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5 Cross- %&859 ot O Rel at ed Application This applicati on & @’5?

omU. S. Provisi onal Patent Applicatipns 60/341,051 (fi I ober
2001) and 60/ 350,503 (filed 22 January 2002), both of which are
I ncorporated by reference herein. Field of the Invention 10 This invention
rel ates generally to the fields of solid-state physics and el ectronics,
nore particularly to the design and fabrication of sem conductor materials
and devi ces, MBIHODS OFENPERPOPINGSSEMICONDECTHIR MATERIALIS | cati on of
sem conductor materials and devices f hi gh- per f ormance opt oel ectronic
and m croel ectronic applications. Ba@ound of the Invention 15 Mol ecul ar
beam epi t axy (HBEERDOPENSEMICONDBCTOR SEATERIRE.S CRDMBVECEST  bui | di ng
sem conductor (or other) materrals on a subStrate. Typrcally, MBE directs
neutral beans of nol ecul es at a target substrate, while maintaining

pro%esscl%(gpﬂet.érgﬁlée RdatedS 3L e tenperature, etc.) and stoichionmetry
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cryst aI s u@hisgppladiion cliziinislpetoh@r faerh U5 BBiovBloRal th&ﬂtqhq)pﬁadﬂoﬁ*s pomdh1esef ul 20

sem co ctor devi ces ated, in whole or art usi ng MBE
procesggg’d Ptottequ%mqnﬂﬁoﬁéoépé (ﬁlﬁﬁtzz JWW)MQ bt erial s and
devi cegyd [ N=Ta I ¥ aTa} m dopi ng during the MBE process can produce
perforrr%tr(l)zlge&%5 2t%gees ?\iglr ally speaking, the greater the doping during
the I\/Bﬁlﬂdmfeheslilvtehaogreater the realized performance advant ages for many

h speed devi.ces art the fact that for

A8 ous *hos i ERitioh 2elpes Senéralab HER etg® of figriite pieisd nd Sbartale meFe under
gl ven %ﬂt&ﬁi&rl?@@ﬂtetdeﬁigﬁ and wi%atw of sBRicANARI o BhteRils hhdHidvideR) andidhg car rier
concenftration” produce ant, and attenpts to increase the dopant
concentmae paticllasty ﬁmﬂlehﬁesgn ﬂmi abridtiongd semigohguctarithaterials aidsdevides foraxi mum
practical, ca entrat he matri terlal or even wi thout
appar e?ﬂ b eﬁonélg‘“ (tp??e?ctr(?ﬂlcr?ﬁgr‘ﬂ?rcfi’ﬁ{?%om%ﬁp@ It’égrproductlve si de effects.
These $Had @ﬁlhaqifshénmeﬁﬂendegraded mnority carrier lifetimes and enhanced
dopant di ffusion vvh| ch often lint device perfornmance and reliability.

Typbcal |y, Mojeaiiar beapsnitary MMBE) ise veell knoxem s widelyuspdtechniane foran t he
dopant bﬁtl(ﬁﬁé H&hméﬁ’ddé?dr (blI &h%?nﬁ%ngﬁ%% substJ? %—/ fﬁ%ﬁl@PﬁB%O&gcts neutral

beams of molecules at a target substrate, while maintaining process conditions (e.g., substrate

temperature, etc.) and stoichiometry that encourage growth of the desired material (typically, a
semiconductor cl;ystal, such as GaAs) on the target substrate. A wide variety of useful
- 20 semiconductor devices can be fabricated, in whole or in part, using MBE processes.

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

25 Also well known in the art is the fact that for various host materials (also referred to
herein as matrix materials) under given growth conditions, there will be a saturation limit for
the carrier concentration produced by a dopant, and 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

30  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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saturation limts and solubilities for several commonly used qu |B Ebtr' X
mat eri al Q,?gﬁé'l{%@?ons. TABLE 1 Matri xDopantBul k Carrier SW@AQ@Y% 0
Crystal Solubrfity LimtLimt 5GaAsBe2-4x16019cnB2 x 1020 c -2 X
1020 cm 35 x 1019 cnf3 GaAsSi | x1019c x 1020 cnl 3 GaAsMgl x 1020 cnB81020
enB | nPBe4x1018cnBabout 1020 cm 3 10 Prior art nethods cannot effectively
dope near or beyond the carrier saturation |limt because dopant

concentrations near or beyond the carrier saturation |imt behave
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rapi d di {f,ugi on of &t he dopant tP~E%"!‘%m %@ped regi onss 3p¥ gghanced
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15  limit. In general, at doping levels above the critical carrier saturation limit, approximately half

of the incremental Be dopant ions reside on interstitial sites in the host matrix where they
become donors, compensating for the incremental half occupying Ga sites as acceptors. For Be
-and other dopants, additional compensation mechanisms may be present, such as crystalline
defects, including anti-site and vacancy defects, dopant precipitation, amphoteric dopant
20  compensation, rapid diffusion of the dopant to lower doped regions, and enhanced
_incorporation of compensating background impurities such as oxygen.

These compensating mechanisms generally tend to result in an increase in the non-
radiative trap density. Minority carrier lifetime is reduced in the presence of such non-radiative
traps, resulting in the reduction of the efficiency of minority carrier devices. Thus, in a material

25  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 eleciroluminescence or
photoluminescence associated with radiative materials, degrading the efficiency of light-
emitting diodes (LEDs) or stimulated-gain devices, such as photo-pumped emitters,

30  superluminescent diodes or lasers. Shortened minority carrier lifetimes also diminish bipolar
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reconbi nati on has al so been linked to performance degradation, qv ?@

| eadi ng tQuhglifpid ity concerns. For exanple, interstitial &t &gf 55/ 6
both a non-‘racfla I've reconbination sitg and tend to diffuse raplg y at

el evated tenperatures or in the presence of high-electrical fields, aging
the material and causing performance 5 degradation and failures. For
exanple, interstitial Be dopant atonms in the base of a npn heterojunction
bi pol ar transistor (HBT) tend to rapidly diffuse into the emtter,
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L5 to exhibit a significant degradation.in mmnority.,carfier.]|i i See
RK. _Aeiatitempersutasiant] DaS i e ireverly CapaiBuhe Bt 4

" Augerthé%@gbi nation in heavily carbon-doped GaAs," Appl. Phys. Lett., 78,

13, pp. 81.), and experiments with heavily C doped LEDs denonstrated
a high cut dFHe limitaioenobsesved for BerdopeshGady Jave swtivated these ordiagrdly skilledin
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de LYQfs bden dMowH468@tapab of Bopiel GUAN f-fype o a loleSondmtration ih exbesskfd®’” P. D,
Ki rchner Cardone, " Doq%{]&@ncent ration Deérendence of Radi ance and

and F.
oot i cam MseeTat ideAysardM.Weo ShSeorkpead 8 D. KirchBerg Jpatteeas | i ght -
emtti Di_ode MR b ﬁ,ﬁ&]] , 1992, p.
353). 6‘%6%8?%@333%03@%% §$§5%gcom ngy epc-’rtgyg%}e('%%ﬂ;gg‘%l%r%?aﬁghoi ce for
the bagstake0idppl. Py BenoSAEIT0RD. 1620). Nokh@edks sudB TeavibeCaloped GaAs appears
predom nant|y substitute for As atops in ';}he G@QS st,al i sﬁead of. .
od6upyiP euhibit esigaificepkdegspdapign & manority, parfiey IfEme wfﬁiﬂi&%&%@ solubility
i mt Qf ' ).« E e the
beco {Hli%st%é’lr)@ﬁ%ﬁ@%eh rr%?ﬁ“ %&%ﬁ%ﬂmﬁ %kh r@% eg g%?ﬁ’?“ﬁ%ﬁ?f h?ﬁg‘r} ef or ey
m gr atearbouatopebGeAs 8aipipl. \PHyh dietr., @8, thppatsy9edinh and expesimenttiwithbpavily30 There

R e e P e S T, e
.\(/:Vﬁ |n g ﬁ @g\& %&t(eﬁ%ﬂveﬁcﬁliﬂi(')iﬁ(rjnegﬂrﬁg%g&%@?%ﬁ@@nﬂtﬁﬂ@aﬂﬁciﬁfﬁ%ﬂ%ﬁ@é a Béritik pickakes,
20 in the non-radiative recombination rate. (See T. J. de Lyon, J. M, Woodall, D. T. MclInturff, R.
J. S. Bates, J. A. Kash, P. D. Kirchner, and F. Cardone, “Doping Concentration Dependence of
Radiance and Optical Modulation Bandwidth in Carbon-doped Gag.siIng.49P/GaAs light-
| emitting Diodes Grown by Gas Source MBE.” Appl. Phys. Lett., 60, 1992, p. 353).
Nonetheless, C is rapidly becoming the p-type dopant of choice for the base region of

| 25  commercial GaAlAs/GaAs HBTs, because C atoms predominantly substitute for As atoms in

the GaAs crystal instead of occupying interstitial or Ga sites, up to and even beyond the
solubility limit of carbon (C) in GaAs (see Table 1). Be dopant atoms, since they become
interstitial much more readily than C dopant atoms, therefore migrate much more readily than
C, and are comparatively unstable.
30 There are, however, critical limitations for C doping. In GaAs, the equilibrium
| solubility 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 Ict_lo_wn to degrade HBT



WO 03/ 036697 _ PCT/ USCQ2/ APR 2006 33670 4 performance. (See Q Yang, D.
Scott, I. MIler, P. Meyer, H C Kuo, J.E Baker, and GE. Stil

"Preci pitakg ohpiddB i on in carbon-doped base of | nGP/ GaAs Eg}@é‘@%ime
bi polar transistors grown by |ow presgure MOCVD." Appl. ys ett., 74
20, pp. 2993-5.) Reconbination may occur via parallel channels associ ated
with different reconbination 5 mechanisns. For exanple, if a material has

only a radi ative reconbi nati on channel then only 1light is generated.
However, | f a rraf erial_has _in additjon _a non-radiative reconbi nation
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t he above, one object of the present 1hvention relates to nethods for
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dope beyond carrier saturation limts. Another object of the invention

r el at edfansisiey SaR i paasceptally dow values Additionally, o-type C dopingistechpplegicalt ¢ he
i nvent i r Q. frie ' : A | St

oS0 AR A BB o AERR 4 HONEIRO, rr,
sem corbkre isor significdmt medrbin thé fieldtfondn lteenaiting enCidopingel at es to el ectronic,

m cr oel ﬁc,t roni g fnd/ or e: %c: ro- pptical systens conprised, at least in
part, : u - £ : nt part, from hyperdoped sem conductor
materials. Ay §hdf tﬁé‘éﬂogg,ro&tﬂb?&i ofthe ?%&d&%ﬁbﬂ&lﬁt@éﬁiﬁ&h&& fBP%Jtaur 3 for

grow ng sem conductor > naterials a erate substrate tenper
and/ or semichndpeeor nggtenials withtdopinglbeyomd converdiznel ¢arri¢rsaturaticadinitstheieinaftie

rowmh rate,js sufficiently hi then carbon.or any o r ,dopant. that
Dot " rafBing eps Ve b ientoduliop iafenals 31 A4 2 BRterl Blat ARBRGH I o
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Anot her object of the invention relates to nethods for grow ng

seni cofapebeyendearEer sateratignlinkisan oxygen- poor environnent. Yet another -
oby cct o BRI o e ST e EARPhARAR AAGRTC Lo
formati on ofYepmeileer obfect YIBLE HVeBHELElatesRETSAA0RNERS (fg., LEDs, transistors,

20  detectors, lasers, etc.) made, at least in part, from hyperdoped semiconductors.

A further object of the invention relates to electronic, microelectronic and/or electro-
optical systems comprised, at least in part, of devices made, at least in part, from hyperdoped
semiconductor materials.

A still further object of the invention relates to methods for growing semiconductor

25 méterials at moderate substrate temperatures and/or at higher growth rates. In this regard it is
| noted that if the growth rate is sufficiently high, then carbon or any other dopant that tends to
form precipitates (at lower growth rates) may be employed {e.g., Se) with an advantageous
- reduction in the probability of precipitation.
Another object of the invention relates to methods for growing semiconductor materials
30  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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of said materials fornmed by prior art nethods: (i) precipitatian,qf ';{beqﬁl
dopant ; (i\jvé)o!wﬁl} §5t itial dopant; (iii) anti-site or vac g@;@g&i
of the dopant; (Glgv) mgration of a dopant; (v) anphoteri ca'ﬁg’%g
conpensation and/or (vi) non-radiative reconbination centers. s A still
further object of the invention relates to nethods of fabricating

sem conductor materials having | ower resistance (i) in the bul k region,
(ii) at the interfa_ce(e%)g, (iii) at the surface and/or (iv) at the

cont actmsare Af fhstfollawing effgets loedinasHy &enndatt therdopingleval obsrid eaiarials fogned bipl i fi ed

processes for nufact urd hi.gh- I ! G - gevices. 10 An
Dedi ¢ SRaT *GEpeliRe g kb far s e IS BRTASGRE ) BB CC P g
hi gh- pasdmey FBmpensaten 60md depat; @6\higesioniof b dbpgig(v) mpheteriGiopaht f ur t her,
anot her object, of the invention relates to processes for manufacturing

hi gh- p&PRpeRstiernantion GOmendadiativeleceniinglion ¢9%Y nore conpatibl e

conpi nati ong, &gza e 'lﬂ%&'ofth%"i%é]ﬁiroa(m{atgg{o Igétgwseoffam&phg RerhRbAdREort O

processes for I ng sem conduc evices w superi or

oper at inngenprloheving lesver sasistanas (i) {rethe bulifregiond) at the gntenfeeds), ({ih)at thewer RC
time constants; %Ci; gC eater power efficiency or |ower power |osses; (d)
better SH@%&“@&‘W&W at E‘%f‘mtﬂ"rtgher duty cycle; (f) l|ower threshold voltage;

(g) superiorg g&%ﬁﬂfﬁirﬂ&rbﬁ eEBGhé fvehRMelatdsth %ﬁmﬂﬂéd?%deﬁdé& for(i) higher
gain; (j) higher stability; (k) higher radionetric efficiency; (1) higher

quant umasf:fictirimgdjgh-performagteesenpbatdonter d¢vicess f i ci ency; (n) hi gher

bri ght X faster, .2 tro-Jd um i Qg i gh
et dxat s on AuAdRRRERRiFd of Ehy o FPRER B beRER bbb ithale BBOCL. ()
| over \werelsangt BersipbRARidrieeiosd With highar yieMiness) ; (s) optim zed wavel engt h

centroid; and/or (t) inproved device-to-device reproducgibility. Yet another
obj ect of t Ml fprkesranogher cbiest elthe venpiinnaslates tp rocessss ol dpanufagring

. er b ; ¢ T ) i i |
O SR ORISR 85 b AR EE Rt o ARG A ST Sl
rg_gi on d](c)pi rr;:!mo&mdbbje;t(dﬂthé inlveriton re}a;egim?faceﬂsasﬁ)é mmp&bamg.seﬁ{mbndi;mher
© ob b RMEFINS BPSIOF S B UE TP LS SION e Bige SRR B DIP Gr 1 al
Vot ! . p ! : ; i cal
tont acAmEGopBIHENE) Peatch fol i @NLiLAY ool RIS B tolbl RUEnRLEL | FT
anot hehighbj éwaty cpdle;t(feloimertmeshohl vodtage (gr swpenier dperatiag valtage () loveemi conduct or
terial  hayi .electri.c f.iel i d.th h the.l th
of -y poresisbtedtnf Sy Riatiet gpits (b aherariiy R flee BIOERC SHeRIRE 0¥ A 'stiiT
furt hepighb} Qe efffoRnPV@T) Highbr photofheRicRHiéi8ndy? (n)higher brightness; (o) faster

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

intensity noise; (r) lower wavelength spread (breadth or narrowness); (s) optimized wavelength
centroid; and/or (t) improved device-to-device reproducibility. Yet another object of the
invention relates to processes for manufacturing improved-performance heterojunction bipolar
transistors (HBTs) or similar devices with (i) relatively thinner base regions, (ii) higher base-
25  region doping and/or (iii) lower extrinsic base resistance. Yet another object of the invention is
to provide for a reduction in the surface recombination rate through the use of hyperdoped
semiconductor material.
Yet another object of the invention is to provide for improved electrical contacts
through the use of hyperdoped semiconductor material.
| 30 Still another object of the invention is to provide for a layer of semiconductor material
having an electric field established through the layer by the use of hyperdoped semiconductor

‘material to provide a doping gradient. A still further object of the invention is to provide for
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resi stance(s) through the use of hyperdoped sem conductor matefpa Y&hqﬁd
anot her 0@*’@35/03% 4he invention is to convert a sem conductofudBl R t
exhibits ow radgi ative efficiency (usually less than 10% conversion
efficiency) into a sem conductor material exhibits sufficient radiative
efficiency (usually greater than 10% conversion 5 efficiency) to be useful
for optoelectronic devices. Conversion to higher radiative efficiency is

achi eved by hyperdoping to jncrease the rate of radiative reconhi nation
r el at Fenced devige Wik sesisacsle) (heo ot hyperdepedsemironfumor Baienzhanpl e, | ow

radiative %g iagatﬁ&%jé%ﬁ{hk%&n is te%Me#%ﬁi&nhewoﬁﬁhfeﬁwm%ﬁiﬁé, to
e de to hig

crystallin ects, h surface reconbination velocity or to other
non- r &miv addiateverefficieéyr(@asiatip less theari0Shreonversiwodficiemy) ynto gsemicahiyctempeaki ng,

d with i ding t it | , t .of th
" nventiaal exbES suth SepirEatve SHclsP BTl SToRE AELLY AR uCt or
mag er ie&iej?eno%tﬁe} QAR f§WptdetdcBbhic Mebiced) GO aBioR e RigHESadigtiveosfESiency is

subst ant i al of the dopant onto cation sites. A related enbodi nent
uses achieved i yperdopiniggh inssease thegpiexd urdiative teepmedhinatiopselative Withgnen- of the

donant SIS ARleRes!deionp ol ISEAABICEIN lhoB0E ASREE! nblerbiudyvent | on,

urfrcient “anibn overpressure i nvol V€S dgr owi ng

‘t he hypeirdiopesilove Mataiatuein o CBisatlirdl defectd, tomigh hafse resohsbinaion velocity
tenperatures, in substantially oxygen-free environnents usi ng MBE. Exanpl es
of h?b&@hﬁé@%ﬂ@ﬂﬁﬂ%mﬁb’@éé@b@e I4SHS. | nvention may i nclude fornming GaAs

that is relsat] 5 .A0h-adid Ve ' i doped
W ih Bo at Aachidly, aehfRLP el At DHANE BRI B rlng SR R bped
Wi t h Bepeat ofithe rveatidr midtesrio adetlgyde fivreprotidmg HyperdbpadsamicGyductea Amtériaber doped
with Be at a cqnceniration of greater th 6 x..1019.cm 3, hyper doped
Wt Beudined Slanbiien SiotpreghEsicorismn ey gl of doreafiote B0 eq

Wi th Besai r@latdQsithatt uedd LufidiSftyehigh Batonprésst@40 f6re8 sutistiially AiebFloped

with Be at a concentration of greater than I.2 x 1020 cm 3, Ga
hy per theplegani arito Baiomsites. concentrati on of greater than 1.4 x > 5 1020 cm 3,

GaAs hyperdoped with at _a co ntration_of .greater than 1.6 .x 1020 cnB,
Ghe |y pelaerEy wiant edbsbCR AL PR Mg RE bl SReer 1020 cr,
GaAs  BMBR bdapedsitk ifvolBe gAdwing G 18pefdoped SdhiedndateatRiterialbant Hoderdie20 cnB,

GaAs hyperdoped with Si at a, concentration of greater than 1019 cn8, GaAs

hy per siysatetpmperntyres; insubgaetinlly oxyeenites envifosmerts usia B Bxapies ohp
B RS ey P e RGN HE bR iy MR Roonfil B ¥ Wbty 0 ©F

Met hoftse bbiion-falaive ret@nmbiHaciod opeers Sadidopsitwith Be atmt@iceatraijoni of gaeata@r dance
with the invgption, may further, involve annealing the F‘%‘F rdoped ,
sehi chragdet Y ea 45348 hypgidoped ith Beatgsrasaniration pfgredterd ?xll@ WD -
03/ 0368R¢ nyp&ridpddSiith BER 264 BnitaA TF gfeater than 6 x 10'° om™, GaAs hyperdoped

with Be at a concentration of greater than 8 x 10*° cm, GaAs hyperdoped with Be at a

concentration of greater than 1 x 10%° ecm™, GaAs hyperdoped with Be at a concentration of
greater than 1.2 x 10°® cm™®, GaAs hyperdoped with Be at a concentration of greater than 1.4 x
»5  10%® cm™, GaAs hyperdoped with Be at a concentration of greater than 1.6 x 102 em™, GaAs
hyperdoped with Be at é concentration of greater than 1.8 x 10?° cm™, GaAs hyperdoped with
Be at a concentration of greater than 2 x 10%° ¢m™, GaAs hyperdoped with Si at a
‘concentration of greater than 10'® cm™, GaAs hyperdoped with Mg at a concentration of
greater than 10%° cm™ InP hyperdoped with Be at a concentration of greater than 4 x 10*® cm™,
30 orInP hyperdoped with Si at a concentration of greater than 1 x 10" cm™. Methods for
producing hyperdoped semiconductor materials, in accordance with the invention, may further

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



guenching the material and optionally repeating the anneal - and- quench
process once, twice, thrice or multiple tines. Methods for produci
hyper dopeqyd®/6isks S at noderate substrate tenperatures, i]{]}: Qﬂé 206
with the invention, may involve noderate tenperature grow 1io acitTitate a
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grow hyperdoped materials at rates so considerably faster than the MBE
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performance degrading non-radiative recombination channels in the hyperdoped

-0 semiconductor materials.

