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; e3e{ ) xD(6Tj JUL 2003 "A nethod of fabricating a

sem conduct oﬁ@%ﬂ“ﬁ%lﬂlﬂ@ﬂlﬁaw ng quantum w res and a sem conduct or device

i hcl udi ng su " Field of the Invention TH S INVENTION relates to
the fabrication §f"a"sem conductor structure having quantumw res and, in
particular, to a method of fabricating a sem conductor stru@tQrigLhasf3ing
sel f organised quantumwi res and to a device including such a structure. It
is known that sem conductor devices incorfporating quantum structures, such
as quantum w res or quantum dots, exhibit enhanced quantum size effects

as. quant um ui | . exh | 1 si ze effe

corpar | son i enmedfigd SR AFEAE or QunRRita OB} 3B u R A} flg Gl Hires

SLruct Ures- - Gop LR AdubhRtSHENMATTIY Bush stidioiRs” are enpl oyed in
|

| aser di ode, S may provide advantages such as a |low threshold cul -rent,
a high differential gain, a |large nodul ati on bandw dth, a high

characteristic tenperature and a | arge non-Iinear- [ mmm r, in order
to fabricat e Fieldrofghallnventiemnt um wi res or- quant ulmmmwm“ Ee carriers
in an active layer nust be confined not only in one dijgngi on but in each
of two dinensions (in the case of quantumw res) or in each of three

di mensi ons (i h quant um dgt s r ondi r C

crystalline :Iﬁ'!@r m@%&rmrﬁﬁé\}% ! ﬁgeaé‘@é}gca#éhbgfpao? %E%V\n@% r&rgao'?h% sC roer -

the formati of,0fneS uhiRRIUGIRS 2Ad, U UpASichRY, 18 GUARIGE Vo d8bricating a
semiconductor structure having self-organised quantum wires and to a device

including such a structure.

It is known that semiconductor devices incorporating quantum
structures, such as quantum wires or quantum dots, exhibit enhanced quantum
size effects which result in excellent electrical and optical characteristics in
comparison with semiconductor devices which have no such quantum
structures. For example, when such quantum structures are employed in a laser
diode, this may provide advantages such as a low threshold current, a high
differential gain, a large modulation bandwidth, a high characteristc

temperature and a large non-linear gain.

However, in order to fabricate high quality quantum wires or quantum
dots, charge carmriers in an active layer must be confined not only in one
dimension but in each of two dimensions (in the case of quantum wires) or in
each of three dimensions (in the case of quantum dots) by corresponding

perfect crystalline interfaces.

There are already a number of known methods for the formation of

semiconductor structures having quantum wires.



0 9 JUL 2003 2 In one known nethod, a quantumwell is first growm on a

sem conduct or substrate and lines are lithographically etched in the
Substrate at intervals of tens of nanonmetres (nm using an el ectron beam or
X-rays to define a pattern of wires or dots. The semiconductor is then
epitaxially re-grown, using a material with a |arger bandggpg tjnﬁngg
quantum wel | material, thereby enbeddi ng and confining the wres dots in
t he | arger bandgap material . Quantum wired formed in this nanner, however,

have many surface jrre [l d r

efficiency of the 15&9%%0%?#eﬁﬁ%cf[}egﬁqzﬁ@@]\gﬂﬁ%ﬁst g?‘g‘gﬁg)u %?ﬁ%@nﬂbggoare
formed duri ngs&b@&a&r i@k a"ﬂf‘lﬁﬂééxﬂ%ﬁ@hll&@(ﬁ{ed frOfhee sFRlafe apynréﬁ}afscbfve
growt h of an epi taX| I 'ayer Lett. 71, 2005 (l 1997)], by t
growt h of an teps baxamdmeaye(nm)udingras etech@hteaneor Xuhyt taidefine/a pwteembf No.
5 827754] or by the growth of an epitaxial |ayer on a vicinal subsn-~ate.
For exanpl e, wsepar dats. W@e%&a%glm@alsdb@seplhzexlaléymwgmwn,nus;ngmnte@m

by f t 11Q 1§
B Seni 4o (%;T&’qgéjn%&gerfa@él%gﬁﬁltﬁ% X aéﬁm%ﬂﬂ%m%ldt by comhedjtiopnd o |

1-1-1 ] direc m
arseni de (Ga. %s% %is% dot %Ppwﬁh{]g‘% glsl eﬂ?gﬂ%%ﬂhﬁ?éﬁ%"%ﬂ?ﬂxgte %}y
foam quant um f¥rin@g ANtHi$ SnAIRBShOwel e h\é've'xﬂﬁﬁ subaté 3r8guliRtieatanat thidee
4591889 di scl oses the formation of quantum w res by gr OWI ng a subnonol ayer
superl atti ce gmatly védiceahe gubstunneficiparcgl dfehe swuttnec.substrate surface.

Anot her nethod of fabricating quantumw res during the growmh of an
epitaxial layer is by using a horizontal superlattice created by a

(VEE) [ Appl Py 1t BnetEgnoBaomeriits 05 GibekE HiienctihdorRB s e P o
on ;SSEBZIL;F%W&EZ@%%@%JH Il 1OE kol SSCpICERR EfcRl OF aff BB | Co

constants of [m% C Phys. 9LétUL712@Q>353(199¢) I B§ RRE rovethyof ai epitadatlayenl | er
S

t han that of t strate, fornms a perlodlc nodul ati on of A-rich an
B-rich regi onsn amnlcmsrpauemheé spb@tate [US padenti Nel 5827 75K ¢ os bipshe grewtuef aiwe
whi ch thereby prOV| des lateral confinenent of cazTiers, The optical and

el ectronic pr‘?ﬂ%@?‘iq lelayer ognavicigahaelstgsal s%n?%lﬂiaiectllﬁ paten N RP882%% e

been i nproved,.gr.eat | Foduction.of

St anski - kr asigrioor S SR RESUH ALY B’é‘&ﬁ o3 ool Mo Sen et e

rov. Lot 737 ed T PESTRY b AN Ao ROPKE] Pl RRFURH S% ab il |

het er oepi t axi tahvagd oweh [ge14r af Ithep[melqulnleyubﬂneaﬁcbrthaﬁ| givvaigi al galiitym
whi ch can served as quantumdots, after an initial |ayer-by-layer growh

usi ng nol ecul aseméellaitgmmmygf(llm&y agsenidee{@h. P@f@@ﬁ&s)cﬂ@lhbléahet@@éb’uﬁmle

d t d f th |

Cuhnel 11 g 1 Jbk G38AT ST Aisci: TGS Rarm Bt t9ib e ?&E' n‘%ﬁ’l%alhave
demonstrated that.al (jd afeﬂf#l' al45 i@@fdﬁ% ofsg{ﬁge oL ’albﬁ%f'cﬁfgn.

