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Studies of Magneto-photoluminescence of InAs Quantum Dots
and Rings

Student : Yi-Shan Li Advisor : Dr. Chien-Ping Lee

Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University

Abstract

Magneto-Photoluminescence. spectroscopy was used to the optical transition
properties of self-assembled InAs quantum dots and quantum rings. With the
evolution from quantum dots to quantum rings, the emission peaks of the
corresponding optical spectra shift to higher energies because of the enhancement of
energy quantization from the reduced structure height. Rapid thermal annealing (RTA)
performed on the quantum dots reveals an emission energy blueshift as well as a
reduction of inhomogeneous broadening due to the atomic intermixing of In and Ga
inside the dots.

When a uniform magnetic field is applied normal to the sample surface, the
emission peak shifts due to the diamagnetic effect and the levels with non-zero
angular momentum split due to Zeeman effect. The diamagnetic effect leads to an
energy blueshift in proportion to the square of the magnetic field. The diamagnetic
shift amount of the ground state emission was found to increase with the excitation
power. This increase is attributed to the more extended exciton radius due to screening
effect at higher excitation power.

Using higher excitation power, we have also studied the magneto-optical
response of the excited states of quantum dots and quantum rings. In a magnetic field,
the excited state emission splits into several peaks due to orbital Zeeman effect.
Different splitting behavior was observed for the dots and the rings. The first excited
state splits into two for both the dots and the rings but the second excited state splits
into three for the dots and two for the rings. From the amount of splitting, we were
able to deduce the effective reduced mass of the excitations. The obtained values
agree with what people generally agreed upon. A larger effective mass was observed
for rings as compared with that of the dots, and it can be attributed to a higher degree
of Ga-In intermixing because of the thermal annealing cycle during the growth of the
rings and the higher emission energy, which gives rise to the band non-parabolicity
effect.
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2B wp M eod B=0F 0w, =wy % 0D wo ¥ wy €3BT w /20 Ft o
BB BARY > . § AR P P R Rk o (32)5V 5 TR
<M(ﬁ)=if o (35)
" 5 ™M\ 203
S NN 36
= . 2 . 2 .
{p = h 37
B= [2mw, (37)

LY (x) % Laguerre-polynomial » £ % # & A& (magnetic length)  #-(35)5% = » (29);4 » &

PR F g S e

eif’cp pZ eiécp
Yne(p) = Nez —@ne(p) = 7 fn,I{’l (ﬂ) N (38)

-10 -



Bots o fRd kehi i s B S
Enp = ho,(2n+ €] + 1) +%th£ » n=012.. » £=0,+1,%2,... (39)
LEBFF B=0=2w.=0=> w, =0, > it & HE g >
Enp = howo(2n + €] + 1) (40)
nfel Bt ipz o Rr 2 RE > FUEDARFEEF R o Ll HHcp o 4oR
2-3 o ¥tik fi (ground state)® % 23 B § & & 0 @ % - g fi(first excited state) 7 &
iR 0 % = s fi(second excited state) R F = B ARk o gt EEdE o AR o HEE R
mEoRMNERBEFFHEDGE R §EFES T R TR 2 F AR AeR2-4

TR GA S EE >0 (Zeeman effect) » #t & o B F 5 E & 4 4 (Zeeman splitting) o

E

N

4 d-shell
3haw, (0,-2) (1,0) (0,2) e
2hw0 1 p-shell

(0:'1) (011)
1 _— -shell
hao 0=y °
} } } } } > {
-2 -1 1 2
Bl2-3 Pede fed B 3 gLl om PR 2 B
1,1)
0.3) 0,-1)
(0,-3)
> | (0,2)
1,0
g ( ) (0'_2)
C
. M
y
(0,0)
Magnetic field

EL]
3
X

it
Cg_u»
I
W
:_‘ >
Ik
Ak

Bl2-4 LA REEIIE I i ™ 0 £ 8B
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T R T - R L BB R L B B — o0 = we D g

w
= wp — 76 C F R R AE T B
1 1
Ene =5 hoc@n+ 1€ +1+8) = ho, (nL + E) (41)

n =n+%(|{’|+{’) (42)

v o= 2 PR z e 1 . 2l s
n, = index of Landau level > § n, =0 FF > it £ € 7 &/ &5 Eyp = Eh“)c o R E i

