| %49 % & 19 #9/2022 4 10 B/ E MK

(IR AE TR RE M- U5 5 T~ 854 Bt PR RERI, AT il 5t

RELIEg, Aem, AR, RER

LM MR RFY M F B, dbat 100191

FE BAOGEAEE Al Y P e Ji X 2 5 (Al i A R £ T ROR B R Y BRI HE B T R AR A T
SER R SERI A R . o S VAT RR B 2H B A A T A5 R BB TR R I RN Y 4 R R A P AR S Y O S
BE L ZRAT T Z M 5CTE o SEBUH — U PE R S A RO B8 1 A A5 M AR, A 40 T 2 7 = S 22 ) 1% 4 4
HPF- B A BT AR R H G MR B AT T T InGaAs MR S A A AP M E A= FE MM
BRI A WL LR & B A0 S5 06 2 PR BE T AR B R T 3 R A 5 4 7 S BURT — RO 1 D R 1 5 — B
TR 2 S O i A1k X I O i LA R i U 2k S 21 S A IR 8 45 1 TT B9 2T SR R R 5

RER WOLE B FEBOLA InGaAs BORL; ARAESE S BT A s W I RN s Db AR

RESES 0472+.3 NEERE®" A

15l G

RG> T A a1 B ) 225 A 1 48 2 2 S K b i 5
T AR R — S A R JF A T AR Z2 R Y
Wy B T 7E S AR A R O R A RE O R T
KR . X R e 450 H R )z
FRAFIRE AR B an &6 4 (LED) fIEE
T (LD SRR R H R

FEAR S B T 250 M4 b, & 7 0 i T Ll A Y 25
A I T 800 A Ay B R T LA A M,
THF A% M R AR R DL M
WP R 2 PR S 0 5 A R B AR A R IR
BT SR R OE MR R R R s AR RR R e
P T R A A R L R R R N S M A N R
AR R — ARG R B R g R BRI L A2 IR T H AT
Hl& T2, BT adrrL it S e e s —
FE R ZEHE O Hol T 7 AR B N S IR
F14) 50 388 e 2 7 s ) G R ) R, DT S O
T DX 1) 28 000 WA A5 3R R A, X LA S B v TR R O AR
PR b e DRI 4 Sk B B, T AR
T PR T8 ) b 32 BN, 5% R ER A s L
WA RS HEERE L . HitE FHERES
VER BT U 2 REAEZ . Xk T3 T8 78
e FO N E A B TS, B 5 2 A 454 A
B — AR SR b RN B 1 B 9T B

EFRTFOAMBETHNE AT NS

DOI: 10.3788/CJL202249.1901002

Mt e G A5 R B BIF 5T N R TR SR AL T B R AR L Ol
R BT A AR PR R B PR S T 2 89 A i L 7R
v 1 A PR RE Y (] I 3 H T R 22 R 1Y ) B
PERE X T4 w8 &0t 4 1F ) P BE LA K A Ji HC 1 4l
JO A BRSO TR TR T R
BT E TR g BE - 5 BE 2 RR A L B A R AR
KRB p B AR R S E . e TR SRR S
SER R JE AT R R T SR S R TR OT
B B o 05 e BT AR T DL
TR VR DX T TR ORI A 1) R, T A
T R ] A B A2 % AT g ) A D R A e Ak ST BT
HEETHE e A A YRR SR AL T AT AEME . (5 B
M B8 K JR X G F AR B0 P BE B T R B Ry B 0K
T E O TR E SR T AW )2
MRFFE" . ARBBARGE T —F AT InGaAs bHEHY
A P R AR B A T AR M IR A A S BT
— ARG AR B A — B 58 R T AROE AR VXL
P TR O 27 LA KO IR A 57 S OG0 OR A%
(SOA) % J7 1 BUAS 1 40 26 9 R FH RGARS. A SC
FEBCR M T gl i B R 1 R TR RO fiE
1 — BB 20T, Xk e Ji T — A s R e S O 8 A
WHE X,

