WO 2009/ 035746PCT/ US2008/ 068377 MULTI - JUNCTI ON SOLAR CELLS Rel at ed
Applications [0001] This application clains priority to and the
benefit of U S. provisional patent application nunbers 60/970, 808,
filed Septweabepnisr462007, and 60/ 980, 103, filed Oct obePCWES20F0F377 The
di scl osures of both of these applications are incorporated by
reference herein in their entireties. 5Field of the Invention
[ 0002] The present invention relates to nulti-junction solar cells
that convert sunlight to electricity. Background [0003] The need for
| atti ce matching, or quasiny{AMILENCHRENSOBAR GEBLSONStrai nt on
efforts to 10build high-efficiency 111-V nulti-junction solar cells.
Lattice matching in solar cells reduces crystall ographic defects that
may cause non-radi ative reconbi nati on of el ectron-hole pairs. (Wen
pairs reconbine before a p-n junction separates them the efficiency
of the solar cell dimnishes.) Frdaghfprlicatioss need for
| attice-matchin stronqu i nfl uences selection of materials for use
a

in sol ar [ s Higaprrlisition clagpy griorigf tpiapd Babsrehbyf he: RBYHPiHPYE.
Summary  [,Q0R4% SRR RRI050863, i RpEI6AL7, Q@Uﬁew @Psdl beEebdibigs ent

materials 1 n a nultl-junctlon sol'ar cell 'to be selected to increase
t he cel | 280 hekrchisipneras wmwﬁh%$m90%@mr¢ weereeratsy by picipeesderesyin
| atti ce- pat GhiiRdes. Bandgaps and | attice constants of common I11-V

seni conductors are indicated in Figure 1. Recently it has been
demonstrated that solar cells ushifg.anstRsiaptially 20

| atti ce-mat ched i ndi um gal | i um phosphi de 7 gal | i um ar seni de /

ger mani Udof Cafhe/ pr(G8An enff 1RO QLEGhAREN (bR hALERM Ly dpghed
lines in Figure 1) formed on substrates achieved the relatively
hi gh ef f ielecieinéy: of 40.1% i n converting sunli ght |nto electricity. A
solar cell's energy conversion efficiency (n, "eta") is the

per cent age of power converted (froqhggﬁg&ged light to electrical
energy) and coll ected, when a solar ce 'S connected to an

el ectri cahooi I Chlelneed’ JfUr %t&%m&uﬁgmmusz@ mééeqwtaﬁ@dmw%ﬂgmﬁn bAbiSHQh 2
maxi mum power oi nt , , tot e|nput |g

2009/1@351946(1b EJ@E@@@@/ B8 3mutijunchen wie EBHGEL“W‘P WWUARNS Wrpekr cells dgtidegsd
test Conqwﬂlaﬁf}% el,(h?-r% c@sqgattlﬁz cRHE hae &dﬁﬁ?@re&frsnlﬁ%oﬁ 8t Abctofiliole pairs.

accordingto ow ng equation (A,
(When pairs recombine before a p-n junction separates them, the efficiency of the solar cell

diminishes.} Presently, the need for lattice-matching strongly influences selection of materials

for use in solar cells and, as a result, efficiency may be compromised.

15 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 HI-V semiconductors are
indicated in Figure 1. Recently it has been demonstrated that solar cells using a substantially
20 lattice-matched indium gallium phosphide / gallium arsenide / germaniwm (InGaP / GaAs / Ge)
configuration (illustrated with dashed lines in Figure 1) formed on Ge substrates achieved the
refatively high efficiency of 40.1% in converting suniight 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

25  value may be calculated using a ratio of a maximum power point, P, to the input light




- Ex 5[0005] STC are typically a tenperature of 25C and an irradi ance
of 1000 Wn2 wth an air mass of 1.5 (AML.5) spectrum [0006]A
three-junction solar cell tailored to increase efficiency wthout
regard forwpatwivgéismat chi ng, however, may enpl oy a comRET/BR00RG68FT7
other than the aforenentioned InGaP / GaAs / CGe configuration,
because the bandgaps (shown in Table | below) of the l|attice-matched
10materials offer a sub-optiml way of capturing the solar spectrum
In particular, the theoretical efficiency of a solar cell reaches its
rrm;i(:awg} V}I{}g ,'tlncF]g:a l1311S ﬁfr/m % é:l@ta tgflsrée le?tncotlé{nomﬁgf%"ﬂmzi r%%éra b%% [ Lillligt'lvl\)Af Ehe solar
reSpeCtlVﬁﬂpﬂbkhqﬁoﬂﬁfbhﬁﬂﬁgﬂyﬁﬂ@ﬂﬁghﬁﬂﬁ] In the exanple of Figure 1,
the 1.42 eV bandgap of GaAs is far fromthe bandgap of approxi mtely
t.1 eV that was det&gni ned by nodeling to be nore suitable as the
15ni ddl e nateﬁﬁalfrq g three-junction cell with InGaP and Ge. The
nodel i ng i ncl uded naklhg a mat hemati cal nodel of each sub-cell in
which the bandgap is one of the variables, setting the currents equal

.0, o5ch U, 19, CUMRLA0 081 0k AL PLGRHLCP ST Do o

make up ansubf (.5 {AMCE) pactost.l nay be referred to 20here|n as
"sub-cells,"” Including photovoltaic sub-cells or solar sub-cells.
Thus, a iﬁww¢elAﬂns;mnﬂUMMyhfumGMkmmhmimmmeMﬁbtaWGWGthvgmhﬁxhuwe

multiple s s are es.descri bed h
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sol ar celde doﬁﬁg:l,eitmmemde by bamigepsakhdwadh Aalle | IbElother lhamdga-[matdhedi
sub-c i t hen photons wit ener el ow the b
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25ener gy edfficidnbabf 0k o] ﬁﬁéﬁebﬁ ﬂlﬁ)ﬁﬁlumrﬂr}%ﬁ& ablorbseagibpatihesd srla:ybua’sl ower
cell. If the bandg %ﬁgOf a sub- is too |ow, then npre photons my

be absor BEEFUH Wil maenin! df has ﬁr?ardgtah glopg tgikke Photpacg s e AidhoiTEPeREyF Roion

absor bed Jragfshib ¢ iRkl Iﬁh@é@ﬁ?w&@léﬁeﬂﬂm ANSF BdERIT ERARsFaBfrom the
conprom se between these two fects
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and Q&  middle material in a three-junction cell with InGaP and Ge. The modeling included making a

mathematical model of each sub-cell in which the bandgap is one of the variables, setting the
currents equal to each other, and running an efficiency optimization algorithm varying each

bandgap.

[0607] The different photovoltaic cells that make up a multi-junction cell may be referred to

20 herein as “sub-cells,” Including photovoltaic sub-cells or solar sub-cells. Thus, a sub-cell is a
fully functional photovoltaic cell, and multiple sub-cells are included 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

25  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.




[ 0008] Fi gure 2 shows several possible conbinations of materials for a
three-junction solar cell wth bandgaps that provide a theoretical
ability to convert solar energy to electricity with 63.2% efficiency.
5[ 0009] As Wi gweeséd i n detail bel ow, enbodi nents that POBESHIH/68HTA
(Si) as a mddle sub-cell in a multi-junction solar cell provide

i nproved 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 sone enbodinents aspect ratio trapping

(ART) techniques prOVI ctiv nlfor ositing

hi gh-quality non-1latti céb%g]t e%%@gﬁ%ft |L“‘H é"s h o d gq?éOlOe g., US
Pat ent Publication No. 2006/0 . ~---~~;d by reference
herein. [0010]Wiile Ge is cur éﬁﬂt@ﬂh eVaje of choice in I11-V

sol ar cells because of the | ch £ WMth GaAs, two
practical issues are associ at ﬂoé@ia[,_h)the ug@ of |Ge as a substrate
First, Ge substrates contribufe to the high cosff of I1l-V solar

cells: they are smaller and npGaiexpensi ved? han|Si substrates, and
they rule out nodern Si procepsing-asl a cost-redquction 15techni que.
Also, the limted supply of GeGsubstrateSOﬁﬁy r«strlct growt h of the
mar ket for these devices. [00&4+Iug_k,_m eehai-cd| barriers hinder the
integrati f 111-V solar cells aonto platfor m smat ch of
attice dUMSY anfigusAahet e ahariHe 69““{1’?%1%5&? %&ﬂ]sf%w EGYIIER BT .
I'n parti ebil @kth bAMAGRpsAAABERKded thothdial AbiliBt th L&R R ABIGE HBEgydb BIaAEIH WiaD
that of Si is 20grown on Si, its atonms experience conpressive strain
because CRAG¥ HlEpHCYt he shorter interatomc distances of the Si
tenplate. Below a critical thickness t, ﬁé@lcally several atomc

| ayer§ f&? 0Fht e dipcsygrimdetyj haslow embpdimeat ety silicoaSogs paxddy "Wl’a‘iPQr

remai ns 'ips AAORRERRIsE I Qi prétdd i %E@b%ﬁmne@?ﬁ’ﬁdﬁc@d cddevaRidt axi al
Iayer relaxes l.e., it assunes ifs normal |attice paraneters to

relieve tmbodiments describagfticreintig|Shinaplapens! capleyaations that yiiige ﬁ’r%bﬁ@@ﬁ énd

al ong - e
R L e i I A Ty

term nat en affeqtihemedgelsmtrfoadempysrsﬁhgfa@maty @ﬁtlhhmntnlg?ddn§¢l@ba1n| SnSee,
I. €. 10 e.g., U.S. Patent Publication No, 2006/0292719, incorporated by reference herein,

[0010]  While Ge is currently the substrate of choice in II-V solar cells because of the lattice
match of Ge with GaAs, two practical issues are associated with the use of Ge as a substrate.
First, Ge substrates contribute to the high cost of I1I-V solar cells: they are smaller and more
expensive than Si substrates, and they rule out modern Si processing as a cost-reduction

15 technique. Also, the limited supply of Ge substrates may restrict growth of the market for these

devices.

[0011] Two key technical barriers hinder the integration of HI-V solar cells onto a Si
plattorm: the mismatch of lattice constants and the mismatch of thermal expansion
coefficients. In particular, when a material with a lattice constant greater than that of Si is

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

25  interface between the substrate and the epitaxial layer.
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a defect that propagates upward fromthe interface. In cubic

| attices, threading dislocations |ie along <110> crystal directions;
they typically approach the surface at a 45 angle to the substrate.
Thr eadi ng WDSBEH#II5oNns nmay degrade devi ce perf or mancePERHS2008/068377
reliability. In solar 5 cells, they may pronote reconbi nati on of

el ectrons and hol es, thereby reducing efficiency. The threading

di sl ocation density (TDD) in | W nmaterials grown directly on Si is
typically approximately 109 / cn2. [0013] Ther mal expansion nisnatch
may | ead ro ng ficultie nper V
sy poaR) IR a8l el Gt et ARG LIS dhiab i aie-
10t he 11 Ia—ddfmahﬂrpu@hgzdabspwsﬁd[dnhae aouéice. nmpubmmdtﬁ@s,tthmnﬁ@ mhamume;e
Si. The syl bstr e in.a ve nman tressi nd

o 1t PR ARk AR ity GO s Sroar BseaLs + Il b o
nﬁn Si Seﬂbsﬁ@tﬁd [Iﬁﬁeﬁmﬁgd(ﬁglbégtlﬁs {ﬁ&}b&%f&&é @@1&%@6&"0[@1}5@&(11{1 1elml3il£t)ﬁ}5[ﬁ kdiye on
t hree appr aches: grade uf f er ing, or selective
epi t axy 6ﬁ?°rr€"§émﬁé§{°8}%e fe@gzﬁﬁnaw p %Céwa Hdg‘ﬁ dberspideueins flfickie o

si gni fi came t}lrédaﬂntgaﬁsﬁ&ﬁlt%n R8sieFDD) bed- &mlﬁw erdPOdiRLAY adlsids Byichiey
llayers provide a grgdual change in lattice constant fromthe silicon
substraté@P@XWW@ShB{(VE ‘region of the epitaxial material. However,
the typical thlckness of the graded buffer layer (10 mcroneters (pn)
of epi t axlPe3 grBWfH‘IﬁESP"né‘OH%ﬁ“%N‘thlf’&"é’-lFﬁds‘PrﬁfOGFts)”“gﬁéfF“é‘H%%s Grgygh expense

of epi t axymaRduBXFIANPBLGSySEAGH) ﬁogpa[s@QiLﬁJQﬁﬁf@rwﬂ@rﬂd&ﬂ%s’trﬂt\é%dﬂ@s

grow ng devices on lattice-matched substrates, then |lifting off the
devi ci¥s drdllb¥meranigl dieprditeeTepvel may destrpe more thip the 8ppFlisaebstrpig may bow in

rel ativel,y.,gQst }n){nrf%p(JtléE@Mg B&y MH&%@B%HC%E Wi #ify nodern Si processing.
Furthernore, the difference between the tThermal expansion

coefficCi 626'6 %] of P&h@ub@ﬁgg% 1%&1@[(@'@11%1 @ﬂgcénlagct@b olIBYSi Llﬁﬁ@ﬂté&%&% @ﬁéﬂ ng.

[00171Sel ective eﬁltax on neSa regions is a technique that attenpts
to expl OIIJFmtﬂhb’ Qi thise ippeoagBiye Brd¢dhutiof lagermevadirdonding icoriecti FRpitatyrat egy

i ncl udes !o'hé.”@acix g% théée’IEISSr‘élldhé'J (s 'dﬁm&fwﬁ%teé héﬁ%t ﬁﬂu&tgmgqg@d&@%eﬁ

| ength, t ere y provi di ng a short Ich threadin

di sl déat ibskes’. may glide to the edge of the regi on and renove

t hensel ves fromthe device. However, structures created by sel ective
epi t axy dwﬂﬁbsdhmkﬁwm&rhyptmawwyahaﬂgﬂammggm > canblomdroprO8e Ailien,
per haps b | epi.ta r S|
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20 [0016] Wafer bonding involves growing devices on lattice-matched substrates, then lifting
off the devices and bonding them to a Si substrate. This approach is relatively costly and may
be incompatible with modern Si processing. Furthermore, the difference between the thermal

expansion coefficients of the bonded materials and the Si may lead to cracking.

