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1　Introduction

Se miconduct or qua nt um2conf i ne me nt st ruc2
t ures suc h as qua ntum wires ( Q W Rs ) a nd qua n2
t um dots (Q Ds) a re of i nte rest i n bot h f unda me n2
t al resea rch a nd tech nological app lications . D ue t o

t hei r disti nctive one di me nsional geomet ry ,Q W Rs

a re less e ne rgetically f avora ble t ha n QDs in mis2
match hete roep it axy. The ref ore , t hey have bee n

much less rep orte d in t he lite rat ure t ha n self2as2
se m bled QDs . Howeve r ,seve ral rep orts have bee n

ma de i n rece nt yea rs on t he f or mation of I nAs

qua nt um wires on t he In P ( 001 ) subst rate by

MB E[ 1～8 ] . D ue t o t hei r disti nct f ea tures i n bot h

geomet ry a nd e ne rgetics , t he investigation of t he

growt h a nd st ruct ural p rop e rties of InAs Q W Rs

on I n P (001) may help us t o understa nd more a2
bout t he self2asse mbling of se miconduct or na no2
st ruct ures usi ng MB E. We p rese nt i n t his p ap e r t he

studies p e rf or med rece ntly i n our la borat ory on

t he growt h a nd st ruct ural p rop e rties of I nAs wires

on I n P subst ra te .

2　Growth of InAs wires on InP ( 001)

　　The sa mp les we re grow n i n bot h Ge n2I I a nd

Ribe r 322P MB E syste ms monit ored i n sit u by re2
f lection high2e ne rgy elect ron dif f raction

( R H EED ) . The buf f e r laye r consisted of 300nm

I n0. 52 Al0. 48 As on t he In P (001) subst rate . The mis2
match betwee n t he buf f e r laye r a nd t he I n P (001)

subst rate was dete r mi ned by double c rystal X2ray

rocki ng curve t o be less t ha n 11 5 ×10 - 3 . I nAs lay2
e rs we re dep osite d wit h a 3 % mismatch on t he

I n0. 52 Al0. 48 As/ I n P buf f e r at 500 ℃ by bot h t he

conve ntional MB E met hod a nd t he M EE met h2
od [ 9 ] . For t he MB E growt h , t he s hut te rs of In a nd

As cells were op e ned si multa neously , a nd t he dep2
osition rate was 01 1ML ( monolaye r ) / s . For t he

M EE growt h , t he In a nd As shut te rs were op e ned

alte rnately a nd t he dep osition rate was one at omic

laye r p e r second f or In ; t he As s hut te r was op e ned

f or 2s i n each cycle , a nd t he re was a n inte r rup tion

of 1s betwee n t he In a nd As p ulses . The c ritical

t hic kness f or t he 2D23D t ra nsition is a bout 21 5ML

of InAs dep osition , as evide nce d by t he st rea ky2
sp ot t y t ra nsf or mation i n t he R H EED p at te r n .

3　Structural properties of self2assem2
bled InAs QWRs on InP ( 001)

3. 1　Self2assembled wires on InP ( 001) substrate

　　Figure 1 shows t he t ra nsmission elect ron mi2
croscop e ( TEM) images . Figures 1 (a) a nd ( b) a re

t he cross2section (002) da r k2f ield i mages of t he I2
nAs wires i n t he six2stac k I nAs (7ML ) / I n0. 52 Al0. 482
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As (15n m) multilaye r on t he In P (001) subst ra tes .

Figure 1 ( a ) , viewe d along t he [1 10 ] di rection ,

s hows a cross2section of InAs wires , a nd Figure 1
( b) , viewed along t he [ 110 ] di rection , is t he side

view of t he m . These wi res i n t he multilaye r st ruc2
t ure a re stac ked diagonally i n t he ( 001 ) growt h

di rection ,i n cont rast t o t he ve rtical align me nt of

InAs qua nt um dots on t he GaAs (001) subst ra te .

Figures 1 (c) a nd ( d) a re p la ne2views of t he I nAs

wires wit h dif f raction vect ors g = [ 110 ] a nd g =

[110 ] , resp ectively. Wit h g = [110 ] , p a rallel t o t he

I nAs wires , as show n i n Fig. 1 ( d ) , t he wi re2li ke

cont rast disapp ea rs . The disapp ea ra nce of t he

wi re2li ke cont rast in t he TEM pla ne2view i mage

wit h g = [110 ] de monst rates t hat t he st rai n relaxa2
t ion of t he wi res is one2dime nsional along t he

[ 110 ] di rection accordi ng t o t he crite rion g·b =

0 . The one2di me nsional st rai n relaxation , nor mal

t o t he wires ,is consiste nt wit h t he geomet ry of t he

qua nt um wires .

