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Abstract 

This work reports on the fabrication of self-assembled Ino.15Gao.85As nanoholes on GaAs (100) by 

droplet epitaxy using molecular beam epitaxy. The effect of growth parameters such as substrate 

temperature during droplet forming, interruption time after droplet fonning, crystallization temperature, 

and crystallization time were investigated. The surface morphology of Ino.15Gao.85As nanoholes were 

examined by atomic force microscope (AFM). The results showed the dependence of density, depth, and 

width of nanoholes on the growth parameters. The growth parameters were 270-360°C for the substrate 

temperature, 0-10 minutes for the interruption time, 170-260°C for the crystallization temperature, and 

8 9 2
1-10 minutes for the crystallization time. The density were in range of 6x 1 0 -1.8 xl 0 cm- which 

decreased while increasing the substrate temperature. The structural were the depth in range of 2-5 nm, 

and the outer diameter in range of 90-120 nm along [110]. The crystallization temperature affected on the 

final shape of nanostructure. The crystallization temperature below 230°C, the nanostructure was 

nanohole. But the temperature higher than 230°C, the nanostructures were nanohole and quantum-dot 

surrounded with nanoring. An application of the fabrication of InAs lateral quantum-dot molecules on 

Ino.15Gao.85As nanohole template was also demonstrated in this work. The lateral quantum-dot molecules 

are bi-quantum-dot, tri-quantum-dot, and quadra-quantum-dot molecules. 
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1.1 'U'YI'lh 

'jJ 1 & ... 0 VI 'jJ ~ d", 1 "' ......1flHff'jN'IJ'U Wl'U 1 'UUJ~ 'j (Nanostructure) 'IJB~ffl'j fl~~1'U1 ~~!U'U 'Yl~~~~ l1'IJB~'U fl1'iltll!"~ 

11fl1'YlVlfflff~{~1hlfl ~1Vffl!'11~'illflfJWfflnr~!~~fl!~fl'Yl'jm1mf (Electronics) !~~l!ff~ (Optical) !~~ 
I d .Q I d 'jJ1 1 d",

l!lJ!'\1Clfl (Magnetics) l!"~I'lf~!!ll!'l1"fl-l!ff~ (Magnetro-optic) 'IJB~ fl'j~ff'jN'IJ'Wl~'Wl 'W!lJl'l'j'VllJfl11lJ 

~!fflJl!l'lfl~N~ , 'IJim ~ ff~NU'U'U1l1{lffl'illfl~ !~B~'illflflru ffll'l1'~.w!f1ll~ ii'ffllll'j (ltlllllll'j~Qfll'i"i'~l'W 
>I 

1'W~1'W~N~ l'1~1'U~1'Wfl!~fl'V)'jBiJflri' tltl1l1I'lfl!~fl'Vl'jtliJmf ~1Bth~ 1m~'ff~1~'IJ'U1\9l'U11'U!lJl'l'j '~l!n 

111fl 1m~ff!Nfl1tl'W~1l~tl~ (Quantum dot) fl1tl'W~lJ'1{ (Quantum wire) !!{l~fl1B'Uf1lJ~~r1 (Quantum 

~ 'jJ .J' ... "'1 'jJ 1 'jJ ... ,...
ring) !1J'WI'l'W 'Wtlfl'illfl'WV~ll flHff'jl~'IJ'Wl\9l'Wl 'W!lJm!!'U'UCJflJ9SB'U (Complex Nanostructure) I9l1tlVN 

!'li'W lm~ff!Nfl1B'U~1l~B~ 111!{lfl{l (Quantum-dot molecule) !!{l~ 1m~ff!1~'Ul1'U 1~{l (Nanohole) ~ii 

flW fflJ'l1'~vhfflJ flil 1 m ~ 'ff~1~'IJ'U 1~'U11 'U!lJl'l'j !!'U'llllfl~~1' llfiBfl1111 !'I1111~ffll ffllrrmh11l1l'j~Qfll'i"i' 

~1'U''W~1'W Quantum computing [1] U{l~ Quantum cryptography [2] 1ml1m~ff!1~~~fl~11ii.umhH'W\9l~ 
>I , , 

!'Hlll~ffmhH f'll fll'i 11 'j ~ ~fl1'i'1 i'~ l'U !'I1~l11'Ufitlij fllfl11lJ'H'U lUtl'U~1 I~B1,rfll 'j l.ul g~~luml~'IJB~ 

1 fl H ff!N'IJ'W 1\9l 'W 11 'W!lJ ~ 'j ff llJ 1'Jm!il ,~~1 Vl!" ~!lli 'W ~1 'J1lJ g ~ fJ ill 'fflJ 'l1'~ fl1'J 0m~nt ~ (Carrier 
J.I J,/ I " . 

confinement) ~1'I1 f 'U1n fll'j tJ 'j ~~lli1m ~ff!N'IJ'Wl\9l'Wl1 'W1lJl'l'j1 'U Qfl~~!~11 11'W1~lJ~'W 'infl fll'ill'j~~lli 
'jJ ... " 0 .K. 1 1 'jJ '"1 .,11flHff'jNfl1B'W1'l1l!1{l{l (Quantum well) !W~'Vllfll'j'IJ'W~lJ'IJ'Ul\9l'Ul 'U\9l1Vfl'j~'U1'Wfllnl 'Vlfl'il-n 

Q.t J ~ &.q<d, efct~ Q.I ~ r0 

(Lithograph) !!{l~fll'j fl~ 'IJ'U ~ tJ 'Vll~!fllJ (Chemical etching) 9S~11j fll 'j 'W 11 'IJ~ 'illfl\9l'Hmvll 'j ~f1l'jflB'lJ 
, Y >I 

!'Hlll~ffmYllt f'U fll 'j ~il I'l 1 'U I~~'W ltU'lf6 1 m ~ff!N-n '~11'Wij ~\9l'U fl'W i tl ~ (Defect) !!(l~fll'ill'W!~ tl'W 

q 1 'jJ .1 . 1 '" ... '" "'''' & ...(Contamination) f)1V ~ 'U fl H 'ff'j Nf)1 Vlt~~ fl'i ~ 'll1'W fll'i O\9l'IJ'U ~ lJ 'Yll~ !flll ~ I'll 'j 'UB fl11i fll'j It 'W~fl tl 

flUll ~ fl~~ fl 1 m ~ 'ff!1'1 'II 'U 1 \9l 'U 1 1 'W!lJ \9l'j 1 'W II 'll'U f1l'j n tl~1~'W!B ~ (Sel f Assembly) ~ij ~tl 15 Vf1':h 

... .1 '" 'I & '" dll) 'jJ'"Stranski-Krastanov (SK) growth mode It'jBf1l'jlJ~fl~{lfll'U!!'U'U SK [3] 9S~flillf)1'W~{lfl'Vll\9llJfl1111 

ffll\!'jrul!{\~iifJru ffll'l1'~~~ !!I'iBdl~''j ~~fl" 'flfll'ill~fl~~fl1'Ul!'U'U SK if~~fl~lfl\9l~'W ij~flllW~!~'U 
!I'll'll Random 1111,rfl1B'W~1l\9l BI'l~,~J'W 'liijf1l'j!~Mf11ltrBfll'i nB~1~'U ~tJ !ij'Ufl1B'Uf111\9ltll'l 1lJ!"fl{l 

'j 111~~ lliffllJ1'j(l fll'H 'U~~ 1!!'I1tl ~ fll'j Ifl\9l'~ ~~!Jnf1l'j~lll1,r!fl~ fll'j!5 tJ~~1!ij'Ufl1tl'U f111\9lBI'l 1lJ!{lfl{l 

"" 9 'jJ 1 1 ~ 9 J. 1 1 "'''' • 1 " 1 1 VI 'jJ", ..;. 'jJQflBf1l'j 1'lf'Wl 'W ~{\!U'WI'YllJ!'W{l'Yl (Template) 1'Wf1l'j'IJ'W~lJ \9lV11jf1l'jlJ'j~\9llli'Ul 'W ~{l ~\9l11f1l'j!'jlJl'l'W 
Y • 

'illflfll'j 1l'j~~fji~1Vf1l'j O\9l ~'U ~tJ'Yll~lflii 111fl1m ~ff!l~fl1B'U~ll\9lBI'l-niifll 'j tJ ~ flfl{l'll (Capping regrowth) 
v , ~ J,/ 

~1vi'W ~~fl'll H~ !!~ ~1 vlItlJ'H 1 'II B~ 1 flH ff~NVil~11'W ij ~ \9l 'll fl'W i tl ~ (Defect) !!{l~ fll'j 1l'W!~ tl'W 

9 1 'jJ... ... J . 1 '" 0'" '" ""'" & 'I(Contamina tion)fIl V I'W fl H 'ff'j Hfll Vlt {l~fl'i ~ 'll1'W fll'j fl\9l 'IJ'U ~ lJ'Vll~!flll [4] 'ff1'l1 'j'll Bf111j f1l'j It'W~ I 'W 

fll'i1l'j~~lJi1 flH'ff~N'IJ'U 1~'U 11 'W!ll I'lH1'1vln Droplet epitaxy ~1tl dl~'IJB~fll'j1 i'!Jnfll'iif '~!!n fll'j 
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• 1 '" 0' .J 11]:11'" ~ • 1 '" 0', :II ...
lJ':i~~'l:Jl Nanoscale mound-like template [5] C)f.:j ~~lJf11':itTfl'l:Jl!!~~ffllJl':i(1lJ':i:::~'l:Jl !flHff':il.:jfl1tl'Wl'llJ 

~tlI'l1lJmfJ~ lf1 

~ , 

~.:jtT'Wm~iJ1'Wf11':iU':i~~'l:J11f1Hff~l.:j'U'Wl~'Wl1'W!lJmvh~'W'Wll'u 1~mm~mtl'W~lJ~tlI'l1lJ!~fl~ 

~ijU':i ~ -ff'Vl TIfll'Vl !!~~ ffllJl':i (1l'l1 lf141rl~'W f11rlf11':i !~lJ~'W fln U':i ~~'l:J1 f11tJill Droplet epitaxy [6] cl'W!~'W 
fltyl!~rllfi'ty'Utl.:jf11':i-W~'W1!'YIf11'W 1~fj Quantum Computing !!~~ Quantum cryptography ~mMtJ 1f1Hff~l.:j
,,?t 1.1.1 "" "'.1 '" 0'.1",... 1

'W1 !'W !~~!lJ'W!'VllJ!'Vl~'Vl 'Wf11':i'U'W~lJmtl'Wl'llJ~tl'Vl !lJ!~fl~ !!~~!'Vlfl'Wflf11':ilJ':i~~'l:Jl'WlJf1'fltJ.fl1'Vl 'Wf11':i 

u':i:::~'l:J11m .:jff~H~.:j flri 11 1~rlm:::iJ1'Wf11':i'Utl.:j!'VlfltJfI~.:jflri 11rl1'HfiJff1':ilh:::fltllJ~.:j~1111fl~lJ III-V 
• if jJ I 

!~lJ~'W~1tJf11':i<U'W1.U'HtJ~ 1~'H::: (Droplet) 'Utl.:j1il\91'H~ III ~lfltT'WVi1f11':i!U~rl'Wrlhw~ h'l1:::1~flmm~'W 
~ 

ffWlh:::fltliJ III-V ~1tJltl'Utl.:j1i1~'H~ V 1~tJm:::iJ1'Wf11':iiJ!':i1!~rlfl';h fI~ffl'ltl~'mC)fi'W (Crystallization) 

cJt.:j fl~I flf11 ':i!'ll ~tJ'W ~ 'll 'i 1'1 'Utl.:j'H rl~ h'H:::ii~'Wf1lJdtl'W' 'U 1 'W m::: iJ1'Wf11':i ~'W~'ll'l1 rl~1~'H::: 1'W m:::iJ1'W f11':i 

'll':i:::~'l:J1 cJt.:jll ~~-u'Wij'H ftltJffm-u'W fh~.:jyJ1f11':i i~tJhrf11':i 'll':i::: ~'l:J11flHff~l.:j'W11 'W 1~~H~:::fl1tl'W I'1lJ~tl'Vl 
~ , 

1lJ!~fJ~ f11tJill ~':itl'll !'Vl~'YI~~!! 'YIflc}f (Droplet Epitaxy) ~.:jtT'W!'Wtlf11':i tl'l~ tJlJm1lJ'Vl~tllJ'Vl1.:jf11'Wtl.:jr1f111lJi 

(Knowhow) rll'H fiJ ':itl.:jfiJf11':i-W~'Wlf11'W 'Wl1'W ~t~fl'Vl ':i tltJ mf'U~N'll':i:::t'Vlf1' ~i~rl~.:j '~fl1n flH.:j1'W i~tJiJ 
~ 

1'Wf11':itl'l~ tJlJ f11':ifffl'l:J 11!~:::-W~'Wlt'Vlfl1 'W hVl'W fln'll':i::: ~'l:J11fI H ff~l.:j'W 11'W 1~~f11m'YIfltJfI~.:jflril1 

1.2.1 !'~tl-W~'W It'YIfltJflfll':i'll~fl~~fl Droplet epitaxy ~H'illf11'j'll'Jfl~~fl~~U'YIflc}f~lmh 1lJ!~fJ~ 

(Molecular beam epitaxy: MBE) 1'Wfl1':i'll':i:::~'l:J11m.:jff~l.:j'W11'W 1~~~lflffl':i'll':i:::fltllJ Ino.lsGao.8sAs iJ'W 

• & 
U~'W~~flll'W GaAs (100) 

1.2.2 t~ tlfffl'l:J 1~'Vl TI'Vl~'Utl.:j~1~11! 'll':i ~l i'1 'W!'Vlfl tJfI fl1 ':i 'll 'J fl ~~ fl Droplet epitaxy ~l i'ill f11':i 
~ 

'll'Jfl~~fl~~t!'Vlfl'il1mh1lJ telflel lf1un fl1m1lJ'H'Wl'H ~tl'll~lJltu 'Utl'! 1 el'H::: 1'Wm:::u1'Wfll':i<U'W ~'ll'H tJ~ 1el'H::: 

• '" J. 1 , • ....1.1 , • "'. 1 '" 
fIlQtu'H iJlJ 'Utu::: 'U 'W ~ lJ'H rl~ !el'l1::: 'lf1.:jnftl'H el'!fll':i 'U'W ~lJ'H tJ~ ! el'H::: fIlQtu'l1 iJlJl!el:::'lf1'!nm 'W f11':im ff 

I'ltlel leltC)fi'W~ij~tl1.'ll'i1.:j'Utl.:j 1f1Hff~l.:j'Wl1'W 1~~~lflffn'll':i:::fltliJ Ino.lsGao.8sAs iJ'W!t~'W~~flll'W GaAs 

(100) 

1.2 .3 t~ tlfffllllf111lJ t~'WI'll1 ~l 'W fll ':i 'll 'j::: ~lIj1 fI 'j.:j ff ~1'1 fl1tl 'W~lJ~ tll'l1lJ tel flel~ ';] rlfll ':i 1 i't'VllJ 

t'Vlel'Vl (Template) 'Utl'! 1f1Hff~l.:j'\.J11'W 1~el~lflfflnh:::fltliJ Ino.lsGao.8sAs U'W1!~'W~~fll1'W GaAs (100) 
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3.1 f11'j i'lf'lCleJ~lv1 flflm,l1~ i'l n'V'H~ 'IJ fl ~ri1\9i'mtl'j~'oN' 'WI i'lflUflfll'j tlt) fm~ f1 Droplet epitaxy ~ 
, 3/'"'''' • I dI '" '" 0 '1 lIJ 3/ , , "I • I'" '1, ,J

'lf11i f11'j lJt)f1rlClf1fl'V'H!i'l f1 'il1f1m !:IJ!Cl fJ Cl ! f'l II f1 fllfl111J'\1'W 1'\1 'jeJlJ Hllill 'lJtH ! Cl '11 ~ 'W f1'j ~ 11 1'W fll'j'IJ'W 

.1 '1 ' ",,J.I '1 ' ",,J.I '1 ' """ 
tlJ'\1l1fl !Cl'\1~ mfJill'\1iJ1J'lJill~'IJ'W tlJ'I1 V~ ! Cl'l1~ 'lf1~t1m'l1Cl~fll'j'IJ'Wt lJ'I1 tlf'l ! Cl'l1~ fllfJill'l1iJ1JUCl~'lf1~t1m 

, 'W f11'jfl~ff~flCl 1ClI9li'W~nl'1 flttl :il~'IJ fl~1 fl'j ~ ffr1~'W11'W 1 ~Cl'il1f1ff1'jtl 'j~ f1fl11 Ino.l5Gao.8sAs 11'W !!H'Wrl~f1 

j1'U GaAs (100) 

3.2 f11'ji'l~Cl fl~lv1 fl ff1n ~fl1 'j tl 'j ~ ~1lil fl'j ~fffNfl1fl'U 19i1J~fl~ l1JtCl fJCl~1 tJf1l'j, i'm1J!'Y'l Cl i'l'IJ fl~ 

lm~fff1~'W11'U I~Cl'il1f1{f1'jtl'j~f1fl11 InQ.l5Gao.8sAs 11'U!!H'Wrl~f1j1'U GaAs (100) 

o " 

, 'U 11 i'lVi 2 f1 ri 11 ~~ fl111J ryitA i 1'W 'IJ eJ ~ f1l'j tl t) f1 

• " 0 

m fl Uflfll'j tl t)f1rl~f111l Droplet epi taxy , 'W 11 i'l Vi 3 f1ri 11~~ 'j 1t1Cl~ tflll~U Cl~ 'Ii''U ~ eJ 'W fl1 'j i'l ~ Cl fl~ l.w fl 

flf1£ll~i'lnYlCl'IJfl~19i1Utl'j~'oN' 'W f1l'jtl'j ~~1lil fl'j ~fff1~'U11 'U 1 ~Cl~1fJ1]j~ 'j fltll'ViCl i'l ~Yiu i'l f191 ,'W 11i'l~ 4 

f1ril1~~rlClf11'ji'l~Cl fl~ttCl~ fll'j1lm 1~'I1HCl fl1 'j'YI f'l Cl fl~ , 'UUi'l~ 5 f1ri11~~fl1'j ff1n ~ 'IJ fl~ fll 'jtl'j ~~f1191' 

'i'lflNfff1~'W11'W I~Cl''Wf1l'jtl'j~~1lilflHfffNfl1fl'WI'i1Jf'lfl~ l1JIClfJCl , 'U11'Y1~ 6 ttl'Wf1l'jff~tl'IJfl~ 
)II, " , 

1m~~1'U1~fJtj UCl~' 'UU'YIVi 7 'lim{f'W eJU'W~ 'il1f11 flH~ 1'W1~fJtjUCl~!!'U1h-J fll'j ~m'W1tYieJ1.! 1HCl fll'j i'lf'lCl fl~ 

'tltl'j~~f1'" <N~l'Wl'1fl111 fl'W 1fl~ 
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.,j 
'U't1't1 2 

. . .. 
tntJ1.u'tJ'ltl'lJt'YlfltJfI f11'j U'Jf1 r-l~f1U~!!'Ylfl'~hJlf1ihhmlfl~ (Molecular Beam Epitaxy: MBE) f1~ 1f1'vitnfl~tJ 

ltJ m~'lJ1tJ f11'j U'Jf1 r-l~ f1U~!! 'Yl f19f1n MBE t'YlfltJfI f11'j U 'j ~~h:Jilm 'lfffl'l'UtJlf1tJ -11tJ~1m'YlfltJfI 

fI'jtJUt'V'l~'YlU~tt'Ylf19f !!~~fl1111f~tJ511tJ'UV'lffl'jU'j~f1V'lJ~'l~Tt11f1~1I III-v 

fll'j Utj fl r-l~f1U~1t 'Yl f19f~lf1ih 111fJ~l'!~ tJ MBE ttJtJ t 'Ylfl tJfI f11'j utj f1.fftJ r-l~mYl'j U'j~ flV'lJ ~'l~1tJl 
'lJtJ~1'UV'l!!~tJr-l~f1511tJ (Substrate) ~ttJtJr-l~f1t~tJ1 (Single Crystal) l~tlf11'jy.jtJ Ifl'UV'lih 111t~fJ~l'!~fl 

fl~\9IVlI 'Ufl'lTi 1 ~ ~t tJ tJ 1'\91 Q~ 'lJ M 'lJtJ ~1m!l'Ufl'l!!~tJ r-l~ f1 j ltJ ~ 'lIm~ fJ ~ ~ ii ri 1tJ ~ t11 tJ fl'lrlU 'j ~ f1 fl'lJ 

l'!~flfl~\9IVlI ~t11 tJ v'lrlu 'j ~ f1fl'lJ l'llU fi n~ tI1tltJ f1~ lm11 tJitJ r-l~f1'Ufl'l ffll U 'j ~ f1V'lJffl 'j~'l~1tJl'lJtJ ~1l'!U1 
.. . 

