METHODS OF FORM NG BUFFER LAYER ARCHI TECTURE ON Sl LI CON AND STRUCTURES FORMED

THEREBY BACK GROUND OF THE | NVENTI ON A variety of electronic and
opt oel ect r oV 2YNi¥¥s can be enabl ed by devel opi ng t hi RGIYSAP/R46600ed | atti ce
constant 111-V sem conductors on elenental silicon (Si) substrates. Surface

| ayers capabl e of agfEYODS P EORMING BUFFERAIIXPRRARSHPAEGTURE ORt eri al s may
host a variety of high performance el ectroni c devices such as conpl enentary

netal oxi de sem conduct oSIKIEANSANDBTRUSAURESWECRMEBTHERERY st ors fabri cat ed

fromextrene high nobility materials such as, but not limted to, indium

antinonide (InSb), indium @A@kl@ﬂ@umgqﬁg NEASTIoNd | ndi um ar seni de
(1 nAs). BRI EF DESCRI PTI ON GF THE DRAW NGS WhiTe the speC| fication

concl udes with cralameRiraedionicrand QRiPelesirRy iR Vicasdcad ke ¢naied/L¥| ai mi ng t hat

which is r e%&%ﬁ n@-"‘thhh{ﬂ?mPél@ﬁé‘dﬂatt|c@‘t%ﬂ&t'aﬁﬂbll \V@Sm%ﬁé@été&ecﬁw é’lfambhia‘ﬁ i nvention
can be nore read ésascertal ned fromthe | om ng description of the

i nvention \M’ﬁéﬁoﬁéﬁ Hpsteades uﬁ@ﬁa@e\laxptsmapﬁbleaﬁ@@WQwﬁg.tm@p@m@maﬂg@ in which:
FIGS. la-1g Jo‘%@ﬁt%@%?é‘ Bty H‘Fattéﬁa‘?sgm%?%% &ﬁt?o@ﬁ&ﬁ@?ﬁ&‘rﬁﬁ:’e Mcttoffe Present

i nvention. 2 represent " a and I agra to an enbodi nent
of the presaltvicenseeh a®nomplementary metal oxide semlconductor (CMOS) and
guantum well (QW) transistors fabricated from extreme high mobility materials
such as, but not limited to, indium antimonide (InSb), indium gallium arsenide
(InGaAs) and indium arsenide (InAs).
BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims particularly pointing out and

distinctly claiming that which is regarded as the present invention, the advantages
of this invention can be more readily ascertained from the following description of
the invention when read in conjunction with the accompanying drawings in which:

FIGS. 1a-1g represent structures according to an embodiment of the
present invention.

FIG. 2 represent a band diagram according to an embodiment of the
present invention.

FIG. 3 represents a flow chart according to an embodiment of the present
invention.

DETAILED DESCRIPTION OF THE PRESENT INVENTION

In the following detailed description, reference is made to the

accompanying drawings that show, by way of illustration, specific embodiments in
which the invention may be practiced. These embodiments are described in
sufficient detail to enable those skilled in the art to practice the invention. Itis to
be understood that the various embodiments of the invention, although different,
are not necessarily mutually exclusive. For example, a particular feature,
structure, or characteristic described herein, in connection with one embodiment,
may be implemented within other embodiments without departing from the spirit

and scope of the invention. In addition, it is to be understood that the location or
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FIG 3 represents a flow chart according to an enbodi nent of the present

i nventi on. DETAI LED DESCRI PTI ON OF THE PRESENT I NVENTION 1In the foll ow ng
detai | ed des¥Pe¢PIlOMS7 reference is made to the acconpaniChAgSEPEMOPYs t hat
show, by way of illustration, specific enbodinents in which the invention may

be pract i cedraRgemeneshadiiaBatdenbRsdABAT éRpitdostd drhisdbndabbt to enabl e
those skilled in the art to practice the invention. It is to_be understood

that the varMeAideeyibenit feRadingfrofmigeispifeAnd spoPaPtiR iNyeNHRT - Bient, are not
necessar i | y i ol bestison OMeRBIRHE: tomeMBkéd Fid Rithgabhec angl ruct ure,
or characteristic described herein, in connection wth one enbodi nment, nmay be
i mpl ement ed the serne dtthe presepoidvenrtionds definesuanivey thetappgniedaiath® spirit and
scope of the i it Q0 b N : the | ocation
or arrange@ﬁ%@%@@ﬁ#%&%ﬂ%‘é Hg(r@m fsh%v]\cnbl'f%aﬁqﬁelebggﬁuIggéﬁ%ggg@q%ﬁ 8di ment may be
nodi fi ed wi tdeims ade patitteidn gn theodnamingss (lHer numenats retss pe thef santeeor siméart i on. The
following d i : Lot | i fore, not to be taken in a limting
sense, and ﬁﬁ@dt@ﬁglggﬂi@%rﬁ}edtg%e%egfﬁ{élir\}%\li/'\gshti on is defined only by the appended
cl ai ms, appropri Methgds artdeagsoeintd, stalcongs vi fohminpa rhickdelecnge sfucegei val ents to
which the clains are entitled. In the draw ngs, |jLke nunerals refer to the
sane or o1 maAPERAREE) Shine Tomer Blrdneaiay el Tian baso BUEREMTVE & gl hode and
associ at ed subsiester fesmiog & Ga(AlAgSh gradedisliffze tayenbn tisd GaSbunueleatien descr i bed.
Those net hodgs i ncl ude. form ng a b .nucl eation_ | ayer ubstrat e,
formng. o Gty AeBS alien Aile et Psdro it b tameEred P e - For m ng
a lattice maingffetnihgal ghaddint AMAiiifie? bn ARe bogorg badRe. AmTiGAd dskde and
formng a graded In"Al'i As buffer on the bottombarrier. An InGaAs device | ayer

may then be RYBWAYGRER RE 95PWHER HHIRIGAN Bl R PUTTGRNEICNTRSY SVGESAs a barri er

layer as weldardsr 18R a6 QvellSR! dvic@NsbIalicH laf @ foPa FRi:ARBIRR ighe@btreh ect ron
nmobi lity transistor (HEM) ﬁ&s)l i cation. thods of the present invention

enabl e the dreRility trapsipor (NE épﬁ)l@!agorﬂijﬁt@dﬁioém‘? RgeRit inMestomeP#Plemt ched
lattice, therggloRRor ROV XatBiQPEhbM igcon substrategvyiﬁfjr%thgé Rk, FR¥mBE generated

by lattice msmatch, polar-on- nonpo? r msmatch and thermal m smatch bet ween
I11-V seni candisiasmrepsrtiesi al | ayers and silicon sem conductor substrates.

