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25  For example, n-type dopants provide excess electrons that can populate the conduction bands,
and the resulting materials are referred to as n-type semiconductors. P-type dopants provide
electron deficiencies or holes and are used to form p-type semiconductors. Through
appropriate doping, a wide range of devices can be formed, such as transistors, diodes and the
like.

30 The wide ranges of semiconductor applications generate commercial relevance for
silicon materials in many forms. For example, the formation of large area thin film
transistors or the like generates a demand for alternative semiconductor processing
approaches. Also, with increasing energy costs and increasing demand for energy, the market

for solar cells has been correspondingly increasing. A majority of commercial solar cells
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“10In a first aspect, the invention pertains to a dispersion conprising at

| east about 1 weight percent elenental silicon/germani um nanoparticles

havi ng an average primary particle diameter of no nore than about 50
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Moreover, the invention pertains to a method for preparing an ink with elemental



" 25 a nozzle configured to deliver one or nore reactants fromthe reactant
delivery systeminto the reaction chanber, and a collection system

. configured to receive the flow fromthe reaction chanber that originated
fromthe nozzle. In sonme enbodi nents, .the nozzle conprises an inner inert
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of the nozzle exposed to the interior of the
30  wherein the inner inert gas channel and the outer inert gas channel are operably connected to

o

an inert gas source.
In some aspects, the invention pertains to a method for synthesizing nanoparticles by
laser pyrolysis, in which the method comprising reacting a reactant flow using a light beam to

drive the reaction. In some embodiments, a reactant flow is initiated from a nozzle with



" 5 reaction chanmber or reactant flow, at |least a portion of the collection
system exposed to flow fromthe reaction chanber, or a conbination thereof
.is coated with a polynmer, ceram c material or conbinations thereof such
that flow within apparatus has reduceg exposure to netal contam nants from
t he apparatus. 5 BRI EF DESCRI PTI ON OF"THE DRAW NGS Fig. 1is a
schematic representation of a | aser pyrolysis apparatus having three
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Fig. 3, in 15which the section is taken along line 5-5 of Fig. 3.
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depicted in Fig, 3. 20Fig. 7B is a top plan view of ‘an alternative_
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coll0 ectrémtompbambérushat originated fronfithe Mbzze. aIﬁ%&ﬂeﬁEﬁ'bo@i%tfiﬂtsyitlﬁéNmlezla
reactant inlet nozzle conprising adjacent rectangul ar 25fl ow channels, in
whi ch CARPHSeAsreagiant; channed haying 3 vaddhand 2 Jeagth, gngpr moge quepch gpgchangelss a
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oo o BHE g et o She it gt Aplaihmant gad chaithelssage pRTELIY ERRRRCISddar aph

Of 18 SiahlifQD gRAEJUr&d R BRMBANUS MBaRRPY oferably HoAhRNQERNEE QU 1R RRer) aken

at a first magnification. )
system and wherein the entrainment inlets have an area at least about 25% larger than the

area of the quench gas channels.
In other aspects, the invention pertains to a method for synthesizing nanoparticles by
laser pyrolysis, in which the method comprises reacting a reactant flow using a light beam to
20  drive the reaction. In some embodiments, a reactant flow is initiated from a nozzle with
reactants flowed through a reactant inlet with inert gases flowed through a quench gas inlet
approximately surrounding the flow from the reactant inlet and an inert entrainment gas flows
through an outer gas channel approximately surrounding the inert quench gas flow wherein
the reactant flow substantially completely flows through a light beam such that energy from
25  the light beam drives the reaction to form product particles. The entrainment gas flow can be
at a volume at least about 25% greater than the inert quench gas flow and the entrainment gas
flow leaving the nozzle at a greater velocity than the inert quench gas flow.
Also, the invention pertains to a laser pyrolysis apparatus comprising a reaction
chamber,. a light source and associated optical elements configured to deliver a light beam
30  through the reaction chamber, a reactant delivery system comprising reactant reservoirs, a
nozzle configured to deliver one or more reactants from the reactant delivery system into the
reaction chamber, and a collection system configured to receive the flow from the reaction
chamber that originated from the nozzle. In some embodiments, at least a portion of the

interior of the reaction chamber, at least a portion of the nozzle exposed to the interior of the



"Fig. 15 is a TEM m crograph of silicon particles conprising about 0.39 at%
phosphor ous dopant taken at a second nagnification. 6 Fig. 16 is a
TEM m crograph of silicon particles conprising about 2.5 at % phosphorous
) dopant taken at a first magnification. Fig. 17 is a TEM m crograph of
silicon particles conprising about 2. é at % phosphor ous dopant taken at a
second magnification. 5Fig. 18 is a TEM m crograph of silicon part| cles
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t aken JRIRb Fi g 21 is a TEM mcrograph of
sili coﬁﬁeégrc%’?i?&g% corr%éiltgﬁ%ﬁ%out 39 at % boron dopant taken at a first
maghi fi cati on. Fig. 22 is a TEM m crograph of silicon particles
i Si 0 It t ni fication.
TS g 2571 o a TEM m chBORa RSt E QN T R MR o g about 39 at %
bor on dOpantFl% akign s@hexﬁatfc%ﬁr@séﬁ%iﬂhfo'fﬁ%depgy{rolysm pparatds hadng thré RhQhntOf
secondary particle size versus intensity obtai ned rom DLS measurements on
a di spanletinoazles. silicon particles with an average primary particle size of
25 nm Fig 5aA.5_a of se ndar e size versus intensity
obt ai ned frﬁﬁ BL%a%PW@é%{fPEe Loné) Xagaﬁ ?L‘@‘é’f’%’r‘? Y8 Mpri sing and silicon
pandi cl es WFig) Rk &\perspetiversideaviyw s 4 rdab@nt inte k219 cBprising annifhidflowd 1S a
pl ot of secondary particle size versus intensity obtained fromDLS
measur & 5. 0on a di spersion conprising ethylene egcoI Fig 27
s a plot Ofpis aCRARAINAbbEL LS R ewf AolehotaRINR REGle!deB
25measurement 3 i con §P1t
Fig. 28&nFi. a,shbwnhosparpalgrdlmmﬂﬂédctdnﬁgﬁ*aﬁmmg of a f| rst i nk from one

nozzle. Fig..29 s hotographl c image a cured printed_ink drop. .
Fig. 30 is g‘%éa‘ﬁﬁ‘ %%@%. byigwgt tQ‘hée&FtaP’a‘PE’t verzdg depigiehm glgr &si8 for
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Fig. 6 is a sectional side-view of the reactant inlet nozzle depicted in Fig. 3, in which the

same section is shown as in Fig. 5 and in which the dimensions of the flow channels and
corresponding structure is expanded to facilitate viewing.
Fig. 7A is a top plan view of the reactant inlet nozzle depicted in Fig. 3.
20 Fig. 7B is a top plan view of an alternative embodiment of a reactant inlet nozzle
comprising flow tubes having an oval cross-sectional shape.
Fig. 8 is a perspective view of a laser pyrolysis apparatus comprising a single reactant
inlet nozzle and a single collection apparatus.
Fig. 9 is a sectional side view of a reactant inlet nozzle comprising adjacent rectangular
25  flow channels, in which the cross section is taken along line 9-9 of Fig. 10.
Fig. 10 is a top plan view of the reactant inlet nozzle depicted in Fig. 9.
Fig. 11 is a side plan view of the reactant inlet nozzle depicted in Fig. 9.
Fig. 12 is a top plan vieW of the opening of reactant inlet nozzle depicted in Fig. 9,
showing only the flow channels.
30 Fig. 13 is a schematic representation of a printed substrate.
Fig. 14 is a TEM micrograph of a silicon particles comprising about 0.39 at%
phosphorous dopanf taken at a first magnification.
Fig. 15 is a TEM micrograph of silicon particles comprising about 0.39. at% phosphorous

dopant taken at a second magnification.



" 30Fig. 31(a) is a stroboscopic inmage of a second ink. Fig. 31(b) is a
stroboscopic inmage of the printed Iine fromFig. 31(a) taken one hour after
_ printing. Fig. 32 is a graph containing plots of |aser fluence versus
sheet resistance at various pul se wi dths neasured on an ink |ayer. 7

Fig. 33 is a plot of pulse duration vBrsus fluence threshol d measured on
various sintered ink layers. Fig. 34 is a conposite of optical m crograph
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et ntod i ¢ £i% 220 AEM PRy AP GG ee bR g T 22 e RLARRER 7
panoi clae»sph&s‘pﬁdngus ddpahstaledi o0 pthigiahaghifidatisg.ope i mage of a line pri nted with
a paste co i ng p++ doped m&tcon particles. Fig. 46 is a plot of
concentrat i %g éﬁ%@&EM BYERgreRh Sllépogrpéawlqsg?@pmm@a@ui” at% boron dopant

taken at a first magnification.
Fig. 22 is a TEM micrograph of silicon particles comprising about 39 at% boron dopant
taken at a second magnification.
15 Fig. 23 is a TEM micrograph of silicon particles comprising about 39 at% boron dopant
taken at a third magnification.
Fig. 24 is a plot of secondary particle size versus intensity obtained from DLS
measurements on a dispersion of silicon particles with an average primary particle size of 25 nm.
Fig. 25 is a plot of secondary particle size versus intensity obtained from DLS
20  measurements on a dispersion comprising and silicon particles with an average primary particle
size of 9 nm. _
Fig. 26 is a plot of secondary particle size versus intensity obtained from DLS
measurements on a dispersion comprising ethylene glycol. |
Fig. 27 is a plot of secondary particle size versus intensity obtained from DLS
25  measurements on a dispersioﬁ comprising terpinol and silicon particles
Fig. 28 is a stroboscopic image of inkjetting of a first ink from one nozzle.
Fig. 29 is a photographic image a cured printed ink drop.
Fig. 30 is a graph containing plots of shear rate versus shear stress for inks comprising
different solvent blends.
30 Fig. 31(a) is a stroboscopic image of a second ink.
Fig. 31(b) is a stroboscopic image of the printed line from Fig. 31(a) taken one hour after
printing. _ |
Fig. 32 is a graph containing plots of laser fluence versus sheet resistance at various

pulse widths measured on an ink layer.



"Fig. 47 is a plot of concentration versus viscosity at a shear rate of 1000
s-1. Fig. 48 is a graph containing plots of particle size versus
_relative intensity generated by 25 DLS anal ysis on ink sanples that were
not centrifuged. Fig. 49 is a graph containing plots of particle size
versus relative intensity generated by DLS anal ysis on ink sanples that
were centrifuged. Fig. 50 is a graph containing plots of particle

Si ze versus hatd ' i ' L:nksS . wer e
ot ocessed aiih ot Bk B dubeRerEl Al dikshoRReakiish ekl iRy 20
cont ai tinkngyges.ots of particle size versus relative intensity generated by

DLS anal ysis. on, inks that were processed wth probe sonication for various
time period$ig 38 issepmnosts gioptical myciograph inrages PRVATIRP eiRfered ink layerssi npl i fy

processi ng 3 L SHeahih i e / [lfTPm ] 21 rial
with a low F%Vg?qgc% &8%2% am na%%ﬂs(%adnﬂéi‘é er?%%a y sﬁrﬁ&é@o@?@ﬁrﬁ (?I%:%gtv 5'gdg)lgant

| evel , sinterdbisk teyers. f ound t hat good di spersions of silicon nanoparticles can
be formed withqut. stabilizing 5 the dispersjions usi.ng.nop-solvent organic
conposi t1 ondi& HBrt & Ahel At EeNaeE NeSiiPIogh b et ifitson Koeeht darigiser act
W th t Qpidiet N EveRrticle surfaces wwth varying interactions as described
further bel ow. ‘l"/he di spersions with unnodified silicon particles can be
fornul at ed &ig. BV ¢e ssbematintrepresantasionpf adiodeon particles and the properties
of the dispersi,gns_can be appropri at adj usted for desired.prjnting
Pk Such: a8k ROl R 1t g Sk potern doriing fEidjah e
Priiot abha spinldoaeaikelhyani um i nks provi de significant potential processing
advantages for the formati on of sem conductor devices. The inks can be used
for the del FigedY isof plapfanitage verrap carreng fog agel depigted ifligd& or driving into a

Substrate a . j bl G i cl . J I n.gred into a
conponent o?ﬁg@éggést/%]@g&%&%?é ‘%egsglts S}%s%&sgtyg%rgaia}sfﬁgcogirlgﬁg S@ﬁ?(rgbag#“?éesr' deposi ti on,
e.g., printiFig4l éfa ploeofishéar raté veraus Wiosiasior aphste ¢oinprisi@rsilikoapatickal | 15
nanoparticles into the inks, and desirable nozzle designs for a | aser
pyrol ysis r&etioris BOHOE Misepdly Yeasustiiae 49t mags overr simultedysraeant BIing; con
napopaibiftiGs W th small particle dianeters, optionally with a high degree
of doping. The silicon nanoparticles as well as correspondi ng i nks can be
formul at ed ig. ¥3\eny opiicsl hearescopoimagetafla kinenpranddwith o, firsthwidth with agpaste
possible to.for arti ciJ es wi.th controlled | ow dopant levels in a
meani n§PEPISEg T THPedislicPR partiglesy i nt 20 silicon nanoparticles, such as
hi ghl'y dopedgig)anepay dptieal@Sicrodsipe Gmh\%egﬁa%@ddb? Nnd pHifedc@ith R 5R¥AIRidh Githf | cant
processi ng advantages for printed electronics, solar cell conponent
f or mat i2daste ARMPrisiRg N'sledaped sidioen partielesm| i cat i ons. Wth respect to
deshrable n les. far sili opartiele. produgtion wth |aser. rolysis,
i n§gome enbg‘%z'r‘rlgnlf ggt gk&%é@{&g@gsﬁﬁﬁé 8?1%3 arprlclzlt)é f‘?’@h?é’ﬁ%ﬁom’éﬁm&éﬁi des
25 qudbpdd siloffpattibRsparticles with an inert gas delivered fromthe nozzle
shortly after sgnt hesis of the particles. Additional nozzle enbodi nents
have a rel afig 40 isAplpt ¢fsppcenzatinnvesius viseosity ght shsaaiietdf2dugh t he react ant
fl ow and an i Ni ine Eohacil -icle nucl eation
and quenchi rll:?] h‘?'ﬂge lgg?chgée }rfg@&lo\;&%glgﬁ%gIaﬁéﬂe%}alrgteﬁgllggé%éci litates the
corr espondi iFgg. M8risratgtaph coftampirpoplofs alf iphryiclersize. vediSealative| intengity @eacrated dyar e
deggri gﬁ& he[ej n \r,@ilati ng to different, st(gges of the ink formulation

es apalysIs QDR MRS thaf Nrerret senstifuged rent al il i con nanoparticles. For
exanple, la [ b+ RArQvd : SV i %, Of
highly uni f oetl ?%@hﬁgﬁ%%g{rgﬁ lgl?’é’g%?lttlg%gsﬁd%e‘%ugﬁ%}wgi’%tgﬁsf“?cga&r%%}a?gt%gs,
whi ch &S dmalysisan sanipbes that weke aentrifogedl et al cont ami nants on the order of
10 parts per.m_llion by weight gand simlarly a very low_ 9.level of iron
cont ani nati 618 > ?ﬁ&?ﬁ&of"ﬂ%?’&lg‘dtsgzﬁﬁl?‘ﬁgﬂzésve&é‘%E‘%i?tﬁ’édmﬁ@“é’i%‘??erﬁ‘ieﬁll?ydopant
| evel s D& arfysA RiIiMRERAt \Wakd Srof sl With ﬁlﬁﬁéfar?%flﬁ&é%} BathisGRdatdgnopar ticl es.
The resulting silicon/germani um nanoparticles are suitable for the
f oBfrat i on offighiSghs & grapbeontainingrplefis ©of parsiclersizeofersub eclative aptansity geasrated g

hi ghly D1 a y%{s%%%ﬂ(sqhéﬁ Qveegesllargcnessse%av\v/ﬁl Er%gg sofn?cra 1or|1 %[r %grious time periods.




