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MATERI ALS AND HYPERDOPED SEM CONDUCTOR MATERI ALS AND DEVI CES 5

Cr oss- Refwoanmesedd Rel at ed Application This application clrarmsopsicoity
fromU. S. Provisional Patent Applications 60/341,051 (filed 22 Cctober
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 physr cs and el ectronics,

nore partic , , cond or rraterrals
and devi ces, 3

S 1 » [re&—tre a0 cati on of
sem conductor materials and devr ces NND hi gh- per f or mance opt oel ectronic
and m croel ectroni C a | i cat I ons. BacRround of the I nvention 15 Ml ecul ar
beam epi t axy 8 RDOEERSEMICOANDULAHOR MATEREAHS AND DEVICES bui | di ng
sem conductor (or ot her) materr als on a substrate Typically, MBE directs
neutral beans of nolecules at a target substrate, while maintaining
proeesﬁrcssrﬂeferemeté Relnted Applitatiine tenperature, etc. ) and stoichionetry
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processes. known in the art that, for “many MBE-grown materials and
devi ceme@bratechbserbfetrcmnhemem dopi ng duri ng the MBE process can produce

perfor e. advant ages. - General |y speaking, the greater the doping during
t he MBEY M‘%reater the realized performance advantages for nmany

hi gh- speed wBiiigRMtion Peldtes Senbfilly th ARVReldsoftsBRdafde pisysichand aeétrdhia nfopé
vari ous host materials (also referred to herein as matrix-naterials) under

gi ven BrHGIAT ttmtlrﬁtdﬁ&;es and fabrieatign|of seaicandyetenmateds padwlevidegrandisil carri er

concen t S opant
concentiots pBHeBuBPHERE dtef P RBrioMoE b FRlcRor Y EREEV B
practi bigh-pesformgice o@mmnbmtan@m1¢rne1etstﬁonir<aapplbcaﬂimtser| al, or even wthout
apparent carrr er saturatron may produce 30 counterproductrve side effects.

These Saghgrgnnd of the Inventie degraded mnority carrier | |fet| mes and enhanced
dopant di ffNﬁich%t WakGR RttﬁME b MRSy P E B s fobi i ty.
Typically, a gi vearrr opaRt car rjrﬂ%r sat urg‘tnr on ‘ﬁ %?t s | O\r\gd?EJ ¥ an the

dopant bgildueg seahicemdugtzir (o1t gtheDMABA BB ©aFSuPETteNPI@BE,MBE directs 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 crystal, 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



2 in a particular matrix material. Table 1 bel ow provi des exenpl ary
saturation limts and solubilities for several commonly used dopant/matri x
mat eri al wormios@p7 ons. TABLE 1 Bul k Carrier Saturation BulPKT@Sy%53b0
Solubility Matrix Dopant Limt Limt25 GaAs Be 2-4x1019cn8 2x1020cnB GaAs
C 1-2x1020 cnB 5x1019cnB GaAs Si 1 x 1019 cm3 2 x 1020 cm3 GaAs My 1 x
1020 cnB8 > 1020 cnB8 I nP Be 4 x 1018 cnB about 1020 cm 3 10 Prior art

met hods cannot effectively dope near or beyond the carrier saturation limt
because r.aki ' tion limt
penavd: ApARET, EROSCRIGAL, PaCT TR o bl REE Bertply SRR BT °2t | wer
concenblubilitionfor séwral@sampnty uvddeiopantEeeeix nmbdrial Rombindidgpesd with a G oup

I I p-type. dopant such as Be, the Be generally occupy Ga sites (i.e.,
substitute for Ga atons) until the—gggﬁh approaches the critical carrier
saturation 15 limt. |n generalg,R.ARPiSAGrRYE! S GRAVEridg Selubllitgal

carrier saturation limt, approximately half of the increnental Be dopant

i ons resi dAM#AX| nt er JAGRAG|  si tlgmiti n t he host natriliméhere they becone
donors, c i i i i

acceptors. For Be and other dopants, additional conpensation nmechani sns
may be pgegent, sugh as crystaldipgiodehetts, includingoleii®site and

vacancy defects, dopant precipitati on, anphoteri c dopant, 20 _conpensati on,

rapi d di Gadsi on of Ct he dopant tlo-2®WeT cbped r egi ons, X 4Ad c@nhanced

i ncorporation of cgnpensating backgrisnd -3 npurities 0as-oxygen. These
conpensa P%i@ mecha%i sns general | yi(?éﬁd% 0 result in Zz)yn?&ngﬁlease in the non-
radi ati vgahgap denpigty. Mnority tanotfemPifetinme is xedfiead in the
presence_of such non-radiative traps, resulting in the geduction of the
efficienf of minoBfty carrier de¥kd@s.Thus, in adtftdPi &M 25 doped beyond

caprier SatI’l‘irofalit%h%%gﬁﬁ&t%f@&kfegg#o}eﬁﬂj &%ekéfnmg%aﬁie% gmrgﬁ'ﬁft

probability © reconbi N ng non-r tively than nateria oped bel ow
carri eecasad tomint oonceifinatRonis mearelrbeyimd thercarriemwtutiionelimi behdiedifaremtly in

D G ShSaL a0l SRR LA, PLSCLIOLUMACS AN, 000 ens G
ef fi cignay idopkll Wit GRAUptE Pyt Q8% LbIEESBe he BbiaBMsdeRBnlRbiul9 \GLes,
such as phot o-punped em tters, 30 superlum nescent di odes or |asers.
Shor t esitesi(iei, sdrstitute farGia goms) firgil itheedopantspprhiaphasitbécifiqabrarriensBu0@iW36697
P%/ u Prr%{ r?f GgZI(l)eral?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 carrier saturation. This increase in
non-radiative recombination probability greatly diminishes the electroluminescence or
photoluminescence associated with radiative materials, degrading the efficiency of light-

emitting diodes (LEDs) or stimulated-gain devices, such as photo-pumped emitters,

30  superluminescent diodes or lasers. Shortened minority carrier lifetimes also diminish bipolar



transistor gain, fl. Non-radiative reconbination has also been |inked to
performance degradation over tinme, leading to reliability concerns. For
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0% 0366%&3 n%%::rr/aéJ gg\;e/ %%gl%gmaﬁon rate. (See T. J. de Lyon, J. M. Woodall, D. T. McInturff, 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 Gao.s1lno.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 known to degrade HBT



performance. (See Q Yang, D. Scott, J. MIller, P. Meyer, H C Kuo, J.E
Baker, and GE. Stillman, "Precipitate formation in carbon-doped base of

| nGaP/ GaAsOhaawe] uncti on bi polar transistors grown by | @eArses3isre

MOCVD. " Appl. Phys. Lett., 74, 20, pp4 2993-5.) Reconbi nation may occur via
paral |l el channels associated with different reconbination 5 nmechani sns.
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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  materials 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



nore of the followng effects ordinarily found at the doping |evel of said
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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 (HBTSs) 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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o cat kAR TetggEe o SN R R R b olhefts W EMBRTELEMIENSR!  cater
than Byperdébed matbrialSProducedrty thy isedigmeniapitcludSiformting Gadis ¢kattis wiativalyof
greater than 1 x 1019 cnB. Mt hods fqr oduci ng hyper doped ,seni conduct or
mat er frae of nerragiatie deaREbIRGiOR CEREr Si %‘8(519?&(’)?{}"# _ﬁlﬁﬁg? ﬁ%&"?@ﬁra&r‘rﬂ%r%eran neal i ng
Lhe TRGLAOREd (3G LOnEl Roed BHATB At ShodurbliBilof SEREF Mhn1 & 10°hai °T api dly
GaAs hyperdoped with Be at a concentration of greater than 6 x 10" ecm™, 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%° cm™, 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 10% cm®, GaAs
hyperdoped with Be at a concentration of greater than 1.8 x 10%° cm™, GaAs hyperdoped with
Be at a concentration of greater than 2 x 10*° ¢cm™, 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*% em™,
30  or InP 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 tinmes. Methods for producing

hyper dopewormanaishal s at noderate substrate tenperatures, PAT/owsdsdaNCE
with the invention, may involve noderate tenperature gromh to facilitate a
sui t abl e excess anion pressure. In the preferred enbodi nent, noderate
substrate tenperatures wll be in the range of 300 - 550 degrees Cel sius
(C, preferably 350 - 500 C, or, nore specifically, substrate tenperatures
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materi al s' el ect ] / I £d -f¥®i d substanti al
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t he hyiprsdaaedndy Beslve anihiaihiog amrte padssure bf lassthand @d toirendhi s regard, that

during th wh of h doped i conduct terials.i i th
on' aggsemRsugR e BeRshof o R Aoy 1o prePitirne Dot B PEREbE e Car it
gaseﬁes%%ﬂamtaird;_“r{ frgﬁd?%ky%eﬁ%rﬁgsm TRy e fePiRISYken BUAIsass Wil apgen, and

thus an u vacuum growt h condition is not a conpletely strict
r equioxggantomeininpeconfpontdssuch as) buhies 1gniteddar water, gsides obgdliim (2 8rE9M Be

practjced throygh the use of gro te i g . : as
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03/ 036697 PCT/ US02/ 33670 8 .Methods, far pﬂodulci. n%tﬂl er doé)ded sem conduct or
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o  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 negligible fraction of oxygen and/or oxygen-containing
compounds. CVD and VPE can be employed to grow hyperdoped materials at rates

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

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



tenperatures, in accordance with the invention, may al so include growth
rates in excess of 1 gmhour, for exanple, growh rates of about 5 ni hour.
Agai n, geweroalobesospeaki ng, and wi thout intending to be |i ®Criusg/3mnot her
exenplary 5 aspect of the invention Belates to nethods for producing a
hyper doped GaAs crystal by, for exanple, grow ng GaAs, hyperdoped with one
of {(i) Be at a concentration of greater than 2 x 1019 cm 3, (ii) Be at a
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achi evewlpertiad pregsm;BEf oxyREn andOmxygen soetainitgeonpeiundkelofi) less than 2 x 10°
torr, (ii) less than 10" torr, (iii) less than 5 x 10™'! torr, (iv) less than 2 x 10" torr, (v) less than

107 torr, (Vij less than 5 x 10™2 torr, or (vii)less than 2 x 107? 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 pm/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 um/hour, (D) 2.0 - 2.25 pm/hour, (E) 2.25 - 2.50 pm/hour,

30 (F) 2.50-2.75 um/hour, (G) 2.75 - 3.0 um/hour, (H) 3.0 - 3.25 pm/hour, (I) 3.25 - 3.50
pum/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 pm/hour, (N) 4.50 - 4.75 pm/hour and (0) 4.75 - 5.0 um/hour. Note that the markedly



techni ques are still in accordance wth the invention. The invention my

al so create the excess anion pressure in GaAs by co-incorporating a

sui t abl e wbtoawsmbT ve ani on pressure such as P, N, or Sb, Pairtuso2/33670
concentrations of the alternative ani®n (i) less than 1 x 10-2 nole
fraction, (ii) less 5 than 1 x 10-3 nole fraction, (iii) less than 1 x 10-4
nole fraction, and (iv) less than 1 x 10-5 nole fraction. Note that using
alternative anion (or cation) delivery techniques rather than standard MBE
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at |least one (and preferably two, three or nore) of the follow ng benefits
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duty coont@rtration(s) bayend nbn-dsgperdopedalatrizggatutdtipndingie(s). Growingrkd hypgrdoped age (i)

region(s) using moderate temperature MBE process(es) may further involve maintaining a

substantially 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 10°,2x 107, 5x 10™°, 2x 107 or preferably 107 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
30 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



| ower threshold current; (j) higher gain; (k) higher stability; (1) higher
radi onetric efficiency; (m higher quantum efficiency; (n) higher

phot onet rwo 0afsdee’ ency; (o) higher brightness; (p) fastePCT/US02/33670

el ectro-lum nescent nodul ation; (qg) hiogher rel axation oscillation
frequency; (s) lower 5 relative intensity noise; (t) |ower wavel ength
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| ow def ect) undoped or 1ight.ly.doped mateni A er trate
{ ermper ettt A5RE e, S p TR 4 s Sure s R oRy AR,
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for predigen mgl dwypendomethimetonsovddeire prefatablyi salested to (i) avoid substantial

degradation of the hyperdoped semiconductor materials' electroluminescent modulation and/or

(i) avoid formation of performance degrading non-radiative recombination 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 substrate 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

30 350~500 °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, 500 — 525 °C or 525 — 550 °C.



by, for exanple, conbining in a growh chanber, such as a MBE grow h
chanber, a (i) matrix material illustratively selected froma conpound
sem conduwwOD®B/0d@dEri al containing one or 5 nore ani ons anaCeSODB36NDr e
cations, such as { GAs, InP, ZnS, ZnS8e, InP, InAs, GP, AN, GAl As,

