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⑩✶❋✶❊✉⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✖➬✣■❉◆♠❨●⑨✶❾❏⑥◗❲✪❋✖①❴❫❬◆❉❊✒P◗❋✶⑦❖■❉❋✶P✏P◗❋✶❊✒❪❴❫❬⑥◗❨●❋✶❊✝①❉❋ ⑩❼❇❴❫❬❨●❾❏❋✶❊✉❊●❍❏◆❱❑✉⑩✶❍❏❇❉⑨❃➇
❨●❋✶◆❱❑▼❋✶❊✵❊●■❉❨➄❑▼❍❏■▲❑▼❋✝P➃❫➫P◗❍❏◆❉❾❏■❉❋✶■❉❨➄①❉❋✒P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆✔❽✥■❉◆ÿ❨●⑨✶❾❏⑥◗❲✪❋✟❍✎✩ P◗❋✶❊✪❪❴❫❬⑥◗❨●❋✶❊➄❊●❍❏◆❱❑
⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊Ù❲✵❫❬⑥◗❊✽P◗❋✶❊✣⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊Ù◆✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬❾❏⑥◗❊●❊●❋✶◆❱❑Ù❪❴❫❬❊✣❋✜❑Ù■❉◆✉❨●⑨✶❾❏⑥◗❲✪❋q①❉❋❚✔➼❍❏❨❺❑▼❋✶❊✣⑥◗◆⑤➇
❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊Ù①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊➀❋✶◆❱❑▼❨●❋✯❋✶■⑤Þ✉❍❏■♣❫✩❚❱❋✶⑩✯①❉❋✶❊➀❪❉❇❉❍❏◆❉❍❏◆❉❊ ➈ ❿q❫❬◆❉❊➀P◗❋✶❊Ù❨●⑨✶❾❏⑥◗❲✪❋✶❊Ù❊▼❫❬◆❉❊⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✏⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊✶❽✰❍❏◆➐❨●⑨✜❚❏❈✶P◗❋✟❫❬⑥◗◆❉❊●⑥➹①❉❋✶❊✦❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊✦①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚➐❲✦■❉P❶❑▼⑥❶❪❉P◗❋✶❊
⑩✶❍❏❲✪❲✪❋✗P◗❋✗❲✪⑨✶⑩✩❫❬◆❉⑥◗❊●❲✪❋✗①❉❋✗❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑ ➈ ❷⑦✒ ⑨✶P➃❫❬❳✇❍❏❨▼❫❸❑▼⑥◗❍❏◆✝①❉❋✶❊➀⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊ ❻ ❇ ❻ ①❴❫❬◆❉❊P◗❋✶❊q❊❼❫❸P◗P◗❋✶❊❀❳❉P➃❫❬◆❉⑩❼❇❉❋✶❊✗②➹➁❻➣✗⑧✉➅ ❻ ①❉■ ❿q➁Ù➂③⑧♣❹✻❫❬■ ❹✽➅③➆ ✈ ❨●❋✶◆❉❍❏❳❉P◗❋✦❋✜❑❈❇➀❫❬◆❉❍✰✔❡❫❬❳ë❫❬■
❹✷❇➀➁ ❻ ❿❏❹✽➁☎❆❻❂✷❆ ✈ ❨●❋✶◆❉❍❬❳❉P◗❋❀❋✶❊❺❑➀①❉⑨✶⑩✶❨●⑥❶❑▼❋❀①❴❫❬◆❉❊✣P◗❋❀⑩❃❇❴❫❬❪❉⑥❶❑▼❨●❋✤❲ ➈❆☎❍❏■❉❊✗P◗❋✶❊❀❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✗❲✪❋✜◆❖❑▼⑥◗❍❏◆❉◆❉⑨✶❊❀⑩✶⑥ ➇ä①❉❋✶❊●❊●■❉❊✗❍❏◆❖❑✗⑨✜❑▼⑨➄❍❏❳▲❑▼❋✶◆❖■❉❊✧✦✟①❉❋✶❊❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊
⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋✶❊Ù❫❬■✹➭❀❋✶P❶❚⑤⑥◗◆ ➈ ❷☞❋✶❊➀❪❉❨●❋✶❲✪⑥◗❋✶❨●❊✣❲✪❍❏⑥◗❊✣①❉❋✏⑩✶❋✜❑●❑▼❋✏❑▼❇❉❈✶❊●❋✯❍❏◆❖❑Ù⑨✜❑▼⑨✯⑩✶❍❏◆❉❊▼❫❬⑩✶❨●⑨✶❊❀❫❬■①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✶❲✪❋✶◆❱❑✍❋✜❑⑦✦➀P➃❫✣❲✪⑥◗❊●❋✷❫❬■✦❪✇❍❏⑥❶◆❖❑✥①❉■✦①❉⑥◗❊●❪❦❍❏❊●⑥❶❑▼⑥❋✔❉❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P⑤⑦❖■❉⑥⑤❪✇❋✶❨●❲✪❋✜❑✍P◗❋✶❊
❲✪❋✶❊●■❉❨●❋✶❊✣①❉❋❀❳❉❨●■❉⑥❶❑❻✦❅❊●⑥✔❳❴❫❬❊●❊●❋❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ➈ ❇Ù❍❏■❉❊✛❊●❍❏❲✪❲✪❋✶❊✽❲✵❫❬⑥◗◆❖❑▼❋✶◆❴❫❬◆❱❑✽⑩✩❫❬❪❴❫❬❳❉P◗❋✶❊①✓✒ ⑨✜❑▼■❉①❉⑥◗❋✶❨ÙP◗❋✗❳❉❨●■❉⑥❶❑Ù❋✶◆♣⑩✶❍❏■❉❨▼❫❬◆❱❑➀①❴❫❬◆❉❊➀①❉❋✜❊➀❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊q❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✶❊➀①❉❋❈✔❡❫❸⑥◗❳❉P◗❋✗⑥◗❲❅➇
❪❦⑨✶①❴❫❬◆❉⑩✶❋✽➷❺■❉❊●⑦❖■✓✒ ✦❅■❉◆❉❋❀❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋❀①❉❋

30mK ➈ ❷☞❋✜❊✣❪❉❨●⑥◗◆❉⑩✶⑥◗❪❦❋✶❊✛❋✜❑✛P◗❋✶❊✽❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊❑▼❋✶⑩❼❇❉◆❉⑥◗⑦❖■❉❋✶❊Ù①❉❋✗⑩✶❋✗①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔☎❊●❍❏◆❱❑Ù①❉⑨✜❑❼❫❬⑥◗P◗P❶⑨✶❊✛①❴❫❬◆❉❊✣P◗❋❀①❉❋✶■⑤Þ▲⑥◗❈✶❲➄❋✗⑩❃❇❴❫❬❪❉⑥❶❑▼❨●❋ ➈
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❵ þ ❛ ☎➧✟ ✤ ➤ þ☞✝ ❣ ❛ ☎➧✟ ❡ ü✬✟ � ➤➨☎➧❣➧➦➧�●✝✝ü✬➦➟þ✁✟
ý ✧✬✟⑩➤➨✟☞� ➤ ✤ ✂✍★ ➦➟ü✬✟

❹✷❋✣❪❉❨●❋✶❲✪⑥◗❋✶❨✍⑩❃❇❴❫❸❪❉⑥❶❑▼❨▼❋✽❪❉❨●⑨✶❊●❋✶◆❖❑▼❋✣P◗❋✛⑩✩❫❬①❉❨●❋✽❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✣①❉■❅❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑➹⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋
①❴❫❬◆❉❊ÙP◗❋✗❨●⑨✶❾❏⑥◗❲✪❋✗❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋ ➈ ❇Ù❍❏■❉❊Ù◆❉❍❏■❉❊➀⑥◗◆❱❑▼⑨✶❨●❋✶❊●❊●❋✶❨●❍❏◆❉❊➀❪❉P◗■❉❊Ù❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗⑥❶❈✶❨●❋✶❲✪❋✶◆❱❑❫❬■✟❳❉❨●■❉⑥❶❑✩❽⑤❍❏❳⑤➷❺❋✜❑✛❪❉❨●⑥◗◆❉⑩✶⑥◗❪❴❫❬P❦①❉❋qP✱✒ ⑨✜❑▼■❉①❉❋q❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P◗❋➀①❉❋q⑩✶❋✜❑●❑▼❋q❑▼❇❉❈✶❊●❋ ➈ ❷✰❫✯⑩✶❍❏◆❉①❉■❉⑩❃➇❑❼❫❬◆❉⑩✶❋✝①❉⑨✶⑩✶❨●⑥❶❑➄P✱✒ ❫❬❊●❪✇❋✶⑩✜❑➄❲✪❍❯④❱❋✶◆✾①❉■✾❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑➄①❉❋✝⑩❼❇❴❫❬❨●❾❏❋✶❊✶❽➹❫❬P◗❍❏❨●❊❅⑦❖■❉❋✝P◗❋✟❳❉❨●■❉⑥❶❑❅❋✶❊❺❑
①✚❑♣❫❬■⑤Þ✠✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊Ù①❉■✉⑩✶❍❏■❉❨▼❫❬◆❱❑q❫❬■▲❑▼❍❏■❉❨Ù①❉❋✏❊▼❫✪❚❸❫❬P◗❋✶■❉❨Ù❲✪❍❯④❱❋✜◆❉◆❉❋ ➈ ❆☎❍❏■❉❊➀P◗❋✶❊Ù①❉❋✶■⑤Þ❊●❍❏◆❱❑✍❊●❋✶◆❉❊●⑥◗❳❉P◗❋✶❊✍❫❬■⑤Þ✯❪❉❇❉⑨✶◆❉❍❏❲✪❈✶◆❉❋✶❊✍①✓✒ ⑥◗◆❖❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋✶❊✍⑦❖■❴❫❬◆❱❑▼⑥◗⑦❖■❉❋✶❊✍❋✜❑✍❫❬■⑤Þ✯⑥◗◆❖❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✶❽
❲✵❫❬⑥◗❊✗①❉❋✵✔❡❫✰✙✶❍❏◆ ①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋❬❽✰⑩✶❋✵⑦❖■❉⑥✤❪✇❋✶❨●❲✪❋✜❑✯①✓✒ ❍❏❳▲❑▼❋✶◆❉⑥◗❨✏①❉❋✶❊✯⑥◗◆✗✔➼❍❏❨●❲✵❫❸❑▼⑥❶❍❬◆❉❊✗⑩✶❍❏❲✪❪❉P◗⑨❃➇
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SI(f) = 2

∫ +∞

−∞

exp[i2πfτ ]ψ(τ)dτ = 2ψ(f).
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〈(δI)2〉 = ψ(τ = 0) =
1

2

∫ +∞

−∞

df SI(f) =

∫ +∞

0

df SI(f).
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SI(f) =
2hf

R
coth

( hf

2kBT

)

,
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1/f ➈➣q◆✝❪❦❋✶■▲❑Ù⑩✶⑥❶❑▼❋✶❨✽❪❴❫❬❨✛❋❃Þ▲❋✶❲➄❪❉P◗❋❀P◗❋✶❊✛❊▼❫❬■▲❑▼❊✣❫❬P◗⑨✩❫❸❑▼❍❏⑥◗❨●❋✶❊✗❰➼❋✶◆✒❫❬◆❉❾❏P➃❫❬⑥❶❊➀➬❉❇❉❍❏❪❉❪❉⑥◗◆❉❾❖Ð✤①❉❋✶❊✣①❉⑨❃➇
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P◗❋❀❳❉❨●■❉⑥❶❑✛❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❀❍❏■✝P◗❋❀❳❉❨●■❉⑥❶❑✣①❉❋✗❪❴❫❬❨❺❑▼⑥❶❑▼⑥◗❍❏◆✟❋✜❑✣◆❉❋✗❊▼❋✜❨▼❍❬◆❖❑Ù❪❴❫❬❊✣①❉⑥◗❊●⑩✶■▲❑▼⑨✶❋✶❊Ù⑥◗⑩✶⑥ ➈
✝ ➴❭❬ ➚➶à♦➬✌❧❬❰❱Ï❃✃✳❮✱Ð☛✔➌Ô✜➬✌❧➌➪✷✃✜➮✚×Ø➚✧➬✌✔➌à✰Ô✜➘✕❰◗✃❅➴❭❬ ❒♦➘☞❰◗➷✍❰✉❮✌❧➌➪✷✃♠❛❈❒♦➘♦✃✤à✰✃➌➬◗❮✱❒♦➬✱❐✕➚➀❮✱➹ Ô✜➘❩✃✓✒✮❮✌✔➌➬✱➹ ✃➌❒♦➬✱✃P♥❋➴✍➹Ø❰✱❰◗➹ êà✕➚➀❮✱➹ Ô✜➘♣♦r✃❃❮⑦× ✃❬❰q❝✕❒✕Ï➼❮✱❒✕➚➀❮✱➹ Ô✜➘✕❰⑦➴♦➚➶➘✕❰❭× ✃❱❰◗➷✍❰✉❮✌❧➌➪✷✃✢Ô✜❐✘✔➌➹Ø❰✱❰◗✃➌➘✜❮❨➚➶❒✏✒❈➪❩r➌➪✷✃➌❰⑦× Ô✜➹Ø❰❭Ï❃➹ ➘☛✔❃❮✱➹s❪✣❒♦✃❬❰❁t✑❒♦➘♦✃❱➴✏✔❃ê➬✱➹ Ý➀➚➀❮Ñ➹ Ô✜➘❩Ò✉✔➌➘☛✔➌➬Ñ➚➶× ✃✜➮⑧➚➶➹ ➘✕❰◗➹✛❪✣❒❁❬ ❒♦➘♦✃❚➴✏✔➌➬✱➹ Ý➀➚➀❮✱➹ Ô✜➘⑩➴♦➚➶➘✕❰❱× ✃✤Ï➌➚✜❰✷à✕➚➶➬◗❮✱➹ Ï➼❒♦× ➹Ø✃❃➬❻➴❭❬ ❒♦➘❯Ï❃➹ ➬ÑÏ❃❒♦➹ ❮✈✔➌× ✃❬Ï➼❮✱➬✱➹s❪✣❒♦✃❪✣❒✕➚✜❰◗➹ ê➁❰✉❮Ñ➚➀❮✱➹ Ô✜➘♦➘✕➚➶➹ ➬◗✃❭❰◗Ô✜➘✣❮✺➴✍Ô✜➘♦➘☛✔➌✃❬❰★➴♦➚➶➘✕❰✇✗ í➀Û✜✙✑➌Ï❃✃❃❮◗❮✱✃✓× ➹ ➪✷➹ ❮✱✃✓✃➌❰✉❮⑧➚➶à♦à♦➬✱Ô✜à♦➬✱➹ ✔➌✃⑧à✰Ô✜❒♦➬✚× ✃❬❰✗✃①✒♦à♣✔➌➬✱➹ ✃➌➘✕Ï❃✃❬❰✗➴✍✃✓Ï❃✃❃❮◗❮✱✃❏❮✱Ð☛❧❬❰◗✃✓Ï➌➚➶➬✗➘♦Ô✜❒✕❰◆❮✱➬Ñ➚❀Ý➀➚➶➹ × × Ô✜➘✕❰✺❛❷➴✍✃❬❰Ó❉➬✌✔✚❪✣❒♦✃➌➘✕Ï❃✃❬❰★➴✍✃⑦➪✷✃❬❰◗❒♦➬✱✃

f < 50 kHz
t✕➴♦➚➶➘✕❰★×Ø➚✢× ➹ ➪✷➹ ❮Ñ✃⑦Ô✜à♦à✰Ô✣❰❞✔➌✃✜➮✍Ô✜➘❅Ô✜❐✕❰◗✃➌➬✱Ý➶✃❭❒♦➘❅❐♦➬✱❒♦➹ ❮②❪✣❒✕➚➶➘✣❮✱➹s❪✣❒♦✃➴✏③✤➚➶❒✏✒④❝✕❒✕Ï➼❮✱❒✕➚➀❮✱➹ Ô✜➘✕❰★➴✍❒❅Ý✮➹Ø➴✍✃

2hf/R
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nin
❽
nt
❋✜❑
nr
❚❸❫❬P➃❫❬◆❖❑➹❊●❍❏⑥❶❑
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❚❬❫❬◆❱❑➀❊●■❉❨✣■❉◆❉❋✏❳❴❫❬❨●❨●⑥◗❈✶❨●❋✗①❉❋✗❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊➔➇
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❆♠❋✜❑✣⑩✶❋✶P◗P◗❋❀①❉❋✗P✱✒ ⑨✜❑❼❫❸❑✣❨●⑨✜✛❴⑨✶⑩❼❇❉⑥✰❋✶❊❺❑ 〈nr〉 =

➁ ➈➣q◆❀❊✣✒ ⑥◗◆❖❑▼⑨✶❨●❋✶❊●❊●❋➹❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❖❑☞❫❬■⑤Þ❅✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊☞①❉❋
nt

❫❬■▲❑▼❍❏■❉❨☞①❉❋③❊▼❫✽❚❬❫❬P❶❋✶■❉❨☞❲✪❍❯④❱❋✶◆❉◆❉❋✛➬
〈(nt − 〈nt〉)2〉 = 〈n2

t 〉 − 〈nt〉2
= 〈nt〉(1 − 〈nt〉)
=

❆
(1 − ❆
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❰❃☛ ➈ ❙❱Ð

❍✎✩✸❍❏◆✝❫✦■▲❑▼⑥◗P◗⑥❶❊●⑨➀P◗❋✽✔❡❫❬⑥❶❑✽⑦❖■❉❋
n2 = n
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(1 − ❆
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❋✜❑➀❪❴❫❸❨
①❉❋✶❊✤✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊❀①❉■✖◆❉❍❏❲✦❳❉❨●❋❅①✓✒ ❍❖⑩✶⑩✶■❉❪❴❫❸❑▼⑥◗❍❏◆✖❊●❋✶P◗❍❏◆ 〈(nin − 〈nin〉)2〉 = f(1 − f) ➈➣q◆✵❚❏⑨✶❨●⑥❋✥❴❋➀⑦❖■✓✒ ✦✏❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋➀◆❖■❉P◗P◗❋✦❰

f = 0
❍❏■

1
Ð➹P◗❋✶❊❨✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✷①❉⑥◗❊●❪❴❫❬❨▼❫❬⑥◗❊●❊●❋✶◆❱❑ ➈

☛❣❩



■▲❑❞■▲❑③➚▼➨☎➵❖➦⑤❞❢❡ ➤ ❥✥➨✍❤⑧➎ ➦⑤❥✮❢❸❤❦➩➼➦⑤❞

②☎❍❏■❉❨✷P◗❋❻✔❡❫❬⑥◗❊●⑩✶❋✩❫❬■✪❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊✶❽❱P➃❫✗❪❉❨●⑥◗❊●❋➀❋✶◆✸⑩✜❍❏❲✪❪▲❑▼❋➀①❉❋➀P◗❫✗❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋➀❊●❋Ù❑▼❨▼❫❬①❉■❉⑥❶❑✤①❉❋
P➃❫✪❲✵❫❬◆❉⑥◗❈✶❨●❋✏❊●■❉⑥❶❚❸❫❬◆❖❑▼❋✵➬ 〈nt〉 = f

❆✻❋✜❑ 〈(nt − 〈nt〉)2〉 =
❆
f(1 − ❆

f) ➈ ②✍❫❬❨➀⑩✶❍❏◆❉❊●⑨❃➇⑦❖■❉❋✶◆❱❑✩❽❦■❉◆❉❋❀❲✪❋✶❊●■❉❨●❋✗①❉❋✤✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✛①❉■✝⑩✶❍❏■❉❨▼❫❬◆❖❑✛❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊✽⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋qP◗❋❀❳❉❨●■❉⑥❶❑✛①❉❋
❪❴❫❬❨❺❑▼⑥❶❑▼⑥◗❍❏◆✾①❴❫❬◆❉❊✸P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆ ❋✜❑✸P◗❋✒❳❉❨●■❉⑥❶❑✪❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✒①❴❫❬◆❉❊✵P◗❋✒❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨ ➈ ⑧✠■✶❲➄❋
❪✇❍❏■❉❨✣①❉❋✶❊Ù⑩✩❫❬◆❴❫❬■⑤Þ✒❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋✶❲✪❋✶◆❖❑✽❑▼❨▼❫❬◆❉❊●❲✪❋✜❑●❑▼❋✶■❉❨●❊✦❰➼❆

= 1
Ð✽❍❏■✉①❉❋✶❊Ù❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✣⑩✶P➃❫❬❊➔➇

❊●⑥◗⑦❖■❉❋✶❊✶❽❉❍❏◆✝❍❏❳❉❊●❋✶❨❺❚❏❋✗❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑✽①❉❋✶❊❱✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✗❰➼①✓✒ ❍❏❨●⑥◗❾❏⑥◗◆❉❋Ù❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❯Ð✤①❴❫❬◆❉❊✽P◗❋
✔❡❫❬⑥◗❊●⑩✶❋✩❫❬■✟❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊ ➈❷☞❋③❳❉❨●■❉⑥❶❑✰❋✶◆✏⑩✶❍❏■❉❨▼❫❬◆❱❑✰①❴❫❬◆❉❊✰■❉◆✗⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆q❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✤❫❬❪❉❪❴❫❬❨▼❫✕✘◗❑☞⑩✩❫❬❨☞P◗❋✶❊✓✛❴■❉⑩✜❑▼■❴❫❣➇
❑▼⑥◗❍❏◆❉❊✥①❴❫❬◆❉❊③P◗❋✶❊✍◆❉❍❏❲✦❳❉❨●❋✶❊✍①✓✒ ❍⑤⑩✶⑩✶■❉❪❴❫❸❑▼⑥◗❍❏◆❅❊●❋✷❑▼❨▼❫❬①❉■❉⑥◗❊●❋✶◆❖❑③❋✶◆✯✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✍①❉■❅⑩✶❍❏■❉❨▼❫❬◆❖❑✩❽
⑩✶❍❏❲✪❲✪❋❀◆❉❍❏■❉❊✣P◗❋q❚❏❋✶❨●❨●❍❏◆❉❊✣❪❴❫❬❨✣P➃❫✦❊●■❉⑥❶❑▼❋ ➈
➓❴❧✍③✗❧♦t◗⑤✜❧♦t◗❸✓q✺❹✁♣rq✆❧✍♠♦③④❦r⑤✣➆Ñ❹➂♠✍❧❊♣✺❹✻s✕➙✺③✚♠♦➛⑧❹

❷⑦✒ ⑥◗①❉⑨✶❋♣①✓✒ ■❉◆❉❋♣❊❺❑❼❫❸❑▼⑥◗❊❺❑▼⑥◗⑦❖■❉❋♣①❉■ÿ❑▼❨❼❫❸◆❉❊❬✔➼❋✜❨●❑✸①❉❋♣⑩❃❇❴❫❬❨●❾❏❋✶❊✸⑩✶❍❏◆❉❊●⑥◗❊❺❑▼❋♣❊●⑥◗❲✪❪❉P◗❋✶❲✪❋✶◆❱❑⑩✦
⑩✶❍❏❲✪❪▲❑▼❋✶❨❅P❶❋✶❊❅⑩❼❇❴❫❬❨●❾❏❋✶❊❅❑▼❨▼❫✩❚❱❋✶❨●❊▼❫❬◆❱❑➄■❉◆ ⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈ ➣q◆✾①❉⑨✜✥❴◆❉⑥❶❑❅P➃❫♣❊❺❑❼❫❸❑▼⑥◗❊❺❑▼⑥◗⑦❖■❉❋✸❋✶◆
❑▼❋✶❨●❲✪❋✶❊➄①❉❋✝P➃❫♣❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨

Pt0(N)
⑦❖■❉❋

N
⑩❼❇❴❫❬❨●❾❏❋✶❊✪❍❏◆❱❑❅❑▼❨▼❫✩❚❱❋✶❨●❊●⑨✝P◗❋✟⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨

①❴❫❬◆❉❊❀■❉◆✖⑥◗◆❱❑▼❋✶❨❺❚❬❫❬P◗P❶❋✯①❉❋✦❑▼❋✶❲✪❪❉❊
t0 ➈ ➣q◆➫❪✇❋✶■▲❑✏❫❬P◗❍❏❨●❊➀⑩✩❫❬P◗⑩✶■❉P◗❋✶❨➀❑▼❍❏■❉❊qP◗❋✶❊q❲✪❍❏❲✪❋✶◆❖❑▼❊➀①❉❋P➃❫✦❊❺❑❼❫❸❑▼⑥◗❊❺❑▼⑥◗⑦❖■❉❋ ➈❷☞❋③❪❉❨●❋✶❲✪⑥◗❋✶❨☞❲✪❍❏❲✪❋✶◆❱❑☞❋✶❊❺❑☎P➃❫✽❲✪❍❯④❏❋✶◆❉◆❉❋➀❰➼❍❏■✗P✱✒ ❋✶❊●❪✇⑨✶❨▼❫❬◆❉⑩✶❋❯Ð 〈N〉 ➈✮✖ P❱①❉❍❏◆❉◆❉❋➹①❉⑥◗❨●❋✶⑩✜❑▼❋✶❲✪❋✶◆❱❑P◗❋❀⑩✶❍❏■❉❨▼❫❬◆❱❑Ù❲✪❍❯④❏❋✶◆ 〈I〉 = 〈N〉e/t0 ➈❷☞❋✤①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋✷❲✪❍❏❲✪❋✶◆❱❑✩❽❯P➃❫✛❚❬❫❬❨●⑥➃❫❬◆❉⑩✶❋ 〈(∆N)2〉 = 〈(N−〈N〉)2〉 ❽❸❋✜❊●❑✍P❶⑥◗⑨❆✦ÙP➃❫✣①❉❋✶◆❉❊●⑥❶❑▼⑨❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✗①❉❋✗❳❉❨●■❉⑥❶❑✜❺✗➬

〈(∆N)2〉e2

t20
= 〈(δI)2

t0
〉 = ∆fSI .

❰❃☛ ➈ ✏❏Ð
➁✣❋✶❪❉❨●❋✶◆❉❍❏◆❉❊❀❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑qP◗❋✯❲✪❍⑤①❉❈✶P❶❋✯①❉❋✶❊❀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊q⑥◗◆❉⑩✶⑥◗①❉❋✶◆❱❑▼❊q❊●■❉❨q■❉◆❉❋✦❳❴❫❬❨●❨●⑥◗❈✶❨●❋✦❋✜❑
⑩✶❍❏◆❉❊●⑥◗①❉⑨✶❨●❍❏◆❉❊✪P◗❋✟❊●❍❏■❉❊✪P✱✒ ❫❬◆❉❾❏P◗❋✟①❉❋✝P➃❫➫①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆ ①❉❋✶❊✪⑩❃❇❴❫❬❨●❾❏❋✶❊➄❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❋✶❊ ➈ ❻ ⑥ Z❋✶❊❺❑ÙP◗❋❀◆❉❍❏❲❅❳❉❨●❋q❑▼❍❬❑❼❫❬P✔①❉❋✶❊Ù❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✛⑥◗◆❉⑩✶⑥❶①❉❋✶◆❖❑▼❋✶❊✣①❴❫❬◆❉❊✣P✱✒ ⑥◗◆❱❑▼❋✶❨❺❚❬❫❬P◗P❶❋q①❉❋❀❑▼❋✶❲✪❪❉❊

t0
❽❴P➃❫

❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨q①✓✒ ❫✩❚❱❍❏⑥◗❨
N
❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✽❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❋✶❊✣❊●■❉⑥❶❑✣■❉◆❉❋✗P◗❍❏⑥✔❳❉⑥❶◆❉❍❏❲✪⑥➃❫❬P❶❋❢▼ P✑✏✏❖➹➬

Pt0(N) =

(

Z
N

) ❆ N(1 − ❆
)Z−N ,

❰❃☛ ➈ P❱Ð

❫✩❚❱❋✶⑩qP✱✒ ❋✶❊●❪❦⑨✶❨▼❫❬◆❉⑩✶❋ 〈N〉 = Z
❆✂❋✜❑✛P➃❫✗❚❸❫❬❨●⑥➃❫❬◆❉⑩✶❋ 〈(∆N)2〉 = Z

❆
(1− ❆

) ➈ ➣q◆✸❍❏❳▲❑▼⑥◗❋✶◆❱❑❫❬P◗❍❏❨●❊✛P◗❋q❨●⑨✶❊●■❉P❶❑❼❫❸❑✦❰❃☛ ➈ ❙❱Ð✷❋✶◆✝❑▼❋✶❨●❲✪❋❀①❉❋✤✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✣①❉❋✗⑩✶❍❏■❉❨▼❫❬◆❱❑✗➬

〈(δI)2
t0
〉 =

Ze2

t20

❆
(1 − ❆

) = 2∆fe〈I〉(1 − ❆
).

❰❃☛ ➈ ✌❱Ð
❻ Ï➼Ó✉➽❼✔✚❪✣❒✕➚➀❮✱➹ Ô✜➘✫♥✉ß✜➽ á✬♦⑧➚❀Ý✜✃➌Ï

2∆f = 1/t0
✃❃❮
SI

➹ ➘✕➴✏✔➌à✰✃➌➘✕➴♦➚➶➘✣❮★➴✍✃r× ➚⑦Ó❉➬✌✔✚❪✣❒♦✃❃➘✕Ï❃✃❭➴♦➚➶➘♦❰❴×❽❬ ➹ ➘✜❮✱✃➌➬✱Ý➶➚➶× × ✃
[−∆f,∆f ]

☛❯❭
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❿✧✒ ❫❬❪❉❨●❈✶❊✣P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ë❰❃☛ ➈ ✏❏Ð❃❽❉P➃❫✦①❉❋✶◆❉❊●⑥❶❑▼⑨✗❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋❀①❉❋✗❳❉❨●■❉⑥❶❑✛❋✶❊❺❑ SI = 2e〈I〉(1 − ❆
) ➈❿q❫❬◆❉❊✵P◗❋✝⑩✩❫❬❊✵❍✎✩ÿ❆

<< 1
❽➹P➃❫✖P◗❍❏⑥✛❳❉⑥◗◆❉❍❏❲✪⑥➃❫❸P❶❋✝①❉❋✜❚⑤⑥◗❋✶◆❱❑✸■❉◆❉❋✒①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✾❪✇❍❏⑥◗❊●❊●❍❸➇

◆❉⑥◗❋✶◆❉◆❉❋➄➬
Pt0(N) =

〈N〉N
N !

e−〈N〉,
❰❃☛ ➈ ☛❯❘❱Ð

❫✩❚❏❋✶⑩ 〈N〉 = 〈(∆N)2〉 = Z
❆ ➈ ❷☞❋✶❊✪❪❴❫❬❊●❊▼❫❬❾❏❋✶❊✵①❉❋✶❊✪⑩❼❇❴❫❬❨●❾❏❋✶❊✪❊●❍❏◆❱❑✸❫❬P◗❍❏❨●❊❅①❉❋✶❊✪⑨✜❚❱⑨❃➇◆❉❋✶❲✪❋✶◆❱❑▼❊✗❨▼❫❬❨●❋✶❊✗❋✜❑✏⑥◗◆❉①❉⑨✶❪✇❋✶◆❉①❴❫❬◆❱❑▼❊ ➈ ❷✰❫✸❚❸❫❬❨●⑥➃❫❬◆❉⑩✶❋➄①❉❋✶❊✤✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✗①❉❋➄⑩✶❍❏■❉❨▼❫❬◆❱❑✏❋✶❊❺❑❪❉❨●❍❏❪❦❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P◗P◗❋➀❫❬■✟⑩✶❍❏■❉❨▼❫❬◆❱❑✛❲✪❍❣④❏❋✶◆✟❋✜❑✛❍❏◆✟❍❏❳▲❑▼⑥◗❋✶◆❖❑

SI = 2e〈I〉 ➈ ❹✷❋❀❳❉❨●■❉⑥❶❑✽❪✇❍❏⑥◗❊●❊●❍❸➇◆❉⑥◗❋✶◆✟⑥◗◆❉①❉⑥◗⑦❖■❉❋q■❉◆✟❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑✣①❉❋✗⑩❼❇❴❫❬❨●❾❏❋✶❊✛⑩✶❍❏❲✪❪❉P◗❈✜❑▼❋✶❲✪❋✶◆❱❑✛①❉⑨✶⑩✶❍❏❨●❨●⑨✶P◗⑨ ➈✚✖ P✔❋✶❊❺❑ÙP➃❫✏❚❬❫❬P◗❋✶■❉❨①❉❋❀❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✏❪✇❍❏■❉❨✽❑▼❍❏■▲❑▼❋✶❊✣P◗❋✶❊✛❲✪❋✶❊●■❉❨●❋✶❊✣①❉❋✗❳❉❨●■❉⑥❶❑✣❋✶◆✝❪❉❇❖④⑤❊●⑥◗⑦❖■❉❋✗❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋ ➈ ✡Ù◆❳❉❨●■❉⑥❶❑✤❊●❍❏■❉❊➔➇ä❪✇❍❏⑥◗❊●❊●❍❏◆❉⑥◗❋✶◆✸❫❬❪❉❪❴❫❬❨▼❫✕✘◗❑➹⑦❖■❴❫❬◆❉①✸⑥◗P❦❋❃Þ▲⑥◗❊❺❑▼❋Ù①❉❋✶❊✷❲✪⑨✶⑩✩❫❬◆❉⑥◗❊●❲✪❋✶❊✤⑦❖■❉⑥✇❍❏❨●①❉❍❏◆❉◆❉❋✶◆❱❑
P◗❋✽✛❴■⑤Þ✟①❉❋❀⑩❼❇❴❫❬❨●❾❏❋✶❊✶❽❉⑩✶❍❏❲✪❲✪❋➀❪❴❫❬❨✽❋❃Þ▲❋✶❲✪❪❉P◗❋❀P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❬◆✸⑩✶❍❏■❉P◗❍❏❲✦❳❉⑥◗❋✶◆❉◆❉❋➀⑦❖■❉⑥✔⑥◗◆❉①❉■❉⑥❶❑
①❉❋✶❊✰⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆❉❊✔❋✶◆❖❑▼❨●❋➹P◗❋✶❊☞⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊ ➈ ❷✰❫✛❨●⑨✶①❉■❉⑩✜❑▼⑥◗❍❏◆✗①❉■✏❳❉❨●■❉⑥❶❑✰❪❴❫❬❨✰P❶❋⑦✔❡❫❸⑩✜❑▼❋✶■❉❨ (1− ❆ )①❴❫❬◆❉❊➀P◗❋✶❊➀⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❉❊➄❰❃☛ ➈ ❙❏Ð✣❋✜❑➄❰❃☛ ➈ ✌❱Ð✣❋✶❊❺❑❀■❉◆❉❋✯⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❴⑩✶❋❅①❉⑥◗❨●❋✶⑩✜❑▼❋✦①❉■♣❪❉❨●⑥◗◆❉⑩✶⑥◗❪✇❋✏①❉❋②✥❫❬■❉P◗⑥✔⑦❖■❉⑥❴✼ä❨●❈✶❾❏P◗❋➶✾qP◗❋❅✛❴■⑤Þ✒①❉❋✶❊✣⑩❼❇❴❫❬❨●❾❏❋✶❊Ù⑦❖■❴❫❬◆❉①✒P➃❫✯❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆✝❋✶❊❺❑Ù❪❉❨●❍❖⑩❃❇❉❋✗①❉❋

1 ➈➣q◆➄⑩✶❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊●❋✣P❶❋✶❊③①❉⑨✜❚⑤⑥➃❫❸❑▼⑥◗❍❏◆❉❊✍①❉❋✣P➃❫➀①❉❋✶◆❉❊●⑥❶❑▼⑨✣❊●❪❦❋✶⑩✜❑▼❨▼❫❬P◗❋✛①❉❋✣❳❉❨●■❉⑥❶❑③①❴❫❬◆❉❊③■❉◆➄❊❺④⑤❊❺❑▼❈✶❲✪❋
❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✗❪❴❫❬❨✛❨▼❫❬❪❉❪✇❍❏❨❺❑Ù❫❬■✒❳❉❨●■❉⑥❶❑✛❪✇❍❏⑥◗❊●❊●❍❏◆❉⑥◗❋✶◆✝❪❴❫❬❨✣P◗❋❅✔❡❫❬⑩❃❑❼❋✜■❉❨✣①❉❋✏➂❦❫❬◆❉❍

F
➬

F =
SI

2e〈I〉 .
❰❃☛ ➈ ☛✎☛❣Ð

❷☞❋❱✔❡❫❬⑩✜❑▼❋✶■❉❨➹①❉❋➀➂❦❫❬◆❉❍✗❪❉❨●❋✶◆❉①✵❪✇❍❏■❉❨➹①❉❋Ù◆❉❍❏❲✦❳❉❨●❋✶■⑤Þ➄❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊✷❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✶❊✤■❉◆❉❋✣❚❬❫❣➇
P◗❋✶■❉❨✷■❉◆❉⑥❶❚❱❋✶❨●❊●❋✶P◗P❶❋❬❽▲⑩✰✒ ❋✶❊❺❑✽✦✦①❉⑥◗❨●❋q⑥◗◆❉①❉⑨✜❪✇❋✶◆❉①❴❫❬◆❱❑▼❋❀①❉❋❀P➃❫✯❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋➀❋❃Þ❉❫❸⑩✜❑▼❋✗①❉■✟⑩✶❍❏◆❉①❉■❉⑩❃➇
❑▼❋✶■❉❨❀❍❏■ë①❉❋❅P➃❫✟⑩✶❍❏◆❉⑩✜❋✶◆❖❑▼❨▼❫❸❑▼⑥◗❍❏◆✖①✓✒ ⑥◗❲✪❪❉■❉❨●❋✜❑▼⑨✶❊ ➈✓✖ P◗❊❀❊●❋✶❨●❍❏◆❖❑✗❑▼❨▼❫❬⑥❶❑▼⑨✶❊q❋✶◆ë①❉⑨✜❑❼❫❬⑥◗P✍①❴❫❬◆❉❊✗P➃❫❊●❋✶⑩✜❑▼⑥◗❍❏◆✝❊●■❉⑥❶❚❬❫❬◆❱❑▼❋ ➈❷☞❋✵❲✪❍⑤①❉❈✶P◗❋✪❊●⑥◗❲✪❪❉P◗❋✪①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇⑨✸⑥◗⑩✶⑥➹⑩✶❍❏◆❖❑▼⑥◗❋✶◆❱❑✦P✱✒ ❋✶❊●❊●❋✶◆❱❑▼⑥◗❋✶P✷①❉❋✸P◗✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋✪①❉■ ❳❉❨●■❉⑥❶❑✯①❉❋
❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋➀①❴❫❬◆❉❊✣■❉◆✒⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✣❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋ ➈❾❷ ç✟é❖ò✜è▲ñ✜í➳îäôqñÑó❦ò❼õ✜î❡ì●ç❬ø◗ò✏é❖ò✦ê✶ì❃æ⑤í➳î✛ò❼ñ❃îó✇ì▼ð➀ó❴ð❸ì❃î❡í✐ð❸è❴è✮ò✜ø➳ø◗ò✦ç❬æëõ❼ð❸æ⑤ì●ç❬è❴î✢ø✵ð✆❿❖ò✜è➐ò✜î❻÷✸ø❶ç✉õ➀ú❉ç❬ì✌➀❖ò✦é❖ò❼ñ✽ó❴ð❸ì❃îäò✜æ⑤ì▼ñ✪û✶æ⑤í✤ï❬ô➀ú⑤í✐õ✜æ⑤ø◗ò✜è❴î
ø◗ò✦õ❼ð❸æ⑤ì▼ç❬è❴î✽ò✜î✛ò✜ø➳ø◗ò❅ò❼ñ✜î③ñ❯ò✜è▲ñ✜í❡ê✶ø◗ò✏ç❬æ♣➁✒õ❼ð❸ì❃ì▼ô✜ø❶ç❬î❡í✐ð❸è▲ñ ➈ ❷☞❋✶❊✣①❉❋✶■⑤Þ✒①❉❋✶❨●◆❉⑥◗❈✶❨●❋✶❊✣❪❉❨●❍❏❪❉❨●⑥◗⑨✜❑▼⑨✶❊✔➼❍❏◆❱❑✽①❉❋✶❊✽❲➄❋✶❊●■❉❨▼❋✜❊✽①❉❋q❳❉❨●■❉⑥❶❑✷■❉◆✟❍❏■▲❑▼⑥◗P❦❪❉■❉⑥◗❊●❊▼❫❬◆❱❑✽❪✇❍❏■❉❨✷⑩✶❍❏❲✪❪❉❨●❋✶◆❉①❉❨●❋➀P◗❋✶❊✷❲✪⑨✶⑩✩❫❬◆❉⑥◗❊●❲✪❋✶❊
①❉❋❀❑▼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑❯❽❉⑩✶❍❏❲✪❪❉P◗⑨✶❲✪❋✶◆❱❑❼❫❬⑥◗❨●❋❀❫❬■⑤Þ✝❲✪❋✶❊●■❉❨●❋✶❊✣①❉❋✗⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ ➈
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➬
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∂

∂r
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∂

~∂k

)

f(r,k, t) = Iel[f ] + Iin[f ],
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f̃(r,k, t) = Iel[f̃ ] + Iin[f̃ ] + j(r,k, t).
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❲✪❍❯④❏❋✶◆❉◆❉❋ 〈j〉 = 0

❋✜❑Ù■❉◆❉❋✤✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✝①❉❋✗⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆♣➬
〈j(r,k, t)j(r′,k′, t′)〉 = (2π)3δ(r − r

′)δ(t− t′)J(r,k,k′).
❰❃☛ ➈ ☛✮❲❖Ð

❷☞❋✶❊✢✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✷①❉❋❀❿➀⑥◗❨▼❫❬⑩➀❊▼⑥❶❾❏◆❉⑥❋✥❴❋✶◆❖❑✽⑦❖■❉❋qP◗❋✶❊✽⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❬◆❉❊✷❊●❍❏◆❱❑✛❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✛⑩✶❍❏❨●❨●⑨✶P◗⑨✶❋✶❊✽❊●⑥
❋✶P◗P◗❋✶❊q❪❉❨●❍❣❚⑤⑥◗❋✶◆❉◆❉❋✶◆❱❑✏①❉■ë❲✵■✶❲✪❋❅❪❉❨●❍⑤⑩✶❋✶❊●❊●■❉❊✏①❉❋➄①❉⑥❋✲✮■❉❊●⑥◗❍❏◆ ➈ ❷☞❋➄⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼❋✶■❉❨ J(r,k,k′)❊✣✒ ❋❃Þ▲❪❉❨●⑥◗❲✪❋➀❋✶◆❊✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✵①❉❋✶❊✽❲❩■✶❲✪❋✶❊✷❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨✶❊✤①❉❋➀①❉⑥❋✲✮■❉❊●⑥◗❍❏◆

W (k,k′)
⑦❖■❉❋q①❴❫❬◆❉❊

P✱✒ ⑥◗◆❱❑▼⑨✶❾❏❨▼❫❬P❶❋✟①❉❋✒⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❏◆
Iel[f ] ➈⑦✖ P✣⑩✶❍❏◆❉①❉■❉⑥❶❑❊✦✖①❉❋✶❊❩✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊➄①❉❋✒⑩✶❍❏■❉❨▼❫❬◆❱❑✵❪❉❨●❍❸➇❪❦❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P◗P◗❋✶❊✝❫❬■ ⑩✶❍❏■❉❨▼❫❬◆❱❑✉❲✪❍❯④❏❋✶◆✔❽✣❪❉❨●❍❏❪❉❨●⑥◗⑨✜❑▼⑨✻✔➼❍❏◆❉①❴❫❬❲✪❋✜◆❖❑❼❫❬P◗❋➫①✓✒ ■❉◆❉❋ë❊❺❑❼❫❸❑▼⑥◗❊❺❑▼⑥◗⑦❖■❉❋

❪❦❍❏⑥◗❊●❊●❍❏◆❉⑥◗❋✶◆❉◆❉❋ ➈✡Ù◆❉❋✛①❉⑨✶❨●⑥❶❚❬❫❸❑▼⑥◗❍❏◆✦①❉⑨✜❑❼❫❬⑥◗P◗P◗⑨✶❋✷①❉❋✣P➃❫➀①❉❋✶◆❉❊●⑥❶❑▼⑨✣❊●❪❦❋✶⑩✜❑▼❨▼❫❬P◗❋✣①❉❋✛❳❉❨●■❉⑥❶❑❨✦❀❪❴❫❬❨❺❑▼⑥◗❨✥①❉❋✣P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆
①❉❋✧❂✷❍❏P❶❑❀✸✶❲✵❫❬◆❉◆⑤➇➔❷✰❫❬◆❉❾❏❋✜❚⑤⑥◗◆✝①❉⑨✶❪❴❫❬❊●❊●❋✯P◗❋✏⑩✩❫❬①❉❨●❋✏①❉❋✯⑩✶❋✏⑩❃❇❴❫❬❪❉⑥ ❑❼❨●❋✗①✓✒ ⑥◗◆❖❑▼❨●❍❖①❉■❉⑩✜❑▼⑥◗❍❏◆✒❲✵❫❬⑥◗❊
❪❦❋✶■▲❑❻■✜❑▼❨●❋q❑▼❨●❍❏■▲❚❱⑨✶❋❀①❴❫❬◆❉❊✛P◗❋✶❊✽❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✶❊❂▼ ✌✑▼❖❽❴❭✎✌⑤❽⑧✏✰✌☛❖ ➈ ❇Ù❍❏■❉❊✛◆❉❍❏■❉❊✛⑩✶❍❏◆❱❑▼❋✶◆❱❑▼❋✶❨●❍❏◆❉❊✣①❉❋①❉❍❏◆❉◆❉❋✶❨✣P◗❋❀❨●⑨✶❊●■❉P❶❑❼❫❸❑✣❪✇❍❏■❉❨✛P◗❋✶❊✣❲✪⑨❃❑❃❫❸■⑤Þ✝①❉⑥❋✲✮■❉❊●⑥❋✔➼❊✶❽❉❍❏❳⑤➷❺❋✜❑Ù①✓✒ ⑨✜❑▼■❉①❉❋✗①❉❋✏⑩✶❋❃❑▼❑▼❋❀❑▼❇❉❈✶❊●❋ ➈
✰✲✱✌◗✈✱✌◗ ❘❙❅❇❍✸✹✼✻➤❉✸❆✲✶✸✷➥❈✓✴✍✷❚❱❳✽❾✻✾❆✲❍④➦➧❉✸✹①➨❂❍✸✷✺✹✓➩✟✷

❹✷❍❏◆❉❊●⑥◗①❉⑨✶❨●❍❏◆❉❊➹■❉◆➄❲✪⑨✜❑❼❫❬P❉①❉⑥❋✲✮■❉❊●⑥❋✔✇①❉❋✛P◗❍❏◆❉❾❏■❉❋✶■❉❨
L
❋✜❑✤①❉❋✛❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

R
❋✶◆❖❑▼❨●❋✛①❉❋✶■⑤Þ

❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✉❰➳❚❏❍❏⑥◗❨✯✥❴❾❏■❉❨●❋ë❰❃☛ ➈ ❩❏Ð●Ð✯①❴❫❬◆❉❊➄P◗❋✸❨●⑨✶❾❏⑥◗❲✪❋✸❊❺❑❃❫❣❑❼⑥❶❍❏◆❉◆❴❫❬⑥◗❨●❋✖❰ f ◆❉❋✝①❉⑨✶❪❦❋✶◆❉①ÿ❪❴❫❬❊
①❉■ ❑▼❋✶❲✪❪❉❊❼Ð ➈ ❿q❫❬◆❉❊✦⑩✶❋✸⑩✩❫❬❊✶❽☎❍❏◆➐❪✇❋✶■▲❑✦❋❃Þ▲❪❉❨●⑥◗❲✪❋✶❨✯P➃❫✒①❉❋✶◆❉❊●⑥❶❑▼⑨✵❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✵①❉❋✸❳❉❨●■❉⑥❶❑✯❋✶◆✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟①❉❋✗P➃❫❅①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❬◆✟P◗❍⑤⑩✩❫❬P◗❋

f(E, x)
①❴❫❬◆❉❊✣P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆❲➫➭▼ ✌✑▼✏❖➹➬

SI =
4

RL

∫ L

0

dx

∫

dEf(E, x)[1 − f(E, x)].
❰❃☛ ➈ ☛♦▼❏Ð

❷☞❋✷✔❡❫❬⑩✜❑▼❋✶■❉❨
f(1−f)

①❴❫❬◆❉❊③P✱✒ ⑥◗◆❱❑▼⑨✶❾❏❨▼❫❬◆❖❑✍❋❃Þ▲❪❉❨●⑥◗❲✪❋✽P◗❋✷✔❡❫❸⑥❶❑③⑦❖■❉❋✣P◗❋✽❳❉❨●■❉⑥❶❑③❋✶❊❺❑✤❾❏⑨✶◆❉⑨✶❨●⑨✛❪❴❫❬❨
P◗❋✶❊⑦✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊➹①❉■✵◆❉❍❏❲✦❳❉❨●❋✣①✓✒ ❍⑤⑩✶⑩✶■❉❪❴❫❸❑▼⑥◗❍❏◆✪⑩✩❫❬■❉❊●⑨✶❋✶❊✷❪❴❫❬❨➹P◗❋✶❊➹❊●❍❏■❉❨●⑩✶❋✶❊✷①❉❋➀❷✰❫❬◆❉❾❏❋✜❚⑤⑥◗◆ ➈
➯
f(E, x) = 〈f(E, x, k̂)〉

k̂

➚❬Ý✜✃❬Ï
k̂ = k

k

☛❯❙
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❷✰❫✪✔➼❍❏❨●❲✪❋✗①❉❋✯P➃❫✯✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒①❉❋✏①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✝❲✪❍❯④❱❋✶◆❉◆❉❋✏❋✜❑➀P➃❫➄P➃❫❬❨●❾❏❋✜■❉❨✣①❉❋✯P✱✒ ⑥◗◆❱❑▼❋✶❨❺❚❸❫❬P◗P❶❋
①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋➄❪❦❍❏■❉❨✗P◗❋✜⑦❖■❉❋✶P

f 6= 0
❍❏■

1
◆❉❍❏■❉❊❀❨●❋✶◆❉❊●❋✶⑥◗❾❏◆❉❋✶◆❖❑✯❫❬P◗❍❏❨●❊q❊●■❉❨✗P✱✒ ❫❬❲✪❪❉P❶⑥ ❑▼■❉①❉❋✦①❉■

❳❉❨●■❉⑥❶❑ ➈ ❷✰❫❚✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✪①❉❋➀①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆➄❍❏❳✇⑨✶⑥❶❑✷✦✏P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✪①❉❋❅❂✷❍❏P❶❑❀✸✶❲✵❫❬◆❉◆♣❰❃☛ ➈ ☛❣❩❏Ð✍⑦❖■❉⑥❊✣✒ ⑨✶⑩✶❨●⑥❶❑Ù①❴❫❬◆❉❊✣P✱✒ ❫❬❪❉❪❉❨●❍✩Þ▲⑥◗❲✵❫❸❑▼⑥❶❍❬◆✟①❉■✝❑▼❋✶❲✪❪❉❊✣①❉❋✗❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆❇➲✛❊●❍❏■❉❊✣P➃❫✯✔➼❍❏❨●❲✪❋✦➬

D
∂2

∂x2
f(E, x) = Iin[f ],

❰❃☛ ➈ ☛❯❙❱Ð
❍✎✩

D = vF le/d
❋✶❊❺❑➄P➃❫✒⑩✶❍❏◆❉❊❺❑❼❫❬◆❱❑▼❋✸①❉❋✸①❉⑥❋✲✮■❉❊●⑥◗❍❏◆ ✦♣①➐①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆➐❫✩❚❱❋✶⑩
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P◗❋✵P◗⑥◗❳❉❨●❋
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vF

P➃❫✟❚⑤⑥❶❑▼❋✶❊●❊●❋✵①❉❋✸➂❴❋✜❨▼❲➄⑥ ➈ ❇Ù❍❏■❉❊✏❪✇❍❏■▲❚❏❍❏◆❉❊✯❲✵❫❬⑥◗◆❖❑▼❋❃➇◆❴❫❬◆❱❑❀⑨✜❚❸❫❬P◗■❉❋✶❨
f
❋✜❑
SI
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fd(E)

➬

fi(E) =
1

1 + exp[(E − µi)/kBT ]
, i = g, d
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f(E, x) =
(

1 − x

L

)

fg(E) +
(x

L

)

fd(E).
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SI =
2

3

[4kBT

R
+ eIcoth

( eV

2kBT

)]

.
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µ(x)
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❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋
Te(x)

➲ ➸❂▼ ✌❏❙☛❖➹➬

f(E, x) =
1

1 + exp[(E − µ(x))/kBTe(x)]
,
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I
➴✏✔➌❰◗➹ØÒ✜➘✍✃➌➬Ñ➚✯× ✃❈Ï❃Ô✜❒♦➬Ñ➚➶➘✣❮❻➪✷Ô➀➷✜✃➌➘➂➮❴❰✁❬ ➹ ×r➘❁❬ ➷⑩➚✪à✕➚✜❰✽➴❭❬ ➚➶➪❨❐♦➹ Ò✜❒☛➽❋❮✌✔❬❰à✰Ô✣❰✱❰◗➹ ❐♦× ✃❬❰➺✱➺ÑÔ✜➘✤Ï❃Ô✜➘✕❰◗➹Ø➴✏❧➌➬✱✃❷➹ØÏ❃➹✺❪✣❒♦✃

Lee << Leph

➮♦×Ø➚✢× Ô✜➘♦Ò✜❒♦✃➌❒♦➬✺➴❭❬ ➹ ➘✣❮✱✃➌➬Ñ➚✜Ï➼❮✱➹ Ô✜➘✸✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘✍ê❫à♦Ð♦Ô✜➘♦Ô✜➘❜t✍Ï❃✃❬Ï❃➹➂✃❬❰✉❮Ò✉✔➌➘☛✔➌➬Ñ➚➶× ✃➌➪✷✃➌➘✜❮★Ý➀➚➶×Ø➚➶❐♦× ✃⑦➴♦➚➶➘✕❰✓× ✃❬❰✓➪❩✔❃❮Ñ➚➶❒✏✒❅➴✍➹ ➾✎❒✕❰◗➹ Ó❋❰✛❛✢❐✕➚✜❰✱❰◗✃❷❮✱✃➌➪✷à♣✔➌➬Ñ➚➀❮✱❒♦➬✱✃✈♥
T . 1K

♦➺✉â Ï❃✃❬Ï❃➹♦✃❬❰✉❮⑧Ý➀➚➶×Ø➚➶❐♦× ✃✓à✎Ô✜❒♦➬④❒♦➘♦✃★➹ ➘✣❮✱✃➌➬Ñ➚✜Ï➼❮✱➹ Ô✜➘⑦✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘✍ê→✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘❨Ó❉Ô✜➬◗❮✱✃❄t✜❰◗➹♦✃➌× × ✃★✃❬❰✉❮④Ó❋➚➶➹ ❐♦× ✃✜➮➶× ✃✓Ó❋➚✜Ï➼❮✱✃➌❒♦➬➴✍✃❜➚✕➚➶➘♦Ô✷➬✱✃❬❰✉❮✱✃❭à♦➬✱Ô♦Ï✱Ð♦✃⑦➴✍✃
1/3
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❍✎✩
µ(x) = EF + eV (L− x)/L
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SI =
4

RL

∫ L

0

dxkBTe(x),
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L0L
2

2R

d2T 2
e (x)

dx2
= −V

2

R
+ ΣΩ(T 5

e − T 5),
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Ω
P◗❋
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Te(x) =

√

T 2 +
x

L

(

1 − x

L

)V 2

L0

,
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SI =
2kBT

R

[

1 +
(

ν +
1

ν

)

arctan(ν)
]

, ν =

√
3eV

2πkBT
.
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eV >> kBT
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①❉❋✽➂❦❫❬◆❉❍
F =

√
3/4

❽❸⑩✶❋✷⑦❖■❉⑥▲⑩✶❍❏❨●❨●❋✶❊●❪❦❍❏◆❉①✵✦➀■❉◆❉❋✷P◗⑨✶❾❏❈✶❨●❋✽❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✏①❉■❅❳❉❨●■❉⑥❶❑✥❪❴❫❬❨
❨▼❫❬❪❉❪✇❍❏❨❺❑✣❫❬■✝❨●⑨✶❾❏⑥◗❲✪❋q⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋ ➈ ❹✷❋✜❑●❑▼❋✏❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✟❋✶❊❺❑Ù①❉■❉❋❚✦❅■❉◆✒⑨✶P➃❫❬❨●❾❏⑥◗❊●❊●❋✶❲✪❋✜◆❖❑①❉❋➀P✱✒ ⑥◗◆❖❑▼❋✶❨❺❚❸❫❬P◗P❶❋Ù①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋➀❪✇❍❏■❉❨✷P◗❋✶⑦❖■❉❋✜P✮P◗❋✶❊✷⑨✜❑❼❫❸❑▼❊✷⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✶❊✽❊●❍❏◆❱❑✽❪❴❫❬❨❺❑▼⑥◗❋✶P◗P❶❋✶❲✪❋✶◆❱❑
❍⑤⑩✶⑩✶■❉❪❦⑨✶❊q❰

f 6= 0
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1
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❲✪❍❖①▲④⑤◆❴❫❬❲✪⑥◗⑦❖■❉❋P▼ ❙✗☛✉❖ ➈ ❷☞❋✽✔❡❫❬⑩✜❑▼❋✶■❉❨ 1/3

❫✯⑨✜❑▼⑨q❍❏❳▲❑▼❋✶◆❖■✟①❴❫❬◆❉❊✽■❉◆❉❋q❊●⑨✶❨●⑥◗❋➀①✓✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❏◆❉❊
❑▼❨●❈✶❊✪⑩✶❍❏■❉❨❺❑▼❊➫❰

900nm
①❉❋✉P◗❍❏◆❉❾✈➸

15nm
①✓✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨❼Ð✪❫✩❚❏❋✶⑩✉①❉❋✶❊✵❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥❶❨▼❊✪①✓✒ ■❉◆❉❋

⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨✣①❉❋
1.2µm ➈❷☞❋✶❊➫❋❃Þ▲❪❦⑨✶❨●⑥◗❋✶◆❉⑩✶❋✶❊ë⑩✶⑥❶❑▼⑨✶❋✶❊➫❍❏◆❱❑➫⑨✜❑▼⑨ ❋✜✲✮❋✶⑩✜❑▼■❉⑨✶❋✶❊✖①❴❫❬◆❉❊➫P◗❋➐❨●⑨✶❾❏⑥◗❲✪❋ ❳❴❫❬❊●❊●❋ ✔➼❨▼⑨✜⑦❖■❉❋✶◆❉⑩✶❋❬❽

hf << eV, kBT
❽✇❪✇❍❏■❉❨qP◗❋✶⑦❖■❉❋✶P✍P◗❋✶❊✽✔➼❍❏❨●❲❅■❉P◗❋✶❊✦❰➌☛ ➈ ☛✍✌❱ÐÙ❋✜❑✪❰❃☛ ➈ ❩✎▼❏Ð✣❊●❍❏◆❱❑q❚❬❫❬P➃❫❬❳❉P◗❋✶❊ ➈ ❿➀❋✶❊

❩❬❘



■▲❑➒➹②❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜✩❞ ➥❱➤ ❛☎➵⑤❜✶➦⑤❥✇❢❸❞

❲✪❋✶❊●■❉❨●❋✶❊✽✦✦❇❴❫❬■▲❑▼❋✶❊✷✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✶❊✦❰ ➷❺■❉❊●⑦❖■✓✒ ✦
20GHz

Ð✤❍❏◆❖❑✛⑨✜❑▼⑨❀❋✜✲✮❋✶⑩✜❑▼■❉⑨✶❋✶❊Ù❪❴❫❬❨ ❻ ⑩❃❇❉❍❖❋✶P ➇
❪❬❍❏❪✗✔✰❋✜❑✽❫❬P ➈ ▼❉☛❯❭❏❘⑤❽⑧☛❯❭✗☛✬❖ ➈➂✖ P❦❋✶❊❺❑✛❫❬P◗❍❏❨●❊➹◆❉⑨✶⑩✶❋✶❊●❊▼❫❬⑥◗❨●❋q①❉❋Ù❪❉❨●❋✶◆❉①❉❨●❋➀❋✶◆✸⑩✶❍❏❲✪❪▲❑▼❋ÙP◗❋✶❊❨✛❴■❉⑩✜❑▼■❴❫❣➇❑▼⑥◗❍❏◆❉❊✣①❉■✒❚⑤⑥◗①❉❋✗❋✜❑➀P◗❋✶❊Ù⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✛⑩✶❍❏■❉P◗❍❏❲❅❳❉⑥❶❋✶◆❉◆❉❋✶❊✽✦✪P◗❍❏◆❉❾❏■❉❋❀❪✇❍❏❨❺❑▼⑨✶❋➈▼ ✌✑✏⑤❽⑧✌✎P▲❽✺☛✩❘✰❲❉❽
☛❯❘❱❩❖❽★☛❯❘❏❭☛❖ ➈
① ♠♦③④❦r⑤✮t➁❧♦t✉♥❏❦❘♠♦❶➂➛❏t◗⑨●❹✁♣rt⑨➳❆qr⑤✮t✉➆❩➴❚♠♦❶➂➛❏t◗⑨●❹✠➑r③④➈◗t◗⑤✜❧♦t◗❸✓q✺❹

❻ ⑥✮P➃❫✯P❶❍❏◆❉❾❏■❉❋✶■❉❨✽①❉❋qP✱✒ ⑨✜⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✵①❉❋✜❚⑤⑥◗❋✶◆❱❑✛①❉❋qP✱✒ ❍❏❨●①❉❨●❋➀①❉■✟P◗⑥◗❳❉❨●❋Ù❪❴❫❬❨●⑩✶❍❏■❉❨●❊✽❲✪❍❯④❱❋✶◆
⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋

le
❽✷❍❏◆✂❋✶◆❱❑▼❨●❋➫①❴❫❬◆❉❊✟P◗❋♣❨●⑨✶❾❏⑥◗❲✪❋✒①❉⑥❶❑✟⑦❖■❴❫❬❊●⑥ ➇ä❳❴❫❬P◗⑥❶❊❺❑❼⑥❶⑦❖■❉❋ ➈ ➅③◆✭⑥◗◆❱❑▼❨●❍⑤①❉■❉⑥◗❊▼❫❬◆❱❑

①❉❋✶❊✗❑▼❨❼❫❸◆❉❊▼❲➄⑥◗❊●❊▼⑥❶❍❏◆❉❊✗⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✶❊✏P◗❍⑤⑩✩❫❬P◗❋✶❊
T (x, k)

①❴❫❬◆❉❊✏P✱✒ ❫❬❪❉❪❉❨●❍⑤⑩❼❇❉❋❩❂✷❍❏P❶❑❀✸✶❲✵❫❬◆❉◆⑤➇
❷✰❫❬◆❉❾❏❋✜❚⑤⑥◗◆✔❽✇①❉❋❅ú❬❍❏◆❉❾✵❋✜❑✤❂✷❋✶❋✶◆❴❫✰❪➂❪❏❋✶❨q❍❏◆❖❑➀❪❉■♣①❉⑨✶❨●⑥❶❚❱❋✶❨➀P◗❋✏❳❉❨●■❉⑥❶❑➀①❉❋✯❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋✏❪❦❍❏■❉❨➀P➃❫
❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✟❳❴❫❬P◗⑥◗❊❺❑▼⑥❶⑦❖■❉❋❃➇ä①❉⑥❋✲✮■❉❊●⑥❋✔➋▼ ❭✎✌✆❖ ➲ ï✏➬

SI =
1

3

(

1 − 1

(1 + L
2le

)3

)

2eI.
❰❃☛ ➈ ❭❏❘❱Ð

❷☞❋❩✔❡❫❬⑩✜❑▼❋✶■❉❨✏①❉❋✸➂❦❫❬◆❉❍✒❚❬❫❸❨▼⑥❶❋✵①❉❋
1/3

❪✇❍❏■❉❨
L >> le

✦
0
❪✇❍❏■❉❨

L << le ➈ ❷✰❫✉❊●■❉❪⑤➇❪❉❨●❋✶❊●❊●⑥◗❍❏◆ÿ❑▼❍❬❑❼❫❬P◗❋✝①❉■à❳❉❨●■❉⑥❶❑✵①❴❫❬◆❉❊✵P◗❋✒❨●⑨✶❾❏⑥◗❲✪❋✝❳❴❫❬P◗⑥◗❊❺❑▼⑥◗⑦❖■❉❋✝①❉■❉❋✻✦ë■❉◆❉❋✒❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆
❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋✗①❉❋✶❊q❍❏◆❉①❉❋✶❊➀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✶❊✶❽✮❫✪⑨✜❑▼⑨✯①❉⑨➔➷❬✦✪❲✪❋✶◆❖❑▼⑥◗❍❏◆❉◆❉⑨✶❋✏❋✜❑Ù❚❬❫❊■✜❑▼❨●❋✏⑩✶❍❏◆✗✥❴❨●❲✪⑨✶❋
❪❴❫❬❨✛P✱✒ ❫❬❪❉❪❉❨●❍⑤⑩❼❇❉❋✗⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✏①❉❋✗P➃❫✦❊●❋✶⑩✜❑▼⑥◗❍❏◆✒❊●■❉⑥❶❚❬❫❬◆❱❑▼❋ ➈❿q❫❬◆❉❊✪P➃❫✻✥❴❾❏■❉❨●❋➳☛ ➈ ❲❉❽➹◆❉❍❏■❉❊✪❨●⑨✶❊●■❉❲✪❍❏◆❉❊✪P◗❋✶❊✪✔❡❫❬⑩✜❑▼❋✶■❉❨●❊✪①❉❋✉➂❦❫❬◆❉❍ë①❴❫❬◆❉❊✪P◗❋✶❊➄①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑❼❊❨●⑨✶❾❏⑥◗❲✪❋✶❊✛①❉❋❀❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑✣①✓✒ ■❉◆✒⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈

ã⑦⑥⑨⑧✛✃⑧☛ ➈ ❲♠⑩❅➂❦❫❬⑩✜❑▼❋✶■❉❨➹①❉❋Ù➂❦❫❬◆❉❍❪✇❍❏■❉❨➄①❉⑥❋✲✮⑨✜❨▼❋✜◆❖❑▼❊➄❨●⑨✶❾❏⑥◗❲✪❋✜❊❅①❉❋
❑▼❨❼❫❸◆❉❊▼❪❦❍❏❨❺❑➀①❴❫❬◆❉❊Ù■❉◆✒⑩✶❍❏◆❉①❉■❉⑩❃➇
❑▼❋✶■❉❨
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✩✫✪✁➷ ➬ ☛✍✄✟✧❃✁✲✆✝✌✏✎✝✑ ✚✜✞✣✑✙✢✷✕✯✎✝✆✝✄✝✢✤✁✰✞✣✄✸☛✍✑✫✢✷✕✯✱✟✘✽☛✥✞✣✎❅✁☎✑
❿q❫❬◆❉❊☎P➃❫✽❊●❋✶⑩✜❑▼⑥◗❍❏◆✏❪❉❨●⑨✶⑩✶⑨✶①❉❋✶◆❱❑▼❋❬❽❸◆❉❍❏■❉❊☎❫✩❚❱❍❏◆❉❊☞❚⑤■✏⑩✶❍❏❲✪❲✪❋✶◆❱❑✰P◗❋✶❊✰⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✔⑥◗◆❉⑨✶P➃❫❬❊➔➇

❑▼⑥◗⑦❖■❉❋✶❊❀⑥◗◆✗✛❴■❉❋✶◆❉⑩✶❋✶◆❱❑✏P◗❋✦❳❉❨●■❉⑥❶❑❀①❉❋❅❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋✯①❴❫❬◆❉❊❀■❉◆✖❲✪⑨✜❑❼❫❬P✥①❉⑥❋✲✮■❉❊●⑥❋✔ ➈ ✡Ù◆❉❋❅⑦❖■❉❋✶❊❺❑▼⑥◗❍❏◆
➺✉ÿ ×Ø➚❱Ó❉Ô✜➬✱➪❆❒♦× ✃✢➴✍Ô✜➘♦➘☛✔➌✃❨➹ØÏ❃➹④❰✁❬ ➚➶à♦à♦× ➹s❪✣❒♦✃❆➚➶❒❈Ï➌➚✜❰②❪✣❒✕➚✜❰◗➹ êÑß✚➮❆➮✕➪❱➚➶➹Ø❰r× ✃❬❰r➬✌✔❬❰◗❒♦× ❮Ñ➚➀❮Ñ❰✺➘✮❒♦➪❩✔➌➬✱➹s❪✣❒♦✃❬❰✺à✎Ô✜❒♦➬Ù❆✃❃❮rá✷➴✍➹ ➪✷✃➌➘✕❰◗➹ Ô✜➘✕❰★❰◗Ô✜➘✣❮✓❮✱➬✌❧❬❰✓à♦➬✱Ô♦Ï✱Ð♦✃❬❰

❩◆☛
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r t′

t r′
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∫

dE Tr(t(E)t+(E))[fg(E) − fd(E)],
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h

N
∑

n=1

∫

dE
❆

n(E)[fg(E) − fd(E)].
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G =
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h

N
∑

n=1

❆
n.
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G−1
fil = G−1 −G−1

Q =
(2e2

h

❆
1 − ❆ )−1 ❰❃☛ ➈ ❭✑▼❏Ð
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Ð❃❽❴P➃❫❅⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✯❋✶❊❺❑q❫❬P◗❍❏❨●❊✛❳❉⑥◗❋✶◆✒⑥◗◆✗✥❴◆❉⑥◗❋ ➈ ➁✣⑨✶⑩✶❋✶❲❅➇❲✪❋✶◆❱❑✩❽❖①❉❋✩②③⑥❶⑩✶⑩✶⑥◗❍❬❑●❑▼❍✏❋✜❑✽❫❬P ➈ ▼ ❲✚☛✬❖❦❍❏◆❖❑✤❪❉■✵P◗❋✣⑩✶❍❏◆✗✥❴❨●❲✪❋✶❨✤①❴❫❬◆❉❊✤P➃❫✗P◗⑥◗❲➄⑥ ❑▼❋✛①❉❋➀P➃❫❀❪❉❨●⑨✶⑩✶⑥◗❊●⑥◗❍❏◆①❉❋✗P✱✒ ❋❃Þ▲❪❦⑨✶❨●⑥◗❋✶◆❉⑩✶❋✏❋✶◆✒■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑✛■❉◆❉❋✗❲✪❋✶❊●■❉❨●❋✏❋✶◆✠❲✪✥❴P◗❊✛❊●■❉❨✣■❉◆❯✥❴P☞■❉◆❉⑥◗①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉◆❉❋✶P ➈

➝✯♠✕qrt➁❧✪❹◆❦✐s✎♥❏q✺♠♦③④❦❏❧
❷☞❋❆✔➼❍❏❨●❲✵❫❬P◗⑥❶❊●❲✪❋➹①❉❋✛❷✰❫❬◆❉①❴❫❬■❉❋✶❨➔➇❃❂✢❽▲❑●❑▼⑥❾❪❬❋✶❨✥❪✇❋✶❨●❲✪❋✜❑✍⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✥①❉❋✽⑩✩❫❬P◗⑩✶■❉P◗❋✶❨☎P➃❫Ù①❉❋✶◆⑤➇

❊●⑥❶❑▼⑨✟❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✝①❉❋✝❳❉❨●■❉⑥❶❑❩✦✖❪❴❫❬❨❺❑▼⑥◗❨✦①❉❋✶❊✪❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨✶❊❅①❉❋✟❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆ ❆
n
❋✜❑✪①❉❋✶❊

①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❬◆❉❊✛①❉❋✏➂❴❋✶❨●❲✪⑥✔①❴❫❬◆❉❊✣P◗❋✶❊✣❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊ ➈ ❿q❫❬◆❉❊✣P➃❫❅P◗⑥◗❲➄⑥ ❑▼❋q①❉❋❚✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✏◆⑤■❉P◗P◗❋❸❽❍❏◆✝❍❏❳▲❑▼⑥◗❋✶◆❱❑✫▼ ❩✰P▲❽✇❩✰✌⑤❽✇❩✎▼✏❖➹➬

SI =
4e2

h

N
∑

n=1

∫

dE {(fg − fd)
2 ❆

n(E)(1 − ❆
n(E))

+[fg(1 − fg) + fd(1 − fd)]
❆

n(E)}, ❰❃☛ ➈ ❭❏❙❱Ð
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fg 6= fd
Ð ➈ ➅③◆♣❋✜✲✮❋✜❑✩❽✇①❴❫❬◆❉❊➀P◗❋✯❲✪❍❖①❉❈✶P◗❋✏❊●⑥◗❲✪❪❉P◗❋①❉❋✏P➃❫➄❊●❋✶⑩✜❑▼⑥◗❍❏◆●☛ ➈ ☛ ➈ ❭▲❽❦◆❉❍❏■❉❊q❫✩❚❏❍❏◆❉❊Ù❚⑤■♣⑦❖■❉❋✯P◗❋✤✔❡❫❬⑩✜❑▼❋✶■❉❨Ù❆ n(1 − ❆

n)
❋✶❊❺❑qP◗⑥◗⑨✗❫❬■✉❳❉❨●■❉⑥❶❑

①❉❋❀❪❴❫❬❨❺❑▼⑥❶❑▼⑥◗❍❏◆ ➈ ❷☞❋❀①❉❋✶■⑤Þ▲⑥◗❈✜❲✪❋q❑▼❋✶❨●❲✪❋❀❋✶❊❺❑✣P◗⑥◗⑨❀❫❬■⑤Þ⑩✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✷❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✶❊✛①❴❫❬◆❉❊✣P◗❋✶❊❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✯❰➼❪❉❨●❍⑤①❉■❉⑥❶❑▼❊
fi(1 − fi)

Ð ➈❄ ■❴❫❬◆❉①➫P➃❫✸①❉⑨✶❪❦❋✶◆❉①❴❫❬◆❉⑩✶❋✪❋✶◆✖⑨✶◆❉❋✶❨●❾❏⑥◗❋❅①❉❋✶❊❀⑩✶❍⑤❋✜➫✪⑩✶⑥◗❋✶◆❱❑▼❊✗①❉❋✦❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆♣❆
n(E)

❋✶❊❺❑
◆❉⑨✶❾❏P◗⑥◗❾❏❋✩❫❬❳❉P❶❋✵✦✒P◗✒ ⑨✶⑩❃❇❉❋✶P◗P◗❋❅①❉❋

kBT
❽✰P◗❋➄❳❉❨●■❉⑥❶❑✧✦✝P✱✒ ⑨✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●❋❅❋✶❊❺❑✦❫❬⑥◗❊●⑨✶❲✪❋✶◆❱❑✏⑩✩❫❬P◗⑩✶■❉P➃❫❬❳❉P◗❋

❋✶◆✒❪❦❍❏❊▼❫❬◆❖❑
fg = fd

❋✜❑Ù❋✶◆✒■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑
f(1 − f) = −kBT∂f/∂E

➬

SI =
4e2

h
(2kBT

∑

n

❆
n) = 4kBTG.
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➺✄✑❃❒♦➘♦✃❨➪✷✃❬❰◗❒♦➬✱✃⑦✃➌➘❈Ù➋❵✕×Ø❰✺❒✍❮✱➹ × ➹Ø❰◗✃❨× ✃❬❰✺➪❩r➌➪✷✃❬❰✺Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮Ñ❰★à✰Ô✜❒♦➬✺➹ ➘➍➌➁✃❬Ï➼❮✱✃➌➬r× ✃❆Ï❃Ô✜❒♦➬Ñ➚➶➘✣❮★✃❃❮r➪✷✃❬❰◗❒♦➬✱✃➌➬✺×Ø➚❮✱✃➌➘✕❰◗➹ Ô✜➘✯➚➶× Ô✜➬Ñ❰q❪✣❒♦✃❻➴♦➚➶➘✕❰❷❒♦➘♦✃❻Ï❃Ô✜➘✏❵✕Ò✜❒♦➬Ñ➚➀❮✱➹ Ô✜➘❚î✸❵✕×Ø❰➌➮➂×Ø➚✳➪✷✃❬❰◗❒♦➬✱✃✷➴✍✃❱×Ø➚❻❮✱✃➌➘✕❰◗➹ Ô✜➘✯✃❬❰✉❮⑦✃✓➾✎✃❬Ï➼❮✱❒☛✔➌✃✷à✕➚➶➬➴✍✃❬❰★Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮Ñ❰★➴✍➹Ø❰✉❮✱➹ ➘✕Ï➼❮Ñ❰✺Ï❃✃❜❪✣❒♦➹➂à✰✃➌➬✱➪✷✃❃❮✺➴✍✃❨❰✁❬ ➚✟➾✎➬Ñ➚➶➘✕ÏÑÐ♦➹ ➬★➴✍✃❬❰✓➬✌✔❬❰◗➹Ø❰✉❮Ñ➚➶➘✕Ï❃✃❬❰✓➴✍✃❨Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮Ñ❰

❩✕❲
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❑▼⑥◗❍❏◆✗➇✔①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆ ➈ ❷✔❋✷❳❉❨●■❉⑥❶❑☎❑▼❍❬❑❼❫❬P❖①❉⑨✶❨●⑥❶❚❱⑨✷①❉❋✷P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✸❰❃☛ ➈ ❭❏❙❱Ð☞①❴❫❬◆❉❊✥■❉◆❉❋✷❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆❇❉❍❏❨●❊✣⑨✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●❋❬❽

SI =
4e2

h

[

2kBT
∑

n

❆ 2
n + eV coth

( eV

2kBT

)

∑

n

❆
n(1 − ❆

n)
]

,
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◆✓✒ ❋✶❊❺❑q❪❴❫❬❊Ù❊●⑥◗❲✪❪❉P◗❋✶❲✪❋✶◆❱❑Ù■❉◆❉❋✯❫❬①❉①❉⑥❶❑▼⑥◗❍❏◆✝①❉■♣❳❉❨●■❉⑥❶❑qú❬❍❏❇❉◆❉❊●❍❏◆⑤➇❃❇✣④⑤⑦❖■❉⑥◗❊❺❑q❋✜❑➀①❉■✉❳❉❨●■❉⑥❶❑Ù①❉❋
❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋ ➈ ❿q❫❬◆❉❊✏P◗❫✟P◗⑥◗❲✪⑥ ❑▼❋ eV >> kBT

❽☞P◗❋❅❳❉❨●■❉⑥❶❑❀❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋➄❋✶❊❺❑✯◆❉⑨✶❾❏P◗⑥◗❾❏❋✶❫❬❳❉P◗❋❅❋✜❑
❍❏◆✒❍❏❳▲❑▼⑥◗❋✶◆❱❑✣■❉◆❉❋❚✔➼❍❏❨●❲✦■❉P◗❋❀❪❦❍❏■❉❨✣P◗❋✗❳❉❨●■❉⑥❶❑✣①❉❋✗❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋❀⑦❖■❉⑥☞❊●❋✶❨▼❫✪P◗❋❀❪✇❍❏⑥◗◆❱❑✣①❉❋✏①❉⑨✶❪❴❫❸❨●❑
❪✇❍❏■❉❨✛①❉⑨✶❨●⑥❶❚❱❋✶❨✛P◗❋❅✔❡❫❬⑩✜❑▼❋✶■❉❨✣①❉❋✏➂❦❫❬◆❉❍➄①❴❫❬◆❉❊✣①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✣❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊Ù⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑▼❊✏➬

SI =
4e2

h
eV

∑

n

❆
n(1 − ❆

n).
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❷☞❋q❳❉❨●■❉⑥❶❑✷❋✶❊❺❑✣❫❬P◗❍❏❨●❊✷①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉⑨➀❪❴❫❬❨✷P➃❫✏①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✵①❉❋✶❊✽❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨✶❊✤①❉❋➀❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊➔➇
❊●⑥◗❍❏◆ ➈ ➻ ò❼ñ✟õ▼ç❬è✇ç❬æ♣➁ õ❼ð✕ø✳ó✇ø❽Ò✜îäò✜ø✵ò✜è❴îqð❸æ⑤ï❬ò✜ì❃î➳ñ✝ð❸æ õ❼ð✕ø✳ó✇ø❽Ò✜îäò✜ø✵ò✜è❴î✺➵✶ò✜ì➶ø✵ô❼ñ✵è✮ò✟õ❼ð❸è❴î❡ì❃í➳÷
ê✶æ❴ò✜è❴î★ó❉ç❣ñ✯ç❬æ♣ê✶ì❃æ⑤í➳î ù
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×❴♥❏❦rs✰❧♦t✉♥❏❦✄❧♦qr❦r❦✺❹◆➈

②☎❍❏■❉❨✷■❉◆❉❋✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✸❫✩❚❱❋✶⑩➀■❉◆❉❋q❳❴❫❬❨●❨●⑥◗❈✶❨●❋✣❑▼■❉◆❉◆❉❋✶P✐❽⑤❍❏◆✟❫✯❆
n << 1

❪❦❍❏■❉❨✤❑▼❍❏■▲❑
n
❋✜❑

❍❏◆✝❍❏❳▲❑▼⑥◗❋✶◆❱❑✽✦➄❪❴❫❬❨❺❑▼⑥◗❨✽①❉❋✗P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ë❰❃☛ ➈ ❭✎P❱Ð➀➬

SI =
4e2

h
eV coth

( eV

2kBT

)

∑

n

❆
n = 2eIcoth

( eV

2kBT

)

.
❰❃☛ ➈ ❲❖❩❏Ð

❹✷❋✜❑●❑▼❋✗⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✝①❉⑨✶⑩✶❨●⑥❶❑ÙP➃❫✯❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ➲❞➫ ①❉■✒❳❉❨●■❉⑥❶❑✽❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❈✦✦❑▼❋✶◆❉❊●⑥◗❍❏◆✝◆⑤■❉P◗P◗❋➀❚❏❋✶❨●❊
P◗❋Ù❳❉❨●■❉⑥❶❑✽❪✇❍❏⑥◗❊●❊●❍❏◆❉⑥◗❋✶◆✵❪✇❍❏■❉❨

eV >> kBT ➈ ❹✷❋✜❑●❑▼❋➀❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✵❫✯⑨✜❑▼⑨q⑨✜❑▼■❉①❉⑥◗⑨✶❋q❪❴❫❬❨✷❂✷⑥◗❨❬❪❋✜❑❅❫❬P ➈ ▼ ❩❬❭☛❖✽❫❯❚❏❋✶⑩✸■❉◆➐❲✪⑥◗⑩✶❨●❍❏❊●⑩✶❍❏❪✇❋❊✦✉❋✜✲✮❋✜❑✯❑▼■❉◆❉◆❉❋✶P ➈ ❷✰❫✉❳❴❫❬❨●❨●⑥◗❈✶❨●❋✪❋✶❊❺❑✯✔➼❍❏❨●❲✪⑨✶❋✪❪❴❫❬❨✯P◗❋❚⑤⑥◗①❉❋❀❋✶◆❖❑▼❨●❋✗P➃❫✦❪✇❍❏⑥◗◆❱❑▼❋❀①❉■✒❲✪⑥◗⑩✶❨●❍❏❊●⑩✶❍❏❪✇❋❀❋✜❑Ù■❉◆❉❋✗❊●■❉❨➌✔❡❫❬⑩✶❋✗❲✪⑨✜❑❼❫❬P◗P◗⑥❶⑦❖■❉❋ ➈
➺✄❻❃× ✃❨❐♦➬✱❒♦➹ ❮✺à✰Ô✜➹Ø❰✱❰◗Ô✜➘♦➹ ✃➌➘✳❮✱Ô➶❮Ñ➚➶×➂✃❬❰✉❮r❰◗✃➌❒♦× ✃➌➪✷✃➌➘✣❮rÔ✜❐✕❰◗✃➌➬✱Ý➍✔⑦➴♦➚➶➘✕❰★× ✃❨➬✌✔➌Ò✜➹ ➪✷✃⑦➴✍✃❆❰✱➚➀❮✱❒♦➬Ñ➚➀❮✱➹ Ô✜➘➱❪✣❒✕➚➶➘✕➴✳×Ø➚❮✱✃➌➘✕❰◗➹ Ô✜➘✽➴✍✃rà✰Ô✜×Ø➚➶➬✱➹Ø❰✱➚➀❮✱➹ Ô✜➘✷✃❬❰✉❮✓➚✜❰✱❰◗✃➌è✛✔➌× ✃➌Ý✉✔➌✃rà✰Ô✜❒♦➬✓❰◗❒✍à♦à♦➬✱➹ ➪✷✃➌➬❏❮✱Ô➶❮Ñ➚➶× ✃➌➪✷✃➌➘✣❮❴×Ø➚❨è➌Ô✜➘♦✃r➴✍✃❷ÏÑÐ✕➚➶➬✱Ò✜✃❬❰❏❰◗à✕➚➀ê❮✱➹Ø➚➶× ✃✺➚➶❒✍❮✱Ô✜❒♦➬❏➴✍✃✺×Ø➚⑦Ï➌➚➀❮✱Ð♦Ô✍➴✍✃❄t✜➴♦➚➶➘✕❰④× ✃rÏ➌➚✜❰⑧Ï❃Ô✜➘✣❮✱➬Ñ➚➶➹ ➬✱✃✜➮➀× ✃★❐♦➬✱❒♦➹ ❮❏✃❬❰✉❮❏➬✌✔❬➴✍❒♦➹ ❮❴➴✍❒✷Ó❉➚➶➹ ❮❏➴✍✃❬❰⑧➹ ➘✣❮✱✃➌➬Ñ➚✜Ï➼❮✱➹ Ô✜➘✕❰Ï❃Ô✜❒♦× Ô✜➪❨❐♦➹ ✃➌➘♦➘♦✃❬❰➺ ➊ ×Ø➚❨➬✌✔✓❝✕✃✓✒✍➹ Ô✜➘④❪✣❒✕➚➶➘✜❮✱➹s❪✣❒♦✃rà✰Ô✜❒♦➬✓➴✍✃❬❰❄✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘✕❰❏➚❀Ý✜✃❬Ï✺➴✍✃❬❰▲✔➌➘♦✃➌➬✱Ò✜➹ ✃❬❰⑧➚➶❒✍ê➁➴✍✃❬❰✱❰◗❒✕❰❏➴✍✃r×Ø➚❨❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃★✃❬❰✉❮➘☛✔➌Ò✜× ➹ Ò✜✃❬➚➶❐♦× ✃❷à✰Ô✜❒♦➬★❒♦➘❅à✰Ô➶❮✱✃➌➘✣❮✱➹ ✃➌×◆❰◗❒✏Ø❻❰✱➚➶➪✷➪✷✃➌➘✜❮✺× ➹Ø❰✱❰◗✃✜➮♦Ï❃✃✲❪✣❒♦➹✑✃❬❰✉❮✺× ✃❨Ï➌➚✜❰❴➹ØÏ❃➹➺✄➯ ❮✱➬✌❧❬❰✓➬✌✔❬Ï❃✃➌➪✷➪✷✃➌➘✜❮❬➮✍❒♦➘✳❮✱Ð♦✃➌➬✱➪✷Ô✜➪❩❧❃❮✱➬✱✃❷à♦➬✱➹ ➪❱➚➶➹ ➬✱✃❭❰◗✃❭❐✕➚✜❰✱➚➶➘✣❮★❰◗❒♦➬★×Ø➚❆➪✷✃❬❰◗❒♦➬✱✃⑦➴✍✃⑦Ï❃✃❃❮◗❮✱✃❷❮✱➬Ñ➚➶➘✕❰◗➹ ❮✱➹ØÔ✜➘➚⑦✔❃❮✌✔⑦à♦➬✱Ô✜à✰Ô✣❰❞✔✜➮✮Ý✜Ô✜➹ ➬✺➾✮à♦➹ ✃❃❮✱è⑦✃❃❮r➚➶×❾➽❭✗ ß❬á✣ì✚✙

❩❬❙



■▲❑➒➹②❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜✩❞ ➥❱➤ ❛☎➵⑤❜✶➦⑤❥✇❢❸❞

➞ ♥❏❦❏❧✍③④s✰❧♦⑤✪⑥⑦♥❏❦rs✰❧♦q✺❹◆➈◗⑤✪➑r③④➈◗t◗⑤✜❧♦t◗❸✓q✺❹◆⑤
✡Ù◆✉⑩✶❍❏◆❖❑❼❫❬⑩✜❑➀❪❦❍❏◆❉⑩✜❑▼■❉❋✶P☎❳❴❫❬P◗⑥◗❊❺❑▼⑥◗⑦❖■❉❋✗❋✜❊●❑➀①❉⑨✜✥❴◆❉⑥☎❪❴❫❬❨✣■❉◆❉❋✯⑩✶❍❏◆❉❊❺❑▼❨●⑥◗⑩✜❑▼⑥◗❍❏◆✒①❉❋✏P➃❫❬❨●❾❏❋✶■❉❨

w
❪❉P◗■❉❊➹❪❦❋✜❑▼⑥❶❑▼❋✣⑦❖■❉❋➀P❶❋✣P◗⑥◗❳❉❨●❋✛❪❴❫❬❨●⑩✶❍❏■❉❨●❊✤❲✪❍❯④❏❋✶◆✪⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋

le
❪✇❍❏■❉❨➹P◗❋✶❊➹⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✤❋✶◆❱❑▼❨●❋

①❉❋✶■⑤Þ ❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✦❲✪⑨✜❑❼❫❬P◗P❶⑥◗⑦❖■❉❋✶❊ ➈ ✡Ù◆❉❋✸❨●⑨✩❫❬P◗⑥◗❊▼❫❸❑▼⑥❶❍❏◆ë❳❉⑥◗❋✶◆ ⑩✶❍❏◆❱❑▼❨❬✿❏P➃❫❬❳❉P◗❋✪■▲❑▼⑥◗P◗⑥❶❊●❋✪■❉◆ ❾❱❫✰✸
❩❬❿➡❍✎✩✟P➃❫✦⑩✶❍❏◆❉❊❺❑▼❨●⑥◗⑩✜❑▼⑥◗❍❏◆✸❋✶❊❺❑✣①❉⑨✜✥❴◆❉⑥◗❋❀❪❴❫❬❨✛■❉◆❉❋❀❾❏❨●⑥◗P◗P❶❋➀❪✇❋✜❨▼❲➄❋✜❑●❑❃❫❸◆❖❑✛①❉❋❀①❉⑨✶❪❉P◗⑨✜❑▼❋✶❨✛P◗❋q❾❱❫✰✸
❩❬❿✫P◗❍⑤⑩✩❫❬P◗❋✶❲➄❋✶◆❖❑✏❪❴❫❬❨✯P✱✒ ❫❬❪❉❪❉P◗⑥❶⑩✩❫❸❑▼⑥❶❍❏◆ë①✓✒ ■❉◆ ⑩❼❇❴❫❬❲✪❪ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏❊❺❑❼❫❸❑▼⑥◗⑦❖■❉❋ ➈ ➣q◆➐❪✇❋✶■▲❑❅❫❬⑥◗◆❉❊●⑥❫❣➷❺■❉❊❺❑▼❋✶❨③P◗❋✷◆❉❍❏❲✦❳❉❨●❋✽①❉❋✽⑩✩❫❬◆❴❫❬■⑤Þ❅①❴❫❬◆❉❊③P➃❫Ù⑩✶❍❏◆❉❊❺❑▼❨●⑥◗⑩✜❑▼⑥◗❍❏◆❅❫❯❚❏❋✶⑩✛P➃❫Ù❑▼❋✶◆❉❊●⑥◗❍❬◆❅①❉❋✛❾❏❨●⑥◗P◗P❶❋✸▼ ❭✰❲♣❖ ➈❻ ⑥☞P➃❫❅P➃❫❬❨●❾❏❋✶■❉❨

w
❋✶❊❺❑➀①❉❋✗P✱✒ ❍❏❨●①❉❨●❋❀①❉❋✏P➃❫❅P◗❍❏◆❉❾❬■❉❋✶■❉❨✣①✓✒ ❍❏◆❉①❉❋✏①❉❋✏➂❴❋✶❨●❲✪⑥ ➲ ➲✯❰➼⑦❖■❉❋✶P◗⑦❖■❉❋✶❊Ù①❉⑥ ➇

✸✩❫❬⑥◗◆❉❋✶❊✍①❉❋✽◆❉❲ ①❴❫❬◆❉❊✍■❉◆❅❊●❋✶❲✪⑥ ➇ä⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨❼Ð❃❽❸P➃❫➀⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✣❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✷❊●❍❏■❉❊❭✔➼❍❏❨●❲✪❋
①❉❋✷❲✵❫❬❨●⑩❃❇❉❋✜❊ ➈ ❹✷❇❴❫❬⑦❖■❉❋✽❪❉P➃❫❸❑▼❋✩❫❬■✯❊●⑥◗❾❏◆❉⑥❋✥❴❋✤⑦❖■❉❋✷P➃❫Ù⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✽❊●❋✢✔❡❫❬⑥❶❑☎❪❴❫❬❨✥■❉◆✦◆❉❍❏❲✦❳❉❨●❋❋✶◆❱❑▼⑥◗❋✶❨❀①❉❋➄⑩✩❫❬◆❴❫❬■⑤Þ✖⑩✶❍❏❲✪❪❉P◗❈❃❑❼❋✜❲✪❋✶◆❖❑❀❍❏■▲❚❏❋✶❨❺❑▼❊✵❰❡❆

n = 1
ÐÙ❑❼❫❬◆❉①❉⑥◗❊❀⑦❖■✓✒ ❋✶◆❱❑▼❨●❋✪①❉❋✶■⑤Þ✖❪❉P➃❫❣➇

❑▼❋✩❫❬■⑤Þ✮❽✣■❉◆♠⑩✩❫❬◆❴❫❬P❀❊●■❉❪❉❪❉P◗⑨✶❲✪❋✶◆❖❑❼❫❬⑥◗❨●❋➫❋✶❊❺❑♣❋✜◆ ❑▼❨❼❫❸⑥◗◆ ①❉❋ë❊✣✒ ❍❏■▲❚⑤❨●⑥◗❨ ➈ ❻ ❋✶P◗❍❏◆ P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆
❰❃☛ ➈ ❭✎✌❱Ð❃❽❦P◗❋✏❳❉❨●■❉⑥❶❑q❫❸❑●❑▼❋✶◆❉①❉■♣❊●■❉❨➀■❉◆♣❪❉P➃❫❸❑▼❋✩❫❬■✉❋✶❊❺❑❀◆❖■❉P ➈⑧✖ P☎①❉❋✜❚⑤⑥◗❋✶◆❱❑❀◆❉❍❬◆♣◆⑤■❉P❷✦✪P➃❫➄❑▼❨▼❫❬◆⑤➇❊●⑥❶❑▼⑥◗❍❏◆✟❋✶◆❱❑▼❨●❋✗①❉❋✶■⑤Þ✝❪❉P➃❫❸❑▼❋✩❫❬■⑤Þ ➈ ➁✣❋✣✸✶◆❉⑥❾❪❬❍❣❚✸❋✜❑➀❫❬P ➈ ▼❉☛❣❩◆☛✉❖✐❽❦❫❬⑥◗◆❉❊●⑥✮⑦❖■❉❋❈➭❀■❉❲✵❫❬❨✛❋✜❑Ù❫❬P ➈ ▼ P❱❩☛❖❍❏◆❱❑q❲➄⑥◗❊Ù❋✶◆♣⑨✜❚⑤⑥◗①❉❋✶◆❉⑩✶❋✯⑩✶❋✜❑●❑▼❋✦❊●■❉❪❉❪❉❨●❋✶❊●❊●⑥◗❍❏◆♣①❉❋✯❳❉❨●■❉⑥❶❑➀①❴❫❬◆❉❊➀①❉❋✶❊➀❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊✤✦✪❾❱❫✰✸❅❩❬❿ ➈❿➀❋✶❊✯❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✯❊●⑥◗❲➄⑥◗P◗❫❬⑥❶❨●❋✶❊✗❍❏◆❱❑✯⑨✜❑▼⑨✵❍❏❳▲❑▼❋✶◆❖■❉❊✯①❴❫❬◆❉❊✯①❉❋✶❊✯⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊✯❲✪❍❏◆❉❍❸➇➔❫❸❑▼❍❏❲➄⑥❶⑦❖■❉❋✶❊
❪❴❫❬❨❻❂✷❨●❍❏❲✙❋✜❑➀❫❬P ➈ ▼❉☛✮❲❖❩☛❖ ➈
➓❴❧✍♠✕qrs✰❧♦q✺♠♦❹◆⑤✵♣rt⑨➳❆qr⑤✮t➁➟❏❹◆⑤

➆➡P✱✒ ❍❏❪❉❪✇❍❏❊●⑨q①❉❋❀P➃❫✯P◗⑥◗❲✪⑥ ❑▼❋➀❳❴❫❬P◗⑥◗❊❺❑▼⑥❶⑦❖■❉❋q①❉❋✶❊✛⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊✣❪❦❍❏◆❉⑩✜❑▼■❉❋✶P◗❊✶❽❉◆❉❍❏■❉❊✛◆❉❍❏■❉❊✣⑥◗◆❱❑▼⑨❃➇
❨●❋✶❊●❊●❍❏◆❉❊➹❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑③❫❬■❅❳❉❨●■❉⑥❶❑③①❴❫❬◆❉❊✍P◗❋✽❨●⑨✶❾❏⑥◗❲✪❋✷①❉⑥❋✲✮■❉❊●⑥❋✔❦⑦❖■❴❫❬◆❉①➄P➃❫Ù❑❼❫❬⑥◗P❶P◗❋✤①❉■➄❊❺④⑤❊❺❑▼❈✶❲✪❋
❋✶❊❺❑✷❊●■❉❪❦⑨✶❨●⑥◗❋✶■❉❨●❋➀❫❬■✪P◗⑥◗❳❉❨●❋✛❪❴❫❬❨●⑩✶❍❏■❉❨●❊➹❲✪❍❣④❏❋✶◆✪⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋

le ➈ ❷✰❫❀⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥❶❚⑤⑥❶❑▼⑨✣①✓✒ ■❉◆✵❲✪⑨❃➇❑❼❫❬P✷①❉⑥❋✲✮■❉❊●⑥❋✔✣❋✶❊❺❑➄①❉❍❏◆❉◆❉⑨✶❋✝❪❴❫❬❨✦P➃❫✠✔➼❍❏❨●❲❅■❉P◗❋✪①❉❋✝❿➀❨●■❉①❉❋
σ = nee

2le/vFm
❍✎✩

ne
❋✶❊❺❑

P➃❫❅①❉❋✶◆❉❊●⑥❶❑▼⑨✯⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❸❽
m
P➃❫➄❲✵❫❬❊●❊●❋✏❋✜✲✮❋✶⑩❃❑❼⑥ ❚❱❋✏①❉❋✶❊➀❪✇❍❏❨❺❑▼❋✶■❉❨●❊Ù❋✜❑

vF

P➃❫❅❚⑤⑥❶❑▼❋✶❊●❊●❋✏①❉❋
➂❴❋✶❨●❲✪⑥ ➈ ➣q◆✸❪✇❋✶■▲❑✣❫❬⑥◗◆❉❊●⑥❦⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨✷P➃❫✏⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ G = σS/L

❫✩❚❱❋✶⑩qP➃❫❚✔➼❍❏❨●❲✦■❉P◗❋Ù①❉❋
❷✰❫❬◆❉①❴❫❬■❉❋✶❨✯❰❃☛ ➈ ❭✰❲❖Ð❃❽❉❋✶◆✒■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑✛P◗❋❀◆❉❍❏❲✦❳❉❨●❋✗①❉❋✗⑩✩❫❬◆❴❫❬■⑤Þ✝❋✶◆♣❩✦①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊ 4S/λ2

F

➬

G = GQN
πle
3L

❰❃☛ ➈ ❲❱❭❱Ð
➅③◆➐❚❏❍❯④❖❫❬◆❱❑❅⑩✶❋✜❑●❑▼❋✸❋❃Þ▲❪❉❨●❋✶❊●❊●⑥◗❍❏◆✔❽✍❍❏◆➐❪❦❍❏■❉❨●❨❼❫❸⑥❶❑✯❪✇❋✶◆❉❊●❋✶❨❅⑦❖■❉❋✵❑▼❍❏■❉❊✦P◗❋✶❊✯⑩✶❍⑤❋✜➫✪⑩✶⑥◗❋✶◆❱❑▼❊✦①❉❋
❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆✟❊●❍❏◆❱❑Ù①❉❋✗P✱✒ ❍❏❨●①❉❨●❋

le/L << 1
❋✜❑Ù❍❏◆✝①❉❋✜❚⑤❨▼❫❬⑥❶❑✣❍❏❳❉❊●❋✶❨❺❚❏❋✶❨Ù■❉◆✒❳❉❨●■❉⑥❶❑✣❪✇❍❏⑥◗❊➔➇

❊●❍❏◆❉⑥◗❋✶◆ÿ⑩✶❍❏❲✪❲✪❋✝❪❦❍❏■❉❨✪■❉◆❉❋✉❳❴❫❬❨●❨●⑥◗❈✶❨●❋✟❑▼■❉◆❉◆❉❋✶P ➈ ❹✷❋✶⑩✶⑥Ù❊●❋✶❨▼❫❬⑥❶❑✪❋✶◆à⑩✶❍❏◆❱❑▼❨▼❫❬①❉⑥◗⑩✜❑▼⑥◗❍❏◆ ❫❯❚❏❋✶⑩
P◗❋✦❨●⑨✶❊●■❉P❶❑❼❫❸❑✗❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋ ➈ ⑧✉❫❬⑥◗❊❀⑩✶❋❅◆✓✒ ❋✶❊❺❑✏❪❴❫❬❊✗P◗❋✦⑩✩❫❬❊ ➈ ➅③◆ë■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑❀■❉◆❉❋✦❑▼❇❉⑨✶❍❏❨●⑥◗❋①✓✒ ⑨✶⑩❼❇❉❋✶P◗P◗❋❬❽❦❿➀❍❏❨●❍✎❪❖❇❉❍❯❚✒❫❅❲✪❍❏◆❱❑▼❨●⑨❀⑦❖■❉❋✏P➃❫✦①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✸①❉❋✶❊Ù❆

n
❋✶❊❺❑Ù❳❉⑥◗❲✪❍⑤①❴❫❬P❶❋❢▼ ❲✎❲♣❖ ➈✡Ù◆❉❋✟⑥◗❲✵❫❬❾❏❋✵❊●⑥◗❲✪❪❉P◗⑥❉✥❴⑨✶❋✵❪✇❍❏■❉❨❅⑥◗P❶P◗■❉❊❺❑▼❨●❋✶❨✯P◗❋✶❊❅⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✩❊✪❪❦❍❏■❉❨❅P◗❋✵❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑➄①❉❋✶❊

⑩❼❇❴❫❬❨●❾❏❋✶❊➀❋✶❊❺❑➀P➃❫➄❊●■❉⑥❶❚❸❫❬◆❖❑▼❋✪➬❴❍❏◆✉⑥◗◆❱❑▼❨●❍⑤①❉■❉⑥❶❑✣■❉◆❉❋✏P◗❍❏◆❉❾❏■❉❋✶■❉❨✣①❉❋✯P◗❍❖⑩✩❫❬P◗⑥❶❊▼❫❸❑▼⑥◗❍❬◆
ζn
⑩✶❍❏❨●❨●❋✶❊➔➇

❪✇❍❏◆❉①❴❫❬◆❱❑❚✦✸P✱✒ ⑨✜❑▼❋✶◆❉①❉■❉❋❅①✓✒ ■❉◆✖⑨✜❑❼❫❸❑❀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✦①❴❫❬◆❉❊❀P◗❋✦⑩✩❫❬◆❴❫❬P
n ➈ ❹✷❋✶P◗P◗❋❃➇ä⑩✜⑥✥❋✶❊❺❑✗P◗⑥◗⑨✶❋✦✉P➃❫✉❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨✪①❉❋✵❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆ ①❉■ ⑩✩❫❬◆❴❫❬P✤❊●❋✶P◗❍❏◆ ❆

n = cosh−2(L/ζn) ➈ ➆➀⑥◗◆❉❊●⑥✐❽
➺✄➵❃Ô✜➘❅à✕➚➶➬✱× ✃❭➚➶× Ô✜➬Ñ❰✓➴❭❬ ❒♦➘✤Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮★à✎Ô✜➘✕Ï➼❮✱❒♦✃➌×▲Ù✓Ú✆Û✟Ü✆Ý❽Þ➒Ù✓Ú✆ß

❩✎✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

ã⑦⑥⑨⑧✛✃❅☛ ➈ ▼➢⑩ÿ❿➀⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆ÿ❳❉⑥◗❲✪❍❖①❴❫❬P◗❋
①❉❋✶❊❁⑩✶❍❖❋✜➫✪⑩✶⑥◗❋✶◆❖❑▼❊✲①❉❋Ï❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆
①❴❫❬◆❉❊Ù■❉◆✒❲✪⑨✜❑❼❫❬P☞①❉⑥❋✲✮■❉❊●⑥❋✔☎❋✜❑➀①❴❫❬◆❉❊✣■❉◆❉❋
❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋ ✦➡①❉❍❏■❉❳❉P◗❋✂❳❴❫❬❨●❨●⑥◗❈✶❨●❋✭❫✩❚❏❋✶⑩
①❉❋✶❊✪❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✶❊✸①❉❋✉❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊✪①❉❋
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■❉◆❉⑥❶❚❏❋✶❨●❊●❋✶P◗P◗❋✶❊Ù①❉❋✯⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✣➸➼➸ ➈ ➅✥Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P◗❋✶❲✪❋✶◆❱❑✩❽❴❍❏◆✉❪✇❋✶■▲❑q❍❏❳❉❊●❋✶❨❺❚❏❋✶❨➀⑩✶❋✶❊➀❚❸❫❣➇❨●⑥➃❫❸❑▼⑥◗❍❏◆❉❊❀①❉❋✪⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✸❋✶◆➯✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ë①✓✒ ■❉◆➯✔❡❫❬⑥◗❳❉P◗❋❅⑩❼❇❴❫❬❲✪❪ ❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋➄⑦❖■❉⑥⑦✔❡❫❬⑥❶❑
⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✛❚❸❫❬❨●⑥◗❋✶❨✛P◗❋✶❊✛❑▼❨▼❫❣➷❺❋✶⑩✜❑▼❍❏⑥◗❨●❋✶❊✛①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊Ù❋✜❑✣P◗❋✶❊✣⑥◗◆❱❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋✶❊➀❫❬❊●❊●❍⑤⑩✜⑥◗⑨✶❋✶❊ ➈❷☞❋✪❳❉❨●■❉⑥❶❑

2/3eI
❰➼❋✜❑✦P➃❫✝⑩✶❍❏❨●❨●❋✶⑩✜❑▼⑥◗❍❬◆ ①❉■❉❋⑩✦✒P➃❫✝P◗❍⑤⑩✩❫❬P◗⑥❶❊▼❫❸❑▼⑥❶❍❏◆✻✔❡❫❬⑥◗❳❉P◗❋❯Ðq❋✶❊❺❑✯■❉◆❉❋✪❚❬❫❬P◗❋✶■❉❨

❲✪❍❯④❱❋✶◆❉◆❉⑨✶❋✦❊●■❉❨q❑▼❍❏■▲❑▼❋✶❊qP◗❋✶❊q⑩✶❍❏◆✗✥❴❾❏■❉❨▼❫❸❑▼⑥◗❍❬◆❉❊q❲✪⑥◗⑩✶❨●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✶❊➀①❉■➫①❉⑨✶❊●❍❏❨●①❉❨▼❋ ➈ ❄ ■❉❋✶P◗P◗❋✶❊❊●❍❏◆❱❑✦❫❬P◗❍❏❨●❊❀P◗❋✶❊✤✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✗■❉◆❉⑥❶❚❏❋✶❨●❊●❋✶P◗P◗❋✶❊✗①❉❋✪❳❉❨●■❉⑥❶❑❏❳✪❿➀❋✸ú❬❍❏◆❉❾✒❋✜❑✧❂✷❋✶❋✶◆❴❫✰❪➂❪❏❋✶❨✯❍❏◆❱❑
â❞➼➌× ✃❬❰⑦Ï➌➚❀Ý✮➹ ❮✌✔❬❰❭❰◗Ô✜➘✣❮❨➴✏✔✓❵✕➘♦➹ ✃❬❰❭à✕➚➶➬❭×❽❬ ✃❬❰◗à✕➚✜Ï❃✃✢✃➌➘✣❮✱➬✱✃❱➴✍✃➌❒✏✒✧Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮Ñ❰❷à✰Ô✜➘✕Ï➼❮✱❒♦✃➌×Ø❰⑦➴♦➚➶➘✕❰❭❒♦➘✧Ò✣➚➶è❱Ù➍➮◆t× ✃❨➪✷Ô✜❒♦Ý➶✃➌➪✷✃➌➘✣❮❷Ï❃×Ø➚✜❰✱❰◗➹s❪✣❒♦✃⑦➴✍✃❬❰✛✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘✕❰★➴♦➚➶➘✕❰✺❒✍➘♦✃⑦❮✱✃➌× × ✃❆❰✉❮✱➬✱❒✕Ï➼❮✱❒♦➬✱✃⑦✃❬❰✉❮❷ÏÑÐ✕➚➶Ô➶❮✱➹s❪✣❒♦✃❜❛❻Ï➌➚➶❒✕❰◗✃❨➴✍✃⑦×Ø➚➴✍➹ ➾✎❒✕❰◗➹ Ô✜➘✤➚➶❒✏✒✽❐✰Ô✜➬Ñ➴♦❰✍❪✣❒♦➹✑Ô✜➘✣❮✺❒♦➘♦✃❭Ó Ô✜➬✱➪✷✃⑦➹ ➬✱➬✌✔➌Ò✜❒♦× ➹ ❧➌➬✱✃â➼➺Ñ➹ ×❭✃❬❰✉❮✳➹ ➘✣❮✌✔➌➬✱✃❬❰✱❰✱➚➶➘✣❮✳➴✍✃✧➘♦Ô➶❮✱✃➌➬✸❪✣❒❁❬ ❒♦➘♦✃✧❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃❚➴✏✔❬❰◗Ô✜➬Ñ➴✍Ô✜➘♦➘☛✔➌✃❈Ï❃Ô✜➘✕➴✍❒♦➹ ❮➱❛✵❒♦➘♦✃✯➴✍➹Ø❰✉❮✱➬✱➹ ❐♦❒✍❮✱➹ Ô✜➘➹Ø➴✍✃➌➘✣❮✱➹s❪✣❒♦✃✍❛❷Ï❃✃➌× × ✃★➴✍❒✷❰◗➷✍❰✉❮✌❧➌➪✷✃✍❛❷➴✍Ô✜❒♦❐♦× ✃✓❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃❏✃❃❮④à✕➚➶➬④Ï❃Ô✜➘✕❰❞✔✚❪✣❒♦✃➌➘✜❮❲✔➌Ò✣➚➶× ✃➌➪✷✃➌➘✜❮❄❛

F = 1/2
✗ ß❀Ù➶Û✜✙â✱â ×Ø➚❻Ý➶➚➶➬✱➹Ø➚➀❮✱➹ Ô✜➘❅✃➌➘✧Ï❃Ô✜➘✕➴✍❒✕ÏÑ❮➼➚➶➘♦Ï❃✃❆✃❬❰✉❮⑦➴✮✃✢×❽❬ Ô✜➬Ñ➴✍➬✱✃

e2/h
✃❃❮❭✃❬❰✉❮❷❒♦➘♦➹ Ý✜✃➌➬Ñ❰◗✃➌× × ✃❆➴♦➚➶➘✕❰r× ✃✢❰◗✃➌➘✕❰rÔ✉à❚✃➌× × ✃✃❬❰✉❮✺➹ ➘✕➴✏✔➌à✰✃➌➘✕➴♦➚➶➘✜❮✱✃❨➴✍❒✤➴✍✃➌Ò✜➬✌✔⑦➴✍❒✤➴✏✔❬❰◗Ô✜➬Ñ➴✍➬✱✃❷✃❃❮r➴✍✃❭×Ø➚✢Ò✉✔➌Ô✜➪❩✔❃❮✱➬✱➹ ✃

❩✰✌
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⑩✩❫❬P◗⑩✶■❉P◗⑨qP➃❫✦❚❸❫❬P◗❋✶■❉❨✷✼ä❨●❲✪❊❃✾q①❉❋✗⑩✶❋✶❊❻✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊➭▼ ❭❏❙✆❖③➬

∆SIrms = 2eI
(

0, 127
GQ

G

)

.
❰❃☛ ➈ ❲❱❙❱Ð

❷☞❋✶❊✯⑩✶❍❏❨●❨●❋✶⑩✜❑▼⑥◗❍❬◆❉❊✯①❉■❉❋✶❊✯✦✒P➃❫✝P◗❍❖⑩✩❫❬P◗⑥◗❊▼❫❸❑▼⑥❶❍❏◆✻✔❡❫❬⑥◗❳❉P◗❋❅❋✜❑❅❫❬■⑤Þ➳✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✏■❉◆❉⑥❶❚❱❋✶❨●❊●❋✶P◗P◗❋✜❊
①❉■➐❳❉❨●■❉⑥❶❑✯❊●❍❏◆❱❑✦❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P◗P❶❋✶❊✯❫❬■ ❨▼❫❬❪❉❪✇❍❏❨❺❑

GQ/G
⑦❖■❉⑥✷❋✶❊❺❑✦❾❏⑨✶◆❉⑨✶❨▼❫❬P◗❋✶❲✪❋✶◆❱❑✯❑▼❨●❈✶❊

❪❦❋✜❑▼⑥❶❑✯①❉❋✜❚❬❫❬◆❱❑⑩☛✸❪❦❍❏■❉❨✯■❉◆ ❲✪⑨✜❑❼❫❬P➹①❉❍❏◆❱❑✦P➃❫✝P◗❍❏◆❉❾❏■❉❋✶■❉❨✏❋✶❊❺❑✦⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋❊✦✒P➃❫✝P◗❍❏◆❉❾❏■❉❋✶■❉❨
①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✯⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊ ➈ ➅③P◗P◗❋✶❊✯◆❉❋✟❊●❍❏◆❱❑➄①❉❍❏◆❉⑩✸❪❴❫❬❊❅❍❏❳❉❊●❋✶❨❺❚❸❫❬❳❉P◗❋✶❊➄①❴❫❬◆❉❊✦P◗❋✶❊✦❋❃Þ❖➇❪❦⑨✶❨●⑥◗❋✶◆❉⑩✶❋✶❊q❋✜❑q❍❏◆♣◆❉❋✏❚❏❍❏⑥❶❑q❫❬P◗❍❏❨●❊Ù❪❴❫❬❊➀①❉❋✯❊●⑥◗❾❏◆❴❫❸❑▼■❉❨●❋✯①❉❋✯P➃❫➄⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋❅①❴❫❬◆❉❊➀P◗❋✏❳❉❨●■❉⑥❶❑ ➈
❷ ò➀ñ❯ò✜æ⑤ø✰ò◗ý➀ò✜î⑦ø✵ô❼ñ❯ð❯ñ❯õ❼ð➀ó✇í◗û✶æ❴ò❅ø✵ò❼ñ✜æ⑤ì●ç❱ê✶ø◗ò✗é❱ç❬è▲ñqø◗ò✏ê✶ì❃æ⑤í➳î✽ò✜è✖õ❼ð❸æ⑤ì●ç❬è❴î✤é❱ç❬è▲ñ❀æ⑤è✁ø✵ô✜î ç❬ø
é❬í ý✛æ❱ñ✜í ➵✯ò✜è✖ì▼ô✼➀❬í➁ø✵ò➄õ❼ð✍ú❴ô✜ì▼ò✜è❴î➳ó✛ò❼ñ✜î✷ø❶ç✸ì❼ô▼é❬æ❴õ✜î❡í✐ð❸èëé❬æ✯➵✜ç❖õ✜îäò✜æ⑤ì✦é❖ò➭á✰ç❬è✮ð⑩÷

1/3
ø í✐ô❅ç❬æ

ó✇ì❃í➳è✮õ✜í ó❴ò✏é❖ò♠â✛ç❬æ⑤ø í❡ù

✩✫✪①ã ä ✁☞☛✍✄✝✢✤✁☎✄✸☛✥✞✣✑ ✱❅✳✵✴✟☛✥✧✶✆✟✞✣✑✾✑✰✄✟✓✟☛✍✌✏✢✷✕✦✎✝✆✝✄✝✢✤✁✰✞✣✄✸☛➋åq✺✼✘✽✁☎✌✗✚
✎✟✕✗☛✍✺✿✌✗✚

❿q❫❬◆❉❊✽①❉❋✶❊✽❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊✛❇❖④⑤❳❉❨●⑥◗①❉❋✶❊✽❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨➀❿❸❲✪⑨✜❑❼❫❬P✮◆❉❍❏❨●❲✵❫❬P✥❰ ❻ ❇qÐ❃❽▲P◗❋Ù❊●■⑤➇
❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✍❋✶❊❺❑✍P➃❫Ù❊●❍❏■❉❨●⑩✶❋✽①✓✒ ■❉◆❉❋✽⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✽❲✵❫❬⑩✶❨●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✷⑦❖■❉⑥▲❋✜◆❖❑▼❨●❋✷❋✶◆❅⑩✶❍❏❲❅➇
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2δk = 2ǫ/~vF
❋✜❑Ù■❉◆❉❋✏❪❉❇❴❫❬❊●❋✯❨●❋✶P➃❫❸❑▼⑥❶❚❏❋

φi

✦➄P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ❻ ❿✰❇ ➬
φi = Φ − arccos

( ǫ

∆

)

,
❰❃☛ ➈ ❲➂✏❬Ð

❍✎✩
Φ
❋✶❊❺❑✵P➃❫✖❪❉❇❴❫❬❊●❋✉❲✵❫❬⑩✶❨●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✒①❉■à❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨❬➸Ñð ➈ ǫ ❋✶❊❺❑✸P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✝①❉❋P✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✝⑥◗◆❉⑩✶⑥◗①❉❋✶◆❱❑Ù❫❬■✝①❉❋✶❊●❊●■❉❊➀①❉■✒◆❉⑥❶❚❏❋✩❫❬■✒①❉❋✏➂❉❋✶❨●❲✪⑥ ➈②☎❍❏■❉❨
ǫ = 0

❽✇P➃❫✪❨●⑨✜❑▼❨●❍❸➇ä❨●⑨✜✛❴❋❃Þ▲⑥❶❍❏◆♣❋✶❊❺❑q❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋✪➬✇P✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✉❋✜❑qP◗❋✗❑▼❨●❍❏■✉❍❏◆❖❑➀P◗❋✏❲❩■✶❲✪❋
❚❏❋✶⑩✜❑▼❋✶■❉❨✛①✓✒ ❍❏◆❉①❉❋ ➈ ❷☞❋➀❑▼❨●❍❏■✵❚❬❫✯❊▼■❉⑥ ❚⑤❨▼❋q❋❃Þ❉❫❬⑩✜❑▼❋✶❲✪❋✜◆❖❑✛P➃❫✏❑▼❨▼❫❣➷❺❋✶⑩✜❑▼❍❏⑥◗❨●❋➀①❉❋qP✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✸❋✜❑✛⑥◗P◆✓✒ ④✖❫✝❪❴❫❬❊✗①❉❋➄①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋➄⑥◗◆❉①❉■❉⑥❶❑✗❪❴❫❬❨❀P➃❫✟❪❉❨●❍❏❪❴❫❬❾❏❫❸❑▼⑥◗❍❏◆✚➸➼ñ ➈ ❷✰❫✝①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋➄①❉❋➄❪❉❇❴❫❬❊●❋❑▼❍❬❑❼❫❬P◗❋

δφ = φi

❋✶❊❺❑✒⑩✶❍❏◆❉❊❺❑❼❫❬◆❖❑▼❋ ➈ ❷⑦✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆ ❋✜❑✒P◗❋♣❑▼❨●❍❏■ ⑩✶❍❏◆❉❊❺❑▼⑥❶❑▼■❉❋✶◆❱❑✒■❉◆❉❋ë❪❴❫❬⑥◗❨●❋
①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✖❨●❋✶❊❺❑❼❫❬◆❱❑✗⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑▼❋➄❊●■❉❨❀P➃❫✸P◗❍❏◆❉❾❏■❉❋✶■❉❨

Lφ
⑦❖■❉⑥③P◗⑥◗❲➄⑥ ❑▼❋✦⑥❶◆❉①❉⑥❶❚⑤⑥◗①❉■❉❋✶P◗P❶❋✶❲✪❋✶◆❱❑

P➃❫✦⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✯①❉❋✗❪❉❇❴❫❬❊●❋✗❪✇❍❏■❉❨✛⑩❃❇❴❫❬⑦❖■❉❋✏⑦❖■❴❫❬❊●⑥◗❪❴❫❸❨●❑▼⑥◗⑩✜■❉P◗❋ ➈②☎❍❏■❉❨✽■❉◆✟⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✟①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋
ǫ > 0

❽▲P➃❫✯①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋q①❉❋➀❚❏❋✶⑩✜❑▼❋✶■❉❨✣①✓✒ ❍❏◆❉①❉❋q❋✶◆❱❑▼❨●❋❀P✱✒ ⑨✶P◗❋✶⑩❃➇
❑▼❨●❍❏◆✉❋✜❑qP◗❋❀❑▼❨●❍❏■

2δk
⑥◗❲➄❪❉P◗⑥❶⑦❖■❉❋✏■❉◆✉①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋✦①❉❋✏❪❉❨●❍❏❪❴❫❬❾❱❫❸❑▼⑥◗❍❏◆

φp = 2δkL ❽✇❍✎✩ L❋✶❊❺❑✷P➃❫❀P◗❍❏◆❉❾❏■❉❋✶■❉❨➹①❉❋ÙP➃❫q❑▼❨▼❫❣➷❺❋✶⑩✜❑▼❍❏⑥◗❨●❋ ➈ ➅③◆✪❨●⑨✶❾❏⑥◗❲✪❋✛①❉⑥❋✲✮■❉❊●⑥❋✔➔❽❏P◗❋✣①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋Ù①❉❋Ù❪❉❨●❍❏❪❴❫❬❾❱❫❣➇❑▼⑥◗❍❏◆✒❋✶❊❺❑❚✦✪P✱✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋✗①❉❋✯P➃❫➄❊●⑨✶❪❴❫❬❨▼❫❸❑▼⑥◗❍❏◆✉①❉❋✶❊Ù❑▼❨▼❫❸➷❺❋✶⑩✜❑▼❍❏⑥◗❨●❋✶❊Ù①❉❋✯P✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✒❋✜❑q①❉■✉❑▼❨●❍❏■ ➈❿q❫❬◆❉❊Ù■❉◆❉❋✗⑥◗❲✵❫❬❾❏❋q❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋❬❽❉①❉❋✶■⑤Þ✝❑▼❨▼❫❣➷❺❋✶⑩✜❑▼❍❏⑥◗❨●❋✶❊✣❊●❍❏◆❱❑Ù①❉⑥◗❊❺❑▼⑥◗◆❉⑩✜❑▼❋✶❊✣⑦❖■❴❫❬◆❉①✉❋✜P◗P◗❋✶❊
❊●❍❏◆❱❑✗❋✶❊●❪❴❫❬⑩✶⑨✶❋✶❊✗①❉❋❅❪❉P◗■❉❊q⑦❖■✓✒ ■❉◆❉❋❅P◗❍❏◆❉❾❏■❉❋✶■❉❨q①✓✒ ❍❏◆❉①❉❋❅①❉❋➄➂❉❋✶❨●❲✪⑥ ➈ ❹✷❋✶⑩✶⑥✍❋✶❊❺❑✗⑨✶⑦❖■❉⑥❶❚❬❫❬P◗❋✶◆❱❑
â ✝ à✎Ô✜❒♦➬★❒♦➘♦✃⑦Ï❃Ô✜➘✮Ý✜✃➌➬Ñ❰◗➹ Ô✜➘❻❮✱➬✱Ô✜❒✳✃➌➘✸✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘

φi = −Φ − arccos(ǫ/∆)â✌✑➌ÏÑÐ✕➚✉❪✣❒♦✃✳➴✍➹ ➾✎❒✕❰◗➹ Ô✜➘❩➴❭❬ ❒♦➘◆✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘❩❰◗❒♦➬❆❒♦➘♦✃✳➹ ➪✷à♦❒♦➬✱✃❃❮✌✔✽➹ ➘✜❮✱➬✱Ô♦➴✍❒♦➹ ❮⑦✔➌Ò✣➚➶× ✃➌➪✷✃➌➘✜❮✢❒♦➘❩➴✏✔➌à♦Ð✕➚✜❰✱➚➶Ò✜✃✜➮➪❱➚➶➹Ø❰⑧Ï❃✃➌× ❒♦➹ ê➁Ï❃➹✰❰◗✃✺Ï❃Ô✜➪✷à✎✃➌➘✕❰◗✃✺➚❀Ý➶✃❬Ï✓× ✃r➴✏✔➌à♦Ð✕➚✜❰✱➚➶Ò✜✃✺❰◗❒♦❐♦➹ ❮❏à✕➚➶➬⑧× ✃★❮✱➬✱Ô✜❒✷➬✌✔✓❝✆✔❬ÏÑÐ♦➹✆❪✣❒♦➹✰❰◗❒♦➹ ❮❏×Ø➚❭❮✱➬Ñ➚✟➌➁✃❬Ï➼❮✱Ô✜➹ ➬✱✃➹ ➘✮Ý➶✃➌➬Ñ❰❞✔➌✃⑦➴♦➚➶➘✕❰✓× ✃❭❮✱✃➌➪✷à✕❰
❭✗☛
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✦✵■❉◆♣①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋✦①❉❋✦❪❉P◗■❉❊➀⑦❖■❉❋
2π

❋✶◆❱❑❼❨●❋✯■❉◆➫⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆♣❋✜❑❀■❉◆✉❑▼❨●❍❏■✔❽✇⑦❖■❉⑥✥❋✶❊❺❑✗❫❸❑●❑▼❋✶⑥◗◆❱❑
❫❬❪❉❨●❈✶❊✥■❉◆✯❑▼❋✶❲✪❪❉❊✥①❉❋✷❪❉❨●❍❏❪❴❫❬❾❱❫❸❑▼⑥◗❍❏◆

τ = L/vF = L2/D > ~/ǫ
❽❬❫✩❚❱❋✶⑩

D
P➃❫✣⑩✶❍❏◆❉❊❺❑❼❫❬◆❱❑▼❋

①❉❋✽①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✯①❴❫❬◆❉❊✍P◗❋✷❲✪⑨✜❑❼❫❬P⑤◆❉❍❏❨●❲✵❫❬P ➈ ❷☞❋✶❊✍⑩❃❇❉❋✶❲✪⑥◗◆❉❊✥①❉❋✽①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✦①❉❋✽P✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✯❋✜❑③①❉■❑▼❨●❍❏■✦①❉❋✜❚⑤⑥❶❋✶◆❉◆❉❋✶◆❖❑➹❫❬P◗❍❏❨●❊☎①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✍❋✜❑✍P➃❫Ù❪❴❫❬⑥◗❨●❋✤①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✦❋✶❊❺❑③⑩✩❫❬❊●❊●⑨✶❋ ➈ ❷✰❫➀⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋①❉❋✶❊✣❪❴❫❬⑥◗❨●❋✶❊✣①✓✒ ➆Ù◆❉①❉❨▼❋✜❋✜❚✒❋✶❊❺❑Ù①❉❍❏◆❉⑩✗P◗⑥◗❲➄⑥❶❑▼⑨✜❋❀❪❴❫❬❨✛P➃❫❅P❶❍❏◆❉❾❏■❉❋✶■❉❨❀➬

Lǫ =

√

~D

ǫ
.

