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l'liis paper preseiii,s l,lie inet.liods t,liat liave beeii developecl for directly growing quantum 
vrires and cluuiituiu sizcd dot,s iii 111-V compouiid semiconduct,ors. Botli inetliods described 
iii tIiis pa.per rely on underst~anding aiid carefully controlling tjhe growtli kinetics during 
ciolecular beaiii epitaxy depositioil. Ultra liigh cleiisity qua~iitum wire arrays with dimen- 
sions below 10 n m  Iiave beeii obtained wit,li the AlGaAs-Ga.As and AlSb-GaSb systems 
and t,heir one dimensional cha.ract,eristics h v e  been investigateci by optical and magneto- 
optical tecliniques. Quantum sized dots have also been grown from InGaAs strained layers 
on GaAs surfa.ces. The transition of tlie two to  three dime~lsional layer growth is detected 
by reflection high eiiergy elcctroii diffraction a.iid is used to iiisure growtli of a narrow size 
distribution of t.lic Iii GaAs dots. Tlie dot size and cleiisit,ies a.re adjustable. The structural 
a, id lurniiiesce~~ce properties of tliese slructures are preseiited. 

Self asseribling seniicond~~ctor striictures offer a.n 

a.tt,ractive approach for oht,aiiiiiig iilt:ra. high deiisity ar- 

rays of qiiantum st,riictures wlicre ca.rriers a.re two aiid 

three dimeiis oiially confined. Sl'it,li the required coii- 

finement di~mensions below few t,entli of na.nornet,ers, 

the conventicnal litliograpliy based techiiiques are iil- 

deed very diflicult ancl time consuiniiig t o  realize. 

Tlie direct growth of la.t,cral superhtt ices (LSL) ei- 

ther by iiiolecular beam epitaxy ( M B E ) [ ~ . ~ ]  or iiietalor- 

gaiiic vapor repositioii (MOC'VD)[~] offers a new and 

ricli range of opport,unities for novel quantuin st,ruc- 

tures aiid devices. These lat,eral superla.ttices are pro- 

duced by deposit,ing fractioiial iuoiiolayers of two seini- 

conduct,ors witli different. ha.nd gaps oii ai1 ordered vic- 

iiial surfa.ce aiid are used io produce quaiitiim wire su- 

perla.t.t.ices (Q WS). With this approa.cli, QWS sliowing 

a t,wo diniensional ca.rrier coiifinement lmve beeii real- 

ioed for tahe GaAs- AIGaAs systeiri[4] ], tlie GaSh-AlGaSh 

syst,em[" and lhe ~nGa .As- In i l l~s [ "  pseudoii-torpliic sys- 

tem. 

Rcceiil exF eriments oii tlie LSI, and QS,F"["." liave 

pointcd out tl a t  tlie perfection of tliese st.ructiires re- 

lies Iieavily or a coiitxol of tlieir growth liinet,ics and 

*Invit.cd talk. 

of thc deposit,ion parameters, eg. flux uniformity, flux 

rneasurements. Iii tlGs paper, we discuss the kinetic re- 

a.ctions tha t  are preseiitly limiting the perfection and 

properties of tlie as grown quantum wire superlattices. 

We prescnt experimental evidence and Monte Carlo 

modeling of tlie cleposition that  provides good insight 

oii the  growtli Itiiietics. 

Tlie direct growth of quantum dot structures has 

recentJy been pioneered by using select,ive growth on 

patt,ernecI GaAs substrates using MOCVD of AIGaAs 

and ~ a ~ s [ ' ] .  Tliis techniyue relies on litliograpliy and 

is limit,ed by tlie dot deilsit,y tha t  can be  obtained. The  

novel approach discussed in this paper makes use of a 

two to tliree dimeiisioiial growth transitiori t o  obtain a 

higli derisity of qua.ntruni dot,s. This 2D t o  3D growth 

transition is associated with tlie misfit strain of an  In- 

Ga.As la.yei tliat is cleposited on a GaAs substrate. The  

optical properties of these quantum dots are discussed. 

11. Lateral ~upe~latt ices  growth kinetics and op- 

tical properties 

Tlie direct growth of lateral superlattices such as 

the serpeiitine superlattices (SSL) or the tilted super- 

lattice (TSL) has been used to  produce quantum wire 
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Figire I: A) Cross sectioii TEN micrograpli of a siiigle cres- 
cent SSL. Black represeiit,s areas t,liat are GaAs ricli wliile 
wliite regioiis correspond t,o tlie AI ricli digit,al a.lloy barrier 
layers. Airows iii M iiiclicate a itieantle~ing of tlic iiiterface. 
B): C). aiid D)  are respectivelg t.lie coinpiiter siniiilat.et1 SSL 
striictiire B) aiicl tlie compiit,ed densit,y dist,ribut,ions of elec- 
l.roiis coiifinetl to the groiiiid abate C) antl first. excit,etl states 
D) (aft,er referente["]). 

superlattices[1>4]. Froin tlie t,ransmission electron ini- 

croscopy (TEM) nieasureiiicnt,~ aiid polarizecl plioto- 

luniinescence mea.sureinent,s n-e ha.ve found tliat. two 

sources of imperfections are present. i11 Lhese striictures. 

