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diode junction formed with separate materials with a p-type dopant and an n-type dopant.
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



10ln a first aspect, the invention pertains to a dispersion conprising at
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Moreover, the invention pertains to a method for preparing an ink with elemental



In further aspects, the invention pertains to a | aser pyrolysis reactor
conprising a reaction chanber, a light source and associ ated opti cal
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BRI EF DESCRI PTI ON OF THE DRAW NGS. Fig. 1 is a schematic
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nozzl es. wWogo12dos@1a schematic representation of a reactramtusdehiovany
system 10Fig. 3 is a perspective side view of a reactant inlet nozzle
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magni fi gyasl%egno Qnd 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 throﬁgh 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 Jeast 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



WD 2012/ 006071PCT/ US2011/ 042142 Fig. 16 is a TEM m crograph of
silicon particles conprising about 2.5 at % phosphorous dopant taken at a
first magwofoaisem. Fig. 17 is a TEM m crograph etCtaiskéiaomiparticl es
conpri sing about 2.5 at % phosphorous dopant taken at a second
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parti cl gstal o6MAIMEIaAG fali@uic adppdradls¥ t 0 about 2.7 10at % phosphor ous dopant
taken at a third nmagnification. Fig. 21 is a TEM m crograph of
silizon particles conprising about 39 at % boron dopant taken at a first

magni fi cati on. Fi gr 2D ES CRIPEMNTDE A9 AR Wingk! 1 con particles
conpri sing about 39 at 0%%%%—1‘%50 magni fi cati on.
15Fi g. 23 i sFg. TEVhstlonegc aghesehtatiod oL as@apytrolgdie sppmeamyy hesvimpgthadoaedct:39 at %
bor on doE)ant aken at a third magnification. Fig. 24 is a plot of secondary

particl Q%Iin%ztl?ﬁ_erfsus intensity obtained from DLS neasurements on a
di spersion ofijgsh kd ef&ﬁelﬁfﬁtféﬂeﬁﬂe%téﬁbﬁ B ARaBUR RAGrPEyHEREY particle size of 25

nm Fig. 25 is a plot of secondary particle size versus intensity obtained
frol DLS 20 Hgasusenpersigectve asiddivegre o iaomagantpnles noryleapensiding amuparfidve| es
wi th an average primary particle size of 9 nm Fig. 26 is a plot of
seconda?%me%F'ti cle size versus intensity obtained from DLS neasurenents on

a di spersi onFigpuRg h phitigl L Eb&IAGeHYERE side view of the redeta@it indef noSzl@ depierkd of
secondary_particle size versus intensity obtained fromDLS 25measur enment s
on a di §g8es) sbpvEbiysrnasiiatly disapssmbl capldgusationeon particles Fig. 28 is a

stroboscopi Cp{é{'@(}? a%fers-b%ivg tsgéti%galoxfie\ﬁ off iﬂ{esltead-tglh ilfﬂétoﬁﬁz%edeﬂ%e%{' ifi ‘Fig. 3, in

15 which the section is taken along line 5-5 of Fig. 3.

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 dopant 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.



Fig. 29 is a photographic inmage a cured printed ink drop. Fig. 30 is
a graph containing plots of shear rate versus shear stress for inks
conpri si ngodnffmsemt sol vent blends. 30Fig. 31(a) is a sCralsesaopiie2 i nage
of a second i nk. Fig. 31(b) is a stroboscopic inmage of the printed
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graph containing plots of |aser fluence versus sheet resistance at various
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oD o, L B P Gons 30 Versus current for A
paste conpri gjongo & 4 TERPMRAS i &5silidoh Partbles'cBmBriRh@hbRE 2S8R 10 ra@&i% NErSus
viscosity for a paste conprising silicon particles. " Fig. 42 is a plot of
vi skbsi atyo pespghrgots doparfitdakea apatied noagaificgiionul at ed screen printing
15condi ti oNSg ig. 21 is a TEM micrograph of silicon particles comprising about 39 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 dispersion 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. 43 is an optical mcroscope inmage of a line printed with a first width

with a paste conprising n++ doped silicon particles. Fig. 44 is an
optical mvorosmope1i mage of a broader line printed w thpratasean@dsuzth with
a paste conprising nl | doped silicon particles. 20Fig. 45 is an opti cal

m croscope i pRges afa Fﬁoi égﬁléérdu%i%g Vs @nBa B &hSIA Mk & bA 8n Rt AREGed
silicon particles. Fig. 46 is a plot of concentration versus viscosity at a
shear rukdaysfs.2 s-1. 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
parti ol e of sEat SvofiEbts arise mgrpyMyir s tud B SRR S on |k
sanpl es t hat FigeB isnQtraghesdintaiditk@pidis of depth vErs@ phéShHofoud caiicRBiativdrThay aiony
plots of particle size versus relative intensity generated by DLS anal ysis
on ihk HEKHAAEK tpes- were centri f uged. Fig. 50 is a graph containing

plots of partjche;si ' ' Lty S,.anal ysi s
n i ke t hat Fiarg ik BBLYELTNE Rl YanlsTh R | B ORI ol Py A
30Fi g. $itetesl ivk yaph contai ning plots of particle size versus relative
intensity geperated bg DLS anal ysi.s o q/é.a(r)lks that were processed with probe
soni cati on f & VAFACHSRAICREPEHAY Of 4433012/ 006071PCT/ US2011/ 042142
DETAI LED DESER! B H N bt e pRMERNHNS a laser sinterlfe SR fokMing iRESRBAINGIL O
form high quality silicon/gernmaniumsen conducting nmaterialc wth a | ow
| evel ofn geminanitedinkdaygnd general ly with a significant dopant level, it has
been found that,good.di spersions of si]jicon nopar.ticl can be forned
w thout ot abl T 37 g P18 TR G dB8pEruRet bR R FIRILhh e or ganic
conposi t i onsFighegrisealibtoraarRdeut Ois&dm{]ﬁﬁtratpagle BorfiphidiREEBconPRAMCRRL S | nteract
with the native ﬁal‘tl cle surfaces wt \_/arfyl ng interactions as descri bed
further bel ofiig Fhis adileid slagap rde Veirsus visapadialiton appsisicompping siticorepasiclesan be
formul at ed at; hi (o] i i ] i ticle t r.o i es
of the di spet & deas SaPERt YRLOADN s MAd SR BRY bl SR80 OG- vRRRE
i nkl5 suadndé@®nan inkjet ink, other printing ink or a 10 printing paste.
Printable siljcon/germani uminks provide sjgnificant potential processing
advant ages f%&g- hé %?WF%‘FFT%SPOE%W%BH Gdg Prigied; vaEsa %ﬁﬁwtﬁw@?%ﬁa%% used
for thecgdeliver¥-0dopd@Babin BBt s in a desirable formfor driving into a
substrate ‘and/or the deposited silicon particles can be sintered into a
conponent of Fig. ¢tkisiap@pti¢ed mi¢rasdohe imape of e Ssiade Ik ptihted ivnths: sefararwidthpai¢h t i on,
e.g., pri nﬁi nogl? of thgc* nk 1t cag{. Ee desirable to incorporate small 15
nanopar t PEFES it e he Oﬁ?&fl "GN PESTr abl e nozzl e designs for a laser
pyrm ysi s repgt a5 iahe ofe%eE nlifestob® imhdieorsy Nhd 88hisd Hithhd ﬁzﬁk_télé@hlbﬁs}hgﬁ +icon
nanoparticles with small particle dianeters, optionally with a high degree
of dopi #ped FHhicospattieleh nanoparticles as well as corresponding i nks can be
fornmul ated wgih r . ' ich makes it
possibi e to [Br i Babo P suRiiioR sl Mres Y by HEB M T Lol < 1 a
meani ngf ul waig. 47Tse pdiiolf boncehivatiphivatsus A6cosity ataahedramopat@ioat'es, such as
hi ghly doped_nanoparticles, .using high quality inks can provide significant
processi ng ot &raply FOTHINIRE & t%Pga@ﬁlqliﬁ PIgg Vergey r&laﬁ&*‘emtené%@}?@ﬁ%f by
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Fig. 49 is a graph containing plots of particle size versus relative intensity generated by

DLS analysis on ink samples that were centrifuged.
Fig. 50 is a graph containing plots of particle size versus relative intensity generated by
DLS analysis on inks that were processed with planetary milling or bath sonication.
30 Fig. 51 is a graph containing plots of particle size versus relative intensity generated by

DLS analysis on inks that were processed with probe sonication for various time periods.



Wth respect to desirable nozzles for silicon nanoparticle production with
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10 of the current inventors, observations suggest that isopropyl alcohol
forms interactive species with the particle surfaces, but that the

i sopr opylwel2emmobo7is ef fectively conpletely renoved thregghisesaperiati on
suggesting that any solvent-particle interactions are reversible under
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fl ow and reduce effects of |ight beam attenuation. In sone
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desired ink generally conprises a solvent or blend of solvents with desired
properties. Many ink formul ati ons advant ageously conprise a bl end of
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plate. The printing W) 2012/006071PCTRUS2011/ 042142 pl ate can be shaped as
aroller to facilitate the transfer process. The silicon inks for gravure
printing are generally between the values for an inkjet ink and a screen
printing paste. The silicon ink pastes, such as screen printing
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5 printing of the paste. The pastes further conprise a high boiling
tenperature solvent that can be selected to provide desirable paste
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further in published U S. patent application 2008/ 0202576A to H eslmair et
al., entitled "Solar Cell Structures, Photovoltaic Panels and Correspondi ng
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2015 OOQQIYihEH/ HFR0hE Ot &t tne dispersions of the particles without surface modification.
Appropriate mixing, sonication or the like can be supplied to facilitate the initial dispersion of
the particles. The characteristics of the initial dispersion can be evaluated through an
examination of secondary particle properties, such as Z-average particle size and particle size

distribution, measured in the dispersion using generally light scattering, which are measures
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be directed at the synthesis in sone enbodinents of uniformsilicon
nanoparticles wth an average prinmary particle dianmeter no nore than about
50 nm WO 2012D607¢0nveni ence, |ight-based pyrolysis isprcefiseeea41192 as

| aser pyrolysis since this term nology reflects the conveni ence of |asers
as a ragf @kisPB o Y Eshedied pafichsGRMeaRfuienal termin 5 the art. Laser
pyrolysis approaches discussed herein incorporate a reactant flow that can
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25The reactant flow fromthe reactant nozzle generally is oriented to pass
essentially entirely through a |ight beam such as a | aser beam Since the
absor pt i omoahi1ddogivh drives the reaction of the reactant pCiras2eviiomim a smal |
reactant zone, it is desirable for the entire or approximtely the entire
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Do ¢ i SRSt sl R R B Phpi iR 80 RN sSalia afh beie Eiéa B

