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Abstract

Project Code : RSA5580015

Project Title : Guided assembly of semiconductor quantum dots via interfacial dislocations in
lattice-mismatched heteroepitaxy

Investigator : Songphol Kanjanachuchai et al., Chulalongkorn University

E-mail Address : songphol.k@chula.ac.th

Project Period : 16 July 2012 — 15 July 2015

Self-assembled InAs quantum dots (QDs) are grown on InGaAs/GaAs cross-hatch pattern
(CHP) template by molecular beam epitaxy (MBE). Lattice-mismatched heteroepitaxy of the CHP
template results in interfacial dislocations whose strain fields guide the nucleation of subsequent
QDs. Various structures are grown for different purposes. All of the grown structures are
characterized by atomic force microscopy (AFM) to study QD morphology, and photo-luminescent
(PL) to study the optical properties. The latter are divided into standard macro-PL, polarized PL

(PPL) and micro-PL mapping (PL map). Three key results were achieved:

1. The CHP density can be controlled simply by varying the molar fraction and thickness of
the InGaAs layer. It is possible to limit the dislocations to occur in just one main direction, thus
creating a stripes template. On the other hand, densed CHPs can also be achieved. The latter is
proposed as a template for the growth of high-density diluted magnetic semiconductor for memory

applications.

2. Stacked QD chains on CHP template are of good crystalline quality as they are optically
active. PL spectra show that the structure is capable of generating polarized light. The degree of
polarization (DOP) increases with the number of stacks but there exists a limit before crystalline

quality degrades. This maximum stack number has been experimentally determined to be 3.

3. The same stacked QD chains structure as above are mapped by micro-PL. The top most
QD layer is found to be the dominant emission layer. Upon high excitation, however, emissions
from lower layers start to emerge. This is in contrast to state-filling effect and be used as a guide

to indicate carrier transfer mechanisms in multi-stacked nanostructures in general.

Keywords : quantum dots, interfacial dislocations, heteroepitaxy, lattice-mismatch



Executive Summary
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= a ¢ a =% a | v = > | = A
ANING QD Haduanysallandn dyaunnses (defects) deenialiiiae diuaiiue1indu A 9
IAssasradasesnunazauisainlumnuagesinamasnueestulinulaananuduiusuong s
(Plank’s relationship) A4 ¢ = hc/A ile h AeAAsinuesnasn (Plank constant) uay ¢ ABAINNLSINES
auUhlnanlsgvesuasniusuasesnundnwilagimaila polarized photolumi-nescence (PPL)
N133AM3EY (set up) aUNITAlINALA199INNITTA PL gunsaliliin@uundmsunisda PPL lawnln-anls
a3 (polarizer) waguruadu (half waveplate) gunsalns 2 aggninnegiuntuelulasuines
(monochromator) NUALEININTUIUILYNTIUTINIGYRAANETILAND (entrance stit) Twanlsiges

= 1 PN 4 o 1Y 3 = & aa a a
rgninediun yulwalsdvesiuazvuuliiuunulnailsdvesssuudadunnuniussdnsninnisuen

)

wasgean dmsussuuvensndunuimidaduiuinfingansa@ (grating) veuolulasunmes dauury

« a gj I U U = o s s 1 o e v 1%
Aauazfnnteglumdudadnemaiaiununsyulilaeseu wameaianuuiuggldinalnnsnsiaun
seeyAasy (backlash correction) Mirlvianunsaniuginanisnaaedlieg19fdey n13nAYULIND
Aaszikadinanlsdnseyiiiar 2 aarn T3Usuumsiawsouiodnieiueulelansetvenisinalsd

(polarization anisotropy) 2 WUU LUUT 1 ANLE1IAAUATIINT (detection wavelength) ﬂﬂﬁaLLﬁawyu



WHUARY LAZWUUT 2 N11AAINENIAAUATIIVMENLIUATUNAIUAYIR a3 ITauILILEs (optical

field) vu (€,) videsaann (E1) fuwnuindaues QD vieiia [1-10]

ravgradlasanis Susuudiugmitluta PL map fiesUftints CNRS w Ussmeadfaaa
wa PL Aldlasimadadanunsalideyaaunaduluzuresunudl (map) fsie nanife deyaogluzuuas
anesuuas o wiazsuls @enduiiinsmauduamezamdsnuiiaulald (energetically resolved)
dewanadunmenudunauy 2 ffsdulddenii LLaqﬁﬁhwé’wuﬁaﬂaQﬂLﬂdaaaﬂmﬂu%l,m%

(spatially resolved)

3. NAN1ISNNAILAZN159AUS1Y (Results and Discussion)

nan1sneaesiazedusieluideliuasiezaluitedaly Wuuniuvedlasinsddlafiuily

1
v

MFATIPINTTLAVUIUTIF 3 aUUAwTe Output UnANA 1.1, 1.2, 1.3 s18azidunnuainuaall

3.1 N15AALIEIABUAUABANTETANISUN L AELAULARBUR2TIU

Title: "InGaAs Quantum Dots on Cross-Hatch Patterns as a Host for Diluted Magnetic
Semiconductor Medium," J Nanomaterials 2013, 791782 (2013) (Output 1.1)
NaanMsAuniTenuinguszasdde n. way . silviamnsamuaNsresiaedTEning

Y] .:4' Aa 1 Y v A a o a | Y] a
LEULAADUNNITIN INGaAs/GaAs 1@ LAULARDUILTANUNIN X LAy llﬂ']iﬂﬂl,l,agﬂgﬁf]\‘iﬂu%qﬂ X Ay t 1A

aaa i

a1 Tunsdlalings Wundouasiinnuvuiwiugs Ravihagusvseunauunuazthlvldusslovisalile

1%
1 U = a

we lunsdldien dundoudslinedtuas Ramthaziseulusedvesneu lawisathuilddumy
- = v % awa 1 g v 12t | aa &
wanieUsglevilunisiSeaneudunenld TumesfUa A1 x uag ¢ Nldazeginatsseninediiniaass
lasaadaniisseginaaden vsennudge Wulassadnimuizunnisdunsizsinioudunonainy
vdugs inihluldlueadasey aslvsunsganiulasuBunsisanas vilissansamnisudas
1% @ 1% . . . 1 14 a [ ! 1 %
nasuwasndundsnulnii (conversion efficiency, 7) genitlassasiafigurinduualiiniousy
A Y e | ° v | o ¢ Y -
nonviseiimausunenauukdumegnely wnhluldduuiuuulunisdunsgiatousuneniiie

nstuiindeya lvivtienudl (memory) NlANRES

o o a

1 & A [ = & 1 =3 1 . . .
asudmaniinduasisdiinfonidslagasulinaniuusau 9 (diluted magnetic semicon-

Y
¥ '

ductor, DMS) aUlnvasunALlagin1sdaunsien host Adua1snasiife InAs winti §elaifinns
LW9aTWUMAN WU Mn W lUASe NaUNaan9kuUneontduanIdIn d1UnsNLAAINURIVELNULNAR
= ~ ! | ) g a ) a A =
%39 InGaAs NUgNUULHUIU GaAs dIUVAILAASIURLVBImBUALRBRTIUgNUUImMLINANBNABNTIS
VIUNULNAS INGaAs LaZAIDUAUADH INAS mﬁ’mwﬂﬁﬂmiﬂgﬂﬂé’wﬁ’u AN UL NEINISITLNDS
vianiigannsdimesideifeseauresruliiingiu (degree of mismatch) dn1nARAaANYBIUARTIY

1Y

(misfit, & AIAIINAANU €= (a; — ap)/a, K¥lB ap Wag a; AsAIRIILanYY (lattice constant) VBILKY
Fukarvesidu e sUgnauaWiu mn £ g lassadeiilaazidu QD wamn & o Tnsasnadila

vy CHP



JUN 1 21 AFM ¥839U 50-nm In,Ga, ,As UL (001)-GaAs Tuts (n) du w3e (¥) evesnsnenilaiduindeuiTy
WAveegy (N) uag (V) fiB 5x5 um’ ey 10x10 pm? Audiu ewdiuluavessy (n) fe x < 8% wag (V) Ao x =

15% FrLUTeuseAUgavessy (n) uag (v) fiv 0.79 uay 2.97 nm U1y

gﬂﬁ 1 L@AININ AFM U29RI91N 50-nm In,Ga,,As ﬁﬂqﬂuu (001)-GaAs Imaguﬁ 1.(n) uans
PdureInsne CHP Woimwdnluaves In A1 x ~ 8% v3erAnanmuaniis &~ 0.573% Rt
vostuiiduiliiugeulussiuernon ufasquiiourussadefuniy witrauTousisaugs (height
contrast) Yaan1mdiBs 0.79 nm Husnd1 2 whwesiasiandindedn amiiiuluansduesaen
(atomic steps) WWuasunauluiia [110] wenani amdeuansliifiuiasunaudiunisluiia [1-10]
Sdmauiu (merging) msuanuasuaauludia [1-10] thuinnouiia [110] ildiududu @udandn
Fodundeuinduiiues anveiinisuausousduluiimmaisaendistulindeutumeanmiedoud
#v0s0znouia (adatom mobility) Hulsiauunsiu Fudunaduidewnanssmmivosaniisuuy
fariluaud (zinc blende) Bndavils nsfinourduisaesiianaulundeutudumanaddny il
VTR RICRIEIEELICRRR

gﬂﬁl 1 () WARINTN AFM U8RI 50-nm Ing 1:Gao ssAs 3951 & = 1.075% sl CHP ldine
fhegsauysalidilasanamuiuiuveadundounvunulufudia [1-10] szgeninfivuulufudia [110]
idesannnailumsesinsdudailiosuigludrediu augewes CHP fdwszana 0.5-2 nm Tnewdy
\deufivunluiufia [1-10] Suargenirfivunilududia [110] Entos

n15UsEendld CHP lddummmaniionisdniios QD aamunusiugeivszneuiesatady
sudsuthuidsiuine 2 Yssnns Usenmsusndulasifaduamudusadeu arumuduvesdu
wdeulufi [110] ua [1-10] mswhiu udidesnueulessuvdeluiana As, finnnsenufmdiulil
seUfATentin ileaaindesunndi (dissociate) WU As, Aouflazairsiuszivimthuazuamlosou (Ga
yi3e In) FuduTnsfaiiugiuvesssuy wndinduasnines (valve cracker) flansnsolinufougaun
Tuana As AouflvANnSENURINT Lﬁaﬁﬂﬂmaqa As, uanddu As, Ao1als CHP fausnnsuiniu
Usgnsfiaeadudndiindunumuiudy A1 e vie x agfedhiguiull fasdulnualunisgnas

Wasunwuunlrtuidudunlnleseads 3 fnse QD wnu
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JUN 2 710 AFM w119 10x10 pm? 983 InAs QDs UU In,Gay As/GaAs Fernuliiiiafiuresuaniisiiiuguain (n) x =

8% LUiTu (1) 10% waz (A) waw (1) 15% gnesuanddie [1-10] HraUSeusinsaugavessy (n) () (A) way (1) fia 5.66,
6.83, 13.07 way 23.85 nm MUY

n15Ugn InAs QD U InGaAs CHP vl QD Usznausuotuuuissa Juiduuuiuiveaienisng
yfiwesndnildaiuaunisugn loun Saedndamny (G Fensenusernuduszideoures QD vuane
#1514 [4] AruuaresdUszneuTetuMEnN BN sEnUREATIUILILTedULAREY [5] SR51E)
Tunsugn madgniiu uaznslitududeutgn QD 93¢ [6] Hagtu sdladesiuiidauardiduns
1Anwa9 InAs QD TUsENa UL UUBEwnUAAULLIYBIANER11S INGaAs CHP Aneauads [7,8]
Arwifinannannsnussgndldtundnansfisiniiszuudude emluduiindevesunauuansua
84 InAs QD 7UsENBUMIBIUL INGaAs CHPs
SUT 2 w@nsn 1w AFM w83 InAs QDs Ul 50-nm In,Gay As ﬁﬂqﬂummugm GaAs WialAvdiu

U

Tuaves In Wi n x = 8% luguil 2 (1) Ty 10% Tugud 2 () wag 15% Tugud 2 (A) wa (9) QD 7

=

Us2Nouiiosuuiy CHP Y0etuauva 3 wisoandu 2 ngu nqumilnedivuduniouseninamiingls

a o o '

dnasandmiadiuazuinsadugaunniotasnoufiinluseninmivs ol dudaszning InGaAs

(CHP) U GaAs (uitugy) @ndnnduuilanafuuiuinssniaduedoun dmsuuanulusud 2 ()
%4 x = 8% 1u QD dwlngjnszaredunuvdusswirdundoun dudeswiniufinefuudundous
Ty QD Ainefumduindous azgeniiuazegdafuninndn QD Ainszanedfusgsenitaduindou
dmuBuauluguil 2 (o) 89 x = 10% turramuuiureaduadouarginit vliduadousgiaiu
unndnsdiusn (x = 8%) dwaliidndiumes QD finefumduadoudufiuiy Aunuuiuvendy
Lﬂ?{auﬁqﬁuﬁ?wﬁmmﬂ gﬁqﬂgﬁu 89 £ g9 sroziadssEniaduedeunie ( ABs Tunsdl x = 8%
Iugﬂﬁ 2 (n) fifisadwedoulunud [1-10] wim?uﬁﬂi'mgiumw AFM W umdou Szesvinaade (g
~ 5 um @wlunsdl x = 10% TugUf 2 @) [ ~ 1.5 pm v (1 > 10 pm- gavielunsd x =

15% luguil 2 (A) AunuwiuYesduAfeutUEwINkarinIINTEeMIN llLNeY  UNaUTIIMYDY
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uAUgIY ANATUIULIzAnTusaiUsInglugudl 2 (a) wirinseenldldlnannumuiutuazgusudis
Usinglugud 2 (1) sssuviAvesmainduindeuuvuduiiumauesainueauanns uiguil 2 (n) 9z
lallfuanasmueauinmsi wivsingnsaifieaduinasiieg 3U 2 (n) sdlidiud mnvhmsaugy
wimesnsUgnldmnzan nande 1 & uay ¢ 1lndainm azanunsamiueedls ( ddwnnniuie
vestunuld vlniduedeudalununioinaeniaudugiu WRmdiduaieni (stripes) wnuitagld
1691379 (cross-hatch) @auguil 2 (A) wag (1) Usd91 sn ( osninanueuns (diffusion length)
UoILnBzABY LanaznaufazasounsluSuduadouliimunnoufiazasmdnunasanadniiviio

WEULARDU UShasenInadunaoulalill QD nasIulas
3.2 dUUALTILAIVDIADUANADANYBUNUULNULNANAIEAITI