'UtJ'l!!~tJ r-l~f1~ ltJ !!~ ~ I V'll fl'l ~1111t~ fJ~tl1 ril'WtJ I ~~ lf1 f11 'j 'j ~ tl1 til'! ~ fl 'j ~t11~ (Evaporation) 1'\9IQ~'lJ'nii 

Til~l'! ~flt11tJ Ti l~~tiJtJ V'lr1U'j ~f1V'lJ'Ufl'lffl'jU'j~flfl'lJ (Constituent species) flltlll'i'ff m1~~1)J1)Jlf11ft''j~~'lJ 

~'lVitfl''fl (Ultra-high Vaccum) ufin~ tJlf11'j tn~1'Yl'jU'j~f1fl'lJiftn~~tJ ~ ~1m!l'UV'l!!~tJr-lilfllIltJmtlll'i' . .. . 
1'Ym1~Vitl11J1~ ffll ~ 1ff~ ri 1tJ 'Ufl'lffl'j U 'j~ f1fl'lJU~~fJW1'YlI1T~'Yll'lfl1t1.f) l'W'U fl'litJN~f1U~l!'YIfl9fViu'Jf1 

"" I ,

I~,rtJ~tJtl'lJt~fltJ I'll It ~~~1ItUHil'l"l Vil ~ltJf11'ju'Jf1r-l~f1 I~!!ri 5\91'jlri1tJ~1f11111~tJ Ifl'Ufl'l~1111mfJ~ . .. 
Vit11tJfl'lrlU'j ~ f1V'lJ 'QW l'! iJiJlt~tJN~f1lI ltJ'UW~l'llf11'j Utjf1 "1 ~ "1 ttJtJ I'i'tJ tJ Vmllf1{j ~15mlf11'jU'Jflr-l~f1 
.... . 

{j~'W rilf11111~tJ IV'll V'l V'lrlU 'j ~f1fl'lJViii fJW 1'Y1I1T~ f111 tf11~~~ (Impinging) ~hl'! Ul'Ufl'lU~'W ~~f1lIltJ 

-all'! i''lJ.u'fl~ 'Ufl'l f11 'j U 'J f1 r-l~f1U~1t 'YIf19f1n MBE I~!!ri f11'j t\9l1 tlll ~blt~lmil f1511tJ ffl1J1'j (ll'l11 ~~ltl lf1tl 

Qd 0 9J 9J q 9J QQI 

1Tif11'j'YIlf11111ff~m~~1t1f11111'jVtJ (Thermal c1eaning).f11tJ !\9Iff.f111~~qj1)Jlf11fl''j~~'lJbl'l'V'ltft''fl f11111 

1'Yl1J1'j(l1'Wf11'j\9l'j 1~ffV'lJ (Monitoring) 1 flH1'Yfl'l~1 (Surface structure) ~1'Yl1J1'j(lm~Yh I~\9I~fl~H1m 
", j) ,., I 

~'lg~rifltJA~1I1'i'tJ f11'j U'J f1 r-lilf1'i)tJ iYtJ~~m~'lJ1tJ f11'ju'Jf1r-l~f1 tJ flf1 'i)1f1{j f11'j U'Jf1 r-l~f1UVi!! 'Ylf19f1n MBE Vi 
I v d' I 

~lttJ 'W f11'j 1tJ 'j~ 'lJ 'lJ~qj qj 1 f11ft''j ~ ~'lJbl 'lVi tfl''fl l'l-Il M'r-l~ f1Vi U'J f1 I~,rtJ iifl1111'lJ~~'Y1nbl 'lf1':i11nf11'jvtJ"l 

tdtJ~'i)1f)fl1C)f~1'l"l ~iir-l~m~'YI'lJ~flflWfll'V'lr-l~f1 I~Uri HP, 02' CO It~~ CO2 dJtJl'i'tJ iiU~1J1W~~l 

1J1fl"l 1tJ fffll1~~qjqj 1 f11ft''j ~ ~1J bl 'l~t ft''fl ~~1M't 'jl1'Yl1J1'j (l fl1'lJfJ llfJ W.f) l'V'1'UV'l r-l~ f1 I~\9Ill1~t 'jll'i'fl'lf11'j .. . 
'W flf1~lf1{j'l!m ~'lJ1J f111 u 'J f1Nil f1U~!! 'YI f19f'i) lf1~1111mfJ~ Vi ii1'Y.f11 1~ ~qjqj 1 f11ft''j ~~'lJ bl~l'lllM'ffl1J1'j(l~\9I 

~fltfl~ tJ'liifl1tm 1~ M~1'l"l A .u'11'W 'j ~ 'U'lJ l'l11M'1'Yl1J1'j (l1tml~MfJW ffll1T~'UV'l ~~f1~ I~ltJ'Uw::;Yilf11'jU'Jf1 
~ '" _I Ci Ci 1 cl 0 _I ~ lIJ ~ ~ _I " 

~~f1tW~flltll'! ~ 'l fl1 'j U 'J f1 N~ f1 'j 111(l ~ ff.f) 11::; 'lJ 'j 'j tllf11ft' tJ 'U W~ 'Y1 'YI1 f1 1'j U'J f1 r-l~ f1!\91 fl1tl'Qu m W 

Q 0' I .dQ ~ 'jJ q ,J d 1.1] 9J I ~ , \t)
1tml~l'!\9Il'l"l 'YI\91f1\91'lt'U-1 !tJ'j~'lJ'lJ C)f'l'jltl~~Wtlfl~~ !flf1m1(l'l\9lt}!U 
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'It~'j~1J1Jf11'j ll\lflH~flfl~U l'lflCli'illfHll 1mMF'Ifi1 
. 

G~h.J.:jlUl~(Jtj 
" 
t~U'It~'j~1J1J MBE 'IJfN1J5lil'l 

I & ".'" ?t 1 1. 1 " IIRIBER ~U 32 P 91nH'Iflfltu~ruu lJ~'fI (Module) ~(JlJ'j~fltJ1J~'Wff1U Introduction Chamber ff1U 

Thermal Treatment Stage rY1U Transfer Buffer Chamber tm~rY1U Growth Chamber ~.:jttHUfl1'V'11'W~1l~ 
." " 

2.1 	 1lJ~'fIt1~'fI~ff1ufi~m;utjij Gate Valve ~tJ~Uflm.:j'j~ldl.:j 1lJ~'fI 1~(J'il~ttl~ Gate Valve 1~ 
d?t 'I ," 1 &111.1"'1 ".I 	 ICassette l'l11JU Carrier ~Uf11'jm'j'VJfl Substrate holder Hll.J!'IJ1/tJtJfl'illfl lJ~'fIff1U'I1U.:j ~lJ(J.:j lJ~'fItJflff1U 

'11 C.:j U'fI~Y1lfl1'jtl~l~tJU(Jflfffl11~'r:ltytylf11ff'IJ tJ.:j 1lJ~ml~ 'fI~ ff1U hrl~U flff'j~ 'illflnU ff1U Introduction 

?t I d'l "'I 0" &I

chamber I1JUff1Ul'l ~<J$ ~Ufl1'jl.J1 Substrate l'IJltt'fl~tJtlfl'illm~1J1J U'fl~ff1U Thermal treatment stage 91.:j 

10 	 " ijff.fl11~'r:ltytylfllff1u'j~~1J 10- Torr 1~(Jff1u Introduction chamber tjijtJlJiI"ltytylf11ff (Vacuum 

o ~ 0 9J d ~ _ol a 21
pump) 'illU1'W 2 'It~fltJ Rotary Pump H'fI~ Turbo Molecular Pump l'l1'11Ull'llJlJ1Jt'V'ltJff'jl~ff.fl11~ 

qtytylfllff'j~~1JlllUfl'flN (10-
5 

Torr) 1~u Cassette ~1Jn~ Substrate holder 'illfl.fl1U'WtJflffllJ1Hl 
" . 

~lt~U~f·hu 1lJ~'fIff1Utj tWtJ~11~(JWU1~n:1J1J MBE ~tllll 1UY1lfl"1JnUfll'j~lt~(J~ Cassette tJtlfl'illfl 

'j~1J1J MBE ~flltt1'Wfl1'jf·huff1U Introduction chamber toMUt~(J1nU U'fI~Y1lfll'jllf1Jfffl11~'illfl'r:ltytylfllff 

~fffl11~1J'j'j(J1fllffllfl~~1(Jfl1'jt~lJnl911u1m t'ilU ff~tJ1~ ff1'W Thermal treatment stage t~U ff1U~1~1u 
. " 

fll'jY1 1 Outgassing m·ju H~fl)llU ntJUf11'j ll'r:jflf-l~fl~1(Jfl1llJ~tlU tWtJ1rimllJ<]$UH'fI~'IJ ,r~tJtJfl191~ (1J1.:j 
. 	 " 

ff1U) fi~1'IJtJ.:jHNUH~fl]lU 1Uff1UtjijtJlJiI'r:ltytylfllff~lU1U 2 'It~fitJ Ion Pump U'fl~ Ti sublimation 

Pump ff1U Transfer buffer chamber t~Uff1U~1~1uf11n!jlt~(J.:j Substrate Holder t.ul'11rtJtJtJml1flff1'W 

Growth chamber U'fI~lfi1J Substrate holder t~tJ'jtJ-Wflrll'11f1Jflnll'r:jfl'l1rmhtJtJfl'illm~1J1Jff1U Growth 

chamber t~U ff1U ~m~1J1U f11 'j 1l'r:j fl H~ fl fl~Hl'l fl9i fll tt1 'W fll 'j1u1lJ~'fI ff1U if 1~ (J Uf-IU .fl1'V'1'IJ tJ.:j ff1'W 

Growth chamber ~.:j~1l~ 2.1 ff1Ull'j~fltJ1J~1.:j"l ij~~if ff1U Cyopanel t~'WoMtJ.:j1l.:jrll'11f1Jf1J lu hm'ilu 

t'I1'f11'illfl.fl1(JUtJfl t~tJY1l'11.Jl~'I1ritJtVU'j~1J1(Jfl1llJ~tJU~tfl~'illfl Effusion Cell 1~uri Growth chamber 

.1111 1 '" I 0 'I " 'I I 	 Q.1 ,,;
U tJfl'illflU ~ U m 1 'ilUt'I1'f11(J.:j<J$1Ul'l1 ~ '11 fffl11~ 'r:ltytylf11ff ~ U ff1U Growth Chamber ~'lJU t U tJ~'illflfl1llJ 

" tVU 'II tJ~ 1U i1Pn t 'il'Wt'I1 'fI1Y1l1,rlJ 1'f1'IJ tJ.:j1J 'j 'j Ul fll ff.fl1 (J 1u ijfl1llJ'I1'W1U 'Ilu lJ1fl~U Y1l1,r 'j ~ 1J1J tJlJiI 

qtytylfllffffllJl'jOY1l~lUl~~~.:j~u rll'11f1J1\PlQ~1J~1~1u'j~1J1J'lJtJ~flru~~1,rul~Hn Ga, AI, In, As, P 

III" '" 'I dQ 	 "'.1 <> d
(~~'illflfll'jffm(J\Pl1'IJtJ.:j GaP ~U Knuden celll'llJ Ga·trapping Cap) H'fI~ Si (ffl'jt'iltJlJU'lfUmtJu : n-type 

Dopant) 

" UtJfl'illfltj1uff1U Growth chamber v.:jij'Qllmw~H"l toMU 'It\Pl Reflection High Energy 

Electron Diffraction 'I1rtJ RHEED, Gas Analyzer 'I1rtJ Quadupole Mass Spectrometry (QMS) H'fI~ 
&?t .1 .. ",.f dQ 0 '" 1.1?t

Ionization Gauge 91.:jt1JU~lJmtu'l1'f1fl'V'l'WllUl'llJfl1llJfflf1ty'IJtJ~'j~1J1J MBE ~(J RHEED l.J!1JU 

. 	 " 
lf1rtJ~ijtJ1Ufll'j\Pl'j1'ilfftJ1J1flHff~1~~1 U tJfl 'illfltj RHEED V.:jffllJn 0 1~1'Wf11'jfl11JfllJfilf11llJ'I1'Wl 

- 5 

http:Ufl1'jl.J1


.eta d ,.t!t ..t!t.d 
lJ'lffl1'HJfl11 Phase-locked epitaxy 'YI'HJ PLE [7) H~~ Migration enhanced eplatxy 'YI'H) MEE [8) 'Yl 

'Cl'1lJ1'.itlfl11JfllJri1f111lJl1'\.J1'~i'W'.i:::fi'lJ Monolayer 'HHJ:-lilf)~iJ~f) 'WtJf)1J1f)ii' RHEED intensity . . 
... , '" .I.s d ~. "1 ~ "1 "1.oii ~ 

oscillation tI-3'Cl'llJ1'.itllJtJf)fI1tJCfl'.i1f11'.ilJ~f)J:-l~f)tJf)1l1t1 'Cl'1'W QMS l1'.itJ Gas analyzer lU'Wlf1'.ifl'llJtJ'Yl 'If 

~'.i1~'Cl'tJlJ'Cl'm1:::lJ'.i'.itl1f11ff.tl1t1i'W Growth chamber H~::: Ionization gauge 1~'W1fittJ'IijtJ~ioUi'Wf)1'.illl 
, " , , 

lntl1Jri1m1lJ~'W ltJ'UtJ'Iii11lJm fJ~ ~1'11 ViioUi 'Wf)1'.iiJ~f)J:-lilm1~~:::fi1'I 1.wtJiJ1lJU~'11~ tJ 'W 1 'Uri1fi11lJ~'W ItJ 
" . . 

'UtJ'ItJ-3~hh:::f)tJlJ~1'11 i 'Wf11'.iiJ~ f) J:-lilm1~~~fi1'I i'YI~~1~tJ'W1'lJCfl1lJVi~tJ'If11'.i i 'Wi111~'l1'W '.i:::lJlJ MBE 1~~ 
" .

f)1'.i~\PlJ'W1i,1''Cl'llJ1'.itl&lll~'1~iJf1'.i ill~'W1 rl111 1lJi 'lfi 'Wf)1'.i11m1:::..1fltlHYlJ'l1&l'U tJ'INilm~11tli 'W'.i :::lJlJ MBE 

'~Hn Ellipsometer ~ioUi'Wf11'.ifi1lJfJlJfi1fi11lJl1'W1 (Thickness) um:l1fl'.i1:::..1fi1tYll"YJ'W (Composition) 

'UtJ'IJ:-lilf)i 'W'Utl1:::~'Yl1f)1'.iiJ ~f) ~'1'Yl1 i 'I1'1n llfi11lJfi~ tJ'I~'HW:::fi 11lJ~m\1tJ'I i'W f11 '.i 'Yl1 '11'W fl'W'lhtli ,1'1'.i1 

• 1 .s "" ..~ ~ ",,,,,.s d. 1 II) ~. d 
'Cl'llJ1'.itlfl1lJfllJf1'.i ~lJ1'W f)1 '.i lJ~ f)J:-l ~ f) f11 '.i 1 !fI'.i1:::11 ~m '1'Cl''.i1'1U ~:::fl tl1 'Cl'lJlJCfl 'U tJ'I J:-l~ f) 'YllJ ~ f) !11 tJtl1'1 '.i 1111'.i1 

'.i1lJvt'lU-3'Cl'1lJ1'.i tI&lll~'1 Pyrometer ~ i oft'i 'W f11'.i Cfl'.i1l1'Cl'tJlJ~tl1l1 fJiJ~hl1'\r1'U tJ 'I !lH'W N~f) ~ 'I hi'fi11lJ!!l.J'W 

iilwht'YltJ{llJl'liJ1iJtJ{ (Thermocouple) ~t1t1lJ i oUtl'WtJ~i'Wi111~'l1'W 'Yl1 i '11'f11'.i~ht1'W f)1'.i 'Cl'llJ1'.i tl'Yl1 1~mh'l 

thermal treatment 

introduction 
cassette 
chamber 

2.1.2 Effusion Cell 

Effusion Cell !lI'WtJiJf1'.iilll1~mhl'lw'UtJ'I'.i:::lJ1J MBE 11l(Jl1'\r1~'UtJ'I Effusion cell 111'\.J1!l1~'1
• u 

fhlt1~Hh llJm fl~'U fl'ltJ'If1'iJ '.i ~ f)tJlJ 111 f) lCfl Q~lJ~i 'lfi'Wf)1'.iiJ~f)J:-l~f) ~'11Cfl Q~lJrl'1~ 'W 1i1~lJ~~'Yl fl1~mY1'.i 
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11'j~ tlVU~lh11'l~!thJV-!I~l1'j ~tlvunl~ ml~fI11lJrl1rlty'UV-!I Effusion Cell JlJ!~lJflty!!llff1rlqj~l'11 i11' 
4 Qd do 3J do I .d ~ I Q 4 ~ I Q ~ .c:::S 

tlWU('ImH'ltld1i MBE lJ'Uvm~lJ'VI!'\1lJVtld1!'V1f1lJflVWl CU-!l Effusion Cell !!I'l('l~'lilJ~lJlJlJfI11lJ!'\1lJ1~""lJ.., 

rl1M fUl",,~!!fim:'liii ~!!l'ltlfi1-!1tllJC~-!I ilJ 'j1t1-!11lJ1')tlif,.h!""lJ mln'll~ Effusion Cell ~!~tl1~V-!ltlUf)1'j11~tl 
v

4 CIoQ do 1 QI 

~('ItlVYu!'VItlCU'UV-!I GaAs !W~ InP !'VI1lJlJ 

2.1.2.1 Knudsen Cell 

"'?t .d • .d ,J'pl'l '" '" Knudsen Cell lnv K-cell !lJlJ Effusion Cell !!U'U'VI-!l1t1'V1"l~ CU-!ll'li llJf)1'j'j~!'\1t1mv'j~!'\1~ 

(Evaporate) 1I'lQ~'Ui11'!ilml11lJ!('Ifl('l~1t1'Vl~-!I-!l1lJfI11lJfVlJ rll'Ylf'U 1m-!l""f1-!1'UV-!I Knudsen Cell ~-!lilJ 
",Id ~ dGl" lIJ3I~ 3J & 0 Q.I 4Q.I 

~u'VI2.2 1fll'l~'U'VI1'li\ltl'U'J'J~ 11 !lJ!'U1l1('1VlJ (Crucible) CU-!l'VI1"ltl1""~ Pyrolytic boron nitride mv PBN 

" 1~tl!TI111 ('I VlJU \l tl!l' VlJ'J V'U~1t1'U~ ('I1~f111lJ f VlJ (Heating elements) 1 ~ tI'U~('I 1~f111lJrVlJ!~lJ I'll 
, ." 

fh!ii~f111lJfVlJ i'I1'!!n!tl1l1('1VlJ"ltl'U~ml'lfl11lJfVlJ.yjij tlU tlVlJ ~llJtl 'J~!!"" I yHh !W~.yjil'i'!TI1l1('1UlJUij 
" . ,

!'VIu{1lJfl11!l1u{~~I'1-!1 V~ !Yiv ii'ilJf)1'JI'l'JJ'O""UU'Qtu l1 tJiJ!!('I~f1JUfJlJfhtl'J ~!!",,1yj~1.yjlM('I ilJ'U~('I1~ 

f111lJfVlJ i '11'1 ~ 'Qtu l1 tJiJ \PlllJ ~I'i'V-!lf)1'J ~1t1iYqjty1tu '01 tll'Vl u{1ml11!11 V{~ fim~1 tl'U!f1~V-!lfl1'Uf)lJ!! 'UU 

PID ~l'11l1 U1~f11'UfllJUmi-!l~lt1m~!!""Iyj~l~llVlJ i'l1''U~('I 1~f1J1lJfVlJ 'UV-!I Effusion cell !v1Vl'11i'l1'!TI1• 
I I " 'JI 

l1('1UlJij'Qtu'Y! tJiJ\PlllJ.yj fi1l1lJ~ rl1M f 11 K-Cell .yjij!TI1l1('1 VlJ'UlJ 1~imyUlJ ~1!~lJI'i'V-!lijyjVtJ1'J ~'U1t1f111lJ 
, , " . 

y • 'I '" 'I y _~ '" "'i Y Y d '" <9 It! _I • '" d Y 
'JUlJV~fI1t1llJ !'VlV l'Y!lJU-!ltllJlJ l1f111lJ'jVlJ'VI!tl~'UlJ IU'J'Utl1lJ""1lJVlJ"l Vtl~1t1 

Cruciole----. 

Mullilayer radialion shield 

Power feedlhro's 

Healer foil 
:ller cooling 

Th ermocou pie 

rl1l1 f'Utll'J fI 1'U f)lJ 1I~1J1 ru 'UU-!I ~llJ 1lJ1lJ!('I fl ('I~l'i lJ V V tl" 1 tl Knudsen Cell f11'Uf)lJ 1~"ltl 

fJrul1l'JiJ'lJV-!I'U~('I 1~f1J1lJ fUlJ.flltlilJ Knudsen Cell ~-!l11~lJ1tu 'lJU-!I~llJ1lJ 1lJ!('Ifl('l'UU-!I""1'J~vllJVUtlll1tl 

Knudsen Cell ""11J1'Jflrl1lJ1lli 1~"ltl""lJf)1'J 
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22 pA 

J = 1.1 18X 10 f2 j MT molecules/cm2-s (2.1 ) 


LfW 	p fiU~lm1lJ~U1U'\JU\lli1~l1rmn':i~f,)t1nUJiJfhl1'w~ihn.hm~u'VIm{ (Torr) 

A fiU~U~'ll~I1t1nJ1f)'lfU\l1tl~'\JU\I Knudsen Cell (Cell orifice area) iiml1milu ~':i. CJllJ. 

I fiU~1':i~rJ~M1\1~lmhf)'lfu\I!tl~'\JU\I Knudsen Cell ~\lf~bm!l'\JU\I~~f)5}lUiim,htl!i1u CJllJ. 