Gal nAs, Gl nAsN, Gal nAl As, Gal nAsP, AIP, GAIP, InN, GaN, GaAIN, and
related alloys } and (ii) a dopant illustratively selected fromd, Si,
Ge, C, Be, Zn, My, Cd, Se, Te and S, in which (i) the dopant concentration

exceeds thf‘Ye‘Ea dih egenéﬁnyrs?édkﬁ{g hﬁdwv&h&ﬁlimbﬁtﬁ v§% 6&liBfingCaTteR 8kdrapladf

matri x mat erla and dopan and 1) h chamber substrate
t enperaspest ef the inweniion tdlmesmdmtboctﬂfolr moqlmmgrhmr@o@mmrm@c@rmn@h ddl e

30% or ddI 09 f. the ra subst at & v t he
el eotuaohgrmne tdiipind o o AR Shoiet FiobAb £ pEEREO A thiBoct Bl BAES o
may f updt&ien illiiwativaly B8ibdtb@ i Weotnpou e haﬂifcbﬁddcyorqmtﬁ%lcbﬁtem@mﬂer@nrrent in
the grow h chanber.” Mai ntai ning a substanti al %§ en-free environment

t yBi candry ahiepshndene armergicationsnsush ap ﬁad\smlg’h , ghdnds, 38, ANan MBE
hanb
Ceos AS GRIATRGE AP Bl Aas FOARAM AP, GaB85, ThAEGR, Baflt My hilitea 1 01 |
t o(rj r) alflleys pgr)&g(ii)ahm@eﬂ 1}10mtaialmlpaelbaed frohu@l, 8o (&, éhﬁet?ﬁ Mg Gk e, ’Bex;ngi;n
icals an nol ecul es as pxygen cont aj unds-
el udh iy wBieh $BHE RSB FTGEn on e84 6 BUH SR 00 BrRbiOE BRSERFER  beans
such ag fhatlg(ﬁ)‘of atrixd Yhatefial a2 doant! m&s(n?“t’ﬁé' HoWth dRnbePaitaRite Admpsteghadat i on

of the hyperdoped sem conduct or terial's electrolum nescent properties
byiof orisrat the middle igird Goaiahiiddlie\p8%; aud)dib #ofar middle 3eYecaraniddld/26p0) of thei rngeaoft

f f d d onbi I
e nypERaDenPeae g iar o B rbtairrs BaBlnl GotE R Btk SRR "ot o,
MBE subpsibét e tenperatures 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 Gheqghodysay Myrthesmvolvs pRintainies subsgptially gygen-freqetyionmest - 510

600 G giorSvEh b, Mthaiting EXyiugAinE ke e isumatf horcaly faydver, > -

aliz30  rhilv@inig: @lm@-}ﬁg[ vioam ctdmﬂftﬁ:ns fnmmrMBﬂE ¢hambkr, Hoigdxatnpigy @ mamar Iﬁre&mrteal
foll onwed by r Lhermal  quenc step(s) e net hods, i nvol ve

Th
t echni fuess thag fﬁépea@éf @H@Sﬁmaﬁﬂ %%10~C£F®WS Ben 3,56 49 etogrlPéiFSégmﬂsi ng

i onic 11 | e
exces slcb:;mlrt %ﬁ %?é)s( B%S%é 3/ 0 Ht [}1 (I'D%TI}%SOZ ):?667 Qﬁ Q)\k Il I‘IadI?éllJ{F {aﬁégr
aspectaygén mbiecile, emtwetkasro&yg@recdzﬂmhg eompounde— tm:bldm wxygsn eomngpounds

t f th b ted st
P or St firpush 06 107SE iRlSEHist RCoriStan 8 T oo s A FaNBe ot T R Bahi ngs
ang objyeahsiaPledH8atloRIFAN hypRYRPed KinicdiuRE inhatstias ele@h¥luminescent

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

€XCcess anion pressure.



pat ent abl e process, apparatus, article of manufacture or conposition of
matter that is taught by 5 this application, whether in this section or

el sewher ewQ9008560%5 in the Drawi ngs or the Description of PCruset/smvo ve
Enbodi ments), shoul d be considered par2t of the present invention. Brief
Description of the Drawi ngs Various aspects, features, advantages and
applications of the present invention are described in connection the
Description of Illustrative Enbodi ments bel ow, which description 10 is

i ntended t%tflﬁﬁﬁhbﬁasgeab BRHEARNYbA FediD R ACFHOARE BYBhaBShs Sl pliANkiGS, 10
whi ch: Figures | A-B conceptual |y depict certain properties of carrier

sat ur atfitbmatthve-recited stepmtelensents enaditiounranEegandéoranatenals,eonsistentyvithe pi ct s
reconbi nati.o hannel .probahi.lity .as. a funct.i gn of row h temperature for
the | STRTTD RS angh 6% e Shcipgs and BBicPts ot Byl i palBIBE BV 20° 1 Ot
carri efatddtdtid hrdRsss] Mpafe@e htlcledi idnuBictur@ BEcEEIERIGH Of rhathee tHat M@auipht By i al S;
Figure 2C depicts an exenplary test structure fabricated using the

i nwent thiseppliestionswhethgrgn this semion of elsewhere (yeh ay indhe Dspwiveserther creating an
ohm c nt.act : Hoqure. i i nQ: ' i

accor daneunp o WRYRRE BRSPS OB ATl | o

of t heBtiefiD&criptionlvfithe Duswingen (of Figure 4A) as an optical mrror;
Figure 4C i]luystrates band di agram f or t unnel.i.ng ohm ¢ contact nade in

g
accor dance VEHQU 2PRLS, HEBHES. Of Yargﬁg@&?féi @Rﬁgﬂ&}@é OF thegHEWBE PP AES - sect i on
of 2 DURELRY ih AARALRIhe TRAEH AT SARGE Ebadithdnts Bk, WMERbLLAptid OUT @
5B is a sinplified equivalent circuit nodel of the transistor parasitics
depi ctisdntendedFo graddn Bayjulkitpnrwiticihe sbwmpanyidg skl of drawiegsjinmdichon
i ght-em tting diode made in. accordance with. the i.nvention;.30 Fiqgure 6B
1 Fust r at estieeesiin Ecepeuirp s HEvitoitobise bl Sril HraRg e R Aoy oo e
7 shows a field ghfatationansi stor nede in accordance with the invention;
and, WO 03/ 036697 PCT/ US02/ 33670 13 Figures 8A-B show exenplary high
el ect ron nobignre A coneeptusily depistsdecambination chamneb prohpbifitit afca uadtoMafon. (Of
course, as those_ ordi paril j L twil i ny of the
drawi ngs contai ngrgg'g%%g:rﬁe u%lllr%?l) llntlggl \}ie{é'técinlr\(;%h?{e pzi}rg% alétr %%%}fgéﬁ@r%%g to
i ndi cat e exBigur2Bivts cartielifetimes fos Reyaesl prior art and exemplary inventive

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 SA 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 Figure 6A,

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



5 Description of Illustrative Enbodi nents As enpl oyed herein, a hyperdoped
conpound sem conductor material is a material having a suitable excess

ani on (cawpD®ap3gpEssure i ncorporated into the matri x suchPChaiSp2/3xonpar ed
to prior art materials, nearly all of13the dopant atons occupy cation
(anion) sites, so that conpensating effects such as interstitial dopants,
anphotericity, crystalline defects such as 10 anti-site or vacancy defects,
dopant precipitation, or co-incorporation of contam nating species such as
oxygen -are ﬁgﬁlaeg lsx-ﬁ%gg\ig%mf)ﬂrfhigﬁ%fe ?Eﬁfﬁobilﬁg}; tri¥stods Thdde 9 a&BRAGELTENT 0N
crystal s cofitarni'ng , a procéss of hyperdoping Involves creating an
excess ani on coneiéntheatveation.(e. g., an excess As concentration) and permits

the f [ f t tiQ |t .g. Ga.sit , it 1 intraduci
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radi a etinme 1s approximately proportional to doping density, higher
dopi ngDeseriptipn of Nhstuaitive Fambediprents radi ative lifetines), wthout al so
creating a dom nlant densi tM of nog-radi ative. r cotnbi ngetf' glnsach nrnagl s. O,
hyper dopi ngt SAPBE AGKE™: %M ¥ReEdqREd FRPRPYIS STHFUFIRE PREERS AJPEi 11ty of
r adi atHavig £aa061E BREsS Bnive (Gtidn)pressuedlinddrpyRtddaaRthe hatdiosuchtha, gi ven
dopi ng 20 1evel . Hyperdoping can also be used to create materials with
i ncr e poEPARSIP PEOTTh ewtarials Realyaall ofthe dopaat #PS OCEUPYGaEiPR GNIQI) BES fe. O
hyper i . : L.NGr t ' ! | @I
ot R il SRS i BAS Gl PR Hfpb Rl GLARHLL oSt Sl
hyiper dmpii-sig o fvacanse defecisddophnt pregipieatioal oroeincsporatian of owitiminatisgripecieat

medi um oy i nternedi ate, suhstrate tengperatures,.(e.g., .in.a range of about
300 - b es pxen s orpbTERaSKl e PERperaR g T PR ey Rets AP 380
500 C iQfaidi As,"!;@'roeéég B)Z g nggﬁr%% inlv)ﬂvl@é Ere&ﬁ@ﬁ%ﬁ%&%ior{] Ae&Maion

nol ecul es and/ or ‘oxygen- erials an conpounds have been excl uded
fr om t(ae.,gmextdss Asaobemtigton). andipernityhe Wrhing lnf Beentheationgites (egalai al
pressure of .less than. 10-9 tarr.  Jless than 10-10 torr,. | ess than 5 x 10-11
Porr . Seoppandnapry e sn it gofSS AP rfatradimhipafeeh b oo 5.

nalse C W RserddiiPmaP By G863 tb @pdat & Ehaf¥HbIB itk redeved rafiatbRMiTetHnd $hecalse ridigtive
preferred enbodi nent the growh chanber is part of a nolecul ar beam

epi t axifetinBi appppramatelisproppitieadlgh deping dpwsity chigberi depingsdenpisieyfeswlt it chanber
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dufol NG G M erldpif cAiPMS Be #el i@ biehit rdfterl Rih Hic?dBe®boping 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 10 torr, less than 107 torr, less than 5 x 107! torr, or preferably
less than 107! 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



5 an ani on overpressure), such that the anion richness forces a high
preponderance of dopant atoms onto cation sites where they persist after
growt h, ywOD 0Blss6ani on richness is not so excessive as toPCANSB2/33670
significant degradation of the carried transport properties (majority
and/or mnority) after growmh. The excess anions are actually very
effective at reconbination, but the conbination of high enough dopi ng and
| ow enough anions |let other materials L o properties donm nate, such as
radi ap} P Bk idhl YR 8/0r BYRRhARRIAGARSRIsHAd ani on
over ppg@@g&gﬁ%@g g%ﬁzgf)é;ﬂ/ ajt(ﬁﬁdf (g?déussgc o‘léc(l:le c?f r%t eig:%al S, lﬂ(g?owth tSerrper ature,
and céompoindsess to force the dopant onto cation sites, but not to allow
t he excess_ani on, or dgpant to eate a.significant density of
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pri or ang/er WineRity) sher gegh.nlhe exepss ARI0RG AT RCIYRLY VEYSHISFHBR A TecTBPIgg{ion,
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conmmi H%Hgéggfrﬁh%n%tl&goﬁlghg a edé’gi“?g“?@%&g%gﬁl ition of the ebenefi ts of

anb on ppertipseloninate,duct myadiativg fecombimation, ety. n othsraockdryperdopingdisehan
central, inportance of jinducing the overpressure i.nternally w.thin the bulk
mat er PAPED Wﬁiﬂﬁ"e‘ﬁur@ﬁé‘?ﬁ‘tedat’ddpgﬁcwglsf OIF%QEm&‘?f%]S’r%fPWbI tﬁfonWéur_é’rad\%t h interface.
The %I%%ﬁmesb RYfoRtd P d85RPSntb REtdM iRk Nt ndPtoUEWRhESEIELarlibDbr dipahi@ gr owt h
of the hyperdoped bulk state by incorporating excess anions at a

non- s tmatsha sigeficantalensjtynf ghndedistivetrapgsuln the piedhsrediegiiotireeiit usingeapieiht
creation of non- ragdiati.ve traps. Pri ar r i

non- Stogflgﬁqsgq@?lmpggfqpygHp(@'ﬁasgﬁﬁ}g,{a%%ﬂgﬁﬁqp nﬁ%‘@‘é’*’%"ﬁs‘%& ?1& tfo;i} aﬁséﬂggg%mP%r&vd dopi ng
| gyel i HoyampblsoRRdre OAltdARKe cibddimerfOmb i Bscx CRidE oaeripedssurp) forintrpaklthe
conpensated the dopant, vyielding sem -insul athr%g material. O hgr prior art
appr o&diveel dapapisomanigOsuhsliLteral sitgsHiasinereddr (dopHT glsewheienCoOBPYFEE I° have

rose . . Sheaier SRRSFE P hav
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I
Inatton rates. | ternative
enbodicheit lifdiinpesdiopingd dapan diffusconplypadopirgiatso ntlows bighamtarieral WO
03/ 036697 PCT/ US02/ 33670 5 to be cation rich durin [ ,OWM I..e. have a
pl ur alcPRSEngAtiens tobs aghigyrd té‘i‘n Biforcast grBthbWQﬂ’Bﬁ%Q%WF@agngﬁﬂ?eﬁaBP &% devay, of

agpon g %ﬁﬁﬁﬁhﬁﬁ}aﬁjg{ejs@gd&faﬂ%l@ewﬁéil&h that the cation richness forces a high
preponderance o opant ‘atons onto anion sites where they persist after

growt h, yetHypeedapirg works beaiseit sonmitsatforn o€ salidgdiaseeenitexy dResggaition of
si gni ft. & ‘t?er}}eﬁgseogtr a%go%t (;v%rnprgsfsul;[ehcf?lri(lf:lg‘:gi rg{rcl)\gt% b%'%?’l%? B9 &searchers 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