>

i i (0,€) = (0,0) ~ (0,—1) ~ (0,—2) ~ (0,=3) ~ ... 3B i fi BREHARIT A

=

P it

=k

gl T F Ey =§hwcfﬁ?nL=1 s B 63 (n,£) = (0,1) ~ (1,0) ~

(1,=1) ~ (1,=2) ~ > ¥ EEAB G T e B 8 8 e g 127 o )25
i

SR RO i B PR e

-'o

>
=l
ol

X
\

D
% VA
K

6

4
§
Q)
\

A
|

i
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Y REF RPN R4~ - B3 EH B =B Ao B2-6(a) o v £ LA S o B

B¥ ok TRFRG RIEEE O TUEST §REE IR DT TRT 0 RA S
EF A FPE R kg BRBEE AL RN TR 0 L AEHE» £ 4 (vector

potential) A £ § #: 58+ k¢ ¥ TR+ chhp iz o

> N

£

1

- T

N _ » &

Z——————-p ~
S

v
>

d Stokes’ theorem+¥ 4+

jg,i-dizff(ﬁ-j)-d§=ff§-d§=q>3 (43)
Cc S

CDB = T[TaZB (44)
#¢ o Dy L gl £ (magnetic flux) - @ B 4 5

. @
A==—¢ (45)

2nr
h¥ag 3T o — F 43 oHamiltoniana A ¥ £ 7 2

H =
2m*

1 (Ao o\ 1 I
(TV—qA> V= (—h2V2 + q%A% + 2ihqA V) +V (46)

F_&

B3RP R V=00,<r<n) ¥ T REFIRDERLF TE1,—1,=0 "

FTARL- BRESN- AE IR BEETT LN Oy =nr?B o # Hamiltonian 725 30



% o e

1 [ h? 02 (qdp\*  hqdg 0
H= 2m* _r_zc')(pz + (271'1‘) T nr? 0 ll/)((p) = Ev(e) (47)
fRSUM pe s > AR
2
o
307 ~2ip > rhi e =0 (48)
_ qq)B
ﬁ"Znh (49)
2m*r?E X
€ = e -B (50)
;GO (xRN R
P = Ae™® (51)
& x (48) 1 218
A= ﬁ+,/ﬁz+e—,3+ —\V2m (52)
Fli o =2mp > Aadcy(p) =@ > Ft A5 FEk
r
BEzV2mE=1¢ (53)
s iz
£, Z NN ({J q%)z £ = 0/%1 +2 54
¢ T 2mir? 21h IS (54)

2V ¢ 5 4d§ F 3 #(angular momentum quantum number) - =& Tk F 2 Tk 0 B

h? by
E, = —(i’ + —) P =0,41,42, .. (55)

(55)3% ¢ » T ELHEIIR F A 0 L SLEHEIIT Faly o @y & & £ 5 (magnetic flux

quantum) > ®,=h/e > H*? h 5§ ¥ 5. ¥ #(Planck’s constant) - 24 (55)5% > ¥ 1 (B 3

P AR RS R A BRI EA DR o] 27 0 LR BT kT A
) .ﬂfﬁm,}r%}r{g?ﬂ”ﬁ BBEELE R EEF N RS F AR o ¥ A
bR BRI ML §EFRE R A ) =0 f=-1Df=—-2—) 2 E3
ORI BT T E€F - BF RIROYDRT > L RTE- B Pp T

-14 -



Ph - B Pyl PRGFEFLIFTRS LRI RPN XIEFTERA 49,58 4p >

W 3R F R4S AB i (Aharonov-Bohm effect)