Such m smatch cap| I i i ow carrier
mobi 11ty and i g ToaestetE Ry tR Eaefaedby PRARLRIAS], bbRr SHelRrBBIer 07 Pl
| ayer and a rsisinetahaans togires dsismalichepeearehity semeosducionepitadiat Bgetsyartche

m smat ch can,; : [ epi t axi al
Tayer when SR SaissBde B Rt vAS, SlchthSralh 2f PR Al 2
Many def ect shasaotdriséiss $unheasdiowgcathies| noatality and haghdeakdges ,Whemthetlettipe opagat e i nto

t he "devi | . o i, duct devij ted., Th def ect

can cause. sUBT B aaliEE=F sPEME SRanA G SHESRER APrrar 1 IR SR BEar on o

fsi | i cgn sub_ss}maat iesuc_ﬁb@emismatdhéuahwee_s?pt tdo ﬂd@aqargdl Héwcﬂsrrb?@mstet hin filns
ornmed on silicon . cpated on silicon ha een s 0 conprise

| o ge. nnberdenrted it SPaNat BYer BSt FaMLar SR Dp Sk TG der of - about
lel O cm 2. Thiemampogdigients of this invention enable the fabrication of | ow

defect, device grade _ , , ,
Many defects, such as threading dislocations and twins, tend to propagate

into the “device layer” where a semiconductor device may be located. These
defects can cause severe problems for integrating high-quality InGaAs material on
silicon substrates. Prior art structures of high quality InGaAs thin films formed on
silicon with GaAs coated on silicon have been shown to comprise large numbers
of defects and dislocations, which can be in the order of about 1e10 cm™. The

embodiments of this invention enable the fabrication of low defect, device grade
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| nGaAs | ayer and | nGaAs-based OWNstructures on silicon while preserving

excel l ent structural and electrical properties. FIGS. la-lg illustrate
an enbodi nenYO¥093455%¥t hod of forming a mcroel ectroni c PEIFSRYPRIOY ch as an
i ndiumgal l'ium arsenide (1nGaAs)-based seni conductor devices, for exanple. In

some enbodi NRBhAs |FyePHhd HGACHAdeB WS Rrudhied6n fsmemdmﬂ@brésaﬁw ating high
el ectron nobility n-channel |InGaAs device structures on a silicon substrate

for | ow powsxcalfnt Rirgdiuahareeleciricel rreppdand semi conduct or based conpl ement ary

metal on siliconHEHOR 1¢aNeReaPRhEingAtor d ekl RIRAG gent s, the buf fer
architecture may bridge material msmatch i ssues between an active | nGAs

channel | aydniceetpciosicistieoivre sbsh pats.indium galliup asenigei(InGadsi-besed a
Cr 0Ss- secti %rép%orf?iuef%ﬁé\ﬂl?eéﬁforae gﬁ?%.rlﬁgﬁmé%ﬂlboogiﬂﬁgh@ a BuffdrldrGRfacRpOSt rat e,

for exanple n an e I ment structure nprise a substrate 100
t hat nmay conpay befameddor inegraiing\nighyelestcarhmanbilityut- Chﬂﬁnel Inlﬁaﬁécﬁetvmeabout 1
ohmcmto a -fype silicon
substrate. %ﬁﬂdé%lj?& &QQ@T”%& sut%tra‘?é(ﬁ)trfrﬁéev?go@%ﬁﬂ%g@%g& - \200'% EP{’;‘% resistivity
n or p-type s(eilr@@)ndubiforbasahd:cnrdplsmlentaoylmetetmhrsmcen 1(DUIOSa)Idelmagh the scope of

the present in tion is not te i, this r rd. 1n an enbo t he
Lobstr ot o 1Bl oSt Sorie bripafintei e bl AL HREE e bk BgBE AR Ee. subacr at e
100 from an rhisgatch issues betheersam attivatieGABO Chalyhdbﬁy@f fn¢ atsiliebn aobstragé.e bet ween
about 2 and abou egrees towards the directio oduce a surface
o gt o aooo I frERSiEled SRS Neridh fica Pl ar Fohibarag i Slgh s ¢

ori ent at i onssilebn ubstRaé I8k exakfible WMt 9BinbBAINWNE, the btrd@MredROUBAH copPfise a hi gh
resistivity substrate 100 may 8I‘OVI de for device isolation. Furthernore,

of f-cutting ao*fUt{SHétesmpstf‘?b’i”éyf PHE 2 I9Nesish dtyasteh Fhadd oy BRiPRio | n

anti - phase k@andaoh@SciieBbaLit B0l H&Bnﬁé&hsﬁﬂéﬁé\hplba%@d fay R Mer 8 vhghd at e 100,
such as subsequent I11-V |ayers that é gr own on the substrate 100, for

exanpl e. S"'CO%\SHG%tFEé%t'Pdﬁ”?la‘-y%mbci@@ ﬂl?eSUfbéFr Q%“?Y\Be@db@l rate 100 (FI G
I'b). The nucrlaﬁ@ﬁa}slﬁgads?ﬁ/be%% orfe?i'ﬁ@félﬁc%nasu‘ﬁgfré{tet’lgfonaltﬂd&\@fh"fﬁé Lidpe poi nt

material, suc I'n an enbodinent. In an enb t he nucl eation
| ayer 102 m®f theopresentdnentionisaeidighigd G kis mg@rtbahamemm@memoﬂwe In an

about 50 andePaseie 109 ML e ol et bt ed BB D e L 106 2 ey
el i m nat e arftanphadwot.3-
The substrate 100 may be off cut at an angle between about 2 and about 8
degrees towards the (110) direction to produce a surface having terraces in one
embodiment. In other embodiments, other off cut orientations or a substrate 100
without an off cut may be used. Such a high resistivity substrate 100 may provide
for device isolation. Furthermore, off-cutting of the substrate 100 may eliminate
anti-phase domains in anti-phase boundaries when growing subsequent layers
upon the substrate 100, such as subsequent IlI-V layers that may be grown upon
the substrate 100, for example.
A nucleation layer 102 may be formed on the substrate 100 (FIG. 1b). The
nucleation layer 102 may comprise a very thin, low melting point material, such as
GaSb in an embodiment. In an embodiment, the nucleation layer 102 may
comprise a low bandgap GaSb nucleation layer 102. In an embodiment, the GaSb
nucleation layer 102 may comprise a thickness between about 50 angstroms to
about 300 angstroms. The GaSb nucleation layer 102 may eliminate antiphase
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domains and may facilitate the creation of a virtual polar substrate 100. The