I nCxeasgthidvedhd dQVe Kistewiadsl Qafdca i@sionPMd/brCdtBerfdgiratihe BrdpeFtickower mel ting
tenperature materials and smal | er particle formation for higher nelting
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and inert 30 gases. The product flow can continue to a collector at which
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thed | Ol\é’astéﬂoﬁfo\@&%llﬁ’ﬁélé/en?ﬁmsbl{'gﬁﬂéle upply of reactants initiate a reactant
flow directed to t eaction zone enoval of product particles fromthe
product fl owllhe sibcort mkyeamt hlsg bd doimdated forquanse pohting elnr gaatre cprinting, the
characteri.zes t eact.i on proc within.the fl ng cta stem
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reactants for elemental silicon particle fornmation and dopa reactants are
descri bé#nske| thevinkator e watihegeinythe rpa‘é@ﬂletsiabh%hemb,y thaeriotingrp r@b&: pentieg can
be supplied as an aerosol. The use of an aerosol provides for the use of a
wi der range of precursors for laser 5 pyrolysis than are suitable for
vapor delivery only. Suitable control 18f the reaction conditions with the
sel ected reactant flow results in subm cron/nanoseale particles with a
narrow particle size distribution. A representative |aser pyrolysis
apparatus for use mnth the nozzle desrgns descrrbed herern is showmn in Fig.
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10 reactant delivery system 102, a reaction chanber 104, an optical system
106 to deliver a light beamand a collection system 108. Reactant delivery
syst em 10Rocare/mevpri se a reactant source 110, reactant pcmhstomezahes 112,
114, 116 and a nanifold 118. Reactant inlet nozzles 112, 114, 116 are
confi gupiaft da@ YeNinhpedl & ArollRAES ABTItde aW (M RY G cE@aCTHONMiCIAaaRefor efurand
mani fold 116 is configured to deliver reactant flow fromreactant source
110 to pueatvee gendraty betgeandhg velgesifop an fikiet inkigd aGsrdeaprintng p3sit-em 108 can
conpri se exh éstﬂcond.tﬂ'gts léZO 122g 124 t hat. di reict t he Rt ductveg,lql\{vﬁrom
reaction chamber £04, & %3%?&%8?{8?}1 PEIYS PAYSH ESRTL AN be P si'ti oned
such t hakcdshesf Ty ﬂaﬁt@mgémgaéﬁmbxﬁﬁeea lomoBailigs pdik? solddit thak koapdrtues apdd y
foll ows a path roughly towards the exhaust conduits 120, 122, 124. As shown
in A g. Prntingedhe pasts. nflg pastes Awdlzer comprige g high beilingrtempeiaturesplvem fisé £an 04
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of reac{ippschanber 104. Simlarly, a fraction of a set of inlet nozzles
can be placed along the top of the reaction 25 chanber and a fraction of
t hell nl et nobrgessratahe bidicph snkedambeodepastied bpanpsnitblet depositar appoadhanber .
As shown in Fig. 1, reaction chanber 104 has t pproxi mat e, shape .of a
Fact angth Bpelafbarte EofEe MR RotGRostiey “Eraplsd Bhch radegig aRBRfty

cyl i ndrigbachhaper eamphe sis@bleadeRBR0APIRSRhed \Sndh@lee doR¥@plel ®atin
enbodi nents of particular interest described herein_ 30 conprise nozzles
with a swresshepand digopt dEamElssanpierches: sugh anprintiiget Webnmrppgirfesmelatieu pf ound

an iner |5 ri [ i I : | i 1,
The. 1 s Hikob O, BRER! R \RtEs "TER ab offs Qlind DRBT bR o e
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alternative or a1ddi tional ~epbodi nents, the reaction chanber_ can be
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passes t hr.ou he f]l ow from ot.her.reactant inlet nozzles., As shown in Fig.
e actHE s ot 3F Sieqhismc 1a ikicHE et ft FionBafCraft epRat S24r dh
beary Cafripasconpunetadt 4 dieidel Ahé E@idirate! 1RhIdHRIVeRRH oA hentS thdbBbtrat@ 244 €S
112, 114, 116 although if the optical path is adjusted appropriately, other
r eact an¢Ompiissta pRdYRERshepndrite whihi the silicaihirtkes depasited. Other Raganiomatetialsber
104 CanSLRﬁ at(éodl?lreétﬁg% Eﬁld efeg{ricgfmlugforsf am [Egtb%l used @%pﬁﬁ%a?es f?)i" %Elcgﬁ i .
stai nl ess steel or e Mk n'sone enbodivment &, portions of the interior
of reacdéporitichanber 104 can be coated with a pol yner, such as

pol ytetrafl uoroet hyl ene, pol ycarponate, 10 pol yam des or other suitable
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nozzl e jpuntpry teclomgues es@ed reyein ety cdintiedtalone ontrend pheibsthngiabley pepdthet

flow In additi in,d the r Eagti onlI chamber and/gr nozzle Cﬁngonea,ts can be
formed PRORE EBOhHAAE Mg dpdiiondl pTpeessIge apRrgrenss 14 i G YRGECy T patteming.
15cont aphd@ntod B¥Sksn WOtdrBuRdN oAV RiNS RindHs apl%l_%a&iépemtérb%mpﬂate attefd9bi cal
system 106 can conprise a |light source 126, optical elenment 128, and a beam
dunp 130 piocessegl ¢ikieiengigs,ossired iresalutiongylef theriptinied stroirdsi ghpited egpipeenp 6

pa th h,. i elenent. 128 and into reaction chanmber 104. Light

em tedg\?ﬁﬁgbrﬁh&p%%dfoadsleoluap WPHSE FEY i's not absorbed in reaction chamber 104
by the reactBst cisduitefoiinbiie) theSelisraientm &eaihsdWamicbaductdd maheiass, tsheh apt i cal

path is term nated. Light source 126 can conprise a |aser or other intense
|ight sBlieQte. copmpniany g5 8Hoyyhespglsiog 1ea@fhﬁ'eelgg?dlmen§d aypalpmen gnbiieisn 4 a
variety. : i ACH { e | i -he
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wavel engtdves dwnsdiectiyseplacesummh cdssititom pasiclek ewilncbr uivith@w i oldepantegbonshof t he
spectrum Exciner |asers can be used as ultraviolet sources. CO2 | asers are
particularly 25 useful sources of infrared light. Suitable CO2 | asers are
commerci al |y avail abl e. Beam dunp 130 ldan conpri se conmercial power neters.
An appropriate power neter for a CO2 |aser is avail able from Coherent Inc.,
Auburn, CA. Optical elenment 128 can conprise |l enses mrrors, w ndows, or
the like. Optical elenent 128 can be used to control the optical path of
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5 spacing of optical elenents away fromreaction chanber 104 to reduce
contam nation of the optical elenent 128 with conpositions flow ng through
reacti on wbaoteened@4. Appropriate flows of inert shiel dpog/ugesiioansal so be
flowed into light tubes 132, 133 to reduce contam nati on of optical
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progranned to deliver a selected partlal pressure of the partlcular

o r - o o - o, T 1 o ~ - o



vapor delivery subsystem 166 are conbined within m xi ng subsystem 168.
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reaction chanmber with bolts 10 that extend through bolt holes 266. A
portion of flow elenent 228 extends through central hole 267 such that the
nozzl e extends into the reaction chandé for the delivery of reactants in a
reactant flow. A seal can be established between sealing plate 229 and fl ow
el enment 228, for exanple, with a rubber or polyner gasket, with a weld or
ot her approprrate rret hod A rubber gasket ot her poI yner gasket or the i ke

A 1 Y " o o o~ - o,




20 flow tube rests within a recess within the central channel of the
correspondi ng support hub. Each access port extends through the block to

t he cent rwb 20f2aneeh of the correspondi ng support hub angchaspsi1@sret i very
channel within the lunen of the corresponding flow tube, which may be
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which is at the center of the nozzle. In a nested configuration, flow
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reactant stream |In particular, approximtely the entire reactant stream
shoul d fiamsterhod ughnohe thrmaahous 0t at wiieh imuodsres diaamedar atehtiam rial rrtidlé ow
channel con ribuﬁ%aﬂ)the reactant streamgenerally is approximtely the
same wi HIHOPELD Y smaller than the width of the Iight beamin the
vicinity of negokemefsin i mﬁg R ITBR fesRh PeVildsClel 8le syAthetiBlbenReé ,
inert gas flows through tubes %8, 242, 244, and reactants_ and ot her
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times the inner dianeter of the tube providing the reactive flow The outer
di aneter of the annul ar nozzle 253 generally can be fromabout 4 tines to
about 1.5 tinmes, WD 2012/006071PCT/ U20011/042142 and in further

enbodi nents fromthe 3.5 tines to about 2 tinmes the outer dianmeter of the
fl ow tube providing the conponent of the reactant stream conprising the
reactive flow, in which the outer dianmeter is the sumof the inner dianeter
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10 244 and the outer wall of flow tube 242. To performthe entrai nnent
function, the entrai nnent gas flow generally has a sonewhat hi gher gas

vel oci ty wotoofymso7the nozzl e and a significant flow vol pog/usiaiachueve the
desired flow volunme of the entrai nnent gas at reasonable gas velocities,
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relatively large. In particular, the area of the inlet opening for the
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di nensi ons.. of ow tubes.238, ..240, 242, 244 can be. npdified t o
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nozzle 220 allows for the sinple nodification for two flow tubes by 15

| eavi ngP@tieles wniktpiovg desitee high fevelnafausionbity., Tharreastibh gane gbresalbyovesaps ng
out,4 wo I n o) rofi Qr;. fl u

et et i 2 PR bt BB P BRI s oML sy Dk TR
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descri bed above. Furthernore, a flow tube designed to provide shielding gas
can havereisd Gpsotindpaction shambereandasirise poeanslugipn pesheds FBPWET BSIST dver

t he opegij,pg; 20 t : . i nert
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whi ch i beagspadséd siqeehtiably phoupld éhd detdthe flaw éofaihi alozdbe afhatset dfea plataditf ace
bet ween the precursor flow and the shielding gas flow. I n operation,
conponents of a flow stream are supplied to reactant inlet nozzle 220

t hough each access port 246, 248, 25021252. The conponent of the flow
stream supplied to 25 access port 246 travels through the |unen of flow
tube 238. The component of the flow stream supplied to access ports 248,
250, 252 travel through the annular flow channels forned between fl ow tubes
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respectively. A reactant delivery systemsimlar to reactant delivery
system 160, depicted in Fig. 2, can be used to supply reaction precursors
to accesswpani2/@d®1 The inner inert gas, outer inter gagcrasdoi@niriaz nnent
gas can be supplied to access ports 246, 250, 252 from suitable gas
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appropriate pressure ranges. However, other distributions of reactant
stream dmmbosnents to access ports 246, 248, 250, 252 can al so be desirable.