❰❃☛ ➈ ❲✑P❱Ð
❷☞❋✶❊✦❪❴❫❬⑥◗❨●❋✶❊✯①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ❪✇❋✶■▲❚❏❋✶◆❱❑➄①❉❍❏◆❉⑩⑩■✜❑▼❨▼❋✸①❉⑨✶⑩✶❍❏❨●❨●⑨✶P◗⑨✶❋✶❊✦❪❴❫❬❨✦■❉◆❉❋✵❑▼❋✶◆❉❊●⑥◗❍❏◆✾❫❬❪❉❪❉P◗⑥ ➇
⑦❖■❉⑨✶❋ ❰

ǫ = eV
Ð✪❲✵❫❬⑥❶❊✵⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✸❪❴❫❬❨✸P➃❫ë❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ➈ ❷⑦✒ ⑨✶P➃❫❬❨●❾❏⑥◗❊●❊●❋✶❲✪❋✶◆❱❑✸①❉❋♣P➃❫❊●■❉❨➌✔❡❫❬⑩✶❋Ù①❉❋Ù➂❴❋✶❨●❲✪⑥❴❪❴❫❬❨➹P✱✒ ❫❬❾❏⑥ ❑❼❫❸❑▼⑥❶❍❏◆✦❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✣❊●■❉❪❉❪❉❨●⑥◗❲✪❋✣①❉❋✶❊✤❪❴❫❬⑥◗❨●❋✶❊➹①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✪①❉❋

❳❴❫❬❊●❊●❋Ù⑨✶◆❉❋✶❨●❾❏⑥◗❋✣❊●■❉❨✤■❉◆✵⑥◗◆❱❑▼❋✶❨❺❚❸❫❬P◗P◗❋✛①❉❋ÙP◗✒ ❍❏❨●①❉❨▼❋✛①❉❋
kBT ➈ ➣q◆✪①❉⑨✜✥❴◆❉⑥❶❑✷❫❬⑥◗◆❉❊●⑥❴P➃❫❀P◗❍❏◆❉❾❏■❉❋✶■❉❨❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❀❋✶◆✒❨●⑨✶❾❏⑥◗❲✪❋q①❉⑥❋✲✮■❉❊●⑥❋✔☎❪❴❫❬❨✗➬

LT =

√

~D

2πkBT
.

❰❃☛ ➈ ❲✑✌❱Ð
❹✷❋✶❪❦❋✶◆❉①❴❫❬◆❖❑✩❽❸P◗❋✶❊✰⑨✜❑❼❫❸❑▼❊✰⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✶❊✥❫❬■▲❑▼❍❏■❉❨✰①❉■✯◆❉⑥❶❚❏❋✩❫❬■✏①❉❋✷➂❴❋✶❨●❲✪⑥❏◆❉❋✤❊●❍❏◆❱❑✥⑦❖■❉❋✤❪❴❫❬❨➔➇
❑▼⑥◗❋✶P◗P❶❋✶❲✪❋✶◆❱❑q❍⑤⑩✜⑩✶■❉❪✇⑨✶❊❀❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑✩❽✮⑩✶❋❅⑦❖■❉⑥✍P➃❫❬⑥◗❊●❊●❋✦①❉❋✦P➃❫✸❪❉P◗❫❬⑩✶❋❅❪❦❍❏■❉❨❀①❉❋✶❊❀❪❴❫❬⑥◗❨●❋✶❊
①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ë❲❩■✜❲✪❋➄❋✶◆ë①❉❋✶❊●❊●❍❏■❉❊✯①❉❋

kBT ➈ LT

◆✓✒ ⑥◗◆❖❑▼❨●❍❖①❉■❉⑥❶❑✗①❉❍❏◆❉⑩✪❪❴❫❸❊✏■❉◆❉❋✪⑩✶❍❏■❉❪❉■❉❨●❋
◆❉❋✜❑●❑▼❋➀⑩✶❍❏❲✪❲✪❋

Lφ
❋✜❑✽❍❏◆✵❪✇❋✶■▲❑✷❍❏❳❉❊●❋✶❨❺❚❱❋✶❨✷①❉❋✶❊✷❋✜✲✮❋✜❑▼❊✽①❉❋Ù⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋q❋✶◆❉⑩✶❍❏❨●❋❅✦✏①❉❋✶❊✷①❉⑥◗❊➔➇

❑❼❫❬◆❉⑩✶❋✶❊✣❳✇❋✩❫❬■❉⑩✶❍❏■❉❪✒❪❉P◗■❉❊✣❾❏❨▼❫❬◆❉①❉❋✶❊✣⑦❖■❉❋
LT

❽❉❲✵❫❬⑥◗❊✣❫✩❚❏❋✶⑩✏■❉◆❉❋✏❫❬❲✪❪❉P◗⑥ ❑▼■❉①❉❋➀❑▼❨●❈✶❊❻✔❡❫❬⑥◗❳❉P❶❋ ➈❷✰❫✒⑩✶❍❏◆❱❚❏❋✶❨●❊●⑥◗❍❏◆➐①❉❋✶❊✯❪❴❫❬⑥◗❨●❋✶❊✏①❉❋✟❹✷❍❖❍❏❪✇❋✶❨✯❋✶◆ ❪❴❫❬⑥◗❨●❋✶❊✏①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ◆❉❋✵❊●❋✵❪❉❨●❍⑤①❉■❉⑥❶❑✏❪❴❫❬❊
❳❉❨●■❉❊●⑦❖■❉❋✶❲✪❋✶◆❱❑✠✦➐P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ❻ ■❉❨✸■❉◆❉❋➫P◗❍❏◆❉❾❏■❉❋✶■❉❨ ξN =

√

~D/∆
❽✷P◗❋✶❊✸⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊

✼ä❊●❋✶◆❱❑▼❋✶◆❱❑➌✾➀❋✶◆❉⑩✶❍❏❨●❋➀P❶❋Ù❪✇❍❬❑▼❋✶◆❱❑▼⑥◗❋✶P✇❫❸❑●❑▼❨▼❫❬⑩✜❑▼⑥❋✔✮⑦❖■❉⑥✇P◗❋✶❊➹P◗⑥➃❫❬⑥ ❑➹①❴❫❬◆❉❊✷P◗❋✣❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✽❋✶◆
❪❴❫❬⑥◗❨●❋✶❊q①❉❋✪❹✷❍❖❍❏❪✇❋✶❨ ➈ ➣q◆➫❪✇❍❏■❉❨●❨▼❫❬⑥❶❑q①❉❍❏◆❉⑩❅①❉⑥◗❨●❋✦⑦❖■✓✒ ⑥❶P✍❋❃Þ▲⑥◗❊❺❑▼❋❅❋✶◆❉⑩✶❍❏❨●❋❅⑦❖■❉❋✶P◗⑦❖■❉❋✶❊✗❪❴❫❬⑥◗❨●❋✶❊①❉❋✯❹✷❍❖❍❏❪✇❋✶❨✍➷❺■❉❊●⑦❖■✓✒ ✦✪■❉◆❉❋✗①❉⑥◗❊❺❑❼❫❬◆❉⑩✶❋

ξN
①❉❋✗P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈

✖ ◆❱❚❏❋✶❨●❊●❋✶❲✪❋✶◆❖❑✩❽ÙP➃❫ ✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✭①✓✒ ❍❏◆❉①❉❋ë①❉❋ëP➃❫ ❪❴❫❬⑥◗❨●❋➫①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ❋✶❊❺❑✉■❉◆❉❋ë❍❏◆❉①❉❋ë⑨✜❚❸❫❣➇
◆❉❋✶❊●⑩✶❋✶◆❱❑▼❋➫①❴❫❬◆❉❊✵P◗❋✉❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✝❫✩❚❏❋✶⑩♣■❉◆❉❋♣P◗❍❏◆❉❾❏■❉❋✶■❉❨✪①❉❋✉❪✇⑨✶◆❉⑨✜❑▼❨▼❫❸❑▼⑥◗❍❏◆

ξS =
√

~DS/∆
❽❱❍✎✩

DS

❋✶❊❺❑✷P➃❫❀⑩✶❍❏◆❉❊❺❑❼❫❬◆❖❑▼❋Ù①❉❋✣①❉⑥❋✲✮■❉❊●⑥◗❍❏◆➄①❉■✵❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈ ❻ ■❉❨✤⑩✶❋✜❑●❑▼❋①❉⑥◗❊❺❑❼❫❬◆❉⑩✶❋❬❽❴P◗❋❀❾❱❫❸❪✒❋✶❊❺❑Ù①❉⑥◗❲✪⑥◗◆❖■❉⑨q❪❴❫❬❨✣❨▼❫❬❪❉❪❦❍❏❨❺❑✽✦➄❊▼❫✦❚❬❫❬P◗❋✶■❉❨✛❋✶◆✒❪❉❨●❍✰✔➼❍❏◆❉①❉❋✶■❉❨ ➈❷✰❫ë❪❉❨▼⑨✜❊▼❋✜◆❉⑩✶❋✖①❉■à❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✟⑥◗◆❉①❉■❉⑥❶❑✵①❉❋✶❊✸❪❴❫❬⑥◗❨●❋✶❊✵⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊✟①❴❫❬◆❉❊✸P◗❋✒❲✪⑨❃➇
❑❼❫❬Pq◆❉❍❏❨●❲✵❫❬P ➈ ❷☞❋✶❊✝❋✜✲✮❋✜❑▼❊✒⑦❖■❉⑥❀❋✶◆♠❨●⑨✶❊●■❉P❶❑▼❋✶◆❱❑✒❪✇❍❏■❉❨✟P➃❫ ①❉❋✶◆❉❊●⑥❶❑▼⑨✖①✓✒ ⑨✜❑❼❫❸❑▼❊✝❋✜❑✒❪✇❍❏■❉❨✝P➃❫
⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❀①❉■✟❲✪⑨✜❑❼❫❬P✇❊●❍❏◆❱❑✛⑩✶❍❏◆❉◆❖■❉❊✛❊●❍❏■❉❊✽P◗❋➀◆❉❍❏❲ ①✓✒ ❋✜✲✮❋✜❑✛①❉❋q❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨ ➈➂✖ P✮❋❃Þ▲⑥◗❊❺❑▼❋⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑Ù■❉◆♣❋✜✲✮❋✜❑➀①❉❋✯❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨❀⑥◗◆❱❚❱❋✶❨●❊●❋✯⑦❖■❉⑥☎①❉⑨✶⑩✜❨▼⑥ ❑➀P✱✒ ❫✕✲✔❫❬⑥◗❳❉P❶⑥❶❊●❊●❋✶❲✪❋✶◆❖❑Ù①❉❋✏P➃❫➄❊●■⑤➇
❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥❶❚⑤⑥❶❑▼⑨❀❪❉❨●❈✶❊✣①❉❋✗P✱✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋q❪❴❫❬❨✛P➃❫❅❪❉❨●⑨✶❊●❋✶◆❉⑩✶❋✯①❉■✝❲✪⑨✜❑❼❫❬P✔◆❉❍❏❨●❲✵❫❬P ➈
✰✲✱✄æ❣✱✌◗ ç✐✽✍✴✍✶⑦✻✺❅❇❆✲✶✸❃❾✴✿✴❾✻➣ï✘❅❇✴✖è➱✴✍❃❄✻✾✹✓➝✲✶✸❈✓✴✍✷✺✷➥✻✾❍✸✶✸✶✸✴✍❈✓✹✓✶✸❥qð

➆✻P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋❀❋✶◆❱❑▼❨●❋ ❻ ❋✜❑✳❇✏❽❴P➃❫✦❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✒①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✒❋✶❊❺❑ÙP◗❋✗❊●❋✶■❉P☞❪❉❨●❍⑤⑩✶❋✶❊●❊●■❉❊➀①❉❋
❑▼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑✽❪✇❍❏❊●❊●⑥◗❳❉P◗❋➀❫❬■⑤Þ✵⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊ |ǫ| < ∆ ➈ ❹✤❋q❪❉❨●❍⑤⑩✶❋✜❊▼❊●■❉❊✽❋✶❊❺❑✷✔➼❍❏❨❺❑▼❋✶❲✪❋✜◆❖❑✷❪❉❨●❍❏❳❴❫❬❳❉P◗❋

❭❱❩



■▲❑✕ë✇❑✇ì✔❢❣❜✩➧ ➥ ❢❣➧✥❜✶➦⑤❞✸❛✮➘ ➾ ❜✩❝❡➨☎➦⑤❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✷❥ ➤ ❜✮➎ ❤❦➩
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①❉❋
2arccos(ǫ/∆)

❋❃❑Ù①❉■✒①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋✏①❉❋✗❪❉❨●❍❏❪❴❫❬❾❱❫❸❑▼⑥◗❍❏◆
φp ➈②☎❍❏■❉❨

ǫ = 0
❽
φp

❋✶❊❺❑➀◆❖■❉P☞❋✜❑Ù❍❏◆✒❍❏❳▲❑▼⑥◗❋✶◆❱❑Ù■❉◆✒①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋✗❑▼❍❬❑❼❫❬P✔①❉❋
δφ = −π ❽❴P✱✒ ⑥◗◆❱❑▼❋✶❨➔➇✔➼⑨✶❨●❋✶◆❉⑩✶❋✦❋✶❊❺❑q①❉❋✶❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋ ➈✍ó ø☎è❾➉ ò✚➁❏í◗ñ✜îäò❻ó❉ç❣ñ❅é✛➉ ô✜î ç❬î✣é✛➉ ô➀è✇é❬ì▼ò❼ò✜ï❊÷✒ô✜è✮ò✜ì✌➀❬í✐ò✯è❴æ⑤ø➳ø◗ò✛õ ②✍❫❸❨⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❱❑✩❽❉P➃❫✯⑩✶❍❬❇❉⑨✶❨●❋✶◆❉⑩✶❋❀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ ❑▼❨●❍❏■✸◆❉❋q❊●❋q❲✵❫❬◆❉⑥❉✔➼❋✶❊❺❑❼❋Ù❪❴❫❬❊✷❋✜❑✛P➃❫✏⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋

❋✶❊❺❑ÙP➃❫✦❲❩■✶❲✪❋❀⑦❖■✓✒ ❋✶◆♣❫❬❳❉❊●❋✶◆❉⑩✶❋✏①❉■✒❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✏➬
GNS(ǫ = 0) = GNN ➈②☎❍❏■❉❨

0 < ǫ << ∆
❽✔P◗❋✦①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋✦❑▼❍❬❑❼❫❬P✥❪✇❋✶■▲❑✗①❉❋✜❚❏❋✶◆❉⑥◗❨❀◆❖■❉P✍⑦❖■❴❫❬◆❉①ëP◗❋✦⑩❼❇❉❋✶❲✪⑥◗◆➫①❉❋

①❉⑥❋✲✮■❉❊●⑥◗❍❏◆➐❫✉■❉◆❉❋✸P◗❍❏◆❉❾❏■❉❋✶■❉❨✏❑▼❋✶P◗P◗❋✪⑦❖■❉❋
φp = π ➈ ❹✳✒ ❋✶❊❺❑❅P◗❋✵⑩✩❫❬❊❅❫❬❪❉❨●❈✶❊✦■❉◆❉❋✟①❉⑥❋✲✮■❉❊●⑥◗❍❏◆⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✂①❴❫❬◆❉❊ ■❉◆ ❚❏❍❏P◗■❉❲✪❋ ①❉❋ÿ❑❼❫❬⑥◗P◗P❶❋ ⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋

Lǫ ➈ ❷☞❋✶❊➐⑥◗◆❱❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋✶❊⑩✶❍❏◆❉❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋✶❊❅❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✶◆❖❑✦❫❬P◗❍❏❨●❊✏P➃❫✒⑩✶❍❬◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✟①❉■➐❊❺④⑤❊❺❑▼❈✶❲✪❋ ➈ ❹✷❋✜❑●❑▼❋✟❫❸■❉❾❏❲✪❋✶◆⑤➇❑❼❫❸❑▼⑥◗❍❏◆♣❋✶❊❺❑✏❲✵❫❣Þ▲⑥◗❲✪❫❬P❶❋✯P◗❍❏❨●❊●⑦❖■❉❋
Lǫ ≈ L

❽✔⑩✩❫❬❨qP◗❋✶❊❀⑨✜❑❼❫❸❑▼❊❀①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✖❊✣✒ ⑨✜❑▼❋✶◆❉①❉❋✶◆❱❑✯❊●■❉❨
❑▼❍❏■▲❑✸P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆✚➸ ❺ ➈ ❻ ■❉❨✸P✱✒ ⑨✶⑩❼❇❉❋✶P◗P◗❋✉①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋❬❽✷⑩✶❋✶P➃❫ ⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❁✦➐P➃❫ë⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆
ǫ ≈ ETh = ~D/L2 ❽❦❫❬❪❉❪❦❋✶P◗⑨✶❋✗⑨✶◆❉❋✶❨●❾❏⑥◗❋✗①❉❋✗❆✛❇❉❍❏■❉P◗❋✶❊●❊ ➈②☎❍❏■❉❨

ǫ < ETh
❽▲P◗❋✶❊✽⑩❼❇❉❋✶❲✪⑥◗◆❉❊✷⑦❖■❉⑥✔⑥◗◆❱❑▼❋✶❨➌✔➼❈✶❨●❋✶◆❱❑✛⑩✶❍❏◆❉❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋✶❲✪❋✶◆❖❑✩❽▲①❉⑨✶❪❴❫❬❊●❊●❋✶◆❱❑

L ➈ ❷✰❫⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✛①❉❍❏⑥❶❑✤❫❬P◗❍❏❨●❊③❪❴❫❬❊●❊●❋✶❨✷①❴❫❬◆❉❊✤P◗❋✛❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨➹❍✎✩✪P➃❫✗⑩✜❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋q❋✶❊❺❑✷①❉⑨❃❑❼❨●■❉⑥❶❑▼❋ ➈
â✌❻❃Ô✜➘❅❰◗❒♦à♦à✎Ô✣❰◗✃❷❮✱Ô✜❒➍➌➁Ô✜❒♦➬Ñ❰

L < Lφ

❭✰❲



■▲❑✕ë✇❑✇ì✔❢❣❜✩➧ ➥ ❢❣➧✥❜✶➦⑤❞✸❛✮➘ ➾ ❜✩❝❡➨☎➦⑤❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✷❥ ➤ ❜✮➎ ❤❦➩

②✥❫❬❨✣⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❖❑✩❽✇P➃❫✦⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✯①❉⑨✶⑩✶❨●❍✰✘◗❑✣P◗❍❏❨●❊●⑦❖■✓✒ ❍❏◆✒❳❴❫❬⑥◗❊●❊●❋✗P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✗❋✶◆✒①❉❋✶❊●❊●❍❏■❉❊
①❉❋

ETh

❋✜❑✪❫❸❑●❑▼❋✶⑥◗◆❖❑❅P➃❫✉❚❸❫❬P◗❋✶■❉❨❅①❉❋✟P✱✒ ⑨✜❑❼❫❸❑❅◆❉❍❏❨●❲✵❫❬P✷✦➫⑨✶◆❉❋✶❨●❾❏⑥◗❋✟◆❖■❉P◗P◗❋ ➈ ➆➀■✾①❉❋✶❊●❊●■❉❊✪①❉❋
P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✛①❉❋Ù❆✛❇❉❍❏■❉P◗❋✶❊●❊✶❽❖P◗❋✶❊➹⑨✜❑❼❫❸❑▼❊✤①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✪❋❃Þ▲⑥◗❊❺❑▼❋✶◆❱❑✷❲✵❫❬⑥◗❊③❊✣✒ ⑨✜❑▼❋✶◆❉①❉❋✶◆❱❑✽❊●❋✶■❉P◗❋✶❲✪❋✶◆❖❑
❊●■❉❨✗■❉◆❉❋✪❪❴❫❬❨❺❑▼⑥◗❋❅①❉❋➄P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆ ➈ ❷⑦✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❃❫❣❑❼⑥❶❍❏◆➫①❉❋✪P➃❫✸⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✪❋✶❊❺❑✦❫❬P◗❍❏❨●❊❲✪❍❏⑥◗◆❉①❉❨●❋ ➈ ➣q◆✭⑩✶❍❏❲✪❪❉❨●❋✶◆❉①✂❲✵❫❬⑥◗◆❖❑▼❋✶◆❴❫❬◆❱❑✸P◗❋♣⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✟◆❉❍❏◆⑤➇ä❲✪❍❏◆❉❍❬❑▼❍❏◆❉❋✉①❉❋➫P➃❫
⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✯❫✩❚❱❋✶⑩✗■❉◆✒❲✵❫❣Þ▲⑥◗❲✦■❉❲✫❫❬■▲❑▼❍❏■❉❨✛①❉❋✗P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋❀①❉❋✗❆✛❇❉❍❏■❉P◗❋✶❊●❊ ➈❷⑦✒ ❋❃Þ▲❪❉P◗⑥◗⑩✩❫❸❑▼⑥◗❍❏◆✯❋✶◆❅❑▼❋✶❨●❲✪❋✷①❉❋✛①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋✽①❉❍❏◆❉◆❉⑨✶❋✛⑥◗⑩✶⑥▲❋✶❊❺❑③①❉■❉❋❻✦✤❂✷❋✶❋✶◆❴❫✰❪➂❪❬❋✶❨❣▼❉☛♦▼✏❖❉❲✵❫❬⑥◗❊
P✱✒ ❋✜✲✮❋✜❑✍⑨✜❑❼❫❬⑥❶❑✥❪❉❨●⑨✶①❉⑥❶❑✍①❉❈✶❊❱☛✍✌✑✏✰✌❂▼ P✆❖ ➈ ②☎❍❏■❉❨✥■❉◆❉❋✛⑨❃❑❼■❉①❉❋✽⑦❖■❴❫❬◆❱❑▼⑥❶❑❼❫❸❑▼⑥❶❚❏❋✷①❉❋✽P✱✒ ❋✜✲✮❋✜❑✍■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑P◗❋❅✔➼❍❏❨●❲✵❫❬P◗⑥❶❊●❲➄❋q①❉❋❈➭❀❋✶P◗①▲④⑤❊●❇⑤➇❃✡Ù❊▼❫❬①❉❋✶P☞❚❏❍❏⑥◗❨✛❪❴❫❬❨✛❋❃Þ▲❋✶❲✪❪❉P◗❋✗P◗❋✶❊✛❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✶❊P▼❉☛✮❲✑✌⑤❽❦❭✗☛✉❖ ➈

➂ ♥★♣✛ö◆➈✉❹✹➝ ①❂÷
❹✷❍❏◆❉❊●⑥◗①❉⑨✶❨●❍❏◆❉❊q❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❖❑Ù①❉❋✶❊q❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊ ❻ ❇ ❍✎✩♣■❉◆❉❋✦❳❴❫❬❨●❨●⑥◗❈✶❨●❋✏❪✇❋✶■▲❑❅■✜❑▼❨●❋✦❪❉❨●⑨❃➇
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GSN(V ) = GNN(1 + Z2)

∫ +∞

−∞

(1 + A(ǫ, Z) −B(ǫ, Z))
[

− ∂fg

∂(eV )

]

dǫ,
❰❃☛ ➈ ▼❬❘❱Ð

❫✩❚❱❋✶⑩
A(ǫ, Z)

❋✜❑
B(ǫ, Z)
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❊●❪✇⑨✶⑩✶■❉P➃❫❬⑥◗❨●❋➀❋✜❑

GNN
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νS(ǫ) = νN

√

(ǫ+ iΓS)2

(ǫ+ iΓS)2 − ∆2
,

❰❃☛ ➈ ▼◆☛❯Ð
â ➊ ×Ø➚❆❮✱➬Ñ➚➶➘✕❰◗à✕➚➶➬✱✃➌➘✕Ï❃✃❷➴❭❬ ❒♦➘✍✃⑦❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃rÏ❃Ô✜➬✱➬✱✃❬❰◗à✎Ô➶➘✕➴④❛✢×Ø➚❨❮✱➬Ñ➚➶➘✕❰◗➪✷➹Ø❰✱❰◗➹ Ô✜➘✽➴✍✃⑦❰◗✃❬❰✓Ï➌➚➶➘✕➚➶❒✏✒✽➴✍✃⑦Ï❃Ô✜➘✕➴✍❒♦Ï➼ê❮✱➹ Ô✜➘✫❪✣❒♦➹✗Ô✜➘✜❮r❮✱Ô✜❒✕❰r×Ø➚❱➪❩r➌➪✷✃❨❮✱➬Ñ➚➶➘✕❰◗➪✷➹Ø❰✱❰◗➹ Ô✜➘➭✂

n =
✂❭➮✎❰◗➹✗Ï❃✃❆➘❁❬ ✃❬❰✉❮❷à✕➚✜❰r❰◗à✘✔❬Ï❃➹ ❵✆✔❆➚➶❒✍❮✱➬✱✃➌➪✷✃➌➘✣❮✺t✰➴♦➚➶➘✕❰×Ø➚✳× ➹ ❮◗❮✌✔➌➬Ñ➚➀❮✱❒♦➬✱✃✷Ô✜➘✧❒✍❮✱➹ × ➹Ø❰◗✃❻❰◗Ô✜❒♦Ý✜✃➌➘✜❮❨× ✃❱❰◗➷✮➪❆❐✰Ô✜× ✃

Γ
à✎Ô✜❒♦➬⑦×Ø➚✽❮✱➬Ñ➚➶➘✕❰◗à✕➚➶➬✱✃➌➘✕Ï❃✃❆➪❱➚➶➹Ø❰⑦➴♦➚➶➘✕❰⑦Ï❃✃❱➪❱➚➶➘✣❒✕❰✉êÏ❃➬✱➹ ❮❬➮✣➘♦Ô✜❒✕❰❏✃❃➪✷à♦× Ô➀➷✜Ô✜➘✕❰④❮✱➬Ñ➚➶➘✕❰◗➪✷➹Ø❰✱❰◗➹ Ô✜➘❱✃❃❮❏❮✱➬Ñ➚➶➘✕❰◗à✕➚➶➬✱✃➌➘✕Ï❃✃✺Ï❃Ô✜➪✷➪✷✃❷❰◗➷✮➘♦Ô✜➘✮➷✮➪✷✃❬❰⑧✃❃❮❴❒✍❮✱➹ × ➹Ø❰◗Ô✜➘✕❰❏× ✃r➪❩r➌➪✷✃❰◗➷✮➪❆❐✰Ô✜× ✃❜✂
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Ð ➈ ❹✷❋✜❑●❑▼❋✤❫❬❨●❨●❍❏◆❉①❉⑥◗❊●❊●❋✶❲✪❋✶◆❱❑✰❋✶❊❺❑✥❫❬❲✪❪❉P◗⑥❋✥❴⑨✥❪❴❫❬❨☞P➃❫✽❪❉❨●⑨✶❊●❋✶◆❉⑩✶❋①✓✒ ⑨✜❑❼❫❸❑▼❊✤①❉❋➀⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✢✦✗①❉❋✶❊✽⑨✜◆❉❋✶❨●❾❏⑥◗❋✶❊✽❫❬■✵①❉❋✶❊●❊●❍❏■❉❊✽①❉■✸❾❱❫❬❪✔❽❖⑩✶❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊●⑨✶❋✶❊✽❪❴❫❬❨
P◗❋❀❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋
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ΓS = 0, 1∆
Ð ➈
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ΓS■❉◆➫❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✦❪❉❇❉⑨✶◆❉❍❏❲✪⑨✶◆❉❍❏P◗❍❏❾❏⑥◗⑦❖■❉❋✯❪✇❍❏■❉❨q①❉⑨✶⑩✶❨●⑥◗❨●❋✦P➃❫✵①❉■❉❨●⑨✶❋➄①❉❋✯❚⑤⑥◗❋✧✥❴◆❉⑥◗❋✦①❉❋✶❊✗⑦❖■❴❫❣➇

❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✵①❴❫❬◆❉❊✟P❶❋♣❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈ ❹✷❋➫①❉❋✶❨●◆❉⑥◗❋✶❨✸❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋❬❽✷⑥◗◆❖❑▼❨●❍❖①❉■❉⑥❶❑✸❪❴❫❬❨❿Ù④⑤◆❉❋✶❊❂▼ ❲✑P✆❖✐❽❉⑩✶❍❏◆❉①❉■❉⑥❶❑✳✦❅■❉◆✉❫❬❨●❨●❍❏◆❉①❉⑥◗❊●❊●❋✶❲✪❋✶◆❱❑✣①❉■✒❾❱❫❬❪➐❰➳❚❏❍❏⑥◗❨✷✥❴❾❬■❉❨▼❋✪☛ ➈ ☛❯❘❱Ð ➈➅③◆✵❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽▲P◗❍❏❨●❊●⑦❖■❉❋ÙP➃❫❀❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆✪❋✶❊❺❑✽❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋❬❽❱P➃❫✗⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋q❋✶❊❺❑✷①❉❍❏■❉❳❉P◗⑨✶❋
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①❴❫❬◆❉❊✣■❉◆❉❋✷➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟❳❴❫❬P◗⑥◗❊❺❑▼⑥◗⑦❖■❉❋ ➈ ➅③◆✒❋✜✲✮❋✜❑✩❽❉P➃❫✦❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✝①✓✒ ➆➀◆⑤➇①❉❨●❋✶❋✜❚✪✔❡❫❬⑥❶❑➹⑦❖■❉❋ÙP◗❋✣⑩✶❍❏■❉❨▼❫❬◆❱❑✷①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✷❫❬■✪①❉❋✶❊●❊●■❉❊✷①❉■✵◆❉⑥❶❚❏❋✩❫❬■✵①❉❋Ù➂❴❋✶❨●❲✪⑥❴❋✶❊❺❑✷①❉❍❏■❉❳❉P◗⑨
❪❴❫❬❨✛■❉◆✒⑩✶❍❏■❉❨▼❫❬◆❖❑Ù①❉❋❀❑▼❨●❍❏■✝❊●❍❏■❉❊ÙP◗❋❀◆❉⑥❶❚❱❋✩❫❸■✒①❉❋✯➂❉❋✶❨●❲✪⑥✤❰➳❚❏❍❏⑥◗❨✷✥❴❾❏■❉❨●❋✵☛ ➈ ✏❏Ð ➈ ❹✷❍❏❲✪❪❴❫❬❨●⑨❈✦■❉◆❉❋③➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❊❇✳❇✏❽❱P◗❋✣⑩✶❍❏■❉❨▼❫❬◆❖❑✤❋✶❊❺❑✽①❉❍❏◆❉⑩Ù①❉❋✶■⑤Þ✵✔➼❍❏⑥◗❊➹❪❉P◗■❉❊✤❾❏❨▼❫❬◆❉①✪❪✇❍❏■❉❨➹P➃❫✗❲❩■✶❲✪❋✛❑▼❋✶◆⑤➇
â✌➯❃×Ø➚✷➴✍✃➌➘✕❰◗➹ ❮✌✔❨➴❭❬ ✔❃❮Ñ➚➀❮r➴✍❒❅➪❩✔❃❮Ñ➚➶×✑➘♦Ô✜➬✱➪❱➚➶×✑✃❬❰✉❮✍✔➌Ò✣➚➶× ✃➌➪✷✃➌➘✣❮✺❰◗❒♦à♦à✰Ô✣❰❞✔➌✃⑦Ï❃Ô✜➘✕❰✉❮Ñ➚➶➘✣❮✱✃❭✃❃❮✛✔➌Ò✣➚➶× ✃✇❛
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Iexc = I(V ) − V
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✥❴❾❏■❉❨●❋✶❊❀❫✗☛✯❋✜❑q⑩✰☛❅❪❦❋✶■▲❚❏❋✶◆❖❑❀⑥◗◆❖❑▼❋✶❨➌✔➼⑨✶❨●❋✶❨➀⑩✶❍❏◆❉❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋✶❲✪❋✶◆❱❑❀⑩✩❫❬❨➀❋✶P◗P◗❋✶❊Ù❊●❍❏◆❖❑q❋✶◆➫❪❉❇❴❫❬❊●❋ ➈➅③◆✉❨●❋✜❚❸❫❬◆❉⑩❃❇❉❋❬❽✮❫❬❪❉❨●❈✶❊Ù■❉◆❉❋✯◆❉❍❏■▲❚❏❋✶P◗P◗❋✗❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✉①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✉❫❬■✉❪✇❍❏⑥◗◆❱❑Ù➆✫❰✉✥❴❾❬■❉❨▼❋✗⑩❯❩❏Ð❃❽
P✱✒ ❍❏◆❉①❉❋✣⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋Ù①❉❋Ù❪❉❇❴❫❬❊●❋ −2π

❋✶❊❺❑✽❋✶◆✵❍❏❪❉❪✇❍❏❊●⑥❶❑▼⑥◗❍❬◆✪①❉❋Ù❪❉❇❴❫❬❊●❋q❫✩❚❏❋✶⑩➀P✱✒ ❍❏◆❉①❉❋✣❪❴❫❬❨➔➇
❑▼⑥◗❋✶P◗P❶❋q①❉❋✗P➃❫✯✥❴❾❏■❉❨●❋✗❫❱❩ ➈ ❷⑦✒ ⑥◗◆❱❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋✗❋✶❊❺❑➀❫❬P◗❍❏❨●❊✛①❉❋✶❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋ ➈
â✌➵❃× ✃❬❰★➴✏✔❃❮Ñ➚➶➹ ×Ø❰✺➴❭❬ ❒♦➘♦✃⑦❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃❭➾✍ÏÑÐ♦Ô➶❮◗❮✱ä✮➷✳❰◗✃❃➬✱Ô✜➘✣❮✺➴✏✔❬Ï❃➬✱➹ ❮Ñ❰★➴♦➚➶➘✕❰✓× ✃❨Ï✱Ð✕➚➶à♦➹ ❮✱➬✱✃⑦áÿ❞➼➌× ✃❬❰✓➹ ➪✷à♦❒♦➬✱✃❃❮✌✔❬❰★➘❁❬ ➹ ➘✣❮✱➬✱Ô✍➴✍❒♦➹Ø❰◗✃➌➘✜❮✺à✕➚✜❰★➴✍✃❨➴✏✔➌à♦Ð✕➚✜❰✱➚➶Ò✜✃❭❰◗❒♦à♦à♦× ✔➌➪✷✃➌➘✜❮Ñ➚➶➹Ø➬✱✃➶➮✕Ï➼Ó✉➽♦×Ø➚✢➘♦Ô➶❮✱✃❨Ù✜ìÿ➼➺ à✕➚➶➬✱➪✷➹✚❮✱Ô✜❒✍❮✱✃❬❰❷× ✃❬❰❷❮✱➬Ñ➚➍➌➁✃❬Ï➼❮✱Ô✜➹ ➬✱✃❬❰❷➴✍✃✈❪✣❒✕➚✜❰◗➹ à✕➚➶➬◗❮✱➹ØÏ❃❒♦× ✃❬❰❷à✰Ô✣❰✱❰◗➹ ❐♦× ✃❬❰➌➮✎Ô✜➘✧➘♦✃❱Ï❃Ô✜➘✕❰◗➹Ø➴✏❧➌➬✱✃✢➹ØÏ❃➹❄❪✣❒♦✃✷× ✃❬❰❮✱➬Ñ➚✟➌➁✃❬Ï➼❮✱Ô✜➹ ➬✱✃❬❰✖❪✣❒♦➹◆➚➶à♦à✰Ô✜➬◗❮✱✃➌➘✣❮★❒♦➘♦✃❨Ï❃Ô✜➘✜❮✱➬✱➹ ❐♦❒✍❮✱➹ Ô✜➘✤Ï❃Ô✜Ð☛✔➌➬✱✃➌➘✜❮✱✃❜❛✢×Ø➚✷Ï❃Ô✜➘✕➴✍❒✕Ï➼❮Ñ➚➶➘✕Ï❃✃
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■▲❑✕ë✇❑✇ì✔❢❣❜✩➧ ➥ ❢❣➧✥❜✶➦⑤❞✸❛✮➘ ➾ ❜✩❝❡➨☎➦⑤❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✷❥ ➤ ❜✮➎ ❤❦➩

C��� S N

#

− π/2

C��� S N

#

− π

E��� S N

#

$

− π/2

D��� S N

#

$

− 2πD��� S N

#

$
− 3π/2

E��� S N

#

$
− 2π

ã⑦⑥⑨⑧✛✃❏☛ ➈ ☛❣❩➱⑩❩➣q❨●⑥◗❾❏⑥❶◆❉❋✣①❉❋➀P✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆✪①❉❋ÙP➃❫✗⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✤✦✏❪✇❍❬P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥◗❍❬◆✪◆❖■❉P◗P◗❋①❴❫❬◆❉❊✽①❉❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ✖ ❇♠①❉⑨✶❊●❍❏❨●①❉❍❏◆❉◆❉⑨✶❋✶❊✗➬▲P➃❫✏❨●⑨✜❑▼❨●❍❸➇ä①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✵⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✗①❉❋✶❊✽⑦❖■❴❫❬❊●⑥ ➇
❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✷❚❏❋✶❨●❊✣P➃❫✦❳❴❫❬❨●❨●⑥◗❈✶❨●❋q❪❴❫❬❨✽P◗❋q①❉⑨✶❊●❍❏❨●①❉❨●❋✤✔❡❫✩❚❱❍❏❨●⑥◗❊●❋qP➃❫✯❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✝①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ❰➼⑩✜✔ ➈❑▼❋❃Þ⑤❑▼❋❯Ð ➈

❹✷❋✗⑦❖■❉❋✗◆❉❍❏■❉❊Ù❫❯❚❏❍❏◆❉❊✣①❉⑨✶❲✪❍❏◆❱❑▼❨●⑨❀⑥◗⑩✶⑥✔❪✇❍❏■❉❨✛❊●❋✶■❉P◗❋✶❲✪❋✶◆❖❑✣①❉❋✶■⑤Þ✒❪❦❍❏⑥◗◆❖❑▼❊✛①❉❋✗❨●⑨✜✛❴❋❼Þ▲⑥◗❍❏◆✒❋✶❊❺❑
❚⑤❨▼❫❬⑥✍❪✇❍❏■❉❨❚❇ ❪❦❍❏⑥◗◆❱❑▼❊q❑❼❫❬◆❱❑✗⑦❖■❉❋➄P➃❫✟P❶❍❏◆❉❾❏■❉❋✶■❉❨❀①❉■ë⑩❼❇❉❋✶❲✪⑥◗◆♣❑▼❍❬❑❼❫❬P✍❋✶❊❺❑✏⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋✪✦✟P➃❫
P◗❍❏◆❉❾❏■❉❋✶■❉❨➹①❉❋✣⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋➀①❉❋Ù❪❉❇❴❫❬❊●❋ ➈ ②☎❍❏■❉❨➹❨●⑨✶❊●■❉❲✪❋✶❨✶❽❖❍❏◆✪❪✇❋✶■▲❑✷⑩✶❍❏◆❉❊❺❑❼❫❸❑▼❋✶❨➹⑦❖■❉❋ÙP✱✒ ⑥◗◆❖❑▼❋✶❨➔➇✔➼⑨✶❨●❋✶◆❉⑩✶❋✪❋✶❊❺❑✏⑩✶❍❬◆❉❊●❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋➄❪✇❍❏■❉❨❀P◗❋✶❊❀⑩❼❇❉❋✶❲✪⑥◗◆❉❊✗❨●⑨✶❊●■❉P❶❑❼❫❬◆❱❑✗❋✶◆ë■❉◆➫❑▼❨●❍❏■✖⑦❖■❉⑥③❨●❋✜❑▼❍❏■❉❨●◆❉❋
❚❏❋✶❨●❊✟P◗❋✒❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨✸❋✜❑✸①❉❋✶❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋➫❪❦❍❏■❉❨✵P◗❋✶❊✵⑩❃❇❉❋✶❲✪⑥◗◆❉❊✵❨●⑨✶❊●■❉P❶❑❼❫❬◆❱❑✸❋✶◆à■❉◆✂⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆ ➈❹✷❋✶P➃❫➄❊●⑥◗❾❏◆❉⑥❋✥❴❋✗⑦❖■❉❋✏P➃❫➄❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨q❑▼❍❬❑❼❫❬P◗❋❀❪✇❍❏■❉❨✣■❉◆❉❋✏❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✉①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✇❽✮❋✜❑Ù①❉❍❏◆❉⑩
❪✇❍❏■❉❨❀P◗❋❅❪❴❫❬❊●❊▼❫❬❾❏❋✪①✓✒ ■❉◆ë⑩✶❍❏■❉❨▼❫❬◆❱❑✏①❉❋➄❪❴❫❬⑥◗❨●❋❬❽✔❋✶❊❺❑✯❫❬■❉❾❏❲✪❋✶◆❱❑▼⑨✶❋➄❪❴❫❬❨❀P➃❫✟❨●⑨✜❑▼❨●❍❸➇ä①❉⑥❋✲✮■❉❊●⑥◗❍❏◆
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❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✣①❉❋✶❊③⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✥❚❏❋✶❨●❊③P✱✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✷①❉■❉❋✣❫❬■❅①❉⑨✶❊●❍❏❨●①❉❨●❋ ➈ ➆à⑨✶◆❉❋✶❨●❾❏⑥◗❋✷✥❴◆❉⑥◗❋❬❽
P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋q⑩✶❍❏◆❉❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋❀❋✶❊❺❑✣①❉⑨✜❑▼❨●■❉⑥❶❑▼❋q❪❴❫❬❨✽P◗❋➀①❉⑨✶❪❉❇❴❫❬❊▼❫❬❾❏❋❀①❉❋❀❪❉❨●❍❏❪❴❫❬❾❱❫❸❑▼⑥◗❍❏◆✵❋✜❑✣P➃❫
⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏①❉⑥◗❲✪⑥❶◆⑤■❉❋q⑦❖■❴❫❬◆❉①✒P➃❫✦❑▼❋✶◆❉❊●⑥◗❍❏◆✒❫❬■❉❾❏❲✪❋✶◆❱❑▼❋ ➈▲✤❫❬◆✁❙ ❋✶❋✶❊q❋✜❑❀❫❬P ➈ ❍❏◆❖❑q❪❉❨●❍❏❪❦❍❏❊●⑨✦P◗❋✶❊➀❪❉❨●❋✶❲✪⑥◗❋✶❨●❊➀■❉◆❉❋✦❋❃Þ▲❪❉P◗⑥❶⑩✩❫❸❑▼⑥◗❍❏◆✉①❉❋✯P✱✒ ❋❃Þ▲❪✇⑨✶❨●⑥◗❋✶◆❉⑩✶❋✦①❉❋➭✗❫❬❊❺❑❼❫❬P◗❊❬❪❱④✏❋✶◆✦❑▼❋✶❨●❲✪❋✷①✓✒ ❫❬❲✪❪❉P◗⑥❶❑▼■❉①❉❋✶❊☎①❉❋✽❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊✍❊●❪✇⑨✶⑩✶■❉P➃❫❬⑥◗❨●❋✶❊✥❋✜❑③①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚➜▼❉☛✮❲✎❲✆❖ ➈❹✷❋Ù❲✪❍⑤①❉❈✶P◗❋✣⑨✜❑❼❫❬⑥❶❑✤❋✶◆❉❊●■❉⑥❶❑▼❋➀❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✣❪❴❫❬❨ ❻ ⑩❼❇❉❋✶⑩❃❇❱❑▼❋✶❨✽❋✜❑✽❫❬P ➈ ❪✇❍❏■❉❨✤❋✶❊❺❑▼⑥◗❲✪❋✶❨➹P◗❋Ù◆❉❍❏❲✦❳❉❨●❋
z
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❑▼❋✶❨➌✔❡❫❬⑩✶❋❹▼❉☛✎☛❏❽⑧✌❏❘⑤❽★☛✎☛✮❲▲❽★☛✎☛✍P▲❽❏▼❏❩✏❖ ➈ ❷⑦✒ ❫✩❚❬❫❬◆❱❑❼❫❬❾❏❋✗①❉❋✏⑩✜❋✶❊➹➷❺❍❏◆❉⑩❃❑❼⑥❶❍❏◆❉❊✣❋✶❊❺❑➀■❉◆❉❋✤✔➼❍❏❨❺❑▼❋✗❨●⑨✶❊●⑥◗❊➔➇❑❼❫❬◆❉⑩✶❋✽①❉❋✛P➃❫➀❪❴❫❬❨❺❑▼⑥◗❋✷◆❉❍❏❨●❲✵❫❬P◗❋q❰➼❳✇❋✩❫❬■❉⑩✶❍❏■❉❪➄①❉❋✛①❉⑨✶❊●❍❏❨●①❉❨●❋❯Ð✥❲✵❫❬❨●⑥◗⑨✶❋✷✦➀■❉◆❉❋✽❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋
❲✪❍❯④❏❋✶◆❉◆❉❋➫❰➼❆ ≈ 10−2)

①❉❋✵P➃❫✒❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④ ➈ ➅③◆➐❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽✥⑥◗P➹◆✓✒ ④➐❫✒⑦❖■✓✒ ■❉◆❉❋❊●❋✶■❉P◗❋✖❍❏❳❉❊●❋✶❨❺❚❸❫❸❑▼⑥◗❍❏◆ ①❉■ ❨●❋✜✛❴❋✜⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✟❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✾①❴❫❬◆❉❊✝■❉◆ ❊❺④⑤❊❺❑▼❈✶❲✪❋ ❻ ✖ ❇Ï❲✪⑨✜❑❼❫❬P ➇
P◗⑥◗⑦❖■❉❋➅▼❉☛✎☛♦▼✏❖✷❍✎✩➐P✱✒ ❫❬❲✪❪❉P◗⑥ ❑▼■❉①❉❋✪①❉❋✵P✱✒ ❋✜✲✮❋✜❑✦❋✶❊❺❑❅❳❦❋✩❫❬■❉⑩✶❍❏■❉❪ ❪❉P◗■❉❊❈✔❡❫❬⑥◗❳❉P◗❋ ➈ ➅③◆➐❋✜✲✮❋✜❑✩❽✥■❉◆❉❋❳❴❫❬❨●❨●⑥◗❈✶❨●❋✣①✓✒ ❍✩Þ⑤④⑤①❉❋q❋✶❊❺❑✽❊●❍❏■▲❚❏❋✶◆❱❑✽❪✇❋✶■✵❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❱❑▼❋❅❰➼❆ ≈ 10−6)

❋✜❑✷P◗❋✣❲✪⑨✜❑❼❫❬P❴◆❉❍❏❨●❲✵❫❬P
❑▼❨●❍❏❪✝❪✇❋✶■✒①❉⑨✶❊●❍❏❨●①❉❍❏◆❉◆❉⑨ ➈

❲❱❘



■▲❑✕ë✇❑✇ì✔❢❣❜✩➧ ➥ ❢❣➧✥❜✶➦⑤❞✸❛✮➘ ➾ ❜✩❝❡➨☎➦⑤❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✷❥ ➤ ❜✮➎ ❤❦➩

❹✷❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✩❽❱⑥◗P▲❋✶❊❺❑✤❪❦❍❏❊●❊●⑥◗❳❉P◗❋✛①✓✒ ■▲❑▼⑥◗P❶⑥◗❊●❋✶❨✍■❉◆❉❋✛①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋✛❳❴❫❬❨●❨●⑥◗❈✶❨●❋✽❪✇❍❏■❉❨③❫❬■❉❾❏❲✪❋✶◆❖❑▼❋✶❨✍P➃❫
❨●⑨✜❑▼❨●❍❸➇ä①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✯❚❱❋✶❨●❊➹P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✽①❴❫❬◆❉❊➹①❉❋✶❊➹❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊✤❲✪⑨✜❑❼❫❬P◗P◗⑥❶⑦❖■❉❋✶❊ ➈ ➆➀■✵❷✰❫❬❳❦❍❏❨▼❫❸❑▼❍❏⑥◗❨●❋①❉❋♣❹✷❨❺④❏❍❏❪❉❇❖④⑤❊●⑥◗⑦❖■❉❋❬❽✤◆❉❍❏■❉❊✵❫❯❚❏❍❏◆❉❊✪❪❉■❘✔❡❫❬❳❉❨●⑥◗⑦❖■❉❋✶❨➄①❉❋✶❊✵❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊ ❻ ✖ ❇ ✖ ❇❁①❉⑥❋✲✮■❉❊●⑥❶❚❱❋✶❊
✦✉❳❴❫❬❊●❋✵①✓✒ ❫❬P◗■❉❲✪⑥◗◆❉⑥❶■❉❲Ï❋❃❑❅①❉❋✵⑩✶■❉⑥❶❚⑤❨●❋➫❰

Al/Al2O3/Cu/Al2O3/Cu
Ð✗⑦❖■❉⑥✤❪❉❨●⑨✶❊●❋✶◆❖❑▼❋✶◆❱❑

P◗❋❅❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✗❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾➣▼❉☛✎☛♦✏✏❖ ➈ ❇Ù❍❏■❉❊✯❫✩❚❏❍❏◆❉❊✏❍❏❳❉❊●❋✶❨❺❚❏⑨✵■❉◆ë❪❉⑥◗⑩➄①❉❋➄⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❫❬■▲❑▼❍❏■❉❨Ù①❉❋✏❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✝◆❖■❉P◗P◗❋✗①✚❑♣❫❬■⑤Þ✒❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊➀❲✦■❉P❶❑▼⑥◗❪❉P❶❋✶❊✣⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊q❋✶◆❱❑▼❨●❋✯P◗❋✶❊
①❉❋✶■⑤Þ✒❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊✛①✓✒ ❫❬P◗■❉❲✪⑥◗◆❉❋❬❽⑤❚❏❍❏⑥◗❨✷✥❴❾❏■❉❨●❋✵☛ ➈ ☛❯❭ ➈
ã⑦⑥⑨⑧✛✃❷☛ ➈ ☛❯❭◆⑩✁➣q❳❉❊●❋✶❨❺❚❬❫❸❑▼⑥◗❍❏◆♣①❉■✁✼ä❨●❋❃➇
✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊➫❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾➐①❴❫❬◆❉❊ë■❉◆
❊❺④⑤❊❺❑▼❈✶❲✪❋ ❻ ✖ ❇ ✖ ❇❦▼❉☛✎☛♦✏✏❖ ➈ ❷⑦✒ ❫❬■❉❾❏❲✪❋✶◆⑤➇❑❼❫❸❑▼⑥◗❍❏◆✵①❉❋qP➃❫✏⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❀❋✜❊●❑✛❍❬❳⑤➇
❊●❋✶❨❺❚❬❫❬❳❉P◗❋✹✦ë①❉❋✶❊✪❑▼❋✶❲✪❪✇⑨✜❨❼❫❣❑❼■❉❨●❋✶❊✪❋✶◆
①❉❋✶❊●❊●❍❏■❉❊ ①❉❋

200mK
❋✜❑

V ≃
50µV ➈ ❷☞❋✤❑▼❨▼❫❬⑥❶❑✰❪❉P◗❋✶⑥◗◆✏❋✶❊❺❑✍■❉◆❅❫❣➷❺■❉❊➔➇❑▼❋✶❲✪❋✶◆❱❑q❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✦❋✶◆➫■▲❑▼⑥◗P◗⑥◗❊▼❫❬◆❱❑➀P➃❫
❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❅①❉❋❱▲➹❍❏P❾❪❬❍❯❚✦❋✜❑✤❫❬P ➈ ▼❉☛✮❲✑✌✆❖ ➈

✰✲✱✄æ❣✱❞❤ ❘❙❅❇❍✸✹✼✻✐❉✸✴❦❥❜❅❇✴✍✶✸❆✲✹✓❈✓❈✓✴❊❉✸❆✲✶✸✷➥❈✓✴✍✷Ñú❭➝✲✶✸❃❄✻✾✹✓➝✲✶✸✷❐û✈ü
②✥❍❏■❉❨Ù⑩✩❫❬P◗⑩✶■❉P◗❋✶❨✣P◗❋✏❳❉❨●■❉⑥❶❑➀①❴❫❬◆❉❊➀P◗❋✶❊Ù❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊ ❻ ❇✏❽❦❨●❋✜❚❱❋✶◆❉❍❏◆❉❊❀❫❬■✠✔➼❍❏❨●❲✵❫❬P❶⑥❶❊▼❲➄❋✗①❉❋✶❊

❲✵❫❸❑▼❨●⑥◗⑩✶❋✶❊✸①❉❋✖①❉⑥❋✲✮■❉❊●⑥◗❍❏◆ ➈ ②☎❍❏■❉❨✟P◗❋✶❊✟⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊ |ǫ| < ∆
❽✽P◗❋♣❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✉❫❬❾❏⑥❶❑

⑩✶❍❏❲✪❲✪❋❅■❉◆ ❲✪⑥◗❨●❍❏⑥❶❨❀⑦❖■❉⑥➹❨●❋✶◆❱❚❏❍❏⑥❶❑✯■❉◆ë⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆ ⑥◗◆❉⑩✶⑥◗①❉❋✶◆❱❑✏❊●❍❏⑥❶❑✗⑩✶❍❏❲✪❲✪❋➄⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆à❰➼❨●⑨❃➇
✛❴❋❃Þ▲⑥◗❍❏◆➐❊●❪✇⑨✶⑩✶■❉P➃❫❬⑥◗❨●❋❯Ð✗❊●❍❏⑥❶❑✦⑩✶❍❏❲➄❲✪❋✪❑▼❨●❍❏■✭❰➼❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆ ①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚❉Ð ➈ ❷✰❫✉①❉⑥❋✲✮■❉❊●⑥◗❍❏◆ ①❉❋✶❊❍❏◆❉①❉❋✶❊✏①❉❋➄⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊❀❪✇❋✶■▲❑✏①❉❍❏◆❉⑩✵■✜❑▼❨▼❋➄❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✶❋✵❪❴❫❬❨✗■❉◆❉❋➄❲✵❫❸❑▼❨●⑥◗⑩✶❋❅①❉❋➄❨●⑨❃➇
✛❴❋❃Þ▲⑥◗❍❏◆

r
▼ ❲❱❘☛❖➹➬

r =

(

ree reh

rhe rhh

)

,
❰❃☛ ➈ ▼✕❲❱Ð

❍✎✩✔❽❏❪❴❫❬❨③❋❃Þ▲❋✶❲✪❪❉P◗❋❬❽❱P➃❫q❊●❍❏■❉❊➔➇ä❲✵❫❸❑▼❨●⑥◗⑩✶❋
rhe

⑩✜❍❏❲✪❪✇❍❏❨❺❑▼❋✛P◗❋✶❊➹❫❬❲✪❪❉P◗⑥ ❑▼■❉①❉❋✶❊③①❉❋✛❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✪①❉❋✶❊
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■❉◆❉❋✉❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨▼❋✉❪❦❍❏■❉❨✸P➃❫❬⑦❖■❉❋✜P◗P◗❋✒P✱✒ ❋✜✲✮❋✜❑✸①❉❋✉❪❉❨●❍❯Þ▲⑥◗❲✪⑥❶❑●⑨✒❋✶❊❺❑⑩✔❡❫❬⑥◗❳❉P◗❋ ❰
LT < L

❍❏■
⑨✶⑦❖■❉⑥❶❚❬❫❬P◗❋✜◆❖❑

ETh < kBT
Ð ➈ ✡Ù◆❉❋✖❫❬❪❉❪❉❨●❍⑤⑩❼❇❉❋➫❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋✉❪✇❍❏■❉❨✸P➃❫ ①❉❋✶❊●⑩✶❨●⑥◗❪▲❑▼⑥◗❍❏◆❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✗❋✶❊❺❑➀❫❬P◗❍❏❨●❊✣❫❬①❴❫❸❪▲❑❼⑨✜❋ ➈❇➀❫❬❾❱❫❬❋✜❚❅❋✜❑✷❂✢❽▲❑●❑▼⑥❾❪❬❋✶❨❣▼❉☛❯❘✗☛✉❖❦■▲❑▼⑥◗P◗⑥❶❊●❋✶◆❖❑➹P✱✒ ❫❬❪❉❪❉❨●❍❖⑩❃❇❉❋✽❂✷❍❏P❶❑❀✸✶❲✵❫❸◆❉◆⑤➇➔❷✰❫❬◆❉❾❏❋✜❚⑤⑥◗◆✔❽❏❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✶❋

①❴❫❬◆❉❊☎P➃❫✛❊●❋✶⑩✜❑▼⑥◗❍❏◆❩☛ ➈ ❩⑤❽❯❋✜❑✥⑩✩❫❬P◗⑩✜■❉P◗❋✶◆❖❑✰P➃❫✷✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✏①❉❋➹①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✗P◗❍❖⑩✩❫❬P◗❋③①❴❫❬◆❉❊☎P◗❋③❲✪⑨✜❑❼❫❬P◆❉❍❏❨●❲✵❫❬P ➈ ➅③◆✝❪❉❨●⑨✶❊●❋✶◆❉⑩✶❋✗①❉■✝❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✶❽❉❑▼❍❏■▲❑✛❊●❋❀❪❴❫❬❊●❊●❋❀⑩✶❍❏❲✪❲✪❋➀❊✣✒ ⑥◗P✮❊✣✒ ❫❬❾❏⑥◗❊●❊▼❫❬⑥❶❑①❉❋✽P➃❫Ù❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆✯◆❉❍❏❨●❲✵❫❬P◗❋✷❫✩❚❏❋✶⑩✽■❉◆✯✥❴P▲①❉❋✶■⑤Þ✧✔➼❍❏⑥◗❊✥❪❉P◗■❉❊✥P◗❍❏◆❉❾❅❰ −L ✦
L
Ð✰❋✜❑③■❉◆❉❋✷❑▼❋✶◆❉❊●⑥◗❍❏◆

❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✶❋✦①❉❋
2eV ➈ ❹✷❍❏❲✪❪❴❫❬❨●⑨➄❫❬■➫⑩✩❫❬❊✗①❉❋❅①❉❋✶■⑤Þ✖❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✗◆❉❍❏❨●❲✵❫❬■⑤Þ✮❽✮P✱✒ ⑥◗◆❖❑▼❋✶❨❺❚❸❫❬P◗P❶❋①❉❋✶❊➹⑨✜❑❼❫❸❑▼❊➹⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✶❊➹❪❴❫❬❨❺❑▼⑥◗❋✶P◗P◗❋✶❲➄❋✶◆❱❑③❍⑤⑩✶⑩✶■❉❪✇⑨✶❊✤❊✣✒ ⑨✜❑▼❋✶◆❉①✵❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑③①❉❋

EF −eV✦
EF + eV

❽③⑩✶❋✒⑦❖■❉⑥✣❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✒①❴❫❬◆❉❊✪P✱✒ ⑥◗❲✪❫❬❾❏❋✸❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋✝P◗❋✟①❉❍❏■❉❳❉P◗❋✶❲✪❋✶◆❱❑✪①❉■
❳❉❨●■❉⑥❶❑✵❰➳❚❱❍❏⑥◗❨❅✥❴❾❏■❉❨●❋❯☛ ➈ ☛❯❙❱Ð ➈ ➆➀⑥◗◆❉❊●⑥✐❽✔❋✶◆ ⑥◗◆❸➷❺❋✶⑩✜❑❼❫❬◆❱❑✏P◗❫⑩✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ë①❉❋➄①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆➫①❴❫❬◆❉❊P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ë❰❃☛ ➈ ☛♦▼❏Ð❃❽❉❍❏◆✒❍❏❳▲❑▼⑥◗❋✶◆❱❑✣①❴❫❬◆❉❊✣P➃❫✦P◗⑥◗❲✪⑥ ❑▼❋q①❉❋❀❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✗◆❖■❉P◗P◗❋❅➬

eV < ∆ : SI =
1

3
4eI

❰➌☛ ➈ ❙❏❭❱Ð
❲❱❭



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

ã⑦⑥⑨⑧✛✃☞☛ ➈ ☛✮❲❦⑩ ✡Ù◆ ①❉❍❏⑥◗❾❬❑➐①❉❋✭⑩✶■❉⑥❶❚⑤❨●❋
❰
800nm

Þ
500nm

Ð✛❨●❋✶⑩✶❍❏■▲❚⑤❨●❋✦P◗❋✏❨●⑨❃➇
❊●❋✶❨❺❚❏❍❏⑥◗❨➄①❉❋✝◆❉⑥◗❍❏❳❉⑥◗■❉❲ ➈ ✡Ù◆❉❋✝⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋❊▼❫❬◆❉❊✗❳❴❫❬❨●❨●⑥◗❈✶❨●❋✦❋✶❊❺❑✏❍❏❳▲❑▼❋✶◆❖■❉❋➄❪❴❫❬❨❀◆❉❋✜❑❺➇
❑▼❍❯④❖❫❬❾❏❋ ①❉❋ P➃❫à❊●■❉❨➌✔❡❫❬⑩✶❋ ①❉■✻◆❉⑥◗❍❏❳❉⑥◗■❉❲
❫✩❚❱❋✶⑩❂■❉◆❜✔❡❫❬⑥◗❊●⑩✶❋✩❫❬■ ①✓✒ ❫❬❨●❾❏❍❏◆ ➷❺■❉❊❺❑❼❋
❫✩❚❬❫❬◆❱❑ÙP◗❋❀①❉⑨✶❪❏✿❸❑➀①❉■✝⑩✶■❉⑥❶❚⑤❨●❋ ➈

ã⑦⑥⑨⑧✛✃✷☛ ➈ ☛♦▼Ñ⑩ë❿➀❍❏■❉❳❉P◗❋✶❲✪❋✶◆❖❑✦①❉■✾❳❉❨●■❉⑥❶❑
①❉❋❂❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋➟①❴❫❬◆❉❊ ■❉◆❉❋✙➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆
❻ ❇ ➈ ➆➀■✾①❉❋✶❊●❊●■❉❊✪①❉■ ⑩✶❨●❍❏❊●❊●❍❯❚❱❋✶❨❅❑▼❇❉❋✶❨➔➇
❲✪⑥◗⑦❖■❉❋✒❋✜❑✏➷❺■❉❊●⑦❖■✓✒ ❫❬■✂❾❱❫❬❪ÿ①❉❋✻❇Ù❳✻❰ ∼
1, 2meV

Ð✰P❶❋✷❳❉❨●■❉⑥❶❑✛❰➼⑩✶❋✶❨●⑩✶P◗❋✶❊❼Ð☎❋✶❊❺❑✍❪❉❨●❍❸➇
❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P✺✦

2e ➈ ②☎❍❏■❉❨Ù①❉❋✶❊Ù❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊
eV > ∆

❍❏◆ÿ❍❏❳❉❊●❋✶❨❺❚❏❋✉■❉◆ÿ⑩✶❨●❍❏❊●❊●❍❯❚❏❋✶❨
❚❏❋✶❨●❊✒■❉◆❉❋➫❪✇❋✶◆❱❑▼❋

e
①❉■❉❋ë❫❬■✭⑩✶❍❏■❉❨▼❫❬◆❱❑

①❉❋✶❊Ù⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P❶❋✶❊ ➈

eV > ∆ : SI =
1

3
2eI +

2∆

3R
=

2

3R
(eV + ∆).

❰❃☛ ➈ ❙✰❲❖Ð
②☎❍❏■❉❨✯①❉❋✶❊✯❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊✦⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋✶❊✦❫❬■➐❾❱❫❬❪✔❽☎❍❬◆ ❨●❋✶⑩✶❍❬■▲❚⑤❨▼❋✸P◗❋✪❨●⑨✶❊●■❉P❶❑❼❫❸❑✦①❉❋✸P✱✒ ❫❬❪❉❪❉❨●❍❖⑩❃❇❉❋
⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋ ➈ ➆ ①❉❋✶❊✷❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊✷❊●■❉❪❦⑨✶❨●⑥◗❋✶■❉❨●❋✶❊✛❫❬■✸❾❱❫❬❪✔❽❖■❉◆✵❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑✷①❉❋➀⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊
①❴❫❬◆❉❊✯P◗❋✵❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✦①❉❋✜❚⑤⑥◗❋✶◆❖❑✦❪✇❍❏❊●❊●⑥◗❳❉P◗❋✪❋✜❑❅P◗❋✪❳❉❨●■❉⑥❶❑✯❋✶❊❺❑❅❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P❆✦✉P➃❫
⑩❼❇❴❫❬❨●❾❏❋

e ➈ ➣q◆ ❍❏❳❉❊●❋✶❨❺❚❱❋✟■❉◆ ❳❉❨●■❉⑥❶❑❅①✓✒ ❋❃Þ▲⑩✶❈✶❊
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ú❬❋✶❇❉P☞❋✜❑➀❫❬P ➈ ❊●■❉❨✛❑▼❍❏■▲❑▼❋✗P➃❫✦❾❱❫❬❲✪❲✪❋q①❉❋❀❑▼❋✶◆❉❊●⑥◗❍❏◆✒❲✪❋✶❊●■❉❨●⑨✶❋❹▼ ✏◆☛✬❖ ➈➆ ❪✇❋✶■✖❪❉❨●❈✶❊✗❋✶◆✖❲❩■✶❲✪❋✯❑▼❋✶❲✪❪❉❊✶❽★➭Ù❍✎✸✶❇❉❋✜❚⑤◆❉⑥❾❪❬❍❯❚➫❋✜❑✏❫❬P ➈ ❍❏◆❱❑❀❲✪❍❏◆❖❑▼❨●⑨✦P◗❋✦①❉❍❏■❉❳❉P◗❋✶❲✪❋✶◆❱❑①❉■✟❳❉❨●■❉⑥❶❑✛①❴❫❬◆❉❊✛■❉◆✟❊❺④⑤❊❺❑▼❈✶❲✪❋✗➆➀■⑧❿✰❇Ù❳❙▼ P✗☛✬❖ ➈ ❹✷❋✶❊✣❲✪❋✶❊●■❉❨●❋✶❊✛❍❏◆❱❑✣⑨✜❑▼⑨✳✔❡❫❬⑥❶❑▼❋✶❊❱✦ 100mK
❽

❑▼❋✶P✇⑦❖■❉❋
kBT < ETh ➈ ➊✍❑❼❫❬◆❖❑✷①❉❍❏◆❉◆❉⑨q⑦❖■❉❋➀P◗❋✶❊✷❪❴❫❬⑥◗❨●❋✶❊✤①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✵❨●❋✶❊❺❑▼❋✶◆❖❑✽⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑▼❋✶❊❊●■❉❨➀❑▼❍❏■▲❑▼❋✦P➃❫✵P◗❍❏◆❉❾❏■❉❋✶■❉❨q①❉❋✦P✱✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✔❽❦■❉◆❉❋❅⑥◗◆❱❑▼❋✶❨●❪❉❨●⑨✜❑❼❫❸❑▼⑥◗❍❏◆♣①❉■➫①❉❍❏■❉❳❉P◗❋✶❲✪❋✶◆❱❑❀①❉❋

❳❉❨●■❉⑥❶❑✣❋✜◆✒❑▼❋✶❨●❲✪❋❀①❉❋✗①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✟①❉❋✗⑩❃❇❴❫❬❨●❾❏❋✶❊✣❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✶❊Ù①✓✒ ■❉◆❉⑥❶❑▼⑨
2e

❋✶❊❺❑Ù❪✇❍❏❊●❊●⑥◗❳❉P◗❋ ➈➁✣⑨✶⑩✶❋✶❲✪❲✪❋✶◆❱❑✩❽▲①❉❋✶❊✣⑩✶❍❬◆❉❊▼⑥❶①❉⑨✶❨▼❫❸❑▼⑥◗❍❏◆❉❊✽❪❉P◗■❉❊✛❪❉❨●⑨✶⑩✶⑥◗❊●❋✶❊✛①❉❋✶❊✛①❉❍❏◆❉◆❉⑨✶❋✶❊✣①❉❋❚➭Ù❍✎✸✶❇❉❋✜❚⑤◆❉⑥❾❪❏❍❯❚✸❋✜❑
❫❬P ➈ ❍❏◆❱❑✤❲✪❍❏◆❱❑▼❨●⑨✛■❉◆❉❋✣①❉⑨✜❚⑤⑥➃❫❸❑▼⑥◗❍❏◆❅①❉❋✣P➃❫q⑩❼❇❴❫❬❨●❾❏❋✣❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✣①❉❋✣P➃❫➀❚❬❫❬P◗❋✶■❉❨ 2e

❰➼⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆⑤➇
①❴❫❬◆❱❑❚✦✸■❉◆✹✔❡❫❬⑩✜❑▼❋✶■❉❨q①❉❋➄➂❦❫❬◆❉❍✸①❉❋➄❩✎❿❬❭❱ÐÙ❪❦❍❏■❉❨q①❉❋✶❊❀⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊✗❫❬■▲❑▼❍❏■❉❨➀①❉❋

ETh ➈ ❂✷❋✶P❾✸✶⑥◗❾❋✜❑❈❇Ù❫✰✸✩❫❬❨●❍❣❚♣❍❏◆❱❑❀⑩✩❫❬P◗⑩✶■❉P◗⑨✦P➃❫✵❊❺❑❼❫❸❑▼⑥◗❊❺❑▼⑥◗⑦❖■❉❋❅⑩✜❍❏❲✪❪❉P◗❈✜❑▼❋✦①❉■➫❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑✗①❉❋❅⑩❼❇❴❫❬❨●❾❏❋✶❊✗❪✇❍❬■❉❨
❲✎❲



■▲❑✕ë✇❑✇ì✔❢❣❜✩➧ ➥ ❢❣➧✥❜✶➦⑤❞✸❛✮➘ ➾ ❜✩❝❡➨☎➦⑤❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✷❥ ➤ ❜✮➎ ❤❦➩

ã⑦⑥⑨⑧✛✃❱☛ ➈ ☛❯❙➅⑩➐➂❴❍❬◆❉⑩✜❑▼⑥◗❍❏◆ ①❉❋✝①❉⑥◗❊❺❑▼❨●⑥◗❳❉■⑤➇
❑▼⑥◗❍❏◆✾❫❬■ ❲➄⑥◗P◗⑥❶❋✶■ ①✓✒ ■❉◆✾❲✪⑨✜❑❼❫❬P✽①❉⑥❋✲✮■❉❊●⑥❋✔
❰
x = L/2

Ð✔⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨✢✦✣■❉◆✯❊●■❉❪❉❨▼❫❬⑩✶❍❏◆⑤➇
①❉■❉⑩✜❑▼❋✶■❉❨✪✦

x = 0 ➈ ❷☞❋✵❪❉P➃❫❸❑▼❋✩❫❬■➐❫✩❚❏❋✶⑩
f 6= 0, 1

❊✣✒ ⑨✜❑▼❋✶◆❉①ÿ❊●■❉❨❅■❉◆✾⑥◗◆❱❑▼❋✶❨❺❚❬❫❬P◗P◗❋
①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋

2eV
⑩✶❋❅⑦❖■❉⑥✍❋✶❊❺❑✏①❉❋✶■⑤Þ✹✔➼❍❏⑥◗❊

❪❉P◗■❉❊✣❾❏❨▼❫❬◆❉①✝⑦❖■❉❋✏①❴❫❬◆❉❊✣P◗❋❀⑩✩❫❬❊Ù◆❉❍❬❨▼❲✪❫❬P
✦➄P➃❫✦❲❩■✶❲✪❋q❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈

0

1

E
F
-eV

 

x=L/2

EE
F

E
F
+eV

f(
Ε

)

P◗❋❀⑩✩❫❬❊ ❻ ❇➻❋✶◆✝❑▼❋✶◆❴❫❬◆❱❑Ù⑩✶❍❏❲✪❪▲❑▼❋❀①❉❋✗P✱✒ ❋✜✲✮❋✜❑✣①❉❋✗❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨❢▼ ❩❬❘☛❖✰❋✜❑✣❍❏◆❱❑Ù⑩✶❍❏◆✗✥❴❨●❲✪⑨❀⑩✶❋✜❑●❑▼❋
❫❬◆❉❍❏❲✵❫❬P◗⑥❶❋q①❴❫❬◆❉❊✣P◗❋❀❳❉❨●■❉⑥❶❑ ➈②☎❍❏■❉❨✦⑩✶P➃❫❬❨●⑥❋✥❴❋✶❨✏P✱✒ ❍❏❨●⑥❶❾❏⑥❶◆❉❋✪①❉❋✸⑩✶❋✜❑●❑▼❋✟❫❬◆❉❍❏❲✵❫❬P◗⑥❶❋❬❽✰➁✣❋✶■❉P◗❋✜❑✦❋✜❑➄❫❬P ➈ ❍❏◆❱❑✦❲✪❋✶❊●■❉❨●⑨✸P◗❋✵❳❉❨●■❉⑥❶❑①❴❫❬◆❉❊③■❉◆❅⑥◗◆❖❑▼❋✶❨➌✔➼⑨✶❨●❍❏❲✪❈✜❑▼❨●❋✷①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚Ñ▼❉☛✎☛✍✌✆❖ ➈ ❹✳✒ ❋✶❊❺❑✤■❉◆❉❋✛❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✛❍✎✩❅■❉◆➄❲✪⑨✜❑❼❫❬P▲◆❉❍❬❨❺➇❲✵❫❬P❴❲✦■❉P❶❑▼⑥ ➇ ❑●❋✶❨●❲✪⑥❶◆❴❫❬■⑤Þ➄❋✶❊❺❑✽⑩✜❍❏◆❉◆❉❋✶⑩✜❑▼⑨❀❫✩❚❱❋✜⑩➀■❉◆✸❳❉❨▼❫❬❊✢✦✏■❉◆✵❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨✤◆❉❍❏❨●❲✵❫❬P❴❋✜❑✽❫❯❚❏❋✶⑩
①❉❋✶■⑤Þ✝❫❬■▲❑▼❨●❋✶❊❱✦✯■❉◆❉❋q❳❦❍❏■❉⑩✶P◗❋q❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❨●⑥◗⑩✶❋❬❽⑤❚❱❍❏⑥◗❨❨✥❴❾❏■❉❨●❋✯☛ ➈ ☛♦✏❸❳ ➈ ➅③P◗P◗❋Ù❪✇❋✶❨●❲✪❋✜❑✽①❉❋

ã⑦⑥⑨⑧✛✃❭☛ ➈ ☛♦✏❢⑩ ❰❡❫❱ÐÙ❷✰❫✸⑩❼❇❴❫❬❨●❾❏❋✦❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋❅❲✪❋✶❊●■❉❨●⑨✶❋✦❋✶◆✹✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆♣①❉■✹✛❴■⑤Þ♣❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋
❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨q①❴❫❬◆❉❊✣P➃❫✦❳✇❍❏■❉⑩✶P◗❋❀❊●■❉❪❉❨▼❫❬⑩✶❍❬◆❉①❉■❉⑩✜❑▼❋✶■❴❨✣①❴❫❬◆❉❊✣■❉◆✝⑥◗◆❖❑▼❋✶❨➌✔➼⑨✶❨●❍❏❲✪❈✜❑▼❨●❋q①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✇❽
①✓✒ ❫❬❪❉❨●❈✶❊✯➁✣❋✶■❉P◗❋✜❑✏❋✜❑✯❫❬P ➈ ▼❉☛✎☛✍✌☛❖ ➈ ➣q◆ë❍❏❳❉❊●❋✶❨❺❚❱❋✪■❉◆❉❋✪❨●⑨✶①❉■❉⑩✜❑▼⑥◗❍❏◆ë①❉❋➄P➃❫✟⑩❼❇❴❫❬❨●❾❏❋✪❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋❫❬■▲❑▼❍❏■❉❨✣①❉❋✗P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✗①❉❋✗❆✛❇❉❍❏■❉P◗❋✶❊●❊✦❰➼⑥◗⑩✶⑥☞❊❺④⑤❲✦❳✇❍❏P◗❋

Ec

Ð✽❪✇❍❏■❉❨
Φ/Φ0 = 0

❋✜❑
0, 25

⑦❖■❉⑥
❋✶❊❺❑❀⑥◗◆❖❑▼❋✶❨●❪❉❨●⑨✜❑▼⑨✶❋✦⑩✶❍❏❲✪❲✪❋✯❊●⑥◗❾❬◆❴❫❸❑▼■❉❨▼❋✯①❉❋✦⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆❉❊Ù❋✶◆❱❑❼❨●❋✦❪❴❫❬⑥◗❨●❋✶❊➀①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ➈ ❰➼❳❦Ð✈ ⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋q①❉❋✗P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔➼⑨✶❨●❍❏❲✪❈✜❑▼❨●❋q①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ➈
❑▼❋✶❊❺❑▼❋✶❨qP➃❫➄❊●❋✶◆❉❊●⑥◗❳❉⑥◗P◗⑥❶❑▼⑨✗①❉❋✯P➃❫✪⑩❼❇❴❫❬❨●❾❏❋✯❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✪✦✪■❉◆❉❋✯①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋✦①❉❋✯❪❉❇❴❫❬❊●❋✯❋✶◆❖❑▼❨●❋✯P◗❋✶❊
①❉❋✶■⑤Þ♣❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊q❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊✶❽✔⑦❖■❉⑥☎❋✶❊❺❑❀⑨❃❑❃❫❸❳❉P◗⑥◗❋✏❪❴❫❬❨➀P◗✒ ❫❬❪❉❪❉P◗⑥◗⑩✩❫❸❑▼⑥❶❍❏◆✒①✓✒ ■❉◆✁✛❴■⑤Þ
❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✵①❴❫❬◆❉❊❅P➃❫✒❳✇❍❏■❉⑩✶P◗❋ ➈ ❷☞❋✶❊✦❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✝❰➳❚❱❍❏⑥◗❨❈✥❴❾❏■❉❨●❋✹☛ ➈ ☛♦✏❬❫❱Ð✤✔❡❫✩❚❏❍❏❨●⑥◗❊●❋✶◆❖❑✦■❉◆❉❋⑥◗◆❱❑▼❋✶❨●❪❉❨●⑨✜❑❼❫❸❑▼⑥◗❍❏◆✒①❉❋✯P➃❫➄❨●⑨✶①❉■❉⑩✜❑▼⑥◗❍❏◆✉①❉■♣❳❉❨●■❉⑥❶❑➀❍❏❳❉❊●❋✶❨❺❚❏⑨✶❋❅❫❬■▲❑▼❍❏■❉❨Ù①❉❋

ETh
❋✶◆✉❑▼❋✶❨●❲✪❋✏①❉❋

⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆❉❊✯❋✶◆❖❑▼❨●❋✟❪❴❫❬⑥◗❨●❋✶❊✸➬✍❪✇❍❏■❉❨
ǫ ∼ ETh

❽✍P◗❋✶❊❅⑨❃❑❃❫❣❑❼❊❅①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ❊✣✒ ⑨✜❑❼❫❬P◗❋✶◆❱❑➄❊●■❉❨
❲➂▼



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

❑▼❍❏■▲❑▼❋✦P➃❫✵P◗❍❏◆❉❾❏■❉❋✶■❉❨q①❉❋❅P✱✒ ⑨✶⑩❃❇❴❫❸◆❖❑▼⑥◗P◗P❶❍❏◆✔❽❦⑩✶❋➄⑦❖■❉⑥✍⑥◗◆❉①❉■❉⑥❶❑q①❉❋✶❊❀⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆❉❊➀❋✶◆❱❑▼❨●❋➄①❉⑥❋✲✮⑨❼➇
❨●❋✶◆❱❑▼❊✗⑨✜❑❼❫❸❑▼❊ ➈ ✡Ù◆❉❋➄❋✶◆❱❑▼❨●⑨✶❋✪❫❬◆❖❑▼⑥ ➇ä⑩✶❍❏❨●❨●⑨✶P❶⑨✶❋✦①❉❋✶❊✸❰➼❪❴❫❬⑥◗❨●❋✶❊❀①❉❋❯Ð➀⑩❃❇❴❫❬❨●❾❏❋✶❊✗❨●⑨✶①❉■❉⑥❶❑❀P◗❋❅❳❉❨●■❉⑥❶❑✩❽❫❬◆❴❫❬P◗❍❏❾❏■❉❋✒❫❬■ÿ⑩✩❫❬❊✵◆❉❍❏❨●❲✵❫❬P ➈➋ó õ✜í◗ó✗í➳ø✽ñ❲➉ ç✏➀❬í➳î✏è✮ô▼ç❬è④ø✵ð❸í➳è▲ñ✉é✛➉ æ⑤è➻ò◗ý➀ò✜î✏ø í✐ô✻÷ ø✚➉ í➳è❴îäò✜ì✉➵✶ô✜÷
ì▼ò✜è✮õ❼ò❯û✶æ❉ç❬è❴î❡í◗û✶æ❴ò✉õ▼ç❬ì✝õ❲➉ ò❼ñ✜î✯ò✜ø➳ø◗ò❯û✶æ⑤í✗ò❼ñ✜î❈÷✖ø✚➉ ð❸ì❃í➒➀❬í➳è✮ò✝é❖ò❼ñ✒ô✜î ç❬î➳ñ✒é✛➉ ô➀è✇é❬ì▼ò❼ò✜ï❸ù ②☎❍❏■❉❨
ǫ << ETh

❽✮①❉❋✶❊❀⑨✜❑❼❫❸❑▼❊q①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚➫◆✓✒ ❋❃Þ▲⑥◗❊❺❑▼❋✶◆❱❑✗❪❴❫❬❊✶❽✮P➃❫✵①❉⑥❋✲✮■❉❊●⑥◗❍❏◆♣①❉❋✶❊❀❪❴❫❬⑥◗❨●❋✶❊➀①✓✒ ➆➀◆⑤➇
①❉❨●❋✶❋✜❚♣❋✶❊❺❑✗❫❬P◗❍❏❨●❊➀⑥◗◆❉①❉⑨✶❪❦❋✶◆❉①❴❫❬◆❖❑▼❋✦❋✜❑❀P➃❫✵⑩❼❇❴❫❬❨●❾❏❋✦❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✦❚❬❫❬■▲❑

2e ➈ ❹✳✒ ❋✶❊❺❑✗⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑P◗❋✵⑩✩❫❬❊❅❪✇❍❏■❉❨
ǫ >> ETh

⑩✩❫❬❨✦P◗❋✶❊✦⑨✜❑❼❫❸❑▼❊❅①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ❊✣✒ ⑨✜❑❼❫❬P◗❋✶◆❱❑❅❊▼❋✜■❉P◗❋✶❲✪❋✶◆❖❑❅❊●■❉❨❅■❉◆❉❋
❪❦❋✜❑▼⑥❶❑▼❋✗❪❴❫❬❨❺❑▼⑥◗❋q①❉❋✏P◗❫➀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟❋✜❑ÙP◗❋✶❊✣⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆❉❊✽⑥◗◆❉①❉■❉⑥❶❑▼❋✶❊✛❊●❍❏◆❱❑Ù◆❉⑨✶❾❏P◗⑥◗❾❏❋✩❫❬❳❉P❶❋✶❊ ➈❷⑦✒ ⑥◗◆✗✛❴■❉❋✶◆❉⑩✶❋q①❉❋qP✱✒ ❋✜✲✮❋✜❑✽①❉❋q❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨✣❊▼■❉❨✷P◗❋➀❳❉❨●■❉⑥❶❑✽①❴❫❬◆❉❊✽①❉❋✶❊✽❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊✛❇❖④⑤❳❉❨●⑥◗①❉❋✶❊✛❫
⑨✜❑▼⑨✷⑨✜❑▼■❉①❉⑥◗⑨✶❋✤❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❲✪❋✶◆❖❑✍❪❴❫❬❨☎①✓✒ ❫❬■▲❑▼❨●❋✶❊③❫❬■▲❑▼❋✶■❉❨●❊ ➈ ❻ ❑▼❋✶◆❖❳✇❋✶❨●❾❀❋❃❑❨✶Ù❋✶⑥❾❪➂❪❖⑥◗P→ý✣■▲❑▼⑥◗P◗⑥❶❊●❋✶◆❖❑■❉◆❉❋✯❫❬❪❉❪❉❨●❍⑤⑩❼❇❉❋✯❲✵❫❸❑▼❨●⑥◗⑩✶❋❀①❉❋✯①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✝◆⑤■❉❲✪⑨✶❨●⑥◗⑦❖■❉❋✏❋✜❑➀⑩✩❫❬P◗⑩✶■❉P◗❋✶◆❱❑ÙP➃❫➄⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✯❋✜❑
P◗❋❅❳❉❨●■❉⑥❶❑✏①❴❫❬◆❉❊✗■❉◆❉❋❀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❫✩❚❏❋✶⑩✵■❉◆❉❋➄❳❴❫❬❨●❨●⑥◗❈✶❨●❋➄①❉❋✪❇❴❫❬■▲❑▼❋✶■❉❨❀❚❬❫❬❨●⑥➃❫❬❳❉P◗❋✵✦✝P✱✒ ⑥◗◆⑤➇
❑▼❋✶❨➌✔❡❫❬⑩✶❋Õ▼❉☛❯❭✑✏✏❖ ➈ ❹✷❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✩❽✥P◗❋✶■❉❨✯⑩✶❫❬P◗⑩✶■❉P✤❊✣✒ ❫❬❪❉❪❉P◗⑥◗⑦❖■❉❋✵❊●❋✶■❉P◗❋✜❲✪❋✶◆❖❑✪✦✒■❉◆➐❊❺④⑤❊❺❑▼❈✶❲✪❋✸❋✶◆①❉❋✶■⑤Þ✝①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊✛❋✜❑Ù①❉❋❀❪✇❋✜❑▼⑥❶❑▼❋q❑❼❫❬⑥◗P◗P❶❋ ➈ ❆☎❨●❈✶❊Ù❨●⑨✶⑩✶❋✶❲✪❲✪❋✶◆❱❑✩❽⑧✶✣❍❏■✚✸✶❋✜❑➀❋✜❑Ù②③⑥◗❊❺❑▼❍❏P◗❋✶❊●⑥✔❍❏◆❖❑⑩✩❫❬P◗⑩✶■❉P◗⑨✗P➃❫➄①❉⑨✶❪✇❋✶◆❉①❴❫❬◆❉⑩✶❋✦❋✶◆♣⑨✶◆❉❋✶❨●❾❏⑥◗❋✏①❉■✉❳❉❨●■❉⑥❶❑➀⑦❖■❉⑥☎❨●⑨✶❊●■❉P❶❑▼❋✏①❉❋✶❊➀❲❩■✶❲✪❋✶❊Ù❋✜✲✮❋✜❑▼❊q①✓✒ ⑥❶◆⑤➇
❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋✝⑦❖■❴❫❬◆❱❑▼⑥◗⑦❖■❉❋✝❪❉❨●❍❖①❉■❉⑥◗❊▼❫❬◆❖❑❅■❉◆❉❋✝⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋

I(V )
◆❉❍❏◆⑤➇äP◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋➢▼ ❙✑▼✏❖ ➈➅③◆✝⑩✶❋❀❊●❋✶◆❉❊✶❽❴⑥◗P◗❊✽⑨✜❑▼❋✶◆❉①❉❋✶◆❱❑ÙP◗❋✶❊✽❑▼❨▼❫✩❚❬❫❬■⑤Þ✟①❉❋❚❂✷❋✶P❾✸✶⑥◗❾✦❋✜❑✽❇➀❫✰✸✩❫❬❨●❍❯❚➢▼ ❩❬❘✆❖✺✦✦①❉❋✶❊✣❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊

✔➼❍❏❨●❲✪⑨✶❊➹①✓✒ ■❉◆❩✥❴P❦①❉⑥❋✲✮■❉❊●⑥❋✔✮⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨❅✦✏■❉◆✵❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨✤❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✷✦✗❑▼❨▼❫✩❚❏❋✶❨●❊✷■❉◆❉❋
❳❴❫❬❨●❨●⑥◗❈✶❨●❋✦❫❬❨●❳❉⑥❶❑▼❨▼❫❬⑥◗❨●❋ ➈❏✖ P◗❊➀❑▼❨●❍❏■▲❚❏❋✶◆❱❑✗⑦❖■✓✒ ■❉◆❉❋✪❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆♣①❉❋✦P➃❫✵❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆✒❑▼❍❸➇❑❼❫❬P◗❋q①❉■✝❊❺④⑤❊❺❑▼❈✶❲✪❋❀❑▼❋✶◆❉①✠✦❅❊✣✒ ❫❬⑩✶⑩✶❍❏❲✪❪❴❫❬❾❏◆❉❋✶❨✛①✓✒ ■❉◆❉❋✗①❉⑥◗❲✪⑥❶◆⑤■▲❑▼⑥❶❍❏◆✸①❉■☞✔❡❫❬⑩✜❑▼❋✶■❉❨✛①❉❋✗➂❦❫❬◆❉❍❉❽
⑩✶❋❀⑦❖■❉⑥✔❨▼❫❬❪❉❪✇❋✶P◗P◗❋➀P➃❫✦❨●❋✶P➃❫❸❑▼⑥◗❍❏◆

F = 1− ❆ ①❴❫❬◆❉❊✛■❉◆✝❲✪⑨✜❑❼❫❬P✮◆❉❍❏❨●❲✵❫❬P✍❰❡❫❯❚❏❋✶⑩❀■❉◆✝⑩✩❫❬◆❴❫❬P➳Ð ➈➂✥⑥◗◆❴❫❬P❶❋✶❲✪❋✶◆❱❑✩❽❏❲✪❋✶◆❱❑▼⑥◗❍❏◆❉◆❉❍❏◆❉❊③①❉❋✶❊➹❑▼❨▼❫❯❚❸❫❬■⑤Þ✪⑩✶❍❏◆❉⑩✶❋✶❨●◆❴❫❬◆❱❑✷①❉❋✶❊✤❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊✤❪❉P◗■❉❊➹⑩✶❍❏❲✪❪❉P◗⑥ ➇
⑦❖■❉⑨✶❋✶❊✟❰ ❻ ✖ ❇ ✖ ❇ ❋✜❑ ❻ ❇ ✖ ❇qÐ❹▼ ❲✑✌⑤❽❨☛❣❩✎▼✏❖ ➈ ❷✰❫✒❪❉❨●⑨✶❊●❋✶◆❉⑩✜❋✸①❉❋✵①❉❋✶■⑤Þë❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊✏⑥◗①❉❋✶◆❱❑▼⑥◗⑦❖■❉❋✶❊①❴❫❬◆❉❊✷P◗❋➀⑩✩❫❬❊ ❻ ✖ ❇ ✖ ❇♠⑩✶❍❏◆❉①❉■❉⑥❶❑✷✦✯①❉❋✶❊✽❋✜✲✮❋✜❑▼❊✽①❉❋➀❨●⑨✶❊●❍❏◆❴❫❬◆❉⑩✶❋❀❋✜❑✽■❉◆❊✔❡❫❬⑩✜❑▼❋✶■❉❨✷①❉❋❀➂❦❫❬◆❉❍✯①❉❋
3/4

✦➄⑨✶◆❉❋✶❨●❾❏⑥◗❋❀◆⑤■❉P❶P◗❋ ➈
① ♠♦③④❦r⑤✮t➁❧♦t✉♥❏❦❘❹◆❦❏❧✍♠♦❹✻➈✉❹✠♠♦❶➂➛❏t◗⑨●❹✠➑r③④➈◗t◗⑤✜❧♦t◗❸✓q✺❹❄þ✺❧♦qr❦r❦✺❹◆➈✢❹✑❧❊♣rt⑨➳❆qr⑤✮t✉➆

❿➀❋✝ú❬❍❏◆❉❾✉❋✜❑✪❂✷❋✶❋✶◆❴❫✰❪➂❪❬❋✶❨❅❍❏◆❱❑✦⑨✜❑▼■❉①❉⑥◗⑨✪P◗❋✪⑩✩❫❬❊✯❑▼❨●❈✶❊✯❾❏⑨✶◆❉⑨✶❨▼❫❬P✤❍✎✩➐■❉◆➐❲✪⑨✜❑❼❫❬P➹①❉⑥❋✲✮■⑤➇
❊●⑥❋✔✤①❉❋➄P◗❍❏◆❉❾❏■❉❋✶■❉❨

L
❋✜❑✏①❉❋➄P◗⑥◗❳❉❨●❋✦❪❴❫❬❨●⑩✶❍❏■❉❨●❊❀❲✪❍❣④❏❋✶◆✖⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋

le
❋✶❊❺❑✯⑩✜❍❏◆❉◆❉❋✶⑩✜❑▼⑨❊✦✟■❉◆

❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✦❪❴❫❬❨✏■❉◆❉❋✵⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✵①❉❋➄❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✸❆ÿ▼ ❭✑✏✏❖ ➈r✖ P◗❊✏❊●■❉❪❉❪✇❍❏❊●❋✶◆❱❑❅P◗❋❲❩■✶❲✪❋Ù◆❉❍❏❲✦❳❉❨●❋➀①❉❋q⑩✩❫❬◆❴❫❬■⑤Þ✸①❉❋➀⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆✸①❴❫❬◆❉❊✽P◗❋➀❲✪⑨✜❑❼❫❬P❦①❉⑥❋✲✮■❉❊●⑥❋✔☞❋✜❑✽①❴❫❬◆❉❊✽P➃❫✏❳❴❫❬❨➔➇
❨●⑥◗❈✶❨●❋ ➈ ❷✰❫✧✥❴❾❬■❉❨▼❋✯☛ ➈ ☛✮P✦❲✪❍❏◆❱❑▼❨●❋➀P✱✒ ⑨✜❚❏❍❏P◗■▲❑▼⑥◗❍❏◆✵①❉■⑩✔❡❫❬⑩✜❑▼❋✶■❉❨✽①❉❋❀➂❦❫❬◆❉❍✪✦✦⑨✜◆❉❋✶❨●❾❏⑥◗❋q◆❖■❉P◗P◗❋➀❋✶◆✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✪①❉❋

TL/le
❪✇❍❏■❉❨✤①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊✤❚❸❫❬P◗❋✶■❉❨●❊✷①❉❋ÙP➃❫❀❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✣ï➼➸ ➈ ➣q◆✵❨●❋✜❑▼❨●❍❏■▲❚❱❋❬❽❪❴❫❬❨③❋❃Þ▲❋✶❲✪❪❉P◗❋❬❽❱P◗❍❏❨●❊●⑦❖■❉❋✛❆

= 1
❋✜❑✤①❴❫❬◆❉❊➹P◗❋✛⑩✩❫❬❊➹❳❴❫❬P◗⑥◗❊❺❑▼⑥❶⑦❖■❉❋✏❰

L << le
Ð❃❽❱⑦❖■❉❋✣P◗❋✷✔❡❫❬⑩✜❑▼❋✶■❉❨

①❉❋✸➂❴❫❬◆❉❍✉❋✶❊❺❑✦◆❖■❉P ➈ ❄ ■❴❫❬◆❉①➐P➃❫✟❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✸❋✜❊●❑✧✔❡❫❬⑥◗❳❉P❶❋✉❰➼❆ << 1
Ð❃❽☎❍❏◆ ❍❏❳▲❑▼⑥◗❋✶◆❱❑✯P◗❋

①❉❍❏■❉❳❉P◗❋✶❲✪❋✶◆❱❑✯①❉■➐❳❉❨●■❉⑥❶❑ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④✂❰
F = 2

Ð✗P◗❍❏❨●❊●⑦❖■❉❋✵P➃❫✝❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✵①❉❋✵P➃❫✒❳❴❫❬❨●❨●⑥◗❈✶❨●❋
①❉❍❏❲✪⑥◗◆❉❋✸P➃❫➫❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✒①❉■ ❲✪⑨✜❑❼❫❬P✽◆❉❍❏❨●❲✵❫❬P✗❰➼❆

L/le << 1
Ð ➈ ➅③◆ ❨●❋✜❚❸❫❬◆❉⑩❃❇❉❋❬❽➹❲❩■✶❲✪❋

ÿ✱â❃× ✃✯➬Ñ➚➶à♦à✰Ô✜➬◗❮
TL/le

Ï❃Ô✜➬✱➬✱✃❬❰◗à✰Ô✜➘✕➴❯➚➶❒✠➬Ñ➚➶à♦à✰Ô✜➬◗❮✤➴✍✃✧×Ø➚❊➬✌✔❬❰◗➹Ø❰✉❮Ñ➚➶➘✕Ï❃✃✧➴✍❒✁➪❩✔❃❮Ñ➚➶×❨➴✍➹ ➾✎❒✕❰◗➹ Ó
RN ≈

L/(NGQle)
♥❋Ï➼Ó✉➽✺×❽❬ ✔✚❪✣❒✕➚➀❮✱➹ Ô✜➘●ß✜➽ î✣á✬♦✽✃❃❮❈➴✍✃✯×Ø➚⑩➬✌✔❬❰◗➹Ø❰✉❮Ñ➚➶➘✕Ï❃✃✯➴✍✃✪×Ø➚❊❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃✯➴♦➚➶➘✕❰❅×❽❬ ✔❃❮Ñ➚➀❮❚➘♦Ô✜➬✱➪❱➚➶×

RB = (NGQ

✂
)−1

❲❱❙



■▲❑✁�✛❑✥➸ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✽❥ ➤ ❜✮➎ ❤❦➩✼í❴❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜

ã⑦⑥⑨⑧✛✃⑦☛ ➈ ☛✍P◆⑩✉➂❦❫❬⑩✜❑▼❋✶■❉❨❀①❉❋❅➂❦❫❬◆❉❍✟❪❦❍❏■❉❨
■❉◆❉❋Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❰ ✖ Ð❬❇✻❋✶◆✁✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✉①❉■
❨▼❫❬❪❉❪✇❍❏❨❺❑Ù❆

L/le
❰➳❚❱❍❏⑥◗❨✛◆❉❍❬❑▼❋✏❭❱❩❏Ð✽❪❦❍❏■❉❨

①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊✒❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✶❊
T
①❉❋➐P◗❫

❳❴❫❬❨●❨●⑥◗❈✶❨●❋➐①✓✒ ❫❬❪❉❨●❈✶❊♣①❉❋ ú❬❍❏◆❉❾à❋✜❑➳❂✷❋✶❋❃➇
◆❴❫✰❪➂❪❏❋✶❨ ▼ ❭✑✏☛❖ ➈ ❿➀❋✫❳❴❫❬❊ ❋✶◆✠❇❴❫❬■▲❑✫➬
T = 1; 0, 9; 0, 8; 0, 6; 0, 4; 0, 2

➸✇P◗⑥◗❾❏◆❉❋
❪✇❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋

T << 1 ➈
T L/le

F
 =

 S
I/
2

eI

❪✇❍❏■❉❨✯■❉◆❉❋✸❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✟❆
<< 1

❽✥❍❏◆➐❊✣✒ ❫❬❪✇❋✶❨❬✙✶❍❏⑥❶❑✦⑦❖■❉❋✟P◗❋❩✔❡❫❬⑩✜❑▼❋✶■❉❨✦①❉❋✟➂❦❫❬◆❉❍✉❚❸❫❬■▲❑
2/3

⑦❖■❴❫❬◆❉①✸P➃❫✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀①❉■✸❲✪⑨✜❑❼❫❬P❦◆❉❍❏❨●❲✵❫❬P❦①❉❍❏❲➄⑥◗◆❉❋ÙP➃❫✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀①❉❋➀P➃❫✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ➈❄ ■❴❫❬◆❉①
RB

❋✜❑
RN

❊●❍❏◆❱❑➀①❉■✉❲❩■✶❲✪❋✗❍❏❨●①❉❨●❋✏①❉❋✏❾❏❨▼❫❬◆❉①❉❋✶■❉❨✶❽❦P◗❋✤✔❡❫❬⑩✜❑▼❋✶■❉❨Ù①❉❋✯➂❦❫❬◆❉❍✪❪❦❋✶■▲❑
❪❉❨●❋✶◆❉①❉❨●❋✏①❉❋✶❊✛❚❬❫❬P◗❋✶■❉❨●❊✛⑥◗◆❖❑▼❋✶❨●❲✪⑨✶①❉⑥➃❫❬⑥❶❨●❋✶❊✽❋✶◆❱❑❼❨●❋

2
❋✜❑

2/3 ➈

✩✫✪✄✂ ☎ ✕✯✎✝✢✤✁✰✧✜✕✯✎✝✑ ä✝✆ ä
❷☞❋❻✔❡❫❬⑥❶❑✤①✓✒ ❫❣➷❺❍❏■▲❑▼❋✶❨✤■❉◆✵①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋Ù❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✷✦✏■❉◆❉❋③➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇✐✔❡❫❬⑥❶❑➹⑥◗◆⑤➇
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❍❏■
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√
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L < Lφ
❽
L . LT

❋✜❑
eV < ETh
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~
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ETh > ∆
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eIcRN = 2, 07∆ ➈➅③◆✟❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽❴❪❦❍❏■❉❨✛P◗❋✜❊☎➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛❫✩❚❱❋✶⑩

ETh < ∆
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eIcRN = 64πkBT
∑

ωn

L

ξωn

∆2

[ωn + Ωn +
√

2(Ω2
n + ωnΩn)]2

❋❃Þ▲❪ (

− L

ξωn

)

,

❰❃☛ ➈ ❙✑✏❏Ð❍✎✩
ωn = (2n+ 1)πkBT

❽
Ωn =

√

∆2 + ω2
n

❋✜❑
ξωn =

√

~D
2ωn

➈②☎❍❏■❉❨➀⑩✶❍❏❲✪❪❉P◗⑨✜❑▼❋✶❨ÙP❶❋✶❊q❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑▼❊❅✦➄❑▼❨●❈✶❊➀❳❴❫❬❊●❊●❋✯❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽✇P➃❫➄P◗❍❏⑥✰①✓✒ ⑥◗◆❱❑▼❋✶❨●❪✇❍❏P◗❫❣➇
❑▼⑥◗❍❏◆✟❊●■❉⑥❶❚❬❫❬◆❱❑▼❋✗❪✇❋✶■▲❑✽■✜❑▼❨●❋✗■▲❑▼⑥◗P◗⑥❶❊●⑨✶❋❅➬

eRNIc = bETh

(

1 − 1.3 exp
[

− bETh

3, 2kBT

])

.
❰❃☛ ➈ ❙✎P❱Ð

❷✰❫❅❪❉❨●⑨✶⑩✶⑥◗❊●⑥◗❍❏◆✟①❉❋✗⑩✶❋✜❑●❑▼❋✯❫❬❪❉❪❉❨●❍✩Þ▲⑥◗❲✵❫❸❑▼⑥❶❍❏◆✟❪❴❫❬❨✛❨▼❫❬❪❉❪❦❍❏❨❺❑✳✦❅P➃❫✦❊●❍❏P◗■▲❑▼⑥◗❍❏◆✟◆❖■❉❲✪⑨✶❨●⑥◗⑦❖■❉❋❀①❉■
❪❉❨●❍❏❳❉P◗❈✶❲✪❋q❋✶❊❺❑➀❲✪❋✶⑥❶P◗P❶❋✶■❉❨●❋❀⑦❖■❉❋

1%
❪✇❍❏■❉❨

∆/ETh ≥ 20
❋✜❑
kBT ≤ 2, 5ETh ➈❷☞❍❏❨●❊●⑦❖■❉❋
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fJ = 1/τJ
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❑▼❋✶❲✪❪❉❊✤①❉❋q①❉⑥❋✲✮■❉❊●⑥◗❍❏◆
τD = L2/D
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P➃❫✣➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ë❰➼⑩✰✒ ❋✶❊❺❑✣①❉❍❏◆❉⑩❀P✱✒ ⑨✶⑩❃❇❉❋✶P◗P◗❋➀①❉❋q❑▼❋✶❲✪❪❉❊✛❪✇❍❏■❉❨✽⑨✜❑❼❫❬❳❉P◗⑥◗❨✷■❉◆✝⑨✜❑❼❫❸❑✣P◗⑥◗⑨➀①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚❉Ð
❋✜❑✏P◗❋❅❑▼❋✶❲✪❪❉❊✗①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊❀⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊

τin
⑦❖■❉⑥➹①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋➄P➃❫✟❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆➫①❉❋✪P➃❫
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❍✎✩

GN
❋✶❊❺❑ÙP➃❫❅⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏①❉❋✗P➃❫✦❪❴❫❬❨❺❑▼⑥◗❋❚❇➡①❴❫❬◆❉❊✣P✱✒ ⑨✜❑❼❫❸❑✛◆❉❍❏❨●❲✵❫❬P ➈➅③◆✝❨●❋✜❚❸❫❬◆❉⑩❼❇❉❋❬❽❴①❴❫❬◆❉❊✛P◗❋✶❊☎➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✷P◗❍❏◆❉❾❏■❉❋✶❊✶❽▲P◗❋✶❊✣⑧✒➆q➁♠❊●❍❏◆❱❑✛⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊✣❊●❋✶■❉P◗❋✶❲✪❋✶◆❖❑

①❴❫❬◆❉❊✛■❉◆❉❋❅✔➼❋✜◆✚■✜❑▼❨▼❋❀①✓✒ ⑨✜◆❉❋✶❨●❾❏⑥◗❋
eV < ETh ➈ ❷☞❋q⑩✶❍❏■❉❨▼❫❬◆❖❑✛①✓✒ ❋❃Þ▲⑩✶❈✶❊✣❋✶❊❺❑Ù❫❬P◗❍❏❨●❊❆✔➼❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑❨●⑨✶①❉■❉⑥❶❑✫▼❉☛✮❲✑✌✆❖③➬
Iexc = 0, 82

∆GN

e

ξS
L
,

❰❃☛ ➈ ✏❬❘❏Ð
▼◆☛



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

◆❉❍❬❑❼❫❬❲✪❲✪❋✶◆❱❑✗❪❴❫❬❨❀P◗❋➄❨▼❫❬❪❉❪❦❍❏❨❺❑✏❋✶◆❱❑▼❨●❋✪P➃❫✟P◗❍❏◆❉❾❏■❉❋✶■❉❨❀①❉❋✪⑩✶❍❏❇❉⑨✜❨▼❋✜◆❉⑩✶❋✵①❉■ ❊●■❉❪❉❨▼❫❬⑩✶❍❬◆❉①❉■❉⑩❃➇
❑▼❋✶■❉❨

ξS
❋✜❑
L ➈❷☞❋✶❊✏⑧✒➆q➁ ❊●❋❅❲✵❫❬◆❉⑥❋✔➼❋✶❊❺❑▼❋✶◆❖❑q⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❖❑q①❴❫❬◆❉❊❀P➃❫✵⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋➄①❉❋✶❊✷➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻

❪❴❫❬❨☞P◗❋✶❊✰❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊☎❊●■❉❳⑤➇ä❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊☞①❉■✏❾❱❫❬❪➄➬❯P➃❫✽⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋➹⑩✶❍❏■❉❨▼❫❬◆❱❑❺➇ ❑▼❋✶◆❉❊●⑥◗❍❏◆
❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✸①❉❋✶❊✦❫❬◆❉❍❏❲✵❫❬P◗⑥❶❋✶❊❈✦✝①❉❋✶❊✯❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊✗❑▼❋✶P◗P◗❋➄⑦❖■❉❋

V = 2∆/en
❽☎❫✩❚❱❋✶⑩

n
❋✶◆❱❑▼⑥◗❋✶❨✶❽

✦✝⑩✩❫❬■❉❊●❋✵①❉❋✪P➃❫✝❊●⑥◗◆❉❾❏■❉P➃❫❬❨●⑥ ❑▼⑨➄①❴❫❬◆❉❊✏P➃❫✝①❉❋✶◆❉❊●⑥❶❑▼⑨✪①✓✒ ⑨✜❑❼❫❸❑▼❊✏①❉❋✶❊✯❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊ ➈ ❹✷❋✶❊❫❬◆❉❍❏❲✵❫❬P❶⑥◗❋✶❊✶❽✔❫❬❪❉❪❦❋✶P◗⑨✶❋✶❊✗❋✶◆ ❫❬◆❉❾❏P➃❫❬⑥◗❊➀❊●■❉❳❉❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑩❅❾❱❫❬❪✖❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊✸❰ ❻❉✈✏❻ Ð❃❽✮①❉❍❏◆❉◆❉❋✶◆❖❑
P◗⑥◗❋✶■✠✦✪①❉❋✶❊➀❪❉⑥◗⑩✶❊Ù①❉❋✏⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ ➈ ❷☞❋✜❊ ❻❉✈✏❻ ❍❏◆❱❑➀⑨✜❑▼⑨✏❍❏❳❉❊●❋✶❨❺❚❱⑨✶❋✶❊q❪❴❫❬❨Ù①❉❋✏◆❉❍❏❲✦❳❉❨●❋✶■⑤Þ❫❬■▲❑▼❋✶■❉❨●❊✶❽❱❚❱❍❏⑥◗❨③❪❴❫❬❨✤❋❃Þ▲❋✶❲✪❪❉P◗❋ÙP➃❫❅✥❴❾❏■❉❨●❋❈☛ ➈ ❩◆☛Ù①✓✒ ❫❬❪❉❨●❈✶❊✷✶Ù❍❏❊●❊✤❋✜❑✽❫❬P ➈ ▼ ❙✰❲✆❖ ➈ ❷⑦✒ ❋❃Þ▲❪❉P◗⑥◗⑩✩❫❸❑▼⑥◗❍❏◆

ã⑦⑥⑨⑧✛✃ ☛ ➈ ❩◆☛ ⑩ ❻ ❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊ ❊●■❉❳⑤➇
❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊ÿ❍❏❳❉❊●❋✶❨❺❚❏⑨✶❋✶❊✭❪❴❫❬❨✬✶Ù❍❏❊●❊
❋✜❑❅❫❬P ➈ ▼ ❙✰❲✆❖✷①❴❫❬◆❉❊✯■❉◆❉❋✸❊●⑨✶❨●⑥◗❋✪①❉❋✏➷❺❍❏◆❉⑩❃➇❑▼⑥◗❍❏◆❉❊✪➆➀P➁❿❏❹✷■⑧❿❸➆➀P ➈ ❿➀❋✶❊✟❫❬◆❉❍❏❲✵❫❬P◗⑥❶❋✶❊❩✦①❉❋✶❊✷❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊

2∆/en
❫❯❚❏❋✶⑩

n = 1− 4❊●❍❏◆❱❑✒❚⑤⑥◗❊●⑥◗❳❉P◗❋✶❊✟⑩✶❍❏❲✪❲✪❋➫❪❉⑥◗⑩✶❊✒①❴❫❬◆❉❊✝P➃❫
⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P◗❋

dI/dV ➈

❪❦❍❏■❉❨ÙP✱✒ ❫❸❪❉❪❴❫❬❨●⑥❶❑▼⑥◗❍❬◆✝①❉❋✶❊ ❻❉✈✏❻ ❫❅⑨✜❑▼⑨✏①❉❍❏◆❉◆❉⑨✶❋✏❋✶◆✉❪❉❨●❋✶❲✪⑥◗❋✶❨✛❪❴❫❬❨✽➭❀P➃❫❬❪✑➩✣⑥ ➷➌❪✵❋✜❑➀❫❬P ➈ ①❴❫❬◆❉❊①❉❋✶❊❦➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✥❳❴❫❬P◗⑥◗❊❺❑▼⑥❶⑦❖■❉❋✶❊✶❽❸⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊✍❋✜❑③❫✩❚❱❋✶⑩✷①❉❋✶❊✍⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✜❊ ❻ ❇ ❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋✶❊⑦▼ ✏✰P☛❖ ➈➅③◆❉❊●■❉⑥❶❑▼❋❬❽④➣q⑩✜❑❼❫✩❚⑤⑥◗❍✦❋✜❑✣❫❬P ➈ ❍❏◆❱❑✛❾❏⑨✶◆❉⑨✶❨▼❫❬P◗⑥◗❊●⑨Ù⑩✶❋❀❲✪❍❖①❉❈✶P◗❋➀❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋➀❫❬■⑤Þ✏➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊①❉❋q❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✏⑦❖■❉❋✶P◗⑩✶❍❏◆❉⑦❖■❉❋❹▼❉☛✎☛❯❘✆❖ ➈ ❷☞❋❀⑩✩❫❬❊✣①❉⑥❋✲✮■❉❊●⑥❋✔✥❫❅⑨❃❑❼⑨q❑▼❨▼❫❬⑥❶❑▼⑨q❪❴❫❬❨✷▲➹❍❏P❾❪❬❍❣❚✸❫❬◆❉①➭❀P➃❫❬❪✑➩✣⑥ ➷➌❪✪①❴❫❬◆❉❊✣■❉◆❉❋✗❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆✟❪❉❨●❍⑤⑩❼❇❉❋✗①❉❋✗P✱✒ ⑨✶⑦❖■❉⑥◗P◗⑥❶❳❉❨●❋❢▼❉☛✮❲✑P✆❖☞❋✜❑✩❽❴❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑Ù❨●⑨✶⑩✶❋✶❲❅➇
❲✪❋✶◆❱❑✩❽❦❪❴❫❬❨✳❂✷❋✣✸✶■❉❾❏P❶④⑤⑥☎❋✜❑❀❫❬P ➈ ❪✇❍❏■❉❨ÙP➃❫✪❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆✝❇❉❍❏❨●❊➔➇ä⑨✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●❋❹▼ ❩❏❩☛❖ ➈ ❷✰❫✵❊●❪❦⑨✶⑩✶⑥❋✥❴⑩✶⑥❶❑▼⑨①❉❋✶❊③➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛①❉⑥❋✲✮■❉❊●⑥❶❚❏❋✶❊✣❋✜❑ÙP◗❍❏◆❉❾❏■❉❋✶❊✣❋✶❊❺❑➀■❉◆✒❋✜✲✮❋✜❑Ù①❉❋✏❪❴❫❬❨●⑥❶❑▼⑨❀⑩✶❍❏◆❉⑩✶❋✶❨●◆❴❫❬◆❱❑➀P◗❋✶❊ ❻❉✈✏❻ ➈❷☞❋✶❊✣❫❬❲✪❪❉P◗⑥ ❑▼■❉①❉❋✶❊✽①❉❋✶❊✣❪❉⑥◗⑩✶❊✛①❉❋❀⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏❫❬■⑤Þ✸❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊

2∆/ne
❊●❍❏◆❱❑✣①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊

❪❦❍❏■❉❨
n
❪❴❫❸⑥◗❨✛❋✜❑

n
⑥◗❲✪❪❴❫❬⑥❶❨❱✦➄⑩✶❫❬■❉❊●❋✯①✓✒ ■❉◆❉❋✏❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❏◆✟①❉❋✗P➃❫❅❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨q①❉❋✏❨●⑨❃➇

✛❴❋❃Þ▲⑥◗❍❏◆✟①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✝❫❬■▲❑▼❍❏■❉❨✽①❉❋❀P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋q①❉❋✗➂❉❋✶❨●❲✪⑥ ➈ ❷☞❋✶❊✛❪❉⑥◗⑩✶❊✢✼ä❪❴❫❬⑥◗❨●❊❃✾➀❊●❍❏◆❱❑✣❫✕✲✮❋✶⑩✜❑▼⑨✶❊❪❴❫❬❨✛⑩✶❋✜❑●❑▼❋✏❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✸⑩✩❫❬❨✶❽❴❪❦❍❏■❉❨✣P◗❋✶❊✽❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊✛⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❴❫❬◆❱❑▼❋✶❊✶❽❦P◗❋✶❊✛⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨➔➇
❑▼⑥◗⑩✶■❉P◗❋✶❊✤❊●❍❏◆❱❑✛❨●⑨✜✛❴⑨✶⑩❼❇❉⑥◗❋✶❊❻✦✏①❉❋✶❊✽⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊✽❪❉❨●❍⑤⑩❼❇❉❋✶❊✽①❉■✟◆❉⑥❶❚❏❋✩❫❬■✸①❉❋❀➂❴❋✶❨●❲✪⑥❡❽❖⑩✶❋q⑦❖■❉⑥✮◆✓✒ ❋✜❊●❑
❪❴❫❬❊☎P◗❋✤⑩✩❫❬❊☎❪✇❍❏■❉❨☎P◗❋✶❊✰❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊☎⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❴❫❬◆❱❑▼❋✶❊③❫❬■⑤Þ✏❪❉⑥◗⑩✶❊★✼ä⑥◗❲✪❪❴❫❬⑥❶❨●❊❃✾ ➈ ✡Ù◆❉❋✷①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋①✓✒ ❫❬❲✪❪❉P◗⑥ ❑▼■❉①❉❋Ù❋✶◆❱❑▼❨●❋qP◗❋✶❊✷❪❉⑥◗⑩✶❊✽❪❴❫❬⑥❶❨▼❊✤❋✜❑✽⑥◗❲✪❪❴❫❬⑥◗❨●❊✤❫✯⑨✜❑▼⑨q❍❏❳❉❊●❋✶❨❺❚❏⑨✶❋❀❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P◗❋✶❲✪❋✶◆❱❑
❪❴❫❬❨Ù❆✥❫❬❳✇❍❏❨❺④⑤❊❬❪❖⑥✥❋✜❑❀❫❬P ➈ ▼❉☛✮❲❱❘✆❖ ➈ ❿q❫❬◆❉❊q⑩✶❋✏❑▼❨▼❫✩❚❬❫❬⑥◗P✐❽❉P◗❋✶❊➀❪❉⑥◗⑩✶❊ n = 2

❋✜❑
n = 4

❊●❍❏◆❖❑➀❑▼❨●❈✶❊
❲✵❫❬❨●⑦❖■❉⑨✶❊✶❽❉❚❏❍❏⑥◗❨●❋❀❲❩■✶❲✪❋❀①❉❍❏■❉❳❉P◗⑨✶❊✶❽❦❫❬P◗❍❏❨●❊✽⑦❖■❉❋✏P◗❋❀❪❉⑥◗⑩

n = 3
◆✓✒ ❋✶❊❺❑➀❪❴❫❬❊✣❍❏❳❉❊●❋✶❨❺❚❸❫❬❳❉P◗❋ ➈

▼❏❩
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✰✲✱✟✞✈✱❞❤ ❘❙❅❇❍✸✹✼✻✐✴✍✶➞❃❾➝✲❍❣❅❇❆✲✶➋✻❚❉✸❆✲✶✸✷❏❈✓✴✍✷Ñú❭➝✲✶✸❃❄✻✾✹✓➝✲✶✸✷➤û✈ü û
➝✯♠✕qrt➁❧❩♣✺③④❦r⑤❩➈✉❹✁♠♦❶➂➛❏t◗⑨●❹✁s✎♥❏➙✺❶➂♠♦❹◆❦❏❧