Tlic TEM micrograpli i11 Fig. 1,ideiitifies t.lic ro~igli- 

ncss of tlie iiit,erfaces lxt,weeil tlie wells a.nd barriers 

for an AIAs-Ga.As serpentinc sriperla.ttice as one of the 

probleiiis. Tliis interface rougliness lias l~eeii corre- 

lated tlirough scanning t.uiiiieliilg rnicroscopy (STM) 

st;udiesI"" ivit,h tlie step edgc rougliness of tlie vici- 

na1 surface on rvhich tlie I,SL is tlcposited. Fig. 1 also 

indicates tlie natiire of tlie seconcl probleni: tlie con- 

trast betrí~cen well and lmrriei. regions is not as large as 

would be expectecl if t,he la.t,cral compositional modula- 

tioii 1va.s 100%. T'his poor la.t,cral composit~ioi~a.l mocl- 

~ilat~ion lias also been cletect,etl .by ~>liot~oluii~ii~escerice 

ineasureiiient s[41101. 

To  uiiciersta.ild tlie int~ernlixiiig origin, we have ex- 

plorecl t,lie effects of elciiieiita.1 surface escha.nge rea.c- 

tioiis diiring growtli. In factr. AIAS-Ga.As sliort pe- 

riocl superlat.t,ices e.g. nionolayers oi. bilayers deposited 

by MDE on a. (001) vicinal surl'ace lmve beeii foiiiicl 

to self organize int,o a lateral superlat,t,ices wit,li a. pe- 

riod corresponcliiig t.o t,iie st,ep peiiodicit,y[l". Shis  self 

organization process into a LSL 11a.s also I~eeii found 

in tlie GaSb-AlSb ancf InGaAs-AlGaInAs sliort periocl 

s ~ ~ e r l a t t i c e s [ ~ ~ ] .  Thus  tliis self orga.nizat,ioii is a. gcncric 

pheiioinenon which if undcrstootl coiild lead t,o ini- 

proved LSL structures. 

Figure 2: Cross section transmission electron micrograph 
of (GaAs)i (AIAS), short period superlattice groívn in the 
ABE riiode (A) and in tlie conventional MBE mode (B). In 
(-4) a lateral superlattice witli a period of - 160 A is clearly 
observed. 

Our underst,a.iiding of t,his self-organization is based 

011 a series of experiments in which simples are grown 

by MBE o11 GaAs (001) substrates which are mis- 

oriented on 1' or 2' towards (111)A. The  substrate 

tciiipcrature is 600°C and the As flux 5 x 10-C Torr. 

Tlie GaAs aiicl AIAS growth rates a.re 0.21ML/s and 

0.25MLls respectively. The (GaAs), (AIAS), wjth m 

aiid ia < 2, sliort period superlattices are grown either 

by conventioila.1 MBE or by alternate beam epitaxy 

(ABE)['~]. Iii tlie ABE deposition, tlie group V flux 

is sliut off wliile the group 111 element flux is imping- 

ing o11 t*he surfa.ce. To  compensate foi nieasurement 

errors, in tlie growth flux, tlle serpentine superlattice 

flux ramping i n e t l ~ o d [ ~ ]  was adopted: the deposition 

pa.ra.iiiet,er p = 111. + 12 is linearly varied with time from 

1' = 1 - po t o  p = 1 + po witli po = 8%. As shown in 

tlie TEM inicrograplis (Fig. 2a), the  (Ga.As)i ( A ~ A S ) ~  

superhtt ice deposited by MBE shows a random alloy 

with no clieinical coiitra.st modulation. Hoivever, tlie 

( G a í l ~ ) ~  (Al i l s )~  superlattice in which the AIAS and 

C:a.As are deposited i11 t,he ABE a,nd MBE mode respec- 

tively shows a lateral superla,ttice (LSL) for the same 

deposition rate rarnping (Fig.2b). 

The cliemical contrast modulation for this LSL is 

qiialit,atively similar t o  tha t  of a conventional SSL[~].  

This type of lateral inodulation is observed whenever 

the depositioii of the A1 is taking place on an  As de- 

pleted surface. The self organizing LSL has also been 

observecl in Ga.Sb-A1Sb and InGaAs-AlInGaAs short 
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period superlatt,ices for siiiiilar deposition condit,ions. 

