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Chapter 1 

Introduction 

Mcsoscopicstruduroofscmiwnductorha.sbeencxlcnsivelyinterestedinfab­

rkating new devices ba.scd on quiolnlum confinement cffe<:ts. It is well known that 

e]cclrons and holes cannot move freely and their energy slal"5 arc quanli~cd in 

a mesoscopic structure, in other words, quantum structure 11. Modified energy 

state in a quantum structure of scmkouduclor leads to optkal and clectriul 

propertieswhicharedilferentfrombulksemiconductor. Thismcansthatcncrgy 

statecanbetailoredfordesireddevicesspedficationbycontrollinglhcslructur<· 

siteandsclectingsuitablcmatcrialsashavingappropriatebandstruclurcs. It 

has been theoretically am.l cxpcrimcntally shown that the threshold current of 

laser diodc(LD) with quantum wcll(QW) as an active layer is much low<lr than 

thatofconv<lntional LD '· 3 ). Frequency lluctuationsand tlm:shold current V<lri­

ationsdcpcndenccontcmpcraturecanbcstabili:tt...!byquanlumclfccts,becanst• 

the density of statcs(DOS) becomes sharper in the quantum structure' •.s). The 

change in DOS is especially remarkable in low dimensional quantum structures 

such as quantum well wire{QWW) and quantum dot{QD). 

Fabrication of quantum structures has employed mainly Jl[. V ~miconductor.'<. 

Since 111-V semiconductors are composed of two chemical elements, S<'Veral Vi<· 

rieties of 111-\' semiconductors can be made by changing thP comloination of 

group Ill and group V elements. Furthermore. it is possilole to make up alloy 



S<:miconductors whirh '""compound solid solutions of more than two kinds of 

scrnicunductors. Optical and electrical propcrticsofalloysemiconductorcan be 

<OOLinuouslychangcd by cuntrollingcomp<O$itiou of group Ill and/or group Vel· 

•·rncuts. From a vi.,w point ofd<'vice llp]>lication, large variation and Hcxihility 

ufprop.,rtiL-s arr altractiw for rn.tt<·rial selection. Another advantage of Jl[.y 

so•micon<lucturs is th<'irband structur<-s. Th .. ycan he utilized forlight·emilling 

devic<·s,sinccsomcoflll·Vsemicnnductorshavedircct bandgap structures. 

Thus far, IJI.V semiconductor QWs have boon extensively fabricated and in· 

vo>stigatcd their optical andrledrical propcrtiessinccnovelgrowth techniques 

wo·r<: devdupL"<I. There arc two ty]>ical crystal growth techniques that can control 

th•· inLcrfan· as predsc as monol.tycr(ML) order. One method is molecular beam 

•·pitaxy(MllE) GJ and anotlwr is organonwtallic vapor phase epitaxy(OMVPE) 'l. 

ll<'<'iliiM! tlw matt•ri;,l <"Oill]>rn<ition is modulated along only one dimension in QW, 

f.thricationnfQWismuch<'Mi<·rthanotlwrquantumstructures. 

Although MHE and OMVPE can control the composition in the growth di· 

rection, it is impossible to change composition in a growth plane which means 

that the fabrication of QWW and QD is con~iderably difficult. Some prepa· 

rations to pattern a substrate surface must be involved before growth to make 

I]Uantum structures which hav.-latcral confinement ability. For example, wet 

or dry etching is required to pattern a substrate on which an epitaxial layer is 

grown 8·91. lon beam implantation is also used '01. These methods, however, 

bringcontaminationorm.-chanicaldamag.-inducedduringthesurfaceproce~s 

stage. Morcover,tbc•izeofquantumstructuresfabricatedbythesemethodsis 

limil<.'dhythespatialresolutionoflithographicte~:hniquesorionbeamdiametcr 

that i• mostly suh-micro meter. Quantum etf.-ct is hardly e:otpeded by such a 

large size strudure. Another growth method of low dimensional structure called 

fractional layer SU]>erlattice(FLS) were sugge<ted 11 ·111. FLS is a kind of QWW 

structures and grown on misorientl'd substrate using stej) How growth mode. By 

growing epitaxial layer at thcsurfacO' step, on<' can control the composition in 

the lateral direction. However, this growth method is applied only for QWW. 



Some experiments to make QD by growing on misori~nh'<l substrah· h<1W! been 

reported 131. However, no expected results were obtainl"d because appropriate 

surface step structure for QD formation doc~ nul exist. 

Another important problem in the present crystal growth te.:huiqu .. s is lattice· 

mismatch. In a lattice-mismatched system, it i> known that cpita~iallayt•r docs 

not grow two-dimCTisiooally but three-dimensionally and then islancl is form~'<!. 

The island formationisnotdcsirabletocontrolabruptinterfac<'. Morcov<;>r,mis· 

lit dislocation is generated when the epitaxial layer thickncssucreds th<;>critkal 

thickness torelea.scthestrainaccomrnodated in ~pitaxiallaycr ~<l. Siuc<;>mostnf 

mislitdislocationsdeterioratetheopticalandelectricalpropcrticsofscmiconduc· 

tor,theepitaxiallayerfordeviceapplicationsshnuldbcfroofromdislocatinn. As 

aresult,selectivityoftbeepitaxiallayerbecomesverysmallonrothesubstrate 

is fixed. From this back ground, many works to investigate initial growth stage 

oflatlice-mismatchedhcteroepitaxyhavcbecncarricdout. ltisalsoinvcsLigaL<;>d 

Lbatthesuppressionofdislocationgenerationbypatterningthcsubstrate 1'-'6l 

or of dislocation propagation by inserting strained laycrsup<;>rlattices 11 •~l. 

Although island growth becomes an obstacle to obtain smooth inlcrfact!, this 

three-dimensional structur<;> can be used as a QD by changing point of view. 

Our group have suggested the utilization of coherently grown island in lauicc· 

mismatched heteroepitaxy as a QD for the first time 101. Not only suggestion, 

but also we have grown defect freenano-scale island and investigated its optical 

property ro-nl. Merits of QD formation by island growth are followings: 

l. QDs are formed without any comt>licatcd processes and frre from fontam· 

ination. 

2. SizeofQD isa.ssmall as several hundred A hence the spatial filling factor 

becomesaslargeasi011cm- 2 • 

3. QD plane can be stacked easily. 

Comparing QWW or QD, quantum effect expected from QW or superlat 

tice(SL) is not high, becausccarricrsarequantized in onlyonedirnension. How 



ever, A. Sasakictal. has proposed acmnplctcly dilfer.,uttypeofquantum struc· 

lureo:alled disorclcrcdcrystallinc•ernicondudortocnhancequantumelfcct 23l. 

A <liM>rd~·rf'd SUJH"I·Iatli<e{d-SI.) is an example of disonJ.,red crystalline bcmicon· 

dudor aud ha~ ability to improw the lumincwmctl dlicicncy of indirect band 

gap >.ellli'""nductor>, ""' h as SiGc, AlGaAs and AlGal' l<·J.JJ. In a d-SI., two 

constito,.,nlmalcrialsh .. vearandomarrangem"ntinthelayerthicknessincon· 

trasttu a conventional onh:rcd supcrlatlice(o·SL) in which the arrangement of 

twomatt:ri<~lsarcn,gularlyordered. Theeuhanccd luminescence efficiency of d. 

Sl. has ~~~~·n discus.~L-d in lc·rms of carrier localizatiou induced by a disordered 

material arrangrmenl. The carrier localization caused by artificially disordered 

struclurcisnotoulyuniqueandinterestingphysicalphenomenahutalsoimpor· 

lanl for dcvic<: application. l~pecially, AlGaP has the largest band gap in the 

zincblcmlcslrucluwdlll·Vst:rniconductorsandexpcctedforthematerialoflight 

<:miltingdcviccofgr..::ntoorangcregion(506-600nm).ltisnecessarytnenhance 

thehnninf'scencecllicicncynfAIGaP Loutilio:eforthelighl-emiuin~~:devicesbe 

causeoflhe indirect band ~~:ap. AlP/Gal' short period o-SL using zone-folding 

andband-mixingelfectsisoneofthemcthodtoimproveluminescenceelficicncy. 

Thwrelica.l prediction indicated that band structure of AlP /GaP o·SL becomes 

direct band gap 34·JrJ. Some experimental approaches have shown Lhelumines· 

ccnce from AlP /GaP n-51. J8-51 l. On the other hands, the former investigalion of 

AlP /GaP d·SL revealed that the luminescence intensities from d-SLs arc several 

Limes larger thau those from o-SLs ao). However, the luminescence wavelength 

of pure green region was not realized due to type· II structure. Since band gap 

of AlGaP system is large enough to emit pure ~~:reen light, further improvement 

of luminescence efficiency and reduction of luminescence wavelength of AlGaP 

semiconductorbyd-SLstrucLureareconsiderablyslimulative. 

The purpose of this thesis is torcalizenewquantumopticalproperties by new 

approach of mcsoscopic structures in •cmit·onductor. Two mesoscopic quantum 

slruclur.,sarcinv<"Stigated: I) invcstigalionofstrudureand quantum optical 



properly of self-assembled QD in lnAs/GaAs !auicl'·mismatdwd hrt<'f<><"pitax} 

and 2) enhancemt.>nloflumincsccncccfficiency .u1d reduction ofhnnim•"t't'IH'<' 

wavelenf:lhof AIGaP d-SL. 

This thesis is constructed byeif:htchaptersanddividedintotwopartsby the 

kind of quantum structure. The first part is chapll'r 2-~ and i~ devoted l<l 

the fabrication and characterization of QD by island formation o[ lnAsj(iaAs 

lattice-mismatched heteroepitaxy. In chapter 2, thestruclureofinitial growth 

layer of lnAsfGaAs is characterized. The island shape and si~e arr inlensivt•ly 

inveo!tigated by various te.::hniques. Theoretical approach ofi~land formation is 

shown in chapter 3. The results become a guide for the seledion of materials to 

fabricate a self-assembled QD. In chapter 4, optical property of In As gruwn struc· 

lure is investigated to examine whether the island has a nature of QD. Chapt<•r 

~deals with the dislocation suppression by introducing misoriented substrat<·s. 

Thedemonstralionofdislocationsuppression is shown both experimentally and 

theoreticallybycalculatingthestraincncrgyinepitaxiallayer. 

The second part is chapler 6 and 7, deal in~; with AI CaP d-SLs. In chapter 6, tlu­

period of AlP/CaP d-SL is changed and investigated the dependence of <>J<tical 

property on SL period. In chapter 7, AlcCat-~P/Al.Ga,_•p o- and d-SLs an· 

fabricated to obtain enhanced luminescence of shorter wavelength. The results 

of structural and optical characterization are described. F'inally Llu~ rundnsions 

andsomesuggestionsaresummarizedinchapter8. 
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Chapter 2 

Growth of InAs on GaAs and 

epitaxial layer structure 

2.1 Introduction 

Lattice-mismatched hetcrocpitaxial growths such a.s GaAsPfGaAs and ln­

GaAsfGaAs have been widely studied 1.11. Especially lnGaAs/GaAs has b~..,n 

intensivelyiovestigatedbecauselnGaAspossesscshighelecLronmobilityandsml· 

ablebandgapforopticalcommunicationdevices 

Several researches on the structural characteri?.ation oflnAs/GaAs have b'-"'ll 

reported. Since relledion high energy electron diiTraction(RHEED) pattern can 

be observed during MBE growth, i.e., 10-sr/u, surface structure <>f InA~ ~:rowu 

on GaAs can be easily investigated as a function of lnAs layer thickness .<.•l. 

Although the intensive investigation, we can obtain only surface structure· fnu11 

RHJ::ED. The quantitative island si~e nor c~istencc o[ dislocation arc not obtain· 

able. On the other hands, transmission electron microscope(TEM) nr ~urface 

prove microscope such as atomic force microsoopc(AFM) or scanning tunncliug 

microscope(STM) observation can rcv.,al such structural prop.,rl"'"· lluw.,vcr, 

be.;ause the laUic.,·mismalchiug between Jn,\s and UaAs is as large as 7.2%(sec 

Table2·1), thechangeingtowth mndeandstramrdaxation hynusf!l dislocation 



Tablc2-l Lattire properlie<nflnA•and GaAs'l 

I I <•la.•~ic moduli(l0 11 dyn/cml) 
lalLice constant{ A) 1---'='-';"=""--~='---j 

lnAs 6.0583 8.329 4.526 3.959 

GaAs 5.6533 11.9 5.38 5.99 

"~~nr at very •·arly growth stag<·. Therefore most of previmts reports on s~ruclural 

dHlr<trtcrizatiun of luAh/GM'h invt:•tigdtcd wcll·furm('d island, in o~her words, 

tlu: island futmdtiou pruces• has uot h~'Cil clarified 6·'3 ) Therefore, the dynamic 

island formation I'""'""" has notln>en clarified. [tis necessary to characleri~c 

thc stru~turc uf et>ilaxi~llay"r where the epitaxial layer thickness is systemati· 

cally~hangcd toinvcstigatcthedynamicsofislandformation,becausethcisland 

formation process, island size, island shape and defect in island arc impor~ant 

t>toL>Iemsforsclf·assembled QD ••·••l. 

In ~his chapter, the growth and structural d1aradcrization of lnAsJGaAs is 

di'Scribed. The structural change of lnAs grown on GaAs is inves~igated by 

RHEED, TEM, and AF'M where lnAs layer thickness is varied. The si2e and 

shape of island is measured from TEM and AFM images. The growth mechanism 

of lnAs on GaAs is discussed with obtained struc~ural properties. 

2.2 Growth procedure and experimental setup 

In As was grown by MBE for Ill .\f ~emiconductors. The MBEsystem used 

in this study is AN ELVA MIJ£.831 and is illustrated in F'ig.2·1. It is composed of 

thrt'C chambers; loading, exchange, and growth chamb('ts. Th .. utmost vacuum 

pressures arc 10-1 • \0- 9 and JQ- 10 Torrforloading,exchange,andgrow~h cham· 

hers. respec~iv<"ly. Schematic structure of growth chamber is shown in Fig.2·2 

Six Knudsen cells including two for dopant sources is a~tached in the growth 

12 



Fig.2·l Schema.tic illustration of MBE system used in this study. 

EFrUSION 
CE~~ 

Fig.2·2Schemalicillustrationofthegrowth chamber. 
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chamber. 30kV RHEED observation system is available. The beam pressure is 

monitored byiongaugewhichislocatedncarlhesubstrate. Liquidnitro~:enflows 

continuously in Lh('shroud during~trowth. 

The substrates were CrO doped semi-insulating GaAs nominally (001) just· 

ori('n((~d. Substrates were degr .. ase<l by organic solvent followed by etching in 

II,S04:H20 1 :Jl 10=5:1:1 solution (or lmin at60"C. Etching was stopped by pour· 

iugdcionized wat<'raml the substrates were rinsed by J\owingdeionized water for 

~10111 further. In tlw rin,;c ]>TOC~'SS, oxide film which protects the substrate sur· 

face is form•·d. The sub.•trate were soldered with indium on molybdenum holder 

and m:t in till' loading rhambcr. Prior to the introduction of substrates into 

the growth rhamber, the substr"Le5 were baked at 350-~00"C for I hour in the 

excbangcchamber,inordertosuppresscarboncontaminationintroductioninto 

Lh(' growth chamber. Then, the substrates were transfered to growth chamber, 

and heated at 620"C to eliminate tlw oxide film. The substrate temperature wa.s 

controll('d by healer current, which is calibrated by the eutectic points of Au· 

Si(370"C) and Al-Si(577"C). The main shutter wa.s kept open and substrate was 

expose to As flux to avoid As desorption. The elimination of oxide film was con· 

firmed by RHEED observation, where halo pattern which is caused by the oxide 

amorphous turned to normal diiTraction pattern of (001) plane of GaAs. Even 

after halo pattern disappeared, thesubstratetemperaturewa.s kept620"Cfor 10 

min to eliminatc the oxide film completely, and then, was lowered to 580"C for 

GaAs buffer layer growth. The GaAs buffer layer was grown 1000A to improve 

surface flatness. The RHEED observation showed 2x4 streak pattern during 

GaAs buffer layer growth. lnAs layer was grown at ·180"C. IOOA single crystal or 

amorphous GaAs cap htyer wa.s grown for TEM observation, while no cap layer 

was grown for AFM observation. Typical sample structure is illustrated in Fig.2·3 

and ty]lical growth condition is shown in Table2-2. 

Tlw growth rate wa~ calibrated by RHEED oscillation technique IG)_ However. 

the intensity ofspe<:ular spot becomes weak abruptly in the very early stage 

of lnAs growth on GaAs. sinct• lnAs grows three-dimensionally. Therefore. the 
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GaAs cap 1 00 A 

lnAs 

GaAs buffer 1000 A 

GaAs (001) sub. 

Fig.2-3 Typical structure of grown sample. lOOA single crystal or amorphous (;.,i\s rap 

layer is grown for T~M observation while no cap layer is crown for ,\FM ob>erntinn 

Tablc2-2Typicalgrowthcondition u..,d i11 tloisstudy. 

I I growth temperature(°C) I growth rale(ML/s) I V /Ill I 

1 ~::s. 1 ::: 1 O.t0:o~J7 ~~~=:71 
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growth rate of InA~ on GaAs cannot he mt>asured by this method. We estimated 

tl"' ..:rowlh r~t•· of lui\s by th<>'iC of lnGaAs and GaAs. bo:'Cause ln~Ga 1 _zl\S 

wlwr<' xis],.,.~ thau 1).2 ,~~;row~ two-dim"u~ioually on (:a,\s for thick "nough Ia)~"" 

to n«·a~uro:: IUIEED osrillation ]><'rind. One can ~stimato:: the growth rat<: of InA~ 

knuwing the gruwth rat<·s uf lnGaAs and GaA~ by following C((UMion: 

(2-l) 

wll<'r<", "t"A" ,.,,,;.,A .. and ''•;~A• reptrS<'nl the growth ratcs of In As. lnGaAs and 

(:aA~. r<"'J"'''tivc·ly. Also h<·c·ans<·ofthr...--dinwnsional growth.thelayerthickness 

liM~[ in this tlu.,.is i• rldnu·r[ as till' prodnrt of growth rate and growth time, in 

ol[l!'r words, "we· grow xMI. of luAs" mPan~ that "wt> supply xMI. amount of In 

~uri As alums if th<· growth mode [..,Is two-dimensionally" 

A I-'M obS<·rvatiou was •·arriPd out by SPI:HOO(Seikn Instruments Inc.) system. 

Tlll"nllltilt>V('t typr· of"cnntact" and scan lypeof"topography" wcr" normally 

••·h~·tr•d. TI·:M sa<nph· was fonU<·d by mrchankal lapping fol\owt>d by convcn· 

tinual Ar-ion milling. TEM irnag<-s were obscn·c<l by .lEO!. 2000EX sy•t,.m. Tlw 

~n·..Jc·ralion voltage was 200kV. For [>ian viPw observation, bri~~:ht fl~ld images 

nmlt>r twn-b,•am configuration were taken e~ccpt for csp<.'cially mentioned. The 

r\ilfraction spotof(220)or (220) was sc•lected besidc(OOO). Diffraction spots for 

eru..s-scctionalobwrvationswcrcsclccted properly accordin~: to the purpose. 

2.3 Reflection high energy electron diffraction 

observation 

Ob~<'f\'('d \IIIEELJ J>allcrns during lnt\s growth arc shown in Fig.2--l. Twu 

t•lt•rlron I.Jcam iudd~uc<.' dir('(tions. those are. [110] and [liO] directions were 

lakt>n,sinresurfan•structur('l;a[on~[IIO]and ]liO]dircctionsarcasymmelricin 

zincblcnde structured scmkonduclors. Surracc structure just after GaAs buffer 
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layer growth at 580"l' IS~>< I. rlu• lll<"iiiiS 1h~t tlw gr .. wth <' p..rfuruw<l <UI<I<•r ,h 

stabilized cor1<lition. llowewr,surfa(cstru.turc•of(;~:\sch:oug•·d iuto~":J "lwn 

the subs~rat.e tempera~ure was low<·r•·d to ·180°(' for the lnAs growth. Whcu I ~IL 

of lnAs is grown, thc RliEED pallcm rt•main, >till slr<"ak. Thus, thc iniliallay<·l 

,,f lnAs grows two-dimensionally 011 GaA~. llowt•wr. tlwditTraction spot ub~t·r••·•l 

from [IIO) direction changes from •ln·ak to spolly drastically at I.SML. Fromthi< 

(hange,itisconsideredthatthelnAsislaudisformedaround l.SML.Onccans.·c· 

the spotty pattern with dcvcloped fac<"t strc·ak ohscrvcd from !JIO) dir('('~ion ~~ 

2ML. On the o~her hand, diffraction S]JOt observed from [110) din"<:tiou indicates 

no face~ pattern, though it is somewhat spotty. Furthcr growth of lnAs brought 

no particular change in RHEED patt~rn except for the fact that the diffraction 

spot observed from [110) diroction hP<:anw mort' spotty. The facet orientation 

can be e:~timated as ( IIJ)A by the angle hctw<>en two facet streaks whi(h stan 

from the same diffraction spot. Howevcr, it should he reminded that orientation 

cannotbedeterminedexplidtly,bccaus"facctstrea.kisbroadcued. 

In order to examine whether island has facets of <!Ox> plane~. RHEED ]Mt· 

terns with incident electron beam along <100> dircrtions are obsc·rvcd. Fig~.2-!'• 

shuw the RHEED patterns obscrvccl from [100[ and [010[ dirc~·Lions wlwn Llw 

lnAs layer is 4ML. No particular fac~l streak is not ~eel\ a~ [castllllclcr IOML. 

Therefore island ha.s no faeetswithout (lJ:l)A. 

Fromthespacingofditrraction rods or spots, we can obtain thesurfacelallin· 

spacing in the !Towing plane. Fig.2-6 shows the surface la~tice spacing C!i~imat"'l 

from Figs.2-4 against In As layer thickness. [ioth surface lattice spacings along 

[110) and [I iO] directions are convert~'<! to that of <100> direction for the ~om· 

parison with lattice constauts ofGaAs and lnAs in Fig.2·6. When I MI. of InA> i~ 

grown, the surface lattice spacing is the same as !attire •·onstant of GaAs for buth 

[110[ and [liO] directions. However, the [attke spacing Occomes larger b1·tw•~·n 

I and 2ML. After 2ML, the lat~ice ~paciug approaches the ldttic.· C<lll~tant of 

In As gradually. When In As layer thicknt!Ss is 10M L, tlw latticc spacing is almost 

the same as the lattice constant of lnAs. Thes.: ''XJ)t:rimenta[ results indicate 
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to\11. "'!"""''''' .,r ,,,,,,, ,,],,,,.,,.,, ).,.,,".'" [11n] ,,,.,r 1110 d;,..,,,.,,, ,, ,.,, 
.,[,,,.,\<.,) (;,.,,,,,[[l.lloi<',OI<'I\\PIIol\' oodo,ow\[w,lloOIIl lit tll<'I'I>L\,o",,) lot\<'\ 

"'"lit disloc.tlll>ll gl'lwr~tiou Th< "' 1\\o "''"' o{ '''~'" ··~laxation "''' ob"''" d 

lo~ lliiEI·:D '" lw<> 'I"[>' of,,{,.,·, 1,1111<< '1"''"'g <il~lll';<'. f<>r .,x,uuplt•. 111 (;, 

lot\<'rgr<>llliloll So ''I llll<'t<·t)u•latll<o'llll•>><•>l<"hillgh 12'!.. On tlwotherh.olld. 

iho·l(' 1> only 0111' ,(<'[> of,mfan·1,>111•'<' 'I"""')( dldll)(<' Ill),,\;/(;,,.\, ')),.,,,it 

''''"'ido•n•dtilatl)w.,].,ndgtow\h,ot"l''"'lol);<'ll<'lolliollo<<llt • .!tno,ll)w,,,,,,, 

IIIII< Tlw dilfo't<'IIO' <>f•lt.otn r<·lax.t\1<>11 I'""''" 1.,•1\\0.'Il lu.\,1(;,, \,.nod(;, .•. ~, 

,,,,l.,.,oltld"''''dlollwdolf<to'l><o·ofl.otli<<tnl•llloll<lnug 

2.4 Atomic force microscope observation 
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Fig.'l·6SorfacclaUiccspatillgoflnA•calculatcdbydifTractimorodsorspot<iu ltlll:Ell 
patterns observed from [II OJ and [liD] directions. Surfac<'latticcspacing>aw<<>l<~•·rlPd 
to tl<al of<l00> direction for the comparison witlllatticccorlstanl•uf(;,,f1>1·«; .. ,1.) 
and lnlls(alnAo)at4SO"C. 