M fiU~llJd~ llJ!~fl~'\JU\lU\lfi11':i~f)U'll~!i1u1~Q~'lliimldm~u AMU 

T fiU~1~Wl1!JiJU\lff1€YlJ\l':iW'\JU\lfl1G)1u~'U':i':i~1u Knuden Cell iim.hmilu!f1~l'W (K) 

cYmi''ll~lV~':i1f11':i 11'Jf)~~f) (Growth rate) '\JU\lf11':i11'Jf)~~f)l~ MBE cYmi''U€Y1':i 11 ':i~ f)U'llf)~lJ 
.... 

III -V {j ~UO''ll~lUTW llJmfl~'\JU\lli11PJ11~ III !'If'W m W'\JU\I GaAs ~lV~':i1f11':i !fl~~~f)€y1lJ1':i tlf11U1W hi' 
~lf)€YlJf11':i 

(2.2) 

.. 
f)~ I f)f11':i !fl~ ~~f)'\JU\I€y1':i 11 ':i ~ f) u'U f)~ lJ III -v '11U \J f)fl111 U ~~ 1f)U~~U lJ'\JU\lli 11PJ 11 ~ III 1 'W 

€Y fill ~n1 CJI~ \J f)'Yi'l/[ 11 V\I ~bl1 U'1'\J U\I ~ ~ f) UHU 5}1 'W 1iJ 'W 11 ~f) VU! ~U\I ~ 1 f)U~ ~UlJ '\J U \lli 1 ~ 11 ~ III ii 

~lri'lJ11n:iY'VIif11':ilf11~~~ (Sticky coefficient) ~\If)i1U~~UlJ'\JU\lli1~11~ V l~Uf)~ If)f11':i !fl~~~f)~UO''U . 	 .. 
~1 V~ ':i 1f11':i'YiU'\JU\lli11PJ III ~1f) K -cell -vi!f11~ ~ \l'llU ~hl1 U'1'\JU\l1!~'W ~~f)5}lU ~1 f)U'W \I~ 'V1111 fi fl~U1'YJ1\1 

lf1ii O''ll U~ ~UlJ'\J U\lli 1~11 ~ V ':i llJ I'l10''W !i1'W {y1':i 11 ':i ~ f) U'U U~ ~!~ rJ\ll'll!i1u ~~f)~ llJ 1fl H €Yf 1 \I '\J U\I U~U 
, , 

dl Q.I" dlo'J 31 0 "1 	 a d"1 ~ 0 1 
~~f)5}1'W ~lUrJ1WlfU In-As 'VI !~~1f)~1 !lJ!"lf)~'\JU\I In U~~ AS4 l1':iU AS2 H~~ Ga-As 'VI !~\I1f)~1 !lJmfl~ 

, 	 .. 
'\JU\I Ga U~~ AS4 l1~U AS2 vl111fif)~rJ1O'U-vi~hm!1'\JU\I~~f)U~UJ1U u~lnu1;1!fl~TI'Wli~~urfl'W lm\l~~f) 

~ii~f)lI W~!'lfU!~U1O''ll'\JU\lUH'W~~f)J 1'W 1~ un ':i ~'Ul'W f11':i 1fl~~~f)if~'W O''llVi~\I\l1'W m ~~'W ~1;1unllJ!~fl~ 
mri1t!'W l~un m1lJfu'W~1f)~Wl1!JiJ'\JU\I~~f)UH'W5}1'W U~~Vi~\I\l1'W~~tf'\JU\lllJ!~fJ~~I~\I1f) Knudsen 

cell 

mil\I I ':i n~llJ Knudsen cell t!U ii~~ ~ln~cY111i''U€y1':il1rUli1~1J1\1'lft1~ 1~U\I ~1f) ll.imlJ1~mJ 
cY111i''ll1'Wf11':i~ii~ih IlJmfl~'\Jtl\lm':il1rUli1~~ii~1f1d1lJ~'W1U~\ll~ I'llUr.i1\1!'lf'W P, S, Se U~~ Te 

, 	 .. , 

!t1'W~'W !UtJ\I\l1f)f11':i m'llfllJ~1f111lJ~'W lmh1~U1f) ~\lU'W~\I l~iif11n~~'W 1 Effusion Cell -viii 
, 	 .. 

f1U\{ylJ,j~wmll i~un Valved cracker cell ff111i''ll{y1':i-viii~lm1lJ~U1U{y\l1l1ri1i'1 U~tJd1\1hn~ Valved 
q 	 ~ 

cracker cell t!uii':i 1fl1H'V'I\IU~~1m\I€Yf 1\1 9$uctl'u'W ff111 i''ll~\I'lh~~lIiflf)'I5iJ~l1rl\l~ l~tJtJf)U'll'lllJ1!~tJ 
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", q "QI

'1'lfnlJtl'U Knudsen cell 1t'U'U'Ii'j'jlJ~l'W 

." . 
'1" , '" "" "''1'''1 "'~ .1 "'I '"(P2) !flUtl Ga-trapping cap 1~Q~1J'VI 'If 'Wtll'j'WtlJ'Wff1'ju'j::;tleJ'U GaAs It,,;:: GaP t'WeJ~'il1tllJ'j1fl1\lml'''::; 

QW'l1iJiJ'lJeJ~tll'jffmtlI'i1iiri11li~~!n'Wl11 ~l1ml1m1lJlt~tl~1~'lJeJ~~lfl11lJl'i'WleJ'j::;'\,d1~ Ga It,,::: P ~ 
" .

M'il1tltll'jffmfJI'i1'IJeJ~ff1'j11'j::;tleJ'U'l'W fffll1:::fflJ~mr'U l~tI~lm1lJ~'W1 eJ'lJU~ Ga iirill'lltl";h leJ'lJeJ~ AS2 

. " 
'11~{) P2 Yi~W'\1iJiJ!~tl1tl'W ~~u'WleJ'lJeJ~ Ga \ltltltlHfllfJ'l'W.f11'lf'W:::t'Ul'YmeJlJ'I1rU Crucible 'lJU~ Knudsen 

" 
cell ~1t1ff1'W Ga-trapping cap 'Wum)1tlUff1'W Ga-trapping cap v~'lhtJ'l'Wfll'jftlfnfffl11:::,,"lJ~"'lJU~IeJ 

'1'Wff.f111:::~tnfltl'"1 f)fll 'j ""'" 1t1~1 (Decomposition) 'lJeJ~ff1'j11'j::: tleJUflf)~1 tI bYmfUfll'j ff"'1t11911'IJtl~ff1'j 
QI I ~~ J ~ ~ 0 iI I Q .:2

11'j:::tltlUfl~tlm1'W!tlfl'IJ'W 'il1f)fl11lJ'j U'W 'I1'j Ufllnn'l'l1ff1'j11'j :::tlUUUQ'1 'W,,".fl11::;f.lU! '11 iJlJ 1;1;~ C)j~ '1 'W fffl11::: 

fflJ~",ij'ff1'j11'j:::tlUUtl~lJ III-V ii~1'W1'W'I1reJ11~lJ1W'lJeJ~eJ:::~eJlJ'li1~'I1~ III lJ1f)f)i1'IJU~'li1~'I1~ V tm::: 
" . 

'1'Wfffl11:::f.lW'\1 iJiJ~~u 'Ii 1~'I1 ~ V ~h'W '1 'I1tytJ~'l 'U t11'IJeJ~ Dimer (V2) It~ n1eJ~ 'il1f)~lfl11lJ~'W ItJ'lJeJ~ 
,.:;"'" <9o'lY, d",,&, ~1lJmQ'" Dimer'IJU~'I1lqJ V 'W'WlJm~~f)11 'il~'VI1!'11 !lJmf)"''lJeJ~ Dimer 'VI!f)~'IJ'W\ltl~'WeJeJf)lJ1!lJ'W IlJt"'Q'" 

'I1~tl!'Vltl~mh~t~fJ1 ~ llJ11 tl~ f.lU! '11 iJiJ~~'¥hn'W'lJU~fll'j tl1tl1~ IeJ As2'11 reJ P 2 ii~ 1~~ tl11f.lW '11 iJiJtll'j 

ff"'1t119111m~ff~1~'lJU~ Ga-trapping cap ~~'1'Wt11~ 2.3 

<9
<f'~P2 

PBN cap ror Ga Trapping 8 0' 
(GaP) 

Sublimation of GoP 

GaP (6N) polycrylal 

Gallium Trapping Cap System 

.Id 1 Y .,;'"
t u'VI 2.3 fl1~ ! m ~,,"'j l~'lJeJ~ Effusion 'VIlJ Ga-trapping cap [9] 

2.1.2.2 Cracker cell 

"',,; '" "',,; &, ~ d"; '1 31 ~ 
Cracker cell lJ'lfeJ1Hlf)Uf)'lfeJ'I1'IN11 Dissociation cell tlJ'W Effusion cell 'VIeJeJm!'UU1~tJ !'lHlJ'W 

U'l1~~tl1!D~rl11lJ!"'f)"''lJU~'li1~'I1~ V ')j'U~ Dimer (v2) ~~~llJ11f)~rl11lJWf)"'lJtJ~'li1~'I1~ V ~I~'il1tl 
" 

Effusion cell U'Wl1j'W IlJWf)"'lfU~ Tetramer (V4 ) (1911mhwH'U As ii AS2 ltl'W IlJWf)'" Dimer lW::: AS4 

~ 1 1 Y "'''' Y <9 '" ,
llJ'W !lJmQ'" Tetramer) !ft'j~,,"'j1~'lJeJ~ Cracker cell lJ"'tlflW:::flmtlflMf)'U Knudsen cell !!~ Cracker 

.:: '" & ~ , Y '" & d'l Y "" '1 ' 
cell 'W'WlJ Cracking zone C)j~llJ'W,,"1'W'lJeJ~'IJ~"'1~fl11lJ'jeJ'WeJtl'l.!~'\1'W~'V1 !'I1f.lu!'I1iJlJ~~ 'W'lf1~ 800-1000oC 

~11mtl'IJeJ~'litJ~'VI1~eJeJf) lY1mtJ1'l'l11W"'fJ'" Tetramer 1l~f)1911t1j'W11JI"f) " Dimer It,,;:: '1'Wfll'jtJeJtlu'Um!'WlJ 
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'j) ~..:9 'j) G)'j)1 II ..:9 d QI ~ 4::1 

'\Jtlfl1'j'j~1\1f1tl\9nl\l nHl1'W Cracking zone tl~'I11\1~1f) Crucible 'I1'jt) Reservoir 'V1m'j~1I'lQ~tJlJ1mYW\l'Wtl 

~ ..:::::..cr 'j) 'j) ~ 4 , ..:::::.. 1 QI d. I , 

l'WtllJ l'l1f111mtl'W~1f) Cracking zone C}I\llJfI1~ru'l1lJlJ~\I'jtJf)1'W~1'W Crucible tl'WmHll'ltlf11'jfl1tJfJlJfI1 

m1lJ~'W itli~ ~\lJ'W Effusion cell 'lfiJ~ci'~\lijfl11lJ[J11lJ1f)f)',h Knudesn Cell 11tJtJiJf)~ml~~11rl'W~tl\l 
ijri1'W '\JU \lyj uJ1'111 tl ri1'W 'j ~tJ1Vfl11lJ~U'W i 'W ~f)'hl ru~ ~ 'W"l rl1'11 i'tJ 'V11'11 ~1~1~'W 'j~ tJm ~tJ1Vfl11lJ ~U'W 

(Cooling) t~U i l1'm'j fl1tJfJlJQru'l1 lJiJi 'W rid'W Crucible ~1111 HIl11'~ rl1'11 i'tJ 1f1'j\l~~l\1H'UtJ~lV'U tl\l 

Cracker cell ~\li'W~tl~ 2.4 

Cracker section with ba 1I<;~-~ 

Botlom np''''pr_ 

Multilayer radiat 

shield 


Thermocoupl 
feedthro's foil 

Power feedthro's 

2.1.2.3 Valved cracker cell 

~ ,d J ..;. 'j)~ 0 0QI I .c:.tI ~ 
Valved cracker cell 111'W Effusion cell 'V1 flf)'WI'lJ'W 1'\J'W lllt'W ul '1ft l1'WU'I1 'l\lf111'W ~'l11lJt'lml'lf'W ~. 

, .d '" 

~ 

i "'9 !119 ' ...
Dimer 'Utl\l'li11'.l'l1~ V 91\1 Valved cracker celllJf)'l f)'\JU\I Nozzle valve 'V1 t'lf t'Wf11'jfl1tJfJlJfI1f11UJI'l'W 

itl ~1f)f)1'j iJ i'tJ 1'l111'11 U\I'\J U\I Nozzle 1'Wf11 nUI'l91tl\l 'V1 1\1 UU f)'U tl\l ~11m 'lfl'l 'j 1lJii\lfl11lJ~1lJ1'j f.) 1'W f11 'j 

U~Of) itl HfIlvi'W Reservoir l~Uhi1M'iUtltlf)lJli~'W mW~l'j 1i]jijfl11lJ~tl\lf11'j 'V1 -,'1M'ijm1lJflritl\l~1 

1'W f11 'Hl1'11'W ~fi lfl11lJ ~'W i tll'lllJlitl'W i '\J~~tl\lf11 'j i ~~ 1Vll'l:::: fll1lJ ~1111'j fl 1'Wf11'j~~ ~11lJt'lfJ'li~~f)-:i1 

Effusion cell 'lfiJ~~'W"l 1~vm'W1~f11'jiJ'Jf)H~f)'\Jtl\l1m\l~!l\11~1'l1'V1Uh (Heterostructure) ~ij~l'j 

iJ'j::::f)tltJ'\Jtl\l'li11'.l'l1~ V ~1'i1\1'1fiJ~O'W rl1'11i'mj'tl~'\Jtl\l Valved cracker cell fitl~lm'jfl'1otl'lI'lQ~tJi~mj1\l 
4 ... 1 at...:::::.. & I ~ Q.I":::::" 9 ~ 0 '1 !II 
lJlJ'j~~'V1'1ifll'W "II\111I'lf)m\l~lf) Knudsen cell11'l~ Valved cracker cell fltl1l'lQI'l'UfIlV t'W'W'W\jf)'V11 '11 

nmmrl'W 'tl'j~l'l1~tltlf)lJ1I'l'ltll'lnm ii\lU~-:i1 Shutter tl~l'Wl'lltmU\lU~nl'lllJ 

- 10



~'!J~ 2.5 fll'V'l'IJeJ~ Arsenic Valve Cracker Cell [10] 

2.1.2.4 Gas Injector Cell 

?t d 'I ~ r:>I ?t... "" .J ''I .1 0 ...

Gas Injector Cell l1J'W Effusion Cell 'Vl ~'lH)1c)H1J'W1~q~'IJ Clf~eJ~ ~'W~1J'lJeJ~ Hydride ""1'11'j'IJ 

U'l1~~~lV1il~'I1~ V l'lf'W PH3• AsH3 u,,~ Organic compound rll'11f'\Jll'l1~~~lV1i1\9l'l1~ III 19l1eJV1~l~Hn 

Ga(CH3\ (Trimethyl Gallium: TMGa) IW~ In(CH3)3 (Trimethyl Indium: TMIn) I~'W~'W t~vtf)'j~""~l~ 
..:::s 001 9J 0£:9 Q,I " Q,I..:::s. ~ " .::::Sd 

'lJeJ~ Gas injector cell 'lJml'l:lru~fI(I1VfI"~n'IJ Knuden cell !I~!I~n~l~n'W'Vl Effusion cell 'lS'W~'W'lJ'IJ~ 
, v ,I 

"1~ fl11'lJ~eJ'W li1i',r'W ij ~ru '11 iJli~~ nil 1 ~ Vr'llY1,yj 'IJ~" 1~ fl11'lJ ~eJ'W vb1MfllClfli I'll "~1 'W UI'l nl9l1eJ eJ n 

I~'W 1'lJI"fJ"II'IJ'IJ Dimer 'I1~eJ Tetramer rllr'1i''lJ1il~r'I~ V 11"~I'U'WeJ~~eJ'lJl~rnrllr'1i'1J1il~'I1~ III ~~ 
""l'lJl'j(JfI1'IJfj'lJ l~\llnfil~ru'l1 iJiJ'l 'W ri1'W Cracking zone rll'11f'IJ.ueJ~'IJ eJ~f)1'j 1i'nlClfI t1'W 1I'lq~'IJ ~eJfl11'lJ 

~mcieJ~lm~fI11'lJ""~~1n1 'Wf)1'j 1~'lJ nlClf1I'lq~1J l~v hjijfl11'lJ~11~'W 1'W n 1) Yll111'j ~1J1J~1neJ'W f)1'j 1~'lJ 

1I'lq~'\J!'li'W'j~'IJ'IJ MBE ~1"l l'!J li1eJ~"ln1I'lq~'lJJ'W\1f)l~'lJ111'W'YieJnlClf~~eJl.uU~1J'IJ MBE ~~ 
""1'JJ1'j (Ju~'YieJ'lJeJ~'j ~'IJ'IJ f)1'j iJeJ'W nlClf~ ~ eJl.u 1 'j ~1J'IJ !I"~ Yllf)1'j 1'!J~r.I'W 'YieJfllClfl~ 1~v hHj H" f)'j ~'Vl1J~eJ 

" . 
""fll1~lltytyf)1fl''lJeJ~ Growth chamber !I~ eJVH 1 'j ~1'l1'lJf)1'j1 i'fllClfltl'W 1I'lq~1J'W'W ijfl11'lJ ~llt1'W,yjl'i'eJ~ 

"" I, 

~~ 19l~'j~'IJ'lJ11'lJ illltytylf)1fl',yjij 'IJ 'W 1~nlr:i~~~I~ V~'V'l eJ U,,~11 'lJilYi 1 i'~eJ~ l~ 'W'lSiJ~Yi ijfl11'lJ fI ~'Vl 'W ~eJf)1 'j tl~ 

I iI I iI 

fjrum'V'l" It'lJmfJ'',yj l~" 1 n Effusion ce II ,r'W ij H"~ t)fj ruflll'm"~fl11'lJ "")]11""'lJ eJ'lJeJ~ H~n ~~,r'W 
. " . 

"11'lJI"fJ"Yi1~,r'W19i'eJ~ijl"";;)V'j fll'V'l (S ta ble) fl11'lJ "")] 11""'lJ eJ fl11'lJ""~ eJ1~'IJ eJ~ eJ~rl'!J 'j ~ n eJ'IJ ~1~ "l 'IJ eJ~ 

Effusion cell H"~fl11'lJ'IJ~ ll'Vlt'IJ eJ~ 11'lq~'IJ~1i'~ij LY1'W rllrlty~eJfjrum'V'l'IJ eJ~"l1w" fJ" til1 'lJ l"fJ"'lSiJ~ 
~1~"l 'lJtN1il~'I1~ V lm~'lSiJ~ Effusion cell H"~1I'lq~1J~1i'''''1'JJ1'j(J",,~'!Jl~1'l1'lJ1'l1'jl~~ 2.1 
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cracking stage 

./" Thermocouple quartz
/ feedthrougb Thermocouple injector 

\ 

\ 
gas inlets 

~11~ 2.6 m'W1m 'HY!1~'lJtl~ Effusion cell 'lfiJ~ Gas injector Cell [11] 

Effusion Cell 
'lfiJ~'lJtJ~~lllJmfJ" 

P2 AS2 AS4 Sb2 Sb4 

Knundsen Cell GaP GaAs Solid As Solid Sb Solid Sb 

Cracking Cell Solid P Solid As Solid As Soild Sb Soild Sb 

Valve Cracking Cell Solid P Solid As Solid As Soild Sb Soild Sb 

Gas Injector Cell PH) AsH3 
------ SbH3 

------

'ti'm~'W'lJtJn~uu MBE ~mi!tJf)';hi~f11'jl1~f)H~f)U.y:jUVl f)9iilit'W ~ 1'Wt91~tVlfliJflnfimnlJ1H) 
y , 