It is noted, in this regard, that during the growth of hyperdoped semiconductor
materials in accordance with an aspect of this invention, a non-negligible partial pressure of
certain gases containing other than oxygen may be present, such as nitrogen, and thus an ultra-
high vacuum growth condition is not a completely strict requirement per se. Further, in this

5 regard, these teachings may be practiced through the use of growth techniques other than
MBE, such as through the use of low pressure chemical vapor deposition (CVD) or vapor
phase epitaxy (VPE), so long as the atmosphere near the growth contains no oxygen and/or
oxygen containing compounds, or a pegligible fraction of oxygen and/or oxygen-containing
compounds. CVD and VPE can be employed to grow hyperdoped materials at rates

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

VPE growth rates on the order of 60 wm of material per hour, more or less.



Met hods for produci ng hyperdoped seni conductor materials at rmderate
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than 5 x 10" 12 ton, Qm%ll ess than 2 x 10'12 torr}, and using, during
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torr, (ii) less than 10™° torr, (iii) less than 5 x 10" torr, (iv) less than 2 x 10" torr, (v) less than

10 torr, (vij less than 5 x 10" torr, or (vii)less than 2 x 101 torr}, and using, during the
growth process, a growth rate or rates that preclude a substantial amount of dopant
25  incorporation on non-dopant sites such as interstitial sites, amphoteric compensating sites, or
precipitates, thereby achieving hyperdoping, such as growth rates in a range of less than about
1 pnv/hour to greater than about 5 pm/hour (if single crystal growth conditions can be
- 'maintained), more specifically growth rates in the ranges of about (A) 1.25 - 1.5 um/hour, (B)
1.5 - 1.75 pm/hour, (C) 1.75 - 2.0 pm/hour, (D) 2.0 - 2.25 pm/hour, (E) 2.25 - 2.50 pm/hour,
30 (F) 2.50-2.75 pm/hour, (G) 2.75 - 3.0 pm/hour, (H) 3.0 - 3.25 um/hour, (I) 3.25 - 3.50
| pm/hour, (7) 3.50 - 3.75 pm/hour, (K) 3.75 - 4.0 pm/hour, (L) 4.0 - 4.25 pm/hour, (M) 4.25 -
4.50 um/hour, (N) 4.50 - 4.75 pm/hour and (O) 4.75 - 5.0 pm/hour. Note that the markedly
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region(s) using moderate temperature MBE process(es) may further involve maintaining a

e
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substantiaily oxygen-free environment during the MBE process(es). Maintaining a
substantially oxygen-free environment during the MBE process(es) may involve maintaining a
25  partial pressure of less than 107, 2x 107, 5x 107, 2 x 107" or preferably 10™° torr for
oxygen-based contaminants. Such substantially oxygen-free environments may be employed to
avoid significant degradation of the hyperdoped semiconductor material’s electroluminescence
and/or to avoid significant formation of performance degrading non-radiative recombination
- channels in the hyperdoped semiconductor material. Use of hyperdoping to realize one or more
3 0 the aforementioned region(s) produces at least one (and preferably two, three or more) of the
following benefits in the fabricated semiconductor device(s): (a) higher operating speed; '(b)

lower RC time constants; (c) greater power efficiency; (d) lower power losses; (¢) better heat
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1120vet IoHAT PXYSER ARY AXYEpnLeataing compoynds. Suektlirashigh yamgm eongisions firt i ng,
_a“Qt hegxyBSEIRY ben containing compounds are preferably selected to (i) avoid substantial

degradation of the hyperdoped semiconductor materials' electroluminescent modulation and/or
(ii) avoid formation of performance degrading non-radiative reconibination channels in the
hyperdoped semiconductor materials. A moderate temperature is typically a substrate

25  temperature lower than that used for conventional growth, but higher than substrate
temperatures that result in significantly degraded material quality. The conventional growth
substrate temperature is typically the subsirate temperature range that enables the production of
high quality (low defect) undoped or lightly doped materials. A moderate substrate temperature
may be a temperature in the range of 300 — 550 °C, or preferably a temperature in the range of

30 350500 °C, or alternatively a temperature in the range of 350 — 375 °C, 375 — 400 °C, 400 —-
425 °C, 425 — 450 °C, 450 — 475 °C, 475 — 500 °C, 500525 °C or 525 — 550 °C.



aspect of the invention relates to nmethods for produci ng hyperdoped
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GaN, GaAl N and rel ated aI loys } and (ii) a dopant ill ustrativel y sel ected
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non- ra&}i1 %e reconbi nati on channels in the hyperdoped sem conductor

mat er i ese inventive nethods may enpl oy MBE substrate tenperatures in

the range the31i19thods31%§y Gurtheg Mivolvdhthiftai sub%é%ﬁ@ly en-f8¢ Environtelt - 385
C, 385 - 400 25 C, 400 - 415 C, 415 - 430° C, 430 - 445°C, 445 - 460 C, 460

- 475 igthegrywth glggnter. Mgintaining g sulistantiglly oxyppo-fize @yaonm@%yp@allszsvolvmo C,
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four osflesaniedn Sk 90~ epEr dsstiRnaHead ! tBﬁH legyben BY5 % 8@ dotrfee leBthanquench,
step(sg aihe nmethods may al so involve t echni ques to increase _the anion (or
cat i on}0 3 dote) 105 sxyendinsed eantamingys inghidingoelementatanysen oryseradisas awi on (or
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t o al tdelinatd tlerouginthe satice neleantir bammsiah kohs Ga, Al, As P Sb, N— thus avoiding

20  substantial degradation of the hyperdoped semiconductor material’s electroluminescent

properties by formation of non-radiative recombination centers and/or significant formation of
performance degrading non-radiative recombination channels in the hyperdoped
semiconductor material. These inventive methods may employ MBE substrate temperatures in
the range of 310 — 325 °C, 325 — 340 °C, 340 — 355 °C, 355 - 370 °C, 370 ~ 385 °C, 385 — 400

25  °C, 400 — 415 °C, 415 — 430 °C, 430 — 445 °C, 445 — 460 °C, 460 — 475 °C, 475 — 480 °C, 480

- —495°C, 495 - 510 °C, 510 —525 °C, 525 — 540 °C, 540 — 555 °C, 555 — 570 °C, 570 — 585

°C, 585 — 600 °C, 600 — 615 °C, 615 - 630 °C and/or 630 — 645 °C. And the methods may also
involve one (or two, three, four or more) high-temperature anneal, followed by rapid thermal
quench, step(s). The methods may also involve techniques to increase the anion (or cation)

30  pressure such as using ionic or radical forms of the anion (or cation) to provide a suitable

excess anion pressure.



of the above-recited steps, elenents, conditions, ranges and/or materi aI S,
consistent with, and/or in furtherance of, the teachl ngs and gi

the instarlohslygpss on. In particular, any patentable pro g 5{%
article of rranufacture or corrp05|t|on (9f matter that is taug his
application, whether in this section or el sewhere (such as in the Dr awi ngs
or the Descri ption of Illustrative Enbodi nents), should be considered part
of the present invention. Brief Description of the Drawi ngs Various
aspects, fe t res, advantq}g s and appllcat ons, of t e yesen invention are

descri bed i RUldWRRR @sRRcis A dhimyention plate tBﬁ touptie oyl loe HEHELORY | ow,
whi ch_ e afabBid Rldited stepd, SlehfRbRNGKHdtloRs 18 ad BP flahtills! Ghsitich

he
acconpanyi ng set of draw ngs, in gures I A-B concept ual I'y depi ct
certai ranqb’nnméutth@amﬁofp%m rtea@hmgaanddmam)fd elnstandmwamtton Topapiovdais anyn;

Funct | SREBRDISGT D “PUIRGb e Of BRNERGTH ) SAPPOL Lo AL giat i huht o

hi gb degi Eﬁalie@ﬁ&i SvhethbPinthibestiotFori@ivhiere nichess ih tHeddratipsopthesever al pri or
art and exenpl arﬁll nventive materials; Figure 2C depicts an exenplary test

st r uct descripitoniof Blustrativs Bgbedimenis)sheulq be s@w@s@l paripighe pres@hinvenfigit. ct a

prior Hilef P §0J & Hak: an ohm c contact; Figure 4A depicts a
tunn rmﬁné;g&mw%m—rm#eﬂn accordance with the invention; 20 Figure

4B i | | ust r aVasioasaspedis ieatiies, caduaetages ahdapplicatieds ofgheopresent jnvemticnaire ( of

-|

Fi gure 4A optical_mrrar; ure 4 |Ilustra di.aqram f or
a tuanFﬁc%fBe wrﬁoen%%epa%ft Deseiation ol Ungraliyg Bdimerise 9%%&?3?#@1? Plre 5A
shoys & iaRAGRPLYEId ﬁchﬁﬁméﬁ‘&f\krRﬁ'tlﬁfacé’orPﬁ ngr@rsefé rmw&l in accordance
25 with the invention; Figure 5B 1s a sinplified equival ent circuit nodel

of the tran¥igwer1od mcﬁpwallgd@puettcedam propeitips Dﬁcanpr fituyatien Bk te dopant a
doubl e het eroj unct | on I L(%ht emtting diode made in accordance with the
i nvention; 30 F| | ustrates the band di agram for the device

depi cted i npfgugel2R &ﬁcepnﬁngt& icfs @E&ﬁtﬁn@&n@bﬁh&gf&ﬁwﬁy awhakiin grade in
accordance with the |nvent|on and, 10 WD 03/036697 - "PCT/ US02 APR 2006

/33670 13 Fi gur egrogyh E@W@f@hﬁﬁmvnm@w éhepriorent, atdtigh deping lewslsii st or s
B T e T e T A
materials;
Figure 2C depicts an exemplary test structure fabricated using the inventive process;
Figures 3A-C depict a prior art process for creating an ohmic contact;
Figure 4A depicts a tunneling ohmic contact made in accordance with the invention;
20 Figure 4B illustrates an alternative use of the tunneling ohmic junction (of Figure 4A)
as an optical mirror;
Figure 4C illustrates a band diagram for a tunneling ohmic contact made in accordance
with the invention;
_Figure 5A shows a conceptual cross-section of a bipolar transistor made in accordance
25 with the invention;
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;
30 - Figure 6B illustrates the band diagram for the device depicted in Fignre 6A;

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



conceptual sinplifications, and are not intended to indicate exact nunbers
or precise shapes.) s Description of Illustrative Enbodi rrents ﬁﬁ?ﬁb%
herein, avyhyRgnsieped compound sem conductor material is a lg@ifﬁ

a sui tabl e excess anion (cation) presgyre incorporated int e r| X such
that, conpared to prior art materials, nearly all of the dopant atoms
occupy cation (anion) sites, so that corrpensati ng effects such as
interstitial dopants, anphotericity, crystalline defects such as |o
anti-site or vacanc def ects, dopant precipitation, or co-incorpqration of
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|nterrred| ate %trate t enper at.ur.es (‘PH% In a ra}g}ge of about 300 - 550
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Lﬁlevei Hyperdoping can also be used to create materials with increased doping concentration at

a given minority carrier lifetime. Or hyperdoping may also be used to increase the total

minority carrier lifetime at a given carrier concentration.

In one embodiment, the hyperdoping of a semiconductor material occurs in a growth
chamber at medium or intermediate substrate temperatures (e.g., in a range of about 300 — 550

25 °C, or preferably a temperature in the range of about 350 — 500 °C for GaAs), wherein
' substantially all oxygen atoms, radicals, molecules and/or oxygen-bearing materials and
compounds have been excluded from the growth chamber (e.g., in a growth chamber having a
partial pressure of less than 107 torr, less than 107 torr, less than 5 x 107 torr, or preferably
less than 10" torr for oxygen atoms, radicals, molecules and/or oxygen-bearing materials and
30 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



In accordance with an aspect of these teachings, hyperdopi ng causes a
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(0e. onavestiutinal sifasty defantelsewiierat ons or an cation over pressure)
Hyperdoping works because it commits a form of solid phase epitaxy. Recognition of

the benefits of anion overpressure during growth by prior art researchers missed the central
importance of inducing the overpressure internally within the bulk material, rather than
applying it just externally at the growth interface. The present invention keeps the internal

25  overpressure high during growth of the hyperdoped bulk state by incorporating excess anions
at a non-stoichiometrically high density, but avoids significant subsequent creation of non-
radiative traps. Prior art approaches to using non-stoichiometrically high anion density have
typically used a low doping level (intentional or background), so the excess anions principally
compensated the dopant, yielding semi-insulating material. Other prior art approaches to using

30  non-stoichiometrically high anion density have typically used too high an density of excess
-anions, yielding material with excessively high non-radiative recombination rates.

In an alternative embodiment, hyperdoping causes a compound semiconductor material



with plurality of anion vacancies during growh, such that the cation
richness forces a high preponderance of dopant atons onto ar;}k%g '§ }-'\?5006
/33070

where thexy@gsfdsed; after growth, yet the cation richness s,

excessive as to cause a significant dggradation of the carrier transport s
properties (majority and/or mnority) after growth. A hyperdoped materi al
Is a material formed by hyperdoping, or a material in which substantially
all of a dopant is localized to substitutional sites, with a negligible
density of dopant on anti-sites, interstitial sites, or present as
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of t heSUbRiraieempgiptyre ofiOR oK duping growikr Npjeribatiasdhe subdrato tanensmdiere dnarenseed
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the formati on of hyperdoped material wthout the WO 031036697 PCT/ USQ2/ APR

2606 35dyend the departatoms{Berin Briseasp) argfeund mostly on cation substitutional sites (Ga
in this case). Note that the excess anion atoms need not be identical to the matrix anions (e.g.

by using P as the excess anion in GaAs instead of As). With suitable control of the excess
anion, minority carrier lifetimes are increased compared with prior art techniques, In the case
of direct band gap materials, Minority carrier recombination in hyperdoped semiconductor

25  materials may be dominated by radiative recombination, where as prior art materials doped to
the same concentration would be dominated by non-radiative recombination.

In other embodiments of this invention a hyperdoped semicondﬁctor material may be
doped with Mg, Se or some other dopant that exhibits a tendency to form precipitates or
inclusions at normal growth rates (i.e., a growth rates ;;ypically less than about 1 pm/hour). In

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

growth can be maintained, may enable the formation of hyperdoped material without the



One aspect of these teachings provides a nethod or process for producing a
hyper doped conpound sem conductor material by operating a growh &b@rﬁ
at a nodergd gt h tenperature or tenperatures while prlﬁ:“l‘\ﬁ?{)ﬂgﬁﬁg?

one anion, at least one cation and a $;sel ected dopant, 1re -
mai nt ai ni ng a | ow background pressure ?or defect-inducing materials,
particul arly oxygen atons, radicals, nolecules and oxygen-containing or
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resul ti sem conductor material there is found an excess of anions,
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fully appreciate the invention and its many uses, It is appropriate to
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It has been éeterm’ ned, first, that at concentrations 10 APR 2006 WD
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fraction.of Be i ncorﬁi)ﬁates S intersti ti' al dee{) | evel s
20" semiconductor materfal having at least one cation element, at least one anion element, and a

selected dopant, wherein there is an excess anion concentration between x and ¥, where for the
case of Group IH-V compound semiconductor material containing As, x is about 10'° cm™ and
'y is about 10" em™. Higher values of y can sometimes be tolerated during growth or post
growth annealing results in the precipitation or diffusion of excess anions out of the device’s
25  active region.

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

30 methods of growing them. Exemplary applications and devices are then discussed.
The present invention is motivated, in part, by the inventors’ discovery of how Be

behaves as a dopant in GaAs, In particular, it has been determined, first, that at concentrations



and, second, that these Be interstitials are primarily responsible for the
carrier saturation, enhanced diffusion, and reduced mnority (i(Er %%0&6
3670
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PCF/ UBC@SE FngxE%s(zjf glfgy I3dtoa by limiting the carrier concentration 124 to

some critical level 120, Amphoteric dopant compensation dominates for relatively small band

gap materials (generally below about 1.7 eV),
Compensation occurs via an amphoteric dopant compensation mechanism when the n
(electron) or p (hole) carrier concentration 124 approaches a critical limit 120, beyond with the
25 addition of more dopant atoms results in some of the dopant atoms being incorporated on
donor sites, with other dopant atoms will be incorporated on acceptor sites, resulting in a
compensation effect with reduces the effective dopant efficiency. The carrier concentration of
the crystal is observed to be roughly constant at 120 for dopant concentrations at or above 129,
shown generally as the region 127. Adding dopant beyond the carrier saturation limit 129
30 produces donors and acceptors in approximately equal quantities, so there is no further
substantial increase of the majority carrier concentration at a dopant concentration beyond

carrier saturation. In graphical terms, the excess free energy 134 is approximately linear as 135
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of precipitates and/or the rapid diffusion of the dopant to lower doped regions. This is why

doping a GaAs matrix with C achieves only about modest improvements over prior art doping

of GaAs with Be or Si: The equilibrium solubility limit for C in GaAs is only slightly higher

than the carrier saturation limit of Be. At C doping levels higher than the equilibrium solubility

0® cor®. However, C

.25 limit, the hole concentration continues to increase to about I x 1
precipitates also form, yielding material with very small non-radiative minority carrier
lifetimes, hence unacceptably low transistor gain.

Vacancy and/or anti-site self~compensation offers a second compensation mechanism.,
| When it oceurs, it can be more important than amphoteric dopant compensétion. In wider band
30  gap semiconductors (e.g:, more than 1.25 eV, and usually more than 1.75 eV), a vacancy can
- occur with charge opposite to the ionized dopant’s charge. For example, removing an Ga atom

* from a GaP lattice leaves a negatively charged (i.e., acceptor) vacancy behind, since Ga



vacancies are normally a triple electron acceptor. Therefore, Ga vacancies
can conpensate an n-type dopant. Alternatively, an P anti-site_( éﬁ] %n
a G site‘,;[@ 9@%}5,}3 a doubl e el ectron donor, providing é‘g’ﬂé 35? 0
mechani sm'f 9F -%ype dopant. Sel f-congpensati on of vacanci a
anti-sites may occur in narrower band gap materials as well, although such
self 5 conpensation is usually not energetically favorable. It is well
known that the n-type orp-type character of a sem conductor is determ ned
primarily by the stoichionetry it holds during its growmh. For exanple,
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depletion width, and can be exploited to inprove tunneling ohm c contacts.

_Buto t heithethe ecystal geewthenviranmentt he carrier 10 WD 03/ 036697 _ PCT/ US02 APR
_- 2006 / 3367%113 well-known technique, controlling the Fermi level at a surface, can also be used to

avoid amphoteric Si dopant compensation in the surface depletion. However, this works best
for n-type doping near the surface. As material is built up into a bulk, the Si at each former
surface becomes amphoteric, with a fraction of the Si dopants switching from Ga sites to As

25  sites and limiting the bulk doping to 120. This occurs because the Fermi level at the surface is

| pinned approximately mid-gap during crystal growth, so there is no free carrier saturation

evident to dopants near the surface, and the electrons normally associated with the Si donors
are more evident in surface states (as bound electrons). For example, if the Fermi level is
pinned mid-gap during MBE growth, which occurs naturally for n-type materials during

30  growth, Si will remain a donor dopant all the way up to its dopant solubility limit. This effect
can be used to give high space charge density, hence narrow depletion width, and can be

“exploited to imprové tunneling ohmic contacts. But the effect does not raise the carrier
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freeze in the 5 surface doping levels, in accordance with an aspect of this
i nvention. One aspect of this invention avoids the site switching by Si and
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regi oné%(ggeerrpti ng the transistor curfent power éal n): ef'érence
wi t h r&fhrle) Rugs mest afdhede oo Aubstitutionalrsitbuas intended) buffBdGrodpces alhigh

seqd Cogadug tar be.had.in U_S. Patent . 5,508, 829, LTG
Al GaAs nong ?F%ée@ré{’%gite?eggﬁaag%%erﬁg}th ﬁ}?&xa%%‘ iﬁ?giﬁ?sﬁﬂggefétsgﬁl?@%r efrom April
16, 19@fnpenyatd the Be desing andRiominattBROERRer 1fefiln Hirb&%}i Vo= prtgh, J.M
Wbodal ], and D D. N&Ir te. In view of the for ego'? ng | Célnragfgﬁg%%{ ecl ated that
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20 Defects and precipitates can dominate the minority carrier recombination lifetime in a crystal,

thus limiting the benefits of high doping by way of LTG. In particular, such defects or

precipitates can produce non-radiative traps (which ruin LEDs), inhibit population inversion

(which ruins lasers, optical amplifiers, and wavelength converters), and annihilate electrons in

a transistor’s base region (preempting the transistor current and power gain).

