; e3e{ Hi {ddef Xgh6hTHi [i| | MPROVED BUFFER FOR SEM CONDUCTOR STRUCTURES Fi el d
of t he Inve e invention relates to an i nproved buff a

sem co mm‘@ \@m ture and 5 nmethod of fabricating the bumﬁmﬂmmnm"m
partlc Invention relates to an inproved |InAs buf si ng
| attice stra®?bet ween a GaAs substrate dnd a h| gh i nd| um cont gntissepi | ayer
for a sem conduct or Q:L speed

devi ces and | ong wav 2 F brs (FET' s),
hi gh el ection nobility tranS| stors (HEI\/rI' s), haI I el enents, | ong wavel engt h
detector and |l aser, etc. 10 Background of the Invention In this

speci fi catiFn,I V\,F@Feg a document, act or itemof know edge is referred to or
di scussed, 'r?% PYRIEOY: di scussion is not an adnission that the

docunent, act or tem or an ination t s at, the
Oty date: C1ENS b Rlon BRIEsTE 45 iRbrRRd PRIk bt G Bt B, e e
rel evantst omtho@tctfea‘qntcaﬁng meIbmﬁeramyorprpabtloemrlwtndmnvéntbh rélbies tes pednproeed | on

[ el foll di | ET'
i e Rk R R RSP bR 5t ey
extend to otdreentspitayes fehucsemicaiuatod structng, shichr assstrugttires sed uh/hrghcspeeet essors

are essentigl .to of t ducts we e.e s t Vi SI ons,
cars, radi og‘?v'?ﬁ.'?r‘?g‘%%rbq il %@g&%ﬁgwg%snﬁgtféeﬁ'qieﬁqayﬁ'ﬁéelgpér Egirse%%qﬁ

el enent s i nmobilityaprraisters GHEMTE), a1ad ietkdnterds, ddre) waveierigtt detedtecandinser, stei tches.
Transi stors have no noving parts 25 and are turned on and off by electrical
si gnal s10 The on/off switching of transistors facilitates the work perforned
by m croprocessors. A transistor regulates current or voltage flow and acts
as a swi t chBackgrauadfadithelnventioni c signals. Transistors are fornmed by

sem conductor materials, the conductivity of which sem conductor materials
can be gi ven spehn this specifieationeshdrg acdachment; akt griteoesfknowleldgel is3efaleditagr A
sem conduct e t he
crystal i medepyefRE oo E dRobBlirfleol 4 EdnRkoh Hltd ddiydfy, P

conduct el etémioc kogwledgsomanysionhimatiad derecftwas atltecpriavitysdate: t he mat eri aI
(which is then called N-type for the extra negative charge carriers) or
creat es18 holips" part pheonmor gereralknomesigal orst ructure 2 (which is then
called P-type because it results in nore positive charge carriers).

Tr ansi st or s(i) ypi krawrytorherelexantie @o-attamet tossalvecanyrpsoldemtvaihnihieh tis N-t ype
sem conductor | a RIS ween P-type | ayers (a PNP configuration)
or a P-type Iaye%( CIeft%a/een @5%@3‘? ayers (an NPN configuration). 5 As the
current or vol t aghikiing RABARY didbuetien Riatbl frahily & FEPILLABMKG! Ris oger s, 1t
effects a larger current or voltage in inner layer resulting in the
openi ng or ENderptegd BTatH??'QV%'PF'dﬁwnCE Sezﬂﬂeted'békj@?y§X@6¢rtﬁﬁf€?f§%@@°rlﬁupt@ﬂltry
made W b CoRPlaR@stbrstuciRbsl oxide sem conductor (CMOS) technol ogy. CMOS
uses two conplenentary transistors per gate (one with Ntype material; the

other with P-t ypﬁlld?@érﬁéés%b)s ar¥\Vé§§1erQ|%ﬁtotrﬁém56f$ﬁ@{>roéQctb We%'e@vé?/ﬁa%u@h' ogi c
state, it requires alnost no power. Fiel transi stor (FE

fiel d- ef f ecBS feleuiRions, 63rsi @dos; home gprlianges and eﬁm%ﬂﬁ%ﬁnayse@éﬂarﬁd%e basic

weak- si gnal e@m@,lntg‘,hmg,lonbcggggrs_exarrpl e, for anplifying wireless signals).
The structure can anplity 15 analog or digital signals. It can also switch

DC or function asrap8is@ss htd rﬂhﬁture'e‘lbdtrbﬁnc%ﬁﬁché‘suf‘FrQrﬁ&stéﬂsQié@eﬂb%lﬂ/lrfg arts
sem conductor path c IIed t chann t he q(a:{;{annel there is

an el ect? od@”‘éﬁﬁ e AW RTERY e'ﬁ?t”?aﬂé'gﬂ?ﬁe?-h%ﬂ'afoﬁﬁwtt‘l"fé”% RSSO here i s

an el ectr Od%cﬂ@dtéﬁﬂnetvhﬁk ﬁéﬂérmed'ﬂ’yﬁnﬂél‘ﬁp%d‘e@bordl ANRineistoP redultes Baramebr | S
fixed, but its effectlve el ectrjcal di afreéiar can pe varied by the

appl i cat i onVelfaosg flow Q"ané’tﬁ%sﬁéwgc Friatpfor HP’F'B&@”@'&l | ed the gate. The
duct t f the FET d t ti
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consunption, robustness and sinple circuit designs. 30 The junction FET has
a channel consisting of N-type sem conductor (N-channel) or P-type

sem conductor (P-channel) material. The gate is nmade of the opposite

sem conductor type. In P-type material, electric charges are carried mainly
in the formof electron deficiencies cal l2ed holes. In N-type material, the

charge Ca”{vﬁﬁéh |§rtr%nQFdI|8@P-t;v}:!e Sé(%%éﬂ'?ésultbrh ﬁ‘aoﬁeF n%'&:ﬂﬁgé%?ﬁé?@ is the
boundary between the channe is P-Njunction

is reverse- Braaglétsvrsryp@@lwraﬁvea?g@rqeslamﬂtruew @nt@wmg@nﬂ%ypeﬁsmmﬂﬁ%w f1 ows
bet ween theragaamerwcﬁa&l bEﬂPeeEfii@;IJ_e WdYyeld\@ WE&%.guraienfwﬁ%eq%rbrbe ei t her

N-type or ype sem conduct or gate electrode is a p| ece net al
whose sur f ae@iwean dilype layars (ﬁfhélpé‘k?Q]’élgP@P@fr electrically 5 insulates the
gate fromthe channel. Because the oxide |ayer acts as a dielectric, there
is esserfiially nbyte ewrgntervoliage isahargas inipae ghihe quier semicanduptABiRYRIS it ng

any part of gfdigs §|aﬁl@é}| chrléﬁi &HvoltidSindhe Rdet r@%%&ﬁ% |ﬁ@h@5g§érﬁif§%rycldsﬂffgg&

i nput i npedance. fect transistors are preferred for weak-signal
work, for eﬁ%ﬁ'ﬁptéoﬂ'%%ier'éq?@§ COFHRAWATE E88 pwryarﬁad%waeeeraelemee@éy metad. They

are al so pr 6fi&s §é‘rﬂucbﬁhd‘dtc!r%MC?S)JthrﬁhBﬂ)gW@M@@usreﬁ(Wb ebmpleRiedtary ﬁ‘Er‘i‘éi'@tBr%e The
FET is not, in general used f g@ power anplification, such as is

required i nPe" (Wﬁ'@‘hé!'éyp@dﬁ?ﬁﬂﬁ?'c iodhes withdP-type wteria). YWhenome traasistor

