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Student : Wei-Ting Hsu Advisor : Dr. Wen-Hao Chang

Department of Electrophysics

National Chiao Tung University

Abstract

Optical properties of InAs quantum dots (QDs) capped with a thin
GaAs,.,Sbhy layer were investigated by photoluminescence (PL). Both the power
dependence of PL peak shift and the long decay time constants confirm the
type-1l  band alignment at the InAs-GaAs;,Sh, interface. Different
recombination path have been clarified by temperature dependent measurements.
The long-range recombination with the hole trapped by localized states in the
GaAs;Sb, quantum well is significant at low temperatures. At higher
temperatures, the recombination is dominated by the holes confined to the
band-bending region surrounding the QDs. Then, we study the effects of thermal
annealing on the emission properties of type-I1 QDs. Apart from large blueshifts
and a pronounced narrowing of the QD emission peak, the annealing process
also leads to enhanced radiative recombination rates and reduced localized states
in the GaAs;,Sh, layer. We demonstrate that annealing can tailor the band
alignment, wavefunction overlaps, and the recombination dynamics in the
type-Il1 QDs. Finally, we simulate the band alignment, the emission energy, and
the recombination rate of type-1l QDs by theoretical calculation. When the Sb
composition exceeds ~15%, a transition from type-I to type-Il band alignment
occurs, resulting in a longer lifetime and a lower exciton binding energy.
Noticeably, hole, which is in the GaAs,.Sbhy layer, is confined around the InAs

QDs rather than on the top due to the material strain.



B & AL s R BT R A LS e R R A R

AP R Bt B REH RGP o gL ARPEH R JEE

—\

Bl EEF AR E I ?aﬁuf‘};}iiﬁ;\: s A @i:gg’i\“ﬁﬁﬁzw'%\iﬁi']? s g

§ | 7 ;‘#”5&&@ 3 E LR R R o o B ¥ 1\._@*;1—31— %ps ok EF B i

r\\

REFLT ARG rﬁ%]',}fﬁa#h%o

RedtE % B £ mjrpﬁ- * 13‘13“915"’5 % mﬁfﬁé » TR R Ay B G

'