❷☞❋✵⑩✶❍❏■❉❨▼❫❬◆❱❑✦①❉❋✵❪❴❫❬⑥◗❨●❋✶❊✏①❴❫❬◆❉❊✯■❉◆❉❋✗➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ú❬❍❏❊●❋✶❪❉❇❉❊●❍❏◆➐❑▼■❉◆❉◆❉❋✶Pq❰ ❻ ✖ ❻ Ð✗❋✶❊❺❑✦■❉◆❉❋❪❉❨●❍❏❪❉❨●⑥◗⑨✜❑▼⑨✽①❉❋✽P✱✒ ⑨✜❑❼❫❸❑❭✔➼❍❏◆❉①❴❫❬❲✪❋✶◆❱❑❼❫❬P⑤❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✤❋❃❑➹⑥◗P⑤◆❉❋✷✛❴■❉⑩✜❑▼■❉❋✛❪❴❫❬❊ ➈ ❷☞❋✶❊❭✛❴■❉⑩❃➇❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊☎⑦❖■✓✒ ❍❏◆❅❪✇❋✶■▲❑✍❍❏❳❉❊●❋✶❨❺❚❱❋✶❨✍①❴❫❬◆❉❊✍P◗❋✤❨●⑨✶❾❏⑥◗❲✪❋✤①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥❋✔❉❊●❍❏◆❱❑③P◗⑥◗⑨✶❋✶❊✥❫❬■✦⑩✶❍❏■❉❨▼❫❬◆❱❑✍①❉❋
⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊ ➈ ➅③◆✒❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽❦①❴❫❬◆❉❊ÙP◗❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ❽❦❲❩■✶❲✪❋❀P◗❋❀❊●■❉❪❦❋✶❨●⑩✶❍❏■❉❨▼❫❬◆❖❑❪✇❋✶■▲❑❆✛❴■❉⑩✜❑▼■❉❋✶❨✷⑩✩❫❬❨✤⑥◗P❴❋✶❊❺❑✽❪❦❍❏❨❺❑▼⑨Ù❪❴❫❬❨✤①❉❋✶❊✷⑨✜❑❼❫❸❑▼❊✤P◗⑥◗⑨✶❊➹①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✵⑦❖■❉⑥❦❊●❍❏◆❱❑✢✔➼❍❏❨●❲✪⑨✶❊➹❪❴❫❬❨
P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔➼⑨✶❨●❋✶◆❉⑩✶❋✗⑩✶❍❏◆❉❊❺❑▼❨●■❉⑩✜❑▼⑥❶❚❏❋✏①❉❋✶❊✣❍❏◆❉①❉❋✶❊Ù①❉❋❀⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊ ➈
×❴♥❏❦rs✰❧♦t✉♥❏❦r⑤✠➓★➔✻➓ ⑨●♥❏❦✺♥★s✎③④❦✺③④➈✓➄➱❹✷❍❏◆❉❊●⑥◗①❉⑨✶❨●❍❏◆❉❊✗P➃❫✵❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆♣①✓✒ ■❉◆ë❲➄⑨✜❑❼❫❬P✍■❉◆❉⑥◗①❉⑥ ➇
❲✪❋✶◆❉❊●⑥◗❍❏◆❉◆❉❋✶P❦①❉❋➀P◗❍❏◆❉❾❏■❉❋✶■❉❨

L << ξN
❫✩❚❏❋✶⑩q■❉◆✵❊●❋✶■❉P✇⑩✩❫❬◆❴❫❬P✇❳❴❫❬P◗⑥◗❊❺❑▼⑥❶⑦❖■❉❋✯❰➼❆

= 1
Ð③❋✶◆❱❑▼❨●❋

①❉❋✶■⑤Þ✒❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊ ➈ ❿q❫❬◆❉❊✣⑩✶❋✗⑩✩❫❬❊✶❽❦❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑Ù①❉❋✶■⑤Þ✝⑨✜❑❼❫❸❑▼❊✣P◗⑥◗⑨✶❊✛❋❃Þ▲⑥◗❊❺❑▼❋✶◆❱❑✩❽❦❫❬■⑤Þ⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊
E± = ±∆cos(∆Φ/2)

▼❉☛✮✌✆❖✐❽➹❚❏❍❏⑥◗❨✵✥❴❾❏■❉❨●❋●☛ ➈ ❩❏❩ ➈ ❷☞❋✶❊✸⑨✜❑❼❫❸❑▼❊✵❪❦❍❏❨❺❑▼❋✶◆❖❑✵①❉❋✶❊❊●■❉❪✇❋✶❨●⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊
I± = ±I0sin(∆Φ/2)

❫✩④❱❫❬◆❖❑➀①❉❋✶❊Ù①❉⑥◗❨●❋✶⑩✜❑▼⑥◗❍❏◆❉❊Ù❍❏❪❉❪❦❍❏❊●⑨✶❋✶❊ ➈ ❷☞❋✏❊●■❉❪✇❋✶❨➔➇⑩✶❍❏■❉❨▼❫❬◆❱❑➀◆❉❋✜❑➀❋✶❊❺❑➀P◗❋✗❨●⑨✶❊●■❉P❶❑❼❫❸❑Ù①❉❋✏P➃❫❅①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋✏①❴❫❬◆❉❊ÙP✱✒ ❍⑤⑩✶⑩✶■❉❪❴❫❸❑▼⑥◗❍❏◆✝①❉❋✶❊➀①❉❋✶■⑤Þ✒⑨✜❑❼❫❸❑▼❊ ➈➆✰❚❏❋✶❨●⑥◗◆✖❋✜❑ ✖ ❲✵❫❬❲ ❍❏◆❱❑✗❲✪❍❏◆❱❑▼❨●⑨✦⑦❖■❉❋➄P◗✒ ⑨✶⑩❃❇❴❫❬◆❉❾❏❋✦①❉❋➄⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✜❊q❋✶◆❖❑▼❨●❋❅P◗❋✶❊q⑨✜❑❼❫❸❑▼❊
P◗⑥◗⑨✶❊➹❋✜❑✽P◗❋✶❊✤⑨✶P◗❋✶⑩✜❑▼❨●❍⑤①❉❋✶❊✷❪❴❫❬❨✤①❉❋✶❊✷❪❉❨●❍⑤⑩✶❋✶❊●❊●■❉❊✽①❉❋➀❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆✪❋✶❊❺❑❱✦✏P✱✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋✣①✓✒ ■❉◆✸❳❉❨●■❉⑥❶❑
①❴❫❬◆❉❊✣P◗❋❀❊●■❉❪✇❋✶❨●⑩✶❍❏■❉❨▼❫❬◆❱❑❅✦❅❳❴❫❬❊●❊●❋❚✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋➈▼❉☛❯❘✆❖ ➈➆ ❑▼❋✶◆❉❊●⑥◗❍❏◆✠✥❴◆❉⑥◗❋✯❲✵❫❬⑥◗❊❱✔❡❫❬⑥◗❳❉P◗❋❬❽

eV < ∆
❽✇P◗❋✶❊Ù⑩❼❇❴❫❬❨●❾❏❋✶❊q❊●❍❏◆❱❑➀❑▼❨▼❫❬◆❉❊➌✔➼⑨✶❨●⑨✶❋✶❊❀❪❴❫❬❨Ù①❉❋✶❊q❨●⑨❃➇

✛❴❋❃Þ▲⑥◗❍❏◆❉❊✛①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✝❲✦■❉P❶❑▼⑥◗❪❉P❶❋✶❊ ➈ ➆➡⑩✩❫❬■❉❊●❋❀①❉❋✗P➃❫✯⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✏①❉■✝❪❉❨●❍⑤⑩✶❋✶❊●❊●■❉❊✶❽❦❍❏◆✝❪❦❋✶■▲❑
①❉⑥◗❨●❋✣⑦❖■❉❋➀P◗❋Ù⑩✶❍❬■❉❨❼❫❸◆❖❑✷❋✶❊❺❑✤❚❱⑨✶❇❉⑥◗⑩✶■❉P◗⑨Ù❪❴❫❬❨➹①❉❋✶❊✷⑩❼❇❴❫❬❨●❾❏❋✶❊✷❲✦■❉P❶❑▼⑥◗❪❉P❶❋✶❊➹①✓✒ ■❉◆❉⑥❶❑▼⑨

qeff = 2∆
eV
e ➈②☎❍❏■❉❨✰⑩✶❋➹❨●⑨✶❾❏⑥◗❲✪❋❬❽✶➆☎❚❏❋✶❨●⑥◗◆✏❋✜❑ ✖ ❲✵❫❬❲♠❪❉❨●⑨✶①❉⑥◗❊●❋✶◆❱❑✥■❉◆❉❋✤❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆❀①❉■✏❳❉❨●■❉⑥❶❑☞⑦❖■❉⑥❖❪❦❋✶■▲❑

❫❬P◗❍❏❨●❊✷■✜❑▼❨●❋❀⑥◗◆❖❑▼❋✶❨●❪❉❨●⑨✜❑▼⑨✶❋❀⑩✶❍❏❲✪❲✪❋q❳❉❨●■❉⑥❶❑✛①❉❋❀❾❏❨●❋✶◆❴❫❬⑥◗P◗P◗❋➀①❉❋❀⑩✶❋✶❊✣⑩❃❇❴❫❬❨●❾❏❋✶❊✛❲❅■❉P❶❑▼⑥❶❪❉P❶❋✶❊♠▼❉☛❯❘✆❖ ➈❷☞❍❏❨●❊●⑦❖■✓✒ ❍❏◆✉❫❬①❉❲✪❋✜❑✣■❉◆❉❋✗❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆✟❆
< 1

①❉■✒⑩✩❫❬◆❴❫❬P✐❽❉P◗❋✶❊✛①❉❋✶■⑤Þ✒⑨✜❑❼❫❸❑▼❊✣P◗⑥◗⑨✶❊
E+

❋✜❑
E−

①❉❋✜❚⑤⑥◗❋✶◆❉◆❉❋✶◆❱❑Ù⑩✶❍❏■❉❪❉P◗⑨✶❊✛❋✜❑Ù❫❬■✟❪✇❍❏⑥◗◆❱❑✛①❉❋❀⑩✶❨●❍❏⑥◗❊●❋✶❲✪❋✶◆❱❑
∆Φ = π

❊✣✒ ❍❏■▲❚⑤❨●❋✗■❉◆✝❾❱❫❬❪✟①❉❋
❑❼❫❬⑥◗P◗P❶❋

2∆
√

1 − ❆❀❽▲⑩✜✔ ➈ P◗❋✶❊✷P◗⑥◗❾❏◆❉❋✶❊✷❪✇❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋✶❊✷①❴❫❬◆❉❊✛P➃❫❚✥❴❾❏■❉❨●❋✪☛ ➈ ❩❏❩ ➈ ❷✰❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✸⑦❖■❉⑥
ã⑦⑥⑨⑧✛✃✷☛ ➈ ❩❏❩Ó⑩➯➊③◆❉❋✶❨●❾❏⑥◗❋✸①❉❋✶❊✦⑨✜❑❼❫❸❑▼❊✦P❶⑥◗⑨✶❊
①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✻❋✶◆ ✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆➡①❉❋ P➃❫à①❉⑥❋✔➃➇
✔➼⑨✶❨●❋✶◆❉⑩✶❋➡①❉❋♠❪❉❇❴❫❬❊●❋➻❋✶◆❱❑▼❨●❋➻P◗❋✶❊ ①❉❋✶■⑤Þ
❊●■❉❪❉❨❼❫❸⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨▼❊ ①✓✒ ■❉◆❉❋➡➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆
❻ ❇ ❻ ❲✪❍❏◆❉❍❖⑩✩❫❬◆❴❫❬P☞⑩✶❍❏■❉❨❺❑▼❋Ó▼ ✌☛❖ ➈ ❄ ■❴❫❬◆❉①P➃❫à❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨ë①❉❋ ❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆✻❋✶❊❺❑✻✥▲➇
◆❉⑥◗❋✝①❴❫❬◆❉❊➄P◗❋✟⑩✩❫❬◆❴❫❬P✐❽✍■❉◆ ❾❱❫❬❪✾❊✣✒ ❍❏■▲❚⑤❨●❋
❰➼⑩✶❍❏■❉❨●❳✇❋ ❪✇❍❏⑥◗◆❱❑▼⑥◗P❶P❶⑨✶❋❯Ð✉❋✜❑ ①❉❋✜❊ë❑▼❨▼❫❬◆❉❊●⑥ ➇
❑▼⑥◗❍❏◆❉❊✏❷✰❫❬◆❉①❴❫❬■⑤➇✁✃✮❋✶◆❉❋✶❨✗❪✇❋✶■▲❚❏❋✶◆❱❑❅❫✩❚❏❍❏⑥◗❨
P◗⑥◗❋✶■ ➈ ❷☞❋ ❊❺④⑤❲✦❳✇❍❏P◗❋

φ
⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉① ✦

∆Φ
①❴❫❬◆❉❊✣P◗❋q❑▼❋❃Þ⑤❑▼❋ ➈

❋✶❊❺❑✩❽❉❪❴❫❬❨✽❋❼Þ▲❋✶❲✪❪❉P◗❋❬❽❉①❴❫❬◆❉❊✽P✱✒ ⑨✜❑❼❫❸❑
E+

✦
∆Φ = 0

❪✇❋✶■▲❑✣❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑✽⑨✜❚❏❍❏P◗■❉❋✶❨✽①❉❋q①❉❋✶■⑤Þ
▼❬❭



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

✔❡❫✰✙✶❍❏◆❉❊✪❫❬■▲❑▼❍❏■❉❨❅①❉❋
∆Φ = π ➈ ❻ ❍❏⑥❶❑➄❋✶P◗P◗❋✸❊●■❉❳❉⑥❶❑✪■❉◆❉❋✟❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ①❉❋✟❑➔④⑤❪❦❋✉❷✰❫❬◆❉①❴❫❬■⑤➇

✃✮❋✶◆❉❋✶❨Ó▼ ✌✆❖✐❽✥⑩✰✒ ❋✶❊❺❑✵✦✉①❉⑥◗❨●❋✵❪✇❍❏■❉❨
∆Φ > π

❋✶P◗P◗❋✪❊●❋✵❑▼❨●❍❏■▲❚❱❋✸①❴❫❬◆❉❊✯P✱✒ ⑨✜❑❼❫❸❑
E+

❰➼⑩✶❍❏❲✪❲✪❋
①❴❫❬◆❉❊✦P◗❋✵⑩✩❫❬❊❅❆

= 1
❽✥❊▼❫❬◆❉❊✦❾❱❫❬❪❦Ð✏❋✜❑❅■❉◆❉❋✟⑩❼❇❴❫❬❨●❾❏❋

2∆/V
❋✶❊❺❑❅❑▼❨▼❫❬◆❉❊➌✔➼⑨✶❨●⑨✶❋ ➈ ❻ ❍❏⑥❶❑✯❋✶P◗P◗❋◆❉❋✵❑▼❨▼❫❬◆❉❊●⑥❶❑▼❋✵❪❴❫❬❊✦❋✜❑❅❨●❋✶❊❺❑▼❋✟①❴❫❬◆❉❊✦P◗❋✵①❉❍❏❲✵❫❬⑥◗◆❉❋

E > 0
❋✶◆ ❊●■❉⑥❶❚❬❫❬◆❱❑❅P✱✒ ⑨✜❑❼❫❸❑

E−

❪✇❍❬■❉❨
∆Φ > π ➈ ➆➀■❉⑩✶■❉◆❉❋❅⑩❼❇❴❫❬❨●❾❏❋❅❋✶❊❺❑✗❫❬P◗❍❏❨●❊Ù❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❋ ➈ ❷☞❋✦⑩❼❇❴❫❬◆❉❾❏❋✶❲✪❋✶◆❱❑✏❫❬P◗⑨✩❫❸❑▼❍❏⑥❶❨●❋✏❋✶◆❖❑▼❨●❋①❉❋✶❊✏⑩✜④⑤⑩✶P◗❋✶❊✏❍✎✩ë❫❬■❉⑩✶■❉◆❉❋✪⑩❃❇❴❫❸❨▼❾❬❋✪◆✓✒ ❋✶❊❺❑✏❑▼❨▼❫❬◆❉❊➌✔➼⑨✶❨●⑨✶❋✪❋❃❑✯①❉❋✶❊✏⑩✜④⑤⑩✜P◗❋✶❊✯❫❯❚❏❋✶⑩➄❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑✏①❉❋
⑩❼❇❴❫❬❨●❾❏❋ 2∆

eV
e
⑥◗◆❉①❉■❉⑥❶❑❀■❉◆ë❳❉❨●■❉⑥❶❑✗①❉❋➄❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋✯❑▼❨●❈✶❊✗⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑✩❽✮⑦❖■❉⑥③①❉❍❏❲✪⑥◗◆❉❋✪✦✟❳❴❫❬❊●❊●❋

❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ❇➀❫✩❚❱❋✶❇à❋✜❑✸➆✰❚❏❋✶❨●⑥◗◆à❍❏◆❱❑✵⑩✩❫❬P◗⑩✶■❉P◗⑨✒P➃❫✖①❉❋✶◆❉❊●⑥❶❑▼⑨✉❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✒①❉❋✉❳❉❨●■❉⑥❶❑✵❪✇❍❏■❉❨✪P◗❋
⑩✩❫❬❊✣❲✪❍❏◆❉❍⑤⑩✩❫❬◆❴❫❬P★✦➄❳❴❫❬❊●❊●❋❚✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✯❋✜❑Ù❪✇❍❏■❉❨✣①❉❋✶❊Ù❪❦❋✜❑▼⑥❶❑▼❊✣⑩✶❍⑤❋✜➫✪⑩✶⑥◗❋✶◆❱❑▼❊Ù①❉❋✏❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊
R = 1 − ❆❳▼❉☛❯❘❏❭✆❖③➬

SI(V ) =
4e2∆

π~
p(1 − p)

2∆

eV
,

❰❃☛ ➈ ✏◆☛❣Ð
❍✎✩

p = exp[−π(1 − ❆
)∆/eV ]

❋✶❊❺❑➀P➃❫➄❪❉❨●❍❏❳❴❫❬❳❉⑥◗P◗⑥ ❑▼⑨❀❪❦❍❏■❉❨Ù■❉◆❉❋✗❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✒❷✰❫❬◆❉①❴❫❬■⑤➇
✃✮❋✶◆❉❋✶❨Ù❫❬■✝❪✇❍❏⑥◗◆❱❑

∆Φ = π ➈❷☞❋✏❳❉❨●■❉⑥❶❑Ù①❴❫❬◆❉❊ÙP◗❋✶❊Ù⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊Ù❪✇❍❏◆❉⑩✜❑▼■❉❋✶P◗❊Ù❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊❀❫✪⑨✜❑▼⑨✏⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑➀❫❬◆❴❫❣➇
P❶④⑤❊●⑨✛❪❴❫❬❨⑦✶Ù❋✶❊●❊●P◗⑥◗◆❉❾✗❋✜❑✤❫❬P ➈ ▼ ❙❱❩☛❖❴❋✜❑✷❹✷■❉❋✜❚❸❫❬❊✤❋✜❑✤❫❬P ➈ ▼ ❭❏❭✆❖ ➈ ❹✷❋✶❊➹①❉❋✶❨●◆❉⑥◗❋✶❨●❊③❲✪❍❏◆❱❑▼❨●❋✶◆❖❑③⑦❖■❉❋✣P➃❫⑩❼❇❴❫❬❨●❾❏❋➀❋✜✲✮❋✶⑩✜❑▼⑥❶❚❱❋❀❫❬■❉❾❏❲✪❋✶◆❱❑▼❋➀❋✶◆⑩✔➼❍❏◆❉⑩❃❑❼⑥❶❍❏◆✸①❉❋

1/V
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L < ξN
❽✔❍❏◆✖①❉❍❏⑥❶❑q❲✪❍❯④❱❋✶◆❉◆❉❋✶❨❀P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰❃☛ ➈ ✏◆☛❣ÐÙ❊●■❉❨❀P➃❫✵①❉⑥◗❊❺❑▼❨●⑥ ➇❳❉■▲❑▼⑥◗❍❏◆✵①❉❋✶❊✤❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆❉❊ ➈ ➅③◆✸■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑✤P➃❫✗①❉⑥◗❊❺❑▼❨▼⑥❶❳❉■▲❑❼⑥❶❍❏◆✪①❉❋q❿➀❍❏❨●❍✎❪❖❇❉❍❯❚➫❰➼⑩✜✔ ➈ ✥❴❾❏■❉❨●❋☛ ➈ ▼❏Ð❃❽❉❍❏◆✝❍❏❳▲❑▼⑥◗❋✶◆❖❑✗➬

SI(V ) = 2∆GN(
√

2 − 1)
(2∆

eV

)1/2

.
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I(V ) = GN(V∆/e)1/2 ▼❉☛❣❩☛❖ ➈ ❷☞❋✏❳❉❨●■❉⑥❶❑Ù❊✣✒ ⑨✶⑩✶❨●⑥❶❑❫❬P◗❍❏❨●❊q➬
SI(I) = 2

(

1 − 1√
2

)

qeffI.
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ÿ✌❻➌➻➂✃❬❰④✎❚ë②�✬➴❭❬ Ô✜➬Ñ➴✍➬✱✃✤❰◗❒♦à♣✔➌➬✱➹ ✃➌❒♦➬❱➹ ➪✷à♦× ➹s❪✣❒♦✃➌➘✜❮✽❒♦➘⑩➘♦Ô✜➪❆❐♦➬✱✃✤Ü✐➴✍✃✤➬✌✔✓❝✕✃✓✒✍➹ Ô✜➘✕❰❱➴❭❬ ë✺➘✕➴✍➬✱✃➌✃➌Ý❩à♦× ❒✕❰➹ ➪✷à✰Ô✜➬◗❮Ñ➚➶➘✣❮✍❪✣❒♦✃❷× ✃❷➪✷➹ ➘♦➹ ➪❆❒♦➪
Nmin = int[ 2∆

eV
]
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V
➴✍Ô✜➘♦➘☛✔➌✃✜➽✍➻◆➚✢Ï❃Ô✜➘✜❮✱➬✱➹ ê❐♦❒✍❮✱➹ Ô✜➘✪➴✍✃❬❰❜✎❚ë②� ➴❭❬ Ô✜➬Ñ➴✍➬✱✃✷❰◗❒♦à✘✔➌➬✱➹ ✃➌❒♦➬❨➚➶❒✯Ï❃Ô✜❒♦➬Ñ➚➶➘✣❮❨➴✍➹ ➪✷➹ ➘✣❒♦✃❻➬Ñ➚➶à♦➹Ø➴✍✃➌➪✷✃➌➘✜❮❆➚❀Ý✜✃➌Ï✷×Ø➚✽❮✱➬Ñ➚➶➘✕❰◗➪✷➹Ø❰✱❰◗➹ Ô✜➘✂✹➴✍❒❚Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮❬➮✕Ï➌➚➶➬✺×❽❬ ➚➶➪✷à♦× ➹ ❮✱❒✕➴✍✃✢➴✍❒❚Ï❃Ô✜❒♦➬Ñ➚➶➘✣❮r➴❭❬ ❒♦➘✤à♦➬✱Ô♦Ï❃✃❬❰✱❰◗❒✕❰★➴❭❬ Ô✜➬Ñ➴✍➬✱✃

N
✃➌❰✉❮rà♦➬✱Ô✜à✎Ô✜➬◗❮✱➹ Ô✜➘♦➘♦✃➌× × ✃❜❛✂

N
➽

▼✕❲
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ô✲ê❃ç❣ñ❼ñ❯ò✦îäò✜è▲ñ✜í✐ð❸è▲ó
eV << ∆ << ETh

ó✛ø◗ò✪ê✶ì❃æ⑤í➳îÙé❱ç❬è▲ñ✪é❖ò❼ñ✒✑✶ð❸è✮õ✜î❡í✐ð❸è▲ñ✧õ✚ù✳õ✾é❬í ý✛æ⑤÷
ñ✜í➳ï❬ò❼ñ❼ó✥î❡ì✜Ò❼ñ✗õ❼ð❸æ⑤ì❃îäò❼ñ✏ò❼ñ✜î❏ó✇ì▼ð➀ó❴ð❸ì❃î❡í✐ð❸è❴è✮ò✜ø❏÷✦ø❶ç✪õ➀ú❉ç❬ì✼➀❖ò❀ò◗ý➀ò❼õ✜î❡í➳ï❬ò

qeff = (2∆/eV )e
ó➹ò✜î

é❖ð❸è✮õ✗í➳è❴ï❬ò✜ì▼ñ❯ò✜ø✵ò✜è❴î✓ó✇ì▼ð➀ó❴ð❸ì❃î❡í✐ð❸è❴è✮ò✜ø★÷✵ø❶ç✪îäò✜è▲ñ✜í✐ð❸èëé❖ò✷ó❴ð❸ø❶ç❬ì❃í◗ñ✩ç❬î❡í✐ð❸è✇ù
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Sexc = 2∆GN

(π2

4
− 1

)

= 2eIexc.
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①❉❋✶❊✒❑▼❨●❍❏■❉❊✒⑦❖■❉⑥✏❊✣✒ ❫❬❊●❊●⑥◗❲✪⑥◗P❶❋✶◆❖❑✠✦ ①❉❋✶❊✉⑩✜❍❏◆❖❑❼❫❬⑩✜❑▼❊✒❪✇❍❏◆❉⑩✜❑▼■❉❋✶P◗❊✉①❉❋➳✔➼❍❏❨❺❑▼❋✖❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋
❆ ≈ 0, 17 ➈ ✡Ù◆❉❋✽⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✯⑦❖■❴❫❬◆❖❑▼⑥❶❑❼❫❸❑▼⑥❶❚❏❋✽❫✩❚❏❋✶⑩✛P◗❋✶❊✍❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊☎❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊③❪❉❨●⑨✶❊●❋✶◆⑤➇❑▼⑨✶❊❀❪❉P◗■❉❊q❇❴❫❬■▲❑❀❋✶❊❺❑✗①❉⑥❋➫✪⑩✶⑥◗P◗❋✧✦✸⑩✩❫❬■❉❊●❋❅①❉❋❅P✱✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✏❊●■❉❨❀P➃❫✵❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋❅❋❃Þ❉❫❬⑩✜❑▼❋➄①❉■
⑩✶❍❏◆❱❑❼❫❬⑩✜❑ ➈ ❇Ù⑨✩❫❬◆❉❲✪❍❏⑥◗◆❉❊✶❽❴■❉◆✉❊●⑥◗❲✪❪❉P◗❋✗❲✪❍❖①❉❈✶P◗❋✗❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋❬❽❴❊●■❉❪❉❪✇❍❬❊❼❫❸◆❖❑q■❉◆❉❋✗❑▼❨▼❫❬◆❉❊➔➇❲✪⑥◗❊●❊●⑥◗❍❏◆✸❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋q❪❦❍❏■❉❨✛P◗❋✶❊✽❑▼❨●❍❏■❉❊✶❽❴❫❅❪❦❋✶❨●❲✪⑥◗❊✛❫❬■⑤Þ✒❫❸■▲❑❼❋✜■❉❨▼❊✛①✓✒ ❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨✛P◗❋q⑩✶❍❏❲✪❪✇❍❏❨➔➇
❑▼❋✶❲✪❋✶◆❱❑Ù❍❏❳❉❊●❋✶❨❺❚❏⑨✸❰➳❚❏❍❏⑥◗❨✷✥❴❾❏■❉❨●❋✵☛ ➈ ❩❬❭❱Ð ➈❿q❋✜❊❀❲✪❋✶❊●■❉❨●❋✶❊❀①❉❋✦❳❉❨●■❉⑥❶❑➀①❴❫❬◆❉❊❀①❉❋✜❊❀⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊q❪✇❍❏◆❉⑩✜❑▼■❉❋✶P◗❊❀❫❸❑▼❍❏❲✪⑥◗⑦❖■❉❋✶❊➀❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩❃➇
❑▼❋✶■❉❨●❊✶❽✤❨●⑨✶⑩✶❋✶❲✪❲✪❋✶◆❱❑✵❋✜✲✮❋✶⑩✜❑▼■❉⑨✶❋✶❊✸❪❴❫❬❨✵❹✷❨●❍❏◆ÿ❋✜❑✸❫❬P ➈ ❽③❍❏◆❱❑✵❪❉■ÿ⑩✶❍❏◆✗✥❴❨●❲✪❋✶❨✪P◗❋✝❨❬✿❏P◗❋✝⑩✶❨●■⑤➇
⑩✶⑥➃❫❬P✏①❉❋✶❊➫❪❉❨●❍⑤⑩✶❋✶❊●❊●■❉❊ ⑧✒➆q➁ ①❴❫❬◆❉❊➫P◗❋ë❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑➳✦ÿP✱✒ ⑨✶⑩❃❇❉❋✶P◗P◗❋➐❫❸❑▼❍❏❲✪⑥❶⑦❖■❉❋➤▼ ❭❱❩☛❖ ➈ ❷☞❋✶❊⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊Ù❫❸❑▼❍❏❲✪⑥◗⑦❖■❉❋✶❊✽❍❏◆❖❑✣P✱✒ ❫✩❚❬❫❸◆❖❑❼❫❬❾❏❋q①❉❋✗⑩✶❍❏◆❱❑▼❋✶◆❉⑥◗❨✛❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✛❑▼❨●❈✶❊✣❪✇❋✶■✒①❉❋❀⑩✩❫❬◆❴❫❬■⑤Þ
①❉❋✯⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆✾❰✐❩❩✦❊❲❖Ð❃❽❦⑩✶❋✦⑦❖■❉⑥☎❪✇❋✶❨●❲✪❋✜❑q■❉◆❉❋✯⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✒⑦❖■❴❫❬◆❖❑▼⑥❶❑❼❫❸❑▼⑥❶❚❏❋✯❫✩❚❏❋✶⑩✦P◗❋✶❊
⑩✩❫❬P◗⑩✶■❉P◗❊❹▼ ❭❏❭⑤❽⑦☛❯❘❏❭✆❖ ➈ ❿q❫❬◆❉❊✏P➃❫⑩✥❴❾❏■❉❨●❋✠☛ ➈ ❩✕❲❉❽☞❍❏◆✖❚❏❍❏⑥❶❑✏⑩✶P➃❫❬⑥◗❨●❋✶❲✪❋✶◆❱❑✗P✱✒ ❫❬■❉❾❏❲✪❋✜◆❖❑❼❫❸❑▼⑥❶❍❏◆✖①❉■❳❉❨●■❉⑥❶❑q①❴❫❬◆❉❊qP✱✒ ⑨✜❑❼❫❸❑➀❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨❀❪❴❫❬❨q❨▼❫❬❪❉❪❦❍❏❨❺❑✤✦✵P✱✒ ⑨✜❑❼❫❸❑q◆❉❍❏❨●❲✵❫❬P✐❽❴❋✜❑✗❫❬⑥◗◆❉❊●⑥☎P✱✒ ❫❬⑩❃➇
⑩✶❍❏❨●①✒❋❃Þ▲⑩✶❋✶P◗P◗❋✶◆❱❑Ù❋✶◆❱❑▼❨●❋✗P◗❋✶❊✣①❉❍❏◆❉◆❉⑨✶❋✶❊Ù❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P❶❋✶❊✣❋✜❑ÙP➃❫✦❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆✟❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋ ➈
➝✯♠✕qrt➁❧❩♣✺③④❦r⑤❩➈✉❹✁♠♦❶➂➛❏t◗⑨●❹✁t◗❦rs✎♥❏➙✺❶➂♠♦❹◆❦❏❧

❇Ù⑨✶❾❏P◗⑥◗❾❏❋✩❫❬◆❱❑➄P✱✒ ❋✜✲✮❋✜❑➄①❉❋✝❪❉❨●❍❯Þ▲⑥◗❲✪⑥ ❑▼⑨✸❪❉❨●❈✶❊✪①❉❋✶❊✪⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ❻ ❇✏❽③❍❏◆ ❪❦❋✶■▲❑✵①❉⑨✶①❉■❉⑥◗❨●❋
P◗❋❀❳❉❨●■❉⑥❶❑✣❪✇❍❏■❉❨✛P◗❋q❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑Ù⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑➀❫✩❚❱❋✶⑩✗■❉◆✒❲✪❍⑤①❉❈✶P◗❋q❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋◆▼ ❩◆☛❬❽⑧✌✎✌✆❖ ➈❇Ù❍❏■❉❊✽❫✩❚❱❍❏◆❉❊✤❚⑤■✸①❴❫❬◆❉❊✷P➃❫✗❊●❋✶⑩✜❑▼⑥◗❍❏◆✹☛ ➈ ❩✗⑦❖■❉❋➀P➃❫❚✔➼❍❬❨▼❲➄❋Ù①❉❋➀P➃❫✤✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✵①❉❋➀①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✗P✱✒ ❫❬❲✪❪❉P❶⑥ ❑▼■❉①❉❋❀①❉■✉❳❉❨●■❉⑥❶❑✗➬❴❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑➀P◗❋✶❊✣⑨✜❑❼❫❸❑▼❊Ù❫❯❚❏❋✶⑩

f 6= 0
❍❏■

1
⑩✶❍❏◆❱❑▼❨●⑥ ➇

❳❉■❉❋✶◆❱❑q❫❬■⑤Þ☞✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊ ➈❹✷❍❏◆❉❊●⑥◗①❉⑨✶❨●❍❏◆❉❊✉①✓✒ ❫❬❳✇❍❏❨●①♠P➃❫✾❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆✭❊▼❫❬◆❉❊✉⑥◗◆❖❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✝⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊ ➈ ②☎❍❏■❉❨✒■❉◆❉❋➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❯❇✳❇✳❇✏❽❴P➃❫✧✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟①❉❋✗①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❬◆
f
❫✦P➃❫✧✔➼❍❏❨●❲✪❋❀①✓✒ ■❉◆❉❋✗①❉❍❏■❉❳❉P◗❋❀❲✵❫❬❨●⑩❼❇❉❋

❫✩❚❱❋✶⑩✗■❉◆✒❪❉P➃❫❸❑▼❋✩❫❬■✝①❉❋✗P➃❫❬❨●❾❏❋✶■❉❨
eV

❰➁✥❴❾❏■❉❨●❋✵☛ ➈ ❭❱Ð ➈ ❷☞❍❏❨●❊●⑦❖■✓✒ ■❉◆✉❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨✣❋✶❊❺❑Ù❨●❋✶❲✪❪❉P➃❫❬⑩✶⑨
▼✎▼



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❏■▲❑ ➍ ❜❯❤❦❥✥❞❯➺ ➤ ❜✜❢☞➎ ➵⑤❞ ➤ ❞ ➥❱➤ ➺✥❝❡➴☞➧☎➦

ã⑦⑥⑨⑧✛✃➨☛ ➈ ❩❬❭ ⑩ ❿➀⑥❶❚❏❋✶❨●❾❏❋✶◆❉⑩✶❋➱①❉❋ P➃❫
⑩❼❇❴❫❬❨●❾❏❋ ❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋ ✦ ❳❴❫❬❊●❊●❋ ❑▼❋✶◆⑤➇
❊●⑥◗❍❏◆✡①❴❫❬◆❉❊Ï■❉◆❉❋➟➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❑▼■❉◆❉◆❉❋✶P
❇Ù❳④❇❅❿❏⑧✒❾➂➣❚❿✰❇Ù❳④❇ ❫❯❚❏❋✶⑩✙①❉❋✶❊ ❑▼❨●❍❏■❉❊
①❴❫❬◆❉❊✲P➃❫ ❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ▼ ❲❱❩☛❖ ➈ ❷☞❋➟❑▼❨▼❫❬⑥❶❑
⑩✶❍❏◆❱❑▼⑥◗◆⑤■ ❋✶❊❺❑✾■❉◆ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑➐❑▼❇❉⑨✶❍❸➇
❨●⑥◗⑦❖■❉❋✗❋✶◆✒■▲❑▼⑥◗P◗⑥◗❊▼❫❬◆❱❑✛■❉◆✒❲✪❍⑤①❉❈✶P◗❋q❊▼❋✜❲✪⑥ ➇
⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋➫⑦❖■❉⑥➀❚❏⑨✶❨●⑥❋✥❴❋

q(V ) ∼ 1/V❪✇❍❏■❉❨
eV < 2∆ ➈ ②☎❍❏■❉❨❀①❉❋✶❊❀❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊

eV > 2∆
❽☞P➃❫✟⑩❼❇❴❫❬❨●❾❏❋❅❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❋❅❋✶❊❺❑

e ➈ ➅③◆✝⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✔❽▲P◗❫✦⑩❼❇❴❫❬❨●❾❏❋❀❪✇❍❏■❉❨■❉◆❉❋✏➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆
Nb/AlOx/Nb

⑦❖■❉⑥✽◆❉❋
❪❉❨●⑨✶❊●❋✶◆❱❑▼❋❅❪❴❫❸❊➀①❉❋✏❑▼❨●❍❏■❉❊➀①❴❫❬◆❉❊➀P➃❫➄❳❴❫❬❨➔➇
❨●⑥◗❈✶❨●❋ ➈

ã⑦⑥⑨⑧✛✃✺☛ ➈ ❩✕❲❢⑩☞❂✷❨●■❉⑥❶❑✣❋✶◆✉⑩✶❍❏■❉❨▼❫❬◆❱❑➀①❴❫❬◆❉❊■❉◆✦⑩✶❍❏◆❱❑❼❫❬⑩✜❑✍❪❦❍❏◆❉⑩✜❑▼■❉❋✶P❉❫❸❑▼❍❏❲✪⑥❶⑦❖■❉❋✷❫✩❚❏❋✶⑩
❑▼❨●❍❏⑥◗❊✪⑩✩❫❬◆❴❫❬■⑤Þà①❉❋✉⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆à❆

i =
{0.40, 0.27, 0.03} ❋✶◆ ✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ①❉❋
P➃❫♣❑▼❋✶◆❉❊●⑥◗❍❏◆à❫❬❪❉❪❉P❶⑥◗⑦❖■❉⑨✶❋➣▼ ❭❱❩☛❖ ➈ ❷☞❋✶❊➄❑▼❨●⑥ ➇❫❬◆❉❾❏P◗❋✶❊✍❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✩◆❱❑✤P➃❫q❲✪❋✶❊●■❉❨●❋✛①❴❫❬◆❉❊
P✱✒ ⑨✜❑❼❫❸❑ ◆❉❍❏❨●❲✵❫❬P➄❋✜❑➐P◗❋✶❊ ⑩✶❋✶❨●⑩✶P◗❋✶❊➐①❴❫❬◆❉❊
P✱✒ ⑨✜❑❼❫❸❑✪❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈ ❷☞❋✶❊✪❑▼❨▼❫❬⑥❶❑▼❊⑩✶❍❏◆❱❑▼⑥◗◆⑤■❉❊Ù❊●❍❏◆❱❑➀P◗❋✶❊Ù❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❉❊✛❑▼❇❉⑨✶❍❸➇
❨●⑥◗⑦❖■❉❋✶❊ ➈ ❷⑦✒ ⑥◗◆❉❊●❋✶❨❺❑✰❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✤P➃❫✽⑩✩❫❬❨▼❫❬⑩✜❑▼⑨❃➇❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋ ✖ ❰➁▲✗Ð✤①❴❫❬◆❉❊✛P✱✒ ⑨✜❑❼❫❸❑✛❊●■❉❪❉❨▼❫❬⑩✶❍❏◆⑤➇①❉■❉⑩✜❑▼❋✶■❉❨✸⑦❖■❉⑥➀❪✇❋✶❨●❲✪❋✜❑✸①✓✒ ❋❃Þ⑤❑▼❨▼❫❬⑥◗❨●❋✉P◗❋✶❊
❑▼❨▼❫❬◆❉❊●❲✪⑥◗❊●❊●⑥◗❍❏◆❉❊✛①❉❋✶❊✣⑩✩❫❬◆❴❫❬■⑤Þ➣▼❉☛❣❩✰P✆❖ ➈

❪❴❫❬❨➀■❉◆✖❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩❃❑❼❋✜■❴❨✪❰ ➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇✳❇qÐ❃❽✮P➃❫❩✔➼❍❏❨●❲✪❋✯❋✶❊❺❑❀P➃❫✵❲❩■✶❲✪❋❬❽✇❲✵❫❬⑥◗❊➀P➃❫✪P➃❫❬❨➔➇
❾❏❋✶■❉❨✶❽⑤❋✜❑✽①❉❍❏◆❉⑩qP◗❋Ù❳❉❨●■❉⑥❶❑✩❽⑤①❉❍❏■❉❳❉P◗❋✶◆❱❑✗❰➁✥❴❾❏■❉❨●❋✧☛ ➈ ☛❯❙❱Ð ➈ ❿q❫❬◆❉❊✽P◗❋✶❊✰➷❺❍❏◆❉⑩❃❑❼⑥❶❍❏◆❉❊ ❻ ❇ ❻ ❽▲P◗❋Ù❪❉❨●❍❸➇⑩✶❋✶❊●❊●■❉❊➹①❉❋Ù⑧✒➆q➁ ⑩✶❍❏◆❉①❉■❉⑥❶❑❨✦q■❉◆❉❋✷✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✦①❉❋✛①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✦❫✩❚❱❋✶⑩✛❪❉P◗■❉❊●⑥◗❋✶■❉❨●❊✍❲✵❫❬❨●⑩❼❇❉❋✶❊
⑦❖■❉⑥☞❋✶❊❺❑Ù⑨✜❑❼❫❬P◗⑨✶❋✗❊●■❉❨✣■❉◆✒⑥❶◆❖❑▼❋✶❨❺❚❸❫❬P◗P◗❋➄❰

2∆ + eV
Ð❀❰➼⑩✜✔ ➈ ✥❴❾❏■❉❨●❋✵☛ ➈ ❩✎▼❏Ð ➈❷✰❫✧✔➼❍❏❨●❲✪❋q①❉❋❀P➃❫❈✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟①❉❋❀①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✟❫✦⑨✜❑▼⑨✗⑨✜❑▼■❉①❉⑥◗⑨✶❋❀❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P◗❋✶❲✪❋✶◆❱❑✛❪❴❫❬❨

②③⑥◗❋✶❨●❨●❋✉❋✜❑✝❫❬P ➈ ①❴❫❬◆❉❊✸①❉❋✶❊✯➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✵➆➀P➁❿❸➆➀❾➂❿❸➆➀PÙ①✓✒ ■❉◆❉❋➫P◗❍❏◆❉❾❏■❉❋✶■❉❨✵①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆ 5µm▼❉☛✎☛✎☛✉❖ ➈❏✖ P◗❊➀❍❏◆❱❑q①❉⑨✶❪✇❍❏❊●⑨✦■❉◆❉❋Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒❑▼■❉◆❉◆❉❋✶P✥❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨❀❊●■❉❨qP➃❫✪❪❴❫❬❨❺❑▼⑥◗❋✏◆❉❍❏❨➔➇❲✵❫❬P◗❋Ù①❉❋qP✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❬◆✵❋✜❑✛❲✪❋✶❊●■❉❨●⑨q❊▼❫✦⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❀①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P◗❋
dI/dV ➈ ➅③◆✟❊●■❉❪⑤➇❪❦❍❏❊▼❫❬◆❖❑✦P➃❫✉①❉❋✶◆❉❊●⑥❶❑▼⑨✸①✓✒ ⑨✜❑❼❫❸❑▼❊✦①❴❫❬◆❉❊✦P◗❋❩✥❴P✤◆❉❍❏❨●❲✵❫❬P✤⑩✶❍❏◆❉❊❺❑❼❫❬◆❱❑▼❋✣ï✓➆❯❽

dI/dV
❋✶❊❺❑❅①❉❍❏◆❉◆❉⑨✶❋

❪❴❫❬❨✣P➃❫➄⑩✶❍❏◆❱❚❏❍❏P◗■▲❑▼⑥◗❍❏◆✒①❉❋✏P➃❫➄①❉⑨✶❨●⑥❶❚❏⑨✶❋✯①❉❋✏P➃❫➄①❉❋✶◆❉❊●⑥❶❑▼⑨✏①✓✒ ⑨✜❑❼❫❸❑▼❊Ù①❉■♣❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨➀❋✜❑
①❉❋✸P➃❫✠✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆➐①❉❋✸①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆ ①❴❫❬◆❉❊✦P◗❋❊✥❴P ➈ ❷✰❫✁✥❴❾❬■❉❨▼❋✹☛ ➈ ❩❬❙✉❲✪❍❏◆❱❑▼❨●❋✸P◗❋✵❨●⑨✶❊●■❉P❶❑❼❫❸❑❪❦❍❏■❉❨✣■❉◆❉❋✤✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✝①❉❋✗①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✟❫❬❪❉❨●❈✶❊Ù①❉⑨✜⑩✶❍❏◆❖❚❏❍❏P◗■▲❑▼⑥◗❍❏◆ ➈
ÿ ➊ Ï❃✃❃❮◗❮✱✃r❰◗❒♦à♦à✰Ô✣❰◗➹ ❮✱➹ Ô✜➘✷➘❁❬ ✃❬❰✉❮❏à♦× ❒✕❰⑧Ý➀➚➶×Ø➚➶❐♦× ✃✺➚➶❒✏✒✢❐✕➚✜❰✱❰◗✃❬❰✗❮✱✃➌➘✕❰◗➹ Ô✜➘✕❰④à✰Ô✜❒♦➬⑧× ✃❬❰✌❪✣❒♦✃➌× × ✃❬❰④×❽❬ ✃✓➾✎✃❃❮✓➴✍✃★à♦➬✱Ô✜✒✍➹ ê➪✷➹ ❮✌✔✤➪✷Ô♦➴✮➹ ❵♦✃✤× ➚✯➴✍✃➌➘✕❰◗➹ ❮✌✔❚➴❭❬ ✔❃❮Ñ➚➀❮Ñ❰➌➮❏Ï❃✃➭❪✣❒♦➹✺× ➹ ➪✷➹ ❮✱✃❚×Ø➚✯Ò✣➚➶➪✷➪✷✃✤➴✍✃❅❮✱✃➌➘✕❰◗➹ Ô✜➘☞➴♦➚➶➘✕❰❱×❽❬ ✃✓✒✍à♣✔➌➬✱➹ ✃➌➘✕Ï❃✃♠❛

eV & ∆

▼❬❙
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➅③◆ ❚⑤■❉❋✵①❉❋✵P✱✒ ⑨✶P➃❫❬❨●❾❏⑥❶❊●❊●❋✶❲✪❋✶◆❱❑✯①❉❋✪P✱✒ ⑥◗◆❖❑▼❋✶❨❺❚❸❫❬P◗P❶❋➄①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✪❪✇❍❏■❉❨✏P◗❋✶⑦❖■❉❋✶P
f 6= 0
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eV = 3∆
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(eV )2Weexp
( ∆

kBTe

)

= kBTe∆
(

1 +
kBTe

∆

)

.
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❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✪①❉❋❊✔❡❫✕✙✶❍❏◆➐P◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋❬❽☞⑩✶❍❏❲✪❲✪❋✪①❉⑨✶⑩✶❨●⑥❶❑✯❪❴❫❬❨✯P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✂❰❃☛ ➈ ✏✎▼❬Ð ➈ ❹✷❋✸❨●⑨✶❾❏⑥◗❲✪❋

▼✰P



■▲❑✁�✛❑✥➸ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞✵❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜☛í④➎ ➵❱❢❸❤❦➩✽❥ ➤ ❜✮➎ ❤❦➩✼í❴❞❯➧✥➺✥❜❯❤ ➥❱➤ ❥✥➨✥➧ ➥ ❢❯➦⑤➧✥❜

ã⑦⑥⑨⑧✛✃❭☛ ➈ ❩✎✏◆⑩ ❻ ⑩❃❇❉⑨✶❲✪❫✟①❉■➫⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋❃➇❲✪❋✶◆❖❑✉①❉■♠❳❉❨●■❉⑥❶❑✉❫❸❑●❑▼❋✶◆❉①❉■➻①❴❫❬◆❉❊✉■❉◆❉❋
➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✦❋✶◆✹✔➼❍❏◆❉⑩❃➇
❑▼⑥◗❍❏◆✸①❉❋qP➃❫✗❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ➆ ✔➼❍❏❨❺❑▼❋Ù❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽
P➃❫ ①❉❋✶◆❉❊●⑥❶❑▼⑨ ❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋➐❫❬■❉❾❏❲✪❋✶◆❱❑▼❋ ①❉❋
✔❡❫✰✙✶❍❏◆✭P◗⑥◗◆❉⑨✩❫❬⑥◗❨●❋♣❫❬P◗❍❏❨●❊✸⑦❖■❉❋➫P◗❋✶❊✟⑥◗◆❖❑▼❋✶❨➔➇
❫❬⑩✜❑▼⑥◗❍❏◆❉❊ ⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊ ❊●❍❏◆❖❑ÿ❨●❋✶❊●❪✇❍❏◆⑤➇
❊▼❫❬❳❉P◗❋✶❊Ù①❉❋✯P◗❫➄①❉⑥◗❲✪⑥◗◆❖■▲❑▼⑥❶❍❏◆✝①❉■✉❳❉❨●■❉⑥❶❑✳✦
✔❡❫❬⑥◗❳❉P◗❋➀❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈
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❋✶❊❺❑③❫❬❪❉❪❦❋✶P◗⑨⑦✼ä❊▼❫❬◆❉❊✥⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❏◆❉❊❃✾❨✦Ù⑩✩❫❬■❉❊●❋✷①❉❋✤P✱✒ ❫❬❳❉❊●❋✶◆❉⑩✶❋✷①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊☎⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊ ➈ ➅③◆❳❴❫❬⑥◗❊●❊▼❫❬◆❱❑➹P➃❫➀❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽
Leff

❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✛❋✜❑➹P◗❋✽❳❉❨●■❉⑥❶❑③❨●❋✶◆❱❑▼❨●❋✣①❴❫❬◆❉❊③P◗❋✽❨●⑨✶❾❏⑥◗❲✪❋❆✼ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊
⑩❼❇❴❫❬■❉①❉❊❃✾❼❽❴①❉⑨✶⑩✶❨●⑥❶❑✣❪❴❫❬❨✛P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ë❰❃☛ ➈ ✏❬❙❱Ð❃❽❉⑦❖■❴❫❬◆❉①✝❋✶P◗P◗❋q①❉❋✜❚⑤⑥◗❋✶◆❖❑✣①❉❋✗P✱✒ ❍❏❨●①❉❨●❋❀①❉❋ Lin ➈ ➆
V = 0

❽✮P➃❫✪❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✦⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✦❨●❋➔➷❺❍❏⑥◗◆❱❑qP➃❫✪❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋❅①✓✒ ⑨✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●❋✯❋✜❑❀❍❏◆
❍❏❳❉❊●❋✶❨❺❚❏❋✤P◗❋✍❳❉❨●■❉⑥❶❑✥ú❬❍❏❇❉◆❉❊●❍❏◆⑤➇❃❇✣④⑤⑦❖■❉⑥◗❊❺❑✩❽❯⑩✜❍❏❲✪❲✪❋③P◗❋✍①❉❋✶❲✵❫❬◆❉①❉❋③P◗❋✍❑▼❇❉⑨✶❍❏❨●❈✶❲✪❋❭✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆⑤➇
①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆ ➈
☞ ❧♦qr♣✺❹◆⑤☞❹✑➇★⑥⑦❶➂♠✕t◗⑨●❹◆❦❏❧✍③④➈✉❹◆⑤♣➄ ✶Ù❍❬❊▼❊❀❋✜❑✏❫❬P ➈ ❍❏◆❱❑❀⑨✜❑▼■❉①❉⑥◗⑨❅P◗❋✦❳❉❨●■❉⑥❶❑❀①❴❫❬◆❉❊✗①❉❋✶❊❀⑨✶⑩❼❇❴❫❬◆⑤➇❑▼⑥◗P◗P❶❍❏◆❉❊ ❻ ❇ ❻ ①❉⑥❋✲✮■❉❊●⑥❋✔➼❊◆▼ ❙✰❲✆❖ ➈ ❿q❫❬◆❉❊✏①❉❋✶❊✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊❚❇Ù❳⑧❿❸➆➀■⑧❿✰❇Ù❳ë①✓✒ ■❉◆❉❋✪P◗❍❏◆❉❾❏■❉❋✶■❉❨❀①❉❋
2µm

❽③P◗❋✝❨●⑨✶❾❏⑥◗❲✪❋❊✼ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊➄⑩❼❇❴❫❬■❉①❉❊❃✾✒❊✣✒ ⑨✜❑❼❫❬P◗❋✝❊●■❉❨❅❑▼❍❏■▲❑▼❋✝P➃❫➫❾❱❫❬❲✪❲✪❋✟①❉❋✟❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊
⑨✜❑▼■❉①❉⑥◗⑨✶❋❬❽❴⑩✩❫❬❨✛P◗❋q❾❱❫❬❪✝①❉■✁❇Ù❳ ❰

1, 3meV
Ð❃❽❉❋✜❑✣①❉❍❏◆❉⑩✗P➃❫✦P◗❍❏◆❉❾❏■❉❋✶■❉❨✛❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋❬❽❴❊●❍❏◆❱❑✣❑▼❨●❈✶❊

⑨✶P◗❋✜❚❏⑨✶❊ ➈ ➅③◆♣❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽✮①❴❫❬◆❉❊➀①❉❋✶❊✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊Ù➆➀P➁❿❏❹✷■⑧❿❸➆➀P✐❽❴①❉❋✶■⑤Þ✁✔➼❍❏⑥◗❊Ù❪❉P◗■❉❊Ù⑩✶❍❏■❉❨❺❑▼❋✶❊q❋✜❑
❫✩❚❱❋✶⑩➄■❉◆ë❾❱❫❬❪✖❊●❋✶❪▲❑❈✔➼❍❏⑥◗❊❀❲✪❍❏⑥◗◆❉❊q⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑✩❽✮P◗❋❅❳❉❨●■❉⑥❶❑✏❫❬■❉❾❏❲✪❋✶◆❱❑▼❋❅①❉❋✵✔❡❫✰✙✶❍❬◆ëP◗⑥◗◆❉⑨✩❫❬⑥◗❨❺❋
①❴❫❬◆❉❊✗P◗❋❅❨●⑨✶❾❏⑥◗❲✪❋

eV > ETh ≈ 5µeV
▼❉☛❯❭✎P✆❖ ➈ ❹✷❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✩❽✰P➃❫✟❪❦❋✶◆❖❑▼❋➄❊●❋✶❲✦❳❉P◗❋➄⑩✶❍❏❲❅➇❪❴❫❸❑▼⑥◗❳❉P◗❋✗❫✩❚❏❋✶⑩✯P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰❃☛ ➈ ✏✎▼❏Ð✽❊●❋✶■❉P❶❋✶❲✪❋✶◆❖❑✳✦➄①❉❋✶❊Ù❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊ eV > ∆

❽❦⑩✜✔ ➈ P➃❫✯✥❴❾❏■❉❨●❋☛ ➈ ❩✰P ➈ ❷☞❋➄⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑❈✦❊✔❡❫❬⑥◗❳❉P◗❋✯❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽✔①❴❫❬◆❉❊❀P◗❋✦❨●⑨✶❾❏⑥◗❲✪❋✦⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✩❽☞❋✶❊❺❑✏❲✪❍❏⑥◗◆❉❊⑨✜❚⑤⑥◗①❉❋✶◆❱❑⑦✦➀❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨ ➈ ❷☞❋✶❊✥①❉❍❏◆❉◆❉⑨✶❋✶❊✍❋❃Þ▲❪✇⑨✶❨●⑥◗❲➄❋✶◆❖❑❼❫❬P◗❋✶❊❷✦ T = 500mK
❲✪❍❏◆❱❑▼❨●❋✶◆❖❑✥■❉◆❉❋

P➃❫❬❨●❾❏❋✪①❉⑥◗❊●❪✇❋✶❨●❊●⑥◗❍❏◆➐❪✇❍❏■❉❨
eV < ETh

❽☎⑩✜✔ ➈ ✥❴❾❏■❉❨●❋✹☛ ➈ ❩✰✌ ➈ ➅③P◗P◗❋✶❊✯❊●❋✶❲✦❳❉P◗❋✶◆❱❑❅◆❉⑨✩❫❬◆❉❲✪❍❏⑥❶◆❉❊⑩✶❍❏◆✗✥❴❨●❲✪❋✶❨✍■❉◆❉❋✛①❉⑥❶❚❱❋✶❨●❾❏❋✶◆❉⑩✶❋✛①❉❋✛P➃❫➀⑩❼❇❴❫❬❨●❾❏❋✛❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋
q∗ = SI/2I

✦q❪❦❋✶■✪❪❉❨●❈✶❊③❪❉❨●❍❏❪✇❍❬❨❺➇
❑▼⑥◗❍❏◆❉◆❉❋✶P◗P◗❋✧✦

1/V ➈ ➆ ❪❉P◗■❉❊➀❳❴❫❬❊●❊●❋✦❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊✶❽✮■❉◆➫P➃❫❬❨●❾❏❋✯❪❉⑥◗⑩✯❊●❋❅①❉⑨✜❚❏❋✶P◗❍❏❪❉❪❦❋❅①❴❫❬◆❉❊
P◗❋➀❳❉❨●■❉⑥❶❑✛❫❬■▲❑▼❍❏■❉❨✽①❉❋

V = 3µV
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❲✪❋✶◆❱❑❼❫❬■⑤Þ✮❽q❍❏◆➻❚❱❍❏⑥❶❑➫⑦❖■❉❋

q∗
①❉⑥❶❚❏❋✶❨●❾❏❋
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T ≥ 2, 5K
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❻ ❇✂❋✶◆✵❊●⑨✶❨●⑥◗❋Ù❋✜❑✤⑩❃❇❉❋✶❨●⑩❼❇❉⑨❅✦✗❲✪❋✜❑●❑▼❨●❋✣❋✶◆✵⑨✜❚⑤⑥◗①❉❋✶◆❉⑩✶❋➀P◗❋✛①❉❍❏■❉❳❉P◗❋✶❲✪❋✶◆❖❑✤①❉■✪❳❉❨●■❉⑥❶❑ ➈ ➅③◆✵❋✜✲✮❋✜❑✩❽■❉◆❉❋✵❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✖①❉■ë❳❉❨●■❉⑥❶❑✯❫✝⑨✜❑▼⑨✪❍❏❳❉❊●❋✶❨❺❚❱⑨✶❋❬❽☎⑦❖■❉⑥➹◆❉❋✪⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❴❫❬⑥❶❑✏⑩✶❋✶❪✇❋✶◆❉①❴❫❬◆❱❑
❪❴❫❬❊❱✦✯■❉◆✟①❉❍❏■❉❳❉P❶❋✶❲✪❋✶◆❖❑ ➈ ➆♠⑩✶❋✷➷❺❍❏■❉❨✶❽⑤◆❉❍❏■❉❊✽❪❦❍❏■▲❚❱❍❏◆❉❊✽❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨✽⑩✶❋✜❑●❑▼❋❀❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆
❪❴❫❬❨✏P✱✒ ⑨✶P◗⑨✜❚❬❫❸❑▼⑥◗❍❏◆ë①❉❋✵P➃❫✝❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✵①❉❋✶❊✯⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✦⑩✶❍❏◆✗✥❴◆❉⑨✶❊✦❋✶◆❱❑▼❨●❋✸P◗❋✶❊✯❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊
❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊ ➈

❙❏❘



✢ ✣ ❛✥✤ ✂❏✝✝þ✒ü ✓

✔ ✂★✟ ✤ ➤➨✟☞✂❏✝✠✂✖✕ ü✘✗ ✤ ✧ÿþ✁✂☞ý ü✬☎✞✝ ❛ ❡

↔◆✪✬✩ ✭ ✎✦✁☞☛✥✕✵✆✝✄✝✢✤✁✰✧✜✕✯✎

➅③◆ ❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋❬❽✽⑥◗Pq❋✶❊❺❑✒⑥◗◆❉①❉⑥◗❊●❪❦❋✶◆❉❊▼❫❬❳❉P◗❋➫⑦❖■❉❋✖P◗❋➫❳❉❨●■❉⑥❶❑✟❪❉❨▼❍❬❪❉❨▼❋➫①❉■ ①❉⑥◗❊●❪❦❍❏❊●⑥❶❑▼⑥❋✔✏❋❃Þ❖➇
❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P✛❊●❍❏⑥❶❑✪⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨✪❫❬■ÿ❳❉❨●■❉⑥❶❑✸ú❬❍❏❇❉◆❉❊●❍❏◆⑤➇❃❇✣④⑤⑦❖■❉⑥◗❊❺❑✸①❉❋✉P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆ ➈ ➣q❨✶❽③P◗❋❳❉❨●■❉⑥❶❑✦ú❬❍❏❇❉◆❉❊●❍❏◆⑤➇❃❇✣④⑤⑦❖■❉⑥◗❊❺❑✦❋✶❊❺❑✯⑥◗◆❖❚❏❋✶❨●❊●❋✶❲✪❋✶◆❱❑✯❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P❨✦✒P➃❫✟❨●⑨✶❊●⑥◗❊❺❑❃❫❸◆❉⑩✶❋✵⑦❖■❴❫❬◆❉①
❍❏◆➫P✱✒ ❋❃Þ▲❪❉❨●⑥◗❲✪❋✏❋✶◆✻✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊q①❉❋✦⑩✶❍❏■❉❨▼❫❬◆❱❑✪❰➼⑩✜✔ ➈ P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✾❰❃☛ ➈ ▼❏Ð●Ð❃❽✮❫❬P◗❍❏❨●❊➀⑦❖■✓✒ ⑥◗P✥❋✶❊❺❑①❉⑥◗❨●❋✶⑩✜❑▼❋✶❲✪❋✶◆❱❑➀❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P✺✦✪P➃❫➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✏⑦❖■❴❫❬◆❉①♣❍❏◆✉P✱✒ ❋❃Þ▲❪❉❨●⑥◗❲✪❋✗❋✶◆✠✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆
①❉❋❅❑▼❋✶◆❉❊●⑥◗❍❏◆✾➬

SV = 4kBTR ➈ ②☎❍❏■❉❨✗⑩✶❋✜❑●❑▼❋➄❨▼❫❬⑥◗❊●❍❏◆✔❽✮P◗❋❅⑩❼❇❉❍❏⑥ Þ➫①❉❋➄P➃❫✵❑▼❋✶⑩❼❇❉◆❉⑥◗⑦❖■❉❋➄❪✇❍❏■❉❨❲✪❋✶❊●■❉❨●❋✶❨✣P◗❋❀❳❉❨●■❉⑥❶❑✣①✓✒ ■❉◆✒⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆✟❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✗①❉⑨✶❪✇❋✶◆❉①✉①❉❋✗❊▼❫➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋ ➈❷☞❋✶❊✦❲✪❋✶⑥◗P◗P❶❋✶■❉❨●❋✶❊✯❪✇❋✶❨➌✔➼❍❏❨●❲✵❫❬◆❉⑩✶❋✶❊✦⑦❖■❉❋✸P✱✒ ❍❏◆➐❍❏❳▲❑▼⑥◗❋✶◆❱❑✦❪✇❍❏■❉❨✦■❉◆❉❋✸❲✪❋✶❊●■❉❨●❋✸①❉❋✸❳❉❨●■❉⑥❶❑✦❋✶◆
❑▼❋✶◆❉❊●⑥◗❍❏◆ ❊●❍❏◆❱❑✯①❉❋✪P✱✒ ❍❏❨●①❉❨●❋➄①❉❋

(100 pV )2/Hz
➇➀P➃❫✸❑❼❋✜⑩❃❇❉◆❉⑥◗⑦❖■❉❋✪⑨✶❪❉❨●❍❏■▲❚❱⑨✶❋✵⑩✶❍❏◆❉❊●⑥◗❊❺❑▼❋❊✦

■▲❑▼⑥◗P◗⑥❶❊●❋✶❨✽①❉❋✶■⑤Þ✒❫❬❲✪❪❉P◗⑥❉✥❴⑩✩❫❸❑▼❋✶■❉❨●❊✽①❉❋q❑▼❋✶◆❉❊●⑥◗❍❏◆✝❋✜❑✛①❉❋✗⑩✩❫❬P◗⑩✜■❉P◗❋✶❨✽P◗❋✶❊✛⑩✶❍❏❨●❨●⑨✶P➃❫❸❑▼⑥◗❍❏◆❉❊✷⑩✶❨●❍❏⑥◗❊●⑨✶❋✶❊
❪✇❍❏■❉❨✽⑨✶P◗⑥◗❲✪⑥❶◆❉❋✶❨✷P◗❋✶❊✛❳❉❨●■❉⑥❶❑▼❊✽❪❉❨●❍❏❪❉❨●❋✶❊Ù❫❬■⑤Þ✝❫❬❲✪❪❉P❶⑥❋✥❴⑩✩❫❸❑▼❋✶■❉❨●❊♠▼ ▼❬❭☛❖ ➈ ②☎❍❏■❉❨✛P◗❋✶❊✛❲✪❋✶❊●■❉❨●❋✶❊✛①❉❋❳❉❨●■❉⑥❶❑➀❋✶◆♣⑩✶❍❏■❉❨▼❫❬◆❖❑✩❽✇⑥◗P✰❋✶❊❺❑q❪✇❍❏❊●❊●⑥◗❳❉P◗❋✏①❉❋✯①❉⑥◗❲✪⑥◗◆❖■❉❋✶❨ÙP◗❋✏❳❉❨●■❉⑥❶❑➀⑥◗◆❱❑▼❨●⑥◗◆❉❊●❈✶⑦❖■❉❋✯①❉■♣①❉⑥◗❊●❪✇❍❏❊●⑥ ➇
❑▼⑥❋✔➹❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P❦➷❺■❉❊●⑦❖■✓✒ ✦✝■❉◆➫◆❉⑥❶❚❏❋✩❫❬■✖①❉❋✦P✱✒ ❍❏❨●①❉❨●❋✦①❉❋

(2 pA)2/Hz
▼❉☛❯❭❏❙☛❖ ➈ ➆ ❪❴❫❬❨❺❑▼⑥◗❨

①❉❋✵⑩✶❋✶❊✏❚❬❫❬P◗❋✶■❉❨●❊✶❽✰❍❏◆➐❪❦❋✶■▲❑✦⑩✩❫❬P◗⑩✶■❉P◗❋✶❨✏P◗❋✜❊✯❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊✯⑨✶⑦❖■❉⑥❶❚❬❫❬P◗❋✶◆❱❑▼❋✶❊✯✦✒❳❴❫❬❊●❊●❋✵❑▼❋✶❲✪❪❦⑨❃➇
❨▼❫❸❑▼■❉❨●❋ ➈ ②✥❫❬❨✦❋❃Þ▲❋✶❲✪❪❉P◗❋❬❽❭✦ 100mK

❽✥❍❏◆➐❍❏❳▲❑▼⑥◗❋✶◆❖❑✸➬
RV = SV /4kBT ≈ 2000 Ω

❋✜❑
RI = 4kBT/SI ≈ 1, 5 Ω ➈ ➆➀⑥◗◆❉❊●⑥✤❪✇❍❏■❉❨✯P◗❋✶❊✯⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❉❊✏①❉❋❊✔➼❍❏❨❺❑▼❋✵⑥◗❲✪❪❦⑨✶①❴❫❬◆❉⑩✶❋❬❽☎⑥◗P❋✶❊❺❑✪❪❉P◗■❉❊✪❫❬①❴❫❬❪▲❑▼⑨✝①❉❋☞✔❡❫❬⑥◗❨●❋✟①❉❋✶❊➄❲✪❋✶❊●■❉❨●❋✶❊✪①❉❋✝❳❉❨●■❉⑥❶❑➄❋✶◆✾❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽✍❑❼❫❬◆❉①❉⑥◗❊❅⑦❖■❉❋✒❪✇❍❏■❉❨
⑩✶❋✶■⑤Þ✪①❉❋❱✔❡❫❬⑥◗❳❉P◗❋✽❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋❬❽❖P◗❋✶❊③❲✪❋✶❊●■❉❨●❋✶❊✤①❉❋✣❳❉❨●■❉⑥❶❑➹❋✶◆✪⑩✶❍❏■❉❨▼❫❬◆❖❑➹❊▼❍❬◆❖❑✤❪❉P◗■❉❊③⑥◗◆❉①❉⑥◗⑦❖■❉⑨✶❋✶❊ ➈②③■❉⑥◗❊●⑦❖■❉❋✏◆❉❍❏■❉❊✣◆❉❍❏■❉❊✣⑥◗◆❱❑▼⑨✶❨●❋✶❊●❊●❍❏◆❉❊➀❫❬■⑤Þ✝⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✽①❉⑥❋✲✮■❉❊●⑥❋✔➼❊✛①❉❋✤✔❡❫❬⑥◗❳❉P◗❋➀⑥◗❲✪❪✇⑨✶①❴❫❬◆❉⑩✶❋
❰➳❑ä④⑤❪❉⑥◗⑦❖■❉❋✶❲✪❋✶◆❖❑

1 Ω
Ð❃❽❉◆❉❍❬❑▼❨●❋❀⑩❼❇❉❍❏⑥ Þ✝❊●❋❅✔❡❫❬⑥❶❑✛◆❴❫❸❑▼■❉❨●❋✶P◗P◗❋✶❲✪❋✶◆❱❑✛❋✶◆❯✔❡❫✩❚❏❋✶■❉❨✣①✓✒ ■❉◆❉❋✗❲✪❋✶❊●■❉❨●❋

①❉❋✉❳❉❨●■❉⑥❶❑✵❋✜◆à⑩✶❍❏■❉❨▼❫❬◆❖❑✵❋✜❑✸◆❉❍❏■❉❊✸❫❬P◗P❶❍❏◆❉❊❅❚❱❍❏⑥◗❨➄⑦❖■❉❋♣P◗✒ ■▲❑❼⑥❶P◗⑥❶❊▼❫❸❑▼⑥❶❍❏◆ ①✓✒ ■❉◆ ❻✚❄ ✡ ✖ ❿ ➲ ❋✶❊❺❑❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗⑥◗❈✶❨●❋✶❲➄❋✶◆❖❑✛❳❉⑥◗❋✶◆✒❫❬①❴❫❬❪▲❑▼⑨✶❋ ➈②✥❫❬❨Ù❫❬⑥◗P◗P❶❋✶■❉❨●❊✶❽❉◆❉❍❏■❉❊Ù❫✩❚❱❍❏◆❉❊✛❚⑤■♣❫❬■✝⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋✵☛❏❽❴⑦❖■✓✒ ⑥◗P✔❋✶❊❺❑➀◆❉⑨✶⑩✶❋✶❊●❊▼❫❬⑥◗❨●❋✏①❉❋✤✔❡❫❬⑥◗❨●❋❀❪❴❫❬❊●❊●❋✶❨
■❉◆✟⑩✶❍❏■❉❨▼❫❬◆❱❑✽⑩✶❍❏◆❱❑▼⑥◗◆⑤■✸①❴❫❬◆❉❊✷■❉◆✟⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆✵❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋❬❽▲❪✇❍❏■❉❨✷❾❏⑨✶◆❉⑨✶❨●❋✶❨✽①❉■✟❳❉❨●■❉⑥❶❑
➺❃➾✮❒♦à✎✃➌➬ÑÏ❃Ô✜➘✕➴✍❒✕Ï➼❮✱➹ ➘♦Ò❣☞✚✙r➚➶➘✜❮✱❒♦➪✜✛➁➘✣❮✱✃➌➬◗Ó❉✃➌➬✱✃➌➘✕Ï❃✃❜➮r✃➌Ý✮➹ØÏ❃✃

❙✗☛



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩

①❉❋✣❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋ ➈ ❹✷❍❏❲✪❲✪❋✛◆❉❍❏■❉❊➹❚❏❍❏■❉P◗❍❏◆❉❊➹⑨✜❑▼■❉①❉⑥◗❋✶❨③①❉❋✶❊✤❊❺④⑤❊❺❑▼❈✶❲✪❋✶❊✷❲✪❋✜❑●❑❼❫❬◆❱❑➹❋✶◆❀➷❺❋✶■✪■❉◆✵❍❏■❪❉P◗■❉❊●⑥◗❋✶■❉❨●❊➀❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊✶❽✔P➃❫➄❑▼❋✶◆❉❊●⑥◗❍❏◆♣⑦❖■✓✒ ❍❏◆✉❚❬❫✪❚❱❍❏■❉P◗❍❬⑥◗❨➀❫❬❪❉❪❉P◗⑥◗⑦❖■❉❋✶❨✳✦✵P✱✒ ⑨✶⑩❼❇❴❫❬◆⑤➇
❑▼⑥◗P◗P❶❍❏◆♣❊●❋✶❨▼❫✟①❉❋➄P✱✒ ❍❏❨●①❉❨●❋✦①❉■ë❾❱❫❬❪➫❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈ ❻ ⑥③❍❏◆✖⑩✶❍❬◆❉❊▼⑥❶①❉❈✶❨●❋➄P✱✒ ❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲✝❽P◗❋q❾❱❫❬❪✝❋✜❊●❑✣①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆

200µV
❽❉⑩✶❋✗⑦❖■❉⑥✔⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①✁✦

200µA
①❴❫❬◆❉❊✛■❉◆✒⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆

①❉❋
1 Ω ➈❷☞❋❀⑩✩❫❬❇❉⑥◗❋✶❨✣①❉❋✗⑩❼❇❴❫❬❨●❾❏❋✗❪❦❋✶■▲❑➀①❉❍❏◆❉⑩✗❊●❋✗❨●⑨✶❊●■❉❲✪❋✶❨✽✦✟➬
⑩✂❳❉❨●■❉⑥❶❑ ⑥◗◆❱❑▼❨●⑥◗◆❉❊●❈✶⑦❖■❉❋ÿ①❉■ ①❉⑥◗❊●❪❦❍❏❊●⑥❶❑▼⑥❋✔✸❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P✪①❉❋ÿP✱✒ ❍❏❨●①❉❨●❋ ①❉❋ÿ⑦❖■❉❋✶P◗⑦❖■❉❋✶❊
pA/

√
Hz⑩à❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✗①❉❋✗❳❴❫❬❊●❋✗⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋❚✦

100mK⑩✂❪❦❍❏❊●❊●⑥◗❳❉⑥◗P◗⑥❶❑▼⑨➡①❉❋ ✔❡❫❬⑥◗❨●❋✻❪❴❫❬❊●❊●❋✶❨♠①❉❋✶❊♠⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊♠①❴❫❬◆❉❊ P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑❼⑥❶P◗P◗❍❏◆ ➷❺■❉❊●⑦❖■✓✒ ✦
⑦❖■❉❋✶P◗⑦❖■❉❋✶❊Ù⑩✶❋✶◆❱❑❼❫❬⑥◗◆❉❋✶❊✣①❉❋

µA✡Ù◆✦①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔❉❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P⑤❳❴❫❬❊●⑨✷❊●■❉❨✍P◗❋✤❪❉❨●⑥◗◆❉⑩✶⑥◗❪✇❋✤①❉❋✽P➃❫Ù❲➄❋✶❊●■❉❨▼❋✷✦ ❻✚❄ ✡ ✖ ❿ÿ❋❃Þ▲⑥◗❊❺❑❼❫❬⑥❶❑
①❉⑨➔➷❬✦✗❫❬■✪P➃❫❬❳✇❍❏❨▼❫❸❑▼❍❏⑥❶❨●❋✛❫✩❚❬❫❬◆❱❑✤P◗❋✛①❉⑨✶❳❉■▲❑✤①❉❋✣⑩✶❋✜❑●❑▼❋✣❑▼❇❉❈✶❊●❋❬❽❖❲✵❫❬⑥◗❊✍❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑☞➷❺■❉❊●⑦❖■✓✒ ✦✏■❉◆❉❋
❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋Ù①❉❋Ù❳❴❫❬❊●❋Ù①❉❋

1, 3K
▼ ✏❸❘▲❽⑤❙✎P☛❖ ➈ ❷☞❋✣❑▼❨▼❫✩❚❸❫❬⑥◗P❴❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✜◆❖❑❼❫❬P❴❪❉❨●⑨✶❊●❋✶◆❖❑▼⑨➀①❴❫❬◆❉❊⑩✶❋✣⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋❬❽❱⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①✸❫❬■✪①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✶❲✪❋✶◆❱❑✷❋❃❑✷✦❀P➃❫❀❲✪⑥◗❊●❋✣❫❬■✪❪❦❍❏⑥◗◆❖❑➹①✓✒ ■❉◆✪❊❺④⑤❊❺❑▼❈✶❲✪❋

①❉❋✗❲✪❋✶❊●■❉❨●❋✏❫❬◆❴❫❬P◗❍❏❾❏■❉❋q❲✵❫❬⑥◗❊✽①❴❫❬◆❉❊✣■❉◆✒⑩✶❨❺④❱❍❬❊●❑❼❫❸❑✳✦❅①❉⑥◗P◗■▲❑▼⑥❶❍❏◆ ➈

↔◆✪✜↔ ✤ ✘✈✮❣☛✥✧✦✥✏✘✽☛③✌❀✁☎✞✣✄✸☛★✧✼✆✟✧✜✚✶✄✸✁✰✧✶✕✯✎

②☎❍❏■❉❨✗❫❸❑●❑▼❋✶⑥◗◆❉①❉❨●❋✯①❉❋✶❊q❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊q①❉❋❅P✱✒ ❍❏❨●①❉❨●❋✯①❉❋
30mK

❽✮◆❉❍❏■❉❊❀■▲❑▼⑥◗P◗⑥❶❊●❍❏◆❉❊➀■❉◆
❨●⑨✜✔➼❨●⑥◗❾❏⑨✶❨▼❫❸❑▼❋✶■❉❨❱✦✦①❉⑥◗P◗■▲❑▼⑥◗❍❏◆ 3 ✶Ù❋➀➇ 4 ✶Ù❋❀⑦❖■❉⑥☞❊✣✒ ⑥◗◆❉❊●❈✶❨●❋✗①❴❫❬◆❉❊✛■❉◆✝⑩✶❨❺④❏❍❏❊❺❑❼❫❸❑✳✦ 4 ✶Ù❋❀P◗⑥◗⑦❖■❉⑥◗①❉❋ ➈➆➀■➄①❉⑨✶❳❉■▲❑✤①❉❋✣⑩✶❋✜❑●❑▼❋✛❑▼❇❉❈✶❊●❋❬❽❖P◗❋✽❨●⑨✜✔➼❨●⑥◗❾❏⑨✶❨▼❫❸❑▼❋✶■❉❨❨✦❀①❉⑥◗P◗■▲❑▼⑥❶❍❏◆❅❫❀⑨✜❑▼⑨✣⑩✶❍❏◆✚✙✶■✪❋✜❑✤❨●⑨✩❫❬P◗⑥◗❊●⑨✽①❴❫❬◆❉❊
◆❉❍❬❑▼❨●❋✸P➃❫❬❳✇❍❏❨▼❫❸❑▼❍❏⑥❶❨●❋ ➈ ❇Ù❍❏■❉❊➄❫✩❚❱❍❏◆❉❊❅❋✶◆❉❊●■❉⑥❶❑▼❋✟⑨✶⑦❖■❉⑥◗❪✇⑨✟P✱✒ ⑥◗◆❉❊●❋✶❨❺❑✪✦♣①❉⑥◗P◗■▲❑▼⑥◗❍❏◆ ①❉❋⑩✔❡❫✰✙✶❍❏◆❘✦❨●⑨✩❫❬P◗⑥◗❊●❋✶❨✽①❉❋✶❊Ù❲✪❋✶❊●■❉❨●❋✶❊✣①❉❋✗⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏❋✜❑Ù①❉❋✗❳❉❨●■❉⑥❶❑ ➈❷✰❫✏❪❴❫❬❨❺❑▼⑥◗❋✣❳❴❫❬❊●❊●❋q①❉❋➀P✱✒ ⑥◗◆❉❊●❋✶❨❺❑✤❋✶❊❺❑✽❲✪❍❏◆❱❑▼❨●⑨✶❋➀①❴❫❸◆❉❊✷P➃❫✏❪❉❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋➀❩ ➈ ☛ ➈ ❻ ■❉❨✷P➃❫✗❳❉❨●⑥◗①❉❋✦

4, 2K
❋✶❊❺❑❅❚⑤⑥◗❊●❊●⑨✝P◗❋✸⑩✩❫❬P◗❍❏❨●⑥◗❲➄❈✜❑▼❨●❋ ➈ ✡Ù◆✾⑨✶⑩✶❨▼❫❬◆ ❋✶◆✾⑩✶■❉⑥❶❚⑤❨●❋✟❪✇❋✶■▲❑✵■✜❑▼❨●❋✸❚⑤⑥◗❊●❊●⑨✝❊●■❉❨❅P◗❋

❳❦❍❏■❉⑥◗P◗P◗❋✶■❉❨q❪❦❍❏■❉❨✏❫❸❳❉❊▼❍❬❨▼❳❦❋✶❨✗P◗❋❅❨▼❫✩④❏❍❏◆❉◆❉❋✶❲✪❋✶◆❖❑
4K ➈ ❷☞❋❅❑▼❋✶❲✪❪❉❊❀❪✇❍❏■❉❨❀■❉◆ë❨●❋✜✔➼❨●❍❏⑥◗①❉⑥◗❊●❊●❋❃➇❲✪❋✶◆❱❑✷①❉❋

4, 2K
✦

30mK
❋✶❊❺❑✛①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆✟❭✏❇❉❋✶■❉❨●❋✶❊✽❋✜❑✽P➃❫✗①❉⑥◗P◗■▲❑▼⑥◗❍❏◆✵❫✏■❉◆❉❋➀❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋

⑩✩❫❬P◗❍❏❨●⑥❋✥❴⑦❖■❉❋q①❉❋
11µW

✦
100mK ➈ ❷✰❫❅❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✗❲✪⑥◗◆❉⑥❶❲✵❫❬P❶❋q❋✶❊❺❑ 26mK ➈②☎❍❏■❉❨✗P➃❫✟❨●⑨✶❾❏■❉P➃❫❸❑▼⑥◗❍❏◆➫❋✶◆✖❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋➄❋✜❑✏P➃❫✸❑▼❇❉❋✶❨●❲✪❍❏❲✪❈✜❑▼❨●⑥◗❋❬❽✔◆❉❍❏■❉❊✗■▲❑▼⑥◗P◗⑥◗❊●❍❏◆❉❊qP◗❋➄❨●⑨❃➇

❾❏■❉P➃❫❸❑▼❋✶■❉❨➹①❉❋✣❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋Ù❆✣➁➀⑧♣❹✛❩✸❰➼➆❅❂✷❂✆❂✽❫❬❨●❨▼❫❬❊③➇✍②③❨●❍❣❚❏❋✶◆❉⑩✶❋ ❻ ➈ ➆ ➈ Ð ➈ ❆☎❨●❍❏⑥◗❊✤❨●⑨✶❊●⑥◗❊➔➇❑❼❫❬◆❉⑩✶❋✶❊➀①❉❋✦⑩✩❫❬❨●❳❦❍❏◆❉❋✝❰➼➆➀P◗P❶❋✶◆✹❂✷❨▼❫❬①❉P◗❋✜④➯☛✩❘❏❘▲❽✇➆➀P◗P❶❋✶◆✹❂✷❨▼❫❬①❉P◗❋✜④➯☛❯❘▲❽ ❻ ❪✇❋✶❋✶❨❼Ð✣❪✇❋✶❨●❲✪❋✜❑●❑▼❋✶◆❱❑
①❉❋❅❲✪❋✶❊●■❉❨●❋✶❨❀P➃❫✵❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❅①❉❋❅P➃❫✸❳✇❍❏⑥❶❑▼❋✪✦ 4 ✶Ù❋❅❪✇❍❏❲✪❪❦⑨✶❋❬❽☞①❉■✖❳❦❍❏■❉⑥◗P◗P◗❋✶■❉❨➀❋✜❑✗①❉❋➄P➃❫❳❦❍❏⑥❶❑▼❋❀①❉❋✗❲✪⑨✶P➃❫❬◆❉❾❏❋ ➈❷☞❋✪⑩✩❫❬P◗❍❏❨●⑥◗❲✪❈✜❑▼❨●❋➄❋✶❊❺❑✦❳❉P◗⑥◗◆❉①❉⑨✪❪❴❫❬❨✏■❉◆➐⑨✶⑩✶❨▼❫❬◆➐①❉❋✵❪❉P◗❍❏❲✦❳ë⑦❖■❉⑥✤①❉❋✜❚⑤⑥◗❋✶◆❱❑❅❊●■❉❪❉❨▼❫❬⑩✶❍❬◆❉①❉■❉⑩❃➇
❑▼❋✶■❉❨⑦✦q■❉◆❉❋✽❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✽①❉❋

7, 2K ➈ ❇Ù❍❏■❉❊➹❫✩❚❱❍❏◆❉❊③⑨✶❾❱❫❸P◗❋✶❲✪❋✶◆❖❑✍⑩✶❍❏◆✚✙✶■➄■❉◆❉❋✛❳✇❍❏❳❉⑥◗◆❉❋✽①❉❋⑩❼❇❴❫❬❲✪❪✉❲✵❫❬❾❏◆❉⑨❃❑❼⑥❶⑦❖■❉❋✏❋✶◆✠✥❴P✰❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨➄❰
∅ 0, 4mm

Ð✛⑦❖■❉⑥✰❊●❋✯❪✇❍❏❊●⑥❶❑▼⑥◗❍❏◆❉◆❉❋✗❊●■❉❨
P➃❫✣❪❴❫❬❨❺❑▼⑥◗❋➹❳❴❫❬❊●❊●❋✽①❉■✯⑩✩❫❬P◗❍❏❨●⑥◗❲➄❈✜❑▼❨▼❋③❋✶◆✦❨●❋✶❲✪❪❉P➃❫❬⑩✶❋✶❲✪❋✶◆❱❑✥①❉❋✤P✱✒ ⑨✶⑩✶❨▼❫❬◆✯①❉❋✷❪❉P◗❍❏❲✦❳ ➈ ➅③P◗P◗❋➹❪✇❋✶■▲❑✔➼❍❏■❉❨●◆❉⑥◗❨✥■❉◆➄⑩❼❇❴❫❬❲✪❪➄①❉❋

390Gauss/A
➷❺■❉❊●⑦❖■✓✒ ✦✗■❉◆❉❋✽❚❬❫❬P◗❋✶■❉❨✍❲✵❫❣Þ▲⑥◗❲✵❫❬P❶❋✷①❉❋

2 kGauss ➈
❙❱❩



➓✛❑❽➓✛❑✪✩➄➵❭❡❺❜✩❝✬✫✇➵⑤❜❯❤❉❢❯➦⑤➧✥❜✮✭➐➨✥❝❡➩❡➧✰❢❣❝ ➤ ❥

1
0

 c
m

logement du SQUID

bride à 4,2 K

boite à Hélium 4 pompée

boite de mélange

bouilleur

porte échantillon 

avec écran en laiton

échangeur 

thermique

ã⑦⑥⑨⑧✛✃✇❩ ➈ ☛♠⑩✸②③❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋❀①❉❋✗P➃❫✦❪❴❫❬❨❺❑▼⑥◗❋❀❳❴❫❬❊●❊●❋✗①❉❋✏P✱✒ ⑥❶◆❉❊▼❋✜❨●❑❻✦❅①❉⑥◗P◗■▲❑▼⑥◗❍❏◆ ➈

❙❏❭



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩
↔◆✪✁➷ ✯ ☛✥✧✶✎✝✢✷✧✜✓✖✞ ✆✟✞✠✺✼✞✣✑✰✄✸☛✥✞

◗✈✱❞❤④✱✁✰ ✰➢✹✓❃❾➝✲❆➋❱î❀✲✱✖❅❇✴✛❱✳✱❾✻✺❅❇✴✵✴ û✷✶✹✸✻✺✘✳
❹✷❍❏❲✪❲✪❋✶◆❱❑✣❲✪❋✶❊●■❉❨●❋❃➇ ❑❺➇ä❍❏◆✝P◗❋❀❳❉❨●■❉⑥❶❑Ù❫✩❚❏❋✶⑩✏■❉◆ ❻✚❄ ✡ ✖ ❿➳❳❷☞❋ ❻✚❄ ✡ ✖ ❿➟⑩✶❍❏◆❖❑▼⑥◗◆❖■✂⑦❖■❉❋♣◆❉❍❏■❉❊✟■▲❑▼⑥◗P◗⑥❶❊●❍❏◆❉❊✵❋✶❊❺❑✝■❉◆✭❫❬◆❉◆❉❋✩❫❬■✂❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✝⑥◗◆⑤➇

❑▼❋✶❨●❨●❍❏❲✪❪❉■➫❪❴❫❬❨q①❉❋✶■⑤Þ✸➷❺❍❏◆❉⑩❃❑❼⑥❶❍❏◆❉❊✗ú❏❍❬❊▼❋✜❪❉❇❉❊▼❍❬◆✖❑▼■❉◆❉◆❉❋✶P ➈ ➣q◆➫❪✇❍❏P➃❫❬❨●⑥◗❊●❋✯P◗❋ ❻✚❄ ✡ ✖ ❿ ❫✩❚❱❋✶⑩
■❉◆ ⑩✶❍❏■❉❨▼❫❬◆❱❑✵⑩✜❍❏◆❖❑▼⑥◗◆❖■ ⑦❖■❉⑥✣❋✶❊❺❑✪■❉◆ÿ❪✇❋✶■ ❪❉P◗■❉❊➄❾❏❨▼❫❬◆❉① ⑦❖■❉❋✒P◗❋✝⑩✶❍❏■❉❨▼❫❬◆❱❑✪⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋✝①❉❋✶❊
➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✶❽✣①❉❋➯✔❡❫✰✙✶❍❏◆ ✦ÿ❫❸❑●❑▼❋✶⑥◗◆❉①❉❨●❋ë■❉◆➻❪✇❍❏⑥◗◆❱❑✉①❉❋ë❑▼❨▼❫❯❚❸❫❬⑥◗P✗❊●■❉❨✉P➃❫ ⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋
⑩✶❍❏■❉❨▼❫❬◆❱❑❺➇ ❑▼❋✶◆❉❊●⑥◗❍❏◆✟❫✩❚❏❋✶⑩❀■❉◆❉❋➀❑▼❨●❈✶❊✽❾❏❨▼❫❬◆❉①❉❋➀❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋q①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼⑥◗❋✶P❶P◗❋ ➈ ❷✰❫✏❑▼❋✶◆❉❊●⑥◗❍❏◆✟❫❬■⑤Þ❳❦❍❏❨●◆❉❋✶❊✣①❉■ ❻✚❄ ✡ ✖ ❿✻①❉⑨✶❪❦❋✶◆❉①♣❫❬P◗❍❏❨●❊✷❑▼❨●❈✶❊✣❊●❋✶◆❉❊●⑥◗❳❉P◗❋✶❲✪❋✶◆❱❑✣①❉■✒⑩✶❍❏■❉❨▼❫❬◆❱❑✣①❴❫❬◆❉❊✣P✱✒ ❫❬◆❉◆❉❋✩❫❬■✔❽
◆❉❍❬❑❼❫❬❲✪❲✪❋✶◆❱❑✗①❉■ ⑩✶❍❏■❉❨▼❫❬◆❱❑✯①✓✒ ⑨✶⑩✶❨▼❫❬◆❱❑❼❫❬❾❏❋✪⑦❖■❉⑥➹❊✣✒ ❫❸➷❺❍❏■▲❑▼❋✵❫❬■ë⑩✶❍❏■❉❨▼❫❬◆❱❑✯①❉❋✪❪✇❍❏P◗❫❬❨●⑥◗❊▼❫❸❑▼⑥◗❍❬◆
⑦❖■❴❫❬◆❉①✭■❉◆✬✛❴■⑤Þ✂❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✉❋✶❊❺❑✒❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨ ➈ ➅③◆✂❋✜✲✮❋✜❑✩❽✽①❴❫❬◆❉❊✟■❉◆✭❫❬◆❉◆❉❋✩❫❬■✭❊●■❉❪❉❨▼❫❣➇
⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✶❽➹P◗❋⑩✛❴■⑤Þ ❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✟❋✶❊❺❑✵⑦❖■❴❫❬◆❱❑▼⑥❋✥❴⑨✝❋✶◆ ■❉◆❉⑥❶❑▼⑨✝①❉■ ⑦❖■❴❫❬◆❖❑▼■❉❲ ①❉❋❯✛❴■⑤Þ
Φ0 = h/2e ≈ 2 10−15 Tm2 ➈ ❄ ■❴❫❬◆❉① P◗❋✪✛❴■⑤Þ ❋❃Þ⑤❑▼⑨✶❨●⑥◗❋✶■❉❨✦❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨➄◆❉❋✵⑩✶❍❏❨●❨●❋✶❊●❪❦❍❏◆❉①❪❴❫❬❊❈✦

nΦ0

❽✰❫✩❚❱❋✶⑩
n
❋✶◆❖❑▼⑥◗❋✶❨✶❽✔■❉◆ë⑩✶❍❏■❉❨▼❫❬◆❖❑✗①✓✒ ⑨✶⑩✶❨▼❫❬◆❖❑❼❫❬❾❏❋➄❋✶❊❺❑✦❫❬❲➄❍❏❨●⑩✶⑨➄①❴❫❬◆❉❊✗P✱✒ ❫❬◆❉◆❉❋✩❫❬■
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Φ = (n+ 1/2)Φ0/2 ➈➣q◆à❨●⑨✩❫❬P◗⑥◗❊●❋✝■❉◆❉❋♣❳❦❍❏■❉⑩✶P◗❋✉①❉❋✉❨●⑨✜❑▼❨●❍❱❫❬⑩✜❑▼⑥◗❍❏◆ÿ❋✶◆à❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑✵P➃❫✖❊●❍❏❨❺❑▼⑥◗❋✉①❉❋✉P➃❫✖①❉⑨✜❑▼❋✶⑩❃➇
❑▼⑥◗❍❏◆✒❊❺④⑤◆❉⑩❃❇❉❨●❍❏◆❉❋✪✦❩✸✶⑨✶❨●❍☞✦✪P✱✒ ❫❬⑥◗①❉❋✗①✓✒ ■❉◆♣⑥◗◆❱❑▼⑨✶❾❏❨▼❫❸❑▼❋✶■❉❨Ù❋✜❑➀❋✶◆♣❨●⑨✶⑥◗◆❸➷❺❋✶⑩✜❑❼❫❬◆❱❑q①❴❫❬◆❉❊➀P◗❫✪❳❦❍❸➇
❳❉⑥◗◆❉❋q①❉❋❀❲✪❍⑤①❉■❉P➃❫❸❑▼⑥❶❍❏◆✵■❉◆✝⑩✶❍❏■❉❨▼❫❬◆❱❑✣❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P❴✦❅P➃❫✯❊●❍❏❨❺❑▼⑥◗❋q①❉❋❀P✱✒ ⑥◗◆❱❑▼⑨✶❾❏❨▼❫❸❑▼❋✶■❉❨ ➈ ❿➀❋

❙✑▼



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩

⑩✶❋✜❑●❑▼❋✪✔❡❫✰✙✶❍❏◆✔❽✔❍❏◆✖❚❏❋✶❨●❨●❍❏■❉⑥◗P◗P◗❋✦P◗❋✧✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉◆❉❋✶❲✪❋✶◆❖❑❀①❉■ ❻✚❄ ✡ ✖ ❿ ❋✶◆✖■❉◆ë❪✇❍❏⑥◗◆❱❑❀❑▼❋✶P③⑦❖■❉❋
Φ = nΦ0/2 ➈ ❆☎❍❏■▲❑✛⑩✶❍❏■❉❨▼❫❬◆❱❑✽①❴❫❬◆❉❊✽P➃❫✏❳✇❍❏❳❉⑥◗◆❉❋➀①✓✒ ❋✶◆❱❑▼❨●⑨✶❋❀①❉■ ❻✚❄ ✡ ✖ ❿➻❊●❋✶❨▼❫❅❫❬⑥◗◆❉❊●⑥✇⑩✶❍❏❲✦➇
❪❦❋✶◆❉❊●⑨✪❪❴❫❬❨❀■❉◆✖⑩✶❍❏■❉❨▼❫❬◆❱❑✗①❴❫❬◆❉❊✗P➃❫✸❳❦❍❏❳❉⑥◗◆❉❋❅①❉❋❅❲✪❍⑤①❉■❉P➃❫❸❑▼⑥❶❍❏◆♣⑩✶❨●⑨✩❫❬◆❖❑✗■❉◆✻✛❴■⑤Þ✖❍❏❪❉❪✇❍❏❊●⑨ ➈➣q◆✟❍❏❳▲❑▼⑥◗❋✶◆❱❑✽①❉❍❏◆❉⑩q❋✶◆✝❊●❍❏❨❺❑▼⑥◗❋➀①❉❋qP✱✒ ⑥◗◆❖❑▼⑨✶❾❏❨▼❫❸❑▼❋✶■❉❨✤■❉◆❉❋q❑▼❋✶◆❉❊●⑥◗❍❏◆

Vsortie

❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P◗P❶❋
❫❬■✒⑩✶❍❏■❉❨▼❫❬◆❱❑➀①✓✒ ❋✶◆❱❑▼❨●⑨✶❋✯❋✜❑➀❍❏◆✒❊✣✒ ❫✕✲✮❨▼❫❬◆❉⑩❃❇❉⑥❶❑Ù①❉■✉⑩✩❫❬❨▼❫❬⑩✜❑▼❈✶❨●❋✏❪❦⑨✶❨●⑥◗❍⑤①❉⑥◗⑦❖■❉❋✗①❉❋✏P➃❫➄⑩✩❫❬❨▼❫❬⑩✜❑▼⑨❃➇
❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋

V (Φ)
①❉■ ❻✚❄ ✡ ✖ ❿ ➈ ❹✷❋✵❲✪❍⑤①❉❋✪①❉❋❩✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉◆❉❋✶❲✪❋✶◆❱❑✯❊✣✒ ❫❬❪❉❪❦❋✶P◗P◗❋✪❋✶◆ ❫❬◆❉❾❏P➃❫❬⑥◗❊

➂✥P◗■⑤Þ✝❷☞❍❖⑩➶❪❬❋✶①✉❷☞❍⑤❍❏❪ ❰❡➂✍➂✍❷☎Ð ➈❷⑦✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✟①❉■ ❻✚❄ ✡ ✖ ❿❁⑦❖■❉⑥✣❫❬❊●❊●■❉❨●❋✝P➃❫➫❲✪❍❖①❉■❉P➃❫❸❑▼⑥❶❍❏◆ ❋✜❑➄P➃❫➫❨●⑨✜❑▼❨●❍❱❫❬⑩✜❑▼⑥◗❍❏◆✾❫➫⑨✜❑▼⑨
①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇⑨✶❋✪❫❬■✖❊●❋✶⑥◗◆ë①❉❋➄◆❉❍❸❑❼❨●❋❅P➃❫❬❳✇❍❬❨❼❫❣❑❼❍❬⑥◗❨●❋ ➈ ❻ ❫❬◆❉❊✗❨●❋✶◆❖❑▼❨●❋✶❨❀①❴❫❬◆❉❊✗P◗❋✶❊❀①❉⑨✜❑❼❫❬⑥◗P◗❊❀①❉❋❅❊▼❫❨●⑨✩❫❬P◗⑥◗❊▼❫❸❑▼⑥❶❍❏◆✔❽▲◆❉❍❏■❉❊✣①❉❍❏◆❉◆❉❍❏◆❉❊✣⑥◗⑩✶⑥✔⑦❖■❉❋✶P◗⑦❖■❉❋✶❊Ù⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋✶❊✣⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑▼❋✶❊ ➈❿✧✒ ❫❬❪❉❨●❈✶❊✦P◗❋✵⑩✶❍❏◆❉❊❺❑▼❨●■❉⑩✜❑▼❋✶■❉❨✝❰ ❄ ■❴❫❬◆❖❑▼■❉❲ ❿➀❋✶❊●⑥◗❾❏◆❦Ð❃❽✥P◗❋ ❻✚❄ ✡ ✖ ❿✲❫✉■❉◆ ❳❉❨●■❉⑥❶❑✯❳❉P➃❫❬◆❉⑩✵①❉❋
2, 7µΦ0/

√
Hz

❋✜❑✪■❉◆❉❋✉⑩✶❍❏❲✪❪❦❍❏❊▼❫❬◆❖❑▼❋✝❋✶◆
1/f

⑦❖■❉⑥✣①❉⑨✶❪❴❫❬❊●❊●❋✉⑩✶❋✉❳❉❨●■❉⑥❶❑➄❳❉P➃❫❬◆❉⑩✒❪❦❍❏■❉❨
f ≤ 0, 5Hz ➈ ❷☞❋✯❳❉❨●■❉⑥❶❑➀❳❉P➃❫❬◆❉⑩✏①❉❋✦P✱✒ ❋✶◆❉❊●❋✶❲✦❳❉P◗❋ ❻✚❄ ✡ ✖ ❿ ❪❉P◗■❉❊➀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❬❽✇❲✪❋✶❊●■❉❨●⑨
✦

4, 2K
❋✶◆✝◆❉❋❀⑩✶❍❏◆❉◆❉❋✶⑩✜❑❼❫❬◆❱❑✣❨●⑥◗❋✶◆❯✦✦P➃❫✯❳❦❍❏❳❉⑥◗◆❉❋q①✓✒ ❋✶◆❱❑▼❨●⑨✶❋❬❽❴❋✶❊❺❑✣①❉❋

8, 4µΦ0/
√
Hz

❽▲⑩✜✔ ➈P➃❫✳✥❴❾❬■❉❨▼❋Ù❩ ➈ ❲ ➈ ❷❭✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✣❨▼❫❣➷❺❍❏■▲❑▼❋✛①❉❍❏◆❉⑩✛■❉◆➄❳❉❨●■❉⑥❶❑➹⑨✶⑦❖■❉⑥❶❚❸❫❬P◗❋✶◆❱❑❆✦ 5, 7µΦ0/
√
Hz

ã⑦⑥⑨⑧✛✃✵❩ ➈ ❲❊⑩ ⑧✒❋✶❊●■❉❨●❋♠①❉■✫❳❉❨●■❉⑥❶❑✾⑥◗◆⑤➇
❑▼❨●⑥◗◆❉❊●❈✶⑦❖■❉❋✯①❉❋✏P✱✒ ❋✶◆❉❊●❋✶❲✦❳❉P◗❋ ❻✚❄ ✡ ✖ ❿✙❰◗✦
4, 2K

Ð ❪❉P◗■❉❊ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✲❋✶◆ ◆❉❋
⑩✶❍❏◆❉◆❉❋✶⑩✜❑❼❫❬◆❱❑✵❨●⑥◗❋✶◆✄✦➫P➃❫♣❳✇❍❏❳❉⑥◗◆❉❋✟①✓✒ ❋✶◆⑤➇
❑▼❨●⑨✶❋✛①❉■ ❻✚❄ ✡ ✖ ❿ ➈ ❷☞❋✛◆❉⑥❶❚❏❋✩❫❬■❅①❉❋✛❳❉❨●■❉⑥❶❑❋✶❊❺❑Ù①❉❋

8, 4µΦ0/
√
Hz ➈ 0.1 1 10 100 1000 10000
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❪❴❫❬❨✍❨▼❫❬❪❉❪❦❍❏❨❺❑➹❫❬■ ❻✚❄ ✡ ✖ ❿✂❊●❋✶■❉P❴❋✜❑③⑩✶❍❏◆❉❊❺❑▼⑥❶❑▼■❉❋✣❫❬⑩✜❑▼■❉❋✶P◗P◗❋✜❲✪❋✶◆❖❑✍P◗❋❆✔❡❫❬⑩✜❑▼❋✶■❉❨③P◗⑥◗❲➄⑥ ❑❼❫❬◆❱❑✍❪✇❍❬■❉❨
P◗❋✏❳❉❨●■❉⑥❶❑q①❉■♣①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔ ➈ ➅③◆✖❫❬❲✪⑨✶P◗⑥◗❍❬❨▼❫❬◆❱❑➀⑩✶❋✜❑●❑▼❋✯❚❸❫❬P◗❋✶■❉❨✶❽✮◆❉❍❏■❉❊➀❪✇❍❏■❉❨●❨●⑥◗❍❏◆❉❊➀❋✶◆❉⑩✶❍❏❨●❋✦①❉⑥ ➇❲✪⑥◗◆❖■❉❋✶❨✛P❶❋❀❳❉❨●■❉⑥❶❑✣①❉■✒①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔✰①✓✒ ■❉◆✠✔❡❫❬⑩✜❑▼❋✶■❉❨Ù❩ ➈❷☞❋✷✔❡❫❬⑩✜❑▼❋✶■❉❨➹①❉❋✣⑩✶❍❏■❉❪❉P➃❫❬❾❏❋✛❋✶◆❱❑▼❨●❋✣P➃❫q❳✇❍❏❳❉⑥◗◆❉❋✛①✓✒ ❋✶◆❱❑▼❨●⑨✶❋Ù❋✜❑➹P◗❋ ❻✚❄ ✡ ✖ ❿✂❚❬❫❬■▲❑

192nA/Φ0 ➈②③■❉⑥◗❊●⑦❖■❉❋✏P◗❋❀❾❱❫❬⑥◗◆✝①❉❋✏P✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❀❋✶❊❺❑➀❨●⑨✶❾❏P◗⑨❚✦
1V/Φ0

❽❴P◗❋✤✔❡❫❬⑩❃❑❼❋✜■❉❨Ù①❉❋✗⑩✶❍❏◆❖❚❏❋✶❨●❊●⑥◗❍❏◆
❋✶◆❱❑▼❨●❋ÙP◗❋✛⑩✶❍❏■❉❨▼❫❬◆❱❑✤①❴❫❬◆❉❊✤P➃❫q❳✇❍❏❳❉⑥◗◆❉❋✣①✓✒ ❋✶◆❱❑▼❨●⑨✶❋Ù❋✜❑✤P➃❫q❑▼❋✶◆❉❊●⑥◗❍❏◆✪❲✪❋✶❊●■❉❨●⑨✶❋✣❪❴❫❬❨➹P✱✒ ❫❬◆❴❫❬P❶④⑤❊●❋✶■❉❨
①❉❋➄❊●❪✇❋✶⑩✜❑▼❨●❋➄❚❸❫❬■▲❑✯❫❬P◗❍❏❨●❊❬➸

G = 192nA/V ➈ ❷☞❋✶❊✗❪✇❋✶❨➌✔➼❍❏❨●❲✵❫❬◆❉⑩✶❋✶❊✗①❉■ë①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔➹❪✇❍❏■❉❨■❉◆❉❋✗❲✪❋✶❊●■❉❨●❋✗①❉❋✗❳❉❨●■❉⑥❶❑✣❊●❋✶❨●❍❏◆❱❑Ù①❉⑨✜❑❼❫❬⑥◗P◗P◗⑨✶❋✶❊✽①❴❫❬◆❉❊ÙP◗❫❅❊●❋✶⑩✜❑▼⑥◗❍❏◆✉❩ ➈ ❲ ➈
◗✈✱❞❤④✱✌◗ ✰❫➝✲✶➋✻❚❉✸✴●❅❇✽✍✷✺✹✓✷❭✻✾❆✲✶✸❃❾✴✍✷

❷⑦✒ ❍❏❳⑤➷❺❋✶⑩✜❑▼⑥❋✔✍⑩✶❍❏◆❉❊●⑥◗❊❺❑▼❋❈✦➄❲✪❋✶❊●■❉❨●❋✶❨ÙP◗❋❀❳❉❨●■❉⑥❶❑✣❋✶◆✉⑩✶❍❏■❉❨▼❫❬◆❱❑Ù①✓✒ ■❉◆✉⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆✒❫✩❚❏❋✶⑩✏P◗❋
❻✚❄ ✡ ✖ ❿ ❑▼❍❏■▲❑✯❋✶◆ ❫✩④❖❫❬◆❱❑✯P➃❫✒❪❦❍❏❊●❊●⑥◗❳❉⑥◗P◗⑥❶❑▼⑨➄①❉❋✪P◗❋✪❪✇❍❏P➃❫❬❨●⑥◗❊●❋✶❨✏❫✩❚❱❋✶⑩✵■❉◆➐⑩✶❍❏■❉❨▼❫❬◆❱❑✦❍❬■➐■❉◆❉❋
â❃à✕➚➶➬★×Ø➚✷❰◗❒♦➹ ❮✱✃✜➮

G
✃❬❰✉❮✺➚➶à♦à✎✃➌× ✔➌✃❭Ò✣➚➶➹ ➘✳Ò✜× Ô✜❐✕➚➶×

❙❏❙



➓✛❑➒➹②❑③➶❀❜✩❝❡❥ ➥ ❝❡➺➹➦♣➨☎➦✻➎ ➦⑤❞❯➧✥❜✶➦

❑▼❋✶◆❉❊●⑥◗❍❏◆✝①❉⑩ ➈ ❷✰❫❅❨●⑨✩❫❬P◗⑥◗❊▼❫❸❑▼⑥◗❍❏◆✸P➃❫✦❪❉P◗■❉❊✣❊●⑥◗❲✪❪❉P◗❋➀❋✶❊❺❑➀■❉◆✝❪✇❍❏◆❱❑Ù①❉❋✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✏❫✩❚❏❋✶⑩✏①❉❋✶■⑤Þ⑨✶P◗⑨✶❲✪❋✶◆❱❑▼❊✶❽☞P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆➫❋✜❑✏■❉◆❉❋➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✪①❉❋➄❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋♣❰➼❪❴❫❬❨✗P➃❫✸❊●■❉⑥❶❑▼❋q➷❺■❉❊❺❑▼❋✪❫❬❪⑤➇
❪✇❋✶P◗⑨✶❋✗❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✜❋❯Ð❃❽✇⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨✧✦❅P➃❫✦❳✇❍❏❳❉⑥◗◆❉❋❀①✓✒ ❋✶◆❱❑▼❨▼⑨✜❋✏①❉■ ❻✚❄ ✡ ✖ ❿✯❽❴❚❏❍❏⑥◗❨✷✥❴❾❏■❉❨●❋✯❩ ➈ ▼ ➈❹✷❋q❪❦❍❏◆❖❑✷❪✇❋✶■▲❑✢✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉◆❉❋✶❨✤⑨✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●⑨✣❋✶◆✸⑥◗◆❸➷❺❋✶⑩✜❑❼❫❬◆❱❑✷①❉❋✶❊✽⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊✷①❉❋➀❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆

ã⑦⑥⑨⑧✛✃❅❩ ➈ ▼❐⑩✻②✥❍❬◆❖❑➐①❉❋ÿ❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✐✦
❳❴❫❬❊●❊●❋✖❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽✛⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨●✦✾P➃❫
❳✇❍❏❳❉⑥◗◆❉❋✫①✓✒ ❋✶◆❖❑▼❨●⑨✶❋✙①❉■ ❻✚❄ ✡ ✖ ❿ ➈ ❷☞❋❻✚❄ ✡ ✖ ❿ ❋✶❊❺❑ë⑩✶❍❏■❉❪❉P◗⑨✄✦✂P➃❫✂❳❉❨●⑥◗①❉❋ ①❉❋
4, 2K

❫❬P◗❍❏❨●❊✤⑦❖■❉❋qP✱✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆
Re

❋✜❑
P➃❫✉❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✟①❉❋✟❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋

Rr
❊●❍❏◆❱❑

⑩✶❍❏■❉❪❉P◗⑨✶❊✽✦➄P➃❫✦❳✇❍❏⑥❶❑▼❋❀①❉❋✗❲✪⑨✶P◗❫❬◆❉❾❏❋ ➈ Re Rr

Ie Ir

4,2 K

T
0

①❉❋✶❊q①❉❋✶■⑤Þ♣⑩✣✿❬❑▼⑨✶❊q①❉❋✧✔❡❫✰✙✶❍❏◆♣⑦❖■❉❋
ReIe = RrIr ➈ ❹✷❍❏◆❉◆❴❫❬⑥◗❊●❊▼❫❬◆❱❑q❪❉❨●⑨✶⑩✶⑥◗❊●⑨✶❲✪❋✶◆❖❑qP➃❫✪❨●⑨✶❊●⑥◗❊➔➇❑❼❫❬◆❉⑩✶❋✤①❉❋✤P➃❫✣❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋

Rr
❋✜❑✥P◗❋➹⑩✶❍❏■❉❨▼❫❬◆❱❑✥⑥◗◆❸➷❺❋✶⑩✜❑▼⑨

Ir
❽❣◆❉❍❏■❉❊☎❪✇❍❏■▲❚❏❍❏◆❉❊✍❫❬P◗❍❏❨●❊✓✔❡❫❬⑩✶⑥◗P◗❋✶❲✪❋✶◆❱❑

⑩✩❫❬P◗⑩✶■❉P◗❋✶❨✽P➃❫✦❑▼❋✶◆❉❊●⑥◗❍❏◆✒❫❬■⑤Þ✝❳✇❍❏❨●◆❉❋✶❊✣①❉❋✗P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆
Ve ➈ ②③■❉⑥◗❊●⑦❖■❉❋✯❫❬■❉⑩✶■❉◆✒⑩✶❍❏■❉❨▼❫❬◆❱❑✣◆❉❋⑩✶⑥◗❨●⑩✶■❉P◗❋✦①❴❫❬◆❉❊❀P➃❫✵❳✇❍❏■❉⑩✶P◗❋✦①✓✒ ❋✶◆❖❑▼❨●⑨✶❋❬❽☞❍❬◆✖❨●⑨✩❫❬P◗⑥◗❊●❋✦❫❬⑥◗◆❉❊●⑥✍■❉◆♣❚❱❍❏P❶❑▼❲✪❈✜❑▼❨●❋✯⑥◗①❉⑨✩❫❬P✍❫✩❚❱❋✶⑩❅■❉◆❉❋

⑥◗❲✪❪✇⑨✶①❴❫❬◆❉⑩✶❋❀①✓✒ ❋✶◆❱❑▼❨●⑨✶❋✏⑥◗◆✗✥❴◆❉⑥◗❋ ➈②③■❉⑥◗❊●⑦❖■❉❋✦P➃❫✪⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋✏❑▼❋✶◆❉❊●⑥◗❍❏◆✒➇✷✛❴■⑤Þ♣❲✵❫❬❾❏◆❉⑨❃❑❼⑥❶⑦❖■❉❋✯①✓✒ ■❉◆ ❻✚❄ ✡ ✖ ❿ ❋✜❊●❑q❪✇⑨✶❨●⑥◗❍❸➇
①❉⑥◗⑦❖■❉❋✉❋✶◆✆✛❴■⑤Þ✮❽✤P➃❫✖❊●■❉❊●⑩✶❋✶❪▲❑▼⑥◗❳❉⑥◗P◗⑥❶❑▼⑨✝①❉■ ❻✚❄ ✡ ✖ ❿Ý◆✓✒ ❋✶❊❺❑✟❪❴❫❬❊✵①❉⑨✶❾❏❨▼❫❬①❉⑨✶❋✉❲❩■✶❲✪❋✒❊●⑥Ù■❉◆
⑩✶❍❏■❉❨▼❫❬◆❱❑✟①❉⑩❬❽✽⑩✶❍❏❨●❨●❋✶❊●❪❦❍❏◆❉①❴❫❬◆❖❑✠✦ ■❉◆✭❾❬❨❼❫❸◆❉①✂◆❉❍❏❲✦❳❉❨●❋♣①❉❋

Φ0

❽✷⑩✶⑥◗❨●⑩✶■❉P◗❋✉①❴❫❬◆❉❊✟P➃❫ ❳❦❍❸➇
❳❉⑥◗◆❉❋✗①✓✒ ❋✶◆❱❑▼❨●⑨✶❋ ➈ ❹✷❋✶⑩✶⑥✰❋✶❊❺❑Ù❚❬❫❬P➃❫❬❳❉P◗❋q❑❼❫❬◆❱❑Ù⑦❖■❉❋✏⑩✶❋✏⑩✶❍❏■❉❨▼❫❬◆❱❑➀❋✶❊❺❑➀❪❉P◗■❉❊✣❪✇❋❃❑❼⑥ ❑Ù⑦❖■❉❋✏P◗❋✗⑩✶❍❏■⑤➇❨▼❫❬◆❱❑✗⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋✦①❉■✖❲✵❫❸❑▼⑨✶❨●⑥➃❫❬■♣❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✗⑦❖■❉⑥③⑩✶❍❏◆❉❊❺❑▼⑥❶❑▼■❉❋❅P➃❫✵❳✇❍❏❳❉⑥◗◆❉❋✦①✓✒ ❋✶◆❱❑❼❨●⑨✶❋
❰ ≃ 20mA

Ð➀❋✜❑✗❑❼❫❬◆❱❑✗⑦❖■❉❋➄P◗❋✯✛❴■⑤Þ✖❲✵❫❸❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✦❑▼❍❬❑❼❫❬P✍◆❉❋❅❪✇❋✶❨❺❑▼■❉❨●❳✇❋➄❪❴❫❬❊❀P◗❋✶❊❀❪✇❋✶❨➌✔➼❍❏❨➔➇
❲✵❫❬◆❉⑩✶❋✶❊➄①❉❋✟P➃❫♣❳✇❍❏■❉⑩✶P◗❋✟①❉■ ❻✚❄ ✡ ✖ ❿✠❰➼❪❉❨●⑨✶❊●❋✶◆❉⑩✶❋✒①❉❋✟❚❏❍❏❨❺❑▼❋❃Þ✮❽✍❚❬❫❬❨●⑥➃❫❸❑▼⑥◗❍❏◆➐①❉■✾⑩✶❍❏■❉❨▼❫❬◆❖❑
⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋✏①❉❋✶❊➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊qú❬❍❏❊●❋✶❪❉❇❉❊●❍❏◆✔❽ ➈❶➈❶➈ Ð ➈ ❇Ù❍❏■❉❊q❫✩❚❏❍❏◆❉❊➀①❉❍❏◆❉⑩✯❪❉■♣■▲❑▼⑥◗P◗⑥❶❊●❋✶❨✣P◗❋✏❪✇❍❏◆❱❑➀①❉❋❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊✝⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✟⑩✶❍❏❲✪❲✪❋✉①❉⑥❶❚⑤⑥◗❊●❋✶■❉❨✸①❉❋➫⑩✶❍❏■❉❨▼❫❬◆❖❑✩❽✷❋✶◆✭⑥◗◆❸➷❺❋✶⑩✜❑❼❫❬◆❱❑✝P◗❋✉⑩✶❍❏■❉❨▼❫❬◆❖❑
❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✏①✓✒ ■❉◆ë⑩✣✿❬❑▼⑨ ➈ ❻ ❍❏■❉❊✗⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆ Rr << Re

❽✔❍❏◆ë❨●⑨✩❫❬P◗⑥◗❊●❋❅❫❬P◗❍❏❨●❊❀■❉◆❉❋➄❊●❍❏■❉❨●⑩✶❋
①❉❋❀❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈❷✰❫➫❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✒❋✶❊❺❑✵❨●⑨✩❫❬P◗⑥◗❊●⑨✶❋✟❪❴❫❬❨❅■❉◆✄✥❴P✛①❉❋✝❲✵❫❬◆❉❾❱❫❬◆❉⑥◗◆ ❰

∅ 0, 2mm
Ð✦①❉❋✝❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

0, 123 Ω
✦♣❳❴❫❬❊●❊●❋✸❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ➈ ❹✷❋⑩✥❴P✷❋✶❊❺❑➄❊●❍❏■❉①❉⑨✟❊▼■❉❨✦■❉◆✾❨●❋✶P➃❫❬⑥◗❊✯⑩✩❫❬❪▲❑▼❍❏◆ ⑦❖■❉⑥✽❋✶❊❺❑

①❉⑥◗❨●❋✶⑩✜❑▼❋✶❲✪❋✶◆❱❑❀⑩✶❍❏P◗P◗⑨✏❊●■❉❨qP◗❋✦❪❦❍❏❨❺❑▼❋✦⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆ ➈ ❿✧✒ ■❉◆✖⑩✣✿❬❑▼⑨❬❽✮P➃❫✵❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦❋✶❊❺❑✗❨●❋✶P◗⑥◗⑨✶❋❪❴❫❬❨❀■❉◆➳✥❴P③①❉❋➄⑩✶■❉⑥❶❚⑤❨●❋✪❫❬■✖❪✇❍❏❨❺❑▼❋❅⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆✔❽✮⑩✶❋➄⑦❖■❉⑥✤❫❬❊●❊●■❉❨●❋➄P➃❫✵❑▼❇❉❋✶❨●❲✵❫❬P◗⑥◗❊▼❫❸❑▼⑥❶❍❏◆➫❋✜❑
⑩✶❍❏◆❉❊❺❑▼⑥❶❑▼■❉❋➄❋✶◆ë❲❩■✶❲✪❋✯❑▼❋✶❲✪❪❉❊✗■❉◆❉❋➄⑩✶❍❏◆❉◆❉❋❃Þ▲⑥◗❍❏◆●✦✟P➃❫✸❲✵❫❬❊●❊●❋➄⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋ ➈ ❇Ù❍❏■❉❊✏❫✩❚❏❍❏◆❉❊

❙✑✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩

①❉❍❏◆❉⑩✢✔❡❫❬⑥❶❑✍P◗❋✽⑩❼❇❉❍❏⑥ Þ✦①✓✒ ❫❸❑●❑❼❫❬⑩❼❇❉❋✶❨③P➃❫➀❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋❻✦qP➃❫Ù❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✽①❉❋✛❳❴❫❬❊●❋✛❪❦❍❏■❉❨③⑦❖■❉❋✛P➃❫
⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✸①❉❋q❊●❍❏◆✝❳❉❨●■❉⑥❶❑✷❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❀❫❬■✟❳❉❨●■❉⑥❶❑✷❑▼❍❬❑❼❫❬P✇❲✪❋✶❊●■❉❨●⑨❀❊●❍❏⑥❶❑✽P➃❫✯❪❉P◗■❉❊✽❪✇❋✜❑▼⑥❶❑▼❋
❪❦❍❏❊●❊●⑥◗❳❉P◗❋ ➈ ❷⑦✒ ⑥◗◆❉⑩✶❍❏◆❱❚❱⑨✶◆❉⑥◗❋✶◆❱❑✛❋✶❊❺❑✣■❉◆❉❋❀❪❉P◗■❉❊✢✔❡❫❬⑥◗❳❉P◗❋➀❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋❀⑩✩❫❬P◗❍❏❨●⑥❋✥❴⑦❖■❉❋➀❪❴❫❬❨✽❨▼❫❬❪❉❪✇❍❏❨❺❑✦❅■❉◆✉❫❸❑●❑❼❫❬⑩❼❇❉❋✶❲✪❋✶◆❱❑➀❫❬■✝❳✇❍❏■❉⑥◗P◗P❶❋✶■❉❨✽❍❏■✁✦

