University of

Shefﬁeld

Fabrication and Optical Characterization of Ladeatternedlll-V
Quantum Dot Arrays

| 2Edzy 2| y3

5

I GKSaArad adzooYAJGSR AYy LI NbLFE Fdz Ut YSYy(d 2
2F
52002NJ 2F tKAfz2az2LKe

al NOK HAHp



Abstract

CKAAd GKSaira Ay@SaosdriSa GKS FIoONAROlFIaz2Yy
+ ljdzZl yidzy R23G o6v50 |aNNidza RAMBYE | 26ND SK
LI gSNYyAy3a o65[Lt0 GSOKYAIldzS AyidS3aINFXGSR 6A0
YSNEBAY3 (KS LIMBOGKIARKS 2FLIa.ld O2y(iNRf 27F
RSY2y &aiN} GSa | a OIFENIFE S 3 LILANRYHGQKY A yiil2e 2 YRS
jdzl yidzyY R2G FINNI PSeF2NBf aeRNBSYSyid F2NJ ljdad y
LIN2OS&aaAy3 LI AOFa2yad

¢ KS aildzRe SELX 2NB & 0o 2 v5 aea
FIFOoONROFGSR @Al RNRLX SG SLIMAGlIEe | yR
{ O NIYyRHN &l y2 @ I YR RNER LJ S SLIAGI Ee Y
LIK202f dzyAySaoSyoOoS 6t[0 YFILLAYy3a aeaidsSy ¢
NBazf 3SR 2Lk Ol f O KYF ANEH f O YBINENSS: o /I A R OB adiA
0 KNP dz3 K LJdzii @

YSe I OKASOSYSyila 2F (GKS aiddzRe AyiOf dzRS
0SFY 5[Lt &aedaidsSy AUGKAY |y a.9 OKIYo0oSNE
v5 |NN}¥ea gAOGK ddzylotS Y2NLK2f23& @Al I
FYR GKS FgrAYyYSyidftdahy SaONeGS LIKA2ISR6 A RG KA
F LILINREAYIF GSt& wmt YS+3X aA3ayATFeéayd KAIK 2Lk
gl a SailtlofAakKSR 0SUsSSy 5[ Lt LI N} YS G SNa
Fa aAl S RSyaardtezr FyR Syraaizy NILISGIHNF o
KAIKf& 2NRSNBR YR 2LJlOrtfte | OogdAivdga gAl
fAGK2ANI LIKAO aidSLBA®

tKSasS UyRAy3Ia | ROIOZGSE NEKSSR S &k y2i{fdzya ARIS(
20SNAY3I | NBLSHOGITFNSSF FRONRQE S XYY INSHRKRZ2RD
F LILINR F OK K2f Ra aA3ayAUOlFyd LINRPYAAS FT2N LIK2IG
ALI ol £ LINBOMBARYY FMENAGE NS ONARa Ol f & Cdzidz
GKS&aS | NNitkK2G2y az¢gzNDSa FyR SELX 2NAYy3I (KS;
LI I A VI2WWR OGSt SO2Y GSOKy2ft23ASad ¢KAa ©2N] |
jdzl y i dzy LIK2 {2 yR OK&RESNM O $%1KERINE AHIMA O &G NI GSIAA

2
I

0 K

Y



Ack nowl edgement s

t dZNBdZA Y3 | tK5 Ay GKS {OK22f 2F 9f SOGNRY.

' VAOSNEAGE 2F {KSYSER 20SN) GKS LI ad TFT2dNJ &St

JAGS GKS OKFftSyaSa oNRdAKG o0& GKS LI yRSY)

a1
w»
QX
—

RSSLIGRS TAHNI F2NJ GKS 2LILRNIdzyAde G2 YSSG FyR g2l
GK2 AdzZLIR2NISR YS 020K FOFRSYAOFIffte yR LISNER2YI

CANARG |yR ¥F2NBYzaidz L ¢6tyd G2 SELNB&aa vYve
t NEFP alNJ] | 2LNAYyazyd |1 A& 3FdzARIFIYyOS |yR &adzli
GKAE 62N] @ al N] KI a &ayd2ldS NBKR 27K gk R YR NBLEHSNIN.
KFa Ff&a2 &dzLlR2NISR YS RdNAy3I RAYOdzZ G Y2YSylia

LISOAl f & GKFYy] Fdzd F2NI

Q¢

LISNA2Y It fAFSe® L FY S
GAGK YS® A& LI aarzy T2N NblaBimNDES AR yRETOS NEN:
VI y2aiNIzOGLdNeRi 2 £ dzYAy SaO0Sy 0SS aLISOGNR&aO2LER > I YR
AYONBRAOGE® @lfdztofS (G2 Y& INRBSIKOD

L Y +tfaz2 GKFIy1FdzZ G2 Yeé O2ftft Sl 3IdzSas 5NW

<
Q
ax
¢
(V)]
¢
>
O

Fo2y | YRIKSY(GENBAI Y 68NB @i YILE Sa

NBaSINOKd 5NX¥ 2Fy3d FdARSR YS GKNRdIzZAK dzy RSNA I

IANRPGUIUKD KIS NI ViRl &dzLILI2 NI YFRS (KAa GKSaixa LlRaa

[FaGfexr L ¢2ddR tA1S G2 RSRAOIFIGS GKAAa (KSa

O

g
&
B
(72N

YSY2ZNE® 22NRa&a OFyyz2i Td f 8 THRAMNBHES WweSIADE a7l
F2dz2NJ @ S NE Rd8 ai@ a&iS2 3B Y RSOIVABDY 33 REUINY FRE SyYIRER
5N %KAKSydwizA yEY BNEKNIPGBSSAK28Y¥ YS dzy gl GSNAYy3I & dz

f20S UGKNRdJzAK2dzi GKSaS &SI NaEO®



Li st of content s

Abstract
ACKNOWI € 00 8. e L S mmme e
I T ST A o T AR o o Y o O N = 0 o 6 S
I ST A o G A - U o 0 O = T PPN
T T S o I A N O o U B GO - Y - PP P PP PRSRRPPPPPRI
N T o B T - T S R o o
Li st of PRPlbiiCat d0.S e e
1. INTRODUGCT.L DNttt eeeeettiittiirebbeebsnaa e e e e e s e e e e aaeaaaiaaaanaeseeeeesaaeeens
1. 1 .THESEMI CONDUCQUWARNTUGONFI| NEMBXNITEM..ccccceeeeeeennnnn.
1.1 .PRINCIPLQUAONFTUGONFI NEMBXNITEM. cioieeeeiirieiiirieeeenn.
1. 1.ENERGYLEVELS ADBNSI TY SIRTES DINFFERENT
SEMI CONDUCNAONROSTRUCT URES . iiiiiiiiiiee e eesseeseessssssnnneesaaaaaaaaaas
1. 1 .THEORETI MODEL QWANTUDRDTARRAY.S.coiiiiiieeeieeeeeremennnns
1. 2. THEDEVELOPMENTV COMPOUNBEMI CONDUCTM®RT ERI AL
SYSTEM
1. 2.11MMCOMPOUNIEMI CONDUCTORQUANTRRUS RUCTURES
1. 2 .GROWTH AINDEGRATICBALLENGES. .cccccciiiirrrriccceeeeeeeeeenn
1. 3.H STORI COINTEXT I|0OPM SEMI CONDUCTNBROSTRUCTURE
Yl N N = 3 B T 03N 0 FO @ PP
1. 3. MULTILAYER VERTI CAL...STACKLNG...ccoooeivrrrrrrrrrnnnn.
1. 3.LMRGANI ZED ANI SOTROPI C STRA.L.N...ENGL.NEERI NG
1. 3.SBTEONTROLLED GROWI.Hooooii it iieeeeeeieeeeeeeeee e mcmmmenaans
1. 3. RECT LASER | NTERFERENCBHLPIARJERNIL.NG.....
1. 4 PROJEMOTI VAT ONOBAINELC T 1.V.ESurrrrrrriiiiiieimmcmcceceeeeeeeeinnnnns
T ST I N O (@ Y T T N =
2. EPI TAXYl BMSEMI CONDUCTOR NANOSTRUCT UREL BRRRIAAR VI A
BE A MEP I T A X Y eiiiiiiiiiiiiiiii et ettt meeeeea e eeeeeesesssesassanenananseeeseeeaeeeeeeeeennnnnnnes
2. 1. THESEMI CONDUCQUOWARNTUGONFI NEMBSKNI T EM..cccvvvrrrerneeee.
2. 1 . SURFAGE NETPRIDCE SS ittt
2. 1.BEPI TAXGROWTHOWARDBETEROGENESIRYCT URE....
2. 2.DEPOSI TI METHOD OFFM COMPOUNDSEMI CONDUCTOR

NANOSTRUCTARREAY USMBIE. ... e reeee e



2. 2 SIRANSKRASTANMIDE ...ccoi it
2. 2 DROPLEEPT T AXNiiiiiiiaieeaeeemesmneaseeasseessesanseenmanmnssseessssasseessesanseans
2. 2. B REATASHRTERFERERKCTET ERN L NG .cccviiiieiiieereeeenns
PG S B Y 1 7 = PSP
3. EXPERI MENTAICHARBCTER! MEITHDD.S..cvvvivieeiireeiceeneeeee e
3.1.Mol ecul ar Beam..Ep.i.t.ax.y..Sy.s.t.em....
3. 1 . FUNDAMENTALMBEFY ST EMS.iiiiiieiieieiimmrreemieeesieeeseee e

3.1 . THEMBESYSTEM WDITREATAS ERTERFERERAIETERNI NG
SE FUP

3.2 . Atomic Force..SpecCi.loS.Co.pP.Y .
3.3.Photol umi nescen.c.e..5Sp.e.c.ilt.r.Q.s.C.0.p.Y..

3. 3.PRI NCIPLBHOOOFOLUMI NESCPECEROSC.OPR.Y.cccevvvvvvnennne.

3.3.Mi.r-Bbot ol umi nescen@rRL.)Sp.ec.t.r.as.copy (
3. 3.TBi.ARREe SOl Ve di Pl
3 i 4 L SUMMA RY ittt e e e et eeeeem ettt e e e e e e eeeamn i aa et e e e e e e e n bt —n—ntrrnaaeaeeaaas

4 . AUTOGMAPPEBYSTEM FART OMATESPATI ARHOTOLUMI NESCENCE
SP E CT RO S CiO P .Y ittt ettt tee ettt et mmmme bbbt e e e e e e e e e e e e e e e e e s annnnnns

4. 1 .OBJECTI VE®I MNNDF AUTEOMAP PEFRS T EM..uvvvveiiiiiiiiiiieimnenne.
4. 2 DEVELOPMENT GWTDWMBPPERSTEM. iiiiiiiiiiiiiiicecceeeiiines
CTECHNI CAL  RQUITE i eeeec e eeeeee e e eeen s
TR T AL T SATLON ittt reeeeeee e e e e e e eeeeeas

DRATA ACQUI STl 0N i eeeeeee et s

E o > Y

2
2
2
2 . POST DATA PROCESSLNG e ereenie
4. 3.SYSTEM ACHI EVEMENT.S..iiiiimeerceiic et meeeeniie e

s U Y Y N = ISP

5. EPI TAXY QHWRACTERI ZATIOBREREDN GaAs/ Al G®Bss/ GaAs
ARRAYI AROPLEEP I T A XY iiiiiiiiiiiiiie e e i eeeeeeeaesiiteeeeeeesesaaaeeemsssseeeeeessanssannnnnns

5. 1 . INTRODUGCT. LN iiitiiiiiiiticmmmeeeriseeeeainseesassasrnseeseesnneeseessannnnnnss

5. 2 .EPI TAXYPAOFT ERNE @5 axA QUANT UDDTARRAY.S .o
5. 2.PRINCIPLE BFI THNEPROQCES.S i iiiiiieiiiirieecmeeen e eeennnns
5. 2 . L MPLETRUCTURE ittt eemccee e et e s renen e e e eean e eeeees

L S N Y B I = o 1Y



5. 3.RESULT BIN®DCUS SL.QN.itiiiiiiiiiiiicieeeeriiiar e e e eeeee e eeeeenn s
5. 3.I8FLUENEAECTORS OFGROME HPROCE SS...ciiciiiiiiiiiineieemnnn.

5. 3.GPT1I CRROPERTI EPATAORE RNIBNGAASQUANTUDROT S....

LT U Y 1Y N =
6 . EPI TAXY QUMRACTERI ZATORNERHDN As/ QBSABRAY | A
D I 7 = PP
T A N\ s = o 1 o 2 U o O o
6. 2.GROWTH ORDERHDN IANTUDDTARRAY.Scoiiiiiiiiiriiiineeeeenn

6. 2.EPI TAXYORBEREIDN As/ QamsT UROTARRAYYI AS K
MECHANI S M

6. 2.EPI TAXY OBPEREDNASs/ GAANSTUNOT ARRAY YI A
D] @ = = = = T N

6. 3.RESULT AND DI S.CUS.S.L.ON ittt ernenme e e e eeeenene

6. 3.CHARACTERI SATORPNE RE#EDN As / QUAAST UDOTARRAYS
VI S KIVE C H A N T S Mt tei et e et e et e e e emeemm et e et e et e e e e e mmmmann e eenaeenaees

6. 3.CHARACTERI SATORONE PERAY GASQUANT URDTARRAY S
VI ADROP L EEP | T A X Yttt tiiiutiietettamnnmma e eeettiseeeeteanssmmmseessanseaestsnseeeeasaannnsseeees

B . 3 . B SCUSS.L.ONuiiiiiiiiitaeeeeee e ereeeee e e e e e e e e e

B . 4 L SUMMA R.Y ittt eeereae e e e e e e e e e e e e e e e e e e eeeeeee et et et e e e et ettt e e mmmnn e

7. CONCL US| ONFUATNJIIRWO R K..oeiiiiiiiiiiiiiieeieismmmmm bbb e e
T . 1 . CONCLUS LN ittt eeeeeee ettt emmeeee bbbttt et b e as

A © LU R L T @ X @ 1 PP PPN

7. 2 . URFAMEASMONSIOL ARE L Lutiieiiiiiiiiee it

7. 2.R2NGLEPHOTON EMI TTERTOWARDS QUANTUM TELE
COMMUNI CATLLON i rrerme e sersare e

7. 2 . GTHER APPLI CATL.ONS. it iiiceeteeieeieeiies e eee et evmmme s eer e e eeaenns

I I B @ N N = PPN



Li st of Tabl es

Tabl elColmpari son of current t-asbhamblLes t

semiconductor nauno.s.t.ruc.t.ur.e...al.ledY ..
Tabl eOvde.rlal | mappi ng fblasveah aryts.t.ceim...R.y.t hon

Tabl eQusanlt i tative comparison of QD morphol ogi

(o 0 N - = <0 AP - 30 o = AU o PP PPPR S PUPNE

Tabl e Qsatitative mor phol ogi cal parameters

C O V B o Bttt e eeeeeeete et et et et et eenen s e st e st et et et e s menen s estesesteteebeennnnessensenes



Li st of Figures

FigureTilmel i ne of advances i n qguantum phot

computing and commun.i.ca.t.d.on. . [.1.8 ] ...

Figurd@he. 2l lustration of dimension quantum

DO IS T o B =T o T U S PP PPPPPPRPPPRRP

Figur&chetmatic il lustration diagram of minib

T - T V20 ST

Figurealc4al ated Bandgap energyw ¥Y®smpatuhdce ¢

mat er i algsr oaunpd materi al ..wi.a..So.l.Ca.r.e..[.7.3] .

Figureald). 5STEM i mage of Il nAs/ GaAs quantum do:
stacking technique [88]. (b) AFM i mage of I n

organized anisotropi c..s.t.r.ai.n..engli.neer.ing [89].

Figuréeéal. BFM image of I nAs/ GaAsntquwdnhtewdmgd otwgd
on fpreterned substrates [107]. (b) AFM i mage

Direct |l aser interf.er.ence..patter.ni.ung..[.108].

Figur&chemmati c representation of the three f

EPI T aXi Al S Y Sl B IS e ———

Figuré&chematic diagram of (a) epitaxial gr o\
(b) epitaxial growth of -mphbobaxiattgcewmhsmbat mh
mi smatch and (d) epitaxial growth despite of |

L SN T T - T - T TR

Figuré&che®Bati c process diagram of -Vainf ferent

der Me+fye moH e. (V2e)b eVro | rmoedre . -K(r 3a)s t Satnaorvs..krio d e

Figur®cBematic dKamaoden odnd&i ti ons with growtt

LY T T o Y USROS



Figure 2.2 Om2 AFM images showing evolution
of GaAs quantum dots with increasing GaAs depo

and (c) 4. 5. ML . L.LAB. ]

Figur8cBhefati c process diagram for DE and SK

D) S K im0 B e

FigureSi2aznun ated 500nm wai st radius Gaussian

prof il eD ovii e(MBD) V. B .WM.3. e

Figured l2u8i nat-beamofntferufrerence configurat.
angl eaomfd equivalent azimuth angle with an ex

di stribution map..s.hown..on..t.he..ri.ght. ...

Figur8i liubated interference | &srecri denntte nasnigtlye
andpoel arization angle with (a) 1 beam. (b) 2 b

5 beams. (f) 6 beams. .(.g.)..Tl..beams....(.}h) 8 beams

FigureSi2ZmullOat i beaomf i hoerference intensity pal

combinations of incidenc.e..and..pol.ar.i.zation ang
FiguréelBusgtration-sofura et WBIECc a@lr oswvd.lhi.d hamber .

Figurehdtadagraph of the modified MBE system w

MBEKOMPONEBMBHA ( Ge MMAY.) e ceeeeeeeeeeeeeeeeeseeeeeeeeseeeeseeens

Figur € &3). 3Phot os showing parts of the DLIP s
chamber . (d) Camera image of four | aser beams

LTV T =T TP

Figureh8tdgraphs of (a) the Nd: YAG laser wi-t

Figur &e8ebal | ayomwmedamfDUIhR d orufri guration for
BS41BS 3: 50: 50 beaM7sphighenrsefl B®ttive UV mirro

LR U T o TR S G YO S N o o YO R o Y



Figureéeap. PbPiagrammatic illustration of the pr
N /T = SO O I ¢ = 0 S PP P PP PPPPRRPN

Figure SBhematic band di agram of interband
mi conductors. (a) Band edge recombination in
direct, phonon assisted recombinat.i.on in an
Figur8&8cBefhatic band diagram via di.f.ferent si
Figur8cBefatic di agg-RIn 0dt wap ttytpe ceaXci tati on |
Il 1l ection path (red), and cryogenic sample s
sential components include the exciNtAati on | a

objectictveomeper, and..det.ect.or..ar.r.ay.....

ePh30.t100 of the keymPbmpypyeseemsusédthe t hi:c

Bl 6wlchart of Aut.oma.p.p.e.r..Sy.s.t.em.
Exdmple of scanning r.o.ut.e..of...t.he preset
ghd. BunningpalsahbVIsERL. ..M.

Exdmgle of automapping results of an 1|n

by (a) wavelength dis.t.r.i.buti.an. (b)) 1 nt

€r bsaéction transmission electron micros

(b) 20 pn@a AecdlGa Afso QDIl.IRP4..211.16.]...........

eSchh.e2nat i ¢ diagram of (ahbeabmsmohasemat i c

rence patterning with same incident ang

ANT UM Qo0 8 B e e e e e e e e e e e e e e e e e e e

Figur
Figur
Figur
Figur
Figur
gi on
Figur
al e

Figur
terfe
Figur
GaAs/

€Comp3ehensive ssbemaonal csbsgcture di af

Al GaAs/ GaAs gquant.um..daot.s..ark.ray..sampl e.



Fi gureEf5.edt s of |l aser energy on guantum d
mi crographs of I nGaAs QD arrays fabricated usi
arrays fabricated -(uds)i ngreodstsi ondd Ilc mhei ety pr of i | «

direction. ¢6eyiBuatiostotaddodi height and di amet

Figuré&vb6l Btion of quantum dot morphol ogy wit
f oro. Gsan Ass . TFhirmeensi onal AFM i mages showing QD f
val ues of: (a) 1.78 ML. (b)) 2.0 ML. (c) 2.07 N

paned 9 Ghow corresepotnido magl cprosfsi l es .al ong t he

Figur AFM. bmagesa MNssl quantum dot array with |In

(a) 2ML. (b)) 2. X5ML.pr(eske nt.iseMthef(3tHie) samp) e ( a

(i) 111 wstdiarteec ttihen xpr-p €.)..l.e...of....s.amp.l.e..( a)
FigurAFM. Tmagpdaasks Abhyer grown wunder (a) 20
additional 30mins annealing at 750AC. (c) 50 /

(d) 600AC with 50 periods superl.at.t.i.c.e growth

Figurdabc® ResulbGadfs amamahbum dot sample wit
coverage (a) Temperature dependent spectroscop
Excitation power dependent spectroscopy at 10K
inverse tempermabrsee PH)intensity depending up
density at 10 K of different I nGaAs coverage V

indicated the sl op.e..of..di.f.f.er.ent..l.nGaAs

Figuré@aghbB. L spectr umnGafAsp agtutaenrtnuend dlont at 10K

2'°'W @ X Cit At D PO WL e e e e e e e e e e e e

FigureTihe 1BL spectr umy. G& . Agsa tgtuearnnteudm Ildnot at .

undewW 2xcit at..0n. . pP.OMWelL .. r

Figur&chBefmmatic growth struct.ur.e..of...l.nAs/ GaAs



Figur8&8chBemthatic growth struct.ur.e..of....nAs/ GaAs

FigureEv@o.laition of SK quantum dot mor phol oog
coveragedi mMmehmrsieonal AFM i mages showing QD f or m;:

of: (a) 2.5 ML. (b) 1.6 ML. (.c)e.ld..ML. (d) 1.

~

Figur AF®. 4 mages of capping layer with (a) z
under 515AC. (b) 200nm GaAs capping |l ayer wunde

|l ayer under 550AC. (d) 200nm .Ga.As..capping | aye

Figuré@L6spectroscopy of a 1.8 ML coverage |In
pattern region (a) Excitation power dependent
intensity depending upon the excitation power
indicated dhef sl epte lofhGaAs is around 1. 01. (c)

guantum dot aw @@Kiuadéonlpower with Gaussian |

Figur AF6. 68 mage of (a) I ndium droplet withou
dropl et wi t h crystallization t o form 1 nAs Dl
crystallizaWipativdbthat0260ACI (d) Indium dropl e

|l nAs DE QDsO-WBndaltli o .at....2.0.0.AC.. .. eeeeeeeeenn.

Figur AFB. Tmage of I nAs droplet epitaxy quant
GaAs | ayer at 400AC + 10mins annealing at 400A
20 nm GaAs | ayer at 400AC + 10mins annealing at
+ 30 mins ab@A€lifg)al07nm GaAs | ayer at 200AC

600AC + 30 mins a.nne.al..ng..at..7.5.0AC.......

FigureTEBMS8i age of the I nAs Droplet epitaxy
Annul afFiPadk vi ew i mage, EDS view of Arsenic a

LI ¢ 1= T = T PO UPPPPR



Decl arati on
tfSFrasS SyadiNB (KFG GKS F2fft2ay3 Aa AyOf

LI 2Edzys 2O AUNY GKFiG GKSOEKISMABGIANS YRF 2

' yAOGSNAAGEQA DAARI YOS 63y PAKSYSABORBDUZY Fd &N
YSIyd ¢KAa ¢2 0] LINBMB 23T SR OBBENI Yy 6 NR |

dzy A OSNEA & @


http://www.sheffield.ac.uk/ssid/unfair-means
http://www.sheffield.ac.uk/ssid/unfair-means

Li st of Publ i cati ons
Journal s:

Poster And or:al presentation



1INTRODUCTI ON

Th

op

ad

e approaching Iimitations of Moore's Law
chnol ogies to meet the exponentially gro
ese, quantum computing emerged as a pror
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cessitating superconducting material s an

gni ficant <challenges to s[ca]l Abplvoyalndh
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approach simplified photonic | ogibcasced cui t
computati ons. The u¥esemi dogdhlygt or gmranacedr
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* On-chip quantum interferometer
for quantum cryptography

» Chip-based discrete-variable
quantum key distribution (DV-

* Chip-to-chip quantum teleportation
* Chip-based measurement-device-
independent (MDI) QKD

* Quantum teleportation

« Chip-based continuous-
variable (CV) QKD

on a photonic chip
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1.THESEMI CONDUCQORNTUBONF| NEMBSKNSTEM

The continuous devel opment of semi conduct c
advancements in modern electronics and opt
guantum confinement has become a foundati
semi comaunot e clhin®]IThgys chapter explores the
and applications of guantum confinement
emphasizing its sighrVi fcioorgpmaen di s etnhi ec ocnodnut cet xot

1. 1IPRANCI PLEUDONTUMONFI NEMBKSTEM

Quantum confinement refers to spatial restr
of a semiconductor material is reduced to t
than the de Broglie wavelength ohethbe char
more di mensions [ 19]. This effect gives r
electronic and optical properties, which ai
counterparts. Specifically, when acthiaarlge c a

di mensions at t he-1@8@nmsnd gl et h(et ycpo nctailnfuyo uk
characteristic of bul k semiconductors tr
significantly modifying the material's den
opt oenliecctprooperThwes, [t2l0e mMRadtlt.er wave theor.y

explain the compound semiconductors nanost

Il n such cases, the continuous energy bands
di scr etleeveenesr goywi ng to spati al restriction:
materials structured as quantum well s ( QW)

(QDs) .



