
❯♥✐✈❡r③✐t❛ ❑❛r❧♦✈❛ ✈ Pr❛③❡

▼❛t❡♠❛t✐❝❦♦ ✲ ❢②③✐❦á❧♥í ❢❛❦✉❧t❛

❉■P▲❖▼❖❱➪ P❘➪❈❊

❆❧❡➨ ❘➲➸✐↔❦❛

❙t✉❞✐✉♠ tr❛♥s♣♦rt♥í❝❤ ✈❧❛st♥♦stí ♥➙❦t❡rý❝❤
♣♦❧②♠❡r♥í❝❤ ✈rst❡✈

❑❛t❡❞r❛ ♠❛❦r♦♠♦❧❡❦✉❧ár♥í ❢②③✐❦②

❱❡❞♦✉❝í ❞✐♣❧♦♠♦✈é ♣rá❝❡✿ ❞♦❝✳ ❘◆❉r✳ ❏❛♥❛ ❚♦✉➨❦♦✈á✱ ❈❙❝✳

❙t✉❞✐❥♥í ♣r♦❣r❛♠✿ ❋②③✐❦❛

❙t✉❞✐❥♥í ♦❜♦r✿ ❋②③✐❦❛ ❦♦♥❞❡♥③♦✈❛♥ý❝❤ s♦✉st❛✈ ❛ ♠❛t❡r✐á❧➲

Pr❛❤❛ ✷✵✶✸



❈❤❛r❧❡s ❯♥✐✈❡rs✐t② ✐♥ Pr❛❣✉❡

❋❛❝✉❧t② ♦❢ ▼❛t❤❡♠❛t✐❝s ❛♥❞ P❤②s✐❝s

▼❆❙❚❊❘ ❚❍❊❙■❙

❆❧❡➨ ❘➲➸✐↔❦❛

❙t✉❞② ♦❢ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s ♦❢ s♦♠❡ ♣♦❧②♠❡r
❧❛②❡rs

❉❡♣❛rt♠❡♥t ♦❢ ▼❛❝r♦♠♦❧❡❝✉❧❛r P❤②s✐❝s

❙✉♣❡r✈✐s♦r ♦❢ t❤❡ ♠❛st❡r t❤❡s✐s✿ ❞♦❝✳ ❘◆❉r✳ ❏❛♥❛ ❚♦✉➨❦♦✈á✱
❈❙❝✳

❙t✉❞② ♣r♦❣r❛♠♠❡✿ P❤②s✐❝s

❙♣❡❝✐❛❧✐③❛t✐♦♥✿ P❤②s✐❝s ♦❢ ❈♦♥❞❡♥s❡❞ ▼❛tt❡r

Pr❛❣✉❡ ✷✵✶✸



❋✐rst ♦❢ ❛❧❧✱ ■ ❛♠ ✈❡r② t❤❛♥❦❢✉❧❧ t♦ ♠② s✉♣❡r✈✐s♦r ❞♦❝✳ ❘◆❉r✳ ❏❛♥❛ ❚♦✉➨❦♦✈á✱ ❈❙❝✳
❢♦r ❤❡r ❣✉✐❞❛♥❝❡ t❤r♦✉❣❤ ❜♦t❤ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ t❤❡♦r❡t✐❝❛❧ ♣❛rt ♦❢ t❤❡ ❞✐♣❧♦♠❛ t❤❡s✐s
❛♥❞ ❢♦r ❛♥ ❡♥♦r♠♦✉s ❛♠♦✉♥t ♦❢ t✐♠❡ ✇❤✐❝❤ s❤❡ ✐♥✈❡st❡❞ ✐♥ ♠❛♥② ❢r✉✐t❢✉❧❧ ❞✐s❝✉ss✐♦♥s
✇✐t❤ ♠❡✳

❚❤❡♥ ■ ✇♦✉❧❞ ❧✐❦❡ t♦ t❤❛♥❦ t❤❡ ❤❡❧♣ ♦❢ ❞♦❝✳ ❘◆❉r✳ ❏✐➦í ❚♦✉➨❡❦✱ ❈❙❝✳ ❡s♣❡❝✐❛❧❧②
❞✉r✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦ ❛♥❞ ❞✉r✐♥❣ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡s✳

■ ❛♠ ✐♥❞❡❜t❡❞ t♦ ❞♦❝✳ ■♥❣✳ ❡t ■♥❣✳ ■✈♦ ❑✉➦✐t❦❛✱ P❤✳❉✳ ❡t P❤✳❉✳ ❛♥❞ t♦ ■♥❣✳ P❛✈❡❧
❯r❜á♥❡❦ ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡s ❛t ❚♦♠❛s ❇❛t❛ ❯♥✐✈❡rs✐t② ✐♥ ❩❧✐♥✳

■ ❛♠ t❤❛♥❦❢✉❧❧ t♦ ❘◆❉r✳ ❱➙r❛ ❈✐♠r♦✈á✱ ❈❙❝✳ ❢♦r t❤❡ ❡✈❛♣♦r❛t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡s
❛♥❞ ❢♦r ❤❡r ❤❡❧♣ ❛♥❞ ♠♦t✐✈❛t✐♦♥ ❞✉r✐♥❣ t❤❡ ✜♥❛❧ ♣❛rt ♦❢ t❤❡ ✇♦r❦✳

▼❛♥② t❤❛♥❦s ❣♦ t♦ ❦✐♥❞ s❝✐❡♥t✐sts ✇❤♦ ♠❛❞❡ ✈❛r✐♦✉s ♠❡❛s✉r❡♠❡♥ts ❢♦r ♠② t❤❡s✐s✱
❡s♣❡❝✐❛❧❧② t♦ ❞♦❝✳ ❘◆❉r✳ ❏♦s❡❢ P❡➨✐↔❦❛✱ ❈❙❝✳ ❢♦r t❤❡ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②
♠❡❛s✉r❡♠❡♥ts ❛♥❞ t♦ ▼❣r✳ ❏❛r♦s❧❛✈ ❑♦✉s❛❧✱ P❤✳❉✳ ❢♦r t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡✲
♠❡♥ts✳

■ ❛♠ ❣r❛t❡❢✉❧❧ t♦ ▼✐❧❛♥ ❘➲➸✐↔❦❛ ❢♦r t❤❡ ❧❛♥❣✉❛❣❡ ❝♦rr❡❝t✐♦♥s✳
❚❤❡ ❧❛st ❜✉t ♥♦t ❧❡❛st ■ ❛♠ ✈❡r② t❤❛♥❦❢✉❧❧ t♦ ♠② ❢❛♠✐❧② ❛♥❞ t♦ ♠② ❢r✐❡♥❞s ❜❡❝❛✉s❡

■ ❝♦✉❧❞ ♥♦t ❝♦♠♣❧❡t❡ t❤✐s t❤❡s✐s ✇✐t❤♦✉t t❤❡✐r ❤❡❧♣✳



■ ❞❡❝❧❛r❡ t❤❛t ■ ❝❛rr✐❡❞ ♦✉t t❤✐s ♠❛st❡r t❤❡s✐s ✐♥❞❡♣❡♥❞❡♥t❧②✱ ❛♥❞ ♦♥❧② ✇✐t❤ t❤❡ ❝✐t❡❞
s♦✉r❝❡s✱ ❧✐t❡r❛t✉r❡ ❛♥❞ ♦t❤❡r ♣r♦❢❡ss✐♦♥❛❧ s♦✉r❝❡s✳

■ ✉♥❞❡rst❛♥❞ t❤❛t ♠② ✇♦r❦ r❡❧❛t❡s t♦ t❤❡ r✐❣❤ts ❛♥❞ ♦❜❧✐❣❛t✐♦♥s ✉♥❞❡r t❤❡ ❆❝t ◆♦✳
✶✷✶✴✷✵✵✵ ❈♦❧❧✳✱ t❤❡ ❈♦♣②r✐❣❤t ❆❝t✱ ❛s ❛♠❡♥❞❡❞✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ❢❛❝t t❤❛t t❤❡ ❈❤❛r❧❡s
❯♥✐✈❡rs✐t② ✐♥ Pr❛❣✉❡ ❤❛s t❤❡ r✐❣❤t t♦ ❝♦♥❝❧✉❞❡ ❛ ❧✐❝❡♥s❡ ❛❣r❡❡♠❡♥t ♦♥ t❤❡ ✉s❡ ♦❢ t❤✐s
✇♦r❦ ❛s ❛ s❝❤♦♦❧ ✇♦r❦ ♣✉rs✉❛♥t t♦ ❙❡❝t✐♦♥ ✻✵ ♣❛r❛❣r❛♣❤ ✶ ♦❢ t❤❡ ❈♦♣②r✐❣❤t ❆❝t✳

■♥ ✳ ✳ ✳ ✳✳✳✳✳✳✳✳ ❞❛t❡ ✳✳✳✳✳✳✳✳✳✳✳✳ ❆❧❡➨ ❘➲➸✐↔❦❛



◆á③❡✈ ♣rá❝❡✿ ❙t✉❞✐✉♠ tr❛♥s♣♦rt♥í❝❤ ✈❧❛st♥♦stí ♥➙❦t❡rý❝❤ ♣♦❧②♠❡r♥í❝❤ ✈rst❡✈

❆✉t♦r✿ ❆❧❡➨ ❘➲➸✐↔❦❛

❑❛t❡❞r❛ ✴ Úst❛✈✿ ❑❛t❡❞r❛ ♠❛❦r♦♠♦❧❡❦✉❧ár♥í ❢②③✐❦②

❱❡❞♦✉❝í ❞✐♣❧♦♠♦✈é ♣rá❝❡✿ ❞♦❝✳ ❘◆❉r✳ ❏❛♥❛ ❚♦✉➨❦♦✈á✱ ❈❙❝✳✱ ❑❛t❡❞r❛ ♠❛❦r♦♠♦❧❡❦✉✲
❧ár♥í ❢②③✐❦②

❆❜str❛❦t✿
❚❛t♦ ♣rá❝❡ ③❦♦✉♠á r➲③♥é ✈❧❛st♥♦st✐ ♣♦❧②♠❡r♥í❝❤ ✈rst❡✈ ❛ ❤②❜r✐❞♥í❝❤ ✈rst❡✈ ♦❜s❛✲
❤✉❥í❝í❝❤ ❛♥♦r❣❛♥✐❝❦é ♥❛♥♦↔ást✐❝❡✳ ❱rst✈② ③ ▼❊❍✲PP❱ ❛ ♣♦❧②t❤✐♦❢é♥✉ ❥s♦✉ ❝❤❛r❛❦✲
t❡r✐③♦✈á♥② ♣♦♠♦❝í r➲③♥ý❝❤ ❡①♣❡r✐♠❡♥tá❧♥í❝❤ t❡❝❤♥✐❦✳ ❚❡♠♥♦st♥í ✈♦❧t❛♠♣ér♦✈é ❝❤❛✲
r❛❦t❡r✐st✐❦② ❜②❧② ♠➙➦❡♥② ♣➦✐ r➲③♥ý❝❤ t❡♣❧♦tá❝❤ ❛ ♣♦❤②❜❧✐✈♦st ❞➙r ❜②❧❛ ✉r↔❡♥❛ ♣r♦
♥➙❦♦❧✐❦ ♣➦í♣❛❞➲✳ ❙♣❡❦tr❛ ❢♦t♦♥❛♣➙tí ❥s♦✉ ♣♦✉➸✐t❛ ❦ ✈②❤♦❞♥♦❝❡♥í ❞✐❢ú③♥í ❞é❧❦② ❡①❝✐✲
t♦♥➲ ❛ ❙P❱ ♠❡t♦❞❛ ❥❡ ♣♦♣sá♥❛✳ ❉á❧❡ ❥❡ ③❦♦✉♠á♥ ✈❧✐✈ ❛♥♦r❣❛♥✐❝❦ý❝❤ ♥❛♥♦↔ást✐❝ ❈❞❙
❛ ❩♥❖ ♥❛ ♣♦❧②♠❡r♥í ✈rst✈② ♣♦♠♦❝í r➲③♥ý❝❤ ❡①♣❡r✐♠❡♥tá❧♥í❝❤ ♠❡t♦❞ ❛ ❥s♦✉ ♣♦♣sá♥②
♠♦➸♥é ❛♣❧✐❦❛❝❡ t➙❝❤t♦ ✈rst❡✈ ✈ ❤②❜r✐❞♥í❝❤ s♦❧ár♥í❝❤ ↔❧á♥❝í❝❤✳ ❉✐str✐❜✉❝❡ ✈❡❧✐❦♦stí
❛♥♦r❣❛♥✐❝❦ý❝❤ ♥❛♥♦↔ást✐❝ ❜②❧② ③ís❦á♥② ♣♦♠♦❝í ♥➙❦♦❧✐❦❛ ❡①♣❡r✐♠❡♥tá❧♥í❝❤ ♣➦íst✉♣➲✱
♣➦✐↔❡♠➸ ♦❜❞r➸❡♥é ✈ýs❧❡❞❦② s♦✉❤❧❛sí s ♣➦❡❞♣♦❦❧❛❞②✳

❑❧í↔♦✈á s❧♦✈❛✿ ♣♦❧②♠❡r♥í ✈rst✈②✱ tr❛♥s♣♦rt ♥á❜♦❥❡✱ ❤②❜r✐❞♥í s♦❧ár♥í ↔❧á♥❦②✱ ❛♥♦r❣❛✲
♥✐❝❦é ♥❛♥♦↔ást✐❝❡

❚✐t❧❡✿ ❙t✉❞② ♦❢ tr❛♥s♣♦rt ♣r♦♣❡rt✐❡s ♦❢ s♦♠❡ ♣♦❧②♠❡r ❧❛②❡rs

❆✉t❤♦r✿ ❆❧❡➨ ❘➲➸✐↔❦❛

❉❡♣❛rt♠❡♥t✿ ❉❡♣❛rt♠❡♥t ♦❢ ▼❛❝r♦♠♦❧❡❝✉❧❛r P❤②s✐❝s

❙✉♣❡r✈✐s♦r✿ ❞♦❝✳ ❘◆❉r✳ ❏❛♥❛ ❚♦✉➨❦♦✈á✱ ❈❙❝✳✱ ❉❡♣❛rt♠❡♥t ♦❢ ▼❛❝r♦♠♦❧❡❝✉❧❛r P❤②s✐❝s

❆❜str❛❝t✿
❚❤✐s ✇♦r❦ st✉❞✐❡s ✈❛r✐♦✉s ♣r♦♣❡rt✐❡s ♦❢ ♣♦❧②♠❡r ❧❛②❡rs ❛♥❞ ❤②❜r✐❞ ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣
✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s✳ ▼❊❍✲PP❱ ❛♥❞ P♦❧②t❤✐♦♣❤❡♥❡ ✜❧♠s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❞✐✲
✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s✳ ❉❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ✇❡r❡ ♠❡❛s✉r❡❞ ❛t ❞✐✛❡r❡♥t
t❡♠♣❡r❛t✉r❡s ❛♥❞ t❤❡ ♠♦❜✐❧✐t② ♦❢ ❤♦❧❡s ✇❛s ❡✈❛❧✉❛t❡❞ ✐♥ ❛ ❢❡✇ ❝❛s❡s✳ P❤♦t♦✈♦❧t❛❣❡
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✶✼✳✷ P♦❧②♠❡r ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

❱ ❈♦♥❝❧✉s✐♦♥ ✻✽

✷



Pr❡❢❛❝❡

❙❝✐❡♥t✐sts ❛♥❞ r❡s❡❛r❝❤❡rs ❛❧❧ ♦✈❡r t❤❡ ✇♦r❧❞ tr② t♦ ❞❡✈❡❧♦♣ ♥❡✇ ❛♥❞ ❜❡tt❡r ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s✳

❆ ✈❡r② ✐♥t❡r❡st✐♥❣ ✜❡❧❞ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ t❤✐s ❞✐♣❧♦♠❛ t❤❡s✐s ✐s ❞❡✜♥✐t❡❧② t❤❡

❜r❛♥❝❤ ♦❢ ❝♦♥❞✉❝t✐♥❣ ♣♦❧②♠❡r ♠❛t❡r✐❛❧s✳ ■♥ t❤❡ ❧❛st ❢❡✇ ❞❡❝❛❞❡s ♣♦❧②♠❡rs ❤❛✈❡ ❜❡❡♥ ❛ ✜❡❧❞

♦❢ s❝✐❡♥❝❡ ✇❤✐❝❤ ✐s ❛❜❧❡ t♦ ❛ttr❛❝t ❡♥♦r♠♦✉s ❛tt❡♥t✐♦♥✳ ■♠♣♦rt❛♥t ♠✐❧❡st♦♥❡ ♦❢ ♣♦❧②♠❡r

s❝✐❡♥❝❡ ✇❛s t❤❡ ②❡❛r ✷✵✵✵ ✇❤❡♥ ❆✳❏✳ ❍❡❡❣❡r✱ ❆✳●✳ ▼❛❝❉✐❛r♠✐❞ ❛♥❞ ❍✳ ❙❤✐r❛❦❛✇❛ ✇❡r❡

❛✇❛r❞❡❞ ❜② t❤❡ ◆♦❜❡❧ Pr✐③❡ ❢♦r ❈❤❡♠✐str②✳

❈♦♥❥✉❣❛t❡❞ ♣♦❧②♠❡rs ✭♣♦❧②♠❡rs ✇❤❡r❡ ❡✈❡r② s❡❝♦♥❞ ❜♦♥❞ ✐s ❛ ❞♦✉❜❧❡ ❜♦♥❞✮ ❛r❡ ✈❡r②

♣r♦♠✐s✐♥❣ ♠❛t❡r✐❛❧s ✐♥ s❡✈❡r❛❧ ❛♣♣❧✐❝❛t✐♦♥s✳ Pr❡s❡♥t❡❞ t❤❡s✐s ✇✐❧❧ ♠❛✐♥❧② ❞❡s❝r✐❜❡ ❞✐✛❡r❡♥t

♣r♦♣❡rt✐❡s ♦❢ ❝♦♥❥✉❣❛t❡❞ ♣♦❧②♠❡rs ✇❤✐❝❤ ❛r❡ ✐♠♣♦rt❛♥t ❢♦r ♦♣❡r❛t✐♦♥ ♦❢ ♦r❣❛♥✐❝ s♦❧❛r ❝❡❧❧s✳

❇✉t ❝♦♥❥✉❣❛t❡❞ ♣♦❧②♠❡rs ❤❛✈❡ ❛ ❧♦t ♦❢ ♦t❤❡r ❛♣♣❧✐❝❛t✐♦♥s ✲ ❢♦r ❡①❛♠♣❧❡✱ ❖▲❊❉ ✭❖r❣❛♥✐❝

▲✐❣❤t✲❊♠✐tt✐♥❣ ❉✐♦❞❡✮ ❞❡✈✐❝❡s ❛r❡ ✈❡r② ♣r♦♠✐s✐♥❣ ❛♥❞ t❤❡② ❛r❡ ❢❛❜r✐❝❛t❡❞ ❢♦r ❞✐✛❡r❡♥t

♣✉r♣♦s❡s✳ ❖❋❊❚ ✭❖r❣❛♥✐❝ ❋✐❡❧❞✲❊✛❡❝t ❚r❛♥s✐st♦r✮ ♦r ❞✐✛❡r❡♥t ♦♣t✐❝❛❧ ♠❡♠♦r✐❡s ❛r❡ ♦t❤❡r

♣r♦♠✐s✐♥❣ ❛♣♣❧✐❝❛t✐♦♥s ♦❢ ❝♦♥❥✉❣❛t❡❞ ♣♦❧②♠❡rs✳ ❖r❣❛♥✐❝ ♠❛t❡r✐❛❧s ✐♥ ❣❡♥❡r❛❧ ❛r❡ ❝❤❡❛♣ ❛♥❞

✐t ✐s ♣♦ss✐❜❧❡ t♦ ♣r♦❞✉❝❡ ❞✐✛❡r❡♥t ❞❡✈✐❝❡s ✉s✐♥❣ ✇✐❞❡ r❛♥❣❡ ♦❢ ♣r❡♣❛r❛t✐♦♥ t❡❝❤♥✐q✉❡s✳

❆♥♦t❤❡r ✐♥t❡r❡st✐♥❣ ✇❛② t♦ ♣r♦❞✉❝❡ ❡✣❝✐❡♥t ♦r❣❛♥✐❝ s♦❧❛r ❝❡❧❧s✱ ✐s ❝♦♠❜✐♥✐♥❣ ❜♦t❤ ♦r✲

❣❛♥✐❝ ❛♥❞ ✐♥♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s t♦❣❡t❤❡r ✇✐t❤ ✐♠♣r♦✈✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ❜♦t❤ ♣❛rts✳ ❚❤✐s q✉✐t❡

♥❡✇ ❛♣♣r♦❛❝❤ ❝❛♥ ❝♦♠❜✐♥❡ ❛❞✈❛♥t❛❣❡s ♦❢ ✇❡❧❧✲❦♥♦✇♥ ✐♥♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s t♦❣❡t❤❡r ✇✐t❤

❝❤❡❛♣ ❛♥❞ ❡❛s✐❧② ♣r❡♣❛r❡❞ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s✳

❚❤✐s ❞✐♣❧♦♠❛ t❤❡s✐s ✐s ❞✐✈✐❞❡❞ ✐♥t♦ s❡✈❡r❛❧ ♣❛rts✳ ■♥ P❛rt ✶✱ t❤❡♦r② ♦❢ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝❛❧

❛♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♣♦❧②♠❡rs ✐s ❣✐✈❡♥✱ t♦❣❡t❤❡r ✇✐t❤ s♦♠❡ ❜❛s✐❝ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t

✐♥t❡r❡st✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s✳ P❛rt ✷ ♣r❡s❡♥ts ♣r❡♣❛r❛t✐♦♥ ♦❢ ✈❛r✐♦✉s

s❛♠♣❧❡s ✇❤✐❝❤ ✇❡r❡ ♠❡❛s✉r❡❞ ❛♥❞ P❛rt ✸ ✐s ❢♦❝✉s❡❞ ♦♥ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s

✇❤✐❝❤ ✇❡r❡ ✉s❡❞ ❞✉r✐♥❣ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r t❤✐s ❞✐♣❧♦♠❛ t❤❡s✐s✳

P❛rt ✹ ❞❡s❝r✐❜❡s ❛❧❧ ♦❜t❛✐♥❡❞ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛♥❞ ♦♥❡ ❝❛♥ ✜♥❞ ❞✐s❝✉ss✐♦♥s ❛❜♦✉t t❤❡

♠❡❛s✉r❡❞ ❞❛t❛ ✐♥ t❤✐s ♣❛rt✳ ❊✈❛❧✉❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ✐s ❛❧s♦ ♣r❡s❡♥t ✐♥ P❛rt ✹✳ ■♥

t❤❡ ❧❛st ♣❛rt ✲ P❛rt ✺ ♦❢ t❤❡ t❤❡s✐s✱ t❤❡r❡ ✐s t❤❡ ❝♦♥❝❧✉s✐♦♥ ❝♦♥t❛✐♥✐♥❣ t❤❡ ♠♦st ✐♠♣♦rt❛♥t

r❡s✉❧ts ♦❢ t❤✐s ✇♦r❦✳

✸



P❛rt ■

❚❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞

❚❤✐s ❝❤❛♣t❡r ✐s ❞✐✈✐❞❡❞ ✐♥t♦ t❤r❡❡ ♣❛rts ✇❤✐❝❤ ❝❤❛r❛❝t❡r✐③❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ t❤❡ ❝❤❛r❣❡

tr❛♥s♣♦rt ✐♥ ♣♦❧②♠❡r ❧❛②❡rs ✭❛♥❞ ♣♦❧②♠❡r ✜❧♠s ✇✐t❤ ♥❛♥♦♣❛rt✐❝❧❡s✮✱ ❤❛✈✐♥❣ r❡❣❛r❞ t♦ t❤❡

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

✶ ❊❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t✐♦♥ ✐♥ ♣♦❧②♠❡rs

❊❧❡❝tr✐❝❛❧ ❝♦♥❞✉❝t✐♦♥ ♠❛② ♦❝❝✉r t❤r♦✉❣❤ t❤❡ ♠♦✈❡♠❡♥t ♦❢ ❡✐t❤❡r ❡❧❡❝tr♦♥s✱ ❤♦❧❡s ♦r ✐♦♥s✳

❇❛s✐❝ ❡q✉❛t✐♦♥ ❢♦r ❝♦♥❞✉❝t✐✈✐t② σ ✐s

σ = qnµ ✭✶✳✶✮

✇❤❡r❡ q ✐s t❤❡ ❝❤❛r❣❡✱ n ✐s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ ❝❛rr✐❡rs ❛♥❞ µ ✐s t❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡

❝❛rr✐❡rs✳ ❱❛❧✉❡s ♦❢ t❤❡ ♠♦❜✐❧✐t② µ ❛♥❞ t❤❡ ❝♦♥❞✉❝t✐✈✐t② σ ❢♦r ❞✐✛❡r❡♥t ♠❛t❡r✐❛❧s ❛r❡ s❤♦✇♥

✐♥ ❋✐❣✳✶✳✶✳

❋✐❣✉r❡ ✶✳✶✿ ❈❤❛rt ♦❢ t②♣✐❝❛❧ ❝♦♥❞✉❝t✐✈✐t✐❡s ✭❧❡❢t✮ ❛♥❞ t②♣✐❝❛❧ ♠♦❜✐❧✐t✐❡s ✭r✐❣❤t✮ ❬✹❪

❚❤❡r❡ ❛r❡ ❣❡♥❡r❛❧❧② t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❞❛r❦ tr❛♥s♣♦rt ✭❝❤❛r❣❡ tr❛♥s♣♦rt ✇❤❡r❡ ✐❧❧✉♠✐✲

✹



♥❛t✐♦♥ ❞♦❡s ♥♦t t❛❦❡ ♣❛rt✮ ♣r❡s❡♥t ✐♥ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t✐♥❣ ♠❛t❡r✐❛❧s✳ ❚❤❡s❡ t✇♦ t②♣❡s

❛r❡ ✑❜✉❧❦✲❧✐♠✐t❡❞✑ ❛♥❞ ✑✐♥❥❡❝t✐♦♥ ✭♦r ❝♦♥t❛❝t✮✲❧✐♠✐t❡❞✑ tr❛♥s♣♦rt✳

✶✳✶ ■♥❥❡❝t✐♦♥✲❧✐♠✐t❡❞ tr❛♥s♣♦rt

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

❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ ♦♣❡r❛t✐♦♥ ♦❢ ❞✐✛❡r❡♥t ♦r❣❛♥✐❝ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s✳ ■❢ t❤❡ ❜♦tt❧❡♥❡❝❦ ✐♥

❝❤❛r❣❡ tr❛♥s♣♦rt ✐s t❤❡ ✐♥❥❡❝t✐♦♥ ❛t t❤❡ ❝♦♥t❛❝ts✱ ❛♥ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡ ♦♣❡r❛t✐♦♥ ✐s ✐♥❥❡❝t✐♦♥ ♦r

❝♦♥t❛❝t✲❧✐♠✐t❡❞✳ ❚❤❡ ❜❛♥❞ ♦✛s❡t ❜❡t✇❡❡♥ t❤❡ ♠❡t❛❧ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ t❤❡ ▲❯▼❖ ✭▲♦✇❡st

❯♥♦❝❝✉♣✐❡❞ ▼♦❧❡❝✉❧❛r ❖r❜✐t❛❧✮ ♦r ❍❖▼❖ ✭❍✐❣❤❡st ❖❝❝✉♣✐❡❞ ▼♦❧❡❝✉❧❛r ❖r❜✐t❛❧✮ ❧❡✈❡❧ ✐s

❛♥ ✐♠♣♦rt❛♥t ❢❛❝t♦r ✐♥ ❞❡t❡r♠✐♥✐♥❣ t❤❡ t②♣❡ ♦❢ ❝♦♥t❛❝t ❛t t❤❡ ✐♥t❡r❢❛❝❡ ✭s❡❡ ❋✐❣✳ ✶✳✷✮✳

❋✐❣✉r❡ ✶✳✷✿ ▼❛t❡r✐❛❧s ✇❤✐❝❤ ❛r❡ ✉s✉❛❧❧② ✉s❡❞ ❛s ❝♦♥t❛❝ts ✇✐t❤ t❤❡✐r ✇♦r❦ ❢✉♥❝t✐♦♥s

■♥ t❤❡ ❝❛s❡ ♦❢ s✐③❛❜❧❡ ♣♦t❡♥t✐❛❧ ❡♥❡r❣② ❜❛rr✐❡r ❢r♦♠ ♠❡t❛❧ ✐♥t♦ t❤❡ tr❛♥s♣♦rt✐♥❣ ❜❛♥❞✱

t❤❡ ❝❤❛r❣❡ ✐♥❥❡❝t✐♦♥ ✇♦✉❧❞ ❜❡ ♣♦♦r ❛♥❞ t❤❡ ❝♦♥t❛❝t r❡s✐st❛♥❝❡ ✇✐❧❧ ❞♦♠✐♥❛t❡ t❤❡ ❞❡✈✐❝❡

♦♣❡r❛t✐♦♥✳ ❱❡r② ❝♦♠♠♦♥ t❤❡♦r❡t✐❝❛❧ ♠♦❞❡❧ ✇❤✐❝❤ ✐s ✉s❡❞ t♦ ❡①♣❧❛✐♥ t❤❡ ❝❤❛r❣❡ ✐♥❥❡❝t✐♦♥ ✐s

t❤❡ t❤❡r♠✐♦♥✐❝ ❡♠✐ss✐♦♥ ♠♦❞❡❧✳

❯♣♦♥ ❛❝q✉✐r✐♥❣ ❡♥♦✉❣❤ t❤❡r♠❛❧ ❡♥❡r❣②✱ ❛ ❝❛rr✐❡r ♦✈❡r❝♦♠❡s t❤❡ ✐♥tr✐♥s✐❝ ♣♦t❡♥t✐❛❧ ❜❛r✲

r✐❡r ∆ ❛t t❤❡ ✐♥t❡r❢❛❝❡ ❛♥❞ t❤❡ ❝❛rr✐❡r ✐s t❤❡♥ ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ♣♦❧②♠❡r✿ ∆ = W −Ip✱ ✇❤❡r❡

W ✐s t❤❡ ♠❡t❛❧ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ Ip ✐s t❤❡ ✐♦♥✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧ ✭s❡❡

❋✐❣✳ ✶✳✸✮✳

✺



❋✐❣✉r❡ ✶✳✸✿ ❙❝❤❡♠❡ ♦❢ t❤❡ t❤❡r♠✐♦♥✐❝ ❡♠✐ss✐♦♥ ♠♦❞❡❧ ❬✶✺❪

❚❤❡ ❡✛❡❝t ♦❢ ∆ ✐s ♠♦❞✐✜❡❞ ❜② ❝♦♥tr✐❜✉t✐♦♥s ❢r♦♠ t❤❡ ❡①t❡r♥❛❧ ❡❧❡❝tr✐❝ ✜❡❧❞ ♣♦t❡♥t✐❛❧

❛♥❞ t❤❡ ✐♠❛❣❡ ❝❤❛r❣❡ ♣♦t❡♥t✐❛❧✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ♦❜t❛✐♥ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ✭❬✹✸❪✮ ✿

J =
qm∗

2π2~3
(kBT )

2 exp(− q∆

kBT
) exp(o)1/2[exp(

qV

kBT
)− 1] ✭✶✳✷✮

✇❤❡r❡ q ✐s t❤❡ ❡❧❡♠❡♥t❛r② ❝❤❛r❣❡✱m∗✐s t❤❡ ❡✛❡❝t✐✈❡ ♠❛ss✱ ~ ✐s t❤❡ r❡❞✉❝❡❞ P❧❛♥❝❦➫s

❝♦♥st❛♥t✱ T ✐s t❡♠♣❡r❛t✉r❡✱ kB ✐s ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t✱ J ✐s t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② ❛♥❞ V ✐s

t❤❡ ✈♦❧t❛❣❡✳

❚❤❡ s❡❝♦♥❞ ❡①♣♦♥❡♥t✐❛❧ ♣❛rt ✐♥ ❊q✳ ✶✳✷ ❛❝❝♦✉♥ts ❢♦r t❤❡ ❧♦✇❡r✐♥❣ ♦❢ t❤❡ ❜❛rr✐❡r ❤❡✐❣❤t

❞✉❡ t♦ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❛t t❤❡ ✐♥t❡r❢❛❝❡ ❛♥❞ o = q3F/4πǫ0ǫrk
2
BT

2✱ ✇❤❡r❡ F ✐s t❤❡ ✜❡❧❞✱ ǫ0

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

❚❤❡r♠✐♦♥✐❝ ❡♠✐ss✐♦♥ ✐s ✉s✉❛❧❧② ♠♦r❡ s✐❣♥✐✜❝❛♥t ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ✇❤❡r❡ t❤❡ ❝❛rr✐❡rs

❤❛✈❡ s✉✣❝✐❡♥t t❤❡r♠❛❧ ❡♥❡r❣② t♦ ♦✈❡r❝♦♠❡ t❤❡ ♣♦t❡♥t✐❛❧ ❜❛rr✐❡r✳ ❆t ✈❡r② ❧♦✇ t❡♠♣❡r❛t✉r❡s

♦r ✐♥ t❤❡ ❝❛s❡s ✇❤❡r❡ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ♣♦t❡♥t✐❛❧ ❜❛rr✐❡r ✐s r❡❧❛t✐✈❡❧② ❧❛r❣❡✱ t❤❡r♠✐♦♥✐❝

❡♠✐ss✐♦♥ ✉s✉❛❧❧② ❧♦s❡s ✐ts s✐❣♥✐✜❝❛♥❝❡✳ ❖♥ t❤❡s❡ ♦❝❝❛s✐♦♥s✱ ❝❤❛r❣❡ ❝❛rr✐❡rs ❛r❡ ✐♥❥❡❝t❡❞

♦♥❧② ❜② ♠❡❛♥s ♦❢ q✉❛♥t✉♠ ♠❡❝❤❛♥✐❝❛❧ t✉♥♥❡❧✐♥❣ t❤r♦✉❣❤ t❤❡ ❜❛rr✐❡r✳ ❚❤✐s ♣r♦❝❡ss ✐s

❝❛❧❧❡❞ ✜❡❧❞ ❡♠✐ss✐♦♥ ❛♥❞ ✐s t❤❡ ❞♦♠✐♥❛♥t ✐♥❥❡❝t✐♦♥✲❧✐♠✐t❡❞ ♠❡❝❤❛♥✐s♠ ❛t ❤✐❣❤ ✜❡❧❞s ❛♥❞

❧♦✇ t❡♠♣❡r❛t✉r❡s✳ Pr♦❝❡ss ♦❢ t✉♥♥❡❧✐♥❣ ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ❧❛t❡r✳ ❬✶✺❪

✶✳✷ ❘♦❧❡ ♦❢ tr❛♣s ✐♥ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s

❚❤✐s ♣❛rt ✐s ♠❛✐♥❧② ❝✐t❡❞ ❢r♦♠ ❘❡❢✳ ❬✽❪✳

❈❛♣t✉r❡ ♦❢ t❤❡ ❝❛rr✐❡rs ✐♥ ❧♦❝❛❧✐③❡❞ st❛t❡s ✐♥✈♦❧✈❡❞ ✐♥ ❡❧❡❝tr✐❝❛❧ tr❛♥s♣♦rt ♠❛② ♦❝❝✉r ✐♥

t✇♦ ❝❛s❡s✳ ❚r❛♣♣❡❞ ❝❛rr✐❡rs ❝❛♥ ❜❡ r❡❧❡❛s❡❞ ❛❢t❡r ❛ s♣❡❝✐✜❝ ♣❡r✐♦❞ ♦r t❤❡② ❝❛♥ r❡❝♦♠❜✐♥❡

✇✐t❤ ❝❛rr✐❡rs ♦❢ ♦♣♣♦s✐t❡ ❝❤❛r❣❡ s✐❣♥✳ ■❢ t❤❡ r❡❧❡❛s❡ r❛t❡ ✐s ❤✐❣❤❡r t❤❛♥ t❤❡ r❡❝♦♠❜✐♥❛t✐♦♥

r❛t❡✱ t❤❡ ❧♦❝❛❧✐③❡❞ st❛t❡ ✐s ❝❛❧❧❡❞ ❛ tr❛♣ ❛♥❞ ❢♦r ❛ ❞♦♠✐♥❛♥t r❡❝♦♠❜✐♥❛t✐♦♥✱ t❤❡ ❧♦❝❛❧✐③❡❞

st❛t❡ ✐s ❛ r❡❝♦♠❜✐♥❛t✐♦♥ ❝❡♥tr❡✳ ❚❤❡s❡ t✇♦ ❦✐♥❞s ♦❢ ❧♦❝❛❧✐③❡❞ st❛t❡s ❝❛♥ ❝❤❛♥❣❡ ❢r♦♠ ♦♥❡ t♦

❛♥♦t❤❡r ❜❡❝❛✉s❡ ♦❢ ❝♦♥❞✐t✐♦♥s s✉❝❤ ❛s t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ r❛t✐♦ ♦❢ t❤❡ ♠✐♥♦r✐t② t♦ ♠❛❥♦r✐t②

✻



❝❛rr✐❡r ❝♦♥❝❡♥tr❛t✐♦♥✳ ●❡♥❡r❛❧❧②✱ ❜♦t❤ ❧♦❝❛❧✐③❡❞ st❛t❡s ♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ ❛r❡ s♦♠❡t✐♠❡s

❝❛❧❧❡❞ ✏tr❛♣✑✱ ❛❧t❤♦✉❣❤ t❤❡✐r ❛❝t✐♦♥ ✐s ❞✐✛❡r❡♥t✳

❚r❛♣♣❡❞ ❝❤❛r❣❡ ❝❛rr✐❡rs ❞♦ ♥♦t t❛❦❡ ♣❛rt ✐♥ t❤❡ ❝❤❛r❣❡ tr❛♥s♣♦rt✱ t❤❡ tr❛♣s ❤♦✇❡✈❡r

❛✛❡❝t t❤❡ ❝♦♥❞✉❝t✐♦♥ ✐♥ t❤❡ ♠❛t❡r✐❛❧✳ ❆❧t❤♦✉❣❤ t❤❡ ❝❛rr✐❡rs ❛r❡ tr❛♣♣❡❞✱ t❤❡✐r ❝♦❧✉♠❜✐❝

❢♦r❝❡ ✐♥✢✉❡♥❝❡s t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ❞✐str✐❜✉t✐♦♥ ❛♥❞ t❤❡ tr❛♥s♣♦rt ✐ts❡❧❢✳ ❚❛❧❦✐♥❣ ❛❜♦✉t ✐♥♦r✲

❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs✱ ✇❡ ❝❛♥ s❛② t❤❛t t❤❡ tr❛♣ st❛t❡s ❛r❡ ❧♦❝❛t❡❞ ✐♥ t❤❡ ❡♥❡r❣② ❣❛♣✳ ❲❡