Energy

=0 t=-1 (=-2 £=-3

Magnetic field

B 2-7 R+ 2RO F P 2k

KA SR I RIL G BR(eR 26) Tl bt hiny BT ERES

S
N
il
|l
|l
4y
i
fat.
\F‘b
m*t

B g 4om 287, v 1 'ﬁ I Al LR

Energy
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% BRERHESISER

31 # 5 1

AFET @ R 4R INAS)E F 20 2 B3R E R Y &3 L & &k S(Molecular
Beam Epitaxy, MBE) 2 & » & + ghefk S5 440 ] 3-1 %771 o f 4 » & 600C kit ™
AL A b 4 (GaAs)z 1+ F = & 200nm = GaAs i ek (buffer layer) » # i€ F da chd 6 T
BOLE GRS G dk e B £ & 30nm 7 AlgasGaossAs il s §U 3 i UK (carrier
confine layer) » r4 3 4v sk g &« ZA{80 R = & 150nm 9 GaAs > ¢+ & = F % barrier layer >
EF QR R D 520°C » 2R fg4I* Stranski-Krastanow (S-K)= £ = ;= k& & 2.6 » +
& (monolayer » ML) InAs > Fl i 2@ Teh 5 & > B4 f%m A 8> ERLi#ESFY
Fr#4) %0.056 g m/hrog & + BEA (5 L BE R 2 v 600C T 2 B E - & 150nm 7 GaAs -
?f:} ¥ & £ 30nm 9 Alp3Gag7As: B i % # 50nm 1 GaAs f%é%fsﬁ#’i@i Alg3Gag7AS
FRoZ T ENEIHERF TIPS GRAME AR AR SIRTEE ¢ AR DR S
gt A& -k 26 MLaInAs € + g > 30 R & 4 k8 cgk (atomic force microscopy -
AFM) ¥ 45 8 5 0 1245 AFM # 35 cns % EREIGNE FUE RE P EE

S E S4BT B 5 LMA683(QDS)2. fl it 5 5v s

4= 2.6 ML InAs QDs

50nm GaAs

30nm Al 5Gag,As

150nm GaAs
<= 2.6 ML InAs QDs

150nm GaAs

30nm Aly5Gag5As

100nm GaAs buffer layer

GaAs substrate

31 5 ERfE SR
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B 3-2 2 % %5 LM5133(QRs) s Hm AW - 2+ HenBie 2 54y F a8 §

A

FBEILES o A R E - &+ X 2nm < GaAs (Capping layer) - GaAs & & ¥ £ + ZLefiziE
B IR % (dewetting process) » &4 HREF B wauF[In)h F g o b Em A8 P 4w

Fehthft 4P 0 8 5 BhhA) 3 o] 33 ¢

¢= 2.2 ML InAs QRs

30nm Alg3Ga,;As

¢= 2.2 ML InAs QRs

Lattice mlsmatched material
Growth (InAs grown on GaAs)
SK mode island formation
(self-assembled QDs)
Partially cap the island with

a thin GaAs layer

Proper duration of annealing
for In surface migration

B 3-3

4

&

&

(]

47 LW
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BHFT PRI LRE I RAELT A LS B - 2SR A RS 9 2x10° cm™
w4 LMA4683(QDs) ~ LM4593(QVs) ~ LM4729(QVs) 4 2 LM4691(QRs) » F % 4 &

Bk o kgt H R R R DR SRS FME Py kR R

B B AR E T - R Y AR AR E IR REEREPFL A T - B

B d i D B ERBEET o AR EF TR FRS FILFERARMNOR S
13 A IS R BB 0 A2 9 1x10° em? 1] 9x10° em” £ 0 gt r e

245 5 5 RN0069(QDs) ~ LM4698(QDs) 12 2 LM5148(QDs) » % 4 £ 5 7 % &
LM5133(QRs)!4 2 LM5149(QRs) -

LM4683(QDs) ~ LM4593(QVs) & LM4729(QVs) v LM4691(QRs) iz = * & %255 + fi_
EFRFRIE T RDERL B P E TR AUEER T P2 RR G H Y
LM459(QVs)3 % LMA729(QVs)F] & 7 & W ff e A i #7125 iz -\ L) 4 (quantum
volcanos > QVS) - igmw F i i B % R E R E F BLigie | & F R oife? > d 0%

3 B 1]

WL R ¢k WE LT Pk e

\F‘b

<
+ %

=

FAG A RILZ BR

~

AFM k¥ k& and g - T2 KRG 2477 M B E F SHEa0t o - Bl 34 5 fR&

LM4683(QDs) ~ LM4593(QVs) + LM4729(QVs) 2 LM4691(QRs) &4 & 2 52 ) -
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(b)

(a)

(d)

(©)

2558 (a) LM4683 (QDs) (b) LM4593(QVs)

B 3-4 1x1um? 5 AFM % o

(c) LM4729(QVs) (d) LM4691(QRs)
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‘3\\-