5 properties (mpjority and/or mnority) after growh. A hyperdoped nmateri al
Is a material formed by hyperdoping, or a material in which substantially
all of a wopanseshs | ocalized to substitutional sites, w PoTASNESH6TGI bl e
density of dopant on anti-sites, intefSstitial sites, or present as

di ffusants, precipitates, inclusions, or other non-radiative traps. As an
exanple, in the preferred enbodinent there is found to be an excess anion
(e.g., 10 As) nole fraction concentration of about 1 x 1018 Cm-3 for a
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anions (As in this 20 case), and the dopant atons (Be in this case) are
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this case, |ncreaS|né; he growth Tate to exceed 1 hour (€.g., the growth
rate riagpetﬂ@pﬁ@ sethigondustqyanatériay camelee be famed bgrmpbunng dorzipdatoms (¢gy, Beur ), so

| ong as ant aII single cryst mal_nt.ai ned enabl e
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one ca h an
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 :cypically less than about 1 um/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



5 sel ected dopant, and while maintaining a | ow background pressure for
defect-inducing nmaterials, particularly oxygen atons, radicals, nolecules
and oxygewowmons@bni ng or bearing conpounds and materi al sPCrusavsmrdance
with this invention, in the resultinglésem conductor material there is
found an excess of anions, substantially all of the dopant atons are

| ocated on <cation substitutional sites, and mnority carrier reconbination
in the resulting hyperdoped 10 sem conductor material is dom nated by
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fraction of Be incorporates a eve and, sec
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saturation, 9Iﬁ%€anced d u5|on and reduced. m no rier I|fet| me for

Ity. c
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C ORF e Pk d ndubidP hister® hﬁ\ﬁhé‘atﬂéé%pﬁﬁé &Rn element, at least one anion element, and a

selected dopant, wherein there is an excess anion concentration between x and y, where for the

t hat

case of Group II-V compound semiconductor material containing As, x is about 10" cm™ and

y is about 10" cm™, 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



s of carrier saturation due to anphoteric dopant conpensation. In Figure
1A, the majority <carrier concentration 124 is plotted along the ordinate
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128. some critical level 120. Amphoteric dopant compensation dominates for relatively small band
gap materials (generally below about 1.7 V).
Compensation occurs via an amphoteric dopant compensation mechanism when the »
(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



5 The inventors have observed this phenonenon in a nunber of commercially

I mportant sem conductors, including bulk crystals of GaAs doped with Ge or
Si; epitawpDabB/iob@yrers of Si- doped GaAs grown by MBE, MOCVPCTArsorBd670 and

Be- doped GaAs and GaAl As grown by NMBB or LPE. For instance, in a GaAs bul k
crystal doped by Si, the Si atoms predom nantly substitute for Ga atons on
Ga sites as a donor of free electrons up until about 1 x 1019 cm 3 10
(within a factor of about two, depending on exact crystal growh
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about nprovenents over prior art op| ng wth Be or Si: The
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P anti-site (P atom on a si;te in GaP) is a double electron donor,
pI’OVI d}’l?iﬁalir’%ﬁbgd??%%‘t’ dn Orre%‘ﬁanl smfor ap-type dopant. Self-conpensation of

Bt %ﬁgﬁéﬁs ] 3&%@% ubilith Bl 28, BfherErddls BRbHRWEDoRARINEARotMBlFth frtnation el |,
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% cm™. However, C

25  limit, the hole concentration continues to increase to about 1 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 occurs, it can be more important than amphoteric dopant compensation. 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



I'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
primari | ywbyw3ws@9ost oi chionetry it holds during its grow hPCFarSoE3mmpl e,
during the MBE growh of GaAs in an Bs-rich environnment, excess (a
vacanci es are thernodynam cally favored over excess As vacancies. Si
dopants therefore principally occupy Ga (donor) sites, and the bulk lo
material crystal will end up n-type. By contrast, |liquid phase epitaxy in
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grigwt KKontbits hand 05 &, Peftdt Bfeticyt Hlodtrolurhitesceid £6mabHAAdIodegat 300 g.on@{a; Si
will remain a donor dogant all the way up to its dopant solubilit imt.

This efivediers., dah9ef pudel This gloyencrishewvs hathigh wHiciency dddisiopn bpdde biar r ow
depl et j i J: bt e : | ] ont act s.
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eXLessyitd g8 szl gi/owart!ﬂ%ifgﬁmeﬁi hyper dopi ng can be achieved by wusing a
sul t abl e excess anion concentration and/or using faster gromh rates to
freeze in tOume 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 naturaily 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 improve tunneling ohmic contacts. But the effect does not raise the carrier



5 surface doping levels, in accordance with an aspect of this invention.
One aspect of this invention avoids the site swtching by Si and the

f or mat i orwofos/opieeti pit at es, such as My precipitates, by tireTEse2/af67i gher
than normal growth rates, such as gr®wh rates in the range of about 1

m hour to about 5 gmlhour. Traditionally, high Be doping in conventional
(al so known as high tenperature grown 10 or HTG MBE growh gives rise to
interstitial Be with donor dopant character and with an energy state
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pr ctuc®iage doping lewsiso M accerlensgrvath an aspeenafithiagnventios excess in a GaAs

matri x. Thi . i f a high.concentyation of
crystall i.n_eéaée?Sr é%? g&&ﬁgagﬁe%gg&%&@%th%%g%ﬁt@g}g@\ﬁd@éﬁ%foégl,a 1Gh8Y or As

pr eci ppreeipitates, sspleas Mgl precipitases, Byrttealse bfighdahih@aiabgnth PHES kiintAt €S can
dom natewﬁhe m'.ngff'litaé carrier reconbination lifetime in a crystal, thus

i mi t i G EhEREsdRdRs 12Res pr dhogh! HB‘;‘?‘W@"%S’P%? wwhewrs, | n particul ar, such
defects or TRARRNRIY, HiSSBE aniRE AL - Iall J ruin LEDs),
i nhi bit ogul ation ?’nv%?si gﬁle%Mi cﬁelﬁigii?lﬁrs&ggg%?é? a(%%@l%cgél a%%?? g%égfns, and
wakfel eAgTRGY NHE grasyth jeives mide torinfenstitiat Be slithatonondopiant chardcteansd sithrans base

regio i ransi stor, _current and.po in). 25 Reference
R R e e S e e
sem cahelooaibimmbion mehania vitenohaddiaflvékaptudgat ent No. 5,508,829, LTG Al GaAs

non-linear _optical material and devices fabricated therefrom April 16,
1996, by J.BY pewtEastipriorart low-tgsengsasre grown (KTGY Gads mandrial (epicallyhat 200M

Woodal4s e, ' t faor.eqoing, it can be appreciated that
nei t her g}]@glp ne ‘T radi :tl?eo]%éa{}n %\%Etwggg%arl gfg%ssag égt-%m#—#(;blbtralﬁ_oﬁ@g‘?%s g 5 | e of
met i rignsityeof deepgevel defensassotiatedpricty ihdiergeshiAghthese defeed siamifglyCr ystal s with
hi gher_ carrier }%%qu)(%?ati on I7(l m.ts while dom nated by radiativé
r econtFiOHRENSHC ¢ R doptingte e garins Hidetima thioydhnonaadigtiyeeaptwe. t he
pr esemloteYpeaticAly, TA@EbRAuLR 1 fiSh-t MSucH’ M E
processes for pr gyduci ng hll'lghl %@d&s}éﬁl{@g{rﬁh@t %ﬁgé’%@gp&cwﬁ%&@aﬁr i or
pr Operq_la,tgg._ Tlig targe e:d:_@p@dfl‘ ABEORS ,tenlds ty ﬁlrmai hi_g(ﬂ' &mnﬁm dg@r}%ﬁalm{eﬁﬁif@&s,w tht _he
i nvent C i nvol v i ntai.nin e substrate tenperature in
the r aslﬁcgtgaso %QKS-) 516 % g(;‘v]e?/ 5{%% v\{icancws, and/or As precqglnatgs (tespecially after annealing).
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— HTG or LTG— is capable of meeting the recognized need for providing highly
doped GaAs crystals with higher carrier saturation limits while dominated by radiative

recombination.



5 500 C, which forces Be onto Ga sites as normal acceptors, wthout
producing interstitial Be or creating such a | arge concentration of

def ects awowmsioaicet with excess As that the mnority |ifetPChaShrsismes
degraded. MIG can occur at higher or 3lower tenperatures, dependi ng upon
specifics of the matrix, dopant, and growth nethod. Reference is now nade
to Figure 2A which conceptually depicts reconbination rates 10 as a
function of growth tenperature 105 in accordance with the hyperdoped

sem conduct p material.in accordance with this invention ver prior art
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curve 145 For lower Be doping concentrations, Be is stable in the lattice
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growth temperature.

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

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 in a significant fraction of Be atoms becoming interstitial during growth at higher substrate
temperatures 108, such as the 500 — 650 °C and above typically used for conventional MBE

deposition, and the interstitial Be atoms result in an increased non-radiative recombination rate.



5 grown at tenperatures up to normal can exhibit a | ower probability

of -non-radi ative reconbination so long as the doping level is kept |ow.
Oxygen cowDagios@pt s- i ncl udi ng oxygen atonms (i.e., 0), radCralss2/$sry.,
0-'02- , 03 ), oxygen nolecules (i.e22, 02) and oxygen-bearing conpounds
(i.e., O+, GR20- that bind with the sem conductor material typically
bind to the lattice as deep donor non-radiative traps, and lo are
significantly nore Iikely to bind vvhen the material is grown at MIG 107
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or near HTG temperatures

The curves labeled 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 points 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 left 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 curves.
Curves 162, 163 and 164 have minima at progressively higher points, leaving regions

wherein the probability of radiative recombination would be expected to dominate (i.e. be



5 For curve 162 in accordance with the invention, radiative reconbination
domnates in the region wth maxi num hei ght 152, width 151, and substrate
t enper at Wwe3bateoeen 147 and 157. As the ordinarily skil lpea/usezstsro wil |
appreciate, the ratio of the radiativ@ to non-radiative reconbination
curves (in Figure 2A) corresponds to the ratio of radiative to

non-radi ative reconbination densities or, equivalently, probabilities.
Thus, substrate tenperature width 151 1o illustrates the concept of MIGin
accor L L RphEG Y RO tihtivEreoRibiffion by @usRtha! 80 réPediveieet spot,
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gréwn at alHor cunvesk6Ran acqondanes with thssinvention; dintiye recombinatian domstesiide t o
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argo f dlllstraess thercoreepsofN TEi in acar@hce whith theinvanttors Ofebinse, ¢hérbasn ps@be aus
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non- r agial 1648in &AM RE}itIPRe PHBNRE I rBdiht Preb@ABin BRI domiBAeN\OnlH¥n el O art
met hods (i.e., wWth oxygen present well-above ultra-trace |evels) has

t her efrogien ivdthrheigly d56i wislth £33 and| substrage teenpsiatenes befveen 46 andi ¢t (al ong 140)

of curyes.143 and 144 . .t han of rve 14 . | L .S
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| evel s) provides significant and non-obvi ous advantages over traditional
met hodybstrate teamsFaiai¢ee with this aspect of the invention, oxygen (which

may appear ﬁ%v%gs afferintd Rave tdeh mad 'tcgﬁl%esgf %ngﬁfa%é@ Cranfrdd R aleddf/ 0 24
gal I i um and ‘ot her spe%l es, or pe der I ved From ot her xygen-lbearl ng all oys
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parti pressure nay _ . _ o
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 2A, the inventors believe that previous
investigators did not appreciate that curve 142 existed, nor that it lay below (and to 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 144
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, O™, 0%, OH ™, oxides of



