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WD 03/ 036697 PCT/ US02/ 33670 1 METHODS OF HYPERDOPI NG
SEM CONDUCTOR MATERI ALS AND HYPERDOPED SEM CONDUCTOR
WORIBIIALS AND DEVICES 5 Cross-Reference to Rel BEBUS02/33670

Application This applicatioh clains priority fromU. S
Provi sional Patent Applications 60/341,051 (filed 22
Cct ober 2001) and 60/350,503 (filed 22 January 2002),

both of which are incorporated by reference herein.
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electronics, nmore particlANDy to the design and
faby i em conduct or rrat erl aI S and deV| ces
andhs PED SENICONDUCTOR MATERIA D DEVICES

fabrication of semn conductor rraterl al s and devi ces for
h| gh perfor rmnce opt oeI ectronic and m croel ectronic
P R iy of the Invention 15 Mol ecul ar

Pﬁﬁﬁn Aoidisat 9,{)?121 Lﬁqog&%or‘éﬁﬁ%ﬁ%%%@ﬁg&ﬁ%ﬁg ons 60/341,051
(filed 2PPOEtObE 2000Nardl SUHBLI0BY(Hled Peafipdry $003YBbotH bf RAlch are

neutral beans of nolecules at a targét substrate,
incorpqyatadedyrraferange Retsl. pr ocess conditions (e.g., substrate

Field dSHPRLALNGLS €t c- ) and stoichionmetry that encourage
—WWMhe desired material (typically, a
SEnfS heeetivit :@rates feﬂ@"ﬂﬁ} to thel 6blda of §aliisstate phisie dndleltetronics, more

grstrat vari e‘é%s of useful 20 sem conduct or
partic ant?@ ff%hswafé% enyi¢pngigipematerials apd devicagsansstill

more 58 85Tt BAKEAND hchpubicot il O Gy o
high-pefﬁpnmgc@loptoeigcttdmfm dvi8miproebeetrenic applivatidosce per f or mance ,
adva]nt es. nerally speaking, the greater the
Back e MBE process, the greater the
M@iebﬂ%%dﬂﬁf %ﬁ»ﬁa@(}qﬁﬂ) ARl RESS bR wiRRYusbll gé&hae&@ﬁ;r
.. .. devi ces. o well " known in the art i's the fact
building ﬁamiqoaduqtarr (oo aher) geaterints @ 4 substrotgl TypieadlyeMBH dirests neutral

‘veams BF )RR o Pl o it Qo BTfia bR oR Sty e s

temper&‘t&ré ieRl) and rsmlﬁmétryomatpmdmg@l ghoyvtR ofthe dediredandlerial (tgrplcally,
npts to incr eaﬁ@){%m dopant  concentration beyon

Semlcovqiﬁwéoq Grystgl, guchyas G t-?raf:q subgrate, |Asw1cteﬁf@nﬁa>gf weafil

, or even wit a are Carr
kpowﬂ i the aBicthatpfon oy Bﬂﬁ&grmm ntatadialseint elevises fibdested from

|de ffect | ude degr ade m orit arrier
them, doping: e s M prase s Dae AP Advamttash Gmeily
speaku:!g' {Hetgré*a%é‘ﬂ 166 dBRhd QEARNGE MR pf ki Biel drbater tlllér MRli%A lﬂe)‘fbrmance

gi ven dopant™ s carrier saturatlon M mt
advantageafprmmydnglameeé dedtesal sol ubility WO 03/ 036697

A?Jc( Wy ﬁngv%r? 17n0the 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

| senucoﬂcﬁ@c%ﬂ cfe@lceg 80 Beffabrica! bﬁ{\gvflé’l& 'o?ﬂ:l b hts‘iﬁ u ngol?resg S on

the carrier concentration produced by a dopant, and attempts 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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2 in a particular matrix material. Table 1 bel ow
provi des exenplary saturation [imts and solubilities
WOIB/83@9Er al conmonly used dopant/ matri x mat eri aPCT/US02/33670

conbi nations. TABLE 1 Bul k Tarrier Saturation Bulk

Crystal Solubility Matrix Dopant Limt Limt 5 GaAs

Be 2- 4 x 1019 cm3 2 x 1020 cm' GaAs C 1-2 X 1020

Cm3 5 x loll cm-I GaAs Si | x 1019 cn 3 2 x 1020 cm
. . 8
ina pariylal RAE it 1H90) SOy oV bl ey fus it
solubilitiés foc séweed! gonhomalynesed dopanteptnirdimelesaloammbizatiogat ur at i on

limt because dopant c%&:ti ons near or beyond
the carrier saturation |4 have differently in

the crystal lattice guIP@sAEr $Autaln dopaBﬁIk&L‘ryEtﬁMublhty
ncentr at ns For exanple, when a GaAs matfix is
’éﬁ wi t h p@“oup I U-{Dfmtype dopant _such bBHIBe the Be

Ga atorrs) unt|I the dopant approaches the critical
Gagarrier gaturation 1g laianid? cher? general, 2k mé’pjnf@

| evel s above the critical carrier saturation [jmf,
Gappr oxi rfat el y hal f éf-zt?hbo | @mrenent al Be’ Gdﬁarﬂm | ons
Gﬂ‘lﬁiSI de o interstitial B the host gatpeex where

ey becone donors, corrpensa |ng for the |ncrement al

Gadwml f ocaMpying Ga sited }amz%lane”ptors For Bdo Ot

ot her dqpants, additional r;ﬁeJnsatl on bSITB, MAY

be presetft, such as cr?@"tLaQI? def ect | & ng

BAbS ar?hfeﬁao@@gan\ﬁ@?ﬁ'ﬂ&‘ﬁvgﬁfgsﬁé fear 9PPABhd E’K rtsﬁhfaﬁﬂm limit

anphot eri ¢ dopant 20 co sat1 on, rapl (? fusion of

becauset depastoqpacentatiohoneer ovlgyed the gaies sataration hmamaédve differently in

oy REESL S 2 B PLHESAS d  bn  Gus

matrix i§ ﬂBﬁé@MtH al@Bep NY-Hyps Hbﬂant fuchARs BaCcHE mwzﬁs %éiﬁrdll? Reeupy Ga
radi ati ve trap densit nority carrier etine is

sites (1.¢.cophetétute far Gﬁ@tqmsé get*»lgtbe dopastianpronshes the p!atlcpal gatrigy sgpyation

limit, Ir{rge%gllai | 8o 1 ié?zgls BONShE 81@1.‘521 erlrﬁSr Sedtl.[l'lélﬁé Lt e&)?goxgnatelar half

orrty eV|ces

of the nﬁwmdalm cltqdpﬁﬁt ?ﬁg teside gﬂ gnt?rsmﬁm rs%tésyin Gl lriTchge flﬁtrtwiie@afﬂey
ave a nuc | er probability o r econbi ni ng
becomeﬁ@ﬁoea%ﬂ%qn%m fori inpseraental it ﬁ}@dﬂtﬁe@% W"Q?eilﬁ pgegptors. For Be

and othé%g%@!s | fBitiohR & gﬁa]ﬁlﬁlt? ﬁlehﬁhmﬂ:[(\’srhl dyam ﬁfek%@ SuClh as crystalline

I'nat1 on proba y great
defects, elhcéwdmg) hnttrsﬁmsmlevacmmdechtsp ﬁmpauhpneaprtmmae ampbatericad apint

compeniept, Bl thbien SRiteoBet te ol 3315%39%5%5% i
incorpoffi¥h 6€ SomSeHahtiShaRRGbINPIMPEHE fich s by %
super | um nescent di odes or |asers. Shor ened mnority

These compensaidng mechaaissy generally tend ko resnliin antnorag36 demon-
radiatxvg %}4 H?l%%g.ﬁ%zo%ty garrler lifetime is reduced in the presence of such non-radiative

traps, resulting in the reduction of the efficiency of minority carrier devices. Thus, in 2 material

doped beyond carrier saturation, minority carriers typically have a much higher probability of

recombining non-radiatively than materials doped below catrier saturation. This increase in

. non-radiative recombination probability greatly diminishes the electroluminescence or

. photoluminescence associated with radiative materials, degrading the efficiency of light-

em_itting 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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transi stor gain, ft. Non-radiative reconbination has
al so been |inked to performance degradation over
WO d36Ptadi ng to reliability concerns. For exanplB{S02/33670
interstitial atons provide 3both a non-radiative
reconmbi nation site and tend to diffuse rapidly at
el evated tenperatures or in the presence of
hi gh- el ectrl cal fi eI ds, aging the nmaterial and causing
0 § e,
transistqi HalgO BIROE éaé%go 7 ...a%nw?alw%mag& d foferftd na&gJe
degradaligh Gfréirjtimm; ldadhlgbo mliahihty camesins Koy e(cMBp'I)a mmmmabatoms provide

bot a neRGwHANS FeeaaRAh <GS oA Png o dituse P 5 bisitpgperatures or
in the pif#n%%( BF ﬁlgg leYecHRAI 5’1'(15‘511 d@q E%feﬁém%ﬁu pérﬁﬁmf‘%

t1ons O serv ope have
degradatioh anchfaéldres. rﬂm&xmﬂlenmtemtmahBa Idbmt gtoms mﬂmi’o@swﬁa 10

heterojua ey AP st TE 6 20k 15 st R pieisS Tasg ENerHEE copeciafly o

elevatecpﬁn@aﬂﬁ%@mﬂfun@@ﬁlﬂﬂm%&%ﬁn% VR6verdbig dagrading the performance of
concentration in excess of 1020 cm 3 (see T. J. de

the HBTyon, J. M Wodall, M S. Goorsky, and P. D.

Y oh Latt] .
Sl S PR SRRAEGRRP b Rl PO st i

the art t6B&dk beﬁhﬂérf»grple glopant afliérnathiR CDnepsucli @Hﬁ)latmdcﬂmmtns caa'bcmw) C
heavi | y oped GaAs appears

hibit .a .
has bees PGPS FEP AR LARRIEIRA P MRFGP ApleCRRHAIDR feiersg of 107
cm’” (se%‘cig? (EL onAf] é\ﬁvn\&lﬁ'RSﬁq}l, R §@do?&§°d}1d£%)l WBICRA&! <L dtide-

Auger rec nation in
Contracheﬁdlué 0 Carhmﬂabnpldg (23] diaﬁa,&own bp Metal@tgasm Melecular Bgum

s A a0 S BT TATER, St s

to exhitt s1$iﬂﬁ&£1f RE@RAAtoh Qﬂ\/nhl!g?rﬁ? Ratrief MRAKR (Sed R, Mirerkied] R.

quantum effiTi enci es ht-em tting appljcatjons,
Ellingsam 8. Metzgﬁg, R. Isblﬂb}’@h&v amméﬁsbmszuger rerembation i heavili

carbon—%)epc ?’tﬁ%ﬂfp*fé j)’S. Rﬁetﬁ(. S@e 1% AP, %S’fbe 8%&%%;!1?1&1}4&;&{!9\%& Ihleavﬂy

C-dopedKLEDB demonsatda high esteffdreqiEMuisbyt Grregibiplowinternal (hence,
Dependence of . Radi ance and Optical Mdul ati,on

low ext@aH )N RRICEEIISS Rordight-gmitisg apnlicationspindigating p ggfious increase
in the ntiﬂa{dfa'n@g 6&0%&%‘5&3 93{‘@ 5(?% o TP d§?ﬁ?ﬁ1§ §_ MBEWoodAPD: TR Rurs R.

None I'ess, Ci1s rapidly
J. S. Batee JoAl. Kgsit, e - [@mphneipepﬂrﬁ Gt darlep f]hgmﬁg;ﬂondeatrm@ependence of

raisncpp Gt SR AGH S o CaBor bl Bl oSO

etmttmgg-ﬁi%ﬁesCG)’ﬁ@ﬁ y G3$ 56@de RIBIOC AN P, Eakeﬁ@tllgbzaﬂ 363). Ga

up to and even beyond the sol ubi'l yI|mt of
Nonetheleus o0 is I(api)dly becGmbeg ihs getyﬁammnuqf chas:ed@trian basetrogien of

sommaga R AT tp e T o-Bh G iy Pre RS AP BEAE Lo o4 BB n

the GaPIs"&?ﬁtal Cnstead b dEIpyRIF BlefkikMIEdGa/siteh, alp) 16 and @vil iyendiile,

hovwever, critical "limtations for é In GaAs

solubilitylimit gfgarhasy (Qrin Gadis GiseiTabje 1), Bedopat a%ﬂwo sineRythex, bepame

ers B it s A8 i BB g B SRR 0

C, and adbbsihpaiterelynonumbl® degrade HBT WO 03/ 036697

PCTI US02/ 33670
There are, however, critical limitations for C dopmg In GaAs, the equilibrium

_solubillty limit for C doping is only about 5 x 10" cm>, Doping C to a concentration above

this amount can lead to formation of precipitates, which are known to degrade HBT
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performance. (See Q Yang, D. Scott, I. Mller, P.
Meyer, H C. Kuo, J.E. Baker, and GE. Still man,
WOM3g¢687t at e formation i n carbon-doped base of PCT/US02/33670

| nGaP/ GaAs het eroj unction b#polar transistors grown

by | ow pressure MOCVD." Appf Phys. Lett., 74, 20, pp.

2993-5.) Reconbination may occur via parallel channels

associated with different reconbination 5 nechanisns.
perforim@fices KD, ¥ ankf DaSEBH, ¢NBler 'IﬁMé?@f H@ Kﬁ@'JaE IDiker, and G.E.

reconbi nati on channel’ then only ht ener at ed
Stillmagp Bresipitaterformationén pmbomréspadmaamﬁ Ixn Asgwterqumam\mpolar

i G5 R 3 bk A 150 TR BEE)

dRédontbiatioh@iy doagh vid paallél RBaiHR]seidcifedWwRR Hifferent recombination
degrades el ectrol um nescence, as well as limting HBT

mechamsmsfcgtee;amgb» # atmaaterie] haw paly BIrgdiatisig roegnpfination channel then only

i S oy P RSSO DR AL o

(with shiphyrsecomignatiohmitel mcbnlmﬁaﬁaauvﬂretcﬁﬁlmnmon willbeadonsingnt, Non-
ield for an alternat|ve t

: . ..SI nif cant need int C
radiatijfoReambinatipnee: . ibrades pigolBRInesesnEs: a8 weefln Liniiing HRT

transis®k g‘aﬂﬂ% %ﬁéb‘é@ptaﬂ? @o@ bhged, ARfditiAsiIp gﬁl?g Ofio?ﬁ'%% kfnologically

relflates to net for grow ng

more difgicult ierl IQ-hﬂﬁftdrHHUpJOmyob@S@nd thmxmllem, iegnalnP ead fi@aAs. Therefore,

thre i EhB5 B debl b8 Ao Cr s R CrBRrry o™

ObjecRBind'Suihinhry fitthedfivéitiondi spl ay at | east sone of the
el eter] ous side-effects that occur when conventi onal

B {igBuef the ebayseenerbiectiopibie pesper dnveation elatestoumethpdsifor growing
sonicc S 08 U6 Ao o ADSMUAFUR0 ALHRTA, v

referred o agigyperdoped scoricomeivatoe matepialsse Gintplyl eynﬂ&ﬁlaISFﬂQt do not display
st ors, detectors, |asers,, etc.

at leastépmeé%il{ea ‘ii"l’t?}%{?‘is Slc\erf‘é%f:ﬁ /i ey ethes epmessHonal maqthodSAre used to

dopebéytgnglegﬁwpgdtgﬁ{mgﬁ Fe invention relates to electronic,
m croel ectronic anJ or electro- optical systens

gﬁgwphar obigct ofithe maeatianrelates to hyyferdbgped sanmnmﬂ&torahatéx@sst

Rer do ed te
bt RO HRT O EER el Rt fiyRies (o EBs anilstors,
detectom?lefsadseté O inadé, Qiidast if Pait oA m@aopea%emoﬁau@bﬁ at
noder at e .substrate t enper atures and/ or at higher

o Bither obiec of therinygniien reletay @ dlactronic, minreelectramic 4id/arieleciro-

ot U S L SN P d G BBR B0 Wiriped

. semicohd]Mnmtemlh rat es) may be enployed (e.g., Se) with an

@kn Qtlonlnthe propbapi ity of
%ﬁg%&? tﬂh‘@iﬂﬂ%feéffé%s tgmathedsifos siawingsenicqndaetor

matenai Lot TRIJRRAIS st@fratg hheREhuRS T W Lﬁ% ﬁle@lq%&tg gejitgéé ?n ‘bh?sortehgel‘d it is

an_oxygen- Eoor envi‘ronnent .
noted tlilah vighe ponwt eﬁtalmfﬁa»emb'thngm shehaarbonertny gthar dopant that tends to

o L e P S 00, L TR SOp

reductidenQﬁé P8R TtyREFHALN a3 0 7 O 5

Another object of the invention relates to methods for growing semiconductor materials

-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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nore of the followng effects ordinarily found at the

doping level of said materials forned by prior art
WEBHE7 (i) precipitation of the dopant; (ii) PCT/US02/33670

interstitial dopant; (iii) &nti-site or vacancy

conpensation of the dopant; (iv) mgration of a

dopant; (v) anphoteric dopant conpensation and/ or

(vi) non-radiative reconbination centers. 5 A still

more F¥hd PAbwWRIY FekisQrdinhel 'tﬁﬂlﬁﬁét'tﬁ’é"ddp%gﬂ%@é of QatéI%a'%}ﬁﬁs fofmed by

fabricating sem conduct or materials having | ower
prior artgg@tho(tsn@bpz(epyntampn oithe dppent;di) mtf.-rst(ttal yopant; (14 anti-site or

h d ' .
vacandy HolpeBGR0R be i dophyet vl oot s A SR OF hrubhobridortah?
compeh§itidh @bd/bP(\8) falialiiatide PicORBHERASN f:eﬁfcers nman uf act uring
gh- performance sem conduct or devi ces.

hi
aﬂ@titl fusther obisptedtheymvention relates to awihods of %@n@a@mg semiconductor

matertglé %ﬁ\??ﬁ gﬁt{:e gésmg%i\}# g@ G4 Hle t@ﬂ%ﬂ’gﬁ’n’r (ng {hg Frﬁ%?zﬁ%{s), (iii) at the

surfacé and/dreiv) abaheichriactsb) ect of the invention relates to
processes for nanu turing high-perfo
é Srobiret p %lwhvrtt%eﬁters@l%lwg}m%ﬁ%s for
uffett r%]ﬁ% t%anﬁ@&&ﬁt'c@ﬁcﬁmtorﬁgﬂ%&er obj ect of the

nirelates to processes for manufacturing _
samadditiehat olgect s thieinversonvelates saporcesses fopmantfactyring high-

roperties uch as operating. speed; (b)
perfor‘ﬁ%\%rse%onqlﬁi%r SHEs S’&@“@egyw eat er power efficiency
oStill RAYvREr, REWRET dbjb‘i:§ 85the titbenhiSt feRfiest6 Prodebsak FotGnantfikturing
hi gher duty cycle; (f) lower threshold voltage;

high—pglnffprmamw sestieendurteg dv‘amsag@zmg)mq»rg wempatittg m@n@tw(ns )of materials.
Eé}to’o gt t)>f tﬁ ﬂﬂ%{m € %sg]tjo r&(e%gﬂ'%rﬁ%%g séxjﬁ}conductor

er r IOﬂE rc e 1 C [ quaﬁ
devicesaf;vtth SiyERioy bpérafindp@periep Bostoae (d) hiphef bperatbppeed; (t)) Iower RC

he rightness; (o) faster 20 el ectro-l.um nesc
time ccms%atSa °5) SPP%tW?Wﬁt fenﬂépralﬁatet PRPasdesses, GiSHer heat shiking; (¢

higher [OGYERM) ourt ORI T ol (P oppEfb iRkt IOl () fober
threshade cament;() hng!mlgemg (i highenstatlity; (kR higher rafitometmipettiviedey; ()

ighe QR SR 5,85 ST, inlSh (GRS BRAES o e

etectromufeg@hyfnbamah&p (BY R héi%lfa%t{a%ﬁllbﬁétﬁfréﬁdéﬁ@ l(@rlower relative
bi pol ar transistors (HBTS) or simlar devices Wt

intensityi Iyomee(rhtqm wgavelnngth@prebéﬂueacb@ porasTO(ries); () gmmmhwevelength

centroif o nBRY R AR Rl debrodBHE ek AR SRt g

inventiph ﬁelatés?tofprﬁc@sers e’atumtmmmﬂng rovdif gt st Hetansiih@ion bipolar
rate through th use of h oped sem conduct or

transistegs (5B Ts) or symilag 1ppérmgbq1 atlgplytt]afgnqarmqegms,, (&) higher base-
region ﬁéﬁﬂ% W&P@d&%ﬂ!ﬁﬂnﬁ& biide'r égt{mc% Etaa% er élg E@%@ F}?e iflfention is

oped sem con er a

o provaimcfohaeredubl;mnm thé surfiee tratvmtlninanon ke tmoyhcthie des dfdypardoped

er of sem conductor material having an electric

| semtcop Pof BABRY | shed through the | ayer by the use of

Ry Sﬁ& %\e%? BY ﬂl@ Reenti ets tH%}cﬁﬁdeaﬁ% frﬁ‘% e{i&i’ 4188rigal 4ORLAY

gr adi ent . still furt ject o Invention IS

- through mems@vtm@efdmpemmmﬁﬁﬁﬁmam US02/ 33670 6

Still another object of the invention is to provide for a layer of semiconductor material

havmg an electric field established through the layer by the use of hyperdoped semiconductor

'mate_rlal to provide a doping gradient. A still further object of the invention is to provide for
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- GaAs hypelziopedm Berat 3 commamp@ﬁgcqierdhw 6k 188 can

reduced devi ce bul k resi stance(s) through the use of
hyper doped sem conductor material. Yet another object
Waf3P¥Ee9T nvention is to convert a sem conduct or PCT/US02/33670
material that exhibits |owradiative efficiency
(usually less than 10% conversion efficiency) into a
sem conductor material exhibits sufficient radiative
ef ficiency (usually greater than 10% conversion 5
reduced Geyog bR akiorhRe(3f B Nho LY ofaBpPRDRRLRRLRAARY Matri
Y)gt aln;rﬂ:er olrjext ngtheonvemuoeaste cohveert asemicdndpetdr metepiel that exhibits

low radif i GEBRON GO IO S orel AP g T a0 S 2 S8R Ror

material %ﬁ;ﬁibi?t's ST ciPalTatidd §fﬁ@'ﬁs}ic¥ ARGAlly shefted tat DOV EBhRITEiGh
purity, to crystalline defects, to high surface

efficienqyd t@h@m@luf@mmﬁelmﬁom degices. Cagwprsionsio higheigipdigiiveefficiency is

ach1evec£§%§w g&n'}étga 1%%#%"1% SI 15 of 8@%\%{1‘3&(@% ?fatmgﬁ‘gﬁﬁ% {oythe non-

radiativeeopifinenyof récoptitatioh. FdrexampR) Idvﬂﬁdfaﬁb@éiﬁ%leh@y matelmalisnay
for producing hyper doEﬁed sem condﬁ'ggor mat er
occur dugdp feyv satesrel Puttigfolcpystalline datedh 1 §Wf@6tr6°@§41%%10n velacity
or to otheF'RG) ?z@ﬁétigf_% Ir%ﬂﬁllbinaﬂtm Hé@hfﬂﬂﬁ?&”t onto cation sites. A
r enno

el ate ment uses a sufficiently high cation
Acesdingle, genefatiy smakmlgsamimnmutyntamdmg)ﬂo betlhmtxdg\,mtexemplaxy

spetof R B M o Rl v 23 ARER b

by usmgaeﬂéu?ﬁci@h‘t?f RER 25ibh Bresfie b/ ﬁ)?célsru@%ﬁwﬂl& hf JfYiRedBaREShto cation
sem conductor matérials, at noderate’ substrate

sites. A relaiprbembediment uses suifcianty highyaton pressurertedorce substantially all of
vi.ronments using MBE. Exanples of hyperdoped
the dopaﬁg?rgplag*og SBFoduced by the invention may incl ude

Th @ed6raghceaith dnBatpdcsof tht aivientidry a nistee] difgenantinga swfficient
reconbi nat i on centers and doped with Be at a
anion oveEMTRSHIYIRYqE Ssewisedhe Ypeslapkel semiogndngiog matgialspghgoderate

substrat%%%%%%ﬁ}l%@% nﬁ}(‘%ﬁ)@ta@gﬂ? cg@ggl?g%peg%%&n%r%ﬂﬁglfsg%ﬁ\gﬁﬁeﬁx&ﬁﬁ@s of

hyperdop@i’mmhalapmﬂuceﬁ bygthe ddventivd anay @ohdb&hﬁxunm(ﬁAs(ﬂaﬁsis relatively

-

free of ngz E yg\% regﬁn\égutl%lgggeﬁ{gﬁdréd% e%g a gfpn ntra 1io(;"nr c'ft grgaQer
thaanqgncc?rFt GaAL Bfperdo éﬂﬂ%ﬁih%e Etrhaébnllerﬁraﬁgggf r {863 x 10*° em™
hyperdoped with Be at a concentration o gyeater than

, 43048 hyperdoped

concentr.ati on r r an la
with Be fON GG B0 Bealt Eh S 10 B, Gets Bord g il me R0
concentratiéh &f dr@A6r han Bx 16FAsN > hGRey HBQﬂﬁIb il tith B Ak cancentrauon of
concentration of greater t han x 1020 ¢nB, GaAs

| .8
greater thapb? e ,tGiaAwpat oaeém&ﬁatatqomﬁngﬁh@? efgrester ilhalﬁl 4x

1% e Gy AF R Mz P RSSHRREHAN s Bl 107 om, G

hyperdolbednﬁiﬂdﬁlé%da mﬁcﬁnmlogtof@mafm 1.8ki10% onf®, erdobar}h with
cn8, |nP er dopeg, w Be at a, co ation o
Beata O@P@&F@Porﬁ plgToaniiand 5 19%30111 tioG%S IPWWBE%‘&%& i th
1at.L.en
concentrigioof GefiBRRTLG Qb ORse B BAUEDo JRIME ot o oh onifon of
greater thrat ¥ e, InP Mypm'dqnadamﬁeBwat dcdrdventration of g!mter bheap 4 x 10*® cm?,

o o2 RS R e TSR o atetmnor

. producing@Rp el depMReRRé 3663 mBﬁﬁhH?Q?dc%&@Z&e with the invention, may further

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



HY

- phase epis@aet V), amlowfo e gtrpesphere ngaythe grppwt
- oxygen cﬁﬁ{a%xgg ra)? Subas/ e/ g’l?%ﬁ)le fﬁac%ﬁg Eﬁ’ En&élqgétjr%éﬁ'lgontmmng

quenching the material and optionally repeating the
anneal - and- quench process once, twice, thrice or
wowBHsGPe ti mes. Met hods for produci ng hyper dopeRlCT/US02/33670

material s at noderate substfate tenperatures, in

accordance with the invention, may involve noderate

tenperature growth to facilitate a suitable excess

ani on pressure. In the preferred enbodi nent, noderate

om80rwice,

auenching 45 a1 ATRFORIL Eicarit e Aol RRSIATIGSRr ot
tmceormﬂ@leﬁml fically, substrate tenperatures in the

f 350,- 375 C,. 400 ¢ 425 -
M5 foryprgducing By herdSped fibtagaly Bmadgigte mbssiifreliperpifs, in
accordané@@vlﬂl tﬁéﬁ‘w&tloﬁ %%Hﬁloméﬁﬁédﬁiﬁs @emmtﬁl@@%iﬁh% facilitate a

materials in a substantially oxygen-free
suitable excessrapiorepressueey Ini the prefiest qdmrmhmhrnen’qgmad%aie ﬁﬂlﬁtmﬁﬁﬂ@gﬁ‘ﬂ plares

{
will be mp'&‘&&‘lﬁeé)fgﬁgrlsgg%?ﬂg% SIE%(% pr ef e I Y %n%re
spemﬁcan?réub's&at@fmmﬁe@ﬁl thé Bmge bH350 4975151(: 1376 — 400r°Co4§@ed25 °C,

en nol ecul es _and oxy g%sca s wel |
425 - 45@§c 430,087 2 T8 TI00S Co SO DSANSC SHUAT 38 B3 *Grot
CrpPlrbtin* BapdFisicop Rl RaRialR o itRanflfy o ’%’é‘%@ﬁ”ﬁ@er om

envuonnﬁnamgmwblm‘rﬁaiﬁﬁammgebhrnakpressbﬁmﬁ1);hmri@ aon”omnt

L

less than '10YOLYE P t)@f@@%!&bﬁ‘l@ BEGEA AHolRIRS akd S}Eyg@ﬁ TdIGANEE Bs Wals adl

cont am’nan are sufficiently I'ow to avoi d
oxygen-conlmsning tompoundg sudias) o nof limited twpg’pe@,%s of gallium (e.g. from a

T R T e

dopant oRided. TrowiEeh y?@ﬂb SehisHductof hatdridB in &Gﬂb’stantlamy mygen—ﬁ’ee
channel s in yperdoped o sem conduct or,

environment gy ra@pemvolverﬁn@lmasnm&g@ml PresFaEes @) P?‘Yﬁﬁn'tbﬁ%%gﬁo@:wws that
are suﬁicé%lﬁgr;%g@?%g 18%&?&%%& altdaﬂBﬁ 6F ih@'h§ érﬂ?ﬁﬁ%g@ﬂﬁﬂ&ﬁ:t& th

IS | nve a non- partlal

materialspéﬁ&ﬁ@!ﬁﬁur&fﬂ?ﬂc&aﬂd&bﬂuﬁ'&sﬁﬁlﬁdomw iavoid gub}tdnaal ﬂ)hﬁmon of

oX en nay e pl esent uc as_nit n t S an
performagpe gagraqiwg S 24IgA §h3nns 119 ?ledwpefgope

gStrict requirenment per se. Further, in this
concgf?:%%
semt gljl these teachings may be practiced through t he

Tiuis aomﬂ grtlmwréganb diab idgpinessthe tghewthtaf Apperiaed semisondustor

materils B gg60 Bp%ﬁ%@f%a%%% 8&5 it BT pep BB argpsure of
certain gﬁéé@ QoMSint ?lbe oRBet! Qith Rs AiedEed, asd ttms an ultra-
oxygen an /or en con ai ni ng conpounds or a

‘high vacuymy igrayiibl cenqhtla@ i n@h agpmpleyale mmﬂwem@g@nwesm@mm@s

g, o RN P LT 00 B GBS Lo ot
MBE, suth amﬂﬁ&mh%seaif tGw PesaITE bBenical \tabar @apeﬁmon €CVD) or vapor
enbodi nent, e. CVD and VPE,g rovvtﬂ rates on the

REFFRINg RO PRYEEN agigfor

sem’con Fonateri a
compoulﬁll.ib@m:ﬂ VPE can be employed to grow hyperdoped materials at rates

- considerably faster than the MBE rates described in the preferred embodiment, e. g, CVD and

~ VPE growth rates on the order of 60 yum of material per hour, more or less.
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tenperatures, in accordance with the invention, nmay
al so include growh rates in excess of 1 gnifhour, for
weaipdee?] growth rates of about 5 pni hour. Agai nPCT/US02/3367¢

general |y speaking, and w thout intending to be

limting, another exenplary 5 aspect of the invention

relates to nmethods for producing a hyperdoped GaAs

crystal by, for exanple, grow ng GaAs, hyperdoped

WidtRoddT6r gl%dlic{iﬂ hﬁ@r&%e@s&ﬂﬁ&ﬁﬁﬂoﬂﬂa@éﬁaﬁfm HofaiaR subfifle

2 x 1019 cnB8, {1i') Be at a concentration of greater
temperathees, in agcordange with tiB; ingerition, Mey also inchulegsowthaniesin axcess of 1

/ol 8 eShrliD Mok tart Qorpplt S pebhdil, P2t 2 coneentration
AQAEE Brcdliypedking bRBHRhottiARndink B2 Sanokhéi bxdiplary
X

at a concentration of greater than 1. 020 1. o cm

aspect of the inventimerelates jo methednfor produeingfa hyperdopsd Garhmerystal by, for

0 i1 raf i . qr
exi} o g o B TET B 1P R e on
10" enph;, Gt attMnc&tI?tim dﬂ@%@ataftﬁan £%)10Becatl, (iiipBe at 9? cogcentration of
_ concent r,ati qn . greater than 2 x 1020 cm 3 Xiq S

greater an % i &M 1 GORSAL dreogseatraien phgigater T%aqg]zfdb‘ G > (V) Beata

Id e entsr gty 20
conenf by 9901 G4 8050 kBBt GOt 2 1
cm’®, (vij} Beraht eomcenivitioalvif greaser dlem 104 xd0f°am ™) (6iisBe &t 2 eancenteasion of

d bst.rat 15 t t VB wt "
greater i dot 104 sBi*iRIESF aroobElian of emstiaf L3k Y priay 60 Beat
a conce_ﬁ@@tion Fifedter thad)2 x 360 cm'3,3é% )gi &?goﬁ%ﬂaﬁ@lﬁﬁ‘ atérdhar3BR 10

, -.340 C~ (e) 340 - 350 G, < 360 C, () 360 -
em™ or(xit) Mg at(apongengratioggipreater thyn B0 e 396ing, 2 mydeatg-iempegature

growth Fﬂc(:%géggelf%&%é&t (i)e) éééﬁ%@ %Bé é%s%rrﬁ sé%s%%ﬂg@r%é Ql(t%i)trate

temperajlgtg mgo@gm%h }(rdicgessé glg&ateg ?8Q s@si(:réi)ﬁ:)tcg:i:ﬁ@aturg‘zkg Qg(}, 3 (()()t-B lgo°C, (b)
- u - s \/ -

310 - 35065 5) 380 - 639 "G40 T35 A0 (O -850 @250y 160ty () 360 -
0 LN, 0T S e s g e
(m) 420{(430 I €9) 4302440 °8, (BP440- 4307, (p) #30 - 4682, ()A601@706C, (1)

470 - 4G, (s HF3E. 608D 3h:C @M Tn L ST o 3o -

530 °C Xx)1 8301254000 oﬂ?%f\et}‘()i 1330e%3, Eﬁk?ﬁai%tdfniﬁgdhgn ¥l gro@ttbrocess, a

usi ng, during grow h” process, a gr h rate or 10
low pariigltpsessenieaf opygenland exyges fostaining edmpovndnef () lesspean2 230

torr, (ii)isl:gﬁgé&og(ﬁg :]i%{r'], éﬁﬁ ée%gglﬁg(%ﬁg gé'i”;ti 1t-r§ 4\{)21%5%'%164%32 )'{ Vi t%}rl {\}) %ss than
107! topy @D lpdstimdnesx 10 Haoebor (iifless tham kY0¥ 0ap) g ushgcdurig the
growh rates in a range of |ess than about 1 n hour

growth proceisen Wik FAMOTIBISH that prrchdare sphytantiahemennt pf depant
incorpof&%ig% i OB ANl GtersRial bitds hotémrcﬁ%gﬂ%aﬁ?%fites, or

Speci |calr8173 éﬂérowt rates I n t%e Yanges of
precipitdte® Fherelly. dehipeinigduyperdoping, sich as growib rajedihawange(of)est i about

1 b s e esthon o Sy Gl fypial pigpinbonditons oyt e

' maintahéﬁg,ﬁgﬁn{e:spédﬁcagy %66@131%5 RivhE %HL%F? &f(’ Q}%oﬁ%@é?slﬁ?’z '158 um/hour, (B)

30

3. 75 gm ho
1.5 - 1. Grgshthour, (C)).73 - R.0-unthod, () BOw2,25( 1M1 hdur2 68)-2.25 5250 um/hour,