di sl ocati on-free and co eren ral ne rate rary of ¥he
i nvention It gr%v@ﬂ @Jsﬁﬁind%le{y'é? siﬁb@ﬂﬁt’ﬂl%e' B entigial QubdtRité dsaralléTetd1qRe of
fabricating a sem conduct or structure conprising quantumw res whi ch have
ef fective | atabatratemsutfacenent of carriers and exhi bit enhanced strain
effects and to provide a sem conductor device incorporating such quantum
wires. Accordingly, in one aspect, the present invention provides a nethod

of fabricating a sg gonduct.o SUEHSLGS, HRNG S8 QLA HRSG WAL T

epitaxial layer is by using a horizontal superlattice created by a strain-induced
lateral-layer ordering process in molecular beam epitaxy (MBE) [Appl. Phys.
Lett. 60, 2892 (1992)] using compounds AC and BC. Here it is confirmed that
the growth of an (AC)m/(BC)n short-period superlattice on a substrate, where

m and n are the numbers of monolayers and the lattice constants of AC and BC



conprising: a) providing a substrate of a first sem conductor having single
atom c steps on a vicinal surface thereof; 0 9 JUL 2003 4 b) epitaxially
depositing a second sem conductor on the vicinal surface of the substrate,
so that the surface of the second sem conduct or presentsg IJU ?RW C
steps; c) epitaxially depositing on the second sem conductor a tnrrd

sem conduct or which has a larger lattice msmatch than the second

sem conductor with the first sem conductod and which has a narrower band

gap than the em C ' f i of t.hd :

sem conduct oragﬁg%cﬁgiyg%gg% %ﬁ%ﬂéﬂﬁuﬁ%l -tglfﬂggnf ti{@s%’ﬂel%gﬁg f? e§§ ccﬂ\ 1

sem conduct ormodffatidh ofPALrichl &ld B-96PRSidhN &inpdiend Mﬂﬂ.@@@a@ﬂl&!%&l@é a
fourth sem conductor with a band gap wider than the third sem conductor to
bury the quantubstraferssfaca whiech slearoby prowddésolatersl cmfineoredtof carsierThe quant um
wires of the third sem conductor are fornmed spontaneously al ong the edges
of the nmufti-atom c steps of the second sem conductor after' a

t wo- di nensi onal | r gromth of the third sem conductaqr, t gyant um wi r es
v ng a1 near dobSs ¢ PGl o And: oA ren BTG et rehaly WAESRRRL o
the vicinal sy ti bsirat, t t tQprd
sem conduct or%&ﬁ %Zd']wzggretrsgﬁ%él Shlég‘gee(%nd aﬁgm{‘%gu t%ﬂge%?é%éﬁgg@?%@g%& ggi de
sharp | at er al stph @ffdct. TheSirHRRI-KRastehdw & SEIrbaitls ndtecheNbesta el fiost I e.
The result is a sem conductor sriucture which is reliably fornmed with

uni f or m quant impoxtang eclinignedet forminge dqusitnm adots Heviwgt ynigne optoelettomie ed

strain effect. 0.9 JUL 2003 5 Preferablx the vici nﬁl surface of .the
substrate is BroeviesalPhysoRevs diattac. 7 HeI(L %) at [tabrsahegre demonsisated 1thet

direction and . s, incl.in t an.angl e of, | ess than ten,degrees to .the

T20] il poc i et SFanRs heflafRuBifl Soli &g os 0 REIES Totd ot ot
msmatch of |RRmdb"ahich BhnsEeli NS ‘gubftun® QB¢ ORALCLAT iAEL 14YtrdY-laye
enmbodi nrent of the invention, the secéln sem conductor is the sane’as t)he
first sem congleeithrusiige molecularsbedns ofpitasto(MBE)C bpsastal corganie shémical ce
m smatch of less than 1.0%wth the f rst sem conductor- and, in an
enmbodi nent of vapesr dapesitipn MOGY D)oechirlegyri Sortes obthese islandsshyrecanginge
first sem conductor. The third j.conductor .is selected to have ?TlE?\sIti ce
mi st oh of ARAPekEE miggscene, (5 f PG ANSHISIOM FeGlon microscope )

have demonstrated thalt al the initial stage of formation, the islands are

dislocation-free and coherently strained to the substrate.

Summary of the invention

It is an object of the present invention to provide a method of
fabricating a semiconductor structure comprising quantum wires which have
effective lateral confinement of carriers and exhibit enhanced strain effects and

to provide a semiconductor device incorporating such quantum wires.

Accordingly, in one aspect, the present invention provides a method of
fabricating a semiconductor structure having self-organised quantum wires,
comprising;

a) providing a substrate of a first semiconductor having single atomic

steps on a vicinal surface thereof;



The first sem conductor may be any suitable sem conductor, such as GaAs or
I nP; the second and fourth sem conductors may be selected fromthe group
consi sting of conmpound sem conductors forned fromgroup Il and group V

el ements and conpound sem conductors formed fromgroup Il and group VI

el ements; and the third seniconductor may be selected frdnftHd 2063ip
consisting of binary and ternary conpound sem conductors formed from group
I1'l and group V elenents and binary and té’Tnary conmpound sem conductors
formed fromgroup Il and group VI elements. By selecting the sem conductors
appropriately, different optical and el ectronic properties, such as the
wavel ength of phpjo J}Slfﬂx@ﬁ g itifg-d s8FORBHECHAIBHNEN TR DHCHR] WhFfaSe ofan
be obt ai ned. 09 JuUuL 2003 The Second, third and fourth sem conductors
may be deposi t edtheyswbstraps, t sxitledt theosurfaceeof tiersdcdnd aemeégqunidaziozl prgsents h
techni que selected fromthe group consisting of MOCVD, gas sow ce nol ecul ar
beam epi t axy (Gsmﬁ)',atQmW¢Psphase epitaxy (VPE), chem cal beam epitaxy
(CBE) and MBE. I n enbodi ments of the invention, the deposition of the
second third and fourth sem conductors is perfornmed by MOCVD. The second
and fourth sem conduct.qr r Lted w ' ' S nchs does
not exceed a cri |c§ﬁiﬁ?bﬁln?§g8§pﬁgﬁi%}1 ctj}itlégl gga |o£épgﬁc}ghg§§§?at%\gl.ﬁ%e
deposi tion condi§dmieen@ictbhewhithr Hasedn ReFEHUAtAEe OMisnich eAARd the second
sem conductor nmay be determ ned by observation of the surface texture using
m croscopy havi nggmiesndudtoomwitn thée finstnsemeiconductenland whidr hahie depowsieti on
of the third sem conductor-, The deposition rate of the third sem conductor

shoul d be no nor@andgap thagihe secomd seancorductadefarp pragian wareselitbe dHrd of

the order of 0.1 to |ALs.. The thi,yd sem ¢ uct or.. may .be deposgi ted at
tenperature i n cieteandliel e Hs <350 OB TnifrubR BT, hE Selbn

sem conduct or usgnichRdidir:-Gage Where the first sem conductor is GaAs the
deposition tenperature of the third sem conductor is preferably in the
range of 400 to 550C. The third sem conductor is grown to a thickness of
from0.3 to 3.0 nanoneti~es (nm, such that quantumw res are forned. The

t hi ckness of thed} hepitaxsadly calegositiog séwulthe nahirde sampicohdedter , asi fiowrth hi s
may result in the formation of islapds and/or dislocations.