S

5

MEE S E MR CHESRE ¥ 2R3

=,
4@5

et

:gff,,t\,/’[’;\f’, ]FB?K]gljgjfE{ o K ]‘-:‘«:%ﬁ‘&miawgﬁ_v\ v Atk

{TT BN o BEE Ay s 2B L fll 0 {5 }ﬁ’ﬁr‘ P e

ST R SRR 2 E k- AsPPHERE A S P 5

4

oo NP -Ayd - FEE S IRER AR A A REY @ A

Sl A (AR EEREAT o SRR o L ® AR L B

= \5{%,“%7.1’#5’)?{1}%?]‘ ’f’/iirgifg'\?gﬁ»?:?:/, ,g }%E]
e A BLET 2 R o

WG s XGPS BN RSB E

';5&?_,—%}5 ’ %g&é{?%ﬁ';;‘ FP [ IFB mﬁﬁﬁ&%%ﬁ? 205, 3\ g£¢-h+4‘1 /E” °



A DS ACT . i
ot EP S USOUPSRPPI i

e B B e et e e e et e e ———————aaaeeearaaar———————————aaaaaan iX
B = B B D e 1

2.1 B 5 B e it ettt e e e 3
2.2 ¥ Sk Sk 3 (Photoluminescence Spectra » PL)....oooovieiiiiiicicienn, 4

2.3 ¥ R f247 -k 3 (Time-Resolved Photoluminescence » TRPL) ............... 5

e TR I e 7

253 B SR B 2 B R B 10
R R = T 14

BLHE Ba A M hg k2. % = AR L AFE S B B3R 14

I R 14
312 F B F F 2 R FH K R e 15

313 FEFF FBHT 2 oo ssseesse s ssssese e 19

LA R R OFFRF FET R T i 23

iv



32 P AT UEH AR B LB AR 34

IV RIES T RO S R 35

3.2.2 #1T VEIFF B DL AT B e 36

B.2.3 #1T N 2 A0 F BT 1 rvrernnnneernsernsnnnnnen 42

3.3 5 2 AR T B F B e 46
B3 B F B F B R e 46
B32HBBEH T F - A B F B o1
333G IEH 4 HWH 2 AR I BEAE e 56

E T U 59
8 2 s e 60



Bl 1-10 BB A 2 R DT T e 1
Bl 2.1-1: @k &5 HE0)% ¢ £ F B2 SEM 22 e 4
Bl 2.2-1 0 S e Se B gl kST 4
Bl 2.3-1 0 PFRfRAT R H 5 SLZEHE o 5
B 2.3-2 : (a)PMT @ﬁ%lfﬁﬁ'ﬁ A 1 (D)TRPL & SUPF B FZ4T (e 6
Bl 2.4-1 0 TZ A B AR oo e 7
B 25-1: ()£ F 2 FB0O)R £ £FHEVEF T e 11
B 252 27~ ] &FBD(@)T F re FE(D)T I ae FF o 11
B 2.5-3 ¢ (@)Pryor 2+ 5 2 5% [19] > (D)A P et B & % e 12
B 31-1: 7247 Ethd2 BEF KL 15

Bl 3.1-2 © (Q)X = 0%(b)X = 16%(C)X = 21%4% 5 B 15 52 e 7 sk e & &

IO ER o8 A STk S v A T I I ) 16

Bl 3.1-3 0 i PR e 7 5 0 A 81U HA) e 17
B 31-4: = &t fi 2 ¢ G P GBS 5 [21] oo 18
IR e A Y 20
IR Tl o T Y 21

Bl 3.1-7 : X = 16%%% S ec § 08 B B 5% (a) sk ke ¥ % k3 (0)PF I 247 L 3 ... 24

Bl 3.1-8 : %E PFRF 247 kA $7(2)"E % 1L (D)X = 16% 4 & & Lo B 1L

Vi



B13.1-0: (@FF 2 & PR R N (D)3 P AL LB 27

F13.1-10 : F & 12K prz ()% £ k2 £5 4 469 (0)F it £

247 K25 (C) 2 PERF BEAE S 25 e 29
RN A T I ) S 31

B 3.1-12: 38 & 100K Pz (@)% %632 45 2 bW (D)3 I i £ e

R O A g s B S 33
R R L RN i S 35
B13.2-2 1 239 U4 52 (a) % et ok k28 (D)BE I FR49 2 36

B 3.2-3:16% 4 i3 L 4 5% 134 650700 2 750°C & &-2. # Fe it & cHpF [

BT 2 2 e 39
B 325: L th&x(@)E EERER DR (D) B U EFIVERDFT L 42
Bl 3.2-6 ¢ (a) & 19V % Sk & i 5 (D)0 F H A 1 7 R B 43

Bl 3.2-7: (2)900(b)800(C)700°C T ¥ 4 w2 o 5 74 & % ey 3k k2% (d) & 48 &
ARAEE BEHBFE S U3 TF B 44

Bl 3.3-1 ¢ Hst 42 (@) RIARBI(D) 2 AL B oo 46

B 332 i+ R 282 GHEHZ 2 A PR 48
B 3.3-3: 4 5 & 0% 21%7 F A S BA T Bl 49

vii



B 3.3-4 1 4z £ 0% ~ 14%2% 15% 52 @ iF i Sl 5 B o 49
&

B 335:4 7 % 16% ~ 17%% 21%31#1‘?~ A ) SR - (/AT 0 -] I 50
B13.3-6: % Foh 7 B2k SBcE WF BT 2 I oo 51
B13.3-70 % b dh 3 B2 R Cdt A 1 Bl oo 52
B13.3-8: % b g B2 TF AL H — FF M oo 53
B13.39: 4 kb3 B2 A il A 5 Bl oo 54

B 33-10: (@) &z B2 Tk iclF(b)y=0>z=2Rchf T F aw E 1

............................................................................................................................. 55
B 33-11: at BEGEr 4 5152 (Qud B E0)ES 2 b9 .......57
B13.3-12 0 3 A 5 B 2 505 B0 oo eseesseeesseeesessee s 58

viii



+ . O ’ 2 537 . 2 ~ N >
% 321 PR SRR 2 AR LSRR

% 3.2-2:

% 3.3-1:

LA

¥ 3l

P&

-2 X

S = TX I SR



$-% M4

FEK A MR RST MR E R > A P BTN BET R LT
B N e x g L@ FHL2ENEAR BERRE N H IR

B R A RFURFAF LR b o 40 I KL E 131um ] S

B

FeRMZE 1SS M EFaE o R R RS O EARE N A T A pE R

G B E T oo

Attenuation in silica fibers

100 T T T T T T T T T T T 3
I Silica fibers i X 3
- Measurement r OH, sbsarption n
- ———— Theoretical limits -
10 —
T B =
8 = =
[aa] =
z 4
g§ F =
E = S =
2 - Rayleigh — &7 ~~<_ 4
2 - scattering g
< o e’
olE Vi
- / 3
- Infrared /V'/ .
= absorption / ~
0.01 1 | L | 1 | 1 | v | L
0.6 0.8 1.0 1.2 14 1.6 1.8

Wavelength A (um)

Bl 1-1: gkt & K ek R

AR KT R (45 (GaAs) s A AL WRE D b A kR B

B E B @ 2P X up BV (self-assembled) sV s £ e it 4F R

Y
-—_\\

+ gh(InAs quantum dots) » > g iFE A £ 8 F BT HE 5 £ R [1][2] =
d *% InNAs/GaAs * 2 )3 6.7%05% % A £ 0353 InAs B X Flag < i1
fﬁ‘{ﬁ}@%‘ v InAs & 3 Zhengp B £ «FK FiE A 1.2~1.3um m#l%]p\ °
PO EFERAET 13~16pm hE g FF 0 SR s i S ogk

[3] ~ M =& g F BH[4] 5% 25 % Bk (metamorphic buffer layer) <&

1



+ B[5] ~ A ® F R H B - KR ®F M A (strain-reducing layer >
SRL)[6][7]% % 3~

FERALF (T2 5 e

BT 0 4% A 1 45 (GaASL,Sb) K 1 INAs B 5 BLE ha s I B2 [8] o &
B E In(Al > Ga)As % 1 7 Ipend > HLF GaAs;,Shy k& 16 d >+ H
Frokeong F 7] 0 @ FHREE

3 PE R 48 T (thermal stability)[9][10] -
TR R L ARG Cnfle e AR EFS T

X A FRLE R
I L5um e B oA IR T A Ml A Bk (o0 1.3um & 2R S

4o gFR0] e - e 2 e gkt 8 X > 14%78 0 InAs
2 GaAs;,Shy

I[11][12] » i & 5 &5

i g
b gy g Fp

B0 S 2 0

ApETHE o AP EENEL T

Lo B2 8
X -E,;S'S °

$0 5 2 20 ek 0 2 T o

Z_ A3V E

.w~

5 /I% 3 B sk kB op
ﬁ BT 5 /,%I]? R

2R PEH[11][12] 5 A e AFm g ¢ NP PR
ATRFRELE

Bihgyy > HIFAFL LA R R - AR T B

% H - R AP PR R R R
FA RIER &Y

¥ oo A :;"Jﬁ‘i%fﬁéﬁ%«%

P B E S RITARE[L3] - 5 2 21e A
i R gﬁﬁiﬁ—:\ﬂ"q—} x?%ﬁm J\')%@,TE_%;;

i ARNCASSRIE I IS R L

[14] - & = 304 > A PRI AR ERRT F4o 7 B350 5 -

2

i

Hng g o



$:d RRER

2.1 & &= &

M 2 ATRR T gk & A0 2 F & & & (molecular beam epitaxy © MBE)
AR P A R PR A RRRRETREIRE ARSI
4e®) 2.1-1(@) 7 7 & & GaAs z 1+ = & 200 nm k< GaAs ¥ ik 18 o
g & 500°C T =& InAs & + 8> = £ 7 2.7 I InAs ¥ & + & (monolayer >
ML) 42% » 28381 B ¥ - & 45 nm 57 GaAs,Sh & » st £ 4 =
A sz £ - X=0%~16%% 21% > 5.4 %) 5 3998 ~ 3997 2 3996 ;
T R AH FPHEFS0 MM ESGaAS s it m MR EE S E INAs £
S 2L J1* R 4 B s (atomic force microscopy * AFM)iRI & % & & &+ B:¢F
Tl AGEREDE SRR E 47K (lens-shaped) > 5% & X 8.0+£05nm >
B 20nmo @ 2 ARG S 3x10°% cm? - B 2.1-1(b)#7F & £ & InAs B