relatively low nelting point of the GaSb nucleation |ayer 102 may facilitate
t he anni hi | PHPEINITI ng of defects. It is advant ageous PCE/ISRHH04HE
propagation of defects with the use of the |ow tenperature GaSb nucl eati on

llayer 102. domains dMEmaY ¢aRbieQRe brRy@ON &0 vkl B&tarf UbIBEeViCd. ahget al organi c
chem cal vapor deposition (MOCVD) or a nol ecul ar beam epi taxz//aéé VMBE) process,

or anot her J8@HV§lY kvedglting Poiy, ob gdanPk ALcleatiad IaYRr 1O2tmanfackiiaie theo2 may be
used to fillgnhalioWERingd desis. 91“@%6(/55@9&&% tb%’fd@ﬂ“\@%r(‘%édétléﬁ gpic bi-layers

of the GaSb material“to create an anti-phase domain-free virtual polar
substrate. |deferthwite rodieneitbe low iegndesatuia Gahb suckertomiayeetid.on | ayer 102 may

be perfored at LREREEALHS Py eI 0EREy BRIYINANT, RIS oARE ARAINE 500 degr ees

Cel si us. e nucleat| ayer may provi r gliding dislocations
and may contvapbr gepasitiondMGE \dnperchmotfecoler heam epliexyt (MBE } proagssuor 8% bet ween t he

I b f 4 f d
the nucl oat iBRISy R RBEeE, B Eobdiehy, ¥aldeatBn iR TR R de LRUTET 207 ey
conprise a Itarﬂ@ﬁwdalawdglathcﬁa(s&b;%tﬁest@bObmérfmeslvaymtorftmﬂbl Idayeranf mstmmﬁhfrent t he

Ga(Al) AsSb buftf erltl ayer PHPﬁ a?rl S betvIIe bouE)t it mto about 5,umin
t hi ckness. 1H@'&HA %‘%%@H?” asotrrarn- %%I?Uicb’z? BEGr SWPTS be l1attice
mat ched t o amdouirbass 0thé Séenateh ef tral mma‘mbhs;ayremazlrmwbecmrﬁﬁmdmter of about

5.869 angstrons that be sub eqatly forned t he buf L | ayer 104.

The burter I'SpBRragas REesn DOREFRLCeR s ol ABPu ORGSR s he subst r at e
100 due to the | ahgeubleBtGARYE! 1@ ah Bidvide foﬁ%ﬁiﬂné-@élocmmrmea?OWp“ se a
graded buffer Ia er 104 in sone enbodi nents le, a 50/50 Al Ga

mi xture may VBRI BYICRITIEMafD GEheveRICARME Fdnio abput 8pdetweeheesHiogs

grown/ gr adedsub@tré’(@ Ib@tatnblcaebuﬂﬁrq%%@“mE&b@s@bﬂ%ﬁ@@h‘tﬁﬂﬂrﬁe(ﬁ giérdel N Al As | ayer.
In an enbodi nent, the Al nprise a |attice constant of about 5.661

As
angst r oms arﬂSI'CIeﬁBO’GI?A@r Fd@r’rﬂ)‘?)l Hba'he'lnﬁt)@'m%‘t do butiertlaysr 19460AY 5. 6532
angstroms. l%fa%rdeny O?%ﬁg;éa A& &errr'?’cﬁ/ep)foern%lm hefccal vapor

deposi tion (CV tabI et ni que, for exanple. An advantage
of the buff dsa(A§pedb boHer Iayerrﬂ@tﬂr may eompediset bexwegn about 0.3yeto pegutbersif f i ci ent

ceroeent e o ARRCL8 HReRlo MEn P ALYEE Rl Sy KR YhAd BRECSTSr Y, o

| ayer that magtched fmmdsﬂbhg/&mmmriaycmpmémg b dtfier parasneter bh 4bout4.869 A
bottom barrier ] a he, buf f | a 104 (FIG 1d). The
bottom barria&gs{rg@f [thai@%ayﬁ% L@’S’ﬁﬂ 'i[@dfg ch)n I%?WI% I‘?é(awéfb 52A1048As bottom
bﬁ{) rijer for | gGaéKaelbaﬁelglagetammrmy\elsb fgt(sasletd@ms igofatn wéa@ﬂltn%gt In an

enbodi nent , e bott arrier r ut a per cent
of f set of aStE‘ ﬁ%@fetm@?us&ﬂw%éfg%d@appéiﬁa fI%I' i(}‘g %@Bmﬁ‘ﬁy be fornmed of
a hi gher bandgapiseRtfaded bhfftNayr 402 semeehibobimydits tFor RRampleMB&oister eon. The
bottom barrier layer 106 nmay be of sufficient thickness to row de a potenti al

barrier to ﬁﬁ%@"%‘ﬁ?r’?@fr%‘a m'%e&l Withaihe GaSR nugieation;ayesd 08 R¥RE. I n one
embodi ment, 4r&fn/Brideamd lB@rlét'tlé‘éﬁ m'a?éh%ﬁ wi#Ga Q@é‘seﬁ@é@clyﬂolﬁrhéd? I?ﬂ@lsﬁs afeD @i ween
appr oxi mat el y 100A- 250A. I n other enbodi nents, bottom barrier |ayer 106 may be

bet ween appré®x@He@dEMen( i Alﬁsm@ompr@epaﬂattlce constangelahodt POLAI i xAs | ayer 108
may be for n%geﬁorhe%ng%é @%Qm &m (R%E |affe8 &ﬁ%ﬁ%@bﬁ@é@é on the buffer

I ayer 104. In“an enbodi nent centration o lumin the graded
In"Ali _XxAs lméiromQSThmlwffﬁﬁIﬁMersi% alaythe fopmed by MAEVROMBE: ceemicehdi um  The

per ceni age qfaodl YHda, (BB AYRR N s Sl AR G UiFBle B, 20 usted o

provi de a bal’Shcerstr al
advantage of the buffer layer 104 is that it a relatively thin layer may be sufficient

since only a single-step of the Ga(Al)AsSb buffer layer 104 is necessary between
the thin GaSb nucleation layer 102 and a thin InAlAs bottom barrier layer that may
be formed subsequently on the buffer layer 104.
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By form ng the graded I nxAll1As | ayer 108, dislocations may glide al ong
relatively diagonal planes within the graded InAll As |ayer. The graded