# 31 e P&

ARSI ¥ 3 AL

4o pMFRA A 31 ¥

2
Ak

aasfgfégif’;{ii ’ é;}

LR LR

;i,\rg s uiﬁkmfﬁﬁ&:ﬁ—c\ ’J’Kg|§}§1'+mﬁ f"'% %‘}i"

T BRAE b

o~

@5 AR

R o 17X R R

AL F AR Ly

SRA B ¥t d ARM k&4 e gk v N EDE S

AOERE S RHEE T AR kAR

LM4683 LM4593 LM4729 LM4691
(QDs) (QVs) (QVs) (QRs)
Temperature (C) 525 525 525 525
Rate (um/hr) 0.056 0.056 0.056 0.056
Deposition 2.6 2.6 2.8 2.6
amount (ML)
Anneal Time (s) - 50 5 10
Anneal Temp. (‘C) — 450 525 525
Base Width (nm) 40 50 55 60
Height (nm) 14 2 1.7 1
Hole Depth (nm) — 0.8 2 15
Density (cm™) 2x10% 2x10% 2x10% 2x10%
Ground state (eV) 1.099 1.149 1.171 1.222

‘«‘,},‘—‘f‘?_m%\m "Uﬂlj& K
T3 RaEARY 4 RS B
B R gARKAR] o

PEIEF RBP4 m At ] fHPILS AR

% 3-1 LM4683(QDs) ~ LM4593(QVs) ~ LM4729(QVs) 2 LM4691(QRs) il 4z 1% i 2 <

40 s A RS
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BRAEFE R EEFRRKT LT AR R
20 BB RF R ABE TR Tk FlE B4R g F

Bk iAo, HH -

ARSI F B A R

SRS B P R RS PR ARG REIIG s 5 R
BiEE M AL BARNY R 50 IR BEARE LY FE L T LEs

BES RRERRY 0 R BARRSHES o 4 32 L E

i
s
¥

ﬁ ﬁlﬁ_{_l'—v— =1l &

B kBB iR S A 3l E O ERTERRE @ @

LFBELY # O T
oi#’%aaﬂlg-}iﬁr‘g ' R
FHL o T A

Bk s AR

Moo ¥ R<fs ik o
RNO0069 LM4698 LM5148 LM5133 LM5149
(QDs) (QDs) (QDs) (QRs) (QRs)
Temperature (C) 510 544 550 535 545
Rate (um/hr) 0.056 0.056 0.056 0.056 0.056
Deposition 2.6 3.0 2.2 2.2 24
amount (ML)
Anneal Time (s) — — — 10 10
Anneal Temp. (C) — — — 500 525
Base Width (nm) 110 78 73 70 87
Height (nm) 10 27 3 1 0.5
Hole Depth (nm) — — — 1.8 0.5
Density (cm™) 1x10° 7x10° 7x10° 9x10° 9x10°
Ground state (eV) 1.104 1.126 1.159 1.218 1.225
%32 ZRtrEORUEEEE 4 2 AERESENE
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3.2 kjEwm F ki
3.2.1 7 k44

% g ¥ % (Photoluminescence » PL) il w e k3 4 44 2 F TR ¥ 7 T F J

=

PB o AR EER T RO AR 2 4§ #H4R & (radiative recombination) 0 ¥ 3x g k3 chi A ¢ *
PSCRAEE 2 SR Sel SRyt & SRR ERLE E EE sl S - SEIE S SR K T S
Ao A FBEEURML T e Jid A AT KT B e g KSR B R
B ieeane TR 2 RS TEE

LR kg ¥ RiEARACB] 3-5 o RS T » kT chi £ 0 F O~ Bk T i
2 & F 0L E i BpF > R A (valenceband)en @ £ ) 5 EE T~ kI hi £

B8 3 % T 4 (conduction band) > %% T4 F T Rk A 5E 0% F 7 F 44 (electron-hole

&

pall’)’;‘fﬁ.%;ﬁc} ﬁ»; mIfe* > TFET R g%ﬁ»{agk\« £ A\QJE'J%?“%“I;?T};'?&%EE%_

B 2 o RS T IR E AL IFHARE DT G ko

Energy
A

e

W~ 2 3 W~

hv hv'