- 5 without nodifying the surface of the particles with organic conpositions,

whi l e being able to achieve desired ink properties over a broad range.
Silicon/germaniumrefers to silicon, germanium alloys thereof or m xtures
" thereof. To sinplify the discussion, elemental germani umand alloys of
germaniumw th silicon are generally fot explicitly discussed. Wiile the
di scussi on bel ow focuses on silicon, the anal ogous processing of and

conpositions 10 wit hﬁ@ﬁﬁﬁﬁﬁ%ﬁ%ﬁ%ﬁl@)’ﬁﬂfﬁﬁII%VLE.NGIQBNT ollows fromthe

di scussi on based on nts. As
descri bed hdieeisimpli#l eprecdsaing sio iferan higtk fualkivy bilicdrdgermaainad sémicondudtiabl e
printing p[?ceiﬁgﬁwJor comerci,al applications. The ability to form good

di sper dnaseréal it lenelafeantapirants andigeaerally wither signifisyp daise feyieh iitchas
surfac ' 0 i QNG [ £l j particles
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conponelx dispemndas usmgt tom-gpdvent okgmict compositions dhbmicaily i waded anolEapirticlees can
be procgﬁsed fgr t he .fornati.on_of &enicon?uct%r'co. onents with reduced
procesSHHEF S0 AAMFIUY dntgragh Wathethe nabive |RapHAlS SEHaced Y thiVARYE INARLPNS 135e

abi |1 1 ¥iebQibk@ Hittieh Bel8 s PR iBsiMs WA inRE SRR SilicSieParGaks ERLd fofihlaR Of
the silicon nanoparticles can reduce the processing 20 steps to formthe

i nks. Rurhigle conentrations pf oidiess ipatidles fmd theo prpeitiss nafdthei dispérsionoican e
particles involve he. use, of additiaonal chem cals that can.introduce

Par t herPRSRAR AL Y Bis S rinting TP spr &5 i s i oue it B €7
PraQoes grinfing §abe] PAstable NSlidhaVder@hManC aiks QRotidansdifidaaf Tp@&hﬁﬁeﬁroéedsmgnt s or
formul ated with desired sol vent bl ends for production of desired ink

f or mul @dvasiages v the farmatipe of semeendurton dedess. Thw inks\can be gsedcfontherdeliseryon. 25
Processj Laues far. the:i el I i I . )
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i nt er agiartwldshcandieudinred into ¥ @omPousent VI @r &sideoNEor firthér pdciyipagahe bksdi ng,

polar interacti,oqns as well ;as varjous interactions that can have ranges of

bondi ngHfige rdsResitie- B8ndPHEnghaftatheenlst fic §an Teedesitable dusinserpprste Gma _
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nanoparti cl es, such as silfcon nanoparticles]; are a particular type of

sol ut e.dearibge e tht syrtbesisosfdagh quality sitivdresanopaiticks edthoinel hpectidediaactdre s,
solvated..in ani c .speci es and even_j nar.gani ¢ nanoparticles, the .
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cover a range of binding strengths with corresponding 10 degrees of _
r ever sitpiforim partieles wéthj ceniellest lovrdopanilerelasn aimeanidgipl wiayt Hée bilipeta privw t h
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reactive species_in solution 5 with silicon particles. This interaction
seens ﬂﬁmﬁéﬂ§ﬂeﬂ¢¥mﬂéﬁph9ﬂﬁpﬁdependent and to al so depend on the degree of
oxi dati on of i, Cl ' S S 5 S ed
oxygon i n ¢ NIl 16" it 36670 Tol Blog ndrd e T SRR WP RIPY,
al ., " pyeoldgsinbsdme yentifodimeats thonbailelHas Piro asmdam gorfiguSitioncthat provides
Nangoparticles, " J. of Collgidal and Interface Science, 283 (2005) 414-421,
i nddr pAusRdung ek e pagislesoyigh amaert gag delivered Fom bg awzalp shyrtly pder snthssis

i nvent ap I | j ive
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ef f ect ibeadnythcauphl € edegctam nfiarve cantl haro entnaining pmer t gas nflow ghat sfacihigatésh partiakey
solvent-particle. interactio are.Eigersigle Hnder,constio S,Ef sol vent

r enovalMCERHRA 208 s VSR P‘gnsnﬁjﬁ’g@@%‘a I3t obtaopf efwaliy yRAgHCleh dagiliGEsyI ise

gl ycol Jam¥sfedd qgthﬁ%Qg%b5d&QﬂﬁpgmgeteIy renove W th solvent evaporation
However, it iIs I5 clear that the solvent-particle interactions are

ged€ral | y ofSexerd] fihproapmenth ;areclesaribed drerain rrelating so dlifferent stagesc of thes indsf

specifigc surface nodification,conpositi.ons.that have. been descri bed.for
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support_ dj o] AW I ren f v . . Laser sis is
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nanoparticles, although in principle inks described herein can be

formul ated with silicon submcron particles fromother sources that can
correspondi ngly produce high quality and uniformparticle. In-sone
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" 11 synthesis of a wi de range of conplex inorganic particles, including, for
exanpl e, conpositions with nultiple netal/ netalloid elenents as well as
_doped materials. In the |aser pyrolysis process, the dopant el enent(s) are
introduced into the reactant stream such that the el enents can be

i ncorporated into the product particl@s. The dopant el ements can be
delivered into the 5 reactant streamas a suitable conposition. The

et os ol st e BPTFRSnERR R DetBRalca Baburell G e PAR ik 8 Rt

parti clleslswednhba ashideed amge fofmingl wey amifdap asilicononanoparbiclRat | TS rekfliltiigpant s.
For the_dopj ng of sem conductor substrates, desirable dopants include, for
exanpl éilicp/germanfum cpanoparticlsy RdsWisRls dak ithi dormatisor! high ¢pnsertdtionse of

| aser [ : hOR f1: ' [ i.ng
doped SpRkR DR ndfer BT ThE Bighty TofRRBReRuisoliRt ShiadngBfhIE? o,
al . 5 emtiilbhentodifang pier durfabeofhe garticiesrwidnekghitic kesposidonsg while being abk, to

i ncor por at ed hergi 1rx]1hb ref.erence. the nature of the | aser
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the sinterrng of the silicon nanoparticles. The hi gh dopant |evels can be
achi evebemisiries oftheeletasntsig control of average 20 prinmary particle dianeters

and whil e acghi gvi dj rsi bl apopar.ticles, w.th od.uni formty..

Laser pyrol ;%% (ges%:g%de#‘%g@t ?’i\‘;%le)%/tagrs gﬁgce&lﬁsn?af%ol?emﬁbrglrut%ﬁ%f&r Sd’i.']tgglf: oor?{%’ﬁllgd
quenchipagtesdes tfoe dqobmaktciul PPplidatibAs aShd BilPartbi Hir@S gbR\dspbRBNE eRFhAOAN
zone. Laser pyrolysis has a particul ar advantage refati ve to flane _

t echni §h@icalmadification ofe dhes sbicon mangpattiele psriaces anth At orgagic neampoynd
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Pyr ol y gtifieve 8GliPAlent ok 1e¥els &t @IMhiRANSOZZLS, 1he ARG toPBn! e RikisiiIgd U. S.
patent application 30 2009/ 0020411 to Holunga et al., entitled "Laser

Pyr ol ygtithowy engania chemight mpdificatidreofthe isihgbmnrapaftislesRendeducEmhy proegssing,

i NgRrp i Nn. reference. JAlternative desirabl.e nozzl e. desi gns are
deggri %{éegg E(grfgﬁl?%eagg%' olﬁ sKor rep(t;l ehp]ioec?lsﬁfnlgstoo ntnh%rglmiu& H_Pocﬁ@é%oph? oﬁ‘ﬁh t he
r eact aphrticlesihtolveaahé @ye ofa®iiGial UhérhiealRithat cah inthRluce AGthHep Bomamamststthe
reactant flow. These alternative nozzl e designs provide a relatively high
yi el d Whe Rattiglepdispersign. o Rasethon improyedwprapessing digekniquese thespasticles gar bseam
attenuqalta'hgfgﬁr i t Sqnt he: n . Or
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i nert gasiredl v furnhubationg, r whiolli dag bedsrimedasvith| wety IdWwelenels zéfecapahingtisat i on
provides for effjicient quenching of the silicon particles w thout any

di Pect Profeesing techpiayss: for theoinks drtp sofrespondingglavices samrbe selasted based nn then

zone. ?laﬁfé la}Qgpl 94él.e has a convenient design to maintain silicon
nanopart cl'é production for long termcomercial quantities at noderate

rates. |n fsolvears gambrally ieetast withesohaes vithhasioas irerattioms, sucheds hyidtdgean
[ ul ar shape that is oriented with the |eng of . the

approxi nmat.el y rectan gt .
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For the 1 nproved nozzle designs, an inert quench gas flow i1s supplied to
suBP ourvdthirh ther sohfomrdispersiom. Mogganid nampasicteshawthrassiliconanadopdrticles, are a

trai t, fl i nert b i ded d both th tant fl
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entrai nnent flow generally has a higher velocity than the other flows and a
rel at i ved geneepllycomplay and| in meany [qigemstances met cashpletelyyundefstende nbhesdegfeeadj acent

that oSkt W 3¢ Shfieh Bul SRR rulchr SRR S el® R4S Felier e

nozzles to generate an inert quenching gas flow adjacent to a reactant flow
and further a distinct entrainnment inert gas flow surrounding the inert
quench gas flow 20 provides for inproved synthesis of siiicon nanoparticles
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- 13 al., entitled "Silicon/Germanium Particle Inks, Doped Particles,

Printing and Processes for Sem conductor Applications,” incorporated herein
by reference. In addition to the design of inproved nozzles, the

" laser pyrolysis apparatus and processes have been redesigned to achleve
exceedingly |l ow netal contam nations ¥or silicon 5 nanoparti cl es.
Specifically, the precursors can be supplied in extrenely purlfled fornmns,
and th d |.e a

anvi 1 o eR bR abi P bhe HirafinsnSlehdy SR SEBFUE ol SRRHTeRflee et a
cont amtcanhsodifesgiudilidoncpattioden Hmnd,l thisgefehancpdoés mit eske ihtordcbaunmanye potortial
contam nant | evel.s nmay he fu&%%er reduced t hrough the coatings of

appr opFP e IPIEEACHPRSW gﬁﬂ@ﬂ nponents with appropriate coatings, such as
pol yners, 18 s Been B%g ttﬁeﬁfe{l‘h\ 510&121@{}%,1% ly@i f&rﬁ{ I%Q&YV% &ifk in s@ﬁltlﬁhl i ca
or silicon nitride. on these I nproved desig iCon nanoparticl es
cans be vathntihes particles. t Hha meeraction g;berhsat(ebe si’gn;ﬁstamﬂy pw dldpen@pandl taé alsoet al

el enent,s hus con tratlons can be ced to levels of no
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vei ght oRegenei tIRAKSIVEAS BIC sﬂér{o%eneﬂ, is a&@cﬁl%fdahlrﬂﬁi? ah Gaﬁiaar& nat irgfRecan be
reduced to |l evels of no nore than 15 about 100 ppb by weight ink. Wth

r especteasibititye opdnert (Callpidal Hyoeessingnof&ilicon Wanapagiclesy™t I.cbeLadlaidabend

esti mated fr .1 he ntration,of i spersion . and the.
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300 ppb and a total netal contaminant |eve ? no nore than about 1 parts
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f t
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can be chemcall onde he surface e silicon particles.
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good dispersion in a sel ected solvent or b solvents. Sone Of the
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particles for device formation, the presence of the organic nnletles in the
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" 30 significant to be able to formthe dispersions of the particles wthout
surface nodification. Appropriate m xing, sonication or the |ike can be
_supplied to facilitate the initial dispersion of the particles. The
characteristics of the initial dispersion can be eval uated through an
exam nation of secondary particle proHerties, such as Z-average particle
size and particle size distribution, nmeasured in the dispersion using

gener al i i I.G SHr. e / i th
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particl e ch@uedbehd aatiteost the Nasenpirotysisaprocdss, lkigh doparfl dsvelsabinebd athidviae
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nodi f i ediféenifyor m a sel ected i nk. Sol vent can be renpved by evaporation to
increase the particle concentration. A gqod dispersion is characterized by
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properties. 5 Suitable inks are described for inkjet prin , gravure
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of demaint‘% tlloﬁlkgo,ur O‘(’:Vgﬁrt %ﬁ’ém(g?mfﬁ’i ABSREPT, ﬁﬁgcg‘?gmcg‘f'n rﬁger"rrgﬁ'eat‘%ﬁ%l"?or m
mul ti pldesitadleericzzRf desip@s larkdavctibed@hdrOih RSO OA ishért BatBaAERIthd bf fHeNBHS bediRl
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the blend of solvents generally conprises a first . low boiling tenperature
sol vent, generally having a boiling point of no nore than about 160C and a
second high boiling tenperature solvent, generally having a boiling point
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" 25achi eve the desired viscosities, surface tensions and/or other desired
i nk properties. The silicon particle inkjet inks generally have a

“_relatively low viscosity with a relatively large particle |oading over

reasonabl e ranges of shear. In sonme enbodi nents, one of the solvents for
the inkjet ink generally conprises anlZl cohol , and anot her sol vent can be
an aprotic polar solvent. For inkjet inks, it is generally desirable for

the in faqggg wei ght percent silicon particles.
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25 patter n;éover | arge areas quickly and efficiently. For sem conductor

appl i c&eft the use of pr| nting techni ques descri bed herein nay elimnate
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| ocati ons ,al 1‘, trate, surf i S he sel ect |, cement
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of doped silicon particles along a substrate can provi de a dopant source
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laser pyrolysis is described in published U.S. patent application 2008/016065 to Hieslmair et



 For printed circuit applications, once a doped silicon ink is deposited at

sel ected |l ocations, the particles can be sintered or otherw se fused at the
deposited position on the substrate to forma correspondi ng structure or

" domain. This can be done, for exanple, by heating the substrate in an oven

to relatively high tenperatures, sucht%s 750C to 1250C to 10 obtain a solid

mass fromthe particles in intimte contact with the substrate surface.
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Silicon I nks and 5 Corres‘gﬁ%edl ng Pr ocesses, ' incorporated herein by
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i nt rodyc r
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selected solvent or blend of solvents. Some of the desired ink formulations can take
30 advantage of surface modification of the silicon particles, and surface modification is
described further below. Surface modification of silicon particles is also described further in
published U.S. patent application 2008/0160265 to Hieslmair et al, entitled
Silicon/Germanium Particle Inks, Doped Particles, Printing and Processes for Semiconductor

Applications," incorporated herein by reference.



- 15 range of devices based on the silicon particles. The dopants can be

sel ected based on the particle device to be forned and the correspondi ng
desired electrical properties for the el enment or conponent. Using a
" selected printing process, silicon pa{ticles with different dopants can be
selectively placed at different | ocat tons al ong the substrate surface. 20
Laser Pyrolysis Synthesis of Silicon Particles and | nproved Nozzl e Design
Laser pyrol y§Ls. | n egct: d f Y. i i-qh : ity
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“volunme of entrainnent gas is generally at |east about 10% greater than the
flow of inert 21 quenching gas. The overall nozzle configuration
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" Reactant velocity of the reactant gas streamis inversely related to
particle size so that increasing the reactant velocity tends to result in
_smaller particle sizes. Asignificant factor in determ ning particle size
is the concentration of product conposjtion condensing into product
particles. Reducing the concentrati onl®f condensi ng product conpositions
general |y reduces the 20 particle size. The concentration of condensing
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reaction 25 chanber and a fraction of the inlet nozzles can be placed
al 8hg 1daast about preight pereent slicon particleanber. As shown in Fig. 1, reaction
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- can be configured wwth a single reactant inlet nozzle, two reactant inlet

nozzl es, four reactant 24 inlet nozzles or nore than four reactant inlet

nozzles. In general, the nunber of reactant inlet nozzles may be

" constrained due to the attenuation of }he i ght beamas it passes through
the flow fromother reactant inlet notzles. As shown in Fig. 1, reactant

inlet nozzles 112, 114 116 are collinear such that a |ight beam can pass
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" Arepresentative reactant delivery systemis shown in Fig. 2. In general, a

reactant delivery systemcan be configured with a plurality of different

. precursor sources. The configuration shown schematically in Fig. 2 can be
designed for the synthesis of siIicoanarticles wi th an optional selected

dopant. Suitable silicon precursors iftttlude, for exanple, gaseous 25

conpounds. Dopant precursors can be gaseous conpounds and/or |iquid or
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“ 5 an outer lunmen defined by flow tube 244. Furthernore, in this enbodi nent,
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" form about 0.0035 inches (0.0889 mm to about 0.030 inches (0.762 mm). The
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25 an oval shaped cross section. The arrows in Figs. 7A and 7B show the
general direction of the |ight beampath relative to the edge of the
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product flow prior to venting during the course of the reaction characterizes the reaction process

within the flowing reactant system.