In. Ali As | ay® %95565 bet ween about 0.5 microns and aboXCTASYPMLPWUNs in sone
enbodi ments. I n one enbodi nent, the nucleation |ayer 102, the buffer |ayer

104, the bottom hasdtioRt bérﬁ}éﬂ%yé{oﬁm L] bbh&nﬂi@&ﬁ%e'b@ﬁéﬂ%@ér iy GI®y). forma
dislocation filtering buffer architecture 110. his buffer architecture 110

may provi de é@rﬁ%@%b@)’é‘e@@b’%{’ e may ﬁﬁmpﬂﬁwtﬁﬁ%ﬁﬁ?WQMOIw’%'MS@F%ture to be
for med subs egagtibinARE $38eq FUSHAT DI Sruckliesth heysbsaltstapahr of | atti ce

m smat ch wi t hi n about to mnimze threadi ng dislocations. I n one

exanpl e, an elrtmpommtothaﬁwtorrawﬂetzlamerb@t?gmmomﬁrw@bcwt|ac60 percenitoffsele mat ched
and a I nxGal t r48As
Payer, whi of agrGHRR T, TRERoREnANG 187k B8 oy b lcmED e Bl P ()
in | nxGal- x/kmndgaw hateyizhHtaoms quantymved layardo bect@rmeldethe@nnr dhedettomsi de t he

| nGaAs quant hi eved when
an | no0. 52A16)%H|’é%é){)eér1Eﬁerﬂ%@rﬁgh%rﬁttﬁ@r%s%%gggﬁeal ﬁt%ﬁea r%aftre used).

I n anot her efmacgdi ceeriers ima tlanziSot siedk imaaetrinodinedrit. t;tommembedmwyrt flee f or red on a
graded I nAli that t as.a barrier |aye and the rai n can be
dontrol | ed BoteBrRTteTRvg (R irns uBesBSs PhsBET PR PR As “Guant um
well and in 2t5|®é dgn athed ehmbodinhentd)bdttasrebarriemaydre! 0grrage e batweear case, the

i ndi um corrp05| tion ?x(%g? contro |l ed in both the graded InxAli_xAs barrier

| ayer and t RPPTRYEEEN %ﬂg‘ﬁtﬁel FBF controlling strain inside the I nxGal-xAs

channel . hrgrsuéwlrmlem@layéwwmap Bedbrinitdl drltheWottoheodrtiéf 1ayerar chi t ect ure
110 nmay be perforne afte | ayer forpmation of the buffer

ach s
ar chi t ect ur & %916'Gnkg) G‘F‘d/é’f PBrthq B‘Hff?ét'?% 18¢” IR0 &IARQYIeRt, feFongPRIHOBCt ur e

llayers 110 (dfka Indifum inkRE gratiRRahi G AZBYy e 0BSRA\PEdRHdeed e 52 télbisatt um wel |
| ayer nmay be fornmed on the buffer archi tect ure 110 for reducing/renoving

di sl ocat i ond ORRICREARGYR. The peiseN@es & rivBHIWN ITHe BadedinAln-ehd le¥et 10% may al so
comri se i ) 6FBAULERT5 pRBldk SBmafte: ttan@@ngtéa@ab@w' 7% jdyayer 106 and the

graded I n"Al her one as a barrier layer to a
quant um wel | st r Bytferinging the gradedxquﬁhwt@tﬂymw digjeaatione mayglige atodgmed on t he
graded I n"Al F h 12. may be
formed on thlgtaﬁ&tﬁt'g g?lap?ég}egldéﬁéq&%)o%a&%h Eluént %WW‘{”S%‘?W&% ';r()rsa be
fornmed of a lawerendydbe betwieng aaoetrﬁaﬁ InecrODaadgapowt%ta mi¢rans of sarhe gr aded

| nXAl'i _xAs | 1 odi nent

t he quant ume\%;e( d"ﬁgﬁgr ﬂfé@é eﬁ]ﬁg%%@ﬁﬁ%ﬁ%%bﬁt refo,&g%%v&t@rééw%rezggl s between
appr oxi mat elte BotﬁSnﬂoarrmdnyter 008 an‘ﬂtbe@tmdﬁddmAAe)lAs lapgrenaylfbPmrany be of

sufficient t |cknes de ua nel. con In some

obod; ment s SRGEBE Tk nd Bty S RES U] o AR R AR e 25 o about
50 nanonet ermovua'éteompmstswmswelnlfotaryefealt\&qumyummmm(mw)mt@htwé eche on nmobility
and vel oci ty or, N dey rovi de hi mobility and
Bolou Lyt oromssenietly irenin buthd mare inBE ) G et Bt & 1Y one
channel mat ememlatchlm.%bmW%mrmmeahte@am@rd@@M@ﬁtIon band of fset (AEc
0.60eV) with respect to the graded | NAL As | aye and provides the el ectron

confi nement i nsi HEORHEXqPIE. 2N BRI HRS |ay@¥g@9@grown on InP which i§ t her shown

in FIG 19, |#&tiéPAeethebdndra hkGamBAskiahRiniTRel exebe Ghsviloadpionwel | | ayer 112.
The spacer layer 114 may be an InAli_xAs or |InAl As spacer layer 114, in sone

enbodi ment s.In ﬁ%@rﬂe‘?@ér'aﬁiy‘é‘h'cﬁlﬂﬁywaﬁracﬁﬂr@@ lpysr. @&ﬁ?ﬁj ep the MU ment and

reduced i nt g i | ectron gas
(20EG) t hat SRy 80 STRTREA, HRPb e GRARLIAIEY o ¥R AR e cBRbIcE

inside the InGaAs quantum weII For example, a straln of about 1 O% may be
achieved when an In0.52AI10.48As barrier layer and an In0.7Ga0.3As quantum

well are used).



channel of quantumwell layer 112). Still further, the spacer |ayer 114 may
provi de conpressive strain to the channel of the quantumwell |ayer 112. In
various enbo¥P AWM S7spacer | ayer 114 may be appr oxi mat &G/ BP0YKE8r ons t o
about 30 angstronms in thickness. A doping |layer 116 may be forned over

spacer |ayer 112, Bagth&CerhBd@mehil BnTGPEXAS hLATtGRRRS) stiREIE Aidyase doped and/ or
conbi nations thereof. For exanple, in one enbodi nent the doping |ayer 116 nmay

be a sili coﬁormﬁmra@|gm¢q¢énxAALd‘§¢@@r|(Wémam¢ta@aaamﬁr@w@s@dd egBBiNoxi mat el y