[0017]  Selective epitaxy on mesa regions is a technique that atternpts to exploit the glissile

25  behavior of some dislocations. The strategy includes depositing 111-V materials in mesa
regions {0 to 100 pm in length, thereby providing a short path along which threading
disiocations 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)

30 dislocations, which dominate when the [attice-mismatch exceeds 2%.




approaches, other enbodi nents take advantage of the ART approach to

i ntegrate non-Si sem conductors onto Si substrates. [0019]In an
aspect, enbodi nents of the invention feature a structure including a
5sen conduE®eroaispst rat e having a top surface and a be€tomossesate. A
top insulator layer is disposed proximate the top surface of the
substrate and defines a top opening. A bottominsulator |ayer is

di sposed proximate the bottom surface of the substrate and defines a
bottom opening. A first crystalline layer is disposed within the top

openi ng, figst crystalline |ayer. bejlng |attice-msnmatched to the
seni cond&@‘pg} s‘?)’%é“f P eee,“?bv?ndi’?\e“& O%E}CdP‘feP};%‘“‘gPa’i lﬁflfl‘i?eceé":“ﬁﬁ"‘é%ﬁ%% Cregome
10def ect spphatheabihseenstiodnahty thiaCevoitagt betht IARItapploya @lidtediste hayBr

nearest the. supstr at ed%.qrm nating within the top opening. A second
cryst al | PHBICPHPEPS Q0ORISHFLAESwi thi n t he bottom openi ng. The second

crystalli ayer being lattice-m smatched.to the sem.cqnductor
cubet r ot 408 3B PP Bkt Bl B ORR e R T Rt BT he
surfage @fmicheiusiocametrts yiimld bty e aneasasirfdcheAsubistnabeayer is

termnate within the bottom o%eni ng. 15] OOZ%fI n anot her aspect, an

enbodi me RSP PRSI ERIPoHTREA Heaubshas Apdiairer PREPHifnd® Bottom

subst r at eusuRRA 15 il BSposBdPloRMRd Bk Bortbsuedd of (RN 1B RRAY BeARE 2 bottom
substrate, including a first sem conductor material having a first

lattice CBHYALar fispCrydplEplapot Geworsdaridhinip tapgippripg thediedysHdinsvrxehe

first subeGgldtice@MGmAREdaUIas sBmRELRBE:r $B A0 MEH G LPloRb SRRl -nlaYg 2
second lattice constant different fromthe first lattice constant. A

t hi r dOph@eigets ihekirise gisugiasd ofjtke fistrgrsgnlipeluebivatchichs sbaric BHONBVE t ai c
cell and 1hst i At i

ot er ol T RS B A Y P B PR bARACAEL A, e

| atti ce consd emstallipOB2d]bemg dahhce-reivboldhaggnthe seinkendufipstubstentd. ehduct or

material jr QI ¢ IS i.al f ISt
ot oval (AT LHRSY phANRISEREITRE Ol AERTERL I L DGl
by t he | kiesvbtorpaurnchic Fhien sedondnphatigvol t ai ¢ sub-cel | may 25i ncl ude
a second photovoltaic junction defined in the substrate. In a

par t itdul §028hbddiansther,aspcae ah embedipbrodine kntvantmndenresl dtrurtnc] indedinga

first 111-V co und %} e second t ovoltai ¢ sub-cell . includes or
consi st s "SGR Mk oG FEERRAEHRObDR o MMRERS ot RSP,
i ncl udes sanis@gioadr hhtkeial Madagp Gesn thitick tongand. QuscardyddioreintiSsubtdaE is

eI MO Mo TR O T
30def ect 1duirphdtght Liditene fro Rtk apasedstiet nesri fhhevbitisiubari iskeanrd
R SO O T T M MO
2009/ 0357161@5?1@14&@%@%&01@&33 fonstant different from the second lattice constant.
[0021] In some embodiments, the first semiconductor material includes or consists
essentially of a lil-V compound, and the first photovoltaic sub-cell comprises a first
photovoltaic junction defined by the III-V compound. The second photovoltaic sub-cell may
25  include a second photovoitaic junction defined in the substrate. In a particular embodiment, the
first photovoltaic sub-cell includes a first [1i-V compound, the second photovoltaic sub-cell
includes or consists essentially of silicon, and the third photovoltaic cell includes a second III-
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
30 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-




m smatch of the crystalline material with an adjacent sem conductor
material and (ii) a noncrystalline material, the defects term nating
at the non-crystalline material. [0022]1n still another aspect, an
enbodi ment waf 200B5i4mvent i on i ncl udes a structure conpri@iusgusmnebudes
a first photovoltaic sub-cell including a first sem conductor
material 5Shaving a first lattice constant and a first bandgap energy.
A second photovoltaic sub-cell includes a second sem conduct or

mat erial having a second lattice constant different fromthe first

| atti ce constant .and a second bandgap ener lower than.the, first
bandgap oRBHHN oAt SpaeliE PR AR aDuRORE St BRaR [ha R, o
and secongyphidhomakiia)j te Sd-toeinisatingackhd asn-ayidilindmb@ngdgap ener gy

hi gher than the second bandgap energy. The defect-trapping | ayer
10i ncl udemo2]cr ¥s il dnbther s¥pdcgrah @nbpdimshivithe iavedtiominclotdsactrustit h a

non-crystalline material,, the crystalljne materjal including defects
RS L A A b S R DR IR R e BB it
embodi frenksifa firfQati@pitiAnd NEksUElRdRpThéd ¢l Miseedn@ Bhstbvolgiculf-LdliSt
defect-trapping layer that includes a _1Pi rst crystalline pateri al

pr oxi mat el ﬁaesiﬂrfe??@ﬁt*%{&@%“ffﬂf atprigl dpvipghseepirdlpttics popataptetitberens fromghg 1
the firstrgfpaicabdds@f AL LA bdnagdptaain?? 1R @fah Shed¥heHaRdbab ]g;mgﬁ A

15l attice-m smatch of the first crystalline material to a first

adj acent tfeckiieiting lnyss ilmeeddetprithdicit aeyl weordprhofavpligic sub-cells, and has a
non- Cryst glihinfifssBRLELL Hehe A PEHORLoAPL AL HARDI e bARRKl S sposed

bel ow the first c -trapglng | ayer . second defect-trappi ng
| ayer 1§ ncinglades sgrwendiong dnadarpprakimiaigangniit eonjagl wist drothery walbiwpomiteriab.dit act

with a Se&ﬁ&%i RacSh N Slcftlatd Qﬁfeg@tteqﬁrﬁ!ing LR zﬁaﬁ%ﬁ’%@llzﬁ{eﬁa&ﬁlal.i ne
i ncl udes g | at t

mat eri al efects arisin roma tice-msmatch to a second

20ad] acenfoosRt efih Alothe} APed&iR ol fudn H R RGoPhclhies SEEAREcatuing o first
non-crystgP??ne %g#%f%gﬁ? 10024?%he(ﬁpgsfkandp%%éoﬁh ﬁé@ec?ﬁ?ngpF%g
| ayer s nageftnt-trdpmpoised thahinolugersi firet ceysthdsne afateaiab prlosinraget amd int ¢vatact with a
substrateg.jncl ude: fl : con ' . MLl Al C y
e the s o et SRl Suderof i B8 SSCQRTAL REEM R Bt Bl IRY
each bhe diagposeonadhosehedirsichstallak enatantal ©h firstalljackes niateaalf the defead) acent
material, and the first crystal.line material .includes.the second
D500 acent RS TR b5 Blid AeT & Sad BE SRR r T PR o
second deb&et tHefiapdefog-tapyiag Syed dhevecbhkdSacanshiteheatindudappiaacnd
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seni condudd SRIPGREFH RIS i sonqeh el  secpbfansti gt Beaove
the firstscdefdgistdiiRpRitdnl Indlyéds,deRBM aAsiSLEOHNA 18666-GRAALE (O sekaper

a second lattice constant different fromthe first, |attice
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[0024]  The first and second defect-trapping layers may be disposed on opposite sides of a
substrate, the substrate includes the first and second adjacent materials, which may be the same
material. The first and second defect-trapping layers may each be disposed above a substrate,
which includes the first adjacent material, and the first crystalline material includes the second

25  adjacent material. A solar cell is disposed between the first and second defect-trapping layers,
below the second defect-trapping layer, or above the first defect-trapping layer. A first
semiconductor fayer having a first lattice constant is disposed 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.



WO 200910357- 16PCT1US20081068377 [0025]In still another aspect, the
invention includes a nethod of form ng a photonic device. The nethod
i ncludes providing a substrate. A first active photonic device |ayer
above t he wobsbrnatres, and a second active photoni c devPCEUS2088¢68375
formed bel ow the substrate. Form ng each of the first and second
active photonic device layers includes epitaxial growh. The
5substrate may include a third photonic device |layer. The first
active photonic device | ayer may include a first solar cell junction

and t he hoton| devi ce | ude a

ol e e R B Rhh B S s G ENER B s MRt B iR e BRESERC ryice
i nvent i orhi @Rthvl @gludedhibhitimi URGHstB. &Glrﬁl’act@\@photdﬁl‘ﬂd@ﬁce [T able¢itiee
includes a first solar cell jncluding a first n tovol taic

j unct i onSubst3OcWE 3rEFoRd peve QB‘PthEﬂi@’Eﬁé@’&“ BEPBGA g%@“’fﬂi‘er steipst Aiprigg |

and i ncl yghinng 4 vk aRd YcONPALiRE ShdtdhNCdel R lay@i thefudbdpite Bl @Wth C hé
di sposed bel ow the second sol ar cell and second a second non-Si

phot ovol sulisEat gy tiehpie aftigabmpeloricrsyicyliytthdpe Bspidive PRSptaisHeaiyeonay

the inventd.pp affﬁﬁta&lﬁle:eﬁ Rstibd addll!ﬂacstebd?ﬂ a8 @Qledho®@8i |de§1§é’i'a§é? ma} ARV Ce
includes a first solar Sub-cell having a first energy bandgap. It

al so 15|H%Pu@ééﬂae%5@@#m-solar sub-cell formed below the first solar
sub-cel |l and having a second energy bandgap greater than the first
ener gy béHE§hp lasaothypsrset. saewmbydimensaf the gventipndeaturgs § mplfiguaggpgpolar cell

sub-cel | 4l§ed, O[Fh%gwpéeilnglﬂ’dégrﬁirﬁggﬁ%ﬂthﬁﬁnﬁ&?&t lﬁ:ﬂ%i Bﬁ&o%u&h H]Jngn&{‘etr gy

bandgap greater than e second energy bandgap he first energy
banddgép repndeoliresid disprand helaw g firdnelaprefaag albllushng aSs phateeltaib suetiar, 8

eV, and the h% saqﬁ&ﬁrdgpépgg%gggghmo Sol EALEL B depdn iy FOThe

second bandga cted froma range about eV to
about 1. 3h@hhﬂﬁhgmmhnmd ener gy bandgap is generally greater than
about 1.6 eV. Brief description of the drawings [0028]Figure 1 is a
gr aph iIEM&H}athn@tmm&mbapdgap$0dndn$afmb@eembmétmmtsrmwﬁbmﬁﬁmndm

lattice- rf?&ewce Tl‘l dev\iéesie ucﬁas ﬁg%lb?to%rfb{;@ E&i’hwmﬁ |'1 éf%l Iéll }n%ﬁ'g) 4 Iffl 'hs%r aph

|IIustrat|ng §81 et FOn “of et &r'ial |ce ree-
15 includes a second solar sub-cell formed below the ﬁ[bt bolar sub-cell and having a second

energy bandgap greater than the first energy bandgap and approximately equai to 1.1 eV. A
third solar sub-cell is formed below the second solar cell and has a third energy bandgap greater
than the second energy bandgap. The first energy bandgap may be less than 1.1 eV, and
preferably less than about 0.8 eV, and the third energy bandgap may be greater than 1.1 eV,

20  The second bandgap is generally selected from a range of about 1.0 eV to about 1.2 eV. The
third energy bandgap is generally greater than about 1.6 eV,

Brief description of the drawings

[6G028]  Figure i is a graph illustrating the bandgaps and lattice constants of common lattice-

matched III-V semiconductor materials;

23 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;



junction solar cell with bandgaps that provide a theoretical ability
to convert solar energy to electricity with 63.2%efficiency;, WO
2009/ 035746PCT/ U52008/ 068377 Figure 3 is a schematic di agram

i 11 ustrati¥g20B@FYsic principles of ART; Fi gur ECHUAREB/583F o
schematic diagrans illustrating facet formati on adjacent a dielectric
si dewal | ; Figure 6 is a schematic diagramillustrating
grom h planes of a material fornmed by 5 enploying ART; Figures 7 - 10
are schematic diagranms illustrating various sanples formed by

enpl oyi ng ART'FigEi‘ngJiE q séh%llniat% cﬁaﬁ&rﬁ?ﬁ@h%@?gdh@%@ﬁ%ig& HSLf AkT:NY a

t hree-junction sol ar-cell structure,; ure 1271 schemati c di agram

iIlustrating @[gm%Fs@Fm@tsrawgcﬂé&m‘cq&agwng%ma&.{gn%'t fokAE B cd o iR 1ric
schematic diagramillustrating various growh nodes of lattice-

m smat chédlewalleri al s; Figure 14 is a schematic diagram
illTustrating %rovw h of wi de bandgap |nP below InGaAs in an ART

regi on; igure 6 iFp gehematisdijgyarg ﬂg@ Watingterevtliplgeserhaimateyig fosnedly a
structkur e f@fyif Atfgl e-junction I'nGaP 15sol ar cel |l ; Figure 16
is a schemgti cdiagramillustrating an architecture for a single

junction I nGa an [y L O L ihSerd Qﬂm i :
illustrating g%gﬁegr-jlgglgtsg:hggﬁ%iﬂkég /a églils]l?)tlrglrngge : Réﬁ%gér%gﬁégrqyg mgloymg
schemat i ARiiiagramillustrating a dual -junction InGaAs/Si sol ar cell;
20Figure 19 is a schematic diagramillustrating an alternative
architecture Fagnreg 9% peghemjtigrictgranilupi@iiag a dotamneisinlsolgt-pdli sprirgigrea

coal esced materi al ; Figure 20 is a schematic diagram

il lustrating &Hisued l2éy neshemaicakdgen tpiratiog an ARTGHPctredpr grovinGiks Peel |
with a coal esced buffer region; . _ Figures 2la -21j are a
seried of schEeld it shemdis diderans tlhugirating vatnas gepih matdésen lagicea

25t hr ee- junction da@k. / St/ InGaAs solar cell; Figure 22 is
a schematic dh agramillustrating a five-junction InGP / GAs / Si /

GaAsSb /1 nGaA%igﬁQ:l @is £&hlmatic diagram illustrating growth of wide bandgap InP below
InGaAs in an ART region;

Figure 15 is a schematic diagram illustrating a structure for a single-junction InGaP

15  solar cell;

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 I8 is a schematic diagram itlustrating a dual-junction InGGaAs/Si solar cell;

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

Jjunction 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

25  three-junction InGaP / Si / InGaAs solar cell;

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

GaAsSb /InGaAs solar celi;




WD 2009/ 035746PCT/ US2008/ 068377 Figure 23 is a schematic
diagramillustrating a three-junction InGP / GaAs /InGaAs sol ar cel
di sposed over a Si substrate; Figure 24 is a schematic di agram
il lustrati wgmadisee-junction InG@P / Si / |1 nGAs sol arCTaskensioes377

i ncorporating InGaP graded buffer |ayers on both sides of a S

substrate; 5Figures 25a-25b are schematic diagrans illustrating the
use of wafer bonding or layer transfer to create a three-junction
InGaP / Si Ge solar cell; and Figures 26a - 26f are a series of

schematic dia |l ustrat.i Itennat've.netho for form an
ART Struct ur o- G0t 3 IadctsBaty {RefBrof b0 ke STEkel ool Aot MOfl e
"sol ar ceidiar'cell gibpiav@let abicsubgtae;” and "photovol tai c sub- cell" each
denote a structure having a photovoltaic junction, e.g., a p-n
j unﬁti on. A | m@ﬁ-@ﬁ 8 adeint€c Hﬁgﬁﬁ'lg?@ﬁa&igsa ﬂx@a@rﬁh@’é paary §E 1HeVAL®]ar
such as a soql ar ce enabl es s esigners to
sel ect | uﬁit‘?cﬁfpoﬁ‘ﬁ’tnéhc‘g(% %dpﬂgergwbs‘m&oqﬂ‘fgﬁ Pfeébétlrfﬂbgélﬂ >Wi t hout
bei ng constrai ttlce constants, al s bl es so
cel | 15manufa %}F‘é*%%%gtﬂ‘éﬂ% SRRV A EEs fust f?f@‘)%;ﬁléen‘kgié 9€W§a@9§%% &g
and noder fanSler Pr@RESSthRG-jiRaMNGAG) 85Ge MMrickit;japinct i on sol ar cells
fabricated on Si substrates by ART al so offer good nechani ca
strength, |igifigunei Bht 268416 a SetRE b @hehQAI @SS iDat@Y dnlEAMPArhaIY
to Ge sub?trates The superior heat dissipation may be especially
|nportant°FW“€@§@8§%¥%¥@Fm5bpl|cat|ons since solar cells generally
work less efficiently at el evated tenperatures. 20[ 0031] ART

substantial ly elim nates probl empeldiledDtdhrig@asi ng di sl ocations arising
froma msmatch between the lattice constants of a filmand an

under kyi n@o29]bs tAsakel heldin, tiedeees' s&hﬂ‘ceBS “plidoviolait bel ’rﬂnﬂn'ph(ﬁblvdltﬁlic sub-
t hermal ex gnsbon coeff|C|ents %3§ gs st andard equi pnent, f% q?does
i

not requi T R T Yercl rebasdiesy Gisigaen, 3[33’0@2? ROF&Y fpnic

Figure 3, dear&e/&@a "SEEMES Mpl%té&ﬁvé)&vfc@wﬁﬂdadaﬂoﬁﬁ&ﬂlr dance with the
25fol I owi ng steps. A sem conductor substrate 300, i.e., a

sem condu@d®y] WaRET snabiss RIRkleisndReo SR ﬁ@d@ﬁﬂ%&hai‘é Wl st akie oSG r May
i ncl ude a sem conductor material and may be, for_exanple, a bulk

SiTi con vRNsups piihop el Cosi RS copsianieytsale Sl gkl

incl ugle ohak@RElSt (agReRbARdYf Aexfentil € SitsubRMIcE ANAUSIAT Sﬂ%c%&'i;@l
such as a group IV elenent, e.g g@rnanlun1or silicon.

enbodi menchnpleaics uMglﬂrJafl@om@@ai G585 [PdEeatesroncy paistes léfs%lé’ﬁtﬂis‘apﬁffgr ggpd
(300) silh&PRnical strength, light weight, and superior heat dissipation in comparison to Ge substrates.