® 2505 Bt G it - o bR 4P 5 530 Bl 1325 23 50

- pm/houR @ 358924 388 4Phoud é%&gvﬁg D0 phFd&R! 19UVNE4NT aitfour, (M) 4.25 -

achi evabl e usi ng , , D, and ot her wel | -known
4.50 pm/hour, (N) 4,50 - 4.75 pm/hour and (O) 4.75 - 5.0 pm/hour, Note that the markedly
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Iregion(ﬁ (rblglfg %?de&ll%

- avoid sigpjiicapt degradation @ﬂf&e B¥nerdapes serais

techniques are still in accordance with the invention.
The invention nmay al so create the excess anion
WP84364PE i n GaAs by co-incorporating a suitabl ePCT/US62/33670
° alternative anion pressure $uch as P, N, or Sh, with
concentrations of the alternative anion (i) less than
1 x 10-2 nole fraction, (ii) less 5 than 1 x 10-3 nole
fraction, (iii) less than 1 x le nole fraction, and
slower bt f@stérg hha8s deikevifie Bsi f‘f/ﬁﬁtMgﬁ}Vﬂ)\%ﬂ oiiﬂé?{lvell-known
using alternative anion (1 rcatiom) deliV
techniqueireistjll &s accatdance withthe inventidar TheNBEentioh umycaﬂsoaméaltethe excess

ma be ed to effectivel crease t.he anion r
anion pg vraay%%%s SQriBcoTRrEting ae%m\élw@g%ye et mesuws#@ asP, N,
or Sb, Wf?ﬁ‘b&nd‘eﬁlrr%ngfof H{éealﬁﬂfaﬁ% arﬁcgk?? leﬁhgthw? xA0 Ofolk ?ra@l?on Igu) less

accg erated towards the sub ate, electron- cyc otro

than 1 x 880 menle Ga¢HRDR(iii} leas thes | xd0d mele fiaation, and Gvillesotben 1 sl 0~

+ mole fpifol Nt e G BT B R R ntie

standar@ MBEI o sioH I%Slllsﬁﬂ@%r BYetiflopédioRfRcifdly FicRiate MO RHBA (or cation)
beyond the sol ubi ltmt of the dopant in the

pressurg yofuiechgiques may, @ml;p lusipgdprie Kormg of shecanign, Reabling the anion to be
acceler%tﬁ& %\?}%’rg@tth% glrl]lgk?rg# e&’r ocyeﬁﬂp&%&%%m%q%{@@'ﬁ %our@g'spﬁfdt j ePIfapor

depositionltecimiduiendr lﬁammnd m&@lsodﬁmbﬁ&Ste@fmqubE fefiegbdsingahd Sbhlblllty
devi ce perfornance r N the |gprovene

limit Sueﬁﬁm éeglgﬁ 5@}1@3@% ing t@a@che@ﬁs et dpping heypad ghe solubility

limit oftROH t%dt'h% mtter region, (iii) a collector
regl o lannel region, (v) a gate region,

Still) g@eﬁaﬂy rsp@km@ npdwitheit m)te:admg i be limeijingnanothes exe)npiary

aspect o&gb? megt f)elagesgg Hpgrgyecf @al?ﬁg E)g %@P&I&&%B}‘l}l&gﬁuctor devices or

speclfic@ilf!ja bpimmg @éiﬂléyp&fobMancgrﬁMrBﬁ thd Bt P@h&® R88prises hyperdoping ‘
ion(s) using noderate tenperature MBE process esg

eg
at least wn@ af fif) 2baseregion, Gihpoemitter cegiom (iipp eolestar region, (1v) a channel

o YU R EPRSHLL SRR Mo FSRA i i o, G o

active regibnlr @) & palssivleﬂ‘egl()ﬁ,)(m) @comatigedibe dufee l(ﬁgpﬁ.tépletle@ tepidis) by
erature MBE process(es) may furt her

srowing (e B ARG REGIoR N S8 BBt REPRATGe ML Bisorpes) vtk an
excess 4 610&'688#){&%& ikt h%?u%%gﬁéﬂﬁ%ﬁﬁhﬁb%h% ifi ng _a

ubstanti ally oxyg ree vVir rnng eI\/BE

- concentpationés bewmid nmyhypmdopubcanmrrsamrailmmmt(ﬁ)s (rawinigdhe hyperdoped

Pibal Ghani A o
substanSATY SJgBRMeS envikGiiindt m@m MY p pRICKREL). ). V& 8taining a

environnents may be enpl oyed to "avoi i gniti cant
substantid byt ereygen-fiee @ﬂwmmndmy gesingoibe HIBE pravessiesy may invefverthaintagning a

pacil eSS AR 2Bie e o A nanbimutf fE o fo

oxygen-bessdndontadihais. Subi miaﬁnany & eﬁlﬁﬁé efiiRffhents may be employed to

sem conductor nateri al Use o Perdopl ng to reali ze

yotQineRtgril’ s slesolyatinescence
and/or t?hv&lﬁ?%tuff?d}ﬁt foRig: p%%%%’q?te‘ﬁ?%rghﬁrgﬁgn gﬁdlﬁ?vre%co%bmatlon

OW Ng SN
channelsﬁmhe (hl_qphrdomd séﬂmo@lélﬁﬁ()f mitajialnUghef hypieriopingnig réfigedie or more

constants reater ower
the aforé? l?ttqn@&’e &%Eweg PPGtES atieAskpg (9§§ ege%ere@y Wt Hhese of Eprengbthe

~followi &éﬁé%tﬁ%ﬁﬂﬁ%sﬁ %Qflucgtgr ng??él%sup pa%ﬁg dhted: (b)

| ower thr d vo rior
lower RGptanatswnsgmtm (¢) 2mentdripower efﬁclency, (d) lower power losses; (e) befter heat
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- P eSS

| ower threshold current; (j) higher gain; (k) higher
stability; (1) higher radionetric efficiency; (m

Wi iglaes9quant um ef fi ci ency; (n) hi gher phot onet r PET/US02/33670
efficiency; (o) higher bridhtness; (p) faster
el ectro-lum nescent nodul ation; (q) higher relaxation
oscillation frequency; (s) lower 5 relative intensity
noi se; (t) | ower wavel ength spread; (u) optim zed

smkm%@ i éﬁ? Hﬂtar é@p gm}reg'gﬂ/ &{())Iq &(%Qagé @];Qx\f)%qor ?Peratmg voltage (i)

lower thyesiesld @pﬁdnt; gymgne;sgam; sék)rigghenmtbﬂ@t, ¢) umgmeradiom@nmmency,

(m) higher R %e%@n@&%arr Eopsatic Biciengnae BebeTHRbtEk o
faster e%%:@'b-:luﬂ%e%c%%%ﬂ fula‘ﬁg ()j%:h@geg 6‘91517:5%%@8&1%%%9& %eﬁég(ﬁ:iower

relativeld@nsityl 6GIs€ {t)46@cr wavelength spread;7([) opMﬁﬂed:waxt@ength gartrogl; and/or

g om0 RS Afhond v

moderdté {eﬁﬁiefﬁﬁfe\MB 36353(@5) n‘i ntoNEHieratih rtﬁé BABTS picRess(es) at
i mpr oved neth for uci ng hyper oped

substragesiempenstireishin thar@gca %3Qrsﬁ$ﬂg, mpsel speciisallyrangtopmore of 330
~350 % 9565559 g"“_‘s‘% ehgg 5@%9’0@41%‘6@5@‘6 mggyc'&‘bo' X8 °C, 450 - 470

opérati'ng h™processes” a rate substrate
°C, 4708@@?@1490%51301‘6{: aﬁsmmcmcnu ng a | ow partl al pressure
of oxygen and_oxygen c aj ni ng coppounds, duri ng the
Sinsaagipy soedly speaking, ﬁﬁi fiRten r}%ﬁ lipitge #sthen
f
ol el o SR s B g
sem1condch:mmanﬂale wyigg MBE end aihed grgwtioprpcessets wilereimie ithprovement

may infhIg R BT pe pEoeBiae 0 hodi e SH b AR TR g
malntaﬁlﬁfgr a lduﬁﬁﬁtlil'ﬁé‘ss@re&f bRygeh ah@ bﬂydge‘ﬁrcoﬁ{aﬁﬁﬁg éhthpoun@$during the

han 101 20 torn for oXygen and oxygen contalnln%
growtmqgm,d@d rgycinvolve mnimgmg\ga@wﬂw@b afiless thaw abayt 1 pm/hour o

sreater Y IEBUES oM Mo RN L RLORRERITIGL, BTl APk

containingehtuads deiigcts it prdﬂi&ds@d ina} fivobleandintaining »patslpressure

modul ati on and/ or ((II) id formation of perfornmance

of less Hhal 0 A, ISR At OV elertibum BTt | GPIm R aFHFRRblYiloss dipa 1071
torr foriwé(?]%% CARS é@@l’%&ﬁﬁlﬂ gtc?ﬁap&?&d@rﬂ‘)@hz%ﬁéfy%ﬁ%&ﬂ}n‘f conditions for

I's typical a substr era
oxygenl and/exygérmnntmng uempotﬁmis areqreferdblyoseldcteginto (i) Iavmld $bbstantial

degrad%ioa rﬁ)?%l?ecgmet anmsPu taerrgla't&&&i ng*a;eg{aﬂqge}gq:trq glgnngag%lﬁ!: }noldtﬂatlon and/or
) avoﬁpﬁﬁﬁﬂﬁéxpéladerﬂahﬂ&ﬁd% de?&gﬂéh%hﬁadlm%mﬁlﬁaﬁcﬁl channels in the
typically the substra enperature range that enabl es

hyperdeied Spmmdwtorﬁnafenalm Amogleratd tempetabue taypicel]y amdotretd

| tempere& g{ {l}%té %aﬁgvedgg}" cgornltva| S, gﬂ@%‘ﬁ?‘& rbﬁ{ ﬁﬁﬁergg%sgﬁ)gtfat% 00

temperamfé@ Eha@resﬁlt llﬁ’ﬁlgﬁﬂfc&ﬁlee@rddﬁdeﬁtéﬂaUQ@Htﬁ TheQohPeégiend ferowth
30 350 - 500 C, or alternatively a tenperature in the

| substrai;eéq@gergmr@gc;yp1c@135th@suh§¢gteimr@ure¢p@gge thatenables geproduction of

LY T AT AT e e ta—

may begeaapeihture pthakiangg of aom_wsaa PO,ur preferablli @niperduere in the range of
Lmti ary aspecé of the inventio

@dhﬁ:;‘ﬂﬁl@&ﬁ 318 peiC, 375 - 400 °C, 400 —
425 °csz%l_0@5"wt4@b W8 @45 _ 500 °C, 500 — 525°C or 525 550 °C. |
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by, for exanple, conmbining in a growth chanber, such
as a MBE growm h chanber, a (i) matrix materi al
WwploBAdwYAat i vel y sel ected from a conpound seni conRLikyUN2/33670

mat eri al containing one or 15 nore ani ons and one or

nore cations, such as { GaAs, InP, ZnS, ZnSe, |nP,

InAs, GaP, AIN, GaAlAs, Gl nAs, GalnAsN, GalnAlAs,

Gal nAsP, AIP, GaAJP, InN, GaN, GaAIN, and rel ated

%k grgeﬁn }geﬁagl I%elbéakﬁ: gdafaamhdultvg n@éfdfr@tb‘é)@'li}r&gﬁ% %ﬁétﬁ& exemplary
aspect wth@ tnvem)on olatesdp amethads ﬁumn@dmﬂgdwmd@’e@cb@mmdu@tﬁ lin@ﬁerials

o, o B PPl o R S, ¢ SRR gl  © mati

materiaf h%ﬁ@ﬁve‘é;ﬂ&b‘léd’tﬁt RohrBRAHBIM RmiébridsctoPmiafgiantcietitng one or
third (or mddle 50% mddl e 40% _ mddl e 30%or mddle

more aipigng anskfonelos moxp getiaps, sughpst Hads Ip&%%‘-‘r a7{ ngeclgPolpds, GaP, AN,

B T

alloys. }naidmh;la lﬁbmt dhsthativan kelaitédyﬁ'@n ﬂl,e?l Ge @, Be)Ziny Map€dt Se, Te and
S, in WK GO R HoR B AP BHHER EReC5 B oo AT SHPBRL £ the scoted
combmﬂﬁérﬁ% Qnétgﬁa{l %nﬁ 'dgffhn‘t’ G ﬁ‘f? tﬁ@ gﬁjivﬁh QRsnbe} s@letM%E%mperature

or exanpl e parti‘al pressure of |ess
is in thezmlddi@thhﬂ (bomrdd@e)m%emgidtdr@% migdle 3006 onmidsite 20%)saf the range of

substrafg Do o B e TS AR S s i ot

chambé?Xygen radi cals and oxygen nol ecules, as well as

oxygen cont ai hi ng conpounds- |nolud|ng oxygen
s madéilﬁb@rlewlvmmm@mm a sahstandlally pxygentiipe environment

in the g%@tﬁf%@:{ﬂg%t allﬁtgml ga Gsdﬁ%t% 1y o EEH% %ﬁ%ﬁ%‘?[ﬁ%ﬁéﬁ@ﬂ%hﬂgf involves

maintaifBig Iﬂ@mﬁightvgbumbﬁﬂdlﬁdmsﬁn ];&il RBE Oha(;iiheile&c emmplﬁg partial pressure
ropertigs t|onoﬂonra|at|verqo |nt|on

of less @‘é‘iﬁgéfr]so ’gﬁ@rﬁ'&?rlﬁsgtﬁmﬂ & &k 1? eSS gk X grft%%{ than

1074 togg% Sh-BERT B RN iNAGAMR ERAhAN ﬁ{?ﬁ% hygod fhdiciR and

sem con or mat 8ri a nt|ve
oxygenmadlbmdes, msawelé apbmggeNBﬁltsmhgtqoalpoun@fem@mdmgexygan cotpounds

dellver%(i%g?%gﬁ%hfgflc)%r@ggg@cﬁg 325 : gc@g’,iigoAs 515% ]83 g‘f% avoiding

substanﬁaQi ad%@&t of thé ﬁgﬁérdéﬁbﬁ serfli%gg%&gﬂg%gnalﬂsg%%&glﬂﬁescent

propertss, by @)rn@tmn of g@g—re{dlatyg secondpmtion centers.and/es sng(gﬁcgg dormation of

| .perforn-ﬁn%e %‘ged?%gg Ho%;a%lz%veggb%mb1n%ﬁ8n ?hﬁﬂgfs% h%%gz f;l%'_ﬂnc

I'NVol've one
ermcoﬁdwfomﬂiatél‘wl eTheloé Qi%hiﬁfmﬂéthsrrﬁamﬁplay MBE Ishlmmté thyperatures in

| fe The met hods
 the ranga A0 DChnPEBESI0AC HO LSRG BN Gy 470 CHES 385 ~ 400
oC, 4003041%1" REHIEE £ 350 “%hﬁ‘@c'zﬂtfs' Loy oc %%bcazps“@f #5 Ofi80 °C, 480

i’on (or cati'on) to provide a Sui éxcess
— 495 °Gn49fn-— PLEG,UT16.— 5M5 W3/5036690 *CCIH0ISHRS I3656 — 0B °6; 570 — 585

G, 585coil Sa DB 156 549 maRARS SO BI0 < B S oL tngGiefis iy also
involvehg [ Sr twd! BIES) ‘ﬂ.lro?‘i’rﬂ)géf m %ﬂ%%mﬁeaﬂ/fenow@& Wﬂaﬁédsthermal
I st ent W't or I n

con urt herance of,

‘quench,tstep )i 'ﬂ;&smaﬁmdm magcaiss imfolvettechinigytes i 1ncreasmthue omon (or cation)

cul.ar .

' pressurg sucil as using oMo br radical forms of the amon (or catlon) to provide a sul’sable

" excess anion pressure.
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pat ent abl e process, apparatus, article of manufacture
or conposition of matter that is taught by 5 this
woplodasat i on, whether in this section or el sewheprEr/uso2/33670

(such as in the Draw ngs ori2zthe Description of

Illustrative Enbodi ments), should be considered part

of the present invention. Brief Description of the

Drawi ngs Vari ous aspects, features, advantages and

Iaér)]tﬁfc%lﬁﬁéﬂc é‘ct? {)%tthg gxev@fét?ﬁ%agénte\éﬁgﬁ Wes ?d;rg?llll%[gﬁlg thPFdmutations
of the Erdvededmd ts&pk; &lleﬁmntsg\/omcdituﬂﬁ,sangqstandﬁmr mibferials, covsistaaiedrith,

d th th i n t of
d/or Eﬁ@ga ce o ?hr;]gjﬁg |on plggctagf amo an Incgl,ilg gﬁg{lar any

f t
patenta%‘fé n%r@b&s pg&%fuéi ﬁﬁcl@ 05 Rﬁg%fﬁgc{&)e:f(g’ {fb&?ﬁklﬁﬁn deRatier tHRRMANght by

ensat | gur e depi ct's
this applmatmim wizdthepin thnsecton pr diesthiete (sychoss in thelRmwings asthe

Descngfqn og;[lu% ! gitggqoﬁﬁlgq%rés),éﬁagulh %\é gzg{g%@qﬁ%ls)%%g&l&%iésgﬁt invention.
Bnefm&ﬁbﬁﬁnbrﬁﬁgt]) nk®r several prior art and exenplary
I NVENLI VE Nater| a S; Figure 2C depicts_an exenplary

t\asious pspeets featuresoadveniages and applicariens ehtha prosent w‘@e%%are
descnbeh %%ﬁe%ﬂq Q ﬁ%ﬁ&fg’cﬁn RE ilﬁlr&tr%fx}e ]ﬂ{nﬁ’&ﬁﬁl@nﬂ‘s B OW méﬁr&scﬂptmn

m C¢ con act a tunne
is 1ntendedil taehd imetmjurittias thhmmompztdymg’lset Ioﬁdtamlmgxmn w]ﬂéh
gure illustr tes an alternative use, of
t]TJE'H@F flg*gB &H’Pﬁ%’t‘q‘ # é‘?l?lefrf’e(tém PF‘-‘?F&(E‘F%”' Qfﬁ)‘r L 135§at5‘i?t181b flyctg dopant
m rrof., gblg% §ndC illustrates a band diagramfor a
tunnel | n m ¢ contact nmade in accordance wth the
iFignaret 340 ooncEpigall e dépicts rmmmbmammndmpnela:irobabdﬁx as e fitniction of

of a bipolar trapsi cor.dance.. .25 wi.th
Che s BuRRERbERRE: i Yedrcafign B 366 PHOSHE Gt higf dbbig levels:
Wip@iei 2B pRtlarr lffétﬁnésrfaﬁ@wéapﬁmﬁmatdx@ﬁlpr&ejohﬁbﬁﬂze
in"Figure 5A; Figure 6A shows ‘a doubl e heterojunction

Ilght Ileﬁﬁ:mitl-‘#,ng di ode made in accordance with the

R et o e e iRl PSRl T, BB frocess

Figureb dAeCfdep‘gt i W%ggeggﬁﬁ@gafinggg /Oggﬁdl%tﬁltaﬂtt h the
iLnventi .o an 7 P U I
migredd v 3 ﬁawe@&ﬂ%wrcyﬂtﬁ?tgﬂada 18 APCBHRICH B\P&a the/invention;

CApE 4B R AIB URRERERATIR bt b RAbA [ Tigure 44)

wil | appn eplieail mirrogny of the dravvl ngs contain

%ﬁ%ﬁgg&gﬁ%ﬁ%g@ zhhz;pléléﬁ L on%?fragtglggé g'c?rtltga Oclle in accordance

with the invention;

TFigure SA shows a conceptual cross-section of a bipolar transistor made in accordaﬁce
with the invention;
B Figure 5B is a simplified equivalent circuit model of the transistor parasitics depicted
in Figure 5A;
'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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_ Imnontgtcgwg,r 1]

5 Description of Illustrative Enbodi nents As enpl oyed

herein, a hyperdoped conmpound seni conductor nateri al
wiosaseeat eri al  having a suitable excess ani on (RPEX/TS02)33670

pressure incorporated intohe matrix such that,

conpared to prior art materials, nearly all of the

dopant atons occupy cation (anion) sites, so that

conpensating effects such as interstitial dopants,

iRl . : L
Bk BB chin L0 bl AR RIS kR Hajo in sccordance
co- i noxitlpihe ddventiomf contanmi nating species such as

oxygen are greatly reduced. |n a preferred, . put not .
(OF coysite toge @wiw?wéuécﬁw t_@? g vl appr e Rf t@%ﬁ@?ﬂ%ﬁ contain
conceptid? SR rehtidhePaladRp h@ﬂgiegﬂ'é?ll 4 %ﬂi&@@&abﬂ@rﬁ'&r@ SFfedse shapes.)

ani on concentrati on ( .g., an excess

Description ef\flhatriative Eatsbdpmentst s t he forcing of Be onto
T TR W .

having@Sli&H18 exdeSs éﬂ@@(ddﬁ@ﬁ)gﬁeﬁ&)é iRRrptERed iflo BeaRdtfix such that,
materials with reduced radiative lifetime (because

compareddp pripnast miaterials; prarly sllafheciopamitaérnys preupy Fatios {anior)sites, so
i o G ey A 7 B RO BN Mg s o

¢rea
anti-sitd @R vavanty dides, idepadt gi‘@[pifaﬁdﬂl,éﬁ' co-ncofReaitdi dfabiaminating species
ca

channels. O, hyperdopin be used.to create
such as gRYEPY ¥ &ty reduiced da aaue erﬁ?cg bubiat ﬁxﬂ}m&s ermberfisenten crystals

cons SRR 1L LA OBl Bl SO Bl oton
(e.g., aser@seAsBOEENEiOnMatdpénmits desfoctigppl Bgomo weikon siws (op Ga
s, o5 Bl Bk b S <SR e
Hypemg%gfgi 18dy bd dRH ko Breafe ntatSiAERitE AlduEST radRAGERctinlel (BEbauddradiative

= one enbodi ment, the hyperdopi ng of a sem conductor .
lifetimerigtapproaimately prepariionsl tr daping desbitiivbighendopiegiilensitiss result in

shorter f Gy AREnWREY U8 LARRER Bbinah ol of s RaLRP
recombiatiol €hdrme e Oﬂ,fhy?bﬂlbping&gn be 0424 1€ cdeale riaadidals withéniceéazed

substantially al| aoxygen atons,, radicals, nolecules .
probabilihy wérﬂd@t% Esombimeting Versysaongpdiatiyerecombinaipnat agiven doping

xCl f . e .
lvl. FREER0pitg ol ito ok 3R s AW Rifl) A6 bl upoio] Bnceptration at
a giventBin®rityanarrier| lifetime. (irhypOrdbPing aray,alsod=mustd toninbreaselibe fotal
eﬁlng ef er abl Less than,10-11 tort for oxygen

P13 |aS VIR (CRRCeRHI®Y  oxygen- bear i ng

TRbRS LAbRIiRRAL, #e HyPSREHRET a sdrficd iR flatéri® decurs in a growth

enbodi nent the growth chanber is part of a nolecul ar
chambésabhmedispi erigterpadinteBEybsimapetenpersiures| (eigo iy h rangeof Regut 300 — 550

¢, or R E el Bifndi IR S0 200 st S BARBRYE)

substanBiBNRARbikizeR AV r&didadVndR A Rs ARGEPI e beipnd MaRrfls add

partial pressure for oxygen atons, radicals, nolecules

‘compoupdlg haye keey gerlugrciomdhediosith ehambsre. g cisraasawehschamber having a

A d i " _1b t ' 11
partal (EGRIARIEE bl T CMbef 26 flon 101 R ok BRBSA 27 o 1 pferably
less thahd 0B&tcanfoo oxygenratohas, irndicals, ovdlétulds afid/of 8x¥en-tRbhtii@iiateyials and
of ani gn atons,or_ .
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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5 an ani on overpressure), such that the anion richness
forces a high preponderance of dopant atons onto
WOaBi0e6e9Bi t es where they persist after growth, ystT/U$02/33670
anion richness is not so encessive as to cause a
significant degradation of the carrier transport
properties (mpjority and/or mnority) after growth.
The excess anions are actually very effective at
. u .
partial yEGRHEHE BhieRatonl ndcA, GRS b G, Byl P A cls and
compoupkleperti es dom nate, such as radi ative reconbi nation

B iopr Bodeih o7 ke et RS LR RG0S5 BeORES GROTRA rmquad
serrﬁco%f&%'?m&&f@?& B ddfich rid Wlricdg! 28HH @@.Sh%vé 9 Ipfu%l of Bflon atoms or

opant onto catl on si t.es,_ but no tO_ al 'ow t he excess
an aniomoivenprassurelp pwhtthat the aniaatichnesssforpes  highrreptadeiree effdopant

non-radi ative traps. | he preferred enbodi nen
stoms i G e Ly dprish et oo R R et
excessivdgs toalif A0ioriiRRAnN degditiatioh bPthe Talit trhtkpbR PadpeRids€majority
conpared 15 to dopant el sewhere. Alternatjve

and/or wineo)adier sromsly The exeess anipryare pefpihewesy edectivg af rrepwiisation,

ou o G356, SERBR Lo A B Sk bt SPBborsbdiERels
propertigB tiemiriite, akchtal eadi@tive reambigationy ek, Inatlivy perdio hgmérdoping uses an
material wll  exhjhit [onger mnporit carrie_r

anion OYGrPESSFUHE CIEAIG] P RA GV TFAIGSOT AFTHRs SPWHhySmperiiiengnd
cleantirRb f@Mg ‘Bﬂkﬁdd%'a&nﬁﬁo Edfoh'sREs, b ?6‘%1[03& ‘chg RS cds® afiBn or dopant to
acni t ha met hods

eve prior art grow y I ncreasing .
create atsSignifiednt dersity dbpamtadiative traps libthei prefeirethethbadiment, uging an anion

dopant el sewhere. er dopi rks beca Lt commts
overpreSS g HYPGIORE FErBFERIDS EOLAgPARat se e prpronaf RIS cbipared
to dopaREA§hitete, AllteAiRiiPAYSTIRERE Diy1sE dichtich lefbdtuky tdinb@REse the
art researchers m ssed the central inportance of

ratio ofidepantiongnionsulostisttionalssites eompared tradappntglsenihare; rempated to a
pior s FAAGREl ¢ B Soplehe K B Bl ML ok mincrs

carrier li.ilfﬁtiﬁlb gﬁﬂ r%ﬁg@il/c&fpﬁnﬁﬁﬁ’usgen.mgi&rdﬁﬁﬂmmbmhigﬁer tdreier

yperaoped, bu state I ncor porating excess, ani.on
concentggtiogs fabr achisveh hapPriey &wﬁ irrgqﬁh@é ¥ ?&%ﬁ%&%{?&%@ dopant
on subsgtrlgiggéﬂ sfifo RPBRRBURALCr eation of non- radiative

rior art approaches to using »
Hyperdoping miodobecausea fitl opnimigga fominaf solehpliasy epitese. Recognition of

RSE T R N K T R R —

jmp ortaﬁe?li?ﬁﬁ%"éif%hﬁ gr@e@f»&%@ﬁé intAn@FHvRBinSBE byl ASa#éradl | rBther than

_naterial prior art approaches to using 30
applying drjusiteaterhilly nbtheigrenvibyintetfgee. The presens irventiomkgaps the internal

typical ly .used tog.hiah an density of excess ..anions,. -
overpreltfs GBhgtrtd S Ot BB u@lobRiN Yok by GHRIpu PRy ons
at a nonL R6RRIBIRAIdal hightdefsityl Budvoalstsiinifida/ ibedtfaent dreation of non-

hyper dopi ng causes a conpound sem conductor nateri al

radiative\yaps Potes e Zppreachestyysyssay-staishipmesically highpniqugensity have

ressure of "anio
compeng@ted tiri ddpatyyicldingoreonidsulsing natdrial. Other pradriadreppioabimsss using

.typicemg \rdEégf;éJlgg«{ ?oﬁ]&oz\%erl ginte!ﬁﬁgﬁal)%r B%&{@&d&ﬁ}g rsglitlllef%c&%%nﬂﬁ@ Bhincipally

forces . a hig preponder ance .of dopant atons .onto
 nom-stoighiogmetaisal TS ke SEHEGY BreaTicall Ve i DAl A JOTBEY of groess

anions, g&%dﬁnﬁ? makdriaDRRE Exdessit@y hyl r?nﬁ%&ﬁ{i‘y@re@&nﬁiﬁaﬁﬁﬂ%%sa

I cant degradati on e carrier transport .
In an alternative embodiment, hyperdoping causes a compound semiconductor material
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‘this caSPaéagliea%mﬂmr@w raie to exeepd

5 properties (majority and/or mnority) after growt h.
A hyperdoped material is a material fornmed by

whypesaopi ng, or a material in which substanti alpgr/asd2/33670
of a dopant is localized td5s substitutional sites,
with a negligible density of dopant on anti-sites,
interstitial sites, or present as dif asants,
preci pitates, inclusi ons or other non-radiative

tobe 3P B AL g LA SRS o0 Bl gyerpresey
with pliedly of agibh Qicateies @ ideairb@th, @hchaBiftthe datisn HoAfess mrce% a high
for a substrate tenmperature of 350 C during growth

prepongdgrpnge obgenasiatams awp anfongites where sheyawsrsisheftensromthabefithe cation
rlchne% 1§ n&P 510 g% ﬁre aﬁb({ @dLI?ig ?ﬁ %Iﬁ (feér«l:grfn%t E}?e c%}néquﬁmrt

uring gro pSt tenper
propertiecinegsdty andior migprigy)casteh gtdiﬁheéid:@ﬁ(ﬁ*dqmd (ima,terlal isa material formed

concentrati on decreases. The o) ddi t.i ve
by hyp AR RS MO a8t SubamAl Al §a Gipenti Iosaiseats on

| substlt&'tﬁ’cﬁ{hl i, whh aRkSiEdibIe %eﬁgnytd}%?aﬂt SRGHH RRS, WS RitlaP 5itHsNGr present

yperdoped sem conductor material, since a
as dﬁwa;p@; y@pledat@aml@mmmmthmmfmdmumpal so be forned

A R IR pE e R g erg R rop) B TlpudPbmg arion (e

As) mdé BRELIEH ccTicBAttion 6Dy 1 x 108 ene® f&%%ﬁﬁﬁ%{@hﬁ eraﬁaé bf 350 °C
materi al (such as Gaﬁé% and then performng singleg or
during grewihpped fpgsicess Awl acam@mceletﬂm;l of 9lequéd x Tfhecrgndor a

substr; ft%ﬁlp%f# ire So'é?é() g&?rfgegra% ﬁ%(octg fﬁt o tP%sub%&scF &?mper%ure) increases

during grm&qh@dxdmsﬁdlqn @RcaRiation dedtbasks, t utional sites (Ga
RO L -

practic® oPﬁaeE@\%aﬁﬁﬁ%”srﬁghe%'}?Hﬁlﬁg ) hg@é? é@s‘eﬁﬁ&m@&c’ttﬁ@hﬂeﬂlt fince a

suitable co ani on, m nor

hyperdoped semricdriduetor materiak @ni aniaor%adecb@mqﬂaﬁing\ndbpam etoors (e.g., Be

stoms) Bt g iR anky s s Ak IAHRERrogp ianconsly, into o

semlcoﬁ&lﬁt%ldlﬂ@t@ﬁt 1886640 (eh 6§ CaASp af@tRh ipesmilBy sxﬁﬁledﬁ’ @8 dapid

radi ative reconbination, where as prior art
thermah%rtf@al R IA)foipies Fhs end Fesuli anthatherednan exdessrofaniong (bein this
cas, 3THCl Mol 0B Aot AT HRR) b i bt s

in this cmsa) Nohelthat the exsebettion atomy need n@tQj@Q@enﬁldeho e, m&eeix @hions (e.g.
ther dopant that, exhibits a.tendency to_form

by using B Peas tgﬁ E3fes Mipn in Gred g tears ol s)n Brithemuitghle fmiral of e excess
anion, I{ﬂno?rt% ?'ngf I?fé{é%% ﬁrﬁ:%?crééé@d &?ﬂléélretll il é)hpﬁﬁ}t ?ekﬂﬁlﬁhﬁés In the case

IS case reasin rowt

of dlrectt bard gqenhaﬂanghs;{ Mﬂlﬂl‘l’c}( earger, retdrabigaibot in hwméopﬁysebm:omductor

th rri h t bout 5
o8 o e o) st

the sam@/conkdhtafibn %uﬂade%ﬁhﬁ‘ﬁéﬁ bﬁﬁ&n—?ﬂ?ﬁi récja E%Bﬁt ion of
hyperdoped material w thout the WO 03/ 03

Forhesorbadarass of this myentioni a(hypedepccbmrrpedndtwisr m@eeial may be

f these,teach Vld DE.OCESS
doped TR FEL & or iiGE SenkRIINOHE: LNt 3 Sonin QT a0, BlpeBURES S8
e el ?"f?if*ﬁi“ée?s?@{?@é’?‘ﬁi‘ BpRARS Les il 2D 1t oun) In

ng ien/gent (6., ghqgrg\gth rate maygbe 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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S sel ected dopant, and while maintaining a | ow
background pressure for defect-inducing materials,
w@as/bicearl arl y oxygen atons, radicals, nolecul es BEIRIUS02/33670
oxygen-contai ni ng or bearing conpounds and material s.
In accordance with this invention, in the resulting
sem conductor material there is found an excess of
ani ons, substantially all of the dopant atons are
; cation substitutional sites, and mnority
format%:og‘r%ﬁag%l Ehé%shbi nation in the resulting hyperdoped 1o
e aspeciud these teatiBngsairovidediomitbat od ptogessdol bidwing a hyperdoped

oo G LR i S SERE a5 ARRL P
temperBfudY btghpBMnRed WRIR! SlaPRIth R 1GE éﬂﬁ- anioie aﬁ%?%ﬁeé?ti@ﬂ afd a

non-radi ati ve reconbi nation nechani sins suc

selectegidopait candrughile magintainigRiHjova backgeouad gesssure faralefectrindueng

materlagrg1 &%@&Lﬁr@{o@&tﬁ%n %glﬁ}]éoré%? %,Smckl%ﬁlﬁgsl %gpog%ggq?%ao\gair%%g of géaring

compoRedstand uhaerials. Th acdydunt @ gabuls ifventie i€ 8 résultRighbRloaductor
.transis 0{3451 where a | onger m nor 'taﬁ charge carrier

materigl ithege [sfpuachimprecess P apioss.mihgantialyiall ofg apiiemssase located on

caton SRARENBATSIR, S b U AR A0 OHEnlFd W

semiconéunbormatatialas dommbated ibynradibiikerefogbinaticoand radi ative. A

further aspect qf these.teachings is.thus in providin .
i abiase st g s teotio: Sobe e diroliabye ftetime
provid@ by e?ﬁf}fer@d}ﬁd drRl 'I‘fﬂe%gﬁg}%ssi@} of ﬁﬂ%dlﬁf’ e @EbRbination
n and a I

e_I enent’, sel ecte opant, erein there Is an
mechargsueshaiShbacklenBead-Hall ( SR el awsendevieertd pehieseemerefefiicient

t he .case Goup.l11-V co und sem conguctor .. .
perforsiatBe irf §E S hedhtRipetid'sxed MR i i Gopt@n bS Ahet is parfigularly
advant£e6us fot déAceThe bip dMiQFan¥iBtodeNherk Y 1670er SRAGR1Y BRFodGarrier