seni conduct or - S%WPHEI@tWé@gﬁ fa@n BaP Wi @hfﬂmaﬁﬁ?r&w%éermwﬁaewrmwﬁ
plurality of |aygrs ant um w o i <and d) a desired
nunber of tines ‘?‘8 ‘}L%;’!’Hqg V{)‘f r13m1§ ?/é%ciml %@e@gg%ggaﬁ%ﬁfcﬁ}%? Ve es, the

t hi ckness of the fourth sem conductor deposited at each stage preferably
bei ng no nore than SOnm 0 9 JUL 2003 An epilayer with a lattice constant
| arger than the | ay€he omuahiuetn iviréss of ot i thishi dethixonduetoa pwsi tfosrmed
lattice msmatch. On the other hand, if the lattice constant is smaller
than the | ayeypostangenely jalong the oedgesi of i fies multitaiomis, estepsnefathe serond i ce
m smatch. I n one enbodi ment, of the inventiaon he third senm.copduct ar.
deposited on %%ngg%ﬁaf s@h?‘coﬁd s dinEnsionaf aﬁﬂe&e %8W§$arﬂf gtp“éat e?hlf(han
that of the s &?g{b’ou LS. ILiye, | i.C ); h,p i,ng
the third semfeglgggr&c orﬁu%e(riltuglr({fr%)ntrl gggiegﬁﬁé‘{d}gp%rlﬁ%‘tl g?l?gltl%,ﬁgiﬁeaf Iizﬁgﬂ[ai‘
seni conduct of dinferGRAS detdithindl M IR QMW Be WRSnall SirfRrcARRUChed Satlibd's, |
Sbl _,; (0<_x<_l) and the second"and fourth sem conductors may be In,; G
As {0< x<_0. 2njsnjathlerisdswetorthie ngpcondsadbihird se¢fuconduklors.eThe olayersi o dhe
guantum wi res. | n _another enbodi ent, the third sem cqonductor materi al
deposi ted on 39§6nde@ndiauth cemagenductarss poyidet sharps Jakrdlg potentiabr steRan
t he second serp'ﬂﬁondu tor. this negati Vﬁll | at.ti ce m smatch placing the third
seni conduct or® pe %%Wﬁql.s lInneaﬁ HRR n?i?fnei'f the first sem conductor is

I nP, the second and fourth sem conductors may both be InAlAs, which is

| attice matched to InP, and the third sem conductor deposited on the second
sem conduct or may bfhé&aésult ishe sbacbndaptodfstdsturd wisichas rrelighlyt foamed Haith of

I nAl As, thereby form ng GaAs self organi sed quantumw res. A nethod

ermbodyi ng t heunifimsnquantunh ysresnaf presslctesmireshsige tamd dansuyt andewithoenhangedg
sel f organi sedtyguag um wi res having uni que optical and electronic
properties tcStHERE eChbl y and controllably fabricated. In another aspect,
the invention accordingly provides a sem conductor device conprising: a
subsri~ate of a first sem conductor having single atomc



0 9 JUL 2003 g steps on a vicinal surface thereof; a |layer of a second

sem conduct or deposited on the vicinal surface of the substrate and havi ng
Jwufti-atomc steps on the surface thereof; a layer of a third sem conduct or
deposited on the second sem conductor, the third sem con@ugtpﬁ_ rg?m ng a
greater lattice msmatch than the second sem conductor with the first

sem conduct or and havi ng a narrower bandmgap than the second sem conductor,
the layer of the third sem conductor form’ng quantum wi res al ong t he edges
of the nmufti-atomc fath 0 ] - d

fourth sem conduct 01?1% %%gl i’ttgg giﬁﬁiaﬁg@ﬁ%r@g&;gl?n?%gh uzz:tfgi?, afﬂ%ﬁ%ﬁ‘%&r@&)l?
sem conduct orsuifuceificlinsd stedn aﬂ%ﬂ]é(ﬂo e[ X g Wit o hindds sstinednd et aigl@ofl t he
guantum wi res being buried in the second and fourth sem conductors. A

seni conduct orlesg thaottem degrebs tty thegf ltiB¢dpeetseamt i nvention finds particul ar
application as an edge-emtting sem conductor |aser. Brief description of
the drawi ngs In order that the invention nay be nore readily understood,
enbodi nents thereof, will now be described of le only, mith
reference to the gi‘a%ﬁ% -s&m&pg@qﬁ&rsl’s ﬁe}lec\?\%q g@f{a‘ﬁ %?‘)ﬁ'ﬁgg IHESQPLC\& of fess

Cr 0ss- Sect | i Wl @HiSuith kNS HEA'SRordoR Al B P rbbRlend 1308 i fih, 2

met hod enbodyi ng 't nventi on bricating an 1 ndium arseni de (I nAs)

quantum wi re thezecoidisemioondiictoPOfklthy syeiasahe Gesdsemidsidueter; Fig. 2 is an
atom c force mcroscope (AFM image of the sem conductor surface, show ng

an InAs | ayer foanmed on the GaAs substrate by the nethod of Figs. la-Ilc;
~9Jal 2003 9 Fig. 3 1is a cross-section view, ,show .the.quantum w res
foamed after the gJF}gwf%w@h sgmegoRAuCtay Js %@é@r}wh@w ﬁeﬂﬁ%ml%éﬁ &?15_554 is
a cross-secti ; Vo =0 r. i i . Of ntum
i e o Smed Al 1 LS SRS PrReObH Sl I Mool MRS YeriART, ¢

overlying CaAhelfg¥@h sefmidhndicio? idtHe Abfe £CMHe St EnfidoRdudor EM | mage showi ng
the sel f organi sed quantum w res;

The third semiconductor is selected to have a lattice mismatch of at least

2.5% with the first semiconductor.

The first semiconductor may be any suitable semiconductor, such as
GaAs or InP; the second and fourth semiconductors may be selected from the
group consisting of compound semiconductors formed from group III and group
V elements and compound semiconductors formed from group II and group VI
elements; and the third semiconductor may be selected from the group
consisting of binary and ternary compound semiconductors formed from group
III and group V elements and binary and ternary compound semiconductors

formed from group II and group VI elements.

By selecting the semiconductors appropriately, different optical and
electronic properties, such as the wavelength of photoluminescence (PL)

emission from the quantum wires, can be obtained.



Fig. 6 is PL spech~a em ssion fromthe I nAs quantum w res enbedded i n GaAs;
Fig. 7 is a cross-sectional view of an enbodi nent of an edge-emtting

sem conduct or |aser structure enbodying the present invention; and Fig. 8
shows the spectra of the quantumw re | aser taken at rood;t«jqeez@éure and
CW condi ti ons and photol um nescence taken at room tenper tgu - ailed
description of the enbodi nents A nethod enbodyi ng the present invention for
produci ng sel f organised quantumwi res results in the foi~nation of wire
structures in si tuTﬂE”s'e?@n ,pt'hh%XchPffo@lﬂt?'SQMiyorﬁqu?dl'Fqﬂa%%e&é s%t@@'b%ha S
grown on a vicinal "substrate preparéd to present nufti--atom c steps-an

whi ch exhi bi t gpigaxRsIsgron pepfoimegd byl srepitaxiall@vh @beiigee Belebedtfi@n thet es
of the wines are on the edges of the nufti-atom c steps. Further deposition
of a cappi ng gmwprcafsistmgeoi§ MOGMD,ngasasduwarce enolbauldr bedmOepitaxy2(@SMBE)yap
than the wire material then produces single |ayer-,quantumw res_encl gsed

by the under| V3nfyr| pRase epitixvheVEEpprhemica) dieamrigpitaxy df¢&tB) and MRE. dn
defects. Strained,epitaxi l.ayer,s are kpown .to ergo a.phase._transition
Gut  no depos; PRBRARRTER St dhe KBRS 4B SRBPSHER SR SicePBRECad Wi
t wo- di nensi on i L ; iRt -di mensi onal island structures.
The i sl ands a?éémgpisl{lﬁgeégﬁ%i)gﬁoglgl@e\/r?gn&%élypzl ly fornmed. However, before the
formation of the island structures, wile structures can be fornmed al ong the

edges of the nultiatom c steps during the initial stages of the .
transformation of The sepindirndifoyrtbwicmitominctdre arewslegositats wothah maxinhen

t hr ee-di nensi gnal growth nopde by adopti ng .appropriate gro .condjtions. |If
more material @wsa%gh dogs apt RKeRter 2 cofipel B vismess eﬁs@uygwsgéﬁmt@maﬁae
structures ai-e foaged. However, at a |ower growh tenperature, for exanple
41 0C, the sur $HILY rphol ogy of wire structures is still maintained when
the nom nal thickness of the deposited material is 6 nonolayer5. This
observed property is exploited in a nethod enbodying the present invention
to provide a fabriThtiduwpositionessndidbns winthienthidd semidynduotonon the ngcohé
growh of the strained layer at or just after the thickness for the w Z-e
formation, exsemigehguetpnimayabel dgtermenaghby ebservatipeof the shrface sexdurgl using

di [ L1y | th 200 A, f d t ited materd al .