❝❛♥ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❛♥ ❡❧❡❝tr♦♥ tr❛♣ ✭✐t ✐s ❛❜❧❡ t♦ tr❛♣ ❡❧❡❝tr♦♥✮ ❛♥❞ ❛ ❤♦❧❡ tr❛♣ ✇❤✐❝❤

✐s ❛❜❧❡ t♦ tr❛♣ ❛ ❤♦❧❡✳

❚❤❡ s✐t✉❛t✐♦♥ ✐♥ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs ✐s ♠♦r❡ ❝♦♠♣❧✐❝❛t❡❞✳ ❚❤❡ ❞❡♥s✐t② ♦❢ st❛t❡s

✭❉❖❙✮ ✐♥ ❛♠♦r♣❤♦✉s ♦r❣❛♥✐❝ t❤✐♥ ✜❧♠s ✐s ✉s✉❛❧❧② r❡♣r❡s❡♥t❡❞ ❜② ❛ ●❛✉ss✐❛♥✲❧✐❦❡ ❞✐str✐❜✉t✐♦♥

♦❢ ❧♦❝❛❧✐③❡❞ ♠♦❧❡❝✉❧❛r ♦r❜✐t❛❧s✳ ❚❤❡ ❝❤❛r❣❡ tr❛♥s♣♦rt ✐♥ s✉❝❤ ❛♠♦r♣❤♦✉s ❧❛②❡r ✐s ♠❛✐♥❧②

❞❡t❡r♠✐♥❡❞ ❜② ❤♦♣♣✐♥❣ ♣r♦❝❡ss❡s ❛♠♦♥❣ str♦♥❣❧② ❧♦❝❛❧✐③❡❞ ♠♦❧❡❝✉❧❛r st❛t❡s✳ ❚❤❡ ♣r♦❜❧❡♠

❝♦✉❧❞ ❜❡ ❤♦✇ t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ❛ tr❛♣ st❛t❡ ❛♥❞ ❛ r❡❣✉❧❛r tr❛♥s♣♦rt st❛t❡✳

❖♥❡ ♣♦ss✐❜✐❧✐t② ♦❢ s♦❧✈✐♥❣ t❤✐s ♣r♦❜❧❡♠ ✐s ❜② t❤❡ tr❛♥s♣♦rt ❡♥❡r❣② ❝♦♥❝❡♣t✳ ❆ ❝❛rr✐❡r

✐♥ ❛ ❞❡❡♣ t❛✐❧ st❛t❡ ✇✐❧❧ ♠♦st ♣r♦❜❛❜❧② ❡s❝❛♣❡ t♦ ❛ st❛t❡ ♦❢ ❡♥❡r❣② Et ✐♥❞❡♣❡♥❞❡♥t ♦♥ ✐ts

✐♥✐t✐❛❧ ❡♥❡r❣② ✐♥ t❤❡ t❛✐❧✳ Et ✐s ❝❛❧❧❡❞ ✏tr❛♥s♣♦rt ❡♥❡r❣②✑ ✭❡s❝❛♣❡ ❡♥❡r❣②✮ ❛♥❞ ✐t s❤♦✇s t❤❡

❧❡✈❡❧ ❢r♦♠ ✇❤✐❝❤ ❛ tr❛♣♣❡❞ ❝❛rr✐❡r ✐s ♠♦st ♣r♦❜❛❜❧② r❡❧❡❛s❡❞ t♦ ♠♦✈❡ t♦ ❛ ♥❡✐❣❤❜♦✉r✐♥❣ s✐t❡✳

❊❛❝❤ st❛t❡ ❜❡❧♦✇ Et ✐s ❛ tr❛♣ st❛t❡ ❛♥❞ st❛t❡s ❛❜♦✈❡ t❤❡ tr❛♥s♣♦rt ❡♥❡r❣② ❛r❡ tr❛♥s♣♦rt

st❛t❡s✱ ❞❡s♣✐t❡ t❤❡ ❢❛❝t t❤❛t ❛❧❧ st❛t❡s ❛r❡ ❧♦❝❛❧✐③❡❞✳ ❚❤❡ tr❛♥s♣♦rt ❡♥❡r❣② ✐s ❛❧s♦ ❛ ❢✉♥❝t✐♦♥

♦❢ t❡♠♣❡r❛t✉r❡✱ s♦✱ ❢♦r ✐♥st❛♥❝❡✱ ❛ st❛t❡ ❛❝t✐♥❣ ❛s ❛ tr❛♣ st❛t❡ ❛t ❤✐❣❤❡r t❡♠♣❡r❛t✉r❡ ♠❛②

❜❡❝♦♠❡ ❛ tr❛♥s♣♦rt st❛t❡ ❛t ❧♦✇❡r t❡♠♣❡r❛t✉r❡s✳ ❚❤❡r❡ ♠❛② ❡①✐st ❛❞❞✐t✐♦♥❛❧ tr❛♣ st❛t❡s ❛t

❛ ❞✐s❝r❡t❡ ❡♥❡r❣② ❧❡✈❡❧ ♦r ✇✐t❤ ❛♥② ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❣❛♣ ❜❡❧♦✇ tr❛♥s♣♦rt ❡♥❡r❣②✳

❈♦♥❝❡♣t ♣r♦♣♦s❡❞ ✐♥ t❤✐s ♣❛r❛❣r❛♣❤ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✶✳✹✳ ❬✸✸❪

❋✐❣✉r❡ ✶✳✹✿ ❚r❛♣ st❛t❡s ✐♥ t❤❡ t❛✐❧ ❬✽❪

❙♦♠❡ ♣♦ss✐❜❧❡ s♦✉r❝❡s ❢♦r tr❛♣ st❛t❡s ❛r❡ ✿

✐♠♣✉r✐t✐❡s ✲ ❆ tr❛♣ st❛t❡ ✐s ❢♦r♠❡❞ ✇❤❡♥ t❤❡ ▲❯▼❖ ♦r ❍❖▼❖ ♦❢ ❛♥ ✐♥❝♦r♣♦r❛t❡❞

♠♦❧❡❝✉❧❡ ✐s s✐t✉❛t❡❞ ✐♥ t❤❡ ❣❛♣ ♦❢ t❤❡ ❤♦st ♠♦❧❡❝✉❧❡s✳

❣❡♠✐♥❛t❡ ♣❛✐rs ✲ ❈♦✉❧♦♠❜ ✐♥t❡r❛❝t✐♦♥ ✐s ✉s✉❛❧❧② str♦♥❣ ✐♥ ♣♦❧②♠❡rs✱ s♦ ❜♦t❤ t❤❡ ❤♦❧❡

❛♥❞ t❤❡ ❡❧❡❝tr♦♥ ❝❛♥ ❜❡ ❛✛❡❝t❡❞ ❜② t❤✐s ✐♥t❡r❛❝t✐♦♥ ❡✈❡♥ ✐❢ t❤❡② ❛r❡ s❡♣❛r❛t❡❞ ❜② s❡✈❡r❛❧

✼



♠♦❧❡❝✉❧❡s✳ ❆ ❣❡♠✐♥❛t❡ ♣❛✐r ✐s ❛ ♣❛✐r ♦❢ ❈♦✉❧♦♠❜ ❜♦♥❞ ❝❤❛r❣❡ ❝❛rr✐❡rs✳ ■❢ t❤❡ r❡❝♦♠❜✐♥❛t✐♦♥

♣r♦❜❛❜✐❧✐t② ❜❡t✇❡❡♥ t❤❡ ❤♦❧❡ ❛♥❞ t❤❡ ❡❧❡❝tr♦♥ ✐s s✉♣♣r❡ss❡❞ ❜② s❡❧❡❝t✐♦♥ r✉❧❡s✱ ❛ ❣❡♠✐♥❛t❡

♣❛✐r ❢♦r♠s ❛ ❈♦✉❧♦♠❜ tr❛♣✳

str✉❝t✉r❛❧ ❞❡❢❡❝ts ✲ ❚❤❡ ▲❯▼❖✴❍❖▼❖ ❧❡✈❡❧s ♠❛② ✈❛r② ❢r♦♠ ♠♦❧❡❝✉❧❡ t♦ ♠♦❧❡❝✉❧❡✳ ❚❤❡

❡①❛❝t ❡♥❡r❣② ♣♦s✐t✐♦♥ ♦❢ t❤❡ ▲❯▼❖✴❍❖▼❖ ❝♦✉❧❞ ❜❡ ❞❡t❡r♠✐♥❡❞ ♥♦t ♦♥❧② ❜② t❤❡ ❝❤❡♠✐❝❛❧

str✉❝t✉r❡ ♦❢ t❤❡ ♠♦❧❡❝✉❧❡ ❜✉t ❛❧s♦ ❜② t❤❡ ♣♦❧❛r✐s❛t✐♦♥ ♦❢ t❤❡ s✉rr♦✉♥❞✐♥❣s ♦r ❜② t❤❡ ❡✛❡❝t✐✈❡

❝♦♥❥✉❣❛t✐♦♥ ❧❡♥❣t❤ ✐♥ ♣♦❧②♠❡rs✳

s❡❧❢✲tr❛♣♣✐♥❣ ✲ ❚❤✐s ❦✐♥❞ ♦❢ tr❛♣ st❛t❡ ✐s ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❡✛❡❝ts ♦❢ ✭❜✐✮♣♦❧❛r♦♥s✳

P♦❧❛r♦♥s ❛♥❞ ❜✐♣♦❧❛r♦♥s ❛r❡ ♠♦❜✐❧❡ ❛♥❞ t❤✉s ❛r❡ ♥♦t tr❛♣s ✐♥ t❤❡ ♦r✐❣✐♥❛❧ s❡♥s❡ ♦❢ t❤❡ ✇♦r❞✳

❚❤❡✐r ♠♦❜✐❧✐t② ✐s✱ ❤♦✇❡✈❡r✱ ❧♦✇❡r t❤❛♥ t❤❡ ♠♦❜✐❧✐t② ♦❢ ❢r❡❡ ❝❛rr✐❡rs✳ ■♥ ♣♦❧②t❤✐♦♣❤❡♥❡ ♦r

♣♦❧②❛❝❡t②❧❡♥❡ t❤❡ ✭❜✐✮♣♦❧❛r♦♥ ❢♦r♠❛t✐♦♥ ❝❛✉s❡s s✐❣♥✐✜❝❛♥t ❧♦✇❡r✐♥❣ ✐♥ ❡♥❡r❣②✳ ■♥ t❤✐s ❝❛s❡✱

t❤❡ ❝❤❛r❣❡ ❝❛rr✐❡r ❢♦r♠s ✐ts ♦✇♥ tr❛♣ st❛t❡ ♦♥ t❤❡ ♣♦❧②♠❡r ❝❤❛✐♥✳

❚❤❡ ♥❡①t s❡❝t✐♦♥ ✐s t❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷✶✱ ✶✶✱ ✷✸❪✳

❆❧❧ s❡♠✐❝♦♥❞✉❝t✐♥❣ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s ❤❛✈❡ ❛ ❧❛r❣❡ ❞❡♥s✐t② ♦❢ ❤♦❧❡ ❛♥❞ ❡❧❡❝tr♦♥ tr❛♣s✳

❲❤❡♥ t❤❡ tr❛♣ ❞❡♣t❤ ✐s ❧❛r❣❡ ♦r t❤❡ t❡♠♣❡r❛t✉r❡ ✐s ✈❡r② ❧♦✇ ✭✐t ♠❡❛♥s t❤❛t t❤❡ tr❛♣ ❧❡✈❡❧s

❛r❡ ❜❡❧♦✇ t❤❡ ❋❡r♠✐ ❧❡✈❡❧✮✱ ♠❛❥♦r✐t② ♦❢ t❤❡ ✐♥❥❡❝t❡❞ ❝❛rr✐❡rs ✐s tr❛♣♣❡❞✳ ❇♦t❤ t❤❡ tr❛♣♣❡❞

❛♥❞ t❤❡ ❢r❡❡ ❝❤❛r❣❡ ❝❛rr✐❡rs ❞❡t❡r♠✐♥❡ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ ❛♥❞ t❤❡ ❝✉rr❡♥t ✐s s♣❛❝❡ ❝❤❛r❣❡

❧✐♠✐t❡❞ ✭❙❈▲❈✮✳

❚❤❡ P♦✐ss♦♥ ❡q✉❛t✐♦♥ ✐s

dF (x)

dx
=

q

ǫrǫ0
(p(x) + pt(x)) ✭✶✳✸✮

✇❤❡r❡ F ✐s t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞✱ p ✐s t❤❡ ❢r❡❡ ❤♦❧❡ ❞❡♥s✐t②✱ pt ✐s t❤❡ tr❛♣♣❡❞ ❤♦❧❡ ❞❡♥s✐t②✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛rt✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ tr❛♣s ❛r❡ ✉♥✐❢♦r♠❧② ❞✐str✐❜✉t❡❞ ✐♥ s♣❛❝❡ ❜✉t

t❤❡② ♠✐❣❤t ❤❛✈❡ ❛ ❞✐✛❡r❡♥t ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ ❡♥❡r❣② s♣❛❝❡✳

❋♦✉r ❞✐✛❡r❡♥t ❞✐str✐❜✉t✐♦♥s ✐♥ t❤❡ ❡♥❡r❣② s♣❛❝❡ ❛r❡ ❝♦♥s✐❞❡r❡❞ ✿

✭✶✮ ❛❧❧ tr❛♣s ❛t ❛ s✐♥❣❧❡ ❡♥❡r❣② ❧❡✈❡❧

✭✷✮ ❛ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❛♣s ✐♥ t❤❡ ❡♥❡r❣② s♣❛❝❡

✭✸✮ ❡①♣♦♥❡♥t✐❛❧❧② ❞✐str✐❜✉t❡❞ tr❛♣s ✐♥ t❤❡ ❡♥❡r❣② s♣❛❝❡

✭✹✮ ✉♥✐❢♦r♠❧② ❞✐str✐❜✉t❡❞ tr❛♣s ✐♥ t❤❡ ❡♥❡r❣② s♣❛❝❡

✶✳✸ ❙✐♥❣❧❡ ❧❡✈❡❧ tr❛♣s

❉✐str✐❜✉t✐♦♥ ♦❢ t❤❡ tr❛♣s ❢♦r s✐♥❣❧❡ ❡♥❡r❣② ❧❡✈❡❧ ✐s

h(E) = Hdδ(E − Et) ✭✶✳✹✮

✇❤❡r❡ Hd ✐s t❤❡ tr❛♣ ❞❡♥s✐t②✱ δ ✐s t❤❡ ❉✐r❛❝ ❞❡❧t❛ ❢✉♥❝t✐♦♥ ❛♥❞ Et ✐s t❤❡ tr❛♣ ❞❡♣t❤✳

❚❤❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ tr❛♥s♣♦rt ❛♥❞ P♦✐ss♦♥ ❡q✉❛t✐♦♥s ❣✐✈❡s

J =
9

8
θaǫrǫ0µ

V 2

h3
✭✶✳✺✮

✽



✇❤❡r❡ h ✐s t❤❡ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ s❛♠♣❧❡✳

θa ✐s ❣✐✈❡♥ ❛s

θa ≡ p

p+ pt
✭✶✳✻✮

■❢ t❤❡r❡ ❛r❡ ♥♦ tr❛♣s ✐♥ t❤❡ ♠❛t❡r✐❛❧✱ ❞❡♥s✐t② ♦❢ tr❛♣s pt ✐s ③❡r♦ ❛♥❞ t❤❡♥ θa = 1✳ ❋♦r t❤❡s❡

❝✐r❝✉♠st❛♥❝❡s✱ ❊q✳✶✳✺ ❝❤❛♥❣❡s t♦ ❈❤✐❧❞➫s ❧❛✇ ❢♦r s♣❛❝❡ ❝❤❛r❣❡ ❧✐♠✐t❡❞ ❝✉rr❡♥ts ✭❙❈▲❈✮ ✿

J =
9

8
ǫrǫ0µ

V 2

h3
✭✶✳✼✮

❯s✉❛❧❧② pt ≫ p ✉♥❧❡ss t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ✐s ✈❡r② ❤✐❣❤✳ ❚❤❡♥ θa ✐s t❤❡ r❛t✐♦ ♦❢ ❢r❡❡ t♦

tr❛♣♣❡❞ ❝❛rr✐❡rs✳

❲❤❡♥ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ✐s ✈❡r② ❧♦✇✱ t❤❡ ✐♥❥❡❝t❡❞ ❡✛❡❝t✐✈❡ ❝❛rr✐❡r ❞❡♥s✐t② ♠❛② ❜❡ ❧♦✇❡r

t❤❛♥ t❤❡ ❜❛❝❦❣r♦✉♥❞ t❤❡r♠❛❧ ❝❛rr✐❡r ❞❡♥s✐t②✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡ ❝✉rr❡♥t ✐s ♦❤♠✐❝✳ ❙❈▲❈

❜❡❣✐♥ t♦ ❞♦♠✐♥❛t❡ ❛t ✈♦❧t❛❣❡ VΩ, ✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥

VΩ =
8

9

qp0h
2

θaǫrǫ0
✭✶✳✽✮

✶✳✹ ●❛✉ss✐❛♥❧② ❞✐str✐❜✉t❡❞ tr❛♣s

❉✐str✐❜✉t✐♦♥ ♦❢ tr❛♣s ✐♥ t❤❡ ❡♥❡r❣② s♣❛❝❡ ✐s ❣✐✈❡♥ ❜②

h(E) =
Hd

(2π)1/2σt
exp[−(E − Etm)2

2σ2
t

] ✭✶✳✾✮

✇❤❡r❡ Etm ✐s t❤❡ tr❛♣♣✐♥❣ ❡♥❡r❣② ❛t t❤❡ ♠❛①✐♠✉♠ tr❛♣ ❞❡♥s✐t② ❛♥❞ σt ✐s t❤❡ st❛♥❞❛r❞

❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥✳

■❢ t❤❡ r❡❧❛t✐♦♥ Etm < EFp
✭s❤❛❧❧♦✇ tr❛♣s✮ ✐s ✈❛❧✐❞✱ t❤❡♥ t❤❡ r❛t✐♦ θd ♦❢ ❢r❡❡ t♦ tr❛♣♣❡❞ ❤♦❧❡s

✐s ❣✐✈❡♥ ❜②

θd =
p(x)

pt(x)
=

Nv

Hd
exp[−Etm

kT
+

1

2
(
σt
kT

)2] ✭✶✳✶✵✮

❚❤❡♥ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t② J(V ) ✐s ❣✐✈❡♥ ❛s

J =
9

8
µǫ0ǫrθd

V 2

h3
✭✶✳✶✶✮

■♥ t❤❡ ❝❛s❡ ✇❤❡♥ t❤❡ tr❛♣ ❞❡♣t❤ ✐s ❧❛r❣❡r t❤❛♥ t❤❡ ❋❡r♠✐ ❡♥❡r❣② ❧❡✈❡❧ ✭Etm > EFp
, ❞❡❡♣

tr❛♣s✮✱ t❤❡ J − V r❡❧❛t✐♦♥ ✐s

J =
NV µp

qm−1
(
2m+ 1

m+ 1
)m+1(

m

m+ 1

ǫǫ0
H ′

d

)m
V m+1

h2m+1
✭✶✳✶✷✮

✇❤❡r❡

H ′

d =
1

2
Hd exp(

Etm

mkBT
) ✭✶✳✶✸✮

✾



❛♥❞ m ✐s ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥

m = (1 +
2πσ2

t

16k2BT
2
)1/2 ✭✶✳✶✹✮

❚❤❡ ❡①♣r❡ss✐♦♥ ❢♦r VΩ ❢♦r ❞❡❡♣ ●❛✉ss✐❛♥ tr❛♣s ✐s ❣✐✈❡♥ ❜②

VΩ =
qd2H ′

d

ǫrǫ0

m+ 1

m
(
m+ 1

2m+ 1
)
m+1

m (
p0
NV

)
1

m

✶✳✺ ❊①♣♦♥❡♥t✐❛❧ ❚r❛♣s

❚❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ tr❛♣s ❞✐str✐❜✉t❡❞ ❡①♣♦♥❡♥t✐❛❧❧② ✐♥ ❡♥❡r❣② ✐s

h(E) =
Hb

kBTc
exp(− E

kBT
) ✭✶✳✶✺✮

✇❤❡r❡ Hb ✐s t❤❡ ❞❡♥s✐t② ♦❢ tr❛♣s ❛♥❞ Tc ✐s t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❞✐str✐❜✉t✐♦♥ ❝♦♥st❛♥t✳

❚r❛♣♣❡❞ ❤♦❧❡ ❞❡♥s✐t② ✐s ❣✐✈❡♥ ❜②

pt = αHb(
p

NV
)
1

l ✭✶✳✶✻✮

✇❤❡r❡ l = Tc

T ✳ ❚❤❡ ❢❛❝t♦r α = (π/l)(sin(π/l)) ✐s ✉s✉❛❧❧② t❛❦❡♥ ❛s ✉♥✐t②✳

❋✐♥❛❧❧②✱ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②t✐❝❛❧ ❡①♣r❡ss✐♦♥ ❢♦r J(V ) ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ✿

J =
µpNv

ql−1
(
2l + 1

l + 1
)l+1(

l

l + 1

ǫrǫ0
αHb

)l
V l+1

h2l+1
✭✶✳✶✼✮

❚❤❡ ❊q✳✶✳✶✼ ✐s s✐♠✐❧❛r t♦ ❊q✳✶✳✶✷ ❜✉t ♣❛r❛♠❡t❡rs l ❛♥❞ m ❛r❡ ❞✐✛❡r❡♥t✳

❊①❛♠♣❧❡ ♦❢ t②♣✐❝❛❧ J −V ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ s❡✈❡r❛❧ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✺✳

❚❤❡r❡ ❛r❡ t❤r❡❡ r❡❣✐♦♥s A,B,C ❛♥❞ t✇♦ tr❛♥s✐t✐♦♥ r❡❣✐♦♥s T1 ❛♥❞ T2✳ ❘❡❣✐♦♥ A ❛♥❞ t❤❡

tr❛♥s✐t✐♦♥ r❡❣✐♦♥ T1 ❛r✐s❡ ❞✉❡ t♦ ❜❛❝❦❣r♦✉♥❞ ❞♦♣✐♥❣ ♦r ❞✉❡ t♦ t❤❡r♠❛❧ ❝❛rr✐❡rs ✭❬✶✾❪✮✳ ▲✐♥❡

B ✐s t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ ❧✐♠✐t❡❞ ❝✉rr❡♥t ✇❤✐❝❤ ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❡①♣♦♥❡♥t✐❛❧❧②

❞✐str✐❜✉t❡❞ tr❛♣s✳ ❆t ❤✐❣❤❡r ✈♦❧t❛❣❡s✱ t❤❡ ❝✉rr❡♥t ❞❡✈✐❛t❡s ❢r♦♠ t❤❡ str❛✐❣❤t ❧✐♥❡ B ❛♥❞ t❤❡

J − V ❝✉r✈❡ ❜❡♥❞s ❞♦✇♥ ❛♥❞ ✐t ❝❤❛♥❣❡s t♦ t❤❡ tr❛♥s✐t✐♦♥ r❡❣✐♦♥ T2✳ ❬✷✵❪

✶✵



❋✐❣✉r❡ ✶✳✺✿ ❙❝❤❡♠❡ ♣✐❝t✉r❡ ♦❢ t②♣✐❝❛❧ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ❜❡❤❛✈✐♦r ❢♦r ❙❈▲❈ ♠♦❞❡❧ ❬✷✵❪

✶✳✻ ❊✛❡❝t ♦❢ ◆♦♥✲❩❡r♦ ❙❝❤♦tt❦② ❇❛rr✐❡r

❚❤❡ t❤❡♦r② ♦❢ tr❛♥s♣♦rt ✐♥ ✐♥s✉❧❛t♦rs ✭✐♥❝❧✉❞✐♥❣ ♦r❣❛♥✐❝ ♣♦❧②♠❡rs✮ ❛ss✉♠❡s t❤❛t ❜❛rr✐❡r ❢♦r

✐♥❥❡❝t✐♦♥ ❢r♦♠ ♠❡t❛❧ ✭❝♦♥t❛❝t✮ ✐♥t♦ t❤❡ ♦r❣❛♥✐❝ ❧❛②❡r ✐s ③❡r♦✱ s♦ t❤❡ ❝♦♥t❛❝t ✐s ♦❤♠✐❝✳ ❇✉t

❢♦r ♠♦st ❛♥♦❞❡✴❝❛t❤♦❞❡ ♠❛t❡r✐❛❧s✱ t❤❡ ❙❝❤♦tt❦② ❜❛rr✐❡r φB ✐s ♥♦t ③❡r♦✳

❆ss✉♠✐♥❣ ❡①♣♦♥❡♥t✐❛❧ tr❛♣ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❝♦♠❜✐♥✐♥❣ ❝♦♥t✐♥✉✐t② ❛♥❞ P♦✐ss♦♥ ❡q✉❛t✐♦♥s

❛♥❞ ❛❢t❡r ✐♥t❡❣r❛t✐♥❣ t❤❡ r❡s✉❧t ❡q✉❛t✐♦♥✱ ♦♥❡ s❤♦✉❧❞ ♦❜t❛✐♥

F (x) = (
qHb

ǫrǫ0

(l + 1)

l
(x+ C))

l
l+1 (

J

qµNV
)

l
l+1 ✭✶✳✶✽✮

✇❤❡r❡ C ✐s t❤❡ ❝♦♥st❛♥t ♦❢ ✐♥t❡❣r❛t✐♦♥✳

❚❛❦✐♥❣ α = 1 ❛♥❞ ❛❢t❡r ✉s✐♥❣ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ V =
´ d
0 F (x)dx✱ ✇❡ ❣❡t

J =
µpNv

ql−1
(
2l + 1

l + 1
)l+1(

l

l + 1

ǫrǫ0
Hb

)l
V l+1

[(h+ C)
2l+1

l+1 − C
2l+1

l+1 ]l+1
✭✶✳✶✾✮

❋♦r ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ V ♦r ❣✐✈❡♥ ❝✉rr❡♥t J ✱ t❤❡ ❝♦♥st❛♥t ♦❢ ✐♥t❡❣r❛t✐♦♥ C ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢

F (x) ❛♥❞ x✳ ❆t t❤❡ ✐♥❥❡❝t✐♥❣ ❝♦♥t❛❝t✱ ✇❡ ❛ss✉♠❡ x = 0 ❛♥❞ t❤❡ ✜❡❧❞ F (0) ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞

❜② J ❢r♦♠ t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥ P (x) = P (0) ❛♥❞ C ✐s ✿

C = J [
1

qµP (0)
]
l+1

l (
ǫrǫ0
qHb

)(
l

l + 1
)(qµNV )

1

l
✭✶✳✷✵✮

✇❤❡r❡ P (0) ≈ N0 exp(
−φB

kBT ) ❛♥❞ N0 ✐s t❤❡ ❞❡♥s✐t② ♦❢ ❡❧❡❝tr♦♥s ❛t t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ♦❢

♠❡t❛❧ ❡❧❡❝tr♦❞❡✳

■❢ ✇❡ ❧♦♦❦ ❛t ❊q✳✶✳✶✾✱ ✇❡ ❝❛♥ s❡❡ t❤❛t t✇♦ ✐♥t❡r❡st✐♥❣ ❜♦✉♥❞❛r② ❝❛s❡s ❝❛♥ ❛r✐s❡✳ ❋✐rst❧②✱

✇❤❡♥ C ✐s ♠✉❝❤ ♠♦r❡ s♠❛❧❧❡r t❤❛♥ d✱ t❤❡♥ C ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞ ❛♥❞ ✇❡ ❣❡t t❤❡ ❊q✳✶✳✶✼✳ ■❢

C ❝❛♥♥♦t ❜❡ ♥❡❣❧❡❝t❡❞ ❝♦♠♣❛r❡❞ t♦ d✱ J − V ❝✉r✈❡s ❞❡✈✐❛t❡ ❢r♦♠ t❤❡ ❙❈▲❈ ♣♦✇❡r ❧❛✇✳

✶✶



❙❡❝♦♥❞❧②✱ ✇❡ ❛ss✉♠❡ t❤❛t C > d✳ ❆❢t❡r ❡①♣❛♥❞✐♥❣ t❤❡ ❞❡♥♦♠✐♥❛t♦r ✐♥ ❊q✳✶✳✶✾ ❜②

❜✐♥♦♠✐❛❧ ❡①♣❛♥s✐♦♥✱ ♦♥❡ ❝❛♥ ♦❜t❛✐♥

J = qµP (0)
V

d
(1 +

l

(2l + 1)

d

C
)−1 ✭✶✳✷✶✮

❋♦r C ≫ d✱ t❤❡ s❡❝♦♥❞ ♣❛rt ✐♥ ❊q✳✶✳✷✶ ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞ ❛♥❞ ✇❡ ❤❛✈❡

J = qµP (0)
V

h
✭✶✳✷✷✮

❚❤✐s r❡s✉❧t s❤♦✇s t❤❛t ❢♦r ✜♥✐t❡ ✭♥♦♥✲③❡r♦✮ ❙❝❤♦tt❦② ❜❛rr✐❡r ✭❧❛r❣❡ ✈❛❧✉❡ ♦❢ C ❛♥❞ P (0) < ∞✮

t❤❡ ❝✉rr❡♥t ❝❤❛♥❣❡s ❢r♦♠ t❤❡ ❙❈▲❈ t♦ ♦❤♠✐❝ ❝✉rr❡♥t✳

❚❤❡ ✇❤♦❧❡ t♦♣✐❝ ♦❢ ✜♥✐t❡ ❙❝❤♦tt❦② ❜❛rr✐❡r ✐s ✐♥ ❣r❡❛t ❞❡t❛✐❧ ❞✐s❝✉ss❡❞ ✐♥ ❘❡❢✳❬✷✺❪✳

✶✳✼ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ J(V ) ❝❤❛r❛❝t❡r✐st✐❝s

✏❚❤❡ ❛ss✉♠♣t✐♦♥s ❛♥❞ ❛♣♣r♦①✐♠❛t✐♦♥s ✉s❡❞ ✐♥ ❞❡r✐✈✐♥❣ ❊q✳ ✶✳✶✼ ❜r❡❛❦ ❞♦✇♥ ❛t ❧♦✇ t❡♠✲

♣❡r❛t✉r❡s ♦r ❛t ❤✐❣❤✲❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s✳ ❆t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ❛t ❧♦✇ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ t❤❡

✈❛❧✉❡s ♦❢ J(V ) ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤✐s ❡q✉❛t✐♦♥ ❛❣r❡❡ ❝❧♦s❡❧② ✇✐t❤ t❤❡ ♥✉♠❡r✐❝❛❧ s♦❧✉t✐♦♥s✳ ❊q✳

✶✳✶✼ s❤♦✉❧❞ ❛❧s♦ ②✐❡❧❞ ❆rr❤❡♥✐✉s str❛✐❣❤t ❧✐♥❡s ✐❢ ❧♦❣ I ✈❛❧✉❡s ❛r❡ ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢

1/T ✳ ✏ ❬✷✶❪

❆❝❝♦r❞✐♥❣ t♦ ❘❡❢✳❬✷✶❪✱ ❛❢t❡r s♦♠❡ ❛❧❣❡❜r❛✐❝ ♦♣❡r❛t✐♦♥s✱ ❊q✳ ✶✳✶✼ ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s

J = (
µNV qV

d
)f(l) exp[−Et

kT
ln(

qHbd
2

2ǫrǫ0V
)] ✭✶✳✷✸✮

✇❤❡r❡

f(l) = (
2l + 1

l + 1
)l+1(

l

l + 1
)l
1

2l
✭✶✳✷✹✮

■♥ ♣r❛❝t✐❝❡✱ l ✐s ❛❧✇❛②s ♠♦r❡ t❤❛♥ ✷ ❛♥❞ ✇❡ ♦❜t❛✐♥

J =

(

µNV qV

2h

)

exp[− Et

kBT
ln(

qHbh
2

2ǫrǫ0V
)] ✭✶✳✷✺✮

❊q✳ ✶✳✷✺ ♣r❡❞✐❝ts t❤❛t t❤❡ ♣❧♦t ln J ✈s 1/T ✇✐❧❧ ❜❡ str❛✐❣❤t ❧✐♥❡ ✭❆rr❤❡♥✐✉s t②♣❡✮✳ ❇✉t t❤❡

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

t❤✐s ❡♥❡r❣② ✐s ♠✉❧t✐♣❧✐❡❞ ❜② ❛ ❢❛❝t♦r γ ✿

γ = ln(
qHbh

2

2ǫrǫ0V
) ✭✶✳✷✻✮

❚❤❡r❡❢♦r❡ ✇❡ ♦❜t❛✐♥ ❡✛❡❝t✐✈❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥

Et(eff) = γEt ✭✶✳✷✼✮

❚❤❡ ❡✛❡❝t✐✈❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❡①♣❡r✐♠❡♥t❛❧❧② ❛♥❞ ✐t ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❛♣♣❧✐❡❞

✈♦❧t❛❣❡ V ❛♥❞ t❤❡ tr❛♣ ❞❡♥s✐t② Hb✳ ❬✷✶❪

✶✷



✶✳✽ ❈❛rr✐❡r t✉♥♥❡❧✐♥❣

❙❧✐❣❤t t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ✐s ❛ ❝❤❛r❛❝t❡r✐st✐❝ ♣r♦♣❡rt② ♦❢ t❤❡ ❝❛rr✐❡r t✉♥♥❡❧✐♥❣✳

❚❤❡ ❋♦✇❧❡r✲◆♦r❞❤❡✐♠ ♠♦❞❡❧ ❢♦r t✉♥♥❡❧✐♥❣ ✐♥❥❡❝t✐♦♥ ✭✜❡❧❞ ❡♠✐ss✐♦♥✮ ✐♥✈♦❦❡s t✉♥♥❡❧✐♥❣

♦❢ ❡❧❡❝tr♦♥s ❢r♦♠ t❤❡ ♠❡t❛❧ t❤r♦✉❣❤ ❛ tr✐❛♥❣✉❧❛r ❜❛rr✐❡r ✐♥t♦ ✉♥❜♦✉♥❞ ❝♦♥t✐♥✉✉♠ st❛t❡s✳ ■❢

t❤❡ ✜❡❧❞ ❡♠✐ss✐♦♥ ❞♦♠✐♥❛t❡s✱ t❤❡ J − V ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❞❡s❝r✐❜❡❞ ❜② ❡q✉❛t✐♦♥ ✭❬✶✵❪✮✿

J = (
q3

8πϕς
)F 2 exp(−8π

√

2m∗ϕ3/2

3qςF
) ✭✶✳✷✽✮

✇❤❡r❡ ϕ ✐s t❤❡ ❜❛rr✐❡r ❤❡✐❣❤t ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦❞❡ ❛♥❞ t❤❡ ♣♦❧②♠❡r ✜❧♠✱ m∗

h ✐s t❤❡

❡✛❡❝t✐✈❡ ♠❛ss ♦❢ t❤❡ ❝❛rr✐❡rs ❛♥❞ ς ✐s t❤❡ P❧❛♥❝❦ ❝♦♥st❛♥t✳

❋♦r ✜tt✐♥❣ t❤❡ ❋♦✇❧❡r✲◆♦r❞❤❡✐♠ t✉♥♥❡❧✐♥❣ t❤❡♦r② t♦ t❤❡ ♦❜t❛✐♥❡❞ ❞❛t❛✱ t❤❡ r❡❧❛t✐♦♥ ❣✐✈❡♥

❜② ❊q✳ ✶✳✷✽ ❝❤❛♥❣❡s t♦

I ∝ F 2 exp(
−κ

F
) ✭✶✳✷✾✮

✇❤❡r❡ I ✐s t❤❡ ❝✉rr❡♥t✱ F ✐s t❤❡ ❡❧❡❝tr✐❝✲✜❡❧❞ str❡♥❣t❤ ❛♥❞ κ ✐s ❛ ♣❛r❛♠❡t❡r ✇❤✐❝❤

❞❡♣❡♥❞s ♦♥ t❤❡ ❜❛rr✐❡r s❤❛♣❡✳ ❆t ❤✐❣❤ ❛♣♣❧✐❡❞ ✜❡❧❞s✱ t❤❡ ❝✉r✈❡s ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥ ✶✳✷✾ ❛r❡

str❛✐❣❤t ❛♥❞ ❢r♦♠ t❤❡✐r s❧♦♣❡✱ ♦♥❡ ❝❛♥ ♦❜t❛✐♥ t❤❡ ♣❛r❛♠❡t❡r κ✳

❚❤❡ ❝♦♥st❛♥t κ ✐s t❤❡♥ ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥ ✭❬✸✽❪✮

κ =
8πϕ3/2

√

2m∗

h

3qς
= constant ✭✶✳✸✵✮

❋r♦♠ ❊q✳ ✶✳✸✵ t❤❡ ❜❛rr✐❡r ❤❡✐❣❤t ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❜② r❡❧❛t✐♦♥

ϕ = [
3κqς

8π
√
2m∗

]2/3 ✭✶✳✸✶✮

❚❤❡ ❜❛rr✐❡r ❤❡✐❣❤t ϕ ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❡♥❡r❣② ❣❛♣ ❜❡t✇❡❡♥ t❤❡ ❍❖▼❖ ✭♦r ▲❯▼❖✮ ♦❢ t❤❡

♣♦❧②♠❡r ❛♥❞ t❤❡ r❡s♣❡❝t✐✈❡ ❡❧❡❝tr♦❞❡ ✇♦r❦ ❢✉♥❝t✐♦♥ ❛♥❞ ✐t ❝❛♥ s❧✐❣❤t❧② ✈❛r② ✇✐t❤ t❡♠♣❡r❛✲

t✉r❡✳ ❬✶✵❪

■t ✇❛s s❤♦✇♥ ✭❬✸✽✱ ✶✵❪✮ t❤❛t ✐♥ ❝❛s❡s ♦❢ s♦♠❡ ♦❢ t❤❡ ♣♦❧②♠❡r ❞❡✈✐❝❡s✱ t❤❡ I − V ❝❤❛r❛❝✲

t❡r✐st✐❝s ❛r❡ ♦♥❧② s❧✐❣❤t❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ✜❡❧❞ ❛♥❞ t❡♠♣❡r❛t✉r❡ ✭❡①❛♠♣❧❡ ✐♥ ❋✐❣✳✶✳✻✮✳

✶✸



❋✐❣✉r❡ ✶✳✻✿ ❚❤❡ ❝✉rr❡♥t t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❛ ■❚❖✴▼❊❍✲PP❱✴❆✉ ❞❡✈✐❝❡ ♦♣❡r❛t✐♥❣ ❛t 17V ❜✐❛s

❬✸✽❪

✶✳✾ ❍♦♣♣✐♥❣ ❝♦♥❞✉❝t✐♦♥

❍♦♣♣✐♥❣ ❝♦♥❞✉❝t✐♦♥ ✐s ♣r❡s❡♥t ✐♥ ❞✐✛❡r❡♥t s✐t✉❛t✐♦♥s ✇❤❡♥ ❜❛♥❞ ❝♦♥❞✉❝t✐♦♥ ❞♦❡s ♥♦t ♦❝❝✉r✳