... tolerated during growh or post growh annealing, )
lifetimq enanees nerfOfrn@ce-rﬁm pipeeltis also advaniazeors fonletiingaydeyipg achieve

i . 3 i ! D i o i r
petorn 08858 Rl PERES) s RSk Sa6 kb B
and radietie, it is appropriate to first consider why the
Jority carrier concentration |eyel of a
SEhbenArotetar sy GAUTIEHE RiURBIOVERS & PVEKIAPS? FPHEOWEY
semico%(%iﬁttbﬁqﬁdtéﬂiﬁ a iR Rhsk @fle & Femérli Cat TS okl R dhd 2

e invention are esc‘ri bed In terns of mat
selectedvileprant;ivgieesin theere isen excess agivn condesiraion atsicenncimndgy where for the

> e re 30.nethods of grow.ng them K Exenpl a -
case of CRAR TN Copoiing K gPichor e O pOTR A A ™ Rt {0 oo™ and
y is abolt 86'8 B, PR villed 6F y Gl sbleBfhes botdhdhled diing H@wth or post

i nventors' djscovery of how Be behaves as a dopant 1n

growth epgesling resglis inj the preeipitptioerndifasion abexsess anius obit ofdhe device’s
active r%é]@% at concentrations WO 03/ 036697 PCT/US02/33670 17
gher than 2 x 1019 cm 3, a significant fraction of
Beoidecr moveduibs apfppediat tieShivdntiah adé &p nlagy 8k, it @hpropriate to
se og&),é' %hat,these Be interstitials are primrily
first °°I%S§£E}5 itBf BAFOEIY sarEerCFEIiration deyehed pipmiconduetat eystal saturates.
A e s . Co . for .

o o508 o8 SEMERAIO SO IR B S e lton e
described iguemss dfmderialhivith highec eptieesahyraiheriivedls eef moderate temperature
method®of %%‘ﬁge 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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5 of carrier saturation due to anphoteric dopant
conpensation. In Figure 1A the majority carrier
woonewwér ation 124 is plotted al ong the ordi nat eeEUR2/33670
121 as a function of dopanti7 concentration 123 on the
absci ssa axis 122. In Figure 1B, the excess free
energy 134 is plotted along the ordinate axis 131 as a
function of 123. Qualitatively, the mpjority charge
. [P 19 nt.L.ad 0 "
igher 0 25€10 5902 S B SPBE o PR g o v
and, sed¢éifl, that these@Be lintegtitdis g peinpeily tegporsiblafon the@arridr Bthiration,
1& Tfoll ov$d by a conpensatign regine 127, .up . to, a,
enhancg gg’ﬁw@qaﬁl Tegpeadmnigeritysarter Jifating for Gagds heavilydoped with Be.
i : g N .
s b A0 Wtfied L', SRR U B Bl Bep O bl pipartin
of carriex sabwrstidn des ranhptetis dopant bempedyiianiic Fighre 1A the tnvgdrity

carier 6B 14 18l Rlopi it crdiris Simsba o ShoE ppdonsmt

concentra¥@! 236 1 ab8didsh BBk §22 VA FEdure IB) fle SLURYiSe BASEY 25415 plotted
15 but the crystal generally can imt its Incréase in

along thgedingts waeldhas afanetiontifdadr Qerditativgly, temgotityahatgasartier

BGh i b rocess..kngwn as conpensatd on .
conceniidinbhes 4D Yornlod e g S AR IS HoBH w125
until relshinga cdrrier ysdration ek ne@doliewed by £oGapensiiRf B5ialed)27, upto a

depends on_ the sem conductor material and its band gap
dopant @ﬂ’éﬁgvm SALuBHEY igih 128, Itanimgoriagk tojerogpize that dopanis create
: t] i [ ic
exrinsSAHEAER Q0 RIIAL 6l PRl s RRIPISH,
Thermddyeamizsaligyte 1184 atsemi@ohdnetdr e8! find kherlowest dret brerg@ stateewhile .

i b e SO i SUEh 2 s sl
i IHmi [ : ow
but the gﬁﬂgﬁ% gi@?&lysé/)& HmiPRORered@Pin TRESQE KRk én&@f&ﬁﬁ%{péﬁ )g?grﬁ# 0

C 7 €V). Conpensation occurs via an a
conceniggisant whishpiedesa by o provesstaoivaras whmpertshidombeglrminggatrids)and 136.

e)..carri.er. concepntrati 124 roach a
IhF o Bfr i PR E R R Repond B e emerey
depend$1oii thedepadtindadtonmateRs dnt StsibRnd SifPerRioyt DEpAHRAG! aPbFEBh known
bei ng i ncor porated on donor sites, wth other dopant

- as compRIgEHON iR PMBBOteTic.dRngak (Bf BAPbRiere densmbromgansasion) can limit a

sl B84 BB AIISRF 80 PRy W ERLUGRIR 104 o
some critfcal de ?Oym‘tqihotesic dbpatt cetpénsation donﬁ%hﬂeyfat@ﬂsﬁ\éﬁlbﬁ sradll band
12 or nt cancentrat.i ons at or above 129, shown

gap matg g,(gffqﬁ‘»{;&&}eﬁ%glp@@?gﬁ%ﬂ Addi ng dopant beyond the
CofmpeRatiSRAbAS 112 n hinPhdted@Bopaat BSREASARNINRAL s A When the 7

acceptors in approxinmately edqual quantities, so there
(electronkongp(hiolm) chrgier cencosirationil2i approndms e coficdl lienintd 0y beyond with the

i b aRISTIR B B R TPha BRE B bl

- donor sitgsStith Ml Yio &ﬂaio%s&ﬁﬂ%&hdﬁﬁ&hﬁéd'oh'&S@h’ptcﬁ%it&s?%sﬂ@p ina
I m

03/ 036697 PCT/ US02/33670 18 up to a critica

- .compensaiion ahfert Witk sedwees the effecsive dppans afficicaoy.(Theessarties cagesntration of
| i i on 137) .for dopant
e oy BB L e IR 0 A ARSI Mo b o£578000 129,

shown deaeralig as theaegion 1 27. Addagdahy tlybad thk 24ride 8fuladbn limit 129
crease_appreciably between carrier saturation at 129

i
produces dgnors gad aefePiorpinjapRrosIately ees) quantities o thave isspiirthes n

 substantid? $nc?Bisk oX iRl ma 6ty 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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5 The inventors have observed this phenonenon in a

nunber of commercially inportant sem conductors,
wonshisddng bul k crystals of GaAs doped with Ge QrC1BiIS62/33676

epi taxial layers of Si- dopgd GaAs grown by MBE,

MOCVD, or LPE; and Be-doped GaAs and GaAl As grown by

MBE or LPE. For instance, in a GaAs bul k crystal doped

by Si, the Si atons predom nantly substitute for Ga

Lt . t .
w00 SRR 5. G465 Ry e LB RSt cons
throughalegish 18%Wpfor depanb dorvgnicationx &om mwmlsolybdm hmit 128, because the
condi ti onsa Above,t hat concq{i Latl on, ng nts 1 d
carrier GQPGRATAUID A 24 GPOROT CEHPES BIPTIALY bRwed TP R o 129, on
the equitibRA so gq f 58 Q8P 203 the ThakiatIGOT I Ly carri er

concentrati oes not” I ncrease, even well before S
Thaiivestors imve obsepvddithis phemimernion iGa Asmber efisommercigllylgrrtant

iy S Sl b e -
doped Gi[A(sSéI%lwn INMBEEMOC YD, b16PH; and Beltiipkil GaAk iafid GaAlAs grown by

rrpensatl on, hence car rier saturation, also occurs.in

MBE onLPBAordnsjancel inddphs twk orstabdoned by Shtthe 8 zipmg Q@dvmmnﬂy

b LA o B8 5 2, AT AP T 0 20"

(within aificor Gfabautea) Hepandiag epterdct crystal goais cgtchmnsp Siboge that
st andard epi taX| al growh conditions, F‘ |y above
concentaipnoSi ¢opapts SHOWRE FOAISGHOTS AR AS $5% ast%f% &% qrﬁaoaé@a% s

(amphogetﬁh S%Qﬂ@%‘l e}ggi %Prlé%}i@eﬁr%{l&?ﬂééstdét gxbfya&e &¢ch well before

’ect's | rrport an nost not
Si reac}fes ummlubmty bifnitrin Emidpiat alices 2 SO hanas erap MGaAIsmmg n

t. to | Th
Howev o bUDEUORInG AT SL0 (e SPPLEU GG B e Syl o e
solublhtg‘"'IBﬁEV OBPErRaIPAE helelcirieR Edudfioh, Mo RbuGM® Gk ryBeil 86ped by
he equilibriumsolubility 'imit for Cin GaAs is

Be at cmblstraélongﬁf) Ivghen; eghasieragehene Benatomds pddsd te ap interstitiphsite (as a

deep doppffs Seri e e £ A8 45 Rlaflow s jon) JBF Gl grown using

standard? Qgﬁlﬁﬁi&l pedvit Rofditibhs) tipcallp absver 99SE, tariabauirationdini) 209
. However, © precipitates also form vyielding
tYplcaHYrﬁF‘éW h?lOWSt’th/ePQﬂ smal | non-radiative mnority
f I :
ﬁ%{é &{)ébéixﬂﬁ ikt T%? é);cﬁég %??ctg‘lﬂ%g)ﬁ%gf@gh&t @ﬁéstglrol?dgﬁ) thE Srmation
of precxpftétes mdémsthempmﬂ diffirpien séithealopand ¢ owes mlnped/xbg:ons tThlS is why

doping g%tmaél X C%?ﬁﬁ‘%%l%é S#yvg‘ oA %{fﬁ?p%@?%% over prlor art doping

of GaAS &ith BRI PlhicSequibBium SBMBELE ARt fordDinf0aAFS anly%qaghmym gher
more than 1.75 eV), a vacanCy can occur w th charge

than th&xptpmwamrat@ntlhmt n ¢. z’écﬂ d@m@m levels chiguﬁg&an ﬂmeqmldmpmssolubﬂlty

limit, ﬂ'lﬁzl g?rgragﬂg Ic%rggmu(eﬁ to 1ncre% am%ﬁtl ’ﬂ/g&gﬁ%y V@gwe%e& C

prempltﬁﬂeﬁ‘@l@o Me@cﬁﬁg a6l M/vb@%a'ﬂ%ﬁQ‘adéﬁvé/ﬁﬁﬁmy efriaf e

normal ly a triple electron acceptor. Therefore, Ga
llfetlmeﬁd?&%ﬂwcﬂiﬁﬁbﬁ B 88 n-type dopant .

ettt “aﬁa/xlembf&rgeﬁ Bl b8 oo 8Ok ofhgGBuafibh Srcbflanism.

a dou onor rovi
When iCsuepei 8hn wrnﬁmnmmm that amphdtstivadapapiacdimpensation. In wider band

Sel f - conpensati on of an ies _and anji -sij may
gap serra%ﬁpcnors (6 rosig Ao 9 pmﬁélﬁ fmaredtanb iy ?%elﬁfﬁwgﬂ ca

 occur withCHarg8 lopposite 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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5 conpensation is usually not energetically favorable.
It is well known that the n-type orp-type character of
weo ossicgonductor is determined primarily by thepCT/uso2/33670
stoichionetry it holds duriimg its growth. For exanple,
during the MBE growh of GaAs in an As-rich
envi ronnent, excess Ga vacancies are thernodynamcally
- favored over excess As vacancies. Si dopants
vacanc‘eg ﬁ{gﬁ:{a?%ﬁplg% ;i‘}le %fégérrél% feimiby gncgg,ﬁé Qrz]qctﬁl}}%gsécag;i}&%pé&ﬁte an
n-type Gt aﬂtemdtivglyl, 1 B@hﬁﬁ-&t@ﬁ! atemoni NG eitd iai Gabf mmglectron
ranges provides a rich enviro nt 0 _.excess
donor, m&a&% @ gompensatien merhapiamy i elamtm%aefd%e%\%mp%% ipcof

vacancl{e:? aﬁ(@&ﬁp Git Sma e&{chpinsnaﬁ%@r banld %&E'ﬂh @&I%MSSNGPF ﬂgiugﬁ shoh self

sites e crysta

_ compel;(sangtpm usﬁiil;smtmhbrgklmaﬂmfdmi‘xﬁ!ﬂ or forms the basis of

TACHE A WL
primari bshbicladsetsy fholde dhtifg its @fofa&tl‘f 'I%‘i"'exam%le dunng the MBE growth

| ectrol um nescence from D odes at
of GaApiryan Agich epvigonmengxcess Gzzmcancmssw @feen@ly@@n@ vored over

excess A ot o fie® Ve pRin i SroliRE BationclindE ahd e butk

matenamﬂgmt ®ill énd Wp LAy, Boob@Mst, 11mqma§e‘1@ﬁta? incRftain@ernpelature

to be either an _n-type dopant that resides on G S Eﬁj %
ranges gfovigepa (Gapdch w@ﬁme@th%& excessi Afewcanristeare theamodyppnicglly favored

o Sy S A OB e AL G011 o s

and the @'g!stahehdis kppitypet Fhis Iweﬂlkmcwndmhetwdaﬂ fiongs thedasie ofhigh eﬁ'&iency Si-

doped L3RS ReHebasn i Fesitd A Bp vty Ho Bunbar FUR Wieghibde,

KonneriH‘ laid m}kﬁetﬁﬁ shfididd E&c&&lﬁﬁuﬂ&é&:ﬁg ﬁ%ﬁﬁGaAE‘Bufd‘éE £t6!¥0‘® K.” Appl.
material is built up into a bulk, the Si at each

Phys. Lemr AEl966spr 32 c Fhiseeforvnee duopis dhat high, efﬂmtﬁsyiﬂﬁmbc rmagfe by

using tHg WrnRopet R bt Gttt b8 Hnb TR T ilitots Al DngiRef i s Bltercs

means tRSICSILER bk IilﬁadE% Bt citiRy 8 naypd dipastihdtae€ddson Gd SieRdr a p-type
roxi mately md-gap .during crystal growth, so there

ap
dopant ﬂ@? fesides ap Aéaﬂtﬁs éfi’hlglaﬁfwrlaﬁﬂ@med cadsen the sig yﬁm%m?@wmated

r@lrbq] e electrons nornally associ at ed
mththé&?ﬁ%g%g?en onors are nore evident in surface states
Oas wetdamwel techniquesgontldllingahaFgin level att hanrfaes, wan dlew bé used to

woid el BE S e DR gobe s i ork b

for n—tyjé\é Hbpihe H@dr"ih@sﬁﬁi&@ rAsdtﬁﬁ@ﬁil i@bhilttdpSnttBYoltR thesi ét%ach former

dopant solubi 1ty I'imt. This effect can be used
surface Qﬂmdmgtplmpmmewuh alfgatioieofthe §j ddpantsewitghing frodeGh elmsdn As

sites and e, B8 ufit ot o TR Tt PlmtstsmRrerHie Pt 2l fidhe surface s
pinned ﬂﬁfr@hﬁhteYﬂxﬂ@ngﬁ 868G drfstdl SEthere i Ao Hidk bardikd Pfuration

l'imt for doping inthe bulk material, because the
evident ¢ deppstsiesethersuriage, ankibe plectaensuiormally assopipigh withdke Si donors

e orE B0y SRS 8o, B Sy OB
pinned m&bg@@.ﬁﬁ% MBEegrewe, Shichtdvees ﬁaaturzﬁly foy nftsrpimate@al@ airide
ved by using a suitable excess

G
growth, ?\5 Fal rerpainiagiongp donspt allthe way age fts gpmt ﬁolulah@sh% This effect
can be Usb&R7&GvE Righ'¥pace charge density, hence narrow depletion width, and can be

exploited to improve tunneling ohmic contacts. But the effect does not raise the carrier
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5 surface doping levels, in accordance with an aspect
of this invention. One aspect of this invention avoids
wohe/nsdsdbe switching by Si and the formation of peT/US02/33670
preci pitates, such as My pracipitates, by the use of
hi gher than normal growh rates, such as growth rates
in the range of about 1 pm hour to about 5 pm hour.
Traditionally, high Be doping in conventional (also
saturaliPRRiISr Bb3hs IAIP i)l i MBE. gr.out i
“gives rise I?ggli nt ® DR b otibise I%Reueoﬁ%%%ﬁg‘?{gy HeBMthlaa with
the hi caqarger condentiatibn fvorseSigitgywisdhiigroled sRe M dtiér to compensate

the d c.ondu&ti n g{}d val E.rgce bands. This m d-band energy. .
© CORYE ARC [SHCH Lo fi&e PRIBKITRRVED 1 hiRardeniag ¢an herichieved by
using NQmbRAXREI\YRIdHAR i ! | i
B Ry ot pioarehtifa S L R oo il o gy n the
surfaceydoping levels5m acporgance withsin aspedt loétHeingentmbst i t ut i onal

el el S A s

precipildies eucledsadp %r@:iiﬂi‘l!afe@,rﬂsb’tfhe G%ﬂﬁﬁ%lrﬂﬂ} han iR g‘i’@ﬂhqgteg, WWeh as

dom nate the carrier |'ifetinme through non-radiativ

growthoiziss i the rangsy of abpitc b ip, abbTG pmbwuces heavi |y

AU SO e s

or HT () MBECgroseingivas fiserto diterstislsl i) with @oste idepid charfi& mSvifiSan

0 si t.e, vacangi es, and/or As precipitates
energy RSPt 1 5p0Bictiah HEbYATigp bands. Bhisaui<panh nergy stae dominaies
the recOfBmbRbA ﬁk@ﬁan%il ,'\ffvﬁﬁ%ﬂ-ﬁcﬁaﬁ\j@%ae?u? é?lri ty carrier

Ife stal,

reconbi nati on time 1nacr thus limting

tByecoptras prier ast lowi-tgimperapire grovsn @AYG)(GaAsTEatedid) (typically at 200 —
i tates can produce

o [ a ch defects or. precipi ;
350 °ChRs it 8 o Beioh B Riemel ien R kel Do R Brogoces a b
densitypddetpldvenddfesteisbaated (Wi tEhedcidSs. Fm;@ ®ofe Eb%ﬁqﬁ@

anplifiers, and wavel ength converters), and anni Y at e
compenspiedhe Bgslopiag and dpminsiesthe carsieblifstimedhyiongh figreedlinpive ngpture.

More s e G B LRy AR R Frai@ e R ahchs rerorap o Gads

matrix. Ghisprgel exesss of enibaORAMLCIOPOrITR hidh dhSent@Rob8F dgdallifle defects,
5,508, 829, LTG Al GaAs non-I|i near

hash S, Pg,gdent . Al _
such as 5N, 1 6.3 Kacanmes, siptAs pregivitpten (especidliyralier anmealing).

DefectsARH| &394 : f SON, ,.P. D.
et P E%cjé@fat M R ’dl\/gﬁhgc%, e SR sanRy fecpmifBRARF Rciniadh o cpystal,
thus limitirg/ghefbendfess bBhigh dopigg by vegrf B G ip paticalas dudthdifects or
cesses- HIG or

- - e f the traditi E
prec1p1tE@%}Eﬂféroggﬁdm%émgﬁu{zfe%%%%rh{l@éu3 r i PEWIthepyiation inversion
which fuieMastirs) Spkica kipli AeRPAE Wik ' ' i
(' .carri err sgt urati oin1 limts Miﬁ%@%&é@g’%%ﬁ%@hﬁﬁ |eaefl?c\'/:rgnsm
a transifiQIcHiAse HegiPh (preanmting HBEESHIRCTLUB0AI33620gaR)] A '

RUGLEHEE WARBEE B b S5 pPLGR AFAp iR s LBt st
semicondnctdritiategials q@hlby hddhed. Ss PaieaiNe UL $6W 3220 ETmaWstr{BnﬁP ar

. . superior . properties. For Be-dopéd &aA8, a typica
optical Iﬁﬁgfeaés@diiﬂl&@%@ba%%@hmﬁm Wil h6,ek906 by T InFrdeduf, R.T.

Hodgsof, ¥PDC I MVOR L o he nate
oc8 1E’er_TperKngc%?éé’ I'n }(’Eeélﬁ?lgﬁé\g ' Wfo Iarg%lLﬁq‘ﬂ éﬂé{[f’l c.
In view of the foregoing it can be appreciated that neither of the traditional MBE

processes— HTG 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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 recombingon gt fue 06

5 500 C, which forces Be onto Ga sites as nor nal

acceptors, w thout producing interstitial Be or
wongeidssry such a | arge concentration of defects PCT/US02/33670

associ ated with excess As tat the mnority lifetinme

becones degraded. MIG can occur at higher or | ower

t enper atures, dependi ng upon specifics of the matrix,

dopant, and grow h nethod. Reference is now nmade to

Fi gure 2A which conceptual |y depicts . recaonbi nation

A RS Spediorihe HRRe! Bemongr bR i LotbERIPtPE TP rth

(MTG)?MBE@)Q'@(EH&%S%F %oﬁﬁlﬁnégliﬁsﬁp UePEAsHR B AR SiyStals WItH Bpbhdr

in accordance Wth tt nvention versus prior art"
propertleis gffor Bie-depidrigeAse o ipical MTG peocessdn degeadancd withithe igvention

| 0g-sScal e.of t.he,reconmbi.natjqn rate 14 For
would tyBta e Fn e mipBirife R SRt TS Fut Gty el ofropsily 350 -
500 °C, whigR R&¥cad BY oRfoQROdifel B @drmiaPadcBStofle Rithbit dducing interstitial Be or
non-radi ati ve traps. The abscissa 104 is the

creating aieh @rlatagroonesmintion efdafecty assqaiated with exerys Nsthag tgipigority
er

I
6 convey “quaf 5E B {GPRY Weperdifts Ueflortfitg upon

speciﬁc%@ﬁtlf?ﬁﬁtrbi dopanf) 286 ¥eirgh n-:c'Etlﬁ)dcurhvesdwi Il dif Ler for Be

at ot her, concentratjons Qr. .ot her opants than Be, .
Bfprencsis Bew dhadide ﬁge&%wéﬁclmsipwgf qapicRRecqpipation rates
s SR k30 SRS Bt
materialyin acedrdanemwith ghis mvemion vehses priovat higb BerdopingdevelssiniGraehs.

. radiatiye recordi nation rate i,ch is pri.naril "
ondinate 304 & steR o b g R e or By loingon, the
recomb8ffi6A fdte id SenbRilly PeRAMDAL toQRe BRI 0N Abi-YadRhive traps. The abscissa

non-radlatlvetrags or the growh tenperature. It is

104 is the-terperasure afithe GeAnsubstraia during:MB giopsh {OF eenres, theuewes are

C, 4 -
concep bl MOSPHRRIS ey WO QU oL LR YRR of
crossoverspThd cardves Will\diffes foh Belaf bthet eomoeritadtions Yor dbaaloghmgthan Be, and

materials grown at.|lower substrate tenperatyres 25 106
for otheg sittiges tharhPams. Aok cpries wil] g0 E"@%‘égﬁm YaRP @fﬁomrégmwthl instead
ofmﬂgﬁg%ﬂ%@e&%%éé Ysch imﬁgéﬁm@&g% gﬁiﬁlg ﬁ{&!}‘?ﬂfe%u?‘% 150

rt minority éarrier eti ectly in
represeuts tiecradiatine oacpombanationrake] @hichds prinmrity afinctiont of the majority hole

naon-radi ati ve recomnbi nat,i gn 1 nori carti.ers. Thi
concentp Bl g0} SUGTAPRRE PPy GO of BOARLEe Rigps of the
growth tdh§REdaFAt ion in the GaAs matrix is depicted in Figure
_ 2A" as curve 139. GaAs doped with Be atons at high

Bravwgh knewalis thewst thatishe waerpertign of px@ss Asinfhe Sade matrsy

| . Lani fi . fr i.on of om ' i t]
which pib AL BOE PRt bddyibion SaBb IR ARG Bl Al S bl Bivin o
lower sigbsbbteadsmbBRned) Accdriigly, ancraboxewh plowat kybstisie edigdratures
conventional MBE deposition, and the.interstjtial Be

106 exhihibghighenanriadiativescepmbinatieroate, ehervad; diferijeby photoluminescence

experinlgRR NSk Tafier MOLRSS YidAtecly In (G g fbratine LTG

materialsras €astridn-atiatives redepbiatieh cfinmerityueditisrs dfhiclimiten thel 5.
. | B ing. ' gi,!B' bl e in_.
For, | ower, Be dog% ,gconcegtra.t [ g% Se IS gtd%gmt%dllgﬁgure 2A
v BN 4 SRS dh FatIRAPARBRA Skl Grell b ioRad It
% cul_pvo_lue tGi)aAFS?tE’ ?st ilti zﬁ%tt e %l_t oW gogﬁﬂ%; (gfgnsi les is th €Y results
in a signifigint Giabtien 60Be atos betmning ierstiigelusing gesyth asligher substrate

'_ tempera%rgsp {(ﬁ, Yudfhs the 500 - %56@6 %ﬁ&%ﬂ&e typically used for conventional MBE

deposition, and the interstitial Be atoms result in an increased non-radiative recombination rate.
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5 grown at tenperatures up to normal can exhibit a

| ower probability of-non-radiative reconbi nati on so
W0O3g3@®7 t he doping level is kept |ow Oxygen  PCT/US62/33670

cont am nants- including oxyden atons (i.e., 0),

radicals (e.g., 0-, 02-, Osl, oxygen nolecules (i.e.,

02) and oxygen-beari ng conpounds (i.e., ON C3a20)-

that bind with the sem conductor nmaterial typically

' bi he J.ati] . adiat ]
The norgygfepiv rhctiniifionffie B RS BR b ANl LR Jebi Bl Bt Biubli B urve
145. FoRivadriBY ddpingécdééhtationd] Be 19stalilb antheliiticind \worvedds would not

nor nal %rovvt tenperatures 108. The density of .
have a signifipantiterpsraturedepprsienca (Lenreeombination due tg interstitial Berat jow

i B Ay AP U S SRAAGRIRO
grown #t Wendperaehizes uplte nommearcédiibit 4 krwertprotmbilitypvfronahdiaties

MBE growt h chanpers kes curve 142 the practi cal
recombigiaign 6 g%&h@%ﬂ%&%@l&@t@ﬁsny of non-radiative
| éigéﬁpwma AbAQn HAGMAE 'oﬁy%aeat&ﬁs e PRk '(é.%', b-e0™, 09,
pr IS SNO an

_ ence of O atons as curves 143 144, i
oxygen imivdemilésai. t.e O; randvxggdueheaging icgimpoundeifean, OHL,&7a@)— that bind with

ro by LTG 1086, compl exes.. formw.,th even higher
the semfFo By i tiakyapioy Biad By 6 FRtee hhiio BEFFofyRe Haps, and
are signtfRIERAY Motk BRelF S bind Mhen AR miteriay erdwiit MTEQ0? kiiay when grown
unl ess a gettering material |ike is present in the

at normplegrph testherssuneh £03. The densits 0f norraatiie reqombingtion ghanaels in a
s B QT BLRRIRY S0 ISR Qe ot s

approxitriateddu rcuse 1422Thelebhmeroidl thdad toilakd évepicieahdr MBB pwewth @hambers

at or near HTG tenperatures. The curves |abeled 162,
makes cppvs Lifithe @aac&lea?roégeﬁ%\f?d Soptist i densiy of oty

hAke 3 ' f 143
ecom REREATRL O el o AR5 BYATE vty e
and 144s thesolatienicwress B hight?. When fdteriabisgrown by BEGcldoy © cobplexes

o o e s Vi S PR BB o

not to hix KR OlddnsitpifledsWnctielihy Matebid] KRPAPR QRistntlif theShiAtiRf since the
curves 139, 144 and 145 and does not _cross_curve 150

O source(s) title on sheslnsIsarfacenvithout epmbining or bisdings Sareby nobingorporating

o o RSB 4 Sy A0y Bl BB T 1 R e

or near HOI(hembefhinrdef i ned by the intersection of curves 139
and 150). js likely to be dom nated by non-radjative
T@awﬁawl% 16% lgéalrﬁ }f&#‘?wswdrtpéhest,otaga@-f 13tiyg
o . i t

recont 3y 24 PR GBS LRI U e BIE B

represenipthetsam dfxavvasd 39,2 and 145 sd erossesmrpr 0ab pointsyi 45fand 157.

corve 165 St hs 555 as8urs 1ot 1sl ool crofea v fidoins 146

and 156?%25%@@4%?‘&%%3 tH@Eim%i afibabé B39 $4PRR DA dn@RoBYnG @%&gbﬁrve

are, respectively: signi ficant 152, little

150 in this enampleCOF veurse] eBtegialigrosm = any topmiecaiireds thehight of paint 158

(@eined ol sheSeneTR P SHRE LR 1500 87 P R OERS i fr3gped by the

 intersecB@d 6f QlrSedEBnd 150) is URelyna B H¥mirmetdty ntR-r@diative recombination of

.. non-radiative reconbi nati on node, respectively.
minority carriers, due to the relative slopes of the exemplary curves.

Curves 162, 163 and 164 have minima at progressively higher points, leaving regions

wherein the probability of radiative recombination would be expected to dominate (i.e. be
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5 For curve 162 in accordance with the invention,

radi ati ve reconbi nati on domnates in the region with
wownsiseém hei ght 152, width 151, and substrate  PpCTUS02/33670

temperatures between 147 angd 157. As the ordinarily

skilled reader will appreciate, the ratio of the

radi ative to non-radiative reconbination curves (in

Figure 2A) corresponds to the ratio of radiative to

above) On'r{gﬁ%ﬂé’ﬁﬁy: g? n%{%gggt@e'f &??fgg& {iﬁ . innglgntoth are, respectively:
significh RITPED, #ttly ESS\bekidi, Qirdest 1631 dnd UGH mm@plchﬂtftwmratt, af moderate
MIG i n accordance with the i nventi on course, there

substratsdAmapisBIrB. they rewegiveSRspIucaantenalng R T parions fave o
t red. For
pedon8 o d SRR ALSBIALS s Fopemoe
Fad caitve 162 iresaeotianatvidnthe dndention sadiative necnmtlvmatlmeig)imimtes in
and,sybstrate te ture

wth height 1 th, 15
the regippNULRATRT REEHASR, width L5% Ak sirateyppgraiies paeen 147 and
157. A h@’(\ﬁ’dlhgkblg%ﬁf?fe@ PEHaEr %ﬂltdg)p%:i , th fati§ BF MR r&cﬁé‘m}é‘%b @bnridiative

al ways ve 15 150, ative reconbi nation

' recombiimtionauBess (mﬁ‘lgmrev’!é) rcetrespondsitoi theratio rof nattiativie 40 nopr-tadintive

o SHRCH el R ShHE R o B BRIt 151

illustrateB {8 é&l@bﬁtof M’l@ ineeordhdde \ﬂiﬁl@tlﬂ@ﬁsfﬁﬂhoﬁf@wohrsé Hﬁ@e cahdlso be a
none have produced prom sing results. The  presen

sweet sppfy enisdhe cwa%ﬂ%@f@@nlezaé the temperahise phersrl 5 mWGBYBd For the
curve 1(53'1_{1 %c%?d%@f:é %ﬂﬂtmet %ﬁdr Satdfa@gé e oMbirdioh) d?nunatea only 1n the

conventi ona

region with hklghk d55 tvﬁdthﬂjseaﬂdh tubsﬂuﬁnémpetaﬂuﬁeséaetw&n dgﬁl am:blﬁ& h e
nd the desirabili takiW

orﬁnce of trace O, %
Slgmﬁ%agﬁ@ analgrial, grov 1 gefogdancg With noos At Gurve 16
150, no'ileﬂpfaﬁ% tREmBIaab L miRgR f‘dd’ia%v@ Bt ation Y ThatBal frown at all

alning prior art | uresmterms of Figure
_substratdtempmaaneaars bel i eve that previous investigators did

t 142, that it |ay.
D PP A B e Ve SuSR PG Al erpigiate
betweeAl NG Iuyd ﬁrmapgmw%m@y But ﬁﬁ@mv@?ﬁou ébdcﬂ?@:ﬁﬁﬁig&eﬁdﬁts &The
I.

