GROUP |V NANOPARTI CLE JUNCTI ONS AND DEVI CES THEREFROM

CROSS- REFERENCE TO RELATED APPLI CATI ONS [ 0001] This
w@p@iozzssd on cl ains the benefit of U S. Pat. ApQr/uNmos/ 057702

12/ 029, 838, filed February 12, 2008, and of U.S.

Provi sional Pat. App. No. 60/969, 887, filed Septenber

4, 2007, entitled METHODS AND APPARATUS FOR

CREATI NGJUNCTI ONS ONA SUBSTRATE, the entire

di scl osures of which are_incorporated by reference.
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elements in the fourth column of the periodic table (e.g., carbon, silicon, germanium, etc.).

[0004] In general, a solid semiconductor tends to exist in three forms: crystalline,

polycrystalline, and amorphous. In crystalline form, semiconductor atoms are positioned in

a single unbroken crystal lattice with no grain boundaries. In polycrystalline form, the

semiconductor atoms are positioned in many smaller and randomly oriented crystallites

(smaller crystals). The crystallites are often referred to as grains. In amorphous form, the

semiconductor atoms show no long-range positional order.

[0005] Conduction generally refers to the movement of electrically charged carriers, such
as electrons or holes (a lack of electrons), through electromagnetic fields. Metals tend to
have substantial amounts of electrically charged particles available, whereas insulators have

very few.



insulator, inhibiting the flow of an electric current.
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[0009] Consequently, electrons on the p-type side of the junction within the electric field
may then be attracted to the n-type region and repelled from the p-type region, whereas
holes within the electric field on the n-type side of the junction may then be attracted to the
p-type region and repelled from the n-type region. Generally, the n-type region and/or the p-
type region can each respectively be comprised of varying levels of relative dopant
concentration, often shown as n-, n+, n++, p-, p+, p++, etc. . The built-in potential and thus
magnitude of electric field generally depend on the level of doping between two adjacent

layers.

[0010] In another typical configuration, a junction may be created by placing an intrinsic

(undoped) semiconductor layer (i-type) between the n-type region and the p-type region in
2



[0010] In another typical configuration, a junction
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[0013])f There are several methods of doping a semiconductor. However, most of these

may be problematic. For example, a common method involves depositing a doped glass on
a semiconductor substrate via a silk-screen. A printing technique that makes use of a
squeegee, silk-screening mechanically forces a liquid, such as a highly doped glass paste,
directly onto a substrate. Once exposed to relatively high temperature (e.g., 800-1100°C),
the dopants tend to diffuse from the highly-doped glass into the substrate. The high

temperature will also tend to anneal the substrate.
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semiconductor manufacturing equipment.

[0017] Likewise, the use of chemical vapor deposition (CVD) to add dopants may also
have drawbacks. In a typical CVD process, a substrate (which can be an insulator, a
semiconductor, or metal) is exposed to one or more volatile precursors, which react and/or
decompose on the substrate surface to produce a doped film. However, like ion

implantation, CVD is expensive since it requires specialized and expensive semiconductor
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front-gide d@g.ﬁed region is doped with a second dopant, the second dopant being a counter
dopant to the first dopant. The device also includes a fused Group IV nanoparticle thin film
deposited as a set of reduced area patterns on the front-side diffused region, wherein the
fused nanoparticle thin film includes a third dopant, the third dopant being a counter dopant
to the first dopant. The device further includes a first electrode deposited the front-side,
wherein the first electrode is in electrical contact with the set of reduced area patterns, a

second electrode deposited on the back-side, wherein when solar radiation is applied to the

front-side, an electrical current is produced.



fused nanoparticle thin filmincludes a third dopant,
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[0024] The present invention is illustrated by way of example, and not by way of
limitation, in the figures of the accompanying drawings and in which like reference

numerals refer to similar elements and in which:

[0025] FIG. 1 shows a simplified diagram comparing surface area/volume to diameter for

a set of Si nanoparticles, in accordance with the present invention;



BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0024] The present
invention is illustrated by way of exanple, and not by
W@R0p908235¢ m tation, in the figures of the accoPgENyI008/057702
drawi ngs and in which like reference nunerals refer to
simlar elenments and in which: [0025] FIG 1 shows a

sinplified diagram conparing surface area/volune to
di arreter for a set of Si nanoparticl es, in accordance

h the present .invention; 26]. FIG shqws
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i n accordance W|th the present invention; [0029] FI G
[0028PAFSBOWEA-EC Shawph iséti cﬁ“dclcﬁmc@ﬁag@émaoicmmmthe fldlw-through

di f fused homggeneouys emtter solar cell; [0030] FIG
plasme peagts, 8 aacogfimeuvflrhefae ArAEHAMBEOB particle
honogeneous enitter solar cell, in accordance with the

[0029] NY€A! $ 2Bhok OPdMpliFkFdiagfans Bpél"éorﬁ/eﬁﬁéﬂﬁll afefiRed Hérﬁgééi‘i%us
show ng results of mnority carrier neasurenents done

emittepiolar gell;emi tter wafer, an n+ BSF wafer, and a bl ank
unpassivated silicon wafer as a control, in accordance

oosof! Kot HE hEEDBRned 8836k B i ool BBb .

1naccbﬂﬁn&"wﬁﬂtﬁdlﬁ{/@1til@hﬁnar emtter of FIG 5B, in
accordance with the present invention; [0033] FIG 5E

IR N et B

measff8htdt§ B o lf %&4}% er'vﬂlféfcﬁﬁj O RRGEw o, Qn(i DB1Rk SPpisivated

I nventi on; ows a sinplified diagram
silicomihfer as sebntuﬂ m\acwdm Wltlrthe feventiotype sili con wafer
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o032 56 B Sod ¢ iR SFRER o P SbenBoel U Rldle bl o
the p1Ophreitle ﬁ%ﬁlp&ﬁitkﬁﬂf FIG. 5B, in accordance w1th the present invention;

[0033] FIG. SE shows a simplified diagram of a normalized quantum efficiency (QE) plot

for the p+ particle planar emitter of FIG. 5B, in accordance with the present invention;

[0034] FIG. 5F shows a simplified diagram with a set of IV curves for the n-type silicon
wafer substrates with the ink-deposition step omitted, in accordance with the present

invention;

[0035] FIG. 5H shows a simplified quantum efficiency diagram measured on an as-

deposited emitter and an etched-down emitter, in accordance with the present invention;

[0036] FIG. 51 shows a simplified diagram of experimental IV curves measured on an as-

deposited emitter and an etched-down emitter, in accordance with the present invention;



emtter and an etched-down emtter, in accordance with
the present invention; [0036] FIG 5 1 shows a
waooplosBsed di agram of experinental |V curves PEHRES00$1057702

on an asdeposited emtter and an etched-down emtter,

in accordance with the present invention;[0037] FIG

5J shows a sinplified representative quantum

ef ficiency diagramfor devices with various emtter

t hi cknesses, varied through spin-speed_nodifj.cation, )
[0037] , Fia Jrshame & siipp! qdﬁeprﬁfeg%aéw? ARG ﬂ?m[yo%e@]ﬂmﬁgtﬁevwes

with v%ﬁo@&%e@ﬂﬁélﬂf@is&, afHe MR AN iRFRAA iddifiddGon, in accordance

~reflectivity of a p+ particle honogenous enmitter wafer
with thé piesenhenvadléon;i on of an anti-reflective layer, to a p+
particle honpbgenous enmitter wafer w thout an

0058 L S RS8O 25

homogdi@us Bi@ter harfgevittathe addicivh 65n atiitiffle&Me 1aPds, to a p+ particle
Il lum nation, in accordance with the present .
homoggngun emyier walkg a0 thont @ antivedlsefive laya; impcperdareeqyithythy present
invent%ﬂ.experi mental |V curves for a 20 cnR devi ce under
> .5Gillumnation, in accordance with the present
i nvention; [0041] FIGS. 6A-B show a set of sinplified
[0039Hi &G o515 shwiwssaedee of TWeurees for the thwk darger areaadoired ander AM1.5G
. W th the present.invention, %(%04_2] FIGS. 7A-B show a
illumigation, fn ageprdangq wih eé’é?sgﬂ'gméf 98¢ nt j unction sol ar
cells, in accordance with the present invention; and
[0040L0@ﬂ@] SNlsESws 8 AmtplEhaWidras of efpesintaptd] TV edrvds fgra2tcmt
_ back-side point electrode solar cells, in_accordance
devicgmpnder ARSI . pedlemination,dp apeordanpeWath e propsnt i vieriien
[0044] The present invention will now be described in
[0041f'CEFGS. MIHNHORS 1 B Gntofifid RN IRLlcBy Cahd B
hereof as 1l lustrated’in the~acconpanyl ng draw ngs.
accordanc¢ tithftied prevénn énveletsar;i pti on, nuner ous specific
details are set forth in order to provide a thorough

n t ' of the .present.invention. .lt wll, be .
o042 568, PUH Bifai s oF s PERECS Wise bRy Throtdtgsth spEetsnin
accordnBé fith thdWR&nt AiveiBon;Radpracti ced wi thout sonme or all

of these specific details. In other instances, well

known process steps _and/qr structures have not Peen
[0043}o EIGS HArB show a set of simplified diagrams of back-side point electrode solar

cells, in accordance with the present invention.

DETAILED DESCRIPTION

[0044] The present invention will now be described in detail with reference to a few
preferred embodiments thereof as illustrated in the accompanying drawings. In the
following description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled in the
art, that the present invention may be practiced without some or all of these specific details.
In other instances, well known process steps and/or structures have not been described in

detail in order to not unnecessarily obscure the present invention.



detail in order to not unnecessarily obscure the
present invention.[0045] As previously described,

W@ eopesa3snet hods of form ng junctions tend to PEI/US2008/057702
costly, difficult to pattern, and/or damaging to the
substrate. In an advantageous manner, a set of G oup
IV nanoparticle |layers may be created such that an
effici ent junction (e.g., p-n, netal-silicon, etc.)

e formed at_a_ | ower cost mnth easier

(0045 atASenrﬁ‘ézswly dgscrifeds cupgat methpdscef femming dinctopsiend to be costly,
e 8P i gl SE OB vl RS by st o
Grouge [‘é lfmmitt;mrtld}'e lagtrs nmy tehsentdibsuch dgit am effioygnit padctiyn ée.g., p-n,

sen1cond ctor nf red to.generate ch
metal Shonerie) (LD E PERSS Hid NG b Slf SR BT gyngycausing

less dhin@f¥ to tﬁ@%b%ﬁﬁt‘%riﬂan @nﬁﬁfterﬁﬁtehﬂﬂfddsons is configured to
separate the charge carriers (in the case of a p-n
unction as well as to channel the charge carriers
[0046J A tyipieah eolargelreeaenally COMPEiSES at lead typ egzments First, an absorber

regoxgrﬁgﬁcaﬁl%? y%e%?fgg&fﬁtc fls %Igltqwg% g) u%eggr%g chgp% Ql ctrons and
holesyiby #hetabsorptidrad Flight cAtidseceid, Iacseledfﬁ;yncﬁonjs uam:dnﬁgmd\w tdparate the

it. Junction effl ci ency general y refl ects t abi | it
charge gamrieE &t b casrpiaa-p agictignk abWel As foghagngl ihe © q@rget dfrirs out of

the so‘f;;}%ﬁ%n%}é E%s% 0f a At QSR micoR SR etidd) g1 y ef fi ci ent

junctions 'ow nost charge carriers’to cross, whereas
inefficient junctions do not. [0048] A free char ge

[00473 ar@omcquestlgeh@mabw of elsatrisity pridpcedhena aelax Mdﬁﬂtrgcﬂy related
p ff C ee the.car

to thefSf6 ey wons Sy PG B b BN LR B Sy o

transféN@ld dx$racf DsubsanSd]leiouatof the Ot ge EdrflBfs Actods @Bﬁmcﬁﬁ}e Highly
band (val ence band) to the conduction ener band

efficignt dnetions dlpvhEmeay charge qapeery 9 Gpsse Whersas e %ﬁglcg%s do not.
bound to the host atom In contrast, in the conduction

[0048@ freg lc%fr%é Ootfiel 1§%gnér5!1?y Q’e ed eﬁ@ﬂ?ﬁﬁ d?ﬁn&ﬁ‘ﬁﬁ Ithto'hgﬁs

al enc d) are free an cl ent ene
sufficiant endrgy teafectha ceriec fomi ity aomBed mrmd:rehmoaduﬁs blentgicity.

That §r g7 EleCPALD BaHnGE g ACE SraEy Byt alehaetpghto the
condlfc@ibh %ﬁlergi‘ %a&ﬂ{t‘:@n&ﬁﬁon ﬂ)QlQﬂgin thé vhlegcdund eﬂs%ﬁoh§arle BOAR to the

he material is an insulator. |If the band
host ag@tp Inscostrasu lndihe mdlleti@nsha@dt elgctraps Ganghoir eoraespanding Bples in

the va*l?{bce F%axa%)l aére frte?] e sh% ctlgh% effqugtcgﬁlﬁcﬁ(fh 200G ecraﬁ'lérg] Between

era nction a

the vél&itebandl ued e coEd)Ictlen bﬁﬂid ] ,geﬁbra]ﬂlyis rangb afi enaygies dfat edmot be
1.12 eV.

occupied by an electron, called the band gap.

[0049] If the band gap is large (~> 5.0 eV), the material is an insulator. If the band gap is
small or non-existent (~ 0.0 €V), the material is a metal. However, if the band gap is
somewhere in the middle, then the material may function as a semiconductor. For example,

Si has a band gap of about 1.12 eV.

[0050] As previously described, the Fermi level describes the energy level at given

temperature in which % of the energy states are filled. Energy states are unique and

9



[ 0050] As previously described, the Ferm | evel

descri bes the energy level at given tenperature in
woRi03sof the energy states are filled. EnerpgI/Es208657702

are uni que andcorrespond to a quantum nunber.

Consequently, the addition of relatively small anounts

of dopants to a sem conductor, such as a Goup |V

sem conductor, can increase the amount of electrically

char ged carrlers If an n-type dopant is added [e.g.,
corresp0{1d %glﬂﬁli]&p‘ﬁ §1)1m Rl C@g§e§g§ﬁt thegéld{tmtqfﬁgﬁ?,\}e y él%el’l ?mounts of

dopantt{:ﬁ & s% Lorddg¥et, shéh Méﬁﬁ?ﬂ steﬁué’orﬂﬁétbF igh 1&%&%@&eta‘ﬁmunt of

e con uctl on 'band when a p-type dopant is

electradlhe dhdrgedycarri@s(Ifen oftype dm)a(lglalatlde‘mﬁe,g Jh( phaspharny), As
ecreased .to a

(asergloShan GhapE i R EETRYE T BEBE  SGRREPA FlosEhe dhey

conduRtiby Bfnd. EfHeWsd, Svhh a?ets}p@eefﬁant R adBed g/ PR as&eh)o Ga (galhum) In
p- N unctlonls created. Consequently, as the Ferm

(lndllmévetlcé th¢ FemmiHeveb i dneraages m.amoatt@n cémere'wéb@ Valénqeu bapg,

(or a built-in potentlal) tends to form Electrons

st IFSEHEy b RNER GG PRCSASTY B RURIEEEL o o jnctin

is credttd. r(’;'tm%aﬁlehﬂ)y tals ehean;tmp) Eveksgjf eachaegion eqeilibexde, fan @bactrivefield (or

vt Rt et ce Scat et (ho S mpartiy
carriefs) %Jl@urf'ﬁbé eldegit ﬂ?&d ?ﬁatyrtH&{ }?éjatfrﬁ’ct&chﬁ) tRe hitPse feBnAd 3&stlled

repelled fromthe ntype region. These ninhority
from thaiprtype scgimay wiheesas beles breated I(lmie oumordy cetmersy ohdhe e-éype region

R L R

type rE 8n! Bicsé ﬁﬁ’ndfﬁ& chrriets MOy @%en BB ERdnnleled Jubbf teRslar &fll fdltreate
ectric field near an n-type region or p-type region

electrrcets'pect ively and eventually being extracted by the
contacts in the external circuit. However,

[0052 nB\esr %gc(ﬁtogcmﬁe .ri}sghitrg g%]rpe?atgd %X&F a@gia%ﬂe to Ui FRRGh Sn . b lattice

’REertace, can create char ge
until i!t I‘cafms imdetl éhetinihydniog ofrimelecttiy fiehk ndaears n-ty13:068ilon Br petipe region

in helattlc tructu the e tence of .
respegtiyely 18 Creaaily Biibe ErycRid Pt R SrGUE I T Biismal ey However,
imperf&tiofid wﬁhin‘?ﬁl& b-Q%CSI'CFﬁ}I n-®YpeGeEibAthe @BoPber SorGit theii@eface, can

oxygen conpl exes , may create intermediate

createech@r@,tr@sbvdsstm’)’lllg‘l@@almcgaprs bel ow t he conducti on
band. Consequently, the minority carriers reconbine

[0053;]2 Sre S eu? Eheble{tlﬂrg; %F&%eghg%xfg{&féé&é 1?'1 tﬁﬁl Qt'(')mg?fvgtggﬂflg i\rystal

unaval € to genera
structGreyutt abt dtatlittic@sisd)s stottamifait (e, g. Sixygaf e)kyg@t @mnjpléxes, etc.),
thus preferred as absorbers to
may create intermediate energy states in the band gap, below the conduction band.
Consequently, the minority carriers recombine instead of being channeled out of the solar

cell, and thus are unavailable to generate electricity.

[0054] A crystal lattice structure (e.g., Si wafer, etc.) is thus preferred as absorbers to

minimize recombination in photovoltaic applications. For example, a Si wafer (absorber)

may be first created as n-type or p-type, and then infused on one side using an appropriate

technique (e.g., through chemical vapor deposition, ion implantation, gas-phase diffusion,

spray-on diffusion, spin-on diffusion, doped glass, etc.) with the opposite dopant, n-type
10



m nim ze reconbi nati on in photovoltaic applications.
For exanple, a Si wafer (absorber) nmay be first
w@ee@angssas n-type or p-type, and then i nfusedP@rUS2088/057702

side using an appropriate technique (e.g. , through

chem cal vapor deposition, ion inplantation, gas-phase

di ffusi on, spray-on diffusion, spin-on diffusion,

doped gl ass, etc.) with the opposite dopant,

n-type(n+) or p-type (p+) respectively, in order to .
(ot) og pelype () pespestitelt iberde Cai¢ a PASUBStEaR: Hlegicyers ppprgyiously
stated; (S ABLDY PIABALRERS e LR ApORIRARACH Al

previously stated, depositing doped glass nay be
[0055pr dbhddition,@s prytouskastgbd depositeng diipad glass maftbepraipernatés For

via,a si|k-screen. Silk-screening . eneral.ly a .
examf; ed gla5s BIAF de e e Soses Syk-SReqpedy bty a printing
technidB€ FARNGRES Vsefof b @Guddghd BUhébhasidsily RSceta %HJ dchapetighly

gl ass paste, directI% onto_a substrate. nsequently,
doped; glpss pastardieactly eatormsibetzate fansequeatindhis dowapjart meghpaical force

u t jti S e nee .
ends SERBIGERE By Ph LS55 e PR ASPEE MBIy e
electrichPdndqihesically citravkeristies sfithssubtatrate. [ 0056] I n addi ti on,
creating alternating n-type and p-type regions on the
sane si.de of the substrate with a doped gl ass, such.as
[0056; dmadaifign, Crsfing pltepptne %-@megflg PR TREOTR g dh jeghc SId< Of the

substrafe'Wiga B5pedi IS, SIcRBS withbaBSEBSH&: solay &1, REGirds RAMble screen
screen printing step may reduce the process yield due

printingstepsrbygeneral avenkadgéianal sonegnprinting stgp orayradereithgprocess yield

fer breakage can also cause pbro ion line
due tlfgiiee s SR e o g BB el BifekidtEoan gl ese
produ€figilitdIntinse, Fariied addrdasingiabts €Al buffeetiloixie@hdh (BGE) is
oxide filmthat is formed during the screen printin

) ! ) ! ( 9
generglbprgavired ofstrin off the rddesSlm fob57prmed dringghe saemyuaivgdopant
dﬁﬁmﬁ1;%8&$gattern to existing patterns on the substrate

al'so presents substantial challenges. For exanple, if
pattern alignnment is poor, the resulting solar cells
[0057 A ligaifgmabsauetitsdeogen paftemttd existirgipeticny qurtbe egbstrate also

ield, [.0058] Furthernore, netal-sem conductor .
preserfe i iapHal RUEHESs Tt CBRIe T BHRLATPTRES § g Fplting sola
cells thi{ "l fRAGionT8HdH) fhedid k&ducThgPRé&kss $ieM. conduct or

junctions al'so tend to equilibrate, creating a

otential barrier between the netal region and the .
[0058| o Factheranmre gnetelctenticondypioniunchionsadiodand tp begrgblemgtig As with
1 jull RS ; Al &1 LRG tohd BeOn
N e T
creatifig @pbtertal bafriee drtween tlachetahregionand tiandapred semiconductor region.
Consequently, placing a heavily doped n-type region (n++) or the p-type region (p++) next
to a metal region helps to form an ohmic (low-resistance) contact through quantum

tunneling and/or thermally assisted tunneling.