Title: "Polarization anisotropy of stacked InAs quantum dots on InGaAs/GaAs cross-hatch
patterns," J Crystal Growth 378, 524-528 (2013). (Output 1.2)
naanminaniRidauawaslasaismuinguszasd a. luided 1 ilvinsuidnuvaznis
Inanlsdvesuasiiuasoonin dsasdulselonidegunsalivasmasidosnsduasifunulnanlsdludiels
favidagiamy wanmsvaasstividiui audfinatlsdvenandisudasiunudnuduremisdeu
Fumousiunen Tnglanzdnwmeninisnmueasmauiinentuuugn Hur aspect ratio wagauge
Fuailunisinunil 3 Tnseadedefisrnudumeudunen 1, 3 way 5 94 lassad19vosduuy
Tnoaguusznauseduiines GaAs 300 nm, 41 Iny,GagsAs CHP 25 nm, GaAs 10 nm, “dulasn”
Lazdunsau (capping) GaAs 100 nm Fuilfuniuveslassadisie “tulinu” FeUsznaudetu InAs
QDs uaz GaAs 10 nm Foufiu 1, 3 3o 5 nulaefinunuIves InAs QDs Yosusaznuilunumu
Anga vioAnumnivliuuugy RHEED Wilsunnuuududusuugn dwdu QD Fuwsn arumunds
namfe 1.7 ML Turngiinumuivestudnlu (awiensdvestuanuiifidu QD 3 uay 5 $u) aelia ~
1.3 ML il QD $uvuagdeduiinirdudraaue Tnslawizideduduui 91 du QD Ugndudi «
Faudna1 0.01 ML/s vilinsmuaudeiofiauusiugingt 0.02 ML Suswitugnd 2 ga ganilaven
miﬂqﬂﬁﬁ%u QD Lﬁ@%ﬁﬂmé’mgmimmﬁuﬂa (surface morphology) lastnatin AFM d’;uﬁﬂﬁwﬁa
amilouansn winauiudietunsey Gaas 100 nm uieldAnuanifduamestumilasmaia PL
nansinauififuaswostunulsznaudie wa PL uuudsnd uazuuudibsounulnailsd
(polarized PL 3o PPL) #a PL wuuysnilideyaiiosunsnimsimuesuasiituauidsoonun dawna
pPL Tidayafiuansfannuunnssvesauduuadiuunuassiunuiifsnintu (orthogonal) sghafiuléd

HMNNRNYBIUNAINUBTUNUAN WL NURT AUURLTILAILUU PL aghUU PPL U099UIIUNY 3 AUaIRU
3.2.1 AaNWUTNUR

ANUUENURIY9Y QD TUUUAAYRITLIIUTLATIAT YR ItulIulsENoUMIETY QD 1, 3 Wag 5

Fugnuanssianm AFM Tuguil 3 (n), (1) uag (@) ANa1eU @ nFuBuuLsnAd QD 1 Fuagwu QD 1

Y
v A

o)
an

gasnfudumuIvuatenIsslufia [110] wag [1-10] wazdamuluusinusesninnaieaienisedneig
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'
a

QD ANUTENINNANAEAIT19RILADUTIIFUSUIUYDY INAS §19910 2 TUUNLNETITIQD 3 wag 5

Qe

Y

Fuaziiiiies QD finefuanizuuaIenswinty. A AFM Tuguil 3 () way (A) Fiiuinaminges

De

Funuiaeniuiidnuasindem LLazmamﬂ%m'mLLSﬂIuUszLﬁué’ﬂé’fig 3 Uszidiu feil

Uspifiufl 1 30919909 QD dmfuduauiiiidu Qb 1 4u yuirewes QD Wewesanduuuiey
auasnay vaefitunudid QD 3 uay 5 Suazgnisliomoenlufia [1-10] Amdhrestuaumdsain
QD AefunuILngANsAsuLUasilogungivesusiugiuanateg1siuiideoinuvasielnaz vgn
dounszualyiuasliniudeundausiugruviuiifiuuusuues RHEED naneidugn dnwaiznisdndives
QD Fafudnwaizlus dsan QD fignnaudensBamilammnandadedy

Uspiiiudl 2 1uinees QD lew3suifisuruinues QD lusisaesiienn A [110] wag [1-10] 4
%uuuqmaa%umuﬁ%amwwudw yuraaluves QD dmduTuaudil oD 3 way 5 Fuidinfy
TneUszana fio 35 nm @slugnd 30 nm finuluBuauiid QD 1 Sudnies eerslsina luiia [1-10]
Yuas QD dmsuTuaudidl QD 3 wag 5 duasdidnUszana 60 nm dvlvgnindunuiia oD 1 Fudl
Niklze aspect ratio vosBuuiid OD 3 wag 5 fufsfidrUszuin 2 wiwesdunuiid QD 1 du d
Aagaaioves D Anulutuaufidl QD 1,3 uar 5 $ufo 6, 8 wag 6 nm AWATY TaATNGILA
aspect ratio ¥84 QD Aensznumena PPL Wusgranndaylauansludidunely uas

Uszifiudl 3 szuzinasninemen (interdot distance) Fensenudesiuduresnisdoumion
flafdunduveanime (carrer coupling) edn1sAn®1d dwsunenauin 40 nm wés nvzlunen 2

[

nanRnfulzdeumionfuegaitddmiiossezvissninmenlnatiuie 8 nm [10] usnisdounio
9LANAIDINTINSITUTEIEMTEWINSEATIALTY A MEILUNS (inset) Tugﬂﬁ 3 (n)-(A) wanglidiuIn
SyoviesEwimeiNTuiUS LTI sFeutu QD doruinsyiuduvesnsteumasuaranas
R GRIZY mﬁsé’faum?iauﬁaﬁ%’uﬂﬁluﬁwlﬂémimdqLLmﬁuaa QD findssuana (red shift) [11] fsazlé

wansluansusiall

5‘U‘1/1 3 AN AFM YUIA (mwuaﬂ) 10x10 pm? ey (AWNTN) 1x1 um? hans QD %uuuamaﬂmqaiw InAs QD i

v
o

Faununu (n) 1, (v) 3 way (A) 5 T Qﬂﬂi‘lﬂ,‘lﬂ,uﬂﬂ [1-10] wenidanszududy duana (scale bar) Tunmwnang s

q

2 um warlunmunsng 200 nm
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Aex:514.5nm
20K

Photoluminescence (arb. u.)

0.9 1.0 11 1.2 1.3 14 15
Energy (eV)

v

JUN 4 anadu PL Nigaumadl 20 K 9099u91uiil InAs QD 1, 3 uag 5 Fuuuiuiinnenisne InGaAs idulAsisausiing

o

gneanieniionunsedn dyanvalnnadluglaefenanisdraedaeileidundigeu

o

3.2.2 dUUALTILEIUY PL

Fuamsia 3 Sanauthiduadimmnzausaauadldesnaiiusydniam Wuldnnaunnsu
PL figaumindl 20 K a3l 4

dnfuFunuiiil QD 1 4u awnefuiien 4 von iARIINNISIUALANYEY QD fidRiFBsiaULLAY
wdeuluuua [1-10] warluiul [110] nguazgen e QD Anszarefafunuuduuuiaviingn 1 sen uay

YITUAEANT (INGaAs) 199dn 1 yon 53U 4 gon waAYIA 4 @1N1T00SUNLMUANNTALIAAIEAIT

o = a

agfluguvesilanduinididey (Gaussian function) #0fa5TIUYIANITNTLILFANTIVUIAVLITY QD WAz

WauAivestua1en1sn Ben PL NINSUAgaiaf 1.05 eV 31nn15iUadnasuad QD NASevy

'
=

Gundeuluuw (1-10] flesann QD awdudemuuwniinou vl QD fuuelngfian fndsrushiian
8om PL ﬁﬁwé’muqﬁuﬁmmﬁaaam 1.10 eV 9nn1siUaduadves QD fisnSeaiuudundeuluwun
[110] ile191n QD AefuuwddaaInuw [1-10] dnunfosen 1.24 eV 210 QD Ainszaefafiuwuy
duuuianth gavine ven PL iindugeiianfesen 1.29 eV Fauauflgnuaziinainduatsniss
InGaAs ﬁwé’umiﬂ'aé’aé’qndngna‘éma‘imazLé‘amiuﬁamuﬁawﬁwﬁ [7,8,12] anjUazidiudn wa PL
lajﬂiwﬂgé’zgapmﬁisﬁuwé’amuqaﬂdw 1.32 eV LLamdwwmsLmuﬁy’wmﬁﬁafﬁ’ﬂLﬁmmﬂmiﬂizﬁuL%aLLm
Tusuning (Gahs) waztuanaufisin (wetting layer, WL) gndneleulugsdu QD edrsfivsyansnm

dmSuTunuiid QD 3 uar 5 duilna PL AdefuRevzisenfideudnenafindsnulssuna
1.20 eV uazgeniidoutruuaulugiondeay 1.26-1.27 eV soauaulugag 1.26-1.27 eV asungldandu
InGas dhugennirsiiguilouduseniierdauiaiuinaingen 2 seafleglndiiu uideumdeuiuaug
Hunileusenier oaii 2 1Hiaen QD Miavuwunduadouluiia [110] uaz [1-10] Wwieafiu
dr9fu ipsudlunsdid vurnves OD vuduuuivie 2 dufvunauarsussdnvueadioduun Jeili

wasilUdgeenu131n QD 119 2 nguilaud@lnalfissiu 31n3UN 4 aenudtan usiuveganingsany
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AEAVRITUNUNT QD 1 FUTUAINTIFUUNT QD 3 way 5 Fudle 154 meV FsaSurelanisvuini
uanenefy Wiemsdeumdsuvesilsidundureanmeluninszuiu [11] uenandunuyia 3 azidsuas
fumnssfuidseandesnuuds Susndafulusandflnanlsdmefaziiuldanuanimaass PPL Tu
anusialy

3.2.3 dUUALINUEILUY PPL

JUT 5 (n), (¥) wag () uwansaunaSuluy PPL veeuaundl QD 1, 3 uag 5 Fusudiiu Jums
3 Ysenaumenmvandedingivl 2 i waznmunsndadundenidetn (polar plot) mnudnveusias
sUnansanasulawsunfugnuIulugwhumisinlvivasidungagsaunulniveswasuuluiuia [1-

10] szulag £, lusy uenanfiduansaiunaiuiliowiunaugnusuldaiumianliuasiianiands

aulnihvesiasisainiudia [1-10] 30 £1 8138 d1UANUNINRAAIAIULTUYDILAITIAILMU
WA WAUTULUVDILAUATUIUATUNTIITO UL TATIENAMULTL VBN IR ZL LTIV
T wand@lnalsdvesuasiguauis 3 Waseenun suniandsuiaulavesusdazggnisylag
anAsuazddnwal O wag O mnuasiaseenunbifiaudflnailsd Anuduasdewviiiunasn 360°

-y < a & v b I S 2 a & & [y~ =Y & = wa
vsendengadanedinaiduinay nshindendetnlugune 3 liiduinauuansdt Juauns 3 Jaud

wanlsd Wesuasgavdulduindu welwarunsalSsuifisussauduvesnisinanlsd (degree of
polarization, DOP) U8 3uasiuasanTueuns 3 1 1s1agldan DOP = (1, — 1AL, + 1) Wuinaeily
nsiUSeuiigy We /, wag (L ADAMUUHLAIIIINLAZA1NaAnLE1sU N15iURguLUAIANLLTLYBY

PPL Uy 0 o3unelarmennuduiug /,cos?6 + I1sin’g Asirag1an1sAuiniuanslaaiduiivlunin

WNSNYeIUN 5 (V)

FWSUT AT QD 1 9u fn DOP vessoandsany 1.02 eV uay 1.05 eV ilfn 10% wihiu uans
31 1endnevly QD dnBsssnuuLLLduAdoY [1-10] Faddawasdl 1.02 eV Suilnsnaundunionis
Wasuda Uz 5zINau (interband transition) findnafu QD AdaSesivuLunduniou [110] B9
Waalasdi 1.05 eV A1 10% ﬁ?@lﬁﬁf@ﬂﬂ’jw 6% nulu Ing (GaggAs QD TiSesiatudunan [13] 151
1 dfuwannssduiunsfeuniounngiiganinieminszesviessnieondini uardinsdnFes
fuduwunds 2 wwn Aelufie [110] way [1-10] wiuiesSuiosunivnniiouduly [13] @1 DOP 7ish
ilitutunnuiduvawuanssduuasdaunuliivasuwadgumngivssanm 150 K falugumnid
é’awaﬁé@mmﬁLm‘waf\]zf@lﬁuazﬁﬂﬁ]agjﬁw

dnfuTunuiiil QD 3 $u A1 DOP vasAnuEiuTes QD Viedl 1.2 eV tugeda 48% Fuduend
aetusnmInidisuiu 109% A¥aldinTunuiil D 1 fudafu dwsoandsnudneenil 1.27 ev 3
{Hugenvesduatonisns InGaAs & DOP 4909 20% WvIT9UET A1 DOP YBILOAVDITUANEAITIY INGaAs
YoITUNUR 3 sailenUsvanas 20% ﬁy’qéuuﬂdﬂumﬁﬂqﬂwﬁﬂﬁq FuaneansrsenatiauUideauuain

A1MEBNLUY (nominal) 8gU9 WU ANUMWILAZIAYAILILAYEY In N5TILSIEUNTaTA DOP vastuany

15



A1979L4 LLﬂ’jwﬁu%Li‘;JuLLamﬁsﬂ@ﬂmﬁﬁﬁaummmaﬂzjmiﬁ DOP Liifeludotan luedinned
1897131 DOP 494%U InP QD FiUgnuL IngsGaosP waz DOP w8394 InysGagsP totuila1 44% uas
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4. 63U (Conclusion)
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Storage density on magnetic medium is increasing at an exponential rate. The magnetic region that stores one bit of information
is correspondingly decreasing in size and will ultimately reach quantum dimensions. Magnetic quantum dots (QDs) can be
grown using semiconductor as a host and magnetic constituents added to give them magnetic properties. Our results show how
molecular beam epitaxy and, particularly, lattice-mismatched heteroepitaxy can be used to form laterally aligned, high-density
semiconducting host in a single growth run without any use of lithography or etching. Representative results of how semiconductor

QD hosts arrange themselves on various stripes and cross-hatch patterns are reported.

1. Introduction

Quantum dots (QDs) are very small regions of homogeneous
material with typical size smaller than 100 nm for semicon-
ductors [1]. There are two main approaches to synthesize
QDs: top down and bottom up [2]. The top-down approach
starts with a bulk material and scales it down to small feature
using lithography and etching. The bottom-up approach
starts with atoms or molecules and scales them up by chemi-
cal means to the required size. The quantum dots of interests
are diluted magnetic semiconductor (DMS) which, as its
name suggests, is electrically semiconducting and magneti-
cally active [3]. While their applications in memory technol-
ogy have not yet been fully realized, it is expected that various
forms of DMS structures can be used as magnetic storage dots
or read heads in hard disk drives (HDDs). (For examples,
see US Patents no. 7249518 sensors based on giant planar hall
effect in dilute magnetic semiconductors, no. 5294287 class of
magnetic materials for solid state devices, 6999279 perpen-
dicular patterned magnetic media, no. 6947235 Patterned
multilevel perpendicular magnetic recording media, and
no. 6906879 magnetic recording system with patterned
multilevel perpendicular magnetic recording.) The paper is
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organized as follows. Section 2 reviews the current magnetic
media technologies. Section 3 explains how DMS will benefit
hard disk-based storage. Section 4 describes how QD semi-
conducting hosts for DMS are formed using molecular beam
epitaxy (MBE), followed by the summary in Section 5.