4K ➈❷☞❋ ❻✚❄ ✡ ✖ ❿Ý❋✶❊❺❑✵❲✪❍❏◆❖❑▼⑨✠✦ëP✱✒ ⑥◗◆❱❑▼⑨✶❨●⑥◗❋✶■❉❨❅①❉■à⑩✩❫❬P◗❍❏❨●⑥◗❲➄❈✜❑▼❨●❋✒❫❸■ÿ◆❉⑥❶❚❱❋✩❫❬■ÿ①❉❋✒P➃❫✖❳❉❨●⑥◗①❉❋✁✦
4, 2K ➈ ➣q■▲❑▼❨●❋✷■❉◆❉❋✤❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✷❊❺❑❼❫❬❳❉P◗❋✤❋✜❑✍■❉◆❉❋✷❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✷⑩✩❫❬P◗❍❏❨●⑥❋✥❴⑦❖■❉❋✤⑥◗❲✪❪✇❍❏❨❺❑❼❫❸◆❖❑▼❋❬❽⑩✶❋✣⑩❃❇❉❍❏⑥ Þ❅❪✇❋✶❨●❲✪❋✜❑✤①✓✒ ❫❬❪❉❪❉P◗⑥◗⑦❖■❉❋✶❨➹■❉◆✪⑩❼❇❴❫❬❲✪❪✪❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✣❫❬■✪◆❉⑥❶❚❏❋✩❫❬■✪①❉❋ÙP✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❬◆
❊▼❫❬◆❉❊✣❪✇❋✶❨❺❑▼■❉❨●❳✇❋✶❨✣P◗❋❅✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉◆❉❋✶❲✪❋✶◆❱❑✣①❉■ ❻✚❄ ✡ ✖ ❿ ➈❷☞❋✶❊✦P◗⑥➃❫❬⑥❶❊●❍❏◆❉❊✏⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋✶❊✦❋✶◆❱❑▼❨●❋✸P➃❫✒❳✇❍❏❳❉⑥◗◆❉❋✵①✓✒ ❋✶◆❱❑▼❨●⑨✶❋✟①❉■ ❻✚❄ ✡ ✖ ❿✯❽✥P➃❫✉❨●⑨✜✔➼⑨✜❨▼❋✜◆❉⑩✶❋✟❋✜❑P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✖❊●❍❏◆❱❑✏❨●⑨✩❫❬P◗⑥◗❊●⑨✶❋✶❊✗❪❴❫❬❨✏①❉❋✶❊❚✥❴P◗❊✗❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊✯❋✶◆ ◆❉⑥◗❍❏❳❉⑥◗■❉❲❅➇✐❑▼⑥ ❑❼❫❬◆❉❋ ➈②☎❍❏■❉❨✣P◗❋✶❊Ù❪❉❨●❍❬❑▼⑨✶❾❏❋✶❨✣⑩✶❍❏◆❱❑▼❨●❋✏■❉◆✉❨▼❫✩④❏❍❏◆❉◆❉❋✶❲✪❋✶◆❱❑➀❇❴❫❬■▲❑▼❋❚✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋❬❽✇⑥◗P◗❊✛❪❴❫❬❊●❊●❋✶◆❱❑✤✦➄P✱✒ ⑥◗◆⑤➇
❑▼⑨✶❨●⑥◗❋✶■❉❨✽①✓✒ ■❉◆✝❑▼■❉❳❦❋✗①❉❋✏❹✷■④❇Ù⑥☞⑨✜❑❼❫❬❲✪⑨ ➈ ❆☎❍❏■▲❑✣⑩✶❋✶❊✣⑩✶❍❏◆❖❑❼❫❬⑩✜❑▼❊✛❊●❍❏◆❖❑Ù❫❬P◗❍❏❨●❊✽❊●■❉❪❉❨▼❫❬⑩✶❍❬◆❉①❉■❉⑩❃➇❑▼❋✶■❉❨●❊❀❋✜❑❀◆✓✒ ❫❬❪❉❪✇❍❏❨❺❑▼❋✶◆❱❑❀❪❴❫❬❊❀①❉❋✦❨▼⑨✜❊▼⑥❶❊●❑❼❫❬◆❉⑩✜❋✶❊✗❊●■❉❪❉❪❉P◗⑨✶❲✪❋✶◆❱❑❼❫❬⑥◗❨●❋✶❊ ➈ ❻ ❋✶■❉P◗❋✦P➃❫✵⑩✶❍❏◆❉◆❉❋❃Þ▲⑥◗❍❏◆❋✶◆❱❑▼❨●❋✪P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆➫❋✜❑✯P◗❋➄❨●❋✶❊❺❑▼❋✪①❉■ ①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔✷❊✣✒ ❋✜✲✮❋✶⑩❃❑❼■❉❋✵❪❴❫❬❨✗①❉❋✶❊❈✥❴P◗❊✗❨●⑨✶❊●⑥◗❊❺❑▼⑥❋✔➼❊✗❋✶◆
❍❏❨❬ï✟❰

∅ 38µm
Ð✗⑦❖■❉⑥✤❊●❍❏◆❱❑✧✥▲Þ▲⑨✶❊✦❪❴❫❬❨✯❊●❍❬■❉①❉■❉❨▼❋✵■❉P❶❑▼❨▼❫❬❊●❍❏◆❉❊✏❊●■❉❨✯P◗❋✶❊✯❪❉P◗❍❬❑▼❊✏①❉❋✵⑩✶❍❏◆❱❑❼❫❬⑩✜❑

①❉❋❅P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆✾❰➳❚❏❍❏⑥◗❨qP➃❫✸❪❉❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋➄❩ ➈ ❙❱Ð ➈ ❹✷❋✶❊✤✥❴P◗❊❀❨▼❫❣➷❺❍❏■▲❑▼❋✶◆❱❑✗■❉◆❉❋➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋①✓✒ ■❉◆❉❋Ù①❉⑥❾✸✩❫❬⑥◗◆❉❋✛①❉❋✣❲✪⑥◗P❶P◗⑥❶❍❬❇❉❲✪❊⑦✦✗P➃❫❀❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋Ù①❉❋✣P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❬◆➄❋✜❑✤①❉❍❏❲✪⑥◗◆❉❋✶◆❱❑③❑▼❍❏■▲❑▼❋✶❊
P◗❋✶❊✛❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊Ù①❉❋✗⑩✶❍❏◆❱❑❼❫❬⑩✜❑Ù❪❉❨●❍❏❪❉❨●❋✶❲✪❋✶◆❱❑Ù①❉⑥❶❑▼❋✶❊ ➈⑧✒❋✶❊●■❉❨●❋✶❨✤P◗❋✽❳❉❨●■❉⑥❶❑➹❋✶◆➄⑩✶❍❏■❉❨▼❫❬◆❱❑✤①✓✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✍①❉❋❱✔❡❫❬⑥◗❳❉P◗❋✷⑥◗❲✪❪✇⑨✶①❴❫❬◆❉⑩✶❋❻✦❀❳❴❫❬❊●❊●❋✶❊➹❑▼❋✶❲✦➇
❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✶❊✯❋✶❊❺❑✯①❉⑥❋➫✪⑩✶⑥◗P◗❋❬❽✔⑩✩❫❬❨✏⑥◗P❭✔❡❫❬■▲❑✏❨●⑨✩❫❬P◗⑥◗❊●❋✶❨✗■❉◆ë❳✇❍❏◆ ①❉⑨✶⑩✶❍❏■❉❪❉P➃❫❬❾❏❋❅❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✪❪❴❫❬❨
❨▼❫❬❪❉❪❦❍❏❨❺❑✣❫❬■⑤Þ✟❪❴❫❬❨❺❑▼⑥◗❋✶❊❱✦

300K
❋✜❑✷✥❴P❶❑▼❨●❋✶❨✽P◗❋✶❊✽❳❉❨●■❉⑥❶❑▼❊✽❇❴❫❬■▲❑▼❋❅✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋ ➈ ❇Ù❍❏■❉❊✣❫✩❚❱❍❏◆❉❊①❉❍❏◆❉⑩✵❪❉❨●⑥◗❊✯❳❦❋✩❫❬■❉⑩✶❍❏■❉❪ ①❉❋✸❪❉❨●⑨✶⑩✩❫❬■▲❑▼⑥◗❍❬◆❉❊✦⑩✶❍❏◆❉⑩✶❋✶❨●◆❴❫❬◆❱❑❅P◗❋✶❊✯①❉❋✶❊●⑩✶❋✶◆❱❑▼❋✶❊❅①❉❋❊✥❴P◗❊✏❪✇❍❏■❉❨✯P◗❋

⑩✶❍❏■❉❨▼❫❬◆❱❑Ù①❉❋✗❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆ ➈❹✢✿❬❑▼⑨✤⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆✔❽✩◆❉❍❏■❉❊☎❫❯❚❏❍❏◆❉❊☎❍❏❪▲❑▼⑨✤❪❦❍❏■❉❨☎①❉❋✶❊☎❆✛❇❉❋✶❨●❲✪❍⑤⑩✶❍❱❫❣Þ ⑩© ②③❇❉⑥◗P◗⑥◗❪❉❊✤❰
∅ 0, 5mm①❉⑥➃❫❬❲✪❈✜❑▼❨●❋✣❋❃Þ⑤❑▼⑨✶❨●⑥◗❋✶■❉❨❼Ð ➈ ❷☞❋✶■❉❨✷❲✵❫❬◆❉⑥◗❪❉■❉P➃❫❣❑▼⑥❶❍❏◆✪◆✓✒ ❋✶❊❺❑✽❪❴❫❬❊✽❫❬⑥◗❊●⑨✶❋❬❽⑤⑩✩❫❬❨✤P✱✒ ⑥◗❊●❍❏P➃❫❬◆❱❑✷⑧✒❾➂➣➻❋✶❊❺❑

❇❱④⑤①❉❨●❍❏❪❉❇❉⑥◗P◗❋❬❽▲❲✵❫❬⑥◗❊✷P◗❋✶■❉❨✢✔❡❫❬⑥◗❳❉P◗❋➀⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆✟❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋q❪✇❋✶❨●❲✪❋✜❑✣■❉◆❉❋❀⑩✶❍❏◆❉◆❉❋❃Þ▲⑥◗❍❏◆✝①❉⑥ ➇
❨●❋✶⑩✜❑▼❋✗❋✜◆❖❑▼❨●❋

300K
❋✜❑

30mK ➈ ➆➀■✟❑▼❍❬❑❼❫❬P✐❽⑤◆❉❍❏■❉❊Ù❫✩❚❱❍❏◆❉❊✛❲✪❍❏◆❱❑▼⑨❚P✦⑩✮❍❬❳❉P◗❋✶❊✽❑❼❇❉❋✜❨▼❲➄❍⑤⑩✶❍❸➇❫❣Þ▲⑥➃❫❬■⑤Þ✵⑩✶❋❀⑦❖■❉⑥✔❪✇❋✶❨●❲✪❋✜❑✩❽▲❍❏■▲❑▼❨●❋qP➃❫✯❪✇❍❏P➃❫❸❨▼⑥❶❊▼❫❸❑▼⑥◗❍❬◆✸❋✶◆✟⑩✶❍❏■❉❨▼❫❬◆❱❑✣①✓✒ ■❉◆✟⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❏◆✵❪✇❍❬■❉❨
①❉❋✶❊✛❲✪❋✶❊●■❉❨●❋✶❊✣①❉❋❀❳❉❨●■❉⑥❶❑✩❽▲P➃❫✯❲✪❋✶❊●■❉❨●❋❀①❉❋✗P➃❫✯⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✗❋✶◆⑩✼➼❲✯✥❴P◗❊❃✾q①❉❋❀①❉❋✶■⑤Þ✝⑨✶⑩❼❇❴❫❬◆⑤➇
❑▼⑥◗P◗P❶❍❏◆❉❊✍P◗❍❏❨●❊➹①❉■✪❲❩■✶❲✪❋✣❨●❋✜✔➼❨●❍❏⑥❶①❉⑥◗❊●❊▼❋✜❲✪❋✶◆❖❑ ➈ ❷☞❋✶❊➹❑▼❇❉❋✶❨●❲✪❍⑤⑩✶❍❱❫❣Þ▲❊➹❊●❋Ù⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋✶◆❖❑✤⑩✶❍❬❲✪❲✪❋①✓✒ ❋❃Þ▲⑩✶❋✶P◗P◗❋✶◆❱❑▼❊✢✥❴P❶❑▼❨●❋✶❊✷①❴❫❬◆❉❊✽P◗❋➀①❉❍❏❲✵❫❬⑥◗◆❉❋Ù①❉❋✳✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋❀①❉❋✶❊✽❲✪⑥◗⑩✶❨●❍❸➇ä❍❏◆❉①❉❋✶❊ ➈ ❷⑦✒ ❫❸❑●❑▼⑨✶◆❖■❴❫❣➇❑▼⑥◗❍❏◆➫❚❬❫❬■▲❑✯❪❴❫❬❨✗❋❃Þ▲❋✶❲✪❪❉P◗❋

400 dB
✦

20GHz
❰➼❪✇❍❏■❉❨✏■❉◆❉❋✪P◗❍❏◆❉❾❏■❉❋✶■❉❨✗①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆

2m①❉■✝⑩✮❍❬❳❉P❶❋❯Ð ➈ ②☎❍❏■❉❨✣❫❬❲✪⑨✶P◗⑥❶❍❏❨●❋✶❨✷P◗❋✳✥❴P❶❑▼❨▼❫❬❾❏❋➀①❴❫❬◆❉❊✛P◗❋q①❉❍❏❲✵❫❬⑥◗◆❉❋➀①❉❋❅✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✯❫❬■▲❑▼❍❏■❉❨✽①❉❋
1MHz

❽❬◆❉❍❏■❉❊➹❫✩❚❏❍❏◆❉❊③❨▼❫❣➷❺❍❏■▲❑▼⑨✽❋✶◆❅❊●⑨✶❨●⑥◗❋✽①❉❋✶❊❭✥❴P❶❑▼❨●❋✶❊✍❪❉⑥✰❰ ✖ ◆❉❊❺❑▼❋✶⑩✣❙✑▼❬❭✣➇❨☛❯❘❏❭❱❹✛Ð☎❫❯❚❏❋✶⑩✛■❉◆❉❋❫❸❑●❑▼⑨✶◆❖■❴❫❸❑▼⑥◗❍❏◆✖①❉❋
8 dB

✦
1MHz

❋✜❑
63 dB

✦
100MHz ➈ ❹✷❋✶❊❈✥❉P❶❑▼❨▼❋✜❊✏❊●❋❅❑▼❨▼❍❬■▲❚❱❋✶◆❱❑①❴❫❬◆❉❊✣①❉❋✶❊✣❳✇❍❏⑥❶❑▼❋✶❊✛⑨✜❑❼❫❬◆❉⑩❃❇❉❋✶❊Ù❋✶◆✒P➃❫❬⑥❶❑▼❍❬◆✟❋✶◆✒❇❴❫❬■▲❑Ù①❉❋✗P➃❫✦⑩✩❫❬◆❉◆❉❋✗①❉❋✗❲✪❋✶❊●■❉❨●❋✵❰

300K
Ð ➈❹✢✿❬❑▼⑨✛❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋❬❽❱P◗❋✶❊❷✥❴P◗❊✍❪✇❍❏■❉❨✍P◗❋✽⑩✶❍❏■❉❨▼❫❬◆❖❑③①❉❋✛❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✯⑦❖■❉⑥❴①❉❋✶❊●⑩✶❋✶◆❉①❉❋✶◆❖❑✩❽❱❊●❍❏◆❱❑➹❋✶◆

⑩✶■❉⑥❶❚⑤❨●❋✗❋✜❑➀⑥◗◆❱❑▼❋✶❨●❨●❍❏❲✪❪❉■❉❊✛❪✇❍❏■❉❨✣P➃❫✦❑▼❇❉❋✶❨●❲✵❫❬P◗⑥◗❊▼❫❸❑▼⑥❶❍❏◆✝❫❬■✒◆❉⑥❶❚❱❋✶❫❬■✉①❉❋✗P➃❫❅❳✇❍❏⑥❶❑▼❋❈✦❅❇❉⑨✶P◗⑥◗■❉❲
ÿ ➴♦➚➶➘✕❰✖❪✣❒♦✃➌×s❪✣❒♦✃❬❰✓➬Ñ➚➶➬✱✃➌❰❴Ï➌➚✜❰➌➮✮➘♦Ô✜❒✕❰★➚❬Ý✜Ô✜➘✕❰❏❒✍❮✱➹ × ➹Ø❰❞✔⑦➴✍✃❬❰❾❵✕×Ø❰✓➴❭❬ ➚➶× ❒♦➪✷➹ ➘♦➹ ❒♦➪✿♥

∅ 25µm
♦❾❪✣❒♦➹❭✔❃❮Ñ➚➶➹ ✃➌➘✜❮Ï❃✃➌à✰✃➌➘✕➴♦➚➶➘✣❮★à♦× ❒✕❰✺➴✍➹ Ø❻Ï❃➹ × ✃❬❰✛❛✢➪❱➚➶➘♦➹ à♦❒♦× ✃➌➬

❙✎P



➓✛❑➒➹②❑③➶❀❜✩❝❡❥ ➥ ❝❡➺➹➦♣➨☎➦✻➎ ➦⑤❞❯➧✥❜✶➦

puce avec des 

échantillons

porte 

échantillon

plaque  

en cuivre

relais capton

sorties des 

thermocoaxes

fils d’or

2 cm

ã⑦⑥⑨⑧✛✃☞❩ ➈ ❙❢⑩✝②③❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋✏①❉■♣❪✇❍❏❨❺❑▼❋✯⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆✔❽❉❚⑤⑥◗❊●❊●⑨✦❊●■❉❨➀P➃❫➄❳✇❍❏⑥❶❑▼❋✏①❉❋✯❲✪⑨✶P➃❫❬◆❉❾❏❋❫❬■✝❳✇❍❏■▲❑Ù①❉❋✗P✱✒ ⑥◗◆❉❊●❋✶❨❺❑❻✦➄①❉⑥◗P◗■▲❑▼⑥❶❍❏◆ ➈
❲✝❪✇❍❬❲✪❪✇⑨✶❋❅❋✜❑✯❫❬■✖◆❉⑥❶❚❏❋✩❫❬■✖①❉■✖❳✇❍❏■❉⑥◗P◗P❶❋✶■❉❨ ➈❴✖ P◗❊❀❊●❍❏◆❱❑❚✥❴P❶❑▼❨●⑨✶❊❀❋✶◆➫❑❀■✜❑▼❋➄①❉■✖⑩✶❨❺④❏❍❏❊❺❑❼❫❸❑✏❪❴❫❬❨①❉❋✗⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼❋✶■❉❨●❊ ❻ ■❉❳⑤➇➔❿✫❰❃☛❣❩❬❘✦❪❴➂③Ð ➈
◗✈✱❞❤④✱❞❤ ➙P❆❳❃❲❯✸❆✚✼✜✶✸✴❦❉✸✴❊❱❳✴✍✷✺❍❣❅❇✴
➂ ❹◆⑤✮q✺♠♦❹✻♣✺❹✻s✎♥❏❦r♣rqrs✰❧✍③④❦rs✎❹
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①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇⑨✶❋✶❊✏①❴❫❬◆❉❊✗P❶❋❅P➃❫❬❳✇❍❏❨▼❫❸❑▼❍❏⑥❶❨●❋ ➈ ②☎❍❏■❉❨✗P➃❫✸❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✔❽✮◆❉❍❏■❉❊✏❫✩❚❏❍❏◆❉❊✗❳✇❋✶❊●❍❏⑥◗◆✖①❉❋⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊✗①❉⑩➄①❉❋➄⑦❖■❉❋✶P◗⑦❖■❉❋✶❊✏❲✪⑥◗P❶P❶⑥➃❫❸❲✪❪❦❈✶❨●❋✶❊➌ð❯❽☞❲✵❫❸⑥◗❊❀❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✏①❉❋❅❑▼❨●❈✶❊✤✔❡❫❬⑥◗❳❉P◗❋✜❊❀❋❃Þ▲⑩✶⑥ ➇
❑❼❫❸❑▼⑥◗❍❏◆❉❊✛➆➀❹ ❰➼❋✶◆❱❑▼❨●❋

10
❋✜❑

100nA
Ð❻✦➄⑩✩❫❬■❉❊●❋✯①❉❋✏P➃❫➄❾❏❨▼❫❬◆❉①❉❋✗❊▼❋✜◆❉❊▼⑥❶❳❉⑥◗P◗⑥❶❑▼⑨❀①❉■ ❻✚❄ ✡ ✖ ❿ ➈

✝ ➻➂✃✯Ï❃Ô✜❒♦➬Ñ➚➶➘✣❮❅➴✍✃P❪✣❒♦✃➌×s❪✣❒♦✃❬❰✳Ï❃✃➌➘✣❮Ñ➚➶➹ ➘♦✃❬❰❅➴✍✃
µA

➮✓➘☛✔❬Ï❃✃❬❰✱❰✱➚➶➹ ➬✱✃❚à✎Ô✜❒♦➬✳Ò✉✔➌➘☛✔➌➬✱✃➌➬✳× ✃✧❐♦➬✱❒♦➹ ❮✤➴✍✃✧Ò✜➬✱✃❃ê➘✕➚➶➹ × × ✃❨➴♦➚➶➘✕❰✓❒♦➘♠✔❬ÏÑÐ✕➚➶➘✜❮✱➹ × × Ô✜➘✤➚❀Ý✜✃➌Ï
Re ≈ 1Ω

➮✰➴✍✃➌➪❱➚➶➘✕➴✍✃⑦❒♦➘✤Ï❃Ô✜❒♦➬Ñ➚➶➘✣❮✓❮✱Ô➶❮Ñ➚➶×◆➴✍✃✲❪✣❒♦✃➌×s❪✣❒♦✃❬❰
mA

➮✕Ï➌➚➶➬
Re/Rr ≈ 10

➽
✏❬❘



➓✛❑➒➹②❑③➶❀❜✩❝❡❥ ➥ ❝❡➺➹➦♣➨☎➦✻➎ ➦⑤❞❯➧✥❜✶➦

❷✰❫✯①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❴❫❸❑▼⑥◗❍❏◆✵①❉❋qP➃❫✯❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋❀①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P❶❋➀①✓✒ ⑨✜⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✤①❉❋❅✔❡❫❬⑥◗❳❉P◗❋Ù⑥◗❲✪❪❦⑨❃➇
①❴❫❬◆❉⑩✶❋q❫✩❚❏❋✶⑩➀■❉◆✵⑩✶❍❏■❉❨▼❫❬◆❖❑✷①✓✒ ❋❃Þ▲⑩✶⑥ ❑❃❫❣❑❼⑥❶❍❏◆✸❫❬■❉❊●❊●⑥④✔❡❫❬⑥◗❳❉P◗❋✣❪❦❋✶❨●❲✪❋✜❑✷■❉◆❉❋➀❨●⑨✶❊●❍❏P◗■▲❑▼⑥◗❍❏◆➄■❉◆❉⑥◗⑦❖■❉❋
❋✜❑✏P➃❫✸❲✪❋✶❊●■❉❨●❋➄❑▼❨●❈✶❊✗❪❉❨●⑨✶⑩✶⑥◗❊●❋➄①❉❋❅❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆❉❊❀❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❨●⑥◗⑩✶❋✶❊✏❋✶◆➳✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✖①❉❋➄P➃❫
❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ➈ ✡Ù◆➐❫❸■▲❑❼❨●❋✪❫❯❚❸❫❬◆❱❑❼❫❬❾❏❋✪①❉❋✪⑩✶❋✜❑●❑▼❋✵⑩✶❍❏◆✗✥❴❾❏■❉❨▼❫❸❑▼⑥◗❍❏◆✖❋✶❊❺❑✦P➃❫✟❪✇❍❏❊●❊●⑥◗❳❉⑥◗P◗⑥ ❑▼⑨❅①❉❋❪✇❍❏P➃❫❬❨●⑥❶❊▼❋✜❨✛P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✟❋✶◆✝❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ❷✰❫❅⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆✟◆❉⑨✶⑩✶❋✶❊●❊▼❫❬⑥◗❨●❋✏❋✶❊❺❑ Re >> Rr ➈
❳ ➈ Ð✸②☎❍❏■❉❨✸❋✜✲✮❋✶⑩✜❑▼■❉❋✶❨✝■❉◆❉❋➫❲✪❋✶❊●■❉❨●❋➫❋✶◆❁❲ ✥❴P◗❊✟❫✩❚❏❋✶⑩✖■❉◆❉❋➫❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆à❋✶◆✂⑩✶❍❏■❉❨▼❫❬◆❖❑✩❽
⑥◗P✓✔❡❫❬■▲❑Ù①❉⑨✶⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼❋✶❨➀P➃❫❅❳✇❍❏❳❉⑥◗◆❉❋✗①✓✒ ❋✶◆❱❑▼❨▼⑨✜❋✯①❉■ ❻✚❄ ✡ ✖ ❿ ①❉❋✏P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆ ➈ ❹✷❋✶P➃❫✪❪❦❋✶■▲❑■✜❑▼❨●❋✏❨●⑨✩❫❬P◗⑥◗❊●⑨❀❋✶◆✠✔❡❫❬⑥◗❊▼❫❬◆❱❑✛❑▼❨▼❫❬◆❉❊●⑥❶❑▼❋✶❨✣P➃❫❅❳❦❍❏❳❉⑥◗◆❉❋✗①✓✒ ❋✶◆❖❑▼❨●⑨✶❋✏①❴❫❬◆❉❊ÙP✱✒ ⑨✜❑❼❫❸❑✣◆❉❍❏❨●❲✵❫❬P ➈ ➅③◆✉❋✜✔➃➇✔➼❋✜❑✩❽✇P➃❫➄❳✇❍❏❳❉⑥❶◆❉❋✯❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✦■❉◆❉❋✯❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✯◆❉❍❏❨●❲✵❫❬P◗❋✗①❉❋

21 kΩ
⑩✶❋✯⑦❖■❉⑥✥❫❬❊●❊●■❉❨●❋✦⑦❖■❉❋✯P◗❋

⑩✶❍❏■❉❨▼❫❬◆❱❑q①❉⑨✜❚⑤⑥◗⑨✯❋✶❊❺❑➀❑▼❨●❈✶❊✽✔❡❫❬⑥◗❳❉P◗❋✵❰
Rbobine >> Re

Ð ➈ ②✥❍❏■❉❨❻✔❡❫❬⑥◗❨●❋✗❑▼❨▼❫❬◆❉❊●⑥❶❑▼❋✶❨ÙP➃❫➄❳✇❍❏❳❉⑥◗◆❉❋❬❽❍❏◆✾■▲❑▼⑥◗P◗⑥❶❊●❋✸■❉◆❉❋✝❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✝①❉❋✝⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋✟⑦❖■❉⑥✛❊●❋✟❑▼❨●❍❏■▲❚❏❋✟❑▼❨●❈✶❊➄❪❉❨●❈✶❊➄①❉❋✟P➃❫♣❳✇❍❏❳❉⑥◗◆❉❋
❊●■❉❨❀P◗❫✵❪❉■❉⑩✶❋❅①❉■ ❻✚❄ ✡ ✖ ❿ ➈ ❹✷❋✜❑●❑▼❋❅❲✪⑨✜❑▼❇❉❍⑤①❉❋✦❋✶❊❺❑✗❳❉⑥❶❋✶◆➫❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋✦⑩✩❫❬❨q❋✶P◗P◗❋✯❪❦❋✶❨●❲✪❋✜❑❀①❉❋⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼❋✶❨Ù❋✜❑Ù①❉⑨✶⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼❋✶❨ÙP◗❋ ❻✚❄ ✡ ✖ ❿✻❊▼❫❬◆❉❊Ù❨●⑨✶⑩❼❇❴❫❬■✗✲✮❋✶❨✣P➃❫❅①❉⑥◗P◗■▲❑▼⑥❶❍❏◆ ➈❿q❫❬◆❉❊➀⑩✶❋✜❑●❑▼❋✯⑩✶❍❏◆✗✥❴❾❏■❉❨▼❫❸❑▼⑥◗❍❏◆✔❽❴P◗❋✶❊➀⑩✜❍❏■❉❨▼❫❬◆❖❑▼❊➀❫❬⑩✯❋✜❑➀①❉⑩✯❊●❍❏◆❱❑❀❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✶❊Ù❪❴❫❬❨ÙP◗❋✶❊Ù⑩✮❍❬❳❉P◗❋✶❊
❑▼❇❉❋✶❨●❲✪❍⑤⑩✶❍❱❫❣Þ▲⑥➃❫❬■⑤Þ✟⑩✜❍❏◆❉◆❉❋✶⑩✜❑▼⑨✶❊➀⑩✣✿❬❑▼⑨✗⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆ ➈
➂ ❹◆⑤✮q✺♠♦❹✻♣✺❹✹➑r♠✕qrt➁❧

②✥❍❏■❉❨Ù❲✪❋✶❊●■❉❨●❋✶❨➀P◗❋✗❳❉❨●■❉⑥❶❑✩❽❦❍❏◆✉⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼❋✦P➃❫➄❊●❍❏❨❺❑▼⑥◗❋✗①❉❋✯P✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✏①❉■ ❻✚❄ ✡ ✖ ❿✦✪■❉◆➫❫❬◆❴❫❬P❶④⑤❊●❋✶■❉❨Ù①❉❋✯❊●❪✇❋✶⑩✜❑▼❨●❋✝❰ ❻ ❑❼❫❬◆✗✔➼❍❏❨●①✉➁✣❋✶❊●❋✩❫❬❨●⑩❃❇➳✏✰P✑▼❏Ð ➈ ❷☞❋✶❊✽✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊Ù❋✶◆✉❑▼❋✶◆⑤➇❊●⑥◗❍❏◆✉❫❬◆❴❫❬P❶④⑤❊●⑨✶❋✶❊➀❊●❍❏◆❖❑➀P✱✒ ⑥◗❲✪❫❬❾❏❋❀①❉❋✶❊✽✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊Ù❋✶◆♣⑩✶❍❏■❉❨▼❫❬◆❱❑➀①❴❫❬◆❉❊ÙP➃❫➄❳✇❍❏❳❉⑥◗◆❉❋✏①✓✒ ❋✶◆⑤➇
❑▼❨●⑨✶❋✦①❉■ ❻✚❄ ✡ ✖ ❿ ❋✜❑q❊●❍❏◆❖❑q❨●❋✶P◗⑥◗⑨✶❋✶❊❅✦✵⑩✶❋✶❊❀①❉❋✶❨●◆❉⑥◗❈✶❨●❋✶❊q❪❴❫❬❨➀P◗❋✯❾❱❫❬⑥◗◆✉❾❏P◗❍❏❳❴❫❬P✰①❉■➫❊❺④⑤❊❺❑▼❈✶❲✪❋
G = 192nA/V ➈ ②☎❍❏■❉❨✣①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✶❨✛P➃❫❅⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✟①❉❋✶❊❻✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✣❋✶◆✒⑩✶❍❏■❉❨▼❫❬◆❱❑①❉❋❅P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆➫❫❸■⑤Þ✻✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊q①❴❫❬◆❉❊✗P➃❫✵❳✇❍❏❳❉⑥◗◆❉❋✦①✓✒ ❋✶◆❱❑▼❨●⑨✶❋❬❽☞⑥◗Pr✔❡❫❬■▲❑✗❪❉❨●❋✶◆❉①❉❨●❋❅❋✶◆
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Sbobine =
1

(ΣR)2
[R2

de
Se +R2

rSr +R2
fSf ],
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ΣR = Rde + Rr + Rf
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Re
Rr

IDC

électronique 

du SQUID

analyseur 

de spectre

vSQUID Sv

ie
iridispo

if Rf
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SV =
1

G2
[Sbobine + Sdispo].
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Se =
1

R2
de

[(SVG
2 − Sdispo)(ΣR)2 −R2

rSr −R2
fSf ].
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SI(T ) = SV (T )G2 =
4kBT

Re +Rr

+ Sdispo,
❰✐❩ ➈ ❙❱Ð
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❋✜❑
Sr = 4kBT/Rr
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Sdispo = (2, 1 pA)2/Hz ≃
(11µΦ0)
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(8, 4µΦ0)
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Hz ➈ ❷✰❫✸❚❸❫❬P◗❋✶■❉❨❀❋❃Þ❉❫❬⑩✜❑▼❋➄①❉❋❅P➃❫✵⑩✶❍❏◆❖❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆➫❫❬■✖❳❉❨●■❉⑥❶❑❀①❴❫❬◆❉❊❀P➃❫❳✇❍❏❳❉⑥◗◆❉❋Ù①✓✒ ❋✶◆❱❑▼❨●⑨✶❋➀①❉⑨✶❪✇❋✶◆❉①✸①❉❋➀P➃❫✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀⑥◗◆❱❑▼❋✶❨●◆❉❋Ù①❉❋➀P➃❫✗❊●❍❏■❉❨●⑩✶❋➀❋✜❑✷①❉■✸❨▼❫❬❪❉❪✇❍❏❨❺❑✤①❉❋

❻❃➹ØÏ❃➹❾➮♦Ô✜➘❅Ï❃Ô✜➘✕❰◗➹Ø➴✏❧➌➬✱✃❜❪✣❒♦✃❭×Ø➚✢➬✌✔❬❰◗➹Ø❰✉❮Ñ➚➶➘✕Ï❃✃⑦➴✍✃⑦Ï❃Ô✜➘✣❮Ñ➚✜Ï➼❮★✃❬❰✉❮✺➘✣❒♦× ×Ø✃
✏❬❭



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩
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ã⑦⑥⑨⑧✛✃▲❩ ➈ ✌➱⑩✪❂✷❨●■❉⑥❶❑③❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✣❋✶◆❩✔➼❍❬◆❉⑩✜❑▼⑥◗❍❏◆✪①❉❋✣P➃❫q❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✣❪✇❍❏■❉❨ Re = 0, 275 Ω❋✜❑
Rr = 0, 123 Ω ➈ ❷☞❋✗❑▼❨▼❫❬⑥❶❑✣⑩✶❍❏◆❱❑❼⑥❶◆⑤■✒❋✶❊❺❑➀■❉◆♣❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑Ù❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✯❫✩❚❏❋✶⑩ Sdispo =

(2, 1 pA)2/Hz ➈
❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

Re/Rr
❰➼P◗❋✪❪✇❍❏◆❱❑✦❋✶❊❺❑✦■❉◆➐①❉⑥❶❚⑤⑥◗❊●❋✶■❉❨✯①❉❋✵⑩✶❍❏■❉❨▼❫❬◆❱❑✩❽☎⑩✶❋✵⑦❖■❉⑥✷❋✶❊❺❑✦⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑

❚❸❫❬P➃❫❬❳❉P◗❋Ù❪✇❍❏■❉❨✷P◗❋➀❳❉❨●■❉⑥❶❑✷⑥◗◆❸➷❺❋✶⑩✜❑▼⑨➀❪❴❫❬❨✷P◗❋✶❊❆✥❴P◗❊✷⑦❖■❉⑥✮①❉❋✶❊●⑩✶❋✶◆❉①❉❋✩◆❱❑✣①❉❋
300K

Ð ➈ ②☎❍❏■❉❨✽⑩✜❋✜❑●❑❼❋❨▼❫❬⑥◗❊●❍❏◆✔❽③◆❉❍❏■❉❊✵❲✪❋✶❊●■❉❨●❍❏◆❉❊✸❫❬■ÿ①❉⑨✶❳❉■▲❑✸①❉❋✒⑩❃❇❴❫❸⑦❖■❉❋♣❋❃Þ▲❪✇⑨✶❨●⑥◗❋✶◆❉⑩✶❋✉P◗❋✒❳❉❨●■❉⑥❶❑❊✦ë❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❣➇
❑▼⑥◗❍❏◆➐◆❖■❉P◗P◗❋✸❋✜❑➄①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❍❏◆❉❊✦❋❃Þ❉❫❬⑩✜❑▼❋✶❲✪❋✶◆❱❑✪P◗❋✸❳❉❨●■❉⑥❶❑✦①❉■✾①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔✣⑦❖■❉⑥✷❚❸❫❬❨●⑥◗❋✟❋✶◆❱❑▼❨●❋
(1, 6 pA)2/Hz

❋✜❑
(5 pA)2/Hz ➈

◗✈✱✄æ❣✱✌◗ û❩❀❂✴✍❃❄✻✺❅❇✴✍✷ ✻✣❀❩❀➱✹✓❨❩❍✸✴✍✷
❇Ù❍❏■❉❊✸❫❯❚❏❍❏◆❉❊✵❾❏⑨✶◆❉⑨✶❨▼❫❬P◗❋✶❲✪❋✶◆❱❑✵❑▼❨▼❫✩❚❬❫❬⑥◗P◗P❶⑨✝①❴❫❬◆❉❊✵P◗❋✒①❉❍❏❲✵❫❬⑥◗◆❉❋✒①❉❋✠✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋➫❋✶◆❱❑▼❨●❋

1Hz
❋✜❑

12, 8 kHz
❽❯⑩✶❋✤⑦❖■❉⑥❱P➃❫❬⑥◗❊●❊●❋➹❫❬❊●❊●❋✣✸✤①❉❋➹❲✵❫❬❨●❾❏❋③❪✇❍❏■❉❨✰■❉◆✏❳❦❍❏◆❚✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉◆❉❋✶❲✪❋✶◆❱❑✰①❉❋

P✱✒ ❫❬❊●❊●❋✶❨❺❚⑤⑥◗❊●❊●❋✶❲✪❋✶◆❱❑❷✦
500 kHz ➈ ❷✰❫✷✥❴❾❏■❉❨●❋✤❩ ➈ ☛❯❘✛❲✪❍❏◆❱❑▼❨●❋✍①❉❋✶■⑤Þ✏❊●❪❦❋✶⑩✜❑▼❨●❋✶❊☎❨●❋✶❪❉❨●⑨✶❊●❋✶◆❖❑❼❫❸❑▼⑥❋✔➼❊①❉❋✛◆❉❍❏❊➹❲✪❋✶❊●■❉❨●❋✶❊➹①❉❋✣❳❉❨●■❉⑥❶❑ ➈ ❷✔❋✣❊●❪✇❋✶⑩✜❑▼❨●❋✣❋✶◆✪❇❴❫❬■▲❑✤❫❀⑨✜❑▼⑨✣❋✶◆❉❨●❋✶❾❏⑥◗❊❺❑▼❨●⑨✣❋✶◆✪❫❯❚⑤❨●⑥◗P❴❩❬❘❏❘✗☛✛P◗❍❏❨●❊①✓✒ ■❉◆❉❋✣①❉❋✣◆❉❍❏❊✤❪❉❨●❋✶❲✪⑥❶❈✶❨●❋✶❊➹❋❃Þ▲❪✇⑨✶❨●⑥◗❋✶◆❉⑩✶❋✶❊✷❫❬❪❉❨●❈✶❊✤P◗❋✛❲✪❍❏◆❱❑❼❫❬❾❏❋✛①❉■✪⑩✶⑥◗❨●⑩✶■❉⑥❶❑③⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋✣❊●■❉❨

P✱✒ ⑥◗◆❉❊●❋✶❨❺❑✳✦✪①❉⑥◗P◗■▲❑▼⑥❶❍❏◆ ➈ ❷☞❋✯◆❉⑥❶❚❏❋✩❫❬■✉①❉❋✯❳❴❫❬❊●❋✏①❉■♣❳❉❨●■❉⑥❶❑Ù❋✶❊❺❑q❳❉⑥◗❋✶◆✉①❉⑨✜✥❴◆❉⑥☎❲✵❫❬⑥◗❊✛■❉◆♣❾❏❨▼❫❬◆❉①◆❉❍❏❲✦❳❉❨●❋✖①❉❋ë❪❉⑥◗⑩✶❊✝❊●❋ë❊●■❉❪✇❋✶❨●❪❦❍❏❊●❋ ➈ ②✥❫❬❨✝P➃❫ ❊●■❉⑥❶❑▼❋❬❽✣◆❉❍❏■❉❊✉❫✩❚❏❍❏◆❉❊✒❋✶❊●❊▼❫✩④❱⑨ ①✓✒ ⑥◗①❉❋✶◆❱❑▼⑥❋✥❴❋✶❨
✏✕❲



➓✛❑Ðë✇❑✪✽➀❢❸❤❦➩ ➤ ❥✥❥✍❤✾✫✇➦♣➦❱❢✸➺③➦⑤❜✉❡ ➤ ❜✮➎ ❤❦❥ ➥ ➦⑤❞

1 10 100 1000 10000

1x10
-23

1x10
-22

1x10
-21

25/04/01
S

I [
A

2
/H

z
]

fréquence [Hz]

1 10 100 1000 10000

10
-22

10
-21

19/04/02

S
I [

A
2
/H

z
]

fréquence [Hz]

1 10 100 1000 10000
10

-23

10
-22

10
-21

 

 

ã⑦⑥⑨⑧✛✃➹❩ ➈ ☛❯❘❫⑩➐❹✷❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆➐①❉❋✸①❉❋✶■⑤Þ✾❊●❪❦❋✶⑩✜❑▼❨●❋✶❊✪❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑❼❫❸❑▼⑥❋✔➼❊ ➈ ❷☞❋✸❪❉❨●❋✶❲✪⑥◗❋✶❨✦①❴❫❸❑▼❋①✓✒ ■❉◆❉❋➄①❉❋✶❊✗❪❉❨●❋✶❲✪⑥◗❈✶❨●❋✶❊❀❋❃Þ▲❪❦⑨✶❨●⑥◗❋✶◆❉⑩✶❋✶❊✯❋✶◆ë❫✩❚⑤❨●⑥◗P➹❩❬❘❏❘✗☛✒❰
T = 26mK

Ð❃❽✔P◗❋❅①❉❋✶■⑤Þ▲⑥❶❈✶❲✪❋✪❫
⑨✜❑▼⑨❀❋✶◆❉❨●❋✶❾❏⑥◗❊❺❑▼❨●⑨❀■❉◆✉❫❬◆✟❪❉P◗■❉❊✽❑❼❫❬❨●① ❰

T = 100mK
Ð ➈ ❿➀❋✗◆❉❍❏❲✦❳❉❨●❋✶■⑤Þ✟❪❉⑥◗⑩✶❊✛❍❏◆❱❑✣❪❉■❯■✜❑▼❨●❋❊●■❉❪❉❪❉❨●⑥◗❲✪⑨✶❊✦❋✶◆ ①❉⑨✶⑩✶❍❏■❉❪❉P➃❫❬◆❖❑❅P◗❋✵⑩✶❨❺④❏❍❏❊❺❑❼❫❸❑➄❲✪⑨✶⑩✩❫❬◆❉⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑❅①❉■ ❊●❍❏P✷❋✜❑❅①❉❋✶❊❅❪✇❍❏❲✪❪✇❋✶❊

❋✜❑Ù❋✶◆✝⑨✜❚⑤⑥❶❑❼❫❬◆❖❑✣P◗❋✶❊✛❳✇❍❏■❉⑩✶P◗❋✶❊✛①❉❋✗❲✵❫❬❊●❊●❋ ➈④✖ ◆❉❊●❋✶❨❺❑✏➬ ❻ ❪❦❋✶⑩✜❑▼❨●❋✏⑦❖■❴❫❬◆❉①✒P◗❋❀❪✇❍❬❲✪❪❴❫❬❾❏❋❀❊●■❉❨✣P➃❫❳✇❍❏⑥❶❑▼❋❚✦❅❇❉⑨✶P◗⑥◗■❉❲þ❲✪❋✶❊❺❑➀❫❬❨●❨❬■✜❑▼⑨ ➈ ✏✎▼



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩

P✱✒ ❍❏❨●⑥◗❾❬⑥❶◆❉❋✵①❉❋✸⑩✶❋✶❊✦❪❉⑥◗⑩✶❊✦❋✜❑❅❪❉❨●⑥◗❊✯❪✇❋✜❑▼⑥❶❑✪✦✉❪✇❋✜❑▼⑥❶❑✦P◗❋✶❊✯❪❉❨●⑨✶⑩✩❫❬■▲❑▼⑥◗❍❏◆❉❊✦❊●■❉⑥❶❚❬❫❬◆❱❑▼❋✶❊✦❪✇❍❏■❉❨✦P◗❋✶❊
❊●■❉❪❉❪❉❨●⑥◗❲✪❋✶❨❀➬
❫ ➈ Ð✷❪✇❍❏■❉❨✛⑨✜❚⑤⑥❶❑▼❋✶❨✣①❉❋✶❊✛❚⑤⑥◗❳❉❨▼❫❸❑▼⑥◗❍❏◆❉❊✛①✓✒ ❍❏❨●⑥◗❾❏⑥◗◆❉❋q❲✪⑨✶⑩✩❫❬◆❉⑥◗⑦❖■❉❋⑩✂P◗❋✶❊✸❪❦❍❏❲✪❪✇❋✶❊✸❪✇❍❏■❉❨✸P◗❋♣⑩✶⑥◗❨●⑩✶■❉⑥❶❑✸①❉⑥◗P◗■▲❑▼⑥❶❍❏◆à❍❏◆❱❑✟⑨✜❑▼⑨➫①❉⑨✶❪❉P➃❫❬⑩✶⑨✶❋✜❊✝❋✜❑✟❊●❋♣❑▼❨●❍❏■▲❚❱❋✶◆❱❑

❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑✛①❴❫❬◆❉❊✣■❉◆❉❋✏❊▼❫❬P◗P◗❋q⑨✶P◗❍❏⑥◗❾❏◆❉⑨✶❋q①❉❋✗P✱✒ ❋❃Þ▲❪✇⑨✶❨●⑥◗❋✶◆❉⑩✶❋
⑩✂P◗❋➄❑▼■▲④❖❫❬■ ①❉❋✵❪✇❍❏❲✪❪❴❫❬❾❏❋✵❪✇❍❏■❉❨✯P➃❫✒❳✇❍❏⑥❶❑▼❋⑩✦✉❇❉⑨✶P◗⑥◗■❉❲➧❲♣❪✇❍❏❲✪❪✇⑨✶❋✵❪❴❫❬❊●❊●❋✟❪❴❫❬❨✯■❉◆
❳❴❫❬⑩❚✦➄❊▼❫❬❳❉P◗❋❀❪✇❍❏■❉❨✣❫❸❑●❑▼⑨✶◆⑤■❉❋✶❨✣P◗❋✶❊✽❚⑤⑥◗❳❉❨▼❫❸❑▼⑥◗❍❏◆❉❊✛❫❬❲✪❋✶◆❉⑨✶❋✶❊➀❫❬■✝⑩✶❨❺④❏❍❏❊❺❑❼❫❸❑

⑩✂P◗❋✽⑩✶❨❺④❱❍❏❊❺❑❼❫❸❑✤❋✶❊❺❑✤❪✇❍❏❊●⑨✣❊●■❉❨➹■❉◆✪❫❬❲✪❍❏❨❺❑▼⑥◗❊●❊●❋✶■❉❨③❋✶◆✪❲✪❍❏■❉❊●❊●❋✣❪❦❍❏■❉❨➹P◗❋✛①❉⑨✶⑩✶❍❏■❉❪❉P◗❋✶❨➹①❉❋✶❊
❚⑤⑥◗❳❉❨▼❫❸❑▼⑥◗❍❏◆❉❊➀①❉■✖❊●❍❏P✍❋✜❑✗⑥◗P✥❋✶❊❺❑✏⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑❀❋✶◆❱❑▼❍❏■❉❨●⑨➄①❉❋❅❲✪❍❏■❉❊●❊●❋❅❪✇❍❏■❉❨q⑨✶⑩✶❨▼❫❬◆❖❑▼❋✶❨
①❉❋✶❊✣❪✇❋✶❨❺❑▼■❉❨●❳❴❫❸❑▼⑥◗❍❏◆❉❊✣❫❬⑩✶❍❏■❉❊❺❑▼⑥◗⑦❖■❉❋✶❊

❳ ➈ Ð✷❪✇❍❏■❉❨✣⑨✜❚⑤⑥❶❑▼❋✶❨✛①❉❋✶❊Ù❳❦❍❏■❉⑩✶P◗❋✶❊✣①❉❋✗❲✵❫❬❊●❊●❋⑩à❑▼❍❏■❉❊ÙP◗❋✶❊✛❑▼■▲④❖❫❬■⑤Þ✉⑦❖■❉⑥☎❫❬❨●❨●⑥❶❚❏❋✶◆❖❑Ù❊●■❉❨➀P◗❫➄⑩✩❫❬◆❉◆❉❋✯①❉❋✏❲✪❋✶❊●■❉❨●❋✏❊●❍❏◆❖❑➀⑥◗❊●❍❏P◗⑨✶❊✣⑨✶P◗❋✶⑩✜❑▼❨●⑥ ➇
⑦❖■❉❋✶❲✪❋✶◆❱❑Ù①❉❋✗⑩✶❋✶P◗P◗❋❃➇ä⑩✶⑥✔❪❴❫❬❨✛■❉◆❉❋✗❪❉⑥◗❈✶⑩✶❋✗❋✶◆✒❪❉P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋

⑩✂P◗❋✽❳❉■❉❊ ✈ ② ✖ ❂ ❋✶◆❖❑▼❨●❋✛P✱✒ ❍❏❨●①❉⑥◗◆❴❫❸❑▼❋✶■❉❨✍①❉❋✣⑩✶❍❏❲✪❲✵❫❬◆❉①❉❋✽❋✜❑➹P◗❋✶❊➹❫❬❪❉❪❴❫❬❨●❋✶⑥◗P◗❊✍①❉❋✣❲✪❋✶❊●■❉❨●❋
❋✶❊❺❑☎⑥◗❊●❍❏P◗⑨③⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋✶❲✪❋✶◆❖❑☎❪❴❫❬❨✰■❉◆✏⑩✶❍❏■❉❪❉P◗❋✶■❉❨✰❍❏❪▲❑▼⑥◗⑦❖■❉❋q❰◗❇➀❫❣❑❼⑥❶❍❏◆❴❫❬P ✖ ◆❉❊❺❑▼❨●■❉❲✪❋✶◆❖❑▼❊❼Ð❷⑦✒ ❫❬❲✪⑨✶P◗⑥❶❍❏❨▼❫❸❑▼⑥❶❍❬◆ ❫❬■ ◆❉⑥❶❚❏❋✩❫❬■➐①❉❋✶❊✯❪❉⑥◗⑩✶❊✏❪✇❋✶■▲❑✯■✜❑▼❨●❋➄❚❱⑨✶❨●⑥❋✥❴⑨✶❋✵①❴❫❬◆❉❊✏P◗❋✪❊●❪✇❋✶⑩✜❑▼❨●❋✸①❉■ ❳❴❫❬❊

①❴❫❬◆❉❊✽P➃❫❈✥❴❾❏■❉❨●❋✗❩ ➈ ☛❯❘✯⑦❖■❉⑥✔❫✦⑨✜❑▼⑨q❋✶◆❉❨●❋✶❾❏⑥◗❊❺❑▼❨●⑨q❋✶◆✝❫❯❚⑤❨●⑥◗P✔❩❬❘❏❘❱❩⑤❽❖⑩✰✒ ❋✶❊❺❑✽✦✦①❉⑥◗❨●❋➀■❉◆✝❫❬◆✝❫❬❪❉❨●❈✶❊P◗❋✝❊●❪✇❋✶⑩✜❑▼❨●❋♣①❉■ÿ❇❴❫❬■▲❑ ➈ ❻ ■❉❨❺❑▼❍❏■▲❑✸P◗❋✜❊✵❪❉⑥◗⑩✜❊⑩✦ 25
❋✜❑

50Hz
❍❏◆❱❑✵⑨✜❑▼⑨♣❫❸❑●❑▼⑨✶◆❖■❉⑨✶❊✵❋✜❑✸①❉❋

◆❉❍❏❲✦❳❉❨●❋✶■⑤Þ✒❪❉⑥◗⑩✶❊✣❪✇❍❏■❉❨
f > 1 kHz

❊●■❉❪❉❪❉❨●⑥◗❲✪⑨✶❊ ➈ ②✥❫❬❨●❲✪⑥☞P◗❋✶❊✣❪❉⑥◗⑩✶❊✣⑦❖■❉⑥✰❊●■❉❳❉❊●⑥◗❊❺❑▼❋✶◆❖❑✩❽❦❍❏◆❪❦❋✶■▲❑✽✔❡❫❬⑩✶⑥◗P◗❋✜❲✪❋✶◆❖❑✛⑥◗①❉❋✶◆❱❑▼⑥❋✥❴❋✶❨✛P◗❋✶❊✛❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊✛①❉❋
50Hz ➈ ②✥❍❏■❉❨✛⑩✶❋✶■⑤Þ❖➇ä⑩✶⑥✐❽❴■❉◆❉❋✏❫❬❲✪⑨❃➇P◗⑥◗❍❏❨●❫❸❑▼⑥❶❍❏◆❅❊●❋✶❨▼❫✗⑩✶❋✶❨❺❑❼❫❬⑥◗◆❉❋✶❲✪❋✶◆❱❑➹❋✶◆❉⑩✶❍❏❨●❋✣❪✇❍❏❊●❊●⑥◗❳❉P◗❋✛❋✶◆✪❨●❋✶❲✪❪❉P➃❫✰✙✩❫❬◆❱❑➹P◗❋✶❊③⑩✮❍❬❳❉P◗❋✶❊➹⑩✶❍❱❫❣Þ▲⑥➃❫❬■⑤Þ

✛❴❋❃Þ▲⑥◗❳❉P◗❋✶❊❅❰❡➁ ✈ ▼✰P❱Ð✛⑦❖■❉⑥✥❨●❋✶P◗⑥◗❋✶◆❱❑➀P◗❋✶❊q❫❬❪❉❪❴❫❬❨●❋✶⑥◗P◗❊Ù①❉❋✦❲✪❋✶❊●■❉❨●❋❅❫✩❚❏❋✶⑩✦P◗❋✯❇❴❫❬■▲❑q①❉❋✯P✱✒ ⑥◗◆❉❊●❋✶❨❺❑
✦❅①❉⑥◗P◗■▲❑▼⑥❶❍❏◆✟❪❴❫❬❨✛①❉❋✶❊✣⑩✮❍❬❳❉P◗❋✶❊✣❊●❋✶❲✪⑥ ➇ä❨●⑥❶❾❏⑥❶①❉❋✶❊ ➈ ❷☞❋✶❊✣①❉❋✶■⑤Þ✝❾❏❨▼❫❬◆❉①❉❊✣❪❉⑥◗⑩✶❊❻✦❅❋✶◆❖❚⑤⑥❶❨▼❍❬◆ 1 kHz❋✜❑

7 kHz
❊●❍❏◆❖❑ÙP◗⑥◗⑨✶❊✣❫❬■✒❪❦❍❏❲✪❪❴❫❬❾❏❋✗❊●■❉❨✣P➃❫❅❳✇❍❏⑥❶❑▼❋❚✦❅❇❉⑨✶P◗⑥◗■❉❲ ❲ ➈ ❻ ⑥✰❍❬◆❯✔➼❋✶❨●❲✪❋✗P➃❫✦❚❸❫❬◆❉◆❉❋⑦❖■❉⑥✍⑩✜❍❏◆❉⑩✶❋✶❨●◆❉❋➄⑩✶❋❅❪✇❍❏❲➄❪❴❫❬❾❏❋✦❊●■❉❨❀P➃❫✵⑩✶❫❬◆❉◆❉❋❅①❉❋❅❲✪❋✶❊●■❉❨●❋❬❽✔P◗❋✯❊●❪✇❋✶⑩✜❑▼❨●❋➄❋✶❊❺❑q❑❼❨●❈✶❊q❪❉❨●❍❏❪❉❨●❋

❪❦❍❏■❉❨
f > 900Hz

❽❉⑩✜✔ ➈ P✱✒ ⑥◗◆❉❊●❋✶❨❺❑✣①❴❫❬◆❉❊✣P➃❫✧✥❴❾❏■❉❨●❋✗①❉■✒❳❴❫❬❊ ➈➁✣❋✶❾❱❫❬❨●①❉❍❏◆❉❊➹❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❖❑➹P❶❋✣◆❉⑥❶❚❏❋✩❫❬■✵①❉❋✣❳❴❫❬❊●❋Ù①❉■✵❳❉❨●■❉⑥❶❑ ➈ ❷☞❋✣❳❉❨●■❉⑥❶❑✤❋✶❊❺❑✷❳❉P➃❫❬◆❉⑩✛①❴❫❬◆❉❊✤■❉◆①❉❍❏❲✵❫❬⑥◗◆❉❋❅①❉❋❩✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✸❋✶◆❱❑▼❨●❋
10Hz

❋✜❑✯⑦❖■❉❋✶P◗⑦❖■❉❋✶❊
kHz ➈ ➆ ①❉❋✶❊❈✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✶❊✦❪❉P◗■❉❊

✔❡❫❬⑥◗❳❉P◗❋✶❊✶❽❴P◗❋✏❳❉❨●■❉⑥❶❑➀❋✶❊❺❑❀①❉❍❏❲✪⑥❶◆❉⑨✏❪❴❫❬❨ÙP◗❋✯❳❉❨●■❉⑥❶❑Ù❋✶◆ ☛♦❿♦✔③①❉❋✶❊q❫❬❲✪❪❉P◗⑥❋✥❴⑩✩❫❸❑▼❋✶■❉❨●❊✣❍❏❪✇⑨✶❨▼❫❸❑▼⑥◗❍❏◆⑤➇
◆❉❋✶P◗❊✣■▲❑▼⑥◗P◗⑥❶❊●⑨✶❊✣①❴❫❸◆❉❊ÙP✱✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❀①❉■ ❻✚❄ ✡ ✖ ❿ ❋✜❑ÙP◗❋✶❊✣❊●❍❏■❉❨●⑩✶❋✶❊Ù①❉❋✏⑩✶❍❏■❉❨▼❫❬◆❱❑Ù❪❉⑥◗P◗❍❬❑▼⑨✶❋✶❊
❋✶◆ ❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ②☎❍❏■❉❨➄①❉❋✶❊✯✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✶❊✸❫❬■✾①❉❋✶P❫✦♣①❉❋✟⑦❖■❉❋✶P◗⑦❖■❉❋✶❊

kHz
❽✍❍❏◆✾❍❏❳❉❊●❋✶❨❺❚❏❋✒■❉◆❉❋

①❉⑥◗❲✪⑥❶◆⑤■▲❑▼⑥❶❍❏◆✪①❉■✸❳❉❨●■❉⑥❶❑✷⑦❖■❉⑥✮⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❯✦✯■❉◆❉❋➀⑩✶❍❏■❉❪❉■❉❨●❋q①❴❫❬◆❉❊✽P➃❫✤✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✵①❉❋➀❑▼❨▼❫❬◆❉❊➔➇
✔➼❋✶❨❺❑✣①❉■✉❊❺④⑤❊❺❑▼❈✶❲✪❋ ➈ ❹✷❋✜❑●❑▼❋✗⑩✶❍❏■❉❪❉■❉❨●❋✏❋✶❊❺❑➀❋✶❊●❊●❋✶◆❱❑▼⑥◗❋✶P◗P◗❋✶❲✪❋✶◆❱❑✣①❉■❉❋✧✦❅P✱✒ ⑥◗❲✪❪❦⑨✶①❴❫❬◆❉⑩✶❋ ωL ①❉❋
P➃❫✝❳✇❍❏❳❉⑥◗◆❉❋✪①✓✒ ❋✶◆❱❑▼❨●⑨✶❋✸①❉■ ❻✚❄ ✡ ✖ ❿ ➈ ❿q❫❬◆❉❊✯P➃❫✝①❉⑨✶❨●⑥❶❚❬❫❸❑▼⑥◗❍❏◆ë①❉❋✵P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆à❰✐❩ ➈ ❲❖Ð❃❽✰◆❉❍❏■❉❊❫✩❚❏❍❏◆❉❊✵◆❉⑨✶❾❏P◗⑥◗❾❏⑨✝❊●❍❏◆à⑥◗◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋

Lb = 1, 85µH ➈ ➆ f = 10 kHz
❽➹P✱✒ ⑥◗❲✪❪❦⑨✶①❴❫❬◆❉⑩✶❋

ωLb

①❉❋✜❚⑤⑥◗❋✶◆❱❑❀①❉❋✦P✱✒ ❍❏❨●①❉❨●❋✏①❉❋✦P➃❫✪❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦①❉❋✦❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋ ➈ ✡Ù◆♣⑩✩❫❬P◗⑩✶■❉P☎⑦❖■❉⑥✥❪❉❨●❋✶◆❉①➫❋✶◆⑩✶❍❏❲✪❪▲❑▼❋❀■❉◆❉❋❀❚❬❫❬P◗❋✶■❉❨
ωL

✥❴◆❉⑥◗❋❬❽❴⑩✶❍❏❨●❨●⑥◗❾❏❋qP✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰✐❩ ➈ ❲❖Ð✷①❉❋✗P➃❫✦❲✵❫❬◆❉⑥◗❈✶❨●❋❀❊●■❉⑥❶❚❸❫❬◆❱❑▼❋➄➬

SV =
1

G2

[ Sbobine

1 + (f/f0)2
+ Sdispo

]

,
❰✐❩ ➈ ✏❏Ð

✏❬❙



➓✛❑Ðë✇❑✪✽➀❢❸❤❦➩ ➤ ❥✥❥✍❤✾✫✇➦♣➦❱❢✸➺③➦⑤❜✉❡ ➤ ❜✮➎ ❤❦❥ ➥ ➦⑤❞

❫✩❚❱❋✶⑩✗■❉◆❉❋✤✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✯①❉❋✗⑩✶❍❏■❉❪❉■❉❨●❋
f0 = ΣR

2πL
➈❷✰❫ ✔➼❍❏❨●❲❅■❉P◗❋ ❰✐❩ ➈ ✏❏Ð✸❪✇❋✶❨●❲✪❋✜❑✒①✓✒ ❫❸➷❺■❉❊❺❑▼❋✶❨✒P◗❋✶❊✒❊●❪✇❋✶⑩✜❑▼❨●❋✶❊✉❲✪❋✶❊●■❉❨●⑨✶❊♣❫✩❚❱❋✶⑩ Sbobine

❋✜❑
f0⑩✶❍❏❲✪❲✪❋✷❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊ ➈ ②✥❍❏■❉❨✍①❉❍❏◆❉◆❉❋✶❨③■❉◆❅❋❃Þ▲❋✶❲✪❪❉P◗❋❬❽❬P➃❫➀⑩✶❍❏■❉❨●❳✇❋✛❪❉P◗❋✶⑥◗◆❉❋✷①❴❫❬◆❉❊③P◗❋✽❊●❪❦❋✶⑩✜❑▼❨●❋①❉■✒❳❴❫❬❊✣①❉❋✗P➃❫✯✥❴❾❏■❉❨●❋✯❩ ➈ ☛❯❘❅❋✶❊❺❑Ù⑩✩❫❬P◗⑩✶■❉P◗⑨✶❋✗❫✩❚❱❋✶⑩ Sbobine = 1, 68 10−23A2/Hz

❋✜❑
f0 =

30 kHz
⑩✶❋✯⑦❖■❉⑥☎⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①➫❫❬■✉❳❉❨●■❉⑥❶❑Ù❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✏①❉❋✶❊➀❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊

ΣR = 0, 329 Ω❋✜❑✳✦❅■❉◆❉❋✗⑥◗◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✗❋✜✲✮❋✶⑩✜❑▼⑥❶❚❱❋
L = 1, 75µH

❋✶◆✒❑▼❨●❈✶❊✣❳❦❍❏◆✉❫❬⑩✶⑩✶❍❏❨●①✉❫✩❚❏❋✶⑩
Lb ➈❷☞❋✶❊✗❊●❪❦❋✶⑩✜❑▼❨●❋✶❊✏❋✶◆❉❨●❋✶❾❏⑥◗❊❺❑▼❨●⑨✶❊✗❪✇❍❏■❉❨❀①❉❋✶❊✤✔➼❍❏❨❺❑▼❊❀⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊❀①❉❋➄❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥◗❍❬◆

Ie
①❴❫❬◆❉❊✗①❉❋✶❊

⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆❉❊✪①❉❋✉❪❦❋✜❑▼⑥❶❑▼❊✪❚❏❍❏P◗■❉❲✪❋✶❊
Ω
❲✪❍❏◆❖❑▼❨●❋✶◆❱❑✵■❉◆❉❋♣❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❏◆✾①❉■à❳❉❨●■❉⑥❶❑✵❋✶◆

☛♦❿♦✔➔❽▲❚❱❍❏⑥◗❨✛P➃❫✧✥❴❾❏■❉❨●❋✦❩ ➈ ☛✎☛ ➈ ❹✷❋✏⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑✣❋✶❊❺❑➀❫❸❑●❑▼❋✶◆❉①❉■✉⑩✩❫❬❨✣P◗❋✶❊✷✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊✣①❉❋❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✁✦✖P✱✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋✟①❉❋✒⑩✶❋✒❳❉❨●■❉⑥❶❑✪❋✶◆ ☛♦❿✍✔q❊●❍❏◆❖❑✪❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉❋✶P◗P❶❋✶❊✵✦
I2
e/Ω

▼❉☛♦▼❏❩☛❖ ➈❇Ù❍❏■❉❊❀❪✇❍❏■▲❚❏❍❏◆❉❊✗❋✶◆➫❑▼❋✶◆❉⑥◗❨q⑩✶❍❬❲✪❪▲❑▼❋❅❋✶◆ë❫❣➷❺❍❏■▲❑❼❫❬◆❖❑q■❉◆❉❋➄⑩✶❍❏❲✪❪❦❍❏❊▼❫❬◆❖❑▼❋ β
fα

❫❬■✖❳❉❨●■❉⑥❶❑q①❉❋

10 100 1000 10000
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-22

10
-21
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]

fréquence [Hz]

ã⑦⑥⑨⑧✛✃✇❩ ➈ ☛✎☛➱⑩✪➆➀■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❏◆✸①❉■✒❳❉❨●■❉⑥❶❑✛❋✶◆➯☛♦❿♦✔✥❫✩❚❱❋✶⑩✗P◗❋q⑩✶❍❏■❉❨▼❫❬◆❱❑Ù①❉❋❀❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆ Ie①❴❫❬◆❉❊✏P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✔❽✮①❉❋✪❳❴❫❬❊✗❋✶◆ ❇❴❫❬■▲❑➄➬
Ie = 36, 98

❋✜❑
200µA ➈ ❷☞❋✶❊✯❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑▼❊❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊✟❪❉❨●❋✶◆❉◆❉❋✶◆❱❑✒❋✶◆✭⑩✶❍❏❲✪❪▲❑▼❋♣■❉◆à❑▼❋✶❨●❲✪❋ β

fα

❫✩❚❱❋✶⑩➫■❉◆✭❋❃Þ▲❪❦❍❏❊▼❫❬◆❖❑
α = 1, 27❰➼⑩✶❍❏■❉❨●❳✇❋✵❪❉P◗❋✶⑥◗◆❉❋✶❊❼Ð ➈ ➆✰❚❏❋✶⑩ α = 1

❰➼⑩✶❍❏■❉❨●❳✇❋✵❪✇❍❏⑥◗◆❱❑▼⑥◗P❶P◗⑨❯Ð➀P✱✒ ❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✯❋✶❊❺❑✦◆❉❋✜❑●❑▼❋✶❲✪❋✶◆❱❑
❲✪❍❏⑥◗◆❉❊✽❳✇❍❏◆ ➈P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P❶P◗❍❏◆ ➈ ❷⑦✒ ❋❃Þ▲❪❦❍❏❊▼❫❬◆❖❑ α ◆✓✒ ❋✶❊❺❑✵❪❴❫❬❊➄❑▼❍❏■❸➷❺❍❏■❉❨●❊➄⑨✶❾❱❫❬P❱✦✄☛❏❽③❲✵❫❬⑥◗❊✦❨▼❋✜❊●❑▼❋✝①❴❫❬◆❉❊✪P➃❫
✔➼❍❏■❉❨●⑩❼❇❉❋✜❑●❑▼❋

0, 8 < α < 1, 4
❍❏❳❉❊●❋✶❨❺❚❏⑨✶❋✯❪❴❫❬❨Ù①✓✒ ❫❬■▲❑▼❨●❋✶❊➀❫❬■▲❑▼❋✶■❉❨●❊❂▼❉☛♦▼❏❩☛❖ ➈ ❻ ■❉❨ÙP✱✒ ❋❃Þ▲❋✶❲✪❪❉P◗❋①❉❍❏◆❉◆❉⑨✦①❴❫❬◆❉❊➀P➃❫✵✥❴❾❏■❉❨●❋➄❩ ➈ ☛✎☛❏❽❦⑥◗P✰❊✮✒ ❫❸❾❏⑥❶❑q①❉❋✶❊q❊●❪❦❋✶⑩✜❑▼❨●❋✶❊❀①✓✒ ■❉◆❉❋Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ①❉❋✦❪❦❋✜❑▼⑥❶❑

✏✎✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦➣➓✛❑ ➢ ❝❡❞❯➺ ➤ ❞❯❝➳❢❣❝⑨❡➀➦✣✢✥➺③➵⑤❜✩❝◗➎ ➦⑤❥✮❢❸❤❦➩

❚❏❍❏P◗■❉❲✪❋✖❰
Ω ≈ 0, 02µm3 Ð✯❪✇❍❏■❉❨✦❑▼❨●❍❏⑥◗❊✦⑩✶❍❏■❉❨▼❫❬◆❖❑▼❊❅①❉❋✝❪✇❍❏P➃❫❬❨●⑥❶❊▼❫❸❑▼⑥◗❍❬◆ ①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊ ➈ ➣q◆❍❏❳▲❑▼⑥◗❋✶◆❱❑✣P◗❋❀❲✪❋✶⑥◗P◗P❶❋✶■❉❨✛❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑Ù❪✇❍❏■❉❨

α = 1, 27 ➈➅③◆✾❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋❬❽✍◆❉❍❏■❉❊❅❲✪❍❯④❱❋✶◆❉◆❉❍❏◆❉❊❅■❉◆✾❊●❪✇❋✶⑩✜❑▼❨●❋➳☛❯❘❱❩✕❲✹✔➼❍❏⑥◗❊✶❽✥⑩✶❋✟⑦❖■❉⑥✛①❉❍❏◆❉◆❉❋✟■❉◆✾⑨✶⑩✩❫❬❨❺❑
❑ä④⑤❪✇❋✟❨●❋✶P➃❫❸❑▼⑥❋✔✣①❉❋

3%
❪✇❍❏■❉❨✦P✱✒ ❋✶❊❺❑▼⑥◗❲✵❫❸❑▼⑥❶❍❏◆➐①❉❋✟P➃❫♣①❉❋✶◆❉❊●⑥❶❑▼⑨✟❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✟①❉❋✟❳❉❨●■❉⑥❶❑ ➈ ❹✷❋✶P➃❫⑩✶❍❏❨●❨●❋✶❊●❪❦❍❏◆❉① ❪❴❫❬❨✦❋❃Þ▲❋✜❲✪❪❉P◗❋❯✦♣■❉◆❉❋✸①❉⑥◗❊●❪✇❋✶❨●❊●⑥◗❍❏◆ ①❉❋✸P✱✒ ❍❏❨●①❉❨●❋✸①❉❋

(0, 5 pA)2/Hz
❪❦❍❏■❉❨

■❉◆✟◆❉⑥❶❚❏❋✩❫❬■✟①❉❋q❳❉❨●■❉⑥❶❑✽①❉❋
(3 pA)2/Hz ➈ ➆✰❚❏❋✶⑩❀⑩✶❋➀❑❼❫❬■⑤Þ✸①❉❋❀❲✪❍❯④❏❋✶◆❉◆❴❫❬❾❏❋q❋✜❑❻P❏❘❏❘✯❪✇❍❬⑥◗◆❖❑▼❊①❉❋✢✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋Ù①❴❫❬◆❉❊✍P✱✒ ⑥◗◆❖❑▼❋✶❨❺❚❸❫❬P◗P❶❋

0..12, 8 kHz
❽❬P✱✒ ❋✶◆❉❨●❋✶❾❏⑥◗❊❺❑▼❨●❋✶❲✪❋✶◆❖❑✍①✓✒ ■❉◆➄❊●❪✇❋✶⑩✜❑▼❨●❋✛①❉■❉❨●❋

64 s ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽⑤P◗❋Ù◆❉⑥❶❚❏❋✩❫❬■✵①❉■✸❳❉❨●■❉⑥❶❑✤❋✶❊❺❑✽❋❃Þ⑤❑▼❨▼❫❬⑥❶❑✷❪❴❫❬❨✤■❉◆✸❪❉❨●❍❏❾❏❨▼❫❬❲✪❲✪❋✣❷✰❫❬❳❱❚⑤⑥◗❋✜➩✭①❴❫❬◆❉❊
■❉◆❉❋✤✔➼❋✶◆✚■✜❑▼❨●❋✗①❉❋✤✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✏❍✎✩✝P◗❋❀❳❉❨●■❉⑥❶❑✣❋✶❊❺❑Ù❳❉P➃❫❬◆❉⑩ ➈ ❷☞❋❀❪❉❨●❍❏❾❏❨▼❫❬❲✪❲✪❋q❋✶◆❉P◗❈✜❚❏❋✗P◗❋✶❊✛❪❉⑥◗⑩✶❊①❴❫❬◆❉❊✷P◗❋Ù❊●❪✇❋✶⑩✜❑▼❨●❋q❋✜❑✽⑩✩❫❬P◗⑩✶■❉P◗❋ÙP➃❫✗❲✪❍❯④❱❋✶◆❉◆❉❋➀❊●■❉❨✷P◗❋✶❊✷❪❦❍❏⑥◗◆❖❑▼❊✶❽❖⑩✶❋➀⑦❖■❉⑥✮❨●⑨✶①❉■❉⑥❶❑✷❋✶◆❉⑩✶❍❏❨●❋qP✱✒ ⑥◗◆⑤➇
⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✣❊●■❉❨➹P➃❫q❚❸❫❬P◗❋✶■❉❨➹❲✪❋✶❊●■❉❨●⑨✶❋ ➈ ❹✷❋✶❪❦❋✶◆❉①❴❫❬◆❱❑❯❽❖◆❉❍❏■❉❊③❚❱⑨✶❨●⑥❋✥❴❍❏◆❉❊➹❊❺④⑤❊❺❑▼⑨✶❲✵❫❸❑▼⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑⑦❖■❉❋✶P◗⑦❖■❉❋✶❊➄❊●❪✇❋✶⑩✜❑▼❨●❋✶❊✪✼❃✦➫P➃❫♣❲✵❫❬⑥◗◆◆✾✵❪✇❍❏■❉❨❅❊✣✒ ❫❬❊●❊●■❉❨●❋✶❨✪⑦❖■❉❋✝P◗❋✶❊✦❚❸❫❬P◗❋✶■❉❨●❊➄⑩✩❫❬P◗⑩✶■❉P◗⑨✶❋✶❊❅❊●❍❏◆❱❑
⑩✶❍❏❨●❨●❋✶⑩✜❑▼❋✶❊ ➈
◗✈✱✄æ❣✱❞❤ ❁Ó✻✾❆✲❈✓➝✲✶✸✶✸❆✲❥✲✴❦❆✛➡➋✴✍❃✵❀❂➝✲❈✓❆❜❅❇✹✓✷✺❆✇✻✾✹✓➝✲✶

➆✰❚❬❫❬◆❱❑✣①❉❋q❲✪❋✶❊●■❉❨●❋✶❨✽P◗❋q❳❉❨●■❉⑥❶❑✽①❉❋❀❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋Ù①❴❫❬◆❉❊✛■❉◆✟⑨✶⑩❃❇❴❫❸◆❖❑▼⑥◗P◗P◗❍❏◆✵❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋❬❽
◆❉❍❏■❉❊❀❫✩❚❏❍❏◆❉❊❀⑨✜❑▼■❉①❉⑥◗⑨✯P◗❋✯❳❉❨●■❉⑥❶❑q❋✶◆➫⑩✶❍❏■❉❨▼❫❬◆❱❑❀❋✶◆✹✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✉①❉❋✦P➃❫✪❑▼❋✶◆❉❊●⑥◗❍❏◆♣①❉❋✦❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❣➇
❑▼⑥◗❍❏◆✉①✓✒ ■❉◆✹✥❴P✥①❉❋✦❲✵❫❬◆❉❾❱❫❬◆❉⑥◗◆✉①❉❋✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

Re = 0, 285 Ω
①❉■➫❲❩■✶❲✪❋✗❑➔④⑤❪❦❋❅⑦❖■❉❋✦P➃❫

❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋➫❰
∅ 0, 2mm

Ð ➈ ⑧✉❫❬P◗❾❏❨●⑨➄①❉❋✜❊✯P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✏①❉❋✵✥❴P◗❊✗①❉❋✪⑦❖■❉❋✶P◗⑦❖■❉❋✶❊✯❲✪⑥◗P◗P❶⑥❶❲➄❈✜❑▼❨●❋✶❊❰
Le ≈ 16mm

❋❃❑
Lr ≈ 7mm

Ð❃❽❴❍❏◆✝❍❏❳❉❊●❋✶❨❺❚❏❋✏■❉◆❉❋✏❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✸◆❉❋✜❑●❑▼❋✗①❉❋✗P➃❫✯❑▼❋✶❲❅➇
❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✟❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✸①❉❋✶❊❅⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊

Te = SI(Re + Rr)/4kB
❫✩❚❏❋✶⑩✟P➃❫✝❑▼❋✶◆❉❊●⑥◗❍❏◆✾❿❀❹

❫❬■⑤Þ✝❳❦❍❏❨●◆❉❋✶❊Ù①❉❋✶❊✣❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊✦❰➳❚❏❍❏⑥◗❨✷✥❴❾❏■❉❨●❋✯❩ ➈ ☛❣❩❏Ð ➈➆♠❑❼❨●❈✶❊✛❳❴❫❬❊●❊●❋❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽❉P➃❫✦①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆✸①❉❋❀P➃❫✦❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✗⑥◗◆❸➷❺❋✜⑩✜❑▼⑨✶❋✗❪❴❫❬❨✽P◗❋❀⑩✶❍❏■⑤➇
❨▼❫❬◆❱❑✛①❉❋❀❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✸❋✶❊❺❑✣①❉⑥❋➫✪⑩✶⑥◗P◗❋✳✦✦⑩✩❫❬■❉❊●❋❀①❉❋✶❊✣P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✽①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆✸⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇
❪❉❇❉❍❏◆❉❍❏◆✯❑▼❨●❈✶❊✍⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑▼❋✶❊ ➈ ②✥❍❏■❉❨✥⑩✶❍❏❲✪❪❉❨●❋✶◆❉①❉❨●❋✽P◗❋✶❊✥❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✥❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬■⑤Þ✮❽❬◆❉❍❏■❉❊❫✩❚❏❍❏◆❉❊✏①❴❫❬◆❉❊✏■❉◆ë❪❉❨●❋✶❲✪⑥◗❋✶❨q❑▼❋✶❲✪❪❉❊✏❊●■❉❪❉❪❦❍❏❊●⑨✵⑦❖■❉❋✪P◗❋✶❊✗⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✏❊●❍❏◆❱❑✏⑩✶❍❏❲✪❪❉P◗❈✜❑▼❋✶❲✪❋✶◆❱❑
①❉⑨✶⑩✶❍❏■❉❪❉P◗⑨✶❊✝①❉❋✶❊✒❪❉❇❉❍❏◆❉❍❏◆❉❊ ➈ ➣q◆ ❪❦❋✶■▲❑✉❫❬P◗❍❏❨●❊✟⑩✩❫❬P◗⑩✶■❉P◗❋✶❨✟P◗❫➐❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋➫❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋●✦
P✱✒ ❫❬⑥◗①❉❋✦①❉❋✪P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ÿ❰❃☛ ➈ ❩✕❲❖Ðq❋✶◆ ❲✪❍❯④❏❋✶◆❉◆❴❫❬◆❱❑✯❊●■❉❨✏P➃❫✟P◗❍❏◆❉❾❏■❉❋✶■❉❨❀①❉■➯✥❴P ➈ ❷☞❋✪❨●⑨✶❊●■❉P❶❑❼❫❸❑①✓✒ ■❉◆ë❑▼❋✶P➹⑩✩❫❬P◗⑩✶■❉P③❋✶❊❺❑✯❲✪❍❏◆❖❑▼❨●⑨❩✦✟❑▼⑥❶❑▼❨●❋➄①✓✒ ❋❃Þ▲❋✶❲✪❪❉P◗❋✪❪❦❍❏■❉❨✏■❉◆❉❋➄❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✪①❉❋✪❳❴❫❬❊●❋
①❉❋

100mK
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❑▼⑥◗⑩✶■❉P◗❋✶❊✽❊●■✗➫✪❊▼❫❬❲✪❲✪❋✶◆❱❑✣P◗❍❏◆❉❾❬❑▼❋✶❲✪❪❉❊✽❪❉❨●❈✶❊✣①❉❋❀P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ➅③◆✝❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽❴P◗❋✶❊✛⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨➀❿❸❊●❋✩❲✪⑥ ➇ä⑩✜❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✏①❉❍❏❪❦⑨➄❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✶◆❖❑✏❾❏⑨✶◆❉⑨✶❨▼❫❬P◗❋✶❲✪❋✶◆❖❑❀■❉◆❉❋❅❑▼❨▼❫❬◆❉❊➔➇

P✗☛



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❙➹②❑ ➢✸➤ ➧ ➾ ➩➼➦◆➎ ➦⑤❥✮❢✪➨✥➧ ➾ ❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➧✥❥☎➦❈❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✿ì✥➚❃t

❪❴❫❬❨●❋✶◆❉⑩✶❋q⑥◗◆❱❑▼❋✶❨●❲✪⑨✶①❉⑥➃❫❬⑥◗❨❺❋✦❰➼❆ ≃ 10−2 Ð✢✦✏❑▼❨▼❫✩❚❏❋✶❨●❊✽P➃❫✯❳❴❫❸❨▼❨●⑥◗❈✜❨▼❋ ❻ ⑩❃❇❉❍❬❑●❑❀❪❱④✵⑦❖■❉⑥✮❊●❋✳✔➼❍❏❨●❲✪❋✦✦P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋q①❉■✝⑩✶❍❏◆❱❑❼❫❬⑩✜❑ ➈ ➆✰❚❱❋✶⑩❀①❉❋❀❑▼❋✶P◗❊✽❲✵❫❸❑▼⑨✶❨●⑥➃❫❬■⑤Þ✮❽⑤⑥◗P✮❋✶❊❺❑➀❫❬P◗❍❬❨▼❊✷❪✇❍❏❊●❊●⑥◗❳❉P◗❋q①✓✒ ❍❏❳❉❊●❋✶❨➔➇❚❏❋✶❨✤P◗❋✷✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊③❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾✛❪❴❫❬❨➹①❉❋✶❊✷❲✪❋✶❊●■❉❨●❋✶❊✤①❉❋Ù⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋➀❋✜❑✷P✱✒ ⑨✜❑▼■❉①❉❋✣①❉■
❳❉❨●■❉⑥❶❑✽①❉❋❀❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋➀①❉❋✜❚⑤⑥◗❋✶◆❱❑✣❪❦❍❏❊●❊●⑥◗❳❉P◗❋ ➈ ❷☞❋✶❊✛❲✪❋✶❊●■❉❨●❋✶❊✛①❉❋❀❳❉❨●■❉⑥❶❑✽❪✇❋✶❨●❲✪❋✜❑●❑▼❋✶◆❱❑Ù❫❬P◗❍❏❨●❊✷①❉❋⑩✶❍❏◆✗✥❴❨●❲✪❋✶❨☎P✱✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋➹①❉■✦❪❉⑥◗⑩✤①❉❋✷⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✜❋ ➈ ❹✳✒ ❋✶❊❺❑✍⑩✶❋✷⑦❖■❉❋✽◆❉❍❏■❉❊✍❫✩❚❏❍❏◆❉❊❷✔❡❫❬⑥❶❑☎❊●■❉❨✥①❉❋✶❊➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✥❆✛⑥❫❇❅❿ ❻ ⑥▲◆ ++ ❪✇❍❏■❉❨✍P◗❋✶❊●⑦❖■❉❋✶P◗P◗❋✶❊✍P◗❋✷◆❉⑥❶❑▼❨●■❉❨●❋✽①❉❋✽❑▼⑥❶❑❼❫❬◆❉❋✷❋✶❊❺❑➹❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨
❋✜❑✣P◗❋❀❊●⑥◗P◗⑥◗⑩✶⑥◗■❉❲✞✔➼❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✣①❉❍❏❪✇⑨ ➈
➷➈✪✜↔ ❉ ✌❀☛✍✌✏✢✤✁✰✘✽☛✥✧✩✑✔✁✰✧✩★✪✄✟✞✣✑✲✆✝✄ ✢✷✕✯✎❅✁☎✌✏✢✤✁❋❊✻✧ ✆ å ä ✧ ✎

++

❤④✱✌◗✈✱✁✰ ❁Ñ❈✓❆❜❋❂➝❜❅❇❆✇✻✾✹✓➝✲✶ ❉✸❍➞❃❾➝✲✶➋✻✾❆✲❃❄✻
❷☞❋✶❊✝⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✸❍❏◆❱❑✝⑨✜❑▼⑨✹✔❡❫❬❳❉❨●⑥◗⑦❖■❉⑨✶❊✝❫❬■ ❷✰➅③❆ ✖ ❽Ù❹✽➅③➆ ✈ ❨●❋✶◆❉❍❏❳❉P◗❋❬❽✷①❴❫❬◆❉❊✝■❉◆❉❋

❑▼❋✶⑩❼❇❉◆❉❍❏P◗❍❏❾❏⑥◗❋
200mm ➈ ❿q❫❬◆❉❊q■❉◆❉❋✦❪❉❨●❋✶❲✪⑥◗❈✶❨●❋✏⑨✜❑❼❫❬❪✇❋❬❽✇P◗❋✯❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲✝❽❴❪❉❨▼❍❸❑❼⑨✜❾❏⑨✪✦✪P➃❫✪❊●■❉❨➔➇✔❡❫❬⑩✶❋✦❪❴❫❬❨q■❉◆❉❋✧✥❴◆❉❋❅⑩✶❍❏■❉⑩❼❇❉❋❅①✓✒ ❍❯Þ⑤④⑤①❉❋❸❽☞❋✶❊❺❑✗①❉❍❏❪❦⑨❅❪❴❫❬❨➀P✱✒ ⑥◗❲✪❪❉P◗❫❬◆❱❑❼❫❸❑▼⑥❶❍❏◆✉①❉❋❅❪❉❇❉❍❏❊●❪❉❇❉❍❏❨●❋

✦
15 keV, 2 1015 cm−2 ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽❴■❉◆✝❑▼❨▼❫❬⑥❶❑▼❋✶❲✪❋✶◆❱❑✽❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❚✦ 650 oC

❽❉❊●■❉⑥❶❚⑤⑥☞①✓✒ ■❉◆
❑▼❨▼❫❬⑥❶❑▼❋✶❲✪❋✶◆❱❑✣①✓✒ ❫❬⑩✜❑▼⑥❶❚❬❫❸❑▼⑥◗❍❏◆⑧❿❸①❉⑥❉✲✮■❉❊●⑥◗❍❏◆✟①❉❋✯❭❏❘➄❲✪⑥◗◆✠✦

1050 oC
❊●❍❏■❉❊➀❍✩Þ⑤④⑤❾❏❈✶◆❉❋❬❽✇❪❦❋✶❨●❲✪❋✜❑

P➃❫✯❨●⑨✶⑩✶❨●⑥◗❊❺❑❼❫❬P◗P◗⑥❶❊▼❫❸❑▼⑥❶❍❏◆✸①❉■✝❊●⑥◗P◗⑥❶⑩✶⑥◗■❉❲ ➈ ➂✥⑥◗◆❴❫❬P◗❋✶❲➄❋✶◆❖❑✩❽⑤P◗❋q❊●■❉❳❉❊❺❑▼❨▼❫❸❑✣❋✶❊❺❑✣①❉⑨✶❊●❍✩Þ⑤④⑤①❉⑨✏❪❴❫❬❨✛❾❏❨▼❫❣➇❚⑤■❉❨●❋✖❇❖■❉❲✪⑥◗①❉❋➳✦ P✱✒ ❫❬⑩✶⑥◗①❉❋✹✛❴■❉❍❏❨●❇❱④⑤①❉❨●⑥◗⑦❖■❉❋ ➈ ❿➀❋ë⑩✶❋✖❪❉❨●❍❖⑩✶⑨✶①❉⑨ë❨●⑨✶❊●■❉P❶❑▼❋✖■❉◆❉❋✖⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✪①❉❋✵P➃❫✟⑩✶❍❏■❉⑩❃❇❉❋✵①❉❋✪❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲Ý①❉❍❏❪✇⑨❬❽✰①❉⑨✜✥❴◆❉⑥◗❋✪❪❴❫❬❨✏P➃❫❯✸✶❍❏◆❉❋✪❪✇❍❏■❉❨✏P➃❫❬⑦❖■❉❋✜P◗P◗❋➄P➃❫
⑩✶❍❏◆❉⑩✶❋✶◆❱❑▼❨▼❫❸❑▼⑥◗❍❏◆✖①❉■✖❪❉❇❉❍❏❊●❪❉❇❉❍❏❨●❋❅❋✶❊❺❑✏❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋❩✦✸⑩✶❋✶P◗P◗❋✦①❉❋❅P➃❫✵❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆♣①❉❋✪⑧✒❍❬❑●❑❯❽
nc = 3 1018 cm−3 ▼❉☛✬❖✐❽✇①❉❋ t = 0, 6µm ➈ ❷☞❋✯①❉❍❏❪❴❫❬❾❏❋✏❋✜✲✮❋✶⑩✜❑▼⑥❋✔③①❴❫❬◆❉❊Ù⑩✶❋✜❑●❑▼❋✧✸✶❍❏◆❉❋✏❚❬❫❬■▲❑
ne = 2 1019 cm−3 ➈ ❹✷❋✜❑●❑▼❋Ù❚❬❫❬P◗❋✶■❉❨➹⑩✶❍✏✎ ◆❉⑩✶⑥◗①❉❋➀❫✩❚❱❋✶⑩➀P➃❫q❚❬❫❬P◗❋✶■❉❨✤❪❦❍❏■❉❨✤P➃❫❬⑦❖■❉❋✶P◗P◗❋✣P◗❋✣◆❉⑥❶❚❏❋✩❫❬■①❉❋✛➂❴❋✶❨●❲✪⑥▲❪❴❫❬❊●❊●❋✛①❴❫❬◆❉❊③P➃❫➀❳❴❫❬◆❉①❉❋✛①❉❋✽⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆Ñ▼❉☛✬❖✐❽❏P◗❋✷❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲✻❋✶❊❺❑✤❫❬P◗❍❏❨●❊✥①❉⑨✶❾❏⑨✶◆❉⑨✶❨●⑨ ➈❷☞❋➹◆❉⑥❶❑▼❨▼■❉❨●❋➹①❉❋➹❑▼⑥❶❑❼❫❬◆❉❋③❋✶❊❺❑r✔➼❨●⑨✶⑦❖■❉❋✶❲✪❲✪❋✶◆❖❑☎■▲❑▼⑥◗P◗⑥◗❊●⑨➹❫❬■✯❷✰➅③❆ ✖ ❰➼❋✜❑☎❋✶◆✯❲✪⑥◗⑩✶❨●❍⑤⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❋✶◆✵❾❏⑨✶◆❉⑨✶❨▼❫❬P➳Ð✥⑩✶❍❏❲✪❲✪❋✣❨●❋✶❪❉❨●⑥◗❊●❋✣①❉❋Ù⑩✶❍❏◆❱❑❼❫❬⑩✜❑✷❍❏❇❉❲✪⑥◗⑦❖■❉❋✣❊●■❉❨✤❊●⑥◗P◗⑥❶⑩✶⑥◗■❉❲ ❋✜❑✤❳❴❫❬❨●❨●⑥◗❈✶❨●❋✣①❉❋Ù①❉⑥❋✔➃➇
✔➼■❉❊●⑥◗❍❏◆ë❋✶◆❱❑▼❨●❋✵P◗❋➄❊●⑥◗P◗⑥◗⑩✜⑥◗■❉❲Ý❋✜❑✯P◗❋❅❑▼■❉◆❉❾❏❊❺❑▼❈✶◆❉❋ ➈ ②✥❍❏■❉❨✏⑩✶❋✜❑●❑▼❋✪❨▼❫❬⑥◗❊●❍❏◆✔❽☞P◗❋✪❷✰➅③❆ ✖ ❪✇❍❏❊●❊●❈✶①❉❋■❉◆❉❋❀❑▼❋✶⑩❼❇❉◆❉❍❏P◗❍❏❾❏⑥◗❋❀❍❬❪▲❑❼⑥❶❲✪⑥◗❊●⑨✶❋❀❪❦❍❏■❉❨✣P◗❋❀⑩✶❍❏◆❱❑❼❫❬⑩✜❑Ù❆✛⑥❫❇❅❿ ❻ ⑥ ➈➅③◆ ⑩✶❋✸⑦❖■❉⑥✷⑩✶❍❏◆❉⑩✶❋✶❨●◆❉❋✟◆❉❍❏❊✦⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✶❽✰■❉◆❉❋✸❳❉⑥◗⑩✶❍❏■❉⑩❃❇❉❋✸①❉❋✵❑▼⑥❶❑❼❫❬◆❉❋♣❰

10nm
Ð✗❋✜❑❅①❉❋

◆❉⑥❶❑▼❨●■❉❨●❋✽①❉❋✽❑▼⑥❶❑❼❫❬◆❉❋❀❰
100nm

Ð✥❋✶❊❺❑➹①❉⑨✶❪✇❍❏❊●⑨✶❋✣❪❴❫❬❨✍❪❉■❉P❶❚❏⑨✶❨●⑥◗❊▼❫❸❑▼⑥◗❍❏◆✦⑩✩❫❸❑▼❇❉❍⑤①❉⑥◗⑦❖■❉❋ ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽❍❏◆♣①❉⑨✜✥❴◆❉⑥❶❑q❪❴❫❬❨qP◗⑥❶❑▼❇❉❍❏❾❏❨●❫❯❚⑤■❉❨●❋✏■❉◆➫❲✪❍❬❑▼⑥❋✔✍❆✣❷☎⑧✿❰➼❆☎❨▼❫❬◆❉❊❺❚❏❋✶❨●❊●❋✪❷☞❋✶◆❉❾❬❑▼❇ë⑧✒❋✜❑▼❇❉❍⑤①❦Ð ➈ ❹✷❋❲✪❍❬❑▼⑥❋✔❴⑩✶❍❏◆❉❊●⑥◗❊❺❑▼❋✣❋✶◆➄■❉◆❉❋✣❊●⑨✶❨●⑥◗❋✛①❉❋✛❪❉P◗❍❬❑▼❊③①❉❋✛❆✛⑥❫❇ÿ①❉❋✛❑❼❫❬⑥◗P◗P❶❋
1mm

Þ
1mm

❽❏❋✶❊●❪❴❫❬⑩✶⑨✶❊✤①❉❋
①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊③P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✥❚❬❫❬❨●⑥➃❫❬◆❱❑✍①❉❋

1µm
✦

500µm
❰➼⑩✜✔ ➈ ✥❴❾❏■❉❨●❋✣❭ ➈ ☛❣Ð ➈ ➂✥⑥◗◆❴❫❬P◗❋✶❲➄❋✶◆❱❑❯❽❣P➃❫

ã⑦⑥⑨⑧✛✃❖❭ ➈ ☛⑦⑩✦⑧✒❍❬❑▼⑥❋✔✇❆✣❷☎⑧✙❋✜❑➹⑩✶❍❏◆✗✥▲➇
❾❏■❉❨▼❫❸❑▼⑥◗❍❏◆ ①❉❋♠❲✪❋✶❊●■❉❨●❋ ❪✇❍❏■❉❨✾P◗❋✶❊
⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❉❊✛❆✛⑥❫❇❅❿ ❻ ⑥✔◆ ++ ➈ Si

Si n++TiN
L

w

I+

V+ V- I-

P❱❩



➹②❑❽➓✛❑③❵➄❤❦❜❯❤ ➥ ❢❯➵⑤❜✩❝❡❞✶❢❣❝❡➴☞➧☎➦⑤❞✪➨✥➧ ➥❱➤ ❥✮❢❸❤ ➥ ❢ ➍ ❝ t➜í▲ì✰❝✽❥ ++

❪❉P➃❫❬⑦❖■❉❋✛❪✇❋✶■▲❑➹❊●■❉❳❉⑥◗❨③■❉◆➄❑▼❨▼❫❬⑥❶❑▼❋✶❲✪❋✶◆❱❑✍❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❱✦
720 oC

❊●❍❏■❉❊✤❫❸❑▼❲✪❍❏❊●❪❉❇❉❈✶❨●❋✛①✓✒ ❫✰✸✶❍❬❑▼❋
❪✇❋✶◆❉①❴❫❬◆❱❑

20 s
❪✇❍❏■❉❨✯①❉❋✶◆❉❊●⑥❋✥❴❋✶❨✯P◗❋✪◆❉⑥❶❑▼❨●■❉❨●❋✵①❉❋✪❑▼⑥❶❑❼❫❬◆❉❋ ➈ ➆✫⑩✶❋✵❲✪❍❏❲✪❋✶◆❱❑✩❽✰■❉◆❉❋✵⑩✶❍❏■❉⑩❃❇❉❋

①❉❋
40nm

①❉❋➫❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❨●❋♣①❉❋♣❑▼⑥❶❑❼❫❬◆❉❋✾❰➼❆✛⑥ ❻ ⑥
2
Ð✵❊●❋✻✔➼❍❏❨●❲✪❋✻✦➐P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ❹✷❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✩❽◆❉❍❏■❉❊✣◆✓✒ ❫✩❚❱❍❏◆❉❊✣❪❴❫❬❊✣❍❏❳❉❊●❋✶❨❺❚❏⑨✏①❉❋✗①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋✶❊✣❊●■❉❨✣P➃❫❅⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏❋✶◆❱❑▼❨●❋✗P◗❋✶❊✛❪❉P➃❫❬⑦❖■❉❋✶❊

❨●❋✶⑩✶■❉⑥❶❑▼❋✶❊✣❋✜❑Ù◆❉❍❏◆⑤➇ä❨●❋✶⑩✶■❉⑥❶❑▼❋✶❊ ➈
❤④✱✌◗✈✱✌◗ ➙P❆î❋➱❆❜❅✾❅❇✹●✱✖❅❇✴îû✈❃❇❯✸➝✇✻❁✻✺❮✒❀

❷✰❫✣❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④✏❋✶❊❺❑✥■❉◆❉❋✤❳❴❫❬❨●❨●⑥◗❈✶❨●❋➹①❉❋✤❪✇❍❸❑❼❋✜◆❖❑▼⑥◗❋✶P❱⑦❖■❉⑥❖❊●❋❨✔➼❍❏❨●❲✪❋❆✦✣P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋
❋✶◆❱❑▼❨●❋➄■❉◆ë❲✪⑨✜❑❼❫❬P✍❋✜❑✏■❉◆ë❊●❋✶❲✪⑥ ➇ä⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨ ➈ ②✥❍❏■❉❨❀❪✇❋✶❨●❲✪❋✜❑●❑▼❨●❋➄P✱✒ ❫❬P◗⑥❶❾❏◆❉❋✶❲➄❋✶◆❖❑❀①❉❋✶❊✗◆❉⑥ ➇❚❏❋✩❫❬■⑤Þ✵①❉❋q➂❴❋✶❨●❲✪⑥✐❽❏■❉◆❉❋✳✸✜❍❏◆❉❋➀①❉❋Ù⑩❃❇❴❫❬❨●❾❏❋Ù①✓✒ ❋✶❊●❪❴❫❬⑩✶❋q❊●❋Ù⑩✶❨●⑨✶❋➀①❴❫❬◆❉❊✤P◗❋Ù❊●❋✶❲✪⑥ ➇ä⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨
⑩✶❋✗⑦❖■❉⑥☞⑥◗❲✪❪❉P◗⑥❶⑦❖■❉❋❀■❉◆❉❋✗⑩✶❍❏■❉❨●❳❉■❉❨●❋✗①❉❋✗❳❴❫❬◆❉①❉❋✶❊❂▼❉☛❯❭✎✌☛❖ ➈❿q❫❬◆❉❊♣◆❉❍❏❊✉⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✶❽✛P◗❋ ❊●⑥◗P◗⑥❶⑩✶⑥◗■❉❲✼❋✶❊❺❑✁✔➼❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑✉①❉❍❏❪❦⑨❬❽➀①❉❋ë❑▼❋✶P◗P◗❋✻✔❡❫✰✙✶❍❏◆➻⑦❖■❉❋
P◗❋✸◆❉⑥❶❚❏❋✩❫❬■✾①❉❋✝➂❴❋✶❨●❲✪⑥✤❪❴❫❬❊●❊●❋✠✦♣P✱✒ ⑥◗◆❖❑▼⑨✶❨●⑥❶❋✶■❉❨✯①❉❋✟P➃❫♣❳❴❫❬◆❉①❉❋✟①❉❋✟⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆ ①❉■✾❊●❋✶❲✪⑥ ➇
⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨Ù❋✜❑ÙP◗❋❀⑩✶❍❏◆❱❑❼❫❬⑩✜❑Ù①❉❋✜❚⑤⑥◗❋✶◆❱❑Ù❍❏❇❉❲✪⑥◗⑦❖■❉❋ ➈❷☞❋✶❊✛❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✽⑩✶P◗⑨✶❊✽①❉❋❀P➃❫✯❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❃❇❉❍❬❑●❑❀❪❱④♣➬▲P✱✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨

d
❋✜❑✛P➃❫✏❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋

❆❀❽❴❪✇❋✶■▲❚❏❋✶◆❱❑✳■✜❑▼❨●❋✏❋✶❊❺❑▼⑥◗❲✪⑨✜❊✽✦❅P✱✒ ❫❬⑥◗①❉❋q①❉❋✶❊❻✔➼❍❏❨●❲✦■❉P◗❋✶❊✽❊●■❉⑥❶❚❬❫❬◆❱❑▼❋✶❊❂▼❉☛❯❭✎✌☛❖➹➬

d ≈
√

2ǫSiǫ0
ene

φB et
❆ ≈ exp

[

− φB

E00

]

, avec E00 =
~

2

√

ne

m∗ǫSiǫ0
,
❰❡❭ ➈ ☛❣Ð

❍✎✩
φB

❋✶❊❺❑✟P➃❫ ❇❴❫❬■▲❑▼❋✶■❉❨✟①❉❋➫P➃❫ ❳❴❫❬❨●❨●⑥◗❈✶❨●❋❬❽
ǫSi = 11, 9

P➃❫ ⑩✶❍❏◆❉❊❺❑❼❫❬◆❱❑▼❋➫①❉⑥◗⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋
❨●❋✶P➃❫❸❑▼⑥❶❚❏❋✒①❉■à❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲ ❋✜❑

m∗ = 0, 321me
P➃❫✖❲✵❫❬❊●❊●❋✉❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋ ➈ ➆✰❚❏❋✶⑩♣■❉◆❉❋✉❚❸❫❬P◗❋✶■❉❨

φB(77K) = 0, 32 eV
❽✔❑▼❨●❍❏■▲❚❏⑨✶❋➄①❴❫❬◆❉❊✗P➃❫✸P◗⑥❶❑●❑▼⑨✶❨▼❫❸❑▼■❉❨●❋➜▼ ❲❱❭☛❖✐❽☞❍❏◆✖❍❏❳▲❑▼⑥◗❋✶◆❱❑

d ≈ 5nm
❽

E00 ≈ 40meV
❋✜❑q❆ ≈ 5 10−4 ➈ ❹✷❍❏❲➄❲✪❋✯❫❸❑●❑▼❋✶◆❉①❉■✔❽✇P➃❫➄❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✦❋✶❊❺❑q⑥◗◆❱❑▼❋✶❨●❲✪⑨❃➇①❉⑥➃❫❬⑥◗❨●❋✪❋✶◆❱❑▼❨●❋✸⑩✶❋✶P◗P◗❋✵①✓✒ ■❉◆❉❋✟⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✵❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋➫❰➼❆

= 1
Ð✏❋✜❑❅⑩✶❋✶P◗P◗❋✪①✓✒ ■❉◆❉❋✟❳❴❫❬❨●❨●⑥◗❈✶❨●❋⑩✦

❳❴❫❬❊●❋✗①✓✒ ❍❯Þ⑤④⑤①❉❋✸❰➼❆ ≈ 10−6 Ð ➈➆➡❳❴❫❬❊●❊●❋❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽❉P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋q⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋
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Lb >> Lrec
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Lrec = 1mm
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kF =
(3π2ne

N

)1/3

≈ 4, 6 108m−1 et le =
~kF

R�te2ne

≈ 6, 6nm,
❰❡❭ ➈ ❲❖Ð

❍✎✩
t = 0, 6µm

❋✶❊❺❑➀P✱✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨Ù❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✯①❉■✉❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲✫①❉❍❏❪✇⑨✏❋✜❑
N = 6
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⑩✶❍❏◆✗✥❴❨●❲✪❋➹P◗❋✍⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✰❲✪⑨✜❑❼❫❬P◗P❶⑥❶⑦❖■❉❋③①✓✒ ❫❬❪❉❨●❈✶❊
P◗❋➀⑩✶❨●⑥❶❑▼❈✶❨●❋q①❉❋ ✖ ❍✰✲✮❋❃➇➔➁✣❋✶❾❏❋✶P✐❽⑤⑦❖■❉⑥✔❪❉❨●⑨✶①❉⑥ ❑✛■❉◆❉❋q❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✪❚❏❋✶❨●❊✛P◗❋q❨●⑨✶❾❏⑥◗❲✪❋➀⑥◗❊●❍❏P➃❫❸◆❖❑✷❪✇❍❏■❉❨
kF le . 1 ➈❿➀❋✶❊✣❲✪❋✶❊●■❉❨●❋✶❊✣❆✣❷☎⑧ë❽❴❍❏◆✝❪✇❋✶■▲❑✣⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✣①❉⑨✶①❉■❉⑥❶❨▼❋❀P➃❫✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋❀①❉❋✗⑩✶❍❏◆❱❑❼❫❬⑩✜❑

Rc =
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❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✒①❉■ÿ❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲✠❊●❍❏■❉❊✪P✱✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✟❋✶❊❺❑✵❳✇❋✩❫❬■❉⑩✶❍❏■❉❪à❪❉P◗■❉❊➄❾❏❨▼❫❬◆❉①❉❋✒⑦❖■✓✒ ❋✶◆❱❑▼❨●❋✉P◗❋✶❊
❪❉P◗❍❬❑▼❊ ➈ ②☎❍❏■❉❨✝⑩✶❋✜❑●❑▼❋✖❨▼❫❬⑥◗❊●❍❏◆✔❽✽◆❉❍❏■❉❊✝◆❉❋✖❪✇❍❏■▲❚❏❍❏◆❉❊✒❪❴❫❬❊✟①❉⑨✶①❉■❉⑥◗❨●❋✖①❉⑥◗❨●❋✶⑩✜❑▼❋✶❲✪❋✶◆❱❑✒P➃❫➐❨●⑨❃➇❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋ ①❉❋➐P➃❫ÿ❳❴❫❬❨●❨●⑥◗❈✶❨●❋

Rb = 2R2
cw

2/R�

①❉❋
Rc ➈ ❹✷❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✩❽❀❊●⑥✯❍❏◆➡❪❉❨●❋✶◆❉①

R� = 24 Ω
❋✜❑
Rc = 0, 078 Ω

❪✇❍❏■❉❨
w = 1000µm

❽⑤❍❏◆✸❑▼❨●❍❏■▲❚❏❋
Rb ≃ 500 Ωµm2 ❋✜❑

Lb ≃ 6, 5µm << Lrec ➈
❤④✱❞❤④✱✌◗ ❑➥❋➱✷✺✴✖❅✾➡②❆✇✻✾✹✓➝✲✶ ❉✸❍✯ï✘❅❇✴✖è➱✴✍❃❄✻✾✹✓➝✲✶✸❈✓✴✍✷✺✷❏✻✾❍❣✶✸✶✸✴✍❈✓✹✓✶✸❥qð

❷☞❋✶❊➀❲✪❋✶❊●■❉❨●❋✶❊➀①❉❋✗❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑➀①❴❫❬◆❉❊ÙP◗❋✶❊Ù⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊➀❆✛⑥❫❇❅❿ ❻ ⑥✰◆ ++ ❽❦❋✜✲✮❋✶⑩✜❑▼■❉⑨✶❋✶❊q⑥◗P✔④✒❫⑦❖■❉❋✶P◗⑦❖■❉❋✶❊❀❫❬◆❉◆❉⑨✶❋✶❊➀①❴❫❬◆❉❊➀◆❉❍❬❑▼❨●❋✯P➃❫❸❳✇❍❏❨▼❫❸❑▼❍❏⑥❶❨●❋❬❽❴❍❏◆❱❑q❲➄⑥◗❊Ù❋✶◆✉⑨✜❚⑤⑥◗①❉❋✶◆❉⑩✶❋✦■❉◆❉❋✦❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❣➇
❑▼⑥◗❍❏◆✦①❉❋✽P➃❫➀⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✽✦q❳❴❫❸❊▼❊●❋✽❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✛❋❃❑❆✦✽✔❡❫❬⑥◗❳❉P◗❋✤❑▼❋✶◆❉❊●⑥◗❍❏◆✟➬❬P◗❋✷❪❉❇❉⑨✶◆❉❍❏❲✪❈✶◆❉❋
①❉❋❆✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✥❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾✸▼❉☛✎☛✍P✆❖ ➈ ❷☞❋✶❊③❲✪❋✶❊●■❉❨●❋✶❊③①❉❋✽❳❉❨●■❉⑥❶❑✍❍❏◆❱❑③⑨✜❑▼⑨✽❪❉❨▼❫❸❑▼⑥◗⑦❖■❉⑨✶❋✶❊✍❊●■❉❨①❉❋✶❊✛⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✷⑥◗❊●❊●■❉❊✽①❉■✟❲❩■✶❲✪❋➀P◗❍❬❑ ➈ ❇Ù❍❏■❉❊✛❫❯❚❏❍❏◆❉❊✽⑨✜❑▼■❉①❉⑥◗⑨q①❉❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✷①❉❋q❑❼❫❬⑥◗P❶P❶❋

➺ ➻◆➚❚❮✱✃➌➪✷à✘✔➌➬Ñ➚➀❮✱❒♦➬✱✃❅Ï❃➬✱➹ ❮✱➹s❪✣❒♦✃❅➴✍❒Ó✂✓➹ØÜ✬➴✏✔❃à✎✃➌➘✕➴❊➴✍✃✳×Ø➚✯Ï❃Ô✜➘✕Ï➼✃➌➘✣❮✱➬Ñ➚➀❮✱➹ Ô✜➘❊➴❭❬ ➚➶è➌Ô➶❮✱✃✽✃❃❮❻➴✍❒❩❮✉➷✮à✰✃✤➴✍✃➴✏✔➌à♣ê➶❮➋♥❉Ö❄➐q➮➳Ô✜❒ ✞ ➐q➮✇♦✇✗ ì➍☎✜✙❫➽✕Ü✺Ô✣❰✖✔❬Ï✱Ð✕➚➶➘✣❮✱➹ × × Ô✜➘✕❰❴❮✱➬Ñ➚➶➘✕❰◗➹ ❮✱✃➌➘✣❮✺➚➶❒✍❮✱Ô✜❒♦➬✺➴✍✃
4, 6K

✗ Ú✣ì✚✙❫➽
P✑▼



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❙➹②❑ ➢✸➤ ➧ ➾ ➩➼➦◆➎ ➦⑤❥✮❢✪➨✥➧ ➾ ❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➧✥❥☎➦❈❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✿ì✥➚❃t

❷✟Þ✵➩▼▲
1µm

Þ
1mm

❰➼⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❅➆❀Ð✍❋✜❑✷❷✝Þ✪➩▼▲
2µm

Þ
1mm

❰➼⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆
❂✛Ð❃❽❉①❉⑥◗❨●❋✶⑩✜❑▼❋✶❲✪❋✶◆❱❑Ù①❉⑥◗❊●❪✇❍❏◆❉⑥◗❳❉P◗❋✶❊✽❊●■❉❨✣P◗❋❀❲✪❍❬❑▼⑥❋✔☎❆✣❷☎⑧ ➈❿q❫❬◆❉❊✷■❉◆✸❪❉❨●❋✶❲✪⑥◗❋✶❨➹❑▼❋✶❲✪❪❉❊✶❽⑤◆❉❍❏■❉❊✽❫✩❚❏❍❏◆❉❊✷❚❏⑨✶❨●⑥❋✥❴⑨➀⑦❖■❉❋qP◗❋✜❊✷⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❉❊✤➆ ❋✜❑❱❂ÿ❨●❋✶❪❉❨●❍❸➇
①❉■❉⑥◗❊▼❫❬⑥◗❋✶◆❱❑③P◗❋❆✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✍❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾ ➈ ❷✰❫❅✥❴❾❏■❉❨●❋✣❭ ➈ ❭q❲✪❍❏◆❖❑▼❨●❋✽P➃❫q⑩✶❍❬◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ Gc
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ã⑦⑥⑨⑧✛✃❣❭ ➈ ❭➋⑩❀❹✤❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✤❋✶◆✤✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❀①❉❋➹P◗❫✷❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋③❪✇❍❬■❉❨☞■❉◆✏⑩✶❍❬◆❖❑❼❫❬⑩✜❑✰❆✛⑥❫❇❅❿ ❻ ⑥◆ ++ ①❉❋③P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆q➆ ➈ ②☎❍❏■❉❨ T < 300mK
❽✩❍❏◆✗❍❏❳❉❊●❋✶❨❺❚❏❋✤■❉◆✗⑥◗◆❱❚❏❋✶❨●❊●❋✶❲✪❋✶◆❖❑✰①❉■✗⑩✶❍❏❲❅➇

❪❦❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑✗①❉❋❅P➃❫✟⑩✜❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ ➈ ❷✰❫✟⑩✶❍❏■❉❨●❳✇❋➄❪✇❍❏⑥◗◆❱❑▼⑥◗P❶P❶⑨✶❋✦❋✶❊❺❑✏■❉◆ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✗❑▼❇❉⑨✶❍❸➇❨●⑥◗⑦❖■❉❋✪❫✩❚❏❋✶⑩✪P◗❋➄❲➄❍⑤①❉❈✶P◗❋✵❂✷❆❻➭❅❽✰P➃❫✸⑩✶❍❏■❉❨●❳✇❋✪❪❉P◗❋✶⑥◗◆❉❋➄❫✩❚❱❋✜⑩✪P➃❫✸❑▼❇❉⑨✶❍❏❨●⑥◗❋➄⑦❖■❴❫❬❊●⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋ ➈
✖ ◆❉❊●❋✶❨❺❑✏➬❦❷✰❫❅❲❩■✶❲✪❋❀⑩✶❍❏■❉❨●❳❦❋✧✦❅❪❉P◗■❉❊✛❾❏❨▼❫❬◆❉①❉❋✗⑨✶⑩❼❇❉❋✶P◗P◗❋✗❋✜❑✣P✱✒ ❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✽❂✷❆❻➭ ➈
①✓✒ ■❉◆✒⑩✶❍❏◆❖❑❼❫❬⑩✜❑Ù①❉❋✗P✱✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✟➆✻❋✶◆✠✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✝①❉❋✗P➃❫✦❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽❴❲✪❋✶❊●■❉❨●⑨✶❋✯❫✩❚❱❋✶⑩
■❉◆❉❋➄❑▼❨●❈✶❊❈✔❡❫❬⑥◗❳❉P◗❋❅❋❃Þ▲⑩✶⑥❶❑❼❫❸❑▼⑥◗❍❏◆ ❫❬⑩♣❰

100nA
Ð ➈ ➣q◆ë①❉⑨✶①❉■❉⑥❶❑ Gc

✦✒❪❴❫❬❨❺❑▼⑥◗❨❀①❉❋✵P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆
❰❡❭ ➈ ❩❏Ð✛❫❯❚❏❋✶⑩ R� = 24 Ω

❋✜❑
N� = 1000

❰
500

Ð✛❪✇❍❏■❉❨ÙP✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆✝➆✙❰◗❂✛Ð ➈ ➆➀■♣①❉❋✶❊➔➇❊●■❉❊✣①❉❋
4K

❰➳❚❏❍❏⑥◗❨✛⑥◗◆❉❊●❋✶❨❺❑❃Ð❃❽❉❍❏◆✝⑥◗①❉❋✶◆❖❑▼⑥❋✥❴❋qP➃❫✦❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✸❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❨●⑥◗⑩✶❋✏①❉❋✶❊✣❪❉P◗❍❬❑▼❊
①❉❋✗❆✛⑥❫❇ ➈ ➅③◆✒❳❴❫❬⑥❶❊▼❊▼❫❬◆❱❑✣P➃❫✯❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽❉P➃❫❅⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏①❉⑥◗❲➄⑥◗◆❖■❉❋q①✓✒ ❫❬❳✇❍❏❨●①✔❽❴⑩✩❫❬❨✛P◗❋❾❱❫❬❪♣❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✗❊✣✒ ❍❏■▲❚⑤❨●❋❅❪✇❋✜❑▼⑥❶❑✤✦✵❪✇❋✜❑▼⑥❶❑q①❴❫❬◆❉❊❀P◗❋✯❆✛⑥❫❇ ➈ ➣q◆➫❍❏❳❉❊●❋✶❨❺❚❏❋➄❳❉⑥◗❋✶◆♣■❉◆⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑✤❑▼■❉◆❉◆❉❋✶P✐❽❖❍✎✩✸P➃❫✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋q①❉❋➀P➃❫✏❳❴❫❬❨●❨●⑥◗❈✶❨●❋Ù①❉❍❏❲✪⑥◗◆❉❋✣P➃❫✏❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀①❉■
❲✪⑨✜❑❼❫❬P③◆❉❍❏❨●❲✵❫❬P ➈ ➅③◆ ❨●❋✜❚❸❫❬◆❉⑩❃❇❉❋❬❽☎❋✶◆ ①❉❋✶❊●❊●❍❏■❉❊✦①❉❋ 300mK

❽✰P◗❋➄⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✏①❉❋✪P➃❫
⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋q❊✣✒ ⑥◗◆❱❚❱❋✶❨●❊●❋q❋✜❑✽❍❏◆✪❚❱❍❏⑥ ❑✷■❉◆❉❋q◆❉❋✜❑●❑▼❋q❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆❀➷❺■❉❊●⑦❖■✓✒ ✦✦P➃❫✗❑▼❋✶❲✪❪❦⑨✶❨▼❫❣➇

P❏❙



➹②❑➒➹②❑➹r✂➦⑤❞❯➧✥❜✶➦⑤❞✵➨☎➦ ➥❱➤ ❥✥➨✥➧ ➥ ❢❸❤❦❥ ➥ ➦

❑▼■❉❨●❋✗P➃❫✦❪❉P◗■❉❊✣❳❴❫❬❊●❊●❋❬❽
T = 30mK ➈❇Ù❍❏■❉❊Ù❫✩❚❏❍❏◆❉❊✛❚❏⑨✶❨●⑥❋✥❴⑨✗⑦❖■❉❋✗⑩✶❋✜❑●❑▼❋✏❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✸①❉❋✗⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✏◆✓✒ ❋✶❊❺❑Ù❪❴❫❬❊✛■❉◆✒❪❉❨●⑨❃➇

⑩✶■❉❨●❊●❋✶■❉❨✪①✓✒ ■❉◆ ⑩✶❍❏■❉❨▼❫❬◆❱❑✸ú❬❍❏❊●❋✶❪❉❇❉❊●❍❏◆ÿ❋✶◆❱❑▼❨●❋✝P◗❋✶❊➄①❉❋✶■⑤Þ✾❪❉P◗❍❬❑▼❊❅①❉❋✝❆✛⑥❫❇✏❽③❋✜◆ÿ❲✪❋✜❊▼■❉❨▼❫❬◆❱❑
P➃❫✪⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋ ✈ ❰➼❆ÙÐ✣❪❦❍❏■❉❨q①❉❋✶❊q⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❉❊Ù①❉❋✦①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑❼❋✜❊❀P◗❍❏◆❉❾❏■❉❋✜■❉❨▼❊

L
❽✮⑩✜✔ ➈P➃❫✹✥❴❾❬■❉❨▼❋✝❭ ➈ ❲ ➈ ➣q◆✾❍❏❳❉❊●❋✶❨❺❚❱❋✒❪✇❍❏■❉❨❅P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆ ①❉❋

L = 500µm
P➃❫♣❲❩■✶❲✪❋✝❫❬■❉❾❸➇

ã⑦⑥⑨⑧✛✃✷❭ ➈ ❲➢⑩✾❹✷❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✾①❉■ÿ⑩✶❍❏❲❅➇
❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑♣①❉❋➐P➃❫ ⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ ❑▼❍❸➇
❑❼❫❬P◗❋♠❋✶◆ ✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✙①❉❋➻P➃❫ ❑▼❋✶❲➄❪✇⑨✶❨▼❫❣➇
❑▼■❉❨▼❋✛❪✇❍❏■❉❨✍❑▼❨●❍❏⑥◗❊③⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✍①❉❋✣P◗❍❏◆⑤➇
❾❏■❉❋✶■❉❨●❊

L
❑▼❨●❈✶❊✽①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊ ➈✗✖ ◆❉①❉⑨✶❪❦❋✶◆⑤➇①❴❫❬❲✪❲✪❋✶◆❖❑ ①❉❋

L
❽✪❍❏◆✫❍❏❳❉❊●❋✶❨❺❚❱❋➻■❉◆❉❋

❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❏◆ ①❉❋ P➃❫✻⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋
❪✇❍❏■❉❨
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❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✸①❉❋❀⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✧✦✦❳❴❫❬❊●❊●❋❀❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋❀⑦❖■❉❋✗❪❦❍❏■❉❨✛⑩✶❋✶P◗■❉⑥✔①❉❋
L = 1µm ➈❿➀❋✝❪❉P◗■❉❊✶❽✥❍❏◆ ❑▼❨●❍❏■▲❚❏❋✝■❉◆❉❋✟P◗❍❏◆❉❾❏■❉❋✶■❉❨✦①❉❋✝⑩✶❍❬❇❉⑨✶❨●❋✶◆❉⑩✶❋

LT =
√

~D
2πkBT

= 120nm
✦

30mK
❳❉⑥◗❋✶◆✸⑥◗◆✗✔➼⑨✜❨▼⑥❶❋✶■❉❨●❋❅✦

L
❽⑤⑩✶❋q⑦❖■❉⑥✮❊●⑥◗❾❏◆❉⑥❋✥❴❋Ù⑦❖■❉❋qP◗❋➀⑩✶❍❏■❉❨▼❫❬◆❱❑✣ú❬❍❏❊●❋✶❪❉❇❉❊●❍❏◆✝❋✶❊❺❑✛❋❃Þ▲❪❦❍❸➇