■t ✐s ♣♦ss✐❜❧❡ t♦ ♠♦✈❡ ❝❤❛r❣❡ ❜❡t✇❡❡♥ ❧♦❝❛❧✐s❡❞ st❛t❡s ❜② t❤❡r♠❛❧ ❡①❝✐t❛t✐♦♥✳ ■♥ t❤❡s❡

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

s✐t❡ t♦ ❛♥♦t❤❡r s✐t❡✳ ❆♥ ❡❧❡❝tr♦♥ ♠❛② ❡✐t❤❡r ❤♦♣ ♦✈❡r ♦r t✉♥♥❡❧ t❤r♦✉❣❤ t❤❡ ❜❛rr✐❡r ✭❋✐❣✳✶✳✼✮✳

❋✐❣✉r❡ ✶✳✼✿ ❙❝❤❡♠❛t✐❝ ❞✐❛❣r❛♠ ♦❢ ❡❧❡❝tr♦♥✲tr❛♥s❢❡r ♠❡❝❤❛♥✐s♠s ❜❡t✇❡❡♥ t✇♦ s✐t❡s s❡♣❛r❛t❡❞ ❜② ❛ ♣♦t❡♥t✐❛❧✲

❡♥❡r❣② ❜❛rr✐❡r ❬✹❪

■❢ t❤❡ ❡❧❡❝tr♦♥ ❥✉♠♣s ❜❡t✇❡❡♥ t❤❡ s✐t❡s✱ ✐t ♠✉st ❣❡t s✉✣❝✐❡♥t t❤❡r♠❛❧ ❡♥❡r❣② t♦ s✉r♠♦✉♥t

t❤❡ ❜❛rr✐❡r✳ ❇✉t ❢♦r t✉♥♥❡❧✐♥❣✱ t❤❡ s✐t❡ s❡♣❛r❛t✐♦♥ ❤❛s t♦ ❜❡ s♠❛❧❧ ❡♥♦✉❣❤ ❢♦r t❤❡ t❛✐❧ ♦❢ t❤❡

❡❧❡❝tr♦♥ ✇❛✈❡ ❢✉♥❝t✐♦♥ t♦ ✇✐❞❡♥ ♦✈❡r t❤❡ ❜❛rr✐❡r✳

❲❤❡♥ t❤❡ ❞❡♥s✐t② ♦❢ str✉❝t✉r❛❧ ❞❡❢❡❝ts ✐♥❝r❡❛s❡s✱ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ✇✐❧❧ t❛❦❡ ♣❧❛❝❡ ✐♥

t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞❡❢❡❝t st❛t❡s ❛♥❞ t✉♥♥❡❧✐♥❣ ♦r t❤❡r♠❛❧❧② ❛ss✐st❡❞ ❤♦♣♣✐♥❣ ✇✐❧❧ ❜❡❝♦♠❡

♣♦ss✐❜❧❡✳ ❚❤❡ ❡♥❡r❣❡t✐❝ ❛♥❞ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥s ♦❢ st❛t❡s ❛r❡ ❛✛❡❝t❡❞ ❜② ✐♥❝r❡❛s✐♥❣ ❞✐s♦r❞❡r

✶✹



✐♥ t❤❡ ❧❛tt✐❝❡✳ ❋♦r ❛ r❛♥❞♦♠ ❞✐str✐❜✉t✐♦♥ ♦❢ ❛t♦♠s ✐♥ t❤❡ ♠❛t❡r✐❛❧✱ t❤❡ ❡♥❡r❣② st❛t❡s s♣r❡❛❞

❛s ❛ t❛✐❧ ✐♥t♦ ❜❛♥❞ ❣❛♣ ❛♥❞ ❡❧❡❝tr♦♥s ✐♥ t❤❡s❡ st❛t❡s ❛r❡ ❧♦❝❛❧✐s❡❞ ✭s❡❡ ❋✐❣✳✶✳✽✮✳

❋✐❣✉r❡ ✶✳✽✿ ❉❡❢❡❝t st❛t❡s ✐♥ ❛ ♣❛rt✐❛❧❧② ❞✐s♦r❞❡r❡❞ s❡♠✐❝♦♥❞✉❝t♦r ✭❛✮ ❛♥❞ ❞❡♥s✐t② ♦❢ st❛t❡s ✭t❤✐❝❦❡r ❧✐♥❡✮

❛♥❞ t❤❡ ♠♦❜✐❧✐t② ✭t❤✐♥ ❧✐♥❡✮ ♦❢ ❛ ❞✐s♦r❞❡r❡❞ ♠❛t❡r✐❛❧ ✭❜✮ ❬✽❪

❚❤❡ ❧♦❝❛❧✐s❛t✐♦♥ ✐♥ t❤❡ ♠❛t❡r✐❛❧ ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❛ ❞✐s♦r❞❡r ❛✛❡❝ts t❤❡ ♠♦❜✐❧✐t② ♦❢ ❝❤❛r❣❡s✳

❍♦♣♣✐♥❣ ♠♦❜✐❧✐t② ❢❛❧❧s ♦✛ r❛♣✐❞❧② ✇✐t❤ ❤♦♣♣✐♥❣ ❞✐st❛♥❝❡✱ s♦ t❤❡r❡ ✐s ♠♦r❡ ♠♦❜✐❧✐t② ❣❛♣ t❤❛♥

t❤❡ ❡♥❡r❣② ❣❛♣ ✭❋✐❣✳✶✳✽✮✳

■❢ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ✐s s✐t✉❛t❡❞ ❛❜♦✈❡ t❤❡ ♠♦❜✐❧✐t② ❡❞❣❡✱ t❤❡ ❡❧❡❝tr♦♥ ✇❛✈❡ ❢✉♥❝t✐♦♥s ❛r❡

❞❡❧♦❝❛❧✐s❡❞ ❛♥❞ t❤❡ tr❛♥s♣♦rt ✐s ♣♦ss✐❜❧❡✳ ■♥ t❤✐s s✐t✉❛t✐♦♥✱ t❤❡ ♠❛t❡r✐❛❧ ✐s ♠❡t❛❧❧✐❝✳

❇✉t ✇❤❡♥ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ❧✐❡s ❜❡❧♦✇ t❤❡ ♠♦❜✐❧✐t② ❡❞❣❡ t❤❡ ❡❧❡❝tr♦♥s ❛r❡ ❧♦❝❛❧✐s❡❞ ❛♥❞

t❤❡ ♠❛t❡r✐❛❧ ❜❡❤❛✈❡s ❧✐❦❡ ❛♥ ✐♥s✉❧❛t♦r✳ ■♥ t❤✐s s❡❝♦♥❞ ❝❛s❡ ❝♦♥❞✉❝t✐♦♥ ❝❛♥ ♦❝❝✉r ❜② ❡✐t❤❡r ✿

❛✮ t❤❡r♠❛❧ ❡①❝✐t❛t✐♦♥ ❢r♦♠ t❤❡ ❋❡r♠✐ ❡♥❡r❣② ❧❡✈❡❧ t♦ t❤❡ ♠♦❜✐❧✐t② ❡❞❣❡ ✇❤❡♥ t❤❡ ❝♦♥✲

❞✉❝t✐✈✐t② ✐s t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞ ✇✐t❤ ❛ ✇❡❧❧✲❞❡✜♥❡❞ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ✿

σ = σ0 exp(−
Em − EF

kBT
) ✭✶✳✸✷✮

✇❤❡r❡ Em ✐s t❤❡ ❡♥❡r❣② ♦❢ t❤❡ ♠♦❜✐❧✐t② ❡❞❣❡ ♦r

❜✮ ❜② t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞ ❤♦♣♣✐♥❣ ✇❤❡♥ t❤❡ ❞❡♥s✐t② ♦❢ st❛t❡s ✇✐t❤✐♥ ❧♦❝❛❧✐s❡❞ ❧❡✈❡❧s ❛t

t❤❡ ❋❡r♠✐ ❡♥❡r❣② ✐s ♥♦♥✲③❡r♦

❙✐t✉❛t✐♦♥ ❛✮ ✇✐❧❧ ❞♦♠✐♥❛t❡ ❛t ❤✐❣❤ t❡♠♣❡r❛t✉r❡s ❛♥❞ ❜✮ ✇✐❧❧ ❞♦♠✐♥❛t❡ ✐❢ t❤❡ t❤❡r♠❛❧ ❡♥❡r❣②

✐s ✐♥s✉✣❝✐❡♥t t♦ ❡①❝✐t❡ ❡❧❡❝tr♦♥s ❛❜♦✈❡ t❤❡ ♠♦❜✐❧✐t② ❡❞❣❡✳

■❢ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ❤♦♣s ✐♥❝r❡❛s❡s✱ t❤❡ ❣r❡❛t❡r ✐s t❤❡ ♣r♦❜❛❜✐❧✐t② ♦❢ t❤❡ ❡❧❡❝tr♦♥ t♦ ✜♥❞ ❛

s✐t❡ ✇✐t❤ ❛ s♠❛❧❧ ❡♥❡r❣② ❜❛rr✐❡r ❛♥❞ t❤❡s❡ ❧♦♥❣✲r❛♥❣❡ ❤♦♣s ❞❡♣❡♥❞ ♦♥ t❤❡ ❡①t❡♥t ♦❢ t❤❡ t❛✐❧s

♦❢ t❤❡ ❡❧❡❝tr♦♥ ✇❛✈❡❢✉♥❝t✐♦♥s✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ❤❛s ❛ ❝❤❛r❛❝t❡r✐st✐❝ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡

✶✺



s✐❣♥✐✜❝❛♥t ❢♦r t❤❡ ✈❛r✐❛❜❧❡ r❛♥❣❡ ❤♦♣♣✐♥❣✳ ❚❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ❢♦r t❤✐s ❝❛s❡ ❞✐✛❡rs

❢r♦♠ t❤❡ ❆rr❤❡♥✐✉s ❧❛✇✱ ✇❤✐❝❤ ✐s ✉s✉❛❧❧② ❛♥t✐❝✐♣❛t❡❞ ❢♦r t❤❡ t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞ ♣r♦❝❡ss❡s✳

❚❤❡ ❤♦♣♣✐♥❣ ♣r♦❜❛❜✐❧✐t② Φ ✭❛♥❞ t❤❡ ❝♦♥❞✉❝t✐♦♥ σ t♦♦✮ ❤❛s t❤❡ ❢♦r♠

Φ = A exp(− B

Tn
) ✭✶✳✸✸✮

✇❤❡r❡ n ✐s ❛ ♥✉♠❜❡r ❜❡t✇❡❡♥ ♦♥❡ ❤❛❧❢ ❛♥❞ ♦♥❡ q✉❛rt❡r✱ A ❛♥❞ B ❛r❡ ❝♦♥st❛♥ts✳

❱❛r✐❛❜❧❡✲r❛♥❣❡ ❤♦♣♣✐♥❣ ✭❱❘❍✮ ✐s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❚❤❡♦r❡t✐❝❛❧ ♠❡t❤♦❞ ❢♦r

t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❱❘❍ ✐♥ ●❛✉ss✐❛♥ ❉❖❙ ❜② t❤❡ ♣❡r❝♦❧❛t✐♦♥ ❛♣♣r♦❛❝❤ ✐s s❤♦✇♥ ✐♥ ❘❡❢✳ ❬✷❪✳

✶✳✶✵ ▼♦❜✐❧✐t② ♠♦❞❡❧

❚❤❡r❡ ❛r❡ s❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s ❤♦✇ t♦ ❞❡s❝r✐❜❡ ♠♦❜✐❧✐t② ✐♥ ❞✐s♦r❞❡r❡❞ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs✳

❚❤❡ P♦♦❧❡✲❋r❡♥❦❡❧ ✭P❋✮ ♠♦❞❡❧ ✇❛s ♦♥❡ ♦❢ t❤❡ ✜rst ♠♦❞❡❧s ✇❤✐❝❤ ❞❡s❝r✐❜❡❞ ❡❧❡❝tr♦♥✲✜❡❧❞

❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝❤❛r❣❡ ❝❛rr✐❡r ♠♦❜✐❧✐t✐❡s✳ ❚❤❡ ✜❡❧❞✲❞❡♣❡♥❞❡♥t ♠♦❜✐❧✐t② ❝❛♥ ❜❡ ❣✐✈❡♥ ❜②

r❡❧❛t✐♦♥

µ = µ0 exp(βPF

√
F ) ✭✶✳✸✹✮

✇❤❡r❡ µ0 ✐s t❤❡ ③❡r♦✲✜❡❧❞ ♠♦❜✐❧✐t② ❛♥❞ P❋ s❧♦♣❡ βPF ✐s

βPF =

√

q3

πǫ
✭✶✳✸✺✮

❚❤❡ ♣r♦❜❧❡♠ ✐s t❤❛t t❤❡ P♦♦❧❡✲❋r❡♥❦❡❧ ♠♦❞❡❧ ❞♦❡s ♥♦t ✐♥✈♦❧✈❡ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡

✐♥ ❊q✳✶✳✸✹✳ ■t ✐s ❜❡❧✐❡✈❡❞ t❤❛t t❤❡ ❜❡tt❡r ✇❛② t♦ ❞❡s❝r✐❜❡ t❤❡ ♠♦❜✐❧✐t② ✐♥ ❞✐s♦r❞❡r❡❞ ♦r❣❛♥✐❝

s❡♠✐❝♦♥❞✉❝t♦rs ✐s t❤❡ ●❛✉ss✐❛♥ ❞✐s♦r❞❡r ♠♦❞❡❧ ✭●❉▼✮✳ ❚❤✐s ♠♦❞❡❧ ✐s ❜❛s❡❞ ♦♥ t❤❡ ❝♦♥❝❡♣t

t❤❛t t❤❡ ❝❤❛r❣❡ ❤♦♣♣✐♥❣ ✐♥ ❛♥ ❛♠♦r♣❤♦✉s ♠❛t❡r✐❛❧ t❛❦❡s ♣❧❛❝❡ ❜❡t✇❡❡♥ s✐t❡s ✇❤♦s❡ ❡♥❡r❣②

❛♥❞ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ✐s ●❛✉ss✐❛♥✳ ❈❤❛r❣❡ ❤♦♣♣✐♥❣ ✐s t❤❡r♠❛❧❧② ❛❝t✐✈❛t❡❞ ❛♥❞ ✜❡❧❞ ❛s✲

s✐st❡❞ s♦ t❤❡ ♠♦❜✐❧✐t② ❞❡♣❡♥❞s ❜♦t❤ ♦♥ ❡❧❡❝tr✐❝ ✜❡❧❞ F ❛♥❞ t❡♠♣❡r❛t✉r❡ T ✳ ❚❤❡ ♠♦❜✐❧✐t②

✐♥ t❤❡ ●❉▼ ✐s t❤❡♥ ❞❡s❝r✐❜❡❞ ❜② ❡q✉❛t✐♦♥s

µ(F, T ) = µ∞ exp[(− 2Λ

3kBT
)2] exp(β

√
F ) ✭✶✳✸✻✮

✇❤❡r❡

β = C[(
Λ

kBT
)2 − Σ2] ✭✶✳✸✼✮

Σ ✐s t❤❡ ❣❡♦♠❡tr✐❝ r❛♥❞♦♠♥❡ss ❛♥❞ Λ✐s t❤❡ ❡♥❡r❣❡t✐❝ ❞✐s♦r❞❡r ✇❤✐❝❤ ❝❛♥ ❜❡ ❦♥♦✇♥ ❛s

t❤❡ ✇✐❞t❤ ♦❢ t❤❡ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❡♥s✐t② ♦❢ ❡♥❡r❣② st❛t❡s ❢♦r t❤❡ tr❛♥s♣♦rt s✐t❡s

❛♥❞ µ∞ ✐s t❤❡ ❤✐❣❤ t❡♠♣❡r❛t✉r❡ ❧✐♠✐t ♦❢ t❤❡ ♠♦❜✐❧✐t②✳ ❬✹✺❪

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

❜❡ ❢♦✉♥❞ ✐♥ ❘❡❢✳❬✶❪✳

✶✻



✷ ❘♦❧❡ ♦❢ ❡①❝✐t♦♥s ✐♥ ♣♦❧②♠❡rs

❱❡r② ✐♠♣♦rt❛♥t ❢❛❝t♦rs ✇❤✐❝❤ ❛r❡ ❜❛s❡ ❢♦r ✉s❡ ♦❢ t❤❡ ♣♦❧②♠❡rs ✐♥ ♦♣t♦❡❧❡❝tr♦♥✐❝s ✭❖▲❊❉✱

♦r❣❛♥✐❝ s♦❧❛r ❝❡❧❧s ♦r ✈❛r✐♦✉s ❞❡t❡❝t♦rs✮✱ ❛r❡ ❡①❝✐t♦♥ ❢♦r♠❛t✐♦♥ ❛♥❞ ❞✐ss♦❝✐❛t✐♦♥✳ ❚❤❡s❡

❢❛❝t♦rs ❛r❡ ❝♦♥❝✐s❡❧② ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛rt t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♠❡t❤♦❞

✇❤✐❝❤ ✐s ❛❜❧❡ t♦ ❡✈❛❧✉❛t❡ ✐♠♣♦rt❛♥t tr❛♥s♣♦rt ♣❛r❛♠❡t❡rs ♦❢ ❡①❝✐t♦♥ ❡✛❡❝ts ✐♥ ♣♦❧②♠❡r

❧❛②❡rs✳

✷✳✶ ❊①❝✐t♦♥ ❢♦r♠❛t✐♦♥ ❛♥❞ ❞✐ss♦❝✐❛t✐♦♥

■♥ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s✱ t❤❡ ❡①❝✐t♦♥s ❛r❡ ❝r❡❛t❡❞ ❛❢t❡r t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ❧✐❣❤t✳ ❊①❝✐t♦♥ ❝❛♥ ❜❡

❝♦♥s✐❞❡r❡❞ ❡✐t❤❡r ❛s ❛ ♥❡✉tr❛❧ ❡①❝✐t❡❞ st❛t❡ ♦❢ ❛ ♠♦❧❡❝✉❧❡ ♦r ❛s ❛♥ ❡❧❡❝tr♦♥✲❤♦❧❡ ♣❛✐r✱ ❜♦✉♥❞

t♦❣❡t❤❡r ❜② ❈♦✉❧♦♠❜ ❛♥❞ ❧❛tt✐❝❡ ✐♥t❡r❛❝t✐♦♥s ✭❬✶✹❪✮✳ ■♥ t❤❡ ❛♣♣r♦♣r✐❛t❡ ❞❡✈✐❝❡s ❡①❝✐t♦♥

❞✐ss♦❝✐❛t✐♦♥ ♦❝❝✉rs ✭❬✸✵✱ ✶✸❪✮✳ ❚❤❡ tr❛♥s♣♦rt ♦❢ ❝❤❛r❣❡s ✐s ❛✛❡❝t❡❞ ❜② r❡❝♦♠❜✐♥❛t✐♦♥ ❞✉r✐♥❣

t❤❡ ❥♦✉r♥❡② t♦ t❤❡ ❡❧❡❝tr♦❞❡s✳ ■♥t❡r❛❝t✐♦♥s ✇✐t❤ ❛t♦♠s ♦r ♦t❤❡r ❝❤❛r❣❡s ❝❛♥ s❧♦✇ ❞♦✇♥ t❤❡

tr❛✈❡❧ s♣❡❡❞ ❛♥❞ ❧✐♠✐t t❤❡ ❝✉rr❡♥t✳ ❬✸✻❪

✷✳✷ ❙✉r❢❛❝❡ P❤♦t♦✈♦❧t❛❣❡ ▼❡t❤♦❞

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

t❤❡ ✐♠♣♦rt❛♥t tr❛♥s♣♦rt ♣❛r❛♠❡t❡r✱ ♥❛♠❡❧② t❤❡ ❡①❝✐t♦♥ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ✐♥ s❡♠✐❝♦♥❞✉❝t✐♥❣

❧❛②❡rs✳ ❚❤✐s ♠❡t❤♦❞✱ ✇❤✐❝❤ ♦r✐❣✐♥❛❧❧② ❝♦♠❡s ❢r♦♠ ●♦♦❞♠❛♥ ✭❬✶✷❪✮✱ ✇❛s r❡❛rr❛♥❣❡❞ ❢♦r

♠❡❛s✉r✐♥❣ ♦❢ t❤✐♥ ❧❛②❡rs ✭❛s ♣♦❧②♠❡rs ❛r❡✮✳

❚❤❡ s✉r❢❛❝❡ ♣❤♦t♦✈♦❧t❛❣❡ ✭❙P❱✮ ✐♥ ❛ ♣♦❧②♠❡r ❧❛②❡r ✐s t❤❡ r❡s✉❧t ♦❢ ❞✐ss♦❝✐❛t✐♦♥ ♦❢ ♣❤♦✲

t♦❣❡♥❡r❛t❡❞ ❢r❡❡ ❡①❝✐t♦♥s ✐♥ t❤❡ ❡❧❡❝tr✐❝ ✜❡❧❞ ♦❢ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥ ✭❙❈❘✮✱ ✇❤✐❝❤ ✐s

❢♦r♠❡❞ ✐♥ t❤❡ s❛♠♣❧❡✳ ❯s❡❞ ❝♦♥❝❡♣t ♦❢ t❤❡ ❙P❱ ❝❛❧❝✉❧❛t❡s ❜♦t❤ ❝✉rr❡♥ts ❢r♦♠ t❤❡ ❜✉❧❦ ❛♥❞

❝✉rr❡♥ts ❢r♦♠ t❤❡ ❙❈❘ ✇❤❡r❡ r❡❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝❤❛r❣❡ ❝❛rr✐❡rs ✐s ❝♦♥s✐❞❡r❡❞✳

❇❛❝❦ t♦ t❤❡ ❤✐st♦r②✱ ❛ ♠❡t❤♦❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ s❤♦rt ♠✐♥♦r✐t② ❝❛rr✐❡r ❞✐✛✉s✐♦♥

❧❡♥❣t❤ ✐♥ s❡♠✐❝♦♥❞✉❝t♦rs ✇❛s ✉s❡❞ ❜② ❆❧✈✐♥ ▼✳ ●♦♦❞♠❛♥ ❛♥❞ ❛♣♣❧✐❡❞ t♦ ❣❛❧❧✐✉♠ ❛rs❡♥✐❞❡✳

❲❡ ✇❛♥t t♦ s❤♦✇ ❤✐s ❛♣♣r♦❛❝❤ ❤❡r❡✱ ❝✐t✐♥❣ t❤❡ s♦✉r❝❡ ❬✶✷❪ ✿

✏❚❤❡ s✉r❢❛❝❡ ♣❤♦t♦✈♦❧t❛❣❡ ∆V ❞❡✈❡❧♦♣❡❞ ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡ ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢

t❤❡ ❡①❝❡ss ♠✐♥♦r✐t② ❝❛rr✐❡r ❞❡♥s✐t② ∆p ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ s✉r❢❛❝❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥✳ ❚❤❡

❞❡♥s✐t② ∆p ✐s ✐♥ t✉r♥ ❞❡♣❡♥❞❡♥t ✉♣♦♥ t❤❡ ✐♥❝✐❞❡♥t ❧✐❣❤t ✐♥t❡♥s✐t② I0✱ t❤❡ ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥

❝♦❡✣❝✐❡♥t α ❛♥❞ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L✳

❆ st❡❛❞② st❛t❡ s♦❧✉t✐♦♥ ♦❢ t❤❡ ♦♥❡ ❞✐♠❡♥s✐♦♥❛❧ ❞✐✛✉s✐♦♥ ❡q✉❛t✐♦♥ ❢♦r t❤❡ s❛♠♣❧❡ ❣❡♦♠✲

❡tr② s❤♦✇♥ ✐♥ ❋✐❣✳ ✷✳✶ ✐s

∆p =
QI(1− ρ1)

(D/L) + s

αL

1 + αL
✭✷✳✶✮

❛ss✉♠✐♥❣ t❤❛t αh ≫ 1✱ αl1 ≪ 1✱ h ≫ L✱ l1 ≪ L ❛♥❞ △p ≪ n0✳

Q ✐s t❤❡ ♣❤♦t♦♥ q✉❛♥t✉♠ ❡✣❝✐❡♥❝② ❢♦r ❤♦❧❡✲❡❧❡❝tr♦♥ ♣❛✐r ❝r❡❛t✐♦♥ ✭✐♥♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs

✶✼



❛r❡ ❝♦♥s✐❞❡r❡❞✮✱ ρ1 ✐s t❤❡ ♦♣t✐❝❛❧ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡✱ s ✐s t❤❡

s✉r❢❛❝❡ r❡❝♦♠❜✐♥❛t✐♦♥ ✈❡❧♦❝✐t② ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡✱ h ✐s t❤❡ s❛♠♣❧❡ t❤✐❝❦♥❡ss ❛♥❞ l1

✐s t❤❡ ❞❡♣t❤ ♦❢ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ ❧❛②❡r ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡✳ ❚❤❡ r❡❧❛t✐♦♥ ✭✷✳✶✮ ❛ss✉♠❡s

t❤❛t αh ≫ 1✱ ❝♦♥s❡q✉❡♥t❧② ✐t ❤♦❧❞s ❢♦r ✏t❤✐❝❦ s❛♠♣❧❡s✑✳

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

∆V = f [CI0α/(1 + αL)] ✭✷✳✷✮

✐❢ ρ1 ❛♥❞ Q ❛r❡ ❡ss❡♥t✐❛❧❧② ❝♦♥st❛♥t ♦✈❡r t❤❡ r❡❣✐♦♥ α ♦❢ ✐♥t❡r❡st✱ C ✐s ❛ ❝♦♥st❛♥t ❛♥❞

t❤❡ ❢♦r♠ ♦❢ ❢✉♥❝t✐♦♥❛❧ ❞❡♣❡♥❞❡♥❝❡ f ♥❡❡❞s ♥♦t t♦ ❜❡ ❦♥♦✇♥ ❡①♣❧✐❝✐t❧②✳

■t ✐s ❛ ♠♦♥♦t♦♥✐❝ ❢✉♥❝t✐♦♥ ❛♥❞ ♠❛② t❤❡r❡❢♦r❡ ❜❡ ✐♥✈❡rt❡❞ t♦ ♦❜t❛✐♥

I0α/(1 + αL) = F (∆V ) ✭✷✳✸✮

❚❤❡ s❛♠❡ ✈❛❧✉❡ ♦❢ ∆V ♠❛② ❜❡ ♦❜t❛✐♥❡❞ ❢♦r t✇♦ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ I0 ✭♣❡r❤❛♣s I1❛♥❞

I2✮ ♣r♦✈✐❞❡❞ t❤❛t t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✈❛❧✉❡s ♦❢ λ ❛♥❞ α ✭α1 ❛♥❞ α2✮ ❛r❡ ❝❤♦s❡♥✳ ■t ❢♦❧❧♦✇s

❢r♦♠ ❊q✳ ✷✳✸ ✿

I1α1/(1 + α1L) = I2α2/(1 + α2L) ✭✷✳✹✮

❋✐♥❛❧❧② t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L ♠❛② ❜❡ ♦❜t❛✐♥❡❞ ❛s ✿ ✑

L =
I2α2 − I1α1

α1α2(I1 − I2)
✭✷✳✺✮

❋✐❣✉r❡ ✷✳✶✿ ❙❛♠♣❧❡ ❣❡♦♠❡tr② ✿ I ✐s t❤❡ ✐♥❝✐❞❡♥t ♣❤♦t♦♥ ✢✉①✱ l1 ✐s t❤❡ ❞❡♣t❤ ♦❢ t❤❡ s✉r❢❛❝❡ s♣❛❝❡✲❝❤❛r❣❡

❧❛②❡r ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡ ❛♥❞ l ✐s t❤❡ s❛♠♣❧❡ t❤✐❝❦♥❡ss ✭❬✶✷❪✮

❉✐s❛❞✈❛♥t❛❣❡ ♦❢ t❤❡ ❧✐♠✐t❛t✐♦♥ t♦ t❤✐❝❦ s❛♠♣❧❡s ❛♥❞ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❝♦♥st❛♥t ✈❛❧✉❡

♦❢ t❤❡ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s r❡♠♦✈❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❤❡♦r②✳ ❚❤✐s t❤❡♦r② ✇❛s ❛♣♣❧✐❡❞ t♦

✐♥♦r❣❛♥✐❝ ❛s ✇❡❧❧ ❛s ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s ✭❬✹✻❪✱❬✹✽❪✱❬✹✾❪✮✳

❚❤❡ ♣❤♦t♦✈♦❧t❛✐❝ ❡✛❡❝t r❡q✉✐r❡s ❛♥ ❡❧❡❝tr✐❝ ✜❡❧❞ ❢♦r ❞✐ss♦❝✐❛t✐♦♥ ♦❢ ♣❤♦t♦❣❡♥❡r❛t❡❞ ❡①❝❡ss

❝❛rr✐❡rs ✭❡①❝✐t♦♥s ✐♥ t❤❡ ❝❛s❡ ♦❢ ♣♦❧②♠❡r ♠❛t❡r✐❛❧s✮✱ ✇❤✐❝❤ ❝❛♥ t❤❡♥ ❧❡❛❞ t♦ t❤❡ ❣❡♥❡r❛t✐♦♥

♦❢ ❛ ♣❤♦t♦❝✉rr❡♥t ✐♥ ❛♥ ❡①t❡r♥❛❧ ❝✐r❝✉✐t✳ ❲❡ ❛ss✉♠❡ t❤❛t s✉❝❤ ✜❡❧❞ ✐s ❢♦r♠❡❞ ✐♥ t❤❡ s♣❛❝❡

✶✽



❝❤❛r❣❡ r❡❣✐♦♥ ✭❙❈❘✮ ❛t ■❚❖✴s❡♠✐❝♦♥❞✉❝t♦r ✐♥t❡r❢❛❝❡✳

❚❤❡ ♠♦❞❡❧✱ ✇❤✐❝❤ ✐s ✉s❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡①t✱ ✐s ♣❡r❢♦r♠❡❞ ❛ss✉♠✐♥❣ ❛ ♣♦❧②♠❡r ❧❛②❡r

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

❜♦t❤ ✐♥ t❤❡ ❜✉❧❦ ❛♥❞ ✐♥ t❤❡ ❙❈❘✳ ❚❤❡ ♠♦❞❡❧ ❝♦♥s✐❞❡rs t❤❛t t❤❡ ❜✉❧❦✴❙❈❘ ✐♥t❡r❢❛❝❡ ✐s t❤❡

♣❧❛❝❡ ✇❤❡r❡ t❤❡ ❝❤❛r❣❡ s❡♣❛r❛t✐♦♥ ♦❢ ❡①❝✐t♦♥s ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❜✉❧❦ ♦❝❝✉rs✳ ❇✉❧❦ ❞✐✛✉s✐♦♥

❝✉rr❡♥t ✐s ❢♦r♠❡❞ ✐♥ t❤✐s ✇❛②✳ ❉r✐❢t ❝✉rr❡♥t r❡s✉❧ts ❢r♦♠ t❤❡ ❡①❝✐t♦♥s ♣❤♦t♦❣❡♥❡r❛t❡❞ ✐♥ t❤❡

❙❈❘ ❛♥❞ ❞✐ss♦❝✐❛t❡❞ ❜② t❤❡ ✜❡❧❞ ♦❢ t❤✐s r❡❣✐♦♥✳

❚❤❡ t♦t❛❧ ♣❤♦t♦❝✉rr❡♥t ✐s ❛ s✉♠ ♦❢ t❤❡ ❞✐✛✉s✐♦♥ ❝✉rr❡♥t ❢r♦♠ t❤❡ ❜✉❧❦ ❛♥❞ t❤❡ ❞r✐❢t

❝✉rr❡♥t ❢r♦♠ t❤❡ ❙❈❘✳

■♥ t❤❡ ♥❡①t ♣❛r❛❣r❛♣❤ ✇❡ s❤♦✇ t❤❡ ♠❛✐♥ ❡q✉❛t✐♦♥ ✇❤✐❝❤ ✇❡ ✉s❡ ❢♦r ❞❡s❝r✐♣t✐♦♥ ♦❢ ❙P❱

❡①♣❡r✐♠❡♥ts✳

❚❤❡ tr❛♥s♣♦rt ♦❢ ❡①❝✐t♦♥s ✐♥ t❤❡ ❜✉❧❦ ✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❞✐✛✉s✐♦♥ ❡q✉❛t✐♦♥

d2∆n(x)

dx2
− ∆n(x)

L2
= −g(x)

D
✭✷✳✻✮

✇❤❡r❡ ∆n(x) ✐s t❤❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ ❡①❝❡ss ❡①❝✐t♦♥s ❛t ❞❡♣t❤ x ✐♥ t❤❡ ❜✉❧❦✱ L ✐s t❤❡

❡①❝✐t♦♥ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ❛♥❞ D ✐s t❤❡ ❡①❝✐t♦♥ ❞✐✛✉s✐♦♥ ❝♦❡✣❝✐❡♥t✳

■♥ t❤❡ ❝❛s❡ ♦❢ ♠✉❧t✐♣❧❡ r❡✢❡❝t✐♦♥s✱ ♥❡❣❧❡❝t✐♥❣ ✐♥t❡r❢❡r❡♥❝❡ ❡✛❡❝ts✱ t❤❡ ♣❤♦t♦❣❡♥❡r❛t✐♦♥

r❛t❡ g(x✮ ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ❛s

g(x) = α(1−R1)I0(
exp(−αx) +R2[exp(−α(2h− x))]

1−R1R2 exp(−2αh)
) ✭✷✳✼✮

✇❤❡r❡ I0 ✐s t❤❡ ♣❤♦t♦♥ ✢✉① ❞❡♥s✐t② ✐♠♣✐♥❣✐♥❣ ♦♥ t❤❡ ♣♦❧②♠❡r ❧❛②❡r✱ α ✐s t❤❡ ❛❜s♦r♣t✐♦♥

❝♦❡✣❝✐❡♥t✱ h ✐s t❤❡ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❧❛②❡r ❛♥❞ R1✐s t❤❡ r❡✢❡❝t❛♥❝❡ ❢r♦♠ t❤❡ ✐❧❧✉♠✐♥❛t❡❞

s✉r❢❛❝❡ ❛♥❞ R2 ✐s t❤❡ r❡✢❡❝t❛♥❝❡ ❢r♦♠ t❤❡ ❜♦tt♦♠ s✉r❢❛❝❡✳ ■❧❧✉♠✐♥❛t✐♦♥ ❢r♦♠ t❤❡ s✐❞❡ ♦❢

t❤❡ ❜✉❧❦ ✐s ❛ss✉♠❡❞✳

❚♦ ✜♥❞ t❤❡ ♣❤♦t♦❣❡♥❡r❛t❡❞ ❝✉rr❡♥t✱ ✇❡ ♥❡❡❞ t✇♦ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✿

❛t t❤❡ ❢r❡❡ s✉r❢❛❝❡ ✿ Dd∆n(x)
dx |x=0= s∆n(0)

❛t t❤❡ ❜✉❧❦✴❙❈❘ ✐♥t❡r❢❛❝❡ ✿ ∆n(d) = 0

❍❡r❡ d ✐s t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❜✉❧❦ ❛♥❞ s ✐s t❤❡ s✉r❢❛❝❡ r❡❝♦♠❜✐♥❛t✐♦♥ ✈❡❧♦❝✐t②✳ ❚❤❡ ✉♥✐t

❛r❡❛ ♦❢ t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡ ✐s ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ❞✐✛✉s✐♦♥ ❝✉rr❡♥t Jb ❢r♦♠ t❤❡ ❜✉❧❦ ✐s ✿

Jb =
eDd∆n(x)

dx
|x=d=

− a1αL
1−α2L2{ [(1−S) exp(−d/L)−(1+S) exp(d/L)] exp(−αd)+2(αL+S)

(1+S) exp(d/L)+(1−S) exp(−d/L)
− αL exp(−αd)}

+
a2 exp(−αw)αL

1− α2L2
{(1 + S) exp(d/L)− (1− S) exp(−d/L) + 2(αL− S) exp(−αd)

(1 + S) exp(d/L) + (1− S) exp(−d/L)
} − αL

✭✷✳✽✮

✇❤❡r❡ a1 ❛♥❞ a2 ❛r❡ ✿

✶✾



a1 =
eI0(1−R1)

1−R1R2 exp(−2αh)
✭✷✳✾✮

a2 =
eI0(1−R1)R2 exp(−αh)

1−R1R2 exp(−2αh)
✭✷✳✶✵✮

❚♦t❛❧ t❤✐❝❦♥❡ss h ♦❢ t❤❡ s❛♠♣❧❡ ✐s t❤❡ s✉♠ ♦❢ t❤✐❝❦♥❡ss ♦❢ ❜✉❧❦ ✭d✮ ❛♥❞ ❙❈❘ ✭w✮ ✿

h = d+ w ✭✷✳✶✶✮

❛♥❞ S ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ♣❛r❛♠❡t❡r

S ≡ sL

D
✭✷✳✶✷✮

❚❤❡ ❝✉rr❡♥t ❞❡♥s✐t② Js ✱ ❢r♦♠ t❤❡ ❙❈❘✱ ✐s ❣✐✈❡♥ ❜② ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❡①❝✐t♦♥ ♣❤♦t♦❣❡♥✲

❡r❛t✐♦♥ r❛t❡ ♦✈❡r t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❙❈❘ ✿

Js = a1G exp(−αd)

ŵ

0

α exp(−αx)dx+a2G

ŵ

0

α exp(−αx)dx = G(1−exp(−αw))[a1 exp(−αd)+a2]

✭✷✳✶✸✮

❚❤❡ ❢❛❝t♦r G ✭Gǫ(0, 1)✮ r❡♣r❡s❡♥ts r❡❝♦♠❜✐♥❛t✐♦♥ ❧♦ss❡s ✐♥ t❤❡ ❙❈❘✳

■♥ ❘❡❢✳❬✹✾❪ ✐t ✇❛s s❤♦✇♥ t❤❛t t❤❡ ❝✉rr❡♥ts Jb ❛♥❞ Js ❛r❡ ✐♥❞❡♣❡♥❞❡♥t✳

❚❤❡♥ t❤❡ t♦t❛❧ ♣❤♦t♦❝✉rr❡♥t ❞❡♥s✐t② ✐s t❤❡ s✉♠ ♦❢ ✭✷✳✽✮ ❛♥❞ ✭✷✳✶✸✮✳

J = Js + Jb ✭✷✳✶✹✮

❚❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ✈❡r✐✜❡❞ ❧✐♥❡❛r r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ ❛♥❞ t❤❡ ❧♦✇ ❧✐❣❤t

✐♥t❡♥s✐t② ❧❡❛❞s t♦ t❤❡ ♣r♦♣♦rt✐♦♥❛❧✐t② ❜❡t✇❡❡♥ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ V ❛♥❞ t❤❡ t♦t❛❧ ♣❤♦t♦❣❡♥✲

