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❘❡❧✐❛❜✐❧✐F② ✐♥ ♠❡F❛❧ ♦①✐❞❡ H❡♠✐❝♦♥❞❝✉F♦I ✭▼❖❙✮ FI❛♥H✐HF♦IH ✐H ❛♥ ✐♠♣♦IF❛♥F ❝♦♥❝❡I♥ ❞✉❡
F♦ F❤❡✐I ✉H❡ ✐♥ ❝I✉❝✐❛❧ ✜❡❧❞H ❧✐❦❡ H♣❛❝❡✱ ♠✐❧✐F❛I②✱ ♠❡❞✐❝❛❧✱ ❛♥❞ H❡✈❡I❛❧ ❝♦♥H✉♠❡I ♣I♦❞✉❝FH✳
❆H F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞H ✐♥ ▼❖❙ ❞❡✈✐❝❡H ✐♥❝I❡❛H❡✱ H♦ ❞♦❡H F❤❡ ♣I♦❜❛❜✐❧✐F② ♦❢ ❢❛✐❧✉I❡ ❞✉❡ F♦ ❤✐❣❤
❡♥❡I❣② ❝❛II✐❡IH✳ ❚❤✉H✱ H✐♠✉❧❛F✐♦♥ ♦❢ F❤❡H❡ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H ❜❡❢♦I❡ ♣I♦❞✉❝F✐♦♥ ✐H ✈✐F❛❧
❢♦I ♦♣F✐♠✐③✐♥❣ F❤❡ ❞❡✈✐❝❡ ❞❡H✐❣♥H ❛♥❞ ❛HH❡HH✐♥❣ F❤❡✐I ❧✐❢❡F✐♠❡H✳ ❙✐♠✉❧❛F✐♦♥ ♦❢ ❞❡❣I❛❞❛F✐♦♥
❞✉❡ F♦ ❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡IH ✐H ❝❤❛❧❧❡♥❣✐♥❣ ❛H ❝❛II✐❡I FI❛♥H♣♦IF ♥❡❡❞H F♦ ❜❡ ❛❞❞I❡HH❡❞ F♦ ♦❜✲
F❛✐♥ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✭❉❋✮ ✈✐❛ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF
❡K✉❛F✐♦♥ ✭❇❚❊✮✳ ❚❤✐H ✐H ❛ ❝♦♠♣❧✐❝❛F❡❞ ❛♥❞ ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❞❡♠❛♥❞✐♥❣ F❛H❦✳ ■♥ ❧❛F❡I❛❧❧②
❞✐✛✉H❡❞ ♠❡F❛❧✲♦①✐❞❡ H❡♠✐❝♦♥❞✉❝F♦I ✭▲❉▼❖❙✮ FI❛♥H✐HF♦IH✱ ❢♦I ❡①❛♠♣❧❡✱ F❤❡✐I ❧❛I❣❡ ❞✐♠❡♥✲
H✐♦♥H✱ ♣❡❝✉❧✐❛I ❛I❝❤✐F❡❝F✉I❡ ❛♥❞ ❤✐❣❤ ♦♣❡I❛F✐♥❣ ✈♦❧F❛❣❡H ♠❛❦❡ F❤❡ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇❚❊
❝❤❛❧❧❡♥❣✐♥❣✳ ■♥ H❝❛❧❡❞ ❞❡✈✐❝❡H✱ ♦♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ H❝❛FF❡I✐♥❣ ❡✛❡❝FH ❜❡❝♦♠❡ ❞♦♠✐♥❛♥F
✇❤✐❝❤ ♠❛❦❡H F❤❡ ❡HF✐♠❛F✐♦♥ ♦❢ F❤❡ ❉❋ ❞✐✣❝✉❧F✳

❋♦I F❤✐H ♣✉I♣♦H❡✱ ❛ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❜❛H❡❞ ❛♣♣I♦❛❝❤ ✐H H✉❣❣❡HF❡❞ ✇❤✐❝❤ ❝❛♣F✉I❡H ❜♦F❤ F❤❡
❤♦F ❛♥❞ ❝♦❧❞ ❝❛II✐❡IH ✐♥ F❤❡ ❞❡✈✐❝❡✳ ❆H ❛ I❡❢❡I❡♥❝❡✱ ❛ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF
❡K✉❛F✐♦♥ ✐H ♣❡I❢♦I♠❡❞ ✉H✐♥❣ F❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ♠❡F❤♦❞✳ ❚❤❡ ✈❛❧✐❞✐F② ♦❢
F❤❡ ❉❉ ❜❛H❡❞ ❛♣♣I♦❛❝❤ ✐H F❡HF❡❞ ♦♥ ▲❉▼❖❙ FI❛♥H✐HF♦IH ❜② H✐♠✉❧❛F✐♥❣ F❤❡ ❞❡❣I❛❞❛F✐♦♥
❝❤❛I❛❝F❡I✐HF✐❝H ❧✐❦❡ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥ I❛F❡H✱ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱
❛♥❞ ❝❤❛♥❣❡H ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧ ❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡
H❤✐❢F ❛♥❞ ❝♦♠♣❛I✐♥❣ ✇✐F❤ F❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ✭❙❍❊✮ ❜❛H❡❞ ❛♣♣I♦❛❝❤ ❛H ✇❡❧❧
❛H ♠❡❛H✉I❡♠❡♥FH✳ ❚❤❡ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ ❞✐✛❡I❡♥F ❛✈❛✐❧❛❜❧❡ ❛♥❛❧②F✐❝ ♠♦❞❡❧H ❢♦I F❤❡ ❉❋ ❤❛H
❛❧H♦ ❜❡❡♥ ❛♥❛❧②③❡❞✱ ♥❛♠❡❧② F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥✱ F❤❡ ❈❛HH✐ ♠♦❞❡❧✱ F❤❡ ❍❛H♥❛F ❛♣♣I♦❛❝❤✱
❛H ✇❡❧❧ ❛H F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✳ ❚❤❡ ❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H ❛I❡ ✉H❡❞ ❛H
✐♥♣✉F ❢♦I F❤❡ ♣❤②H✐❝❛❧ ❍❈❉ ♠♦❞❡❧ ❛♥❞ ❞❡✈✐❝❡ ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H ❛I❡ ❞❡F❡I♠✐♥❡❞✳
■F ✐H H❤♦✇♥ F❤❛F F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❛♣♣I♦❛❝❤ ❧❡❛❞H F♦ ❛♥ ✉♥❞❡I❡HF✐♠❛F✐♦♥ ♦❢ ❍❈❉ ❛F
❧♦♥❣ HFI❡HH F✐♠❡H✳ ❚❤✐H FI❡♥❞ ✐H ❛❧H♦ F②♣✐❝❛❧❧② ♦❜H❡I✈❡❞ ❢♦I F❤❡ ❈❛HH✐ ❛♥❞ ❍❛H♥❛F ♠♦❞❡❧H
❜✉F ✐♥ F❤❡H❡ ♠♦❞❡❧H ❍❈❉ ✐H ✉♥❞❡I❡HF✐♠❛F❡❞ ✐♥ F❤❡ ❡♥F✐I❡ HFI❡HH F✐♠❡ ✇✐♥❞♦✇✳ ❤✐❧❡ F❤❡
❘❡❣❣✐❛♥✐ ♠♦❞❡❧ ❣✐✈❡H ❣♦♦❞ I❡H✉❧FH ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ ❞I✐❢F I❡❣✐♦♥H✱ ✐F ❝❛♥♥♦F ♣I♦♣❡I❧②
I❡♣I❡H❡♥F F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧H ♦❢ F❤❡ ❉❋ ♥❡❛I F❤❡ ❞I❛✐♥✱ ❛♥❞ F❤✉H ❧❡❛❞H F♦ ❛ ✇❡❛❦❡I
❝✉I✈❛F✉I❡ ♦❢ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H✳ ❚❤❡ ❛♥❛❧②F✐❝❛❧ ♠♦❞❡❧ ❢♦I F❤❡ ❝❛II✐❡I ❉❋ ✉H❡❞ ✐♥ F❤✐H
✇♦I❦ ✐H ❝❛♣❛❜❧❡ ♦❢ ❝❛♣F✉I✐♥❣ ❉❋H ✇✐F❤ ✈❡I② ❣♦♦❞ ❛❝❝✉I❛❝② ❛♥❞✱ ❛H ❛ I❡H✉❧F✱ F❤❡ ❝❤❛♥❣❡
♦❢ F❤❡ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H ✇✐F❤ HFI❡HH F✐♠❡✳ ❙✐♥❝❡ F❤❡ ❡①♣I❡HH✐♦♥ ❢♦I F❤❡ ❉❋ ❝♦♥H✐❞❡IH
F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❜♦F❤ F❤❡ ❤♦F ❛♥❞ ❡K✉✐❧✐❜I✐✉♠ ❝❛II✐❡IH✱ ✐F ✐H ✇❡❧❧ H✉✐F❡❞ ❢♦I F❤❡ ❍❈❉
♠♦❞❡❧ ✉H❡❞ ✇❤✐❝❤ F❛❦❡H ✐♥F♦ ❛❝❝♦✉♥F F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H✳ ❚❤❡
❝♦♠♣❛I✐H♦♥ ♦❢ ❞✐✛❡I❡♥F I❡❛❧✐③❛F✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ H❤♦✇H F❤❛F ❍❈❉ ❝❛♣F✉I❡❞ ❜② F❤❡ ❉❉
❜❛H❡❞ ❛♣♣I♦❛❝❤ H✉❣❣❡HF❡❞ ✐♥ F❤✐H ✇♦I❦ ✐H ✈❡I② H✐♠✐❧❛I F♦ F❤❡ ❙❍❊ ❜❛H❡❞ ❛♣♣I♦❛❝❤ ❛♥❞
♠❛F❝❤❡H F❤❡ ❡①♣❡I✐♠❡♥FH K✉✐F❡ ✇❡❧❧✳

q❛IF✐❝✉❧❛I ❛FF❡♥F✐♦♥ ✐H ♣❛✐❞ F♦ HF✉❞② F❤❡ I♦❧❡ ♦❢ F❤❡ ❝♦❧❞❡I ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❡♥✲
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H❡♠❜❧❡✳ ❚❤❡ I♦❧❡ ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐H ❝❤❡❝❦❡❞ ❜② ♥❡❣❧❡❝F✐♥❣ F❤❡✐I ❡✛❡❝F ✐♥ ❍❈❉ ♠♦❞❡❧✐♥❣
✐♥ ▲❉▼❖❙ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H✳ ■♥ F❤❡ ♣I♦♣♦H❡❞ ♠♦❞❡❧✱ ❝♦❧❞ ❝❛II✐❡IH ❛I❡
I❡♣I❡H❡♥F❡❞ ❜② F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ F❡I♠ ✐♥ F❤❡ ❛♥❛❧②F✐❝ ❢♦I♠✉❧❛ ❢♦I F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥
❢✉♥❝F✐♦♥ ❛H ✇❡❧❧ ❛H ❜② F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ♦❢ F❤❡ ❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥✳ ■F ✐H
H❤♦✇♥ F❤❛F ❡✈❡♥ ✐♥ ❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ❞I❛✐♥ ✈♦❧F❛❣❡H F❤❡ F❤❡I♠❛❧✐③❡❞
❝❛II✐❡IH HF✐❧❧ ❤❛✈❡ ❛ H✉❜HF❛♥F✐❛❧ ❝♦♥FI✐❜✉F✐♦♥ F♦ ❍❈❉✳ ❚❤❡H❡ I❡H✉❧FH ❝♦♥FI❛❞✐❝F F❤❡ ♣I❡✈✐♦✉H
❝♦♥❝❡♣F✐♦♥ F❤❛F ❝♦❧❞ ❝❛II✐❡IH ❛I❡ ♥♦F ✐♠♣♦IF❛♥F ❢♦I ❍❈❉ ✐♥ ♣♦✇❡I ▼❖❙❋❊❚H✳

❚❤❡ ❧✐♠✐FH ♦❢ F❤❡ ❉❉ ❜❛H❡❞ ❍❈❉ H❝❤❡♠❡ ✐H ❞❡F❡I♠✐♥❡❞ ✉H✐♥❣ ❞❡✈✐❝❡H ♦❢ ❞✐✛❡I❡♥F ❞✐♠❡♥✲
H✐♦♥H✳ ❆ ❝♦♠♣❛I✐H♦♥ ♦❢ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H✱ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H✱ ✐♥F❡I❢❛❝❡ HF❛F❡
❞❡♥H✐F② ♣I♦✜❧❡H✱ ❛♥❞ ❝❤❛♥❣❡H ♦❢ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H H✉❝❤ ❛H F❤❡ H❛F✉I❛F✐♦♥ ❛♥❞ ❞I❛✐♥ ❝✉I✲
I❡♥FH ♦❜F❛✐♥❡❞ ❢I♦♠ ❙❍❊ ❛♥❞ ❉❉ ❜❛H❡❞ ❛♣♣I♦❛❝❤❡H ❢♦I ▼❖❙❋❊❚H ✇✐F❤ ❞✐✛❡I❡♥F ❝❤❛♥♥❡❧
❧❡♥❣F❤H H✉❣❣❡HFH F❤❛F F❤✐H ❉❉ ❜❛H❡❞ ❛♣♣I♦❛❝❤ ✐H ♥♦F H✉✐F❡❞ ❢♦I ❝❤❛♥♥❡❧ ❧❡♥❣F❤H ❧❡HH F❤❛♥
1.5µ♠✳ ❆❧H♦✱ ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H ♠❡❝❤❛♥✐H♠H ❧✐❦❡ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ HF❛IF F♦ ❛✛❡❝F
F❤❡ ❉❋ ✇❤✐❝❤ ❝❛♥♥♦F ❜❡ ❝❛♣F✉I❡❞ ✇✐F❤ ❛ H✐♠♣❧✐HF✐❝ ❛♣♣I♦❛❝❤✳ ❚❤✉H✱ F❤❡ H✐♠♣❧✐HF✐❝ ❉❉✲
❜❛H❡❞ ❍❈❉ ♠♦❞❡❧ ✐H ❡①F❡♥❞❡❞ F♦ F❤❡ ❝❛H❡ ♦❢ ❞❡❝❛♥❛♥♦♠❡F❡I FI❛♥H✐HF♦IH✳ ❙♣❡❝✐❛❧ ❛FF❡♥F✐♦♥
✐H ♣❛✐❞ F♦ F❤❡ ❡✛❡❝F ♦❢ ❡❧❡❝FI♦♥✕❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣✱ ✇❤✐❝❤ ♣♦♣✉❧❛F❡H F❤❡ ❤✐❣❤ ❡♥❡I❣② F❛✐❧ ♦❢
F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✱ ❜② ✉H✐♥❣ ❛ I❛F❡ ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥✳ ❋✐♥❛❧❧②✱ F❤❡ ❛❝❝✉I❛❝②
❛♥❞ ❧✐♠✐FH ♦❢ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❛I❡ ❞✐H❝✉HH❡❞ ❝♦♥❝❧✉❞✐♥❣ F❤❛F F❤❡ ♠♦❞❡❧
✐H ❛❜❧❡ F♦ ❝❛♣F✉I❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐♥ ▼❖❙❋❊❚H ♦✈❡I ❛ I❛♥❣❡ ♦❢ ❣❛F❡ ❧❡♥❣F❤H ✇✐F❤
❡①❝❡❧❧❡♥F ❛❝❝✉I❛❝②✳

✐✐



❆❝❦♥♦✇❧❡❞❣♠❡♥>@

❋✐IHF ❛♥❞ ❢♦I❡♠♦HF✱ ■ ❛♠ F❤❛♥❦❢✉❧ F♦ ♠② ✇✐❢❡ ✇❤♦ ❛❧✇❛②H ❜❡❧✐❡✈❡H ✐♥ ♠❡✳ ❙❤❡ H✉♣♣♦IF❡❞
♠❡ ✐♥ ♠② ❞❡❝✐H✐♦♥ F♦ ♣✉IH✉❡ ❛ q❤❉ ❛♥❞ ❦❡♣F ♠② H♣✐I✐FH ❤✐❣❤ ❛❧♦♥❣ F❤❡ ✇❛②✳ ❙♣❡❝✐❛❧ F❤❛♥❦H
F♦ ❤❡I ❢♦I ❜I✐♥❣✐♥❣ ♦✉I ❜❡❛✉F✐❢✉❧ ❛♥❞ ❝❤❡❡I❢✉❧ ❞❛✉❣❤F❡I ❆✐I❛ ✐♥F♦ F❤✐H ✇♦I❧❞✳

▼❛♥② F❤❛♥❦H F♦ qI♦❢✳ ❚✐❜♦I ●I❛HH❡I ❢♦I ❣I❛♥F✐♥❣ ♠❡ ❛ q❤❉ ♣♦H✐F✐♦♥ ❛♥❞ ❛❝❝❡♣F✐♥❣
✐♥ ❤✐H ♣I❡HF✐❣✐♦✉H ❣I♦✉♣ ❛F F❤❡ ■♥HF✐F✉F❡ ❢♦I ▼✐❝I♦❡❧❡❝FI♦♥✐❝H✳ ❍✐H ♣I♦❢❡HH✐♦♥❛❧ ❛♥❞ ♣❡I✲
H♦♥❛❧ ❣✉✐❞❛♥❝❡ ❤❛H ❜❡❡♥ ✈❡I② ✈❛❧✉❛❜❧❡✳ ❉✉I✐♥❣ F❤❡ ❝♦✉IH❡ ♦❢ ♠② HF✉❞✐❡H✱ ❤❡ ❡♥H✉I❡❞ ♦❢ ❛♥
✐❞❡❛❧ ❡♥✈✐I♦♥♠❡♥F ❢♦I ❤✐❣❤ K✉❛❧✐F② I❡H❡❛I❝❤ ❛♥❞ ❣❛✈❡ ♠❡ F❤❡ ♦♣♣♦IF✉♥✐F② F♦ ❛FF❡♥❞ H❡✈❡I❛❧
❝♦♥❢❡I❡♥❝❡H ✇❤❡I❡ ■ ♠❡F ✇✐F❤ ❤✐❣❤❧② I❛♥❦❡❞ H❝✐❡♥F✐HFH ❢I♦♠ ❛❧❧ ♦✈❡I F❤❡ ❣❧♦❜❡✳ ▼♦HF ✐♠♣♦I✲
F❛♥F❧②✱ ❤✐H ❛FF✐F✉❞❡ F♦ ❛FF❛✐♥ ♣❡I❢❡❝F✐♦♥ ✐H ✈❡I② ✐♥H♣✐I✐♥❣ ❛♥❞ ■ ❤♦♣❡ F❤✐H ✐♥H♣✐I❛F✐♦♥ HF❛②H
✇✐F❤ ♠❡ F❤I♦✉❣❤ F❤❡ ❧✐❢❡✳

❚❤✐H F❤❡H✐H ✇♦I❦ ✇♦✉❧❞ ♥♦F ❤❛✈❡ ❜❡❡♥ ♣♦HH✐❜❧❡ ✇✐F❤♦✉F F❤❡ ❝♦♥FI✐❜✉F✐♦♥H ❢I♦♠ ❙F❛♥✐H❧❛✈
❚②❛❣✐♥♦✈✳ ❍❡ ❛❧✇❛②H ❤❡❧♣❡❞ ♠❡ ✇✐F❤ ❤✐H ❡①♣❡IF✐H❡ ✐♥ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ❛♥❞ ❣❛✈❡ ♠❡
✐♥✈❛❧✉❛❜❧❡ H✉❣❣❡HF✐♦♥H ♦♥ ♠② I❡H❡❛I❝❤✳ ■ ❛♠ ❤✐❣❤❧② ❣I❛F❡❢✉❧ ❢♦I ❤✐H ♣❛F✐❡♥❝❡ ❛♥❞ ✉♥❞❡I✲
HF❛♥❞✐♥❣ ❛♥❞ ❢♦I ❤❡❧♣✐♥❣ ♠❡ ❜❡❝♦♠❡ ❛ ❜❡FF❡I I❡H❡❛I❝❤❡I✳

■ ✇♦✉❧❞ ❧✐❦❡ F♦ F❤❛♥❦ ♠② ❝♦❧❧❡❛❣✉❡ ❛♥❞ ❞❡❛I ❢I✐❡♥❞ q❛✉❧ ❊❧❧✐♥❣❤❛✉H ❢♦I ❛❧❧ F❤❡ ✐♥F❡I❡HF✐♥❣
❞✐H❝✉HH✐♦♥H ❛♥❞ I❛♥FH ❞✉I✐♥❣ ♦✉I ❧✉♥❝❤ ❛F ▼❡♥H❛✳ ■ F❤❛♥❦ ❤✐♠ ❢♦I ❦❡❡♣✐♥❣ ♠❡ H❤❛I♣ ✇✐F❤
❞♦H❛❣❡ ♦❢ ❝❤❛❧❧❡♥❣✐♥❣ ♣✉③③❧❡H ✭✇❤✐❝❤ ❤❡ ❦♥❡✇ ■ ✇❛H ❛❞❞✐❝F❡❞ F♦ ❛♥❞ ❝♦✉❧❞ ♥♦F ❣❡F ♦♥ ✇✐F❤
♠② ❞❛② ✇✐F❤♦✉F H♦❧✈✐♥❣✮✳ ■ ❛♠ F❤❛♥❦❢✉❧ F♦ F❤❡ ❝♦❧❧❡❛❣✉❡H ❛F F❤❡ ✐♥HF✐F✉F❡ ▲❛❞♦✱ ❆❧❡①✱
❛♥♥✐❝❦✱ ●❡I❤❛I❞✱ ♦❧❢❤❛I❞✱ ❙❛♥F♦✱ ▼❛I❦✉H✱ ❘❛✛❛❡❧❡✱ ▼❛I❝♦✱ ❈❡I✈ ❢♦I ♠❛❦✐♥❣ ✐F ❛ ❣I❡❛F
♣❧❛❝❡ F♦ ✇♦I❦ ❛♥❞ ❤❛✈❡ ❢✉♥✳ ❚❤❡ ♣❛IF✐❡H ❛♥❞ ❣❛F❤❡I✐♥❣H ❛F F❤❡ ✐♥HF✐F✉F❡ ✇❡I❡ I❡❛❧ HFI❡HH
❜✉HF❡IH ❛♥❞ ♠② ♦♥❧② ♠❡❛♥H ♦❢ H♦❝✐❛❧ ✐♥F❡I❛❝F✐♦♥✳

❖✉FH✐❞❡ ♦❢ F❤❡ ✐♥HF✐F✉F❡✱ ■ ❛♠ F❤❛♥❦❢✉❧ F♦ ♠② ❢I✐❡♥❞H✿ ❘❛❤✉❧ ❛♥❞ ◆❡❡F✐ ❢♦I ❛❧✇❛②H ❜❡✐♥❣
❧♦✈✐♥❣ ❛♥❞ ❝❛I✐♥❣ ❢I✐❡♥❞H ❛♥❞ ✇❡❧❝♦♠✐♥❣ ♠❡ ❜❛❝❦ ❤♦♠❡✱ ❙❤✉❜❤❛♠ ❛♥❞ ▼❡❣❤❛ ❢♦I H❤❛I✐♥❣
♥✉♠❡I♦✉H FI✐♣H ❛♥❞ ♠❡♠♦I❛❜❧❡ F✐♠❡H✱ ❙❛♠❡❡I ❢♦I ❤✐H ❛❞✈✐❝❡ ❛♥❞ H✉♣♣♦IF✳

■ ❛♠ ❡F❡I♥❛❧❧② ❣I❛F❡❢✉❧ F♦ ♠② ♣❛I❡♥FH ✇❤♦ ❛❧✇❛②H ❡♥❝♦✉I❛❣❡ ♠❡ F♦ ❞♦ ❜❡FF❡I ❛♥❞
❝❤❛❧❧❡♥❣❡ ♠②H❡❧❢✳ ❚❤❡② ✐♥H♣✐I❡ ♠❡ F♦ ❜❡ ❤❛I❞✇♦I❦✐♥❣ ❛♥❞ ♣❡IH✐HF❡♥F✳

❉❡❞✐❝❛J❡❞ J♦ ♠② ❣N❛♥❞♠♦J❤❡N✳

8B❛>❡❡❦ ❙❤❛B♠❛

✐❡♥♥❛✱ ▼❛② ✷✵✶✻✳

✐✐✐



❈♦♥>❡♥>@

✶ ■♥@D♦❞✉❝@✐♦♥ ✶
✶✳✶ ❇✐❛H ❚❡♠♣❡I❛F✉I❡ ■♥HF❛❜✐❧✐F② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹
✶✳✷ ❍♦F✲❈❛II✐❡I ❉❡❣I❛❞❛F✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻
✶✳✸ ❚✐♠❡ ❉❡♣❡♥❞❡♥F ❉✐❡❧❡❝FI✐❝ ❇I❡❛❦❞♦✇♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✷ ❍♦@✲❈❛DD✐❡D ❉❡❣D❛❞❛@✐♦♥ ✶✷
✷✳✶ ▼❡❛H✉I❡♠❡♥F ❚❡❝❤♥✐K✉❡H ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✷✳✶✳✶ ❈❤❛I❣❡ q✉♠♣✐♥❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹
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✐♥F❡I❛❝F✐♦♥ ♦❢ ❝❛II✐❡IH ✇✐F❤ F❤❡ ❙✐✲❍ ❜♦♥❞H ✇❤✐❝❤ ❛I❡ ❢♦I♠❡❞ ❛F F❤❡ ❙✐✲✐♥H✉❧❛F♦I ✐♥F❡I❢❛❝❡
❞✉I✐♥❣ ❤②❞I♦❣❡♥ ❛♥♥❡❛❧✐♥❣ ♦❢ F❤❡ ✉♥♣❛HH✐✈❛F❡❞ ❙✐ ❜♦♥❞H✳ ❚❤❡ I✉♣F✉I❡ ♦❢ ✐♥F❡I❢❛❝✐❛❧ ❙✐✲❍
❜♦♥❞H ❧❡❛❞H F♦ F❤❡ ❝I❡❛F✐♦♥ ♦❢ FI❛♣H ✇❤✐❝❤ F❤❡♥ ❝❛♥ ❝❛♣F✉I❡ ❝❤❛I❣❡H ❛♥❞ ❛✛❡❝F ♥♦I♠❛❧ ❞❡✈✐❝❡
♦♣❡I❛F✐♦♥✳ ❚❤❡ ❝❤❛I❣❡❞ FI❛♣H ♣❡IF✉I❜ F❤❡ ❡❧❡❝FI♦HF❛F✐❝H ♦❢ F❤❡ ❞❡✈✐❝❡✱ ❧❡❛❞✐♥❣ F♦ ❛ ❝❤❛♥❣❡
✐♥ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ✭yVth✮✳ ❚❤❡ ✐♥F❡I❢❛❝❡ ❞❡❢❡❝FH ❝❛♥ ❛❧H♦ ❛❝F ❛H ❛❞❞✐F✐♦♥❛❧ H❝❛FF❡I✐♥❣
❝❡♥F❡IH ❛♥❞ ❧❡❛❞ F♦ ❝❤❛♥❣❡H ✐♥ F❤❡ ♠♦❜✐❧✐F② ✭µ✮ ❛♥❞ ❝♦♥H❡K✉❡♥F❧② F♦ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ ❧✐♥❡❛I
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♦❜H❡I✈❛F✐♦♥ ♦❢ F❤✐H ❞❡FI✐♠❡♥F❛❧ ♣❤❡♥♦♠❡♥♦♥ ❞❛F❡H ❜❛❝❦ ♦✈❡I ❢♦✉I ❞❡❝❛❞❡H✱ F❤❡ ❢✉❧❧ ♣❤②H✐❝❛❧
♣✐❝F✉I❡ ✐H ❝♦♠♣❧✐❝❛F❡❞ ❛♥❞ ♥♦F ②❡F ❝♦♠♣❧❡F❡❧② ✉♥❞❡IHF♦♦❞✱ ♠❛❦✐♥❣ ♣I❡❞✐❝F✐✈❡ ♠♦❞❡❧✐♥❣ ♦❢
❍❈❉ ❞✐✣❝✉❧F✳ ❆H ❛ I❡H✉❧F✱ K✉✐F❡ ♦❢F❡♥ H✐♠♣❧✐✜❡❞ ❡♠♣✐I✐❝❛❧✴♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❛♣♣I♦❛❝❤❡H
❛I❡ ✉H❡❞ ✼✱ ✽✳ ❚❤❡ H✉❝❝❡HH❢✉❧ ❛♠♦♥❣ F❤❡♠ ❛I❡ ❜❛H❡❞ ♦♥ F❤❡ H♦✲❝❛❧❧❡❞ ✏❡♥❡I❣② ❞I✐✈❡♥
♣❛I❛❞✐❣♠✑ ♣I♦♣♦H❡❞ ❜② ❘❛✉❝❤ ❛♥❞ ▲❛ ❘♦H❛ ✾✱ ✶✵✱ ✶✶✱ ✶✷✳ ❚❤❡H❡ ❛♣♣I♦❛❝❤❡H ✐♥FI♦❞✉❝❡
F❤I❡❡ ♠❛✐♥ ♠♦❞❡H ♦❢ ❍❈❉✿ ✭✐✮ ❣♦✈❡I♥❡❞ ❜② F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ✭❙❈✲♣I♦❝❡HH✮ ♠❡❝❤❛♥✐H♠ ♦❢
❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥✱ ✭✐✐✮ ❞I✐✈❡♥ ❜② F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ✭▼❈✲♣I♦❝❡HH✮ ❜♦♥❞ ❜I❡❛❦❛❣❡
♣I♦❝❡HH✱ ❛♥❞ ✭✐✐✐✮ ❞♦♠✐♥❛F❡❞ ❜② ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✭❊❊❙✮✳ ■♥ F❤❡ ❙❈✲♣I♦❝❡HH✱ ❛
❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡I I✉♣F✉I❡H F❤❡ ❙✐✲❍ ❜♦♥❞ ✐♥ ❛ H✐♥❣❧❡ ✐♥F❡I❛❝F✐♦♥✳ ❚❤✐H ♣I♦❝❡HH ✐H ❛HH✉♠❡❞
F♦ ❜❡ F❤❡ ❞♦♠✐♥❛♥F ❍❈❉ ♠❡❝❤❛♥✐H♠ ✐♥ ♠❡F❛❧ ♦①✐❞❡ H❡♠✐❝♦♥❞✉❝F♦I ✜❡❧❞ ❡✛❡❝F FI❛♥H✐HF♦IH
✭▼❖❙❋❊❚✮ HFI❡HH❡❞ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H ✭❛❧H♦ I❡❢❡II❡❞ F♦ ❛H ❝❧❛HH✐❝❛❧ ❍❈❉✮✳ ❚❤❡ ▼❈✲♣I♦❝❡HH
✐♥✈♦❧✈❡H ✐♥F❡I❛❝F✐♦♥ ♦❢ F❤❡ ❙✐✲❍ ❜♦♥❞H ✇✐F❤ ♠✉❧F✐♣❧❡ ❧♦✇ ❡♥❡I❣② ❝❛II✐❡IH ✇❤✐❝❤ ✐H ♠♦I❡
F②♣✐❝❛❧ ❢♦I H❝❛❧❡❞ ❞❡✈✐❝❡H H✉❜❥❡❝F❡❞ F♦ ❍❈❉ ❛F ❧♦✇❡I ✈♦❧F❛❣❡H✳ ❍♦✇❡✈❡I✱ ✐F ❤❛H I❡❝❡♥F❧②
❜❡❡♥ H❤♦✇♥ F❤❛F F❤❡ ▼❈ ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡ ❝❛♥ I❡H✉❧F ✐♥ ❛ H✐❣♥✐✜❝❛♥F ❝♦♥FI✐❜✉F✐♦♥ ❛❧H♦ ✐♥
❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H ✇✐F❤ ❝❤❛♥♥❡❧ ❧❡♥❣F❤H ✉♣ F♦ 2µ♠ ✶✷✱ ✶✸✱ ✶✹✱ ✇❤✐❧❡ F❤❡ ❙❈✲♣I♦❝❡HH ❝❛♥
❜❡ ✐♠♣♦IF❛♥F ❡✈❡♥ ✐♥ ❞❡❝❛♥❛♥♦♠❡F❡I ▼❖❙❋❊❚H ✶✹✱ ✶✸✱ ✶✺✳

❚❤❡I❡❢♦I❡✱ ✐♥ ♦I❞❡I F♦ ♣I♦♣❡I❧② I❡♣I❡H❡♥F F❤❡ ❝♦♥FI✐❜✉F✐♦♥H ♦❢ ❙❈✲ ❛♥❞ ▼❈✲♣I♦❝❡HH❡H ♦♥❡
♥❡❡❞H F♦ ❜❡ ❛❜❧❡ F♦ ❞✐HF✐♥❣✉✐H❤ ❜❡F✇❡❡♥ ❤♦F ❛♥❞ ❝♦❧❞ ❝❛II✐❡IH✳ ❚❤✐H ✐♥❢♦I♠❛F✐♦♥ ✐H ❝♦♥F❛✐♥❡❞
✐♥ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✭❉❋✮ ✇❤✐❝❤ ❝❛♥ ❜❡ ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ H♦❧✉F✐♦♥ ♦❢
F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✭❇❚❊✮✳ ❚❤❡I❡ ❛I❡ F✇♦ ♠❛✐♥ HFI❛F❡❣✐❡H F♦ ♦❜F❛✐♥ H✉❝❤ ❛
H♦❧✉F✐♦♥✿ F❤❡ HF♦❝❤❛HF✐❝ ▼♦♥F❡✲❈❛I❧♦ ♠❡F❤♦❞ ✶✻✱ ✶✼ ❛♥❞ ❞❡F❡I♠✐♥✐HF✐❝ ♠❡F❤♦❞H ✇❤✐❝❤ ❛I❡
❜❛H❡❞ ♦♥ ❛ I❡♣I❡H❡♥F❛F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❉❋ ❜② ❛ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ✶✽✱ ✶✾✱ ✷✵✳
❇♦F❤ ♠❡F❤♦❞H ❛I❡ ♥✉♠❡I✐❝❛❧❧② K✉✐F❡ ❝❤❛❧❧❡♥❣✐♥❣ ❡✈❡♥ ❢♦I ✉❧FI❛✲H❝❛❧❡❞ ♣❧❛♥❛I ▼❖❙❋❊❚H ❛♥❞
❡H♣❡❝✐❛❧❧② ✐♥ FI❛♥H✐HF♦IH ✇✐F❤ ✸❉ ❛I❝❤✐F❡❝F✉I❡H✳ ❚❤❡I❡❜②✱ F❤❡ ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❞❡♠❛♥❞✐♥❣
H✐♠✉❧❛F✐♦♥H ♦❢ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❛I❡ ♦❢F❡♥ ❛✈♦✐❞❡❞ ❛♥❞ F❤❡ I❛F❡H ♦❢

✶



❋✐❣✉I❡ ✶✳✶✿ ❙❝❤❡♠❛F✐❝ ♦❢ ❛♥ ♥▲❉▼❖❙ FI❛♥H✐HF♦I H❤♦✇✐♥❣ ✐FH ❝♦♠♣❧❡① ❣❡♦♠❡FI② ✇❤✐❝❤
♠❛❦❡H F❤❡ FI❛♥H♣♦IF H✐♠✉❧❛F✐♦♥H ❛♥❞ ❍❈❉ ♠♦❞❡❧✐♥❣ ❝❤❛❧❧❡♥❣✐♥❣✳

F❤❡ ❛❢♦I❡♠❡♥F✐♦♥❡❞ ♣I♦❝❡HH❡H ❛I❡ ❞❡H❝I✐❜❡❞ ❜② ❡♠♣✐I✐❝❛❧ ❢♦I♠✉❧❛H ✇❤✐❝❤ ❛I❡ I❡❧❛F❡❞ F♦ F❤❡
♠❛❝I♦H❝♦♣✐❝ FI❛♥H✐HF♦I ❝❤❛I❛❝F❡I✐HF✐❝H ✷✶✱ ✷✷✱ ✷✸✱ ✶✷✳ ◆♦F❡ F❤❛F F❤❡H❡ ♠♦❞❡❧H ❛I❡ ❞❡I✐✈❡❞
❛♥❞ ❝❛❧✐❜I❛F❡❞ ✉H✐♥❣ ❛❝❝❡❧❡I❛F❡❞ HFI❡HH ❝♦♥❞✐F✐♦♥H✳ ❚❤❡I❡❢♦I❡✱ ✐F ✐H ♣♦HH✐❜❧❡ F❤❛F ❛F I❡❛❧
♦♣❡I❛F✐♥❣ ❝♦♥❞✐F✐♦♥H F❤❡ ♣❤②H✐❝❛❧ ♣✐❝F✉I❡ ❜❡❤✐♥❞ ❍❈❉ ✐H ❞✐✛❡I❡♥F✱ F❤❡I❡❜② ♠❛❦✐♥❣ F❤❡
♠♦❞❡❧H ❜❛H❡❞ ♦♥ ❡♠♣✐I✐❝❛❧ ❡①♣I❡HH✐♦♥H ♥♦F ♣I❡❞✐❝F✐✈❡✳

❆ I❡♠❡❞② ❝❛♥ ❜❡ ❛ ♣❤②H✐❝❛❧ ❍❈❉ ♠♦❞❡❧ ✇❤✐❝❤ ❝♦✈❡IH ❛♥❞ ❧✐♥❦H F❤❡ ✇❤♦❧❡ ❤✐❡I❛I❝❤②
♦❢ F❤❡ ❛H♣❡❝FH I❡❧❛F❡❞ F♦ ❍❈❉✱ ♥❛♠❡❧② ✭✐✮ F❤♦I♦✉❣❤ ❝❛II✐❡I FI❛♥H♣♦IF FI❡❛F♠❡♥F ✇❤✐❝❤
♣I♦✈✐❞❡H F❤❡ ✐♥❢♦I♠❛F✐♦♥ ❛❜♦✉F F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ♥❡❡❞❡❞ F♦ ✭✐✐✮ ♠♦❞❡❧ F❤❡ ♠✐✲
❝I♦H❝♦♣✐❝ ♠❡❝❤❛♥✐H♠H ♦❢ FI❛♣ ❣❡♥❡I❛F✐♦♥ ❛♥❞ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ I❛F❡H✱ ❛♥❞ F♦ ✭✐✐✐✮ H✐♠✉❧❛F❡
F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝H ♦❢ F❤❡ ❞❡❣I❛❞❡❞ ❞❡✈✐❝❡H ✶✺✱ ✷✹✳ ❚❤❡ ♠♦HF ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❡①♣❡♥✲
H✐✈❡ ❛♠♦♥❣ F❤❡H❡ H✉❜✲F❛H❦H ✐H F❤❡ ❝❛II✐❡I FI❛♥H♣♦IF FI❡❛F♠❡♥F ✇❤✐❝❤ I❡K✉✐I❡H ❛ H♦❧✉F✐♦♥ ♦❢
F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✭❇❚❊✮✳ ❚❤✐H ❜❡❝♦♠❡H ❡✈❡♥ ♠♦I❡ ❝❤❛❧❧❡♥❣✐♥❣ ❢♦I ❧❛I❣❡
❞❡✈✐❝❡H ❧✐❦❡ ❧❛F❡I❛❧❧② ❞✐✛✉H❡❞ ♠❡F❛❧ ♦①✐❞❡ H❡♠✐❝♦♥❞✉❝F♦I ✭▲❉▼❖❙✮ FI❛♥H✐HF♦IH✳ ❋✐IHF ♦❢
❛❧❧✱ F❤✐H ✐H I❡❧❛F❡❞ F♦ F❤❡ F②♣✐❝❛❧ ❞✐♠❡♥H✐♦♥H ♦❢ F❤❡H❡ ❞❡✈✐❝❡H✱ ❛H ❝♦♠♣❛I❡❞ F♦ ♥❛♥♦H❝❛❧❡
❝♦♠♣❧❡♠❡♥F❛I② ♠❡F❛❧ ♦①✐❞❡ H❡♠✐❝♦♥❞✉❝F♦I ✭❈▼❖❙✮ FI❛♥H✐HF♦IH✱ ❛♥❞ F❤✉H F♦ ❛ ♠❡H❤ ✇❤✐❝❤
❝♦♥F❛✐♥H ❛ ❧❛I❣❡ ♥✉♠❜❡I ♦❢ ❝❡❧❧H✳ ❙❡❝♦♥❞✱ ❝♦♠♣❧❡① FI❛♥H✐HF♦I ❛I❝❤✐F❡❝F✉I❡H ✇✐F❤ ❢❡❛F✉I❡H
❧✐❦❡ ❛ ❜✐I❞✬H ❜❡❛❦✱ H❤❛❧❧♦✇ FI❡♥❝❤ ✐H♦❧❛F✐♦♥ ✭❙❚■✮ ❝♦I♥❡IH ❛♥❞ ♥♦♥✲♣❧❛♥❛I ✐♥F❡I❢❛❝❡H✱ H❡❡
❋✐❣✉I❡ ✶✳✶✱ ❛H ✇❡❧❧ ❛H ❤✐❣❤ ❞♦♣✐♥❣ ❣I❛❞✐❡♥FH ✐♥ ❞✐✛❡I❡♥F I❡❣✐♦♥H ♠❛❦❡ F❤❡ H✐F✉❛F✐♦♥ ✇♦IH❡✳
❤❡I❡❛H ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H F❤❡ ❝♦♠♣❧❡①✐F② ✐♥❝I❡❛H❡H ❞✉❡ F♦ ✐♥❝I❡❛H✐♥❣❧② ✐♠♣♦IF❛♥F H❝❛FF❡I✲
✐♥❣ ♠❡❝❤❛♥✐H♠H ❛♥❞ ❝♦♠♣❧❡① ✸❉ ❣❡♦♠❡FI✐❡H H✉❝❤ ❛H F❤♦H❡ ♦❢ ✜♥❋❊❚H✳ ❋✉IF❤❡I♠♦I❡✱ ❛H ✇❡
❤❛✈❡ H❤♦✇♥ ✷✺✱ ✷✻✱ ✷✼✱ ❜♦F❤ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠H ♦❢ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥
♣I♦✈✐❞❡ H✉❜HF❛♥F✐❛❧ ❝♦♥FI✐❜✉F✐♦♥H F♦ ❍❈❉ ✐♥ F❤❡H❡ ❞❡✈✐❝❡H✳

■♥ F❤✐H ❝♦♥F❡①F✱ H✐♠♣❧✐✜❡❞ ❛♣♣I♦❛❝❤❡H F♦ F❤❡ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛✲
F✐♦♥ H✉❝❤ ❛H F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ✭❉❉✮ ❛♥❞ ❡♥❡I❣② FI❛♥H♣♦IF H❝❤❡♠❡H ❛♣♣❡❛I F♦ ❜❡ ✈❡I②
❛FFI❛❝F✐✈❡ ✷✽✱ ✷✾✱ ✸✵✱ ✸✶✳ ❍♦✇❡✈❡I✱ F❤❡H❡ ❛♣♣I♦❛❝❤❡H ♦♥❧② ♣I♦✈✐❞❡ H♦♠❡ ♠♦♠❡♥FH ♦❢ F❤❡
❇❚❊ I❛F❤❡I F❤❛♥ F❤❡ ❢✉❧❧ ❉❋✱ ✇❤✐❝❤ F❤❡♥ ❤❛H F♦ ❜❡ ❡HF✐♠❛F❡❞ ✉H✐♥❣ ❛♣♣I♦①✐♠❛F❡ ❛♥❛✲
❧②F✐❝❛❧ ❡①♣I❡HH✐♦♥H✳ ❚❤❡ ♠♦HF ♣♦♣✉❧❛I ✈❛I✐❛♥F ✐H F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥ ❛♥❞
✐FH ♠♦❞✐✜❝❛F✐♦♥H ❧✐❦❡ ❛ ♣♦❧②♥♦♠✐❛❧ ✐♥ F❤❡ ❡①♣♦♥❡♥F✐❛❧ ✸✷✱ ♠♦❞❡❧H ❞❡✈❡❧♦♣❡❞ ❜② ❈❛HH✐
❡J ❛❧✳ ✸✸✱ ❍❛H♥❛F ❛♥❞ ❝♦✲❛✉F❤♦IH ✸✹✱ ❘❡❣❣✐❛♥✐ ✸✺✱ ❡F❝✳ ❚❤❡H❡ ❝❛II✐❡I ❉❋H ❛I❡ ❜❛H❡❞ ♦♥
K✉❛♥F✐F✐❡H H✉❝❤ ❛H F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ♦I F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ ♦❜F❛✐♥❡❞ ❢I♦♠ ❛ H✐♠♣❧✐✜❡❞
♠♦♠❡♥F✲❜❛H❡❞ ❇❚❊ H♦❧✉F✐♦♥✳ ❆♠♦♥❣ F❤❡♠✱ F❤❡ ♠♦HF H✉❝❝❡HH❢✉❧ ♠♦❞❡❧ ❤❛H ❜❡❡♥ ❞❡✈❡❧✲
♦♣❡❞ ❜② ❘❡❣❣✐❛♥✐ ❡J ❛❧✳ ✇❤✐❝❤ ✐H H✉✐F❛❜❧❡ ❢♦I F❤❡ ❛♥❛❧②F✐❝ ❞❡H❝I✐♣F✐♦♥ ♦❢ ❉❋H ✐♥ ▲❉▼❖❙
❞❡✈✐❝❡H ✇✐F❤ ❛ H❤❛❧❧♦✇ FI❡♥❝❤ ✐H♦❧❛F✐♦♥ ✸✺✱ ✸✻✳ ❚❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧ ✐H ❛❜❧❡ F♦ I❡♣I❡H❡♥F
F❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡ K✉✐F❡ ✇❡❧❧ ✇❤❡♥ ❛♣♣❧✐❡❞ F♦ ❍❈❉✳ ❘❡❝❡♥F❧②✱ F❤❡ ♠♦❞❡❧ ❤❛H

✷



❜❡❡♥ ❞❡♠♦♥HFI❛F❡❞ F♦ ✇♦I❦ ❢♦I ▲❖❈❖❙ ❛♥❞ ❙❚■✲❜❛H❡❞ ▲❉▼❖❙ ❞❡✈✐❝❡H ✸✼✱ ✸✽✳ ❍♦✇❡✈❡I✱
F❤❡ ♠♦❞❡❧ ❤❛H H♦♠❡ ❞✐✣❝✉❧F✐❡H ✐♥ ❝❛♣F✉I✐♥❣ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧ ♦❢ F❤❡ ❉❋ ✐♥ F❤❡ ❞I❛✐♥
I❡❣✐♦♥ ❛♥❞ ❧❡❛❞H✱ F❤❡I❡❢♦I❡✱ F♦ ❛ ❧❡HH ❛❝❝✉I❛F❡ ❞❡H❝I✐♣F✐♦♥ ♦❢ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ✐♥ F❤❡ ❞I❛✐♥
❛I❡❛ ♦❢ F❤❡ ▲❉▼❖❙✳ ❚❤❡ ✐♥❤❡I❡♥F H✐♠♣❧✐✜❝❛F✐♦♥H ✐♥ ❛❧❧ F❤❡ ❛❜♦✈❡ ♠❡♥F✐♦♥❡❞ ♠♦❞❡❧H ❧✐♠✐FH
F❤❡✐I ❛♣♣❧✐❝❛❜✐❧✐F② ❛♥❞✱ F❤✉H✱ F❤❡② ❝❛♥♥♦F ❛❧✇❛②H H✉❜HF✐F✉F❡ F❤❡ H♦❧✉F✐♦♥ ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡
❇❚❊✳ ■♥ F❤✐H ✇♦I❦✱ ❛♥ ❛♥❛❧②F✐❝❛❧ ❛♣♣I♦❛❝❤ ❜❛H❡❞ ♦♥ F❤❡ ♣❤②H✐❝❛❧ ♠❡❝❤❛♥✐H♠ ✐H ❞❡✈❡❧♦♣❡❞
❢♦I ❉❋H ❛♥❞ ❍❈❉ ♣I❡❞✐❝F✐♦♥✳

❚❤❡ HFI✉❝F✉I❡ ♦❢ F❤❡ F❤❡H✐H ✐H ❛H ❢♦❧❧♦✇H✿ ■♥ ♦I❞❡I F♦ ♣I❡❝✐H❡❧② ♠♦❞❡❧ F❤❡ ❞❡✈✐❝❡ ❞❡❣I❛❞❛✲
F✐♦♥ ❞✉❡ F♦ ❍❈❉✱ ✐F ✐H ✐♠♣♦IF❛♥F F♦ ✉♥❞❡IHF❛♥❞ F❤❡ ❞✐✛❡I❡♥❝❡ ❜❡F✇❡❡♥ ❞✐✛❡I❡♥F I❡❧✐❛❜✐❧✐F②
✐HH✉❡H ✐♥ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H✳ ❚❤✉H✱ F❤❡ ❞✐✛❡I❡♥F ❞❡❣I❛❞❛F✐♦♥ ♠❡❝❤❛♥✐H♠H ❛♥❞ ❛✈❛✐❧✲
❛❜❧❡ ❝❛II✐❡I FI❛♥H♣♦IF ♠♦❞❡❧H ✐♥ ♠✐❝I♦❡❧❡❝FI♦♥✐❝ ❞❡✈✐❝❡H ❛I❡ ❞✐H❝✉HH❡❞ ✐♥ ❈❤❛♣F❡I ✶✳ ❚❤❡
F❤I❡❡ ♠❛✐♥ I❡❧✐❛❜✐❧✐F② ✐HH✉❡H ❞✐H❝✉HH❡❞ ❛I❡✿ ❜✐❛H F❡♠♣❡I❛F✉I❡ ✐♥HF❛❜✐❧✐F② ✭❇❚■✮✱ ❤♦F✲❝❛II✐❡I
❞❡❣I❛❞❛F✐♦♥ ✭❍❈❉✮ ❛♥❞ F✐♠❡ ❞❡♣❡♥❞❡♥F ❞✐❡❧❡❝FI✐❝ ❜I❡❛❦❞♦✇♥ ✭❚❉❉❇✮✳ ❇❚■ ✐H ♠❛✐♥❧② ❛F✲
FI✐❜✉F❡❞ F♦ F❤❡ ❝I❡❛F✐♦♥ ♦❢ ♦①✐❞❡ ❞❡❢❡❝FH ❛♥❞ ✐♥F❡I❢❛❝❡ FI❛♣H ❞✉❡ F♦ ❛♣♣❧✐❡❞ ❜✐❛H ❛F ❡❧❡✈❛F❡❞
F❡♠♣❡I❛F✉I❡H ✇❤✐❧❡ F❤❡ ❝❛II✐❡IH ❛I❡ ✐♥ ❡K✉✐❧✐❜I✐✉♠ ✸✾✱ ✹✵✱ ✹✶✳ ❍❈❉✱ ♦♥ F❤❡ ♦F❤❡I ❤❛♥❞✱
♦❝❝✉IH ❞✉❡ F♦ F❤❡ ❣❡♥❡I❛F✐♦♥ ♦❢ ❞❡❢❡❝FH ❛F F❤❡ ♦①✐❞❡✲H❡♠✐❝♦♥❞✉❝F♦I ✐♥F❡I❢❛❝❡ ❜② F❤❡ ✐♠✲
♣✐♥❣✐♥❣ ❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡IH ✶✱ ✼✳ ❚❉❉❇ ✐H ❛ I❡H✉❧F ♦❢ ❛ ♣❡I❝♦❧❛F✐♦♥ ♣❛F❤ ✐♥ F❤❡ ❞✐❡❧❡❝FI✐❝
✇❤✐❝❤ ❞❡✈❡❧♦♣H ❞✉❡ F♦ ❛♥ ❛♣♣❧✐❡❞ ✜❡❧❞ ❛❝I♦HH F❤❡ ✐♥H✉❧❛F♦I ✹✷✱ ✹✸✳

❈❤❛♣F❡I ✷ ✐H ❢♦❝✉H❡❞ ♦♥ ❍❈❉ ✇❤✐❝❤ ✐H ♦❢ ♠♦HF I❡❧❡✈❛♥❝❡ ❢♦I F❤✐H ✇♦I❦✳ ❚❤✐H ❝❤❛♣F❡I
❛❧H♦ ❞✐H❝✉HH❡H F❤❡ ❞✐✛❡I❡♥F ❡①♣❡I✐♠❡♥F❛❧ F❡❝❤♥✐K✉❡H ✉H❡❞ F♦ ❡①FI❛❝F ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F②
♣I♦✜❧❡H ✇❤✐❝❤ ❛I❡ ❛♥ ✐♠♣♦IF❛♥F ♠❡FI✐❝ ♦❢ ❞❡❣I❛❞❛F✐♦♥✳ ❈❤❛♣F❡I ✸ ❣✐✈❡H ❛♥ ♦✈❡I✈✐❡✇ ♦❢ F❤❡
❡①✐HF✐♥❣ ❍❈❉ ♠♦❞❡❧H✱ ✇❤✐❧❡ ❈❤❛♣F❡I ✹ ❞❡❛❧H ✇✐F❤ F❤❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡❧ ❞❡✲
I✐✈❡❞ ❜② ♦✉I ❣I♦✉♣ ✶✸✱ ✷✺✱ ✹✹✳ ❙✐♥❝❡ F❤❡ ❛❝❝✉I❛F❡ ❞❡H❝I✐♣F✐♦♥ ♦❢ ❍❈❉ I❡K✉✐I❡H ❡✈❛❧✉❛F✐♥❣
F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✈✐❛ ❛ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥✱ H♣❡❝✐❛❧
❡♠♣❤❛H✐H ✐H ❣✐✈❡♥ F♦ F❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ❛♥❞ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ♠❡F❤♦❞H✳
❚❤✉H✱ F✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ ❤❛✈❡ ❜❡❡♥ ✉H❡❞ ✐♥ F❤✐H ✇♦I❦✱ ♦♥❡ ❜❛H❡❞ ♦♥ ❝❛II✐❡I
FI❛♥H♣♦IF FI❡❛F♠❡♥F ❜② ♠❡❛♥H ♦❢ ❞❡F❡I♠✐♥✐HF✐❝ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛✲
F✐♦♥ ❛♥❞ ❛♥♦F❤❡I ✉H❡H F❤❡ H✐♠♣❧✐✜❡❞ ❞I✐❢F✲❞✐✛✉H✐♦♥ H❝❤❡♠❡✳ ■♥ F❤❡ ❧❛FF❡I ✐♠♣❧❡♠❡♥F❛F✐♦♥
♦❢ ♦✉I ♠♦❞❡❧ ❛♥ ❛♥❛❧②F✐❝❛❧ ❡①♣I❡HH✐♦♥ ✐H ❡♠♣❧♦②❡❞ F♦ ❛♣♣I♦①✐♠❛F❡ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐H✲
FI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❢♦I F❤❡ ❡♥F✐I❡ ❞❡✈✐❝❡✳ ■♥ ❈❤❛♣F❡I ✺✱ F❤❡ I❡H✉❧FH ♦❢ ❜♦F❤ ✈❡IH✐♦♥H ♦❢ F❤❡
♠♦❞❡❧ ❛I❡ ❝♦♠♣❛I❡❞ ❛❣❛✐♥HF ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❢♦I F❤❡ ♥✲❛♥❞ ♣✲❝❤❛♥♥❡❧ ▲❉▼❖❙ FI❛♥H✐HF♦IH
❛♥❞ ❛ ❝♦♥❝❧✉H✐♦♥ ♦♥ F❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤ ✐H ❞I❛✇♥✳ ❚❤❡ I❡H✉❧FH H✉❣❣❡HF
F❤❡ ❡✣❝✐❡♥❝② ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ♠❡F❤♦❞ ❢♦I ♣I❡❞✐❝F✐✈❡ ❍❈❉ H✐♠✉❧❛F✐♦♥H ♦❢ ▲❉▼❖❙ ❞❡✈✐❝❡H✳
❚❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❝♦❧❞ ❝❛II✐❡IH F♦ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐H ❛❧H♦ ❛♥❛❧②H❡❞✳ ❚❤❡ ❡✛❡❝F ♦❢
❝♦❧❞ ❝❛II✐❡IH ✐♥ ♦✉I ❍❈❉ ♠♦❞❡❧ ✐H F✇♦❢♦❧❞✿ ✜IHF❧②✱ ❛ ❝♦❧❞ ❝❛II✐❡I F❡I♠ ✐H ✉H❡❞ ✐♥ F❤❡ ❡♥❡I❣②
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ F♦ ❛❝❝♦✉♥F ❢♦I ❧♦✇ ❡♥❡I❣② ❝❛II✐❡IH✱ ❛♥❞ H❡❝♦♥❞❧②✱ F❤❡ ❝♦❧❞ ❝❛II✐❡IH
❞❡F❡I♠✐♥❡ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ♦❢ ❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥✳

❈❤❛♣F❡I ✻ ❝♦♠♣❛I❡H F❤❡ ❞✐✛❡I❡♥F ♠♦❞❡❧H ❢♦I ❝❛❧❝✉❧❛F✐♥❣ F❤❡ ❝❛II✐❡I ❉❋H✳ ❚❤❡ ❉❋H
♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H ❛I❡ ✉H❡❞ ✐♥ ♦✉I ❍❈❉ H✐♠✉❧❛F✐♦♥H F♦ ♣I❡❞✐❝F F❤❡
❞❡❣I❛❞❛F✐♦♥ ✐♥ ♥▲❉▼❖❙ ❞❡✈✐❝❡H ✹✺✳ ❚❤❡ H✐♠✉❧❛F❡❞ ❝❤❛♥❣❡H ✐♥ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H ❛I❡
❝♦♠♣❛I❡❞ F♦ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❛♥❞ ❝♦♥❝❧✉H✐♦♥H ♦♥ F❤❡ ✈❛❧✐❞✐F② ♦❢ ❡❛❝❤ ♠♦❞❡❧ ❛I❡ ❞I❛✇♥✳
❙✐♥❝❡ ❛❧❧ ♠♦❞❡❧H ✉H❡ F❤❡ H❛♠❡ ♣❛I❛♠❡F❡I H❡F✱ F❤❡ ❞✐✛❡I❡♥❝❡H ✐♥ F❤❡ I❡H✉❧FH ❝❛♥ ❜❡ ❞✐I❡❝F❧②
FI❛❝❡❞ ❜❛❝❦ F♦ ✐♥❛❝❝✉I❛❝✐❡H ✐♥ F❤❡ ❛♣♣I♦①✐♠❛F✐♦♥ ♦❢ F❤❡ ❉❋✳ ❈❤❛♣F❡I ✼ ❡①♣❧♦I❡H F❤❡ ❧✐♠✐FH
♦❢ F❤❡ ❉❉✲❜❛H❡❞ ♠❡F❤♦❞ ❢♦I ♦❜F❛✐♥✐♥❣ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❉❋✳ ❚❤❡ ❛♥❛❧②F✐❝❛❧ ❛♣♣I♦❛❝❤ ✐H
✉H❡❞ ♦♥ ♣❧❛♥❛I ❞❡✈✐❝❡H ✇✐F❤ ❞✐✛❡I❡♥F ❞✐♠❡♥H✐♦♥H ❛♥❞ F❤❡ ❍❈❉ ♣I❡❞✐❝F❡❞ ❜② F❤❡ ❙❍❊✲ ❛♥❞
❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤❡H ❛I❡ ❝♦♠♣❛I❡❞✳ ❚❤❡ I❡H✉❧FH H✉❣❣❡HF F❤❛F F❤❡ ❉❉ ♠❡F❤♦❞ F♦ ♦❜F❛✐♥
F❤❡ ❝❛II✐❡I ❉❋ ❧♦♦H❡H ✐FH ✈❛❧✐❞✐F② ❢♦I ❞❡✈✐❝❡H H❝❛❧❡❞ ❜❡②♦♥❞ ✶✳✺µ♠✳ ❈❤❛♣F❡I ✽ ❞❡❛❧H ✇✐F❤ ❛♥
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10−6 10−3 100 103
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10−6 10−3 100 103

tr [s]

❋✐❣✉I❡ ✶✳✷✿ ❚❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢FH ❞✉I✐♥❣ ◆❇❚■ HFI❡HH ✭ts✮ ❛♥❞ I❡❝♦✈❡I② ✭tr✮ ✐♥ ❛
♣▼❖❙❋❊❚ ✇✐F❤ ❛ ✷✳✷ ♥♠ F❤✐❝❦ ❙✐❖◆ ♦①✐❞❡ ✹✻✳ ❉♦FF❡❞✱ ❞❛H❤❡❞ ❛♥❞ H♦❧✐❞ ❧✐♥❡H I❡♣I❡H❡♥F
F❤❡ I❡❝♦✈❡I❛❜❧❡✱ ♣❡I♠❛♥❡♥F ❛♥❞ F❤❡ F♦F❛❧ ❞❡❣I❛❞❛F✐♦♥✱ I❡H♣❡❝F✐✈❡❧②✱ ♦❜F❛✐♥❡❞ ❢I♦♠ H✐♠✉✲
❧❛F✐♦♥H ✉H✐♥❣ F❤❡ ◆▼q ♠♦❞❡❧✱ ✇❤✐❧❡ F❤❡ H②♠❜♦❧H I❡♣I❡H❡♥F F❤❡ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛✳ ❚❤❡
♠❡❛H✉I❡♠❡♥FH ❛♥❞ H✐♠✉❧❛F✐♦♥H ✇❡I❡ ♣❡I❢♦I♠❡❞ ✇✐F❤ ❛ H✉❜H❡K✉❡♥F ✐♥❝I❡❛H❡ ✐♥ HFI❡HH ❞✉I❛✲
F✐♦♥✳ ❚❤❡ I❡❝♦✈❡I② ❝✉I✈❡H H✉❣❣❡HF F❤❛F F❤❡ ❞❡✈✐❝❡ ❞♦❡H ♥♦F ❢✉❧❧② I❡❝♦✈❡I ✇✐F❤✐♥ F❤❡ ❣✐✈❡♥
❡①♣❡I✐♠❡♥F❛❧ ✇✐♥❞♦✇✳

❡①F❡♥H✐♦♥ ♦❢ ♦✉I ❉❉✲❜❛H❡❞ ♠♦❞❡❧ F♦ ❞❡❝❛♥❛♥♦♠❡F❡I ▼❖❙❋❊❚H ❜② ✐♥❝♦I♣♦I❛F✐♥❣ F❤❡ ❡✛❡❝FH
♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ♦♥ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥✳ ■♥ ❈❤❛♣F❡I ✾✱ H♦♠❡ ❝♦♥❝❧✉H✐♦♥H
❛I❡ ❞I❛✇♥✱ ✇❤✐❧❡ ❈❤❛♣F❡I ✶✵ ❞✐H❝✉HH❡H ❢✉F✉I❡ I❡✜♥❡♠❡♥FH ❛♥❞ ❛♥ ♦✉F❧♦♦❦ F♦✇❛I❞H ♣I❡❞✐❝F✐✈❡
❍❈❉ ♠♦❞❡❧✐♥❣✳

✶✳✶ ❇✐❛C ❚❡♠♣❡E❛A✉E❡ ■♥CA❛❜✐❧✐A②

❇✐❛H F❡♠♣❡I❛F✉I❡ ✐♥HF❛❜✐❧✐F② I❡❢❡IH F♦ F❤❡ F✐♠❡✲❞❡♣❡♥❞❡♥F ✐♥HF❛❜✐❧✐F② ✐♥ FI❛♥H✐HF♦IH ✇❤✐❝❤
❛❝❝❡❧❡I❛F❡H ✇❤❡♥ ❜✐❛H ❛♥❞ F❡♠♣❡I❛F✉I❡ ❛I❡ ✐♥❝I❡❛H❡❞✳ ■F ✐H ♣❛IF✐❝✉❧❛I❧② ♦❜H❡I✈❡❞ ✇❤❡♥ ❛
❤✐❣❤ ✈♦❧F❛❣❡ ✐H ❛♣♣❧✐❡❞ F♦ F❤❡ ❣❛F❡ ❝♦♥F❛❝F ♦❢ ❛ FI❛♥H✐HF♦I ❛F ❡❧❡✈❛F❡❞ F❡♠♣❡I❛F✉I❡✱ ✇❤✐❧❡
F❤❡ ♦F❤❡I ❝♦♥F❛❝FH I❡♠❛✐♥ ❣I♦✉♥❞❡❞✳ qI❡✈✐♦✉H❧② ❇❚■ ✇❛H ❝♦♥H✐❞❡I❛❜❧❡ ♦♥❧② ✐♥ ♣✲❝❤❛♥♥❡❧
▼❖❙❋❊❚H✱ ❡H♣❡❝✐❛❧❧② ✇✐F❤ ❙✐❖◆ ❣❛F❡ ❞✐❡❧❡❝FI✐❝H✱ ❞✉❡ F♦ ❤♦❧❡ FI❛♣♣✐♥❣ ❛♥❞ ✐♥F❡I❢❛❝❡ HF❛F❡
❣❡♥❡I❛F✐♦♥✱ ❜✉F ♥❡❣❧✐❣✐❜❧❡ ❡❧❡❝FI♦♥ FI❛♣♣✐♥❣ ✶✱ ✹✼✱ ✹✽✳ ❍♦✇❡✈❡I✱ ✇✐F❤ F❤❡ ✉H❡ ♦❢ ❤✐❣❤✲❑
❞✐❡❧❡❝FI✐❝H✱ ❜♦F❤ ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ ▼❖❙❋❊❚H ❝❛♥ ❡①❤✐❜✐F ❝♦♥H✐❞❡I❛❜❧❡ ❇❚■ ❞✉❡ F♦ ❡❧❡❝FI♦♥
❛♥❞ ❤♦❧❡ FI❛♣♣✐♥❣ ✐♥ F❤❡ ❤✐❣❤✲❑ ❛♥❞ ✐♥F❡I❢❛❝✐❛❧ ♦①✐❞❡ ❧❛②❡I ✹✾✱ ✺✵✳ ❆♥♦F❤❡I ❢❛❝F♦I ❧❡❛❞✐♥❣
F♦ ♣I♦♥♦✉♥❝❡❞ ❇❚■ ✐♥ ♠♦❞❡I♥ ❞❡✈✐❝❡H ✐H F❤❡ ❛❣❣I❡HH✐✈❡ ❞♦✇♥✲H❝❛❧✐♥❣ ❣✐✈✐♥❣ I✐H❡ F♦ ❤✐❣❤
❡❧❡❝FI✐❝ ✜❡❧❞H F♦ ♠❛✐♥F❛✐♥ ❛ I❡❛H♦♥❛❜❧❡ H✉❜F❤I❡H❤♦❧❞ ❧❡❛❦❛❣❡✳ ■♥❝I❡❛H❡ ✐♥ F❤❡ ❞❡♥H✐F② ♦❢
✐♥F❡❣I❛F❡❞ ❝✐I❝✉✐FH ❢♦I ✉❧FI❛ ❧❛I❣❡ H❝❛❧❡ ✐♥F❡❣I❛F❡❞ H②HF❡♠H ♦♥ ❝❤✐♣H ❛❧H♦ ❧❡❛❞H F♦ ❛♥ ✐♥❝I❡❛H❡
✐♥ F❤❡ ♣♦✇❡I ❞✐HH✐♣❛F✐♦♥ ❛♥❞ H❡❧❢ ❤❡❛F✐♥❣✳

✹



❚❤❡ ❇❚■ ✐♥ ♥✲ ❛♥❞ ♣✲▼❖❙ FI❛♥H✐HF♦IH ✐H ♦❜H❡I✈❡❞ ✇❤❡♥ ❛ ♣♦H✐F✐✈❡ ♦I ❛ ♥❡❣❛F✐✈❡ ✈♦❧F❛❣❡
✐H ❛♣♣❧✐❡❞ ❛F F❤❡ ❣❛F❡ ❛♥❞ F❤✉H F❤❡ ♣❤❡♥♦♠❡♥♦♥ ✐H I❡❢❡II❡❞ F♦ ❛H ♣♦H✐F✐✈❡ ❜✐❛H F❡♠♣❡I❛✲
F✉I❡ ✐♥HF❛❜✐❧✐F② ✭q❇❚■✮ ♦I ♥❡❣❛F✐✈❡ ❜✐❛H F❡♠♣❡I❛F✉I❡ ✐♥HF❛❜✐❧✐F② ✭◆❇❚■✮✱ I❡H♣❡❝F✐✈❡❧②✳ ❚❤❡
❝♦♥H❡K✉❡♥❝❡ ♦❢ ❇❚■ ✐H ❛ ❝❤❛♥❣❡ ✐♥ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ✐♥ F❤❡ ✐♥✈❡IH✐♦♥ ♠♦❞❡✱ F❤✉H✱ ❧❡❛❞✲
✐♥❣ F♦ ❛ ❝❤❛♥❣❡ ✐♥ F❤❡ ❞I❛✐♥ ❝✉II❡♥F✳ ❇❚■ ❛❧H♦ ❛✛❡❝FH ♦F❤❡I ❞❡✈✐❝❡ ♣❛I❛♠❡F❡IH H✉❝❤ ❛H
FI❛♥H❝♦♥❞✉❝F❛♥❝❡ ❛♥❞ ❣❛F❡✲❞I❛✐♥ ❝❛♣❛❝✐F❛♥❝❡✳ ■♥ ❈▼❖❙ ❝✐I❝✉✐FH F❤✐H ✇♦✉❧❞ ♠❡❛♥ ♣❡I❢♦I✲
♠❛♥❝❡ ❞❡❣I❛❞❛F✐♦♥ H✉❝❤ ❛H I❡❞✉❝F✐♦♥ ♦❢ F❤❡ H✇✐F❝❤✐♥❣ H♣❡❡❞✳ ❚❤✐H ❞❡❣I❛❞❛F✐♦♥ ✐H ✉H✉❛❧❧②
❛FFI✐❜✉F❡❞ F♦ ❝❤❛I❣❡❛❜❧❡ ❞❡❢❡❝FH✱ ❢♦I ✐♥HF❛♥❝❡ F❤❡ ❤②❞I♦❣❡♥ ❜I✐❞❣❡ ❛♥❞ F❤❡ ❤②❞I♦①②❧ E�

❝❡♥F❡IH ✺✶✱ ✺✷✱ ✺✸✳ ❚❤❡ ♦F❤❡I ❝♦♥FI✐❜✉F♦IH F♦ ❇❚■ ❛I❡ ✐♥F❡I❢❛❝❡ FI❛♣H✳ ❚❤❡H❡ ❞❡❢❡❝FH ❛I❡
♣I❡H❡♥F ❞✐I❡❝F❧② ❛F F❤❡ ✐♥F❡I❢❛❝❡ ✭I❡♣I❡H❡♥F❡❞ ✇✐F❤ ❛ ❞❡♥H✐F② Nit✮ ♦❢ F❤❡ H✉❜HFI❛F❡ ❛♥❞ ❣❛F❡
✐♥H✉❧❛F♦I ✐♥ ▼❖❙ ❞❡✈✐❝❡H ✸✾✱ ✹✵✳ ❚❤❡ ❝❛♣F✉I❡ ❛♥❞ ❡♠✐HH✐♦♥ ♦❢ ❝❤❛I❣❡ ❝❛II✐❡IH ❜② F❤❡H❡
❞❡❢❡❝FH ❝❛✉H❡H ❝❤❛♥❣❡H ✐♥ F❤❡ ❡❧❡❝FI♦HF❛F✐❝H ♦❢ F❤❡ ❞❡✈✐❝❡ ✇❤✐❝❤ ❞✐HF✉I❜ ✐FH ❢✉♥❝F✐♦♥❛❧✐F②✳
❋♦I ❡①❛♠♣❧❡✱ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ✐♥ ❛ ♣✲▼❖❙❋❊❚ ✐H ❣✐✈❡♥ ❜② ✸✾

Vt = ΦMS − Qox

Cox
− Qit(2ΦF)

Cox
− 2ΦF − QS

Cox
, ✭✶✳✶✮

✇❤❡I❡ ΦMS ✐H F❤❡ ✇♦I❦ ❢✉♥❝F✐♦♥ ❞✐✛❡I❡♥❝❡ ❜❡F✇❡❡♥ F❤❡ ❣❛F❡ ❛♥❞ F❤❡ H✉❜HFI❛F❡✱ ΦF F❤❡
❋❡I♠✐ ♣♦F❡♥F✐❛❧✱ Qox ✭= qNot✮ F❤❡ ♦①✐❞❡ ❝❤❛I❣❡ ❞❡♥H✐F②✱ Qit ✭= qNit✮ F❤❡ ✐♥F❡I❢❛❝❡ ❝❤❛I❣❡
❞❡♥H✐F②✱ QS F❤❡ H❡♠✐❝♦♥❞✉❝F♦I ❝❤❛I❣❡ ❞❡♥H✐F②✱ ❛♥❞ Cox F❤❡ ♦①✐❞❡ ❝❛♣❛❝✐F❛♥❝❡ ♣❡I ✉♥✐F ❛I❡❛✳
❚❤❡ ♦①✐❞❡ ❛♥❞ ✐♥F❡I❢❛❝❡ ❝❤❛I❣❡H ❞❡♥♦F❡ F❤❡ ❝❤❛I❣❡H FI❛♣♣❡❞ ❜② ❝♦II❡H♣♦♥❞✐♥❣ ❞❡❢❡❝FH ❛♥❞✱
F❤✉H✱ ❊K✉❛F✐♦♥ ✶✳✶ ❛♣♣I♦①✐♠❛F❡H F❤❡ I❡❧❛F✐♦♥ ❜❡F✇❡❡♥ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ❛♥❞ F❤❡ ❝❤❛♥❣❡
✐♥ F❤❡ ♦①✐❞❡ ❛♥❞ ✐♥F❡I❢❛❝❡ ❝❤❛I❣❡ ❞❡♥H✐F✐❡H✳ ■F H❤♦✉❧❞ ❜❡ ♥♦F❡❞ F❤❛F ❊K✉❛F✐♦♥ ✶✳✶ ❛HH✉♠❡H
F❤❛F F❤❡ ♦①✐❞❡ ❝❛♣❛❝✐F❛♥❝❡ Cox I❡♠❛✐♥H ✉♥❝❤❛♥❣❡❞ ❞✉I✐♥❣ HFI❡HH ✺✹✳ ❆ ❝❤❛I❛❝F❡I✐HF✐❝
❢❡❛F✉I❡ ♦❢ ❇❚■ ✐H I❡❝♦✈❡I②✱ ♠❡❛♥✐♥❣ F❤❛F ✉♣♦♥ F❤❡ I❡♠♦✈❛❧ ♦❢ HFI❡HH F❤❡ ❞❡✈✐❝❡ ♣❛I❛♠❡F❡IH
F❡♥❞ F♦ ❛FF❛✐♥ F❤❡✐I ♦I✐❣✐♥❛❧ ✈❛❧✉❡H ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✶✳✷✳ ❚❤❡ ❞✐✛❡I❡♥❝❡ ❜❡F✇❡❡♥ F❤❡
♦I✐❣✐♥❛❧ ❛♥❞ I❡❝♦✈❡I❡❞ ✈❛❧✉❡H ♦❢ F❤❡ ♣❛I❛♠❡F❡IH ✐H ♦❢F❡♥ ❝❛❧❧❡❞ F❤❡ ♣❡I♠❛♥❡♥F ❝♦♠♣♦♥❡♥F
♦❢ ❇❚■✳ ■♥ F❤❡ ♣❛HF✱ F❤❡ I❡❝♦✈❡I② ♦❢ ❇❚■ ✇❛H ❧❛I❣❡❧② ❛FFI✐❜✉F❡❞ F♦ Not I❡❝♦✈❡I② ♦♥ I❡♠♦✈❛❧
♦❢ HFI❡HH✱ ✇❤✐❧❡ F❤❡ Nit ✇❡I❡ ❝♦♥H✐❞❡I❡❞ F♦ I❡♠❛✐♥ ✉♥❝❤❛♥❣❡❞ ❞✉I✐♥❣ F❤❡ I❡❝♦✈❡I② ♣❤❛H❡ ✺✺✳
❍♦✇❡✈❡I✱ F❤✐H ❞✐✛❡I❡♥F✐❛F✐♦♥ ✐H ♦❢F❡♥ ❞❡❜❛F❡❞ ❛♥❞ ✐F ✇❛H H❤♦✇♥ F❤❛F Not ❛❧H♦ ❝♦♥FI✐❜✉F❡H F♦
F❤❡ ♣❡I♠❛♥❡♥F ❝♦♠♣♦♥❡♥F ♦❢ ❇❚■ ✺✼✱ F❤❡I❡❜② ♠❛❦✐♥❣ F❤❡ ❝❤❛I❛❝F❡I✐③❛F✐♦♥ ♦❢ ❇❚■ ♠✉❝❤
♠♦I❡ ❝♦♠♣❧❡①✳

❆ ♠❛❥♦I✐F② ♦❢ F❤❡ ♠♦❞❡❧✐♥❣ ❛FF❡♠♣FH ❢♦❝✉H ♦♥ ◆❇❚■ ❛H ✐F ✐H ❛ H❡✈❡I❡ ♣I♦❜❧❡♠ ✐♥ Si/SiO2

❜❛H❡❞ ❞❡✈✐❝❡H✳ ■♥ F❤✐H I❡H♣❡❝F✱ F❤❡ ❘❡❛❝F✐♦♥✕❉✐✛✉H✐♦♥ ✭❘❉✮ ♠♦❞❡❧ ❛♥❞ ✐FH ❡①F❡♥H✐♦♥H ❤❛✈❡
❜❡❡♥ ✇✐❞❡❧② ✉H❡❞ ✺✽✱ ✺✾✱ ✻✵✱ ✻✶✳ ✐F❤✐♥ F❤❡ ❢I❛♠❡✇♦I❦ ♦❢ F❤❡ ❘❉ ♠♦❞❡❧✱ F❤❡ I❡❛❝F✐♦♥
♣❤❛H❡ ❝♦♥H✐HFH ♦❢ ✐♥F❡I❢❛❝❡ FI❛♣ ❣❡♥❡I❛F✐♦♥ ❛♥❞ I❡❧❡❛H❡ ♦❢ ❤②❞I♦❣❡♥ ❛H ❛ ❝♦♥H❡K✉❡♥❝❡✳ ❚❤❡
I❡❛❝F✐♦♥ ✐H ❞✐✛✉H✐♦♥✲❧✐♠✐F❡❞✳ ❚❤❡ I❡❧❡❛H❡❞ ❤②❞I♦❣❡♥ ✐H F❤❡♥ ❛HH✉♠❡❞ F♦ ❞✐✛✉H❡ ✐♥F♦ F❤❡ ♦①✐❞❡
❞✉I✐♥❣ F❤❡ HFI❡HH✳ ❚❤✐H ❞✐✛✉H✐♦♥ ✐H ❞❡♣❡♥❞❡♥F ♦♥ F❤❡ HFI❡HH F✐♠❡✳ ❉✉I✐♥❣ F❤❡ HFI❡HH ♣❤❛H❡ F❤❡
❞❡❣I❛❞❛F✐♦♥✱ ✐✳❡✳ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥✱ ♣I❡❞✐❝F❡❞ ❜② F❤❡ ❘❉ ♠♦❞❡❧ F②♣✐❝❛❧❧② ❞❡♣❡♥❞H
♦♥ HFI❡HH F✐♠❡ ❛H tn ✸✾✳ ❍♦✇❡✈❡I✱ F❤❡ I❡❧❛①❛F✐♦♥ ♦I I❡❝♦✈❡I② ❤❛H ♥♦F ❜❡❡♥ ❛❞❡K✉❛F❡❧②
❡①♣❧❛✐♥❡❞ ❜② ❛♥② ❡①F❡♥H✐♦♥ ♦❢ F❤❡ ❘❉ ♠♦❞❡❧✳

❚❤❡ ❘❉ ♠♦❞❡❧H ❤❛✈❡ ♣I♦✈❡♥ F♦ ❜❡ ✐♥❛❝❝✉I❛F❡ ❛♥❞ ❧❛F❡I HF✉❞✐❡H ❤❛✈❡ ❧✐♥❦❡❞ ◆❇❚■ F♦
I❡❛❝F✐♦♥✲❧✐♠✐F❡❞ ♣I♦❝❡HH❡H ❧✐❦❡ ❝❤❛I❣❡ FI❛♣♣✐♥❣ ❛♥❞ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥ ✺✺✱ ✻✷✱ ✻✸✱
✻✹✳ ❙♦♠❡ ❜❡FF❡I ❞❡H❝I✐♣F✐♦♥H ✇❡I❡ ❣✐✈❡♥ ❜② F❤❡ ❞♦✉❜❧❡ ❛♥❞ FI✐♣❧❡ ✇❡❧❧ ♠♦❞❡❧H ✇❤❡I❡
F❤❡ ❞✐✛✉H✐♦♥ ♦❢ ❤②❞I♦❣❡♥ ✐H I❡♣❧❛❝❡❞ ❜② ❞✐H♣❡IH✐✈❡ ❜♦♥❞✲❜I❡❛❦✐♥❣ ✺✾✱ ✻✺✱ ✻✻✳ ❆ ♠♦I❡
❛❞✈❛♥❝❡❞ ♠♦❞❡❧ ✇❤✐❝❤ ✇❛H ❞❡✈✐H❡❞ F♦ ❡①♣❧❛✐♥ F❤❡ ♠♦I❡ ❝♦♠♣❧❡① ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ✇❛H
F❤❡ F✇♦ HF❛❣❡ ♠♦❞❡❧ ✻✼✳ ❚❤✐H ♠♦❞❡❧ H✉❣❣❡HF❡❞ ❤♦❧❡ ❝❛♣F✉I❡ F♦ ♦❝❝✉I ✐♥ F❤❡ ❣❛F❡ ♦①✐❞❡
❞✉❡ F♦ F❤❡ ♣I❡H❡♥❝❡ ♦❢ ❜♦I❞❡I FI❛♣H ✐♥HF❡❛❞ ♦❢ F❤❡ ❙✐✴✐♥H✉❧❛F♦I ✐♥F❡I❢❛❝❡✳ ❚❤❡ ✐♥FI♦❞✉❝F✐♦♥

✺



❋✐❣✉I❡ ✶✳✸✿ ❉❡H❝I✐♣F✐♦♥ ♦❢ F❤❡ ♥❡✉FI❛❧ ❛♥❞ ❝❤❛I❣❡❞ HF❛F❡H ♦❢ ❛♥ ❡①❛♠♣❧❡ ♦①✐❞❡ ❞❡❢❡❝F ✇✐F❤✐♥
F❤❡ ❢♦✉I HF❛F❡ ♠♦❞❡❧ ❢I❛♠❡✇♦I❦✳ ❆ ❤♦❧❡ ❝❛♣F✉I❡ ❡✈❡♥F ✐♥ F❤❡ ❡K✉✐❧✐❜I✐✉♠ HF❛F❡ ❝I❡❛F❡H F❤❡
♠❡F❛HF❛❜❧❡ HF❛F❡ ✷✬ ✇❤✐❝❤ ❝❛♥ I❡❧❛① F♦ ❛ ♣♦H✐F✐✈❡ HF❛❜❧❡ HF❛F❡ ✷ ❛♥❞ ❛♥ E� ❝❡♥F❡I ✐H ❝I❡❛F❡❞✳
♣♦♥ ❡❧❡❝FI♦♥ ❝❛♣F✉I❡✱ F❤❡ E� ❝❡♥F❡I ✐H ♥❡✉FI❛❧✐③❡❞ ✐♥F♦ F❤❡ ♠❡F❛HF❛❜❧❡ HF❛F❡ ✶✬✳ ◆♦✇ ❤♦❧❡
❝❛♣F✉I❡ ❝❛♥ ❝❛✉H❡ ❛ FI❛♥H✐F✐♦♥ ❜❛❝❦ F♦ HF❛F❡ ✷ ♦I ❛ HFI✉❝F✉I❛❧ I❡❧❛①❛F✐♦♥ ❝❛♥ ❧❡❛❞ F♦ F❤❡
♦I✐❣✐♥❛❧ ❡K✉✐❧✐❜I✐✉♠ HF❛F❡ ✶✳ ❋I♦♠ ✺✻✳

