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Abstract 

 

Semiconductor spintronics has open a research field devoted to the 

manipulation of the spin degree of freedom and the developing of electronic 

devices with energy conservation, low heat disspiation, and high operation speed. 

The studies of spin-based devices including spin injection, phase coherence and 

spin detection, are closely related to spin dynamics. Therefore, the research of 

spin dynamics in semiconductors is essential to the development of pratical 

spin-based electronic devices.   

    This thesis begins with the investigations on spin dynamics in bulk GaAs 

and gradually moves toward the dynamics in InAs/GaAs quantum rings in order 

to understand the difference of spin properties between macroscopic and 

mesoscopic materials. However, before the exploration on spin dynamics, we 

must fully understand the carrier dynamics in the same materials. Therefore, this 

thesis is divided into two parts: the first part deals with the carrier dynamics in 

semiconductor nanostructures, and the second part investigated the spin 

dynamics of bulk and semiconductor quantum rings.   

    In the first part, we investigate the carrier capture and relaxation processes 

in undoped and modulation-doped self-assembled InAs/GaAs QRs using time- 

resolved photoluminescence up-conversion spectroscopy with a time resolution 

of 200 fs. We find that carrier capture in the ground state and the excited states 
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of the charged QRs are faster in compared to the undoped rings even at a low 

excitation level. This is attributed to the presence of the build-in cold carriers in 

the charged rings, which lead to the accelerated carrier-carrier scattering and 

capturing of holes or electrons into the excited and ground states.    

    In the second part, we use a time-resolved photoluminescence polarization 

spectroscopy system to investigate the spin dynamics of electrons and holes in 

p-, n-, and undoped bulk GaAs. From the time-resolved polarization decay rate, 

we analyze the relative importance of spin relaxation mechanisms, including 

Elliott-Yafet (EY) model, D'yakonov-Perel (DP) model and Bir-Aronov-Pikus 

(BAP) model at room temperature for GaAs. We find that the spin relaxation 

time of the electrons is only on the order of a few tens of ps and the DP 

mechanism plays an important role for spin relaxation in bulk GaAs. In addition, 

the hole spin relaxation time is also determined with a rate of less than 300 fs. 

Finally, we study the spin dynamics in InAs/GaAs QRs in which a longer spin 

coherence time than the GaAs is predicted due to the three-dimensional quantum 

confinement. However, the spin relaxation time in excited and ground was 

found to be less than 1 ps. This is because that the carriers are excited above the 

barriers and they have to go through many cooling stages (such as, carrier- 

carrier, carrier-phonon, and inter-subband scatterings) before they can arrive at 

the excited or ground states in the ring, which leads to the observed ultrafast 

spin relaxation. The spin dynamics in quantum rings should be carefully 

re-examined by direct excitation of the carriers inside the rings. 

 

Keywords : carrier dynamics , spin dynamics, InAs/GaAs quantum rings, bulk  

            GaAs, spin relaxation mechanisms, carrier cooling stages 
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ᇞᖴᇞᖴᇞᖴᇞᖴ 

 ΦǴՠाགᖴߏ೚ਔ໔٠ό܈؃Ꮲғఱᙯ౳໔൩ၸѐǴ܌زࣴޑԃٿ    

ЎറγǴ๏ϒᏢғ஼ЈӦࡌᏤ௲௤৊ࡰޑךࢂޑӭǶ२ӃനाགᖴࡐΓޑ

௢ᙚޑாܭ੻ঘభǴ٬ҁፕЎૈ୼໩ճӦֹԋǴΨҗڙךᏤᆶ௲ᇧǴᡣࡰ

ϐኁǴӧԜ᝘΢ന੿ኑϐᖴཀ៝ࡕπբǴคډפ൩໩ճ߻ӧ౥཰ךǴᡣڄ

ᆶལཀǶќѦाགᖴٿՏα၂ہ঩؇דᓄ௲௤ᆶݓڬమ௲௤Ǵӧα၂ޑၸ

ำύ҅ࡰᆶࡌ᝼Ǵ٬ளҁፕЎϣ৒׳ᑪֹ๓ǴόയགᐟǶ 

    ӣགྷଆখ຾Εჴᡍ࠻ਔǴЈύѝԖ૕ฅᆶ৮ឨǴགᖴࡿഩᏢߏǵઝਜ

คډόӆགךᕉნǴᡣޑዕ஼೭ঁढ़ғך஥ሦߏϷԴഋᏢߏԁᏢ࢙ǵ܃ݒ

շǶགᖴᓉەᏢۆϷ KB Ꮲߏӧຬזਔ໔ှ݋Ӏ᛼ޑ໺܍Ǵᗨฅךதୢಁୢ

ᚒǴՠգॺᕴࢂόჇྠځӦ௲ᏤךǴ٠ගךٮ೚ӭᝊ຦ޑཀـǴჴᡍωள

а໩ճ຾ՉǴ٠ઔᅽᓉەᏢֹۊԋޑیფགྷǴKB Ꮲزࣴߏ໩ճǴᏢ׌ॺΨ

ा᎞գΑ! ᖴᖴࡿഩӵεঢ૓៝ྣޑǴգޑᝄᙣࣁΓೀ٣ᄊࡋǴჴӧᡣٵך

೚ӭǴઔᅽךᗺࡰՉ٣΢ࣣ܈زǴόፕӧࣴ៝ྣޑᖴᖴգѳਔߏϡᏢࡹ ;ܺ

գᆶӹ఼Ꮲۆ۩ᅽז኷; ࢅᡕᏢࣁߏΓߚத዗ЈЪ଼ፋǴΨᔅΑךόϿԆǴ

٠ઔգ໩ճ౥཰; Դ࢒Ꮲޑߏ๠਻کྕࡐǴᖴᖴգӧሺᏔ΢ޑ௲ᏤǴઔգ଻

εزࣴޑीฝёаԐВֹԋǶӆٰࢂ΋ଆѺޑܣӳუՔॺǴۏᏌࣁΓߚத

॥፪Ǵᖴᖴգ஥๏ჴᡍ࠻೚ӭ៿ઢǴѺจਔ૶ளךפ; ၃๔ᗨฅգததϿ΋

ਥโǴՠᡣـך᛽ډգϺ੿ޑ΋य़ǴΨᖴᖴգඹۏၟךᏌԏ໣ԵђᚒǴᡣ
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ॺԵ၂໩ճך passǴઔգॺ໩ճ౥཰! നࡕᖴᖴᏢ׌ॺ: ܹדǵϢύǵᏢՎ

Ϸߪᐂӧα၂΢ᔅԆǴϢύΨᖴᖴգඹךಔးႝတ; ܹדᆶ໩ว:ਔ໔ှ݋

൩᎞գॺ໺܍ΑǶ  

    གᖴӧ Meta ཮᝼΢ޑӚՏ௲௤Ǵࡌ׵ѳԴৣǵ݅ဃ्ԴৣǵAlex Դ

ৣᆶ৊ϢݓԴৣǴගࡐٮӭࡌ᝼ϷᏤ҅ޑךᢀۺǴᡣך஑཰ޕ᛽ቚ຾೚ӭ; 

ӕਔΨགᖴႝηޑ܌ε໋ᏢߏǵԓണᏢߏǵ࣑٩ᏢۊᆶᎄᔵǴගךٮ஑཰

΢ڐޑշǶ 

    གᖴӧ؃Ꮲᐕำ΢ߏৣډڙॺޑගឫᆶྣ៝ǴᚑզྼԴৣǵ׵ҏฐԴ

ৣϷ᝵ֻࣕԴৣǴாॺჹךᕴࢂ੝ձޑᝄ਱ǴόᘐޑႴᓰךǴᅌᅌӦஒך

ӧѦၯᑲ೚ΦޑЈ๏ԏӣٰǴΠ׳ӭфϻӧፐ཰΢Ǵω཮ԖϞВךޑǴӧ

Ԝठ΢നుޑགᖴ; Ψགᖴ΋ၡ΢ϕ࣬Ⴔᓰᆶܻޑ࡭ן϶ॺǴֵ࠹ǵەᑉǵ

ਖቺǵ߲ۏǵޚᒆϷඵЎ฻Ǵֵ࠹ᖴᖴیӧךჴᡍၶډ਋שਔǴ᠋࡜ܤך

ᆶႴᓰךǶ 

    ന߾ࡕҗ૱Ӧགᖴ΋ၡٰوǴۈಖഉՔ๱ޑךৎΓ-ݿݿǵ༰༰ǵঢঢǵ

ך٩᎞Ǵᡣޑന୲மךࢂޔᆶбрǴ΋࡭ϻǴགᖴாॺᓨᓨӦЍۊϷۊۊ

 ངգॺ斌ךᗌ຾Ǵ߻ᆶӛߏფགྷǴόᘐӦԋޑଓ؃Ծρܭ߿

    ӵϞፕЎֹޑԋǴж٠ޑ߄ό״่ࢂǴԶࢂќ΋ঁཥޑ໒ۈǶӧԜ໻

ஒҁፕЎ᝘๏ᜢЈޑךৎΓǵৣߏϷܻ϶Ƕ 

݅ཥ෕ ᙣᇞΪ Ҭ೯εᏢᔈҔϯᏢ2  س鎵11 ԃ 7Д 
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ಃ΋೽ҽಃ΋೽ҽಃ΋೽ҽಃ΋೽ҽ Οϖ௼Οϖ௼Οϖ௼Οϖ௼ъᏤᡏъᏤᡏъᏤᡏъᏤᡏޑޑޑޑၩη୏ΚᏢၩη୏ΚᏢၩη୏ΚᏢၩη୏ΚᏢ 

ಃ΋കಃ΋കಃ΋കಃ΋ക ᆣᆣᆣᆣፕፕፕፕ 

 ق߻ق߻ق߻ق߻ 1-1

    ᒿ๱ъᏤᡏޑೌמว৖ǴȨ༾ႝηȩΨ೴ᅌ೏Ȩڼԯႝηȩڗ܌жǶነ

ᅟ࠹ᆀǴ“؂ΜΖঁДӧ࣬ӕЁκޑ඲Т΢Ǵႝ඲ᡏޑ৒ໆஒև७ኧԋߏ”Ǵ

ջ܌ᒏޑ ”ነԸࡓۓ”Ǵӵკ ޑᖏǴ҂ٰٰޑԯႝηਔжڼҢ [1.1]Ƕ܌1.1

IC ε೽ϩ཮җڼԯೌמ଺ԋǴՠࣁࢂΑၲڼډԯޑा؃Ǵᇙำፄᚇࡋቚу 

Ǵ྽೯ၰࡋߏ༾ᕭԿΜڼԯаΠ཮य़ᖏ׷਑ނޑ౛ཱུज़Ǵ๊ጔቫ཮Ӣໆη

ऀᒾਏᔈԶᏤ೯ႝηǴӢԜ໒วཥ׷ޑ਑ࣴ܈วཥޑӃ຾ᇙำ༈ӧѸՉǶ 

 

კ 1.1ነᅟࡓۓ I 

 

ᇙ೷܌ೌמ਑ǴӵճҔԾಔး׷ޑᝩගрӚᅿཥᑉ࣬ޣԃٰ೚ӭᏢ߈    

Ǵႝηёޑೱុࢂ໘ૈޑ ( Bulk ) ׷Ң[1.4]Ǵ༧܌ໆηᗺ[1.2-1.3]Ƕӵკޑ

ӧΟᆢޜ໔Ծҗࢲ୏Ǵ྽׷਑༾ᕭڼԯ฻ભਔ ( Ёκϟڼ100-1ܭԯϐ໔ ) 

ǴႝηޑՉࣁวғׯᡂǴႝηࢲ୏൩཮߳ډڙज़ǴऩႝηѝԖ΋ঁᆢ߳ࡋ
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ज़Ǵ߾ᆀࣁໆηϔ ( Quantum well, QW )ǴΒᆢ߳ज़ᆀࣁໆηጕ ( Quantum 

wire )ǴԶႝηӧΟᆢ೿߳ډڙज़ޑ၉Ǵջ܌ᒏޑໆηᗺ ( Quantum dot, 

QD )Ǵૈځ໘ஏࡋᡂԋᚆණޑδڄኧࠠԄǴᜪ՟ܭচηޑόೱុૈ໘Ǵ྽༾

ᕭԿނ౛ཱུज़ ( 10 nm ) ਔǴໆη߳ज़ਏᔈ٫׳Ǵё௓ൂڋ΋ႝηޑ຾рǴ

Ԗճႝൂܭηႝ඲ᡏޑว৖ǴࣗԿճҔԾ௽ᆢࡋǴٰᓯӸૻဦǶ 

 

 

კ 1.2 όӕᆢ׷ޑࡋ਑Кၨ II  

    ໆηᗺޑᇙഢЬाԖ Ex-situ ᆶ In-situٿᅿǴEx-situ ԋࠔߏ፦৒ܰӧ

౦፦ϟय़ೀౢғεໆલഐǴԋࠔߏ፦ᜤа௓ڋǴӢԜε೽ϩ೿௦Ҕ In-situ 

 પዕࣁനೌמ ( self-assembled growth ) ߏǴIn-situ ύΞаԾಔးԋݤБޑ

ǴԾಔးࢂೌמճҔ౦፦ᖓጢௗय़ޑ඲਱όϰଛǴᏤठӧࣚय़ޑᔈᡂ( strain )

уೲ΢ϲǴࣁΑफ़եس಍ޑᕴૈໆǴԶԾวӦߏрᗺ܈ރ৞่ޑރᄬǶᒿ

๱ໆηᗺԋޑೌמߏપዕǴԶว৖рԋߏໆηᕉ ( Quantum ring, QRs ) ޑ
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Б[1.7-1.5] ݤǴໆηᕉԖ๱ӵОξαޑᕉރჹᆀ่ᄬǴᆶໆηᗺӕࢂ႟ᆢ

Ǵӵ܄੝ޑᐱ੝ځᄬǴԖ่ޑ Aharonov-Bohm ਏᔈ[1.8-1.9]ǵ҉Φႝࢬ

( persistent current)ǵᅶϯ( magnetization ) ܄፦฻Ƕ  

 

1-2 ໆηᗺໆηᗺໆηᗺໆηᗺ ( ᕉᕉᕉᕉ ) Ў᝘ӣ៝Ў᝘ӣ៝Ў᝘ӣ៝Ў᝘ӣ៝ 

    җܭໆηᗺޑᔈҔወΚǴᒿ๱ԋޑೌמߏપዕǴςԖߚதቶޑݱҔ೼Ǵ

ӵკ  ໆηᗺႜ৔ǵआѦጕୀෳᏔ฻ [1.10-1.11]Ƕޑ1.3

    ჹܭຬႝזηϡҹٰᇥǴъᏤᡏޑၩηਂޑᕇೲ౗תᄽߚதख़ाفޑ

ՅǴճҔຬזਔ໔ှ݋Ӏ᛼ёаזೲӦΑှъᏤᡏޑၩη୏ᄊ੝܄ǶԶໆ

ηᗺޑၩη୏ΚᏢς೏ቶزࣴޑݱǴD. Morris ฻ΓճҔ Up-conversion س

಍ࣴز InAs / GaAs ໆ ηᗺޑၩη୏ΚᏢǴӧόӕߏݢǵᐟวஏޑࡋႜ৔

ӀྍచҹΠǴว౜ໆηᗺޑၩηਂਆೲ౗ᆶᐟวஏࡋև҅࣬ᜢǴᆀϐࣁኻ

ണၸำ ( Auger process )[1.12]Ƕ S. Marcinkevicius ฻ΓճҔΑ Streak 

Camera سޑ಍ӧեᐟวஏࡋΠǴҗܭӭᖂηၸำ ( multi-phonon process ) 

ୖᆶໆηᗺૈໆ᚞ԅǴ٬ளໆηᗺၩηਂਆೲ౗ϝКႣය[1.13]זޑǶӵკ

Ǵวڋ୏ᄊᐒޑҢǴK. Gundogdu1฻ΓКၨΑҁ፦ᆶᄞᚇໆηᗺၩη܌1.4

౜ᄞᚇໆηᗺޑϣޑࡌၩηගϲၩη-ၩηණ৔ೲ౗Ǵуೲၩηޑ᚞ԅೲ౗

[1.14]Ƕӵკ ໺ᒡǵਂਆϷ᚞ԅၸޑΑᙶమၩηࣁҢǴJ. Siegert ฻Γ܌1.5

ำޑৡ౦ǴஒӀϩձᐟวӧૈም ( barrier )Ϸዎᔸቫ ( wetting layer, WL )Ǵ

ԋфໆෳډપޑၩηਂਆਔ໔[1.15]ǶK. W. Sun ว౜ᄞᚇႝηᆶႝޑࢰໆ

ηᗺӧեᐟวமࡋΠǴڀԖ࣬ӕޑၩηਂਆೲ౗Ǵ٠ճҔႝଽཱུۺཷޑа

౛ፕीᆉᡍ᛾[1.16]Ƕ 

C. H. LinϷ K. W. Sun ฻Γ२Ӄว߄ InAs / GaAs ໆ ηᕉၩη୏ΚᏢ

ԋ݀Ǵӵკزࣴޑ 1.6Ϸკ 1.7Ǵว౜ໆηᕉޑόวӀૈ໘ ( dark state ) ୖ

ᆶၩη᚞ԅၸำǴ٬ளӧଯྕΠޑၩηғڮයᇻКໆηᗺ[1.17]ߏǶ 
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 ୏ᐒز୏ᐒࣴز୏ᐒࣴز୏ᐒࣴزࣴ 1-3

໺಍ޖޑ୷ႝ׷ηϡҹς೴ᅌᖿނܭ߈౛ཱུज़Ǵ๊ጔቫ཮Ӣໆηऀᒾ

ਏᔈԶᏤ೯ႝηǴӢԜ໒วڀԖໆηਏᔈڼޑԯႝηϡҹ༈ӧѸՉǶ 

൨פ፾ӝໆηϡҹᔈҔ׷ޑ਑ࢂ२ाచҹǴڀԖӵОξαᕉރჹᆀ่

ᄬޑໆηᕉǴЇଆךॺࣴޑزᑫ፪Ǵᆶໆηᗺӕࣁ႟ᆢ׷ޑࡋ਑ǴԖځᐱ

੝ޑ੝܄Ǵӵ Aharonov-Bohm ਏᔈ[1.8-1.9]ǵ҉Φႝࢬ( persistent current)ǵ

ᅶϯ( magnetization ) ܄፦฻Ƕ 

Զໆηᕉ࣬ၨໆηᗺว৖ਔ໔ၨఁǴჹໆηᕉޑ౛ፕ୷ᘵ࣬ჹલЮǶ

ᄞᚇၩηޑໆηᗺςԖआѦୀෳᏔǵൂႝηႝηϡҹ฻ᔈҔǴӢԜᙖҗຬ

ၩη୏ᄊၸำǴයఈૈว౜ໆޑ಍ӦΑှᄞᚇໆηᕉس಍Ǵس݋ਔ໔ှז

ηᕉКໆηᗺ׳፾ӝϡҹᔈҔޑ੝܄Ƕ 
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ಃΒകಃΒകಃΒകಃΒക  ъᏤᡏޑъᏤᡏޑъᏤᡏޑъᏤᡏޑӀᏢ៌ᎂᆶӀᏢ៌ᎂᆶӀᏢ៌ᎂᆶӀᏢ៌ᎂᆶၩηၩηၩηၩηਂਆϷ᚞ԅਂਆϷ᚞ԅਂਆϷ᚞ԅਂਆϷ᚞ԅ౜ຝ౜ຝ౜ຝ౜ຝ 

2-1 ъᏤᡏޑӀъᏤᡏޑӀъᏤᡏޑӀъᏤᡏޑӀᏢ៌ᎂᏢ៌ᎂᏢ៌ᎂᏢ៌ᎂ 

    ӵკ ) ݢҢǴ྽Ӏႝᅶ܌2.1 ) t i-rki exp EE 0 ω⋅= rr

ᐟวъᏤᡏᆶႝη

ౢғҬϕբҔǴႝ ηவ߃ᄊ i Կ҃ᄊ៌ޑᎂᐒ౗ ( transition probability )җ຤

ԯ໳ࡓۓߎ ( Fermi golden rule ) ۓကࣁ 

               )-E-E(iHf
2

W if

2

intfi ωδπ=→ h
h

,             (2.1) 

ύ iځ  ᆶ f  ϩձ߄Ңރ߃ᄊᆶ҃ރᄊǴ intH  ᆶႝηҬϕբݢӀႝᅶࢂ

ҔޑᅇԯᅟႥᆉ಄( Hamitonian operator ) 

                  ( ) )rV(Aep
2m

1
H

2

o
int

rrr ++= ,                   (2.2) 

     ( ) HHpAAp
2m

e

2m

Ae
)rV(

2m

p
H o

oo

22

o

2

int ′+=







⋅+⋅++








+=⇒

rrrr

r

r
r

,   (2.3) 

җႝᅶౢݢғޑ Hamitonian༾ᘋ໨ࣁ 

                  ( )pAAp
2m

e

2m

Ae
H

oo

22
rrrr

r

⋅+⋅+=′ ,                 (2.4) 

ଷ೛ߚጕ܄ਏᔈ 2A
r

ё۹ౣЪ 0Ap =⋅
rr

 ( Coulomb gauge : 0A =⋅∇
rr

 )ǴԄ 2.4

ᙁϯࣁ 

                        pA
2m

e
H

o

rr

⋅=′ ,                        (2.5)

з                
t

A
-E

∂
∂=
r

r

 Ǵ ( )t -rk  i
oeAA ω⋅=

rrr

Ǵ                 (2.6) 



 
 

 10 

Ъ              ( ) L
rr

+++=⋅ 2ikr1/2ikr1) rki ( exp ,               (2.7) 

