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Chapter 1

| nt roducti on

1. 1Silicon and the Nanoscal e
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formed theérfoanumrcchatiindmr mat i cemeergee dfrecmnod loagry b
i ntegrated -lcdgedimast, e rsijamhisceoenm ep @ omsmomf our dai
for new asieldi oumotnetriinalmssng t hese i nnovations s

and the omabbrfi catat thendoétatlt e

ThEhanoéax@adwepi es the size regime found betw
at otmsat compose themsi-dépdirtdheanrtacalee j suhtcgueme
unli ke those of smantgelflehaitso® epcrud pesr toirecslu warki lsne  a
confi wehmatmscri bes the phenomena associated wi
car r(iieres |, el ecwtirtohnisn aan ds amMeihde isa)sn st o appeosohi d
the nanoscal e.ddaosrismgmidd anedhsd toawssdtem st g ehpen dpoasdce
forcing excitomel €d epaited ehtteataostate of hig
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byefithhengparti csimaplalr zec|l ¢bheaee termed nanopar

nanoparticles that exhibit dwameaudmtauamn fdiont emg m

The dbhbgesrtohtqgoantum conf nmednemdt emi &li | ¢alolne
silicon. Porowlsensidulckoncrfyostmal | i ne asaquecwsn w
hydrofluorecclaiongr (HEPWDi € piasess produces por
t hat pr epfreorpeaadt abta &1 Y dp% alnfe t he pore walls are
temperature quantum conf i4Tehmesn tp hiemaomieindéoseh f c a
as orange photoluminescence when the porous s
The -enhghgy UV phovabesc®lreomaiordens i n the hhaos
conduct .iVwhne nbatnhde el ectr excisttadheegyl ¢@a®en btlhe sl i g
photonemi ghiien arhisglserd remeeh gty wh iadthkh ep mh andf urcaerse
emi ssion observed eff f @mitlblulektyrsaitleisc otnheandi ff er e

bet wepnophketuiléks amfdmatepbEBregékre 1

a) white light b) UV light

Figure 1-1. Photographs of porous silicon etched on a silicon widieninated by (a) white light,
and (b) UVlight. The visible orange photoluminescemeesesfrom quantum confinement in the
silicon. Adapted froniPorous Silicon in Practice2011 (Ref. 5).

Tledi scodvermpyhot ol umi ne sicrneintti aptoerdoauasd sw il i eceosni &

resear c hc eemtdeecsaevtonaonoonma peepalb ati on. Scientists
2



the origsnbiobndanbri ght wpelheatgoelru nion eusscee ntchree am

variety of applications. Moreover, silicon 1is
materials. By mass, silicon composes 27% of t
Si atoms aretthluseaonndombDiulri d mm niet d6al ssa rifiacle

I n the body, &1iMWdreosb gtzoo xfiodsi nzl enss natndeaé &8 dhirley pr oc e
anax cerdetbobhghenheé (o,deg amelyasii’Tde bi ocompatibility
significant benefit because it allows the nan
i maging or 8%Siulgbadaemd smawéspal soameand!| py esent
| i t hleeo nocree nadt ed t o matlemr itaHedda freegayrcdse,s si |l i c
a significant adeoemantédbhgmedveguadchdadm wWm&lby wOpon

noabundhament s

The synthesis of silicon quantum dots and,
of any stpecehas ybBe commerci al attention aff
recently have some commerci al applications fo

remain on t he dheosrpiiztoen.s ufbss tsaued hif,albr adaamoaes ,of

freestanding siigeaetbec omanap amattuedhrsolpagymi zed

The following section highlights some of t
ofSi NPsln each <case, t wea dperpemadri tnige su pofn ttthee SiaM
This includes nanoparticle size, shape, cryst
and yield. Understanding the demands SQifNRach
synthesis Tmet hednai nder of the introdugitds on p
met hosded to produceseSoNPds handesursacymsegt maher i

requi roefmephpesi cati ons.



1. 2 Appl i caSiiloincomfNanoparticl e:

The number of potentSiidNPxsapplidprcateomtaesd rieereevmamner
of brtehvet tfyol | owing examples showcase the appl

amount of academic and commerci al attenti on.
1. 2. Photol umi nescence

There are a var iSeatNgRod fol wany(sRels)o eanvabre cthe ut i | i z €
include biollepgecal oniMagdthgyddatydsi,ctBemagaspect s
of Si NPs, such as surface functional groups, Vv
guantum dots btrhagthtpt gchi ameselkeengt hs with high
Quantum yield (QY) s given by the equation:

¥ w 7
L Wb 7

I8 PEIOITO AF ZE)OOAA'
I8 PDEI OF T AOI OAAA

Quant um yi ehlodw geufafnetcutfmi veextpghnoaeer t s absorbed ener

Il i ghTo maxSiimMiPz photQyY wmivreesaderctr i teria must be

Bot h t he si ze and si ze di st rb daudtilen- sdfz et h

depemntd nature of quantum confinement creates a

emi ssi on. Varyi ng otthhee sPlz eo falSioNwss faocrtfotsusn itnhge
As discussed above, guantum confinement i's on
the particle pushes the exciton into a higher

when pa@rotsiselsess sdmalmethearns9 éninfhr e NPspaws $éss t he
photol uminescent pr opceorrtrieessp oonfdivhiglikni dl immilearo n Sw

approaching very smal/l Ssizes (< 3 nom)y aedxlait biv



recombs nas iexncitons experience a greater freq!
cappi ng?Hoirg aanhdess.e rciastomishh u BiiheRss itzeer gemusy PL
be control stelrde ndithmserl iofi tnanoparticles that a
efficientl yanemixti mtpheexspoenpshetd ol umi nAddienicRRindP | vy
samples with a wide size distributi omhwiclhl em

is often uhdesl umbahpepsltiethactpi on's .

Nanoparti clael scor yisntfallQe¥mddéisy di @Dr dered nat ul

Si NPesuladashiigqher Il n kred a dhioaotdi vef r el axati on pr
phot ol umQwe&Bhcee nccoenventi onal notion of crystal/l
where the small number of wunit cell srpngeent
or d%Tthé&®. structur al strain aoif ndrhea sniamg pianftli wcd rec

decreases and disoraee3i NBs obrsckerve@ nm icm ydit arhd
a crystall iifi tnyn ¢r &NPise rftr oiftn tthe or dedcdedfhaetic
Thi estsealpl ored this gradient through an anal y:
the size of the crystalline nanoparticle core

size of #he particle.

Fi naSlilNyRg st possess tailorable swssrsfednoe at he
interfacing SiNPs with biologalkeabastyisd a&lmsy dlu
particle emission. Rat her than radiating throc
chemistry can induce charge transfer to?%surfac
For example, iNhboodadadecyyaini &mibtl tuieng sur f ac
whertehaes f or m&Lt bomdek ai$S@ ngdads not interfere wi

emi ssi on -raendd eomiasnsgiehSusf abeseoxiedati on can al s



by trapping excited electrons-shefosethét ®mbim
These phenomena are complex but overall t hey

spectrum2f>Fidfure 1

Gi vtemes e ma,nyistf aat ot haotf tahec oHUQ@YI dalpe8dBEP ¢

stroongltyhe preparation met hod. Fotreremiamatl ed $Siy
fall i n t h3ed %, rach geheiagdhr dvia | u e s7 Ohd&Tvhee r RelagMNeld$
terminated in hydride?>roups is normally belo

\f’ o AN -
si o

Figure 1-2. Silicon nanoparticles functionalized with various surface groups dispersed in toluene,
under UV illumination Adaptedwith permission fromACS Nan®014 8, 9636 9648 (Ref. 26)

1. 2.2ithlioam Batteries

The working priimani plag tefr yailsi thicumoanthbetlt Ween e
el ectrodes. During operation, the battery dis

the anode to the cathode. This process produc

6



by the iorddation reactions at tihet earncaatlela t a noch

deintertal ation.

For a giyvebhheot omal enbeartgtye rsyt oirseda ifnunactliio
density of its electro'dem:m.s Isrtoorreas ibnyg tthhee enl uen
greater amount of power during battery dischar

el ectrodes alra®r gceaoifi orkgasle aancch"bamom ee yniamgp dlei and

materials is ava%omdlef itnhe hmodti tpmr@amiusieng mat
Currently, the anode oomf battenyenmntsi cwmallst Iriut
because it p 0 saslkesrsdewsc thiivgiht ye Iwehcitlrei cr et ai ni ng s

carcapaWhteyn f ul | y ¢l,i toghriaaptheidt & LhiaCs a 3bd2emA sp
h "g®The idea to ibmapleedmematt esriilailcsonas anode mat
greater capacity of silicon -fiorihihemdamimc i oomp
(L&iat room thanpea as pme @i)3f58c0 ciddp eha gghtyiynelsg h e r

t han ¢g’MHeopveivtee., with the inclusionlofhsoammanyil

increases by appmpair madt e¢loy’Th@0Paekhindg,i and

shrinking during battery discharge, eventual
materi al and electrically isolates the anode.
el ectrical conmucFovitheoé sedsons, researche
using silicbesnapnopamptress the undesirable co
|l i t hamdieloint hi ati®on of silicon.

When compared to other appl iSdastPiudosiesit ttelreg m
anodes are |l ess recgysbabkli Rrotyesbmphe,néahopart

the | ithiati osicrpyrsacads s nter adnosnfad rni*Pomo ®i taynoir p h

7



anode material is beneficial because it allow
of ctohnep oduunrdi ng s k;r thhooomever, this can be accompl.
Si NPManoparticle shapeFusdammntaltly, unheposirzan
is the most criticalbecom®i deroatliaorng.e Itfh et heef f @
conductivity and | arge volume expansion are mc
| n 2YoulsOainmw cowor ker s usSSd@®CSc oORPpnat etre ae¢ attdhad p
a specifit, 8apamiAFipgdf¥ n1 their study, the aut

rangi nlgd3 ®r.om

Carbon
substrate Carbon
SiNP coating &
deposition assembly
—_— _—

Figure 1-3. Schematic of SINFC composite granules used foribn battery anoded.he silicon
nanoparticles are depicted in bldéalapted fronNat. Mater.201Q 9, 353 358 (Ref. 34).

1. 2. BMet amaterial s

Met a ma b eaen ad msd rogiincgmat er i.alTsh er daseeanr cOhmet amat er |
t echnodtoggp chké yond conventional materials and
properties through the «caPTeyfpuilclayl | en gitnrhesesrei nsgt

arrays of repeating units3%oWHemardax gd esd wtid hi



el ectromagnetic or acousticiwdyvepsaduthd ecso mheisn

uni que, and ofwaevne firacprrtecledeindoed, Some of t he mi
made possible using metamaterials include neg:
I n receBt SNRRaware, identified as an 1 deal p

met amaaetriwaé in th¥ °RorsitbHies sperltirawant.i on, t he
have a@achtglkring aefhfiigchieerncryef racti ve i ndex t hg
absorptioaccossftheed®™sl btenspwtct humtns4ihi gh r
5) rm@aler o absorptionvicahiet irmentt 9 cr*llSd s tldcari t ¢
to photoluminescence, scattering resonance i s
approaches that of the incidenMi wauwuedemgtsh, | i<
particles, this the@ryi8Otbend esbeanhbatcansbbl ac

particles 7r3a@@0 nmmdi @amet ér r st Mie resonance i
el ectr omawgeledarigch hn t he pasgual et o dti menegtiasmrt i(c |

t he vacuum |Iwa vaedl8a mNgPtbhelr t hi sslappl dcaktsonbe cr

spherical, monodi sperse, dhd contain no poros

Smaller SiNPs < » Larger SiNPs

0
b

'i-"
B
5
ol
-
4
.
<
T
-
y
‘. .

Figure 1-4. Photograph and electron microscopy image of SiddRibiting wavelengttselective
Mie scattering. Adapted frofdano Lett 2023 23, 5101 5107 (Ref. 41).