The superior heat dissipation may be especiatly important in concentrator applications, since

solar cells generally work less efficiently at elevated temperatures.

20 {0031] ART substantially eliminates problems from threading dislocations arising from a
mismatch between the lattice constants of a film and an underlying substrate. [t reduces stress
due to the mismatch in thermal expansion coefficients, employs standard equipment, and does

not require prohibitively expensive processes.

[0032] Referring to Figure 3, an ART structure may be formed in accordance with the

25  following steps, A semiconductor substrate 300, 1.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 clement, e.g., germanium or

silicon, In an embodiment, the substrate 100 includes or consists essentially of {300) silicon.



WO 2009/ 035746PCT/ US2008/ 068377 [ 0033] A dielectric |ayer 310,
including a dielectric material, i.e., a non-crystalline materi al
such as SIQ is forned over the sem conductor substrate 300. SiQ is
just one exanpbeoiefica dielectric nmaterial, and those afCTak2008/048077t he
art may substitute other materials, such as SiNx, as appropriate, for
exanpl e, to reduce reconbination effects. The dielectric |layer 310
may be 5formed by a nmethod known to one of skill in the art, e.g.,

t hermal oxidation or plasnma- enhanced chem cal vapor deposition

PECVD) i sui t abl e .syst .sych as ,.the .CENTURA. ULTI MA manuf act ur ed
by et i 0% vt SRS YRt Th e S e i TRk o T b T Tf
may have aich bt $IKKReSHrtdd cvar thespidat n@orisobsaad 880.r $id, hgughhe @fample of a

crystalline material to pe deposjted in an qpening formed .,
through t figetifiematrph 219 tg@/“&f’? S Pingirer @%%F‘%ﬁ@g{%’ RHET RS 3
of the 10gipelRiale! fof edadip@l to3ddhcBBitohRAGRNfFBER. EreQlislectlc IRFRrBO0 ZQy N
[0034] A plurality of narrow, sub-mnicron-w dth openings, e.gl. ,
trenches Bp0cd ki emetbeqd g mitponed skijldn Be o 2 1 ey g4éntigy CERAYNt i onal

| it hogr aphia@ied che&aed vy, rﬂél_bﬂsiﬁél?@EﬂgﬁD)% § titabie sQRENI SRS sNRVEIBGTUR A
dielectric sidewalls 325. Those of skill al so unhderstand how to

per f or m aHHTINLO riznuigetarsd by &palipsldviateninds. brsge ssinfadrlarggly fAoige dielectric layer
app! i cat i QRSy a3 UGHc@Rsst Eeldoddivh 3 a Msikd @%vgfr&g@m&l RREB IPoe deposited
15passivate the sidewalls of the“trench. [0035] After cleaning, a

| at ti ce- ninswpahediomddanioagh B3Mielestris €lyeC th V@hy/ergiicificnid, theithicitiea ¢, of the
opening 320. The lattice-matched material may be, e.g., a [II-V

sem cdhduditioetripay@g 10 gragwanst fromhegopemnfyZbym. e. g., sel ective

epi taxy. The threading dislocations in the lattice-msmatched
mat eri al WYPdlcald gluglitysé nueswa sels midien-giddeapgnings, ofz.. tikechep &4 prg defitngd in

term nate ) [ AN j : . , -
rccor di ngy CERehiCHSc SR bARn At B Ghi B RAReBin el viconepnes
t rench i shyymefdeslebliosidenolis 3t iTabdeyof flrib elso fiindtrssind hawito pgforfnp@8ipouh stRT
structure e d . def ect -t rappi.ng. laveesAn .Lh | ar cell

i seussedt RS SGRBRuo CE b Lo REL AP plBNE b0 Dt BRI Sl 8
mat er tal pagladihngiddeflsot thearendi ng from |l atti ce-m smatch of the
crystalline material with an adjacent sem conductor material and (ii)
a 25non- cit93ijal IAfreclnmiey & Giticemirhattied noekielCid® it etartivedy prognadithirhge

- talli ial . [0037 deposi ti terial h as Ge
"o & ¢ r EREBRb Wb G S Ralr LT Ro BsondroCidtoenou Tyl iy B

atom and @aopaygary, ag.osdcaeuipites. Mhgkiecadeelitycatidiany thb eéattkendisieteen
two Ge atons, The Ge-0 bond ig therefore |ess favorable, and

hecor di noPgis ielE PPy gngt BepubilSA o gt 1 amTe b they reach the
gr owt fp comeieti® Msieribin€ g Bi0AL AT diRd1 M sdefiae 6t thd€)iaxid0hypiif akdryhedop ofkhe

11) or (I t32‘_crystal pl ane, as shown in Figure 4.
trench is préferably substantially free of dislocations.

[0036] An ART structure may be used as a defect-trapping layer in the solar cells discussed
below. The ART structure includes (i) a crystalline material including defects arising from
lattice-mismatch of the crystalline material with an adjacent semiconductor material and (ii) a

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

[0037] When depositing a material such as Ge into a trench between Si0O; 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,

30 eypically a {111} or {113} crystal plane, as shown in Figure 4,

10



WO 20091035746PCT/ US2008/ 068377 [ 0038] Between two dielectric
sidewall's, two crystal planes, e.g., (Il plane 500, and WO plane
500" may grow sinultaneously. The growh rate of the two planes may
be differend2oobmsiexanple, in Ge the {100} plane growsCT/asbexossdnan
the { 1111 plane, as shown in Figure 5. Eventually the fast growh

pl ane di sappears because the crystal growth in the 5direction of the
fast plane is |imted by the growh rate of the slow growh plane, as
al so shown in Figure 5. [0039] To enabl e the observation of these two

o Yor ker 10336r RSy BlerseieGidbBaLa R o ol RE" Pl (TUE Pl Al oL

mat e [) ial {3&0.pidne gO@Xﬂ:ﬁ?ﬁglr@W sinful tAneDus e TG bW Sate et;l the BB Kerfes Ry @€ S, "
may be interposed within a 10 Ge matrix to_proyi ontrast in TEM
i mages. THESBLEF S RIEyYRES tf@dd“%g@@aergf%s Rerdiandhie {Ah B o showi
schemat i ¢idueps. eseituaily @8 Qf g BwhEMIFIdhPEEB BBcalift thi @Ya ghowtl ethée
grows with a (1001 crystal orientation in the | owest sector of the

figuré (PSRN Phibe fast plate inlimitpghby e greatth gt 8 sl ouHgplEw, 1 2keRghown
Si - Ge mapkggukadyers show that the Ge has transitioned to (111) growth
pl anes or facets. The follow ng behavior of a threading dislocation
610 i s olganyedio dmbikkhedb3@oatioR of 1@l thh clys@IMnt BEertdiad, bk ReRB0of 4

t hrough the region with the 11001 crystal” orientation 500, toward
the | et t &rksr materipigiefipinga maper fapprelliny bairseraesad pihinithn lafiseavssnadhed
regron w a@ritahf'aol Fde %&m&l&}’ﬁ@é'r@g 1'6%'31153;5* PR cEE,h"?nafy%%%t& Qled WiGin a
crystal direct the threading islotation to a direction noPmaI to the
{ 111p f Avevatix owpedde deetrst delleYl imagze Thase markerldyngOdiapboe at blenk
eaches  HiRu B e LASHRK! BRI REILARHER mEBOARL WIERWL Rerhdeanl 0
di sl ocation reaches a facet boundary, the crys al’ ‘boun ary typically
redi rect s {il@0}ionysénl diiengation anthp &rvestrdétoudtahe figirg (helofvaeletter e Abaeethat

ncl i nes the Lhreadi 0o, distogat) an Lovards, 106 S1deneld S Al 1) eronn

t hr eadi n§ i s'6E5T TONS S 1 & Tt eri aving facets nonparaflel 't an
under | yi pnsub$iceat &he fdllewalbekevidryph dadading kistcest®adtl0 & dkdewal | , i f

the sidewall is 25sufficiently high. In some enbodi nents, the aspect
rati asof thelttis@nehically feom (Hehebstratei300 dfroughshehregightvith trei{ll @0 jwirghtah, i s

preferably greater n abqut 1. The sidewalls preferably trap the
di sl ocat i ons‘,’“elné'gﬁ’/ri' %@a’amﬁ%'gg'&]?[feﬂ &e region of epitaxial material at

subst rat o T nicrrcs apeRlee ARBHRES Fiwab Aok San Brd LT v

epi taxi al grawhtaiss s@. THARRAGD(HILEAORETH LSROOBMQABRLTidnA04 HireotiRT

samples ver o, BLRRLE I [, Co,B0d ol o vas deposied on'S

inat g, SRS, nialbagLapRed el 4 cadg, st gcel o, [ eaying

zggﬁrﬁ ;IS T%lggf g;\gg%n?tfhe ﬂll;llfzfg\r{l gid%&gticilnl rlezll'lc tesraa acet btt)ur}k%lgry, the gl%Etacl)ﬁ)iotug{%r)i/ :
typically redirects it in a direction perpendicular to the facet. The facet inclines the threading
dislocation towards the sidewalls. All threading dislocations in a material having facets non-
parailel to an underlying substrate, therefore, typically intersect a sidewall, if the sidewall is

25  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.

11




5 trenches 200 nm wi de, may be free of defects 610 above a trapping
region. Top-view ("plan-view') TEMinages of the material were then
captured. Figure 8, a schematic diagram based on a TEM m cr ogr aph,

i |1 ustrat esotzbwosi7appi ng of threadi ng di sl ocati ons by PSr@:ss/@eval | s
325, with the dislocations termnating at the sidewalls in the | ower
portion of the ART regions. [0042]Referring to Figure 9, a |ower
regi on of Ge containing the dislocations may be 10renoved. The upper
region, after renoval of the substrate 300 and dislocation 610

regi on ee of defect he er regi,on
o o B e AR e e BB MR o rnt Pab e PR dopb i O R MBtcates
st acki ng vietin §i%), t@fchbyM THn (EMGmMAEIRNSindalindi@kdd (6 tHerfIok §1&ﬁzta|1i9&spped

and no cracks. . 0.43 Figure .10 ill strate trenches f|IIe

crystal i”ﬁéﬁrﬁﬁ{léﬁé) slpeatigiy fe?‘%%w%s? Gearh @a.oé(iws&emheb Pee aﬂﬂg 5*% %&m
si dewal | 57, QRcrstha6d diddr@m 3PDTERL ihage iBustral ek Bt @adhsingl i bpdrdpABIMRS.,610
slant towards the sidewal | 325 near the bottom of t he trenches. The
GaAs i%s fifeehen ROQR dides MaKBY e ¢f defgets AKYROV R trappig 1BIRN.oF OPARTW | zpkan-
been confyid B Gl rdRNRRETH RBre UenthfthredUpolife)s, b LJheMamlﬁgihrﬁ lbgse@N

Si substrates, theréby confirmng its viability for creatin
hi gh- ef f iagiadidy mieeeaplo tustsstthe Fapntgiod fresging distaspians oy S&: ewalls 325,

substrat &gy, tﬁQEQBéﬂoﬁs“@h%ﬁétﬁlg Q?t)ﬁ/e SOV iD@E 1JHeP H@uh&lﬂ ofthe WRETORbns.

expansi on coefficients gener does not cause cracki ng when grow ng

3t ce: TORAR CRERRLETEALS, £8BOARTor ToEARRARGE BlochAR kDG

be due to onée or t he’ he stresses are small
becau¥e tréreovegi tTaxiper 16&5@&6@6@16@0?1%pﬁthemﬁretr#aﬁéﬁ argll diiepptien @iSkiegans) y

acconmod z§ b%tffeg%ﬁg‘ﬁec@br iﬁlie iil e é/eh Pl ls nﬂ§ Qgrﬂ%h qp tl%‘?’mﬁ ?%ﬁ&c’ﬂuonb due

because t trenches are relative rrow, ’in contrast to very w
t r enches,to iattiophmisthatp ne Bliﬂddingfeﬁavnmmmmthaplpreommtaawb aperpftiash aka
film Th%o%g%kgctric material of the sidewall, e.g., Si02, tends to

be nore conpltant than the seniconductor materials, and may serve as

an expan jo n at h e

5005, bacuBBy bRy hElSSY eﬁﬁ%&@f‘%&%?ﬁ@ﬁé‘éaﬁméi ' %ggﬁ"x\o Betweph,

| attilce aldecdoandgapithasidmetlesssubfraarBidmbodsimdht totadamgsidllantianloll0 wntth
D B8 TR LR A0 B 8 ol f it ke B

t heoreti aid d't@l?@(il lHiHmI' ' fisk OF BRE‘YlﬂQﬁeeﬁ&nZﬂ/meﬂ_ fir ﬂ*}efdbgéi;[tﬁmloﬂ d]gﬁa[tlﬁﬁy fihat a
devi ce usin teri I th 50@6|nd| d 50% qal mis
5shown,  BRACH brPé‘r dtsef Piate R BRinE A e ‘gfﬁFtI'“iggH‘ﬁhn%f CIHREY U F o
t une the;ﬁ@n@g@gb@@mwhakmh@emggﬂ@gant of the material to inprove the
sol ar cell performance. The sane is true for the InGAs |ayer; the

bandgmps [6@e] 703mdl ek hegsiach (BA nBergadh dfURBrAkIex 5@ codfiléic A B@krally does
fractions of indiumand galliumnmay be used in the InGAs layer to

tune t he nsaﬁwawacgm whep gropdngdaijes-Bynatched materials using ART. The absence of
cracking may be due to one or more of the following:
» The stresses are small because the epitaxial layers are thin.
° The material may elastically accommodate stresses arising from thermal-expansion
25 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, ¢.g., 5i0,, 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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for inproved performance. For exanple, it nmay be desired to use an
InGaAs | ayer lattice- 10matched to InP, as described below, and in
this case, I1n0.53Gaa47As may be used. [0046] Figure 11 shows a

t hree-j uncwd emvesliar - cel | structure 1100 includi ng a POBUSRRIB/MEGT on
1110 including InGaP regions with p-n junctions formed on the top of
a silicon substrate 300 by ART, a p-n junction 1120 within the
silicon substrate, and a bottom ART regi on 1130 includi ng | nGaAs
regions with p-n junctions defined on the bottom surface of the

silicon st te b The. s i ncor ne

S unott ondOBsP > g 8t G et 2 Rhd B bt TR DS R PR 3 i b en of

i[ .e., | t he sbl@pceﬂR{Ethl’tE@b Pictidng enagel ST adsSay sand.S6 BE), lS@(lt KSmVAHEdmg?mAs
0047]In ticular, the top ART re n 11 nma t.i on

horoct - T BALHoM Blsrtdde bR Al Bk Bhoghiod mat T e ity B B Th

(e.g., | m@aR)indda@Xiimeh Gedd¥Chsing IGOGIH @Gtk riMiviith 58%f ihdish aROREH ysitiahlid ne

materi al 310 g ., Sift). The first crystalline material |ncludes
def ect’s 61DV MPI C%F‘FBLHP%? qf dipiyrg duchgdling wAY R usphie tynerta bandgap and

crystal | iififccriBh®duk 81 thé Rarihlith Khproth @6 eNhr BRb&Tdr@hnct ETER sarmle€trsd for the
substrate 30W the defects termnate at the first non-crystalline

mat eri al lEGehs Iy teedprodgrps fos gPGrindinmenday) % saBlupies ghowet kit ager taapdpns of
1140 of , ;SHln andPehfRAP may B Hﬂﬁ@ fd.aR li}El b e WRLHahdlEp LAY Blticd ddRtahS

sel ected such that it forns a high-quality, contlnuous | ayer over the
under | yi rigy imatoged perforpange. Fgjexampjedl maxbg MI@ubga@qméﬁ@aﬁg@rléw otk t he

first 106! ﬁl%& orlﬁp mrb&s gﬁeld be%@\p mgd m tlJuF %%‘)Igno 5 47919 rﬁ%ﬁge 5?&@ on nay

also inclu base an enmitter 1150 of,

e.g., rf lﬁ)dﬁﬁg gh?@?ﬁm%% tfi’r@e gﬁkf?&lts%% Raca §t%: dlttggﬁékﬂﬂxig ‘2{{ gREI ate

bandgap. talc juncti 1152 s define face
bet ween trmomlalé@ lrmm&gdm@aﬂ legioanivith pin jAres0ns [Tiged lon GeePoimelt sediliceh seistiate n

and Ga f rg& X/gﬁihlg é%B ggne plZ%Qm e ﬂ@on”%hs {ale ﬁdq%%tt&nt%%ldgg{a qii 30

about 1. § 'S c osen so
absor bs MMQMH%deGgys@@mh@WmmgﬂQMknowehﬁhghmumsmﬂ$mM@ﬁhmwéﬂweﬂeomy

phot ons t i sturbed. The I P
Py o B Ro A RS e PP i oy B st 0P e
met al . Thetwe¥¥0h2 608/ DB8SAEERCThtoA0T8Y 2683, 1Ke hastentd, snd thgbdtloyn da‘p?edgzon.
p-type so that the InGP has a high mnority-carrier lifetime, which

is prefenoted) sclntphm:ulei aetdOARMoégoBl 0 Snagl Guiktbdn dsedottalie fret- tb@bﬁmgéaytehey
o oo S P OO Tk 98 AT SR T DAY S 1 o
conduct i \¢gstaBine fatialsUo e asSi, AUTheTRY cBBtalling pRGAG iR&Ies tiftectt O AMikhg
Sregi 2%n' from a lattice-mismatch of the first crystalline material to a first adjacent material (e.g., the Si
substrate 300); the defects terminate at the first non-crystalline material 310. The top ART
region 1110 may include a wetting layer 1140 of, e.g., p'GaAs. The composition of the
wetting layer 1140 is selected such that it forms a high-quality, continuous [ayer over the
underlying material, e.g., Si, to allow the subsequent growth of the first crystalline material,
25 e.g., InGaP. The top ART region may also include a base 1145 of, e.g., p InGaP, and an
emitter 1150 of, e.g., n" [nGaP. InGaP may be selected because it has an appropriate 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