җଽཱུ߈՟ ( Dipole approximation ) : 6-9 106~/2~k , m 10~r ×λπ Ǵ߾ 

              ti-

0 e  
2

 a  AA 1 ~ ) rki ( exp ω⋅
εω

==⇒⋅ hrrrr

,            (2.8) 

ӢԜႝη֎ԏ΋ঁӀηޑࡕᙯ౽ᐒ౗ ( ೲ౗ ) ࣁ 

           )-E-E(ipa f
m

e

2

2
W if

2

2
o

2
abs

fi ωδ⋅








εω
π=→ h

rrh

h
,        (2.9)  

( )  e EE  t -rk i
0

ω⋅=
rr

i

f

Interaction of electromagnetic wave and semiconductor

კ 2.1ႝᅶݢᆶъᏤᡏޑҬϕբҔ [ 2.1]8 
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2-2 ໆηᕉໆηᕉໆηᕉໆηᕉϣϣϣϣޑၩηޑၩηޑၩηޑၩηਂਆϷ᚞ԅਂਆϷ᚞ԅਂਆϷ᚞ԅਂਆϷ᚞ԅ౜ຝ౜ຝ౜ຝ౜ຝ 

    ӵკ2.2܌ҢǴ྽΋Ε৔ӀᐟวԿ GaAs barrier ೱុૈᄊ΢ǴԜਔሽ஥

ၩηਂޑໆǴ៌ᎂԿᏤ஥ԋԾҗႝηǴԶໆηᕉૈޑᑛႝηᕇளӀη״ޑ

ਆᆶ᚞ԅၸำЬाϩࣁϖঁ؁ᡯ : ( i ) ӧ barrier ૈ ஥΢Ǵၩηޑհࠅᆶ᚞

ԅ ; ( ii ) ၩηҗ barrier ۳ WL ޑБӛՉᚈၩηᘉණ ( ambipolar 

diffusion ) ; ( iii ) ၩηவ barrier ਂ ਆԿ WLǴӆவ WL ຾Ε QRs ; ( iv )

ӧ QRs ޑϩҥૈ໘໔Չၩη᚞ԅၸำ ; ( v ) ໆηᕉϣႝޑηǵႝࢰՉᒟ

৔ፄӝ ( radiative recombination ) วӀߚ܈ᒟ৔ፄӝ( non-radiative 

recombination ) ܫ዗[ 2.2 ]Ƕ  

 

QRs

QRs

QRs

 

კ 2.2 ໆηᕉޑၩηਂਆϷ᚞ԅၸำ 9 
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2-2-1 Barrier ቫޑቫޑቫޑቫޑၩηޑհࠅᆶ᚞ԅၩηޑհࠅᆶ᚞ԅၩηޑհࠅᆶ᚞ԅၩηޑհࠅᆶ᚞ԅ 

   Αှၩηޑհࠅᐒڋ ( cooling mechanism )࣬ࢂ྽ख़ाޑǴЀࢂځჹܭ

аӧଯႝ൑ᏹբΠޑຬזӀႝϡҹǶ 

    ྽ъᏤᡏӧଯႝ൑ύޑ໺ᏤਔǴ྽ႝηϐѳ֡୏ૈଯځܭ዗ѳᑽॶ 

( LBTk
2

3
Ǵ Bk : Boltzmann தኧ )Ǵջᆀࣁ዗ႝη[2.3]ǶӧԖѦΚᘋ୏ޑቹ

ៜΠǴӵӧࡼуႝ൑܈ӀᐟวࡕǴႝځηߚ٠ೀܭ዗ѳᑽΠޑϩթڄኧǴ

Զคݤ࿶җྕޑࡋᜢ߯߄ҢǴᆀϐࣁ”nonthermal”Ƕ 

    ӵკ2.3܌ҢǴ྽ຬזႜ৔ᐟวૈໆଯܭ GaAs barrier ૈ ሜǴౢғ೚ӭ

዗ၩηǴ೭٤዗ၩη൩໒ۈ຾Չញ዗ၸำǴӅϩࣁѤঁၸำ [2.4] :  

( 1 ) ӕ࣬ำׇ ( coherent process ) : ྽࿶ၸ΋״ຬેזፂӀᐟวࡕǴౢғޑ  

    ዗ၩη࣬ޑՏϩթ཮ុ࡭΋ࢤᆶΕ৔Ӏӕ࣬ޑਔ໔Ǵ೭ࢤਔ໔ૈޑᄊ 

    ёҔંତٰ߄ҢϐǴѐ࣬ਔ໔ ( dephase time ) εऊ100ࣁ०ࣾࣗԿ׳ 

    อǶ 

  : ዗ѳᑽำׇ ( non-thermal process )ߚ ( 2 )

    ӧ࿶ၸӕ࣬ၸำࡕǴ໒ۈ዗ѳᑽޑำׇǴ࿶җၩη-ၩηණ৔ ( carrier-  

    carrier scattering ) ٬ளႝηᆶႝࢰ຾Չૈໆᆶ୏ໆҬඤǴԶၲډ዗ѳ 

    ᑽǴԜਔႝዀྕࣁࡋ cT Ǵ೭ࢤਔ໔ऊ 2ҜࣾǶ 

( 3 ) ዗ၩηำׇ ( hot carrier process ) :  

    Ԝਔႝዀྕࡋ cT ϝଯܭ඲਱ྕࡋ LT Ǵႝዀᙖҗᆶᖂη ( LOǵLA ) ޑ 

    ҬϕբҔٰញૈܫໆǴ೭ࢤਔ໔ऊ100-1 ࣁҜࣾǶ 

( 4 ) ๊዗ำׇ ( isothermal process ) 

    ௗ๱ႝηǵႝࢰ཮࿶җᒟ৔ߚ܈ᒟ৔ፄӝǴஒၩηྕࡋҗ cT फ़Կ LT Ǵ 

 Ƕࣾڼਔ໔ຬၸ 1ࢤ዗ѳᑽǶ೭ډ಍ၲس٬    

  



 
 

 13 

          

კ 2.3 ၩηޑញ዗ၸำ [ 2.5 ]10 

 

2-2-2 ᚈᚈᚈᚈཱཱཱཱུུུུᘉණᘉණᘉණᘉණ  

    ྽Ӏᐟวૈໆଯܭ barrier ቫૈޑሜਔǴౢғႝޑηႝࢰჹԖ΋λ೽ҽ

཮ޔௗፄӝ ( recombination )ǴԶε೽ϩޑၩη཮җ barrier ۳ WL ޑБӛ

ᘉණǴฅࡕ೏ WL ਂਆǶᖐٰٯᇥǴ྽Ӏᐟวҁ፦ barrier ቫǴౢғ฻ໆ

ޑࢰᘉණ߯ኧόӕǴᏤठႝηᆶႝޑࢰηᆶႝႝܭኧҞǴՠҗࢰηႝႝޑ

ᎂ౽౗ΨόӕǴႝηᆶႝޑࢰό֡Ϭϩթ׎ԋϣႝࡌ൑ǴԶౢғᘉණǴԜ

ᅿ่ӝႝηᆶႝޑࢰᘉණਏᔈᆀࣁᚈཱུᘉණ ( ambipolar diffusion )ǴԶᚈཱུ

ᘉණ߯ኧ߄Ң[2.6][2.2] ࣁ 

                       
he

he
a DD

DD
2D

+
= ,                       (2.10) 

ύ eDځ ǵ hD ϩձႝࣁηᆶႝޑࢰᘉණ߯ኧ ( diffusivity )Ƕ 

җངӢථڶᜢ߯Ԅ ( Einstein relation )  

            e
B

e q

Tk
D µ








=  and  h

B
h q

Tk
D µ







= ,         (2.11),(2.12) 

ύ eµځ ǵ hµ ϩձႝࣁηᆶႝޑࢰᎂ౽౗ ( mobility )Ƕ 

ஒԄ2.11жΕԄ2.10Ǵ᏾౛ள  
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                     








µ+µ
µµ

=
q

Tk2
D B

he

he
a ,                    (2.13) 

    ճҔ pump-probe س಍ໆෳᆶ౛ፕीᆉ bulk GaAs ޑᚈཱུᘉණதኧ 

Ǵӵკ2.4܌ҢǴёаว౜ᚈཱུᘉණதኧᒿ๱ྕޑࡋቚуև౜ϸКޑᜢ߯Ƕ 

 

კ 2.4 ᚈཱུᘉණ߯ኧᆶྕޑࡋᜢ߯ [ 2.7 ]11 

 

 

2-2-3 ໆηᕉޑໆηᕉޑໆηᕉޑໆηᕉޑၩηၩηၩηၩηਂਆϷਂਆϷਂਆϷਂਆϷ᚞ԅ᚞ԅ᚞ԅ᚞ԅ  

     ჹܭΟᆢޑ barrier ቫǴڀԖೱុૈޑ஥Ǵёаᙖҗᖂη ( LOǵLA ) ໺

ሀૈໆǴӢԜၩηޑ᚞ԅ࣬྽זೲǶՠჹܭ႟ᆢޑໆηᕉǴႝηࢲ୏ډڙ

ໆη߳ज़ǴᏤठૈໆރᄊࣁόೱុૈ໘ǴӧໆηᕉύЬाԖٿᅿၩηޑ᚞

ԅၸำǴ( 1 ) ၩηவೱុૈ஥᚞ԅԿໆηᕉύ߳ޑज़ૈ໘ ; ( 2 ) ၩηவໆ

ηᕉύၨଯ߳ޑज़ૈ໘᚞ԅԿၨեૈޑ໘ (୷ᄊ)Ƕಃ΋ঁ᚞ԅၸำ཮Кಃ

ΒঁזǴ೭ࢂҗܭၩη᚞ԅѸ໪ᅈૈىໆӺᑽǴ߳ঁٿज़ૈ໘ࡐᜤࢂ LO ᖂ

ηૈޑໆ᏾ኧ७ǴѸ໪ᙖҗ LA ᖂη጗ᄌӦញૈܫໆǴၩη཮ଶ੮ӧၨଯ

 ᖂη౟ᓍ ( phonon bottleneck )ࣁਔ໔ǴԜ౜ຝᆀϐޑߏज़ૈ໘ၨ߳ޑ

[2.8-2.10]Ƕ 
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    ՠჴሞ΢Ǵၩη᚞ԅਔ໔ѝԖኧΜҜࣾ ( picosecond )ǴᡉฅԖځдᐒ

ελϩࡋ౜ຝǴ٩ᐟวஏޑլܺᖂη౟ᓍڋᅿᐒٿԖܭҗࢂ೏۹ౣǴ೭ڋ

ᜪǴ྽ೀܭଯᐟวஏࡋਔǴӵკ2.5 ܌ҢǴ᚞ԅᐒڋҗኻണၸำ܌ЬৌǴᒿ

๱ၩηஏޑࡋቚуǴගϲၩη໔ޑණ৔ᐒ౗Ǵၩηёᙖҗ࣬ϕޑբҔ໺ሀ

ૈໆǴၲډၩη᚞ԅ[2.11-2.12]Ƕ྽ೀܭեᐟวஏࡋਔǴၩηёаᙖҗྗೱ

ុૈ஥ញܫᖂηٰၲډ᚞ԅǴ܌ᒏྗޑೱុૈ஥ ( quasi-continum ) ࢂ

cross-transition ޑ֎ԏӀ᛼[2.13]Ǵӵკ2.6 ܌ҢǴځύ֎ԏӀ᛼х֖ : (1) 

ሽ஥ޑ WL ႝૈࢰ஥ ( WLh ) ԿᏤ஥ޑಃ΋ঁϩҥႝηૈ໘ ( 1Se )Ǵᆀ

ϐࣁ WLh-1Se ᙯ౽ ; (2) ሽ஥ޑಃ΋ঁႝࢰϩҥૈ໘ ( 1Sh ) Կሽ஥ޑ 

WL ႝηૈ஥ ( WLe )Ǵᆀϐ1 ࣁSh-WLe ᙯ౽Ǵӵკ2.7 ܌ҢǶӢԜໆη

ᕉ่ޑᄬύǴନΑϩҥૈ໘ᆶೱុૈ஥Ǵᗋ཮Ԗྗೱុૈ஥ޑӸӧǶ྽ᐟ

วૈໆଯܭໆηᕉޑಃΟঁϩҥૈ໘Ǵӵკ2.8 (a) ܌ҢǴԜਔᐟวၩηӃ

ᙖҗLA ᖂηܫޑ৔᚞ԅԿྗೱុૈ஥Ǵฅࡕၩη࿶җӭ LO ᖂη 

( multi-LO phonon ) ܫ৔᚞ԅԿ୷ᄊǶ྽ᐟวૈໆՏܭಃΟঁϩҥૈ໘Ǵӵ

კ2.8 (b)Ǵҗܭϩҥૈ໘ᆶྗೱុૈ஥ख़᠄Ǵ཮уமӀηޑ֎ԏǴᆶკ2.9 (a)

΋ኬǴӃᙖҗ LAᖂηܫޑ৔Ǵฅࡕӆ࿶җӭ LOᖂηܫޑ৔ٰၲૈډໆ᚞

ԅ[2.14]Ƕ 

 

კ 2.5 ኻണණ৔ၸำ 12 
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კ 2.6 ໆηᗺૈ໘֎ԏӀ᛼კ 13 

 

QRsWLBarrier

-

＋

-
- -

1 2

2

-

＋

1Sh

1Se

＋

-
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კ2.7 Cross-transition ֎ԏҢཀკ14 
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კ 2.8 όӕᐟวૈໆޑၩη᚞ԅၸำ 15 

     

 

2-2-4 ໆηᕉႝޑηᆶႝࢰፄӝໆηᕉႝޑηᆶႝࢰፄӝໆηᕉႝޑηᆶႝࢰፄӝໆηᕉႝޑηᆶႝࢰፄӝ 

    ໆηᕉϣႝޑηᆶႝࢰՉᒟ৔ፄӝ ( radiative recombination ) วӀ܈

ॊ߻ᆶࡋวӀமޑ ዗ǴԶ PLܫ ᒟ৔ፄӝ( non-radiative recombination )ߚ

ၩηਂਆϷ᚞ԅޑᐒڋஏϪ࣬ᜢǶӵკ2.9܌ҢǴࣁӀᐟวໆηᕉࡕǴၩη

 ᄊ༤кਏᔈ ( state fillingރǴӢԜё۹ౣࡋ໺ᒡၸำኳࠠǴଷ೛եᐟวமޑ

effect )Ǵ߾ೲ౗БำԄ[ 2.15 ]ࣁ 

                      
c

w

e

nn
-

n
-

dt

dn

τ
+

ττ
= ,                     (2.14) 
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-
n

-
n

-
dt

dn

τ
+
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+
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= ,               (2.15) 
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τ

+
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= ,                   (2.16) 
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 ύځ

nǵ wn ǵ wn ϩձࣁໆηᕉǵWLǵbarrier ޑၩηѳ֡ኧҞ 

cτ  ਔ໔தኧޑၩηҗ WL ਂᕇԿໆηᕉࢂ 

eτ  ਔ໔தኧޑ ၩηҗໆηᕉ଒ಥԿ WLࢂ 

cwτ  ਔ໔ޑ ၩηҗ barrier ਂᕇԿ WLࢂ 

ewτ  ਔ໔ޑ ၩηҗ WL ଒ಥԿ barrierࢂ 

wτ ǵ gτ  ϩձࢂ WL ک barrier ޑၩηғڮය 

 

ှԄ   ࡋᑻӀᑈϩமޑᖄҥኩᄊೲ౗БำԄǴёа؃ளໆηᕉޑ2.14-2.16
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+
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= ,       (2.17) 

                 ύځ

                  
e

cR
τ
τ

=  Ъ 
ew
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wR

τ
τ

= ,                 (2.18),(2.19) 

ӧ܌ԖྕࡋΠǴ 1
g

cw <<
τ
τ

Ǵ 1
w

c <<
τ
τ

ǴᙁϯԄ2.17ள 
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τ+=
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= ,             (2.20) 

ӧեྕਔǴ 0RR w ≈≈ ǴளեྕPLமࡋ gI o ≈ ǴжΕԄ2.30 ள  

            

-1

w
gg

c

w
o RRRR1 I

n
I













τ
τ+

τ
τ

+
τ
τ+=

τ
= ,             (2.21) 

 



 
 

 19 

QR

 

კ 2.9 ໆηᕉϣၩηਂਆϷ᚞ԅၸำޑ౛ፕኳࠠ 16 
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ಃΟകಃΟകಃΟകಃΟക ኬࠔϟಏᆶჴᡍ೛ഢኬࠔϟಏᆶჴᡍ೛ഢኬࠔϟಏᆶჴᡍ೛ഢኬࠔϟಏᆶჴᡍ೛ഢ 

3-1 ኬࠔϟಏኬࠔϟಏኬࠔϟಏኬࠔϟಏ 

ჴᡍޑኬࢂࠔፎ୯ҥҬ೯εᏢႝηπำسറγ੤ֻ݅ࡌᏢߏճҔϩη

҂ᄞᚇໆηᕉࣁϩձࠔǶኬߏድ඲( Molecular Beam Epitaxy, MBE ) ԋ״

( undoped QRs )ǵn ᄞᚇໆηᕉ  ( n-doped QRs ) Ϸ  p ᄞᚇໆηᕉ 

( p-doped QRs )ǴԶ n Ϸ p ᄞᚇໆηᕉϩձѳ֡ϣ20 ࡌ ঁႝηᆶႝࢰǶ 

 

3-1-1 ໆηᕉޑԋߏᐒڋໆηᕉޑԋߏᐒڋໆηᕉޑԋߏᐒڋໆηᕉޑԋߏᐒڋ  

    ճҔԾಔးೌמԋߏໆηᕉǴ२ӃճҔ Stranski-Krastanow ( S-K ) ኳ

Ԅԋߏໆηᗺ ( ໆηᕉ߻ޑ០ނ )Ǵԋߏၸำӵკ 3.1 ܌ҢǴӧ GaAs ୷

݈΢ߏѝԖ൳ঁϩηቫޑ InAsǴᆀϐࣁዎᔸቫ ( Wetting Layer, WL ) Ǵҗ

ၲ ඲਱தኧόϰଛ ( lattice mismatch )ޑ୷݈ᆶዎᔸቫܭ  7.2 %ǴᏤठ߄य़

ᕴૈໆǴዎᔸቫ൩཮வѳय़ᙯޑ಍سΑफ़եࣁᔈᡂ ( strain ) уೲ΢ϲǴޑ

ᡂԋҥᡏޑໆηᗺ[3.1-3.3]Ƕ 

GaAs Substrate

InAs WL

კ 3.1 Ծಔး InAs ໆηᗺޑԋߏၸำ 17 

    ֹԋໆηᗺᇙഢࡕǴฅࡕԋߏ΋ቫࡐᖓޑ GaAs ቫǴӵკ 3.2 ܌ҢǴ

җܭໆηᗺޑᔈΚϩѲǴ؈܌ᑈޑໆηᗺ໼ӛܭಕᑈӧ InAs ໆηᗺୁޑ

ᜐ୔ୱǴԶ៛рໆηᗺޑഗᆄ୔ୱǶӧ࿶ၸ፾྽ޑଏОǴໆηᗺڬډڙᜐ

ޑރԋᕉ׎۳Ѧᎂ౽Ǵۈ਑໒׷ InAs ޑΚǴໆηᗺഗᆄ܎ޑGaAs ᖓጢޑ

่ᄬǴϐࡕӆᙟᇂ΋ቫ GaAsǴջֹԋໆηᕉޑᇙഢǶ 
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კ 3.2 Ծಔး InAs ໆηᕉޑԋߏၸำ [3.4]18 

 

 

3-1-2 ໆηᕉޑໆηᕉޑໆηᕉޑໆηᕉޑᇙഢࢬำᇙഢࢬำᇙഢࢬำᇙഢࢬำ  

1.҂ᄞᚇ҂ᄞᚇ҂ᄞᚇ҂ᄞᚇ InAs/GaAs ໆηᕉޑᇙഢࢬำໆηᕉޑᇙഢࢬำໆηᕉޑᇙഢࢬำໆηᕉޑᇙഢࢬำ :  

ճҔ MBE ᐒѠࣁ ”Varian GEN II Solid-source MBE System “Ǵஒჴᡍ

  : GaAs ୷݈( 001 )य़΢ǴჴᡍᇙำЬाϩԋаΠ൳ঁ؁ᡯ ܭߏԋࠔኬޑ

( 1 )  ӧ 600ʚޑᕉნΠǴӧGaAs୷݈΢؈ᑈ 200nm ޑ GaAs ጗ፂቫ        

     ( buffer layer )Ƕ 

  ၩη߳ज़ቫ ( carrier confineࣁᑈ΋ቫ 30nm Al 0.3 GaAsǴԜቫ؈  ( 2 )

     layer )Ƕ 

  ໘ߏምቫ ( barrier layer )Ǵ٠ӧԋૈࣁᑈ΋ቫ 150 nm GaAsǴԜቫᆀ؈  ( 3 )

 வ 600ʚफ़Կ 520ʚǶࡋၸำύǴஒྕࡕനޑࢤ     

( 4 )  аድ඲ೲ౗ hr / m 0.056µ   ᑈ 2.6 ϩηቫ( Molecular layers, MLs )؈ 

     ( ऊ 0.8 nm ) ޑ InAsǴҗܭ GaAs ᆶ InAs ඲਱தኧόϰଛၲ  

     7.2%ǴࣁΑफ़եس಍ޑᕴૈໆǴInAs ൩Ծว܄ӦவΒᆢޑѳय़ᙯᡂ  
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     ԋΟᆢޑໆηᗺǶ 

