦♥ ♦❢ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ❛❧✐❣♥♠❡♥t ✐s ❛❧s♦ ♣♦ss✐❜❧❡ ✭s❡❡ ❜❡❧♦✇✮✳

❋✐❣✉r❡ ✼✳✷✾ ✲ ❙❝❤❡♠❛t✐❝ ❡♥✲
❡r❣② ❜❛♥❞ ❞✐❛❣r❛♠ ♦❢ t❤✐♥ ❞✐✲
❡❧❡❝tr✐❝ ❧❛②❡r ❛♥❞ s✐❧✐❝♦♥ ✐♥✲
t❡r❢❛❝❡ ❬✻✹❪✳

∆EV B = (ECL,Si − EV B,Si)− (ECL,Ba2SiO4
− EV B,Ba2SiO4

−∆ECL)

∆ECB = EG,Ba2SiO4
−∆EV B − EG,Si [64]

❍❡r❡ ECL,Si ❂ ❇✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ t❤❡ ❙✐✷♣✲P❡❛❦❀ EV B,Si ❂ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡ ♦❢ ❝❧❡❛♥ ❙✐❀
ECL,Ba2SiO4

❂ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ ❖✶s✲P❡❛❦ ❢r♦♠ t❤❡ ✺♥♠ Ba2SiO4❀ EV B,Ba2SiO4
❂ ✈❛❧❡♥❝❡

❜❛♥❞ ❡❞❣❡ ♦❢ ✺♥♠ Ba2SiO4❀ ∆ECL ❂ ❡♥❡r❣② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❖✶s✲P❡❛❦ ❛♥❞ t❤❡
❙✐✷♣✲P❡❛❦

❲❡ ✉s❡❞ t❤❡ ❳P❙ s♣❡❝tr❛ ♦❢ ♣✉r❡ ♣✲❙✐✭✵✵✶✮ ✭2 × 1✮✱ ❢♦r ❛ t❤✐♥ ✭✸ ▼▲✮ Ba2SiO4 ✜❧♠
♦♥ ❙✐✭✵✵✶✮✱ ✇❤❡r❡ t❤❡ ❙✐✷♣ ✐s st✐❧❧ ✈✐s✐❜❧❡ ✐♥ t❤❡ s♣❡❝tr✉♠✱ ❛♥❞ ❢♦r ❛ t❤✐❝❦ Ba2SiO4 ✜❧♠
✭∼ 10nm✮✱ ✇❤❡r❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✐♥t❡r❢❛❝❡ ✐s ♥❡❣❧✐❣✐❜❧❡✳ ■♥ t❤✐s ✇❛② ✇❡ ♠❡❛s✉r❡❞
t❤❡ ❝♦r❡ ❧❡✈❡❧ ♦❢ s✐❧✐❝♦♥ ✭ECL,Si✮ ❛♥❞ s✐❧✐❝❛t❡ ✭ECL,Ba2SiO4

✮✳ ❇② ✜tt✐♥❣ str❛✐❣❤t ❧✐♥❡ ✐♥
❳P✲s♣❡❝tr❛ ♦❢ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡✱ ✇❡ ❞❡t❡r♠✐♥❡❞ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡ ❡♥❡r❣② ♦❢ s✐❧✐❝♦♥
✭EV B,Si✮ ❛♥❞ s✐❧✐❝❛t❡ ✭EV B,Ba2SiO4

✮❀ ❞❡t❛✐❧ ♦❢ ✜tt✐♥❣ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✸✼❪✳

■♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ❜❛♥❞❣❛♣✱ ✇❡ ♣❡r❢♦r♠❡❞ ❡❧❡❝tr♦♥ ❡♥❡r❣② ❧♦ss
s♣❡❝tr♦s❝♦♣② ✭❊❊▲❙✮ ♦♥ ✉♥str✉❝t✉r❡❞ s❛♠♣❧❡s ✉s✐♥❣ ❛ st❛♥❞❛r❞ ❡❧❡❝tr♦♥ ❣✉♥ ❛s ❡❧❡❝tr♦♥
s♦✉r❝❡✱ ②✐❡❧❞✐♥❣ ❛♥ ❡♥❡r❣② r❡s♦❧✉t✐♦♥ ♦❢ ❛❜♦✉t ✵✳✺❡❱✳ ❆s s❡❡♥ ❢r♦♠ t❤❡ t②♣✐❝❛❧ ❊❊▲❙
s♣❡❝tr✉♠ s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✸✵✱ t❤❡ s✐❧✐❝❛t❡ ✜❧♠s ❤❛✈❡ ❛ ❝❧❡❛r ❜❛♥❞ ❣❛♣ ✇✐t❤ ❛ s♠❛❧❧
❡①❝✐t❛t✐♦♥ ❜❛❝❦❣r♦✉♥❞ ♦❢ ❛❜♦✉t 10−2 ♦❢ t❤❡ ❡❧❛st✐❝❛❧❧② s❝❛tt❡r❡❞ ♣❡❛❦ ✐♥t❡♥s✐t②✳ ❆ ❣r❛❞✉❛❧
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

✐♥❝r❡❛s❡ ✐s s❡❡♥ ❢♦r ❧♦ss ❡♥❡r❣✐❡s ❛❜♦✈❡ ✹❡❱✱ ✇❤✐❝❤ ✇❡ ❛s❝r✐❜❡ t♦ t❤❡ ❡①❝✐t❛t✐♦♥ ♦❢ ❋r❡♥❦❡❧
❡①❝✐t♦♥s✳ ❚♦ ♠❡❛s✉r❡ t❤❡ ❜❛♥❞❣❛♣✱ ✇❡ ✉s❡❞ ❜♦t❤ t❤❡ ●❛✉ss✐❛♥ ✜t ❛♥❞ t❤❡ ❧✐♥❡❛r ✜t
♠❡t❤♦❞ ❬✻✷❪✳ ■t ✐s ✈✐s✐❜❧❡ ❢r♦♠ ✜❣✉r❡ ❜❡❧♦✇ t❤❛t ❜♦t❤ ♦❢ t❤❡ ♠❡t❤♦❞s ❛r❡ s❤♦✇✐♥❣ t❤❡
s❛♠❡ ❜❛♥❞❣❛♣ ♦❢ ✺✳✼❡❱✳ ❚♦ ❡st✐♠❛t❡ t❤❡ ❜❛♥❞❣❛♣ ❡♥❡r❣② ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧✐♥❡❛r ✜t ♠❡t❤♦❞✱
t❤❡ ✐♥t❡rs❡❝t✐♦♥ ♦❢ ❛ str❛✐❣❤t ❧✐♥❡ ❞r❛✇♥ t❤r♦✉❣❤ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❧❡✈❡❧ ✇✐t❤ ❛ ❧✐♥❡❛r ✜t
t♦ t❤❡ s✐❣♥❛❧ ♦❢ ❜✉❧❦ ❧♦ss s♣❡❝tr✉♠✳ ❙✐♥❝❡ t❤❡ s❡r✐❡s ♦❢ ❡①❝✐t❛t✐♦♥s ❝❛♥♥♦t ❜❡ r❡s♦❧✈❡❞✱
♦♥❧② ❛ s✐♥❣❧❡ ♣❡❛❦ ✐s ✉s❡❞ ✐♥ t❤❡ ✜t ❢♦r t❤❡ ❡①❝✐t♦♥s✱ t♦❣❡t❤❡r ✇✐t❤ ❢✉rt❤❡r ●❛✉ss✐❛♥ ♣❡❛❦s
❢♦r ❜✉❧❦ s✐❧✐❝❛t❡ ❡①❝✐t❛t✐♦♥s✳ ❚❤❡ st❡❡♣ ✐♥❝r❡❛s❡ ❝❧♦s❡ t♦ ✼❡❱ ❧♦ss ❡♥❡r❣② ✐♥❞✐❝❛t❡❞ t❤❡
❞♦♠✐♥❛♥❝❡ ♦❢ ❜✉❧❦ ❡①❝✐t❛t✐♦♥s ❛t ❤✐❣❤❡r ❧♦ss ❡♥❡r❣✐❡s✳ ❆♥ ❡st✐♠❛t❡ ❢♦r t❤❡ ❜✉❧❦ ❜❛♥❞ ❣❛♣
♦❢ ❇❛ s✐❧✐❝❛t❡ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❧✐♥❡❛r ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤✐s st❡❡♣ ✐♥❝r❡❛s❡ ❜❛❝❦ t♦
③❡r♦ ❧♦ss ✐♥t❡♥s✐t② t♦ ❜❡ ✺✳✼ ± ✵✳✶❡❱✳ ❚❤✐s ✈❛❧✉❡ ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ✜rst ❛❜r✉♣t ❝❤❛♥❣❡ ♦❢
s❧♦♣❡ ♦❢ t❤❡ ❧♦ss ✐♥t❡♥s✐t②✱ ✇❤✐❝❤ ❝❛♥ ❜❡ t❛❦❡♥ ❛s ❛ ❢✉rt❤❡r ✐♥❞✐❝❛t✐♦♥ ♦❢ t❤❡ ♦♥s❡t ♦❢ ❜✉❧❦
❡①❝✐t❛t✐♦♥s✳