3 angst ons tdén%%tréllé%ﬁ@?&érﬂfmmgﬁﬁé |mrNWQ§pQ§Hbr‘F6q) W%‘lHQGEWAQe i npl ement ed
using silicon and telluri'um (Te) inpurities. As PMOS devi ce, doping may

be beryl | i urauasiim well ead iothe@oyded INXAl1-xARdpyerr |||mtjﬁ%gﬁaﬂ6d barrer @selghe an upper

barrier | ay%dw}ﬂn%‘?@ésﬁgo 5%*6%%9% fed ﬂ%oﬂ?@ yaéjéﬂ’ LA %@rn&ﬂg%ret e the

devi ce stack e upper Ier a er may” conpri se an
I n"Al'i , As banditee INx&adrxAsT¢ranopller crarallingrstiaiyieside 1ige mﬁaﬁm @anhelckness of

bet ween appr oxi gm? be a
Schot t ky upper m rS'| l}e/trh‘(‘i’ rkgél%l aﬂ{%1 egﬁéh%'?){rgﬂ?raé}g 'Mtﬂﬂ% 11? l'ayer 118 may
be forned owrfoupp@aft@ma&atep affleyer¥dBnationf ﬂwbdu‘&ariar@utauwmm’s(phmdier (InP) in

nbodi t h t 120
b presont tekrmaton oL bRRalit Ul A BER el S B R ThRE RO acts w ih
| ow cont %&%@sbébaﬁ?ﬁlwmfmw @farﬁ@mr\vmﬂ I@jerlmmgﬂae fo@madlgn tr\xli\%bllmerfs enbog:vgnt S.
For an N V] C con a er ile for a
dgvi ge t he 85%}1{9&@{ 31@@9” %%Blﬁgg%nﬁr?ngr‘fg , the contact

llayer 120 W%tﬁlfdu’ﬁ@rﬁt‘%ﬂ'ﬁe@l@ﬁé@éﬂrbﬁl’émrﬁ raé)y @B@&bm?ﬂ’s?e imrmh @h@oaum%ﬂoompgst roms in
t hi ckness. not shown in Ieted devi ce may

RS gl s petioraRaTer HVRr S06and Gecaraded il ApRUeT & asr e | o

material maywigh Ay FREaHH bbh%r%@léﬁfo 3Lt WaysFuclds. over which a gate
el ectrode may be forned. Note that a gate recess etch may be perfornmed within

t he upper barri e JUaPEtM el 1qyer {142 may Repfoemed eadhe Brr@dﬁﬂﬂrbﬁhvﬁé'%i’eél ectric
l'ayer and ga1t0% Fkﬁoltgr QSerihéraMalptﬁmf\f?élmé er ’Iﬁ%a?b@ ﬁg{édl@h ﬂh@%&tbﬁ’lrbem?é(r be fornmed

t hrough whi ch suc gate electrode gz cont rol quantum wel | layer 112.
Accor di ngl y,layes 108r iTheguenbiotvae fysr et meg derfagmeseoffmatatialBavigg & hi gh

_9'7_eCt ron mokildikY paRidR' thhn it bPEPAY Bl ACIADy &P ddYortth@Bsitsthor s (HEMTS)
barrier layer 106. In one embodiment, the quantum well layer 112 may be formed
of In,Ga<As, where x equals between approximately 0.53 to about 0.8. The
quantum well layer 112 may be of sufficient thickness to provide adequate
channel conductance. In some embodiments, quantum well layer 112 may be
between approximately 10 to about 50 nanometers. The quantum well layer 112
may provide high electron mobility and velocity for NMOS devices, and also may
provide high hole mobility and velocity for PMOS devices, as compared with a Si-
based device. This n-type channel material, InGaAs may comprise a larger
conduction band offset (AEc ~ 0.60eV) with respect to the graded InAlAs layer,
and provides the electron confinement inside the type-I quantum well (InGaAs).

As further shown in FIG. 1g, a spacer layer 114 may be formed over the
quantum well layer 112. The spacer layer 114 may be an In,Al1.xAs or InA1As
spacer layer 114, in some embodiments. The spacer layer 114 may provide for
carrier confinement and reduced interaction between a doping layer and a two
dimensional electron gas (2DEG) that may be formed inside the channel (i.e., the

-6 -



havi ng hi gh speed and | ow power consunption. Such devices may have di nensions
| ess t han a%ﬂEOXi mately 50nmwith a swtching frequency of approxi mately 562
gi gahertz (RPN devi ces nay be able to operate at PS&UREK A oxi mat el y
0.5 - 1.0 volts without significant reduction of drive current. Furthernore,
enbodi ment s ghaKnd 'PYLARUMONET lagéd £120€aY firthed tg@%sade«?wemwm a silicon based
devi ce. Note that three different POSSI bl e pat hs narret% paths A, B and
C are possi Hrevigecorariessivaisiaipp i chande @féB?GHémﬂJH‘ welblpyere Porr essi ve strain
to a quantuma%ué er'n%@lfnefn% @Fé’cér@e‘?%ﬂnﬂ%ﬁe’%ppr@ﬁ%téy 2Bahgérdmy tor r espond
to a band gap of pr oxi mat e V, be obt ai ned” by pr ovi di ng buffer and
barrier | ay@@uhmﬁﬂ@ﬁt@ma lﬁd'ﬂlglﬁ’iﬁﬁéncent ration of approxi mately 52% nanely

I n0. 52A1048As I Ak ?@Inr! r carrier
confi nement chay\g‘c(% |stPeIJ thgygé egnrbc\)égi%% atét}{éggq%oﬁéwnh etween this
type of | ayell6anay bendelﬁmdemed;m@u@jbstdoae@ana/prb@raumaboras ﬂhatetqchomonstant

m smat ch an W th a
dashed Ii ne%xmﬂi%i%%néﬁé:%@\?g&ﬁe L Hen&ci%mg%%g?r c@?rtrnlg rgecagsﬂi;c:arq&ne :

char act er i stdetta;doped\aygebadng edllmcletbslsaif Bpprexicuatsly SrangstematocdbaubSavoi d
defects. For_path C a |ncr a5| di.um con tration fro

appr ox: mat ol oRp. £0r SRS BVl ST ek By e Rl R4 506 4

70A10. 30As) tetyiube(Te) @sgurities) Astfbd @PNEB&de‘hb@ ddplr(gaﬁapsebeqamurm Bd’)@rgraded