In/Is is ~rown, the In/Is islands are hardly seen and the grown lay<•r >urfan• is 

considerably Hat. The surface singularity at IML agr«'$ well with t(,.. stn·aky 

RHEEO patterns. The situation does not chan~:e until J.aML. The dt·n,ity '""\ 

thesizcofislandincrcaseslightlyat J.8ML.Tht·n,thcdcnsityat2.0MI.IH'<"""'' 

drastically greater than that at l.SML. It isconsidcwd that tlw fortnaliou uf 

lnAs islands begins at about l.SML. The rapid island formation can lw uudt•r 

stood from the result of RHEED observation. When 2.0ML lnAs is gruwu. twu 

typcsoflnAsislandsappearassoon in F'ig.2·7(<>), i.e .. thcsmall{<250A)aud tl«· 

large(>400A) islands. The small islands are tlw h.,misphcrical shape with t ... ight 

of JOA and also seen in Figs.2·i(a)-(d). The siow and shape of thcso· i•lauds "~""" 
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Fig.2-7 AF~1 ima,;~s of lnAs gr<>WII 011 GaA• where h11\.< la)·er lhic~n~" is •·ariously 
doa!I!;Pd. Thirk!IPSS oflnAs is (a)l.O~l[., (b)l.3ML. (r)1.5~1L. (d)J.I!~Il.. (d2.0)1.11. ~nd 

(f).I.O~lt.. 



tobesimilareacbotber. 

Thclargeislandsarcaboutthree-fourtiml'llinsit.egr.-aterthanthrsmallotw~. 

and the shapes are not similar each other. lknsity of the large island~ is ;ol><>nl 

1/40 compared with that of the small oni'"S at 2ML, lmt increa..<~"S rcntark.ahly 

whcn the lnAs layer thickness hf'<'omes 4.0ML. while tilt' dPnsity <>f till· snoall 

islands becomes somewhat less than that at 2.0ML. The siws of tlw small is lamb 

remain almost th" same with increasing the lnAs thickn~-ss. On tlw mntrary. 

thesizesofthe large islands take various sizes and various shapl'll as lul\s lay•·r 

thickness changes from2.0to4.0ML. There[orethclargeislandsarPthuughttu 

heformedbycoalcsccnceo[smallislands. 

lnspiteoftheintcnsiveobservation,ruospcculdr[acetwcrerecugniwdforlmth 

small and large islands though the RHEED pallcrns indicate the rxislcnn· of 

(113)A plan•·s. Tlw rcasnn is no\ clear, how<"\"<"r. it is nonsid<·ro·d th.ot ,...]Rtimo 

amol>gislandsi'l.c.island·lo·islanddistanccandsizl"ofcanlil•·vcrlipmayl><" 

concerned. 

2.5 Transmission electron microscope observa­

tion 

The plan-vi"'v TF:M observation rt•snlts show ;.!most tlu· sanl<" ,...,,]b ,., 

those of AFM. The lnAs islands arc hardly uhscn·ed ;ot 1.0-l.!i~ll, mod tlw 

densityoflnAs island increases drastically at 1.8ML. Tlw rclatiun uftlwsmall 

island density and lnAslayerlhicknessisshowninFig.:l-8. Thcrcisadiscrej>am·y 

of island density between TEM and AF'M mca~urc·ments at l.8ML. It wuuld lw 

attributed to the difference in layer thickn .. ~s. Sinn· islands an• fmnwd <Lbruptly. 

small difference in l]u, lnAs laycr thickn~.,;s r~-su]l, in larg<· di~crrpan<-y iu is),.nd 

density around 1.8ML. Figures 2·9 show the plan-view TE~1 imago'"< <•t I. 2 an<! 

~~II •. When I he lnAs layer lhickn~s~ b IML. TE~I nuag<· shuws uu J>aolindao 

contrast, which means that the lattice S]Jaring in tll<' growth plan<· is unifurrn 



Fig.2·11 Th~ dcn<ity o[ •mall island mea..ured from AFM and plan· view TEM images 
asafunctionoflnAs layer thickness. 

through the path oflransmitt.cd ele<:tron and lhat the strain in Lheepilaxial 

laycrisuniformlydislributcdwithinobservedarea. TheacoordanceofLhelaHice 

spacingsoflnAs laye-rs and GaAscapand bulfcr layers are also indicated by the 

RH~;E[) ob~;Crvation as described before. Since electron diffraction is sensitive 

L<> thl· Janke spacing, TEM image u•ell reReds the strain distribution. On the 

nmlr~ry, th~rt· arc mauy dotted images which indicate tlw lnAs islands in Fig.2· 

!J(b). This mntrast well agrees with the AFM image of Fig.2-7(e). Be<:ausc no 

misfit dislon•tionsarcobserved in Fig.2·9(b),slrain relaxation in lnAsislands is 

not t•tunlgh ~nd i~lamls are still compressively strained. llowevcr, when 1ML-thick 

lnAs is grown. many fring<>sareseen ill Fig.2·9(c). These fringes are considered 

to be moirt; patterns c~uS<'d by the misfit dislocations 7• 1"·' 9 1. The fringes run 

along both [liO[and[liO[dircctions. Fromthcfactthatlhemisfitdislncalinns 
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lnAs layer. The•«•irnagcsrcft<'ctsthcstrain nonuniformitywhich is caused by the 

is]ali(.IS. It is noteworthy that the strain is distributed not only in the lnAs layer 

Lntalsointh<:GaAsbu/feratldcaplayers. Sincethelattict•spacingoflnt\sinllte 

island is not the •am<' as that uf GaAs, the GaAs which surrounds lnAs island 

sniT<·r• th,. t .. nsil<' strain n,:IJJ. The strain in GaAs layer is much remarkably 

·"''''"in Fig.2·ll(r) wh<'J<•tlw lnAs layl'r Lhickn<'ss is 4ML. Furthermore, another 

pll<'nnoneuon is ohscrv.,d. One<· the dislncatioRs ar" g"nerated and the Iattin· 

~J>il<'iugnflnt\s ro•tnr11s to "''"trained value, GaAs is energetically hard to grow 

<111 i,]andsduringnplaycrgrowth whileinter·islaRdsareaisstablegrowthsite. 

Th<· <!••pression of GaAs lay<•r on lnAs islands is seen in F'ig.2·1l(c) and also 

nh<ervcdbyothergrnups 12•10l 

The island si7.c at 2Mt is measured from piau· view TEM image. Histograms 

.,ftlwislandsiZ<"ar<·shown in Figs.2·12. Theavcragesizeofisland is 150.2Aand 

1:\:l."!Aalnng[IIO]and [llO[ directions, =pectivcly. The island height isesti· 

nMt<·oliUi30Afrom tlwi•la11dsizcin [ILO]dir<.'<'tionam.l thcfactthaLthcislaud 

ha~ (ll3)A facet. This estimated hl'ight agrees very well as that measured by 

AI'M. However, th<• isl«nd size in tlw growth plane measun.~l from plan·view 

TEM is smaller than that measured by AFM. The island is ~lightly elongated 

in [l!OJ din-.:tion. Th<'densityofisland is l.lxl011cm-1 iuthegrowtll plane, 

though AFM observation indicate.; the density is 4.5x l010cm-1. The disagree· 

nwnts of the island siZ<' and islam] density may be aUribukd l.t> the exi~tence of 

GaAscaplaycr. 11.1\itabayashietal. obsPrved island agglomeration even after 

In llux is stopp~d "')· lu the case of TEM observation, GaAs cap layer was grown 

<U<'<'<'Ssively aftt-r lnAsgrowth,onllwolhcrhand, lnAslaycr was exposed to As 

Jlux during lowering substrate tenoperatnre for about IOmin for AFM observatio11. 

Thus, the GaAs cap layer SIIIII>TcsS<.,. the island agglomeration in TEM samples 

aH<II<-adstosmallsiz<'andhighdensityislands. 

Tlw island du11gatiun bccom<'S rnon· nutaLk at ·I MI •. The structural anisotropy 

iu tlw gruwth planl' is co11siden-d to be caused by thf' structural dilf<'rence in 

tw<• orthogunal surfan' steps It is known that thl· atom and danglinl!; bond 
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Fig.2-12 Histograms of the island size measured from Tf:M image., where InA~ layer 
1hickness is 2ML. Island size is along [liD] dirc.:1ion in (a) and along jl 10] dirertiun in 
(b). 
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Fig.:l 1:1 Sch~m;olic ilhl>lralion> of anisotropic i•land ~voluuon due to the anisotrop) 

"' growllo rah· of orthogonal ""f¥~ <l~p>. 
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F'lg.'l-14 Schematic stroctu"' of 2ML grown In As suggested from Rllt:EO and TEM 

arran!emenls of step toward [I !OJ diredion, A-sto-p, dilf<'r from thos<· uf sl<·p 

toward [IIO] dircdion, B-step in zincblcnd<'structur<>d crystal. If Llwgrowth j, 

pcrformedunderAs-stabilizedcondition,!lrowthraleatU-stcpisfa.•Lerthan that 

alA·step 11 >. This anisotropy iugrowth rate results in elongatiouofislaud along 

[liO]diredionasshowuinFig.:nJ. 

Knowing island size. height and density, tl"' thi~kness of In As two dinu,usional 

layer which is underlying island can be calculated by •uhtracling the vohuneof 

island from th"t of 2ML amount of lnAs. The cakulatcd thickness is :en A. 

Because the thickness of lML of InAs coherently strained on GaAs is :1.25A, tlw 

thickness of two-dimensional layer is about IML. The stru<:tur<' of 2ML grown 

In As suggested by RIIEED and TEM observation~ is illustrated in Fig.2-14 

lnordertostudy the dislocation t}•pein large island, the dark field imag<'s 

with diffrao:tion spots of (220) and (220) were taken. Figures 2-15 >how tlw dark 
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field dislocillion imilges taken v:ith orthogonal g l"t~·tors. In Fi~s.:l-1.'\. UIH' can 

find that the moire friugcs run both [llOj .. ml [tlOj din·t·tions ami t],.. fring~.,; 

di~appeared when lht• g wdors .-·hirh art• ,·,•rlir~l lu llw fringt·• ,m· wlt-.·tt•<l. 

Considcriug the fact that di~loc~tinn in zill<·hlt-nd<"sllntlnn•d rrystalmustly run., 

along <110> dircdiun in (001) plan.,aud that llw.Jislordli"n rt•lit:l"t-sslrain iu 

transverscdircdion, tlwdislocatiun dir~dioncan lwassigw·d as J>imtllcl totlw 

fringe. Reprcs<"nling bas a Burgers vedor ofdisloration, tlot·di"loration imagt• 

di~appcarcd when g·b=O. Thus, the th<":<<" dislocatious arc idculilit·d as t•dg<' 

dislocations. The edge dislocation can relax th" strain effcctivdy bt'Cansc th<· 

Bur!;:ers vector lies in Lhti'growth plane. llowt•Vt•r, it isdillicnlllo,~tt•ncrah·cdgt• 

dislocationdircctlyinthl'zincblendcslrutltnwluystal.sinrclht·shortestlaUict• 

vector in each sublaUice is along < 1 J I> dirt-.:liuu whkh makt"'i oo• ;tnglc with 

<I 10> direction. The observed .,dgt• di.localion i~ rt>IIIJ>O>t'<l of a pair of 60° 

dislocations which run thesamedirti'Ction and havt•t.lifft-n•nL Burgt•rs vectors as 

shown in F'ig.2·16(l.orner·lock tnlc) 191. Rdatiou of tht• Hurgt•rs vt•clors of two 

60" dislocations and that of 90° dislocation(cdg" di~lo<dliun) is rt"("""<"nlcd by 

next equation: 

i[ltOJ = ~[101]+ i[Oiij (2-2) 

where a denotes the lattice constant of lnAs and [IJU) dislocatinu dirt'CLion is 

supposed. Composed edge dislocation is srssile because the Hmg.,rs vcclnr do~-s 

not lie in <Ill> plane. Dislocation generation 11\L"Chanisrn is ronsidcr"d that two 

60"dislocalionsaregeneratedattheedgeofislandsuccessivelyandthen[orrn 

oneed!;:edisloeatlon. 

Fromtheint.ervalofeach fringelnmnirepattcrn,onecancstimatethelattice 

spacingoflnAsisland by following equation: 

(2·3) 
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Fig.'l-16 An ~dgc disloration consisted of a pair of 60" dislocMions. Dislocation is 
assumedtnrunalonglliOidirectlon. 

where "toA• anti aa..o.. re!Jresentthc lattice spacings of lnAs anti GaAs, respec­

tivcly,aud «m rc]•rcsents the interval of each fringe. Although GaAs buffer layer 

suffers tensile strain, substituting 4.00A, which is 1ML-lenglh along <110> di· 

n.•clion of unstraincd GaAs, into aa..A .. and measured interval of each fringe 

into a,, th .. latticc•pacing of lnAs along <110> dire<:tion can be calculated as 

l.'liAwl ... ntlwlnAslaycrthickncssis4ML. Thisvalucisalmostthesameaslhe 

lML·ll'ngth ufun;lr .. ined lni\s,•l.28A thus. thcdislucalion in the island works 

pffcctivelyforthcstralnrclaxalion. 



2.6 Discussion 

From ~he experimental results, itwa.~ found thatthl'rt' arc Lhll't' slag1os in tll<' 

lnAs ~:rowth on GaAs: 

[. lnAs grows two·dimensionally on GaAs un~ill.SML 

2. lnAsgrowsthree-dimensionallyandbeginslonucleatesmallisla!l(lsaround 

1.8ML. 

3. lnAs grows three-dimensionally and begins to nucleate large islands at 

2.0ML. 

The growth mechanism of In As on GaAs is considered as follows. lnAs J:rows 

lwo·dimensionally at the beginning. Although tlw lnAssulfers compressive strain 

when ~wo-dimensional grow~h, the surface energy is minimized by covering the 

GaAs surface by lnAs, because the surface energy u[ In As is ]~""" than that of 

GaAs ~•1. Thus the total energy is minimized. Once the surface is covl.'red by 

lnAs, the surface energy does not change while the strain energy inn<"IIS<"< a~ 

growing lnAs. In this case, the strain energy is dominant. Hnw<•v•·r, as til<' strain 

becomes large, lnAs grows three·dim<msionally tn minimi7.<" th<• total <'IWrgy by 

expandint: in the interface planl.'. This change of tht•gmwth mod•· is tlwlu:11in 

ningoftht:abruplsmallisland formation. Ilecausetheislandd.,nsityehan,e;t•s 

suddenly,itisconsidcredthatnotonlyth.,nt:wlysupplicdatomsbutalsoalr<·ady 

sited atoms form the islands. In this cas.,, at least the l MI.-thick In As rt•mains on 

the GaAs two-dimensionally to minimi7.e ~he surface <'nergy"" shown in FiliJ.:.!·l1. 

As described above, the size and the shape of the InA~ small island<],,.,, not 

concerned with the InA~ thickn('SS, it st:Cm~ thcrt• •·xists c .. rtain ;,land,;~,. which 

is ~he most stable. In facl. growiug by intrt•a.,iug tlw mnnl,..r u[ u·rt~iu -.·ak 

islands is more ['('asonable than growing by cnlar~:iug the i~lan<l• ~i7.P. in view of 

the strain energy. When the densily of tlw small islands h~..:om~.,. largl' '"'' that 

islandscoale•ceeachother,thelarg<:islandsar.,formt:dbycoal<'lOf.,nccof«·vcral 

small islands. At this time, the elastic strain ~ccommo<latc<l in thl' i•lands is "" 
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l ... rg.,thaL tlw rni~lit dislucaLionsawgi'JWratl'<l. Onco•themisliL dislocations ar" 

gcncratL'<I in th" InA• islauds, it is energetically dcsirabl., to grnw by enlarging 

f<~rg~·islauds r<1thcr than inrreasing5mall islands in which no misfit dislocations 

"xis\. For tlwse reasons, th" si'l.e and ~h~l'" of larg" lnAs islands is nut similar 

•·~•·h uthcr. Tlwun·tiral apj>T<>adt of island form~tion is intensively describt•d in 

thal'tt•r:J. 

Fur tlw utiliz;•titlll uf Jn,\s island\<> <juanLum dot, the suitab] .. lnAs layer 

thicknt·.sisi.S-2ML,h('(.aUSI"th('islandsizf'aresimilartol'acbothcrandtlwr<' 

;m·nomisfitdislucations. 

2.7 Summary 

In this ch;•l'1"r, 1lw MilE growth and htructural characterization of lnAs 

on C ... As i~ inv.,~tig<~ted. /n-~llu RIIEEI) uhsl'n·ation revealed that the lnAs 

grow• two-ditucn•iunally until LSMI., then the growth mode changes into three· 

dimensional almlj)Lly. The lnAs island ha.s (IIJ)A facet. Surface lauice spacing 

gradually reaches to lnAs laUiceconstantafter islands are formed. 

Very lew islands w"'" Sl'Cil by AFM observation when lnAs layer thickness 

was les.~ than 2.0Ml., however, many islands were observed when 2ML-thick lnAs 

was l!:rown. The island size is 250A in diameter and JOA in heil!:hL This island 

Sl"CnlCd to be similar each other. Beside this small islands, large islands greater 

than 400A in diameter were seen. The density of large island increases with lnAs 

laycrthicknesswhilethatofsmallislanddecreased. 

Frnm plan-view TEM obs"l"vation, it was found that small island is coherently 

grown, on theolhcrhand, many dislocations were generated in lari!;:C island and 

th('straininthl'islandisalmostrclaxNI. ObserwddislocationisLomer-locktype 

whido rclaxt-s tlw strain effedi,·ely. 1\ot only In As island but also GaAs bulfer 

and t·ap lay<"< whido surrounds island art.• str~inNI. Thc size of coherently grown 

island obserwd by plan-\"iew TEM was slightly smaller than that observed by 

AFM sine<;< llw Ga,\• cap layer snJ'Iuesses aulomeration o[ JnAs islands. 
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When devic1• application of lnAs island is ronsidt·rt~l. llll' lhu·lnalinn in is 

land size bl'<:'<>liiPS st•rinus t>rohlt•m. Tlw rlnt·lu~lion in island si~<· inV<"SllRal<'<l "' 

this study is aboull0-20%. lnord.,r tomakt·island sir.t•unifurm,ll,..,e:wwlh 

condition such a~ substrate teml>cralur.,, V/llltalin ami growth ral<'shuuld [,.. 

optimizrd. 
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Chapter 3 

Theoretical approach of island 

formation and strain 

distribution in island 

3.1 Introduction 

There are two important layer thi(knesscs in lattit't'-mismatchcd lwt•·ru•"Pilaxy 

One is so-called critical layer thickness nuder which dislocatiou i• notgcrwral<><l 

Anotherisatransitionlaycrthickn<'ssatwhichthcgrowth modeofq>ilaxi .. llay"r 

changes from two-dinwnsional lo three-dimensional. Thus far, the pr<'dit lion 

ofcritic<lllayerthickncssfordislocationgcncrationhavcbccninvcsligatcdby 

several groups 1·21. Estimation of critical layer thickness is rcquon•d tu design 

semkondudor devices composed of lattice mismatched system am.l also dt•" ril,.,d 

m chapter 5 in this thcsts. On the contrary, \'cry few worh 011 the J>r<...lidinn ul 

transition layer thickncs~ have been reported 3 ·•1. In order to fabric-at•• Qlls by 

strain induced island growth. it is important to pr<.'<lict the transitiOn thi<kno·'~ 

This problem is meaningful especially th(' i~lands ar(' grown by OMI'VE. ;inu· 

no m-~itu surface characterization tedllli<tll~ has been established yd. 

Beside transition thickness. the strain distnl:mtion in island is an inl<·r•·•ling 



(•) (b) (<) 

Fig.3-l Srh~mMit illustratin!ls of growtlt modes in het~roepitax}·· (a)Frank->-an der 
~lNw~(FM), (h)VohuN·W~I:>cr(VW) aud (r)Stranoki·Kra..,lamw{SK) mode 

sul>ject. BrrauM" island grows mlwwnlly on tlw substrate, crrtain •train is dis 

tribute<lmisl;ut<k Straininislanddoanll:<'!<tlwhandstructurcsuchasbandgap 

whirh results iu O[>liral and dt·ctriral propcrlu·s oft~lands. Tllll>, tlw calcuiAtiou 

ofstraindistributioninislandisimportant. 

In this chapl<."r, tlw lrausition thirkuess is tlworctically estimated b) taking 

surface and strain rn<'rgiPS into account. Thr.,;timated transition thirkm."Ss is 

rnmp11rcd tocxpcrim.,nlal r~-sults. This theoretical approach will be a guide for 

QIJ formation hy island growth lattice· mismatched ~ysll"ms. The strain distribu· 

tionintheislandisa],;o(alculatedbyassurninga]J]>r<>]Jriateisland. 

3.2 Calculation process 

3.2.1 Transition thickness 



There are three kinds of growth rnod~ in lwtt·rot·pila~y asshuwn in Fi.e;.:l 1 •1. 

I. two-dimensional layer growth(F'rank·••au der Merwe mod<·, I-'M) 

2. three-dimensional island growth(Volmer· Weber mode, VW) 

3. two-dimensional layer growth followed by three-dimr.nsioual islan<l growth 

(Stranski·Krastanov mode,SK) 

As revealed by previous Sl'CLion, the growth mud .. of lnAs on GaAs is das,ili<·d 

asSK. Wecanpredicllhegrowthmodcfnragivencombinationofq>itaxi .. lla}•'r 

and substrate by Wulff'~ lhl"Orcm taking interface into account Gl. FignT<":1-2{a) 

shows the equilibrium shap~ of a siugle crystal. From Fig.3·2(a). relation lwtW<'t"n 

surfaceencrgiesofeach plane and distance from Wulffjwinttoeachsurfaccis 

derived as follows: 

(:1·1) 

where<T1 ,<T~, and,., denotcthesurfacecncrgiesofsurfan· I. :!,and 1, """l""'"lll"<"ly. 

h1,h1,andh,distancesfromWulffpointOto;urfan·l.2,and<,r<"<l><"<"liv•·ly,6p 

th~ change of chemical potential per atom wl .. ·n atom is inc<>q><>rat<,U iutu ny~tal 

from vapor phase, and v the volume of<meatom. Eq.3·l is a wcll-kuuwu Wulff", 

theorem. Similarly the e<tuilibriumshapeofh<'lcruqoitaxially gmwn •·ryslal is 

shown in Fig.3·2(b),andsimilarequatiun as E<Js.31 is dt•riwd: 

"-"hCTe<T,p,<T,.bdt.'llotethesurfacrenergi..,;ofepitaxiallayr.r;uulsnbslratc,r<·· 

spectively, ""'"'the interface energy between substrate and <:pitaxiallayt·r. Sim· 

i]arly, "·~·and h,., denote distances from Wulff poiut lo<:pitaxiallay<'r surface· 

and to interface, resp<•clively. luterfaceenergy ""'"'is reprMcntcd by Eq.J-2b.; 



(a) 

(b) 

a, surface energy 

0 : Wulff point 

Ucp• surface energy of 

epitaxial layer 

u • .,b surface energy of substrate am1 interface energy 

adhesion energy strain energy 

6.Jt change in chemical energy v volume of one atom 

t'ig:l·2 Sdo<'lloati<" ilhoslrations forHplanation ofWuliT's thourem. (a)Equilibrium 

>loapt>ofsillgl<'rrystal. (b)E<poilibrium shape in helero<'pilax.\· 



is called adhesiolt<•ne•gy. This trrm is •~l";,·,dent to tlw """' uf rr, 1 , ,,,.] rr,., 

[or homo.,pitaxy. Stmin <"ll('rg~ <plays an '"'l"'rl.lnt ml<· tu tlw inl•·rf.,..,. ,.,. 

ergy in laltice-mismatched het<'rocpitaxy, b.,cause stram <"ll<'rgy is g•·uo•ratt~l.o• 

a resull that the lauicespacing ofcohrrently grown epitaxial Ill)"<"<;,. aoljustt•d 

to tile lattice constant of substrate at the interfacr. In E<1.:J:.!a. /,,., h<~om•·• 

0 when u,ft, = 0"••1· This situation can be intrrpn•t•·tl tiMt tlw lowt•r part n[ 

epitaxial crystal tiuPS not exist. Furthermore epitaxial crystal di<appt•ar> "·lwn 

<1,ft,- u,.~ = -"·•• ur h,., = -II,.,. This means that tlw Ppita~ial lay•·r <lm·s H<ll 

grow threc·dimcnsionally. Tht·n, two-dim.,nsional gro ... ·th and thr<~·-dinl<"nSi<lu.ol 

growth can be distinguish~"() by next ~"(1uations: 

two-dimrusional growth 

three- dinwnsional growth 

Considering that thcrcarenodanglingboud•lltlw!.t·rointerfacc,lln:cuntrihutiou 

ofchemical.,ncrgy to intcrfacecncrt)"<".tlll><"m"gl<:<to·d. Then. E'I"·:J.:I n•nlw 

wriUeo as follows by using term of strain energy<. 