25 Reference with regard to the formation of As inclusions in LTG Group III-V
semiconductor materials can be had in U.S, Patent No. 5,508,829, LTG AlGaAs non-linear
optical material and devices fabricated therefrom, April 16, 1996, by J.L Freeouf, R.T.
Hodgson, P.D. Kirchner, M.R Melloch, J.M. Woodall and D.D. Nolte.

In view of the foregoing it can be appreciated that neither of the traditional MBE
30 processes— HT'G or LTG— is capable of meeting the recognized need for providing highly

doped GaAs crystals with higher carrier saturation limits while dominated by radiative
recombination, |
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tenperatures. Accordingly, erials grown at | ower substrate tenperatures
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and the interstitial Be atoms result in an_increased g_or]-radi ative
r o nifioReRtEHoR apdy In genespiismgtdependent on the density of non-radiative traps or the

growth temperature.

It is well knowan in the art that the incorporation of excess As in the GaAs matrix,
which provide non-radiative recombination channels, is much more favored during growth at
lower substrate temperatures, Accordingly, materials grown at lower substrate temperatures |

25 106 exhibit a high non-radiative recombination rate, observed directly by photoluminescence
experiments as short minority carrier lifetimes, or indirectly in devices incorporating LTG
‘materials as fast, non-radiative recombination of minority carriers. This limit on the
recombination rate due to excess As incorporation in the GaAs matrix is depicted in Figure 2A
as curve 139. GaAs doped with Be atoms at high enough levels (well beyond 10' cm™) results
30 ina significant fraction of Be atoms becoming interstitial during growth at higher substrate
temperatures 108, such as the 500 — 650 °C and above typically used for conventional MBE

deposition, and the interstitial Be atoms result in an increased non-radiative recombination rate.
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| ef t dbropwiitheves bighgepiobakilityy Matrsialy grown st aenmeh selistretgieraperaigeesd g tamb) i s
| i kel é‘i B %e%?%ﬂ{j éﬂiéﬂ}/ntl g gell% r&ﬂlﬁﬁ:?ﬂ%ﬁﬁ&%'l% eg&ﬁ' 119{11:3‘?119&1:}[&%2 éettﬂe 162,

carri he “exe

163 ar(dsdxﬁée(h)av@ ot thie Bt firfapé Ghemdoudining) bglsiﬁdmg,ouhatesy nbmmrpgranﬁgl ons
wherei.n the probability of radl tive reconbination uld eI\ expected to
dé@#i ndite the GaAs gatrip Thprmegngahat the curves 142, 143, and 144 wﬂl typical yconverge at

or near HTG temperatures.

The curves [abeled 162; 163 and 164 correspond to the total non-radiative
recombination for the three different examples of background oxygen levels. Curve 162
represents the sum of curves 139, 142 and 145, and crosses curve 150 at points 147 and 157.
. 25  Curve 163 represents the sum of curves 139, 143 and 145, and crosses curve 150 at poinis 146
and 156. Curve 164 represents the sum of curves 139, 144 and 145 and does not cross curve
150 in this example, Of course, material grown at any temperature to the right of point 158
(deﬁned by the intersection of curves 145 and 150) or the lefi of point 159 {defined by the
intersection of curves 139 and 150) is likely to be dominated by non-radiative recombination of
_ | 30 minority carriers, due to the relative slopes of the exemplary curvés.
| 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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reconbi nati on by anounts that are, respectively: significant 2%?;10?
i "

155, or naye o$idcées 163 and 164 are typical of the prior agdpudhs
substrate tenperatures, they respectiygly produce materials in whic

mnority carriers have a predomnantly radiative or non-radiative
reconbi nati on node, respectively. 5 For curve 162 in accordance with the
i nvention, radiative reconbination donmnates in the region wth maxi num

hei ght 152 i dt.h 1. and bstrate tenperatures between 147.and 157. As
{he_or AR} TR R o B PR S hGees il T ob B g ot | v
t 0 nonsigaificait 182, liftRASEDOMNRE. CHivea UGS ad 164 afd t9picsl offfle piivrRASRAGASErdte t he

ratio of radiative to non-radi ative reconbination densities or,

equi vaPustrig terpapss they sespectively preduss mederials iavdebmincaityraatiprs beye p o

1| ust palgsid Ay SRRGRR o YondfRiVE BEERITARG Sl Reeblifivbivent i on. OF course,
there €an al'so be a sweet spot, asS I's € case’in I S"exanpl e at the

t enper at ur eFsharree 162in atcondasie with théivehfien, radistive récombimtiao dondmtesin t h
the prior art, .radiative reconbination domnates only in region wth

hei ght thegegtogwighmaxmugbeight 132, dih 13, pud sbsirae toypRchEaies &Q%e% agl

Si gni f§ I ' | 0 G ' | et 164
which 1P M he of iarlTp Ul tonllc 3] aproBRED HTARES oMb RacpitR'io RboiifiR
r adi at iecembinatiohcuraes Om Figire 2A) eorrespogisdumheiatialof radsative to mareratlistiper at ur es.

P [ I t h b . de t ' ti t bstrate t t
| nt or nAEGPIIPRALoR AgRREES OF CaLYAHEY. MEPDBHE RS 1 P S RSO A duced
Pr o4 SllRgtratesiak tencepbf MIERABEoriane Wil the NéRtisE CXIBLEE IndrB 2hn 2188 bRAI OF

art MIG failures were npst |ikely caused by 0 20 contamnation. In contrast
to consweast sreiaes infhedess indhisiesarnple ptithe deraperpiwseyihere 452 inmeasuied v Eor thecogni zed

the i t r h Lrabi |ty of taki eclf:ic steps to
avoid 1% fépy'r:fgs%%%@?&% ﬁm@l} %‘%:}’gﬁ)arﬁé‘gﬁﬁﬁ e ﬁ%ﬁémé‘?/%@?“e‘i m%%'}%se?lfﬁygﬁ {‘Hreom t he
I nvent degion viakpheplt 185, widthi53urd substhate RBoperathes bBwebn HEAHdEIS8A, t he

I nventors believe that previopus investjgators did not apgr,eci ate that

cur ve Yignifigantly, der, mafsrakgrawn in accardanes with prARert eirve 464 whichds glwaysabayey es
v angbol ddroifi A dunAlonOREAC Al G LERATRRNG! KR MR BRI ke CaAs
matrix gtown by prior art nethods (I.e., wWth oxygen present “well-above

ul t r a-dubsicate tempekathresas therefore been excessive, as illustrated by the
greater hei ht.éal onrg 140) ,of curves, 143 and 144 than of curve 142. In
light of tHdexigBYatteripts havehegn made i inverlispie uhstrasiepprepires i fod of
grow%ﬁ&@r@@hahéﬂla@wmm@))- " PROMRRY pldmi 2t only
ultra-t racéf concent rfatti n levels ’mg?‘g{‘/?g&é?@ gni ?Pgdglﬁ?n%gﬁﬁggnq‘-}%bvi ous
advantpagrest inyentorsrhante récoguizedibuttbel priot art MG fulmesevare tost likelyscasgbboy Oof t he

! nz\{)entclog Amitation. Th éé’lvltclll'a(s:thtoncg vetional %vis%somolzn’ th(e) ﬁéld?ﬁfe’prger-&_ihve%)t%r(sj Svemc 10

recognized the importance of trace O, and the desirability of taking specific steps to avoid its

presence, in order to realize the greatest benefits from the invention.

Explaining prior art failures in terms of Figure 24, the inventors believe that previous
investigators did not appreciate that curve 142 existed, nor that it lay below (and o the left of)

25 curves 143 and 144, The density of non-radiative recombination channels in a GaAs matrix

grown by prior art methods (i.e., with oxygen present well-above ultra-trace levels) has
therefore been excessive, as illustrated by the greater height (along 140) of curves 143 and 14;1
than of curve 142,

In light of the above, it is clear that the invention’s preferred method of growing

_' 30  materials in an oxygen-poor environment (i.e. oxygen at only ultra-trace concentration levels)

provides significant and non-obvious advantages over traditional methods. In accordance with

this aspect of the invention, oxygen (which may appear as Oz, 07, 0>, OH, oxides of
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derived from ot her oxygen-bearing alloys or mxtures) is pref R
reduced bay@wsbieeet otal pressure of approxinately 10"9 t orgely b 3870 39 (;6aI
of present- day MBE chanbers. It is npgt preferred to provide a parti al
pressure associ ated with oxygen and/or oxygen bearing materials below 10"1
ton. It is noted that a higher partial pressure may 5 be used if the defect
density of the material being grown, due to oxygen or other elenents, can
be kept ﬂﬁhinéaﬂld@mr suids, 3P9Hd R i al W about
1016 def‘ge ts per such asﬁgg?%évﬁll é‘d‘&?%%"ts gaﬁ%ogéllpxmp%écul ar
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densi t yandéeradxygen B&itginmieeflebdlew ner! BT iSaMed lat Hﬁ%ﬂ&iﬁﬁ;{?b g%%{a@ ng an
Xl al “gro

ultra- h$% Xéﬁfgl mﬁ@re well known in the fields of vapor
deposi t PO e fgieqt density afibie mateyig] bqng grovan dué torerygemybr othereloments) aaber
and its @ and ol Iodevvater
nonol ay%ér:%ﬁ %h% a%tl}? g%s ﬁgﬁ%ﬁgﬁ g‘rld G%pgflgﬁ%Fé a%ﬁllltl ﬁé

chanber CIQQaJchmtlEluvss 10 def%s manloind pér molehhlﬁfﬂaﬁﬁesﬁcé/ fHe YR8 ﬁ‘i’HMaﬂﬁe focho‘he nmove

nol ecul .he vol une, an anher_1s advant ageously kept cold
(e.qg. ’gala{IY%ﬁfe%f“ﬁF e Thee rtg‘i %hse te Bfetimes,cedieret bangtgap matdrial whibra
Vet hodscibkr reRcs RBoREHER RRAHATLN LA gh&'d%&cw{nsnknﬁ‘w%@‘ﬂ i ncl ude:

using extrene hi,gh vacuum conditions, suc
ten’r?er qi'@mrmke wal | 20 acconmodation tines effecti veI y infinite;

i nt roduci n I urface re etterl mat eri al _such as Al,
Ti, or My; gls%tg?%g@m %Sggjrg}iéﬁlplélg a81“ '&8&/ &ﬁ’d‘? lslmom indhe fiddy et or y
o A Browe, VapUralepORIAI, allPiRulhn delificl 13PRAS é'ra.?*%g?%%llgﬁ vad 8 2%

rrg of
bei ng %‘I“P%‘ ﬂﬂgg@@ﬁsﬁenﬁsm%ma@am&epmmd hai@dwptqmmdgeymer i ntroduced as

G0, GadfB C s el th t echni ques or
net hods ca%]ayg{as QESI E n% ;ﬂéﬂﬂﬁé lﬂ? géé‘og’é‘“%vﬁ% pr @gr?ﬁ'ﬁep’@ﬁéef or

t has psducqtd;@hxgh sptml vacumntpluﬁlpmg'ﬁb@@ﬁb’ve ﬂnBle@tﬁl@@froﬁth@%lﬁﬁé AARpEC ate
certain ects, of the ;](ent s helpful to consider, In detail,

the dof %l efﬁ%?%ﬂtfﬁ‘éﬁ’ﬂs Bt C‘é& @ %@ﬂlmtmgefd@p@dfmrehowuce desorption
concenﬁjrgfej-on of Be dopant on Ga sites, Becm is in therm)dynam C
equilibriumw th the sumof 30 the Ga vacancy concentration, VGa, plus the

Be i nt er st i Maghodsderredesing oxygen BentamBafich ste alcawell Beswil, ihd iﬂ@lu%/ &3gh97 10

APR 20
reme high vacuum conditions, such as by cooling to *He temperatures to make wall

20  accommodation times effectively infinite; introducing an appreciable surface area of gettering
material such as Al, Ti, or Mg; introducing a species of a low vapor pressure, non-refractory
gettering material into one or more of the evaporation cells, such as 100 mg of Al, Mg, or Be
added to 10 g of Ga, the gettering material and Ga being melted together in order to complex
and capture oxygen introduced as GaO, GayOs, or other contaminants, These, as well as other

25  techniques or methods can be used to maintain advantageous environmental conditions for the
practice of the invention.

Iheory: Inorder to better appreciate certain aspects of the invention, it is helpful to
consider, in detail, the doping thermodynamics of Be. When GaAs is doped with Be, the |
concentration of Be dopant on Ga sites, Beg,, is in thermodynamic equilibrium with the sum of

30  the Ga vacancy concentration, Vg, plus the Be interstitial conceniration, Be;;

Beg, < Vg, + Be; ' . )
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concentration of neutral Be on Ga sites is defined as NA and ' %6
concent r atwoms@bsshboni zed Be on Ga sites. Such atonms are shpdte 7%

acceptors. The concentration of intergsitial Be is defined as ND, and the
concentration of ionized interstitial Be is defined as N+D. Such atons are
deep donors. 5 Sinultaneously, the concentration of neutral Be on (a sites,
NA, is in equilibriumwith the sumof the concentration of ionized Be on

Ga sit BC |.us.the, ti hol es, . That is, BeGa BC
. Sl o e ST S o Ol

coNCenés N aad Aof isMdidrdbntfikion B 1ML il O sifds! Sithiaforhar8AHAIDS by Wi L
the sum of the concentration of ionized Be on interstitial sites  "plus the
concen®§espiosn The cancewirationof iniersiiigl Berig defirgdfas WoNmrd thk Icenasstratiatof ND! N} D+n.

In the; - V, nc I libriumequation, V& = K (T) X

P4, 2, {f\)ﬁ@re gﬁ%ﬁﬁ%%@g?g&%&ﬁg@m %‘f‘?%glg%s[aéﬁfje?pe‘?"g’ﬁ%g the Ga vacancy
corcent r at i BimuliviEpuslypthe RenAatrpli@bsfifeiral BASPGa Soéd &% tik RedudlitFnd wRM t hese
equati&gs Ieog. s to a final equation relating the concentration of ionized

Be on RESEWt ?hesqopg@tqagoq pElontzrd Berondta Bies.dfe Gaonlus the @aceiratiomof hales, es: L5
NA/ N+ Oy (Hgaf ) , : | LOtF I NSi;C rier
Concerrar BILGr it e et By Sutp it ol () hEaAGR, 5. B9 e AL S g

equi | i ¢onicentration Af ndutral Be ph igestitid aites iain enslibrivnewithttes sumh of ghei Nt rinsic, and
t he (nllg h.er is. un'hty. df Iﬁ%@ le) PAs2) termis > 1, the material

i sp-t y{F® %)réra 84 Phionized B 0g tptrstip %S ug the renerngtiongl eleqimans, 7. Sobving (K (T)
X 1idAs Zbr NBhéllsiug tifat Mp @ JRyerial is n-type by definition and (NANFD) <
1, meaning NA < NtD. For higher doping levels, p >n, so (n, /p)2 < 1. The

physi cs i s Inde welblnowms ivatangy egquiionith iequation) Vo.cakrilek Fagt whetei on

OCCUr S . =1 / 'ET), X APA 2 3) so the NED), term
appr ozmgyﬁ At Syéc%%fﬁ oA &%?t ﬁﬁivéc%“@égéﬁl@mri‘% %ﬁ/é? the AU BSSHSY e
cr 0ss Ag0Cokectiyp ecring fiont these dative leaiddh b FAR Qi RPai¥REs édhclhtratiBs) .
dopant ,..nor fromn-type top-type by the addition of nore n- type ?e.g., Si)
dopantof 1ofi7ed Heongaceepiorsites &xthie ongentretian ofjonired Be be dbiorisitesig val ue of | og(N
195APR 2006 WD 03/ 036697 - PCT/ US02/ 33670

NalN'o = (RY(D) x Pasz) x (1, | pf? | @)

where 7 is the intrinsic carrier concentration of the material at temperature 7, and n” = (n x p)
at equilibrium.

20 At low doping concentrations, the material is intrinsic, and the (7%;,p)° term is unity, If
the (K'(Z) x Pys3) term is > 1, the material is p-type by definition and (N4 /N'p) > 1, meaning
N4> N'p. Ithe (K'(T) x Pasz) term is < 1, the material is n-type by definition and (N4 /N*p)
<1, meaning Ny <N'p.

For higher doping levels, p > m; so (i /p)* < 1. The physics is now clear. Reorganizing

5  equation (2), carrier saturation occurs when
(i /p)? =1/(K(T) x Pus3) (3)

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

) For thermodynamic reasons, the material can never cross from P-type to n-type by the
addition of more p-type (e.g, Be) dopant, nor from n-type to p-type by the addition of more -
type (e.g, Si) dopant. This is often expressed by sta_ting that the limiting value of logV™



26 A /N'D) cannot change sign, |est increasing the dopant concentration
force a change in sign fromn-type top-type or vice versa, whigh ?gtd%e
unphysi calwobgsteon (3) is an algebraic realization of Cﬁfma,g,ggﬁ -on
via increased doping by the sane dopang, so precludes (n, /p)2 on the

| eft-hand side of equation (2) fromgrow ng any smaller beyond the point of
carrier 5 saturation. How can one use this insight to increase the critical
saturation limt: in other words, rmakep |arger and (n, /'p)2 smaller,
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at higher growh tenperatures. There are, neverthel ess,” many ways to raise

n, ¥n 8¥EHERNce with the i nventi on, such as using one or nore rapid
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tenperature. er approdach tor ,
hoev eimpachent Klﬂi)c ﬂaasomig aIsnrrelspaT(ﬂ} by sqmemsthvd. Afid/dsofedafddaiseftheuky duri ng

growt h_does |ts ise PA ,2, since the surface of GaAs is

al r ead®f® i%é‘f%g’osar%ﬁéa ﬁB"’"gr‘SOWt h. Hyperdoping, in accordance with the

i nvention, RE¥ink Hcdwlﬁﬁ% 2ORHS oI Fﬁa@ 4268 SurrRRRE @%&&ﬁﬁx atwheﬁ kot abl y

al so i ncl udes Iovverlngt e substrafe tenperature during gra z 5 the

MIG r dfteciatisese There re nevertheless snanpsvays teraise weinsteodrhnaeeith the lmum ) is

Lot netERoERbd ok oA Plerhl dRp el wBebnb G FUEAER, | e boam

flisx atmpéretuge awiells sSuchaaadal cﬁledsymwprbﬁ:fabgtsek f;%ﬁef Atndé ﬁ'zeré—a-lx_@ has been
shown in tHY]l past to lead to a very high excess of anions, notably As,

r e su I tegera IHB?IF"”&HEEP% dpiits ondysteised g#hﬁb@ﬁett@@sereiysm@rwgé@?ﬁn growthh e excess
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Mneor heaifichty, 2tat BN Empetaitire IR o8 auPaskif 1ises 0 st Fieel iy,

“accor cequaimm@) is qaend:sqbapdm ofurhiie seonh Gageiangs, whisl ith$@raifs Mg LR Plgoshed by

perfor for exa a Be inplant and an anion, e.g., As inpl ant into
10 %8%‘9’?‘3“11’31" tP@r/ U02/ APR 2006 33670 27 ‘
20 Another approach to raising #; would be to raise P45 Note, however, that increasing

the partial pressure of As (arsenic flux) during growth does not, by itself, raise Py, since the
surface of GaAs is already As-saturated during growth, |
Hyperdoping, in accordance with the invention, may include one or more of these
approaches, but preferably also includes lowering the substrate temperature during growth to
25  the MTG range where sufficient excess As (over the stoichiometric amount) is incorporated
into the crystal to maintain a very high As pressure internal to the crystal (as opposed to
external As pressure induced by the beam flux at the growth surface). At lower substrate
- temperature, LTG has been shown in the past to lead to a very high excess of anions, notably
As, resulted in degraded semiconductor properties associated with the excess As. (See, for
30 example, U.S. Patent Nos. 5,371,399 and 5,471,948, incorporated herein by reference.)
Tt is noted that hyperdoping, in accordance with an aspect of these teachings, may also

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



t he sem conductor material, followed by one or nore rapid thermal anneal
(RTA) cycles. A preferred enmbodi nent of the invention uses an %2656
ani ons ( e.go o3/865€Ni ) produced by MIG to raise the effectl-;d/[% @g
pressure at the crystal surface duringy;growth. However,” an excess of
favors the incorporation of dopants on cation sites via the increased 5 As
pressure, but may or may not itself create cation vacancies. Qher
alternatives include As anti-sites (As on cation sites) and interstitial
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- For exangentratiom darifggione 45889 -et0eiCfwitict bracket {RIMTE fubsitaté toaipriAines
(HFET) he 10 \/&0 / 036697, PCT/ JJS02 APR 2006 /33670 28 chanpel can be
daﬁed %ﬁem%tﬁﬁ ere the aRiof icaryamareayslyiNbels, Pher some sosmbipntiondhereot r om

