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WO 03/ 036697PCT/ US02/ 33670 1 METHODS OF HYPERDOPLNG
SEM CONDUCTOR MATERI ALS AND HYPERDOPED SEM CONDUCTOR
MATERI ALS AND DEVI CES 5 Cross-Reference to Rel ated
Wip /3667 i on This application clains pri oPCrASe2/33670
fromU. S. Provisional Patent Applications 60/341, 051
(filed 22 Cctober 2001) and 60/ 350,503 (filed 22
January 2002), both of which are incorporated by
reference herein. Field of the Invention ioThis
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eam epitaxy (MBE) is a well
kr'iiimrap@lichtmhdhﬁms préeily ﬁemﬁﬁﬂqhevﬁmnalﬂuitdndhpﬂlcatmns 60/341,051

RN AT N TR S,
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(e. substrate tenperature, etc.) and stoichionetry
__tﬂaﬁ_kwm_'al?wld ge growth of the desired rmterl al
(TP i @i¥n réas€ {l Peofid-
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particylanlydo Hgudssign am:bfabn@gon afsebdcondigtprmatenigls ami delvisk and still
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high-paforimaadeciptdeleatrotib ami miﬂ:ﬁcmldtg“oﬂu appliatitis. MBE process
Backsan, B qduce performance advantages. Generally
%%Hﬁé—'@f—éater t he doping during the MBE

pPIN@SIeSSar beh@ egm@t(MBH) hea W khaatardek ey MBarchnique for
advant ages for gh- speed devi ces. 25Al so_wel |

buildiag SARIPRACHE (errathar gm%qﬁléﬂiﬁ o sybstsates Bypically.i MBE direess neutral
I e
beam!sTBf‘ ﬁﬁle@lhé 48 tﬁ%eﬂ' sﬁ?%ﬁe gilr:lfcl)ﬂﬁmﬁﬁ&% ?ﬁgﬁ%&:ﬁﬁﬁtmm (‘i/\?[ fubstrate

mat eri al S ere
tempgsatuze, stg) @ntéstpmhlomew that encoutage gramtl of the derired materialofiypically, 2

semlcgg%%c?r%gyspﬁ, sﬁc}fj&’soéﬂxs') oﬁl ﬂl% tﬁlg&esﬁggtr%tet. A wf& Vgl%?i? o% us%ﬁll

semiconductor devices can be fabricated, in whole or in part, using MBE processes.

It is known in the art that, for many MBE-grown materials and devices fabricated from
them, doping during the MBE process can produce performance advaniages. Generally
speaking, the greater the doping during the MBE process, the greater the realized performance
advantages for many high-speed devices.

Also well known in the art is the fact that for various host materials (also referred to
herein as matrix materials) under given growth conditions, there will be a saturation limit for
the carrier concentration produced by a dopant, and attempis to increase the dopant
concentration beyond this limit will generally fail to raise the maximum practical carrier
concentration in the matrix material, or even without apparent carrier saturation may produce
counterproductive side effects. These side effects include degraded minority carrier lifetimes
and enhanced dopant diffusion, which often limit device performance and reliability.

Typically, a given dopant’s carrier saturation limit is lower than the dopant’s actual solubility
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concentration beyond this limt will generally fail to
rai se the maxi num practical carrier concentration in
the matrix material, or even wthout apparent carrier
VR P3938¢% on may produce 30 counterproductive si #€T/US02/33670
ef fects. These side effects?include degraded minority
carrier lifetinmes and enhanced dopant diffusion, which
often limt device performance and reliability.
Typically, a given dopant's carrier saturation limt

in a partécul ap wentrit inaeribln Falsle p &albb@ra.dd&s&kempimytﬁatdrat;on lifiis and

3 36697PCT/USO /3 a rti.cul trlx
Sdub‘ﬁ'é yerakopymonfy ;ﬁ’yj T H‘e@%s&%ﬁﬁw %%?t uration

[im ts and sol ubili t| es TAgLBever al commnl y used

dopant/matrix nateri al conbi nations. TABLE 1 Bulk

Carrier Saturati onBubullcEggengatusaion; | i Bulk CrYStal Solubility

Miatrixx Doparibagant t Li mijt.5GaAsBe2-4 x 1019 ;g 32 x 1020
m - 1 '

cm32 x 1020 cm 3 GaAsMgl x 1020 cm 3> 1020 cm 3
Gﬂ}&PBe4 X51l018 cm 3ab%ut ,?- DrﬁmS 10Pri or }g%zog}g&hods

cannot efTectively dope ‘hear “or beyond the carrier
Gagaturati Gn |inmt becdusex HBbant concentr dtx oS cméar or

eyond the carrier sat 9N i mt behave diffenently
the cPystal Iatticeulc’depar@dtothed ﬁ‘? | ower

Gmncentng’ ons. For exampl@® cwtien A at hs matg? ymics
doped with a G oup Hp- t%g gopgnt such as Be,,,thg Be
tons geR&rally occupy Ei¢Bs (i.e., WWEIYiERe for

CPricHATRANHR ok BB bpERAF BAGHY {18 Rartfel bion limit
carrier saturatl on
because dopant concentrations near or beyond the carrier saturation limit behave differently in

ant at lower concentrations, For example, when a GaAs

ared to the d

Vs ALl

the crystal lattice compar
matrix is doped with a Group II p-type dopant such as Be, the Be atoms generally occupy Ga
sites (i.e., substitute for Ga atoms) until the dopant approaches the critical carrier saturation
{imit. In general, at doping levels above the critical carrier saturation limit, approximately half
of the incremental Be dopant ions reside on interstitial sites in the host matrix where they
become donors, compensating for the incremental half occupying Ga sites as acceptors. For Be
and other dopants, additional compensation mechanisms may be present, such as crystalline
defects, including anti-site and vacancy defects, dopant precipitation, amphoteric dopant
compensation, rapid diffusion of the dopant to lower doped regions, and enhanced
incorporation of compensating background impurities such as oxygen.

These compensating mechanisms generally fend to result in an increase in the non-
radiative trap density. Minority carrier lifetime is reduced in the presence of such non-radiative
traps, resulting in the reduction of the efficiency of minority carrier devices. Thus, in a material
doped beyond carrier saturation, minority carriers typically have a much higher probability of
recombining non-radiatively than materials doped below carrier saturation. This increase in
non-radiative recombination probability greatly diminishes the electroluminescence or
photoluminescence associated with radiative materials, degrading the efficiency of light-
emitting diodes (LEDs) or stimulated-gain devices, such as photo-pumped emitters,

superluminescent diodes or lasers. Shortened minority carrier lifetimes also diminish bipolar
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15limt. In general, at doping |evels above the
critical carrier saturation [imt, approxinately half
of the increnental Be dopant ions reside on
WOPHPEEtial sites in the host matrix where thE8GT/US02/33670
becorme donors, conpensating® for the incremental hal f
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20 in the non-radi ative reconbination rate (See T. J.

de Lyon, J. M Wodall, D. T. MInturff, R J. S

Bates, J. A Kash, P. D. Kirchner, and F. Cardone,

W%ﬁ‘ﬁﬁ@”@ncentratl on Dependence of Radi ance aRET/US02/33670

Optical Mdul ati on Bandw dth in Carbon- doped

Gao. 511 n0. 49P/ GaAs |light-emtting D odes G own by Gas

Source MBE." App!. Phys. Lett, 60, 1992, p. 353).
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For exanpl e, a material has only a radiative

refenp@w@mtimﬁd setn@nn@ctqrmmw}sl oy simpines instetjallthaitdeciot display
[ [ -radi.af iy

o oo/ URET o Bl Pt ol VD oS AT P ot 10

dopebna,mﬂc) cartibresatungionriaaisat | ve recorrbl nation will be

O i o G S5 WA B S S

t Y0 sidblied bbiget df thedinbehiion @dlitédlbhséf@h’ﬂé#ﬁiesleﬁg LEDs, transistors,
S technologlcally 10
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significant need in the field for ah alternative
optica eysiterey commrised, ot lgas irearhyaf devisies miade, lahlgesttin. part, from hypendnped
sezmcl)b(ﬂﬂ r%{atérﬁ above, one object of the present
ention relates to methods for growi ng sem conduct or
nrm ,‘Eﬂll faftherwbjent afahe ingerhy oelatecoMmethtdsdongrosirgsemiconductor

e B S e B LA 0 B e 1
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del eteri ous side-effects that occur when conventi onal

form pyeeiniates Gt loWssB@wbratrshway by ermelox st (ige Seb with papiWAtageous
reducﬁél{fi'nttﬁe p%ggﬂ?ﬁg, Ogg}eggggaﬁgn the invention relates to

per doped seim c tor materials.
Another object of the invention relates to methods for growing semiconductor materials

-y

in an oxygen-poor environment,
Yet another object of the invention relates to methods for creating a semiconductor

material including one or more dopants, while avoiding or mitigating the formation of one or
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Yet another object of the invention relates to useful
devices (e.qg., LEDs, transistors, 20detectors, |asers,
etc.) made, at least in part, from hyperdoped
WRASduct ors. A further object of the invent PEE/US62/33670
relates to el ectronic, nicrdelectronic and/or electro-
optical systens conprised, at least in part, of

devi ces made, at least in part, from hyperdoped

semni condqctor mat e_ri a}ls. A still further ob ect of the
moreijofi therfolicoving effert eerdiverilydbimstis theatopipgdewehgf forials rmed by

o 3B S LB AL Ui

vacarich abmbénsithm o ltlmmtdpama(le) miprativhfof e Idepttnlt Y(vhirggdhotdricelopant

on or r dopant that tends to form
G"mPﬁPSéE?‘b?"(dé’FZ‘é‘¥ ealt-rﬁ P%cpmmlﬁ PLFLS- ey be enpl oyed

(e gill fuftRer oMjdchoffe mvéﬁmnaﬁmuso helbed éftfﬁbridauﬁé&mlconductor
probability of precij p| tatig

mate@féf baémngdpwwr@mﬁtﬁwﬂ .%er@ﬂkaﬁeg@n,t @) ﬁ*éll%’&‘é'faFﬁfﬁ) grlb%fhf‘g
surfaé&dﬂd&?ﬁigt GUR cdiBicRr 1 al s 30 in an oxygen- poor

enviro Yet anot her object of the invention
r A petetill ﬁwthcreolmcd of therinvention felagesdo siplifien trasesses for

manu RSl ol ASk il 08 QBB RE. RS iggpant s, whi l e avoi ding
or mntglgg‘atlng & For mtion o
O%Dﬂﬁﬁﬁ:ﬂﬂ@'ﬁj ddS0Ph8 Bvéfkidn melates twprotdseesifot :lnmmifatguring high-

cts .ordinar fou t the doping | evel of said
pertofyggre FFEORHPREeip Y Eher ¥iser hodes (1)
p TERmI foithedt dn@fheﬂ&bjéch%f denavention felakesitd pRIcEised fon knaﬁ@fﬁ&[iﬁng
(i) ant | -sltg or vacancy. conpensatiop of the dopa

high-perfiymancssejcepdustor deyigpripitizing yorg ﬁ%tﬁgatt@}q qorghinAkigns o‘rn materials.

COARpite @&b&%fﬂ{é%@énu()ﬂ kélat@@tﬁ predisad fo¥ %nahﬁﬁeﬁhh@ &ni@hductor
centers. '5A still further object of the inventTon

devicegWith supetior mﬂﬁmﬂ propertieaurian (3) §ishenopsoriagspesd; (b) lower RC

time E%gﬁﬁts aac #3%%%&%% %ﬁ%ﬁ f ?5% %gs%g&%ve% :l%slsés? gct) I%?ﬁ%%'é&%rs;n%ng; (e)

h1ghea ﬂdﬁﬁr&yclé |(9)) lowtr ﬁﬂ'eehcdd) Rbkapes(g) superior dpeywhg Srbltdge (Ruptvieer

ey Skl b AL M S 0 B BB cttiiecy:

highe$ QHANGEN Qﬂ'ﬁteﬂby, dayi M‘gﬂi&r photometric efficiency; (n) higher brightness; (o) faster

electro-luminescent modulation; (p) higher relaxation oscillation frequency; {q) lower relative

intensity noise; (r) lower wavelength spread (breadth or narrowness); (s) optimized wavelength
centroid; and/or (1) improved device-to-device reproducibility. Yet another object of the
invention relates to processes for manufacturing improved-performance heterojunction bipolar
transistors (HBTs) or similar devices with (i) relatively thinner base regions, (ii) higher base-
region doping and/or (i) lower extrinsic base resistance. Yet another object of the invention is
to provide for a reduction in the surface recombination rate through the use of hyperdoped
semiconductor material.

Yet another object of the invention is to provide for improved electrical contacts
through the use of hyperdoped semiconductor material.

Still another object of the invention is to provide for a layer of semiconductor material
having an electric field established through the layer by the use of hyperdoped semiconductor

material to provide a doping gradient. A still further object of the invention is to provide for
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10An additional object of the invention relates to
processes for manufacturing high- perfornance
sem conduct or devices wi th higher yield. Still
YQPYHe7 anot her object of the invention rel at 8TU§02/33670
processes for manufacturi ng6 hi gh- perf or mance
sem conduct or devices utilizing nore conpatible
conmbi nations of naterials. Another object of the
i nvention relates to processes for manufacturing

reduced deviiedhudkiesistancetx) ehrbugistheusdofdypadomed scrp'epmil-icttg material.
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dexcbriengly pevillyespesking) did ivithduit tintenditet to db tittiitng, oh¢ e@mplary

e invention rel ate r,0C

f . .
R gies omEthess & PRSP CEPerePel risRegpgRr materals

by usin3! AR iedtl R Al redstitB 16 Yored suﬁgtaﬁdaagamfﬂfé@lag tbﬁto(dat)ion
rel atively thinner base regions hi gher base-

sites. A relgitesherehodimagt usva pontticienly 1gaxfaéﬁwraazf=ﬁswﬁ§v éoreea%@stantlaﬂy all of

thdm{a_g,sbrﬁ‘ggm&gmtp\(et anot her object of the invention is to
‘provid a reduction in the surface reconbi nati on

rIaa@OttlanmJgi’uh pirecaspent oﬁfhehgzmtlfam pe@bﬂg@mf eomdalingay sufficient
anion qurp&sal‘lfl é{glo V&3 ggoﬁﬁ%@g YRS d%[}%? Olgc%lﬁ alce%fyiﬁ nét'n?cﬁiefa%e
sub strakd’l@mﬁéﬁtl@és h)sﬁmﬁmiaﬁpl ofRih-dies dmtanmmsmmg MBE. :ﬂ&ﬁtﬂplels of
anot her the invention is to
hyperdppgrdp el i RV oRR a3 inqii g, 5 Cafs pifisc8latively
free of Bb@rﬂhﬁ% aQbondMato et ind diped N8Bl a EhRentiodlof greater

ped sem conductor material to provide a dop 113

than 2 ¥ rla‘gucem GaAs hyperdpped withBe abbauicentrgfion ﬁ’fégT?Wéféh@q bR IP s B
GaAs Meﬁ%ﬂéfd &fen BO4t a ROt QP&E&I{ tHaPG 4 368 (i fi GaAs hyperdoped

with Be at a concentration of greater than 8 x 10* ¢cm™, GaAs hyperdoped with Be at a
concentration of greater than 1 x 10%° eri™, GaAs hyperdoped with Be at a concentration of
greater than 1.2 x 10% ¢m™, GaAs hyperdoped with Be at a concentration of greater than 1.4 x
10%° cm™, GaAs hyperdoped with Be at a conceniration of greater than 1.6 x 10™ em™, GaAs
hyperdoped with Be at a concentration of greater than 1.8 x 10% om™, GaAs hyperdoped with
Be at a concentration of greater than 2 x 10°° ¢m™, GaAs hyperdoped with Si at a
concentration of greater than 10* cm™®, GaAs hyperdoped with Mg at a concentration of
greater than 10%° cm™ InP hyperdoped with Be at a concentration of greater than 4 x 10'® cm™,
or InP hyperdoped with Si at a concentration of greater than 1 x 10* em™. Methods for
producing hyperdoped semiconductor materials, in accordance with the invention, may further

involve annealing the hyperdoped semiconductor material, at a high temperature, then rapidly



reduced device bul k resistance(s) through the use of
hyper doped sem conductor materi al . Yet anot her
object of the invention is to convert a sem conduct or
WRPERPAT that exhibits |ow radiative efficiencyCl/Usv2/33670
(usually less than 10% convkrsion efficiency) into a
sem conductor material exhibits sufficient radiative
ef ficiency (usually greater than 10% conversi on
5efficiency) to be useful for optoel ectronic devices.

quenclnﬁ‘g) theansiedal ancboﬂtlogtiarrepwﬁngthe\ﬁan@l-ﬁmqub’ piosesOnbR Vaige,

%1 Emerdopl ng to increase the rate of radiative

thrice of g 485 on rel ative to the non-radiative conponent
Mletticd§ @i¥iddatihg Aypeldiped ﬁﬁfﬂbﬂaa at imdera’adul&tmweemperatures in
efficiency materials may cur due olown?alg lta

accordapeg Witky therigyveatiqn; fgy Illil‘f?é"edﬁ? 3ig tempsrafyty groth fofaglitate a

suitable e%E&E%Bﬂ%fe%réf & @6 ipkeferfdd dnfbodirhét, rﬁ‘éﬁérd%c%iibﬁtﬁ"&w fmperatures
onbi nati on nechani snms. oAccor di ngl y, general |

will be whakinge of 308 Hi0tdearses CelsiunfChgpreferaBly 350 mi A00n§; oo fgre
speclﬁcgl?% 'LH!:s%f ¥ 8 g&%ﬁreﬂn #hb gaaﬁg\ﬁ?@fd 0874 €1 a4 es 4b0 094060114325 °C,

uct n seni conduct or material s by
425 - 468 P(n,g:tsa —SATBPCCA BNt 560 "Iﬂ §h0 ad2dAC prdiesitde 359 Cor ce

ubstantially.all. of, the t. A
Pane vidiont RimieiubOF maRRRRin RSy aﬁ@%fygﬁf@%f% e
environHe@s MY BivbRe hdintdniay biphﬂiat pratsupe aflléss dfantlDE témyand ont o
ani on C|tes 5|nacor e th nea ect of . the £
advaragRpht § DA AR OO ol (o AP ALY & Pt Bieure o

fess thafl M BFP{ES B oRyd el URIMKE Sx e WidkGulel @n&b‘:@géxdﬂﬂﬁdls as well as
sem conductor material's, at noderate su

bst r ia S
oxygentcontsinies eanepsundsisueiiass eimof Hmitgd iy gen-oidggof gallium (e, from a

Ga e ,,m,@ax LR APERLSidds Iza% E&‘é"ﬂ’-ﬂrﬁﬁ afbnib )ﬂ?@icﬁp&ﬂd}r otherwise) and
terials prodiced by t he Fnvent I on may 1 ncl ude

dopant bmldas Eyoemadypendaped semigbrduickos materialsdn o pubsisntizllioraeisiee

STET T E T R R S ———
are sufffti@lydened awdid SubBentail degradanion of thathypardayied gerbmiuctanan

4 x le cm3, GaAs do with B
materiiss NGV BRISA S oML BLE SR ALV OVl 9 e formption of
perforn@ﬁ@@ H%ﬁﬁﬁ’g %ntﬁdlﬁﬁve%‘éc&nlﬁﬁﬁﬁﬁrﬂhﬁtﬂielﬁﬂ tfefhyféreiapedr t han

As hyperdoped with Be at a
sermcon@mt@nnatmalx)n of greater than 1 x 1020 cm 3, GaAs

lelg%%?’dgghwrr%%d%&%nﬁ% er opedﬁ?t h&?ﬁd%fed g&ﬁ%ﬁ‘({uc{&an

materisboincecdrdatce ofth eh agpeetadfahis idvantidn, 4 nan-nsgllglbmamﬂwgessure of

GaAs erdoped.wi th Be at .a _conce -0
coten g5 NGB PR PRt Ry o i Eefl ] B 6 utre-
high vdéﬁﬁkﬁ%?émtcbﬁﬁituﬁlfls géiendoniplétbignirt ﬂeqXEérﬁ)@ﬂpa'meSFurthAsn this

IX per doped vvlth Be at conc ntralonl(l) eate Hlan
regard shese {gpoingsmay e@%-émﬁ Q &iusg;of grogt %{;glﬁques other
H“a@ﬂﬁé@l‘tﬁ’é’hs@fof ﬁﬁe@%ﬁret dhemichDdPof BpdsitiéRASVD) or vapor

yper doped w th at a concentration of greater than

phase epdtzxsem@)m lm@@ﬁmmswﬁqm@étha@r% @%@ﬁ% P PXERN ghd/or

o e £ PR G g i
compoMRtsh OUD 4mdrVRE cutlbe ienpldyyd e giowddfpséqpaﬁoméalmt rates

) erJals rda he i ot
consiafgy g thrpdf AEETHES fegbed d BeribEalt lne e, Sg and
VPE gfRitB rdtéd on tAé o@eﬁumb anﬁatahurper hérgnoeapleds.y WO

031036697PCT/ US02/ 33670 7 quenching the material and
optionally repeating the anneal - and- quench process
once, twice, thrice or nultiple tines. Met hods
for producing hyperdoped materials at noderate
substrate tenperatures, in accordance with the

i nvention, may involve noderate tenperature gromh to
facilitate a suitable excess anion pressure. In the
preferred enbodi nent, noderate substrate tenperatures
will be in the range of 300 - 550 degrees Celsius (C),
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G ow ng hyperdoped sem conductor materials in a
substantially oxygen-free ) environnent nmay involve

mai ntai ning a partial pressure of |less than 1T9 ton,
Vhep/BRerPant ageously a partial pressure of |ess PEEES02/33670
10-19 ton, and preferably & partial pressure of |ess
than 10-11 ton, for oxygen atons, oxygen nol ecul es and
oxygen radlcals as well as oxygen-containing

compounds such as, but not |limted to, water, oxides
O¥letpalis fon prc(declgg hyfperstoped @miedriduttor matetials it ropderate substrate

h
temperél*ufrﬁels;\r/m 3 %%fg?. e gvr i 8?%%?%&2’8)( g a}% %lséfngmdg fhéé‘s in excess of 1
um/ho(x, Gy exgmpleperodtinets sﬂabouoﬁdnﬂhmnr mat eri al s in a

subst ant | Xygen fr e enV| al so i nvol ve

ALY pefn e MBSy TRendite i e, ngfer RESpI

aspect @0 fHeA R MNBBH Feldiddab mdtheds £ tsdues mg hﬁy{:@&bﬁe@ Gaviceystal by, for
substanti al degradatiqgn of the per doped

exampl, oW B o8 hYBRIHeReH 2113 ong 0 1} BY HirA SPBSEUANR fseapatss than 2 x
10¥¢ tﬁﬂf¢115 8k aP} bon Elﬁi"é(n&?oiaéfeétgr AP 530t filfy 19844 Lddn&ntration of
pertormance egr adi ng” non-radi ative reconbi q?t i Qn
greatecthamfia! 10" om}, ig) Blwt@r@op@@ab@tewﬁ gresterdbancy = AT emi vy Beata
concl SR 0 e MM U £
cm™ (aﬁ!) Bs p)lec(tonoéntmmmoﬂgmaeartthanrﬁ, 4a m%ﬂmm? @Inl)g“:‘ekﬂ.ta cpagetiiration of

sroneb 5 T 1L et GEBRAEE e SR S M L3 e

a concehttdtRA |09§re‘ait%ﬁthm a4 110G paySi At @@on&nﬁmon@f gtvmk e |1)k 10%¥
strict requl renent Per se Furgher thl S regar

om® op(rilMetaba EPcRYEIRRGT S8ater thar 1¢e gy hrltswg B W@r%@maﬁrature
gromlgﬁl%\% tcs Eéiﬁﬁ't@é‘s%ﬁaﬂé BEdesd RO NBEresstHS Buch 9 b Mgl dib@rate

use o w pressure chem cal vapor deposition éCV or
tempexatipe M&Esmvtbpt‘wm@pel@v@at a gepstran deraperaipie oh{ (@ 10 °C, (b)
310 - AR E?z@rﬁ%l’:b@g’g?»@' 55 0 S@ﬁ%e%gﬁ@, @'356X%86°C, (g) 360-

conta or a action

370 °Q) )0 -amdpe;(l)@spg 860 e@,rfg)amu mgo Cﬁmkh)wm-sﬁElOC(ZD(l}am AMR0°C,

() 455 oS T o £ B RO b TR T Sl o 1 RS 0

470 - 4%@(}3 (:gf4eo L 89 W‘r@@dgmmo °(& (@) 500C¥D0 a0.d v 09t 320, (w) 520 -
on the order of_ 60 n1of mat eri al er hour, nore

530 °Ce .(x) i,s@s 540\#pop) éé@sa@%cﬁ}ﬁ mmmeg@umg the gEqvB grocess, 2
low pir@zg gp{astg{ge gg@ggwaﬁr&%ﬁmﬁ%ﬁ% BSIHSIuREs SRS 1dsattan th 10710

rate tenper at lIJre In accor ancg W t
torr, (i)Hessithandlf | torv, (In)alyssath kA8T Uew, Gr)dessithangell] moré>(t)els§ than

-11 our, Qt &I t
10° tglfl' (&/Cﬂess 5 X 1 ?ﬁé?a 11?3383851761 Q 16 2 %},\?\JAL? ﬁ%ﬁ%‘, duﬁng the
growtln p:toeenéJ engotvvch x’a& olr rmsttha:tg);emwsabstaxmhmcamyoﬁmmect

the invention relates to t.ho produ0|n
incormR{Fih B RO RRECH e S af TSl kg armpioler o O R e i or
preciphitee El%?&%clﬁbﬁﬁ BfRrdpin( Sﬂchaﬁ gﬂiwtﬁl r#Q@Ne e Pdnrgabf R8s thhn about
reater than x 10 g at a cgncentr tion
1 pm/Bypur ¢ gigptert arh%hs’utﬁ &mﬁmgﬁ ﬁ%‘e c{YSﬁ groph gndgions can
maintmg%$@§%éc%a@§ %&Wa@és ifh hﬁr}m%sé( oilzga%gt gn%s 1, yﬂtmﬁﬁur B)

concentration of reater

1.5- 13@ 1t/ haum GE)CIETH -r21@ mﬁw@f, (B 8&t-ex2% utm/hour QE)!GOZ_&} %iﬁ @n/hour