~ Q.I' ... I o'A 0' , ~ (lI 111 'j) 0 9 'j).::::t '.d, ~ 0' 
~~~~~1JmWJtml~'H~l.:j"l t'IJlf)U'j~UU!~ Vl1 !'HlJmllJ~m'WtJ~ !'Wf)1'j~'jJ'il~tJuU"~J!ml~'H'fJWfl1'W 

Q.I'~&Gf .cio ..... 1 &\J]V&0'l'JJ .cI 'Q.I.& 0 cv 
U"'~'fJW~lJU~H"f) L'W'lJW~VlVl1f)1'j1J~f)H"f)!~ 'il~Vl1 L'H~~~Jf)U"~lJflJl'lJfl"'tJ.:j~J C)j~m'lJl:;~lJ~l'H'jU 

y 

f11'ji,rvu"'~f)n H~~t91.:j'W lW 'lfV rll'H f U 1'W 'j lV~l'W {j'IJtJmhJn~1~v5WI) 11m'Wl~~l1m uri!ml~,.('H ~f) 
y , y 

~'W)1l'WYi~l!ilmh'Hfu'j~uu MBE t'viTu'W 
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2.1.3.1 Reflection High Energy Electron Diffraction (RHEED) 

, v 

AH'l:::m'HHH)'U lf1':i ,:n,.h:j~h (Surface Structure) l~v'li'Ul;JC'l.yjl~~ltl RHEED ihj'l'Utltl~ll11'U'U'IJ{)'1~mHlJ::: 
1" 9J "" i "" '" "" & "'.1 d!flHff'J1'1f-l1 'Wl'll''1 Microstructure llC'l:::fl11W'JVlJ'IJ{)'1H1 (Smoothness) C]f'lC'ltlflru:::~lJll'U'U (Pattern) 'Yl 

vv 
11] V ~& Q,I Q,.I .c::t Q,I 1.c9 .£::S 4.c::t 0 i 9Jq,.
L~'il1tl RHEED 'W'IJ'Wtl'UC'lnflru:::tll'Jt'JV'I~1'IJU'IU:::~mJ!'W !flH'J1'1f-lC'ltl llC'l:::m1lJl'JV'U'lJU'If-l1lJHC'l'Yll 'VI 

ih~t~tl~'JU'Wt~V'II'U'W (Diffraction) 11li'Wrrtlflw::: 3 iJ~ 5'Wtil'Wm~.yhi'l1'~1l11'U'U'lJU'I RHEED ~1l'J1tlfJ 
v 

~'WII~nl9i l'1tl'W1111'W1I19iC'l:::mru 

, ,v 


ri1'V1i''Ul1'lhVimtmhf1qj'IJu'I RHEED Viff~1l1~1j~'1ij 


1. tll'J ~ 'J 1 ~ ffU'Uffm'W~hl1 t!l'IJU'III~'W f-l~ tl;}l'W i 'W 'IJW::: ~Vi1fl11lJ ff:::m~~1Vm1lJ~U'W (Thermal 

Cleaning) nu'Wtll'Jll~nH~tl 

v 

'WUtl~ltlij RHEED V'lff1lJ1'Jtli~i'Wtl1H"U'UI.yjV'Ufh5~'J1tl1'J1l~tlH~tl (Growth Rate 

Calibration) 1~ t~U'I~lmfl~tll'J11l~V'W1I1lC'l'l'IJU'Ift1fl11lJI'li'lJllff'l RHEED i'W'lJw:::~Vi1tll'J1l~tlH~tl ~'1 

ff1lJ1'JtlU1i'UlV 1~i'W11l~ 2.7 ~llJlln~thl1 t!l'IJU'lf-l~nnu'W tll'Jll ~nH~tl~fl11lJt~ V'U Vi1 i 'I1'~I~tl~ 'J U'W 

9J I V .& ~cS at Q,I?t .c::t ~ V ~ d d 9J ICII 

ff1lJ1'J tl ff::: 'YlU'W H1'W ml1'lJ1HC'ltl'YllJU:::~UlJI 'J V'I~1!'U'W 'J::: t'U t1'U C]f'lfl11lJI'lJlJ'lJU'IutC'ltlmu'W'Yl ff:::'YlU'W H1'W 

1lli 'W tl 'J ru if1j ft 1f1 11lJ I'li'lJ ~ 'I "I~ 1119i trl U tll'J 11 ~ tl H ~m ~:JJ ~ 'W ~'W tl 1 'J I11 ~ V'W II11 C'l'l 'IJ U'lft 1fl 11lJ t'li' lJ II ff 'I 
• v 

RHEED 1jft1C'l~C'l'l i 'W'lJW:::Vi'l'lltll'Jll~tlf-l~tlijlfl~ ~1 tltll'J m:::I~'1 (Scattering) 'IJU'Iih~1 ~tl~'JU'WmlJ 

I & d .::i ~ V J.& Q,I ~ .&.::!4 ~ ~ .c::. V 
ff1'W 'IJ U'I HC'l tl'IJ'W 1~!C'l n'YI tl 'J::: ~ 1V'U'W H1'V1 'W 1'IJ U'I!!f-l'W HC'l tl;}l 'W U'W t'W U'I ~ltlHC'l tl'YIttl~'IJ'W 'W 'W'U 'W Hd'11 'W 1 

• v v 

'IJU'III~'W f-l~m f)~ tll'J t~ V'I~1'IJU'InU'WH~tl'IJ'W l~l~tl (Cluster) 1~ vnu'W H~tl'IJ'W l~l~nVitfl~~'W U'W1j~tlflW::: 
QI "I1?t e;:S Q,I~ 0iY gJ od.c::s. ~J'd v 

m:::~~tln ~lV LlJIlJ'W'J:::'UV'U U'WIU'Wf-lC'l'YI1 '11 m1lJt'IJ:JJ'lJU'IC'l1wn~'J U'WlJfllC'l~C'l'l ~'Wm::: 'YI'I'W'W'Yl'IJU'ItlU'W 

y ~ eX e:J. .:::t I dt &.c::t d.c::. V I & ~ QI Q,I tI d 
fl 11W'IJ lJI't'l:JJ'IJ'W un ~ 'W:JJ fllQ; '1"I~llJU HC'lm 'J V'It~ lJ f-ld'11 'W 1!!H'W HC'l tl;}l'W C]f'lfl11lJ ff:JJ'W'W 1i'IJU'I tll'J 111 C'l V'W 

I ,.." I I 

II1lC'l 'I'll U'lfl 11 w'li':JJ II C'l::: ft 1f1 11lJ'I1 'W l'IJU'If-l~tlVitfl ~~'W ij1j ci'tlfl W::: tll 'J I11 ~ V'W II11 C'l'lll 'U'Ufi ii'W ~1l 11 C]ftf (S in e) 

1" d • 9J & i d & t 9J
!~Vtll'J t1lC'lV'W1I1lC'l'lfl1f111lJl'lJlJ'I1'W'I'JU'U 'W tll'J tll M'W IIllC'l'lfi 11 lJ '11 'W1'11 'W'I'll''W l:JJtC'lf:)C'l (Monolayer) ~1V 

,.. "1 " 
t'l1 ~ij W'I Vi 1 i '11'1 'J 1ff1:JJ 1'J tlm'Uf:}:JJft 1fl 11 lJ '11 'W 1'IJ U'I.u'W f-l~ tl.yj 1 ~i 'W 'J::: ~'U.u'W llJ tC'l flC'l ~1tltll 'J ff'II tl ~ tll 'J 

tll~V'Wft1fl111J!'li':JJ RHEED ~11l~v'W!!1lC'l'l11li'W'lJw:::~Vi1tl1'J1l~tlf-l~tl l~v RHEED til'Wtfl~U'IiJUri1f1qj 

i 'Wl'Ylfl'W tl PLE IIC'l::: MEE ~'1'WVlJ 1~tl'W Ud1'111 'W i'l1 C'lltl i 'Wi] ~ ~ U'W ~tl~'1ti'llil'WI'YI fl'Wfl ri1f1qj i 'W tll'J 
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tI 

rl''1!tl1lmJrifl~1'IJfl'11fl'~' ':I''''~1'1 Quantum Dot ,J1tltl~ ltl Stranski-Krastanow !!~fldH1 J ~~!'YIflUfli'Hj~~ 

~ltlPlfiflmJ llJ~t:JlH!Ll~'1'IJfl'1fi lfl11:IJ!fi:IJ 1I!;1' '11~i~!'il'U ~hl1 f'IJ mJLl'jtlH~tl'IJtN!;1'lJ 'lh ~ tlU'IJ'IJ l'1'l1U mw~ 
tI, I 

tllJ1Ll~t:J'UllLl~'1'IJU'1~lfl11:IJ lfi:lJ!!!;1' '1 RHEED tJ'Ulj"'tl'l:lW~ViIl1ltl~Htl'U 1Ll\9l1:1J!~U'U1'IJ i 'U!;1' fIl1~Vi 
I 

• tI 

111Itl~1'1tl'U~tl~1t:J rlll1f'IJJlt:J~~l~t:J\9l~N'1 'il~'lJU 1~tl~11~'1 iuViu 

Monolayer Growth Eleelron Beam RHEED Inlensity Signal 

tI • 

'U fl tl 'ill tlU ~ 'iJ II 'IJ 'IJ (Pattern) 'IJ U'1 RHEED Vi 1 ~'IJ fl'1 H~tl!l~ ~ ~ 'l1U\9l!;1'1:IJ 1Hl 'li '1 'IJ U tl ~ '1 ']$1 '1~1 

f.2Wl15J~'lJfl'1fj1l1tilH~tll~~1{)~'1~1flcil'1 i 'U~'iJ~ 2,8 ~'1tJ'il~'l1uV'1Ut:J:lJi~111ifi 'UtllJI'lJ1'il!;1'fl'IJf.2Wl15JiJ 

fj1l1til'IJU'1U~'U H~tlll'U i'U tllJ 'iJ'j tl H~ tl111 MBE t! ~~!;1'l:1J1J () Hl~tl'IJmJ'iJJ ~ tlfl'lJlnU'lJ'VJtl'l1U~ 1~t:J 

Iln'il~!;1'1JLlJ~tl fl'lJ ~'1 ~1t11~ ~ 111 () 'lJ 'W "'''I'llUlj ~ ltitlt:J:IJ1tl flU I~'U fiU~~1l1 i!tltl ';h111 tll J 1\9l~1t:J Pyrometer 

~'1 '~(l'l:1J1J()i~~i'Um illif [12] lI~fldl'll J~~11itllJifljml:IJfl~1~lfl~fl'U:IJ1tlfl';h lOoe 1I~~ljfl11:IJ 
~'1{)1tl i utllnh'U'i'iJII'lJ'lJ'lJfl'1 RHEED i'U tll J 1\9l1Vit:J'lJQw '11 JJiJ 1~ t:J~'U tl'lJ fl11:IJ'lf1'U lty:lJ1 tl'IJ fl'1 ~th'U 
l~'UflciN:IJ1tl 

GaAs 
2X2 2X4 3X4 4X2 

• I,' I 
3X1 

InP 
2X2 2X1 2X4 

~ ! 

InAs 
1X2 2X3- 2X4 4X2 

200 300 400 500 600 700 800 

Temperature (,el 

'i'iJ~ 2.8 !!H'UfIl'Wfl111HhJ'W'UTI'lJfl'1~'iJU'IJ'IJ Rl-IEED !!~~QWl1JJiJ'lJU'1I1~'UH~tl 
(100) GaAs, InP II~~ lnAs fIlt:Ji;tfl'IJfl'1 Dimer [13] 
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2.1.3.2 Residual Gas Analyzer 

"i ~ ..,j "i d"l ~'l "" 0'
Residual Gas Analyzer 'l1'Hl Quadupole Mass Spectrometer !lJ'Wlfl'Hl'nJtl'Vl!'lf !'Wf)1'Jl!m1::;'l1 

"" tI"" d ~ ~ 'l .9 0 '1 ~ ~ 
'If'W~!!tl::; 'J mw 'II tl'l tl'4 fllfl 'VlI1J'W f)1C)ffllV !'W Growth Chamber C)f'l 'Vl1 'l1! 'J 1tl'lmHl ~ tl' fllYl'lJ'J'J V1f)1f1 

J' Q.I 91..:::11 fI G' 
fllV'1'U Growth Chamber 'WtlfHl1fl'W Residual Gas Analyzer V'Itl'1lJ1'Jol'lfllfl'J1::;'l11i1\ijtl'lfltl'J::;fltl'lJ 

'l do tI .d/IIJ~'''' 'i ~cl
(Composition) 'IJtl'ltl'l'J tI 'J::;fltl'lJ !'W'UW::;'Vl'Vl1f)1'J 'Jflrltlfl !~!'lftJfltJ [14] !~V'lJtl~'Utl'l Residual Gas 

Analyzer ~!'l1-Wtlfll1fll'J1'* Ionization gauge ;itl Residual Gas Analyzer iifll1l.Hl::;!VV~!!tl::;fl11:JJ!!li'Uth 
". . 

Ll'lfll1 Vm1'1 iliiiHtl'IJtl'lf)1'J Ifftl:JJ'Utl'lfl11:JJ i 1 (Sensitivity) litJ!~Vln'lJ Ionization gauge djtlli''11'U itl 

.9 
'J::;v::;nm'l1'U'I 

'Utlfl1l1fl RHEED, Ionization Gauge, 1m::; Residual Gas Analyzer ~'1!1j'Utfl~tl'lijtl'l1~fl~'W~l'W~ 
" . , " ,

~~~'11'Wril'W Growth Chamber 'IJtl'l'J::;'lJ'lJ MBE ~tlmruv'U"'] Yl~~~'1I-Wtlil{J'1,rf)1'JtI'JflH~fltl'lm'Jt),Yh . .
\I} y 1 dtl ~.C). I ~ Ci)lli 111 ..:::t.~ 91 I .dl a 
!~tlV1'1:JJ 'J::;tl''Vl1iflWl !'lftJ Pyrometer IYltl!'lf !'Wf)1n~~W'l1lJ:JJH1'l1'W1!!HtJHtlfl~ltJ Ellipsometor IYltl 

'l~'l ' ' '''' tI IIJ~' 0';'.1 ~ ...
!'If !'W f)1 'J fll'lJ fJ lJ m fll1lJ 'l1 tJ 1!! tl::; m tl ~ 'J 1 tl'1 'U 'U tl 'I tl'1 'J 'J::; fl tl 'lJ I ~!!lJ 'W fJ1 {J 'I 'U 'W ~ lVtl fl'l:l W::; 'U tl'l 'J ::;'lJ'lJ 

, I " , , 

MBE Yl !1j'W 1lJ~ tlYl ii fffll 1::; ~tyqj1f)1f1'J::;i'lJW1f1'1:l 'Yl 11,rl 'J1 tl'lm 'J o~~~'IIfl ~ tl'lijtlllf) 'J l::;MV'W '1 l~ln'lJ 

'J::;'lJ'lJ MBE i~ ~ltldN!itJ Auger Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy 

(XPS), Secondary Ion Microscopic Spectroscopy (SIMS), Scanning Tunnelling Microscope (STM) 

~ ~ .d/ 0 'I ~ "" 0' .,,'" .d/ d _ I IIJ ~. • ..,j ~ 
IU'W91'W 'il'l'Vll! 'l1! 'J 1tl'llJ l'JO 11m1::;'l1 Htl::;91nlltl'tl'lJfJWtl'lJ'lJ91'Utl'l Htl fl'VlU'Jfl !~ tl V1'191tl!'Utl'l!m::;'Jl~1n 

1~V!'ilYl1::; STM 11jtJ!f)~tl'lijtl~ii~~f)11:JJtl'1:JJ1Hl1'Wf)1'Jllf)'J1::;M~il{J'1,r1'J1tl'1:JJ1'Jm~1'1 'ilfltl ifl~l'1"'] '1 'W 

'J::;i'lJ'U'W l~'Utl'ltl::;\Pl tllJ [15] ~'1'J1Vtl::;IV V~~ 1'1"'] 'Utl'l If) ~tl'l ij tlt'l1 ri 1tTtJ ff1lJ1'J tlfffl'l:lllvi :JJI~:JJ i ~'il1fl 
. " . 

ttlfltl'l'JV'W"'] ff1'l1i''lJ'J1{Jf)1'J'lJtl'lril'WtI'J::;fltl'lJ'~tJj1'W'1tJ Growth chamber ff~tlil1tJm'J1'1Yl2.2 

- 15 



, " 
d '.1'" 'I<f1l'H:!'VI 2.2 1'lVfll'HY1'UU1'~fH)iJl'l'U~1'U ~'U Growth Chamber '1H),n!:iJiJ MBE 

~ ~ ~4 
1'lVfll1'!f!1't)'1'lJt) (Component) l1U1'V1 (Function) 

Beam Generators 

Cracker cell 

Valved cracker cell 

Gas injector cell 

Beam Interruptors 

d1'U (Facilities) 

Shutter 

"" ')I I & ..t 'I ')Ii
f-l1l1'U1'IJt)'1W·IUf-Hlfl!1'U !l'lt) ~'lf 'U 

fl11'f!1iJ~'lJfl1'~iJ1Ufl11'tlQflf-lSfl 
"" 0'')1 ')I ""iBeam and Growth Monitors RHEED 1!m1~l1'IJt)1q!fl f!H'ff1'1'1f-l1 

Quadupole mass spectrometer 'li't)'lJ rlri 1f!11lJ~'U1t)'IJt)'1 rl1 i 'lJ!rI flrl 
~ . 

Ionization gauge 

Process Environment Multichamber UHV system 1!:iJiJ Multichamber 'lidvi,r 

'ff1 'lJ 11' (lfl\PItl1lJ1W'IJ t)'1 residual gas 

d 1')1
'VI active ( \PIUfl 

I 

02' CO2, HP, 

CP) .yhi,r'ff1lJ11'tltlQflf-lSfl~ii 

flfl1 fl flU !n\PI f-lS fl'IJ t)'1 fll l' tl Qfl f-lS fl~Vl U'VI fl9$1) 1fl rl1 i 'lJ!MJrI rl1l1 f iJ'ffU tl l' ~ flt)iJ ~'1~1'W1fl~ 'lJ 
" , 

III-V U'U!n\PI1)lflt)!:<f1t)lJ'lJt)'1li1l91l1 ~ III ! ~'Umrfl I'll t)'1 '\llflf!11lJ'ff1lJ11' tl'IJt)'1fll1' !fll!:~\PI ~hu~'U f-lSfl~ 1'U 

I & .1 "" ')I "" ')I & .1 .1 ')I

'II t) '1li lIPJ l11q! III C)f'l<f11 'lJufl'fl Uri 1 f-l1l1 'U 1Uf-l 
I 

'U t:-Irl fl~ 1'U fl 
I 

t)'U fll l' UQ fl\j flu flf! 'llJ \PI 1 ViJ l' l' V1 fllf1''11 t) 'I 

i'lJ!Mlfl1i1\P.jl1~ V !.;it)'lf\PI!'lfVfll1'~qJ!f1tJi 'U'lJW!:~U~'U f-lSfl! 1'U iJri1~Wl1 iJiJ~'1 5'\.J!~'Ut:-IrI.yh1,r~hmr1 

"" " U~Uf-lSfl~lU!~'Ui'U'lJt)'1t)~'flt)lJ V ~'1uut)~'flt)'lJ'lJt)'1li1\P.jl1~ III ~'1!~tJ'I~1!fll~rI'IiJ'Ui'U'lJt)'1t)~<f1t)'lJ V 

" " '\l'UflmV!~'Ui'U'lJt)'1t)~<f1t)lJ III '\llflU'Ut)~'flt)'lJ'lJt)'11i1\P.jl1~ V '\'lltl5n1V1!fll~iJ'Ut)~'flt)lJ'lJt)'1li1\P.jl1~ III 

l11t)\jfl~\PIcJriJ (Adsorp) '\llflt)!:'flt)lJ'lJt)'1lillfll1~ III i \PIv~mjw!:'IJt)'1fll1'!~ V'I~1'IJt)'1t)!:'flt)lJ'lJt)'1li1Ifll1~ III 

" " & I 

Uri!: V U'U!~V'I~1!~'Ui'U1'~~iJt)!:'flt)'lJ'ff~iJti'U 1tl'flrlt)\PIfll1'tlQflf-lSfl C)f'lt)~<f1t)'lJ'lJt)'11i1Ifll11q! V 1~'\llfl 
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fll'jU\91fl~1"Ufl.:j llJ!'flfJ'fl~fl~h..l ~1l Dimer 'JIIrv Tetramer -Yh h1'm~'l.J1'Wf11'j !fl~ N~mil'W~m:lru~ i¢i'fffl 

" ff1'W'lJtl.:jtl.:jr1U'j~flV'l.Jl'l1lJ lf1'j.:j~~l.:j (Stoichiometric) lf1t11lJl'flfJ'flff1'W!fl'W"UV.:j'fill'.l'JII~ V u'W\jflUcitltl 

fI1t1tltlfl (Desorp) ~l1flti1"UV.:jUH'W N~flil'W ul'iv Vl.:j i 'j ~\9l1lJ~ru'JII IJiJti1'J11U1"U V.:jUH'W N~fl~1'Wiifl11mflri'~ 
" " " 'ifll1i''l.Jm'ju~flN~fl11iil ~.:jU'W'Jlllf)~ru 'JII IJiJti1l1Ul"Utl.:jUHU N~f)il'Wiifh~ .:j-Yh1,r!fl~ N'fl~.:jl'iv illil 

f) lumw ~~ru l1 iJiJti1'J11 U1"U V.:jUH'WN~f)~lUiifh~ .:jf)':h~fI'j~!l1f1 'UV.:j 'fill'.l'JII ~ V 'VI 1 1,r!f1f1fll'j 

Ucitltlfl1t1tl~\91tllJ"UV.:j'fill'.l'JII~ V VVml1f)ti1UH'WN~f)~lU 

. " 
"U) ''Wmw.yj~ru 'JII IJiJti1'J11 U1"U V.:j UH'WN~f)jl'W iifh~.:j~U U'fl~iifh~.:jf) ':h ~fI 'j ~rHfI"UV.:j"UV.:j'fill'.ll1~ 

III 'VIl'M'!flflfll'jucimJmtfv~\91VlJ"UV.:j'fill'.l'JII~ III VVmnf)ti1UH'WN~f)jl'W 

" . . 
~.:jU'W~ru'JII IJiJ"UV.:jUH'W N~f)~ 1'W ~.:jfl1'jV ~''W 'j~~'l.J.yj'l,hf1f1 ~1!'JII1'.l 'l'W'UV "U) ~.:j iifl11lJ ~l!i1'W.yj~V.:j 

old '" I'J n I'" 9 'J/ .J I '" '" 

'YI1fll'j'lfm'lftlfl~\9ItllJ'fill'.l"UV.:j'JIIlJ V 'YI~\)j!~tf 111 !UV.:j~1f)N'fl1'W"UV f) 9f.:jfl1~tul1iJlJfl1'J'j~!'JIifl"Utl.:j~l'j 