❋✐❣✉r❡ ✼✳✸✵ ✲ ❊❧❡❝tr♦♥ ❡♥❡r❣② ❧♦ss s♣❡❝tr✉♠ ♦♥ ❛ ✻✳✷✺♥♠ t❤✐♥ ❇❛ s✐❧✐❝❛t❡ ❧❛②❡r✳ ❚❤❡ ❜❛♥❞✲❣❛♣
✐s ❞❡t❡r♠✐♥❡❞ ❜② ❧✐♥❡❛r ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❧♦ss ✐♥t❡♥s✐t② ♦♥ t❤❡ r✐❣❤t s✐❞❡✱ ♥♦t ❝♦♥s✐❞❡r✐♥❣ t❤❡
❡①❝✐t♦♥✐❝ ❧♦ss ✭❜❧❛❝❦ ❝✉r✈❡✮✳ ▼❡❛s✉r❡❞ ❜❛♥❞ ❣❛♣ ♦❢ ❇❛✲s✐❧✐❝❛t❡ ✐s ✺✳✼❡❱ ✇✐t❤ ❊ ❂ ✶✵✵❡❱✳

❲✐t❤ t❤✐s ✐♥❢♦r♠❛t✐♦♥✱ ✇❡ t❤❡♥ ❞❡t❡r♠✐♥❡❞ t❤❡ ❜❛♥❞ ♦✛s❡ts ❛♥❞ t❤❡ ❜❛♥❞ ❛❧✐❣♥♠❡♥t ♦❢
❇❛ s✐❧✐❝❛t❡ ✇✐t❤ r❡s♣❡❝t t♦ ♣✲❞♦♣❡❞ ❙✐✭✶✵✵✮ ❜② ❳P❙ ✉s✐♥❣ t❤❡ ♠❡t❤♦❞s ♦❢ ❲❛❧❞r♦♣ ❡t ❛❧✳
❈♦r❡ ❧❡✈❡❧s ♦❢ ❙✐✷♣✱ ❇❛✸❞✱ ❛♥❞ ❖✶s ❛r❡ ✉s❡❞✳ ■♥st❡❛❞ ♦❢ ❜✉❧❦ ♠❛t❡r✐❛❧ ❢♦r t❤❡ s✐❧✐❝❛t❡✱ ✇❡
✉s❡❞ t❤❡ ✈❛❧✉❡s ❢♦r t❤❡ ✶✵♥♠ t❤✐❝❦ ✜❧♠ ❛♥❞ ❝♦♠♣❛r❡❞ ✐t ✇✐t❤ t❤❡ ✸▼▲ t❤✐❝❦ s✐❧✐❝❛t❡ ✜❧♠✳
▼♦r❡ ❞❡t❛✐❧s ♦❢ t❤❡ ❞❛t❛ ❡✈❛❧✉❛t✐♦♥ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ r❡❢ ❬✸✼❪✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ✈❛❧❛♥❝❡
❜❛♥❞ ❛♥❞ ❝♦♥❞✉❝t✐♦♥ ❜❛♥❞ ♦✛s❡t ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ✉s✐♥❣ ❇❛✸❞ ♣❡❛❦ ✐s s❤♦✇♥ ❜❡❧♦✇✳
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✼ ❇❆✵✳✼❙❘✵✳✸❖ ❆◆❉ ❇❆✷❙■❖✹ ❆❙ ❆▲❚❊❘◆❆❚❊ ●❆❚❊ ❉■❊▲❊❈❚❘■❈ ■◆ ▼❖❙
❉■❖❉❊❙

∆EV B = (∆ESi +∆ECL)−∆EBa2SiO4
= [(98.9 + 678.4)− 774.8]± 0.1eV = 2.5± 0.1eV

∆ECB = EG,Ba2SiO4
−∆EV B − EG,Si = (5.7− 2.5− 1.1)± 0.1eV = 2.1± 0.1eV [64]

❘❡s✉❧ts ♦❢ ♠❡❛s✉r❡❞ ❝r②st❛❧❧✐♥❡ Ba2SiO4 ❛♥❞ ♣r❡✈✐♦✉s❧② ♠❡❛s✉r❡❞ ✐♥ ♦✉r ❣r♦✉♣✱ ❛♠♦r✲
♣❤♦✉s BaO ❧❛②❡rs ❬✺✶❪ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✸✶ ❛♥❞ ❋✐❣✳ ✼✳✸✷ r❡s♣❡❝t✐✈❡❧②✳ ❆❧❧ ❜❛♥❞ ♦✛s❡ts✱
✇✐t❤✐♥ t❤❡ ❛❝❝✉r❛❝② ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ±✵✳✶ ❡❱✱ t✉r♥❡❞ ♦✉t t♦ ❜❡ ❝❧♦s❡ t♦ ♦r ❛❜♦✈❡ ✶
❡❱✱ ♦♥ ❜♦t❤ ♣✲ ♦r ♥✲t②♣❡ s✉❜str❛t❡s✳ ❚❤✉s✱ t❤❡ r❡q✉✐r❡♠❡♥t ❢♦r s✉✣❝✐❡♥t❧② ❧♦✇ t❤❡r♠❛❧❧②
❡①❝✐t❡❞ ❧❡❛❦❛❣❡ ✉♥❞❡r t②♣✐❝❛❧ ❡❧❡❝tr♦♥✐❝ ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥s ✐s ❝❧❡❛r❧② ❢✉❧✜❧❧❡❞✳

❋✐❣✉r❡ ✼✳✸✶ ✲ ❇❛♥❞ ♦✛s❡t ♦❢ ❝r②s✲
t❛❧❧✐♥❡ ❜❛r✐✉♠ s✐❧✐❝❛t❡ ❛♥❞ ❙✐✭✵✵✶✮
❢r♦♠ t❤❡✐r ❜❛♥❞ ❞✐❛❣r❛♠