[0059] However, the addition of dopants can also decrease the charge carrier diffusion
length. Diffusion length is generally the average distance a carrier can move from point of
generation until it recombines. Consequently, regions of the solar cell that contact metal are

difficult to optimize, as greater dopant concentration increases the efficiency of the metal-
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tunneling and/or thermally assisted tunneling. [0059]
However, the addition of dopants can al so decrease the
w@b@pgse3sarrier diffusion [ength. D ffusion | ePgr/iiS1088/057702
generally the average di stance a carrier can nove from
poi nt of generation until it reconbines. Consequently,

regions of the solar cell that contact netal are
difficult to optimze, as greater dopant concentration
i ncreases the efficiency he_net al sem_conduct or

semicppsiyigtps boundsgy, baf algo é@fé?@ﬁ%eagneactlfﬂlepn knethy dinats, r@%jtqf the
camer-grtﬁ’&t getc‘to tHOhfet Q erhﬁ:% S ohid %ll Ufdss tﬂ“?lb?&?efr of the ¢
E°sem conduct or oun ary w Cross ewer o
ewxgeﬁmac@mrlers ever get that far. [0060] In an
advant ageous manner, mnultiple regions of varying

ooso S BRSPS S R AR BRunRt

may b@%@é@t%tcﬁ)’hhﬁié bcun@hry@rRsiBndyiniRRRRA atmt&ﬁeﬁg&% 1] In
general, a nanoparticle is a mcroscopic particle wth
at Least one di mension | ess than 100 nm The term

Chara S0 rti erally refers to hydrogen
term nated Group |V nanoparticles having an average

[0061]j ' m&&fal bel WReRiRRANE mlicidSdpRe Pc1B Witha feaSOSRABRENGén less
['1€on, germani um carbon, oOr ‘conbi nations thereof

than ma @nt. aihmte’r@r Konoup W manmpmctw”cgeeeraabfsefersﬁg Ihudt@ge@e@mplated

Groury I BERARClss ity o fier GO RAPRLRr o) Bk TR 8

comp@sea SF silikomR Ry mhaihm PERRS, bt esmbiagasdlthgeofOThe teBmsiGreup IV
neltlng tenperature, boiling tenperature,

nanoparéw%” ajso inglHérscEioup Iy na@@l@ﬂ}01e%1thh'iﬂ§ﬁﬁ?m§1| es may have

physical properties that are size dependent and hence

[0062@S e U«%rg;geﬁ{soﬁl P | b RUh A85al W GB0 firh) J\%‘Lméﬂ fefl a% c%nstant physical

sem con UCt or nanopart rches may
propegies rég&rdim of ite axak ye. glattehmgednpmmré (bmhnlggerppq:rature density,

unctions when ¢ ar to, al.t ernat e. hods ch as
condugiyi. it e BHIORGG e oAy Gy Phyical prwsTHepai ot sz spgudea and

hencelu3&M1 fb@‘éﬁpl?d&ﬁ§ﬁsa§ifch al {dﬁcﬁ@:{sgﬁér SMFIpAS SerBicBAGu T nanoparticles
conparison to bulk solids, Goup IV nanopartlcles al so

may beemate easilysind @h%pébp@@qubn@ foaming prmifinghensorhen) gpmpared to
eneral fficult to conpletely
altern: ¢ &eé n(td’s’asr%l as P'lk-séréen? %&)Q{ugﬁ

er nol ecul es from com ng
into contact with the C}oup I V nanoparti cl es,
[0063F o BMloavev B becansothee hammﬂistﬁntiaﬂlgﬁmganiurfahe m'easain comparison to
reactions_such as atleP nd/ or %Ly
bulk splids; Qm%{\( 9anopart1c es a so tend to be very sus eptl to contam1nat1on In
general, since it is extremely difficult to completely prevent ambient oxygen or water
molecules from coming into contact with the Group IV nanoparticles, contamination often
occurs from such chemical reactions such as oxidation and/or hydrolysis. Consequently,
even small amounts of contamination may inhibit sintering (i.e., interfering with the
physical connection of the Group IV nanoparticles), delay dense layer formation (i.e.,
increasing material porosity and thus decreasing conductivity), and provide electron-hole

recombination sites (i.e., attenuating current generation in the assembled junction).
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even smal |l amounts of contam nation may inhibit

sintering (i.e., interfering with the physica
W@ owpes3son of the G oup |V nanoparticles), deP@yUSNEE57702
| ayer formation (i.e., increasing material porosity

and t hus decreasing conductivity), and provide

el ectron-hol e reconbination sites (i.e., attenuating

current generation in the assenbled junction).[0064]

I n_an advant ageous manner, the G oup |V nangparticl.es
0064} {0 B ad VSR HEROYSTEYAT dhb STOUR VatangPE ST may Pedsapsd inig 2
substaAHEBY spteriBA1Rh B4R ot @R t R MiMAs2dntdnin ARSI IRk enefd], &all the solids

the 'solids having a given volune, a sphere’is phe one
having\a given velugmm klspldre suthé anewith ¢z sthallesisiusiace area.dlikewise, of all

s D PSR SR B RFS Juhl

Consc¥RBRIy, & 8phdiRADRAbDArEGLIR Willlténd! t0RBieldths itrakedt fltBber of Group IV
greatest nunber of Goup IV atons from contam nation,

atomsgfn keaminationand tierseds bereficiahée jupatien @sttivn. [ 0065]

I'n general, sem conductor nanoparticles typically nust

e . . r

10065F 13 BEAEEH Bl oS e Sl S b8 £ inkoense
conneGed eegibrsyin ardee td adatearjuneionn@ne sudhimétbed Bdheenng GeparHy a
I
size-de§énhkﬁtqnaﬁn§ bbdus O\ NAGBRIIEL, T8 meBHIG/G11RBn Lbhotrbdrhisn

structures derivedfrom nanocrystal precursors, APPLIED

SubmiekprShaS il striuctpes da@breddiopme nenogrys@ pugeurseri PBpEP PHYPIES A,

ial l her i
596 8BRS Ao GRS o BB RS BEARY o e

betweb® aboul&im ahd AKBE1 00 SNAL ditinetdIendotd Giliér e Govedr@emperatures, and
beneficial to create junctions. In yet another

henceembenglicial fooweate faciprsuln Yoy anetherreniigwatien.dhe Group IV
S .

ronr SHRE AL S Gl o30S R, SRR it 457 nd

about 200t i in diamkiegUunaict amother kenfiguatipnl therGroap &Y magdesticeseare

substantial ly spherical a nost preferably 7.0 nm
substangialhy 3P P%lrapfiﬁl@osﬁmﬁ%%blrflr"}ém&-. a sinplified diagram

is shown conparing surface area/volune to dianeter for

[0066f Fferfhg ROwNGPRRAT. lalsgthfisfied dla@e®Qas Svvaecothpdringharface
present 1Tnvention. Horizontal axis 104 shows S

area/vohmepterdianeter fr anettafiSinanopartishest wyagcordppgearidh themreseny

. Xi §¢.1 ' f ) I LWehss Iwh

imen i gL B SPAHAROAT  l 53 grn

verticalasid 105 show8 Sisuréed ateanahime fnanetes'di armond cryst al
structure with a cell dimension of about 0.5431 nm In

[0067?dcf1|1 tg!er?e?él, §‘1J gtlgrgg gle?ve an atomic radius of about 0.118 nm and tend to form a

diamond crystal structure with a cell dimension of about 0.5431 nm. In addition, although

not shown, Ge with an atomic radius of about 0.125 nm and a cell dimension of about 0.566

nm, will have a area/volume to diameter curve that is substantially similar to that of Si.

[0068] Below about 4 nm, in the catastrophic contaminating region 102, the surface
area/volume ratio starts to substantially increase, from about 1.5 m’' (at about 4 nm) to

about 6.0 m™ (at 1 nm). Eventually, all of the Si atoms are essentially surface or shell atoms,
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not shown, Ge with an atom c radius of about 0.125 nm
and a cell dinension of about 0.566 nm w |l have a
wae@apssiune to dianeter curve that is substane¢CHIE2008/057702
simlar to that of Si. [0068] Bel ow about 4 nm in the
catastrophic contam nating region 102, the surface
area/volune ratio starts to substantially increase,
fromabout 1.5 m1l (at about 4 nn) to about 6.0 m1l
(at 1. nm._ Eventually, all of the Si atons are .
and ﬂ@slg@HmQ contanyingtiongs exFranely highnThm PrEPISF RS SoptigRination
: | Aard; ses
rede RS TR e T e T gl Wi
shoul d be greater than about 4 nmin dianeter. [0069]
[0069Re Referring nowwo F6G R, @, simplifiedsdiagrhinf shewing sphemeitystooniGrgup IV

sphericity f.or a oup ..V, nanopar.ticl.e i.s sho in.
nanor3RiSH t5aheEm P aRE TR PULEE PREDR RGN 17 SSaerey et for
particl®shbp & ukiRSrm dr ispheRichl) Ay BerdbtHhidd Byusdg Gatiefissidr dledin
. be obtained by using transm ssion el ectron m croscopy.
MiCTOSpRRYEBIAZER. t HHSTISSIANheckion sRiFORCARYdA ESDIp PP (IrEsps feghiigue
wherdh S JEFARLALR HASHERY olEf T Eenfiaf tediiinte is formed,
magnffiednid dirvetgtd appearditherion e dherdstent ez leyer béphatngmphic film

fl uorescent screen or | gyer of photographic filmor to
OrtOIEf'eéJfEl?tt Q)é@sworasugléﬁggp%gq{ngg. a CCD canera. [0070]

Particle sizes may be measured by identifying

[0070] NPiapi e gkedtBhY bEMRSsuReh BN fthgandibIdahOptrtid1ed ehd drawing a
across a particle's shortest and | ongest di nensions as
straigbthlgvaracrass atpertipledp hiartest anddengest ditnehsionsastshownyn B graphical

fined j . ' ' .
el R AT AR ST B L e e

mininPah diaeherdif AARI ) Blahtsefn@thetpattidl@dintensibn definddoaghstatio of
LI over the shortest dinension L2, one _can aobtain the
the lopgest L& ovgy the shestestdimeasien L ongsian opkin the mdfic Lidripsdhe level
. | p N . i £ LV
o ol 5 REAF 4 ) RAELLE LSS BB 1.0
For ag @repubir pyrtiele) shidoriniied ik geneaalfyesubstaatialberger thad abgrl .0. For

le, . if. ti [ d dl d h
example; 13 i aed Obiesglectpdnd. e e TR TREPE Biher PORs,
Optinjfla? sﬂ?é?ﬁft?lié YenBRANYBRvRAAYbutl- @ aNsboab 20t AZide froffsitface

romsurface confam nation, a L1/L2 ratio of below 2
containgnatiensd LtLaIratioofleglonp dris beneficia it nangpartipletapphiertign dechniques,
hsu%gj f\s.itnk' et printing. [0071] Referring nowto FIG
such ag gt PALEE ont ani nation and nmel ting tenperature are
conpared to dianmeter for Si nanoparticles, in

[00713 C QRsTElBIRE BoW tb IFIGhE, spffacedtntdntiviativn and. melting temperature are
compared to diameter for Si nanoparticles, in accordance with the present invention.
Horizontal axis 306 shows Si nanoparticle diameter. Left-side vertical axis 308 shows

particle surface contaminants whereas right-side vertical axis 310 shows temperature in °C

[0072] At about a 4 nm diameter, Si particle surface contamination is about 1.02 x 10*!
atoms/cm®, corresponding to a surface area/volume ratio of about 1.5 m’ as previously
shown. As the Si particle surface contamination increases above about 1.02 x 10*
atoms/cm® in the catastrophic contaminating region (102), sintering, dense layer formation,

and electron-hole recombination are aggravated, as previous stated.
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Hori zontal axis 306 shows Si nanoparticle dianeter.
Left-side vertical axis 308 shows particle surface
w@omvasssant s whereas right-side vertical axi sPGI0S2008/057702
shows tenperature in C [0072] At about a 4 nm
diameter, Si particle surface contam nation is about
1.02 x 102 1 atons/cnB, corresponding to a surface
area/volunme ratio of about 1.5 m1 as previously
shown. As the Si particle surface contam natjon )
[0073] ndp erdest, helowerbabbl n, By siptertg tymperatiEg eiSi apnppaticle
20i: ' A .
o A e b AOBL SN Py i
believad ¢hah tfgrsinteriregiternpsrapure graduallsinateasks [vaflv8torrespemhng mstease in
. bel ow about .13 nm the sipterin epperature, of a Si .
diamefig sgfeerieLy Sxtipe, Dol sCoet G T B ehe et of i
(abouflPAYUeES ¢ ilt i, ARG RN ot SROWAIRAME figheUHor bmitfiurh it iselieved
believed that the sintering tenperature gradually ]
that thersinteringetsmpiratire alse grady pliyicragsasrivitlen e@resporlingrincegase in
. ize, eventuyally, reachi apo 7 679
diemelis e RO Sy PE AR PER 7 21 ey RO Kerkii of Ge
(aboutd3ggygh not shown in the figure, for germanium it is
bel i eved that the sintering tenperature also gradually
i ncreases with a correspondi ng igpreaie i.n dianmet

[0074L A, prexieiYideseybeds SI0FrIRG 15 BeATally 2gmethod forgnaking pifigles
adherdR) dalh gtl-{eg Hig?irnﬁﬁéiﬁg g&fsif%tig)ﬁ‘ BPHIms? @%@equkl?clgz $LcA)Se their small

previ ous escrib sintering is generally a method

radii dfeorvatice,ritispalicved|thy nandparticlesgengraly begiarto améeriwhgnei ng

densi fi cat. i filng. nsequent | a ei.r
e N s (e
large §RBOARLSs Pefcrad8 B cRivhied Befipetatufes $h AEA repioff ofthe nanoparticles

tenperature of about 2/3 of the particle nelting point

tend to sauseamiastic deformatiqn bettresn ! previstateln dcatedngeongiiéges. Fora
given %éxré(fep%ﬁtec%%sf e.'il elriﬁt grgalpe\f n?x!no%\éggc?% e%g&%ﬁ& ﬁL\H&r Fhwed [si[ﬁ?e‘}fﬁg

€ hanopar t 0" cause a plasti

tempedirthi@t thanoflaigeesanopuricles oxi mat el y | ocat ed
nanoparticles. For a given nanoparticles material,

smal | er nanoparticles generally have a | ower sinteri
10075} e aFierdl wor ki e et MRk pauteda it e Wreairitisopdics
convehﬁoxga? REft@bt thMRfal BHRcR]RL., SQTCE BedtB&c.) 38 vellsThdihteVe heat
the nanoparticle, such as conventional contact thermal

sources(aigc damps lagers, micrewatd pecdssiag 64wipments plasmas; tyggstenghalogen,

.radi ati.ve heat, sources, (6.0, I I
confh B RA BOICEE) F e bR AL PRI rage of
betwekeh A&t OB MddrOeid aboHt I0NWREehsds gerepdlysoptitadsh | anps,
etc.). In the case of lasers, a wavel ength range of

[0076] In advantageous manner, lowering the sintering temperature reduces thermally
induced stress in the underlying substrate that may subsequently damage the wafer and

reduce minority carrier lifetime in photo-voltaic applications.

[0077] Additionally, a lower sintering temperature also allows the use of alternative
materials in or near the junction (i.e., substrate, dielectric layer, etc.) that may have a
melting point substantially below the Group IV melting temperature. For example,
polymides (e.g., Kapton, Kaptrex, etc.), with a glass temperature of around 400°C, may be

used both as a dielectric and as a mask for production of electrical junctions. In addition,
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bet ween about 0.3 m crons and about 10 m crons is
generally optimal. [0076] |In advantageous manner,

WO 0Wen323§9 t he sintering tenperature reduces theCTEb1098/057702
i nduced stress in the underlying substrate that may
subsequent |y damage the wafer and reduce mnority
carrier lifetinme in photo-voltaic applications. [0077]
Additionally, a lower sintering tenperature al so
allows the use of alternative materials in or near the

lowsringdhe Hteping tempesafpeepay allowyfibm dermation wathept fugher diffusion of

dopdnfthat RY aRENS RSl B Gr Bﬁfemiséggﬁﬁ(ﬁ{éﬁ'\ﬁkﬂiﬂ t}Eel*\@W%}I Bfucture.
Goup IV nelting tenperature. r exanpl e, polym des

Congeguently, Kp p¢dmaingbgpGranp, [Vetanopartivietdinmaeted sufficiently (to about 7 nm

in BRI LR RO P IE RSP REEd B BPVEN L ¥ ol

junctions. In addition,lowering the sintering

Chal 56§t Wf Grioap I¥ Nawpairticle (COIIGRIal Pispir§ibad tinks) t her
diffusion of dopants that are already diffused into or

herw se positjioned . wthin the PV cell structure._ .
IO"@n?&%%*m% ,S_ma!}efﬂ@a%?maaf h‘én’@f‘o{%&&ﬁ%aﬂ?ﬂiﬁér’? p gploidal
dispgbigﬂpﬁ&fau%%ff th&ik §HAN ¥iz€ Han&Pesd sZtegmd Be difi ey mmaée.

icl
ense nanoparticle |ayer may % ornmed on a poly
Congegyently, @har Zenus esanoér, @ysempled Viahpraotices iney be suspended in a

l1.0i dal Di S | nks).[0Q78] Furth ,
collfiyaRaf S RRTED. R b ) i e et it e
nanop@tticRisdal di spersi on. Because of their snall size,

nanoparticles tend to be difficult to manipul ate.

Consequently, in an advantﬁggous manner, assenbl ed
[0078} n Gisasrelly| celoidal diskersiprsfifarodp i i nanensrtidespae possible because the

. | . .

inerfl AR Tharfdle SHER it HUSOER Pl enoh B B f\RFoohfb differences

in deBeityg vli¢hyysualdy resild &l a diasqpiat sithen sinkfng@r dloptihgdy/in a liquid. That is,

anopart i |§P ar e ossibhp befause t he iTteraction of

Sma q’ié‘a'g%qaft? FsisRerse R Rty thafelagssr DERAPAFtCISS: 1 ong enough
to overcone differences in density, which usually

[0080ES W ferlefhl ah8Bhr&iy B nftiopAeicles artktrdidfeped fitoahd &floidhl dispersion
l'tquid. That is, smaller nanoparticles disperse nore

undeg g ypeupm, (93 g1se 4n grert svhptantiallyl cxyeen-fige gsotonmenty diaddition, the use

of pa&ﬁf’lf sg&gaf etﬁ@&é%ﬁreahﬁga%ﬁt Qcfi o SNSRn! I%gh a0 n}iR&s, and high
col'Tordal dispersion under a vacuum or’ePsée an 1nert

presssivdiBilgh Bhéaa hbinogeni g i nfay de uediorfadilitand dispetsian df the @anoparticles

. the use of particle _dispersal nethods and equi pnent

in a selgetpdselveBheraaxtyr of pelYeNtS hear ni xers, and hi gh
pressure/ hi gh shear honogeni zers nay be used to

[0081 PCEkAthAlk® oot ShONdOhlchists, RRIADES! kGRS, carboxylic acids,

esters, amines, organosiloxanes, halogenated hydrocarbons, and other hydrocarbon solvents.

In addition, the solvents may be mixed in order to optimize physical characteristics such as

viscosity, density, polarity, etc.

[0082] In addition, in order to better disperse the Group IV nanoparticles in the colloidal
dispersion, nanoparticle capping groups may be formed with the addition of organic
compounds, such as alcohols, aldehydes, ketones, carboxylic acids, esters, and amines, as

well as organosiloxanes. Alternatively, capping groups may be added in-situ by the addition
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in a selected solvent or mxture of solvents. [0081]
Exanpl es of solvents include al cohols, al dehydes,
wohe100/082359 car boxyl i ¢ acids, esters, am nes, PCT/US2008/057702

or ganosi | oxanes, hal ogenat ed hydrocar bons, and ot her
hydr ocar bon solvents. In addition, the solvents may be
m xed in order to optim ze physical characteristics
such as viscosity, density, polarity, etc. [0082] In
addition, in order better disperse the Goup, |V

of gasgfpispibe FasTBSBRRDE, ihessicBp ng Erps i b gHbsequetily removed

durind BB SR GrEc S 8RR NS 1 &2 YRRpTRURrE REAB Bst Wetdre HR&intering
addi tion of organic conmpounds, such as  al cohol s,

processl dehydes, ketones, carboxylic acids, esters, and
am nes, as well as organosil oxanes. Alternatively,

00535 B8 Bt B BT A RO e

Group B sefl cridhs R Ueitphaticl MRvlede GuHOstakdhed alcBhélk, dy@lic alcohols,
process, or in a |lower tenperature pre-heat just
aldehysies. g ketoges isheless taigiapt-befard, isplyasy. »earlobsanpl, grethyl-
crtoRilt, GRREH AR5 AN, ML BBl such
methorgidgairmhethlylstyl)silahe)M TCM D), tisénotedylalydsiale TTORI)] c

al cohol s, al dehydes, and ketones, such
de%ﬁt@é}ﬁ%ﬁﬁﬂﬁﬁ&ﬁff%@fﬂg)aéeﬁmlaﬂgﬂwe} Oa‘yélra&ﬁém);

met hyl cycl ohexanol , butanal, isobutanal,
[0084F Y OrRb E3rARPA&, tIR\¢bIIBIRYARPSIoA hBYeSe appliédtodSsubstrate and

nethoxy(trls(trlnethylsylyl)5|lane{( TMBS), . )
subjeated to(at heiatisedmpenti iny)r()eg itd sinter '(hp‘ﬂmgg v nanoparticles into a densified

decapet hyl t et r asi | gxane .
condufifi e Fstids 33 ap Ay ottt BBl ot igpid g el
coatingD@otcdib boitiha! grdiserintifg flexygraphiadplm @éinting, and ikkgétrprinting

and subjected to a heat treatnent in order to sinter
methodheet@ oup |V nanoparticles into a densified conductive

film Exanples of application nethods include, but are
[0085!; Oy l)ﬁérf)&rﬁgulﬁlpoonﬁ%h]{atﬁﬂa}ﬁ bR 9dvakeott RakRRAlth&Bolloidal
ravure printing, flexographic drumprinting, and
dispersiokjnety tordpplictin prttetned segiensdhy 4r0i0RB} prirten dek) efantinters gegerally

canfigur.atian n,.an advant agequ
are copiprgf it asmeinel B Rey A M FUGF My bfind goeh nozzle
When'£E51088 istppBéd, tik¢roétaldhiafgedIshapeut b&de, whichigenérates a pressure
genera[lﬁ)are configured with a piezoelectric materia
pulse imthg fluidferging p deppdet it iy epzelech nozzle. When a
voltage is applied, the crystal changes shape or size,

[0086Y\’h iII? BieQ:‘ﬁQee&aél%%p v afiSpti8es, the colloidal dispersions should disperse
well in the selected solvents and should easily filter though a 0.5 um filter (more preferably

through a 0.3 um filter), in order to optimize printability (typically the unit of “microns” is
used for filters).