Lwo-dimt•nsiunal growtb 

thre,.-dimrnsional growth 

Not .. that the strain energy< increases lls,.pitaxiallayergrows whilo·thesnrfac1· 

energies u,.~, "••• remain the same. In other words, Lhee1wrgy rl"latiun changes 

from Eq.3·4a to J·1b as growth procreds. This chaugr does indicato· the kiucti~ 

processofSKgrowthmodeinthelattice-mismatchedbt•tcrocpitaxy. 

From Eqs.3·4, the transition thickness can be estimated quautitatively. Tho• 

strain energy was calculated hy valence-force fielt!(Vt'F) motld 7 ·8 !. In VFF 

model, the strain energy is calculated by bond stretching and angle wagging he· 

lween lwo bonds as shown in Fig.3·J. VFF model is applicable to microscopi< 

structure, because strain energy is calculated from the !>Osition of.,ach atom. 



rig.3-~ Atnm ;,rrang~m~nt for VFF mod~l. 

Cuunrt.-ly."tain <"twrgy' uft•;•dt alum inliucbl,ndt•struclm"d cry•tal isrepre· 

o;ent"d by followinJI,<:<Jnation: 

(J.S) 

whrre 8 denotrs group Ill and gronp V atoms. The bonds around "ach atom 

ar,denot(>d by j,k:l-1. and r; and rj, ar" the bond vectors around 8 atom. 

,.~is the l'<[Hilibrium bond length J· nand {J represent the elastic constants 

for bond stretching and anglP wagging between two bonds, respectively. Bond 

lrngths r•and clastic constants o, f) of P·related and As-related 111-V compound 

s~miconductors are summari2ed in Table 3-1. 

In order to calculate the strain energy in two-dimensionally grown layer, the 

strain energy should be summed up with respect to on<;> atom row along growth 

dircrtion as illustrated in Fig.J·1. The strain energy is minimi?.<:d by moving 

atom positions so thatthederivativeofEq.J-1i beoomcsO. 

For estimation of surface energy, the bindingen<;>rgy, i.e .. cohesive ener!Y per 

bond,wasuse.l 9•10l. Tosimplifysurfaceener!)'eslimation,surfacerecoostruction 
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AlP 4.470 "47.17 

G'P 4.460 47.32 

lnP 4.802 43.0·1 6.24 

AlAs 4.631 "42.89 "9.86 

GaAs 1.626 11.19 8.95 

In As 4.957 35.18 5.50 
"Th~scvaue.wcrecacuate<: un erllcassumptionlhat 

the relations of a and fJ in AISb, GaSh, and lnSb art' 

applicable in P-rclatl!(land ih-relatcdcnmpnunds. 

Tablc3-2 Dindingeucrgy perbo11d"· 10l. 

I I SI<VI I 
AlP "1.!101 

Gar 1.656 

In!' ].[i00 

AlAs 1.777 

GaAs 1.522 

lnAs IAOO 
"This value was cacuate un er t1c assumption that 

the relation of binding energy in AlAs, GaAs, ami lnAs 

isapplicableinP-rclatedcnmpomuk 

" 



L 
[110) !110] 

o As atom 

e In atom 

Ftg .. 1··1 Exampl~ of .tlom ww along gr<"'"th direction fnr summation of s\ra.no ~Hrg_' 
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(a) 

GaAs 

(b) 

Fig.3-5lsland configurations forstraindistributioncalculation. (a)lnAsisland surface 

is''""· (b)lnA• island is embedded in GaAs. Island height h, and size m growth planP 
L1, L~ are 16M!, for both cases. 



is nc~:lect<'d and surfacl' structurl' of I x l IS as~ume<l here. Then. l'adl surfan· 

atom ha.•lw<><langlmgbondsin the growth piau<', that is, (001) ]>lane. SincPlwo 

so>rf~•·esa"'P'"'Iun·d hydividingcrystal.<urfarecnctgyperhond hccomMalldll 

ofhinclingcn<'rgy. Tho· hindingcncrgy per bond. S.of l'·rl'latl'd anol As-,.·lated 

111-V "''"["'"'"[ "'•noin>nduo·luran·'"'Hmarit.<·<l in Tabi<·:J.:l. 

3.2.2 Strain distribution in island 

Str~in o·twrgy cli<lrihution in island was calculated also by VFF model. Two 

i~land cunflgnrrllions W<"r<" mnsid .. rnl as shown in Figs.J-5. In Fig.3-5(a). [nAs 

islaonl sonfa«·is n<>l ··nvPrcd<olhal thl'alurnson islandsurfan'<an IIM>V<" fr<"<"ly. 

On tlw ronlrnry. lnAs island is <.>mbedd<>d in GaAs Fig.:J,!;(h). ll\IL thkk lnAs 

lwo-dinwn<ion;d layo·r i< inwrt<•d betwo~·n GaAs and In As islaud. Island ~i?.c and 

'h"l"" an· sanw fot hntlo ruulignrations Island siz•• is lG:\·11. in gruwth plane 

and alsu J(;~l, in ln·ight. Lat<'r<d snrfaceofisland iscornpos<-duffuur {Ill} 

J•lato<>S. Although tln•ao.sumcd islandsizcandshapearedilferentfrumnbscrvnl 

<Lruo·tur<', island si:t<• Wl'ft" taken as largo· as pussihlc in the rl·strirtion of hM<I 

war\'. Dilfcrl'nrcofislandshapcwuuld notnous<·scrim>sproblcm"l"""'l""litalivc 

analysis is di••·us•t•d. In tho· calculatin~: process. periodic~[ bound<>ry mu<litiuu 

w~x •'l'l'li<~l. th~t is, •·oy•tals ollnstratP<I iu 1-"tg.~.:l-'i li<• si<l<' by si<!o• iu growth 

pl.>n<". llndt•r tlw islaoul. tlw laLLin·sJ>aring wa.< fix<'<l lo Lh<' Jatti•·., nmstanL of 

(];,A,. howt•\cr. onl) l:\11. uf GaAs was allowed tu mov.,. Uislocatiou was not 

inlrn<luc .. dinthci"land. 

3.3 Results and discussion 

3.3.1 Transition thickness 

(',,kul;,t<-d >lr~in t•ou•rgy in In As tw<>-dim<·n•i"n~lly grown layt·o on GaAs as 

,, fun<"linn nf I~Y<'T thickn""s is shown in Fig.:l-6. In l'ig.:l-6. ll~t• •Lr~in t•ncrgy 

is sutum<~l up with T<'S]><'t"l tn nnl' atom row ~long [001] dirNtiou as mention!!<! 
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above. The abscissa d<'nol<>« InA~ l<~ycr thickm-,.s in !In· nui! uf alumi,·];,)·•·t. Tin· 

surfac<' <'nergi<·S per bond uf lnAs aud Ga:\s an·.,[,, ~lwwn. From Eq~.:l-1. '"I,Ln<l 

growth starts "·hen Llw strain cn<'rgy cxc<."<'<ls th<• diff•·rc•un· in 'urf;u•· c·twt,;i•·~ 

bctweensubstratcandepitaxiallayer. 

The difference of surface energy is twice of the dilf<:tenrc in surfa<"l' c·n•·r~:_v 

and is calculated as O.l22eV. Then, the tra11sition thicknrss at whid1 tlu· growth 

mode changes from two-dimeRsion:,i !o Lhrn··<:i:n .. nsional is ..,;tim<Lt<·d as 1.1 in 

unitofatomiclayer,i.c.,O .. i'•\ll. Thrca:,,,);.;dthirkt .. ·'•isthinno-rthaulln· 

experimentalresultofi.SML. 

figure 3-7 shows ralculated transition thickness of lurGII.1-rAs gruwn on <:aA' 
based on our model. Experimental rcsultsarealsnshuwn for•·om1>arison "· 11 l. 

Onccans<.-ethatthcdilfcrenccbecorn<>Sremarkahlyatlowlncompcmitinnrcgion. 

To investigah: the origin of disagn-emcnt, W<" hav" c<Liculatrd the straiu cnngy 

which corresponds to the differenn• of transitiou thickm"'s bC"LW<.'<."Il our mod<·l 

~nd rxp<'rimcmtal results. Tlw result is ~hown iu Fig.:].8. Consi<l•·•ing that N. 

Grandj.,and al. llll"asurrd the transition thickm•s., by tli<'S]><~<ingufdilfu"·tinn 

rods or spots in RHEED whi!P P.M. l'ctroff <"tal. oho;rrv,....] uuly tlw d"'''l:'" in 

RHEED pattern(from streak to spotty). lh<' tran~iliou thicktl<"'" lll<"<"nrc•cl h)' 

former group is more rrliablr, especially ~tlow In mmpusitiun rrgiu11. Th•·u, !I«' 

difference of strain energy b<'tWt'<"ll thow ~~ calculah·d and PXJH'till«"lll<<llr.<l<'i 

linn thicknesses brconws ~lmost0.27PVand slightly<l<·rr<·asrs as lu c·cunrmsitiun 

incrc~cs. 

Therearetwoorit:inswhichcausetheundcrrstimatiun uftransiticm thi•·kn<"<o;. 

Oneisthatthe<'nergy acconunndat<."<.lin island. Onrmodrl d<•.tls wi!hcmly tot.cl 

c·nergy, which is sum of surface ~nd straiu energy. of twu-dimrn~inual lay<"t .tllcl 

does not take energy of island into account. Tlm.-c-dimt•nsinn<ll grcJ\vth lu·gin' 

when the tot~] energy of Lwo·dimensional layrr hrcom<.,. larg<·r th~n Ll1~t uf ;, 

land,similartolh<'<'ll<"rgyhalanc<'mndelofdislo<aliong<·n"ralinnpl<"di<!iuro•J 

However, it is impractical Lo calculat<! the total c1wrgy of isl~nd h<.~·an'<· i~J;md 

size and shape is «llknown. If w~ a.o;sume appmr>rial<· island and calc-nlat<· total 
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f'ig.3·8 Strain energ_v corresponds to thedifferenceoftransition thickn~ss between our 

model and experimental results. 

energy, the transition thickness would be estimated. Conversely, tlw transition 

thickness which agraostheexperimental result may bt'ol>Laincd b}' rhuosingn·r· 

lain island. This sequence is, how~ver, nonsense 

Another reason is the fact thatthegrowthispcrf<>rn>f'<l und•.ornon<'quilil.rium 

condition. Wulff's theorem is valid alt'(tllilibriumcondition where the crystal 

does not grow nor desorb, on the other hand, the situation in MilE growth is 

non·equilibrium generally. In other word, the substrate temperature during MBE 

growth is lowered to prevent desorption of group V atom• in insufficieut group 

V overpressure. In such a condition, total energy in cpilaxiallay•·r, which is 

thcdrivingforccforthrcc-dimensionalgrowth,needsmorestraincm:rgytustart 

three-dimensional growth. 

S. Ohkouchi el al. have observed STM images of GaAs grown on InA• (001) 

substrate by MBE 12·' 31 This combination of lnAs substrate and GaAs C]>itax 

ial layer can be classified as VW growth mode and is expected to grow Lhr<:e· 



dinwu<iun<llly fn<~n tln·l,.·ginningofgruwth. llowf'\'t:t. tlwy reporl<'<llhat GaAs 

!:""''~two diuwn~iuu~lly until O.i5Mt and thc·u tlor<"<:·dimrnsiuual growth ot· 

, ur~. :\olon·uwr, ~turns which has alr<'~dy gruwn twu-dimensiou~lly is ,,lripJ><'<I 

ulf fnun In As surfarr aud takt•n into islands "'ln·u tlw threc-dinwn~ional growth 

,,..,.,,~. Th•· ~lraito <"ll<"tg)' """"'"~1 up for ouc alum"'"' along [001] dir.,dion for 

U.i.'o~IL-thi<-k (;aA~ grown un luAs wa~ ralrulat~d ~s 0.2ieV. Thi• <"XJI<'timc·nt 

also indira!•·• that u·rl~iu •·xtr" r•twrgy is re<tuirc-d to form island. 

3.3.2 Stl"ain distl"ibution in island 

('akuhot•~l•lr<~in distrihntiou iu s<•vt•ml (001) plane., i~ shown in Fi!!:s.3-9 and 

:j](l. Wlorui<l,uulsnrf.,e·<'i>fr<"<:.ont·ran"'oethatlheslrainenergyissmallerin 

"1'1"'' ]>art of j;J,u,.l th,ou in lower J>arl. Furlh<'rrnor<', the strain di~tribution is 

dilfo·n·nll><·tw .. ·n luw<·r ;,,,J "1'1"'' pilrl,. Tlwslraiu di<trilllt\iun '<'('Ill' coucan­

iu luwe·r part wloilo· ''"""'~ >h•'l"' ~lr<1in di~t<ihutl<>ll ;~ Sl'<'ll iu liJIJICt part. Sim·t: 

''""'""" ;,J,md "'"f'"''"'" mow fro~·ly.<traiu <·tu•rgy at island surfan·lwc<Hlll'.' 

>III<III<"Tth,,uthatini<l.unlc·o•lll<·r.thus,tl"·'lraindi,trihutioninuptu•rJMII 

of island bt~·nnl<'s n•n•·•·x shapt•. On the• ulh<'r hand. lht• atoms at p•·•iphrr~· of 

i,lan<l foul an· hondo·d with un<l••r GaAs la}~'t which leads compressive· strain ami 

also bonded with upp<•r lnAswhidt 1110\'c•slom<ll.'risland. As a '"'mil, IW<1kimb 

of hutnling o·ausc· uu<ldlural bond wnligur11tion a11tl largl' strain i~ indun~d. (', 

l'ric.,;tt•rf'l ,.]. ha,obtaitwd situilllrrt'Sllllsbyassumingst'I'<'Tal [Mel plan"" HI. 

]lis llt>tl.'wurthy lh<1l strai11 •·xtr•Jul~•·n-nlo (:aAs la.I'Pf 1111d"r islautl. This result 

•'!':"~"' with the•t'""'" ••·c·tion;•lTE:\1 ob""'''<1ti<1u. 

('umparc~l to till' surfat·c· frn· i;!and. tlw strain e•tlCT)!;}' in f'mbt-ddt•d island is 

)!;r<•,ol•·r. Tlli-< ttt·nd >«~·ms more· rc•tnarkablt• in "1'1"'' p<lrl of isldll<l. Furth('Til\Or<' 

I he• straiu distribution i~ eom·a\'t• <egardlt.,.> of !wight. 11.-.:ause i-;land ~urfan· 

nmt;uts with (;a,\s, alemO< al isl~nd surf~cc· <<te• str~ine~l while· ~toms ~I i1111<'t 

i~land.m·bomlr·dwilhcmlr lu,\s. Thissilu<•lioll dm·" not chang,. with tespcrt to 

!wight. Th.-.. -fon·. lht•strain distributionl><'n>lllt'S nm<"~,·••shap••and tlwstraiu 
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energy does nul decrease drastically with resped Lo h~ight. It i< imporlanll<> 

notice that the strain distributes not only in hoAs island but al.c> in ~urrunnding 

GaAs. 

F'romcalculatedstraindistributioniu lnAsandsnrroundingGaAs, it is(uusid 

ered that the band structure such as potential height i~ changt·<l. Although \'FF 

model cannot classify the strain into each conrdinate~ompo.•itions su.·h as 'u• 

'•• and,,,., position of each atom is obtained. In this (ll~<', hand g;q> wuul<ll><· 

estimated using deformation potenlialbycalnolatingstrainingrowth pl;uwau<l 

growth direction from each atom position. llowc\"f"r. haoul gap •·akulatt·•l ""' h 

method is defined within very local space and henr.c su•picion~ to •']>ply furtl1<·r 

calculation. Band structure should be rakulat~-d hy tight binding nwthud ~inn 

all the atom positions are known, though it tak<"Senonnons tinoc to<·aknlato· 

3.4 Summary 

In this chapter, the transitio11 thickness of island growth and strain distrihu· 

tioninisland were calculated. Thetransitionthirkncssat whiehtl ... gruwlh ono•l•· 

rhange; from two-dimensionally t.o thr<"C-dim<."osionally was <"Stimat<·d in t<·rn>< of 

strain and surface energies based on Wulll's theorem. Straint'll<'rgy w.os (aku 

lated by Vff model and binding energy was used as surface <'!l<'rf:Y· A< !<•suits, 

calculated transition thickne!IS for lnGaAsfGaAs was thinner than <"XJ><"rim<·nt;•l 

results. Disa1:r~-cment was attributed tothen<'gl<'<:l oftotal<•!H"Igyufi,l;uo<l ;uul 

non-equilibrium growth condition in MRE. How.,ver, pn·riS<· tr,.,,iliuu t!oi< k"'"'' 

maybepredictetlbyatltlin!:certainenergytnstrain<'IWrgy. 

Calculated strain distribution in island was dillerenti><'LWL'<·n ""f'"'" f,,.,. •~la"'l 
and embedded island. Strain energy tl~rt'IISf'sin upp~randuut•·> pa1t~ufi,la11•l 

in case of free surface. On the contrary, strain en<'rgy do<>< nut doang•· .,],.,,:: 

~rowth direction and is larger at lnAs/(;aAs boundary than at i•laud •·o·ut<·r 111 

case of embedded island. It is di'Sin·<l to ealrnlat.,the hand strndur<-. frmn 

calculated atom positions. 
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Chapter 4 

Optical property of InAs on 

GaAs 

4.1 Introduction 

The band structures of Gat\s and lnAs are both dirccl and the band lineup 

at hclcrointerfacc of lnAs and GaAs is type-] which means that both ~1.-:ctrou~ 

and holes arc confined in the same S]>ilCC. The band g<~ps <>f GaA~ and luAs otr<" 

1.'124 and O.J54eV dl room lcntp<·rature. r<~pcctivcly <J. Th':l<' cl<!druuir prop­

erties are advantageous for light-cmiUing device. csp<·cially for infr;m·d uptin.l 

(COmmunication. Further, the disrontinuitwsofcondutli<H> and v;d<·u•·•·l>aud; at 

heterointcr[ac.,arcquitelargc,strongquantumclfc<.t bruught by•uitabk<ruau­

lurnstructureisexpccLed. lnspitcofsuch attractive material pmJwrti<.,., tin· 

heterostructure of lnAs/GaAs with no defect' is dillkult to fabricalo· do<: tu tlw 

lar~:e lattice-mismatching uf i.2%. However. small luAs islaud wlndt hrls uu dt• 

f~-cts was formed on GaAs at very early stagt: in MilE growth ,L, rt•vt·dlt"d m 

chapter 2. The island size is about lfJ0.....,2.50A in <lialll<'l<'r and JOJi iu !wight 

Thedensityisashigh as l.lx!O<Icrn-1 in lhf'growth plant!. Siuct!lho·i•lrlml ,izo· 

IS considerably small. it is<'Xp~-ctcd thatthisself-as•embled island can be utiliz<"d 

ilSa QD. 



l,urnino-scrn~" fr<>m ideal QD i~ known a.~ ultra narrow peak due to 6 function 

lik.,DOS.Sharp DOSirnpro••.,slhro,.hol<lcurrentanditst.,rnperatur<·d.,p.,nd.,nc" 

off.D 1 '1. FIOH.lllaliunoflasingwavel.,ngthdu.,tul{"mpcraturcisalsostdhilizcd. 

i\unllu·r impurlanl feature of QD i~ llu' low uplicalvhunon sc •• ttcring. Enerty 

'tatt-uf~arrio·rin ido·aiQD i<Jn·rfcctlyoluanti7.<'da.nd theintrrvalslwlw<'<'n<]uan­

tum mt•rgy slalt·s lw<:OIIl{" larger when QD siw is wduu-.1. If tl"' intervals of en· 

o•rgystat•••h{"cnmo•largo•rthantlwcncrgyofopticalphonon,abwrptionofoptica] 

phuuou i~ furbiddo·11. On the contrary, phonon emission is J>rohihited when the 

intc-rvotlnfrnt"rgystatt•sissmallerthanJ>honouenergy. Then, carrier relaxation 

fwm high"r t•m•rgy st,•t•·~ l,y ]>honon s<·alt.,ring is ~Uf>prf'SSL-d. Thi• properly 

o ~~~ bo· "'""d for inter·suhband I,D in whido r~ali~;•liou of J><>pulatioll inversion is 

uln·mclydillkult lwraUS{"ufshortrarri.,rrclax .. tion Lime. 

lu ordt•r to n>nfirno thr possibility of application of lnAs island fur QD, it is 

nt"<"t'Ssarytoim·cstigat.,elfftricalandoplical properties. Thusfar,severa.lgroups 

iouludin~~;ushav.,characlerizL-dlheoplicalpropertyoflnAsgrownon GaAs 6 " 001. 

llowev.,t, must ofllwpn•\·iou.works havl'nutrelate<ltheoplical property to the 

In As structure. Siner lnt\s t•pilaxial shudure drastically changf'• <:'Specially at 

thebeginnin,e;ofgrnwthasshowninch,,pter:.!,iu\"e!iligalinnofoplicalproperlyof 

In As wi~h rcspe<llu the layt·r thickows.' ;,. extremely important and •timulating. 

In this chapter, the nptkal ptOI>erlil'S of In As trown on GaAs is inv .... tigated 

wherelnAslaycrlhickncssisvariouslychangcd. Photoluminescence(PL), PLpn· 

lari1.alion, eledrolumint"Sccncc(I':L) and pholocurrcnt(PC) speclrosropi~.,. were 

mc;u;ured. As results. strong luminescence dependence on lnAs structure is 

shown. High lumhwscencecffiriencyolisland and polari1.ation arere,·ealed. 

4.2 Experimental setup 

Pl. was performed with a 5145A Ar-ion laser. Samples were cooled by closed 

lypt'lle !low cryoslat(>lOK)or liquid nilrogen(77K). Luminescence was monochro 

matt'(] by 0.7Sm-long monochromator and detected by Gepin diode cooled by 
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liquid nitrogen. The spatial resolutiou ofmonorhromalur is 1 1\. Lo~k·iu d<•lt•t·· 

lion technique was USL-d to gain S/N ratio. Samp],.,. for Pl. ,,..asun·nu·nl h,,.,. 

IOOA·thick single crystal GaAs cap layer so that lnAs l><•com••s QW or Qlh 111 

GaAs. 

Polari~ation of PL was mt>asurcd with the system illustrat<"<l in Fig ·I 1. Ont• 

canseeth('polariterinfrontofthemonuchromator.l'ularizationprop<"rlyufgrat· 

ings in monochromator was calibrated by halog<'ll lamp which emit~ no polMiZ<"<I 

luminescence. To measure tlw polarization of lumint"O<<encc, two •·onfigur,llion" 

were adopted, i.l'., polarizer was rotated whi!P sample was fixt•d, aut! sa1111>k wa~ 

rotated while polarizer was fixed. 

ELand PC were measured at room temperature(RT). EL was also l"'rfurrnt•d 

with the same measurement system as PL except for the fact that carriers wcre 

inje<:tedbydircctcurrent. PC was measured underreversebiasconditionwithout 

additionalloild. GaAs/lnAs/GaAs pin photo diode structures Wflrt' fabri<".at<'d for 

EL and PC measurement. Tlw 4000A-thick Si-dopcd GaAs claddiug layer W/1..'1 

grown on an n-GaAs substrate at 580"C at first. Tlwu, an undopc lnAs ...-tiv" 

layer with various thickness was grown at 480"('. Tlw ·10{)0,.\.thirk lk<l<>t><~lt•· 

GaAs cladding layer was grown on the adivt> layer. Sinrc growlh l<•lll]wratun· of 

~SO"C is low for ideal GaAs growth, gmwlh tcmpcratun· wa" int ""'"""'] gr,"lu,.tly 

from •ISO"C to 580"(' to impruvc the Hysta!lin .. <jllality uf r•·G~A' 'lrlrlrling l.cy•·r. 