+ BhendF 4y 3N T < B icst(scanning electron microscopy » SEM)# %> £ + 2

F'&ﬁ];'{]r&57n ER

LN



GaAs,.,Sb,

3| 4.5k 503

InAs QD

200 nm

U

B 201 (@ S8 H(0) % 7 &5 82 SEM ¥ ik

2.2 & ¥ k¥ (Photoluminescence spectra » PL)

Je g ek kLUK deB] 2.2-1 #7m o F Stk Al #F £ sk B (chopper)
BoEd - R VANF HEF > T - SHEREIRSY c BFY -
FBHETERSE LMD LR B E R RA LS LR E EREL
B 18 41 * 4 4p 2+ F (lock-in amplifier)3z + %%’{f@ﬁ%} TR 0 AT

B4R A R A ok E A )

Chopper
Mirror
Detector
N O\
Lens
Lock-in amp.
—_—
= moe P Y
® o a og == s

o0 oo O o9 o N

\ A — Spectrometer

B 2.2-1 0 % e & %3 4 s i



KgeF kL HNfEITR A BB RFR AL > &35 K~ BEE

R RETR o Y gt = PR F 2

Bin X FH TR OE 3224 a A PT UEBAFERLET R REEG §

3R R -

2.3 P* % #1347 & 3 (Time-Resolved Photoluminescence » TRPL)
PR R 47 B3 % ALZE K Ao B) 2.3-1 ffor o H 2 ﬁ_lz? Y - R IV

Pl nE G R RauE Y PR R Y REET S R RIE L RIFEY L

B fadrae 4 crdg BB B > T Ae &+ pr A 4p B H & 5 24 dic(Time-Correlated
Single Photon Counting » TCSPC) 4 %t » 2\ i dd-v 12 {8 3| ¥ KM ELEPF R e
T A o

Pulse Laser Mirror

Lens
O Detector
Sample 0
Lens
‘ “<— at—>
I\ t=0 - ‘
Start TCSPC Stop
\l/ e
= Spectrometer

i

Bl 2.3-1: P& 247 ko kS 4k



PR R4 L iR 1T B L BB At R B T F oo gt AR
A P17 hz b K F & 5 ¢ (near infrared photomultiplier tube » NIR-PMT) »
R iR 47 a0 4 B3t @ %JE%F"*/V\ i (transit time spread > TTS) » 4[] 2.3-2(a) #7
F o B @EPERA G H(FWHM) G 206pse 5 7 40k SR e
Figir R > APl * %% 5 100 fs enéx & F 7 § &(Ti:sapphire laser) % 4
Bek Wit o AT B K AE D 958 Nm 15 E R B § Sehcstk o (8

ﬂﬁ%@%ﬁﬁﬁ%ﬁz&mm%ﬁ’@%&&ﬁmmﬁﬁiiﬁiﬁﬁ%

BEA G ePA) > R Tk SR S I fE 4T R A R Bk R PR

\\\

S - PR R R BRI £ A 19 15 0 T I ) shenpE

TR ) 5 150 ps o Flgt o A A £iRI 6 150 ps v b oat S 4 ey o XY
?aﬂﬁﬁﬁﬁmﬁ%j}%ﬂﬁ’aﬁﬂ&g;q@@wﬂﬂgmmﬁ§aﬁg
* g o
10 000 l 10 E L) ' L] I L) l T I T ' T I L I T E
(a) FWHM 296 ps E (b) 3
FWTM 550 ps - T~ 150 ps| 1
w» 1000 ~ 'F =
5 —>||<— FWHM S - S
2 . E & -
g = b lg ;
& 100 —| | e—FWTM N 01k S |
o > YU E 8 E
o E E 8 E
o] s [ |8 R .
= -g - A & 1
z 10 ~ 001 L A -
E 8 W :
MMMMMH F 48 :
1 163 20—

0 200 400 600 800 1000 1200

CHANNEL NUMBER Time (ns)
Bl 2.3-2 : (a)PMT @ﬁis?lfl?ﬁ?z} i (b)TRPL & YopF ¥ i3 47



24832 AR

AP K,lrt TR s AN IR R S BhA R R R Sl
Ao i@ F enfciE 3t B 2 2 5 5 T % 2 (finite element method - FEM) » #
KRFEHIER ST~ BT R AES - 2 R 5 e = IR R

21 3T Rl 2.4-1 -

Construct Model :
Define geometry & parameter

!