U'j~fltl'l.J'lfiJfll'il.:j<'] ii~l\911lJ\9I1'jl.:j~ 2.3 

~l'jU'j~f)tl'l.J Tcs(OC) Tmax(V4)(OC) Tmax (V2tC) Jv/Jm 

AlP >700 640 700 ~1.0/l 

GaP 670 490 750 ~1.0/l 

InP 363 >450 >500 ~3.0/l 

AlAs >750 630 750 ~1.5/l 

GaAs ~620 480 >760 ~ LOll 

InAs -370 ~450 ~550 ~5.0/l 

,& '" '"Tcs 'JIIlJ1tftl.:j~tu'JlliJlJ"UV.:jfll'j'j~!'JIifl (Congruent Sublimation Temperature) 
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f11'wn'U1VU B n~Vl~lnfl~'U i 'U f11'ju'Jf)f-lftf)~Viu'Ylf)~ 'illf) "1hI!{l fJ mi'U!'j lffl:JJ1'jO icNmJU~l{l U~ 
1'l1:JJ~U~ 2.9 !!{l~ 2.10 ~'UI~'U\9i'''H)ciwmN GaAs ~~uBn~vlJ'Uffl:JJ1'jmnfl~'Ut~ 2 mtlHitlmuhJU~ 
Ga-As2-(l00) GaAs U{l~mru'Utl~ Ga-As4-(l00) GaAs ~l11-r'Ui'Umru Ga-As2-(l00) GaAs uBn~tJ1~ 
~~~9J ~ ~ 9J I ~ ~ Q.I?t~ 

mfl'U'U 1'j:JJ I'l 'U 'ill f) tl~ I'l tI:JJ 'U tl ~ Ga 1f11~ I'lfl 'U'U f-l 111 'U l'U tl~ Uf-l'U f-l {l f) ,l1'U U {l ~I 'j V~ I'l 11 lJ'U ''If'U (layer) 'illf) 
~ ~ 

-U'U l:JJI{lfJ{l AS2 .yhuBn~Vltl'UU~l'ltl:JJ'Utl~ Ga lf1VUI'lf)1Pi111:1'Utl~l'ltl:JJ As U{l~If11~1Pi1'U'U'i'Utl~l'lu:JJ Ga 

~l11-r'U~\9I'jlf11'jlf11~'Utl~ lW{lfJ{l AS2 ~~1mrlU~'Uf-lftf)~1'U~'Utl'Ufh Flux 'UtI~ Ga ~111-r'U l:JJ!{lfJ{l AS2 

"h'U!fl'U,i'U'il~'j~Il1'fl'ui'U~u'Utl~l:JJ!{lfJ{l AS2 !!{l~ AS4 'Vhi,rf11'j!flflf-lftm~'U!I'U'U Stoichiometric 

Growth ~~i'U'i,U~ 2.9 ~l11-r'Uf)HU Ga-As4-(l00) GaAs J'UuBn~Vl~lfl'fl~'U1Jfl11:JJ~'U~tl'Uf)11 
l'flV lW{lfJ{l AS4 ~11d~l'huBfl~Vltl'UU~l'ltl:JJ Ga ~tlQif)~!flV~ ~~tI~l'ltl:JJ Ga 1~1f11~U~~~111-u'1'UU~ 

!!~'Uf-l~f)~l'U uBn~Vl~lflfl~'U'illf)l:JJ!{lfJ{l AS4 U~{l~i:JJ!{lfJmll'lf)1Pi1i~tl~l'ltl:JJ As ~1'U1'U 2 tl~\9Itl:JJ 

~ ~ 

miitl~1'U1'U 4 tl~l'ltl:JJ,r'U 'il~'j1:JJ1Pi1tl'U!~'U i:JJ!{lfJ{l AS4 U{l~\lf)uritlVfI1V (Desorp) tltl f)'illf) tbtu ~~-U'U 
~ . 

i'Umruii~~1Jfl11:JJ~1!tJ'UVil'1'tl~i,r~1f111:JJ11'U-IUU'U'Utl~ i:JJI{lfJ{l AS4 11~tl Flux 'Utl~ AS4 (JAs4) 1Jrh 

:JJ1f)f)·..h~1f111:JJ11'U1UU'U'Utl~ i:JJ!{lfJ{l Ga 11~tl Flux 'Utl~ Ga (Jo.) !~tl i,r~1'U1'U i:JJ!{lfJ{l AS
4 
1J~1'U1'U 

:JJ1m-rlv~Yltl~111-r'U UBfl~Vl~1Jri1'U~ml~!~ v~1Pi1 i 'U f-lftml{l~ ri1'U ~U ritlVfllVtl tlf) i 'U'Utu~~l'11f)nU'Jf) 

f-lftf)J'Utl~\9Itl:JJ'Utl~ As ffl:JJ1HIULi~tltlmtJ'U 2 ri1'Ufltlri1'U11rl~~!f11~{l~'U'U~1 (Adsorp) 'Utl~U:::\9Itl:JJ Ga 

I~V~1Pi1!tJ'U im~f-l~f) 1!{l~Vf)ri1'Ul1d~~\lf)uriuVfI1V (Desorp) tltlf):JJ1 ~~!tJ'Uri1'U~~t1J!fivtuU{l~f11'j 

dissociative 
chemisorption 

®I'/ '/ //
/",/, //~ , /,.

" "', , 

,///////////////,0 

Ga-stabilized GaAs surface 
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~ 
AS incident flux /.~ ~~~ .,~~

4 

I I~~ ,/1 ~ 
/~~ V ~, 

E :::O.2SeV I f">~ t,."-~. ~"5precursor 
m '1~~ ~ ~~ 

~ .state 
migration 

chemisorbed state second-order 
, 
I reaction 

AS4 sticking ~ 

coefficient:$ 0.5 

Ga-stabilized GaAs surface 

I'YIfI ijfI tll 'jl1'.lfWl~ f)~l';j mJ IW ~ 'YI fl¥l II 'YIf) ClfI1:l tJ in tll 'j U'.l f) ~~ f)fl¥lll 'YIf)Clf~ lll'l tl~l-:j 1 1111 If) in tll'j 
l1'.lf)~~tll'lllJlllJlJl1f)~ (Coven tiona I) ~-:j"~ijtll'jl{ytJflflf-:jmmrlfl iJ fI.fl'. 1990 i~w Dr. Koguchi [17] 

v _ 

~fl1J1l'Y1f1ijflii1~\1f)vrl'lJtJl11~::;tll1J111'j::; ~f)I'i''1 '*'1 tJ tll'll1'l ::;~lJii fI'j -:j~rl-:j'lJtJ1~tJ1 i tJlllJlJ ~H'1 ~lmjN 
v v 

l'lftJ iflH~rl-:jfllfltJ~lJ~fll'llllJlJ~ iflH~rl-:jtJl itJ~-:jf1'lllJlJ~ 11:ltJlVi'tJ i~lJ!'YIflijfliiijm::;lJltJ'Y1"f) 2 'IltJ 
v 

I'l fltJ~flm::; lJ1U tll'j~tJll1mm i ~'Y1g: ll~::;m g: lJltJ f11'l fI ~{Yl'lfl~ 'm"lfi'tJ (Crystallization) 'Y11 flm::;lJltJ 

111~llU 111m'J~ i ~ 'Y1 g: '1 MI1:ltJ ~~ f) ~ -:j1'YIflijfll'Y11J1::; ffl 'Y1 5 lJ{Y1'lU 'l::; f)fllJf)~lJ~ltll i I'lll'lJ tJ 1~'lJ fl-:j 111'Y1ll~ 
v. v 

i ~ 'Y1 g: ij 'lJ tJ 1 ~ 'l tJ 'j g: ~lJtJ1 i tJllJl'l 'lll~::;fil 'lJ tJ 11'l'IJ fl-:j 111 'Y1ll ~ i ~ 'Y1::; ~tJillJl~fltJ 1'lJ 'l tJ f)U ~tJ 111 mJI'l i ~ 'Y1::; 

ffl'Y1 5 lJ 111 i 1-:j 'lJ fl-:j'Y1 V~ i ~ 'Y1 ~JtJ ~htJ 'l 'Y1 tY ll::; ijll1 i 1-:j 11:ltJ 111fl1-:j 'YI 'j -:j f)~lJ ll~::; 1 U i 1-:j~~ li'1 V'IJ fl-:j'Y1 £J~ 
i ~'Y1 g:~ll1~VtJ 1UI1:ltJ~~f)~tJl~fltJ1'lJ 'ltJ m::; lJltJf11'lfl~ {Yl'lfl~ 'm"lfi'tJ ~-:jm::;lJltJf11'lfl~{l'l'lfl~1 ~1"lfc)fU 
ijfllllJfflf1t1J~fl1Uil-:j~~li'lV'lJfl-:j i m '1~rl-:jtJ1 i tJl1JI'l'l~-:jii 

v 

ffl'Y15lJf)~ 'f)~ln~~tJ 'l tJm::; lJltJ f11 'l fI ~~I'l fl~ 1 m"lfc)fmitJln~ 11lf)m g:lJ ltJ f11'l111~ VtJ t U'Y1 V~ 


h'Y1~ 2 tl~ 'f)~ln~f11'lllWi (Diffusion) 'illtllllJlJ~l~fl-:jltJll1~ 2.11 ffl'Y15lJmru'lJfl-:j 1f1H~rl-:j'lJtJ1~ 

&'1';'9/ 'II] .t II] '" &.1",& 11]";


tJl i tJllJl'l'l GaAs [I8]"lf-:j ~tJl'lfltJl'jlJl'ltJf11'jWtJ ~fl'lJfl-:j AS tJU f)~ lf1f11'llf1~N~tl'lJtJlf1I'l'lJtJ 2 f)~ ~tl'YI
4 

'" , <!t II] ,,; q '" i &
Itl~'illtlf11'lllW'j'lJfl-:jtJg:l'ltJlJ As fltJf)~ ~ml'jtl'YIlJ'lntl.!~l'lJfllJ'lfllJtJflm'l'lJfl-:j'Y1V~ ~'Y1::; (Process B)"lf-:j 

'Y1V~ h'Y1::; Ga ~flQlJtJll~tJ~~tl~ltJ~lJN{l'1fl AS4 il'lVI'lH VtJl1:ltJ~~lM'Y1V~ i~'Y1g:~-:jf)ril1IU~VtJl1111:ltJ 
v 

{l'1'l11 'l::; f)fllJ GaAs 11tJnll 1f) ~h~ltJ tJ flf)'lJ tJ -:j 'Y1 VI'l i ~ 'Y1::; II 1f) '!!tJ ~~ tlll 1 f)~h'lJ fllJ 'l tJlJ tJ fl f)l-:j 'lJ fl-:j 'Y1 V~ 
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d IIJ di... "". 'J/ "" i din£l i nflnn£l ~n'l1U~flflfl::;\PIfllJ As 'VI1l'Y'l'HJ1n\PI1UrniJU'Ufl~'I1V~ "'1'11::; (Process A) C)I~fl::;\PIfllJ As '0::; .. 
Yhtlun~V1niJ1'ft'l1::;'I1'ftfllJ!'I1'ft1 Ga nmfJ!~lHY1'I'ft::;'ft1V Ga-GaAs i~tI GaAs iJA~t.HY1'Ill'UTU'ftflV'lU 

. " . 
"w~ Im1::; u'ft::;'O::;n'ft1m~'WN~n GaAs AijmJ~n~t.mn~~'WilH1'Ifltl~fl'I::;'I11N'I1t1~ 1'ft'l1::;1l'ft::;1l~UN~nl1U 

'O::;n1 '1 "rAn~~u N~n~'W~H1'U fl~AH·J'WN~n)11'W cl1'Hr~'I1f11'I An~ N~niJ~nWH1'IfliJ ~fl'I ::;'I111~'I1 tI~ I 'ft'l1::; 

"" U'ft::;U~U N~n)11U rl1'11 i'iJ n'ft Lnnn An~N~n 'lum::;iJ1uiJ~u nmh5\P1'I1f11'I u'Y'Ii 'Ufl~ As rl1'11i'mh5\P1'I1 

f11m'Vd'Ufl~ As 'l'W m & rl'~'W n'lJfi 1fl 11lJ~'W1 fl'Ufl~ AS4 U'ft::;ri1~W'I1 t,JiJ UH'WN~n)11'U'U w::; ~Yi1f11'Ifl~'ft' 
. " . 

\PIfl£l i'ft ~9fiu I ~ tilPi'1Utl 'I rl1 flty '1 'W n n n 1 '11 'W ~,tl'h~ 'luVi iJ Qnn I'll 'W ~ '0 1 n 5 \PI 'I 1m 'I Afi~ N~nil H1'UfliJ 

'IfliJ1~'Ufl~'I1t1~ h'l1::; (Process B) U'ft::;~h'Ifltl~fl'I::;'I111~'I1t1~ h'l1::;U'ft::;UH'WN~n)11'W (Process A) 'I11n 

ri15\Pl'I1f11'IAn~N~mf~'ft'fl~iifi11 nr5A~tI~n'W 1'lN1~'Ufl~ im~'ft'f1~'U'U1~'W 11'UAlJ\PI 'I ~1~~~'Y1'1t1'O::;ii~tl 
, I ~ v 

i1~mijflu'l1 tI~ i 'ft'l1::;A~ lJlP1'W '11 ~flfl 1fl'W IPi'lJ~fl \PI u~'lum& Vi5\P1 'I 1f11'I An~N~m1'l 'ft'fl'l n 'I& iJU\Pln~l'ln'W 

ltli1~'Ufl'llm 'l'ft'f1'l'U'W1~'U1 i 'WAlJ\PI 'I~ 1~~~li'1t1'O::;iirtJi1'lA~U 1~U'I11'W '11 ~ fl i ~11'VI 

Crater-like structure 

Low g owth rate region 

High growth rate region 


(n) ('U) 

~tl~ 2.1] UiJiJ~l'ftfl'lnl'.iU'Y'Ii'Ufl~ As 1'W'I1t1~1£l'l1::; Ga (n) Am::;f11'IAn~N~n1'W'I1I'nl h'l1::; Ga 

.f11t1'llP1ifl'Ufl'l As ('U) 1'Wm::;iJ1Uf11'Ifl~'ft'\PIfl'ft''ftA9fi'W [18] 

rl1'11 i'iJ A'VIm1fl m nJ 'I::; ~'l:I11 fl 'I ~ 'ft'f1'l'UU1~U1IlJAlJ\Pl 'I~1tIA'VIm1fl~ 'I mJ A'Y'I'ft 'VI ~VlU'VIn91'~tJn 

ffmmm::;'Yl'\'lJU 1~~fl11lJ'ft'llJ1'I f11 'W f11'I tl'I::;~'l:Ij'1m ~'ft'f1~'UU1~'W11u ~lJ\PI 'I 'O'W 'ft'llJ 1'IfI'lh::;~'l:I11m ~'ft'f1~ 

~iimllJcJ1'iJcUfl'W cl1'l'I1t1'ft::;ABtI~ 'li'U flm111~~'l'W~if 
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.

_I ..:.t QJ 0 , 

2.4 tT111J'1:::fl6'lJMVl1'UlfHJ'll III-V 

iJmf-1U~'Vlff11'.iEl~ 50 l~lif)l'.iri'W'WlJff1'.i'lh~fltllJ~-1~1t11'lfiJ~HHN1ill9J (Binary) 'Utl-1fl~lJ III-V 
., . 

lrn~fJW fflJ 'l1~~1-1 "l 'U tl-1 ffl'.i '11'.i~ fltllJm~l'wlifflJ'l1~'Vl Nflltlfl1i"lYi'l1 {I1fl'l1 mtl~llJ'b'iJ~IU{I~tl-1rl'11'.i~fltllJ 
., 

'Utl-1ff1'.i'l.h~fltllJ iJ'U~-1U~ril!ltllJ'W~-1-11'W (Band Energy Gap) i'W'lf1-1 0.18-2.42 eV ri1~'b'ih1flm "1{1"1 . ., , 

1~'W1'i''W ~ tlm i 'W 'Vlff11'.iElYi 60 l~lif)l'.i~~'W1i1ifll'.i !~~ tllJ 'U tl-1 ff1nh ~ fltllJm~11k~tllh~Qfl~i~i 'W 

f)l'.iff~l-1E -1'11 '.i~~El i ~N"l !!{I~!'VlfltJflf)l'.i U~fl N~fl~l-1"l 1~l~lJ 1'i''W~'W i 'W'lf1-1tJ" fl1'.iUt1flH~fl~Vlll'Vlfl9f 
,,'j/ I I '" , 

i'WQflihh'W i myiJ'W liltll9Ju'.i~ff-1rl!.wtlf)l'.iff~l-1i1-1'11'.i~~Eli~1-1"l lh~mwlI 1970 i1-1U'.i~~EliVhfitl1 

~tl-1tllJ GaAs 1~'WEnh~~Eli'Utl-1ff1'.i'l.h~fltllJ III-V fl~lJU'.ifl~I~Qfl-W~'W1~'W!!{I~E'n.h~~lJ1~1f)~~'W 
'JI I I fI ' 

i'W QflU l~ 'W 19l''W!!lJ'U'U tl-1i1-1'lh~~Elii 'W ~fl~tllJ1 1~tlm i"l1~ i1 nh ~~El i ih'l1 1lJ '.i~lJlJiYtlffl'.i'Vl1-1!!ff -1 i 'W 

'lf1-1ril'W 1.3 !!{I::: 1.5 Ilm ~(I'~l-1~lflff1'.iU'.i~fltllJ InGaAsP 'U'W!!H'WH~fll1'W InP ~-1J'Wi'W'111~tltJ"~~ 
!~'Wfl1'.i'VllJ'Vl1'Wfl11lJr~'Wl1'Wl~tl1tllJffl'.iU'.i~fltllJ~-1~1t11fl~lJ III -V 

_, <k ., o. "',. 31 _''''' <k "'., 31 
ff1'.iU'.i~fltllJfl-1~1'W1fl'llJ III-V lJ tflHff'.i1-1UlJlJ Zincblende ~llJ~u'Vl2.12 C)f-1lJ{lfllJW~fl{llt1 

.,,. & lI/31'& & &,. d., 

fllJ tflHH{lflli"l'b''.i (Diamond) !~Ufl J:-I{lfll'W'b''.i H{lfl Si ll{l~ N{lfl Ge !~tlf)1'.il'.itl~~1'Utl-1tl~~tllJ'Utl-1 

1i11PJ'I1~ III ll{l::: V 1~tI-1~1{1'~lJtl'Wl~'Wi'W"l lumlJYlff'VlN (100) i'W 1flHJ:-lilfl~-1UHV~m~tl1 
., 

'.i~l1':iNtl:::~tllJ i 'W 1 flH {I'~NU1~'WlllJlJ 1fl11rn'Wr1 (Covalent bond) l~w.'h'W i mu 
u 

U{I~'.i~tlni1-1 
" 'JI I 'JI 

'.i:::'11 ':h-1tl:::~tllJ iJ'W~'W tllJ'lftJ~'Utl-1tl~~tllJYilJ1U'.i~ fltl'Utl'W !~'W ff1'.iU'.i ~ fltllJ1'W 1m-1J:-1ilfl ~-1,r'W~1!!U'.i 

flfl~1'11d-1~1~'WfJW{I'lJ'l1~mi"l1~'Utl-1ff1'.iU'.i~fltllJU~{I:::'lftJ~~tl ri1fl-1~1N~fl (Lattice constant: a) ~-1 

ff1'.iU'.i:::fltllJ U~{I:::'lftJ~liri111~fl~1-1tl'W ~-1 i'W~1'.i1-1~ 2.4 

v 

L--a--1 
~U~ 2.12 UH'Wfll'W 1m-1ff~1-111'U'U Zincblende 
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• • 

AlP 5.451 2.45 

AlAs 5.6605 2.16 

AISb 6.1355 l.58 

GaP 5.4512 2.26 

GaAs 5.6533 1.42 

GaSb 6.0959 0.72 

InP 5.8686 1.35 

InAs 6.0584 0.36 

InSb 6.4794 0.l7 

~ & 0 ~ .c:1 QJ4c:i J Q.I rIQ.I I 

I'U fl~1l1fHn'j L1'j ~n fl'U n~\9I1'U lfHUJ Ill-V 'U 'U :lJflUHY:IJ'U\9I'Vl'l1mn'l1 mrJ 1~W'IJ 'U n'U fl~ fI LI 'j~n fl'U 

II ~ ~ t:1~ "Y1'ULl1:1J1Ul 'lJfl~1iWl ~L1'j ~ nfl 'U tl'U ~'U I~'U {Yl'j LI 'j ~nfl'U \9Il:IJLln~IIH'U r-liln)I l'U 1~:lJ1'i''U ri 1'U! '11 qj 
!?I ... I .& Q.I 0 ~ .& d QJ4 Q,I ~ Q.I ... I 

'U 'U IlJ'U {Yl 'j 1J'j ~ nfl'Un~\9I1'Ul'lf'U ~ 2 1i 1 \OJ (B inary) 9f~:IJ {y:IJ 'U\9I'Vl1~ f11rJ.fl1VH Q ~1~ \911 I 'U fl~ 111 n\91 1 111J'j 
• v 

'lJfl~fl~rlL1'j ~ nfl'Uii~l'U 1'U-UflrJ'Yi ~~ yh1..rI9i111 LI 'j, 'U f11 'j tJ~nr-liln{Yl:1J1 HlYhll'i'41 rJ ~nr'U 1'U f11 'j r-l~~ 

IIH'U r-l~n!l'U ~~ijrJ:lJ'Yll1l1n{y1'jLl'j~ nfl'U 2 1i 1\OJ 1l1'i{y:IJ'lr~~~l tl~'lJfl~{yl'jLl'j~nfl'U'lfij~ 2 1il\OJ~ 1~ 1'I1:1J1~ 

{YmYl'l1 l''U f11'j 'i'~1'U l'U 'lJ1 ~ f1'j w ~ tyllll rll fity~fl{Yl 'j tJ 'j ~ nfl 'U'lfij~ 3 1i l\OJlI~ ~ 4 1il\OJ 1~QnUl m!i'1 'U 

f11'j {Y~1~ 1111'itll~1 'Vlfl h (Heterojunction) 1~ t'JlJf11f1 ~19i1r-lil f1I ~11~tl'U II H'U r-liln)Il'U l.crfl~ 'til nf1111 tl 'U 

~ '"~~1 'U '11 ~flf11~'lfU11f1I'I1 ~ iif1111\91 nl'il ~ tl'U 1tJ 5'U I ~'U r-l~ 'Yll1 i1'iifl11:IJ {Y~ ~1n!'U f11 'j flfl f1Il 'U 'U {Y~1~ ~~ 

tJ'j ~~fl111~~{yl:1J1'j tl n1'l1'U~1{y~~lJfl11:IJ1 'I1:IJ 1~ {y:IJ n'lJ~~L1 'j~~flfl~ rll'11 1''Ufi119i111L1'j I'i 1~'l 'IJ fl~{yl'j 

L1'j~nfl'U~~19i1t1119i1mh~~~!'U\9I1'j1~~ 2.4 II~~ 2.5 
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~l'i'l.h~fW'lJ ~lcifl,rh~tttl'lJ'V'Ici'l,nw (eV) Vi 300 K 
,1 I Q.I ,:::f, 

m GIHl'lll'ltttl'lJ'V'I"'l'llU (eV) 'Yl 

300 K lumtU~ Matching n'lJ 1nP 

~l'i'l.h~fW'lJ 3 1il~ 

Al)nl'~s 
2Ein = 0.36+2.35x+0.24x 

E,}X) = 1.82+0.4x 

Ein = 1.45, x = 0.52 

Ga)nl'~s 
2Ein = 0.36+0.505x+0.555x Ein = 0.75, x = 0.53 

GaAs,·flbx Ein = 0.37+1.91x+0.74x 
2 Ein = 0.78, x = 0.5 

. . 

~l'i'l.h~f)fl'lJ 4 1il~ 

Ga)n,.~sll·Y Ein = 1.35+0.668x-1.068y+0.758x 
2 

2 2 2 
+0.078y -0.069xy-0.322x y+0.03xy 

2E,,(n = 1.35-0.775y+0.149x 

x = 0.47y 

Ein = 13.5-0.775y+0.149/ 

AIPa}nl'x.~s Ein = 0.36+2.093x+0.629y+0.577x 
2 

2 
+0.436y +1.013xy-2.0xy(1-x-y) 

(In0.52A1 0.4S)/1110.53Ga0.47) 1'~S 
x = 0.48z, 0.983x+y = 0.468 

2Ein = 0.76+0.49z+0.20z 
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. 

q 

'U't1't1 3 

"JI jI , 

ffl'l1:itJ hJtJ'YllJ!~'W 'j 1lHl:::!~U~!!{l:::'li''W\PHJ'W'UU'I fl'j::: tJl'W fl1'j'Yl~{l U'I 'l 'W 1fI'j 'I 'I l'Wi1lulJ !~uvhfl1'j 

fftl1l1 fl'Yl ij~ {l 'U U'I1P11!! tJ H'I ~U!~tl 'W '1 'U1P11'1"l ~ 'l oN'l 'W tl 'j::: tJ 1 'W tl U tJ 'j::: ~1l j1flH bt'f1'1 'W 11'W 1 ~(l ~ 1 tl 

Ino.ISGcto.8SAs tJ'WU~'W H~tl!l'W!~lJv1''W GaAs (100) ~lui1i ~'j tltJ !~{l 'YlflYiU'Yltl91~'loNf)1'jtJ\1tlH~tlflYiU'Yltl91 
. 	 " 

'il1tliil 1lJ!MJ{l 1~UIP11UtJ'j 'l 'Wfl'j:::tJl'W f)1nh:::~lljYi1 ~fftl1l1 'l 'W 1 flH'Il'W i1lulJ '1~!!fi ~l~UJ '11 QiJu~'W 
<9 	 .1.1 1 I I '" '" '" .1.1 1 '" I <9.H{l tl'UUJ::: 'U 'W i lJ '11 U~ {l'l1::: fll'lfl'1n{l1f)1'j 'U~ ~'I '111::: '11 {l'l fl1 'j 'U 'W i lJ '11 U~ {l'l1::: fm,JUJ'I1 QlJUH'W H{l tl! 1'W 

U{l:::~ln{l1 'l 'W f)1'jft1 bt'\;1 tl{l 1{ll91'lf'W 

tJ I I 	 r 

!!~'W H~ tl!l'W 'l 'W f)1'j'Yl~{l tl'llJ'loN!!~'WH~m~Ul GaAs (100) !1lJv1''W 'il1tlf)1'j'\.11t!~'W H~tl!1'W!1lJlJ1 
" " ~~{l'l Mo Block ~lU Indium 'I1{ltllJ!'I1{ll 'I1~'I'il1tlt!'WtJritlUYl'l1~'l'l1!g'W~f,JUJ'I1QiJ'I1tl'ltJtl~ !W:::U1 Mo 

.d , ~ gJ I 0 .d E='t ~1 

Block 'YlUH'WH{ltl!l'W GaAs !'U1~'j:::'lJ'lJ MBE U{l:::'Yl1tlU Out-gassing 'Yl 400°C !1J'Wn{l1 1 'lfl lJ'Imu 


9 " 	 . 
'lv1'bt'.f111:::"ltyty1fl1ff «10- Torr) m:::'lJl'Wf)1'jlJmdhmu'l'W Pre-heat chamber !~ml1fll1lJbt':::tl1~~b 

" 	 1.c9 .q. 9J gJ 'lfJ} 1 QJ " 0 ~gJ 	 0 

'11 'W 1'U tl'l!!H'W H{ltl!l'W!'jlJ\PI'W ~lUmlmtl'WmU \PI bt'm 1::: "ltyty 1f)1ff \PI tl'il 1tl'W 'W 'Yl1 f)1'j {l1WU'I Mo Block 