5 2 Syl (GPBLS T O TR p T 2 w0 I3 25t

p.m/hoiu" 418, 50)93)75:p3ﬁ/ho(m( (K) 3 784 8ty haun (s Hit-at 2sommour, (M) 4.25 -
6 102 ' i B
4.50 R eD ri0n A i bR g CORATS 1 5 ey, R sbat fhpmagisediy

at a concentratlon of greater than 2 x 1020 cm 3, (Xxi)
Si at a concentration of greater than 1 x 1019 cm 3
or(xii) My at a concentration of greater than 1020
cnl3}, using a noderate-tenperature growmh process to
generate a suitable excess As anion pressure, such as
a noderate substrate 15 tenperature MBE growth
process, operated at a substrate tenperature of {(a)
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10-11 tour, (vi) less than 5 x 10'19 ton, or (vii)less

than 2 x 1042 torr}, and using, during the growh

process, a growth rate or rates that preclude a

VQIBH436¢%i al anount of dopant 25 incorporation 8RT/US02/33670

non-dopant sites such as iterstitial sites,

anphoteric conpensating sites, or precipitates,

t her eby achi evi ng hyperdopi ng, such as growth rates in

a range of less than about 1 gm hour to greater than
slowetfrCfteSgrowill fars bolidviable usigh MBE YW IMOCYHM, hnd:@ﬂhéh wéllda®wn

can be i nt ai ned Speci f cally rates in

techmgppé: are, st as?or%% vatggbe 1§vesHon. fxe Snviﬁqurb %yreite ihe excess

anjon %reﬁ'ﬁxr&ﬁf Gy by ((ocl)ncérgarﬁtmgrza itgple @R&Hhatl\(e@mo% éﬁessurg sidoh as P, N,
gm hour, (E) 2.25 50 gm hour,

or Sb gwmh(ﬁgypenti(a@nspf-]z]@ dte@ang%@} ess(c]:q;n gx @0 ngﬁq@acuon, (ii) less

than 1 danllble 1%40110% (&@ les§th§% 1 Qm()ﬁ%éle ﬂ%LS}m? Q%d (1% IZ% than 1 x 107

mole éfmtlpoulﬁote ¢t vsingalternativg @mgn{m @gmaon) (alivedy ®ohniques Pgher than

sana SIS POTRRG iy B st RPN el &t cation

pressufrasmeh taghmqmd?. nigytindudeafsing\iarit €oris iofi thesion, Mﬁbhﬁgﬁ/ﬁiuon to be

accel GRS A P e Rl on Femaca JER) iftrossymnd et yapor

deposkiog dchniqlies. FKE BSEntfRi iy AoVDEBIR thdhnigubSfop Yncreasmg the solub111ty
co-incorporating a suitable alternative anion

limit sl ps (g)sdqplng\pnaglpn@ypquppﬁg toarhisne eicieghdoning l@qygnd the solublhty
(i) less than 1 x 10-2 nol e
fimit rtlizia\ég(tqc|Hf;)alrl1ld i ea‘?étﬁgss 5 than 1 x 10-3 nole fraction,
( Bl )genergiéy steaking, and withoytottendingitot edimiting dingihen) expwplery
asnect (‘I}%EL I}Ivzgﬂ'lg\g rlg fﬂp 1 lmntangrﬁ an&nrll\p tr @aht*ﬂ@lﬁno%%inﬂ&nﬂnnier devices or
P e AT Ve ani on (or cation) delTverytechni ques
specificali eptithiamg detiae derftmbvife, whéramitbningeblanemhyoriyerises hyperdoping

o lmg P80+ G preiane it i G0 B RRR gt & bl
regionf, GF)ABa0 refiBe, (@) |a%8urc€fh@ﬁ:1n| ) b Rirpfeidn, tvili)deulk regzon (ix) an

acceleratedtovvards he su trate el ectron-cycl otron
active reg o éﬁl:@a(sﬂmeg%%@ésco“%e&@& @5{5’6 (xij@ dgnlghen regign + by
gromﬁg%@ HyBatESped ol (BME 'n%e%teﬂipéﬁt&@ﬁmﬂ‘gm g'xﬂéﬁ%&l
for increasing the solubility Iimt such as opl ng
excessemiay! d)rngtlmwssurqcﬂmtgrr@cbw@dt}'pe\d@@f rhgwon@hwnu dppang

conceﬁ?a%ﬁ%ﬂgs) B%nﬁ ?1%1? Bﬁéraaé: g{i1 Ar%l z E%EJSI'D lon 8@)" %@1\/\# I@% é‘largerdoped

reglonl(s) tusing infegletate ﬂempfraﬁiret MBE, pracess(bs) gln@ﬁafmdram?olmmminb@ a
i nventi,on relates tq i met ho .or.
substaptils| SR ERSR S ERMA AR HBNIEE ey Jpeeiinga | y
substaﬁ@éuym»)@gagﬁe@uﬂmnﬁsﬁtfdaﬁﬂ%a m%ﬁf&ks(esj ﬁﬁ EﬂVBIv@\&?a‘ffﬁﬁhmg a
ri ses hyper dgpi g eagt one of { a_ bgse
Pamalrll%ﬁs'é'ﬁ’ Oféqsﬁ¥ hagA0end ¥ €1, Sl on2 x(107 Pf Bre bﬂ)étQ oforr for
oxygeh $8ied bonfainidants. SRHW tanﬁ@%/ %y eﬁ \ﬁ)ee %nﬁﬁ%ﬁlehﬁ%agrbe eﬁg)'[()yed to

a source region, (Vil ral ron, (Vill
avoid signifigant d@gmgatmn of thteihyperdengid @nmwpn ucaprpmﬂmlfe eleagplmnmescence

d/ I
and/or( 5 'a)zma i?g%ﬂ'{c%ﬁttfﬂltmagbg Q’F aed-gouggrceegéglla%insg n8§ ??]cgetlthég%c:o gla 101
channéle n’pﬁe ih?pHréoWBEerﬁfcﬁﬁﬁSﬁ)( fiaferind. Use aNhRrdpie 36 ralitedihe @F more

cation essure that duces perdoped regi on(s)
ﬁwaﬁ%ﬁ?ﬂ“&&%&ﬁﬁl Qgﬁ@ ﬁfgweggé Sreferg R égﬂngofﬂw
followrid! Benefits R the fabricafdd kéi¥odrdabtor @mu(é)g(aR/B hébdRrefl ﬁﬁed (b)
region(s) using noderate tenperature process
lower W% quﬁ*@msb ngtea@r newa eHiciangy @ Eﬂﬂ?ﬁp@m‘c‘f lpgsesy (e better heat
oxygen-free environnment during the MBE process(es).
Mai nt ai ni ng a substantially oxygen-free environnment
during the MBE process(es) may involve maintaining a
25 partial pressure of less than 10-9, 2 x 10-9, 5 x
100, 2 x 10-1 or preferably 104 torr for oxygen-based
contam nants. Such substantially oxygen-free
envi ronnments may be enployed to avoid significant
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WO 03/ 036697PCT/ US02/ 33670 10 sinking; (f) higher duty
cycle; (g) lower threshold voltage; (h) superior
operating voltage (i) |l ower threshold current; (]

W@ gHE¥66Yai n; (k) higher st ab| lity; (1) higher PCT/US02/33670
radi onetric efficiency; (m®hi gher quantum efficiency;
(n) higher photonetric efficiency; (o) higher

bri ghtness; (p) faster electro-lum nescent nodul ati on;
(gq) higher relaxation oscillation frequency; (s) |ower

sinkinfg; (Fehighendaty ¢yl &)ﬂw&r@hmﬁwld\to)tage)‘(\b)rsupmIopagtuig voltage (i)

over R0 Lt B LEPGE G (LR e PORLOE 00 Py P BsRg T reey

(m) high@eueNRAcighan (Iﬁ)hlgh‘éi ﬁl@tdﬁ%ﬂ@é efiCichONEY A HeE Br@iﬁﬁss ®)
process(es) may |nvolve operatli%@the MBE process éiﬁ?ﬁm

faster&lecfgerbgnma&cénttr&%@@ﬂuﬁ%@é&ﬂ.fﬂﬂ% n pggliatiogiregaency;
relatt\gs Slgﬂér_m es@gl%'v@cei_r ﬁ%%éé%gth%gﬁea@ r(uf@ﬁtﬁm’%éddr\%%&la e’ﬁfx%%;oand/or
(v) impray8d) d@xce&saedewow@prm@m@lllmﬂowm@e typerdeped rﬁ@(@u@mg

modeglemp i M B T A SRR RVER, rilen t

substaepenperafird(d) én theengei of A37 € 530 WS ot, morengprecifieal lyyebdwrdsore of 330

fo 4 dap X CLolo riahs~using
e SR g g Rk B ik et R R e
°C, 47A(J"m4mra9d o—_rmgcravshwesxmﬁ nting the grn\gt h prncesses
t nindernte eubstrnte tenperatures and 15 .mmi ntaj ni ng
a Onerpgsan. weaaralbr wealing ad Walarg de @ivr‘élérﬁt% Footheti ng
illustreAYEISHRE 81 il Eﬁd%ﬁu% aﬂésqmbrwegqséﬁ&fs fo@ﬁl@dle?Ng W&abyﬁ
mal ntaining growh rates of |ess than about hour
semicpdugtos maéﬁnaimnlgd?%ﬁtané othet growth prvedssrasavhereig tbﬁ Impypvement
may R r@-lprmngﬁy&ﬁwﬂf nrRXNOE 0 ARG QX mgcﬁn,.mm,?urm,&lg and
* "conpounds durimg the growth processes may 1 nvol ve
maintagingtad Owi pagiahpessuré afl oxpgmd oeygeh costeming@mpbOnds dugng the
s than 49 .torr, l.ess.than 105,11 orr,
o PR E1Sh Ay P SR e AT e it O 18 i Atghl nemous to
great@mgeaomnﬁﬁhamn yAanaRgadew patighpredstifeofdigien\and Ui;_k,@en
condi tions, for, oxygen and oxygen gon} ai ni_ng, conp ajj
conta%}fl@ CRPIPPEIdRSIYING Hier Pty roseyses may, Hivalve spdRtaiging qipartial prossure

of lesgﬁlgﬁ 6t Nes@ than @ P YRETHOPRA 5 KEBHE Rl lé? ?&Fer%lﬁ REd BhS 107

el ectrol um nescent noddl ati on and/ or avoi d
torr far oxygen; and mgmm@twmm@gisa&mhgﬂtm hafdwa!m goaditions for

oxygd? ere}aga%&&%@ @%@S{e@@?{e@?&% fgﬁcﬁ@ OfuGhERA

degradajioﬂ tof ﬂiedlyﬁ&dbmnmdmdrmmmmeiacttdimtunﬁsmdt hedulation and/or

.. t but her .th

() xR P B g P B o e R g g n the

hyperﬂrqiee kélcofiditdrinyateriallds ACASIERRS tefipetanGe AW FicANOSubatee
nperature is typically the substrate tenperature

tempqr%twg éovﬁ&balb%wé% foricanyspiiengbetiosit, Gt bighey thagsubsisgte | ow
tempeﬁjﬁ'gl%g ihat HRGAORES B cdntig h&gre/deé DR ia By, alhd coﬁeﬁﬁaﬁj &b&ith

strate tenperature my eatenperatureln
substratgriefapesatuBoe typl@ﬁ@ tle; substrapﬁtempfvraiwreyraagq batrsablesithe production of

i 3P0y RSP 8 By ALY g emorr

may bé&ﬂempetﬁﬁlrfﬂn th@fange di00C, 550580, er ptofbrably diémperab®din@he range of
350 ~%88 °C, of a?ternato ively a%’?emp%?act)urgm thgpancg)g %9 335%6 QZ%C;E" g§92/48(§ §g 400 —

425 °C, 425 — 450 °C, 450 — 475 °C, 475 — 500 °C, 500 — 525 °C or 525 ~ 550 °C.
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11 Yet again, generally speaking, and w thout
intending to be limting, another exenplary aspect of

the invention relates to methods for producing

Wy pERe¥ded sem conductor materials by, for exaRpTS02/33670
combining in a growth chanBér, such as a MBE growt h
chanber, a (i) matrix nmateri aI illustratively selected
froma corrpound sem conductor nmaterial containing one

or 5 nore anions and one or nore cations, such as

G Asagainn Feneraly Speakingeand| without mmdmggqnbe m’cmgaaqomr exemplary

aspect&?h{ﬁég%ﬁix pé;f%g& Q?E!twa ] plr %%gﬂ%ﬁ%éjﬁ sgﬁﬁgﬁducto? Draterials

by, foi dxatuple; admbining is e paottk dba&rtbemsﬁ?th as@i VBBegrowh cBambeZm (i) matrix

) cd,. Se, T ds, i ich.(i) th t .,
mater S Hpi Y belfciek P o antub SR8 Yontaining opg or
more 4ii6hse8l 864 SI0MERERIiFIR! ueha Gmt ThX Z1s; EnSe inmmshs, GaP, AIN,

Gamlgopant% %ggjéﬁ;@e gr owt \mher subst{ﬁ%%g W/Eelated

alloys'] a‘ﬂg l®) £8FanmMitagiva) %I&Eedrﬂcgﬂ b? Sg 038, (PfBet e M d@'@e S8fTe and

substrate tenperatures over the sel ecte natrlx
S,in wimke@) the dopant penceRtoian B’Fﬁeﬁdﬁé’h@?%ﬂﬁfﬁa@ﬁﬁ% dimit for the sqtpgted

I
comblﬁﬁgﬁog‘ﬁ?ém Patégl)g(j;ag{él rgfo érﬁg ea\(xg ﬁl\!}q %ﬁnent antber seubatfate teﬁnperature
is in thehaiddterthird/ir middla 56%, mlckitdofﬁlt’/anmddﬂle 39%ooryngiddle 20% of the range of

ronne nt typi.c s 15 maj nt
subsisiE R skt o i, L B Mol in g prowen
chamtexanpl e, a parti al pressure of Iess t han 2 x 10 1 ton
(or less than 7.5 x 10-11 ton, s th X
t bhe Bethodymay Fiihenpvalye ginaining 6F %&@yaéﬁ' SiyBeRice environment
in the %ﬁﬂn‘}tﬁ BhAREY: SMihinhnial £ ij@daﬁt[%m(ﬁbgéﬁxﬁ‘&eéhmr@tﬁéiﬁ ?vmcallv involves
radi cal s and oxygen nol ecul e5, as we as ox

maintgioing aitrd-high vewpmaeaditionsia hn MBI ¢ @@@érfoceﬁm{m @ gartial pressure
ot {31950 @V, bl SQUto RABE AR PERFE B e

107" wer)y fmdnygemr—baséd toneankipges iddpdidg sbmeutahmn; roxmgneadtaﬂs and

el ec | ut ni scent propecties {S 5 d
oxyech oot Al IR OB ClRBLs S A i Pyerrcompgpnds
dehvef'éﬁrtﬂﬁi;gﬁ)fhe(%f)u@ehfowcﬂﬁﬂb‘@nﬁ e@ﬁmllmg}:ﬂ@ﬂ A@dﬁ 8b,iNe- thus avoiding

reco channe] s he erdo em conduct or
SUbSt%t-]éggﬁaaﬁ P msERPA SR 9lp aiﬁ'ﬁf lysgnescent

propeﬁiép 8% f(ﬁfhﬁu&?ﬂﬂﬁﬁlﬁﬁaﬁﬁﬁ% kébnlﬂ%ﬂatlbﬁ Rétfed fan@&@mgmﬁ@aﬁt fermation of
- 340 C, 340 355 -370 C, 370 - 385 C, 385

perfonnazt@cde,gsad@g nc@e'adlameare@nimon chawels in thgdyperdoppdC, 445

serxﬁcg\lnﬁlg%r %ﬁ%ﬁp %5%71 veggﬁqggtéthg%é‘ﬁ% %%é? R’[%%éﬁ%tr&g %eé‘%?ratures in

the rafigbfG 105325 *CERE 340685 346085557C,600 —376 26, T0 -63% °C, 88D 400

4§, SR T80 o 2 B I TR TR0 €, oo

— 495 acnm sfofld tz\wd sy o€ aqisd- ﬂbecn&to qslmt(t; 555t-a0 3(,. 570he585

al so i nvol ve tec ues to jncre
oC, 58 O oo PO 5115+ S15 1006 0w it 665 36 g o medboymay aiso
1nv01\)'e%|e Qﬁtj twboOfhPR R BIhIﬁox% htgl‘ﬂ-térxﬂferzﬁé‘é 2801, KRy I5pid thermal
| e exceSs anion sure
quen@%@ﬁ%@hm%c@zm@wmvcﬂze wehniques m ingeepsedthp agers(op Fation)
pressulslSuchBY BthA Oid &) r4iE (8nf ok Blelkldnt &%HR)' BN Aisbie
permitati o oV recited
excess:mmhpnesmse, ranges and/ or materi al s conS| st ent wi t h,
and/or in furtherance of, the teachings and obj ects of
the instant invention. In particular, any patentable
process, apparatus, article of nmanufacture or
conposition of matter that is taught by
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5 this application, whether in this section or

el sewhere (such as in the Drawi ngs or the Description

of Illustrative Enbodi nents), should be consi dered
WasY036697t he present invention. Brief Descripti BAT#802/33670

the Drawi ngs Various aspedts, features, advantages

and applications of the present invention are

descri bed in connection the Description of

I1lustrative Enbodi ments bel ow, which description 10

i Still fiaréed egpetto of ha dnvientigomejateto Mtgnatwetqqn'{bh@nons and permutations

o 355 OREDN 38k s SRR ol o s g,
and/o8 Hltﬂiftﬁarﬁle loﬂli? ﬁe@clﬁi@@ and olgj mﬁ’thatnstaﬂt mFér?pnn dngﬁmcular, any
concept ua e |ct eco nation channel. pro
petenigb e pritsHio ERTSFPLSH K FARRAEIBRAY GPPPTon SfabaiRe Bt e by
this a]ylﬁtcat‘ichle whbthe in @m& secfibn Bf QvieR (Beth! a8 wedhs Dra:&lﬁggwtﬁe 2B
lots carrier lifetimes for several prior art and

Descf&t@ﬁﬁlf Hiugtrative awqugn%@es%lﬂ@ copsiflered pagt ofdhs RregniiRvention.

Brief DS tinYorithie Dralinget ur e fabricated using the
Ve pr SS, Figures 3A-C depict a prior art
pracieesaspents, Grabmes, advaategetard epplisatiorstof the et igvention are
descr%?@ lhnccz ﬁne%tlsﬁl %%és@r@ptﬁ%@f ﬁlu%&%\%%qﬂ}&gﬁeﬂt{b@&ﬁ %ﬂ@p&eﬁcnptmn

e rnvention, strates an
is intenkécdetorradd i eomgamctmh vithethe mnmbanmgﬂetmﬁdrpwmgs ilowhichf

e RSl bt Gk RO e

accorda@gpen\gaﬂoh the i nventi on; Fi gure 5A
shows a concept ual cross-sectjon of a pol ar

t R AgronpRpially depiets secombinationsghappel tpff&’ablh%a% fgnption of
Fi gur € nfih fenfeRinile kérfth@ﬁvaﬂwgltﬁé%n&lahcw mgm&qﬁdg 16¥els;
the tr&ns| stor parasitics depicted in _Figure 5A

Fifigure 2B/ploth omgerdifgiimes for bryeral priarraet and wx¢mpjpry-ivyentivd ng

di ode %Fe?a{ n accordance with the invention; 30Fi gure

6B i || UStT & es the band di agram for the device

d@igne d depicks apleaxempPlAty test structure fabricated using the inventive process;

Figures 3A-C depict a prior art process for creating an ohmic contact;

Figure 4A depicts a tunneling ohmic contact made in accordance with the invention;

Figure 4B illustrates an alternative use of the tunneling ohmic junction (of Figure 4A)
as an optical mirror;

Figure 4C illustrates a band diagram for a tunneling ohmic contact made in accordance
with the invention;

Figure SA shows a conceptual cross-section of a bipolar transistor made in accordance
with the invention;

Figure 5B is a simplified equivalent circuit model of the transistor parasitics depicted
in Figure SA;

Figure 6A shows a double heterojunction light-emitting diode made in accordance with
the invention,;

Figure 6B illustrates the band diagram for the device depicted in Figure 6A;

Figure 7 shows a field effect transistor made in accordance with the invention; and,
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Figure 7 shows a field effect transistor nmade in

accordance with the invention; and, W)

03/ 036697PCT/ 11502/ 33670 13 Fi gures 8A-B show

VR BHPPEY hi gh el ectron nobility transistors nBEEUSH/33670

accordance with the inventildn. (O course, as those

ordinarily skilled in the art wll appreciate, many of

t he draw ngs contain conceptual sinplifications, and

are not intended to indicate exact nunbers or precise

s Figyares. QA-B sDewexepplagrhigh elbdttonsneblityy vrendstbrsdiade it sccordance

As enp] a hyperdoped conpound

sem co‘ﬁ’gﬁg} ‘?er?g?lgrl is a mterial having a suitable
(Of ccﬂk@&ﬁﬁhﬁﬁ&lo@ﬂn&rﬂjahhﬁéﬂ mnheas wibappmmt@ anaay ed thel’drmm@ya:ontam

are rior art terl
conceﬂglaf %“§}PI§U TPt FiraBpEAe g Frsiigatel rgct PR O(amclaﬁfhapes)
DescriptidiSof IRestidiRe FimbRRmeati ng ef fects such as
rntersiitial dopants anphoter|C|ty, stal I ne

déssaplpyed bereisa h:a?&rfiﬂmeém@%m @%SM Epatarisl is g appigsial
havmga%&italﬂlete%&és Qmoﬁ’ caﬁe%y r??@s@ﬁr@‘?ﬁtﬁ[’ o?d%ecPf dﬁt@%ﬁ%ﬁﬁkh B,

peci es suc Xyg are greatl
compgeeé toepmedrt nbmnatsonealrlw rabltof bhg d@pmdtonmmcc@y qatign (aalon) sites, so

that c%g%éanf 1l 5 eﬁ‘e&? Ai?ch o nRergt?t?a? ‘a%%mtsh %R@{oqgrﬁﬁtn gcr&&ﬁllﬁllé/ &Fects such as

ess an
anti-sitX Cle@msants deﬁms eimpmﬁtprmil:)ltaamd op eg-inicbpotdtien bb cataginaiingBpecies

1o t t hout trod
such & Pt SR et darcimanh Paioh bR L or Gy
contaﬁﬁ@@@s a ]115)0&'& Be ﬁi&ddgﬂ'@ HYOIRA chaffl bPeRe&an®on concentration
uce

materials with radi ative lijetinme (beicause

(e.g, F%@ﬁ“ﬁ%slf\SéOPPWﬁV% and pefppts b feaing Sf Bsrophoration sises (g8 Ga
sites), qﬁﬁioﬂﬂm&@&lﬁ:ﬁgya s1£Hu§&§1{ adRiy %ﬂ%hﬁv&%a&rﬁlﬁﬂiﬁon cBnters.

horter radi ative etlmss) w t hout al so creatlng a
Hype@@ﬂmﬁ a3y bel grrslito yre@fe m@tmalawﬂateidu@edrre@lm lifgtime fbecause radiative

i PSP AR AR08, VG0 45 et

shorter exiintive hifetines), witheutslsoaneatiagla dbmmentrc&mtymﬂmhnmaﬁm a

reconngin RRRLR ) WRRRR S B L8 DB R B Bt

proba&ht;ﬂof@hdlﬁﬂverfbm{lﬁﬁaﬁoﬁ FeshPionlredigfive TeeorfBindtioRek 6 @RveR Boping
al so be uysed to_increase the total mnority

level. é@pﬁqd@wmg Fancalsake used tp qrpajemaleriplp with inGensechdoRing engcentration at
a gweh%uﬁ&ﬁg F%@fjhfgﬁﬁ}:. of V\Pﬁlﬁ %Eagrrgégr fusél t%gﬂ&r&%g HaGhf

mat er i occurs In a at medi um or
minority carindifeme abugiven Gemertcenmtrmum es (e.g., in a range

0 I enperature in
Ol o, 5 Borvindlof UG Sty Bl P ELGA £ eloher
chamiseu Ias:mm:na:lr hmeradeﬂxaw@agﬁmtabmpﬂatumc(é galmsa raﬁgé efdbb@is300 - 550
o and/ oy, oxygen- beari ou ve ,
C, o gk by MR 2 GV A ISP EaoROaAs wbprcin
substﬁh@ly 4 @@gﬁbabmb Y diogls, Qndl@ﬁﬁds @hd/BF S&BHA- Bezﬁ’fn |@s&rialdan
t on, |eSﬁ*t an 10-1 ton, less than X 10 11 ton,

compeyndp hase dpemhexrluded fomihe smyeh shamber éeeﬁ, ) ﬁ)@‘é‘ﬁthsz@ﬁ}@ef having a
pmﬁag%ggsﬁ@mesmaﬁw §Sir, 30 10 10799 B0 1RERah 3% TOPU §ek Bk Breferably

less than 107 torr for oxygen atoms, radicals, molecules and/or oxygen-bearing materials and

—r

compounds). In the preferred embodiment the growth chamber is part of a molecular beam
epitaxy (MBE) apparatus, although in other embodiments the growth chamber could be, for

example, part of a low pressure chemical vapor depoéition (CVD) apparatus having a low
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30 conpounds). In the preferred enbodi nent the growth
chanber is part of a nol ecul ar beam epitaxy (MBE)
apparatus, although in other enbodi nents the growh
YWhéiFer®7coul d be, for exanple, part of a | ow pPEEE2S83670
cheni cal vapor deposition (€vD) apparatus having a | ow
WO 03/ 036697PC T/ US02/ 33670 14 partial pressure for
oxygen atons, radicals, nolecules and/or
oxygen- bearlng naterlals and conpounds. In
partial @ﬁe&@.ﬁ‘d draoay gantabons rajéplsc motwulbhaslé)rtoammmﬂggng materials and
erdopl ng causes a conpound sem conductor materi al
compof% Ye anion rich during growth (i.e. have a plurality
Ofn a@Er@ihcd WithTan @épedt ¢fhe3a taathinue hyedupingehuses uchmpdnatl

the anion richness f.aor s a hi re erance
semicofgpetAt matetshio britgoraeh Siring %‘g%wg bV éh@y ﬂgl A a§{°ﬂ atoms or
an anicH &REprodsEMS, RuchHiBit th@ﬁn&[‘h&ﬁekl BhBes §1§h prepehdebahce of dopant

excessive as to cause_a significant degradation of the

atoms paiiordaien siles WEEIS theyhersis ﬁﬁ?rﬁo‘fﬁhﬁ)’e& Fhetayloaﬁ iphpgss is not so
excessmerl@ i {:%Qse Q&%ﬁﬁcﬁﬁ %%rgd +ibH Bf B CESiRr ﬁﬁisﬂ&? pﬁb@rﬁé@{rbﬁ%ﬁtﬁ/

ect i nation, but t conbi nati On
and/oromnhmgm after guayrth JFsi exgesa aviohwae evtvallytvesneitasve eitreesmpbanation,

oS e SR SR o G i bt
properfits @dthiixe OMEH Py radistiverecomiihaibnbstcIndiher wusis;:liwexdepmg uses an

material s, wt.h te rature, an cIe | nes:
anion ‘F'WSSSPFPe“in??thJ“%‘H’Pg? choeg nigt lehbeRGirhin .y
cleanhhgﬁ 6 X585 fhe ADpRANoMRD cARRAMEs, bt Kok @@ill%\ﬁh@ bﬁébsf Ané@dr dopant to
density of non- radlatlvetraps he preferred

create @msigmifioenidensitynfngn-astistive éﬁp@;%ﬁh@rﬂé@%ﬁd@ mhpgHesHJsinggn anion
mmerPQ:me ﬁé{?éd(%h% ih@bdsBs Bk r&%o(ﬁ‘ab?ﬁﬁ oft @itioﬁ@uﬁéi‘i*ﬂﬁfo’nﬁl%‘itb@é@ﬁnared

sites 15 to dopant el sewhere. Alternative
to dopemttni&d:whmet Alierpative smbadxmtsomyome pSRtEgYCPressy e tadnaseasethe

ratio of dgef b1 ARl BeGRaPR SR bl BRRkre O ffred o o
prior d&lﬁh@ﬁeﬁﬂ:at ﬁiels'irhedﬁﬁié@ledﬂp:r higpetdoped ma‘@nhimﬁreﬁmbﬂ;d longer minority
terial w exhi bi.t  a rmnorlt [l
carrcn PR 4! 46eR RRRER B TASIo IR At iy R el e
conceﬂka‘ii%n@id BRVUBhiBYdNBdn S it QrowB MEERIds 8 ilﬁf@sihg tieratio of dopant
achi eved than prior art growh nethods by increasing

on substigtipegl isigesde derspheléevdBin substitutional sites to
IERERlofibe GRS bEause | codﬁ% REE SRR didolBbHsSe GG SRcbnition of

ormo hase epl taxy. Recognition of
the bebdfits bfeamxﬁn ¢verppéssiam |donng)g®valu bgsgtmr@rtdmmgerg nassedh thgzy:-entral

1mpor$aﬂ 1ﬁ@ucmg§ﬁ%€vreﬁ%§sré;§remrrl ?n%fni¥ gf{ftﬁn é]lctﬁgﬁulﬁl tnhatém? rlltﬁ%l’ctﬁ?(
applyl.ﬂ'ﬁitq{lst akternaly ftehe gloavth mpptage. (The Iptespmsiﬁveﬂmblﬁka&pi ihy isternal
eeps

romh _ interface. The pre i nyention
overDfesUER Hal dyring gray i 8 b, GWPQ?#S o StRig OF FWT%}P&GH%%S anions
ata n&im@iﬁﬁe&%gmslw }'ﬁgﬁ tédsRy, b | w&&r ﬁ%ﬁﬁéahﬂﬁlb&%&ﬁ@l&%r@ﬁb@ 8fnon-

at a non-stoichionetrical density,. but avoids
radiatiye graps. Paamrt HPFRACHRILA LSiBE ém-st@wh@meﬁwﬁﬂy high anjopdensity bave

typica lg ﬁ?e%t  Jolw d éngrléverga R dﬁif itk ég&h@g so the excess anions principally

Y nsity have
Gomp*mﬁﬂm thel dﬁpm,adeiéng valdmpulatglgi matetial. (G)uheramqr @rapproaches to using

BT OMEN T e A e
aniong)BicRiin@atefhiNafh gceBivebr Higlhfg-mdiaties recambination rates

In an alternative embodiment, hyperdoping causes a compound semiconductor material

—
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30 non-stoichionetrically high anion density have
typically used too high an density of excess anions,
yielding material with excessively high non-radiative
Wee¥Hptonati on rates. In an alternative enbodi mBAT/US2/33670
hyper dopi ng causes a conpodfd semi conductor materia
WO 03/ 036697PCT/ US02/ 33670 15 to be cation rich during
growh (i.e. have a plurality of cation atonms or an
cation overpressure) with plurality of anion vacancies

to be chtionnihgiudug prowshuile. Havat plubditg af ¢adion icblyrve as cﬁ.tﬁ]h@&érpﬁessure)

. [ reponder ance.of do t atons .ontQ ani on
with Al AR Br-Grer ST inecir g L) 6 CEhen Kehipi orocs  high
prepohd & Bt DF dbSenP@bmS Bni6 66 RS SitdkOviRe they pavisearter Sidih, fyefdB kation
degradation of the carrier _transport. 5 Propertres

richn E(Sﬁrsﬁ Q5L 5@ GXCEPRNCRE 1EayeR ¢ §1991ﬁa411t éﬁgrgqlw R tha cafpigEAspRIE
ol S e Sl R by YA BB, i o
by hyp@depmg,ém atmepteriabigtvhich $ubﬁrant1aélyt@9f awopdnt is Iﬁ@zecgﬁobl e
substlﬁﬁfaﬁhltesgtg% {Wl]glodnug:_, mﬁlga%{rglfy %'dEe)rga%t 01’3 E}I%tF §1§ets I 1I1fe?slltj1§1§l'(§;§t§ss ‘or Present
as d1fbxsduﬁs prexipitated; int¢lusiens) oaqiber nén-rahatswanam e, in the

preferred nbodi ment t he ers und fo be,an excess.