1. 3Silicon Nanoparticle Synthe

The optical properties of SiNPs have served a:
and robssethyndtshe Bot h ¢ hheand esvt esl ameald padiry sa rcri asyt sc
that are characteristic of the two fields. Th
which provides an overview of the metebhod$f usce
each technique wil!/ be outlined along with a

for addressing modern Si NP applications.
1. 3. Todown

The most straightforwdownodp@addaame.t hDhliss i de g

down of |-acgke mBcroosizedopamaikc|/ ebandhbédesel
syntheses are typically c¢crystalline | umps or
generally accomplishedsky albdatt rmeathemii call etra
El ectrochemical Etching

Anodic etching of silicon wafers was initiald/l
adapted for Si NP preparation after it was dis
br edsokwn the films and r e*3d@ht sinsaascwecopensisdre do
cel | system equipped with a Pt cathode and a

hydr of | uor?%f teecri dwa(sthF)n.g and drying, the wafe
colloidal Si NRsenaagtifmrltdhetredi zvieareduction of
by etching in HBNggohuontdi agdobf hudbric é&acids, but

to electrochemical methods and hsayntbifedshe sc omb

10



@)
<
o
-

alolwi ¢elhes,] poor morphol ogy control, and h

etching an uncommon route for Si NP synthesis.
Laser Abl ati on

Laser abl ation uses a high energy -pbebobi bga

substrate. The concentrated | aser l i ght can
photons¢bdaionnd-pmauttldn (t her mal e'Viapomdti bnpn e
vaportitzea ntgar get materi al , this process <create
Out side the pl as ma, volatile species rapi dl

condensation *“dmd sca a&gliniadiuealways depeé¢ospede aga
phase process, but newer met W&TheSkpw eptaicd ns e |
often utilize mddisewafledarsseriizne;Hl%waivem e repnoet

synthesis and surface modification me4°h&d has
reporYueéen amlvel oped this method furthe®i bynper
a solutdeoandfhydrofl uor i°€Thdcsi o r(oHiFukeye8dPondy onbmt ¢ d

Si NPs Pwi tghu aant u nb ee fwfei&ci %5n0c y

b) Aerosol
Plasma Plume Laser

k
Vapor Cluster Primary Particles Agglomerates

(b) . (c)

lasmaformatione ® Nucleation ® ® Agglomeration
. 4, ° [ ] Y ]
» .o m ., W

a) Target Material

Sistarget-(diskyms

Figure 1-5. Silicon laser ablation in a lowressure environment. (a) Schematicthod particle
generation procedure in the laser ablation process. (b)-lrakered plume of silicon. Adapted
from Kona Powder Part. 2017 34, 8090 (Ref. 51).
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Mechani cal and Mechanochemical

The syntKNRBsi s @fonseSdihbalbedoliayl Pdbmg t hi s met hod i s
combined with oé¢dhlkanacaibagmriefFtoir o resxkaumpe ¢, al

prepart¢eral kpted Si NPs (~ 2 hhmxdédmye m24 | hngt Si

temperatur e. The authors <claim that fragment
containing dangling bonds and silicon rPadical
Whil e straightforward, this approach results

(PLQY% along with iron impur?tttes from the st

Ai ming for | arger Si NPs, a unique report f|
to produce crystalline S20N®S¥Wiieh Ol amdt ags Ss
de oni zed water, the authors allowed the resul
days before carefully extractiliegtilbe svapet han
with a series of centrifugation steps. Whil e

highly crystctaebkiksifnél grdemaonstcr anadk magaestes Mn

visi bl>8 range

1. 3. Reducing Agent s

Numerous efforts have hbheemgmaeedutbngradentes.S

reactions falll under one of t woma@negioat eesr m
reducti on. Many of these methods offer room t
techniques but can suffer from impPurities and

12



Significant contributions (tTol A&kl auzliaerlidc hi
research groups. Tilley and coworkerguseskpbor e
a sel edtyidon def reduciinncgadpamt sborohsgydrilddg hi{ da
borohydrs des (pelBiRgH, r iadied (i um al umi n)PhPhyedri de
reactions were <carriedcdtaat hyilnentehegl!lprceodenmaena
tetraoctyl ammonisuwnr fos otna rditei ia@@Ty@ ApBada nadg g roeng at i on
Generally, stronger r eSl N®sSngh aag enmatrsr opmead wsc ezde
Si NPs wekteerhm chrait ceed small er than 3 nm, and d

around 350 nm after sutfha%mi henctionalizati on

Avoiding the (hyda rboatsee ld a zr aekdauacztlssamtdsc It o wor ke r
accomplished si mil asusisaogdilum rb@pdBiteidul ajildnegneSi Cl
di met hokxkydthramaet hors coul d mamdadc oy s it9d lessms fibry@ m o
modi fying the reed®hau z lcgarmicuepm thrasst iasdirsloi Glisdeedl me
same) atrheeascit$h @aisn using gl yme, this prosgess r
through the oxidatpSdn .ofAl metralat s velNagSuycamat @ Mg s
reactmmdrnihum PpNBm) den DMH llunxibnogt h cases, the <c
small (< 5 nm) and display blue phot®1A’mi nesc
recent report by the Drisko group syndawhddci zed
Mg met al i gl gombutaddogl phelivle The resul ting par
crystall and, ppbowstdape control, high polydisp

sufficient f%r Mie scattering.

Lastl vy, r eawgmteisd mo teflareatmiocns of fers a pat hway

reagents-stBhhiesrealcitd on dbdded smdtrtoond 4 hrae rstoil aunt

13



requires moderat epalkpatedgsi Dasog nanocrystals
(M 77 nm) by t hSetronbaelrl ys itlwi etwlat g pnags § U dhlo@ 5 0W ArC .

step involving HCI magnesquiorrendeidda nr etnmoev er etahcet i
[1.1] Si:®@ 2 Mg Wg®i + 2

Stober silica Silicon nanocrystals

L particles
? H,O0, EtOH 1. Mg, 500 °C, A @
) . ’ ’ r
sli/o\/ 2 > 9 >
\cL NH,OH 2. Hcl @

Figure 1-6. Preparation of silicon nanocrystals using the magnesiotheadiction of silica

nanoparticle$? Silica is reduced following reaction equation [1.1].

1.3.3%i Il ane Decomposition

When exposed to an appropr i( dtS¢RRe= eH ,g ya rsipma tcieg ,
undergo decomposintuicaneatri eosufBatnsdff bgi reorwrteéha et i on i
the earliest recor detPPmed diiotde df oirn miatks ngi 18p INP

equation i s:

[ 1. 2] SisHY Sy 2H)

Though conceptually straightforward, the v
has resulted in silane decomposition becoming
The most popular of these metlkRcdssese¢e hgygs ad h

continuous Afl oW througho procedur e.

14



Ther mahdyced Decomposition

A typipxhdseamsyrolysis of silane is accompl i she
(< 1%) in an inertycalrridHar ogad @i he a%®SHe r eArc
temperatur @80,AQchecedsiinnganes di ssoci at ei liynlteonehy ¢
(SHHIt is propypEedectthati tsh ot her silane mol ecu
that f oranfs sahihsickookes sHe wiiew)yteesa d(i Siig t o aggl ome
ul ti matel y"™Pr escyenntthésstd g @ fz famalmWang i denti fied

clust/ipst h@8it rdguletaefti mmss but the exact mech

remai ns’?2el usi ve.

[ 1. 3] SisN Si+H2H

1 ¥ T T h} 15 T 2 T

4 ¢ a] - E =10
S 1
E of 1%
ES [ .*53 Ii F | ——
h; 2 b ':'é - Temparature ("C)
b2 o
S 1F = -
<]

i o0 o o

400 450 500 550 600

Reactor temperature (°C) do enih =

Fi gd7€he temperature depecadgiss @ nefe PiyMPAdmsi s
in He). (a) Mass of aerosols collected on fil
mi croscope | magrecsent(rba)t i 8NN aJ&EM gni gecoegrpt ac
aeraoasdqlcg Size distribution of Si NPs prepared
Reprinted with. p€hmBRIdPHY Of2(483df4. 72) .
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Nanoparticle formation anfdugcowoh o&f olmoshl &

and concentration. At a given temperature, p
concentration. Similarly, a given concentrati
temperat u?7 PACKFiguireglcrystallinity in SiNPs pi
it requires aerosol formatfon at temperatures

Aiming to | etvler@awgaeghphte phdtgehnt i &lwi bghrrosuipl an e
desi gneldasaerCOreactor <capable of produ@Ang pho
mi xture of silwuinfeexafydowgedph@idasnsli oweeart hr
the patd acfeor.a6) C®hus heating the mediecsud eisa taina
This methodol ogy affordé&al0l0a nsg /NP ipm calucap@mox
10%owetvrhe particlestohlm n"eéespermryedafpthelrF et c hi
and nitsy i &C’WHeNOCaut hors | ater i mproved the phot

0iB% ti@0W0 by modifying their sildé&on nanocrys!/

Thermal silane decomposition has also been e
to theirressowe counterparts, reactions i n su
nanoparticle precursors i-masdditfésachcohcehi sat

was developed by thes(Ksbshgeh @greupeus-hepganal s
(ca450AC at "B hs sMma@a)t hod produces high yields (
the average paftoml &80 semifigt iasl | utsm ia dwilglenacrieemn t r at i o
The research group also pdepmjeliremakthecdegsbDe
di phenyilnsisluapnéemc mi X iraicatieasn mdife xaénml® 0 AC at®T3hde.s%e MPa
al koxerdrmi nateaeamoSnisNPrsat ed photol uminescence, b

exceed 23%, and nan®arrltii er é¢hneoadimtdiso mve r eh ¢ o we
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powder of sodium withihisopetaeahmtiabkebr dadketio

for

obs

fro

okl

mul tiple days, a polydisperse ramwas of c
et'vedgeneral, SiMN®sm®pldleweaderendp defiotns bthane su

m wide size distributions and poor nanopar
sil)mad uced Decomposition

of the most popular and enduring methods

pl asma. One variant of this protocol usi ng
r the |l ast 30 years. Thenati tpil @aslmad iafnfde rae n
sma is the temperature of the constituent

i bneseeapbasmaons is the same. Conversely, i

ecarteymps ctawdlsgMObbe® O OWIKi | e t he heavier gas sp
m t efiprehresteumpd . asmas are generated by oscill
w, accelerating electrons until they have s
ascading effect, drasticalwlyhimctdasichh@a mble

ady stadté€2in reached.

. 4] Ar " ¥e A¥ ieow

n subject to the energetic elestltboenohydhn

ion. Two examples of these reactions are gi Vv

e been proposed %%20%3%exi st within the pl asma

. 5] Sis#t " ¥ Si+H 2H + e(El ectron )di ssociati on

. 6] Sis#H "¢ SiH 2H (El ectron)attachment

17



Thei | 31 etd) (oS sHdly | aiSbecome reactive poi

mol ecul es, and | ead to theAfgor emgéfi btomemsfe srails
eventually affords small, negatively charged
prevents the particles from interacting and f
silane and its d(ibsostohciiaadreidc caomds tnd wtemdls) . At

exothermic surface reactions can heaat etrh et hSa nN
the surrounding gas (T ~ 800 K) and promote s

(~10 nm) SiNPs isepetarvan tyhe wehyffttalflriome s e

Much of the recent devel opment for Si NP s
credit&dortebgbngemey oduced muhrnowpdhr dgll dsvma r eac
of tuning nanocrystal size by adjusting sila
pr esdTuhreei.r recent inmnanmdami oonsthabmalbep hdmma sy s
synt h®isN&2reds modi fi es their suPABtereheaviehg wh
aftergl ow, a fl ow olfi ghaynddrso gaerne giarst raonddu cael dk etnoe
annealing in a #8whe fFummaden@Fiigerde phrticl es
maxi mum quant Btyhiea!l dvBEsfk ahle.chméryget ed t he pr oc
| arge Si NPs f88Trh eMisey nstcheelstd esgieonfg tSHaNfPs1 0 nm has
difficult due to short residef ki s$iwas awndr pa
electrostaticallwi thiappihg neaopartial eswing
60214 nm @B8mMYPgNpPsoduced using nont her mal pl as ma
di stributions due to electfBematkablrepuégennf
exceeding 100 nm in diameter, t hyeb .a4ioh mr s he b ¢
me £A .
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a) b) E 220f 3
Si NC growth Si NC functionalization  In-flight annealing  Impaction 2007 -
(~5ms) (~20ms) (~100ms) 2 160} =

- E 140t 2
- - A -y S
SiHs - . o 100f 7%
» |

Ar, SiHs ’ :_ --------- '
= (D: Tube furnace ) f.‘;:e
Hz, ligands |:> __________ 1

Figure 1-8. Recent innovations for nehermal plasma synthesis of SiNPs. (a) Tandem plasma

tube furnace system for SiINP nucleation, groatid surface functionalization; adapted from

Chem. Mater2019 31, 845118458 ( Ref. 85) . (b) I ncreasir
electrostatic trap increased SINP size (top). The-dgpendent light scattering of silicon
nanocrystals (bottom); adapted frévano Lett202323, 193071 1937 ( Ref . 86).

