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MULTI - JUNCTI ON SOLAR CELLS Rel ated Applications [0001]

This application clainms priority to and the benefit of
wWQR®I/0pr7dwi si onal patent applicati on nunbers PCT/US2008/068377

60/ 970,808, filed Septenber 7, 2007, and 60/980, 103,

filed October 15, 2007. The discl osures of both of

t hese applications are incorporated by reference

herein in their entireties. Field of the Invention

[ 0002] The pres IRV ' ti-junction
solar cells tha?ﬂpéﬁ@éﬁﬁ&gﬁﬂpﬁgaﬁi?igtﬁ%@##icity.
Background [0003] The need for lattice matching, or
quasi -lattice matching, is a constraint on efforts to
build high-efficiency Il1-V multi-junction solar
cells. Lattice matchin S | s reduces
crystallographlc defec?gh%ﬁéghﬁ%yﬁgguse non-radi ati ve
natLo electr
ro00} £¢ 0T ARbsaRef S SEdmie e Bt of EE OB patent
applRhfibrCh@fisats 66/97 N8OS Fied S&Rdhbdi MDO0E Aes 60/980,26% MIéY October 15,
the need for lattice- mat chi ng strongly i nfl uences

2007 el lt%il%%u@rs ofrkpdrqfahese pppliqagans e gspenoryed by refergneederein in

, efficiency may be conprom sed. Sunmary
ﬂwu%ﬁ&%%? ‘Enbodi nents of the present invention allows

different materials | N It|- qutlon solar cell to
be selected to |ncreas€L¥ﬂg;%e¥$L%J%%rfornance wi t hout
h f I

[000%§ 'g]éfggrgg%]g ?I}IVE{?S‘?Q? lafgeosﬁg ?@ﬁg éulg:FZIOE gﬁtailltq% : EI‘]|s F]?gt%,onve% sunlight to
elecfiefiy.conductors are indicated in Figure 1. Recently it

has” been denonstrated that solar cells using a

substantially lattice-matched indium gallium phosphi de

/ gallium arsenide / gernBadkgnoundnGaP / GaAs / Ge)

configuration (illustrated with dashed lines in Figure

[0003) f Themestddor (@dics uirsthiag, ©s qa&sh—ilzet&iceﬂnathhingeﬂs atciorlﬂtaj{nt on efforts to
of .40. r%l conve

bulkﬂ#ﬂ%ﬁffié{%l{c&%ﬂ% g&l‘éﬂullfQPP 'S a%?‘Fé]ISg at.p& &l | n so. artcells reduces

cryst%fl@()glﬁf)lﬁa @é’fe&t@ that 81§ c)auéesflottltlﬁdlﬁﬁ{?é3§:@@)1ﬁg§1a9$n QPé’l&ftron hole pairs.
converted (from abSorbed light to electrical energy)

(Whemplaltsatwnlmedbefmmpa jsmitign sepdrites themo theeedfieidnayoofdhe solar cell
dlmlgls ).r ggegq:?ntgrl Epg:ﬁe%% Fﬂrg%t\h‘é? Hlﬁ.gc%}ﬂg ﬁglyflahltleﬁllggﬁt %g%rlon 0P materials
for uké gm)udrrcamg AU 8s 4 Fsult erM¥iBR)y MBE cshpodaded. t est
condi tions (STC) and the surface area of the solar
cell according to the follow ng equation (A c in nR)
Summary

[0004] Embodiments of the present invention allows different materials in a multi-junction
solar cell to be selected to increase the cell’s performance without being constrained by the
need for lattice-matching. Bandgaps and lattice constants of common III-V semiconductors are
indicated in Figure 1. Recently it has been demonstrated that solar cells using a substantially
lattice-matched indium gallium phosphide / gallium arsenide / germanium (InGaP / GaAs / Ge)
configuration (illustrated with dashed lines in Figure 1) formed on Ge substrates achieved the
relatively high efficiency of 40.1% in converting sunlight into electricity. A solar cell's energy
conversion efficiency (1, "eta") is the percentage of power converted (from absorbed light to
electrical energy) and collected, when a solar cell is connected to an electrical circuit. This

value may be calculated using a ratio of a maximum power point, P, to the input light
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Pm h- E X Al [0005] STC are typically a tenperature of
250C and an irradi ance of 1000 WnR2 with an air nass
W@R002/0557¢AML. 5) spectrum [0006] A three-junctPCHUSHD$O68377
cell tailored to increase efficiency without regard
for lattice matching, however, may enploy a
configuration other than the aforenentioned I nGP /
GaAs / Ge configuration, because the bandgaps (shown
in Table 1 below) of the lattice-matched materials
irradgint e (F,an Vi’ podematandvay teyt caaipiansi(BHCY el holsanface area of the solar

spectrum | ar.ticul ar he theoretical efficiency of
Cdlﬁgg%ﬁ%ﬁmggfEﬂgeg%%%ﬁmﬁ?%@%ﬁQ'2 m when it absorbs each
portion Ef the sun's spectrumwi th a material that has
a bhandgap®tl ose to the photon energy of the respective
por'ti o af Ahe sun's spectrum In the exanple of
Figure 1, the 1.42 eV bandgap of GaAs is far fromthe
bandgap of approxinately 1.1 eV that was deternined by
de b
000SPC E1CS TSR b8y G 0P85 gt B
nwss@tﬂﬁd@ﬁﬂﬁﬁkpﬂ@nmmnathenatlcal nodel of each sub ceI
in which the bandgap is one of the variables, setting
[00061e AUhfeelifctiof Yalar tl @AGRI @b Rfeas@diciedoyivitio@tegard for lattice
efficiency optim zation _algorithmvarying each
matchigel Baysey oF-0na7mireg agnfigiaien phet B lreeg%re@enq@lefl AeaP / GaAs /
r .
Ge cﬁmf@r%@oa{lgb u%)é tchlg :ﬁ?&?gﬁ?#@?&b IIIEEX%E gtb(rgz\f;d;vﬁt({af ?fge fflice-matched
matesia3-offelr IaSub}bpismthaﬁuﬁJcap&iring theldula, spectauin - bepartididarathe theoretical
phot ovol tai c cel l '

fully fu M| na apd mul tiple ,
eifclfiy Vit 10egel TriEPL R @I T Mo i g DR Brrpplay of the sum's
Specaﬁﬁlq)l]lﬂl a H&?erﬁ[ ﬁlfa?ﬁefs%q:)atﬁ @seqr) tﬁé]ﬁlo%:ﬂ é{er%J St tﬁé re@pectlve portion

sub-cell in a multi-junction solar cel t erm ned
of thbyurg e yegcaimf. dottor csiarrlpﬂe othidgand gepl . 4?ne‘é bgndgapef GaiAs is far from the

bands oo £ TN Bk PR o R b Barsgrable a the

mid 8O sRIPRMIN AiReket jIRctRMREH Wit InGARanBITRL OMeMRYdefg iR$tded making a
unless it is absorbed by a lower cell. If the %and ap

mathgfagical el pf ¢ash selpcelbin whikle thermnégfm@pom of tﬂrayab@les settmg the
h
curre psé)qglgﬁto e?lgh éttﬁglt and! le%glg] e?f gle}lcéfnr%qtm% %mn aégorgﬁm a/arymg each

bmm@amdgap energy represents a conprom se betmeen t hese
two effects. Table 1 - Bandgaps of |no.5Gao. 5P, As,

[0002Nd TRe §iPRRBL pidtOHd] el AYH® nfRY ﬁg almnASehdio cell may be referred to
conbi nations of materials for a three-junction sol ar

hercigais I swt-¢¢llsDandlgdips phhyolgtiovilzeells arivdlor it . Abitatsyb-cell is a
fully fu fo n&%?l\a{lepﬁotosvoollt%c ceﬁern%ymltﬂapf% ik cefls are¥nc%(}ela in the devices described

herein. The preferred bandgap of the materials of a sub-cell in a multi-junction solar cell is
determined by several factors. If the bandgap in a sub-cell is too high, then photons with an
energy below the bandgap may pass through the sub-cell without being absorbed, and the
energy of that photon may be lost unless it is absorbed by a lower cell. If the bandgap of a sub-
cell is too low, then more photons may be absorbed by that sub-cell, but the higher energy
photons may be absorbed inefficiently. A preferred bandgap energy represents a compromise

between these two effects.
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63. 2% efficiency. [0009] As discussed in detail bel ow,
enbodi nents that use silicon (Si) as a m ddl e sub-cel
WO p00g/0B8THE | - j uncti on sol ar cell provide i nproveCI/US2008/068377
performance and reduced cost. Various enbodi nents
descri bed herein use Si in solar cell configurations
that utilize Si substrates and nodern Si processing.
In some enbodi ments, aspect ratio trapping (ART)
techni ques provide an effective nmechani smfor
deposi ti ng hTabledudbandgapsof ImisGaed, GaAshand Gt eri al s
on Si. See, e.g., U.S. Patent Publication No.

2006/ 0292719, incorp3ﬁ@%ﬁglbb§@§%§éﬁﬁﬁ herein. [0010]

Wiile Ge is current e su hoice in I11-V
sol ar cel | s becaus ej=of=—i=te=hait==ae—@i=gn of Gc W th
GaAs, two practical InssGm@sPar e ab86ci atled with the use
of Ge as a substratp—First] Ge substrgtes contribute
to the high cost of| GadsV sol ar bé?l s: hey are
smal | er and nore expensivethan—Si—substrates, and
they rul e out noderhGsi progessi®fbas g cost-reduction
technique Al SO, 1 il substrat es

restrict growth of the market for these devices.
[000§b011_z|_1]gurp\,%sh(@é\§$ seerplmasgblesembinatignhpfygaterialy gor a three-junction solar

ol LSO Plp oS 50 S0 Bl AL B s wi

63.2¢hefficiehcyexpansi on coefficients. In particular, when a
material with a lattice constant greater than that of

[0008] | As@is6iMIedih dBitail bell Sw BB BXRS EHa€ HEEs i EOMBBSS in\giddle sub-cell
strain because they adopt the shorter interatomc

in a gult-netden wiartcgB pgvideimirayes. peBerBencs ags irgduged cost. Various

emb&tﬂkn%?gg%sc‘crfb%? &E%U és?la%l] | aq%’recreﬁlco?f %{th(ﬁ%x{q qp{a‘?ru% 129 §1 ﬁubstrates and

modémmySe précesin d) SIn"spae eehivd frpdhit S ‘aspect fatio |t1|ayp18g I(ARIT@ d:.chmques provide
Above tc, the epitaxial_ |ayer relaxes,

an ef5ecdiy e chyn TR SoTHePO g high q&atﬂar?@pé?%wt kg @eriaheon Si. See
e.g.,t{.ﬁ.%@em PlBficaliof Y. 90640809 1 8RRERoHed by3DRALORAIAT ©

- the inte et'ween t ate and the
[0016?I t ﬂé‘ul% geel@gﬁltrerltgrr ys% t{\&rﬁt:elotf CHJ)I%% ﬁlcﬁf gos%f'ar cgﬂsnﬁelggﬁs% of the lattice
matdlilcﬁT IGeogith GAAS,] twe. prac&tcdﬁfsﬁiét atefk’sﬁocﬁm&p\aghltl&ﬁlsa F)W@fedls a substrate.
mthe interface. In cubic |lattices, thread

Flrstdﬁg PefsiID RN ibued) didrigh qosp sl BHystolar cgily ey 6"ﬁ§matl%%ﬂd more

I
e ML BRI sRRSBE ARG, B TR & A5A0AL G, Sl Mopesion
techipgud. oAman;he haméd rselbplﬁ bf Getsybstdates mmya‘estnetl drewtlt dfethie mayket for these
ronot e reconbi nati on of el ectrons and hol es, thereby
%ducing efficiency. The threadlng dlslocatlon denS|ty

i nilll-V materials grown di g
[001 bpi %gp |k9y g-ﬁbm@g(ll Bogiiedp bmﬂgtgthp nge,gatlon of IlI- V solar cells onto a Si

platform: the mismatch of lattice constants and the mismatch of thermal expansion

devi

coefficients. In particular, when a material with a lattice constant greater than that of Si is
grown on Si, its atoms experience compressive strain because they adopt the shorter
interatomic distances of the Si template. Below a critical thickness t. (typically several atomic
layers for materials with substantial mismatch), the epitaxial layer remains “pseudomorphic” or
“fully strained.” Above t., the epitaxial layer relaxes, i.e., it assumes its normal lattice
parameters to relieve the strain. Misfit dislocations appear at — and propagate along — the

interface between the substrate and the epitaxial layer.
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[0013] Thermal expansion msmatch may |lead to

processing difficulties. Gowh tenperatures of II11-V
wo p0oa®337y@i cal | y range from 450 C to 800C. WhePCHUSI008/068377
substrate cools, the Il1-V material disposed thereover

may contract nore than the Si. The substrate may bow
in a concave manner, stressing and ultimtely cracking
the film [0014] Previous efforts to integrate non-Si
sem conductors onto Si substrates have relied
[0013} i nitisfitydideratihnetermippteca tieasige gf adodtabaf ftarthieagiog dislocation, i.e.,

fer bondi or lectiv I taxy,on nesa.reqgj.ons. . .
a defed o ropgale v g R 0 sl nBribiedrdseE tyrimg djpcations ti
alon% LM ¢3¢y XABdired o fke By tpﬁﬁdalgeip@%ach Q1K f26F aders hubkas the
ayers provide a gradual change in |attice constant
substratemlhradigig|didesationhaay degradeodavire peeformenceagil seliability.nkn solar
P B B e RSy FEPERR Fhcincy
The @péddang diklogitiontdandier (TR in THLY inC€eridil Sgraiva [iretthe 6:2 858 $ypically
the expense of epitaxy and exacerbates cracking.
approyoedly WA f/&fM bondi ng i nvol ves growi ng devi ces on
|atti ce-matched substrates, then lifting off the
[0013kvi Teeymahexpsnridi Agsmafelmay lead3p paaspssingdificuitiss Growth
approachi s £el ati.v cost | Kconpat i bl e
emiGRRRRRSELY AR TG it G FENE, RGP R Bifue coots
the 1HeV Wedtidl ABpbdedthatovRX pRRToMMact aeiré thah @i Si. afhetsiBstrate may bow in
bonded materials and the Si may | ead to cracking.
a conegy MRNRRS| BEes$ipe aahilitigaiel paragkiag thediitbns is a
technique that attenpts to exploit the glissile '
[0014E haliewious tifehte idiegrabraan-dnsmiqindueprsaaneg i subsiraierelkave relied
primRRR PGP e ahsreh Pl iR AT ERr A A g Spitany on
mesaRpidhs t Ri@ash thee dbpiloactask handermdstugiet dpnificahhiemRatgd s Ofs described
the region and renove thensel ves fromthe device.
belomowever, structures created by sel ective epitaxy on

mesa regions typically have a high TDD, above 108 / .
[0018he, Gpuled hpetlayeas e vids| segradusd cgrige aix iattragycongantrieamp the silicon

orsBE% oAb SRS S5 DR

grad edVbERErEyHr $10iidroi@ete AVQ AE) 0P Bpifdyal ighel tder £k @Meitics n8fmatch)
~ the foregoi ng approaches, ot ]f]er enbodi ments take
incregeRpdhe erRsnest oftapEanraNdaxaeBhtes ¢8ckipg.egr at e non- Si
sem conductors onto Si substrates. [0019] In an

[0016E peBtaferdondidi mvel eesgrowing devivenen loHickenatered sabstrates, then lifting

tructure.incl.udjing a m conductor substrate ha
off (Vi i O PR P e LA iRl
be incaMpAtiblE wilhSROEREH SPproXd iRk € FiiRRerhidie, $hY didfefned bétheen the thermal

substrate and defines a top opening. A bottom
expansion coefficients of the bonded materials and the S1 may lead to cracking.

fr§' cr(])gﬂ}z?1 and may

[0017]  Selective epitaxy on mesa regions is a technique that attempts to exploit the glissile
behavior of some dislocations. The strategy includes depositing III-V materials in mesa
regions 10 to 100 um in length, thereby providing a short path along which threading
dislocations may glide to the edge of the region and remove themselves from the device.
However, structures created by selective epitaxy on mesa regions typically have a high TDD,
above 10° / cm?, perhaps because selective epitaxy may not remove sessile (immobile)

dislocations, which dominate when the lattice-mismatch exceeds 2%.
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insul ator layer is disposed proximate the bottom
surface of the substrate and defines a bottom openi ng.
WO2§00/03374€r yst al | i ne | ayer is disposed within PCEUS29P8/068377
opening, the first crystalline |ayer being
| attice-m smatched to the sem conductor substrate,
wWth a mpjority of lattice-msmatch defects that arise
at a surface of the first crystalline | ayer nearest
the substrate terminating within the top opening. A
[0018F c oWthile sysie ahibodiendnésyaithé mvdintsposeingiudhiclentene dfohd fomegoing

openi ng. The seco crystalling,l bei n . .
soprPiieT ok SRaRERaR toks TR Tee P EORMEL st Telifde infpaatc ggg-Si
semiGoRRic@id dito Bf sutRtrhiese- M smat ch defects arising at a

surface of the second crystalline |ayer nearest the

[0015HDSE B Rpl&! dhtiBetts bIHR it RGBT AR QRGN NS indl0PEPk
I'n anot her aspect, an enbodi nent of the 1nvention
semif eatugroe sulsts terhag ingragtop naifardiang adogussurfatee, A dopdinsulator layer is
. first photoyvoltaic sub-cell fornme ove the .
dispsgf e B o GUITAG o 1 e rSE AT CRUTS EdrP RREls: o bottom
insuld@¥idYer & didposdd prakin L HeBRRbANurfade SRR NhsRXR LAY abfidis@ bottom
sub-cell is formed below the first sub-cell, and '
opernjing | A ey caystdldrsidyerdntlicperdt etidin thatten praningatherfgsterystalline layer
vinf SR BHAFE RS AR ST B0 S0 L i e mismarn
defeéto tHaearideelt aWuifie EFerofigt plyotinelliyar Gededt kheasbstied @dminating
~the substrate, and includes a third sem conduct or )
withipgthe FqpgPepingi mysesorhemetalline dayee iscbpopechyithingthepetam opening. The
secohd e 155 Bihnk B CALEARKERS e Rithab o ¥Ry gnd o
majaeity oDlagicstsismas niefeats|ayisofy aaa kliface of opeood], crastallinb éayer nearest
fhr st photovoltaic sub-cell conprises a first
the sHRSEGRSIPEAE YiHHR fhedip Gt PRf8ES0y the 111-V conpound.