~~~!!~'WH~tl!l'W GaAs ~~l'Wm:::'lJl'Wtl Out-gassing !~1~ Growth Chamber ff1'l1:i'lJm:::'lJl'Wf)1'jmu'l'W 

Growth Chamber 'lw'1~'lJlP1tllJ1vhf)1'j'U1l~tltltl191~~fh!!~'WH~tl!1'W!~lJv1''W GaAs ~f,JUJl'IfJiJ 600°C 


'JI ",.,k \J]'JI ";.1 .1 ?I 

mu'l \PI'lJnU1f)1ff AS4 'il'WHlbt':::m~ 91'1bt'llJUf.)\PI'jl'ilbt'tltJ !~'il1tl RHEED pattern 'YllJ'j1tlt)'U'W!lJ'W!!'lJ'lJ 


"" 	 . 
c(2X4) 	'il1tlt!m"1f)1'jtJ\1tl'lf'W Buffer H~tl GaAs '11'W1 3000 A Yif,JUJl'IQiJ 580 °C ~lU~lfl\PI'j1f)1'jtJ\1tlH~tl 

. " 
0.6 ).tII1!'lfl 1lJ'I !!{l:::~lfl\PI'jlLh'W Beam Equivalent Pressure (BEP) 'Utl'l AS4/Ga ij~l'lh:::lJ1UJ 30 1~U'lf'W 

, 	 jI SI , J/ 

GaAs YiU\1tl'l'W'U'W\PIU'WlJ!~tltJfmlUJm~fl11lJ!~U'lJ'Utl'lHTI1 t!1 'l 'I1~~'W 

l'I~'I'il1tlf)1'jtJ\1tlH~tl GaAs mlJ111~tl~ 3.1 U~Tnlf)1'j{l~f,JUJl'I QiJl!~'WH~tl!l'W i U~~l~UJ l'I QiJ~ 

'1~fi1l'l 'W ~ 1 ~ 1 ~ U1lJ ij "'1 1lJ!{l fJ{l AS4 !.;imi 1f)1'j{l~tJ1lJ1ru AS4 ~Hl'U U'I!!~'W H~tl!l'W 'l 'I1ij~l~l~"l~
" 	 . . 

(Minimize) ~ltlt!'W·H)'il'Wft1fll1lJ~'W.fl1U'l'W Growth Chamber ijft1~'W'lJ'j'jU1f)1ffI'l11O-9 Torr !~uilu'In'W 
" 	 , " 

f)1'j!n~tJ~mU1'j:::l'I11'l InGa !m::: As 'l'W'UUJ:::~'WiUl'IU~1m1::: InGa ffll'1f'lJ!~u'W1'U'l'Wf)1'j'Yl~{lU'Iij~'IlJ 
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II " II 

d111f'lJilJm'ji'1fl~tl,:jihi1~rul11Ji1U~tJ~~f)lllJ'lJru~.ulJ~tJmJfl hl1~ijri1fl,:jij 270, 300, 330, U~~ 
• '" t..1 _I i i "" I I31 '" 3600e ~llJmfl'lJ 'iJ1f)lJlJi'11m'j'lJlJ~lJl1t1fl ~l1~'lJtl,:j InO.lsGaO.85 fltllJfllfll1lJl1tJ1 20 ML fllt1flltl~'j1 

II • 

1 ML/JtJ1'Yi (tJ~lJ1ru 'lJ tl,:j InO.150aO.85 U~ ~ ri 1t3'~ 'j 1f11 'j WlJ Ul'Yitl'lJ 1Yi1n'lJtJ~lJ1ru 'Yi i ~i lJ f) n tJ ~ f) ~~ f) 
II , 

InO.150aO.85As 'lJtJ OaAs ilJt3'mm'jtJt1f)~~f) 1 MLl1tJ1'Yi) 'iJ1mrlJ~fl"Qrul11Ji111~tJ~~f)lllJ~,:jltJ'Yi 2looe 
u~~vhf)writJlij AS4 ~,:j'lJtJ~hl1'W1'l.1ij,:jw,itJ~~f)lltJ l~tJnm 5 tJ1'Yi l~m;hm'jltJ~t1tJl1t1~ i~l1~i,rl1~tJ 

~l'jtJ'j~f)t)'lJ III-V ~fl;11t1vi1m'j~~"Qru l11Ji1u~lJ ~~f)~,:jU~~1.htltlf)'iJ1m~'lJ'lJ MBE l~tl'ih i tJ11m1~'" 

~t)ltJ 

o Q.I d' • ~,& ~ deS ,
mm'lJllJm'ji'1fl~tl,:jtJ fll"Qru l11JlJ ll~tJ ~~f)lltJ'l.Iru~'lJlJ ~tJl1 t1~ i ~11 ~ i tJf11'ji'1~~ tl,:jtJ lJm 300 °e 

vi1m'j~tJ~tJl1t1fl i~l1~'lJtl,:j InO.150aO.85 i~t1ijri1fll1lJl1tJ1 20 ML ~1t1t3'~'j1 1 MLl1lJ1'Yi 'iJ1m!tJvi1m'j 
" II

l1Q~11~,:j'iJ1f)m'j.ulJ~tJ'lJtl,:j11t1~ i~l1~ltllJnm 0,2, 5, ll~~ 7lJ1'Yi ~t)'iJ1f)'I1lJvl1m'j~~~rul11Ji111~lJ~~f) 

lllJMltJ~ 2100e 1l~~vi1m'jWtJ AS4 ~,:j'lJtJll~lJ~~f)lllJl~lJnm 5 m'Yi 1~tlvi1f11'j!tJ~t1tJl1t1fl i~l1~ 

i,r!~lJ ~1'j tJ'j~f)tl'lJ III-V ~~;11 t1vi 1f11 'j ~ fl ~ ru l11Ji1u~lJ ~~f)~,:jU ~~ 'ihtltl f) 'iJ 1 m ~ 'lJ 'lJ MBE 1~ml1 

ltJ11m1~"'~tlltl 

o Q,I d' I ~ 1.& ~ d'd. ,
~ll1'j'lJitJm'ji'1fl~tl,:jtJm~rul11JlJU~tJ~~f)lllJ'lJru~'lJtJ~tJl1t1fl hl1~itJm'ji'1~~tl,:jtJlJm 3600e 

vi1m'j~tJ~tJl1t1fl i~l1~'lJtl,:j Ino.lsGaO.85 1~t1ijri1fll1lJl1lJ120 ML ~lm)~'j1 1 MLl1tJ1'Yi ~l1m!tJvl1m'j~fl 
• II 

"Qrul11Ji1UHlJ~~f)lltJ~,:jitJ'Yin111lJ~fl,:jij 150,180, 210, ll~~ 240 °e u~~vi1m'j-wtJ AS4 M'lJtJll~lJ~~f) 

ll1.JltltJnm 5 m'Yi !~tlvi1mmJ~t1tJl1 t1~ hl1~ i ,r!tltJ~l'jtJ'j~f)tl'lJ III-V ~fl;11t1vl1f11'j~~"Qru l11Ji111~lJ 
& 0 ~o\fJ~ dl\')

~~mmm~tJ1t)tlf)'iJ1m~'lJ'lJ MBE !'VWtJ1 A1h!m1~11~ij ttJ 

II .1 " 
d111f'lJilJf11'ji'1fl~tl,:jijri1~rul11Ji1W.jtJ ~~f)lllJ'lJru~'lJlJ~tJl1 t1fl i ~11~ i tJm'ji'1~~ tl,:jijijri1 360 °e 

• .1 _I i 'i "" 31 '" c> "" tI

i'11f11'j'lJtJ~1J11t1fl ~l1~'lJtl,:j InO.150aO.85 t~t1lJmfll1lJl1lJ1 20 ML fllt1ij~'j1 1 MLlllJ1i'1 'iJ1f)lJlJ~fl 

Qrul1fJi1UHtJ~~f)lltJ~,:jltJ~ 210 De 1l~~vl1f)l'j-WtJ AS4 ~,:j'lJ1.JUHtJ~~f)~ltJ i~t1'j~t1~nm~fhl1tJ~iji,:jci' 
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~hHi''Uri1fl11lJ~'W'fl BEP 'lJtl~ AS4 1'Wf1j:::'U1\.Jf11·H'll~tI'W~'ll'HtI~ 1~'I1:::1i19J'I1~ III ll1'tn\.J~l'j 

'll'j:::f)tl'UmllJ III-V ijri1fl11lJ~'W , tl'll'j:::1J1W 8 xl 0-
9 

Torr 

QI' I 4lil Y ... 1 41::10 flo.q tI~ Q QI' .c:SllJil3J 
\9l1tltl1~'Vl I~ ~ 1m:::'U1'W f11'jlJ 'j:::~njl\.J11J111m 1:::'11 ~f)ElW:::rl1'IJ flWl1fl£J1~'Vl !~~ 1t1 Atomic Force 

. " . 
Microscope (AFM) 1'Wf11'jl'11~1\.Jl'W Tapping mode l~£JrI~.yji~{jtt~~~ii''W'U'Vl.yj 4 
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..d 
'U'YI'YI 4 

d 1 '11 r'U t 'W U'VI 'VI iftJ1!{f1-Hl r-m f11 'J 'VI ~HHJ 'I ~1~\ll fl m 'J 'VI ~HHJ 'I ~1~~'hliJ'W f11 'J t'W 1 fl 'J'I '11 'W i .ijvif ~ 'I 

N"m 'J'VI~ ml'l l~U{f~'I h1'!,~UG'Ifl'VI~l'm'\ltl'l~1Utl 'J'I11m1tl'W1'\I~N~ ~ij~ tlN"~tl~ru {flJ,r~Vl1'1mVm'Vi 
1 'j/ 1 1 	 d. 1 "" <I'j/ "" .1 """" "'1 t 'j/ .1

'\Itl'l !fl'J'I{f'JNUl !'W !~" InQ.l5GaOS5As 'VI1J'J~~1:J5I~1m'VIfl'Wflmtl1J!'Vi"'VItl'ViU'VIflCJf !~Vf11'J ')j'f11'J1J'Jfl 
~ 	 ~ 

N~flflViu'VIflqhnmh IlJ !"fJ " (MBE) ~1Utl'Jt'W lfl'J'1'1 l'WU l~uri ~1~ru'l1jJlJU~'WN~fl511U'\Iru~~'W~tl 

rH.J~hm: n"lm'J'I1~ .ij'l'l11~'l1~'If11'J~'W~tlmJ~1"'11 ~ ~l~ru '11 jJlJU~'W N~fl511'W t Uf11'JYi1fl~mpltl"1mCJf oM'W 

I/] .J "" <I ... , dl/]'j/t 1 "".1 'j/ 'j/ <I
U,,~fi1n"lt'Wfl1'JYi1fl~{f~tl" !"!CJfoMU CJf'lm'J1!fl'J1~'I1~1flVN'VI!~ U !fl'J'l'llU1U t ')j'fl"tl'l~"'VInff'W 

m'Vi~1mjN~l~'il1fl AFM ~'I t 'W~tl~ 4.1 (fl) ~'I!1l'Wm'Vi~1'}nr1'\1tl'lUllU 1 ~m'\lfl'l InO.IPao.ssAs 

dl/]'j/ ... , dJ'.1 1 d t'j/", ... "', ... J'.I 1 
'VI !~'il1fl~1flV1'l'Vl'\l'W~1J'I1tJ~ !"'l1~'VI 3000 e u,,~ ')j'nm'\l~'il'l'l11~'I1'Jtl')j'1'1n"1'11"'If11'J'\I'W~1J'I1V~ !"'l1~ 

ritlum'J "~'Qru'l1 jJlJ"'I~ld1'11rUf11'Jfl~{f~fl"1mCJfoM'W!ll'Wnm 2 U 1ii ritlUYi1f11'J"~'Qru 'I1jJlJU~'W N~ f)511'W . 
ltl~~l'Qru'l1iJlJ 21 ooe !~tl'Vhf11'Jfl~{f~tl" lmCJfoM'W~1vm'J'V'i'W ltl'\ltl'l AS4 l~tJmfl~~'\I11'1'\1tl'l1'11tld1'1U 

~ 

~'It'W~tl~ 4.1 ('\I) ~lfl11lJf)11'1 (s) fl11lJ~f) (d) U"~fl11lJ~'I~U'\ItlU1'1U'l11U (h) '\Itl'lIfl'J'I{f~1'1'W11'W lPJ" 

'il1f)~tl~'If)ri11ij~lfl11lJf)11'1 s = 123 nm t'WUU1 [110] u,,~ij~lm1lJf)11'1 s = 133.5 nm t'WU'W1 [I 10] 

~lfl11lJ~fl d = 3.7 nm u,,~ij~lm1lJ'l1U1Ht1u 6.2 x 1OS cm-2 rl1'11ru~tli1'1'\1'il'lUllu lp.mij~tliNf1~lvI'11 

10 


8 


6
.-. 
E 	 4 c 
'-' 2 
oJ:
~ 0.Ql 
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-110 
- 1-10 
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(f) 	 ('\I) 

~tl~ 4 . 1 (f) m'Vi AFM '\I'il'l'W11 'W 1~"'il1f) InwGaos5As U'W GaAs 

('\I) m'ViI'1~'\I11'1'\1'il'l1'11fld1'1'U m'ilU!~utl'J~ 'il1f)~tl (fl) 
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TemJlerature (0C) 

('lJ) 

1.U~ 4.2 ml'yJfl11:IJLY:lJw\,I'fi1~'I1'hHhfl11:IJ'I1'W1Ut.h.'!'lJtl~'W11'W l~H'l (fl) U"~rl1m~tlfl11:IJfl~Wj~'I111~ 
." 

LY'W'lJtl'lJ1~U'l11'W ('lJ) i 'W~~ n<ir'W 'lJ tl~~l~ttJ'I1 iJlJU~'W~iifl~ 1'W 'lJttJ~Yi;i'W 1. umJ~1m1~ 

" 	 .
~1~'lJtl~1.1N1~1'Wu'W1 [1 10] u,,~ [II 0] ihf)~'il1flflttJ"':lJU~l!tl'W ltll91l'mufl (Anisotropic) 'lJtl~~iiflYitf)~ 
" 	 . 