Strain calculation :
Obtain potential V4 & Vo

!

Solve wavefunction

Schrodinger eq :
( hz
» Vz +‘/eﬂ +V;| Y. = Ee‘l’e
o 2m
Poission’seq :
Poission’s eq - -V, = nd (A8 gosl'l' f
ooy, _ *ekon o)
5E

Schrodinger eq :

#?
[‘EVZ +Vo "'V]‘I’h =Ew,

!

Final results

B 2.4-1 @ 7225 W8 v A% B



olf] 2.4-1 477 0 R B RS Pi’ﬁa?l » PR S dk Bf & F & e
EARDZEY oz A m o gL Aqr i * i 48 303 (continuum
mechanical model s CM) k5 &7 T fesrd 24 g o a BT P
s m Fediis > AP E-E ) B R ) 723 (model-solid theory) 2 %
i> it 72 % (deformation potential theory) & % J& % 82 58 1s it & ¥ % (band
edge)[15][16] - ¥+ % T F ¥ % (conduction-band edge - E.) %

E.=E)+E;+P.> (2-1)

HPE) A A S HE R EH T F f% (valence-band edge) > Eg 5 414

]

it M.(bandgap) » @ PRI 5 X B ERP LS PETF FGc R E
P. = ac(sxx + &y + szz) ’
Hea s $RTF i Vo (e + &y +&,) R 5 &% (hydrostatic

strain) -

F- 26 BT HAEF5RA 5 £ Rk (heavy-hole » Egy) ~ =7 iF

(light-hole » E ) ~ A &3 (spin-orbit » Ego) & = B384 !

EHH = E‘l(7) - Ps - Qe ’ (2'2)

E,,=E'—pP -2 Qf [A2 + 2AQ, + 902]V/2 » (2-3)
A

Eso = EQ — P. =% QZ ~[A% + 21Q, +9Q2]'/? (2-4)

~ .

Nlud

P AL B R 4 3ae £ (spin-orbit split-off energy) » @ P22 Q R 4 %

P, = —av(exx + &y t &y

8



_b[zz_ xx+gyy)]
Hda,&ba Had A i ¥k A [EZZ—%(SXX+EW)]E'J;§\ Edhe %

(biaxial strain) -

BRRET R NS HN T IR T Apier o B - i
FoE R Rty > @ BT 2 4258 (Schrodinger equation) &

2
( " p2 4 V(x,y, Z))l/)(x, y,z) = EY(x,y,2) - (2-5)

2mgm
HY i fgivand w5 ¥ #ic(reduced Planck’s constant) » mg 5 2 % @ eh® +
B=3 * Vv S ﬁt‘ 2 A5 N EL 2 32 62 62 ﬂ/' ,,’
R m s 2 R R0 = (b4 ) S g bt g

(Laplacian operator) » V(x,y,z) = Fa # &% 2 F chx B =it & 7 P(x,y,2)

= i o go(wavefunction)> @ ER] & s £ oV E & K7 P hESFE

Z R s A R o~ r4 AR E B (Hamiltonian) ¥ r v Fofg e 22 4258 0 9 3]
TFERFDRIEL FEFEDRE on 2z B g dhe Gt o AP A

SRR SR E RNy SR S EARE B LR

A

Ju

)‘I

TR G T H 4 ok o 3V et B F e F 3T v 2 (Hartree
approximation) > B3K g+ il S licF MARAT R T F B TR AL Sl o
FFAI* p & (self consistent)ern= 2 & W fKfE2 T F &2 Tk gk Sofics

[17] o 42/ 4e™ @ Lj2 0 3 5 enH 5 & fcf (eigen state) » 32 1 ¥



#% 3% (Poission’s equation) » Kf2% F fz B¢ #7 4] hR 4 4 (Coulomb
potential) » 45 F 4= J B i it 4 » Rk nEET 2 4R » K f2 Tk chA

3t . . [N o

o BFL AT FTRGOEG RN 0 L AT T B RN R R

A

T AHCRE BT R Fljacs koo

g?o’fgLﬁ%?;Fé“r‘ ;F’_,—'%’-L ,}i&ﬁ';;/w ]ﬁ%g’i\lrﬂ;lzg_";llj’fg_:f]];ﬁ:
5 % Ao bldet § 3 2 T 0k chEE @ £ (transition energy 0 Epy) 0 &+