2. Magnetic Media

A key characteristic of HDDs is storage capacity in gigabyte
which is directly proportional to the areal density of the
magnetic medium. The areal density in bits per square inch
is a product of bits per inch along a recording track times
the number of tracks per inch. Smaller magnetic bits will
allow the increases in bits/inch and tracks/inch, resulting in
increased areal density and storage capacity. One key goal in
HDD research is to increase the areal density which has been
increasing approximately at an exponential rate. The rapid
increase is enabled by improvements in several technologies,
mainly read-write heads and magnetic media.

Magnetic media generally contains Co, due to its high
magnetocrystalline anisotropy and coercivity, and is alloyed
with Cr and Pt. The magnetic media are in the form of
thin film, typically less than 50 nm [4], deposited on a glass,
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ceramic, or metal substrate by a vacuum deposition process
or by sputtering. Information is stored in small magnetic
grains (CoCrPt) segregated in an insulator (SiO,). The grain
size in current disk generation is kept between 10 and
50 nm and is a competition between fundamental limits and
economic considerations: end users want high-capacity disks
which drive down the grain size, but smaller grains are unsta-
ble as thermal energy can randomly revert magnetization
direction and hence can corrupt the stored information. This
superparamagnetic limit thus drives up the grain size and
keeps it above 10 nm. Because of the randomness of the grain
shapes and sizes, each bit written on the disk must cover
about 100 grains to ensure reliable storage [5]. Our proposed
approach provides a nonrandom semiconducting host (InAs
QDs on cross-hatch pattern) that when diluted with a 3d tran-
sition element such as Mn can provide a magnetic medium
that theoretically takes a single grain to store one bit. The
semiconducting host is a prerequisite for diluted magnetic
semiconducting media.

3. Diluted Magnetic Semiconductors

Diluted magnetic semiconductors are a class of material that
exhibits both semiconducting and ferromagnetic properties
and can thus provide a platform for data storage and pro-
cessing in the same material. A DMS is traditionally defined
as a diamagnetic semiconductor doped with a few to several
atomic per cent of some transition metal with unpaired d
electrons [6]. DMS materials can be realized by alloying
a transition metal with III-V binary (GaMnAs, InMnAs,
InMnSb, InFeAs, GaCrSb), ternary (GaInMnAs, GaAIMnSb,
InMnAsSb, GaCrAsSb), and quaternary (GaInMnAsP, GaAl-
InMnSb) compounds [7].

One of the most studied DMS systems is Ga,_,Mn, As
with 0 < x < 8% grown using MBE. Despite significant effort,
the maximum Curie temperature of bulk (Ga, Mn)As is still
well below room temperature, T, < 190 K, yet theories predict
that at x > 10% (Ga, Mn)As can exhibit room temperature
ferromagnetism [8]. However, incorporation of Mn at such
high concentration suffers from solid solubility limits and
high vapor growth in MBE: Mn tends to agglomerate on the
surface giving rise to elemental Mn clusters, as opposed to the
desired random incorporation that results in carrier-medi-
ated spin coupling. Migration-enhanced epitaxy may help but
requires precise temperature control [8].

MBE is typically used to grow III-V compounds such
as GaAs (the host for GaMnAs), InAs (host for InMnAs),
and InGaAs (host for GaInMnAs); all are potential hosts
for room-temperature DMS materials. Recently, it has been
shown that GaMnAs nanodot arrays are a DMS with T, =
140 K [9]. The synthesis of such GaMnAs quantum dot arrays,
however, requires top-down masking technique which cre-
ates structural defects and is thus inferior to self-assembled
techniques that can grow defects-free QDs, particularly if the
technique can grow self-assembled and self-aligned QDs.
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4. Quantum Dots on Cross-Hatch Patterns

We demonstrated the use of lattice-mismatched InGaAs films
grown on GaAs as templates for the growth of self-assembled
and self-aligned QDs. By growing InAs QDs on a nonplanar
surface, the nucleation positions of the QDs can be con-
trolled. The use of InGaAs/GaAs stripes and cross-hatch pat-
terns (CHPs) as templates for subsequent nucleation of QDs
gives rise to laterally aligned QDs. The areal density of the
QDs is dictated by the dislocation line densities. This section
describes the results and explains the mechanisms related to
the growths of QDs, CHPs, and QDs on CHPs, respectively.

4.1. Quantum Dots. When a material with atomic spacing g,
is grown on a substrate with a different atomic spacing a,, the
growth mode will be principally determined by the degree of
misfit € = (a;, — a,)/a,. For thin films with low misfits, the
epilayer will grow layer by layer in the Frank-van der Merwe
(FM) mode, resulting in smooth films. The growing layer,
however, has a different atomic spacing (a,) from thermal
equilibrium (a;) and is thus under strain. The associated
strain energy is contained in this growing layer. As growth
continues and the thickness increases, the strain energy will
also increase. When the strain energy is too high, the two-
dimensional (2D) film is unstable and spontaneous formation
of three-dimensional (3D) dots will occur, resulting in the
reduction of the total energy of the system. The resulting
dots are usually small and exhibit quantum behaviors, hence
quantum dots. The growth of semiconductor QDs by this
mechanism is a well-known phenomenon called Stranski-
Krastanow (SK) growth mode [10] and has been observed
in the growth of several semiconductor QD systems such as
InAs on GaAs [11] or Ge on Si [12]. These QDs are defects-free
and are electronically and optically active. Quantum effects
which include delta function-like density of states and size-
dependent electronic levels allow several physical properties
to be tuned. Electronic devices that benefit from QDs as the
active medium, or as part of the active layer, include single-
electron transistors [13], flash memory [14], and lasers [15].
With transition element incorporation, the magnetic proper-
ties of these QDs can also be tuned.

The spontaneous formation of QDs via the SK growth
mode is a statistical process; the positions of QDs are random,
and an example is shown in the atomic force microscopic
(AFM) image of InAs QDs on low-mismatched InGaAs in
Figure 1. Though the size of the QDs is quite uniform, the
positions are completely random. For QD hosts to be appro-
priate as a HDD medium, the QDs must not only have high
density but they must also line up in accordance with data
read-write scheme. For rotating media with information
access by head gimbal assemblies (HGA), the QDs should line
up radially. For stationary media with information access by
multichannel read-write probe matrix, the QDs should line
up orthogonally.

4.2. Cross-Hatch Patterns. Cross-hatch patterns are used as
templates to influence the QDs to nucleate orthogonally.
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FIGURE 1: AFM image (2 x 2 um?) of InAs QDs grown on planar
InGaAs surface.

CHPs are formed by lattice-mismatched heteroepitaxy sim-
ilar to the QDs above; the only difference is the degree of
mismatch e. To form a CHP instead of a QD, the misfit needs
to be low. For a certain epilayer thickness there is a range of &
that will result in a cross-hatch pattern.

Figure 2 illustrates the case of lattice-mismatched epi-
taxy of 50nm In,Ga,_,As on flat (001)-GaAs substrates.
Figure 2(a) shows the primordial stage or the onset of CHP
formation at low In molar fraction of x = 8% or misfit of
& = 0.573%. The surface is atomically flat: the height contrast
in the figure is only 0.79 nm, less than twice the lattice param-
eters. The AFM image clearly shows atomic steps with domi-
nant surface ripples running along the [110] crystallographic
direction. Some ripples running orthogonally, along the
[1-10] direction, can be seen to be merging. The ripples along
the [1-10] direction merge and form long lines before those
along the [110] direction do due to asymmetric adatoms
mobilities in the two orthogonal directions which explains
the generally observed asymmetric misfit dislocation (MD)
line densities.

Figure 2(b) shows the complete CHP formation at In
molar fraction of x = 15% or misfit of ¢ = 1.075%. The surface
morphology exhibits asymmetrical cross-hatch pattern with
MD line density along [1-10] direction greater than [110]
direction due to the different formation times as explained
above. The heights of most hatches range between 0.5 and
2nm with those along the [1-10] direction slightly taller.

There are two challenges in employing CHPs as templates
for the growth of regularly arranged, high-density QDs. First,
the [110] and [1-10] line densities need be symmetrical. In
view of different adatom mobilities as a result of solid source-
derived As,, this asymmetry is fundamental and cannot be
avoided. With the availability of a cracker valve or a higher
cracking temperature source that yields the more reactive As,
species, the degree of asymmetry is expected to decrease. Sec-
ond, there is an upper limit to which ¢ (or equivalently x) can
be increased before the growth mode changes from 2D (FM)
to 3D (SK). This also sets the upper limit to subsequent QD
areal density.
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4.3. Quantum Dots on Cross-Hatch Patterns. Growth of InAs
QDs on InGaAs CHPs leads to spontaneous alignment of
QDs along the cross-hatches. Main parameters used to con-
trol/optimize QDs alignment are growth interruption which
affects the orderliness of QDs on the hatches [16], cross-
hatch layer thickness, and composition which affect MD line
density [17], growth rates, excess growth, and the use of spacer
layer prior to QD growth [18]. The origin and evolution of
InAs QD alignment on InGaAs CHPs, which apply to other
material systems, are now well understood [19, 20]. This sec-
tion captures the main results of our continued efforts to-
wards aligning InAs QDs on InGaAs CHPs.

Figure 3 shows the AFM images of InAs QDs on 50 nm
In, Ga,_,As layer grown on (001)-GaAs when the In molar
fraction (x) increases from 8% in Figure 3(a) to 10% in
Figure 3(b) and to 15% in Figures 3(c) and 3(d). The QDs on
the surfaces of these samples can be grouped into two broad
categories: those nucleated along the buried dislocation lines
and those nucleated on the flat regions between the disloca-
tions. For x = 8%, Figure 3(a) shows that the majority QDs
are dispersed randomly on the flat regions while the minority
formed along the MD lines. The QDs along the MD lines
are taller and more closely spaced. For x = 10%, Figure 3(b)
shows that the MD line density is greater than that observed
in Figure 3(a) and that the proportion of QDs on the MD lines
increases as a result. The increased MD line density results
from the increased misfit. The greater the misfit the shorter
the average dislocation spacing I. In the case of x 8%
in Figure 3(a), only [1-10] MD lines are observed and the
average dislocation spacing I[; 1o) = 5 pm. In the case of x =
10% in Figure 3(b), I 1o; = 1.5 um while [;;,5; > 10 um. In
the high-misfit case of x = 15%, the dislocation distribution is
highly irregular. Some parts of the wafer show moderate MD
density as seen in Figure 3(c) while other parts show high or
very high density as seen in Figure 3(d). The stochastic nature
of dislocation formation gives rise to this asymmetrical
behavior, and we believe this particular characteristic is also
present in Figures 3(a) and 3(b), although it is possible to
tune the growth parameters to obtain dislocation spacing in
one direction to be greater than the sample size in which case
the surface pattern would not be a cross-hatch one but rather
stripes. When the cross-hatch spacing is smaller than ada-
toms diffusion lengths on the surface, all adatoms will be
driven towards the dislocation lines leaving the regions in
between completely free of QDs. The denuded zones can be
observed in Figures 3(c) and 3(d).

5. Conclusion

InAs QDs on InGaAs/GaAs are grown by MBE. Lattice-
mismatched epitaxy results in the formation of QDs, CHPs,
stripes, and smooth films in decreasing order of misfit. For
low-misfit InGaAs/GaAs, the dislocation lines making up
the CHPs are widely spaced, resulting in stripes or cross-
hatch patterns. For intermediate-misfit InGaAs/GaAs, sur-
face CHPs are characterized by narrowly spaced dislocation
lines along the two orthogonal directions with a different line
density. Subsequent growth of high-misfit InAs or InGaAs
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Height contrast: t *
~ 0.79nm - 297 nm

FIGURE 2: AFM images of 50 nm In Ga,_, As films on (001)-GaAs during (a) early or (b) late stages of CHP formation. (a) Image size: 5 x
5 [/tm2 , height contrast: 0.79 nm, effective x < 8%. (b) Image size: 10 x 10 ,umz, height contrast: 2.97 nm, x = 15%.

Height.contrast:
.-
566 nm
2

L1

2385 m\

FIGURE 3: AFM images (10 x 10 um*) of InAs QDs on In,Ga,_, As/GaAs surfaces with increasing lattice mismatch, or In molar fraction from
(a) x = 0.08 to (b) 0.10 and (c) and (d) 0.15.
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on stripes or CHP surfaces results in uni- or bidirectionally
aligned QDs, respectively. The unidirectionally aligned QDs
result in QD chains with electronic and optical coupling
between dots. The bidirectionally aligned QDs result in QD
matrices. With appropriate alloying of a transition element
and careful control of average dislocation spacings, these QD
matrices can exhibit spin coupling and may serve as a high-
density DMS medium/read head.
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Stacked InAs quantum dots (QDs) are grown on InGaAs/GaAs cross-hatch patterns (CHPs) by molecular
beam epitaxy. The QDs, found almost exclusively on the cross-hatches, have greater lateral aspect ratio
and are taller than typical QDs on flat surfaces. Polarization-resolved photoluminescent measurements
show that both the QDs and CHPs exhibit polarization anisotropy. But while the CHP-related anisotropy
is constant, the QD-related anisotropy is significantly enhanced or suppressed as the aspect ratio and
height of the QD ensemble vary with the number of stacks. The polarization anisotropy observed agrees
well with multiband tight-binding theoretical calculations of interband polarization in InAs/GaAs QDs.
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. Introduction

In(Ga)As quantum dots (QDs) are an important class of materials
with excellent optical properties in the near infrared (NIR) regions.
They can be grown by molecular beam epitaxy (MBE) in the
Stranski-Krastanow (SK) growth mode where growth parameters
can be tuned to achieve the desired optical output or response,
making them one of the most versatile NIR materials. Tuning of
growth parameters and structures are carried out mainly with the
following aims in mind: first, to control the QD ensemble’s mean
size and the surrounding barriers in order to tune the dominant
wavelength of the ground state emission or response [1]; second, to
control the ensemble’s size distribution in order to achieve the
required full-width-at-half-maxima (FWHM) of the optical
response [2]; third, to achieve lateral/vertical alignment of QDs to
take advantage of electronic couplings [3,4]; fourth, to eliminate the
spatial randomness of QDs intrinsic to the SK growth mode and
achieve deterministic QDs by patterning [5]; fifth, to reduce the QD
density to a level suitable for single dot spectroscopy, thus enabling
single-photon emission and detection [6,7]; and finally, to control
the polarization state of the optical output, mainly to maximize the
degree of polarization (DOP) for polarized light sources [7], or to
minimize it for indistinguishable photon light sources for quantum
information processing [8]. Polarized photoluminescence has been
observed in In(Ga)As QDs, the origins of which have been attributed
to various forms of anisotropies, including shape [9-11], interface
fluctuations [12] and strain [13]. Creating such anisotropies in a

* Corresponding author. Tel.: +66 22186524.
E-mail address: songphol.k@chula.ac.th (S. Kanjanachuchai).

0022-0248/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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controllable manner is not trivial, however. Some groups have
resort to the use of nontraditional substrates [14,15], lithographi-
cally defined templates [16], or surfactants [17], all of which add
another degree of complication to the epitaxial process. Yet it has
recently been demonstrated that simple as-grown InAs SK QDs on
common (001)-GaAs substrates yield room-temperature DOP as
high as 35% [18]. The authors for the latter did not state whether
such high DOP value has been optimized nor can be enhanced by
any means.