The wi ros. ar SARRSRRPSCA B EORIUSIR OF Do RGOt Hos<alt A1EH el PO RIS o1 ep

to create a | ﬁ)’ﬁt%f se%ic%ﬁétgfn e Sg;fgsﬁtg& F’{te Q)'f%é"flﬁ}& %?ﬁﬁcd?idtu%rds’h%%bg nal
a ectly bul structuré to produce

band gap nodu 1on s en‘dir ! into the .
useful quant upd Whé@Sthaf 2"RiIAnRTHOYE bR (§NMRN ?Véfélﬁﬁlyl bLtheNérder of
processi ng steps before or after’' growh of the quantum w res and,
therefore, credtieslAisafherthisdrsemivenducgmaday)baldepysived MODWENpemature in the
interfaces. In addition, the quantumw res fabricated in accordance with a

met hod enbodyiangetafs3 8% wses°G, wirpanding amathe rshseHICORHEAOE Asedolll WA nal |

j]/leJrLt |288I3 and \lv tereer ﬁlle’ ﬁrcs?réfe}nri]ceon %to?fis GiAl resdeapsos\1l¥'13<|)1|1 te?rslpeer)éﬁllrg 'of'the thirg 9

semiconductor is preferably in the range of 400 to 550°C. The third

semiconductor is grown to a thickness of from 0.3 to 3.0 nanometres (nm), such
that quantum wires are formed. The thickness of the third semiconductor
should not be any thicker, since this may result in the formation of islands
and/or dislocations.

A semiconductor structure embodying the invention may be provided
with a plurality of layers of quantum wires by repeating steps ¢) and d) a
desired number of times to form a plurality of layers of quantum wires, the
thickness of the fourth semiconductor deposited at each stage preferably being

no more than 50nm.



11 greater strain effects on cawers in the wires than is the case with
wires forned by other nethods. Figs. la to lc illustrate successive stages
in the formation of a sem conductor structure having quantumw res by a

nmet hod enbodyi ng the invention. As shown in Fig. |a, theedretgﬁd tarts from
a substrate 1 of a first semiconductor, GaAs in this casd 9n Lniﬂﬂa vi ci nal
(00lI') surface which is inclined at 2 degr_ees to the [ 110] direction and
whi ch has then eon single atomc steps 2 Al ong the [-110] direction with a
density of about 110 steps per micron. Referring nowto Fig. |Ib, a layer 3
of a second sem conductor, in this case also GaAs, is epitaxially grown on
the GaAs substrat eAd dpilaget Bitkaessicofconbat 1dgdr Haartbe lagemen MKVPR it is
technol ogy at a growh tenperature of 650C and at a reactor pressure of 100
nmbar. TBA andgrowinnist $azd gallavena posiGAe Istice adisamtalourQe thatothdrahandarnifl the
Pd-pwi fied H2 is used as.the carrier gas during the, growh., The gromh rate
of the GaAs ildttipegonstang iy ﬁgaﬁ?ﬂ téi‘?“ﬁh‘“o?@)’teéppd”’g‘f?htlhb‘ gPrdith lvsaﬁ%‘? & g&\fﬁ 111
sources is 20, S . Ln F | b, nmufti-atomc steps 4 are fornmed on the
surface of thaen@ﬁggﬁg@l& 1ats tc:;Ldensity of about 18 per micron. A layer 5
of a third sem conductor, in this case InAs, with a nom nal thickness of
about 2 nonol ayers (as showing in Fig. 1 ¢c) is then epitaxially grown on
the surface of thenGeds eindydiméntust thg iiBéntéoid the ithied RBymivbndic(of Meppsiaed
source materials at growmh tenperature of about 450C. A growth rate of 0.56
A's and a noler the secomt semifongnotop hasamdatgice igonistant gacateeshaf tha of ¢haised

in the InAs growmh. InAs quantumw res, 6 then, spontaneously form al qng, the
edges of the YFPR -é?%%ﬁoéggf@bst 15( mog!mf%;lamcet RRISeIh e dhe BT ayer

ST e ARl St R, AP

wires are detgm,%@ tHﬁ-dstéﬁﬁééﬁ?&ch& rﬂB}be‘? &Hﬁ%?fﬁefgﬁ}?ﬁ??% @ﬁx{é@gaﬂcﬁyer

5 of the third s€m conductor using m ct’oscopy

nanometre scahe sebokd aR@ fhtth MenFEWARIAE hile bEALEGA AlAs (@ﬁé@ngﬁ&@éﬁg
Iy | er TBA and

enbodi ment, the growth tenperature 1s quick owered to 300C Un

then to roomfoamgmxsw@% <HPsctf-bianidee qEaAniwafest he 1 nAs at 450C and
then the sanple is rem)vefj‘ roﬂjtzhe r?’;ctor Cf(i)if the MOCVD to observe the
surface norphol ogy using atom c force m croscopy (AFM for evidence of
formation of wires rather than the formation of islands. Fi_th 2 shows the
AFM i mage of the sirangthengmpadingy, die thied pemicondyeter majedahdeppsited on
surface of t GaAs Layer. 3 ynder the growm h conditiong stated.above. Jt is
cleanty obserBEaaRa EHBIRABCRF k8”6 HBHHE FTRT e SR o BB pERRd he

i nvention ar i £ 0L L4 i f i p R@p& 18
per mcron W?Steﬁﬂé%%%&it) 1’tt 13 I%Méérgtel{s/é %%?%qui\gg{ra h‘)bl @88%&%h:énnﬂ1?§ngt 128 stH{)f
the wires hawmder temgém dbhPaetidnnt the€irsd didiceiducte Wi Ines thesewndessd t han

20nm and the height of the wires bei ngl | ess than 2nm General | g if the
| nAs | ayer i sfogrtbvsenzicondugtiers' may rhmsh dreu el Ast ovhielx asrpattics ro@cbed o gnBy

it hd %E“?q%@g%t%r“ﬁ&f SrmigonFieE ?{e&%@?@"@}l?qﬁeé%géﬁ‘@éggﬁféf IRV h
d s ophe 1 i ch
Cayer 15 or it e U8, BB RN o B5Font b AT o O] p&TRE, bRSS, b’

formed on theGiblEfsé’lﬁfbrginiE&P +2ﬁﬁ§m|\ﬁﬂ'€§.’ even when the nom nal thickness of
the InAs | ayer reaches™ 6 m)n% ayers. Fui ~theinore, when the (001) GaAs

substrate is inclined at 7 degrees towards the [ 110] direction, under the
sane growth conditions wres wth a density of about 30 per mcron are
fornmed on the surfAcanegthod hembedyingaytde 3nventiong they owhdes) 3semaicendudter t o