The second photovoltaic sub-cell may include a second
[0028h ot Brnastothsr aspeeinat PoRodETRNhRidhe MVER@OsigRRgsa wucture feluding a
(i . . . e
bR LA RO LSl hoRRALHOLLR) ot
semipbratuoton Infagdrial BaMing e filrstilatdécucastaor. A oeing photessletit sudl-tall is
of silicon, and the third photovaltajc c¢ell includes a
formed belay Fr P ébfffﬁ%}ﬂ rad qulfld&aﬁiseq%déﬁ%wnﬁlmrg{lat%% aving a second

latti RUBRLhR e B! (AR $heStidkst GRRe cOnGRTP ASthirk %ﬂ@dolvbﬂtegé agdeebll is formed
buffer |ayer may be di sposed between the first and

belowdbosedophphaooiltea clisud-bekivt ge spbstimfegend inclhudpd mthitdssgaviconductor
may, be di ed between the first. and s d

madfRl b s BRI G6e S FEr i bRl @ FerB TR apaant
including (i) a crystalline materi al I Si

conpri sing .
10028C1 ek s cratiosmeich e Gist pecunpdgios Fraffnad s udes or consist
el PO att | ! o o
esse%atYIZ oftla ng\ﬁ cg(ﬁhglgiﬂd?lzlnd\ihtel'ﬁrﬁ hglgilvaﬁﬁ@tsu@‘ g&n é:clﬁﬂﬂjﬁ%geg%rst

rial d a non cryst ine materi al,

photdeflaat jsn¢temndefiatd hy thet I W eompnumnd. y Bieadebomiephpad vt taml sub-cell may

. 0022% In, sti Ih .anot her ct, an en;god' ment .of th .

inchig St npinup ST 6p PERARGIE e F Sy T RUT G ipodiment, he

first bhétsol OSBRI ItiAt16d SUFREN - Vi el péthd dh@sdecbAd photovoltaic sub-cell
sem conductor materi al

includes or consists essentially of silicon, and the third photovoltaic cell includes a second II1-

V compound. In various embodiments, the substrate includes silicon. A compositionally

graded buffer layer may be disposed between the first and second photovoltaic sub-cells. A

defect-trapping layer may be disposed between the first and second photovoltaic sub-cells, the

defect-trapping layer including (i) a crystalline material comprising defects arising from lattice-
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having a first lattice constant and a first bandgap
energy. A second photovoltaic sub-cell includes a
W@ ewomss7eem conduct or nmateri al having a secondPCHUS1008068377

constant different fromthe first lattice constant and
a second bandgap energy |l ower than the first bandgap
energy. A defect-trapping |layer is disposed between
the first and second photovoltaic sub-cells, and has a
third bandgap energy higher than the second bandgap

misregier gfythe Thetatlefeauatetial appfi angadj@pet seimednddeter material and (ii) a non-

crysigl %Eﬁ‘%;étiaiﬁb?ﬁ%f Fadepie S eRfer AL Atal o' °

i d|n ects term in t the non-crystalline
l002%i; el s anP%GE%ﬂPe?tn a%ﬁlapﬂ%meg%% BE INVERERIHINARAESA YFuciie
comf)ﬂi’s\{ﬁgqfn'cﬁlﬂeé AL gﬁotavéﬁaﬁé"éﬂbuéeﬁ haadig 'arfﬁstaseﬁl'lc’foﬁﬁuctor material

defect-trapping |ayer that includes a first
havmg y §irsh ldtiicrecomster dndla fpsobandpapecrengy. | A scond abotowpltdic sub-cell
irst non-crystalline materi.al, with.the first ..

mc“@ﬁx%ﬁ%ﬂofl? ﬁeem‘?‘/fﬁ?fgi‘f%{ |m2lt?i%a}tl ﬁaYlﬁé ad%?oélgtl%tgﬁer ?Oéﬁsf?at fifigpng from the
first ladidel OB stAhSHNBaGBeHd Hah@gafp Jn%fqubw&t @hh tHRE i rHB a8 b entafgy

a first adjacent material, the defects termnating a
defe@tﬁéappmgggy%@mdlgpqsgqi hetviear th%ftrétra,ngwecqmdg)@@mgltalc sub cells and has a

ct-tra l.a |s di sposed bel o

third an%atp etneggr% %}g:r %%:‘ﬁe 3¢t ec'l lécgnc eap er(ljﬁer%\éwi[fl ?eaf%% tF] 8pmg layer
includay g tryis@tlnddeseal peSOmdteCiny $& abrlthdlevithad fdn-edystallig inidreal, the

and in contact with a second non-crystalline material.
crystpige seadesind inclydingefpeie toaminafing pt $ha Apirgestaliitcanatsrial.

arising froma lattice-m smatch to a second adj acent
[0023ht el amother pwweele Prabodimeatsmf ag mﬁglt@m 1t1¢1@d@s%@¢m¢@1re featuring a first
defecglq%raé)g%tygtsl gelrgltl:lag ?ncirlrgcleg :alsflrsr%a(:résgzg? rél-é_ (S:gl%l ré%tn})ape dnd fl%grqt%ct with a

first absles saflind rﬁatbﬁzilr'attﬁ thetﬂﬁ@t @?‘hsﬂhhahﬁtdrﬁt Indni@isngt d¥edtd drssling from a
and second adj acent nmateria whi ch may be the sane

lattiqegispraggh of fiielipf pryptalhing msdertship HEFseadiagans piarentgl Ithg dafects
L T T
belowah@fltsaﬂefbﬂetkapjfbﬁg lajxe. She @Mnddp&bemppmg yerdhcludes a second

cryst&ﬁlfng :pﬂa%?r:lalé 'Blfﬂsygllglaqse a’l.?}é Ergcobtgztg\ge&%nt%sgg@w%crgﬂglhﬁg %%?e%al The
secofi® ég@ttaﬂfn'é%ﬁ’a%&g IAAYRE defRbtsAPONE fidhEa ldtfi&tmismatch to a second
ct-trapping layer. A first “sem conductor |ayer
adj a¢mt/m|a@nal fher &fedtatetmipeticpaighasgcond noi-spyssd theahaemalt he
first defect-trapping |ayer, and a second
[002dE M Thxnfitschmt selcal}tbdieféka\tfalpgmg Isecomdy baﬂtspcﬁd@mn@pasnte sides of a

different framthe first ttic onstant is djs
subsiygvige prrstaiedBrindgdhe Bt P‘?Cg wg fﬁ%@?@r mAsHRk] W SE1 e the same

mate"ﬁ'ﬁptﬂ%fl@@ﬂﬁ%coﬁ%fé&c@Yﬁgﬁlhgmag}eps%%jga%h%e g@@éﬂi ove a substrate,

form ng a photonic devic nmet hod 1 nclu
whicprinslidiisiige firss adjstenamaterial, fand ﬁte fast drygalphomateirial delrideethe second

. | ayer above the substrat nd, act i
adingSHLFBIBL ibor BECT A AF PP S ST A ol O 8 S SR pefEpping layers
beloWwAhdicBnEAGBcttappli 1hidrSér B0k S8FRAAALE- tr¥ﬁplﬁg oyeni & first

devi ce | ayers includes epltaX|aI growt h
semiconductor layer having a first lattice constant is dlsposed above the first defect- -trapping
layer, and a second semiconductor layer having a second lattice constant different from the first

lattice constant is disposed above the second defect-trapping layer.
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substrate may include a third photonic device |ayer.
The first active photonic device |layer may include a
wo peg3sad ar cell junction and the second act i REI/US2008/068377

phot oni ¢ device | ayer nmay include a second sol ar cel
junction. [0026] I n another aspect, an enbodi nent of

the invention features a nmulti-junction solar cel

devi ce. The device includes a first solar cel

including a first non-Si photovoltaic junction, a

[002§Ekc ohdstiélcﬂnathec adpectd tlspmwdoty @lobwiet hendthodsef fsuniag agdibtonic device.

i.ncl.u a. S tovo unct third
The Eifhod MRl el a BRI BN A Bl akbifkobits 8o lafelybve the
subsE e Ofd aases,mva @RotShicliBPice YAkt Rif6rmddseldvthe dBQ#fd. Forming
I n yet anot her aspect, enbodi nents of the invention

eachfof e filrst andrrgrend gctie phesanis gewice kkrs iadydesepitarial grevihe éThe
[ i ,S

substrg&g éﬁj lﬁ(ﬂng ) Fhé}od @12)'& qnl dé%V?%c@ Vo O@X flrlliq a@tl u@ho&ogﬁ? Gl layer may
inclide rarfﬁgt Jokilr owl junetidn st ths edcdhd audavec;ﬂiokonwdexhka:vlhytg nday include a

secaond ener y bandgap greater than the first energy
secoph RIS Idnerti®@Bpr oxi matel y equal to 1.1 eV. A third

sol ar sub-cell is formed bel ow the second solar cell
[0026hd Hesiother Ripeet. ememfgdimentiefatpe gweatmr feptysas areltisaesi solar cell
deV1<feh zfl%yde?lacgglgcqg%ea I'}'ers Sé);aa f:l? 1qc[e1g1¥n gﬁsg a«gog?glaategvolléchs]unctlon a
secofd Sblhﬂ‘t%lltd‘lﬁﬁodecﬂ’ﬁt@@\g Yhebﬁl@d@)&ﬁ caRVind) énclidead £6i pHvddvoltaik junction,

eV. The second bandgwp 'S generall¥ sel ected froma .
and 3 ggesolsr celbgigposed beloy the segopgdsolar eclieapd spprnd pyjepgnd non-Si

gap is generally greater than about 1.6 eV.

pmxguﬁ&?%ggégﬁiptlon of the draw ngs [0028] Figure 1 is a
[00291': apﬂl | It larll'I rr%l,tsI e rh,?d%g«?q ?alf)}%e 10 eg 6%%%:8f Fe S ONT tti ?urhtctcion solar

cell c&aﬁ@r IT&ﬂeS‘dcwEb gwhﬁiea aif@staoRF syicdll havedg aaﬁtsngles@ Baidg®Rn It also
of materials for a non-lattice-matched threejunction

incluggs & pecord polaf 1ub-gsdriatagssbalow thepfirst sol subcplbaidhaving a second
ener%f?gﬂ) - %]% Fféa&?ﬁl\éﬁrt £t &le efngg 515 %(ﬁ%)?%xrﬂalﬁéegye% Wi 11ev. A

I Cl ency, gure
thirdi solau stits-a¢ll Bdoitninel lh:ﬂmw thep;étcmdl spllz&@eld)ﬁncﬂﬁﬁﬁ a third energ4 bamtbap greater

are schematic di agy. |Ilustrat|ng face tiaqn
than&ea SSEQH CTRTRN RAAER | FhoaiaeRSTaY ap%fm@aﬁeb? lesg ! & an

prefS L1 MRS kifandbagr oﬂgfbV' :!uﬂisthé litd G a?J ! ﬁe Qlfeat%r than 1.1 eV.
material fornmed by enploying A es are

Thesmhembmu@gmnagmamﬂyﬁﬂb@sdﬁanlmgmg@ofdmgtkﬁwﬁheswbmwh%dV The
thirdbe¥1eregr3r/q)lagéfgla?)qs generally greater than about 1.6 eV.

Brief description of the drawings

[0028]  Figure 1 is a graph illustrating the bandgaps and lattice constants of common lattice-

matched III-V semiconductor materials;

Figure 2 is a graph illustrating selection of materials for a non-lattice-matched three-
junction solar cell with bandgaps that provide a theoretical ability to convert solar energy to

electricity with 63.2% efficiency;
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ART; Figure 11 is a schematic diagramillustrating a

three-junction solar-cell structure; Figure 12 is a
waehensi7sc di agramillustrati ng an ART struct uPEr/D82008/068377

growing InGP; Figure 13 is a schematic di agram

illustrating various growh nodes of |atticem smatched

materials; Figure 14 is a schematic di agram

illustrating growth of w de bandgap | nP bel ow | nGaAs

in an ART region; Figure 15 is a schematic diagram

i | Figate Aisianghemstia diegramallfigratiag shenlgdse-grovgié¢sod ARGaP

solar cell; Figure 16 is a schematic di agram

i | Figate Atnd§ a@rschemdtict dagrame ilfustratin gsiangl fernatioatadjanent a dielectric
) IanAs solar cell; Figure 17 is a schematic di agram
sideyalfiystrating a dual -junction InGaP/Si solar cell

Figure 18 is a schematic diagramillustrating a .

dubiguaftd sshemafsatiagram idustefing growthplags ef 3 dafegiapformed by

{c diagramillustrating an alternative

emp%&@%??%%ture for a single junction InGaAs sol ar cell

ut i zi coal.esced material; Figure 20 is.a .

schsnfie B AgliFeps dbrds TysmindiplpRappple formed by employing
ARTEenbodi mrent of a InGP / Si / InGaAs cell with a

coal esced buffer region; Figures 2la -21j are a series

of FaahenBiiaG Rl rhinlilSdcfafthy BOhbOfukcabl QAL @t ture;

a three-junction InGP / Si / InGaAs sol ar cell

SR PSR ARSI RGP WL Do e
oot RS BT AT A P

misrihtaRdsedeiger a Si substrate; Figure 24 is a schematic
diagramillustrating a three-junction InGP / Si /

| nEadfe BPisalsch@hdtic diEQRRANAHNHg bRFAR oghadleshnBbdS BIP below

| ayers on both sides of a Si substrate; Figures
InG?Gan 28 A RY eeggwhemat i ¢ diagrans illustrating the use of

waf er bonding or layer transfer to create a

t hFeerq Linistai somenhatiGaPagraiSiillGerasog astreaiite; foamsinfieguna@®n InGaP

26a - 26f are a series of schematic diagrans
SOlalﬂi‘ieﬂus,trating an alternative nethod for fornming an ART

structure. . . . . . . .

Figure 16 is a schematic diagram illustrating an architecture for a single junction

InGaAs solar cell;
Figure 17 is a schematic diagram illustrating a dual-junction InGaP/Si solar cell;
Figure 18 is a schematic diagram illustrating a dual-junction InGaAs/Si solar cell;

Figure 19 is a schematic diagram illustrating an alternative architecture for a single

junction InGaAs solar cell utilizing a coalesced material;

Figure 20 is a schematic diagram illustrating an alternative embodiment of a InGaP / Si

/ InGaAs cell with a coalesced buffer region;

Figures 21a -21j are a series of schematic diagrams illustrating the fabrication of a

three-junction InGaP / Si / InGaAs solar cell;

Figure 22 is a schematic diagram illustrating a five-junction InGaP / GaAs / Si/

GaAsSb /InGaAs solar cell;
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Det ai | ed Description [0029] As used herein, the terns
"solar cell,"” "photovoltaic cell,"” and "photovoltaic
W3 90083746 each denote a structure havi ng a phoP@I/UE1008/668377

junction, e.g., a p-n junction. A "photonic device

| ayer" refers to a photoactive device, such as a sol ar

cell. [0030] ART enables solar-cell designers to

select junction materials on the basis of their

bandgaps w t hout being constrained by their lattice

cohgueniXis alschahas dnghineBugaliag atwbe-jurehion diah /dbsA s AnGaAs

advant age of expensive Si substrates and nodern

“ﬂméFhﬁP%PégﬂPﬁgaé% ﬂ%g?%gles. Mul ti-junction solar cells

fapricated on Si suhstrates by ART also off 00

et HRH <al Asthent 1agr?l§ﬁﬁuax@¥ iga hresinstige G /hgétlnGaAs solar
cell i‘ﬁb&%b&%g %éﬁgl‘é@éﬂj@!ﬁ& Y ebLorBotk WRSS 581 §SsubJiife;

superior heat dissipation may be especially | mpor t ant

in r

gelr:]fgr %%?95 \A%trb%rr? g;glglngﬁ? aggrf]i‘%sl 1)?/1{1%’}?&?mg glilleg{se %? L)Ja%er bonding or layer
transfetp ereatelt thsce-jLO@Dh] InBRTF / SLGs kalat ¢al; hiyd el i m nat es

probl ems from threading dislocations arising froma

M Biratsohetaseer d Reiet aft dcheMagodaganisSil@kratng hh AtedRdlive method

an underlying substrate. It reduces stress due to the
ﬁ“ﬂwm§ﬁ&ﬁ%ﬁﬁ%h“ﬂﬁéﬁﬁal expansi on coefficients, enploys

standard equi pnent, and does not require prohibitively

expensi ve processes. [Qgéé,dEEEﬁquﬂg to Figure 3, an

ART structure may be nce with the
Il Qwi ng ,st eps sen1 condy Io bﬁ%rat » 300, i
[0025? ems s nc}lﬁ:(r: lorthS\g s soI ar Cf):r ov PR voligic celgm 4 rp&lotqtvoltalc sub

cell”Sdabh? Hétﬁitcea &a&tmmavlﬁg Ialpﬂetoaos;ﬁaylﬁmﬁdm@t Qra patjeddtiadh. anthhotonic
be, for exanple, a bulk S|I|con waf er, or a bul k
deVI@eelﬁM%rn refpiswap ehotorsivesigricer wek aspe0aseli ncl ude or
consi st essentially of a first sem conductor naterial,
[0038LichARd enables E@an—ml]edegyggms to gclert jungtippraditarialsogn the basis of their
band%aps %Rhout i:)emg Lol ameldl%e r&l?ll‘ Ea%g:ﬁic’clégs 'flntglt fta ilsggzglél?es soqar cell

nsi's ssentl a I con.

mantﬂﬂa@ﬂu&ﬁi td tekd &antagd 6f mbmdnuldb Sgsibsthhtes &ed mbgerfst ?fdcaé sing
a non- cr%waalllne mat erial such as SiOis forned

techisegict MU EHMERARATSES (Ih5eq e 8n §owbsts@te§ P ARTslspféer good
mecl?z?ﬁ%ﬁgt%n Eh il gt!‘g%lggtitf IEU# %Lg%t ?{11116% dlS txﬁnﬁ%gmg Ii}]s%lﬁltl) |Ge substrates.
The SiphKipr ket dispipapon mhﬁbe és.pEcmHja[mﬂ)(Htant m doadertentor applications, since

r fonbln |on effe The glelectrlc | ayer 310 may be
Solarfc‘& lgencsyll v pik RS THGIEWY 16 IBACISIMBIIEISi n the art,

ermal oxidation or plasmenhanced chem ca

[003@bpoARJe%b§tmtiaéla elipgeaey) prohlegs ipm Hueading ditleggtiogp ansipg from a
mlsngas e@-&%@ﬁn %J@&n@ﬂ%&?ﬁ%ﬂ&e&gd% eu'??%l}z:lﬁ Sad))%trr% ‘i’é reduces stress

due toakemasndicickneamal exqmnkies posfticiegtst @mplas stamémkdrequ@htent and does

of cry St%||lne material to be deposited
not require prohibitively expensive processes.

