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Carrier Dynamics in InAs/GaAs Quantum Dots and Quantum Rings

Student : Chien-Hung Lin Adviser : Dr. Kien-Wen Sun

Institute of Applied Chemistry

National Chiao Tung University

Abstract

The nanoscale ring structure, due to its unique rotational symmetry, exhibits
many interesting physical properties. The thesis introduced three themes to discuss the
carrier dynamics in the quantum dots and the quantum rings. By using the ultrafast
time-resolved photoluminescence technology, it allows us to study the following
researches.

In the first part of the thesis; we used thefluorescence up-conversion technology
to study the carrier capture rate in the dots and the rings. We injected different carrier
densities in the samples and discussed the mechanisms that affect the capture rate.

In the second part, we used the time correlated single photon counting technique
to study the ground state carrier decay lifetime in the dots and the rings at various
temperatures, and we also observed the different phenomenon between dots and rings
at high temperature. At temperatures above 150K, the rings show increasing lifetime
as the temperature is increased. From the calculation results, the longer lifetime
observed in quantum rings is attributed to the dark states which resulted from the
different | states.

In the third part, we investigated the carrier dynamics with the structures evolved
from the dot to the ring shape. In the experimental results, the carrier lifetime
increases as the structures evolved from the dot to the ring shape. This is due to the

increasing numbers of the dark states during the quantum rings formation.
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1-2 Review
FEEEMA KRR AET o T T I X-Ray $55+FlH# (X-Ray
Diffraction Spectra) ~ & + & #ic 4t (Electron Microscope) ~ i + # &8 i 4 (Atomic
Force Microscope) % = i & E # @ Fl @ ehle & &ajjuet > kg £- A7
R RN e R R R AR T E T A EX S
AT S B EIE P TR e T R S A E o e
e A 3 AT AR T R Ry B R L

¥ % (Luminescence) & 4+ F f# 3 T g & ch— AP LR 4 o 5 et

ket 150 3§ AR R ek BALHOR PR B 0 F R B R
fo > T3 € st A AN K S g B A v IR AE TR
6o F LTS g e 30 4 RN B R e B 8 T L) 0 % -

LA 2 EE Nl E AR R T S BT B BRI Y

El

REVES Ap$ 23 B JBER S Rl A2 ) hTF R F B
g AL d BT L whikft 0 REEFTE AR & (Recombination) @ 2z H) & + 1§
B o

£ g ¥ % £ F (Photoluminescence) #_— & 24 a3 | ek 5 & Rl B jir > L 3
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h@p, =Egp * (2.2)
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Quantum Dots
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2-2 Time-resolved Photoluminescence
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206 d 3T A EF L BPFRD B o o r TREA SRS B(K)E 0 N 212 %
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i e 3N 2,15 0

PP (t) =g, x VE* (1)
=g,y [El0 cos(at —k, - F) + EL cos(ant — K, - f)]z
(EV+ED)+
= 150;((2) E” cos2(at —k -F)+EY cos2(a,t —k, - F) +
ZEIOE;) [cos((a)l + o)t —(k +k,)- f)+ cos((a)1 —o)t—(k —k,)- f)]

' (2.15)

gty e e ) SHG~ SFG & DFGe B # - ¥ o, A 2 chd it £ <

{7 (Energy Conservation) * Aw=0 ; k, B] £ & % 7 # £ = |5 (Momentum

Conservation) 2 §_% £t &L ¢14p =7 fie(Phase Matching) > Ak =0 o

NLO .
Crystal —:>

o, =2k, =2k, }
: B ! SHG
o, =2w,;k, =2k,

w, =, + @,

1
R"I
Il

0, =, —a‘)ﬂ:k_q =k —k, DFG

B 2.16 = =& &4 2 Non-Collinear 77} 3% &+ » NLO Crystal ® >

4 ¥ 3 1 SHG ~ SFG ~ DFG

PR R R A R v R AP T E R LR B



P R RS- R ER AT RS2 o Bl 217 BRE Z A - EAES
Wo7tA - TREA BT T R F R EREP TS R A ST R SE
RARE ST R AP TR B3 E R - Ko 2160 AR R E T e
(Phase Matched) °

(@) = Cc2w) » (2.16)

(0] 2m

—_—

o (fundamental)

2® (SHG) vacuum

+ B 2.17 Phase—M atched.