◆❉❋✶◆❱❑▼⑥◗❋✶P◗P◗❋✶❲✪❋✶◆❱❑✤❪❦❋✜❑▼⑥❶❑ ➈ ❹✷❋✶❊✷❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✷❫❬❊●❊●■❉❨●❋✶◆❱❑✽⑦❖■❉❋➀P◗❋Ù❪❉❇❉⑨✶◆❉❍❏❲✪❈✶◆❉❋Ù❍❏❳❉❊●❋✶❨❺❚❱⑨❅✦✏❳❴❫❬❊●❊●❋❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✣❋✶❊❺❑✽P◗⑥◗⑨❻✦✗■❉◆✵❋✜✲✮❋✜❑✽①❉❋Ù⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋➀❊●❍❏■❉❊✷P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✛❆✛⑥❫❇❅❿ ❻ ⑥❦❋✜❑✷◆❉❍❏◆✪❪❴❫❬❊
❋✶◆❱❑▼❨●❋✏①❉❋✶■⑤Þ✝❪❉P◗❍❬❑▼❊✛①❉❋✗❆✛⑥❫❇ ➈❷✰❫✒①❉⑨✶❪❦❋✶◆❉①❴❫❬◆❉⑩✶❋✟❋✶◆ë❑▼❋✶◆❉❊●⑥◗❍❏◆ ①❉❋✵P➃❫✝⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✸①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P❶❋❩✦✝❑▼❨●❍❏⑥◗❊❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❣➇
❑▼■❉❨●❋✶❊❀①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊❀❋✶❊❺❑✗❲✪❍❏◆❱❑▼❨▼⑨✜❋✦①❴❫❬◆❉❊❀P➃❫❩✥❴❾❏■❉❨●❋➄❭ ➈ ▼ ➈ ❿q❫❬◆❉❊❀⑩✶❋✜❑●❑▼❋✯✥❴❾❏■❉❨●❋✒❰➼❋✜❑❀❪❴❫❬❨qP➃❫❊●■❉⑥❶❑▼❋❯Ð❃❽☞P➃❫✵❑▼❋✶◆❉❊●⑥◗❍❏◆ë⑩✶❍❏❨●❨●❋✶❊●❪❦❍❏◆❉① ✦✟P➃❫✟⑩❼❇❖■▲❑▼❋✪①❉❋➄❪✇❍❬❑▼❋✶◆❱❑▼⑥◗❋✶P③❫❬■⑤Þ✖❳✇❍❏❨●◆❉❋✶❊✗①❉■ë⑩✶❍❏◆❖❑❼❫❬⑩✜❑
❋✶◆✟⑩✶❍❏◆❉❊●⑥◗①❉⑨✶❨▼❫❬◆❱❑✽⑦❖■❉❋qP➃❫✗❑▼❋✶◆❉❊●⑥◗❍❏◆✵❑▼❍❬❑❼❫❬P◗❋Ù❲✪❋✶❊●■❉❨●⑨✶❋q❊●❋q❨●❋✶❪❴❫❬❨❺❑▼⑥❶❑✽❫❬■⑤Þ✵❳✇❍❏❨●◆❉❋✶❊✽①❉❋✶❊✽①❉❋✶■⑤Þ
⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊✥❋✜❑✍①❴❫❬◆❉❊☎P◗❋✤❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲➻①❉❍❏❪❦⑨✷❋✶◆❱❑▼❨●❋✷P◗❋✶❊☎⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊ ➈ ➆ T = 50mK

❽❣P◗❋✤❪❉⑥◗⑩❆✦Ù❪✇❍❸➇
P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✟◆❖■❉P◗P◗❋✗❫➄■❉◆❉❋✏❇❴❫❸■▲❑❼❋✜■❉❨

GNS(V = 0) ≃ 2, 4S
❋✜❑Ù■❉◆❉❋✏P➃❫❬❨●❾❏❋✶■❉❨✛①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆
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❲✪❋✶◆❱❑✩❽❏P◗❋✽❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨③◆✓✒ ❋✶❊❺❑✤❪❴❫❬❊③①❉⑨✜✥❴◆❉⑥ ➈ ❷✰❫q❪❴❫❬❨❺❑▼⑥◗❋✽◆❉❍❏❨●❲✵❫❬P◗❋✷⑦❖■❉⑥❴⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■❉❋❱✦❀P✱✒ ❋✜✲✮❋✜❑③①❉❋✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✽❑❼■❉◆❉◆❉❋✜P◗⑥◗◆❉❾✕✾❀❋✶❊❺❑➀❫❬P◗❍❏❨●❊✽P◗⑥◗❲✪⑥ ❑▼⑨✶❋q❪❴❫❬❨✛P➃❫❅P◗❍❏◆❉❾❏■❉❋✶■❉❨✛①❉❋✗⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋

Lφ ➈

➂ ♥★♣✛ö◆➈✉❹ ➝ ①❂÷ ➄ ❂✷⑥◗❋✶◆✂⑦❖■❉❋➫①❉⑨✶⑩✶❨●⑥❶❚❬❫❬◆❱❑✟①❉❋✶❊✯➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ✖ ❇➟❲✪❍❏◆❉❍❖⑩✩❫❬◆❴❫❬P✐❽✤❳❴❫❬P◗⑥◗❊➔➇
❑▼⑥◗⑦❖■❉❋❬❽✥P◗❋✵❲✪❍❖①❉❈✶P◗❋⑩❂✷❆❻➭ ▼ ❩❬❙☛❖✢✔➼❍❏■❉❨●◆❉⑥❶❑✦⑨✶❾❏❫❬P◗❋✶❲✪❋✶◆❖❑✯①❉❋✶❊❅❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✦⑩✶❍❏❨●❨●❋✶⑩✜❑▼❊✦①❴❫❬◆❉❊✦P◗❋
⑩✩❫❬❊✗①❉❋✶❊✽➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊q❑▼■❉◆❉◆❉❋✶P③❲✦■❉P❶❑▼⑥❶⑩✩❫❬◆❴❫❬■⑤Þ♣❋✜❑✗❑▼❨●⑥◗①❉⑥◗❲➄❋✶◆❉❊●⑥◗❍❏◆❉◆❉❋✶P◗P❶❋✶❊➀❑❼❫❬◆❱❑✗⑦❖■❉❋➄P➃❫✟❳❴❫❸❨❺➇
❨●⑥◗❈✶❨●❋➹❋✶❊❺❑✍❫❬❊●❊●❋✣✸❆✔➼❍❏❨❺❑▼❋➀❰

Z >> 1
➸✩❚❱❍❬⑥◗❨✰P➃❫✛❊●❋✶⑩✜❑▼⑥◗❍❏◆❊☛ ➈ ❲ ➈ ❩❏Ð ➈ ❹✷❋✶❪❦❋✶◆❉①❴❫❬◆❖❑✩❽❸⑥◗P❏◆✓✒ ❋✶❊❺❑③❫❬①❴❫❸❪▲❑❼⑨✦✸◆❉❍❬❑▼❨●❋❅⑩✶❍❏◆❱❑❼❫❬⑩✜❑✗⑦❖■✓✒ ✦❊✼ä❇❴❫❬■▲❑▼❋➶✾✏❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽✔⑦❖■❴❫❬◆❉①✖P◗❋✦①❉⑨✶❊●❍❏❨●①❉❨●❋❅①❴❫❬◆❉❊❀P➃❫✸❪❴❫❬❨❺❑▼⑥◗❋

◆❉❍❏❨●❲✵❫❬P◗❋q◆❉❋✽➷❺❍❏■❉❋✗❪❴❫❬❊✣❋✶◆❉⑩✶❍❏❨●❋✗■❉◆✒❨❬✿❏P◗❋❀❋✶❊●❊●❋✶◆❱❑▼⑥◗❋✶P ➈ ❇Ù⑨✩❫❬◆❉❲✪❍❏⑥◗◆❉❊✶❽❉⑩✰✒ ❋✶❊❺❑Ù■❉◆✒❳✇❍❏◆✒❪❦❍❏⑥◗◆❖❑①❉❋✦①❉⑨✶❪❴❫❬❨❺❑✩❽✮◆❉❍❬❑❼❫❬❲✪❲✪❋✶◆❱❑➀❪✇❍❏■❉❨q❲➄⑥◗❋✶■⑤Þ✉⑩✶❋✶❨●◆❉❋✶❨❀P✱✒ ❋✜✲✮❋✜❑q①❉■➫①❉⑨✶❊●❍❏❨●①❉❨●❋✦❋✜❑❀P➃❫✪⑩✶❍❏◆❖❑▼❨●⑥◗❳❉■⑤➇
❑▼⑥◗❍❏◆✟①❉❋✶❊Ù⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊❻✦❅P➃❫✦⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋ ➈❷⑦✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑✉❫❯❚❏❋✶⑩ëP➃❫ ❑▼❇❉⑨✶❍❏❨●⑥◗❋➯❂✷❆❻➭✠❋✶❊❺❑♣P◗❫✾⑩✶❍❏■❉❨●❳❦❋ ❪❦❍❏⑥◗◆❖❑▼⑥◗P❶P❶⑨✶❋➫①❴❫❬◆❉❊✒P➃❫ ✥❴❾❏■❉❨●❋
❭ ➈ ❭ ➈ ❹✷❍❏❲✪❲✪❋q❫❸❑●❑▼❋✶◆❉①❉■✔❽▲⑥◗P✇◆❉❋q❪✇❋✜■▲❑✣❪❴❫❬❊✽❨●❋✶❪❉❨●❍❖①❉■❉⑥◗❨●❋qP✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆✵①❉❋qP➃❫✏⑩✶❍❏◆❉①❉■❉⑩❃➇❑❼❫❬◆❉⑩✶❋●✦✾❳❴❫❬❊●❊●❋✖❑❼❋✜❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽✣⑦❖■❉⑥✗❋✶❊❺❑✉P◗⑥◗⑨✶❋➳✦✾P➃❫ ❨●⑨✜❑▼❨●❍❸➇ä①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✭⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋ ①❉❋✶❊
⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✝❪❴❫❬❨✒P◗❋✖①❉⑨✶❊●❍❏❨●①❉❨●❋ ➈ ❷☞❋✶❊✉❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✒❊●■❉⑥❶❚❸❫❬◆❱❑❼❊✒①❉❍❏◆❉◆❉❋✶◆❱❑♣■❉◆♠❳✇❍❏◆
❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑✒➬➹P◗❋✟❾❱❫❬❪ ❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✸①❉❋✝❆✛⑥❫❇✏❽

∆ = (0, 21 ± 0, 01)meV
❽③P➃❫

⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✪◆❉❍❏❨●❲✵❫❬P◗❋✯①❉■✖⑩✶❍❏◆❱❑❃❫❸⑩✜❑
GNN = 12, 5S

❽☞P➃❫✵❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋➄①❉❋❅P➃❫✸❳❴❫❬❨➔➇
❨●⑥◗❈✶❨●❋✷❆

= (2±1) 10−2 ❋✜❑③P✱✒ ❫❬❲✪❍❏❨➔❑▼⑥❶❊▼❊●❋✶❲➄❋✶◆❖❑✥①❴❫❬◆❉❊✍P◗❋✷❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨Ù❰➼❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋①❉❋✏❿Ù④⑤◆❉❋✶❊❼Ð
ΓS = (0, 11 ± 0, 01)∆ ➈❷✰❫✽❚❸❫❬P◗❋✶■❉❨☞①❉❋

∆
◆❉❋➹⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①✏❪❴❫❬❊✰❫❬■✗❾❱❫❬❪❚❂✛❹ ❻ ❽

∆BCS = 1, 76kBTc ≈ 0, 7meV
❽

⑦❖■✓✒ ❍❏◆✻❍❏❳▲❑▼⑥◗❋✶◆❱❑➫❫❯❚❏❋✶⑩ P➃❫ ❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨▼❋➐⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋
Tc = 4, 6K ➈ ❷☞❋➐❾❱❫❬❪➡❪❉❨●❈✶❊➫①❉❋

P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✸❊●❋✶❲✦❳❉P◗❋⑩■✜❑▼❨●❋✟❪❉P◗■❉❊✦❪✇❋✜❑▼⑥❶❑❅⑦❖■❉❋✟P◗❋✸❾❱❫❬❪ ①❴❫❬◆❉❊❅P◗❋✸❆✛⑥❫❇✫❲✵❫❬❊●❊●⑥❋✔➔❽☎❪❉❨●❍❏❳❴❫❬❳❉P◗❋❃➇
❲✪❋✶◆❱❑✵✦➫⑩✩❫❬■❉❊●❋✟①❉❋✟P✱✒ ❋✜✲✮❋✜❑❅①❉❋✟❪❉❨●❍❯Þ▲⑥◗❲✪⑥ ❑▼⑨✵⑥◗◆❱❚❱❋✶❨●❊●❋❯✦✉❑▼❨▼❫✩❚❱❋✶❨●❊❅P➃❫✉❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❃❇❉❍❬❑●❑❀❪❱④
⑥◗◆❉❇❉❍❏❲✪❍❏❾❏❈✶◆❉❋ ➈ ❷⑦✒ ⑥◗◆❉❇❉❍❬❲✪❍❏❾❏⑨✶◆❉⑨✶⑥❶❑▼⑨✉❚⑤⑥◗❋✶◆❖❑✝①✓✒ ■❉◆❉❋ë❪❴❫❬❨❺❑✝①❉■ ①❉⑨✶❊●❍❏❨●①❉❨●❋ë①❴❫❬◆❉❊✝P◗❋➫❊●❋✶❲✪⑥ ➇
⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✦①❉⑥◗❨●❋✶⑩✜❑▼❋✶❲✪❋✶◆❱❑✦❊●❍❏■❉❊✦P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ❿✧✒ ❫❬■▲❑▼❨●❋✸❪❴❫❬❨❺❑✩❽☎P◗❋✵✔➼❍❏❨❺❑✯①❉❍❏❪❴❫❬❾❏❋✵①❉■ ❻ ⑥
①❉⑥◗❲✪⑥◗◆❖■❉❋✣P✱✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨✷①❉❋➀P➃❫✏❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④✸⑦❖■❉⑥✇❪✇❋✶■▲❑✽❲❩■✶❲✪❋Ù①❉❋✜❚❏❋✶◆❉⑥◗❨✽⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋
✦ëP➃❫ë①❉⑥◗❊❺❑❼❫❬◆❉⑩✶❋✉❋✶◆❱❑▼❨●❋✉①❉❍❏❪❴❫❬◆❱❑▼❊ ➈ ❹✳✒ ❋✶❊❺❑✟■❉◆à⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✵⑦❖■❉⑥Ù❋✶❊❺❑⑩✔➼❨●⑨✶⑦❖■❉❋✶❲➄❲✪❋✶◆❖❑
❍❏❳❉❊●❋✶❨❺❚❏⑨❅①❴❫❬◆❉❊❀①❉❋✶❊✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊q❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨➀❿❸❊●❋✶❲✪⑥ ➇ä⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨❅✔➼❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑q①❉❍❸➇
❪✇⑨✶❋✶❊❂▼ ✏❬❙⑤❽⑧✌❏❘⑤❽★☛✎☛✮❲✆❖ ➈❷☞❋➄❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋

ΓS
❋✶❊❺❑✯❨●❋✶❲✵❫❬❨●⑦❖■❴❫❬❳❉P◗❋✶❲✪❋✶◆❱❑✗❾❏❨▼❫❬◆❉①✔❽☞⑩✶❋✪⑦❖■❉⑥➹❊●⑥◗❾❏◆❉⑥❋✥❴❋❅⑦❖■❉❋✪P➃❫✟①❉❋✶◆❉❊●⑥❶❑▼⑨

①✓✒ ⑨✜❑❼❫❸❑▼❊✏①❉■ ❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨✦❋✶❊❺❑❈✔➼❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑✯❫❬❨●❨●❍❏◆❉①❉⑥◗❋ ➈ ❹✳✒ ❋✶❊❺❑✦■❉◆❉❋✵❫❬■▲❑▼❨●❋✪⑥◗◆❉①❉⑥◗⑩✩❫❣➇❑▼⑥◗❍❏◆✟❪✇❍❏■❉❨✣P➃❫✦❪❉❨●⑨✶❊●❋✶◆❉⑩✶❋✯①❉❋✗①❉⑨✶❊●❍❏❨●①❉❨●❋❈✦➄P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋q❆✛⑥❫❇❅❿ ❻ ⑥ ➈❷✰❫ ❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋ë❆➟①❉⑨✶①❉■❉⑥❶❑▼❋✖①❉■♠❲✪❍❖①❉❈✶P◗❋➳❂✷❆❻➭ ❋✶❊❺❑✉①❉❋✖P✱✒ ❍❏❨●①❉❨●❋✖①❉❋
10−2 ➈ ❹✷❋✶P➃❫⑩✶❍❏◆✗✥❴❨●❲✪❋✗⑦❖■❉❋✯P➃❫✦❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✏①❉❋✏P➃❫❅❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④✒❋✶❊❺❑➀⑥◗◆❱❑▼❋✶❨●❲✪⑨✶①❉⑥➃❫❬⑥❶❨●❋❀❋✶◆❱❑▼❨●❋

⑩✶❋✶P◗P◗❋✗①✓✒ ■❉◆❉❋✯❳❦❍❏◆❉◆❉❋✯⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✗❋✜❑➀⑩✶❋✶P◗P◗❋✗①✓✒ ■❉◆❉❋✯❳❴❫❬❨●❨●⑥◗❈✶❨●❋✗①✓✒ ❍❯Þ⑤④⑤①❉❋ ➈ ❷⑦✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✗❊●■❉❨❆✭❋✶❊❺❑✛⑩✶❋✶❪✇❋✶◆❉①❴❫❬◆❱❑Ù❫❬❊●❊●❋✣✸❀❾❏❨▼❫❬◆❉①❉❋❅❰
50%

Ð❃❽⑤⑩✩❫❬❨✽P➃❫✏⑩✶❍❏■❉❨●❳❦❋❀❋✶❊❺❑✛❪❦❋✶■✝❊●❋✶◆❉❊●⑥◗❳❉P❶❋✤✦✯❆✭❪✇❍❏■❉❨
■❉◆✒❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋

ΓS/∆ >
❆ ➈

P✎✌



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❙➹②❑ ➢✸➤ ➧ ➾ ➩➼➦◆➎ ➦⑤❥✮❢✪➨✥➧ ➾ ❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➧✥❥☎➦❈❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✿ì✥➚❃t

① ➙✺❶➂♥⑧♠✕t✉❹➥❸✓q✺③④⑤✮t→➴➀s✑➈✉③④⑤✮⑤✍t◗❸✓q✺❹❄➄ ❷✰❫➻⑩✶❍❏■❉❨●❳❦❋✂❪❉P◗❋✶⑥◗◆❉❋ÿ①❴❫❬◆❉❊ P➃❫ ✥❴❾❏■❉❨●❋✂❭ ➈ ❭♠❋✶❊❺❑✾■❉◆
❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✉①❉❋ P➃❫ ⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋

G(T )
①❴❫❬◆❉❊✒P◗❋✖⑩✩❫❬①❉❨●❋ ①❉❋ëP➃❫➐❑▼❇❉⑨✶❍❏❨●⑥◗❋ë⑦❖■❴❫❬❊●⑥ ➇

⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋♠▼❉☛✮❲❱❙✆❖✐❽❏❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✶❋✛❫❬■⑤Þ➀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ✖ ❇à❪❉P➃❫❬◆❴❫❬⑥❶❨▼❋✜❊✍❊●❋✶P◗❍❏◆❅P➃❫➀❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✫▼❉☛✎☛✍P☛❖ ➈❹✷❍❏◆❱❑▼❨▼❫❬⑥◗❨●❋✶❲✪❋✶◆❱❑➀❫❬■✒❲✪❍⑤①❉❈✶P◗❋❚❂✷❆❻➭❅❽❦P➃❫➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✏①❉■✉❊●⑥◗P◗⑥❶⑩✶⑥◗■❉❲✫❊●❍❏■❉❊ÙP✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✗❋✶❊❺❑
❪❉❨●⑥◗❊●❋➄❋✶◆ ⑩✶❍❏❲✪❪▲❑▼❋➄①❴❫❬◆❉❊✏P➃❫✟⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✵◆❉❍❏❨●❲✵❫❬P❶❋❅①❉■ ⑩✶❍❏◆❱❑❼❫❬⑩✜❑ ➸

GNN = wLb/Rb✦✸❑▼❨▼❫✩❚❏❋✶❨●❊✏P➃❫✸P◗❍❏◆❉❾❏■❉❋✶■❉❨❀❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋➄①❉❋➄P➃❫✟❳❴❫❬❨●❨●⑥◗❈✶❨●❋
Lb =

√

2Rb/R�

❰➼⑩✜✔ ➈ P➃❫✸❊●❋✶⑩✜❑▼⑥◗❍❏◆❭ ➈ ❩ ➈ ❭❱Ð ➈❷☞❋✶❊✥❚❬❫❬P◗❋✶■❉❨●❊✍①❉■❅❾❱❫❬❪
∆ = 0, 22meV

❽❸①❉❋✛P➃❫➀⑩✶❍❏◆❉①❉■❉⑩❃❑❃❫❸◆❉⑩✶❋✣◆❉❍❏❨●❲✵❫❬P◗❋
GNN = 12, 5S❋✜❑Ù①❉■✒❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋❀①❉❋✯❿Ù④⑤◆❉❋✶❊

ΓS = 0, 14∆
■▲❑▼⑥◗P◗⑥❶❊●⑨✶❋✶❊✣❪❦❍❏■❉❨✣P✱✒ ❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✣❊●❍❏◆❖❑Ù❪❉❨▼❫❣➇

❑▼⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑➹⑥◗①❉❋✶◆❱❑❼⑥❶⑦❖■❉❋✶❊❆✦✗⑩✜❋✶P◗P◗❋✶❊➹①❉■✪❲✪❍❖①❉❈✶P◗❋❻❂✷❆❻➭ ➈ ❷✰❫q❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋Ù①❉❋✣P➃❫q❳❴❫❬❨●❨●⑥◗❈✶❨●❋❨●❋✶◆❱❑▼❨●❋✸①❴❫❬◆❉❊✦P◗❋✪❲✪❍⑤①❉❈✶P◗❋✪⑦❖■❴❫❬❊●⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋⑩✦✒❑▼❨▼❫✩❚❱❋✶❨●❊✦P◗❋✪❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✣ï
ǫb = ~D/L2

b
➈➣q◆✖❍❏❳▲❑▼⑥◗❋✶◆❖❑✗■❉◆ë❳❦❍❏◆ ❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✯❫✩❚❏❋✶⑩

ǫb = (9 ± 1) 10−3∆ ➈ ❻ ⑥③❍❏◆ë❊●■❉❪❉❪❦❍❏❊●❋✵⑦❖■❉❋
R�

❋✜❑
D
①❉■➫❊●⑥◗P◗⑥◗⑩✜⑥◗■❉❲✲❋✶◆❱❑▼❨●❋✦P◗❋✶❊➀❪❉P◗❍❬❑▼❊➀①❉❋✦❆✛⑥❫❇ ❨●❋✶❊❺❑▼❋✶◆❱❑❀❚❸❫❬P➃❫❬❳❉P◗❋✶❊➀❊●❍❏■❉❊qP✱✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋❸❽

❍❏◆✟❑▼❨●❍❏■▲❚❱❋
ǫb ≃ 2, 4 10−5∆

❽❴⑩✶❋✏⑦❖■❉⑥☞❋✶❊❺❑➀①❉❋✶■⑤Þ✝❍❏❨●①❉❨●❋✶❊Ù①❉❋✗❾❏❨▼❫❬◆❉①❉❋✶■❉❨✣❪❉P◗■❉❊✣❪❦❋✜❑▼⑥❶❑Ù⑦❖■❉❋
P➃❫q❚❬❫❬P◗❋✶■❉❨✤①✓✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑ ➈ ❻ ⑥❦❍❏◆✵❨●⑨✶⑨✶⑩✶❨●⑥❶❑ ǫb ⑩✶❍❏❲✪❲✪❋✗➬ ǫb =

~DR2

�

4R2
cw2

❽❖❍❏◆✵❊✣✒ ❫❬❪✇❋✶❨❬✙✶❍❏⑥❶❑✷⑦❖■❉❋
ǫb ∼ 1/(let

2)
❽❖❍✎✩

t
❋✶❊❺❑✷P✱✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨✤❋✜✲✮❋✶⑩✜❑▼⑥❶❚❱❋Ù①❉❋➀P➃❫✗⑩✶❍❏■❉⑩❼❇❉❋➀①❉❋ ❻ ⑥❦⑦❖■❉⑥✇⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■❉❋➀❫❬■

✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✤❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾✣❋✜❑
le
P◗❋ÙP◗⑥◗❳❉❨●❋Ù❪❴❫❬❨●⑩✶❍❏■❉❨●❊✷❲✪❍❣④❏❋✶◆✸⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋➀①❴❫❬◆❉❊✷⑩✶❋✶P◗P◗❋❃➇ä⑩✶⑥ ➈❷✰❫✟❚❸❫❬P◗❋✶■❉❨✗①❉❋

ǫb
❑▼❨●❍❏■▲❚❱⑨✜❋✵❪❴❫❬❨✗P✱✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✏❲✪❍❏◆❱❑❼❨●❋❅⑦❖■❉❋

le
❋✜❑
t
❊●❍❏◆❱❑❈✔➼❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑

❨●⑨✶①❉■❉⑥❶❑▼❋✶❊➄❊●❍❏■❉❊✪P✱✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ❹✳✒ ❋✶❊❺❑✵P➃❫➫⑩✶❍❏◆✗✥❴❨●❲✵❫❸❑▼⑥◗❍❏◆✾⑦❖■❉❋✒P◗❋✝①❉⑨✶❪⑧✿❬❑✵①❉■ ❆✛⑥❫❇✲❋✜❑✵P◗❋✶❊
❑▼❨▼❫❬⑥❶❑▼❋✶❲✪❋✶◆❱❑▼❊✽❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✶❊✛❪❉❨●❍⑤①❉■❉⑥◗❊●❋✶◆❱❑Ù①❉■✒①❉⑨✶❊●❍❏❨●①❉❨●❋✧✦❅P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈✡Ù◆✒❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✗❊●■❉❪❉❪❉P◗⑨✶❲✪❋✶◆❱❑❼❫❬⑥◗❨●❋✗❨●❋✶◆❱❑▼❨●❋✏①❴❫❬◆❉❊✣P◗❋✗❲✪❍⑤①❉❈✶P◗❋❀⑦❖■❴❫❬❊●⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋➄➬❴P✱✒ ⑨✶◆❉❋✶❨➔➇
❾❏⑥◗❋✯①❉❋❅⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋➄①❉❋❅❪❉❇❴❫❬❊●❋

γφ = ~/τφ = 0, 26∆
❽✔⑦❖■❉⑥✍⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊●❋✦P➃❫✸⑩✜❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋

①❉❋q❪❉❇❴❫❬❊●❋❀①❉❋✶❊✛❍❏◆❉①❉❋✶❊✛①❉❋✶❊✛⑦❖■❴❫❬❊●⑥◗❪❴❫❸❨●❑▼⑥◗⑩✜■❉P◗❋✶❊✽①❴❫❬◆❉❊✽P➃❫✯❪❴❫❬❨❺❑▼⑥◗❋➀◆❉❍❏❨●❲✵❫❬P◗❋ ➈ ➣q◆✟❋✶◆✝①❉⑨✶①❉■❉⑥❶❑
τφ ≃ 10 ps

❽✥■❉◆❉❋✪❚❬❫❬P◗❋✶■❉❨✯❳❦❋✩❫❬■❉⑩✶❍❏■❉❪ ❪❉P◗■❉❊✯❪✇❋✜❑▼⑥❶❑▼❋✵⑦❖■❉❋✸P◗❋➄❑▼❋✶❲✪❪❉❊✯①❉❋✸⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✟①❉❋
❪❉❇❴❫❬❊●❋✵①❉⑨✶①❉■❉⑥❶❑✯①❉❋✶❊✦❲✪❋✶❊●■❉❨●❋✶❊✯①❉❋✵❲✵❫❬❾❏◆❉⑨✜❑▼❍❏❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✪❊●■❉❨✯■❉◆❉❋✵⑩✶❍❏■❉⑩❼❇❉❋✸①❉❋ ❻ ⑥➹①❉❍❏❪✇⑨
❊▼❫❬◆❉❊❅❪❉P◗❍❬❑▼❊✦①❉❋✟❆✛⑥❫❇✏❽⑦✦♣❊▼❫✩❚❱❍❏⑥◗❨

τφ(T = 240mK) = 2, 7ns
▼❉☛✰☛✍P✆❖ ➈ ❹✷❋✜❑●❑▼❋✟❨●⑨✶①❉■❉⑩❃➇❑▼⑥◗❍❏◆✸①❉❋✜❚⑤❨▼❫❬⑥❶❑❻■✜❑▼❨●❋❀⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✛P◗⑥◗⑨✶❋❀❫❬■☞✔➼❍❏❨❺❑✛①❉⑨✶❊●❍❏❨●①❉❨●❋✗❊●❍❏■❉❊✣P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋q❲✪⑨✜❑❼❫❬P➁❿❸❊●❋✶❲✪⑥ ➇
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â❃✃➌➘✽à♦➬Ñ➚➀❮✱➹s❪✣❒♦✃✜➮✮×Ø➚✢Ï❃Ô✜➘✕➴✍❒✕Ï➼❮Ñ➚➶➘✕Ï❃✃❷➘♦Ô✜➬✱➪❱➚➶× ✃❷Ï❃Ô✜➬✱➬✱✃❬❰◗à✰Ô✜➘✕➴✈❛❆×Ø➚❆Ý➀➚➶× ✃➌❒♦➬
G(T . Tc(TiN))

➮♦Ï➍❬ ✃❬❰✉❮◗ê⑨❛➀ê➴✍➹ ➬✱✃❭à✰Ô✜❒♦➬
∆(TiN) ≈ 0

➮♦➪❱➚➶➹Ø❰✓× ✃✲✂✓➹ØÜ✻➴♦➚➶➘✕❰✓×❽❬ ✔❃❮Ñ➚➀❮✺❰◗❒♦à♦➬Ñ➚✜Ï❃Ô✜➘✕➴✍❒✕Ï➼❮✱✃➌❒♦➬ÿ × ✃❚❮✱✃➌➪✷à✕❰
τb = ~/ǫb

➮★➚✜❰✱❰◗Ô✍Ï❃➹ ✔✫❛✵Ï❃✃❃❮◗❮✱✃❂✔➌➘♦✃➌➬✱Ò✜➹ ✃✜➮❏à✎✃➌❒✍❮✸r❃❮✱➬✱✃❈➹ ➘✣❮✱✃➌➬✱à♦➬✌✔❃❮✌✔✧Ï❃Ô✜➪✷➪✷✃❈× ✃❚❮✱✃➌➪✷à✕❰➘☛✔❬Ï❃✃❬❰✱❰✱➚➶➹ ➬✱✃❷à✰Ô✜❒♦➬★❒♦➘➱✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘✳➴✍✃❭❮✱➬Ñ➚❀Ý✜✃➌➬Ñ❰◗✃➌➬❴×Ø➚✢❐✕➚➶➬✱➬✱➹ ❧➌➬✱✃
✌❏❘
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❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✗⑩✶❍❏❲✪❪❴❫❬❨●⑨❈✦❅■❉◆✉❳✇❍❏◆✒❲✪⑨✜❑❼❫❬P ➈ ②✍❫❬❨✣⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❱❑✩❽✇P➃❫❅❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✏⑥◗◆❸➷❺❋✶⑩✜❑▼⑨✶❋①❴❫❬◆❉❊✷P➃❫✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✪❋✶❊❺❑✛①❉⑥❋➫✪⑩✶⑥◗P❶❋✶❲✪❋✶◆❱❑✷①❉⑥◗❊●❊●⑥◗❪❦⑨✶❋ ➈ ✡Ù◆❉❋q❫❬◆❴❫❬P❶④⑤❊●❋➀⑦❖■❴❫❬◆❱❑▼⑥❶❑❼❫❸❑▼⑥❶❚❱❋✣①❉❋➀P✱✒ ❫❬■❉❾❸➇❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✵①❉❋➀P➃❫✗❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋➀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋➀❋✶❊❺❑✽①❉⑥❋➫✪⑩✶⑥◗P◗❋✦❰➳❚❏❍❏⑥◗❨✤❪❉P◗■❉❊✷P◗❍❏⑥◗◆❦Ð⑦✦✯⑩✩❫❬■❉❊●❋
①❉❋❀P➃❫✯❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋➀⑩✶❍❏❲✪❪❉P◗⑥◗⑦❖■❉⑨✶❋q①❉❋❀P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✸❋✜❑✛①❉❋✶❊✣◆❉❍❏❲✦❳❉❨●❋✶■⑤Þ✟❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✽⑥◗❲❅➇
❪❉P◗⑥◗⑦❖■❉⑨✶❊✏❰

R�

❽
ΓS

❽❴❆❀❽
τee
❽
τeph

Ð ➈
➷➈✪①ã ◆ ✕✯✄✟✴✝✚✜✞✣✺✼✞✣✎✦✁✙✆✝✄ ✴✟☛✍✄✟✧❃✁

❹✷❍❏❲✪❪▲❑▼❋❅❑▼❋✶◆⑤■ ①❉❋➄P➃❫✟❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋❅①❉❋✪P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P❶P◗❍❏◆ ❰➼①❉❋✶■⑤Þë⑩✶❍❏◆❖❑❼❫❬⑩✜❑▼❊✗❆✛⑥❫❇❅❿ ❻ ⑥③①❉❋
❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

Rc
❋✶◆✒❊●⑨✶❨●⑥◗❋✏❫✩❚❱❋✶⑩✗■❉◆❉❋✏❪❴❫❬❨❺❑▼⑥◗❋❀①❉❋✗❊●⑥◗P◗⑥◗⑩✶⑥❶■❉❲ ①❉❍❏❪✇⑨✗①❉❋✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

RSi
Ð❃❽❉P◗❋

❳❉❨●■❉⑥❶❑✛❑▼❍❬❑❼❫❬P✔❲✪❋✶❊●■❉❨●⑨✏❫✩❚❏❋✶⑩✏P◗❋ ❻✚❄ ✡ ✖ ❿✻❊✣✒ ⑨✶⑩✶❨●⑥❶❑✦❰➼⑩✜✔ ➈ ❹✷❇❴❫❬❪❉⑥❶❑▼❨●❋✯❩❏Ð➀➬

SItot = 2Sc
R2

c

(ΣR)2
+ SSi

R2
Si

(ΣR)2
+ Sr

R2
r

(ΣR)2
+ Sdispo,

❰❡❭ ➈ ▼❏Ð
❍✎✩

Sc
❋✶❊❺❑qP◗❋✏❳❉❨●■❉⑥❶❑➀①✓✒ ■❉◆♣⑩✶❍❏◆❱❑❼❫❬⑩✜❑q❆✛⑥❫❇❅❿ ❻ ⑥✰◆ ++ ❽ SSi

P◗❋✏❳❉❨●■❉⑥❶❑➀①❉❋✯P➃❫✪❪❴❫❬❨❺❑▼⑥◗❋✏①❉❋✯❊●⑥◗P◗⑥ ➇
⑩✶⑥◗■❉❲✫①❉❍❏❪✇⑨✗❋✶◆❱❑▼❨●❋✏P◗❋✶❊✛①❉❋✶■⑤Þ✒⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊✣❋✜❑

ΣR = 2Rc +RSi +Rr ➈➆ ❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✉◆⑤■❉P◗P◗❋❬❽❦❑▼❍❏■▲❑▼❋✶❊❀P◗❋✶❊q❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊✗⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■❉❋✶◆❱❑✏❫✩❚❏❋✶⑩❅P◗❋✶■❉❨q❳❉❨●■❉⑥❶❑q❑▼❇❉❋✶❨➔➇
❲✪⑥◗⑦❖■❉❋❬❽⑤⑩✶❋❀⑦❖■❉⑥✔◆❉❍❏■❉❊✛❪❦❋✶❨●❲✪❋✜❑✛①❉❋❀①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✶❨✤❑▼❨●❈✶❊✛❪❉❨●⑨✶⑩✶⑥◗❊●⑨✶❲✪❋✶◆❱❑✣P◗❋➀❳❉❨●■❉⑥❶❑✛①❉■✟①❉⑥◗❊●❪✇❍❸➇
❊●⑥❶❑▼⑥❋✔➔❽

Sdispo = (1, 8 pA)2/Hz ➈✶Ù❍❏❨●❊✸⑨✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●❋❬❽
Rc

⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉① ✦ P➃❫ ❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➫①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P◗❋✒①❉■✭⑩✶❍❏◆❱❑❼❫❬⑩✜❑ ➈ ❷✰❫❪❉❨●⑥◗◆❉⑩✶⑥◗❪❴❫❬P◗❋✉⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋➫①❴❫❬◆❉❊✝⑩✶❋➫❨●⑨✶❾❏⑥◗❲✪❋✉❚⑤⑥◗❋✶◆❱❑✒①❉❋➫P✱✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋♣❊●■❉❨✝P➃❫ ❑▼❋✶❲✪❪❦⑨❃➇
❨▼❫❸❑▼■❉❨●❋✒⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✒①❴❫❬◆❉❊✵P➃❫✖❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋ ➈ ❹✷❋✜❑●❑▼❋✉⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✒❋✶❊❺❑✵❲✪⑥◗◆❉⑥◗❲➄⑥❶❊●⑨✶❋❬❽➹⑩✩❫❬❨
Rc

❰➼①❉❋➄P✱✒ ❍❏❨●①❉❨●❋❅①❉❋
0, 5 Ω

Ðq①❉❍❏❲✪⑥◗◆❉❋✦P◗❋✶❊✗①❉❋✶■⑤Þ ❫❬■▲❑▼❨●❋✶❊✏❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊✶❽
Rr = 0, 123 Ω

❽
RSi = 0, 024 Ω

µm
L ➈ ➅③◆✵❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋❬❽❱◆❉❍❏■❉❊✷❫✩❚❱❍❏◆❉❊✤❊●■❉❪❉❪❦❍❏❊●⑨➀⑦❖■❉❋➀P➃❫q❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✣①❴❫❬◆❉❊P➃❫✪❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋❅❫❬■❉❾❏❲✪❋✶◆❖❑▼❋✯❫❯❚❏❋✶⑩✦P➃❫➄❑▼❋✶◆❉❊●⑥◗❍❏◆✉①❉❋✦❪✇❍❏P➃❫❬❨●⑥❶❊▼❫❸❑▼⑥◗❍❬◆✉①❉❋✯P➃❫✪❲❩■✶❲✪❋❚✔❡❫✰✙✶❍❏◆♣⑦❖■❉❋

①❴❫❬◆❉❊✗P➃❫✵❲✪❋✶❊●■❉❨●❋➄①✓✒ ⑨✜❑❼❫❬P◗❍❏◆❉◆❴❫❬❾❏❋✝❰➼⑩✜✔ ➈ P◗❫✸❊●❋✶⑩✜❑▼⑥◗❍❏◆ ❩ ➈ ❲ ➈ ❭❱Ð ➈ ❻ ⑥✍❍❏◆✖❊●■❉❪❉❪✇❍❏❊●❋➄⑩✶❋✶❪✇❋✶◆❉①❴❫❬◆❱❑⑦❖■❉❋➄P➃❫✵❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❅①❉❋❅P➃❫✸❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✪❨●❋✶❊❺❑▼❋❩✦✟P➃❫✵❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋➄①❉❋❅❳❴❫❬❊●❋❬❽☞P◗❋❅⑩❼❇❴❫❬◆⑤➇
❾❏❋✶❲✪❋✶◆❱❑q①❉❋✯P➃❫❅❚❬❫❬P◗❋✶■❉❨

Sc
①❉⑨✶①❉■❉⑥❶❑▼❋✯①❉❋✯P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆➐❰❡❭ ➈ ▼❏Ð✛❋✶❊❺❑q❊●❋✶■❉P◗❋✶❲✪❋✶◆❖❑➀①❉❋ 4, 5 %

✦
I = 25µA

❋✜❑Ù①❉❋
9 %

✦
I = 100µA ➈❷✰❫✠✥❴❾❏■❉❨●❋✸❭ ➈ ❙✉❲✪❍❏◆❱❑▼❨●❋✵P➃❫✒①❉❋✶◆❉❊●⑥❶❑▼⑨✵❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✸①❉■➐❳❉❨●■❉⑥❶❑✯❋✶◆ ✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ①❉■➐⑩✶❍❏■❉❨▼❫❬◆❖❑

❪✇❍❏■❉❨③■❉◆✪⑩✶❍❬◆❖❑❼❫❬⑩✜❑➹①❉❋✣P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❬◆❅➆❁✦❀①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊③❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊ ➈ ➆ T = 50mK
❽

❍❏◆✸❍❏❳❉❊●❋✶❨❺❚❱❋q■❉◆❉❋❀❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❬◆✵P◗⑥◗◆❉⑨✩❫❬⑥◗❨●❋✣①❉■✟❳❉❨●■❉⑥❶❑✽❫❯❚❏❋✶⑩q■❉◆✟⑩❼❇❴❫❬◆❉❾❏❋✶❲✪❋✶◆❱❑✛①❉❋q❪✇❋✶◆❱❑▼❋
✦✉❋✶◆❖❚⑤⑥◗❨●❍❏◆

30µA ➈ ②✥❍❏■❉❨✯①❉❋✶❊❅⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊✦⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❊✯✦✉⑩✶❋✜❑●❑▼❋✸❚❸❫❬P◗❋✶■❉❨✶❽☎❍❏◆➐❑▼❨●❍❏■▲❚❏❋✸■❉◆❳✇❍❏◆✒❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✣❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✏❫✩❚❏❋✶⑩✪➬

Sc = 4eI +
4kBT

Rc(V = 0)
.
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⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆❉❊➀⑨✜❑▼■❉①❉⑥◗⑨✶❊✶❽✔⑩✩❫❬❨❀P➃❫✵❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋❅①❉■✖❲✪⑨✜❑❼❫❬P✥◆❉❍❏❨●❲✵❫❬P☎◆✓✒ ❋✶❊❺❑✗❪❴❫❬❊q❑▼❍❏■▲❑❚✦❊✔❡❫❬⑥❶❑
◆❉⑨✶❾❏P◗⑥◗❾❏❋✩❫❬❳❉P◗❋❅①❉❋✜❚❸❫❬◆❖❑✦P➃❫✟❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✵①❉❋✪P➃❫✝❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ➈ ➆➀■▲❑▼❨●❋✶❲✪❋✶◆❱❑✯①❉⑥❶❑✩❽☞❋✶❊❺❑❺➇ä⑩✶❋✵⑦❖■✓✒ ❍❏◆❊✣✒ ❫❸❑●❑▼❋✶◆❉①✁✦➄■❉◆❉❋✗❪✇❋✶◆❱❑▼❋✗①❉❋

4e
①❴❫❬◆❉❊✣P◗❋❀❨●⑨✶❾❏⑥◗❲✪❋q①❉■☞✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊✽❑❼■❉◆❉◆❉❋✜P◗⑥◗◆❉❾✕✾★❳

❿➀❋✉ú❬❍❏◆❉❾ë❋✜❑❊❂✷❋✶❋✶◆❴❫✰❪➂❪❬❋✶❨✪❍❏◆❖❑➄⑩✩❫❬P◗⑩✶■❉P◗⑨✟P◗❋⑩✔❡❫❬⑩✜❑▼❋✶■❉❨➄①❉❋✒➂❦❫❬◆❉❍➯✦➫⑨✶◆❉❋✶❨●❾❏⑥◗❋✟◆⑤■❉P◗P◗❋✸❪✇❍❏■❉❨
P➃❫✸❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆➫❋✶◆❱❑▼❨●❋➄P◗❋✶❊✗❨●⑨✶❾❏⑥◗❲✪❋✶❊q❑▼■❉◆❉◆❉❋✶P➹❋✜❑✏①❉⑥❋✲✮■❉❊●⑥❋✔q❰✁▼ ❭✑✏☛❖✐❽✔❚❏❍❏⑥◗❨❀P➃❫✟❊●❋✶⑩❃❑❼⑥❶❍❏◆❘☛ ➈ ❲ ➈ ❭❱Ð ➈❻ ■❉❨➹P➃❫❅✥❴❾❏■❉❨●❋➀❭ ➈ P▲❽❱◆❉❍❏■❉❊✤❫❯❚❏❍❏◆❉❊✤❨●❋✶❪❦❍❏❨❺❑▼⑨ÙP◗❋✶❊➹❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❉❊✍❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊✤⑥◗❊●❊●■❉❋✶❊✤①❉❋ÙP◗❋✶■❉❨●❊❑▼❨▼❫✩❚❬❫❬■⑤Þ✮❽✗✦✏P➃❫❚✔➼❍❏⑥◗❊➹❪✇❍❏■❉❨✷P◗❋❻✔❡❫❬⑩✜❑▼❋✶■❉❨✷①❉❋q➂❦❫❬◆❉❍✏❋✜❑✽P➃❫✏❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

RNS
✦✏⑨✶◆❉❋✶❨●❾❏⑥◗❋➀◆❖■❉P◗P◗❋

❰➼◆❉❍❏❨●❲✵❫❬P◗⑥❶❊●⑨➹❪❴❫❬❨
RB

Ð☞❋✶◆✧✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✏①❉■✯❨▼❫❬❪❉❪✇❍❏❨❺❑✥①❉❋✶❊✥❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊
RN/RB =

❆
LN/le ➈❿➀❋q⑩✶❋✶❊✛①❉❋✶■⑤Þ✟❾❏❨▼❫❬❪❉❇❉❋✶❊✶❽▲◆❉❍❏■❉❊✛❫❬P◗P◗❍❏◆❉❊✤❋❃Þ⑤❑▼❨▼❫❬⑥◗❨●❋➀■❉◆❉❋❀❋✶❊❺❑▼⑥◗❲✵❫❣❑❼⑥❶❍❏◆✵①❉■⑩✔❡❫❬⑩✜❑▼❋✶■❉❨✽①❉❋❀➂❴❫❬◆❉❍

❪✇❍❏■❉❨✷P◗❋✶❊✤⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊➹➆♠❋✜❑❻❂➀❽⑤❲✵❫❬P◗❾❏❨❺⑨ÙP✱✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✣❊●■❉❨
le
❋✜❑✽❊●■❉❨✷P➃❫✏P◗❍❏◆❉❾❏■❉❋✶■❉❨✷①❉■

❲✪⑨✜❑❼❫❬P✔◆❉❍❏❨●❲✵❫❬P
LN ➈

✌❏❭



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❙➹②❑ ➢✸➤ ➧ ➾ ➩➼➦◆➎ ➦⑤❥✮❢✪➨✥➧ ➾ ❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➧✥❥☎➦❈❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✿ì✥➚❃t

❇Ù❍❏■❉❊❅❊▼❫❯❚❏❍❏◆❉❊➄⑦❖■❉❋✝P◗❋✶❊➀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊❅⑨✜❑▼■❉①❉⑥◗⑨✶❋✶❊➄❍❏◆❱❑➄■❉◆❉❋✟❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✝①❉❋✝P✱✒ ❍❏❨●①❉❨●❋✸①❉❋
10−2 ❋✜❑➹⑦❖■❉❋✣P➃❫❀❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✣①❉❋✛P➃❫q❳❴❫❬❨●❨●⑥◗❈✶❨●❋✛①❉❍❏❲✪⑥◗◆❉❋✽P➃❫q❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✣①❉■✪❲✪⑨✜❑❼❫❬P▲◆❉❍❏❨●❲✵❫❬P ➈❿q❫❬◆❉❊➄P➃❫➫P◗⑥◗❲➄⑥❶❑●❋✟❆

<< 1
❰➼P◗⑥◗❾❬◆❉❋✟❪✇❍❬⑥◗◆❖❑▼⑥◗P❶P❶⑨✶❋❯Ð✯❋✜❑ RN

RB
< 0, 25

❽ RNS

RB

❊●❋✝⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋
⑩✶❍❏❲✪❲✪❋

1/x
①❴❫❬◆❉❊❀P◗❋✦❾❏❨▼❫❬❪❉❇❉❋❅①❉❋❅❾❱❫❬■❉⑩❼❇❉❋Ñ▼❉☛✍P✆❖✐❽✔⑩✰✒ ❋✶❊❺❑❺➇❃✦❣➇ä①❉⑥◗❨●❋ RNS

RB
= RB

RN
➈ ❿q❫❬◆❉❊❀■❉◆❪❉❨●❋✶❲✪⑥◗❋✶❨q❑▼❋✶❲✪❪❉❊✶❽☞◆❉❍❏■❉❊✏①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❍❏◆❉❊❀P➃❫✟❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

RNS(T = 0)
❋✶◆ ❋❃Þ⑤❑▼❨▼❫❬❪✇❍❏P➃❫❬◆❱❑

P➃❫➫⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋✝⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❃➇ ❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋ ❰➁✥❴❾❏■❉❨●❋✒❭ ➈ ❭❱Ð✯❚❏❋✶❨●❊ T = 0K ➈ ➣q◆❍❏❳▲❑▼⑥◗❋✶◆❱❑
RNS(T = 0) = 0, 375 Ω ➈ ❿➀❋✪❪❉P◗■❉❊✶❽✺✦ T = 4, 2K

❽☞⑦❖■❴❫❬◆❉① P◗❋✶❊✏❋✜✲✮❋✜❑▼❊✏①❉❋
⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✯❊●❍❏◆❱❑➀◆❉⑨✜❾❏P◗⑥◗❾❏❋✩❫❬❳❉P◗❋✶❊✛❋✜❑➀P◗❋❀❾❱❫❬❪✒❪❉❨●❍⑤⑩❼❇❉❋✏①❉❋❈✸✶⑨✶❨●❍❉❽❦❍❏◆✉❫

Rc = RN + RB =
0, 078 Ω ➈ ➣q◆ë❍❏❳▲❑▼⑥◗❋✶◆❱❑✏❫❬P◗❍❏❨●❊ RNS

RB
= RB

Rc−RB

❫❯❚❏❋✶⑩
RB

⑩✶❍❏❲✪❲✪❋❅❊●❋✶■❉P◗❋❅❚❬❫❸❨▼⑥◗❫❬❳❉P◗❋ ➈ ❷✰❫❊●❍❏P◗■▲❑▼⑥◗❍❏◆ÿ①❉❋➫⑩✶❋✜❑●❑▼❋➫⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆à①❉❍❏◆❉◆❉❋
RB = 0, 066 Ω

❽✷①✓✒ ❍✎✩ RN

RB
≃ 0, 18 ➈ ❹✷❋✜❑●❑▼❋❚❸❫❬P◗❋✶■❉❨✯⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉① ①❴❫❬◆❉❊✦P◗❋✵❾❏❨▼❫❬❪❉❇❉❋✵①❉❋✸①❉❨●❍❏⑥❶❑▼❋❊✦✉■❉◆ ✔❡❫❬⑩✜❑▼❋✶■❉❨✯①❉❋✟➂❦❫❬◆❉❍

F ≈ 1, 8❰➼P◗⑥◗❾❬◆❉❋❀❋✶◆✝❑▼⑥◗❨●❋✜❑❃Ð ➈➅③❊❺❑❺➇ä⑩✶❋✏⑦❖■❉❋✗P◗❋✶❊✣①❉❍❏◆❉◆❉⑨✶❋✜❊➀❊●❍❏◆❱❑Ù⑩✶❍❏❲✪❪❴❫❸❑▼⑥◗❳❉P❶❋✶❊✣❫✩❚❏❋✶⑩✏■❉◆❯✔❡❫❬⑩✜❑▼❋✶■❉❨✛①❉❋✏➂❦❫❬◆❉❍➄①❉❋✵☛❏❽ P❨❳

F
 =

 S
I/
2

eI

RN/RB=  T LN /le

R
N

S
/R

B

RN/RB=  T LN /le

ã⑦⑥⑨⑧✛✃☎❭ ➈ P➜⑩➫➁✣⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✪①✓✒ ■❉◆❉❋✗➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ✖ ❇➟❰◗✦✝❾❱❫❬■❉⑩❼❇❉❋❯Ð❀❋✜❑❈✔❡❫❬⑩✜❑▼❋✶■❉❨✏①❉❋✵➂❦❫❬◆❉❍➐❰◗✦
①❉❨●❍❏⑥❶❑▼❋❯Ð✛❋✶◆✁✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✉①❉■♣❨▼❫❬❪❉❪❦❍❏❨❺❑ RN

RB
=
❆
LN/le

❪❦❍❏■❉❨➀①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊➀❑▼❨▼❫❬◆❉❊●❪❴❫❬❨●❋✶◆❉⑩✶❋✶❊
T
①❉❋❀P➃❫✦❳❴❫❬❨●❨●⑥◗❈✶❨●❋❢▼❉☛✍P▲❽❴❭✑✏✏❖ ➈ ❷☞❋✶❊✣⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✷➆➡❋✜❑✽❂✂❊●❍❏◆❱❑Ù①❴❫❬◆❉❊✛P➃❫✦P◗⑥◗❲➄⑥ ❑▼❋

T << 1❰➼P◗⑥◗❾❬◆❉❋✶❊✥❪✇❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋✶❊❼Ð☎❫✩❚❏❋✶⑩✛■❉◆❅❨▼❫❬❪❉❪✇❍❏❨❺❑✍❆
LN/le ≈ 0, 18 ➈ ❷☞❋✶❊③❊❺④⑤❲✦❳✇❍❏P◗❋✶❊ Γ

❋✜❑
L
①❴❫❬◆❉❊

P◗❋✶❊✛❾❏❨▼❫❬❪❉❇❉❋✶❊✣⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❉❋✶◆❱❑❅✦
T
❋✜❑
LN

①❴❫❬◆❉❊Ù◆❉❍❬❑▼❨●❋❀◆❉❍❬❑❼❫❸❑▼⑥◗❍❏◆ ➈
❷✰❫✤✥❴❾❏■❉❨●❋Ù❭ ➈ ✏❀❲✪❍❏◆❱❑▼❨●❋✣■❉◆❉❋Ù①❉❨●❍❏⑥ ❑❼❋✛①❉❋Ù❪❦❋✶◆❖❑▼❋ 3, 6e

✦✗⑩✣✿❬❑▼⑨✣①❉❋ÙP➃❫❀①❉❨●❍❏⑥❶❑▼❋✛①❉❋Ù❪✇❋✶◆❱❑▼❋
4e ➈❇Ù❍❏■❉❊➀⑩✶❍❏◆❉❊❺❑❼❫❸❑▼❍❏◆❉❊q⑦❖■❉❋✦P✱✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✏❊●■❉❨qP◗❋✜❊Ù❚❬❫❬P◗❋✶■❉❨●❊➀❲✪❋✶❊●■❉❨●⑨✶❋✶❊✶❽✔⑩✶❍❏❨●❨●❋✶❊●❪❦❍❏◆❉①❴❫❬◆❖❑❚✦

❪❦❋✶■✵❪❉❨●❈✶❊✢✦✗P➃❫❀P➃❫❬❨●❾❏❋✶■❉❨③①❉❋✶❊✤❪✇❍❏⑥◗◆❱❑▼❊➹①❴❫❬◆❉❊✤⑩✶❋✜❑✤⑥◗◆❖❑▼❋✶❨❺❚❸❫❬P◗P◗❋✛①❉❋✣⑩✶❍❏■❉❨▼❫❬◆❱❑✩❽❖◆❉❋✣❪✇❋✶❨●❲✪❋✜❑✤❪❴❫❬❊
①❉❋✗①❉⑥◗❨●❋❀⑦❖■❉❋✶P✰❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑Ù❋✶❊❺❑ÙP◗❋❀❲✪⑥◗❋✶■⑤Þ✝❫❬①❴❫❬❪▲❑▼⑨ ➈❹✷❍❏◆❉❊●⑥◗①❉⑨✶❨●❍❏◆❉❊Ù❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑ÙP✱✒ ⑥◗◆❱❑▼❋✶❨❺❚❬❫❬P◗P❶❋❀①❉❋✏⑩✶❍❬■❉❨❼❫❸◆❖❑Ù❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨✳✦

30µA ➈ ❷✰❫➄①❉❨●❍❏⑥❶❑▼❋❫❣➷❺■❉❊❺❑▼⑨✶❋
SI =

2

R
(eV + 0, 022meV ) = 2eI +

0, 044meV

R
,

❰❡❭ ➈ ✏❏Ð
✌✰❲



➹②❑Ðë✇❑ ➢✸➤ ➧ ➾ ➩➼➦◆➎ ➦⑤❥✮❢✪➨✥➧ ➾ ❜✩➧✥❝➳❢

❪✇❍❏❊●❊●❈✶①❉❋❅■❉◆❉❋✯❪✇❋✶◆❱❑▼❋❅①❉❋
2e
❽✇⑩✰✒ ❋✶❊❺❑❺➇❃✦❣➇ä①❉⑥◗❨●❋✯⑦❖■✓✒ ❍❏◆➫❍❏❳❉❊●❋✶❨❺❚❏❋❅■❉◆♣❳❉❨●■❉⑥❶❑q①❉❋✯❾❏❨●❋✶◆❴❫❬⑥◗P◗P◗❋✗①❉❋

⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✰①❉❋✷⑩❼❇❴❫❬❨●❾❏❋
e ➈ ➆➀■✯❪❉❨●❋✶❲✪⑥◗❋✶❨✰❨●❋✶❾❱❫❬❨●①✔❽❣⑩✶❋✷❨●⑨✶❊●■❉P❶❑❼❫❸❑✥❋✜❊●❑✥❊●■❉❨●❪❉❨●❋✶◆❴❫❬◆❖❑✍⑩✩❫❬❨✶❽❪✇❍❏■❉❨✣■❉◆❉❋✣➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ✖ ❇✻❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋❬❽❴❊●❋✶■❉P◗❊ÙP◗❋✶❊Ù❪❉❨●❍❖⑩✶❋✶❊●❊●■❉❊q①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✒❪✇❋✶❨●❲✪❋✜❑●❑▼❋✶◆❱❑➀P◗❋

❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑✟①❉■✂⑩✶❍❏■❉❨▼❫❬◆❖❑❯✦ ❑▼❨▼❫✩❚❏❋✶❨●❊✟P➃❫ ❳❴❫❬❨●❨●⑥◗❈✶❨●❋✉❑❼❫❬◆❱❑✟⑦❖■❉❋
T < Tc

❋✜❑
eV < ∆ ➈❷☞❋✶❊✸❲✪❋✶❊●■❉❨●❋✶❊✟①❉❋➫❳❉❨●■❉⑥❶❑✸❲✪❍❏◆❱❑▼❨●❋✶◆❱❑✸⑩✶❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✝❑▼❨●❈✶❊✸⑩✶P➃❫❬⑥◗❨●❋✶❲✪❋✶◆❱❑✩❽✤⑦❖■❉❋♣P◗❋✉⑩✶❍❏■❉❨▼❫❬◆❖❑

①❉❋✝⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊❅①❉❍❏❲✪⑥◗◆❉❋✟P◗❋✸❑▼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑✪⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋✝❪✇❍❏■❉❨
V & 15µV

❽✍❚❬❫❬P◗❋✶■❉❨
❳✇❋✩❫❬■❉⑩✶❍❏■❉❪✒❪❉P◗■❉❊✣❪❦❋✜❑▼⑥❶❑▼❋✗⑦❖■❉❋✗P◗❋❀❾❱❫❬❪ ❰

∆ ≈ 0, 2meV
Ð ➈❿q❫❬◆❉❊✍P◗❋✶❊☎❲✪❋✶❊●■❉❨●❋✶❊✍①❉❋✷⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❬❽❏◆❉❍❏■❉❊✍❫✩❚❱❍❏◆❉❊✥❍❏❳❉❊●❋✶❨❺❚❏⑨✽■❉◆❉❋✢✔➼❍❏❨❺❑▼❋✷❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❏◆

①❉❋ ✈ ❰➁▲✗Ð✪❪✇❍❏■❉❨
V > 20µV ➈ ❇Ù❍❏■❉❊✟❪✇❍❏■▲❚❏❍❏◆❉❊✒❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑✟⑩✶❍❏◆❉⑩✶P◗■❉❨●❋➫⑦❖■❉❋ë⑩✶❋✜❑●❑▼❋❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆❅❋✶❊❺❑✤①❉■❉❋✽✦❀■❉◆❉❋✣P➃❫❬❨●❾❏❋✽⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆❅①❉❋✣⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊③❫❬■➄⑩✶❍❏■❉❨▼❫❬◆❖❑ ➈❿➀❋✶■⑤Þ✹✔❡❫❬⑩✜❑▼❋✶■❉❨●❊q❊●❍❏◆❱❑✤✦✵P✱✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋✏①❉❋✯⑩✶❋✦⑩✶❍❏■❉❨▼❫❬◆❱❑❀①❉❋✯⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✯➬✇P◗❋✯①❉⑨✶❊●❍❏❨●①❉❨●❋

❋✜❑ÙP➃❫✦❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④✝⑥◗◆❉❇❉❍❏❲✪❍❏❾❏❈✶◆❉❋❚✦❅P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋❬❽❉⑩✶❋✗⑦❖■❉⑥☞❊✣✒ ❋❃Þ▲❪❉❨●⑥◗❲✪❋✗❪❴❫❬❨✛P◗❋❀❾❱❫❬❪
❨●⑨✶①❉■❉⑥❶❑✏❋✜❑✯P◗❋➄❾❏❨▼❫❬◆❉①ë❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋➄①❉❋✵❿Ù④⑤◆❉❋✶❊

ΓS
❽☞◆❉⑨✶⑩✶❋✶❊●❊❼❫❬⑥◗❨●❋✪①❴❫❬◆❉❊✏P◗❋✶❊✏❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑▼❊

❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊❀❪❦❍❏■❉❨qP◗❋✶❊q⑩✶❍❏■❉❨●❳✇❋✶❊❀①❉❋✦⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✶❊✶❽✰❫❬⑥◗◆❉❊●⑥✥⑦❖■✓✒ ■❉◆❉❋➄❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✉①❉❋
P➃❫✯❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✗⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❚✦➄P➃❫❬⑦❖■❉❋✜P◗P◗❋q◆❉❍❏■❉❊Ù◆❉❍❏■❉❊✣⑥◗◆❱❑▼⑨✶❨●❋✶❊●❊●❍❏◆❉❊Ù❲✵❫❬⑥◗◆❱❑▼❋✶◆❴❫❬◆❱❑ ➈
➞ ♥❏❦r⑤✮t◗♣✺❶➂♠♦③✗❧♦t✉♥❏❦r⑤✵s✎♥❏❦rs✎❹➂♠✕❦✺③④❦❏❧❊➈✉③✻❧✍❹◆⑨●⑥⑦❶➂♠♦③✗❧♦q✺♠♦❹✁❶◆➈✉❹◆s✰❧✍♠♦♥❏❦rt◗❸✓q✺❹

❷⑦✒ ❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❬◆ ①❉■ÿ❳❉❨●■❉⑥❶❑✪❋✶◆ÿ⑩✶❍❏■❉❨▼❫❬◆❱❑✵❋✶◆❘✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ①❉❋✒P➃❫➫❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽➹⑩✶❍❏❲✪❲✪❋
❍❏❳❉❊●❋✶❨❺❚❏⑨✶❋q①❴❫❬◆❉❊✷◆❉❍❬❑▼❨●❋Ù❋❃Þ▲❪❦⑨✶❨●⑥◗❋✶◆❉⑩✶❋❬❽▲❪✇❋✶■▲❑✽❫✩❚❱❍❏⑥◗❨➹①❉❋✶■⑤Þ✵❍❏❨●⑥◗❾❏⑥❶◆❉❋✶❊➹①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊Ù➬❖P◗❋Ù❳❉❨●■❉⑥❶❑
①❉❋✯❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋✗P◗⑥◗⑨✯❫❬■✉❪❴❫❬❊●❊▼❫❬❾❏❋✦①❉❋✟❰➼❪❴❫❬⑥◗❨●❋✶❊Ù①❉❋❯Ð✣⑩❼❇❴❫❬❨●❾❏❋✶❊✤✦➄❑▼❨▼❫❯❚❏❋✶❨●❊➀P➃❫✪❳❴❫❬❨●❨●⑥◗❈✶❨●❋✏❋✜❑➶❿❸❍❏■
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❨▼❫❸❑▼■❉❨●❋✦①❉❋❅❳❴❫❬❊●❋✪✥▲Þ▲⑨✶❋❩✦

30mK
❰➼⑩✶❍❏■❉❨●❳✇❋✶❊❀①❉❋➄①❉❨●❍❏⑥ ❑❼❋✩ÐÙ❋✜❑✗❋✶◆✖❊●■❉❪❉❪✇❍❏❊▼❫❬◆❱❑✏■❉◆❉❋➄❫❬■❉❾❸➇

❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✟①❉❋✗P➃❫✦❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✗⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✗❊●❋✶P◗❍❏◆
Tqc(V )

❰➼⑩✶❍❏■❉❨●❳✇❋✜❊Ù①❉❋✗❾❱❫❬■❉⑩❃❇❉❋❯Ð ➈②☎❍❏■❉❨➀P➃❫❅❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✯①❉❋✯❳❴❫❬❊●❋❈✥▲Þ▲❋❬❽✇P◗❋✏❪❴❫❬❊●❊▼❫❬❾❏❋✦①✓✒ ■❉◆♣⑩✶❍❏■❉❨▼❫❬◆❱❑q①❉❋✯❪❴❫❬⑥◗❨●❋✶❊✣❚❏❋✶❨●❊q■❉◆
⑩✶❍❏■❉❨▼❫❬◆❱❑✤①❉❋Ù⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✤❫✗P◗⑥◗❋✶■✪❫❬■✵❾❱❫❬❪♣❰

∆ ≈ 0, 22meV
Ð ➈ ➅③◆✵❨●❋✜❚❬❫❬◆❉⑩❼❇❉❋❬❽⑤❪✇❍❏■❉❨

✝ à✰Ô✜❒♦➬❭Ï❃✃❃❮◗❮✱✃➋❵✕Ò✜❒♦➬✱✃✜➮✰× ✃❬❰❭➴✍Ô✜➘♦➘☛✔➌✃❬❰r✃✓✒✍à♣✔➌➬✱➹ ➪✷✃➌➘✣❮Ñ➚➶× ✃❬❰rà♦➬✱Ô❀Ý✮➹ ✃➌➘♦➘♦✃➌➘✣❮❭➴✍✃❬❰❷➪✷✃❬❰◗❒♦➬✱✃❬❰r✃✓➾✎✃❬Ï➼❮✱❒☛✔➌✃❬❰rà✕➚➶➬➮❆➽✘☞r❒♦➹ ➬✱➹ Ô✜➘✫✗ ß✜ß❬Ú✜✙
✌❏❙



➹②❑❘�✛❑✪✩➄➵⑤❞❯➧❷➎ ➵

■❉◆❉❋✛❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✛⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✛①❉⑨✶❪✇❋✶◆❉①❴❫❬◆❱❑▼❋Ù①❉❋✣P➃❫➀❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽❱❍❏◆➄⑩✶❍❏◆❉❊❺❑❼❫❸❑▼❋✣■❉◆✪①❉⑨✶⑩✩❫❣➇
P➃❫❬❾❏❋✷◆❉❋✜❑③①❉❋✛⑩✶❋✛❪❴❫❬❊●❊▼❫❬❾❏❋✷❚❱❋✶❨●❊③■❉◆❉❋✽❑▼❋✶◆❉❊●⑥◗❍❏◆❅❳❉⑥◗❋✶◆✦⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋✛❫❬■❅❾❱❫❬❪✔❽❸⑩✶❋✛⑦❖■❉⑥❉⑩✶❍❏◆✗✥❴❨●❲✪❋
◆❉❍❬❑▼❨●❋✗❍❏❳❉❊●❋✶❨❺❚❸❫❸❑▼⑥◗❍❏◆✒❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P◗❋ ➈➅③❊❺❑❺➇ä⑩✶❋✯⑦❖■❉❋✏P✱✒ ⑨✜❚❏❍❏P◗■▲❑▼⑥◗❍❏◆✝①❉❋✏P➃❫✦❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✏⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✗①❉❍❏◆❉◆❉⑨✶❋✯❪❴❫❬❨

Tqc(V )
❋✶❊❺❑

❨●⑨✩❫❬P◗⑥◗❊❺❑▼❋✺❳
❷✰❫✒⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆ ❫✩❚❏❋✶⑩✸P◗❋➄❳❉❨●■❉⑥❶❑✯❲✪❋✶❊●■❉❨●⑨✵❲✪❍❏◆❱❑▼❨●❋✪⑦❖■❉❋

Tqc(V )
❊●■❉❨●❋✶❊❺❑▼⑥◗❲✪❋✪P➃❫✝❑▼❋✶❲❅➇

❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✟❨●⑨✶❋✶P◗P◗❋ ➈ ➅③◆✾❋✜✲✮❋✜❑✩❽✍P◗❋✸❳❉❨●■❉⑥❶❑✦❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋
S(Tqc) = 4kBTqc/Rc

❫❬❊●❊●❍❖⑩✶⑥◗⑨❯✦
P➃❫✵❑❼❋✜❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋

Tqc(V )
❽☞❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✶❋✵❪❴❫❬❨❀P◗❋✶❊❀❑▼❨●⑥➃❫❬◆❉❾❏P◗❋✶❊q①❴❫❬◆❉❊✗P➃❫⑩✥❴❾❏■❉❨●❋✪❭ ➈ ☛✎☛❏❽✔❋✶❊❺❑❲❩■✶❲✪❋✗❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨q❫❬■✉❳❉❨●■❉⑥❶❑Ù①❉■✉⑩✶❍❏◆❖❑❼❫❬⑩✜❑➀❲✪❋✶❊●■❉❨●⑨ ➈ ②☎❍❏■❉❨Ù⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✔❽❴◆❉❍❏■❉❊q❫✩❚❏❍❏◆❉❊⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑☎❑▼❨▼❫❬⑩✶⑨✤P◗❋✤❳❉❨●■❉⑥❶❑✰❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋

S(Tr) = 4kBTr/Rc

①❴❫❸◆❉❊✥P◗❋✤⑩✶❍❏◆❱❑❼❫❬⑩✜❑✩❽❸❊●■❉❪❉❪✇❍❸➇
❊▼❫❬◆❱❑✥⑦❖■❉❋✷P➃❫✽❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋➹⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✤❋✶❊❺❑✥⑥◗①❉❋✶◆❱❑▼⑥◗⑦❖■❉❋✢✦✣P➃❫✽❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋

Tr(V )
①❉❋✶❊

⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊☎①❴❫❬◆❉❊☎P➃❫✛❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✽P◗❍❬❨▼❊☞①❉❋✤P➃❫✣❲✪❋✶❊●■❉❨●❋✤①✓✒ ⑨✜❑❼❫❬P◗❍❏◆❉◆❴❫❬❾❏❋➀❰➼⑩✜✔ ➈ P➃❫✣❊●❋✶⑩✜❑▼⑥◗❍❏◆✦❩ ➈ ❲ ➈ ❭❱Ð ➈❇Ù❍❏■❉❊✗❪✇❍❏■▲❚❏❍❏◆❉❊✏❋✶◆ë⑩✶❍❬◆❉⑩✶P◗■❉❨●❋➄⑦❖■❉❋✪P✱✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✩❽✔⑦❖■❉⑥➹⑩✶❍❏◆❉❊●⑥◗❊❺❑▼❋❩✦✟⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨❀P➃❫✸⑩✩❫❣➇

ã⑦⑥⑨⑧✛✃à❭ ➈ ☛✎☛ÿ⑩ ❷☞❋Ý❳❉❨●■❉⑥❶❑✫①✓✒ ■❉◆
⑩✶❍❏◆❖❑❼❫❬⑩✜❑♣①❉❋➐P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❬◆♠➆✠❋✶◆
⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✡❫❬■✡❳❉❨●■❉⑥❶❑➟❑▼❇❉❋✶❨➔➇
❲✪⑥◗⑦❖■❉❋

S(Tqc)
❊●■❉❪❉❪✇❍❏❊▼❫❬◆❱❑➡⑦❖■❉❋

P➃❫Ù❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✽⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✷①❉■
⑩✶❍❏◆❖❑❼❫❬⑩✜❑ÿ⑨✜❚❏❍❏P◗■❉❋ ❊●❋✶P◗❍❏◆✫P➃❫➻❑❼❋✜❲❅➇
❪✇⑨✶❨▼❫❸❑▼■❉❨●❋

Tqc(V )
①❉⑨✶①❉■❉⑥❶❑▼❋❂①❉■

❲✪❍⑤①❉❈✶P◗❋➻⑦❖■❴❫❬❊●⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋➡❋✜❑ ❫❬■
❳❉❨●■❉⑥❶❑✪❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋

S(Tr)
❊▼■❉❪❉❪❦❍❸➇

❊▼❫❬◆❖❑ ⑦❖■❉❋ P➃❫ ❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✻❋✶❊❺❑
⑥◗①❉❋✶◆❖❑▼⑥◗⑦❖■❉❋❅✦✯P➃❫✗❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋q①❉❋✶❊
⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊

Tr(V )
①❴❫❬◆❉❊✖P➃❫✂❨●⑨✜✔➼⑨❃➇
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❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋
G(V )

❲✪❋✶❊●■❉❨●⑨✶❋✛❫✩❚❏❋✶⑩
G(V, Tqc(V ))

①❴❫❬◆❉❊✥P◗❋✤❲✪❍⑤①❉❈✶P◗❋✤⑦❖■❴❫❬❊●⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋❬❽
❋✶❊❺❑✗⑦❖■❴❫❬◆❱❑▼⑥❶❑❼❫❸❑▼⑥❶❚❱❋✶❲✪❋✶◆❱❑q①❉⑥❋➫✪⑩✶⑥◗P◗❋✯✦✸❨●⑨✩❫❬P◗⑥◗❊●❋✶❨➀①❴❫❬◆❉❊❀◆❉❍❬❑▼❨●❋✦❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋ ➈ ❇Ù⑨✩❫❬◆❉❲✪❍❏⑥◗◆❉❊✶❽✮⑥◗P◆❉❍❏■❉❊✟❫ ❪❦❋✶❨●❲✪⑥◗❊✵①❉❋✉⑩✶❍❏❲✪❪❉❨●❋✶◆❉①❉❨●❋♣⑦❖■❴❫❬P◗⑥❶❑❼❫❸❑▼⑥ ❚❏❋✶❲✪❋✶◆❖❑✪⑦❖■✓✒ ■❉◆❉❋✖❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆ ①❉❋♣P➃❫
❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✪⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✪❪❦❋✶■▲❑✦①❉⑨✶⑩✩❫❬P◗❋✶❨✏P◗❋➄❪❴❫❬❊●❊▼❫❬❾❏❋✵①❉■ ⑩✶❍❏■❉❨▼❫❬◆❱❑✯❪✇❍❏❨❺❑▼⑨✪❪❴❫❬❨✏①❉❋✶❊
❪❴❫❬⑥◗❨●❋✶❊✽❚❱❋✶❨●❊✣P◗❋❀⑩✶❍❏■❉❨▼❫❬◆❖❑✣①❉❋✗⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊ ➈
➷➈✪✄✂ ✤ ✘✣✑✰✄✝✺✼✘

❿q❫❬◆❉❊✛⑩✶❋❀⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋❬❽▲◆❉❍❏■❉❊✣❫✩❚❱❍❏◆❉❊✛❨▼❫❬❪❉❪❦❍❏❨❺❑▼⑨qP➃❫✯❪❉❨●❋✶❲✪⑥◗❈✶❨●❋q❍❏❳❉❊●❋✶❨❺❚❬❫❣❑❼⑥❶❍❏◆✟①✓✒ ■❉◆✝①❉❍❏■⑤➇
❳❉P◗❋✶❲✪❋✶◆❱❑➄①❉■ ❳❉❨●■❉⑥❶❑ ❻ ⑩❼❇❉❍❬❑●❑❀❪❱④

SI = 4eI
①❴❫❬◆❉❊➄■❉◆❉❋✦➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ✖ ❇ ➈ ❹✷❋✝❳❉❨●■❉⑥❶❑➄❋✶❊❺❑❾❏⑨✶◆❉⑨✶❨●⑨✦❪❴❫❬❨➀P◗❋✏❪❴❫❬❊●❊▼❫❬❾❏❋✦①❉⑨✶⑩✶❍❏❨●❨●⑨✶P◗⑨✦①❉❋✯❪❴❫❬⑥◗❨●❋✶❊➀①❉❋✯⑩❃❇❴❫❬❨●❾❏❋✶❊✤✦➄❑▼❨▼❫❯❚❏❋✶❨●❊qP➃❫✪❳❴❫❬❨●❨●⑥◗❈✶❨●❋✏①❉❋

❪✇❍❬❑▼❋✶◆❱❑▼⑥◗❋✶P❷✦✪P✱✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ➅③◆➫❊●❋✦❳❴❫❸❊❼❫❸◆❖❑q❊●■❉❨➀⑩✶❋✦❨●⑨✶❊●■❉P❶❑❼❫❸❑✩❽❦◆❉❍❏■❉❊q❪✇❍❏■▲❚❏❍❏◆❉❊q❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨
✌✑✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❙➹②❑ ➢✸➤ ➧ ➾ ➩➼➦◆➎ ➦⑤❥✮❢✪➨✥➧ ➾ ❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➧✥❥☎➦❈❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✿ì✥➚❃t

P✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆ÿ①❉❋♣P➃❫ ⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋❬❽✽❍❏❳❉❊●❋✶❨❺❚❏⑨✶❋➯✦ ❳❴❫❬❊●❊●❋♣❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✉❋✜❑⑩✔❡❫❬⑥◗❳❉P◗❋
❑▼❋✶◆❉❊●⑥◗❍❏◆ ①❴❫❸◆❉❊✯P◗❋✶❊✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✗❆✛⑥❫❇❅❿ ❻ ⑥ ++ ❽☞❪❴❫❬❨✏■❉◆ ⑩✶❍❏■❉❨▼❫❬◆❖❑✯①❉❋✪❪❴❫❬⑥◗❨●❋✶❊✗⑦❖■❉⑥✤❋✶❊❺❑✦❨●❋✶◆⑤➇✔➼❍❏❨●⑩✶⑨Ù①❉■⑩✦✏P➃❫✗❨●⑨✜❑▼❨●❍❸➇ä①❉⑥❋✲✮■❉❊●⑥◗❍❏◆➄⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑▼❋➀①❉❋➀⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊➹❪❴❫❬❨✤P◗❋Ù①❉⑨✜❊▼❍❬❨▼①❉❨●❋➀❊●❍❏■❉❊
P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ❷⑦✒ ❫❸◆❴❫❬P❶④⑤❊●❋➀⑦❖■❴❫❬◆❱❑▼⑥❶❑❼❫❸❑▼⑥❶❚❱❋✣①❉❋➀⑩✶❋✜❑✛❋✜✲✮❋✜❑✩❽⑤P◗❋❱✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊➹❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾❼❽❱❋✜❑①❉■✾⑩❼❇❴❫❬◆❉❾❏❋✶❲✪❋✶◆❖❑➄①❉■✾❳❉❨●■❉⑥❶❑❅①❉❋

4eI
❚❏❋✶❨●❊

2eI
✦✉❑❼❋✜◆❉❊▼⑥❶❍❏◆ ✥❴◆❉⑥◗❋✟①❉■❉❋✠✦➫■❉◆✾⑩✶❍❏■❉❨▼❫❬◆❱❑

①❉❋✦⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊➀⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑✩❽❦❊✣✒ ❋✶❊❺❑✏❫✩❚❱⑨✶❨●⑨✶❋❅①❉⑥❋➫✪⑩✶⑥◗P◗❋✏⑩✩❫❬❨qP◗❋✶❊q❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊➀⑥◗◆❖❑▼❨●⑥◗◆⑤➇
❊●❈✶⑦❖■❉❋✶❊✣①❉❋❀P➃❫✣➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✸❆✛⑥❫❇❅❿ ❻ ⑥ ++ ❊●❍❏◆❱❑✛❲✵❫❬P✮⑩✶❍❏◆❉◆❖■❉❊ ➈✚✖ P✔❊●❋✶❨▼❫❅①❉❍❬◆❉⑩❀❊●❍❏■❉❇❴❫❬⑥❶❑❼❫❬❳❉P◗❋➀①❉❋❲✪❋✶❊●■❉❨●❋✶❨✗P◗❋➄❳❉❨●■❉⑥❶❑✏①❴❫❸◆❉❊✏■❉◆ ❊❺④⑤❊❺❑▼❈✶❲✪❋✪❲✪❍⑤①❉❈✶P◗❋❅❪✇❍❏■❉❨✗P◗❋✯✼ä❨●❋✜✛❴❋✶⑩✜❑▼⑥◗❍❏◆❉P◗❋✶❊●❊❀❑▼■❉◆❉◆❉❋✶P◗⑥◗◆❉❾✕✾❼❽
✦✝❊▼❫✩❚❱❍❏⑥◗❨✗■❉◆❉❋✪❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✵❲✪⑨✜❑❼❫❬P◗P❶⑥❶⑦❖■❉❋❩✦✝①❉❍❏■❉❳❉P◗❋➄❳❴❫❬❨●❨●⑥◗❈✶❨●❋ ❻ ✖ ❇ ✖ ❇✏❽☎⑦❖■❉❋✪◆❉❍❏■❉❊✯❫❯❚❏❍❏◆❉❊①❉⑨➔➷❬✦❅❨●⑨✶■❉❊●❊●⑥◗❋✧✦✯✔❡❫❬❳❉❨●⑥◗⑦❖■❉❋✶❨✛❋✜❑Ù⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊●⑨✶❋✗❋✶◆✒⑩✶❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋➈▼❉☛✎☛♦✏☛❖ ➈

✌✎P



✢ ✣ ❛✥✤ ✂❏✝✝þ✒ü ❙

❵ ü✬� ✣ ☎ ➤ ❡ ➤❯❚➨✂✔ü ✟ ❛ ❡★❡ ü ❝❢❡★❛ ☎➧� ✣ ü

ã➜✪✬✩ ✭ ✎✦✁☞☛✥✕✵✆✝✄✝✢✤✁✰✧✜✕✯✎
❿q❫❬◆❉❊✣⑩✶❋✗⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋❬❽❉◆❉❍❏■❉❊✛❪❉❨●⑨✶❊●❋✶◆❖❑▼❋✶❨●❍❏◆❉❊ÙP◗❋✶❊✛❪❉❨●❍❖⑩✶⑨✶①❉⑨✶❊Ù①❉❋❀❊▼❫❬P◗P◗❋q❳❉P➃❫❬◆❉⑩❼❇❉❋❀■▲❑▼⑥◗P◗⑥◗❊●⑨✶❊

❪✇❍❏■❉❨✣P✱✒ ⑨✶P➃❫❬❳✇❍❏❨▼❫❸❑▼⑥❶❍❏◆✝①❉❋✶❊➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❬◆❉❊ ❻ ❇ ❻ ❽❦①❉❍❏◆❱❑➀P◗❋✶❊Ù❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✣①❉❋✯❲✪❋✶❊●■❉❨●❋✶❊Ù①❉❋✯❳❉❨●■❉⑥❶❑
❊●❋✶❨●❍❏◆❱❑Ù①❉⑥◗❊●⑩✶■▲❑▼⑨✶❊Ù①❴❫❬◆❉❊✣P◗❋❀❪❉❨●❍⑤⑩❼❇❴❫❬⑥◗◆✝⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋ ➈❷☞❋✶❊➀❪❉❨●❍❏❪❉❨●⑥◗⑨✜❑▼⑨✶❊Ù①❉■✉❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑➀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✏①❴❫❬◆❉❊➀P◗❋✶❊③➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ❚❬❫❬❨●⑥◗❋✶◆❱❑✽✔➼❍❏❨➔➇
❑▼❋✶❲✪❋✶◆❱❑q❫✩❚❏❋✶⑩✯P➃❫❅P◗❍❏◆❉❾❏■❉❋✶■❉❨

L
①❉❋✏P➃❫❅❪❴❫❬❨❺❑▼⑥◗❋✗◆❉❍❏❨●❲✵❫❬P◗❋✪❰➼⑩✜✔ ➈ P➃❫➄❊●❋✶⑩✜❑▼⑥◗❍❏◆➯☛ ➈ ▼❏Ð ➈ ➣q◆✉❪❦❋✶■▲❑◆❉❍❬❑❼❫❬❲✪❲✪❋✶◆❱❑✯❍❏❳❉❊●❋✶❨❺❚❱❋✶❨✶❽✍①✓✒ ■❉◆ ⑩✣✿❬❑▼⑨❬❽✥■❉◆ ❨●⑨✶❾❏⑥◗❲➄❋✵①❉❋✵❑▼❨▼❫❬◆❉❊●❪✇❍❬❨●❑✦⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑➄①❴❫❬◆❉❊✦①❉❋✶❊

➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✍❪✇❍❏■❉❨③P◗❋✶❊●⑦❖■❉❋✶P◗P◗❋✶❊
L
❋✶❊❺❑➹❪❉P◗■❉❊③❪✇❋✜❑▼⑥❶❑▼❋✽⑦❖■❉❋✣P➃❫qP◗❍❏◆❉❾❏■❉❋✶■❉❨✍①❉❋✛⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋Ù①✓✒ ■❉◆❉❋

❪❴❫❬⑥◗❨●❋❅①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚
Lǫ

❋✜❑✩❽✺✦✝P✱✒ ❍❏❪❉❪❦❍❏❊●⑨❬❽☞■❉◆ë❨●⑨✶❾❏⑥◗❲✪❋✦⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✏①❴❫❬◆❉❊✏①❉❋✶❊✽➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊
❫✩❚❱❋✶⑩

L > Lǫ ➈ ➆✽✥❴◆✝①✓✒ ❫✩❚❱❍❏⑥◗❨✛❫❬⑩✶⑩✶❈✶❊✳✦✦⑩✶❋✶❊Ù①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✣❨●⑨✶❾❏⑥◗❲➄❋✶❊✶❽❉◆❉❍❏■❉❊Ù❫✩❚❏❍❏◆❉❊❱✔❡❫❬❳❉❨●⑥◗⑦❖■❉⑨①❉❋✶■⑤Þ✵❊●⑨✶❨●⑥◗❋✶❊✷①❉❋➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➹①❉❋➀P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊➹❑▼❨●❈✶❊✷①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊ ➈ ❷✰❫✏❪❉❨●❋✶❲✪⑥◗❈✶❨●❋Ù❊●⑨✶❨●⑥◗❋➀❫✏①❉❋✶❊P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✰❳❉⑥◗❋✶◆✏❊●■❉❪❦⑨✶❨●⑥◗❋✶■❉❨●❋✶❊✍❫❬■✏❲✪⑥◗⑩✶❨●❍❏❲➄❈✜❑▼❨●❋ ➈ ❹✷❋✶❊❴➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✶❽❯❪❴❫❬❨✰P➃❫✽❊●■❉⑥❶❑▼❋✤❫❬❪❉❪✇❋✶P◗⑨✶❋✶❊➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✽P◗❍❏◆❉❾❏■❉❋✶❊✶❽❉❍❏◆❱❑✣⑨✜❑▼⑨❀⑨✶P➃❫❬❳❦❍❏❨●⑨✶❋✶❊✣❫❬■✒❷✰❫❬❳✇❍❏❨▼❫❸❑▼❍❏⑥◗❨●❋➀①❉❋✏❹✷❨❺④❏❍❏❪❉❇❖④⑤❊●⑥◗⑦❖■❉❋✗❾❏❨❀❍❬⑩✶❋❚✦
P➃❫✪❪❉P➃❫❸❑▼❋❃➇Ñ✔➼❍❏❨●❲➄❋✗❑▼❋✶⑩❼❇❉◆❉❍❏P◗❍❏❾❏⑥◗⑦❖■❉❋✯②➹➁❻➣✗⑧✉➅ ❻ ①❉■✖❿q➁Ù➂③⑧♣❹ ➈ ✡Ù◆❉❋✦①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋✯❊●⑨✶❨●⑥◗❋✯①❉❋➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➀❳✇❋✩❫❬■❉⑩✶❍❏■❉❪➫❪❉P◗■❉❊q⑩✶❍❏■❉❨❺❑▼❋✶❊✪❰

L
❋✶◆❱❑▼❨●❋
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ÐÙ❍❏◆❱❑❀⑨✜❑▼⑨✧✔❡❫❬❳❉❨●⑥◗⑦❖■❉⑨✶❋✶❊

❫✩❚❱❋✶⑩❯❂✷❋✶❨●◆❴❫❬❨●①✾②✍❫❬◆❉◆❉❋✜❑▼⑥◗❋✶❨❅❫❬■ ❹✷❇➀➁ ❻ ❿❏❹✽➁✥❆❻❂✷❆ ✈ ❨●❋✶◆❉❍❏❳❉P◗❋✸①❴❫❸◆❉❊❅P➃❫✉❊▼❫❬P◗P◗❋✵❳❉P➃❫❬◆❉⑩❃❇❉❋
❇➀❫❬◆❉❍✰✔❡❫❬❳ ➈ ❷☞❋✶❊✏①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊❀①❉❋✶❊✽➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✗❍❏◆❱❑✯❫❬■❉❊●❊●⑥③①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉⑨➄P➃❫✵❑▼❋✶⑩❃❇❉◆❉⑥◗⑦❖■❉❋➄①❉❋✔❡❫❬❳❉❨●⑥◗⑩✩❫❸❑▼⑥◗❍❏◆✔❽❖◆❉❍❬❑❼❫❬❲✪❲✪❋✶◆❱❑✽❋✶◆✝⑩✶❋❀⑦❖■❉⑥✔⑩✶❍❏◆❉⑩✶❋✶❨●◆❉❋✗P➃❫✯P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❬❪❉❇❉⑥❶❋ ➈ ❷✰❫✦❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋➀①❉❋✶❊➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➹①❉❋ÙP➃❫❀❪❉❨●❋✶❲✪⑥◗❈✶❨●❋✣❊●⑨✶❨●⑥◗❋➀❫✗⑨✜❑▼⑨Ù①❉⑨✜✥❴◆❉⑥◗❋✳✦✏P✱✒ ❫❸⑥◗①❉❋✣①❉❋ÙP➃❫❀P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❸❪❉❇❉⑥◗❋✛❍❏❪▲❑▼⑥◗⑦❖■❉❋❬❽
❫❬P◗❍❏❨●❊✛⑦❖■❉❋✗P◗❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛⑩✶❍❏■❉❨❺❑▼❋✶❊Ù❍❏◆❱❑Ù◆❉⑨✶⑩✶❋✶❊●❊●⑥❶❑▼⑨✏■❉◆❉❋✗P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❸❪❉❇❉⑥◗❋q⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋ ➈

ã➜✪✜↔ ❉ ✱✟✕✏✧❲❱ ✆✟✞✣✑✫✺✿✌❀✁✰✘✽☛✥✧✶✌✏✄✝❱
✡Ù◆➄①❉❋✶❊➹❍❏❳⑤➷❺❋✶⑩✜❑▼⑥❋✔➼❊✍⑥◗◆❉⑥❶❑▼⑥➃❫❸■⑤Þ✦①❉❋✛P✱✒ ⑨✜❑▼■❉①❉❋✽①❉❋✶❊✔➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ⑨✜❑❼❫❬⑥❶❑✍P➃❫q❲✪⑥◗❊●❋✷❋✶◆➄⑨✜❚⑤⑥ ➇

①❉❋✶◆❉⑩✶❋✯①❉❋✯P✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆✝P◗⑥◗◆❉⑨✩❫❬⑥◗❨●❋❀①❉■✉❳❉❨●■❉⑥❶❑Ù❋✶◆✁✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒①❉❋✏P➃❫❅❑▼❋✶◆❉❊●⑥◗❍❏◆✒①❉❋✯❪✇❍❏P➃❫❯➇
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200µeV ➈✡Ù◆❅①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋✛❪❦❍❏⑥◗◆❖❑✍⑩✶❨●■❉⑩✶⑥➃❫❬P▲❋✶❊❺❑➹P➃❫➀⑦❖■❴❫❬P◗⑥❶❑▼⑨✷①✓✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✽❋✶◆❱❑▼❨●❋✛P◗❋✶❊✍❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊③❊●■❉❪❉❨▼❫❣➇
⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊✍❋✜❑✍P➃❫✣❪❴❫❬❨❺❑▼⑥◗❋✤◆❉❍❏❨●❲✵❫❸P◗❋➹①❉❋✷P➃❫✍➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ➈ ②☎❍❏■❉❨✍❫❬❊●❊●■❉❨●❋✶❨✥⑦❖■✓✒ ■❉◆❅❲✵❫❣Þ▲⑥◗❲✦■❉❲①❉❋✣⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊➹❊●❍❏⑥❶❑➹❨●⑨✜✛❴⑨✶⑩❃❇❉⑥❦❪❴❫❬❨✤❨●⑨✜✛❴❋❼Þ▲⑥◗❍❏◆✵①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✪❋✜❑✷◆❉❍❏◆✪❪❴❫❬❊✤❊●❪❦⑨✶⑩✶■❉P➃❫❬⑥◗❨●❋❃➇
❲✪❋✶◆❱❑✩❽❦⑥◗P✓✔❡❫❬■▲❑Ù⑨✜❚⑤⑥❶❑▼❋✶❨Ù⑦❖■✓✒ ■❉◆❉❋✦❳❴❫❬❨●❨●⑥◗❈✶❨●❋✗❊●❋❈✔➼❍❏❨●❲✪❋❈✦✪P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈ ②☎❍❏■❉❨Ù⑩✶❋✜❑●❑▼❋✯❨▼❫❬⑥◗❊●❍❏◆✔❽◆❉❍❏■❉❊➄❫✩❚❱❍❏◆❉❊❅⑩❼❇❉❍❏⑥◗❊●⑥✽■❉◆✾❲✪⑨✜❑❼❫❬P✷◆❉❍❏❨●❲✵❫❬P✐❽☎P◗❋✸⑩✶■❉⑥❶❚⑤❨●❋❬❽✍⑦❖■❉⑥✛❊●❋✸❑▼❨●❍❏■▲❚❱❋✟①❴❫❬◆❉❊❅P◗❋✸❲❩■✶❲✪❋
❾❏❨●❍❏■❉❪❦❋✝①❉❋✝①❉⑨✶❪❏✿❬❑✪⑦❖■❉❋✝P✱✒ ❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲✒❽✥❫✕✥❴◆ ①❉❋✝❪✇❍❏■▲❚❏❍❏⑥◗❨❅①❉⑨✶❪✇❍❏❊●❋✶❨✪P◗❋✶❊❅①❉❋✶■⑤Þ ❲✵❫❸❑▼⑨❃➇
❨●⑥➃❫❬■⑤Þ✸⑥◗◆⑤➇ä❊●⑥❶❑▼■✔❽▲⑩✰✒ ❋✶❊❺❑❺➇❃✦❣➇ä①❉⑥◗❨●❋❀❊▼❫❬◆❉❊Ù❫❯❚❏❍❏⑥◗❨✽❳✇❋✶❊●❍❏⑥◗◆✝①✓✒ ❍❏■▲❚⑤❨●⑥◗❨✛P◗❋❀❾❏❨●❍❏■❉❪✇❋ ➈ ❿➀❋✏❪❉P◗■❉❊✶❽❉◆❉❍❏■❉❊❫✩❚⑤⑥◗❍❏◆❉❊➹①❉⑨➔➷❬✦✏❫❬⑩✶⑦❖■❉⑥◗❊✤■❉◆❉❋✣❳✇❍❏◆❉◆❉❋Ù❲✵❫✕✘◗❑▼❨●⑥❶❊●❋✛①❉■✪①❉⑨✶❪❏✿❬❑✷①❉❋✣⑩✶❋Ù❲✵❫❸❑▼⑨✶❨●⑥➃❫❬■❅❪✇❋✶◆❉①❴❫❬◆❱❑✷❲✪❍❏◆
❿➀⑥◗❪❉P◗❍❏❲✵❫❸❨●❳✇❋✶⑥❶❑♠▼ ❙❏❭✆❖ ➈

ã➜✪✁➷ �✭✚✶✌✗✴✖✕✗☛✍✌❀✁✰✧✶✕✯✎ ✆✟✞✣✑✭✬✮✕✯✎✝✢✤✁✰✧✜✕✯✎✝✑✫✚✜✕✯✎❳✥✯✄✟✞✣✑

æ❣✱❞❤④✱✁✰ ✳✵✽✖❀✲❨✇✻❏❉✸✴✍✷❚❱❳❆✇✻✾✽✖❅❇✹✓❆✲❍④➦ ➠❩✰➢❍✸❈①➡✲✽✖❅❇✹✓✷✺❆✇✻✾✹✓➝✲✶ ❃❾❆✇✻✾❯✸➝✈❉✸✹✓❨❩❍✸✴
❷☞❋✪①❉⑨✶❪❏✿❬❑✯①❉❋✵P◗✒ ❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲➟❋✜❑✯①❉■ ⑩✶■❉⑥❶❚⑤❨●❋✵❫✒⑨✜❑▼⑨✪❋✜✲✮❋✶⑩✜❑▼■❉⑨✸①❴❫❬◆❉❊✏■❉◆ ❾❏❨●❍❏■❉❪✇❋✪①❉❋

❪❉■❉P❶❚❏⑨✶❨●⑥◗❊▼❫❸❑▼⑥◗❍❏◆✸⑩✩❫❸❑▼❇❉❍❖①❉⑥◗⑦❖■❉❋✗❿❀❹✂➆➀P◗⑩✩❫❸❑▼❋✶P ➈ ❷☞❋➀❚⑤⑥◗①❉❋qP◗⑥◗❲✪⑥ ❑▼❋Ù⑦❖■✓✒ ❍❏◆✝❍❏❳▲❑▼⑥◗❋✶◆❱❑✛①❴❫❬◆❉❊✽P✱✒ ❋✶◆⑤➇⑩✶❋✶⑥◗◆❱❑▼❋✉①❉■à①❉⑨✶❪⑧✿❬❑✸❋✶❊❺❑✸①❉❋
10−7mbar ➈ ❿q❫❬◆❉❊✵P◗❋✒⑩✩❫❬❊✵①❉❋✉P➃❫ë❪❉■❉P❶❚❏⑨✶❨●⑥◗❊▼❫❸❑▼⑥◗❍❏◆ÿ❿❀❹➀❽✷P➃❫

⑩✶⑥◗❳❉P◗❋✝❋✶❊❺❑✸❪✇❍❏❨❺❑▼⑨✶❋✹✦ë■❉◆ÿ❪✇❍❬❑▼❋✶◆❱❑▼⑥◗❋✶P✣◆❉⑨✶❾❱❫❸❑▼⑥❋✔✪❰➼⑩✩❫❸❑▼❇❉❍❖①❉❋❯Ð➄❋✜❑✸P◗❋✝❪✇❍❏❨❺❑▼❋✉❊●■❉❳❉❊❺❑▼❨▼❫❸❑☞✦ëP➃❫
❲✵❫❬❊●❊●❋✸❰❡❫❬◆❉❍⑤①❉❋❯Ð ➈ ❷☞❋✏⑩❼❇❴❫❬❲✪❪✉⑨✶P◗❋✜⑩✜❑▼❨▼⑥❶⑦❖■❉❋✏⑩✶❨●⑨✶⑨✯❋✶◆❖❑▼❨●❋✏P◗❋✶❊Ù①❉❋✶■⑤Þ✉⑨✶P◗❋✶⑩✜❑▼❨●❍❖①❉❋✶❊➀❪❉❨●❍❯❚❱❍❖⑦❖■❉❋P✱✒ ⑥◗❍❏◆❉⑥❶❊▼❫❸❑▼⑥❶❍❏◆✉①❉■✖❾❱❫✰✸✦⑥◗◆❉❋✶❨❺❑▼❋✝❰➼①❴❫❬◆❉❊q◆❉❍❬❑▼❨●❋❅⑩✩❫❬❊qP✱✒ ❫❬❨●❾❏❍❏◆❦Ð✣⑥◗◆❱❑▼❨●❍⑤①❉■❉⑥❶❑q①❴❫❸◆❉❊❀P✱✒ ❋✶◆❉⑩✶❋✶⑥◗◆❱❑▼❋ ➈❷☞❋✶❊✷⑥◗❍❏◆❉❊✷❫❬⑩✶⑩✶⑨✶P◗⑨✶❨●⑨✶❊❆✔➼❨▼❫❬❪❉❪✇❋✶◆❱❑✽P➃❫✗⑩✶⑥◗❳❉P◗❋Ù❋✜❑✽❫❬❨●❨▼❫❬⑩❃❇❉❋✶◆❱❑✽P◗❋✶❊✷❫❸❑▼❍❏❲✪❋✶❊✤⑦❖■❉⑥✇❊●❋➀⑩✶❍❏◆❉①❉❋✶◆❉❊●❋✶◆❖❑
❊●■❉❨❅P❶❋✸❊●■❉❳❉❊❺❑▼❨▼❫❸❑ ➈ ❿q❫❬◆❉❊➄P◗❋✵❾❏❨●❍❏■❉❪✇❋❬❽✥P➃❫✉⑩✩❫❸❑▼❇❉❍⑤①❉❋✟❋✶❊❺❑➄❲✦■❉◆❉⑥◗❋✸①✓✒ ■❉◆ ❲✵❫❬❾❏◆❉⑨✜❑▼❨●❍❏◆ ⑦❖■❉⑥
⑩✶❨●⑨✶❋✯■❉◆♣⑩❼❇❴❫❬❲✪❪✉❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✏⑥◗◆❖❑▼❋✶◆❉❊●❋✯❪❴❫❬❨▼❫❬P◗P❶❈✶P◗❋❈✦✪P➃❫➄⑩✶⑥◗❳❉P◗❋✏❋✜❑q❪❦❋✶❨●❪✇❋✶◆❉①❉⑥◗⑩✶■❉P➃❫❬⑥◗❨●❋✯❫❬■
⑩❼❇❴❫❬❲✪❪✟⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋❀①❉❋✶❊✣⑨✜P◗❋✶⑩✜❑▼❨●❍⑤①❉❋✶❊ ➈ ❿➀❋❀⑩✶❋✜❑●❑▼❋❅✔❡❫✰✙✶❍❏◆✔❽❉P◗❋✶❊✽⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✛❊●❋✶⑩✶❍❏◆❉①❴❫❬⑥◗❨●❋✶❊✣❨●⑨❃➇❊●■❉P❶❑❼❫❬◆❱❑Ù①❉❋✶❊Ù⑩❼❇❉❍⑤⑩✶❊➀⑥❶❍❏◆❉❊✽➇✷⑩✶⑥◗❳❉P◗❋❀❊▼❍❬◆❖❑Ù❪❉⑥◗⑨✶❾❏⑨✶❊Ù❪❉❨●❈✶❊Ù①❉❋✏P➃❫❅⑩✶⑥◗❳❉P◗❋ ➈ ②✥❫❬❨✣⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❖❑✩❽✇P◗❋◆❉❍❏❲✦❳❉❨●❋➀①✓✒ ⑥◗❍❏◆❉⑥◗❊▼❫❸❑▼⑥◗❍❏◆❉❊✤❋✶❊❺❑✣❫❬■❉❾❏❲✪❋✶◆❖❑▼⑨➀❋✜❑✛P◗❋➀❳✇❍❏❲✦❳❴❫❬❨●①❉❋✶❲✪❋✶◆❱❑✽①❉❋❀P◗❫✯⑩✶⑥◗❳❉P◗❋➀❋✶❊❺❑✛⑥◗◆❱❑▼❋✶◆⑤➇
❊●⑥❋✥❴⑨✛①✓✒ ❍✎✩✪P✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆❅①❉❋✣P➃❫➀❚⑤⑥❶❑▼❋✶❊●❊●❋Ù①❉■➄①❉⑨✶❪❏✿❬❑✤①✓✒ ■❉◆❉❋✣❪❴❫❬❨❺❑➹❋✜❑✤P➃❫q❲✪⑥◗◆❉⑥◗❲➄⑥❶❊▼❫❸❑▼⑥◗❍❬◆
①❉❋✗P✱✒ ⑨✶⑩❼❇❴❫❬■✗✲✮❋✶❲✪❋✶◆❱❑Ù①❉■✒❊●■❉❳❉❊❺❑▼❨▼❫❸❑Ù❪❴❫❬❨✛P◗❋✶❊✣⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✣❊●❋✶⑩✶❍❏◆❉①❴❫❬⑥◗❨●❋✶❊✣①✓✒ ❫❬■▲❑▼❨●❋✗❪❴❫❬❨❺❑ ➈❷☞❋✪❾❏❨●❍❏■❉❪✇❋✪❪✇❋✜❨▼❲➄❋✜❑✯①❉❋❩✔❡❫❬⑥◗❨●❋➄■❉◆ ①❉⑨✶⑩✩❫❬❪❴❫❬❾❏❋✵①❉■ ❊●■❉❳❉❊❺❑▼❨▼❫❸❑✦❪✇❍❏■❉❨✯❫❬❲✪⑨✶P◗⑥❶❍❏❨●❋✶❨❀P✱✒ ❫❬①❉❇❉⑨❃➇

☛✩❘❏❘
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❨●❋✶◆❉⑩✶❋➄①❉❋✶❊❀⑩✶❍❏■❉⑩❼❇❉❋✶❊✏❍❬■✖❨●❋✜❑▼⑥◗❨●❋✶❨qP✱✒ ❍✩Þ⑤④⑤①❉❋✯✔➼❍❏❨●❲✪⑨✪✦✸P➃❫✵❊●■❉❨➌✔❡❫❬⑩✶❋➄①✓✒ ■❉◆❉❋❅⑩✶❍❏■❉⑩❼❇❉❋➄❲✪⑨✜❑❼❫❬P ➇
P◗⑥◗⑦❖■❉❋ ➈ ❿q❫❬◆❉❊✦⑩✶❋✟⑩✩❫❸❊✩❽✥P◗❋✵❊●■❉❳❉❊❺❑▼❨▼❫❸❑❅❋✶❊❺❑❅❨●❋✶P◗⑥◗⑨⑩✦✉■❉◆❉❋✟❫❬P◗⑥◗❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆ ❨▼❫❬①❉⑥◗❍❸➇Ñ✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋❰❃☛❯❭▲❽Ø▼❬❙➫⑧✁✶✽✸❯Ð✯❋✜❑➄❍❏◆ ⑩✶❨●⑨✶❋✟■❉◆✾❪❉P➃❫❬❊●❲✵❫✒❋✶◆❖❑▼❨●❋✟P◗❋✵❊●■❉❳❉❊❺❑▼❨▼❫❸❑➄❋✜❑➄■❉◆ ⑩✩❫❬⑩❼❇❉❋ ➈ ❿➀❋✟❪❉P◗■❉❊✶❽❫✩❚❬❫❬◆❱❑✯⑩❼❇❴❫❬⑦❖■❉❋✵①❉⑨✶❪⑧✿❬❑✩❽✰◆❉❍❏■❉❊❈✔❡❫❬⑥❶❊▼❍❬◆❉❊✏■❉◆ë❪❉❨●⑨✶①❉⑨✶❪❏✿❬❑✯⑦❖■❉⑥✷❫✝❪✇❍❬■❉❨✏❳❉■▲❑✯①❉❋✪❲✪❋✜❑●❑▼❨●❋➄P➃❫
⑩✶⑥◗❳❉P◗❋✣❋✶◆✵❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋➀❋✜❑✷①❉❋ÙP➃❫✗◆❉❋✜❑●❑▼❍❣④❏❋✶❨ ➈ ❹✳✒ ❋✶❊❺❑✽❊●❋✶■❉P◗❋✶❲✪❋✶◆❖❑✷✦✏P✱✒ ⑥◗❊●❊●■❉❋✣①❉❋➀⑩✶❋✜❑●❑▼❋➀①❉❋✶❨➔➇◆❉⑥◗❈✶❨●❋❀❍❏❪✇⑨✶❨▼❫❸❑▼⑥◗❍❏◆✝⑦❖■❉❋✗P◗❋❀⑩✩❫❬⑩❼❇❉❋✏❋✶❊❺❑Ù①❉⑨✶❪❉P➃❫❬⑩✶⑨✗❋✜❑Ù⑦❖■❉❋✗P◗❋❀①❉⑨✶❪❏✿❬❑Ù⑩✶❍❏❲✪❲✪❋✶◆❉⑩✶❋ ➈✡Ù◆✝❾❏❨●❍❏■❉❪✇❋❀①❉❋❀❪❉■❉P❶❚❱⑨✶❨●⑥◗❊▼❫❸❑▼⑥◗❍❏◆✸⑩✩❫❸❑▼❇❉❍⑤①❉⑥◗⑦❖■❉❋❀➆Ù❹➀❽❴➆➀P◗⑩✩❫❸❑▼❋✶P✔②③■❉❲✵❫✪❲❱❘❏❘▲❽▲⑨✜❑❼❫❬⑥❶❑❻✦❅◆❉❍❬❑▼❨●❋
①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥◗❍❏◆➫❪❦❍❏■❉❨✗P◗❋❅①❉⑨✶❪⑧✿❬❑✏①❉❋➄➆➀■✔❽☞❆✛⑥③❋✜❑ ❻ ⑥➁➣

2
❽✰❫✩❚❏❋✶⑩✪■❉◆✖❚⑤⑥◗①❉❋❅P◗⑥◗❲✪⑥ ❑▼❋✦①❴❫❬◆❉❊✗P✱✒ ❋✶◆⑤➇

⑩✶❋✶⑥◗◆❱❑▼❋✸①❉❋
5 10−7mbar ➈ ❿q❫❬◆❉❊✦P◗❋✵⑩✩❫❬❊✦①❉❋✸P➃❫✒❪❉■❉P❶❚❱⑨✶❨●⑥◗❊▼❫❸❑▼⑥◗❍❏◆ë➆➀❹➀❽✥P➃❫✒①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋✸①❉❋❲✪❍❏❳❉⑥◗P❶⑥ ❑▼⑨Ù❋✶◆❱❑▼❨●❋➀P◗❋✶❊✷⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✷❋✜❑✛P◗❋✶❊✤⑥◗❍❏◆❉❊✷①❉■✸❾❱❫✰✸➀⑥◗◆❉❋✜❨●❑▼❋Ù①❴❫❬◆❉❊✽P◗❋Ù⑩❼❇❴❫❬❲✪❪✸⑨✶P◗❋✶⑩✜❑▼❨●⑥◗⑦❖■❉❋

❇❴❫❬■▲❑▼❋✯✔➼❨●⑨✶⑦❖■❉❋✶◆❉⑩✶❋✪⑩✶❍❏◆❉①❉■❉⑥❶❑❚✦✸■❉◆✖❪✇❍❬❑▼❋✶◆❱❑▼⑥◗❋✶P✍❋✜✲✮❋✶⑩✜❑▼⑥❋✔✤◆❉⑨✶❾❱❫❸❑▼⑥❋✔✢✦✸P➃❫✵⑩✶⑥◗❳❉P◗❋ ➈ ❹✷❋✜❑●❑▼❋➄❲✪⑨❃➇❑▼❇❉❍⑤①❉❋✟❪✇❋✶❨●❲✪❋✜❑❅P◗❋✟①❉⑨✶❪⑧✿❬❑✪①✓✒ ⑥◗❊●❍❏P➃❫❬◆❱❑▼❊✦❋✜❑➄①❉❋✟❲✪⑨✜❑❼❫❬■⑤Þ ❪✇❍❏■❉❨✦P◗❋✶❊●⑦❖■❉❋✶P◗❊➄❍❏◆✾■▲❑▼⑥◗P◗⑥❶❊●❋✸■❉◆
⑩✶❍❏■❉❪❉P➃❫❬❾❏❋❀⑩✩❫❬❪❴❫❬⑩✶⑥❶❑▼⑥❋✔☎①❉❋✶❊Ù⑩✶⑥◗❳❉P◗❋✶❊ ➈ ❇Ù❍❏■❉❊✣◆❉❍❏■❉❊✣❊●❍❏❲✪❲✪❋✶❊✣❊●❋✶❨❺❚⑤⑥◗❊✣①❉❋✗⑩✶❋✏❾❬❨▼❍❬■❉❪✇❋✗❪✇❍❏■❉❨✛P◗❋①❉⑨✶❪❏✿❬❑③①❉❋✛❪❉P◗❍❸❑❼❊✥①❉❋✽⑩✶❍❏◆❖❑❼❫❬⑩✜❑▼❊✍❋✶◆➄❆✛⑥➁❿❸➆➀■✝❰➼⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨●❊

10nm
❋✜❑

120nm
Ð☎⑦❖■❉⑥✗✔❡❫❬⑩✶⑥◗P◗⑥ ❑▼❋

P➃❫✦❪❉❨●⑥◗❊●❋✗①❉❋✗⑩✶❍❏◆❱❑❼❫❬⑩✜❑➀❫✩❚❱❋✶⑩✗P◗❋✶❊✷✥❴P◗❊✣①✓✒ ❍❏❨✛❪❴❫❬❨✛❊▼❍❬■❉①❉■❉❨▼❋✗■❉P❶❑▼❨▼❫❬❊●❍❏◆❉❊ ➈❷☞❋✶❊✣❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✣①❉❋✗①❉⑨✶❪⑧✿❬❑Ù❊●❍❏◆❖❑✣❨▼⑨✜❊▼■❉❲➄⑨✶❊Ù①❴❫❬◆❉❊✣P◗❋q❑❼❫❬❳❉P◗❋✩❫❬■❯❲ ➈ ☛ ➈
Ø❫❪✚❴✥✃⑧❲ ➈ ☛➱⑩✟②✥❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✣①❉❋✗①❉⑨✶❪⑧✿❬❑Ù❪✇❍❏■❉❨✣P❶❋✶❊✣①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✣❲✪⑨✜❑❼❫❬■⑤Þ⑧♣❫❣❑❼⑨✜❨▼⑥◗❫❬■ ②③❨●❋✶❊●❊●⑥◗❍❏◆✒①✓✒ ❫❬❨●❾❏❍❏◆ ②③■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋ ❚⑤⑥❶❑▼❋✶❊●❊●❋✗①❉❋✗①❉⑨✶❪❏✿❬❑

▼ ❲❅❳❴❫❬❨✁❖ ▼ ❙ ❿❸⑩✶❲ 2 ❖ ▼ ◆❉❲⑩❿❸❲✪⑥◗◆✾❖
➆➀P ❩⑤❽ ❩⑩☛❯❘ −2 ❘▲❽ ❭✎P ❭❏❘
❹✷■ ❭▲❽ ❭☞☛❯❘ −2 ❲❉❽ ✌ ❲❱❘❏❘
➆➀■ ❭☞☛❯❘ −2 ☛❏❽Ø✏ ❙
❆✛⑥ ☛✵☛❯❘ −2 ☛❏❽Ø✏ ☛❯❭

▼❉☛✩❲✦❳❴❫❬❨ ≡ ☛❯❘❏❘❏②✥❫✆❖

æ❣✱❞❤④✱✌◗ ✳✵✽✖❵➱✶✸✹✼✻✾✹✓➝✲✶➞❉✸✴❊❱❳➝✇✻✾✹✓➩✟✷❏❉✸❆✲✶✸✷➥❈✓✴✍✷❏❃❾➝✲❍✸❃❇❯✸✴✍✷✐❱❳✹✓✶✸❃❾✴✍✷
②✥❍❏■❉❨q①❉⑨✜✥❴◆❉⑥◗❨q①❉❋✶❊✗❲✪❍❬❑▼⑥❋✔➳❊➀①❴❫❬◆❉❊❀P◗❋✶❊q⑩✶❍❏■❉⑩❼❇❉❋✶❊✗❲✪⑥◗◆❉⑩✶❋✶❊q❲✪⑨✜❑❼❫❬P◗P◗⑥❶⑦❖■❉❋✶❊✶❽✮◆❉❍❏■❉❊✗❫✩❚❏❍❏◆❉❊

■▲❑▼⑥◗P◗⑥❶❊●⑨➄①❉❋✶■⑤Þë❑❼❋✜⑩❃❇❉◆❉⑥◗⑦❖■❉❋✶❊✯①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊✶❽☎P➃❫✟P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫✩❚⑤■❉❨●❋➄❋✜❑✦P◗❋➄P◗⑥❋✔➳❑❺➇ ❍✰✲✥❽✔⑩✜✔ ➈ P➃❫⑩✥❴❾❏■❉❨●❋❲ ➈ ☛ ➈ ❿q❫❬◆❉❊✗P◗❋➄❪❉❨●❋✶❲✪⑥◗❋✶❨❀❪❉❨●❍⑤⑩✶⑨✶①❉⑨❬❽✰❍❏◆ë①❉⑨✶❪❦❍❏❊●❋✵①✓✒ ❫❬❳❦❍❏❨●①ëP◗❋✪✥❴P◗❲Ý❲✪⑥◗◆❉⑩✶❋❅❊●■❉❨✗❑▼❍❏■▲❑▼❋➄P➃❫
❊●■❉❨➌✔❡❫❬⑩✶❋✉①❉■ÿ❊●■❉❳❉❊❺❑▼❨▼❫❸❑ ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽✤❍❏◆ÿ①❉⑨➶✥❴◆❉⑥❶❑✸❫❯❚❏❋✶⑩✉■❉◆❉❋✉❨●⑨✶❊●⑥◗◆❉❋✒P◗❋✝❲✪❍❬❑▼⑥❋✔➀❊●❍❏■❉❇❴❫❬⑥❶❑▼⑨ ➈➣q◆✝❪✇❋✶■▲❑➀❫❬⑥◗◆❉❊●⑥✔❾❏❨▼❫✩❚❱❋✜❨✣P◗❋✶❊❱✸✶❍❏◆❉❋✶❊Ù◆❉❍❏◆⑤➇ä❪❉❨●❍❬❑▼⑨✶❾❏⑨✶❋✶❊✣❋✜❑✣❍❏❳▲❑▼❋✶◆❉⑥◗❨✶❽❴❫❬❪❉❨●❈✶❊Ù❫❯❚❏❍❏⑥◗❨✽❨●❋✜❑▼⑥◗❨●⑨❀P➃❫
❨●⑨✶❊●⑥◗◆❉❋❬❽❴P➃❫✦❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✏❪❉❨●⑨✩❫❬P➃❫❬❳❉P◗❋✶❲✪❋✶◆❱❑✛①❉⑨✜✥❴◆❉⑥◗❋ ➈❿q❫❬◆❉❊✤P◗❋✣❪❉❨●❍❖⑩✶⑨✶①❉⑨➀①❉❋✣P◗⑥❋✔➳❑❺➇ä❍✰✲☎❽❏❍❏◆✪⑩✶❍❏❲✪❲✪❋✶◆❉⑩✶❋✣❪❴❫❬❨➹①❉⑨✜✥❴◆❉⑥◗❨➹P◗❋✣◆❉⑨✶❾❱❫❸❑▼⑥❋✔✮①❉❋ÙP➃❫❀❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋
❊●❍❏■❉❇❴❫❬⑥❶❑▼⑨✶❋❻✦❀P✱✒ ❫❬⑥◗①❉❋✽①❉❋✣P➃❫q❨●⑨✶❊●⑥◗◆❉❋❬❽❏❍❏◆➄①❉⑨✶❪✇❍❏❊●❋Ù❋✶◆❉❊●■❉⑥❶❑▼❋✛P➃❫q⑩✶❍❏■❉⑩❼❇❉❋Ù❲✪⑥◗◆❉⑩✶❋✽❋✜❑✤❍❏◆➄❋✶◆❉P◗❈✜❚❏❋
P◗❋✶❊✛❪❴❫❬❨❺❑▼⑥◗❋✶❊✣◆❉❍❏◆⑤➇ä❊●❍❏■❉❇❴❫❬⑥❶❑▼⑨✶❋✶❊✛❋✶◆✒①❉⑥◗❊●❊●❍❏P❶❚❬❫❬◆❱❑✣P➃❫❅❨●⑨✶❊●⑥◗◆❉❋ ➈

☛❯❘✗☛



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦Õë✇❑ ➍ ➦ ➥ ❛✥❥ ➤ ➩ ➤ ✫✮❝➼➦✉❞❣❤❦➩❡➩➼➦ ➾ ➩✐❤❦❥ ➥ ❛☎➦

Lithogravure:

dépôt du film masque de résine gravure retrait de la résine

masque de résine dépôt du film retrait de la résine

Lift off:

ã⑦⑥⑨⑧✛✃✽❲ ➈ ☛❙⑩✭❿➀❋✶■⑤Þ♠❑▼❋✶⑩❼❇❉◆❉⑥◗⑦❖■❉❋✶❊♣❪✇❍❬■❉❨✉①❉⑨✜✥❴◆❉⑥◗❨✒①❉❋✶❊✉❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊♣①❴❫❬◆❉❊✉■❉◆❉❋ ⑩✶❍❏■❉⑩❼❇❉❋
❲✪⑥◗◆❉⑩✶❋✦➬❴P➃❫✦P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫✩❚⑤■❉❨●❋❀❋✜❑✣P◗❋❀P◗⑥❋✔➳❑❺➇ä❍✰✲ ➈

❛❨③●➈◗t➁❧♦➙✺♥⑧➛⑧♠♦③✚⑥❷➙rt✉❹❯♥⑧⑥✺❧♦t◗❸✓q✺❹

➆✰❚❏❋✶⑩✵P✱✒ ⑥◗◆❉❊●❍❏P➃❫❣❑▼❋✶■❉❨❚➭✗❫❬❨●P ❻ ❽❉❊●❊❅⑧♣ú✎❂✽❭✠✦✝P➃❫❬❲✪❪✇❋❅■❉P❶❑▼❨▼❫✩❚⑤⑥◗❍❏P❶❋✜❑●❑▼❋❅⑦❖■❉❋✪◆❉❍❏■❉❊✯❫❯❚❏❍❏◆❉❊
■▲❑▼⑥◗P◗⑥❶❊●⑨✽❪❦❍❏■❉❨③P➃❫qP◗⑥ ❑❼❇❉❍❬❾❏❨▼❫❬❪❉❇❉⑥❶❋✽❍❏❪▲❑▼⑥◗⑦❖■❉❋❬❽❬❍❏◆✪❫❸❑●❑▼❋✶⑥◗◆❱❑③■❉◆❉❋✛❨●⑨✶❊●❍❏P◗■▲❑▼⑥◗❍❏◆❅①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆

1µm ➈❷✰❫✸❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋❩✦✸①❉⑨✜✥❴◆❉⑥◗❨❀❋✶❊❺❑✗❪❉❨●⑨✩❫❬P➃❫❬❳❉P◗❋✶❲✪❋✶◆❱❑q①❉❋✶❊●❊●⑥◗◆❉⑨✶❋➄❋✶◆✖⑩❃❇❉❨●❍❏❲✪❋✦❊●■❉❨❀■❉◆✖❲✵❫❬❊●⑦❖■❉❋
❋✶◆✾❚❱❋✶❨●❨●❋ ➈ ❷☞❋✶❊➄⑨✜❑❼❫❬❪✇❋✶❊➄❑ä④⑤❪❉⑥◗⑦❖■❉❋✶❊✪❪✇❍❏■❉❨➄■❉◆❉❋✒P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❸❪❉❇❉⑥◗❋✸❍❏❪▲❑▼⑥◗⑦❖■❉❋✝❊●❍❏◆❱❑✸❫❬P◗❍❏❨●❊❅P◗❋✶❊❊●■❉⑥❶❚❸❫❬◆❖❑▼❋✶❊✗➬

⑩ ➣q◆✝⑨✜❑❼❫❬P◗❋✗P➃❫✦❨●⑨✶❊●⑥◗◆❉❋✗❪❉❇❉❍❬❑▼❍❏❊●❋✶◆❉❊●⑥◗❳❉P◗❋✵❰➼①❴❫❬◆❉❊✣◆❉❍❬❑▼❨▼❋❀⑩✩❫❬❊✏➬⑧✶Ù❍❖❋✶⑩❃❇❉❊❺❑➀➆♠✃❷☛♦▼◆☛❣❩✕✶ ❻ Ð
✦✒P✱✒ ❫❬⑥◗①❉❋✪①✓✒ ■❉◆❉❋✵❑▼❍❏■❉❨●◆❉❋✜❑●❑▼❋☞✦✠❲❱❘❏❘❏❘✒❑▼❍❏■❉❨●❊➀❿❸❲✪⑥◗◆ë❪✇❋✶◆❉①❴❫❬◆❱❑

50 s ➈r✖ P✷❋✶◆➐❨●⑨✶❊●■❉P❶❑▼❋■❉◆❉❋✗⑩✶❍❏■❉⑩❼❇❉❋✏①✓✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨✣①✓✒ ❋✶◆❖❚⑤⑥◗❨●❍❏◆
1, 2µm ➈⑩✭②③❨●⑨✶⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋⑩✦