( 5 )  ஒྕࡋӣϲԿ 600ʚǴ؈ᑈ΋ቫऊ 2nm GaAsǴԜቫᆀࣁᙟᇂቫ  

     ( capping layer )ǴԶໆηᗺ཮ډڙ GaAs ᖓጢ܎ޑΚǴύ໔೽ҽޑ  

     InAs ཮۳Ѧᎂ౽ǴԶ׎ԋໆηᕉ่ᄬǶ 

 ᑈ΋ቫ 30 nm GaAs ᙟᇂӧໆηᕉ΢Ƕ؈  ( 6 )

( 7 )  ख़ፄ؁ᡯ 4ǵ5 6 ک ΋ԛǴ׎ԋಃΒቫໆηᕉǶ 

( 8 )  ख़ፄ؁ᡯ 4ǵ5 ΋ԛǴ׎ԋಃΟቫໆηᕉǶ 

 ᑈ΋ቫ 150 nm GaAs ᙟᇂӧໆηᕉ΢Ƕ؈  ( 9 )

 ᑈ΋ቫ 30nm Al 0.3 GaAsǶ؈ ( 10 )

 ᑈ΋ቫ 50 nm GaAsǶ؈ ( 11 )

( 12 ) ख़ፄ؁ᡯ 4ǵ5 ΋ԛǴӧ߄य़׎ԋ΋ቫໆηᕉǴаբ߄ࣁय़׎ᇮᢀෳǶ 

 

150nm GaAs

50nm GaAs

S.I. GaAs Substrate

200nm GaAs

30nm Al
0.3

GaAs

30nm GaAs

30nm GaAs

150nm GaAs

30nm Al
0.3

GaAs

InAs / GaAs QRs

 

კ 3.3 Ծಔး҂ᄞᚇ InAs / GaAs ໆ ηᕉ่ޑᄬკ 19 
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2. n ϷϷϷϷ p ፓᡂᄞᚇໆηᕉፓᡂᄞᚇໆηᕉፓᡂᄞᚇໆηᕉፓᡂᄞᚇໆηᕉ ( modulation doped QRs ) ޑᇙഢࢬำޑᇙഢࢬำޑᇙഢࢬำޑᇙഢࢬำ :  

    ჹ n ᄞᚇϷ p ᄞᚇޑໆηᕉޑᇙำǴࢂа҂ᄞᚇໆηᕉޑᇙำࣁ୷

ҁࢎᄬǴϩձӧ؁ᡯ 3ǵ6 Ϸ 7 ֹԋࡕǴፓᡂᄞᚇ Si Ϸ Be ܭGaAsǴ฻

ਏ΢ᄞᚇ 20 ঁႝηϷႝࢰӧໆηᕉύǶ 

 

150nm GaAs

50nm GaAs

S.I. GaAs Substrate

200nm GaAs

30nm Al
0.3

GaAs

30nm GaAs

30nm GaAs

150nm GaAs

30nm Al
0.3

GaAs

InAs / GaAs QRs

 

კ 3.4 pϷ nᄞᚇ InAs / GaAs QRs่ޑᄬკ 20 

 

 

3-1-3 ໆηᕉ߄ޑय़׎ᇮໆηᕉ߄ޑय़׎ᇮໆηᕉ߄ޑय़׎ᇮໆηᕉ߄ޑय़׎ᇮ  

    ճҔচηΚᡉ༾᜔ ( Atomic Force Microscopy , AFM ) ຾Չኬ߄ࠔय़

 Digital-Instrument-D3100 ࣁTapping ModeǴࠠဦ ܭឦࢂໆෳǶሺᏔޑᇮ׎

ǴځX-Yѳय़0.5 ࣁࡋ݋ှޑ nmǶ 
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    AFMࢂճҔߕӧቸ܄ᝌᖉ߻ᆄޑ΋Ѝ༾λޑ௖ଞǴ྽௖ଞӾᆄᆶኬࠔ

ελǴޑԜΚۓڰΥளґΚǴ٠ޑ໔ࠔᆶኬډڙय़ௗ᝻ਔǴ௖ଞӾᆄ཮ག߄

ᒿ๱ኬޑࠔଆҷǴᝌᖉ΢ޑ௖ଞ཮གډڙόӕ߄ޑय़բҔΚԶ΢Π౽୏Ǵ

٠᠐ڗѺӧᝌᖉ΢ޑႜ৔ϸ৔ӀޑᡂϯǴ࿶җႝတၮᆉᙯඤԋჴሞኬޑࠔ

 ᇮቹႽǶ׎य़߄

 

კ 3.5  AFMޑᏹբচ౛[3.5]21 

    კ 3.6-3.8ϩձࣁ҂ᄞᚇǵnᄞᚇϷ pᄞᚇໆηᕉޑ AFM კǴஏࣣࡋऊ

210- ࣁ cm 102.1× ǶԶϣකკ኱ҢໆηᕉޑελǴځύ҂ᄞᚇໆηᕉۭޑऊ 

47 nmǴଯऊ 0.3 nmǴύ໔пഐుࡋऊ 0.6 nm ; n㯉ᚇໆηᕉۭޑऊ 50 nmǴ

ଯऊ 0.4 nmǴύ໔пഐుࡋऊ 0.5 nm ; pᄞᚇໆηᕉ ۭޑऊ 58 nmǴଯऊ 

0.5 nmǴύ໔пഐుࡋऊ 0.7 nmǶஒ่݀ᘜયԿ߄ 3.1Ƕ 
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undoped QRs

InAs WL

0.3 nm

47nm

0.6 nm

100 nm  

კ 3.6 ҂ᄞᚇໆηᕉޑ AFM კ 22 

n-doped QRs

InAs WL

0.4 nm

50 nm

0.5 nm

100 nm
 

კ 3.7  nᄞᚇໆηᕉޑ AFM კ 23 
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p-doped QRs

InAs WL 100 nm

0.4 nm 0.7 nm

58 nm

 

კ 3.8  pᄞᚇໆηᕉޑ AFM კ 24 

 Diameter ( nm ) Height ( nm ) Depth ( nm ) 

undoped QRs 47 0.3 0.6 

n-doped QRs 50 0.4 0.5 

p-doped QRs 58 0.5 0.7 

߄ 3.1 ໆηᕉޑελ表格 1 
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3-2 ჴᡍ೛ഢϟಏჴᡍ೛ഢϟಏჴᡍ೛ഢϟಏჴᡍ೛ഢϟಏ 

3-2-1 Ӆ೫ᆫขس಍Ӆ೫ᆫขس಍Ӆ೫ᆫขس಍Ӆ೫ᆫขس಍  

   ӧҁس಍ύǴ٬ҔޑӀྍࣁ Ar ᚆηႜ৔ǴܫӀߏݢӧ 488 nmޑೱុݢ

( continue wave, CW ) ; ӀୀෳᏔႝࣁ಻ጠӝϡҹ ( Charge Coupled Device, 

CCD ) ᆶ InGaAs ( Indium Gallium Arsenide )Ǵៜᔈࢤݢϩձӧ 200-1000 nm 

& 800-1600 nm ; Ӏ1200 ࣁࡋ݋ှ࢐ / mmϷ΋ঁ؁຾ԄޑΟື౽୏ѳѠǶ  

 

კ 3.9 Ӆ೫ᆫขচ౛ 25 

    ჴᡍޑচ౛ӵკ  ขᗺᆶ೸᜔ ( objective ) ᜔ނޑҢǴஒᡉ༾᜔܌3.9

( lens ) ขᗺՏ࿼ϕ࣬ჹᆀǴᆀϐࣁӅ೫ᆫข ( confocal focusing ) [3.7]Ƕ྽

ႜ৔ᐟวӀྍ࿶җ᜔ނᆫขܭขѳय़ ( focal plane ) ޑኬࠔ΢ǴౢғޑᑻӀ

ૻဦϷႜ৔ޑϸ৔ӀǴ࿶җϩӀ᜔ ( beam splitter ) ϩӀǴฅࡕᆫข٠೯ၸ

ӅขଞϾ ( confocal pin hole )ǴҗӀୀෳᏔ ( photon detector ) ௗૻڙဦǶ           
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    Ӆ೫ᆫขόፕӧᐉӛᆶᕵӛှࣣࡋ݋ᓬܭ໺಍ޑӀᏢᡉ༾᜔Ǵӧᐉӛ

ᚇૻǴӢԜёаޑᆫข୔ୱѦ᜔ނᏲٰԾߔ೽ҽǴӅขଞϾёаԖਏӦޑ

ᆒྗ᠐ڗၨమධૻޑဦ ; ӧᕵӛޑ೽ҽǴ྽ᢀჸኬࠔਔǴ྽ୃځᚆขѳय़

ਔǴ཮ౢғขණޑ౜ຝǴऩճҔΟືѳѠᅌ຾౽୏ขѳय़Ǵ٩ׇ᠐ڗόӕ

ుޑࡋቹៜǴ٠࿶җႝတೀ౛Ǵख़ಔԋΟޜࡋ໔ቹႽ[3.6]Ƕ   

 

3-2-2 Up-conversion س಍ࢎ೛س಍ࢎ೛س಍ࢎ೛س಍ࢎ೛  

3-2-2-1 Up-conversion ӀᏢচ౛ӀᏢচ౛ӀᏢচ౛ӀᏢচ౛ 

ϕբҔ࣬ޑӀ໔ࡋ፦ᆶଯமނࣁϩЍǴߐ዗ޑжӀᏢ߈ࢂӀᏢ܄ጕߚ    

ԶౢғޑӀᏢ౜ຝǴЬाਏᔈх֖ӀᏢᒋݢǵషᓎ ( کᓎǵৡᓎ )ǵӀ״

ԾᆫขǵᚈӀη֎ԏ฻ǴԶ Up-conversion ӀᏢس಍ࢂ߾ճҔߚጕ܄ӀᏢ

඲ᡏ΢٠Ъख़ӝǴ܄ጕߚΕ৔ӀǴᆫขӧޑၰόӕᓎ౗ٿᓎচ౛Ǵஒکޑ

Զߚጕ܄඲ᡏډڙமӀႝ൑ޑբҔǴౢғӀᏢکᓎ ( Sum frequency 

generation, SFG )ǶаΠճҔႝᅶᏢٰඔॊߚጕ܄ӀᏢਏᔈǶ 

    ӵკ3.10܌ҢǴ྽Ӏႝ൑ E ӧ΋ߚጕ܄ϟ፦ύՉ຾ǴԜਔϟ፦཮གᔈ

ཱུϯǴёҗ Maxwell БำԄ௢Ꮴр[3.8] 

                    
2

2

02

2

2
2

t

P

t

E

c

1
E

∂
∂µ=

∂
∂−∇ ,                    (3.1) 
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    Զཱུϯӛໆ ( polarization vector, P ) ёа߄Ңࣁጕ܄໨ LP ᆶߚጕ܄

໨ NLP ϐک 

                        NLL PPP += ,                        (3.2) 

 ύځ

                     1)1()1(L E)t(PP χ== ,                      (3.3) 

            LL +χ+χ=++= 3)3(2)2()3()2(NL EE)t(P)t(PP Ǵ        (3.4) 

)n(χ  ᅶϯ߯ኧ ( susceptibility )Ǵ( n = 1,2,3… )܄ጕߚಃ n ໘ࢂ 

    Զ Up-conversion س಍ύǴӀᏢکᓎૻဦࢂឦܭΒ໘໨ཱུϯӛໆǴӢ

Ԝஒख़ᗺܫӧΒ໘໨ 

                        2)2(
2 E)t(P χ= ,                        (3.5) 

    Եቾٿၰᓎ౗όӕႝޑᅶݢ ( ᑻӀ : 1ω ǵ႔ၰેፂ : 2ω  )ǴӕӛΕ

৔Ъख़᠄ӧߚጕ܄඲ᡏύǴԜਔႝ൑ៜᔈࣁ 

                  .c.ceEeE)t(E ti
2

ti
1

21 ++= ω−ω− ,                  (3.6) 

  Ӆ೫ፄኧ ( complex conjugate )ࢂ.ύ c.cځ

җԄ3.5ᆶԄ3.5Ǵள 

( )
( )

( )∗∗

ω+ω−∗ω+ω−ω−ω−

ω−ω−

+χ+

++++χ=

++χ=

2211
)2(

t)(i
21

t)(i
21

ti22
2

ti22
1

)2(

2ti
2

ti
1

)2()2(

EEEE2

.c.ceEE2eEE2eEeE

c.ceEeE)t(P

212121

21

,             

(3.7) 

ஒБำԄ৖໒໨ϩᜪǴ؂΋໨೿ჹᔈόӕߚޑጕ܄඲ᡏޑᒡрᓎ౗ 3ω Ƕ 

( i ) Second harmonic generation ( SHG ) : 2
1

)2(
1 E)2(P χ=ω ,            (3.8) 

( ii ) Second harmonic generation ( SHG ) : 2
2

)2(
2 E)2(P χ=ω ,            (3.9) 

( iii ) Sum frequency generation ( SFG ) : 21
)2(

21 EE22)(P χ=ω+ω ,   (3.10) 

( iv ) Difference frequency generation ( DFG ) : ∗χ=ω−ω 21
)2(

21 EE22)(P , (3.11) 
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( v ) Opticl Rectification ( OR ) : )EEEE(2)0(P 2211
)2( ∗∗ +χ= ,           (3.12)

Զӧॄॶߚޑ႟ᓎ౗ៜᔈࣁ 

( vi ) 2
1

)2(
1 E)2(P ∗χ=ω− ,                                       (3.13) 

( vii ) 2
2

)2(
2 E)2(P ∗χ=ω− ,                                      (3.14) 

( viii ) ∗∗χ=ω−ω− 21
)2(

21 EE22)(P ,                               (3.15) 

( ix ) ∗χ=ω−ω 21
)2(

12 EE22)(P ,                                 (3.16)

Ԅ 3.13-3.16 ࣁԄ 3.8-3.12 ޑፄኧӅ೫ࠠԄǴ٠όӧךॺޑ૸ፕጄൎǶ 

     ӵკ3.11܌ҢǴٿၰᓎ౗όӕႝޑᅶݢ ( 1ω ǵ 2ω Ъ 1ω > 2ω )ǴӕӛΕ৔

Ъख़᠄ӧߚጕ܄඲ᡏύǴ࿶җΒ໘ཱུϯ໨ёаౢғٿᅿόӕᓎ౗ޑӀǴ

213 ω+ω=ω  ( SFG ) 213 ک ω−ω=ω  ( DFG )ǶନԜϐѦǴ؂΋ၰᐱҥޑ

Ε৔Ӏ( 1ωǵ 2ω  )ǴΨ཮ঁձౢғಃ΋ᒋݢ ( first harmonic overtones ) : 12ω

ک 22ω Ǵӵკ܌ҢǴ೭ঁၸำᆀϐ SHGǴࢂ SFG ྽ 21 ω=ω ਔޑ੝[3.9]ٯǶ 

( a ) ( b )

( c )

 

კ 3.11 Β໘ߚጕ܄ᒡрૻဦ ( a ) SFG ( b ) DFG ( c ) SHG 27 

Α٬SFGၲࣁ      Տϰଛ࣬ډᙯඤਏ౗ǴΕ৔ӀᆶᒡрӀѸ໪ाၲޑനଯډ

( phase matching )ǴӵԄ  

                    0kkkk 123 =−−=∆ ,                      (3.17) 



 
 

 32 

              332211
3

3

2

2

1

1 nnnor
nnn ω=ω+ω
λ

=
λ

+
λ

⇒ ,             (3.18) 

ჹܭ฻ӛ܄඲ᡏ( isotropic crystal )ٰ ᇥǴόӕޑߏݢӀ ( 1λ ǵ 2λ ǵ 3λ ځ( 

) Տϰଛ࣬ډόૈၲࡺ৔౗ΨόӕǴש 332211 nnn ω≠ω+ω )ǶӢԜѸ໪٬ 

ҔൂӀື඲ᡏ ( anisotropic crystal )Ǵځჹᆀື ( Zື ) ᆀϐࣁӀᏢື 

( optic axisǴOA )Ǵ඲ᡏӧӚБӛשޑ৔౗όӕǴҗ Maxwell БำԄ௢ளǴ 

                zyx2
z

2

2
y

2

2
x

2

nnn,1
n

z

n

y

n

x ≠==++ ,                 (3.19)   

ӵკ3.12܌ҢǴ྽΋Ӏႝ൑຾Ε඲ᡏϣਔǴ཮ౢғٿၰϕ࣬҅ҬਁୃޑӀǴ

 ག܌ځӀືǴܭޔБӛࠟਁୃޑǴႝ൑( ordinary wave ) ݢ൨தࣁύ΋ၰځ

0n ࣁ৔౗שޑڙ Ъ yx0 nnn == Ǵќ΋ၰߚࣁ൨தݢ( extraordinary wave ) 

Ǵႝ൑ୃਁБӛᆶӀືѳՉǴ܌ځགשޑڙ৔౗ࣁ en Ъ ze nn =  [3.10]Ǵз 

0e nnn −=∆ Ǵ྽ 0n >∆ ਔǴᆀϐൂ҅ࣁӀື඲ᡏǴӵკ 3.13 ( a )܌Ң; ྽

0n <∆ ਔǴൂॄࣁ߾Ӏື඲ᡏǴӵკ 3.13 ( b ) ܌Ң[3.11]Ƕ 

    ӵკ3.14Ǵ྽ӀΕ৔فᆶ඲ᡏӀື֨θفǴ࣬ঁٿϕ҅Ҭޑ໺ኘ০኱ື

ϩձ0 ࣁe n)0(n ==θ∗ ᆶ ee n)2/(n =π=θ∗ Ǵ߾Ӏႝ൑གשޑڙ৔౗ ∗
en ᆶθޑ

ᜢ߯Ԅ[3.12]ࣁ 

                  
θ+θ

=θ∗
22

e
22

o

eo
e

cosnsinn

nn
)(n ,                 (3.20) 

    ӢԜёаᙖҗׯᡂΕ৔ࡋفޑθǴٰፓ௓ )(ne θ∗ Ǵаᅈ࣬ىՏϰଛޑచ

ҹ ( 0kkkk 123 =−−=∆  )Ǵٰၲډനଯޑ SFGᙯඤਏ౗ǶԶ࣬ՏϰଛЬ

ाԖٿᅿࠠԄǴӵკ3.15܌ҢǴ྽ঁٿΕ৔ႝᅶਁୃځݢБӛ࣬ϕѳՉਔǴ

ᆀࠠࣁԄ IǴԶᒡр SFG ૻဦਁୃځБӛ཮ᆶΕ৔ႝᅶݢѳՉ ; ྽ঁٿ

Ε৔ႝᅶਁୃځݢБӛ࣬ϕѳՉਔǴᆀࠠࣁԄ IIǴԶᒡр SFG ૻဦୃޑ

ਁБӛ߾཮ᆶᓎ౗ၨλႝޑᅶݢӕӛ[3.13]Ƕ 
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    ஒ҅(ॄ)ൂӀືӧόӕࠠԄ࣬ޑՏϰଛޑచҹ᏾౛Կ3.2߄ǴёаਥᏵ

ჴᡍޑሡ؃Ǵ௦Ҕ፾ӝޑ඲ᡏǴ٠ीᆉр࣬ՏϰଛفǴаౢғଯᙯඤਏ౗

 SFG ᒡрૻဦǶ ޑ

Incident WaveIncident Wave

Ordinary WaveOrdinary Wave

Extraordinary WaveExtraordinary Wave

Optical AxisOptical Axis

 

კ 3.12 Ӏႝ൑຾Ε඲ᡏౢғٿၰୃਁӀ 28 

( a )

( b )

 

კ  ඲ᡏ ( a ) ҅ൂӀື ( b ) ॄൂӀື 29܄ጕߚ 3.13
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(a)

(b)

 

კ 3.14 Ε৔Ӏаθف຾Εߚጕ܄඲ᡏ (a)ҥᡏკ (b)ѳय़კ 30 

(a) (b)

 

კ 3.15 ࣬ՏϰଛࠠԄ ( a ) Type I ( b ) Type II  31 

    

          NLO 

   Type 

Uniaxial Positive 

( 0nnn oe >−=∆  ) 

Uniaxial Negtive 

( 0nnn oe <−=∆  ) 

I 2
e
21

e
13

o
3 nnn ω+ω=ω  2

e
21

o
13

o
3 nnn ω+ω=ω  

II 2
o
21

e
13

o
3 nnn ω+ω=ω  2

e
21

o
13

e
3 nnn ω+ω=ω  

߄ 3.2 όӕ࣬ޑՏϰଛచҹ表格 2 
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3-2-2-2 Up-conversion ӀᏢس಍ࢎ೛ӀᏢس಍ࢎ೛ӀᏢس಍ࢎ೛ӀᏢس಍ࢎ೛ 

ӵკ3.16܌ҢǴࣁ FOG 100 ຬזႜ৔ਔ໔ှ݋ӀᏢس಍ǴЬाϩࣁ 

Up-conversion ϣ೽ӀᏢಔҹǵCDP2022 ൂ Ӏሺ( monochromater )ϷӀႝ७

ቚᆅ( photon multiplier tube, PMT )ǴTi:Sapphire ႜ৔ેፂӀྍ : ឦܭНѳ

ୃਁӀǴߏݢፓ௓Կ 780 nmǴે ፂှࡋ݋ऊ200 ࣁ fsǴख़ፄᓎ౗ ( repetition 

rate ) 76 ࣁ MHzǴѳ֡ф౗ऊ800 ࣁ mW [3.4]Ƕ 

~ 200 fs

 