5 be used if the defect density of the material being grown, due to oxygen
or other elenents, can be kept well bel ow about 1016 defects per cnB, and
especi al I'wolalossswabout 1016 defects per c¢nB, such as bel ®aTAG82/8IEeCt S per
cn2 per nolecular layer. Since the rai o of radiative to non- radiative
lifetimes matters nore than the absolute lifetinmes, a direct band gap
material with a shorter radiative reconbination lifetine can tolerate a

hi gher defect density, such as 1018 | o defects per cnB. Several nethods for

sust ai rgalignaandibtherespetigh) or de derivedrfontetter bxypen-veariiddlldys oF Bextafes) BPi t axi al
gr owt h, e\ﬁ%% dglgoai tel on, and vacuum sci ence. Typically, an ultra-high
vacuumP* heduged Belaw theipiahrressyrecofippproximatelyel®r” torrahat is tapigalefipsesentst t o
di sl odgiay WHSE lchafiBd9! 1R %SH I ial.s ated. During
use, t heycharrtge? and contisrtl s@%ﬁd t??@ﬁ%?%@%ﬁﬁgﬁﬁésg# assggecg%é&\z‘g’ghﬁﬂ%e&mi ng
to remsé/onpkygenlbesriig waterials belowuls) tamdt ishetedihandisphérpatidy prREAGE g v

k Ld (£.00., at 1iquidnt t t t d d t
f or ehore i adte: ety BRSER P ann e 9 o7H6E Gk GemETionon,  and
i ncl udee kesi wiell baskr008: 17" OlefvAs piPhe O dshaall @éfgsp aﬁan%“’cd%?écis%t o 3He

e

tenperatyres to make wal | 20 accommodation tines ectively Irnrimnite,;
i nt r od $8Y nychas belpweld defestsper emcper analecuddr layert Sincanife ratiat afiradidtiveomonas Al |

Ti, or j i.es, of vapor pressure, non-refractory
get t or Foeete bR Ao ok BE R TRl RS i Piee b Feterblpiihas 100
mg of AhortdvijadiativeBecormbidatibr lifetlfle gardfoldrate atHighed AbfeBl deRGity RGN dsalo'BNd Ga
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Ga®’ SPGF “Bt-her contami nants. These, as well as other 25 techniques or
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concen? frlaé]?‘f 9 r?ngi%) ﬁéfgﬁ%tﬁé’ﬁﬁmﬁq’? aad kept {iga,n, gg%ﬁ(eg ouf 1o digledgegvRierani c
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PCHP Us8isyes &y bigh speefhwcsumn pumiping tamerapecmolemiles Soumithe beoliime) andthe

concen [ OF Be. o sites.js. defined as NA, and NA is the
concentyaielt EvfEUABY K Sl e Siiiid SyohenfEiinedive wivafivedssarpin
accept turther. The concentration of interstitial Be is defined as ND, and the

concentrati of ionized interstitial Be is defined as ND. Such atonms are
deep donor s ethogs fon Iiegﬁ%%&§¥x&enPﬁ@a@m@ﬁ@mlﬂbwelbknwmtanéincmieousi@ sites,

NA, is e)-ktfbn?eqﬁigh inédum(Yﬁdtit?bns, 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, Ga;0s, 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.

Theory: In order 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 concentration, Be;:

Beg, < Vg, + Be; (1)



the sum of the concentration of ionized Be on Ga sites, BC G ,, plus the
concentration of holes, p. That is, BeGa BeG + p. Substituting from (1),
we find NKOW®036697 ND <* NA + p. The concentration of neuPCAIUSBE3BMN
interstitial sites is in equilibrium28th the sumof the concentration of
ionized Be on interstitial sites plus the concentration of electrons, n.
Solving LO for ND tells us that ND g D + n. In the well-known Schottky
vacancy equilibrium equati on, =K (T) x P, 4,2, vvhere K (T) is a nmass

actio C Q n,
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where 7 is the intrinsic carrier concentration of the material at temperature 7, and 1 = (1 x p)
at equilibrium.

20 At low doping concentrations, the material is intrinsic, and the (#;,p)* term is unity. If
the (K'(T) x Pys;) term is > 1, the material is p-type by definition and (N 4 /N'p) > 1, meaning
N4> N'p. If the (K'(T) x Pus>) term is < 1, the material is #-type by definition and (N /N'p)
<1, meaning N4 < N'p.

For higher doping levels, p > n; so (#;/p)* < I. The physics is now clear. Reorganizing

:5  equation (2), carrier saturation occurs when
(n/p)* =1/ (K'(I) x Pas2) @)

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

10 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 stating that the limiting value of log(N"



conmbi nation. One could raise the crystal's tenperature, T, thereby raising

n; regardless of the 10 inpact on K (T). One could also raise K (T) by sone
met hod. AwoO/oan3@pe coul d raise the As pressure, PAS2, duPCmgsorysral

grow h. Raising n; during growh is c¥all engi ng, due to surface degradation
at higher gromh tenperatures. There are, neverthel ess, many ways to raise
n; in accordance wth the invention, such as using one or nore rapid

t hermal quenches after one or nore relatively high 15 tenperature anneals.
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al so imaleytierger @We(hﬁg) ﬁmllgumdlom@amgr@éleatgmr@ loig(" Wgr)@%hhe o 25 the

MIG ran&1 \z\gesf(ﬁ t ex & { ver the sto t’lChl onetric amount) is
i ncor (BPRENY SkHle re%lgr %yéﬂpé?‘”?& SFHFTAL AeRues Ayep\PilRPISSERATAIGIL AL & i nt er nal
to t heogibysdtioh. O@scoumPRsRANS QIXSQKE finfiRtatde, DrR&EbY RidifdHGeshrilsd dfehdeam

| owe
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resul(ggegissu%e ggglhaggg%éﬁ%%%%guct or properties associated with the excess

As. Patent Nos. 5,371,399 and 5,471, 948,

i ncor por at eRhidirg &iduring gredthrieoiedlepgihg, dus to surtte dogiadtiedt Gighengrowith
accordance with E@rg -aspect f t hese teachings, pay also be acconpl.ished by
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or nore rapid thermal anneal erred i ment of the
i ngentitoperabiesamnalexBwbsinodal amlo(rsksl(oelcgorpfembisem kgpt bpefdince thebyarbTG t 0

rai se the effect [ ressure sta rfa uring grow h.
o dEheafly iFea PR S o S e st s e SRR E it o+ on
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cation vacancl es. O her alternatives include As anti-sit ( on cation

si t es)equdfipn (3) isrguenchied o retwimda Goase FRIRRESTatei whichdmhirg m@sasdﬁ,q B4 st t o

ra| se ration concentration of majority carriers that occurs
in a %%glbgoairoé%%%% %Mlg such as Be-doped GaAs, Si-doped GaAs, and so

faoth. |In atesdlidaps@ash tohrai“shg n; would be to raise Py, 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.)
It is noted that hyperdoping, in accordance with an aspect of these teachings, may also

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



i nvention, hyperdoped materials may have an increased carrier saturation
concentration of 1o mpjority carriers conpared to prior art materials. As

t hose or dwoawiobesskilled in the art will recognize, the hyperusopsisg and MIG
techni ques of the present invention a7 readily applicable to other
conpound sem conductors where excess anion incorporation is possible, such
as Il11-V materials like InP, GaP, GaN, etc. and 11-VI materials |Iike ZnS,
ZnSe, etc. Hyperdoping al so generalizes to ot her Goup IV 15 anphoteric
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20  for these materials), where the anion is advantageously N, As, P, or some combination thereof.
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 n-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 n-type conductivity. Hyperdoping enables certain of such materials
to be produced with n-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



cm 3 due to self conpensation via the anphoteric nature of Si. However, in
the depletion 1.0 region during growh caused by surface Ferm |evel

pi nni ng, wbasiemwPzed donor saturation is equal to the solpabiuso2/gsere mt of
1 or 2 x 1020 cm 3. Therefore, if a cBystal is doped to the Si solubility
limt and then exposed to a rapid thermal anneal and quench, the space
charge density at the surface, ND minus NA wll equal the solubility
limt. This use of hyperdoping facilitates naking non-alloyed ohmc
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up to a critical point for the material. "In contrast with traditional 20
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dopant resides on the appropriate atomc sites of 30 the host crystal and
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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 lifetimes 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, to

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



significant. This is depicted in Figure 2B, wherein the inventors have
establ i shed that 10 hyperdoping with Be beyond 1019 cm 3 still produces

mat er i al swonsmbdegh the mnority carrier (electron) |ifetiPo@/tse2/33670 |

dom nated by the radiative lifetinme, 2nd not by Auger reconbination or

ot her non-radi ative nechani snms. By contrast, the prior art 113 (fit by the
curve 116) produces non-radiative reconbination (using C doping) sonewhere
bet ween 1019 cnB and 1020 cnB. (See R K. 15 Ahrenkiel, R Ellingson, W
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| ayer 902 of m of undoped GaAs was grown. The substrate tenperature
was t hbecyatgl; @ad thase pggers dpminate the minority carrier lifetime (which ruins LEDs) and

20  lowers the gain and/or speed of transistors. Consequently, C doped devices are typically slower
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 ez 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  incorporating a layer of hyperdoped GaAs material were grown with an EPI Gen II solid
source MBE system upon a two inch diameter Vertical Gradient Freeze semi-insulating GaAs

substrate. Substrate 901 was mounted on a non-bonded substrate mount. Substrate 901 was



order to enable growth of a 0.5 gm LT-GaAs buffer |ayer 903 to reduce the
mgration of i o inpurities fromthe substrate into the epitaxial

struct ur ewOoDo/086pT her reduce this inmpurity mgration, thecsussr/szmre
tenperature was increased back to 6030C and a 10 period superlattice 904
was grown utilizing 0.01 gmalternating |ayers of undoped GaAs and

Al 0. 3Gao. 7As. This superlattice traps inpurities at the Al o.3Go. 7As: GaAs
het er oj unctions, preventing these inpurities fromdiffusing into the
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to5d05@vﬁhéemﬁééf#%ﬁbféporgi on to 9 x 1019. Therefore, this region was
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hy per gesiriatiice daps impymies pbieiAep Gopn.7 48 Gans HelCEIenqtions, PEVERRS RIS e keepi ng
the d L1 j-af ] ' ' ters low, it can be used to
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nas- r adi at iNext, e D nini lagier 995 of AdqwGeb sAdidopedatiype withpérdomi 104 wasgravso be
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r adi atsip8 ahe el e, tepee e 04145%“%%9%;? fd“v gﬁ%il?&f %f‘Pé’ 1pRs tf’d’ﬁﬂg?e By ter
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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
Al 3Gag7As:GaAs heterojunction.
The next 1 pum layer is the actual hyperdoped GaAs region 908. This layer was grown
25  at a substrate temperature of 500 °C with an As overpressure. Layer 908 was hyperdoped p-
type to 9 x 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 pm, so as to grade the composition up to
30  Alg3GagrAs. This graded layer was followed by another of 0.2 um layer 910 of p-type
Alg3Gao7As doped with Be to Ny =5 x 10'®, thus confining minority carriers to hyperdoped
region 908.



efficient LEDs and higher gain transistors. The performance of a nunber of
I nportant devices 1 o is controlled by the mnority carrier lifetine-
especi al I'wodemsees t hat enpl oy gain nedia, electrolum nes®@emusnesica) a

sem conductor pn, npn, orpnp tunnel jdInctions, diodes, or other

mul titerm nal sem conductor devices. Notable exanples of such devices

I nclude transistors, anplifiers, oscillators, denodul ators, active
filters, inverters, logic gates, limters, threshold detectors, triggers,
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accel erated aging, and other detrinental effects. 30 Several related points

ar e wahiplifiseswpsdiltatetsedgmadytaters tactiveifilierasinkgrters, fogik gates, finpterorashold . M

Woodall, M S. Lun rqm.and R. I ! 2 I n- Al l oyed
o ¢ Setegrs ae b PREURIMCREER b ior e o EEPHEd SAERARE.