In this paper we report the polarization anisotropy property of
stacked InAs QDs grown on InGaAs cross-hatch patterns (CHPs)
naturally formed in heteroepitaxial of thin Ing,GaggAs films on
(001)-GaAs substrates. We found the DOP can be significantly
enhanced, up to a certain stacking number before it is strongly
suppressed. The variations of the DOP coincide with geometrical
changes of the uppermost QD layer, mainly with the ensemble
averages of aspect ratio and height. The results are in excellent
agreement with recently reported multiband tight-binding theo-
retical calculations of interband polarization in InAs/GaAs QDs.

2. Experiments

The InAs QDs on InGaAs CHPs are grown by MBE using
standard epi-ready (001)-GaAs substrates. The layer sequence
from the starting GaAs substrate is as follows: 300-nm GaAs
buffer, 25-nm Ing,GaggAs CHP layer, 10-nm GaAs, the stacked
QD layers, and 100-nm GaAs capping layer. The stacked QD layers
comprise either 1, 3 or 5 stacks of “critical” InAs QDs and 10-nm
GaAs spacer layer; “critical” in the sense that the In shutter is
closed as soon as the first sign of QDs appears on the reflection
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high-energy electron diffraction (RHEED) screen. The two-
dimensional (2D) equivalent critical thickness for the first layer
is 1.7 monolayer (ML), and approximately 1.3 ML for subsequent
layers. Upper QD layers always form slightly earlier than the first
QD layer due to preferential nucleation on top of buried QDs, in
the limiting case of thin spacer layer [19]. The slow InAs growth
rate of 0.01 ML/s allows accurate manual control to better than
0.02 ML. Two sets of samples are grown: the ones with 100 nm
GaAs capping layer for photoluminescent (PL) measurements, and
the others without the capping layer for atomic force microscopy
(AFM). Other growth details can be found in our previous reports [20].

For AFM, the surfaces are imaged in air in the tapping mode.
For PL, samples are mounted on the cold finger of a variable
temperature optical cryostat, and non-resonantly excited by a
514.5-nm Ar* laser. The luminescence is dispersed in a 1-m
monochromator and collected by a cooled InGaAs detector via
standard lock-in detection. For emission polarization analyses, we
use a combination of a fixed polarizer, positioned at the angle of
greatest system efficiency, and a rotatable half waveplate; both
are placed in front of the monochromator entrant slit. The waveplate
is rotated by a motorized holder in the forward direction, with proper
backlash correction, allowing excellent repeatability and angular
resolution far better than the 2° step size used. To analyze the
emission polarization anisotropy, either the detection wavelength is
fixed and the waveplate rotated, or the detection wavelength swept
and the waveplate angle fixed such that the optical field being
analyzed is parallel (E;;) or perpendicular (E,) to the QD elongation
axis—the [1-10] direction.

3. Results and discussion

All three structures exhibit quantum dot chains along the
orthogonal [110] and [1-10] directions with important differ-
ences in surface morphology, photoluminescence and polariza-
tion anisotropy as follows.

3.1. Morphology

10 x 10 pm? AFM images of the uppermost QD layer in the 1-, 3-
and 5-stack InAs QDs on InGaAs/GaAs CHPs are shown in Fig. 1(a-c),
respectively. The inset in each shows a magnified region (1 x 1 um?)
representative of morphology around a dislocation intersection. For
the 1-stack sample, QDs align themselves along the orthogonal
[110] and [1-10] dislocation lines and also appear randomly
between them. The presence of these free-standing QDs is very
sensitive to the InAs amount, in contrast to the 3- and 5-stack
samples where QDs always nucleate only along the dislocation lines.
The AFM images in Fig. 1(b) and (c) indicate that the surface
morphologies of the 3- and 5-stack samples are similar, but differ

from those of the 1-stack sample in three important aspects: QD
shape, size and interdot distance.

The apparent shape of QDs for the 1-stack sample is almost
circular while those for the 3- and 5-stack samples are elongated
along the [1—10] direction. The surface nanostructures are frozen
by immediately turning off the substrate’s heater supply at the
onset of the RHEED spots. The elongation observed is thus an
as-grown characteristic intrinsic to the upper QD layers, in
contrast to QD elongation in a single-stack structure observed
only after capping.

The size of QDs among the three samples should be compared
along both orthogonal axes. Along the [110] direction, typical QD
size of the 3- and 5-stack samples is similar at 35 nm, slightly
larger than 30 nm of the 1-stack sample. Along the [1-10]
direction, however, typical QD size of the 3- and 5-stack samples
is 60 nm, doubling those of the 1-stack sample. The aspect ratios
of the QDs in the 3- and 5-stack samples thus approximately
double those in the 1-stack sample. The average height of QDs
increases from 6 nm for the 1-stack to 8 nm for the 3-stack
sample but decreases to 6 nm for the 5-stack sample. The aspect
ratio and height critically affect the polarization anisotropy to be
discussed later.

The interdot distance dictates the degree of carrier coupling.
Lateral dots with 40-nm diameter separated by up to 8 nm have
been shown to exhibit significant interaction [21]. The coupling
rapidly decreases with increasing dot separation. From the insets
in Fig. 1(a-c) one can clearly see that mean QD separation
increases with the number of stacks, implying that the degree
of coupling decreases accordingly. Lateral coupling gives rise to a
red-shift of QD ensemble’s ground state in the PL spectra [22],
which is reflected in the results discussed next.

3.2. Photoluminescence

The QDs in all samples are optically active as is evident in the
high PL yields at 20 K shown in Fig. 2. For the 1-stack sample,
luminescent peaks related to [1—10] and [110]-aligned QDs, free-
standing QDs, and the InGaAs quantum well are clearly resolved
and can be fitted with multiple Gaussian functions as shown in
the figure. The lowest energy peak at 1.05 eV is attributed to QDs
aligned along the [1—10] direction since they are the first to form
and are the largest as a result. The next higher-energy peak at
1.10eV is attributed to QDs aligned along the [110] direction
since they are the next to form. The small peak at 1.24 eV results
from the free-standing QDs since they are the smallest.
The intense narrow peak at around 1.29 eV arises from the InGaAs
CHP layer. The evolution of the QDs on CHPs and the correlation
with peak assignments have been discussed in detail elsewhere
[23-25]. There are no significant PL signal beyond ~1.32eV,
indicating that the non-resonantly excited carriers in the GaAs

Fig. 1. 10 x 10 um? (main) and 1 x 1 pm? (inset) AFM images of stacked InAs QDs grown on InGaAs/GaAs cross-hatch pattern. Shown are uncapped surfaces of the top QD
layer when the number of stacks are (a) 1, (b) 3 and (c) 5. The arrows point along the [1—10] direction, unless labeled otherwise. The scale bars are 2 um in the main

figures and 200 nm in the insets.
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Fig. 2. 20-K PL spectra of 1-, 3- and 5-stack InAs QDs on InGaAs/GaAs cross-hatch
pattern. Curves are offset for clarity. Open circles are multi-Gaussian function fits
to the 1-stack PL data.

matrix and the wetting layer are effectively transferred to the
QD layer.

The 3- and 5-stack samples show distinctly different PL spectra:
in each there is one broad PL peak centered at around 1.20 eV and a
narrow peak at 1.26-1.27 eV. While the latter can be simply
attributed to the underlying InGaAs layer, the former is slightly
more complicated as it in fact consists of not one but two closely
spaced Gaussian peaks arising from the fact that the QDs along the
[1—-10] and [110] directions are almost identical in shape and size
as can be seen when comparing the insets in Fig. 1(b) and (c). The
ground state of the lowest energy peak of the 1-stack sample is
red-shifted from those of the 3- and 5-stack samples by 154 meV
and has been observed in situations where lateral coupling occurs
[22]. Besides energetic difference, emissions from the three sam-
ples also differ in the degrees of polarization.

3.3. Polarization anisotropy

Polarization-resolved PL (PPL) spectra of the 1-, 3- and 5-stack
samples under maxima and minima intensities—exhibited when
the 1/2 waveplate angles offset by 45°, or polarization angle by
90°—are shown in Fig. 3(a-c), respectively. In all three samples,
intensity maxima (minima) occur when the optical fields are
parallel (perpendicular) to the [1—10] direction, or under E;; (E,)
condition. The inset in each figure shows the polar plot of the two
peaks denoted by the arrows and the corresponding symbols in
the main figure. The three polar plots are non-circular and hence a
certain degree of polarizability exists in all samples. To quantify
the polarization anisotropy at a particular detection energy, the
DOP is calculated from (I;-I,)/(I;+1,) where I}, and I, represent
the maximum and minimum intensities, respectively. The varia-
tion of the PPL with angle 0 can be fitted with the relationship
I;cos?0+1,sin0, an example of which is shown as the solid line in
the polar plot of the QD ground state in the inset of Fig. 3b.

For the 1-stack sample, the DOPs of the 1.02 and 1.05 eV peaks
are about the same, i.e. 10%, indicating that excitons in the
[1—10]-aligned QDs (which emit at 1.02 eV upon recombination)
and [110]-aligned QDs (1.05eV) exhibit essentially the same
interband transitions. This is slightly higher than the ~6%
reported for 1D chains of Ing4GageAs QDs [26]. We believe this
to be due to the stronger degree of coupling as a result of smaller
interdot distance and the presence of 2D QD chains as opposed to
the one-dimensional (1D) QD chains in [26]. The DOPs are found
to be independent of excitation power and remain unchanged at

Energy (eV)
0.9 1.0 1.1 1.2 1.3 1.4 1.5

| 20K 0 a

PL (arb. u.)

Polarized Photoluminescence (arbitrary unit)

0.9 1.0 1.1 1.2 1.3 1.4 1.5
Energy (eV)

Fig. 3. 20-K polarized PL spectra under E;; and E, polarizations of the (a) 1-, (b)
3- and (c) 5-stack samples. The insets are polar plots of the intensities at the
detection energies indicated by the arrows and the corresponding symbols in the
main figures.

least up to 150 K where a respectable signal-to-noise ratio can
still be achieved.

For the 3-stack sample, the DOP of the QD ground state at
1.20 eV is ~48%, a significant increase from 10% observed in the
1-stack sample. The 1.27-eV peak originating from the InGaAs
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CHP also exhibits a 20% DOP. In fact, CHP-related DOPs in all three
samples stay virtually constant at 20% despite small deviations in
thickness and In molar fraction from the nominally 25-nm
Ing>Gag gAs layer. The observation of non-zero DOPs arising from
the CHPs, supposedly a symmetric cubic lattice, is not unusual.
Sugisaki et al., for example, reported the DOPs of InP QDs and the
underlying IngsGagsP matrix of 44% and 83%, respectively, and
attributed the high matrix DOP to compositional modulation
planes along the [1—10] and [110] directions [27]. The InGaAs
CHP in our case is chemically similar to the InGaP matrix and In
adatoms are known to have greater diffusion lengths along the
[1—10] than the [110] direction [28], it can thus be expected that
such modulation planes also exist in our structures. The constant
CHP DOPs of the three samples, grown under nominally the same
conditions but placed in the cryostat at different orientations,
serve as a controlled polarization source which further proofs that
the observed anisotropies are not system related.

In contrast to the constant CHP-related DOPs, the QD-related
DOPs increases from 10% in the 1-stack sample to ~48% in the
3-stack sample, but then decreases to ~a few percent in the
5-stack sample, as shown in Fig. 4a. The change in QD DOPs with
the number of stacks is non-monotonous and compares well with
theoretical calculations based on a multiband tight-binding form-
alism by Sheng who predicted a quadratic dependency of DOPs
with QD’s aspect ratio and diminishing DOP with QD’s height
[29,30].

Fig. 4b shows the relationship between QD’s lateral aspect
ratio and height with the number of stacks. As the number of
stacks increases from one to five, the aspect ratio rapidly
increases and saturates, while the height first increases but then
decreases. The ~38% DOP increase observed in our experiment is
in excellent agreement with the aforementioned calculations by
Sheng who predicted that an increase in QD’s lateral aspect ratio
from 1 to 2 would result in the increase of QD DOP by 30%, and
the increase in QD height by 2 nm would also result in the
increase of QD DOP by an additional 10% [29]. The linear
combination of the increases (40%) almost exactly matches our
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Fig. 4. Variations with the number of stacks of (a) degrees of polarization of the
QDs and CHPs and (b) QD’s lateral aspect ratio and height. Dashed lines are guides
for the eye.
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results. The increase in DOP with QD height in In(Ga)As lens-
shaped QD systems has also been explained in terms of carrier
localizations along the [1—10] and [110] directions by biaxial
strain [31]. While the significant DOP increase in our structure
can be satisfactorily explained by lateral aspect ratio and height,
the more significant DOP decrease from the 3- to the 5-stack
sample cannot be explained by the same factors since the
decrease occurs with a near constant aspect ratio and similar
height difference of ~2 nm. The polarization dependency on QD
height for large aspect ratio QDs may thus be much greater than
those for small aspect ratio QDs.

4. Conclusion

Single- and multi-layers of InAs SK QDs on InGaAs/GaAs cross-
hatch patterns are grown on standard (001)-GaAs substrates.
The end of QD deposition is triggered by the RHEED spots, giving
critical QDs whose morphology evolves from a circular to an
elongated shape as the number of stacks increases. The QD height
follows a non-monotonous trend: increasing by 2 nm as the number
of stacks increases from one to three, and decreasing by a similar
amount as the number of stacks further increases to five.
Polarization-resolved PL measurements show that the degree of
polarization is significantly enhanced as the aspect ratio and height
increase, but is significantly suppressed as the height alone
decreases. While the former is in excellent qualitative and quantita-
tive agreements with theoretical calculations [29,30], the latter only
agrees with a qualitative description and points towards the greater
effect of QD height on polarization anisotropy than appreciated in
the literature.
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Stacked InAs quantum dot chains (QDCs) on InGaAs/GaAs cross-hatch pattern (CHP) templates
yield a rich emission spectrum with an unusual carrier transfer characteristic compared to
conventional quantum dot (QD) stacks. The photoluminescent spectra of the controlled, single
QDC layer comprise multiple peaks from the orthogonal QDCs, the free-standing QDs, the CHP,
the wetting layers and the GaAs substrate. When the QDC layers are stacked, employing a 10 nm
GaAs spacer between adjacent QDC layers, the PL spectra are dominated by the top-most stack,
indicating that the QDC layers are nominally uncoupled. Under high excitation power densities
when the high-energy peaks of the top stack are saturated, however, low-energy PL peaks from
the bottom stacks emerge as a result of carrier transfers across the GaAs spacers. These unique
PL signatures contrast with the state-filling effects in conventional, coupled QD stacks and serve
as a means to quickly assess the presence of electronic coupling in stacks of dissimilar-sized

nanostructures.