Fi el d- efd ecs rﬁar.a@ﬁr.@t@rog.casrtétearweﬂqurres Bfdsaks peadred onto silicon integrated
circuit (10 chips. Asingle I C can contain nany thousands of FETs, al ong

wi th ot her conponents 15 such as resistors, capacitors, and di odes. High
El ectron Mobility Transistory (HEMI) High El ectron Mobil i ty Transistors are
sem conduct pje|dleffeetapansgistoR (FET)t he channel is the two-di mensional electron
gas in a quantumwel | . 20 Manuf acture of FET's & HEMI' s FET devi ces are

constructed on aA$|ulaSéfre@t@arefst&qeady;feedﬂteﬁardweb&hnﬁatyersb@rorvréaﬁisg'?ETS are
constructed wth SI|4fCOI’1 r der E achi eve a ai n- band ngth

product, ot ABPIficalR} %’I%‘aHMFe BaRpli 'r‘i%?ﬁﬁ'gﬂﬁ'se?gE%?t tYre:gaR MRy

el ect r ofs 25z bt diyitA BRyndls IftbaNQIls@@wttcrEQCth&noﬁbﬁaé ah obtither. than the
standard doped silicon. Amplifiers designed with GaAs FET devi ces have nuch

hi gher f [1 equengyrn(rjtﬁéEgrrs@ui@gdﬂbwyvlelbn@elsemfudoaetﬁabr r@eltth Yhiledanel chlmmel. Magé hose
made with sta ' e i ncl] usion ther e nts, suc i ndi um
(T has 't opederths bl dnerids ahalebevdh oales fe Srdae e ol AP N o and
FEg' S consi aiTar:mfal fHepdis diriéledTraziertaied tlhlecma/BOTHerx@q/Aeéldmhéer 8t the eharirssison | nP
substrat es. (0] Str r.es atti nP supstrate
il b b R Bl Reg e Al et dab e ARG Y thel pelifiion n aliEdd B,

| ng, 53CGo 4aéentacndlelctracliéé’dued traeésteeund eofreliustivitainf the RETOMepents, tdneny giWen
substrate without .. 4 S nce an chann ayer
g | cREahD tme! andhe aBSHRYIENE0; o BE DR A SRA R0aA ents fiiBlosp
substrate. targtadsedi large(Variationon trenturtenBirds the Sdukse &1 tha arain.€khiois howRhe
substrates E%?I b| excel Ilent gain and linearity, very high fT, and very | ow
noi se. By i @HEP'R Y95 ndi um content in the InXGa, XAs channel | ayer, a

| h I
oot ool B S R TR A D LA PR 5 s
sem conghict }nmcnt&wlFE:'é §/FEp and e, méiaPoxddsderatansiubtax BE WSBSEEST Adwhight arges

conpared w Ert‘q %Aﬁze?r“o&f HHh&he g&ﬂ% r%§.oﬁ g?grlbeggusr e’nt§, Ly BY %'c neng&P'p

greater fra ore ears, ere
consi der abl type r(1¢a$ne1$by haoles). In so-called complementary logic circuits, pairs of n and p-type

FETs work side by side, an arrangement whose advantages include low power

consumption, robustness and simple circuit designs.

30 The junction FET has a channel consisting of N-type semiconductor (N-channel)
or P-type semiconductor (P-channel) material. The gate is made of the opposite
semiconductor type. In P-type material, electric charges are carried mainly in the form of
electron deficiencies called hofes. In N-type material, the charge carriers are primarily
electrons. In a JFET, the junction is the boundary between the channel and the gate.



10 the devel opnent of | nGaAs/ | nAl As nmetanorphic HEMI"s and FET's based on
GaAs substrates. A nmgjor problem associated with growi ng high indium
conposition sem conductors on GaAs substrates lies in the large lattice
m smat ch between the GaAs substrate and high indiumcontent epilayers.
Lattice-m smatch in sem conductor 15 matérials causes dislocation which

degrades th Hoeduce
the strain @et Hg%[mﬂ% tlohk%ge?r??é{egb?%sng%%w‘\ﬁtﬁg?xsﬁ]a@ ‘?t‘ﬁp%gég‘ ayers by
i nt roduci ngeutrdntflows betveen tecchannel ajldfthega@houl d carry out two functions:

(1 ) acconmodation of the lattice msmatch by formation of msfit
di sl ocat i ons anle toe MQGFET, dppehagnel cantie efthef Nityps e Rybypeissnicoaductpr. dhent i on

of their rts
o reduce t faereyble [} felhsi Aokl GHR JLRUE i, PHo fle 18P BEALD
epi | ayers hinsdalesdhaigaid fnon'etha%amelaBecm@aﬂme;/ogd@@edr aqtasis disledtnivithise
buffer |aye I r
than 1 pm SSser A oRSRRERT clremtERydn He bete o hchrBRAREE AR ER YR
step-gradedmgnﬂnmﬁeOTm$gW@$&wuu®SEETmafaﬂsm@bﬂammnmuéwmﬁ@aquality of the
channel |ayer. However, the thickness of such buffer |ayers is generally
greater than 500F1nl¢reﬂe|¢tEwstcyy@rem@fertqﬁ!dmweah:ﬁgmmmdmfones(ag@leemal ly no

substrate witesy Ehmbioaling ah brdslalizEoatne 12 2rs B0 Biafa A ol
conposi t0 onand systernerealsing digh imwedandsi ghe FEdiiunotciorgesenal, EFd &or hight-pawerhe
graded buf f%PfgﬁH@ﬁ!{shgﬁQs fsﬁggl‘ﬁ%ﬁ iﬁie{rg‘% Rirelb € cHhmaRYE gntng%ﬁ b%a%c&&at very

accurate cont conposttion s required during

f abri cat i ontramsanitters. buffer thickness is relati veI y large (i.e. gr eater than
1 pm. 5 Clearly there is a need for roved buffer |ayer growh

t echnol ogy for hFigld-effestiransistersisire pble t%b&?ﬂ?@ﬁ@@épﬁwlllcﬁndiﬁ@m’ﬁteﬁdi"pwb(lﬁje

CheCEr LS b ShoiBic beh BaREnthay Woldangs Br PErRRAgAidMRriipbhaNe, 2nd

t he hi gh indium content ers |s woul

i ndi um tﬁnnt@#ﬁhq&IQSlﬁwf%lcﬁB%Q'tome% dieges. ayers resulting in 5 structur es
havi ng very high electron nobility. Ideally, the buffer layer is as thin as
possible in order to reduce growh tinme and cost. Summary of the Invention
According to a first aspect of the invention, there is provided a

seni conductH!Q"!L6|°§FP!]MQP‘B‘YhTﬁPﬂQtWQHEUFbct ron mobility, for use in hi gh
speed devi ces and. | ong wavel ength devi ces, said structure conprising

GaAs substrate; %lwhe%«?thé\ﬂowtv Aranisistors AtR SAMIEREIRF deessyin whichdhe an I nAs

buf f er | ayeghdnderit @k twat@meRsibRdIIdcien HO M 4 alight@ndvelihe epil ayer, 15
wherein the GaAs substrate has a first lattice constant, the epilayer has a

second 2@mttice constant different fromthe first lattice constant, and the
InAs buffer layer is adapted to rel ease strain caused by m smatch of said
di fferent | MahufattWwe ofiRET'S & HEMT’s
FET devices are constructed on a substrate of doped semiconductor materiali.
Most FETS are constructed with silicon. In order to achieve a higher gain-bandwidth
product, other materials have been used. Gallium arsenide (GaAs) has electron
25  mobility and drift velocities that are far higher than the standard doped silicon.
Amplifiers designed with GaAs FET devices have much higher frequency response and
lower noise factor at VHF and UHF than those made with standard FET’s.