" 34 332. Wen valve 336 is open powder can fall into container 332. To
renove and repl ace contai ner 332, valve 336 can be closed. Collection

. chanber 330 also leads to a vent 340 that generally is connected to a
scrubber and a punp. Qther collection _systens can be used in place of the
single bag collector if desired. 5Fi 9%3 9 - 11 show an alternate enbodi ment
of a reactant inlet nozzle. Reactant inlet nozzle 360 conprises a plurality
of adj acent i . be
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25 364 that formthe flow channels) can be relatively thin. If the walls of
the inner flow tubes are thin, the respective flows fromthe fl ow tubes
~have a desired interaction within the reaction chanber. In particular, with
a thin wall between adjacent flow channels, interfacial shear is enhanced
bet ween the adj acent fl ows especi allyz‘tf the flows are adjusted to result
in simlar velocities of the flow, and the |nterfaC|aI shear can help
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Dopants can be introduced at desired concentrations by varying the
conposition of the 25 reactant stream A dopant el enent or a conbination of
dopant el enents are introduced into the silicon host material by
appropriately selecting the conposition in the reactant stream and the
processi ng conditions. Thus, subm cr of? particles incorporating selected
dopants, including, for exanple, conplex bl ends of dopant conpositions, can
be for L1y, ereactor shoul be suffi |entIy
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"50n the desired electrical properties of the subsequently fused material or
to provide a desired degree of dopant mgration to an adjacent substrate.
.In particular, laser pyrolysis is useful in the formation of particles that
are highly uniformin conposition, crystallinity, when appropriate, and
size. A collection of subm cron/ nanos€al e particles may have an average
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- 30 production rates, the primary particles can involve substantial fusing

into a nanostructured material. These particles can still be dispersed into

a liquid to produce desired ranges of secondary particle size. Even though
" the particles with very small primary particle dianeters may have
significant fusing, these particles n%@ still be desirable for applications
in which the small primary particle size and correspondi ng high surface
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di spersed with no nore than about 200 ppb of iron, in further enbodi nents,

o " I A N~ e r I a r—



* 20 of particles in a neaningful way that cannot be achieved at higher

contam nant |evels. To achi eve the very | ow contam nant |evels, the
_ particles are synthesized in a | aser pyrolysis apparatus sealed fromthe
anbi ent at nosphere and appropriate cl ganed and purged prior to the
synthesis. Highly pure gaseous react s are used for the silicon
precursors as well as for the dopant precursors. The particles are
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Properties of the Dispersions Di spersions of particular interest

conprise a dispersing liquid or solvent and silicon nanoparticles di spersed



" 10 such as inkjet printing, gravure printing or screen printing, and
particle concentrations and additives provide sone additional paraneters to
.adjust the viscosity and other properties. In sone enbodi nents, the
particles can be fornmed with concentrated di spersions with desirable fluid
properties w thout surface nodifying the particles with organic conpounds.
As noted above, the |ack of surface nodification wth organi c conpounds
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46 termnation of the surface of the silicon particles can involve
truncation of the silicon lattice. The termnation of particular particles
.influences the surface chem stry of the particles. The nature of the
reactants, reaction conditions, and by-products during particle synthesis

i nfluences the surface chem stry of t particles collected as a powder
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25 conbi nation of evaporation and further solvent addition can be used to
obtain a target solvent blend. Solvent blends can be particularly useful

for the formation of ink conpositions since the blends can have liquid that
contribute desirable properties to t ink. Alow boiling tenperature

sol vent conponent can evaporate relatively quickly after printing to
stabilize the printed ink prior to further processing and curing. A higher
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" 10 surface tension on the particular surface is influenced by the
surfactant. Al so, blends of surfactants can be hel pful to conbine the
.desired features of different surfactants, such as inprove the dispersion
stability and obtaining desired wetti properties follow ng deposition. In
sone enbodi nents, the dispersions cam<‘have surfactant concentrations from
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“found in Malvern Instrunents - DLS Techni cal Note MRK656-01, incorporated
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53 percent polar aprotic solvent and in additional enbodi nents form about
40 wei ght percent to about 70 wei ght percent polar aprotic solvent. A
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reaction stream are delivered through component delivery tubes 390, 392, 394, 396, 398,
through corresponding access ports 380, 382, 384, 386, 388, and into corresponding flow
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options foll ow ng deposition of the dispersion/ink. VWi | e vari ous
coating and printing approaches are suitable, inkjet printing offers
desirable features for sone applications with respect to speed, resolution
and versatility with respect to real tjinme selection of deposition
patterning while maintaining speed and’resolution. 56 Practical deposition
using inkjet printing with inorganic particles requires dispersion
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* Sem conductor Applications For solar cell, thin filmtransistor and

ot her sem conduct or applications, silicon particles can be used to form

. Structures, such as doped contacts, that can forma portion of a 15

particul ar device. In some enbodi rrents the inks can be used to forml ayers
or the like of doped or intrinsic sil z:on. The formation of silicon layers
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approach for the introduction of desired dopants at a selected concentration, such as high

dopant concentrations. Also, the surface properties of the silicon particles can be influenced

by the laser pyrolysis process, although the surface properties can be further manipulated

30 after synthesis to form desired dispersions. Small and uniform silicon particles can provide
processing advantages with respect to forming dispersions/inks.

In some embodiments, the particles have an average diameter of no more than about one

micron, and in further embodiments it is desirable to have particles with smaller particle sizes to

introduce desired properties. For example, nanoparticles with a small enough average particle



10 2009/ 0020411A to Holunga et al., entitled "Laser Pyrolysis Wth
In-Flight Particle Mnipulation for Powder Engi neering,"” incorporated
herein by reference. The apparatus was equi pped with an air knife to
provi de quenching of the particles en%ri ng the exhaust conduit.

Phosphi ne (PH3) Vas used as the phosphorous dopant source, and the
phosphi ne gas was mxed with inert argon at a nole ratio of 91% Ar to 9%

PH3. TREe%kd G¥aervRd &5 HiR @f 10\0@% t&@emteﬁ%étﬂ%tbhué hfeRdeRicATcad be anRBORRNI ne
precursor for delivery to the nozzle. A reactant delivery systemsSimlar to

t he sydn soms pgxts. pAlse,ghe &maldasarugledlzesnbrequarf@mh@ rmafigy o lhles B’yhldtmbl@ of

| | d Tabl e |
D el R AP RAR b AE) RBl e R A g SR e SHEGR: B ©
0. 02- O0.clog sbnfe ﬂ%'eﬂ:ﬂdads" Qe Ay, (h%fdlﬁbaxﬁs &hlt-tBe dopanDcoklefiiEi6H dfctseledefl fohsed00- 650

100 300 Argon - Dilution (slm 3-10 3-10 Argon -Shielding (sl m
5  on the desired electrical properties of the subsequently fused material or to provide a desired

degree of dopant migration to an adjacent substrate.

In particular, laser pyrolysis is useful in the formation of particles that are highly uniform
in composition, crystallinity, when appropriate, and size. A collection of submicron/nanoscale
particles may have an average diameter for the primary particles of no more than about 500 nm,

10 in some embodiments from about 2 nm to about 100 nm, alternatively from about 2 nm to about
75 nm, in further embodiments from about 2 nm to about 50 nm, in additional embodiments
from about 2 nm to about 25 nm, and in other embodiments from about 2 nm to about 15 nm. A
person of ordinary skill in the art will recognize that other ranges within these specific ranges are
covered by the disclosure herein. In particular, for some applications, smaller average particle

15  diameters can be particularly desirable. Particle diameters and primary particle diameters are
evaluated by transmission electron microscopy. Primary particles are the small visible
particulate units visible in the micrograph without reference to the separability of the primary
particles. If the particles are not spherical, the diameter can be evaluated as averages of length
measurements along the principle axes of the particle.

20 | As used herein, the term "particles” refer to physical particles, which are unfused, so that
any fused primary particles are considered as an aggregate, i.e. a physical particle. For particles
formed by laser pyrolysis, if quenching is applied, the particles can be effectively the same as
the primary particles, i.e., the primary structural element within the material. Thus, the ranges of
average primary particle sizes above can also be used with respect to the particle sizes. If there

25 is hard fusing of some primary particles, these hard fused primary particles form
correspondingly larger physical particles. The primary particles can have a roughly spherical
gross appearance, or they can have rod shapes, plate shapes or other non-spherical shapes. Upon
closer examination, crystalline particles may have facets corresponding to the underlying crystal
lattice. Amorphous particles generally have a spherical aspect.

- 30 Because of their small size, the particles tend to form loose agglomerates due to van der
Waals and other electromagnetic forces between nearby particles. Even though the particles
may form loose agglomerates, the nanometer scale of the particles is clearly observable in
transmission electron micrographs of the particles. The particles generally have a surface area

corresponding to particles on a nanometer scale as observed in the micrographs. Furthermore,
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distribution in sizes such that at least about 95 percent, and in some embodiments 99 percent, of

the particles have a diameter greater than about 35 percent of the average diameter and less than

about 280 percent of the average diameter. In additional embodiments, the particles generally

10  have a distribution in sizes such that at least about 95 percent, and in some embodiments 99

percent, of the primary particles have a diameter greater than about 40 percent of the average

diameter and less than about 250 percent of the avefage diameter. In further embodiments, the

| primary particles have a distribution of diameters such that at least about 95 percent, and in some

embodiments 99 percent, of the primary particles have a diameter greater than about 60 percent

15  of the average diameter and less than about 200 percent of the average diameter. A person of

ordinary skill in the art will recognize that other ranges of uniformity within these specific
ranges are contemplated and are within the present disclosure. |

Furthermore, in some embodiments essentially no primary particles have an average

diameter greater than about 5 times the average diameter, in other embodiments about 4 times

20  the average diameter, in further embodiments 3 times the average diameter, and in additional

embodiments 2 times the average diameter. In other words, the primary particle size distribution

effectively does not have a tail indicative of a small number of particles with significantly larger

sizes. This is a result of the small reaction region to form the inorganic particles and

corresponding rapid quench of the inorganic particles. An effective cut off in the tail of the size

25  distribution indicates that there are less than about 1 particle in 10° has a diameter greater than a

specified cut off value above the average diameter. High primary particle uniformity can be

exploited in a variety of applications.

High quality particles can be produced that are substantially unfused. However, for the

production of very small primary particle sizes, e.g., less than 10 nm average diameter, at higher

30  production rates, the primary particles can involve substantial fusing into a nanostructured

material. These particles can still be dispersed into a liquid to produce desired ranges of

secondary particle size. Even though the particles with very small primary particle diameters

may have significant fusing, these particles may still be desirable for applications in which the

small primary particle size and corresponding high surface areas can facilitate dopant drive-in
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surface area evaluation ganrrr())t directly distinguish small particle sizes from highly porous
particles, but the surface area measurements nevertheless provide useful characterization of the
particles. BET surface area measurements are an established approach in the ﬁeld, and for
silicon particles the BET surface area can be determined with an N, gas absorbate. The BET
surface area can be measured with commercial instruments, such as a Micromeritics Tristar
10 3000™ instrument. The silicon particles described herein can have BET surface areas ranging
from about 100 m%g to about 1500 m?/g and in further embodiments, from about 200 m’/g to
about 1250 m’/g. A person of ordinary skill in the art will recognize that additional ranges
within the explicit ranges above are contemplated and are within the present disclosure. The
particle diameters can be estimated from the BET surface areas based on the assumption that the
15  particles are non-porous, non-agglomerated spheres.

X-ray diffraction can be use to evaluate the crystallinity of the particles. Furthermore,
crystalline nanoparticles produced by laser pyrolysis can have a high degree of crystallinity.
However, x-ray diffraction can also be used to evaluate the crystallite size. In particular, for
submicron particles, the diffraction peaks are broadened due to truncation of the crystal lattice at

20  the particle surface. The degree of broadening of the x-ray diffraction peaks can be used to
evaluate an estimate of the average crystallite size. While strain in the particles and instrument
effects can also contribute to broadening of the diffraction peaks, if the particles are assumed to
be essentially spherical, the Scherrer equation can be used to provide a lower limit on the
average particle size. Meaningful broadening is only observed for crystallite sizes less than

25  about 100 nm.

If the particle sizes from TEM evaluation. of primary particle diameters, particle size
estimates from the BET surface areas and the particle sizes from the Scherrer equation are
roughly equal, this determination provides significant evidence that the fusing of the particles is
not excessive, that the primary particles are effectively single crystals and that the particles have

30  ahigh degree of uniformity. It is generally observed that silicon particle collections in which the

three measurements of particle sizes are in rough agreement exhibit good dispersion in

| appropriate solvents. Thus, the various particle size measurements can be used as an indirect
measure of particle quality. |

In addition, the submicron particles may have a very high purity level. It has been found
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that the silicon particles can be produced with very low levels of metal impurities using laser
pyrolysis with appropriate particle handling procedures. Low metal impurity levels are very
desirable from the perspective of semiconductor processing. As described further below, the
particles can be placed into dispersions. In the dispersions, processing such as centrifugation

5 can be performed to reduce impurities. In the resulting dispersions, the contamination by metal
elements can be very low based on desired handling of the particles. The contaminant levels can
be evaluated by ICP-MS analysis (inductively coupled plasma-mass spectrometry).

In particular, the submicron silicon particles can be found to have no more than about 1
parts per million by weight (ppm) of metal contaminants, in further embodiments no more than

10 about 900 parts per billion by weight (ppb) and in additional embodiments no more than about
700 ppb of total metal contaminants. For semiconductor applications, iron can be a contaminant
of particular concern. With improved particle synthesis, handling and contaminant removal
procedures, particles can be dispersed with no more than about 200 ppb of iron, in further
embodiments, no more than about 100 ppb and in additional embodiments from about 15 ppb to

15 about 75 ppb of iron contaminants with respect to the particle weight. A person of ordinary skill
in the art will recognize that additional ranges of contaminant levels within the explicit ranges
above are contemplated and are within the present disclosure. The low contaminant levels
allows for the production of particles with low dopant levels of dopants, such as boron or
phosphorous, in which the low dopant levels can be effective of tuning the electronic properties

20  of particles in a meaningful way that cannot be achieved at higher contaminant levels.

To achieve the very low contaminant levels, the particles are synthesized in a laser
pyrolysis apparatus sealed from the ambient atmosphere and appropriate cleaned and purged
prior to the synthesis. Highly pure gaseous reactants are used for the silicon precursors as well
as for the dopant precursors. The particles are collected and handled in a glove box to keep the

25  particles free from contaminants from the ambient atmosphere; Very clean polymer containers,
such as polyfluoroethylene containers, can be used for placement of the particles. The particles
are dispersed in very pure solvents within clean vessels within a glove box or clean room. With
meticulous attention to all aspects of the process, the high purity levels described herein have
been and generally can be achieved.

30 The size of the dispersed particles in a liquid can be referred to as the secondary particle
size. The primary particle size is roughly the lower limit of the secondary particle size for a
particular collection of particles, so that the average secondary particle size can be
approximately the average primary particle size if the primary particles are substantially unfused

and if the particles are effectively completely dispersed in the liquid, which involves solvation
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forces that successfully overcome the inter-particle forces.

The secondary particle size may depend on the subsequent processing of the particles
following their initial formation and the composition and structure of the particles. In particular,
the particle surface chemistry, properties of the dispersant, the application of disruptive forces,

5  such as shear or sonic forces, and the like can influence the efficiency of fully dispersing the
particles. Ranges of values of average secondary particle sizes are presented below with respect
to the description of dispersions. Secondary particles sizes within a liquid dispersion can be
measured by established approaches, such as dynamic light scattering. Suitable particle size
analyzers include, for example, a Microtrac UPA instrument from Honeywell based on dynaﬁic

10  light scattering, a Horiba Particle Size Analyzer from Horiba, Japan and ZetaSizer Series of
instruments from Malvern based on Photon Correlation Spectroscopy. The principles of
dynamic light scattering for particle size measurements in liquids are well established.

Dopants can be introduced to vary properties of the resulting particles. In general, any
reasonable element can be introduced as a dopant to achieve desired properties. For example,

15  dopants can be introduced to change the electrical properties of the particles. In particular, As,
Sb and/or P dopants can be introduced into the elemental silicon particles to form n-type
semiconducting materials in which the. dopant provide excess electrons to populate the
conduction bands, and B, Al, Ga and/or In can be introduced to form p-type semiconducting
materials in which the dopants supply holes. P and B are used as dopants in the Examples below.