Evident from the above secti o)iripdre@whseu rper e
synt heses of Si NPs. This pyrophori,@anmdqgl eaculsea cy
alternative precursors have beenGuerxupvleobrkeed. E x
usicnygcl ohex eHdslialsanae p(ySiod’g s¥Yasslame agg hubsli.nlgi son
tetracbhBatChda nont her mallBwhp Il aes nbao tshy matl hteesrinsa.t i v e ¢
the quantum doys!| phegramriedliathed m ol 3PL) QY avnadl uSeisN
prepar edscfornadmi Sied@l ClI i mpurities and required

cryst!®BPlize.
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1. 3. dher mal Treat-menoh OKki 8ebkbi con

The final category of Si NP sy mtdhuesas dteac obneo od i

silnnfcoh oxides (SROs). More acdusptepygrtibeast
nostoi chsometoncoxides into domains of oxidi z:
formula for this reaction is presented bel ow:

[1.7] 2 Si¥ (18 SHxSips) (0x< 2)

Theher modaynhnaymit a0 wi |l | di sproportionate when
nafao zed domains of Hi memaippreal wmnafihins ame3t ISo
conveniently provides SiNPs in a protective e
average particle size can be tuned by either
adjusting the thermali mMelSo NPssmaed tkempewayunee

until approximately 1000ACS°®h%fter which they

A
o)) 245 %)

Figure 1-9. OxideembeddediNPsprepared by thermal

treatment of silicon rich oxides.

The most common met hods used stpautmekvea pHYRIO S
deposition, andorsddmsneaet ihoyndr oBy si se 1990s, t h
established procedur ene i tobru tS ReCa ophr espaaw artai poind sdheov

confinement was-sdi scomered i n nano
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l on i mplantation

|l on i mplantation describes a process in which
into a chosen substrate. This beam of ions 1is
i mplanting ions into tbmpmateronl, TAnd modcégy
el ement selection, i's restricted by the penet
appropriate for the preparation of *tbhs &arém
bombardad Ss@bstrat e, creating a zone of € X C €
approxi matel y 38s0urnfff Goeed oswmalhle NSA /i el ds and i
mor phol ogi es rek@ | tpirmglutedmi hhda hSs way have

i mplantation and the technique %8s mostly conf

surface

10 im

Figure 1-10. Electron microscopy of SiNPs/nthesizedusing an ion implantation method. (a)
Crosssection image. (b) Highesolution image of the nanocrystal. Adapted fidamophotonics
2022 11, 3485 3493 (Ref. 97).
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Sputtering

One of the downsides to ion implantation is t
the high energy <collisions from the incident
advantageously for sputteringeatneccfni maretsi.c |Sepsu
atoms from a target material by transferring |
that the atoms &Fer pBROIi pakbpeadcomeldithh sd cuay
pl asmdi s Astri &t ag picuadd@ filiyy process is oft
as -spauttering because it uses multiple target
sputtering, pl aces Si targets in a controlled
oxidation ofom5ifken eh @etch eda Séag.,at ffiolrme dofasSitde e

ardeeposited on a designated substrate.
Silicon MoVagxoiude Deehmdr hinti iqaure s

Oof t hhema®ie®i al s, the most commonly employed
amor phous nael fidi kno@h®®Bhtdfntoexni dreedf.er r edamt ® has S
materi al has been the topiamxdfstas lasn g del aqgtue
as a nanoscale ah?™&wunmwerodelSy, atnhde Sdi@ad loend !l @ n ©
is astwmediled species. 't is particularjigysi mpor
encountered as a problematic i mplaridt yasitm otnloen:

wher g¢)$i Guggested to be the most abiffTfhent f o

materials science community is plagued by the
monoxi deo. To avoid coathemBeont ohibbetdelsid amt
and (gyih@n di scussing the molecul ar spgem®s. Th
a distinct material wild/ not be addressed as
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Conveni ggptalny ,beSip@oduced by the reaction of si

silicon.

[1.8] C(sh Si®) Si® GO
[1.9] Si@GH 28i¥D 3 (S¥ 0GH
[1.10] Sish Si®) 2 §) O

The (§isOthen carefully condegnbkbiekle oot hemi SIROS t T
di sproportionate when subject t o ahpeparto, x i enae retl |

1000%C.
[1.11] 2 SikYO Sy Si@Q)

Compared to ion implantation andf aspiuSRe&xt end ,
preparation andanheoamequae nctolmmer i@l ly avail a

Si(@a popul ar pr ecurenolre dmdaetde rainad ffroere sotxainddei ng ¢

it e?PdB%r e.

Six©an al so be prepared using cshiemitbhal pvape

of oxydg*enttyas.technique is usefuhordf oBi NR/eSipd

superlattice: a multilayered2!¥ il m of crystal/l

The final SRO pertinent to thisymndtseruisali o1
described above. For med from the hhydrrood eyns i ¢
Ssil seshasodaséi ngui shed i1 tsedafdasgiavenomi sene¢

this itwhd diibveusnsgdeater detail
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Hydrogen Sil sesquioxane

The term sil sesquioxane describes a cli@Gss of
Si |l i nkages decorated with ,cogn@niimegr capd edT Ir
oligomeric sil seamube xaaresr {IPIOYS)s) or mBBw Qehd a s
R representyogganirdhuead o gptanarray of possi bl e
compounds to cover a range of functions, part

thermal and mechani cailO pronpee taice® blemought on

Hydrogen
Silsesquioxane

HSICl,
& Benzene si

LS y
o 2t |-.0_._/5i O\
Dropwise addition § No_s! / 0 Ay
“SiH To—sgiHO \
> ra / g0 S‘lH o
Rapid stirri L S N od
apid stirring SiH \?meo_-iu\o/\
HSi--._o_Si/ "

0

H2504, fuming H2504 (1 5% 803)
& Benzene

Figure 1-11. T h e -wiastcearrcc er eacti on scheme for the syn
based on work by Frye and Collib$.

The simpl esti ssitlhsee slgyd roixcaeneder i vati ve: hyd.]
HSiin®. The history of HSQ predates it abgoci at

Frywemd Cbhl it®%M0e pol ymer evenknonaWwhynbgatmee ar ¢

el ecbhteraonb e(aem) | i t hography-en@pagry edlHeasdarnmoon s€,0i Shsi
within HSQ triggers the polymer to crosslink
bond$his procedure results inuaigmeatemaviagi g
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regions of HSQ intact after application of th
the 1990s and - sr g iasgte efod mihdetoswmh(i<grmd s mal |
roughflensost.her common amupleidc adst iodnw gsuEiBs sOH-B @

interlayer dielectric 'ffABiercammdrai ailnt a&gaialt &l
combined with its sol-uhdenstpoodesshbkhney chal
attractive mat eni au’fBriembeel sng seslgui oxanes

catal ysi s, eanmnitaegdi alle lusgivfee rygt h

Theow Corning Corporation was the sole com
1990s, 2600rRIBYL 0O sirhde c o BNy nsaal dsol uti on of met
(Ml BIKdder theFtowdel(ekhdg =Mat ch .nufdanrl)y all pub
duri ng ctrhedbottvi Gewins nmgp!| yi ng the HSQ usdad 6i n t h
ast ubdyy Dow d&smranliyntgi c al Scidersces bap kheotvnk ahte we i
di stribution and specificamovarcwyl greastirycdepe
synthetic re®dhieomut bpdihtait @emsSiQk cont ains a di v
of poloychgeadadder s, tubes, partial cagef£? inte
Despite this range of structuré&s$owlhémadasidet
experiments easy to regpltiparasgHS®Qh d or adef ad nwes U
nat Areel ettenodre cafl atr st ructaurees |d&imsgwrlidgiedgn dHhS Q

their influence on silicon nanocrystal synt he

25



Less Crosslinked

100 / d o—S\iH OH Open Cage
o \.
N\ o’\sH"‘o-o-S{H
(\ HSi—o—si”
80 - 5
o-Si~g—SiH
= ﬂ HSi'\/ 0"\
& 3 O—iH o Cage
< !
S 60 | ?,guxo,/_ls.H
8 Si-H HSl—g—dr”
i stretch ry
= 40 H H H H
'g i SO-Si “'”S!i/o\sli/o\s‘!i/o\s!i""
asymmetric \ \
stretching 8{0 S?O Si/o s?o Ladder
Cage —» Cage Ho H
Network — bending \Si/o\Si/o\Jiﬂ,,f
Si-0O-Si symmetric stretch — ?/O\H é\cla H\o\
0 T T T T T T T H"/Si/ \fi(o/si(o h—f'~on Random
4000 3500 3000 2500 2000 1500 1000 500 o o n 1o
B i Si
Wavenumber (cm™') H_S§"‘-0/S ~o” ™

More Crosslinked

Figure 1-12. Fouriertransform infrared (FTIR) spectrum of HSQ (left) and common molecular

structures that compose HS@ght). More crosslinking is associated with greater network
character in the polymer.

Thleob@aindi ng ewivt D@ one s itSsil sb @i d $§0iaindl Smkages
Thege ve r ichartaoctterd sti c ebsetuecbdmnfymdaetehtigru®m c i
(Fi gauke@ompartehde tfitOubords 9erlkeseahnt héelmd imde wi t hi |
HSQ only make tdamcettalygeingowparrsednef i ci ent . F ¢
HSQ and otphoelry eReSeis@od ¢ @egpni zed as silicon suboxi

critical to their rdiadsoverry sad i groenc tnramnmrc r ripastt ea

The dxamyfl ehnydr ogen usieldsidloiquom xmaaeoparticl e
repobrywauehéal £9Mn%.ir synthesis of FHp®ddCbf ki ad

substitiueti m@xtyrsiiclhanoen os h b @ & € iectloynsdi esnrseaatcitoino n. Af
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a complicated procedure of dehydration and de
nanocr y2s0 anns) (eSmbedde d?8wub sae gu dritc as tmadird sx.si mp

and demonstrated that silicon ®anocrystals be

|l nspired by t hHeesseedé aaxdlpy oeédlortthe, use of C
commercially available HSQ 4% ha woekuwaer mbor:
a desire to produce freestanding Si NPs with <c
and surface chemistrtyhsepleicli el avzveiddiamgl thheg hl ye t
often used t o nhadkdei toitohnearl ISSROst he originaof pho
topic of ongoing sHSQycoahd iptr owa sl ehedf pf eedc rt ta hivapth
and scal abtl hper meptain®id | dio@mt u®h nd ohtiss. i nistkiesls edub|
thoroughly chfafact ®r ok eth sheHiSAigtndtcerscomgt amt
fl ow forming 5% sddnCbi%y,tNusrpeb tosfive@ e heated in a t
tapeak processing temper.Afuee bbewegeh 8061 Bndi
haall apsed, wabeatcmtwdth ntad urally to room temper
removed and ground to a powdeobsetirmgtdat morthaer
processing teamher appearahaegef t heaegwhbgtobwnd §Q |
to bl ack, with higher temperatures rendering
rel eabanesgavhenSihkat étl’°Thbesye cd5MbA@ed with the
of the thermally treated powders, Spemefli talkl

Hesese.lpaloppbBatd silicon nanowiaastt-latl esg & dF tno ovd & sh:i
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1)HSQ Structur al Sohlaviegetsd r (ifQr ®4n® Gagfedd) .amld st r uc
changesh alsi nckrionsgs and c,agewotehairm atrHyegrud Se® 1
12) .

2)For mati on and -EGrboendtdhe do fS i O xN ddhdéd @ ASTh)d .ianHe (S5 0 0
bonds begin toiSliecbopodose emadgeSiand organi

nanodomai ns.