\T'e liave proposed a surfa.ce excliange reactioii t,o ac- 

count for thcse observations. Thc Monte Carlo mod- 

eling of this 3rocess is based on tlic following assump- 

tioiis: 

a) the vitina1 surface is composed of N steps with 

unit heiglit ~ronolayer.  The  cleposition of Ga. a.nd A1 is a. 

randoin proccss a.nd tlie atoins are ilot allowed to cross 

from one t,crrace to a.not,lier. Periodic bouiidary condi- 

tions are use1 as previously described. Tlie modeling 

is applied to tlie case of a. constant coverage pa.ra.meter 

wit.11 17% = n. =i 1. 

11) a react, ion in wliicli tlie impiiiging -41 is exclia.ng- 

ing place wit'i a surface Ga. a.tom is applied. S h e  dis- 

placed G a  a.tcm is tlien attachecl immediately to  tlie t,er- 

race st,cp rise .. with no possibility of further exchange. 

An A1 or a Ga. atom impiiiging on an  AI occupied sur- 

face site will not exchaiigc. Tlie a.t,oins tliat Iia.ve not 

exclianged ar(: iinmediat,ely atta.clied to  t.lie step riser of 

the terrace. 

Fig. 3n ;;ho~vs tlie dt:posit,ion of a.lteriiate com- 

pletc rnoiiola~.ers of AlAs (blacli dots) and Ga.As (wliite 

arcas) in the case wliere no excliange reactions are 

present. Tlie a.verage c1ieinica.l composition ol-~tained 

for each atoniic column is also sl-io~vii. Tliis ideal alter- 

iiate monolay:r superlattice does not exhihit any lateral 

~oniposii~ion rloduIa.t,ion. The  sii-iall fluct,uations at. tlie 

step cdgcs arc due to tlie randoni iia.tiire of t,he cleposi- 

tiori. 

Fig. 3b sl ows tl-ie simulation for tlie sa.me growtlt 

seqiience as t,liat of Fig. 3a. with the excliange reac- 

tion process i lcluded. S h e  average cliemical coinposi- 

tion obta.ined for each columil is also plotted. A lateral 

coniposit,iona.l Auctiiat.ion that  is similar iri amplitude 

to t.liat ineasured in the TEM niicrogra.ph is clearly 011- 

serwxl (Fig. 2). 

Exchange reactions between A1 and G a  have been 

reporteci for AIAS deposited by MBE oii GaAs ( 1  10) 

substrates['" ind  for A1 epita.xially deposited by MBE 

o11 GaAs (100) ~urfaces[~"'"]. These t.liermodynam- 

icaIIy driven excliange react,ions which a.ppear in a 

large number 3f Iieterostructure systems will tlierefore 

liniit. the lateral barrier lieight,~ in tlie QTVS struc- 

Figure 3: a) Monte Carlo simulation of a (GaAs)r (A1As)i 
superlattice deposited on a vicinal surface with no exchange 
react,ion included in tlie model. b) Monte Carlo simulation 
with an excliange reaction included during the deposition of 
tlie sane  superlattice. The superimposed line plots for these 
two sirnulations tlie AIAS fraction in each atomic column. 

tures grown on vicinal surfaces. In fact, the  polar- 

ized photoluminescence measurements carried out on 

tlie GaAs-Al3Ga 7 A ~  QWS indicate a lateral barrier 

A r c  = 70meV in the condrrction hand. The corre- 

spondiiig barrier and well material intermixing yield a 

cliffereiice in the A1 content Ax = 0.1 between the wire 

and barrier regions. Similar measurements on GaSb- 

AlSb QWS indicate a lateral barrier AE, = 350meV for 

the concluction electrons which translates into Ax = 0.3 

between t,he wire and harrier materials. 

Tlie weak lateral confinement for the conduction 

band electrons does not allow for the formation of a 

1D subband in the GaAs-AIAS QWS. However, the 

Az value is sufficieiit to produce a 2D confinement 

of tlie Iieavy holes. The  low temperature magneto- 

Iuinii~esccnce properties of these quantum wire arrays 

have also been ~ t u d i e d [ ' ~ ]  in magnetic fields up to  10 

Teslas. The  diamagnetic sliift from the SSL was found 

to Ise smaller than for a reference alloy quantum well 

witli tlie same AI content, inclicating an  increase in the 

binding energy of the exciton due t o  the  lateral con- 

fiiiemeiit iii the SSL structure. A diamagnetic shift 

anisotropy is observed when Lhe magnetic field is ap- 

plied iil the three perpendicular directions of the wire. 