Appl . akbyavelefith.cofiGerteYOHEMA3HIBE 6f B babiStbgichdoy Os eq@rvaldid Yonerplizatidd)lia- 1414,
First, athin (2 - urface region highly doped with, Si, with the Si

3
most | yuelhdevicesjatlaws d@\gg)esﬁé bp builtdbataghibiferatn pexfogmncs bensfits compaed i8er of
LTG . . ' t | | duri
[T I ierigidrgam Bl §hich HR0Se GlYBrinGERE G o)IORERS fotek b, BRR10, T8 11O

Howev etectrblninescendet speeh higher relaxbtddn oseillatios fiehugrcy dowar RCRimscatstantsat ed by

non-radi ati ve trgps associ at ed i“h Lhe iﬁces .As .t hat rggsulgs.fromthe use
of | LEeataipopter BiHiciney dRvrtpyie Jsseh betler e HE HANST eRyTed, CES Hance wit b
the t%?g;m @&ﬁiu@fivirtﬁ:cl?)\;veﬂi NERhL %Mag}!@,gew Pirshyid OWRSY BgRéNGhaRfugSent s

sever al™ advant ages creasing a device's ) .
efficiency, and/or higher gain. Hyperdoping can also offer better device-to-device

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,
T M. 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,



current handling capability or reducing its resistive |osses. By enabling
doping densities to be 1o increased by up to an order of magnitude or
nore, thewoaBioa®9T esi stance of a |ayer can be reduced by &C3iusol/ads7d act or .
Li kew se, contact resistance is gener®l|ly reduced when contacting heavily
doped |l ayers. Since |ower resistance results in |ower Joul e power

di ssipation (12R), these layers will exhibit |ower | osses and hence
reduced heating. Simlarly, the driving voltages can potentially be
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made to Figures 3A-C, ich depict the creation o mc co by a
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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, ochmic 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 Figure 3B, the heated semiconductor and metal dissolve into one

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

enriched by the dopant 302. The molten region 306 may encompass the entire thickness of



Unfortunately, this standard prior art approach is sensitive to a nunber of
factors, 10 including: variation in the tenperature and thickness of the
mel t; norwploanadspties in the interface region (e.g., spiPCagiSot/338ncCe
interfaces into GaAs) due to preferemsial dissolution along certain
crystal |l ographic planes, surface tension, or other effects; nechanical
instability of the nelt zone 306 during the heating process (including
tenperature ranping); variation in size of the alloyed region 311; and
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conprom ses eVI ce, since I’nterstitial
hyperdoping allows ohm1c 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



dopant can mgrate under the influence of heat or an electric field. The
hyper doped 10 sem conductor material in accordance with this invention
avoi ds orwoiosiogmdes this problem since substantially al lPCofuspizssdopant
atons are located on anion or cation 3ites, and not interstitially within
the crystal lattice. Figure 4A shows a region of bul k sem conductor 413

t hat has been hyperdoped, so as to forman ohmc junction where it neets
metal contact 401 at an interface 403. In accordance 15 with the

i nventqQhy doREaRts thithldORS a@ﬁlrrér@ﬁiéhﬁsﬁth@trﬁie gaRdiatincS bMNmtny dptedlé@RMic forms an
excel | ent ohm c contact with 413 wi thout needing to be reheated.
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cavities, and ot hér devices, enabling lasers and ot her
sputtermg, 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  In one 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 on the

metal side can be made to stay on the metal side.) In another embodiment, an optional mirror



optoel ectronic devices. In sonme cases, it may be advantageous for |ayer 401
to include a 10 sem conducting layer at its interface with |ayer 413. If
sai d semwondsishng | ayer's dielectric properties can bePoatushesero t he
reflective properties of the netal, t3% mrror reflected can be increased
wi th said Bragg-like conbination of dielectric and netallic reflectors.
Reference is now made to Figure 4C. The use of hyperdoped material enabl es
a surface passivation technique to be inplenented in accordance with the
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doped materials 215 such that the Ferm |evel 210 p s into the val ence
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mat er i wdlscityAsushras ng)pamg)ﬂghuffaeﬂ wlitlc a hetexpdrictien of AlGaAs 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 215 exhibits a high density of surface states which pins the Fermi level 210.

The potential difference 221 created by the doping difference between regions 215 and 216



mnority carriers froma lightly doped region so that they penetrate only a
limted, finite s,o distance into a nore heavily doped cappi ng | ayer before
ret ur ni ngwom3nsk®9t i ghtly doped region. That is, the fiel @crarsobszseased as a
surface passivation corral. Unfortunately, this technique is problematic
at higher doping densities, because band gap shrinkage reduces the
effectiveness of the doping gradient, elimnating nuch of the benefit. The
prior art work by Harnmon et al., Appl. Phys. Lett., 64, 502 (1994) showed
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(denoted wB in the' litera ure and | atera
because a Be dopant density greater than 3 x 10

cm 3 gives effective band gap widening
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 increasing 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 low bulk resistance. Low
bulk resistance is important when thin layers of active devices, such as the base regions of

transistors, need to be accessed.



extent 525. The base region's upper surface forns an interface with the
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Hyperdoping enables the realization of heterojunction 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 5B) 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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the base wdth 527, with the
Faax can thereby be increased to a higher speed with hyperdoped materials than with prior art

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 /¢ from the emitter region 514
25  to the collector region 534 is controlled by the current Iz from the emitter region 514 to the
base region 524. Thus, current gain is typically defined as f= I /Ip. A direct way to improve
P 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 fiax,
such as raising f# without lowering fmax. More generally, using hyperdoped materials permits
30  more optimal tradeoffs to be made among the performance factors f, fmax, feature size,
breakdown voltage, . and f. 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



heavi est doping near the emtter-base junction 520, and with the doping
decreasing to a | ower 10 doping val ue near the base-collector junction 530-
is very evbasisase7 i n reduci ng the base transit tinme. SuclrCaaponspegr adi ent
produces an internal electric field t¥®at accelerates mnority carriers
away fromthe emtter-base junction 520 and toward the base-coll ector
junction 530. It 1is also well known that band gap shrinkage due to heavy
dopi ng acts to reduce the effectiveness of graded-base dopi ng and reduces
the pey onlb i es an

i npr ovgegé}% ggegg)g@&?cgﬁgg&gag i‘ av et ﬁreéitlgﬁ&s 8{&%‘1}%"%{8‘“?@ g?r?gghlgﬁg%g@g such as
GaAs  tmintlajingthd eesistrice of Gredasewhilhpres@ving Mithveave Perfasuintes Equivaterelif ecti ve
band gap w dening due taq the effec s of degener.ac see Har non t al .

rop! - st arauctingin s leegtsdyin I peioRE HEREA A GRRETAAEARGBIg appea s
to e”hﬁﬁ?&vé@?e%ﬁ%ﬁffe&oﬁﬁ ét'lﬁ§ SLgJehBP?f&Ythf derfokiahd8iharPdn ﬂalogoﬁﬁ?l Phys.
Lett., 63, 536 (1993)) her enhancenent of “the base 20

t r @nsi aptimires trasistertiomaed ﬁmmlonlznmg)rtattenatnmiml on to grade the base dopi ng

o e orARad8hiop Aieifod Be fon SR B et R Raned sl ST s so SFadsc o

dopi Nghe wmrdeptdgq)rmrel Rli$ R8I WESw rofie ARQakurexhit ér@di fHAb3sPdogi@ss bydown to 1
X 1019 cnB or less. In addition, the higher dopi 8 he i nvention provides

at t hedecrensing ghe daniee density essa function @mnﬁttmracmss sewitth 827, matdi theance,
whi |
| n' tﬁeﬁe giseétecg) ‘”ggneqpﬁ{e%?fgai dﬁa\?\%u%é @Péitﬁ?lh@(zvﬁ%qgeeﬁp‘?é%féé&easﬂﬁ%gﬁ £(§| g}’g”e”t

quiasi -dipagy vahee fidae k}ds)asanollbetob firiction 8@t is @elyastiective Maréwdhg thB®ase
sem conductor _al I& sition such that there i band gap at the

base- dfDfit&me gHeh ientyaduges an ternak q%%ctﬂeﬁalddﬁ%s aa@e?qrhf@s minority

base- sfad in
cot 1AESbaky FUREHE S ot;%%f}ﬁ%ae?e‘*@ﬁa TR o@e 3 Aor ERRSICRS ' T
i nmpr omeaiquel]Acrfoumtlhwbam&jge{mshrmka@ dwtadmaiv;bdxanngimbs togedigcettiee sweep mnority

of 1 on Sesir ey CaledGhest dhufe diecits (R bEFDRbeT Bl ber e 4o

Rego rrmmerr Sfing@éndbltR a@%inbidVed fraddFeLoRHCRIRVE! BEHERIBM 2 I aehf@tduétdr | B
wi t hout "an associated increase in Ic, s reducing the current gain /3.

t hy
Hy per duph Ay GeAa to depiag densiics greptes than3et é% il Teswltsan an kfeaiverbiand gep base

f r,d
"t or gt BpBENE o tne ReSss oF ictheral; QERERHRAN PRS ABBE PRRS So RESDES 1)
whi ch @9eppFusthetmerel deppneruRYoping eppéaes ’@@nlhamltﬁe hageity egtiendidfsivither eby
reduces. or eli V@p?s reconbi nati on extrinsic base surface. Second,
o

as ded&larpege i ]’Wéf[éﬂeﬁées%dlg?ﬁ)) d@%ll%@lfvlélﬁqréﬁ ancempi of tleasbase
nyger Ot%gf%%ﬂem&gefﬁé bihe S LBl B Erathat e%gﬁlg%roﬁ{ L N@uexfei nsi c

base surtace surrace endi n sur ace reconbi nation
vel ocidopn to a level between 1 and 5% 10" cm™, 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 further 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.



Hyper dopi ng al so enabl es optim zati on of other paraneters. |nportant
considerations in 1o RF power anplifiers include power efficiency and

t hi r d- or dwo oBms@pnodul ati on (1 M3) distortion. |nvestigatoPSTheor3Feound t hat
power efficiency of class E power anpltifiers is inproved by reducing the
collector current fall time, which in turn is inproved by increasingfT
andfmax (see J. S. Yuan, SiGe, GaAs, and |InP Heterojunction Bipolar

Transi stors, John Wley, (1999)). O hers have explored the effects of
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optimized at a low (but not necessarily lowest) value of R, (see Vuolevi et al., The Effects of
Source Impedance on the Linearity of BJT 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 4 on collector
current Jc, 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 AIGaAs/GaAs
30  Heterojunction Bipolar Tramsistors. Artech House, 1996). Devices formed with hyperdoped
materials can exhibit substantially lower internal resistance, which reduces self-heating and its

effects.



junction is shown distributed as capacitors 520A and 520B. Likew se, the
bul k capacitance 10 across the base-collector junction is shown distributed
as capaciworg/o0ed?A and 521B. The |ateral resistance al on@Crhsobase r egi on
is shown distributed as resistors 525A and 525B, and the |ateral

resi stance along the collector region is shown distributed as resistors
535A and 535B. One way to inprove the operating frequency of transistors
and rel ated devices is to use 15 hyperdoped naterials in the base or
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observed as a ﬁJnction of frequency. Traditionally, this problem has been addressed by

lithographically reducing the emitter lateral extent 515, the finer the more expensive. The
availability of hyperdoped materials allow reduction of lateral resistance in the base region
(e.g., resistors S25A, 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 f.x 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 515 of the emitter, lateral base resistance S25A and 525B, and things



charging times zE and zc respectively. Reduction in zE and zc wll also
result in a higherfT and 10 fnax operation. As those ordinarily skilled in
the art vwDlo3apppeci ate, applications of hyperdopi hg are IPZT/US02/8062NS
limted to base regions, ohm c contact2s, or even transistors. Rather,
hyperdoped materials can be used for any region in a wide variety of

sem conduct or devices. Hyperdoped materials offer reduced contact

resi stance, reduced bul k resi stance, |onger non-radiative 15 lifetines,
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known, m nggidy  CAII & mhdd RiBEres SACQEH, Wifich Sowd ol RbRHeléfojunction

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  ofregion 603 is typically at least several times kgT 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  active region 602. The time it takes the minority carriers to recombine is, on average, the

minority carrier lifetime 609 of the semiconductor material in 601 used in active region 602.



i 0 conponent and a non-radi ative conponent. The radiative conponent is
approximately inversely proportional to the majority carrier
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Therefore, by doping the active region 602 nore heavily, the mnority
carrier lifetime 609 is decreased and 15 the nodul ation bandwidth is
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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 DHLEDs relied on the fast traps to quench the electroluminescence, sacrificing
efficiency for speed. Hyperdoped DHLEDs, 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
of the LED, lowering current crowding effects which tend to confine the majority of the

current in such devices to volumes closest to the contacts, resulting in more uniform current