3)Nanodomain Crystallization Tared hPa@ht itcelmgp eGI
required for silicon crystallization are r.
t he t enipuerrpahteummoet es particle growth and | arg

250-350°C > 350°C

2 HSiO, 5 » H,SiO + Si0, 4 HSiO, » SiH, + 3 Si0,

H,Si0 + HSi0, ; —— H,Si0,s+ Si0, || SiH, » Si+2H,

H,Si0, 5+ HSi0,; —— SiH, + SiO, Si-H Cleavage —— H,

4 HSiO, 5 > SiH, + 3 Si0,

Figure 1-13. Reactions associated with the thermal decomposition of #SQ.

Thes® mbiwoeadk s estthaeb I misrhi mum t her mal treat me
nanocrystalndeomomatiramed the relationsang bet\
silicon nanoparticle size. Similar to other S
eventually the average paraticVarcsmpere avasesepe
11010500 A@b1¥ ®vhile thermal treatments were of
al so known that prol onged exposure to high t

subsequent incrlé®ase in particle size.
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Table 1-1. HSQ Heating and Silicon Nanoparticle Size

Processing Temperature (°C) ¢  Nanoparticle Size (nm) ?
1100 35+£09

1200 55+1.2

1300 8.7+1.2

1400 20.7£4.0

1500 64.0 £16.9

aHSQ heated at the processing temperature for 1 h (dwell time).

b hanoparticle size determined by electron microséépy.

A folupoweport febobmsaokgmdertsdoiPsnp &e Orowe d
Cor miBlB® Gx-X)t o t hog ¢dSfi)gpoo yamer prepar &3F hien stohe |
gel provided by Dow Co-tnnhnkgngodteasnéeg anboweno
under identical-l4a)hdiThenasut(lForgaurreedsoned t hal
and greater snumdcdduercerf exsagge t he energetic requil
through the silica matri x, phemauit hgr shal §or p
met hyl si | s eag dl&ii)@xCeBn Ds@mdn) c o pion ytnheer hope t hat
bul k from a methyl gr oupl iwokiil dgnk t Astp hiccevhner po |l ¢
the desired Si atom wmpbknitnhgey nweatswafwakeovielri, t éteeydd n
CH(m > 0.1) the compositional ienf fexyccsarobfi duen ar
out weighed the structur alt®Fef ftedxeptresr isaimedvite®la NP s i
alternatiing utnlceg i OCRAINTOgroup with | arge organic

resulted in thembdeoddadi DiflSod)mad dEgdides .
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Recent publications from the Saitow | ab fec
by varying the amountS$3dfi‘gdeltvevmit eadnutr i nagt isyt
greatelri nckrionsgs density through the creation of
network structures resulted in smaller Si NPs
concl usleodsetabahgai n, Si atom diffusion throug

be the cafufser d meced hien dSi-NPBP’r'®*ducts (Figure 1

a) H\P&%:O\O&,H
hydrolysis + condensation 5:0\ 5‘;H>3 5 —_ an (zzu)(sm
HSiX,  (controlled reaction) J W0 i T § o O 2Rk
(X = Cl, OEt) N 8 = ,%M_ Cage 1400°C
' Cage Structure g G Network 1400°C
less crosslinking) & 5 A—J“A—M—_ .
(unoomro[(ed\‘ " ( 9 g 2 _/\‘\_‘__‘_ Cage 1200°C |
reaction) ) s 5 /\’\A—% Network 1200°C
=8 x | Network Cage T _/\-‘hh Cage 1100°C
¢ £ X I | Network 1100°C
3000 2000 1000 3000 2000 1000 L. Si standard
Network Structure Wavenumber (cm™) Wavenumber (cm) 10 30 50 70 % i standar
(more crosslinking) 20 (degrees)
b) 30 series ]
more _ eries 8l . 8 .
2 crosslinking z Series 1 . Series 3
€ 7 20 g :
i | E Series2 | 4 4
i ess e 2 2
: Q crosslinking g o [ GRS . - Sk 0
£ » 10 g seriess | 400 500 800 700 300 400 500 600 700
B T Raman shift lcm{) Raman shift (cm )
0

25 30 35 40 45 50 55 60
20 (degree)

Series 1 Series 2 Series 3

Figure 1-14. HSQ crosslinking and SiNP size. (a) A comparisoDaiv Corning HSQ (cage
structure) and a (HSK3)n polymer (network structure) prepared in the laboratory; adapted
from Chem. Commur201Q 46, 8704 8718 (Ref. 89). (b) A comparison of HSQ precursors
prepared with more (Series 1) and less (Series 3) crosslinking; adapte@Hem Mater.
202032838218392 (Ref. 134).

|t i's worth noting that the aboiveblisdaaweée es

(HS9Clby adding water directly to the reaction

t he hydrol ysis of sil aneBH anodhds e dawcaesl abhe f
di sproportionation. While the exact procedure
FI ow®ki de is proprietary, it is known the HSQ
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of cage structures. For this reason,isttlhhe cEHSQ
wateeaction conditiBnapeads ChAt tnseepott &Sd NPy st

the Veinot group have wused -wWatQe rsoy nmhentetsa s e @ F i

11821422

The use of otHhSer i oStieroxi deof peesurnsudrtsi pl e a
| mpor,t aint$d ypreparati on b ebmaesfeidt sp Rercoand BRaidnagt a
made from chemical i @@anppoluarnrteh@ pioeé t poecioge | ns
oper athiiwdciunnmbecBamln addition to being expen
inherently | ismtiatleadb iil notiyys eaddt8iQceaals €0 benef i t s f
processability, all owi ngantihce spoatvjermatss t ol ben e i
i sobutyl k e ttoenceh. n i Tohypessn ataikkees possi bl e and prov

thiinl m preparation than tfhoert hber BRDsevaporati

Anot her significant advantage for using HS
Si guantum dots produced by its disproportio
accessible PL range andt R ecaueaent dnmry iSa INPss arree
di spropo? Quamtaa modots prepared from HSQ have
mat eAi 2048 Zhcedycadmppared thin films of Si nan
prepared by heg@triecgtfBRQOhandhSf Ol ms prepared f
a | oowdrume dofr a6t NBa than fikMms7Pprepar @ %f r omh
prepared films displ ay®idx ageRda ti exrt etntsdxt ytl hagptp r cof
The authors spepaltatbdd dSh &NP s fiiglhmmsh emaSyi (be r es

f orl uor ggueercdé ng
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Unfortunately, di lbbearsadl SdNPtphsey murbisi€isse fs a
precsusbers from a Usoionrg atthoem setcooi ncofmiygme &y @ pr
the theoretical ratio of sil &coWhidlte n$S Q@ vsayif tah
can achieve yi®tHtdsl enstedbMgod58he Si atoms pr
to Si (Il V) after heati ng. Experi ment al resul t:
typicall y° &Abfautt jtloh€a.lgleyner aesbandéags Si N®ses ch
etchingumofoumadi rmxidiel imad ri x with hegsduBiHl mgr i c
surface bonédsc ebloestdreataen f or further sthemi cal

introduces a ithdmgempows eldaz ar d
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1. 4Thesi s Outline

The obgfkei vesearchtdesicsi bsdtonsyhtbesize Si
exceedimging HDAQ i ng our iIingeestgansomayroaedicor
rol B8i(gfntdhe processi ngt lae muoalp hd roenagld mweinttrhg a s u mr
the academic |iterature concerni ngstthhee usnyi ngtuhee
requirements related to some of the most pro
Chaptsemtered on the synthesis of silicon nano

hydr ogémsesqgui Okamtee r 2 focuses on expanding

temperature behaviour of HSQ. Specifically, a
ad its origimfhapter dBsdwssuseks on the effects
thermal treatment through the anal yoixs dofziman

at mospheres.
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Chapter 2

Hi gTlhemper @T u¥ elAMmMeL)i ngndf |
t hSi |1 con RMAMomolixa m*e

Hydrogen si(lH*Q@)quiixkamewn doedievptepornrteimpratae L

in nanoscal e el emeintthailn sa |matBrniexw nofu sSiidwnesti g

a continuous and direct relationship in which
processi ngoptreoncpeesrsaitnugr e¢e i me. Recent atd>emPtOs at
nNm using temperatures above 1400 and dwel | t

in both nanoparticle size and the compositio
nanoparticle (Si NP) growth occdulr0s ,asbupr epdrioclto
heating belLt6wele n rleSsOu® € isn g nt hSei Os ol e product of
nanoparticles are recovered. The standard tre
Si NP:cSaonmposition reemerge beyond this temper at
addition to quantifying the boundaries of thi:
mat erials suggests that silicomre marnysxiadd i Zzat

cristobabki resfiod®si ble for the strange behavio

* This Chapter has been adapted with permission f

Oo6Connor , K,, AM.;; MNubl@t;z He, Y.CheBwt BM@ag335r C719 6 VVei n
7973.
O" Connor. K. M. ; Rubl et z, ANandtsaalld 280 83989 t | er , (
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2.11n pursuit of Large (d ,> 10
Par The: Hiegnper ature Anomaly
2.1. Lntroduction

For more than three decades, +®shéipbotobuvmi ma

academic and cdmmer diislcovet gr edft .quantum coni

abundant, bi ol ogically beni gn, and-sielliecam o@ah
seemingly 1ideal candidate for optiinb@lrenel ¢ ot |
tailorable photoluminescence of silicon quant
To this end, studies on the preparation and f

focused smadl® ymdnnardoparticles.

Recentl vy, devel opments in the field of met
an ideal material for electromagnetic wave mar
*This-maitgfetr i nteraction is different from that
a photon through exciton recombinati on, t he

el ectromagnet i<t hrea dcihaatrigeen coas aiileliesthienit i mign tthlee v

Under cert ai sdegmwmendd magmeti c and el ectric dipol

wi || form within the Si NP, significdmhéye enh.:

materials have the potenti al to realize wunigq

negative refractive index, majgnetic mirrors,
The i mportant distinction between Si NPs wus

Mi e scattering is particle sigmplaWhil@éegrumn,t ul
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Mi e scattering in the vi aipperd | QOB A udmleequi r
pursuit of this new size regime encouraged r
devel op entirellyarsgeeNPpsgnhobebssfoExamples of
synt hetic techniques, i ncl ud,ianngd rsecalsitd Dipd a sien
Kortshagen group modified their nonthermal pl &
trap in the filiamenbdar y hei s c lpaoadgierfaireaas a notne d .

particle sintering and coul d p%Doed uMaert cBEsINBS mo

a supercrithaaéd hexmanhlkesi s wi t h trisil
diisopropyl butwhli)ldei cthhti csp epsgitdltbartee cryst al | i ne s
for a wide range in particle sizes. By adj u:

precutrsewgisl,d tune the average particle size o
nmM.Simil arl vy, amor phous particles have also b
straightforward mechanica®'Tthali r mielcleinhg wof ks i
combine the magnesi ot her mindurceduaateildn nrge & ot iad
mi croparticles containing cri§TshtealFluijniei sTpehemr opil
Si NPs thretugheatbelmdl disproportionatgdide.n of
Af t er subijyectmpreg aBuEO0® S AGf the resulting SiNPs
a SmOtrix withTHFEsetaehdamml.es, while not exhau

approaches taken toward realizing spherical s

Il n 2006, the Veinot group deevinebl eodpdeedd aS iniNePtsh
t her mal di sproportionation of 1“Swl $ @ q uheyndtr ogielr
nanoparticle research from our | ab has focuse

exploring new apPiincabpismamlaben a8t NRs es are ty
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to achieve particle photoluminescence. Whil e
bet ween annealing temperature and particle si
scattering size windbWwi% ot hivs s wb i éa,r sgialeied teearr got
nanocryid0D 8l anmd expand our uthednepesrtatnudri en gt roefa thme
The influence of riaddaOVACH) tlh@ph) aieu (eéx (l11a0dd .

an anomal ous region of rke@UCAT iSS NPx ymien eld bar

2. 1. Results and Discussi on

Silicon nanoparticle preparationSdhe2dne HSNQ adi s
typical experiment, 2 g of solid, white HSQ I
Ar. The product of this thermal treatment i s
(Athe compositeo). Thisomadetbah pswtkenbméoh:
with a hydrofluoric acid mixture |iberates th

' 2::,'23‘5:0\ A HF HOS HH "

T HSQ | e — 181

SrFo o Arg) M

Scheme 2-1. Reaction scheme for hydriderminated silicon nanoparticles prepared from

hydrogen silsesquioxarfelSQ) Solid HSQ is an amorphous extended structure consisting of Si
H bonds decorating a polymeric network of Gibonds. Peakrocessing temperatures range

between 1400L700°C for reaction times ofi 10 h. Chemical etching is carried out in a solution
of 1:1:1 ethanol, wateand HF(49 wt.%)before SINPs are liquitiquid extracted using toluene.
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OQur expentcwadpd es of HSQ heated to 1400, 1

2, 5, and 10 h. This array of reaction condi
accessible via HSQ disproportionation. Typica
angrinding is a brown powder, indicative of th

surprise-stempme ahiugle reaction conditions produ

vi sual appear ance |ofu stthrieastielr dc odmposi t es i s

10h

m
s o No SiNP Yield
2 sn
)
E
=
3 2h
$ High SiNP Yield
a

1h

1400°C 1500°C 1600°C 1700°C

Annealing Temperature (°C)

Figure 2-1. Qualitative colour map indicatintpe yield ofsilicon nanoparticle across an array of
reaction conditions. Reaction temperature is given along-thesxand reaction time (i.e., dwell
time) is given along the-gixis. Photographs of the composite material are presented within circles.