S < pfe, Ry P PP et B RGP bR R SRR shion ez,

As) m@l&i&a‘ictﬂ;n XoRAEEIDn B hisut A xSIOFhi Bfof alsaibRRlk M @aitle 03360 °C

C durhnq% rowt h,  and %1 excess As nole fractiop
during gromith A 1 S¥PeRt A LBl HTREIon QeppenIEPBOF dhoubl 3 B o for a

substrbRITBRPEhMFE300 56 Quing sobg Wﬁ@ﬁﬁ%thas tfl\p§u§st¥4?é’i1 rr@%raﬁﬂ@ increases

substrate tenperature | NCr ease uri ng gro
duringgremdh therexenss aniprceanceniration depseasesases. The use of
adrir.t ge[/&raanm. bed wnnrrgrm rt(erp%Ibﬁ[ @p Lgr 5) r:plﬁr 2i¥hlearich upon the

Imtati8n upon
practcheMcseg&lmingnwhmﬁmmga hlypgdophdrsenhcsadnctm mbmmah lsince a

[ nce cond or mat eri al
hyper i o Bison i ka5 i te o U RiAriog AR Hogs (o5 Be
atomsﬁ&nc&trﬂﬂ’ﬁ)tm@&dcelsﬁﬁﬂ@fﬁtbﬁl (e CA§)S inAdith&oraérfBintBtaBeously, into a
, 1n either .order or 315 (tianeousl y. intg

a
Semlcg CEQS RAET BAterBl(Fuck apinds) &errf%mea%@le OBfgtipledApid
therm?r%&l)eﬂ RPA) &)l ?h@énd%&uhup{het théRiidard SRETRE 2 BBAEALs in this

cycles. The end result 1s that there is an
case), and ehesdoppantiaren{Be (nthi sas)aresfonnd mastly) on catian suhstititipeal sites (Ga

AT ot e G855 A TRIEL B s ..

by usieg Pers sheagxicens anibo rrsGmAemsiremd ofiks)i Whthtstitalle domtriohef thaéxceds

wion B 51 R e B e S R B e e

of du@:ﬂ bl gapim@éridly Maddrity Chrrie fe@bhBMSicH iR hiedHa8 86miconductor
conpar ed Wltgtgcg“or art techniques. In the case of

materig|s 1agy byflarpin mﬁ'@@rlr%regommnﬁfm pere g prigiart materials doped to
the saﬁqe%eﬂéynr}amnoeoodwbmcﬂﬁhgt@@s,dnéﬁrﬂ ngyé‘cbﬁrr,m%éomt erials

may dom nat ed é radi ative reco I nati on mhere as
phi @theraﬁiandr;n@ta afltkis Wp@fébnta)h}mhehpmmmdmor metemal may be

dopedVWi'tﬂ ﬁlgb 8e groggn{é%tﬂ‘feg dglyanp it éx‘iﬂiﬂ%’ té’n%eﬁcyctg ?P&n”&%&&tates or

inclusions at normal growth rates (i.e., a growth rates typically less than about 1 pm/hour). In

this case, increasing the growth rate to exceed 1 pm/hour (e.g., the growth rate may be in the
range of greater than 1 pm/hour to about 5 pm/hour), so long as substantially single crystal

growth can be maintained, may enable the formation of hyperdoped material without the
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In other enbodi nents of this invention a hyperdoped
sem conductor material nmay be doped with My, Se or
sonme ot her dopant that exhibits a tendency to form
W 8%03p9% at es or inclusions at normal grow h raPet/Us02/33670
(i.e., agrowth rates typidally |less than about 1
gnm hour). In 30 this case, increasing the gromh rate
to exceed 1 gmhour (e.g., the growh rate nay be in
the range of greater than 1 gm hour to about 5
formagion lobprepipitates.| ong as substantially single crystal
gar, [ ' n f 4.0n
h %ga%)e%ggf tﬁgsteg?aicgiﬁlgﬂ Vé}gﬁgﬁ{?%lﬁ@oggﬁro}:&? for %Hg%mg a h%erdoped
compBEB6HHRATOUBAEAD BE 6Perdfing Ognomth chamber Anenidetdiagrosth

One aspect of these teachings provides net hod, or
tempQSpAHiEE ST RSTatReS AT HIGVA T A S HPE AmIOB i Jigprne cation and a
select® Tbye@t) AHE Walle MAInGiMiAd a Mty BREEAh Prefsudd PTG AR

at a noderate growm h tenperature or tenperatures while

materils, PRAcHgtly pxyeen dtomsradigals grolegiles a8d SRV SsRwoRtNINE PTANRFNg
compBurils 384 BfatRHlsORRRMrdarE Frithhhik BivERidN # Ak RGuiBng Shiconductor
background pressure for defect-inducing matertals,
materjgd thereig ifeundyanexgegeef ariansssubstantiatiziel of theldepaunt etomamate located on
catiorf?%&ﬁﬂﬁ PLiRk o gtﬁ'ﬂérﬁ RN G RERAAGR t}%r}gsuﬂﬁ% erMaé’ljdﬁped
N accor dance W t SYRVERLTON- 9 the Test ng
semiceadrnctonohiaiabis dvatieatedtly mtietiwe iesorhlmoatebnan excess of

S BE Y ek bePhbeh PR30 Bl Top iy i
providedrtyi a@iygdeﬁibp@hlﬁt@ﬁilﬂmd fuppressisresiilohiridlatiieRedorbetiod O

sem conductor material .is dom nated by radiative .
mechprigphich 48 Phprkley-Read Ryl (RRH) pligtys adgyicerto athiqvraage efficient

perforrRRedid\Pie bPhdaNG doihd, iahy et ot BR hAp G%in@%sr Apbatd pificularly
l'ifetime provided b%ha hyperdoped materTal. The ]

advangapgpusdios owces like bipokaiinsistare where aderigaaminentnehersscagies
o - - - \VA] .
itoish el pRe e RN S b P RtrinbeRos e Rng ¥l fficve
perfothapice glosa ialthe \imits dmpdsed by anensioecogbindtiuinanakpdahs ils: Auger

d %gfarli cularly 15 advant ageous for devices |ike bipol ar
anc 1488 st ors -where a longer minority charge carrier

| iAf fatthefeasgédd aNhes tesehings FahGdn pldVidings BRREddpSd adiBsbund
. adyant ageous, for | ?t ting a.device achieve performance
semicgPdHGH Thageriah haying gt egst WFSLRP elgmetie 4t lGq8] Que anion element, and a

select%@ﬁ&imﬂ Rl AN HERGH NS R ﬁi&%ﬁé&&_&ﬁ%&ﬁ&ﬂ&%& Y Ehefe for the

L
urt'her aspect of these teachings is thus In provi I ng,

case of CgpieHEYrotnpeundesmicpndactermiens ¢onteiomgms & is abouhk] ey and

i g 5O P08 ) OB e DO B g o
growtbvanesbing rdsolts io oleoeedipitetionor diffusion of excasscnions winsifehd davice’s

" t he case of Group TH V conpound sem conductor materi al
ACUVeIE#P%i ni ng As, xis about 1015 cm 3 and

In order to more fully appreciate the invention and its many uses, it is appropriate to
first consider why the majority carrier concentration level of a semiconductor crystal saturates.
After explaining why such carrier saturation occurs, the most basic aspects of the invention are
described in terms of materials with higher carrier saturation levels and moderate temperature
methods of growing them. Exemplary applications and devices are then discussed.

The present invention is motivated, in part, by the inventors’ discovery of how Be

behaves as a dopant in GaAs. In particular, it has been determined, first, that at concentrations
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y is about 1019 cm 3. Hi gher values of y can sonetines

be tolerated during gromh or post growh annealing

results in the preci pltatl on or diffusion of excess

W hoHes%but of the device's 25active region. PCT/UR02/33670

order to more fully apprecitate the invention and its

many uses, it is appropriate to first consider why the

majority carrier concentration |evel of a

sem condyctor crystal saturates. After explaining why
highessthem2 xdi0r| @™, saignificentdiectio of Be inctuporaistas bmgstmahéqmpdmsls

cr i.b f mater
e, Gopl o 5 e BBl B TR oy Bl i el
enhant:emiﬁnaibmrmd I t’ﬂmdﬁtya:ﬁarrglt' tivdting foheahs !Eeaemyaﬂ@"eyl with Be.
applications an d vlces hen diSCUﬁ The
o RIS 15 PSR G510 TR 1475 St (o ngs ATy fgpitpgrain propertos

of cari'lﬁ\/s@ﬂlfrﬁfo‘él dué k@&ﬁ?ﬂﬂéﬁc%pﬁﬁ%rﬁﬁe&ﬁﬁVﬁﬁﬁﬁgﬁreqm @lﬁaﬂ&joh{y
In partjcular, it has been determ ned

carriey Werﬁfaﬂea A2t mletter glose thaordisrioauis 43 besr @s@m@iéwM7
conceﬁﬂrﬂﬁﬁrlzt’; RARhLablcidd hois §92. 3n F?$lﬁ'b gg'e{hb ‘E?&\E/ eiﬁ'éeaé}kfg?rhq is plotted

Be incorporates as interstit S an
along thecudipatetanistl 3 hes Bingiéon oftlds s@malmivglyathe npjdritpecharge carrier
conceéﬁ@ggﬁ%‘%sgs ‘Evgﬁ dé;glﬁtc %gaéﬂu%ﬁoﬁ ﬁl&é{{ggi: 'rn?cgel'rb-oﬁpefsgfxlgeﬁgre[gorpe 125,
until r@xAmghaeaviidrgaidrabien Imuttlﬂﬂ,B.‘ellom ey zecmnpeinmtim mgﬁad 27, aptoa

[ uaI | | ct certain
dopanf pelieR ko o A0 € iRl S Ratee B dopnile aromte
extrinslo patitrsdf ARBRMREY Widh ralh@ﬂﬁlcg;l!{bfﬁ s bhesd fige éfﬁfg?rIBHy

oncentration 124 is plotted al on

Thern@%égg%{qg{c%glﬁw%t hatasemicondycigropystah find tl@d@\g@p@ g'ee energy state while
being ﬁﬁﬁfé@ nI‘Hlé‘h'\thhV%@@ ofYStaf B& R Fﬁﬁ‘m@%' @m&@% 110{' ng%%%ﬁsﬁble,

E, the excess free energy 134 is pl otted
but th%) ﬁlaﬁth!agf?@e@iév san it #8 ingrepsmisteienss Gee aragy Dhighen dapingel v,

conce%@%ﬁﬂ?%%l{ ¥ dgéﬁ:& r&c?gsr kn%r %3 %Sﬁrﬂénsgtsonoo% 'InHII ré%ﬁ T56and 136.

conc rou a nore-
I Th@mnpeagatm rﬂeZEams’thymhlch cr;stadﬂnes;@na teiatreased free energy

aturati on | t 1 a coppensati on
depend o h8 S fonder ufer o e D5 R SsPrel UGB - ot known
as contpefisation 28 antgholeic| ldamt (oat ratnph@teﬁ@ @81 dtnpehatioshRA st a

greate extrinsic caryi in a_.crystal, which raise

crystaf hexcess fEgepnergy d 34 irsleygld30 b élrrgt}ngltéa CaITIpGOREAAPR L2t to
&hitich Ak eltinat

o e ae enerlg @gﬁ&mﬁ? glﬁ%g?%a&? %‘ﬁr@ mrlétﬁéjf& fyﬂtiv Stiall band

gap mateealyégeapr illr)hdpwab@itrlg? ¢¥krinsic, which is not aI way's

Peaagalssmé&cmwda% m&h@h%%ipg&ﬁlen iR 6t,a dn Whéh the »

i NCrease 1 n excess free ener
(electron}mr@r(ﬂmhb cayrier, conbantrikiont 12dapsroaghes a mﬁﬁc& ﬁﬁntkllzoymzyaﬁd with the

s G bR RS 8 e i et e Lo
donor kit WRB efthef HGRNEASHOWIll be incorporated on acceptor sites, resulting in a
compensation effect with reduces the effective dopant efficiency. The carrier concentration of
the crystal is observed to be roughly constant at 120 for dopant concentrations at or above 129,
shown generally as the region 127, Adding dopant beyond the carrier saturation limit 129
produces donors and acceptors in approximately equal quantities, so there is no further
substantial increase of the majority carrier concentration at a dopant concentration beyond

carrier saturation. In graphical terms, the excess free energy 134 is approximately linear as 135
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depends on the sem conductor material and its band gap
energy. In particular, an effect known as conpensation
V|a agghoterlc dopant (or anphoteric dopant
ation) can limt a 20 crystal's excess P¢EES02/33670

energy 134 to a level 130 B liniting the carrier
concentration 124 to sone critical |evel 120.
Amphot eri ¢ dopant conpensati on dom nates for
relatively small band gap materials (generally bel ow

up to azdsivigel Himiy 136/put does notdenrease bestand 138 Cleaurstayy ppprefrimately constant

orons RIS P RIS TG BB | B

carriera:ppd:en&afmslﬂ dvies hit dackeake appreciZdly béveyaneirwr sdiutation 25929 and

Ltio sul in some of the
the eq‘ﬂ ‘g]i" 1&}81 ] &gﬁ@lﬂng 8’&%8?1 tggﬁor sites, with
Ol"ﬁkeihvé}@&@ nsve&rb@éﬁedmﬂslphb@mermaﬁ DO hethied oﬁmmaemlp important

sites, resujting in a conpensa |on effect with reduces
semicqngEoters; BEling b&ﬁ‘;f&l‘ﬁ‘a %?ﬁ@%%ﬁw With&iec( i eftaxial layers of Si-
doped m%%%&@tﬁ( ﬂiBE’M@@?D%ﬁ@F}?'an& BeQRRPES BEAs i) BAAIRG

constant 120 for dopant concentrations at or above

MBE arAE. Seoinstages v aFads tadk eryetal dogied iy S the S\G&WIMF&M}'
substnﬁ EVRPE L blns G ks R dHBE b Hed didlio slgg?urﬁﬁ) ﬁl&fu‘?q “%G®% em™

Snor SCARd accapt or & 1N approxi natery equa
(withimga &mtartaf esqut wo tdhmnémg onrerad orystabgrostibenmditiongl Above that

conco T o] RFaBS R DA ENESR B0t

(amph@fedip dogiag), k@ﬂﬁlinaj drhyE catd &aacdnt@toredes gyt ikddask Seven well before

Si reache) BOOPGTIR s ot 25 O o1 21508 o0y S of CpAS gttt

Howet#! fof Q?ﬁyp@&fonin@%ﬁ%ﬁ tReY Mok 38 ef heal the oPYsBY Surface up to the
approxi mately constant through regi on 137) for dopant

solubilityrimeih tGampeprasionhepseragian saturatign |alpgiocryry in § GiAs orygal doped by
Be at &%S@nlﬁsaﬁoﬁ t115‘9 &iﬂél{ oﬁ Fwe? %@C&gﬁ@ﬁtbfﬁ% dddsd gcpﬁrc‘m{épghhal srce FZS a

Fease ap tween carrier saturation at
deep dandr) lfdsmeveand adlded iom @mmetﬁa* i shallbwric¢eptrr). EheGd@pgnwmuﬁmg

s i s n B DGR R KR G i o

typlcaﬂﬁet@egw@wsmsmlﬁm? udi ng buI k crystals of GaAs doped

wth Ge_ or, Si; t axi al rs of Si-doped
b§b wgéolqm@obml @Ee egﬁ%rs E%coaw@aw %a%ﬁ%s*%ﬂmtm
of pre&i LIPNEs v/ Ve 1@hid ldEEtSlOE%TtﬂGQﬁ)&)ﬁﬁQ@ lovkeR d@pe@%@éo&u'h“iﬁs is why

crystal doped by the Si atoms predom nantly
dopingsu e s matréx Wish C@ahlafaﬁ mlymbo@angqlqsb@pa@vealea@ [REer psfor pst deping

oszu%éa §fih BRSSPIl n%dlbrﬁi'ﬂ?yéluﬂxge& i for P Qt}ak% i éﬁ\ﬁlgpf %}ﬂg igher

ng on exact cryst
than tleonadidr isanmyion Aind\of Be hatt C dopiog kivelthighier thai the eatibsum soiubility

. .. Substitute for As of ten.as for
timit, i8Rl PHHERG SR et do BT A e e © &
precipB @RS S186 foinl prelddpataterell withcicpostall naadisivd minefiyrdarr

reache3|tsslublllt [imt in GaAs at about 2 x 1020
lifetimes, hepegpnageapty BTIOE"S%S‘WB’E #% . However, for Si

hve@a&lef &w& DACGHE §e1f &bnsgeﬂsﬂﬁﬁIoﬁtefs%e&@\a%meaﬁausmechamsm

crystal surface up 15 sol ubili
When @mmémslapmht mére munort:aai ?hqa@ amnbatamfadqp@ﬁt compglésab@c dr widen band

gap seﬁnc%?‘(ﬁﬁctgfs%i%? h'nogeotﬂgrgl.ﬁy eV, and usually more than 1.75 €V), a vacancy can

occur with charge opposite to the ionized dopant’s charge. For example, removing an Ga atom

from a GaP lattice leaves a negatively charged (i.e., acceptor) vacancy behind, since Ga
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Be at concentration 129 when, on average, one Be atom
is added to an interstitial site (as a deep donor) for
every Be added to a Ga site (as a shall ow acceptor).

WED93/03868% gr own usi ng standard epitaxial growt hPCT/US02/33670

conditions, typically abové? 500 C, carrier saturation

[imt 129 typically occurs below 5 x 1019 CM 3.
20Above solubility limt 128, other effects becone

i nportant, nost notably the formation of precipitates

vacancdesronorttaly mappld edcitdnusceproroThértforel Gaaatanties tamwempensate an

rtype R M B bt Bl RGP B iR g » el bdfon

donor, Ci@@\hﬂlﬁ @fcoﬁPéé‘samnI MedBgni®h & & p-fipe dopuatit| Sdﬂdokﬂpbnsatxon of
SOUI imt for Cin G is only sllglhtl gher

VacanGiaR O e S FRPCYEIR SRAPVETPIR PR mBeTibls 2 WL el ﬁach self-
compelnﬁa\fﬁh% JEqul‘fﬁotteB@f%eﬁcQﬁ*y £QHiabiebr i um sol ubi | ity 25

ol e concentration continues to increase to
aﬁmmelllknommafdh@ Biypeionedene, chaagiepef qosena@céléucavrgbdq&tmrmed
I,

pnmar:ri#r%g ymggiﬁ)ﬁ ur tlhmdts Iau?#rxgsﬁfs %Wencde Fﬁlﬁ%{c ¥ ?%Pe MBE growth
of GaAy mraslks’emh gaironment, excdds Ganveyanaies amrthermodymirieslly favored over

sgel e tonoffersas
axcoss L YRSTIFAR, SVRRPAT FiolEEt PUnCipS SR eO RN Ry o bulk
materibin@ystd gl ehe np Q-tﬂplapB? ot 23 HGeid iphave. epim;yvm dataibengedfure

gap .sem q%g ctors g nore than,1.25 eV, .and favored
ranges ERAes2 GsTigh pRufon s %WGSSa‘&weaaWﬁ agetherglodyanyigally favor
over e3¢ G8 vARIRERS T tﬂl.@cats@ %he' Sl'?l'oﬁﬁﬁ‘s PraRanly %c&ﬁ}? %Qaccggﬂf)r) sites,

exanpl e, renovi n%_ 1 atomfrom a tice leaves
CW |

and the, crysighanids apy-tuprarlgisavefliknewn bekavigstionms thelbasiseyf highiafiency Si-
doped%gi%gﬂ iﬁ%rep ﬁ.{qqé%g[ﬁcggaﬁgynﬁﬁg?é ﬁ3ﬁZﬂ) i, \f a\Wﬁb(ﬁﬁ R €

A tri ectron acceptor.’ Thére
Konnevthc amidp. é}s Petiin, ‘E@anmn Shcgolamimes¢oppe frdoGans, Dlodes at 300 K. Appl.

Phys. % J qg% \iag%% {1@113@%81?@?%' SI " ﬁlg&ﬁlgg gg%l%ﬂcy] S,E% cin tt)e ma(?e by

using the lﬁfﬁl@ﬁ@t@ﬁt dﬁpaﬁ@éﬂ@ﬂbﬁhuémg tl&{LHE/methdd rmllﬂphotenc in this context
Sel f - conpens

n of vacancies angd antj-site
means it AP BRIGHRIS BeA aéwerfﬁipém tgevides G Gp Sit 9 ARy e
dopantsmﬁneﬁeésfan As ﬁféﬁﬁﬁlﬁ%ﬁ&ltélﬁ séi@ctétﬁ&’éis'ehd/s diQhe QBIGRIBALIE AdsbMated
favorabl e. is well known that the n-type
Wlththﬂ%?ﬁ%}mwﬂhaﬂﬂ%@@enbf a sem conductor is deternined

P05 B P ORI K BB 3 1B

avoid ampligeric Slrdopantlcompﬂmaﬁo,n in ﬂmﬁa@depbuam&i{mvam this works best

t her nod aII vor ed €XCESS
for -y AR TAE E poReey ) ReRalY S in heile YRR B e
surfac@ beboklee aﬁyh&eﬂc Rether frtiof bfthe 81 dofahls sRftchildfrOmiGaes ﬁyAs
. contrast, |iguid phase e jtaxy jn certain tenperature
sites awghglgglgﬁh%wl&é@p@g tal20; Lhis eﬁwﬁem%ﬁtthe Kegmplevel gk thgsurface is

pinned @HARTHESANR- %@Wmm Bt sd MUV iE o BULEarfiot SRSF6R

vacancl es. IS case e Si 0 ants prl nci
evideng &dcn),anmsw@rath@ apfaee, )an@r,ﬂF@éectrawcnmmellmsy@%wd Wit ﬂleL% donors

o 58 T B A PO OL Bg  lo

pinned xagiagalb duaimg m&wh,mmh Scupprrcilty, fod ndgpe idadetiald durikg

growtl 3 S0 BRGre n dB0G a0 oI e Catpcm s s PR Sl imity This effect

can be%&@tohgwi Iug? fs;Shce thiose (Ii_dé%;:}@ E&nceﬁhﬁﬁw&@ﬁlﬁﬁ@f@ﬁt}@ Bﬁﬂllq\san be
at | e I.Cl ency C € Dy us| t he,
explmffﬂaﬁ BERPYE iraglingbar entactt By tﬁ‘a e&a dpgseiol iyjseheFamier

Amphoteric in this context means that Si can be nade
to be either an n-type dopant that resides on Ga Sites
or a p-type dopant that resides on As sites. Wich
site is selected depends on the stoichionetry
associated 20 with the crystal growth environnent.
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One wel | -known techni que, controlling the Ferm |evel
at a surface, can also be used to avoid anphoteric Si
dopant conpensation in the surface depletion. However,
VPH3M7 ks best for n-type dop| ng near the sur PEE@S02/3670
material is built up into &bulk, the Si at each
former surface becones arrphoterlc wth a fraction of
the Si dopants switching fromGa sites to As 25 sites
and limting the bulk doping to 120. This occurs
saturgfion dingibfar depipg inthe ball aaterial, haeausethe axeess ﬁ.’eemnmwdlssoclated with
t o t here
the hEAREE ¥y TR Sk Mflo B LU Th 9 b8 bl B
the dfom@ andrfedure theexdeds e ehargy. r}h]mVao Shinlpesdoping o ¢ &flieved by

donors are.no ent in suyface ates
using X ot O s SRR ech et S andy e Msrer Branah piso Bogipan the
surfaaeﬂdopmgrie@blmﬂa@aﬁaﬁbéﬁmﬂ&n%cﬂ 6pl§MshnvéMlb1{3 h occurs

uraII [ erials durin rowth Si
e aRseh o esatbn eHSE e Bier oIy SUstee fopisation of

precifl@PR¥uch @k My ﬂrb&])italtés Myt the B8 oF WS HeLGbn ﬁ@l%lap gr Wgﬁ fﬁtés such as
hi w

w:\%‘lve h space charge density, hence narr et o
growthirgienin e mpnga af heuek pndionetd aboutlﬁmmiﬂiva tunnel i ng ohni c

oA e84 5 DS S e v
or HI§nVIBE grewthigives misktoretesstitial|Be \tmﬁl:dmme dopeat chemess afid with an

et s (O U TR T —
the reowrdnnaticrm reenhpsing atith doheadlapicngpargl reduce the excess
ver, Si hyperdogl)_ can be,  achi eved

_ Ho
55 ot Pliop i - Emipgtatre BN (0 e Fral Al Riswil gt 200 —
350 °©)Splﬂgmf0§t56fﬁlie B oduBstiraliial diRs b§ ﬁ%ﬁed Bui & p'}o@‘ééi 2fiSh

ﬁ\% | evel s, in accordance wth an aspect hi's
density é?ﬁprlé'ﬁe] defects agyogiaigd paththeexcessiAs. These rdefeeta smul:arlgis

compdrifte$hd Be & 1ﬁ§ﬁid’lﬁ>nﬂ¥at%é1e e fll%P{n? % otnﬁgdlﬂtéve cgpture.

precipitat suc recl
More gpagifisally, HFG pmdmpls h@vdynahlonaichsnatmatsh sm ag BIOWE Bxdead i8S GaAs