RaAPrg 2z 7 €7 2AMRG A P ZRFTHY 2 FRAE B
PEA P R - P B2.08 FlR TR AP TP EF RAFREER N ERE D
BAE T B 4p =7 7 fe(Phase Mismatch) > 3% 2.17 » & % PIALER B B g4k
B 2.19 -

Ak =2k(@)—k(2w)
_20-n(w) 2w-nCo)
o c

2 ' (2.17)
=T[n<w>—n<2w)]

“n(w)#n2w) . Ak =0

Ho k="2=2 ' n & 375 5 (Refraction Index) o
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\l \ Dense flint glass
1.7 ST

K
.2
3
= 1.6 . -
S Light flint glass |
% |
°
o {
2 i
°
= | Crystal quartz
1.5 7T
—__Borosilicate crown glass
~ Acrylic plastic ’
. T ‘ Vitreous quartz
1.41 | et ek 1., i
0 200 400 600 800 1000

Waveiength / (nm)

12,18 % b .@W w., gi%;f,%;;mm b e

B] 2.19 Phase Mismatch

<

% 7 it 49 Phase Matching » 7% Fl?u% EPHF- BT EI nw)=n2w)
eniE it > @ % gdrid(Birefrigent) B ¥ 2 2 L g foo

¥ Sk b B3 54 % 48 (Uniaxial Birefrigent Crystals)®_p 547 & 4% & f 4L & #
PR S B o d Y R RS HE R T 0 B BB EEIT R [ERI-D E gk o
fih o B BRI AL 5 kB #h(Optic Axis » OA) » % TR e LN B > FT R

BT H S AT » Pl TR I f£ 5 Ordinary Ray (O-ray) 5 % * 7 OA >
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AI# % Extraordinary Ray (E-ray) > B 2.20 o O-ray chd78f 5 (n )7 € 58 % » 5
®h e it A Eoray ST (0 ) EF MM w3 A f R o d i
w2 o (k)2 OA #%ehé B(0) AP v rdn a5 2,18 -

2 2
21 _ s;n 0 +00529 . (2.18)
n-(@) n-(90°) n

F0=90°p > n(@)=n, ; O=0°FF > n(O)=n, - Bl 2.21 % 77 § A 475 & RE(n,
<n)E A EITRE SN, >N)P AT EE F A L2 BFArid 2 adrit S g

L e x Y ATt S B s B L o

A OA

E-ray

O-ray

& 2.20 O-ray and E-ray

231 -



Negative birefrigence (1,<n,) Positive birefrigence (1,>7,)

Optic Axis 0A

Optic Axis
E oo 5} E

1 2 L -
.\\>:k 7/ _\\>:-k

/
o 0
90 90

1n.(0) n,

n(0)

B 221 k202 @b ik
1A & - (Type I )& Phase Matchmg 5 )0 F A 3] & ¥4 > » &+ Extraordinary
Tt EA(0) Bl E & Ordlnary R -’?‘:’-@ ﬁﬁ?l«iiiﬁ»@w) s A Al St
&+ Ordinary > » 97 Bk (@)’ E] £ q-EXIraordlnary w44 SHGRw) fe & 6
Bdrit 2 R enid 1218 o 9}:’?]‘;5 i ¥ P’% %”"49 JL =3 Phase Matching &% - )

222 "— A,

Ne=ne(0')

n(20)

Ne(30 ) Phase matched!!
ne( n,(800 nm)

=n_(400 nm, 40)
ne(90)

Refractive Index

| 1 1 1
0 500 600 700 800

|
200 300 4

Wavelength (A/nm)
B 222 #4470 > 7 A5 B A RPER PN (0)=n,20)

@ i ¥| Phase Matching 3z %
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221 Al - &A1 = (Typell) 238 17 SFG # $ pF 52 Phase Matching
a5 e @ v A A SFG HHpF > 4o ¢ % Type [ chzb it Skl 0 £ 220 » 57 iff
TEA (o~ 0,)PTHF > 2 (E ~E)F- R A #&#E N LD SFG(o, =0 +0,)

HEH> w(E)E8a » T3 (E JE, LE) &30 % 5| Phase
Matching( Ak =k, — (k, +k,)=0) » ¥ ® jE 18 & & cnf #>c % > B 2.23 o Typell ¢h