20 In some embodiments, one or more dopants can be introduced into the elemental silicon
particles in concentrations from about 1.0 x 107 to about 15 atomic percent relative to the silicon
atoms, in further embodiments from about 1.0 x 10 to about 5.0 atomic percent and in further
embodiments from about 1 x 10 to about 1.0 atomic percent relative to the silicon atoms. Both
the low dopant levels and the high dopant levels are of interest in appropriate contexts. For the

25  low dopant levels to be of particular usefulness, the particle should be pure. For small particles,
the low dopant levels essentially can correspond with less than one dopant atom per particle on
average. In combination with the high purity that has been achieved for the particles, low
dopant levels from about 1.0 x 107 to about 5.0 x 10 correspond with difficult to achieve yet

potentially useful materials. In some embodiments, high dopent levels are of particular interest,

30  and the highly doped particles can have a dopant concentration from about 0.25 atomic percent
to about 15 atomic percent, in other embodiments from about 05 atomic percent to about 12
atomic percent, and in further embodiments from about 1 atomic percent to about 10 atomic
percent. A person of ordinary skill in the art will recognize that additional ranges within the.

explicit dopant level ranges are contemplated and are within the present disclosure.
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uniform primary particle size and for the primary particles to be sufficiently unfused based on
the primary particle size. Then, the particles generally can be dispersed to yield a smaller
more uniform secondary particle size in the dispersion. Secondary particle size refers to
25  measurements of particle size within a dispersion. The formation of a good dispersion with a
small secondary particle size can be facilitated through the matching of the surface chemistry
of the particles with the properties of the dispersing liquid. The surface chemistry of particles
can be influenced during synthesis of the particles as well as following collection of the
particles. For example, the formation of dispersions with polar solvents is facilitated if the

30  particles have polar groups on the particle surface.

As described herein, suitable approaches have been found to disperse dry silicon
nanoparticle powders produced by laser pyrolysis and to form inks and the like for deposition.
In some embodiments, the particle can be surface modified with an organic compound to

change the surface properties of the particles in a dispersion, but in some embodiments of
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particular interest, the particles are not surface modified with an organic compound to
provide advantages with respect to properties for certain applications and to simply
processing. Thus, for some embodiments, significant advantages are obtained by forming
dispersions of particles without surface modification. Using one or more of the processing

5  approaches described herein, inks can be formed that can be deposited using convenient
coating and printing approaches based on established commercial parameters. Thus, the
advantages of vapor-based particle synthesis can be combined with desirable solution based
processing approaches with highly dispersed particles to obtain desirable dispersions and inks,
which can be formed with doped particles.

10 With respect to silicon dispersions, the dispersions can have concentrations from low
concentrations to about 30 weight percent. In general, the secondary particles size can be
expressed as a cumulant mean, or Z-average particle size as measured with dynamic light
scattering (DLS). The Z-average particle size is an intensity average based on the scattered
light measurements, and the scattering intensity based particle size distribution can be

15 converted to volume distributions that can be used to evaluate a volume-average size.
Generally, the Z-average particle size is no more than about 2 microns and in some
embodiments, no more than about 250 nm. Additionally, in some embodiments it is desirable
for the secondary particle size distribution to be narrow.

In general, the surface chemistry of the particles influences the process of forming the

20 dispersion. In particular, it is easier to disperse the particles to form smaller secondary
particle sizes if the dispersing liquid and the particle surfaces are compatible chemically,
although other parameters such as density, particle surface charge, solvent molecular
structure and the like also directly influence dispersability. In some embodiments, the liquid
may be selected to be appropriate for the particular use of the dispersion, such as for a

25  printing process. For silicon synthesized using silanes, the resulting silicon generally is
partially hydrogenated, i.e., the silicon includes some small amount of hydrogen in the
material. It is generally unclear if this hydrogen or a portioh of the hydrogen is at the surface
as Si-H bonds. However, the presence of a small amount of hydrogen does not presently
seem particularly significant. However, it is found that silicon particles formed by laser

30  pyrolysis are suitable for forming good dispersions in appropriately selected solvents without
modifying the particl.es with chemically bonded organic compounds.

In general, the surface chemistry of the particles can be influenced by the synthesis
approach, as well as subsequent handling of the particles. The surface by its nature

represents a termination of the underlying solid state structure of the particle. This
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exposure to air. For these embodiments, the surface can have bridging oxygen atoms in Si-

in the

O-Si structures or Si-O-H groups if hydrogen is available during the oxidation process.
In some embodiments, the surface properties of the particles can be modified through
10  surface modification of the particles with a surface modifying composition chemically
bonded to the particle surfaces. However, in some embodiments of particular interest, the
particles are not surface modified so that unmodified particles are deposited for further
processing. In appropriate embodiments, surface modification of the particles can influence
the dispersion properties of the particles as well as the solvents that are suitable for dispersing
15  the particles. Some surface active agents, such as many surfactants, act through non-bonding
interactions with the particle surfaces, and these processing agents are described further
below. In some embodiments, desirable properties, especially dispersability in otherwise
unavailable solvents, can be obtained through the use of surface modification agents that
chemically bond to the particle surface. The surface chemistry of the particles influences the
20  selection of surface modification agents. The use of surface modifying agents to alter the
silicon particle surface properties is described further in published U.S. patent application
2008/0160265 to Hieslmair et al., entitled "Silicon/Germanium Particle Inks, Doped Particles,
Printing, and Processes for Semiconductor Applications," incorporated herein by reference.
While surface mddiﬁed particles can be designed for use with particular solvents, it has been
25 found that désirable inks can be formed without surface modification at high particle
concentrations and with good deliverability. The ability to form desired inks without surface
modification can be useful for the formation of desired devices, especially semiconductor
based devices, with a lower level of contamination. |
When processing a dry, as-synthesized powder, it has been found that forming a good
30 dispersion of the particles prior to further processing facilitates the subsequent processing
steps. The dispersion of the as-synthesized particles generally comprises the selection of a
solvent that is relatively compatible with the particles based on the surface chemistry of the
particles. Shear, stirring, sonication or other appropriate mixing conditions can be applied to

facilitate the formation of the dispersion. In general, it is desirable for the particles to be well
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dispersed, although the particles do not need to be stably dispersed initially if the particles are
subsequently transferred to another liquid.

For particular applications, there may be fairly specific target properties of the inks as
well as the corresponding liquids used in formulating the inks. Furthermore, it can be

5 desirable to increase the particle concentration of a dispersion/ink relative to an initial
concentration used to form a good dispersion. Specific formulations for inkjet printing,
gravure printing and for screen printing are discussed in detail below.

One approach for changing solvents involves the addition of a liquid that destabilizes
the dispersion. The liquid blend then can be substantially separated from the particles

10  through decanting or the like. The particles are then re-dispersed in the newly selected liquid.
This approach for changing solvents is discussed in published U.S. patent application
2008/016065 to Hieslmair et al., entitled "Silicon/Germanium Particle Inks, Doped Particles,
Printing and Processes for Semiconductor Applications," incorporated herein by reference.

However, for most inks, it is desirable to use solvent blends, and the design of the

15  blends can be based on the ability to maintain a good dispersion after the initial formation of
the dispersion. Thus, a desirable approach for the formation of inks with desired properties is
to form a good dispersion of the particles and to maintain the good dispersion of the particles
through the blending of solvents. The blend of solvents is selected such that the different
liquids combine to form a single phase through the miscibility or solubility of the liquids with

20  respect to each other. | _

With respect to the increase of particle concentration, solvent can be removed through
evaporation to increase the concentration. This solvent removal generally can be done
appropriately without destabilizing the dispersion. A lower boiling solvent component can be
removed preferentially through evaporation. If the solvent blend forms an azeotrope, a
25  combination of evaporation and further solvent addition can be used to obtain a target solvent
blend. Solvent blends can be particularly useful for the formation of ink compositions since
the blends can have liquid that contribute desirable properties to the ink. A low boiling
temperature solvent component can evaporate relatively quickly after printing to stabilize the
printed ink prior to further processing and curing. A higher temperature solvent component

30  can be used to adjust the viscosity to limit spreading after printing. Thus, for many printing
applications, solvent blends are desirable. The overall solvent composition can be adjusted to
yield desired ink properties and particle concentrations.

At appropriate stages of the dispersion process, the dispersion can be processed to

remove contaminants and/or any stray unusually large particles. Generally, a filter can be
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selected to exclude particulates that are much larger than the average secondary pai'ticle size

so that the filtration process can be performed in a reasonable way. In general, the filtration

processes have not been suitable for overall improvement of the dispersion quality. Suitable

commercial filters are available, and can be selected based on the dispersion qualities and
5  volumes.

Alternatively or additionally, the dispersion can be centrifuged. The centrifugation
parameters can be selected such that at least a reasonable fraction of the silicon nanoparticles
remain dispersed, but contaminants settle to the bottom of the centrifuge container. The
dispersion can be decanted or similarly separated from the settled contaminants. The use of

10  centrifugation can avoid the introduction of contaminants from a filtration material. It has
been found that centrifugation of silicon particle dispersions can be useful for the formation
of the highly pure dispersions with very low metal contamination described herein.

The dispersions can be formulated for a selected application. The dispersions can be
characterized with respect to composition as well as the characterization of the particles

15  within the dispersions. In general, the term ink is used to describe a dispersion that is
subsequently deposited usihg a printing technique, and an ink may or may not include
additional additives to modify the ink properties.

Better dispersions generally are more stable and/or have a smaller secondary particle
size indicating less agglomeration. As used herein, stable dispersions have no settling

20  without continuing mixing after one hour. In some embodiments, the dispersions exhibit no
settling of particles without additional mixing after one day and in further embodiments after
one week, and in additional embodiments after one month. In general, dispersions with well
dispersed particles can be formed at concentrations of at least up to 30 weight percent
inorganic particles. Generally, for some embodiments it is desirable to have dispersions with

25  a particle concentration of at least about 0.05 weight percent, in other embodiments at least
about 0.25 weight percent, in additional embodiments from about 0.5 weight percent to about
25 weight percent and in further embodiments from about 1 weight percent to about 20
weight percent. A person of ordinary skill in the art will recognize that additional ranges of
stability times and concentrations within the explicit ranges above are contemplated and are

30  within the present disclosure.

The dispersions can include additional compositions besides the silicon particles and
the dispersing liquid or liquid blend to modify the properties of the dispersion to facilitate the
particular application. For example, property modifiers can be added to the dispersion to

facilitate the deposition process. Surfactants can be effectively added to the dispersion to
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influence the properties of the dispersion.

In general, cationic, anionic, zwitter-ionic and nonionic surfactants can be helpful in
particular applications. In some applications, the surfactant further stabilizes the particle
dispersions. For these applications, the selection of the surfactant can be influenced by the

5 particular dispersing liquid as well as the properties of the particle surfaces. In general,
surfactants are known in the art. Furthermore, the surfactants can be selected to influence the
wetting or beading of the dispersion/ink onto the substrate surface following deposition of the
dispersion. In some applications, it may be desirable for the dispersion to wet the surface,
while in other applications it may be desirable for the dispersion to bead on the surface. The

10  surface tension on the particular surface is influenced by the surfactant. Also, blends of
surfactanté can be helpful to combine the desired features of different surfactants, such as
improve the dispersion stability and obtaining desired wetting properties following deposition.
In some embodiments, the dispersions can have surfactant concentrations from about 0.01 to
about 5 weight percent, and in further embodiments from about 0.02 to about 3 weight
15  percent.

The use of non-ionic surfactants in printer inks is described further in U.S. patent
6,821,329 to Choy, entitled "Ink Compositions and Methods of Ink-Jet Printing on
Hydrophobic Media," incorporated herein by reference. Suitable non-ionic surfactants
described in this reference include, for example, organo-silicone surfactants, such as

20  SILWET™ surfactants from Crompton Corp., polyethylene oxides, alkyl polyethylene oxides,
other polyethylene oxide derivatives, some of which are sold under the trade names,
TERGITOL™, BRIJ'™, TRITON™, PLURONIC™, PLURAFAC™, IGEPALE™, and
SULFYNOL™ from commercial manufacturers Union Carbide Corp., ICI Group, Rhone-
Poulenc Co., Rhom & Haas Co., BASF Group and Air Products Inc. Other nonionic

25  surfactants incluide MACKAM™ octylamine chloroacetic adducts from Mclntyre Group and
FLUORAD™ fluorosurfactants from 3M. The use of cationic surfactants and anionic
surfactants for printing inks is described in U.S. patent 6,793,724 to Satoh et al., entitled "Ink
for Ink-Jet Recording and Color Ink Set,". incorporated herein by reference. This patent
describes examples of anionic surfactants such as polyoxyethylene alkyl ether sulfate salt and

30  polyoxyalkyl ether phosphate salt, and examples of cationic surfactants, such as quaternary
ammonium salts. | _

Viscosity modifiers can be added to alter the viscosity of the dispersions. Suitable
viscosity modifiers include, for example soluble polymers, such as polyacrylic acid,

polyvinyl pyrrolidone and polyvinyl alcohol. Other potential additives include, for example,
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pH adjusting agents, antioxidants, UV absorbers, antiseptic agents and the like. These

additional additives are generally present in amounts of no more than about 5 weight percent.

A person of ordinary skill in the art will recognize that additional ranges of surfactant and

additive concentrations within the explicit ranges herein are contemplated and are within the
5  present disclosure.

For electronic applications, it can be desirable to remove organic components to the
ink prior to or during certain processing steps such that the product materials are effectively
free from carbon. In general, organic liquids can be evaporated to remove them from the
deposited material. However, surfactants, surface modifying agents and other property

10 modifiers may not be removable through evaporation, although they can be removed through
heating at moderate temperature in an oxygen atmosphere to combust the organic materials.

The use and removal of surfactants for forming metal oxide powders is described in
U.S. patent 6,752,979 to Talbot et al., entitled "Production of Metal Oxide Particles with
Nano-Sized Grains," incorporated herein by reference. The '979 patent teaches suitable non-

15 ionic surfactants, cationic surfactants, anionic surfactants and zwitter-ionic surfactants. The
removal of the surfactants involves heating of the surfactants to moderate temperatures, such
as to 200°C in an oxygen atmosphere to combust the surfactant. Other organic additives
generally can be combusted for removal analogously with the surfactants. If the substrate
surface is sensitive to oxidation during the combustion process, a reducing step can be used

20  following the combustion to return the surface to its original state.

The Z-average particle sizes can be measured using dynamic light scattering. The Z-
average particle size is based on a scattering intensity weighted distribution as a function of
particle size. The scattering intensity is a function of the particle size to the 6th power so that
larger particle scatter much more intensely and are correspondingly weighted much more in

25  the measurements. Evaluation of this distribution is prescribed in ISO International Standard
13321, Methods for Determination of Particle Size Distribution Part 8: Photon Correlation
Spectroscopy, 1996. The Z-average distributions are based on a single exponential fit to time
correlation functions. However, small particles scatter light with less intensity relative to
their volume contribution to the dispersion. The intensity weighted distribution can be

30 converted to a volume-weighted distribution that is perhaps more conceptually relevant for
evaluating the properties of a dispersion. For nanoscale particles, the volume-based
distribution can be evaluated from the intensity distribution using Mie Theory. The volume-
average particle size can be evaluated from the volume-based particle size distribution.

Further description of the manipulation of the secondary particle size distributions can be
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found in Malvern Instruments - DLS Technical Note MRK656-01, incorporated herein by

reference. As a general matter, due to the scaling of volume average particle sizes by the

cube of the particle diameter and the scattering intensity average (Z-average) by the sixth

power of the average particle size, these measurements significantly weight larger particles
5  over smaller particles. _

In general, if processed appropriately, for dispersions with well dispersed particles
and little fusing of the primary particles, the Z-average secondary particle size can be no
more than a factor of four times the average primary particle size, in further embodiments no
more than about 3 times the average primary particle size and in additional embodiments no

10 more than about 2 times the average primary particle size. For primary particles that exhibit
some fusing, the absolute value of the Z-average dispersed particle size is still very
significant for the processing properties of the silicon particle distributions. In some
embodiments, the Z-average particle size is no more than about 1 micron, in further
embodiments no more than about 250 nm, in additional embodiments no more than about 200

15 nm, in some embodiments from about 5 nm to about 150 nm, in other embodiments from
about 5 nm to about 100 nm, in further embodiments from about 5 nm to about 75 nm and in
some embodiments from about 5 nm to about 50 nm. In particular, for some printing
applications, it is observed that good printing properties are generally correlated with Z-
average particle sizes of no more than about 200 nm. With respect to the particle size

20  distribution, in some embodiment, essentially all of the secondary particles can have a size
distribution from scattering results with effectively no intensity corresponding to more than 5
times the Z-average secondary particle size, in further embodiments no more than about 4
times the Z-average particle size and in other embodiments no more than about 3 times the Z-
average particle size. Furthermore, the DLS particle size distribution can have in some

25 embodiments a full width at half-height of no more than about 50 percent of the Z-average
particle size. Also, the secondary particleé can have a distribution in sizes such that at least
about 95 percent of the particles have a diameter greater than about 40 percent of the Z-average
particle size and less than about 250 percent of the Z-average particle size. In further
embodiments, the secondary particles can have a distribution of particle sizes such that at least

30 about 95 percent of the particles have a particle size greater than about 60 percent of the Z-

~ average particle size and less than about 200 percent of the Z-average particle size. A person of
ordinary skill in the art will recognize t_hat additional ranges of particle sizes and distributions
within the explicit ranges above are contemplated and are within the present disclosure.