♦❢ F✐♠❡ ❞❡♣❡♥❞❡♥F ❞❡❢❡❝F H♣❡❝FI♦H❝♦♣② ✭❚❉❉❙✮ ❤❛H ❡♥❛❜❧❡❞ ❞❡F❛✐❧❡❞ ✐♥✈❡HF✐❣❛F✐♦♥H ♦❢ F❤❡
❝❤❛I❣✐♥❣ ❛♥❞ ❞✐H❝❤❛I❣✐♥❣ ♦❢ H✐♥❣❧❡ ❞❡❢❡❝FH✳ ❚❤❡H❡ ✐♥✈❡HF✐❣❛F✐♦♥H ❤❛✈❡ ❧❡❞ F♦ F❤❡ ❢♦I♠✉❧❛F✐♦♥
♦❢ F❤❡ ❢♦✉I HF❛F❡ ♠♦❞❡❧ ❜❛H❡❞ ♦♥ F❤❡ ♥♦♥✲I❛❞✐❛F✐✈❡ ♠✉❧F✐♣❤♦♥♦♥ ✭◆▼q✮ F❤❡♦I② ✻✽✳ ❚❤✐H
♠♦❞❡❧ H✉❣❣❡HFH F❤❡ ❡①✐HF❡♥❝❡ ♦❢ F✇♦ ♠❡F❛HF❛❜❧❡ HF❛F❡H ❛❧♦♥❣ ✇✐F❤ F❤❡ ❝♦♥✈❡♥F✐♦♥❛❧ ❝❤❛I❣❡❞
❛♥❞ ♥❡✉FI❛❧ HF❛F❡H✳ ✐F❤✐♥ F❤❡ ◆▼q ❢I❛♠❡✇♦I❦✱ F❤❡ ❝❛♣F✉I❡ ❛♥❞ ❡♠✐HH✐♦♥ F✐♠❡ ♠❛♣H ❛I❡
❞❡I✐✈❡❞ ✉H✐♥❣ F❤❡ ❝❛II✐❡I ❝❛♣F✉I❡ ❛♥❞ ❡♠✐HH✐♦♥ F✐♠❡ ❝♦♥HF❛♥FH ❢♦I F❤❡ FI❛♥H✐F✐♦♥H ❜❡F✇❡❡♥
❞✐✛❡I❡♥F HF❛F❡H✱ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✶✳✸✳ ❚❤❡ ❞✐HFI✐❜✉F✐♦♥ ✐♥ F❤❡ ❝❛♣F✉I❡ ❛♥❞ ❡♠✐HH✐♦♥ F✐♠❡
♠❛♣H ✐H ♠❛✐♥❧② ❣♦✈❡I♥❡❞ ❜② F❤❡ ❡K✉✐❧✐❜I✐✉♠ ♦❝❝✉♣❛♥❝② ❞✐✛❡I❡♥❝❡ ✇❤✐❝❤ ❛❧H♦ ❞❡H❝I✐❜❡H F❤❡
❛✈❡I❛❣❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❛ ❞❡❢❡❝F F♦ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ✻✾✱ ✹✻✳ ❚❤❡ ❢♦✉I HF❛F❡ ♠♦❞❡❧ ♥♦F
♦♥❧② ❡①♣❧❛✐♥❡❞ F❤❡ ♦❜H❡I✈❛F✐♦♥H ✐♥ ❇❚■ ❛♥❞ ❚❉❉❙ ❡①♣❡I✐♠❡♥FH ❜✉F ❛❧H♦ I❛♥❞♦♠ F❡❧❡❣I❛♣❤
♥♦✐H❡ ✭❘❚◆✮ ❛♥❞ ✢✐❝❦❡I ♥♦✐H❡✳ ❚❤❡H❡ ❤❛✈❡ ❜❡❡♥ ❛FFI✐❜✉F❡❞ F♦ I❛♥❞♦♠ ❡①❝❤❛♥❣❡ ♦❢ ❝❤❛I❣❡H
❜❡F✇❡❡♥ ❞❡❢❡❝FH ❛♥❞ F❤❡ H✉❜HFI❛F❡ ❞✉I✐♥❣ HF❛F✐♦♥❛I② ❝♦♥❞✐F✐♦♥H ✼✵✱ ✺✻✳ ❚❤❡ ◆▼q ♠♦❞❡❧
✐H ❤✐❣❤❧② ❡✛❡❝F✐✈❡ ✐♥ I❡♣I❡H❡♥F✐♥❣ ♠❛♥② ♠♦I❡ ❇❚■ ❝❤❛I❛❝F❡I✐HF✐❝H ✇❤❡♥ ❝♦♠❜✐♥❡❞ ✇✐F❤ ❛
F✇♦ ✇❡❧❧ ♠♦❞❡❧ ❢♦I ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥✳

✶✳✷ ❍♦A✲❈❛EE✐❡E ❉❡❣E❛❞❛A✐♦♥

❙✐♠✐❧❛I F♦ ❇❚■✱ ❍❈❉ ✐H ❛❧H♦ I❡❧❛F❡❞ F♦ F❤❡ ❜✉✐❧❞✲✉♣ ♦❢ ❞❡❢❡❝FH ❛F✴♥❡❛I F❤❡ Si/SiO2 ✐♥F❡I❢❛❝❡✳
❍♦✇❡✈❡I✱ ❞✉I✐♥❣ ❇❚■ HFI❡HH✱ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ❝♦♠♣♦♥❡♥F ❛❧♦♥❣ F❤❡ ❝❤❛♥♥❡❧ ✐H ✉H✉❛❧❧②
❝♦♥HF❛♥F ❛H F❤❡ H♦✉I❝❡ ❛♥❞ ❞I❛✐♥ ❝♦♥F❛❝FH ❛I❡ ❣I♦✉♥❞❡❞✳ ❚❤✉H✱ ♦♥❧② F❤❡ ♣❡I♣❡♥❞✐❝✉❧❛I
❝♦♠♣♦♥❡♥F ♦❢ F❤❡ ♦①✐❞❡ ✜❡❧❞ ♣❧❛②H ❛ I♦❧❡ ✐♥ ❞❡❢❡❝F ❝I❡❛F✐♦♥✳ ❍♦F ❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥✱ ♦♥
F❤❡ ♦F❤❡I ❤❛♥❞✱ ♦❝❝✉IH ✇❤❡♥ ❛ ✈♦❧F❛❣❡ ❜❡F✇❡❡♥ H♦✉I❝❡ ❛♥❞ ❞I❛✐♥ ✐H ❛♣♣❧✐❡❞✱ ❧❡❛❞✐♥❣ F♦

✻



❋✐❣✉I❡ ✶✳✹✿ ❚❤❡ ❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡IH ✐♥ F❤❡ ❝♦♥❞✉❝F✐♦♥ ❜❛♥❞ ❜I❡❛❦ F❤❡ ❙✐✲❍ ❜♦♥❞H ❛F F❤❡
✐♥F❡I❢❛❝❡ ❧❡❛❞✐♥❣ F♦ F❤❡ ❝I❡❛F✐♦♥ ♦❢ ✐♥F❡I❢❛❝❡ ❞❡❢❡❝FH✳ ❋I♦♠ ✼✶✳

F❤❡ ✐♥❝I❡❛H❡ ✐♥ F❤❡ ❝❛II✐❡I ✢✉① ❛❧♦♥❣ F❤❡ ❝❤❛♥♥❡❧✳ ❚❤✐H ♠❛❦❡H ❍❈❉ ❡✈❡♥ ♠♦I❡ ❝♦♠♣❧❡①
❞✉❡ F♦ F❤❡ H✐♠✉❧F❛♥❡♦✉H ❛❝F✐♦♥ ♦❢ F❤❡ F✇♦ ❡❧❡❝FI✐❝ ✜❡❧❞ ❝♦♠♣♦♥❡♥FH✳ ❚❤❡I❡❢♦I❡✱ ♦♥❡ ❝❛♥
❝♦♥❝❧✉❞❡ F❤❛F ❍❈❉ ❤❛H ♦♥❡ ♠♦I❡ ❞❡❣I❡❡ ♦❢ ❢I❡❡❞♦♠ F❤❛♥ ❇❚■✳ ❋♦I ❡①❛♠♣❧❡✱ ✐♥ ❛ ▼❖❙❋❊❚✱
✇❤❡♥ F❤❡ ❞I❛✐♥ F♦ H♦✉I❝❡ ✈♦❧F❛❣❡ ❜❡❝♦♠❡H ❝♦♠♣❛I❛❜❧❡ ♦I ❣I❡❛F❡I F❤❛♥ F❤❡ ❣❛F❡ ✈♦❧F❛❣❡✱ F❤❡
✐♥✈❡IH✐♦♥ ❧❛②❡I ✐H ♥♦ ❧♦♥❣❡I ❤♦♠♦❣❡♥❡♦✉H ❛❧♦♥❣ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ F❤❡ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥
✐H ❤✐❣❤❡I ♥❡❛I F❤❡ H♦✉I❝❡✳ ■♥ F❤❡ H❛F✉I❛F✐♦♥ I❡❣✐♦♥ ♣✐♥❝❤✲♦✛ ♦❝❝✉IH ❛F F❤❡ ❞I❛✐♥ H✐❞❡✳ ❚❤✐H
I❡H✉❧FH ✐♥ ❛ ❤✐❣❤ ✜❡❧❞ I❡❣✐♦♥ ♥❡❛I F❤❡ ❞I❛✐♥ ❧❡❛❞✐♥❣ F♦ ❛♥ ✐♥❝I❡❛H❡❞ ❡♥❡I❣② ♦❢ F❤❡ ❝❛II✐❡IH
FI❛✈❡❧❧✐♥❣ ❢I♦♠ F❤❡ H♦✉I❝❡ F♦ F❤❡ ❞I❛✐♥✳ ❚❤❡H❡ ❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡IH HFI✐❦❡ F❤❡ ✐♥F❡I❢❛❝❡
❜I❡❛❦✐♥❣ F❤❡ ❙✐✲❍ ❜♦♥❞H ✼✷✳ ❆❞❞✐F✐♦♥❛❧❧②✱ F❤❡ ❡♥❡I❣❡F✐❝ ❝❛II✐❡IH ♠❛② ❧❡❛❞ F♦ ❣❡♥❡I❛F✐♦♥
♦❢ ❡❧❡❝FI♦♥H ❛♥❞ ❤♦❧❡H ❜② ✐♠♣❛❝F ✐♦♥✐③❛F✐♦♥ ✇❤✐❝❤ ❢✉IF❤❡I ❢❛❝✐❧✐F❛F❡ ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡
✶✳ ❚❤✐H ❧❡❛❞H F♦ F❤❡ ❝I❡❛F✐♦♥ ♦❢ ✐♥F❡I❢❛❝❡ ❞❡❢❡❝FH ❛♥❞✴♦I ❝❤❛I❣✐♥❣ ♦❢ F❤❡ ❛❧I❡❛❞② ♣I❡H❡♥F
❞❡❢❡❝FH✱ H❡❡ ❋✐❣✉I❡ ✶✳✹✳ ❙♦♠❡ ♦❢ F❤❡ ❝❛II✐❡IH ✇✐F❤ H✉✣❝✐❡♥F ❡♥❡I❣② F♦ ♦✈❡I❝♦♠❡ F❤❡ ❡♥❡I❣②
❜❛II✐❡I ♠✐❣❤F ❣❡F ✐♥❥❡❝F❡❞ ✐♥ F❤❡ ♦①✐❞❡ ❛♥❞ ❝I❡❛F❡ ♦I ❝❤❛I❣❡ ♦①✐❞❡ ❞❡❢❡❝FH✳

❚❤❡ ❤✐❣❤ ❡❧❡❝FI✐❝ ✜❡❧❞ ♥❡❛I F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ❝❛✉H❡H HFI♦♥❣ ❧♦❝❛❧✐③❛F✐♦♥ ♦❢ F❤❡ ❍❈❉
♥❡❛I F❤❡ ❞I❛✐♥ ♦I F❤❡ ♣✐♥❝❤✲♦✛ I❡❣✐♦♥ ❛H ❤❛H ❜❡❡♥ I❡♣♦IF❡❞ ✐♥ ✈❛I✐♦✉H HF✉❞✐❡H ✼✸✱ ✶✱ ✺✱ ✼✳
❚❤✐H ❧♦❝❛❧✐③❛F✐♦♥ ♦❢ ❞❛♠❛❣❡ ✐H ❛♥♦F❤❡I ❢❛❝F♦I F❤❛F ❞✐HF✐♥❣✉✐H❤❡H ❍❈❉ ❢I♦♠ ❇❚■✳ ■♥ ♠♦❞❡I♥
H❝❛❧❡❞ ❞❡✈✐❝❡H ❛H ✇❡❧❧ ❛H ✐♥ ❤✐❣❤ ✈♦❧F❛❣❡ ❞❡✈✐❝❡H✱ F❤❡ ❝❤❛♥♥❡❧ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐H
F❤❡ ♠❛✐♥ I❡❣✐♠❡ ❛♠♦♥❣ F❤❡ ♠❛♥② I❡❣✐♠❡H ♦❢ ❍❈❉ ✐❞❡♥F✐✜❡❞ ✐♥ ❧✐F❡I❛F✉I❡✳ ❖F❤❡I ❍❈❉
♠❡❝❤❛♥✐H♠H ❛I❡ ❞I❛✐♥ ❛✈❛❧❛♥❝❤❡✱ H❡❝♦♥❞❛I② ❣❡♥❡I❛F❡❞ ❤♦F✲❝❛II✐❡I✱ H✉❜HFI❛F❡ ❤♦F✲❝❛II✐❡I✱
❋♦✇❧❡I✲◆♦I❞❤❡✐♠ ❛♥❞ ❞✐I❡❝F F✉♥♥❡❧✐♥❣ ✶✱ ✼✹✳ ❉I❛✐♥ ❛✈❛❧❛♥❝❤❡ ❛♥❞ H❡❝♦♥❞❛I② ❣❡♥❡I❛F❡❞
❤♦F✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠H ♦❝❝✉I ❞✉❡ F♦ ❡❧❡❝FI♦♥✲❤♦❧❡ ♣❛✐I ❣❡♥❡I❛F✐♦♥ ❢I♦♠ ✐♠♣❛❝F ✐♦♥✐③❛✲
F✐♦♥✱ H❡❡ ❋✐❣✉I❡ ✶✳✺✳ ❙✉❜HFI❛F❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♦I✐❣✐♥❛F❡H ❢I♦♠ ✐♥❥❡❝F✐♦♥ ❢I♦♠ F❤❡
❝❤❛♥♥❡❧✲H✉❜HFI❛F❡ ♣✲♥ ❥✉♥❝F✐♦♥ ✼✺✳ ■♥ ❋♦✇❧❡I✲◆♦I❞❤❡✐♠ ❡♠✐HH✐♦♥✱ F❤❡ ❝❛II✐❡IH ♦✈❡I❝♦♠❡
F❤❡ FI✐❛♥❣✉❧❛I ♣♦F❡♥F✐❛❧ ❜❛II✐❡I ❛♥❞ ❛I❡ ✐♥❥❡❝F❡❞ ✐♥F♦ F❤❡ ❙✐❖✷ ❝♦♥❞✉❝F✐♦♥ ❜❛♥❞✱ ✇❤✐❧❡ ✐♥
❞✐I❡❝F F✉♥♥❡❧✐♥❣ ❝❛II✐❡IH F✉♥♥❡❧ F♦ F❤❡ ❝❤❛♥♥❡❧ ♦✈❡I❝♦♠✐♥❣ F❤❡ FI❛♣❡③♦✐❞❛❧ ♣♦F❡♥F✐❛❧ ❜❛I✲
I✐❡I✳ ❇♦F❤ ❋♦✇❧❡I✲◆♦I❞❤❡✐♠ ❛♥❞ ❞✐I❡❝F F✉♥♥❡❧✐♥❣ ❛I❡ K✉❛♥F✉♠ ♠❡❝❤❛♥✐❝❛❧ ❡✛❡❝FH ❛♥❞ ❛I❡
♦❜H❡I✈❡❞ ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H✳ ◆♦F❡ F❤❛F ❞✐I❡❝F F✉♥♥❡❧✐♥❣ ✐H ♦❜H❡I✈❡❞ ✐♥ ✈❡I② F❤✐♥ ♦①✐❞❡H ✇❤✐❧❡
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High lateral 
Electric Field 

Impact Ionization
Interface state 
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Charged interface 
defects

ΔV
th
, ΔI

d,lin/sat

Hot carriers 
in channel

Avalanche/Snapback 
Breakdown

Injection into oxide 

Charging of border 
traps

ΔV
th

❋✐❣✉I❡ ✶✳✺✿ ❙F❡♣H ✐♥✈♦❧✈❡❞ ✐♥ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥

❋♦✇❧❡I✲◆♦I❞❤❡✐♠ F✉♥♥❡❧✐♥❣ ❝❛♥ ♦❝❝✉I ✐♥ F❤✐❝❦❡I ♦①✐❞❡H ❜✉F I❡K✉✐I❡H ❛ ❤✐❣❤❡I ❛♣♣❧✐❡❞ ♣♦✲
F❡♥F✐❛❧✳ ❆❧F❤♦✉❣❤ ❍❈❉ ✐H ❛ ♠♦I❡ ❣❡♥❡I❛❧ F❡I♠✱ ✐♥ F❤✐H ✇♦I❦ ✐F ✇✐❧❧ ❜❡ ✉H❡❞ F♦ I❡❢❡I F♦ F❤❡
❝❤❛♥♥❡❧ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠❡❝❤❛♥✐H♠✳

❚❤❡ ❞♦♠✐♥❛♥❝❡ ♦❢ ✐♥F❡I❢❛❝❡ FI❛♣ ❣❡♥❡I❛F✐♦♥ ✐♥ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ❤❛H ❜❡❡♥ ✉♥✐✲
✈❡IH❛❧❧② ❛❝❝❡♣F❡❞ ❢♦I ❛❧♠♦HF ❛❧❧ F❡❝❤♥♦❧♦❣✐❡H ✼✻✱ ✼✼✱ ✶✱ ✷✺✳ ❙❡✈❡I❛❧ HFI❡HH ❛♥❞ I❡❝♦✈❡I②
♠❡❛H✉I❡♠❡♥FH✱ H❡❡ ✼✽✱ H❤♦✇ F❤❡ ❛❜H❡♥❝❡ ♦❢ ❛ I❡❝♦✈❡I❛❜❧❡ ❝♦♠♣♦♥❡♥F ✐♥ ❍❈❉ ✇❤✐❝❤ ❧❡❛❞H
F♦ ❛ ❝♦♥FI♦✈❡IH② I❡❣❛I❞✐♥❣ F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ♦①✐❞❡ FI❛♣H ❛H ❞✐H❝✉HH❡❞ ✐♥ ❙❡❝F✐♦♥ ✶✳✶✳
❚❤❡ I❡❝♦✈❡I② ✐♥ ❞❡✈✐❝❡ ❞❡❣I❛❞❛F✐♦♥ ♠❡❛H✉I❡♠❡♥FH ✐H ❛FFI✐❜✉F❡❞ F♦ Not FI❛♣H✱ ✇❤❡I❡❛H ♥♦
I❡❝♦✈❡I② ✐♥❞✐❝❛F❡H ♣✉I❡ Nit✳ ▼♦I❡♦✈❡I✱ ♠❛♥② HF✉❞✐❡H H✉❣❣❡HF ❛♥ ❛❜H❡♥❝❡ ♦❢ ♦①✐❞❡ FI❛♣ ❝♦♥✲
FI✐❜✉F✐♦♥ F♦ ❍❈❉ ✼✾✱ ✽✵✱ ✽✶✳ ◆❇❚■ ❛♥❞ ❍❈❉ ❛❧H♦ ❞✐✛❡I ✐♥ F❤❡✐I I❡H♣♦♥H❡ F♦ ❡❧❡✈❛F❡❞
F❡♠♣❡I❛F✉I❡H✳ ❤✐❧❡ ◆❇❚■ ✐H ❢♦✉♥❞ F♦ ✇♦IH❡♥ ✇✐F❤ ❛ I✐H❡ ✐♥ F❡♠♣❡I❛F✉I❡ ❢♦I ❛❧❧ ❞❡✈✐❝❡H
✻✽✱ ❍❈❉ ❜❡❝♦♠❡H ❧❡HH ♣I♦♥♦✉♥❝❡❞ ✐♥ ❧♦♥❣✲❝❤❛♥♥❡❧✴❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H ✇✐F❤ ✐♥❝I❡❛H❡ ✐♥
F❡♠♣❡I❛F✉I❡ ✽✷✱ ✽✸✱ ✽✹✳ ❋♦I H❝❛❧❡❞ ❞❡✈✐❝❡H✱ ♦♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ ❍❈❉ ❛❣❣I❛✈❛F❡H ❛F ❤✐❣❤
F❡♠♣❡I❛F✉I❡ ❛H ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ♣♦♣✉❧❛F❡H F❤❡ ❤✐❣❤ ❡♥❡I❣② ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❡♥✲
H❡♠❜❧❡ ✽✺✱ ✽✻✳ ❆❧F❡I♥❛F✐✈❡❧②✱ F❤❡ ✐♠♣♦IF❛♥❝❡ ♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✐♥ ❍❈❉ ❤❛H
❜❡❡♥ ❞✐H♣✉F❡❞ ❜② ♦F❤❡IH ✽✼ ❛♥❞ F❤❡ ❝❛✉H❡ ❢♦I F❤❡ ✐♥❝I❡❛H❡ ✐♥ ❍❈❉ ✐H ❛FFI✐❜✉F❡❞ F♦ ❛
♠✐①❡❞✲♠♦❞❡ ♣I♦❝❡HH ✽✼✳ ❘❡❝❡♥F❧②✱ ❍❈❉ ✇❛H ❢♦✉♥❞ F♦ ❞❡❝I❡❛H❡ ❛F ❡❧❡✈❛F❡❞ F❡♠♣❡I❛F✉I❡H
✐♥ ▼❖❙❋❊❚H ✇✐F❤ ❙✐❖◆ ❣❛F❡ ❞✐❡❧❡❝FI✐❝ ✽✽✳ ❆F ❧♦✇ HFI❡HH ✈♦❧F❛❣❡H✱ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ✇❛H
♦❜H❡I✈❡❞ F♦ ❜❡ ❧❡HH H❡✈❡I❡ ✇✐F❤ ✐♥❝I❡❛H✐♥❣ F❡♠♣❡I❛F✉I❡✱ ✇❤✐❧❡ ❛F ❤✐❣❤❡I ✈♦❧F❛❣❡H ♥♦ ❝❤❛♥❣❡
✐♥ ❞❡❣I❛❞❛F✐♦♥ ✇❛H ♦❜H❡I✈❡❞ ✇✐F❤ ✐♥❝I❡❛H❡ ✐♥ F❡♠♣❡I❛F✉I❡✳ ❚❤✐H ❜❡❤❛✈✐♦I ✇❛H ❡①♣❧❛✐♥❡❞
❛H ❜❡✐♥❣ ❞✉❡ F♦ ❞✐✛❡I❡♥F F❤❡I♠❛❧ I❡H♣♦♥H❡H ♦❢ F❤❡ F✇♦ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♠❡❝❤❛♥✐H♠H✳ ❚❤❡
I❛F❡ ♦❢ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ✇❛H ❢♦✉♥❞ F♦ ❞❡❝I❡❛H❡ ❛♥❞ F❤❡ I❛F❡ ♦❢ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I
♣I♦❝❡HH ✐♥❝I❡❛H❡❞ ✇✐F❤ ✐♥❝I❡❛H✐♥❣ F❡♠♣❡I❛F✉I❡ ✽✽✳ ■♥ ❛ ❢❡✇ ♦F❤❡I ✐♥✈❡HF✐❣❛F✐♦♥H✱ ❍❈❉
❛❝❝❡❧❡I❛F❡❞ ❜② H❡❧❢✲❤❡❛F✐♥❣ ❤❛H ❜❡❡♥ H✉❣❣❡HF❡❞ F♦ ❜❡ ❛♥ ✐♠♣♦IF❛♥F I❡❧✐❛❜✐❧✐F② ❝♦♥❝❡I♥ ✐♥
♠♦❞❡I♥ ❞❡✈✐❝❡H ✽✾✱ ✾✵✳ ❚❤✉H✱ F❤❡I❡ ❛I❡ ❛ ♥✉♠❜❡I ♦❢ ❝♦♠♣❧❡① ❢❛❝F♦IH F❤❛F ❝♦❧❧❡❝F✐✈❡❧②
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❋✐❣✉I❡ ✶✳✻✿ ❉❡✈❡❧♦♣♠❡♥F ♦❢ ❛ ♣❡I❝♦❧❛F✐♦♥ ♣❛F❤ ✐♥ ❛ ❞✐❡❧❡❝FI✐❝ I❡H✉❧F✐♥❣ ✐♥ ✐FH ❜I❡❛❦❞♦✇♥✳
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❋✐❣✉I❡ ✶✳✼✿ ❚❤❡ F❡FI❛❤❡❞I❛❧ ❙✐❖✷ HFI✉❝F✉I❡ ✇✐F❤ F❤❡ ❛II♦✇H ✐♥❞✐❝❛F✐♥❣ F❤❡ ❞✐I❡❝F✐♦♥ ♦❢ F❤❡
❙✐✲❖ ❜♦♥❞ ❞✐♣♦❧❡ ♠♦♠❡♥F✳ ❚❤❡ HFI❛✐♥❡❞ ❜♦♥❞ ✐H ❛❧H♦ H❤♦✇♥ ✇❤❡I❡ F❤❡ ❞✐HF♦IF✐♦♥H ✐♥ F❤❡
❜♦♥❞ ❛I❡ ✐♥❞✉❝❡❞ ❜② F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✳

❛♥❞ ♥❡❡❞ F♦ ❜❡ ❝♦♥H✐❞❡I❡❞ ✐♥ ♠♦❞❡❧✐♥❣✳ ❚❤❡ H✐F✉❛F✐♦♥ ❜❡❝♦♠❡H ❡✈❡♥ ♠♦I❡ ❝♦♠♣❧❡① ✇❤❡♥
❇❚■ ♠✐①❡H ✇✐F❤ ❍❈❉ ✾✶✳

❆ ❝♦♠♣I❡❤❡♥H✐✈❡ H✉♠♠❛I② ♦❢ ✇✐❞❡❧② ✉H❡❞ ❍❈❉ ♠♦❞❡❧H ✐H ♣I❡H❡♥F❡❞ ✐♥ ❈❤❛♣F❡I ✸✳
❆ ♠❛❥♦I✐F② ♦❢ F❤❡H❡ ♠♦❞❡❧H ❛I❡ ❡♠♣✐I✐❝❛❧ ✇❤✐❧❡ ❛ ❢❡✇ ❛I❡ ♣❤②H✐❝H ❜❛H❡❞✳ ❍♦✇❡✈❡I✱ ❛
❝♦♠♠♦♥ ❢❡❛F✉I❡ ❛♠♦♥❣ ❛❧❧ ♠♦❞❡❧✐♥❣ ❛FF❡♠♣FH ✐H F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❝I❡❛F✐♦♥ ♣I♦❝❡HH ✇❤✐❝❤
✐H ❝♦♥FI♦❧❧❡❞ ❜② F❤❡ ♠❛♥♥❡I ❤♦✇ F❤❡ ❝❛II✐❡IH ❛I❡ ❞✐HFI✐❜✉F❡❞ ♦✈❡I ❡♥❡I❣②✳ ❚❤✉H✱ F❤❡ ❝❛II✐❡I
❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ✐H F❤❡ ♠♦HF ✐♠♣♦IF❛♥F ✐♥❣I❡❞✐❡♥F ✐♥ ♠♦❞❡❧✐♥❣ ♦❢ ❍❈❉✳

✶✳✸ ❚✐♠❡ ❉❡♣❡♥❞❡♥A ❉✐❡❧❡❝AE✐❝ ❇E❡❛❦❞♦✇♥

❙✐❧✐❝♦♥ ❞✐♦①✐❞❡✱ F❤❡ ♥❛F✐✈❡ ♦①✐❞❡ ♦❢ ❙✐✱ ❤❛H ❜❡❡♥ FI❛❞✐F✐♦♥❛❧❧② ✉H❡❞ ❛H ❞✐❡❧❡❝FI✐❝ ✐♥ ❙✐ ❜❛H❡❞
❞❡✈✐❝❡H ❞✉❡ F♦ ✐FH ❧❛I❣❡ ❜❛♥❞❣❛♣ ❛♥❞ ✐FH ❤✐❣❤ ❜I❡❛❦❞♦✇♥ ✜❡❧❞✳ ❍♦✇❡✈❡I✱ ❛♣♣❧✐❝❛F✐♦♥ ♦❢
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❋✐❣✉I❡ ✶✳✽✿ ❚❤❡ ❤♦❧❡✲❝❛F❛❧②③❡❞✱ ✜❡❧❞✲❡♥❤❛♥❝❡❞ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣I♦❝❡HH✳ ❆ ❤♦❧❡✲❝❛♣F✉I❡
❡✈❡♥F ✇❡❛❦❡♥H F❤❡ ❜♦♥❞ ✇❤✐❝❤ ❝❛♥ F❤❡♥ ❜❡ ❜I♦❦❡♥ F❤❡I♠❛❧❧② ♦I ❜② ❛ ❤✐❣❤ ❡❧❡❝FI✐❝ ✜❡❧❞✱
F❤✉H✱ ❝I❡❛F✐♥❣ ❛ ❞❡❢❡❝F✳ ❋I♦♠ ✾✸ ✳

HFI❡HH✱ H✉❝❤ ❛H ❤✐❣❤ ❡❧❡❝FI✐❝ ✜❡❧❞✱ ❢♦I ❧♦♥❣ HFI❡HH F✐♠❡H ❝❛♥ ❝❛✉H❡ F❤❡ ❞✐❡❧❡❝FI✐❝ F♦ ❧♦♦H❡
✐FH ✐♥H✉❧❛F✐♥❣ ♣I♦♣❡IF②✳ ▼♦I❡♦✈❡I✱ F❤❡ ❝♦♥F✐♥✉♦✉H ❞♦✇♥✲H❝❛❧✐♥❣ ♦❢ FI❛♥H✐HF♦IH ❝❛✉H❡H ❤✐❣❤
❡❧❡❝FI✐❝ ✜❡❧❞H ❛❝I♦HH F❤❡ ❞✐❡❧❡❝FI✐❝ ✇❤✐❝❤ ❢✉IF❤❡I ✐♥❝I❡❛H❡ F❤❡ I✐H❦ ♦❢ ❢❛✐❧✉I❡✳ ❉✐❡❧❡❝FI✐❝
❜I❡❛❦❞♦✇♥ ❝❛♥ ❜❡ ✐♥FI✐♥H✐❝ ♦I ❡①FI✐♥H✐❝✳ ■♥FI✐♥H✐❝ ❜I❡❛❦❞♦✇♥ ♦❝❝✉IH ❞✉❡ F♦ F❤❡ HFI✉❝F✉I❡ ♦❢
F❤❡ ❞✐❡❧❡❝FI✐❝ ♠❛F❡I✐❛❧ ❧✐❦❡ ❝I②HF❛❧ ❞❡❢❡❝FH✱ ❞✐❡❧❡❝FI✐❝ F❤✐❝❦♥❡HH✱ ❡F❝✳ ❊①FI✐♥H✐❝ ❜I❡❛❦❞♦✇♥✱
♦♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ ❝❛♥ ❜❡ ❝❛✉H❡❞ ❜② ✐♥FI♦❞✉❝F✐♦♥ ♦❢ ❞❡❢❡❝FH ❞✉I✐♥❣ F❤❡ F❡❝❤♥♦❧♦❣✐❝❛❧ HF❡♣H
F♦ ♠❛♥✉❢❛❝F✉I❡ F❤❡ ❞❡✈✐❝❡✳

❚✐♠❡ ❞❡♣❡♥❞❡♥F ❞✐❡❧❡❝FI✐❝ ❜I❡❛❦❞♦✇♥ ✭❚❉❉❇✮ ✐H ♦❜H❡I✈❡❞ ✐♥ ❞❡✈✐❝❡H ✇❤✐❝❤ ✉H❡ H✐❧✐❝♦♥
❞✐♦①✐❞❡ ♦I ❤✐❣❤✲❑ ♠❛F❡I✐❛❧H✳ ❚❉❉❇ I❡❢❡IH F♦ F❤❡ FI❛♥H✐F✐♦♥ ♦❢ F❤❡ ✐♥H✉❧❛F♦I ❢I♦♠ ✐FH ✐♥H✉✲
❧❛F✐♥❣ ♣❤❛H❡ F♦ ❛ ❝♦♥❞✉❝F✐✈❡ ♣❤❛H❡ ✇✐F❤ F✐♠❡ ✇❤❡♥ ❛ ❝♦♥HF❛♥F ❡❧❡❝FI✐❝ ✜❡❧❞✱ H♠❛❧❧❡I F❤❛♥
F❤❡ ❜I❡❛❦❞♦✇♥ ✜❡❧❞✱ ✐H ❛♣♣❧✐❡❞✳ ❤✐❧❡ F❤❡ ❝♦♠♣❧❡F❡ ♠♦❧❡❝✉❧❛I ♣✐❝F✉I❡ ✐H HF✐❧❧ H♣❡❝✉❧❛F✐✈❡✱
F❤❡ ♣❤❡♥♦♠❡♥♦♥ ✐H ♦❢F❡♥ ❛FFI✐❜✉F❡❞ F♦ F❤❡ ♣♦❧❛I ♥❛F✉I❡ ♦❢ F❤❡ ❞✐❡❧❡❝FI✐❝ ✾✷✳ ■♥ SiO2✱ ❧♦❝❛❧
❡❧❡❝FI✐❝ ✜❡❧❞H ❝❛✉H❡ ❞✐HF♦IF✐♦♥ ✐♥ F❤❡ H✐❧✐❝♦♥✲♦①②❣❡♥ ❜♦♥❞ ❧❡❛❞✐♥❣ F♦ F❤❡ ♣♦HH✐❜❧❡ ❝I❡❛F✐♦♥
♦❢ ❛♥ ♦①②❣❡♥ ✈❛❝❛♥❝② ✭❞❛♥❣❧✐♥❣ ❜♦♥❞✮ ✈✐❛ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♦I ❝♦♦I❞✐♥❛F✐♦♥ ❜I❡❛❦❛❣❡✳ ❚❤❡
❝♦♦I❞✐♥❛F✐♦♥ ❜I❡❛❦❛❣❡ I❡❢❡IH F♦ ❞✐H♣❧❛❝❡♠❡♥F ♦❢ F❤❡ ❙✐ ✐♦♥ ❢I♦♠ F❤❡ ❢♦✉I❢♦❧❞ ❝♦♦I❞✐♥❛F✐♦♥
F♦ ❛ F❤I❡❡❢♦❧❞ ❝♦♦I❞✐♥❛F✐♦♥ ✐♥ F❤❡ F❡FI❛❤❡❞I❛❧ SiO2✳ ❚❤❡ ❝♦♦I❞✐♥❛F✐♦♥ ❜I❡❛❦❛❣❡ I❡K✉✐I❡H

✶✵



♠✉❝❤ ❧❡HH ❡♥❡I❣② F❤❛♥ ❜♦♥❞ ❜I❡❛❦❛❣❡ ❛♥❞ ✐H ❝♦♥H✐❞❡I❡❞ F❤❡ ♣I✐♠❛I② ♠❡❝❤❛♥✐H♠ ❜❡❤✐♥❞
❚❉❉❇ ✾✸✳ ❚❉❉❇ HFI❡HH ❧❡❛❞H F♦ ❣❡♥❡I❛F✐♦♥ ♦❢ FI❛♣H ✇❤✐❝❤ ❝I❡❛F❡ ❛ ♣❡I❝♦❧❛F✐♦♥ ♣❛F❤✱ ❛H
H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✶✳✻✱ ✇❤✐❝❤ FI✐❣❣❡IH F❤❡ ❜I❡❛❦❞♦✇♥ ♦❢ F❤❡ ✐♥H✉❧❛F♦I ✾✹✳ ❚✐♠❡ ❞❡♣❡♥❞❡♥F
❞✐❡❧❡❝FI✐❝ ❜I❡❛❦❞♦✇♥ ❝❛♥ ♦♥❧② ❜❡ ❞❡H❝I✐❜❡❞ HF❛F✐HF✐❝❛❧❧② ❛H ♥♦♠✐♥❛❧❧② ✐❞❡♥F✐❝❛❧ ❞❡✈✐❝❡H H✉❜✲
❥❡❝F❡❞ F♦ F❤❡ H❛♠❡ HFI❡HH ❜I❡❛❦ ❞♦✇♥ ❛F ❞✐✛❡I❡♥F F✐♠❡H✳ ❚❤✐H ✐H ❛❧H♦ F❤❡ ❝❛H❡ ❢♦I ❇❚■ ❛♥❞
❍❈❉ ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H✳ ❚❤✉H✱ F❤❡ ❢❛✐❧✉I❡ ♣I♦❜❛❜✐❧✐F② ❤❛H F♦ ❜❡ ❞❡H❝I✐❜❡❞ HF❛F✐HF✐❝❛❧❧②✳ ❚❤✐H
❞❡H❝I✐♣F✐♦♥ ❛❧❧♦✇H F♦ ❡①FI❛❝F F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ✾✺✳

❇I❡❛❦❞♦✇♥ ✐♥ ♦①✐❞❡H F❤✐❝❦❡I F❤❛♥ ✺ ♥♠ ♦❝❝✉IH ❛❜I✉♣F❧② ❛❢F❡I ❛ ❝❡IF❛✐♥ ❡❧❡❝FI✐❝ ✜❡❧❞✳
❚❤✉H✱ ❛ ❧❛I❣❡ ❥✉♠♣ ✐♥ F❤❡ ✈♦❧F❛❣❡✴❝✉II❡♥F ✈H✳ HFI❡HH F✐♠❡ ❝✉I✈❡ ✐H ♦❜H❡I✈❡❞✳ ❚❤✐H ❡✛❡❝F ✐H
❦♥♦✇♥ ❛H ❤❛I❞ ❜I❡❛❦❞♦✇♥✳ ■♥ F❤✐♥♥❡I ♦①✐❞❡H✱ ♦♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ H♦❢F ❜I❡❛❦❞♦✇♥ ♦❝❝✉IH
✇❤❡I❡ F❤❡ ❝❤❛♥❣❡ ✐♥ ✈♦❧F❛❣❡✴❝✉II❡♥F ✇✐F❤ HFI❡HH F✐♠❡ ✐H ♥♦F ✈❡I② ❛❜I✉♣F ❛♥❞ F❤❡ ♠❛❣♥✐F✉❞❡
♦❢ ❝❤❛♥❣❡ ✐H ♠❛♥② ♦I❞❡IH ❧♦✇❡I F❤❛♥ ✐♥ ❤❛I❞ ❜I❡❛❦❞♦✇♥ ✹✸✱ ✾✻✳

❛I✐♦✉H ❚❉❉❇♠♦❞❡❧H ✇❤✐❝❤ ❝♦♥H✐❞❡I ✜❡❧❞✲✐♥❞✉❝❡❞ ❞❡❣I❛❞❛F✐♦♥✱ ❝✉II❡♥F✲✐♥❞✉❝❡❞ ❞❡❣I❛✲
❞❛F✐♦♥ ♦I ❛ ❝♦♠❜✐♥❛F✐♦♥ ♦❢ ❜♦F❤ ❤❛✈❡ ❜❡❡♥ H✉❣❣❡HF❡❞ ✾✸✱ ✾✼✱ ✾✽✱ ✾✾✳ ❚❤❡ ✜❡❧❞ ❞❡♣❡♥❞❡♥F
♠♦❞❡❧H H✉❣❣❡HF F❤❡ ❧♦❣❛I✐F❤♠ ♦❢ F✐♠❡ F♦ ❜I❡❛❦❞♦✇♥ F♦ ❜❡ ♣I♦♣♦IF✐♦♥❛❧ F♦ F❤❡ ♦①✐❞❡ ❡❧❡❝FI✐❝
✜❡❧❞✳ ❖♥❡ ♦❢ F❤❡H❡ ♠♦❞❡❧H ✐H F❤❡ F❤❡I♠♦❝❤❡♠✐❝❛❧ E✲♠♦❞❡❧✳ ✐F❤✐♥ F❤✐H ♠♦❞❡❧✱ ❜♦♥❞ ❜I❡❛❦✲
❛❣❡ ✐H FI✐❣❣❡I❡❞ ❜② F❤❡ ✐♥F❡I❛❝F✐♦♥ ♦❢ F❤❡ ❙✐✲❖ ❜♦♥❞✱ ✇❤✐❝❤ ✐H HFI❛✐♥❡❞ ❞✉❡ F♦ F❤❡ ❧♦❝❛❧ ✜❡❧❞
✭H❡❡ ❋✐❣✉I❡ ✶✳✼✮✱ ✇✐F❤ F❤❡ ❧❛FF✐❝❡ ✾✼✳ ❚❤✉H✱ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ ✐H ❝♦♥H✐❞❡I❡❞ F♦ ❜❡ ❛ ♣❤♦♥♦♥
❞I✐✈❡♥ ♣I♦❝❡HH✳ ❚❤❡ F✐♠❡ F♦ ❜I❡❛❦❞♦✇♥ ✐H ❣✐✈❡♥ ❛H tBD = A0 exp [γEox] exp [Ea/kBT ]✳ ❍♦✇✲
❡✈❡I✱ F❤❡ E✲♠♦❞❡❧ ✇❛H ✉♥❛❜❧❡ F♦ ❡①♣❧❛✐♥ F❤❡ ♣♦❧❛I✐F② ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❚❉❉❇ ✶✵✵✳

❚❤❡ ❝✉II❡♥F ❞I✐✈❡♥ ♠♦❞❡❧ ✐H F❤❡ H♦✲❝❛❧❧❡❞ 1/E ♠♦❞❡❧ ✭F❤❡ ❧♦❣❛I✐F❤♠ ♦❢ F✐♠❡ F♦ ❜I❡❛❦✲
❞♦✇♥ ✐H ✐♥✈❡IH❡❧② ♣I♦♣♦IF✐♦♥❛❧ F♦ F❤❡ ♦①✐❞❡ ❡❧❡❝FI✐❝ ✜❡❧❞✮ ✇❤❡I❡ F❤❡ ❞❛♠❛❣❡ ✐H ❛HH♦❝✐❛F❡❞
✇✐F❤ F❤❡ ❝✉II❡♥F ✢♦✇✐♥❣ F❤I♦✉❣❤ F❤❡ ❞✐❡❧❡❝FI✐❝ ✾✸✳ ❆❝❝♦I❞✐♥❣ F♦ F❤❡ 1/E ♠♦❞❡❧✱ F❤❡
❡❧❡❝FI♦♥H F✉♥♥❡❧✐♥❣ F❤I♦✉❣❤ F❤❡ ❞✐❡❧❡❝FI✐❝ ❢I♦♠ F❤❡ ❝❛F❤♦❞❡ F♦ F❤❡ ❛♥♦❞❡ ❡①❝✐F❡ ❛♥ ❡❧❡❝FI♦♥
❢I♦♠ F❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ F♦ F❤❡ ❝♦♥❞✉❝F✐♦♥✱ ❛♥❞ ❧❡❛✈❡ ❛ ❤♦❧❡ ❜❡❤✐♥❞ ✶✵✶✱ ✶✵✷✳ ❖♥ ❣❛✐♥✐♥❣
❡♥❡I❣②✱ F❤❡ ❤♦❧❡H ❝❛♥ F✉♥♥❡❧ ❜❛❝❦ ✐♥F♦ F❤❡ ♦①✐❞❡ ❛♥❞ ❝I❡❛F❡ ♦①✐❞❡ FI❛♣H✳ ❚❤✉H✱ F❤✐H ♠♦❞❡❧ ✐H
❛❧H♦ ❝❛❧❧❡❞ ❆♥♦❞❡ ❍♦❧❡ ■♥❥❡❝F✐♦♥ ♠♦❞❡❧ ✭❆❍■✮✳ ❊♠✐HH✐♦♥ ♦❢ ❝❛II✐❡IH F❤I♦✉❣❤ ❙✐❖✷ ✐H ❞✉❡ F♦
❋♦✇❧❡I✲◆♦I❞❤❡✐♠ ✭❋◆✮ F✉♥♥❡❧✐♥❣ ✇❤✐❝❤ I❡K✉✐I❡H ❤✐❣❤ ✜❡❧❞H ✭❃✻ ▼✴❝♠✮ ✶✵✸✳ ❚❤❡ 1/E
❞❡♣❡♥❞❡♥❝❡ ♦❢ F✐♠❡ F♦ ❜I❡❛❦❞♦✇♥ ✐H ❣✐✈❡♥ ❛H tBD = τ0 exp [G/Eox]✳ ■❢ ❞❡❡♣ FI❛♣H ❡①✐HF✱
FI❛♣ ❛HH✐HF❡❞ F✉♥♥❡❧✐♥❣ ❝❛♥ ❧❡❛❞ F♦ ♣I❡ ❋◆ ❝♦♥❞✉❝F✐♦♥✳ ❙✐♥❝❡ ❋◆ ❝♦♥❞✉❝F✐♦♥ ✐H F❡♠♣❡I❛✲
F✉I❡ ✐♥❞❡♣❡♥❞❡♥F✱ F❤❡ ❝✉II❡♥F ♠♦❞❡❧ ✇❛H ✉♥❛❜❧❡ F♦ ❡①♣❧❛✐♥ F❤❡ F❡♠♣❡I❛F✉I❡ ❞❡♣❡♥❞❡♥❝❡
♦❢ ❚❉❉❇ ✶✵✹✳ ▼♦I❡♦✈❡I✱ ❛❝❝♦I❞✐♥❣ F♦ F❤✐H ♠♦❞❡❧✱ ❜I❡❛❦❞♦✇♥ ♦❝❝✉IH ✇❤❡♥ ❛ ❝I✐F✐❝❛❧ ❤♦❧❡
✢✉❡♥❝❡ ✐H I❡❛❝❤❡❞ ✇❤✐❝❤ ❤❛H ♥♦ ♣❤②H✐❝❛❧ ❡①♣❧❛♥❛F✐♦♥ ✶✵✺✳

❖F❤❡I ♠♦❞❡❧H ❢♦I H♣❡❝✐✜❝ ❞❡✈✐❝❡H✱ H✉❝❤ ❛H F❤❡ ♣♦✇❡I✲❧❛✇ ✈♦❧F❛❣❡ ♠♦❞❡❧ ✶✵✻✱ ✶✵✼✱ ✶✵✽ ❢♦I
F❤✐♥ ❞✐❡❧❡❝FI✐❝H ✇✐F❤ FI❛♥H♣♦IF ✐♥ F❤❡ ❜❛❧❧✐HF✐❝ I❡❣✐♠❡ ❛♥❞ F❤❡ ❡①♣♦♥❡♥F✐❛❧ ♠♦❞❡❧ ✶✵✾✱ ✶✶✵
❢♦I ❧♦✇✲❦ ❞✐❡❧❡❝FI✐❝H✱ ❤❛✈❡ ❛❧H♦ ❜❡❡♥ ♣I♦♣♦H❡❞✳ ■F ❤❛H ❜❡❡♥ H✉❣❣❡HF❡❞ F❤❛F ❚❉❉❇ ❝❛♥
❜❡ ❜❡FF❡I ❡①♣❧❛✐♥❡❞ ❜② ❛ ❝♦♠❜✐♥❛F✐♦♥ ♦❢ ✜❡❧❞ ❛♥❞ ❝✉II❡♥F ❞I✐✈❡♥ ❛♣♣I♦❛❝❤❡H ✹✷✱ ✶✶✶✳
❚❤✐H ❝♦♠❜✐♥❛F✐♦♥ H✉❣❣❡HFH F❤❛F F❤❡ ✜❡❧❞ HFI❛✐♥H F❤❡ ❙✐✲❖ ❜♦♥❞H ✇❤✐❝❤ ❝❛♥ F❤❡♥ ❜❡ ❡①❝✐F❡❞
❜② F❤❡ ❝❛II✐❡IH ❝♦♥HF✐F✉F✐♥❣ F❤❡ ❝✉II❡♥F ✢♦✇✳ ❋✐❣✉I❡ ✶✳✽ H❤♦✇H ♦♥❡ ♦❢ F❤❡H❡ H❝❡♥❛I✐♦H
✇❤❡I❡ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣I♦❝❡HH ✐H ❤♦❧❡✲❝❛F❛❧②③❡❞ ❛♥❞ ❡♥❤❛♥❝❡❞ ❜② F❤❡ ✜❡❧❞✳ ❚❤✉H✱ F❤❡
❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ✐H I❡❞✉❝❡❞ ❛♥❞ F❤❡ ❜♦♥❞ ❝❛♥ ❜❡ ❡❛H✐❧② ❜I♦❦❡♥ ❜② ♣❤♦♥♦♥ ✐♥F❡I❛❝F✐♦♥H✳
❚❤❡ ❝♦♠❜✐♥❛F✐♦♥ ♦❢ ❜♦F❤ ✜❡❧❞✲ ❛♥❞ ❝✉II❡♥F✲❜❛H❡❞ ♠♦❞❡❧H H❡❡♠H F❤❡ ♠♦HF ♣I❛❝F✐❝❛❧ H♦❧✉F✐♦♥
❢♦I ♠♦❞❡❧✐♥❣ ❚❉❉❇✳
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❈❤❛♣1❡2 ✷

❍♦>✲❈❛BB✐❡B ❉❡❣B❛❞❛>✐♦♥

❚❤❡ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡ ❢❛❜I✐❝❛F✐♦♥ ♣I♦❝❡HH I❡K✉✐I❡H F❤❡ ❣I♦✇F❤ ♦❢ ❛ ❞✐❡❧❡❝FI✐❝✱ H✉❝❤ ❛H
❛♠♦I♣❤♦✉H H✐❧✐❝♦♥ ❣❛F❡ ♦①✐❞❡ ✭SiO2✮ ♦I ❤✐❣❤✲❦ ❞✐❡❧❡❝FI✐❝ H✉❝❤ ❛H HfO2✱ ♦♥ F❤❡ ❝I②HF❛❧❧✐♥❡
H✐❧✐❝♦♥ ❜✉❧❦✴H✉❜HFI❛F❡ ✭Si✮✳ ❚❤❡ ❧❛FF✐❝❡ ♠✐H♠❛F❝❤ ❛F F❤❡ ✐♥F❡I❢❛❝❡ ♦❢ F❤❡ ❞✐❡❧❡❝FI✐❝ ❛♥❞ F❤❡
H✉❜HFI❛F❡ ✐♥❞✉❝❡H ♠❡❝❤❛♥✐❝❛❧ HFI❡HH✱ ❧❡❛✈✐♥❣ H♦♠❡ ♦❢ F❤❡ Si ❛F♦♠H ✉♥H❛F✉I❛F❡❞✳ ■♥ ♦F❤❡I
✇♦I❞H✱ H♦♠❡ Si ❛F♦♠H ❞♦ ♥♦F ❢♦I♠ ❢♦✉I ❜♦♥❞H ✇✐F❤ ♥❡✐❣❤❜♦I✐♥❣ ❛F♦♠H F♦ ❝♦♠♣❧❡F❡ F❤❡
♦❝F❡F✳ ❆H ❛ I❡H✉❧F✱ F❤❡② ❝❛II② ✉♣ F♦ F✇♦ ✉♥♣❛✐I❡❞ ❡❧❡❝FI♦♥H✱ F❤❡I❡❜② ❝I❡❛F✐♥❣ F✇♦ FI❛♣
❧❡✈❡❧H ✐♥ F❤❡ Si ❜❛♥❞❣❛♣✳ ❚❤✐H ❝♦II❡H♣♦♥❞H F♦ ❡❧❡❝FI✐❝❛❧❧② ❛❝F✐✈❡ ❙✐ ❞❛♥❣❧✐♥❣ ❜♦♥❞H ✇❤✐❝❤
❛I❡ ✈✐H✐❜❧❡ ✐♥ ♣❛I❛♠❛❣♥❡F✐❝ H♣✐♥✲I❡H♦♥❛♥❝❡ ❡①♣❡I✐♠❡♥FH ✶✶✷✱ ✶✶✸✳ ❆ ❧❛I❣❡ ♥✉♠❜❡I ♦❢ F❤❡
✉♥H❛F✉I❛F❡❞ Si ❜♦♥❞H ❛I❡ ♣❛HH✐✈❛F❡❞ ✇✐F❤ H ❣❛H ❞✉I✐♥❣ ♣♦HF✲❣I♦✇ ❛♥♥❡❛❧✳ ❚❤✐H ❝I❡❛F❡H
❡❧❡❝FI✐❝❛❧❧② ✐♥❛❝F✐✈❡ ❙✐✲❍ ❜♦♥❞H ❛F F❤❡ ✐♥F❡I❢❛❝❡ ❛♥❞ H❤✐❢FH F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ❡♥❡I❣② ❧❡✈❡❧H
♦✉F ♦❢ F❤❡ Si ❜❛♥❞❣❛♣ ✶✶✹✱ ✶✶✺✳ ❍♦✇❡✈❡I✱ ❞✉I✐♥❣ HFI❡HH✴♦♣❡I❛F✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡ ❛F ❤✐❣❤
❡❧❡❝FI✐❝ ✜❡❧❞H✱ ❝❛II✐❡IH ✇✐F❤ ❤✐❣❤ ❡♥❡I❣✐❡H ✭❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✶✳✹✮ ❝❛♥ ❜I❡❛❦ F❤❡ ❙✐✲❍
❜♦♥❞H✱ F❤❡I❡❜② ❝I❡❛F✐♥❣ ✐♥F❡I❢❛❝❡ FI❛♣H✳ ❚❤❡H❡ ❞❡❢❡❝FH ❛F F❤❡ ✐♥F❡I❢❛❝❡ ❛I❡ ❝❤❛I❛❝F❡I✐③❡❞
❜② ❛ ❞❡♥H✐F② ❝❛❧❧❡❞ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② Nit ✭❝♠✲✷✮✱ ✇❤✐❝❤ I❡♣I❡H❡♥FH F❤❡ ♥✉♠❜❡I ♦❢
✐♥F❡I❢❛❝❡ FI❛♣H ♣❡I ✉♥✐F ❛I❡❛ ♦I Dit ✭❝♠✲✷ ❡✲✶✮✱ F❤❡ ♥✉♠❜❡I ♦❢ ✐♥F❡I❢❛❝❡ FI❛♣H ♣❡I ✉♥✐F ❛I❡❛
❞✐HFI✐❜✉F❡❞ ❛❝I♦HH F❤❡ ❡♥❡I❣② ❜❛♥❞❣❛♣ ✸✾✳ ❚❤❡ ❡❧❡❝FI✐❝❛❧❧② ❛❝F✐✈❡ ✐♥F❡I❢❛❝❡ ❞❡❢❡❝FH ❧❡❛❞ F♦
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❋✐❣✉I❡ ✷✳✶✿ ■♥F❡I❢❛❝❡ FI❛♣♣❡❞ ❝❤❛I❣❡ ❞❡♣❡♥❞✐♥❣ ♦♥ F❤❡ ❋❡I♠✐ ❧❡✈❡❧✳ ❚❤❡ FI❛♣H ❜❡F✇❡❡♥ Ei

❛♥❞ EF ❛I❡ ♦❝❝✉♣✐❡❞✱ ✇❤✐❧❡ ♦F❤❡IH ❛I❡ ♥❡✉FI❛❧✳ ❚I❛♣H ❛I❡ ♥❡❣❛F✐✈❡❧② ❝❤❛I❣❡❞ ✐❢ F❤❡ ❋❡I♠✐
❧❡✈❡❧ ✐H ❛❜♦✈❡ Ei✱ ❛♥❞ ♣♦H✐F✐✈❡❧② ❝❤❛I❣❡❞ ✐❢ F❤❡ ❋❡I♠✐ ❧❡✈❡❧ ✐H ❜❡❧♦✇ Ei✳
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❋✐❣✉I❡ ✷✳✷✿ ❈❤❛I❣❡ ♣✉♠♣✐♥❣ ♠❡❛H✉I❡♠❡♥F H❡F✉♣✳ ❚❤❡ H♦✉I❝❡ F♦ H✉❜HFI❛F❡ ❛♥❞ ❞I❛✐♥ F♦
H✉❜HFI❛F❡ ❞✐♦❞❡H ❛I❡ F②♣✐❝❛❧❧② H❧✐❣❤F❧② I❡✈❡IH❡ ❜✐❛H❡❞ ✇❤✐❧❡ F❤❡ ❣❛F❡ ✐H ♣✉❧H❡❞ ❜❡F✇❡❡♥
✐♥✈❡IH✐♦♥ ❛♥❞ ❛❝❝✉♠✉❧❛F✐♦♥ ❝♦♥❞✐F✐♦♥H✳ ❚❤❡ H✉❜HFI❛F❡ ❝✉II❡♥F ✐H F②♣✐❝❛❧❧② ♠❡❛H✉I❡❞ ❛H F❤❡
❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F✳

❛ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢F ✭ΔVt✮ ❛♥❞ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ ❞I❛✐♥ ❝✉II❡♥F ✭ΔId,lin✱ ΔId,sat✮✱
F❤✉H✱ ❧✐♠✐F✐♥❣ F❤❡ ❧✐❢❡F✐♠❡ ♦❢ F❤❡ ❞❡✈✐❝❡✳ ❚❤❡ FI❛♣H ❛❧H♦ ❝♦♥FI✐❜✉F❡ F♦ F❤❡ ❧❡❛❦❛❣❡ ❝✉II❡♥F
❛♥❞ ❧♦✇ ❢I❡K✉❡♥❝② ♥♦✐H❡✱ F❤❡I❡❜② ❢✉IF❤❡I ❞✐HI✉♣F✐♥❣ F❤❡ ❞❡✈✐❝❡ ❢✉♥❝F✐♦♥❛❧✐F②✳

❚❤❡ ❝❤❛I❣❡ HF♦I❡❞ ✐♥ F❤❡ FI❛♣H ❞❡♣❡♥❞H ♦♥ F❤❡✐I ♣♦H✐F✐♦♥ ✇✐F❤ I❡H♣❡❝F F♦ F❤❡ ❋❡I♠✐ ❧❡✈❡❧
❛♥❞ F❤✉H ♦♥ F❤❡ ❜✉❧❦ ♠❛F❡I✐❛❧✱ ❜✐❛H ❛♥❞ F❡♠♣❡I❛F✉I❡ ❝♦♥❞✐F✐♦♥H✱ H❡❡ ❋✐❣✉I❡ ✷✳✶✳ ❚❤❡ HF❛F❡H
❜❡F✇❡❡♥ F❤❡ ✐♥FI✐♥H✐❝ ❧❡✈❡❧ ✭Ei✮ ❛♥❞ F❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ ✭EV✮ ❛I❡ ✜❧❧❡❞ ✇✐F❤ ❡❧❡❝FI♦♥H ❛♥❞
❛I❡ ❞♦♥♦I✲❧✐❦❡ ❛H ✐♥ ❛ ♣✲F②♣❡ H✉❜HFI❛F❡✳ ❖♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ F❤❡ HF❛F❡H ❜❡F✇❡❡♥ ❝♦♥❞✉❝F✐♦♥
❜❛♥❞ ❡❞❣❡ ✭EC✮ ❛♥❞ Ei ❛I❡ ❛❝❝❡♣F♦I✲❧✐❦❡ ❛H ✐♥ ❛ ♥✲F②♣❡ H✉❜HFI❛F❡ ✶✶✻✳ ❋♦I ✐♥HF❛♥❝❡✱ ✐♥ F❤❡
❝❛H❡ ♦❢ ✢❛F❜❛♥❞ ❝♦♥❞✐F✐♦♥H✱ ✐❢ F❤❡ ❋❡I♠✐ ❧❡✈❡❧ ✭EF✮ ✐H ❜❡F✇❡❡♥ ❊❈ ❛♥❞ Ei✱ F❤❡ FI❛♣H ❜❡❧♦✇
EF ❛❝❝❡♣F ❛♥ ❡❧❡❝FI♦♥ F♦ ❝♦♠♣❧❡F❡ F❤❡ ♦❝F❡F ❛♥❞ F❤✉H ❛I❡ ♥❡❣❛F✐✈❡❧② ❝❤❛I❣❡❞ H✐♠✐❧❛I F♦
♦❝❝✉♣✐❡❞ ❛❝❝❡♣F♦IH✳ ❖F❤❡I HF❛F❡H ❝❛II② ♦♥❡ ✉♥♣❛✐I❡❞ ❡❧❡❝FI♦♥ ❛♥❞ ❛I❡ ♥❡✉FI❛❧✳ ❖♥ F❤❡ ♦F❤❡I
❤❛♥❞✱ ✐❢ F❤❡ ❋❡I♠✐ ❧❡✈❡❧ H❤✐❢FH ❜❡❧♦✇ Ei✱ F❤❡ FI❛♣H ❜❡F✇❡❡♥ Ei ❛♥❞ EF ❧♦♦H❡ ❛♥ ❡❧❡❝FI♦♥ ❛♥❞
❛I❡ ♣♦H✐F✐✈❡❧② ❝❤❛I❣❡❞ ✭✉♥♦❝❝✉♣✐❡❞ ❞♦♥♦IH✮ ✇❤✐❧❡ ♦F❤❡I HF❛F❡H HF❛② ♥❡✉FI❛❧ ❜❡✐♥❣ ♣♦♣✉❧❛F❡❞
❜② ❡❧❡❝FI♦♥H ✸✾✳

❚♦ H✉♠ ✉♣✱ ✐♥F❡I❢❛❝❡ FI❛♣H ❛I❡ ❝❤❛I❣❡❞ ✇❤❡♥ F❤❡② ❛I❡ ❞♦♥♦I✲❧✐❦❡ ❛♥❞ ❞♦♥❛F❡ ❡❧❡❝FI♦♥H
✭♣♦H✐F✐✈❡❧② ❝❤❛I❣❡❞ FI❛♣H✮ ♦I ✐❢ F❤❡② ❛I❡ ❛❝❝❡♣F♦IH ❛♥❞ ❛❝❝❡♣F ❡❧❡❝FI♦♥H ✭♥❡❣❛F✐✈❡❧② ❝❤❛I❣❡❞
FI❛♣H✮✳ ❖F❤❡I✇✐H❡ F❤❡ FI❛♣H ❛I❡ ♥❡✉FI❛❧ ❛♥❞ ❜❡♥✐❣♥✳ ❚❤❡ FI❛♣H F❤❛F ❛I❡ ❝❤❛I❣❡❞ ❝I❡❛F❡
✜❡❧❞H ✇❤✐❝❤ ✐♥F❡I❢❡I❡ ✇✐F❤ F❤❡ ❡❧❡❝FI✐❝❛❧ ♣I♦♣❡IF✐❡H ♦❢ F❤❡ ❞❡✈✐❝❡H✳ ❆H F❤❡ FI❛♣ ❞❡♥H✐F②
✐♥❝I❡❛H❡H ❞✉I✐♥❣ F❤❡ ❝♦✉IH❡ ♦❢ ❞❡✈✐❝❡ ♦♣❡I❛F✐♦♥✱ F❤❡ ♥✉♠❜❡I ♦❢ ❝❤❛I❣❡❞ FI❛♣H ❛❧H♦ ✐♥❝I❡❛H❡
✉❧F✐♠❛F❡❧② ❧❡❛❞✐♥❣ F♦ F❤❡ ❞❡✈✐❝❡ ❜I❡❛❦❞♦✇♥✳

✷✳✶ ▼❡❛C✉E❡♠❡♥A ❚❡❝❤♥✐G✉❡C

❙✐♥❝❡ H✉❝❝❡HH ♦❢ ❛ F❡❝❤♥♦❧♦❣② ♥♦❞❡ ❞❡♣❡♥❞H ♦♥ F❤❡ K✉❛❧✐F② ♦❢ F❤❡ ♠❛F❡I✐❛❧ ❛♥❞ ✐♥F❡I❢❛❝❡✱
❞❡F❡I♠✐♥✐♥❣ F❤❡ H♣❛F✐❛❧ ❞✐HFI✐❜✉F✐♦♥ ♦❢ F❤❡ ❞❡❢❡❝FH ✐H ✈✐F❛❧✳ ▼♦❞❡❧✐♥❣ ❛ ❞❡❣I❛❞❛F✐♦♥ ♣❤❡✲
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❋✐❣✉I❡ ✷✳✸✿ ●❡♥❡I❛F✐♦♥ ♦❢ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ♦♥ ❛♣♣❧✐❝❛F✐♦♥ ♦❢ ❛ I❡❝F❛♥❣✉❧❛I ❣❛F❡
♣✉❧H❡✳ ❆II♦✇H I❡♣I❡H❡♥F F❤❡ ❝❛II✐❡I ✢♦✇ ❞✉I✐♥❣ ✐♥✈❡IH✐♦♥ ✭❜❧❛❝❦✮ ❛♥❞ ❛❝❝✉♠✉❧❛F✐♦♥ ✭I❡❞✮✳

♥♦♠❡♥♦♥ ✐♥ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H F♦ ❡✈❛❧✉❛F❡ F❤❡✐I ♣❡I❢♦I♠❛♥❝❡ ❛♥❞ ❧✐❢❡F✐♠❡ I❡K✉✐I❡H F❤❡
K✉❛❧✐F② ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ F♦ ❜❡ ♣I❡❝✐H❡❧② ❝❤❛I❛❝F❡I✐③❡❞✳ ❙❡✈❡I❛❧ H✐❣♥❛F✉I❡H ♦❢ F❤❡ ✐♥F❡I❢❛❝✐❛❧ ❙✐✲
❍ ❜♦♥❞ ❝❛♥ ❤❡❧♣ ❞❡F❡I♠✐♥❡ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F②✳ ❚❤❡H❡ ✐♥❝❧✉❞❡ F❤❡ SiO2✴Si ✐♥F❡I❢❛❝❡
❝❤❛I❣❡H F❤I♦✉❣❤ F❤❡✐I ❞✐HF♦IF✐♦♥ ♦❢ F❤❡ ❡❧❡❝FI♦HF❛F✐❝H✱ ❞I❛✐♥✲H♦✉I❝❡ ❝✉II❡♥FH ♦I✐❣✐♥❛F✐♥❣ ❞✉❡
F♦ ✐♥F❡I❢❛❝❡ FI❛♣ HF❛F❡H ❛♥❞ ❤♦♣♣✐♥❣ ♦❢ F❤❡ ❝❛II✐❡IH✱ ❛♥❞ F❤❡ I❡❝♦♠❜✐♥❛F✐♦♥ ❝✉II❡♥F✳ ❙❡✈❡I❛❧
F❡❝❤♥✐K✉❡H ❛I❡ ✉H❡❞ ❢♦I H♣❛F✐❛❧❧② ❧♦❝❛F✐♥❣ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H ❛♥❞ FI❛❝❦✐♥❣ F❤❡✐I ❡✈♦❧✉F✐♦♥
❞✉I✐♥❣ HFI❡HH ❝♦♥❞✐F✐♦♥H✳ ✶✶✼✱ ✶✶✽✱ ✶✶✾✱ ✶✷✵✱ ✶✷✶✳ ❙♦♠❡ ✇✐❞❡❧② ✉H❡❞ ♠❡F❤♦❞H✱ ♥❛♠❡❧② F❤❡
❝❤❛I❣❡ ♣✉♠♣✐♥❣✱ ❝❛♣❛❝✐F❛♥❝❡✲✈♦❧F❛❣❡ ❝❤❛I❛❝F❡I✐HF✐❝H✱ ❛♥❞ F❤❡ ❝♦♥❞✉❝F❛♥❝❡ F❡❝❤♥✐K✉❡ ❛I❡
❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✳

✷✳✶✳✶ ❈❤❛@❣❡ 9✉♠♣✐♥❣

❤❡♥ ♣❡I✐♦❞✐❝ ♣✉❧H❡H ❛I❡ ❛♣♣❧✐❡❞ F♦ F❤❡ ❣❛F❡ ♦❢ ❛ ♠❡F❛❧✲♦①✐❞❡✲H❡♠✐❝♦♥❞✉❝F♦I FI❛♥H✐HF♦I✱
F❤❡ I❡❝♦♠❜✐♥❛F✐♦♥ ♦❢ ❝❛II✐❡IH FI❛♣♣❡❞ ❜② F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H ♣I❡H❡♥F ✐♥ F❤❡ ❝❤❛♥♥❡❧ I❡❣✐♦♥
♦❢ F❤❡ ❞❡✈✐❝❡ ♣I♦❞✉❝❡H F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ✶✶✽✱ ✶✶✾✳ ❆ H✐♠♣❧❡ H❡F✉♣ ❢♦I F❤❡
❝❤❛I❣❡ ♣✉♠♣✐♥❣ ♠❡F❤♦❞ ✐H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✷✳✷✳ ❚❤❡ ❣❛F❡ ✐H ♣✉❧H❡❞ ❜❡F✇❡❡♥ ❛❝❝✉♠✉❧❛F✐♦♥
❛♥❞ ✐♥✈❡IH✐♦♥ ❝♦♥❞✐F✐♦♥H ✇✐F❤ F❤❡ I❡✈❡IH❡ ❜✐❛H❡❞ H✉❜HFI❛F❡✲H♦✉I❝❡ ❛♥❞ H✉❜HFI❛F❡✲❞I❛✐♥ ♣✲♥
❥✉♥❝F✐♦♥H✳ ❚❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ♣I♦❞✉❝❡❞ ❢I♦♠ I❡❝♦♠❜✐♥❛F✐♦♥ ✐H ♠❡❛H✉I❡❞ ❛F F❤❡
H✉❜HFI❛F❡✳ ❆❧F❡I♥❛F✐✈❡❧②✱ F❤❡ ❝✉II❡♥F ❝❛♥ ❜❡ ♠❡❛H✉I❡❞ ❛F F❤❡ H♦✉I❝❡✴❞I❛✐♥ ❝♦♥♥❡❝F✐♦♥ ♦I
❛F H♦✉I❝❡ ❛♥❞ ❞I❛✐♥ H❡♣❛I❛F❡❧②✳

❚❤❡ I❡❝♦♠❜✐♥❛F✐♦♥ F❛❦❡H ♣❧❛❝❡ ✐♥ F❤❡ Leff I❡❣✐♦♥✱ H❡❡ ❋✐❣✉I❡ ✷✳✷✳ ❚❤✉H✱ F❤❡ ❡①♣❡I✐♠❡♥F❛❧
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❋✐❣✉I❡ ✷✳✹✿ ❊✈♦❧✉F✐♦♥ ♦❢ F❤❡ ♦❝❝✉♣❛♥❝② ♦❢ ✐♥F❡I❢❛❝❡ HF❛F❡H ❞✉I✐♥❣ ♦♥❡ ❣❛F❡ ♣✉❧H❡ ❝②❝❧❡✱ Tp✳
❚I❛♣H ❧✐❡ ✐♥ F❤❡ ❜❛♥❞✲❣❛♣ ❜❡F✇❡❡♥ F❤❡ ✈❛❧❡♥❝❡ ❜❛♥❞ Ev ❛♥❞ ❝♦♥❞✉❝F✐♦♥ ❜❛♥❞ Ec✳ ❖♥❧② F❤❡
FI❛♣H ❜❡F✇❡❡♥ F❤❡ ❡♥❡I❣② ❧❡✈❡❧H Eem,e ❛♥❞ Eem,h ❝♦♥FI✐❜✉F❡ F♦ F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F✳

❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ✐H F❤❡ ❛✈❡I❛❣❡ I❡❝♦♠❜✐♥❛F✐♦♥ ❝✉II❡♥F ♦I✐❣✐♥❛F✐♥❣ ❢I♦♠ F❤❡ Leff

I❡❣✐♦♥ ✐♥ F❤❡ ❝❤❛♥♥❡❧✳ ❚❤❡ ❣❡♥❡I❛F✐♦♥ ♦❢ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ✐H ❞❡H❝I✐❜❡❞ ✐♥ ❋✐❣✉I❡
✷✳✸✳ ❤❡♥ F❤❡ ❣❛F❡ ✈♦❧F❛❣❡ ❛♣♣I♦❛❝❤❡H ✐♥✈❡IH✐♦♥✱ F❤❡ ✐♥F❡I❢❛❝❡ ✐H ✢♦♦❞❡❞✱ ✉♣ F♦ ❛ ❝❡IF❛✐♥
❞✐HF❛♥❝❡✱ ✇✐F❤ ♠✐♥♦I✐F② ❝❛II✐❡IH ❢I♦♠ F❤❡ ❞I❛✐♥ ❛♥❞ H♦✉I❝❡ I❡❣✐♦♥H✳ ❈♦♥H✐❞❡I✐♥❣ F❤❡ ❞I❛✐♥
H✐❞❡ ✐♥ ❋✐❣✉I❡ ✷✳✷✱ F❤❡ ✐♥F❡I❢❛❝❡ ✐H ✢♦♦❞❡❞ ✇✐F❤ ♠✐♥♦I✐F② ❝❛II✐❡IH ✉♣ F♦ H♦♠❡ ❞✐HF❛♥❝❡ A
✭♠❡❛H✉I❡❞ ❢I♦♠ F❤❡ ❞I❛✐♥✮ ❞✉I✐♥❣ ✐♥✈❡IH✐♦♥✳ ❚❤❡ ♠❛❥♦I✐F② ❝❛II✐❡IH ❛I❡ H✇❡♣F ✐♥F♦ F❤❡
H✉❜HFI❛F❡✳ ❈♦♥H❡K✉❡♥F❧②✱ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H ✐♥ F❤✐H I❡❣✐♦♥ ❝❛♣F✉I❡ ♠✐♥♦I✐F② ❝❛II✐❡IH ❛♥❞
❛I❡ ❞❡✈♦✐❞ ♦❢ ♠❛❥♦I✐F② ❝❛II✐❡IH✳ ❤❡♥ F❤❡ ❣❛F❡ ✈♦❧F❛❣❡ ❛♣♣I♦❛❝❤❡H ❛❝❝✉♠✉❧❛F✐♦♥✱ F❤❡
♠✐♥♦I✐F② ❝❛II✐❡IH FI❛✈❡❧ ❜❛❝❦ F♦ F❤❡ ❞I❛✐♥ ❛♥❞ ♠❛❥♦I✐F② ❝❛II✐❡IH ♠♦✈❡ ❢I♦♠ F❤❡ H✉❜HFI❛F❡ F♦
F❤❡ ✐♥F❡I❢❛❝❡ ❛♥❞ I❡❛❝❤ ♣♦✐♥F B ✭♠❡❛H✉I❡❞ ❢I♦♠ ❞I❛✐♥✮ ✇✐F❤ B < A✳ ■♥ F❤❡ I❡❣✐♦♥ Leff/2
✭A− B✮✱ I❡❝♦♠❜✐♥❛F✐♦♥ F❛❦❡H ♣❧❛❝❡✱ ✇❤✐❝❤ ❧❡❛❞H F♦ F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F✳ ❖✉FH✐❞❡
F❤✐H I❡❣✐♦♥✱ F❤❡ H✉♣♣❧② ♦❢ ❡✐F❤❡I ❡❧❡❝FI♦♥H ♦I ❤♦❧❡H ✐H ✐♥H✉✣❝✐❡♥F ❢♦I I❡❝♦♠❜✐♥❛F✐♦♥ F♦ F❛❦❡
♣❧❛❝❡✳

■F ✐H ✇♦IF❤ ♠❡♥F✐♦♥✐♥❣ F❤❛F ♥♦F ❛❧❧ F❤❡ ❡❧❡❝FI♦♥H✴❤♦❧❡H ❝❛♣F✉I❡❞ ❜② ✐♥F❡I❢❛❝❡ HF❛F❡H ✐♥
F❤❡ Leff I❡❣✐♦♥ ❝♦♥FI✐❜✉F❡ F♦ F❤❡ I❡❝♦♠❜✐♥❛F✐♦♥ ❝✉II❡♥F ✶✶✽✱ ✶✶✾✳ ❚❤✐H ✐H ❡①♣❧❛✐♥❡❞ ✐♥
F❤❡ ❢♦❧❧♦✇✐♥❣ ❡①❛♠♣❧❡ ♦❢ ❝♦♥HF❛♥F ❤✐❣❤ ❧❡✈❡❧ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ✐♥ ❛ ♣▼❖❙❋❊❚✱ ❋✐❣✉I❡ ✷✳✹✳
❉✉I✐♥❣ ❛❝❝✉♠✉❧❛F✐♦♥ ✭♣♦H✐F✐✈❡ Vgl✮✱ ♠♦HF ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H ❛I❡ ✜❧❧❡❞ ✇✐F❤ ❡❧❡❝FI♦♥H
✉♣ F♦ F❤❡ ❛❝❝✉♠✉❧❛F✐♦♥ ❡♥❡I❣② ❧❡✈❡❧ Eacc✳ ❆H F❤❡ ✐♥F❡I❢❛❝❡ ♠♦✈❡H ❢I♦♠ ❛❝❝✉♠✉❧❛F✐♦♥ ✐♥F♦
✇❡❛❦ ✐♥✈❡IH✐♦♥ ✭❢I♦♠ ✢❛F❜❛♥❞ ✈♦❧F❛❣❡ Vfb F♦ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ V th✮ ✈✐❛ ❞❡♣❧❡F✐♦♥✱ ❡❧❡❝FI♦♥H
❛I❡ ❡♠✐FF❡❞ ❢I♦♠ F❤❡ FI❛♣H ❜❛❝❦ ✐♥F♦ F❤❡ H✉❜HFI❛F❡ ❞✉❡ F♦ F❤❡I♠❛❧ ❡♠✐HH✐♦♥✳ ❤❡♥ F❤❡
F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ✐H I❡❛❝❤❡❞✱ ❛❧❧ F❤❡ HF❛F❡H ✇✐F❤ ❡♥❡I❣② ❣I❡❛F❡I F❤❛♥ Eem,e ❛I❡ ❞❡✈♦✐❞ ♦❢
❡❧❡❝FI♦♥H✳ ❆H F❤❡ ✐♥F❡I❢❛❝❡ F✉I♥H ✐♥F♦ ✐♥✈❡IH✐♦♥ ♠♦❞❡ ✭♥❡❣❛F✐✈❡ Vgh✮✱ ❤♦❧❡H ✢♦♦❞ ✐♥ ❢I♦♠

✶✺
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❋✐❣✉I❡ ✷✳✺✿ ❚❤❡ ♠❛①✐♠✉♠ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ❢♦I ♥▼❖❙ ❞❡✈✐❝❡H ✇✐F❤ ❞✐✛❡I❡♥F ❝❤❛♥♥❡❧
❧❡♥❣F❤H ❢♦I ❛ ✻✺♥♠ ❈▼❖❙ ♣I♦❝❡HH✳

F❤❡ H♦✉I❝❡ ❛♥❞ ❞I❛✐♥ ❧❡❛❞✐♥❣ F♦ ❡♠♣F②✐♥❣ ♦❢ FI❛♣H ✈✐❛ ❤♦❧❡ ❝❛♣F✉I❡ ✉♣ F♦ ❛♥ ❡♥❡I❣② ❧❡✈❡❧
Einv✳ ❆H F❤❡ ❣❛F❡ ✈♦❧F❛❣❡ ✐♥❝I❡❛H❡H ❜❛❝❦ F♦✇❛I❞H ❛❝❝✉♠✉❧❛F✐♦♥✱ ❤♦❧❡H ♠♦✈❡ ❜❛❝❦ F♦ H♦✉I❝❡
❛♥❞ ❞I❛✐♥ ❛♥❞ F❤❡ FI❛♣H ❜❡❧♦✇ ❛ ❝❡IF❛✐♥ ❡♥❡I❣② ❧❡✈❡❧✱ Eem,h✱ ❛I❡ ✜❧❧❡❞ ✇✐F❤ ❡❧❡❝FI♦♥H ✈✐❛
❤♦❧❡ ❡♠✐HH✐♦♥✳ ❚❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H ❛❜♦✈❡ F❤✐H ❡♥❡I❣② ❧❡✈❡❧ ❛I❡ ✜❧❧❡❞ ❜② ❡❧❡❝FI♦♥H ❝❛♣F✉I❡❞
❞✉I✐♥❣ ❛❝❝✉♠✉❧❛F✐♦♥✳ ❚❤✉H✱ ♦♥❧② F❤❡ ❢❛HF FI❛♣H ❜❡F✇❡❡♥ Eem,e ❛♥❞ Eem,h ✐♥ F❤❡ ❙✐ ❜❛♥❞❣❛♣
❝♦♥FI✐❜✉F❡ F♦ F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F✳ ❚❤❡H❡ ❡♥❡I❣② ❧❡✈❡❧H ❝❛♥ ❜❡ ❝❛❧❝✉❧❛F❡❞ ❛H ✶✶✽✿

Eem,e =Ei − kBT ln

�
vthσenitem,e + exp

�
Ei − EF,inv

kBT

��
✭✷✳✶✮

=Ei − kBT ln

�
vthσeni

����V th − V fb

ΔVg

���� tr� ,

Eem,h =Ei + kBT ln

�
vthσhnitem,h + exp

�
EF,acc − Ei

kBT

��
✭✷✳✷✮

=Ei + kBT ln

�
vthσeni

����V th − V fb

ΔVg

���� tf� ,

✇❤❡I❡✱ Ei ✐H F❤❡ ✐♥FI✐♥H✐❝ ❡♥❡I❣② ❧❡✈❡❧✱ EF,inv ❛♥❞ EF,acc ❛I❡ ❋❡I♠✐ ❡♥❡I❣✐❡H ✐♥ ✐♥✈❡IH✐♦♥
❛♥❞ ❛❝❝✉♠✉❧❛F✐♦♥✱ vth ✐H F❤❡ F❤❡I♠❛❧ ✈❡❧♦❝✐F②✱ σe/h F❤❡ ❝❛♣F✉I❡ ❝I♦HH H❡❝F✐♦♥ ♦❢ F❤❡ FI❛♣H✱
❛♥❞ ni F❤❡ ✐♥FI✐♥H✐❝ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥✳ ❖✉FH✐❞❡ F❤✐H ❜❛♥❞✱ F❤❡I♠❛❧ ❡♠✐HH✐♦♥ ✐H F❤❡ ♠♦HF
♣I♦♠✐♥❡♥F H♦✉I❝❡ ♦❢ ❞❡✲FI❛♣♣✐♥❣✳

❖♥❝❡ F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥FH ❛I❡ ♠❡❛H✉I❡❞✱ Nit ❝❛♥ ❜❡ ❡①FI❛❝F❡❞ ✉H✐♥❣ F❤❡ HF❡♣H
❞❡H❝I✐❜❡❞ ❜❡❧♦✇✳ ❆H ❛♥ ❡①❛♠♣❧❡✱ H❛♠♣❧❡ ♠❡❛H✉I❡♠❡♥F ❞❛F❛ ❢♦I ❛ ✻✺ ♥♠ ♥▼❖❙ FI❛♥H✐HF♦I
❛F F❡♠♣❡I❛F✉I❡ ♦❢ ✷✺ ♦❈ ✐H ✉H❡❞✳ ❋♦I F❤✐H F❡♠♣❡I❛F✉I❡✱ F❤❡ ❞❡✈✐❝❡ ✇❛H HFI❡HH❡❞ ❢♦I ❡✐❣❤F
❞✐✛❡I❡♥F F✐♠❡H ❛♥❞ F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ✇❛H ♠❡❛H✉I❡❞ ✉H✐♥❣ F❤❡ ❝♦♥HF❛♥F ❜❛H❡ ❧❡✈❡❧
❛♥❞ ✜①❡❞ ❤✐❣❤ ❧❡✈❡❧ F❡❝❤♥✐K✉❡H✳

❆H ❛ ✜IHF HF❡♣ ✐♥ F❤❡ Nit ❡①FI❛❝F✐♦♥ ♣I♦❝❡❞✉I❡✱ ✐F ✐H ✐♠♣♦IF❛♥F F♦ ❞❡F❡I♠✐♥❡ ✇❤❡F❤❡I F❤❡
✐♥✐F✐❛❧ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞✐HFI✐❜✉F✐♦♥ ✐H ✉♥✐❢♦I♠✱ ♥♦♥✲✉♥✐❢♦I♠ ♦I ❧♦❝❛❧❧② ✉♥✐❢♦I♠✳ ❚❤❡ ❝❤❛I❣❡
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❋✐❣✉I❡ ✷✳✻✿ ❚❤I❡H❤♦❧❞ ❛♥❞ ✢❛F❜❛♥❞ ✈♦❧F❛❣❡ ♣I♦✜❧❡H ♦❜F❛✐♥❡❞ ❢I♦♠ ▼✐♥✐♠♦%✲◆❚ ✉H✐♥❣ F❤❡
❝I✐F❡I✐♦♥ ✐♥ ❊K✉❛F✐♦♥ ✷✳✸✳

♣✉♠♣✐♥❣ ❝✉II❡♥F ♠❡❛H✉I❡♠❡♥FH ❢♦I ✉♥HFI❡HH❡❞ ❞❡✈✐❝❡H ❝I❡❛F❡❞ ✉H✐♥❣ F❤❡ H❛♠❡ ♣I♦❝❡HH ❜✉F
❤❛✈✐♥❣ ❞✐✛❡I❡♥F ❣❛F❡ ❧❡♥❣F❤H ❝❛♥ ♣I♦✈✐❞❡ ✐♥❢♦I♠❛F✐♦♥ ♦♥ F❤❡ ♥❛F✉I❡ ♦❢ F❤❡ Nit ❞✐HFI✐❜✉F✐♦♥✳
❚❤❡ ♠❛①✐♠✉♠ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥F ✈❡IH✉H F❤❡ ❣❛F❡ ❧❡♥❣F❤ ❝✉I✈❡ ❢♦I ✻✺ ♥♠ ♥▼❖❙
❞❡✈✐❝❡H ✉H❡❞ ✐♥ F❤✐H ❡①❛♠♣❧❡ ❛♥❞ ❧♦♥❣❡I ❣❛F❡ ❧❡♥❣F❤ FI❛♥H✐HF♦IH ❝I❡❛F❡❞ ♦♥ F❤❡ H❛♠❡ ♣I♦❝❡HH
❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✷✳✺✳ ❋✐❣✉I❡ ✷✳✺ H✉❣❣❡HFH F❤❛F F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡ ❢♦I ❛ ❢I❡H❤
FI❛♥H✐HF♦I ❝♦♥H✐❞❡I❡❞ ❤❡I❡ ✐H ♥♦♥✲✉♥✐❢♦I♠ ❛H F❤❡ ✐♥❝I❡❛H❡ ✐♥ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ✐H
♥♦F ♣I♦♣♦IF✐♦♥❛❧ F♦ F❤❡ ✐♥❝I❡❛H❡ ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❧❡♥❣F❤ ✶✷✷✳ ❍♦✇❡✈❡I✱ F❤❡ ♣I❡✲HFI❡HH❡❞
Nit(x) ♣I♦✜❧❡H ❛I❡ H✐❣♥✐✜❝❛♥F ♦♥❧② ✇❤❡♥ ❍❈❉ ✐H ♥♦F ✈❡I② HFI♦♥❣✱ ✐✳❡✳✱ ❢♦I ❧♦✇ HFI❡HH F✐♠❡H
❛♥❞ ❜✐❛H❡H✳ ❉✉❡ F♦ F❤❡ ❤✐❣❤ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ❛❢F❡I H❡✈❡I❡ HFI❡HH❡H✱ F❤❡ ❝♦♥FI✐❜✉F✐♦♥
♦❢ F❤❡ ♣I❡✲HFI❡HH Nit(x) ♣I♦✜❧❡ F♦ F❤❡ F♦F❛❧ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ❜❡❝♦♠❡H ♥❡❣❧✐❣✐❜❧❡✳