This is a direct observation of the one dimensionai prop- 

erties of the  excitonic wave function. The  P L  line width 

increase with the applied magnetic field is dependent on 
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the direction of the applied fieltl. These properties are 

consistent ivith tlie way tlie esciton volriiile is prohing 

the pot,ent,ial va.ria.t,ions i11 t,he SSJ, st,ruct,ure. 

Obviously, iniproveineiit,~ in t,he &\\5' stritct,iires 

produced by tlie direct groivt,h inet,liod will depencl on 

a bct,ter control of tlie gromth Iiinet,ics aiid miniiniziilg 

tlie surface exchange react,ioiis. 

111. G r o w t l i  and p r o p e r t i e s  o f  se l f  a s sembl i l ig  

q u a r i t u m  s i zed  d o t s  

Tlie metliod uses thc 2D to 3D tra.nsit,ion cluring the  

initial growth of a. liighly st,ra.incd I n s G a   AS clepositetl 

by MBE on GaAs. Tliis LD to 3D tra.nsition corre- 

sponds to the forination of islands a f k r  ali iiiit,ia.l Iayer 

growtli regime. This is t,he so callcd St.ranslti-Krastaiiov 

growth regime whicli has a.lready heen observed for In- 

GaAs o11 G ~ A S [ ~ ~ ~ " ' ]  and Gc  oii ~i["]. ll'itliin a narrow 

range of growth condit,ions, thc islands ma.y be grown 

frec of misfit clislocations. Tlie island nucleation comes 

a.s tlie first st,raiii relief iiiecliaiiism befoie tlie onset of 

misfit clislocation generation. 

Tlie saniples are prepmecl by MBE and tlie 

In ,sGa.5hs  layer is grolvn a.t 530°C wliile tlie GaAs 

cladding layers were grown al 60O0C aiid 450°C (for 

the top capping layer). The samples also inclucle two 

In.l7Ga..7& test quantum w l l s  located 1000A a.nd 

2000X helow tlie Iii.sGa 5As layer. Tlie I i ~ . ~ G a . , ~ r - t s  

layer was deposited 0.5 nionolayers a t  a time with a 0.5 

second As2 pause repeated until the RHEED showed 

a traiisformation to a spotty pattern that  indicate the 

3D growth of islaiids on the  surfa.ce. The transition 

fron-~ the 2 to  3D growth occurred after depo~i t~ion of 3 

moi-iola~yers. 

The  st,rain cont,ra.st observed in the TEM (Fig. 4) is 

cliara.cteristic of strain colierent cent,ers with a radially 

symmetric strain ficld. Tlie island size mea.sured from 

tlie TEM niicrograplis is ceiit,crcd a.round 270X with a 

ren-iarliable size uniformity (gaussian distribntion with 

a slniidnrd deviation of 28A ). TIie cross section TEM 

micrographs indicate tlie existente of the pseiidomor- 

pliic In.sGa.,& pseudomorphic 1a.yers a,nd show that  

the islancl strain filecl is distributed in 110th cladding 

layers. 

Figure 4: Transmission electron micrographs of coherently 
strained islands. a) Plan view and b) Cross section view of 
tlie samples. 

Tlie photolun~inescence nieasurements carried out 

a t  1.4OK with tlie 488nm line of an  Ar+ ion laser in- 

dicate a strong luininescence from the In.5Ga.5As dot 

hye r  (Fig. 5) in addition t,o the  two lines associated 

wilh the two test quantum wells The sample with the 

pseudomorphic In,i;Ga.SAs layer only shows the  lumi- 

nescence from the two test quantum wells.The dot di- 

rncnsions are small enough to  produce quantum confine- 

imeiit. The presence of strain in the  quantum dot struc- 

ture produces a. buried stressor structure which will in- 

cluce a blue shift of the photolun~inescence[23] in addi- 

tion t,o the blue shift expected from the quantum con- 

fineineiit. Presently, the  demonstration of OD confine- 

nient reniains to  be done in such structure, however the 

narrow size distribution and the excellent luminescence 

efficiency should enable this type of measurements to  

be perforined in the  i1ea.r future. 

Improvements in the growth kinetics understandiiig 

should enable an  even narrower size distribution for the 

dot structures a,nd permit a clear demonstration of the 

OD quailluin size effects. 

IV. Coi ic lus ions  

We have discussed two crystal growth methods that  

allow the direct processing of quantum wire superlat- 

tices a.nd quantum sized dots structures in 111-V com- 

pound seiniconductors. Tlie limitations and optical 

properties of these structures have been discussed. 
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Energy (eV) 
Figure 5: Phct,oluminescence spectra with tlieir corresponding sample stritcture for two samples. The sample with the 

IiiGaAs dots s l i o ~ s  a strong luminescence peak near 1.2eV. 
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