The inclusion of other elements such as indium (In) has further improved the
characteristics of HEMT’s. Many HEMT’s and FET's consist of high indium composition
30 InGaAs/InAlAs structures on InP substrates. Those having structures lattice-matched to
the InP substrate exhibit higher mobility and higher saturation velocity and high quality
Ing 53Gag 47As and Ing 52Alg 4sAS epilayers can be grown on the InP substrate without



Preferably, the GaAs substrate has a GaAs buffer |ayer fornmed thereon. The
GaAs buffer layer typically has a thickness of between 100 and 300 nm A

t hi ckness of 20 about 200 nmis generally preferred. Preferably, the high

i ndium content epilayer is forned of material chosen fromthe group
conprising InAs, InGAs and InAlAs. InAs4s a particularly preferred
material . SgRednhbit! U 1RG4 EHTRDeR érrmao.ﬁgweaﬁan%ew@yﬁaﬂml ng an
i ndi um content of greater than about | evel s of” I ndium are

hi ghly desi P3%hlcanibe Obﬂﬁlmcbbﬁﬁeé&n tb@!ﬂﬁ %&Stf@tﬁs of the above devices. Were
the epilayer is InGaAs or InAlAs, and the indiumcontent of the epilayer is
about 90% or nor BighriedigmdIry conant IpGaAwinAeeatEuduesen |lrr%@rttsé'ateswhlglh s

because theei@mémfg%.r{@m té/' %(?H aaﬁesvemomegealalyxnérséﬁngdnanncﬁmut 1

% However, in situations i ndi um cont ent of ayer Is |less
t han abdut 9UYgntimthe laiGa:eds ﬁh\mtlawrsesm@thﬁnw@lqcﬁmeﬁ%ﬁtwemasa;aéﬁ and

the epi | ayelre ohaREH bAAFaRANHLANAL, G lbiiRed MR AptovEg M T ed. Thi s

addi ti onal I's required to rel ease t e msnatch between
the top epi berjarmaneeiof these sexgiconductar deviges. . queaddﬁ’tsubs’c@ltemenanyayer

shoul d possgisg antaged TBmpfedii é@dsllréitetsh&cﬁ rﬁegcé%ttghgﬂe?g tan& %
art as Chat of T pilayer.

lattice 6 const e I'nst ance,
epi | ayer i sgteafmr fagilityhd hecaiorei ibribe Iabhﬁeflvefearame ha?bw sansiderabis lntemastks or,

| t j
D L = Y
| nGaAs, thesmmateSonal buf fer | ayer may be formed 5 of |InGaAs. However, in

this case, the additional buffer layer may alternatively be forned of
| nNAl As (wher e t h8 majerproklemassociated with growingrhiobrindive campositiost anti al |y t he

same) The ag@rhkhﬁ’dlﬁjtoré Bﬁ"t‘;%%s%b&t?#ﬁg &Hftﬁeel%hdea\¥fﬁ§_\s hﬁsﬁ?ter A oRWd er

accommodati ng t ttice msnat tween t t he
| n- cont ai ne§adpiskbsteate and highindium conteeirapilpysrs. taltiee-owEmateh injsenfigandueter

preferred tﬁ@ierﬁnsrbahgss a@rax&.o%@m.apﬂgg;sﬁ Eég neﬁomé deog\e?.buffer | ayer

is relative For 1 nstance e I nAs fer |ayer

may be |ess thanEﬁQﬁé*ﬁav’e%eﬂ%adetto rédljdértﬁ@%an'%@&%reﬁ% E9aL E&Qra&&é%ness
of the InAs buffer layer Is | ess than about VmEUffﬁje”e

enbodi nent b@ht'ﬂﬂéumm@tﬁﬂiQﬂ#aYQfﬁé’YﬂﬂﬂQQKﬁégg b@ffeltwq_fﬁeqtl sheyldicagier i s
| ess than aQ@uUlvokGhdaghd:.for instance, it can be about 7nmthick). The
surface of the InAs buffer layer is relatively smoth which is one of the

reasons whyyt i §cc%‘r'r'nrﬁé’é%]tu%nfof)fhegétﬁ&é &%n?dicrﬁw foR¥&Hor st SR dRfiodationd?aR er abl y
the surface of the InAs buffer layer has a root nean square roughness of

less than apgut fapiihg E’ftﬂfe%ﬁh'd)é)ocb{?&wsré?@tpr%ﬁoﬁgﬂﬁéﬁde?ié@Bt"tﬁﬁﬁtdtﬁe| €SS
t han about 0.500 nmor, nore 20 preferably, |ess than about 0.400 nm In a

preferred embodi ﬁ%’l"f‘tyeb?mi"’ﬁé’”ltﬁ?@%‘?ron the GaAs substrate of the
sem conduct or st uct fo Ga@%w 10% According, 1o a second
2opect of the | niERS Bt i s et pRod FEARSHOTE S PaHED A
sem conduct @cﬁntéﬁtrepﬂéyerrehaqﬁéznﬂélduétgthbcmsb beaﬂ|hé§rty REPRCIhGaAs bR iInRIASVERSr | on,
said 25 net hod corrprl sing the st eBs of: (a) growi ng an InAs buffer |ayer on
a GaAs subslkvek el heath@kness of such a bUffer layer is generally greater than 1 um. Several
25 publications have also reported the use of step-graded InGaAs or InAlAs buffer layers to
improve the quality of the channel layer. However, the thickness of such buffer layers is
generally greater than 500 nm. In such systems, the indium content is generally no

more than about 53%.

US Patent 5,770,868 describes the use of a GaAs substrate with AIGaAsSb
30 buffer layer having graded As and Sb compositions for the fabrication of high indium
content FET’s. While the graded buffer composition reduces strain, the disadvantages
are that very accurate control of the graded composition is required during its fabrication

and the buffer thickness is relatively large (i.e. greater than 1 um).



(b) growing an epilayer of a high indiumcontent material on the InAs
buffer layer. It is preferred that, prior to step (a), a GaAs buffer |ayer
is formed on the GaAs 30 substrate. In this case, the InAs buffer layer is
formed on the GaAs buffer |layer. The buffer |layers and the epilayer are
typically grown by nolecul ar beam epi t axy ( MBE). 7 Preferably, the GaAs

buffer layer is Gfe@mﬂtr%'i'e%éﬁé’&éﬁbﬂmﬁ’r&e@fbuﬁepﬁg Qrha8&hndibghFortfgHn
equi val ent pressure of between about 0 orr and 2.0 x 10-5 Torr.

Preferably, elﬁﬁ@m@%@‘arﬁegﬁ‘iﬂnﬁaﬂ@ﬁt'" Brdes & previds efigeiive radustion gprelpapg,of the

Preferably, stdigbbfiienubiRs sdtﬁ&f@fe drdl t8€ AN irkdiurA chRBREIEPErST FhifwatiRPerabRDOC.
In the above nethod, it is preferred that the |InAs buffter Iayer and the

epi | ayer ar ésgjiodimade of h'@fwéwm eqrdem(umtorkmest 1) eriayses. seruitingde.
Preferaldy, silgurke Wﬁ@bé#g%drﬁelé‘&%tmmlw: \deafiy, H@o@fe?l’é@y@r Rasttif akNAS

buffer |ayer and the epilayer, the beam equi val ent pressure i s between
about 1.0 xPaspibie Wﬁeréﬁde 1cg growth timerandrcosbr ef er abl y, the As beam

equi val ent pressure is about 1.5 x 10-5 Torr. 10 The nol ecul ar beam epit axy
can be effected by a solid source RIBERTM 32 P MBE system It is further
preferred that the InAs buffer layer is grown at low VIII ratio, typically
| ess than 18ummaryofthe inyeptighef erred that, when growi ng the epil ayer, the
VIIl ratio is up bout 50: 1. 15 the above net hod, the I nAs buffer

| ayer is typical 69"0@369\}??353%5&?&? e fveptianHere Siseidest? SPRIceRRH YN onds.