Surrounding theictures is a colour guide denoting the relative SINP quality and yield.
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The gradient in product colour across the ¢
circumstance. Foll owing HSQ disproportionatio
The onset of grey and white maotreera catliso nast t1i5n0e0
and 1Qaecwel(l ti mas)evsaggent from the expected

More surprisingly, this trend abruptly stops

composite returns to a brown colour. Additi on
col oup mMmeflecting the quality and yield of na
materials after chemical etchingthettkteat irweali)

produce Si NPs while red regionmso h$ighhP s gairte rreaa
This figure wiltlheetapyptevairad thirmgybdadas we exar

the annealed composite materials across the a

To assess the oxidation st atreay ogholioepree:
spectroscopy ( X229). iFsoldsem n(gFitdwerremal treat men
spectrum of the composite is dominated by Si(
includes a distinct Si(0) emission originatin
cmposites heated aFi d6D® ALZc)f oghadw aan ds i2mihl a(r s |
for 10 2&2e)Fi gturee hienteemiss stiyonofastsoci ated with
hi gher, suggesting a greater amount of Si (0)
with the observed growth o0¥f%?%Tme gepe Sti NPsofatt e
(Fi @g@mae b, c, e) Iis expected and indawcdt8&s. th
This trend, however, deviates for2Zd)mp ovwh erees n

Si (0) is observed
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a) 1400°C
1h

Si (IV)

b) 1600°C
1h

Si (V)

c) 1600°C A\ Si(1V)

2h

d) 1600°C

1oh Si (IV)

e) 1700°C

10h Si(IV)

Intensity (a.u.)

- I - I - I - ] - I
108 106 104 102 100 98

Binding Energy (eV)

Figure 2-2. X-ray photoelectrorspectal analysisof composites produced across a range of
reaction conditionsThe composites are ground into a powder before analysis to probe their interior
more effectivelyThe figureleft of the spectra (Figurg-1) guides the reader through the dataset.

Si peak fitting includes spin orbit splitting @p, 2/).
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A more direct ainsaalacdemmplfi shtheed ShyNPcshemi cal |

materi al with hydrofluoric acid. This process
coll oi dal Si NPs. |l maging these nanoparticles
provi @€aead dmistiight i nt o tshie intoornp hdool moag yh3so. f HSekeen ni.

treated at 1400, 1500,23@and b1l 7 0d0) AsQy lefandere it e b p If «
nanoparticles. The average di ameetsesri nogf ttehnepseer g
(1400ACc: 13 N 3 nm, 1500AC: 42 N 9 nm, 1700AC
at 1600AC where SiNPs are much smaller than e:
conj oFingeuBcg .2 Composite materials produced usi
1600dAeCmonsat raompl ete breakdown ofFi gaBeparfiicl

Conversely, the thermal treatment of HSQ usi ng

Si MPrphol ogy, wiitrhed omegsul tdiwred |i n |Farggdre mnan o
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Figure 2-3. Bright field transmission electron microscopy of the silicon nanoparticles after
chemical etching and liberation from the composite material. The figiti@f the imagesKigure
2-1) guides the reader through the datdsete: Scale barsare as indicated to ensure presentation

of a suitable number of representative particles.
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Figure 2-4. TEM images and averagghifted histogram for SINPs made at 1700°C fdr(flop)
and 10h (bottom).

The el ement al anal ysi s of i sol at ed Si NPs
preparation, these samples are made by chemic
extracting the nanoparticles trappedSiwNRshi n

comprise elemental siliconxiwFeadyguPBeme surface
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Figure 2-5. High-resolution Si Xray photoelectron spectrum of liberated silicon nanoparticles
after chemical etching with HF. Silicon nanoparticles were prepared at 1700°C forP&@kh.

fitting includes spin orbit splitting (2R, 2[/2).

Using powgerdi Xfraction (XRD) we <can al so
within the <compovsairtieo unsa treeraicatliso na ccroonsdsi t i ons .
1400AC results in the cha-satitFe gueai.?@ Lpoantgteerr nd w
times at this temperature narrow these peaks,
and in agreement with eliedetomgrer mremnecscomy t o hns

Si NPs) .

Thei ffractifom pagpperdiusceed at 1500AC reveal
intense reflections e¢(Riag adc ¢ e2 T ketait wrcefs arsysotcd lal
phase of crystallinearsdolmpaomatdvekxiydeae@&riastelb

ti mes but dominate the diffractogram after 5
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l engthy incubation period is requiomatdr bef ona

occur. Similar to the trend observed at 1400A
reaction times, however, tFh egsu6c epiehaskest sa)l.s oT hbiesc
peak intensity is consistent with the XPS anc

trend observed at 1500AC is also seemrématée s
at 16Mi0AuBdY .2 Again, the emepgakseabfl609gACatctdi

the decrease and near tot al di sappearance of

The diffraction patterns of composites aft.
1400AC. These conditions produce materials the

the observation of | arger Si NPs in TEM.
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Figure 2-6. Powder xray diffraction (XRD) of compositeafter thermal treatment &idicated
temperatures: (a) 1400°C, (b) 1700°C, (c) 1500°C, and (d) 1600°C. The diffraction patterns of
composites produced using different dwell times (1, 2, 5, ank) Hde presented as different
colours. The expected reflections for crystalline Si and §ifistobalite) are included below the
patterns as blue and orange lines, respectitefDiffractograms c) and d) are offset and include

insets to help illustrate the reflections.
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Figure 2-7. X-ray diffraction of liberated silicon nanoparticles after chemical etching with HF.

Silicon nanoparticles were prepared at 1700°C for 10 h.

Addi tional |l y,r ane dirfefsreandt itchrei &fut iesTdll ea tsetdr oSi
reflections characteristic of crystalline sil

from high temperature annealing of HSQ are hi

Despite our thorough c hcaampdseirti ezsastid aoohd itohf@ t 1
silicon nanocrystal s, the question remains: \

1600AC? The following section describes our i
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2. 2Understanding Sil i con Mo n o

Mi xed Silicon and Silica Po
Whil e seeking an explanation for the mynsteri ¢
HSQ we noticed a |ightweight, voluminous mate

insul ation plugs of t he aslcuaminnian gt ueblee cfturronna cnei.c
revealed this material Figu®e 2Notabl gctitde obr
composition of these nanowires is remarkably
monoxi dg) d8ip@Fii tgiBac®TRese findings prompted a

silicon monoxi de.

Figure 2-8. Nanowire deposition on tube furnace insulaticture of the furnace insulation plug
with depositednaterial (a) SEM of thematerial(b), and SEM of Sbased nanowires adapted from
J. Phys. Chem. B001, 105, 2507 2514 (Ref. 23).

2. 2. 85ilicon NanoSnaltiecroina/lSi laincda Reacti on
Silicon nanomaterial s areemproatiumel pwrprepasli ed
mi xtures obtgailnepd efcruamosgasl (i . e , " heyolimrmdegrecni ad i
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sources xOF, &3, pPhcsgMhanced chemi ca?®%avnadp oir o nd e

i mpl arrB3stiimid.ar mi xt urceasn afl s®i parmdi dieOsilicon
which is a prominent molecul ar pr e&dArss osrucfhar
an understanding of the factors influeasing t
wel | as the corresponding Si O evolution- i s es

free nanomateri al s.

Early interest i n Si O begnaor gwinti it raensad argailec
monoxi de. The dixwedth Sedwatsi dnrecft GQitO®empted b
it was notdesnuocncsetsrsaftueld yunt i | 1907 by Potter
technobesgiOesgas is evolved in this way by hea

foll owing reaction (1).

-250

-300 4
(1) Sig+Si0, > 25i0y o]

-400
-450

1
> [Si .
2 9l 4
-500 -%

-550 T T T
600 800 1000 1200 1400

(2)  27Si0 " > Si+Si0,

Gibbs Free Energy Change (AG)

Temperature (°C)

FigageReaction equatiqnand ode d dfep)pgistdiuacm 0 D N Mo n ¢
Graph oft etmpee rhaitgur e Gi bbs free enédtg§? change f

Il n his report, Potter describes Si O as an

mi xtures to thermal treatmwas abotaead aRA0AE€EpoO
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the furnace walls as “Whlemowratedl| umiheo po waewd

di sproportionat:éEgoayi ehd2pi and Si O

The exact chemical composition of solid fAs
academic disagreemepngganWeixli eatsame acluai mqugi hat
di sproporti ona“®Reng drsd luensasv,o i cdoarbtl readg\ ii a0 gr d ehet ieo
(1) has provided a reliable syni™ enia topies
experi ment, authors flow inert gas overigheat e
to cooler regiitonnsi wherrmamnawidregpostructures. Whi
nanowire doping or mechanisms of nucleation ar
Sic@volution differ significantly Bt Weheersepubl
di fferences include pHeOuBSTI@r @ MPWIJQ i tpir®rc e(ses.i
at mosphere (e.g., vacuum, reducing, inert), p

ti mes.

TheiS$id8ystem and the i nterxamntdiabu Obh extgw e enre r
treatment has been investigaft’8°Heampuwigatsiidnal
silicon films under vacuum i& rlomowrhet Sir esmave
the evol ydysonl 6f m8it ®ly responsible for this p
and interstitials have been identifi eSli@s mec
inte¥BSamel ar I-yedi amed®ih@ni sm for Si atom tran:
di sproportixbaaenib@mnopbs8&8dOCHmMgwetratsitd malllyy. comn
Asilicon monoxideo has seen (ygsweolausti @anpradurs

nanoparticle synthesis underl® cd&ptdriadl di freiac!
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reconcile the simultaneous g& odvitshp rodp csritliiacmant i

reaction of silicon domains with the surround

Her ein, wreetphroaddiectbity & f t he conditions neces
characteri zing silicon/silica mi xtures befor
temperature, dwell time, and sample composit.i

2. 2. Results and Discussi on

Predefined mixtures of crystalline silicon an
subjected to thermal treatment in a38t.andard
a) e P A b ’ b)
Sie ‘e e_e : *
. -« -, 2 Ar“flow#
SiO; $ ) Ari - ' '{” ) Boat ]]
SiQ,

Scheme2-2. A summary of the procedure used for silicon monoxide gas evolution from physically
mixed Si and Si@powders. (a) General illustration of the reaction; (b) tube furnace setup with

sample boat
After ther mal processi ntge mpsearmaptl vuerse , a rree nooovcel
reaction tube, weighed, and mechanically groul

anal yses usriay diofwidreacrtdyo np (oXtRidDgl,ecX r on spect:
el ectron microschbipgn Qeactaktati hae/Si-Oppear etso ah
fr-eleowi ng, uni form grey powder s. Foll owi ng t

from grey to white, depending upon the amount

6 3



Si (0) i's consumemhpt doemhingheSi ©he sampl e col

powder .