კ 3.16 Up-conversionس಍ࢎޑ೛კ 32 

    २ӃϟಏჴᡍޑӀၡࢎ೛Ǵӵკ3.17 ܌Ң[3.4]Ǵ२Ӄஒຬેזፂႜ৔

ᏤΕس಍ϣǴԜس಍ԖঁٿΕα IN1 Ϸ IN2Ǵךॺᒧ᏷ӀำၨޑߏΕα 

( IN1 )Ǵаߡਠ҅ӀၡǶӧਠֹ҅߻࿼Ӏၡ ( pre-mirror ) ࡕǴௗ๱ႜ৔࿶

җϩӀ᜔ ( beam splitter, BS )Ǵϩԋᐟวેፂ ( pump pulse ) ᆶ႔ၰેፂ 

( gate pulse )ٿၰႜ৔ӀǴಃ΋ၰᐟวેፂӃࡕ࿶ၸୃӀ᜔ ( break ) Ϸᆫข

᜔(L1) ࡕᐟวኬౢࠔғPLǴฅࡕ࿶җԏӀ᜔ AC ԏӀ ; ԶಃΒၰ႔ၰે

ፂ཮࿶ၸ M2ǵM3 ฅၲډࡕӀۯᒨጕ ( optical delay line )ǴӀۯᒨጕёа

ፓ௓႔ၰેፂߚၲډጕ܄඲ᡏ ( NC2 ) ޑਔ໔ǴനλൂޑՏ6.25 ࣁ fsǶԜ
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ਔᐟวેፂౢ܌ғޑPL ( ᓎ౗ : PLω , ႝ൑Бӛ : PLE  ) ᆶ႔ၰેፂ 

( ᓎ౗ : Gω , ႝ൑Бӛ : GE ) ཮΋ଆ຾Εᆫข᜔ ( L2 )ǴᆫขЪख़᠄ӧߚ

ጕ܄඲ᡏ ( Type II BBO ॄࠠൂື඲ᡏ )Ǵӵკ3.18 ( a ) ܌ҢǴᙹۓाໆෳ

ϦԄ ( 2ޑ 3.2߄ǴҗߏݢPLޑ
e
21

o
13

e
3 nnn ω+ω=ω  )Ǵीᆉ࣬Տϰଛࡋف

θǴ٠ᙯ୏ BBO ԿԜࡋفǴջёౢғکᓎӀǶӵკ3.18 ( b ) ܌ҢǴ௓ڋ

ӀᏢۯᒨጕ ( Optical delay line ) ٠೛ۓाໆෳޑਔ໔ጄൎǴջё௟ඔрֹ

᏾ޑਔ໔ှ݋Ӏ᛼ [3.14]Ƕ 

 

კ 3.17 Up-conversionϣ೽ӀᏢس಍ࢎޑ೛კ 33 

 

კ 3.18 ( a ) SFG ૻ ဦޑᒡр ( b ) ਔ໔ှ݋Ӏ᛼ 34 
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ಃѤകಃѤകಃѤകಃѤക ჴᡍ่݀ᆶ૸ፕჴᡍ่݀ᆶ૸ፕჴᡍ่݀ᆶ૸ፕჴᡍ่݀ᆶ૸ፕ 

4-1ᡂᐟว೯ໆϐᛙᄊᑻӀӀ᛼ϩ݋ᡂᐟว೯ໆϐᛙᄊᑻӀӀ᛼ϩ݋ᡂᐟว೯ໆϐᛙᄊᑻӀӀ᛼ϩ݋ᡂᐟว೯ໆϐᛙᄊᑻӀӀ᛼ϩ݋ 

    ӧໆෳਔ໔ှ݋Ӏ᛼ჴᡍϐ߻ǴѸ໪ӃޕၰኬޑࠔᑻӀܫӀՏ࿼Ǵω

ૈ຾Չਔ໔ှ݋ໆෳǶ 

    ᛙᄊᡂᐟวமࡋ PLჴᡍࢂճҔӅขᡉ༾ӀᐟᑻӀس಍ ( Confocal 

System )Ǵа Ar ᚆηႜ৔྽ᐟวӀྍǴࣁߏݢ 488nmǴ٠ճҔ ND filter ׯ

ᡂႜ৔ᐟวஏࡋǶ 

    კ 4.1ǵკ 4.2ᆶკ 4.3ϩձࢂ҂ᄞᚇǵnᄞᚇϷ pᄞᚇໆηᕉӧᐟวஏ

ࣁࡋ 3000 W/cm2Ǵӧྕࣁࡋ 300KޑచҹΠ܌ໆෳޑᛙᄊᑻӀӀ᛼Ƕ٠ճ

Ҕ Gaussianڄኧᔕӝ(Ԅ 4.1)ǴளޕӚໆηᕉૈޑም ( barrier )ǵዎᔸቫ 

( wetting layer, WL)ǵᐟวᄊ ( excited state, ES )ک୷ᄊ ( ground state, GS ) 

߄ӀՏ࿼Ǵ᏾౛Կܫޑ 4.1Ƕ 

            ∑
=
















 λλ×⋅








π×
+=

n

1k

2

c
0 w

-
2-exp

/2w

A
II ,          ( 4.1 ) 

ǴࡋPLமࢂύIځ 0I  ъଯቨࢂঢ়ኧǴwݢࢂ ᔕӝதኧǴnࢂ ǴAࡋᚇૻமࢂ

( Full width at half maximum, FWHM )Ǵ cλ  ঢ়Տ࿼Ƕݢࢂ

    җ߄ 4.2Ǵёаว౜ pϷ nᄞᚇໆηᕉ࣬ၨܭ҂ᄞᚇໆηᕉǴ୷ᄊޑঢ়

ॶϩձౢғ 5meVޑᙔ౽ ( blue-shift )Ϸआ౽ ( red-shift )Ƕჹ pᄞᚇޑໆη

ᕉٰᇥǴ཮уೲҬϕᘉණ( interdiffusion )Ǵ٬ளໆηᕉૈޑሜᡂεǴԶౢғ

ᙔ౽ޑ౜ຝ ; ჹ n ᄞᚇໆηᕉٰᇥǴёаڋ׭ҬϕᘉණǴ٬ளૈሜᡂε൯

 ౜ຝ[4.1-4.3]Ƕޑ౽ໆηᕉλǴԶౢғआޑ҂ᄞᚇܭၨ࣬ࡋ

    კ 4.4- 4.6ϩձࢂ҂ᄞᚇǵn ᄞᚇϷ p ᄞᚇໆηᕉӧᡂᐟวஏࡋ 300 

W/cm2  ஥༤кਏᔈૈܭቚуਔǴҗࡋᛙᄊᑻӀӀ᛼Ƕ྽ᐟวமޑໆෳ܌

( energy band filling effect )Ǵႝη໒۳ۈଯૈ஥༤кǴ٬ள୷ᄊޑঢ়ॶԖ٤

༾ޑᙔ౽Ƕ 



 
 

 39 

 

800 900 1000 1100 1200

0.0

0.1

0.2

0.3

Barrier
WL

1
st

 ES

GS

 

 

In
te

ns
ity

 (
 a

.u
. )

Wavelength ( nm )

 undoped QRs

 Gaussian fitting

N
ex
 = 300 W /cm

2

T = 300K

 

კ ᛙᄊᑻӀӀ᛼ޑΠǴ҂ᄞᚇໆηᕉྕ࠻ 4.1 35 

800 900 1000 1100 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Barrier
WL

1
st
 ES

GS

 

 

In
te

ns
ity

 (
 a

.u
. )

Wavelength ( nm )

 n-doped QRs

 Gaussian fitting

N
ex
 = 300 W /cm

-2

T = 300K

 

კ ᛙᄊᑻӀӀ᛼ޑΠǴn㯉ᚇໆηᕉྕ࠻ 4.2 36 



 
 

 40 

800 900 1000 1100 1200

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Barrier

WL

1
st
 ES

GS

 

 

In
te

ns
ity

 (
 a

.u
. 

)

Wavelength ( nm )

 p-doped QRs

 Gaussian fitting

N
ex
 = 300 W /cm2

T = 300K
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Sample       State Barrier WL 1st ES GS 

  undoped QRs  
1066 nm 

( 1.163 eV ) 

1106 nm 

 ( 1.121 eV )  

n-doped QRs  
1060 nm 

( 1.170 eV ) 

1111 nm 

( 1.116 eV ) 

p-doped QRs  

 

 

873 nm 

( 1.420 eV ) 

  

 

 

932 nm 

( 1.330 eV ) 

 1065 nm 

( 1.164 eV ) 

1101 nm 

( 1.126 eV ) 

߄  ਱ 3߄Ӏঢ়ॶՏ࿼ܫӚૈ஥ޑΠǴόӕໆηᕉྕ࠻ 4.1
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4-2 Modulation-doped InAs/GaAs QRsϐၩη୏ΚᏢϐၩη୏ΚᏢϐၩη୏ΚᏢϐၩη୏ΚᏢ 

     җ่ޑ4.1߄ Ǵ݀ךॺϩձჹૈምǵዎᔸቫǵᐟวᄊǵ୷ᄊޑঢ়ॶ຾Չ PL 

Ӏ᛼ਔ໔ှ݋Ƕკ4.7 - 4.9ϩձࣁ҂ᄞᚇǵn 㯉ᚇϷ p ᄞᚇໆηᕉӧྕ࠻

ΠǴόӕૈᄊޑਔ໔ှ݋Ӏ᛼ǴճҔ TiǺsapphire Laser ྽բᐟวӀྍǴа

ૈໆ eV59.1=ωh Ǵեᐟวஏࡋ 2
ex 300W/cmN =   ጕୃਁӀᐟวǶޑ 

    ёаว౜೭ΟТໆηᕉૈޑምᑻӀғڮය೿ࡐอǴࣣऊ 30 ps ѰѓǴ

Кҁ፦ GaAs ޑᑻӀғڮය ( ऊ50 ps ) ᗋอǴЪ WL ޑᑻӀғڮයΨࡐ

อǴӢԜёаႣයኬࠔύໆηᕉ่ᄬჹၩηਂޑਆૈΚࡐӳǶԶ҂ᄞᚇᆶp

ᄞᚇໆηᕉӧૈᄊຫեޑՏ࿼ǴᑻӀޑғڮයຫߏǴՠ n ᄞᚇໆηᕉޑಃ

΋ᐟวᄊᆶ୷ᄊޑᑻӀғڮය൳Я࣬ӕǴ೭ࢂҗܭໆηᕉύεໆޑϣႝࡌ

ηᒿᐒ༤к( random filled ) ӧ୷ᄊᆶᐟวᄊǴӢԜޑޣٿᑻӀғڮය൳Я

࣬ӕǶ 
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    კ4.10 - 4.12 ϩձࣁ҂ᄞᚇǵn 㯉ᚇϷ p ᄞᚇໆηᕉޑᐟวᄊᑻӀਂ

ਆਔ໔ှ݋Ӏ᛼Ǵᒿ๱ᐟวஏࡋуεǴᑻӀޑ΢ϲೲ౗ຫז; ӕኬӦǴ୷ᄊ

ᑻӀਂਆਔ໔ှ݋Ӏ᛼Ψև౜ᜪ՟่݀ޑǴӵკ4.13 - 4.15܌ҢǶ 
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    ଞჹკ 4.10Կკ 4.15ǴճҔ 
















τ
=

r
o

t
-exp-1II(t)  ٰᔕӝǴځύ I(t) 

ǴࡋமکႫޑᑻӀࢂ ǴI oࡋமޑᑻӀᒿਔ໔ t ᡂϯࢂ rτ  ΢ϲਔ໔ޑᑻӀࢂ

Ƕᔕӝ่݀ޑӵკ ҢǴёа࣮рໆηᕉόፕԖคᄞᚇၩηǴ྽Ӏᐟ܌4.16

วஏࡋຫଯǴځ୷ᄊ܈ᐟวᄊޑ΢ϲਔ໔ຫλǴջၩηਂਆೲ౗ᡂזǴ೭

 -዗ၩηǴቚуၩη-ၩηණ৔ ( carrierޑᐟวǴౢғεໆޑࡋଯஏܭҗࢂ

carrier scatter ) ޑᐒ౗Ǵၩηёаஒૈໆញܫ๏ೱុૈ஥ځޑдၩηǴܰ᚞

ԅԿၨեૈޑ໘Ǵ٬ளၩη೏ໆηᕉਂਆೲࡋуזǶ྽ӧեӀᐟวஏࡋਔǴ

ᄞᚇႝηޑࢰႝ܈ໆηᕉځᑻӀ΢ϲਔ໔К҂ᄞᚇޑໆηᕉอǴ೭ࢂҗܭ

ᄞᚇໆηᕉϣޑࡌհၩηǴуೲၩη-ၩηණ৔ϷၩηਂਆԿໆηᕉޑᐟᄊ

ᆶ୷ᄊǴӢԜၩη᚞ԅೲ౗࣬ၨܭ҂ᄞᚇໆηᕉזǶ 
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ಃϖകಃϖകಃϖകಃϖക  ่ፕ่ፕ่ፕ่ፕ 

 
಍Ǵ௖૸҂ᄞᚇᆶᄞᚇسӀ᛼זຬޑ ऊ 200 ०ࣾ( fs )ࡋ݋ॺճҔှך    

ၩηਂਆᆶ᚞ԅၸำǶόፕໆηᕉԖคᄞᚇၩηǴ྽Ӏᐟวஏޑໆηᕉޑ

ᐒ౗ቚуǴၩηёаஒޑ ຫଯǴၩη-ၩηණ৔ ( carrier- carrier scatter )ࡋ

ૈໆញܫ๏ೱុૈ஥ځޑдၩηǴ᚞ԅԿၨեૈޑ໘Ǵ٬ளၩη೏ໆηᕉ

ਂਆೲࡋуז ; ԶӧեӀᐟวஏࡋਔǴᄞᚇޑໆηᗺ୷ᄊکᐟวᄊޑၩη

ਂਆೲ౗ၨ҂ᄞᚇޑໆηᕉזǴ೭ࢂҗܭᄞᚇႝηޑࢰႝ܈ໆηᕉӸӧϣ

ᐟᄊϷ୷ޑϷႝη຾ΕໆηᕉࢰհၩηǴуೲၩη-ၩηණ৔ᆶਂਆႝޑࡌ

ᄊǶԶໆηᕉၩη᚞ԅޑၸำЪWLޑᑻӀғڮයΨࡐอǴ҂ᄞᚇᆶpᄞᚇ

ໆηᕉӧૈᄊຫեޑՏ࿼ǴᑻӀޑғڮයຫߏǴՠ n ᄞᚇໆηᕉޑಃ΋ᐟ

วᄊᆶ୷ᄊޑᑻӀғڮය൳Я࣬ӕǴ೭ࢂҗܭໆηᕉύεໆޑϣႝࡌη༤

кӧ୷ᄊᆶᐟวᄊǴӢԜޑޣٿᑻӀғڮය൳Я࣬ӕǶ 
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 ಃΒ೽ҽಃΒ೽ҽಃΒ೽ҽಃΒ೽ҽ Οϖ௼Οϖ௼Οϖ௼Οϖ௼ъᏤᡏъᏤᡏъᏤᡏъᏤᡏޑޑޑޑԾ௽୏ΚᏢԾ௽୏ΚᏢԾ௽୏ΚᏢԾ௽୏ΚᏢ  

ಃ΋കಃ΋കಃ΋കಃ΋ക ق߻ق߻ق߻ق߻ 

1-1ᆣፕᆣፕᆣፕᆣፕ 

    ႝηନΑڀԖႝ಻ ( charge ) ੝܄ѦǴᗋڀԖ΋ᅿߚђޑڂໆη੝܄—

Ծ௽ ( spin ) ǴႝηёаೀܭԾ௽ӛ΢ᄊ ( spin-up state ) ܈Ծ௽ӛΠᄊ

( spin-down state )[1.1]Ƕ໺಍ႝޑηϡҹࢂճҔႝηႝޑ಻੝܄Ǵᒿ๱ࣽמ

٬ளၩηᆶ඲਱৒ܰวғ࿘ࢬԯ฻ભǴଯႝڼς༾ᕭԿࡋว৖ǴϡҹЁޑ

ናǴౢғϡҹၸ዗ୢޑᚒ ; ԶԾ௽ႝηϡҹࢂ߾ճҔԾ௽ޑԾҗٰࡋ໺ᒡ

ၗ਑Ǵόӕܭ໺಍ႝޑηϡҹǴڀԖ࿯ૈǵեܫ዗Ϸଯೲၮբ฻੝܄Ƕ 

    Ծ௽ႝηϡҹ׷٩਑س಍ޑόӕǴЬाϩԋΟεᜪǴ( i ) аߎឦᅶ܄

ᅶႝηϡҹǴӵճҔࣁΞᆀࡺᡂᅶϯБӛǴׯЬǴճҔѦуᅶ൑ٰࣁ਑׷

ଯᅶ׷ߔ਑܌ᇙ೷ߚޑචว܄ȐNon-Volatileȑ૶ᏫᡏɡMRA M ( Magnetic 

Random Access Memory )ǴڀԖଯஏࡋǵ᠐ڗೲ౗ޑ੝܄Ǵёఈڗж DRAM 

( Dynamic Random Access Memory )ԋࣁཥ΋жޑ૶Ꮻᡏ; ( ii ) аъᏤᡏ׷

਑ࣁЬǴճҔӀᏢڗӛႝ܈ᏢݙΕޑБԄǴౢғԾ௽ཱུϯႝࢬǴڀԖե઻

ૈǵזೲޑ੝܄Ǵӵკ ( source ) ཱུྍځԾ௽൑ਏႝ඲ᡏȐSpin-FETȑǴޑ1.1

Ϸ໣ཱུ ( drain ) ϩձᒧҔٿᅿԾ௽௵ག׷ޑ਑Ǵ྽ႝࢬ೯ΕਔǴྍཱུᒧ᏷

Ծ௽ӛ΢ࢬႝޑǴ྽Ծ௽ᙌᙯೲזࡐࡋਔǴ໣ཱུௗڙԾ௽ӛΠႝޑηǴԜ

ਔϡҹᏤ೯ࣁ໒ၡ ( ON )Ǵӵკ 1.1(b); ϸϐǴ྽Ծ௽ᙌᙯࡐᄌਔǴࣁ߾ᜢ

ၡ( OFF )Ǵӵკ 1.1(a) [1.2]Ƕ(iii) аൂঁъᏤᡏໆηᗺ(ᕉ)سࣁ಍Ǵஒໆη

ᗺ(ᕉ)ຎࣁໆηՏϡǴ྽ໆηᗺ ( ᕉ ) ֎ԏ΋ঁӀηਔǴౢғ΋ঁႝηϷ

΋ঁႝࢰǴ೸ၸႝηϷႝࢰ໔ޑ৤উ֎ЇΚԶ׎ԋᐟη ( exciton )ǴᐟηΨ

ёՉᒟ৔ፄӝܫӀǴ೭ᅿᐱ੝ޑᚈૈ໘سޑ಍ǴёఈᔈҔӧໆηᡄᒠၮᆉǵ

ໆη೯ૻ฻[1.3]Ƕ 
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    аъᏤᡏࣁЬޑԾ௽ႝηϡҹว৖ԖѤεፐᚒ : ( 1 ) ගϲԾ௽ཱུϯ౗ 

Ǵ٬໺ᏤႝηޑԾ௽БӛڀԖଯϩᒣ܄ǹ( 2 )ΑှቹៜԾ௽᚞ԅޑख़ाᐒڋ 

Ǵӵ Elliott-Yafet (EY), D'yakonov-Perel (DP), Bir-Aronov-Pikus (BAP)Ϸຬᆒ

ಒᐒڋ ( hyperfine interaction ) ฻Ǵ೛ीрڀԖૈᆢߏ࡭Ծ௽࣬Տਔ໔׷ޑ

਑Ǵ٬Ծ௽ႝηၲډҞ኱ϡҹਔǴϝฅ࡭ߥচᒡрႝཱུޑࢬϯБӛ܄ǹ( 3 ) 

ගଯԾ௽ݙޑΕ౗ǴҗߎܭឦႝཱུᆶъᏤᡏ࣬ߔႝޑৡϼεǴѸ໪ډפӝ

፾׷ޑ਑ٰڗжߎឦ׷਑ǹ( 4 ) ԖਏЪᆒྗӦ௖ෳ׷਑ޑԾ௽ཱུϯ᚞ԅਔ

໔Ƕ᏾ᡏٰᇥǴԾ௽ႝηϡҹޑᔈҔϝฅԖࡐӭፐᚒाլܺǴЀ׷ځ਑ޑ

೛ीࢂቹៜԾ௽ႝηϡҹਏ౗ޑख़ाᜢᗖǴךॺஒठΚܭཥ׷਑ޑ໒วǴ

ය೚೛ीрૈӧྕ࠻ΠᏹբϷڀԖଯਏૈޑԾ௽ႝηϡҹǶ 

 

 

 

კ 1.1 Ծ௽൑ਏႝ඲ᡏȐSpin-FETȑ51 
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1-2 Ў᝘ӣ៝Ў᝘ӣ៝Ў᝘ӣ៝Ў᝘ӣ៝ 

    1936ԃ Mott ӧ៓ᅶ׷਑ύǴ२ԛᢀჸډԾ௽ႝηޑБӛӧ໺ᒡޑၸำ

ǴزࣴޑъᏤᡏԾ௽ܭǶჹ[1.4]زࣴޑݱǴ໒௴ΑԾ௽ႝηᏢቶޑёϩᒣࢂ

Elliott ᆶ Yafet ϩձӧ ک 1954 1963 ԃගръᏤᡏԾ௽᚞ԅޑख़ाᐒڋ

[1.5-1.6]ǴࡰрԾ௽ႝηёа࿶җႝη-ᖂηණ৔ǴЇวԾ௽ᙌᙯ ( Spin-flip ) 

ǴԶᏤठԾ௽ޑ᚞ԅǶᒿࡕӧ 1971ԃǴD'yakonovک Perel' ว౜ϸᆀόჹ

ᆀ( inversion asymmetry )׷ޑ਑ǴႝηԾ௽ӛ΢ᆶԾ௽ӛΠ཮ౢғԾ௽ॉၰ

ጠӝǴԶᏤठԾ௽᚞ԅ[1.7]Ǵ1975ԃ Bir-Aronov-Pikus߾ගрႝηࢰႝک໔

ڋ᚞ԅ[1.8]Ǵ೭ΟঁᐒޑҬඤբҔ( exchange interaction )ǴΨ཮ᏤठԾ௽ޑ

໒௴Α΋سӈჹъᏤᡏԾ௽᚞ԅزࣴޑǴ1990ԃ Datta ᆶ DasගрԾ௽൑

ਏႝ඲ᡏ( spin-field effect transtor )ǴࣁԾ௽ႝηϡҹޑӃ᎔ϐ΃[1.9-1.10]Ǵ

ӵკ ᄬ่ډڙǴ཮གࡕ຾Ε೯ၰ(source)ཱུྍޑឦߎ܄ҢǴႝηԾᅶ܌1.2

ϸᄽόჹᆀ( structure inversion asymmetry, SIA ) ܌ЇଆޑԾ௽ॉၰҬϕբ

ҔԶ଺຾୏( precession )ǴճҔႝᓸፓ௓ႝηၲډ໣ཱུ( drain )ਔԾ௽ޑБӛ 

ǴόၸԖԾ௽ݙΕਏ౗ϼեϷԾ௽ѐ࣬Տ฻ୢᚒǴᡉҢ׷਑ୢޑᚒΏคݤ

ԖਏޑլܺǶ2002ԃଞჹΟϖ௼ъᏤᡏ༧׷ӧόӕჴᡍచҹΠǴჹӚ᚞ԅ

ᐒתڋᄽޑख़ा܄բس಍ޑ᏾౛Ǵӵკ 1.3Ϸკ ҢǴ่݀ᡉҢ܌1.4 EY ᐒ

Π೿όख़ा[1.11]Ǵӕԃݩ௃ޑӧε೽ϩڋ D. J. Hilton٬Ҕ pump probeس

಍ǴୀෳᇻआѦጕᑻӀǴໆෳрҁ፦ GaAsޑख़ႝࢰ᚞ԅਔ໔ѝԖ 110 ०

ࣾ[1.12]ǶԐයჹԾ௽᚞ԅزࣴޑ೿๱ख़ӧ༧׷Ǵ߈ԃٰ໒زࣴۈեᆢޑࡋ

ໆηᗺǴK.Gündogduଞჹ InAsໆηᗺբࣴزǴӵკ ࡋҢǴӧྕ܌1.5 77K

ΠǴໆηᗺ୷ᄊۈ߃Ծ௽ཱུϯ౗ёၲऊ 40%Ǵႝηᆶႝޑࢰ᚞ԅਔ໔ϩձ

ࣁ 120psǵ29psǴځύႝޑࢰ᚞ԅਔ໔ᇻКӧ༧[1.13]ߏ׷Ƕӵკ 1.6ǴS. 