❆❣❛✐♥ s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s ❛r❡ ❢♦✉♥❞ ❜❡t✇❡❡♥ ❝r②st❛❧❧✐♥❡ s✐❧✐❝❛t❡ ❛♥❞ ❛♠♦r♣❤♦✉s ♦①✐❞❡
❧❛②❡rs✱ ✇❤✐❝❤ ✇❡ ❛s❝r✐❜❡ ❛❣❛✐♥ t♦ t❤❡ ❞✐✛❡r❡♥❝❡s ✐♥ ✐♥t❡r❢❛❝❡ ♣r❡♣❛r❛t✐♦♥✳ ❉✉❡ t♦ ❛♠♦r✲
♣❤♦✉s ❣r♦✇t❤ ♦❢ ❇❛❖ ♦♥ ❙✐✭✵✵✶✮ s✉❜str❛t❡ ❛♥❞ ❞✐✛❡r❡♥t ❜❛♥❞ ❣❛♣ ✭✹✳✷❡❱✮ ✐♥ ❝♦♠♣❛r✐s♦♥
t♦ ❜❛r✐✉♠ s✐❧✐❝❛t❡ r❡s✉❧ts ✐♥ ❛ ♠♦r❡ ❛s②♠♠❡tr✐❝ ❜❛♥❞ ❛❧✐❣♥♠❡♥t✳ ❲❤✐❧❡ ✐t ♠❛② ♥♦t ❜❡
s✉r♣r✐s✐♥❣ t❤❛t t❤❡ ❤✐❣❤ ❞❡♥s✐t② ♦❢ ✐♥t❡r❢❛❝❡ st❛t❡s ❢♦r t❤❡ ❛♠♦r♣❤♦✉s ♦①✐❞❡s ✭✐✳❡✳ ❇❛❖✮
❞❡t❡r♠✐♥❡s t❤❡ ❜❛♥❞ ❛❧✐❣♥♠❡♥t✳ ■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤✐s ✐s ❛❧s♦ t❤❡ ❝❛s❡ ❢♦r t❤❡
❝r②st❛❧❧✐♥❡ ❧❛②❡rs ✭✐✳❡✳ Ba2SiO4✮✳ ❲❡ ✇♦r❦❡❞ ✇✐t❤ ♣✲t②♣❡ s✐❧✐❝♦♥ s✉❜str❛t❡✱ ❜✉t ♣r❡✈✐♦✉s
st✉❞✐❡s s❤♦✇♥ t❤❛t ♥♦ ❞✐✛❡r❡♥❝❡s ✐♥ ❜❛♥❞ ❛❧✐❣♥♠❡♥t ♦♥ ♥✲ ❛♥❞ ♣✲t②♣❡ s✉❜str❛t❡s ❛r❡ ❞❡✲
t❡❝t❡❞ ❬✺✶❪✱ t❤❛t ♠❡❛♥s t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥s ♦❢ ❜❛♥❞s ❛r❡ ♣✐♥♥❡❞ ❜② t❤❡ ✐♥t❡r❢❛❝❡ st❛t❡s
❜♦t❤ ❢♦r ❝r②st❛❧❧✐♥❡ ❛♥❞ ❛♠♦r♣❤♦✉s ❧❛②❡rs✳

❋✐❣✉r❡ ✼✳✸✷ ✲ ❇❛♥❞ ♦✛s❡t ♦❢
❛♠♦r♣❤♦✉s ❜❛r✐✉♠ ♦①✐❞❡ ❛♥❞
❙✐✭✵✵✶✮ ❢r♦♠ t❤❡✐r ❜❛♥❞ ❞✐❛❣r❛♠
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7.2.6 Stability of barium silicate at ambient air

❲❡ t❡st❡❞ t❤❡ st❛❜✐❧✐t② ♦❢ t❤❡ s✐❧✐❝❛t❡ ❧❛②❡rs ✐♥ ❛✐r✳ ❲❤✐❧❡ t❤❡ BaO ❧❛②❡rs t✉r♥❡❞ ♦✉t t♦ ❜❡
❡①tr❡♠❡❧② ❤②❣r♦s❝♦♣✐❝ ❛♥❞ t♦ r❡❛❝t t♦ ❤②❞r♦①✐❞❡ ✇✐t❤✐♥ s❡❝♦♥❞s ✇❤❡♥ ❡①♣♦s❡❞ t♦ ❛♠❜✐❡♥t
❝♦♥❞✐t✐♦♥s✱ t❤❡ s✐❧✐❝❛t❡ ✐s ♠✉❝❤ ♠♦r❡ st❛❜❧❡✱ ❛s ❞❡♠♦♥str❛t❡❞ ❜② t❤❡ s♣❡❝tr❛❧ ❞❛t❛ s❤♦✇♥
✐♥ ✜❣✉r❡✲✼✳✸✸ ❢♦r ❖ ✶s ❛♥❞ ❇❛ ✹❞✳

❋✐❣✉r❡ ✼✳✸✸ ✲ ❉❡♠♦♥str❛t✐♦♥ ♦❢ ❝r②st❛❧ ✇❛t❡r ✉♣t❛❦❡ ❜② s✐❧✐❝❛t❡ ❛❢t❡r ❡①♣♦s✉r❡ t♦ ❛✐r✳ ❋r♦♠
❜♦tt♦♠ t♦ t♦♣✱ t❤❡ ❳P❙ s♣❡❝tr❛ ❛r❡ ❢♦r ❛ ✺♥♠ t❤✐❝❦ Ba2SiO4 ✜❧♠✱ ❛❢t❡r tr❛♥s❢♦r♠❛t✐♦♥ t♦
s✐❧✐❝❛t❡✱ ❛❢t❡r ❡①♣♦s✉r❡ t♦ ❛♠❜✐❡♥t ❝♦♥❞✐t✐♦♥s ❢♦r ✶✵ ♠✐♥✱ ❛♥❞ ❛❢t❡r ❤❡❛t✐♥❣ ✐♥ ❯❍❱ t♦ 300◦❈ ❢♦r
✶✵ ♠✐♥✳

❚❤❡ ❜♦tt♦♠ s♣❡❝tr❛ s❤♦✇ t❤❡ s✐❧✐❝❛t❡ ❛❢t❡r ❛♥♥❡❛❧✐♥❣ ♦❢ ❛ ✺♥♠ t❤✐❝❦ ♦①✐❞❡ ❧❛②❡r ❛t 650◦❈
❢♦r ✹✺ ♠✐♥✳ ❆❢t❡r✇❛r❞s t❤❡ s❛♠♣❧❡ ✐s ❡①♣♦s❡❞ t♦ ❛✐r ❢♦r ✶✵♠✐♥ ❛♥❞ ♣✉t ❜❛❝❦ ✐♥t♦ ✈❛❝✉✉♠✳
❆❢t❡r t❤✐s tr❡❛t♠❡♥t✱ t❤❡ ❳P❙ ✐♥t❡♥s✐t✐❡s ♦❢ ❛❧❧ ❳P❙ ♣❡❛❦s ❛r❡ r❡❞✉❝❡❞ ❛♥❞ t❤❡ s❤♦✉❧❞❡r
♦❢ ❖ ✶s ♣❡❛❦ ✐♥❝r❡❛s❡❞ ❛♥❞ ❜r♦❛❞❡♥❡❞ ❛t ❤✐❣❤❡r ❜✐♥❞✐♥❣ ❡♥❡r❣✐❡s✳ ❚❤✐s ✜♥❞✐♥❣✱ ❤♦✇❡✈❡r✱
❡①❝❧✉❞❡s t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❤②❞r♦①② s♣❡❝✐❡s✱ s✐♥❝❡ t❤❡② ✇♦✉❧❞ ✐♥❝r❡❛s❡ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡
♣❡❛❦ ❛t ✺✷✾ ❡❱ ❜✐♥❞✐♥❣ ❡♥❡r❣② ❬✻✸❪✱ ❝♦♥tr❛r② t♦ ♦✉r ♦❜s❡r✈❛t✐♦♥✳ ❚❤❡ s❤♦✉❧❞❡r t♦ t❤❡ ❖
✶s ♣❡❛❦ ✐s ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ ✇❛t❡r ❛❞s♦r♣t✐♦♥✱ ❜✉t ♠❛② ❛❧s♦ ❝♦♥t❛✐♥ ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠
❝❛r❜♦♥ ❛♥❞ ♦①②❣❡♥ ❝♦♥t❛✐♥✐♥❣ s♣❡❝✐❡s ❬✻✸❪✱ s✐♥❝❡ ❛ ❝❧❡❛r ❈ ✶s s✐❣♥❛❧ ❝❛♥ ♥♦✇ ❜❡ ❞❡t❡❝t❡❞
t❤❛t ✇❛s ❛❜s❡♥t ❛❢t❡r ❣r♦✇t❤ ❛♥❞ r❡❛❝t✐♦♥ ♦❢ t❤❡ s✐❧✐❝❛t❡ ❧❛②❡rs✳