I nXAl'i, As or InGa AsSb buffer is about the sane as the In conposition in the
| nxGai , As clfq Jor red above it, so that the channel is unstrained with

respect to bott omelwmg etrutoAitlehmg@h Uiser dafrRe layies 11 @ &fayidesfoeBed BeerQW | ayer,
the carrier confinenent is poor due to | ow val ence band of fset between

I nxAl i _xAs (t&e QOPIHQWG?W%H{ ?Qfﬁ?'ﬁ?rthﬁé‘rev'éﬁétqchx@P”%Q@b(’@'”be”t the-gPRs™ channel

as wel | as ngkridrakjdnd 18 heayashriisaas |ﬁfA|¥fp@st§érﬁéw 1Bydr Thee,speApAriar ML -
To achi eve benefit's of both carrier confinement and a rel axation

char act eri st18 haabayk »i1ieeess ot beiwaeapPHroximatgly S8 angelioms agd abrut ffbr phi c)
structure, paBirbingeahdifa) BBlaSERiRS upbdl daicr 1yBR1GBRA! Rt @Bnidin@nbar i er
layer may be formed with an inverse grading w th an indiumconcentration, X,
varyi ng froral@vstap lavee 1l mayfeciormed Rvemwpeaperinutayeal 1omndmaayed f er | ayer up
to an anount Yo or 63% and then reducing the x
amount back t(gurg r?r ggﬁhemf@ gg@o g@wﬂ'}é\/\ﬁ?ﬁ n path B. In this way, suitable
carrier confi neméstiutizar shewneéaFiG.elg, attontacplayet ththipay bsyvesemta adtiag a

met anor phi ¢ m barri er
| ayer a OW Icgbfeér 't fnger tt())eo rgf)wde '§§ r‘?:é gj@élcébﬁaéfeglﬁ{h%wzﬁ&ga%ﬁ oé s@tgné%éprtogl fically,
i n one enbodnageind formedlera(}eﬁxAmw \lzmrldueremrﬁ:cd)dﬂﬁemtadFunargallM(DSlnlewceethede W th x

V. o pr vt VAL TR et opUSd iR ot SR CeiPE, b BB op Dar' e

may be f or mei@oahay hdpumradwnh@lnmwmemtdmd@ntmIayeeqz(a}nat/cbeaqmwem mately 52%

(i.e., 'no 52A10.48 corre ond roximately 1.5 eV.
Referring ntﬂﬁpf%"rﬁ?éﬁ)%o d'aar}%uggp@p %&‘)ﬁ gch‘é{)ﬁ%od in accordance
wi th an enbodi n”EWhll@fnd’cbﬁoWrﬁ ﬁﬁlelm 1lgnmnrtylc@mplefiéd aB@ve may finttker ifcludg ep 302
conprises formng a GaSb nucl eation | ayer on a silicon substrate. Next, at

step 304, aseatcmws@smg%'%mesufpahen Bra thiglecHic TBIERRIIMB0E FRMeds

nucl eation |tﬁé’@(£per"3arr$ér%5/e3qa8 et \Wﬁlcﬁ%@a(i’e é%&o@é’h{a‘?rﬂeh‘éﬁﬁé&r th@)‘tﬁét may be
formed on the AsSb ‘graded buffer yer. At step raded I n"AliAs
buffer may k?egqtéﬂ’@ﬁﬁ?S@t‘PmHQYBéﬂ)?Hﬁﬁ%%ﬁWIt@F‘ tm%ymer b@ﬁdﬁré@y%ﬂé% M &n | nGaAs
based quant R WHAH tRe R 9% tr84 aXfg ouf fer.

Wi | e shomlﬁvﬁtét,\ﬁécleﬁ?é parti cﬁ arec?ﬁcpagrrenta gtﬁ@nrgtﬁﬂ%gn%%ﬁhn%nt FIG 3,

t he scope ofa Sehwtily gastion mayee foaned trewgh Whlﬁ’ﬂ seeh f gatenglectrasigamay Thus,

t he benefit t he present invention include, but are not
limted to, %fooﬁr%tﬁgqggﬁt?md\ﬁgmfag?ﬂ?e constant between the substrate and a
channel structur écwrdmgHEMTvai@ws@mboprromtehdagces may gpe fom%mmg)a higind of f set
bet ween a bo . as I nG&@As, and
provi di ng dev%cg@n?ﬂ%“tﬁ até@é@lﬁqr%w%ﬁ E%ﬁg%@%glh trér%(‘:égsﬁt] ugtll on f)romthe buf f er
| ayer to the channel |ayer due to the |larger bandgap (GaAl AsSb and | nAl As

| ayers) buffer layers. The buffer architecture of the enbodi nents of the
present invention serves to |ower parasitics resistances. Additionally, the
buffer architecture serves as bottombarrier for carrier confinenent inside
the 1 nGaAs quantum wel | structure.



Al t hough the foregoing description has specified certain steps and materials

that nmay be used in the nethod of the present invention, those skilled in the
art will appVeeétdti®i’hat many nodificati ons and substi t RCGTEHRHEANYe nmade.
Accordingly, it i s i ntended that all such nodifications, alterations,

substituti ongmying %béédoélﬁi IB& oS icHRs Rhbtion. fS%lchdé’chBb'ﬁné vepirit and scope
of the |nvent|on as fined by the ayngmed clains. In addition, it is

appr eci at ed dRapsieRs less H‘a@sﬁi@é‘?)@méw Iith @ $iehodeanueBsy @ e wel | known i n
the art. Theypft@iRatelyt5d5gi r?z('('@-tﬁdShB@He\tnB@s g beebiPloBPcrad drerei n

illustrate only porti'ons of an exenp
between approximately 0.5 - 1.0 volts W|thout significant reduction of drive
current. Furthermore, embodiments may provide lower gate delay at a gate
length than a silicon based device.

Note that three different possible paths, namely paths A, B and C are
possible paths of this buffer architecture to provide compressive strain to a
quantum well layer formed thereon (FIG.2). Path A, which may correspond to a
band gap of approximately 1.5 eV, may be obtained by providing buffer and
barrier layers having an indium concentration of approximately 52%, namely
Ino52Alp 48As. While such layer formation may provide for suitable carrier
confinement characteristics, the difference in lattice constants between this type of
layer and the underlying substrate may lead to a lattice constant mismatch and
thus defects at the interface. Instead, path C shown with a dashed line, which
may have relatively poor carrier confinement characteristics, provides a reduced
lattice constant mismatch to avoid defects. For path C, a linearly increasing
indium concentration from approximately 0% (i.e., AlAs) to approximately 70%
indium (i.e., Ing 70Alp 30As) may be present. In this case, the In composition in the
graded In,Al14As or InGaAlAsSb buffer is about the same as the In composition in
the InyGaixAs channel formed above it, so that the channel is unstrained with
respect to bottom barrier. Although the defect is less inside the QW layer, the
carrier confinement is poor due to low valence band offset between In,AliAs
(e.g., x=0.7) bottom barrier and In,Ga1xAs (e.g., x=0.7) channel as well as not
taking the advantage of the strain in the quantum well.