Online supplementary data available from stacks.iop.org/SST/30/055005/mmedia

Keywords: quantum dot chains, photoluminescent mapping, electronic coupling, cross-hatch

patterns, InAs, vertical stacking, excitation transfer

(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor quantum dots (QDs) grown by molecular
beam epitaxy (MBE) are often stacked in order to increase the
active optical volume and to tune the emission or detection
wavelength and polarization of the QD ensembles [1, 2].
Stacking QDs is achieved through thin spacer layers which
physically separate but often electronically couple adjacent
QD layers [3]. Understanding the coupling nature of vertically
stacked QD structures is of fundamental importance to the
operation and optimization of QD-based devices such as
memory [4], lasers [5] and solar cells [6, 7]. Though useful,
coupling is not always necessary or desired, particularly for
broadband applications which benefit from the superposition

0268-1242/15/055005+07$33.00
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of different wavelengths from individual QD layers [8]. If
present, electronic coupling results in the lowering of the
excitonic ground-state (GS) energy, and consequently a red-
shift of photoluminescent peak [3, 9]. The degree of coupling
is thus usually inferred from the magnitude of the energetic
red-shift relative to those emitted from a single QD layer
structure [3]. This approach can be misleading in stacked QDs
as the strain profile at the growth front is affected by the
underlying nanostructures: subsequent QD layers usually
nucleate at a lower deposition amount [9, 10]. If grown at the
same two-dimensional (2D) equivalent thickness throughout,
upper QD layers would be bigger than those of the lower QD
layers, with a concomitant red-shift due to size—not cou-
pling. One way to unambiguously identify the presence and

© 2015 IOP Publishing Ltd Printed in the UK
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evaluate the strength of coupling is to vary the spacer thick-
ness and observe the changes in PL signals as a result of
excitation transfer of carriers. This approach has been adopted
to study coupling between, for example, stacked QDs [11]
and stacked quantum dots and wells [12]. Alternatively, one
can fix the spacer thickness, vary the size of each stack,
perform PL measurements and simply count the number of
GS peaks: a single (multiple) GS peak indicates the presence
(absence) of coupling [11]. This article adopts the latter
approach to study an unusual coupling property of stacked
quantum dot chains (QDCs) on cross-hatch pattern (CHP)
templates.

QDC:s or laterally-coupled QDs have garnered significant
interest in the past decade [13] and have recently gained
renewed interest due to their unique geometry suitable for
fundamental transport studies [14] and polarization-sensitive
optoelectronic devices [15]. However, QDCs are rarely stu-
died in stacked forms due to their complex optical char-
acteristics  [16], particularly when coupling can
simultaneously occur laterally and vertically as is the case
here. In this paper, stacked InAs QDCs on InGaAs/GaAs
CHP templates grown by molecular beam epitaxy (MBE) are
characterized by photoluminescence (PL) and a complete PL.
fingerprint of QDCs/CHP structures is reported. Under high
excitation power densities, stacked QDCs do not exhibit state-
filling effects as would be observed in stacked QDs. The
otherwise excited-state carriers are instead transferred toward
the lower QDC layer, an effect attributed to the combination
of extended wavefunctions, resonant tunnelling and
thermalization.

2. Experimental

The structures investigated comprise multiple stacks of InAs
QDCs grown on partially-relaxed InGaAs film on GaAs by
solid-source MBE Using Riber’s 32P MBE system, and after
in situ thermal cleaning of GaAs (001) surface, growth starts
from 300nm GaAs buffer layer, followed by 25nm
Ing,Gap gAs, 10nm GaAs spacer, and 1, 3, or 5 stacks of
InAs QDC/10 nm GaAs spacer pairs. The cross-hatch pattern
surface of the InGaAs layer serves as a template on which
chains of QDs form along the orthogonal [110] and [110]
directions. The smoothness of the growth fronts and the for-
mation of QDs are monitored in sifu via streaky and spotty
reflection high-energy electron diffraction (RHEED) patterns,
respectively. Each QD layer is grown until the RHEED pat-
tern changes from streaks to spots, i.e., at the onset of QD
formation. The 2D equivalent thicknesses of the bottom-most
stack are 1.7 monolayer (ML) and the remaining stacks are
1.3 ML. Finally, all samples are capped with 100 nm GaAs
for PL measurements. Two PL set-ups are employed. For
free-space, macro-PL setup, the samples are fixed in a cryo-
stat, excited by a broad beam (2.39 mm spot size), 514.5 nm
Ar* laser, and emission detected by a liquid nitrogen-cooled
InGaAs point detector (Hamamatsu’s G7754) using standard
lock-in techniques. For confocal, micro-PL setup, the sample
is mounted on a piezoelectric-driven platform (Witec’s

35

alpha300), excited by a narrow beam (~1 um spot size) fre-
quency-doubled 532nm Nd:YAG laser operating in con-
tinuous mode, and emission detected by a thermoelectrically-
cooled InGaAs array detector (Andor’s DU491A). Spatial-
and energy-resolved PL maps are acquired from the micro-PL
setup by raster scanning and simultaneously collecting point
spectra. All maps shown represent PL intensities integrated
over a 10 meV bandwidth around energies of interest.

3. Results and discussion

Conventional InAs Stranski—Krastanow (SK) QDs grown on
flat GaAs (001) are randomly distributed and typically emit a
single PL peak at around 1um with a full width at half
maximum (FWHM) of a few 10 smeV [17]. Certain growth
conditions can extend the wavelength to the 1.3—1.55ym
telecom window [18] or lead to bimodal or multimodal size
distributions with multiple PL peaks [19-21], while random
distribution remains. In contrast, InAs QDs grown on CHPs
are guided, forming chains along the orthogonal [110] and
[110] directions, each direction with its own size, size dis-
tribution, and wetting layer (WL) due to the asymmetry of the
underlying dislocations [22]. The formation of QDs along the
orthogonal dislocation chains has been established by plan-
view transmission electron microscopy (TEM) [23], whereas
vertical correlation of QDs with 10 nm GaAs spacer has been
confirmed by cross-sectional TEM [24]. The 60° dislocations
at the lower InGaAs/GaAs interface, typical in zincblende
heteroepitaxy, cause surface strain fields that affect adatoms
motion during growth [25], but do not affect the intrinsic
emission efficiency of the overlying QDs [26]. The PL
spectrum of a QDC layer would thus contain many more PL
peaks than those of conventional SK QDs due to the co-
existence of many optically active structures.

This section is divided into three parts. The first part
describes the PL maps and spectra of the 1-stack QDC layer,
showing all the possible luminescent peaks. The second part
shows that luminescence is dominated by the uppermost QDC
layer which is nominally uncoupled to the underlying QDC
layers. The third part shows that the luminescence from the
bottom QDC layers emerges at high excitation level, and
provides a qualitative explanation of the underlying
mechanism.

3.1. Single QDC layer: basic emission peaks

The 1-stack QDC sample emits in the 1-1.4 eV range similar
to conventional SK QDs, but with a much richer optical
feature. Figures 1(a)—(f) show spatial- and energy-resolved
spectral maps of the same 20 x 20 yum? area of the sample at
80 K. The PL maps, integrated over increasing energies from
1.005 eV in figure 1(a) to 1.275eV in figure 1(f), show spa-
tially non-uniform emissions with a cross-hatch pattern
resembling the surface undulation of the underlying InGaAs/
GaAs template. Figure 1(a) shows that at 1eV, the lower
energetic end of the spectra, emissions emerge from bright
patches which look like stripes along the [110] direction. The
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Figure 1. PL of a single InAs QD chain layer on an InGaAs/GaAs cross-hatch pattern. Same-area, 20 x 20 gm? micro-PL maps at increasing
integrated intensity from (a) 1.005 to (b) 1.045, (c) 1.105, (d) 1.195, (e) 1.245 and (f) 1.275 eV. Spectra at pixels 1-4 in (d) are shown in (g):
pixel 1 is taken at an intersection between [110] and [110] dislocation lines, 2 on a[110] dislocation line, 3 on a [110] dislocation line, and 4
on a dislocations-free area. (h) Macro-PL spectra measured at increasing excitation power density from, bottom to top, /=0.11 W cm™ to 2,
4, 10, 20, 30, 40 and 50 times /. The scale bars in (a)—(f) are 4 ym. Spectra in (g) are offset for clarity.

stripes become clearer and better resolved as the energy
increases to 1.045 eV in figure 1(b). The dottiness of the lines
making up the stripes is simply a reflection of the variation in
local QD density, in good agreement with the morphology of
uncapped samples (see the supplementary data, available at
stacks.iop.org/SST/30/055005/mmedia). When the energy
increases to 1.105eV in figure I(c), emissions from the
existing [110] direction begin to fade while those from the
orthogonal, [110] direction emerge. The emissions from the
[110] and [110] stripes overlap and yield the characteristic
CHP luminescence observed in figure 1(c). As the energy
continues to increase to 1.195eV in figure 1(d), the [110]
emission peters out, whereas the [110] emission intensifies.
And as the energy keeps on increasing to 1.245eV in
figure 1(e) and 1.275eV in figure 1(f), the [110] and [110]
emissions are extinguished, replaced by bright patches
emerging in the previously dark areas—i.e., the bright/dark
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regions in figures 1(a) and (f) are reversed. (The reversal is
easily recognized in the first video in the supplementary data).
The QDs can be categorized, in evolution sequence [27]
and with corresponding labels shown in figure 1(d), into four
distinct groups: 1. at the intersection of the orthogonal [110]
and [110] dislocations, 2. on the [110] dislocation lines, 3. on
the [110] dislocation lines, and 4. on the remaining areas. The
four QD ensembles emit slightly differently. Figure 1(g)
shows point spectra at pixels 1-4 in figure 1(d), corre-
sponding to the four QD ensembles above. Emissions from
pixels 1-3 comprise two principal peaks: a broad peak cen-
tered at around 1.15eV and a narrow peak at 1.27eV. In
contrast, emission from pixel 4 comprises only one narrow
peak, also centered at 1.27 eV. .
The broad peaks result from QD chains along the [110]
and [110] directions as unequivocally proven by microscopy
and spectroscopy. The micro-PL maps in figures 1(a)—(f)
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provide the microscopic proof, whereas the macro-PL spectra
in figure 1(h) provide the spectroscopic confirmation. It has
long been known that the underlying InGaAs/GaAs CHPs are
asymmetric: the [110] stripes nucleate earlier, have greater
density, and result in surface steps which are taller than the
[110] stripes [28]. The asymmetry is transferred to the over-
grown layers, resulting in QDs along the [110] direction
forming slightly earlier and are thus taller and emit at a lower
energy than those along the orthogonal [110] direction
[22, 27, 29]. The microscopic images in figures 1(c)—(d)
provide a clear visual evidence of QD luminescence dec-
orating the [110] and [110] stripes, at slightly different ener-
gies. This small energy difference however cannot be
resolved in the corresponding point spectra: figure 1(g) shows
that pixel 2, taken along the [110] direction, emits at a slightly
lower peak energy than pixel 3, taken along the orthogonal
[110] direction. Though these two peaks are spatially resolved
in microscopy, they are spectrally unresolved as a result of
micro-PL setup’s fast integration time. The macro-PL setup,
in contrast, has a much longer integration time and can pro-
vide complementary spectra with greater signal-to-noise
ratios. Figure 1(h) shows excitation power-dependent macro-
PL spectra of the same sample (but on a different area) at
20K. The lowest two energetic peaks—1.04eV for the
[110] -aligned QDs and 1.10 eV for the [110]-aligned QDs hi-
lighted by the black arrows—can now be clearly resolved at
high excitation powers.

The narrow 1.27 eV peak is asymmetric: the left and right
sides of the 1.27 eV peak in figure 1(g) tail off slightly dif-
ferently—a characteristic of two unresolved Gaussian peaks
with different FWHM. The closely-spaced emissions arise
from the superposition or spectral overlap of the small free-
standing QDs and the underlying InGaAs CHP template. The
PL map in figure 1(f) shows that the areas that give off this
luminescence are those between the cross hatches which
happen to be the nucleation sites for free-standing QDs, too.

The four small peaks between 1.3 and 1.47 eV (observed
only in the macro-PL setup as indicated by the grey arrows in
figure 1(h)) are most likely associated with multiple wetting
layers, some of which were previously identified [22]. For
conventional InAs/GaAs SK QDs, a single WL exists and
emits at around 1.44 eV. This is true even if bimodal size
distributions are present [21], as long as the growth front is
flat. For InAs QDs on InGaAs CHPs, the growth front is not
flat. In fact, the surface steps in the [110] and [110] directions
are different [28]. The WL underneath the QD chains along
the [110] and [110] directions can thus be expected to be
different—for example, they could form one-dimensional
wetting wires [30]—but similar structures investigated so far
reported just a single WL energy [22].

The multiple WL peaks above are only observed close to
the carbon-impurity, 1.49eV peak and the bulk GaAs,
1.52 eV peak. Measurements taken at different areas where
the 1.49 and 1.52eV peaks are absent do not reveal the
multiple WL peaks. This indicates the possibility that bulk C
centers render ineffectual the carrier capture by QDs from the
GaAs matrix and the WLs, and explain the elusiveness of the
multiple WL luminescence. It is a normal practice for those
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carrying out PL measurements to shine the exciting laser on a
spot that yields the best signal and in so doing move away
from areas with large local concentrations of C, and hence
miss the WL peaks.

It is worth pointing out that the multimodal size dis-
tribution of the 1-stack layer which gives rise to multiple
emission peaks has not been optimized for broadband appli-
cations. If desired, one can increase the inhomogeneity of the
spectrum by, for instance, growing the QDs at a higher rate or
subjecting them to rapid thermal annealing [31]. In addition,
one can also increase the luminous efficacy of real devices by
soft-annealing under hydrogen so that most defects are neu-
tralized and do not adversely affect long-term reliability [22].

3.2. Multi-stack QDCs: dominant emission from top-most
layers

In reflection-based PL set-ups, the 1-stack QDC layer enjoys
an unobstructed output window but the 3- and 5-stack QDC
layers may not. This depends on electronic coupling. If the
stacked layers are coupled, they behave as a single ensemble
and should enjoy an unobstructed output window as is the
case for the l-stack sample. But if the stacked layers are
uncoupled, luminescence from all the layers should be
detectable, unless some are obstructed—reabsorbed, scat-
tered, or reflected—in which case the emissions are domi-
nated by the overlying structures due to geometrical
advantage. Such behaviour in stacks of randomly distributed
QDs cannot be proven through spectroscopy alone. But if the
random distribution is reduced, as is the case for QDCs, and
with PL mapping capability, it is possible to draw such a
conclusion as shown below.

Figures 2(a)-(d) show the PL maps of the 3-stack QDC
sample at increasing integrated energy from 1.075eV in
figure 2(a) to 1.235eV in figure 2(d). Similarly, figures 2(e)—
(h) show the PL maps of the 5-stack QDC sample from
1.075eV in figure 2(e) to 1.235eV in figure 2(h) (see ani-
mated videos in the supplementary data for the complete
ranges). The maps show luminescence which is CHP-like for
the 3-stack sample, but stripes-like for the 5-stack sample.
Since adjacent stacks are separated by a 10 nm GaAs spacer
which is sufficiently thin to allow coupling in conventional
SK QD stacks [11], a question emerges as to why CHP-like
luminescence similar to the 1-stack sample described above is
not observed in the 5-stack case, or is not more clearly
observed in the 3-stack case because the bottom-most QDC
layer for the three samples is identically grown, has the big-
gest dot size and the lowest GS energies, and should thus
provide the same optical features (CHP-like) as observed in
the previous section. The maps shown in figure 2 instead
more closely match the AFM morphologies of the top-most
QDC layer where the number density of QDs along the [110]
direction is significantly reduced (see the supplementary
data), implying that the emission is dominated by the top-
most layer. The bottom-most QDC layer buried along the
[110] direction is almost undetectable; it can be barely dis-
tinguished by the collinearity of bright or dark spots, as
indicated by broken lines in figure 2.
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(b) 1,105 eV

(d) 1.235 eV.
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Figure 2. Same-area, room-temperature, 10x 10 gm? micro-PL maps of (upper panels) the 3-stack QD chain sample at increasing integrated
intensity from (a) 1.075 to (b) 1.105, (c) 1.155 and (d) 1.235 eV, and (lower panels) the 5-stack QD chain sample from (e) 1.075 to (f) 1.105,
(g) 1.155 and (h) 1.235 eV. The scale bars are 2 ym. The broken lines are guide to the eye and indicate some of the buried [110] dislocation

lines.