❆❧s♦ t❤❡ ❇❛✹❞ ♣❡❛❦ ✐♥t❡♥s✐t② ❣❡ts r❡❞✉❝❡❞ ❛❢t❡r ❡①♣♦s✐♥❣ t❤❡ s❛♠♣❧❡ ✐♥ ❛✐r ✇❤✐❝❤✱
❤♦✇❡✈❡r✱ ✐s r❡st♦r❡❞ ❛❧♠♦st ❝♦♠♣❧❡t❡❧② ❛❢t❡r ❛♥♥❡❛❧✐♥❣ t❤❡ ❧❛②❡r t♦ 300◦❈ ❢♦r s❡✈❡r❛❧
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♠✐♥✉t❡s ✐♥ ✈❛❝✉✉♠✳ ❚❤❡ ❧❛tt❡r tr❡❛t♠❡♥t ❝❛♥✱ ❤♦✇❡✈❡r✱ ♥♦t ❝♦♠♣❧❡t❡❧② r❡♠♦✈❡ t❤❡ ❈✶s
s✐❣♥❛❧ ❜✉t t❤❡ ✐♥t❡♥s✐t② ♦❢ ❖✶s s❤♦✉❧❞❡r ✐s r❡❞✉❝❡❞ s✐❣♥✐✜❝❛♥t❧② ✐✳❡✳✱ t❤❡ ❝r②st❛❧ ✇❛t❡r
✇❤✐❝❤ ✐s t❛❦❡♥ ❜② s✐❧✐❝❛t❡ ❞✉r✐♥❣ ❡①♣♦s✉r❡ t♦ ❛✐r ❝♦♠♣❧❡t❡❧② ❞✐s❛♣♣❡❛r❡❞ ❛❢t❡r ❛♥♥❡❛❧✐♥❣
❛t t❡♠♣❡r❛t✉r❡ 300◦❈✳

7.2.7 Dielectric constant of barium silicate

▼❖❙ ❞✐♦❞❡s ❛r❡ ❢❛❜r✐❝❛t❡❞ ❝♦♠♣❧❡t❡❧② ✐♥ ❯❍❱ ❢♦r ♦①✐❞❡ t❤✐❝❦♥❡ss❡s ❜❡t✇❡❡♥ ✻✳✷✺♥♠ ❛♥❞
✶✸♥♠ ❛t ❛ s✉r❢❛❝❡ t❡♠♣❡r❛t✉r❡ ♦❢ ✻✺✵◦❈ ✉♥❞❡r ❛ ❝♦♥st❛♥t ✢✉① ♦❢ ❇❛ ✐♥ ♦①②❣❡♥ ❜❛❝❦❣r♦✉♥❞
♣r❡ss✉r❡ ✇✐t❤ ❛♥ ❆❧ ✐♥t❡r❢❛❝❡ ❧❛②❡r ❛♥❞ ❛ ❆✉ ❝❛♣♣✐♥❣ ❧❛②❡r✱ ❛s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡✳ ❚❤❡s❡
s❛♠♣❧❡s t✉r♥❡❞ ♦✉t t♦ ❜❡ st❛❜❧❡ ✐♥ ❛✐r ✭s❤♦✇♥ ❛❜♦✈❡✮ s♦ t❤❛t ❈✲❱ ❛♥❞ ■✲❱ ♠❡❛s✉r❡♠❡♥ts
❝♦✉❧❞ ❜❡ ❝❛rr✐❡❞ ♦✉t ❡①✲s✐t✉✳ ❋r♦♠ t❤❡ ♠❡❛s✉r❡❞ ❈✲❱ ❞❛t❛ ✇❡ ❞❡t❡r♠✐♥❡❞ q✉❛♥t✐t❛✲
t✐✈❡❧② t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ✐♥ str♦♥❣ ❛❝❝✉♠✉❧❛t✐♦♥ ✉s✐♥❣ ❛ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ✬t❤r❡❡✲❡❧❡♠❡♥t
♠♦❞❡❧✬✳ ❚❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❡q✉✐✈❛❧❡♥t t❤✐❝❦♥❡ss ✭❈❊❚✮ ✐s ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ❝❛♣❛❝✐t❛♥❝❡
✈❛❧✉❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ ❛❝❝✉♠✉❧❛t✐♦♥ r❡❣✐♦♥✱ ✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ ❛♥② q✉❛♥t✉♠ ♠❡❝❤❛♥✐❝❛❧
❡✛❡❝ts✳ ❍❡r❡ ❛❧❧ t❤❡ ❡❧❡❝tr✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ❛r❡ t❛❦❡♥ ♦♥ ✇✐♥❞♦✇s ♦❢ t❤❡ s❛♠❡ s✐③❡ ✭❛r❡❛
= 4× ✶✵−4 ❝♠2✮✳ ❚❤❡ ❣❛t❡ ♠❡t❛❧✴✜❡❧❞ ♦①✐❞❡ ♦✈❡r❧❛♣ ❝❛♣❛❝✐t❛♥❝❡ ✇❛s s✉❜tr❛❝t❡❞ ❝❛r❡❢✉❧❧②
❢♦r ❡❛❝❤ ❝❛s❡✳

❋✐❣✉r❡ ✼✳✸✹ ✲ ❈❊❚ ✈❛r✐❛t✐♦♥s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ❞✐❡❧❡❝tr✐❝ ❧❛②❡r t❤✐❝❦♥❡ss ❢♦r t❤❡
Ba2SiO4 ✜❧♠s✳ ❍❡r❡ ✇❡ ♣❧♦tt❡❞ ❛✈❡r❛❣❡s ♦✈❡r ♥✐♥❡ ❞✐♦❞❡s ♦❢ ❞✐✛❡r❡♥t ❞✐❡❧❡❝tr✐❝ t❤✐❝❦♥❡ss❡s✳