❡r❛t❡❞ ❝✉rr❡♥t ❞❡♥s✐t② J

V ∼ J ✭✷✳✶✺✮

✸ P♦❧②♠❡r ❧❛②❡rs ✇✐t❤ ♥❛♥♦♣❛rt✐❝❧❡s

❚❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♣♦❧②♠❡r ❧❛②❡rs ✇✐t❤ r❡❣❛r❞ t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥s ✐♥

♦r❣❛♥✐❝ ❞❡✈✐❝❡s ✐s ♠❛❞❡ ❜② ❢❛❜r✐❝❛t✐♦♥ ♦❢ t❤❡ ❜❧❡♥❞ str✉❝t✉r❡s✳ ❚❤❡ ✐♥t❡r❡st✐♥❣ ♣♦ss✐❜✐❧✐t②

♦❢ ♣r❡♣❛r✐♥❣ t❤❡s❡ str✉❝t✉r❡s ✐s ✐♥❝♦r♣♦r❛t✐♥❣ ♦❢ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥t♦ t❤❡ ♣♦❧②♠❡r

❧❛②❡rs✳ ■♥ t❤❡ ❧❛st ❞❡❝❛❞❡ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ♣❧❛② ✐♠♣♦rt❛♥t r♦❧❡ ❡s♣❡❝✐❛❧❧② ✐♥ t❤❡

♣r❡♣❛r❛t✐♦♥ ♦❢ ✐♥♦r❣❛♥✐❝✲♦r❣❛♥✐❝ ❤②❜r✐❞ s♦❧❛r ❝❡❧❧s✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡①t ✇❡ ✇✐❧❧ s❤♦✇ s♦♠❡

♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❤②❜r✐❞ str✉❝t✉r❡s✳

✷✵



✸✳✶ ■♥♦r❣❛♥✐❝✲♦r❣❛♥✐❝ ❤②❜r✐❞ s♦❧❛r ❝❡❧❧s

❇✉❧❦ ❤❡t❡r♦❥✉♥❝t✐♦♥ s♦❧❛r ❝❡❧❧ ✐s ♦❢t❡♥ ♠❛❞❡ ♦❢ ♣♦❧②♠❡r ✭♣✲t②♣❡✮ ❛♥❞ P❈❇▼ ✭♥✲t②♣❡✮✳

❚❤❡ ♣r♦❜❧❡♠ ✇✐t❤ ❡①♣❡♥s✐✈❡ ❢✉❧❧❡r❡♥❡s ✐s✱ t❤❛t t❤❡② ❤❛✈❡ ✇❡❛❦ ❛❜s♦r♣t✐♦♥ ✐♥ t❤❡ ✈✐s✐❜❧❡

s♣❡❝tr❛❧ r❛♥❣❡ ✭❋✐❣✳✸✳✶✮✳ ■♥ t❤✐s ❝❛s❡✱ ♦♥❡ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ♣❤♦t♦❛❝t✐✈❡ ❜❧❡♥❞ ✐s ❛❧♠♦st

♦♣t✐❝❛❧❧② ✐♥❛❝t✐✈❡✳ ❚♦ ♦✈❡r❝♦♠❡ t❤✐s ❧✐♠✐t❛t✐♦♥✱ ❛❧t❡r♥❛t✐✈❡ ❡❧❡❝tr♦♥ ❛❝❝❡♣t♦rs t❤❛t ❛r❡

❝❛♣❛❜❧❡ ♦❢ ❛❜s♦r❜✐♥❣ ✈✐s✐❜❧❡ ❧✐❣❤t ♣r❡❢❡r❛❜❧② ❛t t❤❡ ❧♦✇❡r ❡♥❡r❣② ♣❛rt ♦❢ t❤❡ s♣❡❝tr❛ ❛r❡

r❡q✉✐r❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡ str♦♥❣ ♦♣t✐❝❛❧ ❛❜s♦r♣t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❛❝❝♦♠♣❛♥✐❡❞ ❜② ❡✣❝✐❡♥t

❡❧❡❝tr♦♥ tr❛♥s♣♦rt✳ ❖♥❡ ♦♣t✐♦♥ ✇❤✐❝❤ ❝❛♥ s♦❧✈❡ t❤❡s❡ ♣r♦❜❧❡♠s ✐s ❛ ❤②❜r✐❞ s♦❧❛r ❝❡❧❧✳

❋✐❣✉r❡ ✸✳✶✿ ❆❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢ ❧❛②❡rs ♦❢ ❝♦♠♠♦♥❧② ✉s❡❞ ♠❛t❡r✐❛❧s ❛r❡ s❤♦✇♥ ✐♥ ❝♦♠♣❛r✐s♦♥ ✇✐t❤

t❤❡ st❛♥❞❛r❞ ❆▼ ✶✳✺ t❡rr❡str✐❛❧ s♦❧❛r s♣❡❝tr✉♠ ❬✶✸❪

❆ ❤②❜r✐❞ s♦❧❛r ❝❡❧❧ ❝♦♥s✐sts ♦❢ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❜♦t❤ ♦r❣❛♥✐❝ ❛♥❞ ✐♥♦r❣❛♥✐❝ s❡♠✐❝♦♥✲

❞✉❝t✐♥❣ ♠❛t❡r✐❛❧s✳ ■t ❝♦♠❜✐♥❡s t❤❡ ✉♥✐q✉❡ ♣r♦♣❡rt✐❡s ♦❢ ✐♥♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs ✇✐t❤ t❤❡

✜❧♠✲❢♦r♠✐♥❣ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ ❝♦♥❥✉❣❛t❡❞ ♣♦❧②♠❡rs✳

❖r❣❛♥✐❝ ♠❛t❡r✐❛❧s ❛r❡ ✉s✉❛❧❧② ✐♥❡①♣❡♥s✐✈❡✱ ❡❛s✐❧② ♣r♦❝❡ss❛❜❧❡ ❛♥❞ t❤❡✐r ❢✉♥❝t✐♦♥❛❧✐t②

❝❛♥ ❜❡ t❛✐❧♦r❡❞ ❜② ♠♦❧❡❝✉❧❛r ❞❡s✐❣♥ ❛♥❞ ❝❤❡♠✐❝❛❧ s②♥t❤❡s✐s✳ ■♥♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦rs ❝❛♥

❛❧s♦ ❜❡ ♠❛♥✉❢❛❝t✉r❡❞ ❛s ♣r♦❝❡ss❛❜❧❡ ♥❛♥♦♣❛rt✐❝✉❧❛t❡ ❝♦❧❧♦✐❞s✳ ❇② ✈❛r②✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡

♥❛♥♦♣❛rt✐❝❧❡s✱ t❤❡✐r ❜❛♥❞ ❣❛♣ ❝❛♥ ❜❡ t✉♥❡❞ ❛♥❞ t❤❡✐r ❛❜s♦r♣t✐♦♥✴❡♠✐ss✐♦♥ s♣❡❝tr❛ ❝❛♥ ❜❡

t❛✐❧♦r❡❞✳

❆♥ ❡✛❡❝t✐✈❡ str❛t❡❣② ❢♦r ❤②❜r✐❞ s♦❧❛r ❝❡❧❧ ❢❛❜r✐❝❛t✐♦♥ ✐s t♦ ✉s❡ ❜❧❡♥❞s ♦❢ ♥❛♥♦❝r②st❛❧s

✇✐t❤ s❡♠✐❝♦♥❞✉❝t✐✈❡ ♣♦❧②♠❡rs ❛s ❜✉❧❦ ❤❡t❡r♦❥✉♥❝t✐♦♥✳ ❊①❝✐t♦♥s ❝r❡❛t❡❞ ✉♣♦♥ ♣❤♦t♦❡①❝✐✲

t❛t✐♦♥ ❛r❡ s❡♣❛r❛t❡❞ ✐♥t♦ ❢r❡❡ ❝❤❛r❣❡ ❝❛rr✐❡rs ✈❡r② ❡✣❝✐❡♥t❧② ❛t ✐♥t❡r❢❛❝❡s ❜❡t✇❡❡♥ ♦r❣❛♥✐❝

s❡♠✐❝♦♥❞✉❝t♦rs ❛♥❞ ✐♥♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ ❛ ❤②❜r✐❞ ❝♦♠♣♦s✐t❡ t❤✐♥ ✜❧♠✳

❍②❜r✐❞ s♦❧❛r ❝❡❧❧s ❤❛✈❡ ❜❡❡♥ ❞❡♠♦♥str❛t❡❞ ✐♥ ❝♦♥❥✉❣❛t❡❞ ♣♦❧②♠❡r ❜❧❡♥❞s ❝♦♥t❛✐♥✐♥❣ ❈❞❙❡✱

❈❞❙ ♦r P❜❙ ♥❛♥♦♣❛rt✐❝❧❡s✳

■❞❡❛❧ str✉❝t✉r❡ ♦❢ ❤②❜r✐❞ s♦❧❛r ❝❡❧❧ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✸✳✷✳ ❚❤✐s str✉❝t✉r❡ r❡♣r❡s❡♥ts

t✇♦ ♠❛✐♥ ❣♦❛❧s ✇❤✐❝❤ ♦♥❡ ♥❡❡❞s t♦ ❛❝❤✐❡✈❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❡✣❝✐❡♥t ❤②❜r✐❞ ♦r❣❛♥✐❝ s♦❧❛r

❝❡❧❧✳ ❋✐rst❧②✱ t❤❡r❡ s❤♦✉❧❞ ❜❡ ❧❛r❣❡ ✐♥t❡r❢❛❝❡ ❛r❡❛ ❜❡t✇❡❡♥ ♦r❣❛♥✐❝ ❛♥❞ ❛♥♦r❣❛♥✐❝ ♠❛t❡r✐❛❧✳

❆r♦✉♥❞ t❤✐s ✐♥t❡r❢❛❝❡✱ ❡①❝✐t♦♥s ❝❛♥ ❜❡ ❞✐ss♦❝✐❛t❡❞✳ ❙❡❝♦♥❞❧②✱ ✇❡ ♥❡❡❞ ♣❛t❤✇❛② ❢♦r ❜♦t❤

❡❧❡❝tr♦♥s ❛♥❞ ❤♦❧❡s ❛❢t❡r ❞✐ss♦❝✐❛t✐♦♥ t♦ ♣r♦♣❡r ❡❧❡❝tr♦❞❡s✳

✷✶



❋✐❣✉r❡ ✸✳✷✿ ■❞❡❛❧ str✉❝t✉r❡ ♦❢ ❤②❜r✐❞ ♦r❣❛♥✐❝ s♦❧❛r ❝❡❧❧ ❬✸✷❪

❚❤❡ ♥❛♥♦✲s✐③❡❞ ♣❛rt✐❝❧❡s ❡①❤✐❜✐t ✉♥✐q✉❡ ♣r♦♣❡rt✐❡s ❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ♦❢ t❤❡ ❜✉❧❦ s❡♠✐✲

❝♦♥❞✉❝t♦r✳ ❲❤❡♥ t❤❡s❡ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❛r❡ ♠✐①❡❞ ✐♥ ❛ s❡♠✐❝♦♥❞✉❝t✐♥❣ ❝♦♥❥✉❣❛t❡❞

♣♦❧②♠❡r ❤♦st✱ ❛ ♣❤♦t♦✈♦❧t❛✐❝ ❞❡✈✐❝❡ ✭❤②❜r✐❞ s♦❧❛r ❝❡❧❧✮ ❝❛♥ ❜❡ ❢❛❜r✐❝❛t❡❞ ✇✐t❤ ❡①t❡r♥❛❧

q✉❛♥t✉♠ ❡✣❝✐❡♥❝② ♦❢ ✻✵✪✳

❚❤❡ ✉s❛❣❡ ♦❢ ✐♥♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ♥❛♥♦♣❛rt✐❝❧❡s ❡♠❜❡❞❞❡❞ ✐♥t♦ s❡♠✐❝♦♥❞✉❝t✐♥❣

♣♦❧②♠❡r ❧❛②❡rs ✐s ♣r♦♠✐s✐♥❣ ❢♦r s❡✈❡r❛❧ r❡❛s♦♥s ✿

✭✶✮ ■♥♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ♥❛♥♦♣❛rt✐❝❧❡s ❝❛♥ ❤❛✈❡ ❤✐❣❤❡r ♣❤♦t♦❝♦♥❞✉❝t✐✈✐t② ❛s ❝♦♠✲

♣❛r❡❞ t♦ ♠❛♥② ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t♦r ♠❛t❡r✐❛❧s

✭✷✮ ❚❤❡ ♣✲ ♦r ♥✲t②♣❡ ❝❤❛r❛❝t❡r ♦❢ ♥❛♥♦❝r②st❛❧s ❝❛♥ ❜❡ ✈❛r✐❡❞ ❜② s②♥t❤❡t✐❝ r♦✉t❡s✳

✭✸✮ ❇❛♥❞ ❣❛♣ ♦❢ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ✐s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♥❛♥♦♣❛rt✐❝❧❡ s✐③❡✳ ■❢ t❤❡ ✐♥♦r✲

❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❜❡❝♦♠❡ s♠❛❧❧❡r t❤❛♥ t❤❡ s✐③❡ ♦❢ t❤❡ ❡①❝✐t♦♥ ✐♥ t❤❡ ❜✉❧❦ s❡♠✐❝♦♥❞✉❝t♦r

✭✉s✉❛❧❧② ❛❜♦✉t ✶✵ nm✮✱ t❤❡ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ♦❢ s✉❝❤ s♠❛❧❧ ♣❛rt✐❝❧❡s ✐s ♠♦r❡ ❧✐❦❡ t❤♦s❡ ♦❢

❣✐❛♥t ♠♦❧❡❝✉❧❡s t❤❛♥ ❛♥ ❡①t❡♥❞❡❞ s♦❧✐❞✳ ❚❤❡ ❡❧❡❝tr♦♥✐❝ ❛♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ s✉❝❤ s♠❛❧❧

♣❛rt✐❝❧❡s ❞❡♣❡♥❞ ♥♦t ♦♥❧② ♦♥ t❤❡ ♠❛t❡r✐❛❧ ♦❢ ✇❤✐❝❤ t❤❡② ❛r❡ ❝♦♠♣♦s❡❞✱ ❜✉t ❛❧s♦ ♦♥ t❤❡✐r

s✐③❡✳ ❬✸✹✱ ✶✸❪

▼♦r❡ ❞❡t❛✐❧❡❞ ❞✐s❝✉ss✐♦♥s ❛❜♦✉t ❤②❜r✐❞ s♦❧❛r ❝❡❧❧s ❛♥❞ ❛❜♦✉t s✉✐t❛❜❧❡ ♠❛t❡r✐❛❧s ❛♥❞

❢❛❜r✐❝❛t✐♦♥ t❡❝❤♥✐q✉❡s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❘❡❢✳ ❬✸✷✱ ✺❪✳

✸✳✷ ◆❛♥♦♣❛rt✐❝❧❡ ♣r♦♣❡rt✐❡s

▼♦st ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡①t ❝♦♠❡s ❢r♦♠ ❘❡❢✳ ❬✹✷❪✳

❙❡♠✐❝♦♥❞✉❝t♦r ♠❛t❡r✐❛❧s ❤❛✈❡ ✈❡r② ♣r♦♠✐s✐♥❣ ♣r♦♣❡rt②✱ ❜❡❝❛✉s❡ t❤❡② ❡①❤✐❜✐t t❤❡ s❛♠❡

♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ✐rr❡s♣❡❝t✐✈❡ ♦❢ t❤❡✐r s✐③❡ ❛❜♦✈❡ ❛ ♣❛rt✐❝✉❧❛r ✈❛❧✉❡ ❝❛❧❧❡❞ t❤❡ t❤r❡s❤♦❧❞

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

✐♥❝r❡❛s❡s ✇✐t❤ ❛ ❞❡❝r❡❛s❡ ✐♥ t❤❡✐r s✐③❡✳

◆❛♥♦♣❛rt✐❝❧❡s ❛r❡ ✉s✉❛❧❧② ❞❡✜♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r s✐③❡✳ P❛rt✐❝❧❡s ✇✐t❤ s✐③❡ ♠♦r❡ t❤❛♥

✶ nm ❛♥❞ ❧❡ss t❤❛♥ ♦r ❝♦♠♣❛r❛❜❧❡ t♦ ✶✵✵ nm ❛r❡ ❝❧❛ss✐✜❡❞ ❛s ♥❛♥♦♣❛rt✐❝❧❡s✳ ◗✉❛♥t✉♠

❞♦ts ❛r❡ r❡❢❡rr❡❞ t♦ ❛s ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ t❤❡ ❝❛s❡ ♦❢ s❡♠✐❝♦♥❞✉❝t♦rs ✇❤✐❝❤ ❤❛✈❡ q✉❛♥t✉♠✲

❝♦♥✜♥❡♠❡♥t ♣r♦♣❡rt②✳ ◆❛♥♦❝❧✉st❡rs ❛r❡ ❛❧s♦ ♥❛♥♦♣❛rt✐❝❧❡s ✇❤♦s❡ s✐③❡ ❧✐❡s ❜❡t✇❡❡♥ ✶ ❛♥❞ ✶✵

nm ✇✐t❤ ❛ ♥❛rr♦✇ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❤✐❝❤ ❛❧✇❛②s s❤♦✇ t❤❡ ❡✛❡❝t ♦❢ t❤❡ q✉❛♥t✉♠ ❝♦♥✜♥❡♠❡♥t

✭❞❡t❛✐❧❡❞ ❞✐s❝✉ss✐♦♥ ❛❜♦✉t ❞✐✛❡r❡♥t q✉❛♥t✉♠ ♣r♦♣❡rt✐❡s ♦❢ q✉❛♥t✉♠ ❞♦ts ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥

❘❡❢✳ ❬✸❪✮✳

❙✐③❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❜❛♥❞ ❣❛♣ ❢♦r ❈❞❙ ♠❛t❡r✐❛❧ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✸✳✸✳

✷✷



❋✐❣✉r❡ ✸✳✸✿ ❙✐③❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❜❛♥❞ ❣❛♣ ❢♦r ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❬✺✷❪

❚❤❡ ❛❜s♦r♣t✐♦♥ ♣❡❛❦ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ t❤r❡s❤♦❧❞ ❢♦r t❤❡ ❛❜s♦r♣t✐♦♥ ♦❢ ❧✐❣❤t ✐♥ t❤❡

q✉❛♥t✉♠ ❞♦t ✐s ❜❧✉❡✲s❤✐❢t❡❞ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ s✐③❡ ✭❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❜✉❧❦ ♠❛t❡r✐❛❧✮✳

❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❡✛❡❝t✐✈❡ ♠❛ss ❛♣♣r♦①✐♠❛t✐♦♥✱ t❤❡ ❡♥❡r❣② ❜❛♥❞ ❣❛♣ ♦❢ ♥❛♥♦♣❛rt✐❝❧❡s

✭Enano✮ s❤♦✇✐♥❣ ❛ q✉❛♥t✉♠ ❝♦♥✜♥❡♠❡♥t ❡✛❡❝t ✐s r❡❧❛t❡❞ t♦ t❤❡ ❜❛♥❞ ❣❛♣ ♦❢ ❜✉❧❦ ♠❛t❡r✐❛❧

❛s

Enano = Eg +
π2

~
2

2r2
(
1

m∗

e

+
1

m∗

h

) ✭✸✳✶✮

✇❤❡r❡ Eg ✐s t❤❡ ❜❛♥❞ ❣❛♣ ♦❢ ❜✉❧❦ ♠❛t❡r✐❛❧✱ r ✐s t❤❡ r❛❞✐✉s ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❡❧s s❤♦✇✐♥❣

t❤❡ q✉❛♥t✉♠ ❝♦♥✜♥❡♠❡♥t ❡✛❡❝t ❛♥❞ m∗

e✭m
∗

h✮ ✐s t❤❡ ❡✛❡❝t✐✈❡ ♠❛ss ♦❢ t❤❡ ❡❧❡❝tr♦♥ ✭❤♦❧❡✮✳

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

❜❛♥❞ ❣❛♣ ❞✉❡ t♦ t❤❡ ❡①❝✐t♦♥✐❝ r❡❝♦♠❜✐♥❛t✐♦♥✳ ■❢ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❝❛s❡ ♦❢ ❢r❡❡ ❡①❝✐t♦♥s ✭▼♦tt✲

❲❛♥✐❡r ❡①❝✐t♦♥s✮✱ t❤❡♥ t❤❡ ❡❧❡❝tr♦♥ ❛♥❞ t❤❡ ❤♦❧❡ ❛r❡ ❛ttr❛❝t❡❞ ❡❛❝❤ ♦t❤❡r ✈✐❛ t❤❡ ❈♦✉❧♦♠❜

♣♦t❡♥t✐❛❧ ❛♥❞ ✐t ✐s

V (r) = − q2

4πǫ0ǫrr
✭✸✳✷✮

✇❤❡r❡ ε ✐s t❤❡ ❞✐❡❧❡❝tr✐❝ ❝♦♥st❛♥t ❛♥❞ r ✐s t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❡❧❡❝tr♦♥✲❤♦❧❡ ♣❛✐r✳

❚❤❡ ❍❛♠✐❧t♦♥✐❛♥ ♦❢ ❛♥ ❡①❝✐t♦♥ ❝♦♥✜♥❡❞ t♦ ❛ ♥❛♥♦♣❛rt✐❝❧❡ ♦❢ r❛❞✐✉s r ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s

H =
p2e
2m∗

e

+
p2h
2m∗

h

− q2

kw ‖−→re −−→rh‖
✭✸✳✸✮

✇❤❡r❡ pe,h,
−→re,h ❛♥❞ m∗

e,h ❛r❡ t❤❡ ♠♦♠❡♥t✉♠✱ ❝♦♦r❞✐♥❛t❡ ❛♥❞ t❤❡ ❡✛❡❝t✐✈❡ ♠❛ss ♦❢ t❤❡ ❡❧❡❝✲

tr♦♥ ♦r ❤♦❧❡ ❛♥❞ kw ✐s t❤❡ ✇❛✈❡ ✈❡❝t♦r✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣r❡ss✐♦♥ ✇❛s ❞❡r✐✈❡❞ ❢♦r t❤❡ ❡①❝✐t♦♥ ❡♥❡r❣② ✿

Eex = Eg +
~
2π2

2r2
(
1

m∗

e

+
1

m∗

h

)− 1.786q2

4πǫ0ǫrr
− 0.248

̟q4

2~2(4πǫ0ǫr)2
✭✸✳✹✮

✷✸



❲❡ ❝❛♥ r❡✇r✐t❡ ✐t ❜② ✉s✐♥❣ ❊q✳✸✳✶ ❧✐❦❡

Eex = Enano −
1.786q2

4πǫ0ǫrr
− 0.248

̟q4

2~2(4πǫ0ǫr)2
✭✸✳✺✮

✇❤❡r❡ ̟ ✐s t❤❡ r❡❞✉❝❡❞ ❡✛❡❝t✐✈❡ ♠❛ss

̟ =
1

1
m∗

e
+ 1

m∗

h

✭✸✳✻✮

■♥ ♠♦st r❡❢❡r❡♥❝❡s ✭❬✷✾✱ ✼✱ ✹✶❪✮✱ ❊q✳ ✸✳✺ ✐s r❡❞✉❝❡❞ t♦ t❤✐s ❢♦r♠ ✿

E = Eg +
~
2π2

2r2
(
1

m∗

e

+
1

m∗

h

)− 1.8q2

4πǫ0ǫrr
✭✸✳✼✮

❲❡ ❝❛♥ s❡❡ ✭❢r♦♠ ❊q✳✸✳✺✮ t❤❛t t❤❡ ❡①❝✐t♦♥ ❡♥❡r❣② ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ✐s ❞❡♣❡♥❞❡♥t ♦♥

t❤❡ r❛❞✐✉s✱ ✐t ❞❡❝r❡❛s❡s ✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ♦❢ s✐③❡✳

❚❤❡ ❡①❝✐t♦♥ ❡♥❡r❣② ♦❜t❛✐♥❡❞ ❢r♦♠ ❊q✳ ✸✳✺ ❢♦r s♣❤❡r✐❝❛❧ ♥❛♥♦♣❛rt✐❝❧❡s ❝♦rr❡s♣♦♥❞s ✇✐t❤

t❤❡ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ❛♥❞ ✐t ❞❡✈✐❛t❡s ✐♥ ❝❛s❡ ♦❢ ♥♦♥s♣❤❡r✐❝❛❧ ♥❛♥♦♣❛rt✐❝❧❡s✳

✸✳✸ ❩♥❖ ❛♥❞ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

❩✐♥❝ ♦①✐❞❡ ✭ZnO✮ ✐s ❛ II − V I ❞✐r❡❝t ❜❛♥❞✲❣❛♣ s❡♠✐❝♦♥❞✉❝t♦r ♠❛t❡r✐❛❧✳

ZnO ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ♣r♦♠✐s✐♥❣ ❝❛♥❞✐❞❛t❡s ❢♦r t❤❡ ❯❱ ❡♠✐tt❡r ❛♣♣❧✐❝❛t✐♦♥s ❞✉❡ t♦

✐ts ✇✐❞❡✲❜❛♥❞✲❣❛♣ ♦❢ ∼ 3.3eV ✭❛t 300K✮ ❛♥❞ ❛ ❤✐❣❤ ❡①❝✐t♦♥ ❜✐♥❞✐♥❣ ❡♥❡r❣② ♦❢ 60meV ✳

▼♦r❡ ❞❡t❛✐❧❡❞ ✇♦r❦ ❛❜♦✉t ❩♥❖ ♠❛t❡r✐❛❧ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❘❡❢✳ ❬✷✷❪✳ ■♥t❡r❡st✐♥❣ ❛♣♣❧✐❝❛✲

t✐♦♥s ♦❢ ❩♥❖ ♠❛t❡r✐❛❧ ✐♥ ❤②❜r✐❞ s♦❧❛r ❝❡❧❧s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✹✹✱ ✸✼❪✳

❈❛❞♠✐✉♠ s✉❧✜❞❡ ✭❈❞❙✮ ✐s ❛ ❞✐r❡❝t ❜❛♥❞✲❣❛♣ s❡♠✐❝♦♥❞✉❝t♦r ✇✐t❤ Eg ∼ 2, 48eV ❛♥❞ ✐t

✐s ❛ ♣r♦♠✐s✐♥❣ ♠❛t❡r✐❛❧ ❢♦r ♣❤♦t♦❡❧❡❝tr✐❝ ❝♦♥✈❡rs✐♦♥ ✐♥ s♦❧❛r ❝❡❧❧s ❛♥❞ ❧✐❣❤✲❡♠✐tt✐♥❣ ❞✐♦❞❡s

✭❬✺✸❪✮✳ ❚❤❡ s②♥t❤❡s❡s ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❛♥❞ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ ❈❞❙ ♣r♦♣❡rt✐❡s ❤❛✈❡ ❜❡❝♦♠❡

♦❢ ♠✉❝❤ ✐♥t❡r❡st✳ ❉❡t❛✐❧s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❘❡❢✳ ❬✶✻✱ ✺✷❪✳

✷✹



P❛rt ■■

❊①♣❡r✐♠❡♥t❛❧

✹ ▼❛t❡r✐❛❧s

✹✳✶ P♦❧②♠❡r ♠❛t❡r✐❛❧s

❙❡✈❡r❛❧ ♣♦❧②♠❡r ♠❛t❡r✐❛❧s ✇❡r❡ ✉s❡❞ ❢♦r ♣r❡♣❛r✐♥❣ s❛♠♣❧❡s ❢♦r ♠❡❛s✉r❡♠❡♥ts ✐♥ t❤✐s t❤❡s✐s✳

❋✐rst❧②✱ ✇❡ ✉s❡❞ ♣♦❧②♠❡r ❝❛❧❧❡❞ ✑▼❊❍✲PP❱✑ ❜✉t t❤❡ ♦r✐❣✐♥❛❧ ♥❛♠❡ ✐s P♦❧②❬✷✲♠❡t❤♦①②✲✺✲✭✷✲

❡t❤②❧❤❡①②❧♦①②✮✲✶✱✹✲♣❤❡♥②❧❡♥❡✈✐♥②❧❡♥❡❪✳ ❆♥♦t❤❡r ♣♦❧②♠❡r ♠❛t❡r✐❛❧ ✇❛s ✑P❚✑ ✇❤✐❝❤ ♠❡❛♥s

P♦❧②t❤✐♦♣❤❡♥❡✳ ❇♦t❤ ♦❢ t❤❡s❡ ♠❛t❡r✐❛❧s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✳

❋✐❣✉r❡ ✹✳✶✿ ▼❊❍✲PP❱ ✭❧❡❢t ❬✹✵❪✮ ❛♥❞ P❚ ✭r✐❣❤t ❬✾❪✮

❆♥♦t❤❡r ✐♥t❡r❡st✐♥❣ ♠❛t❡r✐❛❧ ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ✐s P❊❉❖❚✿P❙❙✱ ✐ts ♦r✐❣✐♥❛❧ ♥❛♠❡ ✐s P♦❧②✭✸✱✹✲

❡t❤②❧❡♥❡❞✐♦①②t❤✐♦♣❤❡♥❡✮✿P♦❧②✭st②r❡♥❡s✉❧❢♦♥❛t❡✮✳ ❚❤✐s ♠❛t❡r✐❛❧ ❝♦♥s✐sts ♦❢ t✇♦ ♣❛rts ✲ P♦❧②✭✸✱✹✲

❡t❤②❧❡♥❡❞✐♦①②t❤✐♦♣❤❡♥❡✮ ✭s❤♦✇♥ ✐♥ ✉♣♣❡r ♣❛rt ♦❢ ❋✐❣✳ ✹✳✷✮ ❛♥❞ P♦❧②✭st②r❡♥❡s✉❧❢♦♥❛t❡✮ ✭s❡❡

❧♦✇❡r ♣❛rt ♦❢ ❋✐❣✳ ✹✳✷✮✳

❋✐❣✉r❡ ✹✳✷✿ P❊❉❖❚✿P❙❙ ✭❙✐❣♠❛✲❆❧❞r✐❝❤ ✐♥❢♦r♠❛t✐♦♥✮

✷✺



✹✳✷ ❆♥♦r❣❛♥✐❝ ♠❛t❡r✐❛❧s

❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ◆♦✳ ✻✻✷✸✼✷ ✇❡r❡ ♣✉r❝❤❛s❡❞ ❢r♦♠ t❤❡ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❝♦♠♣❛♥②✳ ❚❤❡

❝♦♠♣❛♥② st❛t❡s t❤❛t t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ✇✐t❤ ❝❛r❜♦①②❧✐❝ ❛❝✐❞s ✉s❡❞ ❛s t❤❡ ❝❛♣♣✐♥❣ ❛❣❡♥t

✇❡r❡ ♦r❣❛♥✐❝❛❧❧② st❛❜✐❧✐③❡❞ ✐♥ t♦❧✉❡♥❡ ❛♥❞ t❤❛t t❤❡✐r ♣❛rt✐❝❧❡ s✐③❡ ✐s ❛r♦✉♥❞ 5nm✳

❚✇♦ t②♣❡s ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✇❡r❡ ✉s❡❞✳ ❖♥❡ t②♣❡ ✭◆♦✳ ✼✷✶✵✽✺✮ ✇❛s ♣✉r❝❤❛s❡❞ ❢r♦♠

t❤❡ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❝♦♠♣❛♥② ❛s ❛ s♦❧✉t✐♦♥ ✐♥ ❡t❤❛♥♦❧✱ 40wt%✳ ❙✐❣♠❛✲❆❧❞r✐❝❤ st❛t❡s t❤❛t t❤❡

♣❛rt✐❝❧❡ s✐③❡ ✐s < 130nm✳

❙❡❝♦♥❞ t②♣❡ ♦❢ ❩♥❖ ♠❛t❡r✐❛❧ ✇❛s ❛❧s♦ ♣✉r❝❤❛s❡❞ ❢r♦♠ t❤❡ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❝♦♠♣❛♥②

✭◆♦✳ ✻✼✼✹✺✵✮ ❜✉t t❤✐s ♠❛t❡r✐❛❧ ✇❛s ♥❛♥♦♣♦✇❞❡r✲❧✐❦❡ ✭♣❛rt✐❝❧❡ s✐③❡ < 50nm✮✳ ❙✐♥❝❡ ❛

s♦❧✉t✐♦♥ ✇❛s ♥❡❡❞❡❞ ✭❜❡❝❛✉s❡ ♦❢ ❞❡♣♦s✐t✐♦♥ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ♦♥ ❣❧❛ss✴■❚❖ s✉❜str❛t❡

❛♥❞ ❜❡❝❛✉s❡ ♦❢ ♣r❡♣❛r❛t✐♦♥ ♦❢ s❛♠♣❧❡s ❢♦r ❚❊▼ ♠❡❛s✉r❡♠❡♥ts✮✱ ✇❡ ♣r❡♣❛r❡❞ ❛ s♦❧✉t✐♦♥

❢r♦♠ t❤✐s ♥❛♥♦♣♦✇❞❡r✳ ❚❤❡ s♦❧✉t✐♦♥ ✇❛s ♠❛❞❡ ♦❢ 50mg ❩♥♦ ♣♦✇❞❡r t♦❣❡t❤❡r ✇✐t❤ 0, 25mL

♦❢ ♠❡t❤❛♥♦❧ ❛♥❞ 4, 75mL ♦❢ ❡t❤❛♥♦❧✳ ❆❢t❡r ✸✵ ♠✐♥✉t❡s ♦❢ s♦♥✐✜❝❛t✐♦♥✱ t❤❡ s♦❧✉t✐♦♥ ✇❛s

♣r❡♣❛r❡❞ ❢♦r ❞❡♣♦s✐t✐♦♥✳

✺ ❋✐❧♠✲❋♦r♠✐♥❣ ❚❡❝❤♥✐q✉❡s

▼♦st ♦❢ t❤❡ s❛♠♣❧❡s ♠❡❛s✉r❡❞ ❛♥❞ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ✇❡r❡ ♠❛❞❡ ❜② t❤❡ s♣✐♥❝♦❛t✐♥❣

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

❝❛st✐♥❣✳ ❚❤❡s❡ t❡❝❤♥✐q✉❡s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡①t✱ ✉s✐♥❣ ❘❡❢✳ ❬✷✹❪ ❛♥❞ ❘❡❢✳ ❬✸✺❪✳

❆❧❧ t❤❡ ▼❊❍✲PP❱ s❛♠♣❧❡s ✭❛❧s♦ ✇✐t❤ ❈❞❙ ❛♥❞ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✮ ✇❡r❡ ♣r❡♣❛r❡❞ ❛t ❚♦♠❛s

❇❛t❛ ❯♥✐✈❡rs✐t② ✐♥ ❩❧✐♥✱ P♦❧②t❤✐♦♣❤❡♥❡ s❛♠♣❧❡s ✇❡r❡ ♣r❡♣❛r❡❞ ❛t ❉❡♣❛rt♠❡♥t ♦❢ ❊♥❡r❣②

❈♦♥✈❡rs✐♦♥ ❛♥❞ ❙t♦r❛❣❡ ❛t ❚❡❝❤♥✐❝❛❧ ❯♥✐✈❡rs✐t② ♦❢ ❉❡♥♠❛r❦✳

✺✳✶ ❙♣✐♥❝♦❛t✐♥❣

P❡r❤❛♣s t❤❡ ♠♦st ✐♠♣♦rt❛♥t ✜❧♠✲❢♦r♠✐♥❣ t❡❝❤♥✐q✉❡ ❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ♣♦❧②♠❡r ❧❛②❡rs

✐s s♣✐♥❝♦❛t✐♥❣✳ ■♥ ♣r✐♥❝✐♣❛❧ t❤✐s ♠❡t❤♦❞ ❛❧❧♦✇s ❤✐❣❤❧② r❡♣r♦❞✉❝✐❜❧❡ ❢♦r♠❛t✐♦♥ ♦❢ ✜❧♠s ❛♥❞

✐t ♣r❡♣❛r❡s ✈❡r② ❤♦♠♦❣❡♥♦✉s ❧❛②❡rs✳

❆ t②♣✐❝❛❧ s♣✐♥❝♦❛t✐♥❣ ♣r♦❝❡❞✉r❡ ✐♥✈♦❧✈❡s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ ❧✐q✉✐❞ t♦ ❛ s✉❜str❛t❡ ❢♦❧❧♦✇❡❞

❜② ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ t❤❡ s✉❜str❛t❡ t♦ ❛ s❡❧❡❝t❡❞ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✭s❡❡ ❋✐❣✳ ✺✳✶✮✳ ❆♥♦t❤❡r

♦♣t✐♦♥ ✐s ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❧✐q✉✐❞ s♦❧✉t✐♦♥ ✇❤✐❧❡ t❤❡ s✉❜str❛t❡ ✐s s♣✐♥♥✐♥❣✳ ❚❤❡ r❡s✉❧t✐♥❣

t❤✐❝❦♥❡ss✱ ♠♦r♣❤♦❧♦❣② ❛♥❞ s✉r❢❛❝❡ t♦♣♦❣r❛♣❤② ❞❡♣❡♥❞ str♦♥❣❧② ♦♥ r♦t❛t✐♦♥❛❧ s♣❡❡❞✱ ✈✐s❝♦s✲

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

❧✐tt❧❡ ♦♥ t❤❡ ❛♠♦✉♥t ♦❢ s♦❧✉t✐♦♥✱ t❤❡ r❛t❡ ♦❢ ❞❡♣♦s✐t✐♦♥ ❛♥❞ t❤❡ s♣✐♥♥✐♥❣ t✐♠❡✳

❚❤❡ ✜❧♠ t❤✐❝❦♥❡ss h✱ ♦❜t❛✐♥❡❞ ❞✉r✐♥❣ ❛ s♣✐♥❝♦❛t✐♥❣ ♣r♦❝❡ss ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❡♠♣✐r✐❝❛❧

❡q✉❛t✐♦♥

h = zωu ✭✺✳✶✮

✷✻



✇❤❡r❡ ω ✐s t❤❡ ❛♥❣✉❧❛r ✈❡❧♦❝✐t② ❛♥❞ z ❛♥❞ u ❛r❡ ❡♠♣✐r✐❝❛❧ ❝♦♥st❛♥ts✱ ✇❤✐❝❤ ❛r❡ r❡❧❛t❡❞

t♦ t❤❡ ♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡ s♦❧✈❡♥t✱ s♦❧✉t❡ ❛♥❞ s✉❜str❛t❡✳

❋✐❣✉r❡ ✺✳✶✿ ❙❝❤❡♠❛t✐❝ ✐❧❧✉str❛t✐♦♥ ♦❢ t❤❡ s♣✐♥❝♦❛t✐♥❣ ♣r♦❝❡ss❡s ❬✷✹❪

✺✳✷ ❈❛st✐♥❣

❚❤✐s s✐♠♣❧❡ ♠❡t❤♦❞ ♥❡❡❞s ✈✐rt✉❛❧❧② ♥♦ s♣❡❝✐❛❧ ❡q✉✐♣♠❡♥t✳ ❚❤❡ ♣r♦❝❡❞✉r❡ ♦❢ ✜❧♠✲♠❛❦✐♥❣