[0087] Additionally, various configurations of doped Group IV nanoparticle colloidal
dispersions can be formulated by the selective blending of doped, undoped, and/or
differently doped Group IV nanoparticles. For example, various formulations of blended
Group IV nanoparticle colloidal dispersions can be prepared in which the dopant level for a

specific layer of a junction is formulated by blending doped and undoped Group IV
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pul se in the fluid forcing a droplet of ink fromthe
nozzle. [0086] In the case of Goup IV nanoparticles,
W@ b@9/08d350i dal di spersions shoul d di sperse wel PCT/HS100&057702
sel ected solvents and should easily filter though a
0.5 mmfilter (nore preferably through a 0.3 mm
filter), in order to optimze printability (typically
the unit of "mcrons" is used for filters). [0087]
Additional |y, variqus configurations of doped Goup, IV
nanopgrtidlesfprachiete theregieaentsiiop gliazsﬁs@sﬂla%elwgﬁhleaé@h
Groug Y PR pRRI S SR ARREIR May PERSRY PRt RISt
defectsasucbus tegrassilvatidnofoxggerbitems edordentopedige nadesiablei ankrgy
tat col | oi dal dispersions can be prepared in which the
StaleSyopant | evel for a specific layer of a junction is
formul ated by bl endi ng doped and undoped G oup
[0088] VITaiihpaidre Ghes all Garigdtb ey Mahie, dop@d naopanicesimiy themkelves be
| ayer. Alternatively, the bl ended G.oup IV i
used asheasaettp diffuse dopaitdimto thesyaders Thatds.in g spailaydaghiqngto the use of
I or . .
dope R i b LR BRI o P ndpiices (ntype or
p-typeiredpaitivaly) enagiberdgyosstedbe she WaloB8&]th lanmppreprime depositian

advant ageous. nanner, ed napoparti cl )
techniqug Hi SaBkpePrie %rsdd tgg%_gw?%nar_ e #ﬁﬁ@gﬁﬁsﬁm@nw the
wafer @Bﬁse]hﬂgltw?giﬁ&e thEMdhopasticlé ﬂt;pgé%i'omii elf &%ﬁh&ﬁgkg%lfﬁéqhe doped

use o oped gl ass as descri ~above, a colloi
glass)B@Bas sotaaqufeddopisiremmvel dhus, ellispid bateh/precess sigpinygyebe

._.respectivel be gdeposited on the wafer with an
ellml%%ﬁ%?‘ﬁ?%%%%%ﬁ?qwslﬁ'techni que such as inkj et
printing, and then heated in order to diffuse the

Appa¥8aR Tor Miinafidiering Group IV NSiipRRtitles Si nce the
nanoparticle deposition is i1tself conductive (unlike

h oped gl as iS no equired. for its renoval.
(0085 R PG THAS o i ool ShEmH B AR fov-
throubTPlaS¥h RAcRE RIS HWnOM atb&kianceAPRPINA prsehtGhvention. FIG. 4A shows a

hufacturing G oup IV Nanoparticleées [0089] Referrin

side viipw RIG. #BGBo w4 AcOss-aeationalofievs. FHEAECishows hyraapss-seetiqpal view of
nc ri¢..f.1l owt hr ough pl M. [ i Ne
F1G. 8 b adeilip?HE { REH0 oBaIFPUGEARD She bR ecle. .

side view FIG 4B shows a cross-sectional view FIG
[00904 C I8 lpeti&all, h GrouipBs preeatsong] a st efiinett gabds, ashBelvas i doemt gas
) ¢ . ¢ ol . .
af recggtglgi I@?eggeglp y&}%g}eldqgroggh %e alnglgltar c Ia(?me Catn[ili gnit% qn % reaction

zone between a set of electrodes. An RF (radiofrequency) signal is then applied to the

powered electrode in order to strike a plasma and subsequently dissociate and form

Group IV nanoparticles which are generally collected downstream of the reaction zone.

[0091] In general, the concentric flow-through plasma reactor is configured with an outer
tube 3214 and an inner tube 3215 concentrically positioned along a longitudinal axis with
respect outer tube 3214. An annular channel 3227, defined by the area inside outer tube
3214 and outside inner tube 3215, may be sealed from the ambient atmosphere by inlet port
flange 3218a and outlet port flange 3218b.
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[0090] In general, a Goup IV precursor gas, a set of

i nert gases, as well as a dopant gas (if required),
ware@Insssr al |y fl owed through the annul ar chanP@lr/uszeds/ 057702

ignited in a reaction zone between a set of

el ectrodes. An RF (radi ofrequency) signal is then

applied to the powered electrode in order to strike a

pl asma and subsequently di ssociate and form G oup |V

IR R X RN A

defined Qﬁ &ihieh ?nsﬁdeoéfﬁl%ﬂf Mﬁel@%% FRiwéen %ttQISe E)}?ap‘é@ BldeOiE&bde 3225

an outer tube 3214 and an 1 nner
(posmomezhnttsldc alteytupe3214)andd tabesshgped temngl ¢lactrmﬂal32a4 (&ntral

spect outer tub 14, ul ar ch nel 3227
clectipdeitvish Toyrtoney rieanRaiaogh e iban i A teoBen 2o tibe-
shapécf‘&ﬁér d16dR a3 3%55 fdﬁ?éf RR1ro8a1uBH), faﬁ@fﬁrﬁl@? SSidAtinside inner tube

at nosphere by inlet port flangé 3218a and out| et port

3215¢ Tapigally ﬂmﬁemwg]as or gﬁsa‘smy e idrodueedzipteeanninlag channgle3227
alon%gq?\;% ﬁ)lélg‘l %Il q{]om a rerc]:%rns(c)) PaL soﬁrc%sln AL GuRAS e&%}é).? %1&% an inlet port

as an ar I'Asi g¢e anndlar ¢ anne ween

(not $hotauhl) &n Siklagystt ﬂa.ttge 132&8£ Sithilakty, hdA&pattieles prodied vratltus tideplasma
outer tube 3214) and a tube-shaped central el ect

reactgxz@gn{b@gmay gKit éhrgggh, FHexit m@not Mn[) o8 Qutet port ﬂange %218b into
a nan%@%@ L olieald ch%g ﬂt LRGN W@éﬁg% v g)x iR PMntarﬁ@l%P ﬁﬁsl be
tO0 tube u

shape outer Sl ect o ter ctrode
collettat oh a sabudrateiort grek hqueed ini thepldsma séad®r ichamebert ube 3215.
Typically t he precursor gas or gases nmy be

[009%] oduc I oL %@3&?6@ rﬁla h%%b&%‘% & ahgar%dftcl) gv¥egda along a

substﬁﬁ’t'iﬁ]";bﬁi't%td ZIWairﬂa ﬁ:@cﬂof‘ |Iﬁfaddﬂﬁbﬁal (taBé-shdpeiintedl eicdiréde 3224
port flange 3 Simlarly, nanopartlcles produced

and tipe-shaped h@teprla@rmler@%mw bemadsert armyuf@mepﬂy Rlestighllan
condggtlve r{%&gne%l ﬁéluéing st léj ’%uéh“%s c%g@ro (r r% frhg#%?e .:218b into

€ CO ’on ¢
Alternatlvely t he nanoparticles may be collected on a
[0094JubStiteatube 3214 rriagr blecfuﬂlmi shieldel dronh thenphasnedt @rter tube dielectric

layercP 0 AraEaBIt et %égrf bfet 858 3¢ d&?ﬁ%rgﬂﬂ tube 3214

may §é’§§} Rafetial thRQddes 85t RbsthitgalBiARPRr WRE iRlgendrted plasma, such as
additional, tube-shaped central el ectrode 3224 and

a dletegtm; rsatatpfddlnmn ambaglimenty auter (832 keandiyaiterdighee difleetny layer 3209

t |
are oSprth g e aeeatbroa - C OB R R eBS dp ggtomare
embddB8rt] ot @be BRREantdertate dilettricfirRs 3369 ﬁ%dﬁﬁsaﬁﬂd{iﬁyswal

t he asma by outer tube dielectric Ia¥er 32

struchire @r&r@ateaﬁl yeh asigvartz. ddkevaise insrer Siheey2 16 gy bngmherr shielded
fromgﬁyﬁﬁé}ha by S wiblY laf‘ael(’:*)tgr}':‘llayer 3213. Examples of dielectric materials

include, but are not limited to, quartz, sapphire, fumed silica, polycarbonate alumina, silicon

nitride, silicon carbide, and borosilicate.

[0095] In general, plasma reactor conditions during nanoparticle synthesis have a
significant impact on the properties and structure of produced nanoparticles. During the

nucleation and growth stages of particles synthesis, each individual particle will have a

19



may be any material that does not substantially

interfere with the generated plasma, such as a
wele@besassd ¢ material. In an enbodi nent, outer PCHESBALE7702

and outer tube dielectric |layer 3209 are conprised of

different materials, such as different dielectric

materials. In an alternate enbodi nent, outer tube 3214

and outer tube dielectric |ayer 3209 are the same

hysi cal ﬁtructure and gt rial, such as quartz.
1

tempefatiggpaeyilidspend an thg ap Ao Wetr ERPT RIFYSTE 88t B¥0m
e dielectric |ayer :
comp&éi‘@orpalrfﬂsrgﬁst&y copfegy. tube diel ect | ayer 3213
Exanpl es of ogel ectric materials include, but are not
limted to, quartz, sapphire, funed silica,
[0096] 0 Typigalbn (3roup Y namoparticlés nrodnsed bclpwwecert@m temparature will be
95 a
o e S R R R Rt o251k oD

crystaHm‘él Bridditibant chyzpdlatityp partible tahp@r@tﬁltd aanr@r@nﬁlbm il affect
praoduced nanoparticles. During the nucleation and

dopan{; aqswﬂ%t%@éé naponsptidlesdhesvery ﬁm@gql to highertempgeratpreiduging
synthé%ﬁs%'ucﬂa]% ‘%dﬁa{nltmz{Paré‘EE%%Elﬁ Wifve! %ﬁ) Bidd!to HRPELGri Oty

t e asma power eact or ssure, and gas
inactivzmctqpaﬁus tin tre lawdempaattme p@ducﬁtpaytlclésoBgﬁs}mﬁfqlpng thed plasma

oup |V nanqparticles produced bel ow a certain. .

synthqswﬂmqteﬁs o1 gpped @@uai}; it ippgpable T moptg i electrical and
structithOslep&tesuch that they_ are hotter duri ng synthesis

are crystalline. In addition to crystallinity,

article tenperature during synthesis will affect

[0097ﬁ0|6a‘fﬂﬂe§(:@ﬁ dopenigasespap pessivin s ase for Icesgting depefeproup 1V
ronor AR CE i o PUREFALE Bl LA SRl

digermhane] hatidelaqslops, @®d. Examnples bf M@M@Bﬁﬁgases 1hd§1&de phosphine, arsine,
| owt enperat ure produced parti cl y (;on ling the

etc. Expoaplpotqy iR dopant gases mraladecdogen é@ﬁ@a fzatlalaﬁ orane] diborane,
paqlgfg o electrical

etc. B lgsféiﬁtg% t&reg: @Bééggéﬂ#‘?% grgBﬁ’ H’égg% X?A&pv gﬂr I ety of dopant
gases are possible for use for creating doped Goup IV

[0098h aﬂmpm ¢orxﬁlgesatloﬁ,>@wppé¥ nafiof@rideles Yy pe emdugfcshng!aéﬁ“splasma at

| ude ermne I

a tOtalalﬂgﬁsBﬁ’ f‘%&ga;ea %fg%?bggpg% TR (6 & a%%gégfmgg’s%? u?%éc ulg)e

TypicB s Ritéfor BleSeMon@idtor pré@ifftr@as flay Pe Tab@ﬁ 20kpgmriatd cubic
gases include boron diflouride, trimethyl borane

centingfitess (wAm) tettout B sqept ehilsithe flew rate for ag%@@gt W@%Yo*ee about 60
scem %,a%ﬁgt @%ﬁ%ﬁﬁig% gp t%?@rt Pfo% of hg&%ﬂn il}uc e FreCORISLOW S aA L 3

es my pro I'n"an RF pl
Typically, the ratio of semiconductor precursor gas molecules to dopant gas molecules n

the plasma reaction is from about 25:1 to about 1000:1.

[0099] The frequency of the RF power source used to ignite and/or sustain the RF plasma
may vary within the RF range from 300 kHz to 300 GHz. Typically, however, a frequency
of 13.56 MHz will be employed because this is the major frequency used in the
radiofrequency plasma processing industry. Typical radiofrequency powers range from

about 30 W to about 300 W.
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a total pressure of no greater than about 25 Torr
{e.qg., about 3 Torr to about 25 Torr). Typical flow
WO 2100036367 t he sem conductor precursor gas myPGEUSIH08057702
2 standard cubic centinmeters (seem to about 30 seem
while the flow rate for a dopant gas nay be about 60
seemto about 150 seem (e.g., about 0.1% of dopant in
inert buffer gas such as Ar). Typically, the ratio of
sem_conduct or. precursor, gas_nol ecul es tqQ dopant gas )
 [0100Gp| Eheipossentration 6f dorppatedn %@a@tqua A Vinanepasticlepmay oy depenging
on fa@BRYLcH Q08paht gis%gﬁgéntrzﬁﬁ} S ELANE D&Y R ekﬁ?&l@': iRAYSE germane
Source used to I'gnite and/or sustarn the b? asna %ray
may heausgd ws thei Group &V RFecuesog gad andmhdfithikdtnay be 88 dsitkie dopant gas in

Typi cally, however, a frequenc f 13.56 111 be
the DRk Gt 0 BRSO0C] BoGP RO RS DicoR PRRERSyesu Uger sy, the
preschf¥@dfoRdh@nc PLRAGb AR BREMoBY 46 8FFbIof PREMRIAYGrolpAiveal
radi of requency powers range from about 30Wto about .
nanoggiiclyy fayingjoprhtecongenirstionsanpsercbingdbpiplukilityimi of theglgpant in
acr JaliH Fe%%ﬁdu%{ogs may vary dependi ng on factors such as
y(ﬁopan gas concentration and flow rate. For exanpl e,
silane or germane nmay be used as the Goup IV
[0101)r ek anplgam theicasp lod sybiatlme S yalgattioteh, e présentiaphods can
.gas in the present nethods to produce )
Provide, B e Su LPAMNOEO VS OF RESERICH lewglg b at leash ghore 2 7e- tThds

inclu(?és%ﬂgﬂging?@ ané;@ﬂﬁﬁ@ 55&11514 &saRe 1868164 si'i'i@&bﬁ%pﬁlrti%_les is between

capabl proaduci ng oup IV nanoparticl es having
aboutdb@Eatand ebmenf4.at i ons approaching the solubility [imt
of the dopant in a crystalline sem conductor. [0101]

or..exanpl in the case of crystalline Si . )
(010312 SR s ot Sk e RGP breidebee sl EaP bonopartsiospi
dopingle@ls offd BBt ¥boat! 5%0This firschitles emBodinitaits WN&tis tBé naype dopant
| east about 2% This includes enbodi ments wherein the

level i hepyeenberi-01 %@\aad abeptsi%.i con nanoparticles is
bet ween about 0.01% and about 5% [0102] Simlarly,

h 0 [ = i | d -
101032 AR S5 e FRICHY ool FY pfoiolfiimy bt Ffhed o cpgaline
nanoplriices with acieatendopadntaertis cotfmueitiontihadvantagpensdepause it may

. .level is het n about 0.01% and about 5% [0103] In
climipgie e ier G P TRRPUE PRI A R Spa Ty S ey B e
methd PIeEEkpRTsi 68, Y& dinld QR sRAHRNAA hhdtk efficdrth activated

dopants. Thi's configuration is advantageous because it

[0104r]rayFurthermore, the present methods can generate nanoparticles within a substantially
narrow nanoparticle size distribution. For example, a set of p-type and intrinsic
nanoparticles were prepared in an RF reactor substantially similar to that described for
FIGS. 4A-C. For the p-type nanoparticles, a 10% silane gas in argon was used at a flow rate
of 22.5 sccm. A dopant gas of diborane was used at a concentration of 100 ppm at flow rate
of 75 sccm, providing a ratio of boron to silicon in the reactor of about 0.66%. The pressure

in the RF plasma reactor chamber was maintained at about 10 Torr.

[0105] For the intrinsic nanoparticles, a 10% silane gas in argon was used at a flow rate of
22.5 sccm. As before, the pressure in the RF plasma reactor chamber was maintained at

about 10 Torr.
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elimnate the need for a high-tenperature dopant

activation step, thereby rendering the nethod | ess
W@pens3i3ye, | ess tine-consum ng and nore effi CPENS2008/057702

[0104] Furthernore, the present nethods can generate

nanoparticles within a substantially narrow

nanoparticle size distribution. For exanple, a set of

p type and intrinsic nanoparticles were prepared in an

react or substantially simlar to that described for
(0106F| b rssuline TogsPaFFide Pz {isEtvLAB fonthe BrtdRe sthcopgunepartrigs was

52 nng"# 1.6 nkY %ﬁ? Y}%SSE) & #4588 riBhtich ot ﬁlg ih@nSicQlictd n@noﬁa%ﬁmles'%vas

0 ant gas 0] ane was used at a concentration of

57nm@01p2pmnat flow rate of 75 seem providing a ratio of
boron to SI licon in the reactor of about 0.66% The

nanoparti cl es a 10% si | ane gas in argon was used at a
[0107]‘I mvger&ta& the féRvang devive dmfigefativn mdytte Jiteamsadr Eon ¢xahipée, a p-
ah)ma react or chan‘Ber was . nai nthel ned at ab 0
type WPé?rrWIf IOBIYPRIEVHESTIRY PREFVARRG AP Hiat & gitme wa fer'with a p-type
em1tte9|h§aS/rHeQiéEd on for the p-type silicon nanoparticles was
nm+/- 1.0 nm while the size distribution for the
|ntr| nsi c SI Ilcon nanopartlcl es was 5.7 nm+/- 1.2 nm
gno i aniad Cel | s Manufactured Wth G oup
IV I\Ianopartl cI es [0107] In general, the follow ng
[0108geﬁe?§nﬁgﬂ$wwp 10 f?ﬁedadla %ﬁ%cn&é}{tloﬁélad'fﬂ{l&d a
type wafer wth an ntyeemt er be reversed,
homogenebug émittensolar-dell peshosine in gartetal,adlﬁuw;dp}@nmgenctoels emlyerbﬁ (or

E r Sol a Cel | 010 : .
) 5%62@5??95}%55'0 B8, (eeTaDeeT O -3 hibD 1% ol '@%meé’rn Jpmetion
requlre@ﬁ}f%ﬂﬁﬂg@@%arﬁicfnfdﬂﬁ%ﬂtrmmgeneous emtter solar cell
|s shown. I'n general, diffused honbgeneous emtter n+

p+) 506 is deposnted on a wafer absorber 508 p-
[01 091 ofurthgr deposited on tepotdicses homeoggnepys gREHFHPO ﬂ%é‘%ﬂeﬁ’éb’ either a

TCO 1%% (ﬁs:a.rr]ef'anrt ggn(isu%F 19L 85‘&1](19) dpr n(ﬁelgg}'f‘lﬁ gfnééb%}eleétgéggl) s E%%

use eneous emtter
imprové tigenadwdtivity @if tHeegblaa cdlChy (otdvahﬁgj acemtuctionphath forvgenerated

oxi de) or a die]ectric (TCO d| trl el ps
chargg ﬁ%FBR?éO fq3&h e%ﬁ{?e%?ffwfq (PrFasty ﬁ 83 )0@ SE nbig:
passivafe it SirPfte 3r QFRRES hdUE b érﬁ’i'itelgﬁf@ hﬁﬁi%ang both contamination

of the wafer bulk from external sources, as well as substantially reduce minority carrier

recombination caused by dangling Si bonds or imperfections in the wafer absorber 508

surface.