Fig. 1　TEM images of InAs wires 　(a) , ( b) Cross2section , (002) dark f ield , MB E , InAs (8ML ) / In0. 52 Al0. 48 As

(15nm) , viewed along [ 110 ] and [ 110 ] , resp ectively ; (c) , (d) Plane2view wit h g = [ 110 ] and [ 110 ] , resp ectively

　　The driving f orce f or t he self2asse mbly of

qua nt um dots or wires i n a mis match hete rost ruc2
t ure is t he volume elastic relaxa tion e ne rgy. For

QDs , t he mis matc h st rai n undergoes relaxa tion i n

all di rections , w hile f or Q W Rs t he comp one nt of

t he st rai n f ield i n t he di rection along t he wi res re2
mai ns equal t o t he valueε0 = ( a0 - as ) / as t h rough2
out t he e nti re wi re ,w here a0 a nd as a re t he la t tice

consta nts of t he ep ilaye r a nd t he subst ra te , resp ec2
t ively. The ref ore , t he volume elastic relaxation is

more ef f icie nt f or Q Ds t ha n f or Q W Rs . A com2
p a rison of t he qua nt um dots a nd t he qua nt um

wires i n e ne rgetics i ndicates t hat t he mecha nis m

f or t he f or mation of wi res i nstea d of dots is rela t2
ed t o ki netics rat he r t ha n e ne rgetics .

3. 2 　Calculation of the strain distribution of the
InAs wires

　　I t is well k now n t hat qua nt um dots i n a multi2
laye r InAs/ GaAs ( 001 ) syste m a re ve rtically

stac ked along t he [ 001 ] growt h di rection . This

ve rtical alignme nt is caused by t he p a rtial st rai n

relaxation i n t he GaAs sp ace r laye r . The p a rtial

st rai n relaxation is maxi mal just a bove t he qua n2
t um dots , a nd t he nuclea tion a nd growt h of qua n2
t um dots i n t he next laye r a re much more p roba ble

on t he t op of t he qua ntum dots in t he laye r be2
low . However , t he a r ra nge me nt of t he InAs wires

i n t he InAs/ I nAlAs multilaye r st ruct ure is quite

disti nctive i n t ha t t hey a re stac ked diagonally a2
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long t he growt h di rection ,as show n i n Fig. 1 . Such

a disti nction of I nAs wires i n alignme nt i mplies

t hat t he st rai n dist ribution i n t he InAlAs sp ace r

laye r i nduce d by a n I nAs wire is signif ica ntly dif2
f e re nt f rom t hat of t he I nAs dots i n GaAs .

As me ntioned i n t he last section , t he st rai n

relaxation of t he wires is p e rp e ndicula r t o t he

wires a nd is t otally rest rai ne d i n t he di rection a2
long t he wi re . The ref ore , t he st rai n dist ribution of

t he wires is two2di me nsional a nd is much more

easily a nalyzed t ha n t ha t t he st rai n dist ribution a2
round a dot by bot h numerical calcula tion a nd a n2
alytic met hods . We p erf orm t he numerical calcu2
la tion of t he st rai n dist ribution a round a wire u2
si ng t he f i nite ele me nt met hod [ 2 ] , a nd t he results

a re consiste nt wit h exp e rime ntal obse rvations .

I t has bee n cla rif ied by X2ray a nalysis t ha t

t he st rai n f ield i nside or nea rby a qua ntum wire i n

a hete roep it axy mismatc h syste m is highly i nho2
moge neous [ 10 ,11 ] , w hich i ndica tes t ha t t hese wi res

ca nnot be t reate d wit h a simplif ied st rai n model .