Wi le reactant inlet nozzle 220 provides significant advant ages
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essentially the entire reactant stream passes through the ljght beam based
on the B BICEREONTIGAES theaih soateliet Thy Shgrisecsuian Cuit B dnBERCors
shown i 0 cdrtd@$ typd of pliticled @ehdrAW JdpRES oR R RBIRH VX NERSRtid1E Wpbatetik C Sh@ciﬂ_@l s
design 20 provides for flow béhavior that can be estimated, and this design
pr ovi deepnflgions oseddnipegrucersgiesterctiliconmgnopiddidasen patdicyler appriafusesiragesstibeh be
used that can . be-expecte o _provide roughl y conparabl.e behayi Referring
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ci rul afeagtigesnditioidwndfthorssiltibesartidRef @hbe Athde.o Fig. 7B, a top-view of an
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and a particle collection system 296. "Reaction chanber 292 interfaces with
r eact antondpibsing, nogz lieerR 9@mptosigonotor dm shanizinge B0 Presfury eveitht mofixashaatise of 292

wher e react ant dehi%qyy syst§n1302 connects w.th rgagtion %hqnge% %%E-
Parti cl ©CPRA% BPOUS el Sa9BRne O I Bh VAT £ SpTED AR 87304 FERATY
react i oRadih@deilueiZcontdntiatibs af® o6td¥paiding Reuctd®in particle size and vice versa,
2012/ 006071PCT/ US2011/ 042142 reactants are delivered fromthe bottom of
react i off Rrrembdratipothgrepf, or brhanypptbersitablameanse ILighs peyeralenptlpacesos e
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reaction ch er 5 292 along the Igngth of. the chanber. First Iigﬂi iube
306 conpri se$Naue vl hEdialian, §&nyehioheadhite frive tegepinLaaIroHY 1 RIOtIZELt i on
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reaction chanmber 292 while not focusing the light along the direction
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fr gas tubj.ng to keep contam nants romoptical.c onents. KFjrst
oM st SR bR EER GRELRM 0 oY Al R AP 0R cisR R RR R Bialihe L
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316 t halititq adeastanhdopediracied ta the smeriumprrel Remaeyal ek aipghe, pagtiqlgsgliem ihe er .
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t r ansf ewiteinehefidwi2g4cacant gorpr. i se an attachnent plate 320, a flow conduit
322 and cooling collar 324. Attachnent plate 320 provides for secure
fastening of particle transfer elenent 294 to a top plate 326. Cooling
collar 324 is secured with a gas tight22seal to flow conduit 322 with a
fastening band or the like, although, in other enbodinments, cooling collar
324 can be wel ded or otherw se fastened to forma gas tight seal.
Furthernore, cooling 20 collar 324 provides for flow of product stream
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Particle collection system 296 conprises flow tube 328, collection chanber
330 and contai ner 332. Flow tube 328 provides a fluid connection between
cool i ng owblz2arz/@@y1and 30 col |l ection chanber 330. Col | ectriuspoiahaather 330
can conprise a single bag collector which uses a flexible bag to separate a
product pl engbem st ;gﬁaysx}& QAL B} BACK kS EanSHESSuBPcA3ft oY ﬂ\fdsg lewlpor
occasi onal back pul ses as to renove product powders fromthe
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The bot cti o connected w e 336. that is
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repl ace contai ner 332, valve 336 can be closed. Collection chanber 330 al so
| eads t BYIRYgisrihasang suriahle farvapar dojivery opbhnawtabls qotral of thesetionaerddiiopsinp.
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the formatioft GPTSHIRERHAEERY (3?/%1? EPRagatyh forcl VA glewza]@ecgesw éewlg@q? y for
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can be supplied to access, ports 392, 396 and i nert entrai nnent asses can
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15 that is perpendicular to the optical path of the |Iight beamthrough the
reactant stream and perpendicular to the flow of the fl ow streamt hat

emanat es wotzofyow7he edge of the nozzle, generally is zpprsxmdiaky the
sanme width or sonmewhat smaller than the Iight beamin the vicinity or
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in Figs® t%e-SP‘?".m‘Bht YHMERIBEES AR Used as Pgarialet secesn & Q:dassessare BptiPEally pat hs
have; 15RABeR ngeRanahed i j : | 51%'&%1?1 t he
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mai ntain the sel ected spacing within the nozzle. A region defined by the
surfaces of adjacent plates and the inner carrier surfaces between adjacent
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VWil e the inproved nozzl e designs can used for the synthesis for a range of
desired inorganic particles, based on a particular interest in the

synt hesi swof2oeleaemt al silicon particles 10 with an opt iporals2eiopaaiiy2

addi tional discussion is devoted to these materials. A basic feature of
successtmbodicht FahiopicPkyd@s aspio¥d 8 Big] Scdn@iristhénlPbRAMhIUTeRnt A8 Sireb! €
silicon particles is the generation of "a reactant stream containing one or
nore si PBeHmGHE @nosbeal sysigpo cadeonzmige eplurditabf gptisakeclomenisr o gtopahpptical

precurs nds.... As. not.ed. e appropaches can be sinpilar used
Por t he it TR Rmd S RN Y LI T3 R s I e anianpt Fobilett, oo r o
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included in the flow, but for elenmental silicon particles, suitable silicon
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or nore _%gant recutﬁgrs are 20 delivered as an aerosol. However, for nmany
desi r abPe° SpLEieis {4% abl e dopant precursors can be delivered as a gaseous
conposi tion. chhe+daRHMHEM S8 BALSEAR fiferd&nihar B4, 15§ a38Ne nESAGE ?fgssu?é ream
as a suitable conposition. For the doping of sem conduct or substrates,
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varyi ngelTs B s Bt JOTCEF ok itk i P EReR s "
conbi natpsiraf relanaatilel eerehs AlemhillRdueedlehRh@ 130e 136, 1380¢n@%dprise
material by appropriately selecting the conposition in the reactant stream
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m xtures thereof. Sultable precursors er oso rvery o Ium
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which is soluble in alcohol. Particle Properties The desirable
silicon nanoparticle dispersions described herein are based in part on the
ability to formhighly uniforn1siIico@5nanoparticles with or wthout
dopants. As 25 described above, | aser pyrolysis is a particularly suitable
approach for the synthesis of highly uniformsilicon subm cron particles or
nanoparticles. Al so, laser pyrolysis is a versatile approach for the
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I'n the dispersions, processing such as centrifugation 5 can be perforned
to reduce inpurities. In the resulting dispersions, the contam nation by
metal el ements can be very | ow based & desired handl ing of the particles.
The contam nant | evels can be evaluated by | CP-MS anal ysis (inductively
coupl ed pl asnma-nmass spectronetry).
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Di spersions and Properties of the D spersions Di spersi ons of
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30 pyrolysis are suitable for form ng good dispersions in appropriately

sel ected sol vents without nodifying the particles with chem cally bonded
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However, for nost 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
di spersi omoabtxaned7he initial formati on of the dispersiorcT/Use®LI/0821dESI I abl e
approach for the formation of inks with desired properties is to forma
good di sRel Sisu 02035 hecHRR(d. 098991'51111@&6 aﬁo&umm ﬁicﬂest (ereaansh) difsRefusd apwf the
particles through the bl endi ng of "sol vents. bl end of Solvents is
selecteﬂm§UEﬁ-hM@taﬂh@k@1%@%ﬁenﬂOqudbﬁsﬂﬁ@WQhnéWhgfﬁ&mﬂﬂaigpﬁé¢ewﬁh@3e
t hr ough so u of .the ect to each
otner a7 T el S thqkdhers o a8l it fedfe S waiiof TR
sol vent Acpdtsdieof elmmeyd skillr i@ue ag WAROEaddndR thet AdIRf@asAnbOeoCRBE etk@ks ONn.
Thi s_sol vent renoval generally can be done appro€r|ately Wi t hout

il

destabi MRI§e ehl i iapessabave arp cpygmplat qnﬁrﬁlge wishipdhg pfé%ﬂ*ﬁbéﬁelﬁﬁl‘féan be
removed prefer u a an
nzeotrope, - a coguiohdl ABCRSH SIARRSPR Ry 18 SSRRER S, PEMa AT 2
can be ﬂszeﬁﬂtty) fabddiveryaof e:rag@htssmltlvemiw@h@adhwﬁaigvmt htendpoeani@er4s,

particularly useful for the. for f ink conpgsitions since the blends
can havé%’i -HOf’ﬁﬁtff%&ﬂ%lﬁCBm 893&1197&& © propey B} AEl4VeEd STHem k! S9log

boi | i N9 BRPESALY HEoviR %?H&h\%@}“@ﬂ@&af\leﬁaﬂﬁgé‘i B flef da (g ?és%to WlaYioAinekbY
after printing to stabilize the printe prior er processi ng and
cur ithg. onthei l§¢¢eth1 Ctughmenastmnémg cﬂwentbe@ LX) @4@;1242 32@4c &Reabyentuskxt nowrladpl st

t he viscosity Hid f d|n éfr |nt| Thus, for nyngrl E
appllcaf?bﬁ§ §3F¢€ Copt@ mHP Eﬁmn? O%§@Fa?¥n@%?9% ‘ﬁng Sition
can be auhdssiond of @loy a{bas d%l pLic)s) 24@ k4o eReld hRdifRddo RBfrkéfohBingly alter the
concentrations, approprlate stages of the dispersion process,

di sper sflew- éﬁhﬂ%éﬁﬁﬁ@be%§é62@922@#b$@“@@ﬁﬂbﬁﬂﬁ§hweﬂ@ T 2462 Qé&the
|
2012 oot EReRR R RIS AT Bt bl EBReR M we fovpabentt e

| ar tfer teheingt e tmeﬂ@\g&laﬁmm@@m{ aMhbly(}ltEreSlfKﬁv $ubet gt leﬁ‘hﬁg faut twatfican
process can bg per forne reasonag I.n g ner hg@flltratlon
pr ocess&EMEAG IR fhegssem Xrl Y IBEET e HOw Ly qS blyr‘r%‘i'l B 1%1@,1:@ ¥ FTEFEE si on
qual i 1y withiH tha RbRnbYTRELIRtidral NEK S1cRIcR ?jélllﬁ@ £ sup%@ﬁ h%@na ﬁ@w%ﬁ’r}e@ Ghed
based on the dispersion qualities and 5vo et natively or

addi t i onabéagss porg a:h @pm@dcabomanFmeharmnter, |afﬂug>ed1be‘ﬂwgn@htorprbuglatshmtding
paraneters can be (M(%ed such that at |east a re agnable fraction og t he