[0110] An emitter metal electrode 502 (typically made out of printed silver paste) is
generally positioned above and in electrical contact with the diffused homogenous emitter
506 (typically through a channel or cavity in a dielectric or directly on top of an ITO 504).
Emitter metal electrode 502 is generally optimized to extract the charge carriers (here
electrons) created in the wafer when light is absorbed. This is done by having both a

reduced horizontal surface area (thus minimizing losses due to shading, which tend to
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charge carriers to reach an electrode. In contrast, a
dielectric (SIN, SiQ2, etc.) hel ps passivate the
wa@opasssof di ffused honbgeneous emitter 506, PCT/US2008/057702
m ni m zing both contam nation of the wafer bulk from
external sources, as well as substantially reduce
mnority carrier reconbination caused by dangling S
bonds or inperfections in the wafer absorber 508
surface. [0110] An emitter netal electrode 50
redugq th8engrpty ﬁ‘élaf‘e“tb @pd 8P Ingreaederosy-yegonal yehigye Qﬂsus reducing the
erleg SO ek Bt ffeSHelice! n\?ﬁ‘icﬁ1 RAUE tiRdreh & RE @fffcﬁ énz:? lof ﬁﬁ'rqe@&%).
th the diffused honbgenous emtter ypically

through a channel or cavity in a dlelectrlc or
[011d] r &be byckeside ofwater ahsotbRO58D)ofteRronfiguredrwithla heavily doped

resichy(3F e e ik s AR it P o8 FlmbBer®ih iffiscd P paver
(bacb@fackifight) 5|16 Iﬂhﬁﬁﬁi)ﬁgjﬂw-{ﬂlﬁ)ﬁcﬂ& r&h9 B A rboribigatienl A paoperly

reduced horizontal surface area (thus m ni m zi ng

configyecddaS risads 5 repeldhasg oPppRiiely dharasdicarriean ba arhdocated closer to the
back\%sg{éﬁ @Ltq?, thé! it cl: ’be%% %Bmog&{o%gﬁﬁﬂlsgg BR¥ lg)‘?eggll ﬁ gﬁ‘él wafer

hus T educi ng ese I es resi stance
absorbey Bﬁ&tendhtoahtrbdamé& Hamerrw reac ity cheiee flbwao erecigandurfabe
devi ce) 111]_ The back-side of wafer absorbe 508 IS
resulgipg @hhksbﬁflﬁ $ eomiporify %@aﬁ?mw@aawnﬁ@@waﬁr pafetior

ex mﬁﬁ?@\lt(mﬂﬁuﬁﬁn &%Wr g)mW‘B&ihd%& %Eg%ﬁ\g%gﬁﬁ%ﬁal&chons. In

‘fused BSF 1ayer (bdck surface fi
contigbtn farianinAtype wafarni aﬂiospﬂorwusazmaslhefadd@i togepatbbleat i on, a
properly configured BSF tends to repel t hose

[01 l?ﬂ PH> ll(){'l %%gsre%ﬁgttaf elécrt}ot%%%l a en]gra ga& t%qhg La?c%(?sridet 8f wafer

absoft&ﬁ@@&(& ldl$ff1d§eﬂ BsFexd O%pr@)bﬁﬁteﬁfh%raﬁc’co Wﬁfraﬁ tl&hﬁ@JTthf charge
508 tends to |ntroduce a barrier to mnority carrier
carrigrs ghgre olerle Typigpll s eameiising Mosmptelsnipvics oot vl sheqt ésappied to

r
covep ogg cgq é g%gaﬁége&g%afsqgé}%? @%srt L%]I?a'ﬁ %é%&g%ll?@%sr%gﬁ 1n order to
fac1li1x&e &mldeuh ¢ for intgrednrpetiovaings mbdulee e kdditien, trasaimetal Ellectrode 512
contrast,. for a

e wafer, ..P (phosphgrous). may,.be
also SRR doganFRan FHlsrens pevaseth Hebidfiek R Dol fobrdiiane!
pass&! tBfouER AR ablerbbs general Iy added to the back- si de of

mafer absorber 508 (or diffused BSF 510 as

appropriate) in order_to extract the majority charge

[01 1& r Imp@llx népl@r pd] @syﬁgumﬁpv@aa ﬂgfﬁ@@irbfrm@gqmgoqwﬂter solar cell
has a Oqovsfeﬁ §°%Vlfr q& gﬁi%l g of Sb % ool c}g ﬂIic1 c‘iz"(%z i Rhed as the

eas

ratio @€ BREraY bﬁtphﬂﬁ@rhttﬁéj sdldr cell d@i é)ﬁ.lﬂ eﬁeagy pi, ﬁ@hﬁth& ghsler i ng
for interconnection into nodules. |In addition, base

met al eIectrg@gK&ﬁ&FF
P

m

where V¢ is the open-circuit voltage; Isc is the short-circuit current; and FF is the fill

factor.

[0114] Referring now to FIG. 5B, a simplified diagram of a particle homogeneous emitter
solar cell is shown, in accordance with the invention. While not wishing to be bound by

theory, it is believed by the inventors that by replacing the diffused homogenous emitter 506
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al so serves as a mrror to reflect [ong wavel ength
I ight back into the cell for additional passes through
W@ b@oakesey ber. [0113] Typically, a solar cell PCT/US2008/057702
configured with a di ffused honbgeneous enitter sol ar
cell has a power conversion efficiency of about 15%
In general, efficiency (h) is defined as the ratio of
ener gy output fromthe solar cell to input energy Pln
fromthe . = VochcFF where Voc is the open-circui
of Fl%ﬁf%,amgﬂ ) B (79 ARG HRSRQBEEP¥LAEtoR 334 i/ OF bntrPlaeinggthe
: N ¢
homofcfoup Kl st Bt e B oP e o P pe T bl e B3P 528, an
efficiend kalar ¢adl thay be sigate at ahoutithesamieaoc Bwsr ichsttak@ conveatipna rsolar
1 Wiile not wishing to be bound by theory, it is
C€ believed by the inventors that by replacing the
di ffused honogenous emtter 5060f FIG 5A, with an n+
[0115{ PFurtBainidré,|tBe HYBIGRARRUS]aG8ks bt 8 BSFIRayuvtbid Mafddpowing when
repl aci ng t he honogenous di ffused p+ (n+) BSF | ayer
using ghip Weierp, hicl isa commenypioklem | devisgstrygtgres gampriping idiffise

ayerss Shed 65 ol iR RGBS iy 2R B ch Bl

processlnfg dtges, afchpanhindhem|BSFefosmatsora BSF may avoi d waf er
bow ng when using thin wafers, which is a comon

b
ou16f RS T 553 G B SABF s e 527 may e
place®B&IEEFh BNErS) Whifel BSkobied 508 BRPSI At gh? éﬁﬁf&@ﬁ&h Sh@Rsmitter
such as al um num BSF fornati on. In an alternate

526. z%lmmmga@batan optionsh lcnmr ummamc pmele Huiter ﬁhlstr@y plotheplasged
bet
beowebisi P SEavic R T Pe I RERR B roflideHBE G0

emtter 526. Alter nat | veI y, an optional | ower
[0117 L ntAli ptﬁ‘helﬁ eyiets (QHQpbWMIe ﬁgﬂaﬂn gegiwu_ﬁérﬁﬂteb s2@lpaqad) fused
et ween the p- sorber 508 and. the n+)
particte 3> Happd aber B‘@PHS‘Q @art{ctﬁ%ﬁ tover é“tpailg P%él(%bUffer

527) thi be %?%&IEQeﬁom%ﬂﬁﬁ? 2QHS \@Jféﬁéb%rbézﬁ)fs With bR Apprbpigse

parti SF 510 per intrinsic partlcle buffers
deposBR)Ti techmiueosvwsh as noxltacrtbss;dmslttlpn (eg.binkfes prisang, SminOb'eng,
absor ber

doctof e aliiF Sp-Hitcs BeoSrrt it ooy B SPERThugd doping

technigQed B&y beawoidaposi tion {e.g., inkjet printing, spin
coati ng,

[0118] For example, n+ (p+) particle homogeneous emitter 526 may be deposited at room
temperature and at atmospheric pressure. Alternatively, n+ (p+) particle planar emitter 526
may be deposited in a nitrogen environment (< 0.1 ppm of oxygen and < 0.1 ppm of water)
by inkjet printing. After deposition, a sintering (densification) process may be used to neck

the particles together in order to form a contiguous semiconductor layer.

[0119] In one configuration, a short thermal process of about 400-1100°C for about 5 to
20 seconds may be used in an RTP (rapid-thermal-processing) tool to densify or sinter the
particle layers (e.g., n+ (p+) particle homogeneous emitter 526, first optional intrinsic

particle buffer 527, p+ (n+) fused particle BSF 520, and second optional intrinsic particle

buffer 511). Alternative processes leading to sintering, which could also be used include
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doct or bl adi ng, gravure deposition, etc.).
Consequently, costly or stress-inducing doping
wo e@hod3ees may be avoi ded. [0118] For exanpl ePCTES10p8457702
particl e honbgeneous enmitter 526 nay be deposited at
roomtenperature and at atnospheric pressure.
Alternatively, n+ (pt+t) particle planar emtter 526 may
be deposited in a nitrogen environnent (< 0.1 ppm of
oxygen and pn1of ter) by i nkj et printing.
firing p Fg? §r t3 bfht Hage, ha tﬁ fomasi at-b diring iy aﬁ@%@és
env1rdT§ﬁ/en|? Cor e ?’ alf@st TRSK syshén. Iqﬁ%ﬂ zﬁ'Joﬁﬁar LRERL cohﬁg&"aﬂgﬁ, th®
form’a conti guous se€m conductor | ayer. 119] “I'n one
sintermgrprogpas afﬁho pamaleslhynrs mabréne raractonmlrsbetssmg a lseruThese and other

sinterfogan g P CHEP R 7 SRR A0 deruiteg gy AR

THINSTIDR@FABRFCAHUN EReM eresr iIeSEMICDND(LFC"TOR ailed DeBember 13,
honogeneous emitter 526, first optional intrinsic

2006, 5he entisety of whicdyis Spprposateq harpinthysisterenset i cl e BSF 520,
and second optional intrinsic particle buffer 5 11).
Fxa @!lé Er native processes leading to sintering, which
d al so be used includefiring in a furnace (e.g., a
belt furnace, batch tube furnace, etc.), firing in a
[0120§ 2 o smsenehighosotasreel] device pq':rﬁgnanceagtprimeaislhy@yscmted ito

provi%e;e ! aé%guagg [ethJeofe sg?@it:el:ll\)/ags&gg/ngé{r\%Iefr?géppB%lteg Xo g n% iwafe dﬂQs widely

acceptédithd} adnéRERMment HEHMofBc Lt fteiffestivé Bfetitg i§B tdlRUR tadtmique to
disclosed in U S. Pat. App. No. 60/874,873, entitled
assesHSSRAL OR Prap4riey Qﬂxﬂlﬂmmlw entherafers, see A. Cuevas and D.

F)
il T e T S
255 (#0dhpl e 1 [0120] To ensure high solar cell device
perfornance a printed layer is expected to provide an

[012 linﬁ'é lé?x#gallﬂge\ﬁ% pg;S{vSépérfl aﬁaglé a%ri%q\ftg%{oggh agae %?%lllet oep%n circuit
voltaé@eﬂ%{:’ r TR refontindQblak ¥elf s Béanfig lﬁgﬁér\é@ﬁéléﬁcglt THB ek&mple
iabl e techni que to assess passivation properties

showsthe @aﬁw@exj prapggies op printed pv)v@tretter and @& pAntedJ.mé\%gF layerspised on
et lr X %h Measuring and interpreting the lifetinme of

YP&Y Fé‘ Hrers, 76 SOLAR ENERGY 255 (2004). [0121] In

general , better passivation quality translates to a

[0122hi ghéris eedmypde,dl” X Hex 0027 dcbubd)asi;iﬂe-po]iﬂm@ silicvo wafeyfsubstrates

dopede\fv{qg Eﬁ%}?ggllug gggsgsgggﬁglp about ?8 tonf(? Bilmgcrrllq v&%lljeecrleaned by treatment
with NaOH, SC2, Buffered Oxide Etch (BOE), and Piranha, respectively.

[0123] For p+ emitter formation, a silicon nanoparticle ink was prepared in an inert
environment from boron-doped silicon nanoparticles of about 10.0 nm +/- 0.5nm as a
20 mg/ml solution of chloroform:chlorobenzene (4:1 by volume), which was sonicated
using a sonication horn at 15% power for 15 minutes. Applying sufficient silicon
nanoparticle ink to substantially cover the wafer surface, a silicon nanoparticle porous
compact was sequentially formed on both sides of the substrates using spin casting, at a
spin-speed of 1000 rpm for 60 seconds, followed by baking in an inert environment on a

hotplate at 100°C for 30 minutes. After the deposition and preconditioning steps were
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shows the passivation properties of printed p+t emtter
and of printed n+t BSF | ayers, used on n-type silicon
woRd0e032359 0122] In this exanple, 1" x 1" x 0. ORQI/US2008/057702
doubl e- si de-pol i shed silicon wafer substrates doped
wi t h phosphorus to a resistivity of about 10 to 20
Chmcmwere cl eaned by treatnent with NaOH, SC2,
Buf fered Oxi de Etch (BOE), and Piranha, respectively.
0123] For p+ emitter formation, a silicon .
complelp,dp& panopRIicleporgRscommaphy eProeesss 3t 8PP Giori2P sreands in a
-f z il ' of :
rapid ntgln&g}a? %%&Es%%nggl % rlzegﬁ %g—: /ﬂﬂnaﬁbggﬁégt %og%tﬁgrf i or@&%‘ 'forillpa Qontlguous
semigindoctof layen chl or obenzene (4:1 by vol une), which was
soni cated using a sonication horn at 15% power for 15

i nut es. | yi suf.ficient sil.icon nanoparticle ink
ro124], "Hre; P Paal S iRt pnoparticte Sy SebEed i s:Cigi?
envirBAk SR dnh 9h@sfpﬁ@1h@%pé‘@ﬂﬁ@&i nah@Parii€l@s!6Nitoat | .0 et MR ®. Din as a

bot h si des of the substrates usi ng spin casting, at a

40 mg/pmlsokysien @f eyclalpranelisirlpbexagonedcbbggolume), vdvigly wag sonicated
. : g ' nedt . iy
win BN R TS PSR 3Rttt 3OO
compatteeaidirhedusinginkjee pantivey @ itb aploespaciniglod 2060 dpisdois pleeinch),
conpact, was processed at 1000C for 20 seconds

porou . o
folloyed by balinain andn s POHFRREREE PR g hpiate 1ol H0ete 0% H{bmppptes. After the
depofi@bil hifd FrecdRARIHNE sté]ﬂ[vgéfg g?m'ﬁ_%géc, HeNafoFRtt1e PURKS corgpact was

sem conduct or | ayer. n+ BSF formati on,

procefsa';dd! at 3A00f&hfop 20 se¢cmhds imﬂ«apidsthpm‘rmbﬂ)rw_ssmg tool toreck the p+
partieh paen i paier B T o ngEn g ierdtett Riras a 40

nmg/ M sol ution of cyclohexanol xycl ohexanone ( 1 :1 by

[012510] Rié¥enringMdiwctd FIBS S€okieplifidd diighign showdng esahitOSf Medsirements
at 15% power for 15 minutes. A silicon nanoparticle

done o8 agtsereigAHHEPOASS Fahrirationas drscribag abovek pmat RPRaample 46
o LS00 ATy 455 By
contrbpin &@ordance with thfiheentioheCoreqosi inverse Afetime (measured in 1/sec)
540 5ol A e S o B PR e PR eI E BEH R SPO)

measbfénnfs3Rl s praSEidd askf RAGRH dtGndreRingd Ridd@ieK cArfilr Mehsity
particles together in order to forma conti guous

(meagwed omlO)CHAr Itlimglear thithodsh+ Reittsr sample3d%/andnERSF a@ple 546

a sinplifie I agr.am show resul.ts. .of asur S
provigl fléiBpte o5t i EoBaitpich e 859 i oy FTRTLL §UR e
passi & fRproade BPPIR ex pésed Burfisfof adaHkew&féBsample. This is expressed by a

much lower effective lifetime for the latter (or higher inverse lifetime), being totally

dominated by the poor surface passivation properties of the wafer.

Example 2

[0126] Referring now to FIG. 5D, a simplified diagram is shown of an experimental
current-voltage (IV) plot for the p-type particle planar emitter 526 of FIG. 5B, in
accordance with the present invention. This graph shows an IV curve under illumination
from a simulated AM1.5G spectrum, generated using a 300W Oriel Solar Simulator; an IV

curve measured in dark is also presented in this figure. The results, obtained with a non-
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(fabrication as described above), and a bl ank
unpassi vated silicon wafer sanple 544 as a control, in
waewonskasace with the invention. Corrected i nvePGEUS2008/057702
lifetime (measured in 1/sec) 540 was cal cul ated from
the results of the quasi-steady-state photoconductance
(QSSPC) neasurenents and is presented as a function of
increasing mnority-carrier density (measured in cm 3)
542, It is ¢clear that, both p+ emtter sanple 548 and
OPt“HInZe‘EW%% SApigralios. predirrde PE@@&%MI‘P@/ Pfgs}‘)lbﬁanﬁal efficiency may
be obtahdll ¥idhk 'partitii m?n@g’eﬁe(gis%ﬂﬁﬁ I | }%éﬁg@é fht g@ Ficiency
the passivation provided by the exposed surface of a
of a hdrmphrtiskef pdanag amptter solthcell ingy exgutedlyedadbyor @xoaed thit ofier
eftéﬁ%i e lifetime for the latter (or higher inverse
convepy ﬁé?{c eing totally dom nated by the poor surface
passi vation properties of the wafer. Exanple 2 [0126]
[012Ref &1 thigekafipte, 10 xFAPG 0.613” silicon i fer duBstrAéssdp@dwith phosphorus
shown of an experinmental current-voltage (1V) plot for
to a gepigtiyityt Qfabopial ta T Phmsera vare elganeddy teagnett withdNa@H, SC3,
' t ' ion. This graph
Buﬁ@%@&%ﬁ%ﬁﬁﬁ%ﬁ%??&gﬁgﬁ%%ﬁﬁﬁF%@ﬁ?ﬁg ifon froma sinulated
AML. 5G spectrum generated using a 300WOriel Sol ar
[0128] nid atditign, ap-tyhe silicaenamepaticlednk waslprepared imhis mert environment
presented in.this fi . The.results, obtained with a.
fromf 3 e onAet i g aoR el i At 05 o 25 BT 10 Gt abpbaine
whichQvas @Qﬂ‘i’cité@h_siﬁ%‘ RSb@BAtich hoth A 1595 Pswemy 19 ehiRkbdi Applying
using a particle honbgeneous emitter. The inventors
suffigient; selieontngnepartiele ks to sikstangially cavanalrowaler swfasepd siiean
Ltier solar cell, may eventually.reach or eed .t hat
nanofPikleFiori BmsiSh S20 7k HER] et e o 1 O fr 00
secords. Aftér bakitk BisNayeiih bl ertaiRbnis bkt Sonl FHRFla € 00°@ foh 30
. phosphorus_to a resistivity of about 1 to 5 Chm.cm
minujgsy @ SR sikigomPanapariclRRAroys HARSIOMAS fgrmed piipg spin gasting, at
. ) ok vl
10004 10r 50 SChoh o ARy DB o iR oH Pl o Dl &
100°@rfep30 mdnutes. dhe reselting dlncknasnoftht sflicommandpadizhe porous compact
laveri&no artkfles of about 10.0 nm+/- 0.5 nmas a 5 ng/n
AYIBS A PB 0™ pyri di ne, whi ch was soni cated using a
soni cation horn at 15% power for 15 m nutes. Applying

[0128uf Alfte# &BTdeﬁdsﬁtﬁcﬁ%dif'iﬂ%ﬁdﬁiohﬁig%tépB kvek©csinplefeatheinahdparticle
cover the wafer surface, a silicon nanoparticle porous
porogsoeamRact Baepiaaesseh#irk®0 (s fasgOspeande asa rapifl-thgrmalepyocasping tool
to nebPhedd particles together in order to form a contiguous semiconductor layer. After an
O,.plasma treatment at 100W for 60 seconds and Buffered Oxide Etch of 10 minutes, the
contacts for current extraction were deposited on top of above described p+ particle planar
emitters 526. The front electrode layer 504 was formed by deposition of a 230-nm-thick
TCO layer (indium tin oxide (ITO)) directly on top of p+ planar emitter in order to improve
conductivity. Outside of the 0.1 cm? area, defined by the TCO layer, the p+ planar emitter

layer was removed by mesa etch using a CF4 plasma in order to avoid parasitic current

collection. The following results were obtained:
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seconds. After baking this layer in an inert
envi ronnent on a hotplate at 100C for 30 mnutes, a
W@ 2womsk3sd | i con nanoparticl e porous conpact waBCT/UR200881057702
using spin casting, at 1000 rpm for 60 seconds,
foll owed by baking in an inert environnent on a
hotpl ate at 100C for 30 m nutes. The resulting
t hi ckness of the silicon nanoparticle porous conpact
| ayer was about 50 nm [0129] After the deposition and
pr¥eondi tioni ng $24P5 were conpl ete, the nanoparticle
poj,ous conpact w@?zgﬂg&ﬁssed at 1000C for 20 seconds
in-a rapi d-t hermal - processing tool to neck the n+
paiiticles togeth@726n order to forma conti guous
s conduct or After an O2-plasma treatnent at
¥8tY 60 secgﬁﬁ Pand Buffered Oxide Etch of 10
n1nutes, the contacts for current extraction were
deposited on top of above described p+ Fartlcle pl anar
[013Mm Referringso IGT?% simplified dagremdy A neywelizgdauaatant efficisacy
ST of,.a 2 th ck.T ( L um t
(QE) gs ﬂ]?)w,ng)oi‘) ﬁlgl rtggf: Psa/r%(c)% %nra)lr 811111tte_|1: 2{5 gﬁ gi;G e§r]r3? i3 &¢ accor&ance with
thepﬂﬁdﬁhnkﬁﬁbmprove conductivity. CutS|de of the 0.1 ch
area defined by the TCO | ayer, the p+ planar enitter
er. . was renpved by nesa etch using a CF4 pl
l0131dr o%?felfragée 514 Yarsenplifzeddipgramof ase ‘éfcIV BFEves Héthe silicon

wafef %E@%ﬁéﬂo&&%& 15%??‘?&& WRY & 1ﬂq_gca¥%?e P it dne dﬁ%sglon step

F 0.726 Efficiency 12.7% 30] Referri
omitted,@n aé&derdamce imiihlthé pleslemi irvgnion. Hﬂnsacmﬁgmatlmz eﬂb\quﬂntcmmct for

efficienc sho for t. - e rtic
currefl &3 T b telebadied direfpes e n e S Eor nREe M piine o
Scho@lE)e&%ﬂé sthith@B F@ gil @lvdlag&6é & fal dufi@nt Rnbity566>Was Mieasured in

ified dia an1of a set of IV curves for the

the d@kland@ndqvaﬁw Blymiraties. processed in the sane way as

in Exanple 2, with the ink-deposition step omtted, in
[01323 Icgazi?g%le gﬂﬁ&%\n}l tilgsu Erg 9%% R%)glz (?&ﬁég%&farﬁﬁérﬁcte having a very low
Voc &L 1BV tand an teffi dﬂ&c@@}ﬁ abdntt@dl %hiuneet sinutated AM 105G ylhenination. This

si.licgn substrate vidin chaqt t I qde .
compafifqRcghgive th qfaprae@? # dlged Ry e 228 12 ﬁac@ﬁ%nd%@ﬁ%m
structefBis VAR idTB&SI £ el Bevice operation for this device configuration.