Opti mal iy, I;thm@b%aemgw élétftrfoﬂrmétﬁlltﬁrfor\/udehn ngh spBbY deissyardang t he
di sl ocati ons ?énerate fﬁgts?'a ice msnmafch and rel ease of the strain

bet ween epi VayReNhdey SHUCHIR COMRISINGr ap t he di sl ocation and prevent

their propagation in ? t he éo epi | ayer grown on the buffer. Wthout
wi shing to be bound BPHREYPSIa®t appears t hat the inproved atom
m gration- enhancenent teEahnoI 0 of the (g}tesent vent| on i nproves the I nAs

dots size distributi IheRBYPHY AL NI ctent MAGHELANY he surface of the
GaAs t bstrat di st f be |
Chan 10% W th for ¢ el Mgsaufer Breniogaed st ”ﬁ%ﬂ'a{aﬁﬁgéugﬁq% %&s”‘a@ﬁ?@e’ the.

| nAs do§ start t@ dlS oIv rfacels f or nmed

nNAs
wi t hout “any cr acke® sggft@ﬁggggﬁg?a[t%cg F‘?Pﬁ tfbee‘?%g%?{ qaﬁe@ GaAs type
substrate aaebmb%tmegdmnstad\t dnfferanhfremtth@ﬂnst la;tlee chmiaduemd thellssiaffer layer

vord-compr PAEeRRTEESR SR BRTE fERPLELS ofif f%t'%ﬁiﬁ%tg? A% 11 e
under stood o T nBlgecdfl, g Gl Bl ey e%sgéa[Aastb oFR50R0 edt'%?e%ﬂr 185 Step.

or group of elenents ers or s u5| on of any ot her
el ement, i nGadebutier layapyplmailygasamldfnees oftieativeen 1600 ergﬂaB@;O om. X tbizknesamf

di scussb(pn Qlfzoﬁ%ﬁb”ﬁﬁﬁgglen&%tsﬁ%ref@;e%“ al s, devi ces, art! cles or the like,

whi ch has been incl pr esént speC|f|cat|on is solely for the

purpose of provi ﬁfé?&a@l th§ hﬁ;{mﬁ(ﬂffrtn Joﬂ{enf Qﬁgfa%%?&heh %Yﬁ{éttérgf‘chdsbn IS0t O

be taken as an adm s&i&h th hese matters tormpart of the
prior art btheegroup omprisienimda, IgGﬁésandkMelu@ela mparmeulam)emr@far@kimgnalto

the present invention as it existed before the priority date of each claim
of this applicatPeeh a stragzbarermait alow fof an ecamitaj iaper hayingran iodiumi | | now be

further exphaingichr gRshdrthaipaicth B8DBUEIPHER RISR f kb aRRGNPABHIIAR i Our es

25 practical applications of the above devices.

Where the epilayer is InGaAs or InAlAs, and the indium content of the epilayer is
about 90% or more, no additional buffer needs to be inserted. This is because the
lattice mismatch in such cases is generally less than about 1%. However, in situations
where the indium content of the epilayer is less than about 90%, the lattice mismatch

30 between the InAs buffer layer and the epilayer is greater and additional buffer is
generally required. This additional buffer layed is required to release the lattice
mismatch between the top epilayer and the InAs buffer layer. The additional buffer
layer should possess the same, or substantially the same (eg within about 1%), lattice



Figures 1A to 1 F are six plan-view (5 x 5 mcron) AFM m crographs of
sanple 10 structures A, B, C, D, E and F, each having an |InAs epil ayer,
grown on a GaAs (100) substrate for 20, 30, 40, 50, 60 and 80 seconds,
respectively. Figure 2 is a graph illustrating the tinme dependence of
average lateral size of InAs dots formed& romthe I nAs epilayer. Figure 3
is a schema 7ot on a 15
P e S e e i A
of the sanpa@dlmhuffqﬂlayegmae bgfgmwcgm/&mgruaﬁemamelyo In@ans oyhene glean AFM

scan of the, haWmhn he surface
nmor phol ogy o?étg%lgﬁ?tﬁAs bué'?séfé’fm;g/%r”ﬁa'grt%%ggﬁgg%zag%gg'%%ﬂom substrate for

80 seconds. Fi QuSRfIaAf e 8P @asvepisqﬁcyw%e’%&é.mn%r GgHeR Y8 iy baGoRRP! es
foll owi ng peri ods how schemati c cross- sectlona

repr esemt at PRSads. Hﬁweg%mwltbﬁ case tthreaddifinnal buffer layeq ey ltgraatively 8 show
reflective Ry 8N @8R Btild ddrdhicst ihdialenlisie BabdiatiaRy the! | ng

evol ution of the InAs fer layer, as the growh the layer
transforns $amMel 3D to 2D Fi gure 8 is a Mcro- Rarran spectra graph of the
InAs strain rel eased epi Ia r ?ures 9A and 9B are CSTI M i mages show ng
m smat ch di sl ocafheaddiiign nAAs buifeitiayes is 2graded petferccemmedatittes.

30 Figures %ﬁé@m?sn%c@ﬁ&m@@mﬂé ir2sureHatdMe i ReMRaIneS e?fieF ®Rh fPnm of
the InAs epilayer, at different scan ranges. 9 Figures and 11 B are
cross-s&kti mentmﬂthm%é of different magnifications, shovvi ng trappi ng of
t hreadi ng di sl ocations by the InAs buffer |ayer and shovm ng

di sl ocat i on dens|tﬂ5yfurthert9@fel’rﬁ¢x§"3é-rjp vaeﬁpg‘iﬁ%guﬁgﬁt%ﬂ"‘lé@ H\A@ bufterkrRD
graphs of I'é?ér{ i5 'ﬂeﬁﬁttv%ﬁl—thpnuf:&eihé% théthﬁlﬁedsrﬁf% !nﬁ@ bY}fférI Ia%‘?"t‘hiﬂﬂoé‘ ldd her
Wi

descri bed reference to following non [im QIXEH‘
Exper i ment ath ap@fpgptt@Oggvéhlsggmrggefqrecgtha@he@lc@es¢og 8“@‘ ffer lavepisr ed as

descri bed bgkghanldhobt z@hrlnym §br>éfe$|%@mn%dmérﬂ oB WA PloS 8RR tHidkhsbithe GaAs
(100) substrates using a solid source Rl SER 32P npl ecul ar beam epi t axy

(MBE) s¥&t ePﬂAsA’Ufeb'aM?ﬁ i fgisg thansatoubig f"@r(fqrétlﬁ@“cﬁdéciﬂ BRRCUH 7f‘ﬁ‘éh'%%s ( 100)
substrate at 600_Cwith 1.5 x 10-5 Torr As beam equi val ent pres e (BEP).
On this layer of Teagtassfsfhe IR bifardayesjrrelaiey saRk Wiaeh sianeel die

dur ati ons atealzénéﬂﬂﬁtw éd’laBlerP@ré\ng aﬁcergway& oh%rm;ﬁqmryfa}ab thekegsdy & at
VII I I ratio of 10; narrel)é 40, 50, seconds and the

sanpl es mr@el'aﬁ%PP%'Werﬁas roctsme.enaﬁqaaw’e rPH%'H@éFP%'@F? aﬂ QYeht®- sanpl e,

Sanple G V\/stsef@rrz'ae@athedou%m éd'lu@résu’bﬁghrﬂis@% las€ BadiabbNE5@Enh@r, hée above
epi | ayers. aner grown on the GaAs buffer Iayer 20

er
(whi ch Fer P@;&ra@iée&t&@ 'rat e) for 80 seconds. This InAs strain

rel ease | ayer

In a preferred embodiment of the invention, the GaAs substrate of the
semiconductor structure is formed of GaAs (100).