10 sem conductors with high densities of dislocations such as those grown
on lattice msmatched substrates using techniques as netanorphic grow h,
conpl i antweuwb®sasat es, or conpliant interface |ayers betweemn/usozsiond | ar
epi l ayers and substrates, and thin se#i conductor |ayers with high surface
reconbi nation velocities. It is notably difficult to produce LEDs, |asers,
and other optoelectronic devices in such materials. Hyperdopi ng can be
used to significantly inprove the 15 ratio of radiative to non-radiative
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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 accumulation mode, as current flows between the source 703 and drain 704
contacts through the hyperdoped n-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 745, and thus increases the transconductance &, Unity gain



| o because of hyperdoped materials enables nore nearly ideal transistors.
The less-optimzed finite source resistance of a transistor resulting from
| ow dopi ’yoanlogseat | ows a | ower extrinsic gain. |If the sorCcTaSNy3monsi dered
grounded, for notational convenience,4then the prior art only allows a

| ower potential drop across the intrinsic part of the transistor (e.g., the
junction under the gate), so the prior art transistor gain is
commensurately less than the gain in transistors in 15 accordance with the
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PCT/ udbe Baigh 70 thegyiar gititangision gaipancomyensuraiely less thag,the gain IR BAFALPISIR Wit h
the S%Eﬁdaﬁw&hmﬁn%{igﬁm i ntroducing significant crystalline defects
into spacer layer 805. Athird alternative is to use techniques such as
epi t axi al |Refercate vwnmewgnadet to Kigin®)8A,ovigelndepiitgyim epemplary hégh élagtenrs t hat do

not necessaril i he | at,ti.ce of substrate 1. Afourth alterpative
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be gr aBaAQmn’iant etter SdtesialsaiveBable bl defticondudtot @pPdr 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 lattice 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 Al,.Ga;_.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



10 area superstrates to be achieved, and facilitating nonolithic
integration with silicon circuitry. An optional first doping |ayer 807 has
a thi cknewe 0863669Whi ch may be as thin as a single nonol aper/ush2/33670

sem conductor in devices using delta #oping. A second optional spacer |ayer
809, wth thickness 859, is |ocated above 807. A channel region 811 of
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the product of” el ectron nobili arri‘er density, a
doping layer. 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 channel 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 pseudomorphic regions is usually called a



10 the applied electric field across the source 821 and drain 822 contacts.
The carrier density can be equilibrated to sone fraction of the
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has a thi ckness 861 of 100 nm and ned’ghboring regi ons 815 and 807 are
hyper doped to 1020 cm 3 p-type dopants, the channel will be |oaded wth up
to 10+'5 cn2 carriers. MODFET devi ce desi gns advantageously use optional
spacer |ayers 809 and 813 to 15 separate the dopi ng |layers 807 and 815 from

t he ChF&Jﬁﬁbm@ﬂﬁmé RigReRefon ﬁmbﬁ@#’ﬁ%nﬁﬁ@ﬁs free carriers in the
channel fromthe dopants |ocalized to Ia ers 07 and 815. MODFETs are

capabl e of MODER T naredehr watﬁdghy aelring éxrm@htbemntmt layes 8thandinththe gatei er

char actFE 8 COPRERTBendis W on RIS S . Conbiol bl ana Ro Rsoevi il on

achi eves competdaes 8192 Bndogre fceﬁmﬁ@ﬁallgyall%wdl & ﬁml&gobv%mﬁdédlﬁﬁls RohtAct§ gt act
| ayer gllesféﬁl?l@isl nnovative technique to nake very |ow cont act resistances

forSth ébPYaaHengéhwus@ﬂle@@ntaﬁtlﬁzer|ﬂ?@%byert %lm gpmg tayeudts, gat e

ot he L e a1 3 sifor i SREE hanaiYFlorithlons, FRSn o bAL R liRl ™"
causedtlipsoumgend ti@lgher8bbtactiZ2, is calivd tBd Grainl Revclage appl&ﬂdo hicog afe @inédiﬁ)t ing
|ng 25 techni ques of the |nvent|on

h d
The | aperulerd FReaHRet RS b Corll e Tonce i Quipvcehsspienstics giibe MORFESX copt
for sogufentifdhe¢hadRl ivhep él'@i%nﬂrté'tl'ib ﬁr@gﬂlc‘? Bf glgétrong’ﬂ&ﬁllgl cfitief Eerﬂ:ﬁ Ergeen

regrown and are of a thi ckness .- Using hyperdoping'to ac |ev regrow h
of 1ti ghteyapaligsbelecteie Seldaiceoss ithe stOhE@eBZrl @yl dresn &Zilactﬁrma;:tsaﬂ’he eanzley démsity can

resist tacts to b hi ev t.he noderate
subst r gé]&ﬁ% lzlgrrljé{eegg g&ge %ﬁ%l oﬁlg&?ﬁe n%%%beolr '(’j"gﬂ%ﬁﬁdc’feg’c?ﬂﬁs jlda %h&flvﬂﬂ@b@e?@s s 30
danmagethapiftalvhamsd] BYEhingﬂhiUkiie.@mﬂhﬁld@Mhﬁﬁnd fi ?&Hohh@geglanss&%ednﬁ%rw are
performance. A secgnd_exanple of a MODFET enab yper 091 ng exploits

i ncr ea r@fmﬂrﬁ‘glodémsumynerdoaws,ﬁbe clw;a@f:lgv@@lmdmﬁlum ereabf es hi gher
channerAeS MAEEP a0 AN Sviifaal bty b R o ri PRI R aT3.431° 615

815, asepadie’the cﬁopmguuyersgstnaaﬁd 838 frcan cheashamitel 811 mférdai toYreducs s@%ﬁﬁgbf al |
these]%r ers ﬁ}?r‘?@ ﬁ mﬁ;ﬁgawder band gap and | ower el ectron

af fini 93/ EaRLE dﬁ pngj §ro eaﬁﬁﬁwﬁlgﬁd%meréfsﬂgéﬂ@ SbMPBFETsayer s 813
and 81dapaBR oMbhietifig bHi@ HagH r goduant um
wel |, SPV\ahl ch trlg S thel‘l@%e?ﬂe1 e%%%%ﬁ%ﬁalé%@altﬁ%ﬁg%n@pﬁog'éoe? r;t% ayers 815
and 80ane,F1mnC©lbene(ﬁe@1 high petfouhanch érangtor clmrateristics. ent | y deep to trap nore
charge tha nvent i o dpoped mat er rovid per dopi ng
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r esul tpatrinansd Gnésdpician 1oMeFdsiRIafBE Ffcontlef RY& B! Onf BnoPaRAREE LMPPF ETs.
Furt hernpre, _hyperdoping techniques al so produce superior crys c{al qual ity
and | onake wry o icoRtaqsfresipengs £ 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
8A, 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
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devi ce performance. Wthout |oss of generality, simlar results can be
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i nt erconnect capacitance, 5 and thus can IWﬁ)erat e faster. In addition,
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with the ho facilitating a conpl ete appreciation of the full scope
the inventi g‘ﬁe HWgHoNcan s sgiain FETS 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, #;, of the 2D electron gas. Higher #, reduces Coulombic scattering,
25 so increases carrier mobility. Transconductance, g, also increases with #;. So, fr can also be
increased, since it is approximately proportional to g, / Cgs, Where Cy; is the gate source
capacitance. Indeed, since the maximum available gain increases with fr, higher #, can be
exploited to extract higher current gain at any given frequency. Those ordinarily skilled in the
art will recognize that Cy; 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,



-0 applications of the hyperdoping, the inventors have attenpted to explain
the underlying physics in detail. The reader shoul d understand, however,

t hat hypewow®piosg9T s a new techni que, and there exists a pa¥daisbt/sictry t hat
certain of the inventors' theories of4%peration may not be 100% correct.

It is inportant to note that errors or gaps in the understandi ng of how or
why an invention works do not undermne the validity of a patent. See
Newnan v. Quigg, 720 F.2d .5 1565, 1570 (Fed. Cir. 1983) ("[I]t is

axi onmaid/6r iR saperion RBEOic BEBEEsN ki AHIRY SRS b fherSCi €Nt fi ¢ princi pl es
on which the practical effectiveness of hi§ invention rests.").

Fur t her mor EyperdopetHEM Freare bartigileddy adveatagetes fop pgicapptisations datavse ofeek, and
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cont i higha(Q,; dpviteésc Stictndsviced SreRelatiValy esbeRiitivSto\patasttic intbrddnned chfatitance,
Accor di I%/, no i nference should be drawn that applicants have surrendered,

or® i nt¥huE a0 QRRrate festsr, Inadgition: lsmperdaping psamin shasies gate byngths withtouer

di scl Wcih bl i i . imed. In this regard,
potentia Oﬁ?léghglgrﬁgﬂtt(g% %I(Hsﬁf)se‘f:z;‘lHj I;r]ft@gé P%hgﬁ%géig%e%@qnhat applicants may
have one oAstiorse oadidarily skifled aptht iactavill apprepin iantpnifidant effotchasddeh tiageal

appl if?at i %s na contl%:nn simlar, different, narrower or broader clains,
and t P 8_“8}"%!?69%" i1 JBSE QRS AGEPES Brids dissispeealnsisad, wish thedopesf gnat ed as
not.  Riliwitg £abihBiefibhREiation of e ull Yo B HAIOARORET iRAAGRTO 50 Vhat

we claiminthis application is: 1. or producing a hyperdoped
sehi cenidigations afdkehypsrdopiigntheanvenpirs haveadttenptaitblexplaindbs andetlying i si ng

oper ajq C a,. nmoderate substrate tenperature while
or ov PisAsdn @t PhRARERhofd BiRERL Bofedeto i Biveudoll s et fesdmisant
and wind there existsd posaibility hat QAR 6K et G5 ARSIHER of BperMDRRY AL

r adi Cfl(ig%/é Cm)l ecul.es and oxygen- containing or bearing conpounds and

mat er orgect Alt ioEtantdp ngfedBatEriogs of Sapp i the padersterdingiathaveni whydact or
mat er : Igs ' ] NG ni on, at Lpto a
corrpolgﬁgmlsoél %Q%EI égl '? glrlﬁd%%ttﬁg lrﬂll&la g g%??i’%%hgﬁ % e‘%@% % gng'nlé'g’c iléo%é el enent

arid at565¢4870 @ied. @ini 1833 (‘EHein xivudictivatan imventorinbel i@ $umptdhendnwheer doped

sem con‘{inﬁgt or. material, there is ﬁ&afxcess of _anjon atons, substantially

al | ofI§HEC pEggiRles qnorkch the prastigelediestivengss efhisipyentiongestodhal sites, and
mnority pafidr@brd 86QHL Rakt ' ] . Latlye I pation. 3.
A nethod as in cl <r51i m 2, vmg{re%f%iv'lte ﬁé&gj%ﬂeegd% gﬁgalnﬁlrn %ggl(t:(?’ignégeﬁ’c%r{r?glﬁtﬁ)rggtg&operati ng
a grigegive, ceims ée alhespectspideiuees and applications ofithe euradny irvemivd, @ofhrtbrcughng t he

o BAEREPEN BBl E0e and dRbRRsc P nareRE Rttt ANt L S Cagtg0, o
0y gedic.CAbEdibgRY ndinfeRAEd §HouRIBE@HRE $hAREpIRER& have surrendered, or intend to

surrender, any potentially patentable subject matter disclosed in this application, but not

presently claimed. In this regard, potential infringers should specifically understand that

applicants may have one or more additional applications pending, that such additional

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 prior to grant.



contamnating materials. 4. A nmethod as in claim2, wherein the step of

i ntroducing conprises inplanting into the conpound sem conductor materi al
t he doparmwoaBos®9and t he excess anion atons, and o furtherCrarspr/ssirng
perform ng a rapid thermal anneal. 5.50A hyperdoped conpound sem conduct or
material conprising at |east one cation elenent, at |east one anion

el enrent and a sel ected dopant, wherein there is an excess anion nole
fraction concentration between x and y, wherein substantially all of the

dOparﬁ;lﬁEmlﬁhﬁin Jh%c%@gag& fation substitutional sites, and wherein

m norTily carrier rec | Ton is domnated 5 by radiative reconbination.
6. A hyperdobedthedrfpopredusiagh byprtdenedrsemstondicibr matefial using am epjtavinker e f or
the case . of a G oup uct or, Nt aj ni ng As, X

-V d i i
0 SRR broods drifising onerd MR F AT S HOR A Blerdte Wt Ble PPl

E4Y® cont act
havi nghife Hre¢iddiy 488t bSeshied, aflehyt RAE CARACnFIRRNA ddpeRMafIoMsiuct or materi al
and an electrically conductive member that is electrically coupled to the
r €gi onaigtaiipg e dew paekesamsiauesiuisdai eoigdn etonts, Frsiicats, slolecyies 83 0REBY7

PCT/ Uc%%rﬁgg%pbea%jn %onéogg&sgn\d%a%&ieﬁyrface of a conmpound sem conduct or
material, CcoOnmprisi ﬁg a‘region “conprised of a hyperdoped conpound

sem conduc?.ox neeticdrfoaprodising 8 hdpediepedaosipotind sensitoiduetor anppaynd

sem conductor, mater,ial for passivating the surface. 3 An el ectrical device
conpr $EYISHIE igtroflucing depsat o8 an AUBRARIINOSHTARIHAE fRICOBIUGHRTer  a |

wher ei | ! ‘ e : .
onpr T efl R Hsp OFat 18K fnd 1bn CRTRAL BEFat 8! ShOEHG ABhoH U el

el ect the eaxbltthgiyperdoped semino@pcinhmateirial theee islan ekedss af ani@vatoms,i s conpri sed of

a transist erein the at | east one | r.functions as a base of
Che tRart;al e APt Boint fedoorstdPremin R Ehiont StesuitiBinlione

el eCtéakﬁ@'re&ﬁﬁ&iﬁﬁidrﬁs_@@ﬂMa!téd%ir 1@fiafive Alombatibst Or , ] and wherein the at ]

| east one | ayer functions as a channel of the transistor, 12. An el ectrical

devi ce as 3.rA gletliogh &3 in glain @i wherpia the step of mitoddeing eemprises oppretiagd of a
i ght-em i V] . t in.Gl aim. erei he at. | east one
| e LB EBcrhid subufITe ARfeARerk Wit Srliding MELSUTbE Bich

sedni caoib ghd therdopaidti abdms, hbd while Mairrbintg J lotw Rickghoahd gressuby foe biipgead conpound
sem conductor material, conprising providing a dopant that exhibits a
t ende#ems.iradicalsmplesdppnd@rygencontagingar bearing compsunds angk SheTh epi t axi al

grovw&ngaqﬁiﬁéﬁngqggte%@w ng an anion-rich layer of conpound

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 ITI-V compound semiconductor material containing As, x is about 1 x 10'® em™ and y
is about 1 x 10" ¢m™.