ARG T =PRI W R BB B - R A
B4 S IS8T InGaAs B8RO & 8 41 7%
AU A BT 450, B A T R R BUR b R 2
RGP BRI A P RE A

i BH . 2022-05-18; fEE BHE. 2022-06-30; A EHI: 2022-07-04

E£mA: BEXARBEES (61874117
BIE1EE : jwu2@buaa. edu. cn

1901002-1



25 49 % 219 B1/2022 £ 10 B/ EEX

2 =MERINPE ARG E TN

TEARYE T ARG R S50 p, — 4 1 BF R AT AR
£ 8 WA i S AT R S R T R S A T DR
T A PR RE | [R] I 3 2 T i 50O B ) B
i R O T R A R I — SR Rog e, H
AT B i A5 H AR S5 R B 2 B =R
S — MR A A OB i R S BT B R OT L PR
FHEEA B - R BE M S A T 1 o) PR 5
Mol R A7 BRI A BB R PR B 45 R D BE - R

@

dots

—> thin barrier w

AETFEH B 1 (b) FiR. FEX B Fp Bk -5 2 A 45
Fapr, B B AR K SRS T Stranski-Krastanov 4 K
(= WO [ O s W 1 1 R O NI LRV - LA E O
JF BAEX PR G 450 b, BF A9 4E ] 32 2 2 S Bl
PSR RE WA SRS A R T A R —
ol 56 T 7 A 5K B0y 1 e R A 80 P B a5 2 A A
Gty A HEE SR TP R L BN
MIFE A BE 115 B0 K A £ i, e rh HL AT 5 400 1 6 A7
AE I My T B R R R .
(b)

dots-in-a-well

BT SR E . (BTl A E AW () kT HE -G A A A

Fig. 1 Structural diagrams. (a)Tunnel-coupled quantum well-dot composite structure

L (b) quantum dots-in-a-well

. [23]
composite structure

3 B SRS E G E TN
3.1 G54

PR E A5 B A 8 07 FH 8 Sf Bk A ] {0 ) € 1) 52 it
R BRI B G R, TR
R oK B B R S MR R Y B s Ok
AR T REMAFIE . SR, T &7 S A REUR /N,
PRI 0 5 2 s 2 ™ R e R oS R L A
T BOHOEAT U5 XA 80 - WO R0 3 B b B A1, [ s
o e LR AT = D e 0 SOt . O T R s 2 PR A,
MRERE T —FfiE TSR EE A4, FIH
B L R o O i A2 EA B . RS
O A el W SN = RN S S i S A B2 N
N 1 I N = SN = e <5 = X (A
RS B i e, R If — 4 5 1 BF AN 4E 1 R Sl

52T T 1) S el e e A

B a5 B 2 A 5 B2 6 i A5 M BR T AT B 0 R
MW EE B 2 A1, X6 T 208 1 i B G5 40 R o A L
—E MBI AE . 2001 4F, Chung %1% 3 i 75 82
InAs & F A HHES] A InGaAs 48 & F B, AU
T RE S USCER I AR TR T B A B E T R TS
K 230 N W VW& W TN EoRan | O] 61 By 2 3 i R
BRI GaAs B2 2R NE 2(a) [ 5 nm ]
K 2(b)AY 0.5 nm B, InAs &7 £ N BEHLHES 1 25 Ky
XA HED s AR REEE N 5 nm B, —2F AR T A
JEHSHE AL T 20 nm, M 7EHZZEE N 0.5 nm B,
BT EEES/NT 15 nm, AN, 870
MM 210" em * #9057 3X10" em *, W
I FRATT AT L3 ak A v ] A 42 2 0 JEE B O S X i
T 05 G5 K6 RN o3 A DL AR s R

Bl 2 KRl GaAs %22 R E FO -G HEMAE AW P InAs &7 ST B8 MEEE%5 . (2 5 am;(b) 0.5 nm

Fig. 2 Atomic force microscope photographs of InAs quantum dots in tunnel-coupled well-dot composite structures with

different GaAs barrier layer thicknesses™ . (a) 5 nm; (b) 0.5 nm
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Fig. 3 6" and 6 polarized PL spectra at 20 K and corresponding CPDs for well-dot tunnel-coupled nanostructure with

different GaAs barrier layer thicknesses
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Fig. 4 Effects of barrier layer thickness on optical properties of well-dot tunnel-coupled nanostructure. (a) Spin-injection time

and CPD of PL spectrum versus barrier layer thickness

excitation of quantum well versus GaAs barrier layer thickness

Gl (b) normalized quantum dot PLE intensity under resonant
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Fig. 5 Polarized-gain characteristics of well-dot tunnel-coupled optical amplifier