Finally, the IOOOA-thick Be-doped r•+ GaAs contact l.ty•·r was I;IOWII. Au/Cr 

mesh and An/Ge/Ni flat el.,ctrodL'S were formed hy photo lithogr,<J>hy .uul c•v<•t•· 

oration forp+. and n-GaAs layers, r<"Sprctivcly. Oluuit· e<lllla<"l" w•·rc· fomwclhy 

alloyingat380"Cfor60sccinlhambient.Tlwhnislu·dsampl•·•lruttun·i,,l,.,wn 

in FigA-2. 

4.3 Photoluminescence spectroscopy 

Figure 4-3 shows the PL spectra of l.0-2.0M L·thick In As at IUK. Om· <.an 

scethesharppeaksatl.O, l.3and 1.5ML. Peak wavelengthsal"<'812,8b5and 
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Fi~A·l Srl•~matir illn"tration of nt~asur~m<mt "ystem for pol>t.ri7-a.tiolt of Pl .. rhe po· 

larizcrin fruntofm<nwchrornatorwas rerno,•ed "hen conventi011al Pl.w"" mc,.,.urcd. 

GoA• •oooA 

P-GLAO GaAs «>OOA 

_A ACTIVE lnAs 

N-GLAO GaAs 4000A 

N-5UB. GaAs 

ELECTRODE 

Fig.·l·:l Sch<>rnalic illustration of•ampleslructu~ forELand PC. A pin photo diode 
was composed by p (;a,\s, undoped lnAs and n·GaAs layers. 
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single crystal GaAs cap layer was grown to make up SQW strucLure. 'lhuosition nf 
sharp to broad peak is shown which corresponds to the island formation. 
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FigA-4 PL spectra from l, 2 and 4ML-tl.ick lnAs grown on Gai\s. The luminc.•rc11c~ 

peak W<lvelength at ~ML is the same as that at 2M I., though tloc inle11sity ;, v.eakcr 
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878nm, respectively. Since ltliEED, AFM and TE~1 observations indical<· that 

lnAs grows two-dimensionally at these thicknesses, the lumincsrem:e is emitted 

from GaAsflnAs/GaAs single <Jnantum well. The narrow full width at half max· 

imum(FWIIM) a.s lOmeV means the uniformity of the In As layer thicknesses. It 

is ,I!;Clll<lrally rccogni~cd that luminescent<:' from QW in which well width is not 

inl<,g<:r ML has multiple peaks due to inhomogeneity of layer thickness in growth 

J>lll!lt" 11 1. llow<•w-r, as srcn in FigA-3, there is only one peak in luminescence 

"I""' tra when InA.' layc•r thickrw~s is thinner than l.&MI,. Furthermore, the peak 

wavc·h•ugthshift Lolongcraslaycrthicknessincrcases. Therefore, it is considered 

thatth<•Lerrac•·widthin lnAslaycrisshorlcrlhanexcitondiameterandthecxci· 

Inn f<"<•lsawrag<'<l put<•ntial. Anolht•rpeakappearsatthelongcrwavelcngthside 

at 1.!\ML.ThisJ><'akilliJ>Iirstlwoccurrenreofislandgrowth, though significant 

ln1\s islands Wt•re not obscn·ed by AFM and TEM at I.&ML. The optical prop· 

c·rty uf tht·lnAs lay"r is sensitive to its structure. At J.SML, tlw FWHM becomes 

dr,.sti,·allybroadas60mrV. Thchnninesrencesprctrumdoesnotgreatlychange 

h.-tween 1.8 .uul :!.OM I., though the pPak wavelength shifts to longer. Thus, 

notonlythcislandclcnsityincrea..c.,;butLheislandsizebecomcsslightlylargcr 

with incrca.•ing lnAs layer thickness. If the luminescence is emitted from QDs, 

the FWHM is expected to be narrow. llowever, the diameter of e~cited light is 

O.lnuninourcxpcrirnentancltlwrcarei07 islandsinthecxcitedarea. The broad 

FW"JIM can hi' attributed to the fluctuation in islandsi?.casrevealcd in chapter 

:!. l{l"crutly .. J.Y. Mar~in ct .. 1. has performed micro PL measurement ""hich can 

lllt'a.,nrt• I'L fruur ar<'a as small as 2.0pm in diameter 101. They observed many 

l"'•'k" with nh ra narrow FWHM at the same wavelength region as conventional 

I'Lspt•rtra. 

Tlw I'L S]><"<"tra from I. 2 and ·1ML mt•asored at iii( are shown in Fig.4·4 

(),,..,. .. , St"<'ll w.-ak p<"ak iushorterwavelength h ... id<'main peak at l~L. This 

u·,·ak lumin .. ~H"ll<"<' is c·miltt-d frum GaA~ l<l)"t.'r and iudiratcs that tlw carriers an• 

spillc·d o\"t"r from l~IL·thick QW. On the coutrary, no lumiucsccnn• rclah:d to 

Ga:\"issrt·nat:n·IL.Itisiutt"rcstingthalthelurnincscPncewavcl<'nglhso[2ML· 
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and 1ML-thick In As QWs are almost th<' sa111e hut th(' intrnsity is W<·akt•r in 

4ML. This result is interpreted that the large island in whkh misfit tli~lt,..alJon< 

are generated does not concern witlt lumin .. scence because <lislocation works ~s 

non-radiative center 111. Low density of coherently grown small island and hi~:h 

densityofstrainrelaxedlargeislandresultcdwcakhnninesccnc.-inlcnsityin 1M I. 

thick sample. The growth mode interpreted from PLresultsisthcsanu·asthat 

of AFM and TEM observations. 

4.4 Photoluminescence polarization spectroscopy 

It is generally known that luminescence from a quantum structure which has 

structural anisotropy exhibits polarization properly, because thewaw fundmn 

becomes anisotropic and dircclion of dipole moment i~ spatially qui\nti~•~l '"" 16l. 

As shown in chapter 2, lnAs island grown on GaAs is elongated in [I iO) direction 

rather than Ill OJ direction. It is considered that PL from island is polari~.cd dm· 

tothestrucluralanisotropy. 

BeforemeasurementofPL.polarization,thepolarizationpropt•rtyofmono~hru· 

matorshouldbeclarilied. lnordertodarifythcpolarizationpropcrtynfmunudlto· 

mator, PL of Si-doped GaA• substrate wa.~ measur~-d at flrsl. Figur~., 1-5(<t) .uH.I 

(b) show the PL p<:ak intensitiPs of Si-doped GaAs substrate when· suh~lr.•l•· w"' 

set so that the substrate orientations become orthogonal cad1 <>tlwr. Tho• po·ak 

wavelength was 840nm. Although the Pl. of GaAs sul>strate is nul pulari~<-d, the 

results indicate strong polarization. Since the I'L intcnsitie> an: strongest when 

thegratingsandpolarizationdireclionofJ>Oiarizcrisparallclrcgardl<"'"<>flhc 

substrate orientation, this polarization property is caus<'d by gratings. Kn<>w 

ingpolarization property of gratings, we measur..d th<! PL. polari~ali<>n of land 

2ML-thick In As samples as sho"n in Figs.1-.'i(c)-(f). f'<."ak wav<"lenglhs of I ami 

2M I.-thick lnAs samplrs arc 850 and IOOOmn, respt'<'livcly. Almost t],.. sam<· n· 

suits as Si-doped GaAs substrate W<."re st~ll for IML-thick lnAs samplt•, that is, 

the polarization directions arc diiTcrentl>etw~-cn two sample set configurations. 
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FigA-::0 Polariut.tion propenies of PL from Si-dopcd GaAs >uh•trMe(a),(b), IML·thirk 

lnAs(c),(d)and:2ML-thick lnAs(c),(f). Solid circles repr,..entthc I'L l"'akiutrn>lln•., 
and solid lines ar<;> r.ned curve by assuming sinu>oidal function. Ah>ri"a iudir.tlo•, 

the polarization direction of ~tolarizN. (ItO) dir<>ction of sample wa.• "''' parallr·l '" 
the polarization direction of gratings in the monochromator in (a),(c) and (r), whilr 

sample set angle was rotated 90" in (b),(d)and(f). 

Therefore the PL from IML-thick In As, in other words, GaAs/lnAs/GaAs singh· 

quantumwellisnolpolarized. Ontheolherhand,PLintensiti<•sarelhcsLrongesl 

when thepolarizaLiondireclionofpolari~<'risparallel to [liO] dircrtion regardles< 

ofsarnpleseLconllgurationfor2MIAhicksamplra<sttnin F'ig<.1.0,(<•)aml(f). 

From these methodical experiments, one nn d~-dun· that tlw PL from 2ML thilk 

lnAs or In As island is pol~rized ~long [I iO] direction. The polari~atiun along 

[liO[ agrees with theoretical prediction as discussed later. 

Figures4·6show the PL polarization spectra calibrated by polarization prop· 

erty of gratings using halogen lamp. PL spPctra of two orthogonal polarization 
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Fig.-1-6 l'nlariz~d PL sp<-.:tra paralle-l and vertical to (I iOI di....,tion. Thickness of h1As 
is (a)IML and (b):l~fL. The polarintion pmperty of the gratings in monochmmator 
wasralibrat...,J by halogen lamp. 
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Fig.4-7SchematicillustrationofQDfortbeo:--xplanationofpolarization. 

directions have ahnostlhe same pro1>erlics when the In As layer Lhickn<'Ss is l Ml 

On the contrary, Pl. from lnAs island shows strong polarization along [I lOJ di­

re.:tion. The peak intensity ratio between [liD] and [ItO] direction polarizations 

is about 60% while that at IML is 92%. In spite of intensive mcasur<>nwnl, 

significanlwavelengthdependenceonpolarizationdircdionwa.<notohS<•rwcl 

PolarizationofluminescencecanbcrelatedtolhPdiiTerenc+'ofdipol<•mnnwuls 

along two orthogonal directions. In case of <]uantum dot illuslratPd iu Fig.1-7, 

luminescence polarization in x-yplaneiscalculatedbyfollowiu~:<>quatiuu 17) 

where P denotes the ratio of dipole rnon"'"t ~long x andy dir<>ctiuns, kr. k, and 

(·, Lbe wave numbcts along x, y and z dirt•t·tions. f'""'l"'rtivcly. As•uming that k~. 

t·. and k, are in reciprocally proporLionl<> th<' isldnd sizcuf l!iOA, n:tA, dlld 

lOA the polarization Pcanbceslirnatcdao'JS.7%. Thereisalargt·discrc[>ancy 



betw~'<!n ·~xpt:rim<mtal an<! •·akulated rt•sults. Some reasons for the disrre]Jancy 

ar<> o·on~i•l•·rrd. 1\1 firsL. pl<"<"i><· pularizatiun was nut nwasur.>d dow to i11l]H"<-ft•ct 

11 ,..;,~urt:m<•nt syst<·uo. As -.~·n in Fi!!;.·l·!i(a). p<·ak int.,nsiti<.,; of two polariz;•tions 

ar<' diffo•r<•nt for I Ml.-thio·k ln1h in whirh polarizatiou is nut "XJ><~-1<~1. Second. 

'"'"'" islauds arc·•·lo·o·tri< ally •·onn•~·(<·d in (110[ dir.,<·tion and QV.'W lik" strm·tm<' 

is furm<·d by Qlh. ]-;,.,., "" uouoinally jnst·ori.,ntl'<l suhstrat.,, t],.,re must 1><· 

m<>ll<>h•y•·r step~. 1h n«·ntioucd in d<apt<·r :.!, two ki<L<ls of step exist on (001) 

Jlliull'nfzi<whl<·lld<· 'lr<><"tllr<~l nystal 11nd the atom stkkiug coclliciclll at step, in 

,tlwr words. tlw ~ruwth rato•, is high<·r iu U-sl<:p, which runs along [110( dir~..;tion, 

tl""' A·sl<·p. Thi~ .uoisnlrupy .,f gruwth rat<" in<]lf<l\"1.,; the lin<"arity «f A·sl<']> and 

,],-~.,,.],., th;,t uf ll·•l••p. Smn<· wnrks on STM ohS<·<·,·ations of Gat\s homocpitaxy 

uu onisori<•ulo·d suhstr;<l<-s h;l\"1' h ... , carri<·<l <>Ill and dilfer~ucc of step lino:arity 

J ... tw<'<'ll A· au<l ll·sl<·ps has h<~'ll shown 18· 1~1. On A-step, the step <•dg<· is 

<lraight. howt•VI'f. un ll-sh·p. tht• step ·~dg<' is \'<•ry rough with many kink sit<"S. 1\. 

lkun<H 1'1 al. uiJS<'fV<~l sram1ing tunneling tuicroscope( STM ) of 2ML grown In As 

un (;aAs suh•tr .. t<:s 1.0' misoriented toward [110] dir~'<:tion and found that the 

InA~ small i~lands art• I>Tcft'rentially form~'(] at steps /<II. They said that the step 

on the lower t<•rract• is the favurablc nuclt"ation sitrs f«r In As islands. Considering 

tbt• anisotm1•Y of stq> linearity and that ln1\s island formation at st"]> "dgc, lnAs 

i~lauds arc lik<"ly to assemble along [110[ direction. Figure 4·8 shows piau-view 

TEM ima.:c nf :.!MI.-thick lnAs grown on GaAs (001) just-oriented substrate. 

On<· •·an ,..,,. thr line of islands along [I iO] direcliou. Similar result has been 

nhtaiued by t\F:\1 nhscrvation. The polarization of PL from such QWW bt'<:omcs 

largt•r than that ufQD siuo• wave number alnng QWW, /;, whid1 ap]><!ilfS in tlw 

nunu·ra1or nf 1-:<t.·l·l ht•ro<nt.,; 0. Howewr, tht• calculated polarization of QWW 

is !15% and stilllargl'r than c~pcrinwntal r<•sult. 

Third. strain di•trihution in island affects the dipole moment. Fromtht•tm·tical 

work hy II. Slwn <'l ~1.. dipolt· momrnt is enhanced by mmprcssh·e strain ]>aralld 

lt> the dipolt- mmnenl 11 1. lnAs island coherently grown on GaAs is elongated 

along [110] dirt'Clion and compressively strained as calculated in pre"ious chap· 
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4.5 Electroluminescence spectroscopy 

Fi)!;tor<· 1 1) ,)ww< Ill<' EL ')><'<lr~ wlwre !to:h tbukru""'" <Mu·d ftom 1.11 

to:!.O,IL.(),,.,,,.,,,.,.,.I'''•<kat8SOun<ll.ll<·\)ftom.tll''''"l'l'' "llo"["'"k" 

OHl'idcreddtH"Io(;a.\,,[,oddm);I<L;.<•r.'lll<<'lh<"lH\,,o,l"'''l.<lni'"''lnllth,ot 

'"""'<•lrrl<"l><>'<'ti!<JII ft<>lltllu '"lilt'l"!<"flol]wol.tddlllg [,l\<"1 '""'"'''"'·<! 111 

Pl. rlu·pe.,k.ot 'I"Hlnll<{l rlo·\ l""''"v.lu·ntlu·Jro\,[,,,,,.,,J,"k'""'' 1.0.1'1 

"'"[ l .. i~ll. [ [,., I"'•'~ j, 'Jllnw\ lowo·r tllill< (;,,.\- IMtul );••P lonp<lltlu·' ,,,[, ,,, 

Si or lit• do '"'' r .. ,, ''" h d, I')' [,.,.,., I],, l""·'k '''" lw ~"il!;ll< cl ~' \lw <·rnr"'"'' 



FigA-9 EL spcnra of variou" InA• layer thickness. lnjeeted current was SOmA 3lld 
measurement temperature was RT. 

WAVELENGTH[nmJ 

Fig.-1-10 EL spectra of 2M I.-thick lnAs with various injection rurrcnt 
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from the two-dimeusional lnAs layer. Discrepancy of wavelength b<;>Lwtvn 1'1. 

and EL can be attributed to Lbe difference in measurement temperatom·; I'[, wa..• 

measured at !OK while EL was at RT. Another peak at ID90nm(I.HeV) is S<.'etl 

when the lnAs layer thickness becomes l.~ML and the FWUM is as wide a.• 

SOmeV.This peak becomesdorninantandotherpeaksaresuppressed when tbt• 

lnAs layer thickness be<:omes 2.0ML. The peak is assil!!ned to the lnAs island 

from the comparison with PL. The wide fWHM re8ects the Huctuation in tht· 

island size. The luminescence from Ga.As cladding layer was hardly seen. The 

betteremissionca.pabilityofislandsisunderstoodfromthefactthattherelatively 

large peak i• seen at 1090nm from 1.5ML sample, although the RHEED, AfM 

and TEM observations revealed very few islands at 1.5ML. The strong cmi•sion 

from QDs in spit.eofsuch low density indicates that the carrier colle<:tion and 

lumin.,.cenceellicicncies of the island is very high. EL spectrum at 2.0ML is 

almostthesameasthatatl.5ML,butthepeakintensityis20tinleslarger 

Figure 4-10 shows the EL spectra of 2.0ML sample with various injection cur· 

rent. The intensity of broad peak increases with increasing injection curn·nt 

Besides emission from islands, two weak peaks appear in the shorter wawlength 

region. These peaks are identical to those observed when the In As layt>r thick· 

ness is less than 1.5ML. Thus the peaks are assigned to GaAs cladding and 

two-dimensionally grown lnAs layer, resp<:ctively. It is noteworthy th<1t the lu· 

minescence from In As two-dimensionally grown layer was observed. This is tllf" 

proof that the lnAs two dimensionally grown layer still remains even when thr<;>e 

dimensional growth occurs. However, in previous section of PL, we could not 

observe the luminescence from two-dimensional layer. This PL result sup1>orts 

the considerable incorporation of two-dimensionally grown atoms into the island~. 

There are two important differences in the carrier excitation betwc"n El, ami I' I,. 

first, thetotalexcitcdcarricrconcenlralionofthe ELisabout thrco·tirucslar,o;o,. 

thantha.LofPLinourcxperiments. Anotherosthcdiffcrcnceincarricrrxcitation 

process.lnPL.theincidcntphotonis .. bsorbcdtoexcitecarricrs,tho:ncarricrs 

diffuse to lower potential space and recombine. Since the incident photun nurn· 



bcrdecrca.st.,.<•xpon<·ntially from thrsurface, it i~con~idercd that carriers are not 

sullicicntlysuppli<·•ltoluAs.oetivelay<:r. On theotherhand,carri•·rsaredirectly 

iujo·dc<l and r<'l"l!lhitl<']>rd<:rcntially ar<>mul acti>·e layer in EL, because of the 

douhlc heterostructure. Thu<, the effective carrier concentration around lnAs 

activ<: lay<:r of El.l><•mnl<"' nmch higher than that of PL. As a result, lumines· 

u·nn· from lwoHiinl<'nsionally grown layer was observed by EJ. whiiP it could not 

lwobscrwrl hy I'L. Taking r,.sultof EJ. into account, it is thought that certaiu 

d!t><>Uill nf two diu~<·u~ionally grown In and As atoms still remain t"ven when the 

;otunl iumrpnration "'"'"'~at growth temperature of 480°C. This growth mode 

dilf<·ro, frum <u<liuary Stranski-KrastaiiO\' nrodr in which the thickness of two 

rlinu·Ho;i<m<~llaycrt<·mainsLII<'saml'wlwnthcislandformatiouoccurs. 

Tlw <>xisi<•U<'<' uf lnt\s two·dirnensional layer, in other words, wetting layrr. 

iuolic~L•, that it io; <'tl<'rgcli<·;dly stahl<·r to mvcr GaAs surface by In As instead of 

gruwiug larger InA' i,laucl cwu whcu Llll' island formation starts. This behavior 

is<·xplaitl<'d by til<' fad that thesurfacecJI<'rgy of In As i• lower than that ofGaA~ 

a.<<lisn•s.•ediupr.,viuuschapter. 

It is reported that si~:nificant amount of the atoms in the two·dimensionally 

grown layerarcincorpnratcd intoth~:islaudsduringtheirformation l.m. llnw 

<'VCr,the tJredsethickucssoftherest twu·dimensionallayer has not beeu rlari· 

lil'<l. Q. Xie et al. and X.W. Liu el al. observed the cross-sectional TEM im· 

ag<'5 of lnAs/GaAs ~:rown by MBE and showed the existence of two· dimensional 

layer U,:><), In the case of TEM, the prc<:ise thickness of two·dimcnsinnallayer can 

notbef'stimatedhccausetheimagecontrastisconsiderablysmearedbystrain . 

. J.Y. Marzinct al. estimated the size of island byPLandcalculatedthethickness 

oftwo·dinwnsionallayerbysubtra<:tingLhevolumeofislandsfromthatofsup 

plit·d amouut uf lnAs 1"l. However, good agr<'l'ment was not observed betwet>n 

oostimalo'tlt\\'U·dimensi<>nallay"r thickness and lumin<'Sccncc wawlength which 

is obst•rv~'tl by pholnlumint.,;crnce t•xcitatiou(J>I,E). lu our ca.<e, the lnAs layer 

thirkness was vari..d syst<'nlalically from 1.0 to 2.0ML Thr O]>tical properties 

of In As grown la,vt·r is \'NY scnsitiw to the layer thickness be<:aose the density 
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FigA·Il PC spectrum of 2M I.-thick In As. Two absorption peaks of two-dimensiunall~· 
and three-dimensionally grown lnAsarcobserved. 

of lnAs island can be changed from 0 to l011 cm-·• in thi" n·gion ,\~""'"It' <>f 

EL. luminescence from two-dimensional layer IH"sidPs that from InA' QD• w," 

observed when the lnAs layer thicknrs.~ wa~ 2.0~11, and tin• pPak wal"t:i<•ngth Wil~ 

the same as those which wt're obserwd when the In As lay<'t thickm·" wa~ l.() 

-1.5ML. Thus, we can dednc<' the thickness of two-dirnensionallayN of2.UMI, 

grown lnAs to hi' almost I.OML. 

4.6 Photocurrent spectroscopy 

Photocnrr<'nlspcctrurnissho"·n in FigA-11. OnrcanS<•<•thatphotueurr<"lll 

decreases as the wa\"!•kugth of the in1mt light incwascs lwuu"" t]w ab,uq>liun 

edge of GaAs in this rrgion. llnwc\"Pr. it is appat<'nt that thNe aT<" two mor<· 

absorptionpeaksatl000andl080nm. 'l'hl's<'p<'aksaremnsidcrcdtobcrt:lat<·<l 

to lnAs nat layer and lnAs QDs. respcctil'cly as tho.o· ob"""'"'d by EL. 



4. 7 Discussion 

From optical measurements, the behavior of luminescence sprctra from lnAs 

strongly depends on lnAslaycrthickn.;>ss. ll<>rc, thepeakwavelengthisdiscussed. 

figure 4-12 cotn]>ares the peak wavelengths or photon energies of PL, ELand 

band gaps of electron and heavy hole in GaAs/lnAs/GaAs SQW calculaled by 

cff<>ctivemassapproximation. Strain induced bandgapandbandoll"sctforlnAs 

w"rc taken into account by model of C.G. Van de Walle 1'1. Electronic parameters 

us<,c] in cakulatiou are summarized in Table~-\ 1 1'1. 

One can ~~'C the photon cnergieo! of PL and EL from two·dimcnsioual layer 

arc slightly higher than calculated energies. Although EL photon energy agrees 

hettcr than PL, current How in EL chip may increase the temperature higher 

than IU.ltissuspicious whcthereffectivcmassapproximation is valid for such 

thin layer, however, if we assume it is valid, another reason for the discrepancies 

must bcconsidcn·d. One reason isthesurfacesegregationofln. It is generally 

kuown that In atnrns in lnAs layer segregate into upper GaAs during cap layer 

growth l£-1"1. Ileplacemcnt factor R, which indicates that R fraction of In atoms 

inonclayerarereplaced with Gaatomsin upper layer, is estimated as high as 

80% at growth temperature higher than SOO"C in MBE. Thus, it is considered 

that certain amount of In atoms not more thao 80% segregate at 480" which is the 

growth temperature in this study. Band structure of GaAsflnAsfGaAs SQW is 

modifkod by segregation as illustrated in figs.4-13andenergystat.esin modified 

bandgapbecomeslarg.,rthanthatwithoutsegregation 

lno;-ascoftwo-dimcnsionally layer, layerthicknessislessthan 2ML, thus, lnAs 

la)"<"r is likely to disappear when segregation occurs. However in o;-ascofisland, 

In atoms which arc far from surface B.rC not concerned with segregation. Fur 

lhcrmon•,strain which isoncofthcdrivingforceofsegregalioo is lower a\ islaod 

surfat·<'thanin two-dimcnsionallaycrilScalculatedin chaptcr3. [nthiscase,seg­

rt•gationatislandsurfac.;>issupJircssed. Fromth~oscconsiderations,lnsegregation 

berome:;lessilllp<>rlanl forislandthanthat for two-dimensional layer. 
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Fig.4·12 Peak wavelengths of PL and EL. Theorelical calculation~ bued on cffe<:tive 
mass approximation ta.kingstrain intoaccountareaboplottcd for comparison. 