Example 3

[0133] As already described earlier in this section, the as-deposited particle porous
compact can be treated by a variety of processes to fuse and densify the film, thus rendering
the film more mechanically robust and stable. This example describes using laser irradiation

to achieve this.

[0134] In this example, 17 x 17 x 0.019” silicon wafer substrates doped with phosphorus
to aresistivity of about 1 to 5 Ohmecm were cleaned by treatment with NaOH, SC2,
Buffered Oxide Etch (BOE), and Piranha, respectively.
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the dark and under AM .5G il lum nation. [0132] Such

devi ce structure results in very poor device
w@eebosasence, having a very |ow Voc of 0.12 V BEHUS2I908/057702

ef ficiency of about 0.1 %under simnulated AML. 5G

i1lum nation. This conparison shows that a presence of

a doped p+ emtter 526 in the described device

structure is crucial for solar cell device operation

or, this device cqnfiguration npl e 0133] As .
0138}, #@&5@8%%@8&3@% DG IR SEEERH Imifahert nvironment
from SficHERADPAiEIRBE bt §0RMPYR 0CPARBSH mg/nﬁ%ohm%ﬁto? gyﬂ%ne

a variety of processes to fuse and densrfy the f

whicht Wasssonéqathdrusing & seaidatipmhemrat 1 Hitsgieaver derl HSMnmmssApmwmg

S“fﬁcae&?glilﬁ%eawﬁ?lgf’e”%f%%ﬂ St oV Bt Sntad oo "
anoprticl@podus t&RPachhe forfied slglhgtsﬁﬁ dalgm@d ati 000 rPROSPHPEdednds.

to a resistivity of about 1 to Ohnrcem were cl eaned

After fppkipg ghis layax ingntiperhgrryifonment orgyy h@t@}aé%atcb@po@ oz 30-minutes, a
secong'?ﬁ;% gﬁ%aﬁkééﬁ&@us E&?&%ﬁgh%’ f;dkréﬁ\%g g&ﬁ?]g%lh%aﬁﬂ%h Bﬂal‘rybo rfm for

con nanopar are
60 secands tfoBowed oybaking for amninert bm\ommmnmpahbtpdﬂtest 0 °@lforut
10.0 nm +/-.0.5 nm as sol yti on of ridine,
30 mighice g lins Biskagrsgd %ﬂacogwe%@ﬁ PREGHA cafpad dgyer was
about®BUERoMA. 15 minutes. Applying sufficient silicon
nanoparticle ink to substantially cover the wafer
surface, a silicon nanoparticle porous conpact was
[0136ﬂ orAdtet tlmpmrgmgmnd peeeonditigningtstepo BErer gamitlete, tBo fitmatassocessed

it 0 LD BN Xl 18 L TR gD A s

duratio @.ﬁ@@&épeﬁh@n B¢ 6130 HR,pidls b flvaisceldrabsit &@snn@nsmsﬁhg
casting, at 1000 rpmfor 60 seconds, followed by

100 pplsgs. A§e {7marischiar putemqamﬁféh% lager \ﬁasrﬁépamd&@@nafn@ei@@ into a
1.1 crfl %1, F’gmrgh{?#% Frat-to Hﬁlte'ulgﬁng ame%r}ﬁ)%‘f‘%%fnzte}g g‘h% g}dscggg?ng

nanoparticl e por us c act er was a
was done in| DdRGhmARmesphieteat yarprewuneg)f hatdvepn eban@x10dandsx107 torr.
steps were conplete, the filmwas processed with a

101373 i iR o bR O e P iR Pt PrBiswine

was doAé, ShPlaset PrédessiMb fdulted hwerRagfied s1ﬁ@&Uth118ﬁhHW1thr§&bstantlally
usi'ng 100 pul ses. The 7 mmcircul ar outt%ut beam of the

larger| gasiarsizgdbancthp antpad cempadtoitisianef theysilcen thin film with the crystalline

silicon substrate was evident from the scanning electron microscope (SEM) cross-section

images. The thickness of the resulting silicon thin film was about 60-70nm.

[0138] In another particle homogeneous emitter configuration, a first layer of n-type
silicon nanoparticles was printed onto a p-type silicon substrate in inert nitrogen atmosphere
using inkjet printing. This first printed porous compact layer was heated at 200°C in
nitrogen atmosphere for 5 minutes. Under these conditions, excess solvent was driven off,
and the film was more mechanically robust. A second porous compact layer was printed and

preconditioned as per the first layer.

[0139] The printed layers were then subjected to heating at 375°C under low pressure

(4 torr) nitrogen flow for about 20 minutes and cooling down in the same atmosphere for
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1.1 cmx 1.1 cmsquare flat-top beamprofile using a

beam honogeni zer. The processi ng was done in a vacuum
W@Rwoepdisy e at a pressure of between about 9x1POFES2NEI057702

5x1 0 5 torr. [0137] Conpared to a control area on the

same substrate, in which no | aser processing was done,

the |l aser processing resulted in a densified silicon

thin filmwth substantially larger grain size than

t he porous _conpact. Fusjon of the silicon thin film .
sboutl RS B SPTitiRS 14 Rregndiingiie Uems Wie cepplgiinthe particle
homdigEdBub BRitRE 30 IENE 0¥hB&1t'480 nfl BIRRRARE waSbMcessed with a solid

Cross-section i mages. The thickness of the resulting
state Qrdwitehed Ndi YA Gilhser wath eatistion 8332 mmhafidg 38 nd pulserdiratem and a

parti.cl eqQus emtter contiqurati afir .
repet i3 a4t€ o 2] P HER S en G ARl Y el oo Byl Tageeuting
thin fABmPfofiEEwad ABuOD7GHIASH fiftlhesdlar dXRbtaitidllyQeAsified as a result of

at nosphere using inkjet printing. This first printed
laser pigeeisnedn spaperisonye thapesouscampactamtrzaiod 1ayer whiglp hah

E g t it ..
sios BTG TG, SN eSS DF L BSigien on
particlefilytias alsbbeew baeatfor vhdopedfintripsicppaticleipaed | ayer was

printed and preconditioned as per the first |ayer.

|8129] The printed | ayers were then subjected to
Exa ing at 375C under |ow pressure (4 torr) nitrogen

flow for about 20 m nutes and cooling down in the sane
[01409t noisghalvely, as & lwidtalrédyntentionsd abdveps sdlhecellrstmitiufgmande built

. preconditioning steps were conplete, the particle .
using|Rg ogRnsd pristed amitterlay onr n-fips aioline 2 s¥ample is described
t hi ckness was processed with a solid state Q sw tched
Nd: YAG | aser with emi ssion at 532 nm having a 6 ns
pul se duration and a repetition rate of 20 Hz, with a
[0141]| Uenlie exdmplbolitx F0x lY181rgi]icersvafyr $1iB6rates depsl witlnboron to a

. resulting.thin filmforned bout 270 '
resisth Y AEALEE 1AAd QUBPAMEI A rpenBK ErPrisa Hah NACIE AG2 Bpttered
Oxidé E&ﬁr(B@E@,Cﬁﬁ$iﬁﬂh£,Ge§p@md§.son to the porous conpact
untreated layer, which had substantially snaller grain

next.

size, as evident from SEM The effect of |aser .
[0142] r Ay ailisen Bnopartish ink #Yas Propered 1A 48 ingrsvpeRReRdEm pgsilicon
B 10030, O3 6 24 Y AT B
(voluselratio t:¢),|whith wat suncanmyusing dxonidations howp i 5% mhoyee dor
15 mfggrgl ot gpl%glgglté '4ngéggwg£@%pg{ﬁ%%qgk %gu%rsfantloaﬂ?y cso%ce:p the wafer
surface, a silicon nanoparticle porous compact was formed using inkjet printing with a dot
spacing of 2000 dpi (dots per inch). Afterwards, this layer was baked in an inert
environment on a hotplate at 200°C for 30 minutes, followed by an additional bake at 300°C
for 5 minutes to remove excess solvent. After the deposition and preconditioning steps were
complete, the nanoparticle porous compact was processed at 1000°C for 40 seconds in a
rapid-thermal-processing tool to neck the n+ particles together in order to form a contiguous
semiconductor layer 526. The front electrode layer 504 was formed by deposition of a 300-
nm-thick TCO layer (ITO) directly on top of n+ planar emitter in order to improve
conductivity. Outside of the 0.1 cm? area of the TCO layer, the n+ planar emitter layer was

removed by mesa etch using a CF4 plasma in order to avoid parasitic current collection,
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[0141] In this exanple, 1" x 1" x 0.019" silicon wafer
substrates doped with boron to a resistivity of about
W@2G08/0%3hm cm were cl eaned by treatment w th MNIDES2008/057702

SC2, Buffered Oxide Etch (BOE), and Piranha,

respectively. [0142] A silicon nanoparticle ink was

prepared in an inert environnent fromn+ silicon

nanoparti cl es of about 10.0 nm +/- 0.5 nmas a 20
solution of tertbutanal: @éﬁOI ume ratio

follo‘feq})y apfhatasipactreape 2t é%O‘MsfPh@O secergs Bstoreapmisationef a layer
[

o o R P pER e g oRBRed o
HF vsporffac?( sexosdd. i con nanoparticl e porous conpact was
formed using inkjet pri nting with a dot spaci ng of

d dot e Af.t e
01480185 & i TP Fighl R Lo S 4gHee wes
24.8 frﬂ(/cxﬁe Vidwise®7 thol FRwesd ol this yeldirg anedticibadeofaty. Bsader
for 5 mnutes to renove excess solvent. After the
AMILG dmipgfittand precondi ti oni ng st eps were conpl et e,
the nanoparticle porous conpact was processed at 1000C
Exalﬁg . 540 seconds in a rapid-thermal-processing tool to
the n+ particles together in order to forma
conti guous sem conductor |ayer 526. The front
[0144| eEfficiapey bapanted @mlm§olfao¢¢1b¢abbe depozed by Maryingz dener of
dewcg I,Ra{%e&é(rs Tocx:lgro rh 1(s Itﬂr%rnaﬁtgr uc S ﬁy ?ﬁlst%gj?’ls tl‘i) { of the

emitteNRyé& SR6G IR p@ﬁﬁ'ﬂe@é adjbig tﬂ'%blmt %fllglﬁtfh%sdﬁ‘becpirﬂiha ipartlcle
emtter |ayer was renpved by nesa etch using a CF4
homqgepauseemitiei 2fayerdhergly wnnsaying the %ﬁelsp%%the solar cell. For

can VSRR o B8 ks gt ol 001

concemtaaon land/bnclfennual tchmpbsien obtht @mthc&](ﬁandﬁamdb@cdon@lrd&g

solutt%g\ié ey ;Qa'l gﬁ 0 Séélg)é gr? edﬁﬁ?gg?t\é)aga{)y E/i(a)]riati%% ot the nulf?ber of
8
prmtc%?ﬁ%&rs A Vb\gslﬁlt'glélgg' Frl{?%'}:aéﬁéte@ \aGhn ﬁt}{é%}aisrpcaagﬁ% Ipfr%])geﬁ §0%h G8ramp

rate @Iﬂﬁnagqlmnmpmmg)sme%futﬂmaﬂvpml pg@c]emomggmqs(ﬁmltter 526 may be

first %céoF ede agﬁ %gereﬁ,parng\}él CI e%%layl uspm thﬁg 1:6?” &6%‘%(51’639 lgabP 4

(HF:HNGB MRS N§aO- OB omhhé‘rrwenskﬂolm si’mdnt@fhahfsb okwith giry Byhing
adj ush@g the thickness of the emtter layer 526 it is

methpds(@igl @ ariaseg @ehing - hnount of |ight absorbed in the
particle

[0145] In this example, 17 x 1” x 0.019” silicon wafer substrates doped with phosphorus

to a resistivity of about 1 to 5 Ohmecm were cleaned by treatment with NaOH, SC2,
Buffered Oxide Etch (BOE), and Piranha, respectively.

[0146] In addition, a silicon nanoparticle ink was prepared in an inert environment from
silicon nanoparticles of about 10.0 nm +/- 0.5 nm as a 20 mg/ml solution of
chloroform:chlorobenzene (4:1 by volume), which was sonicated using a sonication horn at
15% power for 15 minutes. Applying sufficient silicon nanoparticle ink to substantially
cover the wafer surface, a silicon nanoparticle porous compact was formed using spin

casting, at 1000 rpm for 60 seconds, followed by baking in an inert environment on a
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honbgenous emtter 526 | ayer thereby inproving the
efficiency of the solar cell. For exanple, the
W@ hi0ogksesss can be controlled during inkjet priPCT/O82008057702
adj usting the concentrati on and/ or cheni ca
conposition of the particle (nanoparticle) containing
solution, or by variation of the dot-per-inch (DPl)
ratio, or by variation of the nunmber of printed
| ayers, or by altering the paranmeters during the spin
hotplatg 3t I%Cpfpb%@%{mt% cp therdgposition ehdpracqpditiqping steps were
L nd . j icl .
co e ol o PRl B RPN Wt ima
rapidithemakpricestirgaodl tosieclgthe ndtpantiae togéthdrin erdee tgformGR:ohtiguous
. (HE: H 3: 1 .NaOH, KOH.or qther 1. known_ si]jcon
serni e 18y 6 R G 5 AESC plati CTmgiy 526 was
~780RkAsma etching, etc.). [0145] In this exanple, 1" x 1"
X 0.019" silicon wafer substrates doped with
hosphorus to a resistivity of about 1 to 5 Chnfcm
[0147) e Ao sEEnRlg Head) Wy PEQCsssethithe sifjitap W @pidessabed sherveayas gubjected to
. h Pi c .
240 SRy ol brodhn OB 0 B BORRE b Bls¥iow HEA ekl cra
and 28Rcdnn €Y, tat & prassure vBALS mramThklthicknessniafthp aintéred ps paidticle planar

.about 10.0 nm+/- 0.5 nmas a 20 /m sol ution qf
emittery3 r"éarde‘ﬁ%Eﬁg]BV @Fféur{&pricmtwg?g%?ﬁgﬁu, S GIERMGALY cross-
secticadppat ed using a sonication horn at 15% power for 15

m nutes. Applying sufficient silicon nanoparticle ink

to substantially cover the wafer surface, a silicon
[0148) arflperraniQxt plagmos weatmentiray 400 Wikas 60 scaonds axi Befferpd Pxide Etch of

casti t 1000 f 60 d I b :

10 migfiEhy (B borthsie RRGEET o hosinre SP Rt f P apSlesseribed

p+ patt@dle Blandr dmittes 526 TIRY fréli@1edapas]alyEr304andt formed by deposition of a
precondi tioning steps were conplete, the nanoparticle

230 nputhanksT €@ Apse (I TiAdinsetbren tappfar Plavp emitir ipordsetogmpsove
I Q- - DE
condllfy' b EGRTRS ot BSESEDRTC el I blalir ovr vas
remo gl ycraedilgtdnusingy €F, plhkma irhordkntessomf pardséticsiunteat edleption.
particle planar emtter 526 was -780 nm [0147] A

anpl.e that rocessed..i.n.a siml way as .
101493 oo o & Qe < BRBLE) Syt s eied sk igghypwn for
the siBESH W AR AIHREASS 0 PExakiiile YaBb @S PadeeMRhceawih Basprédeanin@Ention.
185 seem CF4 and 20 seem Q2 at a pressure of 515

For a givsniwaveleagthtin ainiids netmalized avanten efiqency4QE) §6@ was measured.
[. e 1 I '
For o GRS M B 5 BB o e Pt L B

efficiency for photons of wavelengths below 700 nm was significantly improved.

[0150] Referring now to FIG. 51, a set of IV curves is shown for the silicon wafer
substrates of Example 5 above, in accordance with the present invention. For a given
voltage 568, a current density 566 was measured. The short circuit current density improved
by at least 14 relative percent from at least 24.6 mA/cm? to at least 28.0 mA/cm?” compared

to devices with the original p+ particle planar emitter layer thickness, as shown in Figure 5L
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SEM [0148] After an O2-plasma treatnent at |1 OCOWfor
60 seconds and Buffered Oxide Etch of 10 m nutes, the
wW@wwasa3s f or current extraction were deposit eRBCDHS100$/057702
of above described p+ particle planar emtters 526.
The front el ectrode |ayer 504 was fornmed by deposition
of a 230 nmthick TCO | ayer (I TO directly on top of
p+ planar emtter in order to i nprove conductivity.
Qutside of the 0.1 cnR2 area of the TCO | ayer, the p+
Exa r emtter layer was renoved by nesa etch using a
CF4 plasma in order to avoid parasitic current
[015E! Ag6thbOWay tddtddde theEMiticr BECIRRYS i P FALPthSik dposition
sinplified quantum efficiency diagramis shown for the
paramgptefse $ieh\aa therspirbneed dudag B spinagagfiag progpisyes dasgribed in this
exm%g&ordance W th the present invention. For a given
vel ength in nm 562, normalized quantum efficiency
(QE) 560 was neasured. For devices which underwent the
[0152]b olrethexamplee i’ &1 xdl @19 3dicon eafsspbdtiatesgloped with phosphorus

efficiency for phqtons of vel t hs bel ow, 700 s
t0 8 TGN CLEHEVS! IR PBPEan e QBT AT H NPT 352
Buffadd O&idAttcR (BOK), GHI YhanksS rapQMRekor the silicon wafer

substrates of anpl e 5 above, in accordance with the

glresent_inven_t_i on. For a given voltage 568, a current
[0153]e nkn additBw6a sidisompanopemigle ik avas pesperediip ey inericanvirepment from

1. densi N t i . f

s LIREENE) Blogh LS s hshhypesfiagst o

chlor@ftﬁmﬂ@fobﬁlzdﬁelg%léby W)l:]lhle?(, vehich wgs ﬁtﬁiri]capstl ysirig 4 inécation horn at
pl anar emtter |ayer thickness, as shown in Figure .

15% goWes R P &nigutes Pving éﬂfﬁewnm cqnd}apeaea‘e@ee%tog giaally

covef &ewgr%taﬁpgée E@icxﬁﬁxnogagiclmrm QR REERRH % g spin

such a dpi n-speed during the spin-coating
castifg, @t & spin-speeddeeswednbl®Oirpmtaind 2966 g fer. 60 seddRls, followhd by
.exanpl.e, 1" x 1" x 0.019" silico fer. substrates .
balingipal e FrRARISRIA Pl s 0P TSRty R (S gepagition
FrBHnaRonsl; QRREEL fe! R artid1é PorldaOEbmSets d
and Buf f er (gd gsité(?g Etch ( 8&5 aWPi ran %, resmecti‘sgrlef.rocesse
€S

at 10p0PI5RYr 2Risecoads i arapidathsitilquecassing il £ edck thekt paric
repared ip an jnert envitfo f - L

togetﬁeérnlgrs)éc%r it Foergl 3, ?ong UOUS S 1@%@%&&7 1_a§z%_.*§ﬁ¢] {r%ﬁ%gl@sas g&he sintered p

partiél8 plinasSethitlets¥2 60/aried)| dep exidmigorc thle apinkspoedused( Betdedry190 and 400

vol une), which was sonicated using a sonication horn

nm, grevealéd by cross-section SEM measurements.

[0154] After an O,-plasma treatment at 100W for 60 seconds and Buffered Oxide Etch of

10 minutes, the contacts for current extraction were deposited on top of above described

p+ particle planar emitters 526. The front electrode layer 504 was formed by deposition of a

230 nm thick TCO layer (ITO) directly on top of p+ planar emitter in order to improve

conductivity. Outside of the 0.1 cm’ area, defined by the TCO layer, the p+ planar emitter

layer was removed by mesa etch using a CF, plasma in order to avoid parasitic current

collection.