1 h t bout
mate T 15 008, 6 a0 e R ot B0ty et
such as Aewm ea@a biteg Itﬁatvacmelegw/er 45 pieBipkedlespitialy Mk ﬁh&%@)
se to terstitial Be wth donor dop, ant

Defeof} g4 reeisifitgs oy e b e raanlagenine s oy
thus hﬁ'@(ﬁ}igmb benefitd\6F e ®DER BIARESor LI, ir#rg&:ﬂc@a“ thefi '&%ﬁg% or

ate doni nates the reconbl nati on ani smw t
Pfec‘P%tﬁS FaRdIradyce @op-sastiaiive traps (whinht eindtEDS)y inbibit gopulation inversion

(o A IBERE 4 A0 TR S RSB ptrons
atranssst@reesbm réginne(prieipting the alasgstor ateniend potveigduin). 5

ee fec OCI ate
R BB, Bl HEERT o Bicton b B cr A S pians G reon Ve
sexmccn:hdpctngmafefiaké@m b ik 6S. Pateht N6, § ?dsegzigFETGE{lr%uﬂb non-linear
ive e specifica r oduces
optioaf Gt and dbviFes Rileated thercitams 46 1506y TAe T oROULR T &
Hodgsan, @BSK[fgﬁl{ek- Xvl. RTMeﬁodh,aj NE VEHRISS Sn. nd all? rﬂkﬁt@S tends to

forma high ‘concentration of cr i ne defects,
In view of the foregoing it can be appreciated that neither of the tradztlonal MBE

processes— HT'G or LTG— is capable of meeting the recognized need for providing highly
doped GaAs crystals with higher carrier saturation limits while dominated by radiative

recombination,
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such as As on a Ga site, Ga vacancies, and/or As
precipitates (especially after annealing). 20 Defects
and precipitates can dom nate the mnority carrier
WQeRHi%hation lifetime in a crystal, thus |im PERHYSIARESTO
benefits of high doping by hay of LTG In particular,
such defects or precipitates can produce non-radi atlve
traps (which ruin LEDs), inhibit popul ation inversion
(which ruins lasers, optical anplifiers, and

WA it iesh ghﬁbccéﬂmepxeﬁahsi}wemm rélies 1 hedeeatetepplranns giolwtla

ransi stor's_bas reerrptl ngut he tr

re nsj
MGy iirie proogsies 9 5 REopu g‘H¥ yBRer SRt %’ftw#@ sipgrior
propertiB€ F%PB@%? A%ypiAS MARE PréSeds in écE@d@i&WﬂtH% 1nvent1on

senm conduc rraterl aI s can be had in U S. Patent
womclaymeélysagolvm@nmlwgle selsireteferapergpreiie Hie rapgeal rfalghiarrﬁf) -

0 LS o O AT RO iy bk e

creating svkch Y\rvgatdncerchtion of deRei associaued/wehvemesstmhatdheg:biorﬁ@

iy G PR 35S O gl oo

spec1ﬂc@©fﬂ1@mﬁx,mﬁalﬁ,%dgfmhm’£eﬂwddl ng hi ghl y doped GaAs

R e%glpég%hrpg{ﬁq%%f%e ?éé%ﬁﬂ}sgﬁépg#llg oL S hatiSn rates
asa ﬁ%ﬁ&?&fg%méﬁ&&h%ﬁﬁ% 2dcofiahél % 1IE the A5 P@ESpea serhitOnductor

present invention relates to noderate_tenperature
materrg} BwesPrdmpevithais fvsetionsessus grotarbbigh Ba ompg Hvys abﬁ‘éfas
Ordm%@ 'Ig@ Rrhgﬂéa@eﬂe &Fhe }e@bﬁbir’(ht?\% SHPRA | R nBh PRE v SScombRMation, the
ope , typica process I n accordance
reconﬂurlahort tate is gemmllycmommml toythé dexisity of monaradietivestiraps aThei abgpissa

ot RGBT ARELEHUSE i e B, RGP oo

concepitglepidodrs novihiehdudtto pomey quangitdtive details orithé exdet quence of
creating such ar con ntrat| on of _defects

crossoyeB o ER B i fj*é%% e cqUcpHERgR, &1 other fPhaats thap Be, and

for otﬁh@ GRIRSs dRdGHIe dTheMﬁF?eQ 1 Asé Hfﬂ‘eﬁ?or%mep@itldn%@&th instead

enper at ures, depending upon specifics of the trix,

of Maﬁagamh Neerthplassorefintiskts cxadiegained dromFigaye Fadhe garve 150
represghtg ﬂ{e%agiétn)/m‘egﬁ?tﬁ%ﬁ Pl 3#1{%1} % \?\)‘H hiabify 4 RAGTHR oF %e’ 1ﬁ£j orlty hole

tes u.o as a tunction nperature
concemwmn dadde generd, is het depprsiedopetie d@mtt ofwretadiative traps or the

growth temperature.

It is well known in the art that the incorporation of excess As in the GaAs matrix,
which provide non-radiative recombination channels, is much more favored during growth at
lower substrate temperatures. Accordingly, materials grown at lower substrate temperatures
106 exhibit a high non-radiative recombination rate, observed directly by photoluminescence
experiments as short minority carrier lifetimes, or indirectly in devices incorporating LTG
materials as fast, non-radiative recombination of minority carriers. This limit on the
recombination rate due to excess As incorporation in the GaAs matrix is depicted in Figure 2A
as curve 139. GaAs doped with Be atoms at high enough levels (well beyond 10'® cmi™®) results
in a significant fraction of Be atoms becoming interstitial during growth at higher substrate
temperatures 108, such as the 500 — 650 °C and above typically used for conventional MBE

deposition, and the interstitial Be atoms result in an increased non-radiative recombination rate.
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material in accordance with this invention versus

prior art high Be doping levels in GaAs. Ordi nate 140

is a log-scale of the reconbination rate 141. For
W/Bed7 at i ve reconbi nati on, the reconbi nati onPEEUEZ33670
general |y proportional to #2he density of non-radiative
traps. The abscissa 104 is the tenperature of the GAs
substrate during IvrnE growth. (OF course, the curves
are 15 conceptual, and are not intended to convey

The ndiUddibiibtecMfbid@ionirhis d0¢ td Beintraitlalss e depisiercontepinally as curve
crossovers. The curves w || %%ffe r Be

at o
145. FerJawenbe depingeonceuiyations, 8¢ itpipplntnste iresrd C‘ﬁ'ﬂ%i‘fl‘g?’mﬂd not

é?.ﬁ{ HRBndSRAS(. o HREABAMRD ik bd infistiflaldBé 4186
haveafgf vapor g[%%g%tl g?l ro(vlvteh I nst ead of l\/BlIIEl gr ow h. v

d0p1ng\®nembhislneskglblg M@ISUb&ﬁ@t@hmBefé’&lfﬁsb 60 FERATEYICATTigyiN materials
o el o5 Gy b R b b

recombihatioregodong 35 theliepilewd ncleapt kw i on and in general, is

t dependent on fhe .densi t f n - ¢ d ' r or
(e 7 Bab R pienger BEGPeE Svich fyml 04, Pl 4 000200
oxygeftidoldchiRk (1d) ED;') REDEHYRERbERINE COMPANNRIS §. /)OI Gay@)-GelAs bind with
matri x, \AII‘]ICa'lTB@OVId Ron r dlatlver conbi nat.j an d
the sergieapdncier materiakiypitatipbiad foths lath R OPPE TR AL BV s, an

are s1g% &ﬁ%ﬁﬁ}a&%ré IRERAL Blrden tﬂ&ﬁ%ﬁmg Ebbwn NRMEIG B Bthak Vbt L grown
| ower substrate tenperatures 2 06 exhibit a _hig
at norlndrgrmth temperatures d 88N slensity of ape-radinsive r%@b@ﬁ?@bﬁhwméw a

GaAs Bﬁr % %Hd%”:fﬁ glﬁﬂn%gtleﬁléfFb%?gﬁpﬁ'&es?rﬁrﬁolﬁlﬁ&gt(aﬂya'ﬁﬂfd—ﬁ%e or better) is

I rec evl ces
approtimatedpocate k2. ThSconnercia hsmhtsmfaalsezver-nbmer N Egioywh chambers

eco tio ori [ri hi [ t he
makeq IR PORHSRLR e HA ot B fensthbBada b |
recombh%tsl&iﬂeﬁﬁniﬁid ﬂlh@ﬁto Igﬁe r(d;ﬁﬁieghgﬁlelﬁﬂesﬁn@wf‘@ :ﬁéxlnﬂis sflmmlg es cliul"ﬁ@es 143
ed Wt e afong_at hi enou
and 144e{hspila 2kt cgm@ﬁwb@)lg hgagh Py @%t%aélss%f% by EXGitO6y depmplges
form \Pifth ﬁ% Qrb {; ?ﬁmtyrﬂaﬂeﬂhﬁ lodvint AtdHoridl lshibera@itéiip dRatdfes 108 tend
S

I gher su eratures 108, such as_the 500 -
not to @m Idela Adeasitvumlasy p g@t@mng mpscsiel Fils ALis miRsent imbig magg since the
r
0 sonSH7 AL o0 AP Ay LR b r BB i g
into tHaIFNRGHATRATHiLIBERS A6 TG @PveT A2, 1d8,-and dhwill eypically converge at
r inat on rate due to Be interstitials is depicted
or neag ®as curve 145. For |ower Be dopi ng
CURE QAL bedtsh62 P63 dhd 962 lableeSpnnd {oahd wtdl hareradhadiveur ve

| d t h fi t
recombaB AN S e STt SABRER o ROk TGRS, Cpfe 162
repres@rts HRWuHOI ciBveS £5% i3, 81 145, BRBErb&EPhRvd 150 8 bbints 147 and 157.

substrateterrperatures) SO mnorlty carriers in
Cuweriﬁﬁeﬂprasestssh@&mwf cgrves &3 drdend B45, aid eressenpures 13044 points 146

and 156° @u%bet 163 1k @ﬁﬁts e%ﬁpéf duboks ‘f%%ri% ah ng.fnlfl?ﬁgeﬁ(réogtcrcisso curve

reco nat i n t he
150 uﬂlm@&mnphn@ﬂmmnmstemlrgrbwm amyawatumﬁoﬂw rightof pa@)t, 158

oS et BT R TR gy e

intersdcfidh obbiides¥30Mnt 180)seRketp robecdontindted By haalralliypicbombination of
bind to the lattjce as de donor non radi ative traps,
MINOTEY garyigrss dys @lt]@?rﬁeml‘é%\ﬁ?ﬂe? EXPPRTREITYEShi nd when t he
”@hﬁfeb 2b2 1133 6P YEY Rl MoSmbQ pidapdisivile ﬁlgﬁé[%@ﬁht@tled%ﬁfgﬂ‘&émns
h tenperatures 108. The density non-radi ati ve
whererretl:ng widbabiliboef rediativeateombinaiioamarid g @qpﬁctgh@\ﬂﬁwwea(l e. be
substantially oxygen-free environnment (al/k/a
ultra-trace or better) is approximated in curve 142.
The commercial trend toward ever-cl eaner MBE growt h
chanbers makes curve 142 the practical objective. By
contrast, the density of non-radiative 15
reconbi nati on channels due to the non-negligible
presence of 0 atonms is shown as curves 143 and 144,
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25 Curve 163 represents the sum of curves 139, 143 and

145, and crosses curve 150 at points 146 and 156.

Curve 164 represents the sum of curves 139, 144 and

WIOIB/EAQ7 does not cross curve 150 in this exanpPeT/UY2/33670

course, material grown at &hy tenperature to the right

of point 158 (defined by the intersection of curves

145 and 150) or the left of point 159 (defined by the

i ntersection of curves 139 and 150) is likely to be
above)therprbebiditybfpr nowradiativetccombinatianiyi amauintythafarg gespectively:

sty I5 gLk Y8 48 et S ORED B ol B

substrétk 1RSI ithe ryspbctgkebjrprDMGemeﬂa&an iwhichrmigbotysarriers have a
vvher@’l’n the probability of .radj atlvde reconbllnatl on

predo By @E%%aﬁlati‘@aﬁ?mltﬂéatw mapde;tespegisy
OBAORSRANGIGH A6&aaN&3HAPhE InRBEME kadidtFre PEcoRditatibd Jorhi@kites in

non-radi ati ve reconbi nati on by amounts that are,
the regiem piith miaxanym heighii i wisith 1515 20d subgirate tepsratuges fegween 147 and

157. Agféé/ Sr%irllaﬁgru fbatEshe b a&)}ﬁfgc&?é ¥ ra 1{11@&’ 1hE Rt o no%tradlatlve

erate strate te atures ey respectlve Yy
recompinatiorceurmest (By Figiree 249 ommsmndﬁ todhd 1a4io efradiativetotnppaadiative

A M

lllustritbs?thb Rueutbi IMTGanl babidace witlothisiimaniiom Ofconnse these can also be a
he regi.on w.th nmaxi htl i d 151 n
swect st L8 SEUDHBPHIEL ate SBRert R WGC 15215 Phigs iR For the
curve Q&.@I imwdxnoikmm 18l pﬁ&%ﬁefadYMtM re%ﬁﬁbﬁﬁh@i domihdies iy incthe
e radiative to non-radi ative re i na rves
reglon(w:ﬁh Peighir 165 pwidth- Bidraad g&w&rgtett@nw@uwagﬁwe ‘}éaf’dﬂé??
ngn1499_11 ?zr Iﬁgﬂeﬁél' gY&mL ga?fﬂ?ﬂé]ﬁﬁ ] ﬁ@%ﬂt £hi$8 164 which is always above

equ ent ties. substrate
150, m&npchata{euns@mblmatﬂon deminats radiative repombinatien fos metgsiel grown at all

substrd (,ﬁ;e L Ace rdance with the invention. O course, there
HEACERLE DR a sweet spot, as is the case in this
eRﬁel‘miue afémpth ha\te&ﬁaemadalroenmﬁgm $bhRArits tenmaﬁnnexinteﬁmdiate

1 th th
betwep TG4 SoPER GFDYR ST O DUGRFA e DR TR st he
preseﬁﬁﬂlﬁ\}énﬁﬁé BHVE rddegnizatl Withhe SrforardM T GBilred Werk @itiRElil@lyu¢adsed by O

bet ween 146 and 156. Si ?nlflcantly for material grown
contamigatien én demeast ipjcpmveptiongF wisdemdn thecfields Ahe gresspt m‘senacrrwa%

recogﬂ?%i’ e dport eco%ﬁwé edhR ¥ﬁesﬁﬁﬁfﬁf?6q}%hgébegi@i@k fﬁ)savmd its

I'nat7on for materi grown at
presersabistorddréo teahmhagn@a’tesi bemfuyfromsheinventions have been

d
"G B R R TR s e o gpvions
investlgaft&s tidvtet p)ppiwebmeﬂlamm Bi2reyistesls nkbﬂthat ifllaebgiowe §adtio the left of)

curvesr qeq%ggamﬁﬁe\e/(?qq%e Cgf%gi} éﬁ?t{;atavggé ; qm;x"?'r I Oflannels ina 8aAs matrix

grown by prior art methods (i.e., with oxygen present well-above ultra-trace levels) has

therefore been excessive, as illustrated by the greater height (along 140) of curves 143 and 144
than of curve 142.

In light of the above, it is clear that the invention’s preferred method of growing
materials in an oxygen-poor environment (i.e. oxygen at only ultra-trace concentration levels)
provides significant and non-obvious advantages over traditional methods. In accordance with

this aspect of the invention, oxygen (which may appear as O, O™, 0>~, OH ™, oxides of
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20 contam nation. In contrast to conventional w sdom
inthe field, the present inventors have recognized

the inmportance of trace 0, and the desirability of
WRd036p9% peci fic steps to avoid its presence, i RCHURR33670
to realize the greatest beR&fits fromthe invention.
Explaining prior art failures in terns of Figure 2A

the inventors bel | eve that previous investigators did
nor_that it |ay

eciate t cur e 142 exi sted,
galliyyy %@g@ﬁ £ tpepigs, orbS fted B Py oiher OxygeEcbeRring allys ouuxturpY Is
prefetigi tddcearl be[tﬂﬂth%@&hl%ésﬂlﬁre bR MafelyPTD gctt‘lﬁ"?ﬁh? s\%{ﬁ[ Eal Jf present-

GaAs matrix grown by prior art nethods
day MBF rbamberadlé #maesk prefestsd taprovide apaﬁaberessemss:)cialtﬁsmh oxygen

L T AT TR -
be usgd ifshe d@:‘ecxzﬂgnsmymf Itheghittermﬂ btihg grivay due fotoxiygenadr@ttier élB@bnts, can

nt rred net
ve ipl el BR800 OBt s e PIRERIo At 01 s pr
cm’, atchaas Ibylowi 108 defera per @dpeembleatinOlyreSRbshe PARIF 4@Fative to non-

i cant ._and non- obvi ou ant ages over
rocifiy el e R e o SGR0ASE Lok Gt P14 s peteralopith
shonenadaaﬂm@hém O IR Ind Wi it610ra 5P hid e 18
B B Bl gy 3o 10

defecﬁsaﬂ’qu"ﬁ]m and ot her species, or be derived from ot her

OXQ6/t MBS St Mo [ NELAR!

reduced bel ow trﬁ'l[s t ot a?{lﬁ)l{r%gﬁ r@é%'*dl grﬁgéeg&l&rrgyge%/the fighds of
epitaxighgrowty vaper dpposition, afl prlmsesdendayTym&Eﬂy; raamﬂxm’-mgh Vicuum

chamgé}:agléﬁ%?:é%reﬁtggﬂtrgad% i:%pﬁ 8%6& %@gﬂ gg’r(r ﬂ%ﬂgﬁgfa&f ials

mondiaslesnOlY lﬂ)ﬁi-mmgds Iﬂaterlah arofoltlated) Wuridg k€ BYY chBAb &riaﬁlri] contents are
e

Bl E3SUr e be used if the defect denS|ty of t
subjefl 13t aP e ReE B PIHAIRE R oge BRsHIs: BOmOPnER B s
chambéis Bévak@ptousl kepb@ oy

espsem gl Iy %el ov?/ ab @?’32016&%1%19 él?)tggﬁfe%ﬁieﬁml}@ﬁo%ﬁﬁce Mgrptmn
furthgse| ow 108" def ect s per cn2 per nol ecuI ar layer. Since

t MBethddsifor &ﬁucﬁﬁ’éjb%h qa?)él a?l?%l@t% Wil kLé\Lne%hfglgllude using

matters nore
extrelsg hxghgfawwmc@dutMns,WGHnsdnysdooﬁmguo 3Haaiem1mramres to make wall

accortyBE QAN Wbtk Qfectlybflsheliee Al ob Rt A B hciab Nidrus s of settaring

matenmmm_ MlOTi, smﬁgamnom@ugm spbdicsof 18% V4 ﬁ@bﬁéﬁsﬁ'@ Snobfractory
kno |rfthe edsl?gf epi t axj al rowt

getterg FRpal 10 a o e ol e omogion or{lpisueh 35,100 g of AL Mg or Be

added.tbt10a: dTIGH theaeHerNgGhASRE ind G biihg nféﬁ@& g%&ﬁeﬂﬁ SrdiPREeomplex

and kept clean and baked out to dislo
and c%wswéwéntr@%d asdied $iagds onather Goataminangs. frbesemtv@a as other
technigHéd &gnét'ﬁc?d
o QH speed S&%@ﬁ%ﬁnﬁgd@n%&nﬁﬂ?%&rge é&g %‘1%%%}1 ?:"P O’t’sn‘%r the
practlmﬁjhemvmtwm he chamber is advant ageousl y kept col d

( roge er at to reduce,
crtfory: Mo el e Ao PR, ARG i eralighity et o
considearit dauaﬂl,athe doping theAhignaics oKBO Wihent®£A d 18 abptdSyithsd, @93
m condi tjQns, such as by_cooling

hi gh vac
“nce%tﬁ@“’tng"?rﬁé rng%ﬂi 29 a&“?ﬁaﬁé@m}éﬂlﬂ thzen%fbf@éﬁ#ﬁﬁﬂatlﬁbanmtmﬂ@be sum of
tho Gi¥doRidyl cobahibfir, Mol Blus VB ORMGIRY SShoBRRIGR /ﬂ’r’eb' e
surface area of gettering material
My; introducing a species of a | ow vapor pressure
runbr@ﬁmgcgggy gettering material into one @5 nor e of
t he evaporatlon cells, such as 100 ng of AlY'My, or Be
added to 10 g of Ga, t he gettering material and Ga
being nelted together in order to conplex and capture
oxygen introduced as Ga0, G203, or other
contam nants. These, as well as other




Lo

25 techni ques or nethods can be used to maintain
advant ageous environnental conditions for the practice
of the invention. Theory: In order to better
VWHPYBEPat e certain aspects of the invention, i #CT4502/33670
hel pful to consider, in defdil, the doping
t hernrodynam cs of Be. When GaAs is doped with Be, the
concentration of Be dopant on Ga sites, Beca, is in
t hermodynami c equilibriumw th the sumof 30 the Ga

There isatsano ylectod e aquitiiriumn, THY Goliceplrativntof aedderl Botoa G sitkd iakbefined

(50 ntration, Be,: .Beca VO + Bei,
a5 N G5 G 3409 ek rst B RS tred Bo pnasites Sipt gtoms a6 shelevsRrpe
accept6i§UT el dahtdnbratio¢f i6REE4IHeAE ihebs NBUintdahe Bficoiirafish of
jtes . is defjined as NA, and N-44 is the concentration

. . Sjte
ionizedfutqrgiipL g iselsting! eV o P alampse decpiionaise
shiableBody, fiﬁe %ﬁ&ﬁ%ﬁ&& of @&m% %?%s,:ngﬂ i equilibrium with

interstitial Be Is defined as ND, .
the surp ohithe woragniraionsif igndeeid Fecbni Gr: siies thef Guapluptheiconagairativedf heles,
Suc b At . r | NEQHS, t.he
p bl gt B O o3 DGR AR VAL SIS L e
concentigtion ofelitrah B drhintekatitial sireofs it expilitoivnewith sid sam offthe

opi zed Be Ga.sites, .Be-G'.. plus the concentrati .
concerl @i o B o infort a2 bl ahefiobeestiog SiBorS t Sl
forNwalksmiBﬁﬁ)ND\AﬁeN“b?dn_l\lA e>I VG + ND <g> NA + Io The

oncentyration neutral Be on interstitial sites is

it lf-krmmﬁﬁ%mdw%@wwgmmﬁau%@ﬁdécrﬁ Ki(Vrt ot where

K'(T) ik @ HadSitiBe cOMRtahMeBling 'tl{e'@dvaééﬂcg% RleHfatidie V., to the As pressure,
concentration of electrons, a of)w ng LO tor ND telp{s

P45z Collecting termpfriogthego equatipns leads to phinalesuelign relatiogthe concentration
o M . S K ('T) x
of ionig§15) r RGN i bonc Bl APl ol U i o1 g
the Ga vacancy concentration, VG, to the As pressure,

B Col [ te fromthese equations,. leads to a

Hﬁﬁ%aﬁﬁ’ﬁ%ﬁ%@ﬁ the concentration g%‘) i oni zed

Be on acceptor sites to the concentration of ionized

Be on.dgnor sites: L5 ne D (KiT) x PAsz) x (n, I ,
where ﬁ)‘%ﬁ"?)‘ntwﬁsé? gaTTier congqniration of; thesmaterial at feapergie dniiddy’ ot x )
at equifbriffie material at tenperature T, and 1212 = (22 X p)

at equilibrium oAt |ow doping concentrations, the
redew deping soncentratioss, dhe matgrial fieinirinsicl adahe Gnm)1 tormyisiunity. If

the (K’J’]f) x Pysp) term is > 1, the material is p-type by definition and (N4 /N 'p) > 1, meaning
N> N'p. Ifthe (K(T) x Pusz) term is < 1, the material is n-type by definition and (N4 / N'p)

<1, meaning Ny < N'p.

For higher doping levels, 7 > #; so (:/p)’ < 1. The physics is now clear. Reorganizing

equation (2), carrier saturation occurs when
(;/p) =1/(K(T)x Pasz) 3)

so the (N4 /N'p) term approaches unity.

For thermodynamic reasons, the material can never cross from p-type to #-type by the
addition of more p-type (e.g., Be) dopant, nor from n-type to p-type by the addition of more »-
type (e.g., Si) dopant. This is often expressed by stating that the limiting value of log(V"
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the (KWx PAs2) termis > 1, the material isp-type by
definition and (NNA//r.o0) > 1, neaning NNA> NI-D. |If
the (K (T) xPAs2) termis < 1, the material is n-type
V) 0HBhe9i ti on and (NA / N+ .12) <1, neani ng Ar RET@iN2/33670
For hi gher doping |evels, ﬁ6> n, so (n, / p)2 < 1. The
physics is now clear. Reorganizing 15 equation (2),
carrier saturation occurs when (nt / p)2 =1/ ( If(T)
X PAs2 )(3) so the (NA//ND) term approaches unity
4/ N plpagpotchagrsigpnisttileorpasingshe dopepfeconesniselion forerp dheRgsrin sign
from ﬁ-"t}?ﬁ o ﬁ-rty?@é)? vic¥ QSrs%,gvﬁia%ﬂ %Bﬁ[g IP¥ Pﬁﬂlﬁ}m@ﬂ% ﬁg‘ﬁ?g gi) SR Q%ebraxc
reahzatm Cﬁ deftien &atur@tfonm eacteaseﬂ;dpemg &y the, sa@e)iomxb,amtprecmcs(n, /D)’

on e 8 b AR S aberD o DRl Wl Syl Ry S

saturaUamnot change sign, lest increasing the dopant
centratlo forc chan in.sign fro -1 ype
7R QR se s s{Elt KnCTRp dbe GRS SRS i aiher words,

make Eqatgérlaﬁdﬂ (#; Bp) isthalidl, MABOR ChArging R Jigbf 105(A0S / N8Y)? A8 khe

éiql t on v |ncreased dopi ng by the sane dopant, so
OrdM%ﬁﬁé W%ﬂaﬂﬁ@fﬁéﬁﬂﬂﬁ%ﬁ agallﬂbleo!fepémﬁéx 919A

combindtior Oﬁm:&iﬂ@ Hlé&ghéélé_{rstﬁme}ngéraﬁ?é/ qnﬂleltehg rd?ﬁh%h r@%ardiess of the

carrier 5saturation n oné use this |

impacg ﬁ@Ka@s On¢ peulg plse msﬂ K'¢athyrsame erstioidnAnd/or mnemohblrralse the As
and (n, / p)2 smaller, wthout

pressc aﬁ’é’l ng E%@Btsﬁhg'; of" 1 og(7TA /en)? As the or di nari | y

sl&hising o, duermgerowthlis claﬂmm dbeto ssmmgraammm higheiegrowth

y _or_in conhi nat One caul d, .

tempeffftet HhS oc GERERNESS mf I Etors i SeprBYce L ggation,
such as@giag dhee@[&n@fe riﬁ'\:ﬁthbﬂnal RéwhedRet 6iclor méed eelgidkelychigh SO

rai se Klé ¥1 omfab?lfﬁ 595% And/ or. one_could raise the
tempefaiurg apneals, Jchsag s(phevld ereferably Sgkept brief, sinceyiiess a5
generdllyqﬁlbbx@&t Gﬁﬁéﬁﬂlﬁlﬂs %n%ﬂs%hh@d"ﬁbﬁ&te {dBehaRird &ﬁrﬁ%ﬁBE growth,

radation at higher growth tenperatures re-are,
Specl pra 1apif high temperotureiisrmad amalmd quenich raisesar, delmse effikct hn
r. the
a0 R Spo ala G A Basks 57 P g
refurntie ngeer emperetuasineal s. Such anneal cycl e(s) should

ref %}%i’%a%bt&fmgﬂt“ﬁ?’: Igfglfblﬁ bg I\Eé]li%gp:l]’her ar e gre{h%t mgreasmg
the p §sBtelifer sUiFseilg fIVDRRIGIG tdwih SB@Q'!OE 'b"}@tlsély ;raife PARisFhce the

gg%&en'p rature ther rral anneal and quench rai'ses n,,
Sm'fa"@vﬁ ol pleadyiAs-whsied awingarovt. quenched upon return

? SREPirle TPR AR with e 'Hlvbﬁhotn,uﬁlgy [ri2)38 Sndby bR JFRRGe

urn to roomtenperature
approaches but preferably also includes lowermg the substrate temperature during growth to

the MTG range where sufficient excess As (over the stoichiomettic amount) is incorporated
into the crystal to maintain a very high As pressure internal to the crystal (as opposed to
external As pressure induced by the beam flux at the growth surface). At lower substrate
temperature, LTG has been shown in the past to lead to a very high excess of anions, notably
As, resulted in degraded semiconductor properties associated with the excess As. (See, for
example, U.S. Patent Nos. 5,371,399 and 5,471,948, incorporated herein by reference.)