7. An electrical contact having a region comprised of a hyperdoped compound

;0 semiconductor material and an electrically conductive member that is electrically coupled to

the region of hyperdoped compound semiconductor material.



sem conductor material at a growh rate that exceeds one m hour and that
permts substantially single crystal growh w thout the formation of

preci pi t aWe93/026915. A nethod as in claim 14, wherein thePdopmsnt/33630
conprised of selenium 16. A nmethod ad in claim14, wherein the growh rate
is in the range of greater than 1 gm hour to about 5 gm hour. 17. A

hyper doped conpound sem conductor material, conprising at |east one cation
el enent, at | east one anion el ement and carbon as a dopant, wherein there

i's an excess AaisGiRaika stFAR Jffadohipdind RAfSsHduior %teri’éﬂﬂ%bﬁipﬁsi%?%%_&%’i@ﬁi ally
all of the carbon atons are |l ocated on cation substitutional sites, and

wher ei comprisest off a/hypmerdaped compousi seati¢amduéter materinbdispbsby overdi sutfageeof the

reconbi nati on. 18. An i nprov nmet hod. f roduci ng a doped sem conduct or
mat er iQéﬁmpﬁgi“ﬂ@emlm‘@é’[ﬂrg‘%tﬁréag%?re%ﬁsﬁlﬁgvg%%%‘%ﬁ?'ocess, wherein the

| mpr ovementy. Q@EEdtS €4 devide ORPRéddT at REst YBE LY F @6 MmpalndsciRétdadter substrat e
tenperature; and, maintaining ultra-high vacuum conditions with respect to

ox\pgermaetaiswhergi at d¢ast oneayesdhateomarises dhg elesiripd devigg ivpomaisedipha ng
COWOL@%@T@BQ& ?&Qﬁ&ﬁﬂ%@%icoﬂﬁét%ygiﬁ?’/ 036697 PCT/ US02/ 33670 52 the MBE
; nproved met ho

process: ANl Oor produci ng a doped sem conduct or
mat eri al , a$. dafdlevedcal devicé @ clailiB9, wieesiethe eledtridaddavingiswotpaisdd gfa vacuum
conditions during the MBE process involves intaining a partial pressure

of | esEansHigh and vehergip the FlcashensRyesdhncaionhEs @ Pagiol sraliisi%eul es 5 and
oxygen beariing et qthi 8eNtss HURBL) YheRRIHURREAAE BSvicS cofiPritddRIrav ed

met hod for producing a doped sem conductor naterial, as defined in claim
18,0 wheansistor,reaid wleirein tlgp atlleashots lgherfanations eomdiannelaf thetramsistarhe MBE pr ocess

i nvol ves intainin artial .pressure.of less.than.5 x 10-11 taorr for
he oxygen 1 ArEISHEN Bafige & s St il B8hR S comotfiedian ng
conpougss-epittng dbsicances. 10 21. An inproved nethod for producing a doped

sem conductor naterial, as defined in claim218, wherein naintaining

ul tra- hi gh Madungthedasin ¢lains9.duhdrelg thena logsiEonsy leyesds compidsed@Ea mai nt ai ning a
partial pre. - tarr:for .gen at ons, radicals,

nol ec u(foérgp o@%ﬁﬁi@éx@%&%&gﬁbﬁgd égmé%uﬁd%%lf%gd%%grﬁgg%}égﬁand subst ances. 22.

Ancsi mpr ov edl4mat fetthotl dor rodsbing O byserdidpé domponmivediicinductobinatetial, , as defi ned
in 15 claim 18, wherein naintaining ultra- hifgh vacuum condi ti ons during
q

t he NBIOTHISEEIEOYIHIG Adapantihpt-Rxhibis %@e@ewﬁq fm presiigies AbinCcBisipge At based
Comt ST Pk 50 L B RSl ot on of
semiconductor 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 rate is in the range of greater than 1
um/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.  An improved 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



properties. 23. An inproved nethod for producing a doped sem conduct or
material, as defined in 20 claim 22, wherein oxygen-based contam nants

i ncl ude owe oan3gere of 02, 0-'02- ) 03 , G20  and/ or ONPCZAISOZBB67OTPr oved
met hod for producing a doped sem condi2ctor material, as defined in claim
18, wherein maintaining ultra-high vacuum conditions during the MBE process
involves maintaining a partial pressure of oxygen-based contam nants that
is sufficiently lowto avoid 25 formati on of perfornmance degradi ng

non-radi ative regABRakQRs channels in the doped sem conductor material.
25. An inproved nethod for producing a doped sem conductor material, as
defined in 1214 méyedshethed fﬁorqoradld:éngaet dopedisemicahdudtenpaenadl asalefisedin

tenperatu t he ran e of 550 00 WO, 03/ 036 PCT/ US02/. 33670
55 De. St T st AR wiR e Bt e the N PRSI S | as
defi neﬁ‘lalﬂﬂalmﬁg apartied prosbine of Ibs@tHaﬁ’d@"Q Qél? for4he bii B at SRR B4l BoleRuRes
tenperature in the range of - C 27. |rrproved mef hod f or

proﬂucﬂ%owg%b@dmg@ﬁc@mm mmpmmé&m subétganeﬂ ned in 5 claim 18,
wherein a _.%’_Xﬁg&?‘sy&sﬁléﬁ%g gS en;gpﬁ.[ g‘fgruar Fopled s c%%%?ct&ld-ﬂétg%él ddignLapge of

350 - 375 I nprove producing &a sEm conduct or
mat er i elaim &8, viefr¢in ehintainirgd witravhigh vashen eondisionodleig!the s/mis progéss itv@Rpsr at ur e
is a tenperature in_ the ran of 375 - 400 C. 10 29. An inpfoyed method
for prBAUEIREE 2 PagHd areéwegfﬁaﬁﬁ%éweﬁ%rforta%owmnﬁ:ﬁalqa i m 18,

wher ei §ieehadure in the range of
400 - %S%CH%Q%%&%EEHP%TE%%d&@ﬁ%%&M dpr)lra?) u(%n ng g@égoped sem conduct or

mat@ri al , a2l.def inmedvédmethbdifon pr8duoiviger doped acmivdedater matbsily astdefinedriver at ur e
5 SR Bl oS R e v S5 b St TR
e ! BapRSESSARLA RIS SOTRIO i 8 ORI Al iaecagae
mat er i amd o;ggembcpairmg(pncggtammg compounds and substances. J P
22. An improved method for producing a doped semiconductor material, as defined in
15  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
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, 0", 0%, 05", 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



20 claim 18, wherein a noderate substrate tenperature is a tenperature in
the range of 475 - 500 C. 33. An inproved nethod for producing a doped
sem condwwOms/os@bdEri al, as defined in claim18, wherein &CE$e2/34620
substrate tenperature is a tenperatur® in the range of 500 - 525 C 25 34.
An i nproved nmethod for producing a doped sem conductor material, as defined
in claim18, wherein a noderate substrate tenperature is a tenperature in
the range of 525 - 550 C 35. A nethod for producing a hyperdoped

sem conduct g uct or
mater il atod nhaofid ATRiS! Moy AN o RAL ARGl FIIRAT T

oxyge nchine é8,ew1weremmrmude.rat8 Bubstrateteiperafuns isprtesiperatige &n fhy paigd 0PSsH — 500

sem copductor material, as defined in claim 35, wherein the hyperdoped
sem conductor nmaterial is GaAs doped with Be at a concentration WO

03/ 036697 P&F/ T 3 od for
produci ng QH yper ope%l Iggtnh?ég%ﬁéfgtg% ﬁe‘;e %Oﬁdﬁgélgﬁg%ﬁal s e@lnr%ﬂrg

whes ei nlatrh é8 h&ykmelu@padd%@msubnmwempemnrersmatbmperamé\m ite pzmgenf 850 B875t a
concentration of greater than 4 x 1019 cnB 5 38. A nethod for producing a
hyper doped semni conductor material, as defined in claim 35, wherein the
hyper doped sgmginmstdeédmetmBt €61 srbdicn ed RBA oW doBRataEialfa CRBREN at i on
of greater than 6 x 1019 cnB 3 A met hod for produci a hyper doped

seni coflgie i Brwhieia s mpderais sakstratedamperatsres m te@Beratue net%n rarige ofi§ per d6Ped
sem cosductor material is GaAs doped with Be at a concentration L O of
greater than 8 x 1019 cnB. 40. A nethod for producing a hyperdoped

send conduct 29. Aveinsproedd malshod @Bﬂ preduding acdlcﬁiemserﬁﬁon&df@dslerhﬁteilﬂeasfﬁéﬂﬁédjﬁped
sen con ucégwrrat erial doped with Be at a concentration reater
0)

t han 1% Reygin azggo eﬁ@’fﬁé’ﬂ teftemp?iaf@mféuaﬁsmaerﬁ%@rruagwgg eﬁﬂ%nda t or
materiat, as defined in claim L5 35, wherein the hyperdoped sem conductor
material is GaAs doped with Be at a concentration of greater than 1.2 x
1020 cnB. 4%0. A mgrhval hethog fachroduringze doped seajreddiston matardalcasatefined &r i al

Gans abhch il et Ao By s BRP R e s o180 €A,

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 a 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



0 43. A nethod for producing a hyperdoped sem conductor material, as
defined in claim35, wherein the hyperdoped sem conductor material is GaAs
doped wi tWOB8/0ai69n concentration of greater than 1.6 x 102O/USNB33646l. A

met hod for producing a hyperdoped sem4conductor material, as defined in

cl aim 35, wherein the hyperdoped sem conductor material is GaAs doped with
Be at a 5 concentration of greater than 1.8 x 1020 cnB. 45. A nethod for
produci ng a hyperdoped sem conductor material, as defined in claim 35,
wher eigr ot dager Myper doged sem conductor material is GaAs doped with Be at a
concent gatl on of greater than 2 x 1020 cnB. 46. A nethod for producing a
hyper doped 3defimsahatlifr produsingra lglperdapedisdicadiuctor ntetiadianddfnediietathn t he

hyper nduct or, nmat eri.al with Cat a concentration
of gr §§ grﬂ?a © Bf“'r s Sﬁlﬂic@n%t@rép@%@@g@&?ﬁmwﬁ@?@t agencentrationnet hod
for pr&@g@t@%ﬁmwmgﬁed sem conductor material, as defined in claim 35,
wherei n the hyperdoped sem conductor material is GaAs doped with C at a
cohcent r at i38 nAonetkchﬁx @rodunimg 2hypertiopel ssmicndaetor Matartahad dbfimedrin obiitai ng a

hyper t or, mat eri.al i.n cla 5 35, wherein the
h);iger Cdigggge‘?@%hggﬂ%@ BRS¢ syafegpsiugton rgat@réaié Gﬁ‘gégogﬁdﬂﬁ“ e 4t 2 ORCERIEAINT at i on
of gr@ﬁgeratetrﬁﬁn@xolieﬁlg’ cm3 49. A nethod for producing a hyperdoped

sem conductor materjal, as defined in claim 35, wherein the hyperdoped
seni conducB8r Ameatiad fr prasluciags ypgeaped qemquggldggtoan@m@é as definedrin cafmgr eat er

L han  BswhdEh Jﬁ?ﬁyrﬁegdcﬁ%dg@gl 3 H\g@o;%%@%ggg%gg%@e g 9pgd e gonduct or

n&@erwﬁgreawrthaﬁfido demith Be at a concentratl on of greater t han 4 X 1018

cm 3. 51. %Jsfo rodum oped sem conduct or materjal, as
defined i n OTPFHdPﬁ’é‘fs’a é‘? yrtonmatasial. gy gefingd e glaim
sem CQBd\HBér@ifn tﬁ@ﬁﬂd'ehﬁipeétserﬁlcehmtéﬁﬁﬁﬁ‘iﬁtlé’G As dc]}gedt\k}@{‘BE%% dh eﬂt?ﬁﬂ)ﬁh' ng
the material. 52 h3 od for producing a ype oped sem conau

mat er pﬁgrea@stmefhmbfﬁ fmclaim 51, further conprising annealing the

hyper doped ,se nmat er h tenperatur rapidly
qﬁgnchl er])g i E X‘n? erdl.l@% 8rq:‘>j§0m§ ahgpﬁfgap?doﬁﬁn% 06’613%;856‘3‘?%?[5&% Flﬁ‘l;ﬂ?gdn ol
sesi CcOnOIdrein tﬂ@hﬁfekdﬁp,ed semidehdurest hateridl & AL Boptd witd'BE &t c&hcgﬂijeﬁiroﬁt €

substrate tenperature,.is tenperature in the range of 300 -
?greater’gl%n12x1(‘)azoc _361 P J

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%° cm™.