One possible explanation for the much reduced [110]
emission is carrier tunnelling from the bottom to the top QDC
layer as has been observed in the QD bi-layer reported by
Heitz et al [11]. However, this mechanism cannot explain the
missing CHP-like emissions because carriers always tunnel
towards the lower energetic state, i.e., the bottom-most QDC
layer (1.1 eV active), not the top-most QDC layer (1.2 eV). If
inter-stack tunnelling were present, the CHP-like emissions
would have been enhanced, not suppressed.

Another possible explanation is that the top QDC layer
has the highest quantum efficiency, thus dominating the
weaker emission from the low quantum efficiency bottom
stacks. The QDC stack is strained throughout as it is sand-
wiched between the top GaAs capping layer and the bottom
partially-relaxed InGaAs CHP layer which in turn rests on a
GaAs buffer. Since the top stack is in contact with the dis-
locations-free GaAs cap layer, whereas the bottom stack is in
close proximity to the dislocations-prone CHP layer, the top
stack would have a greater optical quality. Unless the strain
profile surrounding each QD layer is carefully compensated
[32], increasing the number of QD layers would in general
result in accumulated strain that ultimately degrades the
optical quality of the whole QD stack [33].

3.3. Multi-stack QDCs: excitation transfer

After many trials to uncover the bottom layer emissions—
mostly by varying the optical path from normal to edge—it
was found that the elusive emissions are not entirely missing,
only significantly diminished since they are partially retrieved
simply by increasing the excitation power density. This
approach is however against a normal PL practice of using
minimum excitation to study the true ground-state energies of
QDs [9] and also to avoid sample heating.
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Figures 3(a) and (b) show the macro-PL spectra of the 3-
and 5-stack QDC samples, respectively. The spectra are
measured from a low excitation power density I, of
0.11 Wem™ to 501, For the 3-stack sample, increasing
excitation results in intensity saturation of the 1.2eV peak
emissions from the top-most layer. Such saturation in con-
ventional SK QDs would coincide with the appearance of one
or more higher energy peaks as a result of state filling, and
this is true for both single-layered and stacked QDs [12]. The
spectra in figure 3(a) are however the opposite: as the 1.2 eV
peak saturates, a lower energy peak emerges at around 1.1 eV,
and at 401, excitation, another peak at an even lower energy
of around 1.05 eV can be seen to be emerging. The sequential
appearance of the 1.1 and 1.05eV peaks upon saturation of
the 1.2eV peak is evident in the excitation-dependent PL
intensity plots at the three energies shown in figure 3(c). The
two additional peaks—1.1 and 1.05 eV—coincide with those
of the 1-stack layer described earlier, strongly indicating that
they arise from the bottom-most QDC layer.

The partial recovery of the bottom-most QDC emissions
could be a direct or an indirect result of increased excitation,
or a combination of both. The direct result is simply due to
the greater availability of photons reaching the bottom-most
stack. The indirect result is due to excitation transfer of car-
riers from the top- (high energy) to the bottom (low energy)
layer, which is energetically favorable but ineffective at low-
level excitations. The inefficiency is a result of suppressed
tunnelling. At 10 nm (~36 ML), the GaAs spacer is suffi-
ciently thin that tunnelling readily occur among stacks of
conventional SK QDs [11]. But this is not the case for stacks
of QDCs here. The tunnelling between stacks of QDCs must
have been suppressed by the presence of the underlying misfit
dislocations—the sole differentiating factor between the QDC
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Figure 3. Macro-PL spectra of the (a) 3- and (b) 5-stack QDC samples measured at increasing excitation power density from, bottom to top,
1=0.11 Wem™ to 2, 4, 10, 20, 30, 40 and 50 times 1. The solid arrows indicate peaks that appear only at high excitation levels. The grey
arrows point to WL-related peaks. The increase in PL intensity as a function of excitation power density (normalized to /) for the (c) 3- and

(d) 5-stack QDC samples at selected energies.

and QD stacks. Often associated with dislocations are strain
fields known to cause local inhomogeneities in various phy-
sical properties [34]. The strain fields can be so strong that
they affect surface atom motion and guide the nucleation of
nanoscale QDs [35, 36] or the running direction of micron
scale droplets [37]. Their effects on coupling are thus not
surprising. External strains applied via piezoelectric crystal,
for example, have been shown to affect fundamental QD
excitonic properties [38], particularly to tune the excitonic
binding energies [39]. Internal strains caused by interfacial
misfit dislocations should likewise affect excitonic GS
wavefunctions as a result of electric field induced by piezo-
electric effects and/or strain gradients. Electric fields, built-in
or externally applied, increase the effective distance between
carriers confined in vertically-stacked quantum structures, and
thus decrease coupling. The decrease is offset at high-level
optical excitation. As the GS becomes saturated from the
increased excitation, the first excited state (ES) would nor-
mally emerge in uncoupled nanostructures. For the multi-
stack QDC structures, however, the ES wavefunctions extend
further in space (are less localized) than those of the GS,
penetrating further into the GaAs spacer and subsequently
falling into the lower GS of the bottom stack. The extra
carriers that would normally give rise to the higher-energy ES
peaks thus avail themselves of the lower-energy GS of
another stack which explains the successive emergence of the
lower-energy PL peaks and the absence of state-filling effects
in figure 3(a). Excitation transfer between an ES of one
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nanostructure and a GS of another in resonant has been
reported in many systems [11, 12].

For the 5-stack sample, increasing excitation also results
in intensity saturation of the 1.19 eV peak of the top-most QD
layer and the appearance of the 1.09 eV peak as shown in the
spectra in figure 3(b) and the excitation-dependent PL
intensity plots of the two peaks in figure 3(d). The saturation
of the 1.19 eV peak and the emergence of the 1.09 eV peak
seen in figure 3(d) are, however, more gradual than those of
their equivalence in the 3-stack sample—the 1.2 and 1.1 eV
peaks—in figure 3(c). This possibly results from the greater
saturated intensity due simply to the 5-stack sample’s greater
QD areal density—approximately by 5/3 times. The state-
filling effects are also absent; the high energy peaks between
1.3 and 1.47 eV are WLs as described while discussing the 1-
stack sample earlier. These WL peaks cannot be observed in
figure 3(a) since this is a low C-impurity area evidenced by
the 3-stack sample’s lowest 1.47 eV peak among the three
samples.

4. Conclusion

MBE-grown InAs QD chains on InGaAs/GaAs CHPs are
optically active and rich with luminescent signatures from QD
ensembles, CHP template, and multiple wetting layers. The
latter have so far evaded detection and can only be observed
around areas with relatively high concentrations of C-

1.3



Semicond. Sci. Technol. 30 (2015) 055005

S Kanjanachuchai et al

impurity evidenced from their co-occurrence with the 1.49 eV
peak. Based on this observation, we recommend that PL
signals should be optimized around a known impurity peak in
order to obtain a fuller picture of physics—albeit at the
expense of signal strength. When these InAs QD chains are
stacked and separated by GaAs spacers, the top-most QDC
layer dominates the emissions. The bottom-stack emissions
are however missing—an unexpected result from energetic
consideration since the bottom-stack QDs are the biggest and
thus have the lowest energetic states. The missing emissions
are likely due to degraded bottom layer with increasing
number of QDC layers and the non-coupling nature of the
QDC stacks. Only by increasing excitation power density
until the top-most QDC layer is saturated do PL signatures
from the bottom layers appear—without state-filling effects in
the top-most QDC layer. The extended wavefunctions of the
ES are responsible for enhanced carrier tunnelling from the
high-energy top layer to the low-energy bottom layer. This
unique evolution of spectral changes with increased excitation
power can be used to identify carrier transfer among stacks of
dissimilar-sized nanostructures.
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Chapter 3
Optical Properties of Lateral InGaAs Quantum
Dot Molecules Single- and Bi-Layers

Songphol Kanjanachuchai, Nirat Patanasemakul, Natapong Thongkamkoon,
Nitidet Thudsalingkarnsakul, Naparat Siripitakchai, Pornchai Changmoang,
Supachok Thainoi, and Somsak Panyakeow

Abstract Growth of InGaAs nanostructures by molecular beam epitaxy using
partial-cap and regrowth technique results in an ensemble of lateral quantum dot
molecules (QDMs). Each QDM comprises a large, central quantum dot and several
small, satellite quantum dots which emit at different energies and exhibit qualita-
tively different optical behaviors. This chapter reviews, explains, and discusses the
various fundamental aspects of lateral QDM single layers: the nucleation mecha-
nism, the photoluminescent spectra, and the unique bimodal optical characteristics.
The chapter ends by demonstrating the usefulness of lateral QDM bi-layers as a
promising broadband near-infrared material.

3.1 Introduction

Semiconductor quantum dots (QDs) have been intensively investigated for several
decades since early pioneering work show them to be of high crystalline quality,
capable of optical emission in the near-infrared region [1]. They are usually grown
by metal-organic chemical vapor deposition (MOCVD) or molecular beam epitaxy
(MBE) with elemental solid sources or compound gas sources. The standard route
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for growing them is via the Stranski—Krastanow (SK) growth mode where lattice
mismatch between the growing epilayer and the substrate is relaxed by the formation
of a thin wetting layer (WL) and a three-dimensional (3D) QD structure whose
size, density, and uniformity are dictated by growth conditions and are a subject
of intensive investigations during the past decade [2, 3]. Another route for growing
QDs follows a two-step, droplet epitaxial (DE) process where, typically, group-II1
metallic droplets are first grown on a III-V substrate and subsequently crystallized
by a group-V element at low temperatures to preserve the original droplet geometry
[4]. Both routes yield good quality QDs whose properties can be engineered. Optical
properties in particular are tunable as they are sensitive to QD geometry; the latter
dictates the degree of zero-dimensionality or quantum confinements. For InGaAs
QDs, the effective mass for holes is much greater than those for electrons and, as a
result, holes are confined within the QDs whereas extended states of electrons exist
outside the QDs [5]. This offers the possibility of controlling the overlapping or
coupling electron wavefunctions between two nearby QDs and is one of the main
forces that drive the MBE and MOCVD communities towards the growth of QD
molecules (QDMs).

Quantum coupling between or among constituent QDs in a QDM can occur
vertically, in the growth direction, or laterally, in the growth plane [6]. Vertical
geometry allows precise control of tunnel barrier thickness and it is this advantage
that is critical to the demonstrated quantum coupling [7] and state entanglements
[8] which form the foundation of quantum computation [9]. Unfortunately for the
vertical geometry, access to the barrier, key to coupling control, is limited to top
and bottom contacts. Lateral geometry, on the other hand, lacks precise control over
barrier thickness but allows better electrostatic control of the tunnel barriers using
top- and/or side gates which can be readily fabricated using well-established planar
technology.

This chapter begins by giving a general overview of the growth procedures used
to form lateral QDMs where coupling occurs in the growth plane. This includes a
specific growth procedure central to this chapter called partial-cap and regrowth
process. The optical properties of the resulting QDMs are then explained and
compared with typical QDs as well as QDMs obtained from other techniques.
The chapter ends by discussing stacked QDM structures in the form of bi-layers
and demonstrating their broadband characteristics which are potentially useful for
devices such as solar cells and superluminescent diodes.

3.2 Growth of Lateral QDMs

Lateral QDM is a term used to broadly describe ensembles of QDs that, by design,
are closely connected in the horizontal direction or the growth plane. Many growth
procedures have demonstrated successful formation of lateral QDMs with high
crystalline quality; yet, there is still no consensus as to which procedure would
yield QDMs with characteristics that best match requirements for quantum coupling
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Fig. 3.1 Growth process and evolution schematics of lateral QDMs grown on various templates:
(a) nanohole, (b) nanomound, and (¢) nanohole-and-mound. Schematic cross-sectional structures
of lateral QDMs formed on (d) InGaAs/GaAs-(3 1 1)B superlattice and (e) InGaAs/GaAs-(00 1)
cross-hatch pattern templates

and coupling control. Most procedures reported so far are based on InGaAs/GaAs
systems using some kinds of templates and employ standard (0 0 1)-GaAs substrates
as summarized in Fig. 3.1 and described below.

3.2.1 QDMs on Nanohole Templates

This procedure was first reported by Songmuang et al. in 2003 [10] and shown
in Fig. 3.1a. The first step is the formation of standard InAs QDs on a flat GaAs
substrate. The seed QDs are then capped with 10-nm GaAs, resulting in QDs
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collapsing and elongating along the [1 —1 0] direction. The surface is then exposed
to AsBrz which selectively etches the seed QDs away while the GaAs surface
remains relatively unscathed. Holes formed from the etched QDs are typically 5-
nm deep, approximately the nominal height of the seed QDs. The nanoholes are
used as a template for subsequent regrowth of InAs, but In-Ga intermixing and
Ga diffusion result in InGaAs QDMs. During regrowth, adatoms arriving at the
surface preferentially attach to the nanohole rim. By varying the deposition amount
and the substrate temperature, the number of constituent QDs making up a QDM
along the rim can be varied between 2 and 6; the latter is shown in the plane-view
schematic drawing in the bottom of Fig. 3.1a. These QDMs are of high crystalline
quality as the reported photoluminescent (PL) intensity is similar to the original
QDs [10].

3.2.2 QDMs on Nanomound Templates

Nanomound templates can also be used to form lateral InGaAs QDM:s as reported
by Lee et al. in 2006 [11]. This approach is best described as a hybrid process
between droplet homoepitaxy and standard SK heteroepitaxy as summarized in
Fig. 3.1b. The procedure begins by the formation of a few monolayers (MLs) Ga
droplets at high substrate temperatures without the presence of arsenic. The large
lattice mismatch between the metallic Ga and the semiconducting GaAs substrate
means that Ga droplets readily form on the flat GaAs surface via the Volmer—Weber
growth mode. The substrate temperature is then lowered, typically to below 200°C,
and the surface exposed to As4 which then crystallizes the Ga droplets into GaAs
nanomounds with base length and height around 100 and 50 nm, respectively. These
nanomounds serve as a template for subsequent overgrowth in a similar fashion
to the nanohole approach described above. The substrate temperature, kept low
during crystallization to preserve the original mound geometry, is raised prior to
the deposition of InAs. By varying the deposition amount the number of InAs QDs
nucleated around the GaAs nanomounds can be varied between 2 and 6, similar to
the previous approach. GaAs nanomounds not only serve as a spatial template but
also act as a Ga reservoir since Ga atoms get incorporated into the growing In(Ga)As
QDs. These QDMs also have high crystalline quality as shown by strong PL.