Marcinkevičiusaჹόӕᄞᚇޑ InAsໆηᗺǴӧྕࡋ 80KΠໆෳǴว౜ pᄞ

ᚇޑໆηᗺԾ௽࣬Տޑᆢ࡭നΦǴ҂ᄞᚇໆηᗺԛϐǴnᄞᚇനৡ[1.14]Ƕ 



 
 

 54 

 

კ 1.2 Datta –Das ૶Ꮻᡏ 52 
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 ୏ᐒز୏ᐒࣴز୏ᐒࣴز୏ᐒࣴزࣴ 1-3

    ԾಔးъᏤᡏڼԯ่ᄬёаᙖҗፓ௓ελϷׯٰރ׎ᡂ܄ႝځᆶӀ

ύځǴݙᜢޑǴ֎Їεৎ܄ InAs/GaAs Ծಔးໆη่ᄬࢂ዗زࣴߐЬᚒϐ

΃Ƕ߈ԃٰزࣴޑว౜ǴъᏤᡏໆηᗺϣ߳ޑज़ૈ໘ᏤठԾ௽࣬Տਔ໔ᇻ

Кଯᆢ׷ޑࡋ਑[1.15-1.16]ߏǴӢԜεৎ໒ࡘۈԵໆηᗺӧԾ௽ႝηϡҹޑ

ᔈҔǴӵஒൂঁໆηᗺຎࣁໆηՏϡǴ྽ໆηᗺ֎ԏ΋ঁӀηࡕǴౢғᐟ

η(exciton)ǴᐟηΨёՉᒟ৔ፄӝܫӀǴԜᅿᐱ੝ޑᚈૈ໘سޑ಍Ǵёఈᔈ

Ҕӧໆηᡄᒠၮᆉǵໆη೯ૻ฻[1-3]Ƕ 

    ќ΋ঁᆶໆηᗺӕࣁ႟ᆢޑࡋԾಔး่ᄬ—ȨໆηᕉȩǴҗܭว৖ၨ

ఁǴԖᜢԾ௽࣬زࣴޑ྽჆ЮǶՠςԖࣴزว౜ໆηᕉόӕܭໆηᗺޑᐱ

੝܄፦Ǵӵൂ΋௽ᙯჹᆀື่ᄬǵ୷ᄊᙯ౽ޑ᎜ᕏம[1.17-1.18]ࡋ ; Զӧፕ

Ўޑಃ΋೽ҽǴךॺς࿶ჹᄞᚇޑໆηᕉၩη୏ΚᏢԖΑкϩޑᇡޕǴว

౜ᄞᚇႝޑࢰໆηᕉځၩηਂਆೲ౗࣬ၨܭ҂ᄞᚇޑໆηᕉזǴӢԜႣය

ᄞᚇႝޑࢰໆηᕉჹԾ௽ႝηਂޑਆΨ཮К҂ᄞᚇזޑǴ෧ϿԾ௽ႝηଶ

੮ӧ barrierޑਔ໔Ǵ٬ளᄞᚇႝޑࢰໆηᕉӧԾ௽࣬Տ߄ޑ౜ёૈၨ٫Ƕ

ᅿᅿޑӢનǴЇଆךॺޑӳڻЈѐ௖઩ໆηᕉޑԾ௽੝܄Ƕ 

ޑॺவΟᆢך     GaAsుΕԿ႟ᆢ׷ࡋ਑-InAs/GaAsໆηᕉޑԾ௽୏ᄊ

੝܄௖૸Ǵ׆ఈֹ᏾ও݋Ѯᢀᆶϟᢀ׷਑໔ޑԾ௽੝܄ৡ౦Ƕ 
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ಃΒകಃΒകಃΒകಃΒക Ծ௽ཱུϯᆶԾ௽᚞ԅᐒڋԾ௽ཱུϯᆶԾ௽᚞ԅᐒڋԾ௽ཱུϯᆶԾ௽᚞ԅᐒڋԾ௽ཱུϯᆶԾ௽᚞ԅᐒڋ 

2-1Ծ௽ཱུϯౢޑғԾ௽ཱུϯౢޑғԾ௽ཱུϯౢޑғԾ௽ཱུϯౢޑғȋӀᏢڗӛӀᏢڗӛӀᏢڗӛӀᏢڗӛ 

  

    ӵՖԖਏౢޑғԾ௽ཱུϯ( spin polarization )ૻ ဦԋࣁว৖Ծ௽ႝηϡ

ҹޑख़ाᜢᗖǴճҔӀޑႝ܈ᐟวྍٰౢғߚѳᑽޑԾ௽ཱུϯǴ྽ԜѦӧ

ᐟวྍ౽ନਔǴԾ௽ஒ཮ӣډѳᑽރᄊǶε೽ϩޑԾ௽ႝηϡҹ೿׆ఈԾ

௽ཱུϯਔ໔୼ߏǴԶอޑԾ௽ਔ໔߾ёᔈҔӧ໪זೲϪඤ໒ᜢႝޑηϡ

ҹǴёຎ׷਑ޑԾ௽੝܄ᔈҔӧόӕႝޑηϡҹ΢ǴаΠճҔӀᏢڗӛ

( optical orientation )ޑБԄϟಏԾ௽ཱུϯӀౢޑғ[2.1]Ƕ  

   ӀᏢڗӛჴ፦΢൩فࢂ୏ໆӺࡓۓࡡ ( conservation law of angular 

momentum ) ޑᔈҔǴႝη៌ޑᎂၸำѸ໪ᅈىᒧ᏷౗ ( selection rule )Ǵف

୏ໆӺࡡѝԖӧ 1±=−′=∆ lll  Ӏᐟวਁୃ܄፦೏ጕނచҹΠวғǴऩޑ 

Ǵ 0mmm =−′=∆ ਔǴႝηω཮೏ᐟว ; ऩᐟวӀྍࣁ༝ୃਁӀǴ߾ m∆  

Ѹ໪[2.3] 1± ࣁǴӢԜ྽ѓ௽܈Ѱ௽༝ୃਁӀ ( +σ ܈ −σ ) ৔ΕӀႝъᏤᡏ

ǴԜਔ඲ᡏϣԾ௽ࢰႝکηႝޑ೏ᙯ౽Կ೏ᐟว߾୏ໆفޑǴ༝ୃਁӀࡕ

ཱུϯ ( spin polarization, Pn ) ۓက[2.2] ࣁ  

                         
↓↑

↓↑

+
−

=
nn

nn
Pn ,                        (2.1) 

ύ ↑nځ n↓ ک   ϩձࣁԾ௽ӛ΢ᆶԾ௽ӛΠޑஏࡋ 

    ΋૓ٰᇥǴޔௗૈሜ׷ޑ਑ ( ӵ GaAs ) ޑӀႝ੝܄ᇻКޔߚௗૈሜ

਑( ӵ׷ޑ Si ) ٫Ǵҗ Lampel ෳໆપޑޖԾ௽ཱུϯॶǴѝԖऊ 0.1%Ǵό

аࡺҺՖᔈҔሽॶǴڀ GaAsှٰٯࣁញӀᏢڗӛޑၸำǴӵკ 2.1Ǵᒧۓ

୏ໆໆηϯف
∧
zືࠟܭޔ඲ᡏ߄य़Ǵаૈໆ ωh ϟૈܭሜ gE  ᆶ SOgE ∆+  

໔ޑ +σ Ε৔Ӏ ( zБӛ) ᐟวǴԜਔሽ஥ႝޑηவ 2/3m;2/3J j −== ک 
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2/1m;2/3J j −== ϩձ៌ᎂԿ 2/1m;2/1J j −== 2/1m;2/1J ک  j ==  

Ǵஒႝηӧ༧׷ύሽ஥ᆶᏤ஥ϐ໔ޑᙯ౽ၸำᜪКႝܭηӧচηύ pॉୱ

ᆶ sॉୱ໔ޑᙯ౽ၸำǴӢԜӧൂՏਔ໔ϣǴႝηӧሽ஥ᆶᏤ஥ϐ໔ޑᙯ౽

ᐒ౗ջёҗ຤ԯ໳ࡓۓߎ ( Fermi golden rule )߈՟ள 

              ) -E-E (     H  c   
2

vC

2

intCV ωδυπ=Γ → h
h

,            (2.2) 

      CCvC

2

intCV dE ) E (  ) -E-E (    H  c   
2

d ρωδυπ=Γ⇒ → h
h

,      (2.3)             

    ∫ ρωδυπ=Γ⇒ CCvC

2

int dE )E (  ) -E-E (    H  c   
2

h
h

,           (2.4)     

              ω+=ρυπ=Γ∴
h

h VC EEC

2

int  )E (   H  c   
2

    ,              (2.5) 

 ύځ

c ک v ϩձ߄ҢᏤ஥ᆶሽ஥ރޑᄊǴ 

intH  ӀᆶъᏤᡏҬϕբҔᅇԯᅟႥᆉ಄( Hamitonian operator )ࢂ

HH , LH

SO

-3/2 -1/2 +1/2 +3/2

+1/2

CB

＋＋＋ ＋

σσσσ+ σσσσ+

-

ExcitationExcitation

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>---
-1/2
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    ଷ೛س಍ޑᅇԯᅟႥᆉ಄ ( Hamitonian operator , H ) ࢂᛙᄊ໨

)r(V
m2

P
H

c

2

0 += ϷӀᆶъᏤᡏ໔ޑҬϕբҔ໨ intH ϐکǴH = Ho+HintǴԶ

Hint ёҔႝଽཱུ ( electric dipole )բҔ߈՟ள  

 

             




∝±=
















⋅
















±∝⋅ε=
−1,1

1,1

T

int Y

Y
iYX

Z

Y

X

0

i

1

RH ,            (2.6) 

 

 ύځ

εࢂΕ৔Ӏᒟ৔ୃਁӛໆǴ 

R ኧڄٳΟঁᙁࢂ XǵYǵZ  ӛໆǴޑኧڄ

( ) ϕ±
± ⋅θπ=ϕθ i

m esin8/3,Y m
l

ኧ ( spherical harmonic function )ڄݢౚࠠᒋࢂ

୏ໆໆηኧ l =1ǵᅶໆηኧفޑ m = ±1 ໨ : “+”ک“-” ϩձჹᔈܭ +σ ک −σ Ǵ 

ஒόӕૈ஥܌ჹᔈفޑ୏ໆ೽ϩڄݢޑኧᆶౚࠠᒋڄݢኧ᏾౛Կ߄ 2.1Ƕ 

 

 

߄ 2.1 Ꮴ஥ᆶሽ஥ڄݢኧ᏾౛߄表格 4 
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    җԄ(2.5)ᆶԄ(2.7)Ǵёа௢ᏤрӧᏤ஥ౢғԾ௽ӛ΢ᆶԾ௽ӛΠႝޑη

ϐᙯ౽ᐒ౗ ( transition probability )ࣁ 

 

              2

11

2

11
2

2

2/1;2/3Y2/1;2/1

2/3;2/3Y2/1;2/1

Rc

Rc

−

−−
=

υ⋅ε

υ′⋅ε′
,             (2.7) 

                           3
n

n
=⇒

↑

↓ ,                         (2.8) 

 

  ࣁηཱུϯ౗ႝۈ߃Ꮴ஥߾

                 
2

1

31

3-1

nn

n-n
P0)(tP 0n −=

+
=

+
===

↑↑

↑↑ ,             (2.9)    

ቹៜǴԾ௽ཱུϯِೲ૰ଏǶӵკޑԾ௽ॉၰጠӝډڙࢰႝ  ҢǴճҔ܌ 2.2

pump probe س಍Ǵа800 ߏݢnm ( 1.55 eV ) ޑ +σ  Ε৔ӀᐟวǴϩձ᠐ڗ 

PL 3200 ࣁߏݢ nmǵ3000nm ᆶ 3800nm ޑ +σ ک -σ Ǵҗკ ᡉ่݀ޑ 2.3

ҢǴႝޑࢰ᚞ԅਔ໔ѝԖऊ 110 fsǴКႝηޑ᚞ԅਔ໔ᗋอࡐӭǴӢԜёଷ

೛ӧႝηᆶႝࢰ዗ѳᑽࡕǴႝࢰςόڀԖԾ௽ཱུϯ[2.4]Ƕ 

    ྽ႝηࢰႝکፄӝܫ৔р +σ ک -σ ӀǴӵკ ҢǴӧ዗ѳᑽਔ໔܌2.4 τ

ਔǴᑻӀޑ༝ୃཱུϯ౗( the degree of circular polarization )ࣁ 

     %25
4

1

2

P

)nn3()n3n(

)nn3()n3n(

II

II
P 0

circular ==−=
+++
+−+

=
+
−=

↓↑↓↑

↓↑↓↑
−+

−+

,     (2.10) 
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HH , LH

SO

-3/2 -1/2 +1/2 +3/2

+1/2

CB

＋＋＋ ＋

σσσσ+ σσσσ+

-

RecombinationRecombination

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>---
-1/2

σσσσ- σσσσ-

＋ ＋＋＋
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2-2 Ծ௽ॉၰጠӝԾ௽ॉၰጠӝԾ௽ॉၰጠӝԾ௽ॉၰጠӝ( spin-orbit coupling, SOC ) 

    Եቾ΋ঁᄌႝηӧ੿ޜϷচηՏૈ൑ V(r)ύǴаೲࡋ v ၮ୏ਔǴԜਔ

ႝηԾ௽ॉၰޑҬϕբҔΚǶа Homitonian ߄Ңࣁ 

         ( ) σ⋅
∂

∂λ
−=σ⋅×∇= r

h

rrrh
L

r

V(r)

r

1
v(r)V

c4m
)r(H vac

2
o

SO ,        (2.11)

ύ V(r)ځ চηՏૈ൑Ǵࢂ om Ծҗႝη፦ໆǴvࢂ
r
ǴLࡋηೲႝࢂ فॉၰࢂ

୏ໆǴσrࢂ Pauli ӛໆંତǴDirac gap : MeV1c2m- 2

o ≈ ǴӢԜё۹ౣႝη

ӧ੿ޜύ SOCਏᔈǶаૈໆޑЁࡋᢀᗺٰ࣮ǴКၨъᏤᡏ׷਑ૈޑሜ

eV1Eg ≈  ᆶӧ੿ޜύޑ Dirac gap : MeV1c2m- 2
o ≈ Ǵ࣬ޣٿৡऊԭ࿤७Ǵ

ޑъᏤᡏࡺ SOCਏᔈᇻКӧ੿ޜΠεǶΟϖ௼ъᏤᡏ׷਑җ่ܭᄬޑϸᆀ

όჹᆀ೷ԋ SOCǴӵલЮϸᆀύЈ ( inversion center ) سޑ಍Ǵӧӕ΋ঁႝ

ηӛໆ k ( k = 0ନѦ )ǴٿໆηᄊႝޑηόӆࢂᙁٳǴ೷ԋ SOCਏᔈ[2.5] 

[2.6]Ƕ 

    ΋૓ٰᇥǴSOCЬाёаϩٿࣁ໨ǴDresselhausک Rashba໨ 掺  

( 1 ) Dresselhaus໨ٰԾܭ༧׷ϸᆀόჹᆀ( bulk inversion asymmetry, BIA ) 

   Ǵࢂҗ׷ܭ਑඲ᡏ่ᄬલЮϸᆀύЈ ( inversion center ) ܌೷ԋǴჹΟ  

   ᆢس಍Ǵځ Homitonian ߄Ңࣁ  

                        ( )KH D3
D3

D ⋅σβ= ,                     (2.12) 

ύ D3βځ    தኧǴࢂ ( )2
z

2
yxx kkkK −= ǵ ( )2

x
2
zyy kkkK −= ǵ ( )2

y
2
xzz kkkK −=  

   Ǵk   η୏ໆǶႝࢂ

( 2 ) Rashba໨ٰࢂ߾Ծ่ܭᄬϸᆀόჹᆀ ( structure inversion asymmetry,  

    SIA )Ǵࢂҗܭϡҹޑ౦፦่ᄬ ( heterostructure ) ܈Ѧуႝ൑܌೷ԋ 

    )r(HSO  ࣁҢ߄

                     ( )xyyzRR k,kH σ−σα= ,                  (2.13) 
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2-3 Ծ௽᚞ԅԾ௽᚞ԅԾ௽᚞ԅԾ௽᚞ԅ 

    ճҔӀᏢڗӛౢғߚޑѳᑽޑԾ௽ཱུϯǴ྽೭ঁѦӧޑᐟวྍ౽ନ

ਔǴԾ௽ཱུϯૻဦޑѳᑽၸำջԾ௽᚞ԅǶ२Ӄа Bloch equation ٰ ကۓ

Ծ௽᚞ԅਔ໔Ǵௗ๱ϟಏԾ௽᚞ԅޑΟεᐒڋǶ 

2-3-1 Bloch БำԄБำԄБำԄБำԄ 

    ଷ೛ s
r

ᕴԾ௽Ǵ྽ӧޑ᏾ᡏႝηࢂ  zБӛѦу΋ঁᓉᅶ൑ 0B ᎜ᕏک

൑ ( oscillating field ) )t(B1 Ǵ߾ᕴᅶ൑ࣁ )t(BzBB 10 +=
∧

ǶԜਔԾ௽ႝηޑ

Ծ௽᚞ԅਔ໔ ( spin relaxation time,1T ) ᆶԾ௽ѐ࣬Տਔ໔ ( spin dephasing 

time, 2T  ) ёᙖҗ Bloch equationٰ  က [2.7]ۓ

                    ( )
2

x
x

x

T

s
Bs

t

s
r

r
r

−×γ=
∂

∂
,                   (2.14) 

                   ( )
2

y

y

y

T

s
Bs

t

s
r

r

r

−×γ=
∂

∂
,                   (2.15) 

                  ( )
1

z0z
z

z

T

ss
Bs

t

s
rr

r
r −

−×γ=
∂

∂
,               (2.16) 

ύ h/gځ Bµ=γ ޑԖਏႝηࢂᅶ௽К( gyromagnetic ratio)Ǵgࢂ gӢηǴ 

βݢࢂԸᅶη ( Bohr magneton )Ǵgࢂჹ Zeemanϩ຋ޑ gӢηǶ 

    Ծ௽᚞ԅਔ໔( 1T )ΞᆀࣁԾ௽ᕵӛ܈Ծ௽-඲਱᚞ԅਔ໔ ( spin 

longitudinal or spin-lattice relaxation time )Ǵӵკ ҢǴ܌2.6 1T/1 ѳᑽߚҢ߄

Ծ௽س಍
z

s
r

๱ᓉᅶ൑ݮ 0B வଯૈᄊ ↑ ᙖҗᖂηܫ዗᚞ԅԿեૈᄊ ↓ ޑ

ೲ౗ελ ; ԶԾ௽ѐ࣬Տਔ໔( 2T )ΞᆀࣁԾ௽ᐉӛ܈Ծ௽ѐ࣬υ᚞ԅਔ໔ 

( spin transverse or spin decoherence time )Ǵඔॊࠟܭޔᓉᅶ൑ 0B Бӛޑӕ࣬

ՏԾ௽ǴډڙԾ௽໔ޑණ৔բҔǴ೷ԋѬॺаόӕ larmor ᓎ౗຾୏ǴԾ௽

࣬Տ೴ᅌཞѨޑၸำǴکԾ௽᚞ԅਔ໔ 1T όӕǴ٠ό཮ԖૈໆޑཞѨǶ 
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კ 2.6 Ծ௽᚞ԅਔ໔ [2.8]61 