It is noted that hyperdoping, in accordance with an aspect of these teachings, may also

be accomplished by performing, for example, a Be implant and an anion, e.g., As implant into



10

15

20

25

30

20Anot her approach to raising n, would be to raise

PAs2. Note, however, that increasing the parti al

pressure of As (arsenic flux) during growth does not,

WY 03/436@7f , rai se PAs2, since the surface of GaRETU§02/33670

al ready As-saturated during’grow h. Hyper dopi ng,

i n accordance with the invention, may include one or

nore of these approaches, but preferably al so incl udes

| owering the substrate tenperature during gromh to 25
the sefnil@ntifidtor matertal bk veedshyf drie@ir etire ﬂpd&h&nﬂlsax(mME(RTtAh eycles.

st.oi c ). is.incorporated

o ReERrrod Gl ol e iovehyiont g ARG afioas (et chrieaio)
produb&t By IITE 16 %4 thé 8Fe PR 2S6H pfe@s&%it@ﬁd@kstﬂ%uﬂ‘ﬁ@&ﬁlﬁhg growth.

i nduced by the beam flux at, the surface

Howeveryah excgiinl Agievorethp écameration @f@lﬁﬁ@ oséétwnsﬁﬁfémautbp ingreased
As prémle e nlaﬁ 3¢ mtdg né} lt@@ffxregie%&meaﬁnef Ofet él{bf'natﬁ}é’st AbluYe As

As, Tesul raded sem conduct or pro er I es
anti-sitgsd dgioatceiibnsites) anth wmtesstiat 4s.mmong Siers. This t Berpinebe used to

raise t# §amgla%ﬁﬂ£t1 y%gncegtré;o:h 0%%%_](?}[&9 cgmél% :I:hag é?%ur i'ﬁ%%o%% at ed

erence
semmbychxetuﬂ,oqncm@, Bé-doped GaAd aSiednpod G’aAsg rmdiscpfm:m bf actdresmce with the

) t eachi ngs, ,may , e acco hed b erfor for

inventGGiR P00t BBl S A DR B AT G L g et R g of

majorltf)\b&anel\é@o&?ér@@ﬁﬁﬁ%?%/nﬁ%ﬁﬁﬁ3670 27 the sem conduct or
mat eri al one Or nore rg?pwf ermal anneal

( ﬁpﬁ@osg)qg.h@gﬂy skilled 1;;\%/}}9@&@1 lreepeizid opfngiand MT
technil Hé’se&fth eééﬁﬁﬁv&ﬁoﬁ’é&%a?m?fapﬁlm gl&% 6ﬁe19com;ﬁhﬁ&§1énﬁ):onductors

roduce Gto raise ective anion ressure
wher%ﬁxcesa@n@nmmor@gnﬁmsrbl@r sugh agHbWithaterigdsvikesinP, GaP, GaN, etc.,

and n‘ggfﬁif%r-% ll?észésaﬂ?% d! %glp&ggézgé’ g@%%ra‘?&e&g%ﬁ{‘% %}r&@aw

ion SI es vra e 1'n ressure
amphaotericrdgpantss such se$if Gey@and se &irihp nthwa@mp ili%nplﬁtdmrdopants such

as Be i, B8 Ut 483 it EprpPut{Berni Ginfitorb ot ARG, , Gaalas,

GaInAseGammze I Gabe AUN G2 A KN, m@eaﬁmlaeearcbn@bm&atwraﬁstme the
conc tr tIQn Of najorlty carriers that occurs In a
method£3a e§ i BRIOYS e doping pifigienespolfepfispndi e bygpiswg fligjanion

conceﬁi"i‘ﬁﬁm RBdg @W‘ﬂ?&t@@)o . d@JOa@C(WhQ‘ﬁ%%kW thdMITELsub YRR fenRratures

yper doped materi als may have an 1 ncreased carrier
for th@amﬁtertamnvlwmbe AripRis adnanfged0siydy, 46,8, pr some ¢aeptynation thereof.

A rapd ﬁ{a??rfnteﬁ éﬁgﬁ‘f\? bt daaﬁ%h E‘ﬁ)tsﬁﬁfe %l@geﬁture é ofef ad &&)S‘fq)h may then

nar cogni ze
advantmgpmsﬁoqﬁnpiqyednd MIG t echni ques of the present

t di | ble t th
o SHECmBteRion o iAo oot 1 el Ao ER P iben Se
vacan@i@§§dxﬁ;5@sat§p'-%ﬁ>e afrdddh Haﬁhﬁg it el Higperdsdind3a Bot KBhkd to p-type
etc and 11-VT nmateri li ke Zn ZnSe, etc.

materjasn CheBieniers Aredliperreated 7-pme doping imwide kpgsl grpupaterials limited by
self-c 5 AtRdnl va &ﬁgﬁ%c%nczééﬂiﬁ&e%go@la arfién Vag?‘l (:?é%dUﬁle%&%dEelf-

er G oup H anphoteric pants, suc
compehgaticat by, catigmyhcandirsiis & sesprsasma gnfossmbderiady are cm@s

e M TN N T TN —

tobepmﬂﬁmdvﬁamétbpemﬂdctimyj nprove the doping eff| ci ency of

nd Ga r |$|n t he o) centration dur
o ik G brbcifrie 1 anicboraeRet DS s S e
minorit@ GReieRtknSRles, apphcatzons exist for which high n-type hyperdoping would be
valuable. For example, in a GaAlAs/GaAs heterojunction field effect transistor (HFET), the
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20 for these materials), where the anion is

advant ageously N, As, P, or sone conbi nation thereof.

A rapid thermal anneal (RTA) at a high substrate

WeHIBERure (such as 900 C) may then advant age8GEU§02/33670

enpl oyed. Sel f - conpeng&ti on by anion vacancies is

actually quite common, such as when Se vacanci es

conpensate p-type nitrogen doping in ZnSe. Hyperdoping

is not limted top-type 25 materials. The inventors
channehean twl doped n-Gat odpytey neandephangelidevias, diee FZH ¢ nyadolated from

sccurffTEin @lebegrs B} b o Scal TR O Biant Podt e B when

the hed@bfuncihoinnsa forelechyniabmal), iV Gai&ite Schice dcdt@yuldtRa s direct

. Why, SO terials are gonsider i nfeasi ble to )
doping o5 discbangel 11t (g ROUBAHRR SoRimg W henSEAlg p E’ﬁ@ﬁ dmeppiess to
incred&6 dbmith 20d/054pedl %h%ﬂyﬁé_ &oﬁiﬁ}% RUeRfBRUSH MBS BF T Ees

conductivity. 30Wiile hi ghp-type hyperdoping is
hYP“é@P@r@WP?W%@F%‘@cﬂdV%Q%% el ectrons are faster

whi CE}ﬂ lﬁsliﬁgghcﬁ%fl%%% rﬁyper-%g%)i ng \?‘gﬁ%dé Eéw\?gﬁhgﬁi? Eor is
usuallyyessphas 2 ¥ H0°aciea Avhertasdbs eduiliteivoj ik varder shivedtipnds twot 1 x 107
3 ' [ h 3/.03 PET/ US02/ 33670, 2.8
ent* SRR Lot ol s 4P gl PP O et
regiomléwimpegrowihecabided by surfivd Feahiddvd] pimmingcihe banizatidonor saturation is

t LNt ) 4q.depl etjon (el.egtran .
equal ol s oF EEARAPT v chpeichre e B LA Gopeg o the i
solub#ligy lin@ranfl Gen @kRBEd RNSrapid tAdFR] annkdl ah® qiRAER Qhe $pface charge

.achi eve accunul ation via direct doping of ‘the channel
density 4 HhersutfeenNpeimrHs a4 orll sopil g solwhility Kol Thiguserf dpgrdoping

facilit%ﬂ'_eg‘?rﬁﬁi f%n-taﬂoﬁh%gh?@&oﬁg N3 &eXc@JéE/bQLBWS peed, high

type doping is desirable, so n-channels of ElIFETs
hRs&rese éonaw mydsco Figure 3B, whivhishowsisaaiar difksimes foleweral prior art

' S i : - e t.he.sol ubi.l it .
e iy R0 e TR ok B5 Rl B s, i
plotted s 3 functien efthe mherieoholé cduckntratiot :1?2.0&&1& well kaswninache @i, the
. 1S out X, 1019 dye to se conpensatiqn vi a
fadla’“c"ﬁéﬁ%ﬁfm%%f@#fe&s e o e Sedenertor R FaHRREETOhas the
concedfatiRUIABp£hy 1028 @/ 08k Bal G F6t tBY materiflameonf bl iwith@M@ltional
pinning, the ionized donor saturation is equal to the

thinking i, ibe arty hyperdaping allows e coticel peipbtodmestendeddp eigher dgping
ovel . . j - i Lini
o, B iy BB 10 S PR e B
belowsgeaewliy henegpiblelbmiss ayeilable imprigurt maerialNDheinvestoidaven | |

ol ubi | i Limt hi s e of er.dopi ng...
S48 AR By T S RO e
dopingl essel athveidcHo@trisnvsaturation occurs, not just the r-type or p-type character, so
controlling stoichiometry during growth enables a higher critical doping level to be achieved.

For direct band gap semiconductors such as GaAs, minority carrier lifetimes are
typically dominated by radiative lifetimes, so long as the majority of recombination events are
radiative. Radiative lifetimes are, in turn, conirolled by the majority carrier doping
concentration, assuming the majority carrier dopant resides on the appropriate atomic sites of
the host crystal and there are no other significant non-radiative carrier recombination
mechanisms present (such as deep level traps, crystal defects, and so forth). Accordingly, to

achieve maximum electro-optical performance (manifested by high speed and high efficiency)



10

15

20

25

30

15Reference is now made to Figure 2B, which shows

carrier lifetinmes for several prior art and exenplary

inventive materials. In the figure, the total mnority

VWO eYBFEA |ifetime, 103, is plotted as a functi BET/EH02/33670

the majority hole concentrdtion 102. As is well known

in the art, the radiative lifetinme of carriers in a

di rect band gap sem conductor material varies

inversely as the concentration of dopant 102 up to a
from BH ﬂ(b;iedi(}aﬂwfdut fabiors erSl partiailaij @hporthnt: (a!) aibsiastiallyi dliof the Be

I. n e, art rd n
dopant HRUd Tepfleqn st RSB (BStregn iy OBl B e Homs
should ¥ @lativélp! @ﬁlaﬂl (bpt% Blgrstammﬁladﬂeatlhﬂm;t fiéedfipoRs, 18fe, or interface
carriers in materials to be_ reduced

defecty; sHelt 28 Yaymmégﬂpenenqa B Roundanias 09 nEecinitatss; ap ( %rltnpurlty
atoms WHiéH dality | (Ri6R 1S R o eYEO éhbﬁﬁ'ble%&?% i(ﬂ@ﬁs poss1b1e When
- st oichi omgt ry cfur I'ng seém cond ctor crys
these qhgeativas are mnet,Hke mmptltycxatﬂmt dIthtm@ 72 mbvaselmpmw to the
ioniz gatur qt |cé)nr1iepg c’nen%)r {1 the n-type orp-type
OTZCE FEYAELY & pfgcgn‘t (imhg 4t oi chionetry during
grmﬁwemablhmmp ho@h antilabnkiotiar mitepliy) gurli@\dyarhio be€omes

achi eved. r direct. ban condugct ors.such
signifigant LiNg 15 thﬂi.lt EULS %ﬁe‘whqfet H@@t%w Vﬁfﬁﬂgl&ﬁ?ff}that

hyp erd&mg‘@itﬁge tauydnaqblﬁtm*?enh bfcﬁlhbéﬁﬁater%ﬂ’s i QNfchAfe tildrity carrier
reconbi nati on events are radiative.

f
(electrRaﬁh%tlm@és stilldominptad by the radiptive lifptimeopndmet b Aupe reqegnbination
orothgﬁloﬁrlja Mtl%édhgﬁlsrgé)pl ng concentrati on, assum ng t he
y carrier dopant resides on the appropriate
aByJ mmtrat, tiespriof ad 01h€ittby she awyestis) paddees her-eaddative no

recomfioafion, FeflE I TR e PSR BRI T o i 8T BB R

Ahrentligt GECtEIlm@mj Ve.Métagdr /.1 IAtb@'EHedj ag WK Ty, a‘ﬂhgﬁwecombmatlon in

heawlgggrhgg Eggedie é‘ﬂ%sq r(?f&‘: }%p/f Ilg %&yg};an 5 89%?) t?rteg\%r aYthough high
C dopfh3/ AR ARk Qohcdak {iordhdfshMRnBRrske PRI MotinieO8 doping at

factors are particularly inportant: (a) subst antially
all levgis |apmar&mentséiumegmﬁ% dengity eEneferaditivereeembingion cenkers into
t
the orleL 30 (3L o AARRER R erk AR (it il PEPRT and
lowers the gammedlkor breedoftfansiston. Cohserentlyy C idnpedrdevices aiefyp'maﬁy slower

cies,,di sloca S rajn b
and of ik ATpAACARELER, o) EnfiaRblatoS aovile b RRPRE R Srnfopant
conceft@dtioner s (such as Ni, Cu, C, 0) should be kept as | ow
a ossSi bl e. When hese b ectlv s _are. net

R St deon 3 Py AT BrowA Y LHRERS epon and Sobers (L1

NelsoRERPRI iseBak "Eﬁohtyfcdxﬁé}* 1&&%@&5&% &lﬁhﬁjr@éﬁi‘éﬁﬁé{‘& surface-
concentration, This inverse rel ationship

free Gpd#,d downaliof A@D‘h@ Rwpies 1A opn 9103000 BJ W7 8)ifinbanpurve 114. Curve
112 8RR MBI bt SRS oL BRI RR ) PR o and
measurgdder Klems agNRELtCIBee b5/ show's U6t Py StaBssst i | p roduces

rials in the noj carrier | e
RSB gVt HelE s 2 oRbish e b SlentelrL el fbre,
fabncaétﬁtrl]s‘iﬁg thl an%ké@ﬁf Pro@en I'Ilixnél ﬁdﬁbl@éd ﬂ[ot@ltdﬁ&t’esc?@cfb—tf&ﬁdtrﬂtm\éﬁ
mechani snms contr , the prior art t he
incorpRTRHpE 2 Jaysy o yaatﬁ‘ee’éi Gons ftl%tatl%hvr%gtoewﬂt]h @P@Pﬂ(
sourc I¥§t9ﬂ1 L%@HE W& ineh BRIMERS We%tﬁ&f’GPd&le%t Ff’é@'ze]sgl%ﬂuﬁﬁlhﬁn% GaAs
Ahrenl del, R | ingson, W Metzger
substrtt_teb%ﬁwe 9ahwaspeunted on a nqn:@cmde@ gibsive mevntoBulsiyate 901 was
heavi |l y carbon-doped GaAs." AppL Phys. Lett., 78, 13,
pp. 1879-81.) Moreover, although high C dopi ng can
rai se the.carrier concentration and shorten carrier
radiative lifetime, C doping at all |evels appears to
i ntroduce a significant density of non-radiative

recombi nation centers into the crystal, and those
centers dominate the mnority carrier lifetinme (whi ch
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20 lowers the gain and/or speed of transistors.
Consequently, C doped devices are typically slower and
of lower radiative efficiency than conparabl e Be

V@ 03/8e&@7hyper doped to the sane dopant concent r 8ET802/33670
Curve 111 shows data on Sig?type GaAs grown by LPE

from Nel son and Sobers (R J. Nelson and R G Sobers
“"Mnority-carrier lifetime and internal quantum
efficiency of surface- 25 free GaAs," Journal of

out-gaggep foréd lmm!;’@s els3502C imthe bpﬁemglb@m_fghe mﬁgﬁubspra{e 989‘ was then

wn
o 5y G5, - e 0 o e
measutryi ﬂﬁﬂyaeﬂleanod&wa Shbstrate Rﬂﬁwmd dia& tenippragre AUSYC for 5

minut S0 GSRREIER PyPLtoE S T eret st e ebeqrag MR G e

growth RuMHBitature oPEOICESS. Ti e resol ved phot ol um nescence

test structures 30 incorpora e e
ChixestRwtiRIeLPr @&é\a@rﬁwmgw A3 e SoEBfr, Trd SRR CRRS Was

grown%%k{ 88 cMBEnpERhREDSIPTiodiver AdSRersibRAR! Rlbulfer Tyt 302 of 0.5
Gradi ent Freeze seni-insulating GaAs substrate,

wm of Sndaped A sogs sveven. Fhesbsiaate femperase K thea redysed to258 °C in
order %ﬂgﬁl? g %ﬁ’ bf 9? 3 %8%T X§As b}{l\@etolgfré}?@@ ?:J fe @Jée Eﬁtﬁ?%ﬁ}%%f

assed m nut es at
1mpurmlasaﬁhmrth®£ubsﬂnae MBEhe Spibrial srechg®. 1Tw®sthmfredu0|e thislisepuiriest o

mlgratéqi]bggrsg sér%ect?r%l{ ?rgtel{?r\ga%\)é%gﬁgcgggﬁ(q% %H@SQ flda I(p]?ermd superlattice

904 W&J@f)ﬁﬁ @elighg 0. O$l§llﬂ§ztlfeﬁiaﬁng Qfers@s uhdpbe diah@ aml Alp3Gap7As. This
nperature 61 tes to desprb the surface

5 f
superlgrIEaps THREFIR e AV GRS AL TGO e o A
impurhtie$ b &1ff@dm%"_’mﬁf ﬁﬁ%&hv& ?é'Qikﬁf(ﬁtthE &vife. 600 C. The

grovvt rate tor al ers was maintained at gm per

hijet, a FRau leyen WS Oééhs sgepethy-hitpe srithdé: T |X|10 Was grown -
using {13?@8[ gttoagtreﬁupgr%&éecofta?’o HBodeC. ﬁﬁ@@r%ﬁ%ﬁg 18- coﬁi%ﬁi@ﬁty

undo e rown.
carriers BBS ta the byperdoped ﬁiam eegwars‘)llsl’tba’t follosced to 250 C | n

QS% :’Ehfqgggp?g!,u V\‘{)ﬁgrage rﬁempgfta én) Wg% Je-ir%cgaﬁ% ?f?f"{é atld the Al cell

was c(fdlé@lf,'fkct ActoFodsh b@h}ﬁ)sitlbhﬂlﬁ @edeﬁﬂaﬁaa&ﬂhﬁomtﬁluﬁau MES to'Emre GaAs.

her reduce thIS [ rit e ra
The By ghibiSrersiise fas 5o Bpreaied o Biouk 1005 b 60 s dpethe Bypetiched
regionR§ 0IxOrh'S HREfFRS, this RoRiddvakaPadatl VEhbYrdth te%ifeﬁt&e Qibgg@and Al
alternating | ayers of undoped GaAs and

compopfiios. ‘Thip era aci tawéesuitags essyTRee reeainbipation dhan an abrupt
oy het er oj uncti ons, preventing these
Al %Sﬁl cs rJom rffusing into the active region of
t Tiee mbaxv il quen lag&Nipth actaalhyperdopddayeis rogibn §08. Xh. 18@a 0727 grown

ot 0 b SR bRty G 7 it 2erer U B8 Bypftoned -

typetégﬁqt)}gons to confine m nor| ty carriers 906 to the

s 00 (b a0t eredebiap ) linid banerdasd eaty S05

To prdd@cPRPer@0aNgbERRe t‘éknpsﬁfdre wagsmeﬁeiea% 660°@nditRe AOEMN
conposi tional Iy graded | ayer 907 from A10.3Ga0, 7As to
tempepptie wag tupreased over the next 0.05 um, so asto grade the composition up to

Alg3GaosAs. This graded layer was followed by another of 0.2 pm layer 910 of p-type
Alo3Gao7As doped with Be to Nj = 5 x 10'%, thus confining minority carriers to hyperdoped
region 908.
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20 The Be cell tenperature was al so increased to about
1000 C, so as to dope the hyperdoped region to 9 x

1019. Therefore, this region was graded in substrate
WemEF@ure, doping and Al conposition. This gPa&&§2/33670
| ayer results in less surfate reconbination than an
abrupt A10. 3Gao. 7As: GaAs het eroj uncti on. The

next 1 gmlayer is the actual hyperdoped GaAs regi on
908. This layer was grown 25 at a substrate

t Benausedtypedopihg Setnii the forringoiRe aveGp sitesdu GeAs while keeping

the deﬁ%gg o élb gé}/d?ag 2 cg%b 8ﬁt¥1ﬁcen gév iltlgér? téer us&iﬁa éFQF ?ﬂ?eg’lals with

reducddy'ﬁxﬁﬁtiimﬂﬁ'éhdlayﬁthoﬁﬁﬁso {diing nmdmimtalvay@bmﬁmﬁuorsmﬁaﬁheiﬁdcemnate

rat vvas |ncreasedt06 the Al cell
Hyper@%a% ebeied forfEsa Ry Bt f‘f?éeaﬁ%£°l°l’ﬁ’gcf§n@ﬁ??fa*é‘81 %42
given iaﬂiaﬁ{r@ﬁfénhféewﬁétﬁﬁ%é fadigfivelifelife EloAdes o8 Shdrer 8%, hypBidSping can
raded | ayer was followed hy another of 0.2 %Qlayer

be useg tQcreats ma;&s@lwléh highes propalilineddadipitye vecrangafiatives
f, er doped

oo, S4B SER LT DnOL oy ER61 g

Bedwing thy prebahility wgngreradiative 1enembioatidoepables e crsation eanore
efﬁmeﬁ{ ffﬁs lﬁgl'féz‘ gg{g'é% %%ﬁrg?i‘}geﬂ) ﬁrp%r%g %# 5 Xurﬁl];eir of i 1rrr1]p%rtant devices
is conmdmd btydhe:mﬁmhey mu@ﬂlfminm—wenﬁecmﬁsd dewdcksrthed iempbloyezain media,

etine etting non-radi

eectr QgL FHSERLT i "ORBIEE S Glh W, € D By BErOBFA G icg wgther
multitéthinks 8SicOndubR devicm. Iesthislk Sxathiiiés oMGELR REs MORUBS Gansistors,

concentration at.a 5 given radiati ve lifeti rre Vmﬁmresﬁold

amplifigrs, opgitatars; demqdufagars, peitvedilieg a%frert%fﬁ logip etes, limifers,
detectcg‘rlé H:ﬁg?é?p IpﬂgseQS‘ékeQeLWE PadeR, VCSEL@ sBRicBhditor o}@h(t,ali‘ amplifiers,
babilities of radiative vs. non-radi ative
and waz gthi q¢atf¢rtnﬁs Hyperdenieg blthe baseiregiomior itprequivrlent genegaligation) in
such dg{rﬁf% Qél%’vs.@ 'ae\%&%' 0¥ Llﬁff ?.lla‘t exhibit cergﬁ{j ‘H‘o aﬁc@%ene comptahed o
probabi Tty of non-radiative reco | At OR enab
the prior &@tanmng efhischnnsy tef doe oF ante cthEﬂsﬁﬂnMﬂg fseer omatmn faster

ransi stors. er f ormance, 0 er, of
clectralisfigieeniapre BBHE B3 Lo THBTY o REBfte cOnstants,
greatet ?(fvﬁ’érle%erﬁiﬂﬁﬁbl%dv%r ess ORftet AL sifARS ystPREdhAR &!ﬁ@bency,

ectrol um nescent nedia, a setniconductor npn,

highercqpductisiis oV enpeTang volgaey losver Hreshpldeurrggt ﬁlgil%
eﬁicleﬁ@ﬁnaﬁcg&dhi%ﬁé? loafheM fdopidiodanal B o@éﬁﬂa{e? deve- t%lﬂéblce
devi ces | ncl ude tran3|stors anplifiers, oscillators,
reprodyeihidity bt Bmplifielomanndaciuringer s, inverters, |ogic gates,
I [
in’cggh%ls BTEE %éxflf%ln?'du%& @%;é% %pex‘aiée nf?%%{] d c?%i&?ls g% it is uspful to
eliminateeifiedts evhich ptéfeamka n@\aeclesmgtdn smgiley eizé dn $art1blyl|a):e itdopi ng
of the bgse re (or %%gc' valent ener Ziqtt on)
advaniBea o 4 BReTH s GREe e Py S ings o gortace
resista@¥d) HidHer ?Qj‘rﬁeﬁﬁdﬁn@eﬁﬁ Rlagted copa@frkiich, GAANR [cﬁs.dsrst a1 thhe
prior ar among_whi ch may be one or nore of the
resistapgg (fDé}WOﬁg‘ltS %@@weW%{@w resiftaneg component is advantageous
l; I [
becaus% éﬁlﬁ%%tt#é&&%%g g{?@% Qﬁfﬁlne J 5111%@@#111%86# R ngtt%etafgre power loss,
electrcgmslatlem, tpnmeatuaec aqcehewﬂd;ﬂglngom otb@\Abtnmm efgcihet t er
elalﬁe gmnﬁs h W6 QH tthe pr %ftesrt]lcy A lglaf’ @a%le, TP, Chin,
wer oper I'ng *vol f'ages, "1 ower
TM. dedaE,MI Sd mﬂdsmeﬁi and ML 8hdfelloehg (i enm Iefv@ Resigaey Noandlayed Ohmic

contsis BAEE195) e B OB Rt G o e 6,

nanufacturlng I n general, snaller sem conduct or
devi ces operate faster and cooler, so it is useful to
elimnate effects which prevent scaling a device to
smaller size. In particular, it is 25 advantageous to
reduce a material's contact resistance, bulk

resi stance, and interface resistance. Hi gher p-type
doping, up to a critical concentration, usually |lowers
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art, such as MP. Patkar, T.P. Chi n, J.M Wodall, M

S. Lundstromand MR Ml loch, "Very Low Resi stance

Y@ H/%¢93yed Ohmic Contacts Usi ng Low Tenper at uPET/US02/33670
Mol ecul ar Beam Epitaxy of @3As." Appl Phys. Lett. 66,

WO 03/ 036697PCT/ US02/ 33670 32 (1995) pp. 1412-1414.
First, a thin (2 - 3 tun) surface region highly doped

with the Si nostly on Ga sites, can be

b
(195 Sﬁn IPFBt s el dgBirsist thind2dt mBhsustroareginnhighly éoped with 85 with the Si
mostl%sGa §ds Bafi B ﬁﬁ)t&téﬂ%%&n&m&uﬁtgw ?ﬁfm laggrcéfﬁ'_tq\(} &%ﬁ{] 54

omg durln TG | eadls to Be In
makeaa gof ol@umfcanf@ctaﬁ@pond; lmgbeBéadrbMQ-dlmgMG tehds tmmmemgym Ga

{ d {
st A ST MO R B A BORISE gior o
is dommatﬁldtbs nbngadidthe tmaeasscﬁczdié"ﬁmtmdlemxca& Adrthat ae%hltﬁr@ﬁttlﬁaﬁase of

teaches .hyperdo | cordance with t
L7630 b ICRGRHRRS £ ek bofopiis i Arlshts wiiih teachingsof this
inventiymerdopl ng presents several advantages for increasing