Table 4·1 Electronic parameters used for qua~1tum enNgy calculation l,l'). t~ band 

gap energy, ao spin·orhit ~plittingencr&Y, a, defnrmati<>ll potential ofvalenc<> band, a 
deformation potentialofbandgap,6sheardeformation potential,m,effective maMof 
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Fi~A·l.l Hand •nurlu~"<'" of GaAs/lnAs/GaAs SQW without( a) and with{b) In segrc 
galion. 

The photon energy of PL aud EL from i•land is much lower, in other words, 

the wavdength is much longer, than calculated one for two·dimensional layer. 

Naturally, this discrepancy has its origin in thedilferenceofquantumstructure 

shape between thrcc·dimensional island and SQW. As revealed in chapter 2, is· 

land hight is about 30A. Calculated phntou euergy from 30A ·thick In As SQW is 

0.80 and 0.74eV for IOK and RT, respectively. Eveu one takes segregation effect 

inl.oaccount,thcobservcdphotonenergyismuchhighcrthancalculatedvalue. 

This disagreement does indicatethee~isteuceoflateralcarrierconlinement abil· 

ity of lnAs island. Therefore it ca.n be deduced that sdf·assembled In As island 

h<1Sil natur<·ofQD. 



4.8 Summary 

variousspeclroscopies. 

Pl. showed that luminloscencespectrumstronglyn·ll,-.·ts thestru<"Lur•·oflnA>. 

Sharp peak with FWIIM of lOmeV Wall obs .. rvcd whil<·lwo-dimensinually growth 

occurs(<l.SML),on the contrary, broad pPak was seen when the lay••r thickn<"'s 

is lar!ler than l.5ML where lnAs islands were formed. Tlw PL intens<l) ho·mmo·s 

weak while the peak wavelength remains the same when the misfit dislocations 

were generated. Although the pre<:iscorigin is not clarifil'"d. the I>L from lnAs i~· 

landshaspolarizationpro]>ertyalongpto]dir<'<.lionwhkhi>tlll'"longo·,tdiredion 

of island. 

Almost the same results II'Cre obtained by I':L sp...-troscopies of J>in photo 

diode with InAs active layer. The high lumin<""Sccnce capability of lnAs island 

Wall shown. By increalling injection current, luminescence from lML·thilk two· 

dimensionally grown layer beside that from island was observed wh••n lnAs lo~)'t.'r 

thickness was 2ML. Tlwreforc tlw [ad that island inwq)Orat.-; llw i1tuou~ "' 

ready grown two-dinu~nsionally wa.• rewalt•d. I'(' •Jwo:troseopy r<·snft ""l'l'"rb 

this modified SK growth mod~':> of lnAs un (:aA• 

The segregation of In into GaAs rap layer was indicak-.1 by comparison of pt·ak 

wavelengthofeXJ>erimcntandcalculationl>ascdonctTcctivemas•appmxim<lliou. 

Since the wavelene:th of luminescence from islands was much shorter than that 

calculated for SQW assumin11 the well width is ~'<lualto i•land height, In As islaml> 

havenaturcofQD. 
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Chapter 5 

Dislocation suppression in InAs 

grown on GaAs by using 

misoriented substrates 

5.1 Introduction 

In lattice mismatcbe<l hctcroq>ilaX<al growth. m1sfil dislocation is mcvito~.lll•· 

problemtoobtainoptimalelcclricalandopt>calj>ropcrticsofrnatcrial (;,.,..,,.. 

tion ar1<l behaviors of variou~ di~loc<ll<on' an· •·•·ry imporlo111l ~ubj~'<-h to inwo;ti· 

gate heteroCJ>itaxial growth mechanism 191. On lht• other hand, the suj>pr~ ... sion 

ofthcdislocationgcnerationenablcsmatcrialapplicationstocxtcndthrsynthc 

sisofdevic<;>Semployingstain~-d layer. Thus far, several worksolllhcdislocation 

charadcrization and the theoretical prcdktionofacriticallaycr thirknl.,;" haw 

bt>en rcportOO 10 "'· Jlnwen!T. all of the theories forth..,. nitkal thickm"'" ar<• 

ba.scdon the continuum calculation, i.c.,thcrnacro:;copicapproach. ltwuul<lnot 

b., applicable to th<' system in which tlwlaycr thickm·s• is vcry thin <lml/or ~t<"[>S 

exist on thf'substratl'and interact with tlwdislocations 

Asrcvealcdin previouschapter.theopticalprnpf'rtyofQDusmgs•·lf·a.,sembl<'<l 

lnAsislandsisdrasticallydcgradcdby misfit<li•location. Tosut>J>rl">'<li•lncation 



generation in JnAs island i~ one of the prerequisite works to utilize lnAs island 

toQDdcvices. 

In this chapter, we grow lnAs layers on the misoriented GaAs sub•trates by 

MBE and investigat<• the misorientation effect on dislocation behavior and the 

criticalthickncss by PL and TEM. 

To invcstigat~ the interaction bdw<.-en step and dislocation on misoriented sub· 

strate, the strain "nergy was calculated based on the Vff model taking account 

of thr interaction of the dislocation and the step on the substrate surface. As 

rt••nlt~. WI• show thatthestep at heterointerfaccworks to suppress the generation 

of dislocations. 

5.2 Experimental setup 

The s11mplcs WPTI'" gr<>wn by a MBE system as referred in chapter 2. Five 

difft•r.,nl st•mi-insnlating GaAs snbstratf'S were used; (001) just-oriented, 3.5' 

misoricukd toward II[OI dire<.tion, 3.0.0 rnisorio·nt<.-.1 toward 11101 dircctiou, 5.0' 

misoriented toward II[OI direction, and 5.0° misorient<...! toward IIIOidirection. 

All the substrates were mounted on the same molybdenum holder soldering with 

In a.ndgrownsimultaneously to avoid inAuencescaused by different growth con· 

ditions. 

On these substrates, at first IOOOA-thick GaAs buffer layers were grown, then 

l-6ML In As layers, and !OOA-thick single crystal GaAs cap layers were grown 

successively. Growth rate was fixed at 0.7ML/s for GaAs and at 0.2ML/s for 

lnAs. Throughout the growth, As pressure was fixed at l.OxiO-~ Torr. The 

V /Ill flux ratio was J for GaAs and 10 for lnAs. 

To invf'Stigatc crystalline quality of the samples, Wf' measured PL a.nd per· 

formed plan· view TEM Lo observe dislocation images. 
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5.3 Experimental results and discussion 

5.3.1 Photoluminescence spectroscopy 

The results arc shown in Figs.S-1. When the lnAs lay•·r thiekm-ss is IML. 

each spectrum has its peak at 850nm and the FWll~1 is very narrow a~ 8nw\"(l-"ig.5 

!{a)). There is no significant dilferen<"e among all spt...:lra. l'•·ak• shifl lu \]"' 

lower energy and FWIIMs become widl'r(-SOme\') when tlw ]n,\s la)•·r tbi<"k· 

ncssis2ML,asseo:onin Fig.S·I(b). Tl''""''PL prnperlit'>i Wl'f<•t•xpl.<im·clin <h.tt>1<'< 

~- Figure 5-l(c) show~ the ro·sults when the lnAs layer is 4ML. Thb 1hitkuc" i~ 

thoughlt.obebeyondthecriticalthickm·ssiUiforthesamplcusingjust-oricnted 

subslrate 91. As can be seen, both cmis•ion peaks of samples using substrates 

3.5°and 5.0"misoricntcd toward [liO]dirc><;lionappcaron thehigbrr<'nergysi<lc· 

than thoseofsamplesusingsubstratesjust-orirnt<-dormisorient•·d toward [110] 

direction. The island siw may b" smaller in those samt>lcs. Tht· FWI!Ms ar•· 

almost the same as those of 2MLs. When the InA~ layer thickn<·s• b.,, om<.,. SM L. 

the PL was observed only from samples using tlw substrates misori<·nl•·d toward 

[I iO] direction. No luminescence was observed from aii6ML lnAs samplt•s 

5.3.2 Transmission electron microscope observation 

Figures 5·2 show the piRn-view TEll.·! images of SML-thick InA~ lay<:r lu 

Figs.5·2(a), (c), and (e), many moire patterns are s~-cu. The di~locatiou leugth 

is finite as seen in Figs.S-2. Contrast lo the Figs. 5-2(a), (c), and (<•), very 

few moirC pallcrns can be ~t'f"n in Fig~.5-2(b) aud (1l). lustcad nf moin~ friuge~. 

many dotted images are seen in Figs.5-2(b) and (d). These are lnAs islands 78J 

coherently grown with the lattice constant of GaAs substrat.,. Although th~.,.. 

samples were grown simultaneously. then· is a great dilferenC<' in mi~fit tlisloca. 

tiondensityamong five samples. The dislocation prohlesarclisted inTahlt·S·l. 

The number of the misfit dislocation of the sample using UaAs substralL'S 3.5° or 

5.0• misoriented toward [llO]dircction arl'alrno-<1 the same as that of~.tmpleus-
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Fig.5·2 P!an-voe\0. TE!-1 image.' of 5MI. tl11ck luAs I~YN (a),.,b,tralo• jmt-ori~ntecl 
(h)suhstrate 3.:>' ml'uricnt~d to""ard jllO] dorPc\or>u (r)substrate "L5' mi>uncn\P<I to 

ward ]IJO]dircctiou (d)substratc[>.O'mosorJ<•lltt•d tov..tr<ljllOJdircction (c)substratc 

5.0° nusoncntcdtouard [llO]din·ct"m 



Tablo· r,.l llblocati<H> d<•noit· at luAs r,.\1]. m~asur~d in Fi s . .'i 2. 

1r.o I sl 2021 12 I 220 

ing just-orio·u1<~1 sul>strate, while the samples usin! GaAs substrates 3.5° or 5.0• 

>llisorio·utt•dltoward]IIO]tlirecliollaremuchlessinthenumberofthemisfittlislo· 

catiuu than tlw•m>>f>lc usingjusl·oriente<lsub.~trate. luotherwords,thecrilical 

lhio·kn<''" nf t],.. luA• l~y··r grown on tlw GaAs substrate 3.5° or s.o• misoriented 

1uwarrl ]110] diro'<'lion is uol di1Teren1 from that of the lnAs layer !TOwn on tll(' 

(;aAsjust-<>ricnl<·d sub.<tratP,whiletlwcriticalthicknessofthe lnAslayergrown 

<>n tlw GaAs substrate :J.s• or 5.0• misoriented toward ]110] direction becomes 

thicker thau that ofthc lnAs layer grown on the GaAsjust-oriented substrate. 

The ratio of dislocation density betw~-..n the samples miwriented toward [110] 

;ond [liO] directiou~ is about 20:1. Althouglltherc is a large dift'ercl\ce of dislo 

cation density with respecttothesubstra!.emisorientationdirection,significant 

t!ilferenceoftlislucationdensitywithrespecttothesubstratemiwrientationanglc 

o·annotberecognized. 

We obsrrvcd thc plan·•·iew TEM images of 2ML and 6ML-thick lnAs samples 

using c~do subs! rate. In 2ML sampl~, many lnAs islands were see11. On the 

n>n1rary, lht•rc t•xist many misfit dislocations in ~lltlw 6ML In As samples. 

5.3.3 Discussion 

his musido·ro"<.i1ha11lw misfit dis]ot"ation isgencratl'd during tile lnAs laycr 

gm••:1h. i.t' .. [,.fort• tlw ra1> layer growth and thus lhe GaAs cap layer is not 



~oncerned With lhf' generation of thf' mi~lit di~lor~tion. Tht• n·~ult that the 

PL. was not obst•n·<""<l from all 6ML In,\; s~mplt"' a~~:n~·• wdl with tltr r>hm 

,·jew TEM result. i.f'., th<"rl' l'xist many misht dislncatint" in tht• ~~:rown Ia_,,., 

which aclasnon·radiativecenters. Thcl'l.peak intt•nsitynfthrlMI.-thic"k luAs 

grown on the GaAs substrat" 3.5" misorimtrd tow~rd [110) ditc~·tinn ;, 10 timt•> 

larger than those of other 4ML-thick sampks. 1\owc·,·c·r, tht• rrason is not n•rtain. 

Thus, some farther investigation would b.,rcqnirt-.1 tosc~·inllncn""s by tht·(l!Oj 

misorientationbyJ.S",althoughtheyareronsidcredlcssrelativctothosebythr 

[liO]misorientation. 

lnpraclical,itisconsidcredthattheprccisc·valneofcriticalthicknrsscOtnnot 

bemeasuredinMLord ... r,sincethconsl"tnfth.,dislor.ationgcn"ratinudoc'Snot 

occuruniformlyinthegrowthplaneandtherf'issomellurlnation. Thus,if'l~·as­

sumethatthedislocationdensityrepresentstherateufdislocationgetwration,Liw 

critical thickness of the lnAs layer is :JMLon GaAssubstratrsjust-oricntf'd and 

3.5° and 5.0° misorient.-.:! toward (110] din·dion. whereas that on Gat\s substrates 

J.s• and S.o• misoriented toward [I iO] dirertion i< --'lML from l'L mrasur('mPuts 

andTEMobservations. 

From investigation of AF~ in chapter 2. di<loratinns wc•rr found in laf,lr;e islaucls 

rather than small island. Thus, thcdiiTcrt"llc.,ofdislocatinndrusity•n Figs.S·:l 

can he attributed to thediiTerenceofla.rge i~land density, i.e., the la.rg" i~la.nds arc 

moreinsamplcsgrowuonsuhslralesjust-oricntcdandJ.S"orS.O•, .. ; • .,,;.,,tedln· 

ward(IIO]directiontha.ninsamplesgrownonsubstrates3.5°urf>.O•misorientcd 

toward [IIO] direction. As described al.>O\'C, small islands arc more in samples 

grownonsubstrates3.5"or5.0° misoriented toward (liOJdirec::tion. Fromtlwsr• 

observa.tions,itisconsideredthatthelnAssmallislandsarehardtocoal""c('ca.dt 

othcrtoformlargeislandsonsubstratcmisorientcd Inward IJiO)dirNlion. Tlu· 

shorter PL peak wavelength of samp],,. u•ing sob.~tratc misorit•nlt~l toward [I IOJ 

direction at 4ML shown in Fig.!)-l(c) can be c~plainf'c.l by isolation of the small 

island ratller than coalescence growth. Howf'ver, sinrc in-situ IUIEEIJ observa­

tionshowedthattheonsctsofsmallislandfurmationa.rcaround 1.8-2.0MI.for 

g.; 



"II'""'PI<..,.tlwlloickut.,,.al whi<h"""ll i'lan<lsan•formcd isuotaffected by the 

Tlw<li>u<·p.uuyufo·riti~al rhi<krw.-sou djlf.,rcntly misori.,nt"d substrates can 

r,. •·xs•lair"'d loy gruwrh kirwtics, qualitatively. Cunsidcring that A-step appears 

pro·f•·ro·uti<olly ,,. sut. .. rral<' misori<•rot<·d toward [110] direction while H-step on 

-.uf»lral<-mi>utio·nl<"dlo"-"•H<I[IIII]•IirPctionandthatllwstrpfroutlinea•ityis 

loi::lu·r iu A·~lqo n••l, it i-. llunoghtthat favorar.lcsitL"' for lnAssmall islauds am 

''""h gro•<olnuu ,,.r,_,rral" misori.,nl~-<lto"·ard [110[ dir<·<·tiun hecauwthe nurn· 

r,..,,.,[lh•·-r•·r•.tndkink,ilt·sar<•gwaL<•rlhaullo<ost•unsulostratejust·orientP<I 

;u,.l IIII'<>Ti<·nto·d tuw.ord [110] dirr~Liou. Therefor<' lnt\sgrowth on GaAs snhstrat<• 

oni,uriml<·d luw.ord [110] dir<·rtiou i~ cousid<"rt·d lo pron~cd by increasing tlw den· 

-il)" uf 'm"ll i~J;.,,f uoL by eual<"s~<'ll<"" In form large island in which dislocatious 

g..,,..,,,,,.,f. Tlw '"'''II i~lo<ud dPnsity at .'iML thick lnA<J~:rown on substrat<" .).0" 

miM•I«"nt•·<l luw,ord [I HI] diro·diou IS :J.2xl011 cm-1. This \"aluc is about thr<.~· 

,;,.,., l.u,;o•l lh.ou tlMl ,,t 2ML(I.Ix1011 on-•). Suppose that certaiu amu11n\ 

.,f l11•\s twu·olin~t•u.,imo,,llayo·o·. in otlwr \<or<ls. wt·tting layer <"fii"<'TS tlw (;,o<\s 

~urfan·, ;ond lho·n alln"'l ~II aton1' whido M•' 'llppli<·d <luring thre~·tlinwnsi(>tldl 

growthmntribntet<>fnrnmtiouof•malli<lan<l. Wlwntht•islandtlensilybccomes 

.'<> larg<·that tlw island coakosco•o•ach ulher. ~he large islantl arc formed and the 

<li.lo{ationsan·g•·u<-ral<·<linit. 

5.4 Calculation of strain energy and discussion 

5.4.1 Calculation of strain energy on misoriented sub­

strates 

,h shuwn in pn·•·i""~ S<"~lion, the growth mode is diffen'"nt among just-oriented 

~nd IW<> kind, u( misurimtt•d substrales and tho·n the critical thickness on sub 

slr.ol<" mi•uri<·nlo·d l<'""ar<l [1[0] din~·rion is thirk<"r. How~\'Cr, it is consid<"rccl 

th.ol 1111"1\<"U<"<~Ioun .nul ho·ha,·iuruf<lislucalioll 011 misori<"nted substrate arc not 

tlu· ''""'" ,,, th,ot nn ju~t-uri<·nt<"<l sni>Stratt•. llt•r<'. we show the calculation of 



the strain energy by VFF' model ,._, 91 as a function oflht•disloralion l••11gth by 

takingthesl<>p-croosingonthesubstratesurfacriutoaccmmt.l!asic.-onceplof 

VFF method has hceu described inchaptcr:J 

In the calculating process, periodic boundary condition wa.~takcn with assnm· 

ing that the unit crystals (2tiML-width >< 6·L~II,·Icngth >< 6ML·hcighl) li•· sidt• by 

side in the growth plane. The unit crystal is illustrated in Fig.5-:J. Although the 

experimental results show that the lnAs grows three-dimensionally ahonl after 

I.SML, we took the unit crystal to be two-dimensionally to [ocu~ the discm .. ,ion on 

the interaction between step and dislocation. Thcperiodicityof:.!6MLis,.,k..:tcd 

[or the consideration of the laLLice·mismatching between lnAs ancl (:aAs. in otlwr 

words, dislocation should be generated at certain p•·riodicily whid1 <·urr<'>p011<ls 

totheleastcommon multiplcofthelatticPconstantsofln,\saud (;aAs. On tlw 

otherhand,64ML·Iength is limited by hard ware, though thclarg,,.tht•p•·riod· 

icily, the longer dislocation we can calculate. Thrnystal siz<·in tlwc,,lculatiou 

was fixed regardless of Lhr substrate misorientation. The lnAs layrr thickm·ss is 

5ML and below the lnAs layer thererxists JML·thick GaAs lay<'r. The atom• "f 

this layer can move to relax the strain, but the low•·rsideofthis lay<'T was lixt•d 

at GaAs lattice constant. The surface of lnAs is cuvrred with As with ~"'"irl<·r· 

ation of the As-rich growth condition. To inV('Stigatc tlw inn•u•ucco[~ul"traL•· 

misorientation, we adopted 3.o• and 5.0• misoricnt.•tion toward [110] din..:tiou 

and then the terrace width becomes 32A(8ML) and ;,2A(IJML), ""'l"'divdy. 

The misorientation angles have to be the same as e~pcrimental conditions, but 

theterracewidthofJ.s• misorientation is 11.5ML which is not approJ.riatcto 

the64ML-Iengthunitcrystal. The step is considered tob('onemolecularlaycr 

height. Thedislocationissupposcdtobeanedgedislocationconsistingofa]lair 

of60° type dislocations as observed by TEM and is set along the(liO[ dirL..:tion 

so that the dislocation crmses steps. Both sides of edge dislocation become 60° 

or a screw type of dislocation and gooul to the surface as illustralL~l iu l'ig.5·1. 

Thcterm,di5/ocoliou lcngllr,usedinthischapternwaustheleugthuftlw<~gc 

part of the dislocation. To set this type of dislocation in t]u, unit crystal, w<' 
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Fig.5·1 An edge d1slora!ion consisted of a pair of60• dislocations supposed for the 
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assumed the followings. 

l. Tltecenterofthcedgepartofthedislocationisst•Laltlwn·nl<·rofthcunit 

crystal as long as the cross point of dislocation ~nd slo•[> is minimi~t•rl. 

2. The dislocation runs in the interface plane: it do,.,. not ruu thr<>u~h tht" 

GaAs or lnAs but bends itself along the interface when tlw dislocat.ion 

comesacrossthcstep. 

Thefirstassumptioncanhcfol!owedfrnmthct>eriudiralstrurtur<'l!bdngmade 

up with the unit crystals. The second ahSUmptiun i' understood from the fat·t 

that the strain energy for the bent dislocation i~ fdr 1,.,.._, thdn that fur tlw non-l>cul 

dislocation. 

Figure 5·$ shows the calculated straiu t•urrgy awrag<><l pt•r ""''atom iu tlw 

5ML as a function of tlw dislocation length. First, W<' t•xaminc the rt·~ults of tlw 

just-oriented substrat<'case. Onecansee that the strain energy with tlwlinitt• 

long dislocation is larger than that without dislocation, whl"n the dislocation 

length is rdativcly short. As the dislocation l<'ngth incrca..o·s, tlw <traiu •·•n·r~;y 

decreases and then becomes lower than that withouttlwdislocatiun. l'iudlly,tlw 

strain energy is considered to asymptott• 71!.-lmcV which is 1h•· ~LTdill •·twill.}" with 

the inlinitelongdislocation. This result indicatrs that tlwdislucatiun would uut 

begeneratedwhilethcdislocatiunlengthisshort. lnotberwords,thcdisl<><aliou 

nccdsacertainminimumlcngthtoexiststablyinae<•rtainthicknessufthcgruwu 

layer. In the case of 5ML-thick lnAs grown on GaAs, the minimum dislocation 

length is aboutl68A,corresponding to42 in unitufML, from Fig.5-5. 

Contrast to the jusl-oricntt>d substratP, the strain """rgy incr"a"''" with the 

dislocation lcngthinthPmisorieutPdsubslrat<'. Tlw~traincn.,rgyincr<·ast•'''""ry 

8ML or l3ML which corR'Spoud to thP terrae<• width uf tlw misuricnt<"<l sub<trat<· 

by 5.0" or 3.0•. rcsp~ctiwly. It is st"Cn in Fig..'>-~ ~hat tht· d.:creasing slop<., rtr<' 

almostthesameasthatofjust-orientedsubstratcduringeachstagt·. Th.,n,itis 

considered that theextrastrainencrgyisgeoerated when the dislocation crosses 

the step on the substrate. Figure 5-6 shows the strain energydiiTercnc"bctwc"n 
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Fig .. ~-5 Cal~ulatiou rcMIItsofthc~train energy averaged per atom in thc!iMI.·thick lnAs 
ag;un,tthcdislnrationl<'ugth. Strainencrgyoujust-oricn!cdsubstratemmootonically 

do·rrra.<cs with tloc disloration length, while tho.., on misnricnted substrates increase 

prrindo~ally. 
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rig.5-6 Strain cuerg._,· dilfcre11ce between hoAs layers grown on jus\ and misoriented 

substrate~ 
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lnAs layers grown on just and misoriented substrates. From Fig.5·6.extrastrain 

cnergygencraledateachcro.singisl.5rneVrcgardlcsso[lhemisorii"Utationangk. 