30  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 defect-trapping | ayer;
the second defect-trapping |ayer includes a second crystalline

mat eri al 38® 200%03§74¢ | NGaAs) proximate and in contact RETYES280886886Tnd
noncrystalline material 310' (e.g., Sift). The second crystalline
material includes defects 610° 10arising froma lattice-msmatch to a
second adj acent material (e.g., the Si substrate); the defects

term nate at the second non-crystalline naterial 310'. The bottom ART

region 1130 e.a wetti
bott om ¢ raBprriEPEaEH Padesroote MR s R o ar nhasg e
e.g., n+l perAsd eaa:mdt cdechas@ol pdibi doalot qacdmtﬁaeﬁlmfmmﬁeb aie sphaited/ oy thaiph
junctlon 1152 fln}ﬂgpg an in erfa e bet he em_tter,6 1150 of
e.g., n+IPEY%s ﬁEPPt &98 TPy A8ve 4t ES’F“ES%O ge & ”ﬁfo‘l'tﬁég,&s“m TH RSP ESm
ART regi onyerli365, 7Ry, atdd@icavd Hhtekiness aONi Lu, Ghay bab@pléqedi beerohedBp ART
botton1contact | ayer 1155', e.g., a conductive material such as N
na@ b@gﬁpsposed over the bottom ART regi on. [0049] A sol ar cel
|. - ction 1120, nmy be di sposed between the top and botton1
def ect - t r E"BE? Ing Thg Hatam A§Tdeg‘°fi‘ 30 ey Spnclipihayd sgeend dgier s SRS n+

and p+ dom ed Hel&y &E@llét@@i@&tltﬂlﬁpla€@yr be selehd Agebt-upHng lahdt idluRFh t t er
1167 of e formed b for exa ion inplantation, in a p-type Si

subst r at e%ecwdt%y%‘énerw%a& (o8- ]t‘lﬁéAi:)u)b%"t“F%tFé“‘H@chﬁ‘F‘ﬁg“g? hEeWd1eBg,
the p- n J Hggtlm@@m&égﬁ 30 9.9 gl(ﬁp%@e&ﬁ&\éﬁz@@l]ﬁl@ﬁla@mlltlﬁﬁﬁde@@gfeétbgl()’
base. tunnel junctio formed between the

subst ﬁ%.t ealgw feameia iaﬁecetrm@mmmraégwﬁ “dléﬂ‘ffﬂt BHeiH &2 t fhﬁ ﬁe#ubrtmﬁ@t theyfefects
L170° ey o @hRLRBINRAL SRR RIRRGES o 206 diEnd %g;onaﬁsé\my
region. Atunnel junction is” a very highl'y doped p+/n+ I ode

dopi ng i sinsluflf & wicéing layehi Igh dfor.g.olibrénr botiom taprhg iseions €60 etheg.pa lthen
n+ | ayers { h n unct.i far t
bt woam t%l‘{\‘gbhasée(ﬁft F" aE'@{;GzlAs ﬁldcq%se Qus dé*gg zﬂ%&é"’“ﬁtﬁ% %Bé()&ﬁnc ARk36
sufficientls hﬁgmdhwamumm@uammampﬂkmﬁumuﬂ¢ﬂloﬁedﬁmfbmhﬁmﬂmﬂmebﬂeﬂyﬁ’

S| OO, ! 98 A NS 090 ABUE ISR LS LOPLART.L S OMLS. o

exposed to’ erefrore, rre roug op A
regi on. 3@mhhe wibmenhtaédaysal b5hicas esoiduetifeunnalal puehat Nodu, mblyde tispored
junctions may be for inl1l-V materials formed above and bel ow t he

seni condutEO BT FHt'e™860. By i n- situ doping during WO

2009/ 0357 / 08/ 68377 r awmt and e do ch
ayers. malIOR achichy aelt L6 B gt b g pRow bR Rt e nddigiom o
preferr edddfwﬁmebpmymgérh QL. iihe BeqﬂaﬁlzﬂiﬁHﬁﬂ‘neﬂ uﬁﬂm it Bad p'adoprigl dhe ph Junctlon
reglon t hi ck ut 10. nm $ﬁ§t2§% in a enhodj nent ,

t unnef? j umeY bededingd: 7 m memﬁﬁyl GETES thl‘fée’iﬂBW S BRI, in 2
portions g ypd SPkubBIES tridkl R BRGinderde helsiBub@REMANS Nbisbe 168, tﬂeq)omjuncuon
starting 5fromthe top of the silicon substrate may be as fol

p++ (t unnkl20jbgigedispesrd Patweeihacrpitigiaidithe baset i on) 1170
[0050] A tunnel junction 1170 may be formed between the substrate 300 and the top ART

region, and another tunnel junction 1170’ may be formed between the substrate and the bottom
25  ART region, A tunnel junction is a very highly doped p*/n* diode. The doping is sufficiently
high for current to tunnel between the p* and n* layers, with the tunnel junction forming a low
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,
30 The current forward biases the tunnel junction. The tunnel junctions may be formed in lI-V

materials formed above and below the semiconductor substrate 300. By in-situ doping during
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n(emtter)1167 p(base) 1168 10p++(tunnel junction) 1170" n' (tunnel
junction) 1170' [O0O051] A structure may include additional solar cells
di sposed, e.g., below the second defect-trapping |ayer or above the
first def eedz2dop/agEpisng | ayer. In sonme enbodi nents, bothcrheodsimssty7 and
the second defect-trapping | ayers are di sposed above a substrate.

15[ 0052] I n various enbodi nents, a large array (-500,000 on a 12-inch
substrate) of trenches 300 nmto 500 nmw de covers the surface of
each die on a Si substrate. In other enbodi nents, the trench width
can vary ovey a br,oader . range, ch as from180 nmto 5 um .Th

St ance BV DG T HBS £ SREROL OB BT ABT - BarowPamy |
wavel engtih'*otmal Apskeralu@bl jid@os Bla@be sadiallsieithat hillegle@dnt gigiuthath&n
may prevent sol ar radjation from passing between the trenches; %0

t her ef or & abPHe! 0dwl-| AnidystEisddp BN PR RCR} (UnRR IYRECT frelel Py detined
Wi | e t hep thd 3 AILERAE pdtodsSf RRESuBE@IE 800 OMmes BBROFIRE nRd AlicohRBrting
spaci ng may be substantially adjusted, based on application and/or

mat er iSal fToEHHE fog vk e silicpppbdTarhpaynRrsiaded: 3- j uncti on sol ar - cel
structure showp in Figure 11 operates as follows. 25 Sunlight first
strikes the | AGAPWAf'@FSAY 858 of the top ART cell 1110. |nGaP

absor bs photgﬁgmw@g_ ndb§neray of 1.82 eV or higher. Photons with an
energy below 1.82 eV pass through the InGaP and enter the S

Substrate 3000 (emitter) The pholds that pass through the | nGaP enter the
top defect-trﬁ@ngg region 14@5. Preferably, absorption in this
region is avo ed or reduced because phot ogenerated 30carriers my
recontti ne at pheuthkjeadiony 8i79! ocati ons 610. Because nost of the top
WO 2009/ 03574 2 [ 06 4 trapping region is created from

| nGaP, the trgﬁg%%%ﬁP%gggg 3ﬁﬁl be transparent to the photons not
absorbed by the region of InGP above. Wiile a wetting | ayer 1140 of
GaAs is BV ded strestiraoial inchile addigong] sobmiseltsridpotgd ovg. Hhebv thp&sPrdabove

the Si, this | ' ' - b@m&Hes, RBAL
passi ng CheaghrTs ARt aRbve il drdl e, RRBAL BhbAR A BIRAE
how t o apipityndthh ercombdeecit-ahspitgaghecare dsposathslmvpt sdnirddy. t he wetting

| ayer.
15 [0052] In various embodiments, a large array (~500,000 on a 12-inch substrate} of trenches

300 nm to 500 nm wide covers the surface of each die on a Si substrate. In other embodiments,
the trench width can vary over a broader range, such as from 180 nm to 5 pm. The distance
between the trenches may be about 150 nm, below the wavelength of almost all of the solar
radiation. This configuration may prevent solar radiation from passing between the trenches;
20 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.

25 « 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 1 165.
Preferably, absorption in this region is avoided or reduced because photogenerated

30 carriers may recombine af the threading dislocations 610. Because most of the top
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Si absorbs photons with an energy of 1.15 eV or higher. Photons with
an energy below 1.15 eV pass through the Si substrate 300. The
photons that pass through the Si enter a second trapping region,
i.e., bottwortwaeppiong 10regi on 1160. Again, the goal PpsT/US0E8NBET7
absorption in this regi on because photogenerated carriers nmay

reconbi ne at the threading dislocations. Therefore, the trapping
region is preferably created fromInP, a high-bandgap naterial. The

| ow-energy (< 1.15 eV) photons pass through the InP trappi ng into t he
| nGaAs region. Since InP gr in non- pl anar on Si, at

GaAs wet t i ng'RRyEegign HF&%@%‘%W“?@ R H“‘gﬁ%%l%“u“’ &E&FWF‘FV\H"

15di nensi onah dt&%%bﬁab@&rhédﬁ@ thd &gmﬁaf\ﬁlcﬁpaﬁo»@otwma&waauﬁgh@yek OVHRITET Y
photons in t |on because It has a w de band | nGaAs wi | |

t hen absorb HH’&RV tvae it verfipgRpiont! sioeth oaip(gy a g‘i’”@ﬁ’éers' RidateR s ksph

junction in t/é?ﬁtﬂun@afé‘&cmkqbrp‘aepammnté pﬁgla rageremasedrelestkannhel e
pairs. [0054] As described above, CEPZSS t hrough a trapping

regi of i n anMART wleetang spwy to %D%ﬂ%@&ﬁ%‘h!@ Va@aflhs(épta’@%rtﬁ‘fv%fﬁllg)f
sub- bandgap Qp&tons but this sub-bandgap absorpti on does not

significantly affect t he performance of an ART-based cell. [0055]In
the trappi ngSr@g)rbmmotdnh méddh agergi & ldSaM @nigher. dhbeneval tx arrstiates

within the b fore absorbs sone per cent age of
t he sub- bandgégggﬁ?ﬁbl 3“& glpgﬁéb m{]ﬁb@ugh the trapping regions. Since
the phot Ogen%@ﬁlﬁd}n@ eHal lbz@E frcBRERIS] Afiea &Mn@@ﬁbﬁlﬂg %@Qh S'eo%aftd;rﬁ Rapping
they tend to reconbine non-radiatively and, i.e., wth

cont ribut i ngreewnt!heD. shga tegtopk is ogyypigabsopesipgin thistregign bf‘@glssp phetogegerated
estimte t hecdu%}?ﬁltly ?gcoﬁlmﬁ ad tﬁéﬁreq&ﬁgaﬂoﬁﬂoﬁé UPheldiGie f tfi’é t@@é@g’agmn is

equatl on that ives the transm ssion as a functi on of
absor pti on cpefelibé aprtedirem iy hélghﬁﬂ@gmwgtetlai Thelopgpnergy (< 1.15eV)

2009/ 0357- 16 4n|\ ?%Q%ng@ﬁﬁg %P[thglﬁgi&go HERARRS &P%ﬁﬁa@‘i‘nﬁ %lé&«s fEnon-

absorpti on coe lent o regions grown on sificon Is
appr oxi mat el plagr xod®8n i, g thif Gnprmi@@bywm preenéhgioesedyettieine @roanid o-
0.5 bel ow,t he .ba r LN h.the thick sof

i ghi § o i odabBiopLgyaner 6B thEAGHe! Rtk W UG/ ISRR, B b
ART trencheswg@mbagause w\hzdtahwdmbetnh@por der of 500 nm or Iess t he

S5transm ssion through the trapping regions is expected to be about
95% [0057]‘|?ﬁ'é‘GﬁBé%&’flb‘lhé“i‘%O'@é’E‘Ptﬁﬁ‘t‘él Heengrey @ED-Ob eV PRE G HERMEMEN

on the effi Cjuﬁ&fb)‘l n@fhetlﬁ@alishﬂ}ﬂacparate the photogenerated electron-hole pairs.

[0054]  As described above, light will pass through a trapping region in an ART solar cell.
20 Dislocations may cause absorption of sub-bandgap photons, but this sub-bandgap absorption

does not significantly affect the performance of an ART-based cell.