To gain more detailed insight into -tdy nat
di ffraction (XRD). It is a key analytical me
and effective identificati oémpomenhe. cBystcalmlpi
intensity of cubic silicon reflections across
crystadyhidee Sipecific reaction conditions. The
characterigaawsi dea )s @mhacii r cumvent the inherent
probing amor-physitsalalnidnenomat eri al s. Whil e thes
provide indirect evidence for silicon monoXxi

Figur® n t he cooler regions of the alumina f

LBERTA

.
519 X 7.00 kV 7.3 mm SE2 Kevin_2-04.tif \@* A

Figure 2-10. SEM of silicon nanowires produced by deposition of silicon monoxide gas.

6 4



Additionally, gtéheomvmi xtubnpegeGubBE® amd aSid@
sample mass following ther mal procsandiz@yp O i n
powders are heated independently vyHiedJullno2 cha
Taken together, these results allow us to con
of silicon from the reaction mixtures. The di
speci es has ayl saoc hbieeevne dp rbeyv/$hodestkit ug essi minl aar KSiu

and mass spectfometer assembl y.

a) b)
— — Heated Si
s -_ 6% Mass loss
L — Heated SiO, z
> l 0.6% Mass loss ~ L
% " 1 l a a Al A a :.3‘ .
c 0
o c
= e ,
- £ — Si Powder
[} -
L . o
= — Crystalline Si0, | 2
o E |
res re o "
| 1
J_._l.rl_..l_|_|.|.|.|.|_|,.|.||.|_p.|| —r——t—t

20 30 40 50 60 70 20 30 40 50 60 70
26 (°) 26 (°)
Figure 2-11. Mass loss and XRD of silica and silicon heated separately. (a) Bulk crystalline SiO
(cristobalite) heated independently (without silicon) to 1400°C for 5 h; (b) silicon powder heated
independently (without silica) to 1300°C fon5Literature reference peaks are given below the

patterns for silicoff and cristobalité?
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;:. 1300°C

r 11% Mass Loss

2

[z 1200°C

o 4% Mass Loss

£

> 1100°C

"‘5_ k 2% Mass Loss
Silicon]| = = = - :::/S'toz Mixt

. i o -
sio,| & ) L . -Iﬁ-ul_ . .;"L’-l . arting Mixture
25 30 35 40 45 50 55 60

26 (°)

Figure 2-12. Powder Xray diffraction of silica/silicon mixture before and after thermal treatment
for 5 h under flowing argon. Literature reference peaks are given below the patterns fot!silicon

and cristobalité?

OQur i nvesti gaitdemt ibfeygiinngs twhiet ht her mal ener
reaction. Unf ortunately, the intense reflecti
dioxide (cristobalite), making the peaks diff
reaction progress. Hence, we have chBs®On to
mi xture before and after ther mal treat ment by

47.3A and 56 F2Aulrkeeati vedwdtegd 100 ACbypirous ch

XRD pattern, however, Il ncreasing the processi
decline in the intensity in all three silicc
temperature to 18@0ACssepsatharceompl al l char :
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from the pattern, suggesting reaction (1) h a:
consistent with the noted decline in sample
di spefrfraiyveanitl-yay sphodo&!|l ecvide) s phtetaa 0SicOmpas g
ratio of 20:1, the theotg9@si 8. mMmasée G&a&ahoveasso
1300AC falls short of this mar(kdeapnods iitsi nrge aosnot!
sample and sampmhloa-sbhe&ecatd aan@mgourllet @rasher t han

carried away by the flowing argon.

=D e < 4 “"_ b ¢
S e )

552 X 10.00 kV SE2

v
7.9 mm AR-117-02.tif S

Figure 2-13. Nanowiresand other Sbased nanostructures originating from SiO deposition

decoratelie silica/silicon mixtures after thermal treatment.
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_M A_A_A_A_A.J_L — 5 hours

)
L4]
> 11% Mass Loss
‘n
| =
b
< 1 hour
5 5% Mass Loss
&
° L_J

-~ ) L)L_JLA_..J\_.U\_,. — si/sio,

Slllc.on Starting Mixture

SIOZ | li L i || | 1 I |.|

25 30 35 40 45 50 55 60
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Fig2téPowderayX di ffraction investigating the i
monoxi de evolution. Silicon/silica material b
temperatur e (oyfelH300)HC mfnogre )1

We now turn our attention to the influence
the peak processing temperature at 1300AC, th
were cofpauie ZTracking the intensity of the
at 47.3A and 56.2A, demonstrates that prolon
pushes-ptrioeduXiidg reaction toward compllitgosa. A

with addigheawnwiahg &t easahptring the | onger dwel

To compli ment XRD we employed electron midc

Figursh@ws scanning electron microscope (SEM)
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with ener gy ad/i spercdirwes cXpy (EDX) col our mappi
Before heatin@bwedamhservéh anégicoms (red) wi t
approxi-matOen yt hht we attribute to el ement al S
di spersed t hr ourgihcohutf rlaagrngeerrt so xtylgaetg ulv &) &2t Aft but

heating at 1300AC in anthereti argonewat thebpheo

domaiFmngufke) .2 The abgsdenced esef aStempat her mal tre
obser vartd folneadstsiaacnisat ed wi th crystall iFnag ugiel i2co
12. Additional characterization of the oxidat

witha}¥ photoelectron spectroscopy (XPS). Agai

before thermal treaRimpuitle.iZ absent afterwards

b) After heating

FigBts8Secondary el ectron SEM i mages overlaid w
(green), and carbon (blue). (a) Silicon + sil|
treat ment at 1300AC for 5 hours.
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1300°C 11% Mass Loss
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Figure 2-16. XPS of silicon/silica powder mixtures before and after heating.

The trend toward completion of reaction (1
times is expected. (\hsi leenttrhoep ifcoarl nhayt ftioddy, dorfa bgieO
t he stO omgndSs necessitate high reaction tempe
SiO bonds proecvarptaried $i0O0O Si O makes silicon mon
unf avorabl e. I n our studyghe@vinde mde 1f20r0 AEi, tar
additional ener gy fyurbtrheearkss @i roopdeo dSuAt mome bt
di scussion of the thermodygamhcsudndgphaempat a

1200AC, are foaddnminsiP6d62r ef erences

To all ow straightforward compar iFsgmui¥2o0f2 XR
andi gut«€ompri se cepaygmsd abiinéniSt Oal experiments
showed the emergence of oveatl atpepmpnegr gpteuvarkess fcorooit

the decrease in intensity of Smghaeahgesdi heahe
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pattern with reaction (1) progress challengi

crystallberéorkbembxOng with Si ag ntdhuice dmicrhiamigz

Sio@eak intensity and allows for a more dire
reflections. We wonder edzitrheauri fr etahcet iuosne noifx tc
SiSio @ eactivity. To invest,iwgatceo mplae edoltdreofr ea

amor phocusy samd.Fi gei7é&h ®ws t hat heattiomgl 20M0A @ hoau

the appearance of a small peta k2 &.o5A.espldaat inmg
results in the appearance and increased inte
|l nterestingly, It i's onl y talfatert hhehei nftoernmsaitti yo
refl ects$tomn sd ebcergd ans e . We also note that the el

temperatures HIE®AC elsipgpmealri ntgh smamp | es »fFri ggpua ree d
2212. The <crystall icepeurmaanes amer @ hioma gsSidgOuisfi inaga nSt

mophol ogi cal di f frirgewrde s2ddr.e apparent (
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g — 1300°C
£
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| | & Silicon
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FigatéPowdearayX di ffraction i amespdig@as i nige t hiel ied

monoxi de reactairsembj &¢ttl teaa&ztb omsdwel |l ti me.

Figure 2-18. SEM images of various silica source material. (a) amorphous silica nanopowder; (b)
silica nanopowder after crystallization; (c) amorphous bulk silica; (d) bulk silica after

crystallization.
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nanopowder & Si — Crystalline SiO,
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Figure 2-19. Powder Xray diffraction pattern of silica/silicon mixturedter heating. Mixtures
were prepared using amorphous Simanopowder (a) and Si@anopowder that was crydiaed

before mixing with Si (b).

Addi tionally, we hypotiseasifzaectk talreaeta iarnvari d aash
woul d progoebkutSi ©n. To tesanbopodkgbetd e CmsednatHE
starting mixture. Whesn uasneadr,p hnoou sd ent aenca pacow dee rr e d
Si domabeserved uRtgUIBADTACSs( result i's notab
reactivity associated with powder edge sites
crystabddmei nSs &t o reaction (1). Criyrsttrad d u zian g «
to the reaction mixture eeguwetiggchti n orsesgc teivoor
This i s deFmognudrtter a?the ¢ hi s hows afcoempli etoen aleil mit
upon heating to 1300AC for reaction mixtures
surprise, these results are nearly identical
crystabddmteFcSheeeR.( 20ne possible explanation fc
is found in the electron mizerdo sncaonpoyp oavidce r XRD
voluminous, ;amooplhowder Si® crystallized, its p

t o e Oatnlde materi al becomes morphol pgi gat ¢ y2 si
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138. This particle growth is also reflected i
indicative of bul k crystalline material. The
coinciding wixtkftbhetroese sn0ng&eOts thptaybeapr

critical role in reaction (1).

The reactantwebradssuo f adp u ¢St #éi xutsuirnegs Sni t h r e
small er silicon particles (< 100 nm). I n t hic
crystalline silica an#i gubp.e2Wnltiok el 3t0OlD6A Cr d loa't

powder, which only pdgRFitg @, y2therswe rctoend i itntom sS

the silicon nanoparticles.

—
>
©
N
2
n
c
(O]
'}
<
e
n
b

o | |

1 |-l [ ¥ [ [ T}

L] I L] I L] I L] I‘ I L] I L]

25 30 35 40 45 50 55 60
2d (A)

Figure 2-20. Overlaid powder XRD patterns for mixtures of silicon nanoparticles with crystalline
SiO, (cristobalite) before (green) and after (red) heating at 1300°C for 1 Tberdiffraction

peaks associated with Si and %Si@e presented below the patterns in blue and orange,
respectively. After heating, the peak at 56.2° and the shoulder at 47.4° disappears, indicating a loss
of crystalline Si. The peak at 28.5° also becomes less intense.
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Defining the relative amounts of silicon a
nature of the resulting mat eapil aly sobat asinn eqdu ef rra

as both a reagent arbd dialtuerst . thAte Itoewmsprer @it Qr

reaction (1) induce sintering of the Si parti
silicon domai ns. The growing intensity of the
suggesitmsg sii 9t @c @y rSii iOnnga sfso Fiagiudde. o2Ev8 den(ce f or

is also observed in opticalx®i cmostapy (magses
1400AC produces marctkiedl ebsul ®i gs2.i @domc med il n g
temperature or extending dwel,lprodmesgpgna8es ® 1
overwhel ming the i nfl uentcheesredodfynism dtiicrogn tplae t ¢ c

peaks i nFitdhe2 &R®nge and red traces).
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Figure 2-21. Powder Xray diffraction patterns of a Si/Sitnixture with a Si@:Si mass ratio 8:1

suggest sintering of silicon particles after 5 hours of thermal treatment.

Figure 2-22. Optical images (magnification 160x) of silicon/silica powder mixtures before (a) and
after (b) thermal treatment at 1400°C for 5 hoS8ikcato siliconratio4:1 by mass. Larger relative

guantities of silicon results in the Si microparticles melting together after heating.
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|t should be noted that much of t he prese
conditions necessary to noticeably affect sil|
preventing Si particle sinteritomgesTliostprar ac
Si20 |1, however, maxi mi zing silicon menSoixi de

mass ratio should approach stoichiometric amo

2. 2. 8oncl usrioamst he Powder System

By characterizing mixtures of silicon and sil
reaction parameters necessary for the evoluti
silica by silicon. The | oss1?200AC) ilbon doimsain
contingent on the composition of the sampl es.
dominant role in promoting sample reactivity.
exposes thg pdbsSibphrticle sintering in the r
area of the silica to better I nteractions wi

amorphous nanopowder edsiszied cpaa rftoircnzel$ il @aaprogre rc riy
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2.3l n pursuit of Large (d ,> 10

Par tThlel :Si |l 1 con Monoxi de Prc

2. 3. Results and Discussiohl: 2Continued f

Experiments wusing the silicon/silica powder

evolution of SiO. Armed with this knowledge,
t hadaeposited aoforphremheawadilbbei fgrmeaate treat ment
2-8) . Further characterXRati,dRBDX ntdhicat emdt & hiae
nanowires contained crystalline silicon and a
(Fi g3#2 3322 43-2p At t e mpritse ntto oinal ly produce Si O fr
nanowi rei mprtoldmacgas me hleosnasfsrom the HSQ sampl e ¢
2-1) , bwtalse b atshseg s wamot optomieadowire depositi
some of itaHevam&Q i tably |l ost syud oramasi banmalg a &

decompé%ition.
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Figure 2-23. Secondary electron (SE) SEM image and corresponding EDX elemental mapping of
nanowires. Elemental mapping shows silicon (red), oxyge¥en), and carbon (orange). Sample

was prepared by adhering the nanowires to an aluminum stub using carbon tape.