[0032] Referring to Figure 3, an ART structure may be formed in accordance with the
following steps. A semiconductor substrate 300, i.e., a semiconductor wafer, is provided. The
semiconductor substrate 300 may include a semiconductor material and may be, for example, a
bulk silicon wafer, or a bulk germanium wafer. The substrate 300 may include or consist
essentially of a first semiconductor material, such as a group IV element, e.g., germanium or

silicon. In an embodiment, the substrate 100 includes or consists essentially of (300) silicon.
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in an opening formed through the dielectric layer. In
sonme enbodi ments, the thickness t of the dielectric

WO 2000/03330 may range from e.g., 25 nmto 20 nPCT/USDB8IP68377
A plurality of narrow, sub-m cron-w dth openings,
e.g., trenches 320, are defined in the dielectric

| ayer 310 by conventional |ithography and reactive ion
etching, with the openings having dielectric sidewalls
325. Those of skill also understand how to perform

[0033Hdi fidiriedtrie tayps3 t indlaing & Hielgstrovmatsriflor.c. vancbreglsystalline material

S TR I ST M

dielecBR3RAtelt £1d ®bRAIT sRTL indhd @t hiaGRuktRBbLERE ﬂlaf@faﬁr bith as SiN,, as
330 is selectivel y grown within the opening 320. The

appropfiate, der ergimdhe ¢o redies tea@mhmytlmeff@t@  hegdi¢lpgtrigslayer 310 may be
form%g Wé %t eq}i'oC(I EI{ 01{ to%“?ﬂi-. rS]?l rp % (%0 Qﬁ&hﬁ?oxﬁatlo% (% phasma—
Ive stocatlons I n

enhahadd dhesmidnl smﬁair@lbp@mmai (@BC&ID)t mml @amﬂy sptapeutDwamd CENTURA
sidewal I s of the openi and term nate when t

ULTllMécﬁlamﬁcéctH;eQbé/cé}pgl@d M%tglp:arl§|baseé1 g, Sanigj(dlpra, CA. Thehdlf):/lectnc layer
may'ﬁﬁ{;é)zg $iag é’s’t Qoﬁ&gbﬁfﬁ ?Io 4 @e% &P h% gﬁﬂ e Wlﬁﬁé eﬁ@?tro be deposited

top of the tr S pre erabl’y su stantla
in ar®dp eﬂix%'f@ﬁﬁéd @Rsigh HROBEciR 14T, B Joutd dhsbdiRYntd) Qh@ﬁﬁ@kness t, of the
as a defect trapplng | ayer i'n the solar cells
dieledirkabigs 6d0 helyawh gelihem ART., 35 htiab@0ginh.ncl udes (i) a
crystalline material including defects arising from

[0034 Rt t AGRaAli§BENGRoR] sh@iGs $hdth |ob&ﬁn%@ta 9!, itRhciMs 1300 affe defined in
adj acent sém conduct or nateri al

the digdectiie ipgead 10 iecanaertidnal lithagraphy sred @écftef@tlgn @téhmgnmth Hy openings
havngédlte e%%rlrcl:os?d 13 (t:)%% F()esen?tsl?ﬁl a? r{dﬂ%?anli h, (PﬁrfB i addeltr%onal steps

STCR

to adSpQBe @tdiembf garidul@ lblﬂfadomtsmm tieaged ml wnm ahgdfbgmﬂplasma to
an oxygen aton1reqU|res hi gher energy than the nd

passpyatetberdewrl sl the BeRsh. The Ge- O bond is therefore |ess
favorabl e, and, accordingly, is less likely to form
[003AL ¢ oA&ph@f:zynng; adattice- yrmrna;{:heglrrnwnalééﬁ d$ iqlfamelytgh@wwuhm the

|l
operfl T, Hsihflel A heria b B L5 Mottt i or G erown n
the ope@hgoy !, g sdletemalebitaxyl e Glintading dﬁlo@b]@é‘ns i® ti latticd-bdimatched
pl ane 500, and {1OOL plane 500' nmay
mateﬂahﬁyptcaﬂié slaae gpwa‘ﬂiﬁet grioarally eftthe @Pem%altdﬁéﬂwmatﬁe@eﬁalgey reach the

dlele;e%cqhgtgﬁ e@& ﬁ&;}%p&ﬁl@x ezi 1%& (1&1' g ép]ft(c)&%ll glﬁr?egﬁlslgga?% top of the

aster t own 1 n
UmuﬁmepkﬂahMyshhﬁmﬁﬁﬂyﬁgeoﬁﬂhkpMans di sappears because
the crystal growth in the direction of the fast plane

[0036F | ARmAREH stayctlr engriewsBd hod @efodt-tk 19Y¢rGh MdtsBlar cells discussed
pl ane, as also shown in Figure 5. O 9] To enabl e the

bel(mb Joe R T ghrucgyre incdades (8 ceysidling mpisalgntlegdingidetssts arising from
lattlc}et}hﬂn{a&‘%‘ SR &grstglhne material with an adjacent semiconductor material and (ii) a

non-crystalline material, with the defects terminating at the non-crystalline material.

[0037] When depositing a material such as Ge into a trench between SiO, sidewalls, the
bond between a germanium atom and an oxygen atom requires higher energy than the bond
between two Ge atoms. The Ge-O bond is therefore less favorable, and, accordingly, is less
likely to form. Accordingly, under typical growth conditions, the Ge atoms form a facet 400,

typically a {111} or {113} crystal plane, as shown in Figure 4.

10



10

15

20

25

mar ker material defining a marker |ayer 600 may be

interposed within the lattice-m snmatched material 330.
wWo-00903wpl e, thin Si-Ge regions, or "marker |BYBEDS2008/068377

may be interposed within a Ge matrix to provide

contrast in TEMinmages. These marker |ayers 600 appear

as bl ack chevrons in the schematic representation of a

TEM mi crograph in Figure 6. The Ge grows with a {100}

crystal orientation in the | owest sector of the figure
[0038bel Botwtche tW@ﬂieactrk) sjde&mlvetwmystale@awsu,e.g-hél ldngland 500, and

| ack CGe nmar ker yers, s t he has
(o 005 i TR B NG SE nH SRt e i P& pigas may be
diffekelc] pyd @@n@@ Y Gethe0f 108} phne 3edvAdrastesihas ated an 1§ pRink Sas shown in
obser ved: rises vertically fromthe substrate 300

Figugen}. oEugﬁmtlﬂlﬂef th@@ﬁbgfowth Plaph@is{prears beeapse Hie coystd grawthdn the
A t t fAr in
direc %glog (t:haeﬁg% (ljallnrf]:{'fg lrlélgt%{l% {Iﬂ% rowEh %ﬁe CEV}\: t{uﬁ‘slf)wg??\iqll@%ge, D9also shown
in FiglipgSt al ori entation 500. The facet s of the crystal
direct the threading dislocation to a direction nornal

[OOSDE t 18 efabld the loB6@{atidnWMakdle t0E cSis@aMR drientafibfs, thin regions of a
readi ng di sl ocation reaches the Si O sidewal | and

markeg mataiiat eefinip o awrkopksier 6Pemak be ddeipgsad; withie ghd lgitice-mismatched
matel a?&{be SE egiz? Cet tli)lonu§ ¢r LYe 1(%n|georc‘rn¥ rf<er la be%’l ndar Ye interposed within a
ypically re réc iFa i ection erpenéflcu]il aroto

Ge nliddeix fcaplahde'Eb@trzfsaﬁﬁl“ EMI’l@dag&e STHeld€ miaklfe@ &0ieRH00 appear as black
di sl ocation towards the sidewalls. Al threading

chevgpns|ip, 8igr BBt e prepstasionaf andY npicrogsaphdn Feipsap aITh% (Ge grows with
a {lé(ﬁtcﬂ‘ scAnGRh aY1 g ﬁﬁ]g &?E&tortol? ‘?ﬁdﬁeif V\%{ F(betléw't 31'3 tor An)t IAbove that

sect a si the s ssuf|C|e
regidm, gie. angmdm &Malﬂrenlayers shev dsp detGe hdsi toansitiohdrkto { 111} growth

tre [ the ratiq of ight to it i S
Planiﬁ%r %?eaw Viegfpgawglﬁ hﬂh%.‘ﬁora%fcﬁfiﬂf‘fglngrﬁlésﬁgqa&%f@ 5 Ssdiveds®
preferably trap the dislocations, |eavi

d]éf”é%& VY R 816 bStENS S0P BTSRRI Wifh tRd 19Bperapal
entta[tﬁ)ﬂ%()’ T&W?rd@lﬁ’é’f ?,x:}g substantially elimnates

strate Interface cts in one lithography and one

8 B AP B e O AT BT e

SMﬁlﬁlMtﬁ)h@S)OV\ﬁIhB ifate®I Ptie @yﬁﬁlﬁﬁrecﬂ_ thie Bhrédelvh g aR@RStEH to a direction
les indicated that the Si O sidewalls trapped all

anp
tlliﬁréf’&lﬂod@edﬂb]l}cfé%ﬁtit@W§rd‘lhéé\¢F‘W@1 defect-free Ge at the
top of the trenches. Referring to Figure 7, a
* stinetreaadimgdii dogation afachesTHENS| Gragdevidll andtteratinget. hat Ge
deposited in openings 320, e.g., trenches 200 nm wi de,
[0046hy Wéneh rtlaaethcefadhhgfdémcbcsttim @eaab@wefaaettbpammmghas eqystahboundary

' pl apvi ew' es o{ terJ

typ“‘taﬂg ﬁeddlgﬁ'is Sfrlgdl TECYeR Bergen '\gé ”@% aﬁetd a&ﬁﬁ ek ﬂr%threadmg
disloRatddaMo W ks ARK @Bbwalls! |AIPthEAUES dilBcAibAPR J‘&a@flal having facets non-

t hreadi ng di sl ocati ons by Si si dewal | s 325,
parallel to an underlying substrate, therefore, typically intersect a sidewall, if the sidewall is
sufficiently high. In some embodiments, the aspect ratio of the trench, i.e., the ratio of its
height to its width, is preferably greater than about 1. The sidewalls preferably trap the
dislocations, leaving a defect-free region of epitaxial material at the top of the trench. This

approach substantially eliminates substrate interface defects in one lithography and one

selective epitaxial growth step.
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with the dislocations termnating at the sidewalls in
the |l ower portion of the ART regions. [0042] Referring
W@ 0obogaTee 9, a | ower region of Ge containi ng REEUS2008/068377

di sl ocations may be renoved. The upper region, after
renoval of the substrate 300 and di sl ocation 610
regions, nmay be free of defects. The Ge in the upper
regions may contain no threadi ng dislocations due to
| atti ce-m smatch, no stacking faults, no tw ns

[0041} woAR Tranpilasrvedre p@ptuied@vithﬁje afikCtANE} waaddpasated on Si substrates

withﬁar§ ?szreg%g.? ihnﬁ:%{}[h&a%% |s|arli|1§ eré ?III(F %%«%gt%gigtge %é(éznmdewalls trapped

all t}ﬂezﬁlhlﬁgc(ﬂlﬁleatloﬁs Jeavid §&ectSredau@it the AP oFuRShdrRhEs. Ierring to Figure
Si. The threading dislocations 610 slant towards

g.
7,a &qhemsﬁl@@mam @%T%magﬁ dl%ﬁﬁqeerhabﬁetdnﬁosutﬁé Heoreaingy3ao, e.g.,

trencﬁgéag(llgrﬁrﬁfwglg lgeg ﬁ? F‘ﬁfﬁ‘%? SE)%V% g?%ﬁﬁ{lé 8%?001* T'Pop—w%w (“plan-

viewtT) GAMIuedget yf ﬂhb Imaserioh ir@kd t&aeﬁ c@ﬂur&i thhaset 8.al @Bemidhediefym based
confirmng its viability for creating gh- eff|C|eg§¥

on a TN aa%rpglf?ﬂh{lﬂluftm%%theﬁa@an&?f @éqaﬂglg&hslefaﬂe%%x pHhsidewalls 325,

with [tlgé)é‘i‘sll]oeﬁfb‘fﬁls Ye}e?rll it a?&l@%ﬂie%ﬁ% 1[nr@h§ R & oﬁfont&efﬁe@kT regions.

expansi on coe nts generally does not cause
0045 KL AR BLE. POl GES T TR BTy o e
remdded Wh@upﬁertré'@oﬁ QfteOrshivgal oﬂfh@sﬂist’rassee afd @iskRdidn 610 regions,
because the epitaxial |ayers are thin. _The material
may g reg of defeetal Te GiEdp HPgWRERTCEIONS 81 SORMINgIhGraad g dislocations due
to la{tiQF rn‘iﬁ%a %R 's?éc%hg@aﬁl@gitns I?WH]% ?@H}S ﬁlrﬁéﬁgohglggﬁgg ﬁnnﬁﬁctlons) and
atively narrow,” in contrast to ver
no ctanksshi ch mat eri al behavi or may approxi mate that of a
bulk film The dielectric material of the sidewall,

[0048] 9. FighieQR) illheRas ttehche ﬁlIHd&VlﬁDﬁ'Dﬂyisﬁﬂinetditﬂéhdl,f@g GaAs between
senm conductor naterial s, serve as an expans

dielecione-g- SIP=sKRVAlS %S@é%%%@&aﬁt 2. $ind’ h@ﬁhl@é@lng do tions 610 slant
f t

oSG E0URTES kBTSN o WURE! TSRS, BBIRRR s wone

the dasmzdthn@n Fhaaskeof ARﬂhhlam badBaoafifnédfos (ﬂleedéppsﬁbn ()ﬂ.hlgﬁ—quahty mI-v

no 7 l1eV) a i |lustrat
mat@}}!fwaﬁépéstﬁgé iRy sag%firﬁeag “?rﬁ%@[’ﬁ%&hfoéfcha&lp% ﬁ%ﬁ})‘ f‘éflcwncy, low-cost

multBfméfBn ;rchélsceflb giKesiRGheat es that a device using I nGaP
terial with 50% i ndiumand 50%galliumis shown, but

he [

00491 ApBOTESALUBRSAR i AN UGN S doc

not cratestrackling Whemglbomg ahiee swiksantched maeenfsasimgCRT. Theabsence of
same is true for the InGaAs | ayer; the bandgaps for

crackipggmay bedve fnaneer merg At (heiellavieshown, but ot her

fractions of o )
* The stresses are small because the epitaxial layers are thin.

* The material may elastically accommodate stresses arising from thermal-expansion
mismatch because the trenches are relatively narrow, in contrast to very wide trenches, in

which material behavior may approximate that of a bulk film.