❙❡❝♦♥❞✱ F❤❡ ❧♦❝❛❧ F❤I❡H❤♦❧❞ ❛♥❞ ✢❛F❜❛♥❞ ✈♦❧F❛❣❡H ❛I❡ ❝❛❧❝✉❧❛F❡❞ ❢♦I F❤❡ ✉♥HFI❡HH❡❞
❞❡✈✐❝❡✱ H❡❡ ❋✐❣✉I❡ ✷✳✻✳ ❋♦I ❛♥ ♥▼❖❙ ❞❡✈✐❝❡✱ F❤❡ ❧♦❝❛❧ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ❛F ❛ ❝❡IF❛✐♥
❝♦♦I❞✐♥❛F❡ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ ✐H ❞❡✜♥❡❞ ❛H F❤❡ ❣❛F❡ ✈♦❧F❛❣❡ ❛F ✇❤✐❝❤ F❤❡ FI❛♣H ❝❛♥ ❝❛♣F✉I❡
F❤❡ ♠✐♥♦I✐F② ❝❛II✐❡IH ❞✉I✐♥❣ ✐♥✈❡IH✐♦♥✳ ❖♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ F❤❡ ❧♦❝❛❧ ✢❛F❜❛♥❞ ✈♦❧F❛❣❡ ❛F
❛ ❝❡IF❛✐♥ ❝♦♦I❞✐♥❛F❡ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ ✐H ❞❡✜♥❡❞ ❛H F❤❡ ❣❛F❡ ✈♦❧F❛❣❡ ❛F ✇❤✐❝❤ F❤❡ FI❛♣H ❝❛♥
❝❛♣F✉I❡ F❤❡ ♠❛❥♦I✐F② ❝❛II✐❡IH ❞✉I✐♥❣ ❛❝❝✉♠✉❧❛F✐♦♥ ✶✷✸✳ ❍❡♥❝❡✱ F❤❡H❡ ✈♦❧F❛❣❡H ❛I❡ ❞❡I✐✈❡❞
✉H✐♥❣ F❤❡ ❞②♥❛♠✐❝H ♦❢ F❤❡ ❝❛♣F✉I❡ ❛♥❞ ❡♠✐HH✐♦♥ ♣I♦❝❡HH ❛F F❤❡ ✐♥F❡I❢❛❝❡✳ ❋♦I F❤❡ H❛♠♣❧❡
❞❡✈✐❝❡✱ ♦✉I ❞❡✈✐❝❡ ❛♥❞ ❝✐I❝✉✐F H✐♠✉❧❛F♦I ▼✐♥✐♠♦%✲◆❚ ✶✷✹✱ ✶✷✺ ✇❛H ✉H❡❞ F♦ ♦❜F❛✐♥ F❤❡
F❤I❡H❤♦❧❞ ❛♥❞ ✢❛F❜❛♥❞ ✈♦❧F❛❣❡H✳ ▼✐♥✐♠♦%✲◆❚ ❡♠♣❧♦②H ❛ ❝♦♠♣I❡❤❡♥H✐✈❡ H❡F ♦❢ ♣❤②H✐❝❛❧
♠♦❞❡❧H F♦ ♣I♦✈✐❞❡ HF❡❛❞②✲HF❛F❡✱ FI❛♥H✐❡♥F✱ ❛♥❞ H♠❛❧❧✲H✐❣♥❛❧ ❛♥❛❧②H✐H ♦❢ F❤❡ ❞❡✈✐❝❡H✳ ❚❤❡
I❡K✉✐I❡❞ ❡❧❡❝FI♦♥✴❤♦❧❡ ❝♦♥❝❡♥FI❛F✐♦♥ ❢♦I F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H F♦ ❝❛♣F✉I❡ ❡❧❡❝FI♦♥H✴❤♦❧❡H ❝❛♥
❜❡ ❡HF✐♠❛F❡❞ ❜②✿

ne/h =
1

vthσe/hτe/h
, ✭✷✳✸✮

✇❤❡I❡ vth ✐H F❤❡ F❤❡I♠❛❧ ❝❛II✐❡I ✈❡❧♦❝✐F②✱ τe/h F❤❡ F✐♠❡ ❝♦♥HF❛♥F ❢♦I ❡❧❡❝FI♦♥✴❤♦❧❡ FI❛♣♣✐♥❣✱

✶✼



 

��
��

��
�

�
�

 

��

��
 �

��
��
�



 

��
� 
�
�

��

����

����

����

������������� ��

���� ��� ���� ��� ���� ���

� 

�� 

�� 

��� 

���  

���� 

���� 

���� 


❋✐❣✉I❡ ✷✳✼✿ ▲❛F❡I❛❧ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H ❢♦I ❡✐❣❤F HFI❡HH F✐♠❡H ♦❜F❛✐♥❡❞ ✉H✐♥❣ ❊K✉❛F✐♦♥
✷✳✻ ❢♦I ❛ ✻✺ ♥♠ ♥▼❖❙ HFI❡HH❡❞ ❛F Vds ❂ Vgs ❂ ✷✳✷✳ ❚❤❡ ♦I✐❣✐♥ ✭❂✵✮ ✐H ❛F F❤❡ ❝❡♥F❡I ♦❢
F❤❡ ❝❤❛♥♥❡❧✳

❛♥❞ σe/h F❤❡ ❝❛♣F✉I❡ ❝I♦HH H❡❝F✐♦♥ ❢♦I ❡❧❡❝FI♦♥H✴❤♦❧❡H✳
❖♥❝❡ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ♣I♦✜❧❡ ✐H ♦❜F❛✐♥❡❞✱ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H ❝❛♥ ❜❡ ❞❡❞✉❝❡❞

✉H✐♥❣ F❤❡ ❡①♣I❡HH✐♦♥✿

ICP =
qW

TP

	
Leff

Nit(x) · dx ✭✷✳✹✮

✇❤❡I❡ ICP ✐H F❤❡ F✐♠❡ ❛✈❡I❛❣❡❞ I❡❝♦♠❜✐♥❛F✐♦♥ ✭❝❤❛I❣❡ ♣✉♠♣✐♥❣✮ ❝✉II❡♥F✱ W F❤❡ ✇✐❞F❤
♦❢ F❤❡ ✐♥F❡I❢❛❝❡✱ ❛♥❞ TP F❤❡ F✐♠❡ ♣❡I✐♦❞✳ ❚❤I♦✉❣❤ F❤✐H ♠❡F❤♦❞✱ F❤❡ Nit(x) ♣I♦✜❧❡H ♦✈❡I
❛ ❝❡IF❛✐♥ ❞✐HF❛♥❝❡ Leff ❝❛♥ ❜❡ ❡①FI❛❝F❡❞ ❛H ❛❧I❡❛❞② ❞✐H❝✉HH❡❞✳ ❙♦ ❢♦I ❊K✉❛F✐♦♥ ✷✳✹✱ F❤❡
ICP ❝♦II❡H♣♦♥❞✐♥❣ F♦ F❤❡ ♠❛①✐♠✉♠ Leff ✴Vgh ✐H ✉H❡❞ F♦ ♦❜F❛✐♥ F❤❡ Nit ♦✈❡I ❛ ♠❛①✐♠✉♠
❞✐HF❛♥❝❡ ❛❧♦♥❣ F❤❡ ✐♥F❡I❢❛❝❡✳ ❈❛❧❝✉❧❛F✐♥❣ Nit(x) ❢I♦♠ ❡K✉❛F✐♦♥ ❊K✉❛F✐♦♥ ✷✳✹ ♣I♦❝❡❡❞H ❜②
❞✐✛❡I❡♥F✐❛F✐♥❣ F❤❡ ❡K✉❛F✐♦♥ ♦♥ ❜♦F❤ H✐❞❡H✳ ❚❤✉H✱

dICP

dx
=

qW

TP
Nit(x), ✭✷✳✺✮

I❡✇I✐FF❡♥ ❛H

dICP

dVgh

dVgh

dx
=

qW

TP
Nit(x), ✭✷✳✻✮

♦I
dICP

dVgh

dVth

dx
=

qW

TP
Nit(x). ✭✷✳✼✮

❍❡I❡ dVth/dx ❝❛♥ ❜❡ ❝♦♥H✐❞❡I❡❞ H✐♠✐❧❛I F♦ dVgh/dx ❛H F❤❡ ❝♦♥❞✐F✐♦♥ ❢♦I F❤❡ F❤I❡H❤♦❧❞
✈♦❧F❛❣❡✳ ■♥ ❊K✉❛F✐♦♥ ✷✳✸✱ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ✐H I❡❛❝❤❡❞ ❛F Vgh✳

❚❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤✐H ♣I♦❝❡❞✉I❡ ✭❊K✉❛F✐♦♥ ✷✳✻✮ ❢♦I ❞✐✛❡I❡♥F
HFI❡HH F✐♠❡H ❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✷✳✼✳ ❚❤❡ ❡①FI❛❝F❡❞ Nit(x) ♣I♦✜❧❡H ✇❡I❡ ✉H❡❞ F♦ H✐♠✉❧❛F❡

✶✽
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❋✐❣✉I❡ ✷✳✽✿ ❈♦♠♣❛I✐H♦♥ ♦❢ H✐♠✉❧❛F❡❞ ❛♥❞ ❡①♣❡I✐♠❡♥F❛❧ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥FH ❛❢F❡I
❞✐✛❡I❡♥F HFI❡HH ❝♦♥❞✐F✐♦♥H✳

❛ ❞❡❣I❛❞❡❞ ❞❡✈✐❝❡ ❛♥❞ ❝❛❧❝✉❧❛F❡ F❤❡ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥FH ✐♥ ▼✐♥✐♠♦%✲◆❚✳ ❚❤❡ ❝♦♠✲
♣❛I✐H♦♥ ♦❢ ❝❤❛I❣❡ ♣✉♠♣✐♥❣ ❝✉II❡♥FH ♦❜F❛✐♥❡❞ ❢I♦♠ H✐♠✉❧❛F✐♦♥ ✇✐F❤ F❤♦H❡ ❢I♦♠ ❡①♣❡I✐♠❡♥FH
❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✷✳✽ ❢♦I H❡✈❡I❛❧ HFI❡HH ❝♦♥❞✐F✐♦♥H✳

✷✳✶✳✷ ❈❛♣❛❝✐<❛♥❝❡✲♦❧<❛❣❡ ❈❤❛@❛❝<❡@✐><✐❝>

❚❤❡ ❈❛♣❛❝✐F❛♥❝❡✲♦❧F❛❣❡ ✭❈✮ ♠❡F❤♦❞ ✐H ❛♥♦F❤❡I ✇✐❞❡❧② ✉H❡❞ F❡❝❤♥✐K✉❡ F♦ ❡✈❛❧✉❛F❡ ♥❡✇
♣I♦❝❡HH❡H✱ ♠❛F❡I✐❛❧H✱ ❛♥❞ ❞❡✈✐❝❡H ✶✷✻✱ ✶✷✵✳ ❚❤❡ ♠❡❛H✉I❡♠❡♥F H❡F✉♣ ✐H H❤♦✇♥ ✐♥ ❋✐❣✉I❡
✷✳✾✳ ■♥ F❤✐H ♠❡F❤♦❞✱ F❤❡ ✐♥F❡I❢❛❝❡ ✐H H✇❡♣F F❤I♦✉❣❤ ❞✐✛❡I❡♥F I❡❣✐♠❡H✱ ✐✳❡✳✱ ❛❝❝✉♠✉❧❛F✐♦♥✱
❞❡♣❧❡F✐♦♥ ❛♥❞ ✐♥✈❡IH✐♦♥✱ H✉❝❝❡HH✐✈❡❧② ❛♥❞ F❤❡ H♠❛❧❧ H✐❣♥❛❧ ❝❛♣❛❝✐F❛♥❝❡ ✐H ♠❡❛H✉I❡❞✳ ■♥
F❤❡ ❛❝❝✉♠✉❧❛F✐♦♥ I❡❣✐♠❡✱ F❤❡I❡ ❛I❡ ❛ ❧❛I❣❡ ♥✉♠❜❡I ♦❢ ♠❛❥♦I✐F② ❝❛II✐❡IH ❛F F❤❡ ✐♥F❡I❢❛❝❡✳
❉✉I✐♥❣ ❞❡♣❧❡F✐♦♥✱ F❤❡ ♠❛❥♦I✐F② ❝❛II✐❡IH ♠♦✈❡ ✐♥H✐❞❡ F❤❡ ❜✉❧❦ ❛♥❞ ♦♥❧② ✜①❡❞ ❝❤❛I❣❡H I❡♠❛✐♥
❛F F❤❡ H✉I❢❛❝❡ ✇❤✐❝❤ ❜✉✐❧❞ ✉♣ F❤❡ ❞❡♣❧❡F✐♦♥ ❧❛②❡I✳ ❚❤✐H I❡H✉❧FH ✐♥ ❛ ❞❡❝I❡❛H❡ ♦❢ F❤❡ F♦F❛❧
❝❛♣❛❝✐F❛♥❝❡✳ ❤❡♥ F❤❡ H❡♠✐❝♦♥❞✉❝F♦I✲✐♥H✉❧❛F♦I ✐♥F❡I❢❛❝❡ I❡❛❝❤❡H F❤❡ ✐♥✈❡IH✐♦♥ ♠♦❞❡✱ F❤❡
♠✐♥♦I✐F② ❝❛II✐❡IH ♣♦♣✉❧❛F❡ F❤❡ H✉I❢❛❝❡ ❛♥❞ ❜❛❧❛♥❝❡ F❤❡ ❣❛F❡ ❝❤❛I❣❡✳ ❚❤❡ F♦F❛❧ ❝❛♣❛❝✐F❛♥❝❡
♦❢ F❤❡ ❞❡✈✐❝❡ ✐H ❛ ❝♦♠❜✐♥❛F✐♦♥ ♦❢ F❤❡ ❞❡♣❧❡F✐♦♥ ❧❛②❡I ❛♥❞ ✐♥✈❡IH✐♦♥ ❧❛②❡I ❝❛♣❛❝✐F❛♥❝❡✳ ❚❤❡
F♦F❛❧ H♣❛❝❡ ❝❤❛I❣❡ ❞❡♥H✐F② ❝❛♥ ❜❡ ❡①♣I❡HH❡❞ ❛H QSC = Qd + Qn✱ ✇❤❡I❡ Qd ❛♥❞ Qn ❛I❡
F❤❡ ❞❡❧❡F✐♦♥ ❛♥❞ ✐♥✈❡IH✐♦♥ ❧❛②❡I ❝❤❛I❣❡ ❞❡♥H✐F②✱ I❡H♣❡❝F✐✈❡❧② ✶✷✵✳ ❆♥ ✐♥❝I❡❛H❡ ✐♥ F❤❡
✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F② N✐# ✐H ❢♦❧❧♦✇❡❞ ❜② ❛ ❞❡❢♦I♠❛F✐♦♥ ♦❢ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝H ❛H F❤❡ FI❛♣H
❝❛♥ ❞②♥❛♠✐❝❛❧❧② ❜❡ ❝❤❛I❣❡❞ ❛♥❞ ❞✐H❝❤❛I❣❡❞✱ ✇❤✐❧❡ F❤❡ ✜①❡❞ ♦①✐❞❡ ❝❤❛I❣❡H H❤✐❢F F❤❡ ✢❛F✲❜❛♥❞
✈♦❧F❛❣❡✳ ❚❤❡I❡❢♦I❡✱ F❤❡ ❝❛♣❛❝✐F❛♥❝❡ ✭C✮ ✐H ❝❛❧❝✉❧❛F❡❞ ❛H✿

C =
ΔQit +ΔQOX

ΔVth
. ✭✷✳✽✮

✇❤❡I❡ Qit ✐H F❤❡ ✐♥F❡I❢❛❝❡ ❝❤❛I❣❡ ❞❡♥H✐F② ❛♥❞ QOX F❤❡ ♦①✐❞❡ ❝❤❛I❣❡ ❞❡♥H✐F②✳
❚❤❡ ❢I❡K✉❡♥❝② ♦❢ F❤❡ H✐❣♥❛❧ ❛♣♣❧✐❡❞ ✐H ✈❡I② ✐♠♣♦IF❛♥F F♦ ❝♦♥H✐❞❡I F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ❞✉❡

F♦ ❞✐✛❡I❡♥F I❡❣✐♠❡H✳ ❋♦I ❡①❛♠♣❧❡✱ ✐♥ ❛ ▼❖❙❈❆q✱ ✐❢ F❤❡ H✐❣♥❛❧ ❤❛H ❛ ❤✐❣❤ ❢I❡K✉❡♥❝②✱ ♦♥❧②

✶✾



Gate
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Source Drain

Substrate

C Meter

Signal
Generator

V

❋✐❣✉I❡ ✷✳✾✿ ❈✲ ♠❡❛H✉I❡♠❡♥F H❡F✉♣ ❢♦I ❛ ▼❖❙❋❊❚✳

F❤❡ ♠❛❥♦I✐F② ❝❛II✐❡I I❡H♣♦♥H❡ ❝❛♥ ❜❡ ♠❡❛H✉I❡❞ ❛H F❤❡ I❡❝♦♠❜✐♥❛F✐♦♥✲❣❡♥❡I❛F✐♦♥ I❛F❡H ♦❢
F❤❡ ♠✐♥♦I✐F② ❝❛II✐❡IH ❝❛♥♥♦F ❦❡❡♣ ✉♣ ✇✐F❤ H♠❛❧❧ H✐❣♥❛❧ ✈❛I✐❛F✐♦♥H ❛F ❤✐❣❤ ❢I❡K✉❡♥❝✐❡H✳ ■♥
F❤❡ ❤✐❣❤ ❢I❡K✉❡♥❝② ❧✐♠✐F✱ F❤❡ ✐♥✈❡IH✐♦♥ ❧❛②❡I ❝❤❛I❣❡H ❝❛♥♥♦F ❢♦❧❧♦✇ F❤❡ ❆❈ H✐❣♥❛❧✳ ■♥ F❤✐H
I❡❣✐♠❡✱ F❤❡ ❝❛♣❛❝✐F❛♥❝❡ ♦❢ F❤❡ ❞❡✈✐❝❡ ✇✐❧❧ ❜❡ ❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ❞❡♣❧❡F✐♦♥ ❧❛②❡I ❝❤❛I❣❡
❞❡♥H✐F② ❛❧♦♥❡ ✶✷✵✿

C =
q!SiNA

2φS

dφS

dt
. ✭✷✳✾✮

❚❤✐H ❝❛♣❛❝✐F❛♥❝❡ ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ ❊K✉❛F✐♦♥ ✷✳✾✱ ✉H✐♥❣ F❤❡ ❞♦♣✐♥❣ ❝♦♥❝❡♥FI❛F✐♦♥ ✭NA✮✱ H✉I✲
❢❛❝❡ ♣♦F❡♥F✐❛❧ ✭φS✮✱ ❛♥❞ ♣❡I♠✐FF✐✈✐F② ♦❢ H✐❧✐❝♦♥ ✭!Si✮✱ ✐H ✉H❡❞ F♦ ❡✈❛❧✉❛F❡ F❤❡ ❞❡♥H✐F② ♦❢
❝❤❛I❣❡H HF♦I❡❞ ✐♥ ✐♥F❡I❢❛❝❡ FI❛♣H✳ ❚❤❡ ✐♥F❡I❢❛❝❡ ❝❤❛I❣❡ ❞❡♥H✐F② ❡♥F❡IH ❊K✉❛F✐♦♥ ✷✳✾ ✈✐❛ F❤❡
I❛F❡ ♦❢ ❝❤❛♥❣❡ ♦❢ F❤❡ H✉I❢❛❝❡ ♣♦F❡♥F✐❛❧ dφS/dt ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ Eg/q + χ− φS − vn + V =
− δ

�i
[Qd +Qn +Qit + qNf ]✱ ✇❤❡I❡ Eg ✐H F❤❡ ❜❛♥❞ ❣❛♣✱ χ F❤❡ ❡❧❡❝FI♦♥ ❛✣♥✐F②✱ vn F❤❡ ❝❛I✲

I✐❡I ✈❡❧♦❝✐F②✱ V F❤❡ ❛♣♣❧✐❡❞ ❜✐❛H✱ Qit F❤❡ ✐♥F❡I❢❛❝❡ ❝❤❛I❣❡ ❞❡♥H✐F②✱ ❛♥❞ Nf F❤❡ ✜①❡❞ ❝❤❛I❣❡
❞❡♥H✐F② ✶✷✵✳

✷✳✶✳✸ ❈♦♥❞✉❝<❛♥❝❡ ♠❡<❤♦❞

❚❤❡ ❝♦♥❞✉❝F❛♥❝❡ ♠❡F❤♦❞ ✐H ♦♥❡ F❤❡ ♠♦HF H❡♥H✐F✐✈❡ ♠❡F❤♦❞H F♦ ❞❡F❡I♠✐♥❡ F❤❡ ✐♥F❡I❢❛❝❡
FI❛♣ ❞❡♥H✐F②✳ ❚❤✐H ♠❡F❤♦❞ ❞❡♣❡♥❞H ♦♥ F❤❡ ❛♥❛❧②H✐H ♦❢ F❤❡ ❝❤❛♥❣❡ ✐♥ F❤❡ ❝❤❛I❣❡ HF❛F❡ ♦❢
F❤❡ FI❛♣H ✇❤❡♥ ❛ H♠❛❧❧ ❆❈ ✈♦❧F❛❣❡ ✐H H✉♣❡I✐♠♣♦H❡❞ ♦♥ F❤❡ ❉❈ ❣❛F❡ ❜✐❛H✳ ❚❤❡ ♠♦❞✉❧❛F❡❞
H✐❣♥❛❧ ❝❛✉H❡H F❤❡ ♣♦H✐F✐♦♥ ♦❢ F❤❡ ❋❡I♠✐ ❧❡✈❡❧ F♦ ❝❤❛♥❣❡ ✇✐F❤ I❡H♣❡❝F F♦ F❤❡ ♣♦H✐F✐♦♥ ♦❢ F❤❡
✐♥F❡I❢❛❝❡ HF❛F❡H ✐♥ ❡♥❡I❣②✳ ❚❤✉H✱ F❤❡ ♦❝❝✉♣❛♥❝② ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡H ❝❤❛♥❣❡H✱ ❧❡❛❞✐♥❣
F♦ ❝❤❛I❣❡ I❡❧❡❛H❡ ✇❤✐❝❤ ❝❛♥ ❜❡ ♠❡❛H✉I❡❞ ❛H ❛ ♣❛I❛❧❧❡❧ ❝♦♥❞✉❝F❛♥❝❡ G✳ ❚❤✐H ❝♦♥❞✉❝F❛♥❝❡
✐H ♠❡❛H✉I❡❞ ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢ ❢I❡K✉❡♥❝② ω✳ ❚❤❡ ❝♦♥❞✉❝F❛♥❝❡ ❞✉❡ F♦ ✐♥F❡I❢❛❝❡ FI❛♣H Git ✐H
❝❛❧❝✉❧❛F❡❞ ✉H✐♥❣ F❤❡ ♠❡❛H✉I❡❞ ❝❛♣❛❝✐F❛♥❝❡ C ❛♥❞ ❝♦♥❞✉❝F❛♥❝❡ G ❛H✿

Git

ω
=

ω2C2
oxG

G2 + ω2(Cox − C)2
, ✭✷✳✶✵✮
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❋✐❣✉I❡ ✷✳✶✵✿ ❚❤❡ ✉♥✐✈❡IH❛❧ ❢✉♥❝F✐♦♥ fD(σs) ✉H❡❞ F♦ ❝❛❧❝✉❧❛F❡ Dit✱ ♣❧♦FF❡❞ ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢
σs ✶✷✽✳

✇❤❡I❡ Cox ✐H F❤❡ ♦①✐❞❡ ❝❛♣❛❝✐F❛♥❝❡ ❛♥❞ ω ✐H F❤❡ ❛♥❣✉❧❛I ❢I❡K✉❡♥❝②✳ ❚❤❡ ❛♥❣✉❧❛I ❢I❡K✉❡♥❝②
ω ✐H I❡❧❛F❡❞ F♦ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝ FI❛♣ I❡H♣♦♥H❡ F✐♠❡ τ = exp [ΔE/kBT ] /σvthDdos = 2π/ω
✇✐F❤ σ✱ vth✱ Ddos ❜❡✐♥❣ F❤❡ FI❛♣ ❝❛♣F✉I❡ ❝I♦HH H❡❝F✐♦♥✱ ❝❛II✐❡I F❤❡I♠❛❧ ❡♥❡I❣②✱ ❛♥❞ ❞❡♥H✐F②
♦❢ HF❛F❡H✱ I❡H♣❡❝F✐✈❡❧② ✶✷✼✳ ❆ ♣❧♦F ♦❢ F❤❡ ♥♦I♠❛❧✐③❡❞ ✐♥F❡I❢❛❝❡ FI❛♣ ❝♦♥❞✉❝F❛♥❝❡ Git/ω
✈❡IH✉H ❢I❡K✉❡♥❝② ❤❛H ❛ ♠❛①✐♠✉♠ ✈❛❧✉❡ ❝♦II❡H♣♦♥❞✐♥❣ F♦ ❛ ♣❡❛❦ ❢I❡K✉❡♥❝② fp✱ ✐♠♣❧②✐♥❣
♠❛①✐♠✉♠ ❝❤❛♥❣❡ ✐♥ ✐♥F❡I❢❛❝❡ HF❛F❡ ♦❝❝✉♣❛♥❝② ✇❤✐❝❤ ♦❝❝✉IH ✇❤❡♥ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣H ❛I❡
✐♥ I❡H♦♥❛♥❝❡ ✇✐F❤ F❤❡ ❛♣♣❧✐❡❞ ❛❝ H✐❣♥❛❧✳

❚♦ ❝❛❧❝✉❧❛F❡ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F②✱ F❤❡ ❛❞♠✐FF❛♥❝❡ ✐H ✜IHF ♠❡❛H✉I❡❞ ❛F ❛ ✜①❡❞ ❣❛F❡
❜✐❛H ✐♥ F❤❡ ❞❡♣❧❡F✐♦♥ I❡❣✐♦♥ ❢I♦♠ ❛♥② ♦❢ F❤❡ F✇♦ I❡❣✐♦♥H ♦❢ F❤❡ ❝✉I✈❡✱ ✐✳❡✳✱ ❛❜♦✈❡ ♦I ❜❡❧♦✇
fp✳ ❚❤❡ ✈❛❧✉❡ ♦❢ F❤❡ ✉♥✐✈❡IH❛❧ ❢✉♥❝F✐♦♥ fD ✐H F❤❡♥ ❞❡F❡I♠✐♥❡❞ ✉H✐♥❣ F❤❡ HF❛♥❞❛I❞ ❞❡✈✐❛F✐♦♥
♦❢ ❜❛♥❞✲❜❡♥❞✐♥❣ ✭σs✮ ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❝✉I✈❡ ✶✷✽✱ ✶✷✾✳ ❚❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ✐H
F❤❡♥ ❝❛❧❝✉❧❛F❡❞ ❛H ✶✷✶✿

Dit ≈ [fD(σs)q]
−1

�
Git

ω

�
max

. ✭✷✳✶✶✮

❆❧F❤♦✉❣❤ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F② ❝❛♥ ❜❡ ❞✐I❡❝F❧② ❞❡❞✉❝❡❞ ❢I♦♠ ♠❡❛H✉I❡♠❡♥FH✱ F❤❡ ❝♦♥✲
❞✉❝F❛♥❝❡ ♠❡F❤♦❞ ✐H ♥♦F ❛♣♣❧✐❝❛❜❧❡ F♦ ✐♥F❡I❢❛❝❡H ✇✐F❤ ❛ ❤✐❣❤ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② H✉❝❤ ❛H
✐♥ ❞❡✈✐❝❡H ✇✐F❤ ❤✐❣❤✲❦ ❞✐❡❧❡❝FI✐❝H✳ ■❢ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❝❛♣❛❝✐F❛♥❝❡ qDit ❜❡❝♦♠❡H ❧❛I❣❡I
F❤❛♥ F❤❡ ♦①✐❞❡ ❝❛♣❛❝✐F❛♥❝❡✱ F❤❡ ♠❡❛H✉I❡❞ ✐♠♣❡❞❛♥❝❡ ✇✐❧❧ ❜❡ ❞♦♠✐♥❛F❡❞ ❜② F❤❡ ♦①✐❞❡ ❝❛✲
♣❛❝✐F❛♥❝❡ ❛♥❞ Dit ✇♦✉❧❞ ❜❡ ✉♥❞❡I❡HF✐♠❛F❡❞ ✶✸✵✳ ❆♥♦F❤❡I ❞I❛✇❜❛❝❦ ♦❢ F❤❡ ❝♦♥❞✉❝F❛♥❝❡
♠❡F❤♦❞ ❛I✐H❡H ❞✉I✐♥❣ ✇❡❛❦ ✐♥✈❡IH✐♦♥✱ ✇❤❡♥ F❤❡ ✐♥❝I❡❛H❡ ✐♥ ❝♦♥❞✉❝F❛♥❝❡ ❞✉❡ F♦ ♠✐♥♦I✐F②
❝❛II✐❡I ❣❡♥❡I❛F✐♦♥✲I❡❝♦♠❜✐♥❛F✐♦♥ ♠❛② ❧❡❛❞ F♦ ♦✈❡I❡HF✐♠❛F✐♦♥ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F②✳

✷✶



❈❤❛♣1❡2 ✸

❆ ❘❡✈✐❡✇ ♦❢ ❊①✐@>✐♥❣ ❍❈❉ ▼♦❞❡❧@

❆H ❛❧I❡❛❞② ❞✐H❝✉HH❡❞✱ ❍❈❉ ✐H ❛ ♠❛❥♦I I❡❧✐❛❜✐❧✐F② ❝♦♥❝❡I♥ ✐♥ ♣♦✇❡I ▼❖❙❋❊❚H✱ ❜✉F ❞❡❡♣❧②
H❝❛❧❡❞ ❞❡✈✐❝❡H ❛I❡ ❛❧H♦ H✉H❝❡♣F✐❜❧❡ F♦ ❤♦F✲❝❛II✐❡I ❡✛❡❝FH ✶✸✶✳ ▼♦❞❡❧✐♥❣ F❤✐H ♣❤❡♥♦♠❡♥♦♥
✐H ❞✐✣❝✉❧F ❛H F❤❡ ♣❤②H✐❝❛❧ ❡✛❡❝FH ❛I❡ ♥♦F ❝♦♠♣❧❡F❡❧② ❝❧❡❛I ❛♥❞ ✐♥✈♦❧✈❡ ♠❛♥② ♠❡❝❤❛♥✐H♠H
♦❝❝✉II✐♥❣ H✐♠✉❧F❛♥❡♦✉H❧②✳ ▼♦I❡♦✈❡I✱ ♠♦❞❡❧✐♥❣ ♦❢ ❍❈❉ I❡K✉✐I❡H H♦❧✈✐♥❣ F❤❡ ❝❛II✐❡I FI❛♥H✲
♣♦IF ♣I♦❜❧❡♠ ❢I♦♠ F❤❡ ❢✉❧❧✲❜❛♥❞ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✇❤✐❝❤ ✐H ❝♦♠♣✉F❛F✐♦♥❛❧❧②
❝❤❛❧❧❡♥❣✐♥❣ ❛♥❞ ♦❢F❡♥ ❧❡❛❞H F♦ ❝♦♥✈❡I❣❡♥❝❡ ✐HH✉❡H ✐♥ ❧❛I❣❡ ❛I❡❛ ❛♥❞ ❤✐❣❤ ✈♦❧F❛❣❡ ❞❡✈✐❝❡H✳
❚❤❡ ♠♦❞❡❧H ❛❧H♦ ❤❛✈❡ F♦ ❝♦♣❡ ✇✐F❤ F❤❡ ❡✈❡I ❝❤❛♥❣✐♥❣ H❡♠✐❝♦♥❞✉❝F♦I ✐♥❞✉HFI②✳ ❋♦I ❡①❛♠♣❧❡✱
✐♥ F❤❡ ❡✐❣❤F✐❡H✱ F❤❡ ❢♦❝✉H ✇❛H ♦♥ H❤I✐♥❦✐♥❣ F❤❡ ❞❡✈✐❝❡ ❞✐♠❡♥H✐♦♥H✱ ✇❤✐❧❡ F❤❡ ♦♣❡I❛F✐♥❣ ✈♦❧F✲
❛❣❡H ✇❡I❡ ♥♦F H✐❣♥✐✜❝❛♥F❧② I❡❞✉❝❡❞✳ ❚❤✐H ❞❡✈❡❧♦♣♠❡♥F ❤❛H ❧❡❞ F♦ ❞❡✈✐❝❡H ✇✐F❤ ❤✐❣❤ ❡❧❡❝FI✐❝
✜❡❧❞H ✐♥ ✇❤✐❝❤ F❤❡ ❝❛II✐❡IH ✇❡I❡ ❡♥❡I❣❡F✐❝ ❡♥♦✉❣❤ F♦ ❜I❡❛❦ F❤❡ ❙✐✲❍ ❜♦♥❞H ✐♥ ❛ H✐♥❣❧❡ ✐♥✲
F❡I❛❝F✐♦♥ ✶✸✷✱ ✶✸✸✳ ❚❤✉H✱ F❤❡ H✉♣♣❧② ✈♦❧F❛❣❡H ✇❡I❡ H❝❛❧❡❞ F♦ I❡❞✉❝❡ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞H ✐♥
F❤❡ ❞❡✈✐❝❡H ✶✸✹✳ ❉✉❡ F♦ F❤❡ ❧♦✇ H♦✉I❝❡✲❞I❛✐♥ ✈♦❧F❛❣❡ ✐♥ ❡①FI❡♠❡❧② H❝❛❧❡❞ ❞❡✈✐❝❡H✱ ❍❈❉
✇❛H ❡①♣❡❝F❡❞ F♦ ❜❡ ❞I❛HF✐❝❛❧❧② H✉♣♣I❡HH❡❞ ❛H ❞❡H❝I✐❜❡❞ ✐♥ ✶✸✺✱ ✶✸✻✱ ✶✸✼✳ ❙✉❝❤ ❛ FI❡♥❞✱
❤♦✇❡✈❡I✱ ✇❛H ♥♦F ♦❜H❡I✈❡❞ ✶✸✽ ❛♥❞ ❡✈❡♥ ✉❧FI❛✲H❝❛❧❡❞ ▼❖❙❋❊❚H ✇❡I❡ ❢♦✉♥❞ F♦ ❡①❤✐❜✐F
❍❈❉ ✶✸✾✱ ✶✸✼✱ ✶✹✵✳ ❚❤✐H ♣❡❝✉❧✐❛I✐F② ✇❛H ❛FFI✐❜✉F❡❞ F♦ ❡♥❡I❣② ❡①❝❤❛♥❣❡ ♠❡❝❤❛♥✐H♠H✱ H✉❝❤
❛H F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ❛♥❞ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✽✻✱ ✶✵✳

q❛IF✐❝✉❧❛I❧② ❢♦I ✉❧FI❛ H❝❛❧❡❞ ❞❡✈✐❝❡H✱ ❍❈❉ ❜❡❝♦♠❡H ❝♦♠♣❧✐❝❛F❡❞ ❞✉❡ F♦ F❤❡ ❞♦♠✐♥❛♥❝❡
♦❢ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ♦❢ ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡ ✶✸✻✱ ✶✸✺✱ ✶✸✾✳ ❍♦✇❡✈❡I✱ F❤❡ H✐♥❣❧❡✲
❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠H ❛I❡ ❧✐♠✐F✐♥❣ ❝❛H❡H ❛♥❞ ❝♦♠♠♦♥❧② ❛ H✉♣❡I♣♦H✐F✐♦♥ ♦❢ F❤❡
F✇♦ ✐H ♣I❡H❡♥F ✶✹✶✱ ✷✺✳ ❚❤❡ ✐♥F❡I♣❧❛② ❜❡F✇❡❡♥ F❤❡ F✇♦ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♠❡❝❤❛♥✐H♠H ❝❛✉H❡H
❛ H❤✐❢F ✐♥ F❤❡ ✇♦IHF✲❝❛H❡ ❝♦♥❞✐F✐♦♥H ❢♦I ❍❈❉✳ ❚②♣✐❝❛❧❧②✱ F❤❡ ✇♦IHF✲❝❛H❡ ❍❈❉ ✇❛H ♦❜H❡I✈❡❞
❛F Vgs ≈ ✵✳✺Vds ✇❤✐❝❤ ❝♦II❡H♣♦♥❞❡❞ F♦ F❤❡ ♠❛①✐♠✉♠ H✉❜HFI❛F❡ ❝✉II❡♥F ✽✺✱ ✶✹✷✳ ❚❤✐H
✐H ♥♦ ❧♦♥❣❡I ✈❛❧✐❞ ❡✈❡♥ ❢♦I ❧♦♥❣✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡H ✇❤❡I❡ F❤❡ ✇♦IHF✲❝❛H❡ ❞❛♠❛❣❡ ✐H ♦❜H❡I✈❡❞
❛F ♠❛①✐♠✉♠ ❛✈❡I❛❣❡ ❝❛II✐❡I ❡♥❡I❣②✱ ✐✳❡✳ ❝♦♥❞✐F✐♦♥H ❝♦II❡H♣♦♥❞✐♥❣ F♦ F❤❡ ♠❛①✐♠✉♠ ❣❛F❡
❝✉II❡♥F ✶✹✸✳ ■♥ H❝❛❧❡❞ ❞❡✈✐❝❡H✱ ♦♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ F❤❡ ❞♦♠✐♥❛♥❝❡ ♦❢ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I
♣I♦❝❡HH I❡K✉✐I❡H F❤❡ ♠❛①✐♠✉♠ ❝❛II✐❡I ✢✉① ✐♥HF❡❛❞ ♦❢ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❢♦I ♠♦HF H❡✈❡I❡
❍❈❉✱ ✇❤✐❝❤ ✐H ♦❜F❛✐♥❡❞ ❛F Vgs ≈ Vds ✶✹✹✱ ✶✹✺✱ ✶✹✻✳ ■F H❤♦✉❧❞ ❜❡ ♥♦F❡❞ F❤❛F ❤✐❣❤ ❡♥❡I❣②
❝❛II✐❡IH ❡①✐HF ❛❧H♦ ✐♥ ✉❧FI❛ H❝❛❧❡❞ ❞❡✈✐❝❡H ❞✉❡ F♦ ♣I♦❝❡HH❡H ❧✐❦❡ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣✱
H♦ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ❝❛♥♥♦F ❜❡ ✐❣♥♦I❡❞ ✶✶✱ ✶✸✼✳ ❙✐♠✐❧❛I❧②✱ ✐♥ ❧♦♥❣✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡H
F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ✐H ✐♠♣♦IF❛♥F ❡H♣❡❝✐❛❧❧② ❛F ❤✐❣❤❡I HFI❡HH F✐♠❡H ✶✹✼✳ ❆♣❛IF
❢I♦♠ F❤❡H❡ ❝❤❛I❛❝F❡I✐HF✐❝H✱ F❤❡ F❡♠♣❡I❛F✉I❡ ❜❡❤❛✈✐♦I ♦❢ ❍❈❉ ✐H ❛♥♦F❤❡I ✐♠♣♦IF❛♥F ❛H♣❡❝F
F♦ ❜❡ ✉♥❞❡IHF♦♦❞✳ ❖♥ F❤❡ ♦♥❡ ❤❛♥❞✱ ✐♥ ❧♦♥❣✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡H ❤♦F✲❝❛II✐❡I ❞❛♠❛❣❡ ❞❡❝I❡❛H❡H
❛H F❤❡ F❡♠♣❡I❛F✉I❡ ✐♥❝I❡❛H❡H✳ ❖♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ H❝❛❧❡❞ ❞❡✈✐❝❡H H❤♦✇ F❤❡ ♦♣♣♦H✐F❡ FI❡♥❞✱
❡①❤✐❜✐F✐♥❣ ❛♥ ✐♥❝I❡❛H❡ ✐♥ ❍❈❉ ✇✐F❤ F❡♠♣❡I❛F✉I❡✳ ❚❤✐H FI❡♥❞ ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H ✐H ♦❜H❡I✈❡❞ ❜②
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✐♥❝I❡❛H❡❞ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✇❤✐❝❤ ♣♦♣✉❧❛F❡H F❤❡ ❤✐❣❤ ❡♥❡I❣② F❛✐❧ ♦❢ F❤❡ ❝❛II✐❡I
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✶✹✽✱ ✶✸✼✱ ✶✹✾✱ ✽✽✳ ❚❤✉H✱ ❛ ❝♦♠♣I❡❤❡♥H✐✈❡ ♠♦❞❡❧ H❤♦✉❧❞ ❝❛♣F✉I❡
F❤❡H❡ ❢❡❛F✉I❡H ♦❢ ❍❈❉ ❛♥❞ ♠✉HF ❜❡ ♥❡❝❡HH❛I✐❧② ❜❛H❡❞ ♦♥ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✳
❚❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H F❤❡ ❦❡② ❛H♣❡❝F ❛H ✐F ♣I♦✈✐❞❡H F❤❡ ✐♥❢♦I♠❛F✐♦♥ ♦♥ F❤❡
✐♥F❡I❛❝F✐♦♥ ♦❢ ❝❛II✐❡IH ✇✐F❤ F❤❡ ❜♦♥❞H✳ ■♥ F❤✐H I❡H♣❡❝F✱ H❡✈❡I❛❧ ❛FF❡♠♣FH ❤❛✈❡ ❜❡❡♥ ♠❛❞❡ F♦
H✐♠♣❧✐❢② F❤❡ ❍❈❉ ♠♦❞❡❧✐♥❣ ♣I♦❜❧❡♠ ❛H ❞✐H❝✉HH❡❞ ✐♥ F❤❡ ❢♦❧❧♦✇✐♥❣✳

❚❤❡ ✜IHF ❛FF❡♠♣F ❢♦I ❍❈❉ ♠♦❞❡❧✐♥❣ ✇❛H F❤❡ ❧✉❝❦② ❡❧❡❝FI♦♥ ♠♦❞❡❧ ✶✺✵ ✇❤✐❝❤ ✐♥FI♦✲
❞✉❝❡❞ F❤❡ ✜❡❧❞✲❞I✐✈❡♥ ❛♣♣I♦❛❝❤ ✶✺✶✱ ✶✺✷✱ ✼✼✱ ✶✺✸✳ ❆❝❝♦I❞✐♥❣ F♦ F❤✐H ♠♦❞❡❧✱ ❛ ❞❡❢❡❝F ✐H
♣I♦❞✉❝❡❞ ❜② ❛♥ ❡❧❡❝FI♦♥ ❤❛✈✐♥❣ ❤✐❣❤ ❡♥♦✉❣❤ ❡♥❡I❣② F♦ ♦✈❡I❝♦♠❡ F❤❡ ♣♦F❡♥F✐❛❧ ❜❛II✐❡I ❛F F❤❡
✐♥F❡I❢❛❝❡ ❛♥❞ ❡♥F❡I F❤❡ ❙✐❖✷ ❝♦♥❞✉❝F✐♦♥ ❜❛♥❞ ✇✐F❤♦✉F ❜❡✐♥❣ ❡♠✐FF❡❞ ❜❛❝❦ ✐♥F♦ F❤❡ ♦①✐❞❡✳
❚❤✐H H✐♠♣❧❡ ♠♦❞❡❧ ♣I❡❞✐❝F❡❞ F❤❛F ❝❛II✐❡IH ✇✐F❤ ❡♥❡I❣② ❣I❡❛F❡I F❤❛♥ ✸✳✼ ❡ ❧❡❛❞ F♦ ✐♥F❡I❢❛❝❡
HF❛F❡ ❣❡♥❡I❛F✐♦♥✳ ❚❤✐H ✇❛H ❞❡❡♠❡❞ ✐♥❝♦II❡❝F ❜② ♠❡❛H✉I❡♠❡♥FH ✇❤❡I❡ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ✇❛H
❢♦✉♥❞ F♦ ♦❝❝✉I ❡✈❡♥ ❛F ❧♦✇❡I HFI❡HH ✈♦❧F❛❣❡H ✽✺✳ ❆❧F❤♦✉❣❤ F❤❡ ❛♣♣❧✐❝❛F✐♦♥ ♦❢ F❤❡ ❧✉❝❦②
❡❧❡❝FI♦♥ ♠♦❞❡❧ ✐H ❧✐♠✐F❡❞ F♦ ❧♦♥❣ ❝❤❛♥♥❡❧ ❞❡✈✐❝❡H✱ ✐F ✐H HF✐❧❧ ❛ ♣♦♣✉❧❛I ♠♦❞❡❧ ❞✉❡ F♦ ✐FH
H✐♠♣❧✐❝✐F②✳ ❚❛❦❡❞❛ ❡J ❛❧✳ ♣I♦♣♦H❡❞ ❛♥ ❡①F❡♥H✐♦♥ F♦ F❤❡ ❧✉❝❦② ❡❧❡❝FI♦♥ ♠♦❞❡❧ ✇❤❡I❡❜② F❤❡
❞❡❣I❛❞❛F✐♦♥✱ ✐✳❡✳ FI❛♥H❝♦♥❞✉❝F❛♥❝❡ ❛♥❞ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢FH ✇✐F❤ F✐♠❡ ❛I❡ I❡♣I❡H❡♥F❡❞
❜② ❛ ♣♦✇❡I ❧❛✇ tn✳ H✐♥❣ F❤✐H ❡♠♣✐I✐❝❛❧ ❛♣♣I♦❛❝❤✱ F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ❝♦✉❧❞ ❜❡ ❡❛H✐❧② ❡①✲
FI❛♣♦❧❛F❡❞ ❢I♦♠ ❛❝❝❡❧❡I❛F❡❞ ❤♦F✲❝❛II✐❡I HFI❡HH ♠❡❛H✉I❡♠❡♥FH F♦ I❡❛❧ ♦♣❡I❛F✐♥❣ ❝♦♥❞✐F✐♦♥H✳
❍♦✇❡✈❡I✱ F❤❡ ♠♦❞❡❧ ✐H ♦❢ ❧✐♠✐F❡❞ ❛♣♣❧✐❝❛❜✐❧✐F② ❛♥❞ ✐♥❛❝❝✉I❛F❡ F♦ I❡♣I❡H❡♥F ❍❈❉ ✐♥ ❞❡✈✐❝❡H
✇❤❡I❡ ❛ H❛F✉I❛F✐♦♥ ✐♥ ❞❡❣I❛❞❛F✐♦♥ ✐H ♦❜H❡I✈❡❞ ✶✺✹✳ ❙♦♠❡ ♦F❤❡I ❡①F❡♥H✐♦♥H ♦❢ F❤❡ ❧✉❝❦②
❡❧❡❝FI♦♥ ♠♦❞❡❧ ❛I❡✿ F❤❡ ●♦♦ ♠♦❞❡❧ ✇❤✐❝❤ ❝❛♥ ❝❛♣F✉I❡ F❤❡ H❛F✉I❛F✐♦♥ ♦❢ ❞❡❣I❛❞❛F✐♦♥ ✶✺✹✱
F❤❡ ❉I❡❡H❡♥ ❝♦♥❝❡♣F ✇❤✐❝❤ ✇❛H ♣I♦♣♦H❡❞ ❢♦I ❧✐❣❤F❧② ❞♦♣❡❞ ❞I❛✐♥ FI❛♥H✐HF♦IH ✶✺✺✱ ✶✺✸✱ F❤❡
♦❧F❥❡I ❛♣♣I♦❛❝❤ ✇❤✐❝❤ ✐♥❝♦I♣♦I❛F❡H ❛ ✜❡❧❞✲❞I✐✈❡♥ ❝♦II❡❝F✐♦♥ ✐♥ F❤❡ ❧✉❝❦② ❡❧❡❝FI♦♥ ♠♦❞❡❧
✼✻✱ ✼✼✳ ■♥ F❤❡ ♦❧F❥❡I ♠♦❞❡❧✱ ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ✇✐F❤✐♥ F❤❡ ♦①✐❞❡ ❛❧❧♦✇❡❞
F❤❡ ❞❡H❝I✐♣F✐♦♥ ♦❢ ❞❡❣I❛❞❛F✐♦♥ ❞✉❡ F♦ ✐♥F❡I❢❛❝❡ HF❛F❡H ✐♥ ❞❡✈✐❝❡H ✇✐F❤ ✈❛I✐❡❞ ❞✐♠❡♥H✐♦♥H
❛♥❞ ♦①✐❞❡ F❤✐❝❦♥❡HH❡H✳

▼✐HFI② ❡J ❛❧✳ ✐♥FI♦❞✉❝❡❞ F❤I❡❡ ❞✐✛❡I❡♥F ♠♦❞❡H ♦❢ ❞❡❣I❛❞❛F✐♦♥✱ ✐✳❡✳✱ ❣❡♥❡I❛F✐♦♥ ♦❢ ✐♥F❡I✲
❢❛❝❡ ❛♥❞ ♥❡✉FI❛❧ ♦①✐❞❡ FI❛♣H ❛F ❧♦✇ ❣❛F❡ ✈♦❧F❛❣❡H✱ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥ ❛F ♠✐❞ ✈♦❧F❛❣❡
I❛♥❣❡✱ ❛♥❞ ♦①✐❞❡ ❡❧❡❝FI♦♥ FI❛♣ ❜✉✐❧❞✲✉♣ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H ✶✺✻✱ ✶✺✷✳ ❆❧F❤♦✉❣❤ F❤✐H ♠♦❞❡❧
✇❛H ✉♥❛❜❧❡ F♦ ♣I❡❞✐❝F F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ❝♦II❡❝F❧② ❛♥❞ ✇❛H ♦❢ ❧✐♠✐F❡❞ ✉H❡✱ ✐F ❧❡❞ F♦ F❤❡
✐❞❡❛ ♦❢ ♠✉❧F✐♣❧❡ ❝♦♠♣❡F✐♥❣ ♠❡❝❤❛♥✐H♠H ❢♦I ❝♦♥HF✐F✉F✐♥❣ F❤❡ ♦✈❡I❛❧❧ ❞❡❣I❛❞❛F✐♦♥ ✶✺✷✳ ❆♥
✐♠♣♦IF❛♥F ♠♦❞❡❧ ❜② ▼♦❡♥H ❡J ❛❧✳ ❝♦♥H✐❞❡IH F✇♦ ❝♦♠♣❡F✐♥❣ ♠❡❝❤❛♥✐H♠H ❢♦I I❡♣I❡H❡♥F✐♥❣
❞❡❣I❛❞❛F✐♦♥ ✐♥ ▲❉▼❖❙ FI❛♥H✐HF♦IH ❛♥❞ ✉H❡❞ ❞✐✛❡I❡♥F F✐♠❡ ❡①♣♦♥❡♥FH F♦ ❝❤❛I❛❝F❡I✐③❡ F❤❡H❡
♠❡❝❤❛♥✐H♠H ✹✳

❆ ♠❛❥♦I✐F② ♦❢ F❤❡H❡ ♠♦❞❡❧H ✇❡I❡ ❡♠♣✐I✐❝❛❧ ♦I ❛F F❤❡ ❜❡HF ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❛♥❞ ✉H✉❛❧❧②
❤❛❞ F✐♠❡ ❡①♣♦♥❡♥FH F♦ ✜F F❤❡ ❡①♣❡I✐♠❡♥F❛❧❧② ♦❜F❛✐♥❡❞ ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H✳ ❆♥♦F❤❡I
H❤♦IF❝♦♠✐♥❣ ♦❢ F❤❡H❡ ♠♦❞❡❧H ✇❛H F❤❡ ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ❛H F❤❡ ❞I✐✈✐♥❣ ♠❡❝❤✲
❛♥✐H♠✱ ✇❤✐❝❤ ✐H ✈❛❧✐❞ ♦♥❧② ❢♦I ❧❛I❣❡ ❞❡✈✐❝❡H✳ ❚❤✉H✱ ♠♦❞❡❧H ❞❡H❝I✐❜✐♥❣ F❤❡ ♣❤②H✐❝❛❧ ♣✐❝F✉I❡
❜❡❤✐♥❞ ❍❈❉ ✇❤✐❝❤ ✇❡I❡ ❜❛H❡❞ ♦♥ ❡♥❡I❣② ❞I✐✈❡♥ ❛♣♣I♦❛❝❤❡H ✇❡I❡ I❡K✉✐I❡❞ ✽✺✱ ✽✻✱ ✶✵✳

✸✳✶ ❚❤❡ ❍❡CC ▼♦❞❡❧

❚❤❡ ✜IHF ♣❤②H✐❝H✲❜❛H❡❞ ♠♦❞❡❧ ❢♦I ❍❈❉ ✇❛H ♣I♦♣♦H❡❞ ❜② ❍❡HH ❡J ❛❧✳ ✇❤♦ H✉❣❣❡HF❡❞ F❤❡
❡①✐HF❡♥❝❡ ♦❢ F✇♦ ♠❡❝❤❛♥✐H♠H ❢♦I ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡✱ ✐✳❡✳ F❤❡ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I
♣I♦❝❡HH❡H H❦❡F❝❤❡❞ ✐♥ ❋✐❣✉I❡ ✸✳✶ ✷✶✱ ✶✸✺✱ ✶✺✼✳ ❚❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠ ❧❡❛❞H F♦
❜I❡❛❦❛❣❡ ♦❢ ❛ ❙✐✲❍ ❜♦♥❞ ✇❤❡♥ ❛ H♦❧✐F❛I② ❤♦F ❝❛II✐❡I ✐♥F❡I❛❝FH ✇✐F❤ F❤❡ ❜♦♥❞✱ FI❛♥H❢❡II✐♥❣
✐FH ❡♥❡I❣② ❛♥❞ ❧❡❛❞✐♥❣ F♦ ❛♥ ❡①❝✐F❛F✐♦♥ ♦❢ ♦♥❡ ♦❢ F❤❡ ❜♦♥❞✐♥❣ ❡❧❡❝FI♦♥H F♦ ❛♥ ❛♥F✐❜♦♥❞✐♥❣

✷✸



❋✐❣✉I❡ ✸✳✶✿ ❚❤❡ ❙✐✲❍ ❜♦♥❞ ❛H ❛ FI✉♥❝❛F❡❞ ❤❛I♠♦♥✐❝ ♦H❝✐❧❧❛F♦I✳ Pu ❛♥❞ Pd ❛I❡ F❤❡ ❜♦♥❞
❡①❝✐F❛F✐♦♥ ❛♥❞ ❞❡✲❡①❝✐F❛F✐♦♥ I❛F❡H✱ I❡H♣❡❝F✐✈❡❧②✱ ✇❤✐❧❡ Ea ✐H F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ❢♦I ❜♦♥❞
❞✐HH♦❝✐❛F✐♦♥✳ ❚❤❡ ❤②❞I♦❣❡♥ ❛F♦♠ ❝❛♥ ❜❡ ❡①❝✐F❡❞ ❢I♦♠ F❤❡ ❜♦♥❞❡❞ HF❛F❡ F♦ F❤❡ FI❛♥H♣♦IF
HF❛F❡ ✈✐❛ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H✳ Eemi✱ ❛♥❞ Epass ❛I❡ F❤❡ ❡♥❡I❣② ❜❛II✐❡IH ❢♦I
F❤❡ FI❛♥H✐F✐♦♥ ❢I♦♠ F❤❡ ❤✐❣❤❡HF ❜♦♥❞❡❞ ❧❡✈❡❧ F♦ F❤❡ FI❛♥H♣♦IF HF❛F❡ ❛♥❞ ❢♦I F❤❡ ♣❛HH✐✈❛F✐♦♥
♣I♦❝❡HH✱ I❡H♣❡❝F✐✈❡❧② ✷✼✳

HF❛F❡✳ ❚❤✉H✱ ❛ I❡♣✉❧H✐✈❡ ❢♦I❝❡ ✐H ✐♥❞✉❝❡❞ ♦♥ F❤❡ ❤②❞I♦❣❡♥ ❛F♦♠ ❛♥❞ ❧❡❛❞H F♦ ❤②❞I♦❣❡♥
I❡❧❡❛H❡✳ ❚❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡ ✇✐F❤ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ✐H ❣✐✈❡♥ ❜② ✶✺✼✿

RSP =

	 ∞

εth

I(ε)P (ε)σ(ε)dε, ✭✸✳✶✮

✇❤❡I❡ I(ε) ✐H F❤❡ ❝❛II✐❡I ✢✉① ✐♥ F❤❡ ❡♥❡I❣② I❛♥❣❡ [ε; ε+ dε]✱ P (ε) F❤❡ ♣I♦❜❛❜✐❧✐F② ♦❢ ❜♦♥❞
❜I❡❛❦❛❣❡✱ σ(ε) F❤❡ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥✱ ❛♥❞ εth ✐H F❤❡ F❤I❡H❤♦❧❞ ❡♥❡I❣② F❤❡ ❤♦F ❝❛II✐❡I
H❤♦✉❧❞ ♣♦HH❡HH ✐♥ ♦I❞❡I F♦ ✐♥✐F✐❛F❡ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣I♦❝❡HH✳

❚❤❡ ❍❡HH ❢♦I♠❛❧✐H♠ ✇❛H H✉❝❝❡HH❢✉❧ ✐♥ ❡①♣❧❛✐♥✐♥❣ F❤❡ ❣✐❛♥F✲✐H♦F♦♣❡ ❡✛❡❝F✱ ✐✳❡✳ ❞✐✛❡I❡♥F
❞❡H♦I♣F✐♦♥ I❛F❡H ♦❢ F❤❡ ❤②❞I♦❣❡♥ ❛♥❞ ❞❡✉F❡I✐✉♠ ❢I♦♠ ❙✐ H✉I❢❛❝❡H✱ ♦❜H❡I✈❡❞ ❡①♣❡I✐♠❡♥F❛❧❧②
✶✺✽✱ ✶✺✾✱ ✶✻✵✿ ■♥ ❡①♣❡I✐♠❡♥FH ✇✐F❤ H❝❛♥♥✐♥❣ F✉♥♥❡❧✐♥❣ ♠✐❝I♦H❝♦♣❡H ✭❙❚▼✮✱ ❤②❞I♦❣❡♥✲
❛♥❞ ❞❡✉F❡I✐✉♠✲♣❛HH✐✈❛F❡❞ ❙✐ H✉I❢❛❝❡H ✇❡I❡ ❜♦♠❜❛I❞❡❞ ❜② ❝♦❧❞ ❝❛II✐❡IH ❢I♦♠ F❤❡ F✐♣ ♦❢ ❛♥
❙❚▼✳ ■F ✇❛H ♦❜H❡I✈❡❞ F❤❛F ♠✉❝❤ ❤✐❣❤❡I ❝❛II✐❡I ❝✉II❡♥F ❞❡♥H✐F✐❡H ✇❡I❡ I❡K✉✐I❡❞ F♦ ❜I❡❛❦
F❤❡ ❙✐✲❉ ❜♦♥❞ ❛H ❝♦♠♣❛I❡❞ F♦ ❙✐✲❍✳ ❚❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H ❢♦I F❤❡ ❧❛FF❡I ✇❡I❡ ❢♦✉♥❞ F♦
❜❡ F✇♦ ♦I❞❡IH ♦❢ ♠❛❣♥✐F✉❞❡ ❧❛I❣❡I F❤❛♥ F❤❡ ❢♦I♠❡I ❛F ❤✐❣❤ ✈♦❧F❛❣❡H ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡
✸✳✷✳ ❚❤✐H ❡✛❡❝F ✇❛H F❡I♠❡❞ ❣✐❛♥F ✐H♦F♦♣❡ ❡✛❡❝F ❛♥❞ ✇❛H ❡①♣❧❛✐♥❡❞ ❜② F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I
♣I♦❝❡HH✳

✐F❤✐♥ F❤✐H ❝♦♥❝❡♣F✱ F❤❡ ❙✐✲❍ ❜♦♥❞ ✇❛H ♠♦❞❡❧❡❞ ❛H ❛ FI✉♥❝❛F❡❞ ❤❛I♠♦♥✐❝ ♦H❝✐❧❧❛F♦I
❝♦♠♣I✐H✐♥❣ ♦❢ ❛♥ ❡♥❡I❣② ❧❛❞❞❡I✱ ✐✳❡✳ ❛ H②HF❡♠ ♦❢ ❡✐❣❡♥HF❛F❡H ✐♥ F❤❡ ♣♦F❡♥F✐❛❧ ✇❡❧❧✳ ❤✐❧❡
✐♥F❡I❛❝F✐♥❣ ✇✐F❤ ❝♦❧❞❡I ❝❛II✐❡IH F❤❡ ❜♦♥❞ ❝❛♥ ❣❛✐♥ ♦I ❧♦♦H❡ ❡♥❡I❣②✱ ❧❡❛❞✐♥❣ F♦ ✐FH ❡①❝✐F❛F✐♦♥
♦I ❞❡✲❡①❝✐F❛F✐♦♥✱ I❡H♣❡❝F✐✈❡❧②✱ ✇✐F❤✐♥ F❤❡ ❡♥❡I❣❡F✐❝ HF❛F❡H ♦❢ F❤❡ ❧❛❞❞❡I✳ ❙✉❝❤ H✉❜H❡K✉❡♥F
✐♥F❡I❛❝F✐♦♥H ✇✐F❤ F❤❡ ❝❛II✐❡IH ✇❡I❡ ❧✐♥❦❡❞ F♦ F❤❡ ❡①❝✐F❛F✐♦♥ ♦❢ F❤❡ ♣❤♦♥♦♥ ♠♦❞❡H✳ ❚❤❡ ❜♦♥❞
✐H I✉♣F✉I❡❞ ✇❤❡♥ F❤❡ ❤②❞I♦❣❡♥ ❧❡❛✈❡H F❤❡ ❤✐❣❤❡HF ❡♥❡I❣② ❧❡✈❡❧ ❛♥❞ ♦✈❡I❝♦♠❡H F❤❡ ♣♦F❡♥F✐❛❧
❜❛II✐❡I Eemi✱ F❤❡I❡❜② ❡♥❞✐♥❣ ✉♣ ✐♥ F❤❡ FI❛♥H♣♦IF ♠♦❞❡✱ H❡❡ ❋✐❣✉I❡ ✸✳✶✳ ❚❤❡ ♣❛HH✐✈❛F✐♦♥
♣I♦❝❡HH ✐H ❞❡✜♥❡❞ ❛H ❤②❞I♦❣❡♥ ❥✉♠♣✐♥❣ ✐♥ F❤❡ ♦♣♣♦H✐F❡ ❞✐I❡❝F✐♦♥ ♦✈❡I F❤❡ ❜❛II✐❡I Epass✳

✷✹



❚❤❡ ❡♠✐HH✐♦♥ ❛♥❞ ♣❛HH✐✈❛F✐♦♥ ♣I♦❝❡HH❡H✱ ❝❤❛I❛❝F❡I✐③❡❞ ❜② F❤❡ ❡♥❡I❣✐❡H Eemi ❛♥❞ Epass✱
I❡H♣❡❝F✐✈❡❧②✱ ❛I❡ ❛HH✉♠❡❞ F♦ ♦❜❡② ❛♥ ❆II❤❡♥✐✉H ❧❛✇ ✇✐F❤ ❝♦II❡H♣♦♥❞✐♥❣ I❛F❡H Pemi ❛♥❞
Ppass✳ ❚❤❡ ❡①❝✐F❛F✐♦♥ ❛♥❞ ❞❡❝❛② I❛F❡H ♦❢ F❤❡ ❜♦♥❞ ✭Pu✱ Pd✱ I❡H♣❡❝F✐✈❡❧②✮ ✐♥ F❤❡ ♣♦F❡♥F✐❛❧
✇❡❧❧ ❛I❡ ♦❜F❛✐♥❡❞ ❜② ❝♦♥H✐❞❡I✐♥❣ ❛❧❧ ❝♦♠❜✐♥❛F✐♦♥H ♦❢ ♣❤♦♥♦♥ ❛❜H♦I♣F✐♦♥ ✭❜♦♥❞ ❤❡❛F✐♥❣✮
❛♥❞ ♣❤♦♥♦♥ ❡♠✐HH✐♦♥ ✭I❡❧❛F❡❞ F♦ ❞❡❝❛② I❡H✉❧F✐♥❣ ❢I♦♠ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH✮ ✇❤✐❝❤ ❝❛♥
❜❡ ✐♥❞✉❝❡❞ ❜② F❤❡ ❝❛II✐❡I ✢✉① ✷✶✱ ✶✺✼

Pu =

	 ∞

εth

I(ε)σab(ε) [1− fph (ε− �ω)] dε, ✭✸✳✷✮

Pd =

	 ∞

εth

I(ε)σemi(ε) [1− fph (ε+ �ω)] dε,

✇✐F❤ I(ε) ❜❡✐♥❣ F❤❡ ❝❛II✐❡I ✢✉①✱ σab/emi(ε) F❤❡ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥ ❢♦I ❛❜H♦I♣F✐♦♥✴❡♠✐HH✐♦♥
♦❢ ♣❤♦♥♦♥H✱ fph F❤❡ ♣❤♦♥♦♥ ♦❝❝✉♣❛F✐♦♥ ♥✉♠❜❡IH✱ ❛♥❞ �ω F❤❡ ❞✐HF❛♥❝❡ ❜❡F✇❡❡♥ ❡♥❡I❣② ❧❡✈✲
❡❧H✳ ❚❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡ ❢♦I F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ❝❛♥ F❤❡♥ ❜❡ ❡HF✐♠❛F❡❞ ❛H✿

RMC =

�
EB

�ω
+ 1

��
Pd + exp

� −�ω
kBTL

���
Pu + ωe

Pd + exp (−�ω/kBTL)

�−EB/�ω
, ✭✸✳✸✮

✇❤❡I❡ EB = Ea − Eemi ✐H F❤❡ ❡♥❡I❣② ♦❢ F❤❡ ❧❛HF ❜♦♥❞❡❞ HF❛F❡ ✐♥ F❤❡ ♣♦F❡♥F✐❛❧ ✇❡❧❧✱ ωe F❤❡
I❡❝✐♣I♦❝❛❧ ♣❤♦♥♦♥ ❧✐❢❡F✐♠❡✱ kB F❤❡ ❇♦❧F③♠❛♥♥ ❝♦♥HF❛♥F✱ ❛♥❞ TL F❤❡ ❧❛FF✐❝❡ F❡♠♣❡I❛F✉I❡✳

❚❤❡ ♠♦HF ✐♠♣♦IF❛♥F ❝♦♥FI✐❜✉F✐♦♥ ♦❢ F❤❡ ❍❡HH ♠♦❞❡❧ ✇❛H F❤❡ ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ F❤❡ ❜♦♥❞
❜I❡❛❦❛❣❡ ♣I♦❝❡HH ❛H ❛ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❞✐✛❡I❡♥F ❝❛II✐❡IH ✐♥ F❤❡ ❡♥H❡♠❜❧❡✳ ❚❤✉H✱ F❤❡ ❝❛II✐❡I
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✇❛H ❝♦♥H✐❞❡I❡❞ ❛ ♠❛❥♦I ✐♥❣I❡❞✐❡♥F ❢♦I ❛ ♣I♦♣❡I ❞❡H❝I✐♣F✐♦♥ ♦❢ ❍❈❉✳
❚❤❡ ❉❋ ❡♥F❡IH F❤❡ I❛F❡ ❡K✉❛F✐♦♥H✱ ❊K✉❛F✐♦♥H ✸✳✶ ❛♥❞ ✸✳✷✱ ✈✐❛ F❤❡ ❝❛II✐❡I ✢✉① I(ε) ✭H❡❡
❙❡❝F✐♦♥ ✹✳✹✮✳ ❚❤❡ ✐H♦F♦♣❡ ❡✛❡❝F ✇❛H ❡①♣❧❛✐♥❡❞ ❢I♦♠ F❤❡ ❞✐✛❡I❡♥❝❡ ✐♥ ❡♥❡I❣❡F✐❝H ♦❢ F❤❡ ❙✐✲❍
❛♥❞ ❙✐✲❉ ❜♦♥❞H ✇❤✐❝❤ ❧❡❞ F♦ ❞✐✛❡I❡♥F ♣❛I❛♠❡F❡IH ✭❧✐❦❡ ♣❤♦♥♦♥ ❧✐❢❡F✐♠❡✮ ♦❢ F❤❡ K✉❛♥F✉♠
✇❡❧❧ ❢♦I F❤❡ F✇♦ ❦✐♥❞ ♦❢ ❜♦♥❞H✳ ❚❤❡ ❍❡HH ♠♦❞❡❧ ❛❧H♦ ❝♦♥H✐❞❡IH F❤❡ HF❛F✐HF✐❝❛❧ ❞✐HFI✐❜✉F✐♦♥ ♦❢
F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣②✱ Ea✱ ✇❤✐❝❤ ✇❛H H✉♣♣♦IF❡❞ ❜② ❞❡♥H✐F② ❢✉♥❝F✐♦♥❛❧ F❤❡♦I② ❝❛❧❝✉❧❛F✐♦♥H
✷✶✱ ✶✻✶ ❛♥❞ ❜② ❡①♣❡I✐♠❡♥FH I❡♣♦IF✐♥❣ ❛ ❞♦✉❜❧❡ ♣♦✇❡I ❧❛✇ ♦❢ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥ ❛H✿

Nit =
p1

1 + (t/τ1)
α1

+
p2

1 + (t/τ2)
α2

. ✭✸✳✹✮

❍❡I❡ τ1✱ τ2 ❛I❡ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝ F✐♠❡H✱ α1✱ α2 ❛I❡ F❤❡ ❞✐✛❡I❡♥F F✐♠❡ H❧♦♣❡H✱ ✇❤✐❧❡ p1✱ p2
❛I❡ F❤❡ ♣I♦❜❛❜✐❧✐F✐❡H I❡❧❛F❡❞ F♦ F❤❡ FI❛♣H✳

❍♦✇❡✈❡I✱ F❤❡ ♠✐❝I♦H❝♦♣✐❝ ❍❡HH ♠♦❞❡❧ ✇❛H ♥♦F FI❛♥H❧❛F❡❞ F♦ F❤❡ ♠❛❝I♦H❝♦♣✐❝ ♦I ❞❡✈✐❝❡
❧❡✈❡❧ ❛♥❞ F❤✉H✱ ♣I❡❞✐❝F✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ❛♥❞ ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H H✉❝❤ ❛H
FI❛♥H❝♦♥❞✉❝F❛♥❝❡✱ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F✱ ❡F❝✳ ✇❛H ♥♦F ❛❞❞I❡HH❡❞✳

✸✳✷ ❚❤❡ Q❡♥③✐♥ ▼♦❞❡❧

q❡♥③✐♥ ❡J ❛❧✳ FI✐❡❞ F♦ ❧✐♥❦ F❤❡ ♠✐❝I♦H❝♦♣✐❝ ♠❡❝❤❛♥✐H♠H H✉❣❣❡HF❡❞ ❜② F❤❡ ❍❡HH ♠♦❞❡❧ ✇✐F❤
F❤❡ ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H ♦❢ F❤❡ ❞❡✈✐❝❡ ✷✷✳ ✐F❤✐♥ F❤✐H ♠♦❞❡❧✱ F❤❡ ❙✐✴❙✐❖✷ ✐♥F❡I❢❛❝❡
✐H ❝♦♥H✐❞❡I❡❞ ❛H ❛ ❝❛♣❛❝✐F♦I✳ ❚❤✉H✱ ❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ❧❡❛✈✐♥❣ ❜❡❤✐♥❞ ❛ ❞❡♣❛HH✐✈❛F❡❞
❜♦♥❞ ❛♥❞ ❛ ❝❤❛I❣❡❞ ❤②❞I♦❣❡♥ ❛F♦♠ ❧❡❛❞H F♦ ❛♥ ✐♥❝I❡❛H❡❞ ❡❧❡❝FI✐❝ ✜❡❧❞ ✐♥ F❤❡ ❝❛♣❛❝✐F♦I✳
❉✉❡ F♦ F❤✐H✱ F❤❡ ♣♦F❡♥F✐❛❧ ❜❛II✐❡I ❜❡F✇❡❡♥ ❜♦♥❞❡❞ ❛♥❞ FI❛♥H♣♦IF HF❛F❡H ✐♥❝I❡❛H❡H✳ ❚❤❡
❜♦♥❞✲❞✐HH♦❝✐❛F✐♦♥ ♣I♦❝❡HH ✐H ❞❡H❝I✐❜❡❞ ❜② F❤❡ ❦✐♥❡F✐❝ ❡K✉❛F✐♦♥✿

✷✺
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❋✐❣✉I❡ ✸✳✷✿ ❚❤❡ ❣✐❛♥F✲✐H♦F♦♣❡ ❡✛❡❝F✿ F❤❡ ❞❡H♦I♣F✐♦♥ I❛F❡H ♦❢ ❤②❞I♦❣❡♥ ❛♥❞ ❞❡✉F❡I✐✉♠ ❛F♦♠H
❢I♦♠ ♣❛HH✐✈❛F❡❞ ❙✐ H✉I❢❛❝❡H✱ ❛H ♠❡❛H✉I❡❞ ❜② ❛♥ ❙❚▼ ✶✺✽✳

dn

dt
= −kn+ γ(N0 − n), ✭✸✳✺✮

✇✐F❤ n ❜❡✐♥❣ F❤❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ♣❛HH✐✈❛F❡❞ ❙✐✲❍ ❜♦♥❞H✱ k F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡✱ γ F❤❡
❜♦♥❞ ♣❛HH✐✈❛F✐♦♥ I❛F❡✱ ❛♥❞ N0 F❤❡ F♦F❛❧ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ❙✐✲❍ ❜♦♥❞H ✐♥ F❤❡ ❢I❡H❤ ❞❡✈✐❝❡✳
❚❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡ k ✐H ❣✐✈❡♥ ❜② k = k0 exp (−Ea/kBTL) kHC ✇❤❡I❡ k0 ✐H F❤❡ ❛FF❡♠♣F
❢I❡K✉❡♥❝②✳ ❚❤❡ ❤♦F✲❝❛II✐❡I ❛❝❝❡❧❡I❛F✐♦♥ ❢❛❝F♦I kHC ✐H ❞❡✜♥❡❞ ❛H kHC = 1 + δHC |IHC|ρHC

✇❤❡I❡ ρHC ❛♥❞ δHC ❛I❡ ✜FF✐♥❣ ♣❛I❛♠❡F❡IH✱ ❛♥❞ IHC ✐H F❤❡ ❧♦❝❛❧ ❤♦F✲❝❛II✐❡I ❝✉II❡♥F ✷✷✳
✐F❤ H✉❝❤ ❛ ❢♦I♠❛❧✐H♠ ❢♦I F❤❡ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ ❦✐♥❡F✐❝H✱ F❤❡ q❡♥③✐♥ ♠♦❞❡❧ ❝♦✉❧❞ ❜❡ ✉H❡❞
❢♦I ❚❈❆❉ ❞❡✈✐❝❡ H✐♠✉❧❛F✐♦♥H✳

❆H ♣❡I F❤❡ q❡♥③✐♥ ♠♦❞❡❧✱ F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ✐♥❝I❡❛H❡H ✇✐F❤ ❞❡♣❛HH✐✈❛F✐♦♥ ♦❢ F❤❡
✐♥F❡I❢❛❝✐❛❧ ❙✐✲❍ ❜♦♥❞H ❛♥❞ ✐H ❣✐✈❡♥ ❛H✿

Ea=E
0
a + δ |E|ρ + βkBTL ln

N0 − n

N0 − n0
✭✸✳✻✮

β =1 + β⊥E⊥

✇❤❡I❡ E0
a ✐H F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ✇❤❡♥ F❤❡I❡ ❛I❡ ♥♦ ♠♦❜✐❧❡ ❤②❞I♦❣❡♥ ❛F♦♠H✱ ❛♥❞ n0 F❤❡

❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ♣I❡✲❡①✐HF✐♥❣ ♠♦❜✐❧❡ ❤②❞I♦❣❡♥ ❛F♦♠H✳ ❚❤❡ ✐♥❝I❡❛H❡ ✐♥ F❤❡ ❝❛♣❛❝✐F♦I ❡❧❡❝FI✐❝
✜❡❧❞ ♥♦I♠❛❧ F♦ F❤❡ ✐♥F❡I❢❛❝❡✱ ❞✉❡ F♦ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ✐H ❞❡♥♦F❡❞ ❛H E⊥✳ ❚❤❡ ❛❝F✐✈❛F✐♦♥
❡♥❡I❣② ❝❛♥ ❛❧H♦ ❝❤❛♥❣❡ ❞✉❡ F♦ HFI❡F❝❤✐♥❣ ♦I HK✉❡❡③✐♥❣ F❤❡ ❜♦♥❞ ❜② ❛♥ ❡①F❡I♥❛❧ ❡❧❡❝FI✐❝
✜❡❧❞✳ ❚❤✐H ✐H I❡♣I❡H❡♥F❡❞ ❜② F❤❡ F❡I♠ δ |E|ρ ✐♥ F❤❡ ❡①♣I❡HH✐♦♥ ❢♦I F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣②✱
❊K✉❛F✐♦♥ ✸✳✻✳

❚❤❡ Nit ❝♦♥❝❡♥FI❛F✐♦♥H H✐♠✉❧❛F❡❞ ✉H✐♥❣ F❤❡ q❡♥③✐♥ ❛♣♣I♦❛❝❤ ❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✸✳✸✳
❚❤❡ H✐♠✉❧❛F❡❞ I❡H✉❧FH ❝♦♠♣❛I❡ K✉✐F❡ ✇❡❧❧ ✇✐F❤ F❤❡ ❡①♣❡I✐♠❡♥F❛❧ ♦♥❡H✳ ❙✐♠✐❧❛I F♦ F❤❡ ❍❡HH
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❋✐❣✉I❡ ✸✳✸✿ ❚❤❡ ❝✉♠✉❧❛F✐✈❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② Nit ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ q❡♥③✐♥ ♠♦❞❡❧ ✈H
❡①♣❡I✐♠❡♥F❛❧ ♦♥❡H ❢♦I ❛ ❤♦F✲❝❛II✐❡I HFI❡HH❡❞ ♥✲▼❖❙❋❊❚✳ ❚❤❡ ❣❛F❡ ❧❡♥❣F❤ ✐H ✵✳✸✺µ♠ ✇❤✐❧❡
F❤❡ ♦①✐❞❡ F❤✐❝❦♥❡HH ✐H ✻✳✺ ♥♠✳

❛♣♣I♦❛❝❤✱ F❤❡ q❡♥③✐♥ ♠♦❞❡❧ ❝♦♥H✐❞❡IH F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ✇❤✐❝❤ I❡H✉❧FH ✐♥
F❤❡ H✉❜❧✐♥❡❛I H❧♦♣❡ H❡❡♥ ✐♥ ❋✐❣✉I❡ ✸✳✸✳ ❍♦✇❡✈❡I✱ ✇✐F❤✐♥ F❤✐H ♠♦❞❡❧✱ F❤❡ ❝❛II✐❡I FI❛♥H♣♦IF
✇❛H ♥♦F ♣I♦♣❡I❧② ❛❞❞I❡HH❡❞ ❛♥❞ F❤❡ Nit(x) ♣I♦✜❧❡H ✇❡I❡ ♥♦F ❞❡F❡I♠✐♥❡❞✱ ❡①❝❡♣F ❢♦I H♦♠❡
❝✉♠✉❧❛F✐✈❡ Nit H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✸✳✸✳ ❆❧H♦✱ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝H ♦❢ F❤❡ ❞❡❣I❛❞❡❞ ❞❡✈✐❝❡ ❝❛♥♥♦F
❜❡ H✐♠✉❧❛F❡❞ ✇✐F❤ F❤✐H ❛♣♣I♦❛❝❤✳

✸✳✸ ❚❤❡ ❘❡❛❝A✐♦♥✲❉✐✛✉C✐♦♥ ▼♦❞❡❧

❆♥♦F❤❡I ❛FF❡♠♣F F♦ ♠♦❞❡❧ F❤❡ ♣❤②H✐❝❛❧ ♣I♦❝❡HH ❜❡❤✐♥❞ ❍❈❉ ✇❛H F❤❡ ❛♣♣❧✐❝❛F✐♦♥ ♦❢ F❤❡
I❡❛❝F✐♦♥✲❞✐✛✉H✐♦♥ ♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞ ❢♦I ◆❇❚■ F♦ ❍❈❉ ❜② ❆❧❛♠ ❡J ❛❧✳ ✶✻✷✱ ✶✻✸✳ ❚❤❡②
❛HH✉♠❡❞ ❜♦F❤ ◆❇❚■ ❛♥❞ ❍❈❉ F♦ ❜❡ ✐♥✈♦❧✈❡❞ ✐♥ ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡ ✇✐F❤ ❞✐✛❡I❡♥F ❞I✐✈✐♥❣
❢♦I❝❡H✱ ❛♥❞ FI✐❡❞ F♦ ♠♦❞❡❧ F❤❡ F✇♦ ♣❤❡♥♦♠❡♥❛ ✉H✐♥❣ F❤❡ H❛♠❡ ❢I❛♠❡✇♦I❦✳ ❍♦✇❡✈❡I✱ F❤❡
❡①♣❡I✐♠❡♥F❛❧ Nit ♦❜F❛✐♥❡❞ ❢I♦♠ ◆❇❚■ ❛♥❞ ❍❈❉ ✇❡I❡ ❢♦✉♥❞ F♦ ❤❛✈❡ ❞✐✛❡I❡♥F F✐♠❡H H❧♦♣❡H
❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✸✳✹✳ ❚❤❡ ❞✐✛❡I❡♥F HF❛❣❡H ✐♥ F❤❡ I❡❛❝F✐♦♥✲❞✐✛✉H✐♦♥ ♠♦❞❡❧ ❛I❡ H✉♠♠❛I✐③❡❞
✐♥ ❚❛❜✳ ✸✳✶✳ ❚❤❡ ❞❡❣I❛❞❛F✐♦♥ ♣I♦❝❡HH HF❛IFH ✇✐F❤ F❤❡ I❡❛❝F✐♦♥ ❧✐♠✐F❡❞ ♣❤❛H❡ ♦❢ ❙✐✲❍ ❜♦♥❞
❜I❡❛❦❛❣❡✳ ■♥ F❤✐H ♣❤❛H❡✱ Nit ✐♥❝I❡❛H❡H ❧✐♥❡❛I❧② ✇✐F❤ F✐♠❡✳ ❉✉I✐♥❣ F❤❡ H❡❝♦♥❞ HF❛❣❡✱ ♥♦ ♠♦I❡
✐♥F❡I❢❛❝❡ HF❛F❡H ❛I❡ ❣❡♥❡I❛F❡❞ ❛♥❞ ❤②❞I♦❣❡♥ ❞✐✛✉H✐♦♥ ❜❡❣✐♥H✳ ❚❤❡ F❤✐I❞ HF❡♣ ❝♦♠♣I✐H❡H ♦❢ ❛
❞✐✛✉H✐♦♥ ❧✐♠✐F❡❞ ♣❤❛H❡ ✇✐F❤ Nit ❣❡♥❡I❛F✐♦♥ F✐♠❡ H❧♦♣❡ ♦❢ 1/4✳ ■♥ F❤❡ ♥❡①F HF❛❣❡✱ ❤②❞I♦❣❡♥
❞✐✛✉H❡H ❛✇❛② ✇✐F❤ ✉♥❧✐♠✐F❡❞ ✈❡❧♦❝✐F② ❛♥❞ Nit ❞❡♣❡♥❞✐♥❣ ♦♥ F✐♠❡ ❛H t1/2✳ ■♥ F❤❡ ✜♥❛❧ ♣❤❛H❡✱
❛❧❧ F❤❡ ❙✐✲❍ ❜♦♥❞H ❛I❡ ❞❡♣❛HH✐✈❛F❡❞ F❤✉H ❧❡❛❞✐♥❣ F♦ H❛F✉I❛F✐♦♥ ♦❢ ✐♥F❡I❢❛❝❡ HF❛F❡H✳

❋I♦♠ ❚❛❜✳ ✸✳✶ ❛♥❞ ❋✐❣✉I❡ ✸✳✹✱ ✐F ✇❛H ✐♥❢❡II❡❞ F❤❛F ◆❇❚■ ✐H ❞✐✛✉H✐♦♥✲❧✐♠✐F❡❞ ✇❤✐❧❡
❍❈❉ ✐H ❞♦♠✐♥❛F❡❞ ❜② HF❛❣❡ 4✳ ❚❤❡ ❞✐✛❡I❡♥F H❧♦♣❡H ❞✐H❝✉HH❡❞ ❛❜♦✈❡ ✇❡I❡ ❡①♣❧❛✐♥❡❞ ❜②
F❤❡ ❘❉ ♠♦❞❡❧ ❜② ❝♦♥H✐❞❡I✐♥❣ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♠♦❞❡❧❡❞ ❛H Nit =



NH(r, t)d

3r
✇✐F❤ NH(r, t) ❜❡✐♥❣ F❤❡ ❝♦♦I❞✐♥❛F❡✲❞❡♣❡♥❞❡♥F ❞❡♥H✐F② ♦❢ ❍✲❛F♦♠H✳ H✐♥❣ F❤❡ ❤②❞I♦❣❡♥
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❋✐❣✉I❡ ✸✳✹✿ ❚❤❡ ❡①♣❡I✐♠❡♥F❛❧❧② ♦❜F❛✐♥❡❞ ♣♦✇❡I✲❧❛✇H ❢♦I ◆❇❚■ ❛♥❞ ❍❈❉ ❝✉I✈❡H ♣❧♦FF❡❞
✈❡IH✉H HFI❡HH F✐♠❡H ❢I♦♠ ❞❛F❛ ✐♥ ✶✻✷✳

❙F❛❣❡ q❤❛H❡ F✐♠❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ Nit

✶ ❘❡❛❝F✐♦♥ ❧✐♠✐F❡❞ ✭❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡✮ t1

✷ ❍②❞I♦❣❡♥ ❞✐✛✉H✐♦♥ ✭♥♦ ♠♦I❡ Nit ❣❡♥❡I❛F✐♦♥✮ t0

✸ ❉✐✛✉H✐♦♥✲❧✐♠✐F❡❞ t1/4

✹ ❍②❞I♦❣❡♥ ❞✐✛✉H✐♦♥ ✇✐F❤ ✐♥✜♥✐F❡ ❞✐✛✉H✐♦♥ ✈❡❧♦❝✐F② t1/2

✺ ❙❛F✉I❛F✐♦♥ ✭❛❧❧ ❙✐✲❍ ❜♦♥❞H ❞❡♣❛HH✐✈❛F❡❞✮ t0

❚❛❜❧❡ ✸✳✶✿ ❉✐✛❡I❡♥F HF❛❣❡H ♦❢ F❤❡ I❡❛❝F✐♦♥✲❞✐✛✉H✐♦♥ ♠♦❞❡❧ ✶✻✸✱ ✻✻

❞✐✛✉H✐✈✐F② DH✱ Ad F❤❡ ❞❡❣I❛❞❡❞ ❛I❡❛ ♦❢ F❤❡ ❞❡✈✐❝❡✱ ❛♥❞ N0
H F❤❡ ❤②❞I♦❣❡♥ ❞❡♥H✐F② ❛F F❤❡

✐♥F❡I❢❛❝❡✱ F❤❡ Nit ❞✐HFI✐❜✉F✐♦♥ ❢♦I ❍❈❉ ❛♥❞ ◆❇❚■ ❛I❡ ❝❛❧❝✉❧❛F❡❞ ❛H✿

NNBTI
it = 1/Ad

	 (DHt)1/2

0
N0

H

�
1− r/ (DHt)

1/2
�
Addr = (1/2)N0

H (DHt)
1/2 , ✭✸✳✼✮

NHCD
it = π/2Ad

	 (DHt)1/2

0
N0

H

�
1− r/ (DHt)

1/2
�
rdr = (π/12Ad)N

0
H (DHt) ,

❊K✉❛F✐♦♥ ✸✳✼ ❣✐✈❡H NNBTI
it ∼ (DHt)

1/4 ❛♥❞ NHCD
it ∼ (DHt)

1/2✳
❆❧F❤♦✉❣❤ F❤❡ ❞✐✛❡I❡♥F F✐♠❡ H❧♦♣❡H ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞✱ F❤❡ I❡❛❝F✐♦♥✲❞✐✛✉H✐♦♥ ♠♦❞❡❧ ❤❛H

H❡✈❡I❛❧ ❢❛✐❧✐♥❣H✳ ❚❤❡ ❢I❛♠❡✇♦I❦ ❛HH✉♠❡H F❤❛F ❜♦F❤ ♣I♦❝❡HH❡H ❛I❡ ❞✐✛✉H✐♦♥ ❧✐♠✐F❡❞ ✐♠♣❧②✐♥❣
F❤❛F ❛ K✉✐❝❦ I❡❝♦✈❡I② H❤♦✉❧❞ ❜❡ ♦❜H❡I✈❡❞ ♦♥ I❡♠♦✈❛❧ ♦❢ F❤❡ HFI❡HH✳ ❚❤✐H✱ ❛H H✉❣❣❡HF❡❞ ❜②
I❡❝❡♥F ❞❛F❛✱ ✐H ♥♦F FI✉❡ ❢♦I ❜♦F❤ ◆❇❚■ ❛♥❞ ❍❈❉ ✶✻✹✱ ✶✻✺✱ ✶✻✻✳ ■♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥
❤❛H ❜❡❡♥ H❤♦✇♥ F♦ ❜❡ I❡❛❝F✐♦♥ ❧✐♠✐F❡❞ ❛♥❞ ❍❈❉✱ ✐♥ ♠♦HF ❝❛H❡H✱ ❞♦❡H ♥♦F H❤♦✇ ❛♥② I❡❝♦✈❡I②✳
▼♦I❡♦✈❡I✱ H✐♥❝❡ F❤❡ ♠♦❞❡❧ ❞♦❡H ♥♦F I❡❧② ♦♥ ❝❛II✐❡I FI❛♥H♣♦IF✱ F❤❡ H♣❛F✐❛❧ Nit ❞✐HFI✐❜✉F✐♦♥
❝❛♥♥♦F ❜❡ ♦❜F❛✐♥❡❞✳

✷✽



 

f(
E

),
 S

(E
),

 f
(E

)S
(E

),
 a

rb
.u

.