LR SR Rt A AT EBADTE S v R @ g4 ke SFGo H

e g Bap S o st - R(E LE, 0 E, JE > o,20) B224-

Positive Uniaxal Negative Uniaxal
(N, >ny) (n,<ny)
Type 1 n’w. =hw + n nw. = n°w + n°
;O =@, + 1,0, ;0 =1y o +1, 0,
Type Il e, = N°w, +NSw, ni@; =n‘o, +Nlw,

# 21 7 s Phase-Matching 78 57

Type I Typell
E //E, LE, E,LE, E /E
Positive (e) (e) (0) (0) (e) (0)
Negative (0) (0) (€) (e) (0) (e)

%22 »HRBEA BRI OTEL > BTH D e alp M %
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Negatiye birefrigence crystals

Type I [op View
m, OA
b

- -
A L1yt
/ IBRE

'l
. /
e Bl SFG: o, o, 0,0, +o,
SHG: @, 0,20,

O Input polarization LOA

O Rotating axis // input polarization

W 223 Frrier Typel f 21 & 4 GOIF 3 45 DR 7 B

Negative birefrigence crystals Type II SFG (Top View)

TypeIl OA
o, £
o, — o0 to,

seed  EKEEN

dimesy / T
o7 . |

’ .
0,30, 2 0, Typell SI I(Iil_\(’{"l‘mlr View)
@@,y for largest 4" Em

OA[ E = E'(;J ]:“]
]

B 2.24 5 vR&® Typell j 3 sl lwk’iﬁ—?ﬁﬁ’ IR T Bl
7 f2 SFG & 3@ 12 2 Phase’ Matching™ *7 7 £ i & 12 {8 > ¥ 1 Frag
Up-conversion R 4 il B>t 2E4 14 5 48 > PL 2 Gate Pulse  PF R E A zbap 5
Wy €4 SiEA O ki | Phase Matching e7if i pF > 3% i i & 10 i i 3+
@3B e SFG #3055 > B 2.25 - F % /5 d Optical Delay Line % ¥+ Gate
Pulse s 42 4 > i Gate Pulse I|:Z 2L W ehprflF 3 77 o o dopt — k34

A EE R REFPRE DR A R 2.26 -
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Phase Matching

Fluorescence, m,, o g, 20
¥ N e »
e >
--------- ‘ SFG (!JPL +(.l)(
Nonlinear
Gate Pulse, o Wppy 2Wp;,
Crystal
O Ogpg [\/\/_> Wg
_)'NLO mPl.+m(i - - -‘--- "
Crystal b W_»
— WW—> Wp
\ 4

Bl 2.25 #E 1 Phase Matchlng fs >

,r"l

¥ 15.5] i ?_J SFG}@;&%}% 5o
4?:_ﬁﬁfﬁ*i%

Excitation pulse

/ Fluorescence
&

SN

o

Delayed gate pulse

Delay time ‘//

Bl 2.26 <% Gate Pulse 7 Delay Time °

TR ALY GRS R P g )
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3-1 Samples

PR R EEFREAET S (LR B E ST L A
P & 3 & & & (Molecular Beam Epitaxy » MBE) = & 97> #& % 5 InAs/GaAs
Self-assumabled Quantum Dots (QDs) ~ InAs/GaAs Self-assumabled Quantum Rings
(QRs)# /i *+ QDs f= QRs 2z [ e7 InAs/GaAs Self-assumabled Quantum Volcanos

(QVs) -

3-1.1  Stranski-Keastanov (S-K),z: &
FAAGE A LR SR E S S InAs/GaAs 3 S MBE - 1
S-K &2 ZHird keh 2§l 3l o SSK B EAp BF 3 ¢ > d 50K 12 e