❋✐❣✉r❡✲✼✳✸✹ s❤♦✇s t❤❡ ❝❛♣❛❝✐t❛♥❝❡ ❡q✉✐✈❛❧❡♥t t❤✐❝❦♥❡ss ✭❈❊❚✮ ♦❢ Si/Ba2SiO4/Au str✉❝✲
t✉r❡s ❛t ❝♦♥st❛♥t ❛❝❝✉♠✉❧❛t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❞✐❡❧❡❝tr✐❝ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❚❤❡ ❡rr♦r ❜❛rs
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❛r❡ ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ s❝❛tt❡r ♦❢ t❤❡ ✈❛❧✉❡s ❢♦r ✈❛r✐♦✉s s❛♠♣❧❡ ✇✐♥❞♦✇s✳ ❲✐t❤✐♥ t❤❡s❡
❡rr♦r ❧✐♠✐ts t❤❡ ❞❛t❛ ❢❛❧❧ ♦♥ ❛ str❛✐❣❤t ❧✐♥❡✳ ❚❤❡ ♠❡❛s✉r❡❞ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ✭❦✮ ✈❛❧✉❡ ✐s
ǫ = ✷✹✳✻ ± ✵✳✷ ❢r♦♠ t❤❡ s❧♦♣❡ ♦❢ t❤❡ str❛✐❣❤t ❧✐♥❡ ✜t ✐♥ ❋✐❣✉r❡✲✼✳✸✹✳ ❚❤✐s ✈❛❧✉❡ ✐s ✇✐t❤✐♥ t❤❡
❤✐❣❤✲❦ r❛♥❣❡✳ ❋r♦♠ t❤❡ ♣♦s✐t✐✈❡ ✐♥t❡r❝❡♣t ♦♥ t❤❡ ♦r❞✐♥❛t❡ ✇❡ ❞❡❞✉❝❡ t❤❛t t❤❡r❡ ✐s ❛ ❝♦♥✲
tr✐❜✉t✐♦♥ ♦❢ ❝❛♣❛❝✐t❛♥❝❡ ♦❢ t❤❡ s✐❧✐❝♦♥ s✉❜str❛t❡ ✇✐t❤ ❛♥ ❡q✉✐✈❛❧❡♥t t❤✐❝❦♥❡ss ♦❢ ✵✳✶✺✺♥♠✳
❈✲❱ ❝❤❛r❛❝t❡r✐st✐❝s r❡❝♦r❞❡❞ ❛t ✶✵✵ ❦❍③ ✐♥❞✐❝❛t❡ ❛ s②st❡♠❛t✐❝ ❝❛♣❛❝✐t❛♥❝❡ s❝❛❧✐♥❣ ✇✐t❤
❞✐❡❧❡❝tr✐❝ ❧❛②❡r t❤✐❝❦♥❡ss✱ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡✲✼✳✸✹✳ ❚❤❡ ❧♦✇❡st ❝❛♣❛❝✐t❛♥❝❡ ❡q✉✐✈❛❧❡♥t
t❤✐❝❦♥❡ss ❛❝❤✐❡✈❡❞ ✐♥ t❤❡ ♣r❡s❡♥t st✉❞② ✐s ∼✶✳✷♥♠ ❢♦r ✻✳✷✺♥♠ ❞✐❡❧❡❝tr✐❝ ✜❧♠✳ ❙✐♥❝❡ s✐❧✐❝❛t❡
❧❛②❡rs ✇✐t❤ ❛ t❤✐❝❦♥❡ss ❞♦✇♥ t♦ ❛t ❧❡❛st ✸♥♠ ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✇✐t❤♦✉t ♣r♦❜❧❡♠s✱ ❈❊❚s
♦❢ ✵✳✺ ♦r ❧❡ss ❛r❡ ❢❡❛s✐❜❧❡ ✇✐t❤ t❤✐s ♠❛t❡r✐❛❧✳ ❆❧s♦ ❡①♣❡❝t❡❞ ✐s t❤❡ ♥❡❣❛t✐✈❡ ✐♥t❡r❝❡♣t ✇✐t❤
t❤❡ ①✲❛①✐s ❛t ✲✶✳✺✺♥♠ ❞✉❡ t♦ t❤❡ ✜♥✐t❡ s❡♠✐❝♦♥❞✉❝t♦r ❝❛♣❛❝✐t❛♥❝❡ ♥♦t ❝♦♥s✐❞❡r❡❞ s♦ ❢❛r✳

CET =
ǫ0 × ǫSiO2

Cacc

❲❤❡r❡ ǫ0 ❂ ✈❛❝✉✉♠ ♣❡r♠✐tt✐✈✐t②✱ Cacc ❂ ❝❛♣❛❝✐t❛♥❝❡ ❛t ❛❝❝✉♠✉❧❛t✐♦♥ ❛♥❞ ǫSiO2
❂

r❡❧❛t✐✈❡ ♣❡r♠✐tt✐✈✐t② ♦❢ s✐❧✐❝♦♥ ❞✐♦①✐❞❡✳

❋✐❣✉r❡ ✼✳✸✺ ✲ ❍②st❡r❡s✐s <
0.5♠❱ ❢♦r ✺♥♠ Ba2SiO4

❆ t②♣✐❝❛❧ ❈✲❱ ❝✉r✈❡ ✐s s❤♦✇♥ ✐♥ t❤❡ ❋✐❣✳ ✼✳✸✺✳ ❆s s❡❡♥ t❤❡r❡✱ ❤②st❡r❡s✐s t✉r♥❡❞ ♦✉t
t♦ ❜❡ ❜❡❧♦✇ ✶ ♠❱ ❛t t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❝✉r✈❡✱ ✇❤✐❝❤ ♦♥ t❤❡ s❝❛❧❡ s❤♦✇♥ ✐♥ t❤✐s ✜❣✉r❡ ✐s
♥♦t ✈✐s✐❜❧❡✳ ❚❤✐s ❞❡♠♦♥str❛t❡s t❤❛t t❤❡ ❞❡♥s✐t② ♦❢ r❡❝❤❛r❣❡❛❜❧❡ tr❛♣s ♥❡❛r t❤❡ ✐♥t❡r❢❛❝❡
✐s ❡①tr❡♠❡❧② ❧♦✇✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ✢❛t✲❜❛♥❞ ✈♦❧t❛❣❡ ✐s ❢♦✉♥❞ ❝❧♦s❡ t♦ ✵✳✽❱✱ ❛♥
✐♥❞✐❝❛t✐♦♥ ♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ♣♦❧❛r✐③❛t✐♦♥ ❝❤❛r❣❡s ✇❤✐❝❤ s✐t ❡✐t❤❡r ❛t t❤❡ ❙✐✲s✐❧✐❝❛t❡ ♦r t❤❡
s✐❧✐❝❛t❡✲❣♦❧❞ ✐♥t❡r❢❛❝❡✳ ❆s ❢♦✉♥❞ ❜② t❤❡ ❳P❙ ✐♥✈❡st✐❣❛t✐♦♥s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✶✹✱ ❤♦✇❡✈❡r✱
t❤❡ ♣♦❧❛r✐③❛t✐♦♥ ❛t t❤❡ ❙✐✲s✐❧✐❝❛t❡ ✐♥t❡r❢❛❝❡ ✐s ✈❡r② s♠❛❧❧✱ s♦ t❤❛t t❤❡ s✐❧✐❝❛t❡✲❣♦❧❞ ✐♥t❡r❢❛❝❡✱
❛♥❞ ❤❡r❡ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ❆❧ ✐♥t❡r❢❛❝❡ ❧❛②❡r✱ ♠✉st ❜❡ r❡s♣♦♥s✐❜❧❡✳ ❆❧t❤♦✉❣❤ ♥♦ s②st❡♠❛t✐❝
st✉❞② ♦❢ ❆❧ ❧❛②❡r t❤✐❝❦♥❡ss ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ❤❡r❡✱ ✇❡ ✇❛♥t t♦ ♠❡♥t✐♦♥ t❤❛t s✐♠✐❧❛r
❡✛❡❝ts ❤❛✈❡ ❜❡❡♥ ♦❜s❡r✈❡❞ r❡❝❡♥t❧② ❢♦r ♠✐①❡❞ ❇❛❙r ♦①✐❞❡ ❧❛②❡rs ❬✹✷❪ ❛♥❞ ❢r♦♠ t❤❡ t❤❡♦r❡t✲
✐❝❛❧ ✇♦r❦ ♦❢ SiO2 : HfO2 ✐♥t❡r❢❛❝❡✱ ✇❤❡r❡ ✐♦♥✐❝ ❝❤❛r❣❡s ✐♥ t❤❡ ♦①✐❞❡ ❝r❡❛t❡ ✐♠❛❣❡ ❝❤❛r❣❡s
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✼ ❇❆✵✳✼❙❘✵✳✸❖ ❆◆❉ ❇❆✷❙■❖✹ ❆❙ ❆▲❚❊❘◆❆❚❊ ●❆❚❊ ❉■❊▲❊❈❚❘■❈ ■◆ ▼❖❙
❉■❖❉❊❙

✐♥ t❤❡ ♠❡t❛❧ ❛t ❛ ♣♦❧❛r ✐♥t❡r❢❛❝❡ ❛♥❞ t❤❡ ❛♠♦✉♥t ♦❢ ✐♥t❡r❢❛❝❡ ❝❤❛r❣❡s ❞❡t❡r♠✐♥❡ t❤❡ s❤✐❢t
✐♥ ✢❛t❜❛♥❞ ✈♦❧t❛❣❡ ❬✻✼❪✳

❋✐❣✉r❡ ✼✳✸✻ ✲ ▲❡❛❦❛❣❡ ❝✉r✲
r❡♥t ♦❢ ✾✳✹♥♠ Ba2SiO4 ❛s ❛
❢✉♥❝t✐♦♥ ♦❢ ❣❛t❡ ✈♦❧t❛❣❡ ✭VG✮✳
❩❡r♦ ❤❛s ❜❡❡♥ s❡t t♦ t❤❡ ✢❛t✲
❜❛♥❞ ✈♦❧t❛❣❡✳