> Wave vector

B35 st 3 £ il
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3.2.2 ko ¥ k& sk 2 (photoluminescence » PL) & B % 3t
kg H R KR E R 2 T RN ACE 360 AP e kR g 3T TS
(Argon laser) » it £ 5 488 nm> [ * £ s+gr(mirror)2 2 1% & (lens) -3 s+ B E A F £ B

SRS CRFHETORSAZT IR AT IR FHREFNT R LB

Voo om BEMAR S D OF MR Bk Rk o aE R R S0k i (grating) 4
Bl i REAGRFH R B InGaAs R BRETIEL > TP BB T T i
FOE ] o Y ek o
RoRAE

1. & %+ 3 5+(Argon laser) * it & %488 nm» 1% 5 sk &k R o
% % & % (neutral density filter) : * %23 & F &4 R oy 55 & -

3. ik % (chopper) 2 gin=x* g (lock-in amplifier) - 8Tk &b & ch 54 47 5 %]
I 4ARES B 0 A F kR, § RS R PR R ke & R TR
i ke Fg BRI T ek FT o gigpes Bla e G 0y
P e BT 5 1 & bl B g g BE e 21 i s o

4. 3% R(cryostat) : 5 iR st 0 ¥ R EEAUSKE FRT 2R AR FFIEGTER -

5. k¥ ix(monochromator).: p R ek 4 7 & 7 & & > ki cnfEd7 & 5 1200 gr/mm >
& §EB5 cm -

6. iR & (detector) * fz & FFiRIHR Segg ek £ o A InGaAs i A Rk &-eh

EL 0 INGaAse Pk #7149 2750 nm~1750 nm > £ F i * T 5L ke kst

(thermal-electric cooled) 3 i& 7 ¥4 J§ » ¥ 17 | fd# enid Pl o
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InGaAs
Photodiode
—— —
Mirror
Monochromator Argon laser

1IHR 550 (488 nm)
Neutral
density

filter

Lens O Chopper

®—

Lock-in amplifier

Lens
_— Sample

OO«

miminl'd .

Cryostat

BI3-6 kg ¥ k2 F %R
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3.2.3 B ¥k g -k -k 3k (Magneto-photoluminescence) £ i8] i

RS AR R R R H TR RKACR 3T A PR EFRRIBERETF
& #4(Ti - Sapphire laser) » &~ BFE T 3 § 5 i 1L & .9 & 700 nm~1000 nm -
BERIER L £ L 750 nm (1.65eV) B_F] 5~ Sbera B & 4 3N (L 45 il (9 1.5 eV)s

- ko AV At G EF L ST 3T RH 1&;‘%@ B3 cnier B
REAFEF BN IR ET I FHEE S0 g R R B AR BhE ko FIF
BEREFHFAFTHALETBOMMPFATHS XG5 IW STUE BEEFTES
Wapwkihe d ﬁffﬂéﬁig?]ﬂ'. o BB AR E R E LG 5 LG f?;ﬁig?lﬁv? sk f
OS2 ® g - Bl RERRE doit = KT T kISR R E 8|
K s 2 mmo AT Sk R 0 Vg TR R ik o T o8 ihg
FERSALTFILFH AL T TFHRE LR NRNF LS 407 - Fgicfde
hrr @RI kE@Y - RGP A FEERLRT TEARE S E RF R
EHE R R RT SR Ed B T4 Arin InGaAs (Pl B 172 e > {7k
P g ek o

Fla & MR R #ERL 2 e B BEH- % R R 1Y sg(Dewar flask) ki 7 F
B o A i¢ * eng Oxford= & & variable temperature insert (VTI) % 5t > & #h )% F 5 4
AH 58 ERY TR PREBERER AR ERGB2K)ETILAK 4
ST R EBDIESFRL0TIIAT 20 B L FF o gE (7 g3k fiang ¢
Fed R&ENEZE w M RESREBBTRGES A B F SRR LT
FRd & Aot VMR RS RS o R R AR P ] TR A
RSB R o AREFS e Lo FHRES LD e 0 T L2 P % e ¥ (Faraday

Configuration) °
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Ti : Sapphire laser
(700-1000 nm)

_UA\

Neutral /

density filter

Liquid
Helium N

Liquid
Nitrogen N

Vacuum
space ~J

Magnetic |

Mirror
Chopper Photodiode

Lock-in amplifier

Objective

InGaAs

—

Monochromator
Triax 320

/

Sample —

™ < Lens
< Lens

Fiber

"\

/

f® 3-7

fodh BAHTT BRI R F R L R AR
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Yr ¥ FEHB2REHEG