To achieve benefits of both carrier confinement and a relaxation
characteristic that provides for a nearly fully relaxed (i.e., metamorphic) structure,
path B may be implemented. In this implementation, the barrier layer may be
formed with an inverse grading with an indium concentration, x, varying from 0%
at the interface with the GaAs nucleation and buffer layer up to an amount of x
equal to approximately 62% or 63%, and then reducing the x amount back to
approximately 52%, as shown in path B. In this way, suitable carrier confinement
can be realized while providing a substantially metamorphic profile.

-8 -



m croel ectronic device that pertains to the practice of the present invention.
Thus the present invention is not limted to the structures descri bed herein.

CLAI M5 What WQ20PA3S¥d i s: 1. A nethod conprising: f&CHUYY4EE8p
nucl eation | ayer on a substrate; formng a Ga(Al) AsSb buffer |ayer on the GaSb

nucl eation | ayer Referring still to FIG. 2 over this bottom barrier layer a QW layer may be
formed with a relatively small band gap. Specifically, in one embodiment, a QW
layer may be formed of indium gallium arsenide with x equal to 0.7 (i.e.,
Ino.7Gap 3As) such that the band gap is approximately 0.6 eV. To provide further
compressive strain to this QW structure, a top barrier may be formed of indium
aluminium arsenide having x equal to approximately 52% (i.e., Ing 52Alg 48AS),
corresponding to a band gap of approximately 1.5 eV.

Referring now to FIG. 3, shown is a flow diagram of a method in
accordance with an embodiment of the present invention. As shown in FIG. 3,
step 302 comprises forming a GaSb nucleation layer on a silicon substrate. Next,
at step 304, a Ga(Al)AsSb graded buffer layer may be formed on the GaSb
nucleation layer. At step 306, a Ing s52Alg 48As bottom barrier layer may be formed
on the Ga(Al)AsSb graded buffer layer. At step 308, a graded In,Ali.xAs buffer
may be formed on the bottom barrier layer, and at step 310, an InGaAs based
quantum well structure may be formed on the graded In,Al,As buffer. While
shown with this particular implementation in the embodiment of FIG. 3, the scope
of the present invention is not limited in this regard.

Thus, the benefits of the embodiments of the present invention include, but
are not limited to, forming a bridge lattice constant between the substrate and a
channel structure of a HEMT device, providing a large conduction band offset
between a bottom barrier, INAlAs and the channel structure such as InGaAs, and
providing device isolation and eliminating parallel conduction from the buffer layer
to the channel layer due to the larger bandgap (GaAlAsSb and InAlAs layers)
buffer layers. The buffer architecture of the embodiments of the present invention
serves to lower parasitics resistances. Additionally, the buffer architecture serves
as bottom barrier for carrier confinement inside the InGaAs quantum well
structure.

Although the foregoing description has specified certain steps and materials that
may be used in the method of the present invention, those skilled in the art will
appreciate that many modifications and substitutions may be made. Accordingly,
it is intended that all such modifications, alterations, substitutions and additions be
considered to fall within the spirit and scope of the invention as defined by the
appended claims. In addition, it is appreciated that certain aspects of
-9-



form ng an 1n0.52A1043As bottom barrier |ayer on the Ga(Al) AsSb buffer |ayer;
and form ng raded IttrAl1lAs | ayer on the |1 n0.52A10. 48As bottom barri er

| ayer. ff%‘@”ﬁﬁ‘ﬁod of claim1 thrther conprising WH&AISH/MEYybst rat e
conpri ses a high resistivity p-type silicon substrate with a (100) off-cut in
the range of m?@@éléct?orﬁ@dé\hééﬂar@ VARIKNORS ih WBArESTHRrétbFee @lid BPpreciated thdihe met hod
of claim1 further conprising wherein the GaSb nucleation | ayer conprises a

| ow nel ting poi ntthﬁlft'@#rﬁﬁPr%/ﬂﬂ?dd‘qrﬁ'ﬁdu{«ﬁ%? Qily pettigee Af 2b8XRMBBYangst r oms and
about 300 angsdé6&8&ronic dévicel gt H@erhr‘i’sdtoqﬁe%a"ﬁtl% of fh%rdrgé‘éntﬁ%ﬁﬁér?'mé"here' n
the Ga(Al) AsSb buffer |ayer conprises | ar ge bandgap Ga(Al) AsSb buffer |ayer
and a thickness #fc pyeseridmveabonts f@tﬁmﬁa@r’f@ﬂﬁ Hivgtuipdaescribad aewirs . S. The

met hod of claim 1 further conprising wherein the Ga(Al) AsSb buffer layer is

| attice matched to the In0.52A10. 48As bottom barrier |ayer. 6. The nmet hod of
claim1 further conprising formng the Ga(ADAsSb buffer |ayer by grading the
Ga(Al)AsSb buffer layer to substantially lattice nmatch with the I n0.51A10. 48As
bottom barrier |ayer. 7. The nethod of claim1 further conprising wherein
the graded Ini Al,"As |ayer conprises between about 52 percent and 70 percent

i ndi um
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8. The nmethod of claim1 further conprising formng an Inx6 a 1-LAS
quantum wel | structure on the graded ha, Al1As | ayer, wherein the
strain can be controlled by controlling the indiumconposition in the

| nxGal - xAs quantum wel | structure and in the Inukl | -xAs |ayer. 9.
The nethod of claim@8 further conprising wherein the InGaAs quantum
wel l. structure conprises a strained layer formed of indiumgallium
ar seni de. 10. The method of claim 1l further conprising wherein

form ng the nucleation layer, the buffer layer, the bottom bather
layer, and the graded InaAli,As | ayELARMY conprise formng a buffer
architecture, and wherein the buffer architecture may be in-situ
thermal anneal ed to renove di sl ocations. 11. A nmethod conpri sing.
form ng a dislocati filtering buffer structure conprising a GaSb
nucl eation | ayer di ggg%téﬁ‘?@ﬁn Bubstrate, a Ga(Al)AsSb buffer |ayer
di sposed on the GasSB-Ausebadicompriaipgr, an | n0. 52A10. 48As bottom
barrier |ayer dispodeuhiog atCreS biGa(chdatibn Iy dp whfaesubkigser , and a graded
In.,All_, As | ayer difspesgdGagathesh Bﬁﬁ&aﬁﬂ&oﬁ%emﬁ%& PR T er
| ayer; and form ng anlaggantum wel | structure on the dislocation
filtering buffer stygyglidgem In, 141, 11§ Worﬁ?dba?ﬁercia?’égn o iiie " e
conpri sing. Ga(AlAsSb buffer layer; and
forming a graded In,Al,_ As layer on the Ing s,Al, 4o As
bottom barrier layer.
2. The method of claim 1 further comprising wherein the
substrate comprises a high resistivity p-type silicon substrate
with a (100) off-cut in the range of about 2 to about 8 degrees
towards a direction.