10−12

10−10

10−8

10−6

10−4

10−2

100

energy, eV
1 1.5 2 2.5 3 3.5 4

f(E), low Vgs
f(E), mid Vgs
f(E)S(E), low Vgs
f(E)S(E), mid Vgs
S(E)

Knee energies

❋✐❣✉I❡ ✸✳✺✿ ❚❤❡ ❡♥❡I❣② ❞I✐✈❡♥ ♣❛I❛❞✐❣♠✿ F❤❡ ❦♥❡❡ ❡♥❡I❣✐❡H H❤✐❢F ❞❡♣❡♥❞✐♥❣ ♦♥ F❤❡ ❞I❛✐♥
✈♦❧F❛❣❡ ✭❞❛F❛ ❜♦II♦✇❡❞ ❢I♦♠ ✶✶✮✳

✸✳✹ ❚❤❡ ❊♥❡E❣② ❉E✐✈❡♥ Q❛E❛❞✐❣♠

❘❛✉❝❤ ❛♥❞ ▲❛ ❘♦H❛ H✉❣❣❡HF❡❞ F❤❛F ✐♥ F❤❡ ❝❛H❡ ♦❢ H❝❛❧❡❞ ❞❡✈✐❝❡H ❍❈❉ ✐H ❞I✐✈❡♥ ❜② F❤❡
❝❛II✐❡I ❡♥❡I❣② ❞❡♣♦H✐F❡❞ ❛F F❤❡ ✐♥F❡I❢❛❝❡ I❛F❤❡I F❤❛♥ ❜② F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ✷✸✱ ✶✻✼✳ ❚❤❡②
❛❧H♦ ✐♥✈❡HF✐❣❛F❡❞ F❤❡ ✐♠♣♦IF❛♥❝❡ ♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣✳ ❉✉❡ F♦ F❤❡ ❧♦✇ H✉♣♣❧②
✈♦❧F❛❣❡H ✐♥ ✉❧FI❛✲H❝❛❧❡❞ ▼❖❙❋❊❚H✱ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠ ✐H ♥♦F ✈❡I② ♣I♦♠✐♥❡♥F ❛H
F❤❡ ♣I♦❜❛❜✐❧✐F② ♦❢ ✜♥❞✐♥❣ ❝❛II✐❡IH ✇✐F❤ ✈❡I② ❤✐❣❤ ❡♥❡I❣✐❡H ✐H ❧♦✇✳ ❚❤❡ ❡♥❡I❣② ❡①❝❤❛♥❣❡
❜❡F✇❡❡♥ ❝❛II✐❡IH ✈✐❛ ❝❛II✐❡I✲❝❛II✐❡I H❝❛FF❡I✐♥❣ ♣♦♣✉❧❛F❡H F❤❡ ❤✐❣❤ ❡♥❡I❣② F❛✐❧ ♦❢ F❤❡ ❝❛II✐❡I
❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✱ F❤✉H ✐♥❝I❡❛H✐♥❣ F❤❡ ♣I♦❜❛❜✐❧✐F② ♦❢ ❛ H✐♥❣❧❡✲❝❛II✐❡I ❜♦♥❞ ❜I❡❛❦✲
❛❣❡ ♣I♦❝❡HH ❛♥❞ ♦❢ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ❛H ✇❡❧❧ ✶✶✳ ❚❤❡ I♦❧❡ ♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥
H❝❛FF❡I✐♥❣ ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H ❛❧H♦ ❡①♣❧❛✐♥H F❤❡ ✐♥❝I❡❛H❡ ✐♥ ❍❈❉ ❛F ❡❧❡✈❛F❡❞ F❡♠♣❡I❛F✉I❡H✱
✇❤✐❝❤ ✐H ❝♦♥FI❛I② F♦ F❤❡ FI❡♥❞ ❢♦I ❧♦♥❣ ❝❤❛♥♥❡❧ ❞❡✈✐❝❡H✳ ❆F ❡❧❡✈❛F❡❞ F❡♠♣❡I❛F✉I❡H✱ F❤❡ H❝❛F✲
F❡I✐♥❣ ❡✈❡♥FH ❛I❡ ♠♦I❡ ✐♥F❡♥H❡ ✇❤✐❝❤ ❧❡❛❞ F♦ ❛ I❡❞✉❝F✐♦♥ ♦❢ ❝❛II✐❡I ❡♥❡I❣✐❡H ✐♥ ❧♦♥❣ ❝❤❛♥♥❡❧
❞❡✈✐❝❡H ❛♥❞ F❤✉H ✇❡❛❦❡♥✐♥❣ ♦❢ ❍❈❉✳ ■♥ H❤♦IF ❝❤❛♥♥❡❧ ❞❡✈✐❝❡H✱ ❤♦✇❡✈❡I✱ ❛♥ ✐♥❝I❡❛H❡ ✐♥
F❡♠♣❡I❛F✉I❡ ❧❡❛❞H F♦ ♠♦I❡ ❡✣❝✐❡♥F H❝❛FF❡I✐♥❣ ❜❡F✇❡❡♥ F❤❡ ❝❛II✐❡IH ❝❛✉H✐♥❣ ❛♥ ✐♥❝I❡❛H❡
✐♥ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥ ✐♥ F❤❡ ❤✐❣❤ ❡♥❡I❣② I❡❣✐♦♥✳ ❚❤✐H H✉❣❣❡HFH F❤❛F F❤❡ ♣♦♣✉❧❛F✐♦♥ ♦❢
❤♦F✲❝❛II✐❡IH ✐♥❝I❡❛H❡H ❧❡❛❞✐♥❣ F♦ ❛ ❧❛I❣❡I ❞❡❣I❛❞❛F✐♦♥ ✺✱ ✶✹✽✱ ✶✻✽✱ ✶✹✾✳

❚❤❡ ❘❛✉❝❤ ❛♥❞ ▲❛❘♦H❛ ❛♣♣I♦❛❝❤ ✐♥FI♦❞✉❝❡ ❛ H❤✐❢F ♦❢ F❤❡ ❍❈❉ ♣❛I❛❞✐❣♠ ❢I♦♠ ❜❡✐♥❣
✜❡❧❞ ❞I✐✈❡♥ F♦ ❡♥❡I❣② ❞I✐✈❡♥✳ ❚❤❡ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ I❛F❡ ✐♥ F❤❡ ❘❛✉❝❤ ❛♥❞ ▲❛ ❘♦H❛ ♠♦❞❡❧
❤❛H ❛ H✐♠✐❧❛I ❢♦I♠ ❛H ❊K✉❛F✐♦♥ ✸✳✶ ❣✐✈❡♥ ❜②✿



f (ε)S (ε) dε✱ ✇❤❡I❡ f (ε) I❡♣I❡H❡♥FH F❤❡

❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❛♥❞ S (ε) F❤❡ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥✳ ❚❤❡ ❜❛❧❛♥❝❡ ♦❢ H❧♦♣❡H ♦❢
F❤❡ ❉❋ ❛♥❞ F❤❡ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥ ❝✉I✈❡H ✭d ln f/dε = −d lnS/dε✮ ❞❡F❡I♠✐♥❡H ❛ ❦♥❡❡
❡♥❡I❣②✳ ❚❤❡ ❑♥❡❡ ❡♥❡I❣② ✐H F❤❡ ❡♥❡I❣② ❛F ✇❤✐❝❤ F❤❡ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ I❛F❡ ❛FF❛✐♥H ❛ ❧♦❝❛❧
♠❛①✐♠✉♠✱ H❡❡ ❋✐❣✉I❡ ✸✳✺✳ ❚❤❡ ❦♥❡❡ ❡♥❡I❣② ✇❛H ❢♦✉♥❞ F♦ ❜❡ ✇❡❛❦❧② ❞❡♣❡♥❞❡♥F ♦♥ F❤❡
❞I❛✐♥ ✈♦❧F❛❣❡✳ ❚❤❡ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ I❛F❡ ❝❛♥ F❤❡♥ ❜❡ ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ F❤❡ ❦♥❡❡ ❡♥❡I❣② ✐❢

✷✾



F❤❡ ♠❛①✐♠✉♠ ♦❢ F❤❡ ♣I♦❞✉❝F f (ε)S (ε) ✐H ♥❛II♦✇ ❡♥♦✉❣❤ F♦ ❜❡ ❛♣♣I♦①✐♠❛F❡❞ ❜② ❛ ❞❡❧F❛
❢✉♥❝F✐♦♥✳ ❚❤✉H✱ F❤❡ ✐♥F❡❣I❛F✐♦♥ ♦✈❡I F❤❡ ❡♥F✐I❡ ❡♥❡I❣② I❛♥❣❡ ♠❛② ❜❡ ❛✈♦✐❞❡❞✳

❚❤✐H ♣❛I❛❞✐❣♠ ❛❧❧♦✇H ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ ❍❈❉ ✇✐F❤♦✉F F✐♠❡ ❝♦♥H✉♠✐♥❣ ❛♥❞ ❝♦♠♣✉F❛F✐♦♥✲
❛❧❧② ❞❡♠❛♥❞✐♥❣ FI❛♥H♣♦IF H✐♠✉❧❛F✐♦♥H✳ ❍♦✇❡✈❡I✱ F❤❡I❡ ❛I❡ ❛❧H♦ H♦♠❡ H❤♦IF❝♦♠✐♥❣H✳ ■♥ ♠♦HF
❝❛H❡H F❤❡ f (ε)S (ε) ♣❡❛❦ ✐H ♥♦F ♥❛II♦✇ ❛♥❞✱ F❤✉H✱ ✐♥F❡❣I❛F✐♦♥ ♦✈❡I F❤❡ ❡♥F✐I❡ ❡♥❡I❣② I❛♥❣❡
✐H I❡K✉✐I❡❞✳ ❋✉IF❤❡I✱ F❤❡ ❛✉F❤♦IH ✉H❡❞ H♦♠❡ ❡♠♣✐I✐❝❛❧ ♣❛I❛♠❡F❡IH ❜❛H❡❞ ♦♥ F❤❡ ❞♦♠✐♥❛♥F
❦♥❡❡ ❡♥❡I❣② F♦ ❝❛❧❝✉❧❛F❡ F❤❡ ❉❋ ✇❤✐❝❤ ❞♦❡H ♥♦F ❝❛♣F✉I❡ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❛♥❞ ❧♦❝❛❧✐③❛F✐♦♥
♦❢ Nit✱ ❛ ❝❤❛I❛❝F❡I✐HF✐❝ ❢❡❛F✉I❡ ♦❢ ❍❈❉✳ ❋✐♥❛❧❧②✱ F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ✇❛H ❡HF✐♠❛F❡❞ ❜❛H❡❞ ♦♥
F❤❡ Nit ❣❡♥❡I❛F✐♦♥ I❛F❡ ✐♥HF❡❛❞ ♦❢ ✉H✐♥❣ F❤❡ ❝❤❛♥❣❡H ♦❜H❡I✈❡❞ ✐♥ F❤❡ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H✳

✸✳✺ ❚❤❡ ❇E❛✈❛✐① ▼♦❞❡❧

❚❤❡ ❣I♦✉♣ ♦❢ ❇I❛✈❛✐① ❝♦♠❜✐♥❡❞ F❤❡ ❍❡HH ♠♦❞❡❧ ❛♥❞ F❤❡ ❘❛✉❝❤ ❛♥❞ ▲❛ ❘♦H❛ ❛♣♣I♦❛❝❤
✶✵✱ ✶✸✹✱ ✶✹✵✳ ❚❤❡ ❇I❛✈❛✐① ♠♦❞❡❧ ✉H❡H F❤❡ ❝♦♥❝❡♣F ♦❢ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H
♦❢ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ ✇✐F❤✐♥ F❤❡ ❡♥❡I❣②✲❞I✐✈❡♥ ♣❛I❛❞✐❣♠ ❛♥❞ ❡✈❛❧✉❛F❡H F❤❡ ❉❋ ❡♠♣✐I✐❝❛❧❧②✳
❚❤I❡❡ ♠❛✐♥ ♠♦❞❡H ♦❢ ❜♦♥❞ ❜I❡❛❦❛❣❡ ❛I❡ ❝♦♥H✐❞❡I❡❞ ✐♥ F❤❡ ♠♦❞❡❧✱ ✐✳❡✳ ❛ H✐♥❣❧❡✲❝❛II✐❡I
♣I♦❝❡HH✱ ❛ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH✱ ❛♥❞ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✇❤✐❝❤ ❛I❡ F❤❡♥ ✉H❡❞
F♦ ❝❛❧❝✉❧❛F❡ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ❧✐❢❡F✐♠❡H✳ ❚❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ✐H ❛FFI✐❜✉F❡❞ F♦ ❤✐❣❤
❡♥❡I❣② ❝❛II✐❡IH✱ ✇❤✐❧❡ F❤❡ ❞I❛✐♥ ❝✉II❡♥F ✐H ❧♦✇ ✶✻✾✳ ■♥ F❤✐H ❝❛H❡✱ F❤❡ ❧✉❝❦② ❡❧❡❝FI♦♥ ♠♦❞❡❧
❝❛♥ ❜❡ ✉H❡❞ ❛♥❞ F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ❝❛♥ ❜❡ ❡HF✐♠❛F❡❞ ❛H 1/τSP ∼ (Id/W ) (Is/Id)

m✳ ❍❡I❡
Id✱ Is ❛I❡ F❤❡ ❞I❛✐♥ ❛♥❞ H✉❜HFI❛F❡ ❝✉II❡♥FH✱ I❡H♣❡❝F✐✈❡❧②✱ W F❤❡ ❞❡✈✐❝❡ ✇✐❞F❤✱ ❛♥❞ m F❤❡
I❛F✐♦ ♦❢ F❤❡ ♣♦✇❡IH ✐♥ F❤❡ ✐♠♣❛❝F ✐♦♥✐③❛F✐♦♥ ❛♥❞ ✐♥F❡I❢❛❝❡ HF❛F❡ ❝I❡❛F✐♦♥ ❝I♦HH H❡❝F✐♦♥H✳ ❚❤❡
❝❛H❡ ✇✐F❤ ❧♦✇ ❝❛II✐❡I ❡♥❡I❣✐❡H ❜✉F ❤✐❣❤ ❝❛II✐❡I ❞❡♥H✐F② ❝♦II❡H♣♦♥❞H F♦ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I
♣I♦❝❡HH✳ ❋♦I F❤❡ ▼❈✲♣I♦❝❡HH✱ ❛ FI✉♥❝❛F❡❞ ❤❛I♠♦♥✐❝ ♦H❝✐❧❧❛F♦I ♠♦❞❡❧ ✐H ✉H❡❞ F♦ I❡♣I❡H❡♥F
F❤❡ ❜I❡❛❦✐♥❣ ♦❢ F❤❡ ❙✐✲❍ ❜♦♥❞✱ ❛H ❞❡H❝I✐❜❡❞ ✐♥ F❤❡ ❍❡HH ❛♣♣I♦❛❝❤✳ ❚❤❡ ❦✐♥❡F✐❝ ❡K✉❛F✐♦♥
H❡F ✇❤✐❝❤ ❞❡F❡I♠✐♥❡H F❤❡ ❜♦♥❞ ♣❛HH✐✈❛F✐♦♥✴❞❡♣❛HH✐✈❛F✐♦♥ I❛F❡H ✐H ❣✐✈❡♥ ❜②✿

dn0

dt
=Pdn1 − Pun0

dni

dt
=Pd(ni+1 − ni)− Pu(ni − ni−1) ✭✸✳✽✮

dnNl

dt
=PunNl−1 − λemiNit [H

∗] ,

✇✐F❤ ni ❜❡✐♥❣ F❤❡ ♦❝❝✉♣❛♥❝② ♦❢ F❤❡ ith ♦H❝✐❧❧❛F♦I ❧❡✈❡❧✱ [H∗] F❤❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ♠♦❜✐❧❡
❤②❞I♦❣❡♥ ❛F♦♠H✱ ✇❤✐❧❡ Nl ❧❛❜❡❧H F❤❡ ❧❛HF ❜♦♥❞❡❞ HF❛F❡✳ ❚❤❡ I❛F❡ ♦❢ ❤②❞I♦❣❡♥ I❡❧❡❛H❡✱ λemi✱
✐H ❝❛❧❝✉❧❛F❡❞ ❛H λemi = νemi exp [−Eemi/kBTL]✱ ✇❤❡I❡ νemi ✐H F❤❡ ❛FF❡♠♣F ❢I❡K✉❡♥❝②✱ ❛♥❞
Eemi ✐H F❤❡ ❡♥❡I❣② ❜❛II✐❡I ❜❡F✇❡❡♥ F❤❡ ❧❛HF ❜♦♥❞❡❞ HF❛F❡ ❛♥❞ F❤❡ FI❛♥H♣♦IF ♠♦❞❡✱ H❡❡ ❋✐❣✉I❡
✸✳✶✳ ❚❤❡ ❜♦♥❞ ❡①❝✐F❛F✐♦♥ ❛♥❞ ❞❡❝❛② I❛F❡H ✭Pu✱ Pd✮ ❛I❡ ✇I✐FF❡♥ ❛H✿

Pu =

	
Idσdεe + ωe exp [−�ω/kBTL] ✭✸✳✾✮

Pd =

	
Idσdεe + ωe,

✇❤❡I❡ Id ✐H F❤❡ ❞I❛✐♥ ❝✉II❡♥F✳ ❙✐♥❝❡✱ F❤❡ ❉❋ ✐H ❝❛❧❝✉❧❛F❡❞ ❡♠♣✐I✐❝❛❧❧②✱ F❤❡ ❛❝❝❡❧❡I❛F✐♦♥
✐♥F❡❣I❛❧ ✭✜IHF F❡I♠ ✐♥ ❊K✉❛F✐♦♥ ✸✳✾✮ ✐H H✉❜HF✐F✉F❡❞ ❜② F❤❡ F❡I♠ SMP (Ie/e)✱ ✇❤❡I❡ SMP ✐H
❛ ♣I❡✲❢❛❝F♦I ✶✸✾✳ ❚❤✐H ✇❛H ❛♥ ❛FF❡♠♣F F♦ ❧✐♥❦ F❤❡ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ I❛F❡ ✇✐F❤ F❤❡ ❞I❛✐♥
❝✉II❡♥F✳ ✐F❤ ❛ I❡❛H♦♥❛❜❧❡ ❝❤♦✐❝❡ ♦❢ F❤❡ ♠♦❞❡❧ ♣❛I❛♠❡F❡IH ❧✐❦❡ Eemi✱ ❛♥❞ �ω F❤❡ ❜♦♥❞

✸✵
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❋✐❣✉I❡ ✸✳✻✿ ❉❡✈✐❝❡ ❧✐❢❡F✐♠❡H ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❇I❛✈❛✐① ♠♦❞❡❧ ♣❧♦FF❡❞ ✈H✳ ❡①♣❡I✐♠❡♥F❛❧
❞❛F❛ ✶✼✵

❞✐HH♦❝✐❛F✐♦♥ I❛F❡H ✇❡I❡ ❛❝❝✉I❛F❡❧② I❡♣I❡H❡♥F❡❞ ✶✻✾✳ ❚❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ❢♦I F❤❡ ▼❈✲♣I♦❝❡HH
✐H ❣✐✈❡♥ ❛H 1/RMP✱ ✇❤❡I❡ RMP ✐H ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥ I❛F❡ ❞✉❡ F♦ ❧♦✇ ❡♥❡I❣② ❝❛II✐❡IH
❣✐✈❡♥ ❛H✿

RMP = N0

�
SMP (Id/e) + ωe exp [−�ω/kBTL]

SMP (Id/e) + ωe

�EB/�ω
exp [−Eemi/kBTL] . ✭✸✳✶✵✮

❚❤❡ ❝❛H❡ ✇✐F❤ ♠♦❞❡I❛F❡ ❝❛II✐❡I ❞❡♥H✐F② ✐H ❛FFI✐❜✉F❡❞ F♦ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣
✇✐F❤ ❧✐❢❡F✐♠❡ 1/τEES ∼ (Id/W )2 (Is/Id)

m✳ ❚❤❡ K✉❛❞I❛F✐❝ I❡❧❛F✐♦♥ ✐H ❞✉❡ F♦ F❤❡ ❡❧❡❝FI♦♥✲
❤♦❧❡ ♣❛✐IH✱ ❣❡♥❡I❛F❡❞ ❜② ✐♠♣❛❝F ✐♦♥✐③❛F✐♦♥✱ ♥♦F ❤❛✈✐♥❣ ❡♥♦✉❣❤ ❡♥❡I❣✐❡H F♦ ❝I❡❛F❡ ✐♥F❡I❢❛❝❡
HF❛F❡H ❜✉F ❛I❡ ❛❝❝❡❧❡I❛F❡❞ ❜② ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ F♦ ❤✐❣❤ ❡♥❡I❣② ❧❡✈❡❧H ✇❤❡I❡ F❤❡②
❝❛♥ FI✐❣❣❡I ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥✳ ❚❤❡ ♠❛❥♦I ❝♦♥FI✐❜✉F✐♦♥ ♦❢ F❤❡ ❇I❛✈❛✐① ♠♦❞❡❧ ✇❛H F❤❡
♣I❡❞✐❝F✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡ ❜② ❝♦♠❜✐♥✐♥❣ ❛❧❧ F❤❡ ♠♦❞❡H ♦❢ ✐♥F❡I❢❛❝❡ HF❛F❡ ❝I❡❛F✐♦♥✱ H❡❡
❋✐❣✉I❡ ✸✳✻✳

1/τd = KSC/τSC +KEES/τEES +KMC/τMC, ✭✸✳✶✶✮

✇❤❡I❡ KSC✱ KMC✱ KEES ❛I❡ ✜FF✐♥❣ ♣❛I❛♠❡F❡IH ✇❤✐❝❤ I❡♣I❡H❡♥F ❝♦♥FI✐❜✉F✐♦♥H ♦❢ ❡❛❝❤ ♣I♦✲
❝❡HH ❛♥❞ τSC✱ τMC✱ τEES ❛I❡ F❤❡ ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡H ✐♥ F❤❡ ❙❈✱ ▼❈✱ ❛♥❞ ❊❊❙ ❞I✐✈❡♥ I❡❣✐♠❡H✱
I❡H♣❡❝F✐✈❡❧②✳ ❍♦✇❡✈❡I✱ F❤❡ ❝❛II✐❡I ❉❋ ✐H ❝❛❧❝✉❧❛F❡❞ ❡♠♣✐I✐❝❛❧❧② ✇❤✐❝❤ ❧❡❛✈❡H F❤❡ ❡♥F✐I❡
♣❤②H✐❝❛❧ ♣✐❝F✉I❡ ❜❡❤✐♥❞ ❍❈❉ ✉♥❝❧❡❛I✳ ■♥ ♦I❞❡I F♦ ✉♥❞❡IHF❛♥❞ F❤❡ ♣❤②H✐❝H ❜❡❤✐♥❞ F❤❡ ❍❈❉
♠♦H❛✐❝✱ ✐❞❡❛❧❧② ❛❝❝✉I❛F❡ ❝❛II✐❡I FI❛♥H♣♦IF ♥❡❡❞H F♦ ❜❡ ❛❞❞I❡HH❡❞ ✈✐❛ F❤❡ H♦❧✉F✐♦♥ ♦❢ F❤❡
❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥✳

❙✉❝❤ ❛♥ ❛♣♣I♦❛❝❤ ❤❛H ❜❡❡♥ ❞❡✈❡❧♦♣❡❞ ❜② ❚②❛❣✐♥♦✈ ❡J ❛❧✳ ✷✺✱ ✶✹✶✱ ✇❤✐❝❤ ✐H ❛❧H♦ ✉H❡❞
✐♥ F❤✐H ✇♦I❦ ✭❙❡❝F✐♦♥ ✹✳✹✮✱ ✇❤✐❝❤ FI✐❡H F♦ ❧✐♥❦ F❤❡ ❡♥F✐I❡ ♣❤②H✐❝❛❧ ♠❡❝❤❛♥✐H♠ ❝♦♥H✐HF✐♥❣ ♦❢
❝❛II✐❡I FI❛♥H♣♦IF✱ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥✱ ❛♥❞ ❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H✳ ❚❤❡
❚②❛❣✐♥♦✈ ♠❡F❤♦❞ ❤❛H ❜❡❡♥ F❤❡ ♠♦HF ❛❝❝✉I❛F❡ ✐♥ ♠♦❞❡❧✐♥❣ ❍❈❉ ❛♥❞ ✐FH ❡✛❡❝FH ♦♥ ❞✐✛❡I❡♥F
❞❡✈✐❝❡H ✹✹✱ ✶✹✱ ✶✹✼✱ ✽✽✳ ❚❤❡ ❛✉F❤♦IH ♦❜F❛✐♥ F❤❡ ❝❛II✐❡I ❉❋ ❜② H♦❧✈✐♥❣ F❤❡ ❇♦❧F③♠❛♥♥

✸✶



FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✉H✐♥❣ ❜♦F❤ ▼♦♥F❡✲❈❛I❧♦ ❛♥❞ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ♠❡F❤♦❞H
✶✼✶✱ ✶✹✶✳ ❚❤❡ ❝❛II✐❡I ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧ ✐H F❤❡♥ ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ F❤❡ ❝❛II✐❡I ❉❋ ✇❤✐❝❤
❞❡F❡I♠✐♥❡H F❤❡ I❛F❡ ♦❢ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥✳ ❖♥❝❡ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H ❛I❡ ❞❡F❡I✲
♠✐♥❡❞✱ F❤❡ FI❛♣ ❞❡♥H✐F② ❝❛♥ ❜❡ ❝❛❧❝✉❧❛F❡❞✳ ❙✐♥❝❡ F❤✐H ♠♦❞❡❧ ♣I♦✈✐❞❡H ✐♥❢♦I♠❛F✐♦♥ ❛❜♦✉F Nit

♣I♦✜❧❡H ❛♥❞ F❤❡ HFI♦♥❣ ❧♦❝❛❧✐③❛F✐♦♥ ♦❢ ❍❈❉✱ ✐F ❝❛♥ ♣I❡❞✐❝F ❞❡✈✐❝❡ ❧✐❢❡F✐♠❡H ❛♥❞ ❞❡❣I❛❞❛F✐♦♥
❝❤❛I❛❝F❡I✐HF✐❝H✳

✸✷



❈❤❛♣1❡2 ✹

❚❤❡ ❍❈❉ ▼♦❞❡❧ ❇❛@❡❞ ♦♥ ❇❚❊

❙♦❧✉>✐♦♥

❆H ❞✐H❝✉HH❡❞ ✐♥ ♣I❡✈✐♦✉H H❡❝F✐♦♥H✱ ❝❛II✐❡I FI❛♥H♣♦IF ✐H F❤❡ ❦❡② F♦ ♠♦❞❡❧✐♥❣ ❍❈❉✳ ❚❤❡ ❜❡FF❡I
F❤❡ ❝❛II✐❡I FI❛♥H♣♦IF ❛♥❛❧②H✐H✱ F❤❡ ♠♦I❡ ♣I❡❝✐H❡ F❤❡ ❍❈❉ ♠♦❞❡❧ ✇✐❧❧ ❜❡✳ ▼❛♥② ❛♣♣I♦❛❝❤❡H
F♦ H♦❧✈❡ F❤❡ ❝❛I✐❡I FI❛♥H♣♦IF ❛♥❞ ♦❜F❛✐♥ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❤❛✈❡ ❜❡❡♥
♣I♦♣♦H❡❞✳ ❙♦♠❡ ♦❢ F❤❡H❡ ♠❡F❤♦❞H ❛I❡ ♠♦I❡ I✐❣♦I♦✉H✱ ✇❤✐❧❡ ♦F❤❡IH ❛I❡ H✐♠♣❧✐HF✐❝ ❛♥❞ ❧❡HH
❛❝❝✉I❛F❡✳ ❊✈❡I H✐♥❝❡ F❤❡ H❤✐❢F ♦❢ ♣❛I❛❞✐❣♠ ✐♥ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡❧✐♥❣ ❢I♦♠ ✜❡❧❞
❞I✐✈❡♥ ❛♣♣I♦❛❝❤❡H ✶✺✵ F♦ F❤❡ ❡♥❡I❣② ❞I✐✈❡♥ ❝♦♥❝❡♣F ✾✱ ✶✶✱ F❤❡ ❡✈❛❧✉❛F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❤❛H ❜❡❝♦♠❡ ❛ ✈✐F❛❧ ❝♦♠♣♦♥❡♥F✳ ❚❤✐H ❤❛H ❛❧H♦ ❜❡❡♥ H✉❣❣❡HF❡❞ ✐♥ I❡❝❡♥F
❍❈❉ ♠♦❞❡❧✐♥❣ I❡H✉❧FH ✇❤❡I❡ F❤❡ ❡♥F✐I❡ ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣I♦❝❡HH✱ ✇❤✐❝❤ ✐H ❛HH✉♠❡❞ F♦
❜❡ F❤❡ ❞♦♠✐♥❛♥F ❝♦♥FI✐❜✉F♦I F♦ ❍❈❉ ✐♥ SiO2 ❞❡✈✐❝❡H✱ ✐H ❞❡H❝I✐❜❡❞ ❜② F❤❡ ❝❛II✐❡I ❡♥❡I❣②
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✼✱ ✽✳ ■❞❡❛❧❧②✱ ✇✐F❤✐♥ F❤❡ H❡♠✐❝❧❛HH✐❝❛❧ I❡❣✐♠❡✱ F❤❡ ❉❋ ✐H ♦❜F❛✐♥❡❞
❜② H♦❧✈✐♥❣ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥✳ ❆❧F❤♦✉❣❤ ❜♦F❤ F❤❡ ▼♦♥F❡✲❈❛I❧♦ ❛♣♣I♦❛❝❤
❛♥❞ F❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ♠❡F❤♦❞ ♣I♦✈✐❞❡ ❛ H♦❧✉F✐♦♥ F♦ F❤❡ ❇❚❊✱ F❤❡ ❧❛FF❡I
F❡❝❤♥✐K✉❡ ❤❛H ❛ ♥✉♠❜❡I ♦❢ ❛❞✈❛♥F❛❣❡H✿ ✐F ❛❧❧♦✇H F♦ ❜❡FF❡I I❡H♦❧✈❡ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧H ♦❢
F❤❡ ❉❋ ✭✇❤✐❝❤ ❛I❡ ♦❢ ❝I✉❝✐❛❧ ✐♠♣♦IF❛♥❝❡ ✐♥ F❤❡ ❝♦♥F❡①F ♦❢ ❍❈❉✮✱ H✐♠✉❧❛F❡ ❧♦♥❣✲❝❤❛♥♥❡❧
❞❡✈✐❝❡H ✉♥❞❡I ❤✐❣❤ ♦♣❡I❛F✐♥❣✴HFI❡HH ✈♦❧F❛❣❡H ✐♥ ❛ I❡❛H♦♥❛❜❧❡ F✐♠❡✱ ❛♥❞ ✐♠♣❧❡♠❡♥F ❡❧❡❝FI♦♥✲
❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✐♥ ❛ ♠♦I❡ HFI❛✐❣❤F❢♦I✇❛I❞ ♠❛♥♥❡I ❛♥❞ ✇✐F❤ ❧❡HH ❝♦♠♣✉F❛F✐♦♥❛❧ ❜✉I❞❡♥✳
❆♣❛IF ❢I♦♠ F❤❡H❡ ❛♣♣I♦❛❝❤❡H✱ H✐♠♣❧✐✜❡❞ F❡❝❤♥✐K✉❡H ♦❢ ❝❛II✐❡I FI❛♥H♣♦IF FI❡❛F♠❡♥F H✉❝❤
❛H F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❛♥❞ ❡♥❡I❣② FI❛♥H♣♦IF H❝❤❡♠❡ ❛I❡ ❤✐❣❤❧② ♣♦♣✉❧❛I ✸✸✱ ✸✵✳ ■♥H♣✐F❡ ♦❢
✐FH ❧✐♠✐F❛F✐♦♥H✱ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ♠❡F❤♦❞ ❤❛H ❜❡❡♥ ❡✛❡❝F✐✈❡ ❢♦I F❤❡ ❞❡H❝I✐♣F✐♦♥ ♦❢ ❝❛II✐❡I
FI❛♥H♣♦IF ❡✈❡♥ ✐♥ ♠♦❞❡I♥ ❞❡✈✐❝❡H ✶✼✷✳

■♥ F❤❡ ❢♦❧❧♦✇✐♥❣✱ ❛ H✐♠♣❧❡ ❛♥❞ ❡✣❝✐❡♥F ♠♦❞❡❧ ❢♦I F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H
❞❡I✐✈❡❞✳ ❚❤✐H ❛♣♣I♦❛❝❤ F♦ ❛♣♣I♦①✐♠❛F❡❧② ❝❛❧❝✉❧❛F❡ F❤❡ ❉❋ ✐H ❜❛H❡❞ ♦♥ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥
H❝❤❡♠❡ ✇❤❡I❡ ❛♥ ❛♥❛❧②F✐❝❛❧ ❡①♣I❡HH✐♦♥ ✐H ✉H❡❞ F♦ ♠✐♠✐❝ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥
❢✉♥❝F✐♦♥✳ ❚♦ ✈❡I✐❢② F❤❡ ♦❜F❛✐♥❡❞ ❉❋✱ ❛ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✐H
✉H❡❞ ❛H ❛ I❡❢❡I❡♥❝❡✳ ❚❤❡ ❛♥❛❧②F✐❝❛❧ ♠❡F❤♦❞ ❢♦I ❝❛❧❝✉❧❛F✐♥❣ F❤❡ ❉❋ ✐H ❝♦✉♣❧❡❞ ✇✐F❤ ❛ ♣❤②H✐❝H✲
❜❛H❡❞ ♠♦❞❡❧ ❢♦I ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥✳ ❚❤❡ ❛♥❛❧②F✐❝❛❧ ❛♣♣I♦❛❝❤ ❢♦I F❤❡ ❉❋ ✐H ❝♦♥H✐HF❡♥F
✇✐F❤ F❤❡ ❍❈❉ ♠♦❞❡❧ ❛H ✐F ❝♦♥F❛✐♥H F❡I♠H ❢♦I ❜♦F❤ ❤♦F ❛♥❞ ❝♦❧❞ ❝❛II✐❡IH ✇❤✐❝❤ ❧❡❛❞ F♦ F❤❡
H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H✳ ❡ ✉H❡ F✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧✿ ♦♥❡ ✐H ❜❛H❡❞
♦♥ ♠♦I❡ I✐❣♦I♦✉H ❞❡F❡I♠✐♥✐HF✐❝ ❛♣♣I♦❛❝❤ ❛♥❞ ✐H ✉H❡❞ ❢♦I I❡❢❡I❡♥❝❡ ♦I ✈❡I✐✜❝❛F✐♦♥✱ ✇❤✐❧❡ F❤❡
♦F❤❡I ♦♥❡ ❡♠♣❧♦②H F❤❡ ❉❉✲❜❛H❡❞ ❝♦♥❝❡♣F✳ ■♥ F❤❡ ❢♦❧❧♦✇✐♥❣ ❝❤❛♣F❡IH✱ ❜♦F❤ ✈❡IH✐♦♥H ♦❢ F❤❡
♠♦❞❡❧ ❛I❡ ❝♦♠♣❛I❡❞ ❛❣❛✐♥HF ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❢♦I H❡✈❡I❛❧ ❞❡✈✐❝❡H ❛♥❞ ❛ ❝♦♥❝❧✉H✐♦♥ ♦♥ F❤❡
✈❛❧✐❞✐F② ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ ✐H ❞I❛✇♥ H✉❣❣❡HF✐♥❣ ✐FH ❡✣❝✐❡♥❝② ❢♦I
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Microscopic 
Mechanisms: N

it

Device simulator
(carrier density, temperature)

Analytical DF/
BTE Solver

Device Degradation
Characteristics

Process simulator
(doping profiles)

N
it

device architecture,
stress condition

 

❋✐❣✉I❡ ✹✳✶✿ ❚❤❡ ♠❛✐♥ ♠♦❞✉❧❡H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧✿ ❝❛II✐❡I FI❛♥H♣♦IF H♦❧✈❡I✱ ♠♦❞❡❧✐♥❣ ♦❢ F❤❡
❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ I❛F❡H ❛♥❞ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H✱ ❛♥❞ H✐♠✉❧❛F✐♦♥ ♦❢ F❤❡ ❞❡❣I❛❞❡❞ ❞❡✈✐❝❡✳

♣I❡❞✐❝F✐✈❡ ❍❈❉ H✐♠✉❧❛F✐♦♥H ✉♥❞❡I ❝❡IF❛✐♥ ❝♦♥❞✐F✐♦♥H✳

✹✳✶ ❈❛EE✐❡E ❚E❛♥C♣♦EA

❚❤❡ ♦♣❡I❛F✐♦♥ ♦❢ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H ✐H ❜❛H❡❞ ♦♥ F❤❡ I❡❛❝F✐♦♥ ♦❢ ❡❧❡❝FI♦♥H ❛♥❞ ❤♦❧❡H F♦
F❤❡ ❧♦❝❛❧ ❛♥❞ ❡①F❡I♥❛❧❧② ❛♣♣❧✐❡❞ ❡❧❡❝FI✐❝❛❧ ❢♦I❝❡H✳ ❚❤❡H❡ ❢♦I❝❡H ❛I❡ ❞✉❡ F♦ F❤❡ ♣♦F❡♥F✐❛❧H
❡✐F❤❡I ❡①✐HF✐♥❣ ♦I ❝I❡❛F❡❞ ✐♥H✐❞❡ F❤❡ H❡♠✐❝♦♥❞✉❝F✐♥❣ ♠❛F❡I✐❛❧ ❞✉❡ F♦✿ ✭✐✮ ❛♣♣❧✐❡❞ ❜✐❛H✱ ✭✐✐✮
❞❡♣❧❡F✐♦♥ I❡❣✐♦♥H ❢♦I♠❡❞ ❜② ✐♠♠♦❜✐❧❡ ✐♦♥✐③❡❞ ✐♠♣✉I✐F✐❡H ❛F F❤❡I♠❛❧ ❡K✉✐❧✐❜I✐✉♠ ✭❜✉✐❧F✲✐♥
♣♦F❡♥F✐❛❧✮✱ ❛♥❞ ✭✐✐✐✮ ♦F❤❡I ❝❤❛I❣❡ ❝❛II✐❡IH ♦I ✐♠♣✉I✐F✐❡H ✭H❝❛FF❡I✐♥❣ ♣♦F❡♥F✐❛❧H✮✳ ❙✐♥❝❡ ❛ F②♣✲
✐❝❛❧ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡ ✐♥❝❧✉❞❡H ❛ ❧❛I❣❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ❝❤❛I❣❡ ❝❛II✐❡IH ❛♥❞ ❛IF✐✜❝✐❛❧❧②
✐♥FI♦❞✉❝❡❞ ✐♠♣✉I✐F✐❡H ♦I ❞♦♣❛♥FH✱ F❤✐H ♠❛♥②✲♣❛IF✐❝❧❡ H②HF❡♠ ✐H ❞✐✣❝✉❧F F♦ ♠♦❞❡❧✳ ❛I✐✲
♦✉H ♠♦❞❡❧H ❢♦I ❝❛II✐❡I FI❛♥H♣♦IF ❤❛✈❡ ❜❡❡♥ ♣I♦♣♦H❡❞ ✇✐F❤ ❞✐✛❡I❡♥F ❧❡✈❡❧H ♦❢ I❡✜♥❡♠❡♥FH
❛♥❞ ❝♦♠♣❧❡①✐F② F❤❛F ❛I❡ ❛♣♣❧✐❝❛❜❧❡ ❜❛H❡❞ ♦♥ F❤❡ ❞❡✈✐❝❡ ❞✐♠❡♥H✐♦♥H✱ ✉H❛❣❡ ❛♥❞ ❝♦♠♣✉F❛✲
F✐♦♥❛❧ ❜✉❞❣❡F✳ ❆❧F❤♦✉❣❤ ✐F ✐H ❛FFI❛❝F✐✈❡ F♦ ❝❤♦♦H❡ F❤❡ ♠♦HF ❢✉♥❞❛♠❡♥F❛❧ ❝♦♥❝❡♣FH✱ F❤❡②
F②♣✐❝❛❧❧② ❤❛✈❡ ❤✐❣❤ ❝♦♠♣✉F❛F✐♦♥❛❧ ❞❡♠❛♥❞H ❛♥❞ ❢♦I ♠♦HF ❡♥❣✐♥❡❡I✐♥❣ ❛♣♣❧✐❝❛F✐♦♥H ❛ ♠♦I❡
❛♣♣I♦①✐♠❛F❡ ❜✉F ❢❛HF❡I ❛♥❞ ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❝❤❡❛♣❡I H♦❧✉F✐♦♥ ✐H ❛❝❝❡♣F❛❜❧❡✳

❚❤✐H H❡❝F✐♦♥ ♣I♦✈✐❞❡H ❛♥ ♦✈❡I✈✐❡✇ ♦❢ F❤❡ ♠♦HF ✐♠♣♦IF❛♥F ❝❛II✐❡I FI❛♥H♣♦IF ♠♦❞❡❧H ❞❡✈❡❧✲
♦♣❡❞ ❢♦I H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H ❛♥❞ ❞✐H❝✉HH❡H F❤❡✐I ❡✣❝✐❡♥❝② ❛♥❞ ❧✐♠✐F❛F✐♦♥H✳ ❚❤❡ ❝❛II✐❡I
FI❛♥H♣♦IF ♠♦❞❡❧H ❝❛♥ ❜❡ ❝❛F❡❣♦I✐③❡❞ ❜❛H❡❞ ♦♥ F❤❡ ❞❡✈✐❝❡ ❞✐♠❡♥H✐♦♥H ❛♥❞ ❝❤❛I❛❝F❡I✐HF✐❝
❧❡♥❣F❤H ✕ ❞❡ ❇I♦❣❧✐❡ ✇❛✈❡❧❡♥❣F❤✱ ♠❡❛♥ ❢I❡❡ ♣❛F❤✱ ❛♥❞ ♣❤❛H❡ I❡❧❛①❛F✐♦♥ ❧❡♥❣F❤ ✶✼✸✳ ❋♦I
❛♥ ❡❧❡❝FI♦♥ ✐♥ H✐❧✐❝♦♥ ❛F I♦♦♠ F❡♠♣❡I❛F✉I❡✱ F❤❡ ❞❡ ❇I♦❣❧✐❡ ✇❛✈❡❧❡♥❣F❤ ✐H ❛♣♣I♦①✐♠❛F❡❧② ✽
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Diffusive Regime Ballistic Regime

Semi Classical Transport Quantum Ballistic Transport

Boltzmann Transport Equation

Spherical Harmonics

Monte Carlo

Drift-Diffusion

Hydro Dynamics/
Energy Transport

Six Moments

Schrödinger Equation

Non-Equlibrium 
Green's Function

Liouville von 
Neumann

Wigner Function

❋✐❣✉I❡ ✹✳✷✿ ❚❤❡ ❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H F♦ H♦❧✈❡ ❝❛II✐❡I FI❛♥H♣♦IF ✐♥ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H

♥♠✱ ✇❤✐❧❡ F❤❡ ♠❡❛♥ ❢I❡❡ ♣❛F❤ ❛♥❞ F❤❡ ♣❤❛H❡ I❡❧❛①❛F✐♦♥ ❧❡♥❣F❤ ❛I❡ ❜❡F✇❡❡♥ ✺ F♦ ✶✵ ♥♠✳ ■❢
F❤❡ ❞❡✈✐❝❡ ❞✐♠❡♥H✐♦♥H ❛I❡ ♠✉❝❤ ❧❛I❣❡I F❤❛♥ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝ ❧❡♥❣F❤H✱ ❝❛II✐❡I FI❛♥H♣♦IF ✐H
❣♦✈❡I♥❡❞ ❧❛I❣❡❧② ❜② H❝❛FF❡I✐♥❣ ❛♥❞ F❤❡ FI❛♥H♣♦IF ✐H ❝❛❧❧❡❞ ❞✐✛✉H✐✈❡✳ ❙❡♠✐✲❝❧❛HH✐❝❛❧ ♠♦❞❡❧H
❛I❡ K✉✐F❡ ❛❝❝✉I❛F❡ ✐♥ F❤✐H I❡❣✐♠❡ F♦ ❞❡H❝I✐❜❡ F❤❡ ♠♦F✐♦♥ ♦❢ ❝❤❛I❣❡ ❝❛II✐❡IH✳ ❍♦✇❡✈❡I✱ ✐♥
♥❛♥♦H❝❛❧❡ ❞❡✈✐❝❡H✱ H♠❛❧❧❡I F❤❛♥ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝ ❧❡♥❣F❤H✱ K✉❛♥F✉♠ ❡✛❡❝FH ❝♦♠❡ ✐♥F♦ ♣❧❛②
❛♥❞ H❝❛FF❡I✐♥❣ ❜❡❝♦♠❡H ❧❡HH ✐♠♣♦IF❛♥F✳ ❚❤✉H K✉❛♥F✉♠ FI❛♥H♣♦IF ♠♦❞❡❧H ❛I❡ I❡K✉✐I❡❞ ❢♦I
❛♥ ❛❝❝✉I❛F❡ ❞❡H❝I✐♣F✐♦♥ ♦❢ F❤❡ ❡❧❡❝FI♦HF❛F✐❝H ✐♥ F❤❡ ❞❡✈✐❝❡✳

■♥ F❤✐H H❡❝F✐♦♥✱ F❤❡ H❡♠✐✲❝❧❛HH✐❝❛❧ FI❛♥H♣♦IF ♠♦❞❡❧H ❛I❡ ❞✐H❝✉HH❡❞ ✇❤✐❝❤ ❛I❡ ♠♦HF I❡❧❡✈❛♥F
❢♦I ❍❈❉ ♠♦❞❡❧✐♥❣✳ ❚❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✐H F❤❡ ❜❛❝❦❜♦♥❡ ♦❢ H❡♠✐✲❝❧❛HH✐❝❛❧
FI❛♥H♣♦IF✳ ❚❤❡ ❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H F♦ F❤❡ ❇❚❊ H♦❧✉F✐♦♥ HF❛IF✐♥❣ ❢I♦♠ F❤❡ ▼♦♥F❡✲❈❛I❧♦
♠❡F❤♦❞✱ F❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥✱ ❛♥❞ F❤❡ F❡❝❤♥✐K✉❡H ❜❛H❡❞ ♦♥ F❤❡ ❇❚❊ ♠♦✲
♠❡♥FH✱ ✐✳❡✳ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❛♥❞ ❡♥❡I❣② FI❛♥H♣♦IF H❝❤❡♠❡H✱ H❡❡ ❋✐❣✉I❡ ✹✳✷ ❛I❡ ❞❡H❝I✐❜❡❞
✐♥ ♦I❞❡I F♦ ✉♥❞❡IHF❛♥❞ F❤❡ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ ❡❛❝❤ ♦❢ F❤❡H❡ ♠❡F❤♦❞H✳

✹✳✷ ❙❡♠✐✲❈❧❛CC✐❝❛❧ ❚E❛♥C♣♦EA

▲❡F ✉H ❝♦♥H✐❞❡I ❛ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡ ✐♥ F❤❡I♠❛❧ ❡K✉✐❧✐❜I✐✉♠ ✇❤❡♥ ♥♦ ❡①F❡I♥❛❧ ❡❧❡❝FI✐❝
✜❡❧❞ ✐H ❛♣♣❧✐❡❞ ❛♥❞ ❛❧❧ F❤❡ FI❛♥H✐❡♥F ♣I♦❝❡HH❡H ❤❛✈❡ I❡❧❛①❡❞✳ ■♥ F❤✐H H✐F✉❛F✐♦♥✱ F❤❡ ❛✈❡I❛❣❡
❡♥❡I❣② ♦❢ F❤❡ ❝❛II✐❡IH ✐H ❡K✉❛❧ F♦ F❤❡ F❤❡I♠❛❧ ❡♥❡I❣②✱ ✇❤✐❧❡ F❤❡✐I ❛✈❡I❛❣❡ ✈❡❧♦❝✐F② ✐H ③❡I♦✳
❚❤✐H ❝♦II❡H♣♦♥❞H F♦ F❤❡ ❛❜H❡♥❝❡ ♦❢ ❛ ♠❛❝I♦H❝♦♣✐❝ ❝✉II❡♥F ✐♥ F❤❡ ❞❡✈✐❝❡✳ ❤❡♥ ❛ ❜✐❛H ✐H
❛♣♣❧✐❡❞✱ F❤❡ ❝❛II✐❡IH ❡①♣❡I✐❡♥❝❡ ❛ ❢♦I❝❡ ❛♥❞ ❛❝❝❡❧❡I❛F❡ ✉♥F✐❧ ♦♣♣♦H❡❞ ❜② ♦F❤❡I ❢♦I❝❡H H✉❝❤
❛H H❝❛FF❡I✐♥❣✳ ❚❤✉H✱ F❤❡ ♠♦F✐♦♥ ♦❢ ♣❛IF✐❝❧❡H ✐♥H✐❞❡ ❛ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡ ✐H ❛ I❡H✉❧F ♦❢
❢♦I❝❡H ❞✉❡ F♦ F❤❡ ❛♣♣❧✐❡❞ ❜✐❛H✱ ❜✉✐❧F✲✐♥ ♣♦F❡♥F✐❛❧ ❛♥❞ H❝❛FF❡I✐♥❣ ♣♦F❡♥F✐❛❧✳ ❚❤❡✐I I❡H✉❧F❛♥F

✸✺



❢♦I❝❡ ❝❛✉H❡H F❤❡ ♠♦♠❡♥F✉♠ ❛♥❞ ♣♦H✐F✐♦♥ ♦❢ F❤❡ ❝❤❛I❣❡ ❝❛II✐❡IH F♦ ❝❤❛♥❣❡✳ ❚❤✉H✱ ✇✐F❤✐♥
F❤❡ ❝❧❛HH✐❝❛❧ I❡❣✐♠❡✱ F♦ ✜♥❞ F❤❡ ❡✛❡❝F ♦❢ ✜❡❧❞H ♦♥ ❝❤❛I❣❡ ❝❛II✐❡IH✱ F❤❡✐I ♠♦♠❡♥F✉♠ ❛♥❞
♣♦H✐F✐♦♥ ♥❡❡❞ F♦ ❜❡ ❡✈❛❧✉❛F❡❞✳

✹✳✷✳✶ ▼♦♥<❡✲❈❛@❧♦ ❆♣♣@♦❛❝❤

■♥ F❤❡ ▼♦♥F❡✲❈❛I❧♦ ♠❡F❤♦❞ ❢♦I H♦❧✈✐♥❣ F❤❡ ❝❛II✐❡I FI❛♥H♣♦IF ♣I♦❜❧❡♠✱ F❤❡ ◆❡✇F♦♥ ❡K✉❛F✐♦♥
✐H ❡✈❛❧✉❛F❡❞ ❢♦I F❤❡ ♣❛IF✐❝❧❡H✳ ❋♦I ❛ H✐♥❣❧❡ ✭ith✮ ♣❛IF✐❝❧❡✱ F❤❡ H②HF❡♠ ♦❢ ❡K✉❛F✐♦♥H ✇♦✉❧❞
I❡❛❞✿

∂pi
∂t

= F (p, r, t) +R(p, r, t), ✭✹✳✶✮

∂ri
∂t

= ui(t), ✭✹✳✷✮

✇❤❡I❡ F (p, r, t) ✐H ❞✉❡ F♦ ❡①F❡I♥❛❧ ❢♦I❝❡H ❛♥❞ R(p, r, t) ✐H ❞✉❡ F♦ ❧♦❝❛❧ ❢♦I❝❡H✳ ■♥ F❤❡ H❡♠✐✲
❝❧❛HH✐❝❛❧ ❛♣♣I♦❛❝❤✱ F❤❡ ❡✛❡❝F ♦❢ ❡①F❡I♥❛❧ ❢♦I❝❡H ✐H FI❡❛F❡❞ ❝❧❛HH✐❝❛❧❧②✱ ❜✉F F❤❡ ❧♦❝❛❧ ❢♦I❝❡H
H✉❝❤ ❛H H❝❛FF❡I✐♥❣ ❛I❡ FI❡❛F❡❞ K✉❛♥F✉♠ ♠❡❝❤❛♥✐❝❛❧❧②✳ ❚❤❡ ❛❜♦✈❡ ❡K✉❛F✐♦♥H✱ ✹✳✶ ❛♥❞ ✹✳✷
❞❡H❝I✐❜❡ ❛ ❝❧❛HH✐❝❛❧ ❝❛II✐❡I FI❛♥H♣♦IF ❛♥❞ ❛I❡ ♥♦F ❢✉❧❧② ❛♣♣❧✐❝❛❜❧❡ F♦ ♠♦❞❡I♥ ❞❡✈✐❝❡H✳ ❚❤❡
❛❜♦✈❡ ✐H ❡K✉✐✈❛❧❡♥F F♦ F❤❡ ❇❚❊✱ ❜❛♥❞ HFI✉❝F✉I❡ ❡♥F❡IH F❤I♦✉❣❤ F❤❡ ❞✐H♣❡IH✐♦♥ I❡❧❛F✐♦♥ ❛♥❞
H❝❛FF❡I✐♥❣ ❣♦❡H F♦ ❘✳ ▼♦I❡♦✈❡I✱ ✐F ✐H ✈❡I② ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❞❡♠❛♥❞✐♥❣ F♦ ♦❜F❛✐♥ ❛ H♦❧✉F✐♦♥
❢♦I ❛❧❧ ♣❛IF✐❝❧❡H ✐♥ ❛ F②♣✐❝❛❧ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡✱ ❝♦♥F❛✐♥✐♥❣ ∼ 1020 ♣❛IF✐❝❧❡H✳

✹✳✷✳✷ ❇♦❧<③♠❛♥♥ ❚@❛♥>♣♦@< ❊B✉❛<✐♦♥

❆♥♦F❤❡I ❛♣♣I♦❛❝❤ F♦ ❞❡H❝I✐❜❡ ❝❛II✐❡I FI❛♥H♣♦IF H❡♠✐✲❝❧❛HH✐❝❛❧❧② ✐H F♦ ❝♦♥H✐❞❡I F❤❡ HF❛F✐HF✐❝❛❧
♣I♦♣❡IF✐❡H ♦❢ F❤❡ ❝❤❛I❣❡ ❝❛II✐❡IH ❜② ❞❡✜♥✐♥❣ ❛ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ f(p, r, t)✳ ❚❤❡ ❝❛II✐❡I
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ f(p, r, t) ❣✐✈❡H F❤❡ ♣I♦❜❛❜✐❧✐F② ♦❢ ✜♥❞✐♥❣ ❛ ❝❛II✐❡I ✇✐F❤ ♠♦♠❡♥F✉♠ ✐♥
F❤❡ I❛♥❣❡ ♦❢ (p, p + dp) ❛♥❞ ✈♦❧✉♠❡ ♦❢ (r, r + dr) ❛♥❞ H❛F✐H✜❡H F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF
❡K✉❛F✐♦♥✿

∂tf + u∇rf + F∇pf = Q(f), ✭✹✳✸✮

✇❤❡I❡ Q(f) ✐H F❤❡ H❝❛FF❡I✐♥❣ ♦♣❡I❛F♦I✳ ❚❤❡ H❡♠✐✲❝❧❛HH✐❝❛❧ ♥❛F✉I❡ ✐H ✐♥❝♦I♣♦I❛F❡❞ ✐♥ F❤❡
I❡❧❛F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ♠♦♠❡♥F✉♠ p ✇✐F❤ F❤❡ ✇❛✈❡ ♥✉♠❜❡I k ❛H p = �k✱ � ❜❡✐♥❣ F❤❡
I❡❞✉❝❡❞ q❧❛♥❝❦ ❝♦♥HF❛♥F✳ ❚❤❡ ❣I♦✉♣ ✈❡❧♦❝✐F② u ✐♥ ❊K✉❛F✐♦♥ ✹✳✸ ✐H ❣✐✈❡♥ ❜②✿

u(p, r) = ∇pEK(p, r), ✭✹✳✹✮

✇❤❡I❡ EK I❡♣I❡H❡♥FH F❤❡ ❦✐♥❡F✐❝ ❡♥❡I❣② ♦❢ F❤❡ ❝❛II✐❡IH✳ ❚❤❡ ❢♦I❝❡ F (p, r) ❛❝F✐♥❣ ♦♥ F❤❡
❝❛II✐❡IH ❞✉❡ F♦ F❤❡ ❡❧❡❝FI✐❝ E(r) ❛♥❞ ♠❛❣♥❡F✐❝ ✜❡❧❞H B(r) ❛♥❞ ✐♥❤♦♠♦❣❡♥❡♦✉H ♠❛F❡I✐❛❧
♣I♦♣❡IF✐❡H ✐H ✶✼✹✿

F (p, r) = −∇r (Ec,0(r) + ε(p, r)) + q (E(r) + u(p, r)×B(r)) , ✭✹✳✺✮

✇❤❡I❡ Ec,0(r) ✐H F❤❡ ❡♥❡I❣❡F✐❝ ♣♦H✐F✐♦♥ ♦❢ F❤❡ ❜♦FF♦♠ ♦❢ F❤❡ ❝♦♥❞✉❝F✐♦♥ ❜❛♥❞ ❛♥❞ ε(p, r)
I❡♣I❡H❡♥FH F❤❡ ❜❛♥❞ HFI✉❝F✉I❡✳ ❙❝❛FF❡I✐♥❣ ❛✛❡❝FH F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✈✐❛ ✐♥✲H❝❛FF❡I✐♥❣
❛♥❞ ♦✉F✲H❝❛FF❡I✐♥❣✿

Q(f) =
�

f(p)(1− f(p�))S(p, p�)− f(p�)(1− f(p))S(p�, p),

✸✻



✇❤❡I❡ S(p, p�) I❡♣I❡H❡♥FH F❤❡ FI❛♥H✐F✐♦♥ I❛F❡ ❢♦I ❛ ♣❛IF✐❝❧❡ ❢I♦♠ ❛ HF❛F❡ ❞❡♥♦F❡❞ ❜② F❤❡ ♠♦✲
♠❡♥F✉♠ p F♦ ❛ HF❛F❡ ❞❡♥♦F❡❞ ❜② F❤❡ ♠♦♠❡♥F✉♠ p�✱ ✇❤✐❧❡ 1−f(p�) I❡♣I❡H❡♥FH F❤❡ ♣I♦❜❛❜✐❧✐F②
F❤❛F F❤❡ HF❛F❡ ❛F p� ✐H ❡♠♣F②✳ ❋♦I ♥♦♥✲❞❡❣❡♥❡I❛F❡ H❡♠✐❝♦♥❞✉❝F♦IH ✭❧♦✇ ❝❛II✐❡I ❝♦♥❝❡♥FI❛✲
F✐♦♥✮✱ F❤❡ q❛✉❧✐ ♣I✐♥❝✐♣❧❡ ❝❛♥ ❜❡ ♥❡❣❧❡❝F❡❞ ❛♥❞ F❤✉H F❤❡ H❝❛FF❡I✐♥❣ ♦♣❡I❛F♦I ❜❡❝♦♠❡H ❧✐♥❡❛I
❛♥❞ ❤❛H ❛♥ ❡❛H✐❡I HFI✉❝F✉I❡✿

Q(f) =
�

f(p)S(p, p�)− f(p�)S(p�, p), ✭✹✳✻✮

❚❤❡ ❢✉♥❝F✐♦♥ S ✐H ❛HH✉♠❡❞ F♦ ❛❝❝♦✉♥F ❢♦I ❛❧❧ H❝❛FF❡I✐♥❣ ♠❡❝❤❛♥✐H♠H✳ ❚❤❡ I❛F❡H ❢♦I F❤❡
H❝❛FF❡I✐♥❣ ♠❡❝❤❛♥✐H♠H ❛I❡ ❝❛❧❝✉❧❛F❡❞ ✉H✐♥❣ F❤❡ ♦✈❡I❧❛♣ ✐♥F❡❣I❛❧H ❛♥❞ ❞❡❢♦I♠❛F✐♦♥ ♣♦F❡♥F✐❛❧H
❢♦❧❧♦✇✐♥❢ ❋❡I♠✐✬H ●♦❧❞❡♥ ❘✉❧❡ ✶✼✺✳

❙✐♥❝❡ F❤❡ ❇❚❊ ✐H ❛ H❡✈❡♥ ❞✐♠❡♥H✐♦♥❛❧ ✐♥F❡❣I♦✲❞✐✛❡I❡♥F✐❛❧ ❡K✉❛F✐♦♥✱ ✐F ✐H ✈❡I② ❝❤❛❧❧❡♥❣✐♥❣
F♦ ♦❜F❛✐♥ ❛♥ ❡①❛❝F H♦❧✉F✐♦♥✳ ❚❤❡ ▼♦♥F❡✲❈❛I❧♦ ♠❡F❤♦❞ ✐H ✇✐❞❡❧② ✉H❡❞ F♦ ♥✉♠❡I✐❝❛❧❧② H♦❧✈❡
F❤❡ ❇❚❊✱ ❜✉F F❤✐H ♠❡F❤♦❞ I❡K✉✐I❡H ❤✉❣❡ ❝♦♠♣✉F❛F✐♦♥❛❧ I❡H♦✉I❝❡H ❡H♣❡❝✐❛❧❧② F♦ I❡H♦❧✈❡ F❤❡
❤✐❣❤✲❡♥❡I❣② F❛✐❧ ♦❢ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✳ ■♥ F❤✐H H✉❜H❡❝F✐♦♥ ♠♦I❡ ❝♦♠♣✉F❛F✐♦♥✲
❛❧❧② ❡✣❝✐❡♥F ❛♣♣I♦❛❝❤❡H F♦ H♦❧✈❡ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ❛I❡ ❞✐H❝✉HH❡❞✳ ❆♠♦♥❣
F❤❡H❡ ❛I❡ F❤❡ ❡①♣❛♥H✐♦♥ ♦❢ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐♥ ♠♦♠❡♥F✉♠ H♣❛❝❡ ✐♥F♦ ❛ H❡I✐❡H ♦❢
H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H✱ F❤❡ ♠❡F❤♦❞ ♦❢ ♠♦♠❡♥FH✱ ✐✳❡✳ H✐① ♠♦♠❡♥FH ♠♦❞❡❧✱ F❤❡ ❤②❞I♦❞②♥❛♠✐❝H
♦I ❡♥❡I❣② FI❛♥H♣♦IF H❝❤❡♠❡✱ ❛♥❞ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ H❝❤❡♠❡ ✇❤✐❝❤ ✐H ❝♦♠♠♦♥❧② ✉H❡❞ ❜②
❞❡✈✐❝❡ ❡♥❣✐♥❡❡IH✳

✹✳✷✳✷✳✶ ❙♣❤❡D✐❝❛❧ ❍❛D♠♦♥✐❝B ❊①♣❛♥B✐♦♥

❚❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ✭❙❍❊✮ ♠❡F❤♦❞ I❡❧✐❡H ♦♥ F❤❡ ❡①♣❛♥H✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ f(x, k, t) ✐♥F♦ ❛ H❡I✐❡H ♦❢ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ✶✽✿

f(x, k, t) =
∞�
l=0

l�
m=−l

fl,m(x, !, t)Yl ,m(θ, ϕ), ✭✹✳✼✮

✇❤❡I❡ k ✐H F❤❡ F❤I❡❡✲❞✐♠❡♥H✐♦♥❛❧ ✇❛✈❡ ✈❡❝F♦I ✇❤✐❝❤ ✐H ❡①♣I❡HH❡❞ ✐♥ F❡I♠H ♦❢ H♣❤❡I✐❝❛❧
❝♦♦I❞✐♥❛F❡H !✱ θ✱ ϕ✳ ❖✇✐♥❣ F♦ ✐FH ❞❡F❡I♠✐♥✐HF✐❝ ♥❛F✉I❡✱ F❤❡ ❝♦♠♣✉F❛F✐♦♥❛❧ ❡✛♦IF ✐♥ F❤❡ ❙❍❊
♠❡F❤♦❞ ✐H I❡❞✉❝❡❞ ❛H ❝♦♠♣❛I❡❞ F♦ F❤❡ HF♦❝❤❛HF✐❝ ▼♦♥F❡✲❈❛I❧♦ ♠❡F❤♦❞✳ ❍♦✇❡✈❡I✱ ❊K✉❛F✐♦♥
✹✳✼ ✐H HF✐❧❧ ✜✈❡ ❞✐♠❡♥H✐♦♥❛❧ ❛♥❞ I❡K✉✐I❡H ❛ ❢❛✐I ❛♠♦✉♥F ♦❢ ❝♦♠♣✉F❛F✐♦♥❛❧ I❡H♦✉I❝❡H✳ ❚❤❡H❡
❤✐❣❤ ❝♦♠♣✉F❛F✐♦♥❛❧ ❞❡♠❛♥❞H ♦❢ F❤❡ ❙❍❊ ❛♣♣I♦❛❝❤ ❛I❡ ❛❧H♦ ❞✉❡ F♦ F❤❡ H②HF❡♠ ♦❢ ❝♦✉♣❧❡❞
♣❛IF✐❛❧ ❞✐✛❡I❡♥F✐❛❧ ❡K✉❛F✐♦♥H ✇❤✐❝❤ ♥❡❡❞H F♦ ❜❡ H♦❧✈❡❞ ❢♦I ❡❛❝❤ ❡①♣❛♥H✐♦♥ ❝♦❡✣❝✐❡♥F ✭fl,m✮✳

✹✳✷✳✷✳✷ ❚❤❡ ▼♦♠❡♥@B ▼❡@❤♦❞

❚❤❡ ♠❛❝I♦H❝♦♣✐❝ ♠♦❞❡❧H F♦ H♦❧✈❡ F❤❡ ❇❚❊ ❛I❡ ❝♦♠♠♦♥ H✐♠♣❧✐✜❝❛F✐♦♥H ✇❤❡I❡ ♦♥❧② ❛ ❢❡✇
♠♦♠❡♥FH ♦❢ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❛I❡ ❝♦♥H✐❞❡I❡❞✱ ❧✐❦❡ F❤❡ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥
❛♥❞ F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ ✶✼✺✱ ✶✼✻✱ ✶✼✼✱ ✶✼✽✳ ❚❤❡ ♠♦♠❡♥FH ❛I❡ ♠❛❝I♦H❝♦♣✐❝ K✉❛♥F✐F✐❡H
❞❡I✐✈❡❞ ❜② ✐♥F❡❣I❛F✐♥❣ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ♦✈❡I F❤❡ F❤I❡❡ ❞✐♠❡♥H✐♦♥❛❧ k H♣❛❝❡ ✇✐F❤ ❛
H✉✐F❛❜❧❡ ✇❡✐❣❤F ❢✉♥❝F✐♦♥ φ (k)✳ ❚❤❡ ith ♠♦♠❡♥F ♦❢ F❤❡ ❇❚❊ ✐H ❣✐✈❡♥ ❛H ✶✼✹✿

�φi� =
	

φi (k) f (k) d3k. ✭✹✳✽✮

❚❤✐H I❡❞✉❝❡H F❤❡ ❝♦♠♣❧❡①✐F② ♦❢ F❤❡ H❡✈❡♥ ❞✐♠❡♥H✐♦♥❛❧ ❇❚❊ ❜② ❡❧✐♠✐♥❛F✐♥❣ F❤❡ F❤I❡❡ k
❝♦♦I❞✐♥❛F❡H✳ ❙♦♠❡ ✐♥❢♦I♠❛F✐♦♥ ✐H ❧♦HF ✐♥ F❤✐H H✐♠♣❧✐✜❝❛F✐♦♥ ✇❤✐❝❤ ♠❛② ♥♦F ❜❡ ✐♠♣♦IF❛♥F
❢♦I ❞❡✈✐❝❡ ❡♥❣✐♥❡❡I✐♥❣ ❛♣♣❧✐❝❛F✐♦♥H ♦I ❢♦I ♦❜F❛✐♥✐♥❣ ❛♥ ❛♣♣I♦①✐♠❛F❡ ❛♥❛❧②H✐H ♦❢ ❝❤❛I❣❡

✸✼



FI❛♥H♣♦IF✳ ❚❤❡ ✇❡✐❣❤F ❢✉♥❝F✐♦♥H φi (k) ❛I❡ ❝❤♦H❡♥ ❛H ✐♥❝I❡❛H✐♥❣ ♣♦✇❡IH ♦❢ F❤❡ ✈❡❝F♦I k ✇✐F❤
H♦♠❡ H❝❛❧✐♥❣ ❢❛❝F♦I F♦ ♦❜F❛✐♥ ♣❤②H✐❝❛❧❧② ♠❡❛♥✐♥❣❢✉❧ K✉❛♥F✐F✐❡H✳ ❍♦✇❡✈❡I✱ ❡❛❝❤ ❡K✉❛F✐♦♥
❢♦I F❤❡ ♠♦♠❡♥F i ❝♦♥F❛✐♥H F❤❡ ♥❡①F ❤✐❣❤❡I ♦I❞❡I ♠♦♠❡♥F i + 1✱ I❡H✉❧F✐♥❣ ✐♥ F❤❡ ✈❛I✐❛❜❧❡H
♦✉F♥✉♠❜❡I✐♥❣ F❤❡ ❡K✉❛F✐♦♥H✳ ■♥ ♦I❞❡I F♦ ❝❧♦H❡ F❤✐H H②HF❡♠ ♦❢ ❡K✉❛F✐♦♥H✱ ✉H✉❛❧❧② ❛♥ ❛ ♣I✐♦I✐
❛HH✉♠♣F✐♦♥ ❛❜♦✉F F❤❡ H❤❛♣❡ ♦❢ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H ♠❛❞❡✱ ❢♦I ❡①❛♠♣❧❡ ✉H✐♥❣ ❛
▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥✳ ❚❤❡ ✜IHF ❢❡✇ ♠♦♠❡♥FH ✐♠♣♦IF❛♥F F♦ F❤✐H ✇♦I❦ ❛I❡ ❧✐HF❡❞ ✐♥ ❚❛❜❧❡
✹✳✶✳

❖I❞❡I ▼♦♠❡♥F

φ0 n

φ1
3
2nkBTn

φ2
5∗3
2∗2n (kBTn)

2

φ3
7∗5∗3
2∗2∗2n (kBTn)

3

❚❛❜❧❡ ✹✳✶✿ ❚❤❡ ✜IHF ❢♦✉I ♠♦♠❡♥FH ♦❢ F❤❡ ▼❛①✇❡❧❧ ❞✐HFI✐❜✉F✐♦♥✳

❚❤❡ ❞❡I✐✈❛F✐♦♥ ♦❢ F❤❡ ♠♦♠❡♥FH ♦❢ ❛ ▼❛①✇❡❧❧ ❞✐HFI✐❜✉F✐♦♥ ❢♦I ❝❧♦H✉I❡ ✐H ❣✐✈❡♥ ✐♥ ❆♣♣❡♥❞✐①
❇✳ ❆♣♣❧②✐♥❣ F❤❡ ♠♦♠❡♥FH ✐♥ ❚❛❜❧❡ ✹✳✶ F♦ F❤❡ ❇❚❊✱ ❛♥❞ ✉H✐♥❣ F❤❡ ❞✐✛✉H✐♦♥✶ ❛♥❞ I❡❧❛①❛F✐♦♥
F✐♠❡ ❛♣♣I♦①✐♠❛F✐♦♥H✷✱ F❤❡ FI❛♥H♣♦IF ❡K✉❛F✐♦♥H ❝❛♥ ❜❡ ❢♦I♠✉❧❛F❡❞ ✶✼✾✳ ❋♦I ❡❧❡❝FI♦♥H✱ F❤❡
✜IHF F❤I❡❡ FI❛♥H♣♦IF ❡K✉❛F✐♦♥H ❝❛♥ ❜❡ ✇I✐FF❡♥ ❛H✿

φ0 : ∂tn− 1

q
∇Jn = −R, ✭✹✳✾✮

φ1 : Jn =
qτm
m

�
2

3
∇�φ2�+ qE

�
, ✭✹✳✶✵✮

φ2 :
3

2
kB∂t (nTn) +∇�φ3� − EJn = −3

2
kBn

Tn − TL

τε
+Gεn, ✭✹✳✶✶✮

✇❤❡I❡ τm ✐H F❤❡ ♠♦♠❡♥F✉♠ I❡❧❛①❛F✐♦♥ F✐♠❡✱ Tn ❛♥❞ TL ❛I❡ F❤❡ ❡❧❡❝FI♦♥ ❛♥❞ ❧❛FF✐❝❡ F❡♠✲
♣❡I❛F✉I❡✱ I❡H♣❡❝F✐✈❡❧②✱ R F❤❡ ♥❡F I❡❝♦♠❜✐♥❛F✐♦♥ I❛F❡✱ ❛♥❞ E F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✳

✹✳✷✳✷✳✸ ❉D✐❢@✲❞✐✛✉B✐♦♥

❚❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ FI❛♥H♣♦IF ♠♦❞❡❧ ❤❛H ❜❡❡♥ F❤❡ ✇♦I❦❤♦IH❡ ♦❢ ❞❡✈✐❝❡ H✐♠✉❧❛F✐♦♥ ❢♦I ♠♦HF
❞❡✈✐❝❡ ❡♥❣✐♥❡❡I✐♥❣ ❛♣♣❧✐❝❛F✐♦♥H✳ ❚❤❡ ❉❉ ♠♦❞❡❧ FI❡❛FH F❤❡ FI❛♥H♣♦IF ❡✐F❤❡I ♣❤❡♥♦♠❡♥♦✲
❧♦❣✐❝❛❧❧②✱ ✐✳❡✳✱ ❝❛II✐❡IH ❞I✐❢F ✐♥ ❡❧❡❝FI✐❝ ✜❡❧❞H ❛♥❞ ❞✐✛✉H❡ ✐♥ ❝♦♥❝❡♥FI❛F✐♦♥ ❣I❛❞✐❡♥FH ♦I ✉H❡H
F❤❡ ✜IHF F✇♦ ♠♦♠❡♥FH ♦❢ F❤❡ ❇❚❊ ❛♥❞ ❤❡♥❝❡ F❤❡ F✇♦ FI❛♥H♣♦IF ❊K✉❛F✐♦♥H ✹✳✾ ❛♥❞ ✹✳✶✵✳
❚❤❡ ❡K✉❛F✐♦♥ H②HF❡♠ ❤❛H F♦ ❜❡ ❝❧♦H❡❞ ❛F φ2 ❢♦I ✇❤✐❝❤ F❤❡ I❡❧❛F✐♦♥ φ2 = 3/2nkBTL ✐H ✉H❡❞✳
■F ✐H ✇♦IF❤ ♠❡♥F✐♦♥✐♥❣ F❤❛F F❤❡ ❉❉ ❡K✉❛F✐♦♥ H②HF❡♠ ❞♦❡H ♥♦F ♣I♦✈✐❞❡ ❛♥② ✐♥❢♦I♠❛F✐♦♥
❛❜♦✉F F❤❡ ❛✈❡I❛❣❡ ❝❛II✐❡I ❡♥❡I❣② ♦I ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ Tn✳ ❙✐♥❝❡✱ ❛ F❤❡I♠❛❧ ❡K✉✐❧✐❜I✐✉♠

✶❚❤❡ ❞✐✛✉6✐♦♥ ❛♣♣8♦①✐♠❛4✐♦♥✱ ✐♠♣❧②✐♥❣ 4❤❛4 4❤❡ ❞✐✛✉6✐♦♥ ♦❢ ❝❛88✐❡86 ❞♦♠✐♥❛4❡6 ♦✈❡8 ❞8✐❢4✱ ❧❡❛❞6 4♦ 4❤❡
❝♦♥❝❧✉6✐♦♥ 4❤❛4 4❤❡ ❛♥4✐6②♠♠❡48✐❝ ♣❛84 ♦❢ 4❤❡ ❞✐648✐❜✉4✐♦♥ ❢✉♥❝4✐♦♥ ✐6 ♥❡❣❧✐❣✐❜❧❡ ❛♥❞ 4❤❡ 6②♠♠❡48✐❝ ♣❛84 ✐6
✐6♦48♦♣✐❝✳

✷❚❤❡ 8❡❧❛①❛4✐♦♥ 4✐♠❡ ❛♣♣8♦①✐♠❛4✐♦♥ 6✉❣❣❡646 4❤❛4 4❤❡ ♣❡84✉8❜❡❞ ❞✐648✐❜✉4✐♦♥ ❢✉♥❝4✐♦♥ ✇✐❧❧ 8❡❧❛① ❡①♣♦✲
♥❡♥4✐❛❧❧② ✐♥4♦ 4❤❡ ❡:✉✐❧✐❜8✐✉♠ ❞✐648✐❜✉4✐♦♥ ❢✉♥❝4✐♦♥✳
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❝♦♥❞✐F✐♦♥ ✐H ❛HH✉♠❡❞ FI❡❛F✐♥❣ Tn = TL✳ ❚❤❡ ❉❉ ♠♦❞❡❧ ✐H F❤❡♥ ❡①♣I❡HH❡❞ ❛H✿

∇Jn =q (R+ ∂tn) , ✭✹✳✶✷✮

Jn =µnkB

�
∇ (nTL) +

q

kB
En

�
,

=qnµnE + qDn∇n, ✭✹✳✶✸✮

❙✐♠✐❧❛I❧② ❢♦I ❤♦❧❡H✱ F❤❡ ❉❉ ❡K✉❛F✐♦♥H I❡❛❞✿

∇Jp =− q (R+ ∂tp) , ✭✹✳✶✹✮

Jp =qpµpE − qDp∇p, ✭✹✳✶✺✮

✇❤❡I❡ µn/p = qτn/p/mn/p ✐H F❤❡ ♠♦❜✐❧✐F② ♦❢ F❤❡ I❡H♣❡❝F✐✈❡ ❝❤❛I❣❡ ❝❛II✐❡IH ✐♥ F❤❡ ❞❡✈✐❝❡
✇✐F❤ τn/p ❜❡✐♥❣ F❤❡✐I ♠♦♠❡♥F✉♠ I❡❧❛①❛F✐♦♥ F✐♠❡ ❛♥❞ mn/p F❤❡✐I ♠❛HH✳ ❚❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ E
✐♥ ❊K✉❛F✐♦♥H ✹✳✶✸ ❛♥❞ ✹✳✶✺ ✐H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ q♦✐HH♦♥ ❡K✉❛F✐♦♥ ❆✳✸✱ ✇❤✐❧❡ F❤❡ ❞✐✛✉H✐♦♥
❝♦❡✣❝✐❡♥FH ✭Dn/p✮ ❛I❡ ❞❡F❡I♠✐♥❡❞ ❢I♦♠ F❤❡ ❊✐♥HF❡✐♥ I❡❧❛F✐♦♥✿