¥ 3k ad Sl E B F (wavefunction overlaps » (W, |Yy) » & F & Rk e
Z % & (probability density » () ~ e+ & s T~ i+ e L 4 i (exciton

binding energy » Ex)% 12 &

257 B REFRIREFVR

Al RSP AT B R B TR T R e B ART R AR
Aipiar £ 3 g (pyramid) & 28 & £ 3 g (truncated pyramid) % ¥ £
B > o] 25-1 475 o 2t R BT ATiR S F e R TERR O R

SREE ey T S E RS e e 0 Y kAR H B % e

10



001

100

ko APt M Califano % 4 2 $[18] - A2 F ¢ » @& *

H-#p2af 20002 0 R himT™ > 30 £ 353 InAs £
g FE Tl oB 25-2@Q20): AT FET FRFEFE S A
}% J\ /J‘ ﬁj% TL tr—g:‘zli b _’—F_! \:1 é‘fj ﬁ]*‘ 2_\ /\‘ IPB )_L E ‘;,‘F—]'_.% , F\:j _It_! /%ﬁjﬁ‘!;.ﬂlj

mﬁ':ﬂ%é k#ﬁﬁq‘,«éfﬁx’/‘%‘%,E——s@ ’?lﬁﬁljﬂ—,ﬂﬁiiﬁ?%&iﬁ
BBV EFTEY BRI AFE I A anty 2%

—_

P R 4T

(a) Electron (b) Hole
Ll l ] L L l Ll Ll L) l Ll Ll L) ] Ll L Ll L l Ll L L l L T L) l L} T T ] T T T
R L B This work || - This work | 1
B o M.Califano - o M.Califano T
~ 3 e |1 o 9L B o_DBmberg |
> _ n .Jaros - E J
o 100 1 3 _ ‘
g A 1 € 00 ]
N— L i N— L -
w -200 |- 4 - -
D) o)
w § 1 W I ]
- - -300 |- ol
-300 |- - - -
LA | LN L B L AL N N AN BN NN B BB B ‘400 T T L T T T T L | T T LI | T T T
6 10 14 18 22 6 10 14 18 22
Base (nm) Base (nm)

252 &30 4} &5 Bhen(@)T i () Tk i1

11



- A AR e MR R T S P F R T 47 C
Pryor % 4 en% §£[19]c A2 %7 » @ * v R FApM o~ F k- pi-d)
(strain-dependent eight-band kp Hamiltonian) » 3+ & # & £ 3 3£ 3] InAs £ &
B A FER G LAl o B 253 A F B AL ER A G

A Pryorat 8% A LFREA PR EE  cAPFRT AL

PR S R L 0 2 % 4R Pryor ik 4p BT

(a) Pryor's results

—

b) This work

-
(6)]

-
o

©
o

Energy (eV)

lllllllllllllllllll

0.0

0.00

-0.02

-0.04 -

-0.06 -

exx + €y + €z
exx + eyy + €zz
L]

H=3nm .
-008 = Hudnm Fsseisscon y 7

i H=5nm ——————— 7

[ s 1 1 1 1 1 1 -0.10
- - 2

Z (nm)
B 2.5-3 : (a)Pryor ezt & 2 5% [19] » (b)2 Freant 5 2%

12



- AR R s mE BRI ENY KBTI F BT R DRK
fo > VU EDF PR T BT AT o Ar Bl 25-4 977 0 A PR R
iy Py R Pryor siit & ko éhg ¥ 30~50 meVodk B SR L N L 7 4%+ o

Afpamn R T S E - A AR A EAX 4 nd B oerig 2[20] -

1.48

1.44 |-

h1 100 -

1.40 |-

1.36 |- This work

Ec (eV)

1.32 |-

1.28 |-

1.24

10 12 14 16 18 20 22

B 25-1: 2 &3~ [ g F i frgi

13



F2F BERovdn

I

PN B Z I H e B - A RE InAs £ 5 %R

g

GaAs,xShy L B & {8 et + § 4 B o I % o g 4 5 2 I 247 0k gy

|

=

=k

kG AT e S o AR S REERIPT PR R

FRAPEDD IR EBID o B o A MR AL 2 )