B9 Polarized gain spectra for (a) well-dot

tunnel-coupled optical amplifier and (b) tensile-strained quantum well optical amplifier; (c¢) percentage of TE polarized

gain contributed by quantum dots

3.3 MHAmI=

5 e s a5 A (= A R 17 N L8 eI B Iy N
Tt 5 BB RS S R T R BT LB B
i R AT O T AR L O I R o 8 A B
X 5 B ) B 1 o5 X, PR, i BIF - R 2R A A O R
Lo B — i A OGRS BA R n 1 a5 KA R
Do 1 O R S L v g R A o M e R G Y £
e A F 2409 2003 4E, Kondratko ZM RiE T —
s P BE InAs/InGaAs BF - 5 5% 28 88 & BOL &% 12
1 mA fH 2 [8] B 0 0 B F I T, 2% a5 28 19 26 58 1 5 [
FanE 6 Fros AR, 7R A RO I RN, 2O Y o
R 1 G AR 5 140, I B7E WO U K A 3015 T 8/
B (0. 15) . T BIF—a5 % 28 Rl B 25 75 1=y 3 A 0 U Bk
FHRMBA Y KW S, AN BEEEATZETA
A5 B IR T TR A T AR B T I A R BR T
A FRBOLRERE A — D OCHE N R, M, 5 7 B
R SRR A WO A B s R RE . 2022 4R,
Khanonkin 21 45 78 7 RS A B9 B A 1AL o =
BE2F TR EOE A B TR AL T B

B 2 41,2009 4, Huang AL T B A
Bk AR i BIE A R G SRS L 3RS I PR AN SR
JEHE 25 I3 T Ak AH OCHR & 2 T R R, B
F TS Z MR . mn T Sile 26
WA ERE SR R A EEAEN.

6

- ] = 17.5-18.5mA ——235mA ]
g °T o 185195mA
& L1 A 19.5-20.5mA ]
‘é € 20.5-21.5mA "y
-
g 3r L ] [ ] L f.. -.
8 el B B oo
-§ 2 [y 0% %0 o 0 0 0te o7
o aa
o 1B A
M AL L s, atd
v,
g 0 Al "' ﬁh“”T w. 'V
[
g
_ clr
2NV AL
2 ) 1

1046 1048 1050 1052 1054 1056 1058 1060
Wavelength /nm

Bl 6 BF - Bk 2 M 5 SO0 75 1 22 B i i D 7L
Fig. 6 Linewidth enhancement factor of tunnel-coupled

well-dot laser™”

2018 4, Khanonkin %% 38 o A5 #0058 47 52 Wl #4000 5
5 BUEAT S T InAs B 20 BE 20 58 & 25 1 D6 0K 4 1
A7 B B B T 3 0 IR T TR R O A R
RN TE G O TS

T B s bR 2R A A5 i b, & L i B L
K] 3 42 22 i A AT B T M R AR . AR R R R
RILER BT A K ER T Stranski-Krastanov 42
ARSI Y, I AT o A v ] 22 2 1 TR R SR
P A5 A0 R o3 A LA KB F i is . fEIX R BT AT
rh, B R AR S R 0 R 2 RS A2 T B
27 A i R AR T U T R R X

1901002-4



25 49 % 219 B1/2022 £ 10 B/ EEX

AT W RCR AR Y 1) A R B T kO, 5
L [R] B TR & 25 A s P B TE A TR LA e 4
PEVERERCORIE T AR5 1 5 ey B9 484 i L AR A B0 L B
G L R A E P T e Y S RE R R T A AR ) £ 9
FESR N 48 R R R PR e RO L & L RO
R 55 7 T Je B T AR 4 9 7 T S

4 BE R A S BT A

4.1 ZEHI4RME

ZEARA K InAs BT M BHE 1.30~1. 55 pm
e B o £ 38 A el Jr T VA N R L B T
WEFEE )2 R, SR A% G2 A0 4T A K 7 pi AT
FEAFAE 2 B AR A 500 25 AR S il L B AR Oy ik
(18 AN BT S5 Bt A A B B R AR A BRI
T BB AR A S5 R A O IR AN
AR PR B R R R TR AR RE Y —
BRI Y BRI AN FE R TR iR AR A
SRR b 3 5 R R i B R R RT LA o S B Y BR
gL B FEAS S T R RSB B AT s
B B A IR