However , i n t his w or k , we a re only conce rned

wit h t he f a r2reac hi ng elastic dist ortion induced by

t he p rese nce of t he wi res i n t he mat rix rat he r

t ha n t he st rai n dist ribution i nside or nea rby t he

wires . From t he cross2section of t he wi re s how n i n

Fig. 1 ,it ca n be see n t hat t he widt h2t o2height ratio

is as la rge as 4～5 ,a nd its ef f ect may be simila r t o

t hat p roduced by a st rained ribbon i n f a r regions

i n t he mat rix. The ref ore , i n our calcula tion , t he

wire section is app roxi mated by a li ne segme nt of

origi nal le ngt h L 0 in a n isot rop ic tw o2di me nsional

mat rix of i ndef i nite di me nsion , as show n i n

Fig. 2 . The line segme nt is homoge neously

st retche d le ngt hwise by 3 % , w hic h is equal t o t he

Fig. 2　St rain model f or InAs wire in t he In0. 52 Al0. 482
As mat rix

mis match betwee n t he I nAs a nd t he In0. 52 Al0. 48 As

mat rix , a nd t he region sur roundi ng it is elastically

dist orted t o some exte nt . The angular dist ribution of

the elastic distortion above the strained line segment

is calculated with the finite element method. In the

calculation , Poisson’s ratio and Young’s modulus are

taken to be 0136 and 6107×1010 Pa , respectively ,simi2
lar to those in InP[ 12 ] . Figures 3 (a) and (b) show the

calculated comp onentsεxx andεyy of the elastic st rain

field around the line segment with the 3 % elastic ex2
tension in the matrix. The figures show that the maxi2
mum elastic distortion is not above the wire but stag2
gers away , and the st rain angular dist ribution is

skewed away f rom the wire’s top . Although the cal2
culation is perf ormed f or the matrix with infinite di2
mension ,the results may be app rop riate to the p racti2
cal situation if the influences of the boundary and the

interaction between the extended segments are not

significant . During the epitaxial growth of the

st rained InAs film on the InAlAs spacer layer , the

quantum wires will nucleate and grow in the region

where the values of the comp onents of the elastic

st rain field are the maximum. As calculated ,the st rain

maximum in each InAs layer is arranged in a stag2
gered pattern , as experimentally observed , the InAs

wires are diagonally arranged in the multilayer st ruc2
ture . Theref ore , the calculation is consistent with ex2
perimental observation.

Fig. 3 　A ngular st rain dist ribution around an InAs

wire in t he In0. 52 Al0. 48 As mat rix as calculated using

t he finite element met hod
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3. 3 　Influence of spacer composition on InAs wire
arrangement

　　I t was f ound t hat t he comp osition of t he ma2
t rix has some signif ica nt i nf lue nce on t he a r ra nge2
me nt of t he InAs wires i n a multilaye r st ruc2
t ure [ 3 ] . W he n t he sp ace r is a ( I n0. 52 Al0. 48 As ) m /
( I n0. 53 Ga0. 47 As) n short2p e riod sup e rlat tice (S PSL )

i nstea d of I n0. 52 Al0. 48 As ,w he re t he intege rs m a nd

n a re t he numbe rs of t he resp ective monolaye rs ,

t he diagonal a r ra nge me nt of t he I nAs wires t ra ns2
f orms t o a ve rtical one in w hich n i ncreases rela2
t ively t o m . Figures 4 (a) a nd (b) a re TEM i mages

of t he I nAs wire a r rays in t he ( In0. 52 Al0. 48 As ) 4 /
( I n0. 53 Ga0. 47 As ) 2 mat rix a nd i n t he ( I n0. 52 Al0. 482
As) 2 / ( I n0. 53 Ga0. 47 As ) 2 mat rix , resp ectively. The

f igures de monst ra te t ha t t he I nAs wire a r ra nge2
me nt is t ra nsf or me d f rom diagonal t o ve rtical as

t he ratio m/ n is reduced f rom 4/ 2 t o 2/ 2 . Suc h a

t ra nsf ormation i n wi re a r ra nge me nt ca nnot be i n2
te rp rete d wit h t he si mple model p rop osed i n t he

last section . To unde rsta nd t he exact mecha nis m

requi res more exp e ri me ntal i nvestiga tion .