A variant of the above hybrid DE-SK approach is also reported by Strom et
al. where, using different conditions, the starting Ga droplets are crystallized into
nanorings and subsequent overgrowth results in the formation of InAs QDs inside
and outside the rings with a significant amount of GaAs rings still remaining after
crystallization [12]. While the QDs which nucleate outside the nanorings are closely
spaced and likely be coupled, those nucleated inside are completely decoupled as
they are isolated from outside QDs by the thick GaAs nanorings.
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3.2.3 QDMs on Nanohole-and-Mound Templates

Similar to the two approaches above, this third approach by Suraprapapich et
al. employs a unique template shaped like the back of a camel (side-view) or a
two-blade propeller (top-view) and is thus originally referred to as a camel-like
nanostructure and nanopropeller [13]. Overgrowth of InAs on this template create
a unique lateral QDM geometry as summarized in Fig. 3.1c. The process starts
from the deposition of 1.8-2 ML of InAs QDs at a slow growth rate of 0.01 ML/s,
followed by a short growth interruption to reduce the substrate temperature from
500 to 470°C before capping the seed QDs by GaAs. The thin GaAs cap layer
does not completely cover the original QDs. The apex is hence thermodynamically
unstable, resulting in In out-diffusion and a shallow dip, or nanohole, in the middle.
The out-diffusing In atoms then react with the incoming Ga and the existing Ga
atoms on the surface to form InGaAs nanomounds with a pronounced elongation
along the [1 —10] direction. The nanoholes are the most favorable locations for
QD formation, followed by the edges of the surrounding nanomounds. Subsequent
regrowth of InAs always yields InAs QDs inside the nanoholes before the nucleation
and growth on nanomounds. While the number of QDs inside the nanohole is limited
to one, those along the edges of the nanomounds can be varied from 1 to as many
as 13 simply by changing the deposition amount [14]. These QDMs are also of
high crystalline quality, exhibiting room-temperature luminescence with noticeable
polarization anisotropy [15].

3.2.4 QDMs on Strain-Modulated Templates

This approach is fundamentally different from the above approaches by its use of
strain-modulated templates where strains are global in nature, i.e. present on a wafer
scale, as opposed to local strains effective only around nanoholes or nanomounds.

One implementation of this approach by Lippen et al. and with schematic
cross section in Fig. 3.1d uses a superlattice (SL) template of InGaAs/GaAs on
(31 1)B-GaAs to form a slowly modulated strained network that upon overgrowth
results in a lattice of ordered QDMs [16]. These QDMs are optically active up to
room temperature and exhibit a complex PL behaviors [17].

Another implementation by Thet et al. and with schematic cross section in
Fig. 3.1e uses as template a network of orthogonal, interfacial dislocations which
under optical microscopy appears as a cross-hatch pattern (CHP) to form a slowly
varying surface undulations that also supports the growth of QDM lattice [18].
Despite the presence of dislocation, QD chains grown on these kinds of templates
have been shown to exhibit high crystalline quality [19, 20]. QDMs on these kinds
of templates are expected to have high crystalline quality as well though no PL
results have been reported so far. Recently, Seravelli et al. reported PL results of
QDs grown on thick metamorphic InGaAs/GaAs templates and found QDs to be of
high crystalline quality [21].
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3.3 Structure, Morphology, and Evolution

The cross-sectional schematic showing the QDM-embedded structures grown on
the nanohole-and-mound template described above is shown in Fig. 3.2. All growth
takes place in a Riber’s 32P solid-source MBE chamber. Growth on epi-ready
(00 1)-GaAs substrate starts from thermal desorption of the surface oxide at 580°C,
growth of a 300-nm GaAs smoothening layer at 610°C, a brief pause to bring down
the substrate temperature to 500°C before the growth of x ML of InAs QD seed
layer at a rate of 0.01 ML/s where x is between 1.8 and 2. This results in a QD
ensemble with typical base width of 30-50 nm and height of 5 nm. The onset of
QD formation, monitored in situ via the reflection high-energy electron diffraction
(RHEED) pattern, is confirmed by the appearance of the transmission spots which
subsequently develop into chevrons [22]. The substrate temperature is then brought
down further to 470°C before the InAs QDs are partially capped with y ML of GaAs
where y is typically between 6 and 25. This ensures a successful formation of the
nanoholes whose depth can be varied approximately between 0.2 and 1 nm. Each
nanohole sits atop a nanomound elongated along the [1 —1 0] direction as shown
in the lower atomic force microscopy (AFM) image in Fig. 3.2. The elongation
observed is a result of asymmetrical In adatom diffusion lengths along the (1 10)
directions which can be enhanced or suppressed by simply increasing or decreasing
the capping temperature [15]. To form the QDMs at the same temperature used
for capping, z ML of InAs is regrown on top of the nanohole-and-mound template
where z is typically between 1 and 2.5 for fully-developed molecules. For the sake
of convenience and precision, a QDM ensemble formed from x-ML InAs seed QDs,
y-ML GaAs partial capping, and z-ML InAs overgrowth is hereafter referred to as
x/ylz QDMs.

The QDMs are then capped with 100-nm GaAs where the first 10 nm is
grown at 470°C and the remaining 90 nm is grown while ramping the temperature
up to 500°C. For a single-layered QDM structure, the sample is quenched after
completing the 100-nm GaAs growth. For a bi-layer QDM structure, another cycle
of x/y/z QDM (with different values of x, y, and/or z from the first QDM layer) and

74 nm

100-nm GaAs cap

QDM, 2 a
100-nm GaAs spacer
QDM, 2222 2 oA

300-nm GaAs buffer

(001)-GaAs substrate

0.00nm
Fig. 3.2 (Left) Cross-sectional structures of lateral QDMs grown on the nanohole-and-mound

template via the partial-cap and regrowth process. (Right) 1um x 0.5um AFM images of (lower
image) nanohole template and (upper) lateral QDMs. The arrows point along the [1 —1 0] direction
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Fig. 3.3 AFM images (1pm x 0.5um) and line scans elucidating the evolution of lateral QDMs
grown on the nanohole-and-mound template: (a) seed InAs QDs, (b) nanoholes and mounds—
formed after partial capping the seed InAs QDs with GaAs, (¢) cQDs—overgrown on the nanohole-
and-mound template, (d) partially-formed QDMs comprising saturated cQDs and non-saturated
sQD, and (e) fully-formed QDMs comprising saturated cQDs and sQDs. For the AFM images, the
horizontal direction is the [1 —1 0] direction, and the arrows indicate the sections where line scans
are taken

100-nm GaAss is repeated. After quenching and removing from the growth chamber,
the sample is mounted in a variable temperature optical cryostat and characterized
by PL using the 476.5-nm line of an Ar™ laser as the excitation source. The PL signal
is dispersed by a 1-m monochromator and collected by a liquid nitrogen cooled
InGaAs detector using standard lock-in detection technique.

The morphology of the QDMs is obtained by quenching the sample as soon as
the regrowth of InAs on the nanohole-and-mound template finishes and probing the
surface in air using AFM in the tapping mode. A typical QDM morphology is shown
in the upper AFM image in Fig. 3.2.

By varying the regrowth thickness (z) it is possible to observe the various stages
of QDM growth. The evolution of the QDM structure—from the seed QD layer to
the complete molecule formation for 2/6/z QDMs—is shown in a series of AFM
images and line profiles in Fig. 3.3. Right after the seed QD formation, Fig. 3.3a
shows that the base length of a typical QD is approximately 50 nm while the height
is 5 nm. Upon partial capping, the QD height collapses, the base elongates towards
the [1 —1 0] direction, and a shallow dimple ~0.2-nm deep appears in the center as
shown in Fig. 3.3b. After only 0.5-ML InAs regrowth, an indication that a QD is
being formed at the center of each nanohole is shown in Fig. 3.3c. Usually this sub-
monolayer amount is taken up as a WL on flat GaAs surfaces. This clearly shows
the much lower chemical potentials associated with the nanohole and mound. With
a thicker 1-ML InAs regrowth, a few QDs are formed in addition to the central
QD as shown in Fig. 3.3d. The QD at the center is referred to as the central QD
(cQD) while those nucleated around it are called satellite QDs (sQDs). With 1-
ML regrowth, cQDs are well saturated while sQDs are only starting to form. And,
finally, with 1.4-ML InAs regrowth, cQDs and sQDs are saturated, forming fully-
grown QDMs as shown in Fig. 3.3e. Exceeding the saturation, free-standing QDs
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will be formed on the previously denuded regions between QDMs. The cQDs and
sQDs exhibit fundamentally different optical behaviors and can interact due to their
proximity as described next.

3.4 Optical Properties of QDMs

The macro-PL results described in this section are obtained at 20 K under a low
excitation power density of 0.45 W/cm?, unless otherwise stated. The QDMs are
of high crystalline quality with clear, separate emission peaks from the cQDs and
sQDs as described in Sect. 3.4.1. Transfers of luminescent intensity between cQDs
and sQDs as temperature varies are reported in Sect. 3.4.2 and explained in terms of
phonon-assisted carrier transfer between the constituent QDs. The QDM ensemble
exhibits a unique, bimodal opftical characteristics explained in Sect. 3.4.3 which
differ from bimodal size distributions generally reported for intermediate sized QDs.

3.4.1 ¢QDs and sQDs Emissions

This sub-section describes the PL of six QDM samples. Each sample is grown using
a different QDM recipe, i.e. different x, y, and/or z, with identical procedures for the
rest of the structure as described in Sect. 3.3. The first series of three samples is
grown with the same nanohole template obtained from 2-ML InAs seed QDs and
25-ML GaAs partial-cap layer. The nanoholes are filled with either 1, 2, or 2.5-
ML InAs, resulting in 2/25/1, 2/25/2 or 2/25/2.5 QDMSs, respectively. The second
series of three samples is grown with the same 2-ML InAs seed QDs and 1.4-ML
InAs regrown QDMs, but with different GaAs capping layer thickness of 6, 10, or
25 ML, resulting in 2/6/1.4, 2/10/1.4, or 2/25/1.4 QDMs, respectively. Systematic
variation of parameters in the two series enables unambiguous assignment of PL
peaks to the constituent cQDs and sQDs in the QDMs [23].

Figure 3.4a shows, from bottom to top, the PL spectra from the first sample series
which contain 2/25/z QDMs where z =1, 2, and 2.5 ML, respectively. The 2/25/1
QDMs emission is dominated by a single peak at 1.056 eV with a narrow full-
width at half-maximum (FWHM) of 24 meV. The 2/25/2 QDMs emission shows
a low-energy peak also at 1.068 eV with FWHM of 40 meV, and a high-energy
peak at 1.168 eV with FWHM of 68 meV. The 2/25/2.5 QDMs emission show
the same low-energy peak at 1.068 eV but with a slightly narrower FWHM of
25 meV, and a high-energy peak at 1.150 eV with FWHM of 73 meV. The double
peak feature of the latter two samples go up and down together under excitation-
dependent experiments, indicating that the high-energy peak is not an excited state
(ES) arising from the saturation of the low-energy, ground-state (GS) peak. In
addition to confirming GS emission, it is necessary to identify the sources and
predict the characteristics of the two peaks if the QDMs are to be optimized and
employed in devices.
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Fig. 3.4 Twenty-Kelvin PL
spectra of (a) 2/25/z QDMs
withz=1, 2 or 2.5 ML, and
(b) 2/y/1.4 QDMs with y =6,
10 or 25 ML. Spectra are
offset and rescaled for clarity.
Reproduced from [23]
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By comparing the PL spectra with surface morphologies obtained from AFM
images, the origins of the low- and high-energy PL peaks can be attributed to the
cQDs and sQDs, respectively. A typical 2/25/1 QDM contains just a single dot
nucleated inside the nanohole, or cQD, similar to Fig. 3.3c while 2/25/2 QDM has in
addition another dot or two outside the nanohole, or sQDs, similar to Fig. 3.3d, and
2/25/2.5 QDM has at least four sQDs, forming a fully-developed molecule similar
to Fig. 3.3e. The presence of cQDs and absence of sQDs in 2/25/1 QDM ensemble
is a definitive confirmation that the 1.056-eV peak originates from the cQDs. All
three samples share almost identical cQD GS energy at around 1.06 eV which is not
surprising because they all share the same nanohole template and similar size cQDs.
After the nanoholes are saturated, sQDs start nucleating which coincides with the
appearance of the high-energy PL peak. The 1.168-eV peak for 2/25/2 QDMs and
1.15-eV peak for 2/25/2.5 QDMs must therefore originate from the GS of sQDs as
excitation-dependent experiments already rule them out as an ES.

The energetic position, the intensity, and the FWHM of these high-energy GS
peaks agree with surface morphologies and reaffirm their assignments to sQDs.
Figure 3.3 shows that cQDs must first be saturated before sQDs are nucleated. It
is important to note that the base of ¢cQDs is limited by the nanohole template,
while the nominal height of cQDs is always higher than sQDs even though a greater
amount of deposited materials seems to be taken up by the sQDs. This is simply due
to the greater sQD density: four (or more) sQDs per QDM as opposed to one cQD
per QDM. The maximum regrowth thickness for the three samples is 2.5 ML, with
at least 0.5 ML taken up entirely by cQDs and at most 2 ML by sQDs, the per-dot
material accumulated by an sQD is thus much lower than by a cQD. This translates
to smaller sQD and higher GS energy than cQD. It is informative to compare the
energetic positions and integrated intensities of the sQDs in 2/25/2 and 2/25/2.5
QDMs. The sQD PL in 2/25/2 and 2/25/2.5 QDMs peak at 1.168 and 1.150 eV,
respectively. This is simply due to the latter gaining more material, becoming
larger, and thus emitting at a lower GS energy. As more sQDs are nucleated, the
relative intensity of sQDs with respect to cQDs also increases as obvious from the
progressively greater proportion of the sQD peaks in Fig. 3.4a.
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The FWHM of the 1.168-eV peak in the case of 2/25/2 QDMs (68 meV) and the
1.150-eV peak in the case of 2/25/2.5 QDMs (73 meV) are higher than those of the
1.068-eV peak (25 meV), indicating that the inhomogeneous broadening of sQDs
is worse than those of cQDs. This is expected, considering the almost simultaneous
nucleation of cQDs in the nanoholes across the wafer, and the sequential, random
nucleation of sQDs only after the nanoholes are saturated with cQDs.

The PL spectra from the second sample series affirm the peak assignments above
and elucidate the role of nanohole depth. Figure 3.4b shows, from bottom to top, the
PL spectra of 2/y/1.4 QDMs where y = 6, 10, and 25 ML, respectively. The 2/6/1.4
QDMs emit a single PL peak at 1.186 eV, the 2/10/1.4 QDMs a double peak at
1.150 and 1.226 eV, and the 2/25/1.4 QDMs a single peak at 1.068 eV. Since the
thicknesses of the seed QDs x and regrown QDs z are identical, the differences in
the three spectra originate from the GaAs capping thickness y. The GaAs capping
thickness y dictates the degree of In out-diffusion from the seed InAs QDs and thus
the nanohole depth which has been carefully characterized and found to vary almost
linearly from 0.4 to 1 nm as y increases from 6 to 25 ML [14]. The shallower the
nanohole, the easier for it to be saturated, or the smaller the cQDs.