B B A AT i M R G L AR SR B3 L BT B

B 7 RRBHE InAs BT 00050 F ) 0B R0

MR AR GEWAE THEZHMI. 2003 4F, Liu
AU A F A AME (MBE) R 4875 GaAs (100) #f
JE EAERK T L3 pm AW B InGaAs BEFI InAs 55
AR AW, 8T InAs B L InGaAs
7B W DL M InGaAs F1 GaAs B A & 3 2, o
WO RCR RS . I 7 PR L BE%E InGaAs
BH 22 T AR 2 53 A 3G 0, BRAS T R/ INAE B L T 8 B AN [R] Y
InAs B Fri. A B TS ARG & F45Hh
By a8 BB SR M Stranski-Krastanov 45 KA R 4k
FEAE K BT A BY T A0 48 2 RS IS 22 B] 9 R R AR
Wil & T = 4k AH T 0 R AR g4 Ok 45 M. 2020 4R,
Addamane ZM ) InAs/InGaAs B &5 A B F 45
R G H InAs MOBHICEELL GaAs BB AR IR 1 2544
AR TR Y S AR R TE 2R A5 T A XX R
InAs 7 B 8 (a) i, (HATELL InP A KH R
R AR InAs, B R RS R EA
PR InAs BT LRI L A 8 (b) fras. XfLt
H AL X AE G A bR E R L PL MG
G 2 e A= A T SO B W o N S B A [ v o |
DA 3o 455 ] S5 50 2 BOR 45 BIF - s A B BB A
HET LA S5 48 B G~ Pk g

(a) Ing o5 Gag oy As; (b) Ing 1, Gay g5 As; () Ing 15 Ga, g5 As

Fig. 7 Atomic force microscopy photographs of InAs quantum dots in different well layers™ . (a) In, o; Ga, oy As;

(b) Iny 1, Gag g5 As 5

(¢) Ing 15 Gag g5 As

8 BTk A G4 i S LR R T BRI

() 7E GaAs EAK (D FE InP EAK

Fig. 8 Atomic force microscopy photographs of quantum dots or dashes in dots-in-a-well structure™™ . (a) Grown on GaAs;

(b) grown on InP

4.2 FFEMERE
R TR A SR BOE PR K 9 ()

7~ T InAs/InGaAs B AZ5F P InAs & T 5 AE
AR E TR PL OGS, MEREMN 10 K & E

1901002-5



£ 49% £ 19 H1/2022 £ 10 B/ E ¢

100 K, & F 4 19 PL 5 BE -t AS W7 35 i, 24 36 5 88 i
100 K Z J5 » PL i B Fifi 25 75 B A 34 s ik 55 . 497 @
DAY B R AT 0 6 B E — A3 R A R Y L (1L 3~
L4 eV) N FEI B — A 055 A9 1 InGaAs £ Fil 2 BT 51
BRI PLASS . A 9(b) fin, % PLES ANHET &=
FAR BRI, © Rl A IR R A T e R S L 7R T
80 K MR T ot e k. B 9(b) i HH B A InAs

- (a) -

PL intensity /a.u.

1.05 115

Energy /eV

T AU InGaAs & FBF R B2 6eH B, 7 =4
InAs 1 SIE 2T I R — A1 InAs BH)Z .
% InAs 214 )2 5 B Bl ) InGaAs &= FHF— & T
BhRuTHE ClHAar 48 bi-QW) L i 7E 5 1 5 L&
THARUER InGaAs RETHEZNY . 454 PL %L K RE
A AT LAHEWT i RFE B - R A B B A RO
v A e 32 R A T T B2 U ST B RO .

T T T T

QDs -

PL intensity /a.u.