;i'W i'Wm~U1'W011fl~MItl"1"t9l'ir'W tm~rlWi! ~Vm1:IJ"'~'lJtl~LY'W'lJtl'lJ1~U'I11U h = 1.9 run i'WUU1 [110].. 
u,,~ h = 5.7 nm iUU'W1 [110] 'il1fl~:IJ:lJtl~11'1'W'lJ'W (Top-view) 1m~"'~1~U11u l~m:iJ1.U~mlttJ~ttlu'I1'l:IJ 

• " I 

1.U11~fl~lVilA'l1 ilV:lJYiih~U'l11U Yi~tl:IJ1 tl'lJ (Ring-and-hole) ff1'11i''lJm1:IJiifl'lJ tl~U11 'W 1~" i UUU1 [1 10] 
I I'" I 

um: [110] :iJrl1Ul'lfl~1~ flU ti1tl~ 'il1flflru "':lJU~tAtl'W ltll91l'mufl'lJtl~~iiflYitn~~u i U'lJttJ~YiYi1fl11fl~ '" 

I'ltl" lm9liu rl1'11i''lJU'Y&Y'l'''lJtl'l~1~ru 'I11JlJU~U~iifl'lJttJ~~'W1.U'l1 V~ 1"'I1~~:iJ~ tl1m ~"'~1'1U11u1~" 
trltl-W'il11ttJ1~1'lJU1~'lJtl~ 1m'l"'~1'1 i11'uo rl1fl11:IJfl~1'1 (s) i'W U'W 1 [1 10] ~~:iJ~lfl11:IJfl~1'1m~V 89 nm 

rl1'11i''lJ~1mh~~ii'~ttJ'I1iJlJ 270 DC, 124 nm rl1'11i''lJ~1tld1~~i-tl'~ttJ'I1 iJlJ 300DC, 112 nm rl1'11i'U~1tl{h'l 

.. 	.. 
ff1'11i''lJrl1fl11:IJiim~~vYil11'i1:iJrll'\rtlVfl11 20 Monolayer 'lJtl~ (-5.6 nm) Ino.,5Gao.85As rl1'11i''lJ~lm1:IJ 

'I1U1U'l1U'lJtl'l'W11'W 1~"U"~rl1m ~Vfl11:IJfl~1'11~'I111'1LY'W'lJtl'lJ'lJV'l1'1U'l11U~'1 i 'W l.U~ 4.2 1~V~lfl11:IJ 
. 	 . .. 

'" 

'I1U1U'l1'WU11'W 1 ~,,:iJ~ 1"~ "'I H~~ 1AQ ~ Vfl11:IJ fl 11 'I 1 ~'I111~ ~U 'lJtl'lJ'lJtl'l1'1U'I11U:iJ~ 1t-W:IJ~U l:IJtlm 

'" I -'I .% ~I i "",..: J 
~ru'l1iJ:lJUf-l'W~"fll1U 'lJttJ~'lJ'W l.u'l1 tI~ !"'11 ~:lJmtl"l:IJ'lJ'W 

.. 
ff1'11 i''lJU'Y&Yl "'lh'lt1m.u~~'1'111~'I1 ~'1 011 ~U l.U'l1 V~1 "'11~ "'1:IJ11 nit"'~'111'1V~flllru~011 m ~ 'il1V 

U1~'lf1m'lJtl~~1tld1'1 'il1fl~lm ~Vfl11:IJiifl'il1fl~"'lJtl'l'lh'lnm.u~:ij'l'l11~~'1 i U l.U~ 4.3 ~lm~vm1:IJiifl'lJtl~ 
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U= 0.65 nm... 
OJ

"8 15 
:I 
C 

~ 10 


"0 

= !I 

0 
0 2 3 4 !I 6 7 8 9 10 

Hole Depth (nm) 

('IJ) 

2!1 

.. 20 

'5
OJ 

15 
:I 
C 
'" 10... 
"0:r: 5 

0 

J1 = 4.92 nm 

U= 0.7 nm 

2 3 4 5 6 7 8 9 10 

~11~ 4.3 ~ff1\9lUfl'HJfll'jm~'illU~lmllJ~fl'IJtJ'I'W11 'W 1~H'1'illfll'i';ltJV1'l~ii~1'li1'1nm.,r~~'111l~ 
.. 

l1~'1fll'j~'Wll111U~1"11~ (fl) 0 'W1Vi ('IJ) 2 'W1Vi (f) 5 'W1Vi ~m~ ('I) 7 'W1Vi 

'I '" J _I 'I d '" 
t~UlJfll'j'IJtlllJl1U~ t"l1~'Vl~u!l1fJlJ 300°C 

. .. . 
4.8 run I'lltlV1'I'Yiii'lil'1!1m.,r~~'111l~11~'1fll'j~'W11111U~ 1m1~ 2 'W1Viiif11m~UmllJ~fl4.4 nm I'lTfJV1'l 

, 'JI I , 

Viii'lil'1!1m.,r~l1~'1fll';i~'Wll111U~ hl1~ 5 'W1Viiif11m~Uf)11lJ~fl 4.9 nm lIm;l'lltJV1'lViii'lil'1!1m.,r~ 

~'111l~l1~'1fll'j~'Wl'lh1U~ 1m1~ 7 l.J1Viii~lm~UmllJ~fl4.9 nm rlll1i'Urllf)11lJfl~1'l (s) ''WUtll [110] 

'illfll'lltJV1'l~ii'lil'1!1ml1~'1flT~~'W11111U~ hl1~ 0 tllVi ii~lfli'N 95 nm 'illfll'lltlVl'l~ii'li1'1nmmr'lfl1'j 
~'W~l111U~ 1mf~ 2 'W1Viiif1m~~Uf)11lJfl~1'l 124 run 'illfll'lltlVl'l~ii'lil'1!1m.,r~~'111l~l1~'1fl1'j~'W~l111[J~ . .. 
1"11~ 5 'W1Viiirllfl~1'l 108 nm ~m~'illfll'lltlVl'lViii'lil'1!1m.,r~.ij'l11l~11~'1fll'j~'Wll111U~1"11::: 7 'WlVi 

ii~lll!~ t1f1l1lJ fli'l'l 100 nm ~rltJi1'ill';iu!1 'illfl ~ff1\9l umlJ fll 'j m ~ 'illU 'IJ tJ'Il1 'j ~'lS1 m I'lltJVN''Wt'Vl tllJ'lJtl'l 

mllJ~fl'illfl~11~ 4 .3 J'W f11f) 11lJff~ltfflJtlJ'W 'il~iirll~~ ~~~'lil'1!1m.,r~ ~'111l~11~'1fll'j~'W~l111 t1~ 1"11~ 
7 'W1Vi tdtJ'I'illflfll'Hf)~tJ'W~'lJtJ'Il1 t1~1 "l1~U"~fll'j 'jllJl'l1'IJ tJ'I 11 t1~ h11~ij~m.yh i ,rfll'jt1~t9l1~~.yhi M' 

I 'JI 'JI , I I " 

tn~tll1 'W 1~miifll'jm~'illUf)11lJ~flVi11mfl11mUlJ1fl~'W flm1'111U~1 "11~Vitf)~tJ'WViil1l!'W i~iifl1';i~~fl~'W 
.. 

As 'illfl;:/l'IJtJ'IU~'Wp.j~flll'W 'Yll i ,r~~mllJffllJ1'j ()i 'Ufll'j t1~t9l1~" ~Mflfl~lt1 ~'1l!'Wt'jl~~~lf'Wl1'j~'lSlm 
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(fl) ('II) 
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~ 
<1) 

::.c 
~ 80... 
<1) 

ffl'l1 f 1Jrhm1lJWW1U 'than1'W 1 ~H'lU~~rhm~Vfll1lJ fl11~ i 'WY1 ~n9r'W'lJtl~t11'lh~n~1']~ <ij~'\1 1~'\1"~ 

fll'j~'W ~11'\1 V~ 1~'\1~~~1'W,11~ 4 l~vN~~ 1~'il1flfll'j'Vl~~tl~ftmnfl'Vlnl'l~'IJtl~t11'lh~nm,]~<ij~'\1 1~'\1"~ 
fll'j ~'W,11'\1 V~ h'\1~~~ i'W ~11~ 4 (fl) J'm1'1lJ1'j tttl1imm-m fll'j'Vl~~tl~~ 1~~lVU1J1J~1~tl~U1J1J41[)~~il i 'W 

""ml~l~lJU'jfl~ll.Jii AS4 J'W 'I1"~'illflfll'j~'W,l1'\1V~ h'\1~'IJtl~ In0J5GaO&5 '\1V~ l~'\1~J''Wii''''ml'll1j'W'lJtl~ 
, SI I I 

mm l~tlilh~1J1Jtl~i'W""ml~""lJq~ ~~t!'W'j~1J1J~11~'W~tl~l1f1J1ilW~ir1'iil'lci~~l'W~lYi~~ '\1 V~ h'\1~Yi 

r:.h'il~~~cM1J As 'illflW,j'WNiiflil'W~lVm~1Jl'Wfll'jUl'l'i (Diffusion) U~~fll'jn~l"lll~ (Soaking) l~V'Yhlr1' 

'\1V~ h'\1~111~v'W'j111~'W""1'j~~mV In-Ga-As lrltln~l~l'W l11'j~v~nmwd~'\1v~ 1~'\1~~1'W 1'W '\1i1~iifll'j.. 
I I " , 

lfliltl'WYiu~~ 'jllJl'iln'Wflmm~'W'I1 V~ h'\1~Yiii'IJ'Wl~ i '\1tY~'W 1~m11'r1'l'lci~~l'W 'j~1J1Jiirh~~~~ 1'W11'j lfl~ 

fll'j mil'I'll i r1't11fll1lJ'\1'W1Uu''W'lJtl~ ~1'W 1'W'\1 V~ 1 ~'\1 ~iit11~~~~ ~~'illflN~fll'j'Vl~~tl~'il~ I-M'W 1 ~';h i 'W'lh~ 
v • 

nm 0-2 'W1Yit!'W'\1ci~'illfl'Yllfl1'j'vi'W AS4 l'W'Vflfll'jfl~""\9ltl~ 1~1"ll9r'W t11fll1lJ'I1'W1Uu''W'lJtl~'Wllw l~mYil~ 
'" , .A, ... ., ....x _I 1 '" .x.A. 1 
lJfl1~~~~llJ tl'lil~nm'IJ\9l'il~'\11~'\1 ~~fll'j 'IJ'W, lJ'\1 V~ ~'\1 ~lJ'j ~ v~nm'W1'W'IJ'W 1'W tl~'illfl'ill'W1'W 'IJtl~'W1 'W 

I SI ,"

1~mYi l~""tl~fl~tl~n1J~l'W l'W'IJ'eN'\1V~h'\1 ~ i U mruij 'W 11'W 1 ~mYiln~~'W'il~iit11fll1lJ'\1'W lUu'ul'Vhn1Jt11 
v • 

fll1lJ'\1 'W lUti 'W 'IJ'e)~'\1 V~ 1~'\1~ U~~'lh~n~1,]~ <ij~'\11~'\1"~ fll'j~'W ~11'\1 V~ h'l1 ~1'W mru lli'W l'WlViv~l'l'e)Yi 
° i 'j) "" 1 1 'j) ... .x _I d"" 'j) ,<9 1 .A d

'Vl1 mfl~'Wl 'W ~~~lVm~1Jl'Wfll'jfl~'IJ'W~lJ (Etching) 'VlNl'\1'Wl'IJ'e)~UN'WN~flil'W '\1V~ ~'\1~'il~lfl~tl'W'Vl 

U~~'j llJl'iln'Wvhi r1'~1'Wl'Wt11mllJ'\1'W1Utiu~ 1 ~iit11~~~~ ul9ilrl'e)'lh~llm,]~<ij~'I11~'\1"~ fll'j ~'W ,11'\1 V 

.x. 11 "" ,~.1 ... "".%..i .d.x .,,'j)
~ 1~'\1~'Wl'W'IJ'W 'ill'Wl'W'lJtl~'Wl 'W emlJfl1fll1lJ'\1'Wlll'W'Wl'V'llJ'IJ'W 'e)'W!fl~'IJ'Wl'W'e)~'illflnm'Vl'Wl'W'IJ'W'Vll !'11 

d1~'Wl1 'W 1 ~~~'W 'illflm~1Jl'W fll'j n~~'W, 11 U~~ fl'j ~ 1J 1'W fl1'j 111~v'W ,11'Wl1 'W 1 ~~ i 'W fl'j~1J 1'W fl1'jfl ~ "" 
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~~Hl'(lt9li'W~'Yhh1''Ufl ,rmJ~1 m1 ~tlmV!i1'\..J{nn.h~tlfl'Utl~lJ III-V fl'Wt11'WH(l i 11'rl1fl 11lJ M'W 1!!t.J'W'Ufl.:J 
, ," , 

'W11'W l~mli'~iifhtYilJ~'W ~ltlmm~Yir:hHwl9ifl'j~w:h.:J!!HWi~tlj1'W t!{l~mm hMdj~.f11~til'W'Ufl.:J!M(l1 
" " In-Ga-rich ~.:JtJ'W'U~nru 'j fltJl9iflihtH'WH~tlj1'W GaAs \ltl(l~(lltJ~1tJ1(lM~M{lfllJm(l1 In-Ga 'Yhi,rMtJ~ 

l(lM~ttJ~tJ'W 'ft.f11~t~'W~l'j{l~m V!~'W In-Ga-As t~fl.:J~ltlfl~~fllJ As ~ltl!tH'W Hi1tlj1'W!!~i ~ltl!tH'WH~tl 
v' d ~ .J Q.J e!0iv <;'Ijl'Wt'U1~MtJ~ l(lM~ In-Ga tW~ttJ{ltJ'W In-Ga tlmmlJ'W In-Ga-As 9I.:Jm~'U1'Wtll'j~.:Jtlm1'W'Yl1 MMtJ~ ~(lM~ 

'Unft1'Wtlmmil'WH~tl InGaAs l~tI!'H~l~~'U~nru'Ufl'U~l'W~l.:J'Ufl.:JMtJ~ hM~tl(llV!i1'WH~tlfifl'W [18] 

'" ·i V4 ?t & .1 ,1 d v v i <;' a '~.I
fl'W'Yl1 MtnmlJ'WH(ltl InGaAs ~u1.:J!lM1'W'U'W'Yl'Ufl'U~1'W'U1.:J.f11tJ 'WMtJ~ ~{lM~ tlJ'f.l!1{l1H1'W ~u'W1'W~lJm'j 

<;' ·i V4 ",,1?t<;, '" i V 
'ft1'j(l~mtl'Ufl.:J ~(lM~M(lfllJtM{l1 In-Ga-As 'Yl1 M!f1~tl~'U'W~'Wtl(llt1!lJ'W ~ff(lM'jfll1"llJ ~~l'j(l~mtll1t1~ 

, iI I ,

<;' 4 <;' '" V 4 & 11].1 v '" , '" .14 el~ V 
~,m~ m~'U1'Wtll'j!tl~ ~ff(l!l(l~1.:Jt!l11'W'Yl(lfllJM"llJ!tl~'U'W ~u~'jfllJtl'W !!~t'Wfl.:J~ltlu'jmru'Ufl.:J As 'Yl ~~ 

,,, " 
'il1tlm~'U1'Wf11'jn~iirh ll.i!'~tJ.:J~flYi ~~'Yi'1 i ,rMtI~ hM~i.:JMlJ~tl(llV!i1'WH~tl In-Ga-As ~.:JtJ'WMtI~ l(lM~ 

'U1.:Jth'W~ff.:Jtil'W'Ufl.:Jmm~lm'j fI tfl~ fl'W ~1~ ~.:J tf)~fll';i!fl~fl'W~!!(l~'j 1lJ~1 ntl 11 tI~1(lM~ g'W nfl'W~1 
,1 'l'?t '1 ' oJ eI ~ ~ , I .a v Q.I d'd"l" 00

'U'W MlJflmtltlJ'Wl1 tJ~1(l11~ 11 tJ~ l1lJ 9I.:J m ~'U1'W tllJ 'W!fl~'U'W fltl1.:J~ flt'Wfl.:J'Yl1 i 11 H{l{l'Yl1i'Yl !~ ~1'W 1'W 'Ufl.:J 

<;'1 ,,1 '" 1 a vel'
'Wl ~ 'W ff(llJmm1lJl1'Wl!!'W 'W mtl'U'W ~1tlm ~tl1'Wtllm~t9l1~'U fl.:JMtI~ (l11~ !!{l~ tllJ tfl(l fl'Wtl1t1'Ufl.:JMtJ~ 

1(l11~ Im~lrlfl'Y11tllJ~'W AS4 l~fl'Y11tllJ Crystallization m~tl1'Wf11JI9i1.:J1 ~~i'W"l~{l.:J ~1tJ'~fl'Wl'Urh 
, , I )I 

m1~'W'fl'Ufl.:J AS4liiirh~hyhi11'M£J~ hM~ttJ~rJ'W~tJt~'W'W11'W lff(l ~.:JtJ'Wri1fl11lJl1'W1!1t.J'W'Ufl.:J'W11'W 
, J} , " " , I 

1 ff(liiri1t~lJ~'Wt:Uflri1'lh.:Jt1ml11:i.:J tllJ ~'W ~ tJ1(lM~iiri1lJ1f)~'W l:Ufl'Y11tllJ Yi~lJ ru 1'il1tlri1!'H ~ tI'U'W l~'Ufl.:J 
' '" 1 <;' d '1 ,,1 ~ V 4 i'W1 1'W 1 ff(l i 'W'lf1.:J!1(l1 0-2 'W1'Yl'U'W1~'Ufl.:J'W1 'W ~ff(l'Yl'U'Wl~ l1ty'U'W 9I.:J~fl~fl(lfl.:JmlJ~lJlJ~~l'W 'W!!tltl 

1i1(lfl.:J'Ufl.:Jf11J nlJ~1'Ufl.:J11 tJ~1 {l11~!!{l~ri1fl11lJM'W1!!t.J'W(l~ri1(l.:J !!l9it:Uflnm'W 1'W fl':h 2 'W1lifi1fl11lJ 

M'W1Ut.J'W'Ufl.:J'Wll'W 1ff(liiri11~lJ~'W ti1fl.:J~lflfl(l \lfltllJlf)~'W11 'W 1ffmfl~~ltlm~tl1'Wtll'jn~'Ufl.:JMU~ 
, " , I 

1mt~!!(l~'W11 'W 1ffClYitfl~~'W '1 'Wm~tl 1'Wfl~~~fl(l '(l!91i'W!I(l~ri1!'H~tI'Ufl.:J'U'W1~iifi1{l~{l.:J !'Wfl.:J~lfl 

tJ~mru'Ufl.:JMrJ~ hl1~~~qJ!iYtJ1 tJi'Wm~tl1'Wtllm(llmil'WH~fl InGaAs i 'Wm ~tl1'WtllJn~~'W~tJrifl'W 
m~tl1'Wfl1'jfl~~~fl(l1{lt9li'W ,jfl«.:Jltl'fJ ~1fl HClfl1'j'Yl~Clfl.:Jrl'ri1'U'W l~'Ufl.:J'W11'W 1 ff{l~~ii 1i1'W 1'Wl'n1.:J~ii 

,,1 '" i .1 d "",1.1 1 d
'U'W1~i Ylty'U'W'il1fl(lfllJru~tllJm~'il1rJ 'W~u'Yl4.3 !1m'W1'WM(l.:J'lf1.:JfllJ'U'W~ul1tJ~ (ll1~lJJ~tI~!1(ll'Wl'W 

,1 ,. 11 i 'd. ... "",1.1 1 d'U'W U~ 'il1'W1'W'Ufl.:J'Wl 'W ff{l'U'W 1~ l1qJlJ ~1'W 1'W(l~(l.:J IlJfl!1Cl1'W l'WYI (l.:J'lf1.:J tll'j 'U'W ~uYi tI~ (lYl~lJJ~tJ~ 

,1 ~ d1l] vi cf v '" '" el , &
!1(l1'W1'W'U'W 91.:JH(l'Yl!~ 'WtllJ'Yl~{lfl.:J'W~fl~fl(lfl.:Jfl'Wfltlmru'Ufl.:J Ga 'U'W!lH'WH(ltl~l'W GaAs (100) !I(l~ 

d4,1~V4 11] V V 4 

flCl fl'Yl!fl~'U'W !~fl1i'U1tJ !1Ifltl~lJflNfl.:J [21-22]' 

" 
ff1M ftl fllJ 'Yl~(l fl.:J '1. 'W tll 'j fftllJ 1fl'Yl1i~Cl'Ufl.:Jri1~ru YI lJiJ'l 'W fll'j fl~~~fl{llm9li'W U'W tJJ 1tl~r;h 
, , ",

~1flti1.:Jli'~~lflf11Jl'11fl~~~fl{l1 mC}fi'WYi~ruYllJiJ 170 !!Cl~ 200°C tJ'W ~1flti1.:JYi 1~1~'W~tJ1.:J!l111'W'Wl1'W 

~t1'lJJfl'U'W11'W1ff(l !I~lrlfll'11fl~~~fl{l1{lt9li'W~flruMf)iJ 230 !!Cl~ 260°C ~1flti1.:J~1~iiJ'Wii1flJ.:J'ftr1.:J. " 
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14 

12 -[110) 

10 
- [1-10) 

E 
8 

.s 6 
~ 
Cl 
'0; 

4 

:I: 2 

0 

-2 

-4 
0 50 100 150 200 0 50 100 150 200 

Wldlh(nm) 
Wldlh(nm) 

'" "" J "! .1' i dv i i .1' V'IJ'Wlf'ltJ1 i 'U!lJm 2 t'ltllJW~!tlf'l'IJ'Ufltllu'J1\11\1!!111tJ'Wl tJ'YIt'ltllJ'Jtl'UtJ1 tJ ~t'l !!t'l~lu'J1\1l\1!!111tJt'ltllJ 

'Jtl'UfI1tltJ~lJf'ltl~ ~\ll 'U lll~ 4.5 !!t'l~fllfl~f'I'lJ11\1~\ll tJ lll~ 4.6 ~\lnt'lltltl1'J !1l~V'Ulll~1tl1\1!!111tJ ~ 

~tllJ'Jtl'U'U1 i tJ i~mitJ!flf'l~tJ'U1\1ri1tJmY!1~!1tltJ 1'IJtl1'JfI~ bl~tlt'lIt'l!G)fitJ~~Wl1iJiJi\l!!~ 230°C !~tJ~tJ 
~.I i <> ~ ",.d "" J do • '1 V '1 ' '1 i
!U f'lVtl1'Jmbl~tlt'l !mG)f9ftJ'YI~Wl1iJlJ"l\l'IJtJlJrlt'l'Yl1 !11f1l1lJ'ff1lJUfI !tJtll'J!!Y!'J'lJtl\l As !tJl1Vf'I t'l11::: 