According to a second aspect of the invention, there is provided a method of
producing a semiconductor structure according to the first aspect of this invention, said

25 method comprising the steps of:
(a) growing an InAs buffer layer on a GaAs substrate; and

(b) growing an epilayer of a high indium content material on the InAs buffer

layer.

It is preferred that, prior to step (a), a GaAs buffer layer is formed on the GaAs
30 substrate. In this case, the InAs buffer layer is formed on the GaAs buffer layer.

The buffer layers and the epilayer are typically grown by molecular beam epitaxy
(MBE).



(SRL) was fornmed having a thickness of |less than 10 nm Upon this SRL (or

I nAs buffer layer), 180 nmthick a 2D I nAs epilayer was grown at 500 C with
VII Il ratio of 50:1 at As BEP of 1.5 x 10-5 Torr. Once preparation of the
sanpl es was conplete, the sanples were cooled to 25 200C under As

at nosphere before being renoved fromthe MBE chanber. The surface

mor phol ogy of th?’réf@%lyeﬁxev@éAﬁglﬁfe?HySF |'s,§3?<§{mb¥t @?én?de?é{ur%%\ﬂaﬁeﬁr@bb@gn&m a

contact node of a silicon nitrid

pl an-vi ew ARMAS tzﬁaaw%merﬁpr@amqi@ewe@@ abouilfl Buri@°2Tarr pnd2 Pag HE° Ters
dependence @fref[a?atb?;f #He Ad B@anQE%uﬁﬁéntcﬁ‘Pés%uFér‘ls%BQWhS %i16%.ToRO FrbferatfiP ki 9" oWt h
procedure bei ng shown as divi Into four regions. After initial” epitaxial
growt h of ale¥s Ridler jaygr sayewn ataa igmperatere afigbewt 599°Geconds), the strain is

i nduced by about 7%l attice m smatch between the substrate and this
epi | ayer5 This sintiembare nethodhibis pipterregdithad jhe Inf\s butieriayes iaad de eilayere

Stranski - Kr agd &H&Wﬁ ata#@mﬁ@ra@re Bf %Eeﬁ‘?ﬁ’&t 390‘@56(95%%( fﬁr@fg}ﬁ% 9]e20 s) as

shown in Figuré 1A These islands coal esce are not co

separ at ed. &m@ﬁeratumsmbow $095¢ 2 bosthe @romthof thenaAs §uﬁ¢fd%ve¢@a¢ aset:w ¥eT her
and separ at gne R§b§é]ﬁ%uh&leﬁl' gHeére %‘be&@eé&boﬁh@%& {d d %r?§no$@@‘el {dtergr.owt h

of nunerous | nAs dots being over 400 nmin |lateral gize. The size of InAs
dots is contreferadly. Bxﬁ/bqnlaempﬂta&%erdm&ls@omw 2kJfs TOH- t he substrate. At
grow h tenperature of 500 C, with low As BEP (2 x 10-' Torr) and low VII1]I
ratio (10:1 ), tfBeimgiequardeam apitaxueandre eftartpddy & selidreHEceRIBRARIM 32 - As
bond ener gy pH E@téa_k\]/m)l an indiumatomis not easy to conbine with an
arseni c atom EI' i ndi um atom can surnmount the surface potential and
easily mgrate tﬂ"?@ftﬁtﬁeﬁﬁr%mr:%d‘%hé}‘fheﬂﬁﬁ IstuRBr 13 er'.é gnlé%raﬁ‘id?;ﬂvﬂﬂrﬁf I .%auyT he

i ndi um atom surface mgration | engt econes r conpare g

hi gher VI 11 lesgtthan - omlﬁfttfﬂaﬁdprpfe@ned ticat, when @ﬂowmg thaﬁaﬂa)'Bhéh@]MHIl é%tlcms)np ar ea
i's proportignghqfi8otshe indiumatommgration length. Therefore, long In
atomrrigration(fength results in the formation of giant (over 400 nm InAs

i sl ands 15n 15 t hi$ine@Bo0d methodDie! IRAs i la%/egfsqyﬁu&lrrytgré\ﬁn RrageRBlbeed that
the lateral size, height and density of the InAs islands renmain al npbst the

same. The woeiWasg abayes0 ard 1}fs3e8neS-and becomes t hi cker during this
procedure. It has been rgﬁrjorted that _the wetti ng | ayer thickness m ght
i ncrease even af QPtimMale the abyglndsbufer iaygs wetied Q'Mé‘ﬁﬁ‘lm‘f”%?@t §t has been

found that, dWIchtlér{legén@Fété'@By laftice @@iSRaich a8t P¥basd bfltRe SthAN 8BEveRRRplaye? 20
seconds), the | nﬁg i sl ands coal escence and this is evident fromthe

exi st ence ofind sHpgtraR RUEBIRP fra. thedislerriiRA and pp?vgm Beir propagatianindo Yieowt h

period bh | eplidye fr%?o@mn th8 bue60 seconds), the strain between the |InAs
epi | ayer and the As buffer |ayer becones larger with increase in the

9r0¥vt h time and Wimohn.%hmgité ayaburhﬁ@pme&ymbpﬁéaa@tr@t tHeNmbFivedeshod | 11,
uni f or m gi ant,

ots in le E ee Figure E). are 25 . on the
S0t ace ot - BRI ENACemant BEIldvel D IERET ARG TRy Sy i FAS Ot SFR1 1 he
hei ghlt ?f Ej liestritation as ehealhas Hots.dvd growey dithaRdrfsée ¢fithe G&Ae@}pe\@bytrat&'hfrﬁlel S
exenmplified in Figure 0,Xx ro M. scan o e E.
The Pl ot alee TP o RS eI ey B8 s e B BT Sro@h BT £
10' cm 25 anduplbnlﬂewledb @garnrc ?]mnsldmhr(s e IhAb eba:csta:] mnww:egmidgfwery smwilhl InMg t hihn
10%It|scacuaetatevo me of the.|nAs s 1,5,30 .al nost the
sane as t heSPRE S g Hivitiput Ay eragks ouhicR | eu#ﬁngeg.&agme st Petyeer feai n
drives the @Byrsapsd substrateadndrifie high ivdiirh icogtehibaplitydrihas dabr seleasedd t he adat om
detached fromwetting layer to formgiant dots. Recent theoretical nodels

for InAs/ GaAs quahtaughouatttisis &speatfidatiom meswtndﬂmntéxneecﬁﬁreabtmemwsm woam

e B N

11 30 theinclusion of a stated element, integer or step, or group of elements, integers or
steps, but not the exclusion of any other element, integer or step, or group of elements,

integers or steps.