TR T%) 0 AR X IUEA(Strain) B B A 4 ¥ g At

=K

AR A 2 b R R B - 87758 A pF ¢ L 3L 47 (Substrate)
FEde— K O R R K (Wetting Layer > WL) » A &2 0B & B d 30 f 12 % #7

oot Al B A A A S EE RS A B R 40 f SRS g

MI - BERAE o LT MR FR AR g p B - B
BB MnT G BB EESE A RS2 M R A R
Grundmann £ Bimberg % # % 11 £ F 35 4] InAs £+ B Baoe chd B 5 45°

e ) ki B 4 R AR S BT R R D 60% T AR B A
SRR FER A WS AR - BRE TR

Hid § At FBLBR] (Y 1% T) d33E4 B3 5 0 B
Az a2l g i ﬁé B 03V L 5 Frank van der Merve (FM) g & i2 5 % A5 12 %
BeA B (<T%) PRI B~ 0 B+ TG gfpz w0 @ g8 =
Aenf kB > BN AE S Volmer-Weber (VW) & do i '
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deposition of wetting layer
1 ‘island’ formation

= :
> A | barrier layer

barrier layer

— —r- —-

Bl 3.1 S-K % & i in 42 ]

3-1.2 InAs/GaAs Self-assumabled Quantum Dots
B Btk &% = & 3 GaAs Substrate (001)® + > MBE # > 5 Varian GENII
Solid-source MBE System -
B33 BI32 ol ivA A 3T AN R
1. A 600°C &8 * = £ 200nm GaAs Buffer Layer % % % Substrate ;
2. =& - & 30nm Alo3GaAs § 1Tk ik 'TA(Carrier Confine Layer) ;
3. & - K 150nm GaAsp.t & X i & BarrierLayer ;
4. Barrier Layer = & FfE snglis wgf2 ¢ ¢ R R & 600°C "% 1 520°C > &%
= &£ 2.6 ~ + & (Monolayer) e InAs*> # & chiE 5+~ 9 4] &
0.056 um/hr - InAs & GaAs =778 7 ¥ fic* X4p £ 7.2% @ Fl&tBip ¢ p
B enA) = gl B4 (QDs)
5. 3 2F 88 BE- & 150nm GaAs> ptiEA2¢ ¢ HIE R 2w 6007C ;
6. # ¥ & 30nm Alo3GaAs » fie & 5 38 2“7 & 11 Alp3GaAs > & R PFT
FE L R Gos cnfS S 0 Sk B0 B 26 PR ¢
7. BB EAAHII A4 WIEHEE - fRehB S8 A P P A5 R
R L2 AP RDER -
FEHATR Y DR ERERE G Z M a9 B S - (Im4683) i iF
R (IM4628)% 1 5= (Im4630)>: % 28 4 @ #-g R % 3 480°C » ¥ ® & &

2.4 Monolayer s lnAs > @ &= { £ h+ + & 10 K 8+ 8> B 3.3
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L O
50nm GaAs

Onm Al,,;Ga

D 150nm GaAs

200nm GaAs Buffer

GaAs Substrate

3-13  InAs/GaAs Self-assurabl
EF% B34 HEITE AR T BA A Uf - & 9 2nm GaAs (Capping
Layer) » & ** £ 3 8. | % [ GaAs 364 chfdh » ¢ FF3RA G § WEST 2 @ 25
Bk e o B350 R4 (T BEARE > ¢ Bwfeehiz i S AkiE e
PR DEFRRELET A HRE e (Imd593) ~ &1 (Im4729)
B (Im4691) Rt 4 fo- 5 A B 7 e PR 4o di (4 977 & e 5 IR B4R
Hoe e ST d A R RS 0 AR R B 0 T R B L LA
#(Quantum Volcanos » QVs) ° 1% &~ (Im4642)71] £ 2 4 # g & '8 1 540C - &

FH T kB IR o
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150nm GaAs

~ 50nm GaAs

150nm GaAs

150nm GaAs

: m A10.35G':

0nm GaAs Buffer

B34 £ RDBHEL T F
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2nm GaAs
Capping Layer

¥R P A EESE TR
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3-2 Morphology

3-2.1 Atomic Force Microscopy

AFM Z A1 * R+ F ™8 % 4 (Van de Waals Force)#73 & ) &k e— 38 £ |
P R - BiRadF SR RS OR R AT L AT RS
Foam g FRIAERNNEL o d FEFTATABERSEL G B KA KRD
oo RGBSR % en AFM & Tapping Mode 7 AFM - 3] 85 §_
Digital-Instrument-D3100 -

B 3.6 5 # 5= (Im4628) % 4 5= (Im4630) & F B AFM 4 & 25 B » 1344
# @ (Cross Section) & #7 ez 34k &= B2 %2 £ 3 B0 & 5 20nm» % 5 2nm >