A rapid thermal anneal (RTA) at a high substrate temperature (such as 900 °C) may then

advantageously employed.
Self-compensation by anion vacancies is actually quite common, such as when Se
- vacancies compensate p-type nitrogen doping in ZnSe. Hyperdoping is not limited to p-type
25  materials. The inventors have also created z-type doping in wide band gap materials limited by
self-compensation via cation vacancies instead of via anion vacancies. Unsuspected self-
compensation by cation vacancies is a key reason why some materials are considered
infeasible to produce with #-type conductivity. Hyperdoping enables certain of such materials
to be produced with #-type conductivity.
30 While high p-type hyperdoping is generally preferred, because electrons are faster
minority carriers than holes, applications exist for which high #-type hyperdoping would be

valuable. For example, in a GaAlAs/GaAs heterojunction field effect transistor (HFET), the



accurul ation (electrons in the channel) to depletion (electrons absent from
the channel). When the heterojunction barrier for electrons igas %%g¥t%$
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t han nodul ati on dopi ng. When scaling b9 snall dinmensions to s increase
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level, thus allowing the radiative lifetimes of carriers in hyperdoped materials to be reduced

below generally accessible limits available in prior art materials. The inventors have
established that stoichiometry during semiconductor crystal growth determines the critical
doping level at which carrier saturation occurs, not just the n-type or p-type character, so
25  controlling stoichiometry during growth enables a higher critical doping level to be achieved.
| For direct band gap semiconductors such as GaAs, minority carrier lifstimes are
typically dominated by radiative lifetimes, so long as the majority of recombination events are
radiative. Radiative lifetimes are, in turn, controlled by the majority carrier doping
concentration, assuming the majority carrier dopant resides on the appropriate atomic sites of
30  the host crystal and there are no other significant non-radiative carrier recombination
mechanisms present (such as deep level traps, crystal defects, and so forth). Accordingly, o

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



from Be-doped GaAs, four factors are particularly inportant: (a)
substantially all of the Be dopant should reside on vacant

sites; (bwdbgofgecentration of interstitial Be atons @/3555?quy
smal |; (c) the crystal should be relagyjvely free of poi nt I ne, Or
interface defects, such as vacancies, dislocations, grain boundaries, or
precipitates; and (d) inpurity 5 atonms which can trap carriers (such as N,
Cu, G, 0) should be kept as |low as possible. Wen these objectives are
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- 20 lowers the gain and/or speed of tran31stors Consequently, C doped devices are typically slower
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and of lower radiative efficiency than comparable Be devices hyperdoped to the same dopant
concentration.
Curve 111 shows data on Si p-type GaAs grown by LPE from Nelson and Sobers (R.J.
| Nelson and R.G. Sobers "Minority-carrier lifetime and internal quantum efficiency of surface-
25  free GaAs," Journal of Applied Physics 12, 49, pp 6103-6018, 1978), fit by curve 114. Curve
112 shows data on Be p-type GaAs grown by MBE in accordance with the invention and
‘measured by Keyes at NREL. Curve 115 shows data by Strauss et al.
Reference is now made to Figure 2C, which depicts an exemplary test structure
fabricated using the inventive process. Time resolved photoluminescence test structures
' 30 ihoorporating 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 a non-bonded substrate mount, Substrate 901 was



out -gassed for 90 mnutes at 350 Cin the buffer chanber of the MBE.
Substrate 901 was then | oaded into the growh chanber. In the1 2006
chanber, twe wubgbyate tenperature was neasured with a thﬁémg

Substrate 901 was heated to a tenperatzgre 615 C for 5 ninutes to desorb
the surface oxides. The substrate tenperature was then reduced to its
initial 5 gromh tenperature of 600 C. The growmh rate for all |ayers was
mai ntained at 1 mper hour. The initial GaAs was grovvn at an As cell
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was cooled, so as to form a compositionally graded layer 907 from Alg3Gag7As to pure GaAs.
20 - The Be cell temperature was also increased to about 1000 °C, so as to dope the hyperdoped
region to 9 x 10", Therefore, this region was graded in substrate temperature, doping and Al
composition. This graded layer results in less surface recombination than an abrupt
Alo3Gag7As:GaAs heterojunction.
The next 1 pm layer is the actual hyperdoped GaAs region 908. This .layer was grown
25  at a substrate temperature of 500 °C with aﬁ As overpfessure. Layer 908 was hyperdoped p-
type to 9x 10%°,
A graded layer 909 (similar to the graded layer 907) followed hyperdoped layer 908.
To produce layer 909, substrate 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
- 30 Alg3GagsAs. This graded layer was followed by another of 0.2 um layer 910 of p-type
- Alp3GagsAs doped with Be to N = 5 x 10', thus confining minority carriers to hyperdoped
‘region 908. ' |
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| etting non-radi ative reconbi nati on chgnnel s dom nate. Hyper opl ng can
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reproducibility and simplified manufacturing.

In general, smaller semiconductor devices operate faster and cooler, so it is useful to

eliminate effects which prevent scaling a device to smaller size. In particular, it is

25 advantageous to reduce a material’s contact resistance, bulk resistance, and interface
resistance. Higher p-type doping, up to a critical concentration, usually lowers all three

- resistance components in a device, Lowering any resistance component is advantageous

because it lowers the voltage drop, IR, and the Joule heating, I°R: and therefore power loss,
electromigration, temperature, accelerated aging, and other detrimental effects.

30 _ Several related points are well-known in the prior art, such as M.P. Patkar, T.P. Chin,
JM. 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,



(1995) pp. 1412-1414. First, a thin (2 - 3 nn) surface region highly doped
wth Si, with the Si nostly on Ga sites, can be protected agai Bs 06
oxi dati on Wy ogvoichén | ayer of LTG GaAs, so a makes a good 1§02 2y
Second,” high Be doping during LTG |l eads to Be being on Ga sSites both at
the surface and in the bul k. However, the mnority carrier lifetinme in such
prior art 5 is domnated by non-radiative traps associated with the excess
As that results fromthe use of LTG No prior art anticipates or teaches
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20 advantageous tradeoffs among device area, current, current density, voltage, and power

dissipation to be achieved.

Reference is now made to Figures 3A~C, which depict the creation of an ohmic contact
by a prior art process. (As those ordinarily skilled in the art are aware, minimizing ohmic
resistances becomes more important as devices are made smaller.) Traditionally, ohmic contact

25 resistance is lowered by alloying the metal contact using localized crystal growth. This is done
by affixing a metal 301 which contains a suitable dopant 302 (e.g., AuGe bearing Zn) adjacent
to the semiconductor material 313 as in Figure 3A, and heating the semiconductor to a
temperature sufficient to liquefy both it and the metal in contact with it at their common
interface 303.

30 As depicted in Fignre 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 molien region 306 may encompass the entire thickness of



33 sone or all of 301, or the entire thickness of sone or aII of 313, both,
or just sone of the thickness (as depicted). \Wen the nelt ?@Rﬂ%
the sem copgushseer ecrystallized in 311 (see Figure 3C), ;23@53?
of the dopani is enhanced in 311 conpgged to 313.  There nay or may not be
5 a clean or planar interface 312 between the old and recrystallized

sem conductor. The recrystallized region of the netal 309 is usually
dopant - poor because dopant has diffused into 311 from 309, but 309 is

gener al | | conduct i ve. here not, be a cI an or

pl anar P%‘P #Lefé?‘t:‘eetéwnarf‘d%%a%fss Qfé’ﬂ?’%th:l orjgst geyge of the
Unfortqmgg&gy(asaglblgtegj andard prior art approach is sensitive to a nunber of
factors, 1o Including: variation in the tenperature and thickness of the

mel t; non- pMérearthe imed 15 nomledaand the sanfieaeiuciey reny stallizpd, in $ip1 ea Higuire A0e

interf es | e tao ef er.en di ss 0 al ong cert ai
cryst al océ’lrl‘aeﬁ‘&lmgo‘b%ﬁ’&&j opant 1§ ‘tegh%%#)ﬁc IBPa“c’) Fﬂaﬁs &F@@t‘%ﬁ geal

i nstabialcldail opplantﬂtﬁtembé 3EDPRwasGhe BId ahd réét?stﬁlﬁaéd %ledlﬂﬁaéﬁ Thincl udi ng
tenperature ranping); variation in size the alloyed region 311; and

ot her s recrystatl ilzmléegla@ ot theymeel308risumally d@lsﬁntrpcorti@cmsardapanb haslcaffpaadamoa to
th teLt 310 di spl aced
from JHEROR S0P B kbl MBI colfbeqne Rersi o mpiiat B dfeabor™ 2o

surfacplanmnuedhca/\bdﬂveaaulﬂend@ecrystdlmarmemtaabesem conductor interfaces 310,
t hus preve to lI'l.er lithographic . feature sizes or smaller
sem conductlgFPogﬂ\? $%&E€OF%TW@%M°P§}UF¢W@§HMO f fag®1s,whi ch
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t echni que expl ained in"nore detal el ow, oping al'l'ows ohm c
cont acinteriasé sgiorcie. g ospildng ofAnGd interfacesinto GaAsy duego ipheferesidal dissalitioys  or

Il d f hat f t he, hyper.d
et hodR e PR, AR odAn sRI, M Mhsteds by thetRitseis MemGLOMRPRCSY nace
char geihe@giioRné 806 Gufii tHe, hetthtg%}oééﬁs (ih&1GMing k4 aﬁr@mlﬁ;ﬁicgﬁ},)vahwmﬁn' s

transm ssion coefficient , |l ower tunneling resi st 25 Suc
t unnel phthe einyed regiom 3&1; N@I%Thamacw afa?tﬂﬁeanﬂégasnay\mftb@ pladirtdronal | ow

ot 1+ el 80 AP ronecuthoiot MierkPa 3 Fo ToREYR PR b Sep iR "

t enper 303und ntighemnsd ¢13¢61E be §Bm@1n WosE &intirBbiily iRbRCtd, sefided&Rfon vill caidcaidhaces
pi n Ferm Ievazl S within the ener y ap, thus greatly conplicating the use

of | owplanss mefalrserinonducter infetfag & Prexpring: sgaking forsnablemlithesreplue e t he
nost f ﬁﬁfe%s%F%ﬁll&%@ﬁl%nﬁuctgpd %d such ohm c netal -sem conduct or
r

tunnellng intertaces can support R current densities. Fourth, high
reflectivi tRefaancdis nobtmadtetd Elglﬁm: aAm4B ohidh depiddlaf BREmplaiahidic GBitadt-
sem cond ct.or nt erface forped WIthQUthB |ng The fact that the

i lentP 08 the BlYPBEveImeTopgns igshaisue iy mggs ey

: hyperdopmg allows ohmic contact resistance to be lowered without requiring the use of alloys
or alloying techniques. The higher doping that results from the hyperdoping method yields a
higher space charge density, thus allowing a thinner space charge region to be built, which in
turn produces a higher tunneling transmission coefficient (i.e., lower tunneling resistance).

25  Such tunneling ohmic contacts have a number of advantages over traditional low barrier ohmic -
contacts. First, the space charge density and transmission coefficient of a tunneling ohmic
contact does not exhibit significant temperature dependence. Second, certain material surfaces
or interfaces pin Fermi levels within the energy gap, thus greatly complicating the use of low
barrier contacts. In such materials, tunneling contacts are the most feasible ohmic contacts.

30 . Third, such ohmic metal-semiconductor tunneling interfaces can support high current densities.
Fourth, high reflectivity can be obtained from a mirror-like planar, smooth metal-

~ semiconductor interface formed without alloying. The fact that the invention can provide high



/33670 34 quality contacts that also act as mrrors neans that the
performance of many optoel ectronic devices, such as VCSELs angar &zios
cavity LERgg oSadkepe dramatically inproved. Use of m rror%(?ﬂvgfg;éfﬁ
which are transparent in the relevant gyavel ength is particularly
advantageous. s In the prior art, the only ways to get a high concentration

of dopant into the matrix resulted in a high concentration of dopant
becom ng interstitial. Even if the non-radiative traps associated with

interstitial dopant e acceptable, the re presence of interstitial

dopant 415 apais die A58 RSSO hoant Uze Mot HecBLERe Of Ggy CBPRPEHSN |1y of
the devdegiges, Sldhe® VOSELNARI eidnbhtdavityIORPDE! caf B dA@4iRbRy HRsieved tRe bpf | uence
of heat or an electric field. The hyperdoped | o sem conductor material in

accor danieersdn substrates whigh ate toanspayent astherelavant yawvelengthiispastiaudrym  si nce
substa%{'m%klgo | of the dopant atons are | ocated on anion or cation sites,
and not 1 atgers'itially within the crystal lattice. Figure 4A shows a
regson of b thegeivi anhe ohlrwatdo pérathiftasordestrationRE dopdir thio @ m@rixt 0 form
an ohmc junctiaon where it neets rtr%t al contact 401 at,_an interface 403. In

accor dageiied i high forgeatratippaeidopnt basaming imarstidal sEvrsy if theqonrediaine t&si ng,

since i ; ; I ' Jric s M ;. Needi ng
fo be ¢ eneatdTih iRt o o ab o8l Yp RS pREenctl iGNl dpAts e
sem conitadvaotagemaiainaeyit egupipminet thedenghtens stahility nfthefdevice, sjme thediafeostitial on,
vapor phase epitax r | ecul ar beam epi | axy, 0 ag an ani on excess
i spuse opa[ngcaﬁ{/):akgr%b@g?rﬁgg Wg‘g‘g’?‘iezﬂf P Oééﬁ Bteﬂgﬁcf@?&d%%gﬂqa?ﬁeasent

| nygnt k@ficonkdiRtcr Anta@ed] inBdcBrdafibe vHIH thélintBktRnGRaklsYr \;\ffﬁﬁ%@dtés tﬁi@?r@cﬁeﬂepOSi ted

I n a nunber of wa i ncl udi ng conventional MBE gro . sSputtering,

S,
pl ati ngipc@snépf@méaﬁ;oaﬂ, ofthe dopant ptemy avsflocatpden phian er eationisjes, dndmetse net hods.
In so S, elat. b .ant ageous to renove any surface oxide on top
of fthrenﬁﬁ Té@%@gﬁ@hﬁnﬁ%ﬁ%ﬁﬂgﬁ Br | ayer 413 to prevent an increase in the
resi stance PiguiddAxhoealredlor of ullk E@i@%ﬂdﬂl@tor_ﬁbﬂla@haﬂ%emhy]i)éﬁ&:zﬂeﬂmﬁd by a
nunber of techniques, .including plasnma cl eaning or. chem ca 5 etching

just ptaform ap oG ungliebWhere dfmectiyactaheamiact HOb At 71 igterface403. In gncardsnceal | y
i npl er,; - ] . on: ' t hat
or T QR bR a0 ot REr RPN ol BB SR A e (e

ar bi t r ammicyontacigivgh 413 hdtheut ieeding treledrehented. Semjctindhdtozabterisl £1Beam da al | oy
I n either .cegi e. Tr}ﬁ-"%at.nes‘ﬁl‘ of ,the interface 403 can be exploited as a

m rr or 9§PRSit ﬁﬁ%ﬁm} egriFndrptpr indagry squintaent, Gh pREREhingsHar Yapof ect  vi ty of
403 W JdnolifoRSvaBbOPhAS ehifRS! Y Bole@ild Vel nééf f B eRBGs B (H8g W | |

refl ect pgacﬁ@agb4 tqe{{lﬁﬁéarreggi de. e%%g%)liv ’esﬁt , %ﬁgﬁita Sro azée]%@%n t he
met al toihyperdape the matedal tiw acnoadanemwith thermresent Tiveletion. The eondidheateriabd@li nent

- an, opt tp(r)e erlablg1 nrlétgf) c%r? be deposited in a number of ways, including conventional MBE growth,

sputtering, plating, evaporation, or a variety of vapor phase or liquid phase methods. In some
cases, it may be advantageous to remove any surface oxide on top of the hyperdoped
semiconductor layer 413 to prevent an increase in the resistance of the contact due to the oxide.
The oxide may be removed by a number of techniques, including plasma cleaning or chemical
25  etching just prior to metal deposition.
The approach of Figure 4A is dramatically simpler, less variable, and less dependent
on process wizardry than that of Figure 3C. Although interface 403 can be molecularly' flat or
| arbitrarily rougher, there is no need for recrystallization from an alloy in either case.
The flatness of the interface 403 can be exploited as a mirror (as shown in Figure 4B).
30  Inone embodiment, the reflectivity of 403 will be as high as feasible, and light 420 produced
on one side will reflect back as 421 to the same side. (Equivalently, light produced 611 the

metal side can be made to stay on the metal side.) In another embodiment, an optional mirror
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reflector or nmetal mrror) will be used at 423, optionally acr(% S éﬁﬁ;d
interface wh ogR4GHT 2l 413 or bel ow other optional nateri aIP%SBﬁE@
forma resonant cavity between 403 angd 423. Materials may ©e 288eed to
permt light transm ssion and/or escape through the top, the bottom the
top and bottom or neither, depending on both s the relative and absol ute

reflectivities of mrrors 404 and 424. 404 generalizes the depiction of a
mrror wherein 403 is an innernost face, and simlarly 424 generalizes a
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t r ansi ptopesies eapbgmatchet tothe cdflectivepraputiepndfiibd metal, ahé mirdervifieesed @i béar i ous
nmeans have bgeen devyel oped to reduce the,effects of this surface
reconbmaqaﬁ%wrt@aléﬁf%gg:ﬁgm@agﬁ@aﬁé ctnfeand ppetallie 19t het er of uncti on
of Al GaAs tReﬁf&%b%oQ@ﬁﬁHé’ﬁiF%ﬂre 4@'%b%f9@5§urcricg%tﬁrﬂafﬁ?ﬁéﬂ @fibidshan GaAs's,

and so acts as a barrier to miority carrier ow, preventing nost
of t hesurfage passivatian tdcbnigué to behimplanentediarmgdcardamoGaith the oveptiotg tis atieags t he

S R R eSS Fen AN SORED e ©°
ef f ect { kfiskvh BEE 2 LRC A IR 280 eXFBiR 2 Yery hishWatfhedRBMIbIARIN WRIcididuans i n

dopant density can be arranged to create an internal electrical field in a
mat er i #ithe bigh density efunid-gapfstad¢schaturally drsutringct Adrads surfred, dencedigh/loss ofn t he

heavi | y. doped r.eqi i nt he lLighter,doped region For ampl a

nor el TRREE G R is Blfhsh Sins? GRSk BRI Boiromhile T a0, 11 es
30 bengiafidtetectors eind bRd-ttaygietor e @h@ﬁ%}é’tb& dedtfon®: HANSHrEMLtdRiL dediees.sur f ace
205 of _the hyperdoped region 215 exhibits a high density of surface states

whiiCh BrianspranEpYA bac deyeloped to redyee thoredivets of ths suriace scombinptien eat ed by
the d Owl&gtyfjélicil% %Efp?né’ﬁltevgﬁﬂﬂcé’ Wi £ Hétel%}!ﬁlca&g ofAfGaAs to provide passivation.

AlGaAs’s band gap is wider than GaAs’s, and so acts as a barrier to minority carrier current

flow, preventing most of the minority carriers in the lower band gap GaAs from penetrating the
AlGaAs and reaching the exposed surface. .

25 Hyperdoped material enables an alternative, superior surface passivation technique to
reduce the effective surface recombination rate. It is well known that variations in dopant
density can be arranged to create an internal electrical field in a material, and that such a field
can be used force carriers away from the heavily doped region into the lighter doped region.
For example, a normally doped p-type region 216 of semiconductor with a band gap 202 lies

- 30  beneath a hyperdoped p-type region 215 with a band gap 201. The surface 205 of the
hyperdoped region 2135 exhibits a high density of surface states which pins the Fermi level 219,
The potential difference 221 created by the doping difference between regions 215 and 216 -

t
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electrical field which provides effective confinenent of mnority el ectraons
in the co% Mi’ n,band 211. For the extremely hi gh doping | evel@ ?@&290@
with hyper § 3 the surface states énay becone sat ur at ed CHEHEETHY t he
anount of Ferm | evel pinning 205, 8%t her reduci ng the surface

reconbi nation velocity. Furthernore, hyperdoping is capable of 5 achieving
strongly degenerately doped materials 215 such that the Ferm |evel 210
pushes into, the val ence band 212, creating an effective band gap w dening
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prior art work by Harnon .et al.. . | . Phys, Left,, 64, 502 (1994) showed
Phat Botadcig RbolCinroenich eebiioF Srfies RSataH st fip ReeRLiNsH PRSI Lo i n
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prior art materials with doping gradients as a surface passivation |ayer
wer e | BEROTEY cagiersiom p ightly depadopgion se thet they porsteatesenly hdimitedufisite ni nority
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tradeoff to be achjeved, because a Be, dopant_ density greater than 3 x 1019

cm 3 gPipblematic 2t higher doning densitics, fesrupe bangdigap shrinkage sadusessthe pifediivauesgap
shrink ' ' . ' field repelling mnority
carri e?%ﬁ Fg%ﬁ%%%a%ggfeg@a@g%d ?%itfgén?én\%tr‘y hi ghly doped material at the
exposed suThepsoresrwarktbyfrmonrer abadpyy. Has. Jeat, 641 502 Q908 phewed diaes,

duci .th f band, bendi 5.i | f .educi . ' '
St A eSS PO RESLD 2okt sell and reducng e MR LY e
{0, £ OWieBingAuBto Weletbr o Wiichday iy I8 oty Y BAEARRIOM bihink BAlRFsCS ] c8

bul k resistance(s) in a bipdlar tTansi std Si nce conduct | I near to
first asorseface passivgiondpyergrere fese ffeciivie timnchygerdnpsd mhfeghlk begaubephauddntedon
- mobi | it which tends to .decrease with i.ncreasin opi ng. | evel , but

typi ca Qgﬁ]%a\ﬁl?{ BATY WA aftatg? Palcﬁes'%teii(‘}l@? tl‘%‘aﬁ °§8‘I‘FB?’H increase in
dopi nWompanpeIte Rfifedinl GNEf 16 bedH c&‘@d@ﬁiné%i‘dd‘ien\ﬁﬁ th low bul k resistance.
Low bulk resistance is inmportant when thin | ayers of active devices, such

~ag20% he basdncegirashyiseef hyneedoped material peablpstan ilpraved tredendY toll@ achieved,
because a Be dopant density greater than 3 x 10" cm™® gives effective band gap widening

v

which counteracts the band gap shrinkage, increasing the magnitude of the field repelling
minority carriers from the surface. In addition, very highly doped material at the exposed
_ surface can saturate or nearly saturate the surface states, reducing the surface band bending
25 itself] and reducing the minority carriers® effective surface recombination velocity.