Il n i deal infinite wel!l model , the el ectr

foll ows equation bel ow:

oip TEE -fwe -fEs -h (1-1)

HhO &1 0 Qi Q

herod[ is the potentidhid, ecrpedpgye sfemmc ttihoen ;s p
boundaries of the confimey®naxiad ongsgdmsiey
Within this framewor k, when a semiconduct

crystalline structure. The quantum state o

can be described using the Schr°dinger equ

o}

—n 6 quwd Wwq (1-2)

wher e

2i s Planckdbés ®e'duced constant (

& is the effecti vien nsaesnsi coofn dtuhcet oerl encattreorn al
n | s Ltalhpd aci an operator

wifi s the wavefunction.

Oi's the energy eigemvdleeweekpgtrespondi ng t
This yields discrete energy values that

confi nemen[t2.A]iThensiom i nement energy can be

as:
o 82 (1-3)
whefties the quantiims ntulmé e c o mfnjdd.&he rst | e n
fundament al relationship illustrates the i

energy on size,-twumddild i pmiopgrtthessiofe quant
The dimensionality of confinement profoun

structure and density of states 1 n semicor



many di mensions exhibit guantum confi neme
guantum well s ( QWs, 1D confinement), quant
guantum dots (QDs2,2]3D confinement)

1. 1ENBRGYLEVELS ADEDNS| TY SDARTES DINFERENT

SEMI CONDUCNOMROSTRUCTURES

The di mensionality of confinement profoun
structure and density of states in semicor
many di mensions exhibit guantum confi neme
guantum wellDB coQWsi nement ), guantum wires (
guantum dots ( QOs2.3H8Wu lcko nthatntemealhg conf i nem

t he emmoemegnyt u mdee lfaeddoohnr © di ngies: equati on

7 o}

0Q

(1-4)

| -D3 the numbel ecft ronast eas ei irlkee t o move i

The DOS varies with whecbgparesenbotthbé er

di stributiomoad i awfoudscdof on of

"0 —O—'O‘ (1-5)
Quantum Wel l s: Il n quantum wel l s, conf i ne
(typically along the growth direction). A

sandwi ched between two barriers made of ma:
charge carriers experience confinement onl"
pl ahke resulting energy spectrum consi sts
di mensi on combi ned wi t h continuous ener gy
movement iFhort hae gpulaannteum wel |l with isadfinite

0, the energy |l evels are given by:



W‘I DZJ.' (1-6)
whe&g es qtuheent um number for the confined di

electron includes both this qgphabhez&dnedmp

energy:
(@) o ——- (1-7)

The corresponding density of-l skatfesntobroan
0 —B —0 0) (1-8)

whe+ies the Heavi §R2d¢TIsH ® ksetf eaDpOSt icomt r ast s

parabolic DOS observed in bulk materials,
edges, which is | everaged in optoelectroni
Il n quantum wires, confinement occurs in t
These structures allow charge (xardriireercd itom)
For a quantunsexitrieo nailth ha ircimeonstssh ® nsner gy | eve
of — — — (1-9)
The total energy includes this quantifi e

unconfined direction:

(0] 0y 2 (110

The density of states for a quantum wire

on energy:

" 0 B - ————0 0O5) (113

2 i
This DOS exhibits characteristic singul a

singularities), |l eading to enldijced optica



Quantum Dots (QDs): Quantum dots represer
carriers restricted incalmplehreeespapatilalcoc

| eads to the formation of discrete energy

at omsn@Rsl so khawhi asci al atoms." For a spl
radYamssd i nfinite potenti al barriers, the en
. o] h
On (119

whetrgerpgresents the zeros of téendpderical

the principal and angul ar mo[m2a@]tTuhne gdueannsti utny

of states for an ideal guantum dot consi st
" O ¢Bjrga p1 O Oy (113

whet be fa@icp marccount s for the degeneracy

moment um. This fully discrete-lerker goypts ged t
absorption and emission spectra, with 1|ine
and inhomogeneous bremdehamgbyechtni ssmscr B

[ 22AsFi gur2ehegw t he quantum confinement effec
the decrease of €ypasenqudnbdeynd®n foinraéd ma ryt. sy s

presents the highest] 28antum confinement e

)
!

a
3D 2D 1D oD

Bulk material & MQW Single quantum well Quantum wire & Ring Quantum dot

P3a(E) p2a(E) p14(E) Poa(E)
/ E E E

1 1
p3a(E)~E2 p24(E)~constant(E) p1a(E)~E2 Poa(E)~68(E)

E

FiguR2e€he il lustration of dimension quantum

DOS density.



1. 1ITHBORETI MODEL QWFANTUDOTARRAYS

When semiconductor nanoasrtrrayes air feisec afl d ryme «
guantum dotasr eah tseyssed eam rwehyesr e i ndi vi dual qua

though varmecabBamobsmbrmgcol | emnern pyeo(sdrrattiess wi

[ 29he spati al organi zation of quantum dot s
for investigating fundament al guantum mech
technol ogi cal applications spanning photon
procel[s30hFirstlyguammesimdedot sg are placed ir
el ectronic states can interact through twv

wavefuncti on edvieprollaep ianntde rdaicptoiloen s .

I n closely spaced quantum dot s, t he wave
boundaries of each dot. Whesing i bobedres ,negt theery s i
create direct electronic coupl iwhgi,arrel | owi n
knowrsdi r ect wavefunction overl ap. The str

exponentially as the dAsttaatel beaweén dobs

effect is to Iimagine each quantum dot as h
di st anmet wiWh®uch ¢ Iluowmdcsalno wogercluarp,, f aci |l it ati
interaction between dots. The rate at whic

guickly the wavefunction decays outside th

Even when wavefunction overlaps are negl
t hrough enedalidpplbé ecoupl i ndg.itkfeki svamet wan mamn
exert forces on each other without direct
decreases with the cubédmednitrhge tdh astt adheeb b
di stance reduces the int @n patiipmoni es tirmdregtalc t|

play a cruci al role in the opticaltmopert:i



transfer, wheré&daodr excirt ed eolnectdrodn can tr a
without actual charge movement.

As quantum dots couple through these mec
broaden into minibands, l i ke the formati on
width of these minibands is approxi mately
nearcéstsitharss transition mar ks -la kfeu nbdeahnaevnit oarl

i solated qua+#t ke dbethavtiorsolni darrays. By col

-

esearchers can engineer guantum dot arr a
proper tnigest,hepawaiy f or advancement sanidn quani

anoscale electronics.

>

Fi guk3i |l l ustrates the fundament al progr ¢
semiconductor guantum dots as they transi
coupl ed arrays, demonstrating t he emer gen
according ctoonf q utaneedohiei panhnel depicts a sing
quantum dot where quantum conf iOf@&i@hnt resul
anal ogous to the electronic structure of ¢
t hrdéemensi onal spati al confinement of char
inversely with thebspgfwWaFhei o fguadret idoat iramdi ac

the dot di mensions approach the de Broglie



Miniband Formation in Quantum Dot Arrays

Single quantum dot Weakly Coupled QDs Strongly Coupled QD Array

@ — 000 o000

Increasing interdot coupling (t)

E, — E, ———— E;, ~ A~
E, ——— Ey, ——— E; ~~v~
Ey — Ey ——— Ey —~r~~
Discrete Energ_y Levels Level Splittin_g Miniband Formation
E « 1/R? AE o« e 9/% W = 4t, E(k) = Ey + 2t - cos(ka)
FiguB8chematic illustration diagram of mini
arrays.

Foweakly coupl ed quwdmgthibdautds thaggr e wpesiet i one
enough to per mit l' i mited electronic inter
splitting, where each formerly discrete ence
l evel s. The magnw®udel bbwshias eplpioheinngal
i ndet separation distance (d) and ,)y he deca

expressed as

w0 Qwn - (119
This splitting represents the onset of de
begin to extend beyond individual dot s.

Asa strongly coupled quantum dot array,
transforms the split |l evel s into continuc
di sper si bntkleedeatiimnesrystalline solids, with
of wave¥xector

0 O ¢o Ghénwn (1-1 5



where t represents daihse tchokwpilndrferas higergt |
cons.t amhe minikhand wippmipxematdehy a direct 1
coupling strength in the array.

Thel ectronic properties of gquantum dot a
t hrdeemensi onal guantum confinement of char
modi fied by interdot coupling. I n isolated
energy Wewvekelwave functions Bimadtpraomiescpiae $ al
arfeavotuo ead str ogqwdndadm Regleadyh e @ qguantum dot s
arranged in periodic arr@yst hwei tohv ecrolnatpr ool fl ee
wavefunctions between neighboring dots cr
decays exponentiall yoow@ori i wthbdependscondi
the barrier hei gh3tlAlasntdhied fectplviengnaisscr e a s
energy | evels broaden into minibands with

t hr ougbhi ntdiignhgt [f D2 ]mal i s m

00 0O cowéld wéd & (1-1 §
whedbiea t-dr mensi onal cubic aThayewetthr ¢ mit
transport i n guantum dot arrays exhibits

tunnalnldi nCjoul omb bl ockade €dof enf¢tés. whbeechar

0is the dot capacitance creates an energy

When the intoerxcceetedsouwplcirnigi, c aal tfrraancstiitoino nc
i nsuwltaticmnducting behavior occurs, enablin
ar rf 8y3]

The optical properties ofsgoglchotbomti car

transitions and coll ective interactions am



of individual guant um -ddeog esn daernet cthraarnascitteirao nz
bandgap eneO®@ypfvodaki hg gsantfuaZnl]Jconf i nement
Il n arrays, however, these optical proper:

interactiddmpo.l eDicpallpd | MO pfQfenta bd @eal excag or

energy transfer between dot s, | eading to
del ocalization. When the interdot spacing
wavelength of emitted I|ight, cothatresnt wictohu p

enhanced radiative decay rates:
WOE da QoD RO QQL VA6 G (1-1 79

whelrepresents the number of [cCBANlead ent | vy

coll ective optical response of quantum dot
Cressestions and enhanced nonl i nearrdeopti ca
nonl i near swsceapeisbialpiptryoxi mately with the
transition dipole moment, making quantum
nonlinear op({B&al applications

Recent t heoretical and experiment al wor k
arrays can exhibit topol ogi cal band struc

transport propelr3.6]eAsd daigtaiionnsatl | dyi,s otrhdeercont r o
guantum dots enables the engineering of ph
crystals with customizable spectr[a3.7respon:

The quantum confinement effects 1in arra
mul tiplication,-emwdregy @hotionng| g¢e rhehrgahitee s mul
pairs through i mpact ionization processes.
guant umoldiods due t o rel axed momentum con

significant | mpicelcateadng@.floircathiod ms



1 THEDEVELOPMHANARMCOMPOUNIEMI CONDUCMARERI AL

SYSTEM

The devel opymeompodnd Idemi conductor materi al
the fields of electronics and optoelectron
bandgaps, high electron mobility, and ver
engnee[r3id]gThese materials have become centr
technol ogiesspead| tcdi@d®gpbogbded pandrbi ght

emittinpg4tdedvuecetso their exceptional physi cz:
Over the decades, advances in synthesis

appl i-gdrait v em research have accelerated t h
optimization. tThhi shirsdwireaw atlr andd® st ones, k e
materi al advancement s, and emerginyg trends

semiconductor s.

1. 2I.IMCoMPOUNIEMI CONDUCTORQUANRUM RUCTURES

The ori gvi nsse nmifcolnldiluct or researct Oc¢dn be t
century, as the need for materials with be
became [e2i]|]Eanmtly studies on gallium arsenid
(I'nP) highlightedf tdeuencyi amtbioptiycdlorapmpmpl
to their direct bandda®dNanhdbheghmi ekesetbnen
successful synthesis of GaAs {dipmatskeehpd9basxy
(LPE) in the 1960s, which facilitated the c
[ 43] Foundati onal work by researchers such

transformative potenti al of hetefdpglnctior



|l eading to their ado pd miotnt iinng ddeivoi dceess asnudc h

ampl i[ f4i54r s

Epitaxial growth techniques haveVbeen in
material s. The advent of mol ecul ar beam e
paradigm shifscaepabbnhgodt omec material ¢

[ 46 ]R. Dingle (1974) demonstr-fat ee;t MBIEtOrsa ab
| ayled,B]catalyzing innovations [AlBdhAndshgghnt
el ececmoboinl i ty tranfsioggtComss ul( HaMIEERN, ¢ methalmi c
vapor deposition (MOCVD) efnreiregredl ya Si0eac Isrciad
wi t h Manasevit et al . (1971) highlighti:
heterostructures and all ¢p.13TYlse £ensall li &kyes Ab e
foundati onal f or applsipceaetd oenlse citnr gprhioct so.n i Tchse
of sebeebigeowth (SAG) techniques in the 1¢

of Ml s$emicoph8@ttommad!lsipreci i te deposition fo

optoelectronic devices, [@as3]demonstrated by

One of the defi-Nismgmstordgther oflildd in
customize electronic and optical propert.i .
ternary and quaternary alloys, such as 1| nG:

tuni nagndogapl Bhermabl ing tail ored solutions
Stringfellow (1975) of fered <critical i nsi
stability [®bf5]thgsaeagalt heygroundwork for the
charact[et6i]Zaei advent of quaternary compoun:
materi al pal ett e, partj sahdr hnuinfcdn ohelsed @l
cel 58] achi eving unprecedent{é&dd] $d haluicency a

effects in pseudomorphic growth, [tél0dori zed



unl ocked new possibilities for bandgap enc
st r alianyeedr superl|l attices with enhanced <carrtr
properties.

1. 2GRDPWTHANIONTEGRATICBNLLENGES

The charact#&r inaateiram!| ¢f hlalsl been critical
Techniques | ike transmisgiagndelfdctarcam omi ¢ rXd
photol uminescence spectroscopy are commonl
interface properties, and opti c@lr ameHhawi or .
W. AN197T%®B)L] highlighted the i mpact of def ect
perfor mance. Advances in defect engineeri:
f il tfebr2ifrdg sub st r[a@,&] hpavtet esrimginndg i cantly i mpr o
|l nnovations in substrate techmosludgy,i nign cdauAc
Substrates i n -mahttc AT Osulan{db,d fafedritichekre eGmatSdn
t he i nt eg+fVatdseomi cofndutcforegguemdy 6.8 gihe e s
demonstravtYi@mowtfh Idrn silicon plat[ff®@6 ms by
6 hler al ded a new era of heterogé¢énmatuesr ii alt g
in CMO®pati b[€&.8%ystems

The recent emeWgmaterpohal soarpl hadhoscal e
has opened exciting opportunities i n nan
renewabl s etnlelr gyi de materi al s, such as GaN
t heVIftamily t obanndcglaupd es enmidceonducpowey esse
el ectronics and deep [uB.9]rTahvel orl eevto | (ultM)o nap pyl
Gaased blue LEDs by|[ RAkwmuaoh wdn atthe (N®Det
Physics in 2014s,t attrean s fgortmendy samldi dener gy e

parall el , nanoscale structur esdismecnhs iaosn ar an



materials have appear eédeansercartiitoinc adle vci ocnepso. n e
et al . (2004) demo\hsnaradweidr-gdnec tuitonnl |i ¢t oyl aorf
[ 7,71]J]achi eving superior conversion efficienc
dot s, made possible by advanced epitaxial
i nformation processing, as Michler -et al
phosouqd ey

Froamgudehe intrinsic relationship betweer
energies further und¥rmabeesaltbe Fer sakamp
with | arger | attice constants, such as I nS
for i nfatacgresd -edoeldted geav appl i cati ons. The abi
properties through alloyi &g shtimgkloinglhutcs ot b
advanced technol ojgurect, i oinncdailldarngc erull &,i whi

propertiesgho mbhsomptzeohi across the sol ar

— AllnAs AlPSh GaAsSh
254 AP g —— AlGaAs INAsP —— GalnSb
AlAs —— InGaAs AlAsP  —— Alinsb
GaP —— GaAsP AllnP  —— InAsSb
2.0 4 — GalnP AlGash=— InPsb
AlGaP
S Alsb
Z
a 1.5
GaAs
h .
5 .5|
@ 1.0
0.5
0.0 Inshb
T T T T T T
5.4 5.6 5.8 6.0 6.2 6.4

Lattice constant (4)

FiguMd€al cul ated BaWd @apg i €me rcgyn sctoanmpto uanfd | | |

mat er i d&lgsr oanpd mat eri §7.3yi a Sol Cor e



Despite t hese advancement s, chall enges
depl oyme¥Yt sefmi cddnductors.[ 7Hi]gh ematoampil aelx i ¢ ¢
epitaxial processes, and integratj 8] hurdl e
|l nnovative solutiof§&6]lwatcar[ak/o]amidh gXxit &Ir nlat

preculr7s8ras m to addAesEIlntedxreseaer dis saukkvssances,

l'i kely to shidftficowatd deveércegyp, spintroni
computing. TheV exgrndowgtartu ®tnurods ldnd their in
materials will contiinoe ofo slemveondectnextir

1.8 STORI COMTEXTI|I OMSEMI CONDUCNONROSTRUCTURE

ARRAY¥ABRI CATI ON

This ehkapti eires t he various approaches devel
semi conductor QD arrays,V wsietnhi cpoanrdtuicctuolra rmaet
Thetrengths and | i mitati oinssotolfefdri fderrfeqrt mar
metrics, iaonndur destuscshal l enges and potent.i
devel capmeerite @ hgsed.

The field ohasemiltanx tauxcpeeorri enced tremendo

t he past t hree decades, of fering remar k al
processing, quantumgeonoemahi oatophoebhaedt nenri
as the most uthdimalelegppbtenitcabndnoptical pr o

semi comamotsotr uatt ucden be em@ibfeodrhed rt lsa wgeh

andomposition



1. B3MULTI LAYER VERTI CAL STACKI NG

Mul til ayer vertical stacking represents t

exploiting the propagation of strain field

to create preferenti al nucl eation dites fo
demonstrated t his phenomenon I n t he | nAs
correlation between QDs in succesg$i7T®©é | ayer

This method was fufr@Wjeo devehepdetdyaTeuaoff
describing the vertical alignment based on
wor k by Gri go[r88hvd eWa nag 7)d t8 01t0.&5n(d2@W0 t hi s app
t o creadtiemenhbir enmal QD superl attices wi t h
met hodol ogy has evolved through progressi
including optimized [g&%jwe hi s elmpecantur el Ipe o |
thickness84hddcempesi t[ida$ mohded5(as)h o.w

While offering simplicity and scalability,
|l ater al positional contr ol and potenti al d
|l ayers due to accumul ated strainemdrftexts a
have focused on mini mi zi pAcgo mpheenssea t]i8ndg] tl aatyieor

and growth intdgrBi7gpt impmotveclknhirqguece uir al per f
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InAs/GaAs

Figubd a) TEM i mage of l nAs/ GaAs quantum d¢
stacking [t&&]bni A& I mage of I nAs/ GaAs quan

organized anisotropB®]strain engineering

1. 3SE2MRGANI ZED ANI SOTROIPN CENGI NEERI NG

Sebfganized anisotropic strain engineerin

roviding greater control over QD position

©

generated by superl atti®@pilibemplratdesthi Maapp:e

creat tdngnemrse onal arrays of I nAs QDs on GadA
(1@aAs superl attice templ ates. The methodo
(20pgdémonstr akGd)okhws odugdrntnum dot chains on G

t al . [ s@ffrrIO0O6GN quantum dot mol ecul es. The

0]

ncluded refinementos3d]iwnthuparlitatctuil ae aediem

train accumul ation against crystalline qu:

(7]

protocols to enhance [sUu4]fTahcies daipfpfruosa cohn oafnf
structur al guality and maintenance of € X C ¢
occurs wsiitthuoupr cecxessing steps tad|tgwmight i
15(b)shew However, significant l'imitations p

complexity of growth optimization, particu



across |l arge areas. Re[cbmtd VRmordk | lgyBeki mt e tal
[ 9Bas focused on combining anisotropic st

patterning to enhance positional control w

1. 39 BEONTROLLED GROWTH

Si-tentrol |l ed-partdvetrimean spurbest rates mar ks a
deterministic QD positioning thr oausgh hdei r e ct
Figubea) sshWwiwt hin this category, electron b
as a power ful technsgale capadbdl et iodn.nakioonme ¢
et 20pP[09@hd subsequently refin®8]EBdskEdhi kaw
approaches evolved through signifi{@&8nht i mpr
and surface prepa@ad0HEheondevetbpmgueéesal trajec
Yakes et [aldl]saK2®Wrld@Y)gh demonstration of de
QDs with extremely naceerVo)w tohprtoiucgahl clriynsetwaild t
exploitation. Paral l el advances in nanoi mp
(20p3Pa2njd advanced by Td4mo#iflear eed hail g h er2 Otlhlr)
alternativassiwhedel AEBI oxidation nanol it/
Mar-S8nchez eftlCGlh)d ¢(20089rd by [Hep&lamizded al
an alternative r-fouee patrt ecromitragni ne s pint e |
chall enges remai n i n bal ancing positional
devel oping processateamendbkcéeibo.| &egent i1

Szymanska eftlOablijd A2bE7)X [eltOl6GgVe fRORO¢d o



sophist-scateac!| eaning processes and opti mi

preserve optical quality while maintaining

0%

[ o0

I 040

00

-0

00

0 1.00 200
Fi gultee( a) AFM i mage of |l nAs/ GaA®ngguaht edh d
growt h -pat tperrened [sLOEpP)y atAdM | mage of I nA:
guant ur ydliortesct | aser i ntlerd&]rence patternir

1. 3DIKECT LASER I NTERFERENCHIPAPTI)ERNI NG

Direct | aser interference patterning (DLI
stage, c o mhluipn ramegs Elmdtl tysoimviut B uir ace modi fi cat
demonstrated for semiconductor [ p@a@tdrni ng
met hodol ogy was refined][ L bwoprukg hoind hiaml ga sestr &
naypatterning for Il nAs/ GaAs QD growt h. A s
Wang et 4dIll1.1dlgim¢gr9R20ati on of precise arrays
by -siintu | aser i nterference, achieving exce
meV) together with precise positional cont
dropl et epiatlaxy( 2bQy2 Maon ke monstrated order ec
recoadrow PL | inewTlé hdevydl7opmmé/nt al path of

on optimizing[ll®&8édempatrameiteg st he wunderly



proc¢dddB83d exploring applicationfslladsgr oss m
t hFeil gueéh sdhow

Tabllel Compari son of current taescshenmbd wee s t

semiconductor nanostructure array

Single  Optical

. Positional . o Implementation
Technique QD Quality Scalability .
Accuracy Yield  (FWHM) Complexity
Multilayer ~ Low (<500 . 30-50 ,
Stacking nm) <20% meV High Low
Anisotropic Medium 25-40 . :
Strain (<200 nm) <30% meV Medium Medium
i Very High o 10-30 .
EBL-Based (<10 nm) >80% meV Low Very High
NIL-Based 119N (50 gnp,  30-50 High High
nm) meV
i Very High o 60-150 .
AFM-LON (<10 nm) >80% meV Very Low High
, Medium o 16-22 . ,
In situ DLIP (<100 nm) >60% meV High Medium
Whil e offering significant advant ages i
t hrougiht ui nprocessing, chall enges remai n [
uni f oanndi tiyn devel oping optical cosatalger at i c

MBE sy é&tleabd.leshgwrcrent resear ch dsihraepcitnigons
techniques and hybrid apspirtoua cphaetst esriortmibni gn i wigt
|l asnedi fi cation to enhance pattern fidelity

The evolution of these fabrication met h
trajectory t owar d i ncreasing contr ol over
enhancing optical qguality. Fromdrtihveeni ni ti

processiesali nstveaki ng, through the deli berat



fields, to direct-ssttbhssuafacpambdr hi cgtaod,

contributed valuable insights and technol oo

i kely focus on hybrid methodol orgo@®cshedhat
advanesed uintechniques that mai ntain crysta
positioning, and integration strategies tl
ordered QD arrays i nto functional guantur

ame tectur es.