éfq gnt handl i ng capability or reducing jits

ng Yl%s HLOPIRG PrEseats SeHejaladpaegca & dnarsasingaglepise’s

currerlt%ahﬂ!ﬁ‘fg%ﬁﬁﬂh@)br YRlubifp ?f@ ré%fsﬂ% 1o8des. '%Q%Ja do@fngr%ﬁﬁtles to be

the series resSistance’ of ayer ca
increagpdhby Hp tF arcerder of magaiydg er nmmtmerlcwmstamw ailayer can be

reduc?c?ﬂfﬁ Qm{%r R CEReWNE Qo tr@s?sttéﬂ?;g 1%%?% a lﬁrqggé)@ When contacting

nce 1 ower feS|S ance res
heavqyalqmed biversi $iatd lowex e@Rancetraedte il layver Fouli ﬂdwee diRsipation (I°R),

these UG vl BT AGRE 1OSH Be bEieTER g Blad iier. s dnins
voliages ktiepetertiatlp de mdubedabaﬁumontwﬁpb wﬁ‘lﬁﬂisotﬂé%édéed and the
imtf 1 (2 x R Q) can be

at
operaﬂﬁ%ﬁ‘ qulefqu $ gﬁq . ené‘ﬁyé?@ % g Q)mlae hl,ghqréf Tesistanes B 1s lgwer.
Alteri@tivel), J8vES Sev%%n@%e%%fa?édeﬁ Ih%h ; UGG deﬁ#ﬁése Bither %)y %nggeasing

denS|t|es ei t her "by i ncreas he total clrren
the totg] grrpang for\a dewice meth mgaeea, by g 8w degict hwa gdniece
current. aor by
a5 4 Phif TRl R, B0 CAROMADD. b g S Rhgn B

hyperdepeddayeisin w@mtsn&heﬁmr dowpatic i ofiadel dvop BsigviTich®GBables
i enabl es 20 advant ou tradeoffs

r i.s significa e
advanfie Bl EacSorhon o Rt B, il pit i kbl Vo facey BiaReT
dissxpamhqomeacmdveﬁsl pation to be achi eved. Reference is now
to Figures 3A-C, which dep| ct the creation of an

eEengs 5 0O@ mW tg Bbgqrgq 341G, vﬁp ict tl(e/qgeaﬁm gfan ohmic contact
5] [
PR, AR RS o

ohm ¢ resi stances be
Tesistagpes hﬁa@l@e%meu@pommrrm@awqea aglohade soiatiérg Traditi@mily, 2Hmic contact
resmtaﬁlgé is%ﬁ%}g ﬁll(%ﬂ({'gtrhg 91 fy cgﬁtll smg.}ﬁcgle ﬁeg% g%;wtth cIthls is done
by afﬁarilfg a<mmgl a}lnvelnah caﬁﬁnsmswhbledgpzat 862 G. g,mﬁ@éﬂbsanﬂg)zamd;acent
ari.n nt t
oo i BT it 3SRt Be iapcro

tempefmaeusm@ctehﬂosmhm@%ﬂuﬁmth& el tﬁ&%ﬂ%ﬁ 8 aPihbh i lc&h&leh
uefy bo It and the netal in contact wth

Lid
mterfaf’ﬁé?# common interface 303.
As depicted in Figure 3B, the heated semiconductor and metal dissolve into one

another around the interface, forming a molten region 306 of alloy 307 in a liquid phase,

enriched by the dopant 302. The molten region 306 may encompass the entire thickness of
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30As depicted in Figure 311, the heated sem conductor
and netal dissolve into one another around the
interface, formng a nolten region 306 of alloy 307 in
W $3{%8e°l phase, enriched bﬁ%t he dopant 302. ThBCHBPE2EA670
regi on 306 may enconpass t entire thickness of WO
03/ 036697PCT/ US02/ 33670 33 sone or all of 301, or the
entire thickness of some or all of 313, both, or just
some of the thickness (as depicted). “When t he

some asrmllltof 391 cocheehtianithidihess sEsuneoordill of 813, beth; ysjust somz efithen

ihick J( % eléjagure 3C), the concentration of the dopant

cxness (BHIFRIFESd i n 311 conpared to 313. There may or nay

M@heR heimelt BlcBEBd Biid the ahdtordatier feﬁ@@taﬂ&@d hed1wesn Figiere 3C),
old and r ecr‘ifd’ tallized sem conductor.
the copsptrgtiqnaf|the dapantds peignesd ip ALL eRmparedde s?1$ sTll%ed&H qr may not be

aclea ar BRQFacR 8¢ R UGS EPRABI a&l@%ed#%sfteflhh%@ derhftbRdutot FHeOM
30 but 309 is generally stil i ghl'y conductive.

recrystaliaed ragion ofrthevmgtah39 ipwsually flepant-peor beeavse dapantdies difised into
. 2 i t
o115 U8 S0 PR SR LR Phroad 0P ey pos o cen
planarseaisade bebvéeo old andbaystafizedaodtalras 308.0 i ncl udi ng:
variati thet era ure and thi.ckness of
iRy, fis iRt AR, A dptosth i orafd Pt dyptors,
includmgi Wdriigiof in thy Ganpemtﬁe fand tifckheds @f fhrAdlt; dote plagarities in the

preferenti al dIS ol uti.on al on ertajn g )
inerfaEs {AG1oR (S RIS AR &“g‘ﬁé%wff%cﬁﬁ RGN e dmprefrengaklisolution

along @efrtfaﬁ% stal SR fades | sDEERREAIdnY 0O6théNEreb®! thech@Ral }ability of

durin he "heating process (including terrperat ure
the meltzepe @tj duwthahwng precess fiaclyfing m@nlwrawéanplég] vatiagipn in size

of the %@’ﬁgﬁ%ﬁ‘éﬁ’ 0654 & f,-r‘é‘ rf&ﬁ&éﬁ?& s 303bsand 3%2?:1:1 l{(}ﬁﬁa{ﬂ?or

ara tot enewmetal-se
parallel fr 'éuefnawen@al&emiqméwmamem 3D ghterfaee SiiOspighblmoﬁm’pﬂaEmi from

303 ana Oé 1ts%€$ef @e%art lcfgrﬂrq\%n | iA E%E%e ﬁlﬂ#ce gqnglﬂg vaII cause non-

planar mmalmmmamauﬁﬁeﬁhces B1® rsmacfﬁarem schiifgStoRmaN&@Nitliogeaphic
scal i ng ]g%srm] ler i thqgraphl c feature sizes or
feature;figes| o8 smalketiseBIsandCHY JgEtRSces. Reference is now nmade

t Refbrclbd ﬁ%o%ade‘l@li‘lgﬂi‘ém dep V@Elc@@ep?éf %ﬂ@k&&ﬂa@ Bk contact

cont act made using the inventive hyperdopi

made ysingHie qwentlmhy@ferplpam teghniguerdwexplaingd in metegiatail %elow
hyper%mg:afﬁg% Bglﬁlgé dot¥iRs RUShdee (E(? Ec—ré ﬁ%@édﬁ?k%hﬁégglngg tfg%se of alloys

requiring
or allogiing dgchniguese dhe highesdopibigehat ir@bkbs frolophaiyypetdaping estHotlgyields a

e 8P RS L )t 558 S RO g
turn pro@@ies @ highebmbelinkttranithibsidh ¢orfficient (i.e., lower tunneling resistance).
Such tunneling ohmic contacts have a number of advantages over traditional low barrier ohmic
contacts. First, the space charge density and transmission coefficient of a tunneling ohmic
contact does not exhibit significant temperature dependence, Second, certain material surfaces
or interfaces pin Fermi levels within the energy gap, thus greatly complicating the use of low
barrier contacts, In such materials, tunneling contacts are the most feasible ohmic contacts.
Third, such chmic metal-semiconductor tunneling interfaces can support high current densities.
Fourth, high reflectivity can be obtained from a mirror-like planar, smooth metal-

semiconductor interface formed without alloying. The fact that the invention can provide high
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turn produces a higher tunneling transm ssion

coefficient (i.e., lower tunneling resistance). 25

Such tunneling ohm c contacts have a nunber of

VWIS ges over traditional |ow barrier ohm ¢ PCT/US02/33670

contacts. First, the space3tharge density and

transm ssion coefficient of a tunneling ohm c contact

does not exhibit significant tenperature dependence.

Second, certain material surfaces or interfaces pin
qualityeoniacty @atcdlso agh adwnisrorsyaeanp thapthe pagormange ofynamy dpjoelectronic

. CO [ of, . r .

devicdf b b8 TSP hE TR PREDR G B (LBl okl AR of
mirrom lerisobstrates suhich. ar@@ankparerd jn the céleainhwavelength is particularly
g ﬁgtal-seniconductor tunneling interfaces can support
advanRESScurrent densities. Fourth, high reflectivity can

b mlb belbeet] the @iy aysitd @@tra]:ﬁiglkﬁ)rﬁérﬁfaﬂbn psm;ﬁhh thntlolthe matrix
resulterglﬁtg%fhééf%%g%ﬂgég c}dpgtg{gpc&%%gg%l?%?@%l.\é\%}eﬁ? eg%%&atnlgé traps
associfk3d QRPAREREAIdBPrt 33068 pBbl IRl thdry pFRética oF Mtdrfimihl RIpafk is
" act as mirrors neans that the performance of nmany . -
disadvgptageque sineo iicempropises the lang-tery stabitiGroLihe devigee Sinerdthe interstitial

[ I=DH Sk RV

doPan?n@al\rﬁr%?ég&o n se ﬂ g%? ?ﬂglfegger whi ctﬁ)(l;gllrl gté% fgig?se E&é?g% %1 Hﬁeﬁdo? E]de
semicoreluetoa niatenal/@l asomgtdnce with dris invaitaml ayorld vamitiges this préblem,

. the prior .art he only ways t et. a high .
since Y aBiaF At medoru s bRt o” hief poiePlu s ngt o
interstitla@ly vaifNCEBIcFRtal iticef dopant becoming interstitial.
en if the non-radi atjve traps associated wifh
Fﬁ@rgéﬁﬁﬂgw ABEAOC R Sgeice gty 413 fh@éﬁquaeel {w&g’eﬁ% 50 as
to forf fan loRin®d B hétidnAlhefOR 8abts ndtall oS 201 BOAARRBdeNB8. Inlaccordance
.. comprom'ses the long-termstability of the device,
with thy inventionemeiat #Hsdaes petireqyisp any denire, finge wpkeadh denmstapexcellent
ohmic %Ha&e\%}h withiHt nQddidd o BL REkLtbE §eg§éo§iducmerﬁ£¥rﬁa%i’§%dne
10 sem conductor material 1 n accordance wt I'S
depositedl/nstamslardeseoii emdastoniinduisgn e@spintntssush ebinechinesiforc@por
de giubst ant ihal I%(.%I I cl),f ﬁhe1 dlg)%%{}tnﬁa Lons.are | ocated on . d
POSHGE-OYRP S} PSR F B0 1eiROSBY SHIAEY PS {18 B PP GRIRH PRERP 1s use
to hypghleﬁe tlgesﬁmridé at 4dco’lance witr1]1 th&b@surng ilﬁénmw&% amtaegmd inaarigif401
sej co ctor 413 that has been hyperdoped, .so_as
Gretely e ) §70 B sl e & reRbod FEsS en%%cqm&wn@é\ﬁ?g&mha
sputteftipl pﬁ’éti_ng,ne\ﬂaﬁ&ﬁﬁ:};r@%?a Rty df"iia?&‘?ﬁhhr % SRRk RethdiR. In some

i nvention, netal 401 doés no quire an% dopi ng,
cases, & meebe advantagenty tof ismae any sasfeesl axiderondnptthe bymeadopedii t h
iRl YOGS et 15y IR OB oo e i
The osderinap bd sbared bpdusmbsr of teshpiqees; inchidoly pasnmumddaning or tlemical

. vapor .deposi ti.on, . vapor phase epitaxy, or nol ecul ar
f etcmn%é‘%ﬁ?%%rﬁgwdg%dsfﬂé’ﬁg as an anion excess is used to

hypesgtoneh ol Bigieé A iiedramatically sinthierCRssWatibble id dse €ithdent
i nventi 8‘2( Th% cont act rra%iegl al ,401 20 (preferably -
on. progess yyiyardy thansthatnf digure 3C; Althoughinfertacsr40d551 be malepilagiyfat or

arbitrSBPNRBArOMdte iVREn &Y Bory AN RA RGN aPAIRE i Gither case.
evaporation, or a variety of vapor phase’or liquid

pHagBatpess 96 the intprfacs 4@ cancheesxploited pny mifsord dyshowa deBigure 4B).
In onelehtoRIRE tﬁ@%ﬂﬁ&[\fit? %gi ﬁleoeoeﬁ t s%asﬁﬂce aﬁg Hgﬁt 998 ?ﬂoduoed

sem conductor | aye O prevent an I ncérease in e
on ong Bds wilbmefectdick dvet2d omtha cimelside. t(Bquinalemtly tight piddncaixeribe

be renpved b nunber, Qf. techni que i ncludin .

metal S8 etieoe PR 15 g $p et e 28 B AR (oA openf ap GPHGRg misror
net al deposition. The approach of Figure 4Ais
dramatically sinpler, less variable, and | ess
dependent on process w zardry than that of Figure 3C
Al t hough interface 403 can be nolecularly flat or
arbitrarily rougher, there is no need for
recrystallization froman alloy in either case. The
flatness of the interface 403 can be exploited as a
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30 I n one enbodi nent, the reflectivity of 403 will be

as high as feasible, and |ight 420 produced on one

side will reflect back as 421 to the sane side.

WEASGAF ent |y, |ight produced on the netal si dBCEHR0ZHE6T0

made to stay on the metal Stde.) In another

enbodi nent, an optional mrror WO

03/ 036697PCT/ US02/ 33670 35 nmaterial 425 (such as a

Bragg reflector or netal mrror) will be used at 423,
materiapA25dmadhlay a Bregessflectenw amthl imitrer)val be osedrmt #23, ioptionaligacross a

onSlg QB A1 45530 5 B AR BB Bl

resondﬂﬁczﬁrﬁﬁ( ®eiwedn 403 peY 403t Mategihls niayadesalbasd ﬁgp@mﬂ/light tesmsrAfRsion
throu (0] e ottom t an om.. or
and/ot £SpapR oué]@&éﬁga Wﬁ%ﬁmﬂo‘i’ O@tqﬁtg%P ?r\nslt%suéegafgda}aﬂrbboth

the relﬁﬁ\ffé ﬁﬁtabé(dlﬁtb @éﬂ&ﬁwﬁbg §fQhifrofkQb4ang 422 404 £0dkraRBEhaléA&on of
depiction of a mrror wherein 403 is_an |nnerm)st

a murﬂawherelaﬁai" i an inpgrmpsifpce, gpdrrimiary, 24 generalizes @ gifrerwith

1mer&1&?ﬁé€tgi§§n gSfugtl‘fJ E?rg%lgrs r%ﬁllﬂ e&y feglgét n% sﬁffaé‘eg B4 ?ﬁaebﬁ are useful for

reflectoes, Indreererresonaitroavitiss, andstberaievicen enabling lasaﬁ,dRGLEB!r, and other
optoelgﬁfogéqeczeg{cre%ﬁg Eorag cas%? ?trn%%y bRgdvgr)l%acgggu dfo? iatygrr 401 t% include a

evi ces
semicontivariigigpe usits tterfaay eith Gdr 413. Ifrsmldlsdmlcanductmg layer s dielectric

propefies i U RRICRORUTCEYSHD T EyRries Ghies B e i Spadan e

mcreaﬁﬁiﬂmlﬁ}?sdiﬂideggfllkE QofnBRaticH df@@dlédﬁ% akian&alit esfleofors he
metal, the mrror reflected can be increased with said

BRaf§eucs isaowoneiataBige 4€. Thesrse of hyrerdapsd mateste) gogbles a
surfack ?Hsﬁ?.ﬁ hJRSJeetg% bﬁe ! r%ﬁ’@rd&ri%e Esh@l%@ inf¥EntioR ' a means
ype ena

rla [ es a surface
of redpeingibe atfuectwetsedm rqwbwtlb@ vélpgityeahbatesdmicondustey sudases Lt is

wel b b A o pes B TE IS B b ety e

to the h%rmckeﬂsi@wf&rﬁd-gap staees @sturally occtirtivgy dt aKE’e(AM”sutfhmi hencohigh loss of

f hi bi t h f
minory g CERS AL oM ET P SO e el e remanseptaglar colls,

photofldiSktand bido®s 1AAdst6R] dnvong Getér EleBgonid arll dpbAtecibiiit a&Bces.
hence high loss of mnorify carriers at this surface:

Variogs mesns havssheey devalope freredussihariisstsrof shissuitase sacombinafion
veloci t’ Elhéc?l a3 l‘%g&g{n‘@jﬁ'& ShleR %wthaar}ii epdgﬁﬁ’cl,ti%fl of m%g%d%tmn

foni ¢ and optoe tronic
AlGaMsis bandsgapiawiiehthar Gode'ls, aid e lacip e¢la barieriduiaotiiy earrier current

row, 5588 e 00 BRI 8 e g s e
AlGaA@andrreauhdgthaS@ovatmmce AI GAs' s band gap is w der

as.a barrier to mnori
& D Perdened priterl Spebian o SO E: MRS FRBVAoR fchtigue to
reduc&ﬁlé 'éff@étﬁre st AR Sed oMEKatiBARSL. UEB wWeB Afioivh G PARELAAH 'dBlShnt
Al GaAs and reaching the exposed surface

densﬂz sw!m#wg@htom@ alhmteérrﬂbﬂp@gc%l diekd ip @rrﬁaéma\},eandéluﬁ gchgyfield
can bé&é%@ fi6e BR3SS n%{%f; ﬁBdrﬁ&ﬁH&bWﬁﬂ& réﬁ}ﬁhﬁqﬁlé‘ %&E{@@E& ¥gion.

ace reconbli matron rate
For exsampleat nomsaliyrnlogepaiipedegici 246 damnben@ctcarvgﬂta sand gape202cties

' le fi.eld i |
R A R T i 8
hyperdiped rdgjord2iSessthibétg b biphi d&hs&tytdﬁ guiifiog btacds Wiﬁcﬂlqﬁnsr ﬂi@ Féﬁ’m level 210.

The paigntial SARRRneh 251, Perad by thed g@gd BiseRs petasten Togfons 24 and 216
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30 beneath a hyperdopedp-type region 215 with a band
gap 201. The surface 205 of the hyperdoped region 215
exhibits a high density of surface states which pins
Whe/Be&Phi | evel 210. The potential difference PORUS02/33670
created by the doping diffétence between regions 215
and 216 WO 03/036697PCT1US02/ 33670 36 results in an
internal electrical field which provides effective
confinement of mnority electrons in the conduction

resulth grah igiemal glentricah éelémhlelnmoyldbﬂ effeciierptongneraens|of minority electrons

L

the supflacanstatgs @AH5H ecbmetsttaratarde thdacingjthe hmosutrdf Feemi level pinning 205,

i SRR U ST RGP o

achieViB ﬂfdr%ly&ieé&&rzﬁé{? Rop&tbrhatbhigls BET diich tray the F2A6) 1puis lam;pushes into
into t e val ence band 212, creatjing an_effective, band

the valenige hrmldiPrgeating ap elieatyg dandeap wdenng offect Thoge Pfﬁlr{aﬁbf skilled
in the@t cafl 2RI PR gb%rb( ze tﬁ&%ﬂ!lé%uﬁfi@tpaﬁi‘fﬁlbﬁéﬁ‘% $zAR achieved when
passi vati'on effects can be achi eved when usin
using hy pesdefing ing-type samicgrsiacioempietplaut sememaeegh ﬁfﬂg caryeonfine
f m
minoy{ AR e dhel BAGAR b B oI bl i
d1stadce mtd) edl,ore‘ heavilyeddped atammgﬂagerlbnfome J&:hmng tdvibaightly dieped degion.

hat 3P RS P Lsed & PhEeie biRalh de ok alen] (i B s
problﬁﬁ@ii:l a¥ aighérruopmrgrdamuédpﬁ@aﬁserbaﬁcegap shiifikepe reduosd the efféctiveness

bl emati c at . hi gher sities, because band
of the I‘Etﬁqdl‘ﬂ@é n\“@&ﬂ&é@“ﬁﬁg i veness of the dopi ng

g lpﬁ&t art »%ﬂkmy@&meg eﬂMC bippi Ph}xem nef, 5@2 (ﬂéba) s%wea that

art work by Harnon et al Appl
doping pyemicordvsios i & high engrahsioping dansst@ msehﬁmqﬁec‘tlw tamﬁ egh
w1derﬁ£%&é{%q% ﬂ{%%%&fs g?{i]%ghéér# %];6%@’ I, @'éog gﬂ%{l%%%tlé %@hmg%l?g S@Rients
asa smfauelpaﬂmatlmlagen vedrs leas eﬂﬁecda@thag hgre&ibped nmtemml becsmaeﬂha:zeduced

mino SCS \éaf%eﬁ ﬁer vvere FF{.eCt a%(&t c er
AP jiteiug i, 5%38 RSP F‘?é’ b 8
compbﬁbnlﬂfnl}g_ﬂﬁegtﬁﬂ_éﬂ witieh ef the |be1ti£§ rlv:]bi’ ] eﬁbmgﬁftgragleﬁd di |h ti ?n al
reco |na|o n egat e muc (0] e .
béﬁe?qt&astotrse n:iipfg) 3 ﬂ?ﬂagegW%rafﬁifﬁdat&deofmbwhwvei
becau*awee @epﬁtﬂdaﬁ&;% Eicler @RRRKER %P BREOMEL TS agﬁcg E wtlaenh%

achi eved, because a Be dopant denS|ty greater
which epugtesaetshahand gap shrindegs, éncreasiag gepnaginifads @fghwﬁﬁléﬁepellmg

mivo QA S G QRN PR chRSHSRSUNE oo
surfaderoama:tinatesm néatyesaturate dmckutfamtatesereylumlgﬂﬂeyuxfwéﬂnd bending
ace can satura early

| h
tselt G ErlyPins R O SRRIeCT ATEGI SurR R TeRen » ael b

b @peiréi@e BaioksRbde todigures SAMB, MehidhiHuditabothe Lve 6fiypérdbsing to

ef fective surface . reconbi nat| on veI ocity
reducpeéﬁ‘éfeeb%leeﬁ@taﬂ%ﬁ@ﬁ% IROgT RS Sigee @ndmvelw is linear to first

il {1 EolcBRr#RE 284 oRlY RESHQRIPIER InSHE i %end
Ordertlaul k%?%ﬁé st ance(s) | noa¥ %o%areﬁ?lr ans?storﬁtygl%)#ce endsto .
decreassivdticinéredsing dopingilereshrbut typroally slowingenly by 2 factodopb? tcg4 fora 10°-
fold i GREE R dsR T Bet 0Bk M S¥lcel 1o RRENHGRA LT LB Meldke. Low
bulk lbmntanopps inglok tgnisiigenithig loyeksyoflaytive desicey sudhfas $het lqasérégams af
; ét gt lgl d én%({ ease in doping), hyperdoping allows
ransigfars, 2ed 1O B BB |t with | ow bul k resistance. Low bul k

resistance is inportant when thin layers of active

devi ces, such as the base regions of transistors, need

to be accessed.




10

15

20

25

30

WD 03/ 036697PCT/ US02/ 33670 37 Fi gure 5A shows a
conceptual cross-section of a bipolar transistor in
accor dance vvlth the present invention. The di nension
WH3/BpYAn (i.e., projected into the page) wi || PCI/US02/33670
ordinarily be rectangul ar &7 rounded, due to

consi derations of series inductance and [imts of
comput er - assi sted design (CAD) | ayout graphics.

Em tter region 514 has an upper surface 510, a lower 5

s Biguae 5A 5B@ys mctcheeyitais wedsb-sechid  of dbipeler tansistos in S@erdance with

connec ter re i,on 514 ac f
the PR B h P Oy HoGE SRONEG a5 o8 il ol i Srdinarty be
rectadgalaﬁéﬁlomﬂéﬁ el t® f:oﬂ;hi%reﬁﬁhi :beHerlésagdhmtancesaml ldnnnaeai&]omputer-
i cted by 515.