S|I|congﬁ%%@'5WFl iRV SY58ras AgPOrB SIRISHEARF ﬁp@0§@1 1f @PETYIE R

bot2mm g fide tlﬂ%rtbﬁbsftti&eth@ Ql@hﬁéd&ﬁrthat-[&@ 1B PRBIAIMRNaG AN nfRlcd €6 aliRsinQhe
simlarly separated fromthe settled contam nants. The use of 10

cent ri f tigjaeifsoef thashialdiedeas Hlow, mthiehuis esthilished tacpravidadititminteriagighshear atithe at i on
materi aj ti of silicon particle
d|spersf%%§&82§®ggﬁﬁge%gﬁﬂg)%ﬂgiml1§%§Q?HglEgg%fhe hi ghly pure di spersions

with very | ol opdrations @oiponenat b0 fIdes sitdabe areh@ibgliod. to reactant Thet dbaMepsd ons
can be forqula ed for a selected aggllcatlon The di spersions can_be
t

char act HOP8l gacki 395655 d9Het46: 288.copdsi-t iLlbR camparant 05@%111@*« SHeAA SURIPS 42 i on
of e i N- t IS
Gsci {0 A dR Mg AL, kO P AN RS 23 RO Rnend e B0 Tt
pr|nt|ngmmb@hhunu@$pandzﬁhZQmQSQWyvdHMHaynmBMnmﬂmthedHMHdsﬁmmmﬂbaudmnives

t o nodi erties. i spersi ons generall re nore
Coabr e b BBeq 298" B0 e Sovoiba S hartie ek LEbGR AN diis R,
aggl omefeapdcaely ASE4dR Ehvin 8 @inh coxﬁb&i&lﬁeﬂtssﬁ%téi@ﬂlét heve M s€bbl dManafr

Wi t hout conti nui ng HIXIng after one hour. In sone enbodi nents, the

dlspersn%ﬁkﬂeﬁhWbWhﬂﬁﬂm§ eithimayrea¢tiopephemberes mnthout addltlonal m xi ng
aftgy one day 1?&2911}’ thf&reltlthﬁ&nfong&gloqea &eac%% ggr o 18%%1 EHE t%lp%qd {g)d gf%}aeln onal

enbodlnents ed
particl ﬁszztemcctse pbay. N eRIMpBlO) rkﬂﬂnteﬁlaict ©N8ackint fllet heaSd 220D itlcn BQdéM?l’aElB to

per cent @ 9 glc particles, Generally, for sone enbodi nent s it is

desir abThé TO8CH, @/éOlaP%f&eFSsqfdh% IGRC @R Sﬁz@smawﬁlaﬂtai HeeCoBBRBRIR tCPBPTIZIAS $$aCHn | east
about 0 t ok i ght
percent, IQ?LH&?E g{%tslugﬁﬁ&l%tac égé‘%(é}ngg fr om(?%lbout ge1§§ Célﬁgﬁs n ﬁc&}%er{qnt 0 éggout
25 wei gelnt opter cent gasndnd an featrsihmentegrs dittivreret sippli@incaoets forteeddgh5her@ent to
about 20 wei ght percent. A person of ordinary skill in the art wll
recogni ze that additional ranges of stability times and concentrations
within the explicit ranges above are &dntenpl ated and are 30within the
present disclosure. The di spersions can include additional
conpositions besides the silicon particles and the dispersing liquid or
I|qU|d bIend to nDdlfy the propertles of the dlsper5|on to faC|I|tate the

o o e b o



WO 2012/ 006071PCT/ US2011/ 042142 i nfluence the properties of the dispersion.
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10 or further processed into the desired device. The properties for inkjet
printing, gravure printing and screen printing for silicon nanoparticle

i nks are weoridoeetii n nore detail in the follow ng. TheseTpskettiony42
techni ques represent a significant range of desired viscosities from
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about | to f\bout 7 wei ght percent | ower boili n% 20 solvent. The

descri ptFIBRoFOrSERWERepFicrisaprts s 383, AT 18e SPBr st v correspoading i thoay
conponessndi$3fiEs9s ispedAusher in U S, patent 5,801,108 to 1-luang et al.,
entitled "Low Ténperature’ Curable Dielectric Paste," incorporated herein by
ref erence, aGetioalhh diffeserdicempotaniscofppfive soeap miesapphdidiot thy espediiat aagess not
suitable for the sem conductor pastes/inks described herein. A person of
ordinary skill in the art wll recognize that additional ranges of
conposition and 25 properties for sil#con pastes within the explicit
ranges above are contenplated and are within the present disclosure. The
property ranges of inks suitable for gravure printing are internediate
between the properties of inkjet inks can screen printing pastes. For
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the desired ink properties, the ink can conprise silicon particle
concentrations fromabout | weight percent to about 20 wei ght percent, in
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the StabilitbhoPalrel éaw_t é@p@e%ﬁ@ﬁ?i & 32(6»9’@7%5(5% tht Sl_a'if%%aﬁ fJowielqnent n ¢ he
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velocities of the flow, and the interfacial shear can help particle quenching. The thickness of

30  walls between adjacent flows can be from about 0.05 mm to about 1.5 mm and in additional
ranges from about 0.1 mm to about 1 mm. A person of ordinary skill in the art will recognize

that additional ranges of flow channel dimensions within the explicit ranges above are
contemplated and are within the present disclosure. The outer wall of the flow channels can

be made thicker to provide protection to the overall nozzle structure since the thickness of the
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5 patterns can be formed with high resolution. Coating and/or printing
processes can be repeated to obtain a thicker deposit of ink and/or to form
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can conprise silicon, germaniumor an alloy thereof. 20 Suitable
substrates include, for exanple, high purity silicon wafers and the I|ike.
I n other enbodinents, suitable substra&bes include silicon/germaniumfoils,
as described in published U S. patent application 2007/ 0212510A to

H eslmair et al., entitled "Thin Silicon or Germani um Sheets and
Phot ovol t ai cs Formed From Thin Sheets,” |ncorporated here|n by reference A

o Y B o, . o



30 appropriate oxygen atnosphere to renove the additives, as described
above. Once the solvent and optional additives are renoved, the silicon
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0. 010 0. I sbn@-ehghbodiments 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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the particles can manifest unique propetrties due to their small size and large surface area per
weight of material. These loose agglomerates can be dispersed in a liquid to a significant degree
and in some embodiments approximately completely to form dispersed primary particles.
The particles can have a high degree of uniformity in size. Laser pyrolysis generally
5  results in particles having a very narrow range of particle diameters. As determined from
examination of transmission electron micrographs, the primary particles generally have a
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 average 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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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 matal 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
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
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
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
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
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.

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 dynamic

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 10”7 to about 15 atomic percent relative to the silicon
atoms, in further embodiments from about 1.0 x 107 to about 5.0 atomic percent énd 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 107 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 0.5 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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modifying agents that form strong and effectively durable chemical modification of the
particle surfaces. The availability to form stable dispersions with small secondary particle
sizes provides the ability to form certain inks that are not otherwise possible.

20 Furthermore, it is desirable for the silicon particles to be uniform with respect to
particle size and other properties. Specifically, it is desirable for the particles to have a
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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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 portion 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 particles 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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termination of the surface of the silicon particles can involve truncation of the silicon lattice.
The termination of particular particles influences the surface chemistry of the particles. The
nature of the reactants, reaction conditions, and by-products during particle synthesis
influences the surface chemistry of the particles collected as a powder during flow reactions.
5  The silicon can be terminated, for example, with bonds to hydrogen, as noted above. In some
embodiments, the silicon particles can become surface oxidized, for example through
exposure to air. For these embodiments, the surface can have bridging oxygen atoms in Si-

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 modified particles can be designed for use with particular solvents, it has been
25  found that desirable 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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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 particle 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 using 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
surfactants 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™, BRI™, 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 include 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
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
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-
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
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
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
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 particles 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 that 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 ¢P (mPa's) to about 100
cP, in other embodiments from about 0.5 ¢P to about 50 cP and in further embodiments from
about 1 ¢P to about 30 ¢P. 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 dynes/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
alcohol 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.

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,
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 screen 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
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
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
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 cP to
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 embodiments 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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and high boiling solvents that can be blended for gravure printing. For example, isopropyl
alcohol is suitable for use as the lower boiling solvent, and propylene glycol, ethylene glycol,
terpineol and combinations thereof are suitable higher boiling solvents. For these
applications, the ink can comprise from about 0.5 weight percent to about 30 weight percent

5  low boiling alcohol and in further embodiments from about 1 to about 25 weight percent low
boiling alcohol. The ratio of solvents can be used to adjust the viscosity to a desired value.
A person of ordinary skill in the art will recognize that additional ranges of composition and
properties for gravure printing inks within the explicit ranges above are contemplated and are
within the present disclosure.

10 While the inks can comprise heavily doped silicon particles, it can be desirable to
further include a liquid dopant source in the ink. Suitable liquid dopant sources include, for
example, organophosphorus compounds (for example, phosphonates, such as etidronic acid
and dimethyl methyl phosphonate, organophosphine oxide, organophosphanes, such as
diphenylphosphine, or organophosphates, such as trioctyl phosphate), organoboron

15 compounds (tetraphenylborate or triphenylboron), phosphoric acid, boric acid, combinations
thereof or the like. In general, an ink can comprise no more than about 10 weight percent
dopant composition as well as any and all subranges within this explicit range.