1 . PROJEAMOTI VATI ONORAINELCTI VES

Wi compound semiconductor quantum dots ( QI
critical components for advanced guantum
communication and dompwtainnt gt ma pcphvino@adtisicaan s .o r
excel @odhosiomglswmurces with exceptional pur.i
ne-adeal phot on s toartdiesrt i ccosr rweiltaht | ©e1c ovnad u e s

confirming their abilityr texcdnmidttlileog a cetvleyn
Further mor e, t hese QDs can generate entang
exciton cascade process, enabling quantum
guantum repeatedbstascat gahdtidlBdr mnaqtgant & m

computing applicatVo@®s eresenvtncempesl|ling
gubits. With coherence times exceeding mic
optical mani pul ati on, t hese systems of f el
informationllfHeces siamgscal e structures der
their unique ability to confine carriers i
states that can be precisely engineered th

[ 117, Rad8nt advancements i n [dleltle,ramidh9]st i c



demonstratti oher arft fuwd[nt 2hdalvep d uattihems str en

their position as | eading candidates for s

Despite their promising attributes, Sev:
i mpl ement-¥t Qs oh prhctical guantum system
the issue of structural Il nhomogenetty. Con

Krastahov Qs ewi th size and composition va
i nhomogeneities that compoomi eedmiiedc@ 1 ]f | del i
Conventional growth techniques struggle to
' imitation necessitagepwgtomptireat mdntexproc
processes are required to enable the scal
apipd at[il2zm2slConsequentl vy, a new technique 1is
be able to satisfy the requirements for hi
characterWsguastum ddtls ( QDs) . This techni
Mol ecul ar BeMviBnit hEep ictiarsegotter pat ¢ ec@iansgy a DL P)
promi sique tteltdtn iaednvearngtledsggdt &ofFDt g r toevd thni qu e s

andqwal emattut hogrwigiugtfhiel pot en mioasoktf ttohwear ds
chal l emBgenser ating interference patterns wit
DLI'P creates precisely defined periodic su
sites for subsegudogBfpsiani ampbemeanbhati on
within molecular beam epitaxy (MBE) chambert
all owing surface patterning and ehpiigthaxi al

vacuum environment . Thi sesi ntengtr amiemata ppmr
associ at-eidt wigrhoeexssing and maintains the
for guant uimlz2aoTehreenicmpglneat ur e of t his pr

reproducibility and scalability compared t



1 THESIO®TLI NES

This work investigates the -Vi mpadcite mbfl edr ow

guantum dot arrays. It al so investigates t
arrays. The studied arrays include I nGaAs/ /
Theyo aillscl ude I n Alr/ &GsatAasn oSvt rqanasrktium dot s (

|l nAs/ GaAs droplet epitaxy quantumsidoas (DE
direct | aser interference patterning durin
are | gsved:hsl ow

Chpat ef i ”2st | yt heeepbaabne trheloadulaalr €phet axy
i ncl udsiunrgf atchee ki net i ¢ ptrooncaderedsse aaghageowsah mo
systTehmen deheif |l sdeproeasti Hoorn h et eg esdgdesneenvbu se d
guantdaodarray ncEKudmode gr owt h, anddr ogil ee ctepli & <
i nterence patterning.

Chaptatr®duces the Mol ecular Beam Epitax:
samples in this thesis worKk. It also intro
The chapter includes an introduction to the
It couseesofhAtomic Force Microscopy (AFM) f
It also covers the use of photoluminescence
a detailed expipdamdtoil ami ;mfe-Ptehpen sNdiecrMdr o s 00 p Yy

Tke chapter expl ai APsL tshpee cptrrionscciopplye. oflfh i Msi cerxop

its applicati-depdmde ntte nppheataaluaornei nescence m
includes i ts a pdod pecrad e notn  pfhoat opamé mescence
Finalhg) udes its -appblveatdi phofolutmi mescenc

Ch aptperre s4e mtusmatpipe r sysiemeawmavdawyalsengt h

mappf olgiVis ed $ s e mpud e&rdt uanr rdedyte y s todom e cariev e s



i ntrodugetdn ¢ihPennhoabytI®eutp vems osIs programmi |
pl atffor mdi f f er,e ntth eafpbpyl o tacahktia eotmpfl e )€t e m

Chaptoeurt I35 nes the combined use of DLI P a
fabricate ordered I nGaAs QD arrays. Througl
structural featur wes,eed&rrsd top thirdallg ep rtdipee rgtaipe
QD formation and deat erenyi mriesqtuii a eimetnet g rfaotri ognu
circuit.realization

Chaptperreseent s the growth and characteriz
dropl et epitaxy, focusing on the effects of
anal yses mor phol ogi cal evolution, emi ssi o
establishindgi topthismailalrc ohpi gQD f or mat i on anc
mechani sms of deigdealatgromwtuhn dpear annoent er s .

Chap/cenclthictteaisnids | & #fsutouurte wor k htassceyd on ¢



2EPI TAXY OHM SEMI CONDUCTOR

NANOSTRUCTURE ARMG@IE WUIAAR

BEAMEPI TAXY

This chapterdeft@ad hsREPhab|l eher-bayse depmbscCti
under-hiudh raacuum for s eminmohdsa goeloay egrr owt h .
i sland for mapli-waldacnadnat el ay&amostructures th
surface processes. KeKr asetcahma vg ugerso wtnhc,I uldreo pf
and Laser I nterference Patterndemngandpperdoduc
desigmeperti es.

2 . THESEMI CONDUCQUWARNTUGONFI NEMBKSTEM

Mol ecul ar Beam Epitaxy (MBE) has emerged a

met fod the gpoawihyofephitaghki al | ayers. Since
1960s at Bel | Laborator[i®35]MBE Ahasubeaaonme
fundamental tool for fabricating atomicall"

Thlkkey advant ageapdhbi®BIEUYy$s he@erodi umcti ons
atomic | ayer precision. This precision, co
|l ayered structures with controlled doping
devel opment of advanced optoelectronic de
gunaa um pheno-the man gnia ¢ kesayivsat] eln2s6 ]

The principle of MBE involves the depos
heated crystalli-miegBubatuame( UHder Gohdi i o

toltmbar). Unlike other epitaxial technique



of mol ecul ar or atomic beams from effusi on

gaphase interactli Dbh3a]T A é€hoioghght tvhaec upuant he nvi r onn

only enables this ballistic transport but
exceptionally high materi al purity.

I n a stanadarde sMBE dsy st em, separate effu
pure el emental sources (Ga, I n, Al , As, Sb,
of atoms or mol ecul es. These cells are arr

tward the substrate mounted on a mani pul a
temperature control. The mol ecul ar beams ¢
shutters, enabling sharp interfaces bet we
controtl edi thpesses down 1lt208]a singl e atomi
The substrate temperature is a critical
kinetics and thermodynamics of gr owt h. It
typical IpACwi ohémsure reproduci ble growth cc
| VI mat eri al s, typical growth temperatures

the specific material]l89ktem and desired s

Mat hematicall vy, the growth rate (GR) i n
foll owing equation:
10 ) ZE TN (— (2-1)
wheeries the incident flux (atoms/ cm]Ls), S
close to unity for group I11 elements at s
mass of the "grsown smateersiialy, and NA i s Avog

| VI semi conductor growt h-1.eehAhesr areornespen

to approxd.matmdrnyolOayYyer s[A880]second ( ML/ s)



Thesinu monitoring of growth is commonly
Energy Electron Diffraction (RHEEDMe The
information about the surface crystallogra

the observatyi commcofl | ian thelmasy edru rgirnogwtlhay eEa c h

oscillation corresponds to the formation
calibration[ D31 growth rates

The growth mechanisms in MBE are governe
thermodynami cs, i nvol ving mul tiple at omi c
mor phol ogy of epitaxi al | ayer s. Under st an
controllingoft heoplaibstiicadt ed n anoossstenmbclteud e s,

guantum dot s.

2. 1SURFEAXE NETIPPROOCES S

Mol ecul ar beam epitaxy (MBE) is a highly p
|l ayers and nanoscale structures. The proce
of the chosen materi al by heating it to a
mol ecul ar beam of evaporated materi al t hat

chamber maint-aigéddvacdem (dmymaecaa)lllly25ar ound
132Tf[he growth mechanisms in MBE are governe
t hermodynami cs, i nvol ving mul tiple at omi ¢
mor phol ogy of whpchasihaolggu2zilay &nsder standi ng |
mechanisms is cruci al for controlling the

particudsagsdmblseed fquantum dot s.
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in epitaxial systems.

2. 1. 1 THEPRENUCLEATISDNGE

The adsorption of atoms or mol ecul es fr
Ssubstrate surface constitutes the initial

guantitatively describedYiwlhiaehghr ephessnhis

probability that an i mpingi[nlg33larticle wil|
Y —— (2-2)
whet e is the number of 0 ads er btehde pnaurntbiecrl

incident particles. The sBoinkb&aitng ac hefff deipe
on substrate temperature, surface coverage
substrate.-V Fsoeemincaonnyd ulcltlor syst ems, S appr os
gr owt h temperatures for gr oupenplelr atbemen

dependence fofl8@Adbup V species



Upon adsorption, atoms form a transient
di ffusi on (S a thermally -depevdéed ¢rbbftes

coef fOcifemltl ws an AfdrilR8R4i us rel ationship
O OQwn — (2-3)
whe®Oei s t eexppnenti al factor (ptrty ptiocc al |y
prmem2 sQi,s the diffusQiomn RBRaletrgga rEYigsi atahnest a n-

Ssubstrate temperatur,e.r efpreescéinftfimgi arm el envgt

adatom travels before being ingorporated o

_ ki (2-4

wheUies t he residence ti me of t he adat om

fundamentally controls the isl andl3d5nsity

2. 1. 1 N2CLEATI ON STAGE

The nucleation of stable clusters occurs
ot her with sufficient frequency to overcom

to classical nucl eation theory f[oXr33MBE, t h

E % - QoRh— (2-5)
wheOies the deposition fl ux,Oiis itshet Hhda ndari int

energy of the critical nucl eus. This equat

nucl eation density on the ratio of deposit

t hat can be experimentally controll ed.
Once stable nuclei form, they serve as pr
adat oms. The growth of these islands can

di fferenti al equations descri b[iln3g6]t he evol



— , 00 ¢ , O0¢E VJ] (2-6
whet es the density of &¢sbkandhe admt @imnidreg
., i s the capture numboern sfahei slaardofofdi giexd

ont o iFoIraastkdefrmbalneods t,r utchtewrheo gh 8 abefuo e d

Af t er the nucl eatiedrevat &gle twimplr atachsnog

acquire sufficient ther mal energy to overc
ravefoll ows an Ar r[hle3n7filus rel ationship
Y "Qwn — (2-7)

whe’ries the attempt frequencyl)( t@nadiscal |y c
the desorption energy barrier. The compet.
significantly i nfluences gr owt h efficienc

incorporatidomwhprcdbalsi Ipir opor proajtakBi7o.n d 3 8]

2. 1EPRPTAXIGROWTHOWARDKHETEROGENESTRRSCTURE

Het erogeneous structures in MBE consist of
with varying compositions and | attice con
functionalities by combining the wuniqgue pl

hertestructures ar e used to create qguantum

which are fundament al-s pene d pdeweilceecst.r oni cs a

The growth of heterogeneous structures
requires meticulous management of l attice
compositional chanagaé¢styodewisoue €. -lhahgdal enab
precisionebiiraoyegh dlegpysi ti on, all owi ng di ¢

interfaces by alternating source material s,



mi smat c h, a critical f actadri,g R2sthredwbuces st

smal | mi smatches, strain is elastically ac:¢
| arger mi smatches or thicker | ayers, disl oc
potentially degrading perfor mance. The ul
ensures abrupt interface formation, criti

superl|l attices where sharp transitions enha

can be fi neelvyaptourmed nbgy ncact eri al s, enabl ing
ad graded | ayers. Substrate temperature o
growth while minimizing interdiffusion or

to create advanced structures such as quar
di mensoonsaise in | asers, LEDs, and photode
alternati hg Ccehechb&yyearns and optical proper
thermoel ectric devices and tunabl e | asers

materials with diff eafefnitc ibeamayy aps!l aro ealalbd
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Fi gk28chemdtagram of (a) epitaxial growth ¢
(b) epitaxial growth of -ephbaxiattgrcewmhs mt
|l attice mismatch and (d) epitaxial growth

strong strain relaxation.

Foheterojunctions, thermally activated i

compromi se interface abrup®niessgi vidhre byt er



0 0 Agb — (2-8)

wheiOe i s t he activation energy for I nt

interdiffusaifdrer| gmeam hbeé i enet i mat ed as:

O o (29
Recent studies empl oying atom probe t o
vi sualization of these interdilf3fQu]si on prof |
The relative rates of the kinetic proces
Fram&kn der Mby vaeg e(rl) aWedr@lr mdrnn sl aKd)ast@amoStr a
(I aplers! and) . This can be understood throlt

representing the ratio of <chafrla]eri sti c t |
_— = — (210
whelies the average-btleayrearc egrwadwdtthh.i sL aggeerrer

whetsd 1, while island gt opftll 0Odomi nates when

Understanding these kinetic processes en:

for advanced heterostructures. For exampl e
strategically balance surface diffusion ag
eval wn. Similarly, gr owt h i nterruptions

reorgani zation through enhanced diffusion |

The quantitative understanding of surfac
framework for predicting and controlling t
during MBE gr owt h.-siRtewc emh a raadotaenrciezsatiinon nt ec
witm-pfinciples cal cul ations, continue to
fundament al processes, enabl ing ever mo r

het erostr (Jclt4ur,e Exrpdewtihment al data should be



evolution of surface morphol ogy wunder di ff
transition between growt h[ nadhlels depoasiftuamant i
[ 144]

l n summary, Mol ecul ar beam epitaxy ( MBE)

both homogeneous and heterogeneous semicon

functionalities I n devi ces -eliekcetor Hoialsietr ys |, |
transi sdwears,, kKeyw chall enges persist. Latti
di sl ocations, degrading device performance
buffer | ayers and graded compositions. Mat e
per f oromhangcueant um wel l s and superl attices, |
growth parameters. Additionall vy, MBE 6 s | o
scal ability t o i ndustri al applications, C
speciali zedpidtoemai hese Debkall enges, ongoing
management , i nterface precision, and thr ot

MBE' s potegémeadld atiinomealtectronics and optoel

2. DEPOSI TIMBNTHOD OFA-M COMPOUNIGEMI CONDUCTOR

NANOSTRUCTARREAYSI| NGB E

Among the most widely studied epi+taxial (
Krastanov (SK) growth mode, dropl et epitax
the fabrication of nanostructures with sg
di mensi oappr dheles are criqtuiaddlt yf cmranach ir e\
such as gquantum dot s, nanowires, and quant

confinement effects. This review examines



of SK growth, droplet epitaxy, and alternat

rel evanv esetnoi clolnlduct or systems.

2. 2STRANSKRASTANMODE

The StKrraamsstkainov ( SK®ner owt H hrmodmeost wi del y
for-aseslefmbl ed quantunhdetg( Q@) hf mbrchanat s mno«
the epitaxial deposition of materials with

of coherent strained islands after the gr o

2. 2. 1 PHI.NCIPLEKEPDE

Thepitaxial gr owt h of semi conductor nanos
devel opment of advanced opiTbel ¢etteromowidy na md
driving forces and kinetic | i miatfaitgiuornes | e a

23s hew 45 ]

. N . .

— i ii i BA BB BA

(1) F-M Growth Mode (2) V-M Growth Mode (3) S-K Growth Mode

FigwrB8chematic process diagram of-vVdnf fer ent

der MeWwye mpof2e) V-Wemer .MB8de SKamskianov mode



T Fram&kn der Mbsivaeye(l)ayerharacterized by <co
Substrate, ocesuwrbsst waher adatomadabo®m exc
i nteractions.

T Vol Aerber (i sl and) : edh anreancsti eorniad e di sdyand h rf

occur s whadnataodna tionmt er ac tsiudmsst reaxt cee @ oh t aedr aatcat

T Str akirs&kst anepvl-ugl apdj : i nvobyageri ngt ot h |
foll owed by i sl and for mati em ,s matycph ecdal |
heteroepitaxy once a critical thickness i

These growth modes can be quantitativel
surface free energies:
y¥“oroor o (211
whefrleandr epresent the surface free energi

subsfttébleesplrawavne ldyeer Mer we g% owt hwhoiclcaur s

Vol A¥erber d o mivtwehte¥hs mwhi chi @a@¥e hew

“«— @

t hi

energy
0
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Q

e © °

f e %, o’ e @
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@ 2D gr o
EM mo 2D+3D gr owt [t

S-K mode

Gr owt h ti me

FigwkMd&chemati c diKagmwam aefon8iti ons with groc

strain energy.



The SK growth mode begins with the format

that grows epitaxially on the substrate su
accumul ates due to | attice mismatch bet wee
To minimize this strain, -diihmee nmatoerail al( 2tDr)ar
gr owt h -diometnhsri ecen a | (3D) i sland formation.

nanometres in size, are tSheu dbiveisl doiyn gMaht |t ohcekn
Bl akes|( 1J91744)jovi ded the theoretical basi s
relaxation in SK growth. [ L&adBdémagn sGrruan denda ntnt
successful formation of I nAs quantum dots ¢
system for TIIB&Kggroowrthha.Imo@feer s di stinct adva
chall enges in the fabrication of qgquantum d«
assembl vy, wher e guantum dot s form spont a
patterning. Thisqgqumwalkihoyly epdesd@antls RKiugh t o co
strain relaxation during growth. Additiona
vari ous materi al systems such las ldan Agd/ca A
mi smatched systems, strain ewheirncghy ltaanewamul a
t he mater i afl acmigf ifti | gt rtahiinckness ai Thesgeger gupn
contributes ftroom-chtemetnrsai nosnictil imetnmos itohnraele gr owt |
corresponding |l ayer thicknes&uwaéd echoeosieder e
i ncorpor at isang nkifmoahgnctisicyatreed by t he di fferen
I 1 and gr owhpe nV eeplie naexn tasl of compdhred semi
growth rate is typically | i mrutneidt ybysttihce i g
coefficient, whil e the group V sudreemsent s

stoichi omgtldd®¢ gr owt h



2. 2.1 GROWTHARAMETE®RRS KMODE

For itnmpeact of growth parameters on SK mode
seve@raalamet escsmutci al factor uonhguelwihtfy m al n a
i ncl wdionmgetmper at ur e, wet subgton satyee & a dtihoinc k n e
capping |.ayEEpugarto-8ptnhwRt h t he increased gro
during the nucleation stage rwouwlld ienmghamcd at
with reduMeldedelnsi tlyeam epitaxy (MBE) gr owt
mor phol ogy, with sl @dwé&®rbs Mg s9i tpiroemorn atngs t (i
equilibrium conditions and yielding more wu
sur f ace[ H5A4f Eshigalbe hothe wet ti ng | ayer thick
1.-15.7 monol ayers for I nAs/ GaAs, deter mines
relaxation and subsequemthi@bopocteanabnt oM
mi smatch (7.2% for I nAs/ GaAs), fundament al

promoting smaller QDs at increasdd5ddnsiti

(a) 1 ML GaAs (b) 2.5 ML GaAs (c) 4.5 ML GaAs

TSQD Volume: 417 nm®* | TSQD Volume: 1102 nm?3
Density: 6.8 x 107cm?  |Density: 4.4 x 108 cm2

Figes2 I 2 Om2 AFM i mages showing evolution
of GaAs quawittdhmidcdatreasi ng GaAs defpbrition

2. 5.avd (c)[ ¥46] ML

Anot her prfasdé mtesne nidnofulsuiesnc &k nownbsftarat e

mi sor i evinti @i onduces stepped surfaces that



sites, wictuht sslI(it-pdd c@mil ® mot2i ng | at efrladwor der
growth me[ch@anh]iPppmeawt h ther malk858ARC¢aliinndgu c € B
contr e@a eidntlenr mi xi ng, modi fying composition
resul timhifbhed!| eeni ssi on and narrowed | ine

homogen[iz®8ridoda el ayer gramérh tdacmdiltyi dmd | ue

preseravsatwewli th | ower cappd @A C)e mped Wad ium @
segregation and composition -t @wmi QiDn g ,
structur 11 5prRoepceerntti eassdvanced techniques i nc

protocotseducitm@i hayemedi athedd sqmrdvatch amave d
enhanced coQbrwohi ooremi tSK, addressing the i/
seddsembl y[RgBdcesses

To be c¢tbeci ecdleni que i s constrained by the
mi smatch to-diindecei stamadnfor mati on, i mit
combinati ons. Despite these chall enges, qu
widely utiedcgtzreaniimms ,opitmelludi ng quantum dot
sol ar cell ssphatmadn aesmistitnegrlse i n guantum <co

highlighting their i mportance in advanced -

2. 2DRDPLEPI TAXY

Dropl et epitaxy (DE) i's an alternative t e

nanostructures without the need for a wett

approach, nanostructures such as quantum d«
me al droplets on the substrate surface.
Dropl et epitaxy (DE) is a -Wegemitdd red u cetcdr

nanostructuressttelpr opmrgdhceas twoavol ving dr op



cryst alAlHizgadtéseb s, w f lfe s tsd genet a(lgractlsppms h as

Ga or I n are depositeldi gimtva@auismbcUHYE)Y ec an
coalescing into nanoscale droplets. Il n the
group V s ourrscemnm icst u,congvdaisc A reacts with the |
the droplets into crystalline nanostructur
these structures can be precisely controll

temperature andi araltyerdeanmo fdturxaetseld[lbBiStIKoguch

for the formation of GaAs quantum dot s, DE
(20Pp5%60] create more complex geometries, su
Il Droplets Wetting layer
N Buffer layer/substrate ‘\
‘// “'\_\‘

Fi guuttéschematic process diagram for DE and

epitaxy b) SK mode

A key advantage of DE is its wide mater
|l attice mismatch, allowing for the growth ¢
can produce unconventional nanostructures,
atweéro temperatures, reducing ther mal stres
remai n, including achieving uniform dropl e
roughness during dropl et formati on, and o

par ametleE shas proven particul dmrleye walamnd ulme



dots usedfimilenght tliingpghtdevi ces and for quar

photonic and sensing applications. Il ts ab
promise for advanced technologies, includi:

Despite its versatility, DEEtempe ga mtwst hs ¢
process introduces complexity and potenti al
step epitaxial techniques. Precise control
diifcful t particularly at | ow temperatures v
in incomplete crystallizalf 193 rafnadc er eosxiidduaatl i
during the growth interruption between dr
introduce unintended defects, necessitatir

specialized 1bBf|Adedri tli-gpyneathd ypnam&structures o
broad size distri but200%s c(osmpaatri-¢sdt dtscoad B tomaarnise
guant um -1d20%)s, (r~e8qgqr owtnlg elsdcti on techni gque
demandi ng hi[jgmhBei t owmgrywt h temperatures,
for certain applications, can induce point
deteriorating optiecraadim@mnoper trieecso mbhmaudglon
growth thermal 68a06A€Galpiamd i atl y55mi tigate th
introduces str yclthiRgalenmoadaidiviaoateimems s empl o
dropl et epitaxy protocols with continuous
formation (hybrid droplet epitaxy) demonstr
properties, though aph otlhoeg ieckad & c(oen torfolr ed u c

Il n concl usi on, dropl et epitaxy represen
semiconductor nanostructures with uni que

mor phol ogi cal control, though practical i m



of process parameters to overcome inherent

def ect f ormati on.