GaAs nmatri x gromn prior art ne
present dRYaNEGTs hresseaesniwe thas B maiag |artrMT6rfalé1@re$ w& mHQst h&@y caused by O

conam{ S5 Sab 8o BTGy AR Bory
recogm@éd ﬂmmﬂpoﬂtéﬁ:e dfratd Qdndahe tiés&abuhqv@f takihg ispecificcsaepsttb atoid its

the inventiogn's prefer ed meftéhod of grow ng 30
presencﬁa{né,}tﬂgqtgrgqhzgitpe(gg% s EomthemyEion i “e. oxygen

%p?x% gh&rﬁcf 15%8 u&gﬁﬁ%mgm-@m'ﬁx ﬁiv%htora%ﬁwﬁﬁt previous

s above

nt and non-obvi ous &dvantages over

_ mvestlgamm idid wotappreeitedbs. cutve 142 esisttdnoer thuttltﬂay below (amb’ex:the left of)

curves Bl bty 153 mkly o QD S B BSaa g a6 Cofp atix

- grown thbwﬂ AlfhoBl ti%f vﬁmeeﬁdygén preSend Qe SbbyEtlirh itk n%m) has

oxygen-bearing al'loys o0r m xtures) i1s preferabl
thereforedihgn excdssiveestlustratod &Yy the greater keight (dppg M)m&p@ms 148 and 144
tonl%lg?t is typical of present- day MBE chanmbers. It
preferred to provide a partial pressure

85 Hoe cFiRSlabdive it ReY@ethat (e iwhtioNy pesteroaménod of growing
materials below 10.11 ton. It is noted that a higher

- materiajsipEngXygen-peQrcavisenyment (i.e. oxygen at only ultra-trace concentration levels)
~provides significant and non-obvicus advantages over traditional methods. In accordance with

this aspect of the invention, oxygen (which may appear as Oz, O™, 02_,_ OH ™, oxides of
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5 be used if the defect density of the material being

grown, due to oxygen or other elenents, can be kept
woRbh3dgel ow about 1016 defects per cnB, and espemiBt$a/33670

bel ow about 1016 defects pem cnB, such as bel ow 108

defects per cnR2 per nolecular layer. Since the ratio

of radiative to non- radiative l[ifetinmes matters nore

than the absolute lifetines, a direct band gap

alli ﬁﬁl X
galliurPdrel dtbdr spkdibs, 8r bs B8 E‘roh?@t'h@zt Mygeﬁ 6 2 Iﬂ%é &?gxﬁresg is

etine can tolerate a hi gher ect
pr efergbly g eqiucgd deloscths tqialrprme epprozimately ﬂu@gltm‘ that is typlcal of present-

h k
s SRR 138 ST S B L D
and/omavq&geﬂbsaﬁ@rmﬁenély belewr 10! toh Ttk hbed thAl hYg’h%Hb%[Hlal pressure may
b E@e{g 8 its contents are nmade and kept™ clean, "and
e usefS‘al t lepsiy of Higeatoral being Epeion, aljie kas0xygai gr other elements can
be keﬂt WEBH AR ISR B (ﬁk'e%ts otn® !5l %Epeg{all%e wgg}lgogtpleolgcﬁe%ects per

anber and_ contents e 'S subj*e
cm® suelcaﬂ,bnlcpm ipf d@‘eﬁnpemﬂ\per mm[l&ulal' E@enf ISaiEe tharate bﬁ%xatzve to non-

nber i kept cold (e.qg.,
T ad‘a*‘l"‘r' %S‘?tﬂn"ﬁuf{‘? TRof '}teﬁlgetmu% diregs §M&pdnatena1 Wlth a
shortef HHiHRE redﬂ%%nﬁﬁéﬂd@&ﬂ%bf&%t@% }i%ﬁ {yt ﬁgﬂsﬂﬁ,t §ugﬁ1 afl e
al so Il known, and I ncl usi ig

defects,g@rmgxizn condi ti ons, such as by cool i ng to 3He
cconmodat i o [

| |
oF Rl AR b e il VG s bkpost @ the felds of
epitaxmligfonak, \ﬂb&ﬁd@bsﬂaﬁ taad *\rﬁﬁlunffﬁii&fcb aTyp‘iééﬂ? ASulfth-hi 'vac&.'im

ntroduci ng a speci es of | ow Vapof pressu

Chambllégﬁl 1% GoRésnty are mypde pad kepy clm,eand dekedwud todislodge wunee of
monold e eg)iﬁ}g Bh%% ﬁl%aehﬁ{s ﬁlZeut%ﬂi ?‘gﬁl ][glgxq@{,sg;tpg:ha f @{ con?ents are

subjecbiteimgh smled aabmugpuﬂqang tdreﬁfodre indl€tuted lﬂ@iﬁﬂhe volbgheC ARt thee
(a203, or other

n introdquced a
chamb % A Phol ety St Bl (6 ot gtense compsraticehss s dsorption
furthermet hods can be used to nmi ntai n advant ageous
envi ronnental conditions for the practice of the

iMetbads fon redphisgroxygdncoatadenation doe albe wel fpown, aatiénclude: using
is helpful to

f th ,
eS8 o e o
accothwloﬁaﬂﬁesl SreaRveyl infinith: iBgodd arP fhtb[eastui'l%@e 8ka gFgettenng
on _Ga sites, Beaw is in ynam c
materlai a‘éﬁ% 3kl TinORME: TntFadusingaspedies Qﬂaalomapal:massyre non-refractory
getterifpORSRALIAL M3 org%e BE 48 t% e{r%)o %{}'&re} Iersgt%ﬁ ésl(@)f) mgrpf Al, Mg, or Be

concentration
added tosﬁ)(gaﬁm tRCIHERO hARGEDandGa bhiag endlted AlgithePid order to lcomplex

d | ectroni.c e@%clllbrl m_ The concentration of neutra
and capiire pxygen infrpduced as Gap), a3, g5 othwr contamingnts. Theseeas well as other

-techmqﬁ@ﬁi‘ﬁﬂéth@dé ¢l b@ﬁjsé@ﬁ'lﬁzﬁﬁkaﬁea(ﬁﬁqiggeo%s on ngl%ﬂ]a% ﬁorgﬁsons for the

are shal | owp-type acceptors concen

- practicq ofithe invertien. Be is defined as ND, and the

598 trati ionized interstitial Be is defined
TBOEER o Rrtsrabiediseefiedmencis Olheinention i gt to

considet, 16 deril B8 dop g@mbrﬁf)dﬁﬁ%é@éfﬁf@ When@a &4 {5 Wped Wtth BE, {hl

U|I|br|umvv|

: _concentrglon of Be dopant on Ga sites, Beg,, is in thermodynamic equilibrium with the sum of

| the Ga vacancy concentration, Vg, plus the Be interstitial concentration, Be;:

Bege ® Voo + Ber M



LO

L5

the sum of the concentration of ionized Be on Ga

sites, Be(®, plus the concentration of holes, p. That
wolz/0Bmep ' Be Ga + p. Substituting from (1), wepEi/n802/33670

NA Vca + NDt3 NA + p. The2sconcentration of neutral

Be on interstitial sites is in equilibriumwth the

sum of the concentration of ionized Be on interstitial

sites plus the concentration of electrons, ii. Solving

. or DeII.ust t ND<* ND4# n. J.0 th . .
There ififo b badiontCecdinfunt A chibeirabin ot netitralifh & B ites g defined
as N, aad ¥ { B)ih c&é&axaﬂah@fﬁ)mzéd(%oﬂ Ga ﬁtd&a&&haﬁémme@ﬁﬂﬁ)&r%type

t|n the Ga vacancy concentration to th

|
acceptogf Eig aenwentrasion of @yprstitaliBegs defined ap Aonpichie @owuﬁaﬁlw
1on1zedg1$t@gﬁt1§1%e Béﬂ?éd a%%’at ISHE aE&%lﬁr'e %@e]}t %321 goncentration

ionl ze e on acc® es 1o Toncentrati on
Similaneasly, 82 doncaimraﬂon sf featral Bdon Ga sites, Ny, is in equilibrium with

the surr Gty R EHL{aHPR PEAA5H it Gt ish, A o RS st eargitin of holes,
p. That {eBREIBUBLE, Lo, Sskiad#he fond Q) Xwﬁhnd A ¢ Ovaq L NB Y, @ p. The

At "T'ow dopi ng P oncentrat on ria
concentiation iofi aeutral Bnabntlmers@nal]qu)aszlsuw eguililsriwm mm;h the ﬁumblﬁthe

concentgaglpgx I;#’ {qnbzr?d %)Cpn( 'ﬁkfﬁ@tl@} sr;s Elus E%eaqrﬁan%%ﬁrl n 9% %@ﬁ?rlc?qsf 1. tyqqgring

forNDtéll%L(s'Ehath:’éNWt* npis < 1, the material is n- type by
ef|n|t|on and (NN N+D) < 1, neaning NA < N D. For

i thewell dapwapchetfis) @ca@quwllbgum(maﬂqﬁ) Yos=1K (¥l us2, where

) r ARy
sy s il oM S GRS RS ool i b
Py CcdlB&tmgStenﬁdibozﬁ NfdsbledRations Rediapadieheguatioh telating the toncentration
(Pg am c, reasons, the rrata]gl&l al can never cross
of jonizgq Bgn F%/Fﬁﬁtof gites.tp phe.congentration afiignized Beomn dasprsitesy pe
(e.g., Be) dopant, nor fromn-type top-type by the
addi tion of nore n- type (e.g., Si) dopant. This is
Wt/ 8 pex (¢ 68 s P (B;t/qf;)f ng that the linmtin@)val ue of
| og(N WD 03/ 036697 PCT/ US02/ 33670 26 A/ N-FD) cannot
change sign, lest increasing the dopant concentration
where #fi9 Hfefin@ingRdAERr cOndehition SRS MaleyiBat k@Rpdr¥Re: P ranH 'rz.é & (1 x p)
versa, which woul d be unphysical. ‘Equation (3)
at eCIWIlblll‘g'ébr aic realization of carrier saturation vi a

AEG a8 SRR SRR ORI OB i 1

the (K'(ZQ POR):1) geramiy >siyahd Matekalio pdyﬂd‘lﬁy definitionndq@TJ / BTp)S 1, meaning
at Flow can . one use thjs,insight to | ncrease

> Nmat bE kT Poal SRRt 5, 1 dakenal is 7o BRODY deR@gon SRaRE4 SN o)

<1’ d?{f (nf /p)2 smaller, wthout changing the sign
| men1 g]Q?g'(Nd?

N+D) ? As the ordinari | y skilled reader
Raor highemgoping levels, 52 ve safn; 4wéaue The physhosd hawldkear. Reorganizing

ar at el
equatxon (Ef) carrier satur: a{lon occurs when

(m/p) =1/ (K(D)x Paz) €)

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 n-
type (e.g., Si) dopant. This is often expressed by stating that the limiting value of logV™
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-approaq%g@v?;%{rg ege;p 52212 7!
" the MTERAR WP %t?fﬁbieﬁf‘eﬁ&b.&seés é()'v@r thd &oicp}f?)r htilc t m Iﬁ?:[s incorporated

conbi nation. One could raise the crystal's

tenperature, T thereby raising nj regardless of the lo
worpasdseon K(T). One could also raise K (T) by SBIEUS62/33670

met hod. And/ or one could rasése the As pressure, PA32,

during crystal growth. Raising n, during growh is

chal | engi ng, due to surface degradation at higher

growth tenperatures. There are, neverthel ess, many

A/N" Dy\’@é’rﬁloi Ehah@é §i8nNestiicr@RARY HAAGANMEdnledtiioh R¥8E R bﬁ’dﬁge in 51gn

such as using one or nore rapid thermal quenches af
from ndyipe tow-iype er viee uetsy, ovhichvgild bs unphysivah Bgnatiom(@islas. aigebralc

e

on the &lﬂsﬁa&d Ridd of lé@@dtioﬁt(ﬂ) frenpeswihy b8y shidllad GePdil tBe pathiof carrier
Specifically, a rapid high tenperature thernmal anneal

saturatign quench raises ni, whose effect in equation (2) is
GG EREShe HRE R}i\g %Ptot 1ﬁcr{e£’s% é&ﬂﬁ?f s%'flﬂ'ﬁt?o Wkca oltl{n]er words
turn ralses on urn o room Y enperat ure
make plargénaidher/ lﬂ pmddmhwtthout aha:@mg the sign olf thglPé 4t/V ') b}a?l Asthe
P wever, that increasing parti
ordmarﬂ%%a ¢r ‘K@l PRl eCiAs; ée‘fqr‘ﬂﬂ)’e‘}i’ﬁﬁ F‘Wd“’&{]%{ii ﬁe%@gly 5 in
I
combu%ﬁcg% ggf? cfoulcfs r;é%sﬁ ?%t &ggﬁluﬁeﬁig%gﬁl%%% ﬁ‘:é?_é i gﬁ’%l z??e@&n R dics of the
impact 20 &S Prseconld dlse radsel KB byisome metlyod. daldlod ene neuld raisesheAs

of ,t hese r but preferably al so includes
pressurF’o@ﬂé%’ ﬁwg'%‘ﬂ&& fﬁfﬂ”ﬁbte tenperature during growth to
sﬁdgﬁn ; Mifng aneah WehaBeridd 16 RNHUBXS &SEPadifion QMﬁghetr%ﬁ)wth
[

onetric am)unt) i's |ncorporated Into the
temper@m;@ t Ehere drenigvetthelassamery ways tgmaizgsiin @@@@da@w With itheainvention,

s s B0 94 ol RS RTSHS i 108 BB W

temperitomeannaald Suchameal eychds)ahould prdf&ﬁb]ly&m Kepichrief)winue there are
past. to | ad to a ver excess of ani
generalljiitant ugder fafs of sitaine %tg”é"ef&mé’éfﬁ“&fs duties MBE growih.
FabR0h e
Specﬁ@ﬂ@ﬁ%fabi@%gﬁ%&%% ritf l\%ﬁéﬂall‘ %ﬁzgégllzﬁfgg se§ r?;lﬁzhosfe‘yﬁ'eggn
equatlon §2)ds pasnahediuprer retuim byroowf temperaiirs, Wltlch i® tumtrexsest Mat/ N pupon
ceturn ¢ X(g Hjln i n accordance with an aspect of these
P E’ y al so be acconplished by perform ng,
mr)th@?(ipﬁd)&h 18 r@ﬁn% APkeud bélfﬁjraﬁeiﬁ% e, Bowever, /ﬁﬁat increasing
i npl ant i nto WD 037036697 PCT/ US02/33670 27 the
the partigh pfeswiie 0648 farpemie g during grayih dogsnas ey ltﬁelfnmss Bugpsince the
surfaceto?%%ﬁ?ksﬁ%ﬂngsﬁsgtTﬂte&Xﬂnggg wf% preferred embodi ment
I nvertion Uses an ess ' of anions (e.g.,

Hiyperdopig, innaoccbrdante Wthl‘m'ﬁdvalt[o&, ARy ﬁﬂt&ucﬁfcﬁ:@@r imtee afthede
){ surface during growth
}L@Nqﬂasébessubﬁtéatp mgrduging growth to

pressure, or may not |tse
into thevcaystah & waintabn Iaefersallugb As présmas irteroblitdehderystaln(as eppdsedsto

 externa R R Gk 3B s B o B ey AT P sbstate

tempera@tﬁ‘é MR h&ﬂ)ééh%hbﬂﬁ i% ﬁi%‘iﬁﬁttb fali 902 %ry'fﬁglpé)t&ays %ﬂdn@ :'ndtably
hat occurs in_a doped sem conductor, such

As, resmd iogrearded Asmicondus prepromaties assaeintedbwith rthehexcess As. (See, for
examplé",w[fg.rlga?éﬁ? ﬁo\é’.' 557 f§§9 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 irto
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- anti-site§ (Ascoreprtipn sitespand infggit

i nvention, hyperdoped materials may have an increased

carrier saturation concentration of 1o majority
woaBsmnsgps conpared to prior art materials. As t hEsSBUS#2/33670

ordinarily skilled in the art will recognize, the

hyper dopi ng and MIG techniques of the present

invention are readily applicable to other conpound

sem conductors where excess anion incorporation is

e srBEERBE mHEL S E rcAFs
Hy pRIFEHARI dhebo bt Q€ TR M enB6S udcl afleR@iss 6F didhs! (M,fg.l Qrsenic)
nEhot eri ¢ dopants, such as Si, Ge, C, and so forth;

a -
produced he MTE sapisetheeffictive ntion gessure st the goystal susfage durmg growth,

HOWGV%/Ig ’apﬁé%gesg t@éés fa%%%gﬁ% %Bm%%ﬁﬁgo@?gnﬁ%ﬂgﬁ %%s‘c\i&ﬂfé%creased
As predbd, bEALPor haGeY inald clealeaatch eaapees) d8her Aitermathessandede As

the nethod can be usedi@&gs’bgnp&%v&h%g%%h%gtgﬁwcanbeusedto

. 1 s i ol a - A i
raise thEHTER SARHetiB o ek B P M fort ol et LYRUPPd.
semiconductorn, abch)as Bekdoped Gads,ABiidoped SaAdyandtsa detu dh godirdatss with the
. P, .or sone, comhi,natign thereof. , A rapi.d t.hernal .
inventigsh, H¥RErdORAdMPAtSTIAlS Mgy DAve b EicreaEed Gamies SitTatioR cpasspifatian of

majorith'QIT@rs BipAaRe pridf ¥R RaagRAUS! y enpl oyed. _
el f - conpensati on by anion vacancies is actually quite

dwrthose ordinetily skilled énthgert wiloaengnize, the hpesrdeniapand Md'G

e SO0 3198 el SR T AP OB G0 bR boductrs
where &ic8a BbrintotperadoRisi@sdibleindR 2PN agRrise lige Tk, GaP, GaN, eic.,
|imted by self-conpensation via cation, vacanci es

and II-VheeisaiglsdiceAng, &mbe stoy Hynsidrring 2lon sergseliizestp albpr Group IV
emphoAFUSRRHS oFch 813 EnY SERER: Bl SnfolFHmpESRRE s, st
as Be, %, Vg nCd,\ape; and mthet compdund seinpemdogongsueh able'ss, GaPj aGmAlAs,

cto A ETECE A, o, VB bR o

methodXSAYedlsby toﬂﬁl?f(ﬁ)’értﬁéido SRS} BEGLROMEPEGE bRsdighg the anion
mnority carriers than holes, “applications exist Tor

concentrificrhduringrgrowithyah 800y 1669 40 fivhighhoadket the MKG subsirate teiAperatures

exanpl. in a. &AA.As/ RAs heterojunction field effect
for thesp BTN, PhRF FREAOT SRR LTS b aS BT s0E 5P Sieshon thereof
A rapidd8erehid Bfigdal GAIMA YR ad@geshbBirity RenREAndeY(Rifth ak 908AC) may then

n- channel device, the FET is nodul ated from
advant%s@aﬁm@pm@d-(a ectrons in the channel) to depletion

. . .he. )., t

SISO ARHBRES Rtioh TRILHE ARG gbite ififlon 6h oy when Se

vacancibetsérepersategetpeniarogercdopihgin ey Hapetopiog is wbo linigd o p-type

. the, channel rather than nodul ation dopin Wen ., .. .
-materla@*ca‘hﬁe Hyyeptorshaye plsgicrrtedibiyge deping inwide petd gahurepials limited by

self-corﬁﬁéﬂs%or?ﬁ@ %%fiod}jg%ﬁ%dibsﬁﬂﬂ@ad&%ﬂd@ﬁ&1§v£&§ﬁ&i.§s? ij%’lsp%&ed geélf-

n- channel s hyper doped n-type w can

- compensatiembncmionyacanbies isskaygeBionoyi soget matende are-dopgidered

nfeasitfEEprpriy b -Dpstsoliet i et e 1o Pl et papeials

to be prédidedstitisatypedbhdittivity.about 1 x 1019

While high p-type hyperdoping is generally preferred, because electrons are faster
minority carriers than holes, applications exist for which high r-type hyperdoping would be
valuable. For example, in a GaAlAs/GaAs heterojunction field effect transistor (HFET), the
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cm -3 due to self conpensation via the anphoteric

nature of Si. However, in the depletion 10 region
wWOows3egegr owt h caused by surface Ferm | evel pi negmgsoz/33670

the ionized donor saturatiaem is equal to the

solubility limt of 1 or 2 x 1020 cm 3. Therefore, if

a crystal is doped to the Si  solubility limt and

t hen exposed to a rapid thermal anneal and quench, the

chunn G, SR Ea 507t ot PERTUL! 85, B ol om

accuminiyition Geledtogs inf the chdrinal) €5 depdtion] eleoionlabsene ffomthe ¢hannel). When
contacts escri bed belgw. . 15 Reference i s now made

as V. , : A Je,,
the heterpiyncgign barier fogglestonsiswmalldif isibetter ippehipypagcymplation via direct

. | . V 0

doping 4R Bhonet et Bl UL W heh €Ria R TRl T Btons to
increaseQ@ignsitysandfdrapeeddhigh natypeidoping iz dabirdble somjohanrtels dfHIRETS
hvperdS Q0 entrat. og. 10%.8 As is well known in the art, the
yperdpRe AyRAVIER Plian D agyaidagePi®rs in a direct band gap

SKRES Q888 ST pidRbehAIR!n-MBE (RAs! hY 85188, 1t LRSI in GaAs is

concentrati gn o dopant "0 102 up to a critical point ;
usuallyfless thae 2 well0e rqnar, whareasdhe equilibrwiny bulk candier sapwratiorpis about 1 x 107

- hj nki in_t art. h r.dopi al.Lo the criti,cal..
om'* iR pgosaln Tt PR RRE RGBS SEver, B b idltion
region dhtiaypRgvth bisedbly alrface Feihalbidpinais, GRIi6MieédSdondr saturation is

hyperdoped materials to,be reduced  hel owwgpneral |y .
equal t‘agll*‘e“_é).lﬂbéméf ek kork sl Palsme . Thefprerif actysishiseloped to the Si
- . : r
R e Lo T S L T
densityaatithe saface, MNypinings ﬂ\%yﬂ.ﬁll ajuaittiecsolubility liﬁlﬂ;]t. Thisusadf Ipperdoping

... Occurs, not just the n-type orp-type character, so 25
faclhtafceﬁﬁ]?ql%?g qqu]galg)ysci ekm lwpsdﬁﬁ %@“%‘1" W-enabl es a
IR FE8h S bl %zdde 4O Pigide 2BY %&%h@@%@gggéﬁ&ﬁ%nes fof eevew prior art

di rect ban p sem conductors suc m nor i

g :
and exegaplaryEinventive mapsialsa lethetfigpie e tptali pinonity eldctbon lifetime, 103, is

r.adi ipve lLi.feti.ne 0 lon t j ori.ty of .
plotted B8 MK c e TS ol eorPitrtibn 102, ATl HelikhoBh in the ar, the
radiativiel iffefin8@s catfiers it & dirbdtband 84 edhib@ubiir BRriABy @b Inbersely as the
carrier doping concentrafion, assum ng the mpjorit

concenizaion gl dapapiANE pde paatcal ol &orihe mefsrinh Incontiom vethstradional
. . | . t [o1.1 .
cinking b 18 B AR 5 A ARt i
level, tlgrs;ﬂiiami@&e mdﬁﬂhrfaﬂifétﬁnﬂslbg&arrtégsh Ir}ypmdbpédr Iﬁﬁﬁl_‘ialﬁ toybd lduced
efects, an o .fort . ccordingly, to achnl eve
below geags ﬁf%qssglﬁﬁlamm\rﬁ@%hlé HeRTQs A eReEria el pontass bave
o BB B oA L R SSfingsth i
doping lavel gtawhich cdrsien sphiratpoor deauts; ndtg)st sheystyaabr pitype dhbtactet, so
t he Be.. dopant .shoul d, resi.de on, vacant, Ga, at.onic .
controtglf spelcnicfs i g Bltnh Beess Bignsiriral dopiagiowsL fobepgbioved.
Bbpdirétt Bend @b@bﬂniwnﬁuaaﬁlshéh 4sC0a AL ikdrits barrieP R A

relativel ree of point, line, of interface defects,

typically deminated bicradistive lifetimes owdong asthe grajority bbiecdabination events are
e i-ni : : [ Ly, 5,at wWhi ch t
i S ST e LAY AP,

concenteetidpssulg thiajority basier abjjiaatiesieSordthe apflopridtd @tomic sites of
mnority carrier ljfetime, r,,, is inversely

 the host Gryyiahand Shese afeqioratiaer sigaiicantinensyadiativg carsiey icgombiaptiony
_mechan%%@gse%ﬁ@h%? sedr}!eﬁ;lev-gmréps', Eﬁ'&gtraf&efécgé ahd 9@%@.()&”%?:&%@@, to

] norit'y’ carrier dynamc
achieve maximum electro-optical performance (manifested by high speed and high efficiency)
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significant. This is depicted in Figure 2B, wherein
the inventors have established that 10 hyperdopi ng

woigslosdser beyond 1019 c¢cm 3 still produces nateri abEr/iisn2/33670
which the mnority carrier 29(electron) lifetine is
still dom nated by the radiative lifetinme, and not by

Auger reconbination or other non-radiative
mechani sms. By contrast,-the prior art 113 (fit by the

o 25ty BA%h B S RSt SR gy e

dopant @H&ﬂd (SR dB Yacart GaWi6AIYEies; (bﬁhe Bbhdengaivn, of Wiedviitia B atoms

Lubyshev, and WK, Li u er reconbi nation in

should hg gé)ang)ely; sl ﬁc)db@@rgst@ahg:uld bgmgla ey Jree of peint, lingepr intgrface
defects p&ch Ja.§ ngcaﬁgneg Bt c%&&%r {h%ﬂgﬁesh élggkﬁclﬁtﬁgso ahd cﬁ Wpurity

carrrer cont Ion an en car rer

atoms whﬂhatm wap barfiet i(suweh aQ\Tdi,([hJ 'y, @) shoald bd leyedsloapgspassbit OWhen
i ntroduce a significant density of non- rad| ative

these obgiYRSiAHEEIFlo HICHBAVA SATTiRr BLCHT 7o g wveisely grRpartienabto the

tonizedRGE el G shRalaBO WL Gl anctor speed of

f[&lmmv&t@rehtmﬁ‘shqs hmidsnhﬂﬂysorn@ otliep @dlnatity icareisr dywamic becomes
e effi

and | ower, radi at i Je
significaiih Eribsdﬁé e B e ’c%léefﬂ%'é‘? g gRLersmave gxtab, b ot
hyperd%ﬁ WIth E@ﬁ%ﬁﬂ {0? \A%n?n §“ﬁjgfdﬁg‘$%sjnﬁﬁa|(‘|§‘f?§£§‘ wgﬁgﬁtslgé%renrngnty carrier
(electr@Rhﬂanma\l@ Istild doxam@,teﬁ bg. thewidiative likdtines, ped/nadyrAuger recombination
th etl . and fjnt er nal quantum efficiency of surface-
oro erz%mﬂaél RECHAIEN: hal of Applied Physics 12, 49, pp

@iy%nﬁ@st Sthe gaﬁ&San 113 (it by tlfettfu‘z‘ﬁe i prédutassohrddiatiens

data on Be pe GaAs gr own i accopdange with

recombinéion (ysdng Eéﬁpla omﬂéﬁ@mwg@n Kb e 4nd RREIem O#geR K.
Ahrenk?eé%f’%‘%iﬁ%so%ﬁ@%ﬁz&?ﬁ djg.g.isfdé.{bgghe@l and%fllgrﬁﬂ,c‘%dé%r p&%ﬁﬁﬁﬁon in

an’ exe
heav11y8>b,1‘hmt-duped Gaabr’ ippl Shysidierrg TBNES, ipp v%&le) Mbmeﬁ although high

Ti me resql ved, phot ol um n Ece test st uct ‘3@
C doping; g RiSF theicHgich CONeGRIFaLSR a3 sl iFimp. Gdpping at
all leve%ra?)ﬁ@arﬂci trdfude Rl sigiifahl dé‘%@it# @f ﬁ&“fa@[ﬁu%cﬁﬁhﬁﬁbﬂ‘ Béfters into

i nch dianeter Vertical” G adi ent Freeze
the cryséalmand thesd cepiersgloBinate thaubinoritit earrig@Uifgtime (whiglp fuinglsEDs) and

overs TR RGBSR BRI S 815 oAl SRR v

and of |6veERfatidb eBlefbnby t}ﬁntcBﬁlpEl%fe%e SNAE & x éi’(ﬂoﬁeﬁ%o i¥Bfsame dopant
Substrate 901 was then |oaded into the growth

conceniggiigper . In the growt h chanber, the substrate

EEHRIT Mo ¥ o %%S@%ﬂ %ﬁﬁwﬁﬁﬁﬁ%%wo obgrs (R
Nelson adRI@SSdbersd! Bfﬁﬁd& cafrie lifdtheeamiinttsel quditus léﬂ&hérﬁty of surface-
merat ur e enreducedt0|ts initial

free Ga g jovael ! e S mAloR-G0iBelTeh By nipdid. Curve
112 shoAHeFRUBE) “%*’ ‘?%%#g‘a o MBS agf ol bihtho FR AR HARd
measur@d/b,y Kepssit NRELA Conifef IS sihaw& rlaiﬁ(ha Stfauss. 8 al. gm of undoped
erat ure was

1%@5%’5’8 15 rg)rvi%inéd@olﬁgmgebfé \( Sh Eie ts an exemplary test rg:truc‘mre

fabricated using the inventive process. Time resolved photoluminescence test structures

incorporating a layer of hyperdoped GaAs material were grown with an EPI Gen II solid

source MBE system upon a two inch diameter Vertical Gradient Freeze semi-insulating GaAs

substrate. Substrate 901 was mounted on & non-bonded substrate mount, Substrate 901 was



10

15

20

25

30

order to enable growth of a 0.5 gmLT-GAs buffer
| ayer 903 to reduce the mgration of i o inpurities
wbnensdstre substrate into the epitaxial structurepCifosoz/33670
further reduce this inpurit3y mgration, the substrate
tenperature was i ncreased back to 600 C and a 10
period superlattice 904 was grown utilizing 0.01 gm
alternati ng | ayers of undoped GaAs and A103Ga0. 7As.
; ' @ e 901 was then
ont-gasit 51, 00 BRI a0 O o R DBl 5t 80 M Subsinte 90
loaded iinthIJhB igroveth cha.mherdhfthel gravgh icheraber b auhisirote terapgraureovas

measuréi1 %itlg@é rmggé%%?ébit{aﬁgﬂﬁw%ﬁeﬂ%& 7 a feq 05$8aff%remé g (g‘ I,ﬁ())r 5

mmuteé)é 'd@Q)rB tlﬁesﬁﬁhé 08lesAThé Eﬁlﬂfrﬁ:& i epdtuRrwisnBeni@BEed o its initial
his layer functions to confine mnority carriers 906

growthtemplemuﬂwﬁéﬂa(%ed GaAs region 908 that follows. Over

?ge n%ﬁ{% @5@3@5’85 ‘gﬁzl%giﬁmﬂ%ﬁ%]ﬁ%@gr Hf mtlal GaAs was

grown &t @h Msaell GEMES il Cyro@iRdmdA d ayeepresiiire. irtmffier layer 902 of 0.5
Alo. 30, 7As to pure As. 20 The Be cell é}lng %{ u‘{ﬁ
um of updeped GaAs Was &ragf@dThf‘os Bisite tempgtatire veag the regcy in

order tom%égatagg@g@ dred.® thGr Sahs HAES: 1a {&%s&@fe%ucé tﬁlb%méx% bBf

strate tenperature, doping and ]
impuritieofrpostht isebsirafhnte the grdial stpeture.cBufurther redtiaedhis swphiriye

i B e R 35 35 S 1 it sptic
904 was) FhARieHho e pﬁ}%ﬂb&&tu?@ﬁyeryaf §nd<%)é& GaW@%n& !A‘P&é(@ag% This

a substr at et enper at ur e” of
superiawv@mpsaggmnaes At dleAloe0a. m&aﬁqd@m@]pe@wns,t grfwm@gg 53D,

9 (simlar graded | ayer 907)
lmpunn%ﬁpg\/\@%u &tagbe #W%Vg 0“9%‘%19 &ergceproduce | ayer 9009,
a:hsa oat ,@mtl@w 903 LAR;GaS Al ﬂepags»gqbetvﬂﬂﬁm)— G sarod® Whegrown
cel | tenperature was i ncreased over the ne

using a Bprpel§ at atemperajyrg @b axonad d60f &= iisdayes fugcsionpto con}me mlnonty
carriers 906 {Cﬁer %g?égo %&ﬁe@gﬁéf%@%ﬁ? oltRs, fol | oned by

ano mla p-type Al0.3Gao. 7As
Oograte nextiio. (Eeuﬁl,othhléubstlﬁtemﬂlp&&%mrﬁ Wwassredacetlito 50@Q) °C and the Al cell

norit arriers t.Q erd d .on 90
was cocl G ORE oo SRl &t sien HEE R on g to pure Gas.
The Be ear ﬂ%@r&% Wb ikr&fseBo HRLO10E 8, k&8s fontlo Wg@ﬁfe Wpkddeped

the density of non-radi ative reco nat i on
Thexeforief thisaegibe was gcadﬁd.uubaubame temperatresdapingand Al
hout, .al.so

o el bfapt

region tq ém

composfiBf: T ekt it ik i T et i

Alp3GadMBRGHOheeofudbticd. SO be used to create materials with

i ncreased dopi nghconcentratl on at a s given radiative
Therraatt duym lgivet i dhe achial hypardaned &aAsregipRaos. sZF hl%h@%rrwaérgmm
3 e
at 8 sub ¥ deierdle o SAFEC A KO rEnstiRCEalt o8 S8 By
type to 9enotadi ati ve reconbi nation than the best prior art

B cerseainer 900 fsiip s Srea 0By Q0nEIoaed BV RRABIELe, 208
To prodGéEal &0 bubIRELE temperature was increased to 600 °C and the Al cell
temperature was increased over the next 0.05 um, so as to grade the composition up to
Al 3Gag7As. This graded layer was followed by another of 0.2 pm layer 910 of p-type
Alo3GaosAs doped with BetoNa=5x 10" thus confining minority carriers to hyperdoped

erg?ped -

region 908.
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efficient LEDs and hi gher gain transistors. The

performance of a nunber of inportant devices to is
woanisabt ed by the mnority carrier lifetine- PCT/US02/33670

especi ally devices that enpiioy gai n nedia,

el ectrol um nescent nedia, a sem conductor pn, npn,

orpnp tunnel junctions, diodes, or other

mul titerm nal sem conduct or deV|ces. Not abl e exanples

S R S 06 gy B G i i

the denk1qg<bﬁ11cgﬂtad'mt1vé revbinbihstion d‘dnmmkmlvsd it ciate abalrte create lggaends with

reducecﬁa%am Rt b dspoting Sou el G Gi COTPEID Gpattels dominate.
Hyperdg%i‘ri]igr .QisB Be Qlfs tja%réafﬁﬁﬁ&?ﬁé %h(lﬁ’éred[ské d6fl (‘!@Hc@ﬁ\frauon ata

alrzat: on) such devi ces al Ices to be
given riliativie lifbtime, exhethar theredieivanlifpmieds lmg@’e)rbbmr&fn ®s hyperdoping can
rior e.one or

R R Lt T S R

recomb@aBifh EiRinihe PSS pRNCAL AHAEES at %gi%n hihedoplrigdevel.
oscillation frequency, | ower ti me constants,

Bedunieg theaurbability pf:mm-r@ghat%m@pmbmmen prables dhe qreationsof more
efﬁclengI Eﬁ?ﬁ %Pcrl‘ Iﬁlgrfl%r g%}h grhaﬁsﬁstgrg nflﬁcﬂeﬁ%frﬁllfn?ée 0%34111}1%81' lgfﬁgf-tant devices

ower operatl

is contrblhécﬂghtﬂedmﬂdﬁfyeﬁﬁxer lifegifrey— @sifu@iaumdeezfcés thivssneploy gainl haedia,
., Hyperdoping can al so offer, better

electrola@meé%en?al By  SEMICPRYPIN HE 7Y PwnPaWan@qu% dipdes, or other
multltelﬁﬂéifs@ﬁﬁégnﬂﬁ&or AQiRE MStdlle o %ﬂc};lgg}lles%f SEAHEAE 'ﬁfél@c!e tlranswtors

evi ces operate ast er and SO It Is use
amplifierk, oscitlates, efemodulstiond) acttvefilievse ntvesten) fogy gateddimigers,ttbreshold

detectofSuiges s PIis lnoka, s, TAsah: VESBLS fssfeond P oot Bnpiiters,

and wafe@éigai ahRRrteANHypdddPidgd6he bARIrELiBA (- its 'éq@ik}ataﬂr ge)‘i&%hzatlon) in
to acritical concentration, usua ower s

dopi
such degicks zlﬂmeeefewcws kebabndle thab kit aertain perﬁ)ra@mm:l@ne%f@mmwgd to

o o B S5IG AR AP Sl 2o BRBE s AR b

elearolhﬁ&es@mde bRl clighic réleibn besBationef Eﬁ@Ul(ﬂ\FeﬁR!CDﬂilne constants,
fgt ure, accelerated agin ot her detri nent al
greater E@W@f& clengy, kéwrpawerrles%é’&ﬁa%hq% ginlsing, Righar cpptachetiigency,

r sP
higher (g R, olek op Bl Bl lon/ S i @hetdlodtent Blgher
efficien&g sindfoa higheNgain Aliypeydedingoan alsoGdhifer he;tter demcmg) -davice
erature l,ecul ar Beam Epi taxy of GaAs." Appl.
repmdusﬁ@?w F‘tmm%% ‘7“6‘%697 PCT/ US02/ 33670 32 (1995)
Hpgenéfhl %ni'aﬂéﬂsenﬂdxﬁlhetoﬁdéﬂeﬁ of)gralte fﬁst&‘ﬁnd%blfeﬁ%s it i§ abeFl to

sites,

' ehmlnaicaﬁ%febu Vdn@h prsverd seajiag asievies tazlanaltﬁn sizy Ia pt%mcnlar,aysr of
k
advantaligels B 18t B oD e for T8 Rl BRMBEH o figdee

resistanéd, TEShPLfpatopile upus hasitica ﬁﬁnédﬁtrhhﬁl, l%b‘lhdﬂy lé‘ﬁéﬁ\iﬂ fthree

the mnority carrier lifetime in such prior, art 5 is
r eSlStan%?ﬁfﬂmf’@HtS B a device. A@WATING any Fesistanee eeyapeneaids /il vantaggeus

becausegﬁb o VE)R?% c{rgl? %&dﬁﬁgﬂuﬁgﬁeagﬁ% f"f{ all'd-l‘_cﬁ;éref&?e g&%&r loss,

i Ci per ng 1n accord

electromiptatioh) hempmhe ngscl@htet apimg, dndvahdér Ririmdinaieifecious| y,

er dapi resent s . several advantages for_increasin
gg‘%g\l, irngte %oglts are well-known in the prior att, 911(:% as MLP. Patliar T.P. 8hm,

- IM. Woodall, M.S. Lundstrom and M.R. Melloch, “Very Low Resistance Non-Alloyed Ohmic