[ d h
i B s e st 3PS SReLh S

surfac@%ﬁ@ anf Qid@ﬂalﬁ%ﬁzhﬁﬁta%%tﬁbt 584 cdrilenOlotshitté: regloh B84 across an
terature) and lateral extent 525. The base region’

' lnterfaqg;ﬁéi adingrig butusi mecessarilateL P akhe ltprehextent of @ﬁéﬂ“ﬁef region is a

dlmelﬁﬂ)r fd%glt%teg %g%i@ T s? I&lﬁé(ﬁ\glﬁlﬁ Hean n%ﬁé@@alleé\u%‘?ﬁ #He 11terature) is

connec sSs an I nterface
repreﬂméd B $17niBabe tegivinSa# hes wiltle 531 @ernted s in tEplreratuge) @d Tateral

oent % P e b ORRE Rl Wit PN el et

emitt&r 2608 S20048 mptad vordsct N6 corinects ar:ﬂ4)acfﬁe3§; hlemtemface 82fi, end 521

534 has wi.dth | ector re onsu
will gl D cpRfHE with 2 YRS el AT e Fepliatively at 512
and af fRE pr?rﬁ&elr 28 eQRinSE hAFSreFidn 591 Fhéra 620 5&@ not“prﬂeida lan interface.)
contact 526 connects 15 to coIIector 534 across an

Collegtar eogion§84 Baymwidih 333y The eollsgior eion’ suppricsaripse fggms an interface
with tﬁgp D Atk bk Bh&r Bﬁ aé‘i& an ENEri5R1s36 CA Heiad chRAR fszg connects

ace 1's annotate Metal contacts 506,
to colmcubr 536 abdslan mtdlfm SBL yIntaa”acﬂ)‘iﬁie@tl éypiestlly becpplanaryvithiaterface

ni.cal | rth
soo. REQER ket Rl b3 Sm b S SR S
ordmﬁfxlg fb@ FBrihettod ﬁéctﬂbﬂlﬁﬁ&n@hamb&lyttm ﬁm&mstvmmg aad] dlrcmtyy lsech as

tedb adlelectlcor rid rder
sransipeHP R RS. SRS Pah U108t SEie s ariobl s bine
transiSfoR raﬁ@ Hﬁ_{/ b8 tdpafated by a diElBiSE AR Bﬂd$ﬁ@bi‘cﬁ5td1’ﬁﬁhmlze a path length
real i zation of het eroj uncti on bi polar transistors

orop(lmvb):tn&ﬂ@h@rag@nﬁwsj unction transistors (M) with
C)&)%iglo 9‘1?1% Hbﬁ%‘?ﬁﬁreﬁﬁ%oﬂ bk Rétex@ﬁ&ctfo%%ﬁlﬁ%%mgﬂo& (HBTs) and

nventi on HET ‘prefera
blpolmnhamﬂ srassidbars €BFRsyivith bRer pfedmmcef ﬂlamrpsaoztani mclmetglﬁ@ An

d
NC o e TR N
thin r@ﬁbﬁ oPlypbidgper semidundudiypRsdogcshclad @iAﬁhyp&tddpedl amth Ba toa

| ower reSISt vi Ly, tur,n i el
concgriageref Y ek} Ry .?@@ﬁ% t}’ﬁkﬁgw%féo Wﬂﬂ?f’e"ﬁ a lower
resmtf | Shieh ﬁﬁﬁnﬁ@ﬁﬁuﬁﬂ d l@@éﬁaﬂeﬁl f_ésiﬂw;?r sB}nod@lécDgﬁ disti®uted
(0]

e region. base re%a formed from hyper doped
res1stnme§ FE:N arpﬁ%ﬁd@@' igirg SB peressghe base Egionadvant ages

cog‘ggsreq%sgnofgﬁﬁé&ﬁ&ﬁ% O d%eqrrﬂﬁg%gpmdﬁg s&¥era®bigpificont

ecause hyper dopi ng orces nost the Be
advaxtta)ges comparediodwsé tegions farmeCfimmspriop et nfd&’talSdBefﬁause Imper!igemg

o S SR B e S50, T g B S B
supprleS¥RETA tékifits i thoenobadt] statile @a&eﬁl ghat aﬁ’H hbi‘dagmdee due to temperature

and Gggg%r%?rgﬁsgé\%f%%%gﬁ%ﬁow ?}Y ggsq\lfJ ing% quality material
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with long lifetinmes, the HBT gain is | ess subject to
the | ong-term degradati on observed in prior art
devi ces. Hyperdoping a transistor's base region can
VP SP366%r ove operati ng speed As is well knownPEHUBRE36TO
art, the unity current gai f®cutoff frequency of a
tranS|stor (denotedf T in the 5 literature) depends in
part on the tine it takes for mnority charge carriers
e.q., electrons_in_an n-type base or holes
with Io(&g tl&ﬁgnqﬁa@@)ﬂl}%gqu} 1&,1@5 gyhje Eq s dongrtgeond agga;zlatuprhobserved in prior
art devit@geral , a higher value offT nmeans a faster
transistor. One way to increase the value of fT ]
diyresdapjng astrangistep base megion eansalssl ipervepberating speech s well

known 33366 LE UeUbillofiche A culd PR Blncy e Bulifily (ERE B dhe
literatttre)edwvmissmpart)ors’ﬁhé’ jims itoakesgor5RmArit! cdharge chwiei(e.g¢ elecnom(n an
sed | at er al

ntype SR TR T EE Lot EREPLE o8 TG g G, psher vauo
of fr nebiis0f fastbr ©MHIBRE YOnelwito increase the&alné ohﬁppﬁi’ed@pe (% bmldmg a

materials permts a g r_reductipn in bas; i,0
transisigy vty Al8{RaPTRAETERG Wﬁtﬁ%ﬁs@?‘w‘e \Rntl%ﬁn‘iﬁrhﬁ%?rw‘gm 527 hes'a

greateﬁ%kd] esistRoshibadPditRtian HBENERE 1d BiTehirh af SBASIBAEMe dRection
base region and permtting wh. to be nmade thinner

mdlcawi bm §29. Ingreasgdlaferad roseptanse adverseiEWRSLs & HBRsStoInT Wiy ipgver gain

prior art, wherein heavy dopi ng was used. As
cumﬂ‘ﬁ?%‘%:us%@%"'previ ously, prior art heavy doping forns

rids&cfddperﬁoped mab&rxatsblerrmts ogreatenteduction mbase mﬂn bullnresistance

. Si fic r.ade nor|t rie .
than is bl R FRE iR b ouBR e gt 7 ypoo resion
and peiﬁ@tﬁx&ﬁiﬁ% fdte meftlﬁnmmmoa?fmﬁawmmg s?ﬁumde@fd Were gebazible in

and .t he ase transport It n contrast
the priptzth; g S aved donigg ¥ ?ﬁee&élmeﬁd’aedwswawwhem doping
forms gérﬁﬁﬂ%i@g fombiRatidf BRlelAfatbsultas big %@aﬂt@%%\%ﬂé’aemﬁbﬁ%ﬁcamer
as well as 2 Q offering a reduced | ateral

lifetimpse Sush shosteminprty sarisr lifesimep signidicanslylesiareithe performpace of HBTs
by red#li%%ﬁé %Qm,f eﬁ da% tl{eh'm y ?ﬁﬂg&@ ggﬁ)fgya kil"? o&ﬁr%&te%?xﬁfé% atoq%t@e regmn

er 7sp perdoped mat ér |
from aalypezﬂap&irmahml dactd;rm&e&[t foamatima of faathemh-adiativef toaps, as well as
. inprovenpents .in other p such as .t hos -
Offering SRR TSR % "optos A BORCLITE RSHFE Pesp Sidehe o heafepd. fror

ax calf byt R dhcrédIe ©larhighat sﬂe@d f;vﬁt(h GO0 nhdt@als tBEH Rith pAdr art
Jo Myp&itoRdl
25 to the collector region 534 1s controlled by the

materigly,and peed panbe irled bk fopinerreyernast ig gthsn parprgeterisugasdhose
d1scus§eﬁgie9ﬁz 524. Thus, current gain is typically defined as
/1.B. A direct way to inprove P is to reduce the
vﬁ mtalblmar thsisthe ithawell keqyimothabibd clreenivéefion He emitter region 514

1o the %ﬁﬂltegt{c)s %%?x esélg gsnc%ggcrﬂllse%%g tgé ,fl{}gen@%ﬁf%g g{%fegm{mt %ébﬂajjldf fo the
base rdgﬁmlmnTﬁﬁs antbﬁm@m isSyjritaligsiefinedsdst= IO/ I)_NI A bBpett way to improve
ener gl | usi ng hyper doped

Bisto ﬁ%iué? Ffewed%eﬁz?nof e Jesaapien %%ﬂ befrpen tha psfares 329 apd 53 Jésing
hyperd%PPd]Elg{eBﬁ iBE b%m&s& pgag Is%re&gtIadeoéf{meﬁ&aé p§t%§§1ix A8nd frua,

own Vol tage, or 1 nstance
such as:mwmg ﬁenthnmrimmemgy‘ﬁg éilbrergenaraliyg neing byetkidped naetiols @ermits

more oa Lmag rgclesﬁjé g{ﬁeer | zglgsaglg)g%ﬁ% ts Et‘égm%arc}g [fag;cor%%; mofeat?lre size,
breakd@%%ﬁ@g%7 BCHd %8@81/ iR, :ﬁpsd? E&ﬁ& Be ﬁﬁﬁo%ttbg&}?e@ Chr oﬁ@ Eould be

exanp the Ccycle tinme of digital circuit can
lmprowﬂtvvlthoye@plﬁww AMertsoTHGe pﬂer% es4 pleeatitiecopid hehi@om@éed while
whil e preserving nmicrowave performance. Equival ently,
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a transistor structure can be inplenmented in
hyperdoped materi al which neets a particular m crowave
performance goal, yet has superior digital performnce
Whes03e697 anal ogously 5 optim zed transistor for REHUBR2GRG70
only prior art materials. 39 An addi ti onal nethod
for inproving the performance of transistor structures
is to grade the base doping profile. It is well known
inthe literature that grading the base dopi ng- by
otherstR€ bgthnized) Fohexadp[ 1 ciels sikdeyof asligital cirsditicambodptimized by
ROsi ti on acros e base width 527, with the heayi est

mlmﬂa%}Bg Hig rrsisance ﬁgfhs $e vy lepuesarvingRIcrQyAve PEF forgianc ‘Ff"aieﬂﬂ%
a trandiSt6r ﬁﬁﬁtﬂ?&cﬂ%ﬁﬁﬁl@h@ﬂe& fh @p’eﬂi&géd HikeflRIRIIREh meéty@pﬁﬁ@nar
t he base-collector junction 530- is very effective in
micropavk R Fgmance geals ket hpsawpetiondigial pefumamsghagpngnalgsenty
optlm%%&ﬁs‘?s‘{oﬁﬁnhéatﬁdﬂeﬁl @h érE hﬁ%fnhﬁ' d that accelerates
|ty carriers a e emtter-base Junctlon
52-@ aéduﬁond\mhbdtfheﬁtp&smgﬂnb [pexformrangeipidtansisto5 S dctuies is ®© grade

t ban hr e av
the bale Al bonlt At onRR ShelRBra it L BEEnE S £ G RREY by
decrezdﬁ@ the depink d@dwgcm ﬁ:ﬁmlopwfbsﬁmssfthegjamﬂtlbmamth the

nsi st or er.do na
heavigsh Gl Roo e En LRGBS S2cN ath e PR e i o wer
dopin%vflﬁe A8ar G ¥asd-BolROR} j&ﬁctdﬁlrwuu BSvedy SBdclle hefuc g&h&&%@

results in an effective band %%p wi deni ng_due to

transit tifae. Surl dering eradisnfdveduses an intemalgledtn fleld that accsjsgates minority
carne%:)h}éiﬁﬁ ficl the efiffter-B0 I%L?] 294 Ei aricoWaR{ P Bﬁe—cgﬁ&ﬁf}%ﬁﬁn S30. &t

_ pl hg appears to enhance t e mnority carrier
is alsodwélf kv thyt bark gaposhriekagatdpe RpipaviPhgping des to red®e tH836

R s M D LU RO e e

Hyperdopitlg ehdidesmadmpboal mgieéfwbelaohxe%& Pecamsellogimgna stmicanductor

such 45 s 40 GOBIES (e ERGERER WAL & DAL (R AR BFecive band gap
w1denqrgaﬁ@do BRSeEro6l0 BT Mgenctdts é@eeﬁl@m\éﬁ@t@ﬁ A%pl. Wags, 160 rmab@yt

019 cm3 or less down to x 101 ¢cm3 or 1 ess.

(1994})nF§&wrmp@ndegpmatﬁ foieg amyﬁ fRyentiacy the B¥RATiSHCape diidistvity
(Harnin &k BE ztﬁ@l& 186963, f5§§ 'l%s@a gﬁgﬁaﬁgﬁ%&%gﬁéﬂg of% base

cont act esl tance wni | e re opling a
transitciish¢. éﬂlerﬁfore,dgﬂ;zmg d 1n@nt1nn mgradmtﬂlgbmnpmg frotohiex 10% em™

down RE8 R SR Tt SHIOCTHTS 191 StDte, B AR lpes

than phias ﬁrt g;tfdmbaﬁe dopiiid) evhsmyfge oarﬁutib oté as ﬁiohmbo@msp 0% thOror less
su at fhere r. band, gap at, th

down £, [ 8 107y T F%J&@@HOMEW&@M%@& i iHeTE AR PSS Bithe

emitte?eddd1RslA$€a FALLIRA 0P bade WoRthbiQBsistaie whild tAY reduced doping at the
conposi ti onal grading can be used in combination W

collectny sdgarspdis ibar Brgewaicnyintee brspricellastarbreakidqwipetings. deriswell

kIlOWI;%Ql th&RERY lectnc fieldstah e b8! infPhe Battée\f)? Q{z V{%rtﬁ?&%nconductor
base  dopl IS 10 sweep mnority carriers

alloy ¢dveposigion awél thit thareisewvidenhand ghmaidhe mge@mutt'ﬁz jimcwm when s

cornpls) Bl i3 e o B RRTRERGH 53 e Fopppiiona eacing

can beedsed imncontbiiion withGlypeardepyed basegiading togohRRes firiher gerformance
W t hout an associated increase in Ic, thus reducing
improy§Retyr r ent gain A Hyper dopi ng can reduce | osses from

I AGRRTReBldcOve ﬁtgrgd@&b@sétdbpmg gs:tgg.@%g% gﬁt@tpggggé&% ﬁﬁasﬁ&@rh the

First, a graded h

surface ﬁ¥ @e@mﬂn@c@é@wrﬁs}am 532, %&h(lgp eit Lprimarsite efriecoralination.
wi t hout hyperdopi ng) which sweeps 5 el ectrons away
fromthe extrinsic base region and thereby reduces or
el i m nates reconbi nation at the extrinsic base
surface. Second, as described above in reference to
surface passivation techni ques, hyperdopi ng may be
used to saturate the surface states at the extrinsic
base surface, which reduces surface band bendi ng and
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Hyper dopi ng al so enabl es optim zati on of other

paraneters. Inportant considerations in io RE power

anplifiers include power efficiency and third-order

WO PEe69dul ation (I LVD) distortion. Investigat of§THAE3670

found that power efficiency’of class E power

anplifiers is inproved by reducing the collector

current fall time, which in turn is inmproved by

increasingfT and/. (see IS. Yuan, SiGe, GaAs, and InP
Recopbination atibe eoninge peseaegion pradicss ot incredestin ivwitkaut an associated

. L h ff f. physi cal
o994 b SLAEER PRGBS A S5 R BV
recomslginatidn at ¢het extrirsiz lmapmchtcinceverd! vidye Hitst) atgrated hegevdpod base

the emtter and cont act hut insensitive to
et A4 et el (eegfes P et izabiscp ihnt Bivenaing) Vel swoeps
elect@nfawhpiom the bxtrifded ;Edﬁ@regﬂﬂ‘in@'the_réf?ir&duc&l S BindiRA rédonfHination
in heterojunctiaon bipolar transistors.™ |EEE Trans.

at thaPETRIGRASS THESPS as depytaed abovedn peferenggp syraceipessiyption
techr%@@{}lﬂ@%%iﬁ&hﬁﬁ:'b@'u&dﬁ%i Jg& r;giglﬂﬁb biges BOARD AU Endt I8 burface,

ence 1 ower 1143, Ing Iess significant

which endpeesraefaes and bendingrad sinfaserecontbintion veloeitys

' . 'y h d that . .

SR UG ORI o RS i
RF powevesiplifiers includd fwef sifieielesodehhirdordek interlﬁhdul&icfrﬁ(wIS) of
PR ab T T ——

impr@ed by rédugligahesollediot &kttt fal il Whickah W@l isQmpfRved By'Blreasing fr

as by _addi ng resistance externally. Accordingly, )
and fomy 6 B3 S N o4 (GRS, QO eterasncign dimalarfrauers, Jobn Wiley,

_ (19998 IRStAMS Havel dXpRIrdd the EfectsUF pﬁgsri]‘ga‘f BEALd pAENHMES on PV and found

roader range of frequency d power. For instance,
IM3 todguiennynsitve tgbe erpeptanesrafdke uhdidndwiwees ghcormittehnd és contact
the: 3 UL kent L0 fi on _collector en
(o B ERERAER e SR e R AR .
Nelsdnggmel B.L. Al Hetermesdulatibn ovhetgojabdt@enbipolirhandsibrsi”JEERS rans.

. reduction .of [ ' toff frequency.as a .
Mierp G eGP 12 IR, 2L D10 B St ot Sl pmic
structilieg o Garierteglier CRy abifee (R I3 Jwhild @bking Tes$ )b it 8ddbromises on

Anal ysis of Al Gct As/ GaAs 3Q Heterojunction Bipolar
other RO pARICteRy pEaloi sad /mpo dopthelgrppp bas gbsaryisdthatilingarity is
. % . ) i ol
oA R0 TR 08 Dl BUES PHATL o, s o
Sourqetlmpedanee pr the hydagity 36 CoranpnBodit 26iplfias. ISCHE 2600k

' j . Ei gqure,. ich shows..a .
N TR (T e
exterfallgnacatrdingly) lmp&@pétﬁnﬁ&iali b?l a’lSMﬁSe?.ﬁ:Ed foq&bﬁﬂﬁmq&oﬂﬂginearity

capa ance acrpss .the I n Itace ar e epresente .
for argRRBL A bR 9 b )Rt s ot B odiency, A pa e e Moee, sducing

ltageCdrBE aroysahy base ki b
VOt%%ZlA?and,capg?i?%%%gﬁggﬁigmgggﬁggﬁgﬁfg?¥%§ghéyﬁgﬁ$H%ﬁﬁf
currept datlich isespegialis dmpergmpatdigh @arsaicleveln dmogre well knavosproblem in

' . I i ' 0SS
e R0 FGRRH O iy 3K IO L FAUEL S 95050 ot
effectaselated toshigh surSah? levels (be® 17 BioGiArincimldsyind Unelybin bRAIGaAs/GaAs

resi i.ntegrated acrqss t i.dt h of the base
Hetr BRANPRESIek TSRS ARt H0ee, M edinidvire bR i B perdoped
materlml/dan ekhibit Bubdkantialbploivicpinteenal esixtahcs, RehiG et RE sdd@fBting and its
junction is shown distributed as capacitors 520A an
effectt>013. Likewi se, the bul k capacitance o across the
base-col l ector junction is shown distributed as
capacitors 521A and 52113. The lateral resistance
al ong the base region is shown distributed as
resi stors 525A and 525B, and the | ateral resistance
along the collector region is shown distributed as
resi stors 535A and 535B.
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One way to inprove the operating frequency of
transistors and related devices is to use 15

hyperdoped naterials in the base or base-like region

VHR 036@lissed above. Another way is to reduce tRET/US02/33670
lithographically defined efltter |ateral extent 515.
Several factors nake narrower enmtters nore expensive

t han usi ng hyperdopi ng, even when both are used
together. First, the RC nature of the equival ent
dRsMehbwseﬁic@agahUmhdmdﬁgumSBt hichab®vy £gimplifiedeljubateas

o Wil 0 toward .t he edges aq
circuit o S pEtr Bmsaions By Fiewu i e ot vt dct sapecinge
acrossafe Werfark BP!’\Ei‘e/}«Qbrsdéﬁtreﬂ Bhefmh@atly BY rést@0311Ax Mk *apsitdrH11B,

| east in part) the reduction in power gain observed as

respeciiveliraand; siypilasty for eopirgh espistanpethlA] mmgﬂﬂa@w L1 pegipeipiertace
521, aﬂéémﬁ&% ??s?s@ﬁas SEA mm/calpgénge&@,ﬁh' defilsh Mlt%rﬁ@u 831 9rhk Btk
emtter at era ext ent f1ner e nore
resistamwpiategiated acTors thevaiditatfthe enyitterf repipp ér shopadlisirbused asiresistors
s17A B @ QNG Bl AR 85 E3HARGE, 18 idl oP AR Base region i
showrr ﬁettibmte@ abicsistorh B2 7TabandF2FRi Thei btk aipa(amm& mrossftheganﬁatrécrase

functige o QoG CHERTOR ST B R Clenoe: Babpfimpacipnee

across¥hObl4EicHDedt@Sindtioh iLdhowa HRWbuaE dscaficROrsSZIAtlagd SPIB. tThe
ne | ateral_ extent, and so (Lort h in conbi nation.

laterekjgugge AonBdhs base FRedm 1o sl digitibwted AogEIstoR>Sgid 525B, and
the lattemﬁeélmahaé‘élgﬁgsﬁﬁ Blidcbbr $E 1@ Ehdvﬁ{ %Etﬁbut%ﬁ b8k sREP535A%nd

transi stor designers typically e the lateral extent
S35B515 of an emitter as small as pernitted by a given

oyl SR OB AN oS RER R Bc fct Ho

hyperédpreé aﬂyerhs inithed baise edbaaerikemegiopasdistusedd dbowve. tAmﬂnen wgapisfto

redoc? i s PR ANE CFEC A LS RAPLPLY SE et apaby hefarer

emitt@inble@xkpedsile@had u éﬁﬁ ifig AGEwheDrdth 8Lk BebfdgetbddFirst, the
t hi g? V\D 03/ 0366 802/ 33670 42 dependent on
RC natye pf the %Wplentrdﬁﬁubtﬁe%%uﬁﬁ%sl 9iitheoasm EssiQuyRdigates that current

will ténﬁ % &%%QOQM'drtﬁtg&fg‘eQSf thpﬁasle ketgmt ABIK 166 2hlf h8f fHdd€cies. The

ter wd can be I ncreased nore

well-@own Ak} f:l@,rcqmt V@M@Wﬂfem explaing (atdesy/n pag) thy rednstientiopewer gain
obser\%la Eﬁ'ﬁ?ﬁch +iof! of Hg Lgﬁt?f Trrzﬁﬁ 091 t ip g{oglehl ﬁ%tyeg@%c{r&?@ﬁ b

avi ng ecrease | CoFeat ur e Si ze.
hthog&ip}maimﬂedngrﬂif:M1mr latenal ﬁltesxosté thesfactr tie med rpentive The

. nt act [ f
avail Y, Siype b AR EsS T Fropdi ol el featenieds A atogsion
(e.g., WsistorsL30EAl. 825 e PlitiRit tdd@Ein@sLh, @l&lré‘tﬁ%ﬁﬁm@ iniifler of greater
times. Additionall écahyperdopl ng may used to reduce

laterak gxéenbior be ysed withdess DGadeAp urent C@@*Idll’éct!l%ﬂ wawld otherwisehe
feasﬁ)ié" b ﬁ@ﬁucﬁﬁéjfé@é &&eﬁf@o@&h% el aﬁ% ﬁ&l dréfd @ineqinataok t and so

respecti uctl on 1 n DE an
forth } w cbmbma‘g@n rS@scmdt careﬁlhhlsh gh‘ler dawcannbdrbng siEowssha it | mowases

with sﬁ%ﬂéﬂ&% lgﬁgﬁt 5 tfa?’glﬁ g%gﬂgrgtetgpgca% mﬂe the lgteral extent 515 of

FeCi at oprng are
an emitter as small as perrmtted by a given (i.e. affordable) lithographic process anyway. This

means that the lateral extent 515 will ordinarily already be minimized and not practical for
trading off against conductance. Using hyperdoped materials offers improved tradeoffs among

the lateral extent 515 of the emitter, lateral base resistance 525A and 525B, and things
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no neans limted to base regions, ohmc contacts, or
even transistors. Rather, hyperdoped nmaterials can be
used for any region in a wide variety of sem conductor
VHEHBE87 Hyper doped materials offer reduced coREHEE2/33670
resi stance, reduced bul k ré&%istance, |onger

non-radi ative 15lifetines, |onger or shorter radiative
carrier lifetime, and numerous other benefits that
follow fromthese, as taught above in connection wth

dependtit@ndhan us welbrThobgl apeating diequency Taebajingrensed by redyeingihe

. (whi ch i ot ,..and . isS. not, i- > . '
R
only) usiag hgperaspitd ingdveriat i the base fegitamio pegnive highen fagrwithout having to

honpj uncti on and heterojunction transistors.
decreasp(ithaess UL §%y made to Figures 6A & 6B, which

WRioPed LSl ARLREL G URdl Ridutd thobewt késistameel B2ideacross the

e I h accordance with the_invention. Pr ngr aﬁfeted d
interfackePd hieprecen 546 and, 4. Sueh 1sAuced GHIRC FRSISAPER P LEAAgededuce

emittes dnfl Qﬁﬂmrtch%é%ﬁ*m&.eﬁdéi%ﬁ%yp pﬂﬁbﬁiﬂ% infay beakéd Br&ducdthe
are rnjected-l 2

0 an active reglon ¢ rom an enitter
O

extrinsicagsistan@0s theovolledorandispitsaofirtirs trdnsingdhe eratitef pd collector
. : H t - . . t . . . . . . . . .
chargit §1aes, F i Gy edy el B R B beitd yebilfin e pigher fr and
fmop@,_@gogsﬁ_f 3[I'elgi on 603hi S tﬁpi gal Lly at I6ezé\stfseve_ral
times ki 3T larger .than the band.ga of reqi
These b SHlsd R et Atk Se B g et 19p&lohE are by

no meddfs SR Q@B&s@?e%%ﬁsb ofiBic @bhthdts, &R BVdnafahsies. Ratherd) aypeadoped
regi on 602 o he sem conduct or materi

| 601.., Th
materigh o4robe e fag\any segiprping iRy asiopy %%F&@FGOP&“FW c¥ioet Eyperdoped
mateﬁ%ggﬁsﬁl%gb%égfﬂtfgcth Set%ﬁ 1 &1 cEEBHIR ResBiPrice, AoigRP hortaBRtive

and gap sem conductor 647 is _
lifetimey, porguat byshoetecradistive dasmer ?lifgtmteg atfuymerexsaythes @egﬁfytpdp@ttfwlow

T

below FvAR i Yot Cenrié £6t ihtefidall itorbe, 6XiRustive) beengplifiies thedpplicetion of
material in 601 ysed jn ggt i, ve rh%ﬁ. on,602. VO 4
hyperdspirgde derdasipnang 05igHipg of gevices ot BARTONNGEFAN of
heteroL EidHKSistors Shown in Figure 6B. The conduction band
ge Is represented by 611, the V%Ih nce ban,P gg‘gfei}’glﬁ'
6RSfereandistow madertp Higiyey 64§ ¢H.gvhighghogigiadouble fpRropuiion
ioht-S | 415 i hdh. hot 84068 t3Bnction of
a3 R0 BB AR $RG1, o L akoms Rcion
doubl@Bdtbreetricaye tighodnittang dindes(RITHERS). BEmrity parriers 601 predgjected into

[ egi Qn 7.has a 5.thick S . ot .
an sty SogiaR 602 i o pmdied: esiT B ofitdPhed BY B0d 16 1BBRC BN Adoriey
carriePidfBcfiof ﬁ?ﬁmﬁﬂy o thigirdedekirenmtgion 60 pargi6d 602, the band pap 645

max!| mum

I ) reguency at ich .a LED, ca e efficientl

of regipp 9B A% tygicaldy gvﬁqsg éqVP‘S\QT térg?scl@ngfaBrgar, thﬁ%ﬁqga%de %%{4]6 of reg}/on 602.
' rdcomMRNiBn Frithsndjbiety Thrfiersic0$ in the

These?glg %e?ﬂ})é}?gﬂafeqnjﬁem%ogg Giéﬁultg)lg_lé cht i vel Irlegi on.] Ag is well

activekragion S02rofibe isenpicertuctos matcriplef0it by Rhatessaerey dyapproxgmately

equal [toa'ﬁllie ae%éré? band gap 646 of the active region 602. A confining region 607 of a wider
band gap semiconductor 647 is typically used as a barrier to help localize minority carriers it
active region 602. The time it takes the minority carriers to recombine is, on average, the

minority carrier lifetime 609 of the semiconductor material in 601 used in active region 602.
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10 conponent and a non-radiative conponent. The
radi ati ve conponent is approximately inversely
proportional to the majority carrier concentration,
“%hWW@“@ﬁe non-radi ative conponent can be assocPETER02/33670
with the density of defect$®(defect reconbination), as
wel |l as inversely proportional to higher orders of
this concentration (Auger reconbination). Therefore,
by doping the active region 602 nore heavily, the
e dand Jiagramrdfahe DHLED 1rshos@dn Figure 6Be Abeepndneiondandedge is

repres%ge?ig)a%tl ?,',ot\'%% b%?lgc\@bqg% ec!%% hgﬁﬁ ea"ﬂﬁ le %(ra\ﬂ %‘Sigl Yhe emitter 603

can be@bidudaiited depleaelsregmnmfrﬁncladssaﬁsﬁ\aed t napsal a@ltdmipg hger of

dickasgt F51. Jnrtygaser Sph et Mgk Bt Ry En B eh TRl

thickné9 639) ah® the'WatlObdriatt 6B hdsQthitlreed 6392 Aanetalrdohtaes19 makes an
ef fi Ci enc% Hyper dopi 2& avoi ds such non-radi ative trap
ohmic £tk 1q 5] aW‘toﬁtﬁcblﬁﬁ"rr €e to Figures 6A 20 & 6B,

E%)ﬁrﬂ?xp@éﬁﬁ&ﬁ? Rt Rich A DHIERe4d %Qaﬂiﬁ%t&ﬂn@&ﬁat@cf is @ypically

crease the DHLED s upper nodul ation
calculddey dsingie bmbll sigbal nyodekes Lo 7@, wherers in thei mipotityroprrigy lifetime

nbi I f
609 u%wt qqﬁ%el-t I%%H]Elre gbscvi/eg L gvgl, anlal {gtc%lér hfétﬂl?e ﬁé&néﬁsed%?h?z&aﬁve

ve traps.
compodb@ing P aestrddidiivbsompdrent The radlaeivé emhpdrrenqcxs app:roxmmtebh

the el ectrol nescence, sacrifi.cin fficien
inversql, SO HeP S TBHOBHERST ORISR e R Spmponen
can be a@s%hafeﬁ%ﬁﬁhé! aex?sﬁy b & {d@febﬂ@c&ﬂﬂﬁﬁiﬁﬁ? tas Sl taélhlﬂbf@@y
I ca i Ci ency Rﬁh speeds There&r f%F S
propormnreal @ﬁgh@meaw isfeprignEation ( % Py

I r]) d and
b b R, R o
the momumﬁmmlmh isciactiengdt Aeprevousicroted élpﬁl?‘miidéadﬂ@t%ﬁwm

techni@fsn%%rgﬁaggi?}%%ssg%ﬁpg g?dl t1v§ traﬁp %&%%&gggvmeg%’ @greaser é&lg%h dca)ing
levels (U3thgGoiat ak techﬁqu@b ahese nbetadiagine trags tygipallyodundindtedDinostyd