Dn/p =
kBTL

q
µn/p = VTµn/p, ✭✹✳✶✻✮

✇❤❡I❡ VT ✐H F❤❡ F❤❡I♠❛❧ ✈♦❧F❛❣❡ ✇❤✐❝❤ ❤❛H ❛ ✈❛❧✉❡ ♦❢ 26♠ ✭kB = 1.38× 10−23 ❏✴❑✱ q =
1.6× 10−19❈✮ ❛F I♦♦♠ F❡♠♣❡I❛F✉I❡ ✭300❑✮✳ ❊K✉❛F✐♦♥ ✹✳✶✻ ✉♥❞❡I❡HF✐♠❛F❡H F❤❡ ❞✐✛✉H✐✈✐F②
H✐♥❝❡ F❤❡ ❧❛FF✐❝❡ F❡♠♣❡I❛F✉I❡ ✐H ✉H❡❞ ✐♥HF❡❛❞ ♦❢ F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡✳ ▼♦I❡♦✈❡I✱ F❤❡
♥✉♠❡I♦✉H ❛HH✉♠♣F✐♦♥H ♠❛❞❡ ❞✉I✐♥❣ F❤❡ ❞❡I✐✈❛F✐♦♥ ♦❢ F❤❡ ❉❉ ♠❡F❤♦❞ ❧✐♠✐F ✐FH ♣❤②H✐❝❛❧
I❡❧❡✈❛♥❝❡ ❢♦I I❡❛❧ ❞❡✈✐❝❡ ♦♣❡I❛F✐♦♥✳ ❍♦✇❡✈❡I✱ ♠❛♥② ♠♦❜✐❧✐F② ♠♦❞❡❧H ❤❛✈❡ ❜❡❡♥ ♣I♦♣♦H❡❞
F♦ ❡♥❤❛♥❝❡ F❤❡ ✈❛❧✐❞✐F② I❛♥❣❡ ♦❢ F❤❡ ❉❉ ❛♣♣I♦❛❝❤ ❜② ✐♥❝♦I♣♦I❛F✐♥❣ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✱ ❞♦♣✐♥❣
❞❡♣❡♥❞❡♥❝✐❡H ❛♥❞ F❤❡ I♦❧❡ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F② F♦ ❛❝❝♦✉♥F ❢♦I ❞❡❣I❛❞❛F✐♦♥ ❡✛❡❝FH
✶✽✵✱ ✶✽✶✱ ✶✷✹✳ ❆♥♦F❤❡I ♠❛❥♦I ❞I❛✇❜❛❝❦ ♦❢ F❤❡ ❉❉ ♠❡F❤♦❞ ✐H F❤❛F ❡✛❡❝FH ♦❢ I❛♣✐❞❧②
❝❤❛♥❣✐♥❣ ❡❧❡❝FI✐❝ ✜❡❧❞H✱ ❧✐❦❡ F❤❡ ✈❡❧♦❝✐F② ♦✈❡IH❤♦♦F✱ ❝❛♥♥♦F ❜❡ ❞❡H❝I✐❜❡❞ ✶✽✷✳ ■♥ ♦I❞❡I
F♦ ❡HF✐♠❛F❡ F❤❡ ❛✈❡I❛❣❡ ❝❛II✐❡I ❡♥❡I❣②✱ F❤❡ ♣❛I❛♠❡F❡IH ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❉❉ H✐♠✉❧❛F✐♦♥H
❛I❡ ♣♦HF✲♣I♦❝❡HH❡❞ ✉H✐♥❣ F❤❡ ❤♦♠♦❣❡♥❡♦✉H ❡♥❡I❣② ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥ ❛H ❣✐✈❡♥ ✐♥ ✷✽✱ ✶✹✼✳
❍♦✇❡✈❡I✱ ✐♥ I❡❛❧✐F②✱ F❤❡ ❛✈❡I❛❣❡ ❡♥❡I❣② ❧❛❣H ❜❡❤✐♥❞ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ✐❢ F❤❡ ❧❛FF❡I ❝❤❛♥❣❡H
I❛♣✐❞❧②✳ ❙✐♥❝❡✱ F♦ ✜IHF ♦I❞❡I✱ F❤❡ ♠♦❜✐❧✐F② ❞❡♣❡♥❞H ✭✐♥✈❡IH❡❧②✮ ♦♥ F❤❡ ❛✈❡I❛❣❡ ❡♥❡I❣②✱
❛♥❞ ♥♦F ♦♥ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✱ F❤❡ ♠♦❜✐❧✐F② ✇✐❧❧ ♥♦F I❡❞✉❝❡ ✐♥HF❛♥F❧② ✇❤❡♥ F❤❡ ❡❧❡❝FI✐❝
✜❡❧❞ ✐♥❝I❡❛H❡H✳ ❚❤✉H✱ ❛♥ ♦✈❡IH❤♦♦F ✐♥ ✈❡❧♦❝✐F② ✇✐❧❧ ❜❡ ♦❜H❡I✈❡❞ ✉♥F✐❧ F❤❡ ❝❛II✐❡I ❡♥❡I❣②
I❡❛❝❤❡❞ ❡K✉✐❧✐❜I✐✉♠ ✇✐F❤ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✳ ❙✐♥❝❡ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞❡♣❡♥❞H ❞✐I❡❝F❧② ♦♥
F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ✐♥ F❤❡ ❤♦♠♦❣❡♥❡♦✉H ❡♥❡I❣② ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥✱ F❤❡ ✈❡❧♦❝✐F② ♦✈❡IH❤♦♦F ❝❛♥♥♦F
❜❡ ❞❡H❝I✐❜❡❞✳ ◆❡✈❡IF❤❡❧❡HH✱ ❞✉❡ F♦ ✐FH H✐♠♣❧✐❝✐F② ❛♥❞ ❧♦✇ ❝♦♠♣✉F❛F✐♦♥❛❧ I❡K✉✐I❡♠❡♥FH✱ F❤❡
❉❉ ♠♦❞❡❧ ✐H F❤❡ ♠♦HF ✇✐❞❡❧② ✉H❡❞ ❛♣♣I♦❛❝❤✱ ❡H♣❡❝✐❛❧❧② ❢♦I ❞❡✈✐❝❡ ❡♥❣✐♥❡❡I✐♥❣ ❛♣♣❧✐❝❛F✐♦♥H✳

✹✳✷✳✷✳✹ ❍②❞D♦❞②♥❛♠✐❝✴❊♥❡D❣② ❚D❛♥B♣♦D@ ▼♦❞❡❧

❚❤❡ ❢✉❧❧ ❍②❞I♦❞②♥❛♠✐❝ ✭❍❉✮ FI❛♥H♣♦IF ♠♦❞❡❧ ✐♥✈♦❧✈❡H ♥✉♠❡I✐❝❛❧❧② ❝❤❛❧❧❡♥❣✐♥❣ ❡K✉❛F✐♦♥H
❞✉❡ F♦ F❤❡✐I ❤②♣❡I❜♦❧✐❝ ♥❛F✉I❡✳ ❚❤✉H✱ F❤❡ ❡♥❡I❣② FI❛♥H♣♦IF ♠♦❞❡❧✱ ✇❤✐❝❤ ✐H ❛ H✐♠♣❧✐✜❡❞
✈❡IH✐♦♥ ♦❢ F❤❡ ❍❉ FI❛♥H♣♦IF ♠♦❞❡❧ ✐H ♦❢F❡♥ ✉H❡❞✳ ❚❤❡ ❡♥❡I❣② FI❛♥H♣♦IF ❡♠♣❧♦②H F❤❡ ✜IHF
F❤I❡❡ ♦I ❢♦✉I ♠♦♠❡♥FH ♦❢ F❤❡ ❇❚❊✱ F❤❡I❡❜②✱ ✐♥❝♦I♣♦I❛F✐♥❣ H♣❛F✐❛❧ ❞❡♣❡♥❞❡♥❝✐❡H ♦❢ F❤❡
❛✈❡I❛❣❡ ❝❛II✐❡I ❡♥❡I❣②✳ H✐♥❣ ❊K✉❛F✐♦♥H ✹✳✾✱ ✹✳✶✵✱ ❛♥❞ ✹✳✶✶ ❛♥❞ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ❝❧♦H✉I❡
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❛H ✐♥ ✶✼✾✱ F❤❡ ❍❉ FI❛♥H♣♦IF ♠♦❞❡❧ ✐H ❣✐✈❡♥ ❛H✿

∇Jn =q (R+ ∂tn) , ✭✹✳✶✼✮

Jn =µnkB

�
∇ (nTn) +

q

kB
En

�
, ✭✹✳✶✽✮

∇Sn =− 3

2
kB∂t(nTn) + EJn − 3

2
kBn

Tn − TL

τε
+Gεn, ✭✹✳✶✾✮

Sn =
5

2

kB
q
TnJn − κn∇Tn. ✭✹✳✷✵✮

❚❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ E ✐H ❞❡F❡I♠✐♥❡❞ ❢I♦♠ F❤❡ q♦✐HH♦♥ ❡K✉❛F✐♦♥ ❆✳✸✱ τε ✐H F❤❡ ❡♥❡I❣② I❡❧❛①✲
❛F✐♦♥ F✐♠❡✱ Sn F❤❡ ❤❡❛F ✢✉① ❞❡♥H✐F②✳ ❚❤❡ F❤❡I♠❛❧ ❝♦♥❞✉❝F✐✈✐F② κn ✐H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡
✐❡❞❡♠❛♥♥✲❋I❛♥③ ❧❛✇✱ κnTn = (5/2 − p�) (kB/q)2 qµnnTn ✇❤❡I❡ p� ✐H ❛ ❝♦II❡❝F✐♦♥ ❢❛❝F♦I✳ ■♥
❝♦♥FI❛HF F♦ F❤❡ ❉❉ ♠♦❞❡❧✱ F❤❡ ❡♥❡I❣② FI❛♥H♣♦IF ♠♦❞❡❧ ✐♥❝❧✉❞❡H ♥♦♥✲❧♦❝❛❧ ❡✛❡❝FH✳ ❚❤✉H✱ ❛
♣❤❡♥♦♠❡♥♦♥ ❧✐❦❡ F❤❡ ✈❡❧♦❝✐F② ♦✈❡IH❤♦♦F ❝❛♥ ❜❡ ❛♣♣I♦①✐♠❛F❡❧② ❞❡H❝I✐❜❡❞ H✐♥❝❡ µn ❞❡♣❡♥❞H
♦♥ Tn✱ ✇❤✐❝❤ ✐♥ F✉I♥ ❞❡♣❡♥❞H ♦♥ E ✐♥ ❛ ♥♦♥✲❧♦❝❛❧ ♠❛♥♥❡I ✭❊K✉❛F✐♦♥H ✹✳✶✾ ❛♥❞ ✹✳✷✵✮✳
❍♦✇❡✈❡I✱ F❤❡ ❡♥❡I❣② FI❛♥H♣♦IF ♠♦❞❡❧ ♣I❡❞✐❝FH ✈❡❧♦❝✐F② ♦✈❡IH❤♦♦F ❛❧H♦ ✐♥ I❛♣✐❞❧② ❞❡❝I❡❛H✐♥❣
✜❡❧❞H✱ ✇❤✐❝❤ ✐H ♥♦F ♦❜H❡I✈❡❞ ✐♥ ▼♦♥F❡✲❈❛I❧♦ H✐♠✉❧❛F✐♦♥H✳ ❚❤✐H ❛IF✐❢❛❝F ✇❛H ❛FFI✐❜✉F❡❞ F♦
F❤❡ FI✉♥❝❛F✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ❛❢F❡I F❤❡ 4th ♠♦♠❡♥F ✶✽✸✱ ✶✽✹✳

✹✳✷✳✷✳✺ ❙✐① ▼♦♠❡♥@B ▼♦❞❡❧

❇② ❝♦♥H✐❞❡I✐♥❣ F✇♦ ❛❞❞✐F✐♦♥❛❧ ♠♦♠❡♥FH ♦❢ F❤❡ ❇❚❊ ❛❧♦♥❣ ✇✐F❤ F❤♦H❡ ✐♥ F❤❡ ❍❉ ♠♦❞❡❧✱ F❤❡
H✐① ♠♦♠❡♥FH ♠♦❞❡❧ ❝❛♥ ❜❡ ❞❡I✐✈❡❞ ✶✼✻✳ ❆♥ ❛❞❞✐F✐♦♥❛❧ K✉❛♥F✐F②✱ F❤❡ ❦✉IF♦H✐H ✭H❦❡✇♥❡HH✮
♦❢ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H ✐♥FI♦❞✉❝❡❞ ❛H ✶✼✹✿

β =
3
�
ε2
�

5 �ε�2 . ✭✹✳✷✶✮

❚❤❡ K✉❛♥F✐F② β I❡♣I❡H❡♥FH F❤❡ ❞❡✈✐❛F✐♦♥ ♦❢ F❤❡ H❤❛♣❡ ♦❢ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❢I♦♠ F❤❡
▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥✳ ❚❤✐H ♠♦❞❡❧ ❜❡FF❡I I❡♣I❡H❡♥FH ♣❤❡♥♦♠❡♥❛ ❧✐❦❡ ✐♠♣❛❝F ✐♦♥✐③❛F✐♦♥✱
✈❡❧♦❝✐F② ♦✈❡IH❤♦♦F✱ ❤♦F✲❝❛II✐❡I ❡✛❡❝FH✱ ❜✉F ✐F ✐H K✉✐F❡ ❝♦♠♣❧❡① ❛♥❞ ♥✉♠❡I✐❝❛❧❧② ❝❤❛❧❧❡♥❣✐♥❣✳
❚❤✉H✱ F❤❡ ♠♦❞❡❧ ❤❛H ♥♦F ❜❡❡♥ ✇✐❞❡❧② ✉H❡❞ ✐♥ ✐♥❞✉HFI② ❛♥❞ ❤❛H ❜❡❡♥ I❡HFI✐❝F❡❞ F♦ ❛❝❛❞❡♠✐❝
✐♥F❡I❡HF✳

✹✳✸ ❈❛EE✐❡E ❊♥❡E❣② ❉✐CAE✐❜✉A✐♦♥ ❋✉♥❝A✐♦♥

❆H H✉❣❣❡HF❡❞ ❜② F❤❡ ❡♥❡I❣② ❞I✐✈❡♥ ♣❛I❛❞✐❣♠✱ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H F❤❡ ♠♦HF
✐♠♣♦IF❛♥F ✐♥❣I❡❞✐❡♥F ♦❢ ❛♥② ❍❈❉ ♠♦❞❡❧✳ ❚♦ ❝❛❧❝✉❧❛F❡ F❤❡ ❉❋H✱ ✇❡ ✉H❡ F❤❡ ❞❡F❡I♠✐♥✐HF✐❝
❇❚❊ H♦❧✈❡I ✐❡♥♥❛❙❍❊ ✐♥ F❤✐H ✇♦I❦ ✶✸✱ ✶✺✱ ✶✹✳ ❚❤❡ ▼♦♥F❡✲❈❛I❧♦ ❛♣♣I♦❛❝❤ ✐H ♥♦F ✇❡❧❧
H✉✐F❡❞ ❢♦I ❍❈❉♠♦❞❡❧✐♥❣ ✐♥ ♣♦✇❡I ❞❡✈✐❝❡H ❞✉❡ ✐FH ❡♥♦I♠♦✉H ❝♦♠♣✉F❛F✐♦♥❛❧ ❞❡♠❛♥❞H I❡❧❛F❡❞
F♦ I❡H♦❧✈✐♥❣ F❤❡ ❤✐❣❤ ❡♥❡I❣② F❛✐❧H✳ ❚❤✉H✱ ✐F ✐H ♥♦F ✉H❡❞ ✐♥ F❤✐H ✇♦I❦ ❛H ✇❡ FI② F♦ ♠♦❞❡❧
❞❡✈✐❝❡H ♦❢ ❞✐✛❡I❡♥F ❞✐♠❡♥H✐♦♥H ❛♥❞ ♦♣❡I❛F✐♥❣ ✈♦❧F❛❣❡H✳ ❆♥ ❛❧F❡I♥❛F✐✈❡ ✇❛②✱ ❛H ♠❡♥F✐♦♥❡❞
❜❡❢♦I❡✱ ✐H F♦ ✉H❡ H✐♠♣❧✐✜❡❞ ❛♣♣I♦❛❝❤❡H F♦ F❤❡ ❇❚❊ H♦❧✉F✐♦♥ H✉❝❤ ❛H F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥
H❝❤❡♠❡✳ ❚❤❡ ❉❋H H✐♠✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛I❡ ✉H❡❞ ❛H ❛ ❜❡♥❝❤♠❛I❦ ❢♦I F❤❡ ❉❉✲❜❛H❡❞
❛♣♣I♦❛❝❤✳

■♥ F❤❡ ❛♥❛❧②F✐❝❛❧ ❛♣♣I♦❛❝❤✱ ❛ H✐♠♣❧✐✜❡❞ F❡❝❤♥✐K✉❡ ✐H ✉H❡❞ F♦ ♦❜F❛✐♥ F❤❡ ❝❛II✐❡I ❡♥❡I❣②
❉❋ ✇❤✐❝❤ ✉H❡H F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ♠❡F❤♦❞✳ ❍♦✇❡✈❡I✱ ❛H ❞✐H❝✉HH❡❞ ✐♥ ❙❡❝F✐♦♥ ✹✳✷✳✷✳✸✱ F❤❡

✹✵



❋✐❣✉I❡ ✹✳✸✿ ❚❤❡ ❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ❞✉❡ F♦ F❤❡ ❜♦♠❜❛I❞♠❡♥F ❜② ❛ H✐♥❣❧❡ ❤♦F✲❝❛II✐❡I
✭❙❈✲♣I♦❝❡HH✮ ❛♥❞ ❞✉❡ F♦ ♠✉❧F✐♣❧❡ ✐♥F❡I❛❝F✐♦♥H ✇✐F❤ ❝♦❧❞❡I ❝❛II✐❡IH ✭▼❈✲♣I♦❝❡HH✮ ✽✳

❉❉ ♠♦❞❡❧ ❝♦♥H✐HFH ♦❢ ❥✉HF F✇♦ ♠♦♠❡♥FH ♦❢ F❤❡ ❇❚❊ ❛♥❞ F❤❡ ❢✉❧❧ ❉❋ ❝❛♥♥♦F ❜❡ ♦❜F❛✐♥❡❞✳
❚❤✉H✱ ✐♥ ♦I❞❡I F♦ ❡HF✐♠❛F❡ F❤❡ ❉❋✱ ❛♣♣I♦①✐♠❛F❡ ❛♥❛❧②F✐❝ ❢♦I♠✉❧❛F✐♦♥H ❤❛✈❡ F♦ ❜❡ ✉H❡❞✳
❚❤❡ ♣❛I❛♠❡F❡IH ✐♥ F❤❡ ❛♥❛❧②F✐❝ ❉❋ ❡①♣I❡HH✐♦♥ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ F❤❡ ❇❚❊ ♠♦♠❡♥FH
♦❜F❛✐♥❡❞ ✉H✐♥❣ ❉❉ H✐♠✉❧❛F✐♦♥H✳ ■♥ F❤✐H ❝♦♥F❡①F✱ ❛♥ ❛♥❛❧②F✐❝ ❡①♣I❡HH✐♦♥ ❢♦I F❤❡ ❉❋ ❤❛H
❜❡❡♥ ✉H❡❞ ✐♥ F❤✐H ✇♦I❦✳ ❚❤❡ ❛♥❛❧②F✐❝❛❧ ❡①♣I❡HH✐♦♥✱ ✇❤✐❝❤ ✇❛H H✉❣❣❡HF❡❞ ✐♥ ✶✽✺✱ ❝♦♥H✐❞❡IH
❜♦F❤ ❤♦F ❛♥❞ ❝♦❧❞ ❝❛II✐❡IH✿

f(ε) = A exp

�
−
�

ε

εref

�b
�
+ C exp

�
− ε

kBTn

�
, ✭✹✳✷✷✮

✇❤❡I❡ ε ✐H F❤❡ ❝❛II✐❡I ❡♥❡I❣②✱ Tn F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡✱ kB F❤❡ ❇♦❧F③♠❛♥♥ ❝♦♥HF❛♥F✳
■♥ ❊K✉❛F✐♦♥ ✹✳✷✷ F❤❡ ✜IHF F❡I♠ I❡♣I❡H❡♥FH F❤❡ ❉❋H ✐♥ F❤❡ H❡❝F✐♦♥H ♦❢ F❤❡ ❞❡✈✐❝❡ ✇❤❡I❡
F❤❡ ❝❛II✐❡IH ❛I❡ ❤♦F✱ ❢♦I ❡①❛♠♣❧❡ ❝❛II✐❡IH ✐♥ F❤❡ ❝❤❛♥♥❡❧ I❡❣✐♦♥✱ F❤❡ ❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥ ✐♥
▲❉▼❖❙ ❞❡✈✐❝❡H✱ ❛H ✇❡❧❧ ❛H F❤❡ ❤✐❣❤ ❡♥❡I❣❡F✐❝ ❝❛II✐❡IH ♥❡❛I F❤❡ ❞I❛✐♥✳ ❚❤❡ ♣♦♦❧ ♦❢ ❝♦❧❞
❝❛II✐❡IH ✐♥ F❤❡ ❞I❛✐♥✴H♦✉I❝❡ I❡❣✐♦♥ ✐H ♠♦❞❡❧❡❞ ❜② ❛♥ ❛❞❞✐F✐♦♥❛❧ ❝♦❧❞ ▼❛①✇❡❧❧✐❛♥ F❡I♠✳ ❙✐♥❝❡
F❤❡ ❉❉ ♠♦❞❡❧ ❛HH✉♠❡H ❛ F❤❡I♠❛❧ ❡K✉✐❧✐❜I✐✉♠ ❝♦♥❞✐F✐♦♥✱ F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ ❝❛♥♥♦F ❜❡
♦❜F❛✐♥❡❞ ❞✐I❡❝F❧②✳ ❚❤✉H✱ F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ ✐H ❡✈❛❧✉❛F❡❞ ❢I♦♠ ♣♦HF✲♣I♦❝❡HH✐♥❣ ♦❢ F❤❡
❞I✐❢F✲❞✐✛✉H✐♦♥ H✐♠✉❧❛F✐♦♥ I❡H✉❧FH✳ ❚❤❡ ❡❧❡❝FI♦♥ ❝♦♥❝❡♥FI❛F✐♦♥ n(x)✱ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ♣I♦✜❧❡
E(x)✱ ❛♥❞ F❤❡ ❝❛II✐❡I ♠♦❜✐❧✐F② µ(x) ❛I❡ ❡①FI❛❝F❡❞ ❛H ❢✉♥❝F✐♦♥H ♦❢ F❤❡ ❧❛F❡I❛❧ ❝♦♦I❞✐♥❛F❡
❢I♦♠ F❤❡ ❉❉ H✐♠✉❧❛F✐♦♥H ♣❡I❢♦I♠❡❞ ✉H✐♥❣ F❤❡ ❞❡✈✐❝❡ ❛♥❞ ❝✐I❝✉✐F H✐♠✉❧❛F♦I ▼✐♥✐♠♦%✲◆❚

✶✷✹✱ ✶✷✺✳ ❚❤❡H❡ K✉❛♥F✐F✐❡H ❛I❡ F❤❡♥ ❡♠♣❧♦②❡❞ F♦ ❡HF✐♠❛F❡ F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ Tn(x)
✉H✐♥❣ F❤❡ ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥✿

Tn/p = TL +
2

3

q

kB
τn/pµn/pE

2, ✭✹✳✷✸✮

✇❤❡I❡ TL ✐H F❤❡ ❧❛FF✐❝❡ F❡♠♣❡I❛F✉I❡✱ q F❤❡ ♠♦❞✉❧✉H ♦❢ F❤❡ ❡❧❡❝FI♦♥ ❝❤❛I❣❡✱ ❛♥❞ τn/p F❤❡
❡♥❡I❣② I❡❧❛①❛F✐♦♥ F✐♠❡ ✇✐F❤ F②♣✐❝❛❧ ✈❛❧✉❡H ♦❢ τn ❂ ✵✳✸✺ ♣H ❢♦I ❡❧❡❝FI♦♥H ❛♥❞ τp ❂ ✵✳✹ ♣H ❢♦I
❤♦❧❡H ✷✽✳

❚❤❡ ❉❋ ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷ ❝❛♥ I❡♣I❡H❡♥F F❤❡ ❝❛II✐❡IH ✐♥ F❤❡I♠❛❧ ❡K✉✐❧✐❜I✐✉♠ ❛H ✇❡❧❧ ❛H
F❤❡ ♥♦♥✲❡K✉✐❧✐❜I✐✉♠ ♦♥❡H✳ ❚❤❡ ✜IHF ♣❛IF ♦❢ ❊K✉❛F✐♦♥ ✹✳✷✷ ✐H ✉H❡❞ F♦ ❞❡F❡I♠✐♥❡ F❤❡ ❝❛II✐❡I
❉❋ ✐♥ F❤❡ ❞❡✈✐❝❡ I❡❣✐♦♥H ✇✐F❤ ❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡IH✱ ✇❤❡I❡❛H F❤❡ ❢✉❧❧ ❡①♣I❡HH✐♦♥ ✐H I❡K✉✐I❡❞
❢♦I F❤❡ I❡❣✐♦♥H ✇❤❡I❡ ❜♦F❤ ❤♦F ❛♥❞ ❝♦❧❞ ❝❛II✐❡IH ❧❡❛❞ F♦ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ ✶✹✼✳ ❋♦I F❤❡
❢♦I♠❡I ❝❛H❡✱ F✇♦ ♣❛I❛♠❡F❡IH A✱ ❛♥❞ εref ♥❡❡❞ F♦ ❜❡ ❝❛❧❝✉❧❛F❡❞ ✇❤✐❝❤ ✐H ❞♦♥❡ ✉H✐♥❣ F❤❡
✐♥❢♦I♠❛F✐♦♥ ♦♥ F❤❡ ❛✈❛✐❧❛❜❧❡ ❇❚❊ ♠♦♠❡♥FH✱ ✐✳❡✳✱ F❤❡ ❡HF✐♠❛F❡❞ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥✱ ❛♥❞
F❤❡ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡✳

✹✶



	 ∞

0
f(ε)g(ε)dε = n ✭✹✳✷✹✮	 ∞

0
εf(ε)g(ε)dε =

3

2
nkBTn ✭✹✳✷✺✮

❚❤❡ ❊K✉❛F✐♦♥H ✹✳✷✹ ❛♥❞ ✹✳✷✺ ❛I❡ I❡❞✉❝❡❞ F♦ ❛♥❛❧②F✐❝❛❧ ❢♦I♠ ✭❢♦I ❞❡F❛✐❧H H❡❡ ❆♣♣❡♥❞✐① ❈✮
✉H✐♥❣ F❤❡ ❡①♣I❡HH✐♦♥ ❢♦I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ f(ε) ❢I♦♠ ❊K✉❛F✐♦♥ ✹✳✷✷ ✇❤✐❧❡ ❢♦I F❤❡ ❞❡♥H✐F②
♦❢ HF❛F❡H g(ε) F❤❡ ❡①♣I❡HH✐♦♥ ♣I♦♣♦H❡❞ ✐♥ ✶✼✼ ✐H ✉H❡❞✿

g(ε) = g0
√
ε (1 + (ηε)ς) . ✭✹✳✷✻✮

❊K✉❛F✐♦♥ ✹✳✷✻ ✈❡I② ❛❝❝✉I❛F❡❧② I❡♣I♦❞✉❝❡H F❤❡ ❝♦♥✈❡♥F✐♦♥❛❧ ♥♦♥✲♣❛I❛❜♦❧✐❝ ❑❛♥❡ I❡❧❛F✐♦♥
❜✉F ❝❛♥ ❜❡ ✐♥F❡❣I❛F❡❞ ❛♥❛❧②F✐❝❛❧❧② ✶✼✼✳ ❚❤❡ ♣❛I❛♠❡F❡IH A✱ ❛♥❞ εref F❤✉H ♦❜F❛✐♥❡❞ ❛I❡
H✉❜HF✐F✉F❡❞ ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷ F♦ ❞❡F❡I♠✐♥❡ F❤❡ ❡♥❡I❣② ❉❋✳

❤❡♥ ✉H✐♥❣ F❤❡ ❢✉❧❧ ❊K✉❛F✐♦♥ ✹✳✷✷✱ F❤I❡❡ ♣❛I❛♠❡F❡IH A✱ εref ✱ ❛♥❞ C ♥❡❡❞ F♦ ❜❡ ❝❛❧❝✉✲
❧❛F❡❞✱ ✇❤✐❧❡ F❤❡ ♣❛I❛♠❡F❡I b ✐H ❛HH✐❣♥❡❞ ❛ ❝♦♥HF❛♥F ✈❛❧✉❡ ♦❢ ✶ ♥❡❛I F❤❡ ❞I❛✐♥ ❛♥❞ H♦✉I❝❡
I❡❣✐♦♥H ❛♥❞ ✷ ♦F❤❡I✇✐H❡✳ ❆H ❜❡❢♦I❡✱ F❤❡ I❡❞✉❝❡❞ ❢♦I♠H ♦❢ ❊K✉❛F✐♦♥H ✹✳✷✹ ❛♥❞ ✹✳✷✺✱ ❛H
H❤♦✇♥ ✐♥ ❆♣♣❡♥❞✐① ❈✱ ❛I❡ ✉H❡❞ ✇✐F❤ f(ε) ❢I♦♠ ❊K✉❛F✐♦♥ ✹✳✷✷ ❛♥❞ g(ε) ❢I♦♠ ❊K✉❛F✐♦♥
✹✳✷✻✳ ❍♦✇❡✈❡I✱ ❛♥ ❛❞❞✐F✐♦♥❛❧ ❊K✉❛F✐♦♥ ✹✳✷✽ ❞❡I✐✈❡❞ ❢I♦♠ ❉❋ ♥♦I♠❛❧✐③❛F✐♦♥✱ ❊K✉❛F✐♦♥
✹✳✷✼✱ ✐H ❡♠♣❧♦②❡❞ H♦ F❤❛F F❤❡ F❤I❡❡ I❡K✉✐I❡❞ ♣❛I❛♠❡F❡IH ❝❛♥ ❜❡ ❞❡F❡I♠✐♥❡❞✳

	 ∞

0
f(ε)dε = 1 ✭✹✳✷✼✮
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❚❤❡ ❊K✉❛F✐♦♥ ✹✳✷✽ ✐H ♦❜F❛✐♥❡❞ ❢I♦♠ ❊K✉❛F✐♦♥ ✹✳✷✼ ❜② ❛HH✉♠✐♥❣ F❤❛F F❤❡ ❝♦❧❞ ❝❛II✐❡IH ❛I❡
♣I❡H❡♥F ✐♥ ❛ H♠❛❧❧ ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❡♥❡I❣② I❡❣✐♦♥✱ F❤✉H F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ✐♥F❡❣I❛❧ ✐H ♥♦F
❡✈❛❧✉❛F❡❞ ❢♦I F❤❡ ❡♥F✐I❡ ❡♥❡I❣② I❛♥❣❡✳ ■♥HF❡❛❞✱ F❤❡ ✐♥❞❡✜♥✐F❡ ❢♦I♠ ✐H ✉H❡❞ ❢♦I F❤❡ ❝♦❧❞
❝❛II✐❡I F❡I♠✳ ❚❤❡ F❡I♥❛I② ❡K✉❛F✐♦♥ H②HF❡♠ ❝♦♥H✐HF✐♥❣ ♦❢ F❤❡ I❡❞✉❝❡❞ ❢♦I♠H ♦❢ ❊K✉❛F✐♦♥H
✹✳✷✹ ❛♥❞ ✹✳✷✺✱ ❛♥❞ ❊K✉❛F✐♦♥ ✹✳✷✽ ✐H F❤✉H H♦❧✈❡❞ F♦ ❝❛❧❝✉❧❛F❡ F❤❡ ♣❛I❛♠❡F❡IH A✱ εref ✱ ❛♥❞
C✳ ❚❤✐H ❡K✉❛F✐♦♥ H②HF❡♠ ✐H H♦❧✈❡❞ ❛F ❡❛❝❤ ❡♥❡I❣② ♣♦✐♥F ε ❛♥❞ F❤❡ ♣❛I❛♠❡F❡IH ♦❜F❛✐♥❡❞ ❛I❡
H✉❜HF✐F✉F❡❞ ❜❛❝❦ F♦ F❤❡ ❊K✉❛F✐♦♥ ✹✳✷✷ F♦ ❝♦♥HFI✉❝F F❤❡ ❉❋ f(ε)✳

✹✳✹ ❉❡❢❡❝A ●❡♥❡E❛A✐♦♥

❖♥❝❡ F❤❡ ❉❋H ❛I❡ ❞❡F❡I♠✐♥❡❞ ❢I♦♠ F❤❡ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇❚❊✱ F❤❡ ❞❡❢❡❝F ❣❡♥❡I❛F✐♦♥ I❛F❡H
❛I❡ ❝❛❧❝✉❧❛F❡❞✳ ❚❤❡ ❍❈❉ ♠♦❞❡❧ ❝♦♥H✐❞❡IH F❤❡ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ❜♦♥❞ ❜I❡❛❦✲
❛❣❡ ♠❡❝❤❛♥✐H♠H ❛H F✇♦ ♣❛F❤✇❛②H ♦❢ F❤❡ H❛♠❡ I❡❛❝F✐♦♥✱ H❡❧❢✲❝♦♥H✐HF❡♥F❧②✱ ✇❤✐❝❤ ❝♦♥✈❡IFH
❡❧❡❝FI✐❝❛❧❧② ♣❛HH✐✈❡ ❙✐✲❍ ❜♦♥❞H F♦ ❛❝F✐✈❡ ✐♥F❡I❢❛❝❡ FI❛♣H✳ ❆H ❛❧I❡❛❞② ❡①♣❧❛✐♥❡❞✱ F❤❡ ❜♦♥❞
❜I❡❛❦❛❣❡ ❡✈❡♥F ✐♥❞✉❝❡❞ ❜② ❛ H♦❧✐F❛I② ❤♦F ❝❛II✐❡I ✐♥ ❛ H✐♥❣❧❡ ✐♥F❡I❛❝F✐♦♥ ✇✐F❤ F❤❡ ❙✐✲❍ ❜♦♥❞
❝♦II❡H♣♦♥❞H F♦ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♣I♦❝❡HH✱ H❡❡ ❋✐❣✉I❡ ✹✳✸✳ ❙✐♥❝❡ F❤❡ ❤②❞I♦❣❡♥ ♥✉❝❧❡✉H ✐H
♠✉❝❤ ❤❡❛✈✐❡I F❤❛♥ ❛♥ ❡❧❡❝FI♦♥✱ F❤❡ ♠♦HF ♣❧❛✉H✐❜❧❡ ❡①♣❧❛♥❛F✐♦♥ ♦❢ H✉❝❤ ❛ ♠❡❝❤❛♥✐H♠ ✐H
F❤❡ ❡♥❡I❣② ❡①❝❤❛♥❣❡ ❜❡F✇❡❡♥ F❤❡ ✐♥❝♦♠✐♥❣ ❤✐❣❤✲❡♥❡I❣② ❡❧❡❝FI♦♥ ❛♥❞ ♦♥❡ ♦❢ F❤❡ ❜♦♥❞✐♥❣
❡❧❡❝FI♦♥H✳ ❚❤❡ ❡①❝✐F❡❞ ❜✐♥❞✐♥❣ ❡❧❡❝FI♦♥ ✐H ❡①❝✐F❡❞ ✐♥F♦ ❛♥ ❛♥F✐❜♦♥❞✐♥❣ HF❛F❡ ✇❤✐❝❤ ❡①❡IFH
❛ I❡♣✉❧H✐✈❡ ❢♦I❝❡ ❛❝F✐♥❣ ♦♥ F❤❡ ❍ ❛F♦♠ ✇❤✐❝❤ ❧❡❛❞H F♦ ❤②❞I♦❣❡♥ I❡❧❡❛H❡✳ ❚❤✉H✱ F❤❡ ❙❈✲
♣I♦❝❡HH ✐H ♦❢F❡♥ I❡❢❡II❡❞ F♦ ❛H ❛♥F✐✲❜♦♥❞✐♥❣ ✭❆❇✮ ♣I♦❝❡HH✳ ❚❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH✱ ♦♥
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old paradigm new paradigm

❋✐❣✉I❡ ✹✳✹✿ ❈♦♠♣❛I✐H♦♥ ♦❢ H❡❧❢✲ ❛♥❞ ♥♦♥✲H❡❧❢✲❝♦♥H✐HF❡♥F ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ ❙❈✲ ❛♥❞ ▼❈✲
♣I♦❝❡HH❡H ♦❢ ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡✳ ❚❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ ❝♦II❡H♣♦♥❞H F♦ ❤②❞I♦❣❡♥ I❡❧❡❛H❡ ❢I♦♠
♦♥❡ ♦❢ F❤❡H❡ ❜♦♥❞❡❞ HF❛F❡H ✐♥ F❤❡ ♣♦F❡♥F✐❛❧ ✇❡❧❧ F♦ F❤❡ FI❛♥H♣♦IF ♠♦❞❡ ✶✽✻✳

F❤❡ ♦F❤❡I ❤❛♥❞✱ ✐H FI✐❣❣❡I❡❞ ❜② ❛ H❡I✐❡H ♦❢ ❝♦❧❞❡I ❝❛II✐❡IH ✇❤✐❝❤ H✉❜H❡K✉❡♥F❧② ❜♦♠❜❛I❞ F❤❡
❙✐✲❍ ❜♦♥❞✱ ❡①❝✐F❡ ❛♥❞ ❡✈❡♥F✉❛❧❧② ❜I❡❛❦ ✐F ❛H ❞❡♣✐❝F❡❞ ✐♥ ❋✐❣✉I❡ ✹✳✸✳ qI❡✈✐♦✉H❧②✱ F❤❡ H✐♥❣❧❡✲
❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H ♦❢ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ✇❡I❡ ❛HH✉♠❡❞ F♦ ❜❡ ✐♥❞❡♣❡♥❞❡♥F ✷✺✳
❚❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ✇❛H ❝❛❧❝✉❧❛F❡❞ ❛H ❛ H✉♣❡I♣♦H✐F✐♦♥ ♦❢ ❙❈✲ ❛♥❞ ▼❈✲✐♥❞✉❝❡❞ ❝♦♥✲
FI✐❜✉F✐♦♥H ✇❡✐❣❤F❡❞ ✇✐F❤ H♦♠❡ ♣I♦❜❛❜✐❧✐F② ❝♦❡✣❝✐❡♥FH ✷✼✱ ✷✺✱ ✶✵✳ ❍♦✇❡✈❡I✱ ✐♥ ❛♥ ✉♣❞❛F❡❞
✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧✱ F❤❡ ❙✐✲❍ ❜♦♥❞ ❞❡♣❛HH✐✈❛F✐♦♥ ♣I♦❝❡HH ❤❛H ❜❡❡♥ ♠♦❞❡❧❡❞ ❝♦♥H✐❞❡I✐♥❣
❛❧❧ ♣♦HH✐❜❧❡ H✉♣❡I♣♦H✐F✐♦♥H ♦❢ F❤❡ ❙❈✲ ❛♥❞ ▼❈✲♠❡❝❤❛♥✐H♠H ✇✐F❤ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ I❛F❡H
❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ❝❛II✐❡I ❉❋✱ H❡❡ ❋✐❣✉I❡ ✹✳✺✳

❚❤❡ ❝❛II✐❡I ❉❋H ❛I❡ ✉H❡❞ F♦ ❝♦♠♣✉F❡ F❤❡ ❝❛II✐❡I ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧ ✇❤✐❝❤ ❞❡F❡I♠✐♥❡H
F❤❡ I❛F❡H ♦❢ ❜♦F❤ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H ✶✺✱ ✶✸✱ ✶✹✿

I
e/h
SC/MC =

	
f(ε)g(ε)v(ε)σ0,SC/MC(ε− εth)

pSC/MCdε, ✭✹✳✷✾✮

✇❤❡I❡ f(ε) ✐H F❤❡ ❉❋✱ g(ε) F❤❡ ❞❡♥H✐F②✲♦❢✲HF❛F❡H✱ v(ε) F❤❡ ❝❛II✐❡I ❣I♦✉♣ ✈❡❧♦❝✐F②✱ ❛♥❞ σ0(ε−
εth)

p F❤❡ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥✳ ❚❤❡ ✐♥F❡❣I❛♥❞ ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✾ ❝❛♥ ❜❡ ✐♥F❡I♣I❡F❡❞ ❛H
♠✉❧F✐♣❧✐❝❛F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ✢✉① ❤❛✈✐♥❣ ❛♥ ❡♥❡I❣② ✐♥ F❤❡ I❛♥❣❡ [E + dE] ❜② F❤❡ ♣I♦❜❛❜✐❧✐F②
♦❢ ❜♦♥❞✲❡①❝✐F❛F✐♦♥ ❜② F❤❡H❡ ❝❛II✐❡IH✳ ❚❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ❢♦I F❤❡ ❙❈✲ ❛♥❞ ▼❈✲
♣I♦❝❡HH❡H ❞✐✛❡I ✐♥ F❤❡ ♣❛I❛♠❡F❡IH εth✭F❤I❡H❤♦❧❞ ❡♥❡I❣②✮ ❛♥❞ p ✭✶✶ ❢♦I F❤❡ ❙❈✲♣I♦❝❡HH ❛♥❞
✶ ❢♦I F❤❡ ▼❈✲♣I♦❝❡HH✮✳ ■♥ F❤❡ ❝❛H❡ ♦❢ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ❜♦♥❞ ❜I❡❛❦❛❣❡ ♠❡❝❤❛♥✐H♠ F❤❡
I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥ ✐H ❑❡❧❞②H❤✲❧✐❦❡ ✶✽✼✱ ✶✼✶✱ ✇✐F❤ F❤❡ F❤I❡H❤♦❧❞ ❡♥❡I❣② ❡K✉❛❧ F♦ F❤❡ ❜♦♥❞
❜I❡❛❦❛❣❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣②✳ ❋♦I F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠✱ F❤❡ ❜♦♥❞ ✐H ♠♦❞❡❧❡❞ ❛H ❛
FI✉♥❝❛F❡❞ ❤❛I♠♦♥✐❝ ♦H❝✐❧❧❛F♦I ✶✽✽✱ ✶✸✾ ❝♦♠♣I✐H✐♥❣ ♦❢ ❛♥ ❡♥❡I❣② ❧❛❞❞❡I ✇✐F❤ Nl ✈✐❜I❛F✐♦♥❛❧
❡♥❡I❣② ❧❡✈❡❧H✱ ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✹✳✺✳ ❉✉❡ F♦ F❤❡ ♠✉❧F✐✲✈✐❜I❛F✐♦♥❛❧ ♠♦❞❡❧✱ F❤❡ ♠✉❧F✐♣❧❡✲
❝❛II✐❡I ♣❛F❤✇❛② ✐H ❛❧H♦ ❝❛❧❧❡❞ ♠✉❧F✐✲✈✐❜I❛F✐♦♥❛❧ ❡①❝✐F❛F✐♦♥ ♣I♦❝❡HH✳ ❚❤❡ F❤I❡H❤♦❧❞ ❡♥❡I❣② ❢♦I
F❤❡ ▼❈✲♣I♦❝❡HH ❝♦II❡H♣♦♥❞H F♦ F❤❡ ❞✐HF❛♥❝❡ ❜❡F✇❡❡♥ F❤❡ ❜♦♥❞ ✈✐❜I❛F✐♦♥❛❧ HF❛F❡H ✭�ω✮✳ ❚❤❡
❜♦♥❞ ❝❛♥ ❣❛✐♥✴❧♦♦H❡ ❡♥❡I❣② ✇❤✐❝❤ ❧❡❛❞H F♦ ❜♦♥❞ ❡①❝✐F❛F✐♦♥✴❞❡❡①❝✐F❛F✐♦♥✳ EB ✐H F❤❡ ❡♥❡I❣②
I❡K✉✐I❡❞ F♦ I❡❛❝❤ F❤❡ ❤✐❣❤❡HF ❜♦♥❞❡❞ ❡♥❡I❣② ❧❡✈❡❧✱ ✇❤✐❧❡ Eemi ✐H F❤❡ ❡♥❡I❣② I❡K✉✐I❡❞ ❢♦I ❍
❡♠✐HH✐♦♥ ❢I♦♠ ❛ ❙✐✲❍ ❜♦♥❞ F❤❛F ✐H ✐♥ F❤❡ ❤✐❣❤❡HF ❜♦♥❞❡❞ ❡♥❡I❣② HF❛F❡✳ ❚❤✉H✱ EB + Eemi

❢♦I♠H F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② Ea ❢♦I ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡✳ ❈♦♥✈❡IH❡❧②✱ F❤❡ ❡♥❡I❣② ❜❛II✐❡I ❢♦I
F❤❡ ♣❛HH✐✈❛F✐♦♥ ♣I♦❝❡HH✱ ✐✳❡✳ ❤②❞I♦❣❡♥ ❢♦I♠✐♥❣ F❤❡ ❜♦♥❞ ❛❣❛✐♥✱ ✐H Ep✳ ✳

❚✇♦ ✈✐❜I❛F✐♦♥❛❧ ♠♦❞❡H ♦❢ F❤❡ ❙✐✲❍ ❜♦♥❞ ❤❛✈❡ ❜❡❡♥ ✐❞❡♥F✐✜❡❞✱ ✐✳❡✳ HFI❡F❝❤✐♥❣ ✭✇✐F❤ �ω =
0.25 ❡ ❛♥❞ Ea = 2.56 ❡✮ ❛♥❞ ❜❡♥❞✐♥❣ ✭ �ω = 0.075 ❡ ❛♥❞ Ea = 1.5 ❡✮ ✶✹✵✱ ✶✽✾✳ ■♥
♦♥❡ ♦❢ F❤❡ ♠♦HF H✉❝❝❡HH❢✉❧ ❍❈❉ ♠♦❞❡❧H ❞❡✈❡❧♦♣❡❞ ❜② F❤❡ ❇I❛✈❛✐① ❣I♦✉♣ ✐F ✐H ❛HH✉♠❡❞ F❤❛F
❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ♦❝❝✉IH ✈✐❛ F❤❡ ❜❡♥❞✐♥❣ ♠♦❞❡ ✇✐F❤ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ✈❛❧✉❡H ♦❢ �ω ❛♥❞

✹✸



❋✐❣✉I❡ ✹✳✺✿ ❆ H❝❤❡♠❛F✐❝ I❡♣I❡H❡♥F❛F✐♦♥ ♦❢ F❤❡ FI✉♥❝❛F❡❞ ❤❛I♠♦♥✐❝ ♦H❝✐❧❧❛F♦I ♠♦❞❡❧ ✉H❡❞ ❢♦I
F❤❡ ❞❡I✐✈❛F✐♦♥ ♦❢ F❤❡ ♣❤②H✐❝H✲❜❛H❡❞ ❍❈❉♠♦❞❡❧✳ ❚❤❡ ❙✐✲❍ ❜♦♥❞ ✐H I✉♣F✉I❡❞ ❛F F❤❡ FI❛♥H✐F✐♦♥
❢I♦♠ F❤❡ ❜♦♥❞❡❞ HF❛F❡ ✶ F♦ F❤❡ FI❛♥H♣♦IF HF❛F❡ ✷✳ ❚❤❡ I❡K✉✐I❡❞ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② Ea ❢♦I
♦✈❡I❝♦♠✐♥❣ F❤✐H ❜❛II✐❡I ❝❛♥ ❜❡ ❡✛❡❝F✐✈❡❧② ❧♦✇❡I❡❞ ❜② F❤❡ ✐♥F❡I♣❧❛② ❜❡F✇❡❡♥ F❤❡ ❙❈✲ ❛♥❞
F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠ ✶✹✳

Ea ✶✹✵✳ ❚❤❡ ✈✐❜I❛F✐♦♥❛❧ ❧✐❢❡F✐♠❡ ✭τe✮ ❝❤♦H❡♥ ✐♥ F❤❛F ♠♦❞❡❧ ✐H 10 ♣H ✇❤✐❧❡ ✐FH F❡♠♣❡I❛F✉I❡
❞❡♣❡♥❞❡♥❝❡ ✐H ♥♦F ❝♦♥H✐❞❡I❡❞ ✶✾✵✱ ✶✹✵✳ ❊①♣❡I✐♠❡♥F❛❧ ✐♥✈❡HF✐❣❛F✐♦♥H✱ ❤♦✇❡✈❡I✱ H✉❣❣❡HF
F❤❛F ❍ ❞❡H♦I♣F✐♦♥ ❢I♦♠ F❤❡ Si/SiO2 ✐♥F❡I❢❛❝❡ ♦❝❝✉IH ✇✐F❤ Ea = 2.56 ❡ ✶✶✹✳ ❚❤✐H ✈❛❧✉❡ ✐H
❝❧♦H❡ F♦ F❤❛F F②♣✐❝❛❧ ❢♦I F❤❡ HFI❡F❝❤✐♥❣ ♠♦❞❡ ✇✐F❤ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ✈✐❜I❛F✐♦♥❛❧ ❧✐❢❡F✐♠❡H
❛F T = 25 ❛♥❞ 75 ➦❈ ♦❢ 1.5 ❛♥❞ 1.3 ♥H✱ I❡H♣❡❝F✐✈❡❧②✱ H❡❡ ✶✾✶✳ ❚❤❡H❡ ♣❛I❛♠❡F❡I ✈❛❧✉❡H ❛I❡
✉H❡❞ ✐♥ F❤✐H ✇♦I❦✳

❚❤❡ I❛F❡H ♦❢ F❤❡ ❜♦♥❞ ❡①❝✐F❛F✐♦♥✴❞❡❡①❝✐F❛F✐♦♥ ♣I♦❝❡HH❡H FI✐❣❣❡I❡❞ ❜② F❤❡ ♠✉❧F✐♣❧❡✲
❝❛II✐❡I ♠❡❝❤❛♥✐H♠ ❛I❡✿

Pu = IMC + ωe exp[−�ω/kBTL] ✭✹✳✸✵✮

Pd = IMC + ωe, ✭✹✳✸✶✮

✇❤❡I❡ ωe I❡♣I❡H❡♥FH F❤❡ I❡❝✐♣I♦❝❛❧ ♣❤♦♥♦♥ ❧✐❢❡F✐♠❡✳ ❚❤❡ ❜♦♥❞ ❛❝F✐✈❛F✐♦♥✴♣❛HH✐✈❛F✐♦♥ I❛F❡H
❢I♦♠ F❤❡ ith ❧❡✈❡❧ ❛I❡✿

Ra/p,i = ωth exp[−(Ea − Ei)/kBTL] + ISC,i, ✭✹✳✸✷✮

✇✐F❤ ωth ❜❡✐♥❣ F❤❡ ❛FF❡♠♣F ❢I❡K✉❡♥❝②✳ ❚❤❡ ✜IHF F❡I♠ ✐♥ ❊K✉❛F✐♦♥ ✹✳✸✷ ❝♦II❡H♣♦♥❞H F♦ F❤❡I✲
♠❛❧ ❛❝F✐✈❛F✐♦♥ ♦❢ F❤❡ ❍ ❛F♦♠✱ ✇❤✐❧❡ F❤❡ H❡❝♦♥❞ ♦♥❡ ✐♥❝♦I♣♦I❛F❡H F❤❡ ❡✛❡❝F ♦❢ ❤♦F ❝❛II✐❡IH✳
❊❛❝❤ ❜♦♥❞ ❧❡✈❡❧✱ i✱ ❝❛♥ ❝♦♥FI✐❜✉F❡ F♦ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♠❡❝❤❛♥✐H♠ ❛H ♣❡I ❊K✉❛F✐♦♥ ✹✳✸✷✳
❆ H❡❧❢✲❝♦♥H✐HF❡♥F ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ F❤❡ ❙❈✲ ❛♥❞ ▼❈✲♣I♦❝❡HH❡H ♠❡❛♥H F❤❛F ✜IHF F❤❡ ❜♦♥❞ ❝❛♥
❜❡ ❡①❝✐F❡❞ ❜② ❛ H❡I✐❡H ♦❢ ❝♦❧❞ ❝❛II✐❡IH F♦ ❛ ❝❡IF❛✐♥ ✐♥F❡I♠❡❞✐❛F❡ ❧❡✈❡❧✱ H❡❡ ❋✐❣✉I❡ ✹✳✺✱ ❛♥❞
F❤❡♥ ❞✐HH♦❝✐❛F❡❞ ❜② ❛ H♦❧✐F❛I② ❤♦F ❝❛II✐❡I ✇❤✐❝❤ ✐♥❞✉❝❡H ❤②❞I♦❣❡♥ I❡❧❡❛H❡ F♦ F❤❡ FI❛♥H♣♦IF
♠♦❞❡ ✶✸✻✱ ✶✺✼✱ ✶✽✽✱ ✶✾✷✱ ✶✸✳ ◆♦F❡ F❤❛F ✐♥ F❤❡ ❝❛H❡ ♦❢ ❛ ♣I❡❤❡❛F❡❞ ❜♦♥❞ F❤❡ ♣♦F❡♥F✐❛❧
❜❛II✐❡I ✇❤✐❝❤ H❡♣❛I❛F❡H F❤❡ ❜♦♥❞❡❞ ❛♥❞ FI❛♥H♣♦IF HF❛F❡H ✐H I❡❞✉❝❡❞ ❛♥❞ F❤❡ ♣I♦❜❛❜✐❧✐F② ♦❢
✜♥❞✐♥❣ ❛ ❝❛II✐❡I ✇❤✐❝❤ ❜I✐♥❣H ❛ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣♦IF✐♦♥ ♦❢ ❡♥❡I❣② ✐H ❤✐❣❤❡I ✶✺✱ ✶✸✱ ✶✹✳ ❚❤❡
H②HF❡♠ ♦❢ I❛F❡ ❡K✉❛F✐♦♥H ❢♦I ❜♦♥❞ ♣❛HH✐✈❛F✐♦♥✴❞❡♣❛HH✐✈❛F✐♦♥ ❢♦I ❛❧❧ F❤❡ ❡♥❡I❣② ❧❡✈❡❧H ✐♥ F❤❡

✹✹



♣♦F❡♥F✐❛❧ ✇❡❧❧ ❝❛♥ ❜❡ ✇I✐FF❡♥ ❛H✿

dn0

dt
=Pdn1 − Pun0 −Ra,0n0 +Rp,0N

2
it

dni

dt
=Pd(ni+1 − ni)− Pu(ni − ni−1)−Ra,ini +Rp,iN

2
it ✭✹✳✸✸✮

dnNl

dt
=PunNl−1

− PdnNl
−Ra,Nl

nNl
+Rp,Nl

N2
it

✇❤❡I❡ ni I❡♣I❡H❡♥FH F❤❡ ♦❝❝✉♣❛F✐♦♥ ♥✉♠❜❡I ♦❢ F❤❡ ith ❡♥❡I❣② ❧❡✈❡❧✳ ❉✉❡ F♦ F❤❡ ❧❛I❣❡ ❞✐✛❡I✲
❡♥❝❡ ❜❡F✇❡❡♥ ♣❤♦♥♦♥ ❛♥❞ ❙✐✲❍ ❜♦♥❞ ❧✐❢❡F✐♠❡H✱ F❤❡ F✐♠❡ ❝♦♥HF❛♥FH ❢♦I ♦H❝✐❧❧❛F♦I FI❛♥H✐F✐♦♥H
❛I❡ ♠✉❝❤ H❤♦IF❡I F❤❛♥ F❤♦H❡ F②♣✐❝❛❧ ❢♦I ♣❛HH✐✈❛F✐♦♥✴❞❡♣❛HH✐✈❛F✐♦♥ ♣I♦❝❡HH❡H✳ ❚❤✉H✱ F❤❡
F✐♠❡ H❝❛❧❡ ❤✐❡I❛I❝❤② ❝❛♥ ❜❡ ✉H❡❞ F♦ H♦❧✈❡ F❤❡ H②HF❡♠ ♦❢ ❡K✉❛F✐♦♥H ✹✳✸✸ ✇❤✐❝❤ I❡❞✉❝❡H F♦ ❛
H✐♥❣❧❡ ❡K✉❛F✐♦♥ ✶✸✿

dNit

dt
= (N0 −Nit�a −N2

it�p). ✭✹✳✸✹✮

❍❡I❡ N0 ✐H F❤❡ ❞❡♥H✐F② ♦❢ ♣I✐HF✐♥❡ ❙✐✲❍ ❜♦♥❞H ♣I❡H❡♥F ✐♥ F❤❡ ❢I❡H❤ ❞❡✈✐❝❡✱ ✇❤✐❧❡ �a/p ❛I❡
F❤❡ ❝✉♠✉❧❛F✐✈❡ ❜♦♥❞ ❛❝F✐✈❛F✐♦♥✴♣❛HH✐✈❛F✐♦♥ I❛F❡H✳ �a ❝❛♥ ❜❡ ♦❜F❛✐♥❡❞ ❜② H✉♠♠❛F✐♦♥ ♦❢
F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H ❢I♦♠ ❡❛❝❤ ❧❡✈❡❧ ✇❡✐❣❤❡❞ ✇✐F❤ ✐FH ♣♦♣✉❧❛F✐♦♥ ♥✉♠❜❡I ✶✸✱ ✶✹✱ ✶✺✿

�a =
1

k

�
r=0

Ra,i

�
Pu

Pd

�i

, ✭✹✳✸✺✮

✇❤✐❧❡ �p ✐H ❛FFI✐❜✉F❡❞ F♦ F❤❡I♠❛❧ ❛❝F✐✈❛F✐♦♥ ❛♥❞ ✐H I❡♣I❡H❡♥F❡❞ ❜② ❛♥ ❆II❤❡♥✐✉H F❡I♠ ♦✈❡I
❛ H✐♥❣❧❡ ❡♥❡I❣② ❧❡✈❡❧ ❛H✿

�p = νp exp(−Ep/kBTL) ✭✹✳✸✻✮

❋✐♥❛❧❧②✱ F❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②F✐❝ ❡①♣I❡HH✐♦♥ ❢♦I F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② Nit ✐H ♦❜F❛✐♥❡❞✿

Nit =
1

2τ�p

1− f(t)

1 + f(t)
− �a

2�p
, ✭✹✳✸✼✮

f(t) =
1− τ�a

1 + τ�a
exp (−t/τ) ,

1

τ
= 2

�
�2
a/4 +N0�a�p,

❚❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ❢♦I F❤✐H I❡❛❝F✐♦♥ ❝❛♥ ❜❡ I❡❞✉❝❡❞ ❜② F❤❡ ✐♥F❡I❛❝F✐♦♥ ♦❢ F❤❡ ❜♦♥❞
❞✐♣♦❧❡ ♠♦♠❡♥F d ✇✐F❤ F❤❡ ♦①✐❞❡ ❡❧❡❝FI✐❝ ✜❡❧❞ Eox ✶✸✱ ✶✺✱ ✶✹✳ ❚❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧ ✐♥
❊K✉❛F✐♦♥ ✹✳✷✾ F❤❡♥ ❜❡❝♦♠❡H✿

I
e/h
SC/MC =

	
f(ε)g(ε)v(ε)σ0,SC/MC(ε− εth + dEox)

pSC/MCdε ✭✹✳✸✽✮

❚❤❡ ❙✐✲❍ ❜♦♥❞ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ❛❧H♦ ✈❛I✐❡H ❞✉❡ F♦ F❤❡ HFI✉❝F✉I❛❧ ❞✐H♦I❞❡I ❛F F❤❡ Si/SiO2

✐♥F❡I❢❛❝❡ ✇❤✐❝❤ ❝❛♥ ❧❡❛❞ F♦ H✉❜HF❛♥F✐❛❧ ❝❤❛♥❣❡H ✐♥ F❤❡ ❞❡✈✐❝❡ ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H
H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ♠♦❞❡❧✳ ❚❤❡ ❡♥❡I❣② Ea ✐H ❛HH✉♠❡❞ F♦ ♦❜❡② ❛ ♥♦I♠❛❧ ❞✐HFI✐❜✉F✐♦♥ ✇✐F❤
❛ ♠❡❛♥ ✈❛❧✉❡ �Ea� ♦❢ 2.56 ❡ ❛♥❞ HF❛♥❞❛I❞ ❞❡✈✐❛F✐♦♥ σEa ♦❢ ✵✳✶✺ ❡ ✶✾✸✱ ✶✾✹✱ ✶✸✳

❊K✉❛F✐♦♥ ✹✳✸✼ ❛❧❧♦✇H ❡✈❛❧✉❛F✐♦♥ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ❢♦I ❡❛❝❤ ♣♦H✐F✐♦♥ ❛F F❤❡
Si/SiO2 ✐♥F❡I❢❛❝❡ ❛♥❞ ❢♦I ❡❛❝❤ HFI❡HH F✐♠❡ HF❡♣✳ Nit(x, t) ♣I♦✜❧❡H ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ ❊K✉❛F✐♦♥
✹✳✸✼ ❛I❡ F❤❡♥ ✉H❡❞ ❛H ✐♥♣✉F ❢♦I F❤❡ ❞❡✈✐❝❡ H✐♠✉❧❛F♦I F♦ ♠♦❞❡❧ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝H ♦❢ F❤❡

✹✺



❞❡❣I❛❞❡❞ ❞❡✈✐❝❡ ❢♦I ❡❛❝❤ HFI❡HH F✐♠❡ HF❡♣✳ ❚❤❡ ❡✛❡❝F ♦❢ ❝❤❛I❣❡❞ ✐♥F❡I❢❛❝❡ FI❛♣H ✐H F✇♦❢♦❧❞✿
F❤❡② ♣❡IF✉I❜ F❤❡ ❧♦❝❛❧ ❜❛♥❞✲❜❡♥❞✐♥❣ ♦❢ F❤❡ ❞❡✈✐❝❡ ❛♥❞ ❞❡❣I❛❞❡ F❤❡ ❝❛II✐❡I ♠♦❜✐❧✐F② ❞✉❡ F♦
H❝❛FF❡I✐♥❣ ♦❢ F❤❡ ❝❤❛I❣❡ ❝❛II✐❡IH✳ ❚❤❡ ❢♦I♠❡I ❡✛❡❝F ✐H ❝♦♥H✐❞❡I❡❞ ✇❤✐❧❡ H♦❧✈✐♥❣ F❤❡ ❝♦✉♣❧❡❞
q♦✐HH♦♥ ❛♥❞ ❇♦❧F③♠❛♥♥ ❡K✉❛F✐♦♥H✱ ✇❤✐❧❡ ❢♦I F❤❡ ❧❛FF❡I ♦♥❡ ❛♥ ❡♠♣✐I✐❝❛❧ ❡①♣I❡HH✐♦♥ ❢♦I
♠♦❜✐❧✐F② ❞❡❣I❛❞❛F✐♦♥ ✐H ✉H❡❞ ✶✾✺✱ ✶✾✻✿

µdegr =
µ0

1 + αNitexp(−r/rref)
, ✭✹✳✸✾✮

✇❤❡I❡ µ0 ✐H F❤❡ ♠♦❜✐❧✐F② ✐♥ F❤❡ ✈✐I❣✐♥ ❞❡✈✐❝❡✱ r ✐H F❤❡ H❤♦IF❡HF ❞✐HF❛♥❝❡ ❢I♦♠ F❤✐H ❧♦❝❛❧
♣♦✐♥F F♦ F❤❡ ✐♥F❡I❢❛❝❡✱ rref ❂ ✶✵♥♠ ❞❡✜♥❡H F❤❡ ♠❛①✐♠✉♠ I❛♥❣❡ ✇✐F❤✐♥ ✇❤✐❝❤ ❛ ❝❛II✐❡I
✐H HF✐❧❧ ✐♥✢✉❡♥❝❡❞ ❜② F❤❡ ✜❡❧❞ ♦❢ F❤❡ FI❛♣♣❡❞ ❝❤❛I❣❡✱ ✇❤✐❧❡ F❤❡ ♣❛I❛♠❡F❡I α = 10−13 ❝♠2

❞❡F❡I♠✐♥❡H F❤❡ ♠❛❣♥✐F✉❞❡ ♦❢ F❤❡ ❡✛❡❝F✳

q❛I❛♠❡F❡I ❛❧✉❡ ❈♦♠♠❡♥FH

τn/p τn = 0.35 ♣H✱ τp = 0.4 ♣H ❊♥❡I❣② I❡❧❛①❛F✐♦♥ F✐♠❡

σ0 σ0,SC =5× 10❂18 ❝♠2✱ σ0,MC =5× 10❂19 ❝♠2 qI❡✲❢❛❝F♦I ✐♥ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥

p pSC = 11✱ pMC = 1 ❊①♣♦♥❡♥F ✐♥ I❡❛❝F✐♦♥ ❝I♦HH H❡❝F✐♦♥

�Ea� 2.56 ❡ ❙✐✲❍ ❜♦♥❞ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣②

σEa 0.15 ❡ ❙F❛♥❞❛I❞ ❞❡✈✐❛F✐♦♥ ♦❢ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣②

�ω 0.25 ❡ ❉✐HF❛♥❝❡ ❜❡F✇❡❡♥ ❜♦♥❞ ✈✐❜I❛F✐♦♥❛❧ HF❛F❡H

ωe ωe = 1/τ ✱ τ = 1.5 ♥H ❘❡❝✐♣I♦❝❛❧ ♣❤♦♥♦♥ ❧✐❢❡F✐♠❡

ωth 5× 106 H−1 ❆FF❡♠♣F ❢I❡K✉❡♥❝② ❢♦I F❤❡I♠❛❧ ❛❝F✐✈❛F✐♦♥

νp 108 H−1 q❛HH✐✈❛F✐♦♥ ❛FF❡♠♣F ❢I❡K✉❡♥❝②

Ep 1.5 ❡ q❛HH✐✈❛F✐♦♥ ❡♥❡I❣②

N0 1× 1011 ❝♠−2 ❉❡♥H✐F② ♦❢ ♣I❡❝✉IH♦IH

❚❛❜❧❡ ✹✳✷✿ ❚❤❡ ♣❛I❛♠❡F❡IH ✉H❡❞ ✐♥ F❤❡ ❍❈❉ ♠♦❞❡❧✳

✹✻



❈❤❛♣1❡2 ✺

❍❈❉ ▼♦❞❡❧✐♥❣ ✐♥ ▲❉▼❖❙ ❉❡✈✐❝❡@

❚❤❡ ▲❉▼❖❙ ✭❧❛F❡I❛❧❧②✲❞✐✛✉H❡❞ ♠❡F❛❧✲♦①✐❞❡ H❡♠✐❝♦♥❞✉❝F♦I✮ FI❛♥H✐HF♦IH ❛I❡ ♦❢F❡♥ F❤❡ ❞❡✲
✈✐❝❡H ♦❢ ❝❤♦✐❝❡ ✐♥ H♠❛IF✲♣♦✇❡I✱ ♠✐①❡❞ H✐❣♥❛❧ ■❈H✱ ❛♥❞ ❤✐❣❤ ✈♦❧F❛❣❡ ❛✉F♦♠♦F✐✈❡ ❛♣♣❧✐❝❛F✐♦♥H✳
❚❤❡ ♣♦♣✉❧❛I✐F② ♦❢ F❤❡H❡ FI❛♥H✐HF♦IH ✐H ❛❧H♦ ❛FFI✐❜✉F❡❞ F♦ F❤❡ ❢❛❝F F❤❛F F❤❡② ❛I❡ ❝♦♠♣❛F✐❜❧❡
✇✐F❤ HF❛♥❞❛I❞ ❈▼❖❙ ♣I♦❝❡HH✐♥❣✳ ❚❤✐H ♠❛❦❡H F❤❡♠ ❡❛H✐❧② ✐♥F❡❣I❛❜❧❡ ❜② ❛❞❞✐♥❣ ❛ ❢❡✇ ❡①✲
FI❛ ♣I♦❝❡HH HF❡♣H✳ ❚❤✉H✱ I❛❞✐♦ ❢I❡K✉❡♥❝② ❛♥❞ ♠✐①❡❞ H✐❣♥❛❧ ❛♣♣❧✐❝❛F✐♦♥H ❝❛♥ ❜❡ ✐♥F❡❣I❛F❡❞
❛❧♦♥❣ ✇✐F❤ F❤❡ ❝♦I❡ ❧♦❣✐❝ FI❛♥H✐HF♦IH ♦♥ ❛ H✐♥❣❧❡ ❝❤✐♣✳ ❚❤❡ ❞❡H✐I❡❞ ❜I❡❛❦❞♦✇♥ ✈♦❧F❛❣❡ ✐♥
▲❉▼❖❙ ❞❡✈✐❝❡H ❝❛♥ ❜❡ ❡❛H✐❧② ♦❜F❛✐♥❡❞ ✐❢ ❛ H✉✐F❛❜❧❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ❞♦♣❛♥F H♣❡❝✐❡H ✐H
❝❤♦H❡♥✳ ❍♦✇❡✈❡I✱ F❤❡ ❧♦♥❣ ❞I✐❢F I❡❣✐♦♥H ❝❛✉H❡ ❛♥ ✐♥❝I❡❛H❡ ✐♥ F❤❡ I❡K✉✐I❡❞ ❝❤✐♣ H✉I❢❛❝❡
✇❤✐❧❡ F❤❡ ❧♦✇ ❞♦♣✐♥❣ I❡H✉❧FH ✐♥ ❤✐❣❤ ♣♦✇❡I ❧♦HH ❞✉❡ F♦ ❛♥ ✐♥❝I❡❛H❡❞ ❖◆✲I❡H✐HF❛♥❝❡✳ ✐F❤
F❤❡ ✐♥FI♦❞✉❝F✐♦♥ ♦❢ I❡❞✉❝❡❞ H✉I❢❛❝❡ ✜❡❧❞ F❡❝❤♥♦❧♦❣②✱ ▲❉▼❖❙ ❞❡✈✐❝❡H ❛I❡ ❜❡FF❡I ♦♣F✐♠✐③❡❞
❛♥❞ ❝❛♥ ♣I♦✈✐❞❡ ❤✐❣❤ ❜❧♦❝❦✐♥❣ ✈♦❧F❛❣❡H ❢♦I H❤♦IF❡I ❞I✐❢F ❧❡♥❣F❤H ❛♥❞ ❤✐❣❤❡I ❞♦♣✐♥❣ ✶✾✼✳
❚❤✉H✱ F❤❡ ❖◆✲I❡H✐HF❛♥❝❡ ✐H I❡❞✉❝❡❞ ❧❡❛❞✐♥❣ F♦ H♠❛❧❧❡I ♣♦✇❡I ❞✐HH✐♣❛F✐♦♥✳ ❍♦✇❡✈❡I✱ ❧❛F❡I❛❧
❞❡✈✐❝❡H ❛I❡ ♠♦I❡ H✉H❝❡♣F✐❜❧❡ F♦ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ❛H F❤❡ ❝✉II❡♥F ✢♦✇H ❛F F❤❡ Si/SiO2

✐♥F❡I❢❛❝❡ ❛♥❞ ♥♦F ✐♥ F❤❡ ❜✉❧❦ ❛H✱ ❢♦I ❡✳❣✳✱ ✐H F❤❡ ❝❛H❡ ✐♥ ✈❡IF✐❝❛❧ ❉▼❖❙ ❞❡✈✐❝❡H✳
♥❢♦IF✉♥❛F❡❧②✱ ❛ ♣I♦♣❡I FI❡❛F♠❡♥F ♦❢ ❝❛II✐❡I FI❛♥H♣♦IF ✐♥ ▲❉▼❖❙ ❞❡✈✐❝❡H ✐H ❝❤❛❧❧❡♥❣✲

✐♥❣✳ ❋✐IHF✱ ❞✉❡ F♦ F❤❡ ❧❛I❣❡ ❞✐♠❡♥H✐♦♥H ♦❢ F❤❡H❡ ❞❡✈✐❝❡H ❛H ❝♦♠♣❛I❡❞ F♦ ♥❛♥♦H❝❛❧❡ ❈▼❖❙
FI❛♥H✐HF♦IH✱ F❤❡ H✐♠✉❧❛F✐♦♥ ♠❡H❤ ❝♦♥F❛✐♥H ❛ ❧❛I❣❡ ♥✉♠❜❡I ♦❢ ❡❧❡♠❡♥FH �✶✵✱✵✵✵ ✷✻✳ ❙❡❝✲
♦♥❞✱ F❤✐H FI❛♥H✐HF♦I ✉H✉❛❧❧② ❤❛H ❛ ❜✐I❞✬H ❜❡❛❦✴❙❚■ ❝♦I♥❡I ❛♥❞ ❝✉I✈❡❞ ✐♥F❡I❢❛❝❡H✱ H❡❡ ❋✐❣✉I❡
✺✳✶✱ ❛♥❞ ❛❧H♦ ❤✐❣❤ ❞♦♣✐♥❣ ❣I❛❞✐❡♥FH ✐♥ ✈❛I✐♦✉H I❡❣✐♦♥H✳ ❋✐♥❛❧❧②✱ ▲❉▼❖❙ FI❛♥H✐HF♦IH ❛I❡
♦♣❡I❛F❡❞✴HFI❡HH❡❞ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H✳ ■♥ F❤✐H H❡❝F✐♦♥✱ F❤❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡❧
✭❙❡❝F✐♦♥ ✹✳✸✲✹✳✹✮✱ ✇❤✐❝❤ ✉H❡H F❤❡ ✐♥❢♦I♠❛F✐♦♥ ❛❜♦✉F F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ✐H ✉H❡❞
F♦ I❡♣I❡H❡♥F ❍❈❉ ❞❛F❛ ♠❡❛H✉I❡❞ ✐♥ ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ ▲❉▼❖❙ FI❛♥H✐HF♦IH✳ ❚❤❡ ❛♥❛❧②F✐❝❛❧
✭❙❡❝F✐♦♥ ✹✳✸✮ ❛♥❞ ✐❡♥♥❛❙❍❊ ❜❛H❡❞ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ ❝♦♠♣❛I❡❞ F♦ H❤♦✇ F❤❛F ❜♦F❤
❛♣♣I♦❛❝❤❡H ❝❛♥ ❝❛♣F✉I❡ ❍❈❉✳ q❛IF✐❝✉❧❛I ❛FF❡♥F✐♦♥ ✐H ♣❛✐❞ F♦ HF✉❞② F❤❡ I♦❧❡ ♦❢ F❤❡ ❝♦❧❞ ❢I❛❝✲
F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❡♥H❡♠❜❧❡✳ ❚❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ ♠♦❞❡❧ ✐H ❝❤❡❝❦❡❞ ❜② ♥❡❣❧❡❝F✐♥❣ F❤❡ ❡✛❡❝F
♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐♥ ❍❈❉ ♠♦❞❡❧✐♥❣ ✐♥ F❤❡ ❝❛H❡ ♦❢ ▲❉▼❖❙ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H✳
❋✐♥❛❧❧②✱ ✐F ✐H H❤♦✇♥ F❤❛F ❡✈❡♥ ✐♥ ❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ❞I❛✐♥ ✈♦❧F❛❣❡H F❤❡
F❤❡I♠❛❧✐③❡❞ ❝❛II✐❡IH HF✐❧❧ ❤❛✈❡ ❛ H✉❜HF❛♥F✐❛❧ ❝♦♥FI✐❜✉F✐♦♥ F♦ ❍❈❉✳

✺✳✶ ❊①♣❡E✐♠❡♥AC

❚♦ ✈❛❧✐❞❛F❡ F❤❡ ♠♦❞❡❧✱ ❡①♣❡I✐♠❡♥FH ✇❡I❡ ♣❡I❢♦I♠❡❞ ✉H✐♥❣ ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ ▲❉▼❖❙ FI❛♥✲
H✐HF♦IH✳ ❚❤❡ ♥✲ ❛♥❞ ♣▲❉▼❖❙ FI❛♥H✐HF♦IH ✉H❡❞ ✐♥ F❤✐H ✇♦I❦✱ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✺✳✶✱ ❞❡H✐❣♥❡❞
♦♥ ✵✳✸✺µ♠ ❛♥❞ ✵✳✶✽µ♠ HF❛♥❞❛I❞ ❈▼❖❙ ♣I♦❝❡HH❡H✱ I❡H♣❡❝F✐✈❡❧②✱ ❤❛✈❡ ❜❡❡♥ H✉❜❥❡❝F❡❞ F♦

✹✼



D S BG OxFox

Si

Bird's beak

 S-source                D-drain                G-gate               B-bulk
 Si-substrate           Ox-oxide              Fox-field oxide

channel regiondrift region

D S B
G

OxSTI

Si

 S-source                D-drain               G-gate               B-bulk
 Si-substrate           Ox-oxide      STI-shallow trench isloation

❋✐❣✉I❡ ✺✳✶✿ ❚❤❡ H❝❤❡♠❛F✐❝ I❡♣I❡H❡♥F❛F✐♦♥ ♦❢ F❤❡ ♥▲❉▼❖❙ ✭❧❡❢F ♣❛♥❡❧✮ ❛♥❞ ♣▲❉▼❖❙ ✭I✐❣❤F
♣❛♥❡❧✮ FI❛♥H✐HF♦IH ✇✐F❤ ❛❧❧ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝ H❡❝F✐♦♥H ❧❛❜❡❧❡❞✳

❤♦F✲❝❛II✐❡I HFI❡HH ❛F ❞✐✛❡I❡♥F ❝♦♠❜✐♥❛F✐♦♥H ♦❢ ❣❛F❡ ❛♥❞ ❞I❛✐♥ ✈♦❧F❛❣❡H Vgs ❛♥❞ Vds✳ ❚❤❡
♥✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡H ❤❛✈❡ ❛ Si/SiO2 ✐♥F❡I❢❛❝❡ ❧❡♥❣F❤ ♦❢ ∼✸✳✹µ♠ ✭❧❡♥❣F❤ ♦❢ F❤❡ ❞I✐❢F I❡❣✐♦♥ ✐H
✷✳✹µ♠✱ ✇❤✐❧❡ F❤❡ ❝❤❛♥♥❡❧ ❧❡♥❣F❤ ✐H ✶✳✵µ♠✮✱ ❛♥❞ ❛ ❣❛F❡ ❧❡♥❣F❤ ♦❢ ∼✷✳✺µ♠✳ ❚❤❡ ♣✲❝❤❛♥♥❡❧
FI❛♥H✐HF♦IH ❤❛✈❡ ❛♥ ✐♥F❡I❢❛❝❡ ❧❡♥❣F❤ ♦❢ ∼✹✳✹µ♠✱ ❛♥❞ ❛ ❣❛F❡ ❧❡♥❣F❤ ♦❢ ∼✸✳✸µ♠✳

❚❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦IH ✇❡I❡ H✉❜❥❡❝F❡❞ F♦ ❤♦F✲❝❛II✐❡I HFI❡HH ✇✐F❤ H✐① ❞✐✛❡I❡♥F ❝♦♠❜✐✲
♥❛F✐♦♥H ♦❢ ❞I❛✐♥ ❛♥❞ ❣❛F❡ ✈♦❧F❛❣❡H Vds✱ Vgs ✭✐✳❡✳ ❛F Vgs ❂ ✷✳✵ ❛♥❞ Vds ❂ ✶✽✱ ✷✵✱ ✷✷❀ Vds

❂ ✷✵ ❛♥❞ Vgs ❂ ✶✳✷✱ ✶✳✺✱ ✷✳✵✮ ❛F I♦♦♠ F❡♠♣❡I❛F✉I❡ ❢♦I HFI❡HH F✐♠❡H ✉♣ F♦ ∼✶▼H✳ ❆H ❢♦I
F❤❡ ♣▲❉▼❖❙ ❞❡✈✐❝❡H✱ F❤❡② ✇❡I❡ HFI❡HH❡❞ ❛F Vds ❂ −✺✵ ❛♥❞ Vgs ❂ −✶✳✺✱ −✶✳✼ ❢♦I HFI❡HH
F✐♠❡H ✉♣ F♦ ∼✹✵ ❦H✳ ❚♦ ♠♦♥✐F♦I ❍❈❉✱ F❤❡ ♥♦I♠❛❧✐③❡❞ ❝❤❛♥❣❡H ✐♥ F❤❡ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F
ΔId,lin(t) ✭❛F Vds ❂ ✵✳✶ ❛♥❞ Vgs ❂ ✸✳✻✮ ❛♥❞ F❤❡ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥F ΔId,sat(t)
✭❛F Vds ❂ ✶✵ ❛♥❞ Vgs ❂ ✸✳✻✮ ✇❡I❡ I❡❝♦I❞❡❞ ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢ HFI❡HH F✐♠❡ ❢♦I ♥▲❉▼❖❙
❞❡✈✐❝❡H✳ ❚❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ΔVt(t) ✇❛H ❛❧H♦ I❡❝♦I❞❡❞ ❢♦I ❛❧❧ HFI❡HH
❝♦♥❞✐F✐♦♥H ✉H✐♥❣ F❤❡ ♠❛①✐♠✉♠ FI❛♥H❝♦♥❞✉❝F❛♥❝❡ ♠❡F❤♦❞✳ ❋♦I F❤❡ ♣▲❉▼❖❙✱ ΔId,sat(t) ❛F
Vds ❂ −✺✵ ❛♥❞ Vgs ❂ −✷✳✺ ✇❛H ♠♦♥✐F♦I❡❞✳ ❚❤❡ I❡❧❛F✐✈❡ ❞I✐❢FH ✐♥ F❤❡ ❝✉II❡♥FH ❛F ❛♥②
F✐♠❡ t ❛I❡ ❞❡✜♥❡❞ ❛H✿

ΔId(t) =
Id(t)− Id(0)

Id(0)
✭✺✳✶✮

✇❤✐❧❡ F❤❡ I❡❧❛F✐✈❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢FH ❛I❡ ❞❡✜♥❡❞ ❛H✿

ΔVt(t) =
Vt(t)− Vt(0)

Vt(0)
✭✺✳✷✮

✺✳✷ ❙✐♠✉❧❛A✐♦♥ ❋E❛♠❡✇♦E❦

❚❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H H❡♥H✐F✐✈❡ F♦ ❞❡F❛✐❧H ♦❢ F❤❡ ❞♦♣✐♥❣ ♣I♦✜❧❡H ❛♥❞
F♦ F❤❡ ❞❡✈✐❝❡ ❛I❝❤✐F❡❝F✉I❡✳ ❚❤❡ ❞❡✈✐❝❡ HFI✉❝F✉I❡ ♦❢ F❤❡ ♥✲ ❛♥❞ ♣▲❉▼❖❙ FI❛♥H✐HF♦IH ✇❛H
❣❡♥❡I❛F❡❞ ❜② F❤❡ ❙❡♥F❛✉I✉H qI♦❝❡HH H✐♠✉❧❛F♦I ✶✾✽ ✇❤✐❝❤ ✇❛H ❝♦✉♣❧❡❞ F♦ F❤❡ ❞❡✈✐❝❡ H✐♠✲
✉❧❛F♦I ▼✐♥✐♠♦%✲◆❚ ✶✷✹✱ ✶✷✺ ❛♥❞ ❝❛❧✐❜I❛F❡❞ H❡❧❢✲❝♦♥H✐HF❡♥F❧② ✐♥ ♦I❞❡I F♦ I❡♣I♦❞✉❝❡ F❤❡
❝❤❛I❛❝F❡I✐HF✐❝H ♦❢ F❤❡ ❢I❡H❤ FI❛♥H✐HF♦I✳ ❆♥ ✐♠♣♦IF❛♥F ✐♥❣I❡❞✐❡♥F ❢♦I I❡❧✐❛❜❧❡ ❛♥❞ ❛❞❡K✉❛F❡
H✐♠✉❧❛F✐♦♥H ♦❢ F❤❡ ❝❛II✐❡I ❉❋ ✇✐F❤ ✐❡♥♥❛❙❍❊ ✐H ❛ ♣I♦♣❡I ♠❡H❤✳ ■F ✐H ✐♠♣♦IF❛♥F F♦ ❡♠✲
♣❤❛H✐③❡ F❤❛F ❡✈❡♥ ✇✐F❤ F❤❡ ❉❉ H❝❤❡♠❡✱ ♠♦❞❡❧✐♥❣ ♦❢ H✉❝❤ ❛ ❧❛I❣❡ ▲❉▼❖❙ FI❛♥H✐HF♦I ✇✐F❤ ❛
❝♦♠♣❧✐❝❛F❡❞ ❣❡♦♠❡FI② ✐H ❛ ♥♦♥✲FI✐✈✐❛❧ F❛H❦✳ ❖♥ F❤❡ ♦♥❡ ❤❛♥❞ F❤❡ I❡K✉✐I❡❞ ♠❡H❤ ✐H ❡①♣❡❝F❡❞
F♦ ❜❡ ✜♥❡ ❡♥♦✉❣❤ ❡H♣❡❝✐❛❧❧② ♥❡❛I F❤❡ Si/SiO2 ✐♥F❡I❢❛❝❡✱ ❛F F❤❡ ❜✐I❞✬H ❜❡❛❦✱ ❛♥❞ ❝❧♦H❡ F♦
♦F❤❡I ✐♠♣♦IF❛♥F ❞❡✈✐❝❡ I❡❣✐♦♥H✳ ❖♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ F❤❡ ♠❡H❤ H❤♦✉❧❞ ♦♥❧② ❝♦♥F❛✐♥ ❛ ♠♦❞✲
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❜② F❤❡ ❝♦❧♦I ♠❛♣✳

❡I❛F❡ ♥✉♠❜❡I ♦❢ ❡❧❡♠❡♥FH ✐♥ ♦I❞❡I F♦ ❡♥H✉I❡ ❛ I❡❛H♦♥❛❜❧❡ H✐♠✉❧❛F✐♦♥ F✐♠❡✳ ❋♦I ✐♥HF❛♥❝❡✱
H✉❝❤ ❛ ♠❡H❤ ❝❛♥ ❜❡ ❝♦❛IH❡ ✐♥ F❤❡ ❙✐ ❜✉❧❦✳ ❚♦ ❛❝❤✐❡✈❡ F❤❡H❡ ❣♦❛❧H✱ F❤❡ ❤✐❣❤❧② ❛❞❛♣F✐✈❡
♠❡H❤✐♥❣ ❢I❛♠❡✇♦I❦ ✐❡♥♥❛▼❡H❤ ✐H ✉H❡❞ ✶✾✾✳ ✐❡♥♥❛▼❡H❤ ❣❡♥❡I❛F❡H ♠❡H❤❡H ❜❛H❡❞ ♦♥ F❤❡
❜✉✐❧F✲✐♥ ♣♦F❡♥F✐❛❧✱ H❡❡ ❋✐❣✉I❡ ✺✳✷ ✷✻✳ ❚❤❡ I❡H✉❧F✐♥❣ ♠❡H❤ ❤❛H ❛ ✜♥❡ I❡H♦❧✉F✐♦♥ ✐♥ ✐♠♣♦I✲
F❛♥F I❡❣✐♦♥H✱ ❛ H✉✣❝✐❡♥F❧② ❧♦✇ ❞❡♥H✐F② ✐♥ ❧❡HH ✐♠♣♦IF❛♥F I❡❣✐♦♥H ❛♥❞ ❝♦♥F❛✐♥H ❛❜♦✉F ✶✶✱✵✵✵
❡❧❡♠❡♥FH✳ ✐❡♥♥❛▼❡H❤ ♣I♦✈❡H F♦ ❜❡ ❜❡♥❡✜❝✐❛❧ ♥♦F ♦♥❧② ❢♦I ❙❍❊ H✐♠✉❧❛F✐♦♥H✱ ❜✉F ❛❧H♦ ❛❧H♦
❢♦I F❤❡ ❉❉ H✐♠✉❧❛F✐♦♥H ✐♥ ▼✐♥✐♠♦%✲◆❚✳