✐s r❡❛❧❧② s✐♠♣❧❡ ✲ t❤❡ s♦❧✉t✐♦♥ ✐s ❝❛st ♦♥t♦ ❛ s✉❜str❛t❡ ❛♥❞ t❤❡♥ t❤❡ s✉❜str❛t❡ ✐s ❞r✐❡❞✳ ❚❤❡

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

❢r❛♠✐♥❣ ❡✛❡❝ts ❛r❡ ♦❢t❡♥ s❡❡♥ ♥❡❛r t❤❡ ❡❞❣❡s ♦❢ t❤❡ ❧❛②❡r✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❝❛st✐♥❣ ✐s

❛ ✈❡r② s✐♠♣❧❡ ♠❡t❤♦❞ t❤❛t ❝♦♥s✉♠❡s ❧✐tt❧❡ t✐♠❡ ❛♥❞ ✐t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤❡

s❛♠♣❧❡s ✐❢ ✇❡ ❞♦ ♥♦t ♥❡❡❞ ✈❡r② ❤♦♠♦❣❡♥♦✉s ❛♥❞ ✇❡❧❧✲❞❡✜♥❡❞ ❧❛②❡r✳

✻ Pr❡♣❛r❛t✐♦♥ ♦❢ s❛♠♣❧❡s ❢♦r ♠❡❛s✉r✐♥❣ ♦❢ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝✲

t❡r✐st✐❝s

❋♦r ♠❛❦✐♥❣ s❛♠♣❧❡s ❢♦r ❞❛r❦ ❏✲❱ ♠❡❛s✉r❡♠❡♥t✱ ✇❡ ✉s❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❡t❤♦❞✳

❋✐rst❧②✱ ❣❧❛ss✴■❚❖ s✉❜str❛t❡ ✇❛s ❝❤❡♠✐❝❛❧❧② tr❡❛t❡❞ ❛♥❞ ■❚❖ ❧❛②❡r ✇❛s r❡♠♦✈❡❞✱ ❡①❝❡♣t

❢♦r t✇♦ ✈❡rt✐❝❛❧ str✐♣❡s✳ ❆❢t❡r t❤✐s tr❡❛t♠❡♥t✱ ♣♦❧②♠❡r ❧❛②❡r ✇❛s s♣✐♥❝♦❛t❡❞ ♦♥t♦ t❤❡ ✇❤♦❧❡

s✉❜str❛t❡ ❛♥❞ ✜♥❛❧❧②✱ t❤r❡❡ ❛❧✉♠✐♥✐✉♠ ❤♦r✐③♦♥t❛❧ str✐♣❡s ✇❡r❡ ✈❛❝✉✉♠ ❡✈❛♣♦r❛t❡❞✳

❇② t❤✐s ♣r♦❝❡ss✱ ✇❡ ♦❜t❛✐♥❡❞ s✐① s❛♠♣❧❡s ♦♥ ♦♥❡ s✉❜str❛t❡ ❛♥❞ ✇❡ ✇❡r❡ ❛❜❧❡ t♦ ♣✉t

❝♦♥t❛❝ts ♦♥t♦ ❛❧✉♠✐♥✐✉♠ ❛♥❞ ■❚❖ str✐♣❡s ✇✐t❤♦✉t t♦✉❝❤✐♥❣ t❤❡ ♠❡❛s✉r❡❞ ❧❛②❡r✳

▼❡❛s✉r❡❞ s❛♠♣❧❡s ❛r❡ t❤❡ ♣❧❛❝❡s ✇❤❡r❡ t❤❡ ■❚❖ ❛♥❞ ❛❧✉♠✐♥✐✉♠ str✐♣❡s ❝r♦ss ❡❛❝❤ ♦t❤❡r✳

❙✉❜str❛t❡ ❛❢t❡r ✉s✐♥❣ t❤❡ ❞✐s❝✉ss❡❞ ♠❡t❤♦❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✻✳✶✳ ❙❝❤❡♠❡s ♦❢ r❡s✉❧t✐♥❣

♣♦❧②♠❡r ❧❛②❡rs ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✻✳✷✳

✷✼



❋✐❣✉r❡ ✻✳✶✿ ❆❞❛♣t❡❞ s✉❜str❛t❡ ❢♦r ❞❛r❦ ■✲❱ ♠❡❛s✉r❡♠❡♥t✳ ❙♦❧✉t✐♦♥ ✇✐t❤ ♣♦❧②♠❡r ♠❛t❡r✐❛❧ ✇❛s s♣✐♥❝♦❛t❡❞

♦♥t♦ t❤❡ ✇❤♦❧❡ s✉❜str❛t❡ ✭r❡❞✮✳ ❚✇♦ ■❚❖ ✈❡rt✐❝❛❧ str✐♣❡s ✭❞❛r❦ r❡❞✮ ✇❡r❡ ❧❡❢t ❛❢t❡r ❝❤❡♠✐❝❛❧ tr❡❛t♠❡♥t✱ s♦

s✐① s❛♠♣❧❡s ✭sq✉❛r❡s ✇✐t❤ ♥✉♠❜❡rs ✶ t♦ ✺✮ ❛r✐s❡❞ ❛❢t❡r ❡✈❛♣♦r❛t✐♦♥ ♦❢ ❛❧❧✉♠✐♥✐✉♠ ❤♦r✐③♦♥t❛❧ str✐♣❡s ✭❣r❡②✮✳

❋✐❣✉r❡ ✻✳✷✿ ❙❝❤❡♠❡ ♦❢ s❛♠♣❧❡s ❢♦r ♠❡❛s✉r❡♠❡♥t ♦❢ ❞❛r❦ ■✲❱ ❝❤❛r❛❝t❡r✐st✐❝s✳ ■❚❖✴▼❊❍✲PP❱✴❆❧ ✭❧❡❢t✮✱

■❚❖✴P❊❉❖❚✴▼❊❍✲PP❱✴❆❧ ✭✐♥ t❤❡ ♠✐❞❞❧❡✮ ❛♥❞ ■❚❖✴P❚✴❆❧ ✭r✐❣❤t✮

✼ Pr❡♣❛r❛t✐♦♥ ♦❢ s❛♠♣❧❡s ❢♦r ❙P❱ ♠❡❛s✉r❡♠❡♥t

❙❡✈❡r❛❧ s❛♠♣❧❡s ❢♦r ❙P❱ ♠❡❛s✉r❡♠❡♥t ✇❡r❡ ♣r❡♣❛r❡❞✳ ❚❤❡ s♣✐♥❝♦❛t✐♥❣ t❡❝❤♥✐q✉❡ ✇❛s ✉s❡❞

❢♦r t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ t❤✐♥ ♣♦❧②♠❡r ✜❧♠s ✇❤❡r❡ ♣♦❧②♠❡r ♠❛t❡r✐❛❧s ▼❊❍✲PP❱ ❛♥❞ P❚

♣❧❛②❡❞ t❤❡ ♠❛✐♥ ♣❛rt✳ ❆ s❝❤❡♠❡ ♦❢ ♣r❡♣❛r❡❞ ❧❛②❡rs ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❋✐❣✳✼✳✶ ✳

❋✐❣✉r❡ ✼✳✶✿ ❙❛♠♣❧❡s ❢♦r ❙P❱ ♠❡❛s✉r❡♠❡♥t ✲ ▼❊❍✲PP❱ ✭❧❡❢t✮ ❛♥❞ P❚ ✭r✐❣❤t✮

✷✽



✽ Pr❡♣❛r❛t✐♦♥ ♦❢ s❛♠♣❧❡s ❝♦♥t❛✐♥✐♥❣ ♥❛♥♦♣❛rt✐❝❧❡s

✽✳✶ ❙❛♠♣❧❡s ❢♦r ❙P❱♠❡❛s✉r❡♠❡♥t ❛♥❞ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②

♠❡❛s✉r❡♠❡♥t

❚❤❡ s❛♠♣❧❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❢♦r ♠❡❛s✉r❡♠❡♥t ♦❢ ♣❤♦t♦✈♦❧t❛❣❡ ✇❛s ♣r❡♣❛r❡❞ ❜② t❤❡

❢♦❧❧♦✇✐♥❣ ♣r♦❝❡ss ✿ t❤❡ s✉s♣❡♥s✐♦♥ ✇✐t❤ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✇❛s ❝❛st ♦♥ ■❚❖ ❝♦✈❡r❡❞ ❣❧❛ss

❡❧❡❝tr♦❞❡✳ ❚❤❡ ❧❛②❡r ✇❛s ❞r✐❡❞ ❛t 85➦C ❛♥❞ ❜❡❝❛✉s❡ ♦❢ ❛ t❤✐❝❦❡r s✉r❢❛❝t❛♥t✱ t❤❡ ❧❛②❡r ♥❡❡❞❡❞

t♦ ❜❡ ♠❡❛s✉r❡❞ ✐♥ ❛♥ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧ ✭✐♥st❡❛❞ ♦❢ ▼②❧❛r s❤❡❡t✮✳ ❆♥ ✐♦❞✐♥❡ ❝♦♥t❛✐♥✐♥❣

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

❙❛♠♣❧❡s ❝♦♥s✐st✐♥❣ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✭❜♦t❤ t②♣❡s✮ ✇❡r❡ ♣r❡♣❛r❡❞ ❜② ❛ s✐♠✐❧❛r ♣r♦❝❡ss

❛s t❤❡ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s✳ ❚❤❡ s♦❧✉t✐♦♥ ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✇❛s ❝❛st ♦♥ ❣❧❛ss✴■❚❖

s✉❜str❛t❡ ❛♥❞ t❤❡♥ ❞r✐❡❞ ❛t 85➦C ❢♦r ✸✵ ♠✐♥✉t❡s✳ ❚❤❡ ❧❛②❡rs ❛❧s♦ ♥❡❡❞❡❞ t♦ ❜❡ ♠❡❛s✉r❡❞

✐♥ ❛♥ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧ s♦ ❛ ❞r♦♣ ♦❢ t❤❡ ❡❧❡❝tr♦❧②t❡ ✇❛s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ ❣❧❛ss✴■❚❖

❡❧❡❝tr♦❞❡s✳

❙❛♠♣❧❡s ❢♦r ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ♠❡❛s✉r❡♠❡♥t ✇❡r❡ ♣r❡♣❛r❡❞ ❜② ❛ s✐♠✐❧❛r

♠❡t❤♦❞ ❛s ❢♦r t❤❡ ❙P❱ ♠❡❛s✉r❡♠❡♥t✳ ❖♥❧② t❤❡ ✐♠♣r♦✈✐♥❣ ♦❢ t❤❡ ❝❤❛r❣❡ tr❛♥s♣♦rt ✇❛s ♥♦t

♥❡❡❞❡❞ s♦ ✇❡ ❞✐❞ ♥♦t ♣r❡♣❛r❡ ❡❧❡❝tr♦❝❤❡♠✐❝❛❧ ❝❡❧❧s✳

✽✳✷ ❙❛♠♣❧❡s ❝♦♥t❛✐♥✐♥❣ ❜♦t❤ ♣♦❧②♠❡r ❛♥❞ ✐♥♦r❣❛♥✐❝ ♠❛t❡r✐❛❧

❚✇♦ ♠❡t❤♦❞s ❢♦r ♣r❡♣❛r✐♥❣ ❤②❜r✐❞ ❧❛②❡rs ✭♣♦❧②♠❡r ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ✐♥♦r❣❛♥✐❝ ♣❛rt✐❝❧❡s✮

✇❡r❡ ✉s❡❞✳

❋✐rst ♠❡t❤♦❞ ❝♦♥s✐st❡❞ ♦❢ s♣✐♥❝♦❛t✐♥❣ ♦❢ ❩♥❖ s♦❧✉t✐♦♥ ♦♥t♦ ❣❧❛ss✴■❚❖ s✉❜str❛t❡✳ ❆❢t❡r

❞❡♣♦s✐t✐♦♥✱ t❤✐s ❧❛②❡r ✇❛s ❞r✐❡❞ ✐♥ ✈❛❝✉✉♠✳ P♦❧②♠❡r ▼❊❍✲PP❱ ✇❛s t❤❡♥ ❞❡♣♦s✐t❡❞ ❜② t❤❡

s♣✐♥❝♦❛t✐♥❣ t❡❝❤♥✐q✉❡ ♦♥ ❣❧❛ss✴■❚❖✴❩♥♦ ❧❛②❡r✳ ❚❤❡ r❡s✉❧t✐♥❣ ❧❛②❡r ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✽✳✶

♦♥ t❤❡ r✐❣❤t s✐❞❡✳ ❲❡ ❜❡❧✐❡✈❡ t❤❛t t❤❡ ▼❊❍✲PP❱ ❧❛②❡r ♣❡♥❡tr❛t❡❞ ✐♥t♦ t❤❡ ❩♥❖ ❧❛②❡r ❛♥❞

s✐♠♣❧❡ ❤②❜r✐❞ ❧❛②❡r ❛r♦s❡❞✳ ❲❡ ❝❛❧❧ t❤✐s s❛♠♣❧❡ ✑♣♦r♦✉s✑ s❛♠♣❧❡✳

❚❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ✇❛s ✈❡r② s✐♠♣❧❡ ✲ s♦❧✉t✐♦♥ ♦❢ ▼❊❍✲PP❱ ✇❛s ♠✐①❡❞ ✇✐t❤ ❛ s♦❧✉t✐♦♥

❝♦♥t❛✐♥✐♥❣ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ s♦❧✉t✐♦♥ ✇❛s s♣✐♥❝♦❛t❡❞ ♦♥t♦ ❣❧❛ss✴■❚❖

s✉❜str❛t❡✳ ▲❛②❡rs ♠❛❞❡ ❜② t❤✐s ♠❡t❤♦❞ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✽✳✶ ✲ ❛ ❧❛②❡r ❝♦♥t❛✐♥✐♥❣ ❈❞❙

♥❛♥♦♣❛rt✐❝❧❡s ✭❧❡❢t✮ ❛♥❞ ❛ ❧❛②❡r ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✭✐♥ t❤❡ ♠✐❞❞❧❡✮✳ ❚❤✐s s❛♠♣❧❡

✐s ❝❛❧❧❡❞ ✑❞✐s♣❡rs✐✈❡✑ s❛♠♣❧❡✳ ■♥ t❤❡ s❡r✐❡s✱ ■❚❖✴P❊❉❖❚✴▼❊❍✲PP❱✰❈❞❙ s❛♠♣❧❡ ✇❛s ❛❧s♦

♠❛❞❡ ✭s❡❡ ❋✐❣✳ ✽✳✶✮✳

❋✐❣✉r❡ ✽✳✶✿ ❉✐✛❡r❡♥t s❛♠♣❧❡s ❢♦r ❙P❱ ❛♥❞ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ♠❡❛s✉r❡♠❡♥t ❝♦♥t❛✐♥✐♥❣

❜♦t❤ ♣♦❧②♠❡r ♠❛t❡r✐❛❧ ❛♥❞ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s

✷✾



P❛rt ■■■

❊①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s

✾ ❙✉r❢❛❝❡ P❤♦t♦✈♦❧t❛❣❡ ▼❡t❤♦❞ ✭❙P❱✮ ❛♣❛r❛t✉s

❚❤❡ ❛♣♣❛r❛t✉s ❢♦r ❙P❱ ♠❡❛s✉r❡♠❡♥t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✾✳✷✳ ❚❤❡ ♣❤♦t♦✈♦❧t❛❣❡ ♠❡❛s✉r❡♠❡♥ts

✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ ❛ s❛♥❞✇✐❝❤ str✉❝t✉r❡ ❜❡t✇❡❡♥ t✇♦ ■❚❖ ❡❧❡❝tr♦❞❡s ✇✐t❤ ❛ ▼②❧❛r s❤❡❡t ❛t

t❤❡ ✜❧♠ s✉r❢❛❝❡ s❡r✈✐♥❣ ❛s ❛ ❞✐❡❧❡❝tr✐❝ ❧❛②❡r ✭❋✐❣✳ ✾✳✶✮✳ ❆ ❝❛♣❛❝✐t✐✈❡ ❝♦✉♣❧❡ ✐s ❢♦r♠❡❞ ✐♥

t❤✐s ✇❛②✳

❚❤❡ s❛♠♣❧❡ ✇❛s ✐❧❧✉♠✐♥❛t❡❞ ❜② ❧♦✇✲✐♥t❡♥s✐t② ♠♦♥♦❝❤r♦♠❛t✐❝ ❧✐❣❤t ❝❤♦♣♣❡❞ ✇✐t❤ ❛ ❧♦✇

❢r❡q✉❡♥❝② ♦❢ ✶✶ ❍③ ❣❡♥❡r❛t✐♥❣ ❛♥ ❛❧t❡r♥❛t✐♥❣ ✈♦❧t❛❣❡ ✇❤✐❝❤ ✇❛s ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥ ❛ tr❛♥s✲

♣❛r❡♥t ❝♦♥❞✉❝t✐✈❡ ❡❧❡❝tr♦❞❡ ❝❛♣❛❝✐t✐✈❡❧② ❝♦✉♣❧❡❞ t♦ t❤❡ s❛♠♣❧❡ ❛♥❞ ❛♥ ❛♣♣r♦♣r✐❛t❡ ❜❛❝❦

❡❧❡❝tr♦❞❡ ❜② ❧♦❝❦✲✐♥ ❛♠♣❧✐✜❡r ❙❙❘ ✽✸✵✳

❚❤❡ ❙P❱ s♣❡❝tr❛ ✇❡r❡ t❛❦❡♥ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✐♥ ❛✐r✳ ▼❛①✐♠✉♠ ✈❛❧✉❡s ♦❢ t❤❡

♣❤♦t♦✈♦❧t❛❣❡ ✇❡r❡ 20− 30µV ✳

❋✐❣✉r❡ ✾✳✶✿ ❙❛♠♣❧❡ ❛rr❛♥❣❡♠❡♥t ❢♦r ❙P❱ ❝♦♥t❛❝t❧❡ss ♠❡❛s✉r❡♠❡♥ts ✲ ✐❧❧✉♠✐♥❛t❡❞ ❣❧❛ss✴■❚❖ t♦♣ ❡❧❡❝tr♦❞❡

✭❞❛s❤❡❞ ❧✐♥❡✮ ✐s s❡♣❛r❛t❡❞ ❢r♦♠ t❤❡ ♣♦❧②♠❡r ❧❛②❡r ❜② ▼②❧❛r ✜❧♠

❋✐❣✉r❡ ✾✳✷✿ ❙❝❤❡♠❡ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❢♦r ❙P❱ ♠❡❛s✉r❡♠❡♥t ✿ ✶ ✐s ❝♦♠♣✉t❡r✱ ✷ ✐s ❛✉t♦♠❛t✐❝ st❡♣♣❡r

♠♦t♦r✱ ✸ ✐s s♦✉r❝❡ ♦❢ ✐❧❧✉♠✐♥❛t✐♦♥✱ ✹ ✐s ❝❤♦♣♣❡r✱ ✺ ✐s ♠♦♥♦❝❤r♦♠❛t♦r✱ ✻ ✐s s❛♠♣❧❡ ❛♥❞ ✼ ✐s ❧♦❝❦✲✐♥ ❛♠♣❧✐✜❡r✳

✶✵ ❯❧tr❛✈✐♦❧❡♥t ❛♥❞ ❱✐s✐❜❧❡ ✭❯❱✲❱✐s✮ ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②

✑❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ✐s ❛ ✈❡r② ✐♠♣♦rt❛♥t✱ ✉s❡❢✉❧ ❛♥❞ ❡❛s② ❛♥❛❧②t✐❝❛❧ ♠❡t❤♦❞✳

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

❛♥❞ t❤❡♥ ♠❡❛s✉r✐♥❣ t❤❡ ❛❜s♦r♣t✐♦♥ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ❲❤❡♥ t❤❡ ♣❤♦t♦♥s ♣❛ss

t❤r♦✉❣❤ t❤❡ ♠❛t❡r✐❛❧✱ ✐t ✐s ♣♦ss✐❜❧❡ t❤❛t ♣❤♦t♦♥s ♦❢ ❛ s✉✐t❛❜❧❡ ❡♥❡r❣② ✐♥t❡r❛❝t ✇✐t❤ t❤❡

♠❛t❡r✐❛❧ ❛♥❞ ❡❧❡❝tr♦♥ ❝❛♥ ❜❡ ❡①❝✐t❡❞ t♦ ❛ ❤✐❣❤❡r ❡♥❡r❣② st❛t❡ ❛♥❞ t❤❡ ♣❤♦t♦♥ ✐s ❜❡✐♥❣

✸✵



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

♣♦ss✐❜❧❡ t♦ ❞❡❞✉❝❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❡❧❡❝tr♦♥✐❝ str✉❝t✉r❡ ♦❢ t❤❡ ♠❛t❡r✐❛❧✳ ■♥ ❝♦♥❥✉❣❛t❡❞

♣♦❧②♠❡rs✱ ❯❱✲❱✐s ❛❜s♦r♣t✐♦♥ ✐s ❞✉❡ t♦ π − π∗ tr❛♥s✐t✐♦♥s✳✑ ❬✸✶❪

❚r❛♥s♠✐tt❛♥❝❡ ❞✉r✐♥❣ ♦✉r ❡①♣❡r✐♠❡♥ts ✇❛s ♠❡❛s✉r❡❞ ♦♥ ❞✐✛❡r❡♥t s❛♠♣❧❡s ❜② ❍✐t❛❝❤✐

❯✲✸✸✵✵ ❙♣❡❝tr♦♣❤♦t♦♠❡t❡r✳ ▼❡❛s✉r❡♠❡♥ts ♦❢ ❛❧❧ t❤❡ s❛♠♣❧❡s ✇❡r❡ ♠❛❞❡ ✐♥ ❛✐r✳

✶✶ ❚r❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭❚❊▼✮ ✐♥✈❡st✐❣❛t✐♦♥

✑■♥ t❤❡ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②✱ ❛ s❛♠♣❧❡ ✐s ❜♦♠❜❛r❞❡❞ ✇✐t❤ ❛ ✜♥❡❧② ❢♦❝✉s❡❞ ❜❡❛♠

♦❢ ♠♦♥♦❝❤r♦♠❛t✐❝ ❡❧❡❝tr♦♥s✳ Pr♦❞✉❝ts ♦❢ t❤❡ ✐♥t❡r❛❝t✐♦♥ ♦❢ t❤❡ ✐♥❝✐❞❡♥t ❡❧❡❝tr♦♥ ❜❡❛♠ ✇✐t❤

t❤❡ s❛♠♣❧❡ ❛r❡ ❞❡t❡❝t❡❞✳ ■❢ t❤❡ s❛♠♣❧❡ ✐s s✉✣❝✐❡♥t❧② t❤✐♥ ✭✉♣ t♦ 200nm t❤✐❝❦♥❡ss✮ t❤❡

❜❡❛♠ ✐s tr❛♥s♠✐tt❡❞ ❛❢t❡r ✐♥t❡r❛❝t✐♥❣ ✇✐t❤ s❛♠♣❧❡✳✑ ❬✻❪

❚❛❦✐♥❣ ✐♠❛❣❡s ❢r♦♠ t❤❡ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭❚❊▼✮ ✐♥ ♦✉r ❝❛s❡ ✇❛s ♣❡r✲

❢♦r♠❡❞ ♦♥ ❛ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣❡ ❏❡♦❧ ✷✵✵✵ ❋❳✳ ▼❛✐♥ ♣❛r❛♠❡t❡r ✲ ❛❝❝❡❧❡r❛t✐♥❣

✈♦❧t❛❣❡ ✲ ♦❢ t❤✐s ♠✐❝r♦s❝♦♣❡ ✐s 200kV ✳

✶✷ ▼❡❛s✉r✐♥❣ ♦❢ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s

❉❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ✇❡r❡ ♠❡❛s✉r❡❞ ❜② ❑❡✐t❤❧❡② ✷✹✷✵ ✸❆ ❙♦✉r❝❡▼❡t❡r ✭✐t ✇❛s t❤❡

s♦✉r❝❡ ♦❢ t❤❡ ✈♦❧t❛❣❡ ❛♥❞ ❛♥ ❛♠♣❡r❡♠❡t❡r✱ t♦♦✮✳ ▼❡❛s✉r❡❞ ❞❛t❛ ♣r♦❝❡ss✐♥❣ ✇❛s ❞♦♥❡

❜② t❤❡ ❝♦♠♣✉t❡r ❛♥❞ ❜❡❝❛✉s❡ ✇❡ ♠❡❛s✉r❡❞ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ✐♥ ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✱

❝r②♦st❛t ✇✐t❤ ❧✐q✉✐❞ ♥✐tr♦❣❡♥ ✇❛s ✉s❡❞✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❞♦♥❡ ✐♥ t❤❡ ✈❛❝✉✉♠ ✇❤✐❝❤

✇❛s ❛❝❤✐❡✈❡❞ ❜② t❤❡ r♦t❛r② ♣✉♠♣✳
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❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥s

✶✸ ❉❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♠❡❛s✉r❡♠❡♥t

❲❡ ♠❡❛s✉r❡❞ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ s❡✈❡r❛❧ ♣♦❧②♠❡r ❧❛②❡rs ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ✐♥

t❤❡ ✑❤♦❧❡✲♦♥❧②✑ r❡❣✐♠❡✳ ■♥ t❤✐s r❡❣✐♠❡ ■❚❖ ❡❧❡❝tr♦❞❡s s❡r✈❡❞ ❛s ❤♦❧❡✲✐♥❥❡❝t✐♥❣ ❡❧❡❝tr♦❞❡s ❛♥❞

❆❧ ❡❧❡❝tr♦❞❡s s❡r✈❡❞ ❛s ❛ ❜❛rr✐❡r ❢♦r ✐♥❥❡❝t✐♥❣ ♦❢ ❡❧❡❝tr♦♥s ✇❤♦s❡ ❝♦♥❝❡♥tr❛t✐♦♥ ✐s ❞❡♥♦t❡❞

❛s p0 ✭s❡❡ ❋✐❣✳ ✶✳✷✮✳

❙❡✈❡r❛❧ ♣❛r❛♠❡tr❡s ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥ts✳

❱❡r② ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ✇❤✐❝❤ ❞❡s❝r✐❜❡s t❤❡ ♣♦❧②♠❡r ♠❛t❡r✐❛❧ ✐s t❤❡ ❡✛❡❝t✐✈❡ ❞❡♥s✐t②

♦❢ st❛t❡s ✭✐♥ t❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞✱ ✐♥ ♦✉r ❝❛s❡✮ Nv ✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥

Nv = 2(
2πm∗

hkBT

ς2
)3/2 ✭✶✸✳✶✮

❆ss✉♠✐♥❣ t❤❡ ❙❈▲❈ ♠♦❞❡❧ ❢♦r ❝♦♥❞✉❝t✐♦♥ ✐♥ ♠❡❛s✉r❡❞ ❧❛②❡r✱ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥ ❝❛♥ ❜❡

♣r❡s❡♥t ✐♥ t❤❡ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝ ❛t ❧♦✇ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝✉rr❡♥t

❞✉❡ t♦ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❝❛rr✐❡rs ✭s❡❡ ❋✐❣✳ ✶✳✺✮✳ ❖♥❡ ❝❛♥ ❣❡t ♠♦❜✐❧✐t② µ ❢r♦♠ ❖❤♠➫s ❧❛✇

❣✐✈❡♥ ❛s

J = qµp0
V

h
✭✶✸✳✷✮

✇❤❡r❡ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❢r❡❡ ❤♦❧❡s p0 ✐s ❣✐✈❡♥ ❜② r❡❧❛t✐♦♥

p0 = Nv exp(
−Ef − Eg

kBT
) ✭✶✸✳✸✮

✇❤❡r❡ Ef ✐s t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ✐♥ t❤❡ ❜❛♥❞ ❣❛♣ ❛♥❞ Eg ✐s t❤❡ ✈❛❧✉❡ ♦❢ t❤❡

❜❛♥❞ ❣❛♣✳

■❢ t❤❡ ❙❈▲❈ ♠♦❞❡❧ ✐s ❛ss✉♠❡❞✱ ❢♦r ❤✐❣❤❡r ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ t❤❡ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦❜❡② t❤❡

❧❛✇ ❣✐✈❡♥ ❜② ❊q✳ ✶✳✶✼ ✭❛ss✉♠✐♥❣ ❡①♣♦♥❡♥t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❛♣s✮✳

✶✸✳✶ ▼❊❍✲PP❱ ❧❛②❡rs

❋✐rst❧②✱ ✇❡ ✇♦✉❧❞ s❤♦✇ s❝❤❡♠❡ ♦❢ t❤❡ ❡♥❡r❣② ❧❡✈❡❧s ✐♥ t❤❡ ♠❡❛s✉r❡❞ ▼❊❍✲PP❱ s❛♠♣❧❡s

✭s❡❡ ❋✐❣✳ ✶✸✳✶✮✳ ❍❖▼❖ ❛♥❞ ▲❯▼❖ ❧❡✈❡❧s ♣♦s✐t✐♦♥s ❛r❡ t❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✺✵❪ ❛♥❞ ♣♦s✐t✐♦♥

♦❢ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❑❡❧✈✐♥ ♣r♦❜❡ ❢♦r❝❡ ♠✐❝r♦s❝♦♣②✳

✸✷



❋✐❣✉r❡ ✶✸✳✶✿ ❙❝❤❡♠❡ ♦❢ ❡♥❡r❣② ❧❡✈❡❧s ✐♥ ♠❡❛s✉r❡❞ ▼❊❍✲PP❱ s❛♠♣❧❡s

▼❡❛s✉r❡♠❡♥t ♦❢ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡

✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸✳✷✳ ▼❡❛s✉r❡❞ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡s ❝❛♥ ❜❡

❡✈❛❧✉❛t❡❞ ❜② t❤❡ ❙❈▲❈ ♠♦❞❡❧✳ ❖♥❡ ❝❛♥ s❡❡ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥ ❛t t❤❡ ❝✉r✈❡ ✐♥ ❋✐❣✳ ✶✸✳✷

❛t ❧♦✇ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s ❛♥❞ ❛t ❤✐❣❤❡r ✈♦❧t❛❣❡s✱ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝✉r✈❡ ✐s ✸✳✾✳ ❚❤✐s s❤♦✉❧❞

✐♥❞✐❝❛t❡ ❜❡❤❛✈✐♦✉r ♣r❡❞✐❝t❡❞ ❜② ❊q✳ ✶✳✶✼ ❛♥❞ ♣r❡s❡♥❝❡ ♦❢ tr❛♣s✳ ❇❡t✇❡❡♥ ❖❤♠✐❝ r❡❣✐♦♥ ❛♥❞

t❤❡ r❡❣✐♦♥ ✇✐t❤ t❤❡ ❤✐❣❤❡r ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❝✉rr❡♥t ❞❡♥s✐t②✱ ✇❡ ❝❛♥ s❡❡ t❤❡ tr❛♥s✐t✐♦♥ r❡❣✐♦♥

✭s✐♠✐❧❛r ❜❡❤❛✈✐♦r ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✳✺✮✳

❋✐❣✉r❡ ✶✸✳✷✿ ❉❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝ ♠❡❛s✉r❡♠❡♥t ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡

❚✇♦ ♠❡❛s✉r❡♠❡♥ts ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ s❤♦✇✐♥❣ ❖❤♠✐❝ r❡❣✐♦♥s ❛r❡ ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✳ ✶✸✳✸✳

✸✸



❋✐❣✉r❡ ✶✸✳✸✿ ❖❤♠✐❝ r❡❣✐♦♥ ✐♥ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ❢♦r t✇♦ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡s ❛t r♦♦♠

t❡♠♣❡r❛t✉r❡

❯s✐♥❣ ✈♦❧t❛❣❡ ❛♥❞ ❝✉rr❡♥t ❞❡♥s✐t② ❢r♦♠ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥✱ ✇❡ ❝❛♥ ❣❡t t❤❡ ❤♦❧❡ ♠♦❜✐❧✐t②

❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✉s✐♥❣ ❊q✳ ✶✸✳✷✳ ❉❡♥s✐t② ♦❢ st❛t❡s ❢♦r ▼❊❍✲PP❱ ✐s ✉s✉❛❧❧② ❦♥♦✇♥

❛s Nv = 3.1019cm−3 ✭❬✹✼✱ ✷✶✱ ✷✸❪✮ ❛♥❞ p0 ♦❜t❛✐♥❡❞ ❢r♦♠ ❊q✳ ✶✸✳✸ ❢♦r ❣✐✈❡♥ ♣❛r❛♠❡tr❡s ✐s

p0 = 4, 1.1015cm−3 ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳

❚❤❡ t♦t❛❧ t❤✐❝❦♥❡ss h ♦❢ t❤❡ ▼❊❍✲PP❱ ❧❛②❡rs ✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡✲

♠❡♥t ❛♥❞ ✇❛s ❡✈❛❧✉❛t❡❞ ❛s h = (40 ± 4)nm✳ ❱❛❧✉❡s ♦❢ t❤❡ ♠♦❜✐❧✐t② ✐♥ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥

❢♦r t✇♦ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡s ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜✳ ✶✸✳✶✳

s❛♠♣❧❡ µ[cm2V −1s−1]

s❛♠♣❧❡ ✶ 3, 4.10−6

s❛♠♣❧❡ ✷ 8, 2.10−7

❚❛❜❧❡ ✶✸✳✶✿ ❱❛❧✉❡s ♦❢ t❤❡ ♠♦❜✐❧✐t② µ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥ ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡s

❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡ ❛t s❡✈❡r❛❧ t❡♠♣❡r❛t✉r❡s ❛r❡ s❤♦✇♥ ✐♥

❋✐❣✳ ✶✸✳✹✳ ❆t ❤✐❣❤❡r ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s t❤❡ ❝✉r✈❡s ❛r❡ ❣❡tt✐♥❣ ❝❧♦s❡r t♦ ❡❛❝❤ ♦t❤❡r✳ ❚❤✐s

♣❤❡♥♦♠❡♥♦♥ ✐s ❜❡❝❛✉s❡ ♦❢ t❤❡ s❧♦♣❡s ✇❤✐❝❤ ❛r❡ ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ✐♥❝r❡❛s✐♥❣ t❡♠♣❡r❛t✉r❡s✳
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❋✐❣✉r❡ ✶✸✳✹✿ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡ ♠❡❛s✉r❡❞ ❛t t❤r❡❡ t❡♠♣❡r❛t✉r❡s

■♥t❡r❡st✐♥❣ ✇❛② ❤♦✇ t♦ ❞❡t❡r♠✐♥❡ ❛♥♦t❤❡r ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ✲ ❞❡♥s✐t② ♦❢ t❤❡ tr❛♣s Hb

✲ ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳ ❬✷✻❪✳ ❚❤✐s ♠❡t❤♦❞ ✐s q✉✐t❡ s✐♠♣❧❡ ✲ ✇❡ ♥❡❡❞ t♦ ❡①tr❛♣♦❧❛t❡ ❏✲❱

❝❤❛r❛❝t❡r✐st✐❝s ✭✐♥ ❧♦❣✲❧♦❣ s❝❛❧❡ ❛t t✇♦ ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✮ ❢♦r ❤✐❣❤❡r ✈♦❧t❛❣❡s ✇❤❡r❡

♣♦✇❡r ❧❛✇ ✐s ❣✐✈❡♥ ❜② ❊q✳ ✶✳✶✼ ❢♦r l > 2 t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r♦ss ♦✈❡r ✈♦❧t❛❣❡ VC ✳ ❚❤✐s

✈♦❧t❛❣❡ ✐s ❣✐✈❡♥ ❛s ✭❬✷✻❪✮ ✿

VC =
qHbh

2

2ǫrǫ0
✭✶✸✳✹✮

❇② t❤✐s ♠❡t❤♦❞ ✇❡ ❡✈❛❧✉❛t❡❞ t✇♦ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ✭T = 304K ❛♥❞ T = 319K✮

❛t ❤✐❣❤❡r ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s✳ ❚❤❡ ❝r♦ss ♦✈❡r ✈♦❧t❛❣❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛s VC = 2, 75V ✳ ❚❤❡♥

✇❡ ❝❛♥ ♦❜t❛✐♥ Hb ❢r♦♠ ❊q✳ ✶✸✳✹ ❛s Hb = 5, 7.1017cm−3✳ ❚❤✐s ✈❛❧✉❡ ✐s s✐♠✐❧❛r t♦ ❝♦♠♠♦♥

✈❛❧✉❡s ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳

❉❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ✇❡r❡ ❛❧s♦ ♠❡❛s✉r❡❞ ♦♥ ■❚❖✴P❊❉❖❚✴▼❊❍✲

PP❱✴❆❧ s❛♠♣❧❡s✳ ❘❡s✉❧ts ♦❢ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸✳✺✳

✸✺



❋✐❣✉r❡ ✶✸✳✺✿ ▼❡❛s✉r❡❞ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ ■❚❖✴P❊❉❖❚✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡ ❛t ❞✐✛❡r❡♥t

t❡♠♣❡r❛t✉r❡s

❙❤❛♣❡ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ❝✉r✈❡s ✐s s✐♠✐❧❛r t♦ ♣r❡❞✐❝t✐♦♥ ❜② t❤❡ ❙❈▲❈ ♠♦❞❡❧✳ ❚❤❡ ❝❤❛r❛❝✲

t❡r✐st✐❝s ❛r❡ ❣❡tt✐♥❣ ❝❧♦s❡r t♦ ❡❛❝❤ ♦t❤❡r ❛t ❤✐❣❤ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ ✇❤❡r❡ s❧♦♣❡s ♦❢ t❤❡ ❝✉r✈❡s

❛r❡ ❤✐❣❤❡r✳

❆rr❤❡♥✐✉s ♣❧♦t t❛❦❡♥ ❛t ✈♦❧t❛❣❡ V = 2, 5V ✐s ✐♥ ❋✐❣✳ ✶✸✳✻✳ ❚❤✐s lnJ ✈s 1/T ♣❧♦t ✐s ❧✐♥❡❛r

❛♥❞ t❤❡r❡ ✐s ♦♥❧② ♦♥❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ✐♥ t❤✐s r❡❣✐♦♥✳ ❲❡ ❝❛♥ ♦❜t❛✐♥ t❤❡ s❧♦♣❡ ♦❢ t❤✐s ♣❧♦t

✇❤✐❝❤ ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❡✛❡❝t✐✈❡ ❛❝t✐✈❛t✐♦♥ ❡♥❡r❣② ❞✐✈✐❞❡❞ ❜② kB ✭❊q✳ ✶✳✷✼✮✳ ❋r♦♠ ❊q✳

✶✳✷✻ ♦♥❡ ❝❛♥ ❣❡t t❤❡ ♣❛r❛♠❡t❡rHb✳ ❲❡ ♦❜t❛✐♥❡❞ ❞❡♥s✐t② ♦❢ t❤❡ tr❛♣s ❛sHb = 3, 8.1018cm−3✳