2. 2D BEATASEHRTERFERERACIETERNI NG

Direct | ageDLIrgegptrteesrennitnsg a power f ul met hooc
si-tdentroll ed-Vepemagygndbct ot nanostructures,
spati al randomne sass scefmbd erdv egnrtoiwatrha | Tsha Isf  a p |

the precision oft hleasaeteovnpftcoceasronyg wit MBE,
fabrication of nanostructure arrays with
uni formity, and tail pféd,Aphpdlaipd atcitao+osniocf pmu
beam interference extend beyond coenventio
induced periodic surface structures (LIPSS)
and holographic | ithogr[alpsh3yll hiens e htoet cohsneingsu e si
the fabrication of compl ex str uldtOurrems wi t
di mensi ons, significantly below the conve.l

optimization of materifdl6gd,and5processing p

2. 2. 3 PHI.cl PLETHEORYOF MULTI PLIEEASEREAM

INTERFERENCE

The fundamental principle underlying direct
| aser radiation to create |l ocalized surf at
preferenti al nucl eation sites duraiprhg cepi t a

techniques that typically employ resist | ¢



patterning minimizé&a ocrirtfiacael coon aaimd exrad ti iom
high crystal gualleietly i n MBE gr owth

The interaction bet ween | aser radiati on
described through the heat di ffusion equat

absorption:

= x
¢

n(‘:’)

20 i | O Q

wheries the i nf é&riesnctehde dsepnesciifyisc t thea tt hea pread
conduciti si tayweor poebhi cdCelhti s thea ntassrty
di strfi b7 Apaasksasaar beano whr @fidi7leet he i ntensi
can be expressed as

‘O 0Qmn — Qo

whe®ies t he peeodkiei ntaestesistbyebhen, beam wai st r

"Qorepresents the temporal pul se shape. Th

prediction of temperatur e legv8owhiitdal ni dutr haedg

feature of controlling the typglaayl extent



= = 3D Contour Plot of Gaussian Beam Intensity (Inferno Colormap)
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Figki7&i mul ated 500nm wai st radius Gaussian

profil eD ovfi(epwD) v2 e w

The maxima temperature of the surface ¢

cond gt ed

7
wheYes the initialappénmpdrlaatstrres bhedafero,rtet al
energy fro@i pultdbe waeemali sdit hkumpdtdligdy, and

Thi s relationship provi doeasr aamegsued netcitti aotni vt eo  ni

t he demanded surface modification requirem

during laser irraudifmademnhi tevaidsesnt mevhanbsms
t he | aserwhpacrhanfealelrwsf i tlseAt Fidaskns f |l uences,
annealing induces surfacetdeftuséfasi wht boe"

of a®foonisl owi ng Arrhenius equation
O O0Qwn ——
whe®OWhen f éxeeaehdes t hr es iels d reprad rogay, off

the domi narsthiffraasth asczursfmace di ffusion to mat €



tonul tatpdmi c | ayerexphooiugdlh repltdasesapori zati c
maxi ma t eanperaduhresceeds the critical t emp
materi al

By applying the thewrwyhi UHY hen WSEe fmciyneanntb, ¢

minimizing surfaceéeTbenopmicalii setup typica

t he | aser beam through a Vviewport ont o t

mani pul ator, with spatial resolution | imit.
Q T p—

wheries the | asenowavehenguomenmindal apertur

system. Thlismidi édrapoi ovwi ze i s equival ent t

2. 2. 3MATHEMATI CAIDERI VATI ONF FOURBE A M

INTERFERE®YCETEM

Wh e n mtbletaimp | ent er f er emteu petreomms i tfiraomm pr i nc

el ectromagnetic waves. When multiple coher
fields add vectorially, resulting in a spa
syst ®&masefer beams, the total electric field

beb B FDFI‘) B F Qw

B O 1 0 %o

whepgpea epr espnbduatnhpel oidtnudd puonliar vea g i
t he wavme svetchteo rp,qisii g itome verrdg wlr%ar sftrkegquieniclyi

phase -tof Hdi&@m2The resulting intensity distr
pattern recorded in phot osensaivteirvaeg enta tsegruiaa |

of the electric field:

'Obe(’:@fbﬁ‘)so B s B B FrF
%o %o




Thi s equation reveal s t hat t he I nterf el
background term (first summati on) and i nte
produce the spatiall ¥3modul ated component

) AT-GAT-OAITO OBIOET O
AT-O0BTAITO AT.00FI

> ©3 3

whefecZ_denotes the waive nhhenbampliimdude of

numb-erref ers the angt atzloemathiygidcle ssenlce, pol ari s a
angl e.

Accor di fbgglaym confi gurations enable the cr.
| atflctce4g he practical i mpe @mennhaer dber @orc emu
precise control [&aVélPhlhsaeamspambmametgr et ween
is particularly <critical, as ph@a6Rctivet ua
phase stabilization systems employing feed
mai ntain phase relatiohd&8fdirps with nanomet e

For the specgifocontagdbyaef umnng beams of
intensity arranged -asxyimmewcrii dceagdavey i iadn otuhned t h
angleed ween each beam and 8tf hee nggweb spti racthe dn osrt e

for mini nmuam per idbeg:er mi ned

i Q¢
wheaies the wavel ¢ AgOR hef rtelsaul It agr patter:
mani pul ated by controlling the pollLarii zati ot

et|[ abBgdyond t hr ebee dbne acnosn, f ifgopwrrat i ons enabl e t



or rectangul ar | afti&@len®.nsWamg edt tala.t (thE0 F)
interference pattern is directly related t
beams. For four beams arranged at the vert

angdltehne resul ti ng -fplad tseyrnmmedti rsyp | vaiytsh faouprer i o

Q

Wi el 0t
Thuis , mu lbteiapt e aser interference, sever al

periodic p-aedbernantemlfTheeence produces triar

gener at e squar e arrays, and Si X beams cr
parametersr astf eandcbdbnne features, i ncident
spatial oésegutinaly for applications requiri
targeted optical or electronic properties.

2. 2. 3 S3MULATI ON MELTI PBEAM INTERFERENCE

PATTERNI NG

By applhteh enagrieotdiecl a lbfe ammutlieripat eagyywt hon code,
i nvestofgartiiomms beam parameters infl-uence i
beam | asercanntbeer fceonnednuocdetsd d emmubat aons empl o
nm | aser wavelength with equal beam ampl it

condiThsocnhse.rad t fitahbee asnp ait i la b mis h @iwiE b g L1B.e



y (nm)
@
Intensity

FigwB8e | | umi nat-beam difertfeorcref i gat atainon nci dent
angl eanfl equazvanuearhiwianhlhgl @an exampltewnsi sy mul e

di stribution map shown on the right.

Fronme mat emania@hadop® e€2,.th3e 2number of i nt et
beams fundamentally determines the symmetr )
Twdbeam interferencei meosuceal spepi edbaefr i

fo-ur anddeamxconfi gur atdiioresn sagrermaeyisat wi tthwoci r ¢

squar e, and hexagonal symmetries, respect.i
emerge when wusing five, seven, or more be:
arranged symmetrically with | dseentniacganet3 OcA

( TM) pol arizationsh@8WIFpg 28 &H e attbliermenre aamgl| e )
f o-beapmat thearsn prebBentheadgthenst i-Ial orfdoerr edd arrays

structures



Fi gu29ési mul ated interference | a%ienrciidretndgnsi t
angl e °paodaNi zati on ang(lke) wa tte g md . pled Bonesa m

4 beams) 5 .peam6.(bgegl)amis.pepm8 beams.

This research primam liyntfeod esedcen wii adir b
at azimuthal angles of OA, 90A, 180A, and
features. The incidence angle proved to b
pat tleatnt'isce pitch (periodicity). At 355 nm
|l attice pitch measured approximately 290 n
approxi mately 205 nm when usi ng transver
pol arization angl e)

Anot her key f etagcuhrimeisioére tphael rlilszhaotwson ang
i ki guwrldPol ari zati on Bhatbeen&e ghief igeamtelty ic
and contrast of the i nter f-neadeen cpeo Ipartitzeatnisar
beams at OA polarization angle) delivered
pol arization configur at izoantsi.o nT hnmasn i dpeunhoant sitorr
fi-nening of pattern characteristics withou

by the incidence angl e.
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Incident angle of each beam

0°,0°,0°,0° 60°,60°,60°60° 90°,90°,90°,90° 90°,0°,90°,0°

Polarization angle of each beam from the four-beam system

Fi gu21le0Si mul at i ome aonf ifnauverrf erence intensity

various combinations of incidence and pol a:

These simul ati on resul-hieandeimotnesrt fr eart &n cheo

extensive control over surface pattern char
mani pul ating t he number of beams, i nci de
mai ntaioifrmgbeamf intensities, researchers «
nanostructures with tailored symmetries, p
advanced appl i cpalta somnmos@ainch splhroftaond cesngi neer i r

2 . SBMMARY

The epitaxial gr e/wwtshe mi eoomrdiuqgcu eog fnam olslt Ir u c 1
been demonstr aMBE niarb | telsi 9 rleedryd getee daetpoonsiict i@ o n
ulthigh vacuum condi-gurointsy e@gpiotdaixii anlg I|hayyér s
surface processes. Thol®ravidnn ddaemme nMbeaylw eg r(ol wat yl
l ayer ) -WeVelrméi sl andtfrakmEkst amp y-u @gind@nd)
have been identified, each determined by

ki netiscesproces



The chapter presents three principal mett

arrays:-KrSasrtaannsckvi gr owt h, Dropl et Epitaxy,
Patterning. The SK mode r el i-cersi wenn |fadrtmeatei ¢
of e@hrmensi onal I slands after initial wett.]
as temperatur e, deposition rate, and wett.]
size, density, and wuniformity of the resul:

Dropl et Epitaxyt eepmpproysesas tiwviovol vi ng I ni
formation followed by crystallization thrc
technique overcomes the |l attice mismatch |
nanostgecematrrei es includi ngCrguwd mtlkdirmaz™it ncgsn a
can be precisely controlled by modifying gt

n achieving uniform droplet size distribu
DLIch eates precisely positioned nucleatio
beams. Si mulations demonstrate that i nterf
can be achieved by adj-heé&amngobf®iamurpatriaored
squar ewiatrhr apyesr i odi ci ti es determined by inci
The surface modification mechanisms durir

dependent kinetics, with diffusion coeff i«

]

esults presietnhad -btdBERaN setpriattaxy provi des e
for cregubhgtfhi gbhmi conductor nanostructure

di mensions and properties.



SEXPERI MENTAND CHARACTERI STI CS

METHODS

This chapter covers the MBE process used t
t hesi s, along with the characterization me
overview of MBE and its key features, fo
char acitemi zachni ques such as AFM and TEM.

and applications of optical characteriza
measur.ement s

3.Mol ecul &Epi B8yasgt e m

Mol ecul ar Beam Epitaxy (MBE) represents a

predicated on the interaction between ator
Substrate sur falkiegh wvaduwmm apUHM)t ranvironn
mai nt aiemsesdu raets prradt @@l atkmloimk @ Oconventi onal

met hodol ogi es, MBE facilitates exceptiona
parameters and growth <conditions, whil e si
deposi tdiaprmprroktyensht monol ayMWsdwdi checomd r( but
significantly to the technique's capacity

specifications, superior pur[ilt2y8,, aln8dl]mi ni m:



3. lIRUADAMENTOEMB ESYSTEMS

The stanseawdcesoMBHEH apparatus comprises a |
chamber s, each serving disti mcHi gfuurnectd .olns
shownThe primary growth chamber houses mul"
requi site atomic or molecular beam fl uxes
| VI semi conductor gr owt h, el ement al Sour c¢
aluminiumlI( ) Groap wel | as phosphorus, arsen

empl oyed, al tdopani tcehl st cpe)t aamdnhesyl i

type) to facilitatlel&dnhheoblutededopnadgl padf]l
separated by precision gate valves, mai nt e
during substrate introdudt igadlepanodvi piresp aar a

schematic represenstoauricoen MBE ag rtoywtihc acl h asnobl ei

the spatial configuration of critical com
mani pulmdoowirt oandg equi pment. MBE is based o
(PVD) techniqgue, i n which atomic or mol ecu
effusion cells and directed toward a heate
with thendabsOUHAWteomndi ti ons | eads to epitax
material aligns itself with the crystalline
growth include the adsorption of atoms on

ener det ifcaavlor abl e sites, and incorporation



Substrate manipulator
with heating stage

Substrate holder

Beam flux monitor

Mass spectrometer

Effusion cells -
Eftusion cells

Camera

FigwBrnel lustrati on-sofura et WBIEc a@lr osvd [hi ¢ hamber

The monitoring infrastructure i ntegrate
comprehensive in situ characterization of
El ectron Diffraction (RHEED) constitutes
wher eb-gnéilgeycter ons inciden2A)atarae gdiafzfi mac taa
surface atoms and subsegqoenetdysdetcenct edhen
di ffraction pattitmea nbénfparomatdieonr eradgar di ng
roughness, raet ceosrd § tharnodtitgihonanatl ysi s o f i nten

gr owt h[ Ir3alt,e s1Co3njpl ement ary monitoring syst



monitors for precise quantification of bear
accurate temperature measurement at effusi.

Several <critical process parameters funde
gr owt h. Substrate temperatur e represents
desorption behaviowrtbf cBaopapt éililstatomdesor
of apprekym500AC for indium, 620AC for gal
while simultaneously affecting the migratioc
surface morphology and opticagl8grofgé@&e]ii es

Group V/I11I flux ratio constitutes anoth
equivalent ratios rabgsed mavber 1&l $s0 2bef o

excess Group V atoms arises from their rel.:

t roup |11 speci es, necessitating higher |
incorppfi@6]Adndi ti onall vy, deposition rate e
surface morphology, with | ower rates gener

and, consequently, gdriB¥Heedxpeybsmaht ahemqtu
empl oyed in this dissertation for GaAs sa
protocol optqudlzietdy feopi tha xgihd lyi ngcvro wit ahf. e rESp i o |
guarter wafers were initiaddry amd rewvdauccueadt e c

pressur el ®oiboa r using a turbomol ecul ar pumj

under went ther mal degassing in the buffer
of 30 minutes to eliminate surface contan
chamber, t he subestlreatad etde mpe raptpuroex i wnag el vy

desorption of native oxide from the GaAs
substrate temperatures exceeding 400AC to |

subsfThat gr owtomnpernocceeds swict h t he deposition ¢



serving to planarize the interface and enc
Confirmation of epitaxial guality was achi
surface reconstruction features in the RHE

suf aces -dveftihneveke ldr yst a[l Y& &]r aphic ordering

3. 1THR MBE SYysTEM WIDIRECL ASERITERFERENCE

PATTERNISEGUP
A speci alsiozuerfBeEs ylIsit & m, manufactur ed by Di
Komponenten GmbH of Ger many,-V waesmiudonduwetdor

mat eri al s i nFitghBrde hroewssear ch, as

: ] l»i/' IV‘ g
4 ;}AB!;_..‘ Load Lock |
¥ .-':13 A

=

lon pump EEGF
o e & > y

-

st

Fi gB2Bhot ograph of the modified MBE system

MBEKomponéGmbh ( Ger many) .



The system's architecture consists of th

chamber (also called the main chamber ), t he
These chambers are physically isolated froc
appiape vacuum conditions in each section.

The growth chamber houses a comprehensi v

forviddmi conductor fabrication. From Group
indium (1 n), alumi num (Al ), and gallium ((
capabeisl,i tsi |l i con -t(ySpe doepilmng pwhiivliiedebenr yI1 | i u
ptype doping. Group V elements are suppliec
val-eedcker cell s, which phfase preécveeycoh

vol a&tlielment s.
To achi eya gthhe acluturma ngqoueassaryy epport alkigh g

system employs a sophisticated pumping arr

titanium sublimation pump. This configurat
bel oWmi&r, creating an extremely clean envi

Each materi al sour ce -¢ anterqalilpegpd ds hwi ttthe ra
directly in front of the cell, allowing fo
during gr owt h sequences. Temperatur e mo n
accomphirohgd & her mocouples in direct cont a
source material s. To quantify the mol ecul .

speciali zed BBeam ufnlsthx edAd piétr Bra y @ ndilczaant i on (g
be positi omread hditrheec tsluyb shemt e.

The sample preparation protocol for al |
foll owed a stand-aedids endcvinp rwoacfeedrusr eo.r Egpuiar t er

initially Il oaded into the |l oad | ock chambe



mbar using a turbo pump. Following this ini
via a mechanical transfer rod into the buff
degassing process on a heated stage maint
m nutes.

After degassing, the substrates were mov
temperature was gradually increased to app
native oxide | ayer from the GaAs surface
temperat umgs 4d0A&€Ced a controlled arsenic fI
prevent dissociation of the GaAs substrate

integrity in preparation for subsequent epi

3.1. 2 MbDI FI CATI B EON

Since the MBE operates as a | arge vacuum c|
component s, a custdmsedteemnalesli gnerd ¢ \ys tDdn
The | aser source is positioned on an optic
optical components dapsttircialuthkerde aadchr coasrsd st hirne:

the system peri meter.

The optical path begins wifrfameeamar @adist € ¢
mirror. A periscope assembly aligns the |
Vi ewports. Three 50: 50 beam spl ibtetaemmss, di vi

whi ch h&a&me di rected into the MBE chamber thr
anteéeflection coated viewports at OA, 90A,
incident angbti xedthge sbhbstwehtded viewport
opticapapathpprdximembegBBe@)5show photograp

selected optical components surrounding th



Precise beam alignment -fiasciaaghi @M@S3 cuasmen
posi ti onednartmaa svuirefwapcoer t . This prnocchedur e
|l nGaN wafer compatible with MBE conditions
absorbs UV I|blgha lamnmdi neensicteshce detectable b
ot herwise insensitivé&i goli3gdat tdearsepd ays55 anm

capture showibegmal lsutoassfswhbly aligned at

waf er .

Fi gBBe€Brc) Photos showing parts of the DLIP
chamber. (d) Camera image of four | aser be

|l nGaN wafer.



3.1. 2 ORERVI EW ODLTIHRBESYSTEM

The radiation sodracnmep upsuendp ewadshep@®dy lgadgimi um
alumi num garnet (Nd: YAG) | aseax H{ hdmhomLas S
assigwBdsehoWwhi s system generates a fundament
t hrough g ufmpaesdhINadmp YAG r od. Har moni c gener
to outputs at 532 nm (second harmonic), 35

har moni c) .

Fi gux4ePhot ogr aphs Ndf VB er hewi t h( bdheseeder

attenuator.

To enhance output | aser bandwitdatbh ldrmed ds p
singdeke semiconductor fiber | aser was i mpl

| aser ener gy wa ss wicthciheivnegd ushirnogu gdnp tRiloc kel s

devi cper.edioge single pulse exposure, an exte
from the 5 Hz | aser repetition rate, t i mec
signal

The f ul | s csgmati iad-bh g Bt HPotuup was i ntegrat

MBE ystensiftour girnowt h of semadgomgdBlbeho.wsnanost



the 355nm | aser beam is first elevated by
into four-biedaenst usalngsuihree 503p0 UNedeamos
sulbeams are then reflected by UV mirrors p«

180A, and 270A, conivrealgisnagmmlte tshwer fcemd ewi toh

angl e.

M1
ey <

<®BSL

Substr a

M4 M5 ol d
(0] er
”/\” R §M3

Mza N

Bszi% <9> é\?BSB
Co Co
M6 M7

MBE chamber

Fi gBbE&ener al | ayobuetano fDLtIhPe cfoonufri gur ati on f o
BS4B S 3: 50: 50 beam7: s mliigtht ered,| eitnidveS U\ rmi r
the substrate holder

Each beam pat h-wanvceo rpp cartbet saenrda pG babnf i zer t
pul se energy and polarization states. The
angl e, whwavee tphleathecalefnabl es adj ust ment to a
through rotation. Beam al ifgancmenngt G MO S accainteir

To address challenges from the | arge i nt
beam spots and complicates alignment), a b
BS1. This system udas ptcwonacaywieiOrgdhmi)= aaln dl en s
pl acnoon vfe x = ( 2®t0enmpc hii ekier i2zont al magni ficat

compensates for spopedpesnadirculoar canciede bye.



Wit hout beam shaping, the four elliptica
when properly aligned, cr ebaetaimmn g nltaerrgfee raernecae
beam shaping system converts the initial I
priected at the 58A angl ewhipcrho dsuncoeven al orooku nl
bright r oRuing@du3r3dpad)t Thins enables | arger over |l

uni for-ar ¢ abpalnt ii nt erference patterns.

3.Rt.omi c Specteoscopy

At omic Force Microscopy (AFM) is a sophist
gener atdei smetnlsri eoen a | topographical i mages of
resolution. This method works by detecting

andet sample surface.
The core AFM structure consists of a she
attached to ,a thwgiroalalny i nader of silicon ol

sample surface to detect forces betTween t h

horizont al resolution depends -ommtihe ouwump' s
i mpl ementati on. As the probe encounters s
according to Hooke's | aw. A | asetrs bama dir
s htisf position with these deflections. By t
sensitive photodetector, the system coll ec:

AFM operates i n t hrkeneo wnNaeoi-sr® nstcaacnihoi-nmogd emo d e
cont act mode involves-10hm abovel ead\her sasngil

interactions governed by Van der Waals for
and tip from damage-hbgh pactioammsobdsti onsu

envinmeont s cause water | ayer absorption on s



Il n contact mod e, the tip maintains cont.

generating repulsive forces. The pressure
sample's morphol ogy, making this unsuitabl

Tapping mo d e serves as an i ntermedi at e
semi conductor i magi ng. The cantil ever 0oscC

detecting surface features through phase

periodic, tgewittlhe tchoentsaampl e, making this i
materials. Tapping mode better handles the
enhancing effectiveness in standard | abor a

AFM is particularly valuable for char act
especially quantum dot s. The technique pro
height, shape, density, and rough surface.

systFeS"M (Nan-db0e@ew operating in air ae anal y:
Fi gwB®we howsOur silicon AFM probes featured t
10 the and resonance frequencies of appr oxi
conducted using Gwydion and WSxM software

AFM' sdeoimructivereablbueéei amdclaipagbi i ties n
advanced material s research, particularly
nanoscale surface characteristics signi fi
providihgddstauctur al i nformati on at t he
researchers t o optimize fabricati on pr oce
relationships bet ween structur al propert

semiconductor devices



a) b)

Photodetector
array

Laser diode

AFM cantilever

Scanner with XYZ stage

Fi gB6ea) Diagrammatic il lustration of the

of an AFM instrument.

3.RBhot ol umiSnpeesccternocsec o py

Phot ol uminescence (PL) me a gdersd maurctt i ve aptp
technique used to study the electronic and
semi conductor s, nano3theudtodrl esm tnrgddiecteh s n |
princi ppheotoofl utmsepestenscempytherdetaill s and
comprehen®iLvanedisur @ ment ¢ esnpetdem einere nb o tam d

powekepemperti cati on used for alkkpthenkPd spe

3. 3PRANCI PLBPHGQFOLUMI NESCPECEROSCOPY

This techniqgue involves the excitation of
the emission of |ight (phbbbkumenembéenat) ol
emitted |l ight provides informationeabout t
dynami cs, and guantum efficiency. Due t

phot ol uminescence measur ement has found w

science, photoni cs, and quantum technol ogi



underl ying phot ol uminescence, the factors

applications in characterizing material s.
Fi gB87iel l ustrates the fundamental differen
in direct and indirelcnt diamagQtapbasredgapnsdem
(Fi gV (Ea), el ectrons in the conduction band
holes in the valence band (vb) because the
the maxi mum of tdpepaweal (emame rbtainmd dmadcke) . Thi

rel eases @aneprhgoyt oan ( &g dtadwitthhe ebnaenrdggyap ener
resul ting i n efficientn rcachit & taisv € neacdo mkeic
semi conBugiBé@@y ave their conduction band
band maxi mum-spddc¢eetl Eamorlode combi nati on t o

conservation of both en@nm@mdéiobods momeny umeqg]|

mo ment um, a omahiprhdmypsbtet igcd merr at ed process.

phomesmsi sted transition involves the electr
a phonon to change its momentum while emit
a hol e.

(@) \cb (b)

Energy

E;QW
TN

Fi guB® Schematic band di agram of i nterban

semiconductors. (a) Band edge recombi nat



semi condwgtolrndirect, phonon assisted reco

bandgap semiconductor.

Thi s -ptabhhrrteecl e process (electron, hole, an
occurs with significantly | ower probabil i
| onger <carrier |ifetimes and reduced radia

explains why direct bandgap mat-emitlisnd i ke
applications, while indirect bandgap semic
emi tAeh @t ol umi neescewnadtdea sami ssi on of | i ght

folowi ngbgsdirepti on of phot ons. The process i

absorption, excitation of .electrons, and r_
When a materi al absorbs photons with enert
energy, el ectrons in the valence band (VB)

| eaving behi ndhilcehvesiigndB8teh€hWVB cr-bates el ec
pairs, also known as excitons, in the mate
be greater than or equal to the electronic

i ncl udeb dmdh dt r ansi t ioong,uadd fuenc tc ontf a tneesgmnent |

-
| [
b\ﬁ
Vibration nternal
relaxatiom e Photon emission 7—Em?,—
Laser excitation r's /PL signal t
e ———— _ 7
hv v Egap  Eagap Fyap
o
Sht
WL L/
Gads l—ﬁ)+ InGaAs Gahs
- - L
Confinement
width

Decreasing Quantum dot's size

Increasing band gap and emission wavelength (blue shift)

Fi gBB8&8chematic band diagram vi Dsi fferent



After thetagéheatientrons in the CB and |

| oweermrer gy stat-eaditadtriowghpmoonesses, such as
radi ative processes, which involve the emi:¢
and rates artheaematreni n&ldddbyel ectronic stri

temperatur e.