30 the (?{n & 03 Furthernore hyperdoping |ayers 603
Caﬂlﬂéﬁﬁp%‘l@‘ SH{GRACYEnr eadi ng resi stance of the LED,

%:«Hrb{dﬁ RbcH AR HiBtveatdpToinsatioh] Withréf@ntto Figures 6A
conflne majority of the current_in such devices to

& 6B, eoiplaying hypordeping irothe jpetivespgien 602 of s MALEDlliincrenss the
DI—IL]#?EE Icl)ﬁ{ E}lﬁﬁ{!lﬁﬁgﬁ bandFidiE 4191%3}? oS nr%l}%tr%é ﬁﬁg’cﬁ'ﬁ éﬁn&l rQHYatlve

ut t evi ce, eunlform I ght
recombmammt hfetime in tHy petmtamlqgwrth;ut Hitewdutieg neethdiative trppsoligviously,

s S AP 5  STDESh B 00  f BOAL e
efficieféy fof E}Eﬁéﬁ )Hyiﬁelrdvped Dﬂﬂ:cEDsg,@mhe othetihdndy hamtaifrést aidiativi\hi | e
T EENE
same %p%?dtﬁ% Ei‘éau@lﬁfz I &ia6YeDHERDSRR1 BiombeVihdhtdr l‘ﬂ]‘i&ﬂ-tradﬁmnally high-

oped cértain materials exhibit_poor ralatlve
dopedy sbmeﬁéa wiypeidepiey 2lse éaqltﬁﬂﬁﬁéh?)%ﬁ@ﬁ% eereasing the

conta(.k? ?e%ﬁ% Y wh&VGEaP %} %{‘Glrﬁ)aagg Iﬂge: %@eﬂ@%&% ?ygé WahicBRluctor

I es, pol nt ects at | raln
contadn mgrrdlaﬂlSe&; wdha:s reducireg-tbe smacesesmﬁnwlpﬂwgendhe topceiantact 600 and

e B SRR e RIS TNl B B

of the LED, lowering current crowdmg effects which tend to confine the majority of the

current in such devices to volumes closest to the contacts, resulting in more uniform current
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10 sem conductors with high densities of dislocations
such as those grown on |attice m smatched substrates
usi ng techni ques as netanorphic growth, conpliant
WEBr@f es, or conpliant interface | ayers bet wB€KUS02/3367¢
dissimlar epilayers and sdbstrates, and thin
sem conductor |ayers with high surface reconbination
velocities. It is notably difficult to produce LEDs,
| asers, and other optoel ectronic devices in such
flow ﬂﬁ?‘ﬁhpﬁtl the dewggernddisnerymersrinifornyight outpusi gni fi cant |y
[ [
- QiR fopind ek it BocPlo Bt ot id St BRI Bl g
recombigatipnethticbinmeking gafossible cpinoeheche xad1aﬂvddﬁmeaq; of non—zde‘él

. t hi eelsthat hyper do al
sermi GGG Syle Ay bR serd RS el L et and
other@pd)eteoﬁﬁelﬁﬁdhv&tes \éﬂ'lﬂ)lt Eedd xr.rmlauvw@aaibgratlbw d%pﬁguévefgctnon-
limts jor art materials general coul d

h R 1 i
yperfigped}ecoptip Halsd ahﬁ ibifPof Bhepggeapmizas jonschoiecy due to the
preseBEOSflatlicH $eKro QREL] B9 n&Qra'dialﬁ% @eféo@é"éﬂ&ﬂ EQ ﬁﬁﬁxﬁs pomt defects,

Ref erence is now nade to Figure 7, which depi ct

disloqggiprss sfaiHhaupdaios, asd quiiiqestatest Eml@toﬁsuqhmrynmwuda

t e
T X T e
semidogducgers with bighrdensitiel/ afidishacationsesncht asrthnse igrowerl mmgmce hﬁnnatched

subst%&&%%l%%e%%rﬁﬁ%ﬁts\é@m%% &'@Horﬁg}%&gf Elb lgbgﬁtgg,dorvc\;nomp 1ant

1nterfa:@riayem lbatmgntdmumw Epilﬁyefsl a‘nﬂ/sﬁﬂs&aﬁs an@ﬂﬁﬁémwlﬁbbt@ﬂlayers with
nnel senm conductor 701 and

high S 92,y Raliet JhB FELBY RS 1o ProSeEDs, sers, and other
optoelkonohit Heices ih@ichintalerRRCTBh&8opif SHTEMEEbL R s ﬁr‘]@ﬂigy infptove the

current flows between thé source 703 and

ratio olgadigiévedo por-EAdiIve FRsomppiBH ot petcmativdialn end thesby Tisalt in the
creahHthTus'eﬁJl Bﬂﬁa%ogcfdemgp a voltage i s applied between

gat e contact 4 and source 703, depleting the
n-Acgranrabizatipg Ef ﬁuﬂj‘esdfatlat ﬂlﬂiﬁg'pexﬂbplﬁgaﬁdm acmatesalito bé orshted with its

t and ,dr ai.n .704.
et E I A R i MR bRk Stk GRRG RS o an
matertals&gmaiall;? Ghidiestibe asatedithie wap foraadistnizeinds shbReGhandflething
i d, thus increases the transconductance gin,
ko a 3 i

el Ry WO 03/ 036697PCT/ US02/ 33670 45 frequencyfr
aR@fe‘ﬁélﬁb Isadotmideay Fided 7t WARE 'd%@(@ts ] H&efoﬁﬂl‘éﬁ&ﬂ ﬁéld'eﬁ'ect

resi stance at source 7 drain
’fl‘aﬂﬂ%fer |Et 3 madelipcasaorgcg ithythe ;nsrp:ameAs eeaidned gallhralg h;eperdoped

HFETOR kR Herdﬁ?}%&%% ob&RRAGE %o%lepeanﬁfgflhﬂ 166 s {, %ggge than

reducing R 10ss 1s Inportaht, €engineers
otherviisthequivatopbpriar aeﬂ@ﬁi%ies&nai willmoit hjperdop?ﬂh materialse AL R T

f.th ff
operals P E8Hp D8 4R St Ron e bl B Hotea p wide band

gap sdrﬂia:cﬂidgdftoﬂ?(ﬂraad sisdw basigepl semiddBdRBRT02 Tin\thd Gn tbifort 1R
I al rop hence is alnost directly

| t
HFETS)P%C%%S R alBof modt R crent fiawp Beiie rpibe spras d034nridain 704
contadid ftstigh tRh B&ﬂ@ﬁe@bﬁ&aﬁﬂ&%@tﬂel}ﬁ*ﬁ’f i \?\ﬁn?@@ﬁt‘i&eh% s

t hr ough the channel under the gat
appheii é@ﬁ“@%&%@c@mﬁémm spyrae 73, abplptmuhg nsahamnegm and shutting off

the cufi8kt"HoRing AT &R thEEduPed 704 Srain 704.

In accordance with the invention, use of hyperdoped material in channel 705 decreases

the on-resistance of the channel 74, and thus increases the transconductance g, unity gain
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10 because of hyperdoped materials enables nore nearly
i deal transistors. The |less-optimzed finite source
resistance of a transistor resulting fromlow doping
VIhPX03849F ows a | ower extrinsic gain. If the souP@EfUﬁ%?/?'%'f'O
consi dered grounded, for ndfational convenience, then
the prior art only allows a | ower potential drop
across the intrinsic part of the transistor (e.g., the
junction under the gate), so the prior art transistor
ﬁequ@ﬁy S, bisd SaiiabySul Atiﬁhyndéﬁﬁhe Trdilﬁﬁt;}dﬂlg cQtadt résistance at source 703
sistors i accordance wit i nyen
and diplor BP iR se e Pt resistgnce, Lﬁn@blgl&th f 8o aredpﬁ&ql@n%ewonse
tobe R¥®#ERl ary high electron nobility transistor (HEM).
Hy erdoplng al l ows significant performance
AEF dcngt/B lows iniamposiastd eigiteersihavefonnd ether ways to engineer

o S Syl AL B el 1 g he
dnveAMﬁﬁmﬁﬁsmmummumendémudhpm@heumuﬁﬂawmgdaémuvn@@umﬁyuﬂwsﬂw
electrizﬁglsegg %t%ggp g%nce "ilry st Ui ec \?\g?rhgna?tqr tggdopqg‘gn 1dFa11‘ged field

erla S I ncC
effect andsigbhaoduiséssiuinahisflcw &bhwadahme to dminskmsuglothe ehirmel under the

S | y houses, ta nsul ating GaAs. An e
aate, WL sheihe Befinnee Fagletesdioy ot Brsble: Bigher G (@nespiion imits
becaudd dfthyb&rdeldaasserfdsenablef Hioed Yiea 8¢ ¢l tYanbioas. THe RBs-bftAnieéd

the substrate 801, if needed to ensure a clean, nearly

finite pRyeRieSEPRACIOf AEAPETR raswbiinadForn {pvy Aeriogprinakiows logghextinsic
gain. e 1?&&&19%‘6& %ﬁ) u?éﬁ'(é?d?ﬁigféﬁ&ﬂ c&rﬁléﬁ%?cezﬁleﬁlﬂfe prior art only

attice matc I st op 1 ONn
allowsphr@@r potagteat di9pBoshs thiy intkinsieparBeihé warsistaieg, thegunstion under

the i Sl ST RheigBy LA SRR S TR b Fhe bl romssirs i

y a con in ran
accor@ince widbthe iteehtia. S0 may be a variable Al nole fractl on

agﬁ%ﬁf{%g fstgliog’n e tp %L cxe ggegvgfcg tggpemtlg e regglg;ry ei%:irgn
mobil el flr (NI 2 Peadto ﬂi’@g AW cRnteHbARARE oSSt o be
S

and transferred ubstrate 801 via the bonding 20

achieysd dercfield effeehispnsigore.fuch athe medelainndoped feld effeetdrangister s
(MOﬁI@Tgealéd@;ﬁ&FQﬂﬁMT @Ifhe#ét é‘%oli\?é TQirfictu Q%J]:Fﬁnsed oféabiequence

Tnative I ncludes phi ¢ growt ayer
of semyipandatrpr lgyersienla gabsttets 80k cEommomesubstraib materinle inchudei veaders of Si,

Gasss PSR e A B3Pt ot Sl Bler pbDhTen ht i-

insulaﬁm@hﬁmmﬂ @ptiandl aauffelcleyefr(ms (aoh acaypallihdGeAY with thivkness 853 is
space

acvanfiBGaily b andpa of Lo P bl b el salge o laineary

mono@Yyi&liRgteinpitd Br Hﬁtﬁéﬁ 05@19 |Iﬁ‘ b&h’@&s@ﬂ@ hnay t&@eﬁﬁ’é@n@ﬁctor layers
| ateral overgrowth rowhlgh ual it

are lattips matghodstotpier layer $ fh ée% §Btma1 gpaﬁaﬁatlfafﬁr W%ofvthlpknqsﬁsiﬁ is
tocate YIS A 3¢ piigent. 28 HRNEH haBir v AR | Y8 0TS, WRFs Bpjcally o
constapbmpbeirrdgs efilScobadubrlsd sy be aaramb@ Almobrﬁalcam asceefunction of
hed t
aicke G 3TRAGART JF VB S IGR: s RE st B, SRR B E el
and 821 mpy by/grdiva @n g@ﬁ%raﬂ Retsstate dnd tﬂafﬁ'erﬁddbﬁ isiitatrete\80 VR the bonding
S|nuh@11§ gF rov%dtagga good Ia ce te | ate match
processenaNnestip etice ’t‘séan = aYRpt to bed feftdhe sbgirate’s.
Anothtaleaféﬁfalnea dhrcRias @&@ﬁb@hm EOwH ey S&D Wh@ﬁéﬁff raflbd &%&%

ﬁromn on silicon_ substrates, enab g very |l arge
techm@%ﬂ%@aa pfslatigegosstatt of layersls tobe graduslly vraar@ ﬁmwam ﬁgvstrate 301
nonolithic integration with silicon circuitry.
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An optional first doping |ayer 807 has a thickness

857, which may be as thin as a single nonol ayer of

sem conductor in devices using delta doping. A second

VEEVEMEr spacer |ayer 809, with thickness 859, PEEUS02/33670

| ocat ed above 807. A channéf region 811 of thickness

861 is | ocated above 809. In order to mnimze

resi stance due to scattering of carriers within the

channel, the 15 material form ng the channel region is
latticevonbtanirid ayatinecopsiantanthphiibie with rtl@rspmr taiyer 80Fohithout ipfroducing

s:gmtgg%f ec??s%erlfflge&sege 5 &@c}aJBKP L?Jg{r%ﬁ tgxrclga :matrlv% 1stt§%s€\{%al}néques
such astapaa:ﬂalllatdnab@«grgmw&l (EL€))ad arvmchiglc quaﬁty;épﬂagﬁflﬂias do fiot

ant a s,.ban fse n nced o ties. A
necesgaEly Mg CRLRER ORrTs Blort 1993 Aforiaive friBuse Bagesiate

tecthl@ § ahash gty chRpha @RidoANRtorIRCAN e QR:I%% latti
gigr 815 %ﬁﬁ%@%esg 86 gb t hi ckness 86%%be| n o

mlsmf-iﬁ 44l spbstenies uspylobiathe fncppposatiga of sprepnisEipf gemplian 117‘@%? dayer
that 1§ Gpsile gi{? roillink Ro6H BEIRSIoR 8 the ?uﬁ%{}atre gfgls SJ}%%%%Qig%wdmg a

| ayer. contact layer 819 of a th|
good 1a6peé¢m1§e¢p anafolyte thegshiperstrate. For pxtinyilel @mh NpBFETe thebiajory may
S
e Ny SIS YRS 1o B U1 kel il oy
area saparstredes ta be schiavied fand fanilitatidem etddittide integodtionowitit sifcon circuitry.

resent ti.on,i ves he design pr, fabri cati on
o 1T AR Iy PLRORIRS = SECHBited whh e o R NS asingle
monoRfyars kﬂ'%bm&&;ﬂducﬁir in @asdes Qﬁlﬁ% de dﬂﬁmlga}%@éco%a 5p(1@ﬂal %Zér layer
a.gate_layer 817. Each | ayer usual %%1 fers from

309, \wﬂh@fckp% &% 1§ lqcaigthaboye 8P ghairane region %fthlskwwws located
above SO AT R 30 HhirfiRRe r8QRANE dul Bl éi’i‘ﬁ _F EdrALss Yvithh Pk thfnel, the

constant, or sone conbination o ese paraneters.

materip} fosmingehe thanag} segion i @sdingsdly andm)ed enchhey aﬁ@hmm anchdity,
Devicg! BREEHEN I baR? Peibliolt (il p Rt Rs o P Bornic

COmPQSIGIL, Mdiel(d striin andms edigktmnthe phdnnelseystal oavdlicincidvantgheots tand bifsets

o o B RS S s

channplSfestd @0 lﬂhlb.pse&@ﬁi wp&lg 18yed SUS b thickidsk 865, dhicM¥ess 865 being as thin
03/ 036697 CfT/ USO /33670 47 pseudonor phi ¢ hi h el ectron

83 8 TR} aY‘?ft‘?afF;? Brfloped devdee By gatmyer 817 of thigkness-PE7 igren top of the
doping gxge Skaéoﬁf&cmyegts@'oﬁﬂtlﬁél&@éé%%m ﬁg ok 24 Sg@mﬁ, 819

into I ayer . posited on
t Gpsiadual MO designsmayhame otheslapes bahtdie geailsefsuch layers—

e e S e e
the predenirinedntiBi imprbyesatheé dosigngor ttibnivsigin dfhﬁ)DFETadiasicaI]{ﬁ &l
oD 5o s 4 ot B By G0 g
layer $18 BhdlOhRa Yisuall dift@siframtotiet layess if @drh@gérdzb&;dﬁeaf #feAnd

t he ot her cont act 822 is called the drain. A voltage

propegy, §p¢heas hapd g4pe dgRINg destros alingty, Imwae@n% Resome combination of
these ﬁéi’ﬁ‘fﬂé‘:@lts' Wiithih e2h L& P W&g &Ei? RE Sadidias %R& n of B?smon

haracteristics o rent |nt ann
Wlthlntheé@m@ortl onal to the product of el ectron rmbl lity,

CHl (Srleee';:ergﬁ%i Jaiati GGk the MODFET, the channel 811 is comprised of a

pseudomorphic semiconductor region that exhibits a strained lattice compared to the

surrounding semiconductor. A MODFET including pseudomorphic regions is usually called a
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10 the applied electric field across the source 821

and drain 822 contacts. The carrier density can be

equi librated to sone fraction of the neighboring doped

WQHi8¢PS) 815 and 807, which neans that if a chalH&2/33670

811 has a thickness 861 of 400 m, and nei ghbori ng

regi ons 815 and 807 are hyperdoped to 1020 cm 3p-type
dopants, the channel will be |oaded with up to 10+15
cm?2 carriers. MODFET devi ce designs advant ageously

pseudomorpf¢ high ﬁle"%?fbl@éblllwéy@ﬁl@tomﬂﬁ )813 to 15 separate
¢ MOBRRIDGhe N RERAR) (A ibiel SO IO 15 BPERCAd TS thd e

order to re ce scatter ree carrrers in
layer KA r(pase 835 ip dmomedj@mp &3 thlegemllme d:ontacﬂs@;aa rsd 8EWaradeposited

T hi
on cofiaet Il ST AR Pl ARk By Bl P Mimiscogiaci o
the chahnel Sdbebytailoging ﬁ&m@ the b@ftact fagrer ﬂagﬁmmyéﬂm&mg layer 815,
char stjcs. Referring nowto Fig

ond spgeB v dh it Heldregteetiiasrighr iemindlods 9%996‘@@@22@3 called

the sdwfefm R Rer Rint @t 322 ist dalled 1he \¥rdi® W VOIRAPE Splidd @&ﬂﬁe%&t‘é is used to
One jnnovative technique to nmake very

mod%%ﬁiﬁ&?ﬂdﬂé% yityrof iechanen! andibense the catpgpahagasirrighies qfﬂ&zIQIODFET.
Curreﬁ%ttﬁé:&ﬁnh@‘i’scﬂr @&n éﬂ:m AL gfoﬁP&%@Qle%gcgm J}lﬁﬁﬁ%ﬁ%ﬁgr “flensity, and

dopi ng | ayer spac ayer to e
the appdind eleetrie Geld heméfh‘éln senrcd Sdleandidgait 822ainiastse Thevbdrtiendensity can

v o O 5 BB Pl AT B By s

that ifer ehaneg) Bblnhasusthickndsih 86 hyh@0dap |amgné@1bbﬁﬁg PR 818 tind §07 are

hoperp R0 IR0 e W ssfhe chshe g ot uoagiion, w3

cmeﬁaﬂM(D]bE’ﬂ Aévide deSighomivadhgeon sty is®d tiﬁﬁﬂ%ﬁa&éﬁ}é eR®089 and 813 to
own and are of a thickness 895. Using hy erdopin

Separ% 3@&9?@% Y08 wph S LY framghs ghapenh 8L wearderita rq;iupwsoam of
free cﬁﬁigfs(]ﬁ SheRAR LR ﬁé 1dd ngéerd"i ?f%r@ "36F E_ﬁcpﬂfa‘.: g&@iﬂfETs are
leve er, e noder at e

drain contacts to be
capabln ffechigvieg bethighaauies cgmnenmeglonhmdiygewadnm mpiliteshanthg uame

time, ﬁ%ﬁ%gbﬁﬁ%?fm#€§éﬁ§9m9&§?§§m%§Fﬁ%ﬁnaﬁt'Ve regions of A

evi ce R DEESHr mance.
S Befmnh@:mmol Figwre 88, bibbiehptara MODFEY désjgedctiepesithproved

Pt S A R R T D e
make aeﬂyll@w @dntad’ﬂ resiSfAn0es o860 Adined §11S1d/d33P E51 étﬁlté(ﬁ.einvolves etching
ne dependlng on the material properties of
thmug%a%ﬂéer layes §77, dopig Leven 81%aml spaces layerfl 3aa vnablewirastivantact to the
channBIABGkr $3B: ARAMVE] ﬁﬁﬁ§t@ ﬁleazfdfdltﬁh{tlﬁemdtégwg gﬁl@écﬂ)%laglﬂjs PYE) eﬁg 817,

| ayers (except 811) have a w
and 819, dbe soymceanfl idrdin yontdnting cépiomsete lﬁgﬂ)wn'ﬁhmg ¢1witj,rlpetdiopmg

techm?ﬁé}q)f?l{ fe%aglg telt\,]\:}evﬁre}’%fs in %urggé %igergf%ljtoftgqsﬁqvﬁo%giﬁlgme

8A, exmepﬂ for puwda Ireg’)ort SﬂlpaldtthfedfﬁanEgleh 891, bofA DI YR 1R E Heéﬁ)fegrown

n nd 807. .For devices in which
and arp 1Ea §0Ha0H 982157 Pipr i mads fenicyorsmpmibunt bistins feped padesials
in thes%@ﬁgiSﬁEanEl@J éﬂreﬂﬁ@qdwrfgélﬁﬁdc@séu&@ﬂld%ﬁ}{ 'chﬁ to be ac eved
Eerdoplng enabl es a hi gher densit rons
Fufth%et ¢ Pgderpiespsiratedempraatiyey during @ahyperdgnmg] tes.mgqmef a:cmaﬂiutes less
damagis B RAGR 15{1;@61‘)&4@%@ re,fsﬁflﬁ% g Ipe °'E$’P§§?Sj

urthernore; hyperdopi ng t
stysegand pxmgls ved MORFET pnahited Hydlwerdobnﬂg eXpﬂimﬂﬁn@faased doping

ed tenperature ., .
densiv BPRE P80 M BES TS B0 Bl et 05iBies o Hfrdieved in
VVthout | oss of generality, simlar results can be
achi eved forp-type dopi ng where | ayers 807, 809, 811,
813, 815, and 817 have a wi der band gap and a hi gher
el ectron affinity when conpared with the channel 811.

The val ence band offsets between |layers 813 and 811,
as well as the offsets between | ayers 809 and 811,
forma quantumwel |l that traps the free holes 15
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may be advant ageously conbi ned in conpl enentary
transistor circuits to obtain inproved 20 circuit
performance and greater efficiency. The invention
WP/ BP9 w certain FETs to be designed for hi ghBET/US02/33670
frequency operation under $pecialized circunstances,
due to several subtle factors working together. The
i ncreased dopi ng concentratlon of fered by t he

nve t|on allowf erials to be created

the chifiieh SERRId SR @R e B FRAPTRASHISS At PYATF OHY, 8%@1&819;1@52 gnd 817,
mcluﬁﬁ'@%ﬁd) Bar0d eleblr @ 8Minity. .In g@%eﬁl ke 9§f Zﬁlh\ﬂ% wider

25S0 I ncreases carrier no Tran conduc anc

band grap gnq lowvep sleetronaffinityithan chanpef Slbéwhe abrshictien hand roéﬁaseuc;tween
Iayer§ (1) End él 1I aQ’S \%f st ?@He?sl et ARk ﬁ? %Ld gﬁg ifdrgle e%u%%ﬁjm well,

wher e e gate source cdpacltance.
which Itmpsethe Iﬁee niacztrqmsl gemevaed abthe doping layers SeAseb80M, Fiy dewces in

[Wolyp! e. ex tedt extract higher, curr
which LR 2 sy R BE B Ry e el prentiprtly Sensd Faeials con
prov1ldB, lyperdapihg ehdbles ddghgndeansity bBéledtidss loteiRasaFedVotihe well,
but will usually be held constant by

fesulé’g‘g {nf??@ﬁ?fgﬁ# &5@&% EMPTOVERASTY rﬁ-csmepwmﬁ hEggtlermore,
hypeMidbing@€shnigBesthiso Paddulel kipekiBEcry sl qgkﬂﬁ?@ﬁd oWER iffusOh W Gopants

W th decreased parasitic source fain resi stances
during saneslsrnd clsupied jemperagure gperptiney exveltingbinpeved dedenpdrrmance.

Pk SEYBAL Yl R DO SR o

layersB017, §ﬂ9 e, §8, &I@pemd $17 telve ¢ tiidmbanddgapiand s higher dedtton affinity

whenacg)%gﬁ%gé@gﬁgg %haui] ogl Z’M’% Fe['ng el?qng ﬁ’EélT esf%g %%el?rg H,iand 811, as

well asthel oﬂ‘setar.ireewml\k@e& sivead ﬂll]?,d‘or}m  glnfind welo Eﬂaﬁﬂ@ps the free holes

hi gh
M TR I T W Y e
10 trap A2S bidrge thid RCANAAEHal Q:ﬁﬁ’ ﬁﬁ)ldﬁéé" ﬁﬁJercﬁ) 5;33115151939& ﬁl@ﬂer density of

perate faster. In addition, hyperd

holesd by transfiseed do therwplingmilpely mwltle@ Hp¥ npmat pefrformance
for p—\éﬁitfr@HﬁOﬁ e@féé{nﬂl girféﬁl 25 d %ﬁﬁ?l %@@ﬁﬂ]{z’?@ﬁ{dﬁ bifhel MODFETs

t hose ordi nari
may lzmqaivwamsly aembxgvd mucompienmﬁmfaoy trathiztor biearits nwditaindmproved

CH'CHIBF’ +rggn%%ggng eggﬁ’ll ust process recipes in this

osure hthe hope of facilitating a
C d?haluateﬂtmpcpm etiowicedin BETE Rebe désignifopBighdtardqidRy bb&ation

t.h i cat f the hyperd
wnder, e e AHaeRe o D BRI B aTOR Pl Dot g insgpased

dopingR¥hidettiatich diﬁl‘fﬂ'ﬂy tha_ OehtRAGALEWS hakkids \fkﬂﬁjeeéréét@@ ith ancreased

however, that hy doping is a new techni que,
sheet CRaiERCQREPIEEOM, 7 @§ 313 ¢leirontgas. Thgher zi rederfes melomblc scattering,

ok SN o1 SRS, AT G0
incregsed, tshnge unﬂmpmnuﬂiygmﬁorﬂmml mrgmvﬂﬁés, avherie Iﬁgﬁlﬁttha)gaw\ﬂmm
capacﬂgn%%dgé&dg tlﬂ_gleé ul avaqablg gz%];l lr?cr a?es%%h I, eher P can%e
exploited t0 extract higher current gain at any given frequency. Those ordinarily skilled in the
art will recognize that Cg, increases with increased doping, but will usually be held constant by
design trade-offs to maintain 2 given pinch-off voltage, (e.g., by thinning the AlGaAs layer).
Along with decreased parasitic source & drain resistances and other benefits, these improved
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What we claim in this application is:

1. A method for producing a hyperdoped semiconductor material using an epitaxial
growth process, comprising operating a growth chamber at a substrate temperature of 300
to 500°C while providing at least one anion, at least one cation and a selected dopant, and
while maintaining a partial pressure for oxygen atoms, radicals, molecules and oxygen-

containing or bearing compounds and materials of less than 107 torr.

2, A method for producing a hyperdoped compound semiconductor material,
comprising introducing dopant atoms into a compound semiconductor material at a
concentration greater than the bulk carrier saturation limit of the dopant in the
semiconductor material, said semiconductor material comprised of at least one cation
element and at least one anion element such that in the resulting hyperdoped
semiconductor material there is an excess of anion atoms, substantially all of the dopant
atoms are located on cation substitutional sites, and minority carrier recombination is

dominated by radiative recombination.

3. A method as in claim 2, wherein the step of introducing comprises operating a
growth chamber at a moderate substrate temperature while providing the anton atoms,
cation atoms and the dopant atoms, and while maintaining a low background pressure for

oxygen atoms, radicals, molecules and oxygen-containing or bearing compounds.

4. A method as in claim 2, wherein the step of introducing comprises implanting into
the compound semiconductor material the dopant atoms, and further comprising

performing a thermal anneal.