The viscosity of the dispersion/ink is dependent on the silicon particle concentration,
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the nature of the liquids as well as the presence of any other additives. Thus, there are several
parameters that provide for adjustment of the viscosity. In general, a selected coating or
printing approach has an appropriate range of viscosity. Surface tension may also be a
significant parameter for certain printing applications. In general, for most ink formulations,
5  the use of a solvent blend can provide for the rapid evaporation of a low boiling temperature
solvent (boiling point approximately no more than about 160°C) while using a higher boiling
solvent (boiling point at least about 175°C) to control the viscosity. The high boiling solvent
generally can be removed more slowly without excessive blurring of the printed image. After
removal of the higher boiling temperature solvent, the printed silicon particles can be cured,

10 or further processed into the desired device. The properties for inkjet printing, gravure
printing and screen printing for silicon nanoparticle inks are described in more detail in the
following. These printing techniques represent a significant range of desired viscosities from
relatively low viscosity for inkjet inks, to moderate viscosities for gravure printing inks and
high viscosities for screen print pastes.

15 For some inkjet embodiments, the viscosity can be from 0.1 cP (mPa-s) to about 100
cP, in other embodiments from about 0.5 cP to about 50 cP and in further embodiments from |
about 1 cP to about 30 cP. Surface tension can be a significant parameter for inkjet inks. For
some inkjet embodiments, the dispersions/inks can have a surface tension from about 20 to
about 100 dynes/cm and in further embodiments from about 25 to about 80 dyhes/cm and in

20  additional embodiments form about 30 to about 55 dynes/cm. A person of ordinary skill in
the art will recognize that additional ranges of viscosity and surface tension within the
explicit ranges above are contemplated and are within the present disclosure.

To achieve the target fluid properties, the compositions of the fluids can be
correspondingly adjusted. For inkjet inks, the silicon particle concentrations are generally at

25  least about 1 weight percent, in further embodiments at least about 2.5 weight percent and in
additional embodiments from about 5 weight percent to about 15 weight percent. In some
embodiments, the inkjet inks can comprise an alcohol and a polar aprotic solvent. The -
alcohol can be a relatively low boiling point solvent, such as isopropanol, ethylene glycol,
propylene glycol, ethanol, methanol or combinations thereof. In some embodiments, suitable

30 aprotic solvents include, for example, N-methyl pyrolidone, dimethylformamide,
dimethylsulfoxide, methylethylketone, acetonitrile, ethylacetate and combinations thereof. In
general, the ink can comprise from about 10 weight percent to about 70 weight percent
alcoho! and in further embodiments from about 20 weight percent to about 50 weight percent

alcohol. Similarly, the ink can comprise from about 30 weight percent to about 80 weight
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percent polar aprotic solvent and in additional embodiments form about 40 weight percent to
about 70 weight percent polar aprotic solvent. A person of ordinary skill in the art will
recognize that additional concentration and property ranges within the explicit ranges above
are contemplated and are within the present disclosure.

5 For screen printing, the formulations are prepared as a paste that can be delivered
through the screen. The screens generally are reused repeatedly. The solvent systems for the
paste should be selected to both provide desired printing properties and to be compatible with
the screens so that the screens are not damaged by the paste. Suitable lower boiling point
solvents include, for example, isopropyl alcohol, cyclohexanone, dimethylformamide,

10  acetone or combinations thereof. Suitable higher boiling point solvents include, for examples,
ethylene glycol, propylene glycol, N-methyl pyrrolidone, terpineols, such as a-terpineol,
Carbitol, butyl Cellosolve, or combinations thereof. The screhen printing paste can further
include a surfactant and/or a viscosity modifier. In general, the screen printable ink or paste
are very viscous and can be desired to have a viscosity from about 10 Pa-s (Poise) to about -

15 300 Pa‘s, and in further embodiments from about 50 Pa-s to about 250 Pa‘s. The screen
printable inks can have a silicon particle concentration from about 5 weight percent to about
25 weight percent silicon particles. Also, the screen printable inks can have from 0.25 to
about 10 weight percent lower boiling solvent, in further embodiments from about 0.5 to
about 8 and in other embodiments from about 1 to about 7 weight percent lower boiling

20  solvent. The description of screen printable pastes for the formation of electrical components
is described further in U.S. patent 5,801,108 to Huang et al., entitled "Low Temperature
Curable Dielectric Paste," incorporated herein by reference, although the dielectric paste
comprises additives that are not suitable for the semiconductor pastes/inks described herein.
A person of ordinary skill in the art will recognize that additional ranges of composition and

25  properties for silicon pastes within the explicit ranges above are contemplated and are within
the present disclosure.

The property ranges of inks suitable for gravure printing are intermediate between the
properties of inkjet inks can screen printing pastes. For gravure printing, the viscosity of the
ink can be from about 10 cP to about 800 cP, in further embodiments from about 20 ¢P to

30  about 750 cP and in additional embodiments from about 30 cP to about 600 cP. To achieve
the desired ink properties, the ink can comprise silicon particle concentrations from about 1
weight percent to about 20 .weight percent, in further embodiments from about 2 weight
percent to about 17 weight percent and in other embodiment_s from about 5 weight percent to

about 14 weight percent silicon particles. In general, there are a range of suitable low boiling
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The dispersions/inks can be formed using the application of appropriate mixing
conditions. For example, mixers/blenders that apply shear can be used and/or sonication can
30  be used to mix the dispersions. The particular additives can be added in an appropriate order

to maintain the stability of the particle dispersion. A person of ordinary skill in the art can

select the additives and mixing conditions empirically based on the teachings herein.
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spin coatings, dip coating, spray coating, knife-edge coating, extrusion or the like. In general,

any suitable coating thickness can be applied, although in embodiments of particular interest,

20  coating thickness can range from about 50 nm to about 500 microns and in further

embodiments from about 100 nm to about 250 microns. A person of ordinary skill in the art

will recognize that additional ranges of thicknesses within the particular ranges above are
contemplated and are within the present disclosure.

Similarly, a range of printing techniques can be used to print the dispersion/ink into a

25  pattern on a substrate. Suitable printing techniques include, for example, screen printing,

inkjet printing, lithographic printing, gravure printing and the like. Suitable substrates

include, for example, polymers, such as polysiloxanes, polyamides, polyimides,

polyethylenes, polycarbonates, polyesters, combinations thereof, and the like, ceramic

substrates, such as silica glass, and semiconductor substrates, such as silicon or germanium

30  substrates. The composition of the substrates influences the appropriate range of processing
options following deposition of the dispersion/ink.

While various coating and printing approaches are suitable, inkjet printing offers

desirable features for some applications with respect to speed, resolution and versatility with

respect to real time selection of deposition patterning while maintaining speed and resolution.



16.88 0 N2 2 15.4 12.99 4.3 NN 3 3 15.3 31.70 6.3 NN 4 4 15.5 - co -

10

15

20

25

30

56

Practical deposition using inkjet printing with inorganic particles requires dispersion
properties that involve both the techniques to form high quality silicon nanoparticle, such as
with laser pyrolysis, along with the improved ability to form high quality dispersions from
these particles. Thus, the particles produced using laser pyrolysis combined with the
improved dispersion techniques provides for the formation of inks that are amenable to inkjet
deposition.

Similarly, screen printing can offer desirable features for printing silicon inks for
some applications. In particular, screen printing may already be tooled for a particular use.
Thus, the substitution of the silicon inks for other materials in a production line may be
performed with reduced capital expenses. Also, the pastes for screen printing may have a
greater silicon particle concentration relative to concentrations suitable for other deposition
approaches. The silicon particles and processes described herein are suitable for forming
good quality pastes for screen printing as demonstrated in the examples below. Similarly,
gravure printing can provide for efficient processing at high speeds with moderate resolution
and relatively low maintenance costs for capital equipment.

A representative printed substrate is shown in Fi.g. 1\3. In this embodiment, substrate
450 has a surface coating 452 with windows 454, 456 through coating 452 to expose a
portion of the substrate surface. Silicon ink is printed to form deposits 458, 460 on the
substrate surface. The substrate can comprise silicon, germanium or an alloy thereof.
Suitable substrates include, for example, high purity silicon wafers and the like. In other
embodiments, suitable substrates include silicon/germanium foils, as described in published
U.S. patent application 2007/0212510A to Hieslmair et al., entitled "Thin Silicon or

Germanium Sheets and Photovoltaics Formed From Thin Sheets," incorporated herein by

. reference. A silicon dispersion/ink can be applied over the surface using the coating or

printing techniques described above.

In general, following deposition, the liquid evaporates to leave the particles and any
other non-volatile components of the inks remaining. For some embodiments with suitable
substrates that tolerates suitable temperatures and with organic ink additives, if the additives
have been properly selected, the additives can be removed through the addition of heat in an
appropriate oxygen atmosphere to remove the additives, as described above. Once .the
solvent and optional additives are removed, the silicon particles can then be processed further
to achieve desired structures from the particles.

For example, the deposited silicon nanoparticles can be melted to form a cohesive

mass of the silicon deposited at the selected locations. If a heat treatment is performed with
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reasonable control over the conditions, the deposited mass does not migrate significantly
from the deposition location, and the fused mass can be further processed into a desired
device. The approach used to sinter the silicon particles can be selected to be consistent with
the substrate structure to avoid significant damage to the substrate during silicon particle
processing. For example, laser sintering or oven based thermal heating can be used in some
embodiments. Laser sintering and thermal sintering of silicon nanoparticles is described
further in copending U.S. patent application 12/887,262 to Liu et al., entitled "Silicon Inks for
Thin Film Solar Cell Formation, Corresponding Methods and Solar Cell Structures,"
incorporated herein by reference. The use of highly doped silicon nanoparticles for dopant

drive in applications is described further below.

Semiconductor Applications

For solar cell, thin film transistor and other semiconductor applications, silicon
particles can be used to form structures, such as doped contacts, that can form a portion of a
particular device. In some embodiments, the inks can be used to form layers or the like of
ddped or intrinsic silicon. The formation of silicon layers can be useful for formation or thin
film semiconductor elements, such as on a polymer film for display, layers for thin film solar
cells or other applications, or patterned elements, which can be highly doped for the
introduction of desired functionality for thin film transistors, solar cell contacts or the like.

The formation of a solar cell junction can be performed using the screen printing of a.
silicon ink with thermal densification in which the processing steps are folded into an overall
processing scheme. In some embodiments, doped silicon particles can be used as a dopant
source that provides a dopant that is subsequently driven into the underlying substrate to for a
doped region extending into the silicon material. Following dopant drive-in, the silicon

particles may or may not be removed. Thus, the doped silicon particles can be used to form

~doped contacts for solar cells. The use of doped silicon particles for dopant drive-in is

described further in copending' U.S. pateht application 13/113,287 to Liu et al, entitled
"Silicon Substrates With Doped Surface Contacts Formed From Doped Silicon Inks and
Corresponding Processes," incorporated herein by reference.

Some specific embodiments of photovoltaic cells using thin semiconductor foils and
back surface contact processing is described further in published U.S. patent application
2008/0202576 to Hieslmair, entitled "Solar Cell Structures, Photovoltaic Panels, and
Corresponding Processes,” incorporated herein by reference. In some embodiments, the

silicon ink is applied through pre-established windows to the substrate surface. The doped
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ink is printed within the substrate windows. Other patterning or no patterning can be used as
desired for a particular application.

The silicon inks can also be used for the formation of integrated circuits for certain
applications. Thin film transistors (TFTs) can be used to gate new display structures

5 including, for example, active matrix liquid crystal displays, electrophoretic displays, and
organic light emitting diode displays (OLED). Appropriate elements of the transistors can be
printed with silicon inks using conventional photolithographic approaches or for moderate
resolution using inkjet printing or other suitable printing techniques. The substrates can be
selected to be compatible with the processing temperatures for the ink.

10 The TFTs comprise doped semiconductor elements and corresponding interfaces.
Thin film transistors used as electronic gates for a range of active matrix displays are
described further in published U.S. patent application 2003/0222315A to Amundson et al.,
entitled "Backplanes for Display Applications, and Components for use Therein,"
incorporated herein by reference. An n-type doped polycrystalline or amorphous silicon TFT

15  active element with an anode common structure with an organic LED element is described
further in U.S. patent 6,727,645 to Tsjimura et al., entitled "Organic LED Device,"
incorporated herein by reference. OLED display structures are described further, for example,
in published U.S. patent application 2003/0190763 to Cok et al., entitled "Method of
Manufacturing a Top-Emitting OLED Display Device With Desiccant Structures,"

20  incorporated herein by reference. Conventional photolithography techniques for the
formation of TFTs is described further in U.S. patent 6,759,711 to Powell, entitled "Method
of Manufacturing a Transistor," incorporated herein by reference. These conventional
photolithography approaches can be replaced with the printing approaches described herein.
U.S. patent 6,759,711 further describes integration of TFTs with an active matrix liquid

25  crystal display. The silicon nanoparticle inks described herein can be effectively used to print
elements of a TFT with selected dopants.

Biochips are growing in use for diagnostic medical purposes. U.S. patent 6,761,816
to Blackburn et al., entitled "Printed Circuit Boards With Monolayers and Capture Ligands,"
incorporated herein by reference. These biochip arrays have electrical circuits integrated with

30 biological components so that automatic evaluations can be performed. The functional inks
described herein can be used to form electrical components for these devices while biological
liquids can be printed or otherwise deposited for the other components. |

Radio-Frequency Identification (RFID) tags are gaining widespread use for loss

prevention. These devices are desired to be small for less obtrusiveness and low cost. The
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silicon inks described herein can be used effectively to print RFIDs or components thereof.
Systems for printing RFIDs on a roll-to-roll configuration are described further in published
U.S. patent application 2006/0267776A to Taki et al., entitled "RFID-Tag Fabricating
Apparatus and Cartridge," incorporated herein by reference. |

To form a device component from the silicon particle deposit, the material is heated.
For example, the structure can be placed into an oven or the like with the temperature set to
soften the particles such that fuse into a mass. The time and temperature can be adjusted to
yield a desired fusing and corresponding electrical properties of the fused mass. Alternative
approaches can be used to heat the surface of the substrate with the deposit. A thermal
process based on taking advantage of reduced melting temperatures for silicon nanoparticles
with a particle size no more than roughly 10 nm is described in U.S. patent 5,576,248 to
Goldstein, entitled "Group IV Semiconductor Thin Films Formed at Low Temperature Using
Nanocrystal Precursors,” incorporated herein by reference. This reference describes films
that are no thicker than about 20 nm. Higher temperatures or light based fusing can be used
to achieve thicker deposits.

However, improv'ed control of the resulting doped substrate as well as energy saving
can be obtained through the use of light to melt the silicon particles without generally heating
the substrate or only heating the substrate to lower temperatures. Local high temperatures on
the order of 1400°C can be reached to melt the surface layer of the substrate as well as the
silicon particles on the substrate. Generally, any intense source selected for absorption by the
particles can be used, although excimer lasers or other lasers are a convenient UV source for
this purpose. Excimer lasers can be pulsed at 10 to 300 nanoseconds at high fluence to
briefly melt a thin layer, such as 20 nm to 1000 nm, of the substrate. Longer wavelength
light sources such as 1 micron wavelength light sources can also be used.

Thermal and light based fusing of silicon particles is described further in published
U.S. patent application 2005/0145163A to Matsuki et al., entitled "Composition for Forming
Silicon Film and Method for Forming Silicon Film," incorporated herein by reference. In
particular, this reference describes the alternative use of irradiation with a laser or with a flash
lamp. Suitable lasers include, for example, a YAG laser or an excimer laser. Noble gas
based flash lamps are also described. The heating generally can be performed in a non-
oxidizing atmosphere.

Following the fusing of the silicon particles into a solid structure, additional
processing steps can be performed to incorporate the resulting structure into the device. For

photovoltaic applications, the fused deposit can comprise a doped silicon material that forms
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a p-doped or n-doped contact. The contacts are then connected to appropriate current

collectors to provide for harvesting of the power from the photovoltaic cell.