“ N g il
R S S S e

1.25 135
Energy /eV

Bl 9 BF-AUi AGE M FEAR IR T 19 PLOGIE™ . () InAs 87405 (b) InGaAs it FPHL 2 6 E & InAs £ F 25H InGaAs
it Bz Y Re A

Fig. 9 PL spectra of dots-in-a-well structure under different temperatures™*

. (a) InAs quantum dots; (b) surrounding

InGaAs quantum well with energy band diagram of InAs quantum dots and surrounding InGaAs quantum well shown in inset

o S e N B ON S S SE NS 1P e
HEREMI M, B 10() /R T InAs/In, Ga,—, As BF— i
A G &R PL OGS Hrb BIF 2 8 2 5 (14K
3 A SCRD BB FL R 0<<x<<0. 2, HEESERAT
B2 U6 4 B | WA (B U AR G AR 43 PLOSR FE B o Y2
A A E 10(b) () (D Fran, H InAs i F A H

€))

InAs/InxGaixAs
dots-in-a-well structure

PL intensity /a.u.

B 10 InGaAs BFHE A4 & B X InAs/InGaAs BF— itk A5G e 2 m

Relative PL

Wavelength /um FWHM /meV

intensity

B RKTE GaAs (2 =0) LR ENEHK R 1,17 pm,
K45 (FWHM) Jy 32,7 meV, If HFEE « BN,
PLE K ALK, &5 2%, 4 InAs & ik A F
In, ,Ga, s As BF 2 H B, 3845 T 5 /0 19 2 0§ 4 5
(25 meV) Al KK (1. 35 pm), 24 = MO 34 3
0. 15, B 53 PLuR B g A FEAR, 24 o 2 — 25 19 n )

34
32
30

0

10 15 20

0 5
Indium composition in InGaAs well /%

(a) InAs/InGaAs BF -5k A S5 1) = i

PL 3% Z M T InAs/InGaAs PE-S#x AZ5HFEAR (b) H1E2 T8 (o) BEEIE KA (D PL X 5EE

Fig. 10 Effect of indium content in InGaAs well on optical properties of InAs/InGaAs dots-in-a-well structure

B (a) PL

spectra of InAs/InGaAs dots-in-a-well structures under room temperature; (b) full width at half-maximum, (c) peak

wavelength, and (d) relative PL intensity of InAs/InGaAs dots-in-a-well structure at ground state under room

temperature

1901002-6



£ 49% £ 19 H1/2022 £ 10 B/ E ¢

0.2 I, AU PL 3 35 B AR O 2 330 A9 T R R
TE X AN B AE R G B OB T A Y. 2005 4F,
Ariyawansa 257 5@ 5 2028 InGaAs BEFI InAs S A
I GBS R B DR T L S B0 T R R T 8 A T e K
(K9 . 2008 4E, Jolley A" MLl T 4t Bf JE e X 5t
T GaAs @#%‘H Ino.sGao.sAS )ﬁﬁﬁ/\’E%éﬁm Eg EF'?I&I*
PR 28 B9 15 g 107 B o At M BB B 5 e, E ] T 32
ar PR REXT i1 B S BOR SRR . 2010 4R % A
BABESE T 8B 243 5 F GaAs BF A In, s Ga, s As B4 A
O A 5 K Y 2T A 10 2 A S R 1 B B
BT B 5T FeATT AT AARAS D0 Ak 1 B — s i AR R G
FERE .
4.3 HHAMS

InAs/GaAs & F & O BE I & —Flof GaAs JE
ARGEW RSB RY R 1.3 pm A5 B HE
My, SR 7E K Z 8009 1.3 pm GaAs % InAs B 705

@
o RT
¢ :
g | \ £
: .
™ | [ 100 °C é
s 1200 1250 1300 1350 5k 5]
E Wavelength /om K
4 e 2L g
3 £ g
4 df 5
é 2% 100 %0 1400
‘Wavelength /nm
10 : .

250 300 350 400
Temperature /K

POEAR P B A 5 | A 448 25 ok R B TR 4 Y
PEfE, 2003 4E, Liu 2 R T — FAE4L B InAs/
InGaAs B 4548 , i B T 5 BIF 09 5 4K 30 R4 s 1)
BESSE, BERET 13 pm BT O RS HE
e, B 11() B/R T RIRZWE M 5 )2 InAs/GaAs &
TS O AR AR FE SR E 5L T Y (E L I 2 R B IR AR
i, T BEER RS EME 39 A/em”, B EAK
T— M2 28T SOt a nY B % . 50
JF i RO R A Y . K 11 () WA
B T 23 100 °CF MY 306 63 . i 5 ok K o
BR 1.306 pm Fl 1. 346 pm , 2015 4F, Cheng %"
WA A IR 28 35 A S5 F 5 T IR R T FE B
FEAT TAER B B InAs/GaAs & T BF -5 A 0Ot
TR LI T 1. 28 pm Y S TR SR I L SIS A
T4 T RO 116 mW, 2% HLA B3O A
2.4 1%,