100 oC
❪✇❋✶◆❉①❴❫❬◆❱❑

75 s
❪✇❍❏■❉❨✏①❉❋✶◆❉❊●⑥❋✥❴❋✶❨✯P➃❫✝❨●⑨✶❊●⑥◗◆❉❋✪❋✜❑✦P◗⑥◗❳❦⑨✶❨●❋✶❨

P◗❋✶❊✛❨●⑨✶❊●⑥◗①❉■❉❊✣①❉■✒❊●❍❏P❶❚❬❫❬◆❱❑ ➈⑩ ✖ ◆❉❊●❍❏P➃❫❸❑▼⑥◗❍❏◆à❪❦❋✶◆❉①❴❫❬◆❖❑
3, 5 s

✦➐❑▼❨▼❫✩❚❏❋✶❨●❊✝P◗❋♣❲✵❫❬❊●⑦❖■❉❋ ➈ ❿q❫❬◆❉❊✝P◗❋✶❊✸❪❴❫❬❨❺❑▼⑥◗❋✶❊✟◆❉❍❏◆⑤➇❪❉❨●❍❬❑▼⑨✶❾❏⑨✶❋✶❊q❪❴❫❬❨ÙP◗❋✯⑩❼❇❉❨●❍❏❲✪❋❬❽✇P➃❫✪P◗■❉❲✪⑥❶❈✶❨●❋✏⑩✩❫❬❊●❊●❋✦①❉❋✶❊q⑩❃❇❴❫✕✘➃◆❉❋✶❊➀①❉❋✦❪❦❍❏P❶④⑤❲✪❈✶❨●❋✶❊➀①❉❋
P➃❫✦❨●⑨✶❊●⑥◗◆❉❋✗❋✜❑ÙP◗❋✶❊✛❨●❋✶◆❉①✒❊●❍❏P◗■❉❳❉P◗❋✶❊✛①❴❫❬◆❉❊✣P◗❋❀①❉⑨✜❚❱❋✶P❶❍❏❪❉❪✇❋✶■❉❨ ➈⑩✭❿➀⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✜❲✪❋✶◆❖❑✤➬❯P❶❋✶❊✰❪❴❫❬❨❺❑▼⑥◗❋✶❊☞⑥◗◆❉❊●❍❏P◗⑨✶❋✶❊☞❊●❍❏◆❱❑☎①❉⑥◗❊●❊●❍❏■▲❑▼❋✶❊✰❾❏❨❀❍❬⑩✶❋➹❫❬■✏①❉⑨✜❚❏❋✶P◗❍❏❪❉❪❦❋✶■❉❨
➆♠✃✝①❉❋✜❚❱❋✶P◗❍❏❪❦❋✶❨❀❰➼①❉⑥◗P◗■❉⑨❚☛✯➬❋☛q❫✩❚❱❋✶⑩➀P✱✒ ❋✩❫❬■✪①❉⑨❃➇ä⑥◗❍❏◆❉⑥◗❊●⑨✶❋❯Ð ➈ ❷☞❋✣❑▼❋✶❲✪❪❉❊✷①❉❋Ù①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋❃➇❲✪❋✶◆❱❑✣❋✶❊❺❑Ù①✓✒ ❋✶◆❖❚⑤⑥◗❨●❍❏◆

30 s ➈
☛✩❘❱❩



ë✇❑➒➹②❑✪✽❀➩✐❤ ➾③➤ ❜❯❤❉❢❣❝ ➤ ❥✭➨☎➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞✵➩ ➤ ❥❭✫✮➧☎➦⑤❞

⑩✭②☎❍❏❊❺❑▼⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋➯✦
85 oC

❪✇❋✶◆❉①❴❫❬◆❱❑
90 s

❫✕✥❴◆✭①❉❋➫①❉❋✶◆❉❊●⑥❋✥❴❋✶❨✝P➃❫ ❨●⑨✶❊●⑥◗◆❉❋✖❫❯❚❸❫❬◆❖❑
P✱✒ ❫❸❑●❑❼❫❬⑦❖■❉❋✖❪❴❫❬❨✒■❉◆♠❪❉P➃❫❬❊●❲✵❫ P◗❍❏❨●❊✝①❉❋ëP✱✒ ⑨✜❑❼❫❬❪✇❋✖❊●■❉⑥❶❚❬❫❬◆❱❑▼❋à❰➼❾❏❨▼❫✩❚⑤■❉❨●❋ë❍❏■♠①❉⑨✶❪⑧✿❬❑
①✓✒ ■❉◆❉❋✗⑩✶❍❏■❉⑩❃❇❉❋❯Ð ➈

✖ P✮❊✣✒ ❫❬❾❏⑥❶❑✽⑥◗⑩✜⑥✮①✓✒ ■❉◆❉❋qP◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❬❪❉❇❉⑥❶❋Ù❪✇❍❏❊●⑥❶❑▼⑥❶❚❏❋❬❽⑤⑩✰✒ ❋✶❊❺❑❺➇❃✦❣➇ä①❉⑥◗❨●❋➀⑦❖■❉❋❀P◗❋✶❊✷❪❴❫❬❨❺❑▼⑥◗❋✶❊✽❋✶◆✟⑩❼❇❉❨●❍❏❲✪❋❊●■❉❨➀P◗❋✯❲✵❫❬❊●⑦❖■❉❋✯⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❉❋✶◆❱❑✏❫❬■⑤Þ✉❪❴❫❬❨❺❑▼⑥◗❋✶❊Ù①❉❋✦❨●⑨✶❊●⑥◗◆❉❋✯⑩✶❍❏◆❉❊●❋✶❨❺❚❏⑨✶❋✩❊✗❫❬❪❉❨●❈✶❊➀P◗❋✯①❉⑨✜❚❏❋❃➇
P◗❍❏❪❉❪✇❋✶❲✪❋✶◆❱❑ ➈❷☞❋➹⑩❃❇❉❍❏⑥ Þ✗❋✶◆❱❑▼❨●❋✤P➃❫✛P◗⑥❶❑▼❇❉❍❏❾❬❨▼❫✩❚⑤■❉❨●❋③❋✜❑✥P◗❋③P◗⑥❋✔➳❑❺➇ä❍✕✲✦①❉⑨✶❪✇❋✶◆❉①✦①❉❋✶❊☎❲✵❫❸❑▼⑨✶❨●⑥➃❫❬■⑤Þ❀❋✜❑☎①❉❋✤P➃❫✽❨▼⑨✜❊▼⑥❶◆❉❋
■▲❑▼⑥◗P◗⑥❶❊●⑨✶❊ ➈✑✖ P✚✔❡❫❬■▲❑✤❊●❋Ù❪❦❍❏❊●❋✶❨✤P◗❋✶❊➹⑦❖■❉❋✶❊❺❑▼⑥◗❍❏◆❉❊✤❊●■❉⑥❶❚❬❫❬◆❱❑▼❋✶❊Ù➬ ❄ ■❉❋✶P◗P◗❋✶❊③❊▼❍❬◆❖❑✤P◗❋✶❊➹❲✪⑨✜❑▼❇❉❍⑤①❉❋✶❊➹①❉❋❾❏❨▼❫✩❚⑤■❉❨●❋Ù❊●⑨✶P◗❋✶⑩✜❑▼⑥❶❚❱❋✶❊✤①❉⑥◗❊●❪✇❍❏◆❉⑥◗❳❉P◗❋✶❊⑧❳➀➅③❊❺❑❺➇ä⑩✶❋➀⑦❖■❉❋➀P➃❫✗❨●⑨✶❊●⑥◗◆❉❋Ù❊●■❉❪❉❪❦❍❏❨❺❑▼❋➀P➃❫✗⑩❼❇❴❫❬P◗❋✶■❉❨✤①❉⑨✜❚❏❋❃➇
P◗❍❏❪❉❪✇⑨✶❋Ù❪❦❋✶◆❉①❴❫❬◆❖❑✷P◗❋Ù①❉⑨✶❪⑧✿❬❑✽①✓✒ ■❉◆❉❋➀⑩✶❍❏■❉⑩❼❇❉❋➀❪✇❍❏■❉❨✤■❉◆✵P◗⑥❋✔➳❑❺➇ ❍✰✲❚❳Ù➅③◆✸❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬◆❱❑✷P◗❋✶❊
①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊➹❪✇❍❏❊●❊●⑥◗❳❉⑥◗P◗⑥ ❑▼⑨✶❊✶❽❬⑥◗P❴❫❬❨●❨●⑥❶❚❏❋✛⑦❖■✓✒ ■❉◆❉❋✣⑨✜❑❼❫❬❪✇❋✣①❉■✪❪❉❨●❍❖⑩✶⑨✶①❉⑨❬❽❖⑥◗◆❉⑥❶❑▼⑥◗❫❬P❶❋✶❲➄❋✶◆❖❑✍❪❉❨●⑨✜❚⑤■❉❋
❪✇❍❏■❉❨③■❉◆❉❋✣P◗⑥❶❑▼❇❉❍❏❾❏❨●❫✩❚⑤■❉❨●❋❬❽❏❊●❋✣❪❉❨❬■✜❑▼❋✛❲✪⑥◗❋✶■⑤Þ❅❪✇❍❏■❉❨③■❉◆➄P◗⑥❋✔➳❑❺➇ä❍✕✲➫❰➼❍❏■➄⑥◗◆❖❚❏❋✶❨●❊●❋✶❲✪❋✶◆❱❑❃Ð ➈ ❿q❫❬◆❉❊⑩✶❋✷⑩✩❫❬❊✶❽❸❍❏◆❅❫Ù❳✇❋✶❊●❍❏⑥◗◆✯①✓✒ ■❉◆❉❋✽P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❸❪❉❇❉⑥◗❋➹◆❉⑨✶❾❱❫❸❑▼⑥❶❚❏❋✤⑦❖■❉⑥▲⑥◗◆❱❚❏❋✶❨●❊●❋✽P✱✒ ⑥◗❲✪❫❬❾❏❋➹①❉⑨➶✥❴◆❉⑥◗❋✽❫❯❚❏❋✶⑩
P➃❫❀❨●⑨✶❊●⑥◗◆❉❋Ù❪❴❫❬❨➹❨▼❫❬❪❉❪✇❍❏❨❺❑✤❫❬■✵❲✪❍❬❑▼⑥❋✔✇❋✶◆✵⑩❼❇❉❨●❍❏❲✪❋✣❊●■❉❨✤P◗❋✛❲✵❫❬❊●⑦❖■❉❋ ➈ ❇Ù❍❏■❉❊✷❫✩❚❱❍❏◆❉❊✤■▲❑▼⑥◗P◗⑥❶❊●⑨✛P➃❫❨●⑨✶❊●⑥◗◆❉❋❀➆♠✃★▼❏❩◆☛✮❲❱➅ ❰◗✶Ù❍⑤❋✶⑩❼❇❉❊❺❑❃Ð✽❪❦❍❏■❉❨✛⑩✶❋✶❊✛P◗⑥❶❑▼❇❉❍❏❾❏❨▼❫❬❪❉❇❉⑥❶❋✶❊✷◆❉⑨✶❾❱❫❸❑▼⑥❶❚❱❋✶❊ ➈ ➅③P◗P◗❋➀⑩✶❍❏◆❱❑▼⑥◗❋✶◆❱❑✣■❉◆✼ä⑩✶❨●❍❏❊●❊●P◗⑥◗◆✚❪❏➇➔❫❬❾❏❋✶◆❱❑➌✾✷⑦❖■❉⑥❴①❉❋✜❚⑤⑥◗❋✶◆❱❑✤❫❬⑩✜❑▼⑥❋✔✇❪❦❍❏■❉❨③①❉❋✶❊✍❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊➹❫❬■➄①❉❋✶❊●❊●■❉❊✤①❉❋

110 oC①❴❫❬◆❉❊✷P◗❋✶❊✤①❉❍❏❲✵❫❬⑥◗◆❉❋✶❊✤①❉⑨➔➷❬✦✏⑥◗◆❉❊●❍❏P◗⑨✶❊✤❋✜❑✽⑦❖■❉⑥✇P◗❋✶❊✤❨▼❋✜◆❉①✟⑥◗◆❉❊●❍❏P◗■❉❳❉P❶❋✶❊✤①❴❫❬◆❉❊✷P◗❋Ù①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✶■❉❨ ➈➆✰❚❏❋✶⑩✏P◗❋❀❪❉❨●❍❖⑩✶⑨✶①❉⑨✏❊●■❉⑥❶❚❸❫❬◆❖❑✩❽❉❍❏◆✝❍❏❳▲❑▼⑥◗❋✶◆❱❑Ù❫❬P◗❍❏❨●❊✽■❉◆❉❋✗⑥◗❲✵❫❬❾❏❋q◆❉⑨✶❾❱❫❣❑❼⑥ ❚❱❋❀①❉■✒❲✪❍❬❑▼⑥❋✔✰❊●■❉❨✛P◗❋
❲✵❫❬❊●⑦❖■❉❋➄➬

⑩ ➣q◆✦⑨✜❑❼❫❬P◗❋✷P➃❫✣❨●⑨✶❊●⑥◗◆❉❋✽➆♠✃★▼❏❩◆☛✮❲❱➅✻✦✳❲❱❘❏❘❏❘✣❑▼❍❏■❉❨●❊➀❿❸❲✪⑥◗◆✯❪❦❋✶◆❉①❴❫❬◆❖❑
50 s ➈✰✖ P⑤❋✶◆❅❨●⑨✶❊●■❉P❶❑▼❋■❉◆❉❋✗⑩✶❍❏■❉⑩❼❇❉❋✏①✓✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨Ù①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆

1, 4µm ➈⑩✭②③❨●⑨✶⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋✧✦
100 oC

❪✇❋✶◆❉①❴❫❬◆❱❑
50 s ➈⑩ ✖ ◆❉❊●❍❏P➃❫❸❑▼⑥◗❍❏◆✟❪❦❋✶◆❉①❴❫❬◆❖❑ 1, 8 s

✦✦❑❼❨▼❫✩❚❏❋✶❨●❊✣P◗❋❀❲✵❫❬❊●⑦❖■❉❋ ➈⑩ ❹✷❇❴❫❬■✗✲✔❫❬❾❏❋✛①✓✒ ⑥◗◆❖❚❏❋✶❨●❊●⑥◗❍❏◆❩✦
125 oC

❪❦❋✶◆❉①❴❫❬◆❱❑
120 s ➈ ❿➀❋✣⑩✶❋✜❑●❑▼❋❱✔❡❫✰✙✶❍❏◆✔❽❏❍❏◆✪❫❬⑩✜❑▼⑥❶❚❱❋P◗❋✳✼ä⑩✶❨●❍❏❊●❊●P◗⑥◗◆✚❪❏➇➔❫❬❾❏❋✶◆❱❑➌✾q①❴❫❬◆❉❊✣P◗❋✶❊❻✸✶❍❏◆❉❋✜❊Ù⑥◗◆❉❊●❍❏P◗⑨✶❋✶❊✣❫❬■❉❪❴❫❬❨▼❫❯❚❸❫❬◆❖❑ ➈⑩ ✖ ◆❉❊●❍❏P➃❫❸❑▼⑥◗❍❏◆✟❊▼❫❬◆❉❊✣❲✵❫❬❊●⑦❖■❉❋✗❪✇❋✶◆❉①❴❫❬◆❱❑ 3, 5 s ➈⑩✭❿➀⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✶❲✪❋✶◆❱❑✟①❴❫❬◆❉❊✸➆♠✃♠①❉❋✜❚❏❋✶P◗❍❏❪✇❋✶❨✖❰➼①❉⑥◗P◗■❉⑨➯☛➐➬❋☛➫❫✩❚❱❋✶⑩♣P✱✒ ❋✩❫❬■à①❉⑨❃➇ä⑥◗❍❏◆❉⑥◗❊●⑨✶❋✩Ð

❪✇❋✶◆❉①❴❫❸◆❖❑Ù❋✶◆❱❚⑤⑥◗❨●❍❏◆
60 s⑩✭②☎❍❏❊❺❑▼⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋✧✦
120 oC

❪❦❋✶◆❉①❴❫❬◆❖❑
50 s ➈②☎❍❏■❉❨❀❨●❋✜❑▼⑥◗❨●❋✶❨➀P➃❫✵❨●⑨✶❊●⑥◗◆❉❋✵✦✵P➃❫❩✥❴◆✖①✓✒ ■❉◆❉❋❅P◗⑥❶❑▼❇❉❍❏❾❏❨●❫✩❚⑤■❉❨▼❋✯❍❏■➫①✓✒ ■❉◆➫P◗⑥❋✔➳❑❺➇ä❍✕✲✥❽❦P◗❋✦❊●■❉❳❉❊❺❑▼❨▼❫❸❑

❋✶❊❺❑➀❪❉P◗❍❏◆❉❾❏⑨❀①❴❫❬◆❉❊Ù■❉◆✒❳✇⑨✶⑩❼❇❉❋✶❨➀❨●❋✶❲✪❪❉P◗⑥✔①✓✒ ❫❬⑩✶⑨❃❑❼❍❬◆❉❋ ➈ ➆✽✥❴◆✒①✓✒ ❫❬⑩✶⑩✶⑨✶P◗⑨✶❨●❋✶❨ÙP◗❋❀❪❉❨●❍⑤⑩✶❋✶❊●❊●■❉❊➀①❉❋①❉⑥◗❊●❊●❍❏P◗■▲❑▼⑥◗❍❏◆✟①❉❋✗P➃❫✦❨●⑨✶❊●⑥◗◆❉❋❬❽❴❍❏◆✒❪❦❋✶■▲❑Ù❲✪❋✜❑●❑▼❨●❋✗P◗❋❀❳❦⑨✶⑩❃❇❉❋✜❨Ù①❴❫❬◆❉❊Ù■❉◆✝❳❴❫❬⑥◗◆✝■❉P❶❑▼❨▼❫❬❊●❍❏◆❉❊ ➈
➂ ❶✑❧♦➙✺♥★♣✺❹◆⑤❩♣✺❹✹➛⑧♠♦③✑➟✺q✺♠♦❹

❷☞❋✵⑩❼❇❉❍❏⑥ Þ ①❉❋✵P➃❫✝❲✪⑨✜❑▼❇❉❍⑤①❉❋✪①❉❋✵❾❏❨▼❫❯❚⑤■❉❨●❋✪①❉⑨✶❪✇❋✶◆❉① ①❉❋✵❊▼❫✉❊●⑨✶P◗❋✶⑩✜❑▼⑥❶❚⑤⑥❶❑▼⑨✪⑩✶❍❏◆❉⑩✶❋✶❨●◆❴❫❬◆❱❑
P◗❋✪❲✵❫❸❑▼⑨✶❨●⑥➃❫❬■✔❽☞P➃❫✒❨●⑨✶❊●⑥◗◆❉❋✵❋✜❑✦P◗❋✪❊●■❉❳❉❊❺❑▼❨❼❫❣❑❯❽✥❫❬⑥◗◆❉❊●⑥➹⑦❖■❉❋✸①❉❋✸P✱✒ ❫❸◆❉⑥◗❊●❍❬❑▼❨▼❍❬❪❉⑥◗❋➄①❉❋✵P✱✒ ❫❸❑●❑❼❫❬⑦❖■❉❋
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❽
J = 0, 4mA/cm2 ❋✜❑ V = 400V
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P◗❋q❑❼❫❬❳❉P◗❋✩❫❬■☞❲ ➈ ❩ ➈

Ø❫❪✚❴✥✃⑧❲ ➈ ❩✫⑩✟②✥❫❬❨▼❫❬❲✪❈✜❑▼❨●❋❀①❉❋✗P➃❫❅❾❏❨▼❫✩❚⑤■❉❨●❋✗❪❴❫❬❨✛❳✇❍❏❲✦❳❴❫❬❨●①❉❋✶❲✪❋✶◆❱❑✣⑥◗❍❏◆❉⑥◗⑦❖■❉❋⑧✉❫❸❑▼⑨✶❨●⑥➃❫❬■ ➆➀◆❉❾❏P◗❋❀①✓✒ ■❉❊●⑥◗◆❴❫❬❾❏❋
α

▲q⑥❶❑▼❋✶❊●❊●❋✏①❉❋✗❾❏❨▼❫✩❚⑤■❉❨●❋
▼ ◆❉❲⑩❿❸❲✪⑥◗◆✾❖

❹✷■ ❘ o ❩❬❭
❲➂▼ o ❲❱❘

➆➀P ❲➂▼ o ❩✰P
➁✣⑨✶❊●⑥◗◆❉❋ ❘ ➈❶➈ ❲➂▼ o ❩❬❘ ➈❶➈ ▼❬❘

æ❣✱❞❤④✱❞❤ ❁Ó✻✾❆❜❀❂✴✍✷❏❉✸✴✿➩✟❆❜❋✸❅❇✹✓❃❾❆✇✻✾✹✓➝✲✶
❷☞❋✶❊➄❊●■❉❳❉❊❺❑▼❨▼❫❸❑▼❊✪■▲❑▼⑥◗P◗⑥❶❊●⑨✶❊❅❪❦❍❏■❉❨➄P➃❫✁✔❡❫❬❳❉❨●⑥◗⑩✩❫❸❑▼⑥◗❍❏◆➐①❉❋✶❊✪⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✦❊●❍❏◆❱❑✪❋✶◆ ❻ ⑥✽❋✜❑

①❉❋✸①❉⑥➃❫❬❲✪❈✜❑▼❨●❋✸❭♣❪✇❍❏■❉⑩✶❋✶❊ ➈ ❷⑦✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨❅❋✶❊❺❑➄①❉❋ 380µm
①❉❍❏◆❖❑

0, 6µm
❊●❍❏◆❖❑❅❍✩Þ⑤④⑤①❉⑨✶❊

✦✝P➃❫✟❊●■❉❨➌✔❡❫❬⑩✶❋ ➈ ➆✰❚❬❫❸◆❖❑✏P✱✒ ■▲❑▼⑥◗P◗⑥❶❊▼❫❸❑▼⑥❶❍❏◆✔❽✮P◗❋➄❊●■❉❳❉❊❺❑▼❨▼❫❸❑✯❋✶❊❺❑✯◆❉❋✜❑●❑▼❍❯④❏⑨✵①❴❫❬◆❉❊✗■❉◆ ❳❴❫❬⑥◗◆✖■❉P❶❑▼❨▼❫❣➇❊●❍❏◆❉❊✶❽❉①✓✒ ❫❬❳✇❍❏❨●①✝①❴❫❬◆❉❊✣P✱✒ ❫❬⑩✶⑨❃❑❼❍❬◆❉❋❀❋✜❑✣❋✶◆❉❊●■❉⑥❶❑▼❋✗①❴❫❬◆❉❊✛P✱✒ ⑥◗❊●❍❏❪❉❨●❍❏❪❴❫❬◆❉❍❏P ➈ ❷☞❋✗❪❉❨●❋✶❲✪⑥❶❋✶❨✽①❉⑨✶❪❏✿❬❑❋✶❊❺❑➀❪❉❨●⑨✶⑩✶⑨✶①❉⑨✯①✓✒ ■❉◆✉①❉⑨✶⑩✩❫❬❪❴❫❬❾❏❋✏①❉■✉❊●■❉❳❉❊❺❑▼❨▼❫❸❑q⑦❖■❉⑥✰❋✶◆❉P◗❈✜❚❏❋✏P◗❋✶❊Ù❪❉❨●❋✶❲✪⑥◗❈✶❨●❋✶❊✣⑩✶❍❏■❉⑩❼❇❉❋✶❊❀❫❸❑▼❍❸➇
❲✪⑥◗⑦❖■❉❋✶❊ ➈

☛✩❘✰❲



ë✇❑➒➹②❑✪✽❀➩✐❤ ➾③➤ ❜❯❤❉❢❣❝ ➤ ❥✭➨☎➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞✵➩ ➤ ❥❭✫✮➧☎➦⑤❞

②☎❍❏■❉❨✟P✱✒ ⑨✶P➃❫❬❳✇❍❏❨▼❫❸❑▼⑥❶❍❏◆à①❉❋✶❊✦➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ P◗❍❏◆❉❾❏■❉❋✶❊✶❽✽◆❉❍❏■❉❊✝❫✩❚❱❍❏◆❉❊✟❪❉❨●⑨✜❚⑤■ ①❉❋✶■⑤Þ✭◆❉⑥ ➇
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❩ ➈ Ð✽❿➀⑨✜✥❴◆❉⑥❶❑▼⑥◗❍❏◆✝①❉❋✗P➃❫✦❪❴❫❬❨❺❑▼⑥◗❋❀◆❉❍❏❨●❲✵❫❬P◗❋q❋✶◆✒P◗⑥❋✔➳❑❺➇ ❍✰✲⑩✭❷☞⑥❶❑▼❇❉❍❏❾❏❨▼❫❬❪❉❇❉⑥❶❋q❪✇❍❏■❉❨✣①❉⑨✜✥❴◆❉⑥❶❨✣P➃❫✦❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋❀①❉❋✗P➃❫✦❪❴❫❬❨❺❑▼⑥◗❋❀◆❉❍❏❨●❲✵❫❬P◗❋

⑩✭❿➀⑨✶⑩✩❫❬❪❴❫❬❾❬❋✏①❉❋✗P✱✒ ❍✩Þ⑤④⑤①❉❋✗①❉❋✯❹✷■✹✦✪❩❬❘✕❙ ❪✇❋✶◆❉①❴❫❬◆❱❑q❩❅❲✪⑥◗◆❖■▲❑▼❋✶❊
⑩✭❿➀⑨✶❪⑧✿❬❑ ➲ ①❉■♣❹✷■➐❰

130nm
Ð

⑩✂P◗⑥❋✔➃❑❺➇ä❍✰✲✉①❴❫❬◆❉❊✣P✱✒ ❫❬⑩✶⑨✜❑▼❍❏◆❉❋
⑩à❑▼❍❏■▲❑▼❋✏P➃❫➄❪❉P➃❫❬⑦❖■❉❋✯❋✶❊❺❑q❾❏❨▼❫✩❚❏⑨✶❋✯■❉◆❉❋✧✔➼❍❬⑥◗❊Ù①❉❋✯❪❉P◗■❉❊Ù❪❴❫❬❨Ù❳✇❍❏❲✦❳❴❫❬❨●①❉❋✶❲✪❋✶◆❖❑Ù⑥◗❍❏◆❉⑥◗⑦❖■❉❋
❫✕✥❴◆✪①❉❋Ù❨●❋✜❑▼⑥◗❨●❋✶❨➹P◗❋Ù❹✷■✵⑦❖■❉⑥❦❨●❋✶❊❺❑▼❋➀①❉❋✣P➃❫❀❳❉⑥◗⑩✶❍❏■❉⑩❃❇❉❋✣❊●■❉❨✤P◗❋✶❊✤❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✖➸❖P➃❫❀❪❴❫❬❨❺❑▼⑥◗❋
◆❉❍❏❨●❲✵❫❬P◗❋✪❋✶❊❺❑✪❫❬P◗❍❏❨●❊✯❾❏❨▼❫✩❚❏⑨✶❋✟⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❱❑✦❋✜❑✪❫❣❑▼❑▼❋✶⑥❶◆❖❑✦■❉◆❉❋✟⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨✧✥❴◆❴❫❬P◗❋✸①❉❋
90nm

L

1.5 L

Al

Cu

Al

V+

I+

V-

I-

CuAl

substrat

étape 1:

étape 2:

substrat

CuAl

substrat

ã⑦⑥⑨⑧✛✃✚❲ ➈ ❩♠⑩✪➆➻❾❱❫❬■❉⑩❼❇❉❋❅➬❴❹✷❍❏■❉❪✇❋✶❊✛❊●⑩❼❇❉⑨✶❲✵❫❸❑▼⑥◗⑦❖■❉❋✶❊✛①❉❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ P◗❍❏◆❉❾❏■❉❋✶❊✛❫❬❪❉❨●❈✶❊
P◗❋✶❊✤⑨✜❑❼❫❬❪✇❋✶❊❅☛q❋✜❑✣❩✗①❉❋qP➃❫❚✔❡❫❬❳❉❨●⑥◗⑩✶❫❸❑▼⑥◗❍❏◆♣❰➳❚❱❍❏⑥◗❨➹❑▼❋❃Þ⑤❑▼❋❯Ð ➈ ➆♠①❉❨●❍❏⑥❶❑▼❋✏➬▲②③❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋➀①✓✒ ■❉◆❉❋
➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆♣①❉❋✦P◗❍❏◆❉❾❏■❉❋✶■❉❨

L = 4µm
❋✜❑❀①❉❋❅P➃❫❸❨▼❾❬❋✶■❉❨

w = 6µm ➈ ②✥❍❏■❉❨q①❉❋✶❊✷➷❺❍❬◆❉⑩✜❑▼⑥◗❍❏◆❉❊①❉❋➄①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊✏P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✶❽✔❑▼❍❏■▲❑▼❋✶❊✏P◗❋✶❊✗①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊❀P➃❫❸❑▼⑨✶❨▼❫❬P◗❋✶❊q❚❸❫❬❨●⑥◗❋✶◆❖❑✏❪❉❨●❍❏❪❦❍❏❨❺❑▼⑥◗❍❏◆⑤➇
◆❉❋✶P◗P◗❋✶❲✪❋✶◆❱❑❻✦➄P➃❫✦P◗❍❏◆❉❾❏■❉❋✶■❉❨ ➈
❷✰❫⑩✥❴❾❏■❉❨●❋✵❲ ➈ ❩✸❲✪❍❏◆❖❑▼❨●❋❅①❉❋✶■⑤Þë⑩✶❍❏■❉❪❦❋✶❊✏❊●⑩❃❇❉⑨✶❲✪❫❸❑▼⑥◗⑦❖■❉❋✶❊✏①❉❋➄P➃❫✟❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋❊✦✟P➃❫⑩✥❴◆ë①❉❋✶❊⑨✜❑❼❫❬❪❦❋✶❊Ù①❉❋✤✔❡❫❬❳❉❨●⑥◗⑩✩❫❸❑▼⑥◗❍❏◆✹☛✏❋✜❑➀❩❅❋✜❑✣■❉◆❉❋✏❪❉❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋q①✓✒ ■❉◆❉❋✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆⑩✥❴◆❉⑥◗❋ ➈❻ ■❉❨➄■❉◆ ❲❩■✶❲✪❋✟❊●■❉❳❉❊❺❑▼❨▼❫❸❑✪❊●❋✝❑▼❨●❍❏■▲❚❏❋✶◆❱❑✵①❉❋✶❊q➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➄①❉❋✝①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊➄①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊
P➃❫❸❑▼⑨✶❨▼❫❬P◗❋✶❊ ➈ ❇Ù❍❏■❉❊✗❫✩❚❏❍❏◆❉❊❀⑨✜❑▼■❉①❉⑥◗⑨✦①❉❋✶❊✷➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➀①❉❋✦P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊ L = 4, 10

❋✜❑
60µm ➈❷☞❋✶❊Ù❫❬■▲❑▼❨●❋✶❊✣①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊✛P➃❫❸❑▼⑨✶❨▼❫❬P❶❋✶❊✽❚❸❫❬❨●⑥◗❋✶◆❖❑✣❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P◗P❶❋✶❲✪❋✶◆❱❑❻✦❅P➃❫❅P◗❍❏◆❉❾❬■❉❋✶■❉❨ ➈

➺Ñ×Ø➚✷Ï❃➹ ❐♦× ✃❨➴✍✃❨Ï❃❒♦➹ Ý✮➬✱✃⑦➚✢❒♦➘♦✃⑦à♦❒♦➬✱✃➼❮✼✔❜☎✜Ü❨➮✕❰◗Ô✜➹ ❮
99, 9999%

☛✩❘❏❙



ë✇❑Ðë✇❑✪✽❀➩✐❤ ➾③➤ ❜❯❤❉❢❣❝ ➤ ❥✂➨☎➦⑤❞❡❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞ ➥❱➤ ➧✥❜✜❢❯➦⑤❞

ã➜✪①ã �✭✚✶✌✗✴➫✕✗☛✍✌❀✁✰✧✶✕✦✎ ✆✟✞✣✑✭✬✮✕✯✎✝✢✤✁✰✧✜✕✯✎✝✑✲✢✷✕✯✄✸☛☎✁✰✞✣✑
❷☞❋✶❊✍➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛①✓✒ ■❉◆❉❋✗P◗❍❏◆❉❾❏■❉❋✶■❉❨✛⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋❀❫❬■✒❲✪⑥◗⑩✜❨▼❍❬❲✪❈✜❑▼❨●❋q❍❏◆❱❑✣⑨✜❑▼⑨✤✔❡❫❬❳❉❨●⑥◗⑦❖■❉⑨✶❋✶❊

❫✩❚❱❋✶⑩❚❂✷❋✶❨●◆❴❫❬❨●①✒②✍❫❬◆❉◆❉❋✜❑▼⑥◗❋✶❨✣❫❬■✒❹✷❇➀➁ ❻ ❿❏❹✽➁✥❆❻❂✷❆ ✈ ❨●❋✶◆❉❍❏❳❉P◗❋q❪❴❫❬❨✛■❉◆✝❪❉❨●❍⑤⑩✶⑨✶①❉⑨✗P◗⑥❋✔➳❑❺➇ ❍✰✲ ➈➅③◆ ■▲❑▼⑥◗P◗⑥❶❊▼❫❬◆❖❑❀①❉❋✶❊✯❲✵❫❬❊●⑦❖■❉❋✶❊✏❊●■❉❊●❪✇❋✶◆❉①❉■❉❊✦①❉❋✪❨●⑨✶❊●⑥◗◆❉❋✪❋✜❑✯P➃❫✸❑▼❋✶⑩❼❇❉◆❉⑥◗⑦❖■❉❋✵①❉❋✪P✱✒ ⑨✜❚❸❫❬❪✇❍❏❨▼❫❣➇
❑▼⑥◗❍❏◆✉❊●❍❏■❉❊❀❫❬◆❉❾❏P◗❋❬❽✇◆❉❍❏■❉❊q❫❯❚❏❍❏◆❉❊q⑨✶P➃❫❬❳❦❍❏❨●⑨✯①❉❋✶❊✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➀➆➀P➁❿❏❹✷■⑧❿❸➆➀P✥❫✩❚❏❋✶⑩✦①❉❋✦❳✇❍❏◆❉◆❉❋✶❊
⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ➈ ❷☞❋✶❊➀①❉❋✶■⑤Þ✉⑨✜❑❼❫❬❪✇❋✶❊➀❪❉❨●⑥◗◆❉⑩✶⑥◗❪❴❫❬P◗❋✶❊✶❽❴P➃❫✪P◗⑥❶❑▼❇❉❍❏❾❬❨▼❫❬❪❉❇❉⑥◗❋❀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✏❋✜❑qP✱✒ ⑨✜❚❬❫❣➇❪✇❍❏❨▼❫❸❑▼⑥◗❍❏◆✯❊●❍❏■❉❊③❫❬◆❉❾❏P❶❋✽❫✩❚❏❋✶⑩✛■❉◆✦⑩✩❫❬◆❉❍❏◆✪✦➀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✔❽❬❊●❋✶❨●❍❏◆❱❑③❳❉❨●⑥◗❈✜❚❏❋✶❲✪❋✶◆❱❑✍①❉⑨✶⑩✶❨●⑥❶❑▼❋✶❊✍①❴❫❬◆❉❊
⑩✶❋✜❑●❑▼❋✗❊●❋✶⑩✜❑▼⑥◗❍❏◆ ➈
æ❣✱✄æ❣✱✁✰ ➙P✹✼✻✾❯✸➝✲❥❜❅❇❆❜❀➱❯✸✹✓✴❦✽✍❈✓✴✍❃❄✻✺❅❇➝✲✶✸✹✓❨❩❍✸✴

❷☞❍❏❨●❊✟①✓✒ ■❉◆❉❋➫❪❉❨●❋✶❲✪⑥◗❈✶❨●❋♣⑨✜❑❼❫❬❪✇❋❬❽✽◆❉❍❏■❉❊✝❫✩❚❱❍❏◆❉❊✟①❉⑨✜✥❴◆❉⑥q■❉◆✭❲✵❫❬❊●⑦❖■❉❋➫❊●■❉❊●❪✇❋✶◆❉①❉■ ①❉❋
❨●⑨✶❊●⑥◗◆❉❋✠✦✖P✱✒ ❫❬⑥◗①❉❋✟①❉❋✝P➃❫➫P◗⑥❶❑▼❇❉❍❏❾❏❨●❫❬❪❉❇❉⑥◗❋✸⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✝❊●■❉❨➄■❉◆ÿ❊●■❉❳❉❊❺❑▼❨▼❫❸❑✵①❉❋ ❻ ⑥ ➈ ❇Ù❍❏■❉❊❫✩❚❱❍❏◆❉❊✣■▲❑❼⑥❶P◗⑥◗❊●⑨❀■❉◆❉❋✏❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋✏①❉❋✏❨●⑨✶❊●⑥◗◆❉❋✗⑨✶P◗❋✶⑩✜❑▼❨●❍❏❊●❋✶◆❉❊●⑥◗❳❉P◗❋✯②✤⑧♣⑧✒➆✙❰❡②☎❍❏P❶④❉⑧✒⑨✜❑▼❇❖④⑤P➳⑧✒⑨❃➇
❑❼❫❬➆✛⑩✶❨❺④⑤P➃❫❸❑▼❋❯Ð➄❋✜❑✟⑩✶❍❏❪❦❍❏P❶④⑤❲✪❈✶❨●❋♣②✤⑧♣⑧✒➆✤❿❏⑧✒➆➀➆ ❰✐⑧✒⑨✜❑❼❫❬➆✛⑩✶❨❺④⑤P➃❫❸❑▼❋✶➆✣⑩✶⑥◗①❉❋❯Ð ➈ ❷✰❫ ⑩✶❍❏■❉⑩❃❇❉❋❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋❬❽☞P◗❋❅②✤⑧♣⑧✒➆✯❽☎❫✟■❉◆❉❋❅⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨✗①❉❋

0, 2µm ➈ ❹✳✒ ❋✶❊❺❑✏■❉◆❉❋➄❨●⑨✶❊●⑥◗◆❉❋✵✦✟❇❴❫❬■▲❑▼❋❨●⑨✶❊●❍❏P◗■▲❑▼⑥◗❍❏◆ ➈ ❷✰❫✵⑩✶❍❏■❉⑩❼❇❉❋❅⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋✏❋✶❊❺❑❀❳✇❋✩❫❬■❉⑩✶❍❏■❉❪➫❪❉P◗■❉❊q⑨✶❪❴❫❬⑥◗❊●❊●❋✝❰➼❋✶◆❱❚⑤⑥◗❨●❍❏◆ 0, 8µm
Ð

❋✜❑Ù❪❉P◗■❉❊✛❊●❋✶◆❉❊●⑥◗❳❉P◗❋❈✦❅P✱✒ ⑥◗◆❉❊●❍❏P➃❫❸❑▼⑥❶❍❬◆✟⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✏❫✕✥❴◆✝①✓✒ ❍❏❳▲❑▼❋✶◆❉⑥◗❨✣P◗❋q❪❉❨▼❍✕✥❴P☞❊●■❉❊●❪✇❋✶◆❉①❉■ ➈②☎❍❏■❉❨❀P✱✒ ⑥◗◆❉❊●❍❏P◗❫❸❑▼⑥❶❍❏◆✔❽❦◆❉❍❏■❉❊❀◆❉❍❏■❉❊❀❊●❍❏❲✪❲✪❋✶❊➀❊●❋✶❨❺❚⑤⑥◗❊❀①✓✒ ■❉◆✖❲✪⑥◗⑩✶❨●❍❏❊●⑩✶❍❏❪❦❋✦⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✪✦

ã⑦⑥⑨⑧✛✃◆❲ ➈ ❭➱⑩✧▲➹■❉❋Ù①✓✒ ■❉◆✵❲✵❫❸❊▼⑦❖■❉❋✣❊●■❉❊●❪✇❋✶◆❉①❉■✟■▲❑▼⑥ ➇P◗⑥◗❊●⑨✯❪✇❍❏■❉❨➀P➃❫❩✔❡❫❬❳❉❨●⑥◗⑩✩❫❸❑▼⑥◗❍❬◆✉①❉❋✶❊✷➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻
⑩✶❍❏■❉❨❺❑▼❋✶❊ ➈ ❷☞❋✶❊➳✸✶❍❏◆❉❋✶❊✖⑩✶P➃❫❬⑥◗❨●❋✶❊✖❫❬■⑤Þ➡❳✇❍❏❨●①❉❊✖①❉■
❲✵❫❬❊●⑦❖■❉❋✵⑥◗◆❉①❉⑥◗⑦❖■❉❋✶◆❖❑✯P➃❫✝❊●■❉❨●❾❏❨▼❫❯❚⑤■❉❨●❋✵①❉■➐⑩✶❍❏❪✇❍❸➇
P❶④⑤❲✪❈✶❨●❋ ➈

2 µm

❳❴❫❬P➃❫✩④❖❫❬❾❬❋➫❰✐⑧✉➅❨❂✛Ð❃❽③❹✽❫❬❲✦❳❉❨●⑥◗①❉❾❏❋ ❻ ❩✕❲❱❘ ➈ ❷⑦✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆ ❋✶❊❺❑❅⑥◗◆❉❊●❍❏P◗⑨✪①❴❫❬◆❉❊✦■❉◆ ⑩❼❇❴❫❬❲✪❪
①❉❋

100µm
Þ

100µm
❫✩❚❏❋✶⑩✯■❉◆❉❋✏❨●⑨✶❊●❍❏P◗■▲❑▼⑥◗❍❏◆✒①❉❋❈❲❱❘✎✌❏❙✦Þ✠❲❱❘✎✌❏❙➄❪✇❍❏⑥◗◆❱❑▼❊ ➈ ❷✰❫✪①❉❍❏❊●❋✏◆❉⑨❃➇⑩✶❋✶❊●❊▼❫❬⑥◗❨●❋✁✦➫P✱✒ ⑥◗◆❉❊●❍❏P➃❫❸❑▼⑥❶❍❬◆ ①❉❋✒P➃❫♣❨●⑨✶❊●⑥◗◆❉❋✒❋✜❊●❑✪①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆

100µC/cm2 ➈ ➅③◆ ❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋❬❽
❍❏◆➫①❉⑨✜✥❴◆❉⑥ ❑❀P◗❋✯❲✪❍❬❑▼⑥❋✔✍❪❉P◗■❉❊●⑥◗❋✶■❉❨●❊✳✔➼❍❏⑥◗❊➀❊●■❉❨qP◗❋✯❲❩■✶❲✪❋✯❊●■❉❳❉❊❺❑▼❨▼❫❸❑❀❋✶◆♣❚❬❫❬❨●⑥➃❫❬◆❱❑qP➃❫✪①❉❍❏❊●❋✦❋✶◆
❪❴❫❬❊✽①❉❋

20% ➈ ✡Ù◆❉❋q①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋q⑥◗◆❉❊●❍❏P➃❫❸❑▼⑥◗❍❬◆✵①❴❫❬◆❉❊✽■❉◆✟⑩❼❇❴❫❬❲✪❪✸❪❉P◗■❉❊✽❾❏❨▼❫❬◆❉①✖❰ 1000µm
Þ

1000µm
Ð✛❫❅⑨✜❑▼⑨✗❋✜✲✮❋✶⑩✜❑▼■❉⑨✶❋✯❪❦❍❏■❉❨✣①❉⑨✜✥❴◆❉⑥◗❨✛①❉❋✶❊Ù❪❉P◗❍❬❑▼❊✛①❉❋✗⑩✶❍❏◆❱❑❼❫❬⑩✜❑ ➈

☛❯❘✑✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦Õë✇❑ ➍ ➦ ➥ ❛✥❥ ➤ ➩ ➤ ✫✮❝➼➦✉❞❣❤❦➩❡➩➼➦ ➾ ➩✐❤❦❥ ➥ ❛☎➦

❷☞❋✶❊✖❨●⑨✶❊●⑥◗◆❉❋✶❊ë⑥◗◆❉❊●❍❏P◗⑨✶❋✶❊✖❊●❍❏◆❱❑ë①❉⑥◗❊●❊●❍❏■▲❑▼❋✶❊ë❪✇❋✶◆❉①❴❫❬◆❱❑
30 s

①❴❫❬◆❉❊✖P◗❋✾❊●❍❏P❶❚❸❫❬◆❖❑ ⑧✒❋✜❑▼❇❖④⑤P ➇
✖ ❊●❍✑❂✷■▲❑ä④⑤P ➇❃➭❀⑨✜❑▼❍❏◆❉❋♣❰✐⑧ ✖ ❂✷➭✏Ð✗①❉⑥◗P◗■❉⑨➄①❴❫❬◆❉❊✯■❉◆➐❨▼❫❬❪❉❪✇❍❬❨●❑❊☛✵❪❦❍❏■❉❨✦❭✉❫✩❚❏❋✶⑩✸P✱✒ ❫❬P◗⑩✜❍⑤❍❏P ✖ ❊●❍❸➇②③❨●❍❏❪❱④⑤P◗⑥◗⑦❖■❉❋q❰ ✖ ②✇➆❀Ð ➈ ②✥❍❬■❉❨✥❊❺❑▼❍❏❪❉❪✇❋✶❨✥P◗❋✤①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✶❲✪❋✶◆❱❑✩❽❸P✱✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✏❋✜❊●❑✍❨●⑥◗◆❉⑩✶⑨✤①❴❫❬◆❉❊P✱✒ ✖ ②✇➆ ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽✮■❉◆➫①❉❋✶■⑤Þ▲⑥◗❈✶❲✪❋✦①❉⑨✜❚❏❋✶P◗❍❏❪❉❪✇❋✜❲✪❋✶◆❖❑❀①❴❫❬◆❉❊q■❉◆➫❲✪⑨✶P➃❫❬◆❉❾❏❋✯➅✍❑▼❇❴❫❬◆❉❍❏P✷➬ ✖ ②✇➆❰✐❩➫➬❋☛❣Ðq❋✶❊❺❑✯❋✜✲✮❋✶⑩✜❑▼■❉⑨✵❪❦❋✶◆❉①❴❫❬◆❖❑✦❭❏❘❬❊✗❪✇❍❏■❉❨✤✔➼❍❏❨●⑩✶❋✶❨✗P◗❋➄❊●■❉❨●①❉⑨✜❚❱❋✶P◗❍❬❪❉❪✇❋✶❲✪❋✶◆❱❑✦①❉■ ⑩✶❍❏❪❦❍❏P❶④❱➇
❲✪❈✶❨●❋ ➈ ❷✰❫✪✥❴❾❏■❉❨●❋❚❲ ➈ ❭❅❲✪❍❏◆❱❑▼❨●❋❀■❉◆❉❋✏⑥❶❲✵❫❬❾❏❋✗⑧✉➅❨❂ ①❉❋✗P➃❫✦❪❴❫❬❨❺❑▼⑥◗❋❀⑩✶❋✶◆❖❑▼❨▼❫❬P◗❋❀①❉■✒❲✵❫❬❊●⑦❖■❉❋
①❉❋✗❨●⑨✶❊●⑥◗◆❉❋ ➈
æ❣✱✄æ❣✱✌◗ ❁➜➡q❆❜❀❂➝❜❅❇❆✇✻✾✹✓➝✲✶ÿ❀➱❆❜❅✐❃❾❆✲✶✸➝✲✶❢✴❶✽✍❈✓✴✍❃❄✻✺❅❇➝✲✶✸✷

❷☞❋✶❊Ù⑩✶❍❏■❉⑩❼❇❉❋✶❊➀①❉❋✗⑩✶■❉⑥❶❚⑤❨●❋✗❋✜❑➀①✓✒ ❫❸P◗■❉❲✪⑥◗◆❉⑥❶■❉❲✫❍❏◆❱❑Ù⑨✜❑▼⑨✗①❉⑨✶❪✇❍❏❊●⑨✶❋✶❊➀❪❴❫❬❨✣⑩✩❫❬◆❉❍❏◆✁✦➄⑨✶P◗❋✶⑩❃➇
❑▼❨●❍❏◆❉❊✟①❴❫❬◆❉❊✟■❉◆✭❳④❍❸❑▼⑥❅✦✄✡ÙP❶❑▼❨▼❫❣➇❃✶➀❫❬■▲❑❺➇Ñ▲q⑥❶①❉❋ ❰❡➁✣⑥◗❳✇❋✶❨❼Ð❃❽✷⑦❖■❉⑥❀❫❸❑●❑▼❋✶⑥◗◆❱❑✟■❉◆✂❚⑤⑥◗①❉❋➫P◗⑥◗❲➄⑥ ❑▼❋
❲✪❋✶⑥◗P❶P◗❋✜■❉❨➹⑦❖■❉❋

10−9mbar ➈ ✡Ù◆❩✔❡❫❬⑥◗❊●⑩✶❋✩❫❬■✪①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✶❽⑤❪❉❨●❍⑤①❉■❉⑥ ❑✤❪❴❫❬❨✤■❉◆❩✥❴P➃❫❬❲✪❋✶◆❱❑✩❽❱❋✶❊❺❑✔➼❍❖⑩✩❫❬P◗⑥◗❊●⑨q❪❴❫❬❨✽■❉◆✝⑩❃❇❴❫❸❲✪❪✝❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋❀❫❬■✝⑩✜❋✶◆❖❑▼❨●❋❀①❉❋✗P➃❫✯⑩✶⑥◗❳❉P◗❋q❲✪⑨✜❑❼❫❬P◗P❶⑥❶⑦❖■❉❋ ➈ ❷⑦✒ ⑨✜❚❬❫❬❪❦❍❸➇❨▼❫❸❑▼⑥◗❍❏◆➫①❉■ë❲✪⑨✜❑❼❫❬P✍❋✶❊❺❑✯①❉⑥◗❨●❋✶⑩✜❑▼⑥❶❚❏❋➄⑩✶❋➄⑦❖■❉⑥③❪✇❋✶❨●❲✪❋✜❑✏■❉◆ë①❉⑨✶❪❏✿❬❑✏❊●❍❏■❉❊✏①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✏❫❬◆❉❾❏P◗❋✶❊
❋✶◆✪❑▼❍❏■❉❨●◆❴❫❬◆❖❑✷P◗❋✣❪✇❍❏❨❺❑▼❋Ù❊▼■❉❳❉❊❺❑▼❨▼❫❸❑ ➈ ➆ P✱✒ ❫❬⑥◗①❉❋✣①❉❋✶❊✷❲✵❫❬❊●⑦❖■❉❋✶❊✷❊●■❉❊●❪✇❋✶◆❉①❉■❉❊✩❽▲❍❏◆✵❪✇❋✶■▲❑✛❫❸P◗❍❏❨●❊
①❉⑨✶❪❦❍❏❊●❋✶❨✦P➃❫✒❪❴❫❬❨❺❑▼⑥◗❋➄◆❉❍❏❨●❲✵❫❬P◗❋➄①❉❋✵P➃❫❅➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ë❋✜❑✦P◗❋✶❊✯❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✯❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊
❊▼❫❬◆❉❊✣❍❏■▲❚⑤❨●⑥◗❨✛P➃❫✦⑩❃❇❴❫❬❲✦❳❉❨●❋❀①❉❋✗①❉⑨✶❪❏✿❬❑ ➈②☎❍❏■❉❨✍■❉◆❉❋✽❲✪❋✶⑥◗P◗P❶❋✶■❉❨✥❫❬①❉❇❉⑨✶❨●❋✶◆❉⑩✶❋✛①❉❋✶❊③⑩✶❍❏■❉⑩❼❇❉❋✶❊✶❽❏◆❉❍❏■❉❊③❫❯❚❏❍❏◆❉❊✍❪❉❨●❍⑤⑩✶⑨✶①❉⑨❱✦q■❉◆✦◆❉❋✜❑●❑▼❍❣④❱❫❬❾❏❋
⑥◗❍❏◆❉⑥◗⑦❖■❉❋Ù❫✩❚❬❫❬◆❱❑✷P◗❋✣①❉⑨✶❳❉■▲❑✽①❉■✵①❉⑨✶❪❏✿❬❑ ➈ ❹✷❋➀◆❉❋✜❑●❑▼❍❯④❖❫❬❾❏❋Ù❊✣✒ ❋✜✲✮❋✶⑩✜❑▼■❉❋q①❴❫❬◆❉❊✷P◗❋ ❻ ➆ ❻ ①❉■✸❳④❍❸❑▼⑥❊●❍❏■❉❊✣■❉◆❉❋✗❪❉❨●❋✶❊●❊●⑥◗❍❏◆✒①❉❋✗⑦❖■❉❋✶P◗⑦❖■❉❋✶❊

10−4mbar
①✓✒ ❫❬❨●❾❏❍❏◆✝❪✇❋✶◆❉①❴❫❬◆❱❑

20 s ➈❷☞❋✒①❉⑨✶❪❏✿❬❑✵①❉■à⑩✶■❉⑥❶❚⑤❨●❋✣➸✸❋✜❑✵①❉❋✉P✱✒ ❫❬P◗■❉❲➄⑥❶◆❉⑥◗■❉❲✠❊●❋✠✔❡❫❬⑥❶❑✵❫✩❚❏❋✶⑩✉①❉❋✶❊✵❚⑤⑥❶❑▼❋✶❊●❊●❋✶❊✵①❉❋
0, 5

❋✜❑
1nm/s

❽❖❲✪❋✶❊●■❉❨●⑨✶❋✶❊✷❫❯❚❏❋✶⑩Ù■❉◆✵❊❺④⑤❊❺❑▼❈✶❲✪❋❅✦✗⑦❖■❴❫❬❨❺❑❀✸✣❚⑤⑥◗❳❉❨▼❫❬◆❱❑ ➈ ❿q❫❬◆❉❊✷■❉◆✵❪❉❨●❋✶❲✪⑥❶❋✶❨③❑▼❋✶❲✪❪❉❊✶❽◆❉❍❏■❉❊➀❫✩❚❏❍❏◆❉❊➀①❉⑨✶❪❦❍❏❊●⑨
50nm

①❉❋✦❹✷■✉❊●❍❏■❉❊➀P✱✒ ❫❬◆❉❾❏P◗❋
α1

❋✜❑➀❋✶◆❉❊●■❉⑥❶❑▼❋
480nm

①✓✒ ➆➀P☞❊▼❍❬■❉❊
P✱✒ ❫❬◆❉❾❏P◗❋

α2

❽❬❚❱❍❬⑥◗❨③P➃❫✳✥❴❾❏■❉❨●❋❻❲ ➈ ❲✎ï ➈ ❷☞❋✶❊✤❫❬◆❉❾❏P◗❋✶❊③①✓✒ ⑨✜❚❬❫❬❪✇❍❏❨▼❫❸❑▼⑥◗❍❏◆➄❍❬◆❖❑➹⑨✜❚❏❍❏P◗■❉⑨Ù❫❬■➄⑩✶❍❏■❉❨●❊➹①❉❋P➃❫✪✔❡❫❬❳❉❨●⑥◗⑩✩❫❸❑▼⑥◗❍❏◆✒①❉❋✯①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❋✶❊➀❊●⑨✶❨●⑥◗❋✶❊q①✓✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊➀❫✕✥❴◆♣①❉❋✯⑩✶❋✶◆❱❑▼❨●❋✶❨❀❫❬■♣❲✪⑥◗❋✶■⑤Þ✒P◗❋
❪❦❍❏◆❖❑✥①❉❋✣❹✷■✦❪❴❫❬❨☎❨▼❫❬❪❉❪✇❍❏❨❺❑✍❫❬■⑤Þ✦❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊ ➈ ❷☞❋✶❊✍❲✪❋✶⑥◗P◗P❶❋✶■❉❨●❊✰❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✥❍❏◆❱❑✍⑨✜❑▼⑨✷❍❏❳▲❑▼❋✶◆⑤■❉❊❪❦❍❏■❉❨

α1 = 45o ❋✜❑ α2 = −17o ➈ ❷☞❋❀❑▼❋✶❲✪❪❉❊✣❋✶◆❖❑▼❨●❋✏P◗✒ ⑨✜❚❬❫❬❪✇❍❏❨▼❫❸❑▼⑥◗❍❏◆✟①❉❋✶❊Ù①❉❋✶■⑤Þ✉❲✪⑨✜❑❼❫❬■⑤Þ❋✶❊❺❑✛①❉❋➀P✱✒ ❍❏❨●①❉❨●❋➀①❉❋qP➃❫✏❲✪⑥◗◆❖■▲❑▼❋❬❽❖❑▼❋✶❲➄❪❉❊✽❪✇❍❏■❉❨✷⑩❼❇❴❫❬◆❉❾❏❋✶❨✽P➃❫✏⑩✶⑥◗❳❉P◗❋Ù❋✜❑✛P➃❫✏❪❉❨●⑨✶⑩❼❇❴❫❬■✗✲✮❋✶❨ ➈ ❿➀❋⑩✶❋✜❑●❑▼❋✳✔❡❫✰✙✶❍❏◆✔❽⑤❍❏◆✟❫❬❊●❊●■❉❨●❋q■❉◆✵❑▼❨●❈✶❊✽❳✇❍❏◆✸⑩✶❍❏◆❱❑❼❫❬⑩✜❑✛❲✪⑨✜❑❼❫❬P◗P❶⑥❶⑦❖■❉❋Ù❋✶◆❱❑❼❨●❋➀P◗❋✶❊✷①❉❋✶■⑤Þ✟⑩✶❍❏■❉⑩❼❇❉❋✶❊✶❽
❊▼❫❬◆❉❊✣❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊✣①✓✒ ❍✩Þ⑤④⑤①❉❋ ➈❷☞❋✒❪❉❨●❍⑤⑩✶⑨✶①❉⑨✉①❉❋✒P◗⑥❋✔➳❑❺➇ ❍✰✲✂❊●❋✠✥❴◆❉⑥❶❑✪❪❴❫❬❨➄P➃❫✖①❉⑥◗❊●❊●❍❏P◗■▲❑▼⑥◗❍❏◆✾①❉❋✉P➃❫➫❨●⑨✶❊●⑥◗◆❉❋✉①❴❫❬◆❉❊✪■❉◆ÿ❳❴❫❬⑥◗◆
①✓✒ ❫❬⑩✶⑨✜❑▼❍❏◆❉❋❈✦

50 oC
❪✇❋✶◆❉①❴❫❬◆❱❑➀■❉◆❉❋✗①❉⑥❾✸✩❫❬⑥◗◆❉❋q①❉❋✗❲✪⑥◗◆⑤■▲❑▼❋✶❊ ➈❷✰❫⑩✥❴❾❏■❉❨●❋✵❲ ➈ ▼✸❪❉❨▼⑨✜❊▼❋✜◆❖❑▼❋✪■❉◆❉❋➄⑥◗❲✵❫❬❾❏❋➄⑧✉➅❨❂✻①✓✒ ■❉◆❉❋❀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆♣❑➔④⑤❪❉⑥◗⑦❖■❉❋❬❽☞❋✶◆❉❨●❋✶❾❏⑥◗❊❺❑▼❨●⑨✶❋

❫✩❚❏❋✶⑩q■❉◆❉❋q⑥◗◆❉⑩✶P◗⑥◗◆❴❫❬⑥❶❊●❍❏◆✵①❉■✸❊●■❉❳❉❊❺❑▼❨▼❫❸❑✛①❉❋
30o ➈ ➣q◆✵❚❏❍❏⑥❶❑✽P◗❋✶❊✷①❉❋✶■⑤Þ✸❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✽①✓✒ ➆➀P✇❑▼❨●❈✶❊⑨✶❪❴❫❬⑥◗❊✦❋✜❑✪P◗❋✸❪✇❍❏◆❱❑➄①❉❋✉❹✷■ ❫❬■✾❲✪⑥◗P◗⑥❶❋✶■ ➈ ➆✲①❉❨●❍❏⑥❶❑▼❋✸❋✜❑❊✦♣❾❱❫❬■❉⑩❃❇❉❋✟①❉❋✝P➃❫✪➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✔❽✥P◗❋✶❊

❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊Ù❪❴❫❬❨▼❫❬❊●⑥❶❑▼❋✶❊✛①❉❋✗P✱✒ ⑨✜❚❬❫❬❪✇❍❏❨▼❫❸❑▼⑥◗❍❏◆✟❊●❍❏■❉❊Ù❫❬◆❉❾❏P◗❋❀❊●❍❏◆❱❑✣❚⑤⑥◗❊●⑥◗❳❉P◗❋✶❊ ➈
â❃×Ø➚✷Ï❃➹ ❐♦× ✃❨➴✍✃❨Ï❃❒♦➹ Ý✮➬✱✃⑦➚✢❒♦➘♦✃⑦à♦❒♦➬✱✃➼❮✼✔❨ì➶Üÿ❃× ✃❬❰❇✔➌à♦➚➶➹ ❰✱❰◗✃❃❒♦➬Ñ❰✚➴✍Ô✜➘♦➘✏✔➌✃❬❰④❰◗Ô✜➘✜❮④× ✃❬❰✗Ý➶➚➶× ✃➌❒♦➬Ñ❰◆✃✓➾✎✃❬Ï➼❮✱➹ Ý✜✃❬❰➌➮➀Ï➍❬ ✃❬❰✉❮◗ê⑨❛➀ê➁➴✍➹ ➬✱✃❴➚➶à♦➬✌❧❬❰✚Ï❃Ô✜➬✱➬✱✃❬Ï➼❮✱➹ Ô✜➘❆➴✍✃❴×❽❬ ➚➶➘♦Ò✜× ✃à✕➚➶➬❴➬Ñ➚➶à♦à✰Ô✜➬◗❮❾❛❨×Ø➚❆➪✷✃❬❰◗❒♦➬✱✃❷➚❀Ý➶✃❬Ï✺× ✃✇❪✣❒✕➚➶➬◗❮✱è❄t✣à✰Ô✜❒♦➬✓Ï❃✃➌➬◗❮Ñ➚➶➹ ➘✕❰▲✔❬Ï✱Ð✕➚➶➘✣❮✱➹ × × Ô✜➘✕❰➌➮✣➘♦Ô✜❒✕❰❴➚❀Ý✜Ô✜➘✕❰❏➴✏✔➌à✰Ô✣❰❞✔r❒♦➘♦✃❵✕➘♦✃❨Ï➼Ô✜❒✕ÏÑÐ♦✃✈♥

20nm
♦✓➴✍✃ ✞ ❒❅➚❀Ý➀➚➶➘✣❮★× ✃⑦➴✏✔➌à✘ê➶❮✺➴❭❬ ë✺×
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Dépôt du cuivre

α1

Dépôt de l’aluminium

α2
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Al
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❽✰❊●❍❏⑥❶❑✗❋✶◆ ⑩✶❍❏◆❱❑❼❫❬⑩✜❑✦❫✩❚❏❋✶⑩✵P◗❋❅⑩✶■❉⑥❶❚⑤❨●❋ ➈ ➆ ①❉❨●❍❏⑥❶❑▼❋❬❽☞■❉◆❉❋➄❚⑤■❉❋✪❊●■❉❨✏P◗❋✶❊✗❲✪❍❬❑▼⑥❋✔➼❊q①❉⑨✶❪✇❍❏❊●⑨✶❊
❋✶❊❺❑Ù❊●⑩❃❇❉⑨✶❲✵❫❣❑❼⑥❶❊▼⑨✜❋ ➈

ã⑦⑥⑨⑧✛✃➂❲ ➈ ▼❣⑩ ✖ ❲✵❫❬❾❏❋Ù⑧✉➅❨❂✾①✓✒ ■❉◆❉❋③➷❺❍❏◆❉⑩❃➇
❑▼⑥◗❍❏◆ ❻ ❇ ❻ ⑩✶❍❏■❉❨❺❑▼❋❬❽⑤❫✩❚❏❋✶⑩Ù■❉◆❉❋Ù⑥◗◆❉⑩✶P◗⑥◗◆❴❫❬⑥ ➇
❊●❍❏◆✖①❉■✖❊●■❉❳❉❊❺❑▼❨▼❫❸❑✗①❉❋

30o ➈ ❷☞❋✶❊❀①❉⑥◗❨●❋✶⑩❃➇❑▼⑥◗❍❏◆❉❊❅①✓✒ ⑨✜❚❬❫❬❪❦❍❏❨▼❫❸❑▼⑥◗❍❏◆✾①❉❋✶❊➄①❉❋✶■⑤Þ ❲✵❫❣➇
❑▼⑨✶❨●⑥➃❫❬■⑤Þ♣❊●❍❏◆❖❑❀⑥◗◆❱❚❏❋✶❨●❊▼⑨✜❋✶❊✗❪❴❫❬❨q❨▼❫❬❪❉❪✇❍❏❨❺❑
❫❬■✒❊●⑩❼❇❉⑨✶❲✵❫➄①❉❋✗P➃❫✧✥❴❾❏■❉❨●❋❚❲ ➈ ❲ ➈

❷✰❫➄❑❼❫❬⑥◗P◗P❶❋✏①❉❋✶❊➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➀⑨✶P◗❫❬❳✇❍❏❨●⑨✶❋✶❊Ù❚❬❫❬❨●⑥◗❋✏❋✶◆❱❑❼❨●❋
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❪❉❨●⑨✶①❉⑥❶❑▼❋➀❪❴❫❬❨✷P➃❫✗❑▼❇❉⑨✶❍❏❨●⑥◗❋P▼ ✌✎✌▲❽❉❩◆☛✉❖ ➈ ❇Ù❍❏■❉❊✽❫❯❚❏❍❏◆❉❊✷❑▼❍❏■▲❑✽①✓✒ ❫❬❳❦❍❏❨●①✟⑩✶❍❏❲✪❲✪❋✶◆❉⑩✶⑨➀◆❉❍❏❊✷❋❃Þ▲❪✇⑨❃➇❨●⑥◗❋✶◆❉⑩✶❋✶❊✗❫✩❚❏❋✶⑩❅■❉◆❉❋❅❊●⑨✶❨●⑥◗❋✦①❉❋Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊q❊●■✗➫✪❊▼❫❬❲✪❲✪❋✶◆❱❑❀P◗❍❏◆❉❾❏■❉❋✶❊q❪✇❍❏■❉❨q⑦❖■❉❋❅P✱✒ ❋✜✲✮❋✜❑q①❉❋
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❷☞❋✶❊♠❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊ ❨▼❫❬❪❉❪❦❍❏❨❺❑▼⑨✶❊ ①❴❫❬◆❉❊♠⑩✶❋✜❑●❑▼❋ ❊●❋✶⑩✜❑▼⑥◗❍❏◆Ý⑩✶❍❏◆❉⑩✶❋✶❨●◆❉❋✶◆❱❑➡①❉❋✶❊ ➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊
➆➀P➁❿❏❹✷■⑧❿❸➆➀P➀①❉❋➫P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✸①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊✖➬

L = 4, 10
❋✜❑

60µm
❰
L
❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼❋ëP➃❫

P◗❍❏◆❉❾❏■❉❋✶■❉❨✗①❉■➐❲✪⑨✜❑❼❫❬P③◆❉❍❏❨●❲✵❫❬P➳Ð ➈ ❷✰❫❯✔❡❫❬❳❉❨●⑥◗⑩✩❫❸❑▼⑥◗❍❏◆✖①❉❋✶❊✯⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆❉❊✏❫✒⑨✜❑▼⑨✵❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✶❋❫❬■➐⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋✪❪❉❨●⑨✶⑩✶⑨✶①❉❋✶◆❱❑✉❰➼❊●❋✶⑩✜❑▼⑥◗❍❏◆ ❲ ➈ ❭▲❽☎❪❉❇❉❍❬❑▼❍❏❾❏❨▼❫❬❪❉❇❉⑥◗❋❩❲ ➈ ❩❏Ð✗❋✜❑✦◆❉❍❏■❉❊✯❨●⑨✶❊●■❉❲✪❍❏◆❉❊✯P◗❋✶❊❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✛①❴❫❬◆❉❊ÙP◗❋q❑❼❫❬❳❉P❶❋✩❫❬■✁▼ ➈ ☛ ➈❆☎❍❏■❉❊✒⑩✶❋✶❊✉⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✟❪❉❨●❍❯❚⑤⑥◗❋✶◆❉◆❉❋✶◆❖❑✒①✓✒ ■❉◆❉❋ ❲❩■✶❲✪❋➫❪❉P➃❫❬⑦❖■❉❋ë⑩✜❋ë⑦❖■❉⑥✏❫❬❊●❊●■❉❨●❋ ①❉❋✶❊
⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆❉❊➄①❉❋✒①❉⑨✶❪❏✿❬❑✵⑥◗①❉❋✶◆❖❑▼⑥◗⑦❖■❉❋✶❊✶❽➹◆❉❍❬❑❼❫❬❲✪❲✪❋✶◆❱❑✪❋✶◆ÿ⑩✶❋✉⑦❖■❉⑥✣⑩✶❍❏◆❉⑩✶❋✶❨●◆❉❋♣P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ➈

☛✎☛✎☛



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

Ø❦❪✚❴✥✃❴▼ ➈ ☛➱⑩✸②✥❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✶❊✣①❉❋✶❊✍➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ P◗❍❏◆❉❾❏■❉❋✶❊⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆ P◗❍❏◆❉❾❏■❉❋✶■❉❨✣❷ P➃❫❬❨●❾❏❋✶■❉❨✷➩
R(T = 30mK) R(T = 700mK)▼

µm
❖ ▼

µm
❖ ▼

Ω
❖ ▼

Ω
❖

❲❱❫ ❲ ❙ ❘▲❽ ❙✗☛ ❘▲❽ ❙❱❩
❲❏❳ ❲ ❙ ❘▲❽ ❙✎P ❘▲❽ ❙✑✏
☛❯❘ ☛❯❘ ☛♦▼ ❘▲❽ ❙✎P ❘▲❽ ❙✎P
❙❏❘ ❙❏❘ ✌❏❘ ❘▲❽Ø▼✰✌ ❘▲❽ ❙❏❘

❷⑦✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨q①❉❋❅P➃❫✵❪❴❫❬❨❺❑▼⑥◗❋✯◆❉❍❏❨●❲✵❫❬P◗❋✏❋✶◆✖⑩✶■❉⑥❶❚⑤❨●❋✯❚❬❫❬■▲❑
t = 90nm

❽★✦✵①❉❋✶❊q❚❬❫❬❨●⑥➃❫❸❑▼⑥◗❍❏◆❉❊
①❉❋➄⑦❖■❉❋✶P◗⑦❖■❉❋✶❊❧❝ ❪❉❨●❈✶❊✶❽☞①❉■❉❋✶❊✧✦✟①❉❋✶❊✗①❉⑨✶❪❏✿❬❑▼❊✏❍❏■✖①❉❋✶❊✗❾❏❨▼❫❯❚⑤■❉❨●❋✶❊✗❪❴❫❬❊❀❑▼❍❏■▲❑❈✦☞✔❡❫❬⑥ ❑✗■❉◆❉⑥ ➇
✔➼❍❏❨●❲✪❋✶❊ ➈ ❆☎❍❏■▲❑▼❋✶❊✤P◗❋✶❊➹①❉⑥◗❲✪❋✶◆❉❊●⑥◗❍❏◆❉❊➹P➃❫❸❑▼⑨✶❨▼❫❬P❶❋✶❊③①❉❋✶❊☞➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊③❚❬❫❬❨●⑥◗❋✶◆❱❑✷❫✩❚❏❋✶⑩ÙP➃❫❀P◗❍❏◆❉❾❏■❉❋✶■❉❨①❴❫❬◆❉❊✪■❉◆à❨▼❫❬❪❉❪❦❍❏❨❺❑✵P➃❫❬❨●❾❏❋✶■❉❨➀❿❸P◗❍❏◆❉❾❏■❉❋✶■❉❨❅⑩✶❍❏◆❉❊❺❑❼❫❬◆❖❑✩❽

w/L = 3/2 ➈ ➅③◆à❨●❋✜❚❸❫❬◆❉⑩❃❇❉❋❬❽✤P◗❋✶❊
❊●■❉❨➌✔❡❫❬⑩✶❋✶❊✪①❉❋✝❨●❋✶⑩✶❍❏■▲❚⑤❨●❋✶❲✪❋✶◆❱❑✵❋✶◆❱❑▼❨●❋✒P✱✒ ❫❬P◗■❉❲➄⑥❶◆❉⑥◗■❉❲ ❋✜❑✪P◗❋✟⑩✶■❉⑥❶❚⑤❨●❋✒❫❬■ ◆❉⑥❶❚❏❋✩❫❬■ ①❉❋✶❊✪❨●⑨❃➇
❊●❋✶❨❺❚❏❍❏⑥◗❨●❊➀❊▼❍❬◆❖❑➀❑▼❨●❈✶❊q①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊✦➬

130
❽
825

❋✜❑
3 104 µm2 ❪❦❍❏■❉❨qP◗❋✶❊➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❬◆❉❊✳❲❉❽r☛❯❘❋✜❑❅❙❏❘✉❨●❋✶❊●❪✇❋✶⑩✜❑▼⑥❶❚❏❋✶❲✪❋✶◆❖❑ ➈ ❷☞❋❊✔❡❫❬⑥❶❑✯⑦❖■❉❋✟P➃❫✝❚❬❫❬P◗❋✶■❉❨✯①❉❋✶❊✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊❅①❉❋✶❊❅⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊❰➳❚❏❍❏⑥◗❨✣❑❃❫❸❳❉P◗❋✩❫❬■➳▼ ➈ ☛❣Ð✣❋✶❊❺❑❀❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑q⑥◗①❉❋✶◆❖❑▼⑥◗⑦❖■❉❋❬❽ R ≈ 0, 65 Ω

❽✮❋✜❑q⑥◗◆❉①❉⑨✶❪✇❋✶◆❉①❴❫❬◆❱❑▼❋
①❉❋➀P➃❫✗P◗❍❏◆❉❾❏■❉❋✶■❉❨✶❽❖❊●⑥◗❾❏◆❉⑥❋✥❴❋✣⑦❖■❉❋qP➃❫✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀❋✶❊❺❑✛①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉⑨✶❋Ù❪❴❫❬❨✤P➃❫✏❪❴❫❬❨❺❑▼⑥◗❋✣⑩✶❋✶◆❖❑▼❨▼❫❬P◗❋
❋✶◆ë⑩✶■❉⑥ ❚⑤❨▼❋❅❋✜❑✏◆❉❍❏◆✖❪❴❫❬❊✗❪❴❫❬❨❀①❉❋✶❊✗❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊✏❫❬■⑤Þ➫⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ❻ ❇ ➈ ❇Ù❍❏■❉❊✗❪❦❍❏■▲❚❱❍❏◆❉❊✗❋✶◆①❉⑨✶①❉■❉⑥◗❨●❋❀P➃❫❅⑩✶❍❏◆❉❊❺❑❼❫❬◆❱❑▼❋✏①❉❋✗①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✟①❉■✒⑩✶■❉⑥❶❚⑤❨●❋➄➬

D = (e2νF tR�)−1 ≃ 30 cm2s−1,
❰✱▼ ➈ ☛❣Ð

❍✎✩✝P➃❫❅❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✗❪❴❫❬❨✣⑩✩❫❬❨●❨●⑨
R� = 0.65 Ωw/L = 0.98 Ω

❋✜❑ÙP➃❫✦①❉❋✶◆❉❊●⑥❶❑▼⑨✏①✓✒ ⑨✜❑❼❫❸❑▼❊Ù❫❬■
◆❉⑥❶❚❏❋✩❫❬■✒①❉❋✏➂❉❋✶❨●❲✪⑥

νF = 1, 56 1047 J−1m−3 ➈❇Ù❍❏■❉❊✪❫✩❚❱❍❏◆❉❊➄⑩✶❍❏◆✗✥❴❨●❲✪⑨✝⑩✶❋✜❑●❑▼❋✝❚❸❫❬P◗❋✶■❉❨➄❋✶◆ ❲✪❋✶❊●■❉❨▼❫❬◆❖❑✪P➃❫♣❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✒①✓✒ ■❉◆ÿ❲➄⑨✩❫❬◆❉①❉❨●❋
①❉❋✵❙✎✌✑▼✟⑩✩❫❬❨●❨●⑨✶❊✯①❉❋✟❹✷■ ❋✶◆➐❊●⑨✶❨●⑥◗❋❬❽✰⑦❖■❉⑥✷❫✒⑨✜❑▼⑨✪①❉⑨✶❪✇❍❏❊●⑨✵❊●■❉❨✯P➃❫✟❲❩■✶❲✪❋✪❪❉P➃❫❬⑦❖■❉❋✪⑦❖■❉❋✵P◗❋✶❊
➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ➈
✞✈✱✌◗✈✱✁✰ ➙P❆❳❅❇✽✍✴✍✶➋✻✺❅❇❆✲✶✸❃❾✴❊❉✸✴✿❈✓❆❳❅❇✽✍✷✺✹✓✷❭✻✾❆✲✶✸❃❾✴

❷✰❫☞✥❴❾❏■❉❨●❋❊▼ ➈ ☛✪❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✵P➃❫✸❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✪①❉❋✪P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✻❲❱❫✝❋✶◆➳✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✖①❉❋✪P➃❫
❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋ ➈ ➣q◆ ❍❏❳❉❊●❋✶❨❺❚❏❋✒P➃❫✉❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ①❉❋✶❊➄❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊➄❋✶◆ÿ❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲ ✦

T =
1, 5K

❰➼⑩✜✔ ➈ ⑥◗◆❉❊●❋✶❨❺❑❃Ð✸❋✜❑✒P➃❫➐❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✂①❉❋ëP➃❫ ❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋ë➆➀P➁❿❏❹✷■✔❽✢✔➼❍❏❨●❲✪⑨✶❋✖①❴❫❬◆❉❊✒P❶❋✶❊
✸✶❍❏◆❉❋✶❊✛①❉❋❀❨●❋✶⑩✶❍❏■▲❚⑤❨●❋✶❲✪❋✶◆❱❑✩❽❦❫❸■▲❑❼❍❬■❉❨✽①❉❋

T = 1K ➈ ❹✷❋✜❑●❑▼❋q❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋q①❉❋q❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆❨●⑨✶①❉■❉⑥❶❑▼❋✦❋✶❊❺❑✗■❉◆✖❫❬■▲❑▼❨●❋✦❊●⑥◗❾❏◆❉❋✦❪✇❍❏■❉❨q■❉◆❉❋❅❳❦❍❏◆❉◆❉❋❅⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✦❋✶◆❖❑▼❨●❋✦P✱✒ ❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲❁❋✜❑❀P◗❋
⑩✶■❉⑥❶❚⑤❨●❋ ➈➆➐❑▼❨●❈✶❊☞❳❴❫❬❊●❊▼❋✍❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽✩P◗❋✍⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑☞①❉❋③P➃❫✽❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋③❋✶❊❺❑☎◆❉❍❏◆⑤➇ä❲✪❍❏◆❉❍❬❑▼❍❏◆❉❋✷➬
P➃❫ ❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➫①❉⑥◗❲✪⑥◗◆❖■❉❋♣❫❯❚❏❋✶⑩➫P➃❫ ❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋➫①❴❫❬◆❉❊✟P✱✒ ⑥◗◆❱❑▼❋✶❨❺❚❬❫❬P◗P❶❋

1K .. 0, 3K
❋✜❑

❫❬■❉❾❏❲✪❋✶◆❱❑▼❋➀①❉❋➀◆❉❍❏■▲❚❏❋✩❫❬■✟❪✇❍❏■❉❨✤①❉❋✶❊✷❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊✷❋✶◆❉⑩✶❍❏❨●❋q❪❉P◗■❉❊✷❳❴❫❬❊●❊●❋✶❊ ➈ ➆➀■✸❪❉❨●❋✶❲✪⑥◗❋✶❨
☛✰☛❣❩
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ã⑦⑥⑨⑧✛✃❭▼ ➈ ☛❹⑩✖❷✰❫✒❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✵①❉❋✵P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆➳❲❱❫✒❋✶◆●✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ①❉❋✵P➃❫✟❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ➈➣q◆✾❍❏❳❉❊●❋✶❨❺❚❏❋✝P➃❫✉❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆➐①❉❋✶❊❅❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊❅①✓✒ ➆➀P❱✦
1, 5K

❰➼⑥◗◆❉❊●❋✶❨❺❑❃Ð❃❽✍P➃❫✒❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆
①❉❋✟P➃❫♣❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋✝➆➀P➁❿❏❹✷■ ①❴❫❬◆❉❊➄P◗❋✶❊✪✸✶❍❏◆❉❋✶❊➄①❉❋✟❨●❋✶⑩✶❍❏■▲❚⑤❨●❋✶❲✪❋✶◆❱❑❊✦➫❋✶◆❱❚⑤⑥◗❨●❍❏◆

1K
❋✜❑➄P➃❫

❨●⑨✶❋✶◆❱❑▼❨▼❫❬◆❉⑩✶❋✏①❉❋✗P➃❫❅❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋❈✦✦❑▼❨●❈✶❊✣❳❴❫❬❊●❊●❋✗❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ➈

❨●❋✶❾❱❫❬❨●①✔❽▲⑥◗P✇❋✶❊❺❑✣⑨✜❑▼❍❏◆❉◆❴❫❬◆❱❑✣①✓✒ ❍❏❳❉❊●❋✶❨❺❚❏❋✶❨✣⑩✶❋q⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✛❨●⑨✶❋✶◆❱❑▼❨▼❫❬◆❱❑✣①❴❫❬◆❉❊✽■❉◆❉❋✷➷❺❍❏◆❉⑩❃➇
❑▼⑥◗❍❏◆ ❻ ❇ ❻ ➈ ❹✷❋➀❪❉❇❉⑨✶◆❉❍❏❲✪❈✶◆❉❋➀❋✶❊❺❑✽❾❏⑨✶◆❉⑨✶❨▼❫❬P◗❋✶❲✪❋✶◆❱❑✷❍❏❳❉❊●❋✶❨❺❚❱⑨➀①❴❫❬◆❉❊✷①❉❋✶❊✷❊❺❑▼❨▼■❉⑩❃❑❼■❉❨●❋✶❊ ❻ ❇✳❇✏❽❍✎✩✵■❉◆❩✥❴P❦◆❉❍❏❨●❲✵❫❬P❴❋✶❊❺❑✷⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨➀❋✶◆❖❑▼❨●❋Ù■❉◆✵❨●⑨✶❊●❋✶❨❺❚❱❍❬⑥◗❨✷❊●■❉❪❉❨▼❫❬⑩✶❍❬◆❉①❉■❉⑩✜❑▼❋✶■❴❨✷❋✜❑✷■❉◆✵❨●⑨✶❊●❋✶❨➔➇
❚❏❍❏⑥◗❨➹◆❉❍❏❨●❲✵❫❬P✐❽❬❚❏❍❏⑥◗❨➹P◗❋Ù⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋❚☛ ➈ ➣q❨✶❽❖P◗❋✶❊✔➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✤⑨✜❑▼■❉①❉⑥◗⑨✶❋✶❊✤◆❉❋➀❪❦❍❏❊●❊●❈✶①❉❋✶◆❖❑✽❪❴❫❬❊✤①❉❋❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨➀◆❉❍❏❨●❲✵❫❬P ➈ ❿q❫❬◆❉❊q⑩✶❋✦⑩✩❫❬❊✶❽✇P✱✒ ❍❏❳❉❊●❋✶❨❺❚❬❫❸❑▼⑥◗❍❏◆✉①❉❋✯P➃❫✪❨●⑨✶❋✶◆❱❑▼❨▼❫❬◆❉⑩✶❋✦❊●⑥◗❾❏◆❉⑥❋✥❴❋✏⑦❖■❉❋✦P◗❋✶❊①❉❋✶■⑤Þ➫⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ❻ ❇ ❊●❍❏◆❱❑❀⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨✶❋✶❊✏①❉❋✯✔❡❫✰✙✶❍❬◆✖⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋ ➈ ➆➀■▲❑▼❨●❋✶❲✪❋✶◆❱❑✗①❉⑥❶❑✩❽✇P➃❫P◗❍❏◆❉❾❏■❉❋✶■❉❨

L
①❉❋➀P➃❫✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✵❋✶❊❺❑✛❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋✤✦✯P➃❫✏P◗❍❏◆❉❾❬■❉❋✶■❉❨✷①❉❋q⑩✶❍❬❇❉⑨✶❨●❋✶◆❉⑩✶❋❀①❉❋q❪❉❇❴❫❬❊●❋

Lφ ➈ ②✥❫❬❨✍⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❱❑❯❽❏❲❩■✶❲✪❋✷✦✽✔❡❫❬⑥◗❳❉P◗❋➹❑▼❋✶◆❉❊●⑥◗❍❏◆✦❋✜❑③❳❴❫❬❊●❊●❋✷❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽❬P➃❫Ù⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋①❉❋✶❊✏❪❴❫❬⑥◗❨●❋✶❊❀①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ë◆❉❋➄❪✇❋✶■▲❑✏❪❴❫❬❊✗❊✣✒ ⑨✜❑▼❋✶◆❉①❉❨●❋✵❊●■❉❨✗P➃❫✟P◗❍❏◆❉❾❏■❉❋✶■❉❨❀①❉❋➄P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆
⑩✩❫❬❨✣❋✶P❶P◗❋❀❋✶❊❺❑ÙP◗⑥◗❲✪⑥ ❑▼⑨✶❋q❪❴❫❬❨

Lφ ➈❇Ù❍❏■❉❊Ù❪❦❍❏■▲❚❏❍❏◆❉❊➀❋✶❊❺❑▼⑥◗❲✪❋✜❨
Lφ

✦➄❪❴❫❬❨❺❑▼⑥◗❨✛①❉❋✏P➃❫✯❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋
Tm

❪✇❍❏■❉❨✣P➃❫❬⑦❖■❉❋✶P◗P◗❋qP➃❫❅❨●⑨❃➇
❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✗❋✶❊❺❑Ù❲✪⑥◗◆❉⑥◗❲✪❫❬P❶❋ ➈ ❹✷❋✜❑●❑▼❋❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋q❚❬❫❬■▲❑ 300mK

⑥◗◆❉①❉⑨✶❪✇❋✶◆❉①❴❫❬❲✪❲✪❋✶◆❱❑✣①❉❋
P➃❫✟P◗❍❏◆❉❾❏■❉❋✶■❉❨

L
❽✰⑩✜✔ ➈ P➃❫☞✥❴❾❏■❉❨●❋⑩▼ ➈ ❩ ➈ ❿q❫❬◆❉❊✯P◗❋✶❊✗❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊ ❻ ❇✳❇✏❽ Tm

❋✶❊❺❑✯①❉❋✵P✱✒ ❍❬❨▼①❉❨●❋
①❉❋✒P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✟①❉❋✒❆✛❇❉❍❏■❉P◗❋✶❊●❊✶❽

ETh = ~D/L2 ❽③❍✎✩ L ❋✶❊❺❑✵P➃❫➫P◗❍❏◆❉❾❏■❉❋✶■❉❨❅①❉❋✒P✱✒ ⑨✶⑩❼❇❴❫❬◆⑤➇
☛✎☛❯❭



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì
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T = 100mK
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✦
V = 2µV

❋✜❑
Te ≈ 200mK✦

V = 4µV
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ø❶ç➫îäò✜ø✳ó❴ô✜ì●ç❬î❡æ⑤ì▼ò✝ô✜ø◗ò❃õ✜î❡ì▼ð❸è❴í◗û✶æ❴ò✝ò✜îqè✮ð❸è✹ó❉ç❣ñ☞÷➫æ⑤è✂ò◗ý➀ò✜î✗é❖ò✵ø❶ç➫îäò✜è▲ñ✜í✐ð❸è✹ó✇ì▼ð➀ó✇ì▼ò✜ø✵ò✜è❴î
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❽❴①✗▲❚❿❸① ✖ ◆❉❋✗⑩❃❇❴❫❬◆❉❾❏❋✏⑦❖■❉❋①✓✒ ❋✶◆❱❚⑤⑥◗❨●❍❏◆
10%
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⑦❖■❉⑥☞❋✶❊❺❑Ù❊●⑥◗❲✪❪❉P◗❋✶❲✪❋✶◆❱❑✛①❉■❉❋❈✦➄■❉◆❉❋❀❚❸❫❬❨●⑥➃❫❸❑▼⑥◗❍❏◆✟①❉❋

Re ➈❹✷❍❏❲✪❲✪❋✶◆✚✙✶❍❏◆❉❊③P✱✒ ❫❬◆❴❫❬P❶④⑤❊●❋✽①❉❋✣P➃❫✳✥❴❾❏■❉❨●❋✳▼ ➈ ▼q❫❯❚❏❋✶⑩✣⑦❖■❉❋✶P◗⑦❖■❉❋✶❊✤❨●❋✶❲✵❫❬❨●⑦❖■❉❋✶❊➹⑦❖■❴❫❬P◗⑥ ❑❃❫❣❑❼⑥ ❚❏❋✶❊ ➈➣q◆♣❍❏❳❉❊●❋✶❨❺❚❱❋❅■❉◆❉❋❅❫❬■❉❾❏❲✪❋✶◆❖❑❼❫❸❑▼⑥◗❍❏◆✒❑▼❨●❈✶❊q❨▼❫❬❪❉⑥◗①❉❋✯①❉■➫❳❉❨●■❉⑥❶❑✤✦❊✔❡❫❬⑥◗❳❉P◗❋✗❑▼❋✶◆❉❊●⑥◗❍❏◆♣①❴❫❬◆❉❊❀P◗❋✶❊
❑▼❨●❍❏⑥◗❊✔➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ➈ ➆✭❑▼⑥❶❑▼❨●❋Ù①❉❋Ù⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✔❽❱◆❉❍❏■❉❊✷❫✩❚❱❍❏◆❉❊➹❑▼❨▼❫❬⑩✶⑨➀P◗❋✣❳❉❨●■❉⑥❶❑✤❪❉❨●⑨✶①❉⑥❶❑✷❪✇❍❬■❉❨
①❉❋✶■⑤Þ✝➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❋✶◆➐❊●⑨✶❨●⑥◗❋✵❫✩❚❱❋✶⑩✵■❉◆➐❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨✧❇ ❋✶◆❱❑▼❨●❋✵❋✶P◗P◗❋✶❊✶❽✰⑩✰✒ ❋✶❊❺❑❺➇❃✦❣➇ä①❉⑥◗❨●❋✪■❉◆❉❋
❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋ ❻ ➇❃❇✛➇ä❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨➔➇❃❇✛➇ ❻ ❰❡⑩✜❍❏■❉❨●❳✇❋❅❪❦❍❏⑥◗◆❱❑❼⑥❶P◗P❶⑨✶❋❯Ð ➈ ❿q❫❬◆❉❊❀⑩✶❋✦⑩✩❫❬❊✶❽✔❍❏◆✉❚❱❍❏⑥❶❑qP◗❋✯❪❴❫❬❊➔➇❊▼❫❬❾❏❋✪❋✶◆❱❑▼❨●❋✪P◗❋➄❳❉❨●■❉⑥❶❑✗❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋➄❋✜❑✯P◗❋➄❳❉❨●■❉⑥❶❑✏①❉❋✪❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋✵✦

eV = kBT ≃ 9µV ➈❷⑦✒ ❫❬❳❉❊●❋✶◆❉⑩✶❋➄①❉■✖❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨❚❇ ①❴❫❬◆❉❊❀P◗❋✶❊✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ⑩❃❇❴❫❬◆❉❾❏❋❅❨▼❫❬①❉⑥◗⑩✩❫❬P◗❋✶❲✪❋✶◆❱❑qP➃❫✵❊▼⑥ ➇
❑▼■❴❫❸❑▼⑥◗❍❏◆➐➬✮P➃❫➄❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✦⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋❅❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✯❑▼❨●❈✶❊❀❨▼❫❬❪❉⑥◗①❉❋✶❲✪❋✶◆❱❑✤✦✸⑩✩❫❬■❉❊●❋❅①❉■
⑩✶❍❏◆✗✥❴◆❉❋✶❲✪❋✶◆❱❑✽①❉■✟❾❱❫✰✸Ù①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✽❋✶◆❱❑▼❨●❋qP◗❋✶❊✤①❉❋✶■⑤Þ✸❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊✷❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊✛❋✜❑
P◗❋q❪❉P➃❫❸❑▼❋✩❫❬■✵❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋❀❋✶❊❺❑Ù❫❬❳❉❊●❋✶◆❱❑ ➈ ❄ ■❴❫❬◆❉①✟P➃❫✦P◗❍❏◆❉❾❏■❉❋✶■❉❨✽①❉❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛❫❬■❉❾❏❲✪❋✶◆❖❑▼❋❬❽P◗❋✶❊✷⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✽❊●❍❏◆❱❑✛①❉❋q❲✪⑥❶❋✶■⑤Þ✵❋✶◆✟❲✪⑥◗❋✶■⑤Þ✵⑩✶❍❏■❉❪❉P◗⑨✶❊✽❫❬■⑤Þ✸❪❉❇❉❍❏◆❉❍❏◆❉❊✽❋✜❑✛P✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❬◆
①❉❋ÙP➃❫q❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋Ù⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✣❋✶❊❺❑✷❪❉P◗■❉❊❨✔❡❫❬⑥◗❳❉P◗❋❸❽❏⑩✶❋Ù⑦❖■✓✒ ❍❏◆✵❍❏❳❉❊●❋✶❨❺❚❱❋➀❋➶✲✮❋✶⑩✜❑▼⑥❶❚❱❋✶❲✪❋✶◆❱❑
❪❦❍❏■❉❨✣P◗❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✤☛❯❘❅❋✜❑➀❙❏❘ ➈
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❑▼⑥◗❍❏◆✦①❉❋✛P➃❫Ù❑▼❋✶◆❉❊●⑥◗❍❏◆❅①❉❋✽❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✯✦

T = 100mK ➈ ❻ ■❉❨③P✱✒ ❫❣Þ▲❋❱✦q①❉❨●❍❏⑥ ❑❼❋✷①❉■❅❾❏❨▼❫❬❪❉❇❉❋❋✶❊❺❑③❪✇❍❏❨❺❑▼⑨✶❋✽P➃❫✣❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✷①❉❋✽❳❉❨●■❉⑥❶❑
Tb = SeRe/4kB ➈ ❹✷❍❏■❉❨●❳✇❋✽❪✇❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋Ù➬❸❪❉❨●⑨✶①❉⑥◗⑩❃➇❑▼⑥◗❍❏◆✝❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✏❪✇❍❏■❉❨ÙP◗❋✗❳❉❨●■❉⑥❶❑Ù①❉❋✯①❉❋✶■⑤Þ➄➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇✻❋✶◆♣❊●⑨✶❨●⑥◗❋✯❫✩❚❏❋✶⑩✯■❉◆✉❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨

❇ ➈
➆✰❚❬❫❬◆❱❑Ù①❉❋✗❨●❋✶◆❱❑▼❨●❋✶❨✣①❴❫❬◆❉❊✣P✱✒ ❫❬◆❴❫❬P❶④⑤❊●❋❀⑦❖■❴❫❬◆❱❑▼⑥❶❑❼❫❸❑▼⑥❶❚❏❋❬❽❉❨▼❫❬❪❉❪❦❋✶P◗❍❏◆❉❊✣⑩✶❋✗⑦❖■❉⑥☞❋✶❊❺❑Ù❪❉❨●⑨✶①❉⑥❶❑✣❪❴❫❬❨
P➃❫❅❑▼❇❉⑨✶❍❏❨●⑥◗❋✏❪✇❍❏■❉❨ÙP◗❋✏❳❉❨●■❉⑥❶❑➀❋✶◆✉⑩✶❍❏■❉❨▼❫❬◆❖❑➀①❴❫❬◆❉❊➀■❉◆❉❋✣➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✟❰➳❚❱❍❏⑥◗❨
❫❬■❉❊●❊●⑥❴P➃❫q❊●❋✶⑩✜❑▼⑥◗❍❏◆❯☛ ➈ ▼ ➈ ❭❱Ð ➈ ➆✬✔➼❍❏❨❺❑▼❋✽❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽❏P◗❋✽❳❉❨●■❉⑥❶❑✤❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✛P◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋✶❲✪❋✶◆❱❑➹❫✩❚❏❋✶⑩✣P➃❫
❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ➅③◆✝❋✜✲✮❋✜❑✩❽❉①❴❫❬◆❉❊✛⑩✶❋❀❨●⑨✶❾❏⑥◗❲✪❋q❊▼❫❬◆❉❊✛⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✽⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥❶⑦❖■❉❋✶❊✗❰➼❨●⑨✶❾❏⑥◗❲✪❋✽✼ä❊▼❫❬◆❉❊⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❏◆❉❊❃✾❺Ð❃❽✇P◗❋✶❊✗⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✜❊❀①❉❋➄P➃❫✸❪❴❫❬❨❺❑▼⑥◗❋❅◆❉❍❏❨●❲✵❫❬P◗❋✦❊●■❉❳❉⑥◗❊●❊●❋✶◆❱❑✯①❉❋✶❊✗❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊
①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚ ❲✦■❉P❶❑▼⑥◗❪❉P❶❋✶❊❅⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑▼❋✶❊♣❰ ✖ ⑧✒➆q➁➀Ð➀➷❺■❉❊●⑦❖■✓✒ ✦ë⑩✶❋✒⑦❖■❉❋✒P◗❋✶■❉❨➄⑨✶◆❉❋✶❨●❾❏⑥◗❋✒❊●❍❏⑥❶❑❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋Ù❫❬■✪❾❱❫❬❪ ➈ ❷☞❋✣❳❉❨●■❉⑥❶❑➹❋✶❊❺❑✷❫❬P◗❍❏❨●❊✍❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P④✦❀P➃❫q❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽❏⑩✜✔ ➈ P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❰❃☛ ➈ ✏✎▼❏Ð➀➬

SIR =
2

3
(eV + 2∆).

❰✱▼ ➈ ❭❱Ð
❷☞❍❏❨●❊●⑦❖■✓✒ ❍❏◆➄❳❴❫❬⑥◗❊●❊●❋✛P➃❫Ù❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽❬P➃❫➀P◗❍❏◆❉❾❏■❉❋✶■❉❨✍❋✜✲✮❋✶⑩✜❑▼⑥❶❚❱❋✛①❉❋✽P➃❫✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✦❪❴❫❬❨●⑩✶❍❏■❉❨●■❉❋✛❪❴❫❬❨
P◗❋✶❊Ù⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✜❊

Leff = (N + 1)L
❽❦❍✎✩

N = 2∆
eV

❋✶❊❺❑➀P◗❋✗◆❉❍❏❲❅❳❉❨●❋✗①❉❋✏❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊
①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✟❊●■❉❳❉⑥◗❋✶❊✶❽❉①❉❋✜❚⑤⑥◗❋✶◆❱❑✣❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋❚✦✦P➃❫✯P◗❍❏◆❉❾❏■❉❋✶■❉❨✷⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋ ➈ ❷☞❋✶❊✽⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊❪✇❋✶■▲❚❏❋✶◆❱❑➹❫❬P◗❍❏❨●❊✺■✜❑▼❨●❋✷①❉⑨✶⑩✶❨●⑥❶❑▼❊☎❪❴❫❬❨☎■❉◆❉❋✷①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✏①❉❋✷➂❴❋✶❨●❲✪⑥❖❫❯❚❏❋✶⑩✷■❉◆❉❋✤❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋
⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✗❋➶✲✮❋✶⑩✜❑▼⑥❶❚❱❋

Te

❰➼❨●⑨✶❾❏⑥◗❲✪❋✽✼ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✛⑩❃❇❴❫❸■❉①❉❊➌✾❺Ð ➈
✖ P✮❫❬❪❉❪❴❫❬❨▼❫✕✘◗❑✷①❉❍❏◆❉⑩➀⑩✶P➃❫❬⑥◗❨●❋✶❲✪❋✶◆❱❑✷⑦❖■❉❋q❊●❋✶■❉P◗❋✶❊✽P◗❋✶❊✰➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✤①❉❍❏◆❖❑✽P➃❫✏P◗❍❏◆❉❾❏■❉❋✶■❉❨✤❋✶❊❺❑✛❪❉P◗■❉❊❪✇❋✜❑▼⑥❶❑▼❋✝❍❏■ÿ①❉❋✒P✱✒ ❍❏❨●①❉❨●❋✝①❉❋✒P➃❫➫P◗❍❏◆❉❾❏■❉❋✶■❉❨➄⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✝❪❦❋✶■▲❚❱❋✶◆❱❑✸❨●⑨✜❚❏⑨✶P◗❋✶❨✪P◗❋✝❳❉❨▼■❉⑥ ❑✪①❉❋

☛✎☛♦✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋q⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❴❫❸◆❖❑➀❫❬■⑤Þ ✖ ⑧✒➆q➁ ➈
ñ⑩❶➂➛❏t◗⑨●❹✮♥✍⑤✣③④❦r⑤❊s✎♥❏➈◗➈◗t✉⑤✮t✉♥❏❦r⑤ ø

②✥❫❬❨●❲✪⑥❦P◗❋✶❊☞➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊➹P◗❍❏◆❉❾❏■❉❋✶❊✤⑨✜❑▼■❉①❉⑥◗⑨✶❋✶❊✷⑥◗⑩✶⑥✐❽❱◆❉❍❬■❉❊✷❪✇❍❏■▲❚❏❍❏◆❉❊✷❋✶❊●❪✇⑨✶❨●❋✶❨✷❍❏❳❉❊●❋✶❨❺❚❱❋✶❨✷P◗❋
❨●⑨✶❾❏⑥◗❲✪❋✽✼ä❊▼❫❬◆❉❊✣⑩✶❍❏P◗P◗⑥◗❊●⑥❶❍❏◆❉❊❃✾q❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑Ù❊●■❉❨ÙP◗❫➀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✝P➃❫❅❪❉P❶■❉❊✣⑩✶❍❏■❉❨❺❑▼❋✗①❉❋

4µm ➈ ❷✰❫✥❴❾❏■❉❨●❋❩▼ ➈ ❙✟❲✪❍❏◆❱❑▼❨●❋✦P◗❋❅❪❉❨●❍❖①❉■❉⑥❶❑ SeRe
❪❦❍❏■❉❨❀P➃❫✏➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✻❲❱❫ ➸ ❊●■❉❨✗■❉◆❉❋➄❪❉P❶■❉❊❀❾❏❨▼❫❬◆❉①❉❋

⑨✶⑩❼❇❉❋✶P◗P◗❋❅①❉❋✦❑▼❋✶◆❉❊●⑥◗❍❏◆ë❫❬⑥◗◆❉❊●⑥✥⑦❖■❉❋➄P◗❋✶❊❀❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❉❊➀❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊✗❊●❋✶P◗❍❏◆➫P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰✱▼ ➈ ❭❱Ð❫✩❚❏❋✶⑩
∆ = 135µeV

❰➼⑩✶❍❏■❉❨●❳❦❋✏❪❦❍❏⑥◗◆❖❑▼⑥◗P❶P❶⑨✶❋❯Ð✤❋✜❑
∆ = 151µeV

❰➼⑩✶❍❏■❉❨●❳✇❋✗❪❉P◗❋✶⑥◗◆❉❋❯Ð ➈✡Ù◆❉❋✗⑥◗◆❖❑▼❋✶❨●❪❉❨●⑨✜❑❼❫❸❑▼⑥◗❍❏◆✟❪❦❍❏❊●❊●⑥◗❳❉P◗❋✗①❉■✝⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✣❍❏❳❉❊●❋✶❨❺❚❏⑨✯❋✜❊●❑ÙP➃❫✦❊●■❉⑥❶❚❬❫❬◆❱❑▼❋➄➬
ã⑦⑥⑨⑧✛✃✤▼ ➈ ❙➥⑩ ❿➀❋✶◆❉❊●⑥❶❑▼⑨ ❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋
①❉❋✸❳❉❨●■❉⑥❶❑✦❲✦■❉P❶❑▼⑥◗❪❉P❶⑥❶⑨✶❋✵❪❴❫❬❨✯P➃❫✉❨●⑨❃➇
❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋

Re

❋✶◆ ✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✠①❉❋
P➃❫➻❑▼❋✶◆❉❊●⑥◗❍❏◆✫①❉❋ ❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆þ✦
T = 100mK

❪✇❍❏■❉❨ÙP➃❫➀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆
❲❱❫ ➈ ❷☞❋✶❊♠①❉❋✶■⑤ÞÝ①❉❨●❍❏⑥❶❑▼❋✶❊✭❨●❋✶❪❉❨●⑨❃➇
❊●❋✶◆❱❑▼❋✶◆❱❑✾P◗❋✶❊➐❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❉❊ë❑▼❇❉⑨✶❍❸➇
❨●⑥◗⑦❖■❉❋✶❊✖❪✇❍❏■❉❨✖P◗❋ ❳❉❨●■❉⑥❶❑✖①❴❫❬◆❉❊ëP◗❋
❨●⑨✶❾❏⑥◗❲✪❋ ✼ä❊▼❫❬◆❉❊➐⑩✶❍❏P❶P◗⑥◗❊●⑥❶❍❏◆❉❊❃✾ÿ❫✩❚❱❋✶⑩
∆ = 135µeV

❰➼⑩✶❍❏■❉❨●❳❦❋ ❪❦❍❏⑥◗◆⑤➇
❑▼⑥◗P◗P❶⑨✶❋❯Ð➱❋✜❑

∆ = 151µeV❰➼⑩✶❍❏■❉❨●❳❦❋✏❪❉P◗❋✶⑥◗◆❉❋✩Ð ➈
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❥✣❦❏❧✍❹➂♠✍➟✗③④➈◗➈✉❹●♣✺❹➯❧✍❹◆❦r⑤✮t✉♥❏❦
0
Ô

50µV :
➆➨✔❡❫❬⑥◗❳❉P❶❋✏❑❼❋✜◆❉❊▼⑥❶❍❏◆✔❽✔P◗❋✦❳❉❨●■❉⑥❶❑✗❫❬■❉❾❏❲✪❋✶◆❱❑▼❋❅①❉❋

✔❡❫✰✙✶❍❏◆✉◆❉❍❏◆⑤➇äP◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋❬❽❴⑩✰✒ ❋✶❊❺❑❀P◗❋✏❨●⑨✶❾❏⑥◗❲✪❋❅✼ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊Ù⑩❃❇❴❫❬■❉①❉❊❃✾ ➈❏✖ P✰❊●❋✶❨▼❫✸❫❬◆❴❫❬P❶④⑤❊●⑨✯①❴❫❬◆❉❊➀P◗❋❪❴❫❬❨▼❫❬❾❏❨▼❫❬❪❉❇❉❋❀❊●■❉⑥❶❚❬❫❬◆❱❑ ➈❥✣❦❏❧✍❹➂♠✍➟✗③④➈◗➈✉❹ ♣✺❹ ❧✍❹◆❦r⑤✮t✉♥❏❦
50

Ô
75µV :

❷☞❋✒❳❉❨▼■❉⑥ ❑✸❫❬❪❉❪❉❨●❍⑤⑩❼❇❉❋♣P➃❫✖❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆ÿ①❉■
❨●⑨✶❾❏⑥◗❲✪❋⑩✼ä❊▼❫❬◆❉❊✵⑩✜❍❏P◗P◗⑥◗❊●⑥❶❍❏◆❉❊❃✾✒❫✩❚❏❋✶⑩♣■❉◆ÿ❾❱❫❬❪ÿ①❉❋

135µeV
❰➼⑩✶❍❏■❉❨●❳❦❋♣❪❦❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋❯Ð ➈ ❹✳✒ ❋✶❊❺❑■❉◆❉❋✟❚❬❫❬P◗❋✶■❉❨❅❨●⑨✶①❉■❉⑥❶❑▼❋✝⑩✜❍❏❲✪❪❴❫❬❨●⑨✶❋✒❫❬■ ❾❱❫❬❪✾①✓✒ ■❉◆❉❋✝⑩✶❍❏■❉⑩❃❇❉❋✝❲✪⑥◗◆❉⑩✶❋✟①✓✒ ❫❬P◗■❉❲✪⑥◗◆❉⑥❶■❉❲ ❪❉■❉❨

❰
∆ ≈ 200µeV

Ð✣⑩✶❋✦⑦❖■❉⑥✥❋✶❊❺❑❀❋✜✲✮❋✜⑩✜❑▼⑥❶❚❱❋✶❲✪❋✶◆❱❑✗❫❸❑●❑▼❋✶◆❉①❉■♣❪✇❍❏■❉❨➀P➃❫✪❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋✦⑦❖■❉⑥☎P◗⑥◗❲✪⑥ ❑▼❋
P➃❫✯❪❴❫❬❨❺❑▼⑥◗❋q◆❉❍❏❨●❲✵❫❬P◗❋➀①❉❋❀P➃❫✣➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟⑩✩❫❬❨✽P◗❋q⑩✶❍❏◆❱❑❼❫❬⑩✜❑✣❋✶◆❱❑▼❨●❋✗P◗❋q⑩✶■❉⑥❶❚⑤❨●❋q❋✜❑✣P✱✒ ❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲
❋✶❊❺❑✪❳✇❍❏◆ ➈ ❷☞❋☞✔❡❫❬⑩✜❑▼❋✶■❉❨❅①❉❋✝❨●⑨✶①❉■❉⑩✜❑▼⑥◗❍❏◆ ❋✶❊❺❑✪P◗❋✟❲❩■✜❲✪❋✟⑦❖■❉❋✝❪✇❍❏■❉❨➄P➃❫✉❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨▼❋✟①❉❋
❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✔❽ TcAl

TcAl/Cu

≃ ∆Al

∆Al/Cu
≃ 1, 5 ➈ ❷⑦✒ ❍❬❳❉❊▼❋✜❨●❚❸❫❸❑▼⑥◗❍❏◆à①✓✒ ■❉◆✂❨●⑨✶❾❏⑥◗❲✪❋☞✼ä❊▼❫❬◆❉❊✵⑩✶❍❏P◗P◗⑥ ➇

❊●⑥◗❍❏◆❉❊❃✾Ù❪❦❍❏■❉❨
V & 60µV

①❉❋✶❲✵❫❬◆❉①❉❋✶❨▼❫❬⑥❶❑✷⑩✶❋✶❪❦❋✶◆❉①❴❫❬◆❖❑✛■❉◆❉❋➀P◗❍❏◆❉❾❏■❉❋✜■❉❨✤⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✣❑▼❨●❈✶❊
❾❏❨▼❫❬◆❉①❉❋❀❪✇❍❏■❉❨✣❊▼❫❸❑▼⑥◗❊➌✔❡❫❬⑥◗❨●❋qP➃❫✦⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆

Leff ≃ Lin ➈❥✣❦❏❧✍❹➂♠✍➟✗③④➈◗➈✉❹✆♣✺❹✆❧✍❹◆❦r⑤✮t✉♥❏❦
75

Ô
130µV :

❷☞❋✸❳❉❨●■❉⑥❶❑❅❲✪❍❏◆❱❑▼❨●❋✵■❉◆✾⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑
❑▼❨●❈✶❊✯⑥◗❨●❨●⑨✶❾❏■❉P◗⑥❶❋✶❨✗⑦❖■❉⑥✤❋✶❊❺❑✦P➃❫✝⑩✶❍❏◆❉❊●⑨✶⑦❖■❉❋✶◆❴⑩✶❋✟①❉❋✵P◗❫✝❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✖⑥◗◆❉❇❉❍❏❲✪❍❏❾❏❈✶◆❉❋✪①❉❋✵P➃❫✝❳❉⑥ ➇
⑩✶❍❏■❉⑩❼❇❉❋ ➈ ❿q❫❬◆❉❊✥P◗❋➹❨▼⑨✜❾❏⑥◗❲✪❋⑦✼ä❊▼❫❬◆❉❊☎⑩✶❍❏P◗P◗⑥◗❊●⑥❶❍❏◆❉❊❃✾❼❽✶❑▼❍❏■❉❊✥P◗❋✶❊☎⑩✜④⑤⑩✶P◗❋✶❊✍①❉❋ ✖ ⑧✒➆q➁✾❫❬❲✪❈✶◆❉❋✶◆❱❑✍■❉◆❉❋
â❃× ✃❬❰✓➬✌✔❬❰◗❒♦× ❮Ñ➚➀❮Ñ❰★➴✍❒❅❐♦➬✱❒♦➹ ❮✺à✰Ô✜❒♦➬★×Ø➚q➌➁Ô✜➘✕Ï➼❮✱➹ Ô✜➘❅î✜❐❅❰◗Ô✜➘✣❮✺❰◗✃➌➪❆❐♦×Ø➚➶❐♦× ✃❬❰

☛✰☛✍P



�✛❑❽➓✛❑✪♠✷➦⑤❞❡❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì✂➩ ➤ ❥❭✫✮➧☎➦⑤❞

⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✽①❴❫❬◆❉❊➹P◗❋✽❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨❆✦q①❉❋✶❊➹⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊➹❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋✶❊✤❫❬■➄❾❱❫❬❪✔❽❏⑩✶❋✣⑦❖■❉⑥❴❪❦❋✶■▲❑
❫✕✲✔❫❬⑥◗❳❉P◗⑥❶❨✽P➃❫❅❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥❶❚⑤⑥❶❑▼⑨✗❋✜❑Ù❲❩■✶❲✪❋❚■✜❑▼❨●❋✗P✱✒ ❍❏❨●⑥◗❾❏⑥❶◆❉❋q①❉❋✏⑩✶❋✜❑●❑▼❋✗❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ➈ ✡Ù◆❉❋⑥◗◆❱❑▼❋✶❨●❪❉❨●⑨✜❑❼❫❸❑▼⑥◗❍❏◆✖❫❬P❶❑▼❋✶❨●◆❴❫❸❑▼⑥❶❚❏❋✯❊●❋✶❨▼❫❬⑥❶❑✗⑦❖■❉❋❅P➃❫✵❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆♣①❉❋❅P➃❫✸❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋❅❋✶❊❺❑✏⑥◗◆❉①❉■❉⑥❶❑▼❋
❪❴❫❬❨ÙP✱✒ ❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥❶❍❏◆✝①❉❋✯P➃❫❅❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✏⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✏⑦❖■❉⑥☎①❉❋✜❚⑤⑥◗❋✶◆❱❑q①❉❋✏P✱✒ ❍❏❨●①❉❨●❋✗①❉❋
P➃❫✯❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✗①❉❋❀❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✟①❉❋✗P➃❫✦❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋✏❫❬■▲❑▼❍❏■❉❨✛①❉❋

V = 75µV ➈❥✣❦❏❧✍❹➂♠✍➟✚③④➈◗➈✉❹✆♣✺❹✬❧✍❹◆❦r⑤✮t✉♥❏❦
130

Ô
300µV :

➣q◆✾❍❏❳❉❊●❋✶❨❺❚❏❋✒①❉❋✟◆❉❍❏■▲❚❱❋✩❫❬■ ■❉◆❉❋✝❫❬■❉❾❸➇
❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✉P◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋✏①❉■♣❳❉❨●■❉⑥❶❑q❋✶◆✹✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✉①❉❋✦P➃❫➄❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ❹✷❋✦⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑➀❋✶❊❺❑⑩✶❍❏❲✪❪❴❫❸❑▼⑥◗❳❉P◗❋❀❫✩❚❏❋✶⑩✏■❉◆✉❨●⑨✶❾❏⑥◗❲✪❋✽✼ä❊▼❫❬◆❉❊Ù⑩✶❍❏P◗P❶⑥◗❊●⑥❶❍❏◆❉❊❃✾✗❫✩❚❏❋✶⑩✏■❉◆✒❾❱❫❬❪✒①❉❋

151µeV
❰➼⑩✶❍❏❨●❨●❋✶❊➔➇

❪✇❍❏◆❉①❴❫❬◆❱❑⑩✦✖P➃❫✖⑩✶❍❏■❉❨●❳❦❋✉❪❉P◗❋✶⑥❶◆❉❋❯Ð✦❍❏■✔❽✤❫❬P❶❑▼❋✶❨●◆❴❫❸❑▼⑥❶❚❏❋✶❲✪❋✶◆❱❑✩❽③⑥◗P✛❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼❋✉❊●⑥◗❲✪❪❉P◗❋✶❲✪❋✶◆❱❑
■❉◆❉❋✏❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆✟P◗⑥◗◆❉⑨✩❫❬⑥◗❨●❋q①❉❋✗P➃❫✯❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋ ➈➆✻⑩✩❫❬■❉❊●❋✯①❉❋✗P✱✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋❀❊●■❉❨ÙP➃❫✦❚❬❫❬P◗❋✶■❉❨✣①❉■✒❾❱❫❬❪✒❋✜❑➀P➃❫✦❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✟①❉❋✏P➃❫❅❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋❬❽
⑥◗P✣❨●❋✶❊❺❑❼❋♣⑦❖■❉❋✶P◗⑦❖■❉❋✶❊✟①❉❍❏■▲❑▼❋✶❊✸❊●■❉❨✸P✱✒ ❍❏❳❉❊●❋✶❨❺❚❸❫❸❑▼⑥◗❍❏◆à①❉■à❨●⑨✶❾❏⑥◗❲✪❋☞✼ä❊▼❫❬◆❉❊✸⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❏◆❉❊❃✾✝①❴❫❬◆❉❊
⑩✶❋✜❑●❑▼❋✗➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ë①❉❋

4µm ➈ ❇Ù❍❏■❉❊✗❚❱❋✶❨●❨●❍❏◆❉❊✯①❴❫❬◆❉❊✏P➃❫✝❊●❋✶⑩✜❑▼⑥◗❍❏◆ ▼ ➈ ❭ ➈ ❭✝⑦❖■❉❋✵P➃❫✟❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆❋✶❊❺❑Ù❳✇❋✩❫❬■❉⑩✶❍❏■❉❪✒❪❉P◗■❉❊✣⑩✶P➃❫❬⑥◗❨●❋q❪✇❍❏■❉❨✛P◗❋✶❊✍➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛⑩✶❍❏■❉❨❺❑▼❋✶❊ ➈
ñ⑩❶➂➛❏t◗⑨●❹❈♥✮❶◆➈✉❹◆s✰❧✍♠♦♥❏❦r⑤✪s✕➙✺③④qr♣r⑤ ø

❇Ù❍❏■❉❊✪❫❬P◗P◗❍❏◆❉❊✦⑩✶❍❏◆❉❊●⑥◗①❉⑨✶❨●❋✶❨➄⑥◗⑩✶⑥❡❽✥⑦❖■❉❋✒P◗❋✸❨●⑨✶❾❏⑥◗❲✪❋✸①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊➄⑩❃❇❴❫❬■❉①❉❊➄❋✶❊❺❑✪❍❏❳▲❑▼❋✶◆❖■
❪✇❍❏■❉❨✽P◗❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✽①❉❋

10
❋✜❑

60µm
①❴❫❬◆❉❊✛❑▼❍❏■▲❑▼❋qP➃❫✦❾❱❫❬❲✪❲✪❋➀①❉❋q❑▼❋✶◆❉❊●⑥◗❍❏◆✒❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✶❋

❋✜❑✳✦❅❳❴❫❬❊●❊●❋✗❑▼❋✶◆❉❊●⑥◗❍❏◆
V . 50µV

❪✇❍❏■❉❨✣P◗❋✜❊✍➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛①❉❋✗P◗❍❏◆❉❾❏■❉❋✶■❉❨
4µm ➈❿q❫❬◆❉❊ÙP➃❫❅P◗⑥◗❲➄⑥ ❑▼❋q①✓✒ ■❉◆❉❋✗❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✗①❉❋✏❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✣◆⑤■❉P◗P◗❋❬❽❉P◗❋❀❳❉❨●■❉⑥❶❑✣❋✶◆✉⑩✶❍❏■❉❨▼❫❬◆❱❑Ù❋✶❊❺❑
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SI =
4kBTe
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1 − 2exp
(

− ∆

kBTe
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.
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❽✮P➃❫✪❑❼❋✜❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❅⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✦⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①●✦✸P➃❫
❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋Ù①❉❋➀❳❉❨●■❉⑥❶❑

Tb
❪✇❍❏❨❺❑▼⑨✶❋Ù❊●■❉❨✷P✱✒ ❫❣Þ▲❋✳✦✏①❉❨●❍❏⑥❶❑▼❋✣①❴❫❬◆❉❊✷P➃❫✤✥❴❾❏■❉❨●❋✤▼ ➈ ▼⑤❽⑤❫❬P◗❍❏❨●❊➹⑦❖■❉❋❪✇❍❏■❉❨
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❽✇⑥◗P✔④✉❫➄■❉◆❉❋✯⑩✶❍❏❨●❨●❋✶⑩✜❑▼⑥◗❍❏◆✹✦✪⑩✩❫❬■❉❊●❋✯①❉■♣❾❱❫❬❪✉①❴❫❬◆❉❊➀P◗❋✶❊Ù❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊ ➈ ❷✰❫❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✏①❉❋✶❊➀❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥❶❨▼❊Ù❪✇❋✶■▲❑❅■✜❑▼❨●❋✯◆❉⑨✶❾❏P◗⑥◗❾❏⑨✶❋❬❽❴⑩✩❫❬❨ÙP➃❫❅❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✏①❉❋✶❊➀⑦❖■❴❫❬❊●⑥ ➇

❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊Ù①❴❫❬◆❉❊qP➃❫✪❪❴❫❬❨❺❑▼⑥◗❋✏◆❉❍❏❨●❲✵❫❬P◗❋✏❋✶❊❺❑q❨▼❫❬❪❉⑥◗①❉❋✶❲✪❋✶◆❖❑➀❳✇❋✩❫❸■❉⑩✶❍❏■❉❪✖❪❉P❶■❉❊➀⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑▼❋
⑦❖■❉❋✏P◗❫✦❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❀①❉❋✗❳❴❫❬❊●❋✸❰

100mK
Ð ➈❷✰❫✪❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✦⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋
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❋✶❊❺❑✗①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉⑨✶❋✯❪❴❫❬❨qP✱✒ ⑨✶⑦❖■❉⑥◗P◗⑥❶❳❉❨●❋✏❋✶◆❖❑▼❨●❋✦P➃❫✪❪❉■❉⑥◗❊➔➇

❊▼❫❬◆❉⑩✶❋
P = V 2/Re

⑥◗◆❸➷❺❋✶⑩✜❑▼⑨✶❋✯①❴❫❬◆❉❊qP➃❫❀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✉❋✜❑❀❊▼❫✵①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆ ➈ ❹✷❋✜❑●❑▼❋❅①❉❋✜❨▼◆❉⑥❶❈✶❨●❋❪✇❋✶■▲❑✵❫✩❚❏❍❏⑥◗❨✦P◗⑥◗❋✶■ ①❴❫❬◆❉❊➄P◗❋✶❊❅❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊➄❪❴❫❬❨❅①❉❋✶❊➄⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊❅⑦❖■❉⑥✛❍❏◆❱❑❅❑▼❨▼❫✩❚❱❋✶❨●❊●⑨
P✱✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ ❻ ❇ ✦✉①❉❋✶❊✯⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊✦❊●■❉❪❦⑨✶❨●⑥◗❋✶■❉❨●❋✶❊➄❫❬■ ❾❱❫❬❪➐❍❏■➐①❴❫❬◆❉❊✯P➃❫✒❪❴❫❬❨❺❑▼⑥◗❋✪◆❉❍❬❨▼❲✪❫❬P◗❋
①❉❋✗P➃❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟❪❴❫❬❨✛P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆✸⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✸➇➹❪❉❇❉❍❏◆❉❍❏◆ë➬

Pdis = PNS + Pph ➈ ❷☞❋❅✔❡❫❬⑥❶❑①✓✒ ❫✩❚❱❍❏⑥◗❨✤⑨✜❑▼■❉①❉⑥◗⑨q①❉❋✶❊✥➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✷①❉❋q①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊✛P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✶❽⑤◆❉❍❏■❉❊✽❪✇❋✶❨●❲✪❋✜❑✛①❉❋q❊●⑨✶❪❴❫❬❨●❋✶❨
⑩✶❋✶❊Ù①❉❋✶■⑤Þ✝❲✪⑨✶⑩✩❫❬◆❉⑥◗❊●❲✪❋✶❊✛①❉❋✗①❉⑥◗❊●❊▼⑥❶❪❴❫❸❑▼⑥◗❍❏◆ ➈②☎❍❏■❉❨✯⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨✯P❶❋✶❊✯①❉❍❏◆❉◆❉⑨✶❋✶❊✦❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P◗❋✶❊✯✦✒P➃❫✝❑▼❇❉⑨✶❍❏❨●⑥◗❋❬❽✰◆❉❍❏■❉❊✦❪❉❨●❍❖⑩✶⑨✶①❉❍❏◆❉❊✦❋✶◆
❑▼❨●❍❏⑥◗❊➄⑨✜❑❼❫❬❪✇❋✶❊ ➈ ❿➀■ÿ❳❉❨●■❉⑥❶❑

Se(V )
❲✪❋✶❊●■❉❨●⑨❬❽✤◆❉❍❏■❉❊✪①❉⑨✶①❉■❉⑥◗❊●❍❏◆❉❊✵P➃❫♣❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✒⑨✶P◗❋✶⑩❃➇

❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋
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❋✶◆✠✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒①❉❋✏P➃❫✦❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽❦❋✶◆✉❨●⑨✶❊●❍❏P❶❚❸❫❬◆❱❑➀P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰❃☛ ➈ ✏❬❙❱Ð✽◆❖■❉❲✪⑨✶❨●⑥ ➇
☛✎☛✍✌



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

⑦❖■❉❋✶❲✪❋✶◆❱❑❅❫✩❚❏❋✶⑩
∆ = 135µeV ➈ ❇Ù❍❏■❉❊✯❪❦❍❏■▲❚❱❍❏◆❉❊✦❫❬P◗❍❏❨●❊❀❑▼❨▼❫❬⑩✶❋✶❨✏P➃❫✟❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✪❑▼❍❬❑❼❫❬P◗❋⑥◗◆❸➷❺❋✶⑩✜❑▼⑨✶❋

P = V 2/Re

❋✶◆●✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ①❉❋
Te

❽✰⑩✶❋✸⑦❖■❉⑥✷❋✶❊❺❑✦❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✟❪✇❍❏■❉❨✯P◗❋✶❊✗❑▼❨●❍❏⑥◗❊
⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✣❰✉❲❱❫▲❽✚☛❯❘▲❽❱❙❏❘❱Ð✥❪❴❫❬❨➹P◗❋✶❊③❊❺④⑤❲✦❳✇❍❏P◗❋✶❊➹①❴❫❬◆❉❊➹P➃❫✳✥❴❾❏■❉❨●❋✳▼ ➈ ✏ ➈✎✖ P❴❋✶❊❺❑✤❲✵❫❬⑥◗◆❖❑▼❋✶◆❴❫❬◆❱❑❪❦❍❏❊●❊●⑥◗❳❉P◗❋✯①❉❋✯⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨ÙP➃❫✪❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✦⑥◗◆❸➷❺❋✜⑩✜❑▼⑨✶❋✪✦✪P➃❫✪❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆✒❪✇❍❏■❉❨➀P➃❫✪❪❉■❉⑥❶❊▼❊▼❫❬◆❉⑩✜❋
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ã⑦⑥⑨⑧✛✃★▼ ➈ ✏◆⑩✒②③■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✦❑▼❍❬❑❼❫❬P◗❋✯⑥◗◆❸➷❺❋✶⑩✜❑▼⑨✶❋✦①❴❫❬◆❉❊qP➃❫✗➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆♣❋✶◆✹✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆♣①❉❋✦P➃❫✪❑▼❋✶❲✦➇
❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✦⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✯①❴❫❬◆❉❊➀P➃❫✪❪❴❫❬❨❺❑▼⑥◗❋✏◆❉❍❏❨●❲✵❫❬P◗❋✗❪✇❍❏■❉❨➀■❉◆❉❋✯❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✯①❉❋✦❳❴❫❬❊●❋
①❉❋

T = 100mK
❰➼❊❺④⑤❲✦❳✇❍❏P◗❋✶❊❼Ð ➈ ②③❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❉❊✽❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊❀➬❴⑩✶❍❏■❉❨●❳❦❋✶❊Ù❪❉P◗❋✶⑥◗◆❉❋✶❊✛❋✜❑❱✥❴◆❉❋✶❊➇✥❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋

Pph
①❉⑥◗❊●❊▼⑥❶❪✇⑨✶❋Ù❪❴❫❬❨✤P✱✒ ⑥◗◆❖❑▼❋✶❨▼❫❬⑩✜❑▼⑥❶❍❏◆➄⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä❪❉❇❉❍❏◆❉❍❏◆✵❪✇❍❏■❉❨✤P◗❋✶❊➹❑▼❨●❍❏⑥◗❊✔➷❺❍❏◆❉⑩❃➇

❑▼⑥◗❍❏◆❉❊✣❊●❋✶P◗❍❏◆✒P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆➐❰❃☛ ➈ ❩❬❙❱Ð▲➸❴⑩✶❍❏■❉❨●❳❦❋✯❪❉P◗❋✶⑥◗◆❉❋✗❋✜❑➀⑨✜❪❴❫❬⑥◗❊●❊●❋✗➇✷❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋ PNS
①❉⑥◗❊●❊●⑥ ➇

❪❦⑨✶❋❀❪❴❫❬❨✷①❉❋✶❊✽⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✢✦✏❑▼❨▼❫❯❚❏❋✶❨●❊✽P◗❋✶❊✷⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✜❋✶❊ ❻ ❇♠❊●❋✶P❶❍❏◆✟P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆➫❰✱▼ ➈ ❲❖Ð▲➸⑩✶❍❏■❉❨●❳❦❋✏❪❦❍❏⑥◗◆❖❑▼⑥◗P❶P❶⑨✶❋Ù➇✤❊●❍❏❲✪❲✪❋❀①❉❋
PNS

❋✜❑
Pph

❪❦❍❏■❉❨✣P➃❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆
10µm ➈

×❴♥❏❦rs✰❧♦t✉♥❏❦
60µm

➄ ❿❀❫❸◆❉❊✯P➃❫✯➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ëP➃❫✟❪❉P◗■❉❊✗P◗❍❏◆❉❾❏■❉❋❬❽☞◆❉❍❏■❉❊✏❊●■❉❪❉❪✇❍❏❊●❍❏◆❉❊✯⑦❖■❉❋✵P◗❫
①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆ë❊✣✒ ❋✜✲✮❋✶⑩✜❑▼■❉❋✸■❉◆❉⑥◗⑦❖■❉❋✶❲✪❋✶◆❖❑✦❪❴❫❬❨✏P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆ë⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆ë➇q❪❉❇❉❍❏◆❉❍❏◆ ➈ ❇Ù❍❏■❉❊❫✩❚❏❍❏◆❉❊❅❚⑤■ÿ❫❬■✾❪❉❨●❋✶❲✪⑥◗❋✶❨✦⑩❃❇❴❫❸❪❉⑥❶❑▼❨▼❋✸⑦❖■❉❋✒P➃❫✉❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✝⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋✟❋✶❊❺❑✪❪❉❨●❋✶❊●⑦❖■❉❋
■❉◆❉⑥❋✔➼❍❏❨●❲✪❋➀①❴❫❬◆❉❊✽■❉◆✝⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆✟❫✩❚❏❋✶⑩✗■❉◆❉❋❀⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆✸⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✵➇➹❪❉❇❉❍❏◆❉❍❏◆⑩✔➼❍❏❨❺❑▼❋q❋✜❑

☛❯❩❬❘



�✛❑❽➓✛❑✪♠✷➦⑤❞❡❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì✂➩ ➤ ❥❭✫✮➧☎➦⑤❞

P➃❫✦❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✏①❉⑥◗❊●❊●⑥◗❪✇⑨✶❋❀❊✣✒ ⑨✶⑩✶❨●⑥❶❑✦❰➼❨▼❫❬❪❉❪✇❋✶P☞①❉❋✗P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ë❰❃☛ ➈ ❩❬❙❱Ð●Ð➀➬
Pph = ΣΩ(T 5

e − T 5
ph).