[0055] 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

25 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 1:

T _ E-UJ
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junction solar cell described herein. The I nGaP absorbs about 33% of
t he photons before any of thementer a trapping region. The remaining
67% of the photons enter the trapping regions in the InGP cell. The
trappi ng regizammssiw the InGP cell nomnally absorb abovusHé&w@ss7r hat
1067% or about 3.3%of all the incident solar photons. [0058] The
remai ni ng photons then pass through the silicon cell before they
enter the trapping region in the InGaAs cell. By this tine, the two
upper (InGaP and Si) cells have absorbed about 67% of all the

i nci dent r phot ons 33% f the total incident solar photons
r each thﬁ%ﬁippfﬁt}f hﬁs@ieaﬁrtﬁd?’fhitﬁ‘& PHERu C&&%ﬁcmﬁ‘ﬁﬁnﬁ RN “i%gesﬂéﬁ.ga%l
nom nal | YonalRek B apmahiaite o9k 06’ Achator @?@%nqaﬁm@h fes Botf86naf andlols dWhigelow
i nci dent solar photons, [0059]1n total, th e trapping reglons
absorb - 3heandsaps Fengdevicesigvdrching thigkaesp ﬁ%ﬁhaeﬁblylcﬂ%%aﬁ%wgﬂ%gé sl e

cal cul at i PNsyhidRGhGE @ydidAdtor RRAL QACRRHOIRE b Afth Bn &b BrddAGHB Rm! @ UsO ke
near the threadkyg dlslocatlons may be a m nor |oss nmechani smt hat
I

may prieveHfsARTONSBIofEh Beprping SRt it SKRFcis (@ bretbput % mum t heor et i cal
eff|C|enc of 63% but does not preclude a 20production efficiency in

excess oflV&Gds Ttoowejbtn ke eid@asthegiirctol thipphenomenonon tigyetiicaergy ef thp dirce-

detri ment ﬁr{ctlglﬁ fRhtePlestitli®eRN. ARS Ind 4P BWks i@hﬁﬁl%%f’ th@plﬁl;loﬁls Qé‘féltc'aﬁff'
can |nduce reconbi nation over a relatively |o di stance, e.g., upt

about 10 9bfhentemeer g &apmtg IARPL mamemsmfia% ‘tféllﬁ ofos @rrt@rnm’svp@@@eai@w

500 nm w, gﬁle EGHERA., %P@tr%ht%rrg 119115 ih B Eﬁ@'ﬂ:‘: gqﬁfoﬂﬁnfgﬁat &5k, ﬁ %:%c %fc“t?zlﬂlt lmy

in conparison to a de Uence 1 hn a er|a
si ncella di7§l. ocapitch3% ahzlbthe invdlgsteclaepiondiisnat i on i n an adj acent
trench. [0061] The formation of InGP and I nGaAs on silicon using ART
is an i nd6#8ant Tiparmaiohgphetofiahen pat thowgpHesdsen ckdlddiarothey edtrahe he
triple j i l. In.F
| nGaP an3&§%h§%§ﬁ§ﬁAg§ |coﬁ(%gi%guﬁéﬁhéggﬂﬁg&ﬁgggcrlEgﬁf&agg?gggbr
detail . amriﬁﬂ@%t@%%%E’Eﬂle]iﬂc&@@ﬂﬂﬁz@@&@aﬁs [C@Oﬁzij%pglhe ootd 2ncidehtusstar at es
o0 oo A Ak T 6 5 AR AR S B0 S Sl
of SEMATEﬁHn5thW$ﬂBa%1MemymipwmmpﬁtﬁtméﬁaﬁxoﬁqM®hmates are of fcut by
6 to avoid anti-phase domain boundaries. A relatively thick
di el ectr i[00519ayern tHA0ther, the t,lap@mtghegﬁmlabmlb elie:s%aw; irfgfo & ~5thifak rﬂmsscldrfnt
Ito 1.5 p ggkorne q | I@ nch 320 E
of, e.g. 6‘0%" t 0% BMGF R Y %“Dﬁ%t Lﬁ“ﬁé gt P?Ff?fh%b“?"ﬁ%?‘h‘&l““% ?”8% eg“”“’
phot olit h@wt@eptmeaaﬂgd@wa@hgiﬂhme a hﬁﬁﬁ%k%b@fani&:ﬁl@hr@ﬁhy gfemngstsem
fl uorocarbon residue may be renayed_fronythe su?str

cells from attaining thelr maximum theoretical efficiency of 03%, but does not preciude a

20  production efficiency in excess of 50%.

[0060] The use of ART in solar cells may reduce the detrimental effect of dislocations. In
bulk material, a dislocation can induce recombination over a relatively long distance, e.g., up to
about 10 pm. The use of ART to make solar cells in trenches 300 to 500 nm wide reduces the
sphere of influence of a defect significantly in comparisen to a defect’s influence in a bulk

25  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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surface by an oxygen plasnma ashing step (800 Wat 1.2 Torr for 30

m nutes in an oxygen plasma asher. The residue renoval may be
performed in, e.g., an ASPEN STRIP 11 system 10manufactured by
Mat t son Tewtrmobvagyrss I nc., based in Frenont, CA. The patrarspe/oss377
substrate is cleaned, for exanple in Piranha, SC2, and dilute HF
solutions sequentially. Epitaxial lattice-m smatched material 330 is
selectively fornmed in the trench by, e.g., netal-organic chem cal
vapor deposi tion (MOCVD). The epitaxial lattice-m smatched nateri al

330 may i osed over a wett] | ayer .1140 .of .
Tar00es) HUftAle” PG G RIS E" pokEhne MR shBlEE egpitnR mG2PoA

| atti ce- Musamt shadsimad molrﬁely 533Btainkd fbﬂ'&arﬁpl&,ﬂk@rﬁ/&rﬂlﬂ’eﬁ smﬁivs@y ¢FM
node, the material 330 grows over a substrate 3? t wo dl mensi ons,
layer by PEYETECHn HyeradiahdrtYRReH 01 W rats ges, of SHE o A Uleptgies

cause i solat@thRAlARES AQEaSRIY @ik Alelct@it efykRd 10385, § MeBh0VkiAR Haiii}an
coal esce. In the Stranski-Krastanov (SK) node, fhe material 330 grows

| ayer by thigess gk o113 gorisfrmed Oiathéwhtﬁrw Aﬁﬁﬂ@kﬁ%@é@wn&wm{th@%ezaP@

grows in Ja@tscﬂﬂﬁ%s ?Jtﬁl%éld m@al%nhﬁ'asé@e Bppm&i@h@% ﬁgﬂdﬂa@ea% pl anar
node, i.e., in either the second (VW  or th K) nbde nplanar
growth (i {o@m] VWrQF m@rléaaf@mg sty %&@Ldrwml r@s‘?ﬂt‘é xﬁﬁr b@ughmfee ROAIhE lbk@ns
of defects and a rough surface. In sone enbodinents, this issue is
addr essedsuycaduposiysanglasmaashingien @YW of 120 agrlor ) ginutesiran eyedct | y
onto the r i ec.bn ARG <

grow in 2%51@3%?% gh@ré:lpggé;%gm?ﬁ%%b\%ﬁb %}P)rgl?%\% |E ?RFE%IS?)ST on C;%w o
Tabl el® sheowsactmedievipitanlegaologs, Imﬁdiiqdiimﬁ@rrphaﬂf\né@hel@éttta@ﬂdwsb%teﬂbr

Priti o conaE oo MBE npie R ARG ol P A0RD Eallidafie

[ 0066] ThemMmiatched matigal 330 de'&lleq:tsfdlyafsmtehm whatrbmhtbetmgaememh@gm@vhemaé

of a grou rou recur.sqr t he. W rat f t he
or oup 1 11 CupLFRRTER MGV OE By PREEE R Al PRGN
as (V premGaBdispdskdowdr atwettidgliayer ER0EORAL|l ow rate) (fraction of Vv

el ement in 5V precursor/fraction of |11l elenment in Il precursor). In
sumaty, fohed]V- Figure Etshows sue@qualible grotvHﬁanbEllatti@é—rrgsrmuqmeN/material 330.

at ons/ sec € lfﬁlg t.enter . a ssing chanber, di vided b r of
aroup. 111 MdSoransYEona N O P e BB G R e BYTRE
[0067] G o&i&ﬂanm Olbielr 09 SayBRYn B \AdhineiSWelsks [ VWA modé, iigtifactil eMayiss cagsec h
as, for exanple
Lsoigtgd patches of epitaxial material 330 to grow and then coalesce. In the Stranski-Krastanov
(SK) mode, the material 330 grows layer by layer until it reaches a critical thickness, and then

20 it grows in patches,

[0065] InGaP tends to grow on Siin a non-planar mode, i.e., in either the second (VW) or
third (SK) mode. Non-planar growth (i.e., VW or SK mode) typically leads to high
concentrations of defects and a rough surface. In some embodiments, this issue is addressed by
depositing a wetting layer 1140 of, e.g., GaAs directly onto the Si substrate before depositing
25  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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A pre-epitaxy bake of the substrate,

800 to 1000C. 10During grow h,
fromroomtenperature to 800C. To mtigate potenti al
def ect s aswaeesisiis of t her mal
between different materials such as InGP, Si,

t her nal

e.g.,
cycle

nore of the materials to change its thernal

e.g.,
t her mal

subject the Si O
expansion coefficient closer to that of Si.

to a thernm

anneal

in a tenperature range of
at tenperatures
stacking fault
expansi on coefficient RCHHSAESHESSTT

and Si 02,
expansi on properties,
nitrogen treatnent to render
15[ 0068] I n sone

treat one or

its

enbodi nents, s unction s Structy epi ct ed
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[0067]

Growth conditions may be adjusted in a variety of ways, such as, for example:

A pre-epitaxy bake of the substrate, e.g., in a temperature range of 800° to 1000°C,

10

During growth, thermal cycle anneal at temperatures from room temperatuare to 800°C.

To mitigate potential stacking fault defects as a result of thermal expansion coefficient
mismatches between different materials such as InGaP, Si, and $i0,, treat one or more of
the materials to change its thermal expansion propetties, e.g., subject the Si0z to a

thermal nitrogen treatment to render its thermal expansion coefficient closer to that of Si.

15 [0068]

Figure 11, a high-bandgap InP trapping region may be interposed between the Si substrate and

In some embodiments, such as the three-junction solar-cell structure depicted in

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
20 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,



Gases Carrier Gas Substrate Tenp.

('O Reactor Pressure (Torr) V-H

Ratio Gowh Rate (mu/mn) InP TM, PH3 H2 620-720 70 100- 200
WO 2009/035746 PCT/US2008/068377
[0069] While in the foregoing discussion, InP, rather than another high-bandgap material is

10

1§

20

interposed, because InGaAs 1s nearly lattice-matched to InP, those of skill in the art will

appreciate how to apply other suitable materials.

[0070]
bandgap InP, is formed over a GaAs wetting layer 1140 disposed in a trench 320.

Figure 14 illustrates a structure in which a first crystalline material 330, e.p., wide

Subsequently, another crystalline material 1400, e.g., InGaAs, is formed over the first
crystalline material, e.g., InP. InP is used to trap defects, and has a [arge bandgap, so light is
not absorbed in it. The InGaAs functions as a solar cell. Table 3 sets forth an exemplary set of

conditions that may be adjusted for growing InP and InGaAs,

Table 3: Initial Conditions for Deposition of InP and InGaAs

. Precursor Carrier | Substrate Reactor V-l Growth
Material Gases Cas Temp. (°C) Pressure Ratio Rate
P (Torr) (n/min)
100-
InP TMI, PH3 Ha 620-720 70 30
200
T™I, TMG, 100-
InGaAs AsH, H: 550-580 70 250 30
[0071]  Figure 15 shows an exemplary architecture for a single-junction InGaP solar cell

1500. Note that Figure L5 and other drawings of solar cells herein are schematics, rather than
precise drawings. They omit, for example, contact doping regions, window layers, and back

surface field layers, whose presence would be readily apparent to those of skill in the art.

[0072]

with reference to Figure 11, and p*GaAs wetting layer 1140 disposed in a trench 320 overa p*

The single-junction solar cell 1500 includes a top ART region 1110, as discussed

St substrate 300. A base layer 145 of p InGaP is disposed over the wetting layer, and an
emitter layer 1150 of n"InGaP is disposed over the base layer, defining a photoyoltaic junction
1152 therebetween. The top ART region may have a thickness of e.g., about | to 5 pm. A top
contact layer [155, e.g., a conductive material such as NiAu, may be disposed over the top
ART region. A bottom contact layer 11557, 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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30 InGaAs TM, TM5 AsH3 H2 550-580 70 100- 250 30 [0071] Figure 15
shows al exenplary architecture for a single-junction InGP sol ar

cell 1500. Note that Figure 15 and other draw ngs of solar cells

her ei n ar evachermtit€s, rather than precise draw ngs. THEUSeMsD683%70r
exanpl e, contact doping regions, w ndow | ayers, and back surface
field | ayers, whose presence would be readily apparent to those of
skill in the art. 15[0072] The single-junction solar cell 1500

i ncludes a top ART region 1110, as discussed with reference to Figure

5" subst At tsygree-Baan® Apepritiss SRR tirede b G ERscae O B orE "

wetting I ayam, Taa S sabstE 300 &fay lbayeged b1 akl [fve B tHicKzaR of sbodt H)Vas €00 aver
t he base | a ayer deflnlngﬁyglggg vol taj c junctlon 1152 therebetween

The top AR P BEGBH Higkn Ogiehe 2 light maygmpingp g the pinglegunstipn wlar
top ZOCon@@cﬁsod)g;y@{gh%%c&mgu a 1¢onductive material such as N Au,
may be di sposed over the top ART region. A bottom contact |ayer

1155' , 5 e. @o73]an Thinch FWEKs, th Ibtﬂicfiﬂfsﬁchn@ﬂlefcﬁﬁm |Eé$@ls(ﬁ{aytb99ar%d to mcreabe
substrate gpposite the top The netals for the top and

bot t om cofftigietey} &y e eawédlmﬂe'fseth%&cgaf’é@?@éeéabﬁttﬁeeerﬂawdéo 4 S{Hy Those of

contact rasi flROGEwM bbb hB@h&dt@eﬁ!ﬁ@I thS SRR UG RO rd TR deflice, tf&dopmg
exanpl e, alunlnun1prOV|§es a | ow contacét resistance with doped

si | i con bltelhged thpynargaigreBisizais pPrtowssde s¥RFE 8RRty fopa parficwar application,
materials. Thus, alumnumis preferably used as a contact | ayer
adj acent ©087Hop&irus 16 sbevis ammehisptus fpist singleiuggmndagadesols sabl698: And

have gt hhﬁ%ﬂﬁ%&@fsoﬁp%ﬂt &R0 Wi@nyd e ik WMstel afd BIRTAEFeRn i e Gl RRS Ko
of about 300 um Sunlight may inpi'nge on the single-junction solar

cel | 1500inekpsggfivientie top contact |ayer 1155. 5[ 0073] Trench wi dt hs,

the layer thicknesses, and the doping |levels may be varied to
i ncrease BPTici éfheyngitwngmreln@ﬁﬁbwkwm §600tiprduden chpttany &l egien |90, as

bet ween a&?&&sehr\hﬁ)th :l‘efge?ﬂ:@to %P%el loforrﬁgd (Jnl an'nm S&Hﬁjé@'{té S(YM l'llhﬁ %gtgd?igpnk%e

how t o adj ust the geonetric stfucture of evi ce, I ng
| evel s, amdionHé&3hmaseinilade codfifg oyarid4)’ owetglowafhmeﬂaettmpmmnglam Q]

for al:par -5[{ S.E.', ﬁ'rlnfé}gglel%ﬁt%; | I%B of, e.g., n"InGaAs, and a base 1145” of p [nGaAs, with a

photovoltaic junction 1152’ defined by an interface between the emitter 150’ and base 1145,
The bottom ART region 1130 may have a thickness of e.g., about | to 5 pm. A bottom contact
layer L155’, e.g., a conductive material such as NiAu, may be disposed over the bottom ART
region. A top contact layer {155, e.g., an Al layer, may be formed on the side of the Si

20 substrate opposite the bottom ART region. Sunlight may impinge on the single-junction solar

cell 1600 through the top contact layer 1155.