For dopant drive in applications, it can be desirable to include further components to
the ink to facilitate the dopant drive in process. In particular, the ink can comprise a silicon

20 oxide precursor, such as tetraethyl orthosilicate (TEOS). TEOS can be converted to silica in
a hydrolysis reaction with water at an appropriate pH. A silica glass can facilitate dopant
drive in from highly doped silicon particles into a silicon substrate through the at least partial
isolation of the dopants from the vapor phase above the deposited particles. The alternative
or additional use of spin on glasses and silica sol-gels in silicon inks is described in

25  copending U.S. patent 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.

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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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.
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20  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
25  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

30  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
doped 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
mtroduction 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. patent 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
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.

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
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,;'
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
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
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, improved 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
Example 1 -  Synthesis of Highly Doped Si Nanoparticles Using Laser Pyrolysis With
Rectangular Nozzle and Air Knife Quenching

This 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
2009/0020411A to Holunga et al., entitled "Laser Pyrolysis With In-Flight Particle
Ma1ﬁpulation 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 (PHj3) 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
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.

TABLE 1

Particle Sample 1 2
SiHa (slm) 0.02-0.15 1-5
9% PH; + 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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The results were obtained under the conditions where no visible flame is observable.

The dopant levels measured with inductively coupled plasma-mass spectroscopy (ICP-MS)

are presented in Table 1. These dopant levels can also be presented in other units, e.g., 2.94
atomic percent = 32,600 ppm by weight = 1.47 x 10*' atoms/cm’, 7.44 atomic percent =

5 82,400 ppm by weight = 3.72 x 10*' atoms/cm?, 0.39 atomic percent = 4300 ppm by weight =
1.94 x 10* atoms/em®, and 2.5 atomic percent = 28,000 ppm by weight = 1.26 x 10*!
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.
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(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 2327
(atomic percent)

Stoichiometric Dopant 0.46 4.3 1.5 18
Incorporation (atomic

percent)

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

under conditions in which a flame was visible. Note that the relative incorporation of dopant

5 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.

10 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

15  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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Viscosity (cP) 1 12.6 2.47 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
WO 2012/006071 PCT/US2011/042142
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 (SiHy) 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 standard liters per

minute.
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m Distribution Peak

(nm) PDI

1 273 331 O. %11120169 anil'p g 0.42 3 ﬁ? 72]. 0. 2257
SiHy (slm) 1-5 0.5-2.5
1% ByHg + 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

conditions of Table 3 had particle size estimates from BET surface areas of 7 nm (sample 1)

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
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

5
and 20 nm (sample 2).
10
slurry was 10 wt% silicon nanoparticles).
15
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WO 2012/006071 PCT/US2011/042142
TABLE 4
Detection Concentration in Concentration in
Limits Slurry Particles
(ppb by wt) (ppb by wt) (ppb by wt)
Aluminum 0.5 21 210.0
Antimony 0.5 <0.5 <5
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 9.4
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 1.5

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.

65



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 amunts of PGin the

sol vent bivendiz/dasempl e 7 - Inpurities in Si |nks 15Thi spexaspdia/od2142
denonstrates the range and quantities of inmpurities in Si inks. To test the

range apda@pRntJbisessiehs bMPUddopgSicled Si inks, two slurries and two spin

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

5  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

10 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

15 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-average 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

20  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 glycol. The solution was

25  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

30  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.
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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 (1) of 13.7 ¢P 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 ¢P, and
the dispersion with the NMP/EG solvent blend had a viscosity of 11.9 ¢P. Inkjet printing was
tested for the dispersions with the NMP/EG blend. Prior to printing, the dispersions 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 (¢). Acceptable printing results were observed.

Example 6 - Viscosity Measurements on Inks
This example demonstrates concentrated suspensions of doped silicon nanoparticles
30  in asolvent 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
rheology 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 | Si wt % | Viscosity | YS(D/cm®) | Rheology
1D (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 - o -
5 5 14.4 - © -
6 6 13.2 - o -
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 - o -
12 6 13.1 - © -
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 S 12.3 15.18 2.3 NN
18 6 11.9 - 0 -

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 2.47

2 251 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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coating inks were formed, all from phosphorous doped silicon particles formed as described
in Example 2 similar to sample 4. The silicon particles had an average primary particle
diameter of about 7 nm. The slurries comprised a 5 weight percent mixture of n++ doped
silicon nanoparticles in isopropyl alcohol. The spin coating inks were formed from a 6.3
weight percent dispersion of phosphorous doped silicon particles in a blend of isopropyl
alcohol and ethylene glycol. The dispersion was sonicated and centrifuged and the ink was
subsequently decanted from the processed dispersion. The composition and corresponding
amount of impurities in the slurries and the inks were measured using ICP-MS. The results

of the ICP-MS analysis are displayed in Table 8.

TABLE 8
Concentration in Slurry Concentration in Ink
(ppb by wt) (ppb by wt)

Sample 1 Sample 2 Sample 1 | Sample 2
Aluminum 25 2.6 <0.5 0.59
Chromium 10 9.1 <0.5 0.62
Copper 2.7 2.7 <0.5 0.55
Tron 62 39 1.4 2.3
Lead <0.5 <0.5 <0.5 <0.5
Manganese 1.7 2.1 <0.5 <0.5
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 S5 <0.5 12
Potassium 23 7.3 2.4 1.9
Sodivm 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

effective at removing impurities with metal elements.
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This example demonstrates the laser sintering of the printed silicon nanoparticles to
obtain reasonable levels of electrical conductivity for both junction diode type formats and
solar cell contacts.

In a first set of experiments, phosphorous-doped particles as described in Example 2
were dispersed in isopropyl alcohol. These were spin coated onto a p-type silicon wafer. The
solvent was dried. Then, an infrared laser was scanned to fuse the silicon at selected
locations along the substrate. Silicon inks with different phosphorous dopant amounts were
printed using notation n+ for 0.2 to 0.4 atomic %, n++ for 2 to 4 atomic % and n+++ for 7-8
atomic percent P.

Several silicon inks were sintered using an infrared laser. Specifically, a thicker layer
0.5-1.0 microns) was formed with silicon particles doped at a lower of phosphorous, and
thinner layers (0.25-0.5 micron) were formed with Si particles doped at a greater level of
phosphorous. The processing had significant tradeoffs. More intense sintering with the laser
can result in damage to the underlying substrate. The printed was done onto a cleaned
surface of a p-type silicon wafer having a 200 micro thickness and a 1-5 ohm-cm resistance.
The sintered Si ink layer passed a tape peel test. The lowest measured sheet resistances for
the different particle doping levels were as follows: n+++ 6-10Q/cm?, n++ 10-30Q/cm® and
n+ 30-40 Q/cm®. The sintered Si ink layer had a conductivity that is generally 1.5-3 times
lower than that of bulk Si at a given dopant level.

Fig. 32 is a plot of sheet resistance as a function of laser fluence for an n++ Si ink
layer with a 500 nm thickness for 6 different laser pulse widths. The graph in Fig. 32 shows
that the sheet resistance decreases with increasing fluence initially, and then remains
relatively constant over a range of fluence. As fluence increases to the threshold value, sheet
resistance increases abruptly, indicating laser damage. Fig. 33 shows a linear relationship
between the fluence threshold and pulse duration.

The sheet resistance seemed consistent with surface morphology. Optical micrograph
pictures are shown for samples with different sheet resistances in Fig. 34. Samples with
lower sheet resistances had smoother surfaces. The dopant profile was measured using
Secondary Ion Mass Spectrometry (SIMS) to evaluate the elemental composition along with
sputtering or other etching to sample different depths from the surface. With a reasonable
cutoff based on concentration, the depth of phosphorous was essentially 0.32 microns for a
sample with a sheet resistance of 33 Ohm/(square). The depth profile is shown in Fig. 35.

Sheets with lower resistance tended to have deeper penetration of P within the layer. The
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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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ranging from about 170 pum to about 310 pum and the thicknesses of the printed inks ranging

from about 200 nm to about 5 um. 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
10 micrograph images of lines printed with the first ink. Fig. 45 is an optical micrograph image

of a line printed with the second paste.

Example 10 — Impurities in Si Pastes
This example demonstrates the range and quantities of impurities in Si pastes.

15 To test the range and quantity of impurities in Si pastes, two silicon nanoparticle
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

20  processing to further reduce the introduction of contaminants from the process equipment.
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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10 Detection Li®ofing13Pb) Cohcentrati G40 in Sanpl e 92 (ppb|by wt)
Concentration in| Saapluer 2 (ppbOby wi) 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 wi%, 12.5 wi%, 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
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corresponding viscosities measure at a shear rate of 1000 s”. These results demonstrate that
viscosities of silicon pastes can be selected over a wide range through the corresponding

selection of the particle concentration over desirable ranges.