✺✳✸ ❙♣❤❡E✐❝❛❧ ❍❛E♠♦♥✐❝C ❊①♣❛♥C✐♦♥ ❙♦❧✉A✐♦♥

✐❡♥♥❛❙❍❊ ✐H ❛ ❞❡F❡I♠✐♥✐HF✐❝ ❇❚❊ H♦❧✈❡I ✇❤✐❝❤ ❝♦♥H✐❞❡IH ❡♥❡I❣② ❡①❝❤❛♥❣❡ ♠❡❝❤❛♥✐H♠H
H✉❝❤ ❛H F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✱ ✐♠♣❛❝F ✐♦♥✐③❛F✐♦♥✱ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ ❛♥❞ ❡❧❡❝FI♦♥✲♣❤♦♥♦♥ H❝❛FF❡I✲
✐♥❣✱ H❝❛FF❡I✐♥❣ ❛F ✐♦♥✐③❡❞ ✐♠♣✉I✐F✐❡H✱ H✉I❢❛❝❡ H❝❛FF❡I✐♥❣✱ ❛♥❞ ❢✉❧❧✲❜❛♥❞ ❡✛❡❝FH ✶✽✱ ✷✵✱ ✷✵✵✳
❆ ❝❡❧❧✲❝❡♥F❡I❡❞ ❞✐H❝I❡F✐③❛F✐♦♥ H❝❤❡♠❡ ✉H❡❞ ✐♥ ✐❡♥♥❛❙❍❊ H✐♠♣❧✐✜❡H F❤❡ FI❡❛F♠❡♥F ♦❢ ♠❛✲
F❡I✐❛❧ ✐♥F❡I❢❛❝❡H ❛♥❞ ❝❛♥ ❜❡ ✉H❡❞ ♦♥ ❛I❜✐FI❛I② ❣I✐❞H✱ ♥♦F I❡K✉✐I✐♥❣ F❤❡ ❉❡❧❛✉♥❛② ♣I♦♣❡IF②
✹✻✳ ❆H ❛ I❡H✉❧F✱ ✐❡♥♥❛❙❍❊ ♣I♦✈✐❞❡H H♠♦♦F❤ ❉❋ ❝✉I✈❡H H♣I❡❛❞✐♥❣ ♦✈❡I ♠❛♥② ♦I❞❡IH ♦❢
♠❛❣♥✐F✉❞❡ ❛♥❞ ♦✈❡I H❡✈❡I❛❧ ❡❧❡❝FI♦♥✈♦❧FH✳

❋✐❣✉I❡ ✺✳✸ H❤♦✇H F✇♦ H❡FH ♦❢ ❡❧❡❝FI♦♥ ❉❋H ♦❜F❛✐♥❡❞ ❢♦I Vgs ❂ ✷ ❛♥❞ Vds ❂ ✷✵ ❛♥❞
❢♦I ❞✐✛❡I❡♥F ♣♦H✐F✐♦♥H ✐♥ F❤❡ ♥▲❉▼❖❙ ❞❡✈✐❝❡✱ ✐✳❡✳ ♦♥❡ H❡F ❝♦II❡H♣♦♥❞H F♦ F❤❡ ❜✐I❞✬H ❜❡❛❦
I❡❣✐♦♥✱ ✇❤✐❧❡ F❤❡ H❡❝♦♥❞ ♦♥❡ H✉♠♠❛I✐③❡H ❉❋H ❡✈❛❧✉❛F❡❞ ❢♦I F❤❡ ❞I❛✐♥ I❡❣✐♦♥✳ ❖♥❡ ❝❛♥ H❡❡
F❤❛F F❤❡ ❝❛II✐❡I ❉❋H ❛I❡ H❡✈❡I❡❧② ♥♦♥✲❡K✉✐❧✐❜I✐✉♠✳ ❤✐❧❡ ❛F F❤❡ ❞I❛✐♥ ❉❋H ❤❛✈❡ ❛ ❝♦❧❞
▼❛①✇❡❧❧✐❛♥ F❛✐❧ ❛F ❧♦✇ ❡♥❡I❣✐❡H✱ F❤❡ ❉❋H ❝❛❧❝✉❧❛F❡❞ ❢♦I F❤❡ ❜✐I❞✬H ❜❡❛❦ ❞♦ ♥♦F ❤❛✈❡ F❤✐H
❝♦♥FI✐❜✉F✐♦♥ ❛♥❞ F❤❡✐I H❤❛♣❡ ✐H ❝♦♠♣❧❡F❡❧② ❞✐✛❡I❡♥F✳ ■♥ ❛❧❧ ❝❛H❡H F❤❡ ❉❋H ❤❛✈❡ ❡①F❡♥❞❡❞
❤✐❣❤✲❡♥❡I❣② F❛✐❧H✳ ❚❤❡ ❉❋H ❢♦I F❤❡ ♣▲❉▼❖❙ FI❛♥H✐HF♦I ♦❜F❛✐♥❡❞ ❢♦I Vds ❂ −✺✵✱ Vgs ❂
−✶✳✺ ❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✺✳✹✳ ❚❤❡ ❉❋H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❢♦I F❤❡ ❙❚■ ❝♦I♥❡I
❛♥❞ F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ❤❛✈❡ ❛ ❝♦♥H✐❞❡I❛❜❧❡ ❛♠♦✉♥F ♦❢ ❤✐❣❤ ❡♥❡I❣② ❝❛II✐❡IH✳ ❚❤❡H❡ ❉❋H ❛I❡
✉H❡❞ ❛H ❛ ❜❡♥❝❤♠❛I❦ ❢♦I F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤✳
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❋✐❣✉I❡ ✺✳✺✿ ❊❧❡❝FI✐❝ ✜❡❧❞ ♣I♦✜❧❡H H✐♠✉❧❛F❡❞ ✇✐F❤ ▼✐♥✐♠♦%✲◆❚ ❢♦I ❛♥ ♥▲❉▼❖❙ ❛F Vds ❂
✷✷✱ Vgs ❂ ✷✳

❉❋ I❡♣I❡H❡♥F❡❞ ❜② ❊K✉❛F✐♦♥ ✹✳✷✷ ❝❛♥ ♣I❡❞✐❝F F❤❡ ❉❋ ❝✉I✈❡H ❛H ❛❝❝✉I❛F❡❧② ❛H F❤❡ ❙❍❊
♠❡F❤♦❞ ✶✹✼✳ ❚❤❡ ❤✐❣❤ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ FI❛♣H ✐♥ ❧♦✇ ❡♥❡I❣② I❡❣✐♦♥ H✉❣❣❡HFH F❤❛F ❛❧H♦ ✐♥
F❤❡ ❝❛H❡ ♦❢ ❧♦♥❣✲❝❤❛♥♥❡❧ ❛♥❞✴♦I ❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H✱ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ❤❛H ❛
H✐❣♥✐✜❝❛♥F ❝♦♥FI✐❜✉F✐♦♥ ❛♥❞ ❝❛♥♥♦F ❜❡ ✐❣♥♦I❡❞ ✷✻✱ ✶✸✱ ✶✹✼✳

■F ✐H ✐♠♣♦IF❛♥F F♦ ♥♦F❡ F❤❛F F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ♦①✐❞❡ FI❛♣H ✇❛H ♥♦F ❝♦♥H✐❞❡I❡❞✳ ❚❤❡I❡
❛I❡ F✇♦ I❡❛H♦♥H ❢♦I F❤✐H✳ ❋✐IHF✱ ❜✉❧❦ ♦①✐❞❡ FI❛♣H ❛I❡ ❦♥♦✇♥ F♦ ❜❡ I❡H♣♦♥H✐❜❧❡ ❢♦I F❤❡
I❡❝♦✈❡I❛❜❧❡ ❝♦♠♣♦♥❡♥F ♦❢ ❞❡❣I❛❞❛F✐♦♥ ✺✻✳ ❍♦✇❡✈❡I✱ ✐♥ F❤❡ ❞❡✈✐❝❡H ✉H❡❞ ✐♥ F❤✐H ✇♦I❦✱ ♥♦
I❡❝♦✈❡I② ✇❛H ♦❜H❡I✈❡❞ ✉♥❞❡I F❤❡ HFI❡HH ❝♦♥❞✐F✐♦♥H ✉H❡❞ ❤❡I❡✳ ❙❡❝♦♥❞✱ ✈❛I✐♦✉H HF✉❞✐❡H ♦♥
F❤❡ ✐♥F✐♠❛F❡❧② I❡❧❛F❡❞ ♣❤❡♥♦♠❡♥♦♥ ♦❢ ❜✐❛H F❡♠♣❡I❛F✉I❡ ✐♥HF❛❜✐❧✐F② H✉❣❣❡HF F❤❛F FI❛♣♣✐♥❣
✐♥ F❤❡ ♦①✐❞❡ ❜✉❧❦ HF❛IFH F♦ ♣❧❛② ❛ ♣I♦♠✐♥❡♥F I♦❧❡ ❛F ♦①✐❞❡ ✜❡❧❞H ♦❢ ✻▼✴❝♠ ❛♥❞ ❤✐❣❤❡I
✶✶✺✳ ❚❤❡ ♠❛①✐♠✉♠ ♦①✐❞❡ ✜❡❧❞ ✐♥ F❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦IH ✉H❡❞ ✇❛H ∼✶✳✸▼✴❝♠ ❢♦I Vds

❂ ✷✷✱ Vgs ❂ ✷ ✇❤✐❝❤ ✐H H✐❣♥✐✜❝❛♥F❧② H♠❛❧❧❡I F❤❛♥ ✻▼✴❝♠✱ H❡❡ ❋✐❣✉I❡ ✺✳✺✳ ❚❤❡I❡❢♦I❡✱
F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❜✉❧❦ ♦①✐❞❡ FI❛♣H ❝❛♥ ❜❡ ♥❡❣❧❡❝F❡❞✳

❚❤❡ ❡✛❡❝F ♦❢ ♠❛❥♦I✐F② ❝❛II✐❡IH ✐H F✇♦❢♦❧❞✿ F❤❡② ❝❛♥ ❝♦♥FI✐❜✉F❡ F♦ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣
❣❡♥❡I❛F✐♦♥ ❛♥❞ ❛❧H♦ ❜❡ ❝❛♣F✉I❡❞ ❜② ❡①✐HF✐♥❣ ❛♠♣❤♦F❡I✐❝ FI❛♣H✳ ❚❤❡ ❢♦I♠❡I ♠❡❝❤❛♥✐H♠ ✇❛H
I❡♣♦IF❡❞ F♦ ❜❡ I❡H♣♦♥H✐❜❧❡ ❢♦I F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ❛♥❞ ❞I❛✐♥ ❝✉II❡♥F F✉I♥✲❛I♦✉♥❞ ❡✛❡❝FH ✷✵✶✱
✷✵✷✳ ■♥ F❤❡ ♠❡❛H✉I❡♠❡♥FH✱ ❤♦✇❡✈❡I✱ ♥♦ F✉I♥✲❛I♦✉♥❞ ❡✛❡❝FH ✇❡I❡ ♦❜H❡I✈❡❞ ✐♠♣❧②✐♥❣ F❤❛F
F❤❡ ♠❛❥♦I✐F② ❝❛II✐❡I ❝♦♥FI✐❜✉F✐♦♥ F♦ ❍❈❉ ✐H ✇❡❛❦✳ ❉I✐❢F✲❞✐✛✉H✐♦♥ H✐♠✉❧❛F✐♦♥H ♣❡I❢♦I♠❡❞
❢♦I F❤❡ ▲❉▼❖❙ ❞❡✈✐❝❡H✱ ❛H ❞✐H❝✉HH❡❞ ✐♥ ♥❡①F H❡❝F✐♦♥✱ ❛❧H♦ H❤♦✇❡❞ F❤❛F ✐♠♣❛❝F ✐♦♥✐③❛F✐♦♥
❧❡❛❞H F♦ ❧♦✇ ♦I ♠♦❞❡I❛F❡ ♠❛❥♦I✐F② ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥H F❤I♦✉❣❤♦✉F F❤❡ ❝❤❛♥♥❡❧ ✐♥ F❤❡
✐♥F❡I❢❛❝❡ I❡❣✐♦♥✳

✺✳✺ ▼♦❞❡❧✐♥❣ A❤❡ ❉❡❣E❛❞❛A✐♦♥ ✐♥ ♥▲❉▼❖❙ ❚E❛♥C✐CA♦E

❚❤❡ ❉❉✲❜❛H❡❞ H❝❤❡♠❡ ✐H ❛❜❧❡ F♦ I❡♣I❡H❡♥F F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ❢♦I F❤❡ H♦✉I❝❡
❛♥❞ ❝❤❛♥♥❡❧ I❡❣✐♦♥H✳ ◆♦F❡ F❤❛F ✐♥ F❤❡H❡ ❞❡✈✐❝❡ H❡❝F✐♦♥H F❤❡ ❉❋H ❛I❡ ♥♦F H❡✈❡I❡❧② ♣❡I✲

✺✶
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❋✐❣✉I❡ ✺✳✻✿ ❚❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧ ✐♥ ❛♥ ♥▲❉▼❖❙ ❝❛❧❝✉❧❛F❡❞ ✉H✐♥❣ F❤❡ ❉❋H ♦❜F❛✐♥❡❞
✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❛♥❞ ✉H✐♥❣ ✐❡♥♥❛❙❍❊ ❢♦I Vds ❂ ✷✵✱ Vgs ❂ ✷ ❢♦I F❤❡ H✐♥❣❧❡✲
❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H✳

F✉I❜❡❞ ❢I♦♠ ❡K✉✐❧✐❜I✐✉♠✳ ❆H ❛❧I❡❛❞② H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✺✳✸✱ F❤❡ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ F❤❡
♥♦♥✲❡K✉✐❧✐❜I✐✉♠ ❉❋H ✐H ❛❧H♦ ❣♦♦❞✱ ❡H♣❡❝✐❛❧❧② ♥❡❛I F❤❡ ❜✐I❞✬H ❜❡❛❦ ♦❢ F❤❡ ♥▲❉▼❖❙ FI❛♥H✐H✲
F♦I✳ ❆H ❢♦I F❤❡ ❞I❛✐♥ I❡❣✐♦♥✱ ❛ H♠❛❧❧ ❞✐H❝I❡♣❛♥❝② ✐H ✈✐H✐❜❧❡ ❛F ❤✐❣❤ ❡♥❡I❣✐❡H✳ ❆F F❤❡H❡ ❤✐❣❤
❡♥❡I❣✐❡H✱ ❤♦✇❡✈❡I✱ F❤❡ ❉❋ ❤❛H ❞I♦♣♣❡❞ ❜② ♠♦I❡ F❤❛♥ ✷✵ ♦I❞❡IH ♦❢ ♠❛❣♥✐F✉❞❡ ❛♥❞ F❤✐H ❞✐H✲
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❋✐❣✉I❡ ✺✳✼✿ ■♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H ✐♥ ❛♥ ♥▲❉▼❖❙ ❡✈❛❧✉❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲ ❛♥❞
❙❍❊✲❜❛H❡❞ ♠♦❞❡❧H ❢♦I HFI❡HH ✈♦❧F❛❣❡H Vds ❂ ✷✵✱ Vgs ❂ ✷ ❛♣♣❧✐❡❞ ❢♦I ✶✵ H ❛♥❞ ✶▼H✳
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❋✐❣✉I❡ ✺✳✽✿ ❚❤❡ ❡❧❡❝FI♦♥ ❛♥❞ ❤♦❧❡ ❝♦♥❝❡♥FI❛F✐♦♥H ✐♥ ❛♥ ♥▲❉▼❖❙ ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢ F❤❡
❝♦♦I❞✐♥❛F❡ y ♣❡I♣❡♥❞✐❝✉❧❛I F♦ F❤❡ Si/SiO2 ✐♥F❡I❢❛❝❡ ❡✈❛❧✉❛F❡❞ ♥❡❛I F❤❡ ❞I❛✐♥ I❡❣✐♦♥✱ F❤❡
❜✐I❞✬H ❜❡❛❦✱ ❛♥❞ ✐♥ F❤❡ ❝❤❛♥♥❡❧✳

❝I❡♣❛♥❝② ❞♦❡H ♥♦F FI❛♥H❢♦I♠ ✐♥F♦ ❛ H✐❣♥✐✜❝❛♥F ❡II♦I ♦❢ F❤❡ ♠♦❞❡❧✳ ❚♦ ♣I♦✈❡ F❤✐H✱ F❤❡
❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ❝❛❧❝✉❧❛F❡❞ ❜② ❊K✉❛F✐♦♥ ✹✳✷✾ ❛I❡ ♣❧♦FF❡❞ ❢♦I ❜♦F❤ F❤❡ H✐♥❣❧❡✲ ❛♥❞
♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H✳ ❋✐❣✉I❡ ✺✳✻ H❤♦✇H F❤❛F F❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ❝♦♠♣✉F❡❞ ✇✐F❤
F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤❡H ❛I❡ K✉✐F❡ H✐♠✐❧❛I✱ ❛♥❞ F❤✉H F❤❡ ❞✐H❝I❡♣❛♥❝② ✐♥ F❤❡
❉❋H ❛F ❤✐❣❤ ❡♥❡I❣✐❡H✱ ✈✐H✐❜❧❡ ❢♦I F❤❡ ❝❛H❡ ♦❢ F❤❡ ❞I❛✐♥ I❡❣✐♦♥✱ ✐H ✐♥H✐❣♥✐✜❝❛♥F✳ ❋✐❣✉I❡
✺✳✻ ❛❧H♦ ❞❡♠♦♥HFI❛F❡H F❤❛F F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ♣❧❛②H ❛♥ ✐♠♣♦IF❛♥F I♦❧❡ ✐♥ ❧❛I❣❡
❞❡✈✐❝❡H H✉❝❤ ❛H F❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦I ❛♥❞ H❤♦✉❧❞ ❜❡ ❝♦♥H✐❞❡I❡❞ ✐♥ F❤❡ ♠♦❞❡❧✳ ❚❤✐H
✐H ❜❡❝❛✉H❡ F❤❡ ♣❡❛❦ ✐♥ F❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧ ✈H F❤❡ ❧❛F❡I❛❧ ❞❡✈✐❝❡ ❝♦♦I❞✐♥❛F❡ ❝✉I✈❡ ❛F
x ∼✷✳✽µ♠ ❝♦II❡H♣♦♥❞H F♦ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣I♦❝❡HH ✐♥❞✐❝❛F✐♥❣ F❤❛F F❤❡
▼❈✲♠❡❝❤❛♥✐H♠ ✐H F❤❡ ♠❛❥♦I H♦✉I❝❡ ♦❢ ❞❡❢❡❝F ❝I❡❛F✐♦♥ ♥❡❛I F❤❡ H♦✉I❝❡ I❡❣✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡✳

❚❤❡ Nit(x) ♣I♦✜❧❡H H✐♠✉❧❛F❡❞ ✉H✐♥❣ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤❡H ❢♦I F❤❡ ❡♥F✐I❡
❧❛F❡I❛❧ ❝♦♦I❞✐♥❛F❡ I❛♥❣❡ ❛♥❞ ❢♦I ✶✵ H ❛♥❞ ✶▼H ❛I❡ ♣I❡H❡♥F❡❞ ✐♥ ❋✐❣✉I❡ ✺✳✼✳ ■F ❝❛♥ ❜❡
H❡❡♥ ❢I♦♠ ❋✐❣✉I❡H ✺✳✸ ❛♥❞ ✺✳✻ F❤❛F F❤❡ ❝❛II✐❡IH ♥❡❛I F❤❡ ❞I❛✐♥ ❛I❡ I❛F❤❡I ❤♦F ❛♥❞ ❜♦F❤
F❤❡ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠H ❛I❡ H❛F✉I❛F❡❞✱ F❤✉H ❧❡❛❞✐♥❣ F♦ ❛♥ Nit ♣❡❛❦ ❛F
F❤❡ ❞I❛✐♥ I❡❣✐♦♥✳ ❆♥♦F❤❡I ♣❡❛❦ ✐H ♣I♦♥♦✉♥❝❡❞ ✐♥ F❤❡ ✈✐❝✐♥✐F② ♦❢ F❤❡ ❜✐I❞✬H ❜❡❛❦ ✇❤✐❝❤ ✐H
❞✉❡ F♦ F❤❡ H✐♥❣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ❛H F❤❡ I❛F❡ ♦❢ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ✭❋✐❣✉I❡ ✺✳✻✮ ✐H
♥❡❣❧✐❣✐❜❧❡ ✐♥ F❤✐H I❡❣✐♦♥✳ ❚❤❡ F❤✐I❞ Nit ♠❛①✐♠✉♠ ❧♦❝❛F❡❞ ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❛F x ∼ ✷✳✽µ♠
HF❡♠H ❢I♦♠ F❤❡ ❝♦♠♠♦♥ ❛❝F✐♦♥ ♦❢ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠ ♦❢ F❤❡ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥
❛♥❞ F❤❡ ✐♥F❡I❛❝F✐♦♥ ♦❢ F❤❡ ❞✐♣♦❧❡ ♠♦♠❡♥F ♦❢ F❤❡ ❜♦♥❞ ✇✐F❤ F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞ ✷✻✳ ❚❤❡ I♦❧❡
♦❢ F❤✐H Nit ♣❡❛❦ ✐♥ F❤❡ ❝❤❛♥♥❡❧ ✐H ❛❧H♦ ✐♠♣♦IF❛♥F ❢♦I F❤❡ I❡♣I❡H❡♥F❛F✐♦♥ ♦❢ F❤❡ ♦✈❡I❛❧❧ ❞❡✈✐❝❡
❞❡❣I❛❞❛F✐♦♥✳

■F ✐H ✇♦IF❤ ❞✐H❝✉HH✐♥❣ F❤❛F ♦♥❧② F❤❡ ❡❧❡❝FI♦♥ ✐♥❞✉❝❡❞ ♣♦IF✐♦♥ ♦❢ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ✐H
❝♦♥H✐❞❡I❡❞ ❜❡❝❛✉H❡ F❤❡ ❤♦❧❡ ❝♦♥❝❡♥FI❛F✐♦♥ ❛F F❤❡ ✐♥F❡I❢❛❝❡ ✐H ✈❡I② ❧♦✇✳ ❋✐❣✉I❡ ✺✳✽ H❤♦✇H
F❤❡ ❤♦❧❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♣❧♦FF❡❞ ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢ F❤❡ ❝♦♦I❞✐♥❛F❡ ♦IF❤♦❣♦♥❛❧ F♦ F❤❡ Si/SiO2

✐♥F❡I❢❛❝❡ ❡✈❛❧✉❛F❡❞ ❢♦I F❤I❡❡ ❞✐✛❡I❡♥F ♣♦H✐F✐♦♥H ✐♥ F❤❡ ♥▲❉▼❖❙ ❞❡✈✐❝❡H✿ ❛F F❤❡ ❞I❛✐♥✱ ✐♥
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❋✐❣✉I❡ ✺✳✾✿ ❚❤❡ ❡①♣❡I✐♠❡♥F❛❧ ❝❤❛♥❣❡ ✐♥ F❤❡ H❛F✉I❛F✐♦♥ ❛♥❞ F❤❡ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥FH ♣❧♦FF❡❞
✈H✳ H✐♠✉❧❛F✐♦♥H ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❢♦I ❛ ❣❛F❡
✈♦❧F❛❣❡ Vgs ❂ ✷ ❛♥❞ ❞I❛✐♥ ✈♦❧F❛❣❡ Vds ❂ ✶✽ ✐♥ ❛♥ ♥▲❉▼❖❙ FI❛♥H✐HF♦I✳
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❋✐❣✉I❡ ✺✳✶✵✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✺✳✾ ❜✉F ❢♦I Vgs ❂ ✷ ❛♥❞ Vds ❂ ✷✵✳

F❤❡ ❝❤❛♥♥❡❧✱ ❛♥❞ ♥❡❛I F❤❡ ❜✐I❞✬H ❜❡❛❦✳ ❋♦I ❝♦♠♣❛I✐H♦♥✱ F❤❡ ❡❧❡❝FI♦♥ ❝♦♥❝❡♥FI❛F✐♦♥ ♣I♦✜❧❡H
❛I❡ ❛❧H♦ ♣❧♦FF❡❞ ✐♥ ❋✐❣✉I❡ ✺✳✽✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F F❤❡ ❤♦❧❡ ❝♦♥❝❡♥FI❛F✐♦♥ ❛F F❤❡ ✐♥F❡I❢❛❝❡ ❞♦❡H
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❋✐❣✉I❡ ✺✳✶✶✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✺✳✾ ❜✉F ❢♦I Vgs ❂ ✷ ❛♥❞ Vds ❂ ✷✷✳
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❋✐❣✉I❡ ✺✳✶✷✿ ❚❤❡ I❡❧❛F✐✈❡ ❝❤❛♥❣❡ ✐♥ F❤❡ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞
✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ❢♦I ❛♥ ♥▲❉▼❖❙ FI❛♥H✐HF♦I✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F ✐❢ F❤❡ ♠♦❜✐❧✐F② ❞❡❣I❛❞❛✲
F✐♦♥ ✐H ♥♦F ❝♦♥H✐❞❡I❡❞✱ F❤❡ ❝❤❛♥❣❡ ✐♥ ❝✉II❡♥F ❝❛♥ ❜❡ H❡✈❡I❡❧② ✉♥❞❡I❡HF✐♠❛F❡❞✳ ❋♦I ✐♥HF❛♥❝❡✱
❛F ❛ HFI❡HH F✐♠❡ ♦❢ ✶▼H F❤❡ ❡II♦I ✐♥ Id,lin(t) ✐H ✷✼%✳

♥♦F ❡①❝❡❡❞ 105 cm−3✱ ✐✳❡✳ ❛I♦✉♥❞ ✶✺ ♦I❞❡IH ♦❢ ♠❛❣♥✐F✉❞❡ ❧♦✇❡I F❤❛♥ F❤❡ ❡❧❡❝FI♦♥ ❝♦♥✲
❝❡♥FI❛F✐♦♥✳ ❚❤❡I❡❢♦I❡✱ ✇❡ ❝♦♥❝❧✉❞❡ F❤❛F F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❤♦❧❡H ❝❛♥ ❜❡ ♥❡❣❧❡❝F❡❞✳ ❚❤❡
♥♦I♠❛❧✐③❡❞ ❡①♣❡I✐♠❡♥F❛❧ ❝❤❛♥❣❡ ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH H✐♠✉❧❛F❡❞ ✇✐F❤
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❋✐❣✉I❡ ✺✳✶✸✿ ❚❤❡ I❡❧❛F✐✈❡ ❝❤❛♥❣❡ ✐♥ Id,sat H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧
❢♦I ❛♥ ♥▲❉▼❖❙ FI❛♥H✐HF♦I✳ ❆F ❛ HFI❡HH F✐♠❡ ♦❢ ✶▼H F❤❡ ❡II♦I ✐♥ Id,sat(t) ✐H ✸✸%✳
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❋✐❣✉I❡ ✺✳✶✹✿ ❚❤❡ ❝❤❛♥❣❡ ✐♥ F❤❡ H❛F✉I❛F✐♦♥ ❛♥❞ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥FH✿ ❡①♣❡I✐♠❡♥F ✈H✳ F❤❡
❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐♥ ❛♥ ♥▲❉▼❖❙✳ ❘❡H✉❧FH ❛I❡ ♦❜F❛✐♥❡❞ ❢♦I ❛ ❞I❛✐♥ ✈♦❧F❛❣❡ Vds ❂ ✷✵ ❛♥❞
❣❛F❡ ✈♦❧F❛❣❡ Vgs ❂ ✶✳✷✳

F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ ✐H ♣❧♦FF❡❞ ❛❣❛✐♥HF F❤❡ ❡①♣❡I✐♠❡♥F❛❧
❞❛F❛ ✐♥ ❋✐❣✉I❡H ✺✳✾✱ ✺✳✶✵ ❛♥❞ ✺✳✶✶ ❢♦I ❛ ✜①❡❞ ❣❛F❡ ✈♦❧F❛❣❡ ♦❢ Vgs ❂ ✷ ❛♥❞ ❛ H❡I✐❡H ♦❢ F❤I❡❡
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❋✐❣✉I❡ ✺✳✶✺✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✺✳✶✹ ❜✉F ❢♦I Vds ❂ ✷✵ ❛♥❞ Vgs ❂ ✶✳✺✳
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❋✐❣✉I❡ ✺✳✶✻✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✺✳✶✹ ❜✉F ❢♦I Vds ❂ ✷✵ ❛♥❞ Vgs ❂ ✷✳

❞✐✛❡I❡♥F ❞I❛✐♥ ✈♦❧F❛❣❡H✿ Vds ❂ ✶✽✱ ✷✵✱ ❛♥❞ ✷✷✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F F❤❡ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥
F❤❡ ❡①♣❡I✐♠❡♥F❛❧ I❡H✉❧FH ❛♥❞ F❤❡ H✐♠✉❧❛F❡❞ ❞❛F❛ ✐H ✈❡I② ❣♦♦❞✳ ■F ✐H ✐♠♣♦IF❛♥F F♦ ❡♠♣❤❛H✐③❡
F❤❛F F❤❡ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ❝✉I✈❡H ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥H ♦❢

✺✼
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❋✐❣✉I❡ ✺✳✶✼✿ ❈♦♠♣❛I✐H♦♥ ♦❢ F❤❡ ❝❤❛♥❣❡ ✐♥ F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ ♦❜F❛✐♥❡❞ ❢I♦♠ ❡①♣❡I✐♠❡♥FH
❛♥❞ H✐♠✉❧❛F✐♦♥ ✐♥ ❛♥ ♥▲❉▼❖❙✱ ✉H✐♥❣ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ♠♦❞❡❧H✱ ❢♦I HFI❡HH ✈♦❧F❛❣❡H
Vgs ❂ ✷ ❛♥❞ Vds ❂ ✷✵ ❛♥❞ ✷✷ ❢♦I HFI❡HH F✐♠❡H ✉♣ F♦ ✶▼H✳

F❤❡ ♠♦❞❡❧ ❛I❡ ❛❧♠♦HF F❤❡ H❛♠❡ ✇✐F❤✐♥ F❤❡ ✇❤♦❧❡ ❡①♣❡I✐♠❡♥F❛❧ F✐♠❡ ✇✐♥❞♦✇✳ ❚❤✐H ♠❛❦❡H
F❤❡ ❧❛FF❡I ✈❡IH✐♦♥ ❛FFI❛❝F✐✈❡ ❢♦I ❡✣❝✐❡♥F ❛♥❞ ♣I❡❞✐❝F✐✈❡ ❍❈❉ H✐♠✉❧❛F✐♦♥H ♦❢ ♥▲❉▼❖❙ ❞❡✲
✈✐❝❡H✳ ❋✐❣✉I❡H ✺✳✶✷ ❛♥❞ ✺✳✶✸ H❤♦✇ F❤❡ ΔId,lin(t) ❛♥❞ ΔId,sat(t) FI❛❝❡H H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡
❉❉✲❜❛H❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ✇✐F❤ ❛♥❞ ✇✐F❤♦✉F F❤❡ ❡✛❡❝F ♦❢ ♠♦❜✐❧✐F② ❞❡❣I❛❞❛F✐♦♥ ✭H❡❡
❊K✉❛F✐♦♥ ✹✳✸✾✮✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F ❢♦I F❤❡ ❡♥F✐I❡ HFI❡HH F✐♠❡ ✇✐♥❞♦✇ F❤❡ ❝✉II❡♥F ❞❡❣I❛❞❛✲
F✐♦♥ H✐♠✉❧❛F❡❞ ❝♦♥H✐❞❡I✐♥❣ ♦♥❧② F❤❡ ❡❧❡❝FI♦HF❛F✐❝H ♣❡IF✉I❜❛F✐♦♥ ❞✉❡ F♦ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡
❜✉✐❧❞✲✉♣ ✐H H✉❜HF❛♥F✐❛❧❧② ✉♥❞❡I❡HF✐♠❛F❡❞✳

❚♦ ❝❤❡❝❦ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐♥ ❣I❡❛F❡I ❞❡F❛✐❧✱ F❤❡ ♥♦I♠❛❧✐③❡❞ ❝❤❛♥❣❡H ✐♥ F❤❡ ❧✐♥❡❛I
❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH H✐♠✉❧❛F❡❞ ❡①❝❧✉H✐✈❡❧② ✇✐F❤ F❤❡ ❉❉✲♠♦❞❡❧ ❢♦I ❛ ✜①❡❞ Vds ❂
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❋✐❣✉I❡ ✺✳✶✽✿ ❚❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢F ✈H✳ HFI❡HH F✐♠❡✿ ❛ ❝♦♠♣❛I✐H♦♥ ❜❡F✇❡❡♥ ❡①♣❡I✐♠❡♥F
❛♥❞ H✐♠✉❧❛F✐♦♥ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❢♦I ❛ ✜①❡❞ ❞I❛✐♥ ✈♦❧F❛❣❡ Vds ❂ ✷✷ ❛♥❞ F✇♦
❞✐✛❡I❡♥F ❣❛F❡ ✈♦❧F❛❣❡H Vgs ❂ ✶✳✷ ❛♥❞ ✷✳

✷✵ ❛♥❞ F❤I❡❡ ❞✐✛❡I❡♥F Vgs ❂ ✶✳✷✱ ✶✳✺✱ ❛♥❞ ✷✳✵ ❛I❡ ♣❧♦FF❡❞ ✐♥ ❋✐❣✉I❡H ✺✳✶✹✱ ✺✳✶✺ ❛♥❞ ✺✳✶✻✳
■F ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ F❤❛F F❤❡ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ F❤❡ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❛♥❞ F❤❡ ❞❡❣I❛❞❛F✐♦♥
FI❛❝❡H ✐H ✈❡I② ❣♦♦❞✳ ❚❤✐H ✐H ❛❧H♦ F❤❡ ❝❛H❡ ❢♦I F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢FH ΔVt(t) ❢♦I Vgs ❂
✷ ❛♥❞ Vds ❂ ✷✵ ❛♥❞ ✷✷ ♦❜F❛✐♥❡❞ ✇✐F❤ ❜♦F❤ ✈❡IH✐♦♥H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ ❛♥❞ ♣❧♦FF❡❞
✈H✳ F❤❡ ♠❡❛H✉I❡❞ ΔVt(t) FI❛❝❡H✱ ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✺✳✶✼✳ ❆❣❛✐♥✱ ❛H ✐♥ F❤❡ ❝❛H❡ ♦❢ F❤❡ ❞I❛✐♥
❝✉II❡♥F ❞❡❣I❛❞❛F✐♦♥✱ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐H ❛♣♣❧✐❡❞ F♦ I❡♣I❡H❡♥F ΔVt(t) FI❛❝❡H ❢♦I Vds ❂
✷✷ ❛♥❞ Vgs ❂ ✶✳✷ ❛♥❞ ✷ ✇✐F❤♦✉F ✉H✐♥❣ F❤❡ ✐❡♥♥❛❙❍❊ ❉❋H ❛H ❛ I❡❢❡I❡♥❝❡✱ H❡❡ ❋✐❣✉I❡
✺✳✶✽✱ ❛♥❞ ❛ ❣♦♦❞ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ ❡①♣❡I✐♠❡♥FH ❛♥❞ F❤❡♦I② ✐H ♦❜F❛✐♥❡❞✳ ■F ✐H ✐♠♣♦IF❛♥F
F♦ ❡♠♣❤❛H✐③❡ F❤❛F ❛❧❧ ❛❜♦✈❡ H✐♠✉❧❛F✐♦♥H ✇❡I❡ ❝❛II✐❡❞ ♦✉F ✇✐F❤ F❤❡ H❛♠❡ ♣❛I❛♠❡F❡I H❡F✳

✺✳✻ ▼♦❞❡❧✐♥❣ A❤❡ ❉❡❣E❛❞❛A✐♦♥ ✐♥ ♣▲❉▼❖❙ ❚E❛♥C✐CA♦E

❚❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ ♠♦❞❡❧ ❜❡②♦♥❞ F❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦I ✇❛H F❡HF❡❞ ❜② ❢♦❧❧♦✇✐♥❣ ❛ H✐♠✐❧❛I
♣I♦❝❡❞✉I❡ ❢♦I ❝❛❧❝✉❧❛F✐♥❣ ❉❋H✱ Nit(x) ♣I♦✜❧❡H✱ ❛♥❞ ❞I❛✐♥ ❝✉II❡♥F ❞❡❣I❛❞❛F✐♦♥ ❝✉I✈❡H ❢♦I
❛♥ ♣▲❉▼❖❙✳ ❊✈❡♥ ✐♥ F❤✐H ❝❛H❡✱ F❤❡ ❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤ ❛♥❞ ❙❍❊
♠❡F❤♦❞ ❛I❡ K✉✐F❡ H✐♠✐❧❛I ❛H ✇❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✺✳✹✳ ❚❤❡ ❉❋ ✐♥ F❤❡ ❝❛H❡ ♦❢ F❤❡ ♣▲❉▼❖❙
FI❛♥H✐HF♦I ❤❛✈❡ ❛ H❧✐❣❤F❧② ❞✐✛❡I❡♥F ❛♣♣❡❛I❛♥❝❡ ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ❛H ❝♦♠♣❛I❡❞ F♦ F❤❡
♥▲❉▼❖❙✱ ❧❛❝❦✐♥❣ F❤❡ ❝♦❧❞ ❝❛II✐❡I ♣❛IF ✭❋✐❣✉I❡H ✺✳✸ ❛♥❞ ✺✳✹✮✱ ✇❤✐❧❡ ♥❡❛I F❤❡ ❙❚■ ❝♦I♥❡I✱
F❤❡② ❧♦♦❦ H✐♠✐❧❛I ❛H ❢♦I F❤❡ ❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥ ✐♥ F❤❡ ♥▲❉▼❖❙✳ ❚❤✐H ✐H ❞✉❡ F♦ ❞✐✛❡I❡♥❝❡H
✐♥ F❤❡ ❛I❝❤✐F❡❝F✉I❡H ✭❛♥❞ ❡✈❡♥ ❞✐✛❡I❡♥F F❡❝❤♥♦❧♦❣② ♥♦❞❡H✮ ♦❢ F❤❡ ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ ▲❉▼❖❙
FI❛♥H✐HF♦IH ✉H❡❞✳ ❆♥♦F❤❡I I❡❛H♦♥ ✇❤✐❝❤ ❧❡❛❞H F♦ F❤❡ ❞✐✛❡I❡♥F H❤❛♣❡H ♦❢ F❤❡ ❉❋H ❢♦I F❤❡
♣▲❉▼❖❙ ❞❡✈✐❝❡H ✐H F❤❡ ❞✐✛❡I❡♥F HFI❡HH ❝♦♥❞✐F✐♦♥H ❢♦I ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ FI❛♥H✐HF♦IH✳ ❉✉❡ F♦
F❤❡ ❤✐❣❤ HFI❡HH ✈♦❧F❛❣❡H ✉H❡❞ ❢♦I F❤❡ ♣▲❉▼❖❙ ✭Vds ❂ −✺✵✮ ❛H ❝♦♠♣❛I❡❞ F♦ F❤❡ ♥▲❉▼❖❙
✭Vds ❂ ✷✵✮✱ ♥♦ ❤✐❣❤ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐H ♣I❡H❡♥F ❛F F❤❡ ❞I❛✐♥ ✐♥ F❤❡ ❢♦I♠❡I
❝❛H❡✳ ❆H ❛ I❡H✉❧F✱ F❤❡ ❉❋H ❢♦I F❤❡ ♣▲❉▼❖❙ ❧❛❝❦H F❤❡ ▼❛①✇❡❧❧✐❛♥ ❧♦✇ ❡♥❡I❣② ❢I❛❣♠❡♥F ✇❤✐❝❤
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❋✐❣✉I❡ ✺✳✶✾✿ ■♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H ♦❜F❛✐♥❡❞ ✇✐F❤ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ♠♦❞❡❧H ❢♦I
F❤❡ ♣▲❉▼❖❙ FI❛♥H✐HF♦I✳ ❚❤❡ HFI❡HH ✈♦❧F❛❣❡H ❛I❡ Vds ❂ −✺✵ ❛♥❞ Vgs ❂ −✶✳✺ ❛♣♣❧✐❡❞
❢♦I HFI❡HH F✐♠❡H ✶✵ H ❛♥❞ ✹✵ ❦H✳
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❋✐❣✉I❡ ✺✳✷✵✿ ❈♦♠♣❛I✐H♦♥ ♦❢ F❤❡ ❝❤❛♥❣❡ ✐♥ F❤❡ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥F ✐♥ F❤❡ ♣▲❉▼❖❙
FI❛♥H✐HF♦I ♦❜F❛✐♥❡❞ ❢I♦♠ ❡①♣❡I✐♠❡♥FH ❛♥❞ H✐♠✉❧❛F✐♦♥H✱ ✉H✐♥❣ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ♠♦❞✲
❡❧H ❢♦I HFI❡HH ✈♦❧F❛❣❡H Vds ❂ −✺✵ ❛♥❞ Vgs ❂ −✶✳✺✱ −✶✳✼ ❢♦I HFI❡HH F✐♠❡H ✉♣ F♦ ✹✵ ❦H✳

✇❛H H❡❡♥ ✐♥ F❤❡ ❉❋ ❝♦II❡H♣♦♥❞✐♥❣ F♦ F❤❡ ♥▲❉▼❖❙✳ ❚❤❡ ❉❋H ❛I❡ F❤❡♥ ✉H❡❞ F♦ ❝❛❧❝✉❧❛F❡
F❤❡ Nit(x) ♣I♦✜❧❡H ❢♦I F❤❡ ❡♥F✐I❡ ❧❛F❡I❛❧ ❝♦♦I❞✐♥❛F❡ ♦❢ F❤❡ ♣▲❉▼❖❙ FI❛♥H✐HF♦I✳ ❚❤❡ Nit(x)
♣I♦✜❧❡H ❛I❡ ♣❧♦FF❡❞ ✐♥ ❋✐❣✉I❡ ✺✳✶✾✳ ❚♦ ❞❡♠♦♥HFI❛F❡ F❤❛F F❤❡ ♠♦❞❡❧ ✇♦I❦H ✇❡❧❧ ❢♦I F❤❡
♣▲❉▼❖❙ ❞❡✈✐❝❡ F♦♦✱ F❤❡ ΔId,sat(t) ♦❜F❛✐♥❡❞ ❢I♦♠ H✐♠✉❧❛F✐♦♥H ✐H ❝♦♠♣❛I❡❞ ❛❣❛✐♥HF F❤❡
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❋✐❣✉I❡ ✺✳✷✶✿ ■♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H ♦❜F❛✐♥❡❞ ✇✐F❤ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ♠♦❞❡❧H✱
❢♦I F❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦I✱ ✇✐F❤♦✉F F❤❡ ❡✛❡❝F ♦❢ F❤❡ ▼❈✲♣I♦❝❡HH✳ ❚❤❡ HFI❡HH ✈♦❧F❛❣❡H ❛I❡
Vds ❂ ✷✵ ❛♥❞ Vgs ❂ ✷ ❛♣♣❧✐❡❞ ❢♦I HFI❡HH F✐♠❡H ✶✵ H ❛♥❞ ✶ ▼H✳ ❚❤❡ ❝❛H❡ ✇❤❡I❡ ❛❧❧
F❤❡ H✉♣❡I♣♦H✐F✐♦♥ ♦❢ ❙❈✲ ❛♥❞ ▼❈✲♣I♦❝❡HH❡H ❛I❡ ❝♦♥H✐❞❡I❡❞ ✐♥ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❛I❡ ❛❧H♦
♣❧♦FF❡❞ ❢♦I ❝♦♠♣❛I✐H♦♥ ✭❣I❡② ❧✐♥❡H✮✳

❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ✐♥ ❋✐❣✉I❡ ✺✳✷✵✳ ❆H ❝❛♥ ❜❡ H❡❡♥✱ F❤❡ H✐♠✉❧❛F❡❞ ❝✉I✈❡H ❛❣I❡❡ ✇❡❧❧ ✇✐F❤ F❤❡
❡①♣❡I✐♠❡♥FH✳

✺✳✼ ❘♦❧❡ ♦❢ ❈♦❧❞ ❈❛EE✐❡EC ✐♥ ❍❈❉

■♥ ♦I❞❡I F♦ HF✉❞② ✐❢ F❤❡ ❡✛❡❝F ♦❢ ❝♦❧❞ ❝❛II✐❡IH ❝❛♥ ❜❡ ♥❡❣❧❡❝F❡❞ ❛F H✉❝❤ ❤✐❣❤ ✈♦❧F❛❣❡H ❛H Vds

≥ ✶✻ F❤❡ Nit(x) ♣I♦✜❧❡H ✇❡I❡ ❝❛❧❝✉❧❛F❡❞ ❢♦I F❤❡ ♥▲❉▼❖❙ ❞❡✈✐❝❡ ✇✐F❤♦✉F F❤❡ ❝♦♥FI✐❜✉F✐♦♥
♦❢ F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠✱ H❡❡ ❋✐❣✉I❡ ✺✳✷✶✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F F❤❡ ❝❤❛♥♥❡❧ Nit ♣❡❛❦ ❞✐H❛♣♣❡❛IH ✐❢
F❤❡ ▼❈✲♣I♦❝❡HH ✐H ✐❣♥♦I❡❞✳ ❚❤✐H ❜❡❤❛✈✐♦I ❝❛♥ ❜❡ ❡❛H✐❧② ❡①♣❧❛✐♥❡❞ ❜❡❝❛✉H❡ ❝❛II✐❡IH ♥❡❛I F❤❡
H♦✉I❝❡ ❛I❡ ❝❧♦H❡ F♦ ❡K✉✐❧✐❜I✐✉♠✱ ❛♥❞ F❤❡I❡❢♦I❡ F❤❡ ❝❛II✐❡IH ♥❡❛I F❤❡ ❝❤❛♥♥❡❧ ❤❛✈❡ ♠♦❞❡I❛F❡
❡♥❡I❣✐❡H ✇❤✐❝❤ ❛I❡ ♥♦F ❡♥♦✉❣❤ F♦ FI✐❣❣❡I F❤❡ ❙❈✲♠❡❝❤❛♥✐H♠H✳

❚❤❡ ✐♠♣♦IF❛♥F ✐HH✉❡ ✇❤✐❝❤ ♥❡❡❞H F♦ ❜❡ ❛❞❞I❡HH❡❞ ✐♥ ♠♦I❡ ❞❡F❛✐❧ ✐H ✇❤❡F❤❡I F❤❡ ❡✛❡❝F
♦❢ ❝♦❧❞ ❝❛II✐❡IH ❝❛♥ ❜❡ ♥❡❣❧❡❝F❡❞ ✐♥ ♥▲❉▼❖❙ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H✳ ❚❤✐H ❡✛❡❝F
✐H F✇♦❢♦❧❞✿ F❤❡ ♣♦♣✉❧❛F✐♦♥ ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐H ❞❡H❝I✐❜❡❞ ❜② F❤❡ H❡❝♦♥❞ F❡I♠ ♦❢ F❤❡ ❡♥❡I❣②
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✭H❡❡ ❊K✉❛F✐♦♥ ✹✳✷✷ ✮ ❛♥❞ F❤❡H❡ ❧♦✇✲❡♥❡I❣❡F✐❝ ♣❛IF✐❝❧❡H ❝♦♥FI✐❜✉F❡ F♦
❍❈❉ ✈✐❛ F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠✳ ❚♦ ❛♥❛❧②③❡ F❤❡ I♦❧❡ ♦❢ F❤❡ ✜IHF ❛H♣❡❝F✱ F❤❡ ❞I❛✐♥ ❉❋H ♦❜F❛✐♥❡❞
✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❡①❝❧✉❞✐♥❣ F❤❡ F❡I♠ ❢♦I ❝♦❧❞ ❝❛II✐❡IH ✐♥ F❤❡
❉❋ ❡①♣I❡HH✐♦♥ ❊K✉❛F✐♦♥ ✹✳✷✷ ✇❡I❡ ❝❛❧❝✉❧❛F❡❞ ❢♦I F✇♦ ❞✐✛❡I❡♥F ❞I❛✐♥ ✈♦❧F❛❣❡H ♦❢ ✷✵ ❛♥❞
✷✷✱ H❡❡ ❋✐❣✉I❡ ✺✳✷✷✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F ❛F ♠♦❞❡I❛F❡ ❛♥❞ ❤✐❣❤ ❡♥❡I❣✐❡H F❤❡ ❛❣I❡❡♠❡♥F ✐H
✈❡I② ❣♦♦❞ ✇❤✐❧❡ ❢♦I ❧♦✇ ❡♥❡I❣✐❡H F❤❡ ▼❛①✇❡❧❧✐❛♥ F❛✐❧H ✈✐H✐❜❧❡ ✐♥ ❙❍❊✲❜❛H❡❞ ❉❋H ❛I❡ ♥♦F
I❡♣I♦❞✉❝❡❞ ❜② F❤❡ ❉❉✲❜❛H❡❞ ♠❡F❤♦❞✳

❚♦ ❝❤❡❝❦ ✐❢ F❤✐H ♦♠✐HH✐♦♥ ✐♥ F❤❡ ❉❋H ❛F ❧♦✇ ❡♥❡I❣✐❡H FI❛♥H❧❛F❡H ✐♥F♦ ❝❤❛♥❣❡H ✐♥ F❤❡
❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥F ❞❡❣I❛❞❛F✐♦♥✱ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ❝✉I✈❡H ❝❛❧❝✉❧❛F❡❞
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❋✐❣✉I❡ ✺✳✷✷✿ ❉❋H ❢♦I F❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦I ❢I♦♠ ✐❡♥♥❛❙❍❊ ❛♥❞ F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤
✇✐F❤♦✉F F❤❡ F❡I♠ ❢♦I ❝♦❧❞ ❝❛II✐❡IH ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷✱ ❢♦I HFI❡HH ✈♦❧F❛❣❡H✿ Vgs ❂ ✷✱ Vds ❂
✷✵ ❛♥❞ ✷✷✳

✇✐F❤♦✉F F❤❡ ❡✛❡❝F ♦❢ ❝♦❧❞ ❝❛II✐❡IH ❢♦I Vgs ❂ ✷ ❛♥❞ Vds ❂ ✶✽ ❛♥❞ ✷✷ ❛I❡ ♣❧♦FF❡❞✱ H❡❡
❋✐❣✉I❡H ✺✳✷✸ ❛♥❞ ✺✳✷✹✳ ❚❤❡H❡ ❞❡❣I❛❞❛F✐♦♥ ❝✉I✈❡H ❛I❡ ❡✈❛❧✉❛F❡❞ ✉H✐♥❣ F❤❡ H❛♠❡ ♣❛I❛♠❡F❡I
H❡F ❛H F❤♦H❡ ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ✏❢✉❧❧✑ ♠♦❞❡❧✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F ❛F H❤♦IF HFI❡HH F✐♠❡H ♥❡❣❧❡❝F✐♥❣
F❤❡ ❝♦❧❞ ❝❛II✐❡I ❝♦♥FI✐❜✉F✐♦♥ ❞♦❡H ♥♦F ❛✛❡❝F ❍❈❉✱ ✇❤✐❧❡ ❛F F✐♠❡H ❧♦♥❣❡I F❤❛♥ ∼✺ ❦H F❤❡
❞I❛✐♥ ❝✉II❡♥F ❝❤❛♥❣❡ ✐H H✉❜HF❛♥F✐❛❧❧② ✉♥❞❡I❡HF✐♠❛F❡❞✳ ❚❤✐H ✐H ❜❡❝❛✉H❡ H❤♦IF F❡I♠ ❍❈❉
✐H ❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ❞I❛✐♥ Nit ♣❡❛❦ ✇❤✐❝❤ ✐H ✈✐H✐❜❧❡ ❛❧I❡❛❞② ❛F ✶✵ H✱ H❡❡ ❋✐❣✉I❡ ✺✳✷✶✳ ■♥
F❤✐H ❞❡✈✐❝❡ ❛I❡❛ ❝❛II✐❡IH ❛I❡ I❛F❤❡I ❤♦F✱ ❛♥❞ F❤❡I❡❢♦I❡ ❜♦F❤ ❙❈✲ ❛♥❞ ▼❈✲♠❡❝❤❛♥✐H♠H ❛I❡
❝♦✉♣❧❡❞ ❛♥❞ ❤❛✈❡ ❤✐❣❤ I❛F❡H✳ ❚❤✉H✱ ✐❣♥♦I✐♥❣ F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ ❝♦❧❞ ❝❛II✐❡IH ❞♦❡H ♥♦F
❝❤❛♥❣❡ F❤❡ ΔId,lin(t) ❛♥❞ ΔId,sat(t) FI❛❝❡H✳

✐F❤ ✐♥❝I❡❛H✐♥❣ HFI❡HH F✐♠❡ F❤❡ ❞I❛✐♥ Nit ♣❡❛❦ ❜❡❝♦♠❡H ❜I♦❛❞❡I✱ ✐✳❡✳ ❍❈❉ ♣I♦♣❛❣❛F❡H
✐♥F♦ F❤❡ ❞❡✈✐❝❡✳ ❍♦✇❡✈❡I✱ ❛F F❤❡H❡ F✐♠❡H ❛ H✉❜HF❛♥F✐❛❧ ❝♦♥FI✐❜✉F✐♦♥ ✐H ♠❛❞❡ F♦ F❤❡ ❞❡❣I❛✲
❞❛F✐♦♥ ❜② F❤❡ ❣I♦✇✐♥❣ Nit ♣❡❛❦H ✐♥H✐❞❡ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ F❤❡ ❜✐I❞✬H ❜❡❛❦✱ H❡❡ ❋✐❣✉I❡ ✺✳✷✶✳
❚❤❡ ♣❡❛❦ ✐♥ F❤❡ ❝❤❛♥♥❡❧ ✐H ❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ▼❈✲♣I♦❝❡HH ✭✐♥ ❝♦♠❜✐♥❛F✐♦♥ ✇✐F❤ F❤❡ ❜♦♥❞
❜I❡❛❦❛❣❡ ❡♥❡I❣② I❡❞✉❝F✐♦♥ ❞✉❡ F♦ F❤❡ ✜❡❧❞✲❞✐♣♦❧❡ ✐♥F❡I❛❝F✐♦♥✮✳ ❙✉♣♣I❡HH✐♥❣ ❡✐F❤❡I F❤❡ ❝♦❧❞
❝❛II✐❡I ❢I❛❝F✐♦♥ ❡✛❡❝F ♦I F❤❡ ▼❈✲♣I♦❝❡HH ❝♦♥FI✐❜✉F✐♦♥ ❧❡❛❞H F♦ ❛♥ ✉♥❞❡I❡HF✐♠❛F✐♦♥ ♦❢ ❍❈❉
❛F ♠♦❞❡I❛F❡ ❛♥❞ ❧♦♥❣ HFI❡HH F✐♠❡H✳ ❚❤✐H ❧❡❛❞H F♦ F❤❡ ❝♦♥❝❧✉H✐♦♥ F❤❛F ❡✈❡♥ ✐♥ F❤❡ ❝❛H❡ ♦❢
❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H F❤❡ ❝♦❧❞ ❝❛II✐❡I ❝♦♥FI✐❜✉F✐♦♥ ❝❛♥♥♦F ❜❡ ♦♠✐FF❡❞✳

❚❤❡ ❝♦❧❞ ❝❛II✐❡IH ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥✱ ❤❛✈✐♥❣ ❛ ✈❡I② ❤✐❣❤ ♦❝❝✉♣❛F✐♦♥ ♣I♦❜❛❜✐❧✐F②✱ ❝❛♥♥♦F
❜❡ I❡♣I❡H❡♥F❡❞ ✐❢ F❤❡ H❡❝♦♥❞ F❡I♠ ❝♦II❡H♣♦♥❞✐♥❣ F♦ F❤❡ ❝♦❧❞ ❝❛II✐❡IH ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷ ✐H
♦♠✐FF❡❞✱ H❡❡ ❋✐❣✉I❡ ✺✳✷✷✳ ◆♦F❡ F❤❛F F❤❡ ❉❋ ✐♥ ❋✐❣✉I❡ ✺✳✷✷ ✇❛H ❡✈❛❧✉❛F❡❞ ❜② ❥✉HF H❡FF✐♥❣
F❤❡ ❝♦❧❞ ❝❛II✐❡I ❝♦❡✣❝✐❡♥F C F♦ ③❡I♦ ✇✐F❤♦✉F ❢✉IF❤❡I I❡♥♦I♠❛❧✐③❛F✐♦♥ ✭✐✳❡✳ F❤❡ ❛I❡❛ ✉♥❞❡I
F❤❡ ❉❋ ❝✉I✈❡ ♥♦ ❧♦♥❣❡I I❡♣I❡H❡♥FH F❤❡ ❧♦❝❛❧ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥✮✳ ❚❤✐H ❝❛♥ H❡✈❡I❡❧② ❛✛❡❝F
F❤❡ ♣I❡❞✐❝F✐✈❡ ❝❛♣❛❜✐❧✐F② ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧✳

✻✷
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❋✐❣✉I❡ ✺✳✷✸✿ ❚❤❡ ❝❤❛♥❣❡ ♦❢ F❤❡ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F ΔId,lin(t) ✐♥ ❛♥ ♥▲❉▼❖❙ ❛H ❛ ❢✉♥❝F✐♦♥
♦❢ HFI❡HH F✐♠❡✿ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛✱ F❤❡ I❡H✉❧FH ♦❢ F❤❡ ❢✉❧❧ ♠♦❞❡❧✱ ❛♥❞ F❤❡ FI❛❝❡H ♦❜F❛✐♥❡❞
♥❡❣❧❡❝F✐♥❣ F❤❡ ❝♦❧❞ ❝❛II✐❡I F❡I♠ ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷ ❛♥❞ ✇✐F❤♦✉F F❤❡ ▼❈✲♣I♦❝❡HH✳ ❚❤❡ HFI❡HH
✈♦❧F❛❣❡H ✇❡I❡ Vgs ❂ ✷ ❛♥❞ Vds ❂ ✶✽ ❛♥❞ ✷✵✳

❋✐❣✉I❡H ✺✳✷✸ ❛♥❞ ✺✳✷✹ H❤♦✇ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❍❈❉ ♠♦❞❡❧
❝♦♥H✐❞❡I✐♥❣ ❜♦F❤ ❙❈✲ ❛♥❞ ▼❈✲♣I♦❝❡HH❡H ❜✉F ✐❣♥♦I✐♥❣ F❤❡ H❡❝♦♥❞ F❡I♠ ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷
❝♦II❡H♣♦♥❞✐♥❣ F♦ F❤❡ ❝♦❧❞ ❝❛II✐❡IH ❢♦I F✇♦ HFI❡HH ❝♦♥❞✐F✐♦♥H✱ ✐✳❡✳ Vgs ❂ ✷✳✵ ❛♥❞ Vds ❂
✶✽ ❛♥❞ ✷✷✳ ■♥F❡I❡HF✐♥❣❧②✱ F❤❡ ❞I❛✐♥ ❝✉II❡♥F ❞❡❣I❛❞❛F✐♦♥ ✐H ♥♦F ❞I❛♠❛F✐❝❛❧❧② ❛✛❡❝F❡❞ ❛F
H❤♦IF HFI❡HH F✐♠❡H ❜② F❤❡ H❡❝♦♥❞ F❡I♠✱ ❜✉F ❛F ❤✐❣❤ HFI❡HH F✐♠❡H✱ ✇❤❡I❡ ♦F❤❡I ♣I♦❝❡HH❡H ❤❛✈❡
♥❡❛I❧② H❛F✉I❛F❡❞✱ F❤❡ ❝♦♥H✐❞❡I❛F✐♦♥ ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥ I❡H✉❧FH ✐♥ ❛ H✐❣♥✐✜❝❛♥F
❞✐✛❡I❡♥❝❡ ♦❢ ΔId,lin(t) ❛♥❞ ΔId,sat(t)✳ ❋✐❣✉I❡H ✺✳✷✸ ❛♥❞ ✺✳✷✹ ❛❧H♦ H❤♦✇ F❤❡ ✐♠♣♦IF❛♥❝❡ ♦❢
F❤❡ ▼❈✲♣I♦❝❡HH ✐♥ F❤❡ ❍❈❉ ♠♦❞❡❧✳

✻✸



 

�
�

��
�
�� 

�

	
��

	
�	

	



����� ���� � ���

	
	 	
� 	
� 	
� 	
� 	
�

����� ���������

�� � 	��� �� ���

������� ��� � �����

!"�� �����
#$� %& ������
#$� ���� �����

 '(%)*

�
�

��
�
�� 

�

	
��

	
�	

	



	
	

����� ���� � ���

	
	 	
� 	
� 	
� 	
� 	
�

����������� � �����

����� ���������

�� � ���� �� ���

� !"#$

%&�� �����
'(� ") ������
'(� ���� �����

❋✐❣✉I❡ ✺✳✷✹✿ ❚❤❡ H❛♠❡ ❛H ✐♥ ❋✐❣✉I❡ ✺✳✷✸ ❜✉F ❢♦I F❤❡ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥F✳

❚❤❡ I❛F❡ ♦❢ F❤❡ ▼❈✲♣I♦❝❡HH✱ ❛H ❛❧I❡❛❞② ❞✐H❝✉HH❡❞✱ ✐H ❞❡F❡I♠✐♥❡❞ ❜② ❊K✉❛F✐♦♥ ✹✳✷✾✱
✇❤❡I❡ F❤❡ F❤I❡H❤♦❧❞ ❡♥❡I❣② εth ✐H F❤❡ ❞✐HF❛♥❝❡ ❜❡F✇❡❡♥ F❤❡ ❙✐✲❍ ❜♦♥❞ ✈✐❜I❛F✐♦♥❛❧ ❧❡✈❡❧H
❛♥❞ ✐H ∼✵✳✷✺ ❡ ✶✸✾✱ ✶✹✵✳ ❆H ❢♦I F❤❡ ❙❈✲♣I♦❝❡HH✱ ✇❤✐❝❤ ❤❛H ❛♥ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ♦❢
∼✷✳✺ ❡✱ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ I❛F❡ ✐H ♥♦F H✐❣♥✐✜❝❛♥F❧② ❛✛❡❝F❡❞ ✐❢ F❤❡ ❉❋H ✇✐F❤ F❤❡ ♦♠✐FF❡❞
❝♦❧❞ ❝❛II✐❡I F❡I♠ ❛I❡ ✉H❡❞✱ ❛H ♦♣♣♦H❡❞ F♦ F❤❡ I❛F❡ ♦❢ F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠✳

❆H ❝❛♥ ❜❡ H❡❡♥ ✐♥ ❋✐❣✉I❡ ✺✳✷✸ ✱ F❤❡ ❍❈❉ ♠♦❞❡❧ ❝♦♥H✐❞❡I✐♥❣ ❥✉HF F❤❡ ❙❈✲♣I♦❝❡HH ❢❛✐❧H
F♦ ❞❡H❝I✐❜❡ ΔId,lin(t)✳ ■♥ F❤❡ ♥▲❉▼❖❙ FI❛♥H✐HF♦I H❤♦IF✲F❡I♠ ❍❈❉ ✐H ❞❡F❡I♠✐♥❡❞ ❜② F❤❡
❞I❛✐♥ Nit ♣❡❛❦✳ ◆❡❛I F❤❡ ❞I❛✐♥✱ F❤❡ ❝❛II✐❡IH ❛I❡ I❛F❤❡I ❤♦F✱ ❛♥❞ F❤❡I❡❢♦I❡ ♦♥❡ ♠❛② ❡①♣❡❝F
F❤❛F ✐❢ F❤❡ ❡✛❡❝F ♦❢ ❝♦❧❞ ♣❛IF✐❝❧❡H ✐H ♥❡❣❧❡❝F❡❞✱ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ Nit ♣❡❛❦ ❛♥❞ ❝❤❛♥❣❡H
♦❢ F❤❡ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H ❛F H❤♦IF HFI❡HH F✐♠❡H ✇✐❧❧ ♥♦F ❜❡ ❛✛❡❝F❡❞✳ ❋✐❣✉I❡ ✺✳✷✸ H❤♦✇H✱
❤♦✇❡✈❡I✱ F❤❛F F❤✐H ✐H ♦♥❧② ♣❛IF✐❛❧❧② FI✉❡ ❛♥❞ ♥❡❣❧❡❝F✐♥❣ F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠ ❧❡❛❞H F♦ H❡✈❡I❡
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❋✐❣✉I❡ ✺✳✷✺✿ ❚❤❡ ❝❤❛♥❣❡ ♦❢ F❤❡ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥F ΔId,sat(t) ✐♥ F❤❡ ♣▲❉▼❖❙ ❛H ❛
❢✉♥❝F✐♦♥ ♦❢ HFI❡HH F✐♠❡✿ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛✱ F❤❡ I❡H✉❧FH ♦❢ F❤❡ ❢✉❧❧ ♠♦❞❡❧✱ ❛♥❞ F❤❡ FI❛❝❡H
♦❜F❛✐♥❡❞ ♥❡❣❧❡❝F✐♥❣ F❤❡ ▼❈✲♣I♦❝❡HH✳ ❚❤❡ HFI❡HH ✈♦❧F❛❣❡H ✇❡I❡ Vds ❂ ✲✺✵ ❛♥❞ Vgs ❂ ✲✶✳✺
❛♥❞ ✲✶✳✼✳

✉♥❞❡I❡HF✐♠❛F✐♦♥ ♦❢ ❜♦F❤ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ❛F H❤♦IF HFI❡HH F✐♠❡H ❛♥❞ ❢♦I ❜♦F❤ ❝♦♠✲
❜✐♥❛F✐♦♥H ♦❢ Vds ❛♥❞ Vgs✳ ❚❤✐H ♦I✐❣✐♥❛F❡H ❢I♦♠ F❤❡ ❢❛❝F F❤❛F ❤♦F ❝❛II✐❡IH ❝♦♥FI✐❜✉F❡ ❛❧H♦ F♦
F❤❡ ▼❈ ❜♦♥❞ ❜I❡❛❦❛❣❡ ♣I♦❝❡HH✳ ▲❡F ✉H ❝♦♥H✐❞❡I ❛♥ ❡❧❡❝FI♦♥ ✇❤✐❝❤ ❤❛H ❣❛✐♥❡❞ ❛♥ ❡♥❡I❣②
♦❢ ✶✳✹ ❡✳ ❚❤✐H ❡❧❡❝FI♦♥ ❝❛♥♥♦F FI✐❣❣❡I F❤❡ ❙❈✲♣I♦❝❡HH ✇❤✐❝❤ ❤❛H ❛♥ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣② ♦❢
✶✳✺ ❡ ✶✸✾✱ ✶✹✵ ❜✉F ✐F ❝❛♥ ❡①❝✐F❡ F❤❡ ❜♦♥❞ F♦ ❛ ❤✐❣❤❡I ❡♥❡I❣② ❧❡✈❡❧✳ ◆♦✇ F❤❡ I❡♠❛✐♥✐♥❣
❜♦♥❞ ❜I❡❛❦❛❣❡ ❡♥❡I❣② ♥❡❡❞❡❞ F♦ ❞❡H♦I❜ F❤❡ ❤②❞I♦❣❡♥ ❛F♦♠ ✐H ∼✵✳✶ ❡ ❛♥❞ F❤❡ ♣I♦❜❛❜✐❧✐F②
♦❢ ✜♥❞✐♥❣ ❝❛II✐❡IH ✇✐F❤ F❤✐H ❡♥❡I❣② ♦I ❛❜♦✈❡ ✐H ✈❡I② ❧❛I❣❡✳ ❚❤❡I❡❢♦I❡✱ ✐F ✐H ❝♦♥❝❧✉❞❡❞ F❤❛F ✐♥
F❤❡ ❞I❛✐♥ ❛I❡❛ F❤❡ ▼❈✲ ❛♥❞ ❙❈✲♣I♦❝❡HH❡H ❛I❡ HFI♦♥❣❧② ❝♦✉♣❧❡❞ ❛♥❞ ♥❡❣❧❡❝F✐♥❣ F❤❡ ❢♦I♠❡I

✻✺



♠❡❝❤❛♥✐H♠ ❧❡❛❞H F♦ H♣✉I✐♦✉H ΔId,lin(t) ❛♥❞ ΔId,sat(t) I❡H✉❧FH✳
❆H ❢♦I F❤❡ I♦❧❡ ♦❢ F❤❡ ❧♦✇ ❡♥❡I❣② ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❡♥H❡♠❜❧❡ ✐♥ F❤❡ ❝♦♥F❡①F ♦❢ F❤❡

❞I❛✐♥ Nit ♣❡❛❦✱ F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ F❤❡H❡ ♣❛IF✐❝❧❡H ✐H H❝I❡❡♥❡❞ ❜② F❤♦H❡ ❡❧❡❝FI♦♥H ✇❤✐❝❤
❤❛✈❡ ❤✐❣❤❡I ❡♥❡I❣✐❡H✳ ❚❤❡I❡❢♦I❡✱ ✐❢ F❤❡ ❝♦❧❞ ❝❛II✐❡I F❡I♠ ✐♥ F❤❡ ❉❋ ❡①♣I❡HH✐♦♥ ✐H ♦♠✐FF❡❞✱
F❤❡ ❞I❛✐♥ Nit ♣❡❛❦ ✐H ♥♦F ✐♠♣❛❝F❡❞ ❛♥❞ F❤❡ ❡II♦I ✐♥ F❤❡ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ✈❛❧✉❡H ✐H
✈✐H✐❜❧❡ ❛F HFI❡HH F✐♠❡H ♦❢ ∼✸ ❦H ❛♥❞ ❧♦♥❣❡I✳ ❆♥ ❛❞❞✐F✐♦♥❛❧ ❢❛❝F♦I ✇❤✐❝❤ ✐H ❛❧H♦ I❡H♣♦♥H✐❜❧❡
❢♦I F❤✐H ❍❈❉ ✉♥❞❡I❡HF✐♠❛F✐♦♥ ✐H ❞✉❡ F♦ F❤❡ ❢❛❝F F❤❛F F❤❡ ❝♦❧❞ ❝❛II✐❡IH ✭F♦❣❡F❤❡I ✇✐F❤ F❤❡
✜❡❧❞✲❞✐♣♦❧❡ ❧♦✇❡I✐♥❣ ♦❢ F❤❡ ❛❝F✐✈❛F✐♦♥ ❡♥❡I❣②✮ ❛I❡ I❡H♣♦♥H✐❜❧❡ ❢♦I F❤❡ ❝❤❛♥♥❡❧ Nit ♣❡❛❦
✇❤✐❝❤ ❝♦♥FI✐❜✉F❡H F♦ ❍❈❉ ❛❧H♦ ✐♥ F❤❡ ❝❛H❡ ♦❢ ❧♦♥❣ HFI❡HH❡H ✷✻✱ ✶✹✼✳

❋✐♥❛❧❧②✱ ΔId,sat(t) ✐H H❤♦✇♥ ♥❡❣❧❡❝F✐♥❣ F❤❡ ▼❈✲♣I♦❝❡HH ✐♥ F❤❡ ❍❈❉ ♠♦❞❡❧ ✐♥ ❋✐❣✉I❡
✺✳✷✺ ❢♦I F❤❡ ♣▲❉▼❖❙ FI❛♥H✐HF♦I✳ ❆❣❛✐♥✱ ❛♥ ✉♥❞❡I❡HF✐♠❛F✐♦♥ ♦❢ ❞❡❣I❛❞❛F✐♦♥ ✐H ♦❜H❡I✈❡❞
✐❢ F❤❡ ▼❈✲♣I♦❝❡HH ✐H ♥♦F ✐♥❝❧✉❞❡❞✳ ❙✐♥❝❡ ❛F H✉❝❤ ❤✐❣❤ HFI❡HH ✈♦❧F❛❣❡H ❛H Vds ❂ ✲✺✵
F❤❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ❤♦F ❝❛II✐❡IH ✐H ❤✐❣❤❡I F❤❛♥ ❝♦♠♣❛I❡❞ F♦ F❤❡ ♥▲❉▼❖❙ ❞❡✈✐❝❡✱ F❤❡
✉♥❞❡I❡HF✐♠❛F✐♦♥ ✐H ♥♦F ❛H H❡✈❡I❡✳ ❆H F❤❡ HFI❡HH F✐♠❡ ✐♥❝I❡❛H❡H✱ F❤❡ ❞✐H❝I❡♣❛♥❝② I❡❞✉❝❡H ❞✉❡
F♦ F❤❡ ✐♥❝I❡❛H❡ ✐♥ F❤❡ ♥✉♠❜❡I ♦❢ ❤♦F ❝❛II✐❡IH ❛♥❞ F❤❡ ❙❈✲♣I♦❝❡HH ❞♦♠✐♥❛F❡H ❛F ❧♦♥❣❡I HFI❡HH
F✐♠❡H✳ ◆❡❣❧❡❝F✐♥❣ F❤❡ ❝♦❧❞ ❝❛II✐❡I F❡I♠ ✐♥ ❊K✉❛F✐♦♥ ✹✳✷✷ ❞♦❡H ♥♦F ❛✛❡❝F F❤❡ ❉❋ ❛♥❞ F❤❡
❍❈❉ ✐♥ F❤❡ ♣▲❉▼❖❙ ❛H F❤❡ ❝♦❧❞ ❝❛II✐❡I ❝♦♥❝❡♥FI❛F✐♦♥ ✐H ♥♦F ✈❡I② ❤✐❣❤ ✐♥ F❤✐H ❞❡✈✐❝❡ ❛F
HFI❡HH ✈♦❧F❛❣❡H ♦❢ Vds ❂ ✲✺✵ ❛♥❞ Vgs ❂ ✲✶✳✺ ❛♥❞ ✲✶✳✼✳

❚♦ ❝♦♥❝❧✉❞❡✱ ✐♥ F❤✐H H❡❝F✐♦♥ F❤❡ ♣❤②H✐❝❛❧ ♠♦❞❡❧ ♦❢ ❍❈❉ ✐H ❛♣♣❧✐❡❞ F♦ I❡♣I❡H❡♥F F❤❡
❞❡❣I❛❞❛F✐♦♥ ✐♥ ♥▲❉▼❖❙ ❛♥❞ ♣▲❉▼❖❙ FI❛♥H✐HF♦IH✳ ❚✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❤❛✈❡ ❜❡❡♥
❡①❛♠✐♥❡❞✱ ✐✳❡✳ ❛ ✈❡IH✐♦♥ ✇❤✐❝❤ ❡♠♣❧♦②H F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ♦❜F❛✐♥❡❞ ❢I♦♠ ❛
❞❡F❡I♠✐♥✐HF✐❝ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ H♦❧✈❡I ❛♥❞ ♦♥❡ ✇❤✐❝❤ ✉H❡H F❤❡ H✐♠♣❧❡I ❞I✐❢F✲
❞✐✛✉H✐♦♥ ❛♣♣I♦❛❝❤✳ ❚❤❡ ❡❧❡❝FI♦♥ ❉❋H ❞❡F❡I♠✐♥❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✇❡I❡ ❝♦♠♣❛I❡❞
✇✐F❤ F❤♦H❡ H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ❙❍❊ ❛♣♣I♦❛❝❤ ❛♥❞ ❣♦♦❞ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ F❤❡♠ ✇❛H H❤♦✇♥✳
❆❧F❤♦✉❣❤ H♦♠❡ ❞✐H❝I❡♣❛♥❝② ❜❡F✇❡❡♥ F❤❡ ❉❋H ❝♦♠♣✉F❡❞ ✇✐F❤ F❤❡H❡ F✇♦ ♠♦❞❡❧H ✐H ✈✐H✐❜❧❡
✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥✱ F❤✐H ❞✐H❝I❡♣❛♥❝② ✇❛H H❤♦✇♥ F♦ ♥♦F FI❛♥H❧❛F❡ ✐♥F♦ ❛ H✐❣♥✐✜❝❛♥F ❡II♦I
✐♥ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H✳ ❙✉❝❤ ❛ ❝♦♥❝❧✉H✐♦♥ ❝❛♥ ❜❡ ❞I❛✇♥ ❜❛H❡❞ ♦♥ F❤❡ ❣♦♦❞ ❛❣I❡❡♠❡♥F
❜❡F✇❡❡♥ F❤❡ ❝❛II✐❡I ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ❡✈❛❧✉❛F❡❞ ✇✐F❤ F❤❡ F✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❢♦I
❜♦F❤ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H ♦❢ ❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥✳ ❚❤❡ ❝♦II❡H♣♦♥❞✐♥❣
✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H ❛I❡ ❛❧H♦ ❛❧♠♦HF ✐❞❡♥F✐❝❛❧ ❢♦I ❛ ✇✐❞❡ I❛♥❣❡ ♦❢ HFI❡HH F✐♠❡H
❛♥❞ HFI❡HH ❝♦♥❞✐F✐♦♥H✳ ❚❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧
❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢F ✇❡I❡ ♣I♦♣❡I❧② I❡♣I❡H❡♥F❡❞ ❜② ❜♦F❤ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❢♦I
❞✐✛❡I❡♥F ❝♦♠❜✐♥❛F✐♦♥H ♦❢ ❞I❛✐♥ ❛♥❞ ❣❛F❡ ✈♦❧F❛❣❡H ✉H✐♥❣ ❛ ✉♥✐K✉❡ H❡F ♦❢ ♣❛I❛♠❡F❡IH✳ ●♦♦❞
❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ F❤❡ I❡H✉❧FH ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ♠❡F❤♦❞H H✉❣❣❡HFH
F❤❛F F❤❡ ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❡✣❝✐❡♥F ❞I✐❢F✲❞✐✛✉H✐♦♥ ♠♦❞❡❧ ✐H ✇❡❧❧ H✉✐F❡❞ ❢♦I ❞❡H❝I✐❜✐♥❣ F❤❡
❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐♥ ▲❉▼❖❙ ❞❡✈✐❝❡H✳ ❚❤✐H ♠❛❦❡H F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❛FFI❛❝F✐✈❡
❢♦I ♣I❡❞✐❝F✐✈❡ ❍❈❉ H✐♠✉❧❛F✐♦♥H ♦❢ ▲❉▼❖❙ FI❛♥H✐HF♦IH✳

H✐♥❣ F❤❡ ♣❤②H✐❝H✲❜❛H❡❞ ♠♦❞❡❧ ❢♦I ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✭❙❡❝F✐♦♥ ✹✳✸ ❛♥❞ ✹✳✹✮✱ F❤❡ I♦❧❡
♦❢ ❝♦❧❞❡I ❝❛II✐❡IH ✐♥ ❍❈❉ ♦❢ ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ ▲❉▼❖❙ FI❛♥H✐HF♦IH ✐H ❛❧H♦ ✐♥✈❡HF✐❣❛F❡❞✳ ❚❤❡
❡✛❡❝F ♦❢ ❝♦❧❞ ❝❛II✐❡IH ♦♥ ❍❈❉ ✐H F✇♦❢♦❧❞✿ F❤❡H❡ ❝❛II✐❡IH ❝♦♥FI✐❜✉F❡ F♦ F❤❡ ❧♦✇ ❡♥❡I❣② ❢I❛❝F✐♦♥
♦❢ F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❛♥❞ ❛❧H♦ FI✐❣❣❡I F❤❡ ♠✉❧F✐♣❧❡✲♣❛IF✐❝❧❡ ♣I♦❝❡HH ♦❢
❙✐✲❍ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥✳ ❆H ❛ I❡H✉❧F✱ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ H❝❤❡♠❡ ✐H ♠♦I❡ ❢❡❛H✐❜❧❡ ❢♦I ❛♥❛❧②H✐H
♦❢ F❤❡ I♦❧❡ ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐♥ ❍❈❉ H✐♥❝❡ F❤❡ ❛♥❛❧②F✐❝ ❢♦I♠✉❧❛ ❢♦I F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥
❝♦♥F❛✐♥H F✇♦ F❡I♠H✱ ✐✳❡✳ F❤❡ ♦♥❡ ✇❤✐❝❤ I❡♣I❡H❡♥FH F❤❡ ❤♦F ❝❛II✐❡I ❢I❛❝F✐♦♥ ♦❢ F❤❡ HF❛F✐HF✐❝❛❧
❡♥H❡♠❜❧❡ ❛♥❞ F❤❡ H❡❝♦♥❞ ♦♥❡ ✇❤✐❝❤ ♠♦❞❡❧H F❤❡ F❤❡I♠❛❧✐③❡❞ ❝♦❧❞ ❝❛II✐❡IH✳ ■❢ F❤❡ ♠✉❧F✐♣❧❡✲
❝❛II✐❡I ♣I♦❝❡HH I❛F❡ ✐H ♥❡❣❧❡❝F❡❞✱ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ❛I❡ H❡✈❡I❡❧② ✉♥❞❡I❡HF✐♠❛F❡❞ ✐♥
❜♦F❤ ▲❉▼❖❙ FI❛♥H✐HF♦IH✳ ◆♦F❡ F❤❛F F❤✐H FI❡♥❞ ✐H ❡H♣❡❝✐❛❧❧② ♣I♦♥♦✉♥❝❡❞ ❛F H❤♦IF HFI❡HH
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F✐♠❡H✳ ■F ❤❛H ❜❡❡♥ H❤♦✇♥ F❤❛F H❤♦IF✲F❡I♠ ❍❈❉ ✐H ❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ❞I❛✐♥ Nit ✷✻✱ ✶✹✼✳
■♥ F❤❡ ❞I❛✐♥ F❤❡ ❝❛II✐❡IH ❛I❡ ❤♦F ❡♥♦✉❣❤ ❛♥❞ ❤❛✈❡ ❛ ❤✐❣❤ ❝♦♥❝❡♥FI❛F✐♦♥✳ ❆H ❛ I❡H✉❧F✱
❜♦F❤ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH❡H ♦❢ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ❛I❡ HFI♦♥❣❧② ❝♦✉♣❧❡❞✳ ❋♦I
✐♥HF❛♥❝❡✱ F❤♦H❡ ❝❛II✐❡IH ✇✐F❤ ❡♥❡I❣✐❡H H❧✐❣❤F❧② ❜❡❧♦✇ F❤❡ ❙✐✲❍ ❜♦♥❞ ❜I❡❛❦❛❣❡ ❛❝F✐✈❛F✐♦♥
❡♥❡I❣② ❝❛♥ ❡①❝✐F❡ F❤❡ ❜♦♥❞✱ F❤❡I❡❢♦I❡ ❝♦♥FI✐❜✉F✐♥❣ F♦ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH✳ ■❢ F❤❡
❜♦♥❞ ✐H ❡①❝✐F❡❞ ❜② F❤✐H ♣I♦❝❡HH✱ ❛ H✉❜HF❛♥F✐❛❧❧② ❧♦✇❡I ❡♥❡I❣② ✐H ♥❡❡❞❡❞ F♦ FI✐❣❣❡I F❤❡ ❜♦♥❞
I✉♣F✉I❡ ❡✈❡♥F✳ ❚❤❡I❡❢♦I❡✱ ✐❣♥♦I✐♥❣ F❤❡ ▼❈✲♣I♦❝❡HH I❛F❡ ❝❛♥ ❛❧H♦ ✐♠♣❛❝F F❤❡ I❛F❡ ♦❢ F❤❡
❙❈✲♠❡❝❤❛♥✐H♠✳ ■♥ ❛❞❞✐F✐♦♥✱ F❤❡ ❝♦♠♠♦♥ ❡✛❡❝F ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✇✐F❤ F❤❡ ❜♦♥❞ ✇❡❛❦❡♥✐♥❣
❞✉❡ F♦ F❤❡ ✜❡❧❞✲❞✐♣♦❧❡ ✐♥F❡I❛❝F✐♦♥ ❧❡❛❞H F♦ ❛ ❝❤❛♥♥❡❧ Nit ♣❡❛❦ ✇❤✐❝❤ ❛❧H♦ ❝♦♥FI✐❜✉F❡H F♦
❍❈❉ ❛F ❧♦♥❣❡I HFI❡HH F✐♠❡H✳ ❋✐♥❛❧❧②✱ ✐F ✐H ✐♠♣♦IF❛♥F F♦ ❡♠♣❤❛H✐③❡ F❤❛F ❛❧❧ FI❡♥❞H ❛I❡ F❤❡
H❛♠❡ ❢♦I ❜♦F❤ ♥✲ ❛♥❞ ♣✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡H ❛♥❞ F❤❛F ❢♦I ❜♦F❤ FI❛♥H✐HF♦IH ❛ ✉♥✐K✉❡ H❡F ♦❢ ♠♦❞❡❧
♣❛I❛♠❡F❡IH ❤❛H ❜❡❡♥ ✉H❡❞✳
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❈❤❛♣1❡2 ✻

❈♦♠♣❛B✐@♦♥ ♦❢ ❉B✐❢>✲❉✐✛✉@✐♦♥ ❇❛@❡❞

▼♦❞❡❧@

❆H ❛❧I❡❛❞② ❞✐H❝✉HH❡❞ ✐♥ ❙❡❝F✐♦♥ ✹✱ H❡✈❡I❛❧ ❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H ❡①✐HF ✇❤✐❝❤ ❝❛♥ ❜❡ ❡♠♣❧♦②❡❞
F♦ ♦❜F❛✐♥ F❤❡ ❝❛II✐❡I ❉❋ ✐♥ ❛ H✐♠♣❧❡ ♠❛♥♥❡I✳ ■♥ F❤✐H ❝❤❛♣F❡I✱ F❤❡ ❞✐✛❡I❡♥F ❛♥❛❧②F✐❝ ♠♦❞❡❧H
♣I♦♣♦H❡❞ ❢♦I F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✱ ♥❛♠❡❧② F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥✱ F❤❡ ❈❛HH✐
♠♦❞❡❧✱ F❤❡ ❍❛H♥❛F ❛♣♣I♦❛❝❤✱ F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✱ ❛♥❞ F❤❡ ♠♦❞❡❧ ✉H❡❞ ✐♥ F❤✐H ✇♦I❦ ✭❙❡❝F✐♦♥
✹✳✸✮✱ ❛I❡ ❝♦♠♣❛I❡❞✳ ❚❤❡ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ F❤❡H❡ ♠♦❞❡❧H ❢♦I ❞❡H❝I✐❜✐♥❣ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛✲
F✐♦♥ ✐♥ ♥▲❉▼❖❙ ❞❡✈✐❝❡H ✐H ✈❡I✐✜❡❞✳ ❋♦I I❡❢❡I❡♥❝❡✱ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ❛I❡
❡✈❛❧✉❛F❡❞ ❢I♦♠ F❤❡ ❞✐I❡❝F H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✉H✐♥❣ F❤❡ H♣❤❡I✐❝❛❧
❤❛I♠♦♥✐❝H ❡①♣❛♥H✐♦♥ ♠❡F❤♦❞✳ ❚❤❡ H✐♠✉❧❛F✐♦♥ ❢I❛♠❡✇♦I❦ ✐H F❤❡ H❛♠❡ ❛H ✐♥ ❙❡❝F✐♦♥ ✺✳✷
❝♦♠♣I✐H✐♥❣ ♦❢ ✐❡♥♥❛❙❍❊ ❢♦I ❙❍❊ H✐♠✉❧❛F✐♦♥H✱ ✐❡♥♥❛▼❡H❤ ❢♦I ❣❡♥❡I❛F✐♥❣ F❤❡ ♠❡H❤❡H✱
❙❡♥F❛✉I✉H qI♦❝❡HH H✐♠✉❧❛F♦I ❢♦I ♣I♦❝❡HH H✐♠✉❧❛F✐♦♥H✱ ❛♥❞ ▼✐♥✐♠♦%✲◆❚ ❢♦I ❞❡✈✐❝❡ H✐♠✉❧❛✲
F✐♦♥H✳ ❚❤❡ ❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❞✐✛❡I❡♥F ♠♦❞❡❧H ❛I❡ ✉H❡❞ ✐♥ F❤❡ ❍❈❉ ♠♦❞❡❧ ✭❙❡❝F✐♦♥
✹✳✹✮ F♦ H✐♠✉❧❛F❡ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❣❡♥❡I❛F✐♦♥ I❛F❡H✱ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱
❛♥❞ ❝❤❛♥❣❡H ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧ ❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡
H❤✐❢FH✳ ❚❤❡H❡ ❞❡❣I❛❞❛F✐♦♥ ❝✉I✈❡H ❛I❡ ❝♦♠♣❛I❡❞ ✇✐F❤ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❛♥❞ ❛ ❝♦♥❝❧✉H✐♦♥
♦♥ F❤❡ ✈❛❧✐❞✐F② ♦❢ ❡❛❝❤ ♠♦❞❡❧ ✐H ❞I❛✇♥✳ ❙✐♥❝❡ ❛❧❧ ♠♦❞❡❧H ✉H❡ F❤❡ H❛♠❡ ♣❛I❛♠❡F❡I H❡F✱ F❤❡
❞✐✛❡I❡♥❝❡H ✐♥ F❤❡ I❡H✉❧FH ❝❛♥ ❜❡ ❞✐I❡❝F❧② FI❛❝❡❞ ❜❛❝❦ F♦ ✐♥❛❝❝✉I❛❝✐❡H ✐♥ F❤❡ ❛♣♣I♦①✐♠❛F✐♦♥
♦❢ F❤❡ ❉❋✳

✻✳✶ ❚❤❡ ▼❛①✇❡❧❧✐❛♥ ▼♦❞❡❧

❚❤❡ ❤❡❛J❡❞ ▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥ ✐H ❛ ❢I❡K✉❡♥F❧② ✉H❡❞ ❛♣♣I♦❛❝❤ F♦ ♠✐♠✐❝ F❤❡ ❉❋H ♦❢
♥♦♥✲❡K✉✐❧✐❜I✐✉♠ ❝❛II✐❡IH ✷✽✿

f(ε) = Aexp(−ε/kBTn). ✭✻✳✶✮

❆♥ ❡①❛♠♣❧❡ ♦❢ F❤❡ ❉❋H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ ▼❛①✇❡❧❧✐❛♥ ❢✉♥❝F✐♦♥ ❢♦I ❞✐✛❡I❡♥F I❡❣✐♦♥H ♦❢ F❤❡
♥▲❉▼❖❙ ❞❡✈✐❝❡ ✭❞❡H❝I✐❜❡❞ ✐♥ ❙❡❝F✐♦♥ ✺✳✶✮ ✐H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✻✳✶✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F F❤❡
❉❋H ❡✈❛❧✉❛F❡❞ ✇✐F❤ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❛♣♣I♦❛❝❤ ❛I❡ ❝❧♦H❡ F♦ ❡K✉✐❧✐❜I✐✉♠ ✐♥ F❤❡ ❝❤❛♥♥❡❧
❛♥❞ ❞I❛✐♥ I❡❣✐♦♥H ♦❢ F❤❡ ❞❡✈✐❝❡✱ ✇❤✐❧❡ ✐♥ F❤❡ ❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥✱ F❤❡ ❝❛II✐❡IH ❛I❡ I❛F❤❡I ❤♦F
❛♥❞ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ❉❋H ❛I❡ H❡✈❡I❡❧② ♥♦♥✲❡K✉✐❧✐❜I✐✉♠✳

✻✽
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❋✐❣✉I❡ ✻✳✶✿ ❚❤❡ ❡❧❡❝FI♦♥ ❉❋H ✭❝♦✉♣❧❡❞ ✇✐F❤ F❤❡ ❞❡♥H✐F② ♦❢ HF❛F❡H F♦ H❤♦✇ F❤❡ ❝❛II✐❡I
♦❝❝✉♣❛♥❝②✮ ✐♥ ♥▲❉▼❖❙ ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❛♣♣I♦❛❝❤ ❝♦♠♣❛I❡❞ ✇✐F❤
F❤♦H❡ H✐♠✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❢♦I Vgs ❂ ✷ ❛♥❞ ❢♦I Vds ❂ ✶✽ ❝❛❧❝✉❧❛F❡❞ ❛F F❤❡ ❞I❛✐♥✱
❜✐I❞✬H ❜❡❛❦ ❛♥❞ ❝❤❛♥♥❡❧ I❡❣✐♦♥H✳ ❋♦I ❝♦♠♣❛I✐H♦♥✱ F❤❡ ❉❋H ❡✈❛❧✉❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞
♠♦❞❡❧ ✐♥ ❙❡❝F✐♦♥ ✹✳✸ ✭❧✐❣❤F ❣I❡② ❧✐♥❡H✮ ❛I❡ ❛❧H♦ ♣❧♦FF❡❞✳

✻✳✷ ❈❛CC✐ ▼♦❞❡❧

�
�

 �
 �

�
�

� 
�

	

�

 �



�

�����

����

���

���

����

����

����

����
 

������� �	

� � � � �

����� ������

�����  ���! 