❷⑦✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑✛❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋❬❽❴❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✏①❴❫❬◆❉❊✣P➃❫✧✥❴❾❏■❉❨●❋✧▼ ➈ ✏✦❪❴❫❬❨✛P➃❫✦⑩✶❍❏■❉❨●❳✇❋✗❪❉P◗❋✶⑥◗◆❉❋❀❋✜❑✥❴◆❉❋❬❽❴❫✩❚❏❋✶⑩❀P➃❫✏❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋q①❉❋❀❪❉❇❉❍❏◆❉❍❏◆❉❊
Tph = 100mK

❋✜❑✛P◗❋➀❚❏❍❏P◗■❉❲✪❋➀①❉❋❀P✱✒ ⑨✶⑩❼❇❴❫❬◆⑤➇
❑▼⑥◗P◗P❶❍❏◆

Ω = 60µm
Þ

90µm
Þ

0, 09µm
❽✮◆❉❍❏■❉❊q❪✇❋✶❨●❲✪❋✜❑❀①❉❋✦①❉⑨✶①❉■❉⑥◗❨●❋✦P◗❋✦❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋

①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆♠⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✭➇✸❪❉❇❉❍❏◆❉❍❏◆➻❪❦❍❏■❉❨✉P◗❋ë⑩✶■❉⑥❶❚⑤❨●❋ÿ➬
Σ = 2, 4 109Wm−3K−5 ➈❹✷❋✜❑●❑▼❋✭❚❬❫❬P❶❋✶■❉❨✾❋✶❊❺❑ÿ①❉■ ❲❩■✶❲✪❋✂❍❏❨●①❉❨●❋✭①❉❋ ❾❏❨▼❫❬◆❉①❉❋✶■❉❨✾⑦❖■❉❋ P◗❋✶❊ ❚❸❫❬P◗❋✶■❉❨●❊ ❪❦❍❏■❉❨ÿ❹✷■

❰
Σ = 1, 8 109Wm−3K−5 Ð❃❽✏➆➀■❦❹✷■ ❰

Σ = (2, 4 ± 0, 6) 109Wm−3K−5 Ð❃❽✏➆➀■❰
Σ ≈ 5 109Wm−3K−5 Ð✵❋✜❑✒➆➀❾♠❰

Σ = 1, 9 109Wm−3K−5 Ð✪❑▼❨●❍❏■▲❚❱⑨✜❋✶❊✒①❴❫❬◆❉❊✝P➃❫P◗⑥❶❑●❑▼⑨✶❨▼❫❸❑▼■❉❨●❋❢▼❉☛❣❩✕❲▲❽★☛♦▼❬❭⑤❽❦❙❏❘⑤❽★☛✎☛✎☛✉❖ ➈➆ P✱✒ ❫❬⑥◗①❉❋✗①❉❋✯P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰❃☛ ➈ ❩✎✏❏Ð❃❽❦◆❉❍❏■❉❊➀❪❦❍❏■▲❚❱❍❏◆❉❊➀❲✵❫❬⑥◗◆❖❑▼❋✶◆❴❫❬◆❱❑Ù⑩✩❫❬P◗⑩✶■❉P◗❋✶❨ÙP➃❫➄P◗❍❏◆❉❾❏■❉❋✶■❉❨①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆ë⑨✶P◗❋✶⑩❃❑❼❨●❍❏◆➫➇➀❪❉❇❉❍❏◆❉❍❏◆ ➈ ➣q◆ë❍❏❳▲❑▼⑥◗❋✶◆❖❑ Leph ≃ 30µm
✦
Te = 400mK

❽
⑦❖■❉⑥☞❋✶❊❺❑Ù❋✜✲✮❋✶⑩✜❑▼⑥❶❚❱❋✶❲✪❋✶◆❱❑Ù①❉❋✶■⑤Þ❯✔➼❍❏⑥◗❊✽❪❉P◗■❉❊✣❪✇❋✜❑▼⑥❶❑▼❋❀⑦❖■❉❋✗P➃❫❅P◗❍❏◆❉❾❏■❉❋✶■❉❨✛①❉❋✗P➃❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ➈
×❴♥❏❦rs✰❧♦t✉♥❏❦r⑤

4µm
➄ ②✥❍❏■❉❨❀P◗❋✶❊✤➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊❀①❉❋

4µm
❽✔P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆♣⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆♣➇✣❪❉❇❉❍❸➇

◆❉❍❏◆✸◆✓✒ ❋✶❊❺❑✛❪❴❫❬❊✤❑▼❨●❈✶❊✷❋✜➫✪⑩✩❫❬⑩✶❋q⑩✩❫❬❨✷P◗❋✣❚❏❍❏P◗■❉❲✪❋
Ω
①❉❋➀P➃❫✏❪❴❫❬❨❺❑▼⑥◗❋Ù◆❉❍❏❨●❲✵❫❬P◗❋✣❋✶❊❺❑✽❳✇❋✩❫❬■❉⑩✶❍❏■❉❪

❲✪❍❏⑥◗◆❉❊✤⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑ ➈ ❷✰❫✯❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋q⑥◗◆❸➷❺❋✶⑩✜❑▼⑨✶❋q❋✶❊❺❑✛①❉❍❏◆❉⑩q❋✶❊●❊●❋✶◆❖❑▼⑥◗❋✶P◗P❶❋✶❲✪❋✶◆❖❑✽①❉⑥◗❊●❊●⑥◗❪❦⑨✶❋q❪❴❫❬❨①❉❋✶❊q⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊➀❫✩❚❏❋✶⑩✦①❉❋✶❊q⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊ |ǫ| > ∆
✦➄❑▼❨▼❫❯❚❏❋✶❨●❊qP◗❋✶❊Ù⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ❻ ❇ ➈ ❹✷❋❲✪⑨✶⑩✩❫❬◆❉⑥◗❊●❲✪❋✵①❉❋✵①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆➐❫✉⑨✜❑▼⑨✟❫❬◆❴❫❬P❶④⑤❊●⑨✵❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑✦①❴❫❬◆❉❊✦P◗❋✵⑩✶❍❏◆❖❑▼❋❃Þ⑤❑▼❋✸①❉❋

➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ❪❴❫❬❨✽❂✷❋✣✸✶■❉❾❏P❶④⑤⑥☞❋✜❑➀❫❬P ➈ ▼ ❩◆☛✬❖ ➈ ❿q❫❬◆❉❊ÙP➃❫❅P◗⑥◗❲➄⑥ ❑▼❋ eV << ∆
❋✜❑Ù■❉◆❉❋✗❑▼❋✶❲✦➇

❪✇⑨✶❨▼❫❸❑▼■❉❨●❋q①❉❋➀❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊✽❊●■❉❪❉❪❦❍❏❊●⑨✶❋❀◆⑤■❉P◗P◗❋❬❽❖P➃❫✏❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋
PNS

❊✣✒ ⑨✶⑩✶❨●⑥❶❑✏❰➼⑩✜✔ ➈ P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆☛ ➈ ✏✎✏❏Ð➀➬
PNS ≈ V 2

Re

=
kBTe∆

e2WeRe

(

1 +
kBTe

∆

)

exp
[

− ∆

kBTe

]

.
❰✱▼ ➈ ❲❖Ð

✡Ù◆❉❋❈✔➼❍❏⑥◗❊Ù⑦❖■❉❋✦◆❉❍❏■❉❊q❫❯❚❏❍❏◆❉❊✽✥▲Þ▲⑨✦P◗❋✏❾❱❫❬❪✻✦
135µeV

❽✇P◗❋✏❨▼❫❬❪❉❪✇❍❏❨❺❑
Wǫ = τelec(∆)/τD❋✶❊❺❑✦P◗❋➄❊●❋✶■❉P✤❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✪❫❣➷❺■❉❊❺❑❼❫❬❳❉P◗❋ ➈ ➣q◆ ❍❏❳▲❑▼⑥◗❋✶◆❱❑✏■❉◆ ❳✇❍❏◆➐❫❬⑩✶⑩✶❍❏❨●① ❋✶◆❱❑▼❨●❋✵P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❰✱▼ ➈ ❲❖Ðq❋✜❑✏P◗❋✶❊✗①❉❍❏◆❉◆❉⑨✶❋✶❊✟❰➼⑩✜✔ ➈ P➃❫✟⑩✶❍❏■❉❨●❳✇❋✪❪❉P◗❋✶⑥◗◆❉❋❅❋✜❑✯⑨✶❪❴❫❸⑥◗❊●❊▼❋➄①❴❫❬◆❉❊✏P➃❫⑩✥❴❾❏■❉❨●❋⑩▼ ➈ ✏❏Ðq❫❯❚❏❋✶⑩

We = 0, 7±0, 2 ➈ ❄ ■❉❋✶P◗⑦❖■❉❋✶❊✤❨●❋✶❲✵❫❬❨●⑦❖■❉❋✶❊✤❊✣✒ ⑥◗❲✪❪✇❍❏❊●❋✶◆❱❑✷⑩✶❍❏◆❉⑩✶❋✶❨●◆❴❫❬◆❱❑✽⑩✶❋✜❑✽❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑Ù➬⑩✭❷⑦✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✗①❉⑨✶⑩✶❨●⑥❶❑qP◗❋✶❊q①❉❍❏◆❉◆❉⑨✶❋✶❊❀①❉❋✦❲✵❫❬◆❉⑥◗❈✶❨●❋✯❊▼❫❸❑▼⑥◗❊➌✔❡❫❬⑥◗❊▼❫❬◆❱❑▼❋✣➷❺■❉❊●⑦❖■✓✒ ✦
Te ≈

600mK
⑩✶❋✗⑦❖■❉⑥☞⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①✁✦➄■❉◆❉❋❀❑▼❋✶◆❉❊●⑥◗❍❏◆

eV ≈ ∆/4 ➈⑩❁❇Ù❍❏■❉❊✽❫✩❚❏❍❏◆❉❊✷⑨✜❚❬❫❬P◗■❉⑨ÙP✱✒ ⑥◗◆✗✛❴■❉❋✶◆❉⑩✶❋➀①❉■✸❾❱❫❬❪✵⑩❼❇❉❍❏⑥◗❊●⑥❦❪✇❍❏■❉❨✤P➃❫✏❳❉⑥❶⑩✶❍❏■❉⑩❃❇❉❋➀❊●■❉❨✷P◗✒ ❫❸➷❺■❉❊➔➇
❑▼❋✶❲✪❋✶◆❱❑➄➬✔❊●⑥✍❍❏◆✖❊●■❉❪❉❪✇❍❬❊▼❋➄■❉◆✖❾❱❫❬❪➫①❉❋

200µeV
❫❬■➫P◗⑥◗❋✶■➫①❉❋

135µeV
❽✔P✱✒ ❫❣➷❺■❉❊➔➇

❑▼❋✶❲✪❋✶◆❱❑➀❋✶❊❺❑➀❳✇❋✩❫❬■❉⑩✶❍❏■❉❪✉❲✪❍❏⑥◗◆❉❊✣❳✇❍❏◆✒❋✜❑
We

①❉⑥◗❲✪⑥❶◆⑤■❉❋❀①✓✒ ■❉◆✠✔❡❫❬⑩✜❑▼❋✶■❉❨Ù①✓✒ ❋✶◆❖❚⑤⑥◗❨●❍❏◆
▼ ➈⑩✭❷☞❋♣❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✉①❉❋♣P✱✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑

We = 0, 7
①❉❍❏◆❉◆❉❋♣■❉◆à❑▼❋✶❲✪❪❉❊✸①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩❃➇

❑▼⑥◗❍❏◆ ⑨✶P❶❋✶⑩✜❑▼❨●❍❏◆⑤➇ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆ ❫❬■ ◆❉⑥❶❚❱❋✶❫❬■✾①❉■✾❾❱❫❬❪
τelec(∆) ≃ 3, 5ns

❽✍①❉❋✟P✱✒ ❍❏❨●①❉❨●❋
①❉■✉❑▼❋✶❲✪❪❉❊q①❉❋✯①❉⑥❋✲✮■❉❊●⑥◗❍❏◆

τD ≃ 5ns ➈ τelec(∆)
①❉⑨✶⑩✶❨●⑥❶❑qP✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆✒⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇

⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✵①❴❫❬◆❉❊✤P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆♣❰✱▼ ➈ ❲❖Ð③①❉❋Ù❲✵❫❬◆❉⑥◗❈✶❨●❋✣❊●⑥◗❲✪❪❉P◗⑥❉✥❴⑨✶❋❬❽❱⑩✩❫❬❨✤⑥◗P❴◆❉❋➀❪❉❨●❋✶◆❉①✵❪❴❫❬❊❋✶◆✝⑩✶❍❏❲✪❪▲❑▼❋q❊❼❫✦①❉⑨✶❪✇❋✶◆❉①❴❫❬◆❉⑩✶❋✏❋✶◆✝⑨✶◆❉❋✶❨●❾❏⑥◗❋ ➈ ❿➀❋❀❪❉P◗■❉❊✶❽❉P◗❋✶❊☎➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✛⑨❃❑❼■❉①❉⑥❶⑨✶❋✶❊✣❊●❋
☛❣❩◆☛



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

❊●⑥❶❑▼■❉❋✶◆❱❑❅①❴❫❬◆❉❊❅P➃❫✉P◗⑥◗❲✪⑥ ❑▼❋✸❩❬❿✳ï❯❽✍❫❬P◗❍❏❨●❊✦⑦❖■❉❋✟P◗❋✸⑩✩❫❬P◗⑩✜■❉P✽①❉❋☞❂✷❋✣✸✶■❉❾❏P❶④⑤⑥✽❋✜❑✪❫❬P ➈ ▼ ❩◆☛✉❖❊●❋✦❳❴❫❬❊●❋❅❊●■❉❨❀■❉◆➫❲✪❍⑤①❉❈✜P◗❋✯⑦❖■❴❫❬❊●⑥ ➇➀☛❯❿ ➈ ❻ ⑥✥❍❏◆➫⑩✶❍❏❲✪❪❴❫❬❨●❋✦❲✵❫❬P◗❾❏❨●⑨✗❑▼❍❏■▲❑ τelec ❫✩❚❱❋✶⑩P➃❫✦❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆✟①❉❋✗P➃❫✯❑▼❇❉⑨✶❍❏❨●⑥◗❋❀①❉❋✶❊✣⑥◗◆❖❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✽⑩✶❍❏■❉P◗❍❏❲✦❳❉⑥◗❋✶◆❉◆❉❋✶❊✛⑨✶⑩✶❨▼❫❬◆❱❑▼⑨✶❋✶❊Ù①❉❋
➆➀P❶❑▼❊●❇❖■❉P◗❋✶❨✷❋✜❑✛➆➀❨●❍❏◆❉❍❯❚Õ▼ ❩☛❖✐❽▲❍❏◆✸❍❏❳▲❑▼⑥◗❋✶◆❖❑✽■❉◆❉❋➀❚❬❫❬P◗❋✶■❉❨✷①❉■✟❲❩■✶❲✪❋➀❍❏❨●①❉❨●❋q①❉❋q❾❏❨▼❫❬◆⑤➇
①❉❋✶■❉❨ ➈ ➅③◆✒❋✜✲✮❋✜❑✩❽❴①❴❫❬◆❉❊✣■❉◆❉❋✗❾❏⑨✶❍❏❲✪⑨✜❑▼❨●⑥◗❋✏❩❬❿✯❽❉P◗❋q❑▼❋✶❲✪❪❉❊ τee ❋✶❊❺❑Ù①❉❍❏◆❉◆❉⑨✗❪❴❫❬❨

τee =
2π~

2

kBTe2R�ln[π~/(e2R�)]

❰✱▼ ➈ ▼❏Ð
❋✜❑❀❍❏◆♣❑▼❨●❍❏■▲❚❏❋

τee ≃ 19ns
❪❦❍❏■❉❨

R� = 0.98 Ω
❋✜❑
T = 1K ➈ ❿✧✒ ❫❬■▲❑▼❨●❋✦❪❴❫❬❨❺❑✩❽

τelec(∆)
❋✶❊❺❑✽①❉❋✶■⑤Þ✸❍❏❨●①❉❨●❋✶❊✤❪❉P◗■❉❊✷❾❏❨▼❫❬◆❉①✵⑦❖■❉❋➀P◗❋✛❑❼❋✜❲✪❪❉❊✷①❉❋➀⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋q①❉❋Ù❪❉❇❴❫❬❊●❋

τφ(300mK)
①❉⑨✶①❉■❉⑥ ❑➀①❉❋✏P➃❫➄❨●⑨✶❋✶◆❱❑▼❨▼❫❬◆❉⑩✶❋✯①❉❋✏P➃❫➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋ ➈ ❿q❫❬◆❉❊➀P◗❋✗⑩✩❫❬①❉❨●❋✏①❉■❲✪❍❖①❉❈✶P◗❋✝❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✟⑥◗⑩✶⑥✐❽✥⑥◗P✽❊●❋✶❲✦❳❉P◗❋✟①❉❍❏◆❉⑩✝⑦❖■❉❋✒P➃❫♣P◗❍❏◆❉❾❏■❉❋✶■❉❨➄①❉❋✝⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✒①❉❋

❪❉❇❴❫❬❊●❋
Lφ

❋✜❑✵P➃❫✖P◗❍❏◆❉❾❏■❉❋✶■❉❨➄①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä⑨✶P◗❋✜⑩✜❑▼❨▼❍❬◆
Lee

◆❉❋✒❊●❍❏⑥◗❋✶◆❖❑
❪❴❫❬❊✣⑥❶①❉❋✶◆❖❑▼⑥◗⑦❖■❉❋✶❊ ➈⑩✭❿q❫❬◆❉❊✥P➃❫❱✥❴❾❏■❉❨●❋❱▼ ➈ ✏✣◆❉❍❏■❉❊✍❫✩❚❱❍❏◆❉❊✥⑨✶❾❱❫❬P❶❋✶❲✪❋✶◆❖❑☎❨●❋✶❪❉❨●⑨✶❊●❋✶◆❖❑▼⑨✽P➃❫✣❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✽①❉⑥◗❊●❊●⑥◗❪❦⑨✶❋❪❴❫❬❨✏P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆✖⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä❪❉❇❉❍❏◆❉❍❏◆

Pph
❰➼⑩✶❍❏■❉❨●❳✇❋✵❪❉P◗❋✶⑥◗◆❉❋➄❋✜❑✧✥❴◆❉❋❯Ð❃❽☎⑩✩❫❬P◗⑩✶■❉P◗⑨✶❋

✦♣P✱✒ ❫❬⑥◗①❉❋✵①❉❋✸P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰❃☛ ➈ ❩❬❙❱Ð❃❽☎❋✶◆✾❊●■❉❪❉❪✇❍❏❊▼❫❬◆❱❑✪P◗❋✵❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋
Σ
①❉⑨✶①❉■❉⑥❶❑❅①❉❋

P✱✒ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✣❪✇❍❏■❉❨✛P➃❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒❙❏❘ ➈ ②☎❍❏■❉❨✛P➃❫➀➷❺❍❏◆❉⑩❃❑❼⑥❶❍❏◆❯❲❱❫▲❽❉P➃❫✦❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋
Pph❋✶❊❺❑Ù❋✶◆❱❚⑤⑥◗❨●❍❏◆✹▼✯✔➼❍❏⑥◗❊✛❪❉P◗■❉❊✛❪✇❋✜❑▼⑥❶❑▼❋✗⑦❖■❉❋

PNS

①❴❫❬◆❉❊✣P✱✒ ⑥◗◆❖❑▼❋✶❨❺❚❸❫❬P◗P❶❋q①❉❋✗❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋
200 .. 600mK ➈ ❷☞❋✶❊✵⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊➄⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä❪❉❇❉❍❏◆❉❍❏◆ ⑩✶❍❏◆❖❑▼❨●⑥◗❳❉■❉❋✶◆❱❑✵①❉❋❯✔❡❫✰✙✶❍❏◆
◆❉❍❏◆⑤➇ä◆❉⑨✶❾❏P❶⑥◗❾❏❋✩❫❬❳❉P◗❋✤✦➄P➃❫➄①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆✟①❉❋✏P➃❫❅❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✏❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑Ù❑▼❨●❈✶❊Ù❪❉❨●❈✶❊Ù①❉❋
V = 0

❽☎⑦❖■❴❫❬◆❉①✾P➃❫✒P◗❍❏◆❉❾❏■❉❋✶■❉❨✯❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋✟❪❴❫❬❨●⑩✶❍❏■❉❨●■❉❋✸❪❴❫❬❨✦P◗❋✜❊✦⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊
①❉❋✜❚⑤⑥◗❋✶◆❱❑✣❑▼❨●❈✶❊✣P◗❍❏◆❉❾❏■❉❋ ➈

×❴♥❏❦rs✰❧♦t✉♥❏❦
10µm

➄➱②☎❍❏■❉❨✛P➃❫✣➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✟①❉❋❀P◗❍❏◆❉❾❏■❉❋✶■❉❨
10µm

❽❉P◗❋✶❊✽❪❉■❉⑥◗❊●❊▼❫❬◆❉⑩✶❋✶❊✣①❉⑥◗❊●❊●⑥ ➇
❪❦⑨✶❋✶❊❱✦✗❑▼❨▼❫✩❚❏❋✶❨●❊✷P◗❋✶❊✤⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ❻ ❇ ❋✜❑✷❪❴❫❬❨✤P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆➄⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆➄➇✥❪❉❇❉❍❏◆❉❍❏◆✸❊●❍❏◆❱❑✷①❉■
❲❩■✶❲✪❋➄❍❏❨●①❉❨●❋✪①❉❋✵❾❏❨▼❫❬◆❉①❉❋✶■❉❨ ➈ ➆✽✥❴◆➐①❉❋✵⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨✏❫❯❚❏❋✶⑩✵P➃❫✟❑▼❇❉⑨✶❍❏❨●⑥◗❋❬❽✰◆❉❍❏■❉❊✏⑩✩❫❬P◗⑩✶■❉P◗❍❏◆❉❊
PNS

❋✜❑
Pph

❊▼⑨✜❪❴❫❬❨●⑨✶❲✪❋✶◆❖❑✷❫❯❚❏❋✶⑩ÙP◗❋✶❊③⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❉❊➀❰✱▼ ➈ ❲❖Ð✍❋✜❑q❰❃☛ ➈ ❩❬❙❱Ð ➈ ❷✰❫✗❊●❍❏❲✪❲✪❋✛①❉❋✶❊➹①❉❋✶■⑤Þ⑩✶❍❏◆❱❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆❉❊➀❋✶❊❺❑✗❨●❋✶❪❉❨●⑨✶❊●❋✶◆❖❑▼⑨✶❋➄❪❴❫❬❨qP➃❫✸⑩✶❍❏■❉❨●❳❦❋❅❪✇❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋✯①❴❫❬◆❉❊❀P➃❫❩✥❴❾❏■❉❨●❋❩▼ ➈ ✏ ➈ ➣q◆❍❏❳▲❑▼⑥◗❋✶◆❱❑✽■❉◆✸❳✇❍❏◆✟❫❬⑩✶⑩✶❍❏❨●①✟❫❯❚❏❋✶⑩qP◗❋✶❊✷①❉❍❏◆❉◆❉⑨✶❋✶❊✽❋❃Þ▲❪✇⑨✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P◗❋✶❊✽❫❯❚❏❋✶⑩
We = 0, 3± 0, 1 ➈❹✷❋✪❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋➄①❉❍❏◆❉◆❉❋

τelec(∆) = 10ns
⑩✶❋✪⑦❖■❉⑥➹❋✶❊❺❑✯①❉❋✪◆❉❍❏■▲❚❏❋✩❫❬■➐❋✶◆ ❳❦❍❏◆➐❫❬⑩✶⑩✶❍❏❨●①

❫✩❚❏❋✶⑩
τee ➈❷☞❋✉❑▼❨▼❫❬⑥❶❑▼❋✶❲✪❋✶◆❱❑✵❊●⑨✶❪❴❫❬❨●⑨➫①❉❋✶❊✟⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✵⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆à❋✜❑✟⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä❪❉❇❉❍❏◆❉❍❏◆

❋✶❊❺❑q■❉◆❉❋✏❪❉❨●❋✶❲✪⑥◗❈✶❨●❋✯❫❬❪❉❪❉❨●❍✩Þ▲⑥◗❲✵❫❸❑▼⑥◗❍❬◆ ➈ ❿q❫❬◆❉❊➀■❉◆❉❋✦❫❬❪❉❪❉❨●❍❖⑩❃❇❉❋✏❪❉P◗■❉❊Ù❊❺❑▼❨●⑥◗⑩✜❑▼❋❬❽✇⑥◗P✓✔❡❫❬■❉①❉❨▼❫❬⑥❶❑⑥◗◆❉⑩✶P◗■❉❨●❋q❊●⑥◗❲❅■❉P❶❑❼❫❸◆❉⑨✶❲✪❋✶◆❖❑✛P❶❋✶❊✣①❉❋✶■⑤Þ✒⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✽①❴❫❬◆❉❊ÙP◗✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✝①❉❋❈❂✷❍❏P❶❑❀✸✶❲✵❫❬◆❉◆ ➈
➅③◆✸❨●⑨✶❊●■❉❲✪⑨❬❽⑤P◗❋✣❳❉❨▼■❉⑥ ❑✷❋✶◆✸⑩✶❍❏■❉❨▼❫❬◆❱❑✽①❴❫❬◆❉❊✷■❉◆❉❋➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋q❫❬■❉❾❏❲✪❋✶◆❖❑▼❋
❑▼❨●❈✶❊❀❨▼❫❬❪❉⑥◗①❉❋✶❲✪❋✶◆❖❑✗❫✩❚❏❋✶⑩➄P➃❫✵❑▼❋✶◆❉❊●⑥◗❍❏◆✖①❉❋➄❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✻✦✟⑩✩❫❬■❉❊●❋➄①❉■ë⑩✶❍❬◆✗✥❴◆❉❋✶❲✪❋✶◆❖❑✏①❉❋✶❊

ÿ❃×Ø➚r× Ô✜➘♦Ò✜❒♦✃➌❒♦➬
Lǫ =

√

~D
ǫ

➚✜❰✱❰◗Ô♦Ï❃➹ ✔➌✃▲❛❷×❽❬ ✔➌➘♦✃❃➬✱Ò✜➹Ø✃
ǫ
✔❬ÏÑÐ✕➚➶➘♦Ò✉✔➌✃❴✃➌➘✜❮✱➬✱✃✓× ✃❬❰✾✔➌× ✃❬Ï➼❮✱➬✱Ô✜➘✕❰◆✃❬❰✉❮④à♦× ❒✕❰✚à✰✃❃❮✱➹ ❮✱✃

❪✣❒♦✃❭×Ø➚✢× Ô✜➘♦Ò✜❒♦✃➌❒♦➬★✃❃❮✺×Ø➚✢×Ø➚➶➬✱Ò✜✃➌❒♦➬★➴✍✃❭×❽❬ ✔❬ÏÑÐ✕➚➶➘✣❮✱➹ × × Ô✜➘➂➮✍➪❱➚➶➹Ø❰✓à♦× ❒✕❰★Ò✜➬Ñ➚➶➘✕➴✍✃✇❪✣❒♦✃⑦×❽❬ ✔➌à✕➚➶➹Ø❰✱❰◗✃➌❒♦➬
☛❯❩❏❩



�✛❑➒➹②❑✪♠✷➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì ➥❱➤ ➧✥❜✜❢❯➦⑤❞

⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊❀❋✶◆❖❑▼❨●❋➄P◗❋✶❊✗①❉❋✶■⑤Þë❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊✗❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨●❊ ➈ ❷⑦✒ ❫❬◆❴❫❬P❶④⑤❊●❋➄⑦❖■❴❫❬◆⑤➇❑▼⑥❶❑❼❫❸❑▼⑥❶❚❏❋✪①❉■ ❳❉❨●■❉⑥❶❑✦❫❯❚❏❋✶⑩✸①❉❋✶❊✦❲✪❍⑤①❉❈✶P◗❋✶❊✯❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋✶❊✯◆❉❍❏■❉❊✦❫♣❪❦❋✶❨●❲✪⑥◗❊✯①❉❋✸①❉⑨✜❑▼❋✶❨➔➇
❲✪⑥◗◆❉❋✶❨✛P◗❋✶❊ÙP◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✣⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋✶❊Ù①❉❋✏P➃❫➄❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆✟⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋❬❽⑧✦➄❊▼❫❯❚❏❍❏⑥◗❨✣P◗❋✶❊
P◗❍❏◆❉❾❏■❉❋✶■❉❨●❊✏①✓✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆ë⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä❪❉❇❉❍❏◆❉❍❏◆ë❋✜❑✯⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆ ➈ ❹✷❋✶❪❦❋✶◆❉①❴❫❬◆❱❑❯❽☎P➃❫❲✪⑥◗❊●❋✤❋✶◆❅⑨✜❚⑤⑥◗①❉❋✶◆❉⑩✶❋✽①❉■❅❨●⑨✶❾❏⑥◗❲✪❋⑦✼ä❊▼❫❬◆❉❊✥⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❏◆❉❊❃✾➹◆✓✒ ❋✶❊❺❑③❪❴❫❬❊✍❊▼❫❸❑▼⑥◗❊➌✔❡❫❬⑥◗❊▼❫❬◆❱❑▼❋❬❽❣⑩✩❫❬❨✍P➃❫Ù❾❬⑨✶❍❸➇
❲✪⑨✜❑▼❨●⑥◗❋➀①❉❋✶❊✣❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✛❋✶◆✝❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋✗❫❬❪❉❪✇❍❏❨❺❑▼❋➀❑▼❨●❍❏❪✟①✓✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋❀❊●■❉❨✛P➃❫✏❚❸❫❬P◗❋✶■❉❨✛①❉■
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P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆ ➆✤▼ ➈ ➆ Tc = 1, 2K

❽③❍❏◆✾❍❏❳❉❊●❋✶❨❺❚❱❋✒P➃❫✉❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ①❉❋✶❊✪❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✪❋✶◆
❫❬P◗■❉❲✪⑥❶◆❉⑥❶■❉❲ ➈ ➅③◆✝❳❴❫❬⑥◗❊●❊▼❫❬◆❱❑✛P➃❫✏❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋❬❽❉P➃❫✯P◗❍❏◆❉❾❏■❉❋✶■❉❨✷①❉❋❀⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋❀❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋
LT

❫❬■❉❾❏❲✪❋✶◆❱❑▼❋❅❋✜❑✏P✱✒ ❋✜✲✮❋✜❑✗①❉❋➄❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨✦❨●❋✶◆❉①ëP➃❫✟❪❴❫❬❨❺❑▼⑥◗❋✦◆❉❍❏❨●❲✵❫❬P◗❋✦①❉❋➄❪❉P◗■❉❊✗❋✶◆ë❪❉P◗■❉❊
✼ä❊●■❉❪❉❨▼❫❬⑩✶❍❏◆❉①❉■❉⑩✜❑▼❋✶■❉❨❃✾✜ð ➈ ➂✥⑥◗◆❴❫❬P◗❋✶❲➄❋✶◆❖❑✩❽✚✦ T ≈ 800mK

❽❴P➃❫✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✏①❉❋✗P➃❫➀➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆
①❉⑥◗❊●❪❴❫❬❨▼❫✕✘◗❑ÿ⑩✶❍❏❲✪❪❉P◗❈✜❑▼❋✶❲✪❋✶◆❱❑❀ñà❋✜❑✂❍❏◆✲❍❏❳❉❊●❋✶❨❺❚❏❋✻■❉◆✲❊●■❉❪✇❋✶❨●⑩✶❍❏■❉❨▼❫❬◆❱❑ ➈ ❹✷❍❏◆❱❑▼❨▼❫❬⑥◗❨●❋✶❲✪❋✶◆❱❑❫❬■⑤Þë➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✵P◗❍❏◆❉❾❏■❉❋✶❊✸⑨✜❑▼■❉①❉⑥◗⑨✶❋✶❊✟①❴❫❬◆❉❊✸P➃❫ ❊●❋✶⑩✜❑▼⑥◗❍❏◆✂❪❉❨●⑨✶⑩✶⑨✶①❉❋✶◆❱❑▼❋❬❽✛P➃❫ P◗❍❏◆❉❾❏■❉❋✶■❉❨✵①❉❋
⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋

Lφ

❋✶❊❺❑ÿ❊●■❉❪✇⑨✶❨●⑥◗❋✶■❉❨●❋ ✦
L
❽➄❪✇❋✶❨●❲✪❋✜❑●❑❼❫❬◆❱❑ P✱✒ ❍❏❳❉❊●❋✶❨❺❚❬❫❸❑▼⑥◗❍❏◆ ①✓✒ ■❉◆✫❨●⑨✶❾❏⑥◗❲✪❋

⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑➀①❉❋❀❑▼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑Ù❋✜❑Ù①❉❋✶❊✣❋✜✲✮❋✜❑▼❊qú❬❍❏❊●❋✶❪❉❇❉❊●❍❏◆ ➈❷⑦✒ ❫✩❚❸❫❬◆❖❑❼❫❬❾❏❋Ù①❉❋Ù◆❉❍❬❑▼❨●❋Ù①❉⑥◗❊●❪✇❍❏❊●⑥❶❑▼⑥❋✔✓✦ ❻✚❄ ✡ ✖ ❿♠❋✶❊❺❑✽①❉❋Ù❪✇❍❏■▲❚❏❍❏⑥◗❨✤❲✪❋✜❊▼■❉❨●❋✶❨✤P➃❫✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋
①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P❶❋➐①✓✒ ■❉◆ ⑨✜⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆➻①❉❋ ✔❡❫❬⑥◗❳❉P❶❋➐⑥◗❲✪❪✇⑨✶①❴❫❬◆❉⑩✜❋✾❫❯❚❏❋✶⑩✾■❉◆✻⑩✶❍❏■❉❨▼❫❬◆❱❑ ❫❬■❉❊●❊●⑥
✔❡❫❬⑥◗❳❉P◗❋✗⑦❖■❉❋

10nA
❰➳❚❬❫❬P◗❋✶■❉❨Ù❨●❲✪❊❼Ð ➈ ②☎❍❏■❉❨➀❊●❍❏■❉P◗⑥◗❾❏◆❉❋✶❨✣⑩✶❋✧✔❡❫❬⑥❶❑✩❽❴◆❉❍❏■❉❊q❫✩❚❱❍❏◆❉❊Ù❑▼❨▼❫❬⑩✶⑨✯①❴❫❬◆❉❊P➃❫ ✥❴❾❏■❉❨●❋ ▼ ➈ P➻P➃❫♠❲❩■✶❲✪❋ÿ❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆

R(T )
❲✪❋✶❊●■❉❨●⑨✶❋✭❫❯❚❏❋✶⑩✂①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❊➐⑩✶❍❏■❉❨▼❫❬◆❖❑▼❊

①✓✒ ❋❃Þ▲⑩✶⑥❶❑❼❫❸❑▼⑥◗❍❏◆ÿ❋✶◆❱❑▼❨●❋
10

❋✜❑
500nA ➈ ②☎❍❏■❉❨ Iac = 250nA

P➃❫✖❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ❋✶❊❺❑✟①❉⑨➔➷❬✦
◆❉❋✜❑●❑▼❋✶❲✪❋✶◆❱❑Ù①❉⑨✶⑩✩❫❬P◗⑨✶❋ ➈

ñ⑩❶◆⑤✮t◗⑤✜❧✍③④❦rs✎❹✹❦✺♥⑧♠✕⑨●③④➈✉❹✁♣✺❹✻➈✉③❊➒✜♥❏❦rs✰❧♦t✉♥❏❦
❿➀⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✶❨➄P➃❫✖❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✒◆❉❍❏❨●❲✵❫❬P◗❋

RN
①✓✒ ■❉◆❉❋❅➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ⑩✶❍❏■❉❨❺❑▼❋✒❋✜❑✵①❉❋

✔❡❫❬⑥◗❳❉P◗❋❀⑥◗❲✪❪❦⑨✶①❴❫❬◆❉⑩✶❋✏◆✓✒ ❋✶❊❺❑q❪❴❫❬❊Ù⑨✜❚⑤⑥◗①❉❋✶◆❱❑ ➈ ➆➀■✉①❉❋✶❊●❊●■❉❊q①❉❋✏P➃❫❅❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨▼❋✗⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋ Tc①❉❋✶❊➄❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✶❽③P◗❋✶■❉❨✦❨▼⑨✜❊▼⑥❶❊●❑❼❫❬◆❉⑩✜❋✝❋✶❊❺❑✪❲✪❋✶❊●■❉❨●⑨✶❋✝❋✶◆ ❊●⑨✶❨●⑥◗❋✝❫✩❚❏❋✶⑩✝P➃❫♣❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✝①❉❋✝P➃❫
❪❴❫❬❨❺❑▼⑥◗❋➄◆❉❍❏❨●❲✵❫❬P◗❋❅❋✜❑✦P➃❫✝❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✵①✓✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✪❋✜❑✯❍❏◆ ❍❏❳▲❑▼⑥◗❋✶◆❖❑✏①❉❍❏◆❉⑩

R > RN ➈ ➅③◆①❉❋✶❊●❊●❍❏■❉❊✯①❉❋
Tc

❽✰P✱✒ ❋✜✲✮❋✜❑✏①❉❋➄❪❉❨●❍❯Þ▲⑥◗❲✪⑥ ❑▼⑨❅❨●⑨✶①❉■❉⑥❶❑✏P➃❫✟❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✪①❉❋✪P➃❫✟❪❴❫❬❨❺❑▼⑥◗❋❅◆❉❍❏❨●❲✵❫❬P◗❋
❋✜❑Ù❍❏◆✉❲✪❋✶❊●■❉❨●❋✏■❉◆❉❋✗❚❸❫❬P◗❋✶■❉❨

R < RN ➈ ➅③◆✠✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒①❉❋✗P➃❫❅❑▼❋✶◆❉❊●⑥◗❍❏◆✒①❉❋✏❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✔❽P➃❫✯❊●⑥❶❑▼■❴❫❸❑▼⑥◗❍❏◆✸❋✶❊❺❑✣⑨✶❾❱❫❬P❶❋✶❲✪❋✶◆❖❑✽⑩✶❍❏❲✪❪❉P◗⑥◗⑦❖■❉⑨✶❋ ➈ ➆ ✔❡❫❬⑥◗❳❉P◗❋Ù❑▼❋✶◆❉❊●⑥◗❍❏◆ë❰
eV ∼ ETh

Ð❃❽❉P➃❫✯❨●⑨✶❊●⑥◗❊➔➇
❑❼❫❬◆❉⑩✶❋➄❋✶❊❺❑✯❨●⑨✶①❉■❉⑥❶❑▼❋➄❪❴❫❬❨❀P✱✒ ❋✜✲✮❋✜❑✏①❉❋➄❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨✦❋✜❑✏❍❏◆ë❍❏❳❉❊●❋✶❨❺❚❏❋✵■❉◆ë⑩✶❍❏■❉❨▼❫❬◆❱❑✏①✓✒ ❋❃Þ▲⑩✶❈✶❊ ➈❹✳✒ ❋✶❊❺❑❀❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✤✦✪❑▼❨●❈✶❊✽✔➼❍❏❨❺❑▼❋✏❑▼❋✶◆❉❊●⑥◗❍❏◆

eV > 2∆
⑦❖■❉❋✦P➃❫➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦❲✪❋✶❊●■❉❨●⑨✶❋❅❫❬❪⑤➇

❪❉❨●❍❖⑩❃❇❉❋
RN ➈ ⑧✉❫❬⑥◗❊q❪✇❍❏■❉❨❀❫❬❨●❨▼⑥ ❚❱❋✶❨✤✦✸⑩✶❋✶❊❀❚❸❫❬P◗❋✶■❉❨●❊❀①❉❋✦❑▼❋✶◆❉❊●⑥◗❍❏◆✔❽✔⑥◗P✺✔❡❫❬■▲❑✗❫❬❪❉❪❉P◗⑥◗⑦❖■❉❋✶❨q■❉◆⑩✶❍❏■❉❨▼❫❬◆❱❑✗❑▼❨●❈✶❊✗⑥◗❲✪❪✇❍❏❨❺❑❼❫❸◆❖❑❀⑦❖■❉⑥③⑩❼❇❴❫❬■✗✲✮❋➄P◗❋✶❊✗⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✗❋✜❑✏❨●❋✶◆✗✔➼❍❏❨●⑩✶❋➄P✱✒ ❋✜✲✮❋✜❑✗①❉❋➄❪❉❨●❍❯Þ▲⑥ ➇

❲✪⑥❶❑▼⑨✯⑥◗◆❱❚❱❋✶❨●❊●❋❬❽✔⑩✶❋➄⑦❖■❉⑥✍❨●⑥◗❊●⑦❖■❉❋❅①❉❋✯✔❡❫❬⑥◗❨●❋✯❑▼❨▼❫❬◆❉❊●⑥❶❑▼❋✶❨q■❉◆❉❋➄❪❴❫❬❨❺❑▼⑥◗❋✦①❉❋✶❊❀❨●⑨✶❊●❋✶❨❺❚❱❍❏⑥◗❨●❊ ➈ ②☎❍❏■❉❨⑩✶❋✶❊✷❨▼❫❬⑥◗❊●❍❏◆❉❊✶❽❖◆❉❍❏■❉❊✽❫❯❚❏❍❏◆❉❊✷①❉⑨✶⑩✶⑥◗①❉⑨➀①❉❋➀⑩✩❫❬P◗⑩✶■❉P◗❋✶❨➹P➃❫✏❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀◆❉❍❏❨●❲✵❫❬P◗❋✣①❉❋✶❊✰➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊
✦➄❪❴❫❬❨❺❑▼⑥◗❨✣①❉❋✯P➃❫❅❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦❫❬■✉①❉❋✶❊●❊●■❉❊q①❉❋

Tc
❋✶◆♣❊●❍❏■❉❊❺❑▼❨▼❫✩④❱❫❬◆❖❑➀P➃❫➄❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✯①❉❋✶❊➀❨●⑨❃➇

✝ ×Ø➚❚à✎✃❃❮✱➹ ❮✱✃✽❮✱➬Ñ➚➶➘✕❰◗➹ ❮✱➹ Ô✜➘❫♥
∆R ≃ 0, 1Ω

♦❨Ô✜❐✕❰◗✃➌➬✱Ý✉✔➌✃✽➚➶❒✍❮✱Ô✜❒♦➬✢➴✍✃
1, 1K

✃❬❰✉❮✷à✰✃➌❒✍❮◗ê→r❃❮✱➬✱✃✳➴✍❒♦✃➱❛❚× ➚❮✱➬Ñ➚➶➘✕❰◗➹ ❮✱➹ Ô✜➘❆➴✍✃❬❰✚è➌Ô✜➘♦✃❬❰✗➴✍✃✓➬✱✃❬Ï❃Ô✜❒♦Ý✮➬✱✃➌➪✷✃➌➘✜❮✗✃➌➘✣❮✱➬✱✃❴× ✃❬❰✚➬✌✔❬❰◗✃❃➬✱Ý✜Ô✜➹ ➬Ñ❰➂✃➌➘✢➚➶× ❒♦➪✷➹ ➘♦➹ ❒♦➪➳✃❃❮④×Ø➚rà✕➚➶➬◗❮✱➹ ✃❴➘♦Ô✜➬✱➪❱➚➶× ✃✃➌➘❅Ï❃❒♦➹ Ý✮➬✱✃✑ ×Ø➚❱➬✌✔❬❰◗➹Ø❰✉❮Ñ➚➶➘✕Ï❃✃⑦➬✌✔❬❰◗➹Ø➴✍❒♦✃➌× × ✃❨➴❭❬ ❒♦➘♦✃✢➴✍➹ è❬➚➶➹ ➘♦✃❆➴✮✃❆➪✷➹ × × ➹ Ô✜Ð♦➪❱❰✺à♦➬✱Ô❀Ý✮➹Ø✃❃➘✣❮❷➴✍✃❬❰✍❵✕×Ø❰r➴❭❬ Ô✜➬②❪✣❒♦➹✗❰◗✃➌➬✱Ý✜✃➌➘✣❮②❛×Ø➚✷Ï❃Ô✜➘♦➘♦✃✓✒✍➹ Ô✜➘❅➴✍✃❭×❽❬ ✔❬ÏÑÐ✕➚➶➘✣❮✱➹ × × Ô✜➘
☛❯❩✕❲
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ã⑦⑥⑨⑧✛✃④▼ ➈ P♠⑩➄➁✣⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➀❋✶◆❊✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✵①❉❋➀P➃❫❀❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋Ù①❉❋qP◗✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✪➆✤▼✗❪✇❍❏■❉❨①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✒⑩✶❍❏■❉❨▼❫❬◆❱❑▼❊✒①✓✒ ❋❃Þ▲⑩✶⑥❶❑❼❫❸❑▼⑥◗❍❏◆♠❫❬⑩ ➈ ❿q⑨ä➷❬✦ ❪✇❍❏■❉❨
Iac ≥ 100nA

P➃❫➐❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆
⑩✶❍❏❲✪❲✪❋✶◆❉⑩✶❋❚✦➄❊●❋✗①❉⑨✶⑩✩❫❬P◗❋✶❨ ➈
❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✛⑦❖■❉❋❀◆❉❍❏■❉❊✣❫✩❚❱❍❏◆❉❊✛❋✶❊❺❑▼⑥◗❲✪⑨✶❋✤✦✦❋✶◆❱❚⑤⑥◗❨●❍❏◆

0, 4 Ω ➈ ❹✷❋✜❑●❑▼❋❀❪❉❨●❍⑤⑩✶⑨✶①❉■❉❨●❋❀①❉❍❏◆❉◆❉❋❀■❉◆❉❋❚❬❫❬P◗❋✶■❉❨
RN

❪❉❨●⑨✶⑩✶⑥❶❊▼❋✧✦ ±10%
⑦❖■❉⑥✰❋✶❊❺❑➀⑩✶❍❏❲✪❪❴❫❸❑▼⑥◗❳❉P◗❋✗❫✩❚❏❋✶⑩✯P◗❋✜❊Ù⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋✶❊❻▲❅❰ ✖ Ð❃❽❚❏❍❏⑥◗❨✛P✱✒ ❋❃Þ▲❋✶❲✪❪❉P◗❋❀①❉❋✗P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❬◆✟➆✤▼✦①❴❫❬◆❉❊ÙP➃❫✧✥❴❾❏■❉❨●❋✧▼ ➈ ✌ ➈②☎❍❏■❉❨✷①❉⑨✶①❉■❉⑥◗❨●❋➀P➃❫✗⑩✶❍❏◆❉❊❺❑❼❫❬◆❖❑▼❋➀①❉❋➀①❉⑥❋✲✮■❉❊●⑥◗❍❏◆✵①❉■✸⑩✶■❉⑥❶❚⑤❨●❋❬❽⑤◆❉❍❏■❉❊✽◆❉❍❏■❉❊✷❊●❋✶❨❺❚❏❍❏◆❉❊✽①❉❋q①❉❋✶■⑤Þ

⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆❉❊✛①❉❋✏P➃❫➄❊●⑨✶❨●⑥◗❋✧▼ ➈ ❷☞❋✶❊③➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✣➆✤▼❅❋✜❑❅❂❱▼❅❍❏◆❱❑➀P➃❫❅❲❩■✶❲✪❋✗P➃❫❬❨●❾❏❋✶■❉❨✛❋✜❑➀P◗❋✶❊❲❩■✶❲✪❋✶❊➄❊●■❉❨➌✔❡❫❬⑩✶❋✶❊✪①❉❋✒❨●❋✶⑩✶❍❏■▲❚⑤❨●❋✶❲✪❋✶◆❱❑✸❋✶◆❱❑▼❨●❋✒P✱✒ ❫❬P◗■❉❲➄⑥◗◆❉⑥❶■❉❲✠❋✜❑✪P◗❋✝⑩✶■❉⑥❶❚⑤❨●❋✒❫❬■ÿ◆❉⑥❶❚❏❋✩❫❬■
①❉❋✶❊✣❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✏❰

S = 0, 3µm
Þ

0, 4µm
①❉❋❀⑩❼❇❴❫❬⑦❖■❉❋✗⑩✣✿❬❑▼⑨❯Ð❃❽❉❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✣P➃❫✦P◗❍❏◆❉❾❏■❉❋✶■❉❨

①❉❋✏P➃❫❅❪❴❫❬❨❺❑▼⑥◗❋✗◆❉❍❏❨●❲✵❫❸P◗❋❀❋✶◆❱❑▼❨●❋✯P❶❋✶❊Ù❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊Ù❋✶❊❺❑➀①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✸❰➼➆✤▼❅❋✶❊❺❑➀①❉❋✶■⑤Þ✠✔➼❍❏⑥❶❊✣❪❉P◗■❉❊
P◗❍❏◆❉❾❏■❉❋✏⑦❖■❉❋✪❂❱▼❏Ð ➈ ❇Ù❍❏■❉❊➀❪✇❍❏■▲❚❏❍❏◆❉❊❀❫❬P◗❍❏❨●❊Ù❊●■❉❪❉❪❦❍❏❊●❋✶❨❀■❉◆❉❋✯❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦①✓✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋ RB⑥◗①❉❋✶◆❱❑▼⑥◗⑦❖■❉❋✏❪❦❍❏■❉❨ÙP◗❋✶❊✣①❉❋✶■⑤Þ➄➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ➈ ❹✷❍❏◆❉◆❴❫❬⑥◗❊●❊▼❫❬◆❱❑➀P◗❋✶❊✣❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊➀◆❉❍❏❨●❲✵❫❬P◗❋✶❊ RN

❽
◆❉❍❏■❉❊q①❉⑨✶①❉■❉⑥◗❊●❍❏◆❉❊q■❉◆❉❋✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦❪❴❫❬❨➀⑩✩❫❬❨●❨●⑨✯①❉■➫⑩✶■❉⑥❶❚⑤❨●❋

R� = 0, 65 Ω
❽✇⑩✶❋✦⑦❖■❉⑥✥⑩✶❍❏❨➔➇

❨●❋✶❊●❪✇❍❏◆❉① ❰➼①✓✒ ❫❬❪❉❨●❈✶❊✣P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆✁▼ ➈ ☛❣Ð❱✦❅■❉◆❉❋✏⑩✶❍❏◆❉❊❺❑❼❫❬◆❱❑▼❋✏①❉❋✏①❉⑥❋✲✮■❉❊●⑥◗❍❬◆ D ≃ 80 cm2/s ➈❷☞❋✶❊✽⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✶❊✷❊●■❉❨
RN

❋✜❑✽❊●■❉❨✽P➃❫✏P◗❍❏◆❉❾❏■❉❋✶■❉❨✤①❉❋✶❊✥➷❺❍❏◆❉⑩❃❑❼⑥❶❍❏◆❉❊✚❺✏❰➼⑨✶❾❱❫❬P◗❋✶❲✪❋✜◆❖❑✷❋✶❊❺❑▼⑥◗❲✪⑨✶❋
❻ Ï❃✃❃❮◗❮✱✃❆➹ ➘✕Ï❃✃➌➬◗❮✱➹ ❮✱❒✕➴✍✃❨Ý✮➹ ✃➌➘✣❮❷➴✍✃❬❰r➴✍➹ ➾✘✔➌➬✱✃➌➘✕Ï❃✃❬❰✺à✰Ô✣❰✱❰◗➹ ❐♦× ✃❬❰★✃➌➘✣❮✱➬✱✃❨×Ø➚✷×ØÔ✜➘✍Ò✜❒♦✃➌❒♦➬✺Ý✮➹ ❰❞✔❃✃❨✃❃❮r×Ø➚❱× Ô✜➘♦Ò✜❒♦✃➌❒♦➬Ô✜❐✍❮✱✃➌➘✮❒♦✃⑦➴♦➚➶➘✕❰✓× ✃⑦➪❱➚✜❰✌❪✣❒♦✃❭➴✍✃⑦➬✌✔❬❰◗➹ ➘♦✃❄t✍➘♦Ô✜❒✕❰★➚❬Ý✜Ô✜➘✕❰✓Ï❃✃➌à✎✃➌➘♦➴♦➚➶➘✣❮✺Ô✜❐✕❰◗✃➌➬✱Ý➍✔❭Ï❃✃➌➬◗❮Ñ➚➶➹ ➘✕❰✖✔❬ÏÑÐ✕➚➶➘✜❮✱➹ × × Ô✜➘✕❰★➚➶❒

☛❣❩✎▼
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ã⑦⑥⑨⑧✛✃✵▼ ➈ ✌●⑩ ❹✽❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋à❑▼❋✶◆❉❊●⑥◗❍❬◆⑤➇ä⑩✶❍❏■❉❨▼❫❬◆❖❑➐❪✇❍❏■❉❨➐P➃❫✾➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ➆✤▼ ✦
T =

100mK ➈ ➣q◆♣❍❏❳❉❊●❋✶❨❺❚❱❋❅■❉◆➫⑩✶❍❏■❉❨▼❫❬◆❱❑❀①✓✒ ❋❃Þ▲⑩✶❈✶❊✗⑩✶❍❏❲✪❪❴❫❬❨●⑨✯✦✸■❉◆❉❋Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✻❇✳❇✳❇ ❫✩❚❏❋✶⑩
P➃❫✸❲❩■✶❲✪❋✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋➄◆❉❍❏❨●❲✵❫❬P◗❋✝❰➼P◗⑥◗❾❏◆❉❋✦❪❦❍❏⑥◗◆❖❑▼⑥◗P❶P❶⑨✶❋❯Ð ➈ ❷✰❫✸❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆♣❚❏❋✶❨●❊✗P✱✒ ⑨✜❑❼❫❸❑✗❊▼❫❬◆❉❊①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥◗❍❏◆✪❪❉❨●⑨✶❊●❋✶◆❱❑▼❋❀■❉◆❉❋q❇❱④⑤❊❺❑▼⑨✶❨●❈✶❊●⑥◗❊✶❽❉⑩✶❍❏❲✪❲✪❋ÙP◗❋Ù❲✪❍❏◆❖❑▼❨●❋✶◆❱❑✷P◗❋✶❊✷⑥◗◆❉❊●❋✶❨❺❑▼❊ ➈ ➅③◆✸❇❴❫❬■▲❑q➬❲✪❋✶❊●■❉❨●❋❀❫✩❚❱❋✶⑩q■❉◆❉❋❀❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆✵❋✶◆✟⑩✶❍❏■❉❨▼❫❬◆❱❑ ➈ ➅③◆✝❳❴❫❬❊q➬▲❲✪❋✶❊●■❉❨●❋❀❫❯❚❏❋✶⑩❀■❉◆❉❋q❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❣➇❑▼⑥◗❍❏◆✟❋✶◆✝❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈
✦

10%
Ð✷⑥◗❲✪❪❉P◗⑥❶⑦❖■❉❋✶◆❱❑✣■❉◆❉❋✗⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋❀①❉❋✗P✱✒ ❍❏❨●①❉❨●❋❀①❉❋

20%
❊●■❉❨

D ➈②☎❍❏■❉❨✥⑩✩❫❬P◗⑩✶■❉P◗❋✶❨✰P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✤①❉❋✷❆✛❇❉❍❏■❉P◗❋✶❊●❊✶❽❬◆❉❍❏■❉❊✥■▲❑▼⑥◗P◗⑥❶❊●❍❏◆❉❊✰⑨✶❾❱❫❬P◗❋✶❲✪❋✶◆❖❑☎P➃❫Ù①❉⑥◗❊❺❑❼❫❬◆❉⑩✶❋✷❋✶◆❱❑▼❨●❋
P◗❋✶❊✗❨●⑨✶❊●❋✶❨❺❚❏❍❏⑥◗❨●❊✏⑩✶❍❏❲✪❲✪❋❅❪❉❨●❋✶❲✪⑥◗❈✶❨●❋➄❫❬❪❉❪❉❨●❍✩Þ▲⑥◗❲✵❫❸❑▼⑥◗❍❏◆➫❪✇❍❏■❉❨✗P➃❫✟P◗❍❏◆❉❾❏■❉❋✶■❉❨❀①❉❋✪①❉⑥❋✲✮■❉❊●⑥◗❍❏◆
❋✜✲✮❋✶⑩✜❑▼⑥❶❚❏❋ ➈ ②☎❍❏■❉❨➹P✱✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆❅➆✤▼⑤❽❱❍❏◆✪❍❏❳▲❑▼⑥◗❋✶◆❖❑ ETh ≃ 7µeV

❫❯❚❏❋✶⑩Ù■❉◆❉❋Ù⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋
①❉❋❀P✱✒ ❍❏❨●①❉❨●❋❀①❉❋

40% ➈ ❹✷❋✶❪✇❋✶◆❉①❴❫❬◆❱❑✩❽❦⑩✶❋✶❊✣⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✶❊✛❨●❋✶P➃❫❸❑▼⑥❶❚❏❋✶❲✪❋✶◆❖❑✛❾❏❨▼❫❬◆❉①❉❋✜❊✣◆❉❋✗❊●❍❏◆❱❑❪❴❫❬❊✣❾✎■✶◆❴❫❬◆❱❑▼❋✶❊✶❽❦⑩✩❫❬❨✣P✱✒ ⑥◗◆❱❑▼❋✶❨●❪❉❨●⑨✜❑❼❫❸❑▼⑥◗❍❏◆✟①❉❋✗◆❉❍❏❊Ù❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✣❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬■⑤Þ✝◆❉❋✗①❉⑨✶❪✇❋✶◆❉①
❪❴❫❬❊✣①❉❋✶❊✛❚❬❫❬P◗❋✶■❉❨●❊✛❋❃Þ❉❫❬⑩✜❑▼❋✶❊➀①❉❋

D
❋✜❑Ù①❉❋

ETh ➈❷✰❫✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✗①✓✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋q❑▼❍❬❑❼❫❬P◗❋q❪✇❍❏■❉❨✛P◗❋✶❊✽①❉❋✶■⑤Þ✒⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊✽❚❬❫❬■▲❑
RB ≃ 0, 4 Ω

❽❴⑩✶❋
⑦❖■❉⑥✥①❉❍❏◆❉◆❉❋✦■❉◆❉❋✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✦①✓✒ ⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✶❋✯❊●❪✇⑨✶⑩✶⑥❋✥❴⑦❖■❉❋

Rb = RBS/2 ≈ 2 10−14 Ωm2 ➈❹✷❋✜❑●❑▼❋✽❚❸❫❬P◗❋✶■❉❨✍❋✶❊❺❑➹❪✇❋❃❑❼⑥ ❑❼❋✷⑩✶❍❏❲✪❪❴❫❬❨●⑨✶❋❱✦q①❉❋✶❊③❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊✍❑➔④⑤❪❉⑥◗⑦❖■❉❋✶❊③❪❦❍❏■❉❨③①❉❋✶❊③❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊
①✓✒ ❍✩Þ⑤④⑤①❉❋✒❰

Rb

①❉❋❅P✱✒ ❍❏❨●①❉❨●❋✯①❉❋
10−9 Ωm2 Ð✣⑥◗◆❉①❉⑥◗⑦❖■❴❫❬◆❖❑q■❉◆❉❋✦❳✇❍❏◆❉◆❉❋✦⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋❅❫✩❚❏❋✶⑩❅①❉❋

✎✤ç▲✠❯✃❃❮✺Ý➍✔➌➬✱➹ ❵✆✔❭× ✃❬❰★× Ô✜➘♦Ò✜❒♦✃❃❒♦➬Ñ❰
☛❯❩❬❙



�✛❑➒➹②❑✪♠✷➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì ➥❱➤ ➧✥❜✜❢❯➦⑤❞

❑▼❨●❈✶❊❱✔❡❫❬⑥◗❳❉P◗❋✶❊✽❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊ ➈ ②☎❍❏■❉❨✣P➃❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✝➆✤▼❖❽❴P➃❫✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✏①❉❋✗P◗❫❅❪❴❫❬❨❺❑▼⑥◗❋❀◆❉❍❬❨▼❲✪❫❬P◗❋❰
RCu = RN −RB ≃ 1, 35 Ω

Ð✽①❉❍❏❲✪⑥◗◆❉❋qP➃❫✦❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✏①❉❋✗❳❴❫❬❨●❨●⑥◗❈✶❨●❋
RB ➈

➞ ♥❏q✺♠♦③④❦❏❧⑩♣✲➃❉❹✑➇✺s✘ö◆⑤✵❹✑❧❊s✎♥❏q✺♠♦③④❦❏❧❊s✎♠✕t➁❧♦t✉❸✓q✺❹
❹✷❍❏❲✪❲✪❋✷❋❃Þ▲❪❉P◗⑥◗⑦❖■❉⑨✛❫❬■❅⑩❼❇❴❫❬❪❉⑥❶❑▼❨●❋✛❩⑤❽❬◆❉❍❏■❉❊③❫❯❚❏❍❏◆❉❊✍①❉❋✶■⑤Þ❅❪✇❍❏❊●❊●⑥◗❳❉⑥◗P◗⑥ ❑▼⑨✶❊✥❪✇❍❏■❉❨✥❲✪❋✶❊●■❉❨●❋✶❨

P◗❋✶❊✛⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋✶❊✣⑩✶❍❏■❉❨▼❫❬◆❱❑❺➇ ❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ❻ ❍❏⑥❶❑✛◆❉❍❏■❉❊✣■▲❑▼⑥◗P◗⑥◗❊●❍❏◆❉❊✽P◗❋❀❪❦❍❏◆❖❑✣①❉❋✗❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋❰➼❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋♣❍ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❦Ð✏❋✜❑✪❨▼⑨✶❫❬P◗⑥◗❊●❍❏◆❉❊❅■❉◆❉❋✒❪✇❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆ ❋✶◆✾❑▼❋✶◆❉❊●⑥◗❍❏◆➻❰➼①❴❫❬◆❉❊➄⑩✶❋
⑩✩❫❬❊✶❽❉P◗❋ ❻✚❄ ✡ ✖ ❿➡❪✇❋✶■▲❑✛❊▼❋✜❨●❚⑤⑥❶❨✛❪❦❍❏■❉❨✛P➃❫✏❲✪❋✶❊●■❉❨●❋❀①❉❋❀P➃❫✏❨●⑨✶❊●⑥◗❊❺❑❃❫❸◆❉⑩✶❋❀①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼⑥◗❋✶P◗P❶❋❯Ð❃❽⑤❊●❍❏⑥❶❑
◆❉❍❏■❉❊Ù■▲❑▼⑥◗P◗⑥❶❊●❍❏◆❉❊❱❲✪⑩✮❍❬❳❉P◗❋✶❊✛❑▼❇❉❋✶❨●❲✪❍❖⑩✶❍❱❫❣Þ▲⑥➃❫❬■⑤Þ✝❋✜❑Ù❨●⑨✩❫❬P◗⑥◗❊●❍❏◆❉❊✛■❉◆❉❋✏❪✇❍❏P➃❫❸❨▼⑥❶❊▼❫❸❑▼⑥◗❍❬◆✝❋✶◆✒⑩✶❍❏■⑤➇
❨▼❫❬◆❱❑✟❰❡①❴❫❸◆❉❊✯⑩✶❋✜❑●❑▼❋✸⑩✶❍❏◆✗✥❴❾❏■❉❨▼❫❸❑▼⑥◗❍❏◆✔❽☞P◗❋ ❻✚❄ ✡ ✖ ❿✫❋✜❑✦P➃❫✝❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✵①❉❋✵❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋✸❊●❍❏◆❖❑
①❉⑨✶⑩✶❍❏◆❉◆❉❋✶⑩✜❑▼⑨✶❊➀①❉❋✗P✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑❼⑥❶P◗P◗❍❏◆❦Ð ➈❷✰❫✢✥❴❾❏■❉❨●❋❆▼ ➈ ✌✛❲✪❍❏◆❱❑▼❨●❋✍P➃❫✽⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋❷▲➄❰ ✖ Ð✮①❉❋③P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆q➆✤▼✷✦ T = 100mK

❽
❲✪❋✶❊●■❉❨●⑨✶❋✵❋✶◆➐❪✇❍❏P➃❫❬❨●⑥❶❊▼❫❬◆❖❑✗❋✶◆➐⑩✶❍❏■❉❨▼❫❬◆❱❑ ➈ ❷✰❫✝❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✖❚❏❋✶❨●❊✯P✱✒ ⑨✜❑❼❫❸❑✯①❉⑥◗❊●❊●⑥◗❪❴❫❸❑▼⑥❋✔✽❫✒P◗⑥◗❋✶■✦

19, 5µA ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽③P➃❫✉❑▼❋✶◆❉❊●⑥◗❍❏◆ ❫❬■❉❾❏❲✪❋✶◆❱❑▼❋✟①❉❋⑩✔❡❫✰✙✶❍❏◆✾◆❉❍❏◆⑤➇äP◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋❬❽✥❍❏◆✾❍❏❳❉❊●❋✶❨❺❚❏❋
■❉◆ë⑩✶❍❏■❉❨▼❫❬◆❱❑✏①✓✒ ❋❼Þ▲⑩✶❈✶❊ ➈ ❹✷❋➄⑩✶❍❏■❉❨▼❫❬◆❖❑✗①✓✒ ❋❃Þ▲⑩✶❈✶❊ Iexc = I(V ) − V/RN

❋✶❊❺❑✏■❉◆❉❋➄❲✵❫❬◆❉⑥ ➇

ã⑦⑥⑨⑧✛✃❘▼ ➈ ☛❯❘ ⑩➱❹✷❍❏■❉❨▼❫❬◆❱❑ ①✓✒ ❋❃Þ❖➇
⑩✶❈✶❊

Iexc = I(V ) − V/RN❪✇❍❏■❉❨✵P✱✒ ⑨✶⑩❃❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆ÿ➆✤▼ ✦
T =

100mK ➈ ➆✾⑩✩❫❬■❉❊●❋✷①❉■✏⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋
⑥◗◆❉①❉■❉⑥❶❑✛❪❴❫❬❨✣P◗❋❀⑩✶❍❏■❉❨▼❫❬◆❱❑Ù①❉❋✗❪❦❍❏P➃❫❣➇
❨●⑥◗❊▼❫❸❑▼⑥◗❍❏◆✔❽

Iexc
◆✓✒ ❫❸❑●❑▼❋✶⑥◗◆❱❑✸❪❴❫❬❊✸P➃❫

❚❬❫❬P◗❋✶■❉❨♣①❉❋✾❊▼❫❸❑▼■❉❨▼❫❸❑▼⑥◗❍❏◆ ✦
V ∼

2∆/e ≈ 350µV
❽✇❲✵❫❬⑥◗❊➀❲✪❍❏◆❱❑▼❨●❋

■❉◆➐❲✵❫❣Þ▲⑥◗❲✦■❉❲Ï❫❬■▲❑▼❍❏■❉❨✯①❉❋
V =

200µV
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✔➼❋✶❊❺❑❼❫❸❑▼⑥◗❍❏◆ë①❉❋✵P✱✒ ❋✜✲✮❋✜❑✯①❉❋✪❪❉❨●❍✩Þ▲⑥◗❲✪⑥❶❑▼⑨✟➬☎❪❦❍❏■❉❨✏■❉◆❉❋✪❑▼❋✶◆❉❊●⑥◗❍❏◆ ①❉❍❏◆❉◆❉⑨✶❋❬❽☎⑥◗P✍④ ❫✝■❉◆➐❋❃Þ▲⑩✶❈✶❊
①❉❋➄⑩✶❍❏■❉❨▼❫❬◆❱❑✏①❴❫❬◆❉❊❀■❉◆❉❋q➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ❪❴❫❬❨❀❨▼❫❬❪❉❪❦❍❏❨❺❑❈✦✝■❉◆❉❋q➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆➳❇✳❇✳❇✏❽☞⑩✩❫❬❨❀P➃❫
❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✯❋✶❊❺❑q❨●⑨✶①❉■❉⑥❶❑▼❋✏❪❴❫❬❨✣❨▼❫❬❪❉❪✇❍❏❨❺❑❅✦

RN ➈ ❷⑦✒ ❍❏❳❉❊●❋✶❨❺❚❬❫❸❑▼⑥◗❍❏◆✉①✓✒ ■❉◆✉⑩✶❍❏■❉❨▼❫❬◆❱❑q①✓✒ ❋❃Þ▲⑩✶❈✶❊❋✶❊❺❑③■❉◆❉❋✽⑥◗◆❉①❉⑥◗⑩✩❫❸❑▼⑥❶❍❏◆✯❪❦❍❏■❉❨✥①❉❋✽❳✇❍❏◆❉◆❉❋✶❊✍⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊✶❽❬❪❴❫❬❨✥❍❏❪❉❪✇❍❬❊▼⑥ ❑❼⑥❶❍❏◆✦❫❬■✦①❉⑨✜✥❴⑩✶⑥❶❑✍①❉❋✽⑩✶❍❏■⑤➇
❨▼❫❬◆❱❑✽①❴❫❬◆❉❊✷①❉❋✶❊☎➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✽❫✩❚❏❋✶⑩q①❉❋✶❊✽❳❴❫❬❨●❨●⑥◗❈✶❨●❋✶❊✤❑▼■❉◆❉◆❉❋✶P ➈ ❆✽❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❲✪❋✶◆❖❑✩❽⑤P◗❋Ù⑩✶❍❏■❉❨▼❫❬◆❖❑①✓✒ ❋❃Þ▲⑩✶❈✶❊✷❊▼❫❸❑▼■❉❨●❋Ù❊●❋✶■❉P◗❋✶❲✪❋✶◆❱❑✢✦

V ∼ 2∆/e
❽❱⑩✶❋Ù⑦❖■❉⑥❦◆✓✒ ❋✶❊❺❑✷❪❴❫❬❊➹P◗❋✛⑩✩❫❬❊✤❪✇❍❏■❉❨➹P➃❫✷➷❺❍❬◆❉⑩✜❑▼⑥◗❍❏◆

➆✤▼⑤❽☞❪✇❍❏■❉❨✗P➃❫❬⑦❖■❉❋✶P◗P◗❋
Iexc

❪❦❍❏❊●❊●❈✶①❉❋✵■❉◆ ❲✵❫❣Þ▲⑥◗❲✦■❉❲Ý①❉❋
16µA

❫❬■▲❑▼❍❏■❉❨✗①❉❋
200µV

❋✜❑
①❉⑥◗❲✪⑥◗◆❖■❉❋Ù❪✇❍❏■❉❨✽①❉❋✶❊✷❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊✽❪❉P◗■❉❊✢✔➼❍❏❨❺❑▼❋✶❊✶❽⑤❚❏❍❏⑥◗❨✷P➃❫❈✥❴❾❏■❉❨●❋❚▼ ➈ ☛❯❘ ➈ ❇Ù❍❏■❉❊✛❫❸❑●❑▼❨●⑥◗❳❉■❉❍❏◆❉❊✷⑩✶❋⑩✶❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑✽◆❉❍❏◆⑤➇ä❲✪❍❏◆❉❍❬❑▼❍❏◆❉❋q❫❬■✝⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋q①❉❋✶❊✛⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊✛❪❴❫❬❨✽P◗❋q⑩✶❍❏■❉❨▼❫❬◆❱❑✛①❴❫❬◆❉❊
P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P❶P◗❍❏◆ ➈ ➆ I = 170µA

❽✮⑩✶❋❅⑩❼❇❴❫❬■✗✲✔❫❬❾❏❋❅⑥◗◆❉①❉■❉⑥❶❑➀❲❩■✶❲✪❋✦■❉◆❉❋✯❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆♣①✓✒ ■❉◆❉❋
☛❣❩✎✏



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

❪❴❫❬❨❺❑▼⑥◗❋✷①❉❋✽P➃❫➹➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✦①❴❫❬◆❉❊✍P✱✒ ⑨✜❑❼❫❸❑✍◆❉❍❏❨●❲✵❫❬P✐❽❯❚⑤⑥◗❊●⑥◗❳❉P◗❋✤⑩✶❍❏❲✪❲✪❋✷❊▼❫❬■▲❑③①❉❋✽❑▼❋✶◆❉❊●⑥◗❍❏◆❲➆ ➈ ②☎❍❏■❉❨⑩✶❋✜❑●❑▼❋➀❨▼❫❬⑥◗❊●❍❏◆✔❽❱◆❉❍❏■❉❊✽❫❬P◗P◗❍❏◆❉❊➹◆❉❍❏■❉❊✷P◗⑥◗❲➄⑥ ❑▼❋✶❨❆✦✏P➃❫✗❾❱❫❬❲✪❲✪❋✛①❉❋Ù❑▼❋✶◆❉❊●⑥◗❍❏◆
0
✦

260µV
①❴❫❬◆❉❊

P✱✒ ❋❃Þ▲❪❉P◗❍❏⑥❶❑❼❫❣❑▼⑥◗❍❬◆✟①❉❋✶❊✣①❉❍❏◆❉◆❉⑨✶❋✶❊Ù①❉❋✏❳❉❨●■❉⑥❶❑ ➈❂✷⑥◗❋✶◆✪⑦❖■❉❋➀P◗❋✣⑩✶❍❏■❉❨▼❫❬◆❖❑✤①✓✒ ❋❃Þ▲⑩✶❈✶❊✛◆✓✒ ❫❸❑●❑▼❋✶⑥◗❾❏◆❉❋✣❪❴❫❬❊✤❊▼❫✗❚❬❫❬P◗❋✶■❉❨✤①❉❋Ù❊▼❫❸❑▼■❉❨▼❫❸❑▼⑥◗❍❏◆✔❽❱◆❉❍❏■❉❊✤❪✇❍❏■⑤➇
❚❏❍❏◆❉❊➀⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨✣P✱✒ ❍❏❨●①❉❨●❋✗①❉❋✏❾❏❨▼❫❬◆❉①❉❋✶■❉❨q❫✩❚❏❋✶⑩✯P➃❫➄❪❉❨●⑨✶①❉⑥◗⑩❃❑❼⑥❶❍❏◆✝❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✏①✓✒ ❫❬❪❉❨●❈✶❊✽▲➹❍❏P ➇
❪❬❍❯❚✂❋✜❑✉❫❬P ➈ ▼❉☛✮❲✑✌✆❖❀❪✇❍❏■❉❨ Iexc

①❴❫❬◆❉❊✝P◗❋✶❊✯➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✟①❉⑥❋✲✮■❉❊●⑥❶❚❏❋✶❊✒❫✩❚❏❋✶⑩
∆ >> ETh

➬
Iexc = 0, 82∆ξAl/(eRNL)

❽✰❍✎✩
ξAl = (~DAl/∆)1/2 ➈ ➆✰❚❱❋✶⑩ ∆ = 165µeV

❰➼⑩✶❋✜❑●❑▼❋
❚❸❫❬P◗❋✶■❉❨❀❋✶❊❺❑✏①❉⑨✶①❉■❉⑥❶❑▼❋❅①❉❋❅P➃❫✸⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋

dI/dV (V )
❽✮❚❏❍❏⑥◗❨❀❪❉P◗■❉❊qP◗❍❏⑥◗◆❦Ð✣❋✜❑

DAl ≈
200 cm2/s

❽❴❍❏◆✒❍❏❳▲❑▼⑥◗❋✶◆❱❑
Iexc ≃ 24µA

❋✶◆✒❳✇❍❏◆✉❫❬⑩✶⑩✶❍❏❨●①✉❫✩❚❱❋✶⑩✏P◗❋❀❲✵❫❣Þ▲⑥◗❲✦■❉❲ ❍❏❳❉❊●❋✶❨❺❚❱⑨
❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P◗❋✶❲✪❋✜◆❖❑ ➈➆✻❪❴❫❬❨❺❑▼⑥◗❨✛①❉❋✶❊Ù⑩✩❫❸❨❼❫❸⑩✜❑▼⑨✶❨●⑥◗❊❺❑❼⑥❶⑦❖■❉❋✶❊❻▲➄❰ ✖ Ð❃❽❴◆❉❍❏■❉❊➀❫✩❚❏❍❏◆❉❊Ù❋❃Þ⑤❑▼❨▼❫❬⑥❶❑✣P◗❋✶❊✛❚❬❫❬P◗❋✶■❉❨●❊✣①❉■✒⑩✶❍❏■❉❨▼❫❬◆❱❑⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋➄❋✜◆➯✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ë①❉❋✪P➃❫✸❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽✰❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✶❋✶❊✦①❴❫❬◆❉❊✏P➃❫⑩✥❴❾❏■❉❨●❋⑩▼ ➈ ☛✎☛ ➈ ❷☞❋❲✵❫❣Þ▲⑥◗❲✦■❉❲◆➫✤①❉❋

Ic
❽❖❲✪❋✶❊●■❉❨●⑨❅✦

T = 50mK
❽❱❚❸❫❬■▲❑

22µA
❽⑤⑩✶❋Ù⑦❖■❉⑥✇①❉❍❏◆❉◆❉❋➀■❉◆✵❪❉❨●❍⑤①❉■❉⑥❶❑

IcRN = 38, 5µV ➈❷☞❋❅⑩✶❍❬■❉❨❼❫❸◆❖❑❀⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋✦①❉❋✶❊✽➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ①❉⑥❋✲✮■❉❊●⑥❶❚❏❋✶❊❀①❉⑨✶❪✇❋✶◆❉①ë①❉■✖❨▼❫❬❪❉❪❦❍❏❨❺❑
∆/ETh❰➳❚❏❍❏⑥◗❨➹P➃❫✗❊●❋✶⑩✜❑▼⑥◗❍❏◆✁☛ ➈ ▼ ➈ ☛❣Ð❃❽❖⑦❖■❉⑥❦❚❸❫❬■▲❑❱✦✏❪❦❋✶■✸❪❉❨●❈✶❊ 25

❪✇❍❏■❉❨✤P➃❫✽➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✪➆✤▼ ➈ ➅③◆✸❊●■❉❪❉❪❦❍❸➇❊▼❫❬◆❱❑Ù①❉❋✶❊✣⑥◗◆❖❑▼❋✶❨➌✔❡❫❬⑩✜❋✶❊✣❪❴❫❬❨➌✔❡❫❬⑥❶❑▼❋✶❊✶❽❉P➃❫✯❑▼❇❉⑨✶❍❏❨●⑥◗❋❀❪❉❨●⑨✶①❉⑥❶❑Ù❫❬P◗❍❏❨●❊
b = eRNIc/ETh ≃ 8

▼ ❲➂▼✏❖✐❽
❪❉❨●❍❖⑩❃❇❉❋✷①❉■✯❨●⑨✶❊●■❉P❶❑❼❫❸❑✥❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P

b = 5, 5 ➈ ❷✰❫Ù①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋✷❋✶❊❺❑✍①❉■❉❋✷❫❬■⑤Þ✯❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✶❊①✓✒ ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊➄❰
RB ≃ 0, 4 Ω

ÐÙ⑦❖■❉⑥✥◆❉❋✦❊●❍❏◆❱❑❀❪❴❫❬❊➀❑▼❍❏■▲❑❚✦❩✔❡❫❬⑥❶❑➀◆❉⑨✶❾❏P◗⑥◗❾❏❋✩❫❬❳❉P◗❋✶❊Ù①❉❋✜❚❬❫❬◆❱❑❀P➃❫
❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋q①❉❋➀P➃❫✏❪❴❫❬❨❺❑▼⑥◗❋Ù◆❉❍❏❨●❲✵❫❬P◗❋✦❰

RCu ≃ 1, 35 Ω
Ð ➈ ✶Ù❋✶⑥❾❪➂❪❖⑥◗P→ý✗❋✜❑✣❫❸P ➈ ▼ ▼✎✏☛❖✮❪❉❨●⑨✶①❉⑥◗❊●❋✶◆❖❑①❴❫❬◆❉❊Ù⑩✶❋✯⑩✩❫❬❊Ù■❉◆❉❋✏❨●⑨✶①❉■❉⑩✜❑▼⑥◗❍❏◆✉①❉❋

Ic
①✓✒ ■❉◆✠✔❡❫❬⑩✜❑▼❋✶■❉❨

RCu/(RCu + 1, 6RB) ≈ 0, 7
❽❦❋✶◆
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❑▼⑥◗❍❏◆ ①❉❋✠P➃❫➱❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋ ❋✜❑
❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✏❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋❊✦✒P✱✒ ❫❬⑥◗①❉❋
①❉❋✶❊✖⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❉❊➫①✓✒ ✡Ù❊▼❫❬①❉❋✶P✒❰➳❚❏❍❏⑥◗❨
❑▼❋❃Þ⑤❑▼❋❯Ð ➈ ②☎❍❏■❉❨ T . 300mK
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❪❦❋✶◆❉①❴❫❬◆❉⑩✶❋❅①❉■➫⑩✜❍❏■❉❨▼❫❬◆❖❑q⑩✶❨●⑥❶❑▼⑥◗⑦❖■❉❋✏❋✶◆✹✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✉①❉❋✦P➃❫➄❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋ ➈ ❿q❫❬◆❉❊qP➃❫✪P◗⑥◗❲➄⑥ ❑▼❋
➊ Ï❃✃❃❮◗❮✱✃✳❮✱➬Ñ➚➶➘✕❰◗➹ ❮✱➹ Ô✜➘❩à♦➬✌✔❬❰◗✃➌➘✣❮✱✃✳❒♦➘♦✃❅× ✔➌Ò✉❧➌➬✱✃✽Ð✮➷✍❰✉❮✌✔➌➬✌❧❬❰◗➹Ø❰➌➮④Ï❃✃➱❪✣❒♦➹★➬✱✃➌➘✍Ó❉Ô✜➬ÑÏ❃✃✳×Ø➚✧❰◗❒♦à♦à✰Ô✣❰◗➹ ❮✱➹ Ô✜➘❊➴❭❬ ❒♦➘♦✃Ô✜➬✱➹ Ò✜➹ ➘♦✃r❮✱Ð♦✃➌➬✱➪✷➹s❪✣❒♦✃➯ Ï❃✃❃❮◗❮✱✃❻Ý➶➚➶× ✃➌❒♦➬❨➴✍✃➌Ý✮➬Ñ➚➶➹ ❮➋r❃❮✱➬✱✃❱à♦➬✱Ô✍ÏÑÐ♦✃❻➴✍✃

Ic(T = 0K)
Ï➌➚➶➬❨× ✃✽Ï❃Ô✜❒♦➬Ñ➚➶➘✜❮❆Ï❃➬✱➹ ❮✱➹s❪✣❒♦✃✽❰✱➚➀❮✱❒♦➬✱✃❱à✰Ô✜❒♦➬

kBT . ETh ≈ 80mK

☛❯❩✰P
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∆/ETh >> 1
❽❖⑥◗P◗❊✷❫❬❳✇❍❏■▲❑▼⑥◗❊●❊●❋✶◆❱❑❱✦✏P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆➫❰❃☛ ➈ ❙✑✏❏Ð③⑦❖■❉❋q◆❉❍❏■❉❊✽❫✩❚❱❍❏◆❉❊✷❋✶❲✪❪❉P◗❍❯④❏⑨✶❋➀⑥◗⑩✶⑥❪✇❍❏■❉❨✷P➃❫✏⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✸❫✩❚❱❋✶⑩qP◗❋✶❊✷①❉❍❏◆❉◆❉⑨✶❋✶❊ ➈ ✡✣❑▼⑥◗P◗⑥❶❊▼❫❬◆❱❑ D = 80 cm2/s

❽
RN = 1, 75 Ω❋✜❑

L = 0, 85µm
❽☞❍❏◆✖❍❏❳▲❑▼⑥◗❋✶◆❱❑✗■❉◆✖❳✇❍❏◆ë❫❬⑩✶⑩✶❍❏❨●① ❫✩❚❏❋✶⑩➄P◗❋✶❊❀❚❸❫❬P◗❋✶■❉❨●❊✗❋❃Þ▲❪❦⑨✶❨●⑥◗❲✪❋✶◆❖❑❼❫❬P◗❋✜❊✩❽

❊●⑥☞❍❏◆✒❪❉❨●❋✶◆❉①✒❋✶◆✒⑩✶❍❏❲✪❪▲❑▼❋❀P◗❋❀❪❉❨●⑨❃➇Ñ✔❡❫❬⑩✜❑▼❋✶■❉❨✣①❉❋
0, 7

❲✪❋✶◆❱❑▼⑥◗❍❏◆❉◆❉⑨❀⑩✶⑥ ➇ä①❉❋✶❊●❊●■❉❊ ➈❷✰❫ ❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ❚❏❋✶❨●❊➫P✱✒ ⑨✜❑❼❫❸❑✉①❉❋➐❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋ ◆❖■❉P◗P◗❋ë❪❉❨●⑨✶❊●❋✶◆❱❑❼❋ ■❉◆❉❋➐❇❱④⑤❊❺❑▼⑨✶❨●❈✶❊●⑥◗❊➫❪✇❍❏■❉❨
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2∆/ne
❫✩❚❱❋✶⑩

n = 2
❋✜❑
n = 3
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P➃❫✯❚❬❫❬P◗❋✶■❉❨✛①❉⑨✶①❉■❉⑥❶❑▼❋✗①❉❋✶❊Ù❪❉⑥❶⑩✶❊✣⑥◗❲✪❪❴❫❬⑥❶❨●❊

∆impair ≃ 165µeV ➈
➵✄qr➘❚Ô✜❐✕❰◗✃➌➬✱Ý✜✃✲✔➌Ò✣➚➶× ✃➌➪✷✃➌➘✜❮❭➴✍✃❬❰rà♦➹ØÏ➌❰q❛

V ≃ 55µeV
❪✣❒♦➹✚❰✁❬ ✔➌×Ø➚➶➬✱Ò✜➹Ø❰✱❰◗✃➌➘✣❮②❪✣❒✕➚➶➘✕➴✤×Ø➚❱❮✱✃➌➪✷à♣✔➌➬Ñ➚➀❮✱❒♦➬✱✃➚➶❒♦Ò✜➪✷✃➌➘✣❮✱✃✜➽④Ü✺Ô✜❒✕❰✷➘❁❬ ➚❀Ý➶Ô✜➘✕❰✢à✕➚✜❰✢✃➌➘✕Ï❃Ô✜➬✱✃❅➴❭❬ ✃✓✒✍à♦× ➹ØÏ➌➚➀❮✱➹ Ô✜➘❊à✰Ô✜❒♦➬❱Ï❃✃❬❰✷à♦➹ØÏ➌❰❱Ï➌➚➶➬✷➹ ×★✃❬❰✉❮❱à✰✃➌❒❊à♦➬✱Ô✜❐✕➚➶❐♦× ✃❪✣❒❁❬ ❒♦➘♦✃❨❰✉❮✱➬✱❒✕Ï➼❮✱❒♦➬✱✃⑦❰◗❒♦❐✍ê❫Ð✕➚➶➬✱➪✷Ô✜➘♦➹s❪✣❒♦✃❭➴✍❒❅Ò✣➚➶à✳➴❭❬ Ô✜➬Ñ➴✍➬✱✃❜☎✷❰◗Ô✜➹ ❮✺❰◗➹➂➪❱➚➶➬✼❪✣❒☛✔➌✃✜➽
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ã⑦⑥⑨⑧✛✃❷▼ ➈ ☛❣❩❹⑩✖❹✷❍❏◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋✵①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼⑥◗❋✶P◗P❶❋❅❋✶◆➳✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✖①❉❋✪P➃❫✸❑▼❋✶◆❉❊●⑥◗❍❏◆ë❪❦❍❏■❉❨✏①❉⑥❋✲✮⑨❼➇❨●❋✶◆❱❑▼❋✶❊✏❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✶❊ ➈ ❷☞❋✶❊✏①❉❍❏◆❉◆❉⑨✶❋✶❊✯❊●❍❏◆❱❑✯①❉⑨✶⑩✩❫❬P◗⑨✶❋✶❊✯①❉❋ 0, 1
➸
0, 2

❋✜❑
0, 35S

❪✇❍❏■❉❨
T = 500mK

➸
900mK

❋✜❑
1, 1K

❨●❋✶❊●❪✇❋✶⑩✜❑▼⑥❶❚❏❋✶❲✪❋✶◆❱❑ ➈ ➣q◆✟❚❱❍❏⑥❶❑✛⑩✶P➃❫❬⑥◗❨●❋✶❲✪❋✶◆❱❑✛①❉❋✶❊Ù❪❉⑥◗⑩✶❊①❴❫❬◆❉❊✗P➃❫✝⑩✶❍❬◆❉①❉■❉⑩✜❑❼❫❬◆❉⑩✶❋⑩✦✝①❉❋✶❊✗❑▼❋✶◆❉❊●⑥◗❍❏◆❉❊
Vn = 2∆/ne

❽✰❊●■❉❳⑤➇ä❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊✗①❉■ ❾❱❫❸❪ ➈❷☞❋✶❊➄❪❉⑥◗⑩✶❊✪❫❬■▲❑▼❍❏■❉❨❅①❉❋
V = 0

⑥◗◆❉①❉⑥◗⑦❖■❉❋✶◆❱❑✪P➃❫✉❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆➐❚❱❋✶❨●❊➄P✱✒ ⑨✜❑❼❫❸❑➄①❉❋✒❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋
◆❖■❉P◗P◗❋ ➈

ã⑦⑥⑨⑧✛✃ ▼ ➈ ☛❯❭ ⑩ ②☎❍❏❊●⑥❶❑▼⑥◗❍❏◆❉❊Ý①❉❋✶❊
❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊ ❊●■❉❳⑤➇ä❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊
①❉■ ❾❱❫❬❪ ❋✶◆❜✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ①❉❋❂P➃❫
❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋ ❋✜❑ ❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑
❂✛❹ ❻ ➈ ❷☞❋✶❊➐❪❉⑥◗⑩✶❊➐❪❦❍❏■❉❨ n = 1◆❉❋✼❊●❍❏◆❱❑➱❪❴❫❬❊✠❚⑤⑥◗❊●⑥◗❳❉P◗❋✶❊✠❪❦❍❏■❉❨
T < 900mK

❽③⑩✩❫❬❨➄■❉◆❉❋✒❪❴❫❬❨❺❑▼⑥◗❋
①❉❋àP➃❫✾➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❑▼❨▼❫❬◆❉❊●⑥❶❑▼❋à①❴❫❬◆❉❊
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�✛❑➒➹②❑✪♠✷➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì ➥❱➤ ➧✥❜✜❢❯➦⑤❞

✞✈✱❞❤④✱✌◗ ❑➥❋➱✷✺✴✖❅✾➡②❆✇✻✾✹✓➝✲✶ ❉✸✴ ❈✓❆ ✻✺❅❇❆✲✶✸✷✺✹✼✻✾✹✓➝✲✶ ✴✍✶➋✻✺❅❇✴ ❈✓✴ ❅❇✽✍❥✲✹✁❱❳✴ ❉✸✴
✻✺❅❇❆✲✶✸✷❁❀✫➝❜❅✺✻✐❃❾➝✲❯✸✽✖❅❇✴✍✶➋✻❚✴❾✻❚✹✓✶✸❃❾➝✲❯✸✽✖❅❇✴✍✶➋✻✐❉✸❆✲✶✸✷➥❈✓✴✿❋✸❅❇❍✸✹✼✻

❿q❫❬◆❉❊❀P➃❫✵✥❴❾❏■❉❨●❋✵▼ ➈ ☛✮❲✸❋✶❊❺❑✗❨●❋✶❪❉❨●⑨✶❊●❋✶◆❱❑▼⑨✶❋➄P➃❫✪①❉❋✶◆❉❊●⑥❶❑▼⑨✦❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋✦①❉❋✦❳❉❨●■❉⑥❶❑q❋✶◆✹✔➼❍❏◆❉⑩❃➇❑▼⑥◗❍❏◆✖①❉❋➄P➃❫✵❑▼❋✶◆❉❊●⑥◗❍❏◆✖①❉❋✪❪❦❍❏P➃❫❬❨●⑥◗❊▼❫❸❑▼⑥❶❍❏◆➫❪❦❍❏■❉❨✗P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆♣➆✤▼❯✦✟①❉❋✶❊✗❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✶❊
❋✶◆❱❑▼❨●❋
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ã⑦⑥⑨⑧✛✃⑦▼ ➈ ☛✮❲❫⑩ë❿➀❋✶◆❉❊●⑥❶❑▼⑨✸❊●❪❦❋✶⑩✜❑▼❨▼❫❬P◗❋✸①❉❋✵❳❉❨●■❉⑥❶❑✦❋✶◆●✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆➐①❉❋✵P➃❫✝❑▼❋✶◆❉❊●⑥◗❍❏◆➐①❉❋✸❪✇❍❏P◗❫❬❨●⑥ ➇❊▼❫❸❑▼⑥◗❍❏◆●✦✒①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊✏❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊ ➈ ➣q◆ ❍❏❳❉❊●❋✶❨❺❚❱❋✵■❉◆ ❲✪⑥◗◆❉⑥◗❲✯■❉❲➟①❴❫❬◆❉❊✏P◗❋✪❳❉❨●■❉⑥❶❑✧✦
P➃❫✒❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆ ❋✶◆❖❑▼❨●❋✸P◗❋✸❨●⑨✶❾❏⑥◗❲✪❋✵①❉❋✵❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑❅⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✪❋✜❑❅P◗❋✵❨●⑨✶❾❏⑥◗❲✪❋✵⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑
❫❬■▲❑▼❍❏■❉❨✣①❉❋

V = 10µV ➈⑧✖ ◆❉❊●❋✶❨❺❑✏➬ SI(V )
❪✇❍❬■❉❨ÙP❶❋✗❲❩■✶❲✪❋❀⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P◗❍❬◆❯✦

T = 1, 5K❋✜❑✷❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆❉❊③❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊✤①❴❫❬◆❉❊✤P◗❋✶❊➹❨●⑨✶❾❏⑥◗❲✪❋✶❊➹①❉❋✣❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑✷❫✩❚❱❋✶⑩✦❰➼P◗⑥◗❾❏◆❉❋✛❪✇❍❬⑥◗◆❖❑▼⑥◗P❶P❶⑨✶❋❯Ð
❋✜❑Ù❊▼❫❬◆❉❊✣⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊✏❰➼P◗⑥◗❾❏◆❉❋q❪❉P◗❋✶⑥◗◆❉❋❯Ð ➈
❪✇❍❏■❉❨❅P◗❋✶❊Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊❅P◗❍❏◆❉❾❏■❉❋✶❊ ➈ ➆ V ≃ 10µV
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❊●❋✶❲✦❳❉P◗❋✶◆❱❑➹❫❬❳❉❊●❋✶◆❱❑▼❋✶❊➹①❴❫❬◆❉❊✍P◗❋✷❳❉❨▼■❉⑥ ❑③❍❏■✦①❉■➄❲✪❍❏⑥◗◆❉❊✶❽❣❋✶P◗P◗❋✶❊✥◆❉❋✛❊●❍❏◆❱❑③❪❴❫❬❊➹❫❬❊●❊●❋✣✸✛❲✵❫❬❨●⑦❖■❉⑨✶❋✶❊
❪❦❍❏■❉❨✣❊●❍❏❨❺❑▼⑥◗❨✛①❉❋✗P➃❫✦①❉⑥◗❊●❪✇❋✶❨●❊●⑥◗❍❏◆✝①❉❋✶❊✣❪✇❍❏⑥◗◆❱❑▼❊✣❪❉❨●❍❏❪❉❨●❋❚✦➄P➃❫✦❲✪❋✶❊●■❉❨●❋ ➈➆ ❑▼❨●❈✶❊✗❳❴❫❬❊●❊●❋➄❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽☞❍❏◆✖❪✇❋✶■▲❑✏⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨❀P◗❋✶❊❀①❉❍❏◆❉◆❉⑨✶❋✶❊✯❫✩❚❱❋✶⑩➄P➃❫✸❪❉❨▼⑨✜①❉⑥◗⑩✜❑▼⑥◗❍❏◆
❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋❀①❴❫❬◆❉❊ÙP➃❫✦P◗⑥◗❲➄⑥ ❑▼❋

T = 0K
❰➼⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆ ❰✱▼ ➈ ❭❱Ð●Ð➀➬

SIR =
2

3
(eV + 2∆),

❫✩❚❏❋✶⑩✛⑩✶❍❏❲✪❲✪❋✷❊●❋✶■❉P❉❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋✷P◗❋✽❾❱❫❬❪✔❽❸⑦❖■❉⑥❉①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✽P◗❋✷❳❉❨●■❉⑥❶❑✍①✓✒ ❋❃Þ▲⑩✶❈✶❊➹❪❴❫❬❨✍❨▼❫❬❪❉❪✇❍❏❨❺❑
✦✦■❉◆❉❋✷➷❺❍❏◆❉⑩✜❑▼⑥◗❍❬◆❯❇✳❇✳❇ ➈ ➆ T = 100mK

❽▲❍❏◆✟❍❏❳▲❑▼⑥◗❋✶◆❱❑✛■❉◆✟❑▼❨●❈✶❊✽❳✇❍❏◆✝❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑✣❊●■❉❨
■❉◆❉❋➀P➃❫❬❨●❾❏❋Ù❾❱❫❬❲✪❲✪❋Ù①❉❋Ù❑▼❋✶◆❉❊●⑥◗❍❏◆✟❫❯❚❏❋✶⑩

∆ = 165µeV
❽▲❋✶◆✸❳✇❍❏◆✟❫❬⑩✶⑩✶❍❏❨●①✟❫❯❚❏❋✶⑩qP➃❫✗❚❸❫❬P◗❋✶■❉❨

①❉⑨✶①❉■❉⑥❶❑▼❋✤①❉❋✶❊☎❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊✍❊●■❉❳⑤➇ä❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊✷❰❡⑥❶❲✪❪❴❫❬⑥◗❨●❋✶❊❼Ð✮①❉■✯❾❱❫❬❪ ➈♦✖ P❖❋✶❊❺❑✥❨●❋✶❲✵❫❬❨●⑦❖■❴❫❬❳❉P◗❋⑦❖■❉❋✤P➃❫✣❪✇❋✶◆❱❑▼❋✷⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❉❋✷❪❉❨●⑨✶⑩✶⑥◗❊●⑨✶❲✪❋✶◆❱❑❭✦ 2
3
e ➈ ❹✳✒ ❋✶❊❺❑✍P➃❫✣❪❉❨●❋✶❲✪⑥◗❈✶❨●❋➹❲✪⑥◗❊●❋➹❋✶◆✯⑨✜❚⑤⑥◗①❉❋✶◆❉⑩✶❋◆❉❋✜❑●❑▼❋✗①❉■✒❨●⑨✶❾❏⑥◗❲✪❋✽✼ä❊▼❫❬◆❉❊✣⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❏◆❉❊❃✾➀①❴❫❬◆❉❊Ù■❉◆❉❋✽➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆ ❻ ❇ ❻ ➲❞➺ ➈②☎❍❏■❉❨✣①❉❋✶❊Ù❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✶❊

T & 500mK
❽❴⑥◗P❴✔❡❫❬■▲❑Ù❪❉❨●❋✶◆❉①❉❨●❋✯❋✶◆✒⑩✶❍❏❲✪❪▲❑▼❋✗P➃❫❅❨●⑨✶①❉■❉⑩✜❑▼⑥◗❍❏◆

①❉■✵❾❱❫❬❪✪❋✜❑✷P◗❋Ù❳❉❨●■❉⑥❶❑➹❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✣①❉❋✶❊✷⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊❆✦✏①❉❋✶❊✷⑨✶◆❉❋✶❨●❾❏⑥◗❋✶❊ |ǫ| > ∆ ➈ ❇Ù❍❏■❉❊❫✩❚❏❍❏◆❉❊☎⑩✩❫❬P◗⑩✶■❉P◗⑨➹P◗❋③❳❉❨●■❉⑥❶❑☎①❴❫❬◆❉❊☎P➃❫✛❾❱❫❬❲✪❲✪❋③①❉❋③❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋➹①❉❋
500

✦
900mK

❊●■❉⑥❶❚❬❫❬◆❱❑
P◗❋✶❊✽⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❉❊✗❰❃☛❣❩❏Ð➹❋✜❑✯❰❃☛❯❭❱Ð➹①❴❫❬◆❉❊✛P➃❫✯❨●⑨✜✔➼⑨✶❨●❋✶◆❉⑩✶❋❚❂✷❋✣✸✶■❉❾❏P❶④⑤⑥✔❋✜❑✣❫❬P ➈ ▼ ❩◆☛➍❖✐❽❉❋✶◆✟⑩❃❇❉❍❬⑥◗❊●⑥◗❊●❊❼❫❸◆❖❑
➺⑨➼ ➴♦➚➶➘✕❰★×Ø➚❱➬✌✔❃Ó✕✔➌➬✱✃➌➘♦Ï❃✃❆➾✣❮✱➬✱❒♦➘♦ä✳✃❃❮❭➾✍Ï✱Ð☛✡✜➘♦✃➌➘✮❐✰✃➌➬✱Ò✜✃➌➬❜✗ ß❬á✜Ú✜✙❫➮✕×Ø➚❱➴✍➹Ø❰◗à✰✃➌➬Ñ❰◗➹ Ô✜➘✤➴✍✃❬❰★à✎Ô✜➹ ➘✜❮Ñ❰✺✃❬❰✉❮❷Ï❃Ô✜➘✕❰◗➹Ø➴✏✔❃ê➬Ñ➚➶❐♦× ✃❷✃❃❮✺×Ø➚✷à✰✃➌➘✜❮✱✃❨❰◗✃➌➪❆❐♦× ✃⑦à♦× ❒✕❰✓Ò✜➬Ñ➚➶➘✕➴✍✃❜❪✣❒♦✃
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3
e
➮✕Ï➼Ó➁➽♦× ➚➋❵✕Ò✜❒♦➬✱✃✷ß✜➽ Ù➶Ú
☛✩❭❱❩
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ã⑦⑥⑨⑧✛✃❚▼ ➈ ☛♦▼➥⑩ ❿➀❋✶◆❉❊●⑥❶❑▼⑨ ❊●❪✇❋✶⑩✜❑▼❨▼❫❬P◗❋➐①❉❋➐❳❉❨●■❉⑥❶❑♣❲✦■❉P❶❑▼⑥◗❪❉P❶⑥❶⑨✶❋ ❪❴❫❬❨✉P➃❫ÿ❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋
R =

V/I
✦✂①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊➫❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✶❊ ➈ ❷☞❋✶❊✖⑩✶❍❏■❉❨●❳✇❋✶❊ë❊●❍❏◆❱❑ë①❉⑨✶⑩✩❫❬P◗⑨✶❋✶❊✖❋✶◆❱❑▼❨●❋✾❋✶P◗P◗❋✶❊➫①❉❋

1 10−23A2/Hz ➈ ❷☞❋✶❊♣P◗⑥◗❾❏◆❉❋✶❊✒❪❉P◗❋✶⑥◗◆❉❋✶❊✉❊●❍❏◆❱❑♣P◗❋✶❊♣❫❸➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❱❑▼❊✉❑▼❇❉⑨✶❍❏❨●⑥◗⑦❖■❉❋✶❊♣①❴❫❬◆❉❊✉P◗❋❨●⑨✶❾❏⑥◗❲✪❋✵①❉❋✶❊ ✖ ⑧✒➆q➁ ▼ ❩◆☛✬❖ ➈ ❷☞❋✶❊✯✛❴❈✶⑩❃❇❉❋✶❊➄❪✇❍❏⑥◗◆❱❑▼⑥◗P◗P❶⑨✶❋✶❊✦⑥◗◆❉①❉⑥◗⑦❖■❉❋✜◆❖❑❅P◗❋✸◆❉⑥❶❚❱❋✩❫❬■ ①❉■ ❳❉❨●■❉⑥❶❑
❑▼❇❉❋✶❨●❲✪⑥◗⑦❖■❉❋✒⑩✶❍❏❨●❨●❋✶❊●❪✇❍❏◆❉①❴❫❬◆❱❑❯✦ë⑩❃❇❴❫❬⑦❖■❉❋♣⑩✶❍❏■❉❨●❳❦❋♣①❉❋✉①❉❍❏◆❉◆❉⑨✶❋✶❊✶❽✷⑩✶❋✉⑦❖■❉⑥➀❪✇❋✜❨▼❲➄❋✜❑✸■❉◆❉❋
⑩✶❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆✟①❉⑥◗❨●❋✶⑩✜❑▼❋✏❫✩❚❏❋✶⑩✏P◗❋❀❲✪⑥◗◆❉⑥❶❲✦■❉❲ ①❉❋

SIR ➈
P◗❋✪❾❱❫❬❪➐①❉❋❊✔❡❫✕✙✶❍❏◆ ✦✉❍❏❳▲❑▼❋✶◆❉⑥◗❨✏P◗❋✶❊✯❲✪❋✶⑥◗P◗P❶❋✶■❉❨●❊✯❫❣➷❺■❉❊❺❑▼❋✶❲✪❋✶◆❖❑▼❊ ➈ ❷⑦✒ ⑨✜❚❱❍❏P◗■▲❑▼⑥◗❍❏◆ë①❉■ ❾❱❫❬❪ ❋✶◆
✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✪①❉❋➀P➃❫❀❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋q❫❬⑥◗◆❉❊●⑥❉❑▼❨●❍❏■▲❚❱⑨✶❋➀❋✶❊❺❑✷❋✶◆✸❳✇❍❏◆✸❫❬⑩✶⑩✶❍❏❨●①✸❫❯❚❏❋✶⑩➀P➃❫✗❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆
❂✛❹ ❻ ❽❉❚❱❍❏⑥◗❨✽P➃❫✯✥❴❾❏■❉❨●❋✧▼ ➈ ☛❯❙ ➈
① ❹◆⑨●⑥❷⑤✵♣✺❹✹♠♦❹◆➈✉③✗➇★③✗❧♦t✉♥❏❦✆t◗❦✺❶◆➈✉③④⑤✜❧♦t◗❸✓q✺❹

❿q❫❬◆❉❊✣P➃❫✯❾❱❫❬❲✪❲✪❋➀①❉❋q❑▼❋✶◆❉❊●⑥◗❍❏◆✟①❉❋
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τelec(∆) ≃ 0, 18ns ➈②☎❍❏■❉❨q❚❬❫❬P◗⑥◗①❉❋✶❨q⑩✶❋➄❨●⑨✶❊●■❉P❶❑❼❫❸❑✩❽✮◆❉❍❏■❉❊✏❫✩❚❏❍❏◆❉❊✗⑩✩❫❬P◗⑩✶■❉P◗⑨✦P➃❫✸①❉❋✶◆❉❊●⑥❶❑▼⑨➄❊●❪❦❋✶⑩✜❑▼❨▼❫❬P◗❋➄①❉❋❅❳❉❨●■❉⑥❶❑❈✦

ã⑦⑥⑨⑧✛✃✵▼ ➈ ☛♦✏❐⑩ ❹✷❍❏❲✪❪❴❫❬❨▼❫❬⑥◗❊●❍❏◆ ①❉❋
SIR

❰➼⑩✶❍❏■❉❨●❳✇❋♠❪❉P◗❋✶⑥◗◆❉❋❯Ð➐❪✇❍❏■❉❨ P➃❫
➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆➫➆✤▼☞✦

100mK
❫✩❚❏❋✶⑩➄P➃❫

❊●⑥◗❲✦■❉P➃❫❸❑▼⑥❶❍❏◆✪①❉■✸❳❉❨●■❉⑥❶❑✷✦✯P✱✒ ❫❬⑥◗①❉❋✣①❉■
❪❉❨●❍❏❾❏❨▼❫❬❲✪❲✪❋❅①❉❋✵➂ ➈ ②③⑥◗❋✶❨●❨●❋♣❰ α =
1, 5

➇✥❑▼❨●⑥➃❫❬◆❉❾❏P◗❋✶❊✖➸
α = 2

➇③⑩✩❫❬❨●❨●⑨✶❊❼Ð
❋✜❑✉P✱✒ ❫❬❪❉❪❉❨●❍❯Þ▲⑥❶❲✵❫❸❑▼⑥❶❍❏◆ ❫❬◆❴❫❬P❶④❖❑▼⑥◗⑦❖■❉❋
✦✵✔❡❫❬⑥◗❳❉P◗❋q❑▼❋✶◆❉❊●⑥◗❍❏◆✉①❉❋✧❂✷❋✣✸✶■❉❾❏P❶④⑤⑥✰❋✜❑
❫❬P ➈ ▼ ❩◆☛✉❖✷❰✉✸✶❍❏◆❉❋✗❇❴❫❬⑩❼❇❖■❉❨●⑨✶❋❯Ð ➈

0.00 0.05 0.10 0.15 0.20

3x10
-23

4x10
-23

5x10
-23

6x10
-23

S
I [

A
2
/H

z
] 

* 
R

 [
Ω

]

V [mV]

P✱✒ ❫❬⑥◗①❉❋Ù①❉■✟❪❉❨●❍❏❾❏❨▼❫❬❲✪❲✪❋Ù①❉❋❀➂❴❨●⑨✶①❉⑨✶❨●⑥◗⑩❀②③⑥◗❋✶❨●❨●❋➀⑨✶⑩✶❨●⑥❶❑✣❫❬■ ❻ ②➹➅✤❹❱❿❏❹✽➅③➆ ❻ ❫❬⑩✶P➃❫✩④ ➈ ❹✷❋q❪❉❨●❍❸➇❾❏❨▼❫❬❲✪❲✪❋✏①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✦◆❖■❉❲✪⑨✶❨●⑥◗⑦❖■❉❋✶❲✪❋✶◆❱❑❀P➃❫❩✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆♣①❉❋❅①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✉①❉❋✶❊❀⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊
①❴❫❬◆❉❊➹P➃❫❀❪❴❫❬❨❺❑▼⑥◗❋✛◆❉❍❬❨▼❲✪❫❬P◗❋❻✦❀❪❴❫❬❨❺❑▼⑥◗❨③①❉❋✣P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆❅①❉❋✳❂✷❍❏P❶❑❀✸✶❲✵❫❬◆❉◆✔❽❬❪✇❋✶❨●❲✪❋✜❑●❑❼❫❬◆❱❑✤①✓✒ ⑥❶◆⑤➇
⑩✶P◗■❉❨●❋✤P◗❋✶❊✥⑥◗◆❱❑▼⑨✶❾❏❨▼❫❬P◗❋✶❊☎①❉❋✷⑩✶❍❏P◗P◗⑥❶❊●⑥◗❍❬◆❉❊☎⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆✯❋✜❑✍⑨✜P◗❋✶⑩✜❑▼❨●❍❏◆⑤➇ä❪❉❇❉❍❏◆❉❍❏◆ ➈ ➅③◆❉❊●■❉⑥❶❑▼❋❬❽P◗❋✽❳❉❨●■❉⑥❶❑③❋✶❊❺❑➹⑩✩❫❬P◗⑩✶■❉P◗⑨❱✦❀❪❴❫❬❨❺❑▼⑥◗❨✥①❉❋✶❊⑦✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊③①❉❋✛①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✪✦qP✱✒ ❫❬⑥◗①❉❋✷①❉❋✣P✱✒ ⑨✶⑦❖■❴❫❸❑▼⑥◗❍❏◆
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❷☞❋➄❪❴❫❬❨▼❫❬❲✪❈✜❑▼❨●❋

κ3/2 = 1, 5
❽☞◆❉⑨✶⑩✶❋✶❊●❊▼❫❬⑥◗❨●❋➄①❴❫❬◆❉❊✗P➃❫✟❊●⑥◗❲✦■❉P➃❫❸❑▼⑥❶❍❏◆♣❪✇❍❏■❉❨✗❨●❋✶❪❉❨●❍❖①❉■❉⑥◗❨●❋➄P◗❋✶❊

①❉❍❏◆❉◆❉⑨✶❋✶❊✶❽③❋✶❊❺❑➄①❉❋✜■⑤Þ✾❍❏❨●①❉❨●❋✶❊✦①❉❋✟❾❏❨▼❫❬◆❉①❉❋✶■❉❨●❊❅❪❉P◗■❉❊✦❾❏❨▼❫❬◆❉①❉❊✦⑦❖■❉❋✟P➃❫✉❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆➐①❉❋✟P➃❫
❑▼❇❉⑨✶❍❏❨●⑥◗❋✍①❉❋③P✱✒ ⑥◗◆❖❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❬◆q⑩✶❍❏■❉P◗❍❏❲✦❳❉⑥◗❋✶◆❉◆❉❋✍⑨✶⑩✶❨▼❫❬◆❱❑▼⑨✶❋❬❽

κ3/2th
= (

√

D/2πνF ~
3/2S)−1 =

0, 02
❽▲❋✜❑✛⑥◗P✇◆✓✒ ❋✶❊❺❑✣①❉❍❏◆❉⑩q❪❴❫❬❊✛❨●⑨✩❫❬P◗⑥◗❊❺❑▼❋ ➈◆✖ P✮❊●❋✶❲✦❳❉P◗❋❀❫❬P◗❍❏❨●❊✷❪❉❨●❍❏❳❴❫❬❳❉P◗❋➀⑦❖■❉❋❀①❴❫❬◆❉❊✽P◗❋✶❊☎➷❺❍❏◆❉⑩❃➇❑▼⑥◗❍❏◆❉❊✣⑨✜❑▼■❉①❉⑥◗⑨✶❋✶❊✶❽✇P✱✒ ⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆✒❫✩❚❏❋✶⑩✯P◗❋✶❊✣⑥◗❲✪❪❉■❉❨●❋✜❑▼⑨✶❊Ù❲✵❫❬❾❏◆❉⑨✜❑▼⑥◗⑦❖■❉❋✶❊✣❊●❍❏⑥❶❑Ù❨●❋✶❊●❪✇❍❏◆❉❊▼❫❬❳❉P◗❋

①❉❋✣P✱✒ ⑨✶⑩❼❇❴❫❬◆❉❾❏❋✣①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✛❋✶◆❖❑▼❨●❋✣⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊ ➲➼➲ ❽❏❋✶◆✵❫❬⑩✶⑩✶❍❏❨●①✵❫✩❚❱❋✶⑩✣P✱✒ ❍❏❳❉❊●❋✶❨❺❚❸❫❸❑▼⑥◗❍❏◆➄①✓✒ ❫❬■▲❑▼❨●❋✶❊
➺✱➺
κ2

➴✏✔➌à✰✃➌➘✕➴❱➴✍❒✷❮➁➷✮à✎✃★✃❃❮❴➴✍✃★×Ø➚⑦Ï❃Ô✜➘✕Ï❃✃➌➘✣❮✱➬Ñ➚➀❮✱➹ Ô✜➘✷➴✍✃❬❰④➹ ➪✷à♦❒♦➬✱✃❃❮✌✔❬❰④➪❱➚➶Ò✜➘☛✔❃❮✱➹s❪✣❒♦✃❬❰④à♦➬✌✔❬❰◗✃➌➘✜❮✱✃❬❰⑧➴♦➚➶➘✕❰④× ✃Ï❃❒♦➹ Ý✮➬✱✃❄t✣➘♦Ô✜❒✕❰❏➘♦✃❭Ï❃Ô✜➘♦➘✕➚➶➹Ø❰✱❰◗Ô✜➘✕❰⑧➘♦➹✎×❽❬ ❒✍➘✳➘♦➹✎×❽❬ ➚➶❒✍❮✱➬✱✃✜➮✮Ï❃✃✇❪✣❒♦➹✎➬✱✃➌➘✕➴❱× ✃❾➌➁❒♦Ò✜✃➌➪✷✃➌➘✣❮★➴✍✃❷×Ø➚❆Ý➀➚➶× ✃➌❒♦➬❴❒✍❮✱➹ × ➹Ø❰❞✔➌✃➴♦➚➶➘✕❰✓×Ø➚✷❰◗➹ ➪❆❒♦×Ø➚➀❮✱➹ Ô✜➘❅➴✍➹ Ø❻Ï❃➹ × ✃
☛❯❭✑▼