Any discussion of documents, acts, materials, devices, articles or the like, which

has been included in the present specification, is solely for the purpose of providing a



In the present case) alnost all of the 2D wetting | ayer coalesced to form
giant 3D InAs dots to release the strain between the InAs epilayer and the
GaAs buffer layer. Such a process leads to the formation of giant size InAs
dots, three to four tinmes larger than the lateral size of InAs islands
formed in region Il. The lateral size dediation of 5 these InAs dots is
vel 1wl t i Nod 36t thiind BoskROhAhtbY: 118 Adito B tekefled ' barlidiortihaniny i ofoL S
di sappear in sanple F and the surface becomes flat as evident fromthe AFM
m crograph thege nrattgraferm pamt of therrgier ant hasg onweracparonganesl koewledeg)inHhe eads
to adj acent fligfsie i 118 pFERFRGEMBNCATH IAURHBYARE plibiRy BhfeHrRabR LitREN ¢ he
| nNAs epil ayer and the GaAs buffer layer Is released. Thus 10 an InAs strain
rel ease | aygtthispplieaiieed. This is al so exhibited by Figures 7A and 7B which
show a RHEED pattern being firstly spotty during the InAs growth (at 500C
growt h t®nperature) and then these spots gradually diminish, and finally

t he RHEED pattern becones streaky after 80 s of epitaxial growh. From

Fi gures 1 FDggeription of thgFigwesecen that the root nean square (RVS) 15
roughness of the_InAs surface is only 0.369 nm which can be conpared with
that of epi-readyh@ivention will naw bg fuithas explpined ane ilupirated Ry refeencain®d out to
be conpl et ehycdhinyRgFighies@@H@R; for further regrowth of a high indium
conposition |ayer. Figures 6A to 6D are AFM mi crographs which schematically

ilTustrate the grukds 1Nd 1FUAE BRUAAH-vieRqb R Frhidebr) IAFMA Ff\ll&og*rﬂﬁ% Siampllr i ng

the periods |-1V. 20 Figure 6A shows a sanple structure after_period |
(i.e. 200 sedbidyrs AaB. Eald. %@”Qgeﬁ?‘?hdi'aéﬁﬂg INes e&#tyeﬁ@[ompm ady 1984 dot s
form due toslisyhatd for 26,30, 3050260 afit B0 3bbeHus! RBPEdIvelpr | ght spots a and b
represent two giant InAs dots formng on the surface. Figure 6B shows a

sanpl e struct ur erglitee? isregrapll illlstrdting@he RO dbpSitiehes eNaliragdlatdfal dzed?ot s a
detaching from previous positions. Such adatons

and d represent K adato
coal esce toﬁ‘?bﬁrdrﬂtﬁ %ﬂg%[ﬁg@“é?% NASER8¥a ght spots b and c). Meanwhile, the
wetting |ayer becones_thicker angd the strain between the | nAs epilayer and
the Gads butter PR (s saratele Tstiion o Bedndin S8 dipradmiaretan 2ha « or
period 131 @GaAe subdirid stfhceeconds). 30 G ant (over 1 nm) |InAs dots have
formed on the buffer layer. Figure 6D shows a sanple structure after period
IV (i.e. about 8Pigascamids) 20 A0 @dtrohesspedtivetARM geatndf tlwtampla\stowh $si pat ed
havi ng a re':ati vely flat epilayer and the strain between the epilayer and
the buffer ippears to have been rel eased. 12 During the InAs SRL
growt h, observation of,in-sity.RHEED pattern exhibits change from spotty
Do st reaky T nos- BRI 74 JpfierkR o A Redi i SpBrnBR R FBOR B
from3D to 2D . i bov n fecti.ve ff houl ssess two
functions: 5 (1 'gqlgenéaééc)%gnt’rgnt)@ea?uer%ic ﬁgqoé?icil%é}a%fi\{%en@%gﬁg?@? 2“5 g')?aﬁaot%ﬁ?ce
m snat cR0 an®Galfel( iy eubsimts far 8D sebmtdseen epil ayer and substrate (2) To trap
t he dislocation and prevent their propagation in to the epilayer grown on
this buffer. AccbigdiesdiAto Glbshmvopien sieaARM mierograght of the sagplss fellewdngh buf f er
for the epi f;éﬁ%d%'l i Qn GhE Y angéh&'/ ShehihtiG Qs Xbctiilal ApflseRfatibN ofthe ' - @ 180
Wds grown above

nm | nAs epi ["ayer
samples at these periods.

Figures 7A and 7B show reflective high energy electron diffraction (RHEED)
25 patterns during evolution of the InAs buffer layer, as the growth mode of the layer
transforms from 3D to 2D.

Figure 8 is a Micro-Raman spectra graph of the InAs strain released epilayer.

Figures 9A and 9B are CSTIM images showing mismatch dislocations in the

crystal structure, at different scan ranges.

30 Figures 10A and 10B are Depth-resolved CCM images of the top 50nm of the
InAs epilayer, at different scan ranges.



the InAs SRL under VIII ratio of 50:1 at As BEP 1.0 x 10'5 Torr (sanple Q.
During the growh, observation of in-situ RHEED streaky pattern confirned
the 2D growt h node. The top InAs surface is substantially flat, as reveal ed
by the AFM result, having a RVS roughness of 0.456 nm 15 Figure 8 shows
the mcro-Raman spectra of sanple G The9anpl e has been characterised by
the spatially reﬁ.ghga@qﬁagmm%wswgcmnﬁeﬁ%agemd. fidteniof an argon ion
| aser. The scatte di spersed throu e JY-T64000 triple
monochr onat Begeifieations, aﬁhpwmétappmgapf threadieg ﬁlisloﬁ@tgms byds bdsboffetleyerandr . The

accuracy du q;ﬁp@esng cm' wth a lateral spatial
resol ut! on o?é %Q%B%%Q e scgﬂﬁgﬁéiﬁ'éhltgy%vas det ect ed in several back
scattering geonERgu.%gmwynghz@ é‘Fﬁ@RRﬁb ér%’ diheAs/hAg ffe?/@%Ah(XX)Z

configurations man spectra s ow | nAs LO p onons omthe top
strain fgee | ayernapgentdhfy I?n&\ﬁbe?u’}ﬂwezéés(%bﬁﬂ With réreRAeE td e8liiowieasn-val ues
are very close to the values obtained froma LEC grown I nAs 'wafer (250
m cron): Ldim#ingegample: and 234.2 cm'. In the Raman spectra 25 fromthis
epi l ayer, we have observed a linew dth of 10.6 and 12.0 cm' for the TO and
LO phonons, respectively. Such a narrow Raman |inew dth of the epilayer
suggest s good crystal line quality. In addition, the spectra show

consi st encyEx¥penimental re8Wlts sel ection rules and represent the (100)
orientation. Fromthese observations, it is apparent that the strain

bet ween the | nAsS@sn salesshE. ,%EsEt%\@r%wewspﬁr@é@sﬁsw&eé&s&w by InAs
SRL buffer. Bemge t he functl on of releasing the stral tween the t

InAs epl® ayer anBirstssix sBRIES Heee IPHRLNSRMI F‘gﬁ‘f‘&? Iss'BStf*?t%l?)uﬁ'Pﬂese

m smat ch di §Is@wC%dmRm @ZFEH'@IchFahBéémléb%@'QMBB)@ étsﬁmOAtt@ﬁﬁltﬂnawer gr own

on top of the buffer r Vv di sl ocations
can al so begﬁ'f’%gﬂ@?{ 'Wr\t("ﬁé QFMO’SF’%?(E"% @PO) trﬁ@%@ﬁ@ r‘i‘t‘tg To? X 10° Lro"
dept h- r esol xedesidy0RblehtyeressUré (BER?). M croscopy (CCM and channel |'i ng
scanni ng transm ssion ion mcroscopy (CSTIM have been carried out which

gan bg used to noaftmsragat d')fCH‘a%histﬁléahT lmsaiﬁwmsagro\wﬁdr@iﬁeirm d&?ﬂbh@aﬁnd to
pr odu [ S . ndi tal. dislocatio mln

ool | ayert or SRPEwil 2b XA ol R ShatE pvalud igrsues A /iaBe Gets bceltor
sanpl e was 2i3dneao, 300 68 @ndi80setordly and ity sargple® deredabélled A W) S, DaEarkdd® CSTI M
anal ysis. CSTIM.i mages are shown in Figurs 9A and 9B. Figure 9A shows a 500
x 500 nm scHiP ?%IWHE and Figure 9B shows a 50 x 50 nm scan range. The |ight
col oured pattern |nd|ﬂ_(1:ate de hanlneél ing 10 i&/ns. % re reseg’i ar£cﬁas W th
m smat ch di sl ocaf'i*6hE™ ﬁa’BP'ﬁs gnee 8%%? SN TGOV ETGIR i n