2R G1.2x10"em>? o

B 3.6 1x1um’ AFM » (a) 5= (Im4628) ; (b) & = (Im4630)
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B 3.7 545 (Imd642)8 5 i AFM 4 & 25 F » 50— B3 RA Y

60nm - B § lnm> ¥ Fw g R G 2nm o B A 9 1.3x10%cm™ -

® 3.7 1>'<1,'um2A;r:1}/I : ﬁ;‘%— (Im4642)

B 3.8 k- Hizix ,;L E s S B RiEAY L B2 A S
AFM % & 255 R > e B ﬁgpm$}§ /] 2.;10‘_0.(;&2 o # & — (Im4683) & + 8Leh
& % 40nm > 3 5 14nm ; & r‘%mr(lrrf4593) QVs % % 50nm > % %) 2nm > ¢ P
FeiE R % 0.8nm 5 % 57 (Im4729) QVs eh& %) 55nm > & %) 1.7nm » @ & v
SRR S 2nm ;RS (Imd4691) & 3 Heh& K 60nm » F X lnm > ¢ B w0 e

E % 1.5nm °

-43 -



Bl 3.8 1x1um>AFM -

(a)# 5 — (Im4683) ; (b)# &= (Im4593) ;

(©) &7 (Im4729) ; (d) &= (Im4691)

3-2.2  Transmission Electron Microscopy

FI% AFM 2R 8 3 Thend o SR 7 A § HHETY W iR A -
TAREL o TP APRL I TEM 2 A €8 F Ten B Al o At o AP Ep
& A * 3% 841 TEM (Field Emission Transmission Electron Microscope) » 3|
5.4_JEOL » JEM-2100F -

Bl 3.9 £ & (Im4691) 2 + Fhen~ e FIRE A 6 B > ¢ BiFd vz L2
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GRG0 0 ERR B T A PSS B LB Y - B SRR -
B3 Ba 2 By VR WIERTERIT IS R FOG o F 17
LRI E]S B 2B - b o B 3.0 LH AR R AR BT AT
41 TEM ]+ 2 860 4 3~5nm> 574 15-20nm = 4 » %4 B° £ £p b ¥

WHETI R T RV ERTUER o M RGRTUNE I E S R A & AFM £ (F 0t R AT

EREEF RN VR BFEMRE S B ERSEH blde Top View

F13.9 25 % pRREE s B

- 45 -



_46 -



3-3 Steady-state PL Experiment Setup

ﬁﬂ%i@%%ﬁﬂﬁ’%TQ%ﬁﬁ%%ﬁ%%ﬁ‘ﬁ%ﬁ&i”’ii
2 B G TR NER R R TR TR AR g AR S - TR R
SN A e

A EFNERLBEAL L FTHER S R FRLZ GRBESBING R
301 o g * eng B kiR 5 45 EF £ F 5 (Self-mode-locked Ti : sapphire
Laser) » ¢t & #F%_Coherent = # 0 A & > 3| §.4_Mira 900S - Ti : Sapphire Laser
E-LAPAETH A NEFAAFTAAHERT > FP R REPRET D
el S E ot i IR S 4 700nm~980nm- T &+7% =5 & £ 150fse Ti: Sapphire Laser
A § - 8B F B(Oscillator) » 5 ¥ - i § & (TF R AL NAQET
% flF o @ AN Ptk @ % Coherent & & 31 &2 4ud 4 /4 (Continuous Wave » CW) &

Z B4 Nd 0 YVOs 7 $+(Solid-state, Diode-pumped, Frequency-doubled
Nd : YVO, Laser) » 7| 5 8 Verdi™ V6 & {e3%c%F /i e Diode Laser & & % 532nm >
B # F K 6W o AR R T o TidSapphire Laser >t & £ 800nm pF » T 355 5
£ 5 900mW - 4-%% Ti : Sapphire Laser sh1 i€ RIT > B30T — & (F4cit o

k2% ik 5 Jobin Yvon 2 @ 4 Z e GEMINI 180 » #* 5 & 3 ik endF g 43T % 5L
w#%ﬁsﬁﬁﬁggsm)wﬁﬁﬂw??>~v?+’ﬂﬂwﬁj—nﬁﬁziﬂlz 2 d] Tk e
oo PR AR HRE PRI UL R AR S B e o ko
& AT ona Bk 4 (Grating) f£47 & 5 1200 gr/mm oPL k2 @ g E ¢ * InGaAs
PR F R R R B0 B & 800nm~1500nm 3T ke h kB 3T fe &
T+ 4 ad ke % 5(TE Cool) » B ik il p s o