Reference is now made to Figures 5A-B, which illustrate the use of hyperdoping to
reduce device bulk resistance(s) in a bipolar transistor. Since conductivity is linear to first
order in the doping concentration and only slightly dependent on mobility (which tends to
decrease with incfeasing doping level, but typically slowing only by a factor of 3 to 4 for a 10%-

30 fold increase in doping), hyperdoping allows devices to be built with fow bulk resistance. Low
bulk resistance is important when thin layers of active devices, such as the base regions of

transistors, need to be accessed.
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cross-section of a bipolar transistor in accordance with the e lg t

i nvention %’&9 nsion not shown (i.e., projected into t /@%géiﬁ 2006
ordinarily Tectangul ar or roundedm due to consi derati

i nductance and limts of conputer- assisted design (CAD) |ayout graphics.
Emtter region 514 has an upper surface 510, a lower 5 surface 520, and
sidewal I s 512. Metal contact 506 connects to emitter region 514 across an

“interface 511, ordinarily but not necessarily at 510. The |ateral extent
of the enit Figure §4ishows 8 cancegiuaberobosectionpin lanolbsltrmsworllﬁéc%d@&ﬁw wi dt h

reqt ontB 2Rk o 65 Ashila BGt APt Hobrerted i TRLFRET B oblhanfybe (2D,
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interface 530." The colléctor's |ower surface is annotated as 540. Mt al

cont ace:geBEas. Bhedaasamgxmmer surfinedomzeran igtetfacecwith thetlewersusieee pEdE| y and

ot 1 rdter gt 82D 25 melfeoBiotHE Gphttl st afE P bieckbESEr Rl 11 oS
tr ans'ﬁvﬂpfypioan b&Boplifr AHas28! @dotb Yhad caltiels@ed fecombineaion-fadiatiggdy a1 der to
mnimze a |l ength 20 or optimze electri cal characteristics.

Hy per st & eemmeé@ apf extriagicibreg Tegipndi22 ey 0 dnes Flg?ﬂ’fBV’ﬂélaaﬂnt?ﬁf%ﬁél stors
(HBTS) cafidhiodteRBh 834 hattGhiPEs 7. TRESLAERr 3Gl T Aot shitaRACLEL aiPRidiBfENCE

than prror art niques. Tn™ "accordanc t1on,
pr ef erwithyhe lovkudeficaobihs baSeag'gmn abidgs hwinteeficé 53 AAmetah lcmtaﬂ@% oxwfects

hyper doped semnj conductor C As. h rdoped wi. to a 25
o eriO AP S H5108 3 Wyt Ilmrgﬂﬁ ﬁgf‘r’ﬁ? ﬁﬁﬁas s Eﬂffa&m !
have asdwWeE oﬂe%%r?tlweﬁs)ﬁrfawis%bﬁtédlag BAYINTbtaldoRb£bt:25060 908, ahdb526 Sl

resistivi ty as no by di stributed resistances 525A and 525B i n Figure

5B) acomdimritshise mwtwé@e@ncally d:mlsaeqhegmily toduniest Wiriograhd piesuitop sucinag er i al
provi des several si Ill cant ad anta ared.to b se re ns formed
from F;cquxgpnsg}qn esgﬁcié 10°5 BaY. Bﬁ%r B% 3 "%@“""‘fﬁ“‘?‘b‘"f‘ g‘? the Be to
~occ Upytreﬁidﬂﬁir' iﬂ&tmﬂﬂ?&l se?@t‘a&idtlﬁ% déﬁﬁthcdir Efr%ﬁﬁ%mdﬁﬂeﬂt@ duﬁirﬁt&@& phthdéngle i S

~suppressed. This results in nore robust, stable devices that are not
dexgr adurdpinze Jecteenbehasactersticand current stressing. Furthernore, because

hy per dOp' nng?pe c'>p?1?gs enable¥ ﬂtﬂe 1%9112%%11 of Het%}u%cﬁ&{ bipolar transistors (HBTs) and

bipolar junction transistors (BJTs) with better performance than prior art techniques. In

accordance with the invention, an HBT preferably includes a base region 524 formed from a
thin region of hyperdoped semiconductor material, such as GaAs hyperdoped with Be to a

25  concentration of 5 x 10" ¢cm™ or higher. This hyperdoped material will have a lower
resistivity, which in turn will yield a lower lateral resistivity (as modeled by distributed
resistances 525A and 525B in Figure SB) across the base region.

A base region formed from hyperdoped material provides several significant

advantages compared to base regions formed from prior art materials. Because hyperdoping

30  forces most of the Be to occupy substitutional Ga sites, fast diffusion due 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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gain is |less subject to the | ong-term degradati on observed in i 5&&)@9
devi ces. [.nhg a transistor's base region can also i éﬁgg‘?‘["

speed. As (28{(&%&7 known in the art, the unity current ga'rlﬂiptr 0 1369
frequency of a transistor (denotedfT in the 5 literature) depends in part

on the tine it takes for mnority charge carriers (e.g., electrons in an
n-type base or holes in ap-type base) to transport across width 527. In

general, hi gher val of fT peang.a faster transistor, e . to
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20  offering a reduced lateral base resistance and enabling thinner base widths to be utilized. fr or

Jmax can thereby be increased to a higher speed with hyperdoped materials than with prior ari
materials, and speed can be traded back for improvements in other parameters such as those
discussed below.
For a bipolar transistor, it is well known that the current I from the emitter region 514
25 o the collector region 534 is controlled by the current Ip from the emitter region 514 to the
| base region 524. Thus, current gain is typically defined as f=Ic/Ip. A direct way to improve
[ is to reduce the width 527 of the base region 524 between the interfaces 520 and 530. Using
hyperdoped material in the base region permits better tradeoffs to be made between £ and fax,
such as raising £ without lowering fuay. More generally, using hyperdoped materials permits
30  more optimal tradeoffs to be made among the performance factors f7, fnax, 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



I nproved without deleterious effects on the others, or a plurality could be
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m crowave performance. Equivalently, “a transistor structure can be

I npl emented in hyperdoped material which neets a particular mcrowave
performance goal, yet has superior digital perfornmance than an anal ogously
5 optim zed transistor fornmed fromonly prior art materials. An additional
met hod ofhers angeptivizey. Foreexpmpleotharepcle tiofe afraadigitad circuis¢anbetoptizdzaddyt o gr ade
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536 (1993)), resulting in further enhancenent of the base 20 transd’r tinme.
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sem co all oy conposition such that there is a w der nd gap at the
base- e@gg‘@iﬁf“{ﬂf{?ﬁ&ff?ﬁngﬁ%ﬁ?{ﬂeéanlﬂ& PRRPAR torPuhpReer g Brinogity i RSV

base- c@lat@6h of all, Wl FHYs. F2HC 83,293k it A din
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i B9 oviEansk timeATheretdrerutiising ¢hd mvendiongo gureld thealsase doping frobs] £d0%wesh ninority
carri ec{o%vnat\c')\%e\fré’l %%e%ﬁ 1 and 5 x 10" em™3, for example, promises better base transit times

than prior art graded base doping, where the variation was from about 5 x 10'° cm™ or less
down to 1x 10* cm™ or less, In addition, the higher doping the invention provides at the
emitter edge results in a reduction of base contact resistance, while the reduced doping at the
25  collector edge results in an improvement in the base-collector breakdown voltage. As is well
” known in the field, quasi-electric fields can be built into the base by varying the semiconductor
alloy composition such that there is a wider band gap at the base-emitter junction when
compared with the band gap at the base-collector junction. Such alloy compositional grading
can be used in combination with hyperdoped base grading to achieve further performance
30 improvement. |
A farther objective of graded base doping is to sweep minority carriers away from the

surface of the extrinsic base region 522, which is often a primary site of recombination,



surface of the extrinsic base region 522, which is often a primary site of
reconbi nation. 10 WD 03/036697 _ PCT/ USQ2/ APR 2006 33670 40 ReﬁonBiIQr]aZHO%n
at the extyrins| se region produces an increase in IB w

associ at eh{’b{a?{é‘%gg’ge inlc, thus redugi' ng the current gai rﬁéﬁgg—%@ﬁr”&opi ng
can reduce | osses from reconbination at the extrinsic base surface in
several ways. First, a graded hyperdoped base creates an internal
electrical field (greater that realizable w thout hyperdopi ng) which sweeps
s electrons away fromthe extrinsic base region and thereby reduces or

el i ni nateRombiRasion;ah the; extrinsin basieegionnroduses abimcecass intl/awithogan aswciatel

describ. i . I assivation . techni ques,

hyper do%?rﬁgg%gc’6@“%":?@‘5‘5”?%&@@%?@%8{ ntazgz-lﬁﬁﬁ%ggg @ Sgduce &ssels%@r%xt rinsic
base surtamiinatiohitthe extcdnsiebassyiitaeen bareal bR TG aNHadd A& 8opAgdi nat i on
vel ocity. %&r%&gi ng al so %nabl es optim zation of other paraneters.

| mpor t aYfeat fteeal elogiical field (greater thefiealizablsIwithout hynerdopingd whishesweeps

ef fiCi EhAr ' ' I 1] vest j.gat or s
eV 1 ouyoRp a0 (e pRFioNE balToHh hd bl Koluolh OF bR el QUSRI o
by redwithepxitinsicldst eatfane. Secondras deskibed alvave inmbéfetentetotsuifiveipassivadioaved by

I ncreasi T ndJf...a.: (see,J. S Yuyan, Si G, GaAs, and_ I nP

et er o SHiEle PP hinE Py A e fisetisesf e riBge staes 9By prncsie Bhss sHEes

expl or eghi¢thRdaédseGiBedbandbiadif@hn Q68 rdBlBIRLSH $eBByL M8, and found 15 I MB
to be very sensitive to the capacitance of the junction between the emtter

and its contliperdop@pmiso enables aptémigationsef atberfparamaters.tTnpertattasasidesiictsdnce,

and ,cur S B L. l.spn,. and D. L. Tai

" %toer rm%' a%%g&@%@%ﬁg%f%%}ﬁﬁécﬁe%y68&?}“‘{2?%53-“??%&?1%%@@3% ans.
M cr owatistorfite dnyesTigators haMERdd t4 ﬁo&éﬁeffiﬁibﬁ&?éﬁcla#@p&frer%@ﬁﬁ&%@d_
materi al s pe structures to have higher C hence | ower 1M, while

nyeshie
maki ng BYed Py edupiag the eallesion aiess falk time, wtidein turmpisimpravedy mectaeing fr

i fTp f A hat i |ty 0 Sy
opt 1 m o e (B0, Yot SRS Dl B P I oD K31 Pl g p S Wi e
al ., TKPR) Gehess hfve eSplorakthe sffeeotyhysical dwidegﬁmidtéry o IMBJahd found
Co nzi@p_tt%er aggl Lfiers, | SCAS 2000). . Hﬁper opi ng pernmts greater
at? t U OB RV FIET AR thy epcinEnotbe jyckia Prigere diesrieand diercomioat | y.
recor d(@g), Yut MYBRINRRE foriakPla AsRNsANSS o ci2GH ob (RLWA WrahdThi v ed

i
linearity 25 for an overall device, over r oader “range o requency and
power . Nelsen,jand dahe Bait,r Sfarmiovylation it baerofimotiorabipoks tridsttea SSEEEPams. r educes

t he de e [,e in /i tor,, current lc, which is

o pec HPGRRET oy 1ol SRR, w2 T 600} B S myEAeneo et iais AR Br obl em i o
the ar ftricRiréd e Haee bigheOO zO0he el IdvRR IMBa\/Ai18 AE: tlgsfsigniﬁquﬁ&agx ifds bfSul t
of self-heating and other effects related to i gh current vel's fsee J. J.

Li ®, EHerieperiant nemetans) ssppeiallyt/mamh As. dathed graupdrs opservetlitin LiBeqrity dg
T i ; 9 ' f d.with, h i al
can exheiged B BT TLROMR Becc B 1on/8S AR o£ &) GBS VibloVi st e B OF ' °'

sel f - hearcenignpedandeton theLieatisy. of BIT Common-Emitter amplifiers. ISCAS 2000).

Hyperdoping permits greater latitude in optimization of Ry, such as by adding resistance

externally. Accordingly, hyperdoped materials can also be used to provide improved linearity
25  for an overall device, over a broader range of frequency and power. For instance, reducing
voltage drop across the base region reduces the dependence of current gain [ on collector
current /¢, which is especially important at high current levels. Another well known problem in
the art is the reduction of current gain and cutoff frequency as a result of self-heating and other
effects related to high current levels (see J.J. Liou, Principles and Analysis of AlGaAs/GaAs
30 Heferojunction Bipolar Transistors. Artech House, 1996). Devices formed with hyperdoped
matetials can exhibit substantially lower internal resistance, which reduces self-heating and its

effects.
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Fi gure 5B, which shows a sinplified equivalent «circuit nodel of igglg%r
transi stor, Lgure 5B, the contact resistance and capacg] g}%&%

the int erfwa%ég}g% Sg'are represented scth tically by resi stgllr&gq {3 -
capacitor 511B, respectively, and simlarly for contact resistance 521A
and capacitance 521B across interface 5 521, and contact resistance 531A
and capacitance 531B across interface 531. The bulk resistance integrated
across the wwdth of the emtter region is shown distributed as resistors
517A and 51RBfereSceid enok wgait hedb ud Kigues 5B} whick showsgsiaiplified equivaderthe wi dt h

of the base regqgipn,is ho di.stri buted.,as resist.ors 527A and 527B. The
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base-col I ector junction is shown distributed as capacitors 521A and 521B.
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of lateral resistance in the base region (e.g., resistors 525A, 525B,
etc.) W t hoDie wegcCinigovelthe obfigfigbfteqieney of tradgistis et feladéd ddvicgs Babase 25

| ateral extent to be . used with |ess and AC current crowdi ng than woul d
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conduct ance. Usi ng hyperdo{pagd material s oftfers I nprove S anong
20  well-known AC current crowding effect explains (at least in part) the reduction in power gain

p—t

observed as a function of frequency. Traditionally, this problem has been addressed by
lithographically reducing the emitter lateral extent 515, the finer the more expensive. The
é,vailability of hyperdoped materials allow reduction of lateral resistance in the base region
(e.g., resistors 525A, 525B, etc.) without reducing 515, thereby permitting an emitter of greater
25  lateral extent to be used with less DC and AC current crowding than would otherwise be
feasible, or producing less current crowding from an emitter of the same lateral extent, and so
forth in combination. Second, careful high order device modeling shows that fy.s increases
with smaller lateral extent 515, so transistor designers typically make the lateral extent 515 of
an emitter as small as permitted by a given (i.e. affordable) lithographic process anyway. This
30 . means that the lateral extent 515 will ordinarily already be minimized and not practical for
trading off against conductance. Using hyperdoped materials offers improved tradeoffs among
the lateral extent S1S of the emitter, lateral base resistance 525A. and 5258, and things
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to be,chasgiay timess &) andxrempipictivesdy. Reductioplin caendrc will alpg Frsvldda highardr
design,and fabrication of devices other than honojunction and
heer JfrrPBERBALt r ansi st ors. 20 Reference is now made to Figures 6A & 6B,

whi ch showsa gndeubiamatiRt KilduAGhd @tiwill Apgpdciseli dpplicigiods ofleypenidpingrare by
accordance with the invention. Prior art describes the function qof double
het er ot means limiteditg hasegrgions, el eamsts; OrEEDATANSIORD Rather, Bypsr 601 are
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carri §fforbiindtfomQfisidford. S, On average, the
20 Reference is now made to Figures 6A & 6B, which shows a double heterojunction
~ light-emitting diode made in accordance with the invention. Prior art describes the function of

double heterostructure light-emitting diodes (DHLEDs). Minority carriers 601 are injected into
an active region 602 from an emitter region 603 contacted by 600. To insure that the minority
carrier injection is primarily in the direction from region 603 to region 602, the band gap 645

25  of region 603 is typically at least several times kT larger than the band gap 646 of region 602.
These carriers 601 generate photons 604 upon recombination with majority carriers 605 in the
active region 602 of the semiconductor material 601. The photon energy is approximately
equal to the energy band gap 646 of the active region 602, A confining region 607 of a wider
band gap semiconductor 647 is typically used as a barrier to help localize minority carriers in

30 activé region 602. The time it takes the minority carriers to recombine is, on average, the

minority carrier lifetime 609 of the semiconductor material in 601 used in active region 602.
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the spreading resistance .
20 & 6B, employing hyperdoping in the active region 602 of a DHLED will increase the

DHLED’s upper modulation bandwidth limit by decreasing the minority carrier radiative
recombination lifetime in the active region without introducing non-radiative traps. Previously,
high speed DHLED:s relied on the fast traps to quench the electroluminescence, sacrificing
efficiency for speed. Hyperdoped DHLEDsS, on the other hand, have a fast radiative
25 recombination component sustaining high optical efficiency at high speeds. Therefore, at the

same operating frequency, hyperdoped DHLEDs will be much brighter than traditionally high-~
doped, high-speed DHLEDs. Hyperdoping also can benefit the DHLED by decreasing the
contact resistance between metal contact 619 and the hyperdoped p-type semiconductor
contact region 615, as well as reducing the contact resistance between the top contact 600 and

30 the emitter 603. Furthermore hyperdoping layers 603 and 615 lowers the spreading resistance

 ofthe 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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out put. Hyperdoping may al so be used to inprove the ratio of radiative to
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radi ati ve efficiency of non-ideal sem conductor materials. Wiile nmany
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Reference is now made to Figure 7, which depicts a heterojunction field effect
transistor (HFET) made in accordance with the invention. As mentioned earlier, hyperdoped
HFET devices can be designed to operate faster, cooler, and/or at lower turn-on voltage than

~ otherwise equivalent prior art HFETs designed without hyperdoped materials, An HFET

25  operates by controlling the current flow along a heterojunction channel between a wide band
gap semiconductor 701 and narrow band gap semiconductor 702. In the On condition, the
HFET operates in accunulation mode, as current flows between the source 703 and drain 704
contacts through the hyperdoped 7-channel 705, The HFET is turned Off when a voltage is
applied between gate contact 704 and source 703, depleting the #-channel 705 and shutting off

30  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 7, and thus increases the transconductance &m, Unity gain



I n accordance with the invention, use of hyperdoped material in channel 705
decreases the on-resistance of the channel ids, and thus incr gs Q%
transcondq?b%%ﬁ o unity gain 10 WO 03/036697 - PCT/ %fggﬁi 06
33670 45 frequencyfT, and simlarly fo.. Additionally; t 32978n i
contact resistance at source 703 and drain 704 supports reduced out put
resi stance, enabling higher gain and frequency response to be realized.
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20 of semiconductor layers on a substrate 801. Common substrate materials include wafers of Si,

GaAs, InP, and other materials available from semiconductor supply houses, notably semi-
insulating GaAs. An optional buffer layer 803 (such as crystalline GaAs) with thickness 853 is
advantageously located on top of the substrate 801, if needed to ensure a clean, nearly
monocrystalline template for further growth. In some designs, all of the semiconductor layers
25  are laitice matched to buffer layer 803. A first optional spacer layer 805 of thickness 855 is
located above 803, if present. A typical spacer material is ALGa;_-As, with x typically a
constant in the range of 25 — 35%, but also may be a variable Al mole fraction as a function of
thickness of the layer. If wafer bonding is used, layers 803, 805, 807, 809, 811, 813, 817,819,
and 821 may be grown on a different substrate and transferred to substrate 801 via the bonding
30  process, enabling the lattice constant of these layers to be independent of the substrate’s.
Another alternative includes metamorphic growth of layer 803, whereby graded growth
techniques enable the lattice constant of layer 803 to be gradually varied from the substrate 801