������

�
"
�
�
�
�
# ��

�
��

�

�$%
��&�
'�  � ���#
�(� ���#

❋✐❣✉I❡ ✻✳✷✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✶ ❜✉F ❢♦I F❤❡ ❈❛HH✐ ♠♦❞❡❧✳

✻✾



❈❛LL✐ ❛♥❞ ❘✐❝❝# ♣I♦♣♦H❡❞ ❛♥ ❡①♣I❡HH✐♦♥ F♦ ❛❝❝♦✉♥F ❢♦I F❤❡ ♥♦♥✲▼❛①✇❡❧❧✐❛♥ H❤❛♣❡ ♦❢ F❤❡
❉❋H ♦❜H❡I✈❡❞ ✐♥ ▼❖❙❋❊❚H✱ ❡H♣❡❝✐❛❧❧② ✐♥ F❤❡ ❞I✐❢F ❛♥❞ F❤❡ ❞I❛✐♥ I❡❣✐♦♥H✳ ❚❤❡✐I ♠♦❞❡❧ ❢♦I
F❤❡ ❉❋ ✐H ❣✐✈❡♥ ❜② ✸✸✿

f(ε) = A exp
−χε3/E1.5

�
, ✭✻✳✷✮

✇❤❡I❡ ε ✐H F❤❡ ❝❛II✐❡I ❡♥❡I❣②✱ χ = 0.1 ❛ ✜FF✐♥❣ ♣❛I❛♠❡F❡I ❛♥❞ E F❤❡ ❧♦❝❛❧ ❡❧❡❝FI✐❝ ✜❡❧❞✳
❚❤❡ ❈❛HH✐ ♠♦❞❡❧ I❡H✉❧FH ✐♥ ❉❋H ✇❤✐❝❤ ❛I❡ H✉❜HF❛♥F✐❛❧❧② ♥♦♥✲❡K✉✐❧✐❜I✐✉♠ ✐♥ F❤❡ ❜✐I❞✬H ❜❡❛❦
I❡❣✐♦♥✱ ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✻✳✷✳ ❉✉❡ F♦ F❤❡ ✜①❡❞ ❝✉I✈❛F✉I❡✱ F❤❡ H❤❛♣❡ ♦❢ F❤❡ ❉❋ ✐H H✐♠✐❧❛I
✐♥ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥✳ ❍❡♥❝❡✱ F❤❡ ❝❛II✐❡I ❡♥❡I❣✐❡H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❈❛HH✐
♠♦❞❡❧ ❢♦I F❤❡H❡ ❞❡✈✐❝❡ H❡❝F✐♦♥H ❛I❡ H✐❣♥✐✜❝❛♥F❧② ❧♦✇❡I ❝♦♠♣❛I❡❞ F♦ F❤❡ ❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥✳

✻✳✸ ❍❛C♥❛A ▼♦❞❡❧

❍❛L♥❛J ❡J ❛❧✳ I❡♣❧❛❝❡❞ F❤❡ ❧♦❝❛❧ ❡❧❡❝FI✐❝ ✜❡❧❞ ✐♥ ❈❛HH✐✬H ❡①♣I❡HH✐♦♥ ❜② ❛ ❢✉♥❝F✐♦♥ ♦❢ ❝❛II✐❡I
F❡♠♣❡I❛F✉I❡ F♦ ❝❛♣F✉I❡ F❤❡ ♥♦♥✲❧♦❝❛❧ ❜❡❤❛✈✐♦I ✸✹✿

f(ε) = A exp
�
−!ξ/(η(kBTn)

ν)
�
, ✭✻✳✸✮

✇❤❡I❡ ξ✱ η✱ ❛♥❞ ν ❛I❡ ✜FF✐♥❣ ♣❛I❛♠❡F❡IH✳ ❋✐❣✉I❡ ✻✳✸ H❤♦✇H F❤❡ ❉❋H ♦❜F❛✐♥❡❞ ✉H✐♥❣ ❊K✉❛F✐♦♥
✻✳✸ ❢♦I ❞✐✛❡I❡♥F I❡❣✐♦♥H ♦❢ F❤❡ ❞❡✈✐❝❡✳ ❚❤❡ ❉❋H ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ F❤❡ ❞I❛✐♥ H❡❝F✐♦♥H ❛I❡
H✐♠✐❧❛I F♦ F❤❡ ▼❛①✇❡❧❧✐❛♥✱ H❡❡ ❋✐❣✉I❡ ✻✳✶✱ ✇❤✐❧❡ ❢♦I F❤❡ ❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥✱ F❤❡ ❝❛II✐❡I
❡♥❡I❣✐❡H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❍❛H♥❛F ♠♦❞❡❧ ❡①F❡♥❞ ✉♣ F♦ ✺✳✺ ❡ ❛♥❞ ❜❡②♦♥❞✳
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❋✐❣✉I❡ ✻✳✸✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✶ ❜✉F ❢♦I F❤❡ ❍❛H♥❛F ♠♦❞❡❧✳

✻✳✹ ❘❡❣❣✐❛♥✐ ▼♦❞❡❧

❘❡❣❣✐❛♥✐ ❡J ❛❧✳ ❤❛✈❡ I❡❝❡♥F❧② ❞❡✈❡❧♦♣❡❞ ❛♥ ❛♥❛❧②F✐❝❛❧ ♠♦❞❡❧ ❢♦I F❤❡ ❉❋H ✇❤✐❝❤ ✐H ❢♦❝✉H❡❞
♦♥ ♠♦❞❡❧✐♥❣ ♦❢ ❍❈❉ ✐♥ ▲❉▼❖❙ ❞❡✈✐❝❡H ✸✺✱ ✸✻✳ ❚❤❡ ❉❋ ✐H ❡①♣I❡HH❡❞ ❛H✿

✼✵
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❋✐❣✉I❡ ✻✳✹✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✶ ❜✉F ❢♦I F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✳

f(ε) = A exp [−αε(1 + δε)/(kBTn(1 + βε))] . ✭✻✳✹✮

❍❡I❡ δ ❛♥❞ β ❛I❡ ✜FF✐♥❣ ♣❛I❛♠❡F❡IH✱ ✇❤✐❧❡ A ❛♥❞ α ❛I❡ ❡✈❛❧✉❛F❡❞ ✉H✐♥❣ F❤❡ ❝❛II✐❡I ❝♦♥✲
❝❡♥FI❛F✐♦♥ n ❛♥❞ ❝❛II✐❡I F❡♠♣❡I❛F✉I❡ Tn ❝♦♠♣✉F❡❞ ✉H✐♥❣ F❤❡ ❉❉ H❝❤❡♠❡✳ ■♥ ❧♦♥❣ ❝❤❛♥♥❡❧
❞❡✈✐❝❡H F❤❡ ♠♦♠❡♥F n ❝❛♥ ❜❡ ♦❜F❛✐♥❡❞ ❞✐I❡❝F❧② ❢I♦♠ ❉❉ H✐♠✉❧❛F✐♦♥H ✇❤✐❧❡ Tn ✐H ❡✈❛❧✉✲
❛F❡❞ ✉H✐♥❣ F❤❡ ❧♦❝❛❧ ❡♥❡I❣② ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥ ✶✼✼✳ ❚❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧ ♣I♦❞✉❝❡H ♥♦♥✲
❡K✉✐❧✐❜I✐✉♠ ❉❋H ❢♦I F❤❡ ❜✐I❞✬H ❜❡❛❦ ❛♥❞ ❞I❛✐♥ I❡❣✐♦♥H ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✻✳✹✳ ❆H ❢♦I F❤❡
❝❤❛♥♥❡❧ I❡❣✐♦♥✱ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ❉❋H ❛I❡ ❝❧♦H❡ F♦ F❤❡ ❡K✉✐❧✐❜I✐✉♠ ♦♥❡H✳

❚❤❡ ❉❋H ♦❜F❛✐♥❡❞ ❜② F❤❡ ❛♣♣I♦❛❝❤ ♣I♦♣♦H❡❞ ✐♥ F❤✐H ✇♦I❦✱ ❙❡❝F✐♦♥ ✹✳✸✱ ❛I❡ H❤♦✇♥ ✐♥
F❤❡ ❋✐❣✉I❡H ✻✳✶✱ ✻✳✷✱ ✻✳✸✱ ❛♥❞ ✻✳✹ ❛H ❣I❛② ❝✉I✈❡H✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F F❤✐H ❉❉✲❜❛H❡❞ H❝❤❡♠❡
❢♦I F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❝❛♥ ❛❞❡K✉❛F❡❧② I❡♣I❡H❡♥F F❤❡ ❉❋H✳

✻✳✺ ❘❡C✉❧AC ❛♥❞ ❉✐C❝✉CC✐♦♥

❚♦ ❝❤❡❝❦ F❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ ❞✐✛❡I❡♥F ❍❈❉ ♠♦❞❡❧H✱ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H✱ F❤❡ ✐♥F❡I❢❛❝❡
HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱ ❛♥❞ F❤❡ ❝❤❛♥❣❡ ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧ ❛H
F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢FH ❛I❡ ❝❛❧❝✉❧❛F❡❞✳ ❚❤❡ ❞❛F❛ ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❞✐✛❡I❡♥F ✈❡IH✐♦♥H
♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ ❝♦♠♣❛I❡❞ ❛❣❛✐♥HF F❤❡ ❍❈❉ I❡H✉❧FH ♠❡❛H✉I❡❞ ✐♥ ♥▲❉▼❖❙ FI❛♥H✐HF♦IH✳

✻✳✺✳✶ ❉✐><@✐❜✉<✐♦♥ ❋✉♥❝<✐♦♥> ❛♥❞ ■♥<❡@❢❛❝❡ ❙<❛<❡ ❉❡♥>✐<✐❡>

❚❤❡ ❤❡❛J❡❞ ▼❛①✇❡❧❧✐❛♥ ❉❋H ❛I❡ ♣❧♦FF❡❞ ❛❧♦♥❣ ✇✐F❤ F❤❡ ❉❋H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊
✐♥ ❋✐❣✉I❡ ✻✳✶✳ ❆H ❡①♣❡❝F❡❞✱ F❤❡ ▼❛①✇❡❧❧✐❛♥ ♠♦❞❡❧ ✐H ♦♥❧② ✈❛❧✐❞ ✐♥ F❤❡ ✐♥✐F✐❛❧ ♣❛IF ♦❢ F❤❡
❝❤❛♥♥❡❧ I❡❣✐♦♥ ✇❤❡I❡ F❤❡ ❝❛II✐❡IH ❛I❡ ❛❧♠♦HF ✐♥ ❡K✉✐❧✐❜I✐✉♠✳ ■F ♦✈❡I❡HF✐♠❛F❡H F❤❡ ❉❋H ❛F
❤✐❣❤ ❡♥❡I❣✐❡H ♥❡❛I F❤❡ ❜✐I❞✬H ❜❡❛❦ ❛♥❞ ❢❛✐❧H ❝♦♠♣❧❡F❡❧② ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ♦❢ F❤❡ ♥▲❉▼❖❙
❞❡✈✐❝❡✳ ❚❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥ ❧❡❛❞H F♦ I❡❛H♦♥❛❜❧❡ Nit(x) ♣I♦✜❧❡H ♦♥❧② ✐♥ F❤❡
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❋✐❣✉I❡ ✻✳✺✿ ❚❤❡ Nit ♣I♦✜❧❡H ✐♥ ♥▲❉▼❖❙ FI❛♥H✐HF♦I ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥
✭F♦♣ ✲ ❜❧✉❡ ❧✐♥❡✮ ❛♥❞ F❤❡ ❈❛HH✐ ♠♦❞❡❧ ✭❜♦FF♦♠ ✲ ❜❧✉❡ ❧✐♥❡✮ ❢♦I Vgs ❂ ✷ ❛♥❞ ❢♦I Vds ❂ ✶✽
❛♥❞ HFI❡HH F✐♠❡ ♦❢ ✶✵ H✳ ❋♦I ❝♦♠♣❛I✐H♦♥ ♦❢ F❤❡ Nit ♣I♦✜❧❡ ❢I♦♠ ✐❡♥♥❛❙❍❊ ✭❜❧✉❡ ❞❛H❤❡❞
❧✐♥❡✮ ❛♥❞ F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤ ✉H❡❞ ✐♥ F❤✐H ✇♦I❦ ✭❣I❡② ❧✐♥❡✮ ❛I❡ ❛❧H♦ ♣❧♦FF❡❞✳

❝❤❛♥♥❡❧ ❛♥❞ H♦✉I❝❡ I❡❣✐♦♥H ✇❤❡♥ ❝♦♠♣❛I❡❞ ✇✐F❤ F❤❡ Nit(x) ♣I♦✜❧❡H ❝♦♠♣✉F❡❞ ✉H✐♥❣ F❤❡
❉❋ ❢I♦♠ ✐❡♥♥❛❙❍❊✱ H❡❡ ❋✐❣✉I❡ ✻✳✺✳ ❚❤✐H ❛♣♣I♦❛❝❤ ♦✈❡I❡HF✐♠❛F❡H F❤❡ Nit ✈❛❧✉❡H ✐♥ F❤❡
❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥ ❛♥❞ ❛❧H♦ ❢❛✐❧H ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥✳

❚❤❡ ❈❛LL✐ ♠♦❞❡❧ H❤♦✇H ❛♥ ✐♠♣I♦✈❡♠❡♥F ❢♦I F❤❡ ♥♦♥✲❡K✉✐❧✐❜I✐✉♠ ❝❛H❡ ❜✉F ❝❛♥♥♦F ❞❡✲
H❝I✐❜❡ F❤❡ ❉❋H ♥❡❛I F❤❡ ❞I❛✐♥✳ ❚❤✐H ✐H ❜❡❝❛✉H❡ F❤❡ ❉❋H ❡✈❛❧✉❛F❡❞ ✇✐F❤ F❤✐H ❛♣♣I♦❛❝❤ ❤❛✈❡ ❛
✜①❡❞ ❝✉I✈❛F✉I❡✳ ❋✐❣✉I❡ ✻✳✺ H✉♠♠❛I✐③❡H F❤❡ Nit(x) ♣I♦✜❧❡H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ ❉❋H ❢I♦♠ F❤❡
❈❛HH✐ ♠♦❞❡❧ ❛♥❞ ❢I♦♠ ✐❡♥♥❛❙❍❊✳ ❚❤❡H❡ Nit(x) ♣I♦✜❧❡H ❢I♦♠ F❤❡ F✇♦ ❛♣♣I♦❛❝❤❡H ❛I❡ ♦♥❧②
❝♦♠♣❛I❛❜❧❡ ✐♥ F❤❡ ❜✐I❞✬H ❜❡❛❦ I❡❣✐♦♥✳ ❙✉❝❤ ❛ ❜❡❤❛✈✐♦I ✐H ❛❧H♦ ❝♦♥H✐HF❡♥F ✇✐F❤ F❤❡ ❞✐✛❡I❡♥❝❡
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❋✐❣✉I❡ ✻✳✻✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✺ ❜✉F ❢♦I F❤❡ ❍❛H♥❛F ♠♦❞❡❧ ✭F♦♣✮ ❛♥❞ F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧
✭❜♦FF♦♠✮✳

✐♥ F❤❡ ❉❋H ❝♦♠♣✉F❡❞ ✇✐F❤ F❤✐H ♠♦❞❡❧ ❛♥❞ F❤❛F ❢I♦♠ F❤❡ ❇❚❊ H♦❧✉F✐♦♥✳
❚❤❡ ❍❛L♥❛J ♠❡J❤♦❞ ❝❛♥♥♦F I❡♣I❡H❡♥F F❤❡ ❉❋H ✐♥ ♥❡✐F❤❡I F❤❡ ❜✐I❞✬H ❜❡❛❦ ♥♦I F❤❡ ❞I❛✐♥

I❡❣✐♦♥✱ ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✻✳✸✳ ❚❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F② ✐H ♣❧♦FF❡❞ ✐♥ ❋✐❣✉I❡
✻✳✻✱ ✇❤✐❝❤ ❞♦❡H ♥♦F ♠❛F❝❤ F❤♦H❡ ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ✐♥ F❤❡ ❡♥F✐I❡ X ❝♦♦I❞✐♥❛F❡
I❛♥❣❡✳ ❚❤❡ Nit ✈❛❧✉❡H ❛I❡ H❡✈❡I❡❧② ✉♥❞❡I❡HF✐♠❛F❡❞ ✐♥H✐❞❡ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ ❝❧♦H❡ F♦ F❤❡ ❞I❛✐♥
I❡❣✐♦♥✳

❚❤❡ ❘❡❣❣✐❛♥✐ ❛♣♣N♦❛❝❤ ❛♣♣❡❛IH ♣I♦♠✐H✐♥❣ ❜❡❝❛✉H❡ ✐F ❝❛♥ ❞❡H❝I✐❜❡ F❤❡ ❉❋H ✐♥ ▲❉▼❖❙

✼✸



 

�
�
��
��
� 

�

	
��

	
�

	
�	

	



	
	

 

������ ���� � ���
	
	 	
 	
� 	
� 	
� 	
�

�� �  �

�� � 	� �
�� �  �

������ � �� �������!� �!�!
����       � "!�#����!� �����

❋✐❣✉I❡ ✻✳✼✿ ❙✐♠✉❧❛F❡❞ ΔId,lin(t) FI❛❝❡H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥
♣❧♦FF❡❞ ❛❣❛✐♥HF ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❢♦I ♥▲❉▼❖❙✳ ❙FI❡HH ✈♦❧F❛❣❡H ❛I❡ Vgs ❂ ✷ ❛♥❞ ❢♦I Vds

❂ ✶✽ ❛♥❞ ✷✷✳ ❆H ❛ I❡❢❡I❡♥❝❡✱ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞
✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ ♣❧♦FF❡❞ ✭❣I❡② ❝✉I✈❡H✮✳
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❋✐❣✉I❡ ✻✳✽✿ ❙✐♠✉❧❛F❡❞ ΔId,sat(t) FI❛❝❡H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥
♣❧♦FF❡❞ ❛❣❛✐♥HF ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ❢♦I ♥▲❉▼❖❙✳ ❙FI❡HH ✈♦❧F❛❣❡H ❛I❡ Vgs ❂ ✷ ❛♥❞ ❢♦I Vds

❂ ✶✽ ❛♥❞ ✷✷✳ ❆H ❛ I❡❢❡I❡♥❝❡✱ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞
✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ ♣❧♦FF❡❞ ✭❣I❡② ❝✉I✈❡H✮✳

❞❡✈✐❝❡H ✇✐F❤ ❣♦♦❞ ❛❝❝✉I❛❝② ❡①❝❡♣F ❢♦I F❤❡ ❞I❛✐♥ I❡❣✐♦♥✳ ❚❤❡ I❡❛H♦♥ ✐H F❤❛F ✇✐F❤✐♥ F❤❡
❘❡❣❣✐❛♥✐ ♠♦❞❡❧ F❤❡ ❉❋H ❛I❡ ❧✐♥❦❡❞ F♦ F❤❡ ❧♦❝❛❧ ❡❧❡❝FI✐❝ ✜❡❧❞✱ ❛♥❞ F❤✉H ❤♦F ❝❛II✐❡IH ✇❤✐❝❤
❢♦I♠ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧ ♦❢ F❤❡ ❉❋ ❛I❡ ♥♦F ♣I♦♣❡I❧② ❞❡H❝I✐❜❡❞✳ ❋I♦♠ ❋✐❣✉I❡ ✻✳✹ ♦♥❡ ❝❛♥
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❋✐❣✉I❡ ✻✳✾✿ ΔVt FI❛❝❡H H✐♠✉❧❛F❡❞ ✉H✐♥❣ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥ ✈H ❡①♣❡I✐♠❡♥F❛❧
❞❛F❛ ❢♦I ♥▲❉▼❖❙✳ ❙FI❡HH ✈♦❧F❛❣❡H ❛I❡ Vgs ❂ ✷ ❛♥❞ ❢♦I Vds ❂ ✶✽ ❛♥❞ ✷✷✳ ❆H ❛ I❡❢❡I❡♥❝❡✱
F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ ♣❧♦FF❡❞ ✭❣I❡②
❝✉I✈❡H✮✳

H❡❡ F❤❛F F❤❡H❡ F❛✐❧H ❛I❡ ✉♥❞❡I♣♦♣✉❧❛F❡❞ ✐❢ F❤❡ ❘❡❣❣✐❛♥✐ ❛♣♣I♦❛❝❤ ✐H ✉H❡❞✳ ❆H ❛ I❡H✉❧F✱ F❤✐H
❞✐H❝I❡♣❛♥❝② FI❛♥H❧❛F❡H ❛❧H♦ ✐♥F♦ ❛♥ ❡II♦I ✐♥ Nit ✇❤✐❝❤ ✐H ✉♥❞❡I❡HF✐♠❛F❡❞ ✐♥ F❤❡ ❞I❛✐♥✱ ❛H ✐H
❡✈✐❞❡♥F ❢I♦♠ ❋✐❣✉I❡ ✻✳✻✳

❚❤❡ ❉❋H ❝♦♠♣✉F❡❞ ✇✐F❤ F❤❡ ♠♦❞❡❧ ❞❡✈❡❧♦♣❡❞ ✐♥ F❤✐H ✇♦I❦ ✭❙❡❝F✐♦♥ ✹✳✸✮ ❛I❡ ❛❧H♦ H❤♦✇♥
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❋✐❣✉I❡ ✻✳✶✵✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✼ ❜✉F ❢♦I F❤❡ ❈❛HH✐ ♠♦❞❡❧✳

✼✺



✐♥ ❋✐❣✉I❡H ✻✳✶✱ ✻✳✷✱ ✻✳✸✱ ❛♥❞ ✻✳✹ ❛H ❧✐❣❤F ❣I❛② ❝✉I✈❡H✳ ❚❤❡ ♠♦❞❡❧ ✇❛H H✉❝❝❡HH❢✉❧ ✐♥ I❡♣I❡✲
H❡♥F✐♥❣ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥H ❛❧♦♥❣ F❤❡ ❡♥F✐I❡ ❞❡✈✐❝❡✳

✻✳✺✳✷ ❉❡❣@❛❞❛<✐♦♥ ❚@❛❝❡>

❚❤❡ ❝❤❛♥❣❡H ✐♥ ΔId,lin(t)✱ ΔId,sat(t)✱ ❛♥❞ ΔVt(t) ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❞✐✛❡I❡♥F ♠♦❞❡❧ ✈❡I✲
H✐♦♥H ❛I❡ H✉♠♠❛I✐③❡❞ ❛♥❞ ❝♦♠♣❛I❡❞ F♦ F❤❡ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛ ✐♥ ❋✐❣✉I❡H ✻✳✼ − ✻✳✶✽✳

❚❤❡ ❤❡❛J❡❞ ▼❛①✇❡❧❧✐❛♥ ❛♣♣N♦❛❝❤ ❧❡❛❞H F♦ ❛ H❛F✉I❛F✐♦♥ ♦❢ΔId,lin(t)✱ΔId,sat(t)✱ ❛♥❞ΔVt(t)
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❋✐❣✉I❡ ✻✳✶✶✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✽ ❜✉F ❢♦I F❤❡ ❈❛HH✐ ♠♦❞❡❧✳
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❋✐❣✉I❡ ✻✳✶✷✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✾ ❜✉F ❢♦I F❤❡ ❈❛HH✐ ♠♦❞❡❧✳

✼✻



❛F ∼✺✵✵ H✱ H❡❡ ❋✐❣✉I❡H ✻✳✼ − ✻✳✾✳ ❚❤✐H ✐H I❡❧❛F❡❞ F♦ F❤❡ ❞I❛✐♥ Nit ♣❡❛❦ ✇❤✐❝❤ ✐H ❢♦I♠❡❞ ❜②
❤♦F ❝❛II✐❡IH ❛♥❞ ✇❤✐❝❤ ❞❡F❡I♠✐♥❡H H❤♦IF F❡I♠ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✷✻✱ ✶✹✼✱ ✷✵✸✳ ❖♥❡
❝❛♥ H❡❡ ✐♥ ❋✐❣✉I❡ ✻✳✺ F❤❛F F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② Nit ✐H H❛F✉I❛F❡❞ ❛❧I❡❛❞② ❛F H❤♦IF HFI❡HH
F✐♠❡H✱ ❛♥❞ F❤✉H ❛F ❧♦♥❣ HFI❡HH F✐♠❡H✱ ❍❈❉ ✐H ❞I✐✈❡♥ ❜② ❝♦❧❞❡I ❝❛II✐❡IH ✇❤✐❝❤ ❝♦♥FI✐❜✉F❡
F♦ F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ✷✻✱ ✶✹✼✱ ✷✵✸✳ ❆H ❛ I❡H✉❧F✱ ✐❢ F❤❡ ❡✛❡❝F ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐H
✉♥❞❡I❡HF✐♠❛F❡❞✱ F❤❡ ❝❤❛♥❣❡ ♦❢ F❤❡ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H H❛F✉I❛F❡H ❛F ❧♦♥❣❡I HFI❡HH✳

❋✐❣✉I❡H ✻✳✷ ❛♥❞ ✻✳✺ H❤♦✇ F❤❛F F❤❡ ❈❛LL✐ ♠♦❞❡❧ ❤✐❣❤❧② ✉♥❞❡I❡HF✐♠❛F❡H F❤❡ ❉❋H ❛♥❞ Nit
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❋✐❣✉I❡ ✻✳✶✸✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✼ ❜✉F ❢♦I F❤❡ ❍❛H♥❛F ♠♦❞❡❧✳
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❋✐❣✉I❡ ✻✳✶✹✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✽ ❜✉F ❢♦I F❤❡ ❍❛H♥❛F ♠♦❞❡❧✳
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❋✐❣✉I❡ ✻✳✶✺✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✾ ❜✉F ❢♦I F❤❡ ❍❛H♥❛F ♠♦❞❡❧✳

✈❛❧✉❡H ♥❡❛I F❤❡ ❞I❛✐♥ I❡❣✐♦♥✳ ❆H ❛ ❝♦♥H❡K✉❡♥❝❡✱ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ ❛❧❧ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H
✐H ✉♥❞❡I❡HF✐♠❛F❡❞ ❛H ✇❡❧❧✱ ❡H♣❡❝✐❛❧❧② ❛F H❤♦IF HFI❡HH F✐♠❡H ❛H ✐♥ ❋✐❣✉I❡H ✻✳✶✵ − ✻✳✶✷✳ ❚❤✐H ✐H
❜❡❝❛✉H❡ F❤❡ ♠♦HF ♣I♦♠✐♥❡♥F ❞✐H❝I❡♣❛♥❝② ❜❡F✇❡❡♥ F❤❡ ❉❋H ♦❜F❛✐♥❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞
F❤❡ ❈❛HH✐ ♠♦❞❡❧ ✐H ✈✐H✐❜❧❡ ❢♦I F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ♦❢ F❤❡ ❞❡✈✐❝❡✳ ❚❤❡ H❛♠❡ ❜❡❤❛✈✐♦I ✐H F②♣✐❝❛❧
❛❧H♦ ❢♦I F❤❡ Nit ❞I❛✐♥ ♠❛①✐♠✉♠✱ ✇❤✐❝❤ ✖ ❛H ❛❧I❡❛❞② ❞✐H❝✉HH❡❞ ✖ ❞❡F❡I♠✐♥❡H H❤♦IF✲F❡I♠
❍❈❉✳

❚❤❡ ❍❛L♥❛J ♠❡J❤♦❞ ❜❡❤❛✈❡H H✐♠✐❧❛I❧② F♦ F❤❡ ❈❛HH✐ ♠♦❞❡❧ ✇❤❡I❡ F❤❡ ❉❋ ✈❛❧✉❡H ❛I❡ ✉♥✲
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❋✐❣✉I❡ ✻✳✶✻✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✼ ❜✉F ❢♦I F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✳
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❞❡I❡HF✐♠❛F❡❞ ❢♦I ♠♦HF ♦❢ F❤❡ ❞❡✈✐❝❡ I❡❣✐♦♥H✱ H❡❡ ❋✐❣✉I❡H ✻✳✶✸ − ✻✳✶✺✳ ❆H ❛ I❡H✉❧F✱ F❤❡
❞❡❣I❛❞❛F✐♦♥ ♦❢ ❜♦F❤ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧ ❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡
H❤✐❢F ❛I❡ ♠❛HH✐✈❡❧② ✉♥❞❡I❡HF✐♠❛F❡❞ ✐♥ F❤❡ ❡♥F✐I❡ ❡①♣❡I✐♠❡♥F❛❧ HFI❡HH F✐♠❡ ✇✐♥❞♦✇✳

❆H ❢♦I F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✱ F❤❡ ♠♦❞❡❧ ✉♥❞❡I❡HF✐♠❛F❡H F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F② ♥❡❛I
F❤❡ ❞I❛✐♥✳ ❚❤✐H ♣❡❝✉❧✐❛I✐F② I❡H✉❧FH ✐♥ ✇❡❛❦❡I ❝✉I✈❛F✉I❡H ♦❢ ΔId,lin(t)✱ ΔId,sat(t)✱ ❛♥❞ ΔVt

FI❛❝❡H ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡H ✻✳✶✻ − ✻✳✶✽✳ ❆❧F❤♦✉❣❤ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ❝✉I✈❡H ❛I❡ ❝❧♦H❡ F♦ F❤❡
❡①♣❡I✐♠❡♥F❛❧ ♦♥❡H ❛F ❧♦♥❣ HFI❡HH F✐♠❡H✱ F❤❡② ❛I❡ ✉♥❛❜❧❡ F♦ ♣I❡❞✐❝F F❤❡ ❝♦II❡❝F ❞❡❣I❛❞❛F✐♦♥
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❋✐❣✉I❡ ✻✳✶✼✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✽ ❜✉F ❢♦I F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✳

 

�
�� 

�
�

���

��	

 


���

 ��� �� 
��

��� ��	 ��� ��� ��� ���

�
 � 		 �

�
 � �� �
�
 � 	 �


����� � ����������� ����
���
     �  ����� �����

❋✐❣✉I❡ ✻✳✶✽✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✻✳✾ ❜✉F ❢♦I F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✳
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❢♦I F❤❡ ❡♥F✐I❡ HFI❡HH F✐♠❡ H❧♦F✳
❋✐♥❛❧❧②✱ ❋✐❣✉I❡H ✻✳✼ − ✻✳✾ H❤♦✇ ✈❡I② ❣♦♦❞ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ ♠❡❛H✉I❡❞ ΔId,lin(t)✱

ΔId,sat(t)✱ ❛♥❞ ΔVt ❝✉I✈❡H ❛♥❞ F❤♦H❡ H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ♠❡F❤♦❞ ❞❡✈❡❧♦♣❡❞ ✐♥
F❤✐H ✇♦I❦ ❢♦I F❤❡ ✇❤♦❧❡ HFI❡HH F✐♠❡ ✇✐♥❞♦✇✳ ❇♦F❤ F❤❡ ❙❍❊ ❛♥❞ ❉❉ ✈❛I✐❛♥FH ♦❢ F❤❡ ❍❈❉
♠♦❞❡❧ ✉H❡ F❤❡ H❛♠❡ H❡F ♦❢ ♣❛I❛♠❡F❡IH ❢♦I ❞✐✛❡I❡♥F ❝♦♠❜✐♥❛F✐♦♥H ♦❢ HFI❡HH ✈♦❧F❛❣❡H ❛♥❞ ❢♦I
F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ♦❢ ❞✐✛❡I❡♥F ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H✳

❚♦ ❝♦♥❝❧✉❞❡✱ ✐♥ F❤✐H H❡❝F✐♦♥ ❛ ❝♦♠♣❛I✐H♦♥ ❜❡F✇❡❡♥ ✈❛I✐♦✉H ❍❈❉ ♠♦❞❡❧H✱ ✇❤✐❝❤ ❡♠♣❧♦②
❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H F♦ ❛♣♣I♦①✐♠❛F❡ F❤❡ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥✱
❤❛H ❜❡❡♥ ♣❡I❢♦I♠❡❞ ✉H✐♥❣ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ❞❛F❛ ♠❡❛H✉I❡❞ ♦♥ ♥▲❉▼❖❙ ❞❡✈✐❝❡H✳
■♥ H❡✈❡I❛❧ I❡❛❧✐③❛F✐♦♥H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧✱ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ♦❜F❛✐♥❡❞
✇✐F❤ F❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥✱ ❈❛HH✐✱ ❍❛H♥❛F✱ ❘❡❣❣✐❛♥✐ ❛♥❞ ♦✉I ♠♦❞❡❧ ❛I❡ ✉H❡❞✳ ❚❤❡H❡
❞✐✛❡I❡♥F ✈❡IH✐♦♥H ❛I❡ ❝♦♠♣❛I❡❞ ✐♥ F❡I♠H ♦❢ ❝❛II✐❡I ❉❋H✱ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱ ❛♥❞
❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH✱ ❛H ✇❡❧❧ ❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡✳
❚❤❡ ❤❡❛F❡❞ ▼❛①✇❡❧❧✐❛♥ ♥❡❣❧❡❝FH F❤❡ ❝♦❧❞ ❝❛II✐❡I ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❡♥H❡♠❜❧❡ ❛♥❞ F❤✉H
F❤❡Nit(x) ♣I♦✜❧❡H ❛I❡ ❛❞❡K✉❛F❡ F♦ H♦♠❡ ❡①F❡♥❞ ♦♥❧② ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞ H♦✉I❝❡ I❡❣✐♦♥H✳ ❆H ❛
I❡H✉❧F✱ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ✭ΔId,lin(t)✱ ΔId,sat(t)✱ ❛♥❞ΔVt(t)✮ H❤♦✇ ❛ H♣✉I✐♦✉H H❛F✉I❛F✐♦♥
❛F ❧♦♥❣❡I HFI❡HH F✐♠❡H✳ ❚❤❡ ❈❛HH✐ ❛♥❞ ❍❛H♥❛F ♠♦❞❡❧H ✉♥❞❡I❡HF✐♠❛F❡ F❤❡ ✈❛❧✉❡H ♦❢ F❤❡ ❝❛II✐❡I
❉❋H ✐♥ ♠♦HF ♦❢ F❤❡ ❞❡✈✐❝❡ I❡❣✐♦♥H✳ ❆H ❢♦I F❤❡ Nit(x) ♣I♦✜❧❡H✱ F❤❡ ❢♦I♠❡I ❛♣♣I♦❛❝❤ ❧❡❛❞H
F♦ H♦♠❡✇❤❛F I❡❛H♦♥❛❜❧❡ Nit ✈❛❧✉❡H ♦♥❧② ♥❡❛I F❤❡ ❜✐I❞✬H ❜❡❛❦✱ ✇❤✐❧❡ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡
❞❡♥H✐F✐❡H H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ❧❛FF❡I ❛♣♣I♦❛❝❤ ❤❛✈❡ H✉❜HF❛♥F✐❛❧❧② ❧♦✇❡I ✈❛❧✉❡H ✭❛H ❝♦♠♣❛I❡❞
F♦ F❤♦H❡ ❡✈❛❧✉❛F❡❞ ✉H✐♥❣ F❤❡ ❢✉❧❧ ❇❚❊ H♦❧✉F✐♦♥✮ ✐♥ F❤❡ ❡♥F✐I❡ I❛♥❣❡ ♦❢ F❤❡ ❧❛F❡I❛❧ ❝♦♦I❞✐♥❛F❡✳
❚❤❡I❡❢♦I❡✱ F❤❡ΔId,lin(t)✱ ΔId,sat(t)✱ ❛♥❞ΔVt(t) ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H ❝♦♠♣✉F❡❞ ✉H✐♥❣
F❤❡ ❈❛HH✐ ❛♥❞ ❍❛H♥❛F ♠♦❞❡❧H ❛I❡ ✉♥❞❡I❡HF✐♠❛F❡❞ ✇✐F❤✐♥ F❤❡ ❡♥F✐I❡ HFI❡HH F✐♠❡ H❧♦F✳ ❚❤❡
❘❡❣❣✐❛♥✐ ♠♦❞❡❧ ❝❛♥ I❡♣I❡H❡♥F F❤❡ ❉❋H ❢♦I ♠♦HF ❞❡✈✐❝❡ I❡❣✐♦♥H ❡①❝❡♣F F❤❡ ❞I❛✐♥ ✇❤❡I❡ F❤❡
❛❣I❡❡♠❡♥F ❞❡F❡I✐♦I❛F❡H✳ ❆H ❛ I❡H✉❧F✱ F❤❡ ❝✉I✈❛F✉I❡ ♦❢ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ✐H ✇❡❛❦❡I
✇✐F❤✐♥ F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✳ ❋✐♥❛❧❧②✱ F❤❡ ♣I♦♣♦H❡❞ ❉❉✲❜❛H❡❞ ♠❡F❤♦❞ ❝❛♥ ♠✐♠✐❝ F❤❡ ❉❋H
✐♥ F❤❡ ❡♥F✐I❡ ❞❡✈✐❝❡ ✇✐F❤ ❛ H❧✐❣❤F ❞✐H❝I❡♣❛♥❝② ✐♥ F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ❢♦I F❤❡ ❤✐❣❤ ❡♥❡I❣② F❛✐❧H
✇❤❡I❡ F❤❡ ♠❛❣♥✐F✉❞❡ ♦❢ ❉❋ ❤❛H ❛❧I❡❛❞② ❞I♦♣♣❡❞ ❜② ∼✷✵ ♦I❞❡IH✳ ❚❤✐H ❞✐H❝I❡♣❛♥❝② ❞♦❡H
♥♦F FI❛♥H❧❛F❡ F♦ ❛♥ ❡II♦I ✐♥ F❤❡ I❡H✉❧FH ❡✈❛❧✉❛F❡❞ ✉H✐♥❣ F❤✐H ❛♣♣I♦❛❝❤✳ ❚❤✐H ♠❡❛♥H F❤❛F F❤❡
❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ F❤❡ Nit(x) ♣I♦✜❧❡H ❛♥❞ F❤❡ ΔId,lin(t)✱ ΔId,sat(t)✱ ❛♥❞ ΔVt ❞❡❣I❛❞❛F✐♦♥
❝✉I✈❡H H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ I❡❛❧✐③❛F✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ ✐H ✈❡I② ❣♦♦❞✳ ■F
❝❛♥✱ F❤❡I❡❢♦I❡✱ ❜❡ ❝♦♥❝❧✉❞❡❞ F❤❛F ✐♥ ❧♦♥❣✲❝❤❛♥♥❡❧ ▲❉▼❖❙ FI❛♥H✐HF♦IH ❍❈❉ ❝❛♥ ❜❡ ♠♦❞❡❧❡❞
✇✐F❤ ✈❡I② ❣♦♦❞ ❛❝❝✉I❛❝② ❡✈❡♥ ✇✐F❤ ❛ ❉❉✲❜❛H❡❞ ❢♦I♠❛❧✐H♠ ♣I♦✈✐❞❡❞ ❛ ❣♦♦❞ ❛♣♣I♦①✐♠❛F✐✈❡
♠♦❞❡❧ ❢♦I F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✐H ✉H❡❞✳
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❈❤❛♣1❡2 ✼

❖♥ >❤❡ ▲✐♠✐>@ ♦❢ ❉B✐❢>✲❉✐✛✉@✐♦♥

❇❛@❡❞ ❍❈❉ ▼♦❞❡❧✐♥❣

■♥ F❤✐H ❝❤❛♣F❡I✱ F❤❡ ❧✐♠✐FH ♦❢ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ✭❉❉✮ ❜❛H❡❞ ♠♦❞❡❧ ❢♦I ❤♦F✲
❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✭❍❈❉✮ ❞❡H❝I✐❜❡❞ ✐♥ ❈❤❛♣F❡I ✹ ❛I❡ HF✉❞✐❡❞✳ ■♥ ✸✹ ✐F ✇❛H H✉❣❣❡HF❡❞ F❤❛F
F❤❡ ❉❉ H❝❤❡♠❡ ✐H ❛♣♣❧✐❝❛❜❧❡ ❢♦I ❞❡H❝I✐❜✐♥❣ ❝❛II✐❡I FI❛♥H♣♦IF ✐♥ ❞❡✈✐❝❡H ✇✐F❤ ❣❛F❡ ❧❡♥❣F❤H
❧♦♥❣❡I F❤❛♥ ✵✳✺µ♠✳ ❍♦✇❡✈❡I✱ ❛H H❤♦✇♥ ✐♥ ✷✾✱ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❛♥❞ ❡✈❡♥ ❤②❞I♦❞②♥❛♠✐❝
❛♣♣I♦❛❝❤❡H ❝❛♥ ❜❡ ✐♥❛❞❡K✉❛F❡ ❢♦I ♠♦❞❡❧✐♥❣ ❍❈❉ ✐♥ ♥▼❖❙❋❊❚H ✇✐F❤ ❣❛F❡ ❧❡♥❣F❤H ♦❢ ✷✳✵µ♠✳
❚❤✉H✱ ✐♥ F❤✐H ❝♦♥F❡①F✱ F❤❡ ❛♥❛❧②H✐H ♦❢ F❤❡ ❧✐♠✐FH ♦❢ F❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐H
❛ ✈❡I② ✐♠♣♦IF❛♥F F❛H❦✳ ❚♦ ✐♥✈❡HF✐❣❛F❡ F❤❡ ❧✐♠✐FH ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ❍❈❉ ♠♦❞❡❧✱ ✐♥ F❤✐H
✇♦I❦ ♣❧❛♥❛I ♥▼❖❙❋❊❚H ✇✐F❤ ✐❞❡♥F✐❝❛❧ F♦♣♦❧♦❣② ❜✉F ❞✐✛❡I❡♥F ❣❛F❡ ❧❡♥❣F❤H ♦❢ ✷✳✵✱ ✶✳✺ ❛♥❞
✶✳✵µ♠ ❛I❡ ✉H❡❞✳ ❚❤❡H❡ ❞❡✈✐❝❡H ✇❡I❡ ❣❡♥❡I❛F❡❞ ✇✐F❤ F❤❡ ❙❡♥F❛✉I✉H ♣I♦❝❡HH H✐♠✉❧❛F♦I ✶✾✽✳
❚❤❡ ❇❚❊ H♦❧✉F✐♦♥ ♣I♦❞✉❝❡❞ ❜② F❤❡ ❞❡F❡I♠✐♥✐HF✐❝ ❇❚❊ H♦❧✈❡I ✐❡♥♥❛❙❍❊ ✐H ❡♠♣❧♦②❡❞ ❛H
I❡❢❡I❡♥❝❡ ✷✵✹✳ ❤✐❧❡ ❛♣♣❧②✐♥❣ F❤❡ ❉❉✲ ❛♥❞ ❙❍❊✲❜❛H❡❞ ✈❡IH✐♦♥H ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ F♦
♣❧❛♥❛I ♥▼❖❙❋❊❚H✱ F❤❡ F②♣✐❝❛❧ HFI❡HH ✈♦❧F❛❣❡H ❢♦I F❤❡H❡ FI❛♥H✐HF♦IH ❤❛✈❡ ❜❡❡♥ ✉H❡❞ ✇❤✐❝❤
❛I❡ ✇❛② ❧♦✇❡I F❤❛♥ ❝♦♠♣❛I❡❞ F♦ F❤❡ ▲❉▼❖❙ ❞❡✈✐❝❡H✱ ✐✳❡✳ Vds ❂ ✼✳✺ ❛♥❞ Vgs ❂ ✷✳✺✱ H❡❡
✶✹✶✱ ✶✼✶✱ ✷✵✺✳ ❋♦I ❛❧❧ F❤❡ ❞❡✈✐❝❡H✱ F❤❡ ❡❧❡❝FI♦♥ ❉❋H✱ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H Nit(x)✱
❛♥❞ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ΔId,lin(t) ❛H ✇❡❧❧ ❛H ΔId,sat(t) ✭❢♦I ✉♣ F♦ ✺✵ ❦H✮ ❛I❡ H✐♠✉❧❛F❡❞✳

✼✳✶ ▼♦❞❡❧ ❘❡C✉❧AC ❢♦E ❙❝❛❧❡❞ ❉❡✈✐❝❡C

❋✐❣✉I❡ ✼✳✶ H✉♠♠❛I✐③❡H F❤❡ H✐♠✉❧❛F❡❞ ❡❧❡❝FI♦♥ ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ❢♦I ✷✳✵✱ ✶✳✺ ❛♥❞
✶✳✵ ➭♠ ♥▼❖❙ ❞❡✈✐❝❡H ♦❜F❛✐♥❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞ F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤ ❛F ❞✐✛❡I❡♥F
❧❛F❡I❛❧ ❝♦♦I❞✐♥❛F❡H ❛❧♦♥❣ F❤❡ ❝❤❛♥♥❡❧✳ ❆F ❧♦✇ ❛♥❞ ♠♦❞❡I❛F❡ ❡♥❡I❣✐❡H F❤❡ ❉❋H ❝♦♠♣✉F❡❞
✇✐F❤ F❤❡ ❛♥❛❧②F✐❝ ❛♣♣I♦❛❝❤✱ ❊K✉❛F✐♦♥ ✹✳✷✷✱ I❡❛H♦♥❛❜❧② ♠✐♠✐❝ F❤❡ ❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ ❛ ❇❚❊
H♦❧✉F✐♦♥ ✇✐F❤ ✐❡♥♥❛❙❍❊✳ ❍♦✇❡✈❡I✱ ❛F ❤✐❣❤❡I ❡♥❡I❣✐❡H✱ F❤❡ ❝✉I✈❛F✉I❡H ♦❢ F❤❡ ❉❋H ❡✈❛❧✉❛F❡❞
✇✐F❤ F❤❡ F✇♦ ❛♣♣I♦❛❝❤❡H ❛I❡ ❞✐✛❡I❡♥F✳ ■F ❝❛♥ ❜❡ H❡❡♥ F❤❛F F❤❡ ❛❝❝✉I❛❝② ❞❡F❡I✐♦I❛F❡H ❢♦I
H❤♦IF❡I ❝❤❛♥♥❡❧ ❧❡♥❣F❤H✳ ❖♥ F❤❡ ♦F❤❡I ❤❛♥❞✱ F❤❡ ♦❝❝✉♣❛F✐♦♥ ♥✉♠❜❡IH ❛F F❤❡H❡ ❡♥❡I❣✐❡H
❤❛✈❡ ❛❧I❡❛❞② ❞I♦♣♣❡❞ ❜② H❡✈❡I❛❧ ♦I❞❡IH ♦❢ ♠❛❣♥✐F✉❞❡✱ ❛♥❞ ✐F ✐H ♥♦F ♦❜✈✐♦✉H ✇❤❡F❤❡I F❤✐H
❞✐H❝I❡♣❛♥❝② ✐♥ F❤❡ ❉❋H FI❛♥H❧❛F❡H ✐♥F♦ ❛ H✐③❛❜❧❡ ❡II♦I ✐♥ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H Nit(x)
❛♥❞ F❤❡ ΔId,lin/sat ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H✳
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❋✐❣✉I❡ ✼✳✶✿ ❚❤❡ ❡❧❡❝FI♦♥ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ❛F ❞✐✛❡I❡♥F ❧❛F❡I❛❧ ♣♦H✐F✐♦♥H ❛❧♦♥❣ F❤❡
❝❤❛♥♥❡❧ ❢♦I F❤❡ ♥▼❖❙❋❊❚ ✇✐F❤ LG ❂ ✶✳✵µ♠ H✐♠✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞ F❤❡ ❉❉✲
❜❛H❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧✳
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❋✐❣✉I❡ ✼✳✷✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✶ ❜✉F ✇✐F❤ LG ❂ ✶✳✺µ♠✳

❚♦ ❝❤❡❝❦ F❤❡ ❡✛❡❝F ♦❢ ❞✐H❝I❡♣❛♥❝② ✐♥ F❤❡ ❉❋H ♦♥ F❤❡ ❞❡✈✐❝❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H ✐♥ ❣I❡❛F❡I
❞❡F❛✐❧ F❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ❛I❡ ♣❧♦FF❡❞✱ ✇❤✐❝❤ ❞❡F❡I♠✐♥❡ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ I❛F❡H✱ ❢♦I
F❤❡ ❙❈✲ ❛♥❞ F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠ H✐♠✉❧❛F❡❞ ❛❧♦♥❣ F❤❡ Si/SiO2 ✐♥F❡I❢❛❝❡ ✇✐F❤ ❜♦F❤ ✈❡IH✐♦♥H
♦❢ F❤❡ ♠♦❞❡❧✱ H❡❡ ❋✐❣✉I❡ ✼✳✻✳ ❋♦I F❤❡ 2µ♠ ❞❡✈✐❝❡ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H ❢♦I F❤❡ ❙❈✲ ❛♥❞
▼❈✲♣I♦❝❡HH ❛I❡ ❛❧♠♦HF F❤❡ H❛♠❡✳ ❚❤✐H I❡✢❡❝FH F❤❡ ❣♦♦❞ ❛❣I❡❡♠❡♥F ♦❢ F❤❡ ❉❋H ✐♥ ❋✐❣✉I❡ ✼✳✶✳
❋♦I F❤❡ H❤♦IF❡I HFI✉❝F✉I❡H✱ F❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ♦❢ ❜♦F❤ ♠❡❝❤❛♥✐H♠H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤
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❋✐❣✉I❡ ✼✳✸✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✶ ❜✉F ✇✐F❤ LG ❂ ✷✳✵µ♠✳

F❤❡ F✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ H✐❣♥✐✜❝❛♥F❧② ❞✐✛❡I❡♥F✳ ❍♦✇❡✈❡I✱ H✐♥❝❡ ✐♥ F❤❡H❡ ❞❡✈✐❝❡H F❤❡
✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H Nit(x)✱ ❛♥❞ F❤❡I❡❢♦I❡ ❛❧H♦ F❤❡ ❞❡❣I❛❞❛F✐♦♥✱ ❛I❡ ♠❛✐♥❧② ❞❡F❡I♠✐♥❡❞
❜② F❤❡ ❙❈✲♣I♦❝❡HH✱ F❤❡ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧ H❤♦✉❧❞ ❜❡ ❛❜❧❡ F♦ ♣I♦♣❡I❧② ❝❛♣F✉I❡
F❤❡ ❍❈❉ FI❛❝❡H ❢♦I F❤❡ 1.5µ♠ HFI✉❝F✉I❡✳ ❚❤❡ H✐F✉❛F✐♦♥ ❞❡F❡I✐♦I❛F❡H ❢♦I F❤❡ H♠❛❧❧❡I ♥♦❞❡H✳
❆❧F❤♦✉❣❤ F❤❡ ❝♦♥FI✐❜✉F✐♦♥ ♦❢ F❤❡ ▼❈✲♠❡❝❤❛♥✐H♠ ✐H ♣I♦♣❡I❧② I❡♣I❡H❡♥F❡❞ ❜② F❤❡ H✐♠♣❧✐✜❡❞
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❋✐❣✉I❡ ✼✳✹✿ ❚❤❡ ❛❝❝❡❧❡I❛F✐♦♥ ✐♥F❡❣I❛❧H ❢♦I F❤❡ ❙❈✲ ❛♥❞ F❤❡ ▼❈✲♣I♦❝❡HH ❝❛❧❝✉❧❛F❡❞ ❢I♦♠ F❤❡
❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✭H♦❧✐❞ ❧✐♥❡H✮ ❛♥❞ ✐❡♥♥❛❙❍❊ ✭❞❛H❤❡❞ ❧✐♥❡H✮ ❢♦I Vds

❂ ✼✳✺ ❛♥❞ Vgs ❂ ✷✳✺ ❢♦I F❤❡ ♥▼❖❙❋❊❚ ✇✐F❤ LG ❂ ✶✳✵µ♠✳

✽✸



 

�
�
�
�

��
��

���
	

 �	
��

�
��

��
 �

�
��

�

�����

����

���

���

����

����

 

������� ������	���� ��

���� � ���

�� � ����� �� � ���� ����� � �� �����
��	�       � !!�����

"# $������
�# $������

❋✐❣✉I❡ ✼✳✺✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✹ ❜✉F ❢♦I LG ❂ ✶✳✺µ♠✳
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❋✐❣✉I❡ ✼✳✻✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✹ ❜✉F ❢♦I LG ❂ ✷✳✵µ♠✳

❛♣♣I♦❛❝❤✱ F❤❡ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H ♦❢ F❤❡ ❙❈✲♣I♦❝❡HH ❛I❡ ♣I♦❢♦✉♥❞❧② ✉♥❞❡I❡HF✐♠❛F❡❞✳ ❤✐❧❡
F❤❡ ❙❍❊✲❜❛H❡❞ ✈❡IH✐♦♥ ♣I❡❞✐❝FH ❛ H✐❣♥✐✜❝❛♥F ❜✉✐❧❞ ✉♣ ♦❢ ✐♥F❡I❢❛❝❡ HF❛F❡H ✐♥ F❤❡ ❝❤❛♥♥❡❧✱
FI✐❣❣❡I❡❞ ❜② F❤❡ ✐♥F❡I♣❧❛② ❜❡F✇❡❡♥ F❤❡ ❙❈✲ ❛♥❞ ▼❈✲♠❡❝❤❛♥✐H♠✱ ✇❤✐❝❤ ✐H ♥♦F ❛❞❡K✉❛F❡❧②
❞❡H❝I✐❜❡❞ ❜② F❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤✳

■♥ ♦I❞❡I F♦ ✐♥✈❡HF✐❣❛F❡ F❤❡ ♠✐H♠❛F❝❤ ♦❢ F❤❡ ❉❋H ✭❋✐❣✉I❡ ✼✳✶✮ ❛♥❞ F❤❡ ✐♠♣❛❝F ♦❢ F❤❡ ❜♦♥❞
❜I❡❛❦❛❣❡ I❛F❡H ✭❋✐❣✉I❡ ✼✳✻✮ ♦♥F♦ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ♣I♦✜❧❡H✱ F❤❡ Nit(x) ✈❛❧✉❡H H✐♠✉❧❛F❡❞ ✇✐F❤
❜♦F❤ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡ ♣❧♦FF❡❞ ✐♥ ❋✐❣✉I❡ ✼✳✼✳ ❖♥❡ ❝❛♥ H❡❡ F❤❛F ✐♥ F❤❡ ❝❛H❡ ♦❢ F❤❡
❧♦♥❣❡HF ❞❡✈✐❝❡✱ ✐✳❡✳ F❤❡ 2µ♠ ♥▼❖❙❋❊❚ HFI✉❝F✉I❡✱ F❤❡ Nit(x) ♣I♦✜❧❡H ❛I❡ ✈❡I② H✐♠✐❧❛I✳ ❚❤✐H
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❋✐❣✉I❡ ✼✳✼✿ ❚❤❡ Nit(x) ♣I♦✜❧❡H ❡✈❛❧✉❛F❡❞ ❢♦I F❤❡ F❤I❡❡ ♥▼❖❙❋❊❚H ✇✐F❤ ❣❛F❡ ❧❡♥❣F❤H LG

❂ ✶✳✵µ♠ ❜② ❜♦F❤ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❢♦I HFI❡HH F✐♠❡H ♦❢ ✶✵ H ❛♥❞ ✹✵ ❦H✳
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❋✐❣✉I❡ ✼✳✽✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✼ ❜✉F ❢♦I LG ❂ ✶✳✺µ♠✳

✐H ❝❛✉H❡❞ ❜② F❤❡ ❢❛❝F F❤❛F F❤❡ ❡❧❡❝FI♦♥ ❉❋H ❛I❡ ♣I♦♣❡I❧② ❛♣♣I♦①✐♠❛F❡❞ ❜② F❤❡ ❉❉✲❜❛H❡❞
♠♦❞❡❧ ❛H ❝❛♥ ❜❡ H❡❡♥ ✐♥ ❋✐❣✉I❡ ✼✳✶✳ ❚❤❡ H✐F✉❛F✐♦♥ HF❛IFH F♦ ❝❤❛♥❣❡ ❢♦I F❤❡ H❤♦IF❡I HFI✉❝F✉I❡
✇✐F❤ LG ❂ ✶✳✺µ♠✱ ✐✳❡✳ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ ❜♦F❤ ♠♦❞❡❧H ❞❡F❡I✐♦I❛F❡H✳ ❋♦I F❤❡ ❞❡✈✐❝❡ ✇✐F❤
LG ❂ ✶✳✺µ♠ F❤❡ ❞✐H❝I❡♣❛♥❝② ❜❡F✇❡❡♥ F❤❡ Nit(x) ✈❛❧✉❡H ✐H ✈✐H✐❜❧❡ ❛F Nit ∼ ✶✵8❝♠−2✳ ❚❤❡
Nit ♣❡❛❦ ❛F F❤❡ ❞I❛✐♥ H✐❞❡ ❜❡❝♦♠❡H ❜I♦❛❞❡I ❛♥❞ ✐H H❤✐❢F❡❞ F♦✇❛I❞H F❤❡ ❝❤❛♥♥❡❧ ❛H ❝❛♥ ❜❡
❝♦♥❝❧✉❞❡❞ ❢I♦♠ ❋✐❣✉I❡ ✼✳✻✳ ❚❤❡ ❉❉✲❜❛H❡❞ ❛♣♣I♦❛❝❤ ✐H ♥♦F ❛❜❧❡ F♦ ❝❛♣F✉I❡ F❤✐H FI❡♥❞✳ ❙✐♥❝❡
Nit ✈❛❧✉❡H ♦❢ ∼ ✶✵8❝♠−2 ❞♦ ♥♦F ❝♦♥FI✐❜✉F❡ F♦ F❤❡ F♦F❛❧ ❞❡✈✐❝❡ ❞❡❣I❛❞❛F✐♦♥✱ ❛ H✐❣♥✐✜❝❛♥F
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❋✐❣✉I❡ ✼✳✾✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✼ ❜✉F ❢♦I LG ❂ ✷µ♠✳

❞❡✈✐❛F✐♦♥ ❜❡F✇❡❡♥ F❤❡ ΔID,lin/sat ❞❡❣I❛❞❛F✐♦♥ ❝✉I✈❡H H✐♠✉❧❛F❡❞ ❜② F❤❡ F✇♦ ♠♦❞❡❧ ✈❡IH✐♦♥H
✐H ♥♦F ❡①♣❡❝F❡❞✳ ❋♦I F❤❡ H❤♦IF❡HF ❞❡✈✐❝❡✱ ❤♦✇❡✈❡I✱ F❤❡ ✐♥F❡I❢❛❝❡ FI❛♣ ❞❡♥H✐F✐❡H ❛❧I❡❛❞② ❞✐✛❡I
❜② ❛❜♦✉F ∼ ✶✵12❝♠−2✳ ❙✉❝❤ ❧❛I❣❡ ✈❛❧✉❡H ♣I♦✈✐❞❡ ❛ ❝♦♥H✐❞❡I❛❜❧❡ ❝♦♥FI✐❜✉F✐♦♥ F♦ ❍❈❉ ❛♥❞
❧❡❛❞ F♦ ❛ ✈✐H✐❜❧❡ ❞✐H❝I❡♣❛♥❝② ❜❡F✇❡❡♥ F❤❡ ❞I❛✐♥ ❝✉II❡♥F ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H✳

❆H ❛ I❡H✉❧F✱ ❜❡HF ❝♦II❡H♣♦♥❞❡♥❝❡ ❜❡F✇❡❡♥ ΔID,lin/sat ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❙❍❊✲ ❛♥❞ ❉❉✲
❜❛H❡❞ ♠♦❞❡❧H ✐H ❛❝❤✐❡✈❡❞ ❢♦I F❤❡ 2.0µ♠ ♥▼❖❙❋❊❚✱ H❡❡ ❋✐❣✉I❡ ✼✳✶✶✳ ◆♦F❡✱ ❤♦✇❡✈❡I✱ F❤❛F
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❋✐❣✉I❡ ✼✳✶✵✿ ❚❤❡ ΔId,lin(t) ❛♥❞ ΔId,sat(t) ❞❡❣I❛❞❛F✐♦♥ ❝✉I✈❡H ♦❜F❛✐♥❡❞ ✇✐F❤ ❙❍❊✭H②♠❜♦❧H✮
✲ ❛♥❞ ❉❉✲❜❛H❡❞ ✭❧✐♥❡H✮ ✈❡IH✐♦♥H ♠♦❞❡❧ ❢♦I ♥✲▼❖❙❋❊❚ ✇✐F❤ LG ❂ ✶µ♠✳
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❋✐❣✉I❡ ✼✳✶✶✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✶✵ ❜✉F ❢♦I LG ❂ ✶✳✺µ♠✳
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❋✐❣✉I❡ ✼✳✶✷✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✼✳✶✵ ❜✉F ❢♦I LG ❂ ✷µ♠✳

❡✈❡♥ ❢♦I F❤✐H ❞❡✈✐❝❡ F❤❡ ❛♥❛❧②F✐❝ ♠♦❞❡❧ ❧❡❛❞H F♦ ❧♦✇❡I ΔID,lin/sat ✈❛❧✉❡H ❛F H❤♦IF HFI❡HH
F✐♠❡H✳ ❚❤✐H ✐H ❜❡❝❛✉H❡✱ ❛H H❤♦✇♥ ✐♥ ✷✻✱ ✶✹✼✱ H❤♦IF✲F❡I♠ ❍❈❉ ✐H ❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ❉❋H
❛F F❤❡ ❞I❛✐♥✱ ✇❤✐❝❤ ❛I❡ ✉♥❞❡I❡HF✐♠❛F❡❞ ❜② F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧✱ H❡❡ ❋✐❣✉I❡ ✼✳✶✳

❚❤❡ H❛♠❡ ❛I❣✉♠❡♥F ❛❧H♦ ❤♦❧❞H ❢♦I F❤❡ ✶✳✺µ♠ ❞❡✈✐❝❡ ✇❤❡I❡ F❤❡ ❛❣I❡❡♠❡♥F ✐H HF✐❧❧ I❡❛H♦♥✲
❛❜❧❡✳ ❍♦F ❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐H H❧✐❣❤F❧② ✉♥❞❡I❡HF✐♠❛F❡❞ ♦✈❡I F❤❡ ✇❤♦❧❡ HFI❡HH F✐♠❡ I❛♥❣❡
❞✉❡ F♦ F❤❡ ♠✐H♠❛F❝❤ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H ✈✐H✐❜❧❡ ✐♥ ❋✐❣✉I❡ ✼✳✼✳ ❋♦I F❤❡ H❤♦IF❡HF
❞❡✈✐❝❡ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❝♦♠♣❧❡F❡❧② ❢❛✐❧H F♦ ♣I♦♣❡I❧② I❡♣I♦❞✉❝❡ F❤❡ ❞❛F❛ ❡✈❛❧✉❛F❡❞ ✇✐F❤
F❤❡ ❢✉❧❧ ♠♦❞❡❧✳ ❚❤✐H ❛❧I❡❛❞② ❜❡❝♦♠❡H ❡✈✐❞❡♥F ✐♥ ❋✐❣✉I❡H ✼✳✶✱ ✼✳✻✱ ❛♥❞ ✼✳✼ ✇❤❡I❡ ♦♥❡ ❝❛♥ H❡❡

✽✼



F❤❛F F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐H ♥♦F ❝❛♣❛❜❧❡ ♦❢ I❡❛H♦♥❛❜❧❡ ♠✐♠✐❝❦✐♥❣ F❤❡ ✐❡♥♥❛❙❍❊ I❡H✉❧FH✱
I❡H♣❡❝F✐✈❡❧② F❤❡ ❜✐❣ ❞✐H❝I❡♣❛♥❝✐❡H ❜❡F✇❡❡♥ F❤❡ H❤❛♣❡ ♦❢ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ♣I♦✜❧❡H✳

❚♦ ❝♦♥❝❧✉❞❡✱ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❜❛H❡❞ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡❧✱ ❝I❡❛F❡❞ ❢♦I ❤✐❣❤
✈♦❧F❛❣❡ ▲❉▼❖❙ ❞❡✈✐❝❡H✱ ✐H ❢♦✉♥❞ F♦ ✇♦I❦ I❡❛H♦♥❛❜❧② ✇❡❧❧ ❢♦I ▼❖❙❋❊❚H ✇✐F❤ ❝❤❛♥♥❡❧H
❧♦♥❣❡I F❤❛♥ 1.5µ♠✳ ■♥ H✉❝❤ ❞❡✈✐❝❡H✱ F❤❡ ♠♦❞❡❧ ✇❛H ❛❜❧❡ F♦ I❡♣I❡H❡♥F F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉✲
F✐♦♥ ❢✉♥❝F✐♦♥H✱ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H✱ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱ ❛♥❞ ❝❤❛♥❣❡H ♦❢ ❞❡✈✐❝❡
❝❤❛I❛❝F❡I✐HF✐❝H H✉❝❤ ❛H F❤❡ H❛F✉I❛F✐♦♥ ❛♥❞ ❞I❛✐♥ ❝✉II❡♥FH✳ ❍♦✇❡✈❡I✱ F❤❡ ♠♦❞❡❧ ❞♦❡H ♥♦F
✇♦I❦ ✈❡I② ✇❡❧❧ ❢♦I H♠❛❧❧❡I ♥♦❞❡H✳ ❚❤❡ I❡❛H♦♥ ✐H F❤❛F F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐H ♥♦F ❛❜❧❡ F♦ ❝❛♣✲
F✉I❡ ♠♦I❡ ❝♦♠♣❧✐❝❛F❡❞ ❉❋ H❤❛♣❡H ✈✐H✐❜❧❡ ✐♥ H❤♦IF❡I ❞❡✈✐❝❡H✳ ❚❤✐H ✐H ❡H♣❡❝✐❛❧❧② ♣I♦♥♦✉♥❝❡❞
❛F ❤✐❣❤ ❡♥❡I❣✐❡H ❜❡❝❛✉H❡ F❤❡ ❉❋H H✐♠✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞ ❜② F❤❡ ❉❉✲❜❛H❡❞ ❍❈❉
♠♦❞❡❧ ❤❛✈❡ ❞✐✛❡I❡♥F ❝✉I✈❛F✉I❡H✳ ■♥ F❤❡ ❝❛H❡ ♦❢ F❤❡ 2µ♠ ❞❡✈✐❝❡ F❤❡ ❝✉I✈❛F✉I❡ ❝❤❛♥❣❡ ♦❝✲
❝✉IH ♦♥❧② ✇❤❡♥ F❤❡ ❉❋ ✈❛❧✉❡H ❤❛✈❡ ❞I♦♣♣❡❞ ❜② H❡✈❡I❛❧ ♦I❞❡IH ♦❢ ♠❛❣♥✐F✉❞❡✱ ❛♥❞ F❤❡I❡❢♦I❡
F❤✐H ❞✐H❝I❡♣❛♥❝② ❞♦❡H ♥♦F FI❛♥H❧❛F❡ ✐♥F♦ ♠✐H♠❛F❝❤❡H ❜❡F✇❡❡♥ ❜♦♥❞ ❜I❡❛❦❛❣❡ I❛F❡H✱ Nit(x)
♣I♦✜❧❡H ❛♥❞ ΔId,lin(t)✱ ΔId,sat(t) ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H✳

❆H ❢♦I H❤♦IF❡I ❞❡✈✐❝❡H✱ F❤❡ ❞✐H❝I❡♣❛♥❝② ✐♥ F❤❡ ❉❋ ❝✉I✈❛F✉I❡ ❛♣♣❡❛IH ❛F ❤✐❣❤❡I ♣♦♣✉❧❛F✐♦♥
♥✉♠❜❡IH✱ ❛♥❞ F❤✉H ✐H I❡❧❛F❡❞ F♦ ♠♦I❡ ♣I♦♥♦✉♥❝❡❞ ❡II♦IH✳ ■♥ F❤❡ ❞❡✈✐❝❡ ✇✐F❤ LG ❂ ✶✳✺µ♠
F❤✐H I❡H✉❧FH ✐♥ ❛ ♠✐H♠❛F❝❤ ✐♥ F❤❡ Nit(x) ♣I♦✜❧❡H ✈✐H✐❜❧❡ ❛F ✶✵8❝♠−2✱ ❛♥❞ F❤❡I❡❜② ❞♦❡H ♥♦F
H✉❜HF❛♥F✐❛❧❧② ✐♠♣❛❝F F❤❡ ΔId,lin(t)✱ ΔId,sat(t) ❝❤❛♥❣❡H✳ ■♥ F❤❡ H❤♦IF❡HF ♥▼❖❙❋❊❚ ✉H❡❞✱
LG ❂ ✶µ♠✱ Nit ✈❛❧✉❡H ❞✐✛❡I H❡✈❡I❡❧② ❛F ✈❛❧✉❡H ♦❢ ✶✵12❝♠−2✱ ❛♥❞ ❤❡♥❝❡ F❤❡ ❝❤❛♥❣❡H ♦❢
F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH H✐♠✉❧❛F❡❞ ✇✐F❤ F❤❡ F✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧ ❛I❡
❝♦♠♣❧❡F❡❧② ✐♥❝♦♥H✐HF❡♥F✳

✽✽



❈❤❛♣1❡2 ✽

❘♦❧❡ ♦❢ ❊❧❡❝>B♦♥✲❊❧❡❝>B♦♥ ❙❝❛>>❡B✐♥❣

❆♥ ✐♠♣♦IF❛♥F ❛H♣❡❝F ✐♥ ♠♦❞❡❧✐♥❣ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ❢♦I H❤♦IF✲❝❤❛♥♥❡❧ ❞❡✈✐❝❡H ✐H
❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✭❊❊❙✮ ✽✺✱ ✽✻✱ ✶✸✱ ✷✹✳ ❚❤❡ HF❡♣H ❢♦I ❝❛❧❝✉❧❛F✐♥❣ F❤❡ ❝❛II✐❡I
❉❋H ✇✐F❤ ❊❊❙ ❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✽✳✶✳ ❊❊❙ ♣♦♣✉❧❛F❡H F❤❡ ❤✐❣❤✲❡♥❡I❣② ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❝❛I✲
I✐❡I ❡♥H❡♠❜❧❡✱ F❤❡I❡❜② ❝♦♥H✐❞❡I❛❜❧② ❝❤❛♥❣✐♥❣ F❤❡ H❤❛♣❡ ♦❢ F❤❡ ❝❛II✐❡I ❉❋✱ ✇❤✐❝❤ ✐H ✈✐H✐❜❧❡ ✐♥
❛ ❝❤❛I❛❝F❡I✐HF✐❝ ❤✉♠♣ ♣I♦♥♦✉♥❝❡❞ ❛F ❤✐❣❤ ❡♥❡I❣✐❡H✱ H❡❡ ❋✐❣✉I❡ ✽✳✷ ✶✶✱ ✶✺✳ ❆♣♣❛I❡♥F❧② ❊❊❙
❛❧H♦ ❞❡F❡I♠✐♥❡H F❤❡ F❡♠♣❡I❛F✉I❡ ❜❡❤❛✈✐♦I ♦❢ ❍❈❉ ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H ✶✶✱ ✽✽✳ ❚♦ ♦❜F❛✐♥ F❤❡
❝❛II✐❡I ❉❋✱ F❤❡ ❇❚❊ H❤♦✉❧❞ ❜❡ H♦❧✈❡❞ F❛❦✐♥❣ F❤✐H H❝❛FF❡I✐♥❣ ❡✛❡❝F ✐♥F♦ ❛❝❝♦✉♥F✳ ❍♦✇❡✈❡I✱ ✐F
♠✐❣❤F ❜❡ ♣♦HH✐❜❧❡ F♦ ❛♣♣I♦①✐♠❛F❡ F❤❡ ❉❋H ✉F✐❧✐③✐♥❣ F❤❡ ❦♥♦✇❧❡❞❣❡ ♦❢ F❤❡ ❡✛❡❝FH ♦❢ ❊❊❙ ♦♥
F❤❡ ❉❋✳ ■♥ F❤✐H H❡❝F✐♦♥✱ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❜❛H❡❞ ♠♦❞❡❧ ❢♦I F❤❡ ❝❛II✐❡I ❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥

Calculate DFs without EES 
form Equation 8.1 

Find ε
k,2 

using the scattering

 rate balance Equation 8.3

Evaluate ε
k,1

 using 

Equation 8.2

Calculate new DF changing 'b' 
at ε

k,1
 and ε

k,2
, see Figure 8.2

❋✐❣✉I❡ ✽✳✶✿ ❋❧♦✇ ❝❤❛IF ❢♦I F❤❡ ❝❛❧❝✉❧❛F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❉❋✳
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❋✐❣✉I❡ ✽✳✷✿ ❆ H❝❤❡♠❛F✐❝ I❡♣I❡H❡♥F❛F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I ❉❋H ❢♦I F❤❡ ❝❤❛♥♥❡❧ ❛I❡❛ ✭❧❡❢F ♣❛♥❡❧✮
❛♥❞ ❢♦I F❤❡ ❞I❛✐♥ ✭I✐❣❤F ♣❛♥❡❧✮ ✇✐F❤ ❛❧❧ ❝❤❛I❛❝F❡I✐HF✐❝ ♣❡❝✉❧✐❛I✐F✐❡H ♠❛I❦❡❞✳

❢✉♥❝F✐♦♥✱ ❙❡❝F✐♦♥ ✹✳✸✱ ✇❤✐❝❤ ✇❛H ❞❡I✐✈❡❞ F♦ ❞❡H❝I✐❜❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐♥ ▲❉▼❖❙
FI❛♥H✐HF♦IH✱ ✐H ❡①F❡♥❞❡❞ ❢♦I F❤❡ ❝❛H❡ ♦❢ ❞❡❝❛♥❛♥♦♠❡F❡I ❞❡✈✐❝❡H ♥▼❖❙❋❊❚H ✇✐F❤ ❣❛F❡ ❧❡♥❣F❤H
♦❢ ✻✺✱ ✶✺✵✱ ❛♥❞ ✸✵✵ ♥♠✳ ❙♣❡❝✐❛❧ ❛FF❡♥F✐♦♥ ✐H ♣❛✐❞ F♦ F❤❡ ❡✛❡❝F ♦❢ ❊❊❙ ♦♥ F❤❡ ❝❛II✐❡I ❉❋H✳
❚♦ ❛♣♣I♦①✐♠❛F❡❧② ❝♦♥H✐❞❡I F❤❡ ✐♠♣♦IF❛♥F ❡✛❡❝F ♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ♦♥ F❤❡ H❤❛♣❡
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❋✐❣✉I❡ ✽✳✸✿ ❈♦♠♣❛I✐H♦♥ ♦❢ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞
♦✉I ❉❉✲❜❛H❡❞ ♠❡F❤♦❞ ✐♥ ♥▼❖❙❋❊❚ ✇✐F❤ LG ❂ ✻✺♥♠ ❢♦I HFI❡HH ❝♦♥❞✐F✐♦♥ Vgs ❂ V ds ❂
✶✳✽✳ ❉❋H ❛I❡ ♣❧♦FF❡❞ ❢♦I ❢♦✉I ❞✐✛❡I❡♥F ♣♦H✐F✐♦♥H ✐♥ F❤❡ ❞❡✈✐❝❡ ✭x ❂ ✲✸✷✳✺ ♥♠ ❝♦II❡H♣♦♥❞H
F♦ F❤❡ H♦✉I❝❡✱ ✇❤✐❧❡ x ❂ ✸✷✳✺ ♥♠ ✐H I❡❧❛F❡❞ F♦ F❤❡ ❞I❛✐♥✮✳
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❋✐❣✉I❡ ✽✳✹✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✽✳✸ ❜✉F ❢♦I Vgs ❂ V ds ❂ ✷✳✵✳
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❋✐❣✉I❡ ✽✳✺✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✽✳✸ ❜✉F ❢♦I Vgs ❂ V ds ❂ ✷✳✷✳

♦❢ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✱ ❛ ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥ ✐H H♦❧✈❡❞ ❢♦I F❤❡ ✐♥✲ ❛♥❞ ♦✉F✲H❝❛FF❡I✐♥❣
I❛F❡H✳ ❚❤❡ ❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❡①F❡♥❞❡❞ ❛♥❛❧②F✐❝ ❛♣♣I♦❛❝❤ ❛I❡ ❝♦♠♣❛I❡❞ ✇✐F❤ F❤♦H❡
❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❞❡F❡I♠✐♥✐HF✐❝ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ H♦❧✈❡I ✐❡♥♥❛❙❍❊✳ ❇♦F❤
H❡FH ♦❢ ❉❋H ❛I❡ F❤❡♥ ✉H❡❞ ✇✐F❤ F❤❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡❧✱ ❙❡❝F✐♦♥ ✹✳✹✱ F♦ ❝❛❧❝✉❧❛F❡
❝❤❛♥❣❡H ✐♥ F❤❡ ❞I❛✐♥ ❝✉II❡♥F ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢ HFI❡HH F✐♠❡✳ ❚❤❡ I❡H✉❧FH ♦❢ F❤❡ ❡①F❡♥❞❡❞
❉❉✲❜❛H❡❞ ♠♦❞❡❧ ❛I❡ ❝♦♠♣❛I❡❞ ✇✐F❤ F❤❡ I❡H✉❧FH ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ ❢✉❧❧ H♦❧✉F✐♦♥ ♦❢ F❤❡
❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ❛♥❞ ✇✐F❤ ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛✳ ❚❤❡ ❛❝❝✉I❛❝② ❛♥❞ ❧✐♠✐FH ♦❢
F❤❡ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ ✐H ❛❧H♦ HF✉❞✐❡❞ ♦♥ ❞❡✈✐❝❡H ✇✐F❤ ❛ I❛♥❣❡ ♦❢ ❣❛F❡
❧❡♥❣F❤H✳ ❚❤✐H ♠♦❞❡❧ ❛❧❧♦✇H F♦ ❛✈♦✐❞ F❤❡ ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❡①♣❡♥H✐✈❡ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇❚❊