- =

s

B a0 Y LR RIBE AP FREF I VER
AP i ke E I A Y iﬁ?"? TR adbF > TF I
HEE = A3 % - Al F it o 5 =2 30 A Rl 1% 5 T~ F 2 0

l—"‘: ]'E: ,‘!Z.m]—ﬁb 7]5;}-‘-!’—r’:" o J-\. FB;]‘Z,_H.“&H—J?_J- ,}zl_f )’%4 . }E_fﬁ% T/E_qf 3 ]él»_:)::

BLE BG4k 2 B AR GFR T Bk
311 k¥ k k3

B13.11 5% a5 B iR (T=12K) & ke sk kg o e 54 3 8
B R AT UL R A B RBA T
2% s o - R[11] 0 @ X = 21064 % kLR B Rt £ L

2% 2 1.55um o

14



Wavelength ( um)

17 15 1.3 1.4 0.9
L . | s | ' |
— x28
3 x=21%
@®
N—
> x4
& X = 16%
9
S
~J
X = 0%
el . .
1] l 1] l L} L] 1] 1] L

1 T 1 T
07 08 09 10 11 12 13 14

Energy (eV)

B 3.1-1: % fdh 3 &4 &2 kgcy bk

312 s 2 ki y kL

B 3.1-2(a) ~ (C) 2 ] 5 X =0%~16%% 21%+4 &5t I 3§ b5t 5 jfcsF =

ey kK BASd T bR T AR ot A oo ke ?J‘!"éﬂ%
210 # eng F BhAL Ak (ground state > G.S.) 3 B 5 @ MEE EE s e

i (excited state » E.S.)» F4p IR G L3F Y o LI RP T I3 XN TR

5 Ak % B ¢ (zero-dimension density of state) » F]3 jix > i (State-filling effect)

=1

R R S ET RED R LAk

15



DALY " "SR 1.20 1717+ 7171
S| (a 0%
: L/_M R -
E_ —/L
= ——/L 1.15 _
2 A |
2 ————— \\\\_ B o
= %3 X = 00/0
| L LA | T N— 110 — p—
0.9 1.0 1.1 1.2 1.3 14 .
T O - d
o 0 »
5| © 8% | O yesf )
2 -
O = s
:‘E\ ‘\ >‘
2 N
I3 '" N\ > 1.00 | |
| S q:,)
| vt T T LLI
0.7 0.8 0.9 1.0 1.1 1.2
| LI L T LI CXU 095
i, 0
5| © 21% | @
©
N 0.90
= o N
v
<
Q
S
- 0.85
vpual 1T

0.7”'0.8 019110 1.1 I”1.2
Energy (eV)

M 312 ¢ (@)X = 0%(b)x = 16%(C)x = 21%4h 3 B ff -2 s 74 o ey % %35 (d) & .5
Pl E EgEE P K U3 5 (FH

- 20  "gFFHEFS FPy)ft 2 AP F IR X = 0%k &
BERETHE A X=16%ZE 21%th S5 R E BN P REOESR G o § K
sk Az B 515001 mW - 100 mW) > X = 16%4k S e & £

A5 544 meV o @ x=21%H &R F 2T 5 99 meV e 4o 3.1-2(d) A7

16



B MR BN EHpF S SO U3 R APERS K ERA
b oo EH IR RS Al A B (type-ll band structure) s A {7 5
[12] © 4] 3.1-3 #7771 » &% = Ao d HHY - T FETF L BRB AL

Pty A F AR s B R B L A R T

3

¥ % & (band-bending region) > A A B 2 od AFEEFHFT
Mg L S F 0 Fla g s L e g o kg iEs FLEH B
Foig ROt #H12] 0 AR x=16%% 21%H SR Y 1 & F Rk

B3t INAs £ 3 BEY e 3 &7 GaAs,Shy & ¢ e k4R & i & o

ﬁf‘ﬁ?
-

Excitation Power

Bl 3.1-3 : ac FEsg ¥ e b b A g L )

FHIRASESFEFEH TR T AT B AL Y R ALT
F TR L > Pld R EFET ETD

aP = Bynipl -
HPP: @?J » ehk < i K on(injected photon density rate) » a5 i T

‘ﬁ: ’ Bgs

AR D FEAR L Gl ng MR S B AT S R

Boplaghmitg g+ 7 AETFAMEBA - &7 7 2(charge neutrality)
17



T

Vd t. d

w ots

PDgs = — N
gs v, 95

’