20 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%° cm™,

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

0 claim 35, wherein the hyperdoped semiconductor material is GaAs doped with C at a

concentration of greater than 1 x 10%° cm™,



54. A nethod for producing a hyperdoped sem conductor material, as defined
in claim35, wherein a noderate substrate tenperature is a tenperature in
t he rangewofo3®%@97 500 C. 55. A nethod for produci ng a hyperusopas7o

sem conductor material, as defined inmSclaim 35, wherein a noderate
substrate tenperature is a tenperature in the range of 350 - 375 C. 25 56.
A net hod for producing a hyperdoped sem conductor nmaterial, as defined in
claim 35, wherein a noderate substrate tenperature is a tenperature in the
range of 37§ - @Heﬁ'}od fér ro&w‘fﬂ’é ARFher®Ip eErsélﬂiéthﬂﬂ:t& 884108 REined in

seni conduct or materi al defimned in claim35, wherein a noderate

subst chaim 36ewbenemtthc bypegd(a)edempmoadum@r meteritlds Gangdoped wilh Cata2s C. 58. A
met hod for, pt in h r.depedssem conductor material, as defined in

cl ai nfFOHEH? t’:‘gﬁ egr%qq?ﬁgari% elgaténsubstrate tenperature is a tenperature in
the range @R ARethod"oP pfodudig atyipeidopell $epdicdrdactoe iagerial, fay defitkdriadlaim

sem conductor material, as defined in claim 35, wherein a noderate

subst At whereinghe Aynerdoped semicengistor materiglds GaAs daprsbwith Suajr congengragion o

03/ 03(3?% fgﬁaﬁ%@gﬁ% 56 60. A nethod for producing a hyperdoped

sem con at'eri a as defined in claim 35, wherein a noderate
substrate t4enmmahcw for prodacing yispatdoped semmdsmlucmngrateni‘al 439efinegllf claim 61. A

met hod for i ng.a hyperdoped sem ¢conduct or as defined in

cl ai m8swh W’%@r ? YRETIRRG ﬁ%@&%@‘ffé‘??‘&%"@“ﬁlé éé‘éfiﬁli’r%t f’@% HAOREEREO 1 t he
range o830 thanA2010P° 2. A method for producing a hyperdoped

sem conduct or materi aI as defined in claim 35, wherein a noderate

smbﬁt ra]'E e tSenpenethort for pmchlcmgmmyrpatd@ped samgcwup‘r@ng@teﬁfal agsleﬁn?a? chim 63. A
Cl ai e SeRhSRIOF Yoo SR Ie e aa 1 i CRe ure Wi BPraRae ' "

subst gpgaltéq,lthéh H%xyoennftee environnent involves maintaining a partial
pressure of less than 10-9 torr for ox%gen based 0 contam_ nants.  64. A

met hod for 5|clr Adu@ha@foapmq@@m@ﬁwe samaicendgetormaisriahlas dglineianicl® |
cl ai ahel 6l Bifd§ e Dth o REnDYBAOAARE ARH FANHELAlat g@fﬂeﬁ?eﬂaﬂlr
y OX e nVI

subst ntl FrEe I'AVOl ves naln ainin
prlgsslﬂlﬁ@lI@,f)ldl}eq&nbllﬁﬁgltﬁb&nét@rlﬁlorI’ for oxygen-based contam nants. 5 65. A

met hod for producin erdoped sem conduct or mater| ed in
claim 35 resetho% cnge hypgedons éedmg%qﬁue@ﬁamr@f %é‘?g?‘?d;“ ity
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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 producing a hyperdoped semiconductor material, 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.
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formati on of performance degradi ng naoie-radi ati ve reconbination channels in
t he hyperdoped sem conductor material. 5 67. An inproved nethod for
fabricating a sem conductor device, wherein the inprovenent conprises
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el Nt 34, nilfeeia Pt the WpRRBYEPsicbRRSior i n f AnbAntill ofykn gY0eN- based
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oxygegsdidfifas@Vvi ronment during said MBE process(es) 15 involves
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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
environment 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 (i) 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, (x) 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).



hyper doped sem conductor material. 73. An inproved nethod for fabricating a
sem conduct or device, as defined in claim 67, wherein said hyperdoping
step(s) pwodawosd6s) at | east one of the foll ow ng results iPaTtUse2/3%6abr i cat ed
sem conductor device(s):(a) higher op¥rating speed; (b) lower RC tine
constants; 25 (c) greater power efficiency; (d) |lower power |osses; (e)
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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  (c) greater power efficiency; (d) lower power losses; () 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; (o) 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.



claim 67, wherein growi ng said hyperdoped region(s) using noderate
substrate tenperature MBE process(es) involves operating said MBE
process( e8P oav3i@abstrate tenperature(s) in the range of ¥BU/UGSIHIB7C. 25
77. An inproved nethod for fabricatin®g a sem conductor device, as defined
inclaim 67, wherein growi ng said hyperdoped region(s) using noderate
substrate tenperature MBE process(es) involves operating at |east one of
said MBE process(es) at a substrate tenperature in the range of 330 - 350
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67, whEPISIARTSy QG GRECT AV ﬁ&ﬁ%ﬁ?@hlm pewsrslysaﬁg,. &Y beiistbroh sBREghE  at o

t enper r said MBE

or tcs LeteudPeycIE (BFDRAE BT RIES (RPSiRlib! Hherdin 23’325%%2%8*- 470 C. 8a.
n i npthoeshdldneirteoy (§) highenpaingc@) hrggexastdnmycdhhlghemdmemtrmeeﬂiaane(mhed in

A

claim higher quantum efficiency; (n) higher photometric efficiency; (o) higher brightness; (p) faster

electroluminescence; (q) higher relaxation oscillation frequency; (s) lower relative intensity
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.



67, wherein grow ng said hyperdoped region(s) using noderate substrate
tenperature MBE process(es) involves operating at |east one of said MBE
process( e8P oam3@osubstrate tenperature in the range of 4POTAISADB6@ 25 85.
An i nproved nethod for fabricating a ®em conductor device, as defined in
claim 67, wherein growi ng said hyperdoped region(s) using noderate
substrate tenperature NMBE process(es) involves operating at |east one of
said MBE process(es) at a substrate tenperature in the range of 490 - 510
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as defined in claim
in the range 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 said hyperdoped region(s) using moderate substrate temperature
MBE process(es) involves operating at least one of said MBE process(es) at a substrate
temperature in the range of 490 — 510 °C.
86. An improved method for fabricating a semiconductor device, as defined in claim
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.



87, wherein the nethod is further characterized by nmai ntenance of a
substantially oxygen-free environnment in the MBE chanber. 93. A nethod for
pr oduci ngwea ohppeetioped sem conductor material, as defi nedPcCa/ushzasasro 25 92,
wherei n mai nt enance of a substantial 160 oxygen-free environnent involves

mai nt enance of ultra-high vacuum conditions in the MBE chanber. 94. A

met hod for produci ng a hyperdoped sem conductor nmaterial, as defined in
claim 92, wherein maintenance of a substantially oxygen-free environnent
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non-raﬁ?tﬁﬁt‘égofgé’dﬁb?’n&t% O’E:ﬁ’anne! s in the hyperdoped sem conductor
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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;f‘ree 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.



87, wherein the MBE chanber substrate tenperature is in the range of 340 -
355 C. 103. A nethod for producing a hyperdoped sem conductor material, as
defi ned iwowmBasqn7 87, wherein the MBE chanber substrate t®cparsat/sase0is in
the range of 355 - 370 C. 25 104. A ndthod for producing a hyperdoped

sem conductor material, as defined in claim 87, wherein the MBE chanber
substrate tenperature is in the range of 370 - 385 C. 105. A nethod for
produci ng a hyperdoped sem conductor material, as defined inclaim 87,
wherein the C - 400
C 106, A nedrad HRE T uHEhE FSp R R Bl Rarhif, b el e

def i neeR,iwhegéiaintaintStan8e of mﬂrs'enﬂamylexyﬁﬁ ffehaniaecsnrﬁmmvroaree niaitpeinas of € i s
in the range of 40Q - 415 107, A nethod for producing a hyperdoped
sem coPn%TE}%tRSPSSH@c@rl‘PSéFhan%S adPi niyr fos oacveﬁnrhasebcorm@mémﬁ t he” MBE chanber

Substrate t .
PCT/ US02/ 33800° E’%&“’f@%‘l ﬁﬂhﬁ%t%gé&?‘& 8g"@p ﬁ‘i‘?’ﬁ%“% ?%Srr‘%lgpg éfg‘gﬁﬂnﬁgéﬁl lct or
matser i 92, wisseid afdintechncerofd mhstanﬁil,ly mkg@emﬁeeteha'rch‘%em evolness neidishanat of a

tenperature is in e 30 - 445 C., 109..A nethod for producing a
hyper dBaEd eI A ey e pr oxygensBIse SUPMINAPL m 87, wherein the MBE
chamber subgg r&hﬁtﬁoﬁ%@%@%&% b Byp&tdbprdl seAN@Bd@itoriaterialt QQd&%eé il diQim A

met hod for producing a oped seni conductor nmateri al | defined in

cl ai m 9B whengie madintenanee s@hmt;@ﬂy gmwfw@nvlempmmumoévqssnamtemwwe pbmge of

oty Btalpredif o Sy Fe abed SonRhRNG i A HBERTPREN S BRI of
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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.



87, wherein the MBE chanber substrate tenperature is in the range of 570 -
585 C. 119. A nethod for producing a hyperdoped sem conductor material, as
defi ned iwowmBasqn7 87, wherein the MBE chanber substrate t®cparsat/sase0is in
the range of 585 - 600 C. 25 120. A n@thod for producing a hyperdoped

sem conductor material, as defined in claim 87, wherein the MBE chanber
substrate tenperature is in the range of 600 - 615 C. 121. A nethod for
produci ng a hyperdoped sem conductor material, as defined in claim 87,
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87, wherein the MBE chamber substrate temperature is in the range of 540 — 555 °C.

117. 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 555 — 570 °C.
118. A method for producing a 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



controlling the stoichionetry of said material during crystal growth at
noderate substrate tenperature. 126. A nethod for producing a w de band
gap sem cwpdaos@p7 material with a high 25 carrier saturatPcemusensssent rati on
of dopant, wherein said band gap exce®ds 1.3 eV, and said nethod entails
controlling the stoichionetry of said material during crystal growth at
noder ate substrate tenperature.
annealing, and rapid thermal quenching, step.
124. A method for producing a hyperdoped semiconductor material, the method
comprising:
growing GaAs doped with a dopant selected from (i) Be at a concentration of greater
5 than 2 x 10" em™, (ii) Be at a concentration of greater than 4 x 10" em™, (iii)
C at a concentration of greater than 1 x 10*» cm™, (iv) C at a concentration of
greater than 2 x 10% cm™, (v) Si at a concentration of greater than 1 x 10" cm™
or (vi) Mg at a concentration of greater than 10 cm™
using an MBE process operated at a moderate substrate temperature, the temperature
10 selected from (a) 300 — 310 °C, (b) 310 - 320 °C, (c) 320 — 330 °C, (d) 330 -
340 °C, (e) 340 — 350 °C, (f) 350 — 360 °C, (g) 360 — 370 °C, (h) 370 — 380 °C,
(i) 380 — 390 °C, (j) 390 — 400 °C, (k) 400 — 410 °C, (1) 410 — 420 °C, (m) 420 ~
430 °C, (n) 430 — 440 °C, (0) 440 — 450 °C, (p) 450 — 460 °C, (q) 460 — 470 °C,
(r) 470 — 480 °C, (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, (iii) 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.