❚❤✐s ✈❛❧✉❡ ✐s ❛❧♠♦st t❤❡ s❛♠❡ ❛s r❡❢❡r❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✭❬✹✼✱ ✷✵✱ ✷✼❪✮ ❛♥❞ ✐t ✐s ❛ ❧✐tt❧❡ ❜✐t

❤✐❣❤❡r t❤❛♥ ✈❛❧✉❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❝r♦ss ♦✈❡r ✈♦❧t❛❣❡ ✉s❡❞ ❢♦r ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡✳

✸✻



❋✐❣✉r❡ ✶✸✳✻✿ ❆rr❤❡♥✐✉s ♣❧♦t ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ❛t ❛♣♣❧✐❡❞

✈♦❧t❛❣❡ V = 2, 5V ✳ ▼❡❛s✉r❡❞ ♦♥ ■❚❖✴P❊❉❖❚✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡

❆ss✉♠✐♥❣ t❤❡ ❙❈▲❈ ♠♦❞❡❧ ✇✐t❤ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ tr❛♣s ❞❛r❦ ❏✲❱

❝❤❛r❛❝t❡r✐st✐❝s ❛t ❤✐❣❤❡r ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s ❛r❡ s✉✐t❛❜❧❡ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♠♦❜✐❧✐t② µ

❢r♦♠ ❊q✳ ✶✳✶✼ ✭❡s♣❡❝✐❛❧❧② ✐❢ ✇❡ ❤❛✈❡ ♦❜t❛✐♥❡❞ ♣❛r❛♠❡t❡r Hb✮✳ ❘❡s✉❧t✐♥❣ ♠♦❜✐❧✐t② ❢r♦♠ ❊q✳

✶✳✶✼ ❛t t❡♠♣❡r❛t✉r❡ T = 299K ❢♦r ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡ V = 2, 5V ✐s µ = 2, 4.10−8cm2V −1s−1✳

❚❤✐s ✈❛❧✉❡ ✐s ❧♦✇❡r t❤❛♥ ♠♦❜✐❧✐t✐❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥ ✭s❡❡ ❚❛❜✳ ✶✸✳✶✮✳ ❊q✳

✶✳✶✼ ✐s ✈❡r② s❡♥s✐t✐✈❡ t♦ ❝❤❛♥❣❡ ♦❢ ♣❛r❛♠❡t❡rs ❡s♣❡❝✐❛❧❧② t♦ t❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡ s❧♦♣❡ ♦❢ ❏✲❱

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

♦❢ ♦t❤❡r ♣❛r❛♠❡t❡rs✱ s✉❝❤ ❛s t❤❡ ♠♦❜✐❧✐t② µ✳

✶✸✳✷ P♦❧②t❤✐♦♣❤❡♥❡ ❧❛②❡rs

❊♥❡r❣② s❝❤❡♠❡ ♦❢ ♠❡❛s✉r❡❞ ♣♦❧②t❤✐♦♣❤❡♥❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸✳✼✳ P♦s✐t✐♦♥s ♦❢ ▲❯▼❖ ❛♥❞

❍❖▼❖ ❧❡✈❡❧s ✇❡r❡ t❛❦❡♥ ❢r♦♠ ❘❡❢✳ ❬✷✽❪ ❛♥❞ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❋❡r♠✐ ❧❡✈❡❧ ✇❛s ♦❜t❛✐♥❡❞

❢r♦♠ t❤❡ ❑❡❧✈✐♥ ♣r♦❜❡ ❢♦r❝❡ ♠✐s❝r♦s❝♦♣②✳

✸✼



❋✐❣✉r❡ ✶✸✳✼✿ ❙❝❤❡♠❡ ♦❢ ❡♥❡r❣② ❧❡✈❡❧s ✐♥ ♠❡❛s✉r❡❞ ♣♦❧②t❤✐♦♣❤❡♥❡ ✭P❚✮ s❛♠♣❧❡s

❚❤❡ ❤♦❧❡ ❡✛❡❝t✐✈❡ ♠❛ss m∗

h ❢♦r P♦❧②t❤✐♦♣❤❡♥❡ ✐s m∗

h = 0.137me ✭❬✶✼❪✮✳ ❆❝❝♦r❞✐♥❣ t♦ ❊q✳

✶✸✳✶ NV = 4, 7.1017cm−3 ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ❛♥❞ t❤❡ ❜❛❝❦❣r♦✉♥❞ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❤♦❧❡s

✐s t❤❡♥ p0 = 1, 7.1015cm−3❛t r♦♦♠ t❡♠♣❡r❛t✉r❡✳

▼❡❛s✉r❡❞ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ ■❚❖✴P❚✴❆❧ s❛♠♣❧❡ ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ❛r❡

s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸✳✽✳ ❚❤❡ t♦t❛❧ t❤✐❝❦♥❡ss h ♦❢ t❤❡ P❚ ❧❛②❡rs ✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❡❧❧✐♣s♦♠❡tr②

♠❡❛s✉r❡♠❡♥t ❛♥❞ ✇❛s ❡✈❛❧✉❛t❡❞ ❛s h = (40± 4)nm✳

❋✐❣✉r❡ ✶✸✳✽✿ ❉❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♠❡❛s✉r❡❞ ♦♥ t❤❡ P❚ s❛♠♣❧❡ ❢♦r ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s

❚❤❡ ❝✉r✈❡s ✐♥ ❋✐❣✳ ✶✸✳✽ ❝r♦ss ❡❛❝❤ ♦t❤❡r ❛t ❤✐❣❤ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s ❛♥❞ t❤❡ s❧♦♣❡s ♦❢

t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ❝❤❛♥❣❡ ✇✐t❤ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ✈♦❧t❛❣❡s✳ ❚❤✐s str❛♥❣❡

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

❧❛②❡rs ❛r❡ ✈❡r② s❡♥s✐t✐✈❡ t♦ t❤❡ ✑❤✐st♦r②✑ ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ✲ ✐t ❞❡♣❡♥❞s ♦♥ t❤❡ ✇❛②

❤♦✇ ✇❡ ❤❡❛t❡❞ t❤❡ ❧❛②❡r ❛♥❞ ✐t ❛❧s♦ ❞❡♣❡♥❞s ♦♥ t❤❡ ❛♣♣❧✐❡❞ ❡❧❡❝tr✐❝ ✜❡❧❞✳ ❆❧❧ t❤✐s ❢❛❝t♦rs

✸✽



♣r♦❜❛❜❧② r❡s✉❧t❡❞ ✐♥ t❤❡ ❜❡❤❛✈✐♦✉r ✇❤✐❝❤ ✐s ❞✐s♣❧❛②❡❞ ✐♥ ❋✐❣✳ ✶✸✳✽ ✭❡s♣❡❝✐❛❧❧② ❛t ❤✐❣❤ ❛♣♣❧✐❡❞

✈♦❧t❛❣❡s✮✳ ◆❡✈❡rt❤❡❧❡ss ♠❡❛s✉r❡♠❡♥ts ❛t ❤✐❣❤❡r ✈♦❧t❛❣❡s t❡♥❞ t♦ s❤♦✇ t❤❡ ♣♦ss✐❜✐❧✐t② t❤❛t

t❤❡ ❝❤❛r❣❡ tr❛♥s♣♦rt ✐s ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❙❈▲❈ ♠♦❞❡❧✳

❚❤❡ ❖❤♠✐❝ r❡❣✐♦♥ ♦❢ ♠❡❛s✉r❡❞ ❝❤❛r❛❝t❡r✐st✐❝s ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✸✳✾✳ ❋♦r t❡♠♣❡r❛t✉r❡

T = 279K ✇❡ ♦❜t❛✐♥ ♠♦❜✐❧✐t② ❢r♦♠ ❊q✳ ✶✸✳✷ ❛s µ = 4, 7.10−5cm2V −1s−1✳ ❙✐♠✐❧❛r ✈❛❧✉❡

❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✭❘❡❢✳ ❬✺✶❪✮✳

❋✐❣✉r❡ ✶✸✳✾✿ ❖❤♠✐❝ r❡❣✐♦♥ ✐♥ ♠❡❛s✉r❡❞ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ P❚ s❛♠♣❧❡ ❢♦r ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s

✶✹ ❚❤❡♦r❡t✐❝❛❧ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛

❲❡ ❤❛✈❡ ❝❛❧❝✉❧❛t❡❞ s✉r❢❛❝❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛❝❝♦r❞✐♥❣ t♦ ❊q✳ ✭✷✳✶✹✮✳ ❚❤✐s ❡q✉❛t✐♦♥

❝♦♥t❛✐♥s s❡✈❡r❛❧ ♣❛r❛♠❡t❡rs✱ ✇❤✐❝❤ ❞❡s❝r✐❜❡ ❞✐✛❡r❡♥t s❤❛♣❡ ♦❢ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡s✳ P❡r❤❛♣s

t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ✇❤✐❝❤ ✇❡ ❝❛♥ ♦❜t❛✐♥ ❢r♦♠ t❤❡s❡ ❝✉r✈❡s ✐s ❞✐✛✉s✐♦♥ ❧❡♥❣t❤

L✳ ❚❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L ✐s t❤❡r❡❢♦r❡ s❤♦✇♥ ✭❛s ❛ ♣❛r❛♠❡t❡r✮ ✐♥ ❛❧❧ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛

✭❋✐❣✳✶✹✳✹✲✶✹✳✶✵✮✳ ❖t❤❡r ♣❛r❛♠❡t❡rs ❛❧s♦ ♣❧❛② ✐♠♣♦rt❛♥t r♦❧❡s ✐♥ t❤❡ s♣❡❝tr❛ ❛♥❞ t❤❡② ✇✐❧❧

❜❡ ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳

❲❡ ❝❛♥ s❡❡ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α ✐♥ ❋✐❣✳✶✹✳✶ ✇❤✐❝❤ ✐s ✉s❡❞ ❢♦r t❤❡ s♣❡❝tr❛✳ ❚❤❡

♠❛①✐♠❛❧ ❝♦❡✣❝✐❡♥t α ✐s ❢♦r λ = 480nm✳ ❘❡✢❡❝t❛♥❝❡ R ✐s s❤♦✇♥ ♦♥ ❋✐❣✳✶✹✳✷✳ ■♥ t❤❡

❢♦❧❧♦✇✐♥❣ ❝❛❧❝✉❧❛t✐♦♥s✱ ✇❡ ✉s❡ ♦♥❧② ♦♥❡ r❡✢❡❝t❛♥❝❡✱ s♦ R = R1 = R2✳ ❚❤✐s ❛♣♣r♦❛❝❤ ✐s

s✐♠♣❧✐✜❡❞ ❛♥❞ ✐t ✇✐❧❧ ♥♦t ❜❡ ✉s❡❞ ❞✉r✐♥❣ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳

✸✾



❋✐❣✉r❡ ✶✹✳✶✿ ❙♣❡❝tr❛❧ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❙P❱ s♣❡❝tr❛

♦❢ ▼❊❍✲PP❱

❋✐❣✉r❡ ✶✹✳✷✿ ❘❡✢❡❝t❛♥❝❡ ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❢♦r ▼❊❍✲PP❱

❙♦♠❡ ❝❛s❡s ♦❢ ♣♦ss✐❜❧❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛r❡ s❤♦✇♥ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡①t✳

❲❡ ❝❤♦s❡ ❢♦✉r s✐t✉❛t✐♦♥s ✇❤✐❝❤ ❛r❡ ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❞✐✛❡r❡♥t t❤✐❝❦♥❡ss ♦❢ t❤❡ ❙❈❘ ❛♥❞

♦❢ t❤❡ ❜✉❧❦✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ ✉s❡❞ ❢♦r t❤❡♦r❡t✐❝❛❧ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✿ S = 1000✱

qI0/J0 = 1.10−3✱ G = 0.01 ❛♥❞ w + d = 150nm✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ t❡①t✱ ✇❡ ❥✉st ❝❤❛♥❣❡

✈❛❧✉❡s ♦❢ w ❛♥❞ d ✭❜✉t t❤❡ r❡❧❛t✐♦♥ w + d = 150nm ✐s st✐❧❧ ✈❛❧✐❞✮ ❛♥❞ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡

✹✵



✐♥❝✐❞❡♥t r❛❞✐❛t✐♦♥✳ ❈❛❧❝✉❧❛t❡❞ ♣❤♦t♦✈♦❧t❛❣❡ ✐s ♥♦r♠❛❧✐③❡❞ t♦ t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ✐♥ t❤❡

s❤♦✇♥ ❣r❛♣❤s✳

❋✐rst ❝❛s❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✶✹✳✹✳ ❇✉❧❦ ✐s t❤✐❝❦ ✭d = 130nm✮✱ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥ ✐s t❤✐♥

✭w = 20nm✮ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘ ✭s❝❤❡♠❡ ✐♥ ❋✐❣✳✶✹✳✸✮✳ ❚❤❡

t❤❡♦r❡t✐❝❛❧ s♣❡❝tr❛ ❢♦r t❤✐s ❝❛s❡ ♦❢ ✐❧❧✉♠✐♥❛t✐♦♥ ❛r❡ ❞❡r✐✈❡❞ ✐♥ ❬✹✾❪✳

▼❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ♠❡❛s✉r❡❞ ✈♦❧t❛❣❡ ❝♦♠❡s ❢r♦♠ t❤❡ ❙❈❘✳ ❙❤❛♣❡s ♦❢ t❤❡ ❝❛❧❝✉✲

❧❛t❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛r❡ s✐♠✐❧❛r t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α✳ ❈♦♥tr✐✲

❜✉t✐♦♥ ❢r♦♠ t❤❡ ❜✉❧❦ ❝♦✉❧❞ ❜❡ ♠❡❛s✉r❡❞ ✐❢ ❡①❝✐t♦♥s ❛r❡ ❝r❡❛t❡❞ ♥❡❛r t❤❡ ❜✉❧❦✴❙❈❘ ✐♥t❡r❢❛❝❡✳

❈✉r✈❡s ✐♥ ❋✐❣✳ ✶✹✳✹ ❛r❡ t❤❡r❡❢♦r❡ ❛❧♠♦st ✐♥❞❡♣❡♥❞❡♥t ♦♥ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L ♥❡❛r t❤❡ ♠❛①✲

✐♠✉♠ ♦❢ ❛❜s♦r♣t✐♦♥ ❜✉t t❤❡② ❛r❡ s❧✐❣❤t❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ✐♥ t❤❡ r❡❣✐♦♥s

♦❢ s❤♦rt❡r ❛♥❞ ❧♦♥❣❡r ✇❛✈❡❧❡♥❣t❤s✳ ◆❡❛r t❤❡ ♠❛①✐♠✉♠ ✭❛r♦✉♥❞ 480nm✮ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥✱

❛❧♠♦st ❛❧❧ ❡①❝✐t♦♥s ❛r❡ ❝r❡❛t❡❞ ✐♥ t❤❡ ❙❈❘ ♦r ❝❧♦s❡ t♦ t❤❡ ❙❈❘✴❜✉❧❦ ✐♥t❡r❢❛❝❡ ❢r♦♠ t❤❡

s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✳ ❇✉t ❢♦r ♦t❤❡r ✇❛✈❡❧❡♥❣t❤s✱ ❡①❝✐t♦♥s ❛r❡ ❛❧s♦ ❝r❡❛t❡❞ ❢❛rt❤❡r ❢r♦♠ t❤❡

❙❈❘✴❜✉❧❦ ✐♥t❡r❢❛❝❡ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✳ ❚❤❡s❡ ❡①❝✐t♦♥s ✭❝r❡❛t❡❞ ✐♥ ❧❛r❣❡r ❞✐st❛♥❝❡s

❢r♦♠ t❤❡ ❙❈❘✴❜✉❧❦ ✐♥t❡r❢❛❝❡✮ ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ ❛♥❞ t❤❡✐r ❝♦♥tr✐❜✉t✐♦♥ ✐s

❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ✭❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳✶✹✳✹✮✳

❋✐❣✉r❡ ✶✹✳✸✿ ❙❝❤❡♠❡ ✲ t❤✐❝❦ ❜✉❧❦ ❛♥❞ t❤✐♥ ❙❈❘✱ ✐❧❧✉♠✐♥❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘

✹✶



❋✐❣✉r❡ ✶✹✳✹✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✲w = 20nm✱ d = 130nm ❛♥❞ ❧✐❣❤t ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘✱

L ∈< 1; 35 > nm

❙❡❝♦♥❞❧②✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ ❜✉❧❦ ✐s t❤✐♥ ✭d = 20nm✮✱ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥ ✐s t❤✐❝❦

✭w = 130nm✮ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦ ✭❋✐❣✳✶✹✳✻✱ s❝❤❡♠❡ ✐♥ ❋✐❣✳✶✹✳✺✮✳

■♥ t❤✐s s✐t✉❛t✐♦♥✱ t❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ ❜✉❧❦ ❛♥❞ ❢r♦♠ t❤❡ ❙❈❘✳ ❇❡❝❛✉s❡ t❤❡

❜✉❧❦ ✐s ✈❡r② t❤✐♥✱ ❢♦r ❛❧♠♦st ❛❧❧ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤s t❤❡ ❡①❝✐t♦♥s ❛r❡ ❝r❡❛t❡❞ ♥❡❛r t❤❡ ❜✉❧❦✴❙❈❘

✐♥t❡r❢❛❝❡ ❛♥❞ t❤❡② ❝❛♥ ❜❡ ❞✐ss♦❝✐❛t❡❞✳ ❚❤❡ ❝♦♥tr✐❜✉t✐♦♥ ❢r♦♠ t❤❡ ❙❈❘ ✐s ❜✐❣❣❡r ❢♦r s❤♦rt❡r

✇❛✈❡❧❡♥❣t❤s ❜❡❝❛✉s❡ ❣❡♥❡r❛t✐♦♥ ♦❢ ❡①❝✐t♦♥s t❛❦❡s ♣❧❛❝❡ ❝❧♦s❡r t♦ t❤❡ ❜✉❧❦✴❙❈❘ ✐♥t❡r❢❛❝❡

t❤❛♥ ❢♦r ❧♦♥❣❡r ✇❛✈❡❧❡♥❣t❤s✳

❚❤❡ ❝✉r✈❡s ✐♥ ❋✐❣✳ ✶✹✳✻ ❛r❡ t❤❡r❡❢♦r❡ ♣r❛❝t✐❝❛❧❧② ✐♥❞❡♣❡♥❞❡♥t ♦♥ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✳

❋✐❣✉r❡ ✶✹✳✺✿ ❙❝❤❡♠❡ ✲ t❤✐♥ ❜✉❧❦ ❛♥❞ t❤✐❝❦ ❙❈❘✱ ✐❧❧✉♠✐♥❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦

✹✷



❋✐❣✉r❡ ✶✹✳✻✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✲ w = 130nm✱ d = 20nm ❛♥❞ ❧✐❣❤t ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✱

L ∈< 1; 30 > nm

❚❤✐r❞ ❝❛s❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✶✹✳✽✳ ❚❤❡ ❜✉❧❦ ✐s t❤✐♥ ✭d = 20nm✮✱t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥

✐s t❤✐❝❦ ✭w = 130nm✮ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘ ✭s❝❤❡♠❡ ✐♥ ❋✐❣✳✶✹✳✼✮✳

❆r♦✉♥❞ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥✱ ❡①❝✐t♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ♠♦st❧② ✐♥ t❤❡ ❙❈❘ ❛♥❞

t❤❡ ♠❡❛s✉r❡❞ s✐❣♥❛❧ ✐s s♠❛❧❧ ✭✐t ❝❛♥ ❜❡ s❡❡♥ ♦♥ t❤❡ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ✐♥ ❋✐❣✳ ✶✹✳✽ ❢♦r λ ∽

480nm✮ ❛♥❞ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✳ ❋♦r ✇❛✈❡❧❡♥❣t❤s ✇✐t❤ s♠❛❧❧❡r ❛❜s♦r♣t✐♦♥

s♦♠❡ ♣❤♦t♦♥s ❝❛♥ ❣❡t t♦ t❤❡ ❜✉❧❦ ❛♥❞ t❤❡♥ t❤❡ ❡①❝✐t♦♥s ❛r❡ ❛❧s♦ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❜✉❧❦✳ ❲✐t❤

❧❛r❣❡r ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✱ t❤❡ s✐❣♥❛❧ ✐s ❜✐❣❣❡r ❜❡❝❛✉s❡ t❤❡ ❡①❝✐t♦♥s ❝❛♥ ❣❡t t♦ t❤❡ ❜✉❧❦✴❙❈❘

✐♥t❡r❢❛❝❡ ❡❛s✐❧②✳ ◆✐❝❡ ❡①❛♠♣❧❡ ♦❢ t❤✐s ❜❡❤❛✈✐♦✉r ✐s t❤❡ r❡❞ ❝✉r✈❡ ✭L = 30nm✮ ✐♥ ❋✐❣✳ ✶✹✳✽✳

❋✐❣✉r❡ ✶✹✳✼✿ ❙❝❤❡♠❡ ✲ t❤✐♥ ❜✉❧❦ ❛♥❞ t❤✐❝❦ ❙❈❘✱ ✐❧❧✉♠✐♥❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘

✹✸



❋✐❣✉r❡ ✶✹✳✽✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✲ w = 130nm✱ d = 20nm ❛♥❞ ❧✐❣❤t ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘✱

L ∈< 1; 30 > nm

▲❛st❧②✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ ❜✉❧❦ ✐s t❤✐❝❦ ✭d = 130nm✮✱ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥ ✐s t❤✐♥

✭w = 20nm✮ ❛♥❞ ✐rr❛❞✐❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦ ✭❋✐❣✳✶✹✳✶✵✱ s❝❤❡♠❡ ✐♥ ❋✐❣✳✶✹✳✾✮✳

■♥ t❤❡ r❡❣✐♦♥ ✇✐t❤ ❤✐❣❤ ❛❜s♦r♣t✐♦♥ ✭λ ∼ 480nm✮✱ ❡①❝✐t♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ✐♥ t❤❡ ❜✉❧❦✱

❢❛r ❛✇❛② ❢r♦♠ t❤❡ ❜✉❧❦✴❙❈❘ ✐♥t❡r❢❛❝❡✳ ❆r♦✉♥❞ t❤❡ ❛❜s♦r♣t✐♦♥ ♠❛①✐♠✉♠✱ t❤❡ ♠❡❛s✉r❡❞

✈♦❧t❛❣❡ ✐s str♦♥❣❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✳ ❲✐t❤ ✐♥❝r❡❛s✐♥❣ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✱ t❤❡

❧♦❝❛❧ ♠✐♥✐♠✉♠ ✭❛r♦✉♥❞ λ = 480nm✮ ✐s ❞❡❝r❡❛s✐♥❣ ✭❋✐❣✳ ✶✹✳✶✵✮✳ ❋♦r ♦t❤❡r ✇❛✈❡❧❡♥❣t❤s✱

❡①❝✐t♦♥s ❛r❡ ❣❡♥❡r❛t❡❞ ❝❧♦s❡r t♦ t❤❡ ❜✉❧❦✴❙❈❘ ✐♥t❡r❢❛❝❡ ❛♥❞ s✐❣♥❛❧ ✐♥❝r❡❛s❡s✳

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

❋✐❣✉r❡ ✶✹✳✾✿ ❙❝❤❡♠❡ ✲ t❤✐❝❦ ❜✉❧❦ ❛♥❞ t❤✐♥ ❙❈❘✱ ✐❧❧✉♠✐♥❛t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦

✹✹



❋✐❣✉r❡ ✶✹✳✶✵✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✲ w = 20nm✱ d = 130nm ❛♥❞ ❧✐❣❤t ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✱

L ∈< 1; 35 > nm

■♥ ❛❧❧ t❤❡ ❝❛❧❝✉❧❛t❡❞ s♣❡❝tr❛ ✭s❡❡ ❋✐❣✳ ✶✹✳✹✲✶✹✳✶✵✮ ♦♥❡ ❝❛♥ s❡❡ ✐♥t❡r❡st✐♥❣ ♣❤❡♥♦♠❡♥♦♥ ✐♥

t❤❡ ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥ 620 − 700nm✳ ❈✉r✈❡s ✐♥ t❤✐s r❡❣✐♦♥ ❛r❡ ✉s✉❛❧❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡

❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ❛♥❞ t❤❡② ❤❛✈❡ ♣❡❛❦s ❛r♦✉♥❞ ✇❛✈❡❧❡♥❣t❤ λ = 650nm✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s

❝❛✉s❡❞ ❜② t❤❡ s✐♠♣❧✐✜❝❛t✐♦♥ ✇❤✐❝❤ ✇❛s ✉s❡❞✳ ❲❡ ✉s❡❞ ♦♥❧② ♦♥❡ r❡✢❡❝t❛♥❝❡ R ✭s❤♦✇♥ ✐♥ ❋✐❣✳

✶✹✳✷✮ ❞✉r✐♥❣ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ s♣❡❝tr❛ ✭R = R1 = R2✮ ❛♥❞ t❤❡s❡ ♣❡❛❦s ❛r❡ t❤❡r❡❢♦r❡

♣r❡s❡♥t ✐♥ ♦✉r ❝✉r✈❡s✳ ❚❤✐s s✐♠♣❧✐✜❝❛t✐♦♥ ✇✐❧❧ ♥♦t ❜❡ ✉s❡❞ ❞✉r✐♥❣ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♦❜t❛✐♥❡❞

❞❛t❛✳

✶✺ ❙P❱ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤✐♥ ♣♦❧②♠❡r ❧❛②❡rs

✶✺✳✶ ▼❊❍✲PP❱ ♠❡❛s✉r❡♠❡♥ts

❲❡ ♠❛❞❡ ❛ ♥✉♠❜❡r ♦❢ ❙P❱ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤✐♥ ▼❊❍✲PP❱ ❧❛②❡rs✳ ❘❡s✉❧ts ✭❛♥❞ ❜❡st ✜ts

❛❝❝♦r❞✐♥❣ t♦ ❊q✳ ✷✳✶✹✮ ♦❢ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜✳ ✶✺✳✶✱ ❣r❛♣❤s ❛r❡ s❤♦✇♥

✐♥ ❋✐❣✳✶✺✳✶✲✶✺✳✻✳ ❆❧❧ t❤❡ s❛♠♣❧❡s ✇❡r❡ ✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✳

❚❤✐❝❦♥❡ss ♦❢ t❤❡ s❛♠♣❧❡s ✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳ ❚❤❡ t❤✐❝❦♥❡ss

♦❢ s❛♠♣❧❡s ✶✲✹ s❤♦✉❧❞ ❜❡ ❥✉st ❛r♦✉♥❞ ✽✵✲✽✹ nm✳ ❇❡❝❛✉s❡ ♦❢ t❤✐s ♠❡❛s✉r❡♠❡♥t ✇❡ tr② t♦ ✜t

♣❛r❛♠❡t❡rs t♦ ♦❜t❛✐♥ ✈❛❧✉❡s s✐♠✐❧❛r t♦ t❤❡ ❡q✉❛t✐♦♥ w + d = 80 − 84nm✳ ■♥ t❤❡ r❡s✉❧ts ♦❢

t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✱ t❤❡r❡ ✐s ✉s✉❛❧❧② s♦♠❡ ✐♥❛❝❝✉r❛❝② ✭❛r♦✉♥❞ 5%✮✳ ❚❤❡r❡❢♦r❡

t❤❡ ❡q✉❛t✐♦♥ w + d = 80 − 84nm ✐s ♥♦t ❢✉❧❧② ❝♦♥✜r♠❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ✈❛❧✉❡s s❤♦✇♥ ✐♥

❚❛❜✳ ✶✺✳✶✳

❚❤❡ t❤✐❝❦♥❡ss ♦❢ s❛♠♣❧❡s ✺ ❛♥❞ ✻ ✇❛s ❞❡t❡r♠✐♥❡❞ ✭❜② t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✮

❛s w + d = 51nm✳

✹✺



P❛r❛♠❡tr❡s ✐♥ ❚❛❜✳ ✶✺✳✶ ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛

♦❢ ❙P❱ ♠❡❛s✉r❡♠❡♥ts ❜② t❤❡ ♠❡t❤♦❞ ♦❢ ❧❡❛st sq✉❛r❡s ✉s✐♥❣ ❊q✳✷✳✶✹✳ ❙♣❡❝tr❛❧ ❞❡♣❡♥❞❡♥❝❡s

♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α ❛♥❞ r❡✢❡❝t❛♥❝❡s R1 ❛♥❞ R2 ✇❡r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♦♣t✐❝❛❧

♠❡❛s✉r❡♠❡♥ts ♦♥ ▼❊❍✲PP❱ ❧❛②❡r✳ P❛r❛♠❡t❡r α ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✹✳✶ ❛♥❞ r❡✢❡❝t❛♥❝❡

R = R1 ✐s ✐♥ ❋✐❣✳ ✶✹✳✷✳ ❘❡✢❡❝t❛♥❝❡ R2 ✇❛s ❛❧s♦ ♠❡❛s✉r❡❞ ❜✉t ✐♥ ♠♦st ❝❛s❡s ✭s❡❡ ❚❛❜✳

✶✺✳✶✮✱ R2 ✇❛s ❡✈❛❧✉❛t❡❞ ❛s ❛ ❝♦♥st❛♥t ✐♥ t❤❡ ✇❤♦❧❡ ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥✳ ❚❤❡ ♦♥❧② ❡①❝❡♣t✐♦♥

✇❛s s❛♠♣❧❡ ✻✱ ✇❤❡r❡ ✇❡ ✉s❡❞ ♠❡❛s✉r❡❞ r❡✢❡❝t❛♥❝❡ R2 ❞✉r✐♥❣ ✜tt✐♥❣ ♦❢ t❤❡ t❤❡♦r② t♦ t❤❡

❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛✳ P❛r❛♠❡t❡r hem ✐s t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ s❛♠♣❧❡ ✇❤✐❝❤ ✇❛s ♦❜t❛✐♥❡❞

❢r♦♠ t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳

▼❊❍✲PP❱ s❛♠♣❧❡s L[nm] G w[nm] d[nm] hem[nm] R2

s❛♠♣❧❡ ✶ ✶✵ ✵✳✵✾ ✹✵ ✸✵ ✵✳✾✵✵

s❛♠♣❧❡ ✷ ✵✳✽✵ ✻✺ ✶✵ ✽✵±✹ ✵✳✾✾✾

s❛♠♣❧❡ ✸ ✵✳✶✼ ✼✼ ✶✺ ✽✹±✹ ✵✳✾✾✵

s❛♠♣❧❡ ✹ ✵✳✺✵ ✻✵ ✶✵ ✵✳✾✾✾

s❛♠♣❧❡ ✺ ✶✹ ✵✳✸✵ ✸✺ ✶✺ ✺✶±✷ ✵✳✶✵✵

s❛♠♣❧❡ ✻ ✶✹ ✵✳✶✵ ✸✵ ✷✵ ✺✶±✷ ♠❡❛s✉r❡❞

❚❛❜❧❡ ✶✺✳✶✿ P❛r❛♠❡tr❡s ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣ ♦❢ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭✉s✐♥❣ ❊q✳✷✳✶✹✮ ♦❢ ❙P❱

♠❡❛s✉r❡♠❡♥ts ♦♥ t❤✐♥ ♣♦❧②♠❡r ❧❛②❡rs ♠❛❞❡ ♦❢ ▼❊❍✲PP❱✳ ❚♦t❛❧ t❤✐❝❦♥❡ss hem ♦❢ t❤❡ s❛♠♣❧❡ ✇❛s ♠❡❛s✉r❡❞

❜② t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳

❆s ✇❡ ❝❛♥ s❡❡ ✐♥ ❚❛❜✳ ✶✺✳✶✱ t❤❡ ✈❛❧✉❡s ♦❢ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ❛r❡ ❛❜♦✉t ✶✵✲✶✹ nm ❛♥❞ ✐♥

♠♦st ❝❛s❡s t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥ ✭❙❈❘✮ ✐s t❤✐❝❦❡r t❤❛♥ t❤❡ ❜✉❧❦✳ ❚❤❡ ❣❛✐♥ ❢❛❝t♦r G ✐s

❛❧t❡r♥❛t✐♥❣ ❢r♦♠ ✵✳✵✾ t♦ ✵✳✽✵ ❛♥❞ ✐t ❞✐✛❡rs ❢♦r ✐♥❞✐✈✐❞✉❛❧ s❛♠♣❧❡s✳

❙❛♠♣❧❡s ✷✱ ✸ ❛♥❞ ✹ ❤❛✈❡ s✐♠✐❧❛r ♣❛r❛♠❡t❡rs ❛s t❤❡ ❝❛❧❝✉❧❛t❡❞ s♣❡❝tr❛ ✐♥ ❋✐❣✳ ✶✹✳✻✳ ❚❤❡✐r

❙❈❘ ✐s ♠✉❝❤ t❤✐❝❦❡r t❤❛♥ t❤❡ ❜✉❧❦ ❛♥❞ t❤❡ ❧✐❣❤t ❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✳ ■♥ t❤✐s

s✐t✉❛t✐♦♥ ✇❡ ❛r❡ ♥♦t ❛❜❧❡ t♦ ❡✈❛❧✉❛t❡ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L✳ ❚❤❡ ❝❛❧❝✉❧❛t❡❞ s♣❡❝tr❛ ❛r❡

❛❧♠♦st ✐♥❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ✐♥ t❤❡ ❡♥t✐r❡ ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥✳ ❚❤❡r❡❢♦r❡ ✇❡

❞✐❞ ♥♦t ♦❜t❛✐♥ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L ❛♥❞ t❤✐s ♣❛r❛♠❡t❡r ✐s ♠✐ss✐♥❣ ✐♥ ❚❛❜✳ ✶✺✳✶✳

❚❤❡ ❝♦♠♣❧✐❛♥❝❡ ♦❢ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡s ❛♥❞ ♦✉r ❡①♣❡r✐♠❡♥t❛❧ ♠❡❛s✉r❡♠❡♥ts ✐s ❣♦♦❞ ✐♥ t❤❡

❝❛s❡ ♦❢ s❛♠♣❧❡s ✶✱ ✺ ❛♥❞ ✻✳ ❚❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ❜❡st ✜ts t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢r♦♠ t❤❡

♠❡❛s✉r❡♠❡♥t ♦❢ s❛♠♣❧❡ ✻✳

❚❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡s ❞♦ ♥♦t ✜t ✇❡❧❧ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ s❤♦rt ✇❛✈❡❧❡♥❣t❤s ✭❛r♦✉♥❞ λ =

450− 480nm✮✳ ❚❤✐s ♣❤❡♥♦♠❡♥♦♥ ❝❛♥ ❜❡ s❡❡♥ ❡s♣❡❝✐❛❧❧② ✐♥ ❋✐❣✳ ✶✺✳✷ ❛♥❞ ❋✐❣✳ ✶✺✳✹✳

✹✻



❋✐❣✉r❡ ✶✺✳✶✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ✲ s❛♠♣❧❡ ✶

❋✐❣✉r❡ ✶✺✳✷✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ✲ s❛♠♣❧❡ ✷

✹✼



❋✐❣✉r❡ ✶✺✳✸✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ✲ s❛♠♣❧❡ ✸

❋✐❣✉r❡ ✶✺✳✹✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ✲ s❛♠♣❧❡ ✹

✹✽



❋✐❣✉r❡ ✶✺✳✺✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ✲ s❛♠♣❧❡ ✺

❋✐❣✉r❡ ✶✺✳✻✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ✲ s❛♠♣❧❡ ✻

✶✺✳✷ P♦❧②t❤✐♦♣❤❡♥❡ ♠❡❛s✉r❡♠❡♥ts

❋♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ P❚ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✱ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α ❛♥❞ r❡✲

✢❡❝t❛♥❝❡s R1, R2 ✇❡r❡ ♠❡❛s✉r❡❞✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳✶✺✳✼ ✭t❤❡ ❛❜s♦r♣t✐♦♥

❝♦❡✣❝✐❡♥t α✮ ❛♥❞ t❤❡ r❡✢❡❝t❛♥❝❡ R = R1 ✭❋✐❣✳✶✺✳✽✮✳ ❘❡✢❡❝t❛♥❝❡ R2 ✇❛s ❛❧s♦ ♠❡❛s✉r❡❞

❜✉t t❤✐s ♣❛r❛♠❡t❡r ✇❛s ♥♦t ✉s❡❞ ❞✉r✐♥❣ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ s♣❡❝tr❛✳ ❇❡st ✜ts ❛❝❝♦r❞✐♥❣

t♦ t❤❡ t❤❡♦r② ✭❊q✳ ✷✳✶✹✮ ✇❡r❡ ♦❜t❛✐♥❡❞ ❢♦r ❝♦♥st❛♥t ✈❛❧✉❡s ♦❢ t❤❡ ♣❛r❛♠❡t❡r R2✳ ❙❛♠♣❧❡s

✹✾



✇❡r❡ ✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦ ❛♥❞ t❤❡ t♦t❛❧ t❤✐❝❦♥❡ss ♦❢ t❤❡ s❛♠♣❧❡ hem ✇❛s

♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳

❋✐❣✉r❡ ✶✺✳✼✿ ❙♣❡❝tr✉♠ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α ♦❢ P❚

❋✐❣✉r❡ ✶✺✳✽✿ ❘❡✢❡❝t❛♥❝❡ ✉s❡❞ ❢♦r ✜tt✐♥❣ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ P❚ ♠❡❛s✉r❡♠❡♥ts

❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡ ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✐s ✐♥ ❋✐❣✳ ✶✺✳✾ ✭s❛♠♣❧❡ ✶✮

❛♥❞ ❋✐❣✳✶✺✳✶✵ ✭s❛♠♣❧❡ ✷✮✳

❘❡s✉❧ts ❛♥❞ ❜❡st ✜ts ❛❝❝♦r❞✐♥❣ t♦ ❊q✳✷✳✶✹ ❢r♦♠ ❙P❱ ♠❡❛s✉r❡♠❡♥ts ♦♥ P❚ ❧❛②❡rs ❝❛♥

✺✵



❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜✳ ✶✺✳✷✳

P❚ s❛♠♣❧❡s L[nm] G w[nm] d[nm] hem[nm] R2

s❛♠♣❧❡ ✶ ✸ ✵✳✵✵✶ ✹ ✶✵✵ ✶✵✻±✹ ✵✳✷

s❛♠♣❧❡ ✷ ✾ ✵✳✵✶✵ ✺ ✶✵✵ ✶✵✻±✹ ✵✳✷

❚❛❜❧❡ ✶✺✳✷✿ P❛r❛♠❡tr❡s ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣ ♦❢ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭✉s✐♥❣ ❊q✳✷✳✶✹✮ ♦❢ ❙P❱

♠❡❛s✉r❡♠❡♥ts ♦♥ t❤✐♥ ♣♦❧②♠❡r ❧❛②❡rs ♠❛❞❡ ♦❢ P❚✳ ❚♦t❛❧ t❤✐❝❦♥❡ss hem ♦❢ t❤❡ s❛♠♣❧❡ ✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡

❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳

❊①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❢ P❚ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛r❡ ❛♣♣r♦♣r✐❛t❡ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡

❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L✳ ❚❤❡ ❜✉❧❦ ♦❢ t❤❡ s❛♠♣❧❡s ✐s t❤✐❝❦✱ t❤❡ ❙❈❘ ✐s t❤✐♥ ❛♥❞ t❤❡ ✐❧❧✉♠✐♥❛t✐♦♥