Fig. 4 　Cross2section TEM images of InAs wires ,

(002) dark f ield　(a) InAs (8ML ) in ( In0. 52 Al0. 48 As) 4 /

( In0. 53 Al0. 47 As) 2 ; ( b) InAs (8ML ) in ( In0. 52 Al0. 48 As) 2 /

( In0. 53 Al0. 47 As) 2

3. 4　Influence of growth mode on the symmetry of
wire arrangement

3. 4. 1　Symmetry in InAs wire al ignment
I n our investigation of I nAs/ I n P na nost rucu2

t res , t he InAs is dep osited wit h bot h t he MB E a nd

t he M EE met hod. The disti nction betwee n t he two

ep itaxial modes is t ha t f or t he MB E mode , t he

group Ⅲa nd Ⅴele me nts a re dep osite d si multa ne2
ously on t he growt h surf ace , w hile f or t he M EE

mode t he group Ⅲ ele me nt a nd t he group Ⅴ ele2
me nt a re dep osited i n succession t o e n ha nce t he

migration of t he group Ⅲ a dat oms on t he growt h

surf ace . Suc h a n e nha nce me nt i n migration is ge n2
e rally believed t o imp rove t he morp hology of t he

f lat ep it axial f il m .

The growt h mode has some i nf lue nce on t he

st ruct ural p rop e rties of t he wi re a r ray in t he I2
nAs/ I nAlAs/ I n P ( 001 ) syste m [ 4 ] . Figure 5 shows

cross2sectional TEM i mages of t he I nAs wire a r2
ray viewed f rom t he [110 ] di rection . Figure 5 (a) is

t he MB E I nAs/ I n0. 52 Al0. 48 As wire a r ray on t he

I n P ( 001 ) subst rate , t he I nAs t hick ness is 8ML .

The I nAs wires i n t he a r ray a re stacked along di2
rections a bout 33°away f rom t he [ 001 ] growt h di2
rection on eit he r side , a nd t he wi re a r ray is sym2
met rical a bout t he [ 001 ] growt h di rection . Such

sym met ry i n t he MB E wire a r ray on I n P ( 001) is

dis rup te d w he n t he ep ilaye r is grow n on t he sub2
st ra te disorie nted f rom (001) or grow n wit h t he

M EE mode . Figure 5 (b) is t he asym met rical MB E

I nAs wire a r ray on t he In P subst rate 6°2misorie nt2
ed f rom ( 001 ) t owa rds t he ( 111 ) Ga pla ne , a nd

t he a ngles betwee n t he growt h di rection a nd wire

alignme nt a re 26°a nd 43°, resp ectively , on t he two

sides i n t he f igure . Figure 5 (c) is t he asym met rical

M EE I nAs (8ML ) / In0. 52 Al0. 48 As (15nm) wire a r ray

on t he I n P (001) subst rate , a nd t he a ngles betwee n
(001) a nd t he wi re alignme nt a re 47°a nd 38°, re2
sp ectively , on t he tw o sides . Figure 5 ( d) is t he a2
sym met rical M EE I nAs ( 10ML ) / I n0. 52 Al0. 48 As
(15nm) wire a r ray , a nd t he sla nti ng a ngles a re 30°
a nd 70°, resp ectively . O bviously , as t he t hic kness

of InAs is i nc rease d f rom 8ML t o 10ML , t he a2
sym met ry i n t he M EE I nAs wire alignme nt in2
creases . In a ddition , t he Q W R cross2section shap e

i n t he f igure is app a re ntly dist orted f rom a sym2
met rical one a bout t he [ 001 ] growt h di rection .

3. 4. 2　Discussion of the symmetry of the InAs wire
al ignment

The [ 001 ] di rection is sym met rical i n crystal2
lograp hy a nd it is easy t o understa nd t hat t he

MB E2InAs2wire a r ray on t he In P (001) subst rate is
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Fig. 5　Cross2section TEM images of InAs wires , (002) dark f ield　(a) MB E , InAs (8ML ) / In0. 52 Al0. 48 As (15nm)

on InP (001) ; (b) MB E , InAs (8ML ) / In0. 52 Al0. 48 As (15nm) on misoriented InP (001) ; ( c) M EE , InAs (8ML ) /

In0. 52 Al0. 48 As (15nm) ; (d) M EE , InAs (10ML ) / In0. 52 Al0. 48 As (15nm)

sym met rical a bout t he growt h di rection a nd t ha t

t he sym met ry is dis rup te d w he n t he mate rial is

grow n on t he disorie nted (001) subst ra te . Howev2
e r , t he asym met ry i n t he align me nt of t he M EE I2
nAs wire a r ray on t he exact ( 001 ) subst ra te is

wort hy of some discussion .

The main diff e re nce betwee n t he MB E a nd

t he M EE growt h modes is t ha t t he surf ace at omic

dif f usion during growt h is signif ica ntly e nha nced

i n t he M EE mode relative t o t hat i n t he MB E

mode [ 9 ] . The asym met ry i n t he M EE I nAs wire a r2
ray may be related t o t he e nha nced diff usion ki2
netics , a nd t he mecha nis m we p rop osed is as f ol2
lows .