    ΢ॊޑၸำ೿ࢂόё଍ޑၸำǶჹֽܭज़ႝޑηǴӵъᏤᡏࡼޑᡏރ

ᄊ ( donor states )Ǵޜ໔ޑό֡Ϭת܄ᄽࡐख़ाفޑՅǴЪ࿶தቹៜ 2T Ƕࣁ

Αඔॊ೭ኬޑё଍࣬ՏཞѨǴճҔԾ௽ӣᖂ ( spin-echo ) ჴᡍໆෳǴӵკ

ࣁҢǴ኱Ң܌2.7 ∗
2T  [2.1] [2.9]Ƕ 

 
კ 2.7 Ծ௽ӣᖂჴᡍ 62 
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2-3-2Ծ௽᚞ԅᐒڋԾ௽᚞ԅᐒڋԾ௽᚞ԅᐒڋԾ௽᚞ԅᐒڋ 

    ჹъᏤᡏٰᇥǴԖΟᅿख़ाޑԾ௽᚞ԅᐒڋǴӵკ  : Ң[2.10-2.11]܌2.8

( 1 ) Elliott-YafetᐒڋᆶλૈሜکமԾ௽ଽӝъᏤᡏԖᜢǴ࿶җႝη-ᖂηණ

৔ǴЇวԾ௽ᙌᙯ ; ( 2 ) DPᐒڋว౜ӧڀԖϸᄽჹᆀ׷ޑ਑ǴᏤ஥ႝη཮

วғԾ௽ጠӝǴׯᡂԾ௽ႝη୏ໆǴᏤठόё଍ޑԾ௽ႝη᚞ԅ ; ( 3 ) BAP

ᐒࢂڋ୷ႝܭηࢰႝک໔ޑҬඤբҔ(exchange interaction)ǴЀࢂځ pࠠъ

ᏤᡏǶ 

 

 

კ 2.8 Ծ௽᚞ԅΟεᐒڋ 63 
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2-3-2-1 EY ᐒڋᐒڋᐒڋᐒڋ ( Elliott-Yafet Mechanism ) 

    ӵკ 2.9Ϸკ Ң[2.11-2.12]Ǵӵ݀඲ᡏᚆηᇨᏤԾ௽ॉၰጠӝՔ܌2.10

ᒿ๱ᖂηޑբҔǴԾ௽ႝηёа࿶җႝη-ᖂηණ৔ǴЇวԾ௽ᙌᙯ 

( Spin-flip)ǴԶᏤठԾ௽ޑ᚞ԅǴҗԾ௽ॉၰ Hamitonianඔॊ[2.9] ࣁ 

            ( ) SL
r

V

rc2m

1
pV

c4m
H

22
e

22
e

SO ⋅
∂
∂=σ⋅×∇= h

,          (2.17) 

ύځ V ࢂ୏ໆᆉ಄ǴσࢂՏૈ༈Ǵpޑ඲ᡏࢂ PauliԾ௽ᆉ಄ǴL  ୏ໆفࢂ

ᆉ಄ǴԶ SࢂԾ௽ف୏ໆᆉ಄Ƕ 

    Ԝਔൂႝηڄݢኧ( Bloch function ) όӆࢂ Zσ  ҁቻᄊ ( eigenstate )ޑ

ǴԶࢂ PauliԾ௽ӛ΢ ↑ ᆶԾ௽ӛΠ ↓  షӝޑ

                 [ ] rik
knknkn e(r)b(r)a(r) ⋅

↑ ↓+↑=Ψ ,                (2.18) 

                 [ ] rik
kn-kn-kn e(r)b-(r)a(r) ⋅∗∗

↓ ↓↑=Ψ ,                (2.19) 

ύ kځ  ኱( energy index )ࡰ஥ૈࢂ඲਱୏ໆ( lattice momentum )Ǵnࢂ

    җ๏ૈۓໆࣁ kE  Ծ௽᚞ԅϦԄٰ଺ᡍ᛾ޑᏤ஥ႝηޑ

                 
p

2

2

g

B

EY

1

/3-1

/2-1

E

Tk
A

1

τ









η
ηη














=

τ
,                 (2.20)

ύځ gE ሜ(energy bandgap)Ǵૈࢂ ( )SOgSO E/ ∆+∆=η Ǵ SO∆  Ծ௽ॉޑሽ஥ࢂ

ၰϩ຋ૈǴ pτ ୏ໆ᚞ԅਔ໔ǴAࢂ ܭคӢԛதኧ(ϟࢂ 2~6)Ƕ    

    җԄ 2.21ё࣮р EY ᚞ԅਔ໔ EYτ  ҅Кܭ୏ໆ᚞ԅਔ໔ pτ Ǵ߄Ңம୏

ໆණ৔཮ઇᚯཱུۈ߃ϯ౗ǴԶ১୏ໆණ৔Ԗշܭᆢཱུۈ߃࡭ϯ౗Ƕ 
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კ 2.9 EY ණ৔Ңཀკ 64 

 

 

 

კ 2.10 Ծ௽ጠӝᏤठԾ௽ᙌᙯ 65 

 



 
 

 70 

2-3-2-2  DP ᐒڋᐒڋᐒڋᐒڋ ( D'yakonov-Perel' Mechanism )  

   D'yakonovک Perel'ว౜ϸᆀόჹᆀ ( inversion asymmetry ) ׷ޑ਑Ǵӵ

GaAsǴPauliԾ௽ӛ΢ ↑ ᆶԾ௽ӛΠ ↓ ) ٳᙁߚࣁ ↓↑ ε≠ε kk )ǴᏤठӧᏤ஥

ύ PauliԾ௽ӛ΢ ↑ ᆶԾ௽ӛΠ ↓ ཮ౢғԾ௽ॉၰጠӝǴගٮ΋ঁԾ௽ႝ

η᚞ԅޑᆅၰ[2.1]Ƕ 

    ྽׷਑લЮϸᄽჹᆀǴԾ௽ᙁٳஒ཮ݮ๱੝ޑۓ k ޑ໔ϩ຋ǴᏤ஥ޜ

Ծ௽ϩ຋ਏᔈ฻ਏܭ΋ঁᆶ୏ໆ࣬ᜢޑϣ೽ᅶ൑ B(k)Ǵҗ Hamitonian߄Ң

 [2.2]ࣁ

             σ⋅Ω+=σ⋅µ+= ∗ (k)
2m

k
B(k)g

2m

k
H

e

22

B
e

22

h
hh

,          (2.21) 

ኧ ; (k)ΩୖޑෳໆᏤ஥ϩ຋ελࢂύαځ   ವᅟ຾୏ᓎ౗ ( Larmor܎ࢂ

procession vector ) ᆶႝη୏ໆБӛԖᜢޑӛໆǴ߄Ңࣁ 

   ( ) ( ) ( ) ( )[ ]ẑk-kkŷk-kkx̂k-kkE2m(k) 2
y

2
xz

2
z

2
zy

2
z

2
yx

-1/2

g
3
e

2 ++α=Ω h  ,  (2.22) 

    ӵკ ( i ) : ݩᅿ௃ٿԖڋҢ[2.13]ǴDPᐒ܌2.11 1avp ≥Ωτ ک

( ii ) 1avp <<Ωτ Ǵځύ avΩ ޑ୏ໆϩѲ୔ୱޑ੿ჴࢂ (k)Ω ѳ֡ελǴ pτ  ୏ࢂ

    ໆණ৔ਔ໔Ƕ 

( i ) ӧ 1avp ≥Ωτ ΠǴջ୏ໆණ৔ਔ໔ݩ௃ޑ pτ  ѳޑԾ௽ႝηᙯ୏΋୮ܭߏ

    ֡ਔ໔ελ sτ ǴԾ௽ޑѐ࣬Տೲ౗ s1/τ  ᆶ (k)Ω ཮Ӹӧ΋ঁᜢ߯ԄǴ   

    ∆Ω≈τs1/ Ǵᇥܴ྽ᒿᐒޑණ৔วғਔǴӧᏤ஥ύ PauliԾ௽ӛ΢ ↑ ᆶ   

    Ծ௽ӛΠ ↓ ཮ౢғԾ௽ॉၰጠӝǴԾ௽ႝηޑ୏ໆ཮วғׯᡂǴᏤठ  

    (k)Ω วғᡂϯǴԾ௽ႝη཮ډڙཥޑᅶ൑ޑቹៜǴݮ๱ཥޑᅶ൑Չ຾Ǵ 

    Ꮴठόё଍ޑԾ௽ႝη᚞ԅ[2.1]Ƕ 

 



 
 

 71 

ࢰว౜ǴԾ௽ႝزࣴ    
2

3
- ಍ᆶԾ௽ႝηس

2

1
- Ƕӧሽޑόӕࢂڋ᚞ԅᐒޑ

஥ύǴԾ௽ႝࢰ
2

3
- ࡋᄊஏރޑᡂε ( ቚуᚐѦࡋԾ௽ஏࢰӸӧǴ٬ளႝޑ

ϷԾ௽ཱུϯ౗ ) ; ԶԾ௽ॉၰጠӝቹៜሽ஥ࡐεǴӧ pτ ਔ໔ЁࡋϣǴ٬ள

Ծ௽ཱུϯᙖҗѐ࣬Տᐒڋ૰෧ǴԜᐒڋёૈ཮٬Ծ௽ཱུϯ౗૰෧Կ႟ ( ֹ

ӄѐ࣬Տ ) ܈ѝԖۈ߃Ծ௽ཱུϯ౗ޑ೽ϩॶ(҂ֹӄѐ࣬Տ)[2.14]Ƕ 

( ii )ӧ 1avp <<Ωτ ΠǴջݩ௃ޑ sp τ<τ Ǵวғᐒ౗ၨࠠԄ(i)ଯǴԾ௽᚞ԅڙ

ޑਡᅶӅਁ( nuclear magnetic resonance , NMR )ύܭǴᜪ՟ڋ׭୏ໆණ৔ډ

ၮ୏ઞϯ ( motion narrowing ) ਏᔈǴҗ DP२ԛीᆉ[2.15]ࣁ่݀ޑ  

                     
( )

p
g

2

3
B2

DP E

Tk
C
~1 τα=

τ h

,                    (2.23) 

ύCځ
~
΋ࢂคӢԛӢη ( dimensionless factor )ǴԶαޑԖᜢڋѝᆶණ৔ᐒࢂ

ঁᆶҥБૈ஥่ᄬ(cubic band-structure )ԖᜢୖޑኧǴ߈՟ࣁ 
0

e

m

m

-3

4

η
η≈α  

Ǵ em ӧࢂ k=0ਔޑԖਏႝη፦ໆǴ 0m  Ծҗႝη፦ໆǶࢂ

    җԄ 2.24ёа࣮рԾ௽᚞ԅਔ໔ DPτ ᆶ୏ໆණ৔ਔ໔ pτ ԋϸКᜢ߯Ǵ

ӢԜזೲޑ୏ໆණ৔ஒ཮Ꮴठ׳ᄌޑԾ௽᚞ԅǶᕴٰ่ᇥǴ༾১ޑ୏ໆණ

৔཮ઇᚯཱུۈ߃ϯ౗ǴԶமޑ୏ໆණ৔Ԗշܭᆢཱུۈ߃࡭ϯ౗[2.2]Ƕ 

 

კ 2.11 DP᚞ԅᐒڋ 66 
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2-3-2-2 BAPᐒڋᐒڋᐒڋᐒڋ ( Bir-Aronov-Pikus Mechanism ) 

    BAPᐒࢂڋ୷ႝܭηࢰႝک໔ޑҬඤբҔ(exchange interaction)Ǵ੝ձ

ޑख़ᄞᚇ֖ࡰ pࠠъᏤᡏǴBAPёૈᡂԋЬৌᐒڋǴҗ Hamitonian߄Ңࣁ

[2.2] 

                        )r(JASHexc δ⋅= ,                     (2.24) 

ύ Aځ ηԾ௽ǴႝࢂҬඤᑈϩ(exchange integral)ǴSޑᄊރӧᏤ஥ᆶሽ஥ࢂ

Jفޑࢰႝࢂ୏ໆǴ )r(δ լ܎إࢂ δڄኧ( Dirac delta function )ǴԶ r ηႝࢂ

ᆶႝࢰ໔࣬ޑჹຯᚆǶ 

    аᖏࣚႝࢰᐚࡋ ( critical hole concentrationǴ CN ελٰղձъᏤᡏޑ(

ကۓǴ٠ϩձٳցᙁࢂ BAPԾ௽᚞ԅᐒڋǶ 

    ჹߚܭᙁسࢰႝޑٳ಍( CA NN < )ǴԾ௽᚞ԅਔ໔[2.16]ࣁ 

















−+Ψ

υτ
υα

=
τ A

b,a4

A

f,a

B0

kA
3
B

BAP
s N

n
1

3

5
)0(

N

nN21
,        (2.25) 

 ύځ

2/1

e

c
k m

E2








=υ  ǴࡋᏤ஥ႝηೲࢂ

( ) 00R0B a m/m ε=α  Ըъ৩( exciton Bohr radius )Ǵݢᐟηࢂ

b,af,aA nnN +=  Ǵࡋᕴᐚࢰႝࢂ

f,an 、 b,an ϩձࣁԾҗ、״ᑛႝޑࢰᐚࡋǴ 

0τ  Ҭඤϩ຋தኧ(exchange splitting parameter)Ǵࢂ

2
)0(Ψ   ; ઩҃๷Ӣη(Sommerfeld factor)ࢂ

 

    ჹܭᙁسࢰႝޑٳ಍( CA NN > )ǴԾ௽᚞ԅਔ໔[2.17]ࣁ 

 
( )
( )




>=υ
<=υ










υτ
υα

=
τ )m/m(EEifm/E2

)m/m(EEifm/E2

E

EN21

hecFh
2/1

hck

hecFh
2/1

eck

Fh

c

B0

kA
3
B

BAP
s

,  (2.26)    



 
 

 73 

BAP
sτ ޑᜢ࣬ࡋҗᆶྕࢂ

2
)0(Ψ ک f,an ಍ٰسޑ಍سࢰႝޑٳᙁܭЬৌǴჹ܌

ᇥǴ 1)0(
2 =Ψ Ъ Af,a Nn = ǶԶ BAP

sτ ᆶ AN ಍سࢰႝޑٳᙁߚܭᜢ߯Ǵჹޑ

಍ٰᇥǴسޑ BAP
s/1 τ ҅Кܭ AN Ǵჹܭᙁسࢰႝޑٳ಍سޑ಍ٰᇥǴ BAP

s/1 τ

҅Кܭ 3/1
AN [2.1]Ƕ 
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ಃΟകಃΟകಃΟകಃΟക ኬࠔϟಏᆶჴᡍ೛ഢኬࠔϟಏᆶჴᡍ೛ഢኬࠔϟಏᆶჴᡍ೛ഢኬࠔϟಏᆶჴᡍ೛ഢ 

3-1 ኬࠔϟಏኬࠔϟಏኬࠔϟಏኬࠔϟಏ 

ჴᡍޑኬࠔЬाϩٿࣁ೽ҽǴGaAs ༧׷ᆶ InAs/GaAs Ծಔးໆηᕉ  

( self-assembled Quantum rings )ǴԶኬࠔςӧፕЎޑಃ΋೽ҽಃΟകϟಏ

ၸǴҁ࿯όӆᙧॊǶ 

΋΋΋΋ǵǵǵǵGaAs ༧׷༧׷༧׷༧׷ :  

( 1 ) ኬࠔ΋ : undoped GaAs  

( 2 ) ኬࠔΒ : p-doped GaAs ( 318
h cm108.5n −×=  ) 

( 3 ) ኬࠔΟ : n-doped GaAs ( 317
e cm102.4n −×=  ) 

( 4 ) ኬࠔѤ : n-doped GaAs ( 318
e cm100.1n −×=  ) 

ΒΒΒΒǵǵǵǵInAs / GaAs ໆηᕉໆηᕉໆηᕉໆηᕉ :  

( 1 ) ኬࠔϖ : undoped QRs 

( 2 ) ኬࠔϤ : n-doped QRs ( 20 e
- / QRs ) 

( 3 ) ኬࠔΎ : p-doped QRs ( 20 h
+ / QRs ) 
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3-2 ჴᡍ೛ഢჴᡍ೛ഢჴᡍ೛ഢჴᡍ೛ഢ 

    Ծ௽ཱུϯਔ໔ှس݋಍ࢂճҔ༝ୃਁӀᐟวኬࠔǴౢғό֡ᑽԾ௽ႝ

ηޑᐒڋǴܫ৔рό฻ໆޑ +σ Ӏᆶ −σ ӀǶҁ࿯ϩձϟಏୃཱུϯӀౢޑғϷ

Ծ௽ཱུϯਔ໔ှ݋Ӏ᛼س಍ࢎޑ೛Ƕ 

 

3-2-1 ୃཱུϯౢޑғୃཱུϯౢޑғୃཱུϯౢޑғୃཱུϯౢޑғ[ 3.1-3.2 ] 

    Ӏёຎႝࣁᅶޑݢ΋ᅿࠠԄǴႝᅶݢύႝ൑ Eکᅶ൑ B ਁ୏Бӛࣁࡡ

҅ҬǴڀԖ࣬ӕ࣬ޑՏǴёҺᒧ E܈ B य़ǴԶӀႝਏᔈεਁୃޑݢᅶႝࣁ

ӭኧ೿җ E܌ЇଆǴӢԜа EٰඔॊӀႝᅶݢϷਁୃځय़Ƕ 

    ྽Ӏӧ zື΢Չ຾ǴୃਁӀёϩࣁ x Ϸ y ӛໆǴਁ୏ޑϕ҅Ҭ࣬ঁٿ

ࣁᓎ౗ف ωǴ࣬Տৡࣁ θǴਁ߾୏БำԄࣁ  

                              tsin ax ω= ,                        ( 3.1 ) 

                             ( )φω= -tsin by ,                     ( 3.2 ) 

ှԄ 3.1ϷԄ ᖄҥБำԄǴ੃ѐޑ3.1 t ளᐍ༝БำԄ 

                       φ=φ+ 2
2

2

2

2

sincos
ab

2xy
-

b

y

a

x
,              ( 3.3 ) 

(1) ྽ ba ≠ Ъ 0≠φ  

   Ԝਔႝ൑ਁ൯ᆶ y Ϸႝ൑ਁ୏Бӛᒿ๱ਔ໔܈Չ຾ᡂϯǴᆀϐࣁᐍୃਁ 

   Ӏ(elliptically polarized light)Ƕ 

(2) ྽ ba = Ъ 0=φ Ǵ߾ x = y 

   Ԝਔ x ᆶ y ӕ࣬ՏЪӀႝݢ൑ਁ୏Бӛόᒿਔ໔ᡂϯǴջࣁጕୃਁӀጕ 

   ୃਁӀ( linearly polarized light )Ƕ   

(3) ྽ ba = Ъ 0≠φ Ǵ߾ 222 ayx =+  

   Ԝਔ x ᆶ y  ࣁ߾Չ຾ᡂϯǴ܈൯Ъႝ൑ਁ୏Бӛᒿ๱ਔ໔ਁޑԖ࣬ӕڀ

   ༝ୃਁӀ(circularly polarized light)Ƕ 

    ஒ΢ॊ่݀ޑǴ᏾౛Կკ 3.1Ƕ 
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X

Y

X

Y

X

Y

X

Y

X

Y Y

X

Y

X

Y

0=φ

ጕୃਁӀ

2
0

π<φ<

Ѱ௽ᐍ༝ୃਁӀ

2

π=φ π<φ<π
2

π=φ

ጕୃਁӀ

2

3π<φ<π

ѓ௽ᐍ༝ୃਁӀ

2

3π=φ π<φ<π
2

2

3

 

კ 3.1 όӕࠠԄਁୃޑӀ 67 

    ճҔᚈש৔඲ᡏᏹբӀਁୃޑᄊǴӵკ ٿ৔඲ᡏϣӸӧשҢǴᚈ܌3.2

ঁ࣬ϕ҅Ҭޑ০኱ືǴϩձᆀືזࣁϷᄌືǴёஒΕ৔ޑጕୃਁӀϩှԋ

ӀϷᄌືӀǶӵ݀Ε৔ືזࣁጕୃਁӀǴᆀϐޑϷᄌືືୃਁືזۯঁٿ

ӀୃਁӀᆶ֨ືז 
4

π=θ Ǵືז߾ӀᆶᄌືӀޑਔৡࣁ 

                     D 
C

n
-

C

nD
-

D
t eo

eo








=
υυ

=∆ ,               ( 3.4 ) 

Զ࣬Տৡࣁ 

          ( ) ( )D n-n 
2

D n-n
C

2
t2 eo

o
eo 









λ
πυ=







 πυ=∆πυ=φ∆ ,      ( 3.5 ) 

ύ Dځ Ǵࡋࠆ඲ᡏࣁ on ǵ en ϩձືזࣁϷᄌືשޑ৔߯ኧ 
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(1)྽ D ىᅈࡋࠆޑ
2

π=φ∆ ，Ԝ඲ᡏᆀݢ 1/4 ࣁТǴԜਔٿၰр৔Ӏ࣬ޑ 

  Տৡࣁ 
2

π
ǴځӝԋӀջࣁ༝ୃਁӀǶӵ݀Ε৔ӀਁୃޑБӛᆶ࣬ືזҬ 

  ό฻ܭ
4

π
Ǵ߾р৔Ӏࣁ߾ᐍୃਁӀǶ 

(2)྽ D ىᅈࡋࠆޑ
2

π=φ∆ ，Ԝ඲ᡏᆀݢ 1/2 ࣁТǴԜਔр৔Ӏϝฅࣁጕ 

  ୃਁӀǴѝࢂр৔Ӏ௽ᙯ θ2 。 

 

კ 3.2 ᚈש৔඲ᡏ০኱კ 68 

 

߄ 3.1 Ӏਁୃޑᄊᙯඤ表格 5 
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3-2-2 Ծ௽᚞ԅਔ໔ှس݋಍Ծ௽᚞ԅਔ໔ှس݋಍Ծ௽᚞ԅਔ໔ှس݋಍Ծ௽᚞ԅਔ໔ှس݋಍ࢎ೛ࢎ೛ࢎ೛ࢎ೛ 

    ӵკ ࣁ಍سа Up-conversionࢂ಍س݋ҢǴԾ௽ཱུϯ᚞ԅਔ໔ှ܌3.3

୷ҁࢎᄬǴӆᚐѦࢎ೛ٿಔ ೛ࢎТ(quarter wave plate, QWP)Ǵಃ΋ಔݢ1/4

ӧϩӀ᜔ BSᆶ F2ϐ໔Ǵᆀϐࣁ QWP1; ಃΒಔࢎ߾೛ӧԏӀ᜔ AC ᆫک

ข᜔ L2 ϐ໔Ǵᆀϐࣁ QWP2Ƕ 

    ӵკ3.4܌ҢǴҗسܭ಍ޑႜ৔ӀႣ೛ࣁጕୃਁӀǴ٬Ҕ QWP1 ஒጕ

ୃਁӀᙯඤԋ༝ୃਁӀ٠ᐟวኬࠔǴౢғό฻ໆޑޑѰ௽ӀϷѓ௽ӀǴԜ

ਔӆճҔ QWP2 ஒѰǵѓ௽Ӏϩձᙯඤԋᆶচҁس಍ႜ৔࣬ӕୃਁБӛޑ

ӀǴঁձ௟ඔ΋஭ਔ໔ှ݋Ӏ᛼Ǵ࿶җႝတၮᆉջёளډԾ௽ཱུϯှ݋Ӏ

᛼Ƕ 

 

QWP1

QWP2

კ 3.3 Ծ௽ཱུϯ᚞ԅਔ໔ှس݋಍ 69 
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( a )

( b )

 

კ 3.4 Ѥϩϐ΃ݢТ 70 

 

 

 

 

 

3-3 ୖԵЎ᝘ୖԵЎ᝘ୖԵЎ᝘ୖԵЎ᝘ 

[3.1] ΍യᔌǴႜ৔πำᏤፕǴѤހǴύѧკਜрޗހǴ҇୯ΐΜΒԃǶ  

[3.2] Polarization and Polarization Control, NEW FOCUS, Inc. 