30 process, enabling the lattice constant of these |ayers to be independent
of the substrate's. Another alternative includes netanorphic gro &f

| ayer 803’w%§‘5§§% graded growt h techniques enable the Igﬁé#@g}g% RO6¢
| ayer 803 to be gradually varied fromgjhe substrate 801 10~ 6697 _
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doping, electron affinity, lattice constant, or some conbination of these

y \ . :
p&Pandf é_r"g‘?n‘WYLeﬁ it delerdopad device. esate fraendkh ofithickuess 867 isami top ofithea f unct i on
of  POYopidNayer. A contact layer 819 of a thickness 869 is on top of gate layer 817.
Individual MODFET designs may have other layers, but the details of such layers—

including their presence, absence, or ordering— are not critical for an understanding of how
" the present invention improves the design or fabrication of MODFETS. Basically, all
25  MODFET designs include a channe! 811, at least one doping layer 815 (or 807) and a gate

layer 817. Each layer usually differs from other layers in some semiconductor material
property, such as band gap, doping, electron affinity, lattice constant, or some combination of
these parameters. Within each layer, these parameters may be varied as a function of position
within the device,

30 In 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 psendomorphic regions is usually called a



within the device. so In one exenplary variation of the MODFET, the channel
811 is conprised of a pseudonorphic sem conductor region that_gxhi '56 %
strai ned waﬁg&g%agonpared to the surroundi ng sem conduct quﬁg Y

i ncl udi ng pseudonorphic regtons is usgﬁlly called a 10
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transistors (plJEMI). MODFETs are fabricated by etching through the contact
| ayer 819 and into the gate |ayer 817. Gate 823 is deposited on top of the
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are corf%;sgﬂqcf%?fgh“’&%eﬁ?é@&‘? lﬁtﬂlgéanﬁ’éwr?égmgﬂce ohnic contacts to 5 the
h | 811, ' ; ; 817,
channe MODRE Ty ﬂ.ﬁn&if&&ﬁfl Brchi¥g (mQNLRGHE cbﬁ’tﬁ%rl?%}?llg g@& gmft+ Y Fate

doping | ayer 815, and spacer Tayer "813.7In standa
transi SRV 81dr GatedRd ipydepositedomriop of the Zateilayec Al'dntatts $21eansiB22ciee dapdsitdde ot her

t act ' he drain. t ljed to th I [ dt
moaur atd a8 815 kol B sk Remlionaiy AR T AR R lebErepRishgt o i confacisto
chasactthe cleinnelss1af by ieylaRETch thel6dant layBr s1f9,ega@m}§ﬁ§17'igio ﬁgﬁ%} 'Fﬁ“a' to

t he pr.odgct of electron nobility, carrief densrty, pliéd
el ect r iA4FPRaeElayer HSsIn siendagd field efipgt teansister termirelzyc one contast 8This cabied i er

Foor ont el ot et s isSEY ok A A vHlogh AEp G RS i e

o 3 P vne, dapan o pao e g S ROBHE e S aaetiicKPRLIOBIET) 1020
- . With u i

carri gﬁﬁﬁhﬁgﬁ%&w\*}%wmemﬁ t&%‘%\?ﬂ"%‘é@ﬁ glpgtr%@obiyty? Ghaier densitirandayer s

8090 an theBaplib® elbbiric TR At Sss thEsRPRI £ a#laH%% 82D doridls. he ﬁéﬁ@ﬂhédaﬁ ‘c‘&f“ nel

811 in order to reduce scattering o ree carrrers 1n anne omthe
dopant be egilibratastoseme Spetion @ilte neighlgthe dvpBFEERNG) 815 and 807, eviidh medisevi ng

bot h hj . ] ' I gh q Jrobi Liti h
P, | MRSl 87 P REC i A M A o i it Resops B8 g S are
Ref er r hygerdopedtio 16% @nrfq_a%%egdapmmﬁeraiaaﬁm WIPBEdadds %&iﬂﬂﬁﬂ%ﬁio“’”%@f‘* gqgoved

20 performance by exploiting low resistance in contact layer 8
i nnovaf3r{Erst MQR?‘%E deviee desigas adeanyageously usetaptipnal spacer fayesss809and B3 ts our ce

821- an | : ' t chin hr ough .gate | ayer .817, doping
Ia%/ser 58135 agéngle;ﬁééglg?%gsﬁorﬁ dé'ri]?ik ?Oéﬁ%lcg%%}% n ﬁ?régtrecfu&ets erifg ol ne|

| ayer free trrrietin theatlamicl front tht depadeiotilbRato hesk SOARAESTRMIODPFEY s hayer s

813, 815,.817, . .and Eétﬁ . The source and drain contacting regions are

regr ovirPaReof ’a_f'}HEV‘H% digh srgrierroneentistigureand digh ererienmeintitiernt thnsanieayer s i n
Fi gur e@B 1h&e bgﬁﬁgigfrzlgkh b&fa&%%ggﬁ%%\%%lt %a%:pg\%t?céﬁk except for source

regi on 890 and the n"regi on have been regrown and
are of a t hRefrrigs0896 Fighra’P, unpexenplandMOD FRINd @i dchifeynprevedni ghl y
doz%ed ﬂ@%o?&%@éesoy exploiting low resistance in contact layer 819. One innovative technique to
make very low contact resistances for the source 821 and drain 822 contacts involves etching
through gate layer 817, doping layer 815 and spacer layer 813 to enable direct contact to the

channel layer to be achieved without the additional resistance caused by layers 813, 815, 817,

and 819. The source and drain contacting regions are regrown using the hyperdoping
25  techniques of the invention. The layers in Figure 8B are identical to those shown in Figure
84, except for source region 890 and the drain region 891, both of which have been regrown
and are of a thickness 895. Using hyperdoping to achieve regrowth of highly doped materials
in these regions enables extremely low resistance source and drain contacts to be achieved.
Further, the moderate substrate temperature during the hyperdoping technique contributes less
30  damage to the active regions of the device, resulting in superior performance.
A second example 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



in these regions enables extrenely | ow resistance source and drain contacts
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the device, resulting in superior perfgprmance. A second exa 3 MODFET
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ns reduces Coul ombic scattering, 25'so Increases carrier
Tr ans cBAY e edyréagegusly combined inmomgdereentanyttansistor Gocuith To obtaindnpeoed
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i S"the gate source capac ¥ ndeed, since the maxi num avail abl e gain
i ncreases Wihéinkéntidn cghatiow £8rt4iA FBIR to be designed for higher frequency operation

under specialized circumstances, due to several subtle factors working together. The increased

doping concentration offered by the invention allows materials to be created with increased
sheet carrier concentration, 77;, of the 2D electron gas. Higher #, reduces Coulombic scattering,
25  so increases carrier mobility. Transconductance, g,,, also increases with 7. So, fr can also be
increased, since it is approximately proportional to &n [ Cgs, where Cy; s the gate source
capacitance. Indeed, since the maximum available gain increases with f, higher n, can be
gxploited to extract higher current gain at any given frequency. Those ordinarily skilled in the
~ art will recognize that Cg; increases with increased doping, but will usually be held constant by
30  design trade-offs to maintain a given pinch-off voltage, (e.g., by thinning the AlGaAs layer).
' Along with decreased parasitic source & drain resistances and other benefits, these improved

parameters can be exploited severally or in combination to enable the design, construction,



exploited to extract higher current gain at any given frequency. Those
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and t s, faster. Ln addition,. hyperdqping permts shorter gate
| engt %@m@%ﬁ?&%ﬁ%rﬁ@[% r%thgﬁg 18??“@89%&8@,“‘&% TGP RPIdansy her

speed anddinast canroperite fabtas dn addifidig hiybotdeihg beshilsihb & pafelleilithd whRRRjt€Ci ate, a
significant effort ha% been nade to provide mich nore than just process
reci pSOHPROMKING Ripel-pB yaliage, thus permittingibigher specoperatién. facilitating a

| et bl : : I ' t.] d,th
PPl i cat i one psebiaRRrE e it the orp AP rkotTeh 0 TH Ok FEirs bethers B i 1
t he urhelpravdermuclpimpe than just mreteas tecipl in thiwadiedlosind Hhstead "IRK ﬂ{e‘?}fé}gp dpovever,
t hat I%cqﬁrg iLng. is,a new.technique and there exists a possibility that
cert ai % oF 1‘?@3 Ggﬁlvﬁeﬁ“t %ﬂp?mtnﬁg8??@?‘@\“%@?%%’%@@}“1 dlestnuzeerousn0% cor r ect .
|t oi f ibaddf i i f h
o o i Wl s v ORI (P MRS SARIMDE, ' oo™

why an_ i.nvention works not underm ne t . See
NewnaRh¥sicsdgidgtpil. Thereadershowld vedestand howeFer thaChyperdddBig)is & nbwltéchnique,

axi o ! . i need n conprehend the  scientific principles

o g e Bher oo A ey OB AR e BT RS st Gpereah wey o bo

Fur t ho0broorreatoltiis impoataheioale Wateford ddgaph iRl S@RiSs bPAGPE: Wyagek. and

ultimately receive, clajns_to all_ aspects, features and app | cal 1 OAS of the
o Pﬁf@rﬁo 09b PPderHing

cur r eVEIHRIEY dlgrvalidifs of ppatent. SapNewwan v.dduiga,d720H, 2digh

coft i PsBNG5APRdCat 3 (¢ ' 35 U S C 20, el g.
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or i ntcsndificprawiplermewhiciathe ppatiesttdffekliveread erHishbenifonbiget) mtter discl osed
inthis aplgl i,cati on, but, pot. presently clainmed. In this regard, potenti al

i nfringer st SHIHLATS Batsers pepeby iye thet thermpplionats intepdta scaktandmitimaialye one or

nor e Reié ickiiak taRPhi i LG o ads itignal | i cations

may contain sinilar, pgla%*f eélgl;\etgtaﬂﬁlg r c?\%%%?ﬁﬁefgggeggmﬁrgf%I,’Otgﬁﬁmf‘ t one or

nor e the P&S%@mph@ﬁﬂioniaud tiroughpontianing applivatios asgipainiinatigd 58, SOt %ﬁz@%
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applications may contain similar, different, narrower or broader claims, and that one or more of

5 such additional applications may be designated as not for publication piior to grant,



50 What we claimin this application is: 1. A nethod for producing a
hyper doped sem conductor material using an epitaxial growth pﬁ
conpri Si NGyORSHEEINg a growm h chanber at a noderate substr (Q
whil € providing at | east one anion, atsledst one cation an a se ected
dopant, and while 5 maintaining a | ow background pressure for oxygen atons,
radi cal s, nol ecul es and oxygen- containing or bearing conpounds and
materials. 2. A method for producing a hyperdoped conpound seni conduct or
_ i ing in rodUQ|ng dopant atons and anion atons into a
conmpouna G dn Lu application is;) conprised of at |east one cation el enent
and_at Ieas1t AOREth3A lt‘&fbr@dtféﬁ@lifhy%ﬂ@:péd‘é’émbéhdu@to& AetdrRPiidg &B%Eméﬂ%! doped
sem conductor nmaterial there i$ an excess of anion atons, bstantially
al | ofgrewi meff&htcoawwag@p@ranummb ahagaher gha modstaiersubstomeienpitatsre and

m nor i [ n radiative nblnatlon 3.
A net ﬁ%%le ?thﬁfn 4 {eﬁ&%ﬁgmﬂ% er eé%geaF%% s"‘tn‘gB‘? %’Fg? ﬁ%‘?c&%‘ﬂ@pﬁﬁt é%‘{r%'ﬁ‘\ %es operating
a sgr (immttamhﬁgﬂ)blw leickgronnd| pressuge foul bR el Lorh FEEAS, WidleoMUsla@d BRGMdndi Ny t he

ani on at.ons, tiqQn 5 atqnms and the dopant atoms, and while maintaini ng a

| ow b&E‘RtﬁﬂnHlﬁ‘n‘Ef AERS CATBPQUAS yymesnialst ons, radicals, nol ecul es and
oxygen- conba 33&15]93 4400 materials.
4. A net hog %{ghélﬁgmg og?ﬁ]&fg?ﬁgﬁgﬁgﬁﬂlipﬂg st eé‘ﬂgg Rdg%g:'g‘lnﬁﬁ conpri ses

i pl anempgsing imdrodutieg dopqmmmaadrhmondmwmtomcmnpcaindtshmcd@dlwm at ons and

t he exc ss ani on .and o further coppr,isin erformng a rapjd thermnal
anneafna fal go acﬁ’gg@&a@a’%%ﬁa i‘*@?‘ﬁ ?ﬂg%clf’%ﬁo 51% IP%lFmE@TrFHF g}aggx at | east
one Cﬁie'r@éhltn@é BiRdoped@terhi®dfiucRp ﬁla?éi‘ia@&e?é BB kcARDEf shiGPhBmed dopant,

wherein there i's an excess anion nole fraction concentration betwen x and
y, whahstaptialihalt efhe dppa,nt alomsafe lonated op saioratubstitutional sitescadainoritycat i on

subst ang rei R mnorit rrier reconbination is

domi ng%ﬂér'[%@hgl%{r@%md? %Hebé’ PHYEY FSRm %gla?g\n ‘hyper doped conpound

seni conducBoAnmﬁcﬁTasah chfm Iznwﬁérainrﬂléste%ﬁﬁﬁroﬁﬁémg BEmMpARE of ératxﬁ%Q oup |11-
corrpound se conductor material contai ning As, x is about 018 cm 3 and

| SERBERE b pderpte supsteatedemperatyre FEevidiag thecaniony asgmsreationr i sed
fg | t |1
gonﬁu@"fi"g%ﬂﬁ@%@e?g‘%@? 2RE pRATLERRE I 10U Bln Bl B BT T LY doped

c onpoatomis, sedicelsdolctwies arek @yped-cortfinighr %@ﬁ&lg\/&wlﬁb&bm&iher

1" CT/ UspD2/,33670 51,
confaminating materials,

4. A method as in claim 2, wherein the step of introducing comprises implanting into

the compound semiconductor material the dopant atoms and the excess anion atoms, and
:0 further comprising performing a rapid thermal anneal,

5. A hyperdoped compound semiconductor material comprising at least one cation
element, at least one anion element and a selected dopant, wherein there is an excess anion
mole fraction concentration between x and y, wherein substantially all of the dopant atoms are
located on cation substitutional sites, and wherein minority carrier recombination is dominated

:5 by radiative recombination,
| 6. A hyperdoped compound semiconductor material as in claim 5, where for the case of
a Group III-V compound semiconductor material containing As, x is about 1 x 10 ¢ and y
is about 1 x 10" em™,
7. An electrical contact having a region comprised of a hyperdoped compound
50 semiconductor material and an electrically conductive member that is electrically coupled to

the region of hyperdoped compound semiconductor material,



8. A passivated surface of a compound sem conductor material, corrpri sing a
region conprised of a hyperdoped conpound sem conduct or materl (Esed
over a surg)ﬁ,aqﬁm&f@.; he conpound seni conductor materi al for 5 P §
surface. An el ectrical device corrpr:lsed of at | east one 3 onpound
sem conductor 5 material, wherein at [east one |ayer that conprises the

el ectrical device is conprised of a hyperdoped conpound sem conduct or
material. 10. An el ectrical device in claim9 wherein the el ectrical

device is ¢ rlsed nsi st or d wherein the at |east one | ayer
functions a tﬁ‘i sqrﬁgep a fempewd Se@@‘mﬁ?ﬁ@]%@ﬁ? COMPRSIATEGON| n” c| ai m

9, merc@ﬁ;?ﬂ&éﬂ%f%' lﬁ@Efd'oEé’d &1315/ b8 sbichRdRidr B df'% o#eﬁ c#&éfﬂﬁif%é’&f th@nd

wherein the at |east o unctions as a C ransi st or,
12. An Genmowndlaeallcm@wtoema’sﬂna}focpassmﬁng ﬂqlaeuﬂ‘aoe the el ectrical .device is

conprised o mtt n od as in claim9, wherein
the at Ieastf“' %ﬂgiqc&gfglr VeSS ﬁsgclatcagﬁeaato %thctolnfﬁ’#‘u’gP‘Ill §e“§ff’ 8%y per doped
CoNpountht&rRilvaRRcHn &t Rst BRb GlyePthat dompkibes tﬁe@ﬁfcﬂ&gl d&Rficdis 991‘1’1 lidad ofta hyper doped
conpound sem conductor material, conprising providing a dopant that

exhi bi figperdensd semppuadssenigondyetor material es or i ncl u5| ons at normal growh
epi taxial g ani o ayer of conpound
sem conduct é@%ftalgg?t%g?l dgteﬁgng?@%%’ ra 81%%118 %‘eexc g% CORRSET Yhd t hat

per m t sransisttrs tmhtvherelnyths arlghst oae j@bﬁﬂhn@fcﬁwﬁaﬁla%siemhe ﬁmlsftcﬁr mat i on of
pr eci pitateilsé_ro 15.. A net hod as In_claiml4, wherein the dopant S
conprised o elpetrinal dewice as inelaign?, yeherein thegleptricel dowies wicompREedfent h r at e

iS4 N {rBRiGANAR Qﬁer@fnetﬁé &'le ﬁ%ﬁe thy eﬁ%ﬁ'& EQa BRAE oF tﬂﬂr?x?ﬁ% 17. A

hyper doped conmpound sem conduct or rrat er conprising at | east one cation
el errent at 12. duseleatrical davion aeiresteint 9, azvhd:remthmahec&mahddnparstcpmphmdejﬂa t here
s an ess,.anion. 25 nole fraction concentration, wherein substantially
al | of BB S5Y%Bons are | ocated on cation substitutional si tes, and

wher ei n m N34 Meftdilak & clhiRe 9 RhdtahithdatiidsOms Badradc pr gﬁi ve
recombi nation. 18. An inproved nethod for producing a doped sem conduct or

nat er i gAMRPsitiggall maéedjhsmerds@adwempowemmﬁuqmmmgal wherei n the

I npr ovenment a t h r,ocess at .a noderate substrate
t er!r)rsper at ur eltf%”@%éh%ﬂ?orrﬁ% dul?rﬁ% um 8?@9%‘@&? petormetetith h r espect to
oxy gencomtmising prevtiingl sdopanithgicaxhits arﬂéhd rfoﬁ@gfécﬂﬂtaﬂ!s of RidhAions KO

conpounds nd subst apces, during 10 WO 03/03669 PCT/ USQ2/ APR 2006 33670
52 t hel wiveataxial growth rates, and growing an anion-rich layer of compound

semlconductor material at a growth rate that exceeds one pm/hour and that permits
substantially single crystal growth without the formation of precipitates.
20 15. A method as in claim 14, wherein the dopant is comprised of selenium.
16. A method as in claim 14, wherein the growth rdte is in the range of greater than 1
pm/hour to about 5 pm/hour.
17. A hyperdoped compound semiconductor material, comprising at least one cation
-element, at least one anion element and carbon as a dopant, wherein there is an excess anion
25 mole fraction concentration, wherein substantially all of the carbon atoms are located on cation
substitutional sites, and wherein minority carrier recombination is dominated by radiative
recombination.
| 18.  Animproved method for producing a doped semiconductor material using
molecular beam epitaxy (MBE) process, wherein the improvement comprises:
30 operating the MBE process at a moderate substrate temperature; and,
maintaining ultra-high vacuum conditions with respect to oxygen atoms, radicals,

~molecules and oxygen bearing or containing compounds and substances, during



19. An inproved nethod for producing a doped sem conductor material, as
defined in claim18, wherein maintaining ultra-high vacuum co 8 Hggé@
during thew%g, Regress involves maintaining a partial pr g GeJ 06
than 10-9 ton Por t he oxygen at ons, 'r%gi cal s, nol ecul es 5

beari ng or containing conpounds and substances. 20. An inproved nethod for
produci ng a doped sem conductor material, as defined in claim18, wherein
mai nt ai ni ng ul tra-hi gh vacuum conditions during the MBE process invol ves
mai ntaining a partial pressure of less than 5 x 10-11 ton for the oxygen
atons, radicals, ?rM@Eé)m%SSand oxygen beari ng or containing conpounds and

substances uct or
material, as dé?‘ @R’ieﬁlﬁp& A/ @dﬂvﬁ%%gﬁ mal n ar{aﬁftﬁéglgfe?lgl iﬁi@é‘%ﬁ@@g uum
condi t i daim tﬁ,lmhn@nt hmirﬁ%ngmmahlgh ivastohvemditivak didihgiheMBERaddessdhvdliessur e
of less than,10-11 t n for t n, atons, radicals, nolecules and
oxygen BEERIYRE %PHIE‘B rSﬁSHTen Eﬁ?ﬁ%&% toFfar theyganaemms, radicaly, m mlgsiidRsed

met Rod dr@rox éﬁdiéﬁhﬁ@oﬁcdi@ﬁﬁﬁé%@ﬂiha i%bs%&&“ al, as defined in 15

cl aim 18, erein maintainin vacuum condl tions during the MBE
process i nv@OvAs impedvad alaﬂmdgfoapmdmm@a dpp@wmmnﬂﬁctoxmg@nabaas@ﬁned in

cont ami t i ff.i ci ent Iowtoa subs tion of
doped séegﬁlﬂlc%h %%ebnr l%ﬁla?aél}lfl i@é}é(‘fﬁ% '&%F’i’t’n ﬁ]ﬁ%ﬁé’ %r‘?) ¥ es.
23. An miimammgotl patiflqatedsare crmésd igdn' T PO HaBRGoSRRIORPEHUESAS, ridsy | al , as
defi ned | ai m 22, wherein _oxygen-based contam nants i ncl ude one or

nor e ofm‘@Ecu f’@fmgQxyaend@armg;a;z@ntalaiﬁap@mp@w apd subsgancefior oved met hod f or

prqguci ng apgo t erein
Bt o g 1 1 AP ORR SREnof A i flond@3elopilot s Metrind B Vo
mai nt aickiimd 8awherein rabinfairag ulte-ldgh vacygercobdisieds derivighiite MBIE procbstinddives
suffici entllé | ow t 0 .avoid 2&} formatiqnp of perfornmance degrading

non- r adieRpH e hastig]inreseyrs ot lavs thag 19 FPfﬁ?éﬂ?ﬁﬂi‘é(&en §'@Fﬁsc@ﬁ¥9@l&tlﬁ9l‘3ﬁﬁ€%rl al .
25. AN gh B4R BedRi gﬁqmﬂ%ggﬂg% s Snd@BEYnggM conductor material, as

defined in”“claim wher e erate substrate tenperature is a
t enper at ur e22.rAn hnpnoaerbmethod?@@rodﬁﬁfg Lloped smﬁlmﬁﬁxcﬂﬁﬁﬁatmlﬁa%/déﬂﬁ&ﬁm

P uso 53 26.. An d t hod od d d
oIR8y Whaafin fcpatifag (e GG vachom cpag RoaS gche N BB involves
5 UbSt I AafntAiRIND QP Prdssurd of éﬁﬁ%hﬂ)takgdecohﬁrﬂlﬁ%ﬁﬁ ﬂi@.ﬂﬁ sﬁfficﬁ@lyh\? Bavold

substantial degradation of doped semiconductor material’s electroluminescent modulation

properties.
23. An improved method for producing a doped semiconductor material, as defined in
20 claim 22, wherein oxygen-based contaminants include one or more of Oz, O, 0%, O5", Ga,0,
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

25 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. | |

30 .