In the case of 2/6/1.4 QDMs with the most shallow nanoholes, both cQDs
and sQDs co-exist and the average sizes of cQDs and sQDs do not much differ,
resulting in a near-merged spectra. Though the bottom spectrum in Fig. 3.4b shows
a single peak, closer examination of its semi-logarithmic plot reveals different rise
and fall characteristics, indicating different origins. In the case of 2/25/1.4 QDMs
with deepest nanoholes, on the other hand, only cQDs exist, resulting in a single
Gaussian peak at 1.068 eV shown in the top spectrum of Fig. 3.4b. This peak is
located at the same energetic position as the 2/25/1 QDMs from the first series but is
narrower (FWHM =21 meV), possibly due to the better uniformity achieved when
approaching full saturation condition at a thicker regrowth thickness of 1.4 ML.
Finally, in the case of 2/10/1.4 QDMs with nanohole depth intermediate between the
two extreme cases above, both cQDs and sQDs co-exist and their average sizes are
distinctly difference, resulting in two well-separated PL peaks with the low-energy
portion attributed to cQDs and the high-energy to sQDs.

3.4.2 c¢QD-sQD Coupling

The presence of the WL and the proximity between cQDs and sQDs bring
with them the possibility of tunnel coupling, especially in view of the fact that
electron wavefunctions are not well confined and the existent of extended states
has been confirmed [5, 17]. Microscopically, coupling gives rise to bonding and
anti-bonding molecular states, resulting in energetic separation or anti-crossings
when the luminescence is measured under varying electromagnetic fields [24, 25].
Macroscopically, coupling gives rise to electron transfer between QDs, resulting in
PL intensity transfer between or among related energy levels. Tunnel coupling in
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Fig. 3.5 Temperature-dependent PL spectra of (a) 1.8/15/1.2 and (b) 1.8/25/1.5 QDMs. Text
labels (s, p, and d) indicate cQD emissions; the arrow, sQD emissions. The dotted lines are multiple
Gaussian function fits to the 20 K data. Graphs are offset for clarity. Temperature-dependent
integrated intensities of constituent peaks of (¢) 1.8/15/1.2 QDMs extracted from (a), and (d)
1.8/25/1.5 QDMs extracted from (b). The dotted lines are guide to the eye. Adapted from [27]
with permission from Elsevier

lateral QDMs are due to electrons only; holes are well confined in the QDs due to
high effective mass [26]. The macro-PL setup used in our experiments only allow
the observation of the macroscopic PL intensity transfer.

Two QDM samples are grown to study the coupling effects: One sample contains
a single layer of 1.8/15/1.2 QDMs, the other a single layer of 1.8/25/1.5 QDMs
[27]. Temperature-dependent PL spectra of the two samples illustrate the differences
in tunneling strength, and the competition between tunneling and thermionic
emissions. The former maintains the total integrated intensity whereas the latter
quenches it due to carrier losses to non-radiative recombination (NRR) channels.
Both samples are excited at a high excitation power density of 20 W/cm? sufficient
for the observation of ES as tunneling into ES is easier than into GS due to the wider
spread of ES wavefunctions.

The PL spectra of the 1.8/15/1.2 and 1.8/25/1.5 QDMs are shown in Fig. 3.5a,
b, respectively. The broad, high-energy peaks indicated by arrows in both figures
are related to sQDs as explained previously. The narrow, low-energy peaks are
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due to cQDs. The labels s, p, and d denote the ground, first, and second excited
states, respectively. The nature of excited states has been confirmed by excitation-
dependent experiments. For 1.8/15/1.2 QDMs in Fig. 3.5a, the spacing between the
ground and first excited states, or the s—p spacing, is 45 meV. For 1.8/25/1.5 QDMs
in Fig. 3.5b, the s—p and p—d spacings are approximately 37 meV. These values
are within the expected range for QDs of similar size [28]. The equi-distance of
the s—p and p—d spacings results from the harmonic oscillator-type potentials in the
growth plane and is also expected [29]. The overall spectra can be fitted with multi-
Gaussian functions which are shown as examples in the 20-K spectra in both figures.
The fits allow the FWHM of all the spectral peaks to be accurately determined
which together with the associated peak intensity yield the integrated intensity
(IT) vs. temperature plots of the 1.8/15/1.2 and 1.8/25/1.5 QDMs in Fig. 3.5c¢, d,
respectively. Non-monotonous variations of integrated intensity with temperature
are evident in both cases.

For ensembles of isolated QDs, a simple, monotonous decrease of II with increas-
ing temperature is expected due to the presence of NRR channels [30] or reduced
PL yields [31]. For laterally-coupled QDMs, the temperature dependency of the PL.
spectra is complicated by tunnel coupling which has many possible routes and is also
temperature dependent. The overarching monotonous II reduction with increasing
temperature for 1.8/15/1.2 QDMs in Fig. 3.5c results from carriers gaining sufficient
energy, escaping into the WL and/or GaAs matrix before recombining with NRR
centers/channels as is typical for InAs/GaAs QD systems [32]. Close examination
of the constituent IIs shows that the monotonous reduction of the total II results
from a rapid, monotonous decrease of sQDs II and a non-monotonous decrease of
cQDs 1II. In fact, a slight increase of the cQDs GS is registered at around 75 K. This
increase can be interpreted as typical carrier redistribution between QD ensembles
of different nominal size, or bimodal QDs where carriers in sQDs may escape,
diffuse towards the cQD, and be captured. Or it can be interpreted as resulting from
direct tunnel coupling. The underlying mechanism(s) that governs the temperature
dependency of the II for this particular QDMs is not clear.

The 1.8/25/1.5 QDMs exhibit a qualitatively different II temperature dependency
as shown in Fig. 3.5d. This is due to the bigger cQDs and sQDs as compared to the
1.8/15/1.2 QDMs above. The total II in this case is virtually constant from 20 to
75 K, above which it decreases monotonously. The overall change results from the
complex behaviors of the s and p peaks of the cQDs while the sQDs exhibit a simple,
monotonous decrease in intensity. As the temperature increases from 20 to 50 K,
the II of the p peak significantly increases. The intensity gain cannot originate from
carrier redistribution as the temperature is still too low for excitons to appreciably
escape the potential barriers. The most likely mechanism is thus tunnel coupling,
from sQDs to cQDs. AFM images show that the cQDs and sQDs in 1.8/25/1.5
QDMs almost merge which supports the conclusion. The IT of the p peaks keeps
on increasing with temperature up to 75 K before carrier loss from sQDs to NRR
channels begin to aversely impact the availability of carriers tunneling to cQDs, and
thus the intensities of the s, p, and d peaks. The II of the s peak is approximately
constant between 20 and 50 K, indicating saturation. It, however, increases as the
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temperature reaches 75 K which contradicts the saturation interpretation. Closer
inspection of the PL spectra shows that the II increases not by increasing peak
intensity but by broadening. The saturation conclusion thus remains valid.

The observation of intensity transfer and the implied underlying mechanism
via tunnel coupling in our lateral QDMs are at first surprising, considering the
significant dot-to-dot separation in the order of 50 nm. Tunnel coupling decreases
exponentially with distance and Szafran and Peeters predicted that coupling is
negligible for a dot-to-dot distance of 20 nm [33]. This, however, is strictly true for
isolated QDs with a thin WL acting as the main coupling path. Our lateral QDMs,
especially the sQDs, form on the nanomound template which in itself can act as a
low barrier region connecting the constituent QDs in a QDM. A similar “basin” has
recently been demonstrated to be acting as a coupling channel for double InGaAs
QDs spaced as far as 40 nm apart [34].

3.4.3 Bimodal Optical Characteristics

Depending on growth procedures, lateral QDMs can take shape in many different
geometries, with varying degrees of uniformity and size distribution. The latter can
be categorized into a mono-, bi-, or multi-modal size distribution. This section
describes a novel bimodal optical characteristics which results from the bimodal
size distribution of QDMs. The converse is not necessarily true. The unique bimodal
optical characteristics stems from specific spatial arrangement of constituent QDs
resulting from the partial-cap and regrowth process.

To demonstrate the unique bimodal optical properties, temperature-dependent
GS PL spectra of the 1.8/25/1.2 and 1.8/25/1.5 QDMs are shown in Figs. 3.6a and
3.7a, respectively [35]. The two QDM ensembles mainly differ in the nominal size
of sQDs, and consequently the degree of cQD-sQD coupling. The excitation power
density at 2 W/cm? is sufficiently low to avoid filling up the GS and complicating
peak analyses with ES. The spectra can be fitted with double Gaussian functions;
examples are shown as the dashed lines in the 20-K spectra of both figures. The
fittings allow temperature variations of peak position, intensity, FWHM, and hence
II to be accurately determined.

The cQD and sQD peak energy variations with temperature of the 1.8/25/1.2
and 1.8/25/1.5 QDMs are shown in Figs. 3.6b and 3.7b, respectively. In both cases,
the cQDs and sQDs exhibit fundamentally different behaviors: the cQDs-related
peak energies exhibit a slow red-shift with increasing temperature throughout the
experimental temperatures, while the sQDs-related peak energies exhibit a slow red-
shift only up to a certain temperature (~75 K for 1.8/25/1.2 QDMs and 100 K
for 1.8/25/1.5 QDMs) before they rapidly decrease at a rate of 1 meV/K. Dashed
(dotted) lines in the figures approximate the slow (fast) red-shift of peak energies.

The cQDs’s energy slow red-shift can be readily explained in terms of bandgap
variations with temperature. The dashed lines in the figures are obtained from
Varshni’s equation [36] using bulk InAs bandgap parameters, shifted up the energy
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Fig. 3.6 Optical properties of 1.8/25/1.2 QDMs: (a) PL spectra at various temperatures, shifted
vertically for clarity; temperature dependencies of (b) peak energy positions and (¢) FWHM of
cQDs- and sQDs-related spectra. The dashed curves in (a) are double Gaussian functions fit.
The filled-square and open-square symbols in (b) and (c) are measured values for cQDs- and
sQDs-related spectra, respectively. The lower and upper dashed lines in (b) are bulk InAs bandgap
temperature variation according to Varshni’s equation, shifted along the energy axis by 0.667 and
0.824 eV, respectively. The dashed lines in (c) are guide to the eye. Reproduced from [35] with
permission from Elsevier

scale to aid visual comparison. The agreement between the experimental trend
and the trend calculated based on Varshni’s equation is good, except for the small
diversion at low temperatures which can be further improved by the Fan model [37].

The sQDs’s energy fast red-shift, usually referred to as sigmoidal [38], has
been reported by many groups [32, 39—41] and is attributed to carrier escape
and redistribution among inhomogeneous QDs. This occur concurrently with an
anomalous FWHM reduction which is indeed observed here and best explained
together.
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Fig. 3.7 Optical properties of 1.8/25/1.5 QDMs: (a) PL spectra at various temperatures, shifted
vertically for clarity; temperature dependencies of (b) peak energy positions and (¢) FWHM of
cQDs- and sQDs-related spectra. The dashed curves in (a) are double Gaussian functions fit.
The filled-square and open-square symbols in (b) and (c) are measured values for cQDs- and
sQDs-related spectra, respectively. The lower and upper dashed lines in (b) are bulk InAs bandgap
temperature variation according to Varshni’s equation, shifted along the energy axis by 0.667 and
0.797 eV, respectively. The dashed lines in (c) are guide to the eye. Reproduced from [35] with
permission from Elsevier

The cQD and sQD FWHM variations with temperature of the 1.8/25/1.2 and
1.8/25/1.5 QDMs are shown in Figs. 3.6c and 3.7c, respectively. Again, the
variations due to cQDs and sQDs are fundamentally different: the cQDs-related
FWHM are approximately the same and are almost constant (40 and 35 meV for
the 1.8/25/1.2 and 1.8/25/1.5 QDMs, respectively) while the sQDs-related FWHM
decrease towards a minimum at intermediate temperatures before increasing again
at high temperatures. The minimum for 1.8/25/1.2 QDMs occurs at around 75 K
while those for 1.8/25/1.5 QDMs occurs at around 100 K.
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The FWHM reduction at intermediate temperatures is well explained by thermal
escape and carrier redistribution. At low temperatures, excitons are created, con-
fined, and recombined radiatively in individual QDs. The FWHM reflects QD size
distribution. For uniform ensembles, the FWHM can be lower than 30 meV [42]
while for nonuniform ones the FWHM can be greater than 100 meV [43]. As sample
temperature increases, carriers are thermally activated out of individual QDs, into
the WL and/or the GaAs barriers where they can subsequently be re-trapped by
nearby QD. Since confined electron levels in small dots are higher than in large
dots, or the thermal energy required by the electrons to escape into the adjacent
WL is smaller for small dots than for large dots, it is more probable for carriers
to be distributed from small to large dots. As temperature increases, the dominant
emitting structure thus shifts from small to large dots, resulting in a peak energy
shift much faster than the rate due to bulk bandgap reduction with temperature. This
explains the dotted lines in Figs. 3.6b and 3.7b.

The carrier redistribution occurs at a slightly lower temperature in the 1.8/25/1.2
QDMs (~75 K) than in the 1.8/25/1.5 QDMs (100 K). This is possibly due to the
smaller sQDs in the former because the regrown InAs thickness is 1.2 ML, lower
than 1.5 ML in the latter. The smaller sQDs emit at 1.240 eV while the bigger sQDs
emit at 1.195 eV. The smaller sQDs thus require a slightly lower thermal energy to
escape to the 1.4-eV WL previously identified in Fig. 3.5a.

The co-existence of slow, Varshni type, and fast sigmoidal changes in the same
sample is unusual. The slow red-shift that follows Varshni’s equation is usually
observed in QD ensembles which are carefully grown to achieve low FWHM,
especially if they are later to be fabricated into lasers [42]. On the other hand, the fast
red-shift is usually observed in highly inhomogeneous QD ensembles, particularly
if the FWHM is greater than 80 meV [39, 40] and if they are later to be fabricated
into superluminescent diodes [44]. The two types of QD ensembles are achieved
with conflicting growth parameters and not usually observed on the same sample
even when clear bimodal size distribution exists. Kissel et al., for example, reported
the growth of intermediate sized QD ensembles with clear bimodal size distribution
but both exhibit essentially the same sigmoidal behavior [45].

Carrier redistribution from small to large sQDs is effective up to a certain
temperature beyond which thermal broadening will increase the FWHM and carrier
loss to NRR channels will quench the overall PL signal. The more complicated
growth procedure of lateral QDMs as compared to standard SK QDs makes it likely
that additional NRR channels/centers maybe present and limit the usefulness of
QDMs.

Using Arrhenius plots and simple, single activation energy fittings we prove that
these concerns are unwarranted as the main loss mechanism is caused by the WL, as
is the case for typical SK QDs. Figure 3.8a, b shows the IIs vs. inverse temperature
plots for the 1.8/25/1.2 and 1.8/25/1.5 QDMs, respectively. The dashed lines are
fits to the equation I = Iy /[1 + Aexp(—Ea /kgT)] where I stands for the integrated
intensity, Iy is the low-temperature integrated intensity, A is the pre-exponential
factor, E is the activation energy, kg is the Boltzmann’s constant, and 7 is the
temperature. The best-fit values for Ex in the 1.8/25/1.2 QDMs are 250 meV for
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