❋✐❣✉r❡✲ ✼✳✸✻ s❤♦✇s t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ❣❛t❡ ✈♦❧t❛❣❡✳ ❋♦r
♥❡❣❛t✐✈❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ t❤❡ ▼❖❙ ❞✐♦❞❡ ✐s ✐♥ ❢♦r✇❛r❞ ❜✐❛s ❝♦♥❞✐t✐♦♥✱ ❛♥❞ ❤❡♥❝❡ t❤❡ ❧❡❛❦❛❣❡
❝✉rr❡♥t ✐s ❤✐❣❤❡r ✐♥ ❝♦♠♣❛r✐s♦♥ t♦ ♣♦s✐t✐✈❡ ❣❛t❡ ✈♦❧t❛❣❡✳

❆♥ ■✲❱ ❝✉r✈❡ ❢♦r ❛ ✾✳✹♥♠ t❤✐❝❦ ✜❧♠ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✼✳✸✻✱ ②✐❡❧❞s ❛ ❧❡❛❦❛❣❡ ❝✉rr❡♥t ♦❢ ✸
♠❆✴❝♠2 ❛t ✶❱ ❛✇❛② ❢r♦♠ t❤❡ ✢❛t✲❜❛♥❞ ✈♦❧t❛❣❡✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t ♦①✐❞❡ t❤✐❝❦♥❡ss ✭❈❊❚✮ ❢♦r
t❤✐s ❧❛②❡r ✐s ✶✳✻♥♠ ✭s❡❡ ❛❜♦✈❡✮ ❛♥❞ t❤✉s st✐❧❧ ❢✉❧✜❧❧s t❤❡ ❝r✐t✐❝❛❧ ❧✐♠✐ts ♦❢ ❧❡❛❦❛❣❡ ❝✉rr❡♥ts
❢♦r ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❬✹✸❪✳
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✼✳✷ ●r♦✇t❤ ❛♥❞ ❝❤❛r❛❝t❡r✐③❛t✐♦♥ ♦❢ ❜❛r✐✉♠ s✐❧✐❝❛t❡

7.2.8 Interface trap density (Dit) of silicate

❋r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥t ♠❡❛s✉r❡♠❡♥ts ❛r❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❞❡♥s✐t② ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣s
Dit✱ ♥❡❛r ♠✐❞✲❣❛♣ ✉s✐♥❣ t❤❡ ❝♦♥❞✉❝t❛♥❝❡ ♠❡t❤♦❞ ❬✻✽❪✳ ❯s❡❞ s✉❜str❛t❡s ❛r❡ ♣✲t②♣❡ ❙✐✭✵✵✶✮
✇❛❢❡rs ✇✐t❤ ❛ ❞♦♣✐♥❣ ♦❢ NA = 3.5 × 1015cm−3 ❛♥❞ ♠❡❛s✉r❡❞ ❛❝t✐✈❡ ❛r❡❛ ♦❢ ▼❖❙ ❞✐♦❞❡
✐s 4 × 10−4cm2✳ Dit ✈❛❧✉❡s ✇❡r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♣❡❛❦ ✈❛❧✉❡s ♦❢ ❝♦♥❞✉❝t❛♥❝❡ ●it/ω ❛♥❞
t❤❡ ✇✐❞t❤ ✐♥ t❤❡ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ✭s❡❡ s❡❝t✐♦♥✲✸✳✷✳✶✱ ❝♦♥❞✉❝t❛♥❝❡ ♠❡t❤♦❞✮✳ ❆♥ ❡①❛♠♣❧❡
✐s s❤♦✇♥ ♦♥ t❤❡ ❋✐❣✳ ✼✳✸✼✳ ❋r♦♠ t❤❡s❡ ❝✉r✈❡s ❛♥❞ t❤❡ ❦♥♦✇♥ ❛r❡❛ ♦❢ ♦✉r ✇✐♥❞♦✇s✱ ✇❡
❤❛✈❡ ❝❛❧❝✉❧❛t❡❞ t❤❡ ✈❛❧✉❡s ❢♦r t❤❡ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t②✱ ❉it ❛r♦✉♥❞ ✶ × ✶✵13 ± 0.5× 1013

eV −1cm−2 ❛t t❤❡ ♣♦s✐t✐♦♥ ♦❢ ❋❡r♠✐ ❧❡✈❡❧✳ ❯♥❞❡r ✢❛t❜❛♥❞ ❝♦♥❞✐t✐♦♥ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ❛t t❤❡
s✉r❢❛❝❡ ❤❛s t❤❡ s❛♠❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ❡❞❣❡ ♦❢ t❤❡ ♣✲t②♣❡ s❡♠✐❝♦♥❞✉❝t♦r
❛s ✐♥ t❤❡ ✐♥t❡r✐♦r ✭❜✉❧❦✮✳ ❆t r♦♦♠ t❡♠♣❡r❛t✉r❡✱ t❤✐s ❡♥❡r❣❡t✐❝ ❞✐st❛♥❝❡ ♦❢ t❤❡ ❋❡r♠✐ ❧❡✈❡❧
❢r♦♠ t❤❡ ♠✐❞✲❜❛♥❞ ❣❛♣ ✐s ✲✵✳✸✷❡❱✱ ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❜✉❧❦ ❞♦♣✐♥❣ NA✳

❋✐❣✉r❡ ✼✳✸✼ ✲ ❋r❡q✉❡♥❝② ❞❡✲
♣❡♥❞❡♥t ❝♦♥❞✉❝t❛♥❝❡ ❝✉r✈❡

❲❡ ✉s❡❞ ❝♦♥❞✉❝t❛♥❝❡ ✈s✳ ❢r❡q✉❡♥❝② ❝✉r✈❡ ✭✜❣✳✲✼✳✸✼✮ t♦ ❞❡t❡r♠✐♥❡ t❤❡ Dit ✉s✐♥❣ t❤❡

❡q✉❛t✐♦♥✲✸✳✷✹✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ❝♦♥❞✉❝t❛♥❝❡ [
(

Gp

ω

)

max
] ✐♥ ✜❣✉r❡✲

✼✳✸✼ ✐s 4.03 × 10−7S · s/cm2✱ ♠❛r❦❡❞ ❜② t❤❡ ❞♦tt❡❞ ❧✐♥❡✱ s✉❜st✐t✉t✐♥❣ t❤✐s ✈❛❧✉❡ ❛♥❞ t❤❡
✈❛❧✉❡ ♦❢ ❡❧❡❝tr♦♥ ❝❤❛r❣❡✱ q = 1.6× 10−19C ✐♥ ❡q✉❛t✐♦♥✲✸✳✷✹✱ ✇❡ ❣❡t ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t②✱
Dit ≈ 6.3 × 1012eV −1cm−2✳ ■♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t✐❡s ♦❜t❛✐♥❡❞ ✐♥ t❤✐s ✇❛② ❛r❡ ♣❧♦tt❡❞
✐♥ ✜❣✉r❡✲✼✳✸✽✳ ❲❤✐❧❡ t❤❡s❡ ✈❛❧✉❡s s❝❛tt❡r ❜❡t✇❡❡♥ s❛♠♣❧❡s✱ t❤❡r❡ ✐s ♥♦ ❝❧❡❛r t❡♥❞❡♥❝②
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ s✐❧✐❝❛t❡ t❤✐❝❦♥❡ss✳ ❚❤❡ ♠❡❛s✉r❡❞ Dit ✈❛❧✉❡s ❢♦r s✐❧✐❝❛t❡ ✐s t♦♦ ❤✐❣❤ ✐♥
❝♦♠♣❛r✐s♦♥ t♦ ❇❛❙r❖ ❬✹✷❪✳
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❋✐❣✉r❡ ✼✳✸✽ ✲ ▼❡❛s✉r❡❞ ✈❛❧✲
✉❡s ♦❢ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t✐❡s
♦❢Ba2SiO4 ✉s✐♥❣ ❝♦♥❞✉❝t✐♦♥
♠❡t❤♦❞