Si(IV)

3
5 Element Atomic %
% Silicon 37.7
8 Oxygen |54.6
[ =

$i(0) Carbon 6.5

| Aluminum | 1.2

106 104 102 100 98
Binding Energy (eV)

Figure 2-24. High-resolution Si Xray photoelectron spectrum of nanowiresovered from the
surfaces within the alumina tube furnace (left); and elemental composition revealed by the XPS
survey spectrum (right). Nanowires were prepared by annealing HSQ at 1600°C for 10 h. Alumina

contamination originates from the tube and wesrssequence of the nanowire collection method.
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Figure 2-25. X-ray diffraction of the nanowires recovered from the surfaces within the alumina
tube furnace. Nanowires were prepared by annealing HSQ6@A°C for 10 h. Alumina

contamination originates from the tube and was a consequence of the nanowire collection method.

Table 2-1. Mass analysis of HSQ and recovered nanowires.

SamplMass hefadoi Mass afte¥

HSQ 2.1975 1.3773

Nanown/ a 0.1870

* HSQ Heated to 1600AC for 10 h.
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As di scessedme Bl i2t, et at 8ib @ sneadnnocweirrnei nfgabr i c at
Si(@ypically use miwhtiucrhe,s whfe nSisuabnde c3i Qo hi gt

for mgpolOl owi n(l): reacti on

) Si +YSROSiI O

Given the similar mixture of silicon and s
it s r eatshoantabrilekacti dntransport Si atoms away f
materi al and deposit them as nanowires in the

comparing our observations with tchper cedkucsttiionng i
difficult. theeses®et teéimperaft ures below 1400AC
(e. gacuum, reduc)i.ndgl heetsneo scpomedriggsi ons di ffer fror
yield from HSQ is unaffected at 1400AC and c
Moreover, there is nothing inherent to the rec
fronmurorcicng @tndl AtheeA@ is no mention @f na tthempe
|l it et?Ahius ei., s another deviation from our obser

when HSQ is heated to 1700AC.

With a unique focus on the properties of t
the data Sreseomt S8duiepubvidedghts into the re:

for Si t r aeswpwolrut ivaom. SWeO f ound that the cryst

pl ayed a k@afyormdtei om &nd consistently increasete
mi xtures. Similarly, our repor¢tsffexmpdtoirend drmae f
t hat |l onges reacatited i nmendThe Sda@amaermm itarga ntshpeo

temper atamroenal §yQonsi st ent wiltlhu sttihredsteegydi Fengdungs 2
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3, Ringu,ehe® appearance of strong diffraction

coincides with the destruction of Si NP qualit:?
composite materials. The necessity for grysta
evolution from HSQ heated to 1700AC. At this

a molten state, l osing itgseecolygstiabnsthrwuct sr ac
thermal treatment at 1700A00ACulteémpesht uheowd
heating ansgl Iciokbélinwgredghlits in the formation o
Siopeaks are observed in the Hiidgd®dbeac?2 Abn ap atetad
rate of B5AC/ min the t ©®1t6a000 AQ nies ed malpys e4d0 breit nmete
l ength of time for (Bi NPhaelamagli g ar atemct 10AC.

preventi nsgc aalney graorwgtenh 0f cri stobalite SiO

We al so fi nd(dftdrematnisen iof &SdgrOeement with a
of the system. Bas et o‘rwlet hper ewsoernkt btyh eSqe&)i nbubrsr ef
curves of the Si O formati on ila7n0d0 ABCe giod® oBtid i on
crossing of the curves at ~1570AC signifies 't
silicon monoxide formation is highlirstimadel t s

approxi mates the onswedt ioofn nporte sceenatbel de 1Sn NdPu rd es

observations, s$thhatp3io@uat sonsslggekd be favor
Il n alignment with our previous study, we fin
formation of ©4Tihlei csoonf tneonnionxgi doef. t he silica mat:

Si NPs by pipHoemat ngnSi O

8 2
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decompositf?n reactions.

Lastl!l vy, we conducted an experiment to account
environment rather than the reducing at mosphe
sil-rcoh oxides. An analysis ohfeathiinsg cHbSnMp oisn tee
mi xed Ar (95%) doésHnot prevent the | oss of

mat eFii g2 . 2
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Photograph of sample
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Figure 2-27. X-ray diffraction of the composite material after heating HSQ to 1600°C for 10 h
under flowing Ar (95%) / K (5%). Inset: photograph of the sample.

2. 3. Zoncl usi ons

The work presented here demonstrates the cont
precursor material for silicon nano@agirmecl|l dSQ
was subjected to previous/!| ychuanretxipnlgo rtehde hdiigshp rtc
reaction under an array of temperatures and ¢
reaction conditions which produced martaey i al

photoelectron spettroscopy, awd erackednt mi s ar

1500AC and 1600AC and found the problem was r

8 4



observation of silicon naaywidi dg raat icoonnj ue\xd

crystallization of the silica matrix into cri
silicon monoxide. This procefN wastdatcdrn minned
reaction temperature to 1700AC |imited this u
and preventing the crystallization of the mat

2. 3Ex3peri ment al

Materi al s

Silicon powder (325 mesh, 99% tlrOa0c en mme ttarlasc eb ar

basis), sil pauan tdyie 544 0nens g hsinaem) p oav@l@ r 8 1HQ O

particle size, 99.5% trace metals basis) were
The 2§e0 is denoted as dAbul ko silica to diffe
nanopowder is referred to as fsimiingonundmuopa
(reagent gr agleas e2s0)% ftrreiech3@r osil ane (99 %), a
purchased from MilliporeSigma. Hydsoffuoirccaa
(reagent grade, 95198%) were purchased from F
PuiSel v puri fi cadaison hey otpeem awiitnly Mas. All reag

recei ved.

Preparation ot Crystalline SiO

Whil eofoeoxaperi ments used amorphous silica in t
experiumerdt scrystalline silica. The preparati ol
starting materials required a thermal treat me.l
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exper i mepnutrsi,t yh iagnmogrepl h o(uiisb uSikO si | i caozbdatd agnd w

transferred to a Sdnwtxo2TelcibgmCer poume i oanb &TTur

wi t h

5 [/ mi

t emp
g of
natu
chal
powd
man i
perf

per s

Prep

di sp
prod

et ha

e

r

Kk

p

D

u

n

a 2.50:tdib&ametTehre Alube was heated in air-r
n wher e it remai ned for 5 h . The tube f
ratur e. | fn atnhoep oawndoerrp hwoauss uSsi-pQi r i by PlS,a Ok. ® f

nanopowder was ac rhyesatta Inlgi zreadt reh eof fa A5 0/ cnoi onla it1

ally to room temperatspreti Meatwifnd hef p8&ieC

y solid that was subsequently ground 1in
r. The crystallinity of thayprdoddctactvae
ul athieows @obtir sors and the products obtair
rmed i n aaddiutmeohno otda stlaondard | aboratory
nnel al so wore N95 masks to minimize inh
ration of Silical/Silicon Powder Mixtures
di fferent silica matsilaksosnweni atused: tan
a, crystalline bulk silica, amor phous na
ases, 4 g of the sklmeskdsisiicoca powdees
20:1 mass ratio into a round bottom fl as

hen added, the flask stoppered, and the
rse Afhteepoapgplprexi mately 5 minutes an addi
ce a Viscous suspension that was stirrec

ol using a rotalSy:onexapoeatwas, receoeveesudl @i

mi x edf Ifawieng grey powder. vFsaunbmer sdowi ng wasoO0B

100

for 1 h under flowing nitrogen gas.
8 6



Ther mal Processing of Silica/Silicon Mixed Po

I n a typicaSi-pawder mminxt uaSees i Gbhead6d2bonogapt a Zr
and transferred to thed7828Rt rhodgehscdr LCtourpeor at b e
equi pped with 85ta.b%®e" dwheasnheatuegre dAlwi t h f |l owi ng
ciisec) and the furnace ramped to t hled4 OporleQ@)e fatn
a rate of 5 / min. After holding at t ke hpeak 1
the furnace coml ¢edmpaer athagr bye(fwa .er déhe sampl es

wei ghed, and transferred to vials for storage
Optical Mi croscopy

Optical i mages are taken using a Leica MZ9.5
(LG -EGMO O UM) mounted usi n@gxias Céhiesemr Dal NEmarZt (B
Powdered samples were pressed bet wleheen ttomo sglliac

was removed before imaging.
X-ray Photoelectron Spectroscopy

X-ray photoelectron spectra wer e -rcao/l I|Pehcotteode | lesci
Spectrometer equippedUwadhatai ano nocihm oenat¢ 1 48 &l

210 W.r etsiogthut i on spectra wer e ngeyasoufr e2d0 uesM nagn da

of 0.1 eV. For survey spectra, a pass energy
were calibrated to C 1s 284.8 eV using advent
sided scotch tape on a met al | oadi ng bar.

8 7



Preparation of Hydrogen Silsesquioxane (HSQ)

HSQ is synthesized using®@m awdbAtgdd| Bthlranhk
concentratedmdy!| famrdi ¢ uané indgnL@ L3afr @r mé¢ xa&di d n( &8 2
toluemke) (S5 added dropwi se, f ol l owerld) biyn adrsyo
toluemd )(lla@ded mndirgphptwi sEkeotolveaddi ti ons occur w
Tefl on stir bar. The mixture is decanted into
and then washed three times withOa Ge3Qltikdn o

The washed organic | ayer igsandr iGad®© md gme ut rSall

reduction using a rotary evaporator foll owed
that is stored under vacuum unti |l use.
Preparation of Silicon Nanoparticles in a Sil

HSQ g()2 i s transf-grakdl ined =airyddmiiaa boat and
18/ 300 tube furnace equipped with an al umina
rate of 5AC/ min to the sel edweeld tfeommp etrhaet udrees iur
cool at 10AC/ min. This yields an oxide compo:
material 0). The resulting composite is ground
a solution of &g hfaommrol 1l 2 nkd. gThaisss premcedur e rend
with an approxiecmat €hgapawderzei ®fcdll ected via

overnight.

Preparation of -tCeorlnhioniadtaeld HSjidlriicdoben Nanoparticl e

Powdered comgpsi $eet{( 80€&d using a 1:1:1 soluti

(&L mL3mMLPB in a plastic beaker withmisnutres ng

8 8



toluene is added to the aqueous solution and
coll oi dal Si NPs are ispmatmed )bpedeomter irnldg asfpico

of toluene. This process eitsc hraenpteat ed twice to

X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectra wer e -rao/l |Pehcotteode | lesci
Spectrometer equippediredi Btaomosocahcemtlid86AI6
W. Hi gshol uti on spectra were measured using an
0.1 eV. For survey spectra, a pass energy of

cal i brat2e8dl . t80 e lsing adventitious carbon.

Transmi ssion Electron Microscopy (TEM)

Transmi ssion electron mi croscopy brigh+ fiel
ARM200CF S/ TEM el ectron microscope at an accel
prepared by depositing a drop of andiol @atne utl dlr
thin carbon coated copper grid (Electron Micr
in a vacuum chamber at 0.2 bar for at | east I
using | magelJ. When ca3 Ul parngclneasrowar éi cbent

plotted ashiafnt ead &triagteogr am.