T T 7F T T 7 100
(b) —=— CE-DWELL
—0— DWELL
4, #-.'-
% .(“‘ L
o, &
A £ s
—g\ s 410 §
AL &
~ /4:\; =
B~ P g
% g :
L 2 A
F \ A
R NP ol |
AAA‘ At

-2.0 -1.5 -1.0 1.0 1.5 2.0

Bias voltage /V

B 11 B A G5 X G B aE B AE - . () RRERY 5 )2 1.3 pm InAs/GaAs  F B CRAEESL I EH T I
B HEL 3T 8 I SR R AR LR R R IR (RTY AT 100 °C R (306638 B 5 (b) 77 K BFAR 6] H K R (9 InAs/Ing, 3; Gag g As
B A (DWELL) FE 5 1 FR 510038 (9 Bk 2 A (CE-DWELL) #E 51 19 B 3 39 25 (S TR Fi: 20 (GE 5 ) B

Fig. 11 Positive effects of dots-in-a-well structure on performances of optoelectronic devices. (a) Temperature dependence of

threshold current density of 5-layer 1.3-pm InAs/GaAs quantum dot laser with uncoated facets under continuous wave

[44] |

operation and laser spectra at room temperature (RT) and 100 °C are shown in insets ; (b) current gains (triangles)

and quantum efficiencies (squares) of InAs/In, ;s Ga, ¢s As dots-in-a-well (DWELL) sample and confinement enhanced

dots-in-a-well (CE-DWELL) sample at different voltages at 77 K**
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Fig. 12 Influence of temperature on epitaxial growth of highly-strained InGaAs/GaAs quantum wel
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content available in well at different growth temperatures; (b) PL intensities of highly-strained InGaAs/GaAs well
grown in 530-570 C
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Fig. 13 Structural characteristics of InGaAs self-assembled well-dot composite quantum structure

rich cluster effect and InGaAs self-assembled

fail (a) Schematic of indium-

well-dot composite quantum structure; (b) atomic force

microscopy photograph of indium-rich clusters
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Fig. 15 Dual-wavelength lasing characteristics of InGaAs self-assembled well-dot composite quantum structure

B2 (a) Lattice

matching, band structure, and wave function of InGaAs indium-rich cluster self-assembled well-dot composite quantum

structure; (b)

TE-polarized dual-wavelength lasing

at 970 nm and 980 nm under different injection

energies; (c) dual-wavelength lasing under different temperatures; (d) thermal red-drift of lasing dual-wavelengths
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Fig. 16 Optical characteristics of InGaAs self-assembled well-dot composite quantum structure. Experimental (a) TE and

(b) TM spontaneous emission spectra under different injection carrier densities™

absorption spectra™ ;

(e) polarized gain spectra under different injection carrier densities from experiment

o experimental (¢) TE and (d) TM

[31] |

(f) theoretical gain spectrum of In, i, Ga, g3 As/GaAs/GaAsP standard single quantum well with thickness of 10 nm

under injection carrier density of 9.6X 10" c¢m

—3[31]
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Low-Dimensional Indium-Based Well-Dot Composite Quantum Structures
and Their Optical Properties and Application Prospects

Wu Jian , Wang Yuhong, Tai Hanxu, Zheng Ming, Duan Ruonan
School of Physics, Beihang University, Beijing 100191, China

Abstract

Significance The rapid development of the modern optoelectronic information industry has increased the requirements
for semiconductors in optoelectronic devices. Low-dimensional semiconductor materials with smaller sizes, adjustable
performance, and greater integration flexibility are the basis for developing a new generation of nano-optoelectronic
devices and systems. Quantum dots occupy an important position in low-dimensional quantum structure materials owing to
their unique structural and physical properties, which make them a promising, low-dimensional structural material for the
next generation of optoelectronic devices. However, the performance of quantum dot-based devices has not matched the
theoretical expectations of the material because quantum dots are difficult to fabricate at a high standard. As quantum dots
are very small, the number of hot carriers is increased, which significantly affects the modulation speed and results in a
decrease of the carrier collection efficiency of the device.