Fig. 3, after growth of the In | ayer .5 using predeterm ned grow

Condi £] ons.  STUEPEES §OBHINTE A L HERbITed SHUTEIE PSS SOVER TN CRPCHCAAE | s
epitaxially . I . r 1 the InAs |ayer 5
at the sane %%ﬁé?@?@%g{%ﬁfh {abﬁgg%fg%@éaim%&ﬁg?%vm d changes in
the InAs wire structures 6. The other growh conditions for the GaAs | ayer
8 are simlar to those of the GaAs |layer 3. The Ga. As |l ayer 8 and the GaAs
| ayer 3 together pnoanathew espectatheainsentadernatordomgly peoedes af senmapnductor
carriers in the quantumwres 6 as shown _in Figs. 3 and 5., The resulting
quant um wi r esdevige: compeisEgo st srhstata pbdi Brsirsspusendustarshaving single HOmMC Fi g.
6 whi ch shows the photol um nescence spectra of a sanple sem conduct or
stt-ucture fabricated by the described nethod enbodying the invention. It
can be clearly seen that the integrated intensity of the peak em ssion from
the InAs quantumwires 6 is nore than 1000 tinmes higher than that fromthe
GaAs it~aterial, and 100 tines higher than that fromthe twodi nensi onal
InAs layer 7 (called the "wetting layer" in Fig. 6), thereby denonstrating

Y Y



0 g JUL 2003 14 Fig. 7 shows a preferred enbodi nent of an optoel ectronic
sem conduct or devi ce enbodying the invention in the foam of an
edge-em tting sem conductor |aser structure in which the active |ayer
conprises a nulti-layer quantumwire array as illustrated arsﬂ“?gk@ﬁ The
fabrication of the exenplary device is carried out as foll ows: .%pm
thick buffer layer of GaAs with silicon dggi ng (n= ~ 2x101% cm 3) is grown
on a (00l) Si-doped (n= ~ 2x10~g cm 3) GaAs subshate 10 inclined 2 degrees

towards the ( iJ: i W R ~ : .

t echnol ogy an%é%ﬁoé%q!\égvﬁtﬁlr g@g%éreeﬁggo%ﬁ ‘]’ac?;n%? %o H@ﬁﬁ{“‘g"?‘ﬁﬂﬁﬁ%a‘?\%@\d are
used as sour cgh RS §idiRalSsiifabePaf B khibRFhtélantshaises nadtitdieme@ stdpRrogdke A
first cladding layer 11 of Alo ~ Gao ~ As and 2 ~mthickness and a first

barrier | ayersutfacef theeot; i 1dyea d¢thiacthmek semicondctar (ddppsit&d)omitke geoomd at
the sane tenperature. The first cladding |ayer 11 is Si-doped wth an
cl cctron concmicardusionfthe third gemiganductpr diayimga Breaserplatizaeymignatsh tham

| owered to 480C for growmh qf the .quantumwre |layers 13, of 2 nonol ayers of
nAs, and a HEFseaend sBicopdugipr ity i SmiGandhRior s Ad-rwing A APy or s
IS repeated t Eodd S i r f 0. Be s nd.
Ater this, oces R B tebondiatolbiol M ByEhEMR thPiomRShdaase
barrier | ayerfoligd ?ﬁiﬁﬁﬁni wirgs aWhgt the &dibé R fesmubi-addficstepthef thandcgad of
the barrier layers 12, 14 and 15 is larger than that of the guantumvylres,
so that the bmmicenducigrrandpa dayateofgadiottn ssontombrotont deposited dopthe feodnd

cladding |l ayer 16 of Al o, 4 0,6As of 2 ~mthickness wth a hole
concent rat i orsegticanqyctar, éhi%ub i segnicenduciah hawms ?nwg@ﬁj t 83h than kb he

first cladding.l.ayer. 11.fqQrr Y ide of the.laser. strugture.

70" doped cont e Yebisp UG el LB FRNGR, Rk Tl BEeT flelkron®, g
concent t ~at i ouph RhREEnduckd@l cm 3 is next grown. 0 9 JUL 2003 15 Au-Zn
alloy 18 is evaporated onto the top surface of the grown structure and an
Au-CGe-Ni alloy 19 is evaporated onto the bottom surface of the substrate.
The sanple is then cleaved into chips which are 500 pm|ong and 200 pm wi de
to forma generic Adgemisinductoy basenraaalodying ey ipresestr nyerdomofindhown
in Fig. 7). The wavel er|l th of the radiation emtted by the quantumwre

| aser descri HAUGHEY PP gcaélro&ﬂ'?cf‘ -GANUng 6%098%%’?;4%%. Prelininary
results show that the CWthreshold intensity is less than 1 KNcm Fig. 8
shows the spectrumof the laser' and its photol um nescence at room

t enper at ur e. ﬁmfggm%tmpbptmﬁmm?g above are illustrative of but a few
of the many possi bl e enbodi nents of The invention. Nunmerous and vari ous

ot her arrangenents may be readily envisaged and devised in accordance with
the principles of the 111Vellt 1011 by those skilled in the art. In the
present specifi catlinorordebniatsdhe ninigstion nanayebe omarengeadily opndgrgtood,
"conprising” ns "includi Qf, consi sting..of' . The features disclosed in
the T or egoi ng RAEEREY Hieredl Wil 1gvs  Hes GrSiaibERa Pis oy O SARIE SR Sn il
drawi ngs, ex i I L . in.terms of a nmeans for

per form ng tﬁrg?eiléggﬁ %oggg%hélrg??%ﬁ?&ﬁaﬁﬁ{#gwg\gh%ﬁ process for attaining the
di scl osed result, as appropriate, nmay, separately, or in any conbination of
such features, be utilised for realising the invention in diverse forns

t her eof . Fig. la-1c are cross-sectioned views illustrating, on an enlarged scale,

=

the steps of a method embodying the invention for fabricating an indium

arsenide (InAs) quantum wire structure on an (001) vicinal GaAs substrate;

Fig. 2 is an atomic force microscope (AFM) image of the semiconductor
surface, showing an InAs layer formed on the GaAs substrate by the method of
Figs. la-1c;



0 9 JUL 2003 16 CLAIMS 1. A nethod of fabricating a sem conductor structure
havi ng sel f organi sed quantumw res, conprising: a) providing a substrate
of a first sem conductor having single atom c steps on a vicinal surface
thereof; b) epitaxially depositing a second sem conductor, @n,th 4 Ci nal
surface of the substt~ate, so that the surface of the se@ogdj‘éleéu nduct or
presents mufti-atomc steps; c) epitaxially depositing on the second

sem conductor a third sem conductor, whi cI? has a greater lattice m smatch

than the second sepioC@NHEULERYss Moot Rfew ishé&/itﬁgefﬂectgﬁﬂﬂﬁﬁl%iﬁg‘cfoﬂﬁé&'&ft'éﬁsfa

nan~ower band gap than the second sem conductor, to formquantumwres o
the third senhe@nowei of & GdArigythevaligag tlef InArdaperf,ti - at omi ¢ steps of the
second sem conductor; and d) epitaxially depositing on the third
sem conductor a fourth sem conductor with a band gap wider- than the third
sem conductor to blyl_ra t.he uantumvvi[es in the second and,.four

2. Fighd

h
seni conduct or s. . 158 HOsF-$Fctona; ¥ie VWNg & BlEUGHPES WAL @Hit’fpiﬁéaws t he

substrate is _— r ' [ t - [

di rection. 3_%%@9%@%}%% rﬁge%\ﬁhgﬁélkn e l\??grl na a?&%l]?%%dgﬁiesgjrg’%i ned
at an angl e off thexveflyiy GeAsd/@rees to the [ 110J direction. 0 g Ju
2003

Fig. 5 is a cross-section view of a TEM image showing the self-

organised quantum wires;

Fig. 6 is PL spectra emission from the InAs quantum wires embedded in
GaAs;

Fig. 7 is a cross-sectional view of an embodiment of an edge-emitting

semiconductor laser structure embodying the present invention; and

Fig. 8 shows the spectra of the quantum wire laser taken at room
temperature and CW conditions and photoluminescence taken at room

temperature.