Fi gures 10Aasfu the dldve Epipers. MMSamé‘eldbyérheastgrpWBanm GhAS baffémd\er

epi | aye Fj.gure 10A s an r . d F| ur shows
200" %2 ooU iRk AYS R Eakh 30D Spdlleoh 86, 2804rRRS fris VS et RReSe Bvih
i ndi cates v(ﬁm_)gmsdochmayingwmiakhqsscﬂf lésdsehapi 0 afynerUpothEerRh (oh I ASB LIt

i mages of Fj esnd een . ch is
hi ghly def e,c? %e%oa@‘ %ﬂ‘l ?gggthle'%s %ﬁgyge}%}'azré OW%' gﬁ’?@?ﬁ% n "?ati?ta%%é %(HA
contrast, i BElemEnngﬁTdned variations in adjacent crystal qual ity. From

t he CCM i mages shown in Figures 10A and 10B the distributions in signal,
measured from a Qoge prepératipn Dbthé(sammeamasmrrmiﬁte dhesamplet ssee cadiedviono

change 59 oML 1o ULl Aloch8: e ilre ik NEmBled il Mg %ﬁlghaaqblperefore

i s deduced € con I'mages i s oca a depth

t th 50 TE
?;rggegrshoanq in T:mgar a%i’l"zsﬁé'%&]"ft‘@@ on#'?’?%gtg ﬁgérg?%f'g%hetr% con '?ﬁ'glm(ent N%)f
m smat oh di spavetinig ana comtactaaodehaf al silikon BRIidéti. f Bigure$HaA tpriﬁm‘@wsﬂmﬁlmmm t he
t_hreadl ng d LQ/?@{AP '?Fogrtp%%%ngnﬁgskqA% SRL 25 and there is | ess

di sl ocati on ens epirayer. InAs SRL effectl vel y accommobdat es

the threading di |88%a§ fll&&ﬁat%ﬂtﬂ L?%rﬁ tnée hplgtprgl s (ﬁgtggn gmhttnﬂl‘% top

| nAs epi |l ayer. I'mages ayer “crysta
qual i ty30s gleod)ole’gnowth grobetdurheelngohbwn aedlvidednmtoﬁeurrreglpnﬁv HR- XRD | nAs
peaks shown in Figure 12. On the other hand, the lattice constants

cal cul at ed from Abediitizsirepithxialrpre@th 2y abiweiting Riyer (e.g. after about 20 seconds),

the strain is induced by about 7% lattice mismatch between the substrate and this
epilayer. This strain drives the InAs epilayer to form islands in the Stranski-Krastanov



30 orientation fit well wth the theoretical value 0.606 nm adopted from

| offe Institute Sem conductor nmaterials properties sheet, which also inply
that the strain has been fully released by the InAs SRL buffer. It is
concl uded that the InAs SRL buffer described above is superior for the

growt h of strai n-free epilayers for el ecflfonic and optical structures. 14
It will I MR
vari ati ons g@}pﬁr §de\ﬂﬁ ﬁ‘g)fdlgg% I@r{)oﬁi?'lﬁg@‘ﬁbtb ik eaQtsF(;Q\tﬁ ﬂ”.&' %'/Jeaﬁﬁ on a% insdg“ bed

herein wuth@galewgeanmaﬁgnotrqmnjﬂelwpparatedor scope of the invention. The
present enbodinments are therefore to be considered in all respects as
i | lustrative andmesarioddkfiomc2q s/to. 50 s)the slanidmsoalesor fyaherandhepatste. &8 uct ur e

havi ng hi gh sﬁéﬁﬂnﬁﬂ?‘ur@?%!tbﬁb 'l*p?ée Hfred Bndw Gl g%\ﬁﬂ:ntcff%yma' sllhAY dots

transi stors ect transistors (FET s id structure
conpri si fig: bsing oxerdfsnngimpleteralisize. - an epil ayer of a hi gh indi um content
material; and - an InAs buffer |layer |located internedi ate the substrate and
the epilayer, whéhepigechihAsdats is ¢paireligd dy e syfacedypamigs of heate®aondir , t he

epi | ayer ha%u@st:%?&Oﬂtzggb\ﬂfhttbﬁﬁ?%ﬁﬂétoﬁ%o ¢ it O‘S\D‘it\sz‘EW(i X¢0 T T8rPlarlddbi ! ce

const ant, and ayer IS a rel ease St raln caused
by ni smat ch VéH! ratig (0d).fthe indium atem mtséat@@rl@m%ﬁsenhancw sWith buhs bendenergy

structure a‘éf:%g'kﬂl%otl %n‘%héihmajtom‘f@ﬁét(’éaﬁy tContES with! B bFnk: dtdinl Y#es a GaAs

buffer |ayer forned thereon. 3. sem conductor structure according to
cl ai m 20 whénddm amcam%mgumtftqu sw@ﬁ@rpo_’@tlﬁb@daeqsm BlgTatedowardsstahiekiniabout

100 nm and %Qgh&mas iﬂustété&ﬂ‘F‘?g?'BdWﬁdlﬁ&ré!&%%hﬁa&?&ﬁgj’rﬁldﬂgeﬁﬁh BE@drﬁ%s°’
wherein the GaAs buffer has a thickness of about 20 A sem conduct or

structure alngpEFaBPared ke gate ofhights Vil sptinsgrewihconditighe Q¥ the oter hrah

i ndi um cont e nRIRidtiBY GFed i§ pFIpBRRAal tb MB hBi’éerétQMﬂni@Péi’Bﬁ'lédg'ﬂQ THENSford, MaAs 20
and InAlAs. 6. A sem conductor structure accord l(_goto any one of the ¢l ai ns

1 to 5, wheleatem migrationilenodh ressls inrdhe meamrt@‘rﬁ@ﬂ \@Mﬁ%n@ infifislandsin 90%

7. A serkCOoRgyRdgRin B DG SR BCHONMI NS alsd YedPat Bk lét@ﬁ‘al‘é&@' htah@ O
wherein the epil a;?er has ‘an m?um clontaent ofel ess than ab |outﬂ'élkz)ﬁ)aand sai d

structure fdebsiyof e IpAe fslands remain@imestdhmparperf Tee wekipe layepisatnstablgeanteen

the InAs bUiota,ecsmé@mkeradm.nbhms?mcbaw 1t Has b%eﬁe@a&@adhmtt@é wéftlh?%yéfe
according to claim?7, wherein | afti ce constant of i onal buffer

layer is sub¥ekaess mighy incrrase siven a%ertth%nv%l?atioe@fmﬁé@wqteﬁnthﬂrﬂ@otsp.|ayer 30
9. A sem conductor struc%%de accordi ng to c¢lai wherein the |lattice
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priay unllform contrast as shown in Figure 1F. In this growth period lll (from about 50 to 60
seconds), the strain between the InAs epilayer and the GaAs buffer layer becomes

larger with increase in the growth time and the InAs epilayer becomes metastable.