B P Vs 5 B 5 BEERESE o @ V, B 5 8080 1 45 PR REAE o 323 F T B

TEIRPTHF

BY diBm i g5k eanh & o 1549

_ Vdots d \2
aP = S By, (ngs) J
w

boB 31497 0 - 3 DHR ehz & i d P > H A s R L [12][21]

ko = (2]:)

2

)" () Gy e e

Vidots 2m*Bgs 8eper

1/3

A V(x) = eFx

=g
Ez \//'\[

E,

E()

B 31-4: = & fii 2 v @ pE2 o SdA 7 [21]

d AT R R RS N RS B3 R

F2EF R L o Ax = 0% d T E % - Alai B g B2 e

FFE s m aXx=16% 21%t &0 Bl g X a A e R B B £

18



"EEFHFF S G A A e o B P x = 21%H & A £ o x = 16%4k & ¢

AE X L RET A KA YL 0 ik Solicd B oerid X ehBy T 0 @ T

3.1.3 ¥ fa47 k3
IR SR p] 0 PR R R RS - A Y R
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3.1.4 s R R erpF I 347 R 3

- R EE - dpdc R RS Tl NP A MR IR T R -
PSR PR R R o B 3.1-7 3 X = 16%FF S-SR kg sk sk
W2 EFFER R APFREFEA LY O REDRRFET G T AR
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Annealing Transition  Radiative Decay Peak Localization
Temperature Type Lifetime (ns) Trace Redshift Effect
X = 16%, as grown 1 10.62 +0.16  Double O O
X = 16%, Ta = 650 °C I 9.14 +0.18  Double O O
X = 16%, Ta = 700 °C I 7.40 +0.27  Double O O
X = 16%, Ta =750 °C I 6.94 +0.08  Double O O
X =16%, Ta =800 °C I 6.48 +0.28  Single X X
X =16%, Ta =850 °C I 5.38 +0.07  Single X X
X =16%, Ta =900 °C I 0.87 +0.00  Single X X
X = 0%, as grown I 0.76 +0.01  Single X X
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Sample Eq(0) (MeV) a (meV/K) B (K) 6 (meV)
X = 16%, as grown 998.8+1.9 1.1+0.2 600 13.3 #0.3
X =16%, Ta =650 °C 985.6 +1.7 1.0£0.1 600 11.4 +0.3
X =16%, Tao=700 °C 995.7 +1.8 1.0+0.1 600 8.3 +0.4
X =16%, Tao =750 °C 1011.1£1.5 1.1+0.2 600 6.0 0.4
X =16%, Ta =800 °C 1060.2 +0.8 1.2+0.2 600 1.9 +0.2
X =16%, Ta =850 °C 1071.0£0.3 0.8+0.1 600 0.0 £0.0
X =16%, Ta =900 °C 1237.8+0.4 0.9+0.1 600 0.0 +0.0
x = 0%, as grown 1140.4 +0.4 0.9+0.1 600 0.0 £0.0
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%33-1: 5= 23 B SEE 54 2

Quantity Symbol  Unit  Value for In.Ga;.c:AsixSbx  Reference
Lattice constant a A 5.6533+0.4050c+0.4426x  [34]
Bandgap Eq eV 1.519-1.580c+0.475¢? [34]
—2.137x+1.430%
Averaged VB edge Eveo eV ~6.807+0.200c-0.014c*>  [34]
+1.830x-1.060x°
CB effective mass Me Mo 0.067-0.027¢c-0.028x [20][34]
VB effective mass Mhn Mo 0.35-0.02¢c-0.1x [34]
CB hydrostatic def. pot. ac eV —8.013+2.933¢+0.513x [34]
VB hydrostatic def. pot. ay eV 0.22+0.78¢+0.58x [34]
VB shear def. pot. [100] by eV —1.824+0.024c-0.176X [34]
Elastic compliance Cn GPa 122.1-38.8¢-33.7x [34]
Elastic compliance Cio GPa 56.6-11.3c-16.3x [34]
Elastic compliance Cus GPa 60—20.4c-16.8x [34]
Static dielectric constant &s €0 12.85+2.3c+2.84x [34]
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