Thus,theslt.-epcrthcmisorientationangll"is.th"largerllwslrain<"n<·rgyl><·<·onK·s. 

because the slcp density increases with the misorientation angl<·. Thl" slrain 

energy with the infinite dislocation on tlwmisorienl••d substral<•is•l•·termin<"<l 

by a total of the.,xha strain energy at steps and the strain en~rgy r~laxcd with 

theedgepartofthedislocation. 

The origin of the extra strain energy is explain<'d in l'ig.5·i when·tlw strain 

energy distributions in the grown layers of two samples usingjust-orientl."d an<.l 

5.0° misoriented substrates are shown. In Figs.5· i(b), the radi of indh·idua] cirdcs 

represent the magnitude of the strain energy accommodat....:l in r<>rt<'l<punding 

each atom. The radi are normalized with a certain srale. Most of tlw strain is 

accommodatcdoolyintheatomsaroundthedislocationincascofjust·oricnt<·d 

.ubstratc. On tlw other hand, when the substrate is misoriented, the strain 

is accommodated in the atoms alongoneslipplancbcsidcsthcatomsaround 

the dislocation, and the total amount oftlwstraiu is greater than that ofju~t 

oriented case. Here, we consider tlw strain g<·m·ratinn at the st<"ll witlr l'ig . .'",. 

i(c):Wl.Thcedgedislocation lconsistcdofapairuf()O•dislucatiunsruns;,]ou.: 

[liOI direction at first. llowever, the dislocation I bcn<ls l<> I lOll dir<·•·tion .. u<l 

becomesscrewdislocationtocrossth<"sleponlhesuhstral<·surfac". Fin .. lly,tlu· 

screw dislocation b~nds to 1110] direction a~ain dlld b~"<:Om<'S the dislO<ation 2 

to ron along the growth plane. In this proc<'SS, 011coflhc two slip ]>lanl'j; must 

change as depicted in Fig.5·7(c). This changcnftlwslip plan., is thcurigiu uf 

the extra. strain energy on crossing the step. Although we assumed that tlw 

dislocation I bent to llOI]dire<;tion whichnosultsin tbcchangeoftherighthand 

sideslip plane in Fig.5·7(c),thereisnn ne<"essity for the dislocation I tob.,nd tu 

[lO!Jdireetion.Inthecaseofthedislocatioulbcntto[Oil)diro-ction,thclcft 

hand sideslip planrwould change which produces the sam., extra strain c>wrgy. 

Next, we calculated tbe strain energy in the growu layer as a function of luA~ 

layer thi~kness. A pair of infinite 60" dislocations ruuning aloug 1110] dircctiou 
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11101~ 1 

[liOI 

(c) 

f'ig.5·7 Atom arrangement and the strain energy distribution. (a) Atom arrangement 
viewed from (110] direction. (b) Strain energy disuibutiun in the grown layN. Eado 
plane is indicated in f'ig.5·7(a). The radius of the individual circles TCI>rc.•enls tile 

magnitudeofthestrainencrgy. (c) llislocation bend and tbechangeofthPslip plane. 
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and [liD) direction substrate misorientation was supposed. Figure5·8 shows \hi'" 

calculated results. In the figure, strain energies with dislocation ar<' larger than 

that without dislocation while the lnAs layer is thin in both cases. llowcver, th,. 

siluationchangeswithdislocationasthelnAslayerthickn~sinrrea:;e:;. The cross 

points of strain energies with and without c\islocation arc the critical thkkn~-s~ 

deduced from our model. From Fig.5·8, the critical thickness of ln,\s grown nn 

just-oriented GaAs substrate is 4ML. and that on GaAs substrate misoricute<l by 

5.0°or3.0° is 7MLor5ML, respectively. One can...., that the strain energi<'s 

withoutdislocationarenotdilferentwith respecttothesubstratemisorientatinn 

angle, but the strain energies with dislocation largely depend. This dilf<'rence 

is caused by the step density difference betwet>n two misorientation angk"S. Th<' 

strain energy with dislocation oflnAson st~-eply misoriented substratP is largo•r 

than that on gently misorientPdone. Thus, the critical thickness on misuriente<l 

substratebecomcsthickerbythegenerationofthecxtrastrainenergyatstep. 

5.4.2 Discussion 

Fromthecalculationofthestrainerwrgy,itwasfoundthatthecritiralthi<·kw"Ss 

with infinite dislocation on misoriented substratP is thicker than that unjust 

oriented substrate. Here, we consider the critical thicku<"Ss of fiuitc di•looatiuu 

on misoriented substrate. As mentiont"<l ahov<", tbert• is th" minirmun di•lunotimo 

length under which disloration cannot <.>xist stably [f misorirutatiun angl<· is 

small and the terrace width is larger than th<.>minirnumdislocation length,tlw 

situation is the same as the just-orient«! snb~trate. Thus, the criticaltloickn<'Ss 

is not increased. Howe•·er, when the terrace width is less than t].,, minimum 

dislocation length, the dislocation ha:. to cross tl"' step. As the Cdlculatl~l rc~nlt 

indicates, theexlra strain energy(abuut])"nneV) isgencrat<'d for the di<lo~atiurr 

to cro,;s one step. As the minimum dislocation has Lo cross live or Lim~· ~t•·ps, 7 .. 'J 

or4.5meVextra~lrain energy is generated in cascof.'l.O"or3.S" rnis<uio•utatiurr, 

respectively. The maximum strain relaxation by rnislit <lislncatinu, in utlwr words, 
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lheenergydilferencebetw<-~n without dislocation and with inllniledislocalion is 

ahoul4.S(78.0·73.S)meV a.• seen in Fig.5-S. The strain relaxation is nearly equal 

nrlesslhan tlwextrasLraincnergy. Thus,noslrainismleascdbygencralionof 

misfit dislocation and di~locaLion would not be generated. 

<.:omparing<:xperimenLal r<>Sultsandcompulcrsimulation, however,thedislo· 

cations&rt:,;encrat<."(] regardlessofthesubstralemisorienlationoncetbelarge 

islands fornwd, though Llwcxtra strain energy plays important role when the 

snl,;trat~· is misori<·nted. The two-dimensional unit crystal model we look does 

uol lit to lhc <'Xpcrimenlalthree-dirm•nsional growth. In the two-dimensional 

gr<>wth, the strain enerttV in.-rt:ascs monotonically with the layer thickness un 

Lilthr.gcncration of dislocation. On the contrary, in three-dimensional growth, 

tiJ<"slrainenergyinnease;dra.<ticallyatLhecoalcscenceofLhccoheromLiygrown 

islam]" ho~·aus<' the vohrm<·oftlrecohcrcntly grown island increases and elastic 

~trairr n•li•·f irr the lat•·ral dir.,ctinrrs bocom<-'S less effective. If the drastic in· 

<"TPIL'><'ofllwstrain <"n<·rgya•·•·nmnlalcd in the island, which works as the driving 

furn·of<lislocatioug<·m·ration,maygrcalerlhanlhccxlraslraincncrgycansed 

bytlwint.cr<>clionbetwcrndislocaLionan<lstep,LhcsuppriiSsioneffcctoftht: 

dislontion by misoricnlt•d substrate may be concealed. Rect:nlly, A. Tramperl 

t'l al. mporl<-"<1 the two·dirm·u•innal growth of lnAs ou GaAs over 35Mls aud 

tlwy obst>rvt><l Lonwr-lock type di~lorations at lht> inlerrare 211. In this case, the 

suhstralemisorieutati<>lll'ffoxton•upj)re;sinnofdislocationgenerationbyexlra 

~train <'IWrgy may beobowrv<:<l. 

Ar,.,therconsidt•rationabout insuniciencynfVF'F'modelislhemisoricnLaLion 

tlin·dinn dq><'lldmt·t• of Hilical Lhkkrwss increase. This problem may be at· 

lribnh·cl to the diffcrt>nl prop<'rties of two orthogonal clislocations. It is well 

kuown that two typrs of like·•ign dislocations in ~incblende structured crystal. 

i.<' .. nand {J dislocations arc not chernit-ally t'{JUi\·alenl ll-V)_ Since thl' \"FF 

mudd can rakulatt• only the strain energy. the dwrnical properly of the dislocd· 

lion.forexamplo•<'ti<'TQ"ofdanglingbondatdislocalioncore,cannotbctakeninto 

accounl.llisobst•rw•dthatthemobililyoradislocationisgreaterlhanthatof~ 
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dislocation, which rt-sults in th<' anisotropil" dislon•lion density. 1\.L. 1\avana~:h 

et al. showed by TEM that60• n dislot·rltion fmn1s first in one <II II> dir~·r·· 

lion in InGaAs/Gat\s. T. Ok~d~ <'I al. ulm·n·,.,] '"'i~olrupir >ll,,in ,..],,xation in 

lnAsP/InP with 60' misfit di~lon1tion prt•d.,ninilntly along [110[ direction ralll<'r 

than [I !OJ direction. Ilt.-.::ause the dislocation core strurtur<-s 111~· not r],•,u in <>llr 

experiment, we cannot specify thedislocattnn type to he a or d. llow<·wr, iftlw 

dislocationlicsonlheglidcplane,lhedislocationalong[IIOJdirt•rtionts•p••cilicd 

to be a dislocation. In this case, thO' dislocation along [110) direction is liko·ly tu 

beJ!:enerated primarily from theabovediscnssion. ']'],.,., VFF mod..! c.m I'K]>Iain 

the anisotropic substrate misorientation elfcct on tlw niti~<ll thi(kllt''~ ht"<'oiUM' 

di>location along [liO) crosM., st"]l only in th<· cast• of substralt~ misorit•nlatinn 

toward [110) diredion. 

5.5 Summary 

In summary, we h;l\'e studied the critkal thickm-..s of tlw MBE ~ruwn In,\" 

on GaAs substrate~ jnst·ori<'nl<'d. 3.5° dUd 5.0° mi•<>rit'llt('(] low;lfd [llU) •IIIII 

[110[ directions. PL nl<'dMm:mcnts havf' shown that I. 2M1.-thi<"k !111\< I"Y'''' 

grown on each substrdl<' ar~ almost the same properties. llow<•vo•r, wlwu tin· lnAs 

layer thickuess is ~ML, the peaks ofs111nplrs using snbstral~os tuisorio·ntt•d tuwarol 

(liO)directionhasbeen bhtf'·shiftcd,an<lm<>reon•rwlwn thcluAs lay<'rthio·kmos' 

is 5ML, luminescence have been obs<'rve<l only from samples usiugsnbstr..tt•., 

misoriented toward [IIO)dircction. 

TEM obscr\'ation o[ 5ML In As has shown that thcr<: has hct•n a ],.rg<' dilfo·r· 

enceo[dislocation density among the samples; the dislm·atiou do·usitio·suftlw 

samples using substrates misorient••<! toward [liD) direction arcdlmo~t tll<'SIIIII<' 

as that on the just-oriented substrate, whil<' tll<'di>locdtion dcn~iti<-suf tho: sam 

plesusingsubstratesmisorientedtoward [110jdirt·ction aro:rnueh low.,rtbau that 

on the just-oriented •nbstrate. Th<' inrrcaS<" of critical Lhicknes~ is the wsult of 

the suppression ofthecoalescenceofcoherf'nlly grown islandsont],.,suh<Lratcs 
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misoriented toward (IIOJdirection. 

Toinvesligat<"thciuterartion betwrendislocationandstep,wehavecalculatL-d 

the strain energy in th<" grown layer b<W'd on th~ VFF model and found that I) 

LhcreisaminimumlengthabovcwhichdislocalioncanstablyPxistand2)extra 

strain ener!)' i&)!;Cn<"rat.ed when the dislocation croSS<'S the step on the substrate 

surfare. From th<" calculation results, we have indicated that the extra strain 

"nergyplaysanirnporlantroii'"Lolheincreaseofthecriticalthicknessofthe 

In As grown <>Jl mi:<nriented GaAs substrate. 

The resultthatsnppri'Ssionofdislocationgeneralion hysubstralemisorienta· 

liun toward [1101 dir<~·tion is important information for realization of QD devices 

by In As s<"lf·a.«<"mhl•~l island. 
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Chapter 6 

Growth of AlP /GaP ordered 

and disordered superlattices and 

their optical properties 

6.1 Introduction 

QW and SL arc th~ most widely fabricat••<l and invc~tigat<·d tlwir <>]>II• ~lt•rop 

crties among several kinds of quantum strudur~>. In ;uch struttur~s. dilft·rc·nt 

mal!'rials ar<' grown alternately to confint• electrons and holt., or tu form sub 

bands. Since potential is modulated in onlymwdinwnsion in QW•«mJ SLs, 

fabrication process is much easier than that of QWW or QD. On tlw '"'"'' rary. 

the quantum eiTecl induced in QW or SL is not so high romparin~: ~<1th QWW 

or QD.ln such one dimensional quantum structures. it is usualtonmhru•tdr 

riers ill space where the polt•nlial is lowt•r than otlwr space. A . .Sa•aki <·l al 

haveproposedacompletely<lilfcrcntconc<'plofqu>tnlnmstrurlnrccall<·dd<sor 

dercd crystalline semiconductor to enhance th .. quanluru <'ff<'cl >1. A disurdt•r<'<l 

supcrlaUice(d·SL) is <In cxamplcufdisordcrcd crystalliucscrnit·onth><l<>r. [, d 

SL.twoconslitu<'Hl materialshav<>a rMl<iomarrang•·mcnt in thcl<~y<·rlhi<kn<.,, 

in contrast to the conventional onkred superlattK<>(o-SL) irr whid1 the arraug•· 
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ment of two materials are regularly ordered. Thus far, experimental investigation 

ofd-SLh..,.revnlcdthatd-SI.hasabilityloimprovelhelumin""cenceeiJiciency 

of indirect ban<! gap srmiconductors, su~h ""SiGe, AIGaAs and AIGaP l-HI. The 

enhanccdlumincscenceefficiencybyd·SI.ha..•bcendiscussedintcrmsofcarrier 

localizalionindn.:o"lbytheartiliciallydisordcredpotentialarrangcmcnl 

Thcrarrierloralizationando·nhanced luminr.scenccefficicncycausrdbyartifi 

cialtydisordPT<'<Istructureisnolonlyuniqueaudinteri"Stingphysicalphenomeua 

hut also important merits for de vic<~ appliution. Sioce AIGaP alloy hilS the widest 

band gap in tlw zinrblt·ndc slructurc<llll-V scmiconduclors(2.26-:!.-15eV, RT), 

thismaterialiscxjJCctedforlighl·<'mittin~:devicrscoveringfromorangetogrecn 

rolors. llowcvo•r, the baud structure of AIGaP is indirect with the conduction 

band rniuinuun at X J>Oinl. Thus far, improv<'ment of luminescence efficiency 

ba~ h .. ·n pr<~lid<·d !Jy making short period SL in which zone-folding and band 

mixing o·ffed <>t<UT., ' 1 IGI. S('vcral groups have grown AlPn/GaP" short period 

SLs •~·""1. Tlot•y ol>servcd the lumi1wsccnrc and peak shift ""the Sl. period 

rhanges. However, it hilS l><.-cu al•o found that the luminescence inten~ity dra.sti· 

cally decrPa..•cs for n:53ML. M. Kumagai ct al. have calculated the band structure 

of AlP/GaP short period SLs and showed that the indirect-directtransiLion does 

noloccurforn:<SSMI.UI. C.H. Packet a!. havcalsoprcdictcdthatthrbandstruc· 

turc becom'-"' indirect for n:53ML l&l. Considering low luminescence efficiency of 

AIP./GaP.(n:53) o·SL, it seems im[Jortant to investigate optical property of 

short period d·SLs. Thus far. we have investigated A1P .. /GaP.(m,n=3,6,9) d-SI. 

iu which m ami u lakes J, 6 or 9ML randomly and have found that the PL and 

El. intensities arc grl."'ater than those of the AIP.fGaP5 o SL and A10.5Gao 5 P 

bulk 8·'01. However, Lhe wavelength of AIP.,/GaPn(m,n=3,6,9) wa.s 600om. If 

tlwlumim.'Se<'nccwavclengLhofd·SI.bemmcsshorter,greenlight·emittingdevice 

ran he rcali~t'<l. T""" methods arc considered to obtain luminescence of shorter 

w.wo>lt·ngth. Ono•is to rl'dm·etheSL period audanotheristochangeconstitucol 

malo>rialin which bandgap is larger. 

In this chapter, AlP/GaP short period O· and d·SLs were grown by OMVPE 
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Table(i-1 T_vpkal row(hrondi(ionofAIPjGai'SbuscdintbissuuJy 

H1 velocity 

growth temperature 

V/111 

growth rate 

i60Torr 

[lshn 

8.5cm/s 

no•c 

1.40A(GaP) 

I J.47A(A1P) 

growth interruption 2s 

using tertiarybuthylphosphinc(THP) whew SL period was changed to inv<-,;ligah· 

PL properties. Plpropcrties of d-Sls are compared with those of o-Sb. 

6.2 Growth procedure and experimental setup 

The SLs were grown by atmospheric OMVPE. Srhrrnali<" illu>tr •• tinn nf 

OMVPE system used in this study is slwwn in Fig.6·l. Tlu• ph<mJ>huruns '"""'" 

was TBP. The decomposition temJ>cratur<" of TBl' is sew .. al lmn<ln·<l '(" luw<·r 

than thatofconver~tionallyused Plh, in addition tothefaetthattlwtuxi•·ity 

of TBP is much lower than that of Pll.1 33·341. Trimethylgallium(TMGa) and 

trimethylalminum(TMAI) were the group Ill sources. The sub5lrat<·~ W<!rr S­

doped GaP nominally (OO!)just-oriented. [mpurityconcenlrali<>ll ofsuhstrat•· 

is [lxJ017fcm3. Arter etching by HN03:HC1:1h0=:!:2:2 at55°C, tlu: snhstrat•· 

was further dipped in the (NII 4 h5z solution t.o passivate the surface hy >ulfu<. 

By simultaneous use of TBP and (NH 4 hS, treatment, the AlGal' CJ>it,.xi<~lld)'l"r 

with a good surface morphology can be obtained allow growth tcmp<·ratun··"··"'· 

Thcsmoothsubstralcsurfaccandlowgro""lhtcrnpcraturcarc~-sscnti<ll tua<·hicV<" 

abrupt SL interface. Typical growth condition is summarized in Table I>· I 

Atlirsl, O.:Jpm·thick GaP bulfcr layers were grown on GaP suhstraLc and Lhcn 
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Fig.6·l S(hematk illustration of OMVPE ~ystem used in this study. 
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SL layers were grown 0.5Jlm. To achieveabru]>l interfaO', tlw growth intr-rruption 

of 2s was introduced at each interfar('. Finally, :lOOA-thirk (;aP ra]> lay.-r~ wt•n• 

grown. The SL periods were controlled by the gas flow lillie of ~:roup Ill s<>uru·. 

In the growth of AIP.,/GaP. d-SL(m"' h~ok~ol 1 and11"' h,.k1 ,1 1 ), "'t•adoplt•d 

the linear congrnential method to determine the layer thkknt-s~ 111 and n , 1~ fol· 

lows. 

Zn =z~-• x 153+7391(n = 1,2,3, .. ) (6-la) 

Xo = 19 (6-lb) 

M"'576 (fii•·J 

.:r~ "'mod(z~/M) (6-ld) 

x.,:r./M (6·1•·l 

whe~ X. represents a random value uniformly distributed between 0 and I. 

Then, layer thickness is given by classifying X. intotllreeregioMfrom following 

equations; 

0 < x. < ~ '"hloh, (fi·2a) 

~ < x. < ~ ··k,.k, (li-2b) 

~ < x. < l ··1,1, (fi2t·) 

llsingtllis process, we can get layer thickness of h., k.,and l,(i= 1,2) with•·<pHtl 

appearance probabilities. The layer thirkn""s combination ofd-SI.• wa~ varit·•l 

antong(I,2,J),(2,·1,6)and(3,6.9). lnthe•ecomhinations,aV<,rag<'lay•·rthit-knt-ss 

is2,4 aod6ML,anddeviatiunsfromavcragelayerthicknc••h••cvntt"< 1,2rln<l 

3ML, respectively. Thus, three kinds of d-SL such as AlPm/GaP. wlu-rt• m.n 

= (1,2,3), (2,4,6) and (3,6.9) havrsimilar randmnnC!Is in structure hutuuly tlw 

periods aredi!Terent. Exampleofdisordrr pattern generated hyahuvt""'''l"'"""" 

is shown as a conduction bantl structure in Fig.6-2. 



Fig.6-2.:Xampleofdi•orderpatterna.,apotcntialofconductionband 

Fur wmpari;uu with d-.SJ.,. AlP./C.aP" o-SI.> where n=2, ·1 and 6 were alw 

ThcstrucLuralproperti<-sofLhegrown.SI.swcrechara.rlerizcd byX-raydiffra.c 

Lion method. The optical J>roperlics were characteri•.ed by Pl. at low temperature. 

The excitation source was Ar-ion laser opcratin)!: aL UV-rcgion(333.6-363.8nm). 

Th<· excitation J><>W<"r d<·nsity was 300mWfcrn2 • Luminl'Scencc was det<"<"led by 

photomultiplier. 

6.3 Experimental results and discu~sion 

6.3.1 Structural characterization by X-ray diffraction 

figure 6·3shows the 0·20 X-ray diffraction pa.Ucrus around (002) of i\lP.,/GaP. 

(rn,n=l ,2,3) d·SL and AlPl/GaP1 o-SL The diffraction pattern of AlP..,fGaP. 

(m.n=\.2.3) d-Sl. is charact<"ri~cd by many sharp peaks, whereas that of AlP1 /Gal', 

o-SL shows dear ±1st urdcr "atdlit<"JWaks. Tht• av<·rage het<"rointcrfan· rough 

nt•ssuf r\ll'1/GaP1 o·Sl.an·..stimatM by followiugt•cluatiou"'l 

(6-3) 
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whcr<' 61 is ~he averag•·lwt<oruiut<·rla•<· r<>llf:hness, liw ~he FWIIM of the satellite 

p<>ak, .\the Wrl\'o•lo·nglh of X·rrly. OH tlw Bragg anglcolthc~ubstratc, and hs1. the 

Sl. P"riod. Frono l'ig6-:1. lll!• FWHM of !he -lst ~at<>llit<' peak of AIP,jGaP2 o-SL 

is :15Sar<:5cr whkh uwans thattlwawrag<> heterointcrlace roughness isO.IML. 

This valnr indi<rlt<., tlw good quality of the hctrointcrlace. Although the char­

act<'ri~ingmctho<lolhrtrruintcr[ucroughncsslord-SLha.s not been established 

y<·l, tlw ahruptn<.,;s and hornogen<>ity olheteroint.crlaceofd-SL ar<>considcred 

lo IH: a.~ cxc•·ll<'nt a5 thos<' of o-SI., because the growth conditions and growth 

"'''l"'''"''"ilf<'tlwsamclorallsaml>les. 

X-r,oy dilfractioupatterusofothero· and d-SLsshow good abrupt heteroinl· 

l'rla<<.,;amlnystallinc<]Ualitics. 

6.3.2 Photoluminescence spectroscopy 

1'1. sp<'dra of AlP/GaP o- and d-SI.s are shown in Fig. 6-4. Sharp pO'aks 

W<'r<> ob!K'rv<~l from t'rl<"h sample <'XCept lor AII'1 /GaP2 o-SL. It is cl<'ar that the 

prakwavcl<·11gth dt•ncaso_.,. ovith redwini(LheSI.period in botho· andd-SLs. 