3. The method of claim 1 further comprising wherein the
GaSb nucleation layer comprises a low melting point material
and a thickness of between about 50 angstroms and about 300
angstroms.

4. The method of claim 1 further comprising wherein the
Ga(Al)AsSb buttfer layer comprises a large bandgap Ga(Al)
AsSb buffer layer and a thickness of between about 0.3
microns and about 2 microns.

5. The method of claim 1 further comprising wherein the
Ga(ADAsSb  buffer layer is lattice matched to the
Ing 52Aly 45 As bottom barrier layer.

6. The method of claim 1 further comprising forming the
Ga(Al)AsSb buffer layer by grading the Ga(Al)AsSb buffer
layer to substantially lattice match with the Iy s2Aly 4eAS
botlom barrier layer.

7. The method of claim 1 further comprising wherein the
graded In_Al,__As layer comprises between about 52 percent
and 70 percent indium.

8. The method of claim 1 further comprising forming an
InxGal-xAs quantum well structure on the graded In Al 1.xAS
layer, wherein the strain can be controlled by controlling the
indium composition in the InxGal-xAs quantum well struc-
ture and in the InxAll-xAs layer.

9. The method of claim 8 further comprising wherein the
InGaAs quantum well structure comprises a strained layer
formed of indium gallium arsenide.

-11 -



form ng a spacer |ayer over the quantumwel| layer; formng a

del t a- doped | ayer over the spacer |ayer; and form ng an upper barrier
| ayer over the delta-doped |ayer. 13. A structure conprising: a GaSb
nucl eation | ayer di sposed on a substrate; a Ga(ADAsSb buffer |ayer

di sposed on the GaSb nucleation | ayer; an 1n052A10. 45As bottom
barrier layer disposed on the Ga(ApAsSb buffer |ayer; and a graded
In.,"AliAs |ayer disposed on the In0.52A10.45As bottom barrier | ayer.
14. The structure of cﬂ%ﬂﬂ#ﬂ@%’@ﬁ‘ﬁ? %IF‘% TnAuther FOrmeisyig WheEsit
conpri ses a high resfosming the pl-ld?f}:i@ilslal&%dhe dukisr layes thetheteng 100)
of f-cut in the rangebafienlagert, a2d tle ghded I8Allegyelagert mapcdspase
direction. 15. Thefosiningcd bufeodrchitaitime] Sndvindiessim thehien {6 afichi-

nucl eation |ayer CO”@Et‘u&?ﬁJag JeOW-d1R fheABalainehledBb ehaVe aidthoa-
t hi ckness of betwee fgout 0 angstronms and about 300 angstrons.

16. The structure of ghal %gﬁo%g{n lnguf(,he wherein the Ga(Al)AsSb

buffer | ayer conprise 1){er and a

t hi ckness of between 388 ng nuﬁieat%ﬁ?eﬂg%l eﬁfﬁ%‘%ﬁe %0215%““

ayer d1sposed on a substrate a

Ga(Al)AsSb buffer layer disposed on the GaSbh nucle-

ation layer, an Ing 55 Al 45As boltom barrier layer dis-

posed on the Ga(Al)AsSb buffer layer, and a graded

In,Al,_ As layer disposed on the Ing 5,Aly 43As bottom
barrier layer; and

forming an quantum well structure on the dislocation fil-

tering buffer structure.

12. The method of claim 11 further comprising;

forming a spacer layer over the quantum well layer;

forming a delta-doped layer over the spacer layer; and

forming an upper barrier layer over the delta-doped layer.

13. A structure comprising:

a GaSb nucleation layer disposed on a substrate;

a Ga(Al)AsSb buffer layer disposed on the GaSb nucle-

ation layer:

an In, 5,Al; .gAs bottom barrier layer disposed on the

Ga(Al)AsSDb bulfer layer; and

a graded In Al,_ As layer disposed on the Ing 5,Al, 4 As

bottom barrier layer.

14. The structure of claim 13 comprising wherein the sub-
strate comprises a high resistivity p-type silicon substrate
with a (100) off-cut in the range of about 2 to about 8 degrees
towards a direction.

15. The structure of claim 13 wherein the GaSb nucleation
layer comprises a low melting point material and a thickness
of between about 50 angstroms and about 300 angstroms.

16. The structure of claim 13 wherein the wherein the
Ga(Al)AsSb buiter layer comprises a large bandgap Ga(Al)
AsSb buffer layer and a thickness of belween about 0.3
microns and about 2 microns.

17. The structure of claim 13 further comprising wherein
the graded In Al,__As layer comprises between about 52 per-
cent and 70 percent indium.
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17. The structure of claim 13 further conprising wherein the graded
I naAli As | ayer conprises between about 52 percent and 70 percent
i ndi um 18. The structure of claim1l7 flirther conprising a
guantum wel | structure di sposed on the graded | naAl h"As | ayer. 19.
The structure of claim 18 further conprising a spacer |ayer disposed
on the quantumwel|l structure, a delta-doped | ayer disposed on the
spacer |ayer; and an upper barrier |ayer disposed on the delta-doped
| ayer. 20. The st rifThe stirafurelodclnihd 7vinehaicnniphisi ngtarquat ting
conprises a high ekeftstrafuradispdsed ohrbe gigledin (HEMAS layeher ei n the
quantum wel | Tayer c@MRhkSEacRrLoPOR 18 ukh& ddakising a spacer

layer disposed on the quantum well structure, a delta-doped

layer disposed on the spacer layer; and an upper barrier layer

disposed on the delta-doped layer.

20. The structure of claim 19 wherein the structure com-
prises a high electron mobility transistor (HEMT), wherein
the quantum well layer comprises a channel of the HEMT.
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