27. An inproved nethod for producing a doped sem conductor material, as
defined in 5 claim 18, wherein a noderate substrate tenperature, | 2006
t enper at urgoigsodssy r ange of 350 - 375 C. 28. An inproved ’ % 0
produci ng a doped sem conductor materisgl,” as defined in clarm @ wherein
a noderate substrate tenperature is a tenperature in the range of 375 - 400
C. 10 29. An inproved nethod for producing a doped sem conductor material,
as defined in claim18, wherein a noderate substrate tenperature is a
tenmperature [n the range of 4 - 425 C  30. An inproved nethod for
produci ng a %@H%ﬁ%ﬁ%@@&'%@%&@%@ sefeicpRigtar matesiahiasde@nediher ei n
a noder glagy 58! I 1L 4, - 450
T5C 3 LA 8 PORRR Ftlfe (o Rr GNEL R SR R AR RO D o
as defiffed in claim18, wherein a noderate substrate tenperature is a

t enperature i the range 0 - 475 . 32. An ifnproved t hod_for,
pr (r)rg ucing a %&H@éﬁ%&ﬂ%ﬁ%@lﬁ? pﬁ%“@Pg&ﬁOPE‘is%PWig‘gtqrﬁmngféﬁ defineddn
whersei nclainiIBjertRtdn & wisleradd QubkRAM SnffetHifreiiSa forb ARG H{eergﬁ%e&ﬂ%r— of

475 - 500 C. 33. An inproved nethod for producing a dope m conduct or
mat er i aT(,:- as defined in claim18, wherein a noderate substrate tenperature

is a tenper e i - 525 . C .25 34. An inpro t hod
or produci ng a doped sem conductor , ? :
for "pr oduct ria 28 frbrt tARAELE bioHiing o dbPed SemiEohicior sl s Heingrl T
wher ei nclaimni] evhatein s utoelbratd eubitestp endetit@e iSa feniR@E tHeSahdd dri3gs Lappge of
525 - C 35. A nethod for pr odggeng a hyperpgoped sem cogra\duct or materi al
conprisithg: grow ng the hyperdoped sem conductor material, at a noderate
subsgtrate t ewpPAhdBFSed ARA ANk | - Vi t. 36. A
met hod for pr oduci_gg a hyper ofoglé%t;‘&eléﬁ’%g%ét?gﬁe%gy&n@p%tplf@?t,eﬁglsa%(g?q{lﬁﬁ@bni n
clai m cEm Mpwhetein a modérpteculispteltespeiznoe itctemperanire in the ringe G840 dapsd Wi t h
Be at acconcentrati on 10 APR 2006 WD 03/036697 PCT/ US02/ 33670 54 of
greater “than 2 x 1019 cm 3 37. A nethod for producing a hyperdoped
sen conduct 80, AR@picHd maeddeht podudifly £ bl seifoonthEbRhBelCadNAREA P

e

sem conductor material is GaAs doped Wt at a concentration
claim 18, wherein a moderate substrate temperature is a temperature in the range of 425 - 450

15 °C.

31. 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 450 — 475
°C.
32. An improved method for producing a doped semiconductor material, as defined in
20  claim 18, wherein a moderate substrate temperature is a temperature in the range of 475 — 500
°C.
33. An improved method for producing a doped semiconductor material, as defined in
claim 18, wherein 2 moderate substrate temperature is a temperature in the range of 500 — 525
°C.
25 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,
30 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



of greater than 4 x 1019 cnB8 5 38. A nethod for producing a hyperdoped

sem conductor material, as defined in claim 35, wherein the h Be ;e)_g)
sem conduckgrosi®icer i al i1s GaAs doped with Be at a concent rlaé{-,gﬁ,méﬁ% Qtser
than 6 x 1019 cnB8 39. A nethod for preguci ng a” hyperdoped sem conduct or
material, as defined in claim 35, wherein the hyperdoped sem conduct or
material is GaAs doped with Be at a concentration i o of greater than 8 x
1019 cnB. 40. A nethod for produci ng a hyperdoped sem conductor naterial,

as defi | _jn,clai 185, swherei n the hyperdoped sem conductor nmaterial is
GaAs d8g§%“ %ﬁrfhr?n%é‘niaﬂ concentration of greater than I x 1020 cms 41. A

met hod for proalustng B BECIHORG l - 3l i in
claim L5 35, wherein { e hyl.gg;rdg%irg%eg%%%%%%t%%?%?'Sa(fe?llng(?[dﬁcﬁégldoped
wi t h BéSavhueiasbeiverdopedsemisndycion materishmGaAQloped G21h Rod addncohtiaismod f or

pr oducj [ m conductor material, as defined in claim 35,
wher ei hf' ﬁgteﬁg‘%‘gﬁgg@gﬂ @gm conductor material is GaAs doped with Be at a

coreent rat i B3\ A afettgddot grodidiana hyperdopkd 38nfBhdictdt ?r_ieﬁ‘, %E%Bﬁgd {n%flai
pr oduc#g%ﬁ% hyperdoped sem conductor material, as defined in clal mmSS,
wher ei st fﬂé%@r*@@ﬁ@&?%ﬁ@%@u@%maﬁa@bﬁ%id@p@mha:wa candentrBiorat  a

concenf abiieinef ¢ gegrsthan 1.6 x 1020 cm 3. 44. A nethod for producing a
hyper doped sem con(}uctor material, as defined in claim35, wherein the

hyper doped 3% methdd forqprodueirgy 4 Ayperdoped famidoni@iormRerBd @ldefnédin claim
conceg,tsrat |eoen%ﬂ%8%regt er. than 1.8 x 1020 cnB. 45. A nethod for producing a
hyper dop&Aets AEoPRsd Srticandigtor mategakis GaAsidaped-with Bes & coppsniation he
hyer dsfipeehtagharc®RdoCic3 material is GaAs doped with Be at a concentration

of greater than 2 x 1020 cnB. 46. A nmethod for producing a hyperdoped
sem conduct4$: Avethed far preducingfd ypdrdoped entibariducS mavdsial ais defifiel ihyRendoped

sem ¢ i IS _GaAs .doped wi.t.h t .a concentration of_ greater
t han %%&%‘ @%%ﬁa‘l’% ST GHE W@%%éeﬂ%‘l wishEe ab s cancentgatipst hod
for profgoeitarghan hy pedaped seni conductor material, as defined in claim 35,

wherein the hypertg&ged sem conductor material is GaAs doped with C at a
concent r at i"9nAdpetBedir Produgies ahyperdopel somicondugior matesiah ad définedyin olimi ng a

hyper agpgflesathe ﬁ%@éﬂ%ﬁ sOREShothor et id B§8s idcr)]pe%l xgljthn]?)e at a concentration

of greater than 1.2 x 10%° em™,

42. 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 1.4 x 10% em™,

10 43. 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 1.6 x 10 cm™.

44. 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

5  concentration of greater than 1.8 x 10* cm™.

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

0 (;Iaim 35, wherein the hyperdoped semiconductor material is GaAs doped withC at a
conceniration of greater than 1 x 102 ¢m™,



5 35, wherein the hyperdoped sem conductor material is GaAs doped with Si

at a concentration of greater than 1 x 1019 cm 3 49. A net hod1 0 006
produci ng wohypsesoped sem conductor material, as defined %@Uﬁ% }5%%583
i ed w at a

wherei n the hyperdoped sem conductor mmterial is GiAs dop

concentration of greater than 1 x 1020 cnB. 10 50. A nethod for producing
a hyperdoped sem conductor material, as defined in claim 35, wherein the
hyper doped seni conductor material is InP doped with Be at a concentration

f ter than,4 x 1018 cng.. 51, A nethod f duci doped
e Conduct &1- mafdreted o2 pReibring 2Py Tapaf i ndBrEl HRiePL An VRGN A5
anneal i B5whu AR HAINPERHE] SARIGHRL Rfor R RIS dopBl ShsiCamer ature, 15

then rapidly gquenching the material. ) nmet hod for producing a

hy per despeanizaiones gepgter thanZat 19 e . as defined in claim 51, further

Cenper at ur e ¢ el oL ARAR ST RIBARIRY HBLER, & dcfhedinidlh
pr aduc3 ) gvirerdiy piey oo preid paiesent condticiod mattblabisiGiAs depediatthiSedt 4 torvb@iration20 35,

wherein, a noderate sybstyate tenperature is a tenperature in the range of
300 - @%e@rt%%.lx,doné’t“hod for producing a hyperdoped sem conduct or

mat eri al , ' | H i %ﬁi@emﬁgﬁ; t rature
is a tenpe?ﬁgt'glgfenle?ﬁgtf% rgglﬁ:‘gg%?yp%%lﬁ{eﬁg ! g%er%?%odgﬁ%gdrﬁ?rﬁg ucing a
hyper dify exchessimitediyderdoped seaticondadtor matediel is Gadsidoped withiMB 8t a cdneemiation
rmderacg;e sazbrs]tbrai)e lb@ ejature is a tenperature in the range of 350 - 375
C. 25 BERHRYhLE 'For"broduci ng a hyper doped seni conductor material, as
defi ned in s A fethdd for‘ﬁ?@d&i%@hﬁé?&fg@& SertidORtut R Snak ST s aeHA& InSlAm
tenperature in the range of 375°- 400 C.  57. A method for producing a
hyper ddpadiesimthediiperdersd semieantastor metedak is frdtidoped orith e ai5g caugentition af

noder gt strat.eid enperature is a tenperature in the range of 400 - 425
C. S%Tgﬁgﬁgﬁéé 1?’or(mbr'oduci ng a hyperdoped sem conductor material, as
defined in 3. & methdd fo¥produeiipal Kyp%rd?é@ﬁe’iﬁieoﬁabﬁﬁ n@i&ial GRfinéd meldia a
tenperature in the range of 425 - 450 C. 59. A nmethod for producing a

hy per dop BHLESE fPBpRRREsealing ibe hyperdaped fepiceadudter atarishat 3dughfempeiafire

er ; e is a tenperature in the range of 450 - 475
87, R e BROBEHI® |3 2 T h6v0° b6 60, A method for
produci ng &2hyeeitiogpa psaidcmgracypentoped beticed ducios needrial ad defined iaichaim35,
wher ei derate.substrate t erature s tenperature in the range of
475 - SdpBirther gampringanGEnethe BYRRIHRRAGOm NP IGRUANA ot UGB FRLIS
- mat er itﬁ)énra?ﬁhd&ﬁéneﬁg tHe mii@kian 35, wherein a noderate substrate tenperature
IS a tenperature in %he range of 500 - 525 T.
53. A method for producing a hyperdoped semiconductor material, as defined in claim

20 35, wherein a moderate substrate temperature is a temperature in the range of 300 — 550 °C.
54. 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 350 — 500 °C.
55. 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 350 — 375 °C.
25 56. A method for prodlicing a hyperdoped semiconductor matetial, as defined in claim
35, wherein a moderate substrate temperature is a temperature in the range of 375 — 400 °C.
57. 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 400 — 425 °C.
58. A method for producing a hyperdoped semiconductor material, as defined in claim
30 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.



5 62. A nethod for producing a hyperdoped sem conductor material, as
defined in claim 35, wherein a noderate substrate tenperature 006
t enper at urgoioBoidser r ange of 525 - 550 T. 63. A nethod forp@f,géjgff‘ggg
hyper doped seni conductor material, assgefined in claim35, wherein grow ng
t he hyperdoped sem conductor material in a substantially oxygen-free
environment involves maintaining a partial pressure of |ess than 10-9 torr
for oxygen-based .0 contami nants. 64. A nethod for producing a hyperdoped

sem conduct 5, wherein WI ng the

hyper doped g%mgg%néi dq‘t)ro?{a ‘ﬁlgg?ﬁfpe{% p§8§ﬁ‘B§’93 "lt%{lmf’}eréﬁ!ﬁé{:? lﬂ?%’él CIalm
enviro er¢inuohadesateaibatratt mﬂﬂ&rﬁu@&éht&pﬁtﬁéﬁﬁlﬁ sisgsU -10 ton
for oxygen- 5 65. nmet hod for ucing a perdoped

s t am nants.
seni conduct Iﬁﬁieg?"%g r producing 3 her 4Qi)ed Isﬁﬂmnti%@tor\mm@'rml rasgieﬁmdny cldie
hyper dom e¢hefctih GRIHAELEE Qﬂ)st'me filih katl'u@ 19% ?e'ﬁﬁ;e a&@%@%ﬁ%ﬁé%ﬁ?@g = r5§§ G

envi ronment involves maintalni g a par
cont ani nant@. hmethiod fombdummwprdowd bamievndudios wiisdram tds @bﬁ&@h%%{ll on of

the h terial | ectr ol
ot hottr S CRE A ERRGREHGIE ittt &lsmRuce e i ssnaiof 548 -90i*Ged | n

claim 35 68h &y mbthod I 6@11 UEL-2f rial in
subst gl |y oxyggn ?\r@ée cﬁ%&%ﬁ{egg@l nvoﬁ/ﬂggﬁ?rgfn ar r?gﬁaﬁ) edplﬁlptafrﬁl

pr ess ure WEFreEk GBI HS yperdoned seminondudtdranatesal is wbdbstaneinlly ¥xygemifte avoid

f or matsh o4 Jan adi non-radiative rgconbi nation channels in
t he hyper(giﬁltl Ig%g‘;é%vcon C@ﬁ%%&r@%pﬁssurgo% 5 fhjgn Iﬁprtﬁvé‘ﬁ'??ﬁ’g%haﬁfeér

f abri cantamgnaatseni conduct or device, wherein the inprovement conprises

hyper dopi n one of, a ) a base region, (ii) an emtter region,
(iii) a co %tm‘?tgﬁ‘hﬂﬁpr‘{dfl@}lgé Rerdapgd Seﬁgtmmduct(mr)'lamnabas defimed @i olaim (Vi) a

drain i r.e i X) a bulk
regi oﬁse‘??(?&gnér gﬁnlé\/tge E&gé ({u;é{ r)n)aéer ﬁbégntl&%ﬁg’ﬁ’ﬁ%n‘ﬁﬂ‘?egr owi ng
said W‘ﬂ@ﬂmﬂﬂémmb@s lml(mse)lnmg Iaﬂ@rﬂﬁbﬂﬂfsﬁiré osmmﬁ@w“%ﬁmﬁf Jéjvg .(HX%% o
Wi

.proceg&{t ﬁﬁfith stoi chionmetry that produces hyperdoped re
dopan cong tration(s) beyond pI’IOI’ art carrier saturation limt(s) and

Conceptrat ton( o a0 b A kES R eall hblCa dded 5 i

i npr ot ﬂ}?&%ﬂmag thedbrpamdapedqumcmﬂcmmwamn mbsmmal%xg énl- t‘r@@' I n cl aim

67, erd dre m)derate substrate
tem%ﬁ?@e%&%ﬂgsa %("ggé) I?‘ﬁ@'tesq“g‘?:? 33 *Fsﬁ SPRipminagtsshatds ant i al |y

oxy gesudfiicienlyelowi mwvaﬁmhbﬂwtiaﬂﬂeﬁédeﬁon of the hyperdoped semiconductor material’s
electroluminescence.

0 66. A method for producing a hyperdoped semiconductor material, as defined in claim
35, wherein growing the hyperdoped semiconductor material in a substantially oxygen-free
¢nvironment 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 hyperdoped semiconductor material.

5  67.An improved method for fabricating a semiconductor device, wherein the
improvement comprises hyperdoping at least one of a (1) a base region, (ii) an emitter region,
(iii) a contact region, (iv) a channel region, (v) a source region, (vi) a drain region, (vii) a gate

region, (viii) a body region, (ix) a bulk region, () an active region, and/or (xi) a collector
region, by growing said hyperdoped region(s) using moderate substrate temperature MBE

). process(es) with stoichiometry that produces hyperdoped region(s) with dopant
concentration(s) beyond prior art carrier saturation limit(s) and non-radiative recombination |

rates below prior art rates for said dopant concentration(s).



MBE process(es). 5 69. An inproved nethod for fabricating a sem conductor
device, as defined in claim 68, wherein maintaining a substanij %OIQ(?
a

oxygen- fr 8o gaisgonent during said MBE process(es) invol '
partial pressure of less than 2 x 10-3;torr for oxygen- basI)e/(gﬁ'Uco)r:l5 am nants.

70. An inproved nethod for fabricating a sem conductor device, as defined
in claim1l0 68, wherein nmaintaining a substantially oxygen-free environnent
during said MBE process(es) involves nmaintaining a partial pressure of

| ess than 5 x 10-10 torn for oxygen-based contam nants. 71. An inproved
net hod for f&hArcimnreedmebod foofabuicating alsenicendugor desficen esidéfined imelaim 68,

or oces oy yeteh Biding s34 BT AR ped roslor Rk i AR B pr A e
cont armi pracdss(e)tthérsinsluliés maitmining 4 SibstaBtiAK0h:Eoeaa%E BilifoNmele@ia@ahion of

hyperdo%% sem conductor material's electrolumnescence. 72. An’inproved
met hod BraessP@8k i ng a semi conductor device, as defined in claim 68,

wher.ei n mai AR 5 ' : V. - LEon £l ng. said MBE
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degradi.ng .non-r.adi ati ve reconbi natjon channels in the hyperdoped

senmi corlBRYSMyatape f parial pragsure of less dapnndx A8 J ters forroxpeemchasedg a

sem condhahifangeVvi ce, as defined in claim 67, wherein said hyperdoping
step(s) produce(s) at |east one of the following results in the fabricated
sem conduct of- Aaumpeqvsil nfethodHforyfabricating raasemigpndpeiacidevide) ad defimed RC:lbimre

t - 25 (C). Ol ffici - (d) | . ;
botPer SEonpaginibingiRh H sy Gt ath 3R v ctmert SR BT MBRCP Beab b Ehe.
(h) supemnilws nepeaiinggpathl mesureiof soviRh 3 0163Mehdofsbebasedi )  hi gher

gain; (k) higher stability; (1) higher radionetric efficiency; (m higher
quant ufPHEIYYadtSency: (n) hi gher photonetric efficiency; (o) higher

bri ght ness; : ] nce; hi gher_ rel.axalion

oscigl | ati on 7? P&E@ﬁ@? ;Ed F%%Iagamﬁaﬂﬁlé#@g %\qi’ 8&%,?{1@%?‘& dyeg’?& ar?ocﬁgg?@’("t‘iqalfrbv\er
wavel e68t wherpnenaintaining o pitistindslty oeyge-Grgehvieaidn® dekingal MIBHE MbcésipspVved
devi ce:t o; devi ce reproducibili try. WO 03/.036697 10 APR 2006 PCT/ US02/°33670
58174, WRRIVeR RlagaiiieA prshelmsessyrs of oxyaenrhysed eonfaraiaanis babis sufficiendy low to

def i negyd; Sdnial | | r ' ; t | east
Do o Bdill stsfunflal debradifiBh BF Ayt dheld WRREORRICRS i GRS kic ﬁgﬂgﬁ"‘&%@e( s): (a)
hi gher oper 3%.i Awyinsproret methpd fanfebridatng i semivondiamt deyice, (a8 )defr@binalaipower

oL 1 88 Wordfnd R Mo Syebithred Shvirinntta durig bokd MBE prbosssy"
involves maintaining a partial pressure of oxygen-based contaminants that is suffici ently low to
"20  avoid formation of performance degrading non-radiative recombination channels in the
hyperdoped semiconductor material.
73. An improved method for fabricating a semiconductor device, as defined in claim
67, wherein said hyperdoping step(s) produce(s) at least one of the following results in the
fabricated semiconductor device(s):(a) higher operating speed; (b) lower RC .time constants;

25 (o) greater power efficiency; (d) lower power losses; (e) better heat sinking; (f) higher duty
cycle; (g) lower threshold voltage; (h) superior operating voltage (i) lower threshold current; (j)
higher gain; (k) higher stability; (I) higher radiometric efficiency; (m) higher quantum
efficiency; (n) higher photometric efficiency; (0) higher brightness; (p) faster
electroluminescence; (q) higher relaxation oscillation frequency; (s) lower relative intensity

30  noise; (t) lower wavelength spread; (u) optimized wavelength centroid; and/or (v) improved

device-to-device reproducibility.