   ၩη୏ΚᏢȩǴᅺγፕЎޑǴȨઈϯ⥲/ઈϯㄿໆηᗺᆶໆηᕉֻࡌ݅ [3.3]

    ( 2008 )Ƕ 
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ಃѤകಃѤകಃѤകಃѤക ჴᡍ่݀ᆶ૸ፕჴᡍ่݀ᆶ૸ፕჴᡍ่݀ᆶ૸ፕჴᡍ่݀ᆶ૸ፕ 

 

    ҁകךॺவΟᆢޑ GaAsుΕԿ႟ᆢ׷ࡋ਑-InAs/GaAsໆηᕉǴ଺΋س

ӈ III-V ъᏤᡏ׷਑ޑԾ௽୏ᄊ੝܄௖૸Ƕ 

 

4-1 ᡏ׷਑ᡏ׷਑ᡏ׷਑ᡏ׷਑ GaAsޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢ 

    ჹъᏤᡏٰᇥǴԖΟᅿख़ाޑԾ௽᚞ԅᐒڋǴ( 1 ) Elliott-Yafetᐒ( 2 ) ; ڋ 

DPᐒ( 3 ) ; ڋ BAPᐒڋǶᙖҗᄞᚇႝηࢰႝ܈ϷόӕޑӀᐟวமࡋǴаᙶ

మ೭٤ᐒڋӧόӕޑჴᡍచҹΠת܌ᄽفޑՅǶ 

 

4-1-1 ҁ፦ҁ፦ҁ፦ҁ፦ GaAsޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢ 

    კ 4.1(a)ࣁҁ፦ GaAsӧྕ࠻Πޑਔ໔ှ݋Ӏ᛼Ǵаૈໆ eV59.1=ωh Ǵ 

ၩηஏࡋ 317
ex cm100.5N −×= ޑ +σ ӀᐟวǶ٠ஒ )t(I + ᆶ )t(I − жΕԾ௽ཱུϯ

౗ϦԄ 

                         
)t(I)t(I

)t(I)t(I
Pcircular −+

−+

+
−= ,                  (4.1) 

    җკ 4.1(b)܌ҢǴёаᢀჸډӧਔ໔႟ᗺޑਔংǴPLҥջϩ຋ԋ +σ Ӏ

ᆶ −σ ӀǴԜਔԖനεޑԾ௽ཱུϯ౗( %50P0 ≈  )ǴฅࡕԾ௽ཱུϯ໒ۈ᚞ԅǴ

Ьाϩঁٿࣁ୔ୱǴ( 1 ) อำ ( t < 1ps ) : Ծ௽ཱུϯ౗வ 50% ِೲΠफ़Կ

Ǵࡕ᚞ԅǴεऊӧ 90 ps ϐޑำ ( t > 1ps ) : Ծ௽ཱུϯ጗ᄌߏ ( 2 ) ; 15%

)t(I + ک )t(I − ೴ᅌख़ӝǴԜਔԾ௽ཱུϯ౗ᄌᄌᖿ߈Կ႟Ƕ   

    ଞჹკ 4.1(b)่݀ޑǴճҔ 21 /t
2

/t
1 eAeA(%)P τ−τ− += ٰᔕӝǴӵკ 4.2

යڮԾ௽ཱུϯғࢤٿډҢǴள܌ 1τ Ϸ 2τ Ǵϩձࣁ 0.38 psϷ 50.49 psǴอำ

Ծ௽᚞ԅਔ໔ޑ 1τ Ьाࢂҗႝࢰ᚞ԅᐒ܌ڋ೷ԋǴਔ໔ѝԖऊ൳ԭ fsǴך

ॺஒӧക࿯ 4-1-3-3ᐱҥ௖૸Ǵ౜ӧעขᗺܫӧߏำႝޑηԾ௽᚞ԅਔ໔Ƕ 
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    კ ҁ፦ࢂ4.3 GaAsӧόӕᐟวஏࡋΠǴԾ௽ཱུϯ౗ޑᔕӝԔጕǴკ 4.4

კࢂ 4.3ᔕӝ܌ளޑԾ௽᚞ԅਔ໔ᒿᐟวஏࡋᡂϯᖿ༈კǴ߄ ӈрᔕ߾4.1

ӝޑໆϯኧᏵǶ 
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         )(cmN -3
ex  

Spin Lifetime (ps)              

16105.0×  17101.0×  17105.0×  17107.5×  18101.0×  

1τ  0.45 0.46 0.45 0.38 0.35 

2τ  65.80 77.39 72.18 50.49 29.73 

߄ 4.1ҁ፦ GaAsӧόӕᐟวஏޑࡋԾ௽᚞ԅਔ໔表格 6 

 

    Ծ௽᚞ԅਔ໔ ( 2τ ) ᒿ๱ᐟวஏࡋቚуǴӃ጗ᄌӦሀቚฅזࡕೲӦሀ

෧Ǵև౜ൂߚፓޑᡂϯǶҗკ ࡋҢǴ྽ᐟวஏ܌4.4 exN җ 316 cm100.5 −× ቚ

уԿ 317 cm100.5 −× ਔǴԾ௽᚞ԅਔ໔༾൯ሀቚǴ೭ࢂӢسࣁ಍ೀܭ DPᐒ

ம୏ໆණ৔൑ ( 1avpޑڋ <<Ωτ  ) [4.1 - 4.2]Ǵᒿ๱ᐟวஏޑࡋ΢ϲǴԾ௽

ႝηޑ᚞ԅډڙம୏ໆණ৔ڋ׭ޑǴόܰวғԾ௽ጠӝǴ٬ளԾ௽᚞ԅਔ

໔΢ϲǶ྽ᐟวஏࡋ exN җ 317 cm100.1 −× ቚуԿ 318 cm100.1 −× ਔǴԾ௽

᚞ԅਔ໔ϸԶуೲ෧ϿǴЬाډڙࢂ DPᐒ֡ߚޑڋϬᘉ৖( inhomogeneous 

broadening ) 2
ex

2
z

2

k N)k( ∝Ω−Ω ቚуǴԾ௽ޑࡋቹៜ[4.3]Ǵᒿ๱ᐟวஏޑ

ႝη۶Ԝаόӕ larmor ᓎ౗຾୏ǴԾ௽ጠӝਏᔈගϲǴᏤठԾ௽זೲӦ᚞

ԅǶ 
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4-1-2  Pࠠࠠࠠࠠ GaAsޑԾ௽ႝη୏ΚᏢޑԾ௽ႝη୏ΚᏢޑԾ௽ႝη୏ΚᏢޑԾ௽ႝη୏ΚᏢ 

    ჹܭ PࠠъᏤᡏǴନΑ DPᐒۘڋ໪Եቾ BAPᐒڋǶBAPᐒࢂڋ୷ܭ

ႝηࢰႝک໔ޑҬඤբҔ(exchange interaction)Ǵ੝ձ֖ࡰख़ᄞᚇޑ pࠠъ

ᏤᡏǴBAPёૈᡂԋЬৌᐒ[4.4]ڋǶ  

 

4-1-2-1 ᡂᐟวஏࡋϐཱུۈ߃ϯ౗ᡂᐟวஏࡋϐཱུۈ߃ϯ౗ᡂᐟวஏࡋϐཱུۈ߃ϯ౗ᡂᐟวஏࡋϐཱུۈ߃ϯ౗ 

    ᒧҔᄞᚇႝࢰᐚ318 ࡋ
h cm108.5n −×= ޑ  p-GaAsǴӵკ ࣁ4.5 p-GaAs

аૈໆ eV59.1=ωh ޑ +σ ӀǴӧόӕᐟวஏࡋΠǴԾ௽ཱུϯ౗ޑᔕӝԔጕǴ

კ ϯ౗ཱུۈ߃Ծ௽ཱུϯ౗ኧॶǴёаว౜ޑ႟ਔࣁਔ໔ࢂ4.8 P( t = 0 ) ൳

Яᆢۓ࡭ॶऊ 25%Ǵᆶ౛ፕॶ΋ठǶҗკ 4.6ёа࣮рǴ྽ᐟวஏࡋຫλǴ

Ծ௽ཱུϯ౗ӧ 1psזޑ߻ೲ᚞ԅຫόܴᡉǴёـᄞᚇႝתࢰᄽࡐख़ाفޑ

ՅǶ       

    ճҔᙁܰޑၮᆉၸำٰᡍ᛾ཱུۈ߃ϯ౗Ǵӵკ ୏ໆໆفۓҢǴᒧ܌4.7

ηϯ
∧

zືࠟܭޔ඲ᡏ߄य़Ǵаૈໆ eV59.1=ωh ϟૈܭሜ eV42.1Eg =  ᆶ

eV76.1E SOg =∆+ ޑ +σ Ε৔Ӏ(zБӛ)ᐟวǴౢғڀԾ௽ཱུϯႝޑηႝࢰჹ 

ǴӧᏤႝ஥ύ 2/1m;2/1J j −== ک 2/1m;2/1J j ==  ࣁηኧКႝޑᄊރ 

3 : 1ǴԶሽႝ஥ύ 2/3m;2/3J j −== ᆶ 2/1m;2/3J j −== ኧࢰႝޑᄊރ

Кҭࣁ 3 : 1Ƕ 

    ᏾ᡏٰᇥǴᐟวஏࡋ 31816
ex cm100.1~100.1N −××= ࣣλܭᄞᚇᐚࡋ

318
h cm108.5n −×= ǴӢԜӧӀᐟวࡕሽ஥ࢰႝޑёຎࣁ҂ཱུϯǶӢԜӧႝ

ηႝࢰൺӝޑၸำǴӵკ 4.8Ǵ᏾ঁԾ௽᚞ԅᐒڋ೿ࢂҗႝηЬৌǴ྽ႝη

৔рܫፄӝࢰႝک +σ ک -σ ӀǴᑻӀޑ౛ፕ༝ୃཱུϯ౗( the degree of circular 

polarization )ࣁ 
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Pcircular =








 ++






 +








 +−



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

 +
=

+
−=

↓↑↓↑

↓↑↓↑

−+

−+

,       (4.2) 
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კ 4.6 p-GaAsӧόӕᐟวஏۈ߃ޑࡋԾ௽ཱུϯ౗ 76 

  

HH , LH

SO
-3/2 -1/2 +1/2 +3/2

-1/2 +1/2

CB

＋
＋

-

＋ ＋

- - -

σσσσ+ σσσσ+

Excitation ( Excitation ( pp--GaAsGaAs ))

＋ ＋＋ ＋

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>

＋
＋

＋＋

 

კ 4.7 p-GaAs а +σ Ӏᐟวၸำ 77 
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HH , LH

SO
-3/2 -1/2 +1/2 +3/2
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- - -

σσσσ+ σσσσ+

Recombination ( Recombination ( pp--GaAsGaAs ))

＋ ＋＋ ＋

σσσσ- σσσσ-

︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>
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კ 4.8 p-GaAs ᒟ৔ፄӝၸำ 78 

 

4-1-2-2 ᡂᐟวஏࡋϐԾ௽᚞ԅਔ໔ᡂᐟวஏࡋϐԾ௽᚞ԅਔ໔ᡂᐟวஏࡋϐԾ௽᚞ԅਔ໔ᡂᐟวஏࡋϐԾ௽᚞ԅਔ໔ 

Πྕ࠻Αᙶమӧࣁ     BAPᐒࢂڋցቹៜ p-GaAsޑԾ௽᚞ԅᐒڋǴӢԜ

ᆶҁ፦ GaAs࣬ϕКၨǶҗკ ࡋҢǴᐟวஏ܌4.9 exN җ 316 cm100.5 −× ቚу

Կ 317 cm100.5 −× ਔǴԾ௽᚞ԅਔ໔ 2τ ༾൯ޑ΢ϲǴࢂӢࣁೀܭ DPᐒޑڋ

ம୏ໆණ৔൑( 1avp <<Ωτ )Ǵ೭ࢂᒿ๱ᐟวஏޑࡋ΢ϲǴԾ௽ႝηޑ᚞ԅڙ

Ǵ٬ளԾ௽᚞ԅਔ໔ڋ׭ޑம୏ໆණ৔ډ 2τ ΢ϲǶՠᐟวஏࡋ 316 cm100.5 −×  

ᆶ 317 cm100.5 −× ໔Ǵp-GaAsޑԾ௽᚞ԅਔ໔ࣣКҁ፦ GaAsอǴᡉҢ BAP

ᐒڋӧྕ࠻ΠΏ࣬྽ख़ाǶ྽ᐟวஏࡋ exN җ 317 cm100.1 −×  ቚуԿ 

318 cm100.1 −×  ਔǴԾ௽᚞ԅਔ໔ 2τ ϸԶуೲ෧ϿǴЬाډڙࢂ DPᐒޑڋ

Ϭᘉ৖( inhomogeneous broadening ) 2֡ߚ
ex

2
z

2
k N)k( ∝Ω−Ω ቹៜޑ 

[4.3]ǴBAPᐒڋόӆख़ाǴᒿ๱ᐟวஏޑࡋቚуǴDresselhausԾ௽ጠӝ 
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( ) ( ) ( ) ( )




 −+−+−βγ=
∧∧∧

2
y

2
xz

2
x

2
zy

2
z

2
yxSO kkkzkkkykkkxg/2H  ਏᔈуೲගϲǴ

ᏤठԾ௽זೲӦ᚞ԅ[4.3]。Զอำ (<1 ps ) זޑೲ᚞ԅ٠όܴᡉǴӢԜԾ௽

᚞ԅਔ໔ 1τ ٠คჴ፦΢ޑཀကǴࡺόుΕ௖૸Ƕ 
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კ 4.9  p-GaAsӧόӕᐟวஏޑࡋԾ௽᚞ԅਔ໔ 79 
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4-1-3  Nࠠࠠࠠࠠ GaAsޑԾ௽ႝࢰ୏ΚᏢޑԾ௽ႝࢰ୏ΚᏢޑԾ௽ႝࢰ୏ΚᏢޑԾ௽ႝࢰ୏ΚᏢ 

    ჹܭ N ࠠъᏤᡏǴҗܭલЮႝࢰǴԾ௽᚞ԅՉࣁҗႝ܌ࢰЬৌЪё۹

ౣ BAPᐒڋǶ  

 

4-1-3-1 ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽ཱུϯ౗ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽ཱུϯ౗ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽ཱུϯ౗ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽ཱུϯ౗ 

    ᒧҔᄞᚇႝࢰᐚ317 ࡋ
e cm102.4n −×=  ᆶ 31

e cm10n −×= 81.0  ޑ

n-GaAsǴӵკ 4.10ǵკ 4.11ϩձࣁ n-GaAsǴаૈໆ eV59.1=ωh ޑ +σ ӀǴ

ӧόӕᐟวஏࡋΠǴԾ௽ཱུϯ౗ޑᔕӝԔጕǴԶკ ࣁਔ໔ࢂ4.12 1psਔ

n-GaAsޑԾ௽ཱུϯ౗ኧॶǶ 
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კ 4.10 317
e cm102.4n −×= ޑ n-GaAsϐԾ௽ཱུϯ౗ޑᔕӝԔጕ 80 
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კ 4.11 381
e cm100.1n −×= ޑ n-GaAsϐԾ௽ཱུϯ౗ᔕӝԔጕ 81 
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    ᏾ᡏٰᇥǴჹόӕႝηᐚޑࡋ n-GaAsԾ௽ཱུϯ౗ P ( t = 1ps ) ᒿ๱ᐟ

วமޑࡋቚу֡և౜ሀቚޑᖿ༈ǴЪ 371
e cm104,2n −×= Ծ௽ཱུϯ౗཮Кޑ

381
e cm100.1n −×= εǶճҔᙁൂޑၮᆉၸำٰᡍ᛾Ǵӵკ ҢǴჹ܌4.13 n

ࠠ GaAsъᏤᡏԶقǴзᄞᚇႝηᐚࡋ nne = Ǵᒧفۓ୏ໆໆηϯ
∧

zືࠟޔ

य़Ǵૈໆ eV59.1=ωh߄඲ᡏܭ  ϟૈܭሜ eV42.1Eg = ᆶ eV76.1E SOg =∆+

ޑ +σ Ε৔Ӏ(zБӛ)ᐟวǴԜਔሽ஥ႝޑη 2/3m;2/3J j −== ک

2/1m;2/3J j −== ϩձ៌ᎂԿ 2/1m;2/1J j −== ک 2/1m;2/1J j == Ƕ

җ຤ԯ໳ࡓۓߎ ( Fermi golden rule ) ीᆉᏤ஥ౢғԾ௽ӛ΢ᆶԾ௽ӛΠޑ

ႝηޑᙯ౽ᐒ౗(transition probability) ࣁ 

         3
2/1;2/3Y2/1;2/1

2/3;2/3Y2/1;2/1

Rc

Rc

n

n
2

11

2

11

2

2

=
−

−−
=

υ⋅ε

υ′⋅ε′
=

↑

↓ ,        (4.3)      

                       ↑↓↑ =+= n4nnNex ,                    (4.4) 

    ྽ႝηႝࢰൺӝਔǴӵკ 4.14ǴႝډڙࢰԾ௽ॉၰଽӝቹៜǴԾ௽ཱུ

ϯِೲ૰ଏǴႝޑࢰ᚞ԅਔ໔ѝԖ 110 fsǴӢԜӧ዗ѳᑽਔ໔ τਔǴႝࢰς

όڀԖԾ௽ཱུϯǶჹ n-GaAsٰᇥԵቾǴᄞᚇᐚࡋ nne = ǴᏤႝ஥

2/1m;2/3J j −== Ϸ 2/1m;2/3J j == ѳ֡՞Ᏽ 
2

n
 ঁႝηǴ߾ᑻӀޑ༝

ୃཱུϯ౗( the degree of circular polarization )ࣁ 












+
=

+++++

++−++
=

+
−=

↑
↓↑↓↑

↓↑↓↑

−+

−+

)n4/n(1

1

4

1

)2/nn
4

3
n

4

1
()2/nn

4

3
n

4

1
(

)2/nn
4

1
n

4

3
()2/nn

4

3
n

4

1
(

II

II
P

e
circular

,(4.5) 

Ъ ↑↓↑ =+= n4nnNex nne ک  =  

а             %25܌
)N/n(1

1

4

1
P

exe
circular ≤









+
= ,                (4.6) 
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HH , LH
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-3/2 -1/2 +1/2 +3/2
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- - -

σσσσ+ σσσσ+

- -

Excitation ( Excitation ( nn--GaAsGaAs ))

- -︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>- - --
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σσσσ+ σσσσ+

- -

Recombination ( Recombination ( nn--GaAsGaAs ) ) 

- -︱︱︱︱↓↓↓↓> ︱︱︱︱↑↑↑↑>

σσσσ- σσσσ-

＋ ＋＋＋

- - - -

 

კ 4.14  n-GaAs ൯৔ፄӝၸำ 84 
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    ёа࣮р Pॶ،ܭۓ exe N/n Ǵ en ॶຫε܈ exN ຫλ೿཮फ़ե PॶǴё