In this period IlI, uniform giant InAs dots in sample E (see Figure 1E) are formed

25 on the surface at about 60 s. The lateral size along the [110] orientation and the height
of the dots are about 1.57 micron and 80 nm respectively. This is exemplified in Figure
4 which shows a 20 x 20 micron AFM scan of sample E. The plan-view micrograph
shows that the density of InAs dots is about 5 x 107 cm™ and the distribution of lateral
size and height is well within 10%. ltis calculated that the volume of the InAs dots is

30 almost the same as the total amount of InAs deposited. This means that the strain
drives the adjacent dots along the wetting-layer to coalesce and the adatom detached
from wetting layer to form giant dots. Recent theoretical models for InAs/GaAs quantum
dots formation show that the strain leads to an increased number of adatoms detaching
from the wetting layer and attaching to the InAs/GaAs quantum dots to cause a total

35 increase in dot volume.



of InAlAs and the additional buffer layer is formed of InAlAs or |InGaAs.

11. A sem conductor structure according to claim 10, wherein the epilayer
is formed of InGAs and the additional buffer layer is forned of InGAs or
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I Ls! 10% (8L) ()arqggn é% )'Ilhe scatter d Ilght was d|sper§gd throu(gh(the J\$ T%%(;O tnpfe
monochromator system attached to a liquid nitrogen cooled CCD detector. The
accuracy during the Raman measurements was 0.2 cm™ with a lateral spatial resolution

20 of 1.2 um. The scattered light was detected in several back scattering geometries,

which correspond to either z(xy)z orthe z(xx)z configurations. Raman spectra show

InAs TO and LO phonons from the top strain free layer near 216.2 cm™ and 235.2 cm”™
respectively. These values are very close to the values obtained from a LEC grown
bulk InAs wafer (250 micron): LO: 215.6 cm™ and 234.2 cm™. |n the Raman spectra

25  from this epilayer, we have observed a linewidth of 10.6 and 12.0 cm™ for the TO and
LO phonons, respectively. Such a narrow Raman linewidth of the epilayer suggests
good crystalline quality. In addition, the spectra show consistency with the Raman
selection rules and represent the (100) orientation. From these observations, it is
apparent that the strain between the InAs epilayer and GaAs substrate has been

30 released by InAs SRL buffer.

Beside the function of releasing the strain between the top InAs epilayer and
GaAs substrate, InAs SRL buffer should also trap these mismatch dislocations and

prevent their propagation into the epilayer grown on top of the buffer layer.
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10% o0& () -, shown in Figurs 9A and 9B. Figure 9A shows a 500 x 500 nm scan range and Flgure
9B shows a 50 x 50 nm scan range. The light coloured patterns indicate dechannelling
10  ions and represent areas with mismatch dislocations in crystal. Depth-resolved CCM
images are shown in Figures 10A and 10B. These images are of the top 50 nm of the
InAs epilayer. Figure 10A shows a 200 x 200 nm scan range, and Figure 10B shows a
100 x 100 nm scan range. These images show a very uniform contrast which indicates
very good crystal quality of the epilayer.

15 From the CSTIM images of Figures 9A and 9B, it can be seen that there is a
layer, which is highly defective, as manifested by regions of alternate bright and dark
contrast, indicating marked variations in adjacent crystal quality. From the CCM images
shown in Figures 10A and 10B the distributions in signal, measured from a depth of up
to 50 nm at the epilayer surface, show no change in contrast similar to that in the

20 CSTIM results. Therefore, it is deduced that the contrast in the CSTIM images is
located at a depth greater than 50 nm.

Cross-section transmission electron microscopy (TEM) images shown in Figures

11A and 11B confirm the efficient confinement of mismatch dislocations inside the InAs
SRL buffer. The images show that the threading dislocations are trapped by InAs SRL

25 and there is less dislocation density in the InAs epilayer. InAs SRL effectively
accommodates the threading dislocations and prevents them from extending into the
top InAs epilayer. The images confirm that the top InAs epilayer crystal quality is good.
This is further confirmed from the narrow HR-XRD InAs peaks shown in Figure 12. On
the other hand, the lattice constants calculated from (004) and from (022) and (05 2)

30 orientation fit well with the theorstical value 0.606 nm adopted from loffe Institute

Semiconductor materials properties sheet, which also imply that the strain has been
fully released by the InAs SRL buffer.

It is concluded that the InAs SRL buffer described above is superior for the
growth of strain-free epilayers for electronic and optical structures.
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10 buffer layer is adapted to release strain caused by mismatch of said different

lattice constants.

2. A semiconductor structure according to claim 1, wherein the GaAs substrate

includes a GaAs buffer layer formed thereon.

3. A semiconductor structure according to claim 2, wherein the GaAs buffer layer
15 has a thickness of between about 100 nm and 300 nm.
4, A semiconductor structure according to claim 3, wherein the GaAs buffer has a

thickness of about 200 nm.

5. A semiconductor structure according to any one of the claims 1 to 4, wherein the
high indium content epilayer is chosen from the group comprising InAs, InGaAs
20 and InAlAs.

6. A semiconductor structure according to any one of the claims 1 to 5, wherein the
epilayer has an indium content of more than about 90%.

7. A semiconductor structure according to any one of the claims 1 to 5, wherein the

epilayer has an indium content of less than about 90% and said structure further

25 includes an additional buffer layer located between the InAs buffer layer and the
epilayer.

8. A semiconductor structure according to claim 7, wherein the lattice constant of
the additional buffer layer is substantially the same as the lattice constant of the

epilayer.

30 9. A semiconductor structure according to claim 8, wherein the lattice constants of

the additional buffer layer and the epilayer differ by about 1% or less.
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13. A semiconductor structure according to claim 12, wherein the thickness of the
InAs buffer layer is less than about 20 nm.

14. A semiconductor structure according to claim 13, wherein the thickness of the
10 InAs buffer layer is less than about 10 nm.

15. A semiconductor structure according to claim 14, wherein the thickness of the

InAs buffer layer is about 7 nm.

16. A semiconductor structure according to any one of the claims 1 to 15, wherein
the surface of the InAs buffer layer has a root mean square roughness of less
15 than about 1 nm.

17. A semiconductor structure according to claim 16, wherein the surface of the InAs

buffer layer has a root mean square roughness of less than about 0.500 nm.

18. A semiconductor structure according to claim 17, wherein the surface of the InAs

buffer layer has a root mean square roughness of less than about 0.400 nm.

20 19. A semiconductor structure according to any one of claims 1 to 18, wherein the
GaAs substrate is formed of GaAs (100).

20. A method of producing the semiconductor structure of any one of claims 1 to 19,
said method comprising the steps of:

(a) growing an InAs buffer layer on a GaAs substrate, and;

25 (b) growing an epilayer of a high indium content material on the InAs buffer
layer.

21. A method according to claim 21, wherein, prior to step (a), the method includes
the further step of growing a GaAs buffer layer on the GaAs substrate, in which
case said InAs buffer layer is then formed on the GaAs buffer layer.

30 22. A method according to claim 20 or 21, wherein the buffer layers and the epilayer
are grown by molecular beam epitaxy (MBE).
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10 26. A method according to claim 22, wherein the molecular beam epitaxy is effected
by a solid source RIBER™ 32 P MBE system.

27. A method according to claim 22, wherein the InAs buffer layer is deposited by

molecular beam epitaxy at a low V/iIl ratio of less than about 15.

28. A method according to claim 22, wherein the epilayer is deposited by molecular
15 beam epitaxy at a V/lil ratio up to about 50:1.

29. A method according to any one of the claims 20 to 28, wherein the InAs buffer

layer is grown for between about 70 and 100 seconds.

30. A semiconductor structure fabricated according to the method of any one of
claims 20 to 29.

20 31. A semiconductor structure having high electron mobility, substantially as
hereinbefore described with reference to the examples and any one or more of
the Figures.

32. A method of producing the semiconductor structure of claim 31, said method
being substantially as hereinbefore described with reference to the examples.