F s pE LA - 2 Ocean Optical e ] 3] Sk 3 & > 7 r2 3R 2 930 3# 9023 & T
Sapphire Laser ek & I #7% & chjl Bu > 452 % 1 * £ % & ¥ (Neutral Density
Filter » ND Filter) k #574| § Sz 5 % 0] > 2R{8B-F b4 g &b o ) &3 st )

ReNPL G RIFIT2.18 > L 5d B B2 Aot A Em
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Z ”‘(%}'%E’%: F oo %%"E’% gﬂi%ﬁ,ﬁiiﬁ ’ ‘}\‘. TFB fg E‘; JllE«T]JEﬁ%giljﬁ’\fi E‘f”%g%"g%%}i .

-
=3

&m

N

g Ccw Neutral
532nm Density Filter

081 INIINAD

Ti:sapphire Laser
Pulse or CW
700~980nm  nrrA 900

] 3.11 SSPL 5 = % % )
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RERTLELFIARLN P RAFATFRPTHRE T LL DY L
Koo B 3120 H P OB ke 2R R PR - MR 4 fr i (Low-temperature
Chamber) + 2 Z ] jf (Mechanical Pump) ™ % 9§ % i & 4 /B 45 # (Close-cycled
Helium Cryostat) o & P|PF > $& &35 » 4 frgp o ¥ 4] e 9K~300K 2 ¥
T 5k R -E_PicoQuant = 7 4 A % br3\ = &48 T S (Pulsed Diode Laser) » 3] 5%
%_PDL 800-B> %] dk £ 5 635nme k3 & 2% (> §_Jobin Yvon = £ # & e TRIAX
550> & @ @ * 1200 gr/mm =7 Grating o & 2 0 R84 > 4@ * 7 InGaAs 1§ i

® 22 TE Cool /4 #r 5 s kfEjaiT it L B e PL 2B -

PDL 800-B m
@

NIR-PMT

Diode Laser I
Pulse FWHM ~ 50ps “'“““'":_-:::-v-')

Cooling 635nm

A Long Pass Monochromator
Close Cycle Filter TRIAX 550
Refrigerator

B 3.12 %% SSPL 5 2% % X [
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3-4 Time-resolved PL Experiment Setup

3-4.1  Self-mode-locked Ti : sapphire Laser

: Sapphire Laser &_F A2 4% A2 1T 849% hrend & LR > ﬁgl IR
% (Full Width at Half Maximum » FWHM) %) 150fs en§ &47% fie » % 7 Repetition
Rate 5 76MHz -
F L gRIER T ALOs & 4 17 5 3 ¥ 4 (Gain Medium)» & #0 o Ti™"
B Pk ALOs BHE Y S AP #ES » aik R 9 5 0.03~0.3%  Ti' 4+ ik ses
Fld R R Sk R o d Y TP ek ot A chd X

26% > Flt ER T RRE BiRizd om0 BINT HT

l,g

i€

183 il TEg A A 0 B ¥ 7 A9 100nm _ﬁm»rzga; 4 o B 3.13 #7570 Tio : ALO;

o L5 e £ 38 19 . 400~600nm R - @ ok 3 o 45 7 S0 £ (~800nm) 2
HALET 98 600~1000nm -_ e [f] > ¢ 19 Ti: Sapphire Laser
B g SR E T 2 B 0 B0 d vt e s TP 1 ALO;

AT AR R

400 500 600 7FOO 800 200 1000
Wavelength (Nanometers)

B 3.13 Ti'" : ALO; Crystal vy £ 3 b & 2

-50-



g T D ALO; S BT 1% o S5 0 % & 4% B (Mode-locking) 2.
6 i kB2Lq FaRirs B o
B 3.14 5 % % % 0 Ti : Sapphire Laser Oscillator > P1 + £ 5 gl = =% 2 & §_
WEM R Pl 225 2 23R% > 2 & 723 % Pump Laser » #tcd & 2
WAEATH T kB 50 BDRET iRt & FED S BHMAEDTE 0 F -
4 & 3 94 % o0 Gain Medium ; % = £.& 5 i § 7 Mode-locking #5415 % = &_