[0155] Referring now to FIG. 5J, a simplified diagram is shown with representative

quantum efficiency results for the devices with various emitter thicknesses, in accordance
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15% power for 15 mnutes. Applying sufficient silicon
nanoparticle ink to substantially cover the wafer

W@ 0PAsss9 sil i con nanoparticl e porous conpact SPEEDS2008/057702
formed using spin casting, at a spin-speed between
1000 rpm and 2900 rpm for 60 seconds, followed by
baking in an inert environnment on a hotplate at 100C
for 30 minutes. After the deposition and

.. preconditioning steps were conpl.ete, e nanoparticle
with %&Hﬁ%"%ﬁ%‘g&% wé@@waevgﬁe@ggap nfbé%%eomﬂﬂgg quantum
efficRACPAS) 360 Wad @B sHredNBY $BAEraP MRCRISIME af VPV eldrZii@fetow 850 nm is

P
n+ particles together in or der to forma contl guous
enhageadi byothtmirtgodo wrethe emitiéreFartexaiples theghotagurrentrat e magelgngth of

article planar. emitters 526 vatied.. depengdi on the .
450 i ey R o b drEomeidne SRS QokiRe AE PRy tf Smiter
thickB¥ssOTQA96 niE Th 0Bscpidd dibasdenRAEH the spdialdespink€ls aldd
2-plasma treatnment at | OOWfor 60 seconds and )
accomppaied by thogogesmndimedneregsef fin Bort-qireait camentclss af gbtained from
€ r ' re deposited on top of above
thecﬁ%@%ﬁ%@g%%%@ﬁ%%??$%¥g pl anar emtters 526. The front
el ectrode | ayer 504 was forned by deposition of a 230
Examplethi ck TCO | ayer (1 TO directly on top of p+ planar
emtter in order to inprove conductivity. Qutside of

4L fined h I + .
o1 ot B SPCGP s il SR BB

refleéthvt dohBSHE. d. NSi0L AN/, 0,84 0étel.) praset ol rBinditize @eflectivity (and thus
collection. [0155] Referring nowto FIG §J, a
allovs meps offthe sirdighbiogatar shasalen o Vel Aeppassntion Jayer (to both
o el VT . .
min B C A B34 & Al AEHEE B g e
dangfing Sebdnds oy anpérfectionsHiarthawafey erystatlinelserfgé¢d). i n nm 562,
normal i zed quantum efficiency (Qg) 560 was neasured.

eperal, t nse at vel engt hs bel ow 650 .n
01570 B Ro b I o Ag o R AP PRpiE R ek of
p+ pirfileMdaiogehdus itte wafe@ME (RN 0afof4R AnfiFefl & tiod Diyer; ésla
three-fol'd when conmparing emtter thickness of 390 nm |
P+ puickethomogenqus emifigrckafes withgut 2o gniingeflertixe kiysw iy agpordance with
h f .t ' . .
e oFRAIRETRAN et 1S RARTLL AoalEERONS SRl §ep) s cbine
recordii refl6dtivityifor ditfereptivavel ipthsast inditlait tight fwaveiehptl 570).
current-voltage neasurenents. Exanple 7 [0156]
[015§A]gﬁl¥qt %fﬁ%'e ﬁ’sthts g?ef}{z%lgﬁljtgﬁ{ ]H: g]@%lgy arti eo grmlr{Pe)r/ la‘rjlylerS \%asb s(,algniﬁcantly

reduced by PECVD deposition of a 73 nm silicon nitride layer on top of the planar particle

emitter layer. As can be seen in FIG. 5K the reflectivity between 525 nm and 1000 nm was
above 25 % for the p+ planar particle emitter layer, but between 0 % and 10 % for the

sample with an additional silicon nitride anti-reflection layer.

Example 8

[0159] Furthermore, emitter metal electrode 502 may be deposited, for example by screen
printing, by inkjet printing (e.g., by using solutions of metal nanoparticles), or by Physical

Vapor Deposition (e.g., thermal evaporation, e-beam deposition, sputtering, etc.), either
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coating (e.g., SiO2, SixNy, TixOy, etc.) in order to

mnimze reflectivity (and thus allow nore of the
waeewbiospsso to enter the wafer), as well as a paRGI/Us1008/057702

| ayer (to both mnimze external contam nation, as

wel | as substantially reduces charge traps caused by

dangling Si bonds or inperfections in the wafer

crystalline surface). [0157] Referring nowto FIG 5K,

a Si Ilfled dj agram conpari ng the refLF ivity

dlrec@wbmq fPrEIGHRIBRIBOYS FRTEE 270 RA PR FORRY: a@ﬂlé“’&@dT?SéW“
SO g e (O e L 8 Bl R ot ve
| ayer, in accordance with the present invention. A set

[01603f Inéhft fotloving, y setecfplananpartisle(endttéredeviops tsyles@dedvirith metal

ne din | ecti for differe
e QalARIsER B Hond St S pelnigor h GRS psing spugp-des
fabridafloAEXRHAIAS ofly, Rvﬁlﬁoﬁtﬁﬁih&ﬁﬁg atiytsyre€d tohe WhitRAR gaﬂértal Gbrtact-less
emtter |ayer was si nlflcantLy reduced. by PECVI
fabricatipp giethags alew shepase vgm th@o‘ﬁa aistyhileeavoiding vighd TFG‘EPU@P due to

ot RO PR, STl ks IS R ot

was above 25 % f or the p+ planar partlcle emtter
[0161]aylarthis bxamples Ieed” § 09%18Ns1liton Wafepsubistrates dapédewith phosphorus

It li trid t | ect
to ety 1 8oy 17 ePHL A SeRng Py rarrieat a1t SVEHE S5Re
Buffe'i_’&?oﬁﬁl)é Hiéh dﬁ@l@ﬁhﬁ@ljumﬁﬁrre@ﬁ&ﬁ%l? by screen printing,
by inkjet printing (e.g., by using solutions of netal

nanopartlclesi or by Physi cal Vapor Deposition (e.g
[0162] helnredflitionapeitieen wamopatiplednk wem@pareé in atsmftteémrﬂ@nent from

ther
p-tomg ey picpaficlls Fibout 100 iR -Hys B & oA BATRARABHEE,
chlor()ﬂ)nﬁ chldrélistindend @ lﬁ)}XV(dﬁmé) Which whcsonidatedarsihgra domication horn at
i mprove conduct|V|t

I.n the follqw ng, et..
15% powey fan by mpaies- ¢ypel shig %Ltféfdeate%lﬂt‘@@élapgpa&% € ko atepially
cover fHE afegr hita &SRS n%{b LAR1d fRous' Wkt &Iﬁkefohlﬂédf fising spin

conti gur ati ohs were r| cat'ed usi ng contact -1 ess
castirfga bt 100Qtrpmrforred berdsds rﬁ(bly)wadn byHwkingi in do dtergerairpnEERicsa

e S RIS I AP B AL e
compite) tHé Rghoph@ictt ﬁcﬁ@&&iokrﬁﬁcﬂw& processddedt 100@akfoge0decdndgin a

production, a comon probl emin conventiona
rapldfth@rmaéchswrr@nonb@gwcfd@@ﬂ particleshiogetbgimsresr tq form a configuous

semi?q)slggg[or I% J:r 9&% pla%}glgt%te%ﬁlﬁegﬁ gpw £ éd]seg&ﬁﬁean & fered

Pedy et Vit n'cm wer e
Oxid® Etdhr Fa0RiRtitew) thé‘l cd)\lftﬁtls foBCRrent extraction were deposited. The front

electrode layer 504 was formed by deposition of a 230 nm thick TCO layer (ITO) directly

on top of p+ planar emitter in order to improve conductivity.

[0163] Outside of the cell area, defined by the TCO layer to be between 4 and 6 cm?, the
p+ planar emitter layer was removed by mesa etch using a CF, plasma in order to avoid
parasitic current collection. Alternatively, the cell could be isolated by scanning the laser

beam around the perimeter of the cell in order to remove TCO.
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Buf fered Oxide Etch (BOE), and Piranha, respectively.
[0162] In addition, a silicon nanoparticle ink was
W@e@pasBs® i n an inert environment from p-type BCT/U82908/057702

nanoparticles of about 10.0 nm+/- 0.5 nmas a 20

ng/ M sol ution of chloroformchl orobenzene (4:1 by

vol une), which was sonicated using a sonication horn

at 15% power for 15 m nutes. Applying sufficient

silicon nanoparticle ink to substantially cover the ]
[0164) 4 lp ong gonrgaEation, & emittshmetah slesredecI (2 Goptmsised ebamp3G nm thick

; . . i ;

per285H4% 7438480 B Sho 100 A Bl g
300 uan Witltly| 1&tren &ing) 6! 80 niBAhickmuss eas défosited bthermal evaporation

of SRR BIEF TR0 BY PR AR SAar BB dheLevdbeie Jirgode 512
was af18¥er 8P IROLQN&Sici N a rapi d-thermal - processing tool to

neck the p+ particles together in order to forma

conti guous sem conductor |ayer. After an OZ-&I asma _
[0165] r daenether eonfipwatipn.dhe popyeiomebwaietalmsarties 584 poxplarar emitter

. r _
e ST CHGLTe 0 AELoS s, e it
electrb@el50aconimised df HF0CH8PO amtthizk bak bar 334 . 3wint Widtk addCCBmm

I TO directly on top, of p+ planar emtter i

lengf% %55 fgngeﬁswé POY Emewidd dBmpm tepethy ek 500 R0 ra%ﬂwhl@?ﬁewas
deposgtgégj b%ﬁgﬁ%pr%ﬁgg EEQI\Q}’ nhf¥particle éoﬁ}fﬁ}h & 959€oh ?Jg’@qﬂe #CO layer,

planar "emtter layer was renoved by
followxaistey drtyinig omsd InggplateGiF 20Q1Gafoma O inminwhesi tor gett oidapf o¢rdaining solvents.

arasiti.c current coll ecti Al ternatively, the cell
The bgiflfpata{)ge‘ftgogjfgﬁgdv B¢ lg%eéﬂhﬁﬁ‘{f ?‘\’i%C%Faser beam ar ound
the perinmeter of the cell in order to renove
[0166] CGh hQHied o fiEueition COEvehiticHal Suteendtinditil técbihigiie Wik used for the

~el ectrode 502 comprised of an 800 nmthick tapered hus

fabricgtien ef the fronheridprthe devicenwithithpart PBFlgplanagerpgters. In this
h, ” d i 0 | 1 )

contigB¥ges” R er0 leh SR Rtard Sy e ik IR o
resist®W§pd abdut Ao SfOlEhicewertldanpd by tredtenehGRith Ha@H, HC2a Buffered

..pressure of 3x| O-6 nbar, The base netal el ectrode 512
Ode?/\E@ﬁ&Bpg}é\nd Arapha=1espEEtElY-c. [0165] In anot her

configuration, the preparation of wafer absorber 508,

[0167P+ ObAPF siBEBnt HaBbpdrA¥IE inlOwWhs prépsted i iA¥R enBidshniéks flohe
_ Sanme as_described above. However, the emtter netal _
silicop harapagitéessgabew il =rad/o-5 amsB0L B/ msoluicaofpysding, which

v TR A S S O Sl
silicow@snoparticle ink to substantially cover the wafer surface, a silicon nanoparticle
porous compact was formed using spin casting, at 1000 rpm for 60 seconds. After baking
this layer in an inert environment on a hotplate at 100°C for 30 minutes, a second silicon
nanoparticle porous compact was formed using spin casting, at 1000 rpm for 60 seconds,
followed by baking in an inert environment on a hotplate at 100°C for 30 minutes. The

resulting thickness of the silicon nanoparticle porous compact layer 526 was about 50 nm.

[0168] After the deposition and preconditioning steps were complete, the nanoparticle
porous compact 526 was processed at 1000°C for 20 seconds in a rapid-thermal-processing

tool to neck the n+ particles together in order to form a contiguous semiconductor layer.
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deposited by inkjet printing of silver nanoparticle
solution at 25C on top of the TCO | ayer, foll owed by
wa@leappmspe3eh a hot pl ate at 200C for 30 m nutes tRCTES2008/057702
of remaining solvents. The base netal el ectrode 512
was a |layer of InGa eutectic. [0166] In a third
configuration, a conventional screen printing
techni que was used for the fabrication of the front
id qn the devices wt e p+_ particle anar
After G riiagna optinpptan JBAM Gt P recDnds and Htfored Oidy Feh of
t .
L0 e 15 R b RN B fy Pick TCO
layer (IT&})tdmently om tdp d‘ﬂ@ﬂ}ﬂzlalﬁﬁﬁmit&mﬁlﬂ erdertoGwiptieveRtontu¢tBa) Outside of

d.P tjvel 0167 | .
the 5 330 gt dbe T ARG g Pe bl tten Bkt ety Bitesgtiston
with £ Ia@éf‘b‘éhﬂn' ift @R eR B ARAd balﬁélﬁé cﬁiexﬁtl@mﬁt \A%OAQ‘rdﬁlﬂhfe{a'l gfld308m

as a /M solution of pyridine, was soni cat ed
compu§¢dr@f 23 5wnitlisk bbﬁbfﬁ@f A Sanml\swfpmeﬁ mgy lengthpgnsdt efingers of
350 uftf W feﬁ vva 8@%@% gf 3(—': %sﬁed lﬂrsctré)en printing of

silverl’jﬁl;l!a Dﬂl’ttbp of the ﬂ@@l@eﬁ; tﬁd’mﬁ\i&i byasirihg laﬂwf) CIiSPoleO fidhutes. The base
asting, at 1000 rpmfor 60 seconds. After baking this

metall%‘iﬂgpd? AlZ¥as ﬁ@ryﬁr‘éﬂ'@ﬁaﬁﬁ%m on a hotplate at 100C

for 30 mnutes, a second silicon nanoparticle porous

[016920'1¥l§&’iin§'%§wft9 ‘Fi@dSIUSd §%90151W Qur6&S 5Advn B tHORRd RMLObE

0 secon fol lowed by baking in an inert environnent
Exampte $abnye pindereAls . SII)ﬂhlnﬁmtloaolrmcnmieme Wittethegsesent ingention. For

. thickne of th t t
a giviARESES. Riruagi bkt Sk A B RRktedar fe RT:RISe L8 s
obtairAd FO tAE aBeLds! witth BehpSEabRISrR éﬁdcﬁhﬁ'@h&‘t-@lrcﬁlhalrrent was
nanoparticle gor ous_conpact 526 was processed at

19.3 i cVioowas 93¢ ert‘ér%a%wamo 40 %Pf@cteﬁey was 7 gr'oclardhedevices
with 1#1%% r}Ph&eg %{Eﬁt %xtf'(g étﬂe SHOGL élfc t%ﬁrr'ér?ths&shle/w #n?&/ %ﬂ exyoct\gas 499 mV,

a co Sem con uctor
FF w430.¢1 aﬁmfﬁtfeﬁa)t wans.4d3b. NWedekat d’[eséifbsﬁlﬁ:wmé&chﬂeded without
Buf fered Oxide Etch of 10 m nutes, the front el ectrode

optimizing certyy doyice REFREEShy deposition of a 230 ran thick
TCO layer (1 TO directly on top of p+ planar emtter

[0170] n Fb‘i@%mf)l@ thg'ﬁﬁ%l%s§@fr’tﬂé‘ﬁ¥ {plﬁhﬁb/em@éi Rivet€in@he filk€two dkamples
area of the TCO |l ayer, the p+ planar emtter |ayer

was %&@ nme winiabd's bargély uaeptinizeh fomtlnehvaéud efslse. Hhighen shartwirgpit current

v R BB 85 40k 1T BBl BBl PR Bl o o

grid 1¥ddd tdh1o3sed c&?seﬂ“ﬂﬁ sﬁﬁtﬂiﬁing,&ﬂdre&ﬁtlﬁﬂtﬁgﬁﬂlﬁ nﬁa{tal;iﬁﬂ dofitact resistance,
w dth, 20.5 mmlength, and 35 umthickness

respegiiishis These lpgpes gqxb@]res}lqeﬁter Srpypincreasing the metalwglckness, which

allows for a reduction of the dimensions of the front grid and a decrease of shadowing
losses. The p+ particle planar emitter thickness of the device with screen-printed front grid
was considerably lower, ~ 40-70 nm, and the thickness of the screen-printed grid was
significantly higher, 35um, than the corresponding thicknesses in the first two examples,
explaining higher device performance with a short-circuit current of 26.5 mA/cm?, Voc of

541 mV, FF of 0.80 and an efficiency of 11.4 %.
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silver paste on top of the TCO | ayer, followed by
curing at 200C for 20 m nutes. The base netal
web@onssae 512 was a layer of InGa eutectic. [BAB0$2008/057702
Referring nowto FIG 5L, a set of IV curves is shown
for the three devices of Exanple 8 above under AM .5G
illumnation, in accordance with the present
invention. For a given voltage 568, a current density
566 was neasured. The follow ng val ues were obtai ned:
Example 9 he devices with evaporated front grid, the
short-circuit current was 19.3 mA/cnR2, Voc was 536 nV,
[0171FF Inake fbnmuagw theabhliZation 6¥ e Sarger? 20t Odred §enplevis @eseribed,
wi t h inkjet- prlnted front grid, the short-circuit
usingchoflt Brhandyars Parficle nigves ARty aesmedivAbY v, FF was 0. 61
and efficiency was 5.4 % Note that these results were
c _ i Oy; dev. I -
101785 ThSHE Eoth i, ShhiT S0t £EOIS" Jucinets ARRANE 8t with
phosphiorisite a rbsagta)ntylolf abdsuzt Ifto I5SsDhrhwm exsetansd by sreati@it with, NaOH,

sc2, st Grgf B DA Iirefe. espesbsTe & obEompriopvaigl nk was

prepai"&i A i ERfroBfecht £5m PP Elidn MfofheRqEd Hefoseld. 0 fhr +/- 0.5 nm
The use of a front grid |leads to | osses caused

as a 20hmgloliselgtion héchlersifermi: dllolpbcxtzenhéﬂ hby ablmrwbm\vlmoh was sonicated

wsingg GG R TR MER Lo havar e Rl S an SV v

nanopa@ticléinked ¥abdtaitialy b tkd WefRes bufie M silitti danopdrtigleipdrous
and a decrease of shadow ngol osses. The p+Hpart| cle

comppétayasrfoaned wsing spin eastingt dP0Q pn fup0secands Hollowed by baking in
o inSEESTAHSPE GORY ot 505 RRRIICARE. e LR g and

precogditidningSteps rerd conapleteythb ingipartickoparpud &tﬁﬁpdch 626 was processed at
corresponding thicknesses in the first cﬁ( F
1000 &&rgpﬁpw mrg%apl%@&ne@l “RSHPEHA & Beckih &b+ patticles together

ol o Stibudd b ton@ictdbaver™V cm , Voc of 541 nV,
mor(% ’150 . 80 é d an efflngécenc?/;eéf 11. 4 % Exanple 9

[0171] In the foll owi ng, the realization of even

[0173] arAyler, anZR-plasma feasmentaig VOW fos 68 seonipant Buferad OxédenEtch of

+ I
10 mtl%H %ﬁ o tgcﬁsé h%%n Fxgue?a?%boﬁl%é‘%W%lt&%%%%ddx gifétrode layer 504
was feinhddi3ndepasi€ion 509380 Ainethicl AT layet HTOH dﬁ“&h@l’oﬂop of @+ planar
resistivity of about 1 to 5 Chm cm wer e ch eane? % CO layer,

-

emittery RHABFACT it HPrRRsenduetivityBuisidecy tes PYEMERTEA O
the p-agfsang' &ﬁﬂgﬁlayér%&%ﬁlbv&i vy st féihg R &9 B%ltn Gh Srdep{% avoid

parasitic current collection. An emitter metal electrode 502 comprised of a 1000 nm thick
tapered bus bar of 43 mm length and 6.8 mm width at the widest point, and 13 fingers of
43 mm length, and 250 um width and 1000 nm thickness was deposited by thermal
evaporation of silver at a pressure of 3x1 0 mbar. The base metal electrode 512 was a layer

of InGa eutectic.

[0174] The short-circuit current of such a device was 19.4 mA/cm?, Voc was 544 mV, FF
was 0.73 and efficiency was 7.7 % (see Figure 5M).

38



prepared in an inert environnment from p+ silicon
nanoparticles of about 10.0 nm+/- 0.5 nmas a 20
worgpon3zsed uti on of chl orof orm chl orobenzene (BCT/UR008/057702

vol une), which was sonicated using a sonication horn

at 15% power for 15 m nutes. Applying sufficient

silicon nanoparticle ink to substantially cover the

mafer surface, a silicon nanoparticle porous conpact

ormed usi ng spin_castin at 10 pm far

101755; ecIB ﬁ@l%thelf onfigwiationyr Wokmg 59 mm OrOHé? 1511’@% ﬁvtzfﬁﬁ@rqop%wﬂh
borongo f&%ﬂét%ﬁ oeftagatgqc{:o%o@hn?l%nmaﬂ& &S clé%an@ b Bjaﬁmeflt with NaOH,

ositi precondi ti ori ng steps mere Co
SC2, Bbﬁfened ixide Efch I(BO;Ec),rmdsPltauhq:; acpeddelymss prak ésshcbnat
1000C. for 20 secpnds.in . a ra rocess
nanorgiRle i s aReR 1 An gt Pl o e S Ras o ides of
about/1010MA 16005 hALAUS4ERBIFIRHIHoh OF c&amxan&%zl%heﬁnbﬁé (18Dby
-plasma treatnment at 100OWfor 60 seconds and
volun®y)f Whick Wa@x@rdeatgi ehing 4 sardcation pasat 1Sfepewerfatl s mines.