5  Example 11 — Dispersibility of Particles with Various Solvents
This example demonstrates the dispersibility of silicon particles in various ink
compositions as well as the effectiveness of various degglomeration processes.
To demonstrate dispersibility, a first set of samples was formed from silicon particles
formed as described in Example 2 with about a 7nm average primary particle size. For each
10 sample, a dispersion was formed by combining an appropriate amount of silicon particle
powder to a solvent. To form the first set of samples, one of three solvents were selected:
ethylene glycol (“EG”), isopropyl alcohol (“IPA”), or n-methyl pyrrolidone (“NMP”). After
combining the particles and the solvent, the resulting mixture was sonicated to disperse the
particles. Each sample had a concentration of about 0.5 wt percent silicon particles. All 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 (EQ), diethylene glycol (DEG), propylene glycol (PG), and ethylene glycol phenyl 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 solvent 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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particle size and the distribution can be characterized. Specifically, the distribution width is
reported as the polydispersity index (PDI). The PDI is a parameter that results from the light
scattering calculations. Table 11 displays the Z-average particle size and polydispersity
index for the samples, both calculated from the intensity distributions shown in Fig. 49.
Table 11 reveals that silicon particles had the smallest Z-average particle size when dispersed
with PG and had the most uniform distribution of secondary particles size when dispersed
with DEG. On the other hand, silicon particles had the largest Z-average particle size and the
least uniform distribution of secondary particle size when dispersed with glycerol. Based
upon the data in Fig. 49 and Table 11, the degree of dispersibility of the silicon particles in

the various solvents, ordered starting with better dispersability, was PG > DEG > EG > EGPE

> glycerol.
TABLE 11
Sample Z-Average Particle Size PDI
(nm)
EG 111.3 0.089
DEG 89.7 0.07
PG 70.8 0.077
EGPE 82.2 0.153
Glycerol 128.9 1

To demonstrate the effectiveness of deagglomeration processes, three additional sets
of samples were prepared by forming dispersions and subsequently processing the
dispersions to deagglomerate the silicon particles therein.  In particular, a first set of three
samples were prepared at 0.5 wt percent in ethylene glycol. One sample was deagglomerated
using test bath sonication, a second sample was processed with centrifugal planetary milling
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 um. 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

77

0.5



Sodium 1l 750 92 Titanium 0.5 4.1 3.1 Zinc 0.5 12 43 The sanpl es

exhi bited very | ow contam nant |evels, especially with respect to

transiti omommetzlosyont am nants. Overall the second sanpl eclrag2é0mer142
transition nmetal contam nation, 5 although zinc contam nati on was sonmewhat

hi gher pRphie vﬁﬁp@aﬂlﬁ@ml@ne@aﬁm@g \%Qh ‘beéﬂsslﬁ%ﬂsd V¥avefagSiphiteRNsinast €09
Thi s exanpl e_denonstrates dependence of licon paste VisScosity on the

concent fat wWoHe gfe @Mpulecmpqrad Wit cestnﬁlgal’rplad@tmynml witheg nyillgngolssiadyhad a

depenionetirBEYSHRL: 4t hED B AR YRS TR TR PBR ShoLSA o

parti cl gvesageepaticRbdid 020! IBMhms WWHidlesd ZRGe as tHeSaliebelstaindd Exampb&rifugabove.
The as synt hesized particles were added to ethylene glycol ("EG') to forma

d|sﬁ%rsP%ﬂﬁmWHQHP@%WHbPﬁ@hn1xture was sonicated to formthe pastes. Each

paste was f Oéﬂw}_glt geq oM stcntﬁ ssvl/els %B&f%e?ﬁ V\XVWr\l‘éﬁbﬁ%tlﬁgé}o&e%orb@tsbﬁﬁat%n eifher 10

w% 11.5 wt w % e viscosities of
t he varﬁbms&ﬁdﬂyes?Mhmnlmﬁadnxedeaﬂlshmde\Mﬁﬁhﬁlnﬁaﬁn&ibyandmﬁﬁﬂ@ﬂ&rl usi ng
a Brookfield R S CPS rh At constant, s rate, the paste
Ui Scost EYFTHEAPHTFBLTA T RPSIRrR GF EBLhGERRES GRIENA S | Tk ARt ere
concent pabhRf wiffl @h-ddped M oft farBtRs Nidlad QEraPapliinGtyep£Q4E §RE LRLBRR 7L SUS

10 at 2.5 wt. percent in ethylene glycol. 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 nni, 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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11. The dispersion of claim 1 comprising at least about 5 percent by weight elemental
silicon nanoparticles, from about 5 weight percent to about 65 weight percent alcohol and
from about 10 weight percent to about 85 weight percent of a polar aprotic solvent, wherein
the dispersion has a viscosity from about 2 mPa-s to about 25 mPa-s and surface tension from

about 20 dynes/cm to about 70 dynes/cm.

12. The dispersion of claim 1 comprising at least about 5 weight percent elemental silicon
nanopartcles, from about 0.25 to about 10 weight percent alcohol having a boiling point of no
more than about 160°C, from about 65 weight percent to about 94.75 weight percent of a
liquid having a boiling point of at least about 175°C, wherein the dispersion has a viscosity

from about 10 Pa's to about 300 Pas.

13. The dispersion of claim 1 comprising from about 0.5 weight percent to about 30
weight percent alcohol having a boiling point of no more than about 160°C and a viscosity

from about 10 ¢P to about 800 ¢P.

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

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.
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

nanoparticles comprise no more than about 1 part per million of iron.
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deaggl onerated using test bath sonication, a second sanple was processed
wit h cemanoppitighs havmgearapyeragel primery 2outicl siroutl tvemdrs, thanabeutt 51 nup, deonpl e
was pro wi t-h centrifugal anetary m.l l.i with fused zir.conia beads
navi ho S Siese o PGk Bl P BBt o It bR eSS hon?

soni cat from a@st dSTE td abor@l60tC,andofus:s .abeetndy Wweigtaberpéranetadowt 94,79 vaighnas
done for about 10 m nutes at ~about 2000 rpm using a Thi nky ARE-250

Pl anet aP§Feat per seate oispkhasiing f ppiing oyt jof ablsasiapeytcl/esCi whagarHhe a#gst e was
t hen as ' = .particle size of 25particles in

t he var?%%iﬁggﬁ%YggﬂﬁgﬁkgﬂﬁﬁggK%?g&?gggﬁ%ga graph contai ning plots of
relative intensity versus particle size obtained fromDLS anal ysis of the
three sanples, The s nﬁ$e WO 2012/ 006071PCT/ US2011/ 042142 fre ang W t h
contrifhyal BRGRETSP) CHT I 18l 6Tt hp SSersdralycql somiragbnisubd iporalidose. of
109 nm ctpbiche dih&1s r e Che Wi Ll arFarBitdih,i

T R e e L A Ve i AT L o
soni cat edlogplve, areembbrtinnsibaicofit i on had a Z-average particle size of 116
run, which is close to the value obtained with centrifugal 5planetary
mlling with beads. Anot her set of sanples was processed with varying
times 020.pr obke paié 6Atlian 18 HRrdh SRefiselylldt Yo@brisdslisspaspypalcbhell ectdre, each
sanpl e was then neasured by neasuring the Z-average particle size of
particI@@Kﬂﬁd@W@wW&k%6ﬂ§d§%ﬁ%ﬁ@§ﬂQQWEQMEWQﬁhmﬁ@ﬁsanples were prepared with
non-doped silicon particles with an average primary particle size of about
7 run 10 at 2.5 w. percent in ethylene glycol. After perform ng the probe
soni cat2bn, tThe psaapl emimelrBewlercint thd clenditdd siliconpaneemnticleocqepfieraniedse DLS
measur e nts..Fig{ 5%3%5 a graph containing plots of relative intensity
versus PartqecdeieRoiqtopeied from DLS anal ysis of sanples processed with
varying | engths of sonication tines. Increased probe sonication tinmes

i ncreased the effectiveness of the process as a deaggl onerati on process.
Speci fi%al | yThe hastezof claig W/kavaigga piaeasity fonsaboat 5¢ Bes éashwat 26Q Ras.ncr easi ng
sonication tinmes wth sanples processed with sonication tines of 10

m nutes, 20 minutes and 30 m nutes having respective Z-average particle

si zes 023.98 Aunink8&mpniamd at TedMab&ias edvaiphtt pasentr @eibitsl, siicOVgeriRRlGAt i on
was a nore effective deaggl oneration process relative to planetary mlling
and bat PANOBHitisles ihaNIng; avc evasrasoR By Reati¢le §iza CHinevaareshan |ag@utz3(h0@s digan
parti cl bk 200 S if i Een

Bpove. artsth A8Zwaltht BetBhShpn RO, o ocrf RigERGL TGS by FRE PR 86
enbodi nenight aereenti dtha potahexphrticashveon celpdrsindas dik hed a héscekity frlom aletdit t0. bn,

al t hough t he present .inyention has. been described with reference to

parti cuﬁllgﬁ'se%ﬁl%ﬂl‘ﬁg]r@ps{n}f’?ﬁo@@ i3vPe t‘inﬁlophéo%}r gb%it 140 @E@é@ﬁ} 3 appg 70
changesg@ry/che made in formand detail without departing fromthe spirit
and scope of the invention. Any incorporation by reference of 25docunents
above is limted such that no subject matter is incorporated that is

contrary,to e.expl iicit,discl osure, herein.,. ) )

o015 ok pils kS8 it SR FlenEhEd Rtigo Germapiumnapopaticles bave a 2
CO"Dri&H@%gﬁxiéﬁﬁﬁyﬁﬁﬁﬁés&eW@h@hﬁn@@ﬁﬁﬁ&hﬁ@b@ﬂﬁﬂta' sil'i con/ ger mani um
nanoparticles having an average primary particle dianmeter of no nore than

about 50 nanoneters, wherein the dispersion is a good dispersion, and the

siliconjgermppi ym gf{;]h{n(f 8 gxﬁlﬁér&nf thé %le%en&? @ﬂ?c%lﬂé@ﬂﬁan?tﬁﬁ Efﬁn&&h%lgsahé\ye ponded

organi ¢ surface no I catl
dopant concentration of at least about 0.5 atomic percent.

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

propylene glycol, or a combination thereof.
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2. The dispersion of claiml conprising fromabout 3 to about 25 wei ght
percent el enental silicon/germani um nanoparticles. 3. The dispersion of
claim 1l whereizotite el enental silicon/germani um nanopar Pcelussothaya4an
average primary particle diameter of no nore than about 15 nanometers. 4.
The di spersiop gk o?l:l@inrani wWHRRS IR o8 aﬁﬂoﬁ%&fvé’ﬂt c%hllphgé%r}(l-%?erﬂ%ﬁ HBlidone,
nanoparticl es have a dopant concentration of least 0.5 atom c percent.