"" 1Ji Vd J ''I do .d <> ~ , oJ d 1Ji v' "j "" J , ,
l1t'ltllJt'l:::mmtlf'l ! f'lf'I'IJ'U tll1 !tJ mW'YI~Wl1iJlJ~1tl11 G)f\l~:::!l1tJ! f'll1!lJtl ~W11 i;JlJ "l\I'lJtJ fIlfl11lJl1'U1 !!tJtJ 

'lJtl\l1\1Ul1ltJ ~tllJ 'J tl'UtJ 1 i tJ i ~t'l 'il:::i1ri1t'lf'lt'l\l IIt'l:::ri1f1l1lJ 11 tJ 1!! '11 tJl\1 II l1ltJ ~tlm tl'UflltltJ~lJf'ltl~i1 

ri1!~lJ~tJ !!~ rlt'l 'J llJ'IJ tl\lri 1f111lJ'I1 tJ 111'I1tJ mr'U i1ri 1t'l f'lt'l \I ,rltlri 1~W11 iJ iJ !!~'U rliltl! 1tJ1tJ tll'J'Y'i1f11 bl 
I jI " • I I 

~tlt'llmG)fitJi1ri1'~lJ~tJ i f'lVll'J1tlQtl1'JWU bl1lJ1'Jfltl1i'UltJ 1 ~~ln tll'J!fI~tltJ n'IJtl\ll1 Vf'llBl1::: 'm~n'J1lJntJ 

B 

6 

4 

E 
2 

0 

~ -2 

.s 
Cl 
'iii -4:I: 

· 6 

-8 

·10 

-12 

(n) 

lll~ 5 fllY! AFM 'lJtl-!l'U1 itJ i~t'l'il1tl Ino"sGaO,8sAs 'UtJ GaAs 

~ltl~ltlr.i1\1~'Y'i1tl1'JfI~bl~tlB It'l!G)fitJ~~wl1 i;JiJ (tl) 200°C ('IJ) 260°C 

(tl) ('IJ) 

ltl~ 6 fllY!fllfl~f'I'lJl1\1~-h'U AFM 'lJtl\ltJ1itJ i~t'l'il1n Ino"sGaO,8sAs 'U'U GaAs 

'il1tl~1tlr.iN~l'lltll'JfI~bl~tlt'lIt'l'G)fitJ~~wl1iJiJ (n) 200°C ('IJ) 260°C 
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\9l1':il'1~ 4.1 ",~1J ~mn1'j'VlfHl tl'ln1'jfftllllU'V&YH1'IJtl'lfh~Wl1fJiJh.ln1'jfl~"'\9ltlft1m9Si''U 

l'U!'Y1tllJ'lJtl'l~1mh'IJ'U1\9l'illtl'U11u 1Bft~l~ 

, 
'" 

, & 

fllQWl1 fJlJ!lH'UHfttl!l'U 

l'U'lJW~Yh 

n1'jfl~"'\9ltlft lmCJfoM'U (OC ) 

, , 
fllfl11lJl1 'U 1!1'U 'U 

-2 
(em) 

I d". rI 
fllm ft (Jm'U HlfJ''U (Jtlm 'I . 

Vi!l'UHI'lJ'Utltl (run) 

l'U!I'U1 [I 10] 

, 
fllfl 11lJ"l'l 

'IJV'Iff'U'lJtl'lJ (run) 

170 1.6x 10
9 

134.8 3.9 

200 1.2 x 10
9 

133.6 3.3 

230 9.4 xl0
s
/1.1 xl0

s 
137.8/133.4 4.117.3 

260 7.2 xl0
s
/1.4 xl0

s 
144.6/150.0 3.5/12.6 

d..:::::. I I J d. "1 rI , 

l'IlJ1tHl'Il'J 'Vl~Wl1tJlJ 230 !lft~ 270°C fllfl11lJl1'W1!1'U'W fllmftmtY'UHlfJ''U(Jtlm'lUft~fllfl11lJ~'1'IJtl'l 


ff'U!~mh'IJtl'l 1'1Ltl11'U ~tllJ'j tlU'W 11'U 1 Bft/J'I!ll11'U~VlJ'jtl'lJfl1tl'U ~lJ\9ltl\9l 

.... 1 d .:::::. J cv ~ ,~C\ r I!!l d I ~ ~ '1 d.c::t 1 ,J
tl'U 'U m W'Vl QW l1 tJlJ ~ 'I'll 'U fl '1'U 'W flllJ \9l\9l 1'1,,\ 'iI '1lJfll!'V'llJ 'IJ 'W \911lJ 'IJ'U lfll1 (Jfl ! ft l1 ~ 'VllJ'IJ 'U lfl l1 ty'IJ 'U 'illtl 

n1'j'j 1lJ~1'IJv'Il1(Jfl1ftl1~ 

" . 
rlll1 ~'lJ Hft n1H\ fl ft tl'll 'U n1 'j fftllll U'Vl TI'V'l ft 'IJ tl 'I fil!1ml'U n1 'jfl~"'\91 tl ft I ft !9Si''U,r'U Hft Vi I ~'ill tl 

1 m '1"'~1'1'U 11'U 1 ~mf'W l~oMfl! 'iI'W 'Vll'1 n1(Jt11'V'l ~'1fi 1'IJ'W lfl'IJ tl'lri1'U~1'1,,\ ijfil1tl~!~ (J'I fl'U l1 ~V!!\9l tl~l'1 
fl'W!~tl.Jtl(J ~'1ff'Wl1!1'U 111''illtlfil~1mh 1 'Un1'j 1J'j ~~1l11 'U n1'j'Vlflfttl'lifflmmfl~v'W hJ vb 1l1'Hft~'11' 
" . 

,r'Ufl11lJU\9ltl~1'1fl'W fl'lHft ",~1.l1 'U\9l1'jl'1Vi 4.2 

\911'jl'1~ 4.2 tY~1JHftn1'j'Vlflft tl'ln1'j fftllllV'VlTI'V'lft'IJtl'lfilLJml'U n1'jfl1tY\91 tlft I ft!9Si''W 

l'U!'Y1tllJ'lJtl'l~1mh'IJ'Wlfl'illtl'U11'W 1Bft~'11' 

filLJmn1'jfl1"'\91Vft Ift!CJfoM'U 

('W1Vi) 

, , 
fllfl11lJl1'U lH'U 'W 

(em-2 
) 

,.cd". rI 
fll m ft m tY'U H1 fJ''W tI tl m 'I 

.,; 
'Vljl'U'jtl'lJ'Utltl (run) 

, 
fllfl 1 llJ'" 'I 

'" 
'IJV'Iff'U'lJVU (run) 

2.5 LOx 10
9 

147.8 4.3 

5 1.2 xl0
9 

133.6 3.3 

7.5 9.3 x lOs 138.3 4.1 

10 1.2 xl0
9 

135 4.2 
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d 
'U'YI'YI 5 

" ~hl1 1'U 1 tJ 11 'Vl Uttl tJ f)1 'j "n ii \9l f)1nJ 11 m ,HY!l'1tJ 11 tJ 1 ~Hl hhh::; qnl91'1 i''11 tJ 1 tJ f)'j::; 11 1'W f11'j 

-.1 ~ J QJ 1 ..d.z::s Old QJ QJ ,.. 'jJ 1 'JI '" 
lJ'j::;~'hljfl1tltJ\9l:JJ :JJt~fl~'Vl:JJtnl'1\9l1tf11::;n'W'Vl1'1mtJ'lJ1'1 (Lateral Quantum Molecule) ~tll1'W1'Vl'IJtl'1 

" . 
1f1H(;1'!1'1tJ11'W 1~m1tJf)'j::;111tJnl'j11'j::;~'hl1u'Wt~'Wt'Vl:JJtYm'Vl (Template) t~U'j tl'1111f11tltJ~:JJ~tl\9l1r1tf11::; 

'..-?i ..- 1 d ",,,,.1 '" '1'J1 ..
n'l:JJntJt1JtJfI1tltJ\9l:JJ~eJ\9l lJWfl~ (;1'mlJfI11lJtfl'jtl~'Vltf1~'IJtJ111~~~::;t'\1WntJ1 'Hfl1tltJ\9llJ~tl\9ltJ'W1 tJ 

'" .1 1 ,J QJ Q.I.ci tfJ , ..11 f'jJ 11]
'Vll1tlfl'IJ'W l1:JJtJtf11::;\9l111tJt'VllJt'V'l~'Vl\9l'1'Vl~::; &~flm1tH\9ltl nJ 

9 J~ 91 I Cl ~ .ck 1 Q Q I.:S 

~ 'W fll'j 'Vl~ ~ eJ '1 \Jt 'j lJ\9l tJ 1)lf1ttH 'W H~ flj1'W GaAs (l 00) 'll'tJ ~ n '1 'i! tJ 1tJ \9l tI lJ f)1'j t\9l HllJ UH'W HTIn 

m:JJm::;'lJ1'W f11'j~'~n~11:JJ1U~11 tJ 'l11'1i'tl 3, 1 ~'1i'W\9leJtJf)'j::;111tJ f11'j 11'j::;~'l:J1f11eJtJ ~lJfleJ\9l1:JJm ~m!i.j'1 
" " tltlm~'W 2 .;rtJ\9leJtJ~'1U 

JI • 

(n) f11'j11'j::;~'l:J1tJ11tJ 1~~ : ~lf)1'jl1tlnH~flitJ Buffer 'IJtl'1 GaAs 'HtJ1 300 run Yi~t\J'HiJiJu~'W 
" Hiiflj1tJ 600°C ~1t1fl\9l'j1nl'jl1tlnHiin 0,5 MLilmYi 1~tliirhfl\9l'j1ri1tJ BEP AsiGa 30 1'vh ~lnU'W~l 

f11'j~~~t\J 11 iJ iJu~tJ Hiin!ltJ ~ '1 ~ 390°C 1 ~tI hiii ~11:JJt~fl ~'IJ eJ'1 AS4 U~::; 'j eJ~ tJ f)'j::; ~'1ri 1f111lJ~'W 

11'j'jtl1f11rYiiri1~ln';h 10-
9 

Torr ~lf)1'j~tJ~l1l1t1~ 1~'H::; InOl5GaO.85 '1tJl1~:JJ1t\J 20 ML (11~lJ1t\JrltYitl'l.H'vh 
tl'lJl1~:JJ1t\J'lJtl'1 In U~::; Ga ~1i'1tJf11'jl1tlflHiin Ino.15Gao.85As l1tJ1 20 ML) ~1t1fl\9l'j1nl'j'y.jtJ 1 MLlllnYi 

". . 
1l1nU'WTI~~t\J'HiJiJw-lW"liin!ltJ M:JJ1Yi 390°C U~::;~lf11'jfl~(;1'\9ltl~ '~tC)fitJ~1t1nl'j'YitJ~1t11eJ'lJeJ'1 AS4 Yi 

iiri1f111lJ~'WleJ 8XIO-
6 

Torr t~ml1~tI'U~l1mJ~ iTI'H::; InGa 1M't~'U InGaAs 
". . 

('II) fl1'j11'j::;~'l:Jifl1eJ'U~lJfleJ\9l1lJtTI~~ : 1l1flU'W~1f11'jtVilJri1Qt\J'HiJiJu~'UHiinj1tJ 111Yi 450°C 

U~::;~1f11'jl1tlnHiinfl1tl'U~lJfleJ\9l InAs 1tJl1~:JJ1t\J 1.7 ML ~1t1fhfl\9l'j1f11'jl1tlnf-.liin 0.05 MLilmYi 

. " 
rl1l1 111 nl'jltfl 'j 1::;..1f)'j::; 11 1'U f11'j11'j::;~'l:J1f11eJ'W ~lJ~tl\9l1lJW fl~1 'UYiu 1)::; ~1\9l'j 11l(;1'tl11~1tlV1'1 

m1'W 1 ~mritl'W f11'j 11 tl nfl1 eJ tJ ~lJ fI eJ\9l~ ~t\J 11 iJiJl1tlflfl1tltJ ~lJ ~ eJ\9l AW::; fl1eJ tJ ~lJ fI eJ\9l1lJ mfl~~1t1n~tl'1 

"" 5.2 fHlfll1'Y1VltltHAm::;fl111Afl11::;'t'l. 
. " 

rl1l1 1'lJ~1 tl V1'1 Vi i ~~1nf)1'j (;1'1 ii \9lU 1~t'Vl:JJ!'V'l~'Vl'IJeJ'1m1 'U 1 ~~iiri1f111lJ'H tJ1U t1 tJ 4.8XI0
8 

C)f:JJ-
2 

U~::;fl1'W AFM U~::;.fl1'V'l.fl1f1~fI'IJ 11'1~'11 'W ~11~ 5.1 (n) 1~tlri1m~Ut~'W~1t1'Uvnm'1~j1tJ'jeJ11'Wtln 230 run 
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8 
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.c ~ 
OJ) 
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·2 

o SO 100 150 200 250 

10 

8 

6 

o 
·2 

o 50 100 150 200 2S0 

Widtb (nm) 

pJ~ 5.1 	 m'W AFM U'lJ'lJ 2 iJ~ 3 iJ~ H"~m'Wmfl~~'lJ11'1'lJtN (0) 'W11'U 1~", ('lJ) 'W11'U 1~",~ 

!11~t'J'U~11111'H~'If)1'HytlJ~U!lUJiJ U"~ (fl) fl1tllJ~lJ~tl\911lJmfl"'lfU~ 4 ~tl\91 

film~t'J!~w'htllJvom'l'jtl'lJilJ 82 run !m~film~t'Jfl11lJ\I'I'lJtl'l1'1H'HTW 3.5 run ilJUlJ1 [110] !m~!rlml1 

f)1'j!vimJU!'H tJiJUHlJ ~~otlJ111~ 450°C ~1mh'llJl1lJ h"'!n~f11'j !11~t'JlJ ~11ii~o£jU!~m\'lt'J!UlJ (Mound) 

~'IilJ~11~ 5.1 ('lJ) 1~t'Jiifi1!ll~t'JmllJt'Jl1'lJtl'llllJ 180 nm iW!lJ1 [110] !m~iifilm~t'JmllJtJl1'lJtl'ljllJ 

270 run [l 10] !m~film~t'JmllJ\I'I'lJtl'l!UlJ 7.7 nm fflmlPlfilm~t'JmllJt'Jl1'lJtl'llllJH~0~1'1n'Ui'UH~"~ 
,. 	 . 

H'U TUlJ fl'U! i1 tl'l 'ill OfJ U! ffl.J'U~!!tllJ1'lfhl':i UO (Ansi tropic ) 'lJtl'l ~~O !!l:1~ ~1tltil'1mtllJ ~lJ ~tlI9l1lJmfl" 

!!'lJ'lJ 4 ~tl\91~'1 i'U 'j11~ 5.1 (fl) ~'I'lJlJl~'lJtl'lmtllJ~lJ~tl\91~1¢iiJ'lJlJ 1~!!\910~1'1n'U !iTtl'l'ill0mllJff~1!fflJ tl... 

'lJtl'l fflJ llJfl11lJ1fl ~ t'J~ 'lJtl 'I! U'U ~ l¢i'ill0lJ 11'U 1 ~'" ii fl11lJ 1l.i fflJlJ1\91 'j i W! lJ 1 [110] !m~ [110] 

. ,. 
(;h l'd''lJ ~1tl til.:Jfl1 tllJ ~lJ ~ tll9l1lJ! "o"li1¢i'ill O~1 tltiH -U iJ ~ llJ1lJ fl1tllJ~lJ~ tll9l i 'U mtllJ ~lJ~ tl\91• 

f t, ", 
""11] ~"" 0 '" i _I"" '" '" "" ""1lJI"fl"'VI !~lJ'illlJ1'U 2, 3 ,U,,~ 4 ~tll9l ~'I lJ~lJ'VI 5.2 fflmlPl!'Utl'l'ill0'W'U'VIU"~ff'W1lJfl11lJ!mt'J~'lJtl'l 

• I 	 I" 

!U'Uli l¢i 'ill 0 f11 'j!11 ~ t'J'U ~11'lJtl'llJ 11lJ 1~" i lJ m &ii fl11lJ 1l.i ff111! fflJ tl lJ tl 0'ill0-Urilfll9l 'j 1 f11'j 11~0 ~~0 

• ~ 	 ~ 4 i ~ '" "'1 ~""l1J ~ '" J0 	 I

'lJ tl'lfl1tl'U ~lJ ~ tl\91li 'hr'llJ m &iifi l\1.:JB O~ 1t'J 'il.:J'VI1 'H 'lJ 'U 1~ 'lJ tl 'Ifl1 tllJ \91lJ 'VI ~lJ IlJ fflJ1! fflJ tl! 0~'lJ'U lJ . ,. 
~1tltil.:Jli1¢ii 'U f11'jffl~\91-U 
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(fl) 

.J: 
~ ~.".." .. 

('II)i 
:. ,.... 5#I'
~ 

.~... '" .,' - ~ 

(fl) 

ffl'11f1Jfl'mJ'ff~mnHl'll tl~ ~ 1'U l'Wfl 1 tlU 91lJfltl~ i 'Wflltl'W 91lJfltl~~ III'illfl fll'j 'fflil~ij~flll Ul~ fll'j 

m~'illv~.:Ji'W~'l.l~ 5.3 1fltl~1'Wl'W'l.h~'lflm'lltl~flltl'W91lJfltl~ llJl~fJ~'ln1fl 3 fltl~ijlJ1fl~~fl~tl 46% 

ffl'11f1Jmtl'W91lJfltl~ llJmfJ~'lflJfl 4 fltl~ij~l'Wl'W'l.h~'lflm 42 % U~~flltl'W91lJfltl~ llJmfJ~'lflJfl 2 fltl~ij 
. . " 

~1'W 1'W'l.l'j ~'l11m 12% 'fflIl1I9JVi'l'l1 i l1'fl ltl 'W 91lJ fl tl~ llJmfJ~ij ~1'W l'Wfl ltl'W 91lJfltl\PHt~ fll91N i 'WViihnfl 

'ill flll 'il ~tI'I1mtl'l.l 'j ~ fll'j 1III!ri fl 11lJ 'ff~11 'fflJ tl 'II tl.:J'W 11 'W 1 eJ~l~lJl'i''W -5~ 'j 1 fll 'j l~lJ 'II tl~ QUl '111J ili 'W fll'j 

IU~v'W~u'Wl1 'W 1eJmu'WllJ'W fllQUl'l11Jil ur-i'W Hfi fl]'l'W 'IIUl~'V'ilfl1'j'l.l'ijflmtl'W91lJfl tl~ fl 1-5~'j lfll'jU'ijflHfifl 

ff1'l1i'1Jfldtl'WilJflfJ~ 1I~~U~lJ1Ul 'II fJ.:J Hfiflflltl'WilJfltl~~U'ijfl "1 ~"1 IU'WIP1''W 

" 
i 'Wfll'j 'fflil~Ul~u 'fffl.:Jfll1lJ!U'W I U 1IIi 'W fllHJ1'W 11'W h~lJ1 i oMl'll'WI'VllJ I'WI:'I'Vl i'W m ~1Jl'W flU 
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1 2 3 4 5 6 

50 
.-.. 
~ = '-' 40 
~ 
ell 
~ 

= 
30~ 

~ 
e.J 

20~ 

~ 


~ 

10 

0 

Number of QDs per molecule (n) 

,1l~ 5.3 m WhA!:y~,:jfll'j m~'illtJ'lJfl,:j hWl'U11 'j~'lflm 'lJfl,:jfl1fl'U~lJ~HJ\9l1lJmflrl 

~ij~1'U1'Ufl1fl'U~lJflUfl2 ~fl\9l 3 flfl\9l Url~ 4 flfl\9l''UUl'irl~ lWrlflrl 

- 37



cl unn 6 

1m\I'HU 1~tJifl~.yhfll~fff11:11fl'YIilYl(l'Uu'Hiu'U 1 'U'I1! eW;':mll~ ~N"l ~H'i'Ufll~1l~~~1:I1'U1 1 'U 1~m 
lllo.JsGao.8sAs U'U UHW-l~f1j 1'U GaAs (100) ~1m'YIfliJfl~ ~ ull!Yl (I'YIfloWU'YI f191~H'1~fll~1l~f1~~f1floWU'YI f191 

. " 
'il1f1ih hH(lf)(I 1 ~tJ~1ull~Yil~v'i1fll~fff11:11 i 'U 1m \I \I 1'U 1 ~tJij l~un fi1~Ul'l1tJiJuHW-I~f1j1'U'UUl~l11 

,1.1 1 " ., ., ., ,1.1 1 ' "'" dI 
fll~ 'U'U ~1J '11 tJ~ (1'11 ~ m'll1\1nmfll~'U~ 'il\l '11 1~'11 (1\1 f1 U 'U'U ~1J'I1 tJ~ (1'11 ~ m~Ul'l1 tJlJU~'U ~(lf1j 1'U 'U Ul~ 

. " 
l11fl~ff~H)(llm9f'l1'U U(l~fi1'li1\1nm i 'U f1Ul11fl ~ fflPl U(ll m9f'l1'U 1~tJ~ lli1\1'UU\I'U1 1'U 1 ~(lYil~u'U iifi1 
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