T

cor

heaadirati ve recombination occurs when an
tting a photon. The energy of the emi-t
ference bet ween t he recombinati on stat

dgap endrognys armvtod ansigt def ect states or

vides cruci al i nformation about the ene:
he intensity, wavelength, and spectral

analysed in a photoluminescence measur
i cal and electronic properties of the m
n concewesriaoln,f asctors significantly i nf]
ctroscopy measur ement s i n semi conducto
roduce | ocalized states within the band:¢
ombi nat i olml ipmmg hRvla ytsq senrave as a di agnost

tes througihaokddagapceeln issti o pPpelaks. Tempe
e in PL atalmpeiratuwet mebhewrements offe
ks and enhesclkdtisprectiual to suppressed t
vated temperradadiretsi veectriewvadmbimoant i on ¢ ha
ral |l PL i ntceomsfiitnye.d Isnt rquwcautries such as ©
spati al rress trresculitosn ionff ocuaamnrtiiezed energ

ectively <characterize through systemat:.

responding to di mensional variations. TI



carrier generation rates, with | ow power d

by radiative recombination processes, whil
nonlinear effects and saturation @m@&nomena
relative peak intensities.

3. 3Mi2r-Phoot ol umi $peescctammElo)py (

Mi ccplmot ol umiciPé3cepeetf oscopy represents a c
optical characterization of guantum dot (
resol ved i nvestigati omiscr @tme tng ic&Oshadeatkees . a n
conventional PL techniques that eaPVhLer age s
provides the spatial resolution necessary
ensembl es, thereby revealing critical i nf o
wolud ot herwise be obscurdgdO9Dhe einhgedadinen tneel
prince-pLeion¥v¥olves focusing an exciintiatteidon |

spot (t-¥m)cahlyhé& sample surface using high

obj e onhii wehsFa g BOHEehe subsequent | uminescence
the same objective, spectrally dispersed,
approach enables investigation of single QI

fine structureg mheakramiddms bramdeaspeactral di



essenti al for understanding quanffd®@lconfin
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Horiba
Focusing lens Spectrometer

Fiber  Fiber collimator f
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650nm long-pass

CCD camera

Variable
625nm Laser ND lens set Collimating lens

-
I Exciton light U

Dichoric beam

splitter

Objective lens with
X-Y-Z stage

Cryostat

Temperature control

Fi gu39eSchemati c di agral odetha ptexpgii ¢ @alt i on p e

(gr e)een col l ection path (red), and cryogenic
capabilities. Essenti al component s i ncl uc
conditioninidAopbjesti heghspectrometer, and

For -asseslefmbl ed QDs that exhibit inherent i

and strai n-Pdi stnraibd wetsi odni,r ect correl ation be
spectral Mogderatsgsessems typi-fciahdegr emmpy oyt eti
speci al i zeadmpadtjieltlite vfel owe mp g0 at at 8 e as U oevn
10K) , which significantly enhance spectra

broadeni MMh ee fafdeva@atneRmené c torfi ques continues

c

nderstanding of QD optical characteri sti

photonic devi cepshoit mom| usdoiunrgc esi, nggueant um bi

D

ntangled photonapaumnmaefiemattjeiwth5ifodB gdq v s



3. 3. 2T elmper Bdparedence

T e mp e rdaetpuernesdPeLn tst udi es, typically conducted
t her mal activatiadi eanevegi esecambi mani on pa
roeemmperature applications. As temperatur

emi ssem@i @enn occur due to bandgap narrowing.
the role of phonon coupling. The integrated
type behavior, enabling extraction of acti:
me clhaimngd 94|

The ther mal guenching of |l umi nescence i |
carrier del ocalization processes, particu
i nhomogeneous si ze di stri bWetpieoardse.nt F U ri tnkeawri
analysis nevedlusi bheotohomogeneous-broaden
temperatur e measur ement s mi ni mi zing phono
spectral|[] r®s]ol uti on

Combined power and temperature studies e
el ectronic structure, i ncluding | evel sSpa
dynami cs. These measurements arebagoaaedi cul a
devi ces axcpeorsast ivhagr i ous temperatuiqpdédotegi mes,

sour cest ampearoatfulr%6 ]l aser s

3. 3. 2EXci tRhawBemendence

Poweéeperd®ent nvestigations involve systemat
density, typically spanni?hg *Weovmfran! Ardeow

excitation power s, emi sdiadre iexcodbmnnateedm



characterized by narr ow xlciinewi dptehask san dA sd i e

power Il ncreases, spectr al features evol ve
(Trion) states, identifiable through their
respedtliovidgTlye saturation behavior of I ndi\
critical i nf or matsieocnt i aou ta nada potsucriel | art @mgs s

powegependent measur emeandy icratne rraecvteiad n smainnyc
filling effeantxerarcd i Ol ddmhh ween carriers t

in emi splLBB] Il ines

3.3.2TMHe exper tumpe rmothmPlLshgeett e m

ThenPLsystem used for all/l P L sshpoewcktirgummn er ev e a

310 The mai n components exdi tabdemaxey,st eme |

Nanopospiltaitainodrimx ed opti cal objective | ens,
and stpleet ramgdias at il an tdawi oweos .k, sever al | a
di fferent sample material s, i ncluding both
The continuous wave | aser s, al | manufactur

power betOwaMe mtl wavel en@®@mm, 062 5MMB,nmand 780
1045nmQBMi B pPehcytspaclsged | aser with 63MHz r erg

mawmium output of 2W.
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FigBl€&hoto of the keymRlompyanteenmh susodd tihre t hi

Th&axNanopospltatohoeam®¥d@MC)prioy i@drersmi n
Xy direcpouogmi and direcy iadinr.edtoirodirmteo wxe medt
by t hae&xidsuadontroll er, the miynidmurne cntoivoenmeinst :
Theaxzi s control |l er hlaenagpftrp2v0i ndne.d Tah eb entat neor mest!1
movementNaonfo ptolsen a olneessr pporteexiipsadail alof PL spect
acquisition.

The sample stage with integrated cryost

temperature iMpdeége&iBdeé edt Urfleaskceodnitiortrod | aenr

operational r-ao@ike, ben avie le indnedp Cetkhednepnetr anteuarseu r e m

FoRPLspectrum data acquisition, the system
an FHR(HORIOBARA¢ctr ometer and( ADdaerTsheer iFeHsR d e

1000 spectrometer provides am sspleictt rwaild trhe saonl



scanning 4d&09de@m.of TlHe i Dus detectors from
measur ements ibnacsleudd ed eat e £ it-9o@ @ ofmo rr atnlgee &M@

| nGablassed deteclid0O0Ordmrr drhge 900

3. 3T i3nRe s odPWLe

Ti meesol ved photol uminescence ( TRPL) spect
technique for investigating carrier dynami
providing direct access to recombination |
transfersmechbacurring at timescales ranging
Unl i kesstsatadmeasur ement s, TRPL reveals t he
transitions, of fering <critical i nsights [
optoel ectafoh9%] behavi

The fundamental principle of TRPL invol ve
| aser pulse and recording the subsequent I
Modern TRPL systems tyxpircallapbedmphogbeint h @)
(TCSBEC) streak camera detection schemes. TC
and sensitivity for |l onger timescales (>10
tempor al resolution ( q2122p040)h ftdri b elléenikf, a stt [
sysmamnl y ctohhks gOb t2s | ;afseexrc iasattahoed -EHE@E W e
(Becker & Hickl) single photon counter whi

| D230 (I D Quantigue) with a minimum time r .

For -asseslefmbl ed semi conductor QDs, TRPL mea
mul tiexponential decay profiles that refl ec
nomadi ative processes. At |l ow temperatures
monoemnxentially decays wi-2hsl fobetimAs/ GaAgi @

corresponding to the radiat[izvz0l [Ffemnmpenbatnarn e



dependent TRPL further reveadlisat t Wer malana
mani festing as accelerated decay component :

Excitatidempemadwaet TRPL studies provide in
manbyody effects in QDs. At |l ow excitation
domi nate, while increasing power introduce:

di stiinme didratureexcihenbileXeittiome ratio o

into the enhancement of oscillaf®0l]streng
Mor eover, resonant excitation TRPL measur e
phenomena including Rabi oscillations and
guantum informa20ah applications

Recent advances i n TRPL i nstrumentati or
capabilities, combi iLngwitthhe tleenpefriatt s refs om
hyperspectr al TRPL measurements generate cC
position, regmissamndc caeay dynami cs across

unprecedent ed siamgil ggih st lait eutsoe Hropwda O B] er beha

3.S9MMARY

This <chapt erMBhER @hlsiogphhtissttiltteat ed cryst al gr
operatesfigh wvacvam 8t ondmlidro)n.s THiI0OS met hod
exceptional precision in the creation of s
or mol ecul ar beam fluxes directed onto he
remar kably s| dvappepxd imaitend yrotne& wioimaH ay er
all ows for precise contr ol over film thi

crystallographic defects.



A standard MBE system consists of t hree
chamber (main chamber), buffer chamber, anc
houses effusion cells containing elements
as werlslenaisc aand anti mony (Group V-jypadlong w
and ber-yypedm These chambers are separated
vacuum conditions.

Critical to M®BIEt wpmromittiomi ng timrough tech
Hi gh Energy El ectron DiffractioneneRHEYED) .
el ectrons at a grazing angle onto the surtf
retailme information about surface morphol og
rates.

The document also describes a modified ME
|l nterference Patterning (DLIP). This setup
wavel engt h t ebecarnsatteh aftoucronsvielr ge on t he sa
angl es.i niregr at-siohuepablt esniimg during gr owt
nanostructured semiconductor material s.

For characterizati on, At omi c Force Mi c
di mensi onal topographical i mages with nan
bet ween a sharp tip and the sample surfac
compl ement s tthhies |biyg hatn aelnyiztitnegd when exci t ed
hol es, revealing cruci al information about

in the semiconductor materi al s.



AAUTAOMAPPES' STEM FXUR OMATED

SPATI AL PHOTOLUMI NESCENCE

SPECTROSCOPY

Thi s chapgtl &aldeust o maspypseerar @ bolpetsi ¢ a | i maging met
simultaneously -sacalievepaniaabmedemo® luddlolny a
spectrum,acduioswitnigonf or v iisnutaelnisziattyi oonr owa vnee
mappbyhgot ol umi nesce @b a psthgamriaitngh &€ so b jTihleee | ves o
Aut omappelThe s ytshteemdet ai | s of tahned diewsoi gdni flfoegrie
Sys&teumpasr e well expl aiimeedemaspaizve gr as el s&h owh
The summaruy oanfs pisleee msent s at | ast .

4 (BJECTIAERAI M OF AWHEOMAPPSYR TEM

Phot ol umi nescence i ntensity mappi ng has k
technique for devel oping and optimizing s
advanced | aser apq{KIr iaswdarinoomtsh nfehteh oSdt r haanss ke m
the standard for pfHokeciogwand ame-bdemtesl fdeerf
structures with embedded emnAsave@Dengbhht ob
structures demonstrate superilorwepmge rtfharemahd
current densidyenthhagbhded ag@uaamtumnefficiency
opti mal devi ce perfor mance requires meet i
sufficiently deep Il ocalizing potential, S

volume fillingrfeedtmanr,erand defect



A significant challenge in quantum dot t

of i ndividual quantum dot parameters acros:
chemical composition, and stress distribut
ul tilmatreducing | aser ef fi ci ernecsyo.l uTthiiosn cshpaal t

characterization techniques to accurately
variations, which is precisely where PL ma

Phot oluminescence intendedtyr urcatpipvien gmeptrhoo
assessing spati al variations i n Bgptical
systematically measuring PL spectra at de
researchers can generate detailed maps th
parameters such as emission wavelength, I
techesq such as transmissi on etluencnterlolni n i c
mi croscopy, PL mapping can be performed wur
without sample destruction, e ndaebp @ mdge nrt e s e
phenomena thanceidevcitdy pearffiar mance.

The experimental approach described il | us
to understand thé& [ mMPPuepactrinbs| 3G abys e
mapping sampplread pwiktshkearmcher s can heggit@emat i c
with pattern and densi tlyhedifséetgtlbuuttiioonn naacprpoi

(05e:m stepslamiOinms aaea) provides statistica

spatial wvariations that reveal <correlation
wheer i nhomogeneities stem from growth <col
i ntrinsilci mdtadrilieavi.l ™DHiIi sunderstanding dire

optimization strategies to enhance QD wuni

performance, establishing PL mapping as an



gener at i-pear fodr mamde quantum dot | aser stru

efficiency required for commercial applica

4 . . RZEVELOPMEONTHERAUTOMAPPBRSTEM

This systemademmporneshaepnpstieveec h t o addressing ¢
chall enges in spatial spectroscopy: accur a
nom|l anar surfacesn. obtiiidpijzedide enmemappgng al gor i
spiral scanning pattern, the system achiev
spati al accuracy.

4 . 2TEAHNI CAL ROUTE

The system follows a modul ar design with
data acquisition, and processing component
t he workfl ow, enhanci ng agadignftiasihroalldhiel i ty ar
systsadmwittdhek ¢y ar chi t exchtiudrbaple nfd & & Olixaire e d
configuration system that stores <critical
corner axis coordinates, step |l engths, raw
with optional seettag atqgpl antei bn.ttThmgs addt
conf i gdimiavermnapproach all ows parameters to
enables multiple experiment al setups to be
mai ntains a clear record gtrakxpeni meatiahgpt
i mpl ements error handling for mi ssing pat

initializati on.
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provides significant advantages for spect
compl ex topography or when ddalpianmg i wiul lar
i nnovative aspect is the spiral scanning a
t hat mebwleisné,j nehi s algorithm starts from a
spiral pattern, and dynamicaklkygy. i Tbi 8asedg
approach prioritizes measurements near the
interest, and all ows for early terminati ol

central coverage.

4 . 2INI2T. ALI SATI ON

During the system's initialization phase, &

prepares the spectroscopi c mapping appar at

by Il oading configuration parameters from -
information about file paths, step | engths,
t he measur ement pl ane. These corner points
coordinates, serve as the foundation for a

The system then applies mat hemati cal al g«

based on thedd ddrenepl amei nftidtd | sgstopmi ooa
configuration parameters, applies the 3D F
measurement plane, generates a grid of mea
and writes these points to a CB8Vappldeadtfir
first converts the corner point coordinates
binreeents a possible plane. By accumul at
algorithm identifies the parameters of t h

coordinates contain measurement errors.



As the poinba&i gueehewstrhaet esdy st em conti nuo
that each position falls within the definec
critical to prevent potential hardwar e dameé
positioning equipmemt sbevenwndr at svphydatabn
empl oyed, including range checking for abs

to ensure minimum values are indeed | ess t|

Fi guRExample of scanningrirdoute of the pres:

When al l points have been calcul ated and
measurement grid to a CSV file. This file ¢
of the planned measurement positi oonrse, al |l o\

beginningomnfemitmgneacqui sition process, and



the actual data collection phase. The file
each measur ement point, ensuring the posit
each | ocation duAnidnpgt i dodhied eatqQqui acgipo@siti on
data smmnbdbbi age rteoapinhoeg odmmse st horough i niti
process, with its emphasis on mathemati cal

foundation for reliabl e-pdmpeatrr saappiec smapgm

4 . 2DA3 A ACQUI SI TI ON

The dat a acqui sition phase represents t h

spectroscopy system, where theoretical me
physical spectcroanlsidsattsa .o fT hpioss ipthiacsnrei ng, spec
saving operations. The positioning subsyst
it into physical movement commands, requi

mi cron precisidarme QGrycse epno sittaiboned,es before

spectrnasle,r eosfptoen i ntegrating detector signa
to | mpr evoeo issiegnraat i o. As spectra are coll e
fil enames incorporating spatial coordinat
bet weeoan!|l acadtspectr al i nformation. The CSV
with corresponding interinttyai meas wrad me ftid,e
humaepadabl e and easily i mphenredaraeatbwanak

system Vi ardgf ampimetnfgeamirfea i r ement s



4. 2. 3 PATTHOBASEXRSTEM

Fot hki grhe s ol ot deexne c ustp eoend d madsestaag qui si ti on
requiremeretlsayyghladgoemi nfactre dd e ¢ acdoensp. d ro®idt e
LabVI Ewytthlbae SDK provi Nadopys Bt anmod er frcerl itahbe
And with thwayVexeng oHedRileBaAl FHR1000, it will
single framei o e3n@Or&imimee) t hpi LiORwEs detector
whilcdtdo a maxi muwm oruensio I0u t0i4daamm.
Thpythassydspemcess begins with the posit

interprets the coordinate data generated

physical movement commands. For each point
must <careful |l y opmpsointeindars iatts expatcitc axl, cy, an
positioning must account for mechanical pr e
the positioning system. The positioning s

stagesbmiictrhonsupreci sion to ensure accurate

point . Once the system arrives at a speci
acquisition begins, eliminating vibrations
guality.

Af ter positioning, the spectrum acqui si
i nstrumentati on. The system captures the ¢
l ocati on, recording intensity valwues acros

invel vetegrating detector signals over a |
siginmdi se ratio, especially for weak spectr
such as integration time and spectral r e s

mapptimgensure data comparability across th



t he system may petfmempraddes siong ) seah a

subtraction or normalization, to enhance s

The final component of the acquisition pl
each spectrum is collected, the system mus
preserves its spatial context. The 1 mpl emer
the x, Y, and z coordinates of each measul
connection between spatial | ocation and sp

position (1000, 2000, 150) would be saved
basneadmi ng scheme enables straightforward da
during | ater analysis.

The data storage module employs a simple

wavel ength values with their corcolspnomdi ng

approach -cortadiesededdta files that i nclude
withguirireg external <calibration files. Th
i t' s -rhevandaanb | e, easily i1 mported into variou

compressibleemfstolrageg.

By segmenting the acquisition pPh as e i nt
positioning, spectrumaobbgquissyisttieaom, maamd af n
separation of concerns while ensuring reld.@
each pomeasumemémret grid, gradually buil di nc
spectr osc o paista bpd.éospheorwsiTd® car ef ul i mpl ement

acquisition phase enabl es accur aptleanmappi n
surfaces wi t h mi ni mal operator i ntervent .
measurement sessions t hatuami gshpte crtergauitroe bteh c

across a sample surface.



Tab44eOvermalplpi ng folRywdrlmamséed system

FIl owchar Correspondin Purpose

Step 1: config.gdtsbat Defines scan

Grid GenPreprocess. py and generfa.tl e

evenPoint Moves NP, acaq
Step 2: ¢
get Datapoi converts CCD

Proces
Dat aStor e resul ts.
Step 3: Extracts maxi
out put Pos. py.
Process point and cor
Dat aStor e
Summar y setidgstinat

4 ., 2. 3 LA | EWMASESYSTEM

LabVIIE®Wown fcoormpiatt,s bviilsiuvtayht raf @acee sasnidbi | i ty
Fir sThel yLabWlaEWd sysatcechno mpd uwsdd e s aalbgye of
controbpengrtomagbud rtfirpadwees bar i ed waveéelemgth r &

t hdee t eacntdo rc o mb i nteh et hoeumt piantst & iphgewB & uorw s
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& storage path
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tmeOfbxposure (3 bt 0

n 10 mecserond: sndt

ttnng Out .
statush
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10000004 « 000 1 &
422100000 g
e
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Stap spectramines
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For the initialization phase, use LabVvli
configuration file and par se t he par amet
i mpl emented using the JKI JSON I|library or
3D Hough Tr anescftoiroom pallagnoer idtetm can be | mpl emn
mat hematics VIs or by calling external cod:

The acquisition phase benefits from LabVl
Use instrument drivers fMat ipoons idasripewd mdocrst a
drivers) and spectrometers (Ocean Optics,
artbcture for coordinating the positioning
LabVIEW s file 1/ 0O functions streamline th

each measur ement



4 . 2PO4T DATA PROCESSI NG

When all points have been calcul ated and v
al gorithm, the system generates a comprehe
detected sample plane. This grid data is t

CSVefimarking the completion of the 1nitia

a critical bridge between the theoretical |
process that foll ows.

The CSV file functions as a multifaceted
provides a permanent record of al/l pl anned
exact spati al sampling strategy used i n
inval ueaebkper fment al reproducibility and all
measur ement conditions during | ater analy

mul tiple sampl es.

Bef ore commi titnitnegn stiov et hdea ttai mec qui si ti on p

use this file to visually inspect the plan
be i mported into visualizahi pnegsbéwwéduaecor
cofirm proper coverage of regions of inter

This verification step often saves substant
physical measurements begin.
During the actual data <collection phase

reference map that gui des the positioning

sequentially reads each coordinate triplet
opt iocnaploncent s at precise x, y,cahdudzatl ed az i
coordinates is particularly critical, as |

wor king distance whi lI-el dmdrl otwa mayg rt ehpeh ys.amp |



Each record in the file contains the exseé

precision to match the capabilities of the
or nanometer units. This precision ensures
accurately correspond to the intended sampl

as Rihgude hew

wavelength
1182

intensity
5820

178

175
"n

1168

5288
4755
4223
3690
1164

H 1160

157

3158

2625

2093

1153 1560

Figud&xamplast ofpammg results of an XhAs QDs

mm refhyofha) wavel en(gbhh)htensitiybdisoni buti on

By establishing this det ai |l ed spati al

measurements begin, the system creates a s
This thorough initialization process, empt
har dwatrye canfetraints, enabl es consistent a

across samples with complex surface geomet

4 YSTEM ACHI EVEMENTS

This systemsuaiptpeedarfsorweddver al scientific a
wavelength data structure aligns with phot

The tilted plane handling makes i #fltiadeal f



sampl es. The system coul d I dentify spati a

properties of heterogeneous material s. Fi
defects or variations in semiconductors or

Il n conclusion, the automated spectroscop
approach to spati al spectroscop-fcttmanpgpi nc

al gorithm and s miirwvdlr isseadanpnti sn gmaoadu ltaer nar c hi t
confi gdimiatvemnoperation provide flexibility
combination of mat hemati cal rigor i n the

management creates a-woydtdenng btalh dt@ asddkrcd g 0ess
mapping, parpilanbarbkbkgawmpobesnoidhe spiral sca
further enhances efficiency by prioritizin
enhancements could be i mglngment ed,r add el g
t he current systdmsirgenppede ssepont st iaonwefldr au

spectroscopy applications in research and

4  SUMMARY

This systerms uaiptpeedarfsorweddver al scientific a
wavelength data structure aligns with phot
The tilted plane handling makes i fftiadeal f
sampl es. The system coul d identify spati a
properties of heterogeneous material s. Fi

def ects or variations in semiconductors or



5EPI TAXY AMA RACTERI ZADIFON
ORDEREDI nd s/ AldG@adAQDs

ARRAYI ADROPLHEPI TAXY

This chapter explores how to fabwhcathe ord
i ntegr-aaittmgl itnhographic patterning with dr
three main areasGa&aGi QDf @ar miay g s oaMiBi¢ Dédd Pl n
optimizing growt-bompt@arnaulnldéedart s ommorwi ¢ ihtoel t co
optical qguality, and (iii) analyzing the s
QD arrays.

5 .IATRODUCTI ON

The devel opment of I nGaAs/ GaAs quantum dot
in gqguantum information technol ogi es, wher ¢
engineered quantum emitters i s essenti al

propgédierscl uding narrow emission l i newi dt hs

tunabl e emissionMl5S5wademam8ngghst hem0OO deal for
photonic applications $9Phohoas glelnlds . at2 ®HJui s
Arrays of spatially ordered I nGaAs/ GaAs qu
integration with photonic crystailmad¢aweirti es
interactions that are essenti al f-opi I mpl em
guant um [nZ2Q6vdrk®7Her more, scalable fabricat
over comes t he i nherent rassmsceanbn g¢gs s sdafgnit fia

i mproving device yield and repraducibility



Seltafssembl ed semiconductor quantum dots h

guantum photonics and 0 p t-doi enheencstiroonnai | ¢ s q udaune

confinement, enabling discrete [eh®el.gy20&]vel
The concapsembl edl QDs originated in the eart
formati on of coherent 3D isl adaidsi tiinal §yr a

observed in Ge/ Si (100) pbtiBHiast edi s cnovienrAys /IC

intensive investigation of the fundament al
revealing that the formation of <coherent i
energy resulting from | atandedemposmateld mat

[ 115, 2009]

Conventional fr-aasdhs e chalta d nQsf preddomi nant |
Str akirs&kst anov ( SK) gr owt h mod e, wher ein e
mi smatched materials drivesditmeelss poratl an ed e
after ackmeds$s caf 4 thuee tSttkrmeaysstikady)@vg r(oSwt h mo d e
has been the predominant methlhed ¢omvémtbir o a
approach to QD growtiKr ast daced( 8K) tihed &t rw
mi smatndhced strain drives the transition
formation once a critical t hi c ktheem,s titsi ssur
critical thickness ranges between 1.5 and
growth t eaipeérTaywpiddal sur f agreowmrnilsnGaks QDs S
bet wleelfabhd 2%xIWd 1®&ith hles5 gmmsamnd -WOOt hs of
[ 21 ®Whil e SK growt-uaelriotdwc ®Bs high suffers
nucl eati on, resulting in variability in si

deterministic integration into photonic de



To address these | imbtiatsonisnt dodpted kypi

al . idremk9YyY2d aswdepsnhdenh alternative that
group V deposition [155]. D E -meant acbhleeds atnhde
| at-miicmat cecamddtructures, all owing the

GaAs/ Al GaAs QDs andl®P®mnGaads3 Ga’as4QDs
Theevel oplmenGa of As/ Al . Ga . As/ GaAs sys

advantages for optoelectronic and quantum

aluminum in the barrier | ayers creates a hi
t he QDs, i rmfpa rommd mage peaet el evat ed temper at
Al . Ga . As barrier | ayers provide excel
minimzing defect formation while maintaini

wavel enpebBeofDs can be precisely engineere

(x), al |l owi ngi ntfurnairnegd ftroo nt enleehcbbrd [wRatvbe]l engt |
This tunability makes the system highly ve
guantum key di stribution, entangl ed phot o

photonic circuits.