5. The dinsglerBirmamade, cdigiethylsuifsidei mlqﬂhséethylkp@na ocetoraileo ctiylagetateanndibout
500 par by wei ght nmetal contam nation. 6. The dispersion of
clain15£%hg§%umth§a§}enental si |l i con/ germani um nanoparticles have a dopant
concentration fromabout 1.0 x 10-7 to about 5.0 x 10-3 atom c percent. 7.
The di spersion of claim®6 wherein the dopant is phosphorous. 8. The

di sper s£®n of BEdiofhier WrserEis an ek Wopakemenial sdicon/germanimpenagprasbieles. dhe of
claim1l n Y S . ut
200 | nne g, Sopfry i BAAEE oL REBREREN R b iy B8R b Bl aERIOe
parti cl ramipaeictek dilspermd én tahfaust sddoeiit td & nirthe invhich is a good dispersion of the
2012/ 006071PCT/ US2011/ Q42142 11. The di spersigon of claim1 conprisjng at

| east aBYWPABICKEr Hbrft tg?‘“&éi fothe splyiist avhessini n eleamofdr ﬁ@l&@l&gelmﬂﬂw about
5 wei ghﬁad%%ﬁﬁﬁms eﬁ@ﬁ@@%ﬁn Gon- !‘ﬁkf&ﬁtba%ﬁr QfMicAl Clﬂﬂ@l:d ek Gﬁéﬁlﬁ&ﬁf&h with

wei ght percent to about 85 wei ght percent of & pol ar aprotic solvent,

wher ei nait hrgadicsqpanmiuod ahdsviwrain sl §ist yolivemtrandzbeisec@ndBalvsntt lemb oufor@sa nPa. s
and surﬁa e ¥395|0n from about 20 dynes/cmto about 70 dynes/cm 12. The
dispersf%% &M% aim 1 conprising at |east about 5 wei ght percent el enental
silicon nanopartcles, fromabout 0.25 to about 10 wei ght percent aIcohoI
havi ng a boi | ing point of no nore than about 160C, from about 65 weig

percent 23-0 abbumetiwd S clangl Wirsrindhe fist selventdas a bpiding wgind fivet ahony 5}6& nt of
at | eas r S rom about 10
Pas to %b%&ﬁ ’r’%%@l’&%gd tﬂ@§f§1w %%éﬁés %ﬁéﬁ%g OIP g a(%lle\élStla(’E)gga E?S Isjl ng from about
0.5 melght percent to about 30 melght per cent alcohol haV|ng a boiling

poi nt o e th bout 160C and a, viscosity fromabout 1Q cP to about
800 CP eéltpgr%ﬁa HANE ShpYheasiAghaink ensarrisabaliteast ahoryhtvegHaustent

el ement 10

part cl i‘kla?%ﬂ%éiﬁ‘é?“‘%l%ﬁg%‘%%ﬁﬁ%@% S SRR enPl DY PSR! ikt of

di sper sihenfiiss salvegoahddfrepeatmiuow,; weighthparcery tb ctbalit e 5l weaghit memeanatof ghe of no
nore than q? q %é parts per mllion by weight. 15. The dispersion of claim
14 haV|ﬁ6°% S48t about 5 wei ght percent el enmental silicon/germani um
nanoparticles. 16. A collection of silicon/germani um nanoparticles having
an average primary particle diameter of no nore than about 100 nm and a

| evel ofl.t ot &he methe of eleia B8 rveterain thef fingiosolsnbcarhpiiseaboalco®lpar t s per
mllion. 17. The collection of silicon/germani um nanoparticles of claim 16
wherein the nanoparticles conprise no nore than about 1 part per mllion of
iron. 3D 20TR{ hefidd bPChi38 Gkt &id Zik4Ritial dispersion is a good dispersion.

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

comprise at least about 0.5 atomic percent dopant.
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18. A paste conprising at |east about 5 wei ght percent el enental
silicon/germani um nanoparticles having an average primary particle size of
no nore twerososd7150 run, from about 0.25 wei ght percercTitsS2@h0Ui1445

wei ght percent of a first solvent having a boiling point fromabout 55C to
about 169C, anghefodModFBhinE X %‘;ﬁ‘bcﬂhbriﬂ@r_{g"?ﬁ% tvﬁthag’%ﬁfect%é-\Z&o‘é\ﬁ%%%edp&{ cent
of a second sol vent having a boiling point of at |east about 175C, wherein
t he pastdusigg sheyinseensirtisle f eangenitpion wherpl $he gergboupriB0g Pasts. coni@iseThe
paste o l.ai m.it rein th e d .sol vent. conpr.i ses N-met hyl

by ol + teeRtaC R UGt Mo BREER REmERON sPRERE ol

2- ( 2- et hoxy etlizperyihgtihamobpdrGaleb it Obolverd dbiybrisial b OSD\E a f¥kt SOFBE NBtinONS

t her eof 20. The paste of claim 18 wherein the first solvent conprises

i sopr op)9iling peibfromephoub e C i Ahetth{A0 b rand % seondespiienhavaiom Boiing point of
conbi naji @RS HPG! £BPE toFdrm HEpRES LbhePdin glllfgbe{g'telﬁas%gﬁl’ﬁblg dhe n%laﬁg}? o3
silicon nanoparticles conprise at | east 0.5 atom c percent of a opant .

22. Thealpastl 6 wdigltlircanl & hlsonit 2§ veeighitgeasht ynd thempastbdiag a50scPsisy htoa slimant 250
Pa.s. 23. dApk c rising at |east about 1 weight percent el enental

Sili conV%e‘?@?ﬂ ﬂ’i“r?i’ggbja{ﬂf?'gfoe%mﬂh@for@ﬁan average primary particle size of
no nore than about 30 nm from about 10 wei ght percent to about 60 wei ght
percent al cohol, from about 30 to about 80 wei ght percent of a polar

apr ot i c3&ol véhe metliodrodichimiBé whekein e dispersumef thy nfropertizles gomPrigesnPa. s t o
about 100 inﬁ%ta.and.atFurface,tgns#ﬁn t&on1aq%u& 20 Q%Pes/cn1to about 70
dynes/cm 24 HSBUPIRR Ui DAUORTIHCLS T he Fast SOVRR 1R Fu b, Prfiiinaty disRersioPrani um
nanopar ti cl esddigy thededomd\selvagetoseEpeHinarPaikpdrsibe; Hidze of no nore than
about 200 nmm. 25. The ink of claim 23 wherein_ the el enental

si | i con/ ger nBYAPATALAE SolyaRitt erkigvenhe desired mpeonartidne®sertzatioon of at | east
about 0.5 atom c percent. 26. The ink of claim23 wherein the al cohol

conpri ses isopropanol, ethylene glycol, propylene glycol, or a conbination
t her eof 37. WOA20&RH D Q6 QTibRAT A USAB:HThiORRkd Bf a Rificom hanopakiclef ink hierai2 thevhler ei n

the polar aprotjc solvent conprises N nethyl . pyrrolidone, : .
di et hyf§ep" Wﬁ@?%ﬁbﬁﬁ& Ly\f%é}i‘t) PBS?F’&e?lefﬁ%‘%tayﬁﬂé‘f%eRB%W’é‘,na&eléathﬂF% paying
et hyl acgt @@e@a@ilﬁ;ﬂ%aﬁ‘@ﬂé ARSI 80 more4fan AbdREDAEnb LR SRANARSnaR: | NK

with el emental 'silicon/gernmanium nanoparticles, the nethod conprising
addi ng akdeeenetl disparsinn, the mgthodrsiompaisingi sper si on of el enental silicon
nanoparticl es.di spers in a.first solvent .to form.he.ink which.is a good
G spersi on ofEHRREAREm eyt en SO R ik P PRE AL SisPE n il T

el ement @dposiit;| dndon/ ger mani um nanoparticles are free from non-sol vent based
chem cally bonded surface nodification with an_organi c conmpound and wherein
the first solopeatingdheripinsarsnanaslipsaes mnseriiateiorgst adesisdribickneshate. 29,
The et had .f -aéﬂqg% rein the first solvent has a boiling point from
about 55% ?olgﬁ%ut 6 Eﬁgﬁd t he second solvent has a boiling point of at

| east about 175C. 30. The nethod of claim 28 wherein the ink conprises at

| east ut wei ght perce | enental . silicon nangparticles, from about
0.25 mea?fg ht ??]éff ]&léﬁ’t‘)dtog C%BB 5% Vﬁlﬁf% ﬁtj’ﬁ%“%‘@g ékh f36081‘1‘!11 fig fprmpsy ‘?@BF‘\F QE{heand

from abguéoPimk Wit 80Er 1 RR B the HRst 3IRYA n Zéic\’@d%gﬁt RENCRRn®A phifien REONd
solvent. 31. The method of claim28 wherein the first solven? conprises an
al cohol also @gposithesdicho dawdpagic imk 28loshtéensidistinhefromithd Gist sllisper sion is a
good di&ggrg%g@kk g%t The net hod of claim 28 further conprising evaporating
a portion BHUSSIVERY "t o achi eve a desired particle concentration and

sol vent conposition. 34. The nethod of claim 28 wherein the el enental
silicon/germani tun nanoparticles conprise at |east about 0.5 atom c percent

dopant .
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WO 2012/ 006071PCT/ US2011/ 042142 35. A method for formng a screen printing
paste with a selected viscosity based on adjusting the nanoparticle
concent r avoaniadoer7ei n t he screen printing paste conpri sestalsesental2

si | i con/ germani um nanoparticles, the method conpri sing: di spersing

t he nangpartjcl.es. | 0 : 1.5i.00 end Fir n avi ng
a boil |n§n§g) po‘%xnitag‘%r B?ﬁoglggsuty}%@%u%%gg@g%%}g 1%3&%1% %}ﬁglggldn% @gﬁt \S;ngé%hgalﬁ]ng a
boi | i ngaspaiiattd oftial elearats @nfigtred 7o Aeliver hdight béren fasigh, thehercdbm chdrebgrast e
has a particle concentration fromabout 10 weight percent Rg qf ut 20

wei ght PEPEERE QNG HElPheBPILE LagiARIISESIY Y sy naZﬁﬁ@aI? 1§ e t0te Y CsOhout

10 Pas §0nRROYEBRR BRSn (BE redfi rf?e‘libélg_ Sfstepd 3hiD Bre MRS Bhddiserdiagder si ng

of the nanoparticles conprises: first dispersing the nanoparticles in the

first swilleeimn swtdocomfzgyedtd receiae yhalflspelrendhe readdomghanhizer shas aniginedtds ent

to the prelimnary dispersion; and evaporating.solvent to,achieve th

desi r ed rBpAr er b1 EhEBR TR REE GRS AET e 448 ap ke Ty T s o

thi cknegsct@it éhaghdll SRAOUAAMG PAE tihRdreinkil koawha@idl dnbieard Bitet AMERr kaeshainel east
about 1 weight percent elenental silicon/gernmani um nanoparticles having an
aver ageSUsioupding thaintprediale sepstagk clmnplo wheredn theaiinahBart Ho charshepetke and
wherei n_the | ' i ' : rising: printing
a firstmkgﬁg&ﬁégi%F@P%%ﬁgw%ﬁopgéékgpgdpgél?%hgggﬁﬁgg$irst silicon
nanoparticl e deposit; and repeating the printing one or nore tinmes as
appropriate to get a desired thickness of the nangparticle ink deposit.