[0076] [n some embodiments the InGaAs thickness is between about 1 to 3 um. The bottom
ART region 1130 may have a thickness of 1 — 5 um. The substrate may have a thickness of
about 300 um. Those of skill in the art will readily appreciate how to adjust the geometrical

25 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 I8 iHustrates an embodiment of a dual-junction InGaAs / Si cell 1800, The dual-
junction InGaP / Si solar cell 700 includes a top ART region [ 110 as described with reference

30 toFigure 11 and having a first photovoltaic junction 1152, disposed over a substrate 300
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[0074] Figure 16 shows an architecture for a single-junction I nGaAs
solar cell 1600. As 10with the InGP solar cell, trench wdths, |ayer
t hi cknesses and doping |levels may be tailored to increase efficiency.
[ 0075] The wiongbsssuacti on | nGaAs sol ar cell 1600 i ncl vdggisaokodssm
ART region 1130, as discussed with reference to Figure 11, formed on
an n+ Si substrate 300. The bottom ART region 1130 may include a
wetting |ayer 1140' of, e.g., n+GAs, a bottomtrapping region 1160
150f, e.g., n+lnP, an emtter 1150' of, e.g., n+lnGaAs, and a base

1145 I nGAs, with. a hotov ic junction 1152' defined. an
i nt erface‘?aﬁ‘@t‘\%é‘e"ﬁ“f“ﬂ@“é%’"t a*ili@ g el o %ﬂtypeﬁﬁg‘%@f‘gﬁﬁ%ﬁf of
regi on 113Qui30P yhaVen eénidi @giaesmsxffnesignay valbaikd [n thosbstme 308 lyabd om
contact | ayer 1155 d%ﬂ% a conductjve materjal_such as N Ay, nmay be

di sposed gpkneige B ptcorhlArery PegrlErd byihe spmaiist ofdhe yukyigte a%éfh%ag ,

an | ay@tond R['I[ﬁ}étob&taﬁc%ﬁ@ﬁnq 26 R €orfibod Bet@ent hCenBtte 2088 RS habfe APEVA L €
t he botton1A region. Sunlight may inpinge on the single-junction

sol ar tel qun%omcwlrld&@ Hay H%dt‘ﬂﬁe‘ébﬁﬂ’%tfﬁq gy AR Trggen LT1§and thesmittssd705.

e”bOd'”EQA%okﬂﬁnk&gﬁgélHBkCKQe§§14%nﬁﬁﬁ%ﬁﬁﬂd&ﬁg%?&k%&mﬁa&@boTﬁ%to
bott om ART regi on have a thickness of -5 um The substrate

may have éRTh%@khﬁégH@ﬂbaﬁﬁﬁﬁdgbwmﬁ“DﬁW@§@ﬂ6ﬂ7@klII inthe art will

readily ﬁpre0|ate how to adjust the geonetrical 25structure of the
devi ce, tI987&opilhgdiedinardon swhe c¢lhEB0Rat Bigiug|!8 dsbidps eiishehetaveltdpedini ze

devi ce pe; nElﬂ&;ﬂEQﬁg% %z%lc&dga?lt Ilﬂgtglll'ﬂigF'l \ﬁ]%?:l fl&@ftafng@con[,tgﬁv Kli Ririg Bﬁld%%)o and

illustrates an”e ction I nGP cel
Fi gur &) 18enetdyusg.rait d%e &irst phdiordiltpie well @fueaaocjdpatloﬂ}qﬁmtlbsmte BAGaykech/inggides

cel | 1800&{1 erﬁl&erq?%oﬂ i gctllb%@ 1 B%—@ﬁ%1 an ?ho%@é%}ic;‘]zggmh r]?ﬁdJ dﬁ §ec§nd

top ART region 1 aéscri refer ure 11 an
havi ng a @wnsb&mhoﬂbndh¢mm$apum&ﬁhomﬂﬁd&ﬂnmduﬁpn&&ﬁlmwuﬂlanqubsﬁmate

300 WO 20 é ?52008/ 8377 defi,nin Sec
parti cul ! 3’r?om f1|; tice constan andtaysﬁceonglb?nc%ggl ggyoloxtv%lj th] ntées fsa r::.to f
andgap energy. The second photovolt*uc cell may be formed adjacent to the base 1710 in,
15 e.g., InGaAs, in a bottom ART region 1130, as described with reference to Figure 11. In
particular, the second photovoltaic cell may include an emitter [ 150 of n'TnGaAs and a base

1145" of p InGaAs, with a junction 1152 formed at the interface between the emitter and the

base.

[6079] A defect-trapping layer 1160 is disposed between the first and second photovoltaic
20 cells. The defect-trapping layer includes, e.g., n"InP, a material having a third bandgap energy

higher than the second bandgap energy. The defect-trapping layer includes a crystalline

material {e.g., InP) proximate a non-crystalline material 310 (e.g., SiO3), with the crystalline

material including defects terminating at the non-crystalline material.

[6080] In an alternative to the structures Hiustrated in Figures 15 and 16, a solar cell
25  architecture may include a film that is grown until it overtlows the trench 320, as illustrated in
Figure [9, to create an ART buffer layer 1900. The ilustrated 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-
30  njunction may include a base 1910 and an emitter 1920, with a metal 1930 disposed thereover.

The total thickness of the emitter, base, and diclectric layer may be about 1 to 5 um. The
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about 300 pm An emitter region 1705 of nSi may be forned in the
substrate 300 by ion inplantation. A base 1710 nmay be defined by the
remai nder of the substrate 300. Thus, a second photovoltaic junction
1720 is fowordhobetrveeen the emtter 1705 and the base 2»¢L@s2088/&suMne
junction 1170 may be di sposed between the top ART region 1110 and the
emtter 1705. A bottomnetal |ayer 1155', e.g., A, is forned on a
backsi de of the substrate 300. The top ART region 1110 may be forned
adj acent to the emtter 1705. [0078]The dual junction solar cell 1800
of Figure 18 incl es a flrst voltaic cell |nclud| a.fir

Sem condaEtaPeEbdE A oAy i stte tep il R St Frdes Ledtanet By apo
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emtter ﬁg{¥he base. [0079] A defect-trapping layer 1160 is di sposed
bet ween t irst and second photovoltaic 20cells. The
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illustrated in Figures 15 and 16, a solar cell 25architecture may
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20 parameters for a planarization process employing chemical-mechanical-polishing (CMP} for

InGaP and InGaAs may include selecting:

* a sharry that attacks the surface and wealeens chemical bonds,
» the size and material of the abrasive particles,
» the hardness of the pad,
25 « the down force,
+ the rotational speed,
» the duration of the treatment, and

* asuitable post-CMP cleaning step.
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structure may be formed on a substrate 300, e.g., Si, having a

t hi ckness of approximately 300 i.tm In enbodi nents based on ART
buffer layers, as illustrated by the exanple of Figure 19, sidewall

r econbi natwoneedosssenot di m ni sh the sol ar cell perf or pEnTRoaEEIS e
the active regions of the solar cell do not reside in the trench 320.
5[ 0081] Figure 19 also illustrates a coal escence defect 1940, the
vertical dotted line enmerging fromthe top of a SIO sidewall 325.
These types of defects nay appear in a selectively gr own epitaxial
filmabo certain percentage of the Si O3 pedestals, [

as a funi&?ggih of I8Y& pB SIS 2 “@%H%ﬁ“t"l“’lﬂ}‘?gd‘ LRSS 9 cPRiESh ‘fftcebfergié%lﬁ
the densifbyn @ﬂqrael]@&ﬁoam@aemmmscten eois A asdidfaciohiradjdigtcbmgogshe
MOCVD condi tions, and redu0|ng)the density of the coal escence regions

that may "@W@lws:le”\l%%b!&é@ﬁ &oesD0Pehat Bglydes - BRI OB aptig layer 1140

regions, o pesdagnatddd of ad dpeniaY 8510 NdidfeQfc mh@Halizno FhddEL1918)r, 8y be
increased, which neans increasing the width of the Sia, pedestals.

[ 0082As ALBgP fcdiwawsd overdhahrier byendpeand afg@m&ﬁr 19R@ of Bgweh TeGidrigy

l'i ght pa t h the
trapp|ng%ﬁtg%ghg%%mimsa§g§&§?QQV&P§ﬁ§§%%P?gg?%?%f&gwgggée&ﬁ%%g?able

t 0 sub- b&adgapthe egkter bperd?ge hshthphasdil 810 dde sioals-iwictien ART Helar qeéldﬁi)ﬁg
regi ons. AS%@J a thllk é%!*@fee Pﬁ%‘ﬁﬂt ﬁmétél%ﬁ%'? P%atgﬂu ls gﬁbeh%v&%

fromthe primary so ar ce naterlal top an

| NnGaAs omughdummbnéﬁﬂstf@ﬂbﬂ@ﬁomnng other materi al s on t he buffer

| ayer, it may be desirable to planarize the buffer |ayer 1900.

Tai | olti ngoass] kel]hezsmg@rjan@'toerﬁéi'if Uﬂaraelpl%@eivr forragd aypr qasild;simfsb‘f@mm oy IRQ
chemi cal I

selectlngﬂ}%cé;he}1 ?aﬂB$ W%hcﬁ&fq e 33?’acgg%n20§£§€ 1§£§m%9%
bonds, t hie s&bsmteawdh z’ratnanmalel of tht hay@miHi alﬁlstrﬂe Mmﬂngcal s 2(14ﬁe Thax dness
of the pa 5t he down forc the rotation t he i on, of
Che. t remcriant Phfatt o at PhESe’ B ettt of iRl iea e et B0 & &
2009/ 035 p4&POT0. UBRO8: 683711 7D 008487 dré guhel &0ths pwad Batoal fuefherabf the
enbodi_nment thﬁf E%% a c$ | esced buffer region to forma

t hr e} uiBPMCBH RIS f9eaAs cel | 2000. A singl e-junction ART sol ar

cell 190 or tes a RT buf f er hat |ncludes P

di sposed?%'lﬁgf aIQ: éorr e Hﬁtﬁm /J\I@?( olar 06199905 is disposed over a acksl eof
the substrate 300, ‘1dj'1cent the base 2040. The cell 1905’ includes a third photovoltaic junction
20207, disposed between an emitter 1920° of n'InGaAs and a base 1910° of p-type InGaAs. An
ART buffer layer 1900" may be formed over a trapping layer 1160” of n*InP that is disposed

20 over a wetting layer 1140’ of n'GaAs.

{00871 Referring to Figures 21a--21j, an exemplary process for fabricating a three-junction

[nGaP / Si / InGaAs solar cell includes the following steps:

1. A crystalline semiconductor substrate 300 having a top surface 2100 and a bottom surface
21007, e.g., an 8- or 12-inch Si substrate, is provided. The substrate may be p-type, with
25 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). Alteratively, 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" fem®, while the doping level for the base may be relatively low, e.g., less than I x
30 10"%cm®. A top protective layer 2115, e.g., a layer of SiN; having a thickness of e.g., 200

nm, is formed on the top substrate surface 2100.
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of p+GaAs fornmed in an opening defined in a dielectric material 310.
A base 1910 of, e.g., 5p+InGP is disposed over the buffer |ayer

1900, and an emtter 1920 of e.g., ntInGaP is disposed over the base,
wi th a phowowvodooaizes j uncti on 2020 bei ng formed at t hePCIUSIh&@e377
between the emtter |layer 1920 and the base 1910. The single-junction
ART solar cell 1905 may have a thickness of e.g., Ito 5 um A netal
1930 of, e.g., N Au, is disposed over the single-junction ART sol ar
cel | 1930 10[ 0085] The singl e-junction ART solar cell 1930 is forned

about 700wt R pes? T2 Rt iRt B W GERR deper,

t he substr ategy., Bokdutue b h&el’oﬁlﬂ’ﬁll[}ﬁﬂﬁ 2 QflO'tS/h&l Pprtfep@nhS x smfﬁfsﬁlr,ah@ adehdrgy 619
a base 2040. ngs, a second hoiovolt Lgnctlgn 2020" | ef i ned by
Vie¥ it

an interface 8 e PERRL 0 ky3d ™ 8 YL S0 a“ﬂfﬁﬁ’e"l“ -type

junctions 11é0antleld Qirseic @t £ @88k PMO'EAR” todPx wﬂcﬂbtﬁrmﬂasyrsfxamwf
t he 15sem conduct or substrate 300. 086

si ngl &- juncﬂWﬁﬁmﬁR$g§8f5}mé@#FVﬁQ@9mmW§O£F¥ oé%ﬁﬂ%V%Yd§“H§%%§Fﬁ% of
the substratig, 3001 1RTRE8AE, B8 REPET ROAR implRIsGRONId BOGRimitaGh eiethe 2

third photovoltalc junction 2020' ;" di sposed between an emtter 1920
of n'|nGaAs ‘aHerealrenaseosy hiegrnglfunstion isaninvmizeador g vorrenrpuif flae nTl%gmis

1900" may b I i f+ 2 that is
di sposed 20 J%?ﬁﬁ?ag?¥gﬁa%ﬁgggggn?%ﬁhﬁ¥ﬁ’ﬁ%%gﬁmpa. F@ferring to

Fi gures Zﬂaﬁk&ﬂkmlamﬂﬁmﬂﬁﬁiaﬂy1$%ﬁmﬁﬁﬁoﬁmnwM&hmuOEbuﬁgﬁaiOOofme

t hr ee- unctl InGaP / Si [.In d ng
epal? | BB ¢ b Reatiitednaa ey et S R Al Sbupt

S UI‘bf ace 210@:“BIDdA6})hgﬁl}jt§/ Gﬂl?;ﬁttjmfogérﬁnﬁmo L i BAQT tmﬁﬂleﬁmdlbuﬂﬁﬂhﬂ@ﬁfh B
substrate, is provide The substr 5an n
region emtt QFtBTT@B‘aFWY%!rRYé:be“{‘Pﬁ? 6@3#69”% tﬂd’a? %l&)? s fm%dﬁéﬁléwmphy and
defining an 4y gcspol ar cell junction 2110 between the emtter 1705 and

the base 1710 (defined by the remainder of the substrate 300).
Al t er nat i4vel/ysecoiberpstallimeditegn Leni tacend latige- besrmmméma@ynle P axdtogined

grouty The {iapl i8 oh@pfha s b hd A0 AR RO {ELBL LY S, e
e.g. greaterR@%an Ba L] %gﬁ ﬁ§? %ﬁ% fhe doplng evel for the base
may be rel atbeteeey 10 onvane 1 giigron €480 bmhhndlumgm@@dﬁbymﬂ 1407 ahédpapping layer
protectlve I r 115 nd®r.Q %a Vi a thick
e.g. 200 n nllqg@ nO(%p% Wg}a 3(;) %é?f;lﬁ er I’ atlgéirrb)a(r ﬂ%mngl 1l tte@??ﬁ) cﬁfld
base 1145°, w1th photovoltaic junction 1152” disposed therebetween) in one step in the
same MOCVD reactor, The second crystalline layer is lattice-mismatched to the
20 crystalline semiconductor substrate, A majority of defects arising at a surface of the
second crystalline layer nearest the crystalline semiconductor substrate terminate within
the respective bottom openings.

5. A bottom protective 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.

25 6. 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,

7. 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
30 plurality of top openings 320 are defined in the top insulator layer by, e.g., the creation of
ART trenches in the Si0. by lithography and dry etch.



WD 2009/ 035746PCT/ US2008/ 068377 2. The bottom surface 2100" or
backsi de of the substrate is inplanted with a p-type dopant, e.g.,
boron at a dose of | x 1014 to 2 x 1015/cnR , preferably | x

| 0151cn?2, wothosass7eéhergy of 5 to 20 key energy, preferabivgo@odsery, 70
tilt, to forma thin p+ region, and then an n-type dopant, e.g.,
arsenic at a dose of 2 x 1015/cn2 to 5 x 1015/cnR , preferably 5 x
1015/ cn2, 5wth an energy of 10 to 60 keV, preferably 20 keVv, 70
tilt, thereby defining a tunnel junction 1170. The dose, and energy
of the t i mpl a ts shou 0 zed P that th voIt

Srose the tARRBIGauET AR St 10 et G B B st Bt Vi e
n+region is g 6;56@[@19330 Bhak), givwsik 4 Oaks wétisloRger N010 GARNLGSBtRe lahe
deeper V re A bottom insul ator | ayer i

. 10! d
t he bottom g'df‘? 51:%162%@ bF sqprereaqiey J ot fikt ymlﬁﬂf‘elazgéf Is 13@%%@%3‘@@%

S pmlayer Qfys@ilf# seRichhticRacitsiide )Qfmﬁcmi’y SUREH Ak OX [GMBaceAf the first
plurality of bottom openings 320", i ART trenches,  are farned

t hr ough t he Bwtalllm s pagsoihe Ffé@téli’lm%V“E?‘élét"it?fg*“'?ﬂf{?‘ett‘?@ﬁ@ﬁe@th”hthFhe
Sift are fongggmp¥t&;&£9@% aphy and dry etch. 4. A second crystalline
| ayer, i.e., a second lattice-msmatched material 330" is forned
15wi t hin @ heA bxptgr@mtmp@mmrigss byg aelag:: of @Mw@g tiaeknass@d AstivieerPs (b fuat

! ayer WI th %gb?lhlgiépe 2] e¥§b %ﬁ nml Qi{:}lgosﬂed on tmf %f&e %&téajztrucg%e ‘téy CVD,

(1 ncl uding and
n-type InGﬁAEw¢ﬁh®nbamﬁnw{hyﬂaiﬂiﬁnknbwmmmmﬂﬂm@waNMenfmeaﬁn&ﬂéewaaﬂd

base 45' , wi.t h photgvol t unc i on 2' disposed therebetween)
in oné}step‘%ﬂ“?ﬂé“?éﬁ%rwﬁgv BEr 8HY SFndét &Bsecond crystalline |ayer

is latticgy m sohehed [ 65 Berile w&k%&u cn& S bﬁﬁaﬁiﬂé%gr@rbeﬁﬁla@[f&@ﬁ)ﬁ or A
majority of defects arising at a surface of the second crystalline

| ayer near esiPuitaivscileshostom mealgedyi iedwcrsrblaeyyopitierion Emngtlew

wi thin the rr@ﬁﬁ’%&@ béflﬁacbolf&oé@aﬁﬁfé%@Qéttorémeﬁl el ﬁlamiaoér%ﬁs% 'o?’ﬁl A@N@r
2115', e.g., ayer of Sil aving a thickness of about is

deposi t ed omllphémbtagk tfsfrl@e“oelecttﬁéfr@nﬂm@tgap‘éﬂli@yt WVODm @%OHtThnen P@;ﬁ%ﬂbly

proteﬁ;lve I%&ﬁ%08%$5 is renmoved fromthe top surface 2100 of the

substrate by dry etching. The substrate is cleaned with a

sui tabl e mtTmlt@ﬁmmang layep2 rlaﬁh&n(osw BWEIpG dackdlingHhd tedp wartee )s and

an HE etch. 7. A top insu|ator %Yer 310 j s forged Proxi te the to
Y.l fitgic

surface of tHENELFLh VaEe bipp reet 5%‘@68%‘1%“?4{63'& Bir n e dgRmetg may

on the top sfaaf s@kablerer ﬁaﬁﬂﬁ@h%@r&%t&%@onﬁct&@m HE adjadem s@ifmcb@dhctm
openings 320 are defined in the top insulator |ayer

creation of sl & ekl mﬁaitlﬁéor%@npfwmWfr{bﬁ‘r@wﬂ% %%EF“EFN *f‘é%ﬁ from

20 a range of about 500 nm to about { pm. Contacts are patterned in the metal 1155 by
photolithography and etch. Subsequently, an anneal with forming gas may be performed
to improve the contacts. Forming gas is a mixture of up to [0% hydrogen in nitrogen; the
anneal may be of sufficiently high temperature and duration to improve the contact, e.g.,
about 250 °C to 450 °C, preferably about 400 °C for about | second to 5 minutes,

25 preferably | minute in a rapid thermal annealing system. The anneal may also be
performed in a conventional furnace for a longer duration.