Fi gusrleCr o.secti on transmission el @ctron mi
100 nm.(sbh2)@1 em scalOe.GCHo@s t Ga As[nIDAYRpi cal |y
di spl apectcrosal transmission electron micr
| esBaped QDs with iB@semdaathdhenmghods|l &g S5wi t
corresponding photoluminescence (PO spect

meé& ), demonstrating high optical gual ity an



B el

100 nm

(a) (b)

Fi gbl€rosection transmission el@eldd onnm mi cr C

sca(B)0 nm scaloeGaf.As/ Ga Aas[l QDA ]P

Despite these advaqgualgiesy d$tabudctcanresngr &

control over parameters |like substrate tem
For DE, mai ntaining an wultralow As backgl
crygtadliloin, necessitating long growth inter
[ 2 1072]1 8]

Despite these advagualgiesy d$tabudctcanresngr é

control over parameters |like substrate tem
For DE, mai ntaining an wultralow As backgl
crygtadliloin, necessitating |l ong gr owt h i nt

protfok®0,$ 111013 ]
The devel opkmetnaa OH ogm osSwt h modes represent

contr ol over QD pr openmatticehse d[ @ayrStiiveciislear3 vy f



growth relies on strain r ermiaxmdati come da nmda tiesr

combinati ons, DE offers greater flexibildi:t
mor phol ogy, enabling the creation of compl
concentrfixz20]imigs versatility, combined with
positions the I nGaAs/ Al . Ga . As/-GaAs sy

generation quantum photonic devices and fu

The scope of this research encompasses b
device applications. Beginning with a syst
and growth kinetics, the work progresses
| evereagaed viaint ages off 2@ndered QD arrays

By addressing the criticabdssbdmabl edggeuant
dots, this research aims to bridge the gap
epitaxial QDs and the deterministic integt

phtooni c [c2i2r2clui t s

5. BEPI TAKRFPATTERNE G axA QUANTUDOTARRAY S

This detteixtpddi ns i n detail t ey bryibd i gdr gwtohw
mechani sm of t he s ameltetoodt & e&hiicebtviey r eohr ednesr i ewvc

guantum do-MBEViIi a DLI P

5. 2PRIULNCI PLE &PI TARIPROCESS

Il n t hediosp,|l et epitaxy offers an alternatiywv
group |11 and V deposition steps. Il niti al
substrate surface, followed by cig&8&l1liza

This approach circumvents the strain requi



fabri cat imant cohfe dl aQDisi.ceThe process i s govern
than strain relaxation, with droplet for ma
characterized by the tempor&aimaecvodmudi mg tod
t he L-BF g Wabgener [R2Reldr y

Direct | aser interference patterning (DL
for creating or dceoanretdr otlelmepd aQle sg rfoowt hs.i tTeh e |
derive from the interference of mul tiple
i ntteywsdi stri bQriepnesehent he apatptreeyvni opsr i
descriimbreapte,.tlBi. 2 periodic intensity distr
gradients on semiconductor surfaces, wi t h
heat diffUs¥onOdfuatmMB®mw, wDereeresents ther

di f fu'siisvideéndsednot,es heabiltmpatheyheandsourc

from | asefr22a®dl]sor pti on
The pattern formation mechanisms in DLIP
processes including |l ocali zed mel ti ng, ev

temperature can transiently reach sever al
10 Khenr,b atgieng t hermocapillary fl ows descri
surface tens Mirgvadmahte[s22a6k]i gib2sb pws t

The characteristic ripple structures for me
frommsabon to several microns, with depths

pul ses, and na2t2e7r]i al properties

The thermal gradient formation me-chanism
Mar angoni effect, wherein the spatially n
|l ocali zed heating at interference maxi ma.

subsedguedmdposited metal l i c adatoms toward



nucl eation sites. The optimization of | ase
results demonstrati g tnhldtc md n e@rrpideusc eb & thvee er
patterns. Exceeding the threshold Wwalue of

overl apping thermal fields and potential s

° i °
o %09, 900 o
00090‘)“/
T
e & o \,.® & &
® & o - .9 8 °
® & o ® 8 &

Fi gux2eSchematic diagram of ( ab)e aDnsmolnassterrat i
interference patterning(hbwithorsmanei oinncprdemd

|l nGaAs DE quantum dot array

5. 2SA2PL&TRUCTURE

Al | the samples shhowwmi m¢ h(ed G1)c hmmpd epe dar@a
subs,Frgth8pr esent s t hes esccthieomaaali tsytpriuocstsu rsea mp |
The growthocoedchi bayteorwamadysb ef uwratrhieerd | nvest

i nfl uence pdr armet grr omttihc h wbaptdelbe present e



InGaAs QDs

&

10nm GaAs Capping Layerﬁ

100nm AlGaAs Barrier Layer
" | & -

100nm AlIGaAs Barrier Layer

300nm GaAs buffer Layer

Un-doped GaAs substrate

Fi glbbB€omprehensive ssdemadmaldt mageam of t he

|l nGaAs/ Al GaAs/ GaAs quantum dots array samp|

5. 2SA@QPLGROWTH

Befortaeyp of tthhelsetalimg | b 3 tnr atdee owka tdgart ehdas b
raise the t é\i@poeernactvuer eo xtiod 6.3 0Then a 300nm Ga
grown priorly @an 1t00e@Gs Md st a p ebeu fdf redatdh e
6 00Gvi th a gr owBb ,r awhei conf i3nd0i c owtsed | byttt be
peri od. Then the sampA@ndedwmae atl i e gt ¢ mp &r 4
the arsenic valve was closed until the bac
was readupadmhar .

Sampl es precleamteap|iine d wietr i sneetnutpalut i | i zed
fl dsahppmped Nd: YAG | aser operating at its
pul se duration. The | aser beam was split i

o fd = d = tdo prodduce m8Mrecdimetthateullstrrea



sur fAafcteeer wan dsrshbdomrdLt Ramy | aser intensity
55mJ2wams ap p |l AbeGla Aosn | ahyeelr me n tsa roiplhye substrat e
rot aAddint iso ndathd gr t apt eldseaomep | e t empAkeQ at ur e t
The dropl et epitaxy ppatcteesrsn ebdui 9 Wdrsf aucpeo nt
sequence of careAulI282cMntiro/l Gae dwad eprsovi de
0.25 ML/ met adrlfdpwiettlsi si ng subGoratléd #O6mR2OoS.
Foll owing DLIthesi daamemtr seni c i s evacuated
terminated s[uz 7 &famA sc oanddaittoinosn ( r anging from
are deposited, forming metallic droplets p
regi ons. These droplets are subsequently ¢
As ffdruxL Omirmsnsf or ming them inf@29frmiecondu
spati otempor al dynami cs of t his crystall.i
di ffusion KkineticsWedbrd fgolow@ &0 heoalen/Gd e r
nanostirsucdapped AWGaAvdaayeard@ B hen the substr
temper ate®s@®E or 10rmiem whpthohol lAd®a A8 70nm
| ayyerowtl B, nen GaiAgsr olwany eorn t he urmdoeO®E t he s amy
To investigate how DLIP and gr Gé&sh paran
QDs, vparamentcéerndsnag i nterferd@adspwd,rseegener
capping dnadgar.r aTthe next section presents t

resof tsurface morphol.ogy and PL spectroscoj

5 . RESULT BN®CUSSI ON

Thi chapter detaysdtaeamat iscuisseastihgati on of
structur al mor phol ogy and optical propert
fabricated via direct | aser i nterference g

analyses reveal t Bt 21 nMla)Asc rciotviea algley (iln f71 v



size distribution, and site occ@paimc¥L. wi tI
Hi gher coverage | eads to increased coal es
Correspondingl vy, phot ol uminescence studies

diregcactalnsl ates to superiGinteptqguaalt uenmidogiso ®

remar kably narrow | inewidths (9.7 meV) and
establishes precise processing windows for
optimbtld structur al ordering and optical

applications.

5. 3INFILLUENIEAECTORSF TBROWTHWROCESS

Comprehensive morphol ogical analysis of t
conducted wusing atomic force microscopy (A
parameters on QD formation and spatial di st
i nvestoifgatthheonr el ati onship between I nGaAs cc

characteristics.

5. 3. 1 LASERTENSI TY

Experi ment al i nvestigations reveal t hat th
addressing the metall-MaramngphieteftoadcobugFRol
absorption of UV | aser pul ses with an int ¢
systematic temperature distribution develo
peaks. Our results demonstrate -phhsewUVhin
| aser energy (approximately 40 mJ tfhoer t he ¢
t her mal | at er al gradient drives metallic d

enhanced probabjli8y 2838] uniformity



Comparative analysis of samples grown w
di fferent | aser fluence energies (55 mJ/c
mor phol ogi cal di sif #r gobcdes sampl ed l espoaee t
energy (55 mJ) exhibi't reduced symmetry at
overl apping at common nucl eation sites. Cort
energy (40 mJ/ cm]) di spl aynsupetcbar dust Aart

approxi mately 300 nm and reduced centr al p
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Wi d {nhm)
e)

Fi guxd4eEf f ect s of | aser energy on gquantum
mi crographs of I nGaAs QD arrays fabricated

(b) QD arrays fabr i c# d@rdo-susscitnigo Madl nhldicgmit. p
al ong thee)diSteacttiisotni.cal di stribution of dot

energy regi mes.



Quantitative analbybside mpnesenated 1t hat e X C
critical | aser energy threshold results in
dot size broadening. The mean diameter inc
height variations expandr époes &nt8iNDg 6a nsnu lt
decline in dimensional wuniformity.

Tablb# Quantitative comparison of QD mor pho

function of | aser energy
Par amet et 40 mJ/ c 55 mJ/ cm
Mean di amet 42 N4 58 N9
Mean heigh 5. 8NO. 8. 3N1. 2
Areal cEnw3yi 11. 1N0 9. 7N1. 2
Size wunifo 90. 5 84. 3
Central pit 0.5N0O0. 0. 9NO. 2
These observations align withthheshel dcal
| aser energy 1induces excessive ther mal gr
coal escence[ BhdiTmegrasubnhs establish a cri-
| aser energy to achieve optimal QD wuniform

5.3.112GCa®WYERAGHORORDEREPDFORMATI ON

Thisssibsection dikeciuGasedati d feerpatus differen

order QDs array formation.



5.3.111 2.chsAs/ Al . GaYSTEAMS /| Ga As

The wvariation in 1In Ga As coverage e

density andFingoubtpepoéogpids meémsieenal AFM i ma

samples with i1dentical growth conditions ¢
coverag2s2qd1MIZB. Statistical anal ysis reve
increases, the averagre iutmdbepr owdr eQDsi pelry ni
approximately 1 to 8, accompanied by syste

Fi gugb5Evol ution of guantum dot mo@&ag hol ogy
coverfagre. Osan. Ass Thdrieree nsi onal AFM i mages sh
formation at cover ag.d byal2uds) Md2f.(0d7) avA. 1 77 8
MLand (e) 2.27 ML+ )Lowew pgamelesepbhidongl cr «

profil es O0O&Jloaigr ¢ehitei ¢ n.

The progression in material coverage demc
At 1.78 ML <coverage, QDs are sparse, s ma l
repr esensttiangge enaurcllyeati on. As coverage incre
densi tayseisnowig h i mproved size uniformity,

threshold for optimal QD density and di men:

(at 2.17 ML and 2.27 ML), further i ncreas



simultaneously i ntroduce coal escence and
accumu[l2&a8ddn!| i mited PA&3Jom di ffusi on
Quantitative anal ysis dfabthke wWAFRM hd aptrae s esn
key morphol ogical parameters as a function
l' inear relationships between coverage and
achieved in the inte2m@di ML) . coverage rang
Tabb2aQuantitative morphol ogical par ameters

cover age

Par ameMer 1.78 2.0 2. 07 2.17 2.27

QD density B B B B
5 2. 4NC 6. 8NO 9.3NO 12. 1N 14. 2N1
(1100 )cm

Mean heigh 4.6Kc 7.2N0 8.1N0 9.5K1 11. 3N1
Mean diame 36N7 44N4 47N5 52N8 58N11

QDs per n

site
Size unifo 82.6 90. 9 91. 4 86. 3 83.2
The sracss onal profdileprionvi Beguyuanbitalfft

QD di mensions. At 1.78 ML, QD peaks are bro

materi al . As coverage increases to 2.0 ML
prodibdecome sharper, indicating enhanced gr
2. 27 ML , QD heights increase further but

suggesti ng[ 2c3ada]d e gltr @ v e@nn infonr nj 293 50]wt h



5. 3. 11 xGa&As/ Al ) GaSysTEMS /| GaAs

AsFi gwbbpresanesemprehensive atomic force mic
I n . Ga . As guantum dot (QD) arrays gr
monol ayers (ML), 2.15 ML, and 2.5 ML for s
evolution of quaing uan eart! ymorr ggshoslhvoegdy eiwrs otdl
corresponding 3D(fr)eecowbsgdaoatcitoirnaads fndgf i | es
provide detailed insights into hamdghy wunif

directions.
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Fi gwb6AFM | magessa fAss quantum do/tGaramwerwdadge |
of (a) 2ML. (b). 2{dpMpreé-Phveetthtmaimp | e

(al)c) «(ig)us heyatdei recti on pr-6td)l e of sampl e



Il n sample (a), with 2 ML of corvdee raggce,, t |
periodic quantum dot array. The QDs appear
|l ater al spacingtagedi8t asiheaobof (&)l ygr owt h
surfawe m®mhni mal coal escence, and the dot di
scanned area. The corresponding 3D renderi |
with dot heights appearing conygilsitementpranfdi li
ing)( il lustrates symmetric height distribut

Sample (b)), with slightly increased cove

dot size wvariation and a broader di stribut

exhibits a slightly I ess wuniform array com
proemin. This trend is confirmed in the 3D \
height, and minor coalescence becomes not.i

a difference in growatnhddaynesbdot oopy peswebhyt

strain relaxation effects or preferential

axes.
At 2.5 ML coverage i n sampl e (c), t he
transformati on. The dot density increases,

pattern with higher dot clustering and a br

and suufhoessg obecomes mor e pronounced. Tt
emphasi zes the sharp increase in vertical
in (i) reveals sharper, asymmetric peaks.
overgrowtnmerart i aggl a ypi cal when the critic
strain accumulation drives vertical dot gr

The entire sequence from 2 ML to 2.5 ML ¢

bet ween materi al suppl vy, surface diffusi ol



nucl eation and evolution. The gradual d e
coalescence reflects the kinetic and therm
To compl ement these findings, additional

vs. coverage, histograms ofmaasmuaeicglitRM&) d

-

oughness plots would offer more objective
Foeri transform (FFT) analysis of the AFM i
spatial ordering and periodicity. Additions:a
cresesxtions would be valuable for understan
gua ty, particularly in the high <coverage

prominent .

Overall, this figure successfully demons:H
coverage 1influence the spatial di stributi
guantum dot s, reinforcing the need for pr
achidewe red optical and el ectronic propert:i

5. 3. 1 NBNOSTRUCT@AREPI|I NSYER

The atomic force mipareseehdpwyy ErAdc-cWM)de magteasi |

—

opographical i nsights into the surface mo

varied growth and anne-akbBbfutcioomndi scans. r @

significant i mpact of bgtlhhwshbsthreamamenrmpe
the microstructure of the epitaxial | ayer s
condition, contributing to a broader under ¢

on surface roughness, dot fobmation, and c¢



n,n um 0015 um): 8044 nm = .044e-000 m

Fi gB67AFM i mag@&aAs | ayer dra0doc( h2)dMM@ i t h
addi t3ibd measi e a lait nA7C6 8530A Gvi mlddi ti onal 30mins an

75000 6) Ai BB pesruipcedmao wi Ckminds annk@l ing at

Il n subfigure (a), theCAlwithGat. akhsnelady erg

a relatively dense and granular sur-face te:
scale protrusions acr oss tdhrei vsecna ninselda nadr egar
behavior common at | ower etagmpenateurae £., TBhg
t hat while the temperature supports some d

to achiewvkey dpyéd dragwtrh smoot hness. Thi s s



kinetically | imited growth where adatoms |
|l attice sites.

Subfigure (b) corregpowds| apgert hebwstamsul2ijC
addi t i-minmdt e0anneal ing step at 750AC. The
The previously granul ar tleixkeuroer tcroarnrsu ga trmesd
wi t hucreedd roughness and bet #templeataegmuale @aminfea
step promotes adatom diffusion and Ostwal
coal esce into more energetically stable ¢
periodic Ifieemgs utbe ompet of surface reorga
related to str dilmwrealyanxaantiicen adrongt epp ef er r
directions.

Il n subfigure (c), the | ayer was grown at

50AC before being annealed at 750AC for 30

dark pits and deeper depressions, contrast
i n po &wv cases: i Fbedeatvoi @s suggest | ocal
decomposition of materi al during annealing
and weak bonding strength at such | ow grow

compacthomdgeéeneamus roughness d{iasimrialb utnigo @t
this |l ow initial growth temperature does n:

Subfigure (d) shows the AFM i mage of a s;
5@eriod superlattic-mi hayerannéal | awved5DRACEe
exhibits the smoothest and mosdl iogred erdi e
patgd eamd | ower surface roughness suggest en
el evated growth temperature and the incoryg

Il i kel y arcel iaesvisng alianyer s or promote vertica



i mproves adatom mobility and assists in th
highly wuniform and coherent morphol ogy.
The col |l eEt g6 Pkednaot nasttivaatt esur f ace mor phol o
sensitive to the interplay betweeh amnealair
Hi gher growth temperatures and structured
guality, whereas excebksival pobowctgmpal At n

after annealing.

5. 30rP21L CRROPERTI ERATORE RNINGAASQUANT UDOTS

This subssexhpoawrer halependent and aedpéehat ur e

singll e kasgptetlct r um o f |l nGaAs/ Al GaAs/ GaAs qu

5. 3. 2 ENSEMBPEOTOLUMI NESCHENOEES

The photoluminescence (PL) characteristics
nomi nal coverage of 1. 78eMiignoas8¢ehompurgdhens
four panel s, each revealing different aspe
optical efficiency. Sdédpemgdert (R) SsShowtsr a ef

90 K under const W)} . eAtitawi oempekyetr ua &s (

sharp emi ssi onr1lpeldbk ed/ern tse roebds eatv ed, i ndi cat
rechoomati on -§tamegcoohidned carriers. As t he
PL intensity gradually decreases while mai
t her mal guenching is primarily due to carr
shraignek or spectr al broadening. Notabl vy, t

temperatures i mplies mkinndmuacle ds tsahtief tfsi,| |siunpgr



presence o¢*fcodnifsicnreedt ee,neweglyl st ates. The redu

temperatures si grnaadisattihvee ornesceotmbdfnanormn pat

carrier | ocalization efficiency
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Fi gwbBéa)cResul t oeGaasn dwantsimmpdict h 1. 78 ML
cover(@ay)e Temperature dependent espietcatriosm op
powdgbE)x ci tppadaweorn dependent sp(ech)or matPopgdat 1
intensity wversus .{( dyermaP Ltseemmtea mdiutrye depen
upon the excitatiloKopowerd feersaitty n&a As <c o0\

sama/ Ga .r dalthieneiamg fiindhe asvoddpa fferent | nGaA:

Il n subfigure (bXdepemadeatciPLaspectpawat 1C
into the population dynamics of the QD enei
progressive enhancement o f PL i ntensity i

broandgeniThi s behaviour r-setfalteec t fsi Itlhien go n swehte r



state emission-en&trgryatseasatarsd bleiggmernt o contr
significant Dblueshift or bi modal peaks sug
di stribution and that sdtoatt ec ofuipll Himnglg odr o M ann

effects. The observeldi ghr enddiaaftfiivrems e ftfhiec i

temperatures and validates the | ow inhomog
applications -lriemeuwiirdiprh@ tso anrgre camne toe rt he wet t i

| ayer or barrier materials

Toquantitatively extract the ther mal act
guenchi ngFibgeux8g cdr pl ots the natur al | ogar i
intensity against the inverse of temperatu

data t o atny pPer rnhoedneil u:s

O

gy '
0 s O
P 0 QWIrgmy

yields the &ct iwi@riieo nt heen etdegnppeenrdaetnutr ePL i nt e
MW s Boltzmanndiss canfsit atPiame hadrcyt pntesent s a
pl ot of integrated PL intensity as a funct
t hermal quenching behavior and extract act.i

guenching profil e, wbOot hK af osltleocewpe dd rboyp shaettuw ez

70 K. This behaviour i s ¢goavde rane dveb ye stchaepremapl
|l i kely <carrier i oni z aatsisohsuthemde IblAinreg enf séat ke
point near 50 K corresponds to the onset o
Arrhenius model enabl es esti mabd3ilonmeodf, t he
typically reported for I nGaAs QDs in simi/l
the depth of the clarameéri coafi mieecnaintf oot ewn:

stability in quantum dot optoelectronic de:



Subfigure (d) offers a comparative anal y:
wer density for QD samples of wvarying nor
d 2.07 ML. AII dat asetlsogexphliobti,t sau glgiensetairr
ty power exponeanpth,otiomd ircaadtiiavte vef rsicrognba n
wever, subtle differences in sl ope may
combinati o.medaanée¢sdotrdepeay, especially
g heewercage (2.07 ML) slightly reduces sl o
alescence or defect formation that weake:
mpetirnagdinmdn ve <channel s. This result rei
ver agge a&athhdlkance between opti mal dot si zc¢
di ative recombination.

Overall, the integrated analysis from Fi
ts grown at 1.78 ML exhibit favorabl e ofy
newi dt hs, high quantum efficiency, mi ni m

deatkecombinati on even under varying excit

monstrate not only the high crystalline &
78 ML as a critical coverage point befor.
e results collectively provi-tdempdmatngr e v
antum | ight sources and photonic integr:

carrier confinement are paramount

5.

3. 2 FAWHMNMANALYSI S

AsFi gwbOs hows, pthot ol uminescence (PL) spectru

mo

i n

desW Qont-waweusxcitation -obfeespaobéerbhg

trinsic optical guality -<dbtther pyptt &t n -



temperature phonon popul ations are strongl
emi ssion is governed al most exclusively L
confined withindothest dawest TGhanspectrum t h
fi ngnetr pofi -daanthwmogeneity, i nterface abrup
densi ty. Because the excitation dstnstieay 1 s
saturation threshol d, the -seabedod wmgroofti ln
backgrotundbuobi ons, all owing an wunambi guous
symmetry, and baekgtrovedpeaktrast. That cl
benchmar king deterministic patterning str

i nhomogeneous bropdesiengi ngwhi radi ati ve

1AG | | | | |

@10K I

=2
s e}
|

1.349 eV

h

o
(o2}
|
1

o
~
|

FWHM@21.5 meV Ll .
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Fi gubt9eThe PL spectr um lbdGapAadqtuamnmnadat ddi K

und2‘We x ci tpaotweorn



A single, dominant eOdi.s4s6i oenV,| icnoer riess poobnsde
fundamentrelcoenbi nati on of <carriers confined
i ndium compl.s3x)i oannd xvertical confinement vy
t he -innefarrar edwi dlthhe-naétx | hheulnf ( FWHM) D4. 2neasur €
meVsubstantially @a8r mewWernalthaes thei B8ally r

assembled (unpatterned) | nGaAs dots of C O
i nhomogeneous ©s oadenierd-ii i ctaccriyfearfe nic@es eprat t e
dictating dot nucl eati on sites and | ocal
di stribution of dot base di amet@ausssihaeni ght

symmetry oabstem@&ndirogy shoul ders that woul d
clustersher attests to wuniform strain rel

clusteringendrdgyimailhiig$9hr neverthel ess disc
Ssubset of slightly Isendalelxécd ttdeodesni s si waakl y s
intensity <7 % of the main peak confirms t
chosen power density.