Appl)fniééﬁﬂglgﬂ Ca(')%;rlla(l’)l([)] # %18 ilg(g 882; ! %9 iallglflgvérrégg&a{%l ?1%&5(‘]%(:';

silicoll ﬁ@xdpabtﬁil dﬁdr&@ cdilmﬂaeﬁiivhsyfo@llﬁed ﬁﬂn@fnkﬁbt pPinein@withra dot epacing of
n to inprove conductjvity. Qutside of the

[
2000 Qpﬂ (Epip parr @ﬁhbﬁﬁeh‘éar@é;@us A3pSF Wap h@kemn BN Rk COYViFPRIERL On 2
b [
R L L L D Sl
compkm t}teer(annpﬁrableqioﬁms rconhpa@ (326 vasprocsestd af 1@00]3 GCIBI 20rseconds in
, ered bus bar of 43 nmm |l .engt wi dt h
a rapigytharig Rfogsssﬂngptapw neghthep3 Hﬂﬁfd%irtgg%Peug Rt fuHgTHR
Contl%ﬁqs defictiuMddidyeand 1000 nm thi ckness was dep05| ted
hermal evaporation of silver at a pressure of 3x1
nbar. The base netal el ectrode 512 was a | ayer  of

[0176ﬂ n@eﬂ@@n&tplésmq aarmpntrs 0QWdfer 6@ Fecends and Bylered Exide Etch of

BB s A e T MR 0 e

504 wab f@mf@rdep@nﬁmguf 8230im thick TOOMayer 0T Oydixedly@hGop of n+
silicon substrate doped with boragn égla re§|sgwghb %f
planapgraifter I erdersompFyif contetiv e Owpids AE e p st ¢T

layer,\éhé B Eﬁgﬂ’ entittér laEéif V(I;?sr efhot¥d ﬁfm%gef:&cl( m a (€320 ‘ﬂlasma in order to

I Fanha, respect was used. A sil
avmdrparasﬂm:rdunchtecoillnktlomanattatrledal dlecirod ﬁ@ﬁ tcompmsedmfraelrﬂOO nm

thick %g%]g%gs N %ﬁmno %8' ?rgmovtlldal a&%e V%Pdegt pnomt and 19 ﬁsngers

of 256 ¥ WHIEXAH01 000 Y& ﬂﬁ@éf@w& depositedbyBériie gvapohition ofi@idver at a
soni cate u5|q% a sonication horn at 15% power for 15

pressyrie 0fi L0 ° mbar. The base metal electrode 512 was a layer of InGa eutectic. The

short-circuit current of such a device was 25 mA/cm?.

B. Selective Emitter Solar Cell

[0177] Referring now to FIGS. 6A-B, a set of simplified diagrams of selective emitter
solar cells is shown. FIG. 6A shows a simplified diagram of a conventional diffused
selective emitter solar cell. FIG. 6B shows a particle selective emitter solar cell, in
accordance with the present invention. The selective emitter cell structure provides an

efficiency increase over the homogeneous diffused emitter solar cells discussed above. See
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Applying sufficient silicon nanoparticle ink to
substantially cover the wafer surface, a silicon
W@ 2000/03235% cl e porous conpact was fornmed usi ng PERE2008/057702
printing wiwth a dot spacing of 2000 dpi (dots per
inch). Afterwards, this |layer was baked in an inert
envi ronnent on a hotplate at 200C for 30 m nutes.
After the deposition and preconditioning steps mere
conpl ete, the nanoparticle porous conpact 526 wa
M. G&ﬁ@é&@@@q APLAROHES § APV ANCED L REVARLEP ANR PRACTICE Chap 10 (Centre
N I
for Pp Bl TR Bl Ok by S s, RO 13S).
Iayer [0176] After an O2-plasma treatnment at | OOWfor
[0178)0 Beduwomepsnens]yBlifhsadeani@zn S!bdebktdwa sihgle@opantdiffesiort s@enerally
xtrac

cts .for . .current re deposi.ted, Th
used §G oy patpir Colfegirband ik costiet o i efsoinds S0 (as
showdfin F1@3§A ) Tht Bbsdenttetidr SHdRbparth mmjﬂhfsﬁﬁfﬂléﬁoﬂ B deRRte@fas a

n+ planar enmitter in order to inprove conductivity.
compupmiedpstvptentlight depingfor gped catier ¢rdleqi@n anshheayy dopingto form low
r
I'CSISB%b%~I alg %ﬁ&ﬁt‘éoﬂ?@e s t%llxél%gm ?(%P \ég ﬁlaeg':\f IHEI%;C uoﬁsgg}} &ICS\JI% 15a
typlcﬁkbj' hﬁm‘:ﬁ‘ed bn podincotiettidrest stieftér Wzﬁvleﬁmgﬂﬂdgh Bkt ¥ pRGIONSShEE tend to
a.1000, nmthick tapered bus bar of 43 mmlength and
be absor@eﬁﬁmﬂaﬁ topof thesolag;call 4 ths domogenreus mitiesger s of 250
um wi dt h and 1000 nmt hi ckness was deposited by
[0179]h e@H@Lol@ff&P@ R bR rAulgplk \ﬂ@ﬁarﬁ‘ko&eﬁfr&ﬁﬁfé r&ichhs ﬁﬂh@d@ffused
The base netal electrode 512 was a | ayer of
selecsm emtttec solgiheellsi{dilG- A r That s, mgrerasmg theé dmohccmcclmvatm in

loca1ﬁ8$ L& (i”ﬁ d/e%%g§e t%rgil% s%:h a%%‘htg.\ éf;l%gt‘rc%e rﬁglpf(l:g()éuén% recﬁcmg

the d%)@ﬁ bGwten@dtiche i fdgiot® @l tioed meRl, auclc@ilffuSed BorBb\@hbBus emitter
G 6A shows a sinplified d|agran1of a conventiona

506. Hoprevereas @Jélutmal Jigfusionsteps andmaskipgare requirgd, i pateigl increase
in efﬁ&%r&c'y(‘i%] Sffg‘e %tcloyr%s %Wd%a%(?ﬁcréﬁéﬁ {llla tuhHg %&Q? rdance
W the pre e

ent ven |ve emtter cel
structure prOV|des an eff|C|ency |ncrease over the
Exampled@eneous di ffused emtter solar cells discussed
above. SeeM GREEN SI LI CON SOLAR CELLS.

[OIS(ﬁEgﬁ%igl)P Ngﬂgﬁi@?{c%&%“ nltt\f/:l'e §oslaqrtceﬂt1§r e}wn in
accorﬂ@hﬁd’tvMﬂﬂﬁfpressmdﬁeéhtfbﬁ9W)h11e B Bhingno be mwepﬂﬁbmy, it is

~diffused emtter solar cells a sin%ee dopant dlffu3|8h
belicyed Byethe inyenipry hatsubsiantidlbreguging de Bmt@emeaﬁafa%l% se

hom HRAGR itk §b6, While WibstalialfF rtteaSing thd ®HanPnckdRation with

particles in diffused electrode region 609, an efficient selective emitter solar cell may be

created at about the same or lower cost as a conventional diffused selective emitter solar
cell. The particles may be arranged in contiguous lines or isolated points depending on the

desired device design.

[0181] In addition, unlike the diffused electrode region 609 of FIG. 6A, in which the
diffused region is applied using costly, high-temperature or stress-inducing manufacturing
methods, here in an advantageous manner, particle electrode region 629 may be directly

deposited on wafer absorber 508 with simpler and cheaper deposition techniques, such as
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shown in FIG 5A). The concentration of dopants within
this diffusion is selected as a conpron se between

woO p@ho3epi ng for good carrier collection and PERU$2008/057702
doping to form |l ow resi stance ohm c contacts. Due to
this conprom se the efficiency of such devices is
typically limted by poor collection of shorter
wavel ength hi gh ener gy photons that tend to be

absorh near the to t.he sqglar c in the
contaf; %&éﬁl@aughsww@p e ths et dapopided HBopatclgfnks
allowgnf'oltgoBh PR a@t@ﬂf&ﬁ%ﬁtrécﬁﬂﬁrg tﬁé’ﬁfbdaf%¥ b&tlg?ﬁaskmg 'Iaﬁd

ffused sel eotlve emttér solar ce
ahgnmsnt stapsr easi ng t he dopant concentration in |ocalized
regions very close to netal, such as diffused

ors, 558G oS GRS AP BB stcive

emittéH stiubeimB P BB gAY Fordih hioeé oftiihal dxmblehbmogs;mus BSF 510 and
addi tional diffusjion steps and nmaski ngq are require

base pgfakelgefradstil 3| Injthiscass ltght dffppien 693000 spmaat beok}seé to
passniagé {hg?%g]@gﬁg%é Eﬁlcfglﬁ@o%emktrl‘so @g‘@étg gtéf)%sﬁ]tgg ?I?ilsegﬁ}éls EX BSMAR to the

rring now
metalseding inkye peiming, etc. sol ar cell is shown, in accordance
Wi th the present invention. Wil e not wishing to be

15 R Lo Lo MRS R oY il AP EF 69, i
to degbsfting smbtasem&am b?rébﬁta@tles§ nterthleblﬁn?&égssI&Htab 8y inkjet

i ncreasi ng the dopant concentrati on wit articles in
printiggf f used el ectrode regi on 609, an efficient selective
emtter solar cell may be created at about the sane or

[01 844:3“ IE arti isetqegt?veacq%ﬁﬂé’ %ﬁgtﬁ@'ﬂ% cﬂ‘]'p&ltéﬁeuql %\eﬁt&r\o?ner aPpropriate

er solar ce es nm arrang ed

mean€. JAthitigtitietal tlictiesdeB02imayt tihéleﬁe applfeﬁ%aﬂspﬁnebr&gnmgﬁplbbﬁs inkjet
desired device dean%n [[0181] Sgddl j;‘ like th
printigg {4 g ByUENS 8IPGRNS @@qt%ﬁlaew esh 08 Yg Y sicRl VfpoE oppgtion

(e.g. %&%Qﬁ&q 5BHLRR- B%Jr?(ﬂ’e?bblﬁgn USLRGip0elcl) s Prevmusly described. In

erature r stress |ndu0|n manu aoturln
generaieatn dapasteovith adied glassifritris ugpd ond thmlmub$equpra}yt he@teé in order to

R N N X A T

regioh 826)1h GHRS to &UAB tiRsjafcioac sh@sg, i Ihhkea Ruridiish Shurinignéss likely
etc. In addition, the use of deposnted nanoparticle

by logalliygneseasingsthe depth ob thecmmitier tegion ap etlesationy ihergmetal will try to
punchﬁmro’usglhhg the need for costly masking and ali gnnent
steps.

[0185] Alternatively, TCO/ dielectric 504 may be deposited first. A laser or other
alternative technique may then be used to define channels in the TCO/ dielectric into which
n+ particle ink is deposited and heated as described above. Consequently, the emitter metal

electrode 502 may then be added to the exposed n+ particle channel.

[0186] Furthermore, as previously described, diffused BSF 510 may also be added on the
wafer back-side in order to repel minority charge carriers and thus improve overall
efficiency. In contact with diffused BSF 510 is generally base contact 512 (typically

comprising a lower cost Al paste) in order to extract the majority charge carriers (here
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[0182] In addition to nodifying the collecting
junction, a slightly nodified selective emtter
W@ 200005236 may be used to forma nore opti mal BCT/DU829681057702
honbgenous BSF 510 and base netal el ectrode 512. In
this case, a light diffusion (100-300 WD) nmay be used
to passivate the rear surface, and silicon ink is
sel ectively deposited in regions to contact to the
nmetal , using inkjet printing, etc. [0183] In on
holes)&wqdeuw@t basg copfask 15@&@ sst@s aop BUITORLY reHeqh Jong \emelength light

backq}&%qg gelqﬁfoq' g&hﬂ %gsbsey{h!r&{ghtt R HSBARELI NG

ectric contactl ess printing
t echni ques, such as by inkjet printing. [0184] An

C. anPoint danetion Selac€elli ng nay t hen be deposited using

CVD or other appropriate means. Emtter netal
b i ed Vi a:
[013‘@r ggé%grﬂ?% %83 § 9?\”}3 £ &ngh%@@g glla%é {fﬁ?ﬁtﬁ&ﬁ‘ét@% solar

cells ieshlwn BIG. pm thmﬁsélmphﬁed)maaayrsbﬁ‘zad:onV&mﬁfnam;ﬁﬁlSd:d podtit
ap oratlo e- heam deposi t

Juncwaéwpﬁ @7@ 5¥o‘g§a§@éxﬁ tywefé@ersr)laéaeﬁ i agropdange with the

pﬁméwuﬁgmmﬁ§te with added glass frit is used and then
subsequently heated in order to punch through the
anti-reflective coating and to nake contact with n+

[0188)ar Referinganaye to Hide 7he gisomplEizd didgramod e conventipnal tdéffeded point

Junct{lol'ﬁ:zsc e{rocgll 1ﬁSI l | I%Py éeﬁgragaag itall'nfi ecgplalgo%f O?,ctlllec-ﬁlgn%l%gﬁ F]‘éf}cwncy in
solarfcell RBno aédut:a thel €31l theSolWat6:ejunelicH frivdnl d relakivell/Qargh B
t hr ough. [0185} Al ternativel TCQ dielectric 504 ma

Ly
diffuped hpapresnewsemiftesio a ta g Sﬁgé?of)éilffeqeﬁéaona lematters ¢ Ealternatively,

otheélr%%g%gﬁfé%?&l&ﬂ }beﬁ va:[?eeﬁs ugﬁ"fa ﬁ%sé&?.ﬁﬂ@%)r%e&&nhpﬁhe

Fie i nt
treatldemaff ithea@mairtng aﬁfaeels 3] lﬁa&@umlkmldo akiuee theGeamabjuetidd, yhus

tter metal ectrode 502 hen be_added .t
lmprt)weg s ey See B K- ?ﬁeg R-chatinen: miéé’]mﬁﬁé}r ?’Hg’reﬁﬂf ffused
phosﬁﬁorﬁf EYHRWS |s¥tu¢z?t§ﬁz' él)?f?e‘;izt se# széé@%&nﬁ%&zéﬂ-&l&@b} cﬁzld%a%m

added on the wafer back-side in order to repél
efficimiayoBi ng. ﬁﬁE@ d redi8.rEIECSDEN|19MSIn; adgrtmeﬂlgv@tprzmes to base

metagglﬁ%tFo %sﬂ 5% s}’eal%oo ﬂett r%@]tlcegfé(mﬁ ﬁ)({ y‘F glgﬁt%rc fl%ye% 710 with a series

of reliwuee ardaGliffusdd cpa@ate)714n order to extract t he mgj orlty
charge carriers (hereholes). In addition, base contact

512 al so seryes as rror. to reflect |ong wavel ength
[0189]; gﬂfhﬂsmpq%r@ (;E}sp devicesig @P@qrelf»ahlgba g g&“?%?FB’EFQE of
reduded GrARALOTIn junctions is generally difficult due to the use of costly traditional
semiconductor processing techniques, such as photolithography, in order to define the

different regions.

[0190] Referring now to FIG. 7B, a particle point junction solar cell is shown, in
accordance with the present invention. While not wishing to be bound by theory, it is
believed by the inventors that replacing the set of reduced area diffused emitters in FIG. 7A
(diffused point emitter 706) with a set of reduced area fused particle emitters (particle point
emitter 726), and also optionally replacing the set of reduced area diffused contacts

(diffused contract 714) with a set of reduced area fused particle contacts (particle contact
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C. Point Junction Solar CeU [0187] Referring now to
FIGS. 7A-B, a set of sinplified diagrans of point

WO 00033 sol ar cells is shown. FIG 7A shows BCT/US2008/057702
sinmplified diagram of a conventional diffused point

junction solar cell. FIG 7B shows a particle point
junction solar cell, in accordance with the present
inventi on. [0188] Referring nowto FIG 7A a
i.fied d| of a conventional diffused point
724), jaa Gieg Salar g1l way be preatef ghphodt We@éwspaﬂoweaﬁ0§|a@@ﬁﬁawltlonal

reduc@@gfeg%ﬁpﬁgrgopdggélew ng high efficiency in solar cells
to reduce the area of the collection junction from

a reI atlvely Iarge ar ea dlffused hom)genous emtter to
AlbBa ek L )¢ E9nfy axgelk ers 706
(aI ter nat ively, ot her reduced confl gurations nmay al so
[0191? E%U 09G5! 85 a%%f:of)sup éﬁﬂH %ot aﬁgﬁback-sme
eat nen the remai i ng surfaces ca e optim zed
electrbde paduaatdchsolarmetsis SﬂnannOFlIG t8Aushowsarsimphified diagram of a

convegiahd Sritoeg gaigconpctaplr BALITGH R PR A mpified fiagram of

back-§idb Hre@&bdmpa%élé B6int céﬂt‘&d‘t @81%& EQC HRICBRtah & WHE k&%r&éénﬁn d
quantum effici ency, 37 no. [ EEE TRANS. ELEC.

invenfio®90). | n addition, the |nterfaces to base net aI
el ectrode 512 nay al so be reduced by the addition of

[01923! q#eef“gx!hr qux%?G7%/§ E‘l’%l[‘n&!ﬂ@ cf 8{?@%?11 1%f B@H %??gor?\;e%ﬁonal
frugedecont ac § e e per T ormnce
dlffus‘eh @sen denth@@6lat sel &M gérfirdlyortd splutionhe mmmsfngcthewﬂfmgmoy of
duced, area collection junctions is generally
convepfipralsaler ol Fdhas eatrie RS aﬁfth%m & Rgiderlgge in an
O .
nter e o SRR Rt gl?%ﬂ%ﬁ’ﬂﬁgpt PR petype regions.
Increasedjicaments f1@ bohikvédheelimmgtimpthe shadiglos#B uswlbfancumﬂddrom the
unctiaon solayr cell is s |naccordncevvi

mertalfogh rhutige. Aolioerln owspBr Filf Mieuif g o0 puaammeet
into nydulidieory, it is believed by the inventors that

replacing the set of reduced area diffused emtters in

FIG 7A (diffused point emtter 706) with a set of
[0193] e dleveayen raéld)aﬁkrge@taetétmpt@reé aempenetly hepler tq Bbecgiepinge they

eI 38 g SERPSRTLEIE b RLSRE 09 9y g

inventr Believs eat de use dii elthdoranmﬁmisbdnb greaily reelucesntha complexity of
parti cl e cont act724), an efficient solar cell may be

many, Eﬁ’cn@cﬁu SIEES-t he same or | ower cost as a
conventi onal

[0194] Referring now to FIG. 8B, a simplified diagram of a back-side electrode particle

D.

point contact solar cell is shown, in accordance with the present invention. Unlike the
diffused point contact solar cell of FIG. 8A, the doped regions of the cell structure described
herein may be created with fewer processing steps. In one method of deposition, prior to the
deposition of dielectric layer 810, lines of n+ particles and p+ particles may be deposited
using an appropriate deposition technique, such as an inkjet printer. Dielectric layer 810
may then be deposited using appropriate means, such as PECVD. Emitter metal electrode
812 and base metal electrode 802 may then be applied via a silk-screening process, inkjet

printing (e.g., by using solutions of metal micro- or nano-particles), or by Physical Vapor
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reduced area emtter solar cell. D. Al Back-Side

El ectrode Point Contact Solar Cell [0191] Referring
WomowInge3F) GS. 8A-B, a set of sinplified di agr apGI/0820881057702

al | back-side el ectrode point contact solar cells is

shown. FIG 8A shows a sinplified diagramof a

conventional diffused point contact solar cell. FIG
8B shows a sinplified diagram of a back-side el ectrode
particle point contact solar_cell, in accordance with

Deposifign - & s Bicemlfyaprraden, ertyagdeppgtien SPREFTHSNIE @ afprgviously
| | E .
descrlien 1 SO oh X DALIAGHR Pap i LMD aft BERKERLA Bl er o
puncls thraxighcthe tieldctrir @lfsinddo tiake ebrtaativaticipsaf patcie B8H {20adnd
.oiol ar cells és been to place all the contacts on the
Partigie,RQINLETLICT §20yy j nterdi gitated manner. That is,

i nterweaving alternating n-type regions and p-type

[0195] € 0A R} Bati Vel [HRASHEL Rayér B10thHaydhEdapobiteM@dt. BYlaser or other

elimnating the shading | osses usually incurred from
alternatiee technifuemay Heneased ) dedine sharnelsdnial which partisles may ke

I ' i I '
depo LW B350 301 Xpb Ry BRORT e s add 0 e
expostd pagitiedctahhgls.har der to fabricate since they require

several aligned masking steps to define the rear

i ffused regiong_ an | ectrodesg. The inventors i eve,,
10196] o epTBERes o1 45 S BRI ORI Sl o o

mean’ SGHE&GSnd2® £19 ?'Elleﬁt)é,i épplieﬁtioﬂﬁ,r}b!fe?&kég éﬂl‘%u%ﬁ@ﬁions cited herein are
structures. [0194] Referring now to FlI 8B, a

incorporatet] ibyirefdraica gy thair etigtytadhe saimieexd¢ns @5 Hobey weretipdivigually
. rFOiPt contact solar cell is shown, in accordance with
incorporate bYIEiT Ny ent i on. Unlike the diffused point
contact solar cell of FIG 8A, the doped regions of
[0197] heTIeshVerion baé béen diesitield eith defsrerice tormyridas specifit antd illustrative
with fewer processjng steps. .In one netho

d of . .
embogdupest-Hatevep i hpuldderundergiond shat msry yarigfions 9@_&@ madifications
may l%)%}ﬁgﬁe Fhle ré&‘hﬂ‘g?‘% With{h'the g?i'i'i't GhPScoplEt f?l'E,iit?@ernEibﬁ.l LdvaiBpes of

eposite g an appropriate deposition _
the intvention indede theqiiodistian of loky exdst prd effieient jDhetians tier eledtrigadr