-2 ») - 4 S DA Y R S A
41 €+ 223+ k2 5L
FRAEFRHART A S EFHNUEEFI R A F ARG RAHLE 4 PR

Tk o A A A BT e Y - i 55 LM4683(QDs) + LM4593 (QVs)
LM4729 (QVs)r2 2 LM4691(QRs) » iz® ¥ # 55 &)t KB I g1 £ 3 b
Bz PR A WINER G - ATk R B B¢ LM4SO3(QVS) 2 LMAT29(QVS)~
T 5w AR R R 0 A0V L) R QVS) o ¥ - ek 5 2 5 B LM5148(QDs) 2 £ 5

% LM5149(QRs) « £ % 24885 845 5 LM4698(QDS) » 1w #i? | e id V8 B 2 5

SEC B R X e

411 2+ I+ RBREH

KR EDE F R L ER - FRETEF DL B> g5 TR o Bl 41 A4k
5 LM4683 (QDs) ~ LM4593 (QVs) ~ LM4729 (QVs) ™+ 2 LM4691 (QRs)z k jjr3 4 % %
Hooz e PHEE L gmi S ARM £ 6 AR B o BB E 3.2.2 & 4 B enk s ¥
EEHF(PL)E R a5 ZRNER Z 13 Ko o # 3 10 mW o @ % & 95 100
W/cm? o FpkgeF F oK F LS > FEIFIEFHI LS % AL (ground state > GS)
FR B EARIARF O N E I RFEFIRALF L EAu 5 1.099eV 1149V -
1.171eV 11 2 1.222eV o Rm » K F BT E F A, 2 iEf7 .f‘:é.—"f#t‘ B R € b
S W fj-%%’j_ﬁ‘_giﬁﬁﬁf%‘* ' R4l G BRI BT EF RN R 0 - AL
AT BARARCIFIZES BT REF RO EERF o T KEFBFRIES
FREARE K DEF EF A EHOM Y o HE FRIEF RIS EREFREH L 7L
Y- 4R2 28 7&««‘?\@ X (annealing) e 2 > K E F BEF R FIEF R FHE- FiT

Kol B R S Bk i 0 @ LM4593(QVs) ~ LM4729(QVs) 4 2 LMA4691(QRs) £
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SER VAR d VAR AR EREFE IR TR I VERARE R
BT AR 2 P L e S AR AR E AR TR e F] 51T L enpE AR E
ERTFR T BRI R EAREE S L 45 BAREF o A B LAFA MR T e M (band
gap » Eg )% % 0.417 eV » B it 4f chit B~ %9 1.519 eV B fomh i dFpg enpt L @ o g en

ST R SRS S R TS S D L T e LA
§

=
N

< ¥
[ Qbs QVs QVs QRs
10}

0.8

—— LM 4683 (QDs)
—— LM 4593 (QVs)
—— LM 4729 (QVs)
—— LM 4691 (QRs)

0.6 |
13K

0.4

0.2

>
X
"
c
(O}
]
£
n
o
©
(]
N
©
S
S
o
c
<
=
=
-
ol

0.0
1.00 105 110 115 120 125 130 135 140

Energy (eV)

B4l 213K a3 10mW T » £3 838 3 7,3 B2 ks & & L3
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LM4683 (QDs) | LM4593 (QVs) | LM4729(QVs) | LM4691 (QRs)
Base Width 40 nm 50 nm 55 nm 60 nm
Height 14 nm 2nm 1.7nm 1nm
Hole Depth 0.8 nm 2nm 1.5nm
Density 2x10* cm™ 2x10" cm™? 2x10* cm™ 2x10" cm™
%241 EFLTEFRZEFHHEA

Foo i BARTFOHANMBELEL ¢ R - Bl 4-20)5 £ BT
B3Ry AR ke R > RRIEA G 13K s s 5 50 MW e
R 5 500 Wiem? > S s # T A Sk Y P cha g @0 A s RS Ak

22

By - R LS VORI s BT R R A TRER g F RSB

~my

EFRPF R T R TS BFEDREGEH Vo ARE S - mE
2 i B A0 E % - s i (1% excited state » ES1) 2 % = -5 i (2" excited state » ES2)2_ it
BELZEH ] B A20)E K= FehE F SHH AL IE 2 g £ g L 4EE - fr‘&fé_—?