Contacts Using Low Temperature Molecular Beam Epitaxy of GaAs.” Appl. Phys. Lett. 66,
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current handling capability or reducing its resistive

| osses. By enabling doping densities to be io0
wonessssed by up to an order of magnitude or nOrECT/O$0R/33670

series resistance of a |ayee can be reduced by a

simlar factor. Likew se, contact resistance is

general |y reduced when contacting heavily doped

| ayers. Since |lower resistance results in |ower Joul e

(1995)qumzuﬁsmpmdt ihfnlBR)3 nm} REBRe !re;%klﬁ{] ﬁgfﬂg'db ﬁf&bﬁu?sf ith the §i

I'ower | osses and hence reduced h
mostlycen Gip sijes, gan baprstectedngpivstexidation by behméa;m efl, TG @,mssm a

mekes 2o Minfll BRRadh Scoofl HFanTFe A Giing PG Tepledepe heipe pp.Ga

sites bdwhgh €tfe mﬁfﬂ:@@m@ﬁﬁﬁ@@ﬂﬁ HSweRYRhe mm‘NrftF &4k lif@ﬂlﬂie itPsuch prior art
gi ven device, may be operated ‘at hi gher current

is domghated by Ban-radiatiye traps assordated with ghe egesstA thit rewilts Som thopse of
LG, S804 5 B 7 g SEL L D B i

inventiop. a conbi nati on. Thus, the incorporation of
power di ssi pation

dop whe
B B, b it e o o s s
current! Hzfi‘ﬂﬁﬂ’é ESpaBIRY Or ABYULiR d%*it@f&%ﬁtﬂz&fé@&@ 15% Hfé%gfﬁecﬂs}%s to be

vol t age, "and power ssipation to e ac
mcreasaébym@rtg@mosdamﬁmgnimae or Fioge rﬂmsems sistancacdt adaysrehn be

ol L b SRS o b i
heavﬂyad@”eﬁ Iay'&@ |Siﬂoé'1@‘gerqjéii3tﬁlcerr€siﬂt§ l@l&%? J &?&%ﬁgezldﬁ%@ ?If I’R),

ortant as devi ces are nade snal

these l%ﬁﬁﬁi wilkeshibit lowes lossesiand hense re@creématmg &mhﬂy,d;ze dgvmge

Voltagéé‘%‘éﬁ’ bo%ﬁﬂcrﬂ?)ﬂig( Ill'éﬁhé%g %e%%@% I@Sggﬁ{%ﬁi%bﬁf&? dléceg d the
operating lﬁteqdlﬁrxey Gaﬁiihtmtfj‘@él { @30R C)AudfBe hiphed if tesiihc @i,

e sem conduct material 313 as in Figure 3A and

Altern S{YP AgeRCIeYIcRmay @E?@Fedtaéh% ol @S dangikies, @&herr.bmlmpasmg
the total Quﬁérﬂli&f ¥ d@\%ehwitﬁt Remb g.geg tgéc ééglélgq ?&g;e aE,vllnur .

hei r conmon |nter ace
mamta:lgmg & mnsmatoml cuﬂmtpm’od'tmamblmmbnn@hlw, théum;bormonrttfo

hyperd@&g, lsﬁerg %rgp%rgo gg; ptggfe?r hﬁglgerlt;q%gﬁ%v&t “%88 is s&m{i@ﬁg@ables

d 1@
b ot b ST 08 SRl AR o

dlSSlPat%l@ch?eacb’ﬁVQfﬂl of 301, or the enti re t hi ckness of sone

ol i e 447 AR A B A5 coma

by a pnee mlt QOB (A those ondiriaglyl dkate in Eh@a}@m@z%%d:hﬁhﬁhﬁz hmic
th oncentration of the dopant is enhanced in 31
remstangqﬁi‘t&g

PRgs morgmporteRtisderigps ae magde smellemelraditianatlyeelmisrcontact
resistan®d ?srl%cfeﬁttﬁrrdcﬂgﬁﬁlgm fme c‘f&n‘?&t hglﬁ% Pclcgl %{%ﬁtql groyyfh. This is done

recrystallrze
by affixingyi etad 501 Iwéuuhactoatanﬁ@&ultsbla ﬂupdﬂt 3021 ang,nAuG@ béaring 7l afjacent

tothe sqiBR PP uitpriel S5 gh i Pigurenb anddratiaging sbigomRiciogyo o

temperaf@re sBficfer KSRGS botﬁ Ei%@ rthé ﬁ‘kﬁﬁ frPCmtRRP R &'t et Bifnon

recrystallized netal at
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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orintertgi JIR FeS 1efE e Rdne Sheliar bt 1R @R crN cpimg

Unfortunately, this standard prior art approach is

sensitive to a nunber of factors, i o including:
woaBiadshon in the tenperature and thickness of tHeEr/US02/33670

melt; non-planarities in ti3@ interface region (e.g.,

spi king of AuGe interfaces into GaAs) due to

preferential dissolution along certain

crystallographlc planes surface tension, or other

f ' b | 3
some of i BF 5518 T fiokneR sZ8beh LR 385 Pefperinf 3pEe Shlhe
thicknes Idégi)ctedyarl ation in size of the alloyed region

3@&5_@ and others. The interfaces at 308 and 312 m% not

11
[Y€hest the arelios cg@e@) amdath semicpndyugtorgegrystallized in 311 (see Figure 3C),

: I
the conggﬁt%itloﬁﬁ)g]gg dd}gurﬁxgtt rﬁg e%l Ia% ﬁiglgare{i B ?fsgé ﬁ%@rg%‘a& rﬂiy not be
a clean Mi) @lanaohmfﬂcy 3inbaieed the ®ld awxfe&@@tanﬁeds bepmicondubior AUre
pl anar, nmetal - sem conductor interfaces 310,

| TGCIYSt?JFé%WBPH@fW?W@dS Yall Véppwtmegb%mecdopmm@lﬁsed into

311 frofl 36 bgf 3698 kﬁéralzfmlﬂﬁgﬂg %Bﬂ%cﬂ@% lﬁl%?e mBF fne;'ilg}gﬁcﬁ b:eZdr ci}ean or

now rrade to |gur epi ct” an
planar interface beimtean bld ahdcrewmﬂdhmﬂ metat £e308nvent i ve

DR Juis SERg Py 4 aPmsRaLS SstRe o p Sepbt Curtors

includixb%i va RS ek the tdniekanh@ aHd tHidkteld T SRR ndl pId¥SitieP the
| oyi ng techni ques. The higher dopi ng that results

interface regipR keghspking o dngieriserangs yite IGdish dugiogheferesiial dissolution

along c&@ﬁn %e s?aef %ta}%} Hl%]nueg VﬁH"H% evlv,‘ens(f\i’cnf,t d}% r@#h%? glf%:z? zrgegha(r:ﬂrl]%g g}stablhty of
the melt ktﬁmﬁﬂmmg amshdatiag gmcsss Qﬁ'lﬁ:hﬁiﬁr%l’tbmbbraﬁ}re rdnfpiy); variation in size
Oftheahunnel i ng resistance Such tunnel ohm ¢

ergdresion 3 sand ofhemckhedntegfaces #t A0k may Btibe plwar or
parallel JQ %@ﬁéﬁ hl%%ﬂ QO Bndic i iREERoe, 3107 ﬁfterfa%@?lﬁ Bﬁ%ﬁ b Iaﬁshﬂl%ed from
a tunnel1hg

ty and transm ssion coefficient
303 and)ﬂmght notiteel et plaime Mosticompdoinby in psacgioe,fsuciacd tension will cause non-

t enper at ur epen enc econd, cgertai.,n mater
planar AL SR eon Grelty R L0, T Hheaing Sealne M grealien thpgraphic
feature ﬁB@J Y5y sdnfidSndic®AUbYcsONMPl i cating the use of |ow
barrier contacts. In such materials, tunnelin

Beferenseds now rrtalde tmﬂgurﬁsaa!sr #Bowhibhidepictom earcm%rse@mm contact

ot o 2450 Pl ST R AR,
hyperddpins dlfowsvlghic teﬁﬂaétfrémswﬂc)é t@Bél Idveer@bivahfif deduirdip the use of alloys

mrror-|ike planar, snooth netal- sem conductor

Cor allomgttsi;hna%@w%berﬂ@a %dpa@gﬁhaé resyifs fgm the bypesdapingimethpd yields a
~ higher s‘g@é’ee&fafgh 2 ﬁt s élgﬁh%%ﬁégr %J?A{ 3y glgangg repggrystyﬁg gﬁlﬁ?’@?@ch in

~ tumm prddhe&s & Hughepreturﬁmnhng tressnifsiorenefigiem €. @pbmmLﬂmelﬁg\tbsiﬂance)

VCSEL d t.cavity LEDs, c¢an ) .
Such wﬁ’fﬁ@ﬁﬁﬂ%&? P@ﬂfgﬁg RepacpumbeE 0%@%%%9‘@1' Hﬁ‘?@&?ﬁg Kgrgbagier ohmic
contactsMPirSe) 1R spatd AIBRAIAN by ddd tﬁﬁ?mis@foﬁ‘é@@ﬁicl’éﬁy & @f&gﬁ&m %hmzc

particularly advantdgeous. he prior art,

‘contact degsynokaylbit siggdicant thingératvon d@mdmceo%coﬁd d:apammalteﬂad) surfaces

in a high.once ratlﬁn of dopant

cating dhe ysg ol low

barrier GOREHRM. & ﬁﬁ!:h%dtéhdw Vy@inslind tciaciPiRe Me BOE FREHAPSIRRL Rontacts.
the mere presence ‘of interstitial dopant is

Third, serhseliyigmetgletsmicaidneer unnemgpnisrheassan Neprionrgh @nrent densities.
Fourth, ﬁi‘gﬁ%ﬁé&%@ catt Bg oﬁjt?u b fom d Hfr?or—lﬁ(e 'lgﬁa? rs‘?ﬁolottﬁ r%letal-

semiconductor interface formed without alloying. The fact that the invention can provide high
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dopant can m grate under the influence of heat or an
electric field. The hyperdoped i o sem conduct or
womB@sdgsad i n accordance with this invention avoieSr/o$02/33670
mtigates this problem sisace substantially all of
t he dopant atons are |ocated on anion or cation sites,
and not interstitially wiwthin the crystal lattice.
Fi gure 4A shows a region of bul k sem conductor 413
=t i .
auality cBBact 3ot JRB Al YRR Cans Mt 3% pek B Il Spfecloctronc
devices, stelr 4sa¢@SBDSand res@rmoborasay EEDs,1&Gnistdnarhdtieally ireproiein Use of
. metal 401 does not require. any, doping,, sipce it
mirrors 0} SbgiyPEHED gFF E3SBHPEE HHHIEE Sy derethis prticplprly
advantz%ebﬁ&m needi ng to be reheated. Sem conductor materi al
13 can be deposited by standard sem conduct or

il thesprioy aggthiepmisiwaysso ght alighaetsenisaionef dopans into the matrix

eposd tion apor i tax Of:,: ecul.ar -
resultecg B'IID 3 glg} ’cgg%enﬁgﬁ il %ﬂg&%%rﬁ g:%lg%;‘mgﬁ%tg@ﬁtu%]gﬁﬂ%l elg ﬁletr*b%%%ﬁlanve traps
associabedpeitll B stitid JoPAre ietdccéplable; ¢iay &8 @eesthdelbtiftersiitis epant is
. i nventign. The contact material 401 2Q (preferabl ) .
disadvaptaggpys Hage ibeompioguses e Ippe-termustBERY of theelpiice; yap g intprstitial
dopant S&Y! }ﬁggﬁi%e%%r B U c;}"heatstg‘%tefercf e1® e HBerdo eéi
evaporation, or a variety of vapor phase or “Fi un

semicopdasa methads acdondamoerwith tlis asventidn aveydstoe natiysed thigpoolsem,

. t,0. rempve. apy surface oxide on.top of the, hyperdoped

since sSHAOEANYAL PbiieldRpEF AP o (O5PIEY @R BNGR Of FEIBALES B fiffe

interstifiaﬁl}jﬁ'fﬁﬁ‘%ﬁe gfra_gﬁﬁfcg_nt act due to the oxide. The oxide
ma Vv y

é r eno a nunmber of techniques, including
Wigimest Acshoasi arggion of hakisealcond B tartdd Bithey hpsibsenpyperdopesl, so as

to formgﬁeﬁ;%igi % 1'91%[3}1 o iglﬂ'l%etggr%ia? ?éz}r]cﬁcggpgiag%{]@tq%égé 303, In accordance
with thél BIVREG) imet A0 [dOELEE raMuid bAlY Mopild Rirdchdd alilbdToiE 8n Skeellent
Al t hough interface 403 can be nolecularly flat or

ohmic eangact wathi4ly wisioghesedingrie berehsated Searieprdgetor material 413 can be
_ y 19t SRy
depomt%c?E g{' ¥halrl ! ch&th é%ﬁgg{gy %lgﬁ%eﬁtp %lﬁ'.lh e ﬁfagﬁ@é%fog g;g}g)r

ness O ein can e exp
depositiviny vapor phasespitamy, ionmbleguinebeki) epitaly soriomyes ardniei axeeds,is used
the reflectivity of 403 wi |l be as high f easi bl e, .
to hypeipel i mAHBn S EATREA Withing pros Sycufien. The cpeatt Raicrial 401
. . . ; ;
ety Y R4 3L Bk kg S5t LAt O v
sputterigg,ddating, avapovationy omarroigtyndiviaporphaspos luguid phrise method® In some

M ST R e

 semicoRidictd? @l W1 3ES HSOerd an BREABin 1A REisRGEe Of thBRbMBH e flihe oxide.

or bel ow other optional material 422 in order to form

- The oxige maydsiampvesthy & gumbeneftsshmgsesaingludde plasmaeleaning erghemical

. t . light transm ssion and/or
etcmg@é?giéleﬁhrfﬁ%ﬁg ep?%élo ‘op, the bottom the top and

Thé hpproach of EigdneerA isdepemibaltg soipldplebs wriabk, ikl lasd dependent
and absol yte reflectivities of mrrors 404 and 424,

on procats Avigaidi Ten sk of Figwae 3C cAltenehinterfars 403 rcapbe malésuleoty flat or

aritrarft b0 B TRe AoBf for B haliflioR ol ISR 465 ©
Therflbtmesslof thetefive 465 sarteaxphitddds antrdi2ds sheawnindigire 4B).
reso ies, .a
I

In one sy dgrggrgt,l @%ggfiqsci;&{% éé rgﬁfillFlé@ng%gH %?c ags%}:{lﬁénd gﬂ'g 42%t;prg{iuced'

“on one side will reflect back as 421 to the same side. (Equivalently, light produced on the

‘metal side can be made to stay on the metal side.) In another embodiment, an optional mirror
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opt oel ectroni c devices. In sone cases, it may be
advant ageous for layer 401 to include a 10
weasnmeyduct i ng layer at its interface with | ayerceds/33670
If said sem conducting layes's dielectric properties
can be matched to the reflective properties of the
metal, the mrror reflected can be increased with
said Bragg-1like conbination of dielectri c and metallic

materialrlj g%é gs?lt }ﬁ%aeﬁgaggg%ﬁﬁ;és | I‘chéeita \fé\{g{gﬁyﬂ%ﬁ}e ug ac 3, ptl-gnﬁly across a

second ﬁﬁﬁﬁadé&iﬂnih”ﬂeﬁeﬂ QB iofl bElotvartiRe optigabiRiriiat4i2inasde teifvnne
th the invention, as a neans 15 of reduci nggthe

resonampdt bepuean Al ad 423 Materialsmayrbeysslegterditg peFmit lght transmission
and/or %g%e it gg@é te u{ eff)t%gt&g '{i}é td;) aﬁxwr?'tto&n ?%‘%béﬁl@ﬁﬁeﬁen@iﬁé @n both
the relatie€ @mﬁ)atrsahut@feﬂeeﬂmaes of miners 40d anﬁ d24i 404 ghaaalites tlefdepiction of

m d-gap states naturally occurring at a GaAs surfage,
a mirrof; wheigith Qs B JReRIOSt pgo ik smplagly %en&fa?aﬁ & MUTRr 7Y

imnermBy R 9DORGHLY GGl ﬁ%ﬁﬁ&pgﬁgmal%di% e useful for

tors, transi stors, anong
reflectons, meirros, Basbna:m |ca:v1’aes;i ambbth@ devices renablihgasees RCEIEDs, and other

optosleg R VIR PhiPa s T oh oL 40T B indidse

semicoAdicHAR MydLattiRSnferht &6 ah Wybi 1B, n@aﬂrs@nﬂmﬂuaﬁlgqﬁyeﬁwmtnc
to provide passivation. Al GaAs's band gap iis w de

properties gp bmstobed tmdre seflegtive prapertienefithe aetal. ghermiges r@?ﬁcted can be
mcreasgcfl{v{th Shid cﬁf‘%ég LHte F&Jng’\ﬁ’atb gﬁﬁédt%gﬂ{smﬁ&aﬁ{c rhflGerdfs nor i ty

rers rom enetratlng

Rlé&ren%b Gostesw ande te F@‘m‘@ 4Ct 'Iﬂ&: mmﬁﬁpbrdmgeﬁaﬁz&emﬂ Bnables a

Hyper doped nat er i abl es_an al ternatlv superi or
S‘“faceé’éﬁ‘ﬁ’é’@ﬂ apgie gﬁ H?ISEIHPH’-' ’é‘ aegordansg peigh '&’ﬁé“‘@ﬂ?%ﬁ? § &eans

of reduéﬂé ﬁ%%?ffe%ﬁ@é’@?&@%&ﬁlbﬁgﬁﬁg? vélbc@ﬁat‘éb?}éasre?lg%ﬁgﬂeag&ﬁﬁémfaces It is

lations in dopant
well knowe dlhat advard Gads stalt‘aeeleelubrts ceery highl sorfiace mcombimeticon velory due

ch |eI used.force.carrigrs .awa
tothe HighnE GO BidBoR, eioR BUURLE PO B & AT FRE R oG igh loss of
mmorltg %ﬂ‘ri@fb at thi surFacRNP |ld?ss oﬁseréﬂ @@fﬂe&e&iﬁ@@ efforméRBe 620120 Bells,
sem conductor with a band gap 202 lies 30

photodﬁ@qﬁ@‘ax andbipglpetransisters-ampps otheg eleptronic and entoeleieonis dgawes

vasonf s e B 58500 Pt BB ASRES, S, B

velocity, h@clfﬁrdig 1h§\ﬂ&i suzfiOe mtﬁla&et%ﬁijﬁﬁﬂtioﬁ lof AiGhAS fm@evﬁa ihasswatlon
created by the doping difference between regi.ons 215
AlGaAS g odsT SREEGRABE PGS 9913 ssafbamsstorré@erlwarrf?r &Rrrent

flow, pléa%r fn%%os@ be ﬁ#erdlﬁah})f daﬁjxéii WhE it B ?&ﬁ} 1A ng ;’pl ré?‘]cratmg the

enent mn0|tyeectrons I'n
AlGaAbamidre2dhing ﬁmrexpds&desuﬁa&nel y high doping I evels

ssi,bl e, with dopi n t he surface stat.es
BoRS HapEL TR bleE S et bR e R R qTbcnique to
reduce fhe RiYeftivetPface fedbinBRatSERANS 18 well RnSWh iR Sariations i in dopant

reconbi nation velocity. Furthernmore, hyperdopin
density capbibimangtd o exshiecai infgrret ¢16ﬁg¢€51 ﬁ@l@geraenmmlyamkt aidiuch a field

cam be YRRg E5rof ek iy Tosh AR nsb Oy deteflvodi i o P tihleF g argon

- For exafiPpR, WndahiIROd &b 9 type TaRmE 16" dfisericbhduchdy dn'tlﬁﬂ' bardap 202 lies

© 30

art can readlly recogni ze that simlar surface

beneathphyprideppda-taped weion 238 withe bawdigap 281 WFhasurfaeg 24} of the

hyperdo@%ér X %&%@e}ﬂﬂ?i& Ef %@g g%ﬁ‘% ?])? E\H'T‘a%g Q{ateg%ﬁ&ﬁ &n? theMermi level 210.

enoug
The potential difference 221 created by the doping d1fference between regions 215 and 216
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mnority carriers froma lightly doped region so that
they penetrate only a limted, finite 1.0 distance
wonBo3ea9or e heavily doped cappi ng | ayer bef ore pCT/US02/33670
returning to the lightly daped region. That is, the
field can be used as a surface passivation corral.
Unfortunately, this technique is problematic at
hi gher dopi ng densi.ties, because band gap shri nkage
r: : i £ j j :
e 3 ph e R AR e LA 00 M oy gcirons
in the ¢daxinetiondtand 211, Fypphe exieyrsly high Hoping levels @assilil® 94th hyperdoping,

the s e o e Bl it e 1 nang 5.
furtherYe @M e 4448 deQRedodbiftftlon ﬁ)g . IHRGERES R Wpe Spgag% capable of

prior art materials wth dopinhg gradi ent a

achievingrstrangly degrmietaiitlyy dopddamaterizle 25 susb dhas fthielaring eveh2i® pushes into

the valfiB o BF cRHRE of KOG Pa bohelEg Spete SOty nariy silled
in the ¢ elin eI red RMUIhA iR suEUERBEVHtioh BRlectd 0ERbESLHBIEH when

of the benefit of a doping gradient. 20 In contrast,

using hyperdgpingypartilseaisnndastpamaterials A strens enapgh fighl can confine
minorify GHFGS rphh Py dhpRdFétion RIBIRS ol QIR HAREE Khite

distanceiinteni mge hediitynloped oémpimcikhgerttioforé sovaimiraio sy ligtklegloped region.
e, magni fude of the epel |.in

That s, fhg e %ﬂ%&h&%ﬁ%ﬂ% pHevatiey %é%i'lﬁvfogalaqt@m%és tediniAue is
problefb@aohigep Qggfggpfr{sﬁt?és @écaﬁé%%aﬁdé E@?ﬁn?inkééér bAGRRs B bffectiveness

saturate or T y saturate t ace stat es,
of the dapihggradjettheliminafiog mublanfithe bewtifitg 25 itsel f, and

P R 18 By BReo 2. HablL Pl Lo Sh T T Spwod tha
dopingfd @iiemdidoto A4ibie Bnd'déh 8hing densit) Pedtib® i10An ERFRENE BRI Ehp

.. .to_reduce device bulk resistance(s) in a bipolar, )
widenipg gysstosheeffects eftdeceratenyc Howevsy, prior|airmaterials withrdoping gradients

o) . 5 . Liaht|
os  suJick sl ol Tt WoIo6 RS b RUGPRSp I b b e reduced
minoriiiyn:;arr'feaﬁfenig;eﬁgmﬂmg Zit ?Mﬁérial kiasglt%%im}agfaguyioﬁﬂmmi@mm by

a ctor o to or olQ I ncrease I n
Gompom%y?gamvﬁb%%b%eab erpvremadiest. pe built with

| . : . DU

R S w15 p IS e nitiaf Uil 87 i R Pk E nlibved,
because & Hedopan Hensityameitartthasd x 16Bdnt dgives effentivs band yp widening

., 03/03669 CT{ US02/.33670, 37 .Fi gure 5A sho .

which GARERAILF e DEBEregringieesing i gnasiiipe e fgld repeling
minorit}CERTHARGH tNé §ufifacé. TR 2BAIASE Nery mgmgtdo@ed miR@iaPitTROStRSed

not shown (i.e., projected intothe page) wll )
surfacesag Savareld of nsarly paseratarihe surfaco states nedeceing thesurface band bending

sl R S0P RELEJ RSB .

Refdréee iy mov andé it FizasesaTA-BY PAIchSidtAtethd 46 oﬂ?&:@b@bin’é to
sur.face 520, and sidewal |l s 512. Metal contact 6

reduce desierdailis resistangr(s) ra bipejriisasistpra¥iners eongHotiviyris dipeas de first

. Laarid oy cassalil .. The.
orer bt o R B, RSP SRl RSy O e o
decreasd eyithdherdasing ddpiing IEhel, but-tgpibdlycklowidt: by byex faesr of 8té &tfor a 10%-

_ . called VE in the literature) is represented by 517.
- fold mc%m@gr@hﬁf%agﬂmlm dgyiges tg b g’péewmﬂiqmb esistance. Low
bulk redidthRe MoktafN FhPARE] Blers of active devices, such as the base regions of

transistors, need to be accessed.
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.. q
- bipolan JBpeHqn; tra@BistoEs

forces mp3t of3ke Be to occupy substitutional Ga sites, fast sion

extent 525. The base region's upper surface forns an
interface with the I ower surface of the 10 emtter
woagiosdesat 520. A netal contact 516 connects to BRHUS02/33670
across an interface 521, arsd 521 wll typically be
coplanar with 520. (Note that carriers can reconbine
non-radi atively at 512 and at the perineter and
extrinsic base region 522 where 520 does not provide

bl L5 rf TSI AR08 PTG b T ucs v

the prekéi @iviedtien. Thi dimédionl ryvshoven (ifeg pevjadied int thapege) gl ordinarily be
across an interface, 530, A petal, contact EG .connect s
rectanguiarios repded g Lo sansidgratinas obgeriehingpqiancs age Ymils o LpIppIer-
) N ot o :
sl GV BYGE s, AR 785 S SN0, o
surfaced\§30a hnd sidévoadls S1308letab t6ntac 506 Sathevis kd emisted ragzom Fh# ageoss an

ot GBI B SR 5RO bbby i sionss

dimen@w&eﬂiéte@s,; 58/ TO¥Gh calle BRI 6f extdt® (HeRlcaNEI W itheliiterature) is
el enments of the transistor, and nmay be separated

by. a
represeies] isc317i Bagsrregion 534 hagwidth 537 Glsnote@waimibgilijesatyre) g{l% lateral

h, 20 or optim z lectri t.ert st
axtent Syt pictoPonanined’ £S5 Bihb s BB pAEEL | fiuog of e
emitterepRh AF 520, AGbHI Odiract SBE Sonn2ol to S24Mrews ah imeifaces2], and 521
_transistors (BjI'Ts?a with better perforqrgl?ce than, prior
will typieallst becenplagarwith 530. (Notothasmererranertiebing pehaditvely pt 512
and at IR} eﬁﬁl%{e? LAP Jay}‘crihgg #{E@%ﬁ%ﬁn gg’f ShER%20 Voaldbt LRIVIRS ] ifl&?face.)
a I'n region of hyperdoped sem conductor material,
Collectou edpias538aAs wWigthe33d ophelcolietior Regidnds wppebswiace formsaniigariace

it e RS AR el iy A RO5e e B comecs

k& $B49ct VBT ink@ERE 881 MMaRkELd S3L Will§SicABAR ®pldr with interface
fo coll i(gjtri %&togd 1rnesi st ances 525A and1 5 <E:3 in F(iﬁlg)ure 5B

530. The callestorlsdovsasurfaess ennotaet as 840 dsital vonigeta 506 F1nsnd 526 will
o SRS 1B BRGNS i oo

transmBkon/ b€ 'Sush EnesBagpoiaelal ¥o0E dopiecndreBéntioded eknenstof die
_the Be to occupty? substitutional Ga sites, fast, .
transisigr.f fndgnayrbecgrarated b pctidlestec gr aiphridgs lwﬁiﬁf&%mm Rath length
. | st, stable devices that are not
or OPH%'Z%%%%&Q?J@%%%%?%H ature and current stressing.
Fliygehdopiny @hablee drusalizasipe oflsadéropneticobipelsr vansistdrs (B Ts) and
ualjty material WO 03/036697, PCT/ US02/ 33670 8 wt
Broabetiprtoennes Bas gipeet tchiiae.
accordh@é%%iﬂﬂh@ L ARaiGE ah EasT g&?&&ﬂlg%dlﬁﬂe%'bﬁie reioh 538 ¥breRA -from a
perdoping a transistor's base region can also
thin regiop obigpeotrped semigostimbor. materiilssuake by GaAnbygerdoped ivéthdpe fo a

concerirafit pLt §16¢ GanopeiEnth b fupeunrddrety 8t Bayelerer

- resisiivit! Whith ik htn Will§idld a lo¥ed Jatbial reBistidtyl (bY npkdeled by datribured

electrons in an n-type base or holes Iin a

e.g.,
l‘eSiS’faléﬁﬁﬁ %g@& ead 8358 i Figure B) ecredsitbsbasareion. 527. | n

general .. ' f,f T .
55 P B o D i 34 st
advantsbds@6pired So baselregibnl fogmed fibmapiiir ait afatorialh Baciuse hnssrdoping
base region width 527. However, a, thinner (Pase_vvi dth ]
ue to interstitial Be is
suppressed. This results in more robust, stable devices that are not degraded due to temperature

and current stressing. Furthermore, because hyperdoping provides very high quality material
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greater lateral resistance along a direction
transverse to 527, such as 525A along the direction L
wo obmsticeat ed by 525. Increased | ateral resistanceT/US02/33670
adversely inpacts a transiggor's unity power gain
cutoff frequency, frma. Use of hyperdoped materials
permts a greater reduction in base region bul k
resistance than is possible with prior art doping,
with loﬂlgel%{ifﬂeﬁ‘,ghé BT %:anﬁpik' f&d m\h{%&& @ the'168d-RrRUE SrallRidn Bs&R8®In prior
egion ‘and permtting to be made thinner w thout
art devi€gs, , declining. Such tradeoffs were infeasible in L5

HeRbbgh TSP P o 100 o YE st oo, Agis
known MQRe hadiha bhieclrRHO 4 baloftRequRidyes S trdndistor Gferbiedifin the

significantly degraded mnority carrier |ifetines. .
literaturg), depenivint part arche time étnkesdpr midasity pkasgasqagiiars (e@inelpgirons in an

eypo SSEEERTeL 15 R SRR Bhol Gty Mt SR SLAGCLES HBhE -l
of fr me‘ggs mfwrarahﬁaﬁr. (?@mly to ﬁmamfse ?HWH@W?‘“E@Y &y byabuilding a

. I scour-ages  the f.or on_o ast non-r I at |, S,
iransistopeviglep Fhiper paseegien rr*%h 327 Jdowerer) sy base wdth s2h 85

e GRS SRR RLABOLR A SEE Sl S8 e drion
indicatelibytf25. kpeaseddatetal tegistande pdukrsely Bupagtss: ttansistonss uhitp power gain
art nmaterials, and speed can be traded back for
cutoff epgientyolmnt s in ot her parameters such as those
Obs 6ERaRAI0PEd Mdteribid hefinipd .'Pgnleﬁfer FddaBedrSih Bhse reioh Suldebistance
known ‘that ‘the current 1c fromthe emtter region 514
than is pssible witlepden dredaping, resylting il a3 edused bitarzlspsistanceyn thedase region

. f .l Lt | 1 s
e prE T b o LRI LIS G880 SH AR bR
the priof @t =wheeih |hBavy‘k1(?Eﬂgaﬁds wey. Aodistmzs@vsteviodily, priop an heivgadoping
the w dth 527 of_ the base _regi on 524 bewen dfga-e' ] .
forms npwg}lq.tg/@é‘gccgl@nzgwg cg@gr_s thygiraalt in pigoitirepbadsgirdse mipority carrier
ine 6, AP RO\ A E AP R Ayl ervor
by reduding thégatn, g mat thi byse tremispayt fgteay ddpedntrat, doimihs a pasergion

30 re . optimal, tradeoffs to be de anong .t he
fromahaap%pﬁ%wa@ FEOPEAESS mfmaégm@a% p%fé?a'&%swéaf@amﬁweﬂ as

offeﬁngweaa&agaﬁal B rdsisidiRE abd ShAag ﬂgﬁﬁér_baéewg% 8 pBGtilized. £ or
i mproved together, or one cou e inproved w thout
Jnax can thedrelyyehd inosasef] ie e higheanspebd withhyperdoped matptials thaintwith prior art

. .coul.d be deqptini zed while WO 03/ 036697 PCT/ US02/ 33670
material§ i speRL SR gl kBt s VRuRSH oL Rt S g Liose
discussedibedowdi gital circuit can be optimzed by mnim zing
: the resistance of the base while preserving mcrowave

¥rura Yipelanisansistegy it izavelbicnown thet the snser dofromithe emivics regien 514

tothe c&ﬁcﬁo@@%ﬁ‘féﬁ%ﬁg 8{"{6&\/\‘%&@ %Bgﬁ?@ﬁ'ﬁ%ﬁgggﬁ'%‘ggﬁlﬁ ui./i; o {ERh %13 to the

parti

base regiPS24, ThuslicOirbt|gaidgs f@gﬁg d@@??%tﬁ]ﬁo‘%? ){é‘gr&: gl?l‘ﬁ‘g?ﬂt Wabto improve

<

optim zed transistor ) )
s to rerhice thevisth 397 fde bise RegionElhbetvieen the ipieicen 520 e 530. Using
yperdofGE BRI ing basp RS Piriits Robfadiinlo e P tEVeen Ffnd fo

such as #aidifE BiHitRut 16%3% p,lamg,; Miork REndIaHE ulk E{?Eg?rflgpr?d gxflaterials permits

decreasing the ng denSity as a
more oppusil tradsofizde be matdhambuags thewedotm&Re fackors fr, e feature size,

breakdown voltage, . and £. For instance, all six could be improved together, or one could be

| improved without deleterious effects on the others, or a plurality could be deoptimized while
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heavi est doping near the emtter-base junction 520,

and with the doping decreasing to a | ower 10 dopi ng
woabuseyear the base-coll ector junction 530- is mMerys02/33670

effective in reducing the l3ase transit tinme. Such

dopi ng gradi ent produces an internal electric field

that accelerates mnority carriers away fromthe

emtter-base junction 520 and toward the

others g pifid” B erahpliIna Aol e of avtefy S 4 becbbfha by

minimiz&EURE rdsbein8é bEGE bYRRASR RbscBiiRt BRbrBRsR FeRIMScREquivalently,
reduces the performance of graded base transistors.

a transigtor sfypetnaien hg iplameeied imhyneptaped matariabiwbich megtsmeparticular

. [ e in i.gon I
microvfiBgEBiiuiiE YRy IR PReBuREHA RN She Al i oBRos SN
optimiZedstinkistar forated dfoneeily peioba thagsdials. W deni ng due to the

effects of degeneracy (see Harpon et al., ., Appl. Phys.
et dditignel msthod feriggigving thgperermaice Of Hansissgpeures is to grade
tho basE B pRARE L B Yt IEAAAIE T MergHlop Bl hafiB it e dgping— by
decreadifibthe 1R )densityss latfumgioinrof positive acressithabmewidthdR 7 with the
. se 20 transit tinme. Therefore, utilizing the
heavies! QoBREMBH ho R st BeEHE IS omi rith (b6 SpRng degetsing o lower
doping VAR riefr e beMEIoIBAbMRAIch 5300 B Yery- Oek1ie8 irﬁned{lﬁg% the base

exanpl e, prom ses bétter base transit tines

transit {imp oyudirdopingagiediens pruludesanigternoh electricifisld thnti axcelomtesaainority

. fromabo 5 x 1019.¢c Ol.4 €S do ol 019 cnB
carriers oY 0 the i Pg iitrind 20 RGBT e b eereo o0 ss0. 1
is also WeRkh6WA thak biMBgapehiititage d06 Gehda®s klb%iﬁg éts & febaéecthe ON

base contact resistance, while the reduced doping,

- of €
effectivepessiof gpaled Spsecdophie and geducesihemstipinange pheypdrddinse trapgistors.