* The dielectric material of the sidewall, e.g., SiO», tends to be more compliant than the
semiconductor materials, and may serve as an expansion joint, stretching to accommodate

the stress.
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i ndium and gallium may be used in the InGaAs | ayer to
tune the bandgap and | attice constant for inproved
w@eebositece. For exanple, it may be desired tRCTES20881068377
InGaAs | ayer lattice - matched to I nP, as descri bed
below, and in this case, Ino 53GaO As may be used.
[0046] Figure 11 shows a three -junction solar-cel
structure 1100 including a top ART region 1110
including InGaP regions with p-n junctions fornmed on
[0045he Rofigrrttfg zgag toifigme Quthstlatateearﬁld@tndg(apmfam@tel;sm an embodiment of

2 solby P e st il Mok Ina oG FPIQRP; St aeenl g 1nosGaosas

(0.6 PeW) dreMEdstaRd. dafs sﬂﬁ(ﬂ c@ﬂhiﬁﬁth@&%ﬁ@dﬁnﬁiﬂrﬁ@ﬁ%f@&eﬂd?%f 63.2%. This
silicon substrate by ART. The structure

figurie pedieier thate dqymamquﬁ@ﬂl’ arpsertad Wﬁ@k@%u@mm pedp0% gallium is
show OBBta octflerb %%X‘%‘? tl% ft 1!1](51% aa%%ihgélﬁﬁlln# ?18%%ng & r%1.(1enet P bAf%gap and

e Ssu

lattlc{eQﬁﬂﬁ}mtldﬁ thpa hte bl ta ﬁmpf.ohe tﬁdﬁ@la‘i\ﬁ&'ﬂ @e@omﬁa 1@hd‘@)(ne is true for the
function as a first defect- tra | ayer i ncl uding

InGaysylgyercthg dpngdaapnor rRteeinfam auo3 gji furg ﬁ@aﬂb))wsr%om Fractions of
1nd11.g1?_g (% ga}lfgi'?@t@o e;’\ﬁstaﬁ _I_rﬂthfe #ﬁ@&AQ&?e%X eatJhL bﬁ‘r?dtgqﬁtaﬁ{l la@dlce constant

Irst crystalline ma
for uinpnjvadi psrf@kafaﬁcas sF@kQamples itmgpyf beadvsmed @iiisk ap Imbrshalagdr lattice-

fir cr Iline. material to a first adjacent
mat“%ﬁil E)rhﬁlgl’ als( S@“ eydt%ﬁ Véiangﬁi‘b Y&t %@feﬁ}aw eIg 8&‘??
rmnate at the first non-crystalline materia

[004*ﬂqe Fl@preplmshpévg |adhr61111@tlﬁa§01@ﬁEfflhﬂ@lcalre\éiQQ wgluﬂaggeapr ART
1
reglq]n ﬂ%%fic InG nggi%ﬁs wﬂﬂ?hﬁ ?ﬁ%@élzls: fo?rgfr:(rgén gj}%qowf& §iflon substrate

s sel eCted su
300 by gmq u@l—n juy1pt1@0hl20mmdus t}heeglbcroncsubstrdtdj andindettdbyi ART region 1130

material, e.qg., to allo he su quent r om
inclgg Infa r%&l%%wthlwéuﬂféf%ﬁ inedgonghe byt sur %ﬁﬁé)f{ﬁafpsﬂlcon

subs% bﬁ@ﬂ@nTﬂ@th@t&@ m&qﬁhé&ﬁo@tettﬁﬁl Méo&f to nfak8- elethcal contact
and an emtter "1150 of, e.g.; n+ I nG&GP.

betwnaythbehlse bdetdl, bacthasep ARTrragloa,rthapxmsumel atdghd hﬂtdngapxRT region.
A photovoltaic junction 1152 is defined by the
[0047 1t elnf @eecubat the eop ARG“ bgise 1118 magfdndtioe ae Hifiritelefe]:ﬂ:ﬁrﬁ)ppmg layer

The I nGP nateri al n an fractions _are chos
including aqﬁ{st fqa(étaﬁﬁle é‘?%t%ﬂal 3%@ (&2 bgﬁ‘;%é Byt mats a0 m_lcos’éa%vlth a first non-
cryst-gﬁin% PRG3R0 (Sg CHR5S nTﬁ@flfsh@I?rstraﬁﬁletn%Qeﬂ l?nc@lﬁiek defects 610 arising

absor bs hi gh energy photons efficiently but al
from| ;olattrce emiemgtzh pif tedirst drpstpiiss makerielighe ﬁmdacmcw:nbmdtenﬂw g., the Si

subsfFe 0B Sttt 8 onehy BphE sl g o e top ART
reglo-ﬁhﬁhﬁﬁﬁay' BicluiORWentindarRRg 1040 ¥Pe. gSCpJ'GIﬁﬁE trhe cofsutidiast the

high mnority-carrier lifetime, which is preferred
Wettlsr,l@ layead 140 Boelestad hmhethptar fosmd @ hight-quaiey wpntiriobefayeeover the

/ . on. ‘ ‘
undetrlé/ﬁyg r%gtgngleggr @E %8' flﬁé{ 2w thes élg eglplslzlr%s\%v&lg%f 6}-15{1 ETE ?Ip s@ﬁ%&matenal,
eg. /Pn(Eﬂp TlﬁH‘lbp@IRT ﬁﬁgﬁfn thdpblso énchide acbas® NOUECH] ¥.Q., PALEHEP,&lnd an

emlttsf:lfl(i Ii]Sansf ’f}I IgAlill InGzﬁ) bIﬁGEHD %Eagfsbeedsel(z:\ég(ri bteclga%set: R%aéA 5;1- aIgpergIIJr(l)arge bandgap.
A photovoltaic junction 1152 is defined by the interface between the base 1145 and the emitter
1150. The InGaP material and In and Ga fractions are chosen so that the material has a
bandgap of about 1.86 eV. This bandgap is chosen so that the top sub-cell absorbs high energy

photons efficiently but allows lower energy photons to pass through undisturbed. The emitter

is highly doped n-type to provide low resistance from the InGaP to the top contact metal. The
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[0048] The bottom ART region 1130 may function as a
second defect- trapping |ayer disposed below the first
wa@ledoenss7a¢ appi ng | ayer; the second def ect -t rapPCTES2008/068377

| ayer includes a second crystalline material 330

(e.g., InGaAs) proximate and in contact wwth a second

non crystalline material 310" (e.g., SiO) . The

second crystalline material includes defects 610

arising froma lattice-msmatch to a second adj acent
basermﬁgrtlyaiop(eé pgype schibaShe n(ledt hastad)igh miverdefeaies lifetime, which is

econd non-crystalline materi 0’
preferfeae WIS o kRS g O "OaSEo A PR BEY AP eieg P the pi
juncli@y, €Theltbf Q\R’pfegl(ﬁl 1€a hi\f‘b@&ﬁ&kn@ss ot Ofib&itqu@'ﬂgnr @GP Rontact

1160 of, e.qg., n+|nF’y an emtter 1150' of, e.g.
layen IS8 G gs a cgn@cgvgg@@nﬂ_%h apNipu) HEape dlsp@sleﬁ oxer ‘the top ART
hot ovol tai c junction 1152' defined by an interface
étween the emtter 1150° of, e.g., n+tlnGAs and the

1004883 TPt e o s S8 S AR el bSRMRE ver

dispH el berwchn Tl@ﬁﬁefeaﬂﬁ%plﬂéﬁyer heGecordl dePhreluahp %layer includes a
material such as N di sposed over t he "bottom

secopryplelingnnat¢rd 489" (a. gs,anﬁAe)aprlematfeand lp-Cﬁn‘jaGIWIﬂil @pecond non-
cryst&ﬁ%ne éleaqa%/aallggcl) ng gio ay@?) bﬁlte\%/gceorﬁdtc%%tar%f) g %H%slfl(r:lg fés, defects 610’

anmﬁ@frbiﬁ&datﬁc&hm@dlaﬁﬁdo p¥eddap laﬁ\ﬁcen_fhfateﬂram (d.INGEISO E\ulﬁ&ytebl&he defects
defined, e.g an emtter 1167 of n+ Si forned

termgngge zg)glg;-ns‘g/p@nd rllqjhcriyppﬁ]hgﬁ ST 3107, Téleﬁ)oft%yeAléT region IY:’)O may
t
mCIUSIQPS&%Jtﬁﬁgf}ay%\J 1;120 1?19 § {Eﬁggﬁl? La %ﬁ%{?%ﬁﬂ%‘%gﬁ%gl g% of, e.g., n'InP, an

emitttr $ pIE ed, bet wdeGaAhené m'bhi;eetMéh df p heGdyes evith[aQfhoB]voRaic junction

115 dE88e eSOl THREORHEEH s SRS DG o ¢ dnd MiGaaRd the base 1145
of, elUHIRGaAUNGhHE BBcedk ART PRYorPE 300R PRI vE &M Rk BEe ¢, about 1 to 5

Substrate and the bottom ART regi‘on. A tunnel Junctl on
um. i bettare cgnthétdipey 18dPeelg p 2 Londudtivel mateTiabsugb pi MNgAiLsmay be disposed
uflglc:le ly high for current to tunnel between the p+
OV“E% Hiery é;{ér@glo th the tunnel junction forming a | ow

ta tact. bet adj t |
100436 R B Gl € oY | OsY PEFBROISY R dteiopngpottom

defeétn?ap?ﬁ{é dré”é Jif @h@@i@uﬁ&tks@@ d'éﬁﬂécp‘&hth 8+ SRERb d(ﬁﬁ'r%‘ Othe p-n junction
"0 occur when the top ART regio

may @R o, t:@ Iblyglhterratnd 116Ref ef 81 formediby.ént e)falmms 1®Ihnmlg1rtatlon ina

TP A e e R
1120 beling/dispdsed beweeh et aloMenapsiebel ow t he

sem conduct or substrate 300. By in-situ doping
[005@}” | RQ%&MJMUJ% gﬁ(Plﬁa?B@lfd?ﬁle@ BPAWRSn Q{e s%H&Paté @d(?!uﬁi tiBYop ART
be achi eved, e.g., above approximately
regiagrBnd quneeftlamebphnttumnbﬂoj mwtble(fmmﬂai;bebee@ehe s:llbettats uo«h‘h the bottom
hat I on

ART Riger /B0 i ah TEhBUATENY SORTHIA M HcrT R g posuiciendy
high ¥3r/QirfeRY tolk8n @ betkRen the p* and n* layers, with the tunnel junction forming a low

regi

resistance contact between two adjacent layers. In other words, the doping is sufficiently high
such that the p*/n* junction depletion region is small enough for tunneling to occur when the
top ART region is exposed to light and, therefore, current flows through the top ART region.
The current forward biases the tunnel junction. The tunnel junctions may be formed in III-V

materials formed above and below the semiconductor substrate 300. By in-situ doping during
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in the top and bottom portions of a Si substrate 300.
Then the doping in the silicon starting fromthe top
W@B00vkas746 | i con substrate may be as fol |l ows: pRET/US2008/068377

(tunnel junction) 1170 n++ (tunnel junction) 1170
n+(emtter) 1167 p(base) 1168 p++(tunnel junction)

1170" n++(tunnel junction) 1170' [0051] A structure

may i nclude additional solar cells disposed, e.g.,
bel ow t he second defect-trapping | ayer or above the

growfthrhggh plednelot’-dopimepyfisnch laggre maylbe ssbireed iz dibmenapproximately 1 x

10" 29" i desut? Bl & EudEE i et IR R ERraRLEbtn rickness

is ab8HDAhAE Al Silusraled! BendiMirhen HQn& gurﬁsﬁoﬁs_ iL2roi IDIJTO’may be defined
substrate) of trenches 300 nmto 500 nm w de covers

in the pep andrboitem pertiensch adii sulntrate 360. slilss theadaping in the filieon starting
i . the. tr i an.vary over a broader
ﬁomﬁg%8%?ﬂ§%%%hggp$p%ﬁﬁgggyﬁﬁg%%ﬂ%m%ﬁ‘ The di stance

between the trenc may be about 150 nm bel ow the
mageﬁ§W§§Hu%FKQFnEE?)aII of the solar radiation. This

copf*i(ainnat judtioR®y 1 Preevent sol ar radi ation from passing
bet ween the trenches; therefore, the cell may absorb

al posmiter) of thellGcident light. Wiile the -150 nm
spagi.ng i s prefer for sone criteria, the spacing
nag&%%gsubstantia?P%?adjusted, based on application
angf*aunfefj@ictiah) r €og’r enents. [0053] The ART based
3-jUnction solar-cell structure shown in Figure 11
opBr gteeel junctign) ohk’0” Sunlight first strikes the InGaP
mat erial 330 of the top ART cell 1110. |InGaP absorbs

[OOSE?POt QQ&uWu}é"mgfin%ﬁﬁEgﬁdiﬁt)ngl'sgl%r eM1sQis %&f’ €lg. . b%’hﬁ& #decond
with an energy below 1.82 eV pass through the I nGP
defeatrtichppiigdnydrive alSiveShdr Btst defectatdppinglhygerp hios@ns emhadimpas sboth the

. through the |nGP enter the top defect-tr ing region
A e AR T s S L el
reduced because ghotogenerated carriers

r _may

10052L c offpyaguBEmbRETER A FFATERYS -8 ehPHbARs 2 b Onhpuby(pée of trenches
300 H&E% SQ(f) nfnhﬁidt: QQH@‘%' sﬂﬁa&e&* Q8 bR o(flraeﬁtsﬁgstfarteg ni‘n'tﬂl%%mbodiments,

the trapping region w be transparent to the photons
the treoth aiidh chedarpyvehebroediramgef such@aRoabbBlenm Wb luen.aThe distance
betw\é/grg hller%%nl:ﬁa% engay ]é4a 08tf IS%a Iﬁnﬁ, below the wavelength of almost all of the solar
radiation. This configuration may prevent solar radiation from passing between the trenches;
therefore, the cell may absorb almost all of the incident light. While the ~150 nm spacing is

preferable for some criteria, the spacing may be substantially adjusted, based on application

and/or material requirements.

[0053] The ART based 3-junction solar-cell structure shown in Figure 11 operates as

follows.

* Sunlight first strikes the InGaP material 330 of the top ART cell 1110. InGaP absorbs
photons with an energy of 1.82 eV or higher. Photons with an energy below 1.82 eV pass
through the InGaP and enter the Si Substrate 300.

* The photons that pass through the InGaP enter the top defect-trapping region 1165.
Preferably, absorption in this region is avoided or reduced because photogenerated

carriers may recombine at the threading dislocations 610. Because most of the top
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Is provided to facilitate two-di nensional growth of
I nGaP above the Si, this layer is kept very thin to

WO 2waoss7absor pti on of photons passing through POT/UR08/068377
Si. Those of skill in the art will understand how to
apply other materials to decrease absorption by the
wetting layer. Si absorbs photons with an energy of
1.15 eV or higher. Photons with an energy bel ow 1.15
eV pass through the Si substrate 300. The photons
t igtpingasgionhs oggtad filven BiGa@nthertrappingaegidn wilhppirgsparent to the

GRSt aSaisA DB SRS P BHE" AR vl et 1740 of Gas

PR kG &sero Fh @ BtafcARol @ menTBYal I RGARKIE MEG A aBRE thSiead Ader is kept
di sl ocations. Therefore, the trapping region is

prasy dria ke sﬁdwee&s@@tlpn ofPhetpns passing Fhrpughdigake SatBhasepf skill in the
Tﬂgw%l?l%(?erllﬁgtg?/h é?}i (ﬁtg%jl Aggtghgln To B& aﬁ% I'ellgsl%ﬁg{b tba/ethe wetting
|mya-nonplanar node on Si, a th|n GaAs wetting Iayer
is preferably formed on the Si to grow twodi mensi ona

* | Siyabserbe photams withen eagsgy dobd S n¥tordbghsr.oPheteny wikh emengggy below

RS PR aahluigleR dE8 S BHET B0 hot ons wi th an ener gy of
0]“1@&'— }ﬁ)\./orﬂrthzﬂ éﬂg‘set'hrou%H Qhet il‘ﬁeen&rré sleéHthttfa?P I%r}eélaﬁ 1|en (ﬁ%ﬁ%m trapping

separ at ot ogener at ed el ec hol e pa rs.
[@gM]l IA@ dggmr ﬂb@a]alb ¢wayoid algorptiginlih t}pa@mﬂﬁe@w@q photogenerated

tra I n n in an ART.sol.ar ce I ons.

BB B GFRTER S BS BBt SheRoe oRetreist. (g eppine tegion i
lﬁf@fe@ﬂﬂf 6RBted PRt RIP, @ %_?%d@@i mdefial, fTHéalB&/Léﬁe%fyf(th 15eV)

e perfornmance of an based cell. [0055] Inthe
tpwsmw félgmhéhe nRrtepginggnidite b‘&ﬂASdﬁSlOCr HICé InP grows in a non-

el.ectron a nﬁ teria
PEPL PR Tt G ARG e BB o srow e

pdigteasisndl haterPSIEP Mhe GaiAstdoes hidtapfird %d‘l@@ﬂ-é}i&?y p‘Hoftﬁﬁ in this
t he, phot ogenerated carriers appear near threa

dicgloadsEwn & hap Ravide BHWLAR r econbi ne non- radlatlvely

+ olfetoefsmall ettt lang Phty <ol iRt Aof Fighes ant the pen

t fah&tidrn0is $heTRICHAR Ivsim s%irﬁ\tettﬁheplfd% deAWhaitd cRQudhihemRk Jdnat
glves the transm ssion T as function of the

bsorption coefficient a and the t hi ckness P.[0056] It
[005H1as Be é?ﬁcrlb%a'wé@ ligha ovitl passdbeoyel e itienpies &seietingti ABT solar cell.