PowdeRayX Diffraction (XRD)

PowdearayX di ffraction was performed using a Bru
instrument is equipped with a SEDP1IBO54®KEct or
removed) operating at 40 kV and 40 mA. Al Il sar

bef ore analbyasciksgroonunad zdrld con substrate. The
89



di f

nor

fraction plate was consistent between samp

mal i zed.

nning Electron Microseaapyy Spredc tEmercgpy yDi spe

nning electron microscopy W&SEMer Thheme csom

equi pped ewmietrlyy a diBsagpytes peet roscopyl sgisltieano

détectors each wWand anrasebhubfo®lO0ofmml23 eV.

ng a secondary electron detector at accel er

prepared by adhering powder to an al uminu
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Chapter 3

Synthesis of Silicon Nanocr
o f t he Gas Environment on t

Hy dr ogielnsesqui oxane

Silicon nanocrystals, as well as other semico
variety of optical,aaadd tdleecstymdrmiecsi aspwlfi ¢ dteis@n
continued devel opment of emerging technol ogi e

exclusively synthesized usiobapgesichidbtesymnt hed .

of silicon nanocrysrtiadhs axi dae rh yudsriongge nt hsei Issid si¢
of the silicon nanocrystals produced in air t
reacitn oamisrul ts in a | oweraryiiseolnd .o fl nsiadidciotni onna n o

in argon to those prepardd)ifi hdsminmg dgase(b
photol uminescence when hydrogen gaaniaf fusetd. t
sample crystallinity at 1400AC and 1700AC. We
be applied to other group 14 -sntaantoec rd/isd mrl o psoyrnt

reaction.
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3.1l ntroducti on

Silicon nanocrystals (Si NECgNt tanedbei prtelparleidq
pl asosma super cstYiAmiona! t hrease r esaattieomd fiem tmae ys @
Solsitdat e syntheses avoid the use @f odanlgietrhoiuu
aluminum hydri deratlLiakleH camdos diasteidenm’efmit i ons
additisnateolriedhcti ons are performed at compart
Si NCs that are highly c¢crystalline and exhibi

nanoparticles preparéd using different techni

The =sohtd synthesi s of Si NCs -i hducada mmgo ma |
di sproportionati an che axti®i8ROSISROF omMph®xomBYy S|
containing a higher proportion of siliicoen ato
Six@hex<e 2When exposed to hi ghSRtOsmpleercaotmproesse (t>h

di sproportionation reacto oBi (bVfpbrenaomaassixn

of sili&éfhn [tSHi(D)Way, SR@surpgro wifdeSiboattho nish ef o:
formation and a protective oxide matrix. As pi
nanoparticles Yodgi fitnalcrsygtealofi zéde Si NCs i s

temperatureandetbei snot ¢ mMelofmesttrayn doafl otnhee pSaRQ.i ¢
the protective silica matrix is chemically et

solutiont of Si NCs.

The ther mal tmreaxthmenxti defs sisl tygypmn cal ly perf
Hzin i nerNoga®rPT'fi s reducing atmosphere, al so
reported to i mprove t heembpehdodteodl uSni MG stcleinrc ef iolf m

defect sit gisntaah?fldicees.8i f 8N@i nganwerlkeei nhéumatl it
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of SROs in forming gas beeadamd et 58 NrCo wstyinn eéh epsri &sC
synt heses that either used bulk SRO precursor
rather embeddeidd&i NCs, or opor el paarrgeed fSoirN Qsu aantt usnhi
(d > 9 5t remains unclear to what extent,

Si SHiimMterface benefits the photoluminescence
Mor eover, i tt hiesredkecowrng i@at mosphere has any ad

of Si NCs .

Previous investigations have interrogated
resulting structure of Si NCs, but | imited att ¢
preet ched?3°wbat ngxs.satednucl ear magnetay pesdean
di ffracti-oay ( BRD) peXectroandpechanaosogpe!l €XPBED
(SEM), we investigate the effects ofhydreo gems e c
sil sesquioxane (HSQ). pmoladdgy tamd ,p hwet alnuamhiyrzes

Si NCs after |l i beration from the oxide matri x.

3. 2Results and Discussi on

Hydrogen sil sesquioxane was selected fo+r this
|l ab techniques, i's solution processabl e, has
dot s, baen du sggadnptad e Si NCs s parhnihnig ea HWEO Q ei ss inzoel o
distinct from other SROs, we anticipate that

to other SRO materi al s.
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A reaction overvi&dWw.i Jopeval dattei hh8chaméue
during thermal treatment, HSQ i s heated to 11

/| 5%,Hpure Ar, and air.

A various
conditions

Schemes-1. Reaction overview of SINC synthesis from HSQ. Three peak processing temperatures
and three different atmospheric conditions are used to prepare nine different composites of oxide
embedded SiNCs. Photographs of tbenpositesre shown in circles.

Solid HSQ is a white, amor phous extended
pol ymeric network of Si O bonds. The specific
are numerous. The ther mal decomposiattieorni ad f otf
crystalline silicon natnhoep acrobmpcoSseisteecmed 13 i | Tbo B
ground into a powder by hand using a mortar a

XPS.
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3.2. Characterization of the Composite
X-Ray Diffraction
The crystallinity of the comporsay edinmfaftread tail an
These diffraction pat-terns are presented in
A 1100°C C 1700°C
i) Siozl TT T ii) i) SiO, | TT F oo T17v ii) SiO;; l
— Air
— —_ — Ar
3 |air ; — 5% H,
z El ;f; Alr | )
5 < 2 ' s
S far g o L >
= % o c
O |5% l
s 14| sl | A R Y N
10 20 30 40 50 60 30 40 50 60 si | I | si
Degree (26) Degree (26) 10 20 30 40 50 60 27 28 29 30
B 1400°C Degree (20) Degree (28)
" TT ¥ 7T Tr . — /s T 7h "
i) sm;l ii) [sio.T T N Coa M w5 1
—_ — Air
3 |, —A
o |AIr 3 —5';'.:H2
[ h = 5 5
2 lar ] S S
= g 2z >
& l i = A 2 2
=6 5% o o)
H; £ £
S | S [ O R
10 20 30 40 50 60 26 28 30 46 48 54 56 58
Degree (26) Degree (28)
46 47 48 49 55
Degree (28) Degree (28)

Figure 3-1. Powder Xray diffraction patterns of the composite materials after heating to 1100°C
(A), 1400°C (B), and 1700°C (C) in air (red), argon (blue), and 5% hydrogen / 95% argon (black).
The full diffractograms (i) are presented alongside overlaid patterivd {@ bettervisualize the

differences in reflection intensity. The calculated reflections for crystalline Si are provided below

the patterns in green; the calculated reflections for cristobalite;)(%1® provided above the

patterns in blué?33
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Remar kably, the XRD data suggests that, ac]
of Si are afforded regardless of processing a
observed an intensity increasaehamdHPS®ak snarmrad
hi gher temperatures, suggesting that I|-lakger Si
B, '€)28A3'so seen are reflecti(acmrs sasoshiagrnidade )t ovhdr

1400AC and ar eeagtriomg ntemmtl1 ad@AC. hAcross the th

treatment of HSQ in air produces Si reflectio
HSQ heated in Ar or forming gas. An estimati o
usg nt he Scherrer anal yk.i s is summarized i n Taktk

Table 3-1. Nanocrystallite size determined by Scherrer analysis of XRD

1100°C 1400°C

Air 3.4 nm 17.8 nm
Argon 3.6 nm 18.4 nm
5% Hzin Ar 3.6 nm 18.5 nm

Acompari soupr eff| e¢chtei SN sO bet ween the three sa
cristobahi tempo®i tes headtehdanurchenp omsiin esndhemn%e
results suggest that heating in airznmart rhyxdr o
Hydrogen has been reported to crystalldi®%2e amo
The crystallization of the oxide matrix i s |1 mj
bet ween the Si NeCtserainadl .t hleni rprheovsitouns st udi es,
whi chb&giOns to crystallize in HSQ and invest.i

synt hlesi s.
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X-Ray Photoelectron Spectroscopy
X-ray photoel ect r opnr osvpi eddetsr onadc o pyn CXPRS8S)erning el
and oxidafi an.sabwd8ei te its surface selectivit
materials far enough to provide insightful d.
surrounding oxide matrix. TFTh.ese spectra are p
1100°C 1400°C 1700°C
Si(IV) Si(0) Si(IV) Si(0) Si(IV) Si(0)
80.2 % 5.8 % 926 % 7.4 %
Air
88.3 % 11.7 % 90,1 9.9 %
Ar
874 % 126 % g7 o, 80 %
5% H,
106 104 102 100 98 96 106 104 102 100 98 96 106 104 102 100 98 96

Binding Energy (eV)

Figure 3-2. X-ray photoelectron spectra of the oxelmbedded SINC composites produced by

thermal treatment of HSQComposites are ground to a powder before analysdbe the

composite interior more effectiveliPeaks assigned to Si(IV) and Si(0) are highlighted. The Si(0)

signal originates from the SINGad the Si(IV) signal originates from the oxide matrix. Peak

integration provides the relative atomic % of each oxidation state. Samples heated in air are shown
in red; Ar in blue; and 5% H 95% Ar in black.
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Il n agreement with the XRD dat a, the XP sp
at mospheric conditions, produce domains of re
1100AC, 1400AC, or 1700AC. The at oirm cArpeancd ni?
Hrare approximately 14% at 1100AC, 12% at 140
alignment with previous reports on ftHKktheyield
decrease in Si(0) cont ent At kenliyyheaugpaedcbygsit
selectivity of -BPNC Ascobmeseimbedéded ascsamal | er
be effectively probed. A compatosooampbscompoprt
in air show a relativewhehoW8Q asomée@itepdfic madi
agreetshevi XRD aammdalsyugigests that heating HSQ in &

yield of Si NCs.
Nucl ear Magnetic Resonance

Nucl ear magnetic resonance (NMR) spectroscopy
chemical envinrehmmetsrfolbietstp i & ewtrmat ur al?Sabunda
(4. 7%) and pMateil mixtait ¥ ®Iiny NMBretpas been successf
study of freestandin@gn8i NC$,) cmes cfffRchsaBhiNP S
NMRs pectriosmseofpodxami ning sheidoffesehtca, and
envirommesndrst in the compositendatredi &f eramht ep

at mospheres.

Fi g3peag es?’&nt MAS NMR for HSQ processed at a
(11A0C0 1M O1A70 0and processing:ziemyAmrion mantry . ( D%
prohi bi tTiivne Ityh elsoengnat er i al38,(wexpepeméot mednubBi

recycl(eDdemaysThd®l0kot sf ast(erteyrpeilcaaxlilnygg mor e di
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components wiThia t&ei mptomph agass tb ebeenc asuhsoewn pr e v i
exhibi-shal lcolrelkEmpltawictgureolThidest dooi.nNMR, r adi
gradient betowalem et he cwest alnldidiies ©3,id & neodr epnht oeur s
surfhoethe present studySix@iadni0of pE@)d¢ s eamto uini s:
cases, but onl yli4sa@Bnpd eS@PBpbayedubstantial si

SiSiicai80 pprhese are not vi pirkelpariedadmid®@®idthe

detection |imit of the methodSi Thegl an§®orbth.
5% llomposite is noteworti8y smpecisaigggasé si nhat
compl exity and higher disorder. This observat.i

and cowbrkers.
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Fi g38é%5i MASRf or HSQ at various. pSamerlsess nige ateam
are shown in redi/ AX5% nArl§lagne ;DHaamcdk .5 Bchcl e del
NMR experiments select for quickly relaxing c
del@al.. B& 8000 sSAG dmp| %4 0f0or F&il Isirgenlaal xsa tiino nt hoe
show | arge amountcsai.bftOcppgpm} afbrnal Si ®ampl es w
and degree ofisir yrset@ga.l®olni mipmy . f or Si

Thetumrdertsheanmat ure of%it heMR owepso sp @ refsqgr me d
process@edlsaitngl 4sOW0f f i ci ent | y | o R3gb Jrneecayscul ree nueenlt as
have been performed previouslgBA@owhifdleesdtainan
ti mes of ~230 s and >6000 s for SiNCE matrtie cl

present study, a saturation recolvieddy5 %xkiper i me
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