A BARAEES - BFLEOREALNL 704meV o a GFETE G RDERY 0 R

¥

A4 12 61.2meV RIS 1] 55.9 meVis pt thov B Bh2 - el B R o E
245 6l2meV; AiF®:EFRenfAEY > v L4 § 3] 11509 meV o R
13 39.3meVe i E F BEF R L £ FRauEARY 0 Fl LI VEFR G € e A ER
By g RE DY L LR T R T U R AR S B ooy

Lg%l

é_.
|l
g
i
X
=t
o3
(\x
|l
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55.9 meVv 39.3 meV

QbS Q\I/S Qll?s

Intensity (arb. units)

1.0 1.1 1.2 1.3 14
Energy (eV)

W42 f13KS a4 50mW = » S BLE I £ 5 R (a)kew ¥ £k

()i A2 it B4

D7
=

3
&_.

- BEF R A E GRS o T Sk ks AR AT
#eE @t F 5 (full width at half maximum, FWHM) ¥ 2 i & 4k -2 & + S ¢ + s
I EREARF > AT EF RS P AR- R o drR] 4-3 £ LM5148(QDs) £ + %
LM5149(QRs) & + Fr crosk o ¥ L KB 0 2Bk i 323 & A S Ed Ry ¥

%k 2% (Magneto-photoluminescence) £ gl 4 %o £ RE A& 5 14 K> § 5k geg # 5 2mW »
FEBARGL 005 Wem?e kg ¥ Lk > FIBARES Bt 3L 95 40
mevV: s g3 %khE g AP g2 8] 0 2 20 meV @ FR 2 FRATSE

&

§ 5B FIT VR I fRERS RO LB A I LR TR
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15

INAs_QRs
w
*é‘ 1.0k InAs_QDs
>
g
&
>
*U:) 05 L 29 meV
c 40 meV
2
£
0.0
| L | L | L | L | L |

1.05 1.10 1.15 1.20 1.25 1.30 1.35 1.40
Energy (eV)

W43 EFBMEELFHRZEFHIR

Bl 4-4 8 5 2545 5 LM4683(QDs) 13 K 12 2 300 K 2.4 s sk 28 » s 35 5 % %
10mMW » 57 % i BB 1 3300 K ch k30 54c % 14 & o A 300K T » £ fi chi
£i 910266V @ 13 KA 5 1103 eVe a B ™ 7 £l » £ AP chE T 25
B g ez BRIB - PRk R Pk o FlL AL ERY CRR G B DA MG

] KR RARE WM B AT > w2 5300 K TR PIE FEkes ki £ 6 13 K

50 + 13K

40

30

20

Intensity (arb. units)

10

0

0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30 1.35
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(ue\)/,/Tz) RNO0069 (QDs) LM4698 (QDs) LM5148 (QDs)
2mwW 8.87+0.3
70mwW 10.91+0.2
150mW 11.15+0.1 8.37+0.2
250mW 12.44 £ 0.2 8.30+0.1 10.04 £ 0.3
350mwW 12.48 + 0.3
650mwW 12.25+0.2 10.06 + 0.2 12.13+0.1
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gk Flogd i A 2 4 § S T ARG Flpt 7 'i%ﬁ@ *
~ R B AL AE, =ehB/u > 1% ¥ - pF i i B L AE,, = 2ehB/u 0 B33 i
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Y (neV/T?) p (unit of my) J(p?) (nm)

2mw 8.87+0.3 4.60 £ 0.08
70mwW 10.91+£0.2 5.10+£ 0.05
150mw 1115+ 0.1 5.16 £ 0.02
250mwW 1244+ 0.2 0.0540 £ 0.0005 552+ 0.04
350mW 1248 £ 0.3 0.0520 £ 0.0005 5.43 £ 0.07
650mwW 12.25+ 0.2 0.0514 + 0.0011 5.35+0.04
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Bl 4-26 % 5 & LM5149(QRs) e 1.4 K ™ » 53 o F 2. sk jpeid ¥ L kB> £ p]h
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4.3.3 A& f& F A & oo (screening effect)

Bl 4-31 5B B4 &% LMS133(QRs) &7 e s 74 & T i - k2§ > £p)
1 S 5 BC150 mW 3] 550 mW o s % B 6 & 3.75 Wiem? 1] 13.75 Wiem?
2o d B F R T UERE IR R FELFFTFES TN AN 2R
Foomkdd > AREF LN R §EFRF IR e AN EABS > PIRRFL F R

1 = #% (diamagnetic shift) o & g ¥7i¢ & chiy £ 8 L B EHEHT 3 & 1L 5 AE, = yB?