D A 0 A5 0 R 000 R BB

doesobsighifioattbvaffdeethepedgapancEof ad A\RTCEa’sed nelwhi ch t he
t hi ckness of the highly dislocated regions is about

[0055P0 In the trapping regions, threading dislocations create electron states within the
bandgap. The material therefore absorbs some percentage of the sub-bandgap photons that pass
through the trapping regions. Since the photogenerated carriers appear near threading
dislocations, they tend to recombine non-radiatively and, i.e., without contributing to the solar
cell’s output power. It is possible to estimate the impact of this loss mechanism with the
following equation that gives the transmission T as a function of the absorption coefficient o

and the thickness ¢:

T _ e-(Xt
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nm which may be typical for ART trenches having a
wi dth on the order of 500 nmor |ess, the transm ssion
WO 00003146 he trapping regions is expected to bRCHES20D8/068377

95% [0057] It is possible to estinate the effect of

thi s phenonenon on the efficiency of the threejunction
solar cell described herein. The | nGP absorbs about

33% of the photons before any of thementer a trapping
region. The remaining 67% of the photons enter the

[0056} aplsihagbecagepmesdithatttheatisn@aiPn ced:ﬂficieiﬁhd InPap@iGags regions grown

on 58} R0 AEWTIETE 550 b MTEPE A HERBE RIS v beto
the HAR@EPNFor HOLER]in ThEcH @BEBIiOkNRE GHtRE RI3RI Jiﬁ@cd@&f*ﬁaglons is about 100
through the silicon cell before thiygenter

nm, whighpshayche aicakfor ARAheencheainged widdegn (i asdenafs00pmeor less, the
et e

007" Tt el 3 L REB LR ﬁw@aéﬁlqglh%{?{ﬁﬁf A 8 he three.
junc@OS Ik RNAcrd¥d Aéretrh atheIRGUP Qbs@@@éﬂouﬂ-?)y‘?«{oo@fheaﬂﬂotdn'ﬁ ®efore any

i nci dent sol ar photons. [0059] In total, then,
of th?ma?ﬁﬁﬂr adrappigisdpgioab e @mazmsg/&l%ﬂf_ tiRophotorsunist tlafl tlraptpm regions
tons These SI uIatl |
in th RS2 CHRBRRPBPERT: B STk Th P R g of

67 %% bl’fae)@dt nG7irsilioatncarest M@fﬂheto@s.m nor | oss mechani sm
that may prevent ART solar cells fromattaining their

[0058PXiT ThReh@AhEph&ths @ER b eMeNgtPthe 83R%on Rell beRSthBPENter the
precl ude a production efficiency in excess of 50%

trapfigDB@jonTin éhaknéiadfs cART Biyrthis dimer thedvogippery(Inteaiianal Sih eells have

absogt)et f ocr‘gg?/ll 8§ ali:are]tl?cﬁf l,Illge lro a | on nl%g?)‘z Voeflrfhe toEa? 1nc1 ent solar

photb@ Iahdhvtﬂl: Yrapsing rediiGt AnBe InGalg. c,ellu The @rapy ;ﬁlﬁgi fre gléhsMBmidd1B; absorb
use of ART to nmake solar cells in trenches 300 to 500

abouy aVapftBat 38y O beud - p REAIE thsfingident selae BhSPnsa  def ect
significantly in conparison to a defect' s influence

[005Ph alnbyatak thex, érei tedppong ragiohs asodi nké%at dl ¥oe abfeor all the incident

oo D RS SEER DR o BAE  Sg eeion

near s tAeading dlﬁo@ﬂohm@y badmip&l 1bssdhedhagisimaBat aaf 131@nent ART solar
process used to create the trlége Junctlon cell shown

cellsifppnrpigqipiag their maxinning thegrefigl efiggipRcypf10A%a Pubdnss nAaglude a

prodfch oG T ?-Qesurgg B lstrat é'sbgﬁ Lﬂbgéfﬁéﬁ{ of
T
006 Pt S0 Bl ST Hf R P RE aslil P eigogations. o

bulk@nferRs] Adiglo¥atvhn OSEMmTlEé}écoiﬂbhnaﬁbﬁ @wﬂ/aeﬂewnvaytmgedlajance e.g.,up to
(001) substrates are of f cut gi . to avoi d anti-phase
symt

aboud dthain Bsursa af AESE toangke sglar g rnehes 0Bt ¢ ny WIég‘/ ggduces the
sphe?’el&’ infludhice of'a h@f%&'@émﬁﬁnﬁ? ntﬂ @Xﬂlﬁgls%n to a defect’s influence in a bulk

material or a film, since a dislocation cannot induce recombination in an adjacent trench.

[0061] The formation of InGaP and InGaAs on silicon using ART is an important part of the
fabrication process used to create the triple junction cell shown in Figure 11. Techniques for

forming InGaP and InGaAs on silicon using ART are now described in greater detail.
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thickness of 1 to 1.5 mm is fornmed on the substrate.
A trench 320 having a width of, e.g., 0.2 to 2.5 mm
WO 2009a837¢¢ ned in the thermal oxide by photol it PCHDS9N8/068377

and dry etching. [0063] After the patterning step,
fl uorocarbon resi due may be renoved fromthe substrate
surface by an oxygen plasnma ashing step (800 Wat 1.2
Torr for 30 mnutes in an oxygen plasma asher. The
resi due renoval may be perforned in, e.g., an ASPEN

[0062TRI Fighte Kyidlugrmtereamuenaztdiment of yn MR sorctife tdnpsdwmpg, InGaP. A

suiapfeG bR g B Bt e e AT e o

SEMYOT R HO MusS@awa it g-8lpk Wi (e t@strades htdffceEhy 6T BRIChnti-phase
material 330 is selectively fornmed in the trench b

Y,
domgingoundpsical Adelghinely tl@h]éﬁie@étﬂo\/l&miﬁ1@e%§sﬁth€®lﬁa](%m)@“ng a
| c i 133
thlckl_le% o%g t% (%JB 8%8&%65(’12 0 nll_)lg g?l;s%h Fé A;Tlaérgcl’hl 3%(l)eh‘r?ﬁ %§%8\¥1th of, e.g., 0.2
to 2.@&& is 152@@5145}1 11|Ft}@uhﬁnih3 osidews phbtoithopRphy bhEdgr«dsttihg.
nodes of lattice-m smatched material 330 . In the

[006BT ankfe¥eihe PeiterviicWe: ﬁ%roﬁﬁg@n relsTife By Vel rdtn o AR0fr&h @MSsubstrate
over a substrate 30(])3 in two dinmensions, |ayer b

Y.
surfacg pgian oxyganhdasyesl #bine\WsreiB0Q Wint haderr fond@mfiewsesin an oxygen
o GORL R R R ERLA 5, BELER6R g SRk RXABPERPEAEIA syt
manSfat@naity MoashaneindlSK), Ii@dgsed heFromber CAl. BRObage el substrate is

| ayer by layer until It reaches a critical thickness,

Clea%rﬁdfqr gaHMPle 1) Poha; ACHaand skte @B@@g}lomﬁw@a@m@HﬁsEﬂs&Xlal lattice-
[ ol D€ I
mlsngiétrg%ﬁgﬂa(t%{l&l 329‘?% %?er& &p%lgrf?r[méﬁgg he en%h bg dg! hltre%l\?w Héa'ﬁﬁ: chemical
vapof idegosjtiot AMIDC BR) niitle ppitaxfixil d:z&hd:eymhﬁaa]idleﬂmndnem 330 may include
cent ations of defec a rough surface. In sone
InG aij ﬁ‘f?a"i’qﬁﬁl%g aggrdel@@?ggé\rsessed by depositing a
| er 1140 of, e. GaAs directly onto the Si
[006§h bsFlrgareel B dhrge porsitle &@wﬂh aodpgpfpattiperanisyaigheg mpterial 330 .
In th? rl:?é/ﬁkl @ar?ﬁ% hﬁS&JC'SI(FE/p 1§ de ﬁ'ﬁqn;it&%} %3@" (}W%\%Wa stibsfrdte 300 in two
ayers on ows an exe ary set o
dirnem@mds Jtaendy idyat. hetie Vel Webad VIVEY mgdﬂvliltﬁgaﬁﬂl/ﬁle@m cause
InGaPTabeZ nitia ndrtron for osi tion, of
isolagedRatafgs p ?Pgtami@atealﬁ t@&@r@@@éaenrﬁ@egrﬁr I theattpagslig rastanov
(SK%S&@% AftefilNe 30akd0s ﬁ%l"}%ﬁlﬁ dMBitil 1t QMh&L BcrPfcaPHUIQER, and then
| énent in the group V precursor to the flow rate of
1tgr¢\*memg:ramlnps [1l element in the group Il precursor, and
may be cal cul ated as (V precursor flowrate/lll
[006p] eclnGadrteddsawgrat en Stin(d macplamar noddeVi.el mrather tha sdéond (VW) or

precursor/fraction of IIl element in |1l precursor).
third (K4 ader Ponemianaygrqyth (o1 Y ar Hymade) ypigdy iﬁrﬁwﬁlar

concgﬁ@ﬁﬁ)nyoﬁaggaé SRf P RSch At &N R Kofte 9&98&%&9&?@@% addressed by
divided by the nunbeﬁ

depositing a wetting layer 1140 of, e.g., GaAs directly onto the Si substrate before depositing
the InGaP. The GaAs will grow in 2D layers on Si, and InGaP will grow in 2D layers on
GaAs. Table 2 shows an exemplary set of conditions that may be adjusted for growing GaAs

and InGaP.
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group Il atons/second that enter the processing
chanmber. [0067] Gowth conditions nay be adjusted in a

W 2000083740f ways, such as, for exanple: A prePEpUS2RE068377
bake of the substrate, e.g., in a tenperature range of
800 to 1000C. During growth, thermal cycle anneal at
tenperatures fromroomtenperature to 800C. To
mtigate potential stacking fault defects as a result
of thermal expansion coefficient m smatches between
di f flablerk: ImtitleCoralitgors dethDesitinGa Gadis, Wattid g Sia@dr, andde@aP
one or nore of the materials to change its thernal

expansf on propertres, e.g., §19%"tr.agé _t§e3§h?2 to a Growth

nPtecocgen t 1 e@andet [t O ende eV -111 Rat
on €ngbs i ci ent Gdsoser 19 Phat SFEEITE | hagaio | 0 ate
Odl ments, such as the ﬁﬁee j ukEgTTdN nm/min)
© geprcted Tn Frgure 1T, a 0
ng rle y be, iRt er pooLd
>trgjflé and %t3ﬁllopasaA§0tlg6av bi d00 6
thetra e fthe lowpst——

n I’\I r
LI Lllu T ur.lr.llllg T

sol ar e bandgap of the trapa gr
I'B‘E s (IMDE i cant fiy i glkgpbhah t ke bandgagdf 30
t he su M. bel ow t he trappl ng region. If photoAf0are

dsphinke trappi ng regi on, they do not ¢onver{
Into el ectrical energy because they reconbine in the

[0066] S| PEAVIIONGti6 B doffifed hOMRIrND BR@b@the Flowt AR dffa a%mpw element in
regi on bandgap is |arge, photons tend to pass through

the groupa)f dpreguEson s Blew feferaf dhegrony leeafrﬁnamge ggﬂuﬁdlltm@:ursor and

mayl%ﬁ gfﬂ%]r?lat ag(e'@?rec\(l%olr ?Iﬁer a{ﬁzll'iﬁhg gé’u? 'fﬂ)gv nl(ag.k ér I%g-’?&t%ﬁ of V element in

er t han ano
V predirerrfiesech obBCausentlin C}I,ﬁﬁeduﬁsoﬂ)e dn Isy'rnhﬁht itleeV HHtratie t equal to the
to InP, those of skill in the art w]]l appreC| at e _how

numP%f A BIP YerErs/ SepRBRe AP Eng Pt dpiidhgrby thg number of
group Tl lé%rﬁ?ée@éncﬁthﬁ{ %ﬂ'ﬂ L gro'cgsaﬂ%' GhmBef i rst crystalline

teri 330, e gap InP, is fornmed over a

STy
I V. [ |
R TS AP G L o
| B{ng Ql%'&}i’ﬁ QHemﬁ‘chydeEHne%ﬂSat @é}ﬁlrela!&ﬁ&rsq [ddnd fem }H@ure to 800°C.

functi ons ar ce Tab 3 sets

. HI\o ﬁﬂ@gﬂb& Pot¥n il ktadlting Gk ddf@iﬂSSastdW@Eulﬂ@B/th&@laﬁldkpt&lkﬁd coefficient
for growing InP and InGaAs. Table 3: Initial
aaHmatshen betpgen tidtsarnt magiiaby suchps Fiaph, ﬁe&n@ S[@mrﬂt one or more of

Fﬂhg a%eri'a%s @%&%eﬁ&&éﬁﬁﬁ) F%‘%SBF %%f%gtgts u‘{\g 7 o c@the SiO, to a

single-juncti o
Fihgti# nitbogan dreadivar toticaddrigsha@mabatpansice bd)esfﬁhentaﬂasseatoethat of Si.
schematics, rather than precise drawi ngs. They omt,

[0068DPr EX@iR! e@mbo@lﬁﬁ&rﬂsltsuﬂﬂﬂd the tHreg j1PBGen YdlndW sltray@feSdeplcted in
Flgu?en{jl ga}lltl:gkh -bandgap InP trapping region may be interposed between the Si substrate and
the InGaAs to avoid photon absorption in the trapping region of the lowest solar cell. The
bandgap of the trapping region is preferably significantly higher than the bandgap of the sub-
cell below the trapping region. If photons are absorbed in the trapping region, they do not
convert into electrical energy because they recombine in the dislocations in the trapping region.

If the trapping region bandgap is large, photons tend to pass through it and are absorbed
efficiently by an underlying the sub-cell.
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surface field | ayers, whose presence would be readily
apparent to those of skill in the art. [0072] The
W@ pwgloss7ganct i on sol ar cell 1500 includes a t ORCEBI2008/068377
region 1110, as discussed with reference to Figure 11,
and P+GaAs wetting |ayer 1140 disposed in a trench 320
over a p+ Si substrate 300. A base l|layer 1145 of p
InGaP is disposed over the wetting | ayer, and an
emtter layer 1150 of n+lnGaP is di sposed over the
[006Bhs eWhalgen thedefeigninggliwugrhat, erathemhpmmuﬁh@ﬂnigl&wdgap material is

terp S R AR AT Ry s By ook Rl A BT R e T SRS ET v

apprésifte how t6 Qpply Gltiey QuitEmb@liaguch as Ni Au, may be
di sposed over the top ART region. A bottom cont act

[007be eFlggnJeSﬁl illu§rdles:a @hchire [AYRICh a TR cl?fsteflf?ﬁé"ﬁgteﬁﬁl i3Le.g., wide
de o0f the Si substrate opposite the top ART region.
bandghle Ik isaffosmédovdrhdsaopwethdg bott bm%hmoa@t in| aatyerch 330e

r ef er abl elected to cont.act
subsEhdently aiother ChR I %ﬁr@%@ﬁbg AT SPTIRS e the firs
crystaline S¥ASH S, g AP TAR Y REQYJ d@;ﬁd@eét@\&n@%ag @fdrge bandgap, so light is
resi st ance W|th doped silicon but notwith II% V

not almré@d l 1§, ThthlnésaAg| furdtionsras & sq;larefeélr disble drsedfosth ag exemplary set of
condC t1 s %ﬁat %36(? ske%cfe otw(i)n dﬂl and§ {%a&on The S

nt
BStra be ope aveé a thickness of

ZESS? 58%#% g %aﬁfféﬂﬁﬁlhwa@ﬁ[}’%ﬁ%@%ﬂoélﬁk RS

e- junCtI on $Ool ar ce 1500 tﬁ ou ” Ethe Gr th
cont CtPﬂeauﬁbrll‘JTaler73] Suberah Wi dbAC%t he lvcaner ow

nesgriges and |t hgaglop| Mk at)s eBUIG ar RGtib0 Rate
i ncrlease efficiency. In sone enbodl medd @Mt he | nGap| (Mm/min)

LLLSESES) Ib peltywecelr about 1L U0 1. LR oS Ol  SKI T

rpHM || fecagni zp hepectp adj ustzghe | 10O 30
trical structure of|the device, the doping?%0

| evel BMILaIMG he material [ coefficients, w thout pgode

In G%&f)%)\mpt ation for B part i 030 a%pl | C?:\QI on. [%@)74 30

r cell 1600, with the I nGP.sol.ar_cel]l,
10073 enRuli Er Tiehs |383?é?mP]ﬁ¥Yc‘}€ﬁ1é‘§‘§8§e Lt SR LGP afpr cel
150PaNSRIHLERA L P5 hﬁtpétﬁéscﬁra@fnfgls oF 8815cellk BRI ard Béhematics, rather than
single-junction InGAs solar cell 1600 includes a

preciso titagrim @R heg ginoh fdrk30mples colitaw doping regions, pafdomelagerstand back
Fi g d bst T
surtag P lffasisr W@O&%WS@%@M@% et R iy ?%?f& in the art

[007 éf4oih@81ng1ﬁ 3o SR MR Afresial lﬁ%aa&sdqswssed
w1th§5¥gre%cpﬁﬁlel%ﬂi%4ﬁ aff pial ARG AN g l\r%r&hl 1@0 @%B%tha%e%ch 320 overap*

junction 1 defined by an interface between the
Si sudsntirate 800.14305¢ aper HaSof pJMGaP isThepdset o EmtheRTeitiog ilarynr and an

emlt%:B?Etysgf]Zjé) q% élc{n%i gyléﬁlksﬁ%ié over tﬁa %as?e&ggegn 51 I{g&lep otovol aic junction

1152%0ERbERce® UThe @ A\i'{"ﬁlrbgléml‘ﬁa? favH SORKAEsVf Iy, tAbBubDit P, A top
contaclt?-lrayer 1155, e.g., a conductive material such as NiAu, may be disposed over the top
ART region. A bottom contact layer 1155°, e.g., an Al layer, may be formed on the side of the
Si substrate opposite the top ART region. The metals for the top and bottom contact layers are
preferably selected to provide a low contact resistance with the adjacent semiconductor

material. For example, aluminum provides a low contact resistance with doped silicon but not
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region. A top contact |ayer 1155, e.g., an Al |ayer,

may be fornmed on the side of the Si substrate opposite
W@ b@ost7so©m ART regi on. Sunlight may inpinge oPCT/H82008/068377

single-junction solar cell 1600 through the top

contact layer 1155. [0076] In sone enbodi nents the

I nGaAs thickness is between about 1 to 3 mm The

bottom ART region 1130 may have a thickness of 1 - 5

mm The substrate may have a thickness of about 300
withith V TiegalofTieki dliminunt bereletabiy used peadontyctdppr edjpetne to doped

... _how.t o,.adj ys e tri.cal ructyre of th I\ce
sitieg o e A P A Em s R Boree rnapd i3 Hispfrscirafi € 30R56 700 pm.
with Qfréfeié@ tHi@e SCoMBHHIOIOMERE e Shifligh@mRR ifpigk 8h the single-junction solar

application. [0077] Figure 17 i% | ustrates an
cell dlfoeh thegpp gowtectilayeahé?d.on 1nGaP / Si cell 1700 and

Figure 18 illustrates an enbodi nent of a dual -junction
[0078hGaRenth Sidtbelthe 1agO0hicKissaduald thadopiop ldvelGafay beSiaried to increase

. solar, cell 1700.include t ART.reqgion 1110 as
officast Ineesritonitdhe b Re BREHRS SRR A5UTHETLS k. Those of
skill fih thtardoiot @M(%n‘iz%! How téN@lisPihe kdS@etrhISPRE R OMABE davice, the doping
substrate 300defining a second junction. In ' o
levelg aandj thejmateriat ¢pefiacienys. vathoupragderx pprimgniatia) for gaartisylag application.
t hi ckness of about 300 mm An emtter region 1705 of
[0074}+-Si Figase Ieshbws medrdhite¢the foubsingtjend®d IbGGaAepolar cell 1600. As

i Rl B AL Tt oL MRES Bl 5 may e e

incrdRO&P¥RKERI C junction 1720 is formed between the
emtter 1705 and the base 1710. A tunnel junction 1170
[0075RY Phe th@%&#ioi%?ﬁ%&@s&lme11QBoé\fﬂEldd%9h%ttélrﬁmzﬁ%ion 1130, as
the emtter "1705. A bottom netal |ayer 1155", e.g.,
discAked wih fefemect Figubdd kdided ofi an heSswbstrata8€0.30k: boftven ART

.top ART regiqn 1110 ornmed adjacent to the . .
resicgt3Darvig8at b S6FEE e 1A0AIOh T i BibalSredppingpeion 1160
of, e@f, FiPUE€ehftc NE50dESe. 2, ATThehARNAN QWald RI45° 6£p InGaAs, with a

including a first sem conductor material havi ng a
photpyqleic juagtidncld 5S¢ odefingd by andntarfager bptwesartbiy apyitean dd &Y, and base 1145°.
0. - The fi,nSt _photovoltaic cell corresponds,to
The b AR e 10 o MO0 R IRk e s RS BERE 94 gfom contae
laye©f 1533 g., Acddhda&tivkimdiCriflfsugh 4YNRASImaydRdlishopdtDd @y elel ittom ART

junction 1720. A second photovoltaic cell includes a
regicgle ¢b P WBHCEBNAUKOr e g2 Al Hyeh avAyrks farmaethide sidetof ghe Si

.. di f 1t he fi i : .angd-:
LSRR ST HALET A AT SRR PSR ten sl
cell B60OrthyougH ke top comadctpiyer dVed.t ai c cell may be forned

adj acent to the base 1710 in, e.g., InGAs, in a

[0076Pt t BBoARTenfite@iméntd :3AnGaas Be86 kIS Beticbh ab&ft@rte3Gen.t The bottom
lgure 11. In particular, the second@ghot ovoltaic cell

F
AR Tigagionrid P nsyaventiieleiessafso- S g Ehe At ey daiss ickness of
aboull’ %@2 P?lg];"l"eh%gée {Jf\;‘g{?f] in[ #é tag vﬁ%ljrgzuﬁlglﬁgﬁlie%iéaﬁezhoé R)remfﬁjst e éeg{’:ﬁetrical

mitter
structure of the device, the doping levels, and the material coefficients to optimize device

performance for a particular application.