Detailed description of the embodiments

A method embodying the present invention for producing self-organised
quantum wires results in the formation of wire structures in situ during epitaxy
of a highly strained material which is grown on a vicinal substrate prepared to
present multi-atomic steps and which exhibits a positive lattice mismatch. The
preferred nucleation sites of the wires are on the edges of the multi-atomic

steps. Further deposition of a capping layer of material having a larger band



17 4. The nmethod of any one of clains 1 to 3 wherein the second

sem conductor has a lattice msmatch of |less than 1.0% with the first

sem conductor. 5. The nethod of claim4 wherein the second sem conductor is

the sanme as the first sem conductor. 6. The nethod of anyﬂp%eﬁﬂ_girgg claim
m c

wherein the fourth sem conductor is chosen to have a lattic h of
| ess than 1.0% with the first sem conductor. 7. The nethod of claim®6
wherein the fourth sem conductor is the s as the second sen conduct or.

8. The met ho f.1.a] r |G Al @i I N [.r ] [ s a
Catt i ce m e ALe EE S, AER PR E A ke dhanlh SREGhOlpsiP

net hod of anybyprheageAyin Riyet dhEiR! dhgbhfg fayes ThReaMBenrdaetfode o8déRAs. 10.
The net hod of ‘any one of clainms 1 to 8 wherein the first sem conductor is

InP. 11. The met hod of any precedi ng clai mwherein the second and fourth
sem conductors are_selected fromthe group consisting qof conpound

sem conduct ors f ordfEdined spitexiaLilayers argdaogyibippoundeaee Rahhiase AHE SIS

sem conduct or g, {04 TR Wi OM 9" bRrtdd 33% HBRoMhatFE B lR: twoDiifhehShonaP O3

epitaxial surface into three-dimensional island structures. The islands are
dislocation-free when initially formed. However, before the formation of the
island structures, wire structures can be formed along the edges of the multi-
atomic steps during the initial stages of the transformation of the epitaxial
growth from the two-dimensional to the three-dimensional growth mode by
adopting appropriate growth conditions. If more materials are deposited at
higher temperatures (450-550°C), island structures are formed. However, at a
lower growth temperature, for example 410°C, the surface morphology of wire
structures is still maintained when the nominal thickness of the deposited
material is 6 monolayers. This observed property 1s exploited in a mcthod
embodying the present invention to provide a fabrication process for quantum
wires. By interrupting the growth of the strained layer at or just after the
thickness for the wire formation, extremely small and quite uniform wires, with
a lateral dimension usually less then 200 A, are formed on the deposited
material. The wires are buried by deposition of another material in a

subsequent step to create a layer of quantum wires free of dislocations.

A two-dimensional band gap modulation is then directly built into the
structure to produce useful quantum wires. A method embodying the invention
requires no processing steps before or after growth of the quantum wires and,
therefore, creates quantum wires with good quality on MOCVD grown
interfaces. In addition, the quantum wires fabricated in accordance with a
method embodying the present invention have a much enhanced two-

dimensional, vertical and lateral, confinement of carriers as well as exhibiting



12. The method of any preceding claimwherein the third sem conductor is
sel ected fromthe group consisting of binary and ternary conpound

sem conductors fornmed fromgroup Il and group V elenments and binary and
ternary conpound sem conductors formed fromgroup Il and I‘OLjE‘ thﬁl enent s.
13. The met hod of any preceding clai mwherein the second, thilté fourth
sem conductors are deposited by a growh technique selected fromthe group
consi sting of netal organic chem cal vapo](ﬂ' deposition (MOCVD), gas source

nmol ecul ar be [ , To]t ' ( : ' am
epi t axy (CBE;jlé«?gn%k trsrgﬁ%lc% ar Eéé%@%?%&@@%gﬂéﬁx %‘ic\é/g%&%}ggag% @%}QL‘F
precedi ng cl apypiRengithodde third sem conductor is grown at a tenperature
in the range of 380 to 580C. 15. The method of any precedi ng cl ai mwhere
the gromh rate of the third sem conductor is no nore than 0.2 nm's. 16.
The net hod of any lI@p,r eceding claimwherein the third sem conductqr is_grown
to a thickness of ¥igsmla 30t ¢ 3illushate succespivenstagey bf theyiopmatieni af 1 ai m

i Si ti t dd desired b foti to.f
ol ural 1ty of TREpRRof Siniine ik Subtin REERE & rRind Elradying e °
sem conduct Orin@&‘{ﬂi@% &Q’EFMvﬁ'iH%i‘g%sRﬁéJﬁ{étH&d %xﬁ?ﬁgﬁﬁf gﬁ%ﬂf*ﬁgz} %fﬁ figyi ce

by formng at |east one layer quéntumw res usin ( any one
of claims 1 t@ndidondbtor] "GaABtiROthiOTcasd, ahdvidd aRediRAIN(G0TY SEfdceORMiEH @4
device is a |aser. 0 9§ JUL 203 19 20. A seniconductor device conpri si ng:

a substrate dhchnéd a2 deguees omthecfldO] Haectnon andgiheclahantherenregisgleratamic

vi cinal surface theyeof; |.ayer of a second sem gqnductQr deposited on the
vi cinal surf ateP a{% tbaisltlﬁidgeaw AR 4 e%%’t?-%@(b‘%ﬁﬁ%é’%ﬁ“?@-

surface thereof; a layer of a third sem conductor deposited on the second
sem conductor, the third sem conductor having a greater lattice m smatch

than the second sepife b/ th'Fgf] e fak%xst’s SASE MM SRIcoRARCBR VI thid
narrower band gap than the second sem conductor, the layer of the third

sem conduct orcaseraionGaduaist ¢pitawialsgrvangn tthe Gadgesubefratehk tonaf thickatssrof
steps of the second sem conductor; and a |ayer of a fourth sem conductor
deposit ed on abeat Ohl microanisieg MOECHD tedhaolagyr atha geawthoistpstrasurenef 0H°G

wi der band gap than the third sen conduct or t guant umm res_bei
bur et DR aD AR B RE o] Mottt JE it Anay G DTG o
cl ai m 20 whergi f, of L bst [ i nal )
surface incl isﬁgﬂ? &a%ecsialndlglﬁg eteltsf é(()irst"%ge%(?k%?g%??%%tl:isgﬁelsz@?acﬁﬁg%]vé%ed&&&é .
accordi ng to thtqirswa TheZkoWRETaE Bbfithe GReORM FovinanHyshélar Fidsw Patlabf i ce
m smatch of less than 1.0%w th the first sem conductor.
the group V and group III sources is 20. As shown in Fig. 1b, multi-atomic
steps 4 are formed on the surface of the GaAs layer 3 at a density of about 18

per micron.,

A layer 5 of a third semiconductor, in this case InAs, with a nominal
thickness of about 2 monolayers (as showing in Fig. 1c) is then epitaxially
grown on the surface of the GaAs layer 3 using TBA and trimethyindium
(TMlIn) as source materials at growth temperature of about 450°C. A growth
rate of 0.56 A/s and a molar flow ratio of group V and group III sources of 40
are used in the InAs growth. InAs quantum wires 6 then spontaneously form
along the edges of the multi-atomic steps 4 (Fig.1b) of the GaAs semiconductor
layer 3 after the two-dimensional layer 7 of InAs is formed, as shown in Fig.
Ic.