. 810 t hen be deposited using appropriate neans,
de"lc%éHgfg qgg&?ﬁ?S'Em'tter met al el ectrode 812 and base

netal el ectrode 802 nay then be applied via a
[0198) | Mavifg 8R0S RXeAPRES embbdirRhts and the best mode, modifications and

variations may be made to the disclosed embodiments while remaining within the subject

and spirit of the invention as defined by the following claims.
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printing (e.g., by using solutions of nmetal mcro- or
nano-particles), or by Physical VaporDeposition (e.qg.,

W@ b@psd3sevapor ati on, e-beam deposition, sputtRCT/H§R008/057702
etc.) as previously described. In general, an Ag paste
with glass frit is applied and then heated in order to
punch through the dielectric 810 and to nmake cont act
with fused particle BSF 820 and particle point emtter

826. [0195] Alternatively, dielectric layer 810 may be
WH : A laser or other alternative
techni que may then be used to define channels into

whi ch pArdebick & dPa¥ralfg BRBPIt) @dnidtlarie@h®sh, @6mprising:
descri bed above. Consequently, the mnetal nay t hen be

added t®wefes demsbwéhi a;ﬁasrttdlopm&, thh avafesiincludiog 9 dlontside anda
back:gate@? gr‘sseglo ng Isl%}e ESEQ reed ® g% g)%oesesx? tooélg E&% ﬁsaﬁlatlon

pat ent sa fidpd Gr&ﬁi I\Dﬁkﬁlopﬁxﬁﬁﬁ:&rtﬁiﬂﬁﬁﬁm aﬂiﬂtepdlé;iobﬁéﬁ ¢rotms front—side

cited herein are incorporated by reference in the
whergig the @@r&pp@ﬁlﬂ%@l%ﬁ%lr@ﬁ{d@ﬁ@ s%@ng flopapbwhgaeia the second dopant is a
counkQQBﬁhﬁually i ncorporated by reference. [0197] The

I nvention has been described with reference to vari ous
speci fi a:ﬁmndlecﬂrbdmdapamtede)nethbmhopmtcke thidofey; end i t

shoul d be under st opd, t ha i ations and

modi fi cat§eaRd eleayo ‘%éieﬁﬁﬂf?d\mm{% nsé %ing within the
spirit @H&eﬁﬁ@% ek s&lQﬁraﬂﬁ‘ﬁSﬁ‘lé Hplied /BB FRAESIAE antd&trical
i nvention include the production of |ow cost and

curresf fsipgpdreed unctions for el ectrical devices, such as
solar cells. [0198] Having disclosed exenpl ary

32?? glt In?ﬁ &ewce cbfI cTaFi‘mglg he{“%ﬂgn f]é:g{éxgé g%{- 35 aggosged on the

fused\Grdup IIVexmlofjarﬁlle\Ahﬁlfﬂlﬂl dnhlieters lwbdetbﬁ:ﬁ thendtispflédtive ddyet passivates
i nvention as defined by the follow ng clains. WHAT | S

the fromis$ideED 1S: 1. A device for generating electricity
fromsolar radiation, conprising: a wafer doped with a

figst dopaidvicd Jﬁlé’i‘ﬁlflerwﬂef&xll H gt Agafent EQFucBlSexiandr @O) layer is

back-si de, wherein thé front-side is configured to
epositgometic fesed 0w\ nanapditisld thin film emiftes G oup FV
nanoparticle thin filmemtter deposited on t he

fr L nt - SJFHee ded“&eé é;'ldam 1h %@%%rﬁrht(:({oﬁ)aﬁﬂk g gbtgg%pant and the

i ncl udes secon opant erern eNseed
secod @&pant ﬁrandﬂg@él topant.
5. The device of claim 1, wherein the first dopant is an n-type dopant and the

second dopant is a p-type dopant.

6. The device of claim 1, wherein the wafer further includes a back-side
diffused BSF, the second electrode being in electrical contact with the back-side diffused
back surface field (BSF).

7. The device of claim 1, wherein a fused Group IV nanoparticle BSF layer is
deposited between the wafer and the second electrode, wherein the fused Group IV
nanoparticle back surface field (BSF) layer includes a third dopant.
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a first electrode deposited on the nanoparticle thin
film and a second el ectrode deposited on the

whawRA0338e; wherein when the sol ar radi ati on | BCHPR100&057702
to the front-side, an electrical current is produced.
2. The device of claim1l, wherein an anti-reflective
| ayer is deposited on the fused G oup |V nanoparticle
thin filmemtter, wherein the anti-reflective |ayer

passi vates . the front-side. 3. The device of claim1,

W ei T SSRGS 7 iR Ve clopae oty thirg\dopantere a
p-typdaRpait Sl @8 stdgd usaf isqrplv.a,ﬂe\éogaﬂopart! cle thin film

emtter. 4. The device of claim1l, wherein the first

dogant is a p-népe_do ant and the second dopant is an
n-2ype Hopdavice & clapme/, wdereaie thetfiretl dopantiandwhethésidrdoptmg are an
fi do t LS n- e dopant and the second dopant
n'typles(foi&btl ?g%@e a%cﬁgﬁp Pp%l&)(%%%@%\ﬁ%@%%of claim1, wherein
the wafer further includes a back-side diffused BSF,
t h0.s ecOisldeticoiflciaim 1)@ihetein fn Riteesid patitle GRffeBis teotfiglied
t he bg&?-si e d$%fused hack surface field (BSF). 7.
betwegpthg aferang thefuged Group i areapparticle thia dileynipen v
nanoparticle BSF | ayer is deposited between the wafer

anfl t NeTREGRNE &1 B0 Whera8 RinndidSarfitte U e RUBnfidired

nanoparticle back surface field (BSF) layer includes a
betwe¢n the vwadgrand 18 fuFedeGriwpil¥enapbpasticle rack suntace Gicld (BSE).
first dopant and the third dopant are a p-type dopant,

h : [ N - .9, Th :
S0 AR AR R SRR gl g

emittehsubgtadiglBndovarsahaftont-digpe dopant, and the second
dopant is a p-type dopant. 10. The device of claiml,
wher ei n_an intrinflc particle buffer is_configur

betineenThedevigerad claimd . theretn S dused Sirpup W rﬁ‘é?Rﬂﬁ‘é‘%‘ﬁg thin film

itfePhddibly SBvEHE tht @bnt-dide. The device of claim 7, wherein
eImanbir%trsi}nsic partPc%ecbuffer is configured between the

wafer and the fused G oup IV nanoparticle back surface
fiktd (‘Bs8Rjevice of claim 1, wherein the fused Group IV nanoparticle thin film

emitter is a set of point surfaces.

15. The device of claim 1 further including a back-side layer configured below
the wafer, the back-side layer including a dielectric and a set of diffused reduced area
contacts, wherein each diffused reduced area contact of the set of diffused reduced area

contacts is in electrical contact with the second electrode.

16.  The device of claim 1 further including a back-side layer configured below
the wafer, the back-side layer including a dielectric and a set of fused Group IV
nanoparticle reduced area contacts, wherein each fused Group IV nanoparticle reduced area
contact of the set of fused Group IV nanoparticle reduced area contacts is in electrical

contact with the second electrode.

17.  The device of claim 16, wherein the set of fused Group IV nanoparticle

reduced area contacts includes a set of fused Group IV nanoparticle point contacts.
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12. The device of claim1l, wherein the fused Goup IV
nanoparticle thin filmemtter substantially covers
w0 b@s3Me - si de. 13. The device of claimil, WhRCEUI0D$1€57702

fused Group IV nanoparticle thin filmemtter
partially covers the front-side. 14. The device of
claiml1, wherein the fused Goup IV nanoparticle thin
filmemtter is a set of point surfaces. 15. The
device of claim 1 further jncluding a back-side | aﬁ_er
cdif i gdhederiss shelama Lyheein the, Rised proup lyenangpaticle thin film

emittérriﬁél{f&jésré%e@oﬂaﬁbﬁ&[i&l!eg, ift gécgltnaﬂf)péﬂiél W eeOtRbparticles
area contacts, erein eac I Tfused reduced area

is betweert aboiit bhmt dne abett KI0 i firf dismeter.educed area contacts
is in electrical contact with the second el ectrode.

1 The.device of claiml further.jncluding a . .
pdek. < e deuserPaln Pulbasnihs iR GRS Phopggcte thin fim
emittdtafduddsASet E@hopaititleslivlran dhdl R@bpdrticlend thd ssebf @ihoparticles

_ fused Group IV nanoparticle reduced area contacts,
is betwpery abont ¢ apnand abert 2§ wppn Amgtgoparti cl e reduced area
contact of the set of fused G oup IV nanoparticle

. co e ) .
{ R codoeyi BF phitihne doctdyify) G KbEPHRRh MehmpHir
wher ei i wafer doptd ofithfafSstiddpaoy) thel Wafeminoludirtg cfrentrsidiuandch
back-SAR TN S GRS 1t GRS toebe TRESEL0 HESOL Tediziop e
wafer"fﬁﬁﬁ&iiﬂclﬁalﬁ% bR sige QuPusky rdpadi Rdekdif iR fdhtRideidiffised region is

emtter includes a set of nanoparticles, wherein each
dopedaith psecoind [departt, thhsecoed dopant heing arcoprteedonast tocthouiest dopant;

about 1 nm.gnd about 100. [ gpsll ter. 1
Govi ce S BSRATRAORF Y i B i S5 Rhq p DF Feducad arca

patteri96® BRI ftdré sRlctdiffiisel ird g1 W Hek@h thefubdddesioparti€le thih film includes
~nanoparticles, wherein each nanoparticle of the set of
a thirydopsph the dird glopanthsingecqounishdorant inthg estdeBYit 20 nmin

di amet 4 stze(?ectl’%‘dgj g%ﬂo%ﬁeé fie fg)%ﬁgiﬁgt&ﬁ]&e'ﬁltﬁghfs!t g]igt:ﬁ‘ocfer i9H
sol ar fadration, . c nmprising: a wafer dloped Wth a
electrical &intabo pathithe sdnef wadhesd drecpareinsg a front-side and a

back- si de, rei he front-side is configured to be
exposed SFW“%W&@BH%\%‘?ROQH? \&} g’ﬁ,baiﬁﬁél_%ﬁiaf er further
i ncl udigi@rdn {WheRtheSofie rillidtioasie dp1RAItE the f61RIsRieNat Bectrical
front-side diffused region is

current is produced.

21.  The device of claim 20, wherein the set of reduced area patterns includes a

set of points.

22. The device of claim 20, wherein an anti-reflective layer is deposited above
the fused Group IV nanoparticle thin film, wherein the anti-reflective layer passivates the

front-side.

23.  The device of claim 20, wherein a transparent conductive oxide (TCO) layer

is deposited above the fused Group IV nanoparticle thin film.
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doped with a second dopant, the second dopant being a

counter dopant to the first dopant; a fused Goup IV
Wm200003e3t9 cl e thin fil mdeposited as a set of PEHUSMAS/057702

area patterns on the front-side diffused region,

wherein the fused nanoparticle thin filmincludes a

third dopant, the third dopant being a counter dopant

to the first dopant; a first electrode deposited t he

front-side, wherein the first electrode is

Aot r {hsIdeiohp BEEIm R0 hqEn S walkT ftee wgludeea back-side
dlffus@é‘t)&&r srtﬁfac@ %C(BB? %Pfe‘félﬁ Al&e e% de Ninldi&irical c?ntac with

e el n en the so lation Is app
the bdck- stdme;hffundtbask skefacaiek] @SE).i cal cur rent is produced.
2 1. The device of clain120 wherein the set of

e dovT BLIORel aTH 20, BB el Sl bt ook surfuce

field (BX¥S ayed 1s‘i%B@§teH%@tv@déﬁ‘ﬂ% WhRr bR sédoad féldctfode wherein the
nanoparticle thin film wherein the anti-reflective

fused |Grgep ') asrdpaeicdeBEE dayer tngludes g fourthglopmfe devi ce of
cl ai m 20, wherein a transparent conductive oxide (TCO

2o e SEORF S0 06 LS R  fe a opant e
p-typerbepaat, and He seedrer ddpant dndrthe markilﬂszmtardoack-tg)edbpant
diffused back surface field (BSF), mherein the second

o6t e 5 B Shecht oal 90ttt DECH AL e

n-typ@h@pam 204 trme&&tdu@aﬁmedhah%mob%tw& fihsd &dpanhack

surface field (BSF) |ayer is deposited between the
waf er and the second el ectrode, wherein the fu

G28up Thedaviepaf elpian 20, BYJFBWHB)*/}@( ﬁlis‘?dcﬁweswampemltlde thin film is
formego an% coﬁ%d?]hcﬁﬁ}egsﬁtﬁ 1%1%1&10 p?gndt s%'t oF t%:élo mgfe§'vglaéraﬁ efat:}{ st

are a type opant, and
nanoﬁah&lé&f:thﬁ detdd mandpastivdestib betisebn dbald pamt amd sboan 100 hypie
dopant. 27. The device of claim25, wherein the first
1mnﬁﬁbant and the fourth dopant are an n-type dopant, and
the second dopant and the third dopant are a p-type

dopant The@evith 8 Elgivh 26, vhersih MdTuddd GWRNY Minbpatitlesigd film
G oup |V nanoparticle thin filmis
includes a set of nanoparticles, wherein each nanoparticle of the set of nanoparticles is

between about 4 nm and about 20 nm in diameter.

30. A device for generating electricity from solar radiation, comprising:

a wafer doped with a first dopant, the wafer including a front-side and a
back-side, wherein the front-side is configured to be exposed to the solar radiation, the
wafer further including a front-side diffused region, wherein the front-side diffused region is
doped with a second dopant, the second dopant being a counter dopant to the first dopant;

a backside layer configured below the wafer, the backside layer including a
dielectric and a set of fused particle reduced area contacts;

a second electrode deposited on the back-side, wherein the second electrode

is in electrical contact with the reduced area contacts;
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formed froma colloidal dispersion including a set of
nanoparticles, wherein each nanoparticle of the set of
WHm2000032359 cl es i s between about 1 nm and aboutPAD0S2908/057702
in diameter. 29. The device of claim 20, wherein the
fused G oup IV nanoparticle thin filmincludes a set
of nanoparticles, wherein each nanoparticle of the set
of nanoparticles is between about 4 nm and about 20 nm
in dianmeter. 30. A device for, generati ng electricity
f r om sovhereip adhentheielar sadiptionsis applied tadhcefr oRfoirsd ameﬁtn&al
nt, the wafer including a front-side and a
Cuneﬁﬂlgg}osd?g%aa wherein the front-side is confi gured to be
exposed to the solar radiation, the wafer further
i B} udiThg device oficlagn de, ‘dhefreia@edmtisgﬂmhive Wayer isidepodited on the
frontflront side diffused region is doped with a second
o |8ant t he second dopant being a counter dopant to
the first dopant; a backside |ayer configured bel ow
t 132, wafThie,detiee obalaits B0ewheayiathd e¢ biflisedpatiticetdinked afea
and a set of fused partjcle reduced area contacts; a

contagtéél&fweélaéewfcfa@dd@mfé@ lincar pnta¢te back- si de, wherein
the second electrode is in electrical contact with the

r aducedRiddice 8P 50 R Eh e Br fl&d 132%@1% rb@Rb@hicdn

is applied to the front-side, an electrical current Is
contagts aabladed a s8tlof filfed mﬁwlcpomfcountmsn 30, wherein an
ant i -refl ective |layer is deposited on the front-side.

S50, 1 o Y ofbiafh 0. e HEhuStd ol 16duPd el Billaggs are

formddaﬁdm alcellbidaedispesivn aRhdingdBset bheardpiiticRes Obhaibial eati30,
wherein the set of fused particle reduced area

nanopagigle ef e isefcaf mgeepagtides is betviegs aboys 4 mm apdabayt 400 nm in
diam{t&r.‘t acts. 34. The device of claim30, wherein the
usSed particle reduced area contacts are formed froma
col | oi dal dispersion including a set of nanoparticles,
vaér ei Mheaetice afidpimn 80,chieereaih thhiasabpartéle neduopdaren comscts

1nc1u&e a set o¥\e er(])pgr%%fés, v:xlf'herrgl?l e%c nanopall’tlcl]é o(% t}rl]en;elt gf IQal.n%partlc{es 18

between about 4 nm and about 20 nm in diameter.

36. A device for generating electricity from solar radiation, comprising:

a wafer doped with a first dopant, the wafer including a front-side and a
back-side, wherein the front-side is configured to be exposed to the solar radiation, the
wafer further including a front-side diffused region, wherein the front-side diffused region is
doped with a second dopant, the second dopant being a counter dopant to the first dopant;

a fused Group IV nanoparticle BSF layer deposited on the back-side;

an electrode deposited on the back-side, wherein the second electrode is in
electrical contact with the fused Group IV nanoparticle BSF layer;

wherein when the solar radiation is applied to the front-side, an electrical

current is produced.
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35. The device of claim30, wherein the fused particle

reduced area contacts include a set of nanoparticles,
wob@pesa3seach nanoparticle of the set of nanopRCT/U81088057702

IS between about 4 nm and about 20 nmin dianeter. 36.

A device for generating electricity fromsol ar

radi ati on, conprising: a wafer doped with a first

dopant, the wafer including a front-side and a

back-si de, wherein the front-sjde |s configured to be

eddosed @%Vl%’@r genaartinedecis ¢itynrom alapgadggtiopy pamppsing:

Front - & R PR QR £ EsPlopalt ¥ KERF ARMIRL b fPand o

back-sidp,anlterein Hise &ememth id «:pmﬁlgurbdetm exposudrtd ¢ie sbbgrandiatian;

e o R B BB ek g Sty Buh KuR P BE e GsSechd dopant

depoﬁt%@ﬁ?éﬁ%‘f' %&Bﬁtmék%i&e wher ei n _the second
el ectrode isin electrical contact with the fused

G oup [ageeanddpsadi Group [BsEnOReyteele thip éilnaidepehhweith aikird dopant
d appl i ed, t

aepo3F T # FEERE bR oF el sk Bntish AL Reelyis Founter dopan
to theGedutidalopay, eldwhéreil thy fifst pais isdinterdigit@td oith the second pattern;
conprising: a wafer doped with a first dopant
waf er |arftrﬁtlf‘d|¢9ﬁ@d§ depasiied en the fapidfusedifaronr é\e’d@mm@é thin film;
the front-side is configured to be exposed to the
solar radiation; a first fused Goup IV nanoparticle
t hi n f ial sevchdpdettrote Hepositet omthedogmdifustdp@eup & nanoparticle thin
first pattern on the back-side; a second fused G oup
IV nanoparticle thin filmdoped with a third dopant
deposi tafrdif whes B PRiARINs GppliddGo BRCHFortIstt, an electrical
wherein the third dopant is a counter dopant to the
curregesproduckolpant , and wherein the first pattern is

interdigitated with the second pattern a first

el,gct r gde .denosi h

n ﬁopa?{?’l gg Vle?ﬁf %lg]?‘ll ?ﬂ’] ‘{'he?o’l; &" éétégn Ivge%&gpﬁ d\éposned on the
front-cidposhdreid thdarithefleetivaridydr passival@salip frbM-sideopar ti cl e

thin film wherein mhen the solar radiation is applied

tq the _front-si el ectrical current | rodyced.
39.  Thedevice 09 cla1m 37 wherein the Jirst pattern and t?xe geconH pattern

and

film;

includes lines.

40.  The device of claim 37, wherein the first pattern and the second pattern

includes points.

41.  The device of claim 37, wherein the fused Group IV nanoparticle thin film is
formed from a colloidal dispersion including a set of nanoparticles, wherein each
nanoparticle of the set of nanoparticles is between about 1 nm and about 100 nm in

diameter.

42.  The device of claim 37, wherein the fused Group IV nanoparticle thin film
includes a set of nanoparticles, wherein each nanoparticle of the set of nanoparticles is

between about 4 nm and about 20 nm in diameter.
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38. The device of claim37, wherein an anti-reflective

| ayer is deposited on the front-side, wherein the
W@ni0v/08289 ecti ve | ayer passivates the front-siBer/uS®08/057702

The device of claim37, wherein the first pattern and

the second pattern includes |ines. 40. The device of

claim37, wherein the first pattern and the second

pattern includes points. 4 1. The device of claim 37,

wherein the fused Goup |V nanpparticle thin filmis
f 8 med e drvige egﬁm a%uwltﬁr%érdéﬁ%ﬁﬁn? P idgRpsifed Betvigen the
i w@@ﬁpin each nanoparticle of the set of

ﬁmtp%%ﬂ%%%ﬁ%%éﬁe%?m%s bet ween about 1 nm and about 100 nm

in diameter. 42. The device of claim 37, wherein the

fused G oup IV nanoparticle thin filmincludes a set

of nanoparticles, wherein each nanoparticle of the set

of nanoparticles is between about 4 nm and about 20 nm

in diameter.43. The device of claim 37, wherein a

dielectric layer is deposited between the first
pattern and the second pattern.
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