[0077]  Figure 17 illustrates an embodiment of a dual-junction InGaP / Si cell 1700 and
Figure 18 illustrates an embodiment of a dual-junction InGaAs / Si cell 1800. The dual-
junction InGaP / Si solar cell 1700 includes a top ART region 1110 as described with reference

to Figure 11 and having a first photovoltaic junction 1152, disposed over a substrate 300
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base. [0079] A defect-trapping |ayer 1160 is disposed
between the first and second photovoltaic cells. The
wa@ledoenss7a¢ appi ng | ayer includes, e.g., n+lnP, BCT/US2008/068377

material having a third bandgap energy higher than the
second bandgap energy. The defect-trapping |ayer

includes a crystalline material (e.g., InP) proximte

a non-crystalline naterial 310 (e.g., SiO), with the
crystalline material including defects term nating at

defirtihga peond jyrstian.| Innsrined @y thalsubs[t(awet@}w bap-dypeadit karvimag & theckness of

aboul 30 5%, i S5 Ratn (798 oS\ e i pfifrfecso0 by fon

impl@#itaih, URbde 17410QNB1 B Qed B? tHef reM@hd328¥, th@Substrate 300 Thus, a
illustrated in Figure 19, to create an ART buffe

secop@pktoyd Qe Jullrw@n 12043 fosmed betwised ithmﬁmttelreHOétanahe base 1710. A
tunn%pﬁ'&lbtl Ulri%) %Iﬁ%g‘i(ﬂgﬁéwgén th% (t9 5ARJT“C ?%819 N ?fd ﬂ% hhgmltter 1705.

fer acent ~di'scre
A bdt@hd ine@t myannﬁﬁhecg Rl Esrﬂoﬁhed?@ﬁh badkeide @fﬂﬁ-rsﬁibﬁra% Bl@ﬂ €The top
continuous film i1.e., the ART buffer Iayer 1900. A

ARTsr@g@fl 1449 mapfh%fp%@ﬂdwemsmtﬂw'eﬁﬂ@ﬁ%m on t he buffer
| ayer. The solar cell pn junction nay include a base

[007§b10Thm@Wéw1@ﬁpm sapr ced2AG00wf Figuzge heingludeoabrsy pb@@@@tﬂlc cell
1nc1udli] ggr gl res 1-r<l:-(|9ngd %r/ 2n|rater1 h ﬁ%vqggz% 8@% latfH?e (:qulnstta¥1€ and a fa =6 bandgap

energ}h el rsic tIlhé Eirdtp¥iotdeoltH¢ Bﬁﬂccﬁﬂas@orﬁi&l s tHe’o’Hl%uB@ﬁte }009 which includes
Si, haV|g€ ,a thickness of apgrOX|nateI
5 ¢

an egiftss 47 fepl s Shadasr bH 0Ep-tyne Peangd ayésa@volaagc NHICH%I% i%ﬁOedA second
photgyolian:eceﬁ)igaﬁh& a {?C(’):rL Jn%uct% ﬁﬁ%l ihe[ Eﬁ'& {28fte constant
does not Imnis e SO ar ce per ecause

diffetdne fr@at the €irstégticneonsfant zhel secartd lozmldga;dmemgt loms 'thie thenfirst
the trench 320. [0081] gu e 19 a ustr at
band@@%fﬂ%f‘g@é njﬁ%e Wep Ph%@%tawt% RNAS % %&J?@&t fq g base 1710 n,

g., B84 A MYa bE@SH tATer 1QRorof 138, 2 fAs&ittauwat refdehce tHERRire 11. In
types ‘of defects nmmy appear in a selectively grown

partlelpialt, thei sgtorfd photcaiotivie call @mytlacplndepm eettad W of nHeGsA®and a base

s SRR PR W Eray oY Al ab MR RRe e R by ana e

bwwthese coal escence defects include: adjusting the
MOCVD condi tions, and reducing the density of the

[0079})al RICERNEHapREL OREr | RNis BRYoSU HRtwW e Bhd f?rsgﬁ{(ﬁ&E%d ﬂiﬁ)tovoltalc
educe the density of those regi ons, the length of th

cellsoﬁér: geat- haml@la&tmgcludaeSFﬁ gumélnP9y mmlabmwmg:at &alsleldmdgap energy
means .i.ncreasin

hlgh%m{e}h%glglsgconfld)@g%ap Roe t - ﬁypgggggppnég ]g%%rl Oélpdes a crystalline

mate@ﬁf et RgepRkirhdie a |n@%fysﬁiﬂ%{egﬁatlah§lm10R@%5 ISN@,)i WiR te@ystalline
Si and | nGaAs areas has to pass through the trapping

materigbiinghydingalefests tegpinating #itke percpiystedingmeatérinl| ess

[0080] In an alternative to the structures illustrated in Figures 15 and 16, a solar cell
architecture may include a film that is grown until it overflows the trench 320, as illustrated in
Figure 19, to create an ART buffer layer 1900. The illustrated embodiment depicts a single-
junction ART solar cell 1905 incorporating the ART buffer layer 1900. Adjacent discrete
regions of lattice-mismatched material coalesce to form a single continuous film, i.e., the ART
buffer layer 1900. A solar cell p-n junction is then grown on the buffer layer. The solar cell p-
n junction may include a base 1910 and an emitter 1920, with a metal 1930 disposed thereover.

The total thickness of the emitter, base, and dielectric layer may be about 1 to 5 um. The
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vul nerabl e to sub-bandgap |ight absorption by
di sl ocations within the trapping regions. [0083] In
W@ 00e/083Twedi nents, the ART buffer layer is forP@&HUS20081068377

the primary solar cell material; e.g., InGP on the
top and InGaAs on the bottom Before grow ng other
materials on the buffer layer, it may be desirable to
pl anari ze the buffer layer 1900. Tailoring of key
paraneters for a planarization process enpl oying

structure macydie-fnﬁmhﬂawn @albsp@tleBQﬁj ng. sﬂwm)ing athitlr@aPolaapgroximately 300

I.nGaAs |nc urr hat attacks ..
. 1R Whiee W ARIHE Hen Bt Muiliiete By fie pBEilaieure 10.
sideWsll Ricb@bin@fiod BEesafk amhiMBh PR dol/cen perf@)ﬂﬂﬁm@@ﬁéﬂ&ﬁ%&h@ﬁctwe regions
the pad, the down force, the rotational speed, the

of thg gelar ¢edidemotrerade indhg teneh 328nd  a suitabl e post - CVP
cl eani ng step.[0084] Figure 20 shows an alternative
[008&hD oEiignEnl9 dlivatllusisdss acabatase ddfebufF4er thleegi‘t'ro;al dagtefl dinmemerging
t hr ee:

from i, ST {4106 MR A R T e Oh 4Bt ARS R e Selectjyply srown

epitaRiHl Fi@h al)@\Yeezf cokRBPpdrBatia de s thedsy Bédltf%@ﬁlf whigPase dar9\ueh function of
a wetting layer 1140 of P+GaAs fzor med in an openi ng

depogision sendifipnsa IeNeaipdary methagste radare dedenyitymidhese gagessence defects
incl & P+l nGP is di sposed over the buffer |ayer 1900,
and an emtter 1920 of e.g., n+InGP is disposed over

e Y BBPBREIAA s on 20 ayer 1920
. %%g%&ﬁgtlgﬁ%\ﬁ/selgyg&fﬁﬁ (Ea?eséér{&g frggébﬁg]tﬁﬁﬂ rﬁ!ﬂy éggn§9 oa([efgc% ITo reduce

ness O
1438 (ﬂemﬁt,y of tighse rddiidus, thederditls phHhe @Vel‘gm'wth faeca (L, in Flgure 19) may be

sin ion ART sol ar_ cel 0085]. The
slinﬁ% d}wﬁe@ %%nﬁ\wrf‘ééungrthwﬁth 93%9 Sﬂé %% over a
substrate 300 of, e.g., ptype Si, having a thickness

[0082f aleut, iROasEs)a shalRApEtcaitageodf thelod3@neigy lighgpassing into the Si
n+Si, is defined in the substrate, with the renmni nder

and @ﬁaﬁﬁ@reﬁs Dypo rass duipenthe BARRNG Freiysa A adesiodus arehifesture is less
i SP S PR Y B L IRSER, o B A
[OOSgEn nﬁll solrn% e?rtlﬂo%r}%enf]tg' 7@ Aﬁlljb%ffe?%lﬁc{ fgrfg}?ﬁj 01}1 hl?e %ﬁgr@%glar cell

ttomsurtaces e sem con or SU rat

matefri@Q &6, IkGaRbh Yhe @p 386 0iGhAd srgihe bpuoat IBEfbrABﬂbvﬁﬁg ather materials on

cell 1905 is disposed over a backsi de of
the buffer layer, it may be desirable to planarize the buffer layer 1900. Tailoring of key

parameters for a planarization process employing chemical-mechanical-polishing (CMP) for

InGaP and InGaAs may include selecting:

* aslurry that attacks the surface and weakens chemical bonds,
* the size and material of the abrasive particles,

* the hardness of the pad,

¢ the down force,

* the rotational speed,

¢ the duration of the treatment, and

* asuitable post-CMP cleaning step.

23



10

15

20

25

30

the substrate 300, adjacent the base 2040. The cell

1905'" includes a third photovoltaic junction 2020,
waoele@posyds bet ween an emitter 1920" of n+l NnGaASPENUSA08/068377

base 1910' of p-type InGAs. An ART buffer |ayer 1900

may be formed over a trapping |ayer 1160" of n+InP

that is disposed over a wetting |ayer 1140' of n+GAs.

[0087] Referring to Figures 2la-21j, an exenplary

process for fabricating a three-junction In@GP / Si /
[008#h GaRigusol(ashoems lah altembtideembdrémeit] thowiserpp sdadpysed HuffeAregion to

stalline trat.e .300 havi a.to
formgy i Jun B m AR S A e AP e iaigincig i Subdi 1903
mCOﬂforalé—)S'd ARIT bRiffed WRSE TFU0RNatiifclRAQVT HEFAP di{Rs&lO e hatcRting layer 1140
be p-type, with an n+ region emtter 1705

of p |Crap‘486fﬁtr@ftﬂ nRnERgHng Ideflm@gnsuﬂieﬂa@ec ntaﬁmaé%w dafoass HY Oxd. e.g.,
oG A S R RR 0 PR PR O P

disp&dh sam&he b&0yith Al ;ihemattmv 9lny:t10ﬁ b&20nbeih € hrdBed &fTﬂhE tiérface
may be fornmed b pi taxial growth. The dopi ng

el
betwegi theeaittar léyﬁrtlé%Q a%ghe tase B119¢ |T\}1§|sylg}ﬁ -iyRctiqn @RT solar cell 1905
/
may?%f@% %Q%%fje gi %9) 518 A Bre a\f\@?il&(?oft Q% %R{unﬁ dlls?}égéﬁi oifer the

ase e Telati ve ow, e: ess
singbe-jﬁﬁbt&ﬁ/ARrBso]Ar ¢edipl 300t ect i ve | ayer 2 115 e.g., a
| ayer of SiNx having a thickness of e.g., 200 nm is

[0085Pr NEEE SiRglkhendtion ARIDSSIREded 1980 Tiakemad 00erd. sublteatd800 6fYe.g., p-
surface 2100' or backside of the substrate is

type ﬁhﬂ]&l&ﬁ]g@dhmqlﬁpﬁs &f Bbqu}; 6@0 @gba%ﬁ emgte@ regigfnt B ofte-&- A4 s defined in
the s?fﬁtl]at@( \X&Ql]ttﬁ% I‘e(?na%nd%r %ch%g{c &gg fS L%&étg\(}@ﬁhﬁllg 14;?55619040. Thus, a

an ener ene
secopd pha@veditayc ]hﬁctkc&l\QOZQ)’ tsl defined by hintRréact betwepr tiieegnietar 2030 and the

d then an n-type _do {, enic at, a dose_of
base $040.1 puns] o 15173 Eldri}sﬁerfermedp%%ﬁ%w hptipm irfaces of the

semitMdidfor sibskfegpoener gy of 10 to 60 keV, preferably 20
keV, 7 tilt, thereby defini ng a tunnel junction 1170.

[OOSEE ti fﬁﬁ aas%g rﬁlgst%g?% élﬂlfctlfn? lérrE@ ﬁ@b?’ iS Iaﬁg!)%d%%eﬁ a backside of

Im Ze r Oop across
the spbisietd 200, aﬁgamnln kel baeel 2(040), 'HlegjeMGBOE’uhéladés a thiré photovoltaic junction
n+region is preferabI)[ shal | ow s t hat

202G gperishbeverrargBpier 130 0é gi Iaﬁ?agg ang\a %;et lg"ﬁssﬂ%mr%&PGaAs An

§
AR'[lzli%gerr é%%? r11960(2 61{13@{ Hrégtgrerﬁ%d)&egﬁttﬁpfnlﬂg 1 I} :1 IP(‘EPg %g'hllﬁﬁghat is disposed

overlagy@tingfaySi 046h0f1me}awack3| de of the substrate by CVD
A plurality of bottom openings 320", i.e., ART
[00817] e nRh{emngabe?lgmemth 2 hi; @mgibrﬁﬂiayhmbde@mdr fishilcating a three-junction

‘I‘é creati nﬁ ART trenches in the SiO are forned
InGar?)/ysl /" @Q%iﬂll“}/rcﬁ dncdwdes ghectollowingstenscond crystal i ne

| ayer, i.e., a second lattice-m snmatched material 330
L. &cry@alﬁgg semlconductor substrate 300 having a top surface 2100 and a bottom surface

2100, e.g., an 8- or 12-inch Si substrate, is provided. The substrate may be p-type, with
an n* region emitter 1705 implanted through the top surface, thereby defining an n*/p solar
cell junction 2110 between the emitter 1705 and the base 1710 (defined by the remainder
of the substrate 300). Alternatively, the n* region emitter may be formed by epitaxial
growth. The doping level for the n* emitter may be relatively high, e.g., greater than 1 x
10" /em®, while the doping level for the base may be relatively low, e.g., less than 1 x
10'%cm’. A top protective layer 2115, e.g., a layer of SiNy having a thickness of e.g., 200

nm, is formed on the top substrate surface 2100.
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wi thin the bottom openings by, e.g., grow ng an n+
GAs/ I nP buffer layer with a thickness between 10 nm

W@awI33THEer on (-400 nnm) (including wetting | ayRCT/LS2008/068377

and trapping layer 1160) and a p- and n-type |InGaAs

cell layer ( 1 to 5 mm (including an emtter 1150

and base 1145', with photovoltaic junction 1152

di sposed t herebetween) in one step in the same MOCVD
reactor. The second crystalline layer is

Tae boiten rugaet2d e dOItb:adeiée cfrthe sdiskaieas gepltot suthtagr-type dopant,

TS N A T B RO -

61ty 30 &bV ieR€ro§ ST PN CH REV Svttﬁt rtéif(ﬁmt £4hiA prade@iod 4rddl then an n-type
t he respective bottom openings, A bottom protectiv

deReat, e2a 1@senicatg, dosg of ZydO &m splﬁxx Haviemg . Brefasatli ﬁecskp%/cm

b tltrh%t%?eﬁgréybo? 1%66 %eg,l{ﬁrgise bgy 2GR \égﬁ tﬁg %Fergﬂé/ c?eﬁ?lir&g,szp tunnel

jlﬁi?fﬁmedl’fﬁ Ol’hetdbee taap efetet a€ eheZslvaGm@fantslmoﬁlubﬁ:torpatrezdalyso that the
% dry etchij ngW The substrate is cleaned with a

§91| %gﬁksir%p fespsschefynelgupetionds manmizeddar # gveR cwggny, The n'region is

Fl%@rablg@galw thafR go@srhoHEorﬁg&ﬁﬁtezhe @éegglpq glléh at or

ayer rrred pr oxi mat e top of the

AulsitoninCulBior 1883 10’ dERSEd bR idatd tﬁe%&toi’ﬁ@dr&}t@m@f of the
Si2 on the top surface of the substrate by

prhstrateityy .61 deisyitiisent ingsHBdayeaoé Siféf emide watd@e)ftﬂaﬁpsubstrate by

| at yen cre
(YR 3By e, S0 LS A RIS
battdrh ¢suhitaiiayet b draaih g AR (ra@Bes in.the SiGk dré fdined by lithography and
crystalline layer, is forned within the top openings
0Py, e.g., growing a GaAs wetti ng Iayer 1140 and a

R PO e 2l AP R R D £8F e

Wi@irCthy babmiopenia &b g e Ugb®inguhs tGa BnPAuff} Rkéd Witldh thickness
defects arising at a surface of the first crystalline

betyreen h@ aped ltmzecr@r (PRI Acheinecweiting tayer Shids aachtrepping layer
A FAAREL: thd Do i ASRURERLAS 3P QB fepfhd s and

bhheclHA8s svitif phoetvettein joittiom] &5 (ﬁ@ibsafdmhembetfw&em)bhy)ne step in the
about (%FSO nmis d%?o& ted on the top side of %

S QL ¥Dygadtsrp, Therecndicrpi! ?eo]laéé%rtlﬁ thea%imaéc g to the
@@B‘I’lﬁfé BRI ERGoPaBK S eACHClaJBHS/ TR fsakRinl 3ﬁt Q sﬁ’tﬁ/ce of the
etch and a wet clean wth, e’ g., piranha an

s@ond\ctystallow laptr abarg s 5k cnysalﬂmﬁ sediconducke snbsttatesueumnalfe within

he structurtte by e-:beam deposition or sputtering. The
tTERTC S BAUORRSPIIE ude a suitabl e conposition for

onlg(moﬁgpl%técﬁ% layer 2115°, e.g., a layer of SiNy having a thickness of about 200 nm,
is deposited on the back side of the structure by CVD.