Fiperdofe ERet BTG SR RO PR el SFeanfSuching Fiemipongpptor

such asi GeAs tohtophasientitiesvareatémtban he 19Eningd nebults inran efifetiiwe band gap
.. .conmposifiion such that there.is a w de d gqa t e
widenifio Qg 0y1he 1R b aarPeH s FASBIRB &7 G ARPh D Leliafth 4005

 (1994)PFuihenidRs %e?é?x'ef;a%c?%né %ﬁgjﬁﬁﬂg @@enh%%é‘é_"th@ kdifity carrier difﬁJts%rity

conposi ti ona e used I n conbinhation w

(Harmoiyas Gf:dté@fddp Tisskeityredd 53\@(&9@3}}5}%6@?@ inUnttherrenpancementsofdhe base
iy R e Do I 550 cor

“down t& #ldvaCiset@berd hendexk 10 eht?, Faseatpt, BronSiged betd tille irfinsit times

often a primary, site of reconbination. WO 03/03669.
than pripeant gewied bawalypingowiere shbyaittion wag fronrabouk? kilAsicen basless

_ | down 1:<§Jl £ om cﬁﬁ’e APRSS RRdditdG] ?@%ﬁgfg% lﬁgﬁnggﬁyﬁ%n@ﬁ éJI'OVideS at the

Ssociated I1ncreasée in ucing current
emitter gdgwr;oté)ﬁts itigredugtion gﬁaasa noq{t&ﬁ}tesﬁsghm,sﬁbﬂi the fduced doping ?t the
recgonbl natjl on, at the extrjinsic Seé surftace I n severa
collectafgfge resFip an improyerBenty s ispreal st dreadans eltags. As is well

“known hﬂhﬁ R, q@sﬁ@fgﬁﬁiﬁ ?i'e%d‘sixﬁb @ﬁ B%ﬁﬂ&ﬁgﬁiﬁégg:vrﬁg)ﬁfg gf\%gsmiconductor

. wi t hout " Ryper dopi ng I ch sweeps
alloy campesitionesuelxthaf theieds bawiderband gap atribe bdseesiitjer jutbiior vhen

compse 5 5T D e S A Siopy i

- can be 84 IrREMARINARH Bfperdopel BaeUR 2dinS WPANMRRL fitheFBYfhithance

used to saturate the surface statés at the extrinsic

'_improvq;g@é. surface, which reduces surface band bendi ng and

ﬁ%lttﬁ'@reobﬁ e%ﬁ%}gf gr%écloo%se\:/ Slaﬁﬁig {0 sweep minority carriers away from the

surface of the extrinsic base region 522, which is often a primary site of recombination.
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. Source :I]?‘thg('iaélp? ggf@ . | (
BRSO LGP RELART TRSRIGRE DULE 5By i i

Hyper dopi ng al so enabl es optim zati on of other

paraneters. Inportant considerations in 1 o RF power
woemplsdsbers i ncl ude power efficiency and third- opcguso02/33670

i nternodul ation (1 M3) distaption. |Investigators have

found that power efficiency of class E power

anplifiers is inproved by reducing the coll ector

current fall time, which in turn is inmproved by

Recort IGHEARL G, gt e rogiontiniocts o nfh @By % Sintfiagpoined
increagel M) thus fAdneibg tieseretH0g Qﬂyﬁeﬁ’cﬁ)}ﬁﬁé nlrshk 16886 FHona
an

evi.ce paraneters on | M, found 15 1MB to be very
recompuguon phige e¥iringis basgupecin cevestl ways. Fimmica gededdvperdeped base
ted RISt ' - . ' | fiye .t
e BB o0 o001 081 e D LB RATID i S
electrdBis Awaj/tims thB.dxtrinsNelasoregioandd hekebyheiliices or eliminates recombination

o the eyfipSh B sufcq Beeshy andesctongl abevadvacieirag {p siess pastipafion
techni%ﬂe@pl;yﬁéfc%pix{gjiﬁ%zbé use3s ?]a‘i:‘ﬁra{ém?tg i&%%gtaf%ta?ﬂfe %}ctgimn%i? base surface,

_ permts structures to have er ence
which redvicesyirface hand bapdingasd sirface frecombinationpelxitges on 20

Ao TR B oI BRE G o SRS pRembers, Bdortan consderations in

RF powpit anplifitls Riclulle pdWef EibieAG! andQRRE-DAddr interln@iBflidn MRI3YE
P Iﬁibsee Vuol ee\I/)i@ gt all.ei,wThe Effectsr o? Sour%ré

. Oof Rb (s¢ : :
distortiogy beygstieatasm havecfoundial nomer efficisnty obelesE Batvenasplifiers is

: i.fh ek . rdopin ermts greater .

ool 6t 08 G o K. SRRl 9 o

and fnk € JtRVemn, HGecGnds, byd]r&ﬂ@kﬁbjﬁmﬂtmg Biydlar Mg&ors, John Wiley, -
rovi de | nprove

AL SaTe B e A o o
IM3 to'tRR@ey Qdnsikive %‘ﬁﬁ%pz?cﬁ%‘necﬁ%‘ﬁ’ﬁ{e jufi@{on Hé%%ﬂgtg% erfnﬁ%yﬁ'ldr}gs contact

vol tage drop across t base “regi on redu
(Ciz), o prssdsiiicetooforwandiam bagairesistdnon, mdldueehiogain Ges §.AnMaas, B.L.,

s B, 5 P B TR e i ot B s
Microwsd Wby Teeh., DAVININ0, £8) (1990)). W 6{2}¥yfpf3fd% e@ﬂﬁaéﬁag pgfgaits

result of self-heating and other effectS relate
structurgs i hevgrgher (e \hsnes lowerIM3, Jhilei roakinglesneigpifieant compromises on

; ' 0 oj.unction Bipolar.. _
other iiSHAAE bRl SO, AR /b BRSRE AT P BEY ingeriy s
optimizeyd @e a dovp €sit nobhezeisatily loaestevdiidof R,(sdrsViadibdi @) b, The Wifects of

nal reS|f,_t ance, which reduces self-heatin

d
D576 PEBERSompon it swpliers ZBCAS 2000).

_ i fied equiv Cl
externatly afvedosdiogly, hypeFdaped enafdfialstdar alsobeased togmbsitlenggorddinearity
capacitance across the interface 511 are_represented,
for an YA eVt PYep A OriEu g eenmaicy, e o otangs educing
ltage'dR6P BEbsMRE BaseFBStof rdllubad" bt
ol B9pRSHNeL el A hy oD bECLyd 9 S
current d rhieh isiespgoiallyriopobat At bigh cumert dévels) Amofidd Bel kn@sis problem in

et BB b St oo B e S5k ot
effects Rfatéd 9§00 rerd IhdisqRd 1917 By, BhikibBk 'taﬁd,g%wa?ﬁg H{Jggém/am

resistance i ntegrated across the wd

HeterojyrghiogBipalar Jhawfytars.Shtach iovse, 4996)e Blesices formad ith hgperdoped

material@ 24 exﬂiﬁﬁ:‘ sﬁﬁgtéﬁltﬁﬁg ?o%ifetr &St r%gigtgﬁcet, I\qrﬁncﬁlr?e Ltlc%g éekfia-ﬁe%ting and its -

effects.
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junction is shown distributed as capacitors 520A and

520B. Likew se, the bul k capacitance io across the
woOas®3geei | ector junction is shown distributed aspcT/us02/33670

capacitors 521A and 521B. THhe |I|ateral resistance

al ong the base region is shown distributed as

resistors 525A and 52511, and the lateral resistance

along the collector region is shown distributed as

535A d ,535B. [ \ .
S5t eon g oRecisatiegiecth e SBs Pt S R siiticied favivalen
circuit in%dél st ﬁﬁﬁpolﬂiﬁrﬂﬁﬁﬁfrd&m&lm fHeddohtdchrebBRANGAGR! @Apacitance

base- regi on as di scussed above. Another way is to

across wheetuaﬁaqelﬁl 1l are repgesapind e@bmytmélﬁ ibyeesigar $11dk andagapacifior S11B,

s, S TSE o B SR s SO s

521, and/cBntd&QLsikABES SEIA arfd daﬁ&oztaﬁdé%ﬂﬁfécﬁ%h iterfare S8 eThe bulk
equi val ent distributed circuit npdel of the base

resistance ifitegrateddioross the wididy of dhe enaiier regjon)is shown digiribytgdgs resistors
. Qi N .
st S0, S0LPN008ul SI5RES e RSB AL RS W rgion's
shown disiibtiiedgsatdigots 3274l aaid 5378 cTheltalis tapacitqnae hgrosdthe emltter-base
aln _obseryv a fun

reduction i, wer
junction 5§ awaéﬁstﬁgwtgﬁ At ?a@ﬁarqrfysz%?@ %%a*o Fikeises t%&é)@ﬂ( capacitance
aCross me’ Qas%wc&y Juﬂchsﬁlfg%awﬂ Haibhed RSB 998 ASFIIDED. The

'at eral extent finer the re expensive. The

lateral resisiphcetalbhg ;he@fasmgeémdmﬂ@wnmtebutadi gs resisions 5285 2nd BB, and
notaep B2 b L b R P Hon iy s an

535B. thereby permitting an emtter of greater 25 lateral
extent to be used with | ess DC and AC current crowdi ng
Onawaxdaliapisivedhewresating freguensy 9f eansiftosyaad idlatgg dpdess is to use

hyperdngd)}ép rrr%%mﬁg 31\’@1% %%ef(f Qﬁkeaﬂ( erg%‘é%x %él I:usgggebc%gged& et 3 rv?ga/l is to

reduce the @ﬁldgrﬁhﬁﬁcaﬂ?\deﬁﬁed@deier lageral eatent SIm1Sef/era]| factbesangks narrower
with smal |l er Iateral ent 515, otrgnsist r

emltterﬂ@ga’egqa@ﬁgﬂtf? apYFng hbf&@{éﬂﬁ% eyept whep bot @e-ﬂtseg togeher. Figst, the
RC nat l%;ebc*%%aﬁ{ﬁ@ ldLstrﬁ)%té?let{n%ﬁ hRHeldF the Bis¥ %égl&ﬂ mﬁwates that current

ographi c process anyway. 30 nmeans
will tenti rhnacrowdetomrcbﬁaaledgest of hhe BaGregion at bodi Inwranﬂ yugi frepmdyci¢se The

well-kaibyf ks £t ok e 85 sidBpe i nsehintard htpdye Q88 il Bomer gain

observddrm a@uﬁﬁldnrcﬁdwqﬁé@yamaﬂmme tHisth@bRin RasReh addiessed by
the emtter, |ateral base resistance 525A and 525B,

hthograahl@alishrmlns@%pmt%wmmpmﬂ@@%mu efporgEppegvat The
avaﬂabﬁﬁv 6ﬂ§§9e§%g‘éﬁ Hlaa ur%: X g?rhrgﬁ’lfq%{l ﬁg garté'alﬁ% qaﬁéé 1@??3 Bfe reglon

(e.g., TegiBiotd S25 AW SIISB etict) \ﬂﬂhuﬂ@ducﬁltg" 520 ﬁd:réb@r@rmﬁtmg an emltter of greater

cost - ef f ect.i vel first (or only) using hyperdope
lateral GREanb1Q g UTeH Wiﬁbféb%ﬁ'é and giomiriegt FreFing thampghidiotheryise Rebe

feasibie‘gﬁﬁ}_é}'gg?cggggégﬁ‘ Qurr&ht cﬁﬁ&[n%ﬁ@rfx lah AL Esabishidrf eb nﬂt?amd S0

mat eri a oe use to reduce
forth in «:ombmatlon.e%csnérmmﬁﬂmigh cadwrcdemc’e meodeling elldvesdhatﬁ‘zg; increases

it s e S, 3 o o o b hE Py s15 ot
an em1tfei' Qgeﬁnalﬁaﬁpérhﬂt@éd Bya gt %dﬁfuraw@mh@gfaﬂﬁs Eréc@ssraﬁﬁ\‘#&}e This

extrinsic resistance of the coll ector and
means thahthft laterak exterti $15 maldl ondinegilyt Hleeadyrbe népindpe and| og pragtical for

trading off against conductance. Using hyperdoped materials offers improved tradeoffs among

the lateral extent 515 of the emitter, lateral base resistance S2SA and 525B, and things
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charging tines rE and rc respectively. Reduction in rE

and rc will also result in a higherfT and io fmx
wopsnaikdon. As those ordinarily skilled in the ardaT/wsi2i33670

appreci ate, applications oft¢2zhyperdoping are by no

means limted to base regions, ohmc contacts, or even

transistors. Rather, hyperdoped materials can be used

for any region in a wide variety of sem conductor

devi ges. 4o Id f ; h
T
lithograﬁlﬁggllyv?&ﬁfﬁbﬂ eRitldd Wldliﬂl,feit carElise inbm?l@drmcnm cetteﬂﬂeﬁmvely by first (or

radi ative carrier, ljfetime, and nugerous gt heg .
only) usingrimierdopedhmeterig] inghe base SoRith e & "c‘%‘lf’é o Wighout haying to

decreas%ﬁ@@%%&ﬁ%%e%%}e@i}ehe di scussi on of base regions. The

el ow (which is not, and is not intended
Hppdadopediienidlicne plse henyditd redsice s copisict tesistpage BAA across the

interfaogggﬁégt&%igtg g}égﬁ %%c gﬁ%’:f%&‘f’%g %ﬂéﬁ%{t&ﬁ%&%@%@%ﬂgﬁ¥ fedfiSed
emitter Wﬁ?ﬁfgﬁ bt laag t g?)&&'ﬁiﬁ@naill . Rrdopites iy B¢ gued esrediicesthe

a doubl e heterojuncti oa_l ]
extrinsid fegistaneernf the nglletterced emitter firthetisAerng thegmitteriagd collector

' ti Prior .art i bes_th - ,
chargios BTGP 65 BRLE1 SPEFEH Tl SR oAt e P i & AigRéT and
fmaxopeMtir&ﬁ.” ty carriers 601 are injected into an active

region 602 froman emtter region 603 contac Ed b%/%". b
A6 thosF ordineily ekillpdain theart il aﬁprpslatec%lmhicétﬂoqsrﬂtf PREFEpInEAre by

rinarj in_the di.rect] r ol rNfgk@boed
no mealgimited g eredy WIES bhtfed, R EVEERUBIHAR Rter 13513000
materials @88 be 980Efoa bny fegRm i Bivilavgity bhgemitdrelubian dedes. Byygrdoped
_of region 602. These carri eﬁlirg ]gOl. enerf})t e phot gcﬂ?tive
materials@ffeg seshicebe@iidsnt Reststange, wpauset B ST PRSIAES PR JO805 h
i ol Gyl i iePlirdiinf, S8MhGABEUS bider BEabHAHS kel follow
hfetlme%g%lg%?gSp(ﬁ%({rg%dlgﬁgssgéw?gfégppr’ oxi nat el g eqrqal to the |
from theResgyugitnbogsin dsectibn with the discussion gf brsegegionsy The discussion
confi.ning region, 607 a w,der.. hand oot
below (SBIRCEAGGERDR T LSS fsft BT GRemBilfs he application of
li@Rartll fABAEABn GRAEVIGIthd? tRA Reidjmetibe gidn
hyperddg%éé.)td%ﬁgatbél%e It takesnt he rln r?ori ty carriers to
heterojunetionmiiangistpxs, on average, the ninority carrier

i fetime 609 of tha.sem corduet of: j ' :
RefSieP g grn BRGS0 HEclhF B S Ritoigion
light-erdifterBEe fhdintesidaideayiBHhEMveatish ®aior ari desagibesthe Binction of
_ The "conduct i on band edge js._ represented by 611, the tod into
double heterstructieelight-gaéting dipges (Dﬁl[dEﬁ%e @%?WW %&éﬁ Bifaecie

an activgg'ggigﬂiﬁb? %{og?%ﬁemﬁfgpgeg%n?ggi&ﬁﬁdeﬂ% 00 0EP nRbreIMt the minority '

on o ness a neutral contacting |ayer

carrier BiectiohiicpiieadlyGdihe divetiackomeegion 603 oRgload03, the band gap 645

thi ckness 5, .the confini

 of regianHi03ds &xpic 301 1CafHaor T s ahT It fhe o 1R ep 846 of rogion 602
These daftideX 865 e&?&ﬁg photBRS G4 pRAréimtfidioRBRikesmajorityduiess 605 in the

contact To back contact |ayer 615. The naxi mum

" active régien W6Aof thet sewhtonduetoDpEnl 694 The iaqtpr prosgy i approximately

dul ' ' | cul A USI | .
et G s s Gt e ST A Poi gl oy e
band ga&;ﬁgghhsanduhﬁoeshm ty§i8fly wked Bea Boiriey ® lichylovalizeARinbritywetriers in

wn, mnority carrier lifetinme is conprised of a

active region 602y Bhe time 1t takes the minority carriers to recombing 1S, 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 approxinmately inversely

wOnepKKsi onal to the mpjority carrier concentr atpEIus02/33670
whil e the non-radiative cogponent can be associ at ed
with the density of defects (defect reconbination), as
well as inversely proportional to higher orders of
this concentratl on (Auger reconbi nation). Therefore,

Pl st A B RS i R RO TBleh, 188 bbb g edge i

represerﬂ&ijw 611 o detdeibaidedgd blyl’ﬂlb emdehe Fémi ﬂmelli))oﬁﬂsﬁ {'he emitter 603
not ed hovvever traditi onal gr.owt tec

can be dg*ed@d mted depletiaiegion b Fh1¢1@§$seﬁ3?’\?€ ﬁﬁ&%ﬁgggfg%m&qlgyef of
thlcknesg%?f t']élg%j&?i(f@ ?airﬁr 6ﬁh£'agcﬂlcﬁ%9§ thedbRfin %%%1819 60f ha%ra

nonra ative tra ypi cal |
thickne &30 naaidatle Hadlta)"omtayt 6 5lias |aeh1ckneﬁ£639m mei} cantavd 619 makes an

efficienc per dopi ng_avoi ds such non-radiative trap
Ohﬂﬂwpﬁiiaﬁ‘éf’%gaWPWangFE‘éﬁée to Figures 6A 20 & 6B,

%ﬁ@%ﬁﬁ?ﬁl ¥ i ePR \Qﬁﬁh ) ﬁPE@ A HeeffiBRLAN nfodalafdd istypically

ease t D's upper nodul ation
calculatb@mﬂmgdtdmdm sigrtal mpdeleas bb@l mn g) therent is dleé minocigyr ¢dreier lifetime

radi ative reconbination |ifetine in the,active
609 in the oHYE FeFIPR. /oS a‘iehgmﬁm PIRQTH GATer S SSOmPLIS Eé?% fadiative
comp on@ﬁt%d%%q'aﬁ}%@éorﬁ SdrleRd Tﬁé‘raﬁfbﬁvfa 3ShipdcAPS apProtithately

e el ectrolum nescence, sacrificing efficiency for
inversely peepubrtidiapter the prajorDycETeT cqmnelttfaélon,t wkile ﬂhanﬂn-rma#éfeéomponent

onbe S G SRR BB R SRRADST 8 B0

proportibﬁﬁ to BiBr Sydefsaifithig céﬂc@ﬁtbtﬂi@ﬁXAuﬁMﬂ@(kﬂﬂﬁﬁﬁmﬂHl&i@ﬁefwej by

be much brighter thantradltlonally hi dope
doping the gtiveyeaion OOR mEwye hegpblyy the BHRRYILY ICaBicE h%hﬁwéﬁ ig deqreased and
oo o BB 530 AL 3o b o

techniqed Fee@Bidd ekedssive ﬁﬁﬁ-&cdiatwe @apmaﬁdh@;n@lsvdeinlcraase g dhighi doging
the contact resi ajnce bet ween the t o.p@&o t act

levels (uing IOT @fh teHENaUSB)3 thee, AMF IFHY & RDTTEPIERIY ™14 Vgﬂign%f&
camerl?ggm@;@ {—ﬁﬂ@f@fﬁ&@ﬁc preadi ng resi stance of the LED,

wering current crowding effects which tend to
derdmmng heoidmfushinpy-radiativedrapdomnasion. Withgefsrenge (g Eigyres 6A

h
& 6B, eipiopne ERRRRE e oSS et R S B et
DHLED’ §is0s Adiuld-os basdhideh limit Oy desressingihe mindrtgrcarrier glilative

output. Hyperdoping may al so be used to inprove the
recombinatiorolifstimedal the aotise regionorithoa 1%@@“8 new-EAkA VS iTapH Previously,

high speéza KEMDIRle ?%n the ﬁg? +p§ L& &e?lch %g:?hhﬁﬁesrc@g%eagdcﬁﬁcmg

ICI eéncy of non-1i et co

 efficiendhfor epesdn Ay pérd bpUHLEDs, &ﬁﬂhe Ol’néﬂham’l[ ha\tMstl radikifsfs
| asers, and 5 other ophoel e onl c devi ﬁ %{ﬁ%‘) ih
- recombigalien FRAPINet Bisiiing high opti e&s%%‘ag i re, al the

same oﬂyﬂﬁ%b%ﬁa : Icghﬁ)gée#‘d”dg%e o sa\!vﬁl eRbs bridRa" thérf"ﬁ‘éuﬁﬁd)ﬂéﬂy high~

ue to the presence of

doped, Hijginspded INGEEDs iy mevéd ping alswoeanrbedefit thy BPEHEIR2 by de@@asingathe
urit oi nt defec tio

contact glagt pESiee st gPrat 13 e e ByBERRnRLz e sBbgnductor

contact @ﬁc&f 613, 95 Wl ¥ fRluciB g MLRAMECIeSiERnYY Betwbéndihe ki) @nfac0b00 and

roind inpurities, polycrystalline seniconductors,
the emitter 603 Furthermore hyperdopmg layers 603 and 615 lowers the spreading resistance

of the LED, lowering current crowding 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 msmatched substrates
woIBMNgEedEChNI ques as net anor phic growt h, conpl i agdT/US02/33670

substrates, or conpliant igaterface |ayers between

dissimlar epilayers and substrates, and thin

sem conductor |ayers with high surface reconbi nation

velocities. It is notably difficult to produce LEDs,

 flow thREhdut ltlﬁ"&ivi%ﬁﬁ’fg heflE ABHARHfOAR iliggtdcﬁx Lfes in such

mat €ri al s. Hyperdopl ng can be us significantly
i hiyperdepinhmay Blsodieivsedfo inpdivatthe atit of radivtivadb adn-vdiative
econbi pnat,i on ,i.n such .materials and therehy.result in
recompffigion, thiehy alinia fpostibless insener be sriativaeliciensy ofnon-ideal
semic@RMeIoR afepalsOWRle tﬁﬂbﬁn%ﬁ%ﬁ?fﬁys Sétngl@(snd‘l&?)ﬁr el IilF?‘?glts’: IQW%ES’ and

a material to be create | radiative
other epigelerbionicalsvises exhibit good radiatinelefficienera loy duiug feveld (non-

L0, -1 Priar art .materials genegall oul d
hyperdeleb ol RbleFbts e tofiny Bt o Pbafion e erpaly 5o the
presensb of & Righ bikekarAnidEEvl 08 noEadidtive d&feétS WidhWHRAMPArIASs, point defects,

Ref erence is, now nade to Figure 7, which depicts a

dislocafiong, gpin hewndgries, jaafl quidtdestates. Examplessafonc mEmTilsinchads n

: W [ | On. i.oned. earlier
s e el 1 B B e g8 B lducrors,
semicdndacters, witholt ke densities/ofidisidcationsesuch ay thesereh toadatibh@aimatched
b t herwi.se equi val ent 0pri,or art HFEJs desi gned w thqut
substrlSA SRR & FSTAnoThbiC gpsith Rompliat B Taggs, or compliant

interfa6ORYER bbiwaen HRSnfilAF E@Myefs' %Ws%sﬂﬁﬁs,%ﬁ ?ﬁigrsgﬂn%ﬁ@%c?& layers with
. . Channel between a wide band gap sem conductor afrd
high sypgace seeobbingtigr pelocities dhigumotably diffnlt kmptddece hEDs, lasers, and other

optoe SR s A8 T B P B 505 B AR sove e
ratio of eudiadicé fo ftopradiativé heohwirkis e chmahaaRend Zﬁegebymﬁm in the

.HFET is turned Of when a voltage is applied between
creatiog of wseliy ppinelectronicslswicabur ce 703, depl eting the

Ly Lt f . he current. fl ow e .
s EORBIE ot AR RON bl o G bpinl sl § HafebRl o ittt withis
radiatiwe liflatitnb end muerddiaive lifstimehdepdatyreetified Gxittdh links), Prior art
.aghannel11 705ddec eases . f.he on-resistance of the .
materigly aengElly cqald nof, e eicated;this way dersadiptive [istimen shauter thes gomething
ﬁkeafgw,huna)[@aby gai n WO 03/ 036697 PCT/ US02/ 33670 45

frequencyfT, and simlarly f.... Additionally, the
Redfaendedngm made tafigure i whish depiets a heterajenclion fiekhelfect

i QT RREE ke BB A B3RPt

RSrolt8¥Eihan
found other ways to engineer 5 around them This
otherwise, gqtiivalent prienpd R R Isalesignednivithauit bypendoned asaterialn desEFET

ooy BTN 8 R P T RECUERBL BB, P2 o

gap senticomincion 201 addeadridve el @iptsedlcodd@or 72NELhE OnedoRBSibn, the
' directly proportional to the doping. An idealized .
HFET qpegiies in apqugilatiqnnade ps puriest dpus befweer therpource G5 rnrain 704

_ contact%h;ﬂ(l?}lgg% ktgé;h i ﬁgdd}e& BLRHGELI 08 RRIBAS i lﬂﬁ'ﬁ%gélv daix%g%nggﬁlpge is

. esi stance el'sewhere as
applied Heyreen getarcontect Werendsbumt i703) depliidgsthe n-channel 705 and shutting off

the current flowing between the source 704 and drain 704.

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

- the on-resistance of the channel 745, and thus increases the transconductance &, UNity gain
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?.0 because of hyperdoped materials enables nore

nearly ideal transistors. The less-optimzed finite
wOOBMIwT esi stance of a transistor resulting frongsosu2/33670

doping only allows a | ower 4extrinsic gain. If the

source i s considered grounded, for notational

conveni ence, then the prior art only allows a |ower

potential drop across the intrinsic part of the

transistor. (e. 9., € jynction under the gate), so
frequenaydn R IR/ ra e Gotlg Heed Gt honct frgiipes & ggurce 703
and a0 lfioi8hdiuk HAHRcE, ki8R QIS bty rsponse

ntion. Reference is now nade to Fi gure

to be raskizech depicts an exenplary high electron nobility

transisto H - erdopi ng al l.ows _si gnifi cant .

ARG e e v i OCaRb ety VR sSisRuher b tp engineer
around$hdr CFhil [nd8stiohtrebpens tiRfizAt 108 ofElbieé fhd it AP Akt bidRl dhe

effect transistor ( ET), also called a HEMI. The

drive cyapi DgtwavmBREYe sed disin fheough a dongspsemmabsibecandytiitidines the

s S SRRCHLD1 SR 000, Ao BPAAT B TR et

effect tmﬂdisilw‘r hﬁfduhiﬁds euhahﬁlc?w fohmabliee o ﬁ{ﬁm@m@gglihsm%el under the
.houses, nata sSem - 1 nsylatln . , . .

gate, wﬁ@? fg%%’a}g I5eiptpace &%‘9‘@\3’ 6849‘30?’3‘15 eRss e-tﬁlg&f&m‘ﬂﬁ gonsgplggtion limits

becaus%\‘l?f ﬂé&ﬁgﬁéﬂ%}%@ %&rﬁ%&%ﬁe? @@Kﬁﬂ;ﬁgg ERUPIr sl RGRIAR 108-dpBRized

D

bstrate to ensure a cl ean, o
finite sowrae topistamomola fransidtdr rasltingfpdma fev foping onlyrdlows adower. extrinsic

. sonme desi s, ,all f, the sem conductor | ers 25
gain. TEsfle ST 5 EahsHired, igunded, b Pafipl GPivsfisoe, tEATRE pAcr art only
allows 8 SW& PRtenBRIAEEH abid¥fthe 8RB pdrhbkO RSB eigS thd pEai®tunder
above 803, if present. A typical spacer materjal is .
the gatel} soctdie priosart {wprsistar gajipis camimenguraighrisisdhan the geindn irangeors in

f -1 300 t also may be a variable Al nole
accordq?ﬁrcgétgﬁhg%ggé%lgp#bncti on of thickness of the layer. If

Wafeended ik gnakls to/Fidtire BAYy ®hich 385 cts@0 exerBipldry AR cleCitdn
...813, 817,819 and 821 rmf/ be. grown on_a different
mobilitg traasistar FIEMA) Hynsedopinealopss signgficapipesfogmanag eghgnggments to be

achievetaﬁggigaﬁ e’ﬁgctﬁfd?lgi% s, § lth@&o&nﬂ@t}j&ﬁ@e@ ?igﬁpé}?écﬁﬁﬁns%ftor

ayers i ndependent o ubstrate'’s.
(MODBED; hlso calleterHiEM T &he gedenal MODEEAmmplnreis gomptikedadf a sequence

J ayer. 803, where r rowt h, techni qgues. enabl e )
of semigFieY {5t Do SPRRTe B0 L CERoBYbsire Gl ARiagg waters of S,
GaAs, M iRTothédiibias aviRbledtdin 8dicubRh Q3P Fouses, notably semi-
PCT/ US02/ 33670 46 lattice constant to a lattice

insulatipg fredanin eoptignal buifer leyer 803 fruck paopstalligy SaAgDwithithipkness 853 is

- advantdgBhRPRER S on RO thé SRwE BHE Pt FoSEs kel Rty
- monocry§ialine Geteslate Focfuriher @pwiinia 8dméd ddshing) alldfah@scitdndubioPlayers

to grow high quali té/geepi | ayers that do not ) .
are lattige-matched 1q Quiferdasier 86 A frst ppitong} spaeas dayes 885 ghthickness 855 is

st 40 A R NG B DRI Bl iy o

constans inthe omgie of 05 3596 bet dsenmgy bea varablanl nole frastonat e Hesttion of
) subsirates, usuaJly. by the jncorporation of some sort
thickneoL 3 By ia o BAIRELS b ey oR S8, 405, S0 40PcS gy 515, 817,815,

or Y . ) . _
o 20581 s BTt 1 o vt
processpeurbling thetléttics opetast ofthese 1&§ers baripdependamt bf the substrate’s.

 AnothogiRReSle Syl S gl B ware feCpd e biseeded et

techniqiRRbbIBGhe/ Bt oafidint of layer 803 to be gradually varied from the substrate 801
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| o area superstrates to be achieved, and facilitating

monolithic integration with silicon circuitry. An
wopsihossesd first doping |ayer 807 has a thi cknessp@&%iis02/33670

whi ch may be as thin as a asngle nonol ayer of

sem conductor in devices using delta doping. A second

opti onal spacer |ayer 809, with thickness 859, is

| ocat ed above 807. A channel region 811 of thickness

lattice ?@];S}a%’l Oﬁﬁfgg go?sga*}lgggpgg&l?lﬁ gf%%ﬁalrap Z:}yser %h;ﬂ:ﬁtﬁo?t introducing

significinporyefallint efebis 1iimtsp£deﬁﬂay%ﬂ803 Rothirelterhaivedb to @@itevhnigaes
ordl nar Iy undoped _.and has a high carrier nobjlity

such aggpytaxiak lagsisel oyererowi{Eb&D e grave high arelfy epliayeltsrthatdea:\@hel

I
necesi el BHa0 O RS MO TR o BRI ol
technolgica Mhmmu&rytiagﬂ qoilitg ebmpomgﬁbgﬁﬁim:iﬁc&drklﬂms hnéat6 g;&@n of\lattice
0 i ckpess

mlsma@gté\ Bet et i incpironion of s REF oksesyigniiisrage layer
that is J:a%){@l(e B broviling Qb(‘fd(ﬂﬁéﬁoﬁ %thegﬁl})s@ﬂﬁfbeﬁlﬁleeﬁxﬁu@ﬁfeaﬂslfﬁrovxdlng a

20" as a honol ayer in a doped devi ce
good lattisedemplare watch ko tiersuparsi8sd. Hog ewamplesuch suﬁegstrateo‘.pa:lmglogy may

nt act 819 of a thickness 869 j.s on
enzble pRY i) PAMEE e GRASTo B grofnal A RRRBF ss g ey aree
area supévigated fode doRpesd an@fﬂcﬂitﬁlﬁh badlthic Qﬂteﬁﬁﬁtﬁh witlf SitiSon circuitry.
I ncludi ng_their presence, sence, or ord erlng are

Ay ortiongl sy doping laﬁerlmaé\aéﬁaln@kmgs 377, waieh mavebeysdhiage a single

L T

809, Wn:lhgmimless&m 1|sd<bcalt&i§@bve 867. E@lﬂhmdl rayien |8|Bll 52 ﬁlﬂkn%?}]}il is located
a gate ayer 8l17. Eac ayer usuyally differs from

above Pk Or%afyteﬁ%mvwze ssistanem N Infseeing A curien withip Hisesharnel, the

materia® Srthi@Sthe %ﬁﬂm@%uﬁlﬁp bRfnarl} ﬁﬁ(tkgp%H aﬁcie fléeer hi¥h Célﬂ‘ﬁElt mbhility.

constant, or s conbl nat 1 on S ama ers.

Devicey\ppdrate veﬁnhetﬂeap@fqnmm theaoba el ma$emhgdsd» basvapscedbrasrphic
evi

compos {3 YRy i hced ot HebnpkeRberl FE i ARPESDS bpad offsets

and enhaE8 tnokitieY, Aﬁhﬂﬁ%ﬁ&@ﬁl@ﬁ.{b@f Ty &SN R blaTcad 8633@bﬁﬁtes the
t hat exhibits a strained Iattlce conpared to

channekfypmpn g optioepl seend dapinstarer SIS nfibivkmess 865, lﬂ:nchgess 865 being as thin

o TS A B BRSNSl P00 49,084 105

doping hayby. A tontdot baysi 819J3m&hmpﬂdﬁhéﬁ)869 E@Fﬁﬁs)gggte ldy@bs1T.at eﬁ
. C (6] t he ont a ayer an I nto, the
%ééuﬁé@ép%ﬁi#%@m @y ave ot B%?:tbélﬁ"]hﬁrﬁlefagﬁ opsuch fayers—
mcludl@h&r ?éé ce, SHRBARC bSordédn N %886 @ﬁln%qwﬂﬁ]ﬁfd‘é%gaéﬁ?lg of how

conta yer 819° and ar e’ conventl 0

' the presmmﬂvdanbwnnmgrmaﬂmelemgmoc faboicttiat of MODFETs cBashaiipedil

DI B B L DI ST 8 AL S
layer 813t EBéiﬁFaﬁierfdsﬁélFir (ﬁh‘éﬁ(ﬂ'oxﬁ OfR? lay6Rin E@rﬁé‘béﬁ%@tﬂwcto? Raterial

contact 821 is called the sburce and the oth

- property; Guelnes bagd zap.gloping, elgctroreaffiniy rlattice cwristantyor aqape cerdbination of

these patfiicrdR Wbl 4R a1 islncTerh an BE AP P e in & Position
within thélfide, Current in the channel is proportional to the

IDroduct of electron nobilit carrier density, and
n one exemplary variation of 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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- damag active LRsagns

10 the applied electric field across the source 821

and drain 822 contacts. The carrier density can be
wo@gikdehr ated to some fraction of the nei ghbori nectogpadse7o

region(s) 815 and 807, whiah neans that if a channe

811 has a thickness 861 of 100 nm and nei ghboring

regi ons 815 and 807 are hyperdoped to 1020 cni 3

p-type dopants, the channel will be |oaded with up to

e gﬁm desi gns
pseud%l%éﬁl&mé% 613@%@26@ t1on aF;E acer ay ers 809 and 813
t M(DBFE’@mm a“almca’red byl efuhingg theopgh sheAditaenidy & 18 9fand intbd kies gate
er, to _reduce sc terln

| of _f
tayer 137 Rl 03 8 donRali i b Of i I doptpt 37 e #2208 dgpositd
on codtﬁ’df%y%r 81 ardnfle Sdmrentioddl F-Eﬁo?édeco n&?&@?cﬁ{r ?ehsﬁfcan@& Bhte! dtacts to

h carrier concentrations and carrier
the chmngi 811 gllaying Heosgirtbe coitaw layee 1% gbbriagfar 8iL3| dopingtiayer 815,

and sf S IRISTRES utafbe Bl e elf G ARaeesiidomn ot g 37 s caled

the sourd® ﬁﬂd/ﬂﬂ otiRP cRRAG BRI Gfled theRiiih OA NbRgkel a@:‘ﬁh&fﬁi tﬁé gﬂ@?s used to
in contact |layer 819. One innovative techni

modulgigithe qandyetivify of e chennel @sy berpedkeoutpit Ohmact@n&tms @f g=IMODFET.