EXAMPLES
5 Example 1 - Synthesis of Highly Doped Si Nanoparticles Using Laser Pyrolysis With
Rectangular Nozzle and Air Knife Quenching
Thi§ example demonstrates the ability to synthesize highly doped silicon
nanoparticles with high uniformity using laser pyrolysis.
A laser pyrolysis apparatus similar to Fig. 8 of published U.S. patent application
10 2009/0020411A to Holunga et al, entitled "Laser Pyrolysis With In-Flight Particle
Manipulétion for Powder Engineering," incorporated herein by reference. The apparatus was
equipped with an air knife to provide quenching of the particles entering the exhaust conduit.
Phosphine (PH;) was used as the phosphorous dopant source, and the phosphine gas
was mixed with inert argon at a mole ratio of 91% Ar to 9% PHs. The silane precursor was
15  mixed with the blend of Ar and phosphine precursor for delivery to the nozzle. A reactant
delivery system similar to the system shown in Fig. 2 was used. The parameters for the
synthesis of particles with two dopant levels are summarized in Table 1, where slm is

standard liters per minute.

20 TABLE ]

Particle Sample 1 2
SiHy (slm) 0.02-0.15 1-5
9% PH3 + 91% Ar (slm) 0.01-0.1 1.0-10
Pressure (Torr) 500-650 100-300
Argon - Dilution (slm) 3-10 3-10
Argon -Shielding (slm) 3-10 3-10
Argon -Air Knives (slm) 10-25 10-25
Laser Input (Watts) 2000 1500
Measured Dopant 2.94 7.44
(atomic percent)

Stoichiometric Dopant 4.3 273
Incorporation (atomic
percent)
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atoms/cm’. Very high dopant levels were achieved through the laser pyrolysis synthesis

process.

10  Example 2 - Synthesis of Highly N-Doped Si Nanoparticles Using Laser Pyrolysis With
Annular Nozzle | '
This example demonstrates the ability to synthesize highly doped silicon
nanoparticles with high uniformity using laser pyrolysis.
The apparatus was modified with a nozzle essentially as shown in Figs. 3-6. Inert
15  shielding gas was flowed through the inner tube and the central annular passage, and the
silicon precursor (SiHs) and dopant precursor were flowed through the inner annular passage.
Inert gas as an entrainment gas was flowed through the outer annular passage. Experiments
were performed targeting different dopant levels.
As in example 1, phosphine (PH;) was used as the phosphorous dopant source, and
20  the phosphine gas was mixed with inert argon at a mole ratio of 91% Ar to 9% PH;. The
silane precursor was mixed with the blend of Ar and phosphene precursor for delivery to the
nozzle. A reactant delivery system similar to the system shown in Fig. 2 was used. The
parameters for the synthesis of particles with 4 selected dopant levels are summarized in
Table 2, where slm is standard liters per minute.
25
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Particle Sample 3 4 5 6
SiH4 (slm) 1-5 1-5 1-5 0.5-2
9% PH3; + 91% Ar (slm) 0.1-0.25 125 0.5-1 1-2.5
Pressure (Torr) 500-700 500-700 500-700 500-700
Argon -Inner Shielding 8-12 8-12 8-12 8-12
(slm)

Argon - Dilution (slm) 5-10 5-10 5-10 5-10
Argon - Outer Shielding 25-40 25-40 25-40 25-40
(slm) -

Argon -Entrainment (slm) 100-200 100-200 100-200 100-200
Laser Input (Watts) 2000 2000 2000 2000
Measured Dopant 0.39 2.5 1 2.3-2.7
(atomic percent)

Stoichiometric Dopant 0.46 43 1.5 18
Incorporation (atomic '

percent)

In contrast with the results in Example 1, the results in this example were obtained

10

15

under conditions in which a flame was visible. Note that the relative incorporation of dopant
in the run under the conditions for particle sample 1 in Example 1 was similar to the relative
incorporation of dopant for particles synthesizes under the conditions noted for particle
sample 4. Sample 5 was aimed at an intermediate dopant level relative to samples 3 and 4.
The particles in sample 6 were smaller than the particles in sample 3-5, and a significantly
smaller portion of dopant was incorporated from the flow into the particles.

TEM micrographs of the particles generated under the conditions‘ shown in Table 2
are shown in Figs. 14 - 17. Figs. 14 and 15 show particles produced under the conditions of
particle sample 3 at two magnifications, and Figs. 16 and 17 show particles produced under
the conditions of particle sample 4 at two magnifications. Figs. 18 - 20 show particles
produced under conditions of particle sample 6 at different magnifications. The particles are
relatively uniform with respect to particle size. The particles produced under conditions
specified for samples 3-5 had average primary particle diameters from about 22 nm to about
25 nm, while particles produced under the conditions of sample 6 had average primary

particle diameters of about 7 nm.
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The BET surface areas were measured for sample 5 and 6, and average particle sizes
obtained from the surface area measurements assuming unagglomerated, non-porous

spherical particles were 26 nm and 7 nm, respectively.

5 Example 3 - Synthesis of Boron Doped Si Nanoparticles Using Laser Pyrolysis With Annular
Nozzle

This example demonstrates the ability to synthesize p-doped silicon nanoparticles
with high uniformity using laser pyrolysis.

The laser pyrolysis was performed with an apparatus equipped with a nozzle

10  essentially as shown in Figs. 3 - 6. Inert shielding gas was flowed through the inner tube and
the central annular passage, and the silicon precursor (SiH4) and dopant precursor were
flowed through the inner annular passage. Inert gas as an entrainment gas was flowed
through the outer annular passage. Experiments were performed targeting different dopant
levels with one sample having a high boron dopant level and another sample having a low

15  boron dopant level.

Diborane (B;Hg) was used as the borane dopant source, and the diborane gas was
mixed with inert argon at a selected mole ratio as indicated in the table below. The silane
precursor was mixed with the blend of Ar and diborane precursor for delivery to the nozzle.
A reactant delivery system similar to the system shown in Fig. 2 was used. The parameters

20  for the synthesis of particles are summarized in Table 3, where slm is Stahdard liters per

minute.
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TABLE3
Particle Sample 1 2
SiH4 (slm) 1-5 0.5-2.5
1% B,Hg + 99% Ar (slm) 1-3
0.005% B,H¢ + 0.01-0.04
99.995% Ar (slm)

Pressure (Torr) 500-700 500-700
Argon -Inner Shielding 5-12 5-12
(slm)
Argon - Dilution (slm) 5-10 5-10
Argon - Outer Shielding 20-40 20-40
(slm) .
Argon -Entrainment (slm) 100-200 100-200
Laser Input (Watts) 2000 2000
Measured Dopant 3x10” 39
(atomic percent)

TEM micrographs of particles of generated under the conditions of sample 2 in Table 3 are
displayed in Figs. 21 - 23 at various magnifications. The particles produced under the

5  conditions of Table 3 had particle size estimates from BET surface areas of 7 nm (sample 1)
and 20 nm (sample 2).

Metal contamination results for particles generated under the conditions of sample 1
in Table 3 are displayed in Table 4. The presence of metals in the synthesized silicon
particles was analyzed by first forming a slurry comprising 18g of isopropyl alcohol and 2g

10 of'silicon particles. In contrast with the contamination measurements presented in Example 7
‘below, the slurry was not centrifuged. The amount of metals present in the slurry was then
measured using ICP-MS. The amount of metals present in the dry silicon particles was then
estimated by multiplying the metal concentrations obtained in the slurry by a factor of 10 (the

slurry was 10 wt% silicon nanoparticles).
15



= 44 57 0.23 10 As seen in Table 7,
“ increasing amounts of PGin the solvent blend. Exanple 7 -
" Inks 15This exanpl e denponstrates the range and quantities of

-

| mpur

the di spersion size decreased with

ities in Si

i mpurities in

Si inks. To test the range and quantiég es of inmpurities in Si inks, two

slurries and two spin

70 coating inkS were fornmed, all

from phosphor ous

doped silicon particles fornmed as described in Exanple 2 simlar to sanple
4. The silicon particles had an avgragggieepri mary particle diameter of about

7 nm The slurries comprised 5 weight percent mixture of n++
silicon nanoparti cl es Dateqtionpr opfonegngmetion in THe s Foncantatiomin i nj
fornmed froma 6.3 5 weilghitspercent dlsper si on [of phoBaticlkesus doy
*particles|in a bl end @bbibsem) opyl @pboheit) and |et hyl @pb bglwgol .
di spersi on was soni cated and ¢entrifuged and tlhe i nk was subseqy
decanted fromthe prjocessed dispersion. The cgnposition and corn
“anmpunt of [Hinpurities in the sllurries and the ilnks were nmeasured

| CP- V5. Thélwmsuhts of thé | CP- M5 anallsis are di spl add0in Tabl
TABLE 8 Conciemmngatilon im5Slunry (ppkoBy wt) Concentragfon in I
W) Arsenic 1 <1 <10

Barium 0.1 0.38 3.8

Beryllium 0.5 <0.5 <5

Bismuth 0.5 <0.5 <5

Boron 1 120 1200.0

Cadmium 0.1 <0.1 <1

Calcium 1 190 1900.0

Chromium 0.5 14 140.0

Cobalt 0.1 0.14 1.4

Copper 0.5 4.4 44.0

Gallium 0.1 1.9 19.0

Germanium 0.5 <0.5 <5

Gold 1 <1 <10

Iron 1 66 660.0

Lead 0.5 <0.5 <5

Lithium 0.5 <0.5 <5

Magnesium 0.5 19 190.0

Manganese 0.5 1.5 15.3

Molybdenum 0.5 0.94 94

Nickel 0.5 8.5 85.0

Niobium 0.5 <0.5 <5

Potassium 1 18 180.0

Silver 0.5 <0.5 <5

Sodium 1 12 120.0

Strontium 0.1 0.19 1.9

Tantalum 0.5 <0.5 <5

Thallium 0.5 <0.5 <5

Tin 0.5 <0.5 <5

Titanium 0.5 7.7 77.0

Vanadium 0.5 <0.5 <5

Zinc 0.5 19 190.0

Zirconium 0.1 0:15
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Most metals were present in only very low concentrations in the dispersion. Of the transition

metals, only iron was present in amounts greater than 200 ppb.
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Example 4 - Dispersions of Si Nanoparticles

This example demonstrates the ability to form well dispersed silicon nanoparticles at
high concentrations without surface modification of the particles.

Dispersions have been formed with silicon nanoparticles having different average
primary particle sizes. The crystalline silicon particles were formed as described in Example
2 with high levels of doping. Concentrated solutions were formed that are suitable for ink
applications, and the solvent is also selected for the particular printing application. For
secondary particle size measurements, the solutions were diluted so that reasonable
measurements could be made since concentrated solutions scatter too much light to allow
secondary particle size measurements.

The particles were mixed with the solvent and sonicated to form the dispersion. The
dispersions were formed at concentrations of 3-7 weight percent particles. The samples were
diluted to 0.4 weight percent particles for the secondary particle size measurements, and the
measurements were made using differential light scattering (DLS). Referring to Figs. 24 and
25, the secondary particle sizes were measured in isopropyl alcohol for particles with average
primary particle sizes of 25 nm (Fig. 24) and 9 nm (Fig. 25). The Z-average secondary
particle sizes were similar for the two sets of Si particles with the Z-avefage particles sizes
being slightly larger for the particles with about 9 nm average primary particle size. These
results suggest greater agglomeration for the particles having a 9 nm average particle
diameter. A close examination of the 9 nm particles by transmission electron microscopy
yielded a view of more agglomerated non-spherical particles, which is consistent with the
secondary particle size measurements.

Dispersions were also formed in other solvent systems suitable for other printing
approaches. Specifically, a dispersion was formed in ethylene glyéol. The solution was
formed at a concentration of silicon particles of 3-7 weight percent. For the measurement of
the secondary particle size by DLS, the dispersion was diluted to 0.5 weight percent Si
nanoparticles. The DLS results are shown in Fig. 26. Also, a dispersion was formed in
terpinol. Again, the dispersion was diluted to a concentration of 0.5 weight percent particles
for measurement of the secondary particle size by DLS as shown in Fig. 27. The secondary
particle size measurements for the terpinol based solvent system were similar to the particle
size measurements in the ethylene glycol based solvent system.

As discussed further in the following examples, these secondary particles sizes were
suitable for forming inks with good performance for inkjet printing, spin coating and screen

printing.

Chr om um
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Example 5 - Inkjet Ink and Printing
This example demonstrates the suspension of doped silicon nanoparticles in a solvent
suitable for inkjet printing as well as the demonstration of successful inkjet printing of the
resulting ink using a commercial inkjet head.
5 In a set of experiments, a silicon ink was formed with undoped Si particles formed as
described in Example 1 having an average particle size of about 26 nm. The particles had a
BET surface area corresponding to 28 nm particles. The ink was formulated with a
concentration of 12 weight percent particles in a solvent of 1 part by weight propylene glycol
and 7 parts by weight N-methyl pyrrolidone. The ink had a viscosity (n) of 13.7 cP and a
10  surface tension (y) of about 44 D/cm. The inkjet printing properties of the ink were evaluated
with a Dimatix DMP-2800 inkjet printer with 16 nozzles. 15 of the 16 nozzles printed
successfully after one initial purge. No clogging was observed with reasonably stable
ejection over 1.5 hours. The stability of the printed line is shown in Fig. 28. A printed drop
had a spot size of 60 microns as printed and 65 microns after baking, as shown in Fig. 29.
15  Acceptable printing results were obtained, and the inkjets did not clog.
Inkjet tests were also performed with dispersions comprising doped Si particles
formed as described in Example 2. The particles had an average primary particle size of 35
nm. A shear test was performed with dispersions in solvent blends of NMP with ethyl lactate
(EL) at a ratio of 9:1 by weight and of NMP with ethylene glycol (EG) at a ratio from 9:1 to
20  7:3 by weight. The shear stress as a function of shear rate is plotted in Fig. 30 for these two
* dispersions. The dispersion with the NMP/EL solvent blend had a viscosity of 7.6 cP, and
the dispersion with the NMP/EG solvent blend had a viscosity of 11.9 cP. Inkjet printing was
tested for the dispersions with the NMP/EG blend. Prior to printing, the d_ispefsions were
filtered through a filter with a pore size of 450 nm to remove any large particulates. The drop
25  watcher test results are shown in Fig. 31 at the start of the test (a), after 1 hour (b) and after 1

hour with a purge to clean the nozzle (c). Acceptable printing results were observed.

Example 6 - Viscosity Measurements on Inks
This example demonstrates concentrated suspensions of doped silicon nanoparticles
30 in a solvent suitable for screen printing.
For screen printing, the dispersions are desired to have a greater viscosity and a
greater concentration. Various solvent mixtures were tested with respect to viscosity.
Dispersions of silicon nanoparticles were formed in solvent mixtures of NPM and PG at

various particle concentrations. The undoped silicon nanoparticles had an average primary
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particle diameter of about 30 nm. Ultrasound was used to facilitate the dispersion. The
rtheology of the resulting dispersions was studied. Some of the dispersions solidified so that

fluid measurements could not be performed. The results are presented in Table 5.

5 | TABLE 5

Sample | Solvent | Siwt % | Viscosity | YS(D/cm®) | Rheology
ID (cP)

1 1 17.0 16.88 0 N
2 2 15.4 12.99 4.3 NN
3 3 15.3 31.70 6.3 NN
4 4 15.5 - o0 -
5 5 14.4 - o0 -
6 6 13.2 - 0 -
7 1 14.1 5.83 3.4 NN
8 2 16.1 10.03 0.0 N
9 3 14.6 10.58 0.0 N
10 4 14.1 22.89 3.3 NN
11 5 14.8 - © -
12 6 13.1 - 0 -
13 1 11.7 1.81 0.0 N
14 2 14.0 11.51 0.0 N
15 3 11.4 7.29 0.0 N
16 4 10.9 13.60 1.7 NN
17 5 12.3 15.18 2.3 NN
18 6 11.9 - ) -

In Table 5, YS refers to yield stress in dynes per square centimeter. Yield stress is
proportional to a force exerted to initiate flow of the non-Newtonian fluid in a tube. The
shear stresses as a function of the shear rates were fit to a straight line by least squares, and

10  the slope corresponds to the viscosity and the y-intercept corresponds to the yield stress. By
increasing the particle concentration in a good dispersing solvent, non-Newtonian properties
can be obtained that are expected for proper inkjet ink. From the results above, yield stress
increased with an increase in Si particle concentration and an increase in propylene glycol
concentration. |

15 The solvents listed in Table 5 were various blends of propylene glycol and N-
methylpyrrolidone (NMP). All of the blends had Newtonian rheology. The compositions

and viscosities for these solvent blends are summarized in Table 6.
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TABLE 6

Solvent | Wt % PG | Viscosity

ID (cP)

1 12.6 247

2 25.1 3.59

3 37.1 5.06

4 50.0 7.51

5 62.6 11.33

6 74.8 16.64

The dispersions that did not solidify were also diluted to an approximate 1 weight

percent concentration. Light scattering was used to evaluate the properties of the dispersion

5  based on the diluted samples. The results are summarized in Table 7. No measurements
were possible for the samples that solidified. Samples 10 and 17 formed gels, but

measurements were still possible for these samples.