аᡍ᛾კ ਔǴۓڰࡋǴ྽ᄞᚇႝηᐚ่݀ޑ4.12 371
e cm102.4n −×= Ϸ

381
e cm101.0n −×= ޑ GaAsǴᒿ๱ exN ቚу Pॶ೿և౜ሀቚޑᖿ༈ǴନΑ

371
e cm102.4n −×= ӧᐟวஏࡋ exN ቚуԿ 318 cm100.1 −× ǴPॶϸԶΠफ़Ǵ

ࢂ྽Ьाܭҗࢂ 318
ex cm100.1N −×= Ԝਔس಍ςၲᙁٳǴ֡ߚډڙϬᘉ৖

( inhomogeneous broadening ) 2
ex

2
z

2

k N)k( ∝Ω−Ω ቹៜǴޑ
2

kΩ ᒿ๱ᐟว

ஏޑࡋቚуԶගϲǴԾ௽ႝη۶Ԝаόӕ larmor ᓎ౗຾୏ǴԾ௽໔࣬ޑՏ

࣬ϕυᘋǴ೷ԋ Pॶޑ૰෧[4.3]Ƕ 

   

 

4-1-3-2 ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽᚞ԅਔ໔ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽᚞ԅਔ໔ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽᚞ԅਔ໔ᡂᐟวஏࡋϷόӕᄞᚇᐚࡋϐԾ௽᚞ԅਔ໔ 

    კ 317 ࡋᄞᚇᐚࣁ4.15
e cm102.4n −×= ޑ  GaAs Ծ௽᚞ԅਔ໔ᒿᐟว

ஏޑࡋᡂϯǴ 1τ ЬࢂाԾ௽ႝࢰ᚞ԅ܌௓ڋᒿ๱ᐟวஏޑࡋቚуǴᡂϯ൯

ࣁόεǴεऊࡋ 0.3 ps Ƕӧᐟวமࡋ 316
e cm100.1N −×= Ǵཱུϯ౗ P ӧ 1 ps

ѝഭεऊࣁ 5.25%Ǵ৒ܰӢࣁᚇૻޑቹៜǴ೷ԋ PॶޑᇤղǴᏤठԾ௽᚞ԅ

ਔ໔ 2τ ό௦ीǶԶࡺᇤৡǴޑεࡐॶԖکᔕޑ  2τ ᒿ๱ᐟวமޑࡋቚуǴӃ

΢ϲฅࡕΠफ़Ƕ྽ᐟวஏࡋ exN җ 316 cm100.1 −× ቚуԿ 317 cm100.5 −× ਔǴ

ԜਔՏܭம୏ໆණ৔൑ ( 1avp <<Ωτ  )Ǵջ୏ໆණ৔ਔ໔ pτ อܭԾ௽ႝηᙯ

୏΋୮ޑѳ֡ਔ໔ελ sτ Ǵᒿ๱ᐟวஏࡋቚуǴຫமޑ୏ໆණ৔ڋ׭Ծ௽

᚞ԅૈΚຫӳǴ٬ளԾ௽᚞ԅਔ໔ߏ׳Ƕՠ྽ᐟวஏࡋ exN җ 317 cm100.5 −×

ቚуԿ 318 cm100.1 −× ਔǴԾ௽᚞ԅਔ໔ϸԶуೲ෧ϿǴҗ 105 ps ෧ϿԿ 45 

psǴЬा֡ߚډڙࢂϬᘉ৖໨ : 2
ex

2
z

2

k N)k( ∝Ω−Ω ቹៜǴӢԜᒿ๱ᐟޑ

วஏࡋ exN      ᚞ԅ[4.3]ǶޑೲזϬᘉ৖ਏᔈຫܴᡉǴᏤठԾ௽֡ߚቚуǴޑ
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კ 4.15 371
e cm102.4n −×= ޑ GaAsޑԾ௽᚞ԅਔ໔ 85 

 

    ჹόӕᄞᚇႝηᐚޑࡋ GaAsځԾ௽᚞ԅਔ໔ 2τ Ǵӵკ 4.16Ǵᒿ๱ᄞᚇ

ᐚࡋቚуǴԾ௽᚞ԅਔ໔Ӄ΢ϲࡕΠफ़Ǵև౜ൂߚፓޑᡂϯǴԵቾҗ

DresselhausԾ௽ॉၰጠӝᏤठ֡ߚޑϬᘉ৖ 3
k

2
z

2

k )k( ε∝Ω−Ω ǴஒԾ

௽᚞ԅਔ໔অ҅[4.8]ࣁ 

                     p
2
z

21
2 )k()k( τΩ−Ω≅τ− ,                  (4.7) 
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კ 4.16 όӕᄞᚇᐚޑࡋ GaAsޑԾ௽᚞ԅਔ໔ 86 

 

    Ӄ௖૸୏ໆණ৔ਔ໔ޑ೽ҽǴёа࣮рᒿ๱ᄞᚇᐚࡋቚуǴ pτ ӃΠफ़ 

҂ᄞᚇܭ΢ϲǶ࣬ჹࡕ GaAsٰᇥǴᄞᚇႝηᐚࡋ 317
e cm10x2.4n −= ёаග 

ϲ࿘ናೲ౗Ǵ෧Ͽ୏ໆණ৔ਔ໔Ƕՠӵ݀ᄞᚇ׳ଯޑᐚࡋ en ၲ 318cm10x0.1 −  

ਔǴ୏ໆණ৔ਔ໔ϸԶ΢ϲǶ೭ࢂӢࣁ GaAsӧྕ࠻ΠǴ྽ႝηᄞᚇᐚࡋ 

317
e cm10x0.5n −= ਔǴջԋࣁᙁٳъᏤᡏǴԜਔᄞᚇ׳ӭႝޑηǴϸԶ཮׭ 

୏ໆණ৔Ƕӵკڋ ණ৔ၸำǴեૈ໘ޑਔٳҢǴӧଯᙁ܌4.17 E1೏՞Ᏽޑ 

ᐒ౗ )(f FD ε εܭ 1 / 2Ǵҗܭ Pauliό࣬৒চ౛Ǵႝη໼ӛҗեૈ໘ E1۳ଯ 

ૈ໘ E2ණ৔ǴӢԜङӛණ৔( backward scattering )཮ԋࣁЬৌԶό҅ࢂӛණ 

৔( forward scattering)Ƕஒᕴණ৔ೲ౗ۓက[4.6]ࣁ 

                       fi0 ffWW ××= ,                       (4.8) 
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ύ 0Wځ Ǵࣁණ৔ೲ౗ޑъᏤᡏٳᙁߚࣁ if   Ǵ( 1/2< ) ٯКޑᄊ೏՞Ᏽރ߃ࢂ

ff ηǴ٬ளႝޑӭ׳Ǵ྽ᄞᚇ( 1/2> ) ٯКޑᄊ҂೏՞Ᏽރ҃ࢂ if Кٯ΢ϲǴ 

ՠ ff ࣬ၨܭ if  ෧ϿǴᏤठණ৔ೲ౗ࡋԖਏஏޑᄊރΠफ़Ǵ҃ޑٯଯК׳ࢂ

W ᡂᄌǶӢԜ྽ en җ 371 cm104.2 −× ቚуԿ 381 cm100.1 −× ਔǴණ৔ೲ౗ W 

཮ᡂλǴ٬ள୏ໆණ৔ਔ໔җ 25.78 ps ሀቚԿ 76.70 psǶ 

 

კ 4.17 ଯᙁسٳ಍ޑණ৔ၸำ[4.7] 87 

 

    ӕ୏ໆණ৔ޑ૸ፕǴਥᏵъᏤᡏࢂցᙁٰٳ௖૸ Dresselhaus Ծ௽ॉၰ

ጠӝᏤठ֡ߚޑϬᘉ৖໨ 

         




≥
<

∝ε∝Ω−Ω −

−

317
e

2
e

317
e

0
e3

k
2
z

2

k
cm10x0.5n,n

cm10x0.5n,n
)k(  ,         (4.9) 

྽س಍ೀܭ҂ᙁٳਔ ( 317
e cm10x0.5n −<  )Ǵ )k(2

z

2

k Ω−Ω  όᒿ en ᡂޑ

ϯԶׯᡂǴӢԜ҂ᄞᚇ GaAs ᆶ 317
e cm10x2.4n −= ޑ GaAs֡ߚޑϬᘉ৖

ਏᔈࢂ΋ኬޑǴՠ྽س಍ၲᙁ317 ) ٳ
e cm10x0.5n −≥  ) ਔǴ )k(2

z

2

k Ω−Ω

ᒿ๱ႝηᄞᚇᐚࡋ en ѳБ໨΢ϲǴӢԜޑ 318
e cm10x0.1n −= ޑ GaAsڀԖന

ε֡ߚޑϬᘉ৖ਏᔈǶ 
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    ᏾ᡏٰᇥǴ୏ໆණ৔ਔ໔ : 318
e cm10x0.1n −= ޑ GaAsനεǴҁ፦ GaAs

ԛϐǴ 317
e cm10x2.4n −= ޑ GaAsനλ ; Զ֡ߚϬᘉ৖໨ )k(2

z

2

k Ω−Ω   

: 318
e cm10x0.1n −= ޑ  GaAsനεǴҁ፦317 ک

e cm10x2.4n −= ޑ GaAsനλǶ

ӢԜԾ௽᚞ԅਔ໔ [ ] 1

p
2
z

2

2 )k()k(T
−

τΩ−Ω≅  : 318
e cm10x0.1n −= ޑ GaAs

നεǴҁ፦ GaAsԛϐǴ 317
e cm10x2.4n −= ޑ GaAsനλǴᆶჴᡍ่݀࣬྽

֍ӝǶ 

 

4-1-3-3 Ծ௽ႝࢰ᚞ԅਔ໔Ծ௽ႝࢰ᚞ԅਔ໔Ծ௽ႝࢰ᚞ԅਔ໔Ծ௽ႝࢰ᚞ԅਔ໔ 

    ྽ႝηᄞᚇᐚࡋ en ᇻλܭӀᐟวஏࡋ exN ਔǴ඲ᡏϣޑԾ௽ႝηཱུޑ

ϯॶ 0
nn

nn
)0t(Pn ≈

+
−

==
↓↑

↓↑ Ǵ൳Яёа௨ନԾ௽ႝηޑቹៜǴԾ௽᚞ԅᐒڋ

ஒҗႝ܌ࢰЬৌǶ 

     კ 318 ࣁ4.18
e cm10x0.1n −= ޑ  n-GaAsޑਔ໔ှ݋Ӏ᛼Ǵаૈໆ

eV59.1=ωh Ǵᐟวஏ351 ࡋ
ex cm10x0.3N −= ޑ +σ ༝ୃਁӀǴёаว౜ +I Ϸ +I

ӧόډ 1ps൩ς࿶ख़ӝǴԾ௽ཱུϯ౗ᖿܭ߈႟ǴᏤठԾ௽ཱུϯ౗ޑਔ໔ှ݋

Ӏ᛼җࢤٿᡂԋ΋ࢤǴ߄ҢႝηޑԾ௽᚞ԅᐒڋς࿶੃ѨǶ 

    ଞჹკ ǴճҔ 1/t่݀ޑ4.18
1eAP τ−= ٰᔕӝ ( fitting )Ǵӵკ 4.19Ǵ߾

Ծ௽᚞ԅਔ໔ 1τࢰႝ  ऊࣁ 0.29 psǴᇻКႝηԾ௽᚞ԅਔ໔อǴ೭ࢂҗܭ

ᇸႝࢰᆶख़ႝࢰமਗ਼ӦጠӝǴᏤठԾ௽ႝࢰᙌᙯǴӢԜႝߚࢰதזೲӦ᚞

ԅ[4.9-4.10]Ƕ 
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4-2  Modulation-doped InAs/GaAs QRsޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢޑԾ௽୏ΚᏢ 

     კ 4.20-4.23ϩձࢂࢂໆηᕉύ barrierǵWLǵESǵGSޑԾ௽ཱུϯޑ

ᔕӝԔጕǴаૈໆ eV59.1=ωh ǵᐟวஏࡋ -2
ex  W/cm800N = ޑ +σ ӀᐟวǶ

ӵკ ԄǴӃᢀჸ܌4.20 ᚞ԅၸำǴҁ፦ࢰԾ௽ႝޑps 1 ډ 0 QRs ( n-QRs)

ࣣԖܴޑߏࡐᡉזޑೲ᚞ԅԔጕǴԾ௽ཱུϯ౗ϩձவऊ 48% ( 42% )Πफ़Կ

ऊ 20% ( 18% )Ǵև౜ᆶҁ፦ GaAsᜪ՟ޑԾ௽᚞ԅၸำǴ೭ࢂӢࣁᄞᚇӧ

ໆηᕉ barrier΢ޑၩηǴ཮ᘉණԿၨեૈ໘ޑໆηᕉϣǴӢԜᄞᚇޑ barrier

ჴ፦΢ᗋࢂҁ፦ъᏤᡏǴՠ p-QRsזޑೲ᚞ԅԔጕ൩ؒԖٗሶܴᡉǴԾ௽

ཱུϯ౗җऊ 32%Πफ़Կऊ 18%Ǵ೭ࢂҗܭख़ᄞᚇޑࢰႝޑጔࡺǴΏԖ೽ϩ

ԖᘉණԿؒࢰႝޑ QRs ϣǴӢԶև౜ϟܭҁ፦ GaAs ᆶ p-GaAs 

( 318
h cm108.5n −×=  ) ໔ࢰႝޑԾ௽᚞ԅ౜ຝǶ 

    ӆٰᢀჸߏำޑ೽ҽǴҁ፦ QRsǵn-QRsک p-QRsޑ barrierԾ௽᚞ԅ

ਔ໔ϩձ38.29 ࣁ psǵ50.50 psǵ41.22 psǴn-QRsޑԾ௽᚞ԅਔ໔ܴᡉၨҁ

፦ᆶ p-QRsߏǴ೭ࢂҗܭ n-QRsԖεໆޑϣႝࡌηܭ QRsϣǴӢԜӧӀᐟ

วޑࡕԾ௽ႝηόܰ᚞ԅԿ QRsǴѝӳଶ੮ӧ barrier Չᒟ৔ፄӝวӀǶ 

    җკ 4.20ǵ4.21 ёа࣮рೱុૈᄊ barrierᆶ WL ନΑӧ 1ps܌ࢰႝ߻

೷ԋזޑೲ᚞ԅǴϐޑࡕԾ௽ႝη᚞ԅΏᆢ࡭Α൳Μ psޑਔ໔Ǵՠӧໆη

ᕉϣޑϩҥૈ໘ ESᆶ GSࠅѝഭΠ൳ԭ fsǴӃ௖૸Ծ௽ႝࢰ᚞ԅޑਏᔈǴ

ESϷ GSޑԾ௽ႝٰࢂࢰԾૻဦࢂԾܭ barrierᆶ WLǴԶ barrierᆶ WL ޑ

Ծ௽ႝࢰӧ 1ps٬߻ள᏾ᡏޑԾ௽ཱུϯவऊ 30% ~ 50%Πफ़Կऊ 20% 銦 ౛

ፕ΢Ǵ྽Ծ௽ႝࢰ᚞ԅֹ౥ࡕǴԾ௽ཱུϯ౗ऊࣁ 25%Ƕ)ǴӢԜӧ 1psϐࡕ
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ޑǴQRsډЬৌǶவკёа࣮܌Ծ௽᚞ԅஒҗԾ௽ႝηޑ ESӧਔ໔ࣁ႟ਔǴ

Ծ௽ཱུϯॶऊࣁ 20-30%Ǵ࣬྽ௗ߈ 20%ǴԜਔԾ௽ႝࢰ൳Яς᚞ԅֹ౥Ǵ

ਏᔈǶ྽࿶ၸޑ೷ԋ܌ࢰႝࣁ؁௨ନ߃ 1psਔǴQRsޑԾ௽ཱུϯςזೲΠ

फ़ډ 10%аΠǴӢԜ׳уዴۓԜזೲ᚞ԅᐒڋҗԾ௽ႝη܌ЬৌǶฅԶໆ

ηᕉ୷ᄊᆶᐟวᄊޑԾ௽᚞ԅਔ໔όډ 1psǴ೭ࢂҗܭၩηᐟวӧໆηᕉ 

barrier ΢ǴၩηӧၲܢᐟวᄊϷ୷ᄊ߻Ѹ໪࿶җࡐӭၩηհࠅၸำ ( ӵၩ

η-ၩηණ৔ǵၩη-ᖂηණ৔ǵԛૈ஥ϣණ৔ )ǴᏤठԾ௽זೲӦ᚞ԅǶך

ॺᔈ၀ஒၩηޔௗᐟวӧໆηᕉϣǴӆ΋ԛᔠᡍໆηᕉޑԾ௽୏ΚᏢǶ 

    ӵკ კࢂ4.24 ޑᔕӝ่݀ǴόӕᄞᚇޑԾ௽ཱུϯ᚞ԅਔ໔ޑ4.20-4.23

ໆηᕉӧ GSޑԾ௽ႝη᚞ԅਔ໔߄౜Ǵ p-QRsനߏ ( ऊ 0.88 ps )Ǵҁ፦

QRs ԛϐ ( ऊ 0.63 ps )Ǵn-QRsനอ ( ऊ 0.48 ps )Ƕჹख़ᄞᚇ p-QRsٰᇥǴ

࣬ၨܭҁ፦ QRsǴϣޑࡌεໆႝࢰǴёаᙖҗၩη-ၩηණ৔լܺᖂη౟ᓍǴ

Ծ௽ႝηКၨ৒ܰ೏QRsਂਆǴӢԜp-QRsޑԾ௽᚞ԅਔ໔Кҁ፦QRsߏ ; 

Զჹख़ᄞᚇ n-QRsٰᇥǴϣޑࡌεໆႝηǴᗨฅӕኬёаլܺᖂη౟ᓍǴ

ՠϣႝޑࡌη೿ό஥ԖҺՖԾ௽ૻ৲Ǵ཮ีញҗӀᐟวౢࡕғޑԾ௽ႝ

ηǴӢԜ n-QRsޑԾ௽ૻဦКҁ፦ QRsอǶҗόӕᄞᚇޑ QRsӧԾ௽ཱུϯ

౗߄౜Ψև౜ᜪ՟่݀ޑǴҗკ܌ҢǴp-QRsவ barrierԿ GSӧۈ߃Ծ௽࣬

Տ࣬࡭ߥ྽΋ठǴԶ n-QRsᆶҁ፦ QRs೿և౜૰෧ރޑᄊǴЪ n-QRs૰෧

ၨҁ፦זǶ 
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ಃϖകಃϖകಃϖകಃϖക  ่ፕ่ፕ่ፕ่ፕ 

Ծ௽୏ᄊޑ಍ٰ௖૸Οϖ௼ъᏤᡏس݋ॺճҔԾ௽ཱུϯ᚞ԅਔ໔ှך   

ՉࣁǴว౜ҁ፦Ϸ nࠠ GaAs༧ځ׷Ծ௽᚞ԅև౜ᚈࡰኧ૰ଏǴځύಃ΋ࢤ

ډೲ᚞ԅวғӧόזޑ 1Ҝࣾޑਔ໔ǴԶಃΒޑࢤ጗ᄌ᚞ԅவ΋Ҝࣾ࡭ࡕ

ុΑ൳ΜҜࣾǹՠ pࠠ GaAs༧ࠅ׷όـӧ΋Ҝࣾזޑ߻ೲ᚞ԅǴև౜ൂࡰ

ኧ጗ᄌ૰ଏǴ߄Ң pࠠ GaAsϣޑᄞᚇႝ٬ࢰளזೲ᚞ԅԔጕ੃ѨǴӢԜё

а௢ෳಃ΋זޑࢤೲ᚞ԅࢂҗႝ܌ࢰ೷ԋǴಃΒࢂࢤԾ௽ႝηޑၸำǶԶ

மਗ਼Ӧጠࢰᆶख़ႝࢰᇸႝܭҗࢂԾ௽᚞ԅਔ໔εऊѝԖΟԭ०ࣾǴ೭ࢰႝ

ӝǴᏤठԾ௽ႝזࢰೲᙌᙯǴӢԜԾ௽ႝِࢰೲӦ᚞ԅ[4.9-4.10]ǶԶ GaAs

༧׷ӧྕ࠻ΠǴDPᐒޑڋቹៜ܄നεǴᒿ๱ӀᐟวஏࡋቚуਔǴຫமӦ୏

ໆණ৔ڋ׭Ծ௽᚞ԅૈΚຫӳǴ٬ளԾ௽᚞ԅਔ໔ߏ׳Ǵՠၲډ΋ޑۓᐟ

วமࡋਔǴ֡ߚډڙϬᘉ৖( inhomogeneous broadening )ޑਏᔈቹៜǴϸԶ

཮уೲԾ௽᚞ԅ[4.3][4.5][4.8]Ƕ 

    നךࡕॺ௖૸ໆηᕉޑԾ௽୏ᄊ੝܄ǴҗܭໆηᕉڀΟᆢޑໆη߳

ज़ǴႣයёаК༧׷ᆢޑߏ׳࡭Ծ௽࣬Տਔ໔ǶฅԶໆηᕉ୷ᄊᆶᐟวᄊ

ډԾ௽᚞ԅਔ໔όޑ 1psǴ೭ࢂҗܭၩηᐟวӧໆηᕉ barrier ΢Ǵၩηӧ

ၸำ ( ӵၩη-ၩηණ৔ǵၩη-ᖂࠅӭհࡐѸ໪࿶җ߻ᐟวᄊϷ୷ᄊၲܢ

ηණ৔ǵԛૈ஥ϣණ৔ )ǴᏤठԾ௽זೲӦ᚞ԅǶךॺᔈ၀ஒၩηޔௗᐟ

วӧໆηᕉϣǴӆ΋ԛᔠᡍໆηᕉޑԾ௽୏ΚᏢǶ 