Curs 8 e SRR B RIS Pl 4 By,

the apmlrﬁtﬂle}:tmh fidd tcrossthaedurte $2hend drhiar®aR lcohiamer THecahter density can
a}h dW|t out t? addi.ti gnal resi stance caused b

be equj @&? %%Pgle ong sﬁe I@ﬂ#@om& doppA seRniF) Samd 347 awhich means

that if § eRABE $ﬁ§ha5 ﬁ%gﬁ&ﬁ?ﬁﬁ bEATHAE ﬁgﬁe&p&&gﬂﬁhgﬁﬂ 004 807 are

25 tech ni ques o e I nvent
hyperdgpeditceel ¢ dem jpdape dapantsothe chhtmmhwulhbdzlogdﬁcbwﬁﬂﬂp tceméfpm

. f on 890 and the drain r on 891,
carriert, MO FoxtrE Yo8iEns il Girp e Bptbraf Shaloripvagh s0Eand 813 1o
separat%&ﬁe défsihg Byéty 1807 @lﬂdl)sﬁgﬁbﬁl A6 BhAME 8"1@915 QMeP tdjlfedﬂée@aﬁﬁenng of
doped materials in these regions enables extrenely
free carrisgs incibr shamneldien @ha:@mnt; l@naﬁzsnl todayersctQy and 8386. MODFET are

capab AN YRSk DSr TR o R Bl ol STRBA B f oo
time, helmﬂgaaeﬁ@alﬂii@l mfomﬁncfeﬂg&:@ﬁﬁr@ﬁaﬁd’ténﬁi@yl ce, resulting
er| or %erfor nance. econd exagl e of a MODFET

anB‘;Y th B &b Are @s&m MOREEE siesign gefeyrg improved
perfonﬁ@fé%' by% lﬁltﬁg%&%é%ﬁ[ﬁn &9@ 'ﬂ% i?%l?e ]_1'3' ﬁ;{}%ﬁ@% %glgggﬁe to

hi ghef chargé densities to

make mem%mtand@ fotihe swenoe 821 amﬂethncﬁmg:onﬁacﬂs tevolves etching
1,.813, 815,

7, .809, 8
throug Ry iy 8T, ARG Ler 3R ces oy Eio oD s optactfo the
channeDﬁ?@Ir @lbe a@lhbvédh@ﬁlﬁndt ﬁ%@tﬁ%ﬂ%ﬁha&%&ui&ﬁ‘b@ﬁ? ?*ﬁfg 815, 817,

band gap and | ower electron affinity than
and 819 hecsennga end @mlbm@ac@ﬂg segionskaee TegEwn Usingsihs hﬁﬁﬁdqndg

t_echmqﬁ%s}c’)f tﬁ% %n\ﬁggmélﬁzr}]l% Ii}:t i&t B e\%ﬁt q\?ﬁ 1%?:}1%@ ?q ﬁ]gser q?r@gvn in Figure

. 8A, excebeﬂir 5OUSe Gglver si0egld lﬂi&e diam r@%i@h 891, ANESBWRILR hantbedA fegrown

evices in_.which the we is sufficiently deep to

and afetq% Aphishress 3% Aéng yRardopingda erhiens mgromlpeﬂhl aloped materials

in thes&%g?n?%%\sf)ﬁe.{g%xggﬁgf?gﬂvg? ﬂan%@%%ur?% %@ql\grﬁu con];ag%&ﬁ{bpﬁaln%ed

'Further,sﬁhg middecaasubpieatt tenperatard duing Vi tBpealobig t&h@ﬁ!}’&@%@htnbutes less

ETs. Further hyper.dopi ng techni ques al so
(ﬂ‘fnﬁer‘ief‘é’f% TesWiHNg {1, SURAROT RERKFMaRE usi on

Af seBORP&hafiple of a MODFET enabled by hyperdoping exploits increased doping
density in doping layers 807 and 815. This enables higher charge densities to be achieved in
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| explmt@df fd@dilabi gt GMeEnt JRREA aRP BlvRH IFQ

10 during anneals and el evated tenperature operation,

resulting in inproved device performance. W thout
wb®sm3@$7 generality, simlar results can be achi BYEUS02/33670

forp-type doping where |awers 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,

the chaﬁnei Vepbndise bi@e Ph&R %réiﬁhi’é@ el é&?é%b? 3%998161” @1§ 1845, and 817,

forma quantumwel | that ‘traps t free hol es

includiegangdtgan and elgeipmafliniay dn ge@e_r_g dhtjle&jayerst(mceméll) have a wider

v T30 SRS 5 b S P 55R1 s bcn

layersrmand epi,ng u%tl&b lesoftety HpREend £yted $09 Bt 81006ES at@afem well,
transferred to the well, siml arly resultin

whichdraps the e lecjronsgamstated %ﬂeﬂlp SepiaadiyersiiSgnd ﬁgﬁrﬁﬂf devices in

Whlchn chann eﬁﬁ&;ﬁ%ﬁ]&#e@p &?ﬂ%& d‘gl g{P r# ééhgél,? S WEI%’ 3(gbgzd mpterials can

prov1deph@eedmﬂmbl?s ahtghst d)ernsftjy bﬁ&lecttﬁ)nk Cof I?’dlt&nsfmreﬂmi theakll,
20.ci, t performance and greater efficle

resultiig LB DTGP CeeRTmERERS bonsl MAPEHEs Highermore,
hyperdtpiiielechliQRY GRS YroRBE &ldePBr c#&gﬁ%%aﬁg‘?@ﬂ%\héetﬁffu& n of dopants

cl rcunst ances, ue to evera actors MDT I Ng
during ageals and elméed tamperatze opetatiim gesuling éntnpaoveshdevidegreddrmance.

b rastob retedWLth
HldG IR e R, iRy PR o ab et fofiepphere
layers 30?@090819 333, SEokRY Slﬂihaﬁiéﬂkd\ﬁ@éi'b Tg@ &ﬁﬁ@llﬁ leRirBA affinity
So | ncreases carrier nobil Fansconduct ance,

when g}ﬁp&é? with thecharned Shi. tﬂ}heﬁglen%baqd'pffﬁgtﬁ betiveeen fryers 813 and 811, as

well aé ﬁl%r ?%ét@ @etw%leﬁ' ﬁt?eé'g si80b ‘i’m@ ﬁﬂ %l{lﬁrgtgo anfur Rn%ﬁ;lﬁzg a{flg kl%etfee holes

generaltaftbtged:bplm Iajulgs SIﬁaalthO’mE or ﬂtedleilnaéﬂ it g\g@dhrthe mlleﬁﬁﬁﬁclenﬂy deep
er ns can_ be exploited to extract hi

to trap s @hffgﬁ Hed ogfrent patefia) €An PRAdHER: h&eﬁrd%@abﬁa BT glensﬁy of

holes t%‘ble |t}aﬁ§?efr9d ke w@flt sn‘Mle% Ty bd3fi 'u?ﬁﬁﬁ ??ﬁfﬂtlgqﬁﬂﬁi‘%ﬂ Peribrinance

i ncreased dopin
for p- c&a@m@l M@DE@T 3®v1@I®shggenmaé,¢eelwﬁahd MODﬁil‘nand n-chawiel MIODFETs

ol t nni.ng the
may b@ a8t dugls ok it ih Sl lomehir Pisldh droGi fo @b ian ipapped
circuit peEbhme 8kl gogtepéifieiendgnefits, these inproved
paraneters can be exploited several I%Eor in

c%‘??dpmlpé gan glovneestain FRES trcbst dpsigned iligvbclt freuenyyoperation

" under %%69&&%9010&5&/&&%9 2&&%@ .ngver%ﬁ %u@t'ﬂedfl'&gtor usoerlﬂ &égﬁﬁeé'nfﬁe increased

tronic Clrcul

doplngl-dsppwmapenﬂ of el by diecinpaitionilb s h}&teﬁlﬂlsaﬂ beﬂﬁa’sﬁ Wil increased
the need to preserve a

e R BB B e ot (OGS SR,
s0 mcr@is@ﬁ%ﬁ@r HbE ggmanséﬁnﬁﬁctgﬂc% ge\éﬂs%qﬁcrea'??sc\;htﬂ SVIstes. BhSiso be
ensitive to pa

relatively In Esitic I nterconfiect
increased,ritietitin epprosinnely properiienal g /af.s Whest € is the gate source

o G SRR R g5 Gl e
6y, THARS Sl'cﬁ’ﬁaﬁiﬂ*1 861t d/in the

skill ed |n the art Wil apprecla ee a significan
“ﬂllé'ﬁ‘FQﬁitzem (heiper em avithtincreased idopingy buh wilb nsuailyde hieldstonstant by

i BARESRF1S LAy 40 o S BEE G bEBIERT e

- Along Withkeqeape phﬂaﬁtm @Mﬂ’ﬁé Bodraidtesiéthitoel BtEStRA Denefits, these improved

- parameters can be exploited severally or in combination to enable the design, construction,



.0 applications of the hyperdoping, the inventors have

attenpted to explain the underlying physics in

wde3/aisko7 The reader shoul d understand, however, RdEIS02/33670
hyperdoping is a new technisgue, and there exists a
possibility that certain of the inventors' theories of
operation may not be 100%correct. It is inportant to
note that errors or gaps in the understandi ng of how

th
and/or lﬁ& o te;f}ag ?lb (ﬁrg&% %&fbe@g&%ﬁ}\g And g;gstéfﬁ%%!tﬂéﬁ e7 5 Oe Eod .5
Hﬁlﬁﬁdopdﬂmm dre MGula'lrQBabva(ltégéduE fordogi¥ pplivbiisnst Bedause of

nd the scientific

t h .
the nee"gﬁ% ' gﬁveg‘f%eaggpaﬁl% PERb-Olev g ppsopg &peqaﬂ& pEadyceshigh-g,
high-C,} d¢%dek! Sl{bhrdéﬁés ard relatﬁ!‘éﬂ fﬁ?édm{‘%to E&Vablﬁ 1rfte°tccﬂ‘ﬁ1%9ctb)épacltance

gi ven that the applicants i|nten
and thus ganjapgrag¢ fpsteede ad@tlon; lhyperdoping @bﬂmltssqhent@ateflemgthw without

[l ¢ the urre i nvention, both
comprofiffhgl -5 voflige, Bive bt feles i Sorebon
ﬁ@ﬂfowulrmﬂ@oﬂhnmltmm walB afRbethtb | Lo fbcadP eﬁtn%h&; been made
20, ~ o etc. Accordingly, no i nf erencé shoul'd be drawn

to PTOVI‘{%W%B}@F@ hanfust prgess gemmnm thigdisclosure. rinﬁmi with the hope of

BSR40 ) b
applicatiohsbfithe hyperdt)jimg, thegﬁenhormbe attepted &f é}dp[hﬁiﬁ!h% vabayisk

d t t h
physics GFRFa 058 aener TRl BTS040 ST ST Lochnique

and ther@@ﬁbﬂs 'a‘iﬁﬁélblh hi GALINSIShERY e fmBR AeBrdd (ﬁq é@:raﬁglg may ot be

ferent, narrovver or broader cl al ns,
100% Ccmﬂcta Ik llﬁpetmfmh tcanlete thabaabrsap ghpsaatheanﬂemﬁndhg of how or why an

vnsiof AL 8 Rl R o5 B P i 2
1565, 153DWFéd: Dit. QD83 [Tk s A@iﬁhMa{eﬁfmpélﬁ&l&fde@ ﬁo@co?%b?&%ﬁ@ﬂfed

sen conductor naterial using an epitaxi al

sclennﬁcppr&céglgs o pikishithe prgctinad efedtivgness of hiwurtvenhfamsns “at a

whi, di
SRS Ay SO S e
receive, dammb allassglectd) ifdapurbs aal appltaiong obthe Q\Air@fﬂ@ﬂﬁ&hﬁéh‘ﬂd)oth through

ssure for, oxygen atons, radicals, nolecules and
the prese gapligets gl CORtINIE AR ERD Y rpagmmbms 55. 8120,

etc. AccérdifylyE} aﬂﬂﬁe bR sﬂ&rﬂ&‘U thvnatthy f195919 ﬂgr%d or intend to
sem conductor nateri a |ng In ro RG HOpant
surrendelatanyrpoanﬂalbmmntdﬂ@m éah mattar d:snimd rixmltlﬁeapphoatwmg blﬁrnot

prsenty 32k ARG S B SB5t R sy S At
applicants &5yl Have 0nd ¥ PRBAORIAR ST ABAHE Béncﬁﬁ% D ahchtalaa{u%nms

an excess of anion atons, substant
applicationsiass containsinilas, differstt dameweroribooader dsllmst an:d 11hma¢ne or more of

such addfiohappBEgH Blyok oo G Bl p RN Eion Bhor st o

|n cIa|n12 wherein the step of introducing conprises

operating a growh chanber at a noderate substrate
“tenperature while providing the anion atons, cation

.s atonms and the dopant atonms, and while maintaining a

| ow background pressure for oxygen atons, radicals,

nol ecul es and oxygen- contalnlng or bearlng conpounds

and ot her



contam nating materials. 4. A nethod as in claim 2,

wherein the step of introducing conprises inplanting
wormssebhe conpound seni conductor material the deEBEU$02/33670

atons and the excess anion satons, and o further

conprising performng a rapid thermal anneal. 5. A

hyper doped conpound sem conductor material conprising

at | east one cation elenment, at |east one anion

What vl G AR fIRGlGELed dopant, wherein there is an
action concentration between x
hniimethadefor prodacibg b Apderddgest sahicondudtdranaiaizd nsing b apitaxial
are |ocated on cation substityutional sites, and
growth Rogess; SPRRITNE RPralag ﬁigéf_ve?léﬁsetﬁE?rra&@ir%@r e SRt agperajure
while pBYEALAAY bnd SRATH R oA ceridn ofid BUDREERAS L AN RANE
maintaining e low backgBnowpréssire Yoromygenaids cradicals guclearesvd erxiyadn-
. .contsi ni n%?As, X isd%}%ﬂut 1 x 101%cni-3 and y is
containifg of, peafipgSOMPRRAGS 2R MAIENAS ¢t 1 i cal contact having a

2. 20 hRhodFOPprodREn®h hvpeiipRl dompsukioeRAsMdudtor material,
sem conductor material and an electrically conductive

comprisipgripeeduding dopantitens aideanionatens prie @ compowisemieainductor

material R RRE B s R R SO g o SR b B 1 it gt
the resumiﬁlgaxypaﬂppamnﬁwgidﬁ?mchuﬁkﬂﬂ tlgate 6% arfdxcessarfanioR iaf@nsg
region  conprised o per doped compound | .
substantigliall rtabic Sepant stows pisllocs %dgms@aoe\s\ébsgﬁﬂ@aglfsg% agd migpzity
: &fﬁ?f?ﬁ’ﬁ ] : i : passi vating the
cartier réur ac egngsﬁglﬁmea eg) ?%%@eﬁé%cﬁ%l)eﬁ%go#br i sed of at | east
Duemethod asfn cdeimp2uwkbraie thecapepdeftinivoducngnamingrised gperating a
growth aglr@gll; %é%o%%&%%g@q?@te&%érp@@%&@g g}g)rvﬁi;?eéiihta ggiga atoms, cation
atoms afiPIiB dupght SRIHL Qﬁkﬂwﬁﬂ@ﬁ)aﬁﬁﬁﬁh% allow bRek et Raskiire ¥t oxygen
device in claim9, wherein the electrical device is
atoms, rediegds, icsedecrdés and ceygamstosiabning anbeagingicempouiis aad othenst

. I A guncti ons as a base of the transistor, 11.
contam@#%glng%:?lﬁﬁil ‘al device as in claim9, wherein the

4 lfembihod ak ENInt®, Wisreln oy stepest infroducingleonipises iatplinting into
and vvhe[eig the at .| east one |ayer functions as a
the compayd semicondygiar matgrialithg dppantgompand the oxpgss apion alpmseank
hnEikal r.ei I ical device is conprised
furthr cofhofs Pefforaifiglathfly timdl &564 %, T2VL08 he (n el arm
50 A hyperdeiped chmpaind|semicbnduntor rasterialicompoising iak ledst ofie aation

clement G FRGCA T AoV IR A seHBod SOTRE nEieHUR vt i o s feen

mole frad@tidy RRCHAREEN GRIRRH R Und P WRAEH WabRAntZRY 81l ioRthe dopant atoms are
conpri sing providing a dopant that exhibits a tendency

located anocation awhptisuiopak sies andwherein ménasity carrier reopmbinatignogdpminated
. epi &l _growth rates, and growi ng an anion-rich
by radiadffX feBBigPing 0l g

6. A hyperdoped compound semiconductor material as in claim 5, where for the case of

~a Group MI-V compound semiconductor material containing As, ¥ is about 1 x 10¥cmP and y

~igabout 1 x 10" cm™3,

7. An electrical contact having a region comprised of a hyperdoped compound

semiconductor material and an electrically conductive member that is electrically coupled to

the region of hyperdoped compound semiconductor material.
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sem conductor material at a growmh rate that exceeds

one gm hour and that permts substantially single
woOlogeBab7 growt h wi t hout the formati on of preci pipEt/esn2/33670

20 15. A nmethod as in claiml4, wherein the dopant is

conprised of selenium 16. A nmethod as in claim 14,

wherein the growh rate is in the range of greater

than 1 gmhour to about 5 gnmihour. 17. A hyperdoped

. : . L sing _ _
S PR A S5 S Bt Fond PG g i reson
compriséd SR hdrrdopdd pempoundremtondudisrmatesal dispesaiaser asirfae of the
25 nol e I;ﬁi‘}acti on gagncentr_at_i og@é\g\lherei n substantially
compopnq seHCMRICEE MsRTIoh Qs gssiaEing HeBAC%N cat i on
o A3l didoitiea B8vicd bfidtiscl tﬂg%t\'l%hs{ 68y Bb BPLdrhYoufid séshiBbnductor
material e@herbinre téasionellByer Almt icompprises theradedich! Seviceis odmpiiseg of 2
doped sem conductor material using nolecular beam
hyperdgpi CORPQHBETIISOBUSE DaiffiLei n t he i npr overrent
GONMRhiekRricaBleiREmAdiRD, WherelBhe RlceGRARIRliceds BRAGIRYE 6f a
substrate tenperature; and, nmaintaining ultra-high

transistpy cod whsoeinl the a ienstwnetayee Smetions as adxyey trengistor,

38 A Gl B et <R o B PER S RE Bty enlg5 ™ B3 of o
transistof; BolUSS3 hétit 16agt orleligyeMBnco g Sischadi®l of theitipsistegd
net hod_ f or i)r oduci ng a.doped seni conductoy ymaterial,

d3. derelasical devieq aspchin SyRhereinthoplesitigelfiefige 1s comprised of a
light-eﬁﬂtﬁﬁﬁd@i@é] vacuum condi ti ons during the MBE process

I nvdfves maintaining a partial pressure of |ess than

18- A rhethod hoin ddim G yhgesin tie atieastroadilayat &,compriseldfas 5

and e earin r containi.n onmpounds . and
compc’%ma?@yr%@&d gerdfid fRmRSE S%‘Pg’&ﬁ“’% PR Hkuci ng a
alﬁpﬁqnaﬁaa £R MRl alrjllk}{pragpgéid cr%ﬁﬁ)c@lﬁfi k&R ohdhctdtndéHal 8,

Wherein naintaining ultr vacuum condi tions _
comprisiog preyiding avepaipthat exhibitha shdessy todorn prcipitajesoriaglugiens at

.pressure of.less than 5 x 10-11 tore.f t he. oxyge
normal oSy erftastel grPdh r4ieh wl #o¥Tg 1R aiRreel s s TP
semicofQUtt& Matdalo® Sat@iltht 840284 PRRAEM/hGr il théipermits

roved net hod for produci ng a doped sem conduct or

[

SUbStaﬂﬁigﬁﬁé pingle crysial grewihowithayt thefermatipg of presiEEleSmai nt ai ni ng
HBFA%é%h&J‘aé’iﬁ%erim 1910%bltefn°cﬂ?d ; Ao ?is&@&fsfgfe(ﬁﬁfﬁis
involves  nalntainihg a parti pressure o ess than.
16- A mdtbodad iarclditnel 40 wherein thé groswth ratdiscialthe ranpd eftgrbater than 1
and oxygen hearing or containing conpounds and

!"m-/h"‘glﬁ%gg%%ﬁ% WHHBL. An i mproved nethod for producing a

49P& Gy &AE QNI RNd SBhRbhdRior AfatélRl | R8frisig al Raf!odb Btion
18, erein maintalning ultra-high vacuum condi ti ons

element) at leagj aneanivBElgnent esdcarbavodsvaedopant imiiertimtharg is apexaessdnion

mole AR R By OF SR QUGHAIIAL B PEAE Lo Aipste ogpiegom cation

sub stiuﬂi@gﬂfbifteg,rﬂnam AlindTRY Qdrrie} reSombatisOls ITRRGSEDY radiative
nodadul atl on
recombination.

18.  An improved method for producing a doped semiconductor material using
molecular beam epitaxy (MBE) process, wherein the improvement comprises:
| operating the MBE process at a moderate subsirate temperature; and,
maintaining ultra-high vacuum conditions with respect to oxygen atoms, radicals,

molecules and oxygen bearing or containing compounds and substances, during
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properties. 23. An inproved nethod for producing a
doped sem conductor material, as defined in 20 claim
wo23/0waer ei n oxygen- based contani nants include ORET/U$02/33670
nore of 02, O, 02, W G20, and/or OH4. 24. An
i nproved net hod for producing a doped sem conduct or
material, as defined in claim18, wherein maintaining
ultra-hi gh vacuum condi ti ons during the MBE process
io)rzvol thﬁ ip%c%%s'?i ng a partial pressure of
ygen-based*contam nants that is sufficiently lowto
alpiAth igﬁ)réwdrméthﬁdlfr‘?gfprmbﬁlg ran?pecbselﬂﬁ@mﬂdbﬂ@g 111:;11:fe;rialéI as defined in
. non-radgi ative rec i pati on chanpels jin the e )
claim L iyhersin QATR g R vg@%uwndﬁ&né@eansfgwﬁﬁﬁrm?cess involves

mainta?fﬁﬂg gﬁm %I Qrggéﬁ\?\ﬁgf REThEPTF U e ﬁﬁtogzi%éﬂ atofs, ﬂ&f:élﬁ?ﬁolecules

erein a noderate substrate tenperature
and oxygernbdacing @r apntaipingreonipeundsragd sdfst@06s.- 550 C. 30 WO

0 36697 PCT/ US02/ 33670 . 53 26., An.i nproved et hod .

2t AR e nelbeth e Breciniog & daied ShipRrics mafedel 8¢ defined in
claim P8 WHRAN hidint&ihBigMiBhighRRERIND chdiRAHS dafify ﬁiélMBBgﬁ'&ess involves

. tenperature is a tenperature jn the range of 350 - 500
mainta@ipg a pafial pisssyveef lnsstthanS K 3P plosdios thepxaiservpens, radicals,
] terial. .as f] i L aim18,

L e ]

tHEpariaipisedinieth®ibior prgiciag a doped sehiéondGotoP thatefial, as defined in

. improved nethod for producing a doped sem cqonductor
claim }§, pedieresn ,maa&alar@si@téaaﬁsgg vagyug] ?ﬁnﬂmona%e%s the MRE psocgssinvolves

‘ ; u . o

maintaJHiE AR bERREY GsfudeP1n " (TR BY Pbfreh Bl rd AR mBlocuies

and oxggerckkbasiagioc ormdzioingrcompbendsahd sutstaleés. ned in  cl ai m 18,
substrate tenperature is a

t N Irlg{pg?vgzg %%:rtﬁt oF gﬁcﬁlgcq}g a flgped sejyepndpctgpmatgrial, as defined in

claim imwmﬂﬁﬁgfwa-ﬁgﬁ@%uﬁﬂcﬁdﬁﬁﬁﬁ ﬁuﬁﬁ‘g‘ﬁﬁeq\ﬂﬂE &ess involves
material, as defined in claim18, wherein a npbderate

maintagiig e paitiel presspes effaxygen-based centproinants that insuffidentlinlgw tofavoid

substa g ion O g o b B RS SPARR BB EH G ion

properfiés, Wherein a noderate substrate tenperature is a

tenper.ature  in the range of 450 - 475 aC 32. An ]
i%?p%\;@ar%fi rRsahadofor progcing A gopedrspuernducioe Baterak ag defined in

claim PR GBELR oxyin $8ddStanlinants include one or more of O, O, 0%, 057, Gaz0,

and/or OH .
24. An improved method for producing a doped semiconductor material, as defined in

claim 18, wherein maintaining ultra-high vacuum conditions during the MBE process involves
maintaining a partial pressure of oxygen-based contaminants that is sufficiently low to avoid
formation of performance degrading non-radiative recombination channels in the doped
semiconductor material,

25. An improved method for producing a doped semiconductor material, as defined in

| claim 18, wherein a moderate substrate temperature is a temperature in the range of 300 — 550
°C. | | |
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20 claim 18, wherein a noderate substrate tenperature

is a tenperature in the range of 475 - 500 C. 33. An
wbDpnsseed met hod for produci ng a doped seni condupdmUs02/33670

material, as defined in clsaim 18, wherein a noderate

substrate tenperature is a tenperature in the range of

500 - 525 o0C 25 34. An inproved nethod for producing

a doped sem conductor material, as defined in claim

1 wher ei n der,ate substrate,tenperature is, .
1 B dtH i e Tneiing Fr gt asBiged seqeibondctos natstif o dgfiped in
claim | Qrwiiti€lf 4 GhétRrate BRAARABRSEARRIE § RN ATird TRYRY fafike of 350 — 500

o conprising: grow ng the hyperdoped sem conduct or
C. material, at a noderate substrate tenperature, 30 in

I & en-f{r envi r onnent 6. A neth .
37 APhRb R NRE aTOed RHTE R ot e, o8 fined in
claim #&fwineen amalepitesubiiratewbityctitire i t fleiB ¢he range of 350 - 375
o sem conductor material is GaAs doped with Be at a
C. concentration WD 03/ 036697 PCT/ US02/ 33670 54 of
g S0 oo RE pridis 1 foptt Stk niGL Bl Bined in
claim 3, avherei 8 modest@substrite tdyyeeataie pegl tenmperatoredn cheatnge of 375 — 400
oC material is GaAs doped with Be at a concentration of
* greater than 4 x 1019 cnB 5 38. A nethod for producing
@%Mﬁh%@@@@:ﬁ&ﬁé& | @ni iaRetial i
. claim 35, wherei nﬁ?%ﬁ%%rg?gg‘idd%“é?nﬁ%ﬁ%g?ﬁ‘ﬂ’ ds defined in
claim H tvéeredn a impdezaie subsisetd tanperaiBe isa temperatererin thetrnge ofdp0 — 425
oc Qreater than 6 x 1019 cnB8 39. A nethod for producing a
" hyperdoped sem conductor nmaterial, as defined in claim
F0). Anfimpedved ni@hddy/ foe petaicits § ebpaPRetiEsAucioRbRtdrial, aé Sefined in
) Gagia1 doped with Be at a concentration L O of greater
claim 1§, yyhetpin a mpdoraggsubsizgse tompesature i & tompsrasagdn thy range of 425 — 450
oc. hyperdoped semi conductor material, as defined in claim
35, wherein the hyperdoped seniconductor material is
GdAsandmpseaiedinichhddefon praajucing & dopedadeimdtondaétog maskiel, as defined in
fai | Xh1020 cn'g. 41. . A nmet hod for _ produci ng a r}lyperdo ed
claim 18, whetsiit gpratfubyiralp temperatie isretempgragfginibeirangsof 450 — 475
ec. wherein the hyperdoped sem conductor material is GaAs

doped with Be at a concentration of greater than 1.2
%21 Sp0mpreyed awthod fop preducifpa depeddemicogducthy petedelpatidefined in

i 5T Sl B Ao e g 5o

°C. doped with Be at a concentration 3

33. An improved method for producing a doped semiconductor material, as defined in

claim 13, wherein a moderate substrate temperature is a temperature in the range of 500 — 525
°C. |

34. An improved method for producing a doped semiconductor material, as defined in

claim 18, wherein a moderate substrate temperature is a temperature in the range of 525 — 550

- °C.

35. A method for producing a hyperdoped semiconductor material comprising:
. growing the hyperdoped semiconductor material, at a moderate substrate temperature,
in a substantially oxygen-free environment.

36. A method for producing a hyperdoped semiconductor material, as defined in claim

35, wherein the hyperdoped semiconductor material is GaAs doped with Be at a concentration



Lo

L3

of greater than 1.4 x 1020 cm 0 43. A nethod for

produci ng a hyperdoped sem conductor nmaterial, as
woaBiogwor i n  claim 35, wherein the hyperdoped PpCT/US02/33670

sem conductor material is GAs doped with Be at a

concentration of greater than 1.6 x 1020 cnB. 44. A

nmet hod for producing a hyperdoped sem conduct or

material, as defined in claim35, wherein the

o m conductor material is GaAs doped with
of grea &ﬁP%Pg@ gﬁ]centratl on of greater than 1.8 x 1020 cm

3748 methatefon 9ebdheihg I@Jh?ﬁétﬁbm s@ml’ﬁélﬂ&ﬁ&@ﬂﬁ herial, as defined in claim
sem conductor nateria defi ned ai m 35,
35, whegerthe Aynesdoney sermigendustos aatesish es&;a@ domdemtheBe #ts @agentration

£ ' -sat a concentration of greater than 2 x
© greafég%ﬂz;‘%fdl A net hod for producing a hyperdoped

$8nA atithdciop prdﬂlatlﬁg adlyperdsSpedatinieddidior lﬁat@hﬂT 7] &rﬁned in claim
per doped sem conductor materi a

r
35, whehalc PineHiopey RemmicoReios M aial BIOAAS dgnednah Boetp consentration
ofgreatjepg;{angryﬁ)lﬂ/g]fml 036697 PCT/ US02/ 33670 55 47. A net hod
produci ng a hyperdoped sem conductor naterial, as

asz nethddrfor ptodileing B hypﬂlémmd semivendyopar mapdal as defined in claim
s, S AP R T PECAAN 23 et

of greateetha® 8 xf 10" @rdduci ng a hyperdoped sem conduct or
material, as defined in claim 5 35, wherein the

0o metiiod dos prerlecingla byrardoned semigbndustazava eniid pascilefinechin claim

R Y L N TR T T -

ofgreataniﬂlmilallo Yxandefined in cI aim 35, wherein the
per d pgg_ sen condu or material is GaAs doped with
1% Amettiod fpcrpdycing peedopgsi seppisprduetar material opolefingl in claim

35, whedéin g h %vgﬁﬂgﬁg&%&ﬂl%ndgftgg iglgfeg\glf i# (ﬁ%@%’ogg?%ﬂh Beﬁ a concentration

sem co materi a ined in ¢
of greatgitbarel A xt 18’ eniper doped seni conductor material is In?

050t Fooltes i f ResE iR pcloenstot kb goBued i claim

35, wheﬁe@tmh@mﬁét@bﬁéd s¥Bfiedridadtor MfteAS i %ﬂs 'dﬁyﬁﬂ ﬁ'ith e3P a concentration
further coppriging annealing the hyperdope
of greaterdhanc bh @ o?mat eri al at a high tenperature, 15 then

I 52.
20 ke e IARE o p L IEAL et
claim 35 eftiereirtthehypbbped ®micdndtétbehateasmis (ﬁA@@ioﬁé’d‘ﬁeﬁh IBRGt hhe

_ emcond ugtor, material at a high
concentqaéﬁ%@g@pgplé antl’ﬁéhlq aB‘i"’dly quenching the naterial. 53.

A, meth ﬁfétﬁdaffopﬁﬂad&&iég? H?%%?gcﬁﬁl& @&H&Qn&?c%ﬁ%g}iéﬁf £ defined in

] material, as define
claim 35, wherein the hyperdoped semiconductor material is GaAs doped with Be at a

concentration of greater than 1.8 x 10% ¢m™.

45. A method for producing a hyperdoped semiconductor material, as defined in
claim 35, wherein the hyperdoped semiconductor material is GaAs doped with Be at a
concentration of greater than 2 x 10% ¢m™.

46. A method for producing a hyperdoped semiconductor material, as defined in

claim 35, wherein the hyperdoped sem:conductor material is GaAs doped withCata

~ concentration of greater than 1 x 10*° ¢m™
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20 35, wherein a noderate substrate tenperature is a

tenperature in the range of 300 - 550 C. 54. A nethod
wbos/ogsoduci ng a hyperdoped seni conduct or mat er i RIT/USR/33670

defined in claim35, whereiss a noderate substrate

tenperature is a tenperature in the range of 350 - 500

C. 55. A nethod for producing a hyperdoped

sem conductor material, as defined in claim 35,

erei I ' defined i
oot aninER RS TR o8 Pk AL FEr hical,ap dofined in
claim 3 feihadinfths hypeattped sgnisohdusn doyperthl maid Asoduped ath C at a
maferi al, as, defi n&g ingclaim 35, wherein a noderate
concentgghosof greatsr et R0 €M s a tenperature in the range of
A i i H86b el Qe mRIAANEIBatBridl Y RETHABE R claim
g%’r#%ﬁlg%cf&?mﬁg?gﬁgﬁ? agb defined in cI%i_rlﬁn%S, .
35, whentiarths nyperdopeid semicoslubir material sripaksatoped with S at a concentration
¢ tepperatyne ia the range of 400 - 425 C. 58. A nethod
o greatpl(’)‘v?;g.gll Uci f a hyperdoped seni conductor material, as
gef A RRghddYof pratiiiting® hpFerd¥idlseiftoadbbstanabtal saiined i claim
tenperature is a tenperature in the range of 425 - 450 |
35, whegzin5igs hyrerdopedsentisendoetod msteripl is Gw&wsg &th Mg at a concentration
i conduyad grsmaterial, as defined in claim 35,
Ofgrea%ﬁ@aé?ﬁ{dtyn(g%e‘r ate substrate tenperature is a

5@ aletliodrier prodtdisg & Appedefed4bRiconditior mathifal 0ay dEf6EDih claim
PCT/ US02/ 33670 56 60. A net hod forggerod chng a ion of
35, whergip dhaippetfiopedhseprenductor majgal 1sdp d &t  Foneeirafon o
e n-3a noderate substrate tenperature is a
greaterf}g%l\é%]% uFig in the range of 475 - 500 C. 61. A nethod
5 hrA pretishddfongrodudiyg e hyipsrdopedemnponducteronatataleas definediin claim

efined jn claim 35,, whereipn a.noderate subst.rat.
35, furthe igR P S A AR IS Ly DP R P SHG P R l ASDYeL tempsraturs
then ragfdly queschid tAB ul@dial Or produci ng a hyperdoped

seim conductor material, as defined in claim 35

Seh eiethad favpreduciog 8 biserdened sewispadustermeatpsialas defined in claim
e [ . r - .