❝♦♠❡s ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✳ ❚❤✐s s✐t✉❛t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✹✳✶✵ ❢♦r t❤❡ ❝❛❧❝✉❧❛t❡❞

s♣❡❝tr❛ ❛♥❞ ♦♥❡ ❝❛♥ s❡❡ t❤❛t t❤❡ ❝❛❧❝✉❧❛t❡❞ ❝✉r✈❡s ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✱

❡s♣❡❝✐❛❧❧② ✐♥ t❤❡ ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥ ❛r♦✉♥❞ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t α✳

❋✐❣✉r❡ ✶✺✳✾✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ P❚ ✲ s❛♠♣❧❡ ✶

✺✶



❋✐❣✉r❡ ✶✺✳✶✵✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ P❚ ✲ s❛♠♣❧❡ ✷

P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✐♥ ❋✐❣✳ ✶✺✳✾ ♥❛❞ ✐♥ ❋✐❣✳ ✶✺✳✶✵ ❛r❡ q✉✐t❡ s✐♠✐❧❛r ❜✉t t❤❡✐r ❞✐✛✉s✐♦♥

❧❡♥❣t❤s ❛r❡ ❞✐✛❡r❡♥t ✭s❡❡ ❚❛❜✳ ✶✺✳✷✮✳ ❈♦♠♣❛r✐s♦♥ ♦❢ ❜♦t❤ ♠❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ P❚

s♣❡❝tr❛ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✺✳✶✶✳

❋✐❣✉r❡ ✶✺✳✶✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t✇♦ ♠❡❛s✉r❡❞ P♦❧②t❤✐♦♣❤❡♥❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛

❋✐❣✳ ✶✺✳✶✶ s❤♦✇s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♣❡❝tr❛✳ ❚❤❡✐r ♣❛r❛♠❡t❡rs ❛r❡ ❛❧♠♦st t❤❡ s❛♠❡

❡①❝❡♣t t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L✳ ❚❤✐s ✈❛r✐❛♥❝❡ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✶✺✳✶✶ ❛r♦✉♥❞ t❤❡ ♠❛①✐♠✉♠

♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t ✭λ ∼ 500nm✮✳ ❇♦t❤ ❝✉r✈❡s ❛r❡ ❞✐✛❡r❡♥t ❛r♦✉♥❞ t❤❡ ♠❛①✐♠✉♠

✺✷



❛♥❞ t❤❡② ❛r❡ ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✳

✶✺✳✸ ■♥❛❝❝✉r❛❝② ✐♥ ♦❜t❛✐♥❡❞ ♣❛r❛♠❡t❡rs

❲❤❡♥ ♦♥❡ ❧♦♦❦s ❛t ❊q✳ ✷✳✶✸ ❛♥❞ ❊q✳ ✷✳✽✱ ✐t ✐s ♦❜✈✐♦✉s t❤❛t ✉s✐♥❣ t❤❡s❡ ❡q✉❛t✐♦♥s ❢♦r ✜tt✐♥❣

♦❢ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❝❛♥ ❜❡ q✉✐t❡ ❞✐✣❝✉❧t✳ ■t ♠✐❣❤t

❛♣♣❡❛r t❤❛t t❤❡ ✐♥❛❝❝✉r❛❝② ✐♥ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ✭s✉❝❤ ❛s ❞✐✛✉s✐♦♥ ❧❡♥❣t❤✮ ✐s

✈❡r② ❜✐❣ ❛♥❞ t❤❛t ✇❡ ❝❛♥ ✜t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❜② ❛❧♠♦st ❛❧❧ ✈❛❧✉❡s ♦❢ ♦♥❡ ♣❛r❛♠❡t❡r

❜② ❝❤❛♥❣✐♥❣ ♦t❤❡r ♣❛r❛♠❡t❡rs✳ ■t ✐s ✇♦rt❤ t♦ s❛② t❤❛t ✐t ✐s ♥♦t tr✉❡✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ♥♦t ❛❧❧ t❤❡♦r❡t✐❝❛❧ ❝✉r✈❡s ✭s❡❡ ❋✐❣✳ ✶✺✳✶✲✶✺✳✻ ❛♥❞ ❋✐❣✳ ✶✺✳✾✲✶✺✳✶✵✮

✜t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛♥❞ t❤❡ ✐♥❛❝❝✉r❛❝② ✐♥ ✜tt✐♥❣ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❜② ❊q✳ ✷✳✶✹

✐s ♥♦t ♥♦♥③❡r♦✳ ❲❡ ✉s❡❞ ❛ s♣❡❝✐❛❧✐s❡❞ ♣r♦❣r❛♠♠❡ ✇❤✐❝❤ ✇❛s ❞❡✈❡❧♦♣❡❞ ❢♦r ✜tt✐♥❣ t❤❡

♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❜② t❤❡ ♠❡t❤♦❞ ♦❢ ❧❡❛st sq✉❛r❡s ✉s✐♥❣ ❊q✳ ✷✳✶✹✳

❲❡ tr✐❡❞ t♦ ✜❣✉r❡ ♦✉t ❤♦✇ ❜✐❣ t❤❡ ✐♥❛❝❝✉r❛❝② ✇❛s✳ ❋♦r t❤✐s ❡①♣❡r✐♠❡♥t✱ t❤❡ P❚ s❛♠✲

♣❧❡ ✷ ✇❛s ❝❤♦s❡♥✳ ❲❡ ❝❤❛♥❣❡❞ ✜tt✐♥❣ ♣❛r❛♠❡tr❡s ❛♥❞ ✇❡ ❧♦♦❦❡❞ ❛t t❤❡ s✉♠ ♦❢ t❤❡ ❧❡❛st

sq✉❛r❡s ♠❡t❤♦❞✳ ❋♦r s♦♠❡ ❝❤❛♥❣❡s ♦❢ t❤❡ ✈❛❧✉❡s ♦❢ ✜tt✐♥❣ ♣❛r❛♠❡t❡rs✱ t❤❡ s✉♠ ♦❢ t❤❡ ❧❡❛st

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

♣❛r❛♠❡t❡rs ♦❜t❛✐♥❡❞ ❢♦r P❚ s❛♠♣❧❡ ✷ ✿ d ∼ 5%, w ∼ 50%, L ∼ 25%, G ∼ 13%✳

■t ✐s ✇♦rt❤ t♦ s❛② t❤❛t t❤✐s ♠❡t❤♦❞ ♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ✐♥❛❝❝✉r❛❝② ❝❛♥ ❜❡ ✉s❡❞

♦♥❧② ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞ ✇✐t❤ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥s✳ ❇✉t ✐t ♠✐❣❤t

❜❡ ❛ ♣r♦❜❧❡♠ ✐♥ t❤❡ s✐t✉❛t✐♦♥s ✇❤❡♥ ✜tt✐♥❣ ♦❢ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ s❤♦✇s

❛ ❤✐❣❤❡r s✉♠ ♦❢ t❤❡ ❧❡❛st sq✉❛r❡s ♠❡t❤♦❞ ✭❧✐❦❡ s♣❡❝tr✉♠ ✐♥ ❋✐❣✳ ✶✺✳✶✮✳ ■♥ t❤✐s ❝❛s❡✱ t❤❡

✐♥❛❝❝✉r❛❝② ✐♥ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣❛r❛♠❡t❡rs ✐s ❤✐❣❤❡r ❛♥❞ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ st❛t❡ t❤❡ ❡①❛❝t

✈❛❧✉❡ ♦❢ ♦❜t❛✐♥❡❞ ♣❛r❛♠❡t❡rs✳

✶✻ ◆❛♥♦♣❛rt✐❝❧❡s ✲ ❙✐③❡ ❉❡t❡r♠✐♥❛t✐♦♥

✶✻✳✶ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

❚❤❡ ✐♠❛❣❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ♦❜t❛✐♥❡❞ ❜② ❚❊▼ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳✶✻✳✶✱ t♦❣❡t❤❡r ✇✐t❤ t❤❡

❤✐st♦❣r❛♠ ✇❤✐❝❤ s❤♦✇s ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥✳ ❚❤✐s ❞✐str✐❜✉t✐♦♥ ✇❛s ♦❜t❛✐♥❡❞ ❜② t❤❡

❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❚❊▼ ✐♠❛❣❡✳

✺✸



❋✐❣✉r❡ ✶✻✳✶✿ ❚❊▼ ✐♠❛❣❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✭❧❡❢t✮ ❛♥❞ ❤✐st♦❣r❛♠ s❤♦✇✐♥❣ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥

✭r✐❣❤t✮✳ ❚❤❡ ❤✐st♦❣r❛♠ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❚❊▼ ✐♠❛❣❡✳

❆♥♦t❤❡r ♠❡t❤♦❞ ❢♦r t❤❡ s✐③❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ♥❛♥♦♣❛rt✐❝❧❡s ✇❛s ❙✉r❢❛❝❡ P❤♦t♦✈♦❧t❛❣❡

▼❡t❤♦❞ ✭❙P❱✮✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ♦❜t❛✐♥❡❞ ❜② t❤❡ ❙P❱ ♠❡❛s✉r❡♠❡♥t ❝❛♥ ❜❡ s❡❡♥ ✐♥

❋✐❣✳ ✶✻✳✷✳

■♥❝r❡❛s❡ ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s✐❣♥❛❧ st❛rts ❢r♦♠ t❤❡ t❤r❡s❤♦❧❞ ✇❛✈❡❧❡♥❣t❤ ♦❢ 464nm ✭s❡❡

❋✐❣✳ ✶✻✳✷✮✳ ❯s✐♥❣ ❊q✳ ✸✳✼ ❛♥❞ ♣❛r❛♠❡t❡rs ❢♦r ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✭ǫr = 4.6✱ m∗

e = 0.18me

❛♥❞ m∗

h = 0.53me ❢r♦♠ ❘❡❢✳ ❬✺✸❪✮✱ ♦♥❡ ❝❛♥ ♦❜t❛✐♥❡ ♣❛rt✐❝❧❡ ❞✐❛♠❡t❡r 2r = 4.8nm✳

❋✐❣✉r❡ ✶✻✳✷✿ ▼❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ t❤❡ s❛♠♣❧❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

✺✹



❋♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✇❤♦❧❡ ♦❜t❛✐♥❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✱ ✇❡ ❢♦❧❧♦✇ ❛♣♣r♦❛❝❤ ♣r❡s❡♥t❡❞

✐♥ ❘❡❢✳ ❬✸✾❪ ❢♦r t❤❡ ❛❜s♦r❜❛♥❝❡ s♣❡❝tr❛✳ ❇✉t ✇❡ ✉s❡ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✱ ♥♦t t❤❡

❛❜s♦r❜❛♥❝❡ ❞❛t❛✳

❆ss✉♠✐♥❣ t❤❛t t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ❛r❡ s♣❤❡r✐❝❛❧ ❛♥❞ t❤❛t t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s

✐♥❞❡♣❡♥❞❡♥t ♦❢ ♣❛rt✐❝❧❡ s✐③❡✱ ✇❡ ❤❛✈❡ r❡❧❛t✐♦♥ ✿

PV ∝
∞̂

r

4

3
πr3n(r)dr ✭✶✻✳✶✮

✇❤❡r❡ r ✐s t❤❡ r❛❞✐✉s ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡ ❛♥❞ n(r) ✐s t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥✳

❚❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❢r♦♠ ♠❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❜② r❡✲

❧❛t✐♦♥

n(r) ∝ −d(PV )/dr
4
3πr

3
✭✶✻✳✷✮

❘❛❞✐✉s r ✇❛s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ❊q✳ ✸✳✼ ✭✇✐t❤ t❤❡ s❛♠❡ ♣❛r❛♠❡t❡rs ❛s ✉s❡❞ ❛❜♦✈❡✮ ❛♥❞

t❤❡♥ t❤❡ r❡❧❛t✐♦♥ ✶✻✳✷ ✇❛s ✉s❡❞✳

❋✐♥❛❧ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✻✳✸ t♦❣❡t❤❡r ✇✐t❤ t❤❡ ❤✐st♦❣r❛♠ ❢r♦♠

♦❜t❛✐♥❡❞ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✭✇❤✐❝❤ ❝❛♥ ❜❡ ❡❛s✐❧② ❝♦♠♣❛r❡❞ ✇✐t❤ ❤✐st♦❣r❛♠ ✐♥ ❋✐❣✳ ✶✻✳✶✮✳

❋✐❣✉r❡ ✶✻✳✸✿ P❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ♠❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝✲

tr✉♠ ✭❧❡❢t✮ ❛♥❞ t❤✐s s✐③❡ ❞✐str✐❜✉t✐♦♥ ❝♦♥✈❡rt❡❞ ✐♥t♦ t❤❡ ❤✐st♦❣r❛♠ ✭r✐❣❤t✮

■♥ ❚❛❜✳ ✶✻✳✶✱ ♦♥❡ ❝❛♥ ✜♥❞ r❡s✉❧ts ♦❢ t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❞❡t❡r♠✐♥❛t✐♦♥ ❜② ❞✐✛❡r❡♥t ♠❡t❤✲

♦❞s✳ ❚❤❡ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❝♦♠♣❛♥② st❛t❡s t❤❛t t❤❡ s✐③❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✐s ❛❜♦✉t 5nm✳

❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❚❊▼ ✐♠❛❣❡ s❤♦✇❡❞ ✉s ♣❛rt✐❝❧❡ s✐③❡ ❢r♦♠ 3nm t♦ 7nm ✭s❡❡ ❋✐❣✳ ✶✻✳✶✮ ❜✉t

♠♦st ❈❞❙ ♣❛rt✐❝❧❡s ❤❛❞ ❞✐❛♠❡t❡r 2r ∼ 5nm✳

❲❤❡♥ ✇❡ ✉s❡❞ t❤r❡s❤♦❧❞ ✇❛✈❡❧❡♥❣t❤ ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✭❋✐❣✳ ✶✻✳✷✮✱ t❤❡ ♦❜✲

t❛✐♥❡❞ ♣❛rt✐❝❧❡ ❞✐❛♠❡t❡r ✇❛s 2r = (4.8± 0.1)nm✳

✺✺



❯s✐♥❣ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛♥❞ r❡❧❛t✐♦♥ ✭✶✻✳✷✮✱ ✇❡ ❣♦t ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✭s❡❡

❋✐❣✳ ✶✻✳✸✮ ✇❤❡r❡ ♣❛rt✐❝❧❡ ❞✐❛♠❡t❡r ✇❛s ✐♥ r❛♥❣❡ 2r = 3.5nm − 6.5nm ❛♥❞ ♠♦st ♣❛rt✐❝❧❡s

❤❛❞ ❞✐❛♠❡t❡rs 2r = 4.0− 4.5nm✳

❡st✐♠❛t✐♦♥ ♠❡t❤♦❞ ❞✐❛♠❡t❡r ✭❂2r✮[nm]

❚❊▼ ✐♠❛❣❡ 3.0− 7.0

tr❡s❤♦❧❞ ✇❛✈❡❧❡♥❣t❤ 4.8± 0.1

♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ 3.5− 6.5

❙✐❣♠❛ ❆❧❞r✐❝❤ ✐♥❢♦r♠❛t✐♦♥ 5

❚❛❜❧❡ ✶✻✳✶✿ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❜② ❞✐✛❡r❡♥t ♠❡t❤♦❞s✳

❚r❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ♦❢ ■❚❖ s✉❜str❛t❡ ❛♥❞ ■❚❖ s✉❜str❛t❡ ❝♦✈❡r❡❞ ❜② ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

✇❡r❡ ♠❡❛s✉r❡❞ ❜② t❤❡ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ✭s❡❡ ❋✐❣✳ ✶✻✳✹✮✳ ❉❡❝❧✐♥❡ ♦❢ t❤❡

■❚❖✴❈❞❙ tr❛♥s♠✐tt❛♥❝❡ s♣❡❝tr✉♠ st❛rts ❛t λ ∼ 460nm ❛♥❞ ✐t ❝♦♥t✐♥✉❡s t✐❧❧ λ ∼ 350nm

✇❤❡r❡ ❣❧❛ss st❛rts t♦ ❛❜s♦r❜ t❤❡ ❧✐❣❤t✳ ❚r❛♥s♠✐tt❛♥❝❡ ✐s ❞❡❝r❡❛s✐♥❣ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡

✇❛✈❡❧❡♥❣t❤s ✇❤❡r❡ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s✐❣♥❛❧ ✐s ✐♥❝r❡❛s✐♥❣ ✭s❡❡ ❋✐❣✳ ✶✻✳✷✮✳

❋✐❣✉r❡ ✶✻✳✹✿ ❚r❛♥s♠✐tt❛♥❝❡ ♦❢ ■❚❖ s✉❜str❛t❡ ❛♥❞ ■❚❖✴❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s s❛♠♣❧❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡

❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②

❚❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✐s ♣❛rt❧② ❞❡s❝r✐❜❡❞ ✐♥ ❘❡❢✳❬✶✽❪ ✳

✶✻✳✷ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s

❚✇♦ t②♣❡s ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✇✐t❤ ❞✐✛❡r❡♥t s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❡r❡ ✉s❡❞✳ ❋♦r t②♣❡ ■✱

t❤❡ ❙✐❣♠❛✲❆❧❞r✐❝❤ ❝♦♠♣❛♥② st❛t❡s t❤❛t ♣❛rt✐❝❧❡ s✐③❡ ✐s < 50nm✳ ❚②♣❡ ■■ ❤❛s ♣❛rt✐❝❧❡ s✐③❡

< 130nm✳

✺✻



✶✻✳✷✳✶ ❚②♣❡ ■

❚❤❡ tr❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣② ✭❚❊▼✮ ✇❛s ✉s❡❞ ❢♦r t❛❦✐♥❣ ✐♠❛❣❡s ✭❜② ❛ tr❛♥s♠✐ss✐♦♥

❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣❡ ❏❡♦❧ ✷✵✵✵ ❋❳✮ ♦❢ ❩♥❖ s❛♠♣❧❡✳ ❘❡s✉❧t ♦❢ t❤✐s ❚❊▼ ♠❡❛s✉r❡♠❡♥t ✐s ✐♥

❋✐❣✳ ✶✻✳✺✳ ❍✐st♦❣r❛♠ s❤♦✇✐♥❣ t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❩♥❖ s❛♠♣❧❡ ✐s ✐♥ ❋✐❣✳ ✶✻✳✺

t♦♦✳

❋✐❣✉r❡ ✶✻✳✺✿ ❚❊▼ ✐♠❛❣❡ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✲t②♣❡ ■ ✭❧❡❢t✮ ❛♥❞ ❤✐st♦❣r❛♠ s❤♦✇✐♥❣ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉✲

t✐♦♥ ✭r✐❣❤t✮✳ ❚❤❡ ❤✐st♦❣r❛♠ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❚❊▼ ✐♠❛❣❡✳

❚❤❡ ♠❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s t②♣❡ ■ ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✻✳✻✳

❋✐❣✉r❡ ✶✻✳✻✿ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✭♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ < 50nm✮

■♥ ❋✐❣✳ ✶✻✳✻ ✇❡ ❝❛♥ s❡❡ t❤❛t t❤❡ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr✉♠ st❛rts ❛t 380nm

✺✼



❛♥❞ ♠❛①✐♠✉♠ ✐s ❛r♦✉♥❞ 360nm✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐♥❞✐❝❛t❡s t❤❛t t②♣❡ ■ ❞♦❡s ♥♦t ❤❛✈❡ ♦♥❡

♣❛rt✐❝❧❡ s✐③❡ ❜✉t ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✐s ❜r♦❛❞❡r✳ ❚❤❡ s♠❛❧❧❡st ❞✐❛♠❡t❡r ✐♥ t❤❡ ♣❛rt✐❝❧❡

s✐③❡ ❞✐str✐❜✉t✐♦♥ s❤♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ✐♥ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✳ ❋♦r

❣✐✈❡♥ s♣❡❝tr❛ ✭❋✐❣✳ ✶✻✳✻✮✱ t❤✐s ✈❛❧✉❡ ✐s ❢♦r ✇❛✈❡❧❡♥❣t❤ λ = 360nm✳ ❯s✐♥❣ ♣❛r❛♠❡tr❡s ✭t❛❦❡♥

❢r♦♠ ❘❡❢✳ ❬✼❪✮ǫr = 3.7✱ m∗

e = 0.24me ❛♥❞ m∗

h = 0.45me ❛♥❞ ❛ss✉♠✐♥❣ t❤❛t ❜❛♥❞ ❣❛♣ ♦❢

❜✉❧❦ ❩♥❖ ✐s 3.3eV ✱ ♦♥❡ ❝❛♥ ❣❡t ❢r♦♠ ❊q✳ ✸✳✼ t❤❛t s♠❛❧❧❡st ♣❛rt✐❝❧❡ s✐③❡ ✐s 2r = 4.7nm✳

✶✻✳✷✳✷ ❚②♣❡ ■■

❆♥❛❧②s✐s ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s t②♣❡ ■■ ❤❛❞ st❛rt❡❞ ✇✐t❤ ❙❊▼ ♠❡❛s✉r❡♠❡♥t✳ ■♠❛❣❡ ❢r♦♠

t❤✐s ♠❡❛s✉r❡♠❡♥t ✐s s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✻✳✼✳

❋✐❣✉r❡ ✶✻✳✼✿ ❙❊▼ ✐♠❛❣❡ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✲t②♣❡ ■■

❚❤✐s ♣✐❝t✉r❡ s❤♦✇s ✉s t❤❛t ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s t②♣❡ ■■ ❤❛✈❡ ❜r♦❛❞ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥

❛♥❞ ✇❡ ❝❛♥ s❡❡ t❤❡ ♣❛rt✐❝❧❡s ✐♥ ❞✐❛♠❡t❡r r❛♥❣❡ ✭❛♣♣r♦①✐♠❛t❡❧②✮ 2r = 10− 100nm✳

❆❢t❡r ❙❊▼ ♠❡❛s✉r❡♠❡♥t✱ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✇❡r❡ ♠❡❛s✉r❡❞✳ P❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛

♦❢ t✇♦ ❞✐✛❡r❡♥t s❛♠♣❧❡s ✇✐t❤ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ♦❢ t②♣❡ ■■ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✻✳✽✳ ❲❡

❝❛♥ s❡❡ t❤❛t ✐♥❝r❡❛s❡ ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ st❛rts ❛r♦✉♥❞ ✇❛✈❡❧❡♥❣t❤ 385nm ❛♥❞ ♠❛①✐♠✉♠

✐s ❢♦r 335nm✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t②♣❡ ■■ ❤❛s ❜r♦❛❞❡r ❞✐str✐❜✉t✐♦♥ ♦❢ ♣❛rt✐❝❧❡ s✐③❡✳ ❚❤❡

s♠❛❧❧❡st ♣❛rt✐❝❧❡ s✐③❡ s❤♦✉❧❞ ❜❡ ✭❢♦r λ = 335nm✱ ✉s✐♥❣ ♣❛r❛♠❡tr❡s ǫr = 3.7✱ m∗

e = 0.24m ✱

m∗

h = 0.45me ❛♥❞ ❜❛♥❞ ❣❛♣ ♦❢ ❜✉❧❦ ❩♥❖ ❛s 3.3eV ✮ ✭❜② ❊q✳ ✸✳✼✮ 2r = 3.5nm✳

✺✽



❋✐❣✉r❡ ✶✻✳✽✿ ❚✇♦ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ s❛♠♣❧❡s ✇✐t❤ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✲t②♣❡ ■■ ✭♣❛rt✐❝❧❡ s✐③❡ < 130nm✮

❘❡s✉❧ts ♦❢ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♦❜t❛✐♥❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ s❤♦✇ ✉s t❤❛t s♠❛❧❧ ♥❛♥♦♣❛rt✐❝❧❡s

s❤♦✉❧❞ ❜❡ ♣r❡s❡♥t ✐♥ t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❞✐st✐♥❝t✐♦♥ ♦❢ t❤❡ ❙❊▼

✐♠❛❣❡ ✇❤✐❝❤ ✐s ❛❜❧❡ t♦ s❤♦✇ ♣❛rt✐❝❧❡s ✇✐t❤ ❞✐❛♠❡t❡r ❜✐❣❣❡r t❤❛♥ ∼ 10nm✱ ✇❡ ❞❡❝✐❞❡❞ t♦

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

✇❛s ❞♦♥❡✳ ❘❡s✉❧ts ♦❢ t❤✐s ♠❡❛s✉r❡♠❡♥t ✭❚❊▼ ✐♠❛❣❡ ❛♥❞ ♦❜t❛✐♥❡❞ ❤✐st♦❣r❛♠✮ ❛r❡ s❤♦✇♥

✐♥ ❋✐❣✳ ✶✻✳✾✳

✺✾



❋✐❣✉r❡ ✶✻✳✾✿ ❚❊▼ ✐♠❛❣❡ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s t②♣❡ ■■ ✭❧❡❢t✮ ❛♥❞ ❤✐st♦❣r❛♠ s❤♦✇✐♥❣ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐✲

❜✉t✐♦♥ ✭r✐❣❤t✮✳ ❚❤❡ ❤✐st♦❣r❛♠ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❚❊▼ ✐♠❛❣❡✳

❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❚❊▼ ♠❡❛s✉r❡♠❡♥t s❤♦✇s ❜r♦❛❞ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❤✐❝❤ ❛❧s♦ ✐♥✲

❝❧✉❞❡s s♠❛❧❧ ♥❛♥♦♣❛rt✐❝❧❡s✳ ❚❤✐s ✜♥❛❧ r❡s✉❧t ❛❣r❡❡s ✇❡❧❧ ✇✐t❤ t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣❤♦t♦✈♦❧t❛❣❡

s♣❡❝tr❛ ✭❜❡❝❛✉s❡ ✐t s❤♦✇s s♠❛❧❧❡r ♣❛rt✐❝❧❡s✮ ❛♥❞ ✐t ❛❧s♦ ❝♦rr❡s♣♦♥❞s ✇✐t❤ ❙❊▼ ♠❡❛s✉r❡♠❡♥t

❛♥❞ ❙✐❣♠❛✲❆❧❞r✐❝❤ ✐♥❢♦r♠❛t✐♦♥ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❜✐❣❣❡r ♣❛rt✐❝❧❡s ✐♥ t❤❡ ❤✐st♦❣r❛♠✳

❯s✐♥❣ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②✱ t❤❡ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❜♦t❤ t②♣❡s ♦❢ ❩♥❖ ♥❛♥♦♣❛r✲

t✐❝❧❡s ✇❛s ♠❡❛s✉r❡❞ ✭s❡❡ ❋✐❣✳ ✶✻✳✶✵✮✳ ❖♥❡ ❝❛♥ s❡❡ t❤❛t t❤❡ tr❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ❛r❡ ❞✐❢✲

❢❡r❡♥t ❢♦r ✐♥❞✐✈✐❞✉❛❧ t②♣❡s ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ✐s ❝♦♥♥❡❝t❡❞ t♦ ❞✐✛❡r❡♥t

♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✭s❡❡ ❋✐❣✳ ✶✻✳✺ ❛♥❞ ❋✐❣✳ ✶✻✳✾✮✳ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✇✐t❤ ❜r♦❛❞❡r

♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❝♦♥t❛✐♥✐♥❣ ❜✐❣❣❡r ♣❛rt✐❝❧❡s ✭t②♣❡ ■■✮ ❤❛✈❡ s❤❛r♣❡r ❞❡❝❧✐♥❡ ♦❢

t❤❡ s♣❡❝tr❛ ❛♥❞ t❤✐s ❞❡❝r❡❛s❡ st❛rts ❛t ❧♦♥❣❡r ✇❛✈❡❧❡♥❣t❤s ❝♦♠♣❛r✐♥❣ ✇✐t❤ t②♣❡ ■✳

✻✵



❋✐❣✉r❡ ✶✻✳✶✵✿ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ s♣❡❝tr❛ ♦❢ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ❩♥♦ ♥❛♥♦♣❛rt✐❝❧❡s t②♣❡ ■ ❛♥❞ t②♣❡ ■■ ❛♥❞

t✇♦ ✉s❡❞ ■❚❖ s✉❜str❛t❡s

■♥ ❝♦♥❝❧✉s✐♦♥✱ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ ❜♦t❤ t②♣❡s ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✭t②♣❡ ■ ❛♥❞ t②♣❡

■■✮ s❤♦✇ ❜r♦❛❞ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✭❜❡❝❛✉s❡ ♦❢ ❣r❛❞✉❛❧ ✐♥❝r❡❛s❡ ✐♥ ❋✐❣✳ ✶✻✳✻ ❛♥❞ ✐♥

❋✐❣✳ ✶✻✳✽✮✳ ❚❤❡s❡ ❜r♦❛❞ ❞✐str✐❜✉t✐♦♥s ❛❣r❡❡ ✇✐t❤ ❚❊▼ ✐♠❛❣❡s ❛♥❞ ♦❜t❛✐♥❡❞ ❤✐st♦❣r❛♠s

✭❋✐❣✳ ✶✻✳✺ ❛♥❞ ❋✐❣✳ ✶✻✳✾✮ ❛♥❞ ❛❧s♦ ✇✐t❤ ❙❊▼ ✐♠❛❣❡ ♦❢ ❩♥❖ ♥❛♥♦❛♣rt✐❝❧❡s t②♣❡ ■■ ✭❋✐❣✳

✶✻✳✼✮✳

✶✼ ❙P❱ ❛♥❞ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ♠❡❛s✉r❡♠❡♥ts

♦♥ ♣♦❧②♠❡r ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s

✶✼✳✶ P♦❧②♠❡r ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

▼❊❍✲PP❱ s❛♠♣❧❡ ✇✐t❤ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❙P❱ ♠❡t❤♦❞ ❛♥❞ ✐❧❧✉♠✐♥❛✲

t✐♦♥ ❝❛♠❡ ❢r♦♠ ❜♦t❤ s✐❞❡ ✭❢r♦♠ t❤❡ ❙❈❘ ❛♥❞ ❢r♦♠ t❤❡ ❜✉❧❦✮✳ ❘❡s✉❧ts ♦❢ ❜♦t❤ ♠❡❛s✉r❡♠❡♥ts

❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✼✳✶✳

✻✶



❋✐❣✉r❡ ✶✼✳✶✿ ▼❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ ■❚❖✴▼❊❍✲PP❱✰❈❞❙ s❛♠♣❧❡✳ ▲✐❣❤t ❝❛♠❡ ❢r♦♠ t❤❡ s✐❞❡

♦❢ t❤❡ ❜✉❧❦ ✭❧❡❢t✮ ❛♥❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘ ✭r✐❣❤t✮

❖♥❡ ✇♦✉❧❞ ❡①♣❡❝t t❤❛t ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❝❤❛♥❣❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ t❤❡ s❛♠♣❧❡✳ ❆❝✲

❝♦r❞✐♥❣ t♦ t❤❡ r❡s✉❧ts ✐♥ ❋✐❣✳ ✶✼✳✶✱ ✐t s❡❡♠s t❤❛t t❤❡ ♦❜t❛✐♥❡❞ s♣❡❝tr❛ ❛r❡ s✐♠✐❧❛r t♦ ♣❤♦✲

t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ ▼❊❍✲PP❱ ❧❛②❡rs ✇✐t❤♦✉t ♥❛♥♦♣❛rt✐❝❧❡s ✭❢♦r ✐♥st❛♥❝❡✱ s❡❡ ❋✐❣✳ ✶✺✳✺✮✳

❙♠❛❧❧ ♣❡❛❦ ✐s s✐t✉❛t❡❞ ❛t λ ∼ 450nm ✭❢♦r s♣❡❝tr✉♠ ✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✮

❛♥❞ t❤✐s ♣❡❛❦ ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ ✇✐t❤ ♣r❡s❡♥❝❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ t❤❡ ♠❡❛s✉r❡❞ ❧❛②❡r✳

❇✉t ❢♦r t❤❡ s♣❡❝tr✉♠ ✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘✱ ♠❛①✐♠✉♠ ✐s ❢♦r λ ∼ 500nm

❛♥❞ t❤❡ ♣❡❛❦ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ t❤❡ ❧❛②❡r ❞✐❞ ♥♦t r❡✈❡❛❧✳

❇❡❝❛✉s❡ ♦❢ ❧✐tt❧❡ ❡✈✐❞❡♥❝❡ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡

s♣❡❝tr❛✱ tr❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ✇❡r❡ ♠❡❛s✉r❡❞ ✉s✐♥❣ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② ✭❋✐❣✳

✶✼✳✷✮✳

✻✷



❋✐❣✉r❡ ✶✼✳✷✿ ❚r❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ♦❢ s❛♠♣❧❡s ❝♦♥t❛✐♥✐♥❣ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

❙♣❡❝tr❛ ♦❢ ■❚❖✴P❊❉❖❚✴▼❊❍✲PP❱✰❈❞❙ ❛♥❞ ■❚❖✴▼❊❍✲PP❱✰❈❞❙ s❛♠♣❧❡s ❛r❡ ✈❡r②

s✐♠✐❧❛r✳ ❆r♦✉♥❞ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ ▼❊❍✲PP❱ ✭s❡❡ ❋✐❣✳ ✶✹✳✶✮✱

tr❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ❤❛✈❡ ❧♦❝❛❧ ♠✐♥✐♠✉♠ ✭✐♥ r❛♥❣❡ λ = 480 − 550nm✮✳ ❚r❛♥s♠✐tt❛♥❝❡

♦❢ t❤❡ ■❚❖ s✉❜str❛t❡ ❝♦✈❡r❡❞ ✇✐t❤ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❤❛s ❞✐✛❡r❡♥t s♣❡❝tr✉♠ ✲ ✐t st❛rts

t♦ ❞❡❝r❡❛s❡ ❛t λ ∼ 480nm ❛♥❞ s♣❡❝tr✉♠ ❝♦♥t✐♥✉❡s t♦ ❞❡❝r❡❛s❡ t✐❧❧ t❤❡ r❛♥❣❡ ♦❢ s❤♦rt❡r

✇❛✈❡❧❡♥❣t❤s ✇❤❡r❡ ❣❧❛ss ❛❜s♦r❜s ❛❧❧ ✐❧❧✉♠✐♥❛t✐♦♥✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ s❛♠♣❧❡s ❝♦♥t❛✐♥✐♥❣ ❜♦t❤ ♣♦❧②♠❡r ▼❊❍✲PP❱ ❛♥❞ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

❤❛✈❡ ❤✐❣❤❡r tr❛♥s♠✐tt❛♥❝❡ s✐❣♥❛❧ ❛r♦✉♥❞ ✇❛✈❡❧❡♥❣t❤ λ ∼ 400nm✳ ❙❛♠♣❧❡ ✇✐t❤ P❊❉❖❚✿P❙❙

❧❛②❡r ❤❛s ❛ ❜✐t ❧♦✇❡r tr❛♥s♠✐tt❛♥❝❡ ❜❡❝❛✉s❡ P❊❉❖❚✿P❙❙ ❧❛②❡r ✐s ❛❜❧❡ t♦ ❛❜s♦r❜ t❤❡ ❧✐❣❤t

t♦♦✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ ✇❡ ♠❡❛s✉r❡❞ t❤❡ ❙P❱ ❛♥❞ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ s♣❡❝tr❛✳ ■♥ t❤❡ ♣❤♦t♦✈♦❧t✲

❛❣❡ s♣❡❝tr❛✱ ✐♥✢✉❡♥❝❡ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✐s ♥♦t ❢✉❧❧② ❡✈✐❞❡♥t✳ ❚♦❣❡t❤❡r ✇✐t❤ t❤❡ ❯❱✲❱✐s

❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② r❡s✉❧ts✱ ✇❡ ❝❛♥ s❛② t❤❛t t❤❡ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s

✐♥ ♣♦❧②♠❡r ❧❛②❡r ✐s ♣r♦❜❛❜❧② q✉✐t❡ s♠❛❧❧ ❛♥❞ ✐t ❞♦❡s ♥♦t ❛✛❡❝t t❤❡ ♦♣t✐❝❛❧ ♣r♦♣❡rt✐❡s✳

✶✼✳✷ P♦❧②♠❡r ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s

◆♦r♠❛❧✐③❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ t✇♦ ▼❊❍✲PP❱ s❛♠♣❧❡s ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐✲

❝❧❡s ✭✑❞✐s♣❡rs✐✈❡✑ ❛♥❞ ✑♣♦r♦✉s✑✮ t♦❣❡t❤❡r ✇✐t❤ t❤❡ s♣❡❝tr✉♠ ♦❢ ▼❊❍✲PP❱ ❧❛②❡r ✇✐t❤♦✉t

♥❛♥♦♣❛rt✐❝❧❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✼✳✸✳

✻✸



❋✐❣✉r❡ ✶✼✳✸✿ ◆♦r♠❛❧✐③❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ ▼❊❍✲PP❱ ❧❛②❡r ❛♥❞ ▼❊❍✲PP❱ ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ❩♥❖

♥❛♥♦♣❛rt✐❝❧❡s ✭✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘✮

❆❝❝♦r❞✐♥❣ t♦ ❋✐❣✳ ✶✼✳✸✱ ✐t ❧♦♦❦s t❤❛t s❤❛♣❡s ♦❢ t❤❡ s♣❡❝tr❛ ❛r❡ t❤❡ s❛♠❡ ❢♦r ■❚❖✴▼❊❍✲

PP❱ ❧❛②❡r ❛♥❞ ❢♦r ■❚❖✴▼❊❍✲PP❱✰❩♥❖ ❧❛②❡r✳ ✑P♦r♦✉s✑ ❧❛②❡r ■❚❖✴❩♥❖✴▼❊❍✲PP❱ ❤❛s

❞✐✛❡r❡♥t ✐♥❝r❡❛s❡ ❛♥❞ ✐ts ♠❛①✐♠✉♠ ✐s s✐t✉❛t❡❞ ❛t s❤♦rt❡r ✇❛✈❡❧❡♥❣t❤✳

❚❤✐s ❡✈❛❧✉❛t✐♦♥ ✇✐❧❧ r❛t❤❡r ❝❤❛♥❣❡ ✇❤❡♥ ✇❡ ❞♦ ♥♦t ✉s❡ ♥♦r♠❛❧✐③❡❞ s♣❡❝tr❛ ✭s❡❡ ❋✐❣✳

✶✼✳✹✮✳ ▼❛①✐♠✉♠ ♦❢ ✑♣♦r♦✉s✑ ❩♥❖ ❧❛②❡r ✐s r❡❛❧❧② ❛t s❤♦rt❡r ✇❛✈❡❧❡♥❣t❤ ❛♥❞ ✐ts s✐❣♥❛❧ ✐s

♠✉❝❤ ♠♦r❡ str♦♥❣❡r t❤❛♥ s✐❣♥❛❧ ♦❢ t❤❡ ♦t❤❡rs✳ ❙❤❛♣❡ ♦❢ t❤❡ s♣❡❝tr❛ ♠❡❛s✉r❡❞ ♦♥ ■❚❖✴▼❊❍✲