The top protective layer 2115 is removed from the top surface 2100 of the substrate by,
e.g., dry etching. The substrate is cleaned with a suitable wet clean, e.g., piranha (sulfuric
acid, H,O,, and water) and an HF etch.

A top insulator layer 310 is formed proximate the top surface of the substrate by, e.g.,
depositing a 1 to 5 um layer of SiO, on the top surface of the substrate by CVD. A
plurality of top openings 320 are defined in the top insulator layer by, e.g., the creation of
ART trenches in the SiO, by lithography and dry etch.
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resi stance contact. For exanple, the bottom netal may
i nclude or consist of an Au/N alloy, having a

W@ biogksgdss sel ected froma range of about 300 PE/US2008/068377

10.

11.

about 1 mm preferably about 500 nm 11. The top

protective layer 2 115 is renoved by, e.g., dry

etching, and the top surface is cleaned with water. A

top netal 1155 is deposited over the structure. The

top netal may be a netal suitable for formng a

Aofaest egticstrainmetcbehmatrialg i(h i.¢ he flasd jcacemlinesleydrcio fiduastdorithin the

mat eri al . uitable nmetal, is or .exanpl n /N
I G o B i cwRedB Sl belie S I Eand e g taver
005 MBrkQtephA e shrl¥TeakN G st StBAS REAEM ldtiicel MBmatched to the
metal 1155 by photolithography and etch. Subsequently, ,
arysatinearmigonAuGtor TubpEptgad maigrityeof defertramismatab a iswibras\aé the first
%p gtaﬁf)n%tlgcetr %'earF gl Hgstglili%e Ingl%O{IHu)gO rsebs(glfa]teut@mtli%at]e%/ﬁhin the

)}' I ogen 0 RIEY ogen; e anneal may be’6
sdshédtive @ dbpenhiggh t enperature and duration to inprove
the contact, e.g., about 250 OC to 450 OC, preferably
Avepprate@ive Grfco 21 Bhowgt, allageredddNt with amhipkness of between 50 nm and

20851, AR T B GBRY o SEHTBhBRRA Mt oy v,

TRAYEiRérh R&bctival@e 21 fPhis ’Rnloved Blonfite dhiienle dFARBRbstFR€ by a dry
resulting structure has a top ART region 1110, i.e., a

pichgnd 8 gicheleaMithee.g pRbERGNd &lfcdigel || di sposed above

the substr 00. The first solar .cell includes a ..

1 Supro gL e Brorg b ediecR A9F nG R yropEEe §55 Br e deposition or

GoREHARt Thé b&tom hiteal hdyShclGddy 8 bidttable @ RY¥Rion fdM@rhingStiow

sem conductor material "includes a first 111-V '

evmpga dontagid Fohexdmplet the bpemaedtal mapsinglufle pgeonsist of an Au/Ni
otovol taic junction 52 defin 0] e |ll-V

0 S0t BRI QT 0 R Rh S B i 1 . preferably

dbspacedmbel ow the first solar cell, e.g., defined in

the substrate 300. The material of the second sol ar

d6t kop mogctiveslayérdn) ihesoaed by.ongl. dratetdhong, eahthedop surface is

i smat ched with res .the fjrst sem conductor

Al T s AdREAREIH AP iscl8Pr ich 1 o BE S ERAURT TG op metal may
bd @cdl duRatI@aR fdridiflg a Wb ResdstaiRRe @BAkatNOkIOMRatiflcént semiconductor
junction 2110 defined therebetween. A bottom ART

megirgh Ap8able metal isp frexp@ploimAuddl gllogy wish a thiclgies iedected from
[ i d I t he r.. cell
3l SRR ORI S RERR PRl il
preolithog@ph ¢ amletcli. 0S ubyad eshtlg) ant dv@taliveith forming gas may be performed
latticem smatched to the naterial of the second sol ar
Eximproe e confagec Borning pasis @gnisbuimat ukiedl04e hydrogen in nitrogen; the
ERRHPHAL baLF lrHPEh PR b i perat RO du IRl Aot Y contact. ..
ebhut 260 SO ne 4800 diraferdbsy atidned®d 7S forabeutglysebambligapmirsites,

I han . V. T n I 1 i
pree%g’ral:t)lyei mﬁllkl)ltoeultn aoragidetherma z?nnségﬁnog s%/stségl. afhecaenneallnﬁay also be

performed in a conventional furnace for a longer duration.

[0088] The resulting structure has a top ART region 1110, i.e., a first solar cell or

photovoltaic cell, disposed above the substrate 300. The first solar cell includes a first

semiconductor material having a first lattice constant, i.e., the first crystalline layer. The first

semiconductor material includes a first III-V compound, and the first solar cell has a first

photovoltaic junction 1152 defined by the III-V compound. A second solar cell or photovoltaic
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di sposed below the first solar cell and has a second
ener gy bandgap greater than the first energy bandgap
warapproxi mat el y equal to a bandgap of sili cREI/UB2008/068377
1.1 eV. The third solar cell is disposed bel ow the
second solar cell and has a third energy greater than
t he second energy bandgap, e.g., greater than 1.1 eV.
In some enbodi nents, the third energy bandgap is
greater than about 1.6 eV. [0090] Figure 22
cell isldliapsserddieécsw theffirvtssojanaellicom, dafi@adin thE&arlsstrateSi00. ThaAgBbrial of the

secopd (@D, 28 Rlich s & Ssepnd e Sl Risi eI skt o the firs

semib&tductr d@%erRll. ThStecsaD Il 1&9@désfhﬁtenﬁ@§r 1&05 and a base 1710, with a
photovoltaic junction 2 110 defined therein. ART is

secopd éhptpwltaﬂ%lpn@eme@ﬂ@ defingchiberepetarcent Hranttag AR regipad 130, ie., a
L0 Q gaont | a
oindiSH S bepeaab BT ket SRR R e

subs@ine. tme tor @Mrfcall eschafes ﬂh:&se&bncﬁ%bﬁ&dnﬁhﬁor maepiacthawvie lattice-
A fourth photovoltalc cell 2210, e.g., an_InGP cel
mismaichegterghs meraliafhe ssponreplateal. ©ot f secapd 14V Fempppund, and a

pr?Qg&gﬁgh&ﬁJ 1168} | 2220, e.g., an InGaAs cell, is

over t e GaAsSb cell. The crystal Iattices for
es are st.ant i al to
008> T ik liar ElineS S cRb B BUREORT G T B 1 b Sme

embél@freatssthe [fi@ﬂ%ihérg?lbght[@p 23lekd dhuﬁ hWbAlt OB én Thdbadbii®filar dell is
which ART is first used to forma first top ART region
dispaseqd helopthe firy selapes banddag aisssong ep?rcgmhaafé&aﬁ)cgécwrsthm tap first energy

n I
bands 2R R EAERITPLL R Sandbth SRR, B MRS rRARRgRar cll i
dispdsea belawsthe seutbnt oplaARTl anediagn tlilﬂ(ﬂ.éﬁergﬁglfeﬁtemdn cheesecdrtdeenergy
first top The se 0 i on
anf%gﬁm%e&re%fercéa& ?gcﬂ ringgme o H%eqﬁg .ﬁﬁentgfr éj&ﬁnflﬁﬁp is greater
ﬂmngggﬂqlgeﬁ eVv. Flnally, a third solar cell 2300
including, e.g., n- and p-type InGaP, which has a

[00961‘; c oﬁ%lu g&%pat&f ﬁ@é) %(i%QI?In%‘MP / '(Jsaﬁgsr/ S‘l\’? 8 Q%a% IIR?AAS solar cell

regi on ., ove
2200 SimilpH %?ﬂheAmbddﬁﬁrms fadtratedweFighabr li, ddt embodimesndsas ART on both

odi that have juncti ans oth si des of
Sldesaofjms%tln?%%e Bﬂ}%aS&sHhﬁEj)Vﬂ Cﬂlg’&ﬂﬂlil &ﬁﬂ% stned deggip) ART is used

to traff ddrEt N2 ATiRYd BERiRANWE SRk LaN i ¥ay ¢ OAR?@HE 1 feE&RLifing GaAs
rising fromlattice-m smatch betmeeﬁ di fferent

and arbotemi ARST calhll$e cofitagiing GalsSh;, laboeer the wip dnd biottown smwaods of the Si

substl RS EESY & ORGP R SO TRN € Eoh 13 G E formed over e

top ART &FulA s| @Mt a 1R pleotavatafs celfii R0 Ee. 2 4as HOMA IR, MF6mRLd over the
conp03|t|onally graded top and bot t om buf f er Iayers

GaAs3lpeell. Jhwoerystal lgftices fachpsqylatiercagllnairs eve substantinlly gpatelied to adjacent

mategil]s agﬁhlge%bdes J Laft c%‘%ltf%ﬁl%ht%ﬁ%‘% e.g., a3

eJunctlon InGP / Si /
[009:11;52]?%“?%0@1 %%%s anleI ltlrj?%tmrlgﬁtln\l/ thYchtkﬁTQS grs?useatéo Fotm a first top
ART region 1110 that traps defects arising from lattice-mismatch for an InGaAs solar cell,
which has a nominal bandgap of about 0.7 eV, grown above a silicon substrate 300. Then a
second top ART region 1110’ is formed over the first top ART region. The second top ART
region includes a GaAs solar cell with a nominal bandgap of about 1.4 eV. Finally, a third
solar cell 2300, including, e.g., n- and p-type InGaP, which has a nominal bandgap of about 1.8
eV, is grown above the second top ART region 1110, i.e., over the GaAs cell.
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start with GaP forned adjacent the Si substrate
(because GaP has a lattice constant that approxinmately
WOorei0ehss4¢ hat of Si). On a top side of the Si PCT/US2008/068377
substrate, the graded buffer |ayer 2400 includes GP
and is graded to a layer of (approximtely) I1n0 5Ga0
5P, and on a bottom side, the graded buffer |ayer
2400" includes GaP graded to an InxGa xP | ayer that
has a lattice constant matched, at [ east
[00931) pr Ax ititmmtty abave, fahecdtimntof selaccatlsinatrmdiménts H@asve jlimctions on

botn i of 5t il BEREART IR Rep Rl S ENB Cagprides an
exceﬂ@tﬁtv@a\yqbtr&i&e aefebts 2AdiA) rRndlseeandma®h betlshdatréedQRaterials,

photovol taic cell) photovoltaic cells, and the second
thosq & skall)iysthe attwﬂom)weaﬁ af theidisglqsprecherain, bderstand how to use other
0 Lt c \ t ovQl. t -
cenfRLIURAE SRR Lt SR 5%, Lot g shov

the u@é bf &fm@sftﬁfnalljh graged eptandmoabmMaifer lagks 2400, 200EE.g., InGaP graded
rameters such as thicknesses and growth condi ti ons

buffqrdayerh@r@fs%\a@ Bothpides of p sylstrate 3[(19093] a-Pp sahstiaie. Wilpeifitatga three-
Juncﬁﬂgln@%lt%[aélé 7:: gl%%]%g{a ?Ptr%g? ¢ hﬁl‘éﬁﬁt‘?\/ r&cﬁ?%ﬂﬁgyﬁgm@bﬁ% 2400’ each

n er u
start Sxethdﬁﬂi’ foeme ladijaa(cylt dre Smsmnateo(lbechusceﬁuP aps 4 haxtyce(n‘onstant that

e et o rlale o TR LR S
2400:-* %@lﬂ'ﬁése(}aﬂ’:hlg}‘lr %?ad%@ ) §mﬂlegétb(abﬂ)lloﬂﬁﬁa[tél§?hl% EG:%@P ofHdgN bottom

hat uses wafer ondlng or ayer tranSfer to create a
51de,tth¢ g@d@djhldfqrdatyer AP inclgies/GaBegradddatp an dhGaz 50 thyethat has a lattice

i ngl e~jun on Si sola 510
consof Pyl saf ey el Gy 1 et praRoohE L Inghe Wystmeed
struckitt ahe 6Rldbd BHZE 16Ver£24002256F QREldiagdstd Betdlaeh el fers@ME Setop
I a er) are fabricated directly on Si and Ge

photgmitﬂq elleX 10} anslyseend /@l yubshytet3N8 phatevakiac¢lbrphgfovoltaic cells, and
the <PRRAQRI éou%tstgat%a@rhts Sig}slftﬁﬁ‘ gb&%gzg%;@\gpé@kguﬁg ?%19 5£10°) photovoltaic

cellst @epurtigelgs Tabe: dfeil inskelak and@stmdde cheriSifor tﬁe seladttbn of materials
I nGaP sol ar cells 2510, 2520, and 2530 into

and GHypr RATFOFERISBAN AUhIEKNEEP anﬂ%ﬁewthwﬂltm@f%graded buffer layers.
substrate 2540 bei ng renoved, for exanple, by wet

[00981 chThepe of skilldx Higpirealsq h@eratmsithoauq applypRenagiies othsy thae ART and
grad«l:drjl &er%ﬁglp?%vgg%ﬁgn&p o8 ?&Rffé%ﬁ%@?ﬁrg QQ dgrddé}eg% ?pé{a% of lattice-

CE O C u

mism:ze&ﬂe)i maei$s on theilithie Cecapin@ b olnt e ligendtias Ioﬁy>eth s E a substrate. For
formed i nGe 2520 and bonded to_a bottom surface of the
exangyle.diigyes ataeangr b illpstrag anenaladimenthuss wafgebending or layer

trans%%%@ %feg&ya tkﬂ?eegﬁflét{b%q n§ ¥p Y gf“/ éé soc‘l SHIr 208, Aok ole! lllg]&'ﬁ()ﬁ‘ Si solar

| ustrate€s an enbodi nent a current
cell 2910viBef a Gimt tabtevel piﬁ&ﬁﬁl@é&dlceﬂ%&ﬁ) hﬂd muggﬂetjhm:tﬁn Chfeslollar cell 2520 (i.e.,

2510 and.into the cell 2520. [0094
a SCCQP% é?th@tﬂh\??“é‘i‘n%%’é‘?e%}lﬁr) ¥R ii%brkf&[é?g dhrﬁfﬂg‘ Y g]r '1“151 Qg pybsrptes,
respéﬁ%l@" Wth@qﬁl‘ﬁ@a%&tlbﬁ ®f Eﬂfrgﬁrlzﬁ@ hl)ﬁantsa A BICEE ol CEI@Y%O is formed
may be 1 ncl uded between each the cells, in
on a §pgs sgeytrtcal@0. Wafer bonding techmques are then used to combme the Si, Ge, and
InGaP solar cells 2510, 2520, and 2530 into a multi-junction solar cell 2500, with the GaAs
substrate 2540 being removed, for example, by wet etching. For example, the first active

photonic device layer may be formed in InGaP 2530 and bonded to a top surface of the Si

substrate 2510 (including a solar cell). A second active photonic device layer maybe formed in
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el ectrodes are used for each of the three cells.
[0095] In sone enbodinents, at |east a portion of an
WO\RDINEgON may be fornmed in, rather than overPCHUS2008/068377
substrate. An exenplary process is illustrated in
Fi gures 26a - 26f. A substrate 300, e.g., a Si wafer,
is provided. A nmasking |layer 2600 is forned over the
substrate 300. The masking | ayer 2600 may include a
thin layer of silicon dioxide 2610 and a thicker |ayer
Ge 2620 sind bawiad o 4 bottiem 36ddedif $ipoSiedbsths 2oherA thitdective photonic

o] B b R TS TR Rt O BT RSB ! Dfocimen
with%l dukretpath @vat 6wt B¥EY the nGdH @ISO EhRBeENERIBi tAE2510 and into the
silicon nitride layer and the substrate to reduce