[0088]  The resulting structure has a top ART region [110, 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

30 semiconductor material includes a first [{[-V compound, and the first solar cell has a first

photovoltaic junction 1152 defined by the [I}-V compound. A second solar cell or photovoltaic

26



WD 2009/ 035746PCT/ US2008/ 068377 8. A first lattice-m smatched
material 330, i.e., a first crystalline layer, is formed within the
top openi ngs 320 by, e.g., growing a GaAs wetting | ayer 1140 and a

| NnGaP basewioeperoziztd5 in one step in the sane react or .PCTHms2d0/068877
crystalline layer is lattice-m smatched to the crystalline

sem conductor substrate. A mpjority of defects arising at a surface
of the first crystalline |ayer nearest the crystalline sem conductor
‘'substrate termnate within the respective top openi ngs. 9. Atop

protectlvela er 2 er of .SiNx with a thickness of
bet ween 50! lawae%%fgwh%e%w éﬁws 5845 ‘ES@“H‘FH“F‘S 3@%@% PSR PRe
top side @torddBlaptdlyekUkigcdyhdMBecond RO BMPHBhRGhEY LIt a:ylﬁa’ctfalﬁeaﬁm
is renpved fromthe backside of the substrate by a dr% 10etch a

wet cl earsefigonducgorgnateryi.  Hisrierons splgriee giclidesiay ety gy 9 hnd pehass ”1@5‘5‘1* a

i's formedeamdii8iohaek: Bhdn of 10 Ranat thaielddt@nby RrbRAARURRRSI ITBMNe.04
sputterin The bottom netal may include a suitable conposition for

for mi ny %lréwlwecgllef Bteolgntdle ts dippied xlgnphesecedsolpeal i heeyItheay

i ncl ude of,pGRRSIEE (Afd @ AU Nl rexecohavérmgo@u&tm &!ﬁ@@ﬁ $hat RlIAGLd
froma range of about 300 nmto about L preferab \)/ 15about 500
©

urn. 11. Mieatches tortlest wateda ef thasrspndplg gl eeeﬁrwead BYrV cemgpoundgpngd a
et chi ng, @Bgvaﬁc}u(ﬁ uo%ulrlgzace is cleaned with water. A top netal 1155
i s deposi over“the structure. The top netal nay be a netal

sui tabl e fofo)f O Ak ki RS L3RG, BARLACE MickDabie 201 RosRt

sem conduc materi a sult or exanpl e, / Ni
al | oyEO Wi ¢oibedlindnics kedss coaconeghpfiy lown t20abpetriigec \of T%@Qﬁtﬂdsg@f Crﬂhit 0

about UifLso cﬂge%% %} %{n}? Hﬁ?ft lg[llﬂ'ﬁ'ldl'i L c%ﬁ'c?e é'n ﬁlg%gljag%regﬁ %h'm the flrst energy

phot ol |tho A se uen Y,
may be peh@dgmmid nm)mxrpmakyequehea a:bmtlgtptcé th@r ma ngl g¥s Ths tmrdm)ixt cwtles of

%
lﬁllngO i é(r)rp ?}%ﬁﬁiﬂ% o% &1@ aepc:pt c%l % ér% eHerg ter tilan t?l]_fc tsf!cgrlz (%itelli%'
250C to %d@p, g eﬁ@ﬁtaﬂlhw abav:t In4.6ﬁhe @nf)ﬁ):hmaiirﬁ),uhe t]nr& emgydbfmdvg'@ is greater

m nut es, refe{ y 1 mnute in arapid thermal annealing system
The ahheal® ‘E‘Hﬂ? 6'be performed in a conventional furnace for a

1720, 1 - 00U T e S F v b G 87 oA RE s SRk 6

t he substrmbe sﬁﬂ&.ﬂywmefelnb&dlms@Iuar-;trgei In Figied ud@tsis mbddirGént uses ART on both
sem conduct or _material havi ng a first lLattice
f

first crydfeirf f nesubsijass 00 wpée%@l&“éw%wa&i{ tfﬁg% @Fﬁ%ﬂ Wtcwa@s

a first Iliay a6RemeHReia@Memtifedolsoit ch9]ial, a6 ARDasi ai Dicothining GaAs
phot ovol tai c junction 11.52 defined by the 111-V conpound. A second

sol ar 2@ el ndgrbog B ARy b kil 80 canpimamor bSbyahspee (I50d P BB Srfacet the

di sposed Dglpwe, ﬁé&ﬁecftﬂvéiﬁt A%&lrarphsebénmceeg zzmﬂef I, AR shdaP bMas kst 63t B
300. The material of e second solar cell, g., SI|ICOﬂ has a

second | atop PRI Golstelinand wifdirabethed aisicch 225 pec an nGia eelt. i fogmed over the
sem cond UGS QL5118 q%&%éar!i mtz;[ Ezﬁ’tw%?fb? Fh@ Qété? Lol JG a*%la“%%ﬂ?&aéﬂgdttg Q(qj acent

1705 and a base secon photov talc junction 2
defi ned tiheredetneberebyuvbotiattennRnackdéfons. 1130, i.e., a

25 [0091] Figure 23 illustrates an embodiment in which ART is first used to form a first tep
ART region [ 110 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 ¢V. Finally, a third

30  solar cell 2300, including, ¢.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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5 third solar cell or photovoltaic cell, is disposed bel ow the second
solar cell and bel ow the substrate. The third solar cell includes the
second sem conductor material that is lattice-msmtched to the

mat eri al ovouéwosemond solar cell, e.g., a second ||| PyT/USApHINGERI7 and
a photovoltaic junction 1152'. [0089] The first solar cell has a first
energy bandgap, e.g., less than 1.1 eV; in sone 10enbodi nents, the
first energy bandgap is |less than about 0.8 eV. The second sol ar cel

i s disposed below the first solar cell and has a second energy

?gngggg_ngg@ er At%f%?crElésteﬁezlbg;\!er tsflgri%ﬂ%q 0 a.i.ﬁegp?rﬁs ?Hneggegqrt giwlfemlaﬁcﬁlg% oenqua
di sposed btoel sidss bhvesubaennditsal aingCRRT tca:hﬁiqi”ass postibier WhédaARF\providathar

t han t he se ond ener reat er In s
enbod et o bRt aRr gy g e G B FTadi b Stisotiere. ev,
[ 0090] Fi gkuse oskifl inlthesdet \aﬂlet‘n vae\ﬁ bﬁ/tﬁe ﬁlldtfl@iuk@lfbrduﬁl Gﬂ&éritarﬁaﬁsz tb uSd other

GaAsSh / InGAs sol ar cell larly to the enbodi nent
i 11 ustr at'@dnakes R Vg eiter *t“Fﬂbée %msfa}ﬂﬁéﬁﬁiﬂctd@@ks KREE*3RP 5ot BUE PHEROYSE a

Si subst ripd Be 30 nipdatiokhds gdN@b AN@bdtRn bRl EO MR 1Mo d el MEGLP graded
t her ei n. ART is used to trap defects to facilitate form ng two sol ar

cel I's, i hatferlgyepfgromgpndist Slf%@ifba BBRrHe A g ecaissubB i tp famb@tetﬂdmem

cell 1 13%&9&& RicAPb NYi GadeAbso1ARAY eﬂz&hﬁt&&p (R rgdadp@mf@mawg bs’me 54@\‘ edche
Si substrate, respectively. A fourth photovoltaic cel 10, e.g., an

I nGaP celstart vigh Gabtfawserdodiseent He Si Sypsinr (heagnse el has 'téﬁuceacomtmt fhat
phot oypol t, o 1 . h
l\é) ?#)lﬁx(%ﬁ eby @Aes d?l 8 9i). 8 LP)?E ; ﬁ)? me Sf[ db@trz{té) tl{éeglqlcfég Ig{éféféra:fygr

& AsS e ‘crystal attl ces ese latter
subst ant 2400 ylclné&s‘@@duui & cadjcd cenbyeral éppalxinddiy InhereByardwoiadottom

lattice f i .hent
b i on T S ATREL B SPRRILEL 8 Bl b YREA S ERA GRS
traps defecettmt mnucbﬂdnglémmploatmatdg tm}s:rtmlodmdhmntaﬁfnmﬁa% tsoillastracel | |
whlchhasano 0.7 eV |I|con
Snbet r o Suen T o PRHER 0 0P Hoss bV TS B ubF e
firstist ophéRlolargeiba410fhel seand: hmﬂramorpagﬂo@ﬂtalmﬁ]inﬂﬁﬁ)vait'ﬁhd&ls sl ar
cel | W|thano 1.4 eV. Fin , ird 30sol ar
ol | 2300 OBt HE a8 0 rf e B AR S et i ik ek 2HAS rEotaTa
bandgap eEilsakk@sttivelB ENdse bfSskillria\We A0OMErstieths eGeidiol R sARtioh @gma®rials

1110 i.e., over the GAs cell WO 200910357- 16PCT1US20081068377
[ 0092] As 28 eherFeEeloirsh 2t Bisknesses ppthegr senditionsdpy the g 1Rt 8yarhat

have jun bot h SI des of a substrate w thout usin
t echni qu§@099 pﬁ?é? Bft i iy st alyemngergigngayy Qn"fplé%‘éémlﬂ‘é’%ﬁtog\%&?a‘i gRT and

reducy defred sufferd, SicAGs ivhfénbér@h{gl %c%&&[ﬁth@fbrhﬁésﬂ@@ﬂdﬁ@cf éﬁrﬁ%ﬂ&f lattice-
materi als, those of skill in the art wl in view of the disclosure

herein, wHeBHEedMateRaly ©Gcildue sen@ ssiaeeﬂhr%@gs Trieth e of apybrisate. For
sui t abl e EQ’(]TI[;IQ lF@g’u@bga et BolinksGYRlaR embMimENR LSS wh feg%rﬁin‘%lbi WQI\NS

transfer to create a three-junction InGaP / §i / Ge solar cell 2500. A single-junction Si solar
cell 2510 (i.e., a first active photonic device layer) and a single-junction Ge solar cell 2520 (ie.,

25  asecond active photonic device layer) are fabricated directly on Si and Ge substrates,
respectively, by the implantation of appropriate dopants. An [InGaP solar cell 2530 is formed
on a GaAs substrate 2540. Wafer bonding techniques are then used to combine the Si, Ge, and
InGaP solar celfs 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

30  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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the use of conpositionally graded top and bottom buffer |ayers 2400,
2400', e.g., InGaP graded buffer |layers fornmed on both sides of a
substrate 300, e.g., a Si substrate, to facilitate a three-junction
| nGaP / SiWwD 2008GA% sol ar cell. Illustratively the gr 808USHOE/468¥77

| ayers 2400, 2400' each start with GaP forned adjacent the S
substrate (because GaP has a lattice constant that 1O0approxi mately
mat ches that of Si). On a top side of the Si substrate, the graded
buffer |ayer 2400 includes GaP and is graded to a Iayer of

(appr oxi nat abP ffer

| ayer 2 43% ﬁ?%é?c{ bot (%alg bott& r(r:} 31619 68 %‘fa tﬁg %11 suga%'.tedfﬁﬂ)o thlgc{ ‘t?tﬁlv? p}ho"tlomc

I at tice clovist apdr mﬁttxehieﬂz;edaiy theeH stibsap 2HX. rFmgLeé 35b 1tlm,tnnt¢e an arhbmdmmant

constant of |InGa e ill . the d ffer
ayer o 24064 SF8 gl B bR BRRE T HRH B eGiond e 3Gt 1
phot ovol tGaielleerd. 2410) and second (Si substrate 300 photovoltaic
cell) photovoltaic cells, and the second (Si substrate 300) and third
(I nGaAs lyeaxipm mh@taiwmhti\&ieﬁlbﬁﬁhientmélalﬁoe)b nphmqmw)ﬂutralﬁt(mm&ﬁﬂ@etween the
respectivel Tho 0 k||| in.t t under st he C eria for
e’ sol edbPeipIn Gy B maiestehged fiwsihenare Wfelige hish G Swedle
and gr oweheceated hlelvofisfof &ch bh@e giraders, buf fer | ayers. [0093]Those of
skill in the art al so understand how to apply techniques other than
ART and Z6@spder 9bhif3feﬁibSd1mSM€ht R&st Wab€bn bOMAL Y regfoml nRGHe\ernefiif, axtieron
nmesas, or direct epitax | attice- m smatched materjals, to
facilitat@NOVeat ?‘ﬁ’é“%&l é? CYBIAIATY BRETSE BridusgATH Bt Figwr ATt Substrate

substiat 800,kRQ., L34 WRrEis ploivaidd €8 ndBidn@RAGr2B00 islrb el b r@heAubaPROTONERE
that uses wafer bondlng or layer transter to create a three- unctlon

| nGaP /  Spasiingaye1699 H@éuf}chﬂsedm lyagioh gifignn diprdds L0 apd s Hicker lawref 2510
(i.e., adficbshinebbY@diRRRLOMLEoRE VTS IlcBY BlokiddNe@ns) MBhErdowRCHiRAndE
solar cell 2520 (i.e. 5a second active photonic device |ayer) are

f abri cat @ Sdiqf)é@ttﬂ‘iﬁ leyer siay bpdbage | §limet rResdicor digpde taygids {pterprped ppsween

i mpl ant a 2

Formed o AL RB B B B R e e o A AL Thbr P fine
used 5o dombispatidiimd bSia phGm]ithaprdpin EPmee] stap, mlldpsm%mm 26200y etahn:d
2530 int i | ar 1 - Lrate
2540 boi Ayt Al QoA G P s 1 eGS0 DS .
first actmm@m@Oﬂﬁhmman¢MMEmicmgi@gﬁﬁommyom@ummnmﬁﬂdmmhhnﬁaaﬂaﬁﬁﬁtmmd
bonded t rat i ncl ydi.n
ooyt RS o st 8 R Ral b PSP oy Ber
2009/035ZéﬁPﬁmbMﬁﬁmmgme@ﬁﬁamnéémaEﬁ@q@ﬁdybQﬁuemdmnmgimmm&ﬁmﬂeunhace

of t subs e 2510. hird actiye photoni ice be
Ser 1 Mo opSins 2l G GapT st He it R LFE B Pb i i dpaRn e
enbodi menflicvm dibxide LbiEd BN isPpRifbrnich &%mehﬂg\ﬁle kécond tibgidt nGa2626 ilomabs0

through the Si cell 2510 and into the Ge cel| 2520, 5[0094]In an
al t er nat PYECRNBEEZAEhEd TR thaaaféo%ftfﬂ?ré&éﬁ{i of (B pReaines At [oAYiAg s atsratn

the threqijesl disxidiagéIc@G bi ihe sliay¥Als 208YoliR: dREhbded hetaeoaasdiyah
t he ceIIs in which case separate el ectrodes aré used for each of the

three cellPgnd {SoosopRmabe> e dilipBrtiesidemay keagrownoys e Yitob fiogide ART
regi on mﬁ}zfmgﬁs 3@0RA tHe Rxpdsad mromtﬂa'ﬂﬂm@yﬁﬁe oﬁen?n'gp%kcﬁ @ftBequditi dﬂ%ﬁmd%ryﬁ

process is illustrated |n Fi gures 26a - A”substrate 1
a Si waf dp injtd’. ﬂ?hwhmédwomdm@kiamq if pipen amds@@pﬁeé ¢ geanetbic pyisec ofifbe

b ! ] R elel f
i1 con aritgLBE By R ALAG, (ehe ARRNCIRY (LA fipomd. Tl LRE o8
di sposed tehdrdpviek.. Tﬂéheuéﬂlﬂgl sooriu iirgkiddeodcayer 2638 lefiydun thtGebstmict3A0.ck
and the Slltlhlsﬁl(g ] t]{de ijﬂaeljs aéﬁ%e@?}y Sﬁg%eﬁ%(\?(yltt el bcl)QeWﬂﬂ ggpqsrllln>gs gil?cp ov I &hﬁ

di oxi de Iayer P8 hH 0sé e 5| iconnit
substioat eotsarfredide sobaakel 300. Ohis tdhrdigniation ptewkimrexp&hecnmsikm@ g:rface

suitable for epitaxial growth (i.e., the exposed substrate material in the bottom portions of the