■t ♠❛② ❜❡ t♦♦ ❡❛r❧② t♦ ❣✐✈❡ ❛ ❝❧❡❛r ❝✉t r❡❛s♦♥ ❢♦r t❤❡s❡ ❤✐❣❤ ✈❛❧✉❡s ♦❢ ❉it ✇✐t❤♦✉t
❢✉rt❤❡r st✉❞②✱ t❤❡r❡ ❛r❡ s❡✈❡r❛❧ ♣♦ss✐❜✐❧✐t✐❡s✳ ❚✇♦ ♦❢ t❤❡♠ ❛r❡✱ ❛s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ t❤❡
♥❡❡❞ ❢♦r r❡❛❝t✐✈❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❇❛ s✐❧✐❝❛t❡ ❛♥❞ t❤❡ ❞✐✛✉s✐✈❡ tr❛♥s♣♦rt ♦❢ ❙✐ ❛t♦♠s ✐♥t♦
t❤❡ s✐❧✐❝❛t❡ ❛♥❞ t♦ t❤❡ s✐❧✐❝❛t❡ s✉r❢❛❝❡ ❢♦r ❢✉rt❤❡r s✐❧✐❝❛t❡ ❢♦r♠❛t✐♦♥✳ ❊s♣❡❝✐❛❧❧② t❤❡ ❧❛tt❡r
♣r♦❝❡ss ❝❛✉s❡s ❛ r♦✉❣❤ ✐♥t❡r❢❛❝❡ ♦♥ t❤❡ ❛t♦♠✐❝ s❝❛❧❡ ❜❡t✇❡❡♥ ❙✐ ❛♥❞ t❤❡ s✐❧✐❝❛t❡✱ ❛s s❡❡♥
✐♥ ❋✐❣s✳ ✼✳✷✹ ❛♥❞ ✼✳✷✺✳ ❆❧t❤♦✉❣❤ ❝r②st❛❧❧✐♥✐t② ❢♦r t❤❡ s✐❧✐❝❛t❡ ❧❛②❡rs ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢ t❤❡
✐♥t❡r❢❛❝❡ ✐s q✉✐t❡ ❣♦♦❞✱ t❤❡ r♦✉❣❤♥❡ss ♠❛② ❝❛✉s❡ ❧♦❝❛❧ str❛✐♥ ✜❡❧❞s t❤❛t ❛r❡ ❡✣❝✐❡♥t ✐♥
❡❧❡❝tr♦♥ s❝❛tt❡r✐♥❣✳ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ ❣r♦✇t❤ ♠♦❞❡ ♠❛② ❝❤❛♥❣❡ t❤✐s s✐t✉❛t✐♦♥✳
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8 Summary and Perspectives

❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦ s❤♦✇ t❤❛t Ba2SiO4 ✐s ❛ ❢❛s❝✐♥❛t✐♥❣ ❛❧t❡r♥❛t✐✈❡ ❣❛t❡ ❞✐❡❧❡❝tr✐❝✱ ✐ts
♦✉tst❛♥❞✐♥❣ ♣r♦♣❡rt✐❡s ❛r❡ ♣r❡r❡q✉✐s✐t❡ ❢♦r ❈▼❖❙ t❡❝❤♥♦❧♦❣②✳ ❚❤❡ str✉❝t✉r❛❧ ♣r♦♣❡rt✐❡s
❛s ✇❡❧❧ ❛s ♠♦st ♦❢ t❤❡ ❡❧❡❝tr✐❝❛❧ ♣r♦♣❡rt✐❡s ❛r❡ ❡①❝❡❧❧❡♥t✳ ❚❤❡ ❝r②st❛❧❧✐♥❡ Ba2SiO4 ✜❧♠s
♦♥ ❙✐ ✭✵✵✶✮ ❤❛✈❡ ❛ ❤✐❣❤ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ǫ ≈ 24.6 ± 0.2 ✇✐t❤ ✈❡r② ❧♦✇ ❧❡❛❦❛❣❡ ❝✉rr❡♥t
❝♦♠♣❛r❡❞ t♦ SiO2 ✜❧♠s✳

❈❛♣❛❝✐t❛♥❝❡✲✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ s❤♦✇♥ t❤❛t t❤❡ ❞❡❢❡❝t ❞❡♥s✐t② ♦❢ ♠♦✈❛❜❧❡✱
r❡❝❤❛r❣❡❛❜❧❡ ✐♠♣✉r✐t✐❡s ✐♥ t❤❡ s♦❧✐❞ ✜❧♠s ✐s ✈❡r② ❧♦✇✳ ❆s t❤❡ tr❛♥s❢♦r♠❛t✐♦♥ ♦❢ s✐❧✐❝❛t❡ ❤❛s
❜❡❡♥ ❞♦♥❡ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ✭650◦C✮✱ t❤❡ t❡♠♣❡r❛t✉r❡ st❛❜✐❧✐t② ♦❢ Ba2SiO4 ✐s ❤✐❣❤❡r
✐♥ ❝♦♠♣❛r✐s♦♥ t♦ Ba0.7Sr0.3O ❛s ✇❡ ❤❛✈❡ s❡❡♥ ❡❛r❧✐❡r ✐♥ ♦✉r ❣r♦✉♣✳ ❚❤❡ ❜❛♥❞ ❣❛♣ ♦❢ t❤❡
s✐❧✐❝❛t❡ ✜❧♠ ✐s ✺✳✼❡❱ ❛♥❞ t❤❡ ❜❛♥❞ ♦✛s❡t ♦❢ t❤❡ ✜❧♠ ✇✐t❤ s✐❧✐❝♦♥ ✐s > 2eV ✳ ❚❤❡ ✐♥t❡r❢❛❝❡
tr❛♣ ❞❡♥s✐t② ❉it ✐s ❤✐❣❤✱ ✇❤✐❝❤ ✐s ❛r♦✉♥❞ ✶ × ✶✵13± 0.5× 1013 eV −1cm−2✳ ▼❛✐♥ r❡❛s♦♥ ♦❢
t❤✐s ❤✐❣❤ ✐♥t❡r❢❛❝❡ tr❛♣ ❞❡♥s✐t② ✐s ❝❧❡❛r✱ ✇❤✐❝❤ ✐s t❤❡ ❞✐✛✉s✐♦♥ ♦❢ ❙✐ ❛t♦♠s ✐♥t♦ t❤❡ s✐❧✐❝❛t❡✱
t❤❛t ♠❛❦❡s t❤❡ ✐♥t❡r❢❛❝❡ q✉✐t❡ r♦✉❣❤✳ ❘♦♦♠ t❡♠♣❡r❛t✉r❡ ❣r♦✇t❤ ♦❢ s✐❧✐❝❛t❡ ✉s✐♥❣ ❜❛r✐✉♠
❛♥❞ s✐❧✐❝♦♥ ❡✈❛♣♦r❛t♦r s✐♠✉❧t❛♥❡♦✉s❧② ❝♦✉❧❞ s♦❧✈❡ t❤✐s ♣r♦❜❧❡♠✳