1-lowever,lh<'p<';<k intcusitiesalsod<'rr<>ast'. Comparing PLspe<:Lraold-SLswilh 

thoseofo-SLswhirh havt•thc•am<>av<•ragc·]ay~rthicknessasd-SI.s,twolratur<·s 

arc seen: !)the ]leak wavcl<'ngth of d-SL is longer than that ofo-SI. and 2)thc 

peak intensityofd-SL is stronger than that olo-SL. Thesefeatun:s ha,·c been 

also observed with AIAsfGaAs O· and d-SL.s J)_ 

Al first, we (Onsider tlw luminescence me<:hanism of o-SLs. It is notewor· 

thy that the Pl. [rom AIP2/GaP-, o-SLs is very weak. The peak at 560nm o[ 

,\11'1 /Gal' 1 o-SL is inferred to be Lhr DA pair recombination o[ S-C impuri­

li,.,. '"l. S impurity tm<y be introduced by TBI' •ouree. Since layer thickness is 

\'t•ryshorta.~2ML.,onrmay attribute the poor PL property of AIP1/GaP2 tothc 

ompnfl'rtion oflll('SLstructure. HoW<·,·n.lhcllndualionoftbch<"tcrointcrface 

osO.t:\IJ.asdl'scribedabo\'e,thenth('hctrroinlcrfarcroughnessisnotri'Sponsible 

lorlhrPI.inl<·nsit>.!'"xt.bandstructureolshnrlperiodo-SL.shouldbeconsid-
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ered. C.ll. Parks el al. haw: calculated the band structures of AlP/GaP n-51.. by 

tightbindingruethud 161. Tb.,rhdvcshownthatthebandstructureofzone·foldcd 

AlP.jGaP.(n=l,2) is indir.-rt and explained as follows. In wne-foldcd SL, there 

arc five conduction minimum points, those are one r(X,) point which is folded 

from two X points in Sl. direction and four M, points which are unfolded X points 

inthegrowthplanl'. Whenthelayerthicknessisconsiderablysmall,cncrgystales 

r<·pul,iun attlll'hcterointcrfaceissignilicant. At rpoint,energystatesrcpulsion 

mainly works bctw~-en r(X,) and r • which is valence band maximum and then 

I'(X,) is raise<!. At the same time, repulsinn also works between M, points and 

anutl,..r M points foldt·d from <101> points. Contrast tor point, M, is lowered 

in this ca.-w. A5 rt-sults, M, be<:omes lower than I'(X,) and the baud structure 

remains indirect. llow(.'vcr, we ha"" no explicit proof that the luminescence from 

AII'/Gal'o·SI.is aresultufindirect-dire<:ltransition induced by zone-folding, in 

'Pilcof5evc•ralintcnsivereseMclcrsincludingothcrgroups'. 

In <>r<l<>r toexamincwlwthcrzonc·foldingoccursand it is responsible for the 

lucnincsccn<·c, we grcv• an AlP./GaP .. u·SL and measured PL. Wh•m SL period 

m+n of AIP .. /GaP. o-51. is an odd numb~r. the folded X points does not come 

tor point 161, henc,..thebandstrudureremainsindircct.-ven when thewne 

folding occurs. R<"Sult is shown in Fig.6·5. Clear peak similar to AlP •/GaP • 

and AlP6 /GaP6 is seen. A broad peak beyond 580nm is probably related to 

complexes arising from S and Ga vacancy and also observed from S·doped GaP 

substrate ~•l. From this experiment, it is considered thatluminescenc1· is not 

.-auscdbywnt··foldint;:,fmthcrmoreitissuspiciousthatzone-foldingitselfreall) 

Sinccwne·foldin~:efrectisfoundlessconcernedforluminesccnce,anotherrea· 

sunofthclnmin<>scenc..,fromo-SLshouldbeconsidered.Frornpreviousinvesti· 

galion of AlP/GaP o·SI.s. Pl. at low temperature wa.s related to exciton ~5l. In 

this case, the weak luminesceuce from Ali' 1/GaP~ o-SL can be explained by the 

d1arg•· transft•r at heterointerfac<•of AlP and GaP ·18l. Exciton is considered to 

bt•boundattlwlwt,..roin\('rface.bccauscSI..structur<>ofi\IP/GaPisty]>e·ll 39l. 
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lnquitenarrowlayersnchas I and2ML,chargctransfcrphcnmncuasm<•arstll<' 

abrupt potential change between AlP and GaP and then the o·Mdton doo., not 

bound which results in lhedisappraranceoflurnincsc<'nc<'. 

Conlrastlo the o-Sls, the strong hnnin~-sccncc from d SLs indioalt•s L],.• o•n 

hancement of quantum effect. Remarkable difference bctw•~=n I'L prup<·rtic• .,r <>· 

and d-SLs is the fact that cl<'ar peak was observed from Lh(' A11'm/(iaP.,(m,n=l,2,:1) 

d-SL, whereas that from the AlP1/GaP1 o-SL was not. SinccAIP.,/Gdl',.(nl,n=l,2,:1) 

d-SL contains 3ML-thick layer which is larger than 2M L, one might aLLrilmt<• tlr<· 

relatively large 3ML as a recombination center. llowrvcr, a~ shown in Fig.6· 

1, the peak wavelength of A1Pm/GaPn(rn,n=l,2,3) d-SL is long••r than that uf 

AIP4fGaP4 o·SL in which tht: layer thickness is wid••r than 3ML. Tlwn•fnr<', lu 

minescence is not from 3ML·thick layl'r. The prcri••· mechanism;, nut d<·ar, ],.,t 

localizedstatesinducedbyartificially<lisordf'rt-d]"'t'""tidlarrdngcrm·nti•lik<·ly 

to formed. Insuchlocali:u:dstatcs,cxcilonisLightlybuuud. In Fig. h·4.,.·wral 
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peaks are seen fmm d-SI.s, and tim~, ~e,·eral loralizcd stales in different energy 

levels are fornwd. 

Next, w" inv•·stigatrd th" tclllJ>t:raturcdependenceo[ Pl. from d-Sl.s. Figures 

6-ti show the PL spectra of d-SJ.s with various t""'P"raturcs. As can be seen, 

Pl. [rom d-SL t,.,wrn,.,; w••ak a.s incr.,asing t"mpcraturc. The longer wavdcngth 

peaks an•thcsamcas th.tlob•crvcd in fig.ti-5. 

"J"., dis~uss Pl. t<·mperature d<~pendence mort' quantitatively, we plotted the 

int<>gral<"lPLinlensiticsofthemainpeaksasafunctionofthetempcratureand 

filled hy following e<tuation a.~ in the ca.se of AlAs/Ga.As d·SL ~). 

In= l +A
1
:xp'F. (6·1) 

llcrc, In is the integrated Pl. intensity, /0 aconsta.nl, tl theratioofprobabili 

tirs of nunradia.Linn T<"Comhinalion to radiation recombination at OK, T the mea· 

sun·mcnL L<:rnp('raturc, and Tu the characteristic temperature. Eq.6·4 is derived 

bas.•donthcassumptionthatthrratioofnonradia.tivere<:ombinationprobability 

P .. loradiativrn..:ombination probability P,incrcasesexponentially: P.,jP, o: 

cxp(T/T0 ). The characteristic temperature To indi(ates the dcgi"C(' of evancs 

cencein luminescence intensity as tcrnpcraturcincrea.ses. LargeT0 meansthat 

the intensity of luminescence decreases gently a.s temperature increases. figure 

6-7showsLhefiU.cd valuesofT0 a.safunctionofa.vera~:ela.yerthickncss. X.W. 

Wangelal. havefoundthatT0 ofd-Sl.islargcrthanthatofo.SL 8 ). Though the 

avcragclayerthickncssisreducPd,thechangeinT0 issmall. Therefore, the result 

thatT0 docsnolchangesomucharnonglhrcestructurcsmea.nsthatlheratioof 

theprobabiliticsofnonradiativerewmbinationtoradiativcrecornbinationalso 

docs not change. ThcsmallchangeofT0 maybeattributedtothcstrong(arrier 

localizationinthcd-SL. 
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Fig.li-7 To a.• a function o[aver"ielayerthicknl'SSofd·SLs. 

6.4 Summary 

We have grown AlP/GaP O· and d-SLs hy atmospheric OMVPE and investi 

gated their PL properties. The PL peaks of AlP /GaP o· and d·SLs shift to shorter 

wavelength as\]](' period dcrreases. Th<' PL from AIPm/GaP. (m.n=l,2,3) d-SL 

hav<: been dearly ob.•erwd though that from A1Pz/GaP 2 o-SL which has the same 

average layer thkkn._..s as the d-SL was not observed. The clear peak has been 

observed up to 301\ from A1P • ./GaP.(m,n=l,2,3) d-SL a.• well a.• (m,n=2,4.6) 

and (rn,n=3,6,9) d-SLs. The PL integrated int<'nsity docs notlargdy change 

by tht• reduction of the SL period. Though the luminescence wavelength of 

A1Pm/GaP.(m,n=l.2.3)d-SI., which is lh<' shortest wavdeJlglh from d·SL.s, is 

liUI•• bit long(!r than that from AIP./GaP. o.SL., persistent lumil•csccnce prop· 

••rty ofd.SL. was rev<'alrd. 
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Chapter 7 

Growth of AI GaP/ AI GaP 

ordered and disordered 

superlattices and their optical 

properties 

7.1 Introduction 

In previousdldplcr, it was found that t!wlumirwsn·ncc<·nici<·ncyuf All'jC,d' 

d-SL is higher than that ofo-SL. Tlw irnt>TO\'Cd hnuin<·,ccuro· ruop<-rty w," ,,, 

trihutcdlolhclocah~cdstalr'SinduccdhyMtififiallydisordcredrnato·ri.d<lrr<lll!(<' 

nwnt. Since d-SL 1s characlcriu~d by the di~ordcrcd putcutial arr.tng<'""'"l, 1t " 

intcrcstingLoinvcstigatcthcopticalprop<·rty"ithr<'Specllotlwhanddi«onli 

nmty. 

In this chapter. AI,Ga,_,PjGaP and AII'/AI,Ca1_,1' o- and d-SJ., W<'t<' grown 

to investigate tlw I'L propcrli<'s with dilf<·wnt baud mutinuiti<-s Bo•c;ul"' SL 

of AIPJGaP " typ<··ll, the huuin~"tcln<" "a,·dcngth• from Alt:al'/(;,.p and 

:\11'/AIGaP Sl.s lwrorn" short<·r than tlwsr· ofcorrt·<ponoling r\11'/(;al' SL, '" 

sho"n later The lurninf'scencf' of shorter wawlo·ngtlr(:;ou .... 'J.)Uunr) frono :\l(;,.p 



sy.,temiscxpcdc<l [urrmr<·p;r<•·u hght-cuntllngdcv•rcs. 

7.2 Growth and structural characterization 

7.2.1 Growth procedure 

Growth proc .. rlurc of AIGa.P/Ga.P and AIP/AIGaP SLs is the same as that 

of All'fC.a.P SLs <l<•suihcd in previous chapter. Here, only the modified point 

i• dcstribcd. Gruwth rates and V/111 Row ratio arc listed in Table 7-1. TMAI 

now rate wa..~ decreased, since AI solid state composition in AIGaP becomes con­

sidNa.bly highl'r than vapor phase composition TMAI/(TMAl+TMGa) •>. Thus, 

growth rates arc slower than those for AlP/GaP SLs, especially for AIGaP/AIP 

SLs. Soure<Jga.s now patterns are shown in Fig.7-l. 

7.2.2 Structural characterization of AIGaPfGaP super­

lattices 

In order to examine the structure of grown SLs, X-ray diffraction measure­

ment was performed. Here, the structural characterization ofo-SLs is described 

Lo simplify the discussion. Since O· and d-SLs were grown under the same con· 

ditionsexceptforgrowth Lime,structureofdSLcan be understood by analogy 

witho-SL. 

From X-ray diffraction measurement, we can obtain average AI composition 

[romOthorderpeakangleandSLperiodfromsatcllitcpeaka.ngles. lncaseof 

AlP/GaP, therc are two parameters which characteri7.e the SL structure, those 

arc, 1) SLpcriodor total of layer thickness in one period of AlP and GaP and2) 

one uf AlP or GaP layer thickness. Former parameter is obtained from satellite 

pcakangleandlaiLI'risobtaint-dfromAlcomposition.inothcrwords.Othorder 

rw~k angk. In rase of AIGaP/GaP or AlP/AlGal'. howt•ver, SL structure cannot 

11<' dt•tcrmim...J as pr.,.dscly from such two angles only. AI composition of ,\]GaP 
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Table 7·1 Growth rates and Vjlll How ratio for AlGaP{GaP and AlP/AlGal' S>lp~r· 

AlGaP/GaP AIP/AIGaP 
.... r .. 

AIGaP I GaP AlP I AIGaP 

!rowth r"te(i\/s) 1.28 l.lO 0.46 0.46-0.74 

V/111 45 50 

GaP , AlP : : GaP 1 ~ 
TMGa onLJTU 

Off I I I I I I 

on~ll !! :1 
I I I 

off 
il i] ]I 

(a) 
TMAI 

il II 1: 

AlP f] AIGaPl: AlP II 
on i r-----11 : 1 
--W ~ 
:~-H--i H f-
off ~ U W 

TMGa 

(b) 
TMAI 

!' 1: 
TBP on----~----~----~--

Flg.7·l Source ga.s How P"tterns for (")AIGaP/GaP ""d (b)AlP/AlGaP Sb. Till' was 
supplied continuously. 
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15,---,-----------, 

AI COMPOSITION in AIGaP 

Fig.7·:l Com~ination of AlGar and GaP ],.y~r t~kkness !'Stimated by Otb and .Jstorder 

""t~llite peak angles for (AI 0 ,.Gaor5 P).{(GaP)9 o·SL. Layer lhicknesses are shown"" 
afu11rtion of AI compO<lllnn ill AIGaP h•yer. 

• GaP 

• AlP 

.· 

6 7 8 9 

GROWTH TIME(s] 

Fig.1'·3 Relations betwl'l'n grown layer thickness and growth time of AlP and GaP layers 

det•mnin...J by X-ray diffraction of AlP/GaP o-SL. Growth dela~· time is longer for GaP 
layer. 

132 



layerisalsonecessarybcsidesaverageAlcomposition. Without third informa­

tion, SL structure is estimated as certain combinations of GaP and AlGal' lay<'r 

thickness with various AI composition in AIGaP la)Ws. Figur<> 7 2 shows thP 

combination of AIGaP and GaP layer thickness estimated from X-ray diffra<'lion 

of a o-SL, in which the nominal designed structur<> is (AI01,Gau.,.Ph/(Gal')9 . 

Abscissa. of Fig.7-2 represents the AI composition in AlGar la)'Cr. 

To specify AI composition of AIGaP layer, v•e adopted the growth rate of GaP 

as third information. The growth rate of GaP is already known from X-ray 

diffraction of AlP/GaP o-SLs..,; shown in Fig.7-3 and then, the layer thickn~-ss of 

GaP can be estimated with the growth time. As a result, AI composition of AIGaP 

layeriscstimated.w0.75. ThisvalueisconsiderablyhigherthandPSigncdvahi<'Of 

0.25 which was confirmed by AIGa.P alloy. Disa.srccment in AI compositmn arise~ 

from thcfactthatthisapproachassumes that the AI composition is uniform in 

one AIGaP layer. From the X-ray diffraction of AlPJGaP SLs, it was found that 

growths of AlP and GaP delay at the beginning of each layer and the delay time 

is longer for GaP as shown in Fig.7·3. These properties may arise from delay of 

group Ill source flow into the growth chamber. Therefore it is ronsidt•r"d th;1l 

the AI composition becomes higher at the beginning of AIGaP growth. Wo· h.m· 

carried out simulations of X-ray diffraction pallerns of AIGaPJGal' u-SLs bawd 

on dynamical theory 1f assuming that thin AlP layer is inserted in frout of AlGal' 

layer. Figurc7-4 compares the experimental diffraction pattern and simulated 

results. When no AlP layer is inserted, -2nd order satellite peak is nul"'~"' in 

simulated paUern, but experimental paUern shows. Comparing tin· into·gr .. t•·d 

intensities of satellite peaks, we deduced that fractional layer of All' is iuscrted 

between GaP and AIGaP layers. 
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oo•:L=0 

20 25 30 35 

ANGLE[DEG.] 
Fig.7·1 Comparison between experimental and simulation results of X-ray dilfra.::tion 
patterns. Simulation was based on dynamical theory. TheSL period and average AI 

composition was determined by experimental resuHs. 

•x-0.3 
•x-0.4 

1 

ORDER of SATELLITE 
Fig.i-.'> Integrated intensities ufsatelhte peaks in X-ray diffraction patterns. All the 

lnlen.<iticsarcuormalizedbyintensitiesofOthordcrpeaks. 
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7.2.3 Structural characterization of AIPfAIGaP super­

lattices 

From the structural characteri~ation of Al(;aP/GaP o-SLs, it was fouud that 

fradionallaycr of AlP is inserted in front of AlGaP layer. In caS<' of AlP/ AlGal' 

SLs, unintentional AlP layer does not cause serious structural cho~.ngt·sim·c All' 

layer is one of the constituent layer of the SL. As a result, AlP layer thkkncss 

is slightly increased. However, there is still ambiguity in AI COillposition of AI· 

GaP layer. This time, "-'e have simulated X-ray diffraction pa.ttnns of st•vcr;ol 

AIP/AIGaP o-SLs. The combination of AlP and AIGaP layer thickn~"""'"' and 

AI composition in AIGaP layer were determined by peak angles of ex1"'rimental 

diffraction pattern similar to Fig.7·2. Figure 7·5 shows the integral<.><! intensi 

tiesof0ththrough-3rdordersatellitepeaks. lntensitiesarenurmalizedbyOth 

urder peaks, respectively. Onecanscethatthcinlcnsiticsof·lstord<·rsat<"llitt· 

peak decrease as AI composition increases. This is understood as follows. Oth 

order peak is related Lotheavera~:e Alcomposition in SL,and the intensity does 

not depend largely on AI composition. On the other hands, .Jst order sat<'llit•• 

peak arises from the difference in scattering factors of Ali' and AIC:al'. Sinu· 

differenceofscatleringfactordecreasesandthcsatellitepcakinl<!nsitieslwcmn<"' 

weak when AI composition in A!GaP is increased. Comparison of int.,grat.,d in 

tensity between c:o;periment and simulation would be a good way to drt<"rmin<' AI 

composition. In Fig.7-5, AI composition is deduced as0.3. 

7.3 Photoluminescence spectroscopy and dis­

cussion 

7.3.1 AIGaP/GaP superlattices 

PL spectra of (AI0 3.lGao 6 rPh/(GaP) 9 o-SL and {AioJ.,Gaod'),../(Gal')" 

(m=2.5,5.0,7.5, n=4.5,9.0,13.5) d-SL are shown in Fig. i·6 together with /111\/Cal',, 
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WAVELENGTH[nm[ 

Fig.7·6 PL spcdra of (AioJJGi1<167P)./(GaP). o-SL and (Aio-"JG"<16TP}m/(GaP)n 

(m:=2.5,5.0,7.5, n=o4.5,9.0,13.5) d-SL together with AIP,fGaP9 o·SL for comparison. 
Mea..urement temperaturew;u;4.2K. 

o·SL for comparison. It is clearly seen that the peak wavelength of AI GaP /GaP 

o-SL is considerably shorter than that of AlP/GaP o-SL, but intensity is four 

Limes weaker. On the other hands, the peak wavelength of AIGaPJGaP d-SL is 

longer than that of AIG~P/GaP o-SL, but still shorter than that of AlP/GaP 

o-Sl.. The peak intensity is stronger than that of AIGaP/GaP o-SL and almost 

the same as that of AlP/GaP o-SL. The full 11idth at half maximums(FWHMs) 

of l."ach main peaks are as sharp as 12.2, 13.6, and l5.2mcV for AIGaP/GaP o·SL, 

AIGaP/GaP d-SL and AlP/GaP o-SL. respediw!ly. 

Til(' shorter wavelength of AIGaP /GaP SLs is easily explained. Since AlP /GaP 

SL is Lype-11 Jl. electrons arc confined in All' layer while holes arc confined in 
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Flg.7·7 BaHd strurt"r~• of (a),\lP/GaP. (b)AIGaP/{Oal' mul (<]Ail'/AICO~l' SL' 
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Gal' layo·r Allluou,~~;lo tlo.- band lirwup of ,\IGaf>(GaP nor iiiP/AIGaP SLs ar<' 

nul I'X[l<'rinl<'ul.olly noulinno·d, they ;uo·al•o type· II. l'igur"" 7.7shows tlw band 

~lrudun·s of :\11'/GaP, Al(;,d'/Gal' .• mel AIP/AIGaP o-SLs. Tho· dfectivc baud 

,~~;ap./,·,.,,1r;. 1•. iuolhNw<>r<.ls,llH'PiliJrgylevelclilfercncebclwt-..,n lo,vestsubbancl 

iu t·oud.,,·tion lmnd au<.! highc,;t subband in valence hand, is given by following 

"'lualion~ for ,\11'/GaP SL. 

/\AII'/G•I'"" f,'C3P- C,.J.;, + (£<1 + £~~1) (i·la) 

=E,.,rro-t:J.E.+(£"+£~~ 1 ) (i·lb) 

wll<'r<' f,(;.r an<.! t;AII' denote the band gaps of GaP aucl AlP, respectively, t.E, 

t:J.I~. band dismntirnritif'Sinconduction and valencebands,respC<"tivPiy, £,1 and 

"••• til<' subbancl l<·v<·l• in couduction and valen('c bands, respectively. From 

E•r•.i·l, it i~ fuumllhal /~Ail'frl•l' becomes smaller thau f:c3 p provided t:J.E, is 

larg<·r lhau /~·. 1 + /''•hi· This siluMion was S<~n in previous chapter( sec Fig.6·4). 

Similar to Eqs.i·l, till' elft'<'livc band gaps for ,\IGaP/GaP and AIP/AIGaP SLs 

arc giv.-n by followiug <~Illations. 

Eo~rGt.t'/GaP = Ec.r- t::.£; + (£; 1 + E~.d (7·2a) 

= E~t.tGaf'- t::._e:. + (E;, + £~• 1 ) (7·2b) 

EAIP/AirloP = £AIG•P- t::.f;; + (£:, + £;:.,) (i·Ja) 

=EArP- t.E': + (£;, + £;:.,) (7·3b) 

The symbol$ have the same meanings as in Figs.7·7. Comparing Eqs.7·l(a) and 

i·2(a), we •·an lind that Eo~rGoPfG•P is larger than f.,'AIP/Goi' sinc.e band discon 

tiuuity .}.£,is larger in AlP/GaP St. Similarly EAIP/AIGoP becomes larger than 

I·:AII'fGoP Tlu·subbarulll'w•lsalsuchang<·ll'lwnbancldiscontinuitiesarcchangcd. 
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however, the change in subband are not so large as that of hand diswntinuitit-s 

As results, the peak wa"elengths of AIGaPfGaP and AIP/AIGaP Sl.s h<'<"otll'" 

shorter than that of corresponding AlP/GaP SL. Figure 7-8 shows 1lu· pt•ak 

wavelength of AlzGill-zP/GaP and AIPfAI.Ga1-•1' o-SLs as a fuuctiou uf AI 

composition in AIGaP layer cakulated by 1\ronig-Penny mod.-1. In llw t·akula· 

lion, band gap of AIGaP alloy and band dismnlinniti~-s in conduction and ,·al.-n«· 

bands were linearly interpolated by thow paramcl\'rs of GaP and All'. The peak 

wavelength isthelong...,.tal AlP/GaP as expected and il]>proaches the baud gap 

wavelength of GaP as AI rom position decreases in AI GaP /Gal' o-Sl.s, while wave 

length approach<!s the band gap wavelength of AlP as AI comlumition inncascs in 

AlP/ AIGaP o-SLs. The change in wawlength of ,\]Gal'/ AlGal' SL is r<·markahl<­

as SL period becomt-s long, because subband lewis an· push-d up wlu:n tht· """11 

width is narrow and the effective bandgapofSL resembles lh.tluf Al(:al' ;dluy. 

The observed PL main peak wavelengths of AIGaP/Gal' and AIPf<:aP u-Sl.~ 

shown in fig.7-6 agree well with the calculation. It is considered that nh>«·rv<·d 

main peaks were no\ assisted by phonon emission from their strong inlcn•iti<·s. 

Exciton binding energy may he neglected, since it is consi<l<•rahly small(-5n~<·V) 

Besides main peaks, small peaks is seen at long wavelength in AlGal'/(;;,[' u-S I. 