& F ¢ Ao epio iz 200

M2 I ocC
M6 BRF Butterfly

M3

M : Mirror ; L : Lens ; P : Prism ; BRF " Birefringent Filter ; OC : Output Coupler

] 3.14 Self-mode-locked Ti : Sapphire Laser £ § & i

(Mira 900S > Coherent)

d & = ¥ #& 4% (Fourier Transform) ¥ &v » & 1 F|4¢ ‘& h 3 7% = > Gain
Medium 3 K45 B S B 45 % o ot o i B R OE S R A ke 8 2 A ek
@7 T 1 ALOs #F 600~1000nm + & ff i 647 5> )t 224 3 £ (7 5 4gm

T 5% R g i B &0 Gain Medium
T PAZ B R ﬁh‘mﬁ?ﬂ s A EIRIER & & 4e xif 0 Mode-locking

#] 0 8 % R AMETOT 5D - ] #H(Noise Spike)itm = £ 2 ®%K B o £ Ik
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AN R Ly &) TG FRPESFAF S FHFE I R 4p = (Phase)n
Cavity Modes » Mode-locking ##| i ¥ 4} % ¥-iz & Cavity Modes » I ¥ F4F4p >
- R AT * ch Mode-locking B 5 s f o3 &4 i B T (Kerr Lens

Mode-locking > KLM) » 4] 3.15 #7755 -

. CW
Kerr Medium

Modelocked

D>

Lens Aperture
Laser Beam Laser Beam
Intensity Intensity

13,15 Kerr Lens Mode-locking

AR chdT i i n SEF R 5B (L) e de 3] o

n=n, £t (3.1

Bdon, A&k & @B 3Tt flfoo n, 54T S b Thlice - on, 3R] o
TR BRSO IR P A G 21l g
S bt S Y KA P AR LR R 0 S BRI R AL S R F s 2 s(Optical Kerr
Effect) « %1% — & 5 B 7@k e = > Nyl #0id & erdq i 5 8 1L > #5142k e
utdk o pERF € IR 4P 3% #7(Self-phase Modulation) > & {7 #% A B3 4o
ZRPA NG ER D FIA kR FIP A 4 R it s ¢ FINA
A g BB S R AL F A R A R K s k(Self-focusing)y # (R E B A F A
A o

%’gﬁ Optical Kerr Effect » #% 7 41 * Slit 354 i< 3 & 03 FFH-E > B 3.16 0 #

3

WA T BRI T B S E et el T - B A AR R

-52-



e B F] @ AR OLE S T W EL AR R S e

CW Beam
Cross Section

Slit

Modelocked Beam
Cross Section

Slit Open -- Slit Adjusted for
no loss for ether Modelﬂcking =
modelocking or CW mere loss for CW

B 3.16 FI* Slit %55 & g L F SH3EH

@Wﬁw?%f%ﬂ’Wﬁ%%ﬁm’%ﬁﬁ%ﬁJ@ao%@anwﬁ,

% i % Gain Medium & ﬁ.gs Jcﬁé,e,’ £ e HUE S i

K 5 ST ) g i J,; FE

1.8 y ;
-"—:—* 2
f% M)(3)

X NRUN N ] e g B A K ) e O T 5 1 AR

*% f#=(Chirped Pulse) > i& /8 IR % #i 5 #¥3# & ¢ 47(Group Velocity Dispersion > GVD)

Transform-limited
Pulse

—> Chirped

broadened Pulse

» 7.
B 3.17 Fl@4Ei# %7 b @ A 4 ¢ Chirped 7L %
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— AR B P B R et BBl o R @R KB T
B 3 PR e sy o SRR R AGVD S F e K AT S ] B e 3R e
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4-1 The Ground State Carrier Capture Rate in The

Quantum Dots and The Quantum Rings
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4-2 The Ground State Carrier Dynamics The Quantum Dots
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4-3 The Carrier Dynamics in The Structures Evolved from

The Quantum Dots to The Quantum Rings
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