Spectral background between 1.30 -eV and 1
|l imited noise floor, i ndicating -ltawoerf avou

transition, o06r0dimeav ialbyo vfeo utnhde 4d0ot gr ound st

at this excitation power; second, the GaAs
whose-ldeep | uminescence woul dbannodrgnaapl |bya nndasn. i
The absenceiofcsobhnpata i s ctoohaobgratuted b

ratd4o0 (dB), which serves as a proxy for the

cryogenic temper artaudieast.i v@&i vcehnal ninhed &sr Inspocraw iet h

carrier density, their negl iagishlils¢ edo rsthoic ik Ui t



ReaHla | | recombinati oan cexpectsedar @u tscpoames ewh

proceeds i ns i-bdeeaenpai t emw ¥ e ccuhlaamb e r i mmedi at el
patterning, thereby mitigating contaminat.i

From a-dyaamies standpoalt do mihrealsiengate

demonstrates that the excitat-eminssieghnmlei mist

each dot I s, on average, odoupei ggdai by duo i m
radi ati ve l'i feti me (~0. 8 ns for l nGaAs) .
indi stingupbbabhegsenegaei on, an applicatio

dots are wultimatel y -e@xnctietnodneidc. @Boyp eapvaomedyi tntgh

precludes nhef gbhexkatd+#awgi toon chiadglrands, y
trandfiommed | ine whdseemeghi gbbbadeoweg c
spectr al di ffusion from fluctuating | ocal

of spectral idilfyfdsinkredi ¢ opltdhes | at er al peri
each dot experiences a nearly identical el e
random-tahagprpgdeng ef fects -ashsad mhlyed ceand 4 g mipll easy.

Finally, t hestlat4e6 enVerggryoupnodsi ti ons t he e

wavelength readi lHyosasddSieNs s@atbd teo nbiyc lcoiw cui t
aval anche photodiodes operating in Geiger
obser voe dK aitmpll y t hat <c¢cryogenic cooling, alr
si nmhet on detector s, suffices to preserve

refrigeration. -t@ooutp |vendi fwoirtnhi ttyh ei-pdadrti emism ¢t c

gui dedatniucd, the present WpedtOr mopentt i mg

i s not merely an experimental conRpvwerniiteynce &
metrics are maxi mised while thermal popul at

remaiinshvianngl vy smal | . Il n conseqguence, t hese



emerge as promising buil di-o@mpodtoickklse fogua nst
information architectures, bridging the gc¢
integratedwipthmtanlievel of optical definiti

systems.

5. 3. 2 CBRRELATI ON BE SWEHRTURAL @RDI CAL

PROPERTI ES

The correlation between quantum dot ( QD) r
centr al to thecomptrnonilzad i lom Gd siAss QD arr
integration of Direct Laser Il nterference

Epit aBly) (avnd dropl et epitaxy offers unprec

ordering and optical purity of QDs. A ke
requirement for scal abl e, reproduci bl e QD
where spamnti alwi ahi gpmecal components and in

photons are essenti al

Atomic Force Microscopy (AFM) reveals th

is significantly influenced by growth par
interference fluence, andF iagnbreearillinggureondi t
5.6, increasing the I nGaAs coverage from 1.°

from spdeasesjtiyodots to-ddenscelugtpackede,r muwlc
Quantitative analysis confirms that while
heitgh it also results in reduced sdze uni f
effects attdriibwen daggol csmeraatni on [alnld2 ]l i mi t ed

A directopdtircsctlurngk i s also evident from

under varying | aserrignb#de@hiosvs t hAEMsiampyes ipt



at 40 mJ/ cmj mai ntain better pitch regul ar
mJ/ cmj| , which exhibit overlapping dots and
PL data (not shown) consistently demonstr e
i ntigrnys in the 40 mJ/ cm] samples, validating
DLI P as cesietlieccali vip® hsbictl & & édseopseinzdee nt nucl ea
behavior directly impacts the -optupahcegmis
sites producing more defined emission peak:

Further maloeg, spiecglrescopy (Figure 5.10) p
evidence of this correlation. The observat
0.727 eV with a FWHM of Qualmey,i spanhdathy

guaam dot . The absence of background emiss

>

egligible spectral di ffusi on, underscorir
achieved[ Z14a] DLI P

T e mp e rdaetpuerned e n t spectroscopy fpurrotpheerrt yi | | 1

relationship. The redshift observed with i
temperature) foll ows t he -geuxapleicttye dq uvaanrtsuhmm ic ol
structihesther mal guenching behavior, qguar

directly relates to the effective confine
compo g i2t3i7g n

The | aser fluence used during DLIP repre:s
both structur al and optical characteri sti
fluence wibndmlw c(n2 f or -510n Arsl / @Dy drmd 4308 As Q
producneosstt hueni form arrays with correspondi!t
Exceeding these thresholds results in broa

per formande



I n conclusponmi ztatei cam of gr owt-MBEp ar amet e
vali dated by morphol ogi cal and optical c h:
robust correlation bet ween QD structur al
correl ateobasios msot hengineering deter mini st

i ntegration.

5. S9MMARY

This research demonstrates a novel approac
dot ( QD) arr @Dy g elxyt iLmtsegr dtnitreg f erence Pat't
epitaxy (DE) in a moleencvuilraorn nbeenaam e-pti taadxdyr e(
standing chal |l engdeacihni equu aangt udne t pehronti onniisctsi ¢ S
guantum dots without compromising optical |
wor k asseebf eikr atst amoki ( &332 3g8rfomitsh snmoudy of
a significant |l eap forwar dDEbys cthreares i ttihoenrie
decoupl idmg vetnr miuc |l eati on from droplet crys
by Kogu¢HhHiE5¢t al

The principal achievement of this work i:¢
ordered and optically pugend®Dat ed@yt eenpmmalyig
guide metallic adatoms to prercdesre mhaxd gara
QD arrayslOw tsh zssubvari ati on at optimal condi
(AFM) confirms wuniform dot pitch (~300 nm)
reveal emi ssion |inewidths bel ow 10 meV,
broadeniergnorkuyrtththe ability to tune QD mor
coverage andi3msmXY/ drmhju)e nice Vatl0i dated t hroug

CressstionaHi guraagnidad 5.9 .



Compared to prior appropatches negli2B@bhSK raqrt
this technique offers greater flexibility
However, current | i mi tati ondabiotvder edd ol eéns
energy results in degrdaadnedd as ynranrertorvy parnodc ecsos
for opti mal I n/ Ga coverage. Additionally,
background pressures introduces compl exit)
appli ¢adioong41]

Future wor k sshouidrdseteyleadr s piectroscopy an
measurements to quantify radiative efficie
transmission electron microscopy (TEM) cou

defekensi ties, bridging morphology and el ect



OEPI TAXY AMMRARACTERI ZADIFON
ORDEREb N As/ @QIDAARRAYVI A

DL I-NB E

This chapter explores the fabrication of ol
|l nterference Patternisngu(DLtRpgrapmbicnedt Wi
assembly VKraas$tamamws k(iSK) and dropl et epit
foesson three main areas: (i) the epitaxial
using-abti ted mol ecul ar beam epitaxy (MBE
parameters -$®l acthiiveenwsdélteati on without <co

and) (stiuctural and optical characterizati

6 .I8TRODUCTI ON

The fabrication of ordered I nAs/ GaAs QD ar

guantum photonic and optoelectronic applic:
from-dihmeenesi onal guantum confinement . Preci
for quantum information processing applical

emi ssl1bmjQuantum computing architectures r e
QDs with uniform propertfi286wbairl ecahabbdede
and solar cells with ordered QD arrays <can
spectr al24r2gdghlgeesuni form spacing enables <con

essenti al for creating quantum do2t4 3ol ecu



Additionall vy, i ntegrating precisely posit
maxi mi zreast terghitnt eractions for quafed4jum el ec
The devel opment of | nAs/ Ga A s-a sSQsDe mebrl ready s
growth processes with 2rdsboldamprspadchad Wt isl ir
fields from [bu&nhide ds uQBp tltabyeeernrspng t echni ques

beam or focused [ @d6MWhamel ictomagrodp-hynwg di m

patterned nanoholes influences QD propertie
i newi d9bi nt egrating l'ithographic met hods
introduces contamination and defects. The
represents an i mportant advancement by ena

MBE chamber wivalRawim. br eaking

Phot ol uminescence spectra of ordered 1 nA:c
emi ssi on-iinfi rtaheedraAlaad@rge®¥naft ll P47 pmpéar B WHMe)
val ues bel ow 30 me V i ndi catindggeperdehtent
measurements typically reveal l i near rel at
excitation power f @R37dgwhaddred hdtgahteag emiwsesiso p
states at charac[t2e48Jcd mpd empeeod denti na+ed vpadlsar
resolved measurements provide[ Rddidg hftisnei nt
structure splitting releivamn®] for entangl ed

This chapter provides essenti al i nsights
wi t h speci fic characteristics for advanc

appli ¢asditdns



6. GROWTIWFORDERHDN EANTUDOTARRAY S

The foll owinntg oslhieteigomwt h structure and pr
|l nAs/ GaAs quantum dot array. Adrlootmh e sampl
inch the (Bpdikl)aGayhd oplelstr at e,

6. 2EPLTAXYORBEREIDN As/ GaANT UROTARRAYYI A

SKMECHANI SM

The schematic struct &r g uwdt otrhd heanemplid axhyo wi
used in this thesis, the substrate wafer W
remove surface oxi des. A 300 nm GaAs buffe

100 nm GaAs | ayer depositedj/ag, 48dniAtCorwd d h

RHEED oscill ation. After growth, the sampl
hour s. During this period, the arsenic va
pressure in the growth chamber to drop to

InAs SK QDs 200nm GaAs Capping Layer
mmmm—— U N T

100nm GaAs Wetting Layer

300nm GaAs buffer Layer

Un-doped GaAs substrate

Figwn8chematic growth structure of I nAs/ Ga.



A f-baam Direct Laser Interference Pattern
using -laapplmapend Nd: YAG | aser operating at i
(355 nm) with a pulse duration of 7 ns. Tt
componeadfis, i nci dent on t he subsliefamed at
interference pattern on-sihe sortaee GaBlsl P a
| aser fluence cont i®9 Imd/ citm .t hTeo rsamagea | 0 ¢
environmentnidnug,i ngu bpsattrtaetre r ot ati on was t e
second pause was introduced, allowing the

Themd A 200nm GaAs captpamigemp g wht whe gr o
t oatphe | nAwstmuea Aoslit t pddtl & nt hep of the cappi
to grow anohhpostayetutrmsaAsen top which shoul

embeddeAds nanostructur e.

6. 2ZEPRTAXYORPEREIDN As / GamMNT UROTARRAYY¥I A

DROPLEPI TAXY

The schematic str ucgithuirgurde Ftolre tshaempelpe tsahxoyw
used in this thesis, the substrate wafer w
remove surface oxides. A 300 nm GaAs buffe
100 nm GaAs | ayer depositedO aijt/ $4,80mdrCi twd rt eh
RHEED oscillation. After growth, the sampl
hour s. During this period, the arsenic va

pressure in the growth chamber to drop to



InAs DE QDs

Fi gwR28chematic growth structure of I nAs/ Ga.

A f-beam Direct Laser I nterference Patte
empl oyi Agamumpad hNd: YAG | aser operating at
with a 7 ns pulse duration. The |l aser bear
directedbatrahe at an incident angle of 58
pattern on -stihteu sDurifPacwas Ithhen applied to t
intensity védbhbemd/bemjweeburliong thi s process
moment areidl, y apsabucso n210 i nt erruption all owed tF

cool to 100 AC.



Theéropl et epitaxy ppaddsg nledi sy farc et herl
of carefully cof@Mk)lwaed supEmplsi.ed nati uan dr owt
at 100 ACcC, forming metallic droplets as t
increased to 200 AC and held for 1 hour al
resi dual arsenic wap -eebmuanaeddteurcfaaee h
(2ML) were then deposited, with droplets for
defined by the ther mal pattern. These dr or
guantum dot s t hrough controll ed exposur e
crystalylniazmtcisorwed e governed by suriface dif
Weber growth mode. Finally, the I nAs nanos"

using various growth temperatures and thic

To investigate how DLIP and growth par ame
varied parameter including cloavseearaldildiit er f er e
ratio. The next section presents the detai

6 .RESsuLT AND DI SCUSSI ON

Thehapteet dsidbloewd t hestrresatdrsajt i c al propert.i

6. SCHARACTBRITI GO ORDEREDN As/ @QamsTuloT

ARRAYVY S KMECHANI S M

The foll owing susibseactiaomlc fogte et ipd /i ag y
AFM and chatriac®lélrn AKgucasnt um dov armegrawt hwi t h

cond. tion

6. 3. 1INFLUENEAECTORS OFGRTONE HPROCE S S



Thisection 1 ntnrAIADc egdr otwteh depends on cover
temperature. Optimaadasdotmutbrmaasesndoal s
capping temperatures degrade QDs through i

contr ol

6. 3.1] hABDVERAGE

Fi guet3epr esent s a -dsiemeinessi omfalt harteoeni ¢ f orce m
i mages <capturing the maspbmblogdchahAevqluant
(QDs) formed iKrasttdoroVvSt(fakKRskgrowth mechani
coverage | ev.ed smdmwlmyler2s t(oM2) . The SK mode
i niti-dailmetnwso on al (2D) wetting -diamemsigaomoavlt h
(3D) island formation beyond & ndricteidc a&lt rtah i
rel axation betAmse esrublsnAsataeenrsd G he I mages ar e
the interplay between strain energy, sur f

directing the QD formation process.



Fi gutt3eEvol ut BKoquanft um dot mor phol bg®s with
coveragedi menmrseieonal AFM i mages showing QD f

val ues 2oML . (@i . 1(.64L . 1(.d8L. . andMLe)

| =i gubt3e( e) , corresponding to 1.2 ML of |
appears smooth with mini mal protrusions,
wetting |l ayer without any 3D il &pdfratleat
suggests tdeaetl itehse lceolveew at he criti cal thres|
which is generally ~1[834b/MIThficr wlenAshGaAayse
met astable precursor to dot formation, whe
unt il it surpasses the energy cost o f add
formati on.

At 1.3 ML <coverage, as shown in Figure 6
nucl eated islands, al beit with | ow densit)

signal the iI@Dsaetramkithen2Dwhere strain acc



sufficient to drive partial surface relaxa:
reveal s weak dot contrast anestvaagrei anbuicllietayt ii
with significant size dispersiom.grTohwtsh t r a
parameters such as substrate temperature ¢
di ffusion | ength [&m®d. 2B8BY9 dot uniformity

| Fi gwBéc), corresponding-dedbi hed KNDscbegr
popul ate the surface with increased densit
are better separated and possess more cons
sampl e. T hkiss asctoaegaer etheer t ransition into the
where strain relaxation occurs via coherer
di stribution become mor e uni form due t o
mi ni mi zati on pat hwagywsl arTihtey iancrthis®d st age
simulations and ki nedriicveno dieddsa]dekisrcg i bi ng

Fi gwBeb), corresponding to 1.6 ML coverac
mor phol ogy within the experimental -conditd.i
aligned, and exhibit a high surface densi't
nucl eation &adi growtbhd by maxi mized adatom
relaxation. This regime i squuldietlyy QDesp ou ¢ eed
guantum dot | aser s, detector s, and sol ar

homogeneous spph2bal arrangeme

However, at a coverage of 2.5 ML, as dep
begins to deteriorate. The AFM i mage show
irregul ar shapes, and indications of coal

symptomatiai mfoveraccumul ati elmtandtehactacbo

such as Ostwald ripening, where I[&25gdr dot :



I n this overgrowth regtame,e mbheg ke nme fniitsh, o fa
formati on becomes more probable.
OverrkrilgwB3demonstrates the critical rol e
SK QD evolution. The transition from 2D we
bet ween 1.3 and 1.4 ML. Opti mal QD <char ac
uni formity, ar eMLac hBeeyvoendd atrhoiusn dp oli.n6t , exces
degraded wuniformity and onset of coal esce

required in MBE growth of SK QDs.

6. 3.1 CAPP2NBYER

AsFi guwrder essarnntomi ¢ force microscopy (AFM) i
| ayers deposited over | nAs guantum dot (
temperatures, with the GaAs thickness fix

influence of safbrsam a5 2680mpPE hat suef ace mor |

smoot hness, and integrity of the underlyin
vital for understanding how capping tempe:t
shape preservation, o0fancd oessutrlfga crea f freocutg hnnge

optoelectronic properties of quantum dot d



I::ﬂ"m 19 (93,0119, 0009001880, 13, 15
: Hib

9,133 1 S 242 om
{220
|200
|
[18.0

’
L B 160

-

sM MEN

Fi gwddFM i maftapping | ageébnmwmi GhRA§arapping |
underAG1BHOnm GaAs cappi 8@ CIl y0rn mu n"GCdaeArs 5

capping | a5y®C @@pem 6aAs cappi@Clayer und«

| i gubrdd a) , the sample capped at 515AC e

surface -smdalhe sumaddl ati ons and faint QD sign

The relatively |l ow capping temperature he
mi ni mi zi ng i nfdusuinonsuandacientderfmi xi ng with t
preservation is important in maintaining t

of individual QDs,[ 255Heweveed doeptbot hwol
of Ga adatoms at this temperatur e, t he su

incompl ete planarization.



Fi guerdg b) , corresponding to 530AC capping
roughnesd i ked pdotrusi ons. Thi s behavior S
intermi xing between I nAs and GaAs, i kely
temperaturepegndi tom adt dmsaise from the dot ¢
matrix, | eading to partial flattening or d

Fi gubrdg c ) , at 550AC, reveal s elongated s
indicative of-GaAgnihti emamit xi mgi umhe el evatec
l ater al i ndium diffusion, l eadi ng t o mo r
compr omi ses drhfei ngeunaennttu mancd homogeneity of
previously demonstrated|[i2®6fher mal i nterdi-

I n coRit guac=ld d) at 560AC shows an extr emel

surface, but no visible QD features. Thi s
di ssolved or interdiffused into the GaAs
contrast. Whi | e sunbfissmooehhasas mpp !l ibceat

pl anari zati on, ibtasieste chatgthitmgntdablvi tes, Q@her

of confinement and emRS3jon properties is
This sequence of AFM i ma goefsf ubnedtewesecno rtehse rt

induced crystallinity improvement and the

capping requires careful temperature tunin

6. 3. 102TI CAROPERTI EPATOFERNEM GaQUSANT UM
DoTs
Fi guabepresents a detailed photoluminescenc

guantum dots ( QDs) wi t h 1.8 monol ayer (

|l ithographically defined pattern region an



Nomalised Intensity (a.u)

P a

N o

Th

PL

Ga

Wi

pr

I's figure explores the excitation power
aluates recombi nat i-loong menctheannsiistnys atnharl oyusgi hs
e emission profile withopaGawmesieas fwihi cthe
ati for understanding the quantum optica

sembl ed QDs.
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gwbbEBL spectrask.opgMmrfage I nAs quantum dot

ttern (mEexdiotnat i on power depende ht spect
rmali se PL intensity depending upon the
e |inear fitting indicataerdounhdglciHeope of ¢
spectimugauaonft umt dA0OK uUWiderci tlpadwaesint h

us spi eaabkF WHM=2 4 me V)

Panel (a) displayYyepehderpkcPLattipenot pawetr®rc
th excitation powers varying from | ow t

omi nent emindnseiaaln ~pleaks eV, attri buted to



recombination in the I nAs QDs. At | ower e
narrow and symmetri c, -sstuagtgee st & a g mbdionna tniaonnt
significant state filling. As excitation p
growse twhel spectr al l ine retains its symnm
mi ni mal band filling or heating effects wu
behavior aligns with the radiative r ecomt
recombinati-gonnfiimequasntaune s, consi st-ent wi th
grown | nAs./NédaAdb|l §9D=ner hy ghmt iet pceaks are v
suggesting that either the esxdiattaet iocrc ugpart gi
threshold, or the QD densi$tyats cuérfliapent

Panel ( b) guantitatively evaluates the I
integrated PL intensity as a function of e
The I inear relationship observed, with a f
ke insight into the wunderlying recombinat:i
that the PL intensity increases I|inearly w
recombination dominates, wi-rt &nd ineetgil M e i dd ret et
Auger piMhhéssgesult validates the high opti
essenti al for guantum emitter application
excitation are desired.

Panel (c) focuses on the detailed spectr
excitati oaW paotwelrO afe sIAl thtiigdhbn PL spectrum i s
Gaussian function, yielding a full wi dt h a
| i newil gdtclh sr dfot h homogeneous broadening mec
and radiative | ifetime) and inhomogeneous |
di stribution. The narrow | inewidth indicat



i nterdot coupling or all oy fluctuation e

i ndi stinguishable photon emhesifontiend @aammi

(l'isted in the table inset) show a good <co
the spectral symmetry and mini mal devi ati ¢
char act ecronzfeisnewde,| i sol ated QDandvs.th reduced

The comprehEngi®beoldla¢ at i mely underscore t

and optical quality of the I nAs QDs for med

regi on. The <€eepiendeinonrpewense -exaiftioms a
emi ssion regi me, whi | eakt hree fnlaercrtosw tGaeu sstira
compositional wuniformity of the dots. Thes:¢
photonic devices, particularly where coher .

6. 3.1 CBRRELATI ON BE SWEHRTURAL @RDI CAL

PROPERTI ES

The structur al and optical performance of
via theéeKrSagtaammskvy ( SK) mechanism exhibit a ¢
particularly when fabricated under contr c
condititomsc Aorce mi croscopy ( AFM) and
spectroscopy provide complementary insight
evolution and quantum confingmadt, QPnablt ag
for photonic @gmpdic@mttoe®lnsctroni c a

Structur al |l nsi ght sFigiu#.2 &ArrdMi gMidBZep hol| ogy
demonstrates the evolution of QD morphol og
transiti ai mememohwb wetting |l ayers- (01.2 |

di mensi onal islands (-+~rbhd@6cHMH) nus-tmadi anédAL



coverage (1.2 ML) , AFM i mages reveal S mo o
consistent with the metast allteagweti tsil mg dlsa ybe
to nucleate irregul ariBPp, t madrmk igthd yhlsee nesn 4 e tv
sutbsate temperature and indium flux [79, 2:

At 1.4 ML, coherent QDs begin to form wu
mor phol ogy 1is achieved: high density, Il ow
This corresponds to a state of efficient si
essieanlt f or uniform carrier confinement [ 257¢
ML results in coalescence and Ostwald ripe
aggl omer ati on i n AFM i mages [ 254] . Thus,
mai ntatningedoity.

Capping temperature furthgmroiwnfhl udngeas es:
presents AFM i mages of a 200 nm GaAs cappi.!l

At 515AC, faint QD topography remains vis

presenr vwittiho mi ni mal intermixing [255]. As
56 0AC, surface smoothness i mproves at the
indium diffusion, | eading to shape distort

Opti cal Characterization Figunéb) Phot ol u
PL spectroscopy, shown in Figure 6.5, dir
guantum optical behavior. QDs grown at 1.
defined arrays show a prominent, symmetric

temper@t Ky ee xTéhiet aetmiosnsi on remains stable wi
power, indicating minimal state filling an
The excit-dependemomiwe rFntgeutrsdi k)yy ipélods (a pow

expomendt to@fjrming radi ative exciton recc



mechani sm. This linear trendadimptiwes e mi en
Auger recombinati on, corroborating the hi

uni form AFM morphol ogy

Gaussian fittihARgguwbg 8 he ePealpealk (ull Wi
maxi mum ( FWHM) of 24 meV, indicating | ow
confirming dot size and compositional uni f

the emission spectrum (iRJoldat®.d9 MDmadwe tthy p
phonon sidebands, as r gpdadnje dFbyl &My cét eal e
[ 259]These optical characteristics are di

regul arilty Bt dowvwer age observed in AFM.

6. B3CHARACTERI SAORQRDEREINASY GAS QUANTUOT

ARRAYVY AROPLEPI TAXY

The following subsection examineshdampedstru
(DE) quantum dot-basreraysnorphololgi AEM anal ys

optical properties under varied growth con:

6. 3. 2 INFLUENEAECTORS OFGRONE HPROCE S S

This section examined the growth behavior

epitaxy (DE), highlighting the critical de
temperatur e. Opti mal QD formation occurs a
| nAsee@ixmg this coverage | eads to dot <coal e
Additionall vy, el evated capping temperature

and surrounding matri x, resul ting i n red.L



characteristics. These findings wunderscor e
deposition amount and ther mal processing
perf or mance.