Figure 6 is a sc he matic cross section of a n I2
nAs wire unde r self2asse mbly during MB E epitaxi2
al growt h . The hills at bot h sides A a nd B i n t he

f igure a re built up wit h te r races a nd steps in a2
t omic scale . Up hill migra tion of a dat oms ra ndom2
ly dep osite d on t he growt h surf ace is necessa ry f or

t he wi re t o self2asse mble a nd t he drivi ng f orce f or

a dat oms’asce nding motion is st rain e ne rgy , as a n

In at om i ncorp orated on a t op site w ould be i n a

more relaxed st rai n sta te . If t he te r races a nd steps

on sides A a nd B a re dif f e re nt f rom each ot he r i n

t he a t omic st ruct ure , t he e ne rgy ba r rie rs f or t he

asce ndi ng a dat oms a re dif f e re nt , a nd t he up wa rds

motion is biase d wit h more a dat oms migrati ng up2
hill f rom t he side wit h t he s malle r e ne rgy ba r rie r .

This biase d up hill motion of a dat oms may result i n

t he asym met ry i n t he M EE I nAs wire a r ray on t he

exactly (001) orie nted subst ra te .

Fig. 6　Schematic rep resentation of an InAs wire un2
der self2assembly

Indee d , t he steps on hills A a nd B a re dif f e r2
e nt f rom eac h ot he r i n a t omic st ruct ure . Figure 7

is a st ruct ural model of t he (2 ×4) GaAs (001) re2
const ructe d surf ace i n t heα2p hase [ 13 ] . The st rained

I nAs f il m on t he GaAs (001) is also (2×2) recon2
st ructe d [ 14 ] a nd may be si mila r t o t he (2 ×4) GaAs
(001) reconst ructe d surf ace i n a t omic st ruct ure . A

long te r race of one ML height along t he [110 ] di2
rection s hould be f or med wit h complete (2 ×4) u2
nits t o keep t he c ha rge neut ral . The ref ore , t he two

edges of a te r race s hould be dif f e re nt f rom each

ot he r i n at omic st ruct ure due t o surf ace recon2
st ruction , resulting i n dif f e re nt e ne rgy ba r rie rs f or

at oms asce nding up hills A a nd B . Wit h more a da2
t oms asce ndi ng up t he hill f rom t he side wit h t he

lower e ne rgy ba r rie r , t he sym met ry of t he wi re

cross section w ould be dist orted a nd t he resulti ng

a ngula r dist ribution of t he mis matc h st rai n would

not be sym met rical a bout t he growt h di rection . E2
ve nt ually , t he asym met rical st rai n dist ribution

p roduces a n asym met ry i n t he InAs wire a r ray on

t he (001) subst ra te ,as exp e ri me ntally obse rved i n
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t his work .

Fig. 7　Schematic GaAs (2×4) reconst ructed surf ace

For t he MB E growt h mode , t he at omic dif f u2
sion is reduced i n comp a rison wit h t he M EE mode

a nd t he ef f ect p rop ose d a bove may be neglecte d ,

a nd t he MB E I nAs wire a r ray see ms sym met rical

a bout t he [ 001 ] growt h di rection .

4　Summary

As sum ma rize d a bove , I nAs wires in a InAs/

In0. 52 Al0. 48 As/ I n P syste m a re somew hat disti nctive

i n st ruct ure : t hey a re diagonally aligned along t he

growt h di rection , a nd t he sym met ry i n t he ve rtical

wire a r ra nge me nt is associated wit h t he MB E

growt h mode . Investigation of t hese sp ecif ic p rop2
e rties of I nAs wires may help us t o understa nd

more a bout t he self2asse mbly of na nost ruct ures i n

se miconduct or hete roep it axy.
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第 2期 Wu J u et al . : 　InAs Wires on In P (001)

InP( 001)衬底上的 InAs量子线

吴　巨­　王占国

(中国科学院半导体研究所 半导体材料科学实验室 , 北京 100083)

摘要 : 在分子束外延生长的 InAs/ In0. 52 Al0. 48 As/ InP异质结体系中 ,形成 InAs量子线.这些 InAs量子线在生长和
结构方面有一些独到的特性 ,并介绍了本实验室在研究 InAs量子线的生长和结构方面所做的工作.
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