TABLE 7
Sample | Z-average | Distribution | PDI
(nm) Peak (nm)
1 273 331 0.24
2 99 123 0.22
3 57 71 0.22
7 298 390 0.23
8 106 139 0.22
9 80 102 0.22
10 54 69 0.22
13 309 404 0.24
14 103 123 0.25
15 75 95 0.21
16 60 75 0.19
17 44 57 0.23
10
As seen in Table 7, the dispersion size decreased with increasing amounts of PG in the
solvent blend.
Example 7 — Impurities in Si Inks
15 This example demonstrates the range and quantities of impurities in Si inks.

To test the range and quantities of impurities in Si inks, two slurries and two spin
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Molybdenum 1 0.87 <0.5 <0.5

Nickel 7.8 5.7 <0.5 <0.5

Titanium 3.8 2.6 0.84 <0.5

Zinc 9.5 4.4 3 2.3

Calcium 74 10 3.2 6.3

Magnesium 11 5 <0.5 12

Potassium 23 7.3 2.4 1.9

Sodium 19 4.8 1.4 1.3

As seen from Table 8, the relative amount of metallic impurities is generally less in

the ink than it is in the slurry. Thus, the centrifugation process is correspondingly seen to be

15

effective at removing impurities with metal elements.
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20 TABLE 9 Sinulation Step Shear Rate (s-1) Tine (s) Pre-Print 2 60 Print
"1000 60 Post-Print 2 180 During the screen printing simulation, the
vi scosity decreased during the print step and increased during the recover
step. Fig. 42 is a plot of the tine endent viscosity during 25 the
simulation. During the pre-print step,“the viscosity increased
non-nonotonically from about 200 PaS to about 240 PaS. At the begi nning the
rint ensthes vi | : 1.0 | . t
Terl eorariy ARist FRGIL Lffr (EPEY i RoR Wil BHeERTh s FelifHEL A e
begi nnipkeg 06 MG apa unctipn pf skeeerssistahee sifewuisinttyg.i30cr eases to about 115 PaS

a0 Levels Sl RO R RS R SR B, 17 Sy dTELE Babont @
Vi scosifiiticate s faictiosk @Bdds' w&¥a08inkhen ARRARNI&, DO0 EGoREHi& anf4-5 ohm-cm
~ 5 inresistivity. The wafers were etched in 25% KOH at 80°C for 15 minutes to remove saw
damage and then dipped in 2% HF for a few seconds to remove surface oxide. Inks formed
from phosphorous doped Si particles were used to form p/n junction diodes. The particles for
these inks had BET surface area based average particle sizes of 25 nm. One set of particles
had a doping of 2 x 10? atoms of P per cm’ and another set of particles had a doping of 1.5 x
10  10* atoms of P per cm®. The particles were dispersed at 5 weight percent in isopropyl
alcohol. The inks were applied by spin coating onto the entire surface of the wafer. The inks
layer was dried at 85°C in a glove box. The dried layers had a thickness from 0.250 to 1
micron.
An infrared fiber laser was used to irradiate 42 1 cm x 1cm squares across the wafer
15  as shown in Fig. 38 where the numbers in each square are the sequential cell number, the
percentage of the laser power and scanning speed in mm/s. The laser was operated at a
constant repetition rate of 500kHz and a 16 W average power. After irradiation with the laser,
the wafer was then immersed in 1% KOH in IPA till bubbles cease, about 2-3 minutes, at
ambient temperature to removed "green" Si ink coating outside of the illuminated
20  squares. Sheet resistances of the irradiated squares were in the range from 10 to ~700
ohms/sqr. Aluminum was deposited on the squares and the backside of the wafer to complete
the diodes. Each square was a p/n junction diode. The best performing diode was from cell
number 10, which was made from an ink of Si particles with phosphorous at 2 x 10* atm/cm’
and an ink layer thickness of 500 nm. The sheet resistance of cell number 10 measured
25  before Al deposition was 56.7 ohm/sqr. A plot of current as a function of voltage is shown in
Fig. 39.

Example 9 — Printing Properties of Si Pastes
This example demonstrates the printing properties of pastes comprising n++ doped
30 silicon particles.
To test the printing properties of pastes, two silicon pastes were formed with silicon
particles formed as described in Example 2. A first paste was formed with n++ doped silicon
particles and a second paste was formed with p++ doped silicon nanoparticles. The silicon

particles had an average primary particle diameter of about 20 nm. The pastes were
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by wt) ONsukbsMeERePioosichdlate screen printing conditions. The simulation comprised a pre-print

step, a print, step, and a post-print step. The pre-print step comprised applying a shear rate to
the paste at a frequency of 2 s™ in order to simulate the pre-stressed condition of a paste as it
15 rests on a screen, the pre-stressed condition a result of stirring and spreading the paste. The
print step comprised applying a shear rate to the paste at a frequency of 1000 s™ in order to
simulate the printing step. The post-print step comprised applying a shear rate to the paste to
the paste at a frequency of 2 s™ in order to simulate the recovery of the paste after the printing

process. A summary of the simulation parameters in displayed in Table 9, below.

20
TABLE9
Simulation Step Shear Rate (s™) Time (s)
Pre-Print 2 60
Print 1000 60
Post-Print 2 180

During the screen printing simulation, the viscosity decreased during the print step

and increased during the recover step. Fig. 42 is a plot of the time dependent viscosity during

25  the simulation. During the pre-print step, the viscosity increased non-monotonically from
about 200 PaS to about 240 PaS. At the beginning the print step, the viscosity decreases to
about 0.808 PaS. This result reflects the shear rate dependent viscosity displayed in Fig. 41.

At the beginning of the post-print step, the viscosity increases to about 115 PaS and levels out

at about 130 PaS after about 75. Notably, there is about a 100 PaS difference between the

30  pre-print viscosity and the post-print viscosity, suggesting an irreversible change in the paste
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viscosity over the time period of the measurement indicating that the paste has a high
thixotrophy. _

The printing properties of the first and second pastes were tested by printing the

pastes on a substrate. Lines were printed on a substrate over 30 minutes using a manual

5  screen printer. The printed lines could be formed with desired printing properties with widths

ranging from about 170 um to about 310 um and the thicknesses of the printed inks ranging

from about 200 nm to about 5 pm. No clogging was observed over 30 minutes of printing.

Figs. 43 —45 are optical micrograph images of printed lines. Figs. 43 and 44 are optical

micrograph images of lines printed with the first ink. Fig. 45 is an optical micrograph image

10  ofaline printed with the second paste.

Example 10 — Impurities in Si Pastes
This example demonstrates the range and quantities of impurities in Si pastes.
To test the range and quantity of impurities in Si pastes, two silicon nanoparticle
15  pastes were formed from n++ doped silicon particles formed as described in Example 2. The
silicon particles had an average primary particle diameter of about 7 nm. Two pastes were
formulated from a 6.3 weight percent dispersion of n++ doped silicon particles in a solvent
comprising isopropyl alcohol. Additional efforts were made in the second sample in
processing to further reduce the introduction of contaminants from the process equipment.
20  The dispersion was sonicated and centrifuged. The composition and corresponding amount
of impurities in the paste were measured using ICP-MS for the two pastes. The results of the
ICP-MS analysis are displayed in Table 10.
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TABLE 10
. Concentration Concentration
Detection | 3, Sample 1 in Sample 2

LAmits | (ppb by wt) | (ppb by wi)

(ppb)
Aluminum 0.5 12 53
Calcium 1 110 380°
Chromium 0.5 8.5 6
Copper 0.5 3.3 1.3
Iron 1 140 39
Lead 0.5 <0.5 <0.5
Magnesium 0.5 14 110
Molybdenum 0.5 <0.5 <0.5
Nickel 0.5 5.5 0.94
Potassium 1 61 78
Sodium 1 750 92
Titanium 0.5 4.1 3.1
Zinc 0.5 12 43

The samples exhibited very low contaminant levels, especially with respect to transition
metal contaminants. Overall the second sample had lower transition metal contamination,

5  although zinc contamination was somewhat higher in the second sample.

Example 10 — Viscosity of Silicon Paste
This example demonstrates dependence of silicon paste viscosity on the concentration
of silicon particles.

10 To demonstrate the viscosity dependence, several silicon pastes were formed. The
pastes were formed from dispersions comprising n++ doped silicon particles with an average
primary particle size of about 20 nm, synthesized as described in Example 2, above. The as
synthesized particles were added to ethylene glycol (“EG”) to form a dispersion. The
resulting mixture was sonicated to form the pastes. Each paste was formulated with a silicon

15  particle concentration of either 10 wt%, 11.5 wt%, 12.5 wt%, 14.5 wt%, 16 wt%, or 18
wt%. The viscosities of the various pastes were measured at shear rates of 2 s™ and 1000 s™
using a Brookfield R/S-CPS rheometer.

At constant shear rate, the paste viscosity had a roughly exponential dependence on
the silicon particle concentration. Figs. 46 and 47 are plots of particle concentration versus

20  viscosity for the pastes formed as described above, at shear rates of 2 s (Fig. 46) or 1000 s’
(Fig. 47). The points are measured viscosity data and the lines are exponential fits to the data.

The viscosities measured at a shear rate of 2 s’ were substantially higher than the



0.54.1 3.1 Zinc 0.5 12 43 The sanpl es exhi bited very | ow contam nant
‘level s, especially with respect to transition netal contam nants. Overall

t he second sanple had lower transition netal contam nation, 5 although zinc
contam nation was sonewhat higher in 6he second sanple. Exanple 10 -
Viscosity of Silicon Paste Thi s exanpl e denpnstrates dependence of
silicon paste viscosity on the concentration of silicon particles. 10To

dem)nsrcbﬁ&s%oh@iﬁg Vise6fids! e AGREAIEINES raREHET0RD I |"F}ﬁ9e.nre9ﬁ‘l§st &e?ndeﬁfraeft%ned
The pastes were fornmed from di spersions conprising n++ il1con

parti clvesgothhO%ﬁhaQ/repaig@s A hmglecpjaci over @ vaiile sange thtangh tE@ cmrﬁspgydmgesu zed

as descri hed | bove nt hesi zed particles were added

to et hﬁ?lg?"lqmn th%eoParFaEéQ?Cepﬁ-atfo&%eé ﬁ“&ﬁ@ﬁé‘i‘%ﬁ The resulting m xture was

sonicated to formthe pastes. Each paste was fornmulated with a silicon 15

partlcle concentration of either 10 wt% 11.5 wt% 12.5 % 14.5 wt% 16
wt %9 oExample bl ]?Fﬁ@eﬁﬁlt%%QfPﬁléFrleéf‘Vlthﬁ\éaleS&li@ntﬁastes were neasured at

Shear ‘rates 18, Sl WhRies e YRLARGAE BHSRIpBR T LhequeLeT

At const ant ear aste vi COSI
dependeompositionshs vaill dsdbﬂemlt/exidseoﬁmmlHé@ldnﬁératldﬁn gﬁmes%s and 47 are plots
' entration v r.SuUs Vi scom%y for, the tes fornmed as
S

of particle

descl?ri bed a G\fgmoé‘tstr%tﬁéigi’erls i3y, 3 525%1 of spipp “@G)fo%‘?edl silicn ppstigles 47y |
The poig I ept | fits
o t he ard Aol AR ingROTHI 408l P akotfc biMEry ohiG¥ RORP Blon
sub8t assmple] ¢ dispghdon waarfotnhes b)? Gonbinies porappropriatesameurt i efssilimsparticlat  a

h t f 10Q0 h sults.demgnstrate that viscositi 0
o CoOBEt A SaliEie Toelosth B oyt ST HTBRCS Gt O (HED SUNCT R SREL M BN ng
sel ect ieafy 1k RI pqmﬂ)cﬂs@pr@ﬁymaﬂlbﬂ& ﬂpﬂ”)oﬁﬁh-xﬁéﬁﬂrlrﬁpﬂoﬁdéﬁqkﬁm@ 5Emel e 11
I s exanpl e ,

- Dispersibility of Particles with Various Sol vents '
denonstcpmbining the mirtsqhesr aidothe isolventt thsi iebulting paixtuicives scpmcat@dr toodispersekthe

;?g@g:{géhﬁpei e}facylvesgrlnpf%snah hclecoen]::gn?ra 1'0% ? ggutcH.S \\/&%rpleg:lérslt st g)%l Oar;t?clgs:[. | Rl of

15  the samples exhibited some level of sedimentation within about 30 minutes. After this initial

settling, stable dispersions were obtained. The dispersibility of silicon particles in each

sample was then evaluated by measuring the Z-average particle size, i.e. secondary average

particle size, of particles using DLS.

Fig. 48 is a graph containing plots of relative intensity versus particle size obtained

20  from DLS analysis of these three samples. Based on these results, the sample comprising

IPA had improved dispersibility relative to the samples that comprised other solvents, and

NMP provided better dispersibility of the silicon particles than ethylene glycol. Referring to

Fig. 48, the distributions of secondary particle sizes in all samples were multimodal, i.e. each

distribution has a plurality of identifiable distinct peaks. Keeping in mind that the scattering

25  intensity is a weighted distribution in which larger particles are weighted more than smaller

particles, the number of particles that gave rise to the modes near about 20 nm was significant
relative to the number of particles that gave rise to the modes near about 105 nm.

Another set of samples were prepared with 5 different solvents to demonstrate the

respective dispersability with these five solvents. The five solvents were ethylene glycol

30 (EG), diethylene glycol (DEG), propylene glycol (PG), and ethylene glycol phényl ether

(EGPE). Fig. 49 is a graph containing plots of relative intensity versus particle size obtained

from DLS analysis of the samples for these five solvents. Based on these results, the sample

with the PG solvént had improved dispersibility relative to samples comprising other solvents.

In particular, the characteristics of the distribution can be examined using the Z-average
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20

25

without beads, and a third sample was processed with centrifugal planetary milling with fused

zirconia beads having a diameter between about 100 pum to about 200 pm. Test bath

sonication was done for about 3 hours. Centrifugal planetary milling was done for about 10

minutes at about 2000 rpm using a Thinky ARE-250 Planetary Mixer. The dispersibility of

silicon particles in each sample was then assessed by measuring the Z-average particle size of

particles in the various samples using DLS. Fig. 50 is a graph containing plots of relative

intensity versus particle size obtained from DLS analysis of the three samples. The sample
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valle ab&i wecbendenh irc ethtylteiné \gdpdol.  After performing the probe sonication, the samples
were diluted to 0.5 wt. percent to perform the DLS measurements. Fig. 51 is a graph
containing plots of relative intensity versus particle size obtained from DLS analysis of
samples processed with varying lengths of sonication times. Increased probe sonication times
increased the effectiveness of the process as a deagglomeration process. Specifically, the Z-
15 average particle sizes decreased with increasing sonication times with samples processed
with sonication times of 10 minutes, 20 minutes and 30 minutes having respective Z-average
particle sizes of 98 nm, 88 nm and 77 nm. Based on these results, probe sonication was a
more effective deagglomeration process relative to planetary milling and bath sonication
since probe sonication achieved smaller Z-average particle sizes, with values below 100 nm.
20 The specific embodiments above are intended to be illustrative and not limiting.
Additional embodiments are within the broad concepts described herein. In addition,
although the present invention has been described with reference to particular embodiments,
those skilled in the art will recognize that changes can be made in form and detail without
departing from the spirit and scope of the invention. Any incorporation by reference of
25  documents above is limited such that no subject matter is incorporated that is contrary to the

explicit disclosure herein.
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about 1.0 x le to about 5.0 x |l e atom c percent.

7. The dispersion of claim 6 wherein the dopant is phosphorous.

25 8. The dispersion of claim 6 wherein the dopant is boron.
9. The dispersion of claim 1 having a Z-average secondary particle size of no more than
about 200 nm.

30 10.  The dispersion of claim 1 having a Z-average secondary particle size of no more than

about 150 nm.
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14. A dispersion comprising at least about 1 weight percent elemental silicon/germanium
nanoparticles having an average primary particle diameter of no more than about 50
nanometers, wherein the dispersion is a good dispersion, and having total metal

20  contamination of no more than about 1 parts per million by weight.

15. The dispersion of claim 14 having at least about 5 weight percent elemental

silicon/germanium nanoparticles.

25 16. A collection of silicon/germanium nanoparticles having an average primary particle
diameter of no more than about 100 nm and a level of total metal contamination of no more

than about 5 parts per million.