6. 3. 2 ORDER!I NG INDA UBMROPLENUCLEATI @WGa As

SURFACES

The set of atomic force mikirgpwB®prpoyv i(ddesM)a i |
comprehensive examination of the evolution
dots (QDs) wunder varying crystallization ar
topography i mages are essential einnsiunder st
and ordering characteristicsdahaéeraatskefarl
Ssubstemped alt erant met hod-as$ ®e mbflaebdr i g@aa mngm

without reli aikcasamniohed sfedamelicihani s m.
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Fi gwwbAFMnage ofnd(iiaum dropglrgtstaltilidat i adi um
dr opl etcr wst Bltloi zfadrinonl nAs | D&Ei WBDsdr dcl)et wi t
crystalwiiohwtVi amito ROd@ | ndium drogpltat | wiztah i ©

to form InAs DEINORY i orAder 2®.08

| *i g uer6d a) , the AFM image depicts the mo
deposited on the substrate surface in the
crystallization).-s€é€Epardrtegdg|l andsd appéar mivegl d

t he scanneydi nagr eaa,c csntgrnalfl ed nucl eation of
circul ar profiles -phasehbndcumricstwuiste epng t |
stabilized due to surface tension and the |

The obser voegdy miosr pdloil gned with previously



formation studies, where controlled substr

manage coalescence an@00st28®dIlld ripening ef"

Figwe¢b) illustrates the transformation
QDs through crystallization, achieved by e
deposi tion. The i mage shows a significant

convert-dieniddd quedntum dot features. These f

faceted profiles compared to the rounded i
of ssalaitee crystallizati on. The <crystalliza
metallic tsemtcopadwed or stat e, governed by
interfacial energy minimization between th
These results are consistent with earlier
controlled grodpc¥sexpystaél pne nanostruct

[261, 262]

Fi gwbec) Fagdbed) esxtahmei nempact of varying

during crystallization at a shibgwBgéct)e t emp
represents the case where the RHirguwpel I I/ V
(d) corresponds to a slightly increased r a

Subjectedeépbsi posh arsenic exposure to faci
QDd #i gw6EC), at a | ower 111 /V ratio of 0.6,

dot formation with a relatively wuniform si.

suggests incomplete or l ess efficient cry
arsemiid abvliity to fully convert i ndium dr
surface shows sporadic dark patches, hinti

As i ncorporation. These observations under :



in defining QD density and morphol ogy, as
transf ¢rBG3t.1 @1 4]

I n colhitg ®KE¢ d) , recorded under a higher |
more densely packed array of uni form QDs,
amorphous residual s. The higher arsenic av
compl ete crystalldotatuinaf oamdtenh&mceéder mor
density and i mproved ordering may al so be
di ffusion ki netdrcisveann ds toapbtiilmizzaetd oAns dur i ng
findings in droplet eepilttdXy rlaitti er actruirtei cwh
transition kinetics, surface diffusion | en
[ 255, 265]

These AFM analyses underscore the criti

crystallization conditions in determining
grown via dropl et epitaxy. The presence o0
preciseol dufVngatihe crystallization phase
metallic droplets into semiconducting nano:
mor phol ogi cal di agnostic but as empirical

model s forunatbr emv-daengdsi hiyghguant um dot arr a

optoelectronic device applications.

6. 3. 2 CAPP2 NG LAYER

Figw7presents a series of atomic force mic
the surface morphology of I nAs quantum dot
and subjected to varied thermalotaeatment s

andofedt €« a distinct thermal evolut- on sequ



temperature GaAs capping, I Ateenprae diit aitr e

encapsulation. The intention of these expel
and overgrowth temperatures influence QD
nanostdegrtadati on. These insights are cruci
of QDs, especially for applications in opt
surface stability are paramount.

Fi gwi7AFM | malgpAks odr opl et epitaxy ¢qa2dhtum dot
nm GaAs | aA@r 18&mi 480 annA@! i8g nant GANG | ayer
600C (b) 20 nm G&dLs 1 Gmiers aan MA@ i80g nant 4 0 (
GaAs | aydiG-3a0t n6ion0s anneéa&(chg28t nmM5GaAs | ay.

200G 80 nm GaAsAGaydr nEtns6 @ A€al ing at 750

Figwr7éa) depicts the AFM image of an | nA
nm GaAs | ayer at 400AC, followed by 10 mini
and an additional 80 nm GaAs overl ayer dej
retains cleathrycdetrtiesedi mahept cagmt hgt pt bri
with an -tiempeéeradat droew | ayer to preserve dot
hi ghemperature overgr owteh ftec tiimperd gv s tarby dti:
features. Thesampmdrsataepdp ewmirt hwerndder at e hei gh

mi ni mal i nterdiffusi on bet ween |l nAs and G
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gr e

or

Kogu

I n

ndu

es with previous repempesr amphascapmigngl
protecting the dot shape from ther mal

chi and Mano in the development of DE
CORit gasyg b) reveal s the dramatic morpl

ced by angraodwuiht iaommdal pangt st ep. Her e,

treatment as in (a), -nihneutsea mapninee ails astu b7j5e0cA C

a

=)

(o2}

ma g
nd
ven
nne
nd
tud
mpr
t t

mp |

e shows a snaoodrhast iscurlfoascse owfi trhanodot
broadened structures Iimply significant
di ssolution of the QD ensemble into t
aling tempefrankalre, tbndat bmse aoet of th
i ntermi x with Gadadwmsnt @ad pihe ntomemmal wi
i el dfet ¢t 2P et 2ZBGI§s suggests that w
oves crystallimadgquadl ivtey r&amcad mbe chiad @ o nn ¢
he cost of morphol ogi cal stability unl

oyed.

Fi gwi7ec) provides a comparative mor phol oc

m GaAs | ayer grown at 200AC, foll owed dir

O0AC amidnuat e0anneal at 750AC. Unlike (b),

n d
hat
rig

ppr

di stincThea@Qbdfoeataureay.are sharper and
the | ower initial capping temperature
i nal dot mo r-tpdrap e@rgyt uargeai arsn e ahliignhg . T h e

oach <cano bteh eatsturpi pbruetsesdi oth o f i ndi um di

ncapsul ation, thdriatiyw ifngr mihred la di ffusi on

These results collectively illustrate thse

app

ing strategies, and quantum dot iintegr



whi | et ehmhpgehr at ur e annealing can significant]|
point defect s, it simultaneously induces

counteracted by a -tceampeefrudtlur ee ncga pnpeierr ge ds tl eopw.
fmo(a) to (c) exemplifies how subtle vari a
i nto nanoscal e odsxatnr vict siirgaht eeod ant oal for

performaasedQDevi ces.

6. 3. 2TEMNALYSI S

As theguwB8shgme comparative microstructur al
l nAs quantum dots (QDs), fabricated throu
insights into the 1 mpact of mor phol ogy on
uni f drobroitthy of whi cohr asrpdmgt ®ocieani t f er perfo

photonic integrated circuits (Pl Cs).

Ring structure

-

Fi g 6B8TEM i mage of the I nAs Drogprhelte ewiitthaxy
Annul arFi BPhidéiwna,geEISVv i e wArosfean & | ned ieumt

di strimajgieon



Two distinct nanostr uedtikreesQDarvei tihdeant t fii
di sl ocation {f{TPepstamugtabeed akva D50 dihaet eTd QD,
the presence of vertical defect | ines obsel
( TEM) and annul ar dark field (ADFD26émMages i
This strain |ikely results from | attice mi
GaAs substrate, consi stent with previous
systems-di Eperrgayywespectroscopy (EDS) mappin
| ocead iizmdickhm r egi on, corresponding to the o
presence of dislocations -riasdidaettirviemerngcad mb ia
centers that degrade photon purity, bright
[ 115, 1 26&Jont rsahsatp, e dt hset rruicntgu-r eee@ xhi df it se awidt
evidence of threading dislocations in the /
homogeneously distributed along the base &
stralidh afnnde more controlled indium incorpor e
of -tikg quantum dot structures formed via
contr ol over shape and strain disiributio

Krast awdW6grTfhese structures are known to e

including reduced spectral di ffusion and
phot ons, making them suitable for scal abl e
[ 26 Dverall, this comparative analysis unde
in tailoring quantum dot mor phol ogy to mi
formati on. The abil i tsgyt rtaoi nf a@Dsi cvaitteh csuytmnekit
craali for r-pearlfi@r magn de ,ghdephetromn nsesudrinace i nagm|

with existing PIC architectures.



6. 3D 3cussiI ON

The devel opment of ordered I nAs/ GaAs qual
role in advancing optoelectronic and quan
phot on sources, QD | aser s, and detectors

compari somnafum mMAs squwr oim awit antolve ( StKr) a melcih

and dropl et epitaxy (DE), focusing on the
guality, and optical perf ormance. The anal
atomic force mhotosaumpneEAENMELe pPL), and t
mi croscopy (TEM), and is contextualized wi°"

SK quantum dots ar-endwcendd dednbfr pugivhet eain
di mensi onal wetting -diamemsitonanlsiitsloarsds nd fc
thickness of l nAs i s deposited on GaAs. T
rel aaxxaainiosing from the -clratttiiccad neiosvnea tacghe. (
monol ayers), the surface remains flat with
approxi mht4el ML,21.i3sol ated QDs begin to nucl
and o@ODi mak phol ogy appears at 1.6 ML, with
spati al separation. These observations, S
confirm that SK ddri Yenmariocessshaghlty asar

conditionsmséithxaandndubstrate temperatur e.

2.0 ML | eads to coalescence and Ostwal d
structures and degraded uniformity, as rep

Il n contrast, DE QDs follow a fundament all
deposited at | ow temperature in the absenc
droplets are |l ater crystallized inhbo | nAs (

of strain. AFM i magesriyBitqaurne zaté6onshhowpt



and -dviedper scerdy.stRaddti zati on, t heses hsatpreudct ur e
or -ti kg QDs with facetpthageofkipli eaxiahditcamn
Unl i ke SK dot s, DE QDs do not exhfbnéeda wet
by | ocal group 111 /V ratios, substrate t¢
Variations in the I111/V ratio during arsen
density of dot formation. A | owelretreatQDos ,( e.
while a higher ratio (0.8) yields dense an
are consistent with studies by Mano and K
achiexcensrt beéedridf, orhmigthy QDs wi t houti tthhe def

strain relaxation.

Capping | agepwt hAndnpeating further infl u.
QDs capped at | ower temperatures (around 5
incomplete planarization. Hi gher temper at t
indiumomr, ffeading to QD dissolution. Thi s
l'imitation for intetgm@aen atguISK RDsc e ndiondhi g
DE QDs show better stabilidtyepundep@itrmgeg rmradc

starting-temmpehr akt awe GaAs depotseampematfuolel c
over grprwasher ves t he QD morphol ogy whil e e
t her mal resilience, as ewirdevnc edt riunct bir@sr
adapt ablger ofwotrh pporsotc e, s spirnogl .o-nHgoewdeevhearg hir e anne e
(e. g., 750AC) can still cause degradati ol
temperature encapsul ation.

TEM analysis further highlights the diff
QDs often exhibit threading dislocations di

performance by aidintarta d/wecirnegc omdn nati on cent e



QD&particul aBkey sdarnggtdieafeeect Their indium di

more unifor m, and there Iis no observable |
are critical for maintaining photonn purity
guantum emitter applications.

Optical characterization via PL spectrosc
QDs with opti midl. 8cdmer aegxehi (b+1. 6str ong, nar
centered around 1.25 eV with full wi dt h af
indicatizegugodaodrssmi ty and mini mal spectral
i ncreases l i nearly wi t h excitation power
recombination. DE QDs can achieve comparabl
of reduced sfpilneg tstnguathdr esuppressed i nhomoc
their relaxed strain profile and symmetric
for generating indistinguishable photons, .

From a fabrication standpwsintu, Dbotelt t matat
|l nterference Patterning (DLI P) , whi ch ena
breaking vacuum. However, DE offers superi
i ndi um matowprd eltlsy f-ommuaedtethagwy!| aare s, wher ¢
nucl eati on remai ns p a kptaitalelryni sgoc hlahsitsi cd ed
growth is essenti al for applications such
spatial |l y altisgnfeuwn cqtuiaonnt uaxs dcooupl ed qubits o

Il n summary, whil e-eSKa@QDsspeodovigdahweys t
optoelectronic structures, DE -fQDese ogfrfoewt hk, e
enhanced defect tol erance, superior ther ma
Thesebudtetsr imake dropl et epitaxy an i ncr e:



integ

repro

rating quantum dots into complex phot

ducibility are paramount .

6 .S IMMARY

Thi s chapter presents a detail ed I nNVve:
characterization of ordered I nAs/ GaAs quar
di stinct epitaxial gKrroawsttha nmevc h(ashkK )s mesn d Sd rr &
(DE) , bot h ienhaun cidr ebcyt Laser I nterference
combination of these methods aims to addr
spatially ordered, optically wuniform QD ar
photonic and optoelectronic device

A major achievement of this work is the s

—+

he MBE chambsitugegnamlalskhgss$ nsur f-raicegh patt e

vacuum conditions. This innovatio#sidwoids
| it hhoyrampd facilitates the deterministic p
generated interference pattern guides adat
nucl eation at specific surface sites. This

-

gat es
For
cover

cover

equieter mi ni stic QD peshiottiomnienmgi,t tsewcsh agsu as

, and quantum dot mol ecules for coupl
-g8kKwn QDs, the investigation identif]
age and morphological evolutrbnhicaAFM ¢

age (e.g., 1.2 ML), only a smooth wet

featANs eshe cover aple 4apMLr,o arcthcelse alt.i3on of 3D

signi

fying tH@8 Dongeatnsdft itome 20pti mal gquantu

at approximately 1.6 ML, where the dots e



di stributiseparanddwgéebmetry. Beyond this,
degrades due to excessive strain accumul at
ri pening effects. These findings confirmt

citical toquaahitetyi QO &t ghctures using the

Capping procedures further i nfl uence t |
performance of SK QDs. GaAs capping at | ow
preserve dot mor phol ogy, t hough with some
temper at ur esr gsalotv ei 5 50iAgnN)i ficant inter mixi

|l eading to flattening or dissolution of QD
t her mal processibrmngewi QMODesw afmar pBKKes chall e

fabrication reg#Htiermpreg ad whr e ggu eerpts . h i

I n contrast, QDs grown via droplet epita:
and greater resilience to ther mal treat mer
droplets at | ow temperatures in the absenc

|l nAanostructures upon exposure to an arsen
this process eliminates the formation of d
AFM i mages confirm the transfdafmandadnd omme m

shapesd QDhe morphol ogy of DE QDs is shown

11 /V ratio, with an optimal valwue of 0.8
ratios result in incomplete crystallizati o
proceds awnei formation of a wetting | ayer,
potentially superior carrier confinement.
Pogtowth ther mal processing stud-i es on

designed capping seqguence can preserve QD

| ni ti-&akmpleormat ur e €4a0ppAh g f caltl o®@@np ebryat b gh



overgrowi7Zh50AtC @®@bles the formation of S
mor phol ogy. TEM analysis furthergrsawmports

QDs ar e of ten free of t hrielaa i s¢g r Wetswmeat

symmetri cald purnaffiolrems ed ement al di stributio
reducing spectral di ffusion and i mproving
optical applications.

Optical characterizati on, particul arly
observations. Photoluminescence spectra co

coverage exhibit strong emission near 1.25
a polwew eslmear uni ty. These results confir
predominantly from radiative recombination
fromradhative centers or mul tiexciton pro
narrow | inewigdtolls sitmdiice¢c aatr al uni formity and
consistent with the observed AFM morphol og)
were not explored in the same depth in thi
capabl e of axthlievomgevcxempauperior optical
st rfariene natufeeandrgetftattinity.

Despite these promising results, sever al
dependencaer iomestmwaé¢lineati on and the sensitiv
significant chall enges. The d e ggracdwatthi o n (o
annealimcgsredhtir use i n -appmpecatuoespreqge
Additionally, while DLIP improves position.
i slanding can -snhniflédrmeswdelteatn onon | i mitin

reproducibility.



For DE QDs, although they exhibit super

comprehensive optical characterization i s
wi t h SK QDs, particularly regarding cohe
entangleeamemat i ogn, are necessary to fully va

information systems-asbBostededDE ¢ @lcielsg e DL It
uni formity while maintaining precise cont
chall enge.

|l summartyhi s chapter demonstrates the via
for prodwaiang t Wi glhrder ed |l nAs/ GaAs QD ar
advantages. Thei ttmt BgrBt obhewds anscal abl e

patterning. cSeKl 1QDwst sohpotw ceaxl properties undc¢

are |limited by thermal sensitivity and def
contr ol and robustness, maki ng-gtememahi gml y
guantum deviftest hedroweoek , i s required to r

expand optical data, and address scalabil i1



{ CONCLUSIAOINFUT URWORK

7 .CoNCLUSI ON

This thesis presents a detailed i1nvestiga
optical charactervi zapuamtnum fdodr de@R2)d drliray
integration of direct | aser interference pée

(MBE By successful-bgammbllefPenet ng i feoeutrl vy

high vacuum MBE <chamber, this refseaech in
met hod-cfomrt rsoiltleed nanostructure growth. The
contreal QDv nucl eation while maintaining hi

requirement for advanced quantum photonic
The study begins by establishing a theor e
confinement effects and the behavior of sp

bet ween spati adotpecdowmliicng,y,andtmirni band f

stnrgol y infl uence carrier |l ocali zati on, en
recombinati on dynami cs. These effects ar e
model |l ing and verified by experimental obs.

Two materi al systems are explored in dep
via dropl et epitaxy, and | nAs/ Ga Ais QDs s
Krastanov and droplet epitaxy modes. The f

to be highd yeppmietnsxitdlvegrntowthnadawonedt isomné$ aa

modul ati on. Parameters such as | aser fl uen



annealing directly affect QD morphol ogy, de
means to engineer the emission properties
A major technical advancemeinttu oifnt égrsatwioo

the DLIP system into the MBE environment.

(7))

urface modul ation dseiegtgrvewhhcl|l pardmoni w

—h

oosgpr owt h 1 it hogr apshiyt uorn aettucrhel nogf. tThhies ianp p
contamination risks and preserves surface i

purity nanostructures compatible with epit.

To support t he fabricdéesobgnegroaestemat
photol uminescence (PL) mapping system is
resolution spatial and spectral -thmeacter:i

feedback on esmi sQuamt ymogpetrs i produced wusin
narrow emission |inewidths down to 17 meV,
consi stency. Spati al mapping reveals stror
indicating eff eatcil vaatd omt ramld gwverwt@D n
Experi ment al dat a aligns closely wi t h
confinement energi es, spectr al l i newi dt hs
validate the underlying physical -MB&edel s an
techniquei hgr epgodeered QD arrays. The sy:
growth parameters and optical characteri st

deterministic quantum dot fabrication acr o

Beyond fabrication, the thesis contribut e
systems by demonst rddti ngo wplnitmg, osveeirl lianto
coherence properties. These capabilities

guanpbmt oni c circuits and |l ogi cpdeviges.



emi ssion with nanoscal e positional accur a
technol ogi es, Il ncluding secure communicat.
guantum computing architectures.

This wor k piostegmoatsed®LMBPE growth as a tr

the field of quantum nanophotonics- It ove
assembly and conventional l'ithography, of f
funatli omanostructures with precisely tailoc
devel oped here establish a foundation for
chbpsed photonic i ntegration, and guant
demonstr adhmigc dlotfheasi bi l ity and scientific

the state ocfontthreoldretd inmnoiste ucture engi nee

path toward manufacturable quantum photoni

7.QUTLOOK

The f-wp | wovr kt hoefsitshiwsoul d mainly f otchues on f c
fabrication of s urwiace DlldPs mo@duesasmtinsar ¢ el
ar rtahyee optical characteristics afncdiumdglineg QL
indi stinghioplmabitlyi &wyaln d rtihgeh tpnoetsessy saé mf or p
orchip integration.

7. 22URFEAE ASMONSOOL. AREL L

The integration of surface plasmon pol aritc
( QDs) represents a transformative approac
SPBsoherent oscillations of electrons coupl

di elredcc idnctaenr fsaicgensi fi cantly enhance the opt
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tum dot s, thereby amplifying | ight abs
ciency.

I's enhancement mechanism addresses a f
d devices: their i nherently i nef ficie

mbi nation characteristi-€scal ep®Danrezws ar |

r interference patterning (DLIP) emer g:¢
enabl es the controlled excitation of !
ke conventional techniqques dsuommh & aar e

i whgi ch are precise but-cpnsuambngi veltyl a
e applications, BtLH rPo uagfhfpeurts agp pmasak he s

rating nanoscale patter ns -waacvreo sesn gd thb st

Thieomnt egr-aaboncateBLpPasmoni c structu

tum dot s remai ns relatively unexpl or e
rtunity.

e proposed research wildl i nvestigate t
hancematltieghti nterdabrocataed d@udrPtum d
ugh systematic optimization of geometr
wor laxaimmget o hem opti cal and el ectroni c
ctures. The f abr i cbaeta no nl apsreorc eisnst ewifl e r een
odic plasmonic nanostructures on trans
deposl tobdabf quant um-cdhoet nsi csayln t nmeetsh azdesd.
is research builds wupon sever al key st
2) demonstrated that pl asmonic struct
rpt fan m rmdetvhicres t hroulgh7 @kKoemrede monle e

explored the i nteraction bet ween qual



observing enhang2dl]|Hawegateryethases i nvest:i
focused on isolated systems | acking scal ab
gap by developing a scal abdhlkeanacpipnrgo ag lha sfnoor
nanostructures with quantum dot arrays usi

The anticipated out comes i nclude enhanc
guantum effici-rmeadiyattehd olughalSPfPi el d enhance
devel opment of a scal abl e -afraebar-d @8R8 coend met
guantum dot eaeangh. hdabi signi figemdar aitmplni c
optoelectronic devices, potent-etfligi erccvyl
photovoltaics, phot odetector s, and quanturt
synergistic combiqmanitam dibt SPPs andscal abl

paradi gm.

7. 29 BGLEPHOTONEMI TTEROWARDSQUANTUM TELE

COMMWI CATI ON

The development of scalable quaepeaemdalhlog on
si nmh et on sources t hat can be seaml essly
infrastructuresst Amenguanatumusemsbt eds, | ndi
(I'nGaAs) quantum dots (QDs) have emerged ac
det eirsntiincp lsdtngrn egener ati on within Photonic
t el ebcaonnd emi ssion properties of I nGaAs QDs
guantum communication networks. These nano:
t heboa@ {11 .88%) wavelength range, correspondin
wi ndows fiinbrselshi esa i nher ent compatoipbtiilci ty w

infrastructures eliminates the need for fre



additional noi se and reducesMBvWeedtlalef fic
(DH 272]the intrinsic tel eciosnt aennties sq wan tfuanc
di stribution protocols with significantly
vi s-whvel ength alternatives.

The capaeciotnyt rfoolrl esd tfeabri cati on represent
|l nGaAs quantum dot -assemolleodyquadmtlumedocsted f
random | ocations dur-cagt reoplilteadx i B h GagAsow@Qbs
det er miynipotsiigaalolned within photonic structu
technXQuwWaeng al [ 20 2pP22) ed coupling efficien

when precisely positioning QDs within photc

S
—

egration facilitates reproduci bl e devi
manufacturing pr ocecsisaels geusasretnum apg h dtoornicco nine

The quantum optical properties of I nGaAs
for guantum information applications. Und
nanostructures -pcheomoomstpatiet ysi hglar et er i z €

correbattoonfg”r(2)(0)) exceeding 99% and p

surpass[ing4]Ploése metri cs, document@&d in th
Hei redelaB[ 1@Q2dnfirm that |1 nGaAs QDs sati sf
for guantum interferendd uandédmentahglopme mt |

photonic quantum comput i ngWhaennd iqnutaengtruant ende t
orchip optical resonators, -maGaAs QDsteraxdi
t hrough thel 2PlusrJtteild erdhHa&mdcement not only i
speed efhodgiomglseour ces but also i mproves the

The compatibility of |l nGaAs QDs wi t h €

represents a significant practical advant a
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ectrically driven I nGaAs QD devices &elin
bstantially reducing systé&mheomplegrayi a
tenti al Q f eidttneGradAss eEDysond passive photoni
tive photon[iz76fimetsondy i th 2&dn) aegc i(t20m2 4)
l ariton complexes established -pthhoattonl nGa A

urces embedded within engineered photoni

antum emitter properties coul d nbter otlai | or
the surrounding photonic environment, e
ch as topologically protected photon tra

I n concl ««oindm,ol Ised el nGaAs guantum dot

chnol ogically mature -phatdooremisessi detenm
tegrated circuits. Their natwural -telecom
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