Gecgll gé¥d-ng of the nitride layer. The nmasking layer is
patterned by a photolithographic patterning step, and
[0094) e ninngpsal @6 B0 vaembddiynest thhedbes nporeghire harana statahgn g tzyeeen the

2600 a into the sybstra 300. The, openi ngs. 2630, ma
threci 1S o et e dnicf S DR R GHERY Sandirh R P57 PRGBS scparate
electidBel @QredRedroranch @)ﬂ"tﬂe dapd &bll's.s_ sel ected such that the

trench aspect ratio (the ratio of the depth to the
[009%] At [ soh® etdbodfinSfE AP pdr@bh gt AXARE rEgﬁMﬁ a9®&QoinSed in, rather

conformal |y deposited over the nmasking layer 2600 and
than avemg stiserasi dewedenplaf prdvessap ahisirged 26 Buors 2g9revid6f. A substrate

al ong..t he. si dewal .l f the eni .2630.. A dry etch
300, G i leb T S of el Bhe B 2DBF 1903 Bq &b iter Shiiie 300. The
masKifERYENZE00NBa P ReRAE a dhifXhyde of )esn &64de Db PMtd thicker layer of

silTicon nitride 2620 and fromthe bottom portions 265

siliC@‘f nipmxj: ¥Peispgsed therdovasang gﬂlphle divadsdales imayadgut 100 nm thick and
e L N IR ——
the s@ioh f@tkiby 1a38r 218 the butSirhie @6 feddt O ¥iladliEinFBY tHe @i t@ile WMye O VElie masking
the silicon dioxide portions 2620 and the exposed
layes patsefnesbpy # Bhtobthograghis patieming, stepn and eipsdings @/ gre dry etched
> Y F ) : T oy
trorf SR Rl lie Bt Bt im0 S SRAP 2B RO Op b S may be. ..
trendhhe Dlat trarchafidthheay raape fromt 2edre ly 20 emmanidribe deprigpesekiaekd such that
car bon conpounds | eft oyer after the trench dry etch., .
the treReh ppet AR gh Fioct lsl?eef?{qpﬂbtoq wuﬁfBgmgsA 25307 Herheigxide layer
2640 8 cBﬁE%nﬁMgﬁéép%Ei%‘ed?&Qr M bk fiol 1h @D 600 Od HEnd AYRIR walls of the
2610, 2640 di'sposed over the“sidewal|s of the openings
openairg 269@ or gioevnt dpngsthe fialewaldf ofi the openvsgsr298. A0dry efdhi of the second

... _configurati rovides an exposed crystal l.ine suJface
stic P BIF 1a¥eh PO PESPERed Pestig i 16 a°Cod fionigitgugr /040 Trom he
silicSiHRigd dedd20nBd @lohPdhe ibBitb RS oRInk QBEPOF the @P&niREs, and leaving the second

theopenlngsé6and openings lined with a dielectric

silicopadiexidallayes 264t e sislewala il tieprasingshyd thTlayer, about between

{ ce-m cloy |l ne eri fo in:the. .
10 10 R I R PIPh ASTAT Bl T e i
portiohy 2620 dndriheek foed rtodppmtiogsef tAndpaisiad, il fubkdfubitty removed by a

dip itsl %{Fa. r"f}ﬁse Ithlin gitlicr:gtf (tiilél)rd%g 129}/%? %srgirggg ag(? (s)t\r/i?)i)ed to clean the surface of the
bottom of the trench, thereby removing damage and carbon compounds left over after the
trench dry etch. The resulting structure includes openings 2630 defined in the substrate 300,
with silicon dioxide layers 2610, 2640 disposed over the sidewalls of the openings and over the

top surface of the substrate 300. This configuration provides an exposed crystalline surface

suitable for epitaxial growth (i.e., the exposed substrate material in the bottom portions of the
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[0096] The invention may be enbodied in other specific
fornms without departing fromthe spirit or essentia
W@ b@pasl7es i stics thereof. The foregoi ng enbodi PENUS2088/¢58377
therefore to be considered in all respects
illustrative rather than limting on the invention
descri bed herein. [0097] What is clained is:Wat is
claimed is: 1. A structure conprising: a sem conductor
substrate having a top surface and a bottom surface; a
openings) ambepeatngs linad vuthdi dgedBd nptarial, vaitable fug trapping defeatséby ART in

.of the substrate and def.i ni top opening; a bottom
tasieRpalieegP Py Bl e TR mian s SR RESH ARty g
misrftcicdenfeg 336 htyadrdoffdd ini thdogenhdk ! M RBE R f8h tRe solar-cell

first ctgstalline | ayer di sposed wwthin the top
struchiyendasgribadabovg.r st crystal line | ayer being

| atti ce-m snmatched to the sem conductor substrate, a
[0096h oFh¢ nveaidtidnanay beembadied mivthiefspedific farmsiwighoat departing from the

..surfac f the first cr alline. | ayer nearest 1he
spiri Qs B B EC el e R ot e R RS e shfetpre to be
consRREQNH afl etk hllierali @Y Rfhed tHRRA MR YbA BleNniditioR @biPiBed herein.
openi ng, the second crystalline |ayer being

[0097 Rt twaGe HicpARmEEed to the semi conductor substrate, a
majority of lattice-m smatch defects arising at a
surface of the second crystalline |ayer nearest the
substrate term nating within the bottom opening. 2. A
structure conprising: a substrate; a first
phot ovol tai ¢ sub-cell forned above the substrate and
including a first sem conductor material having a
first lattice constant; a second photovoltaic sub-cel
formed below the first photovoltaic sub-cell, the
second phot ovol tai ¢ sub-cell including a second
sem conductor material having a second |attice
constant different fromthe first lattice constant;
and a third photovoltaic sub-cell fornmed bel ow the
second photovoltaic cell and bel ow the substrate, the
third photovoltaic sub-cell including a third
sem conductor material having a third lattice constant
different fromthe second lattice constant.
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3. The structure of claim?2 wherein the first

sem conductor nmaterial conprises a Ill-V conpound, and
wao b@9ofos378¢ phot ovol tai c sub-cell conprises a fPCEUS2008/068377
photovol taic junction defined by the I11-V conmpound.

4. The structure of claim2 wherein the second
phot ovol tai ¢ sub-cell conprises a second photovoltaic
junction defined in the substrate.5. The structure of

What isglagingd B: wherein the first photovoltaic sub-cell

conprises a first 111-V conmpound, the second
hot ovol t ai ¢ .sub-cell conprises silicon, and the third

I'Agﬁ%?BV%F?ﬁP%“%%bcell conmprises a second I11-V

CORREHREnd iR tor EiBstiatd MY Lropfsufh@ dda veRLiwfatble _
substrate conprises silicon. 7. The structure of claim

2, atepr inpdatog rpi dispased Brogonge et top Aanfaop of theckwlistile frd defining a

K)()%X%r,disposed bet ween the first and second
p 6ho&§VOItaic sub-cells. 8. The structure of claim 2,

f U bbesm GNitdrShyg daspdaddaibxitiabdpt Bottdra K erfadd FRRs&bstrate and

between the first and second photovoltaic cells, the
dﬁhﬂ@%é@?¢@ﬁ&ﬁﬁﬁﬁ@ llayer including (i) a crystalline

ot P BT MO ) Ppiagenbehe st crvpalipe layer being
lattieethBoanhes enthe sadicohdictorasubstiatd, aangorfiyiof latice-mismatch defects
arisi{lg it }:%é{ tlglr:] ﬁrﬁr{gtrx%réaltl]gl{,e{ légfe_r}enggr%&etgé ?q}%?rét:sn égr%ltirllz{]tglgavgithin the top
opergfTRh4 Si Ng: a first photovoltaic sub-cell including a

fiTst sem conductor material having a first lattice

conast¢cand capvtllaneflpyestdidpasedgaiphie ey bpttonaommotgn the second crystalline

hot ovol taic sub-cel |l including a second senico ctor.
e bt Ml ARl ad Bubehinredhd e S RERaA o 8F BHEe<Shismatch
defedts @Mihf 8t £ ddrfike bRthkise@naRPtAe RS Ra2eCAL duthBAE@dSkinating
energy | oner than the first bandgap energy; and a

withijethe bpttem gppiing | ayer di sposed between the first and
second photovol taic sub-cells, the defect-trapping

2. Al snpeturheomprgpizg:t hi rd bandgap energy higher than the
second bandgap energy, the defect-trapping |ayer
in%Pﬂ%Pﬁﬁ’a crystalline material and a non-crystalline

Mk @ifkdt Photol G18ai€ Edtséa fokR&d MRV theubS@AR hh SRR £646
termnating at the non-crystalline material. 10.” A

semigendyeton mataribrvisg adirstaatfite eans@atect - t rappi ng | ayer
I ng IsélcdoI Q%{lgtotfél a% S %r—cye%’li f%lrrlnflch gelgvavttﬁrfil%t %lPort Xoll{'c'lﬁst ﬁ%b%%ﬁ the second
In conta W arfllrs non-crysta I n rra‘ferla, t he
photbvdlgilic ibytldhdludigg ABE®HU 3EmzoAMidtst M@edffMacing a second lattice
constant different from the first lattice constant; and
a third photovoltaic sub-cell formed below the second photovoltaic cell and below the

substrate, the third photovoltaic sub-cell including a third semiconductor material having a

third lattice constant different from the second lattice constant.

3. The structure of claim 2 wherein the first semiconductor material comprises a III-V
compound, and the first photovoltaic sub-cell comprises a first photovoltaic junction defined by

the III-V compound.

4. The structure of claim 2 wherein the second photovoltaic sub-cell comprises a second

photovoltaic junction defined in the substrate.
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arising froma lattice-msmatch of the first
crystalline material to a first adjacent material, the
wa@ledoeoss46 er mi nati ng at the first non-cryst al | PEIBUS2008/068377

material; and a second defect-trapping | ayer disposed
bel ow the first defect-trapping |ayer, the second
defect-trapping |ayer including a second crystalline
mat eri al proximte and in contact with a second
non-crystalline material, the second crystalline

5. Thatstemdtlaie of olapn i2swhrgeid ¢lieeietssplantowiltag subarl comprises a first 111-V

compgliie FE TP PRGN R0 Hal CHRBAL WO 9ag Al i bhStovoltaic sub-

cell é’ﬂiﬁ;ﬁ[sb@h secbhd IMThecshpsigidur e of claim 10 wherein the
first and second defect-trapping |ayers are disposed

6. TRE s@tﬁb@nﬂ%'o"f €la§fh ‘ieﬁhe‘?ém %ééﬁ'%%z&é‘&@mpﬁ&% siiBstrate
conprlses the first and second adjacent naterials, and

7. T&ggtn%dh ?%C %fegﬂ%]lfq %Qﬁa@?s%% %ﬂe}?&ﬁt%nﬁkgé Id%@?ufg«%g?yer disposed

bdw@ﬁtﬁﬁdud@héG&xmﬂqmpkﬂghmayﬂf&ﬂBre each di sposed above
a substrate, the substrate conprises the first

8. Tﬁ@lstaweme offelagh Rafurthanebrhfrsid 4 Séfe@r ey Fﬁig| lhyee dm@bw ttween the
onpri ses the second adj acent material. 13. The

first él@c% weeRt Bhaspvaliaig qellyohe fefeetieappingnipyqrdndlydiag Sop afystalhne material
first
com e F b LS RRE AP ISHLE 00 Lt o B SEGRA Ly iy gciacen

semitodub @i nexesrial bsd (D aanodairgtalindmaekill, dhesqpdsedtehainasing ftahe non-
second defect-trapping layer. 15. The structure of
crysta|lige mafeyials ur t her conprising a sol ar sub-cell di sposed

above the first defect-trapping layer. 16. The
9. A@ﬁﬂ@%ﬁ%?%@%ﬂ“@ﬁzmrn 10, further conprising: a first

Enfl?sq @g %gl{alé ?ﬁ)eéefllhi%&{uﬁ%ég tst{ s%huéo Ei{létﬁlemg{%ﬁgf l?a?ﬁné a first

i Spos ayer
hﬁu&&@ﬁﬂdﬁ&ﬁﬂhdﬁﬂdﬂ@ﬂgmpdmm@@f havi ng a second lattice
constant different fromthe first lattice constant

di 8 pRroBd PApsVRIti @ bseetlgReludios dsEcandap Gy dpeigematetisl haxing a
secoﬁcﬂal&%é c_%flstglﬁr(ﬂff&g Lafrcﬁﬁ Qﬁeglﬂllbplagfc\é'cs%taﬂt Iﬂﬁd L3S ?q bandgap energy

conpri sing: provi |ng a strate; formng a
loweadtanvke fitsobamigap dmrgeeindayer above the substrate; and
i a second tive hoton c .device | aye

f
t B Q&G AR [ 8 0N SR Tg G 6 S0 SRR PYIGYolifub-cels the
defe&afPptheaidrhavinB atiRid Barﬁ'i%)i}b Gl?erky%‘}(%h& BN s8&hd bandgap energy, the

defect-trapping layer including a crystalline material and a non-crystalline material, the

crystalline material comprising defects terminating at the non-crystalline material.

10. A structure comprising:

a first defect-trapping layer including a first crystalline material proximate and in
contact with a first non-crystalline material, the first crystalline material comprising defects
arising from a lattice-mismatch of the first crystalline material to a first adjacent material, the
defects terminating at the first non-crystalline material; and

a second defect-trapping layer disposed below the first defect-trapping layer, the second
defect-trapping layer including a second crystalline material proximate and in contact with a

second non-crystalline material, the second crystalline material comprising defects arising from
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epitaxial growh. 18. The nmethod of claim 17 wherein
the substrate includes a third photonic device | ayer.
wa2009/08846ret hod of claim 17 wherein the first BCI/USM08/068377
phot oni ¢ device | ayer conprises a first solar cell
junction and the second active photonic device |ayer
conprises a second solar cell junction.20. A
mul ti-junction solar cell device conprising: a first
sol ar sub-cell conprising a first non-Si photovoltaic
a latjieermisingwch ta asseconldidgsbatrmaeatial céik [deftics porse atheg| ap thet seeond non-
fj,rst sol ar sub-cell and conprising a Si photovoltaic
crysia E]ﬁlgtt’il% aand a third solar sub-cell disposed bel ow
e second so] ar _sub-cel | and co seco
1. fﬁg hSBICUR gt el { dMdefemtbeifii. and o dﬁﬁ?ﬂ% trflam% Faéfﬁrs are disposed

on oﬁ&lsﬁé sided bf A&k & Se CtH@QL(HS&ht@Q:OHﬁSnEéSrtﬁé finPhA se2BRd & hdent materials,
aving a first energy bandgap; a second sol ar sub-cel

and the fime dnh e¢cond athecdnt nsttersid ae theedameand havi ng a second
energy bandgap greater than the first energy bandgap
12. Tﬁ]‘nﬂstﬁmmrem'f chaine 1§ v&&ﬁﬂﬁi thedird. ahd 8¥ond ridfeat-trhppine Bge@rare each
cel | r med w t he second sql ar cell and

1 nNg .
dispeg PPN %t PRl 4 paigcemparesian™ AYIcHE BrRtFTa éfl@@w first
cryst}ﬁﬁﬂlggﬁi‘t’ena%%o Eﬁ?es'ﬁﬂé §écoﬁd‘£tﬁ£éeﬁpm§&hgﬁ cel | device of

claim?2l, wherein the f energy bandgap is |ess

T e S

and @tomd ddéfeetdhppingrigyens.t he first energy bandgap is |ess
than about 0.8 eV. 24. The nmulti-junction solar cell

14, BRYiteR0AE of£1ainNI @, fhrthbreiotiphisinge: sH8E amsl clladidgard bslow the second
selected froma range of about 1.0 eV to about 1.2 eV.

defectgrappig layfirt i - j uncti on sol ar cell device of claim2 1

wherein the third energy bandgap is greater than about
15. Théstaiture of claim 10, further comprising a solar sub-cell disposed above the first

defect-trapping layer.

16. The structure of claim 10, further comprising:

a first semiconductor layer having a first lattice constant disposed above the first defect-
trapping layer; and

a second semiconductor layer having a second lattice constant different from the first

lattice constant disposed above the second defect-trapping layer.

17. A method of forming a photonic device, the method comprising:
providing a substrate;
forming a first active photonic device layer above the substrate; and
forming a second active photonic device layer below the substrate,
wherein forming each of the first and second active photonic device layers comprises

epitaxial growth.
18. The method of claim 17 wherein the substrate includes a third photonic device layer.

19. The method of claim 17 wherein the first active photonic device layer comprises a first
solar cell junction and the second active photonic device layer comprises a second solar cell

junction.
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20. A multi-junction solar cell device comprising:

a first solar sub-cell comprising a first non-Si photovoltaic junction;

a second solar sub-cell disposed below the first solar sub-cell and comprising a Si
photovoltaic junction; and

a third solar sub-cell disposed below the second solar sub-cell and comprising a second

non-Si photovoltaic junction.

21. A multi-junction solar cell device comprising:

a first solar sub-cell having a first energy bandgap;

a second solar sub-cell formed below the first solar cell and having a second energy
bandgap greater than the first energy bandgap and approximately equal to 1.1 eV; and

a third solar sub-cell formed below the second solar cell and having a third energy

bandgap greater than the second energy bandgap.

22. The multi-junction solar cell device of claim 21, wherein the first energy bandgap is less

than 1.1 eV and the third energy bandgap is greater than 1.1 eV.

23. The multi-junction solar cell device of claim 22 wherein the first energy bandgap is less

than about 0.8 eV.

24. The multi-junction solar cell device of claim 21 wherein the second bandgap is selected

from a range of about 1.0 eV to about 1.2 eV.

25. The multi-junction solar cell device of claim 21 wherein the third energy bandgap is

greater than about 1.6 eV.

34