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

❫❬■▲❑▼❋✶■❉❨●❊✫▼ ❙✆❖ ➈❷☞❋✽❑▼❋✶❲✪❪❉❊✍①❉❋✛❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆✦⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✽①❉❍❏◆❉◆❉❋✛■❉◆❉❋✛P◗⑥◗❲✪⑥ ❑▼❋✷❊●■❉❪❦⑨✶❨●⑥◗❋✶■❉❨●❋✣❪✇❍❏■❉❨✍P◗❋✷❑▼❋✶❲✪❪❉❊
①❉❋✗⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✯①❉❋✗❪❉❇❴❫❬❊●❋ ➈ ✡Ù◆❉❋✏P◗⑥◗❲➄⑥ ❑▼❋❀⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋❀❪✇❋✶■▲❑✽■✜❑▼❨●❋✏①❉⑨✶①❉■❉⑥❶❑▼❋✗①❉■❯✔❡❫❬⑥❶❑✣⑦❖■✓✒ ❍❏◆❍❏❳❉❊●❋✶❨❺❚❏❋✵■❉◆➐❊●■❉❪❦❋✶❨●⑩✶❍❏■❉❨▼❫❬◆❖❑✦❪✇❍❬■❉❨

T . 800mK
❽✰⑩✶❋✵⑦❖■❉⑥➹◆✓✒ ❋✶❊❺❑✦❪✇❍❏❊●❊●⑥◗❳❉P◗❋➄⑦❖■❉❋✵❊●❍❏■❉❊

⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆
Lφ(T = 800mK) > L ➈ ❹✷❋✶⑩✶⑥✤❋✶❊❺❑✯⑨✶⑦❖■❉⑥❶❚❸❫❬P◗❋✶◆❱❑✯✦ τφ(T = 800mK) >

0, 09ns ➈ ❿q❫❬◆❉❊✟P◗❋✶❊✏➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ⑩✶❍❏■❉❨❺❑▼❋✶❊✶❽✛P◗❋✒❑▼❋✶❲✪❪❉❊✟①❉❋➫⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✖①❉❋♣❪❉❇❴❫❬❊●❋
❊●❋✶❲✦❳❉P◗❋❀①❉❍❏◆❉⑩❚■✜❑▼❨●❋❀❑▼❨●❈✶❊✣❪❉❨●❍⑤⑩❼❇❉❋✏①❉■✝❑▼❋✶❲✪❪❉❊✛①❉❋✗❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆✟⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋ ➈❹✷❍❏❲✪❲✪❋✶◆❱❑✽❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨✣❫❬P◗❍❏❨●❊✷P◗❋✶❊✽❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊✣❫❬❊●❊●❋✣✸❀①❉⑥❋✲✮⑨✶❨●❋✶◆❖❑▼❊✽❍❏❳▲❑▼❋✶◆❖■❉❊✣❪❦❍❏■❉❨✛P◗❋✶❊☎➷❺❍❏◆❉⑩❃➇
❑▼⑥◗❍❏◆❉❊✛P◗❍❏◆❉❾❏■❉❋✶❊⑧❳
✖ P❏✔❡❫❬■▲❑✽①✓✒ ❫❬❳❦❍❏❨●①✟①❉⑥◗❨●❋➀⑦❖■❉❋❀P◗❋✶❊✷❋✶❊❺❑▼⑥◗❲✵❫❸❑▼⑥◗❍❏◆❉❊✤❪✇❍❏■❉❨ τφ ❋✜❑ τelec(∆)

①❴❫❬◆❉❊✽P◗❋✶❊☎➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊
P◗❍❏◆❉❾❏■❉❋✶❊③❊●❍❏◆❱❑✤❲✪❍❏⑥◗◆❉❊❷✥❦❫❬❳❉P◗❋✶❊➹⑦❖■❉❋✣①❴❫❬◆❉❊➹P◗❋✶❊✮➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊③⑩✶❍❏■❉❨❺❑▼❋✶❊ ➈ ✡Ù◆❉❋✣⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✛❊●■❉❨
τφ
①❉❋ÙP✱✒ ❍❬❨▼①❉❨●❋✛①✓✒ ■❉◆❩✔❡❫❬⑩✜❑▼❋✶■❉❨✷▼❀❪❉❨●❍❯❚⑤⑥◗❋✶◆❖❑✤①❉■❩✔❡❫❬⑥❶❑➹⑦❖■✓✒ ❍❏◆✵◆❉❋Ù⑩✶❍❏◆❉◆❴❫✕✘◗❑✤❪❴❫❬❊➹❋❃Þ❉❫❬⑩✜❑▼❋✶❲✪❋✶◆❖❑

P◗❋➀❪❉❨●⑨✜✔❡❫❬⑩✜❑▼❋✶■❉❨✽①❴❫❬◆❉❊✽P➃❫✏❨●❋✶P➃❫❸❑▼⑥◗❍❏◆
kBT ≈ ~D/L2

φ

⑦❖■❉⑥✮◆❉❍❏■❉❊✛❫✦❊●❋✶❨❺❚⑤⑥✓✦✦①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉❋✶❨✷P➃❫
P◗❍❏◆❉❾❏■❉❋✶■❉❨✤①❉❋q⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋❀①❉❋q❪❉❇❴❫❬❊●❋❚✦✯❪❴❫❬❨❺❑▼⑥◗❨✤①❉❋qP➃❫✗❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋

Tm
❽⑤❪✇❍❏■❉❨✷P➃❫❬⑦❖■❉❋✶P◗P◗❋

❍❏◆✝❍❏❳❉❊●❋✶❨❺❚❏❋✏P◗❋❀❲✪⑥◗◆❉⑥❶❲✦■❉❲ ①❉❋❀❨●⑨✶❊●⑥◗❊❺❑❼❫❬◆❉⑩✶❋✗①❴❫❬◆❉❊✣P➃❫✦❨●⑨✶❋✶◆❖❑▼❨▼❫❬◆❉⑩✶❋ ➈ ➅③◆✒⑩✶❋✗⑦❖■❉⑥☞⑩✶❍❏◆❉⑩✶❋✶❨●◆❉❋P➃❫✗P◗❍❏◆❉❾❏■❉❋✶■❉❨✤①❉❋Ù❨●❋✶P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆✔❽❱P✱✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋✣❊●■❉❨✷P◗❋Ù❾❱❫❬❪✵①❴❫❬◆❉❊✷P➃❫✗❳❉⑥◗⑩✶❍❏■❉⑩❼❇❉❋➀➆➀P➁❿❏❹✷■✵❨●❋❃➇
❪❉❨●⑨✶❊●❋✶◆❱❑▼❋❀P➃❫✏❪❉❨●⑥◗◆❉⑩✶⑥◗❪❴❫❬P◗❋Ù❊●❍❏■❉❨●⑩✶❋q①✓✒ ⑥◗◆❉⑩✶❋✶❨❺❑▼⑥❶❑▼■❉①❉❋➀①❴❫❬◆❉❊✽P➃❫✯①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❴❫❸❑▼⑥◗❍❬◆✵①❉❋

τelec(∆) ➈❹✷❋✜❑●❑▼❋✏❳❉⑥◗⑩✶❍❏■❉⑩❃❇❉❋✏❋✶❊❺❑✽✔➼❍❏❨●❲✪⑨✶❋✗①❉❋✏⑩✶❍❏■❉⑩❃❇❉❋✶❊➀①✓✒ ❫❬P◗■❉❲✪⑥◗◆❉⑥❶■❉❲✫❋✜❑➀①❉❋✏⑩✶■❉⑥❶❚⑤❨●❋✏①✓✒ ⑨✶❪❴❫❬⑥◗❊●❊●❋✶■❉❨●❊
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τφl
(300mK) ≈

0, 03ns
❋✜❑
τφc(800mK) ≈ 0, 1..0, 2ns

❰➼⑥◗◆❉①❉⑥❶⑩✶❋✯✒ P✱✒⑤❪✇❍❏■❉❨✽P◗❍❏◆❉❾✦❋✜❑❚✒ ⑩✰✒▲❪✇❍❏■❉❨✽⑩✶❍❏■❉❨❺❑❃Ð ➈❷✰❫✯①❉⑥❋✲✮⑨✶❨●❋✶◆❉⑩✶❋❀◆✓✒ ❋✶❊❺❑✛❪❴❫❬❊✽❑▼❨●❈✶❊✽⑥◗❲✪❪✇❍❏❨❺❑❼❫❬◆❱❑▼❋❬❽❖❲❩■✶❲✪❋➀❊●⑥✔❍❏◆✸❪❉❨●❋✶◆❉①✝❋✶◆✟⑩✶❍❏❲✪❪▲❑▼❋q⑦❖■❉❋❀P◗❋✶❊
❑▼❋✶❲✪❪❦⑨✶❨▼❫❸❑▼■❉❨●❋✶❊✯❪✇❍❏■❉❨✯P◗❋✶❊●⑦❖■❉❋✶P◗P❶❋✶❊✯◆❉❍❏■❉❊✦❫✩❚❏❍❏◆❉❊✯①❉⑨✜❑▼❋✶❨●❲✪⑥◗◆❉⑨✪⑩✶❋✶❊✯❚❬❫❬P◗❋✶■❉❨●❊✏◆❉❋✵❊●❍❏◆❱❑✦❪❴❫❬❊
P◗❋✶❊✛❲❩■✶❲✪❋✶❊✶❽❉❋✜❑Ù◆❉❍❏■❉❊✣❪✇❍❏■▲❚❏❍❏◆❉❊Ù①❉❍❏◆❉◆❉❋✶❨✣⑦❖■❉❋✶P◗⑦❖■❉❋✶❊➀❫❬❨●❾❏■❉❲✪❋✶◆❱❑▼❊✣❪❦❍❏■❉❨✣P✱✒ ❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨❀➬
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Dl ≃

30 cm2/s
❚⑤⑥◗❊✯✦✒❚⑤⑥◗❊

Dc ≃ 80 cm2/s
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Lφ > L,w, t
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τelecl
≃ 3, 5ns
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☛✩❭❏❙
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❾❏⑥◗❋ |eV | . ETh ➈ ❷⑦✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✦①❉❋❅❆✛❇❉❍❏■❉P◗❋✜❊▼❊❀❨●❋✶❲✪❪❉P➃❫❬⑩✶❋✯①❉❍❏◆❉⑩❅P◗❋✯❾❱❫❬❪➫⑩✶❍❏❲✪❲✪❋✦⑨✜⑩❃❇❉❋✶P◗P◗❋①✓✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✝❪❦❍❏■❉❨➄P➃❫➫⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋ ➈ ❷☞❋✝❳❉❨●■❉⑥❶❑➄①❉❋✝❾❏❨●❋✶◆❴❫❬⑥◗P◗P◗❋✸❪❉❨●❍❖①❉■❉⑥❶❑➄❪❴❫❬❨➄①❉❋✶❊➄⑩❃❇❴❫❬❨●❾❏❋✶❊❲✦■❉P❶❑▼⑥❶❪❉P◗❋✶❊✸⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊✒①❉❋✜❚⑤❨▼❫❬⑥❶❑✟①❉❍❏◆❉⑩➳■✜❑▼❨●❋➫❪❉❨●❍❏❪✇❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P✤✦

2ETh/eV ➈ ➆✽✥❴◆ ①❉❋
⑩✶❍❏❲✪❪❴❫❬❨●❋✶❨➹◆❉❍❏❊➹①❉❍❏◆❉◆❉⑨✶❋✶❊✷✦✏⑩✶❋✜❑●❑▼❋Ù❪❉❨●⑨✶①❉⑥◗⑩✜❑▼⑥◗❍❏◆✔❽❏◆❉❍❏■❉❊✷❫❯❚❏❍❏◆❉❊➹❑▼❨▼❫❬⑩✶⑨ÙP◗❋❱✔❡❫❬⑩✜❑▼❋✶■❉❨➹①❉❋➀➂❦❫❬◆❉❍
F = SI/2eI

❋✶◆✠✔➼❍❏◆❉⑩✜❑▼⑥◗❍❏◆✒①❉❋
2ETh/eV

❪❦❍❏■❉❨ÙP◗❋✶❊Ù⑨✶⑩❼❇❴❫❬◆❱❑❼⑥❶P◗P◗❍❏◆❉❊✣➆✤▼❅❋✜❑✤❂❱✏❅①❴❫❬◆❉❊➀P◗❫
✥❴❾❏■❉❨●❋❅▼ ➈ ☛✍✌ ➈ ➅③◆✵❋✜✲✮❋✜❑✩❽❖①❴❫❬◆❉❊✷P◗❋✜❊✤①❉❋✶■⑤Þ✵⑩✩❫❬❊✶❽❖❍❏◆✵❍❏❳❉❊●❋✶❨❺❚❏❋➀■❉◆❉❋q❫❬■❉❾❏❲✪❋✶◆❱❑❼❫❸❑▼⑥◗❍❏◆➄P◗⑥◗◆❉⑨✩❫❬⑥❶❨●❋①❉■❯✔❡❫❬⑩❃❑❼❋✜■❉❨✣①❉❋✏➂❦❫❬◆❉❍ ➈②☎❍❏■❉❨❀P➃❫✏➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆➫➆✤▼⑤❽✔◆❉❍❏■❉❊✗❪✇❍❏■▲❚❏❍❏◆❉❊✗①❉⑨✶①❉■❉⑥◗❨●❋➄P➃❫✵❪✇❋✶◆❱❑▼❋
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❊●❋✶■❉P◗❋✶❲✪❋✶◆❖❑✗❪✇❍❏■❉❨

T ≥
500mK

⑩✩❫❬❨✶❽✚✦✦❪❉P◗■❉❊✷❳❴❫❬❊●❊●❋q❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋❬❽⑤P✱✒ ❇❖④⑤❊❺❑▼⑨✶❨●❈✶❊●⑥◗❊✽①❉❋qP➃❫✯⑩✩❫❬❨▼❫❬⑩✜❑▼⑨✶❨●⑥◗❊❺❑▼⑥◗⑦❖■❉❋ ✖ ❰➁▲✗Ð◆❉❍❏■❉❊✣❋✶❲➄❪❏■✶⑩❼❇❉❋✏①❉❋✗❲✪❋✶❊●■❉❨●❋✶❨✛P◗❋❀❳❉❨●■❉⑥❶❑✣①❴❫❬◆❉❊✛■❉◆❉❋✗❾❱❫❬❲✪❲✪❋q①❉❋❀❑▼❋✶◆❉❊●⑥◗❍❏◆✝❊●■✗➫✪❊▼❫❬❲✪❲✪❋✶◆❱❑
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✦
900mK

❽❴❍❬◆✒❍❏❳▲❑▼⑥◗❋✶◆❱❑
p = 14 ± 1 ➈❿q❫❬◆❉❊✛P➃❫Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆☞❂❱✏⑤❽❉■❉◆❉❋❀❇❖④⑤❊❺❑▼⑨✶❨●❈✶❊●⑥◗❊✣❋✶❊❺❑Ù⑨✶❾❱❫❸P◗❋✶❲✪❋✶◆❖❑✛❪❉❨●⑨✶❊●❋✶◆❱❑▼❋❈✦❅❳❴❫❬❊●❊●❋❀❑▼❋✶❲✪❪❦⑨✶❨▼❫❣➇
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2ETh/eV
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1/V
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①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❋✶❊ ➈
❑▼■❉❨●❋❬❽⑤❲✵❫❬⑥◗❊➹❾❏❨❀❍❬⑩✶❋❅✦✏■❉◆❉❋➀⑨✶◆❉❋✶❨●❾❏⑥◗❋➀①❉❋➀❆✽❇❉❍❏■❉P◗❋✶❊●❊✽❋✶◆❱❚⑤⑥◗❨●❍❏◆⑩❲❈✔➼❍❏⑥◗❊➹❪❉P◗■❉❊✷❾❏❨▼❫❬◆❉①❉❋♦➲ ➸ ❽❖◆❉❍❏■❉❊
❪✇❍❏■▲❚❏❍❏◆❉❊✏❲✪❋✶❊●■❉❨●❋✶❨✗P◗❋❅❳❉❨●■❉⑥❶❑✗❲❩■✶❲✪❋✵✦

T = 100mK
➷❺■❉❊●⑦❖■✓✒ ✦

V ≃ ETh/2e ➈ ②☎❍❏■❉❨
eV < ETh
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p ≈ 6
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①❴❫❬◆❉❊✣P◗❋❀❨●⑨✶❾❏⑥◗❲✪❋q⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑Ù❪❴❫❬❨✛P➃❫✯✔➼❍❏❨●❲✦■❉P◗❋✦➬

F = p
(2ETh

eV

)

− c,
❰✱▼ ➈ P❱Ð

❍✎✩
c
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❋✜❑➀➆☎❚❏❋✶❨●⑥◗◆ ➈ ❹✷❍❏❲✪❲✪❋✗❋❃Þ▲❪❉P◗⑥◗⑩✩❫❸❑▼⑥◗❍❏◆✒❪❦❍❏❊●❊●⑥◗❳❉P◗❋❬❽❦◆❉❍❏■❉❊➀❪❦❍❏■▲❚❱❍❏◆❉❊➀❪❉❨●❍❏❪✇❍❏❊●❋✶❨Ù⑦❖■❉❋✯①❴❫❬◆❉❊➀P◗❋✶❊➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊Ù❫❯❚❏❋✶⑩

ETh < ∆
P◗❋✗❊●❪❦❋✶⑩✜❑▼❨●❋✦①❉❋✶❊Ù⑨✜❑❼❫❸❑▼❊➀①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✒❋✶❊❺❑➀❑▼❨●❈✶❊Ù①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑➀①❉❋✶❊

❊●❪✇❋✶⑩✜❑▼❨●❋✶❊Ù①❴❫❬◆❉❊✣P◗❋✶❊✍➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✽❑▼❨●❈✶❊✣⑩✶❍❏■❉❨❺❑▼❋✶❊ ➈✡Ù◆❉❋✉❫❬■▲❑▼❨●❋✝⑦❖■❉❋✶❊❺❑❼⑥❶❍❏◆✬✦✖❊●❋✉❪❦❍❏❊●❋✶❨✪⑩✶❍❏◆❉⑩✶❋✶❨●◆❉❋✉P✱✒ ⑥◗◆✗✛❴■❉❋✶◆❉⑩✶❋✝①❉❋✶❊✵⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊❅⑥◗◆❉⑨✶P➃❫❬❊➔➇
❑▼⑥◗⑦❖■❉❋✶❊Ù①❴❫❬◆❉❊ÙP◗❋✗❨●⑨✶❾❏⑥◗❲✪❋❀⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑ ➈ ❷☞❋✶❊q⑧✒➆q➁➻⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑▼❋✶❊➀❪✇❋✶■▲❚❏❋✶◆❱❑➀❑▼❨▼❫❬◆❉❊➌✔➼⑨✶❨●❋✶❨Ù■❉◆❉❋
⑩❼❇❴❫❬❨●❾❏❋✯❲❅■❉P❶❑▼⑥❶❪❉P◗❋ 2ETh

eV
e
❊●❋✶■❉P◗❋✶❲✪❋✜◆❖❑qP◗❍❏❨●❊●⑦❖■❉❋✯P◗❋✗❑▼❋✶❲✪❪❉❊➀①❉❋✯❑▼❨▼❫❬◆❉❊➌✔➼❋✶❨❺❑q❋✶❊❺❑❀⑥◗◆✗✔➼⑨✶❨●⑥◗❋✜■❉❨▼❋

❫❬■✟❑▼❋✶❲✪❪❉❊✣①❉❋❀⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✏①❉❋✗❪❉❇❴❫❬❊●❋ ➈ ❿q❫❬◆❉❊✣P◗❋❀❨●⑨✶❾❏⑥◗❲✪❋q⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✩❽❴◆❉❍❏■❉❊Ù❫✩❚❏❍❏◆❉❊✣■▲❑▼⑥ ➇P◗⑥◗❊●⑨✗P➃❫✪⑩✶❍❏◆❉①❉⑥❶❑▼⑥◗❍❏◆ 2∆
eV
L . Lin

❪✇❍❏■❉❨Ù❋✶❊❺❑▼⑥◗❲✪❋✶❨ÙP◗❋✏◆❉❍❏❲✦❳❉❨●❋✏①❉❋✯❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊➀①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚
➺✉â ➹ ×✎➷❱➚⑦❒♦➘♦✃❭➚➶❒✍❮✱➬✱✃r➴✍➹ ➾✘✔➌➬✱✃➌➘✕Ï❃✃q❛❨➘♦Ô➶❮✱✃➌➬❏✃➌➘✣❮✱➬✱✃r× ✃❬❰✺➌➁Ô✜➘✕Ï➼❮✱➹ Ô✜➘✕❰❴ë❷ì⑦✃❃❮✖✠✺í ❴ à✰Ô✜❒♦➬❏×Ø➚❆➴✍✃➌➬✱➘♦➹ ❧➌➬✱✃✜➮✜➘♦Ô✜❒✕❰➚❀Ý➶Ô✜➘✕❰✖✔➌Ý➀➚➶à✰Ô✜➬✌✔❷❒♦➘♦✃✇❵✕➘♦✃❨Ï❃Ô✜❒✕Ï✱Ð♦✃④♥

20nm
♦✓➴✍✃❨Ï❃❒♦➹ Ý✮➬✱✃⑦❰◗Ô✜❒✕❰✓× ✃❬❰✓➬✌✔❬❰◗✃➌➬✱Ý✜Ô➶➹ ➬Ñ❰❏✃➌➘✤➚➶× ❒♦➪✷➹ ➘♦➹ ❒♦➪

☛❯❭✎✌



❵❅❛✍❤❦➺✥❝➳❢❣❜✶➦❥�✛❑❜➘✦❜✩➧✥❝➳❢✸➨✍❤❦❥✥❞✵➩➼➦⑤❞❬❇ ➤ ❥ ➥ ❢❣❝ ➤ ❥✥❞Óì✥t➜ì

❪❦❍❏❊●❊●⑥◗❳❉P◗❋✶❊✵❫✩❚❬❫❬◆❱❑✵⑦❖■✓✒ ■❉◆ÿ⑩❼❇❉❍⑤⑩✒⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✟⑥◗◆❖❑▼❋✶❨❺❚⑤⑥◗❋✶◆❉◆❉❋❬❽③⑩✶❋✒⑦❖■❉⑥✣❋✶❊❺❑✸⑨✶⑦❖■❉⑥❶❚❸❫❬P◗❋✶◆❱❑⑩✦
2∆
eV

=
√

τin/τD ➈ ❻ ⑥✤❍❏◆➐❫❬❪❉❪❉P◗⑥◗⑦❖■❉❋➄P◗❋✪❲❩■✶❲✪❋➄⑩✶❨●⑥❶❑▼❈✶❨●❋✵❫❬■ ❨●⑨✶❾❏⑥◗❲✪❋➄⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✩❽☎❍❏◆ ❍❏❳⑤➇❑▼⑥◗❋✶◆❱❑
N = 2ETh

eV
=

√

τφ/τD ➈ ➅③◆ë❊✣✒ ❫❬❪❉❪❉■▲④❱❫❬◆❱❑✏❊▼■❉❨❀P◗❋✶❊❀❨●⑨✶❊●■❉P❶❑❼❫❸❑▼❊q❑▼❨●❍❏■▲❚❏⑨✶❊✏①❴❫❸◆❉❊✗P◗❋①❉❋✶❨●◆❉⑥◗❋✶❨☎❪❴❫❬❨▼❫❬❾❏❨▼❫❬❪❉❇❉❋❬❽❣◆❉❍❏■❉❊✥❪✇❍❏■▲❚❏❍❏◆❉❊✥❊●■❉❪❉❪✇❍❏❊●❋✶❨✍⑦❖■❉❋✷①❴❫❬◆❉❊✥P◗❋✶❊❴➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊☎⑨✜❑▼■❉①❉⑥◗⑨✶❋✶❊✶❽❸P◗❋
❑▼❋✶❲✪❪❉❊✷①❉❋q⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋❀①❉❋q❪❉❇❴❫❬❊●❋❀❋✶❊❺❑✛①❉❋qP✱✒ ❍❏❨●①❉❨●❋Ù①❉❋

1ns ➈ ➣q◆✸❑▼❨●❍❏■▲❚❏❋❀❫❬P◗❍❏❨●❊ NA5 ≈ 3❋✜❑
NB7 ≈ 7

❪✇❍❏■❉❨✦P◗❋✶❊Ù➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✯➆✤▼✉❋✜❑❩❂❱✏ ➈ ❿✧✒ ❫❬❪❉❨●❈✶❊❅⑩✶❋✶❊❅❋✶❊❺❑▼⑥◗❲✵❫❸❑▼⑥◗❍❏◆❉❊✶❽☎P◗❋✵❳❉❨●■❉⑥❶❑①❉❋✦❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋✯❾❏⑨✶◆❉⑨✶❨●⑨❅❪❴❫❬❨➀①❉❋✶❊❀⑩❃❇❴❫❬❨●❾❏❋✶❊q❲❅■❉P❶❑▼⑥❶❪❉P◗❋✶❊
Ne

❽✮①❉❋✜❚⑤❨▼❫❬⑥❶❑❀❊▼❫❸❑▼■❉❨●❋✶❨❀❫❬■▲❑▼❍❏■❉❨q①❉❋
2ETh

eV
= 3

❪✇❍❏■❉❨ÙP✱✒ ⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P❶❍❏◆✝➆✤▼ ➈ ➣q❨✶❽❦P◗❋✗❳❉❨●■❉⑥❶❑➀❲✪❍❏◆❱❑▼❨●❋✗■❉◆♣⑩✜❍❏❲✪❪✇❍❏❨❺❑▼❋✶❲✪❋✶◆❱❑➀❨●⑨✶❾❏■⑤➇P◗⑥◗❋✶❨✽❳❉⑥◗❋✶◆✝❪❉P◗■❉❊✛P◗❍❏⑥◗◆ ➈❿q❫❬◆❉❊✛P◗❋✶❊✽❑▼❨▼❫✩❚❬❫❬■⑤Þ✟①❉❋✗❿q■❉❳❦❍❏❊✣❋✜❑Ù❫❬P ➈ ▼ ❲❱❙☛❖✐❽❉⑥◗P✇④✝❫✦⑩✶❋✶❪✇❋✶◆❉①❴❫❬◆❱❑Ù①❉❋✶❊✣⑥◗◆❉①❉⑥◗⑩✩❫❸❑▼⑥◗❍❬◆❉❊✽❋❃Þ▲❪✇⑨❃➇❨●⑥◗❲✪❋✶◆❱❑❼❫❬P◗❋✶❊✪❰➼❍❏❳❉❊●❋✶❨❺❚❬❫❸❑▼⑥◗❍❏◆ ①❉❋✪❲✵❫❬❨●⑩❼❇❉❋✶❊✯①❉❋ ❻ ❇❴❫❬❪❉⑥◗❨●❍✒❊●■❉❳⑤➇ä❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑦❖■❉❋✶❊❼Ð❀⑦❖■❉❋✵①❴❫❬◆❉❊
P◗❋✉❨●⑨✶❾❏⑥◗❲✪❋✉⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✩❽✛P◗❋✉⑩✶❨●⑥❶❑▼❈✶❨●❋♣❪✇❍❏■❉❨✸P✱✒ ⑥◗◆❱❑▼❋✶❨●❨●■❉❪▲❑❼⑥❶❍❏◆ÿ①❉❋✶❊✉⑧✒➆q➁ ❋✶❊❺❑✝①❉❍❏◆❉◆❉⑨➫❪❴❫❬❨
τφ ≈ NτD ➈ ❷⑦✒ ⑥◗❲✵❫❬❾❏❋➀①❉❋✶❨●❨●⑥◗❈✶❨●❋❀⑩✶❋✜❑●❑▼❋✗①❉⑨✶❪✇❋✶◆❉①❴❫❬◆❉⑩✶❋✏❋✶◆ N ❫❬■✝P◗⑥◗❋✶■✟①❉❋

N2 ❋✶❊❺❑✣P➃❫✦❊●■❉⑥ ➇❚❸❫❬◆❖❑▼❋✸➬✮❪❴❫❬❨●❲✪⑥✰❑▼❍❏■▲❑▼❋✶❊❀P◗❋✶❊Ù❑▼❨❼❫❣➷❺❋✶⑩✜❑▼❍❏⑥◗❨●❋✶❊➀❪✇❍❏❊●❊●⑥◗❳❉P◗❋✶❊q❪✇❍❏■❉❨qP◗❋✶❊➀⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊q❋✶◆❱❑▼❨●❋
P◗❋✶❊❅①❉❋✶■⑤Þÿ⑥◗◆❱❑▼❋✶❨➌✔❡❫❬⑩✶❋✶❊ ❻ ❇✲①❉❋✒P➃❫✪➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆✔❽✍P✱✒ ⑨✜❑❼❫❬❳❉P◗⑥◗❊●❊●❋✶❲✪❋✶◆❱❑➄①✓✒ ■❉◆ÿ⑨✜❑❼❫❸❑✪①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚
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❽❱❍❏◆✪❍❏❳▲❑▼⑥◗❋✶◆❱❑➹■❉◆✪❳✇❍❏◆✵❫❬⑩✶⑩✶❍❏❨●①✪❋✶◆❱❑▼❨●❋ÙP➃❫➀❑▼❇❉⑨✶❍❏❨●⑥◗❋✣❊●❋✶❲✪⑥ ➇ä⑩✶P➃❫❬❊●❊●⑥◗⑦❖■❉❋

❋✜❑➀P◗❋✶❊✣①❉❍❏◆❉◆❉⑨✶❋✶❊➀①❴❫❬◆❉❊Ù■❉◆❉❋✏P➃❫❬❨●❾❏❋✗❾❱❫❬❲➄❲✪❋❀①❉❋✗❑▼❋✶❲✪❪✇⑨✶❨▼❫❸❑▼■❉❨●❋✸❰
0, 1K

✦
0, 9K

Ð✽❋✜❑➀①❉❋
❑▼❋✶◆❉❊●⑥◗❍❏◆♣❰

∆/3 . eV . 2∆
Ð ➈ ❄ ■❴❫❬◆❉①✪①❉❋✶❊✤⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆❉❊③⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊③⑥◗◆❱❑▼❋✶❨●❨●❍❏❲✪❪✇❋✶◆❱❑P◗❋✶❊ ✖ ⑧✒➆q➁✗❽✍◆❉❍❏■❉❊❅❍❏❳❉❊●❋✶❨❺❚❱❍❏◆❉❊➄■❉◆✾❨●⑨✶❾❏⑥❶❲✪❋✸①✓✒ ⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊❅⑩❼❇❴❫❬■❉①❉❊➄⑦❖■❉⑥✽◆❉❍❏■❉❊➄❫♣①❉❍❏◆❉◆❉⑨

❫❬⑩✶⑩✶❈✶❊➀❫❬■⑤Þ✟❑▼❋✶❲✪❪❉❊✛①❉❋✗❨▼❋✜P➃❫❣Þ❉❫❸❑▼⑥◗❍❏◆❉❊✛⑥◗◆❉⑨✶P➃❫❬❊❺❑▼⑥◗⑦❖■❉❋✶❊ ➈❿q❫❬◆❉❊✯P◗❋✶❊✛➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊✏①✓✒ ■❉◆❉❋✵P◗❍❏◆❉❾❏■❉❋✶■❉❨✏⑥◗◆✗✔➼⑨✶❨●⑥◗❋✶■❉❨●❋❩✦✒P➃❫✝P◗❍❏◆❉❾❏■❉❋✶■❉❨✏①❉❋✪⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋✸①❉❋
❪❉❇❴❫❬❊●❋❬❽✔◆❉❍❏■❉❊❀❫✩❚❱❍❏◆❉❊q❍❏❳❉❊●❋✶❨❺❚❏⑨❅■❉◆❉❋✦❑▼❨▼❫❬◆❉❊●⑥❶❑▼⑥◗❍❏◆✉❋✶◆❱❑▼❨●❋❅P◗❋✯❨●⑨✶❾❏⑥◗❲✪❋✏①❉❋✯❑❼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑❀⑥◗◆❉⑩✶❍❸➇
❇❉⑨✶❨●❋✶◆❱❑✵❋✜❑➄⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑✵❫❬■▲❑▼❍❏■❉❨❅①❉❋✝P✱✒ ⑨✶◆❉❋✶❨●❾❏⑥◗❋✟①❉❋✝❆✛❇❉❍❏■❉P◗❋✶❊●❊✶❽③❊●❋✒❲✵❫❬◆❉⑥❋✔➼❋✶❊❺❑❼❫❬◆❱❑❅❪❴❫❬❨➄■❉◆
❲✪⑥◗◆❉⑥◗❲✯■❉❲❂❑▼❨●❈✶❊❅❲✵❫❬❨●⑦❖■❉⑨✟①❴❫❬◆❉❊➄P◗❋✸❳❉❨●■❉⑥❶❑ ➈ ❿q❫❬◆❉❊➄P◗❋✸❨●⑨✶❾❏⑥◗❲✪❋✸⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑✩❽③P◗❋✟❳❉❨●■❉⑥❶❑❅①❉⑥ ➇❚❏❋✶❨●❾❏❋✪❪❉❨●❍❏❪❦❍❏❨❺❑▼⑥◗❍❏◆❉◆❉❋✶P◗P◗❋✶❲➄❋✶◆❖❑❚✦✟P✱✒ ⑥◗◆❱❚❱❋✶❨●❊●❋❅①❉❋➄P➃❫✸❑▼❋✶◆❉❊●⑥◗❍❏◆ ➈ ❹✷❋✪⑩✶❍❏❲✪❪❦❍❏❨❺❑▼❋✶❲✪❋✶◆❖❑✗❪❦❋✶■▲❑❊✣✒ ❋❃Þ▲❪❉P◗⑥◗⑦❖■❉❋✶❨✽❪❴❫❬❨✽■❉◆✟❳❉❨●■❉⑥❶❑✽①❉❋❀❾❏❨●❋✶◆❴❫❬⑥◗P◗P❶❋Ù①❉❋q⑩❃❇❴❫❬❨●❾❏❋✶❊✽❲✦■❉P❶❑▼⑥◗❪❉P❶❋✶❊✤❑▼❨▼❫❬◆❉❊➌✔➼⑨✶❨●⑨✶❋✶❊✛❪❴❫❬❨✽①❉❋✶❊
❨●⑨✜✛❴❋❃Þ▲⑥◗❍❏◆❉❊✣①✓✒ ➆➀◆❉①❉❨●❋✶❋✜❚✒❲✦■❉P❶❑▼⑥❶❪❉P◗❋✶❊✽⑩✶❍❏❇❉⑨✶❨●❋✶◆❱❑▼❋✶❊ ➈❷☞❋✶❊➄➷❺❍❏◆❉⑩✜❑▼⑥◗❍❏◆❉❊ ❻ ❇ ❻ ①❉❋ë❑❼❫❬⑥◗P◗P❶❋➫⑥◗◆❖❑▼❋✶❨●❲✪⑨✶①❉⑥➃❫❬⑥❶❨●❋✖❋✶◆❱❑▼❨●❋ P➃❫✾P◗❍❏◆❉❾❏■❉❋✶■❉❨✒①❉❋ ⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋
①❉❋➐❪❉❇❴❫❬❊●❋

Lφ

❋✜❑♣P➃❫ P◗❍❏◆❉❾❏■❉❋✶■❉❨✉①❉❋ ⑩✶❍❏❇❉⑨✶❨●❋✶◆❉⑩✶❋ ①❉❋✶❊♣⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉❊♣❊●■❉❪❉❨▼❫❬⑩✶❍❬◆❉①❉■❉⑩✜❑▼❋✶■❴❨●❊
ξN =

√

~D/∆
❊●❍❏◆❱❑✪①❉❋✶❊➄❍❏❳▲➷❺❋✜❑▼❊❅❲✪⑨✶❊●❍❏❊●⑩✶❍❏❪❉⑥◗⑦❖■❉❋✶❊✪❋❃Þ▲❋✶❲✪❪❉P➃❫❬⑥❶❨▼❋✜❊❅⑩✩❫❬❨❅❍❏◆✾❪✇❋✶■▲❑✪❪❉⑥ ➇

P◗❍❬❑▼❋✶❨✏P◗❋✵❪❴❫❬❊●❊▼❫❬❾❏❋✸①❉■ ❨●⑨✶❾❏⑥❶❲✪❋✵①❉❋✪❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑✦⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑✦❚❏❋✶❨●❊❅P◗❋✪❨●⑨✶❾❏⑥◗❲✪❋✪⑥◗◆❉⑩✶❍❏❇❉⑨✶❨●❋✶◆❖❑
❊●⑥◗❲✪❪❉P◗❋✶❲✪❋✶◆❱❑✦❋✶◆ ⑩❃❇❴❫❬◆❉❾❬❋✩❫❬◆❖❑❅P➃❫✒❑▼❋✶◆❉❊●⑥◗❍❏◆✾❫❬❪❉❪❉P◗⑥◗⑦❖■❉⑨✶❋✟❫❬■⑤Þ ❳❦❍❏❨●◆❉❋✶❊❅①❉❋✟P✱✒ ⑨✶⑩❼❇❴❫❬◆❖❑▼⑥◗P◗P❶❍❏◆ ➈❿➀❋✸❲✵❫❬◆❉⑥◗❈✶❨●❋➄❑▼❨●❈✶❊✦❪❉❨▼❫❸❑▼⑥◗⑦❖■❉❋❬❽✥❍❏◆➐❪✇❋✶■▲❑➄❫❬P◗❍❏❨●❊✏⑨✜❑▼■❉①❉⑥◗❋✶❨✏❑▼❨●❍❏⑥◗❊✯❨●⑨✶❾❏⑥◗❲✪❋✶❊✏①❉❋✵❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑
❑▼❨●❈✶❊✵①❉⑥❋✲✮⑨✶❨●❋✶◆❱❑▼❊✉➬➹P◗❋✝❑▼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑✸❪❴❫❬❨✪①❉❋✶❊✵❪❴❫❬⑥◗❨●❋✶❊♣❰➼❍❏■ÿ❲✦■❉P❶❑▼⑥◗❪❉P❶❋✶❊➄①❉❋✉❪❴❫❬⑥◗❨●❋✶❊❼Ð❅⑩✶❍❏❇❉⑨❃➇
❨●❋✶◆❱❑✩❽✍P◗❋✸❑▼❨▼❫❬◆❉❊●❪❦❍❏❨❺❑➄①❉❋✟⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✦❋✶◆✾⑥◗◆❖❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆➐❋✜❑➄P◗❋✵❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑❅❪❴❫❬❨❅①❉❋✶❊
⑦❖■❴❫❬❊●⑥◗❪❴❫❬❨❺❑▼⑥◗⑩✶■❉P◗❋✶❊✛⑥◗◆❉①❉⑨✶❪❦❋✶◆❉①❴❫❬◆❖❑▼❋✶❊Ù❊▼❫❬◆❉❊✣⑥◗◆❱❑▼❋✶❨▼❫❬⑩✜❑▼⑥◗❍❏◆ ➈

☛✮❲✚☛





✢ ➤➨☎➧� ❡ ➦➧✟☞✂✓➤➨☎➧✟ ü✄✝ ✤ üÿþ✁✟ ✤ ü✬�●✝✠✂sr ü✬✟

❷✰❫✯❲✪❋✶❊●■❉❨●❋q①❉■✟❳❉❨●■❉⑥❶❑✷❋✶◆✟⑩✶❍❏■❉❨▼❫❬◆❱❑✛①❴❫❬◆❉❊✽①❉❋✶❊✽⑨✶⑩❼❇❴❫❬◆❱❑▼⑥◗P◗P◗❍❏◆❉❊✤①❉❋✳✔❡❫❬⑥◗❳❉P◗❋✣⑥◗❲✪❪✇⑨✶①❴❫❬◆❉⑩✶❋
✦ëP✱✒ ❫❬⑥◗①❉❋✟①✓✒ ■❉◆ ❻✚❄ ✡ ✖ ❿✯❽✤❋✶❊❺❑✵■❉◆❉❋✒❑▼❋✶⑩❼❇❉◆❉⑥◗⑦❖■❉❋✉❍❏❨●⑥◗❾❏⑥◗◆❴❫❬P❶❋✝❫❯❚❏❋✶⑩✉■❉◆ÿ❾❏❨▼❫❬◆❉①ÿ❪✇❍❬❑▼❋✶◆❱❑▼⑥◗❋✶P
①✓✒ ❫❬❪❉❪❉P◗⑥◗⑩✩❫❸❑▼⑥◗❍❬◆ ➈ ➆➀■➄⑩✶❍❏■❉❨●❊➹①❉❋✣⑩✶❋✜❑●❑▼❋✛❑▼❇❉❈✶❊●❋❬❽❖◆❉❍❏■❉❊③❋✶◆✵❫✩❚❱❍❏◆❉❊➹❋❼Þ▲❪❉P◗❍❏⑥❶❑▼⑨✛■❉◆❉❋✣❪❦❋✜❑▼⑥❶❑▼❋✣❪❴❫❸❨❺➇❑▼⑥◗❋➀❋✶◆✟⑨✜❑▼■❉①❉⑥➃❫❬◆❱❑✽P◗❋✶❊✽❲✪⑨✶⑩✩❫❬◆❉⑥◗❊●❲✪❋✶❊✷①❉❋➀❑▼❨▼❫❬◆❉❊●❪✇❍❬❨●❑✽⑨✶P◗❋✶⑩✜❑▼❨●❍❏◆❉⑥◗⑦❖■❉❋q①❴❫❬◆❉❊✽①❉❋✶❊✽❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋✶❊
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▼ ✏✰P✆❖✗❆ ➈ ⑧ ➈❶➔ t⑨❪✚→✾➣Ñ⑥P↔✦➇✤❽ ✈ ➈ ➅ ➈ Ò✷t✈⑥⑧②❭③✚✉⑤④✍❽✇❋✜❑✗⑧ ➈ Ø➭⑥P②❭➇⑧❾❽❪✚❷ ➈ ➅✥Þ▲❪❉P➃❫❬◆❴❫❸❑▼⑥◗❍❏◆✉❍✰✔❊●■❉❳❉❇❴❫❬❨●❲✪❍❏◆❉⑥◗⑩✦❋✶◆❉❋✶❨●❾❬④➫❾❱❫❬❪✖❊❺❑▼❨●■❉⑩✜❑▼■❉❨●❋➄⑥◗◆➫❊●■❉❪✇❋✶❨●⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗◆❉❾✒⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊ ➈ â❨ú✺❿❸÷ñ✜í✐õ▼ç ❽✓☛❯❘✎✌✑❿◆☛✎☛❯❘✎❂➻➬❋☛❯❙✑▼✎✏⑤❽✓☛✍✌✎P❱❩ ➈▼ ✏✰✌✆❖ ❻ ❇ ➈⑤➔ ⑥✇⑧⑧❪✚② ➈ ➈ ø◗ò❼õ✜î❡ì❃í✐õ❀è✮ð❸í◗ñ❯ò✗ç❬è✇é④❸✤æ❴õ✜î❡æ❉ç❬î❡í✐ð❸è▲ñ❀í➳è✝ñ❯ð❸ø í❡é❣ñ ➈ ❹✽❫❬❲✦❳❉❨●⑥◗①❉❾❏❋❅✡Ù◆❉⑥ ➇❚❱❋✶❨●❊●⑥❶❑ä④✝②③❨●❋✶❊●❊✶❽✺☛✍✌✎✌❏❙ ➈▼ P❏❘✆❖ ❻ ❇ ➈ ⑧ ➈❭➔ ⑥✇⑧⑧❪✚② ❋✜❑✗➆ ➈⑤➊ ❫ ➈ ás❾❭➀❭t✣➶➹❷❬❪✚② ➈ ❆✛❇❉❋✶❍❬❨●④♣❍✰✔❨✛❴■❉⑩✜❑▼■❴❫❸❑▼⑥◗❍❏◆❉❊q⑥◗◆➫❫✸◆❉❍❸➇◆❉❋✶⑦❖■❉⑥◗P◗⑥◗❳❉❨●⑥◗■❉❲ ❋✶P◗❋✶⑩✜❑▼❨●❍❏◆✝❾❱❫❬❊ ➈ õ✔ð❸ï❯í✐ò✜î✇â❨ú✺❿❯ñ✩ù ➌ ➈⑦➍ â ❽❦❩✰✌❴❰❡❭❱Ð➀➬ ❲❱❙✑✏⑤❽✓☛✍✌❏❙✎✌ ➈▼ P✗☛✬❖✗➆ ➈ ➆ ➈✜➔ ⑥⑧➤⑨❾❭✉①➂⑧②②⑥P➇❽⑥✖➂✷❽➐➁ ➈ ú ➈ ás⑩❶❾❭⑥⑧✉⑤t✈➇❽⑥⑧→⑤➃✇❽ ❋✜❑✫❿ ➈ ➅ ➈✜➅ ④➁⑥⑧❴➁✉⑤④ ➈➣q❳❉❊●❋✶❨❺❚❬❫❸❑▼⑥◗❍❏◆✙❍✰✔➫❪❉❇❉❍❬❑▼❍❏◆⑤➇➔❫❬❊●❊●⑥◗❊❺❑▼❋✶①✙◆❉❍❏⑥◗❊●❋♠⑥◗◆✙❫ ①❉⑥❋✲✮■❉❊●⑥❶❚❏❋♠◆❉❍❏❨●❲✵❫❬P✝❲✪❋✜❑❼❫❬P ➇
❊●■❉❪✇❋✶❨●⑩✶❍❏◆❉①❉■❉⑩✜❑▼❍❏❨③➷❺■❉◆❉⑩✜❑▼⑥◗❍❏◆ ➈ â❨ú✺❿❯ñ✩ù ❸ ò✜ï❸ù ❷ ò✜î❡î ù ❽⑧P✰❲❦❰❃☛♦▼❏Ð➀➬ ❭❏❭✎✌✎P▲❽❦❩❬❘❏❘❏❘ ➈▼ P❱❩☛❖✗➆ ➈⑨➔ ➀❭❷❬❪✚④✍❽❬❷ ➈ á⑤❪✚❷♠⑥P②❽❪✚③✖❪✈➥✾❪✚④✍❽❸❿ ➈ ❹ ➈⑨➩ t⑨❪①❺❶❺❽t✺⑥✐❽ ➊❅➈ Û✾⑥P②③❽❬❋✜❑⑦❂ ➈ ❐✒❺✛⑥P✉⑤②❭②❭✉ ➈➅✥Þ▲❪✇❋✶❨●⑥◗❲✪❋✶◆❱❑❼❫❬P✥❑▼❋✶❊❺❑✗❍✰✔➹❑▼❇❉❋❅⑦❖■❴❫❬◆❱❑▼■❉❲➟❊●❇❉❍❬❑❀◆❉❍❏⑥◗❊●❋❅❨●❋✶①❉■❉⑩✜❑▼⑥◗❍❏◆♣❑▼❇❉❋✶❍❏❨❺④ ➈ â❨ú✺❿❯ñ✩ù❸ ò✜ï❸ù ❷ ò✜î❡î ù ❽❏✏❬❙❴❰❃☛♦▼❏ÐÙ➬ ❩✎✏✎✏✰P▲❽✓☛✍✌✎✌❏❙ ➈▼ P❏❭✆❖✏➁ ➈ ➮⑧❪✚②❭③✖❪❽➀❭✉⑤④ ➈ ❻ ❪❴❫❸❑▼⑥➃❫❬P❉❚❬❫❬❨●⑥➃❫❸❑▼⑥◗❍❬◆✪❍✰✔✔⑩✶■❉❨●❨●❋✶◆❖❑▼❊✽❫❬◆❉①❩✥❴❋✶P◗①❉❊✷①❉■❉❋✣❑▼❍✯P◗❍⑤⑩✩❫❬P◗⑥❋✸✶❋✶①❊●⑩✩❫❸❑●❑▼❋✶❨●❋✶❨●❊Ù⑥◗◆✝❲✪❋✜❑❼❫❬P◗P❶⑥❶⑩q⑩✶❍❏◆❉①❉■❉⑩✜❑▼⑥◗❍❏◆ ➈⑦ó ↕✒❹ ➌ ù ❸ ò❼ñ✩ù ➻ ò✜ï❸ù ❽✓☛➄➬ ❩❏❩❬❭▲❽✓☛✍✌✑▼✎✏ ➈▼ P✰❲♣❖❈✶ ➈ ➮✪✉⑤✉✔❽✮❷ ➈ ❻ ➈ ➮✪✉①➂✇⑥✁❺❽⑥✖➂✤❽✇❋✜❑❀➆ ➈✾➊ ■ ➈ ❮➑❪✚➇❽⑥✖➂⑧✉✾❺❽❼ ➈ ✡Ù◆❉⑥❶❚❱❋✶❨●❊▼❫❬P☎❊❺❑❃❫❣❑❼⑥❶❊●❑▼⑥◗⑩✜❊➀❍✰✔❑▼❨▼❫❬◆❉❊●❪✇❍❏❨❺❑Ù⑥◗◆✟①❉⑥◗❊●❍❏❨●①❉❋✶❨●❋✶①✒⑩✶❍❏◆❉①❉■❉⑩✜❑▼❍❏❨●❊ ➈ â❨ú✺❿❯ñ✩ù ❸ ò✜ï❸ù❶↕ ❽⑧▼◆☛❖❰✱✏❏Ð➀➬ ❲❱❘✑✏✰✌▲❽❴☛✍✌✎✌✑▼ ➈▼ P✑▼☛❖✏➂ ➈ ➮✪✉⑤➃①t✈⑥⑧⑩❶❾③❽❴❹ ➈ Ñ⑦⑥⑧➃①➃①❷❬❪✚②❭②③❽▲❋✜❑✳➣ ➈ ➒❧✉⑤❷❡⑥⑧t✈t✺⑥P✉⑤②❭❼ ➈ ❇Ù❍❏◆❉P◗⑥◗◆❉❋✩❫❬❨❆✛❴■⑤Þ⑩✛❴❍✍➩
⑥◗◆✟❑▼⑥◗◆✝❊●■❉❪❦❋✶❨●⑩✶❍❏◆❉①❉■❉⑩✶❑▼⑥◗◆❉❾➄❑▼❇❉⑥◗◆☞✥❴P◗❲ ➈ â❨ú✺❿❯ñ✜í✐õ▼ç➘➐ ❽❦❭✗☛✮✌✟➬ ❩✎▼✰P▲❽✓☛✍✌✎✌✎✌ ➈▼ P❏❙✆❖ ✈ ➈ ❂ ➈ ➮✪✉⑤❼❿⑥✖➂✇⑥P➇ ➈ ➅✥Þ▲⑩✶❋✶❊●❊✏⑦❖■❴❫❬◆❖❑▼■❉❲➟◆❉❍❏⑥◗❊●❋✦⑥◗◆ ❩❸①✖❳❴❫❬P◗P◗⑥❶❊❺❑▼⑥❶⑩✦❪❦❍❏⑥◗◆❖❑❀⑩✶❍❏◆❱❑❼❫❬⑩✜❑▼❊ ➈➌ ➈⑦➍ â ❷ ò✜î❡î ù ❽④❲✑✌❴❰◗✌❱Ð➀➬Ø▼✰✌❱❩⑤❽✓☛✍✌✎P✎✌ ➈▼ P✑✏☛❖✏❷ ➈ ❻ ➈ ➮✪✉①➂✇⑥✁❺❽⑥✖➂✒❋✜❑ ✈ ➈ ❂ ➈ ➮✪✉⑤❼❿⑥✖➂✇⑥P➇ ➈ ❹✤❇❴❫❬❨●❾❏❋✽①❉⑥◗❊❺❑▼❨●⑥◗❳❉■▲❑▼⑥◗❍❏◆✯⑥◗◆✦⑦❖■❴❫❬◆❱❑▼■❉❲ ❊●❇❉❍❬❑
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Abstract. We studied electronic relaxation in long diffusive superconductor/normal metal/superconductor
(S/N/S) junctions by means of current noise and transport measurements down to very low temperature
(100 mK). Samples with normal metal lengths of 4, 10 and 60 µm have been investigated. In all samples
the shot noise increases very rapidly with the voltage. This is interpreted in terms of enhanced heating of
the electron gas confined between the two S/N interfaces. Experimental results are analyzed quantitatively
taking into account electron-phonon interaction and heat transfer through the S/N interfaces. Transport
measurements reveal that in all samples the two S/N interfaces are connected incoherently, as shown by the
reentrance of the resistance at low temperature. The complementarity of noise and transport measurements
allows us to show that the energy dependence of the reentrance at low voltage is essentially due to the
increasing effective temperature of the quasiparticles in the normal metal.

PACS. 74.50.+r Proximity effects, weak links, tunneling phenomena, and Josephson effects –
74.80.Fp Point contacts; SN and SNS junctions – 73.50.Td Noise processes and phenomena

The profound comprehension of the current transport in
metals is a topic of permanent interest [1,2]. With the
progress in thin film technology a great number of stud-
ies deal with coherence phenomena at low temperature in
metallic samples of length L shorter than the phase coher-
ence length Lφ (mesoscopic regime). In this context, a lot
of works focus on inelastic processes and for instance, on
the apparent saturation of the phase breaking length [3,4].
Current noise measurement is particularly well suited to
such investigations because it is sensitive to energy relax-
ation processes and gives access to the involved inelastic
scattering length Lin [5,6].

Current noise in diffusive mesoscopic normal metals
connected to two normal reservoirs (N/N/N-case) has
been studied by various groups [7–9]. Using a Boltzmann-
Langevin approach the current noise is given by [10]:

SI =
4

RL

∫ L/2

−L/2

dx

∫

dǫ f(ǫ, x)[1 − f(ǫ, x)], (1)

where f is the distribution function of the electrons and R
the resistance of the sample. In the regime L ≪ Lin, the
noise is reduced by a factor 3 compared to the Schottky
value 2eI. If the length of the sample exceeds Lin, the
electron gas can be described by a Fermi distribution with

a e-mail: hoffmann@drfmc.ceng.cea.fr

an effective temperature Te and equation (1) simplifies to:

SI =
4kB

RL

∫ L/2

−L/2

dxTe(x) =
4kBTe

R
· (2)

Electron-electron (e-e) and electron-phonon (e-ph) scat-
tering affect the noise differently. On one hand, the e-e in-
teraction redistributes the energy of the electron system
and Te increases due to an increasing number of electronic
states that contribute to the noise. On the other hand,
the power injected by the bias current in the sample can
be dissipated to the lattice through e-ph interaction and
Te decreases.

In S/N/S junctions, coherent electron-hole pairs pen-
etrate from the superconductor into the normal metal
over a distance Lc = min(Lφ, ξǫ =

√

�D/ǫ) with ǫ =
max(kBT, eV ) and D the diffusion constant of the nor-
mal metal. If the sample length is smaller than Lc (coher-
ent case), the phase coherence covers the entire normal
region and the Josephson effects determine conductance
and noise behavior at low voltage. In this case, the con-
ductance exhibits clear subgap structures (SGS) and the
noise is strongly enhanced compared to the normal case
due to the coherent transfer of large charge quanta [11,12].

In this paper we consider the incoherent case where
L ≫ Lc. This regime has been recently studied theo-
retically by Bezuglyi et al. [13] and Nagaev [14]. They
show that the noise is enhanced compared to normal junc-
tions (N/N/N) because of the confinement of the subgap
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electrons in the normal part between the superconducting
electrodes. If no inelastic processes take place (“collision-
less regime”) and in the zero temperature limit the noise
increases linearly with the bias voltage:

SI(V ) =
2

3R
(eV + 2∆), (3)

where ∆ is the gap of the superconductor.
A simplified model to illustrate this behavior is the

following: an electron with an energy eV ≪ ∆ can not es-
cape in the superconducting reservoirs due to the absence
of electronic states in the gap. Instead, it enters the su-
perconductor together with a second electron as a Cooper
pair and a hole is retroreflected in the normal metal (An-
dreev reflection). The reflected hole travels the normal re-
gion a second time and is retroreflected as an electron at
the other S/N interface and so on. In the incoherent case
the phase information between two subsequent Andreev
reflections is lost. Therefore the quasiparticles experience
Incoherent Multiple Andreev Reflections (IMAR). During
each travel across the junction, the gain in energy is equal
to eV , where V is the applied voltage. Therefore the quasi-
particles travel the normal part of the junction N times
with N = int[2∆/(eV ) + 1] before acquiring enough en-
ergy to escape in the superconducting electrode. Within
this description, the total noise is the shot noise in a dif-
fusive normal metal at zero temperature 1

3
2eI times N .

At low voltage and finite temperature, the effective
length of the junction for the multiply retroreflected parti-
cles Leff = NL ∼ L∆/V exceeds the inelastic length Lin.
In this “interacting regime” e-e-collisions interrupt the
IMAR cycle before the quasiparticles reach the gap. In
the case of strong interaction a Fermi distribution with an
effective temperature Te is restored. Te decreases with de-
creasing voltage and reaches equilibrium (lattice temper-
ature) at zero bias. Simultaneously the noise drops from
the strongly enhanced level described by equation (3) to
the Johnson-Nyquist level. Contrary to the N/N/N-case,
e-e-interactions reduce the energy window of the involved
electronic states.

Note that the voltage dependence of the effective
length Leff in S/N/S junctions provides a unique way to
study inelastic interactions in a normal metal because the
same sample can be tuned from the strongly thermalized
regime to the collisionless regime simply by changing the
applied voltage.

On the experimental side only a few results are re-
ported on current noise in incoherent diffusive S/N/S
junctions at present. Besides measurements on short (co-
herent) junctions, Hoss et al. [12] also addressed the inco-
herent case. They studied 2 µm long Nb/Au/Nb junctions
in the interacting regime over the entire voltage range be-
cause of the large superconducting gap of Nb. In a paper
by Roche et al. [17] the length of the normal part is also
about 2 µm, and despite the use of a high mobility 2DEG
as the normal part, the e-ph scattering rate is high enough
to drive the junction in the interacting regime. Finally Jehl
et al. studied Nb/Al/Nb junctions at relatively high tem-
peratures which behave as two S/N contacts in series [15].

Fig. 1. Photography of a typical sample (here L = 4 µm)
and schematic cross section. All the dimensions scale with the
length L.

Using a different technique Pierre et al. measured directly
the distribution function in long S/N/S junction but only
at energies above the gap [16].

Whereas all these works investigated contacts with a
length L ≤ 5 µm, we deliberately choose to study longer
junctions (4, 10 and 60 µm) to determine the respective
role of e-e collisions, e-ph collisions and heat transfer
through the S/N interfaces on the shot noise in S/N/S
junctions. Moreover, to see the crossover from the interact-
ing regime to the collisionless regime, we used aluminium
because of its small superconducting gap. Because of the
very small phase coherence length in the normal metal we
used (see below), we have an almost perfect realization of
the regime of IMAR.

To measure the current fluctuations we used a SQUID-
based experimental setup [18]. The intrinsic noise is about

10 µΦ0/
√

Hz which is equivalent to 2 pA/
√

Hz in the in-
put coil of the SQUID. The same experimental setup has
been used to perform transport measurements.

Samples were fabricated by DC magnetron sputter-
ing and optical lithography. First, a bilayer of Al/Cu
(130 nm/30 nm) is deposited in situ to ensure a good
contact between the two metals. This bilayer is etched to
define the electrodes. Then the copper bridge (thickness
130 nm, purity of the Cu target: 99.9999%) is deposited
by lift-off, preceded by a short backsputtering to clean the
copper surface. Finally the whole sample is etched to re-
move the copper film from the aluminium electrodes. The
resulting thickness of the copper bridge is 90 nm. A typ-
ical sample and a schematic cross section are shown in
Figure 1.

We studied junctions with 3 different lengths L: 4,
10 and 60 µm, but with the same width/length ratio:
w/L ≈ 3/2. All samples originate from the same wafer. In
spite of very different overlap surfaces between aluminium
and copper (because all dimensions scale with the length
L), all samples have roughly the same resistance of about
0.65 Ω, which indicates a good interface (small barrier re-
sistance). Below the transition of the Al electrodes at 1.5 K
and the transition of the Al/Cu bilayer (overlap region)
at about 1 K (see right inset of Fig. 2), the measured re-
sistance is therefore essentially that of the normal part

r❽❻✲❾
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Fig. 2. Differential resistance dV/dI versus DC voltage at
100 mK for 3 samples with different lengths (data for the 60 µm
sample are shifted by +0.06 Ω). Right inset: Resistance versus

temperature for a slightly different 4 µm sample. Left inset:
The resistance of the 3 samples at very low temperatures.

of the junctions. We then deduce the diffusion constant
in copper: D = 30 cm2 s−1. We confirmed this value by
measuring the resistance of a meander line consisting of
700 squares in series, which was cosputtered on the same
wafer.

In the temperature range from 1 K to 0.3 K the re-
sistance decreases as expected in the classical proximity-
effect. This fact and the reduced transition temperature
of the bilayer are other indications of clean S/N inter-
faces. The resistance does not go down to zero since the
sample lengths are much greater than the thermal length

LT =
√

�D
kBT

≈ 0.9 µm at T = 30 mK. Therefore no

supercurrent is observed. On the contrary, at low temper-
atures (T < 0.3 K), the resistance increases again. This
behavior is very similar to the reentrance in S/N junc-
tions first observed by Charlat et al. [19]. It means the
two S/N interfaces of the junctions are connected inco-
herently. The temperature Tr at which the resistance be-
havior changes is related to the phase breaking length Lφ

by kBTr ≈ �D/L2

φ [22] (leading to Lφ ≈ 0.3 µm) and is

independent of L (see left inset of Fig. 2). Such a large
phase breaking rate is usual for Cu layers probably be-
cause of paramagnetic centers in the Cu oxide at the sur-
face [20,21]. The relative amplitude of the reentrance in-
creases as the length L decreases since the relative volume
of the sample which is affected by coherent pairs increases.

The voltage dependence of the differential resistance
dV/dI measured at T = 100 mK (Fig. 2) confirms the
reentrance behavior. As for the temperature dependence,
the amplitude and width of the reentrance peak depend on
the width of the sample. However, we clearly see that the
voltage needed to destroy the effect (2 µV and 4 µV for the

4 µm and 10 µm samples) is much smaller than kB

e
Tr. As

suggested in other experiments [22,23], this apparent dis-
crepancy is due to a heating effect. Because we performed
conductance and noise measurements simultaneously, we

Fig. 3. Current noise density times the resistance R = V/I
versus DC voltage at T = 100 mK. Dot-dashed line: ex-
pected noise of 2 S/N junctions in series. Solid straight line:
Theoretical prediction [13,14] in the collisionless regime with
∆ = 135 µeV. Dashed line: Fit taking into consideration e-ph
interaction (see text).

know the electronic temperature at low voltage. Anticipat-
ing the detailed description of noise measurements below,
we found that the electron gas reaches a temperature of
0.23 K at 2 µV for the 4 µm sample and 0.2 K at 4 µV
for the 10 µm sample. Consequently the rapid destruction
of the reentrance peak is essentially due to the dramatic
increase of Te at low bias voltage.

At higher voltage (V ≈ 70 µV) the bilayer (or at
least part of it) is driven in the normal state, and a large
peak occurs in the differential resistance (not shown).
dV/dI changes by only approximately 10% up to V =
70 µV and over this voltage range, we do not observe
subharmonic gap structures (SGS) as expected in our ex-
perimental situation.

SGS appear at voltages V = 2∆/ne due to the singu-
larity in the DOS of the superconductor at the gap edges
and, especially for junctions with high transparent inter-
faces, to the strongly enhanced probability of Andreev re-
flection at low energy. The latter is caused by the prox-
imity effect in the normal metal [24]. In our samples the
DOS singularities are smeared by the bilayer structure of
the electrodes (Al/Cu with good interface) and the prox-
imity corrections are very small because of the very short
correlation length Lc. Moreover the SGS of high order
(n ≥ 4 because 70 µeV ≈ ∆/2) are usually very weak
and additionally smeared out by inelastic scattering at
low voltage.

The results of the noise measurements at T = 100 mK
are shown in Figure 3 where we have plotted the cur-
rent noise density SI times the resistance R = V/I
versus DC voltage. The noise increases more rapidly with
the bias voltage than what is expected for two indepen-
dent S/N junctions in series with a reservoir in between
(see dot-dashed line in Fig. 3), and we do not see the
thermal crossover towards the Johnson-Nyquist noise level
at eV ≈ kBT ≈ 9 µV. The noise enhancement in these

r❍❻➀❿
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S/N/S junctions is due to the confinement of the quasipar-
ticles between the two superconducting electrodes. With
increasing sample length the confinement is relaxed by e-
ph interaction and the noise slope at low voltage becomes
less important.

At V ≈ 50 µV, the noise of the 4 µm sample ap-
proaches a straight line compatible with the prediction
in the collisionless regime (Eq. (3)) with ∆ = 135 µeV.
The gap value is reduced compared to the pure Al film
(∆ ≈ 200 µeV) because of the bilayer structure of the su-
perconducting electrodes. The reduction factor is the same
as for the transition temperature.

At higher voltages (V ≥ 70 µV) the noise shows
an irregular behavior which reflects the transition of the
bilayer. In this voltage range, all IMAR cycles end by
injecting a quasiparticle above the gap in the supercon-
ductor. Consequently, many quasiparticles arrive in the
superconducting electrodes and weaken the superconduc-
tivity. Therefore, the voltage driven transition of the bi-
layer could be related to the collisionless regime itself.

In the following we focus on the interacting regime
at low voltage where the electron gas can be described
by a Fermi distribution function with an effective tem-
perature Te. Unlike normal junctions where the injected
power can be evacuated in the reservoirs, in S/N/S junc-
tions only quasiparticles with energy above the gap can
dissipate power. When the sample length is long enough,
some heat can be transferred to the phonons through e-
ph-scattering. These two mechanisms are covered with our
experiments since we studied long to very long junctions.

For the longest junction (60 µm) we suppose cooling
by phonons to be dominant. The electron temperature Te

is then nearly constant over the whole sample length and
can be calculated by a heat-diffusion equation [9,26]. It
yields:

Te =

(

P

ΣΩ
+ T 5

ph

)1/5

, (4)

where P is the power injected in the sample, Ω its volume
and Tph the temperature of the phonon bath (equal to the
temperature of the mixing chamber). The parameter Σ is
the e-ph coupling constant [26]. The noise is then given
by 4kBTe/R and we obtain the best fit (see Figs. 3 and 4)
for Σ = 2.4 × 109 Wm−3 K−5, a value which is of the
same order of magnitude as reported for Au, Ag, Cu and
AuCu [9,16,25,26].

For the shortest junctions (4 µm) e-ph-scattering is
not very efficient because the volume Ω is much smaller
and the main cooling mechanism is the heat transfer by
quasiparticles through the S/N interfaces outside the gap
region. Following Bezuglyi et al. [13] the noise at low volt-
age is given by the Nyquist formula with a cut off at Te

of the order of ∆:

SI =
4kBTe

R

(

1 − 2 exp

[

−
∆

kBTe

])

· (5)

Here the reservoirs are supposed at T = 0 K. In fact,
we can neglect the finite temperature of the electrodes

Fig. 4. Total power injected in the junctions as a function
of the effective electron temperature in the normal part at a
base temperature T = 100 mK (symbols) and theoretical pre-
dictions: thin solid lines – power dissipated by e-ph-scattering
according to equation (4) for the 3 samples respectively; thick
solid line – power dissipated through the S/N interfaces accord-
ing to equation (6) for the 4 µm sample; dashed line – sum of
the contributions of the two cooling mechanisms for the 10 µm
sample.

because the quasiparticle temperature is rapidly much
larger than the base temperature. From the measured
noise SI(V ) we obtain the effective electron temperature
in the normal metal as a function of voltage Te(V ) solving
equation (5) numerically with ∆ = 135 µeV.

Figure 4 shows the total power V 2/R as a function
of the effective temperature of the quasiparticles. For the
4 µm sample, we then compare the experimental results to
the theoretical prediction obtained by Bezuglyi et al. [13]
who derived the power dissipated through the S/N inter-
faces as a function of the effective electron temperature at
small voltage eV ≪ ∆ in good agreement with numerical
simulations by Nagaev [14]. The fit in Figure 4 (thick solid
line) is given by:

PNS ≈
V 2

R
=

kBTe∆

e2WǫR

(

1 +
kBTe

∆

)

exp

[

−
∆

kBTe

]

· (6)

with Wǫ = τee(∆)/τD where τee(∆) is the e-e-scattering
time at the gap energy and τD the diffusion time. We ob-
tain good agreement between the experimental data and
the prediction with Wǫ = 0.7 ± 0.2. This value is of the
same order as the theoretical estimation of Wǫ (Wǫ = 2.3)
using the standard theory of e-e-interaction in a 2D ge-
ometry [28]. A small but finite interface resistance would
renormalize this estimation [24] and could give a better
agreement. The fact that Wǫ ≈ 1 indicates that the e-e-
scattering time at the gap energy is of the order of the
diffusion time τD ≈ 5 ns and is two orders of magni-
tude larger than the phase coherence time found above
(Lφ ≈ 0.3 µm corresponds to τφ ≈ 0.03 ns).

Note that the theoretical model applied here is es-
pecially dedicated to incoherent S/N/S junctions and
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therefore more appropriate than the usually used Blonder-
Tinkham-Klapwijk (BTK) model [12,27,29] and its
derivatives [30].

For comparison we also plotted in Figure 4 the
power Pph dissipated by the phonons in the 4 µm sam-
ple using the value of Σ obtained for the 60 µm sample
(thin solid line). In the range 200 to 600 mK, Pph is about
five times smaller than PNS and the error that we make
neglecting this contribution is covered by the uncertainty
on Wǫ given above.

Concerning the intermediate sample of length 10 µm
the power dissipated by phonons and through the inter-
faces is of the same order of magnitude. Extracting Te from
equation (5), we fit the total power by adding the contri-
butions of the two cooling mechanisms, treated separately
according to equations (4, 6). We obtain good agreement
(see dashed line in Fig. 4) with the following parameters:
∆ = 135 µeV, the same value of Σ as for the 60 µm sample
and Wǫ = 0.3 ± 0.1 (theoretical estimation Wǫ ≈ 0.4).

In conclusion, we investigated IMAR enhanced current
noise in long S/N/S junctions of very different lengths
(4, 10 and 60 µm). We found that the noise tempera-
ture increases very rapidly at low voltage. We deduce
the energy dependence of the thermal conductivity of
the S/N interfaces which is in good agreement with re-
cent semiclassical theory [13,14]. The noise behavior of
the longest sample can be well fitted taking into account
only phonon cooling. The inelastic scattering times we de-
duced are in agreement with standard description of e-e
and e-ph interaction. With the same experimental setup
we performed transport measurements. They reveal that
in all the samples the two S/N interfaces are connected in-
coherently, indicating Lφ ≪ Lin. The complementarity of
transport and noise measurements provided a direct anal-
ysis of the voltage dependence of the reentrance in terms
of an effective electron temperature.

We would like to acknowledge E.V. Bezuglyi and V.S.
Shumeiko for valuable discussions and J.L. Thomassin for tech-
nical support.
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Doubled Full Shot Noise in Quantum Coherent Superconductor-Semiconductor Junctions
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Département de Recherche Fondamentale sur la Matière Condensée/SPSMS, CEA Grenoble,

17 avenue des Martyrs, 38054 Grenoble Cedex 09, France
(Received 16 May 2002; published 10 February 2003)

We performed low temperature shot noise measurements in superconductor (TiN) strongly disordered
normal metal (heavily doped Si) weakly transparent junctions. We show that the conductance has a
maximum due to coherent multiple Andreev reflections at low energy and that the shot noise is then
twice the Poisson noise (S � 4eI). When the subgap conductance reaches its minimum at finite voltage
the shot noise changes to the normal value (S � 2eI) due to a large quasiparticle contribution.

DOI: 10.1103/PhysRevLett.90.067002 PACS numbers: 74.40.+k, 73.23.–b, 74.50.+r

We know, from early measurements, that the full shot
noise in an electronic device SPoisson � 2qI (first mea-
sured by Schottky in a vacuum diode) is proportional to
the mean value of the current I and to the charge q of the
carriers [1]. This result holds for N-I-N tunnel junctions
where N is a normal metal and I an insulating barrier [2]
with q � e the electronic charge. In S-I-N, due to elec-
tron pairing in the superconductor (S), the shot noise is
expected to be twice the full shot noise: S � 4eI.
However, in such junctions the subgap current is very
small and the shot noise is not measurable. The subgap
current can be restored if the quasiparticles of the normal
metal are coherently backscattered towards the interface.
This reflectionless tunneling regime can be achieved by
adding a second barrier in the normal part of the junction
(S-I-N-I-N) or when the normal metal is disordered
enough [3–11]. The enhancement of the subgap current
is only seen at low energy when the electron-hole coher-
ence time in the normal metal is longer than the time it
takes for quasiparticles to return to the interface. Then,
the coherent addition of two (or more) Andreev reflec-
tions, each of them with a very small probability �2 (� is
the transparency of the barrier), yields to an increase of
the Andreev current through the interface. This effect can
be large, leading to an Andreev current proportional to �

instead of �2
� � � 1 and can be comparable to the

normal current above the gap (also proportional to �).
Another way to increase the subgap current is to use
highly transparent S-N junctions. In this case doubled
shot noise is predicted and has been observed experimen-
tally at various temperatures [12,13]. However, the noise
level was always 3 times smaller than the doubled full
shot noise because of the diffusive nature of the normal
metal used in these experiments. Moreover, as shown
experimentally and reproduced theoretically [14], the
doubling of the shot noise occurs at any energies below
the superconducting gap and electron-hole coherence is
not required.

In this Letter, we report shot noise measurements in a
junction where a superconductor (TiN) is in contact with
heavily doped silicon.We show that the shot noise is twice

the full shot noise at low energy and equals the Poisson

value at bias much smaller than the superconducting gap.
This behavior evidences a crossover from a low bias
Andreev dominated to a large bias quasiparticle domi-
nated subgap conductance.

The sample is made of two 100=10 nm thick TiN=TiSi2
contacts on top of a silicon substrate. The silicon is
heavily doped (ne � 2:1019 cm�3) over a thickness of
0:6 �m [6]. The two contacts are squares of 1 mm wide
and the distance between them is 1 or 2 �m. We present
the results obtained with the 1 �m sample and found the
same results for the 2 �m sample. Because of the doping,
the silicon is metallic (kFle ’ 3). Moreover, the super-
conducting TiN=TiSi2 bilayer and the silicon are sepa-
rated by a Schottky barrier which stays symmetric
(nonrectifying) in our voltage range. Therefore, the con-
tact is described by a S-I-N junction where I stands for a
tunnel barrier. The transport properties have been studied
in details by Quirion et al. [6], and it was shown that the
junction presents reflectionless tunneling behavior at low
energy (T & 250 mK and V & 20 �V). Using Ref. [8] for
fitting the temperature dependence of the zero bias resis-
tance, the following parameters have been obtained: the
superconducting gap is � � 0:22 meV, the damping fac-
tor �S [15] and the depairing rate �in are both relatively
large: �S=� � 0:15� 0:01 and �in=� � 0:27� 0:05.
The typical Schottky barrier transparency is � � 3:5�
10�2. The fitting of the subgap conductance implies many
parameters and the quantitative agreement should be
taken cautiously. As in previous reports of reflectionless
tunneling [4,9–11] the large background subgap conduc-
tance cannot be attributed to Andreev reflection only,
but to a large quasiparticule contribution due to a large
�S. Moreover, most authors have concluded from conduc-
tance measurements to a nonuniform barrier interface,
that makes the theoretical comparison mostly qualita-
tive. In this context noise measurements are necessary
to discriminate between Andreev and quasiparticule
contributions.

We also know [6] that coherent effects take place under-
neath the contacts and do not extend sidewise in the
silicon between the contacts. The total sample can there-
fore be treated as two independent S-I-N junctions
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connected by a small piece of doped silicon of resistance

RSi. The sample resistance is

Rsample � 2Rcontact � RSi � 2Rcontact � NsqRsq;Si; (1)

where Rsq;Si � 24 � is the sheet resistance of the silicon

and Nsq � 1=1000 the number of squares between the two

contacts. We also know that the current partially flows

below the contacts before entering the superconductor.

Therefore, Rcontact ( ’ 0:4 � at low temperature) includes

the resistance of the barrier and the resistance of the

doped silicon underneath the superconductor which can

be larger than in the native film.

In Fig. 1, we plotted the differential resistance of one

contact as a function of the dc current and of the dc

voltage drop at the contact, measured with the experi-

mental setup used for the noise. We recover previous

results which show that coherent effect appears at ener-

gies below ’ 20 �eV, where the differential resistance

shows a maximum [6]. As long as the voltage stays above

20 �V, the differential resistance increases with decreas-

ing energy because both the quasiparticles and the un-

coherent Andreev contributions to the subgap current

decrease [16]. For low dc voltage and low temperature,

the coherence is established between successive reflec-

tions and the Andreev current increases. From the tem-

perature and voltage dependences of the conductance it is

possible to evaluate the respective parts of the quasipar-

ticle, uncoherent and coherent Andreev contributions. At

voltage much larger than 20 �V, both the Green’s func-

tions [8] and the Blonder-Tinkham-Klapwijk (BTK) [16]

descriptions give a dominant quasiparticle contribution

(the uncoherent Andreev contribution within the BTK

model is less than 10%). This is due to the large damping

factor �S for the quasiparticles density of states and to an

elevated effective electron temperature Teff induced at

finite voltage [6]. Such phenomenological Teff is intro-

duced to explain why eVmax ’ kBTmax where Vmax ’
20 �V is the voltage at which the resistance is maximum

and Tmax ’ 250 mK is the temperature at which the zero

bias resistance is maximum. From the theory, such rela-

tion is not obeyed if one supposes that the electron tem-

perature is the base phonon temperature. At voltage

smaller than 20 �V, the Andreev contribution (treated

within the Green’s functions formalism [8] which de-

scribes the coherent part) becomes larger than the quasi-

particle part (below V � 20 �V the quasiparticle

contribution is less than 10%). At V ’ 40 �V, due to an

increase of Teff , both contributions are estimated of the

same order.

For shot noise measurements, we used a SQUID based

experimental setup [17] which measures the noise of a

known macroscopic resistor (Rref � 0:13 �) in series

with the sample. The total current noise power Stotal
measured, is then given by

Stotal � 2Scontact
R2
contact

�
P

R	2
� SSi

R2
Si

�
P

R	2
� Sref

R2
ref

�
P

R	2
: (2)

Here, Scontact is the noise we want to study, SSi the thermal

noise generated by the silicon between the two contacts,

Sref the thermal noise of the reference resistor, and
P

R is

the sum of the resistances. We have chosen the sample to

be such that Rcontact 
 RSi; Rref , thus the total noise is

principally the noise at the contact and the measurement

is mainly insensitive to both the noise between the con-

tacts and to the reference resistor noise. It is also insensi-

tive to a change of the electronic temperature within these

parts. At equilibrium, the noise is due to thermal fluctua-

tions (S � 4kBT=R) and the total measured noise is S �
4kBT=�

P
R	. Far from equilibrium, Eq. (2) applies if

Rcontact is the differential resistance.

In Fig. 2, we displayed the current noise power as a

function of the dc current that passes through the contact.

If we focus on the results obtained at T � 50mK, we

clearly see that the shot noise exhibits a kink around

30 �A which corresponds to the value of current where

the differential resistance shows a broad maximum

(Fig. 1). In the low bias regime (I < 30 �A), the shot

noise is proportional to the current with a slope 4e
corresponding exactly to twice the full shot noise:

this is our main result. Note that we do not see the thermal

crossover at eV ’ kBT ’ 5 �eV and that the solid line is

S � 4eI � 4kBT=Rcontact�V � 0	. At higher currents (I >
30 �A), the shot noise has a slope 2e as depicted by the

dashed line in Fig. 2. More precisely, the dashed line is

S � 2eI � 1:5� 10�23A2=Hz � 2
R �eV � Ec	 with Ec �

22 �eV and where R � V=I is the resistance of the con-

tact. At higher temperature, the general behavior is

rounded by thermal fluctuations. Our noise results show

two unexpected features: first the crossover to S � 2eI is
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FIG. 1. Differential resistance at a contact for various tem-

peratures. The upper scale is the voltage drop at the contact. The

zero bias anomaly is characteristic for the coherent backscat-

tering of quasiparticles in a S-I-N junction where N is a

disordered metal (see text).
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predicted for voltage near the gap in the zero tempera-

ture models. As said before, in real superconducting-

semiconducting junctions exhibiting the reflectionless

tunneling a large quasiparticles contribution exists

much below the gap. This component explains the ob-

served crossover in accordance with our estimations from

conductance measurements, which indicate an increase of

the quasiparticles contribution with voltage due to the

increase of Teff in the silicon layer which is a bad thermal

reservoir [6]. The increase of Teff could also explain the

absence of thermal crossover near V ’ 5 �V at T �

50 mK, our second unexpected result. However, the volt-

age dependent Johnson noise is rapidly overpassed by the

shot noise which grows linearly with the current. The

comparison with the noise characteristics at T �

100 mK shows actually that Teff , which depends in a

complicated way on electrical power dissipation via elec-

trons, phonons, and superconducting contacts, increases

moderately.

In one dimension, Beenakker et al. [7] calculated the

zero energy conductance and shot noise in S-I-N diffusive

junctions for various values of �L=l which corresponds to

the ratio of the resistance of the normal metal to the

barrier resistance (� is the barrier transparency, L the

length of the normal metal, and l its elastic mean free

path). It is shown that, when � � 1, the shot noise reaches

twice the full shot noise for �L=l & 0:1. At finite energy,

Hekking et al. [18] have shown that the length L should be

replaced by the phase coherence length L%. From Ref. [6]

we get 0:25 for the ratio �L%=l with � � 3:5� 10�2,

L% � 50 nm and l � 7 nm. This estimate is in good

enough agreement with Beenakker’s predictions since

we do not know precisely the properties of the silicon

underneath the contact [6].

In conclusion, we measured the shot noise in a S-I-N

junction where a strongly disordered metal (highly de-

generate silicon) is in contact with a superconductor

(TiN). We found that the shot noise is equal to twice the

full shot noise (S � 4eI) at low energy in a regime where

electron-hole coherence enhances the conductance. This

result is expected from the theory [7] and corresponds to

the Walter Schottky experiment [1] with field emission of

Cooper pairs through a dielectrics. Electron-hole coher-

ence is required to restore a large enough 2e-(Andreev)

component of the subgap current allowing the measure-

ment of the doubled charge. Above 20 �V, the shot noise

follows the Poisson noise SPoisson � 2eI due to a dominant

quasiparticle contribution.
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FIG. 2. Current noise power as a function of the average dc

current. The solid and dashed lines correspond to 4e and 2e
slopes, respectively. The crossover between the two behaviors

occurs when the differential resistance shows a maximum (see

Fig. 1) indicating the change in the contributions to the current

from Andreev transport to quasiparticles currents.
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We experimentally investigated the current noise in diffusive Superconductor/Normal
metal/Superconductor junctions with lengths between the superconducting coherence length ξ∆

and the phase coherence length LΦ of the normal metal (ξ∆ < L < LΦ). We measured the shot
noise over a large range of energy that covers the regimes of coherent and incoherent multiple An-
dreev reflections. The transition between these two regimes occurs at the Thouless energy where
a pronounced minimum in the current noise density is observed. Above the Thouless energy, in
the regime of incoherent multiple Andreev reflections, the noise is very much enhanced compared
to a normal junction and grows linearly with the bias voltage. Semi-classical theory describes ac-
curately the experimental results, but only if we take into account the voltage dependence of the
resistance which reflects the proximity effect. Below the Thouless energy, the shot noise diverges
with decreasing voltage which may indicate the coherent transfer of multiple charges.

Although the influence of the proximity effect between
a superconductor (S) and a normal metal (N) on the
conductance of hybrid SN structures is under study for
decades, the impact of the presence of charge pairs on
the current noise was investigated experimentally only re-
cently [1–4]. The transport at a SN interface is mediated
by Andreev Reflection (AR). An electron with energy
|ǫ| < ∆ with respect to the Fermi level can not escape in
the superconductor due to the absence of electronic states
in the gap ∆. Instead, it enters the superconductor to-
gether with a second electron to create a Cooper pair and
a hole is retroreflected in the normal metal. The electron
and the retroreflected hole form an Andreev pair which
remains coherent, in the diffusive limit, over a distance
Lc = min(Lφ, ξǫ =

√

~D/ǫ) where D is the diffusion
constant of the normal metal and Lφ the single particle
phase coherence length.
In S/N/S junctions with a normal metal length L > Lc,
the Andreev pair is split off and the electron and the
hole behave, far from the interface, as independent quasi-
particles. In this incoherent regime the quasiparticles
produce shot noise which originates from the diffusion
through the normal metal. The noise is enhanced com-
pared to a N/N/N system because each quasiparticle en-
tering the normal region is successively retroreflected at
the two SN interfaces (incoherent multiple Andreev re-
flections - IMAR) and implies many passages of quasi-
particles through the junction, instead of only one in the
normal case. These IMAR persist as long as the quasi-
particle energy stays in the interval −∆ < ǫ < ∆ and
when no inelastic collisions occur. The effect of the in-
elastic interactions on shot noise in S/N/S junctions have
been studied by various groups [5–7]. It is shown that
electron-electron interaction reduces the energy window
of accessible states for the quasiparticles participating to

the IMAR leading to a decrease of the current noise den-
sity.
In short S/N/S junctions, the situation is somewhat more
complicated. Indeed, as long as L < Lc (that means the
Thouless energy ETh = ~D/L2 exceeds the bias voltage
[18]), successive Andreev reflections at the two interfaces
are coherent and the interference between quasiparticles
leads to the formation of Andreev bound states. In this
coherent regime, the bound states can carry a supercur-
rent and one observes dc and ac Josephson effects. In
very short junctions with a length L smaller than the
superconducting coherence length ξ∆ =

√

~D/∆ (equiv-
alent to ETh > ∆) only two bound states exist and the
transport via these states, can be considered as the trans-
fer of effective charges 2∆/eV . Then, the noise at low
voltage can be interpreted as the shot noise of these ef-
fective charges due to Landau-Zener transitions between
the bound states [8].
A very interesting situation can be reached in S/N/S
junctions of length ξ∆ < L < LΦ. In that case, one
can tune the transition from the regime of coherent pair
transport (eV < ETh < ∆) to single quasiparticle trans-
port (ETh < eV < ∆) by changing the external voltage.
In this letter, we present noise measurements in diffusive
S/N/S junctions with such an intermediate length. A
clear change in the transport mechanisms at the Thouless
energy is revealed and appears as a pronounced minimum
in the current noise density. This transition, characteris-
tic of the transport in hybrid SN structures at the meso-
scopic scale, can be achieved experimentally but stays a
difficult task on the theoretical side. The existing the-
ories concern either diffusive junctions with negligible
proximity effect, which are accessible with semi-classical
models [9, 10] or the fully coherent situation [8]. The
latter applies to the noise properties of coherent super-
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conducting atomic point contacts with a small number of
conducting channels [11]. In this situation, experimental
results are well understood [12]. In contrast, the inter-
pretation of the few experimental investigations of noise
in multichannel S/N/S junctions available up to now [5–
7, 13] stays a puzzling business.
To measure the current noise, we used a SQUID-based
experimental setup [14]. The input coil of the SQUID
is connected in series with a reference resistor of 0.123Ω
and the sample. The current fluctuations propagating
in this loop are transformed into voltage fluctuations by
the SQUID. The intrinsic noise level is about 8 µΦ0/

√
Hz

which is equivalent to 1.6 pA/
√

Hz in the input coil of
the SQUID. The same experimental configuration can
be used to perform conductance measurements.
The S/N/S junctions are fabricated by shadow evap-
oration of Cu and Al at different angles through a
PMMA-PMMA/MAA bilayer mask in an ultra-high-
vacuum chamber. First, a 50 nm thick copper island is
evaporated and immediately after, two 480 nm thick alu-
minum reservoirs. The left inset of figure 1 shows a scan-
ning electron micrograph of a typical sample. We stud-
ied samples with lengths between 0.4 and 0.85 µm and
widths from 0.2 to 0.4 µm. The results presented here
concern mainly one sample (referred as sample l) with
length 0.85 µm, width 0.4 µm and an overlap between the
reservoirs and the copper bridge of about 0.3 × 0.4 µm2

on each side. The other samples show similar results and
will be mentioned for comparison if necessary.
In order to have not to deal with proximity effect cor-
rections that reduces the resistance of the copper bridge
when the reservoirs become superconducting, the resis-
tance RN of the sample is evaluated from the value above
Tc minus the estimated reservoir resistance. For sample l
we obtain RN = 1.75 ±0.2Ω. Then, we can estimate the
interface resistance by comparison with a second sample
half as long as sample l (but with the same width and
the same overlap at the reservoirs) and fabricated on the
same wafer (RN ≈ 1.05 Ω). This gives an estimation of
a total interface resistance RB ≃ 0.4Ω and a sheet re-
sistance of 0.65 Ω for copper (the diffusion constant is
then 80 cm2s−1). The normal resistance of sample l is
therefore dominated by the resistance of the copper film
(≈ 1.35Ω).
As a function of temperature, the zero bias resistance
shows a broad transition between Tc(Al) = 1.2 K and
0.8 K, below which a supercurrent arises (see right inset
of figure 1). This behavior evidences that the phase co-
herence length Lφ is longer than the sample length, at
least for temperatures below 800 mK. At finite bias, we
observe subharmonic gap structures (SGS) marked by a
local maximum in the conductance when eV = 2∆/n,
see Fig. 1. We can identify peaks for n = 2 and 3 over
the whole temperature range, whereas the n = 1 peak
is masked for T < 900 mK by a transition, probably in-
duced by the bias current. The origin of the additional
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FIG. 1: Differential conductance dI/dV versus bias voltage at
various temperatures for sample l (data are shifted by 0.1, 0.2
and 0.35 S for T = 500 mK, 900 mK and 1.1 K respectively).
Left inset : scanning electron micrograph of a typical sample.
Right inset : resistance of the sample as a function of temper-
ature. The drop at T = 1.2 K is due to the superconducting
transition of the aluminum reservoirs.

peaks at V ≃ 0.06 meV is not clear.
The overall shape of the current noise density as a func-
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FIG. 2: Current noise density SI versus bias voltage at various
temperatures. We observe a minimum at eV ≈ ETh.

tion of bias voltage is shown in Fig. 2. We observe a pro-
nounced minimum at V ≈ 10 µV corresponding roughly
to the Thouless energy ETh ≃ 7 µeV of sample l. This
minimum indicates the transition from the regime of co-
herent pair transport to the regime where the Andreev
pairs are split off into independent quasiparticles before
reaching the opposite interface.
The noise behavior at high voltage can be understood
within a simplified model. Consider an electron entering
the normal metal at the energy ǫ ≈ −∆. At the first SN-
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interface it is Andreev-reflected into a hole which trav-
els the normal region a second time. At the other SN-
interface the hole is again retroreflected as an electron
and so on. In the incoherent case the phase informa-
tion between two subsequent Andreev reflections is lost
and no interference is possible. The quasiparticle energy
is increased by eV when it travels from one interface to
the other. Therefore, the quasiparticle can escape to the
superconducting electrodes only after N passages, with
N = 2∆/(eV )+1, reaching an energy ǫ & ∆. Within this
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FIG. 3: Current noise density times the resistance R = V/I
versus bias voltage at various temperatures (the data curves
are shifted successively by 10 pA2/Hz). Thick solid line: The-
oretical prediction in the zero temperature limit (Eq. (1))
with ∆ = 165µeV . Thin solid lines: Theoretical predictions
following Ref. 10 including noise of quasiparticles outside the
gap. The arrows indicate the thermal noise level correspond-
ing to each data curve.

description, each quasiparticle entering the normal part
causes a series of incoherent Andreev reflections which
leads to the diffusion of N quasiparticles through the nor-
mal part. The total current noise is therefore the shot
noise of a diffusive metal 1

3
2eI times N :

SI(V ) =
1

3
2eI × N =

2

3R
(eV + 2∆). (1)

This is exactly the prediction of semiclassical theory in
the zero temperature limit and when no inelastic pro-
cesses take place [9, 10]. In this model, the proxim-
ity corrections are neglected. In our junctions however,
such corrections persist over the whole voltage range (see
Fig. 1). A noise expression taking into account the prox-
imity effect has been derived recently in SIN junctions
with a tunnel barrier at the interface [15] but is still lack-
ing in the S/N/S case. In order to include the observed
voltage dependence of the resistance, we use R(V ) = V/I
in equation (1) rather than the normal resistance RN and
analyze the product SI(V )R(V ) in Fig. 3.
At T = 100 mK we obtain very good agreement between

experiment and Eq. (1) with ∆ = 165 µeV , shown in
Fig. 3 by a thick solid line, in the range from 50 µV
up to the current induced transition at about 250 µV .
Up to now this linear regime, reflecting electronic trans-
port through IMAR, was only approximately achieved
with a large scatter in the data [13]. Note that a fit of
SI(V ) using a constant resistance instead of the mea-
sured R(V ), requires unreasonable values RN = 2.5Ω
and ∆ = 330µeV .
At temperatures above 300 mK, the thermal noise of the
quasiparticles outside the gap have to be taken into ac-
count. Along the lines of Ref. 10 we can write the total
noise as a sum of this thermal noise and the subgap noise
(Eq. (12) and (13) in Ref. 10). The fits obtained using
the BCS temperature dependence of the superconduct-
ing gap, show excellent agreement with the experimental
data between T = 500 mK and 900 mK (thin solid lines).
So far, we considered only the linear part of the noise
at high voltage. However, for decreasing voltage (V <
50 µV ) the experimental data show a nonlinear regime
which extends down to the minimum at the Thouless en-
ergy. The simple model used above to derive Eq.(1) sup-
poses that the quasiparticles reach the gap without in-
elastic interactions and the corresponding voltage range
is therefore called “collisionless regime”. However at
low voltage and finite temperature, the effective length
of the junction for the multiple retroreflected particles
Leff = NL ∼ L∆/V exceeds the inelastic length Lin.
In this “interacting regime” e-e-collisions interrupt the
successive incoherent multiple Andreev reflections before
the quasiparticles reach the gap. In the case of strong in-
teraction a Fermi distribution with an effective tempera-
ture Te is restored and the noise equals the corresponding
thermal noise [5–7]. Details of the analysis in this regime
are published elsewhere [16].
Decreasing further the voltage below ETh, we enter the

regime of coherent pair transport and the noise increases
again. We can check that this increase is not due to
an equilibrium-like relation SI = 4kBT/R(V ) between
the current noise density and the voltage dependant re-
sistance (which indeed decreases near the transition to
the dissipationless regime), by considering the product
SI(V )R(V ), compare Fig. 3 and 4. The noise increase at
low voltage persists, even at high temperature when the
thermal noise level (dotted arrows in Fig. 3) approaches
the noise minimum at eV ≈ ETh. We observe clearly
an excess noise in the coherent regime which is blown up
in Fig. 4. Additionally, we plot in this figure the resis-
tance and differential resistance [19]. The interpretation
of the noise results in this low voltage regime is a difficult
task because coherent multiple Andreev reflections (for-
mation of Andreev bound states) in the energy window
|ǫ| . ETh coexist with the diffusion of hot quasiparti-
cles of energies ETh < |ǫ| < ∆. Furthermore, at very
low temperature and voltage, the conductance behavior
is strongly non-linear. Therefore, at T = 100mK, the
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noise measurements are restricted to the voltage range
V ≥ 5µV where the differential resistance change not
more than by a factor 3.
The results of preliminary investigations of the coherent
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FIG. 5: Fano factor versus the inverse voltage for two different
samples. The Thouless energies are 7 µV for sample l (left
figure) and 30 µV for sample s (right figure). The solid lines
have slopes 200 µV (left) and 340 µV (right).

regime on sample l (ETh = 7 µV ) and a shorter junc-
tion (sample s with width 0.2 µm, length 0.4 µm and
ETh = 30 µV ) are shown in Fig. 5, where we plot the
Fano factor F = SI/(2eI) as a function of the inverse
voltage. In both samples the crossover from the incoher-
ent to the coherent regime appears clearly at the Thou-
less energy. In the voltage range V < ETh/e, the Fano
factor shows a linear divergence with slopes 200 µV and
340 µV for sample l and s, which could be the signature of
a coherent transfer of multiple charges. Such a multiple
charge noise was already observed in a superconducting
tunnel junction with pinholes [17] and superconducting
atomic point contacts [12]. To check this interpretation in

diffusive S/N/S junctions, other experiments are required
together with theoretical predictions in the appropriated
limit (ETh < ∆). Contrary to the very short junction
case (∆ < ETh) [8, 11], more than two Andreev bound
states should contribute to the coherent pair transport.
Another open question concern the influence of inelastic
interactions in the coherent regime.
In conclusion, we presented noise investigations on diffu-
sive S/N/S junctions, which allow a clear distinction of
different transport regimes. In these junctions the “col-
lisionless regime” at high voltage is very well established
and the current noise grows linearly with the bias volt-
age due to incoherent multiple Andreev reflections. The
results are in quantitative agreement with semiclassical
theory over a large temperature range. Further investi-
gations are now required to confirm the multiple charge
transport in the coherent regime at low voltage.
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❒ ➣♦➠➏↕➮➵◆➎➹➞✉➍★➎➑➐➚➓→➔◆➣♦➍➏➣★❮✘➦◆➐◆↔❜➓➟➎❥↕➀➐◆➍✠➎➑➍★➥◆➦◆➣✒➓→↕✜➓→➔◆➣❯↔♦↕➀➔◆➣♦➠➏➣♦➐❨➓✄➠➏➣❝➓→➠➏↕❈➨➸➠➏➣❝❰❆➣♦↔❝➓→➎➑↕➀➐❂↕✉➤✁Ï❨➦❆➞✉➍➏➎➡➨➛❆➞✉➠✘➓→➎➑↔♦➝➑➣♦➍●➓→↕✬➓→➔◆➣✒➎➑➐✲➓→➣♦➠✘➤⑦➞✉↔♦➣➲➵❨➢➮➓→➔◆➣➺➥◆➎➑➍➏↕➀➠➏➥◆➣♦➠❡➎➑➐✌➓→➔◆➣➺➐◆↕➀➠➏➙✬➞✉➝✱➙➜➣❝➓➟➞✉➝ ❺ ➼➸➐➷➓→➔❆➞❈➓★↔❽➞✉➍➏➣✉Ð➓→➔◆➣✖➛◆➠➏↕➀➵❆➞✉➵◆➎➑➝➑➎➡➓➸➢✠➤❶↕➀➠✚➞✉➐❯Ñ▲➐◆➥◆➠➏➣♦➣❝➬✒➠➏➣❝❰❆➣♦↔❝➓→➎➑↕➀➐♣Ð❈➓→➔◆➣✖↕➀➐◆➝❥➢➲➛◆➠➏↕✎↔♦➣♦➍➏➍✚➓→↕❡➓→➠→➞✉➐◆➍✘➤❶➣♦➠✚↔➟➔❆➞✉➠➏➒➀➣♦➍
2e
➤❶➠➏↕➀➙Ò➓→➔◆➣✠➐◆↕➀➠➏➙✬➞✉➝❸➙➜➣❝➓➟➞✉➝❸➓→↕✒➓→➔◆➣✠➍➏➦◆➛❄➣♦➠➏↔♦↕➀➐◆➥◆➦◆↔❝➓→↕➀➠♦Ð❞➎➑➍✖➣♦➐◆➔❆➞✉➐◆↔♦➣♦➥ ❺➫✖➔◆➣▲➍➏➣♦↔♦↕➀➐◆➥➻✃❨➎➑➐◆➥➜↕✉➤♣➍✘➓→➠➏➦◆↔❝➓→➦◆➠→➣❝➍✖➞✉➐❆➞✉➝❥➢ ❒ ➣♦➥♣Ð✎➞✉➠➏➣➧➍➏➦◆➛❄➣♦➠➏↔♦↕➀➐◆➥◆➦◆↔❝➓→↕➀➠✑➨❃➐◆↕➀➠➏➙✬➞✉➝◆➙➜➣❝➓➟➞✉➝❼➨➍➏➦◆➛❄➣♦➠➏↔♦↕➀➐◆➥◆➦◆↔❝➓→↕➀➠❳❮✘➦◆➐◆↔❝➓→➎➑↕➀➐◆➍ ❺ ➼➸➐➜➓→➔◆➎➑➍✚↔❽➞✉➍➏➣✉Ð✲➓→➔◆➣✖➓→➠→➞✉➐◆➍➏➛❄↕➀➠✘➓✢➎➑➍✑➙➜➣♦➥◆➎➑➞❈➓→➣♦➥➜➵✲➢✒➙✒➦◆➝❥➓→➎❥➛◆➝❥➣Ñ▲➐◆➥◆➠➏➣♦➣❝➬✜➠➏➣❝❰❆➣♦↔❝➓→➎➑↕➀➐◆➍✠➪⑤Ó➮Ñ❡Ô▲➘❏➞❈➍✖➝➑↕➀➐◆➒✒➞✉➍❏➐◆↕✒➎➑➐◆➣♦➝➹➞✉➍✘➓→➎➑↔●➎➑➐❨➓→➣♦➠→➞✉↔❝➓→➎➑↕➀➐◆➍✁➵❞➣❝➓✦➩✁➣♦➣♦➐➮Ï❨➦❆➞✶➨➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➝➑➣♦➍✢➓➟➞✉✃➀➣★➛◆➝➹➞✉↔♦➣❡➎➑➐➻➓→➔◆➣★➐◆↕➀➠➏➙✬➞✉➝❄➛❆➞✉➠✘➓➧↕✉➤❛➓→➔◆➣✁❮✘➦◆➐◆↔❝➓→➎➑↕➀➐ ❺ ➫✖➔◆➣★➐◆↕➀➎➑➍➏➣✠➞✉➝➑➝➑↕❍➩➧➍✢➓→↕➥◆➎➑➍✘➓→➎➑➐◆➒➀➦◆➎➑➍➏➔✬➞✄➠➏➣♦➒✉➎➑➙➜➣➧↕✉➤❳↔♦↕➀➔◆➣♦➠➏➣♦➐✲➓➧Ó➮Ñ❡ÔÕ➩✖➔◆➣♦➠➏➣▲➓→➔◆➣➧➓→➠→➞✉➐◆➍✘➤❶➣♦➠✁↕✉➤♣➙✒➦◆➝➡➓➟➎❥➛◆➝❥➣➧↔➟➔❆➞✉➠➏➒➀➣♦➍➎➑➍✢➛❞↕➀➍➏➍➏➎➑➵◆➝➑➣➧➤❶➠➏↕➀➙❢➞✄➠➏➣♦➒➀➎➑➙➜➣➧↕✉➤♣➎➑➐◆↔♦↕➀➔◆➣♦➠➏➣♦➐❨➓✖Ó➮Ñ❡ÔÖ➩➧➔◆➣♦➠➏➣●➓→➔◆➣▲Ï❨➦❆➞✉➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➝➑➣♦➍✑➥◆➎❥×❸➦◆➍➏➣➎➑➐◆➥◆➣♦➛❄➣♦➐◆➥◆➣♦➐✲➓→➝❥➢Ö➓→➔◆➠➏↕➀➦◆➒➀➔Õ➓→➔◆➣➚➐◆↕➀➠➏➙✬➞✉➝▲➙➜➣❝➓➟➞✉➝ ❺✢Ø ➔◆➣♦➐♠➓→➔◆➣➚➎➑➐❨➓→➣♦➠→➞✉↔❝➓→➎➑↕➀➐◆➍➻➵❄➣❜➓✦➩✁➣♦➣♦➐Ï❨➦❆➞✉➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➝➑➣♦➍❯➞✉➠➏➣➮➍✘➓→➠➏↕➀➐◆➒◆Ð❃➓→➔◆➣➮➐◆↕➀➎➑➍➏➣✤➒➀➎❥➬➀➣♦➍➜➞✉↔♦↔♦➣♦➍➏➍➜➓→↕❂➓→➔◆➣➮➎➑➐◆➣♦➝➹➞✉➍✘➓→➎➑↔✜➠➏➣♦➝➑➞✶Ù◆➞❈➓→➎➑↕➀➐➝➑➣♦➐◆➒✉➓→➔ ❺Ñ▲➝➑➝❏➐◆↕➀➎➑➍➏➣✜➣❜Ù❼➛❄➣♦➠➏➎➑➙➜➣♦➐✲➓→➍❯➩✁➣♦➠➏➣➮➥◆↕➀➐◆➣✤➎➑➐➴➞➚➥◆➎➑➝➑➦❼➓→➎➑↕✉➐➽➠➏➣❝➤❶➠➏➎➑➒➀➣♦➠→➞❈➓→↕➀➠➺➦◆➍➏➎➑➐◆➒Ú➞ ➱◆Û ➌●➼ ➯➵❆➞✉➍➏➣♦➥➮➣❜Ù❼➛❄➣♦➠➏➎➑➙➜➣♦➐✲➓➟➞✉➝❳➍➏➣❝➓→➦◆➛✌➵◆➦◆➎❥➝❥➓➧➥◆➦◆➠➏➎➑➐◆➒➺➓→➔◆➣★➾❆➠➏➍✘➓●➙➜↕➀➐❨➓→➔◆➍✖↕✉➤✱➓→➔◆➎➑➍➧➭✚➔ ❺ ➯➲❺❥❺

Ü➮Ý✲Þ♣ß➺à❞á❈â✱ã
Ó➮➣♦➍➏↕➀➍➏↔♦↕➀➛◆➎➑↔❡➛◆➔✲➢✎➍➏➎➑↔♦➍✑➨✑ä✁➦◆➠➏➠➏➣♦➐❨➓❏➐◆↕➀➎➑➍➏➣✖➨❃Ñ▲➐◆➥◆➠➏➣♦➣❝➬✬➠➏➣❝❰❆➣♦↔❝➓→➎➑↕➀➐➜➨ ➱ ➼✦➶å➞✉➐◆➥ ➱ ➶ ➱ ❮✘➦◆➐◆↔❜➨➓→➎➑↕➀➐◆➍✁➨✁Ô➧➣❝❰❆➣♦↔❝➓→➎➑↕➀➐◆➝➑➣♦➍➏➍✖➓→➦◆➐◆➐◆➣♦➝➑➎➑➐◆➒➲➨ ➱◆Û ➌●➼ ➯



æ➆ç ➇✎è❡é ç

ê❛➞✌↔♦↕➀➙➺➵◆➎➑➐❆➞✉➎➑➍➏↕➀➐☎➥◆➣♦➍➺➙➜➣♦➍➏➦◆➠➏➣♦➍➺➥◆➣✬➵◆➠➏➦◆➎❥➓➲➣♦➐➽↔♦↕✉➦◆➠➟➞❈➐❨➓➺➣❝➓➺➥◆➣✬↔♦↕➀➐◆➥◆➦◆↔❝➓➟➞✉➐◆↔♦➣✜➠➏➣❜➨➛◆➠➏ë♦➍➏➣♦➐✲➓→➣✒➦◆➐➚➙➜↕✶➢➀➣♦➐✌➓→➠➏ì♦➍★➛◆➦◆➎➑➍➏➍→➞✉➐✲➓★➛❞↕➀➦◆➠❡↔♦↕➀➙➜➛◆➠➏➣♦➐◆➥◆➠➏➣➺➝➑➣✄➓→➠→➞✉➐◆➍➏➛❄↕➀➠✘➓★ë♦➝➑➣❝↔❝➓→➠→↕✉➐◆➎➑Ï❨➦◆➣
í ➝⑤î ë♦↔➟➔◆➣♦➝➑➝➑➣❡➙➜ë♦➍➏↕➀➍➏↔♦↕➀➛◆➎➑Ï❨➦◆➣ ❺ ä✁➣❝➓➏➓→➣★➓→➔◆ì♦➍➏➣★➎➑➝➑➝➑➦◆➍✘➓→➠➏➣▲↔♦➣❝➓➏➓→➣✠➞❈ï➜➠➏➙✬➞❈➓→➎➑↕➀➐➻➛❆➞✉➠❏➝⑤î ë❝➓→➦◆➥◆➣★➥◆➣➥◆➣♦➦✎Ù✤➍✘➓→➠➏➦◆↔❝➓→➦◆➠→➣❝➍▲➔✲➢✎➵◆➠➏➎➑➥◆➣♦➍➧➍➏➦◆➛◆➠→➞✉↔♦↕➀➐◆➥◆➦◆↔❝➓→➣♦➦◆➠★ð➺➙➜ë❝➓➟➞✉➝♣➐◆↕➀➠➏➙✬➞✉➝ ❺➯ ➞✉➐◆➍✄➝➹➞✤➛◆➠➏➣♦➙➜➎➑ì♦➠➏➣❯➍✘➓→➠➏➦◆↔❝➓→➦◆➠➏➣✬ë❝➓→➦◆➥◆➎➑ë♦➣✒➨❡➦◆➐Ú➍➏➦◆➛◆➠→➞✉↔♦↕➀➐◆➥◆➦◆↔❝➓→➣♦➦◆➠✜➪❶➫✖➎➹➶❡➘★➣♦➐Ú↔♦↕➀➐✲➓➟➞✉↔❝➓➞❽➬➀➣♦↔✜➦◆➐➽➙➜ë❝➓➟➞✉➝✢➓→➠➏ì♦➍➺➥◆ë♦➍➏↕➀➠➏➥◆↕➀➐◆➐◆ëÚ➪❶➍➏➎➑➝➑➎❥↔♦➎➑➦◆➙❴➥◆ë♦➒➀ë♦➐◆ë♦➠➏ë❍➘✠➨✠➐◆↕➀➦◆➍✒➞❍➬➀↕➀➐◆➍➺➛◆➦◗➙➜➣❝➓➏➓→➠➏➣➣♦➐➽ë❝➬✎➎➑➥◆➣♦➐◆↔♦➣✜➦◆➐➽➥◆↕➀➦◆➵◆➝➑➣♦➙➜➣♦➐✲➓✒➥◆➦➽➵◆➠➏➦◆➎❥➓➺➥◆➣➻➒➀➠➏➣♦➐❆➞✉➎➑➝➑➝➑➣ í ➓→➠➏ì♦➍✒➵❆➞✉➍➏➍➏➣➻➓→➣♦➙➜➛❞ë♦➠→➞❈➓→➦◆➠➏➣➣❝➓✬➤⑦➞✉➎❥➵◆➝➑➣✜➓→➣♦➐◆➍➏➎➑↕➀➐ ❺ ä✁➣✌➠➏ë♦➍➏➦◆➝❥➓➟➞❈➓➻➎➑➐◆➥◆➎➑Ï❨➦◆➣➮Ï❨➦◆➣✌➝➑➣✤➓→➠→➞✉➐◆➍➏➛❄↕➀➠✘➓➻➍♦î ➣❝×❸➣♦↔❝➓→➦◆➣✉Ð✁➥❆➞✉➐◆➍✬↔♦➣♦➍ë♦↔➟➔❆➞✉➐✲➓→➎➑➝➑➝➑↕➀➐◆➍♦Ð♣➛❆➞✉➠✠➝➑➣✒➛❆➞✉➍➏➍→➞✉➒➀➣➜➥◆ë♦↔♦↕➀➠➏➠➏ë♦➝➑ë❯➥◆➣❯➛❆➞✉➎➑➠➏➣♦➍✠➥◆➣❯↔❜➔❆➞✉➠➏➒➀➣♦➍ í ➓→➠→➞❽➬✲➣♦➠➏➍✠➝➹➞✜➵❆➞✉➠✦➨➠➏➎➑ì♦➠➏➣ ➱ ↔❜➔◆↕✉➓➏➓→✃✲➢✌Ï❨➦◆➎②➍➏➣➲➤❶↕➀➠➏➙➜➣ í ➝⑤î ➎➑➐✲➓→➣♦➠✘➤⑦➞✉↔♦➣✄➣♦➐✲➓→➠➏➣➺➝➑➣✄➫✖➎➹➶❤➣❝➓❡➝➑➣➲➍➏➎➑➝➑➎➑↔♦➎❥➦◆➙ ❺ ê❳➣♦➍▲➙➜➣❜➨➍➏➦◆➠➏➣♦➍✒➥◆➣✜➵◆➠➏➦◆➎❥➓➺↔♦↕➀➐❼➾❆➠➏➙➜➣♦➐✲➓❯➝⑤î ➣❜Ù❼➛◆➝➑➎➑↔❽➞❈➓→➎❥↕➀➐Ú➛◆➠➏↕➀➛❄↕➀➍➏ë♦➣✜➛❄↕➀➦◆➠➺➝⑤î ➞✉➛◆➛❆➞✉➠➏➎❥➓→➎❥↕➀➐Ú➥♣î ➦◆➐◗➛◆➎➑↔➥◆➣➲↔♦↕➀➐◆➥◆➦◆↔❝➓➟➞✉➐◆↔♦➣❯➞✉➦❼➓→↕➀➦◆➠●➥◆➣➺➝➹➞❯➛❄↕➀➝➹➞✉➠➏➎➑➍→➞❈➓→➎❥↕➀➐➮➐❨➦◆➝➑➝➑➣➜ñ❄➝➹➞➜➠➏ë❝➓→➠➏↕❈➨➸➥◆➎❥×❸➦◆➍➏➎➑↕➀➐➮↔♦↕➀➔◆ë♦➠➏➣♦➐✲➓→➣➥◆➣➜Ï❨➦❆➞✉➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➦◆➝➑➣♦➍✠➛❆➞✉➠✄➝➑➣➜➥◆ë♦➍➏↕➀➠➏➥◆➠➏➣✬➥❆➞✉➐◆➍✄➝➑➣➜➙➜ë❝➓➟➞✉➝✚➐◆↕➀➠➏➙✬➞✉➝ ❺ Ñ▲➎➑➐◆➍➏➎⑤Ð❳➝➹➞✤➛◆➠➏↕➀➵❆➞✉➵◆➎➡➨➝➑➎❥➓→ë➧➛❄↕➀➦◆➠✁➦◆➐◆➣❡➠➏ë❝❰❆➣❜Ù❼➎➑↕➀➐✜➥♣î Ñ▲➐◆➥◆➠➏➣♦➣❝➬❄Ð◆➛◆➠➏↕✎↔♦➣♦➍➏➍➏➦◆➍❏➤⑦➞✉➎➑➍→➞✉➐❨➓✁➛❆➞✉➍➏➍➏➣♦➠❏➥◆➣♦➍✖↔➟➔❆➞✉➠➏➒➀➣♦➍

2e
➥◆➦➙➜ë❝➓➟➞✉➝♣➐◆↕➀➠➏➙✬➞✉➝❄➬➀➣♦➠➏➍●➝➑➣★➍➏➦◆➛◆➠→➞✉↔♦↕➀➐◆➥◆➦◆↔❝➓→➣♦➦◆➠♦Ð❄➣♦➍✘➓▲➞✉↔♦↔♦➠➏➦◆➣ ❺ê❳➣✢➥◆➣♦➦✎Ù❼➎➑ì♦➙➜➣✢➓➸➢✎➛❄➣✁➥♣î ë♦↔➟➔❆➞✉➐✲➓→➎➑➝➑➝➑↕➀➐◆➍✱➞✉➐❆➞✉➝❥➢✎➍➏ë♦➍②↔♦↕➀➐◆↔♦➣♦➠➏➐◆➣❏➝➑➣♦➍❆❮✘↕➀➐◆↔❝➓→➎➑↕➀➐◆➍✱➍➏➦◆➛◆➠→➞✉↔♦↕✉➐◆➥◆➦◆↔❜➨➓→➣♦➦◆➠❡➨●➙➜ë❝➓➟➞✉➝❃➐◆↕➀➠➏➙✬➞✉➝❛➨▲➍➏➦◆➛◆➠→➞✉↔♦↕➀➐◆➥◆➦◆↔❜➓➟➣❝➦❆➠ ❺✱➯ ➞✉➐◆➍✄↔♦➣❯↔❽➞✉➍♦Ð❳➝➑➣➺➓→➠→➞✉➐◆➍➏➛❄↕➀➠✘➓✄➍♦î ➣❝×❸➣♦↔❝➓→➦◆➣➛❆➞✉➠✠➥◆➣♦➍➲➠➏ë❝❰❆➣❜Ù❼➎➑↕➀➐◆➍➲➥♣î Ñ▲➐◆➥◆➠➏➣♦➣❝➬Ú➙➺➦◆➝❥➓→➎➑➛◆➝❥➣♦➍✬➪⑤Ó➮Ñ❡Ô▲➘❡➓➟➞✉➐✲➓➲Ï❨➦♣î ➎➑➝✚➐♣î ➢Ú➞➮➛❆➞✉➍✄➥♣î ➎➑➐✲➓→➣♦➠✦➨➞✉↔❝➓→➎➑↕➀➐◆➍✬➎➑➐◆ë♦➝➹➞✉➍✘➓→➎➑Ï❨➦◆➣♦➍✬➣♦➐✲➓→➠➏➣➚➝➑➣♦➍✬Ï❨➦❆➞✉➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➦◆➝➑➣♦➍➻➥❆➞✉➐◆➍➻➝➹➞☎➛❆➞✉➠✘➓→➎➑➣✌➐◆↕➀➠➏➙✬➞✉➝➑➣➮➥◆➣➚➝➹➞❮✘↕➀➐◆↔❝➓→➎➑↕➀➐ ❺ ê❳➣✒➵◆➠➏➦◆➎❥➓❡➛❄➣♦➠➏➙➜➣❝➓★➐◆↕✉➓➟➞✉➙➜➙➜➣♦➐✲➓❡➥◆➣✒➥◆➎➑➍✘➓→➎➑➐◆➒➀➦◆➣♦➠▲➦◆➐❂➠➏ë♦➒➀➎➑➙➜➣➲➥◆➣❯Ó✌Ñ▲Ô☛↔♦↕❈➨➔◆ë♦➠➏➣♦➐✲➓→➣♦➍♦Ð✢↕➀ò➴➝➑➣➻➓→➠→➞✉➐◆➍✘➤❶➣♦➠✘➓✬➥◆➣✤↔❜➔❆➞❈➠→➒✉➣♦➍➜➙✒➦◆➝❥➓→➎❥➛◆➝❥➣♦➍✒➣♦➍✘➓✬➛❄↕➀➍➏➍➏➎➑➵◆➝➑➣✉Ð✚➥♣î ➦◆➐➴➠➏ë♦➒➀➎➑➙➜➣✜➥◆➣Ó➮Ñ❡Ô☛➎➑➐◆↔♦↕➀➔◆ë♦➠➏➣♦➐✲➓→➣♦➍✠↕➀ò❂➝➑➣♦➍★Ï❨➦❆➞✉➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➦◆➝➑➣♦➍❡➥◆➎❥×❸➦◆➍➏➣♦➐✲➓✄➥◆➣➺➤⑦➞✉ó♦↕➀➐❂➎➑➐◆➥◆ë♦➛❄➣♦➐◆➥❆➞✉➐✲➓→➣ í➓→➠→➞❽➬➀➣♦➠➏➍✠➝➑➣➺➙➜ë❝➓➟➞✉➝❃➐◆↕➀➠➏➙✬➞✉➝ ❺ Û ➦❆➞✉➐◆➥❂➝➑➣♦➍★Ï❨➦❆➞✉➍➏➎➑➛❆➞✉➠✘➓→➎➑↔♦➦◆➝➑➣♦➍❡➎➑➐✲➓→➣♦➠→➞✉➒➀➎➑➍➏➍➏➣♦➐❨➓★➣♦➐✲➓→➠➏➣❯➣♦➝➑➝➑➣♦➍♦Ð➝➑➣♦➍✖➙➜➣♦➍➏➦◆➠➏➣♦➍●➥◆➣✠➵◆➠➏➦◆➎❥➓✖➥◆↕➀➐◆➐◆➣♦➐❨➓▲➞✉↔♦↔♦ì♦➍▲➞✉➦✎Ù✤➝➑↕➀➐◆➒➀➦◆➣♦➦◆➠➏➍✖➥◆➣✠➠➏➣♦➝➹➞✶Ù◆➞❈➓→➎➑↕➀➐✜➎➑➐◆ë♦➝➹➞✉➍✘➓→➎➑Ï❨➦◆➣ ❺➫✱↕➀➦❼➓→➣♦➍❏➝➑➣♦➍✁➣❜Ù❼➛❞ë♦➠➏➎➑➣♦➐◆↔♦➣♦➍✖➥◆➣❡➵◆➠➏➦◆➎❥➓✁↕➀➐❨➓❏ë❜➓➟ë▲ë❝×❸➣♦↔❝➓→➦◆ë♦➣♦➍✖➥❆➞✉➐◆➍❏➦◆➐➻↔♦➠✘➢✲↕➀➍✘➓➟➞❈➓ í ➥◆➎➑➝➑➦❼➓→➎➑↕✉➐➣❝➓ í ➝⑤î ➞✉➎➑➥◆➣★➥♣î ➦◆➐➷➥◆➎➑➍➏➛❄↕➀➍➏➎❥➓→➎❥➤②➣❜Ù❼➛❞ë♦➠➏➎➑➙➜➣♦➐❨➓➟➞✉➝❛➵❆➞❈➍→ë✄➍➏➦◆➠▲➝➹➞❯➙➜➣♦➍➏➦◆➠➏➣ ➱◆Û ➌●➼ ➯ Ï❨➦◆➣➲➐◆↕➀➦◆➍➞❽➬➀↕➀➐◆➍➧➙➜➎➑➍➧➞✉➦✤➛❄↕➀➎➑➐✲➓➧➥❆➞✉➐◆➍➧➝➹➞➺➛◆➠➏➣♦➙➜➎➑ì♦➠➏➣★➛❆➞✉➠✘➓→➎➑➣★➥◆➣✠↔♦➣❝➓➏➓→➣★➓→➔◆ì♦➍➏➣ ❺

ôõà❆ö✶ã❜÷➟ø✲ù❶ú✎ã
➭✚➔✲➢✎➍➏➎➑Ï❨➦◆➣★➙➜ë♦➍➏↕➀➍➏↔♦↕➀➛◆➎➑Ï❨➦◆➣●➨✚û✁➠➏➦◆➎❥➓❏➣♦➐➻↔♦↕➀➦◆➠→➞✉➐❨➓✢➨✑Ô➧ë❝❰❆➣❜Ù❼➎➑↕➀➐➻➥♣î Ñ▲➐◆➥◆➠➏➣♦➣❝➬➜➨✢ü✉↕➀➐◆↔❝➓→➎➑↕➀➐◆➍➱ ➼✦➶õ➥◆ë♦➍➏↕➀➠➏➥◆↕➀➐◆➐◆ë♦➣♦➍●➣❝➓ ➱ ➶ ➱ ➨✁Ô➧➣❝❰❆➣♦↔❝➓→➎➑↕➀➐◆➝➑➣♦➍➏➍✖➓→➦◆➐◆➐◆➣♦➝➑➎➑➐◆➒➲➨ ➱◆Û ➌●➼ ➯