23.. A device according to any one of clains 20 to 22 wherein the second
sem conductor is the sane as the first sem conductor. 24. A device
according to any one of clains 20 to 23 wherein the fourth sem conductor is
chosen to have a lattice msmatch of less than 1.0%w th Bk@ Ur?ﬁj]

sem conductor. 25. A device according to any one of clains CJ !‘o 1? wherein
the third sem conductor has a lattice m'SfHatch of at least 2.5%w th the
first sem conductor. 0 9 JUL 2003 20 26.< A device according to claim 20
conprising a succession of layers of the third and fourth sem conductors
defining a plurality of |layers of quantumwres. 27. A device according to

any one of clai nms Phe t@roRdhi Bohdiioher farofthanfedgen tofi ruas M C oy Clafy

| aser. .Af. A@AY. A AFY A A .AY. A Al.AAY. AY. AY .A .Al.AAE.AY AAF/( L~

ZFSU@ =| wr rrhodEY@m}lcé}:)yaqhsal]\{aapn@]fdhe sm]faceal]nomhidq)gsapﬁ fHieclayer 5 of the third

a] ca] ca] ca] ca] ca a] cal.ca] ca]ca] ca]c ca

a] c: aU] ca! =ed} Saducton B (BICFQSFOPY i e'yséwil }1] he nARPBISHiEaicRly after

ajcaJca]calc alca ] c

a] ca] ca] ca] CZ%P %%‘@A ér(?(‘.i%ﬁéiéi%%gé%%% g %%ﬁ%@ﬁgﬁéﬁbeﬂ ?lle growth
temperature is quickly lowered to 300°C under TBA and then to room
temperature under H; after the growth of the InAs at 450°C and then the sample
is removed from the reactor of the MOCVD to observe the surface morphology
using atomic force microscopy (AFM) for evidence of formation of wires rather

than the formation of islands.

Fig. 2 shows the AFM image of the surface morphology of the InAs
layer 5 grown on the surface of the GaAs layer 3 under the growth conditions
stated above. It is clearly observed that the InAs wires 6 formed by the method
embodying the invention are very uniform, the linear density of the wires being
about 18 per micron with some of the wires being over 10000 A in length. Most
of the wires have a length above 100nm, the width of the wires being less than
20nm and the height of the wires being less than 2nm. Generally, if the InAs
layer is grown at higher temperatures, for example 510°C or higher, with the
other growth conditions being similar to those described above, in addition to
the formation of wires, there will also be some islands which are randomly
distributed on the surface. On the other hand, when the InAs layer is grown at
a lower temperature, for example 410°C, wires are still formed on the surface
of the InAs layer, even when the nominal thickness of the InAs layer reaches 6
monolayers. Furthermore, when the (001) GaAs substrate is inclined at 7
degrees towards the [110] direction, under the same growth conditions wires
with a density of about 30 per micron are formed on the surface of the GaAs

layer 3.



;@ wnmhc”Y]calcalcalc a]c

aJ cal calca]calcalcalcalcalcalcalcalcalcalcalcalcalcalcalc a]c
-a]Jcalcalca]calcalcaljc alJc alB C

CqCOEGQIJJILZQyQ QSMUNUVWKXXY " " aa: bbbc. c| wnmhc”™Y] ca] ca] cg]g:a]UEame] cajcalc
ajcalc a]Jcalcalcalc aJcalca]lca]c”alcaljcalcalc alJca]ca]lcalc
alcalca]calcalcalc A

al.cKcc\eiel eseefDifff*gWhiii)j6j9jjjk- kklld +l 'l MO} xsnid_Z] ] ca]ca] ca]ca]c

a] ca] ca] ca] ca] ca] ] 3 o . ) }
a] ca] ca] ca] ca] ca] gg‘%fgg]hg%&cg%gg é’] ggflcgllogflcog]ﬂée InAs layer 5 using predetermined

a] ca] ca] ca! Wrbwanconditionds a lases Btof e Ko genjicbndinddds, xdsu Gadls]inathisadasa] ca] ¢
aJ calca] ca]calca] calcalcalcalc aJca]ca]calca]c
a] ca] ca] ca] cd} €pltesipiyjgeeive 4D edhiskapsaic o0%ke cyrface of the InAs layer 5 at

109 ()-MLO%&; () -"109& ()- " flI 09 ()-109%&' ()-(dE, 10%R' ()- .y . 109%& () -
10%&: 8 . 10 %%r}te fe%%n(rf.a,s t%ibaezﬂ%&&a%r m)%é%s@éfo(év.%@ i@*@}ﬁeé)li{ thefAs
1098 ()-s' 31QUR. (s o JOYRA ) - alO%R (1= 1L 3= 7 =] \& (L= el 1QANE () -
S10% & () - v OIS Foratous Eout Foidiabrats i ply? Stk O
10%4& () - t 10%p\¢hése ot thd Q3aKs (ayer 310Fhe Ga.As layer 8 and the GaAs layer 3 together
provide vertical and lateral confinement of charge carriers in the quantum wires

6 as shown in Figs. 3 and 5.

The resulting quantum wires have unique opto-clectronic properties as
illustrated by Fig. 6 which shows the photoluminescence spectra of a sample
semiconductor structure fabricated by the described method embodying the
invention. It can be clearly seen that the integrated intensity of the peak
emission from the InAs quantum wires 6 is more than 1000 times higher than
that from the GaAs material, and 100 times higher than that from the two-
dimensional InAs layer 7 (called the “wetting layer” in Fig. 6), thereby
demonstrating the very high quantum efficiency of the quantum wires.
Moreover, the full width at half maximum of the photoluminescence emitted by
the InAs quantum wires is less than 10 meV, indicating excellent uniformity of

the self-organised quantum wires.

By repeating the deposition of the layers 5 and 8 of the third and fourth
semiconductors on layer 3 of the second semiconductor, a vertically aligned
multi-layer quantum wire array can be obtained as shown in Fig. 4, in which an

optional cladding layer 9 on the substrate 1 is also shown.

A semiconductor structure including quantum wires produced by a
method embodying the present invention is suitable for use in electronic or

optoelectronic devices.
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Fig. 7 shows a preferred embodiment of an optoelectronic
semiconductor device embodying the invention in the form of an edge-emitting
semiconductor laser structure in which the active layer comprises a multi-layer

quantum wire array as illustrated in Fig. 4.