This peak is considered to be phonon replicas of main peak. Tlw <>ll<'tgy dif 

ferences between small peak and main peak are 46.6meV. Although tlwr>hmouu 

energy of AlP is unknown, the energy of LO phonon ill GaP is 4S.6nO<·V <). ll•·ro·, 

we must remind that phonon dispersion relation is modified in ,.;rowth <lin~·tiun 

It is reported that zone-foldin!;: of phonon disp<"rsion occurs in tin· Sl. ~lru• 

ture ~~. Since SL is composed of 5ML-thick AlGal' and 9ML-thick <:~1' lay.·r~. 

the phonon dispersion between f and X points is 14 times (ol<l<·<l. Th~u. <"n<"r.IU' 

of phonon along growth direction takes almost continuous vain<"' lwtw<'O•II min­

imum and maximum energy in bulk. llowever acuustkal phnnuus such "-' TA­

and LA-phonons, which have wide energy ranges, ar<• less r<"lative tu tlw <>pliral 

transitions, and LO-phonon is the dominant sraUering factor. Em·rgy <li•I><'Tsiuu 

of LO-pbonon is almost constant between rand X points. Thus. phunon r<'l>lica 
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AI COMPOSITION 

Fig.i-8 r .. ak wav~!ength of AIGaJ>jA!GaP o-SLs calrulatcd by a..suming Kn>nig·J><'nny 
model. lland gap of AlGar and band disconlinui!1es of AlGaPJGaP and ,\lP/AlGaP 

"'·erelinearl} inlerpolatrd by tho,eof AlP and Gal' 
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Si 85 55 
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'" 210 

with LO-phonon along growth direction must result in the same shift as with 

LO-phonon in lateral direction. Similar small peak is seen from AlP/Gal' o·SL. 

However, the photon energy is 40.9meV lower from main peak and sornewhat]~..,s 

than the LO-phonon energy. This peak can be aUribut<:d defect related rccom· 

binationcenterasassi!;ncdbyX.L. WangctaJ. 6l rather than l>hononrcplica. 

Contraryt.otheo-SLs,phononreplicaishard]ysoonind-SL.Thclackofphonon 

replicaindicatesthcimprovcdopticaltransitionwithoutphunoncmission. 

Temperature dependence of PL spectra of AIGaP /GaP o· and <1-SJ.~ art· ~lwwu 

in Figs.7-9. As sec11 in Fig.7-9(a), the main peak at 5ol9nm d~-<:r<'ll-«.,; <tui<"kly a~ 

temperature increases and disappears at20K in AIGaP/GaP o·SL. The iul<·usity 

of phonon replica also decreases. Another peak at SS7nm bccorn<"s dmuiuaut. 

The energy difference with main peak is J2meV. The energy dilfert•m·c of :12rueV 

is considerably smaller than bindingencrgiesoftypicalimpurities in Gal' sum· 

marized in Table 7-2. However, it is usual that the photon energy <>fDA par 

recombination emission becomes higher than thccncrgygapofdouur.tlrd ac· 

ccptor levels due to coulomb energy 7•8 ). This peak is as~igned as S-C DA l>&ir 

recombination emission because similar peak was observed from S-dOJ>{"(I GaP 

substrate. 

Comparing o·SI,. the temperature dependence of PL intr~nsity frum AlGal' /Gal' 

d·SL is small. The main peak is clearly seen up to JOK in Fig.7·\J(b). lluwc•v••r, 

another peak located at 570nm becomes dominant beyond 40K. This peak is con· 
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(b) 
rig.7-9 PL temperature depend~n~e of (a)(A!0.33Gao_07Ph/(GaP)9 o-SL 

(b)(Aio.3:lGao.~•P),./(GaP)~ (m=2.5,5.0,7.5, n=4.5,9.0,l3.5) d-SL. 



sidercdtobeoriginaledfromimpnriticsastbatobservedfromo-SL.On<·ranlind 

that the small peak at slightly short wavelength from main prak d~crcaS<"s mon· 

quicklycumparingmainpeak. 

Figure 7-10 •hows th~ integrated inten8ity of main l>l'aks of :\IGal'j(;al' ;uul 

AlP/GaP O· and d-SLs agaiust tcll>pcralnrc. ~bin pt•ak of ;\IGal'j(;,d' d-SI. 

weroseparate<lbyassumingthatthceachpcaki•subjectcdto(:au•sdishihutiuu. 

Although the SL period is ditl"efl'nt from others, PL temperatun• d~]>t"lld<'U<"<• of 

AIPm/GaP. (m.n:3,6,9) d-SL is also shown for com]>arisnn. From l'ig.7-IO. 

two important features are found, 1) 1'1. integrate<! inlensitit.,. of Al(;,d'/Gal' 

o· and d-S[,s decrease more <]Hickly than thos•• of AIP/Ual' n- au<l d Sl,s ;uul 

2)1'1. integrated intensities o( AIGai'/Gal' and All'/Gal' o·SI.s dtH<"""'" muro· 

quickly than those of d-SLs TbCSI' features bi'C<>IIl<' UIOTt' <:vidcnt by cl<·ri\"ing 

characteristic tem1>erature To with E<t.6·4. Fitted T0 s arc shown iu Fig.i II as 

a function of AI composition in AIGaP layer. As cxpcrtMI, T0 s o( 1\IGai'/GaP 

are less than those of AlP /GaP for both o- and d-SLs and T 0 s of o SLs art• lcs• 

thanthoseofd-SLs. 

fit:ure 7·11 indkates one more interesting feature. Tlw dilfc•r<-rl<"<" ufT11 IH"lW""" 

O· and d-SLs is less in AlGai'JGal' than that in AII'/Gal'. Thi• is "'"lc·r.tc><><l hy 

thedecroaseofbanddiscontinuity,inolherwords,barri<·rheight. Thc·cli,till<"liun 

betwceno-andd-Sl..sistlwarrangemenloftwoconstitucntlay••rlhic·k•w>-;.,inn· 

disordered potential arrangement in d·SL caus<'S rcrtaiulo.:alizc~l •talt•s. lftlw 

chemical natures of two constituents arethcsame,o· and d-SLs wuulcl ],,.,.,.tlw 

same properties. Thus, reducing AI composition in AlGal' layc·r wc·ak<"lls tlu· 

carrier localization. As a T'-"'ult, the distinction h<'tw.-cn o· and cl-S]., I""''"'""' 

small 

Finallywemustconsiderthcinnucn,eofunintcntiunally.:ruwn 1\ll' l;cy<·rfwnul 

by X·r;tydilfraction measurements. Band structure takiugfra<"liuu,d 1\ll' I"Y'"' 

into account is illustrated in Fig.7-12. Because of typr-11 stnu·turc·. UV<·rlal> uf 

eledron and hole wave functions are maximum at int,.rface. Therc·forc· carricl"l; 

mainly recombinate althe interface to emitlumine:;cencc. lu this cast•, All' lay.·r 
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TEMPERATURE[K) 

Fig.7·l0 hot.-grated PL uf peak uf 
i\11'-fGal'~ o-SL, AIP .. /Gal'n(m.ll=3,6,9) d-SL, (i\l0.3aGag.67 P)sj(GaP)9 u-SL and 
(AI011Gao 67P).,j(GaP)n (m=2.5,5.0,7.5, n=4.5,9.0,1J . .S) d-SI .. 
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F\g.l"-11 Characteristic temperature T0 s fined by Eq.6-4 
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rig.7-1'2 ll<lnd •nurture uf AIG"-P/G<lP SL with unintentional AlP l<lycr in•crtetl "' 
theinterf<iCeofGal' <lnd AlG<lP 

(AIP)y'(Aio~Gag,P)s ,_., 

(AIP),..,,(AioJGag,P)n 

(m,n•2.5,5.0,75)d-Sl 

500 550 600 650 

WAVELENGTH[nm[ 
Fig.7-13 PL spec\r~ of (AII')s/(Alo3JG"<le7Ph u-SL and (Air)"./(Aiu:n(:....,~,l-'1~ 

(m,n='2.S,S.0,7.S) d-SL together with AlP~/G<lP~ u SL fur compMisun ,\oteasuremenl 
temper<lturew.,..4.2K. 



atth<' int<:rfac•· wurh a.~ QW for <·l<'ctron since potential in AlP is lower than l>nth 

GaP 1111<1 Al<:aP IHyo·rs in ouruluction band. This 5iluation ••~·rns to the quasi 

type·lstrurturcand,itllilarlotwighhoringconlinementstron·tureproposedby 

F. r~,hiki ('l al 9 1. Tlwy have grnwu AlP/GaP single hcl<'rostructur(' san<lwichcd 

by AI(; a[' lay .. rs. In th<·ir struchtr<~, AlGar works as barrier lor both electron 

and l,.,r, .. Tlwn tlwovc·rlapofdt..-tron and holewavefunctious becomes larger 

attlw A11 1/(;,.p into·rfact•and the lnminesccncccflicicncy is ruhanccd. Not only 

lumitw"·•·uu·int<·nsity.tlwo·ffcctivcbandgapisalsoaffcctcd by the fractional 

All' l~<yt'l. lluwo·wr, signifinnt discrq>ancy was not ob.crved in PL "-'avelength 

lu•lwo~·n o•xp .. rim<•lltal and calculated results. Therefore, unintentional ,\IP layer 

maytu•t•·anso·strougcnhanccmentoflumincscenccefllciencynorwavdengthshift 

.<inu·thrlay•·rthickn•,;sisl<'<sthan IMI,. 

7.3.2 AIP/AIGaP superlattices 

Ohso·rv<-<1 I'L ~r,..<'lra of AlP/AlGal' sup<'rlattin•s arc shown in Fig.7·13 to 

gctlwr will< norrtospuudiug AII'/Gal' <>·SL. l'~ak wavo•lcngths nf(,\li'J./(,\10 ~Gau.•P), 

u·SI,and (t\II'),./(AI 0 •1Gilo•l'),. (m.n=:1.!'1,').0,7.5)d·SI,arcshorlt•rthan that of 

Ali'/GaP o·SL a.< .. xpt•ded. Tht.' Pl. intensity uf AIP/AIGaP d·SI, is 10 Lim,.~ 

slrongt•r than that of AII'/AIGaP o·Sl bu~ is 70% of AlP/GaP o·Sl. Tho• peak 

wavdengths ofo·Sb agrreconsistently with the calculated rt'Sulls hy assuming 

1\ronij!;·Penny modo·l. Similar to the AIGaP/GaP SLs in previous suhscdion, 

itnj>llrityrelatt•dpt•aksareohservedfromallsamples. Bcsidesthcsesmallpeaks. 

nnccan seeothcrpeahat aboutGOOnm. Thcst'peaksarea.ssigned as defect 

rrlated rewmhination 6f. 

The short~.,;~ PL wavelength among the grown AlP/AlGal' Sls was 532nm, 

whkh is from (A1Ph/(A103Gau.11')s o-SL. This wavPiength is slightly longPr than 

tlw wavrl .. ngth of band cdgelurninest· .. nccofbulk GaP(530nm), but is shorter 

than the Pl wavel,.ngth of N·doped bulk GaP(535nm). In order to shorten 

tht• lumint•st·t•ncc wawlcugth, we have grown (AlP)./(AJ.,,GauPh o·Sl and 
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(AlP)m/(Al0 ,Gao,P). (m,ll=2.5,5.0.i.5) d-Sl... llowcv<·r. d<•ar hnnirwsn·un· """~ 

notobservedfrombothsamples. 

We also anempted to in,-estigate the \t.'lll[Jeraturc d<·pcnd<·IK<" of PL. but. I'L 

intcnsilii!S dccrPase so quickly that the rr!iabl<• data was ll<Jt obt«iln~l 

The poor lumirwscrnc<· prop<·rty uf AI1'/Al(;a[1 Sb tan I><"Jiarlly allrilml<~ltu 

tlw small band discontinuity com[Jared to AlP/GaP. Auother n·a..-.m is tlw hi~~:h 

,\[composition in the Sl .. E'·en the Al composition in AlGal' l«yt'r is 0.:.1. av<·rag<· 

AI romposition in AlP/AlGal' SL b~..:umes O.li5 wh.:-u tht• layer thi~k""""''" of 

AlP and AlGaP arc equal. As for AlP/Alo.sCilosl' Sl..s. average AI uunposilinn 

is0.75. ltisgenerallyro'<"ognizedthatconccntrationofOinnca.•""within.-rcasiu~ 

AI composition in 111-V semiwnductor~. Mostly. 0 inrpnrity forms a tl<~·p donor 

level which works as a nou-radiativc recombination center by itst•lf. On., m«y 

cousider that the AI composition in AlGaP layer dt>I"S not uurially degrade• the 

optical proprrty.si11crSL com[Josed of AlGal' system is typr-ll whrrc<·l<'t"lrous 

arc couflned iu AlP layer in AlP/AlGal' Sl.s. llnw<!ver Ill<' lowest hrsl subbaud 

in conduction band of (AIP).,j(Alo~Gao~l')s o·SL is estimated as 46nwV from 

conduction band minimum of AlP. Coosidering that th" band discuntiunily iu 

conduction band is 75meV, wave function oft:lcctrou distribute~ uolouly iu 1\ll' 

layer but also in AICaP la)'l'"r. Then, the concentration of non·ratli«tiv.- n·ntcr 

inAIGaP laycrhecome5[cssnegligible,bccausethecarriersrocomhinat<·ruaiuly 

at the interface. IJ-SLsisijdvantagt'Ouswhen thcd<"<"pimpurilyconmu!r;otiouis 

high, because the carrier8 are localized in certain space and cannot lii<>V<.' fr<~·ly 

andnon-radiativcrecombinationissuppressrd. 

7.4 Summary 

lu this chapter. we have grown AIGai'/GaP and AIPJAIGaP u· ami <l-SI.; 

to investigate th<" relation betii"~"Cn I'L J>rnperty and band di~wnliuuity .on<! lu 

shorlenlhelumini!IICCII(C\\'avelenglh. 

From X-ray diffraction measurrmcnl, it wa.• found that fractionallay<!r of All' 
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was grown between GaP and AIGaP layers m Al(.;aP((.;aP SLs by comparing 

experimental TC!lults and ~irnnlation hased on dynamical theory. The origin of 

AlP layer wa.• cxplaim·d by delay of TMGa now durin~: AlGar layer growth. On 

the c:ontrary, ominteutionally grown AlP layer doL"S not become serious problem 

iu AIP/AI(;al'sn]>erldtlic<:S. 

The Pl. int<·n~ity of Al<;aP/GaP d·SL was four times stronger than that of 

AIGai'/Gal' o·SL and almost the same as correspondin)!; AlP/GaP o-SL. The 

1'1. wav<'l<'Hf:Lhs of AJ<;al'/Gal' o· and d-SLs were shorter than that of AlP/GaP 

u-SLs. The wavclo•ngths of AIGai'/GaP and t\IP(t;aP o·SLs agreed well with 

llw calculated rt"Solts ba~•~l on Kronig·l'enny model. The PL temperature de 

l"'ndenceshowcd that the l'L intcnsitirsof AIGai'/Gal' o· and d-SLsdecreascd 

mnr<"<]Uickly than thost•of AIPJGaP O· and d-SLs.though somewhat persistent 

lmnincsccnc" wasob.•crved from d-SL.lt Willi found that the band discontinuity 

plays important role,sincedifferenceofcharact~ristic temperatures T0 is less in 

AIGai'/Gal' <>-and d·SLs than that in AlP/Gal'. 

Tht• l'L wavclt·ngth of AlP/AlGal' o· and d·SL was considerably shorter than 

that of corresponding All'fGaP o-SL. Tht• pure grL..,n shorte;l Wa\"clength of 

532nm was observed from (Ali'),/(AI 0 ,Ga07 l'), o·SL. This wavelength is shorter 

than that of N-dopt-d Gal' bulk, 535nm at 4.2K. However, the luruinesccnce 

]>rnperty wa.< degradecl by do-ep level impurities with increase of AI composition. 

F'orfurtherstudy and dcviceap]>lication, thelumincscenceintensityofd-SL 

should be quantitatively characterized, forl'"~amplc, by measurement of quantum 

pffi~ienry. 
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Chapter 8 

Conclusion 

In this thesis, mesoscopic structures composed of 111-V semiconductors has 

been investigated to obtain new quantum optical properties. Self-assemhl<'<l 

QD was fabricated by laltice-mismatchNI hc(crocpitaxy of lnAsfGaAs and in· 

vcstigatcd their optical property as a tbrce·dimcnsional quantum slrol<:lurc, iu 

other words, QD which has bt:cn difficult to fabricate. On the other hands, 

AIGaP/AIGaP d-SLs were invcsti~:atcd to flnhance the quantum t•1Tt!cl iu unc 

dimcnsionalquantumstructur<::. 

In chapter 2, In As was grown on GaAs substrate by MBE and the structun: uf 

epita.xiallnAs was characterized. /n-silu RHEED observation showed that gruwth 

mode of lnAs on GaAs changes from Lwo-dimcusionally to thr<>e-dimensiuu;dly 

at 1.8ML. From AFM observation, small isla.11d was formed abruptly at J.SML. 

The island si7.c was 250A in diameter and JOA ill height. [ucrea.•ing luAs layer 

thickuess, small islands coalesce each other to forrn large island of ·100A . TEM 

images of these samples have shown that no dislocations were found in the small 

island while Lomer-lock edge dislocations were !ICnerated in large island. The 

sizes of small island measure<! from TEM image were 150A along (I 10] directiun 

and \33Aalong(l!OJ direction. The density was as hi~:h as l.lxl011 crn-1 in the 

11rowth plane. 

In chapter 3, the transition thickness at which the growth mode ~hang~-s was 
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calculated ba.~<'d on WuliT's thmn·m. As results, the calculated transition thick· 

no>s<l!!i of JnGaA~/G.tlh "~·ro· sonwwhat smaller than experinwntal results. The 

discr"J>ancy WdS atttihuh.'<l to the neglect of total energy in isla11d and non· 

~'<tllilibrium.:ruwth mnditi<>n. llowcver, pn-cisethicku~s was prcdicl~-d by adding 

l"<"rtaiu vahwlutlwstramenergy. Tlwstraindistributioninislandwasalsocalcu· 

lill<"<l. A~ f<•\ult~, strain distribution in embeddo·d island in GaAs was considerahly 

dilf<·r<·nt from that in island with free surface. 

Th<' optical J>ropcrty of In As on GaAs was widely investigated in chapter 1. 

Frutnl'L Ul<!ilSUT<·nwnt,it was found that thclumincsccnccspedrastronglyde· 

p<"<ul ou tlw ~lrurtun· of In As; shaq1 peak was observed when In As grew two· 

diuwnsiunally.<lll th••uth<•rhands,thcFWJJM be.;amecomparatively large as 

ROnwV fr"'" luAs ~m .. ll <Siands. Lmniuescencc from island was also observed 

fr<un 1.5MI.·tlm k InA• in whi<h no i•land was confirmed by structural character· 

i1.atious. Tlw larg<· FWIIM was aUribntL"<I to the Hnduation in the island size. 

Strungpo1Mi1.ati<>n "'""''bserved inluminesccnccfromisland.though theori!!;:in 

is unkuowu. Large island rontaining misr.t dislncations was not concerned with 

lnmim>srencc. !Ml...thick lnAs wetting layer wa.< found when island was already 

formed by EL and I'C m<!asurrmenl. Since wavelrn~tth of luminescence frnm is· 

land was much shorkr thau that calculated for SQW assuming the well width was 

equal to island hci~tht, lnAs island has an ability of lateral carrierconlinement. 

In chapter 5, dislocation suppression on misoriented substrate was shown C~· 

perimcntally and thcor<·tically. PL and plan·vicw TEM observations revealed 

that the critical thirknc~s of In As was increased to 5ML on substrate misoriented 

toward(liO]direclion,onthrconlrary,criticalthicknf'SsonsubstratemisorienLed 

toward ]!!OJ di..,.,tion was 3ML and the ~amc as I hat on just-oriented substrate. 

lnrrc~scof criLiullaycr wa.~ partly explained by suppression of island cnalesrence 

onmi•orientcdsubstrat<!.lnordertoinv .... tigatetheinteraclionofdislocation 

~nd surf~ce step, strain cnt'rgy around the cross of disiO<:ation and step was cal· 

culatcd by VFF' model. As results, it was found Lhat C<'rLain strain was generated 

atthestepbeuuseoftheunnaturalslipplaneconncclion. 
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In chapter 6, short period AlP/GaP O· and d-SLs were fabricated by OMVI'E 

to enhance quantum effect in one-dimensional <tuantum strudnrl.'. The Pl. wave· 

length be<:ameshorteras theSl. perioddccreasesforhotho· andd-SLs. Clear 

peak was observed from AIP..,/GaP"(m,n=l,2,3) d-SL while hnninescenc•• in· 

tensity was very weak from AlP1/GaP1 n-Sl.. Temperature dependence of l'L 

intensity o[ AlP/GaP d-SLs was not sensitive to the average layer thkkncss. 

In order to investigate the optical property of AIGaP SLs with respect to the 

band discontinuity, AlGaP/GaP and AIP/AlGaP O· and d-SLs were fabricated 

in <:hapter 7. From X-ray diffraction, it was found that unintentional fra~tional 

layer of AlP was grown at the beginning of AIGaP lay<'r ~:rowth. The lumincs· 

cencc wavelength was shorter from AlGaP/GaP aud AlP/AlGal' SLs than thow 

from corresponding AlP/GaP Sl.s due to type· II structure. The shortest wave· 

length was obtained from (AlP)~/(Al03Ga, 7P), o-SJ.. PL intensiti<'S of d-SLs 

were stronger than those of corresponding o·SLs. PL from AIGaPfGaP o· aud d 

SLs quenched more rapidly than those from AlP/GaP o· and d-SLs, rt•sp<octivdy 

and PL from AlGaP /GaP and AlP /GaP o-SLs quenched more rapidly than tho!«• 

from AIGaP /GaP and AlP /GaP d-SLs. 

Although new quantum effect strucLures were propos<.'<! and reali7A-'(I in thi• 

thesis, somefutureworksarestill suggeo~Led a.s follows. 

l)ThesizeandpositionofislandshouldbecontrolledtoapplyS<"If-assemhi•·•IQIJ 

to optical devices such as LD. As shown in chdpter El, st~p on substrat<· "<rf«o· 

is a favorable site for the island formation. Therefore island gmwth on •lightly 

misorientedsubslratcisintensivelyiovestigatedre.:cntly.ILisalsoreJ>Ortcdlhat 

island are arrayed io the growth dire<:tion by stackingself·ass<"mh]l'd QIJ ]>larw 

with appropriate spacer layer similar to MQW; island in the U]>per lay<:r i" fornu-.1 

<>nisland in the lower lay<:r. Thus, strain distrihution in surface plane J>l«y~ im· 

portantrolefortheislandformation.lnthi•case,howcver,thcl><"'itionufislanrl• 

ineachplancisdetcrminedhythepositionofislandinthcfirstplanc. lnurdcrtu 

controlthepositionofislandinthefirslplane,snmesubstratesurfacetreatmeut 

isrequired,forexample,certainamountoflnalomsarcsele<:tivelyadsorblodun 
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~uhstratc by manipulation t•~·hni<tur of STM and then InA~ layer IS grown on it 

2) Enmgy slat•· an<l wa\'<" funrtiou in QD should he theoretical ralculatcd. Al· 

though thrr<• ar<" """""restrictions. cffecti•·e mass a]>proximation is the ea.~ic~t 

calculation mrthod for onc-dimensioual <tuantnm structure such as QW. How­

"v<"r, thi~ am>roach is not applirahle for two· and three-dimensional quantum 

~tru•·tun-s with finite barrir.r height. One approach is thatth" wave function is 

t-xpand<'<lto a M"ri<·sofortho-normalizcd planr waves and solve the boundary 

rendition prohlcm. lluwever, as revealed in chapter 3, strain distribution in is· 

land i~ not uniform and this approach becomes complicated. Since we know the 

l"'"itinnsofallatnms,itiscxprctedtoclucidaLeLhecnergysLatcsbyLightbind 

ingnwLhod. 

:1) Althm<l(h tll<"cnhanc<·d lnminescrncccfliriencyofd·SI.wasshown, the precise 

nu·ohani~m i• 1mt daritio·d. Because AlGaP alloy and SL composed by AIGaP 

sy"t<·mh<L•suitahl<·handgapforgr~ntoorangecoloredvisiblelight,morepre· 

o·i•einv<.,.Ligationufban<lslruclurrisexpected. Forcxamplc,photolnminesccnce 

•·xritation{l'I.E) or rarrit:r lifr time nwasnrcments should be carried out. At 

Llwsame tinw, thc<]uantitativemeasurcmcntnfluminesr.enceintensity such as 

quantnmcfficicncyisr<'<luiredfordo·viccapplication. 
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