✾✶



❜✉F ✐H ❡①♣❡❝F❡❞ F♦ HF✐❧❧ ♣I♦✈✐❞❡ ❡①❝❡❧❧❡♥F ❛❝❝✉I❛❝②✳

✽✳✶ ❊①A❡♥❞❡❞ ❉❉✲❇❛C❡❞ ❉✐CAE✐❜✉A✐♦♥ ❋✉♥❝A✐♦♥ ▼♦❞❡❧

❚❤❡ I❡❢❡I❡♥❝❡ ❡❧❡❝FI♦♥ ❉❋H ❤❛✈❡ ❜❡❡♥ ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❢♦I F❤I❡❡ ❞✐✛❡I❡♥F ❞❡✈✐❝❡H
♦❢ F❤❡ H❛♠❡ ❛I❝❤✐F❡❝F✉I❡ ✇✐F❤ ❙✐❖◆ ❣❛F❡ ❞✐❡❧❡❝FI✐❝ ❜✉F ✇✐F❤ ❞✐✛❡I❡♥F ❣❛F❡ ❧❡♥❣F❤H ♦❢ ✻✺✱
✶✺✵✱ ❛♥❞ ✸✵✵ ♥♠ ❛♥❞ ❢♦I F❤I❡❡ ❞✐✛❡I❡♥F HFI❡HH ❝♦♥❞✐F✐♦♥H ✭Vgs ❂ V ds ❂ ✶✳✽✱ ✷✳✵✱ ✷✳✷✮✳ ❚❤❡
I❡H✉❧F✐♥❣ ❉❋H ❢♦I F❤❡ ✻✺ ♥♠ ❞❡✈✐❝❡ ❛I❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡H ✽✳✸− ✽✳✺✳ ❋I♦♠ F❤❡H❡ ❉❋ ❝✉I✈❡H ♦♥❡
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❋✐❣✉I❡ ✽✳✻✿ ❚❤❡ ❦♥❡❡ ❡♥❡I❣② εk,2✱ ✇❤❡I❡ ❊❊❙ HF❛IFH F♦ ❞♦♠✐♥❛F❡ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧ ♦❢
F❤❡ ❝❛II✐❡I ❉❋✱ ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❛♥❛❧②F✐❝ ♠♦❞❡❧ ♣❧♦FF❡❞ ✈H✳ ✐❡♥♥❛❙❍❊ I❡H✉❧FH ❢♦I F✇♦
❞✐✛❡I❡♥F HFI❡HH ❝♦♥❞✐F✐♦♥H Vgs ❂ V ds ❂ ✶✳✽ ✭F♦♣✮ ❛♥❞ ✷✳✵ ✭❜♦FF♦♠✮✳

✾✷
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❋✐❣✉I❡ ✽✳✼✿ ❚❤❡ ❦♥❡❡ ❡♥❡I❣② εk,2✱ ✇❤❡I❡ ❊❊❙ HF❛IFH F♦ ❞♦♠✐♥❛F❡ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧ ♦❢ F❤❡
❝❛II✐❡I ❉❋✱ ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❛♥❛❧②F✐❝ ♠♦❞❡❧ ♣❧♦FF❡❞ ✈H✳ ✐❡♥♥❛❙❍❊ I❡H✉❧FH ❢♦I HFI❡HH
❝♦♥❞✐F✐♦♥ Vgs ❂ V ds ❂ ✷✳✷✳

❝❛♥ H❡❡ F❤❛F F❤❡ ❉❋ H❤❛♣❡ H✉❜HF❛♥F✐❛❧❧② ❝❤❛♥❣❡H ❢I♦♠ F❤❡ H♦✉I❝❡ F♦ F❤❡ ❞I❛✐♥✳ ■♥❞❡❡❞✱
❉❋H ❡✈❛❧✉❛F❡❞ ♥❡❛I F❤❡ H♦✉I❝❡ ❛♥❞ ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❤❛✈❡ ❛ ♠❛①✐♠✉♠ ✈✐H✐❜❧❡ ❛F ❧♦✇ ❛♥❞
♠♦❞❡I❛F❡ ❡♥❡I❣✐❡H ✇✐F❤ F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ ❡♥❡I❣② ❧❛❜❡❧❡❞ ❛H εk,1 ✐♥ ❋✐❣✉I❡ ✽✳✷✳ ❆H ❢♦I F❤❡
❞I❛✐♥ ❉❋H✱ F❤❡② F②♣✐❝❛❧❧② ❢❡❛F✉I❡ ❛ ▼❛①✇❡❧❧✐❛♥ F❛✐❧ ✈✐H✐❜❧❡ ❛F ❧♦✇ ❡♥❡I❣✐❡H ❢♦❧❧♦✇❡❞ ❜② ❛
♣❧❛F❡❛✉✳ ❚❤❡ ❡♥❞ ♦❢ F❤✐H ♣❧❛F❡❛✉ ❛❧H♦ ❝♦II❡H♣♦♥❞H F♦ F❤❡ ❦♥❡❡ ❡♥❡I❣② εk,1✱ H❡❡ ❋✐❣✉I❡ ✽✳✷✳
❆♥♦F❤❡I ❝❤❛I❛❝F❡I✐HF✐❝ ❡♥❡I❣② ✇❤❡I❡ F❤❡ ❉❋ ❝❤❛♥❣❡H ✐FH ❝✉I✈❛F✉I❡ ✐H I❡❧❛F❡❞ F♦ F❤❡ ♦♥H❡F
♦❢ F❤❡ ❊❊❙ ❤✉♠♣ ❛♥❞ ✐H ❧❛❜❡❧❡❞ ❛H εk,2✳

❙✉❝❤ H♦♣❤✐HF✐❝❛F❡❞ ❉❋H ❝❛♥ ❜❡ ❛♣♣I♦①✐♠❛F❡❞ ❜② ❢♦❧❧♦✇✐♥❣ F❤❡ ❛❧❣♦I✐F❤♠ ❞❡♣✐❝F❡❞ ✐♥
❋✐❣✉I❡ ✽✳✶✳ ❋✐IHF✱ ❊K✉❛F✐♦♥ ✽✳✶ ❛❧❧♦✇H ❢♦I ❛ I♦✉❣❤ ❡✈❛❧✉❛F✐♦♥ ♦❢ F❤❡ ❡❧❡❝FI♦♥ ❉❋ ✇✐F❤♦✉F
F❤❡ ❡✛❡❝F ♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✉H✐♥❣ F❤❡ ♣❛I❛♠❡F❡IH A✱ εref ✱ ❛♥❞ C ❡✈❛❧✉❛F❡❞ ❛H
❡❛I❧✐❡I ✐♥ ❙❡❝F✐♦♥ ✹✳✸

f(ε) = A exp

�
−
�

ε

εref

�b
�
+ C exp

�
− ε

kBTn

�
. ✭✽✳✶✮

❚❤❡ ♣❛I❛♠❡F❡I b ❛HH✉♠❡H ❛ ❞✐✛❡I❡♥F ✈❛❧✉❡ ❛❢F❡I ❡✈❡I② ❦♥❡❡ ♣♦H✐F✐♦♥✱ H❡❡ ❋✐❣✉I❡ ✽✳✷✳ ■♥ F❤❡
❝❤❛♥♥❡❧ ❛♥❞ H♦✉I❝❡ I❡❣✐♦♥H b ✐H ❛HH✐❣♥❡❞ ❛ ✈❛❧✉❡ ♦❢ ✲✶ ❜❡❢♦I❡ εk,1✱ ✶ ❜❡F✇❡❡♥ εk,1 ❛♥❞ εk,2✱
❛♥❞ ✷ ❛❢F❡I εk,2✳ ❤✐❧❡ ❢♦I F❤❡ ❞I❛✐♥ I❡❣✐♦♥✱ b ❤❛H ❛ ✈❛❧✉❡ ♦❢ ✵✳✷ ❜❡❢♦I❡ εk,1✱ ✶ ❜❡F✇❡❡♥ εk,1
❛♥❞ εk,2✱ ❛♥❞ ✷ ❛❢F❡I εk,2✳

❚❤❡ ✜IHF ❦♥❡❡ ❡♥❡I❣② ✐♥ F❤❡ ❧♦✇ ❡♥❡I❣② I❡❣✐♦♥ ✐H ❡✈❛❧✉❛F❡❞ ❛♥❛❧②F✐❝❛❧❧② ✉H✐♥❣ F❤❡ ❡❧❡❝FI✐❝
✜❡❧❞ ❢I♦♠ F❤❡ ❉❉ H✐♠✉❧❛F✐♦♥H✿

εk,1 = α exp[β − (γ − δE)]
1
2 , ✭✽✳✷✮

✇❤❡I❡ E ✐H F❤❡ ❡❧❡❝FI✐❝ ✜❡❧❞✱ ✇❤✐❧❡ α✱ β✱ γ ✱ ❛♥❞ δ ❛I❡ ✜FF✐♥❣ ♣❛I❛♠❡F❡IH ✇✐F❤ ✈❛❧✉❡H
✵✳✹✶✺✼ ❡✱ ✶✳✸✱ ✶✶✳✵✹✱ 1.51×10−6 ❝♠−1✱ I❡H♣❡❝F✐✈❡❧②✳ ❚❤❡ H❡❝♦♥❞ ❦♥❡❡ ❡♥❡I❣②✱ ✇❤❡I❡ ❊❊❙

✾✸



HF❛IFH F♦ ❞♦♠✐♥❛F❡ F❤❡ ❤✐❣❤ ❡♥❡I❣② F❛✐❧✱ ✐H ♦❜F❛✐♥❡❞ ❜② ❝♦♥H✐❞❡I✐♥❣ F❤❡ ❜❛❧❛♥❝❡ ♦❢ ✐♥✲ ❛♥❞
♦✉F✲H❝❛FF❡I✐♥❣ I❛F❡H✳ ❚❤❡ ✐♥✲H❝❛FF❡I✐♥❣ I❛F❡ ❝♦II❡H♣♦♥❞H F♦ ❊❊❙✱ ✇❤✐❧❡ F❤❡ ♦✉F✲H❝❛FF❡I✐♥❣
✐♥❝❧✉❞❡H H✉❝❤ ♠❡❝❤❛♥✐H♠H ❛H ✐♥F❡I❛❝F✐♦♥H ♦❢ ❡❧❡❝FI♦♥H ✇✐F❤ ♣❤♦♥♦♥H ❛♥❞ ✐♦♥✐③❡❞ ✐♠♣✉I✐F✐❡H
✷✵✻✱ ✷✵✼✳

rees = rii + rop/abs + rop/emi + racc ✭✽✳✸✮

❚❤❡ ❝♦❧❧✐H✐♦♥ ✐♥F❡❣I❛❧✱ ❢♦I ❛ ♥♦♥❞❡❣❡♥❡I❛F❡ H❡♠✐❝♦♥❞✉❝F♦I✱ ✐H ✇I✐FF❡♥ ❛H ✶✼✺✿

∂f

∂t
= −

�
S(p, p2; p

�, p�2)f(p)f(p2) +
�

S(p�, p�2; p, p2)f(p
�)f(p�2). ✭✽✳✹✮

H✉❣❣❡HF✐♥❣ F❤❛F ❝❛II✐❡IH ✇✐F❤ ♠♦♠❡♥F✉♠ p ♦✉F✲H❝❛FF❡I ❛♥❞ ❝❛II✐❡IH ✇✐F❤ p� ✐♥✲H❝❛FF❡I ❞✉❡
F♦ ❝❛II✐❡IH ✇✐F❤ p2 ❛♥❞ p�2 I❡H♣❡❝F✐✈❡❧②✳ ❙✐♥❝❡ F❤❡I❡ ✐H ❛♥ ❡K✉❛❧ ♣I♦❜❛❜✐❧✐F② ❢♦I ❛ ❝❛II✐❡I
❜❡✐♥❣ ✐♥✴♦✉F H❝❛FF❡I❡❞✱ ❊K✉❛F✐♦♥ ✽✳✹ ❝❛♥ ❜❡ ✇I✐FF❡♥ ❛H✿

∂f

∂t
= −

�
S(p, p2; p

�, p�2)

f(p)f(p2)− f(p�)f(p�2)

�
. ✭✽✳✺✮

❊K✉✐❧✐❜I✐✉♠ ✐H I❡❛❝❤❡❞ ✇❤❡♥ F❤❡ ✐♥✲ ❛♥❞ ♦✉F✲H❝❛FF❡I✐♥❣ I❛F❡H ❜❛❧❛♥❝❡✳
❋♦I F❤❡ H❝❛FF❡I✐♥❣ I❛F❡H ✐♥ ❊K✉❛F✐♦♥ ✽✳✸ F❤❡ H❛♠❡ HF❛♥❞❛I❞ ❡①♣I❡HH✐♦♥H ✶✼✺✱ ✷✵✽ ✇❡I❡

✉H❡❞ ✐♥ ❜♦F❤ ✐❡♥♥❛❙❍❊ ❛♥❞ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧✳ ❚❤❡ H❝❛FF❡I✐♥❣ I❛F❡ ♦❢ ❝❛II✐❡IH ❜②
❛❝❝♦✉HF✐❝ ♣❤♦♥♦♥H racc ❝❛♥ ❜❡ ✇I✐FF❡♥ ❛H ✶✼✺

racc =
D2

AkBTLm
∗p

πcl�4
, ✭✽✳✻✮

✇❤❡I❡ DA ✐H F❤❡ ❛❝❝♦✉HF✐❝ ❞❡❢♦I♠❛F✐♦♥ ♣♦F❡♥F✐❛❧✱ cl ✐H F❤❡ ❡❧❛HF✐❝ ❝♦♥HF❛♥F ✭vs =
�

cl/ρ✱ vs
✐H F❤❡ ✈❡❧♦❝✐F② ♦❢ H♦✉♥❞ ❛♥❞ ρ ✐H F❤❡ ♠❛HH ❞❡♥H✐F②✮✳ ❋♦I ❛ H♣❤❡I✐❝❛❧ ♣❛I❛❜♦❧✐❝ ❜❛♥❞ F❤❡ I❛F❡
❜❡❝♦♠❡H

racc =
D2

AkBTLm
∗√2m∗ε

πcl�4
. ✭✽✳✼✮

◆♦F❡ F❤❛F ❢♦I ❛ ❢❛✐I ❝♦♠♣❛I✐H♦♥ F❤❡ H❛♠❡ ♣❤②H✐❝❛❧ ♣❛I❛♠❡F❡IH ❛I❡ ✉H❡❞ ✐♥ ❜♦F❤ F❤❡ ❙❍❊
❝♦❞❡ ❛♥❞ F❤❡ ❛♥❛❧②F✐❝ ❛♣♣I♦①✐♠❛F✐♦♥✳

❖♣F✐❝❛❧ ♣❤♦♥♦♥ H❝❛FF❡I✐♥❣ ❝❛♥ ❜❡ ❞✉❡ F♦ ❛❜H♦I♣F✐♦♥ ♦I ❡♠✐HH✐♦♥ ♦❢ F❤❡ ♦♣F✐❝❛❧ ♣❤♦♥♦♥H✳
❚❤❡ ❝♦II❡H♣♦♥❞✐♥❣ I❛F❡H ❛I❡ ❣✐✈❡♥ ❜② ❊K✉❛F✐♦♥ ✽✳✽ ❛♥❞ ✽✳✾✱ I❡H♣❡❝F✐✈❡❧② ✶✼✺✿

rop/abs =
D2

oNom
∗�2m∗ (ε+ �ωo)

2πρωo�3
✭✽✳✽✮

rop/emi =
D2

o (No + 1)m∗�2m∗ (ε− �ωo)

2πρωo�3
✭✽✳✾✮

✇❤❡I❡ Do ✐H F❤❡ ❛❝❝♦✉HF✐❝ ❞❡❢♦I♠❛F✐♦♥ ♣♦F❡♥F✐❛❧✱ �ωo ✐H F❤❡ ❡♥❡I❣② ♦❢ ♦♣F✐❝❛❧ ♣❤♦♥♦♥✱ No

✐H F❤❡ ❞❡♥H✐F② ♦❢ ♦♣F✐❝❛❧ ♣❤♦♥♦♥H ✭No = 1/ (exp [�ωo/kBTL]− 1)✮✳
❚❤❡ ✐♦♥✐③❡❞ ✐♠♣✉I✐F② H❝❛FF❡I✐♥❣ I❛F❡H ❛I❡ ✶✼✺✿

rii =
NIq

4

16
√
2m∗π (!Si!0)

2

�
ln


1 + γ2D

�− γ2D
1 + γ2D

�
1

ε3/2
✭✽✳✶✵✮

✇❤❡I❡
γ2 = 8m∗εL2

D/�2

✾✹
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❋✐❣✉I❡ ✽✳✽✿ ❚❤❡ ❡❧❡❝FI♦♥ ❉❋H H✐♠✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❛♥❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧
❢♦I ♥▼❖❙❋❊❚H ✇✐F❤ ❣❛F❡ ❧❡♥❣F❤H ♦❢ ✶✺✵ ❛♥❞ ✸✵✵ ♥♠ ❢♦I Vgs ❂ V ds ❂ ✶✳✽✳ ❚❤❡H❡ ❉❋H ❛I❡
♣❧♦FF❡❞ ❢♦I ❞✐✛❡I❡♥F ♣♦H✐F✐♦♥H ✐♥ F❤❡ ❞❡✈✐❝❡✳ ❚❤❡ H♦✉I❝❡ ✐H ❛F x ❂ −LG/2 ♥♠ ❛♥❞ F❤❡ ❞I❛✐♥
✐H ❛F x ❂ +LG/2 ♥♠✳

✇✐F❤ LD ❜❡✐♥❣ F❤❡ ❉❡❜②❡ ❧❡♥❣F❤ ❣✐✈❡♥ ❛H✿

LD =

�
!Si!0kBT

q2n0

❆H ❢♦I ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣✱ ✇❡ ✉H❡ F❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣I❡HH✐♦♥ ✷✵✽✿

✾✺



rees =
mq4n

!2Si!
2
0�3

�
ε

√
2m∗/�

��√ε−√
ε0
��

β2

2m∗
�2 (ε− ε0) + β2

�f (ε) ✭✽✳✶✶✮

✇❤❡I❡ β ✐H F❤❡ ✐♥✈❡IH❡ ❉❡❜②❡ ❧❡♥❣F❤✳ ■F ✐H ✐♠♣♦IF❛♥F F♦ ❡♠♣❤❛H✐③❡ F❤❛F ❝❛❧❝✉❧❛F✐♦♥ ♦❢ F❤❡
I❛F❡ rEES I❡K✉✐I❡H ❛ ❉❋✳ ❋♦I ❡♥❡I❣✐❡H E < εk,2 F❤❡ ❉❋ ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ ❊K✉❛F✐♦♥ ✹✳✷✷ ❝❛♥
❜❡ ✉H❡❞✱ ✇❤✐❧❡ ❢♦I E ≥ εk,2 F❤❡ ❉❋ ✐H ♣❡IF✉I❜❡❞ ❞✉❡ F♦ ❊❊❙✳ ❖♥❝❡ F❤❡ ❦♥❡❡ ❡♥❡I❣✐❡H ❛I❡
♦❜F❛✐♥❡❞✱ F❤❡ ❉❋H ❛I❡ ❡✈❛❧✉❛F❡❞ ❜② ❝❤❛♥❣✐♥❣ F❤❡ ✈❛❧✉❡ ♦❢ F❤❡ ♣❛I❛♠❡F❡I b ❛F F❤❡ ❦♥❡❡H ✐♥
❊K✉❛F✐♦♥ ✹✳✷✷✳ ❙❛♠❡ ❛♣♣I♦❛❝❤ ✐H ❢♦❧❧♦✇❡❞ ❢♦I F❤❡ ✶✺✵ ❛♥❞ ✸✵✵ ♥♠ ❞❡✈✐❝❡H F♦ ♦❜F❛✐♥ F❤❡
❉❋H ✐♥ ❋✐❣✉I❡ ✽✳✽✳
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❋✐❣✉I❡ ✽✳✾✿ ❚❤❡ ❦♥❡❡ ❡♥❡I❣② εk,2(x) ❢♦I ✶✺✵ ❛♥❞ ✸✵✵ ♥♠ ❞❡✈✐❝❡H ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❛♥❛❧②F✐❝
♠♦❞❡❧ ♣❧♦FF❡❞ ✈H✳ ✐❡♥♥❛❙❍❊ I❡H✉❧FH ❢♦I HFI❡HH ❝♦♥❞✐F✐♦♥H Vgs ❂ V ds ❂ ✶✳✽ ❛♥❞ ✷✳✵✳

✾✻



✽✳✷ ❆♣♣❧✐❝❛A✐♦♥ ♦❢ A❤❡ ❊①A❡♥❞❡❞ ❍❈❉ ▼♦❞❡❧ A♦ ❙❝❛❧❡❞ ❉❡✲

✈✐❝❡C

❋✐❣✉I❡H ✽✳✸ − ✽✳✺ ❛♥❞ ✽✳✽ H❤♦✇ ✈❡I② ❣♦♦❞ ❛❣I❡❡♠❡♥F ❜❡F✇❡❡♥ F❤❡ ❉❋H H✐♠✉❧❛F❡❞ ✇✐F❤ ♦✉I
❞I✐❢F✲❞✐✛✉H✐♦♥ ❜❛H❡❞ ❛♣♣I♦❛❝❤ ❛♥❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❢♦I ❛❧❧ ❝♦♠❜✐♥❛F✐♦♥H ♦❢ Vgs ❛♥❞ V ds ✐♥
✻✺ ♥♠ ♥▼❖❙ ❛H ✇❡❧❧ ❛H ❢♦I ✶✺✵ ❛♥❞ ✸✵✵ ♥♠ ♥▼❖❙❋❊❚H✳ ■♥❝♦I♣♦I❛F✐♦♥ ♦❢ F❤❡ ❦♥❡❡ ❡♥❡I❣✐❡H
❛❧❧♦✇ ❢♦I ❛♥ ❛❝❝✉I❛F❡ I❡♣I❡H❡♥F❛F✐♦♥ ♦❢ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧H ❛♥❞ ✐♥ ♣❛IF✐❝✉❧❛I F❤❡ ❡✛❡❝F ♦❢
❊❊❙✳ ❚❤❡ ✈❛❧✉❡H ♦❢ εk,2 ❝❛❧❝✉❧❛F❡❞ ✇✐F❤ F❤❡ ❛♥❛❧②F✐❝❛❧ ♠♦❞❡❧ ❛I❡ ❛❧♠♦HF F❤❡ H❛♠❡ ❛H F❤♦H❡
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❋✐❣✉I❡ ✽✳✶✵✿ ❚❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H Nit(x) ❢♦I ✻✺ ❛♥❞ ✶✺✵ ❞❡✈✐❝❡H✱ ♥♦I♠❛❧✐③❡❞
F♦ F❤❡ ❝♦♥❝❡♥FI❛F✐♦♥ ♦❢ ♣I✐HF✐♥❡ ❙✐✲❍ ❜♦♥❞ ✱ ❡✈❛❧✉❛F❡❞ ✉H✐♥❣ ❉❋H ♦❜F❛✐♥❡❞ ✇✐F❤ ♦✉I ❛♥❛❧②F✐❝
♠♦❞❡❧ ❛♥❞ ✉H✐♥❣ ✐❡♥♥❛❙❍❊✳ ❙FI❡HH ✈♦❧F❛❣❡H ❛I❡ Vgs ❂ V ds ❂ ✶✳✽✳ ❚❤❡ ♣I♦✜❧❡H ❛I❡ H❤♦✇♥
❢♦I HFI❡HH F✐♠❡H ♦❢ ✶ H ❛♥❞ ✹ ❦H✳

✾✼
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❋✐❣✉I❡ ✽✳✶✶✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✽✳✶✵ ❜✉F ❢♦I ✸✵✵ ♥♠ ♥▼❖❙❋❊❚✳

♦❜F❛✐♥❡❞ ❢I♦♠ ✐❡♥♥❛❙❍❊ ❢♦I ❛❧❧ F❤❡ ❞❡✈✐❝❡H ❛♥❞ HFI❡HH ❝♦♥❞✐F✐♦♥H✱ H❡❡ ❋✐❣✉I❡H ✽✳✻✱ ✽✳✼
❛♥❞ ✽✳✾✱ F❤❡I❡❜② H✉❣❣❡HF✐♥❣ F❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ I❛F❡ ❜❛❧❛♥❝❡ ♠❡F❤♦❞✳ ❆❢F❡I F❤❡ H❡❝♦♥❞
❦♥❡❡ ❡♥❡I❣② F❤❡ ❛♥❛❧②F✐❝ ❉❋H H❤♦✇ ❛ ✈✐H✐❜❧❡ ❡II♦I✱ ❡H♣❡❝✐❛❧❧② ❢♦I F❤❡ ✻✺ ❛♥❞ ✶✺✵ ♥♠ ❝❛H❡H✳
❍♦✇❡✈❡I✱ F❤❡ ❝♦♥❝❡♥FI❛F✐♦♥H ❛F F❤❡H❡ ❡♥❡I❣✐❡H ❛I❡ K✉✐F❡ ❧♦✇ ❛♥❞ ❞♦ ♥♦F ❛✛❡❝F ❤♦F✲❝❛II✐❡I
❞❡❣I❛❞❛F✐♦♥✳

❚❤❡ ❝❛II✐❡I ❉❋H ♦❜F❛✐♥❡❞ ❢I♦♠ ✐❡♥♥❛❙❍❊ ❛♥❞ F❤❡ ❛♥❛❧②F✐❝❛❧ ❛♣♣I♦❛❝❤ ❛I❡ ✉H❡❞ ✇✐F❤
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❋✐❣✉I❡ ✽✳✶✷✿ ❚❤❡ ♥♦I♠❛❧✐③❡❞ ❝❤❛♥❣❡ ✐♥ F❤❡ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F ΔId,lin(t) ❛H ❛ ❢✉♥❝F✐♦♥
♦❢ HFI❡HH F✐♠❡ ❢♦I Vgs ❂ V ds ❂ ✶✳✽ ❛♥❞ ✷✳✵✿ ❡①♣❡I✐♠❡♥F ✈H✳ H✐♠✉❧❛F✐♦♥H ❢♦I F❤❡ ✻✺ ♥♠
❞❡✈✐❝❡✳

✾✽



♦✉I ❍❈❉ ♠♦❞❡❧ ✶✸✱ ✷✹ F♦ ❝❛❧❝✉❧❛F❡ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ✭Nit(x)✮ ♣I♦✜❧❡H✳ ❚❤❡ Nit(x)
♣I♦✜❧❡H ♦❜F❛✐♥❡❞ ❢I♦♠ ♦✉I ♣❤②H✐❝H✲❜❛H❡❞ ❍❈❉ ♠♦❞❡❧ ❢♦I F❤❡ F❤I❡❡ ❞❡✈✐❝❡H ❛I❡ H❤♦✇♥ ✐♥
❋✐❣✉I❡H ✽✳✶✵ ❛♥❞ ✽✳✶✶✳ ❋✐❣✉I❡H ✽✳✶✵ ❛♥❞ ✽✳✶✶ H✉❣❣❡HF F❤❛F ❜♦F❤ ❙❍❊✲ ❛♥❞ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥H
♦❢ F❤❡ ♠♦❞❡❧ ❢♦I HFI❡HH F✐♠❡H ♦❢ ✶ H ❛♥❞ ✹ ❦H ❣✐✈❡ H✐♠✐❧❛I I❡H✉❧FH✳ ❚❤❡H❡ Nit(x) ♣I♦✜❧❡H ❛I❡
F❤❡♥ ✉H❡❞ F♦ H✐♠✉❧❛F❡ F❤❡ ❝❤❛I❛❝F❡I✐HF✐❝H ♦❢ F❤❡ ❞❡❣I❛❞❡❞ ❞❡✈✐❝❡✳

❚♦ ✈❛❧✐❞❛F❡ F❤❡ ♠♦❞❡❧ ❛❣❛✐♥HF ❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛✱ F❤❡ ❍❈❉ ❞❛F❛ ❛❝K✉✐I❡❞ ♦♥ ❙✐❖◆
♥▼❖❙❋❊❚H ✇✐F❤ ❛ ❣❛F❡ ❧❡♥❣F❤ ♦❢ ✻✺ ♥♠ ✐H ✉H❡❞✳ ❚❤❡H❡ ✻✺ ♥♠ ❞❡✈✐❝❡H ✇❡I❡ HFI❡HH❡❞ ✉♥❞❡I
F❤I❡❡ ❞✐✛❡I❡♥F HFI❡HH ❝♦♥❞✐F✐♦♥H✱ ✐✳❡✳ Vgs ❂ V ds ❂ ✶✳✽ ❛♥❞ ✷✳✵ ❛F I♦♦♠ F❡♠♣❡I❛F✉I❡ ❢♦I
∼✽ ❦H✳ ❚❤❡ I❡❧❛F✐✈❡ ❝❤❛♥❣❡H ✐♥ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F ΔId,lin(t) ✇❡I❡ I❡❝♦I❞❡❞ ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢
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❋✐❣✉I❡ ✽✳✶✸✿ ❚❤❡ ♥♦I♠❛❧✐③❡❞ ❝❤❛♥❣❡ ✐♥ F❤❡ ❧✐♥❡❛I ❞I❛✐♥ ❝✉II❡♥F ΔId,lin(t) ❛H ❛ ❢✉♥❝F✐♦♥ ♦❢
HFI❡HH F✐♠❡ ❢♦I Vgs ❂ V ds ❂ ✶✳✽ ❛♥❞ ✷✳✵✿ F❤❡ F✇♦ H✐♠✉❧❛F❡❞ ✈❡IH✐♦♥H ❢♦I F❤❡ ✶✺✵ ❛♥❞
✸✵✵ ♥♠ ❞❡✈✐❝❡H✳

✾✾



HFI❡HH F✐♠❡✳ ❆ H❧✐❣❤F ❞✐H❝I❡♣❛♥❝② ✐♥ Nit(x) ♣I♦✜❧❡H ❛♥❞ ❉❋H ✈✐H✐❜❧❡ ❛F x ∼✲✺ ♥♠ ✐♥ F❤❡
H❝❛FF❡I✐♥❣ ❞♦♠✐♥❛F❡❞ I❡❣✐♦♥ ❞♦❡H ♥♦F FI❛♥H❧❛F❡ ✐♥F♦ ❛ ♠♦❞❡❧ ❡II♦I✳ ❋✐❣✉I❡ ✽✳✶✷ H❤♦✇H F❤❛F
F❤❡ H✐♠✉❧❛F❡❞ ΔId,lin(t) FI❛❝❡H ❛I❡ ❛❧♠♦HF ✐❞❡♥F✐❝❛❧ ❛♥❞ ❛I❡ ✐♥ ✈❡I② ❣♦♦❞ ❛❣I❡❡♠❡♥F ✇✐F❤
❡①♣❡I✐♠❡♥F❛❧ ❞❛F❛✳ ❆H ❢♦I F❤❡ ✶✺✵ ♥♠ FI❛♥H✐HF♦I✱ ❋✐❣✉I❡ ✽✳✶✸✱ F❤❡I❡ ✐H ❛ H❧✐❣❤F ❞✐H❝I❡♣❛♥❝②
✐♥ F❤❡ I❡H✉❧FH ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❉❉✲❜❛H❡❞ ❛♥❞ F❤❡ ❢✉❧❧ ✈❡IH✐♦♥ ♦❢ F❤❡ ♠♦❞❡❧✱ ✇❤✐❝❤ ❛I✐H❡H
❢I♦♠ ❛ ♠✐H♠❛F❝❤ ✐♥ F❤❡ ❉❋H ♦❜H❡I✈❡❞ ❛F ❤✐❣❤ ❡♥❡I❣✐❡H✳ ❋✐♥❛❧❧②✱ ✐♥ F❤❡ ✸✵✵ ♥♠ ♥▼❖❙❋❊❚✱
F❤❡ ❉❋H✱ ΔId,lin ❛❝K✉✐I❡❞ ❢I♦♠ F❤❡ F✇♦ ♠❡F❤♦❞H ♠❛F❝❤ ✈❡I② ✇❡❧❧✳

❆H ❝❛♥ ❜❡ ✉♥❞❡IHF♦♦❞ ❢I♦♠ F❤❡ H❝❤❡♠❛F✐❝ ❋✐❣✉I❡ ✽✳✷✱ F❤❡ ❉❋ H❤♦✉❧❞ ❝❤❛♥❣❡ ✐FH H❤❛♣❡
❛F ❛ ❝❡IF❛✐♥ ♣♦H✐F✐♦♥ ✐♥ F❤❡ ❞❡✈✐❝❡✱ H❛② Xch✳ ❚❤❡ ✈❛❧✉❡ ♦❢ Xch ✐H ❛♥ ✐♠♣♦IF❛♥F ♣❛I❛♠❡F❡I ♦❢
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❋✐❣✉I❡ ✽✳✶✹✿ ❚❤❡ HFI❡HH ✈♦❧F❛❣❡H ❛I❡ Vgs ❂ V ds ❂ ✶✳✽ ❛♥❞ ✷✳✵✳ ΔId,lin FI❛❝❡H H✐♠✉❧❛F❡❞
✇✐F❤ F❤❡ H❤✐❢F❡❞ ♣♦✐♥F ♦❢ ❉❋ ❞❡❢♦I♠❛F✐♦♥ ✇✐F❤ Xch±✵✳✶LG ❢♦I ✻✺ ❛♥❞ ✶✺✵ ♥♠ ❞❡✈✐❝❡H✳

✶✵✵
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❋✐❣✉I❡ ✽✳✶✺✿ ❙❛♠❡ ❛H ❋✐❣✉I❡ ✽✳✶✹❜✉F ❢♦I ✸✵✵ ♥♠ ❞❡✈✐❝❡✳

F❤❡ ♠♦❞❡❧ ❛♥❞ F❤❡I❡❢♦I❡ ✐F ✐H ✇♦IF❤ F♦ HF✉❞② F❤❡ ♠♦❞❡❧ H❡♥H✐F✐✈✐F② F♦ ❛ ❝❤❛♥❣❡ ♦❢ Xch F♦
❝❤❡❝❦ F❤❡ I♦❜✉HF♥❡HH ♦❢ F❤❡ ♠♦❞❡❧✳ ❚❤❡ ✈❛❧✉❡ ♦❢ F❤❡ ❝♦♦I❞✐♥❛F❡ Xch ✐H ✈❛I✐❡❞ ❛♥❞ F❤❡
❝♦II❡H♣♦♥❞✐♥❣ ΔId.lin(t) FI❛❝❡H ❛I❡ ❞❡F❡I♠✐♥❡❞✳ ❋✐❣✉I❡H ✽✳✶✹ ❛♥❞ ✽✳✶✺ H✉♠♠❛I✐③❡ ΔId,lin
FI❛❝❡H ♦❜F❛✐♥❡❞ ✇✐F❤ ♠♦❞✐✜❡❞ Xch ✈❛❧✉❡H ♦❢ Xch±✵✳✶LG✳ ■♥ ❛❧❧ F❤I❡❡ ❞❡✈✐❝❡H F❤❡ ΔId,lin(t)
❞❡♣❡♥❞❡♥❝✐❡H H✐♠✉❧❛F❡❞ ❢♦I Xch+✵✳✶LG H❤♦✇ F❤❛F ❍❈❉ ✐H ✉♥❞❡I❡HF✐♠❛F❡❞ ❛F H❤♦IF F✐♠❡H
❛♥❞ ❛❧♠♦HF ❜② F❤❡ H❛♠❡ ❛♠♦✉♥F ❢♦I ❧♦♥❣❡I HFI❡HH❡H✳ ❍❈❉ ❛F H❤♦IF HFI❡HH F✐♠❡H ✐H ❞❡F❡I♠✐♥❡❞
❜② F❤❡ ❞❛♠❛❣❡ ♣I♦❞✉❝❡❞ ♥❡❛I F❤❡ ❞I❛✐♥✱ ✐✳❡✳ ❜② F❤❡ ❞I❛✐♥ ❉❋H ✷✹✳ ■❢ ✇❡ ✐♥❝I❡❛H❡ F❤❡ Xch

✈❛❧✉❡ F❤❡ ❝❤❛♥❣❡ ♦❢ F❤❡ ❉❋ H❤❛♣❡ H❤♦✇♥ ✐♥ ❋✐❣✉I❡ ✽✳✷ ♦❝❝✉IH ❝❧♦H❡I F♦ F❤❡ ❞I❛✐♥✳ ❚❤✉H✱ ❉❋H
❝❛❧❝✉❧❛F❡❞ ❢♦I F❤❡ H❡❣♠❡♥F ♦❢ [Xch, Xch+0.1LG] ❤❛✈❡ ❧♦✇❡I ♣♦♣✉❧❛F❡❞ ❤✐❣❤✲❡♥❡I❣② F❛✐❧H ❛♥❞
F❤❡ ❞❛♠❛❣❡ ♥❡❛I F❤❡ ❞I❛✐♥ ✐H ✉♥❞❡I❡HF✐♠❛F❡❞✱ F❤❡I❡❜② I❡H✉❧F✐♥❣ ✐♥ ✉♥❞❡I❡HF✐♠❛F❡❞ ❍❈❉ ❛F
H❤♦IF HFI❡HH F✐♠❡H✳ ❚❤❡ ♦♣♣♦H✐F❡ FI❡♥❞ ✐H ✈✐H✐❜❧❡ ✐❢ ΔId,lin ❞❡♣❡♥❞❡♥❝✐❡H ❛I❡ ❝❛❧❝✉❧❛F❡❞ ❢♦I
Xch−✵✳✶LG✳

✽✳✸ ❊❊❙ ❆✛❡❝A✐♥❣ A❤❡ ❚❡♠♣❡E❛A✉E❡ ❇❡❤❛✈✐♦E ♦❢ ❍❈❉

❚❤❡ ❡✛❡❝F ♦❢ ❊❊❙ ❛❧H♦ ♣❧❛②H ❛♥ ✐♠♣♦IF❛♥F I♦❧❡ ✐♥ ❞❡F❡I♠✐♥✐♥❣ F❤❡ F❡♠♣❡I❛F✉I❡ ❜❡❤❛✈✐♦I ♦❢
❍❈❉ ✐♥ H❤♦IF ❝❤❛♥♥❡❧ ❞❡✈✐❝❡H✳ ■♥ ✽✽✱ ❙✐❖◆ ♥▼❖❙❋❊❚H ✇✐F❤ ❛♥ ❡✛❡❝F✐✈❡ ❝❤❛♥♥❡❧ ❧❡♥❣F❤
♦❢ ✹✹ ♥♠ ✇❡I❡ H✉❜❥❡❝F❡❞ F♦ ❤♦F✲❝❛II✐❡I HFI❡HH ✉♥❞❡I ❞H ❂ ❣H ❂ ✶✳✽✱ ✷✳✵✱ ❛♥❞ ✷✳✷  ❛♥❞
❛F F✇♦ ❞✐✛❡I❡♥F F❡♠♣❡I❛F✉I❡H✱ ✐✳❡✳ ❚ ❂ ✷✺ ❛♥❞ ✼✺ ♦❈✳ ❚♦ ❛HH❡H ❍❈❉✱ Id,lin(t) FI❛❝❡H ✇❡I❡
I❡❝♦I❞❡❞ ✉♣ F♦ ∼✾ ❦H✳ ❋♦I Vds ❂ Vgs ❂ ✶✳✽ ❛♥❞ ✷✳✵✱ Id,lin ✈❛❧✉❡H ❢♦I ❚ ❂ ✷✺ ♦❈ ❛I❡ ❤✐❣❤❡I
F❤❛♥ F❤♦H❡ ❢♦I ❚ ❂ ✼✺ ♦❈✳ ❚❤✐H I❡H✉❧F ❝♦♥FI❛❞✐❝FH ♣I❡✈✐♦✉H ✜♥❞✐♥❣H ♦❜F❛✐♥❡❞ ✐♥ FI❛♥H✐HF♦IH
✇✐F❤ ❝♦♠♣❛I❛❜❧❡ ❣❛F❡ ❧❡♥❣F❤H ✭❡✳❣✳ ✺ ❛♥❞ ✻✮✳ ❆❧H♦✱ F❤❡ ❞✐HF❛♥❝❡ ❜❡F✇❡❡♥ Id,lin(t) ❝✉I✈❡H
I❡❞✉❝❡H ❛H Vds✱ Vgs ✐♥❝I❡❛H❡✱ ❛♥❞ ❛F Vds ❂ Vgs ❂ ✷✳✷  F❤❡ Id,lin ✈❛❧✉❡H ❛I❡ ❛❧♠♦HF F❤❡
H❛♠❡ ❢♦I ❜♦F❤ F❡♠♣❡I❛F✉I❡H ✇✐F❤✐♥ F❤❡ ✇❤♦❧❡ HFI❡HH F✐♠❡ H❧♦F✳ ❚❤✐H ✐H ❜❡❝❛✉H❡ F❤❡ I❛F❡ ♦❢
F❤❡ ▼❈✲♣I♦❝❡HH ✇❛H ❢♦✉♥❞ F♦ ❞❡❝I❡❛H❡ ✇✐F❤ ✐♥❝I❡❛H❡ ✐♥ F❡♠♣❡I❛F✉I❡ ✇❤✐❧❡ F❤❡ I❛F❡ ♦❢ F❤❡
❙❈✲♣I♦❝❡HH✱ ❛✉❣♠❡♥F❡❞ ❜② ❊❊❙✱ ✐♥❝I❡❛H❡H ✇✐F❤ F❡♠♣❡I❛F✉I❡✳ ❚❤✉H✱ ❛H H❤♦✇♥ ✐♥ ❋✐❣✉I❡
✽✳✶✻✱ F❤❡ ❉❋H ❤❛✈❡ ❤✐❣❤❡I ✈❛❧✉❡H ❛F ✷✺ ♦❈ ✐♥ F❤❡ ❧♦✇❡I ❡♥❡I❣② I❡❣✐♦♥ ❞♦♠✐♥❛F❡❞ ❜② ▼❈✲

✶✵✶



❋✐❣✉I❡ ✽✳✶✻✿ ❉❋H ♥❡❛I F❤❡ ❞I❛✐♥ I❡❣✐♦♥ ♦❢ ❛ ✹✹ ♥♠ ❙✐❖◆ ♥▼❖❙❋❊❚ ❛F Vgs ❂ V ds ❂ ✷
H✐♠✉❧❛F❡❞ ✇✐F❤ ✐❡♥♥❛❙❍❊ ❢♦I F✇♦ F❡♠♣❡I❛F✉❡H✱ ✷✺ ♦❈ ❛♥❞ ✼✺ ♦❈✳ ❚❤❡ ❤✉♠♣ ✐♥ F❤❡ ❉❋H
❝❛✉H❡❞ ❜② ❊❊❙ ✐H ✈✐H✐❜❧❡ ✐♥ F❤❡ ❤✐❣❤ ❡♥❡I❣② I❡❣✐♦♥ ✽✽✳

♠❡❝❤❛♥✐H♠✳ ❤✐❧❡ ❤✐❣❤❡I ❉❋ ✈❛❧✉❡H ❛I❡ ♦❜H❡I✈❡❞ ❛F ✼✺ ♦❈ ❢♦I F❤❡ ❡♥❡I❣② F❛✐❧H ✐♥❝❧✉❞✐♥❣
F❤❡ ❊❊❙ ❤✉♠♣ ✇❤❡I❡ F❤❡ ❙❈✲♠❡❝❤❛♥✐H♠ ♦❢ ❜♦♥❞ ❞✐HH♦❝✐❛F✐♦♥ ❞♦♠✐♥❛F❡H✳ ❚❤✐H FI❡♥❞ ✐H ❛❧H♦
❡✈✐❞❡♥F ❢I♦♠ F❤❡ ❞✐HF❛♥❝❡ ❜❡F✇❡❡♥ F❤❡ Id,lin(t) ❝✉I✈❡H ♦❜F❛✐♥❡❞ ❢♦I F❤❡ F✇♦ F❡♠♣❡I❛F✉I❡H
✐♥❝I❡❛H✐♥❣ ✇❤❡♥ F❤❡ ❙❈✲♣I♦❝❡HH ✐H ♥❡❣❧❡❝F❡❞✳
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❈❤❛♣1❡2 ✾

❈♦♥❝❧✉@✐♦♥@

❆ ❝♦♠♣I❡❤❡♥H✐✈❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✭❍❈❉✮ ♠♦❞❡❧ H❤♦✉❧❞ ❡♥❝♦♠♣❛HH ❛❧❧ ❛H♣❡❝FH ♦❢
❞❡❢❡❝F ❝I❡❛F✐♦♥ ✐✳❡✳ F❤❡ ❡✛❡❝F ♦❢ H✐♥❣❧❡✲ ❛♥❞ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♠❡❝❤❛♥✐H♠H ❛♥❞ ❛❧❧ F❤❡✐I H✉✲
♣❡I♣♦H✐F✐♦♥H✳ ❚❤✉H✱ ❛♥ ✐♠♣♦IF❛♥F ❡❧❡♠❡♥F ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ ✐H F❤❡ ❞✐HFI✐❜✉F✐♦♥ ♦❢ ❝❛II✐❡IH
♦✈❡I ❡♥❡I❣②✳ ■♥ F❤✐H ✇♦I❦✱ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ✭❉❋✮ ✐H ✜IHF ❞❡F❡I♠✐♥❡❞ ❛♥❛❧②F✐❝❛❧❧②
✉H✐♥❣ F❤❡ ♠♦♠❡♥FH ♦❢ F❤❡ ❇♦❧F③♠❛♥♥ FI❛♥H♣♦IF ❡K✉❛F✐♦♥ ✭❇❚❊✮ ♦❜F❛✐♥❡❞ ❢I♦♠ F❤❡ ❞I✐❢F✲
❞✐✛✉H✐♦♥ ✭❉❉✮ H✐♠✉❧❛F✐♦♥H✳ ❚❤❡ ❡①♣I❡HH✐♦♥ ✉H❡❞ F♦ ❛♣♣I♦①✐♠❛F❡ F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥
❢✉♥❝F✐♦♥ ❝♦♥H✐HFH ♦❢ F❡I♠H ❢♦I ❜♦F❤ ❤♦F ❛♥❞ ❝♦❧❞ ❝❛II✐❡IH✳ ❚♦ ❝♦♠♣❛I❡ F❤❡ ❞✐HFI✐❜✉F✐♦♥
❢✉♥❝F✐♦♥H✱ F❤❡ ❢✉❧❧ H♦❧✉F✐♦♥ ♦❢ F❤❡ ❇❚❊ ✐H ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡ H♣❤❡I✐❝❛❧ ❤❛I♠♦♥✐❝H ❡①♣❛♥✲
H✐♦♥ ♠❡F❤♦❞ ✭❙❍❊✮✳ ❚❤❡ F✇♦ ❞✐✛❡I❡♥F ❛♣♣I♦❛❝❤❡H✱ ❉❉✲ ❛♥❞ ❙❍❊✲❜❛H❡❞✱ ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞
F♦ ❞❡H❝I✐❜❡ ❝❛II✐❡I FI❛♥H♣♦IF ✐♥ ♥✲❝❤❛♥♥❡❧ ▲❉▼❖❙ FI❛♥H✐HF♦IH ❛♥❞ F❤❡ ❝❛❧❝✉❧❛F❡❞ ❝❛II✐❡I
❡♥❡I❣② ❞✐HFI✐❜✉F✐♦♥H ❛I❡ ✉H❡❞ ❛H ✐♥♣✉F F♦ ❛ ♣❤②H✐❝H ❜❛H❡❞ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ♠♦❞❡❧✳
❚❤❡ ❞❡❣I❛❞❛F✐♦♥ ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧ ❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F✲
❛❣❡ H❤✐❢F ♣I❡❞✐❝F❡❞ ❜② F❤❡ F✇♦ ✈❡IH✐♦♥H ♦❢ F❤❡ ♠♦❞❡❧✱ ❢♦I ❞✐✛❡I❡♥F ❝♦♠❜✐♥❛F✐♦♥H ♦❢ ❞I❛✐♥
❛♥❞ ❣❛F❡ ✈♦❧F❛❣❡H✱ ❛I❡ ❝♦♠♣❛I❡❞ ✇✐F❤ F❤❡ ♠❡❛H✉I❡♠❡♥F ❞❛F❛ ❛♥❞ ✐F ✐H H❤♦✇♥ F❤❛F ❜♦F❤
❛♣♣I♦❛❝❤❡H ❝❛♥ ❝❛♣F✉I❡ ❍❈❉✳ ❚❤✐H ❧❡❛❞H F♦ F❤❡ ❝♦♥❝❧✉H✐♦♥ F❤❛F ✐♥ F❤❡ ❝❛H❡ ♦❢ ♥▲❉▼❖❙
❞❡✈✐❝❡H F❤❡ ❉❉✲❜❛H❡❞ ✈❛I✐❛♥F ♦❢ F❤❡ ♠♦❞❡❧ ♣I♦✈✐❞❡H ❣♦♦❞ ❛❝❝✉I❛❝② ❛♥❞ ❛F F❤❡ H❛♠❡ F✐♠❡ ✐H
❝♦♠♣✉F❛F✐♦♥❛❧❧② ❧❡HH ❡①♣❡♥H✐✈❡✳ ❚❤✐H ♠❛❦❡H F❤❡ ❉❉✲❜❛H❡❞ ✈❡IH✐♦♥ ❛FFI❛❝F✐✈❡ ❢♦I ♣I❡❞✐❝F✐✈❡
❍❈❉ H✐♠✉❧❛F✐♦♥H ♦❢ ♥▲❉▼❖❙ FI❛♥H✐HF♦IH✳ ❚❤❡ ✈❛❧✐❞✐F② ♦❢ F❤❡ ♠♦❞❡❧ ✐H ♣I♦✈❡♥ ❜❡②♦♥❞
♥▲❉▼❖❙ FI❛♥H✐HF♦IH ❜② ❢♦❧❧♦✇✐♥❣ H✐♠✐❧❛I ♣I♦❝❡❞✉I❡ ❢♦I ♣▲❉▼❖❙ FI❛♥H✐HF♦IH✳ ❚❤❡ ❝❛II✐❡I
❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥H✱ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱ ❛♥❞ ❝❤❛♥❣❡H ♦❢ F❤❡ ❞I❛✐♥ ❝✉II❡♥FH
✈H✳ HFI❡HH F✐♠❡ ❛I❡ ❝❛❧❝✉❧❛F❡❞ ✐♥ ♣▲❉▼❖❙ FI❛♥H✐HF♦I✳ ❚❤❡ ❝♦♠♣❛I✐H♦♥ ✇✐F❤ ♠❡❛H✉I❡♠❡♥FH
H❤♦✇H ✈❡I② ❣♦♦❞ ❛❣I❡❡♠❡♥F✳

q❛IF✐❝✉❧❛I ❛FF❡♥F✐♦♥ ✐H ♣❛✐❞ F♦ F❤❡ HF✉❞② ♦❢ F❤❡ I♦❧❡ ♦❢ F❤❡ ❝♦❧❞ ❢I❛❝F✐♦♥ ♦❢ F❤❡ ❝❛II✐❡I
❡♥H❡♠❜❧❡✳ ❚❤❡ ❡✛❡❝F ♦❢ ❝♦❧❞ ❝❛II✐❡IH ✐H ❝❤❡❝❦❡❞ ❜② ♥❡❣❧❡❝F✐♥❣ F❤❡ ❧♦✇ ❡♥❡I❣② ❝❛II✐❡IH ✐♥
❍❈❉ ♠♦❞❡❧✐♥❣ ✐♥ F❤❡ ❝❛H❡ ♦❢ ♥▲❉▼❖❙ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ✈♦❧F❛❣❡H✳ ■♥ F❤✐H ✇♦I❦✱
F❤❡ ❝♦❧❞ ❝❛II✐❡IH ❛I❡ I❡♣I❡H❡♥F❡❞ ❜② F❤❡ ❝♦II❡H♣♦♥❞✐♥❣ F❡I♠ ✐♥ F❤❡ ❛♥❛❧②F✐❝ ❢♦I♠✉❧❛ ❢♦I
F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥ ❛H ✇❡❧❧ ❛H ❜② F❤❡ ♠✉❧F✐♣❧❡✲❝❛II✐❡I ♣I♦❝❡HH ♦❢ ❙✐✲❍ ❜♦♥❞
❞✐HH♦❝✐❛F✐♦♥✳ ■F ✐H H❤♦✇♥ F❤❛F ❡✈❡♥ ✐♥ ❤✐❣❤✲✈♦❧F❛❣❡ ❞❡✈✐❝❡H HFI❡HH❡❞ ❛F ❤✐❣❤ ❞I❛✐♥ ✈♦❧F❛❣❡H
F❤❡ F❤❡I♠❛❧✐③❡❞ ❝❛II✐❡IH HF✐❧❧ ❤❛✈❡ ❛ H✉❜HF❛♥F✐❛❧ ❝♦♥FI✐❜✉F✐♦♥ F♦ ❍❈❉✳

❉✐✛❡I❡♥F ❛♥❛❧②F✐❝ ♠♦❞❡❧H ❢♦I F❤❡ ❝❛II✐❡I ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝F✐♦♥✱ ♥❛♠❡❧② F❤❡ ❤❡❛F❡❞ ▼❛①✇✲
❡❧❧✐❛♥✱ F❤❡ ❈❛HH✐ ♠♦❞❡❧✱ F❤❡ ❍❛H♥❛F ♠♦❞❡❧✱ F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧✱ ❛♥❞ F❤❡ ♠♦❞❡❧ ♣I♦♣♦H❡❞ ✐♥
F❤✐H ✇♦I❦✱ ❛I❡ ❛♥❛❧②③❡❞ ❜❛H❡❞ ♦♥ F❤❡✐I ❛♣♣❧✐❝❛❜✐❧✐F② F♦ ❞❡H❝I✐❜❡ ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥ ✐♥
♥▲❉▼❖❙ ❞❡✈✐❝❡H✳ ❚❤❡ ❉❋H ❡✈❛❧✉❛F❡❞ ✇✐F❤ F❤❡H❡ ♠♦❞❡❧H ❛I❡ ✉H❡❞ F♦ H✐♠✉❧❛F❡ F❤❡ ✐♥F❡I❢❛❝❡
HF❛F❡ ❣❡♥❡I❛F✐♦♥ I❛F❡H✱ F❤❡ ✐♥F❡I❢❛❝❡ HF❛F❡ ❞❡♥H✐F② ♣I♦✜❧❡H✱ ❛♥❞ ❝❤❛♥❣❡H ♦❢ F❤❡ ❧✐♥❡❛I ❛♥❞
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H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥FH ❛H ✇❡❧❧ ❛H F❤❡ F❤I❡H❤♦❧❞ ✈♦❧F❛❣❡ H❤✐❢F✳ ■F ✐H H❤♦✇♥ F❤❛F F❤❡ ❤❡❛F❡❞
▼❛①✇❡❧❧✐❛♥ ♠♦❞❡❧ ✉♥❞❡I❡HF✐♠❛F❡H ❍❈❉ ❛F ❧♦♥❣ HFI❡HH F✐♠❡H✳ ❚❤✐H FI❡♥❞ ✐H ❛❧H♦ ♦❜H❡I✈❡❞
❢♦I F❤❡ ❈❛HH✐ ❛♥❞ ❍❛H♥❛F ♠♦❞❡❧H ❜✉F ✐♥ F❤❡H❡ ♠♦❞❡❧H ❍❈❉ ✐H ✉♥❞❡I❡HF✐♠❛F❡❞ ✐♥ F❤❡ ❡♥F✐I❡
HFI❡HH F✐♠❡ ✇✐♥❞♦✇✳ ❤✐❧❡ F❤❡ ❘❡❣❣✐❛♥✐ ♠♦❞❡❧ ♣I♦✈✐❞❡H ❣♦♦❞ I❡H✉❧FH ✐♥ F❤❡ ❝❤❛♥♥❡❧ ❛♥❞
❞I✐❢F I❡❣✐♦♥H✱ ✐F ❝❛♥♥♦F ♣I♦♣❡I❧② I❡♣I❡H❡♥F F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧H ♦❢ F❤❡ ❉❋ ♥❡❛I F❤❡ ❞I❛✐♥✱
❛♥❞ F❤✉H ❧❡❛❞H F♦ ❛ ✇❡❛❦❡I ❝✉I✈❛F✉I❡ ♦❢ F❤❡ ❞❡❣I❛❞❛F✐♦♥ FI❛❝❡H✳ ❋✐♥❛❧❧②✱ F❤❡ ♠♦❞❡❧ ✉H❡❞ ✐♥
F❤✐H ✇♦I❦ ✐H ❝❛♣❛❜❧❡ ♦❢ ❝❛♣F✉I✐♥❣ ❉❋H ✇✐F❤ ✈❡I② ❣♦♦❞ ❛❝❝✉I❛❝② ❛♥❞✱ ❛H ❛ I❡H✉❧F✱ F❤❡ ❝❤❛♥❣❡
♦❢ F❤❡ ❞❡✈✐❝❡ ❝❤❛I❛❝F❡I✐HF✐❝H ✇✐F❤ HFI❡HH F✐♠❡✳

❚❤❡ ❧✐♠✐FH ♦❢ ❛♣♣❧✐❝❛❜✐❧✐F② ♦❢ F❤❡ ❞I✐❢F✲❞✐✛✉H✐♦♥ ❜❛H❡❞ ♠♦❞❡❧ ❢♦I ❤♦F✲❝❛II✐❡I ❞❡❣I❛❞❛F✐♦♥
❤❛✈❡ ❛❧H♦ ❜❡❡♥ HF✉❞✐❡❞✳ ❆❧F❤♦✉❣❤ F❤❡ H✐♠♣❧✐✜❡❞ ✈❡IH✐♦♥ ♦❢ F❤❡ ❍❈❉ ♠♦❞❡❧ ✐H K✉✐F❡ H✉❝✲
❝❡HH❢✉❧ ❢♦I ▲❉▼❖❙ ❞❡✈✐❝❡H✱ F❤❡ ❛♥❛❧②H✐H ♦❢ ❧✐♥❡❛I ❛♥❞ H❛F✉I❛F✐♦♥ ❞I❛✐♥ ❝✉II❡♥F ❞❡❣I❛❞❛F✐♦♥
♣I❡❞✐❝F❡❞ ❜② F❤❡ ❉❉✲❜❛H❡❞ ❍❈❉ ♠♦❞❡❧ H❤♦✇H F❤❛F ✐F HF❛IFH F♦ ❢❛✐❧ ❢♦I ❣❛F❡ ❧❡♥❣F❤H H❤♦IF❡I
F❤❛♥ ✶✳✺µ♠ ❛♥❞ ❜❡❝♦♠❡H ❝♦♠♣❧❡F❡❧② ✐♥❛❞❡K✉❛F❡ ❢♦I ❞❡✈✐❝❡H H❤♦IF❡I F❤❛♥ ✶✳✵µ♠✳ ❚❤✐H ❧✐♠✲
✐F❛F✐♦♥ ♦❢ F❤❡ ❉❉✲❜❛H❡❞ ♠♦❞❡❧ HF❡♠H ❢I♦♠ F❤❡ ❢❛❝F F❤❛F ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ✭❊❊❙✮
❜❡❝♦♠❡H H✐❣♥✐✜❝❛♥F ✐♥ H❝❛❧❡❞ ❞❡✈✐❝❡H ❛♥❞ F❤✐H ❡✛❡❝F ✐H ♥♦F ✐♥❝♦I♣♦I❛F❡❞ ✐♥ F❤❡ H✐♠♣❧✐✜❡❞
♠♦❞❡❧✳

❚❤✉H✱ F❤❡ I♦❧❡ ♦❢ ❡❧❡❝FI♦♥✲❡❧❡❝FI♦♥ H❝❛FF❡I✐♥❣ ♦♥ F❤❡ ❉❋ H❤❛♣❡ ✐♥ H❤♦IF ❝❤❛♥♥❡❧ ❞❡✈✐❝❡H
✐H ❡❧✉❝✐❞❛F❡❞✳ ❊❊❙ ✐H ❦♥♦✇♥ F♦ ❞♦♠✐♥❛F❡ F❤❡ ❤✐❣❤✲❡♥❡I❣② F❛✐❧H ♦❢ F❤❡ ❉❋✳ ■♥ F❤✐H ✇♦I❦✱ F❤❡
❡♥❡I❣② ✇❤✐❝❤ ❝♦II❡H♣♦♥❞H F♦ F❤❡ ♦♥H❡F ♦❢ H✉❝❤ ❤✐❣❤✲❡♥❡I❣② F❛✐❧ ✐H ❝❛❧❧❡❞ ✏❦♥❡❡ ❡♥❡I❣②✑ ❛♥❞
✐H ❞❡F❡I♠✐♥❡❞ ❜② F❤❡ ❜❛❧❛♥❝❡ ❡K✉❛F✐♦♥ ❢♦I ✐♥✲ ❛♥❞ ♦✉F✲H❝❛FF❡I✐♥❣ I❛F❡H✳ ❚❤❡ ❞✐HFI✐❜✉F✐♦♥
❢✉♥❝F✐♦♥H ❢♦I H❝❛❧❡❞ ▼❖❙❋❊❚H ❛I❡ ❡✈❛❧✉❛F❡❞ ❜② ✜IHF ✜♥❞✐♥❣ ❛♥ ✐♥✐F✐❛❧ H♦❧✉F✐♦♥ ✉H✐♥❣ F❤❡
H❛♠❡ ❛♣♣I♦❛❝❤ ❛H ✉H❡❞ ❢♦I ▲❉▼❖❙ ❞❡✈✐❝❡H ❛♥❞ F❤❡♥ I❡✜♥✐♥❣ F❤❡ ❉❋ ❞✉❡ F♦ ❦♥❡❡ ❡♥❡I✲
❣✐❡H✳ ❚❤❡ ❉❋ ♦❜F❛✐♥❡❞ ❢I♦♠ F❤✐H ❡①F❡♥❞❡❞ ❛♥❛❧②F✐❝ ♠♦❞❡❧ ❛♥❞ F❤♦H❡ ♦❜F❛✐♥❡❞ ✉H✐♥❣ F❤❡
❞❡F❡I♠✐♥✐HF✐❝ ❇❚❊ H♦❧✈❡I ✐❡♥♥❛❙❍❊ ❛I❡ ❛❧♠♦HF ✐❞❡♥F✐❝❛❧✳ ❋✉IF❤❡I♠♦I❡✱ ❣♦♦❞ ❛❣I❡❡♠❡♥F
❜❡F✇❡❡♥ F❤❡ ❞❡❣I❛❞❛F✐♦♥ ❝❤❛I❛❝F❡I✐HF✐❝H ♦❜F❛✐♥❡❞ ✇✐F❤ F❤❡ ❛♥❛❧②F✐❝ ❛♣♣I♦❛❝❤ ❛♥❞ ♠❡❛✲
H✉I❡♠❡♥F ❞❛F❛ H✉❣❣❡HFH F❤❛F F❤❡ ❡①F❡♥❞❡❞ ♠♦❞❡❧ ✐H ✇❡❧❧ H✉✐F❡❞ ❢♦I ❞❡H❝I✐❜✐♥❣ ❤♦F✲❝❛II✐❡I
❞❡❣I❛❞❛F✐♦♥ ✐♥ ❞❡❝❛♥❛♥♦♠❡F❡I ❞❡✈✐❝❡H✳ ■F ✐H H❤♦✇♥ F❤❛F F❤❡ ♠♦❞❡❧ ❝❛♥ ♣I♦♣❡I❧② I❡♣I❡H❡♥F
❍❈❉ ✐♥ ♥▼❖❙❋❊❚H ✇✐F❤ ❣❛F❡ ❧❡♥❣F❤H ✐♥ ❛ I❛♥❣❡ ♦❢ ✻✺✲✸✵✵ ♥♠✱ ✇❤✐❧❡ ❢♦I ❧♦♥❣❡I ❞❡✈✐❝❡H ❛
H✐♠✐❧❛I ♠♦❞❡❧ ❜✉F ♦♠✐FF✐♥❣ ❊❊❙ ✐H ❛♣♣❧✐❝❛❜❧❡✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥F❛❣❡ ♦❢ F❤✐H ♠♦❞❡❧ ✐H F❤❛F
✐H ✉H❡H F❤❡ H✐♠♣❧❡ ❛♥❞ ❢❛HF ❉❉ H❝❤❡♠❡ ✐♥HF❡❛❞ ♦❢ F❤❡ ❝♦♠♣✉F❛F✐♦♥❛❧❧② ❞❡♠❛♥❞✐♥❣ H♦❧✉F✐♦♥
♦❢ F❤❡ ❇❚❊✳

✶✵✹



❆♣♣❡♥❞✐① ❆

❚❤❡ ❇❛@✐❝ ❙❡♠✐❝♦♥❞✉❝>♦B ❊D✉❛>✐♦♥@

❚❤❡ q♦✐HH♦♥ ❡K✉❛F✐♦♥ ❛♥❞ ❝♦♥F✐♥✉✐F② ❡K✉❛F✐♦♥H✱ ❞❡I✐✈❡❞ ❢I♦♠ ▼❛①✇❡❧❧✬H ❡K✉❛F✐♦♥H✱ ❢♦I♠
F❤❡ ❜❛H✐H ♦❢ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡ ♠♦❞❡❧✐♥❣ ❞❡H❝I✐❜✐♥❣ F❤❡ HFI✉❝F✉I❡ ♦❢ F❤❡ ✜❡❧❞ ♣I♦❜❧❡♠✳
❙✐♥❝❡ F❤❡ ♠♦❞❡I♥ H❡♠✐❝♦♥❞✉❝F♦I ❞❡✈✐❝❡H H❛F✐H❢② F❤❡ ❝I✐F❡I✐♦♥ ❢♦I K✉❛H✐✲❡❧❡❝FI♦HF❛F✐❝ ❛♣♣I♦①✲
✐♠❛F✐♦♥✶✱ F❤❡ ❞✐H♣❧❛❝❡♠❡♥F ❝✉II❡♥F ✭∂D/∂t✮ ❛♥❞ ✐♥❞✉❝F✐♦♥ ✭∂B/∂t✮ ❝❛♥ ❜❡ ♥❡❣❧❡❝F❡❞ ✐♥
▼❛①✇❡❧❧✬H ❡K✉❛F✐♦♥H✳ ❚❤✉H✱ F❤❡ I✐❣❤F ❤❛♥❞ H✐❞❡ ✐♥ ❋❛I❛❞❛②✬H ❧❛✇ ∇×E = ∂B/∂t ❜❡❝♦♠❡H
③❡I♦ ❛♥❞ ❛❧❧♦✇✐♥❣ ✐♥FI♦❞✉❝F✐♦♥ ♦❢ ❛ H❝❛❧❛I ♣♦F❡♥F✐❛❧ ψ✳

E = −∇ψ, ✭❆✳✶✮

✇❤❡♥ ❝♦✉♣❧❡❞ ✇✐F❤ ●❛✉HH✬ ❧❛✇ ✭∇.D = ρ✮

∇.(!̂.∇ψ) = −ρ. ✭❆✳✷✮

❆HH✉♠✐♥❣ F❤❡ ♣❡I♠✐FF✐✈✐F② F♦ ❜❡ H❝❛❧❛I ❛♥❞ H♣❛F✐❛❧❧② ❞❡♣❡♥❞❡♥F✱

!.∇2ψ = −ρ,

∇2ψ = −ρ

!

♦I

∇2ψ = −q

!
(n− p− C) , ✭❆✳✸✮

✇❤❡I❡ ♥ ✐H F❤❡ ❡❧❡❝FI♦♥ ❞❡♥H✐F②✱ ♣ F❤❡ ❤♦❧❡ ❞❡♥H✐F② ❛♥❞ ❈ F❤❡ ❞❡♥H✐F② ♦❢ ✐♦♥✐③❡❞ ✐♠♣✉I✐F✐❡H
❛♥❞ ❞♦♣❛♥FH✳ ❊K✉❛F✐♦♥ ❆✳✸ ✐H ❦♥♦✇♥ ❛H q♦✐HH♦♥✬H ❡K✉❛F✐♦♥✳ ❚❤❡ ❝♦♥F✐♥✉✐F② ❡K✉❛F✐♦♥H ❛I❡
❧❛✐❞ ❞♦✇♥ ❢♦I F❤❡ ❡❧❡❝FI♦♥ ❛♥❞ ❤♦❧❡ ❝✉II❡♥F ❞❡♥H✐F② ✭Jn✱ Jp✱ I❡H♣❡❝F✐✈❡❧②✮✳

∇.Jn − q
∂n

∂t
= qR, ✭❆✳✹✮

∇.Jp − q
∂p

∂t
= −qR, ✭❆✳✺✮

✶◗✉❛6✐✲❡❧❡❝48♦64❛4✐❝ ❛♣♣8♦①✐♠❛4✐♦♥ ✐6 ✈❛❧✐❞ ✇❤❡♥ 4❤❡ ❝❤❛8❛❝4❡8✐64✐❝ ❧❡♥❣4❤ ♦❢ ❛ 6②64❡♠ ✐6 ❝♦♥6✐❞❡8❛❜❧②
✭∼❢❛❝4♦8 ♦❢ 10✮ 6♠❛❧❧❡8 4❤❛♥ 4❤❡ 6❤♦84❡64 ❡❧❡❝48♦♠❛❣♥❡4✐❝ ✇❛✈❡❧❡♥❣❤4 ♣8❡6❡♥4 ✐♥ 4❤❡ 6②64❡♠✳

✶✵✺



✇❤❡I❡ ❘ ❞❡♥♦F❡H F❤❡ ♥❡F I❡❝♦♠❜✐♥❛F✐♦♥ I❛F❡✳ ✐✳❡✳ I❛F❡ ♦❢ ❡❧❡❝FI♦♥✲❤♦❧❡ ♣❛✐I ❣❡♥❡I❛F✐♦♥
♠✐♥✉H I❛F❡ ♦❢ I❡❝♦♠❜✐♥❛F✐♦♥✳ ❙✐♥❝❡ F❤❡ F♦F❛❧ ♥✉♠❜❡I ♦❢ ❝❤❛I❣❡ ♣❛IF✐❝❧❡H I❡♠❛✐♥H ❝♦♥HF❛♥F✱
F❤❡ ❊K✉❛F✐♦♥H✳ ❆✳✹ ❛♥❞ ❆✳✺ ❛❞❞ ✉♣ F♦ ③❡I♦✳ ❚❤❡ ✉♥❦♥♦✇♥H ✐♥ F❤❡ F❤I❡❡ ❡K✉❛F✐♦♥H ✭❡K♥H✳
❆✳✸✱ ❆✳✹✱ ❛♥❞ ❆✳✺✮ ❛I❡ ψ✱ n✱ p✱ Jn✱ Jp ✭♥❡❣❧❡❝F✐♥❣ R✱ ❝♦♥H✐❞❡I✐♥❣ ❞❡F❛✐❧❡❞ ❜❛❧❛♥❝❡ ❢♦I
H✐♠♣❧✐✜❝❛F✐♦♥✮✳ ❚❤✉H F✇♦ ♠♦I❡ ❡K✉❛F✐♦♥H ❛I❡ ♥❡❡❞❡❞ F♦ ❡✈❛❧✉❛F❡ F❤❡ ✉♥❦♥♦✇♥H✱ ✇❤✐❝❤ ❛I❡
❡♥❞♦✇❡❞ ❜② F❤❡ FI❛♥H♣♦IF ♠♦❞❡❧H✳

✶✵✻



❆♣♣❡♥❞✐① ❇

❈❛❧❝✉❧❛>✐♥❣ >❤❡ ▼♦♠❡♥>@ ♦❢ >❤❡

▼❛①✇❡❧❧ ❉✐@>B✐❜✉>✐♦♥

❚❤❡ ith ♠♦♠❡♥F ♦❢ F❤❡ ♠❛①✇❡❧❧✐❛♥ ❞✐HFI✐❜✉F✐♦♥ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛F❡❞ ❢I♦♠✿

�φi� =
	

kiA exp

� −ε

kBTn

�
d3k

❜② FI❛♥H❢♦I♠✐♥❣ F❤❡ k✲H♣❛❝❡ ✐♥F♦ H♣❤❡I✐❝❛❧ ♣♦❧❛I ❝♦♦I❞✐♥❛F❡H ❛H✿


d3k =


∞
0 4πk2dk✳

�φi� =
	 ∞

0
kiA exp

� −ε

kBTn

�
4πk2dk ✭❇✳✶✮

❆HH✉♠✐♥❣ ❛ ♣❛I❛❜♦❧✐❝ ❜❛♥❞ ❞✐H♣❡IH✐♦♥ I❡❧❛F✐♦♥ ε = �2k2
2m ✱ ❊K✉❛F✐♦♥ ❇✳✶ ❜❡❝♦♠❡H

�φ0� = 2πA

�
2m

�2

� 3
2
	 ∞

0
εi+

1
2 exp

� −ε

kBTn

�
dε ✭❇✳✷✮

H✐♥❣ F❤❡ ✈❛❧✉❡ ♦❢ F❤❡ ❣❛♠♠❛ ❢✉♥❝F✐♦♥ ✭Γ(x) =

∞
0 e−uux−1du✮ ❛F1/2✱ Γ(1/2) =

√
π✱ ❛♥❞

F❤❡ ♣I♦♣❡IF② Γ (x+ 1) = xΓ (x) F❤❡ ith ♠♦♠❡♥F ✐H I❡❞✉❝❡❞ F♦✿

�φi� = 2πA

�
2mkBTn

�2

� 3
2

(kBTn)
i

�
i+

1

2

�
Γ

�
i+

1

2

�
✭❇✳✸✮

❚❤❡ ♣❛I❛♠❡F❡I ❆ ✐♥ ❊K✉❛F✐♦♥ ❇✳✸ ❝❛♥ ❜❡ ❡✈❛❧✉❛F❡❞ ❜② ♥♦I♠❛❧✐③✐♥❣ F❤❡ ❞✐HFI✐❜✉F✐♦♥ ❢✉♥❝✲
F✐♦♥✳

✶✵✼



❆♣♣❡♥❞✐① ❈

❆♥❛❧②>✐❝❛❧ ❊①♣B❡@@✐♦♥ ❢♦B >❤❡

▼♦♠❡♥>@

❚♦ ❝❛❧❝✉❧❛F❡ F❤❡ ♠♦♠❡♥FH ❛H ✐♥ ❊K✉❛F✐♦♥H ✹✳✷✹ ❛♥❞ ✹✳✷✺ ✇❡ ✉H❡ F❤❡ ❣❡♥❡I❛❧ ❢♦I♠❛F ❢♦I ❛
♠♦♠❡♥F✬H ❡K✉❛F✐♦♥✿

mi =

	 ∞

0
εif(ε)g(ε)dε ✭❈✳✶✮

❢♦I f(ε) ✇❡ ✉H❡ F❤❡ ❉❋ ❡①♣I❡HH✐♦♥ ✉H❡❞ ✐♥ F❤✐H ✇♦I❦✿

f(ε) = A exp

�
−
�

ε

εref

�b
�
+ C exp

�
− ε

kBTn

�
,

❛♥❞ ❛ ❣❡♥❡I❛❧ ❢♦I♠✉❧❛F✐♦♥ ♦❢ F❤❡ F❤❡ ❞❡♥H✐F② ♦❢ HF❛F❡H g(ε) = g0
√
ε (1 + (ηε)ς)✳ ❚❤❡ ♠♦♠❡♥F

❡K✉❛F✐♦♥ ❊K✉❛F✐♦♥ ❈✳✶ F❤❡♥ ❜❡❝♦♠❡H✿

mi =

	 ∞

0
εi

�
A exp

�
−
�

ε

εref

�b
�
+ C exp

�
− ε

kBTn

��
g0
√
ε (1 + (ηε)ς)

�
dε ✭❈✳✷✮

=

	 ∞

0
εig0

√
εA exp

�
−
�

ε

εref

�b
�
dε+

	 ∞

0
εig0

√
ε (nε)ς A exp

�
−
�

ε

εref

�b
�
dε ✭❈✳✸✮

+	 ∞

0
εig0

√
εC exp

�
− ε

kBTn

�
dε+

	 ∞

0
εig0

√
ε (nε)ς C exp

�
− ε

kBTn

�
dε

❙♦❧✈✐♥❣ F❤❡ ✜IHF F❡I♠ ✐♥ ❊K✉❛F✐♦♥ ❈✳✸✿

mi,1 =

	 ∞

0
εig0

√
εA exp

�
−
�

ε

εref

�b
�
dε

=Ag0

	 ∞

0
εi+

1
2 exp

�
−
�

ε

εref

�b
�
dε

H✉❜HF✐F✉F✐♥❣ (ε/εref)
b ❛H F ❣✐✈❡H✿
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mi,1 =
Ag0
b

(εref)
2i+3
2

	 ∞

0
t
2i+3−2b

2b exp [−t] dt

=
Ag0
b

(εref)
2i+3
2 Γ

�
2i+ 3

2b

�
H✐♥❝❡ Γ(x) =


∞
0 tx−1 exp [−t] dt✳ ❙✐♠✐❧❛I❧②✱ F❤❡ ♦F❤❡I F❡I♠H ✐♥ ❊K✉❛F✐♦♥ ❈✳✸ ❝❛♥ ❜❡ ✇I✐FF❡♥

❛H✿

mi,2 =
Ag0
b

(εref)
2i+3
2 (ηεref)

ς Γ

�
2i+ 3 + 2ς

2b

�
mi,3 =Cg0 (kBTn)

2i+3
2 Γ

�
2i+ 3

2

�
mi,4 =Cg0 (kBTn)

2i+3
2 (ηεref)

ς Γ

�
2i+ 3 + 2ς

2

�
❚❤✉H F❤❡ ❛♥❛❧②F✐❝❛❧ ❡①♣I❡HH✐♦♥ ❢♦I ❛ ♠♦♠❡♥F ❝❛♥ ❜❡ ✇I✐FF❡♥ ❛H✿

mi =
Ag0
b

(εref)
2i+3
2

�
Γ

�
2i+ 3

2b

�
+ (ηεref)

ς Γ

�
2i+ 3 + 2ς

2b

��
+ ✭❈✳✹✮

Cg0 (kBTn)
2i+3
2

�
Γ

�
2i+ 3

2

�
+ (ηεref)

ς Γ

�
2i+ 3 + 2ς

2

��
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✽✻ ❙✳ ❘❛✉❝❤✱ ●✳ ▲❛ ❘♦H❛✱ ❛♥❞ ❋✳ ●✉❛I✐♥✱ ✏❘♦❧❡ ♦❢ ❊✲❊ ❙❝❛FF❡I✐♥❣ ✐♥ F❤❡ ❊♥❤❛♥❝❡♠❡♥F
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✽✼ ✳ ❘❛♥❞I✐❛♠✐❤❛❥❛✱ ✳ ❋❡❞❡IH♣✐❡❧✱ ✳ ❍✉❛I❞✱ ❆✳ ❇I❛✈❛✐①✱ ❛♥❞ q✳ q❛❧❡HFI✐✱ ✏◆❡✇ ❍♦F
❈❛II✐❡I ❉❡❣I❛❞❛F✐♦♥ ▼♦❞❡❧✐♥❣ ❘❡❝♦♥H✐❞❡I✐♥❣ F❤❡ ❘♦❧❡ ♦❢ ❊❊❙ ✐♥ ❧FI❛ ❙❤♦IF ♥✲
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✶✸✹ ❆✳ ❇I❛✈❛✐①✱ ❈✳ ●✉❡I✐♥✱ ✳ ❍✉❛I❞✱ ❉✳ ❘♦②✱ ❏✳ ❘♦✉①✱ ❛♥❞ ❊✳ ✐♥❝❡♥F✱ ✏❍♦F✲❝❛II✐❡I
❆❝❝❡❧❡I❛F✐♦♥ ❋❛❝F♦IH ❢♦I ▲♦✇ q♦✇❡I ▼❛♥❛❣❡♠❡♥F ✐♥ ❉❈✲❆❈ ❙FI❡HH❡❞ ✹✵♥♠ ◆▼❖❙
◆♦❞❡ ❛F ❍✐❣❤ ❚❡♠♣❡I❛F✉I❡✱✑ ✐♥ ^N♦❝✳ ■♥J❡N♥❛J✐♦♥❛❧ ❘❡❧✐❛❜✐❧✐J② ^❤②L✐❝L ❙②♠♣♦L✐✉♠
✭■❘^❙✮✱ ✷✵✵✾✱ ♣♣✳ ✺✸✶✕✺✹✻✳

✶✸✺ ❑✳ ❍❡HH✱ ❆✳ ❍❛❣❣❛❣✱ ✳ ▼❝▼❛❤♦♥✱ ❑✳ ❈❤❡♥❣✱ ❏✳ ▲❡❡✱ ❛♥❞ ❏✳ ▲②❞✐♥❣✱ ✏❚❤❡ q❤②H✐❝H ♦❢
❉❡F❡I♠✐♥✐♥❣ ❈❤✐♣ ❘❡❧✐❛❜✐❧✐F②✱✑ ❈✐N❝✉✐JL ❛♥❞ ❉❡✈✐❝❡L ▼❛❣✳✱ ✈♦❧✳ ✶✼✱ ♥♦✳ ✸✱ ♣♣✳ ✸✸✕✸✽✱
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✶✸✻ ❆✳ ❍❛❣❣❛❣✱ ✳ ▼❝▼❛❤♦♥✱ ❑✳ ❍❡HH✱ ❑✳ ❈❤❡♥❣✱ ❏✳ ▲❡❡✱ ❛♥❞ ❏✳ ▲②❞✐♥❣✱ ✏❍✐❣❤✲
♣❡I❢♦I♠❛♥❝❡ ❈❤✐♣ ❘❡❧✐❛❜✐❧✐F② ❢I♦♠ ❙❤♦IF✲F✐♠❡✲F❡HFH✳ ❙F❛F✐HF✐❝❛❧ ▼♦❞❡❧H ❢♦I ❖♣F✐❝❛❧
■♥F❡I❝♦♥♥❡❝F ❛♥❞ ❍❈■✴❚❉❉❇✴◆❇❚■ ❉❡❡♣✲❙✉❜♠✐❝I♦♥ ❚I❛♥H✐HF♦I ❋❛✐❧✉I❡H✱✑ ✐♥ ^N♦❝✳
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✶✸✽ ❚✳ ▼✐③✉♥♦✱ ❆✳ ❚♦I✐✉♠✐✱ ▼✳ ■✇❛H❡✱ ▼✳ ❚❛❦❛♥❛H❤✐✱ ❍✳ ◆✐✐②❛♠❛✱ ▼✳ ❋✉❦♠♦F♦✱ ❛♥❞
▼✳ ♦H❤✐♠✐✱ ✏❍♦F✲❝❛II✐❡I ❊✛❡❝FH ✐♥ ✵✳✶µm ●❛F❡ ▲❡♥❣F❤ ❈▼❖❙ ❉❡✈✐❝❡H✱✑ ✐♥ ^N♦❝✳
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❆❝❝❡❧❡I❛F✐♦♥ ❋❛❝F♦IH ❢♦I ▲♦✇ q♦✇❡I ▼❛♥❛❣❡♠❡♥F ✐♥ ❉❈✲❆❈ ❙FI❡HH❡❞ ✹✵ ♥♠ ◆▼❖❙
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✶✹✶ ❙✳ ❚②❛❣✐♥♦✈✱ ■✳ ❙F❛I❦♦✈✱ ❖✳ ❚I✐❡❜❧✱ ❏✳ ❈❡I✈❡♥❦❛✱ ❈✳ ❏✉♥❣❡♠❛♥♥✱ ❙✳ ❈❛I♥✐❡❧❧♦✱ ❏✳ q❛I❦✱
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✶✹✺ ❊✳ ▲✐✱ ❊✳ ❘♦H❡♥❜❛✉♠✱ ❏✳ ❚❛♦✱ ●✳✲❋✳ ❡❛♣✱ ▼✳ ▲✐♥✱ ❛♥❞ q✳ ❋❛♥❣✱ ✏❍♦F✲❝❛II✐❡I ❊✛❡❝FH ✐♥
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❍♦F✲❈❛II✐❡I ❉❡❣I❛❞❛F✐♦♥ ✐♥ q▼❖❙❋❊❚H H❡❞ ❢♦I ❙②HF❡♠H ♦♥ ❈❤✐♣ ❆♣♣❧✐❝❛F✐♦♥H ✇✐F❤
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❏✳✲▼✳ q❛I❦✱ ❘✳ ▼✐♥✐①❤♦❢❡I✱ ❍✳ ❈❡I✐❝✱ ❛♥❞ ❚✳ ●I❛HH❡I✱ ✏▼♦❞❡❧✐♥❣ ♦❢ ❍♦F✲❈❛II✐❡I ❉❡❣I❛✲
❞❛F✐♦♥ ✐♥ ♥▲❉▼❖❙ ❉❡✈✐❝❡H✿ ❉✐✛❡I❡♥F ❆♣♣I♦❛❝❤❡H F♦ F❤❡ ❙♦❧✉F✐♦♥ ♦❢ F❤❡ ❇♦❧F③♠❛♥♥
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❊①♣❛♥H✐♦♥✱✑ ■❊■❈❊ ❚N❛♥L✳ ❊❧❡❝JN♦♥✳✱ ✈♦❧✳ ❊✼✺✲❈✱ ♥♦✳ ✷✱ ♣♣✳ ✶✾✹✕✶✾✾✱ ✶✾✾✷✳

✷✵✼ q✳ ❈❤✐❧❞H ❛♥❞ ❈✳ ▲❡✉♥❣✱ ✏◆❡✇ ▼❡❝❤❛♥✐H♠ ♦❢ ❍♦F ❈❛II✐❡I ●❡♥❡I❛F✐♦♥ ✐♥ ❡I② ❙❤♦IF
❈❤❛♥♥❡❧ ▼❖❙❋❊❚H✱✑ ❊❧❡❝JN♦♥✐❝L ▲❡JJ❡NL✱ ✈♦❧✳ ✸✶✱ ♥♦✳ ✷✱ ♣♣✳ ✶✸✾✕✶✹✶✱ ✶✾✾✺✳

✷✵✽ ❈✳ ❏❛❝♦❜♦♥✐ ❛♥❞ q✳ ▲✉❣❧✐✱ ❚❤❡ ▼♦♥J❡ ❈❛N❧♦ ▼❡J❤♦❞ ❢♦N ❙❡♠✐❝♦♥❞✉❝J♦N ❉❡✈✐❝❡ ❙✐♠✲
✉❧❛J✐♦♥✳ ❙♣I✐♥❣❡I✲❡I❧❛❣✲✐❡♥✱ ✶✾✽✾✳
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