PP❱✰❩♥❖ ❛♥❞ ■❚❖✴▼❊❍✲PP❱ s❛♠♣❧❡s ❛r❡ s✐♠✐❧❛r ❜✉t ♥♦t ❡①❛❝t❧② t❤❡ s❛♠❡✳ ■t s❡❡♠s

t❤❛t t❤❡ ❞✐s♣❡rs✐✈❡ ❩♥❖ s❛♠♣❧❡ ❤❛s s✐♠✐❧❛r ❜❡❤❛✈✐♦✉r ❛s ■❚❖✴▼❊❍✲PP❱ s❛♠♣❧❡✳

✻✹



❋✐❣✉r❡ ✶✼✳✹✿ ▼❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ✭✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❜✉❧❦✮ ♦❢ ▼❊❍✲PP❱ ❧❛②❡r

❛♥❞ ▼❊❍✲PP❱ ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s

❆♥♦t❤❡r ✐♥t❡r❡st✐♥❣ q✉❡st✐♦♥ ✐s ❤♦✇ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ❧♦♦❦ ❛t ❛r♦✉♥❞ λ ∼ 400nm ✇❤❡r❡

❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s s❤♦✉❧❞ ✐♥✢✉❡♥❝❡ t❤❡ s♣❡❝tr❛ ✭❛❝❝♦r❞✐♥❣ t♦ ❋✐❣✳ ✶✻✳✻ ❛♥❞ ❋✐❣✳ ✶✻✳✽✮✳ ❚❤❡

❙P❱ s♣❡❝tr❛ ✐♥ t❤✐s r❡❣✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ✶✼✳✺✳ ❚❤✐s ✜❣✉r❡ s❤♦✇s ❛ str♦♥❣ ✐♥❝r❡❛s❡ ♦❢

t❤❡ s✐❣♥❛❧ ❢r♦♠ ■❚❖✴❩♥❖✴▼❊❍✲PP❱ s❛♠♣❧❡ ❝♦♠♣❛r✐♥❣ t♦ ■❚❖✴▼❊❍✲PP❱✰❩♥❖ ❧❛②❡r✳

❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣♦r♦✉s ❩♥❖ s❛♠♣❧❡ ✐s ♠✉❝❤ ♠♦r❡ ✐♥✢✉❡♥❝❡❞ ❜② ❝♦♥t❛✐♥✐♥❣ ❩♥❖

♥❛♥♦♣❛rt✐❝❧❡s ❝♦♠♣❛r✐♥❣ t♦ t❤❡ ❞✐s♣❡rs✐✈❡ ❩♥❖ s❛♠♣❧❡✳

❚❤✐s r❡s✉❧t ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ♠♦r♣❤♦❧♦❣② ♦❢ t❤❡ s❛♠♣❧❡s✳ P❤♦t♦✈♦❧t❛❣❡ ✐s ❣❡♥✲

❡r❛t❡❞ ❜② t❤❡ ❞✐ss♦❝✐❛t✐♦♥ ♦❢ ❡①❝✐t♦♥s ❛t t❤❡ ♣♦❧②♠❡r✴✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥t❡r❢❛❝❡ ❛♥❞

t❤❡♥ ❜② t❤❡ tr❛♥s♣♦rt ♦❢ t❤❡ ❝❤❛r❣❡s t♦ t❤❡ ❡❧❡❝tr♦❞❡s✳ ❆s ✇❡ ❝❛♥ s❡❡ ✐♥ ❋✐❣✳ ✽✳✶✱ t❤❡ ♣❛t❤✲

✇❛②s ❢♦r ❝❤❛r❣❡s ❛r❡ ❞✐✛❡r❡♥t ❜❡❝❛✉s❡ ♦❢ ❞✐✛❡r❡♥t ♣r❡♣❛r❛t✐♦♥ t❡❝❤♥✐q✉❡s✳ ■♥ t❤❡ ❞✐s♣❡rs✐✈❡

s❛♠♣❧❡✱ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❛r❡ ❞✐s♣❡rs❡❞ ✐♥ t❤❡ ♣♦❧②♠❡r ❛♥❞ ✐t ✐s ✈❡r② ❞✐✣❝✉❧t t♦ ✜♥❞

♣❡r❝♦❧❛t✐♦♥ ♣❛t❤ ❢♦r ❝❤❛r❣❡s ❛❢t❡r ❡①❝✐t♦♥ ❞✐ss♦❝✐❛t✐♦♥ ✭❡s♣❡❝✐❛❧❧② ✐❢ t❤❡ ♠❛ss ❢r❛❝t✐♦♥ ♦❢

♥❛♥♦♣❛rt✐❝❧❡s t♦ ♣♦❧②♠❡r ✐s ❧♦✇✮✳ ❇✉t ✐♥ t❤❡ ♣♦r♦✉s s❛♠♣❧❡✱ ♣❡r❝♦❧❛t✐♦♥ ♣❛t❤s s❤♦✉❧❞ ❜❡

♣r❡s❡♥t ✐♥ t❤❡ s❛♠♣❧❡ ❛♥❞ ❝❤❛r❣❡s ❛r❡ ❛❜❧❡ t♦ r❡❛❝❤ t❤❡ ❡❧❡❝tr♦❞❡s✳ ❆ str♦♥❣ ♣❤♦t♦✈♦❧t❛❣❡

s✐❣♥❛❧ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ♣♦r♦✉s s❛♠♣❧❡✳
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❋✐❣✉r❡ ✶✼✳✺✿ ▼❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ♦❢ ▼❊❍✲PP❱ ❧❛②❡r ❛♥❞ ▼❊❍✲PP❱ ❧❛②❡rs ❝♦♥t❛✐♥✐♥❣ ❩♥❖

♥❛♥♦♣❛rt✐❝❧❡s ✭✐❧❧✉♠✐♥❛t❡❞ ❢r♦♠ t❤❡ s✐❞❡ ♦❢ t❤❡ ❙❈❘✮ s❤♦✇✐♥❣ s✐❣♥❛❧ st❛rt✐♥❣ t♦ ✐♥❝r❡❛s❡ ❛r♦✉♥❞ λ = 385nm

❚r❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ✇❡r❡ ♠❡❛s✉r❡❞ ♦♥ ✐♥✈❡st✐❣❛t❡❞ s❛♠♣❧❡s ✭s❡❡ ❋✐❣✳ ✶✼✳✻✮✳ ❘❡s✉❧ts s❤♦✇

t❤❛t tr❛♥s♠✐tt❛♥❝❡ ♦❢ ■❚❖✴▼❊❍✲PP❱ ✐s r❡❛❧❧② s✐♠✐❧❛r t♦ tr❛♥s♠✐tt❛♥❝❡ ♦❢ ■❚❖✴▼❊❍✲

PP❱✰❩♥❖✳ ❈✉r✈❡ ♦❢ ■❚❖✴❩♥❖✴▼❊❍✲PP❱ ✐s ❞✐✛❡r❡♥t ♠❛✐♥❧② ✐♥ s❤♦rt ✇❛✈❡❧❡♥❣t❤ r❡❣✐♦♥✳

▲♦✇❡r❡❞ tr❛♥s♠✐tt❛♥❝❡ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ s❤♦rt❡r ✇❛✈❡❧❡♥❣t❤s ❝♦rr❡s♣♦♥❞s ✇✐t❤ ♠❡❛s✉r❡❞

♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✳

❋✐❣✉r❡ ✶✼✳✻✿ ❚r❛♥s♠✐tt❛♥❝❡ s♣❡❝tr❛ ♦❢ s❛♠♣❧❡s ❝♦♥t❛✐♥✐♥❣ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s t♦❣❡t❤❡r ✇✐t❤ ▼❊❍✲PP❱

❧❛②❡r

✻✻



■♥ ❝♦♥❝❧✉s✐♦♥✱ t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ▼❊❍✲PP❱✿❩♥❖ s❛♠♣❧❡s ✭✇✐t❤ ❞✐✛❡r❡♥t ♠♦r♣❤♦❧♦❣②✮

✇❡r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ s✐♠♣❧❡ ▼❊❍✲PP❱ ❧❛②❡r✳ P♦r♦✉s ❩♥❖ ❧❛②❡r ✭■❚❖✴❩♥❖✴▼❊❍✲PP❱✮ ✐s

str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ❜✉t ❞✐s♣❡rs✐✈❡ ❧❛②❡r ✭■❚❖✴▼❊❍✲

PP❱✰❩♥❖✮ ❤❛s s✐♠✐❧❛r ♣r♦♣❡rt✐❡s ❛s ▼❊❍✲PP❱ ❧❛②❡r✳ ❚❤✐s ❜❡❤❛✈✐♦✉r ✐s ♣r♦❜❛❜❧② ❝❛✉s❡❞

❜② ❧♦✇ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✐♥ ▼❊❍✲PP❱ ❧❛②❡r ✭❞✐s♣❡rs✐✈❡ s❛♠♣❧❡✮✳
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P❛rt ❱

❈♦♥❝❧✉s✐♦♥

❲❡ ✉s❡❞ ❢❡✇ ❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ♣♦❧②♠❡r ❛♥❞ ✐♥♦r❣❛♥✐❝

♠❛t❡r✐❛❧s✳ ❚♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♣♦❧②♠❡r ❧❛②❡rs ❞❛r❦ ❝✉rr❡♥t✲✈♦❧t❛❣❡ ❛♥❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛

✇❡r❡ ♠❡❛s✉r❡❞✳

❙❡✈❡r❛❧ ✐♥t❡r❡st✐♥❣ ♣❛r❛♠❡t❡rs ✇❡r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❞❛r❦ ❏✲❱ ❝❤❛r✲

❛❝t❡r✐st✐❝s ❛t ❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s✳ ❲❡ ✉s❡❞ ✑❤♦❧❡✲♦♥❧②✑ r❡❣✐♠❡ ❛♥❞ ✇❡ ❡✈❛❧✉❛t❡❞ t❤❡

❞❡♥s✐t② ♦❢ tr❛♣s ❢♦r ▼❊❍✲PP❱ ❧❛②❡rs ❛s Hb = 5, 7.1017cm−3 ♦r Hb = 3, 8.1018cm−3 r❡s♣❡❝✲

t✐✈❡❧②✳ ❚❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❢r❡❡ ❤♦❧❡s ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✇❛s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t❤❡ ❖❤♠✐❝

r❡❣✐♦♥ ♦❢ ▼❊❍✲PP❱ ❧❛②❡r ❛s µ = 3, 4.10−6cm2V −1s−1 ❛♥❞ µ = 8, 2.10−7cm2V −1s−1 r❡✲

s♣❡❝t✐✈❡❧②✳ ❋♦r t❤❡ P♦❧②t❤✐♦♣❤❡♥❡ ❧❛②❡r✱ t❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ❢r❡❡ ❤♦❧❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡

❖❤♠✐❝ r❡❣✐♦♥ ✇❛s µ = 4, 7.10−5cm2V −1s−1✳ ❚❤❡ ❝♦♠♣❧✐❛♥❝❡ ♦❢ ♦✉r r❡s✉❧ts ✇✐t❤ ♣❛r❛♠❡t❡rs

✇❤✐❝❤ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ✐s ✈❡r② ❣♦♦❞✳ ❲❡ ❜❡❧✐❡✈❡ t❤❛t ❛❧❧ t❤❡ ♠❡❛s✉r❡❞ ❞❛r❦

❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❝♦♥tr♦❧❧❡❞ ❜② t❤❡ ❙❈▲❈ ♠♦❞❡❧ ✇✐t❤ t❤❡ ❡①♣♦♥❡♥t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢

t❤❡ tr❛♣s✳

❚❤❡ ❙✉r❢❛❝❡ P❤♦t♦✈♦❧t❛❣❡ ▼❡t❤♦❞ ✇❛s ❞✐s❝✉ss❡❞ ❛♥❞ ✇❡ s❤♦✇❡❞ s♦♠❡ ❝❛❧❝✉❧❛t✐♦♥s ✇❤✐❝❤

❝❛♥ s❤♦✇ ❞✐✛❡r❡♥t ♣r♦♣❡rt✐❡s ♦❢ ♠❡❛s✉r❡❞ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✳ ❊①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✇❡r❡

♦❜t❛✐♥❡❞ ❢r♦♠ ❙P❱ ♠❡❛s✉r❡♠❡♥ts ♦♥ ▼❊❍✲PP❱ ❛♥❞ P❚ s❛♠♣❧❡s✳ ❆❧❧ t❤❡ ♠❡❛s✉r❡❞ s♣❡❝tr❛

✇❡r❡ ❡✈❛❧✉❛t❡❞ ❛♥❞ ✇❡ ❞❡t❡r♠✐♥❡❞ ✭✐❢ ✐t ✇❛s ♣♦ss✐❜❧❡✮ ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs✱ s✉❝❤ ❛s ❡①❝✐t♦♥

❞✐✛✉s✐♦♥ ❧❡♥❣t❤ L✳ ❋♦r t❤❡ ▼❊❍✲PP❱ ❧❛②❡rs✱ ✇❡ ❣♦t ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ❛s L = 10 − 14nm✳

▼❡❛s✉r❡❞ P❚ ❧❛②❡rs ❤❛❞ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ s❤♦rt❡r✱ ♦❜t❛✐♥❡❞ ✈❛❧✉❡s ❛r❡ L = 3− 9nm.

❆♥ ✐♥t❡r❡st✐♥❣ ❣♦❛❧ ✐♥ t❤❡ ✜❡❧❞ ♦❢ t❤❡ ♣♦❧②♠❡r ♣❤♦t♦✈♦❧t❛✐❝s ✐s ♣r❡♣❛r❛t✐♦♥ ♦❢ ❛♥ ❡✣❝✐❡♥t

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

✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s✳

❲❡ ❡✈❛❧✉❛t❡❞ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❈❞❙ ❛♥❞ t✇♦ t②♣❡s ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✳ ❋❡✇

❞✐✛❡r❡♥t ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ✇❡r❡ ✉s❡❞ ❢♦r t❤✐s t❛s❦ ✲ ❚❊▼ ✭❙❊▼✮ ♠❡❛s✉r❡♠❡♥ts✱ ♠❡❛✲

s✉r❡♠❡♥ts ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛♥❞ ✇❡ ❛❧s♦ ✉s❡❞ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②✳

❲❡ ♦❜t❛✐♥❡❞ ❛❧♠♦st t❤❡ s❛♠❡ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥s ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❜② ❚❊▼ ♠❡❛✲

s✉r❡♠❡♥ts ❛♥❞ ❜② ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛✳ ❆s r❡❣❛r❞s t✇♦ ❞✐✛❡r❡♥t t②♣❡s ♦❢

❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✱ ✇❡ ✇❡r❡ ❛❜❧❡ t♦ ❣❡t s♠❛❧❧❡st ♣❛rt✐❝❧❡ ❞✐❛♠❡t❡r ✐♥ t❤❡ ❞✐str✐❜✉t✐♦♥ ❢r♦♠

t❤❡ ♣❤♦t♦✈♦❧t❛❣❡ s♣❡❝tr❛ ❛♥❞ t❤✐s ❞✐❛♠❡t❡r ✐s t❤❡ s❛♠❡ ❛s ❢r♦♠ t❤❡ ❚❊▼ ♠❡❛s✉r❡♠❡♥ts✳

❚❤❡ ❝♦♠♣❧✐❛♥❝❡ ♦❢ ♦❜t❛✐♥❡❞ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥s ✇✐t❤ t❤❡ ✐♥❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❛♥②

✇❤✐❝❤ s❡❧❧s t❤❡ ✐♥♦r❣❛♥✐❝ ♣❛rt✐❝❧❡s ✐s ✈❡r② ❣♦♦❞✳

❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ✇❡r❡ ♠✐①❡❞ ✇✐t❤ t❤❡ ▼❊❍✲PP❱ s♦❧✉t✐♦♥ ❛♥❞ r❡s✉❧t✐♥❣ ❧❛②❡rs ✇❡r❡

♠❡❛s✉r❡❞ ❜② t❤❡ ❙P❱ ♠❡t❤♦❞ ❛♥❞ ❜② t❤❡ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣② t♦♦✳ ▼❡❛s✉r❡❞

s♣❡❝tr❛ ✇❡r❡ s✐♠✐❧❛r t♦ t❤❡ s♣❡❝tr❛ ♦❜t❛✐♥❡❞ ❢r♦♠ ▼❊❍✲PP❱ ❧❛②❡rs ✭✇✐t❤♦✉t ♥❛♥♦♣❛rt✐❝❧❡s✮✳

❚❤✐s ✐s ♣r♦❜❛❜❧② ❝❛✉s❡❞ ❜② t❤❡ ❧♦✇ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s t♦ ♣♦❧②♠❡r ♠❛t❡r✐❛❧✳

❍②❜r✐❞ ♣♦❧②♠❡r✲❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ❧❛②❡rs ✇❡r❡ ♣r❡♣❛r❡❞ ❜② t✇♦ ❞✐✛❡r❡♥t ♠❡t❤♦❞s✳ ❋✐rst
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♠❡t❤♦❞ ❝♦♥s✐sts ♦❢ ♠✐①✐♥❣ ▼❊❍✲PP❱ s♦❧✉t✐♦♥ ✇✐t❤ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s ✭s✐♠✐❧❛r t♦ ♣r❡♣❛✲

r❛t✐♦♥ ♦❢ ▼❊❍✲PP❱✴❈❞❙ ❧❛②❡rs✮✳ ❙❡❝♦♥❞ ♠❡t❤♦❞ ✇❛s ❞✐✛❡r❡♥t ✲ ♦♥t♦ ■❚❖ s✉❜str❛t❡ ❩♥❖

s♦❧✉t✐♦♥ ✇❛s ✜rst❧② s♣✐♥❝♦❛t❡❞ ❛♥❞ t❤❡♥ ▼❊❍✲PP❱ ❧❛②❡r ✇❛s ❛❞❞❡❞✳ ❚❤✐s s❡❝♦♥❞ ♠❡t❤♦❞

s❤♦✉❧❞ ❜❡ ♠♦r❡ ✉s❡❢✉❧ ❢♦r ♣r❡♣❛r✐♥❣ ❤②❜r✐❞ ❧❛②❡rs✳ ❚❤✐s ♣r❡❞✐❝t✐♦♥ ✇❛s ❝♦♥✜r♠❡❞ ✲ t❤❡ ♠❡❛✲

s✉r❡❞ s♣❡❝tr❛ ✭❜♦t❤ ❜② t❤❡ ❙P❱ ♠❡t❤♦❞ ❛♥❞ ❜② t❤❡ ❯❱✲❱✐s ❆❜s♦r♣t✐♦♥ ❙♣❡❝tr♦s❝♦♣②✮ ✐♥

t❤❡ ✜rst ❝❛s❡ ❞✐❞ ♥♦t r❡✢❡❝t t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ❛s ♦♥❡ ❝❛♥ ❡①♣❡❝t✳ ❚❤❡ ♠❡❛✲

s✉r❡❞ s♣❡❝tr❛ ❛r❡ s✐♠✐❧❛r ✭❜✉t ♥♦t ❡①❛❝t❧② t❤❡ s❛♠❡✮ ❛s s♣❡❝tr❛ ♦❢ ▼❊❍✲PP❱ ❧❛②❡rs ✇✐t❤♦✉t

♥❛♥♦♣❛rt✐❝❧❡s✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ❝♦♥♥❡❝t❡❞ ✇✐t❤ t❤❡ ❧♦✇ ♠❛ss ❢r❛❝t✐♦♥ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s t♦

▼❊❍✲PP❱ ♠❛t❡r✐❛❧✳ ▲❛②❡rs ♠❛❞❡ ❜② t❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ✇❡r❡ ❞✐✛❡r❡♥t✳ ■t ✐s ♣♦ss✐❜❧❡ t❤❛t

♣❡r❝♦❧❛t✐♦♥ ♣❛t❤✇❛②s ❢♦r ❝❤❛r❣❡s ❛❢t❡r ❡①❝✐t♦♥ ❞✐ss♦❝✐❛t✐♦♥ ❛t t❤❡ ♣♦❧②♠❡r✴❩♥❖ ✐♥t❡r❢❛❝❡

✇❡r❡ ♠❛❞❡ ❛♥❞ ♠❡❛s✉r❡❞ s♣❡❝tr❛ ✭❝❧❡❛r❧② s❤♦✇✐♥❣ ♣r❡s❡♥❝❡ ♦❢ ❩♥❖ ♥❛♥♦♣❛rt✐❝❧❡s✮ ❛r❡ ♦❜✈✐✲

♦✉s❧② ❞✐✛❡r❡♥t ❢r♦♠ s♣❡❝tr❛ ♦❢ ▼❊❍✲PP❱ ❧❛②❡rs ❛♥❞ ❛❧s♦ ❢r♦♠ s♣❡❝tr❛ ♦❢ ▼❊❍✲PP❱✰❩♥❖

❧❛②❡rs ♠❛❞❡ ❜② t❤❡ ✜rst ♠❡t❤♦❞✳

❋✉t✉r❡ r❡s❡❛r❝❤ ✐♥ t❤❡ ✜❡❧❞ ♦❢ ♦r❣❛♥✐❝ s❡♠✐❝♦♥❞✉❝t✐♥❣ ♣♦❧②♠❡rs ✭r❡❧❛t❡❞ t♦ t❤❡ ♣r❡s❡♥t❡❞

❞✐♣❧♦♠❛ t❤❡s✐s✮ ❝❛♥ ❢♦❝✉s ♦♥ t❤❡ ✐♠♣r♦✈❡♠❡♥t ♦❢ st❛❜✐❧✐t② ♦❢ ✈❛r✐♦✉s ♣♦❧②♠❡r ❧❛②❡rs✳ ❋♦r

✐♥st❛♥❝❡ ♠❡❛s✉r✐♥❣ ♦❢ ❞❛r❦ ❏✲❱ ❝❤❛r❛❝t❡r✐st✐❝s ♦♥ ♣♦❧②♠❡r ❧❛②❡rs ✇✐t❤ ✈❛r✐♦✉s t❤✐❝❦♥❡ss ❛t

❞✐✛❡r❡♥t t❡♠♣❡r❛t✉r❡s ✇♦✉❧❞ ❜❡ ❛ ✈❡r② ✐♥t❡r❡st✐♥❣ ♠❡t❤♦❞ ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ ✐♠♣♦rt❛♥t

♣❛r❛♠❡t❡rs✳

❆s r❡❣❛r❞s ❤②❜r✐❞ ♦r❣❛♥✐❝✴✐♥♦r❣❛♥✐❝ ❧❛②❡rs✱ ✈❡r② ♣r♦♠✐s✐♥❣ ✐s t❤❡ ♣r❡♣❛r❛t✐♦♥ ♦❢ ✑♣♦r♦✉s✑

s❛♠♣❧❡s ✇❤❡r❡ ✐♥♦r❣❛♥✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❛r❡ s♣✐♥❝♦❛t❡❞ ♦♥t♦ t❤❡ s✉❜str❛t❡ ❛♥❞ t❤❡♥ t❤❡

♣♦❧②♠❡r ❧❛②❡r ✐s s♣✐♥❝♦❛t❡❞ ♦♥t♦ t❤❡ ✐♥♦r❣❛♥✐❝ ❧❛②❡r✳ ❚❤❡ ♣♦❧②♠❡r ❧❛②❡r t❡♥❞s t♦ ♣❡♥❡tr❛t❡

t❤r♦✉❣❤ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ❛♥❞ ❛ ❧❛r❣❡ ♦r❣❛♥✐❝✴✐♥♦r❣❛♥✐❝ ✐♥t❡r❢❛❝❡ ❛♣♣❡❛rs✳ ❚❤❡ ♠❛✐♥ ❣♦❛❧ ♦❢

t❤✐s r❡s❡❛r❝❤ ✐s ❢❛❜r✐❝❛t✐♦♥ ♦❢ ✈❡r② ❡✣❝✐❡♥t ❤②❜r✐❞ ♦r❣❛♥✐❝ s♦❧❛r ❝❡❧❧ ❜✉t ❢✉rt❤❡r ✐♥✈❡st✐❣❛t✐♦♥

✐s ♥❡❡❞❡❞ ✐♥ t❤✐s ✜❡❧❞✳
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❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❙✳ ❉✳ ❇❛r❛♥♦✈s❦✐✐✱ ❍✳ ❈♦r❞❡s✱ ❋✳ ❍❡♥s❡❧✱ ❛♥❞ ●✳ ▲❡✐s✐♥❣✳ ❈❤❛r❣❡✲❝❛rr✐❡r tr❛♥s♣♦rt ✐♥

❞✐s♦r❞❡r❡❞ ♦r❣❛♥✐❝ s♦❧✐❞s✳ P❤②s✐❝❛❧ ❘❡✈✐❡✇ ❇✱ ✻✷✭✶✷✮✿✼✾✸✹✕✼✾✸✽✱ ✷✵✵✵✳ P❘❇✳
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❬✹✺❪ ❋r❛♥❦② ❙♦✳ ❖r❣❛♥✐❝ ❊❧❡❝tr♦♥✐❝s✿ ▼❛t❡r✐❛❧s✱ Pr♦❝❡ss✐♥❣✱ ❉❡✈✐❝❡s ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s✳ ❈❘❈

Pr❡ss✱ ✷✵✶✵✳

❬✹✻❪ ❏✳ ❚♦✉s❡❦ ❛♥❞ ❏✳ ❚♦✉s❦♦✈❛✳ ❆ ♥♦✈❡❧ ❛♣♣r♦❛❝❤ t♦ t❤❡ s✉r❢❛❝❡ ♣❤♦t♦✈♦❧t❛❣❡ ♠❡t❤♦❞✳
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❬✹✼❪ ❏✳ ❚♦✉s❡❦✱ ❏✳ ❚♦✉s❦♦✈❛✱ ❩✳ ❘❡♠❡s✱ ❏✳ ❈❡r♠❛❦✱ ❏✳ ❑♦✉s❛❧✱ ❉✳ ❑✐♥❞❧✱ ❛♥❞ ■✳ ❑✉r✐t❦❛✳

❊①❝✐t♦♥ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤ ❛♥❞ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❤♦❧❡s ✐♥ ♠❡❤✲♣♣✈ ♣♦❧②♠❡r ✉s✐♥❣ t❤❡

s✉r❢❛❝❡ ✈♦❧t❛❣❡ ❛♥❞ s✉r❢❛❝❡ ♣❤♦t♦✈♦❧t❛❣❡ ♠❡t❤♦❞s✳ ❈❤❡♠✐❝❛❧ P❤②s✐❝s ▲❡tt❡rs✱ ✺✺✷✿✹✾✕

✺✷✱ ✷✵✶✷✳

❬✹✽❪ ❏✳ ❚♦✉s❡❦✱ ❏✳ ❚♦✉s❦♦✈❛✱ ❩✳ ❘❡♠❡s✱ ❏✳ ❑♦✉s❛❧✱ ❙✳ ❆✳ ●❡✈♦r❣②❛♥✱ ❛♥❞ ❋✳ ❈✳ ❑r❡❜s✳ ❊①❝✐t♦♥

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

♠❡t❤♦❞✳ ❙②♥t❤❡t✐❝ ▼❡t❛❧s✱ ✶✻✶✭✷✸✴✷✹✮✿✷✼✷✼✕✷✼✸✶✱ ✷✵✶✷✳

❬✹✾❪ ❏✐r✐ ❚♦✉s❡❦✱ ❏❛♥❛ ❚♦✉s❦♦✈❛✱ ■✈♦ ❑r✐✈❦❛✱ P❡tr❛ P❛✈❧❛❝❦♦✈❛✱ ❉r❛❤♦♠✐r ❱②♣r❛❝❤t✐❝❦②✱

❛♥❞ ❱❡r❛ ❈✐♠r♦✈❛✳ ❙✉r❢❛❝❡ ♣❤♦t♦✈♦❧t❛❣❡ ♠❡t❤♦❞ ❢♦r ❡✈❛❧✉❛t✐♦♥ ♦❢ ❡①❝✐t♦♥ ❞✐✛✉s✐♦♥
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❆✈✐♥❛s❤ ❈✳ P❛♥❞❡②✳ ●r♦✇t❤ ♠❡❝❤❛♥✐s♠ ❛♥❞ ♦♣t✐❝❛❧ ♣r♦♣❡rt② ♦❢ ❝❞s ♥❛♥♦♣❛rt✐❝❧❡s

s②♥t❤❡s✐③❡❞ ✉s✐♥❣ ❛♠✐♥♦✲❛❝✐❞ ❤✐st✐❞✐♥❡ ❛s ❝❤❡❧❛t✐♥❣ ❛❣❡♥t ✉♥❞❡r s♦♥♦❝❤❡♠✐❝❛❧ ♣r♦❝❡ss✳

❯❧tr❛s♦♥✐❝s s♦♥♦❝❤❡♠✐str②✱ ✶✼✭✶✮✿✶✶✻✕✶✷✷✱ ✷✵✶✵✳
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❬✺✸❪ ❙❤❛♦ ▼✐♥ ❩❤♦✉✳ ❉✐❡❧❡❝tr✐❝ ♣r♦♣❡rt✐❡s ♦❢ ♣❤❛s❡ s✐③❡ ❝♦♥tr♦❧ ❝❞s ♥❛♥♦♣❛rt✐❝❧❡s ❛♥❞

❝♦♥✈❡♥t✐♦♥❛❧ ♣♦✇❞❡rs✳ P❤②s✐❝❛ st❛t✉s s♦❧✐❞✐ ✭❛✮✱ ✷✵✵✭✷✮✿✹✷✸✕✹✷✽✱ ✷✵✵✸✳

✼✹



▲✐st ♦❢ ❚❛❜❧❡s

✶✸✳✶ ❱❛❧✉❡s ♦❢ t❤❡ ♠♦❜✐❧✐t② µ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❖❤♠✐❝ r❡❣✐♦♥ ♦❢ ■❚❖✴▼❊❍✲PP❱✴❆❧ s❛♠♣❧❡s ✸✹

✶✺✳✶ P❛r❛♠❡tr❡s ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣ ♦❢ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭✉s✐♥❣ ❊q✳✷✳✶✹✮ ♦❢

❙P❱ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤✐♥ ♣♦❧②♠❡r ❧❛②❡rs ♠❛❞❡ ♦❢ ▼❊❍✲PP❱✳ ❚♦t❛❧ t❤✐❝❦♥❡ss hem ♦❢

t❤❡ s❛♠♣❧❡ ✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✶✺✳✷ P❛r❛♠❡tr❡s ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣ ♦❢ t❤❡ t❤❡♦r② t♦ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭✉s✐♥❣ ❊q✳✷✳✶✹✮ ♦❢

❙P❱ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤✐♥ ♣♦❧②♠❡r ❧❛②❡rs ♠❛❞❡ ♦❢ P❚✳ ❚♦t❛❧ t❤✐❝❦♥❡ss hem ♦❢ t❤❡ s❛♠♣❧❡

✇❛s ♠❡❛s✉r❡❞ ❜② t❤❡ ❡❧❧✐♣s♦♠❡tr② ♠❡❛s✉r❡♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶

✶✻✳✶ ❊✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ s❛♠♣❧❡ ✇✐t❤ ❈❞❙ ♥❛♥♦♣❛rt✐❝❧❡s ❜② ❞✐✛❡r❡♥t ♠❡t❤♦❞s✳ ✺✻

✼✺



▲✐st ♦❢ ❙②♠❜♦❧s ❛♥❞ ❆❜❜r❡✈✐❛t✐♦♥s

α ✲ ❛❜s♦r♣t✐♦♥ ❝♦❡✣❝✐❡♥t

β, βef ✲ s❧♦♣❡ ♦❢ t❤❡ ✜❡❧❞✲❞❡♣❡♥❞❡♥t ♠♦❜✐❧✐t②

ǫ0 ✲ ♣❡r♠✐tt✐✈✐t② ♦❢ t❤❡ ✈❛❝✉✉♠

ǫr✲ r❡❧❛t✐✈❡ ♣❡r♠✐tt✐✈✐t②

ρ1✲ ♦♣t✐❝❛❧ r❡✢❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡

Λ ✲ ❡♥❡r❣❡t✐❝ ❞✐s♦r❞❡r

Σ✲ ❣❡♦♠❡tr✐❝ r❛♥❞♦♠♥❡ss

θa,d ✲ r❛t✐♦ ♦❢ ❢r❡❡ t♦ tr❛♣♣❡❞ ❝❛rr✐❡rs ✭✐♥ ❞✐✛❡r❡♥t ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥s✮

σ ✲ ❝♦♥❞✉❝t✐✈✐t②

ς ✲ P❧❛♥❝❦ ❝♦♥st❛♥t

~ ✲ r❡❞✉❝❡❞ P❧❛♥❝❦ ❝♦♥st❛♥t

∆ ✲ ✐♥tr✐♥s✐❝ ♣♦t❡♥t✐❛❧ ❜❛rr✐❡r

λ ✲ ✇❛✈❡❧❡♥❣t❤

µ ✲ ♠♦❜✐❧✐t②

ω ✲ ❛♥❣✉❧❛r ✈❡❧♦❝✐t②

ϕ ✲ ❤❡✐❣❤t ♦❢ ❛ ❜❛rr✐❡r

̟ ✲ r❡❞✉❝❡❞ ❡✛❡❝t✐✈❡ ♠❛ss

Φ ✲ ❤♦♣♣✐♥❣ ♣r♦❜❛❜✐❧✐t②

φB ✲ ❙❝❤♦tt❦② ❜❛rr✐❡r

C ✲ ✐♥t❡❣r❛t✐♦♥ ❝♦♥st❛♥t

d ✲ ❜✉❧❦ t❤✐❝❦♥❡ss

D ✲ ❡①❝✐t♦♥ ❞✐✛✉s✐♦♥ ❝♦❡✣❝✐❡♥t

Et ✲ ❡♥❡r❣② ♦❢ t❤❡ tr❛♣ ❞❡♣t❤

F ✲ ❡❧❡❝tr✐❝ ✜❡❧❞ str❡♥❣t❤

G ✲ ❢❛❝t♦r ♦❢ r❡❝♦♠❜✐♥❛t✐♦♥ ❧♦ss❡s ✐♥ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥

h ✲ t❤✐❝❦♥❡ss ♦❢ ❛ ❧❛②❡r

Ha,d ✲ tr❛♣ ❞❡♥s✐t② ✭✐♥ ❞✐✛❡r❡♥t ❡♥❡r❣② ❞✐str✐❜✉t✐♦♥s✮

I ✲ ❝✉rr❡♥t

I0✲ ♣❤♦t♦♥ ✢✉① ❞❡♥s✐t②

Ip ✲ t❤❡ ✐♦♥✐③❛t✐♦♥ ♣♦t❡♥t✐❛❧ ♦❢ t❤❡ ♦r❣❛♥✐❝ ♠❛t❡r✐❛❧

J ✲ ❝✉rr❡♥t ❞❡♥s✐t②

k ✲ ❡❧❡❝tr♦♥ tr❛♥s♣♦rt r❛t❡

kB ✲ ❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t

l1 ✲ ❞❡♣t❤ ♦❢ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ ❧❛②❡r ❛t t❤❡ ✐❧❧✉♠✐♥❛t❡❞ s✉r❢❛❝❡

L ✲ ❞✐✛✉s✐♦♥ ❧❡♥❣t❤

me ✲ ♠❛ss ♦❢ t❤❡ ❡❧❡❝tr♦♥

m∗

e ✲ ❡✛❡❝t✐✈❡ ♠❛ss ♦❢ t❤❡ ❡❧❡❝tr♦♥

✼✻



m∗

h ✲ ❡✛❡❝t✐✈❡ ♠❛ss ♦❢ t❤❡ ❤♦❧❡

n ✲ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ t❤❡ ❝❛rr✐❡rs

∆n(x) ✲ ❝♦♥❝❡♥tr❛t✐♦♥ ♦❢ ❡①❝❡ss ❡①❝✐t♦♥s ❛t ❞❡♣t❤ x ✐♥ t❤❡ ❜✉❧❦

n(r) ✲ ♣❛rt✐❝❧❡ s✐③❡ ❞✐str✐❜✉t✐♦♥

p ✲ ❞❡♥s✐t② ♦❢ ❢r❡❡ ❤♦❧❡s

pt ✲ tr❛♣♣❡❞ ❤♦❧❡ ❞❡♥s✐t②

q ✲ ❡❧❡♠❡♥t❛r② ❝❤❛r❣❡

Q ✲ ♣❤♦t♦♥ q✉❛♥t✉♠ ❡✣❝✐❡♥❝② ❢♦r ❤♦❧❡✲❡❧❡❝tr♦♥ ♣❛✐r ❝r❡❛t✐♦♥

r ✲ r❛❞✐✉s ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s

R ✲ r❡✢❡❝t❛♥❝❡

s ✲ s✉r❢❛❝❡ r❡❝♦♠❜✐♥❛t✐♦♥ ✈❡❧♦❝✐t②

T ✲ ❛❜s♦❧✉t❡ t❡♠♣❡r❛t✉r❡

V ✲ ✈♦❧t❛❣❡

w ✲ t❤✐❝❦♥❡ss ♦❢ t❤❡ s♣❛❝❡ ❝❤❛r❣❡ r❡❣✐♦♥

u, z ✲ ❡♠♣✐r✐❝❛❧ ❝♦♥st❛♥ts ✭❢♦r ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ s♣✐♥❝♦❛t✐♥❣ t❡❝❤♥✐q✉❡✮

W ✲ ♠❡t❛❧ ✇♦r❦ ❢✉♥❝t✐♦♥

❍❖▼❖ ✲ ❍✐❣❤❡st ❖❝❝✉♣✐❡❞ ▼♦❧❡❝✉❧❛r ❖r❜✐t❛❧

■❚❖ ✲ ■♥❞✐✉♠ t✐♥ ♦①✐❞❡

▲❯▼❖ ✲ ▲♦✇❡st ❯♥♦❝❝✉♣✐❡❞ ▼♦❧❡❝✉❧❛r ❖r❜✐t❛❧

▼❊❍✲PP❱ ✲ P♦❧②❬✷✲♠❡t❤♦①②✲✺✲✭✷✲❡t❤②❧❤❡①②❧♦①②✮✲✶✱✹✲♣❤❡♥②❧❡♥❡✈✐♥②❧❡♥❡❪

P❊❉❖❚✿P❙❙ ✲ P♦❧②✭✸✱✹✲❡t❤②❧❡♥❡❞✐♦①②t❤✐♦♣❤❡♥❡✮✿P♦❧②✭st②r❡♥❡s✉❧❢♦♥❛t❡✮

P❚ ✲ P♦❧②t❤✐♦♣❤❡♥❡

❙❈❘ ✲ ❙♣❛❝❡ ❈❤❛r❣❡ ❘❡❣✐♦♥

❙❊▼ ✲ ❙❝❛♥♥✐♥❣ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②

❙P❱ ✲ ❙✉r❢❛❝❡ P❤♦t♦✈♦❧t❛❣❡ ▼❡t❤♦❞

❚❊▼ ✲ ❚r❛♥s♠✐ss✐♦♥ ❡❧❡❝tr♦♥ ♠✐❝r♦s❝♦♣②

❯❱✲❱✐s ✲ ❯❧tr❛✈✐♦❧❡t✕✈✐s✐❜❧❡ s♣❡❝tr♦s❝♦♣②

✼✼