29




t hrough the masking |ayer 2600 and into the substrate 300. The

openi ngs 2630 may be, e.g., trenches. The trench width may range from
20 nmto 20 pmand the depth is selected such that the trench aspect
rati o (t heWoad0pH3gket he depth to the width) is >1. A FE&dAHPEPIETon
di oxi de | ayer 2640 is conformally deposited over the masking |ayer
2600 and al ong the sidewalls of the 20o0peni ngs 2630 or grown al ong
the sidewalls of the openings 2630. A dry etch of the second silicon
di oxi de | ayer 2640 is perforned, reaning t he second di oxi de | ayer
2640 fro i 6

of the opdisingd'shd SERIL AR RORIARE LA NG R A AL R P B
t he S|demaﬁkSﬂﬁﬁﬁmibdc@h@ﬂmpemkngfmnﬁdmhmnopame& SdbgutnmetMB@n 10
and 100 n on_ di.oxi de r the
silicon df"os&*.ap‘w ‘"b%‘r ?’g%sn}égi%m d"%he OPEY e A %’%ﬁﬁ“g{%‘?’m%fh%"ﬁof

t he openi ngstureaadekcsbdisdquent | y renoved by a d|p |n HF. This thin
silicon dioxide layer is grown and stripped to clean the surface of

t he bost o[ﬁﬂmﬂ t Mae tnvernioh mztyhaeme;bydwcbmmwﬁengaed@nﬁ@ms&mﬂomaiemg from the

conpounds | eft over the tr The resu

trhet ur SR G b aE RS it ocheetier hE PR L aptT P PER oo i ¢
silicon dégxideled inaﬂaeé@eaﬁﬁmcraﬁﬁéatrdr Hp0 §a6iR\athd ile:ngbitléaattes hatint he
openi ngs and over the 30top surface of the substrate 300. This
confi gur afon®f] pnohat demiaad @xposed crystalline surface suitable for
epitaxial growth (i.e., the exposed substrate material in the bottom
portions of the WD 2009/ 035746PCT/ US2008/ 068377 openi ngs) and
openings lined with a dielectric material, suitable for trapping
defects by ART in lattice-m smatched crystalline material formed in
t he openi ngs. Subsequently, lattice-m smatched material 330 may be
formed in the openings, and used to formthe solar-cell structures
descri bed above. 5[ 0096] The invention may be enbodi ed in other
specific forns without departing fromthe spirit or essenti al
characteristics thereof. The foregoing enbodi nents are therefore to
be considered in all respects illustrative rather than limting on
the invention described herein. [0097]What is clained is: Wat is
clainmed is: 1. A structure conprising: a sem conductor substrate
having a top surface and a bottom surface;
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a top insulator |ayer disposed proxinmate the top surface of the
substrate and defining a top opening; a bottominsul ator |ayer
di sposed proximate the bottom surface of the substrate and defining a
bot t om openi ng; a first crystalline |ayer being

| atti ce-m smat ched and di sposed within the top opening of the top

i nsul ator |ayer; and a second crystalline | ayer being

| atti ce- m spahGhasimand: di sposed within the bottom openi ng of the
bottominsul ator layer, wherein lattice-m smtch defects arising at a
surface of the fAksictss psipabihdg:ne | ayer contacting the sem conduct or
substrat e term nadegscoldonr abthtalgviad a fp Surthee walalbo@dm fubded Op openi ng,
and | atti ce-m snafbg hs@abaafcs disggosSl pagkiadte e Splir@geofhe subfragatdditining a
crystal |l i netobayaingcont acti ng t he sem conductor substrate term nates
upon arriving ataltsindeulal lay@idispdsed potinamieperimngirfacedf ththebssdte aglt ur e
of claim 1l uieingiamotdreogenipg;i nsul ator | ayer and the first crystalline

| ayer form a fi rsfispetabine layaibeing laice-elidmaghedimd dppeed sithif e ®popeniget
substrat e, #ntptielabokyamninsul ator | ayer and the second crystalline

| ayer form a thizscqkotyselbht laya bgublatied-iniseatchedizod dienpssivrihagke whtomhe
substrate, ervding of thhienttomarsplaios japgy; wherein lattige-wisotol] dgitntt aoiviog ataiserface of the
sub-cel | f ofirvedyskdlingdager copfectipp the sermpibadove|sutairge subnges| upomardvitde atside r d
phot ovol t ai walsefishedtes ppeniggdndlajtige-miiseatch defedteaising it agudasaiptibngtaederystalline
materi al i nl@yaidetiecting hpEemicopdist pverasRieintingics uBpTIEEnd at p gideiv4ll of therpottom
fromlatticeBBfstants of a seniconductor material included in the
first photovoltaic sub-cell and a sem conductor material included in
the third phot ovBieshigureefislan !l [whereindprder ingagtor layemand figdirgd eiypfaltipg layes form
clai m 2 whet Bihpheiguolinjcsuy-cellaninupnensitiase ofle wibstate. a1 ihsrtioder ingulptpy laxpr
conpound, a thesgoopd Fré’ital 'Ff‘dfﬁf/&‘f‘éltférdé’ﬂ?i"@étfﬂlc S‘B’o‘i‘?ﬁ?ﬁ acholtory syrfapgef the

phot ovol t ai ¥o5EHc1ddHt @ I - V c ou g
structure of . ¢l at ¥ % k= i‘ic & £ \9 Q}O@Vg’{iﬁcsﬁ gll and the
conprises a ;g@ ‘bﬂga’o gﬁu ‘&81 ﬁ 1a “%% }?tzﬁq ;gﬂ;?@m tﬁl ‘E“H%“ gﬁ‘g@j&&&f
5 Th t (& Ollg1 Ge Sta HGEOL T cr
corrprlesZsr;n ey 118?(31185) b abé P €S e PO G b

conpri ses s? 0|°(‘:’8 a‘csﬁ 86 ﬁeép (N d phot ovol tal c sub- ceII corrprl ses a

second I11- COITHIOUEI“C re O caun% nqgeufrrs sempicondiictor ny erlafeco r
substrate Cg) ’X% hrﬁiezﬁm tl]] f ﬁotovo?v e %(gnzp%s aéflhé goq \% tgpcgﬁ Efbn%d

conpri sing F) %h gna y grade ayer "di sposeé
first and second tovoltaic sub-cells. 8. The structure of cI a| m

2, further gonpriiaingde AeIG65 Whb B%%chnggﬁ&oﬂltﬁé’%%gl b %a?QsécQEd
first and Sﬁﬁ%&ta 9&9&9 i cCin BR's b%frat ect-trapping

including (i) a crystalline material conprising defects arl SI ng from
lattice-m sgat Ch]‘tfefstr&clﬂ.@e & Yoirh 2lhulnk 28, 0B &1 h&bvo\f‘ﬂaﬁ: bubaRil %;ﬁ'ﬁ&rﬁtﬁrst HI-V
sem COI’IdUCt&J‘m Erﬁ{deﬂhé @corﬁ@)ﬂotﬁ%dl&m@um&n c%ﬂrﬁ%@élltcbﬂ%nmg @ﬁlﬁ@ilotovt)ﬁﬁc sub-cell

defects ter mlﬁmgés BGecBhd e capRehystal line material . A structure
conpri si ng:

6. The structure of claim 2 wherein the substrate comprises silicon.

7. The structure of claim 2, further comprising a compositionally graded bufter layer

disposed between the first and second photovoltaic sub-cells.

8. The structure of claim 2, further comprising a defect-trapping layer disposed between the
first and second photovoltaic cells, the defect-trapping layer including (i) a crystalline material
comprising defects arising from lattice-mismatch of the crystalline material with an adjacent
semiconductor material and (ii) a non-crystalline material, the defects terminating at the non-
crystalline material.
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a first photovoltaic sub-cell including a first sem conductor
material having a first lattice constant and a first bandgap energy;
a second photovoltaic sub-cell including a second sem conduct or

mat erial having a second lattice constant different fromthe first

| atti ce constant and a second bandgap energy |ower than the first
bandgap energy; and a defect-trapping | ayer disposed between
the first and second photovoltaic sub-cells, the defect-trapping

| ayer having a tAsrgdwbsddgapnenergy hi gher than the second bandgap
ener gy, the def ecfirstphaipilag siByd includl W diksd Gricobih sk alaletif) @a Mt Lfirk@ditice
and a non- ceopsimhid a@stvasdghp alergyt he crystalline material conprising
def ect s t er m natd sagpnabhdth@ltsionbary sitalihg HecsmtsanicalductdiGnatdiabiiakigh ur e
conpri si ng: second latticd chdstast diffeére Gbmtcappidnge bayaft ahi e badcidrigndad ety lower
crystal | i nethaahefilsadlandpptaedyt g a first noncrystalline material; and
a second def ect -adefppirapgink dayerdisgossp psedn belfiovatdrecdnt pisitovddiiegib-cells, the
trappi ng | agedaci-tragee iyer lahieg § ihird bardpapshalky higler tiat éie s@bnd lnodgapesrgy, the
def ect s ar i $ufeegirdppmgilayed indltdings-onyssiime chtetia hveremntchistafline stedalytsd al | i ne
mat eri al andysallinemsterialdjompesnte dvicte taminatagdt therai-angtalling rateritthe fir st
non-crystalline material, and the second defect-trapping |ayer

i ncludes a second crystalline material contacting a second

non- cryst al 14 ne Asitusiufedompaniee t he second crystalline materi al

i ncl udes def ect < fptidsfepigrappingreser instuding e fivet @ ranllele onérineconta¢tieg a Sstemd
cryst al | i nectigllévimgierighhenda second adj acent material and terminating
at the second noricenydefaqtipppingigiepdippaped belpy theffug defest Gapnigedayst, VhFginfhe
10 wherein %lﬁ@wia}f@ﬁ maﬁaafé@&@féﬁcﬂe&é i aidsinefroaipHee-misaick baveen diediits ed
on opposi t eSTEEY ferla ﬂ§%§FF%dﬁaéentm%@ﬂ§ab%%%% ﬂ%aﬁlﬁrfrrgﬁé@w%ﬂ 7 st
and second ‘B Arefced dgjest-tragpine ﬁ%“’fci“fi“sgh s5300d st lies madgrigbeopjacting a
mat eri al s aﬁﬂé line maferialygad t?‘i%ﬁ Grgal ?e ‘Bfl‘t%ﬁ%“ilﬁ SEFE] HistRgom
first and sk E&ﬁfama‘g% PeYRbsS ? unepalerialiof] 2 grespfslegenapeiyeel and
substrat e, ?%%m@ﬁ%gt?a$%m88 ?TSQQ?EPW§”#|rst adjacent naterlal and

mmterial. h 'S§§ };;Ea i i 49 SR I T5 i RREE S op%fg%%gﬂae&a’%d

sub-cel | di $hGeL etl Q e hit jubf lfaé“ n?éseﬁ) g bgé?%jcs graterials,
|l ayers. 14 The™ ruc(ﬂre o nl?aﬂwsfﬁ fur?her conpr|S|ng a sol ar
:?Pugft:’ e IO gfgﬂlegg& HE{ E?&&pﬁg&%?%E and SQC%F& degeﬁchXp {: 1a s ar§§38021d
above the feisaﬁin AR fﬁﬁf miéf AR T T AR,

n
further conprising: a fir sem con ctor Tayer havi ng a flrst

lattice congfantydispases c?aHﬁ’Y@ e lhEr Johléﬁstlng(:!%f fz}{?&u‘o -ckif é\?&%‘sé&%e!“%&?&m qAnd
a second seflcRRgHERLdppnelaybldvi Ng a Secon attice constant
different fromthe first atglce constant di sposed above the second
def ect - tr appi ng Ta¥&lcture &%Eauﬁl@@ﬁl e oRbridi o RPs18- cQEh@EﬁE’édoer@/\ﬂ'lecs@aond
t he nmet hod &@gp&*@hggwmprOV|dlng a substrate; formng a first active
phot oni ¢ devi ce | ayer above the substrate; and form ng a second
active photonic device | ayer bel ow the substrate, wherein formng
each of the first and second active photonic device | ayers conprises
epitaxial growth. 18. The nethod of claim 17 wherein the substrate
includes a third photonic device layer. 19. The nethod of claim 17
wherein the first active photonic device |ayer conprises a first
solar cell junction and the second active photonic device |ayer
conpri ses a second solar cell junction.
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20. A multi-junction solar cell device conprising: a first solar
sub-cel|l conprising a first non-Si photovoltaic junction; a second
sol ar sub-cell disposed below the first solar sub-cell and conprising
a Si photovoltaic junction; and a third solar sub-cell disposed bel ow
the second solar sub-cell and conprising a second non-Si photovol taic
junction. 21. A multi-junction solar cell device conprising: a first
sol ar sub-cell having a first energy bandgap; a second sol ar sub-cell
formed beli6wrtewrtiuresst ciaml €0, fue@bi corpsiRpy bdMt sBb-SQCAHsENSIQY iHeandgap
gr eat er t Wafectfeppihgil=ytr.ener gy bandgap and approximately equal to 1.1
eV; and a third solar sub-cell forned below the second solar cell and
having a tlhi Tie stmetnigyof baindta pirigeedhgrisitd atirst banis@eond: 1gpe heYndansgap.
22. The miattide-consiatt dspossdlebovedied firstdietdct @afingdbyairnand b, sesbrerr eitohditor
first enefqypr iindgesocinsl litteesconstam diffetenefonathe fitshiattichiconbian gisgsed anggap
i s great ethegeapndidefecklappimdayelThe nul ti-j unction solar cell device of
claim22 wherein the first energy bandgap is |ess than about 0.8 eV.
24. The miftA tetind of feiminss afotendd devigethewetbpd cdraprisingdprakidingh sutishate;
second_baffifidg 1¢s! aglive ehalenis fefinedayeanipye $te sabdiate; andfagving @ satodicilve 2
evV. 25. pﬁga I HPUGe-9Ye hba! Vb e SHbsiates whereig &apining egeh ef the firsizmdwhendi n
the t hi r d2SNEPYYOYGARMESIevEE prpsteseriiaahompbut 1.6 eV.

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.

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-ceil 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.
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