-
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(ue\]///TZ) LM5133 (QRs) LM5149 (QRs)
150mwW 1454+ 0.2 10.88 £ 0.2
250mwW 1537+ 0.3 1193+ 0.1
350mwW 1590+ 0.3 1290+ 0.2
550mwW 16.39+0.3 13.63+0.2
650mwW 13.66 £ 0.1

247 BREFERBESED FFFH ST AL SR B GEK

=
N
o

|

o

a1
T

=

¢

o
T

b }/} / }

Diamagnetic coefficient (peV/T?)

15.0 }
145y } LM5133 (QRs)
140 i 1 i 1 i 1 i 1 i

100 200 300 400 500 600

Power (mw)
B 4-35 LM5133(QRs) %7 fegpesd 3 & 2. 7 A ALk B TRk

140}

135
130} %/

125}

¥

120}
115} /
110} %

i LM5149 (QRs)
105 |

Diamagnetic coefficient (peV/T?)

100 200 300 400 500 600 700
Power (mw)

B 4-36 LM5149(QRS) 7 e 50 B 2. T A i ehF B2 i

-67 -



4.3.4 ¥ i B & 4~ % (Zeeman splitting) 22 % » i £

d B F R > FUEINEF RO EFFREEFGFEI DR A 2R
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PG ARG F - FF AR R el R R 4 " 2 Ak e sk
R EEFRS R e n EHLE R RS B - ed o A F RS R 4
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B ettt T 0 (0,) i B gL FREF Mm@ (0,-1) i B E€EF
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PR B ARG R ke Al B4 § SRS T RN G TRV 3
d % - g i £ 4 AEy = ehB/u > 2 % = e fiic £ 4 AEy, = 2ehB/p » B3] 7
it fE g BoF R o4 4-8 5 £ F TR & LM5133(QRs) 2 2 LM5149(QRs) &7 I ji

FHET o gF &2 E o LM5133(QRs) ¥ - ed fE R E TR 2 THE Y G

=00625m » fojes s 5 5 350 MW 2 550 mW ¥ » T rd 518 2 g fi e ¥
R 8 = 0.0666m, » @ LM5149(QRs) e % — i fi Kl chE e FE L1595 5
u=0.0647my =+ > % 650 MW o # S pF > TR i 5

W=00674my » ¥ b7 IF MRS SR FHRBY L8 D B B R %o

- FEE KT SRS

ET
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‘aﬂl
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" LM5133 (QRs) LM5149 (QRs)

(unit of my)

ES1 ES2 ES1 ES2

150mwW 0.0627 + 0.0004

250mwW 0.0618 + 0.0005 0.0664 + 0.0005

350mwW 0.0631 + 0.0009 | 0.0663 + 0.0008 | 0.0647 + 0.0010

550mW 0.0626 + 0.0011 | 0.0669 + 0.0018 | 0.0630 + 0.0010

650mwW 0.0646 + 0.0009 | 0.0674 + 0.0024
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150 MW ebigcgf # T d R R - g B enE TR 0 Tt R Y AR pE S o R
L 390 p = 0.0647 my 4 35 ¥ o #4% 5 LM5133(QRs) 2 LM5149(QRs) i+ it o #ie L

47 o 5 R 438~ 4-30) 0 T OB R e FH L 0 S Pk ST T ¢

HE#x 0 j]‘}.;{i{; THDZEARE RS PR RFOEITRE

Y (neV/T?) p (unit of my) J(p?) (nm)
150mwW 1454+ 0.2 0.0627 £ 0.0004 6.44 + 0.04
250mWwW 15.37+£ 0.3 0.0618 £ 0.0005 6.57 £ 0.06
350mwW 15.90+ 0.3 0.0631 + 0.0009 6.76 £ 0.06
550mWwW 16.39 £ 0.3 0.0626 £ 0.0011 6.83 = 0.06
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