5 cycle; (g) lower threshold voltage; (h) superior operating voltage (i)

| ower threshold current; (j) higher gain; (k) higher stabilityy J'QR?Q(%]ér
radi onet ri weedsfozedogency; (m) higher quantum efficiency; (npcpi@hBizemo
photonetric efficiency; (o) higher brightness; (p) faster -

el ectrol um nescence; (q) higher relaxation oscillation frequency; (s) |ower
relative intensity noise; (t) |lower wavel ength spread; (u) optim zed
wavel ength centroid; and/or (v) inproved io device-to-device

reproduci bility, 75. An inproved nethod for fabricating a sem conductor
devi ce, as défimpHnpravedmgthad r faliticatieg n sepicandigtns devips, vg definad(is plaim
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a sem conductor device, as defined in claim érein grow ng sdi
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fabricating a sem conductor devi C wherein
gr owi ngrogsants;Hypeteatsppowerafiicern(cy) (d) $ower powde taases; &) bettar kst sirdinpe (Bt ur e MBE
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t enper ature
noise; (t) lower wavelength spread; (u) optimized wavelength centroid; and/or (v) improved

20  device-to-device reproducibility.

76.  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 said MBE process(es) at substrate temperature(s) in the
range of 330 - 530 °C,

25 77. 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 330 — 350 °C,

78. An improved method for fabricating a semiconductor device, as defined in claim

30 . 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,



in the range of 370 - 390 C. 5 80. An inproved nmethod for fabricating a

sem conduct or device, as defined in claim 67, wherein grow ng1 a
hyper dopedypeshsigés) Using noderate substrate tenperature MEI%S“@"% 5&-3@9@
' strate-

i nvol ves operating at |east one of saisgl MBE process(es) at a su
tenperature in the range of 390 - 410 C. 81. An inproved nethod for
fabricating a sem conductor device, as defined in claim 10 67, wherein
growi ng sai d hyperdoped region(s) using noderate substrate tenperature MBE
process(es) involves operati n? at |l east one of said MBE process(es) at a
substrate t efpedhippraved; methadiorfehyicating 2 sanicomtpotordedoe, apdefinedinmvletmnet hod

o oui ng el B AR BYHGH o e il BSC BB bl B o Ve
15 pr ocpus¢ssly) innolvbsaprapgraaldasioonaiof k@ MBE poceds(@Ratch dMBEraE RagRales) at a

substrate, t enper e,.lpn.the range of 430 - 450 C. 83. An inproved nethod
for fabﬂté%lﬁ%gﬁogﬁ’&;ﬁ?%d)rﬁuctor device, as defined in claim 67, wherein
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pr ocessées) i nvol vés operating at |least one of s rocess at
subst r ab% wheriegromingsai@ bypendapted regionfs) wingahicderatd #bsGatedémpdniuia MBI ed

nmet hod r.icating a.senjgconductgr. j.ce, as.defined in claim 67,
e o rPrhest @b A thotuinE Tl RARDAE LBl ERE BrocBReFin A Whutle fipemitore
t enper ainuliccraviiof 00CLFBE®S) i nvol ves operating at |east one of said MBE

process(es) at a substrate tenperature in the range of 470 - 490 C. 25 85.
An i nproved Hedrdeprayed mashodofar fabgicatingarseovennductor deiss, endefned deélamed i n
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sai d MiEoqess{es)ssabess opbrating utisist aheof daklMBEHat&s(es) dthsubingiedberdfife- 510
C. 86. ,An inproy cl rre}é%oo(an;]or fabricating a sem conductor device, as

def i ned® rgH%Qﬁ% 80 P, "Gaherein growi ng said hyper doped regi on(s) using
noder at e sulgst AaG@ptREP RlcAdd B Mﬁﬁc%@g(&%@ﬁﬁ&%ﬁ%&ﬁqé&c\&egﬁ% rﬁ(ﬂn' Qfipft | east

one of said MBE process(es) at a su rate tenperature e rafrige of 510
- 530 7, wherainrerootg sei0 l9pkaRpedikgiRaly) uSag nidierbe subbtrité terdpenatiifedBEOr

roduci_ng. a hyperdoped senm canduct or terial, the nmethod conprising:
P ot RS Y R AR B, O b s B Rsboos MBS e dpperateomBRetyo T r o
group i {he rédge of 430 — 450 °C,

83. 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
20  inthe range of 450 — 470 °C,
84. 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 470 — 490 °C.
| 25 85.  Animproved method for fabricating a semiconductor device, as defined in
| claim 67, wherein growing s.aid 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
30 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 510 — 530 °C. '



the periodic table with one or nore anion(s) fromgroup Va of the periodic
5 table, and (ii) a dopant, in an MBE chanber; wherein the net dA' 2006
char act er iwedsfpye¢i ) a dopant concentration greater than tgeyy [355375
saturation limt for the selected comgypnati on of matrix material and
dopant, and (ii) an MBE chanber substrate tenperature in the mddle third
of the range of substrate tenperatures over which the selected matrix
material can 10 be grown. 88. A nethod as in claim87wherein said
cation(s) ing}ude I nt fromthe list consisting of. , In, , B,
andlor 11 881 A A BRI BlodtiR W Berodapiconaaienr Suetinl B melindice. an
el ement cdoimrisisighe |ist consisting of As, Sb, P, N, and/or Bi. 1s 90. A
met hod as in claim 87, wherein said dopant includes an elenent fromthe
list consi stanning a€) a neitix aptersl canprised ofene Semomrratingys) frem gemgy/Be ofd.
91. A nethod as i | {5 | | lx _material .conbi.nes a cation
consisting of onﬂge géﬁdrgger%glgl‘ﬁ{ﬁngéfés&f@%l%qﬁﬁg{fgﬁp%gﬁp {‘/r?i‘e"f@b“'rﬂe{}a&& tabl e
Wit an ani on corsblgtand@iipd dopedt,dn an MBEcleintggnt s from group Via of the

eriodic table, .and wherejn said dopant caonsists of a 20 shal | ow donor or
gccept or . 9_2"."he elﬂ'&erfBﬁtﬁP‘g}s Wﬁ?&zﬁggié&h?ﬁg?%ﬁ@@e%@ﬁ%@ﬁﬁ%ﬂtbﬁmhﬁt erial,
as defined in cl dbfler SuratOF LBV B WRLDEohBinkHEd BERaERARAG R RAF ] DY

mai nt enance of a substantially oxygen-free environnmen chanber .
93. A nethod for depaduaidi(i) an MBI cbmbed substratedemparbinre inthemidille third oflef i ned

in claim 25 92, wherej i .ntenance of a suhstantially oxygen-free

envi ronnent i nvoltue: n%eaﬁ[’]frﬂqgﬂﬁ‘%ge TatyIey PYEr iy W%é%ﬁ?%@%é%@%@alicﬁnt he
MBEochanber. 94. vdgfmirhod for producing a hyperdoped sem conduct or
material, as defined in claim_ 92, wherein maintenance of a substantially

oxygen- f r ee SEnddmesreeastin claim B7aderein stiderionts) oiclude apaplement fiomabsliste of | ess
than 2 x n i ©XNERT ased contam nants. 30 95. A nethod for
producicégégln%%égaﬂg%%&%em conductor material, as defined in claim 92,
wher ei n mai 89 eAaretiodds in clith STawhérein stidi@R-ifcled fNMbmemTRM tHehp! ves

mai nt enance, of %a%arthfl (Pressure of less than 7.5 x 10-11 ton for
oxygenSBEREOf >Kaht ad/epBpR 2006 WD 03/ 036697 PCT/ US02/ 33670 61 96.
A get hod f oo pk fueIdNg iR cRHRSY inS&1 (e Sthdfly ned in
claim 92, wherein ‘rrariﬂntgnance:j@?&glnzsg?s({bg%gﬁg‘%lﬁ@esdr@fg(gelirll&#rﬁggl%lgglgtr onnent

i nvol veensisting b€ BiafieeCaf 5,80, faBej $e, Zny kiesTe andforiCdss than 3.5 x 10-11 tort

for oxygen-pased contam nant . . . .
- y9 Bft A thefhod 28 1 Clati %7, wherein said matrix material combines a cation consisting

of one or more elements from group b of the periodic table with an anion consisting of one or
more elements from group VlIa of the periodic table, and wherein said dopant consists of a
20 shallow donor or acceptor.
92. A method for producing a hyperdoped semiconductor material, as defined in claim
87, wherein the method is further characterized by maintenance of a substantially oxygen-free
environment in the MBE chamber,
93. A method for producing a hyperdoped semiconductor material, as defined in claim
25 92, wherein maintenance of a substantially oxygen-free environment involves maintenance of
ultra-high vacuum conditions in the MBE chamber.,
94. A method for producing a hyperdoped semiconductor material, as defined in claim
'92, wherein maintenance of a substantially oxygen;ﬁee environment involves maintenance of a
partial pressure of less than 2 x 107 torr for oxygen-based contaminants.
30 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.



97. A nmethod for producing a hyperdoped sem conductor material, as defined
in claim 5 92, wherein nai ntenance of a substantially oxygen- he

envi r onnmenyoioteslsyes mai nt enance of a partial pressure ofpéﬁﬁgngﬁggi g@%
ton for oxygen-based contam nants. 984 A nethod for producing a hyperdoped
sem conductor material, as defined in claim 92, wherein naintenance of a
substantially oxygen-free environnent involves maintenance of a partial
pressure of oxygen-based contam nants that is sufficiently lowto avoid
degradati on é)‘{] e d&ﬁ%eer conductor material's el ecirolum nescence by

formation of Shinpthg _W@Wﬁ?&i@%s“@?ﬁﬂ@#ﬁmr %F?fﬂl:rﬂéﬂmdﬂ@ elaim
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as defined in claim 87, wherein t E chanber substrate tenperature is
i n t he Begipgeressurgebless tham 1€ togrifor prygentbesedicontaminantci ng a hyper doped

sem conduct | [ ' im 20 87 er ei he . MBE. chamber
substrate t?&gﬁgﬁéifqg@#g@%g%s&ﬁlggp %4 S%E"igon—%u%‘tﬂbm@%}igf‘.‘; Hﬁfnﬁgl"h 8" or

pr oducid2gwheteipeaidiepatte o€ aisabstdisiallp oxy@mindtdeainvirasmeffihvidves nhiftbRinde ofd .
wherein the MBE chg(;rxber BUb trate tenperature is_in the r%r%g@%f 340 - 355
C. 103 Pag e PIRYEeHaReH seniamigaAnts thetie spibeigiidy oty ayol ation ofys

def § nedqoi ' ' @gpf ~ ature is in
the r anggﬁofé"%%%ﬁd?ég’%%ﬁ%.%%a%tg@ u%@ﬁod %)rr& gﬁg%éﬁoﬁlgﬁagﬁﬁ%er doped

senm comehgotbinativacenteral , as defined in claim 87, wherein the MBE chanber
substrate t rature.is i,n . the,range of 370 - 385 C. .105. t had for
produci ng agﬁ%@?e gr Rodreing B&EP%fﬁOMS@PF%n?u‘ae? @E@P%Ieﬂs ‘ii‘%-"ggéﬂ Hping 7,

wher ei D2t JikerbBEnANSRINRE of & BSHstALBIT Sﬂggﬁa%ée reﬁvi}&uhéhé iR %?ntaiangéfé% i 400

C. 106. A pethod for producing a hype€rdoped sem conductor materia
def i neBaitigl pressurs of3sprygen-basé centamitaatsVBE ichdhtientlslebstoraxbid substpeiaht ure i s

o comatianan Ot pettranch etk ony SR B Ro bt i e Bt SR

subst r gangicdhmdgeradateral.i s in the range of 415 - 430 C. 10 W) 03/036697 _
PCT/ U02/ APR_ 2006 3&370 62 108. A nmethod for producing a hyperdoped
seni conduct &P0- fhmgtipd for predusing :bypardpped semcosiuctetieatenial, astisfingEnsimmber

subst r g Gyil<PdIR BAVBEThhSib e subREatk %ﬁ%r&ﬂre‘ig’ B the #afh%e G310 -325°C.

101. A method for producing a hyperdoped semiconductor material, as defined in claim

20 87, wherein the MBE chamber substrate temperature is in the range of 325 ~ 340 °C.
102. A method for producing a hyperdoped semiconductor material, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range of 340 — 355 °C.
103. A method for producing a hyperdoped semiconductor material, as defined in claim
.87, wherein the MBE chamber substrate temperature is in the range of 355 — 370 °C.
25 104, A method for producing a hyperdoped semiconductor material, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range of 370 — 385 °C.
105. A method for producing a hyperdoped semiconductor material, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range of 385 — 400 °C.
106. A method for producing a hyperdoped semiconductor material, as defined in claim
30 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,



109. A nethod for producing a hyperdoped sem conductor material, as defined

in claim 87, wherein the MBE chanber substrate tenperature is1093%£8€?@ﬁ§;e

of 445 - 46@ 08/368970110. A nethod for producing a hyperdoped e
material, as defined in claim 87, whegein the MBE chanber substrate

tenperature is in the range of 460 - 475 C. 111. A nmethod for producing a
hyper doped sem conductor material, as defined in claim 87, wherein the MBE
chanber substrate tenperature is in the range of 475 - 480 C. 112. A nethod

for produci h r ed sem cqonduct or, material, as defin in.claim io
87 herei n (e AVERTER SR e s S RMGoPk fBnGrdRitor Saterieh pBosagdn gpimao,
495 C. gyl %herbinteicMEE cBimbYr adbitianOemipByuRAE AAReEL BAFH sronducigrogmterial , as
defined in claim 87, wherein the I\/BIE chanber subsirate tenmperature is in

the range ofl%94 methadforprofuging A hyperdoped ssmignmdueior materiak gpdefthop dalclaim

sem co : rhal Lned. jn alm. 87, wherejin t E chanber
subst rﬁg g{%rg?%?@f)’ g CP%ﬁ?eﬁq%Slgg{r%a ﬁﬁ',erg'#ur%fdn-%egﬁe@ﬁfg ‘1‘@.4&\ nmet hod for
produci ng a HypArmethedifos prodacing d tiypérdopédedeid¢ondacotibierigidad defledintlafid
wher ei rg; t he MBE CE@?BG@ substrate tenperature is in the ran e of 525 - 540
C 116 STavhEreRble GhasphsE svbsirateriomperadie s ia theitargetf 408 4%at6x i al , as
defined in ghai | t s in
the range of 24p o EuLREBLGnE Y Ry fANCRionIS: el ETRERE N S

seni codduwhencinthe MBE chander defstratedemperaiuss imin 812 rnge ofdE5 eiqg0t?e MBE chanber

substrate t efatuyre 1ls in the ran of, 555 - 570 C. 118. A nethod for
produci ng aﬁﬁgpéf%%%@déoggﬁ‘?ﬁﬂﬂ%ﬁ'ileB‘%g?%degFméﬂoPd%ordﬁ?tP 2§ q?ﬁélPé\mﬁlaW,
whes ei 87 WRerMBRhE MBI SianBeb Sibsahe téﬁﬁ&?@tﬁ?&fé’iﬁtﬂe%aﬂg@ é}flage [aggecof 570 - 585
C. 119. A nethod for dprodum ng a hyperdoped sem conductor material, as

defined i n dl3ifMnmetid fanpiodusing i bypdiopst seinondudbartmaterials asdebined imr daiis i n

th . A nethod f duci d d
sen confuuReretiile Mt bhaluber Qs dmiRhe s i o Birirar 405 - BBHRE Chanber
substrate tabpek afettiod fosprodudifiea hphgopell séRondiftldt haterlad las RANEY HodaikPr

pr oducj hyper doped sem conductor material, as defined in claim 87,
wher ei %%’Et fﬁ)ﬂ@%ﬁ%&rﬁ@ﬁb@%@@&m@mwirethagaqgn of At ~3R§&Cof 615 - 630

C ,d22. A ' . ) r er i al ., .as
dekned 1 n o SrmSieddtFutict: SnylRRERRGH RO I 0o BB PS¢
i n t he87, avlyecioth&RIBE cladbeGubiizde tetnpepitiieds irothe pingd W€ 5280 34biyper doped

sem conduct materigl, as.defined in claim 87, wherein the nethod is
further chaﬁﬁ:t‘“eme fopproduainga ayRsoped peraigaRdnctas mpteriabAsdefined ia dgm wo
03/ 03688 {wherdle Thd 0B ' Picgls bher mal
guenchi r’lg, st ep. 125%%%%%%8%&?2?&%@%&%%?%?tggﬁtyégrgg%ogdsgserﬁbonductor
materi al, the.demetad ferquerhiciigraghyperdoped semiconductor material, as defined in claim

20 87, wherein the MBE chamber substrate temperature is in the range of 555 — 570 °C.

118. A method for producing 2 hyperdoped semiconductor material, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range of 570 — 585 °C.
119. A method for producing a hyperdoped semiconductor material, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range of 585 — 600 °C,
- 25 120. A method for producing a hyperdoped semiconductor material, as defined in claim
87, wherein the MBE chamber substrate temperature is in the range 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
30 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



growi ng GaAs doped with a dopant selected from (i) Be at a concentration of
greater 5 than 2 x 1019 cm 3, (ii) Be at a concentration of ¢ I 2%4
x 1019 cmwo obiicsd7 C at a concentration of greater than @@@,@gggé‘gﬁ

(iv) Cat a concentration of greatergthan 2 x 1020 cm3, (v) Si at a
concentration of greater than 1 x 1019 cnB8 or (vi) My at a concentration
of greater than 1020 cnB using an MBE process operated at a noderate
substrate tenperature, the tenperature 10 selected from (a) 300 - 310 C
(b) 310 - 320 C 320 ) 330 - 340 C, (e) 340 - 350 C, (fl 350
- 360 Eme("‘ & 38 fgp‘é‘?%?“&‘ﬂ“(“ﬁ?"%%s{e%o C, (i) 380 - 390 C, 0) 390 - 400
C, (k) 400 -124110 AGnethbil fek @Qtlgf efddbed BdhicortiatioCmatenial, 480methdd0 C, (0)
440 - 450 C, (p) 450 - 46 C (q) go - 470 C, (r) 470 - 480 C, (s) 480 -
490 C,cemprisitgy - 500 C, (u) 500 - 510 C, (v) 510 - 35 520 C, (w) 520 - 530
C, (x) 530 [N E
process, gro%{}%r@taggld%%de\g@lga golg?ﬁ’ S&Ctg&ﬁggge)gé @%g r?tB gen@\nﬂgﬁ%l{]&% %%e{)/grt I al
pressure s eI ect edlahrmmql? ¥mPe6B Betwin canoenﬂiﬁﬁ@l ofpreater(than) 4 xlleg’scm'ﬁe(m)loo

torn, (ii | ess an 5 x 10511 tort x 10-11 tqrn,
060 ¢ han 10521 ot & cpysopipiaiorisriersbin 1 5155 b UVAC 43 PPOTEEBOTpE, S «
10-12 ton. 20 125reahe 3 AOCIPyP! (68 i hochokifioR BN gkeSRP AR TCLI1 b P01

material with a high critical dopant [ evel, gor ei n~sal d band gap exceeds
1.3 eV, and sai don@n}MgaemmcbmratmrwgmatermhﬁmWe et i chi onetry of- said

t | d t { { 126. A
met hod for - BERRRCMIT: Braciobted « AR Ceme shtnae b Be e, oh 25
cafgier saturati gglectESM (4)2H000rB 10f Gl AT, — YRR (¢) 3981 B3P0 (YF3oexceeds

1.3 eV, and said nethod entalls controllln t he stoi chi orretrg of said

material during 343/%%4R) 00wt 9 4 (Be§8r-a368 °Cs (BSOP at3d 0 EnflnsdP ardB0 °C,
(i) 380 — 390 °C, () 390 — 400 °C, (k) 400 — 410 °C, (1) 410 — 420 °C, (m) 420
430 °C, (1) 430 — 440 °C, (0) 440 — 450 °C, (p) 450 — 460 °C, (q) 460 — 470 °C,
(r) 470 — 480 °C, (5) 480 — 490 °C, (t) 490 — 500 °C, (u) 500 — 510 °C, (v) 510
15 520 °C, (w) 520 — 530 °C, (x) 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, (jif) less than 5 x 107 torr, (iv) less than 2 x 107! torr, (v)
less than 107" torr, {vi) less than 5 x 107" torr, or (vii) less than 2 x 107 torr
20 125. 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
25  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.