❇② ❝♦♥s✐❞❡r✐♥❣ ❛❧❧ t❤❡ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s✐❧✐❝❛t❡ ♦✉r ❤♦♣❡ t❤❛t t❤❡s❡ ✜❧♠s ✇♦✉❧❞ ❜❡
s✉✐t❛❜❧❡ ❢♦r ✉s❡ ✐♥ ❛♥ ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥✳
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■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② s♣❡❝✐❛❧ t❤❛♥❦s t♦ Pr♦❢✳ ❉r✳ ❍❡r❜❡rt P❢♥ür ❢♦r ♣r♦✈✐❞✐♥❣ ♠❡
t❤❡ ❤♦♥♦r t♦ ✇♦r❦ ✇✐t❤ ❛♥❞ ❤❡♥❝❡ t♦ ♣✉rs✉❡ ♠② P❤❉ ❞❡❣r❡❡ ✐♥ ❤✐s r❡s❡❛r❝❤ ❣r♦✉♣✳ ❆s ♠②
s✉♣❡r✈✐s♦r✱ ❤❡ ❤❛s ❝♦♥st❛♥t❧② ❣✉✐❞❡❞ ♠❡ t♦ r❡♠❛✐♥ ❢♦❝✉s❡❞ t♦ ❛❝q✉✐r❡ ♠② t❛r❣❡t✳ ❯♥❞❡r
❤✐s ❡①♣❡rt ❣✉✐❞❛♥❝❡✱ ■ ❤❛✈❡ s✉❝❝❡ss❢✉❧❧② ♦✈❡r❝♦♠❡ ♠❛♥② ❞✐✣❝✉❧t✐❡s ❛♥❞ ❤❡♥❝❡ ❧❡❛r♥❡❞ ❛
❧♦t✳ ❍✐s str❛✐❣❤t❢♦r✇❛r❞ ❝r✐t✐❝✐s♠ ❛❧♦♥❣ ✇✐t❤ ❤❡❛rt✇❛r♠✐♥❣ s✉♣♣♦rt ❤❛✈❡ ❣✐✈❡♥ ♠❡ ❣r❡❛t
❝♦♥✜❞❡♥❝❡ ❛s ❛ ②♦✉♥❣ r❡s❡❛r❝❤❡r✳ ■ st✐❧❧ r❡♠❡♠❜❡r t❤❡ ❞❛② ✇❤❡♥ ❤❡ ✐♥✈✐t❡❞ ♠❡ t♦ ❤✐s
❤♦♠❡ ❞✉r✐♥❣ ❈❤r✐st♠❛s ❡✈❡ ❛t t❤❡ ✜rst ②❡❛r ♦❢ ♠② P❤❉✱ t❤❛♥❦s ❢♦r t❤❛t✳

❍❡❛rt❢❡❧t t❤❛♥❦s ❣♦ t♦ Pr♦❢✳ ❉r✳ ❈❤r✐st♦♣❤ ❚❡❣❡♥❦❛♠♣ ❢♦r ❤✐s ✈❛❧✉❛❜❧❡ t❡❝❤♥✐❝❛❧ ❛❞✈✐❝❡s
❛♥❞ ♦✈❡r❛❧❧ s✉♣♣♦rt✳ ❚❤❛♥❦s ❢♦r t❤❡ ✉♥❢♦r❣❡tt❛❜❧❡ ♠♦♠❡♥ts ♦❢ ❣r✐❧❧ ♣❛rt② ❛t ❤✐s ❤♦♠❡✳ ■
✇❛♥t t♦ t❤❛♥❦ ♠② ♣r❡s❡♥t ❛♥❞ ♣r❡✈✐♦✉s ❝♦❧❧❡❛❣✉❡s ❛♥❞ ❛❧s♦ t♦ t❤❡♠ ✇❤♦ ✇♦r❦❡❞ ❡❛r❧✐❡r ✐♥
t❤✐s ❣r♦✉♣✱ ❢✉rt❤❡r t❤❛♥❦s t♦ ♦✉r ✐♥st✐t✉t❡ s❡❝r❡t❛r② ▼rs✳ ❍❡✐❦❡ ❑❛❤rs✳ ▼❛♥② t❤❛♥❦s t♦
❏❡♥s ❇❛r✐♥❣❤❛✉s✱ ❢♦r tr❛♥s❧❛t✐♥❣ t❤❡ ❛❜str❛❝t ✭❩✉s❛♠♠❡♥❢❛ss✉♥❣✮ ♦❢ ♠② t❤❡s✐s ✐♥ ●❡r♠❛♥✳
❚❤❛♥❦s ♠✉st ❛❧s♦ ❣♦ t♦ ❉✐r❦ ▼ü❧❧❡r✲❙❛❥❛❦✱ ♠② ❝♦❧❧❡❛❣✉❡ ❛♥❞ s❡♥✐♦r ✐♥ ♠② ❧❛❜✱ ✇❤♦ ❤❡❧♣❡❞
♠❡ ❛ ❧♦t t♦ ❣❡t ✉s❡❞ t♦ ✇✐t❤ ♠② P❤❉ ✇♦r❦ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣✳ ❇❡s✐❞❡ ❛❝❛❞❡♠✐❝ ✇♦r❦✱ ❤❡
❛❧s♦ ❤❡❧♣❡❞ ♠❡ t♦ ❛❞❛♣t t♦ t❤❡ ❞✐✛❡r❡♥t ❧✐❢❡st②❧❡ ✐♥ ●❡r♠❛♥②✳

❆ s♣❡❝✐❛❧ t❤❛♥❦s t♦ Pr♦❢✳ ❉r✳ ❑❛r❧ ❘✳ ❍♦❢♠❛♥♥ ❢♦r ❤✐s ✈❛❧✉❛❜❧❡ t✐♠❡ ❛♥❞ ❛❞✈✐❝❡s ❞✉r✐♥❣
♠② P❤❉✳ ▼② s✐♥❝❡r❡ ❣r❛t✐t✉❞❡ ✐s r❡s❡r✈❡❞ ❢♦r Pr♦❢❡ss♦r ❉r✳ ❆r♠✐♥ ❋❡❧❞❤♦✛ ❛♥❞ ▼r✳ ❋r❛♥❦
❙t❡✐♥❜❛❝❤ ❢♦r t❤♦s❡ ♥✐❝❡ ❚❊▼ ❛♥❞ ❊❉❳❙ ✐♠❛❣❡s✳ ❚❤♦s❡ ✇❡r❡ r❡❛❧❧② ✈❡r② ✐♠♣♦rt❛♥t s❡t
♦❢ ✐♥❢♦r♠❛t✐♦♥ t♦ ❛♥❛❧②s❡ ♦✉t s❛♠♣❧❡ ♣r♦♣❡r❧②✳ ■ ✇♦✉❧❞ ❛❧s♦ ❧✐❦❡ t♦ t❛❦❡ t❤✐s ♦♣♣♦rt✉♥✐t②
t♦ t❤❛♥❦ ▼r✳ ❖❧✐✈❡r ❑❡r❦❡r ❛♥❞ ❉r✳ ❋r✐t③ ❙❝❤✉❧③❡ ❲✐s❝❤❡❧❡r ❢♦r t❤❡✐r t❡❝❤♥✐❝❛❧ s✉♣♣♦rt
❞✉r✐♥❣ ♠② ✇♦r❦ ✐♥ ▲❛❜♦r❛t♦r✐✉♠ ❢ür ◆❛♥♦✲ ✉♥❞ ◗✉❛♥t❡♥ ❊♥❣✐♥❡❡r✐♥❣ ✭▲◆◗❊✮✳ ■ ❛❧s♦
❛♣♣r❡❝✐❛t❡ t❤❡ s✉♣♣♦rt ♦❢ ▼r✳ ●✉✐❞♦ ●❧♦✇❛t③❦✐ ❛♥❞ ▼rs✳ ❆♥❞r❡❛ ▲✐ss❡❧ ❢r♦♠ t❤❡ ■♥st✐t✉t
❢ür ▼❛t❡r✐❛❧✐❡♥ ✉♥❞ ❇❛✉❡❧❡♠❡♥t❡ ❞❡r ❊❧❡❦tr♦♥✐❦ ✭▼❇❊✮✱ ❞✉r✐♥❣ ♠② ✇♦r❦ ✐♥ ❝❧❡❛♥ r♦♦♠✳

■ ✇♦✉❧❞ ❧✐❦❡ t♦ ❡①♣r❡ss ♠② ❛♣♣r❡❝✐❛t✐♦♥ t♦ ❉❆❆❉ ❛♥❞ t♦ ♠② s✉♣❡r✈✐s♦r ❢♦r ♠② P❤❉
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