38. The*theth %ﬁer&yaplafflg PPIHBNE oK clate %rwkﬁrﬁlﬁgtﬁ%ﬁg%\i RegEbliopfigw et SHhs a
deposi t0f 180 frofd fhe GO AN Kndn Bl es QBRI FBSmPetely ARGs kit (B LipiG®Ram.
nanoparticle deposit while having a pattern that al so deposits the silicon
nanoparticle ink at locations distinct fromthe first silicon nanoparticle

deposi t 012/ 006071PCT/ US201 421 39.. | aser r.ol ysi s_.appar at us
compri sthg alholises BHoOBRR BRI 14 g sgurieceinda BECle PR B pragral

el enent st&aihdl Uhathet QurfRhiME ihoutédRért BRAMahiY] ONBdteih ke éRAGIheN chiiarber, a
reactant delivery system conprising reactant reservoirs, a nozzle

conf i guisegerablycdehnngwed ©ria inert gifrsoufcgact ants from the reactant delivery
systeminto the reaction chanber, and a collection system configured to
receive the flow fromthe reaction chanber that originated fromthe nozzle,
wher ei i42.he Tz Hser ppwpisisSgpamitud helaink 3erwhageis thhdmelineragas ohaemskedhat e
react ant channel surrounding the inner inert g%ié.channel,and an outer

i nert gRETRRAAITereastant shamehgughie; prter et #pe hanral SRS nHPFOX IR I n
the inngf,cLiRAE byBagicaNabhehsand the outer inert gas channel are operably
connected to an"inert gas source. 40. The |aser pyrolysis apparatus of
claim39 wherein the light beamis configured such that flow fromthe
react anf, channe| essentially conpletely flows.through the |ight beam 41.
The I skt py Bt JeFD AR apliu B i o BRI Sk 85trsP Bl Shaer

conpr i s@amefdr &0hT AoRB0S ikdhafel7 SiH) @ LBi BAndhRE (TBUL i)l Nert gas channel
wherein the entrai nnent channel is operably connected to an inert gas
source. 42. The laser pyrolysis apparatus of claim 39 wherein the inner
inert g ch I i.nter j.ate r.ea . an jnert
gas chd%ﬁel @@%%??g%ﬁgbg§5§P%§ﬁgﬁ§f%%ﬁhﬁ%?@%%ﬁgﬁﬁﬁﬁﬁkwgﬁPg2%%%%%?@?5@53_
The | askgtve pythick sk Sroapgiana0 092D fnchesa0M063 2 nhetoeiboutthes (rigaadsdhR7 edmnnel  has
an inner dianeter fromabout 0.05 inches (1.27 nm to about 3 inches (76.2
nmm) 44. The | aser pyrolysis apparatus of claim42 wherein the walls of the
react anjs cha I i b i.n to
about 0%%50 ?ﬁ%ﬁ%%ﬁﬁ?#§¥&ﬂﬁ@5&%§§.5§%@@?a§25“%§%@%§??sﬁ?%%ﬁ%g?ﬁg%g?ﬁg?aim
42 wher@inmprisalrebulf sihateny theaekpectian nglpotdmbs ieagagn it awkalr tei forih Hee nesgdect i ve
support hubs enga e mﬁtg a sgﬁl o formthe nozzle with access ports

t hr ough™RECHEHEC TR e (RS e he rewsrihe ©amnels.  The | aser pyrol ysis
apparatus of claim42 wherein a reactant reservoir conprises a gaseous

silicon grecursor and a dopant precursor. . ) i
46. The laser pyrolysis apparatus of claim 42 wherein a reactant reservoir comprises a

gaseous silicon precursor and a dopant precursor.
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WO 2012/ 006071PCT/ US2011/ 042142 47. A method for synthesi zing
nanoparticles by |aser pyrolysis, the nmethod conprising reacting a reactant
fl ow usi ngoaolZmbizibeam to drive the reaction, wherein acrasediani2ifit ow is
initiated froma nozzle with reactants flowed through an annular ring with
inert gases hl@eeddtibr leﬁﬂibsﬁzfi'ngf AARIpafilcRY BhRBDEyrdIDsis aRt SR A dipRugh an
outer gas channel surrounding the reactant flow wherein the reactant 1l ow
subst antdagiing a eenspine fleyusingoadighhbesoyte dive Ghatredstiam wherbintheactenteflgy i$ r om

the i ght,. ndrives,the reacti t orm product particles, 48, Th

met hod gﬁ“#?@??n%ﬁn%gr‘gﬁ%l?aﬁéni‘gggf)éx{e nt[lrofugh\?\’}l @8??%?5 lél&wﬁﬁ 279 %aﬁﬁseﬂﬁwgcgur sor
and whetteoupht heimeoduat cHaandli il @it aPtirsegiehe aeRt ahs sShdnhelofnrouAding The

met hod of cl aim48 wherein the égoduct elenentarélsilicon particles have an

aver age's3etepaigw yeerein the tretapl dow spbsintigdy eomplgiclnBeows tgoughm lighbbeam | aser
pyr ol ysi.S.y, GRS Lon. I I ce and
associa?gﬂiggﬁﬁggy eﬁeﬁ%ﬁ#@gg%ﬁiﬁgﬁ%é egaggﬁ?§%P?%0ngk?§%%%h1through t he
reaction chanber, a reactant delivery system conprising reactant
reservoirs, ﬁx nozzl _om‘.igﬁweg to deliver gne or nore reactants fromthe
react antS-del i l}%}’fﬂ?@s"c ST 0VRHE IaS ERFGA %‘ﬁﬁﬁ‘é‘?%lse&ﬁ‘oﬁﬂéw@ﬁlﬂl@élﬁobﬁn ystem
conf i guBheliPtht BEI¥Epri@ed LNpst @MBridAi k§RG41 On chamber that originated
fromthe nozzle, wherein the nozzle conprises a reactant channel having a
wi dth and a |l ength, one or nore quench gas channels oriented to provide
flow al png t | engt f. the yeactant channel and one.or nore entrai nment
gas chatial s 155 renguhob Piatrd 4 SRRERG I P e RGN GuBonr RS o B o

t he oneawfagdyrEndty@aailgdsmeRasng Soandat MHubbEneI nore entrai nment gas

channel s are operably connected to an inert gas source and the reactant
channel is operably connected to the reactant delivery system and wherein

the entegin I : [ t { Qer t : area
of the agench it PYRIRIERIROPRANERPG ool BN o dRHL LEREPIn G NEL GO 5
wher ei noptival eleaeh@rionfipanded delsvenpiohx beat elrpugtetik asgtibachanber s reactaant ed
such th%. a line al og]% the grcgapagati on direction of the light beamis

appr oxi &Ry SHED SREIPEHPA I AECIONg: MPRENS PoM1Bret RedFREE PRRPT ERERNe! .
WO 2012{[060:¢ HRGT (St %@gw sPém intf hel @%&fonmﬁrﬁﬂ)éﬁsé&l Eeb06n fstéph i M

2 S
50 wherein the reactant channe as an annul ar openi ng, ereln tnie one or

nor e quemdiguggalstocteagimeltlse Sowplromabe agnctiemtchahbeari thetudréginated étonpdei nazaleed
within the anpul ar reactant inl e%}nﬁnlcﬁ:l an]O nnul ar .i BI et st}r%ﬁ;ndi nﬂ t he
annul ar VPESEL B 0ZAE SOMPISE deacnh chapael,paying & width abdid lengihe REC PRMSYE | o
annul ar q@heh peSEHanAElE drigdted itprblide AAMH]GHg BE ERHeth ERake Fdat@ht chalsbl aAd BBE hod

for synthesizing nanoparticles by |aser pyrolysis, the nethod conprising
react i ngf MorecaEaEmIenf Baghagnelgodentediongdgengh df the énarhgasrcharnelomhewdier ei n

a reactgat, fl ?x \}\}:Of% iilﬁ'éntchaéag dch%ﬁr?%i’% %nvé @%etz hlr CRe g Eﬁ{béé %ﬁ&éiﬁﬁl%gtaégs?xnﬁagp&g &9 h a

reactant 1 nle I nert ases uenc

appr oxi operaily centacmdndiangnétigad bawed fraimhe heaciaachaint] isndpetab&ncormpctedes t
entr ai nnent Ctg[;as fhows t hr ough ag out er gas, chanirrglgelt gpproxi mat el
¥

y
sur r ounFEAGPTHYE Gel¥sty sysiemctndgwhersindie wRBRamenk &t Angreq [apgast about
SUbStanifﬁ%|1elu'gmctﬁﬁpﬂﬁta?éeyoffth@i@en%ﬁ%Mﬁ iLight beam such that energy from
the light beamdrives the reaction to form product particles and wherein
the entrainnent gas flowis at a volune at |east about 25% greater than the
inert quench.gas flow.and the entrai t gas, flow | eaving.the nozz at a
o eat et ol o5 JsrRfo B e it O GhBhcH B agae2lan i it ARy o
appar at tsta6 QWIBF ikl RGbrRxnfedaath Mt & Mashfhe e bfo?la atRAWCEHANEF @S 31261 Bded
optical elenents configured to deliver a |igh eam t hrough the reaction
chanberis agpioggaataiytpeseniligalay tesifis leng Boaptiosphige reagenbeirnndser voirs, a
nozzl e configured to deliver one or nore reactants fromthe reactant
delivery systeminto the reaction chanber, and a collection system
configured to receive the flow fromthe reacti on chanber that originated
fromthe nozzle, wherein at |least a portion of the interior of the reaction
chanber, at |east a portion of the nozzle exposed to the interior of the
reacti on chanber or reactant flow, at |east a portion of the collection
system exposed to flow fromthe reaction chanber, or a conbination thereof
is coated with a polynmer, ceramc material or conbinations thereof such
that flow within apparatus has reduced exposure to netal contam nants from
the apparatus. 55. The |aser pyrolysis apparatus of claim54 wherein the
interior of the reaction chamber is cdated with pol ytetrafl uoroethyl ene.
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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
nert 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

1s coated with polytetrafluoroethylene.
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