L o
then rarﬁﬁﬁz!queﬁhéﬁrrgmb adamerdh, }Nh_er ein gLovvi ng t Ihle hyper dopsd

seni conduct or mnat.er | in a substantia oxygen-free ..

Shv PsHieg:for PragBrinEa Rper @I%ﬁdﬁpwﬂadwrtméﬁﬂ T %%%@P@f gy claim

f > = - °,

R

fett A piettiod faspradiéinga hiyperdomidrremBSndwiber miterialy asefiged ineclaim

55, wheBSrSRed: SSTconduct o SRt erhal L st ant il Yoo .

PArA hRthdar b6cifd a hessddftanedhRordudi mitefial, as defined in claim
oxygen- base contam nants. s 65. A nethod for

35, wheperin dunddeptesubpbiaiedeppaatycnis e derapecature indbavange of 359 — 375 °C.

€4 et r0 oy Py SO B RelePl R RO HL S claim

35, wheP@lH la RSHBRNAE sublitale tafparRiuY ig aRémigerauidn thedangs 68315r-e4a0 °C.
' ox;(;gen- based contam nants that |Is _sufficiently lowto, .
xh me&%@%mpﬂwmsjénga@neéﬁe@#coaﬁ&twa%t%gpweﬁned n claim

35, whet @R GRRANEL QbsPakSerhtrattire §§ hSGhPhttfl il RBERAEE of 400 — 425 °C.

58. A method for producing a hyperdoped semiconductor material, as defined in claim

35, wherein a moderate substrate temperature is a temperature in the range of 425 — 450 °C.

59. A method for producing a hyperdoped semiconductor material, as defined in claim

35, wherein a moderate substrate temperature is a temperature in the range of 450 — 475 °C.



0 66. A nethod for producing a hyperdoped

sem conductor material, as defined in claim 35,
wWolBsnse7 gr owi ng t he hyperdoped seni conduct or nepEr/usd2/33670

in a substantially oxygen-fsee environnent involves

mai ntai ning a partial pressure of oxygen-based

contamnants that is sufficiently lowto avoid

formati on of perfornmance degradi ng non-radi ative

gg‘r:nﬁgﬂé&] C{og ?rodﬁ%lﬁg Q‘ﬁ&ﬁer S%Q?hs%glné'c%ﬁ%&%ﬁg%e%t 35 4defingd in claim
35, wheraiura maderaﬂg sd)memtanp‘damtm adenp@turd i ehicranigd 6475 — 500 °C,
%cg{t r,i se?l hé/gerdopl ng at |l east one o
egge Of ¢ing g hyper cppeélrﬁpmc'@pducé%r regterialy 3s deﬁngpl in claim
35, wh&@lﬁtmbdérﬁg 'sﬁH%trat@ rdbhpeatbie gﬁ% V{)&?ﬁmn tl§ Vr)cmgee %R ©€595 oC,

region, (vi) drain region
62 A m}eﬂa)dgf'gu yrodecgngm hYPierdc)ped semidondwgoramterfat) asafeﬁned in claim

v, [ n xi). a, coll ectar , region
35, whef b ifod Pl iR Ferbinetiorlis P TRyt et g5 - 550 °C.
Smbﬁhre«ﬂicﬁl foepoaiciids BypdRiopeR Lﬁ:?%-
st.oi chi onet rmt hat cgwoducesaﬁge/lggiég‘gpe Ifrméédlﬁcl)na(ssd)eﬁne(%ﬁclalm

35, wh eg@}ggmvmng Mﬁﬁrﬂm 9or1deytonmambm aesabstmmaily?xygen-ﬁee
nati o

envxronﬁ%%ﬂfn@%l‘v?@m&h{ﬁrhﬁgc‘g @If‘ glaqr nu{r;eg? Igsgi 5 aTﬁ{T or oxygen-based

OW pri or 4P
contamigamisent r atl on(s). WD 03/036697 PCT/ US02/ 33670 57 68.

@g g@ d nmethod for fabricating a sem conductor
i ddorrpiucing & hyperdapsd semicongstos imatagiab e dgfimed in claim

35, whePIR 8FHARE the' éErQ%eﬁ)sefﬁd gu‘gfgfﬁﬁtt%h i HE@SL% iglly oxygen-free

terrperature process(es
environmentninyelmés aintaininest partinlgiressursofiesy ﬂﬁana@ R eott ForvRREdn-based
contam:? gng said MBE process(es). 5 69. An inproved method
or ‘fabricating a sem conductor device, as defined in
651 auiiibth68 foriediRing a'"l@*p@ltd%bé’d EEQm@orﬁigl%I‘ aifterial, la¥ defined in claim
gen-free environnent during sald MBE proéess? e)
33, Wheliemxaqw g hppsadoned geriopadudter mpetialsu p substantieky otypen-fRee

env1ron1ﬁeri't?%x8)§cf%%a I&o gﬂ%yagfagﬂ% %?%sg?rer?g%%?égél %iﬁméx@pants that is

suﬂ'lcxendg\loweo awsid edfstantial degradb@onivfith® hfsbrdopee k&hitonductor material’s
lecirol mai ntai ning a substantially oxygen-free environnment
CleClrolYPPYIE2€ai d MBE process(es) invol ves maintaining a

cBapt
B thhod R RREREs Hy B pb P dpitoohabliaraloltl. hElstingd in plaim
35, Wherﬁmgrpwalgq thg hypesdoped semiconchrctatendtertal ibs subsfahgly dxygen-free
wher ei nrﬂggl ntai ni ng.a substantially

cnvionn 0 g e BT b S s et
sufﬁclenﬂﬁ lavw@hmfo?ﬁhﬁﬁr?éﬂﬂe%nﬁalﬂérdegﬁ u:-grn??%{flgu rec?mbm?tlon

gen- based contam nants that i Cl ént
chaﬂnelsa% edlygeﬁlgp@dwswordeqpamatmh of hyper doped
e el ectrol m nescence.
67.8h SOREVE REilR R Bicaing o 8P hicOn s eiessin the
improverdlenticosprises ypérdogitg alesdt dhof §8) a%&r 188iBn,TB) Rk él‘ng{e"i\’/%%%
al

ubstantially oxygen-free environment during s

(i) 2 00113%‘5@&91( £E) & chamwie waionn ) msamive mesien, fel) & deain mgies (vid) a gate
region, (v?%) Qﬁ&ﬂﬁ%gf&ﬂ,sﬁﬂ AN ?e@idﬁ? BE)Sant Nate }eéloi%fd'j&' ()eiﬁt l(%lllac%\{'

- region, by growing said hyperdoped region(s) using moderate substrate temperature MBE

process(es) with stoichiometry that produces hyperdoped region(s) with dopant
- 'concentrat:lon(s) beyond prior art carrier saturation limit(s) and non-radiative recombmatlon

-rates below prior art rates for said dopant concentratlon(s)
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20 avoid formation of performance degrading
non-radi ati ve reconbi nati on channels in the

wbypesgdoped sem conductor material. 73. An i npr omEgUs02/33670
nmet hod for fabricating a sem conductor device, as
defined in claim 67, wherein said hyperdoping step(s)
produce(s) at |least one of the followng results in
the fabricated sem conductor device(s):(a) hi gher

0 ed | ower, RC tine constant
géaf% X%B\iéir gthpqg gféﬂaﬁaﬂ%&ﬁ Sﬁrnlékﬁewdqsmsiéﬁvwesagg é@ﬁneéél} claim
o, BRSPS e
processearfurthbr mdudemmmalmng a sﬁbs)anhhﬂghqrgegd‘ree engikonnienty theing said
MBEStab't y; (1) higher radionetric efficiency; (m
B‘i"ﬁ??é uantum efficiency; (n) higher photonetric
e6d. a1 Biprdved(Bethbd ﬂ)??ﬁbrﬁ;ﬁh@i Elﬁl%%@ﬂ(ﬁj%r Hetehs d?ﬁned in claim

el ectrol'um nescence; (Q) her relaxation éscillation
68, wheraiy H@#m?lmngsa) subsjensially @lxagenvﬁea W@namt:lyt d3@ing sdid &BE pyocess(es)

ol EHE LT P08 PR 50 AL SR
contanlilﬁa’ﬁ@dum bility. WO 03/036697 PCTI USOZ/ 33670 58 74.

nproved nmethod for fabricating a sem conductor
d ﬁélelmpa%veéémth%rfor fabsicgiing @mlcwd@pf@r flevies; as defined in claim
FE QR t (
68, wEKRPRARY e 3l Fumbiafl PAVERLRee AhibBREk dilfe Bld MIfE process(es
1nvolvehana1nmém.)1g @@)u'tial plessurepilestthargs s68torf foy okypersbaR@
constants; (c) greater power efficiency; (d)
contarrpg ¥ power Iosses (e) better heat sinking; (f)

h719 A@rinfdedved esd Bt fa(b%atlix%"? enhgﬁlﬁﬁbt‘ahr es‘%l %@@e%ne& i claim

superi or operatlng voltage % [ ower t
68, wheigity wainfaiyipg a shbsiinsially axygenfﬁ(e)e dniviybuemens tdating sald{ MBRH process(es)

111VOIV&I Eﬁﬂﬁ{aé%@é/jh Bﬁlflf é{%gﬁ]féet 6%&%{{5&&%0 1 Q.lﬁ :?: l?gvtl’rq ﬂi@@ 18 sclg;{mently low to

avoid dilbgblﬁial ldegratitda ST hygddopastRiconBh @6t ﬁl&hﬂzm srh@&,@l%'ﬂﬁﬁnescence
(7& hi,gher relaxation oscillation frequency; (s) |ower

Anjitprqvad aethadyfor fbrisetinga %eﬁu@ﬂnéuctmd@mn defined in claim
o, 568 s GBS YEYEL SR R i8S oo

1nvolv&snm1m>almhgmpmm ﬁressuﬂe&ﬁ?dxymmemc@ﬁm&ﬂd et & sufficiently low to
claim7, wherein said

avoid fﬂ%ﬂé}o&&ﬁ P ’%‘?aé‘ﬁ? 3@}%418@ 0e%s (@%\ataf@ recombinatigp ghangelsip ghe

hyperdb dl@mlmﬂﬁggyhgﬁnmn the fabricated sem conduct or
evice(s):(a) higher operating speed; (b) |ower RC

{78 0 Immc@meﬂmd(fm) fagnemgra sooneendedtor devieacas, defiddd in claim

o R b Al e o

fabricated Isahic@ﬁdlﬁ:!@&’f dkﬁ/icﬁg) ) Higae oﬁéritlﬂ (E)']Bﬁr&hﬁb%me constants;
current; (%her gai n; ig er Stability; (1)

(c) greziergromter pﬁ'm@ﬁm ) loveer ppwmeln@sys (Ehhetien hesth emkmgafﬂ bigher duty

eycle () o bl ol oSt ARl e Solfbes QribHEL ot currens
higher gai. (k) bigher statflity ol Iﬁgh@‘&ﬁtﬂlbhﬁﬁdﬁﬁéléﬁﬁ(u gﬁ):mghéramaﬁtanﬁr

intensity _Noise; | oner wavel engt h

| eﬂ”xcleng;f,r@ib!«gﬁm AR s@wwv,e@ih@her hriaheness; @) Tt or (v)

30

electrolRteR¥eiide; (§Phidfd! 1ERx A RHIGR0R BRLAMUS B iblkrelative intensity

~noise; (t) lower wavelength spread; (u) optimized wavelength centroid; and/or (v) improved

: device-to-device reproducibility.
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76. An inproved nethod for fabricating a sem conductor

device, as defined in claim67, wherein growing said
wiwaesgoped region(s) using noderate substrate peruso2/33670

tenperature NMBE process(esg i nvol ves operating said

MBE process(es) at substrate tenperature(s) in the

range of 330 - 530 C. 25 77. An inproved nethod for

fabricating a sem conductor device, as defined in

claim_ 67, erein grown ai d hyperdoped regio ] )
uést- Irﬂjl mpgayesk léetélb% ﬁfﬁﬂ%ﬂ%@i@ mﬁ%ﬂ?@cmﬁewﬁ? o Ié%@%a?y} claim

67, wﬂe?éélg é%ég ?g@?}ﬁg@h% %ﬂﬁi‘(’ ﬁr?c%@ g{r}%gér& m%&é%e'\@ﬁ? ing 1 results in the
fabncaléd SMicenddbidr Aevidds):(Anhigherapemtingspdedpi(b) dnwe‘rﬂﬂ ﬁmat:oms@ﬂnts

(c) gr e%h% Sénw%o E\%}l%é ( ev%glfewzq?é%g%g ?es gﬁil;tgtrk%.g’sa squg'yg gf) %Zg’her duty
cycle; U@Ols hrezH txfoﬁ%%e glﬁrﬁﬁgegg{r%g ﬂ%vol?ig@%ﬁ%ﬁ&%ﬂreshoid current; (j)

ves operatin sal d

higher(gaoyg éls)éﬁgm)r sbabﬂay,s(l)ﬂsgheamhamﬂpe ﬁ&icmey, (jom) higher qlmgan
/0366 336 9 79.
effcief AR\ HiEhSEAPREIR 0% SRR L) Highes PEaRREsin R Sl

electrcﬁ#ﬁmn@@.en@es (QeicRa delhtntich dkdlatfoh fréteAcH (s) Usvadkrelativeintbnsity
% erdoped r |on S) using noderate subsfrate
noise; { E)m’eqrazwpbn Eprq@ddg)eggt(m@yd wavelengtl cepeidiand(gr & improved

| MBE process(es) at a substrate
device tga‘lse(’mg?‘%rgé‘m?@ he range of 370 - 390 C. 5 80. An

| Tr ovAd 1mp1tdvedi nfetifodffaofbrdaiting g semmﬁdwmuwice,r as deﬁned in
claim %ge, \é\lé]}%g%‘b éfgd?]g g%gé thgfdsﬁ%r@%%é)é{ géﬁ f nl?owmg results in

[ e e e

constatisniee peater poweneﬁihenm@dowﬁr m@r losgds) (6} bear hegisinking; (f)
fab i ca seni condu

righer gt ST G T heano SBlisRn (™) R @is® SRHaRes HOkE6 A legrer
threshcﬂa chnai»tp@) Hz%ﬁﬁ%di@ Qkﬂﬁé]&-} stibilidgl (NESHCR bRl SHRRE efficRncy; (m)

t enper at Ure process(es) involves operatin

at
higher |quagpmeiBcighcys MchiglREphotometis(afgienay; fo)dighst bagtdness; (p) faster

electro?@'{i'ﬁg%% ?q)al"l)éhek g?qa{ﬁg 8y Sgc(?ifﬁtg%ln Oeg]ggl%ly Esilo rélgﬁ)\Feq}i{%QSlty

noise; (ipidwee dvalvéleﬁgthlspiea@_:(u) ohimhieedwavadaigiy camioit; hyd'er G pproved

on(s noder at e substrate terrperature MBE 15
deVlceﬁP%@lé@%{%?quﬂR?B Pves operating at |east one of said

o o S RG5! bR 15 0 Rg o SEARBNMoicvicp dsQBfined in
claim 7 twherein grogviag sadhgm@hp@d oegickp) wsing medatateisulpstkateriemperature

MBE o ke ot P IR s ot Wl GeheBrely in he

_rangedmgl_vmcwperatl ng at | east one of said MBE

process(es) at a substrate tenperature 20 in the
rdnga teprassd methrbfocfabricating a semiconductor device, as defined in claim

67, wherein growing said hyperdoped region(s) using moderate substrate temperature MBE

process(es) involves operating at least one of said MBE process(es) at a substrate temperature

- inthe range of 330 - 350 °C.

78, An improved method for fabricating a semiconductor device, as defined in claim

67, wherein growing said hyperdoped region(s) using moderate substrate temperature MBE
- process(es) involves operating at least one of said MBE process(es) at a substrate temperature
" in the range of 350 — 370 °C. |
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84. An inproved nethod for fabricating a sem conductor

device, as defined in claim 67, wherein growing said
wbyiBesgdoped regi on(s) using noderate substrate pcT/US62/33670

tenperature MBE process(esp involves operating at

| east one of said MBE process(es) at a substrate

tenperature in the range of 470 - 490 C. 25 85. An

irrproved nmet hod for fabricating a sem conduct or

%/Ie&g%g%"? g’t% & f%@ﬁ%{ﬂglhgﬁgém\ﬁgg Lo gr ovs define?i in claim
67, wﬁe@aﬁgr@wgemd e &e%gﬁﬁ@ @o\ﬁeatémgﬁ#é RhpBature MBE

| east” one of s at a su
procegséaspimvalves eperatmgm lmhg@ ccffsmdMBE PEdc@s<es)@ba subistrate temperature

rQ Qd for fabricating a sem conduct or
mtheﬁag%e(‘?\égqgn%gg ned in claim 30 67, wherein grow ng
S80. A RSHAQPREHOR FbiORbiToatiks b B&nﬁ@ﬂ&lc@dr‘%ie@fé@sésrd@ﬁ@ed in claim

tenperature MBE process(es) involves operating a
67, whegeis growiag sid duperdnpe rsgionlebuties moderate whiote ’@n‘eerature MBE

poshEAPRLG Gerb PO B S5 g A S e

inthei‘mgeeﬂsmdztseﬁcconduct or material, the method
cgn‘prlsmg i nin (1.) amatrlx mat er | al

%%Omd Iaﬁ ogh for ra,catée& ? @ﬁw@yncmcmdgvee #spefingddn claim

o R M R P i

process{esnvolBES ofreaatingrat leakiconeiof sdidh MEEtpkmxess(&) ehasubsiate tengdrature
. b [ d pt, concentration greater than the
in the E%‘E% P}e?ﬁéagg‘? {:1' on limt for the sel ected comnbination

of2. N inpfovedtEthad fcﬁ%ncﬁﬁrli?&‘.‘;em@&ﬁhuﬁtdﬂdeﬁ@e M@Eeﬁned o claim

chanber substrate tenperature in the mddle th
67, wherpen gravges erid bmdmmdgesi@nfp)sﬁmgmeéere’wesubmechmptreture MBE

procesSEpREY el Fickaber )G e o Pl M PRocthoe s & fefigeismpgrature

in the @hgeeMd3(f + 650 the | i st conS| sting of Ga, In, A, B,
%d/or Tl 89. A nethod as in claim87, V\hereln sald
oR(proved methodifer &absicating  yearicensuctor device ep defige jyclaim

o visfifSronst o hr OBl Pt U oy e
process(p®) ihvalves cqmmtmgtat legstaie SF said MBI procSss(éShat 43ubfieate Bperature
/or Cd. 91. A nethod as in claim87,

. Zn
in the %%er%’%? sal trix material comnbines a cation
@A AnShipRSyed Qﬁet@&efa? Tab%ﬁtﬁlgedl RO RIuboP IbEd dPads défih@d 91 claim

the periodic table with an~anion consisting
67, whersinegrendtgwid hypesdnpgd segion@)aising moderge sulmtute tEmpﬂrﬂure MBE

proces%@sq 19{%%%0&.}5(3&%& ag RR& rE)tne 5 sa1ci ﬁBﬁi processges) ata suLs%rVgte temperature

accep
in the range of 470 — 490 °C.

85.  An improved method for fabricating a semiconductor device, as defined in

 claim 67, wherein growing said hyperdoped region(s) using moderate substrate temperature
MBE process(es) involves operating at least one of said MBE process(es) at a substrate

| temperature in the range of 490 — 510 °C.

86. An improved method for fabricating a semiconductor device, as defined in claim

67, wherein growing said hyperdoped region(s) using moderate substrate temperature MBE

. process(es) involves operating at least one of sa1d MBE precess(es) at a substrate temperature

in the range of 510530 °C.
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92. A nethod for producing a hyperdoped sem conduct or

material, as defined in claim 87, wherein the nethod
wosfosgsbher characterized by mai ntenance of a  peT/US02/33670

substantially oxygen-free gnvironnent in the MBE

chanber. 93. A nethod for producing a hyperdoped

sem conductor nmaterial, as defined in claim 25 92,

wher ei n nmai nt enance of a substantially oxygen-free

R b T R R
compi¥iguci ng a hyperdoped sem conductor material, as

defined in claim 92, wherein nmaintenance of a
stmmbiningiadi) amafxixeaietial semprised ofione or more eatipats) from group Ma of

To. 10 REReaft ible Bt phekrARRsflin drer B RSk e ferodic
et hodiablef ant @i 4 GlopentginindBERRSEL&EN conduct or
g%lerl al, as defined in claim 92, wherein maintenance

ereiy the methadds rharestgrized by (Re dopdstconsaitatiomggrigriban the

o .
To. 11 e pttatbn IB38 Korthe ST bfiattof OF palifmftotatind
PCT/ UStispaBt (i) Gih MBE chambérrsabistfabe tepmperiut igtha middle third of

hyper doped seni gonductor material,_ as defined in .claim

92, i e S e %eiﬁcwgy@%ﬁ’s fratezial can
envir tynl Nvol ves mai ntenance of a partia

pressure of less than 3.5 x 10-11 torn for

038y gemethad @l icddpirmBiwianeis said Tatign(sentivde droelependion thy list
..a h r dop em . conductor material, as defined in
ccns1s€}ﬁ1%¥fn§a,§n,9§€]33m@/8{ ﬂldmal nt enance of a substantially
03Qy gemethod @s BolhikO8T BV erdin ¥4l YRR inth A8 AR et from the list
. partial pressure of |ess than 10-11 torn for :
conﬂsg‘i&/‘gfefh& sngc%ﬁf%ﬁlnants. 98. A nethod for producing
. | N
S HAPREQGR G- BT ek B UG tnck¥Bs BE REH, i the s
consisingyofifi; Ge,ca, Sn iy OBe M, Zan\ME VEs andfonCénance of a
part.i al pressure of_ o en- hased,contanmj nants that, is ., |
R 4 Brnf 5 T o, &7, Q6D et P PBiFBL COmhssysgtion consisting
of one f%? HofOAEMEAS FrofP&i®up Wb oF 1B Rl il Qﬁﬁ%%ﬁmbdbnsis%ngg of one or

ormati on of non-radi at [ ve Teconbl nat I on centers.
more efmpesisfseim zseunpY bofdheperindin fabledopleshes einisaid mgpant gonsists of a

rial defined in claim 92, wherein mai ntenance
shallovg?&gorggggcieiﬁ% ally oxygen-free environnment involves

o2l Atigdthod Sor@roducinga fiyipatdoped sl Sndiictod a#ke i}, g F68khed in claim
contamnants that is sufficiently lowto avoid

87, wherghthe methnd is further ghara@erizss byansiientnre of asehstaptially oxygen-free
enviroA&i bRHle WBYESRLERGTPI nati on channel s in the hyperdoped
roSem conductor mmterial . 100. A nethod for produci ng a
- 93pArmigthed fs producigucliyperdoptd sdngibondustod efaterial] ak defidediinnclaim
87, wherein the E chanber supstrate tenperature s
92, whergin, rﬁgnqegﬁréc@ cg’]a sg/%jamla%g OXygeniiqe eVIoEIERnyQjyes maintenance of

_ulﬁa_h%hﬁgaﬁjﬂgo@imﬁqﬁm;s&%ggpductor material, as

efined in claim 20 8 erein the MBE chanber
SdbAtmeihed for ppaiuaingrachyipsrdoped benicandyetooinaBRl, as d4fined.in claim

92, wherein maintenance of a substantially oxygen;free environment involves maintenance of a
partial pressure of less than 2 x 107" torr for oxygen-based contaminants,

*95. A method for producing a hyperdoped semiconductor material, as defined in claim

- 92, wherein maintenance of a substantially oxygen-free environment involves maintenance of a

partial pressure of less than 7.5 x 107! torr for oxygen-based contaminants.
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102. A nethod for producing a hyperdoped sem conduct or

material, as defined in claim 87, wherein the MBE
wolnnben7 substrate tenperature is in the range opcBé§2/33670

355 C. 103. A nethod for pre@duci ng a hyperdoped

sem conductor material, as defined in claim 87,

wherein the MBE chanber substrate tenperature is in

the range of 355 - 370 C. 25 104. A method for

pégdum aq%ﬁ?%q lé/{gﬁlfc Wf‘g&n@e ggrﬁlggo rater ! g]ll asacll%ﬁned in claim
92, wli%%'éiﬁ Haﬁit&lah@ém ﬁﬂ)k‘t"aﬁtﬁl? 6}@ Eﬁl?reé é{\&%nﬁ{enﬁﬁ%lvesg@ ginfenance of a

A net hod f rQdu a hyperdoped sem conduct or
partlalrmesaulreauf lesathad 8t 5 néa“ | tomfoapnygea%bﬁsedﬁmn@mmm VBE

4%31‘;%“6%g str e te era%:l#rggal S. In@%g@?@&%ggdegne%mclmm

92, wiegdth @rﬁtﬁﬂéiﬁhéﬁ oﬂ@é&ét‘aﬂﬂmlhﬁ&y@@ﬁ—ﬁ'@@ ehvitdnfiledi 1001965 Bdintenance of a
wherein the MBE chanber 'substrate tenperature is in

partialipiesspigofdespthand - tom Broxyaarbasa eantamigaitdr pr oduci ng

a?§1 YOk %38 ?%ﬁ?@cﬁ%‘aﬂ@?%p@ﬁ%ﬁﬁg?ﬁdg@? tn%gc{rigﬂ & dbfhed in claim

92, whiegsip ﬁra&itﬁ:naﬁcei of d smbtthﬁtla’llgdtg@gaf-ﬁéé&lwroﬁﬁﬁnﬁnvM&s maintenance of a
03/ 036697 PCTI USO2/ 33670 62 108. A nethod f
partial Hresgvreion grvgeR H# Bghif uisient @Y tdvoiddegradation of

doped g@lﬁicﬁﬁcﬁc{cﬁ‘ o &HdPs eﬁe%trolﬁi‘ﬁﬁsécg%cte I?)? ko P%gg@ﬁ-radi ZBgfe

substrate tenperature I1s Iint ange o
recombietion’centetdhod f or producing a hyperdoped sem conductor

i al d i . .
3, o, R s s et st GomibiRk Bl B febig in laim
92, whifdin fraintendddd ofd dii%tﬁﬂﬁ’alfy%xygéxﬂﬂé@éﬂ%&oﬁm@ﬂﬂﬁﬁﬂ@&eﬁmmen&me ofa

semn conduct or materi al efined in claim 87
partial gressure of prigenvbEsesrontoninanip that issefficientip dow ty avaid substantial

fonnaﬁcﬁlnof{;)g opeta ﬁg%adxgﬁ glglé-{ %d:&t#éetrgé%nﬁﬁaugs %%4“3% e]%%ecﬁy'i}%rdoped

senuco@ﬂdactmmaténamherel n the MBE chanber substrate
tenperature is the range of 475 - 480 C 112

net0h dnsthed for @ ing ehpgisloperbisatcadustopratssinl ps deﬁned in claim
87, Wh@%ilﬁ% he MBE 8arfir! s{?@s‘iira'té‘teﬂtp@famre is9n Bl rali1P4110 4%'5_

er substrate tenperature s In thé’range o
498 . 8 metiRl foA proeiubiog aﬂmpelplbpeﬂjmgmdumpmaténp]e ds defined in claim

G R b b i R a0
tl*ﬁ)Q AdRdRod¥or pibelucing b%y?erdéﬂéd seﬁué%ﬁﬂﬂ&@r Fn@t%n@lf QQ&%Hn@S in claim

' hyper doped sem conductor materi al defi néd
87, whgqe ﬁ%ﬁ

L chygmelrasisubstiate tompershuaedsdn tl@ubsgerqftf%éo 385°C,
% é}?&%ﬂ(lf)grdefoi' § cﬁﬁiglcl%lg % Hyﬁgrggpﬁ%%gac%gg?ﬁié % %15 Psl detinefin claim

87, what’&hﬁﬁhb MBE ah?anﬁl&ﬁ' isiistratdte@lpariafire 8 fn thahrehigd of 355 e- IMBEC.
chanber substrate tenperature is in _the range of 525 -

546- & methag foppradpsisg aflwperﬁpmmn@néum{o@ﬁfsaﬁeas defined in claim
8Thgc o
57, whaRH SORAELRLIR SRiale ol R elafiliroShass oc.
t108. Aana@mdcfbr prtducing aShyperddpet seﬂncmaﬂtlrmdr materigll @Sidsﬁnﬂd in claim
a hyperdap onduct or nmat eyi,al sdflnedln
87, whetesy fﬁ? : %wmﬁwﬁ SHSHAL RRD BRI 1 A e BN B 00 °C.
1BBP& ntkiddSFot Srodlcihf & HyPAA6p& sercdnductélmbterial, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range of 400 — 415 °C.

'107. A method for producing a hyperdoped semiconductor material, as defined in claim

- 87, wherein the MBE chamber substrate temperature is in the range of 415 — 430 °C,
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118. A nethod for producing a hyperdoped sem conduct or

material, as defined in claim 87, wherein the MBE
wohankmp7 substrate tenperature is in the range opcH§h2:33670

585 C. 119. A nethod for preaduci ng a hyperdoped

sem conductor material, as defined in claim 87,

wherein the MBE chanber substrate tenperature is in

the range of 585 - 600 C. 25 120. A nethod for

p ' y, € I COR r teri . .
CAOFEkRR SRSIARREFUASIFAB G S B, o Betncd inclim
87, wisndis theoMBE chamberodubiieate Serhperdtivg is Aiberaabe 60430— M (T,
d for produci ng a_hyperdoped seni conduct or

1 A et
nﬁ‘ﬂ% ¢t %‘Pnﬁloggmm Yo 4 Rynerdopgd s@micondusios materigh ap/pefined in claim

7, G B 6LLSELANA bl Hiad 5 SIS
stift. domeihod for predueinigad hypesdoped sensidordnctol aiateriaBas 8dfined in claim

o, g R B AL BT BRAD
almmgm@@ﬁ)r%%ﬂ&mg‘#lﬁlp%fdoﬂéd Sniiddndu rﬂl%%haﬁgs t&fined jp claim

claim 87, whérein the frethod 1s further characterize
87, wheyeinthe| MBEchambersubsteaigtempetsiuyh it io iwerangeuofd 790 480 °C.
6 / 2/ 33670 63 . anneal,n and rapi . .
cFiZ: Aol ol prelieing ) Peried RERERALE%: mRRRrBEtstingd o cleim
87, whesehethdMBH cﬁ&ﬁ@&@ﬁﬁﬁiﬁt@femg@iaﬁfrb & in the YandEBS 80 — 495 °C,

conpr.i si ﬂg' grow ng GaAs doped with a dopant selected, .
t Yignf\nytheshfos produging acdiperdopeshseaticanducioematerak pgdefinest in claim
. o . t ex, tdan
7 idRAPEBE chyhe 86 A BBRHAL AR IRl 68 g
t Han Almethdd R0 poiBicingiahypeidapedsenoandntonibieralphs defined in claim

o A it bbbt g I B
ClaBCANhERSd R %)Rfdugi."ng %thgggﬂgpgéﬂ é%%nﬁﬁ@oﬂﬁﬁt@ﬂal?ﬁb MEhed in claim

process opera ed at a e substrate tenperature,
87, whetigin the iMb3l shamber sulpstrotel temperdtuire Brin {fe)raBR®F5231354C6,°C( b)

%]@5% r@&ztﬁor él%%luc%%g g@yggr%%%d s%%%co%gl%;@' r%ﬁg?ﬁa as%%ngg 911 claim

87, wha8hh tGe MER rhad®fer subdt@ieCemPira®®disin ﬂﬁQai%e dfho 40850410
1) 410 - 420 G (m) 420 - 430 C, (1) 430 - 440 C

ff‘gy .(gmthod@gp@ﬂuqiég a igperdoppgiemicondyctorgpaterialyas dgfined in claim
. ] : 90 r:50Q,Co
57, whetkh ¢ Binp 88ty sifplrott Wnoerditfe dvin ka0 555536 g )
_ 33&_ A nﬁaﬂlﬁ)d&‘owgproduc)ingdﬁyperﬂ«lﬁ&d@emt _ dllm:'brﬁﬁa’ibrﬁﬂl,%, dfeﬁned in claim
Ul i rQcess, a I ow partila ressure o
57, whigRipgha MRS oot bativia dripRcrabas phiherenze of S48 i8S °C.
RS AR B0 1 i
87, whereinghe NEHE chambeOsubitratetempdratire ik ésthe rings of 6851 600AC,
PN A MY M ATIANE Y P
87, whegéin tREMBBEAHbEOSubIRES témbertutdls fh b Hhge of 600 — 615 °C.

121. A method for producing a hyperdoped semiconductor material, as defined in claim

87, wherein the MBE chamber substrate temperature is in the range of 615 — 630 °C,

122, A method for producing a hyperdoped semiconductor material, as defined in claim

- 87, wherein the MBE chamber substrate temperature is in the range of 630 — 645 °C.

" 123. A method for producing a hyperdoped semiconductor material, as defined in claim -

- 87, wherein the method is further characterized by at least one subsequent high-temperature
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critical dopant |evel, wherein said band gap exceeds
1.3 eV, and said nethod entails controlling the

wolgksgghpnmetry of said material during crystal os@Wtshssen
at noderate substrate tenpgrature. 126. A nethod for

produci ng a wi de band gap sem conductor material wth
a high 25 ' carrier saturation concentration of
dopant, wherein said band gap exceeds 1.3 eV, and said

oo GRS AT Loty of sald
teaperidftdyd for producing a hyperdoped semiconductor material, the method
comprising;
growing GaAs doped with a dopant selected from (i) Be at a concentration of greater
than 2 x 10” em™, (ii) Be at a concentration of greater than 4 x 10" em, (iii)
C at a concentration of greater than 1 x 10*® cm™, (iv) C at a concentration of
greater than 2 x 10% cm, (v) Si at a concentration of greater than 1 x 10" cm™
or (vi) Mg at a concentration of greater than 10°® cm™
using an MBE process operated at a moderate substrate teniperature, the temperature
selected from (a) 300 — 310 °C, (b) 310 -320 °C, (¢) 320 — 330 °C, (d) 330 —
340 °C, (e) 340 —~350 °C, (f) 350 - 360 °C, (g) 360 —370 °C, (h) 370 — 380 °C,
(i) 380 — 390 °C, (j) 390 — 400 °C, (k) 400 — 410 °C, () 410 — 420 °C, (m) 420 —
430 °C, (n) 430 - 440 °C, (0) 440 - 450 °C, (p) 450 — 460 °C, (q) 460 — 470 °C,
(r) 470 — 480 °C, (s) 480 — 490 °C, (£} 490 — 500 °C, (u) 500 — 510 °C, (v) 510— -
520 °C, (w) 520 — 530 °C, (%) 530 — 540 °C or (y) 540 — 550 °C, and
maintaining, during the MBE process, a low partial pressure of oxygen-based
contaminants, the partial pressure selected from (i) less than 2 x 107 torr, (ii)
less than 107 torr, (iif) less than 5 x 107! torr, (iv) less than 2 x 107 torr, (v)
less than 107 tor, (vi) less than 5 x 107 torr, or (vii) less than 2 x 1072 torr.
125. A method for producing a wide band gap semiconductor material with a high
critical dopant level, wherein said band gap exceeds 1.3 eV, and said method entails

controlling the stoichiometry of said material during crystal growth at moderate substrate

~temperature,

126. A method for producing a wide band gap semiconductor material with a high

' carrier saturation concentration of dopant, wherein said band gap exceeds 1.3 eV, and said

method entails controlling the stoichiometry of said material during crystal growth at moderate

substrate temperature.