17.  The collection of silicon/germanium nanoparticles of claim 16 wherein the

30  nanoparticles comprise no more than about 1 part per million of iron.
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N-net hyl pyrrolidone, dinethylformam de, dinethyl sul foxide,

met;Ryl ef;hyl Nk g il e . j.nat | . f 5
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nanoparl.j stoasic pérbent @€h kdopantonpri si ng addi ng a second solvent to an initial
di spersion of elenental silicon nanoparticles dispersed in a first solvent

to formthe ink which is a good dispersion of the nanoparticles in a blend

of the HOl VefHeSast¥dethim 18 MEvink G Vab&ty £bilab8Y HEFITEY 4bdut 250 Pas.

20 23. An ink comprising at least about 1 weight percent elemental silicon/germanium
nanoparticles having an average primary particle size of no more than about 30 nm, from
about 10 weight percent to about 60 weight percent alcohol, from about 30 to about 80
weight percent of a polar aprotic solvent, wherein the ink has a viscosity from about 0.1
mPa‘s to about 100 mPa's and a surface tension from about 20 dynes/cm to about 70

25  dynes/cm.

24.  The ink of claim 23 wherein the elemental silicon/germanium nanoparticles have a z-

average secondary particle size of no more than about 200 nm.

30 25. The ink of claim 23 wherein the elemental silicon/germanium nanoparticles have a

dopant concentration of at least about 0.5 atomic percent.

26.  The ink of claim 23 wherein the alcohol comprises isopropanol, ethylene glycol,



10 nanoparticles are free from non-sol vent based chem cally bonded surface
nodi fication with an organi c conpound and wherein the first solvent and the
second solvent blend to forma single phase. 29. The nethod of claim 28
wherein the first solvent has a boili poi nt from about 55C 15to about
160C and the second sol vent has a boiling point of at |east about 175C

30. The rreihodlof claim %8 erein the ink conprises at |east about 5

wei ght pﬁ%?y %led %Cloé’ﬁgr?tcgfn 4} Hoeélf'?r?loathoparti cles, from about 0.25 wei ght
percent27t 0 FhOUk ck2lai@i Bhvhde€ih GRNpol@ apkbre dollvent carpris N-mbthyf pyarolrloaelt 65
wei ght percent to about 94.75 weight percent of the 20second sol vent.  31.
The metdisethgtompamide.2 dimgibylsilfpxidee mpethylethydkejenss acsiopitrilvesethylagetated, 32
The net . Of . i 8 wherein the initial dispersion is a good dispersion.
25 33.0%%%3%&#8%@8@8' claim 28 further conprising evaporating a portion of
sol gent to achieve a desired particle concentration and sol vent
conposition. 34. The nethod of c]aim 28 wherein the el enental

si | i cord8ger rthmathad o5 gsenaring | apsink gwillhplemental siliceu{germagRim nanapagiclis; the

per cent : t f r N 20; .5 Cl: B oAt . ith a
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wher ei mahtyparsdese dispgrsédnin afirgp asstventconformshe i eisht iala giodi dispetgen ofitheum
nanoparticles, the ne roa cgni}t)lri si.ng: di persitﬁg t he nago ]gqrti cles.n a

sol vent2BepASHsIes g 2 BlesAqobrthy polvats. s 3GRH ey Flsgenter SEGAnSSEmBYRm £ r om
abggt ﬁéﬁou}%aeﬁa@@s&te AEOfoRANdnRoPRAL Bsked Ch¥ARLIN BYhNA firfaed MoASRAbA itk at

| east abo 17/5C to formthe paste, wherein the paste has a particle
concentangerganic comppaisband whengm diatfirplesodeant and thensegond eolygsit dendgierformta and

t he pastelha}? a viscosity at a shear rate of 2 s-1 fromabout 10 Pa. s to
about SHE'PRME 10 36. The nethod of claim 35 wherein the di spersing of the
nanoparticles conprises: first dispersing the nanoparticles in the first
solvent to forma prelimnary dispersion; adding the second solvent to the

prel i nidfary Thespethad ehclainn a8 axharsin thei first %\r%msgg brilieg peint fromeabauas s 6d
nangeary 12508 1595 G (RIS spRafe Has .’X%to'g)ﬁ% ;IIon ¢ otal hdi 8ot 1985¢. " €d thickness

silicon nanoparti eln erern

30. The method of claim 28 wherein the ink comprises at least about 5 weight percent
elemental silicon nanoparticles, from about 0.25 weight percent to about 15 weight percent of
the first solvent and from about 65 weight percent to about 94.75 weight percent of the

20  second solvent.
31.  The method of claim 28 wherein the first solvent comprises an alcohol.

32.  The method of claim 28 wherein the initial dispersion is a good dispersion.
25
33.  The method of claim 28 further comprising evaporating a portion of solvent to

achieve a desired particle concentration and solvent composition.

34.  The method of claim 28 wherein the elemental silicon/germanium nanoparticles

30 comprise at least about 0.5 atomic percent dopant.



conprises at |east about 1 weight percent elenental silicon/gernmani um
hanoparticles having an average prinmary particle dianmeter of no nore than
about 50 nanoneters and wherein the ink is a good dispersion, the method
conpri si ng: printing a fir8 time the silicon nanoparticle ink
to forma first silicon nanoparticle 20deposit; and repeating the

rinti one, qQr tknes as appraopriate to a_desifred thickness of the
Ponopart ol & stk s fofingaE FRRA JRIrB Gl 4, Dot Soed PR B g o
a secondjusiin@ ther fdmopartielR0 Sbiicehiratidie wiesdih | thensdrédn tphintin® Vedsteapsmpkitdd t he
first siiicon nanoparticle deposit while having a pattern that al so
deposi tefemeiial slicpr/grrmnniigp arnqrarticlesntbe methesbeampsiséigdi sti nct fromthe first
silicon nan ridk bt tac @ i tus;
conpr i 5i ng et Ge SERARKdes {4 o Ot PHERL K5 AR RRUERHTIne o
el egentwilapndoigutrad aboutdsPC teabaut 16010 albasedond selgénttHaeingedsdiligpaitegtber , a
react ant del i ver)i stem conpri sing, reactant reservoir a nozzle

) ,

conf i gut d&st abau V@‘}é% t famothe paste. Whersinathe Paste @H@W@%@%ﬁ?ﬂtrﬁm fremy,

syst em.j : L sy I I 0 i dto
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wher ei matetod 2rs0 Zmine abamrtfiPasso aboutr896mpaisner t gas channel , an i nter nedi at e
react ant channel surrounding the inner inert gas channel and an outer inert
gas channel surrounding the internediate reactant channel, wherein the
inner iggert Prm&hedsetlaiash %vh@reﬁﬂh@ﬂisga@i’n% oI A NBpaatleRESmPRREAbI Y
connected to an inert gas source. 10 40. The |aser pyrolysis apparatus of
cl ai m 39 whdirst dispepsing thg manonpastinléssin dlamfiisysaleant s fommiaprelithingry digpensione
reactant channel .essential,l oppl etely flows through the |ight beam

41, The | asendisphs sreped Seivd 1 8 regtimtar, A8t AT e nozzle furt her
conpri ses arevaforgiidg sUIVEREH achib¥8 Q) desited RAHdPhMigletddacaittatibn.i NErt gas

channel , wherein the entrai nnment channel is operably connected to an inert
gas source. 42. The | aser pyrolysis apparatus of claim39 wherein the

i nner ipert o ' ' ter
| nast ole o HERRuENa Btim iy CadHE IR ot A REh ABhoSAND R REteiiEe B O
43. Theohasieés myleast ybos lappightapatsend kleieatalnsdidonpemeiniunh henopaaidiariavaigannel
has an inner dianeter fr .about 0.05 inches (1. to about 3.inches
(76.2 rAMaVeEAgE PriFRALy Pa%fe%msﬁeyg? go gwsﬁm%a‘r g@ PQ?QW@A?S@H@W@CW val | s
of the; an@rl i s from about 0.0025 inches (0.0635
nm to Lg%gsﬁz%édgdodé%?él rllc é@%hggkwﬁﬁ% The | aser pyrolysis apparatus of

cl ai m 42 wharaiting adbgdinioteisiigor astppattahniok to form g brspsilisen paropixtieleer ei n t he

re ect've._ﬁggort hubs engage with a seal to formthe nozzle 30with access
port’s t4P8il he hubs to the respective channels. 85

repeating the printing one or more times as appropriate to get a desired thickness of

the nanoparticle ink deposit.

38.  The method of claim 37 wherein the printing at a second time forms a deposit of the
25  silicon ink that overlaps with the first silicon nanoparticle deposit while having a pattern that
also deposits the silicon nanoparticle ink at locations distinct from the first silicon

nanoparticle deposit.



47. A nethod for synthesizing nanoparticles by |aser pyrolysis, the nethod

ronprising reacting a reactant flow using a light beamto drive the

reaction, wherein a reactant flowis initiated froma nozzle with reactants

flowed through an annular ring with i#rt gases flowed 5 through an inner

flow channel in center and through an outer gas channel surrounding the

react a[}tg fl %vl\/\é%erei 0y 'gihea rea l;San(t)mfrlisow saul?st 1(r)1t ic%lﬁl Y rcorrrH sf el %{rcf I ows
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reactant flow conprises a sil]cone precursor and 1Qwherein the product
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i oy o prec i RERER e e RRPOBEULL R 0 i NATRPLiRCY BRI Y

conpr i sollgetmnrsystein aomfighsdixerrecdve thghfiove diane ehearedctias dmnitiee thab prrigomated

el ements configured to .deJiver a light beamthrough the reactjon chanber, a

r eact arffordhg 9%%-2@6, SYhereim tho ARFAIS PORIPTIRSS ANaIRRCT, BSH rapdichannel afoiiqrmediate

confi gytedar Qhdfld] Wafro@ftEing th r i6GF 030 chadreP Thi NE S @EC iR g&ekﬁa}‘;ﬁély
systeminto the reaction chanber, and collection systemconfTigured to
r ecei vesutrhendihg vhef mammetiater actantorhaphed mybereirhthe ionérgineratgasl charmel amk theozz| e,
20 wherein.the nozzl e . conprises a reagtant. channel having a width and a
engt b OSAANSST ERGPRNTEh B ARetsRs SoAFRIGT & BriPEh ERFOLE DT ovi de {1 ow ai ong t he
| engt h of the reactant channel and one or nore entrainment gas channels
oriented along the | ength of the inertagas channel s, wherein the one or

mor e gllfé)nch Tslasen apredysss apraratheobeleing wﬂweei@rﬁlf]er hglirheam lgagr;ﬁmeﬁrmélp@ are
oper aot Y BIREEGHe (3-8 R0 ERRRD Haf B0, A PEREL TR WSPRIR 1.

entrai nnent inlets have an area at | east about 25% arger than the area of
t he quench glas channel s.. 51. The | aser, pg/rol ysis reactor of claim50 wherein
t he reddt antThenlasmraryrolysis gppasgiusef cilaim 39 whegsin sheguezele fither somprisgsstadd such
th a Li . i- . L aht .
ap??oxi%&?%ﬁ%&%ﬁ?@éﬁar g%!egﬁéeqlugeﬁgéda?ﬁ%ﬂ{se}’é{]%g%m ?%een?ggﬁ%g%&gﬁgnnel .
86 52.is dperablasennepiadad ys irertr @acdwce.of cl ai m 50 wherein the reactant

channel has an annul ar opening, wherein the one or nore quench gas channel s
conprises an central circular inlet positioned within the annul ar reactant
inlet apd anmmRNAWraSyrd LS appatah@ WIiIAM 39&yIRAGN RS idRA et kad Madhel, aRd
wherein the one or noré enPral nment inlet is annular and positioned around
5t he arinigtmediafgersattanfashannktkand thg. oyterritefogas shamnghtdeswirisé rappressogialyt i cl es
by J.aser rolysis,. tthe method conprising reacting a reactant flow using a
| &Qt bcggﬁ%’rgrdc @F@B"?ﬁiﬂ?@ ttion, wherein a reactant flowis initiated from
a nozzle with reactants flowed through a reactant inlet with inert gases
flowed 10 through a quench gas inlet approxinmately surrounding the flow
from t 8- r eadicdaser ipyrlysis appasaus Ak claira ﬂgr‘ahqmeﬁbe rastant eb@n@hk?%ﬁhmaﬁ out er

Peact ant st RERERpE e S AR IR APRLL IR UGB Gne beam such t nat

energy fromthe Iight beamdrives the reaction to form product particles
and wherein the entrainnment gas flow is at, a volunme at | east about 25%

gr @8t er44 hanl Renl@ser RyFQlyss appazatup of slaim 42, ywhergin the vealls rof thergsactagh shanpgly
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source and associ ated optical elenments configured to deliver a |light beam
t hrough the reaction chanmber, 20 a reactant delivery system conprjsin
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of the reaction chanber, at |east a portion of the nozzle exposed to the _
interior of the reaction chamber or reactant flow, at |east 25 a portion of
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conbi nation thereof is coated with a polyner, ceramc material or

conbi nagasenvs siliten precursarand tdapaht precwsarhi n appar at us has reduced exposure
to netal contam nants from t-he appar at us.
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55. The | aser pyrolysis apparatus of claim54 wherein the interior of the
reaction chanber 30is coated with polytetrafl uoroethyl ene.

85

47. A method for synthesizing nanoparticles by laser pyrolysis, the method comprising
reacting a reactant flow using a light beam to drive the reaction, wherein a reactant flow is
initiated from a nozzle with reactants flowed through an annular ring with inert gases flowed
5  through an inner flow channel in center and through an outer gas channel surrounding the
reactant flow wherein the reactant flow substantially cbmpletely flows through a light beam

such that energy from the light beam drives the reaction to form product particles.

48.  The method of claim 47 wherein the reactant flow comprises a silicone precursor and

10  wherein the product particles comprise elemental silicon.

49.  The method of claim 48 wherein the product elementary silicon particles have an

average primary particle diameter of no more than about 50 nm.

15 50. A laser pyrolysis reactor comprising a reaction chamber, a light source and associated
optical elements configured to deliver a light beam through the reaction chamber, a reactant
delivery system comprising reactant reservoirs, a nozzle configured to deliver one or more
reactants from the reactant delivery system into the reaction chamber, and a collection system
configured to receive the flow from the reaction chamber that originated from the nozzle,

20  wherein the nozzle comprises a reactant channel having a width and a length, one or more
quench gas channels oriented to provide flow along the length of the reactant channel and one
or more entrainment gas channels oriented along the length of the inert gas channels, wherein
the one or more quench gas channels and the one or more entrainment gas channels are |
operably connected to an inert gas source and the reactant channel is operably connected to

25  the reactant delivery system and wherein the entrainment inlets have an area at least about

25% larger than the area of the quench gas channels.

51.  The laser pyrolysis reactor of claim 50 wherein the reactant channel is approximately
rectangular and is oriented such that a line along the propagation direction of the light beam

30 is approximately perpendicular to the long dimension of the reactant channel.



10

15

20

25

30

86

52.  The laser pyrolysis reactor of claim 50 wherein the reactant channel has an annular
opening, wherein the one or more quench gas channels comprises an central circular inlet
positioned within the annular reactant inlet and an annular inlet surrounding the annular
reactant inlet, and wherein the one or more entrainment inlet is annular and positioned around

the annular quench gas inlet.

53. A method for synthesizing nanoparticles by laser pyrolysis, the method comprising
reacting a reactant flow using a light beam to drive the reaction, wherein a reactant flow is
initiated from a nozzle with reactants flowed through a reactant inlet with inert gases flowed
through a quench gas inlet approximately surrounding the flow from the reactant inlet and an
inert entrainment gas flows through an outer gas channel approximately surrounding the inert
quench gas flow wherein the reactant flow substantially completely flows through a light
beam such that energy from the light beam drives the reaction to form product particles and
wherein the entrainment gas flow is at a volume at least about 25% greater than the inert
quench gas flow and the entrainment gas flow leaving the nozzle at a greater velocity than the

inert quench gas flow.

54. A laser pyrolysis apparatus comprising a reaction chamber, a light source and
associated optical elements configured to deliver a light beam through the reaction chamber,
a reactant delivery system comprising reactant reservoirs, a nozzle configured to deliver one
or more reactants from the reactant delivery system into the reaction chamber, and a
collection system configured to receive the flow from the reaction chamber that originated
from the nozzle, wherein at least a portion of the interior of the reaction chamber, at least a
portion of the nozzle exposed to the interior of the reaction chamber or reactant flow, at least
a portion of the collection system exposed to flow  from the reaction chamber, or a
combination thereof is coated with a polymer, ceramic material or combinations thereof such

that flow within apparatus has reduced exposure to metal contaminants from the apparatus.

55.  The laser pyrolysis apparatus of claim 54 wherein the interior of the reaction chamber

is coated with polytetrafluoroethylene.