The fabrication of the exemplary device is carried out as follows:
A 0.2um thick buffer layer of GaAs with silicon doping (n= ~ 2x10'® cm?) is
grown on a (001) Si-doped (n= ~ 2x10" cm™) GaAs substrate 10 inclined 2
degrees towards the (110) direction at a growth temperature of 650°C by
MOCVD technology and at a low pressure of 76 Torr. TMGa, TMAI, TMIn,
and TBA are used as source materials and Pd-purified H, is used as the carrier
gas. A first cladding layer 11 of Alys Gage As and 2 pm thickness and a first
barrier layer 12 of GaAs with a thickness of 500 A (Fig. 3b) are grown at the
same temperature. The first cladding layer 11 is Si-doped with an clcctron
concentration of -5x10'7 ¢m™. The growth temperature is then lowered to
480°C for growth of the quantum wire layers 13 of 2 monolayers of InAs, and a
barrier layer 14 of GaAs of 100A thickness. This pair of layers is repeated
three times and is grown at a growth rate of 0.5 A per second. After this, the
growth temperature is increased to 650°C and then the last barrier layer 15 of
GaAs is grown to a thickness of 400 A. The band gap of the barrier layers 12,
14 and 15 is larger than that of the quantum wires, so that the barrier layers
provide quantum confinement. A Zn-doped second cladding layer 16 of Aly4
GaggAs of 2 um thickness with a hole concentration of ~1x10'® cm? is grown
and, in conjunction with the first cladding layer 11 forms a waveguide of the
laser structure. A Zn-doped contact layer 17 of GaAs with a thickness of 0.2

3

um and a hole concentration of about 1x10'* cm™ is next grown.
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10% 0& () - 10% 0& A}-7n alloy 18 is evaporated onto the top surface of the grown structure
and an Au-Ge-Ni alloy 19 is evaporated onto the bottom surface of the
substrate, The sample is then cleaved into chips which are 500 um long and
200 um wide to form a generic edge-emitting laser diode with cavity

surfaces(not shown in Fig. 7).

The wavelength of the radiation emitted by the quantum wire laser
described above is around 9200 A at room temperature. Preliminary results
show that the CW threshold intensity is less than 1 KA/cm. Fig. 8 shows the

spectrum of the laser and its photoluminescence at room temperature.

The embodiments described above are illustrative of but a few of the
many possible embodiments of the invention. Numerous and various other
arrangements may be readily envisaged and devised in accordance with the

principles of the invention by those skilled in the art.

In the present specification "comprise" means "includes or consists of" and

"comprising" means "including or consisting of".

The features disclosed in the foregoing description, or the following claims, or
the accompanying drawings, expressed in their specific forms or in terms of a
means for performing the disclosed function, or a method or process for
attaining the disclosed result, as appropriate, may, separately, or in any
combination of such features, be utilised for realising the invention in diverse

forms thereof.
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CLAIMS
1. A method of fabricating a semiconductor structure having self-

organised quantum wires, comprising;

a) providing a substrate of a first semiconductor having single

atomic steps on a vicinal surface thereof;

b) epitaxially depositing a second semiconductor on the vicinal
surface of the substrate, so that the surface of the second semiconductor

presents multi-atomic steps;

c) epitaxially depositing on the second semiconductor a third
semiconductor, which has a greater lattice mismatch than the second
semiconductor with the first semiconductor and which has a narrower band gap
than the second semiconductor, to form quantum wires of the third
semiconductor along the edges of the multi-atomic steps of the second

semiconductor; and

d) epitaxially depositing on the third semiconductor a fourth
semiconductor with a band gap wider than the third semiconductor to bury the

quantum wires in the second and fourth semiconductors.

2. The method of claim1 wherein the vicinal surface of the substrate is a

nominal (001) surface inclined at an angle to the [110] direction.

3. The method of claim 2 wherein the vicinal surface is inclined at an

angle of less than ten degrees to the [110] direction.
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4. The method of any one of claims 1 to 3 wherein the second
semiconductor has a lattice mismatch of less than 1.0% with the first

semiconductor.

5. The method of claim 4 wherein the second semiconductor is the same as

the first semiconductor.

6. The method of any preceding claim wherein the fourth semiconductor is
chosen to have a lattice mismatch of less than 1.0% with the first

semiconductor.

7. The method of claim 6 wherein the fourth semiconductor is the same as

the second semiconductor.

8. The method of any preceding claim wherein the third semiconductor has

a lattice mismatch of at least 2.5% with the first semiconductor.

9. The method of any preceding claim wherein the first semiconductor is

GaAs.

10.  The method of any one of claims 1 to 8 wherein the first semiconductor

is InP.

11. The method of any preceding claim wherein the second and fourth
semiconductors are selected from the group consisting of compound
semiconductors formed from group III and group V elements and compound

semiconductors formed from group II and group VI elements.
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ternary compound semiconductors formed from group II and group VI elements.

13. The method of any preceding claim wherein the second, third and fourth
semiconductors are deposited by a growth technique selected from the group
consisting of metal organic chemical vapour deposition (MOCVD), gas source
molecular beam epitaxy (GSMBE), vapour phase epitaxy (VPE), chemical beam
epitaxy (CBE) and molecular beam epitaxy (MBE).

14. The method of any preceding claim wherein the third semiconductor is

grown at a temperature in the range of 380 to 580°C.

15. The method of any preceding claim where the growth rate of the third

semiconductor is no more than 0.2 nm/s.

16. The method of any preceding claim wherein the third semiconductor is

grown to a thickness of from 0.3 to 3.0 nm.

17.  The method of any preceding claim comprising repeating steps c) and d) a

desired number of times to form a plurality of layers of quantum wires.

18. A method of fabricating a semiconductor device comprising constructing
an active layer of the device by forming at least one layer of quantum wires using

the method of any one of claims 1 to 17.

19.  The method of claim 18 wherein the semiconductor device is a laser.
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multi-atomic steps on the surface thereof; a layer of a third semiconductor
deposited on the second semiconductor, the third semiconductor having a
greater lattice mismatch than the second semiconductor with the first
semiconductor and having a narrower band gap than the second semiconductor,
the layer of the third semiconductor forming quantum wires along the edges of
the multi-atomic steps of the second semiconductor; and a layer of a fourth
semiconductor deposited on the third semiconductor, the fourth semiconductor
having a wider band gap than the third semiconductor and the quantum wires

being buried in the second and fourth semiconductors.

21. A device according to claim 20 wherein the vicinal surface of the

substrate is a nominal (001) surface inclined at an angle to the [110] direction.

22. A device according to claim 20 or 21 wherein the second semiconductor

has a lattice mismatch of less than 1.0% with the first semiconductor.

23. A device according to any one of claims 20 to 22 wherein the second

semiconductor is the same as the first semiconductor.

24. A device according to any one of claims 20 to 23 wherein the fourth
semiconductor is chosen to have a lattice mismatch of less than 1.0% with the

first semiconductor.

25. A device according to any one of claims 20 to 24 wherein the third
semiconductor has a lattice mismatch of at least 2.5% with the first

semiconductor.



" H#$UR' ()*+,-./0123456789: ;
<=>? @GABCDEFGHI JKLMNOPQRSTUVWKYZ[ \ ] ~_" abcdef ghi j kl mopqr st uvwxyz{| } ~

09 JUL 2003
20

26. A device according to claim 20 comprising a succession of layers of the

third and fourth semiconductors defining a plurality of layers of quantum wires.

27. A device according to any one of claims 20 to 26 in the form of an edge-

emitting semiconductor laser.