In a quantum well, another well-known low-dimensional structure, the carriers are constrained only in the direction
of the well width, and the density of the state presents a ladder-like distribution, which is significantly larger than that of
quantum dots. Thus, a quantum well is more suitable for the collection and storage of carriers than quantum dots. This
makes it possible to study and develop a composite quantum structure that combines quantum dots and wells. As a new
type of semiconductor low-dimensional quantum structure, the indium-based well-dot composite quantum structure
inherits the advantages of both traditional quantum dots and wells while overcoming their inherent constraints due to its
composite nature as well as the available control over the structure. Furthermore, well-dot composite quantum
structures can be used to implement energy-band engineering more effectively, improve the physical and optical properties
of traditional low-dimensional semiconductor materials, and expand optoelectronic device applications.

Progress This paper describes in detail the structural properties, optical characteristics, and application prospects of
low-dimensional indium-based well-dot composite quantum structures. The content covers three types of structures: an
indium-based well-dot tunnel-coupled quantum structure, a dots-in-a-well quantum structure, and a self-assembled
indium-rich cluster composite quantum structure. For an indium-based well-dot tunnel-coupled composite quantum
structure, the well and dots are generally separated by a spacer. The coupling degree between the well and dots is
dependent on the material, component, and thickness of the spacer. The flexibility of this approach makes it possible to
achieve better device performance.

For a dots-in-a-well composite quantum structure, the larger absorption cross section of the quantum well increases
the well’s ability to capture carriers, which limits their presence around the quantum dots. Thus, this type of composite
quantum structure exhibits the significant fluorescence enhancement phenomenon. Because a quantum well can form a
potential barrier, the probability of carriers escaping from the dots is reduced in this composite quantum structure.

A self-assembled indium-rich cluster composite quantum structure is constructed based on the unique indium-rich
cluster effect which occurs during the epitaxial growth of the InGaAs/GaAs materials. The material has an irregularly
strained quantum structure with different bandgaps and researches on this structure reveal that it possesses outstanding
optical characteristics that have not been achieved by other quantum structures. The ultra-broad and uniform gain spectra
in bipolarization, from this structure, indicate an opportunity for the development of high-performance semiconductor
lasers, such as polarized dual-wavelength laser diodes, polarization-independent semiconductor optical amplifier devices,
and ultra-broadband tunable semiconductor lasers with uniform spectral output power for all tunable wavelengths.

Conclusion and Prospect In conclusion, owing to the introduction of tunnel injection technology, well-dot tunnel-
coupled composite quantum structures significantly improve the performance of optical devices, resulting in higher gains,
lower currents, better temperature stability, higher speed modulation performance, and a lower linewidth enhancement
factor. The structures show good application prospects in the development of high-performance semiconductor lasers and
semiconductor optical amplifiers. In addition, the dots-in-a-well composite quantum structure effectively overcomes the
inherent limitations of quantum dots, improves the density of quantum dots, enhances the carrier capture ability of the
structure, and significantly improves optical performance. This composite structure shows great application value for
optimizing the performances of quantum dot lasers, infrared detectors, solar cells, and other devices. Furthermore, the
self-assembled indium-rich cluster composite quantum structure exhibits excellent optical properties, such as ultra-wide
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and uniform gain, as well as bimodal spontaneous emission and absorption. The structure has shown broad development
prospects for the realization of a new generation of ultra-wide tunable semiconductor lasers with uniform spectral power,
polarized dual-wavelength lasers, and polarized independent semiconductor optical amplifiers. Simultaneously, as the
lasing wavelength tuning range of the composite structure is in the terahertz band, it can be developed into a new tunable
terahertz source in the future. In addition, we believe that in the future, by using an InGaAs indium-rich cluster
composite quantum material as a new activation medium, combined with second-harmonic technology, we can achieve
continuous high-power and wide-tuning short-wave laser output that is difficult for wide band gap materials. Because each
well-dot composite structure has its own unique advantages and disadvantages, the structure can be selected according to
the desired device’s performance requirements, to maximize the advantages of the individual structure.

Key words lasers; semiconductor lasers; InGaAs materials; low-dimensional composite quantum structure; indium-rich
cluster effect; optical gain
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